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YNPABNEHUE U OBPABOTKA MHO®OPMALIUA
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B. B. CypkoB, a-p TexH. Hayk, npod., vvs150747@mail.ru,
TynbcKkun rocynapCTBEHHbIN YHUBEPCUTET,
H. B. PunumoHoB, A-p TexH. Hayk, npod., nbfilimonov@mail.ru,
MockoBckui rocygapcTBeHHbI yHuBepcuTeT nm. M. B. llomoHocoBa,
UHCcTuTyT npobnem ynpaenenus um. B. A. TpanesHukosa PAH, Mockea

PeHomeH Pynnepa B 3agavyax aHarIMTU4YeCKOro KOHCTPyMpoBaHUA
OonTUManbHbIX PErynsTopos

Obcyscdaemes npobaema cunmesa ONMUMAAbHOU YAPABASEMOU CUCeMbl ¢ K8AOPAMUYHbIM KpUmMepueM Kavecmed, umero-
el 6ecKoHeuHoe UCA0 MOUeK NepeKAoYeHUs Ha KOHeYHOM UHmep8ane epemMenu. B meopuu onmumanbHo2o ynpaeieHus 0aHHoe
aenenue noayuuno Hazeanue "penomen Dyanepa”. Ipobaema Dyanepa yoce 6osee 60 sem seasiemcs 6ecbMa NPUBAEKAMEAbHOI,
AKMYaabHou u 00 cux Nop He peuwleHHOl, 0COOeHHO 04 HeAUHEUHbIX MHOLOMEPHbIX OUHAMUMECKUX CUCTEM BbiCOK020 NOpPsAOKA
u, mem 0onee, ¢ NOAYHEHUEM PeUleHUs. 8 IGHOM AHAAUMUHECKOM 8Ude 045 RPAKMUYECKOl peaiu3ayuu é cucmeme ynpasieHus.

Llenvro Hacmosiweli pabomol s6a5emcsi 0eMOHCMPAYUS MeopPemu4ecKux acnekmoe U npaKmuyecKkux ocobeHHocmet me-
moda cunmesa ONMUMAAbHBIX CUCMEM YNPABAEHUS NO KpUumeputo 6bicmpodeliicmeus Ha npumepe peuleHus 3a0a4, c8sA3aAHHbIX
¢ thenomenom Dyanepa.

Ilpu pewenuu O0anHbIX 3a0a4 UCNOALIYEMCS NPUHSMbBLU 6 KAACCUHECKOM BAPUAUUOHHOM UCHUCACHUU U NPUHUUNE MAKCUMY-
ma Ilonmpseuna npuem 66edeHus 6 paccmompeHue HO80U O0ONOAHUMENbHOU (DA3060U NepemMeHHOl, KOmopas CONOCMAsAsiemcs
UHMe2PANbHOMY KPUMEPUK Kauecmea U pacuiupsem Ucxoouli ¢azoevli eéekmop odsekma. B pezyasvmame, ecau 0as o0sexma
YAPABACHUS U36ECHHO HAUAYHUIee ONMUMANbHOe RO ObicmpPodelicmeuto ynpaeaeHue, mo 0aHHbIL npuem no3eoasem ecbMa npocmo
noayuums 6osee Xyouiee OnMUMAatbHoe nO MOYHOCMU YAPAGAeHUe NYMeM 8KAIOUeHUs 8 QUHAMUKY 006eKma ynpasaeHus Kpumepus
mounocmu Pyanepa. Caredyem ommemums, Ymo 8ANCHLIM NPUOOPemeHUeM 30eC A8ASLeMCs NOBbIUICHIEe MOYHOCIMU 00 ONMUMALb-
H020 3HAUeHUs U CHUJICEHUe YCMAaH08UUlelics OWUOKU pecyaupo8anus 00 Hy1e8020 3HAUeHUs, npu4em éce Ko3pduyuenmol ouudok
(no noaodcerur, CKOPOCMU, YCKOPEeHUI, PuiKY U M. 0.) PA6HbI HYAI0 NPU HAAUYUY 8HEUHUX U HYMPEHHUX NoMeX.

Ilpueodsmces nocmanoéKu u peuieHUs Kaaccuueckol u moduguyuposannoi 3aday Dyarepa. B kavecmee uairocmpupyio-
WUX NPUMEPO8 PACCMOMPEHbl MPAOUUUOHHbIE 3a0a4l CUHMEe3d ONMUMAAbHO20 HO ObICMPOOelic MU0 YNpasieHus, pelueHHble
6 U36eCmMHbIX pabomax.

Karouesvie caosa: genomen Dyanepa, keadpamuyHsli Kpumepuii OnRMUMAABHOCMU, ONMUMAAbHOE OGbicmpodelicmeue,

moYHOCmMb, CUHmMe3 ynpaenieHus, ycmoﬁwueocmb

B nocaeonee epems unmepec k gpenomeny @yanepa ewe 6oaee obocmpuics,
6 uacmuocmu, 61a200aps UHMEHCUBHBIM NONBIMKAM 0CO3ZHAMb UCMUHHYIO
npupody maxkozo A6AeHuUs, KaK pe2yasapHullil CUHmE3.

BBenenue

B nmoToke coBpeMeHHBIX ITyOJIMKAILIMi TI0 MaTe-
MAaTUYECKON TEOpUM OINTUMAJBHOIO YIIpaBICHUS
TEXHUYCCKMMU OOBEKTaMU OCHOBHOE BHUMAaHMHE
yIeaseTcd METOAaM MCCJICIOBaHUSI TOTOBBIX Ma-
TEMAaTUYECKUX IIOCTAHOBOK ONTHUMU3aLIMOHHBIX
3aJa4, BKJIIOYasl 3aJauyu yIIpaBJICHUS C KBaapa-
TUYHLIMU KPUTEPUSIMU KadecTBa (CM., HAIIpUMED,
[1—3]). PemeHuss nji1 TOTOBBIX MOCTAaHOBOK —
5TO JUIIb HAJABOAHAs 4YacThb aiicoepra, B TO Bpe-
MS KaK MHOJABOJHAsI €ro 4acTb — MaTEeMaTUYECKUE

M. U. 3eaukun u B. ©. bBopucoe

opMymupoBKY 3ama4d MO MX MPAKTUYECKOMY CO-
JIep>KaHWI0 M MCIOJIb30BaHWE TIONMYYEHHBIX pe-
IeHWH, — KakK TpaBUJIO, HEe OOCYXIaeTcs, 4YTO
yCyTyONIsieT B3aMMOHETIOHMMAaHUE TEOPETUKOB U
MPAaKTUKOB 1 TIPUBOAUT K 00€CIIEeHNBAaHUIO TEOpe-
TUYECKUX Pe3yJbTaToB. TeopeTuKH, KaK MpaBUIIO,
yBJIeUeHbI MaTeMaTUUYECKUMU M3BICKAMU B yIIepO
dusnyeckoii CyIIHOCTH pelraeMoi 3amadyu [4, 5].
3nech peub uaeT 06 OGOPMIIEHMU TEOpeTUKaAMU
CBOMX pEIIEHU C TTOMOIIbI0 MHOTOYMCICHHBIX
JIeMM, TE€OpeM M TMpOoYero mnomyac 4pe3MepHOro
HEeOoMpaBJaHHOTO MaTeMaTU4eckKoro ¢GopMains-
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Ma, B KOTOPOM HEPEAKO TEPSIETCS CaMO PEIIECHUE
nocTaBjaeHHOI 3agauun. Kctatu, mo aToMy noBogy
Bblgaroluiicss MaremMatuk B. M. ApHoaba mucal:
"llonbITKM 000UTHUCH O€3 BMelIaTeabcTBa (U3NKHU
B MaTeMaTUKy — CEKTAHTCTBO U M3OJSIIIUOHU3M,
paspylraiomme odpa3 MaTeMaTUKM KakK TOJIE3HON
YEJIOBEUECKON AEeATEABHOCTU... ECTM MaTeMaTUKU
He 00pa3yMsTCd caMM, TO MOTPEOUTENH, COXpa-
HUBIIKE KaK HYXJy B COBPEMEHHOI MareMaTu-
YEeCKOM TEeOpHUH, TaK W CBOMCTBEHHBIM KaXIOMY
3PABOMBICIISIIIIEMY 4YEJOBEKY MMMYHHUTET K Oec-
MOJIE3HOM aKCHOMaTUUYEeCKOl OOJITOBHE, B KOHIIE
KOHIIOB OTKaXYTCS OT YCIAYT CXOJIaCTOB-HEI0yYeK .

B HacToseil pabote paccMaTpuUBaETCsS OIHA
U3 MOJOOHBIX ONTUMU3ALMOHHBIX 3aJa4 YMpaB-
JIEHUSI ¢ KBaApaTUYHBIM KpUTEpUEM, CBs3aHHas
¢ peHomenom Dymnnepa [6].

B 1960 r. Ha I xonrpecce UPAK B MockBe
A. T. ®ynnep [7] mpuBen mpuMep IByMEePHOM JIN-
HEWHOW YIIPaBIsSEMOM CUCTEMBI C KBaJIPaTUYHBIM
KpUTEepHeM KauecTBa, B KOTOPOM OITHUMAaJbHOE
yHOpaBJICHUE UMEET OECKOHEYHOE YUCIJIO TOYEK TIe-
peKJIIoueHrsI Ha KOHEYHOM MHTepBaJie BPEMEHH.
BriociienctBru 3TO SBJEHUE TONYyYMIJIO Ha3BaHUE
"benomeHn Dymrepa’, a COOTBETCTBYIOLINI PEXXKUM
yIIpaBJeHUs CTaJl Ha3blBaThbCd B WHOCTPAHHOM
JuTeparype "dJaTrtepuHIr” (OT aHIJ. chattering —
OontaHka). B KkauecTBe pycCKOro 3KBHBAJICHTA
3TOTO TEPMHUHA MCIIOJb3YETCS TEPMUH 'PEXUM
yyalaloumxcs nepeKkaoYeHin".

sIBHOE pemenne 3amaum PDynnepa OBLIO TTONTY-
YyeHO Onarofgaps HaJWYWIO Y HEe OJHOIapamMe-
TPUYECKOW TPYIINbl CUMMETPUIA, TMO3BOJISIOLIEH
WCIIOJIb30BaTh amnmapar TPYNIOBOTO aHaJiM3a
nuddepeHIManbHbIX ypaBHeHU U anreopsl Jiu.
Pabora ®ynnepa Oblja BcTpedyeHa ¢ 00JIbIINM UH-
TEpecoM, HO BCKope ObLia 3a0biTa. MHTEpeC K Helt
BHOBb Tipobynuics B 70..80-x romax mpouLIOro
CTOJIETU S, KOTrJa Havyaau MyOJIMKOBATbCSI MHOIO-
YUCJIEHHBIE TTPUMEPbI C ONITUMAJIbHBIMU PeXrMa-
MU yyYalllaloluXcsl mepekitoyeHuii, a B 90-x ro-
nax wHTepec K (eHoMmeny Dymnepa emie Ooiee
000CTpHUJICId, U UM BIJIOTHYIO 3aMHTEPECOBAJINCH
MaTeMaTuku (cM., HarpuMmep, [8—11]).

B mHacrostimee BpeMsi mipoGiema Pysurepa mo-
MpeXXHEMY SIBJISIETCSI BeChbMa aKTyaJIbHOM M JaJieKo
HE PEIIEHHOW, OCOOEHHO IJTS KJlacca HEeJIMHEWHBIX
MHOTOMEPHBIX CUCTEM BBICOKOIO TOpsiIKa, Ha YTO
KOCBEHHO YKa3bIBaeT MPOAOJIKAIOUIMICS TOTOK ITy-
OMmKamnuii 1 quccepranuii (CM., Hampumep, [12—20]).

[TockombKy B psizie IPYMKJIaAHbIX 32124 ONTUMAaJTb-
HOT'O PeJIeHOTO yNpaBJieH! S LIEHTPAJIbHOM SIBIISIETCS
VMEHHO TIpo0JjieMa JYaTTepuHra — OECKOHEYHO Yac-

TBIX IEPEKJIIOYEH U YIIPABJISIIOLIAX BO3ACUCTBUMA, —
TO BCE yYallle CTaBUTCSI BOMPOC 00 M30eXKaHUU 3TO-
ro HEXeNaTeJbHOro pexuma (QyHKIIMOHUPOBAHMUS
CHCTEMBI ITyTeM Tepexoa OT ONTHMMAJbHOIO K Cy-
0ONTUMATBLHOMY YIIPABJIEHUIO C KOHEYHBIM YMCIIOM
nepexkioueHuit. Ha Haiir B3 1egecoodpasHee He
"00OpOThC" ¢ TIPOOIEMOI YaTTepUHTa, a TIOHSITh (U-
3UYECKYI0 IPUUYNHY ITOTO SIBJCHWSI U HE JOMYCKaTh
€ro B CHUCTeMe, Harmpumep, MyTeM CMEHbI KPUTEPUSI
ONTUMAJIbHOCTU B 3ajaye ONTUMAJIbHOTO YIpaBJie-
Hug. [lpakTnueckas 1IEeHHOCTb 3HAHUSI ONMTHUMAJIb-
HBIX PEKUMOB C YAaTTEPUHIOM COCTOWUT HE CTOJIBKO
B TOM, YTO OHU "OMUCHIBAIOT BIOJHE €CTECTBEHHbIE"
[8], xOTsI 1 HEXKeIaTeAbHBIE PEXXUMBI, BOSHHUKAIOIINE
13-3a "MJIOXOTr0" yIpaBieHUs U "TIJIOXOr0" KpUTEpHUsi,
CTOJILKO B TOM, YTO OHM TIO3BOJISIIOT HAUTU CMOCO-
Obl pelleHus 3a1a4 ONTUMAJIbHOTO YIpaBjieHus 0e3
pexXnMOB "0OJITaHKK' II0 3apaHee 3aJaHHOMY KpH-
TEPUI0 TOUHOCTH, HE 3aBUCSIIEMY B SIBHOW (hopme
OT YTpaBJIEHUs: OT KPUTEPUST ObICTPONEUCTBUS J0O
KpUTepUsI SHepro3arpar (KpUTEpHUs pacxoma "CUTrHa-
JIa yIIpaBJIeHUS ).

Knaccuyeckas nmocranoBka 3anaun Oymiepa
U ee pelieHue

3agaya Dyaaepa. MUHUMU3MPOBATHL WHTET-
paJIbHbIM KPUTEPUI KA4eCTBA, UMEHYEMBIN J1aJiee
kputepueMm Dyinepa:
o0
xo = [|x|%dt > min, g>1,
0

)

Ha TPAeKTOPUSAX YIPaBISIEMON CUCTEMBI BTOPOIO
nopsiaka co CKaJsapHbIM BxoaoMm u(f) € [—1, 1] u
BEKTOPOM COCTOSIHUSA X = (X[, X,):

2

C 3alaHHBIMU HAYaJIBHBIMM YCIOBUSIMU X;(0) = X,
x,(0) = X

JIOmyCTUMBIMM ~ YTIPaBJICHUSIMU ~ CUMTAIOTCS
JIOKAJIbHO M3MepHUMBbIe, OTPAaHUYCHHBIE 10 MOIY-
mo dyHkumu u(?) e [—1, 1]; momyctumble Tpaek-
Topuu Xx(f), x,(f) aGCOTIOTHO HEMPEPBIBHBI U3-3a
WHEPIIMOHHOCTH O0BEKTA.

Pemenne. A. T. @ynnep u Bciaea 3a HUM MHO-
rue aBTOPHI B KaUeCTBE PEIICHWS MTaHHOW 3amaaum
MIPUBOMIST CIACAYIONINI 3aKOH YIIpaBJICHUSI:

XIZX2,X2=U

u(x) = —signy, v = x; +k|x,|x,, k = 0,444623. (3)

Ha puc. 1 mokazaHbl pe3yJabTaTbl MOAEINPOBA-
HUs o0bekTa (2) ¢ ynpapiaeHueM (3) Tpyu MUHUMU-

340

MexaTpoHHKa, aBTOMATH3aNmus, ynpasienue, Tom 22, Ne 7, 2021



u | x4 e
1 2\ 2x10
= 15 -5
0.5 \ 1x10
T\
0 |p t 0.5 y — _50 4
—-05 - —1x10
o P H| B |B _s
-1 -05 —-2x10
X, 1%
0.5 5

Puc. 1. Pe3yabraTsl Moxe1MpoBanus u3BecTHoil 3axaun Dyirepa
Fig. 1. Simulation results of the famous Fuller problem

3auuu uHTerpaa (1) npu g = 2, x,(0) = 0, x,(0) = 2,
Hccnenys cucteMbl BTOPOIO IMOpSAKa, ONTUMM-
3UpOBaHHBIe 1O KpuTepuio (1) mpu pas3iIUmyHBIX
g, @ynnep mokaszan [7], yTo pabora TaKOi ONTH-
MaJIbHOM CHCTEMBI Majio 4eM OTJIMYaeTcs OT pa-
OOTBl CUCTEMBI BTOPOTO MOPSIKa, ONTUMAaJlbHOMU
110 KPUTEPUIO OBICTPOICIHCTBUSL.

[MpuBenem st moATBepXAecHUST BbiBoga Dyii-
Jiepa pellleHHe 3a1a4i ONITUMAaJIbHOTO OBICTPOICH-
CTBUSI 00BEKTOM (2) METOIOM aHaJUTUYECKOTO
KOHCTPYUPOBAHUSA ONTUMAJBHBIX PErYyJIsITOPOB
no kputepuio owictpoaeiicteusi (AKOPD) [1, 21].

31ech uMeeM OOBEKT BTOPOIO MOpsiAKa U, Cie-
JOBaTeJbHO, IBAa MHTEPBaJa YIpaBJICHUSI, UMEIO-
1yMe pas3Hble (QYHKLUUUA TepeKaodeHus: (yHK-

LU MEPEKIIIOYEHUSI BTOPOTO MHTEPBAJIA Y, = X,
U ¢GYHKLUS TEepeKJIoYeHHUsI IIepBOro MHTepBaja

V =y, + |y,|u. Tlonacrasnsist ypaBHeHUs1 06bekTa (2)
X21%o

Y UHTETPUPYA, NTOJIYYUM Y = X; + - +C. U3 yc-

JoBus y(x = 0) = 0 ompenensieM MOCTOSIHHYIO MH-

terpupoBaHusi C = (. B pe3synbrate onTuManabHOe
O OBICTPONENCTBUIO YITPABJIICHWE TPUHUMAET BUT

u(x) = —signy = —sign(xl + %j, (@)

COBMNAJAIOIIMI C U3BECTHBIM U3 JIUTEPATYPHI.

Ha puc. 2 mpuBeneHbl pe3yabTaTbl MOIEIU-
poBaHUS 00BekTa (2) ¢ OBICTPOAECHCTBYIOLLIUM
ynpapjaeHuem (4).

Puc. 2.

Pe3yabraTsl MoaeanpoBaHus 00beKTa (2) ¢ ONTHMAJBHBIM MO OBICTPOJEHCTBUIO yHpaBaeHuem (4)
Fig. 2. Object modeling results (2) with optimal speed control (4)
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®yiep ycTaHOBUII, YTO 3HAYEHUE OLIMOKM, TI0-
JIy4eHHOE C YMPaBJSIIOIIMM YCTPOMCTBOM, OITH-
MaJIbHBIM TI0 IJTUTEIBHOCTH TEPEXOIHOTO MpPOolIec-
ca, OTJIMYAEeTCSI OT MUHUMAJIbHO BO3MOXKHOTO ISt
JoObIX cucTeM He 6omee yem Ha 0,5 %, uTo ciemyer
" 13 cpaBHeHMs puc. 1 u puc. 2. Ha ocHoBe 3TOTO
(bakTa MOXHO 3aKJTIOYMTh, UTO ONMTHMAJIbHAS IO
OBICTPONEHCTBUIO CHCTEMa MOXKET C YCIIEXOM MH-
HUMU3UpoBaTh Kputepuii Oymnnepa (1), T. e. obde-
CTIEYUTh JOCTATOUHO TOYHYIO (ONMTHMAJIbHYIO TIO
TOYHOCTU PEryJIMPOBaHUS) pabOTy CUCTEMBI.

Hanpumep, B pabote [22] mokazaHO, UTO CUCTe-
MBI, TIOCTPOEHHBIE TI0 KPUTEPHUIO OBICTPONCUCTBUSI,
MOTYT 0Ka3aThCsl OIM3KUMU K ONTUMAJIbHBIM U 110
JIPYTUM KPUTEPUSIM, HATIPUMED, IO MHTErpaIbHBIM
KBaJpaTUYHBLIM KPUTEPUSM, HO 00ECIIEUNBAIOT 110
CPaBHEHUIO ¢ HUMU JOMOJHUTEIbHBINA BBIUTPHILI,
MUHUMU3HUPYS BpeMsI TEePEeXOMHOTro Mpolecca |
(mame poGaBmeHme) Oe3 "OomraHku'. IlpakTuue-
CKH JIUIST BCEX aBTOMAaTUUYECKUX CUCTEM ObICTPOIEeHA-
CTBHE SIBJISICTCSI OMHWM M3 OCHOBHBIX TPEOOBaHUIA
K Ka4yecTBy IIpoliecca yIpasiaeHus [23].

ITocTaHoBKa M Maes MeTOda penIeHust
mMoaudunuposannoii 3axaun Pynnepa

BBenmem B paccMoTpeHHE paclIMpeHHBIH 00b-
eKT yrpaBjeHus (n + 1)-ro mopsiaka, COCTOSIIMI
M3 MUCXOIHOIro 00bEeKTa #-TO MOPSAKA, OIMUChIBAC-
MOTO YpaBHEHHEM

X = A(X) + b(xX)u,

¢ (a30BbIM BEKTOPOM X = (X}, X5, ..., X,) WU CKa-
JISPHBIM YIIPaBJE€HUEM U, AOIIOJHEHHOrO HOBOW
(a3oBoil TMEpeMEHHON X,;, YIOBJIETBOPSIOLLECH
YPaBHEHUIO

xO = FO(X))

MoJIyueHHOMY M3 KpuTepusi TouHoctu Dyiiepa
(1) mpu Fy(x) =[x, |7

CraBuTcs 3amaya ornpeneseHnst OnTUMaabHOTO
MO OBICTPOAEHCTBUIO YITPABJICHUS PaCIIMPEHHBIM
00BEKTOM.

[lpn peuieHUM HaHHOW 3aJadyM MCIIOJb3YETCS
MPUHATBHIA B KJACCUYECKOM BapMallMOHHOM MC-
YUCJEHUU 1 MpuHLUIe Makcumyma [loHTpsruHa
MpueM BBEIAEHUS B PacCMOTPEHUE HOBOU JOIOJI-
HUTEJBbHON (ha30BOM MEPEMEHHOI, KOTOpas COMO-
CTaBJISIETCS MHTETpajbHOMY KPUTEPUIO KayecTBa
W paciiupsieT UCXOMHbIN (Pa30oBbIii BEKTOP 00bEK-
Ta. B pe3ynbrare, ecinm s 00beKTa YIPABICHUS
W3BECTHO Haujy4llee ONTHMaJbHOE MO OBICTPO-

JNEUCTBUIO yIIpaBJIeHWE, TO JAHHBIM MpPUEM IIO-
3BOJISIET BEChbMa MPOCTO TMOJYUYMUTh Oojiee Xymlee
OTNTMMAJIbHOE MO TOYHOCTHM YIPaBJICHUE MyTeM
BKJIIOUEHUs] B AMHAMUKY OO0BEKTa yTpaBJeHUs
kputepust TouHoctu Dyiepa.

[IpocToTa M yHUBEpCAJbHOCTh TMpeEAIaraeMoro
MeTo/la pellieH s TTIOCTaBJIeHHON MOAM(MUIIMPOBAH-
Hoii 3agaun Dynaepa 3aKI0YaeTCs B UCTIOJIb30Ba-
HUU MeToJa AWHAMUYECKOTO MPOrpaMMHUPOBaHUS
P. beanmaHa ¥ AeKOMNO3ULIMM MHOTOMEPHON 3a-
Ja4yyd ONTUMAJBHOTO MO OBICTPOAEHCTBUIO YIpPaB-
JIEHU ST Ha PSIJ OMHOTUITHBIX OMHOMEPHBIX 3a1a4.

Pemienne MmogudunmpoBanHoi 3agaun Oyne-
pa 6asupyerca Ha metoge AKOPB [1, 21] u Bki1O-
yaeT clieAylollue Tpy dTarna:

1. TTo ypaBHEHUSAM MCXOTHOTO OOBEKTA, B CO-
OTBETCTBMU C TEOPEMOM 00 n MHTEepBajiax yrpas-
JIEHWU, 3amuchiBaloTCsl (DyHKIMOHAJIbHbIC ypaB-
HEHUS U OTNPeaesIioTcsl PYyHKIIUU TEePEeKIIOUeHUST
KaXkJI0r0 MHTepBaja, HaYMHas ¢ A-TO JI0 MEePBOroO.
Ecnu dyHKIMS TiepekJiroueHus1 epBoro NHTepBa-
Jla (IJ1s1 He paclIMpeHHOro o0beKTa) U3BECTHA, TO
OCYIIECTBJISIETCS] TIEPEXO/ K CIEAYIOIIEeMY ITay.

2. 3anuceiBaetcsl (yHKIIMOHAJIBHOE YpaBHEHUE
u onpenensieTcs GyHKIMS NepeKaioueHn s HyJIeBO-
ro MHTepBasa.

3. C ucnojib30BaHMEM HalACHHBIX paHee hyHK-
LM TIepeKJIIOUeHNsI HaXOAWUTCSI MCKOMBIN 3aKOH
yIIpaBJIeHUS.

[IpoumttocTpupyeM MeTOHd pelieHusT MOIMuGpH-
nupoBaHHoU 3amaun Dynnepa Ha TpuMepe 00b-
eKTa BTOPOTro IMopsiaka.

3anuiueM ypaBHEHWSI AWHAMMKHU pPacCLIMpEH-
HOro o0beKTa MyTeM BKJIOUEHUS B HUX ypaBHe-
HUSI, OJIy4eHHOro u3 kpurepus ®@ymnnepa (1):

®)

IIpyuMeHUM K MOJTy4YeHHOMY OOBEKTY TPETHETO
nopsiaka (5) meron AKOPB. HMckomoe ympasie-
HME COCTOMT M3 Tpex uHTepBasoB i = 0, 1, 2.

DOYHKIUY NEPEKIIIOYSHUS I1JI1 BTOPOTO U Iep-

x,|x
BOTO MHTEPBAJIOB Y, = Xy, Y| = X, +% onpe-

Xo =%, X = xp, Xy = u.

JejeHbl Boilie. [l HyJIeBOro MHTEpBAla MMEEM
V =\, =V, +|y,|Ju 1 onTuManabHOe MO OBICTPO-
JEHCTBUIO yIIPaBJIEHUE IPUHUMAET BUJI

(6)

31ech MCIOJIb30BAaHO CBOMCTBO WMHBApUMAHTHOIO
npeodpaszoBanus [20] GyHKIMY TEPEKTIOYCHUS HY-
JIEBOTO MHTEpBaJja; IpaBas 4yacThb (PyHKIIMOHATIBLHOTO
ypaBHEHUS MOWIEHHO pasiesieHa Ha MOJOXUTEIbHO

u = —signy = —sign(|f (signy, + u)dt + C).
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OTPENEICHHYIO BEIUYMHY |y;|, HE BIMSIOUIYIO Ha
MOMEHTBI TIEPEKITIOUYEH S CUTHAJIA YIIPABJIECHUS.
Jluist ompeneneHust \y HEOOXOMMMO IPOMHTETPU-
pOBarth \j, TIOITOMY YPaBHEHMSI PACIIMPEHHOTO 00b-
eKTa TIPA MOIEIMPOBAHUK HEOOXOIMMO JIOIOIHUTH
ypaBHEHMEM X3 = signy, + u(X), a B CHUCTEMY
VIpPaBIEHUSI HEOOXONMMO BKJIIOYUTL WHTETPATOP
(3meCh [IJIST OTIPEICNIEHHOCTH B3TO 3HAYEHUE ¢ = 2):

%o ii
2 - u(x) ;
X3 sign(xl + %j + u(x)
Xg = (2) ; u=-sign(x; +C); C =0,08.
0

O0nLexT ynpasaeans

Puc. 3. CrpykrypHas cxema cuctembl (2) ¢ ynpaBienuem (6) npu ¢ = 2, paborocno-

coOHas npH JI0OBIX 3HAYEHUSAX ¢

Fig. 3. Structural diagram of system (2) with control (6) at ¢ = 2, operable at any values ¢

Pemenne 3agauu Pynnepa nisa pa3jinuHbiX g

The solution of the Fuller problem for various q

KprTepnii
ONTHMAJILHOCTH

PesynbraTel MogenupoBaHus (cM. puc. 1) pac-
IUPEeHHOTO 00beKTa (5) ¢ ynpaBieHueM (6) mpak-
TUYECKH COBMANAIOT C pe3yJbTaTaMM MOIEIUPO-
BaHUs 00bekTa (2) ¢ ynpasiaeHuem (3), a mepexo-
HbIe MPOIIECCH TIPU YIIPABJICHUM TIO KPUTEPUIO
®dynnepa HOCAT KoyebaTebHbBIN XapaKTep.

CTpyKTypHasI cxXxemMa CHCTeMBl C OOBEKTOM
YIIPaBJICHUS IS pealbHBIX KOOPAWHAT TIpUBEIC-
Ha Ha puc. 3. 31ech X, — 3aJaHue AJs BBIXOIHOMI
KoopauHaThl x;; C — KOHCTaHTa, noadbupaeTcs mo
MUHUMYMY KPUTEPHUS.

OTMeTHM, 4YTO TIOJIydYeHHOE pelleHue (yrpaB-
neHue (6) U CTPYKTYypHYIO cxemy (puc. 3)) MOXHO
WCITOJTb30BaTh JJIsI JIFOOOT0 00BbEKTa, B TOM YHCTIC U
HEJIMHEMHOTrO (C COOTBETCTBYIOIIECH ONMTUMaIbHON
10 OBICTPONEHCTBUIO (PYHKIINEH TIEPEKITIOUeHUST) 1
JIIO0OTO KPUTEPH S, 3alTMCAHOTO B O0IIEM BUIE:

(7)

xO = J.Fo(x)dt e d mil’l,
0

C KOHKpeTHOU dyHKuMeR Fy(x) > 0.

KoMnsloTepHoe uccJieioBanmne
MOJYYCHHBIX PE3yJabTATOB

Ilo paccMOTpeHHOII MeTOAMKE
OTpefieieHbl TTOCTOSTHHBIE WHTE-
TPUPOBAaHMS, YNCICHHBIC 3HAUYCHU S
kputepus Dynnepa m KodhbuUm-
eHThl 3aKkOoHa ynpasieHus (3) 3aaa-
yu Pyniepa Mpu pa3TUYHBIX 3Ha-
YEeHUSIX ¢ (CM. TabJIUILy).

M3 Tabau1bl caenyeT, 4To 3HavYe-
HUus X, kputepus (1) B mociaenHux
TpeX CTOJOLIAX MPaKTUUECKU OHU-
HAaKOBBI (OTJIMYAIOTCS MEHEe YeM Ha
0,5 %). D10 moaTBepKIaeT BHIBOI
®ynnepa [7] 1 NO3BONSET IIPU pe-
aJuv3alluyi Ha TIPaKTUKE ONMTHUMallb-

. c X e %, C=0 %o = min, C#0 Hoi1 1o kputepuio Dynnepa cucre-
Mbl yTnipaBjieHust (puc. 3) TNPUHSTH

1 0,02 0,491438219* 2,828 2,825 2,822 C = 0 U YIPOCTHTb CXEMy YIpPaB-

2 0,08 | 0,444623782 4,337 4,336 4,322 e

3 0,13 0,425013686 7,354 7,353 7,338 AKI.[CHTI/IpyeM 3IECb BHUMAaHUE
4 0,196 | 0,389735922" | 13,029 13,028 13,015 Ha TOM, YTO pelleHWe 3aJayu Io
5 0,21 0,369475382 23,66 23,659 23,648 kputeputo Oyiepa Npyu pa3INnIHbIX
6 0,25 | 0,364746375 | 43,66 43,66 43,65 gHa‘{eHH’[X g XapakTCpU3yeTCs KOJIe-
TEJIBHOCTBIO MEPEXOIHOTO II -

7 0,27 0,354142957 81,485 81,484 81,476 ATCJIbHOCTDIO TICPEXOLHOTO TPOLICC
ca, 4YTO BBITEKAeT U3 ycioBus |f| > ¢

8 0,29 0,325643874 | 153,372 153,371 153,365 IS OCLIAJLTAPYIOIIAX 0GHeKTOB [21].
i*k COBIAJIAET C U3BECTHBIM U3 paboThl [16] 3HaueHMeM k i 3anaun Pyiiepa; JleiicTBUTEIBHO, OIIPEIeIIsIsT VU3
SHAYCHUEC KPUTEPUS IMPU OINITUMAIIBHOM I10 6bICTpOI[eI/ICTBI/HO yhpaBJICHUU. (3)’ quTBIBaH ypaBHCHI/ISI (2)’ 3aIU-
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CchIBasi ycJoBHe |f] > ¢ U cokpaiuas Ha |x,|, B ©TOre
noaydum 1 > 2k nipu 3HayeHusix k < 0,5.

Boi60p cieayrolx NpuMepoB 00YCIIOBJIEH TEM,
YTO BTU 3a/Ja4M PEeLIaJUCh PSIIOM YUEHBIX, U OIl-
TUMaJIbHOE IO OBICTPOJAEHCTBUIO YIpPaBJIEHUE W3-
BECTHO.

IIpumep 1. PaccMoTpum 3amady CMHTE3a ONTH-
MaJIbHOTO YIPaBJEHUS [JISI TApMOHUYECKOTO OC-
LHUJIIITOpa

X+X=u

@)

Ipd OrPAaHUUYCHHOM YIIpaBJICHUM M KBaJIpaTHY-
HOM MHTETpajibHOM KPUTEPUHU KadecTBa

J = [(a’x] +b*x3)dt,
0

©)

KOTOPBIM OIIEHMBAIOTCSI TMEPEXOMHBIE MCKAXEHU S
CHTHaJIa B JUHECWHBIX CUCTEMaX aBTOMATUYECKOTO
PETYIMPOBAHUS U INEKTPOAKYCTUKM.

B pa6ore [10] ¢ mpuMeHeHHEM TIPUHIINIIA MaK-
cumyMa IloHTpssTMHA TIpOBEAEHO MOAPOOHOE MC-
cJIeMOBaHNWE CBOMCTB JIMHUM TIEPEKIIOUYEHUST U
yKa3zaH Crnoco0 ee MpaKTUYeCKOro HaXOXICHUS
(mpaBma, pelieHUsI B BUJE 3aKOHA YIIPaBJICHUST HE
MPUBENEHO) IJISI CUCTEMBI

2x12

(10)
Iac a, b — HCOTpULIATC/IbHBIC KOHCTAHThI, HEC 00-
pamrarouimuecd B HyJIb OJHOBPEMCHHO.

(DYHKI_H/IH NIICPCKIIOUYCHHUA OIITUMAJbHOIO IIO0

OBICTPOACICTBUIO YMOpaBJEHUSI KOHCEPBAaTUBHOM
cuctemoli (8) moisydyeHa B padore [21, cTp. 159]:

Xo = a’xp +b%x3, %) = Xy, Xy = —X; + U,

V=
2
+x22—

(11)

x| +2

1+ x,,
2 i

=< X + Zint[ j—l signx,

rae int(x) — ueaas 4acThb X.

ITockoabKy paciuupeHHbIt 00beKkT (10) ocra-
eTCsl OCHWIIUPYIOIIUM, TO [IJs OIpeaejeHus
(GyHKUIMM MepeKaYeHus Ha HYJIeBOM MHTEpBa-
Jie HeoOXOMMMO WCIIOJIb30BaTh ycioBue |f|>o:
V=V = Asigny, +u, A > 1. [Ipu aTOM onTUMab-
Hoe 1o KpuTepuio (9) ynpaBlieHUE UMEET BULI

u = —signy = —sign(J (Asigny, +u)dt +C). (12)

Koncranta unterpupoBanusi C M BeJIMYMHA A
ONpeaeISIIOTCS MPU MOIEIMPOBAHUM TI0 MUHUMYMY
kputepus (9) 1151 KOHKPETHBIX HAYaJIbHBIX YCJIOBUM.

Ha puc. 4 npenctaBineHbl pe3yabTaThl MOAEH-
poBaHusi oonekta (10) ¢ ympaBnenuem (12) s
x5(0) =0, x;(0) = 3, x,(0) = 0, C= 0,105, . = 1,048218.

PesyneraTtel MopenupoBanus (puc. 4) mnom-
TBEPKIAaI0T BHIBOABI paboTel [9]. CpaBHeHUE Be-
JIMYUHBI J JAHHOTO MTpUMepa BAOJIb ONTUMAaJIbHBIX
TpaekTopuii (J,,;) ¥ BIOJIb TPAEKTOPUIA, ONITUMAJIb-
HBIX IO OBICTpOREHCTBUIO (J5), MOKa3bIBAIOT, YTO
JJIST HAYaJIbHOTO COCTOSIHWSI B Kpyre paiuycoMm 2
umeeM max(Js/Jo,,) = 1,5624 npu a =1 u b = 0.

OpHako yke B Kpyre paanycoMm 3 OTHOCHUTE/b-
HBI TIPOUTPHIII B BeluynHe J He TIPeBBIIIACT
0,85 %. UHbIMU clTOBaMM, YyeM OOJIbllle 3HAUCHUE
HAYaJbHOTO OTKJIOHEHWSI, TeM MEHbIIE TPOu-
rpoil. [lepexomgHbiii mpoliecc HOCUT KoJiebaTenb-
HBIM XapakTep.

i = ﬂ|x1

: I e

! 05 i

| *

; T 57 44 et ||
| e _10 2\\/4 5 B 10
| —1 _2

|

i | x, | Xy

| 2 10

: 1 - 8.595 -

| [N e

! _1p 2/’ W YE B 10 £ 4/
T 4

|

| -3

|

Puc. 4. Pesynabratsl MmoaeaupoBanus oobekrta (10) ¢ ynpasiaenuem (12) no kpurepuio () nppua=1unb=10
Fig. 4. The simulation results of object (10) with control (12) according to criterion (9) with a =1 and 5 =0
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IIpnmep 2. Haitnem 3aKOH ONTHUMAaJIBHOTO YIIpaB-
JeHus 1o Kputepuio Dymnepa a8 HEIWMHEHHOIO
o0BeKTa

X+ fi(X)) = u(@). (13)
YpaBHEHMSIMM TAaKOrO BHIA OIMKCHIBAIOTCS, Ha-
MPUMEP, CUCTEMBI CIICASIIEro JeKTPOIPUBOAA T10-
CTOSIHHOTO TOKA C HAarpy3Koil, HEJIMHEWMHO 3aBUCS-
1Iei OT YacTOThl BpalllgHUs], UM CUCTEMBI C BHY-
TPEHHUMM HEJIVMHEWHBIMUA OOpPaTHBIMU CBS3IMU
B BHE "OTceueK' MO CKOPOCTH, BBEAEHHBIMU IS
orpaHMYeHMsT 3TOM KoopauHaThl [22]. Husa ompe-
JEJIEHHOCTH, He BIMSIOLICH Ha XOI pelleHus 3a-
a4y, TIPEAIONIOXKUM, YTO HelMHeWHas (QyHKIMs
J1(x)) = x13 . YpaBHEHUS ABUXKEHUS pPaclIMPEHHOTO
o0bekTa B ¢popme Ko nipu g = 2:

Xo = X2, X; = Xy, Xy = —x3 + u(t). (14)

OntuManpHbl TI0 Kputepuio Pynaepa 3aKoH
yIIpaBJICHUS OTpeneseTcs: BeipaxeHueM (6):

u = —signy = —sign(|J (signy, + u)dt +C),

IIe TOYHOE BBIPAaXEHME OITUMAJILHOW I10 ObI-
CTPOICUCTBUIO PYHKILIMH MEePEKIIOUSHUS] BTOPOTO
uHTepBana [21, ctp. 155] umeer Bun

1, 1—|xy|+x3
=x; +|-In—21° 22
TR )
1 2x,signx, -1 1 1.
+——arctg==2 S "2 4~ arct —}Sl nx,. (15)
BT g TR e

Ha puc. 5 nipeacraBieHbl pe3yabTaTbl MOAEIN-
poBaHus obbekta (14) ¢ ympasiaeHuem (6), (15)
s x1(0) = 1, x,(0) = 0, C = 0,06.

CpaBHeHMe 3HaUeHUS J TaHHOTO IIpUMepa BAOJb
ONTUMAaJIbHBIX TPAEKTOPUil (/) U BIOJb TPAEKTO-
pUii, ONTUMAJIBHBIX 10 ObICTpOAEHCTBUIO (J;), MO-
Ka3bIBAaeT, UTO AJis HAYaJIbHOTO COCTOSIHUSI B KpY-
re paauycoM | max(Js//,,,) = 1,0013. OnHako yxe
B Kpyre paguycoM 2 OTHOCUTEJIbHBII MPOUTPHILI
B 3HaueHuu J He npeBbiinaeT 0,02 %. 3mech TakxKe,
yeM O0OJbllle 3HAUYCHME HAYaJIbHOTO OTKJIOHEHMUS,
TeM MeHblle mnpourpoil. IlepexomHblil Tpolecc
TaK>Xe HOCHUT KoJieOaTeTbHEIN XapaKTep.

IIpumep 3. HaiiTi 3aKOH ONTUMAJILHOTO yIIpaB-
nmeHust 1o kpurtepuio PDymirepa 1miIg oObeKTa
yIpaBJIeHUS, ITPEACTABIISIONIET0 COOOM TOCIEH0-
BaTeJIbHOE COCIMHEHNE TPeX MHTETPaTOPOB:

(16)

Bocnonb3yemMcsi M3BECTHBIM U3 JIMTEPaATypPbI
(cMm., Hampuwmep, [21, cTp. 171]) 3aKOHOM OMNTH-
MaJIbHOT'O MO OBICTPOACHCTBMIO YIIPABICHMS JIJISI
HE paclIMpPEeHHON CHUCTEMbI B peajbHBIX KOOPIU-
HaTax ¢ y4yeTOM 3aJalollero CUrHaia x,, = 2:

. 2 . . .
Xo = x5, Xp = X9, Xy = x3, X3 = w.

u=-signy; a7)

3
X
X

3
5 2/3

X3 .
| XoXs + | T+ Xosigny,

Yy =X — X, +

(18)
signy,;

[3]x3 : .
— U = _Slgn\vl, \V3 = X3,

=X, +
V) 2 D

TOE Wy, Vo, W3 — QYHKIIMK NEPEKITIOYEHU S IEPBO-
ro, BTOPOIo U TPEThEero MHTEPBAJIOB.
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Puc. 5. PesyabraTbl MoneaupoBannsa oobekra (14) ¢ ynpasiaennem (6), (15) mo kpurepuio @yinaepa
Fig. 5. The simulation results of the object (14) with control (6), (15) according to the Fuller criterion
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: a) 0) | 4. Tak 1M HEOOXOAMMO peLIaTh

Puc. 6. Pe3ynbTaThl MOJeIHPOBAHAS 00bEKTA TPETHETO MOPSIKA:
a — ONTUMAaJILHOE YIIpaBJIeHUE M0 OBICTPOACUCTBUIO; 6 — ONTUMAaJbHOE YIIPaBIeHUE

no kputeputo Oyniepa
Fig. 6. The results of modeling a third-order object:

a — optimal control by speed; 6 — optimal control by Fuller criterion

Tornma nns HYJIEBOI'O MHTEpBaJia

V=0 =y + |y lu (19)

U OINTUMaJbHOEe Mo Kputepuio Dyinepa ymnpas-
JIeHUue

u = —sign(y - C), C =0,00016. (20)

Ha puc. 6 mpuBeneHbI pe3yabTaTbl MOICIUPO-
BaHug cucteM (16)—(20), oTKyzma clieayet, 4To OIl-
THUMaJIbHOE 110 OBICTPOICHCTBUIO yIIpaBICHUE OIS
HepAaCIIMPEHHOM CUCTEMBI MMeeT 0oJiee 4eM TpHU
WHTEpBajla BCJIEACTBUE HE TOYHOI'O BHIYUCIICHUS
(GyHKIIMM MepeKIIoueHUs MpPU MOACIMPOBAHUU.
M xoTg 3HaueHWe KPUTEPUSI IIPU ONTUMAJIEHOM IO
OBICTPOACUCTBUIO YIIPABJICHUM W TIPHU YIIPABICHUU
M0 KBaApPaTUYHOMY KPUTEPHUIO OTIMYAIOTCS MEHee,
yem Ha 0,1 %, Koje6areabHOCTh CUCTEMbBI TPETHETO
MOPSIIKA IO CPABHEHMIO ¢ CUCTEMOI BTOPOT'O TTOPSII-
Ka OoJblie (IPOJOJIKUTEIbHEE PEKUM YaTTEPUHTA.

3akiaoyenue

P63YJ'II>TaTbI uccijaeaoBaHmdad METoma CHUHTE3a
OIITUMAJIBHBIX CUCTEM YIIPABJICHUSA 110 KPUTECPUIO

npoonemy @Dynnaepa ¢ TaKMMU He-
OIpaBAAHHBIMM 3aTpaTaMU BPEMEHU
W YCWJIMSIMU, €CJIM M3BECTHA MPUYU-
Ha MOSBJICHUS MPOOJEMBbI — KBaJpa-
TUYHBIM KpuTepuili kauectBa? Moxer
OBITh, HAJIO HE pelIaTh 3Ty MPOOJIEMY,
a BBISICHUTh (PU3MYECKYIO MPUYUHY TAKOTO SIBJICHUS
M HE MOIYCKaTh €ro, 3aJaBasCh HE KBaIpaTUYHBIM
KpUTEPUEM, KOTOPBIA a Priory peajausyeT ympasie-
HUE C YaTTEPUHTOM, & KAKUM-JIMOO IPYTUM, HAIIPU-
Mep, KPUTEPHUEM ONTUMAJTIBHOTO OBICTPONEWCTBUS.
5. IlpennoxeHHBIA MeTOA aHAJUTUYECKOTO
CUHTE3a ONTUMAJIBHOTO MO OBICTPONECUCTBUIO pe-
TyJIATOpa MO3BOJISIET HAWTHA ONTUMAJILHOE YIIpaB-
JIeHUe 110 J1lI000My Hamepesa 3aJJaHHOMY KPUTEPUIO
TOYHOCTHU, A TAKXKE HAWTU KPUTEPUU TOUYHOCTU U
ycloBus, ycTpaHsoomue "hpeHomen Pyniepa”.
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Abstract

Accepted on December 15, 2020

The problem of synthesis of an optimal controlled system with a quadratic quality criterion having an infinite number of
switching points at a finite time interval is discussed. In the theory of optimal control, this phenomenon is called the "Fuller
phenomenon”. For more than 60 years, the Fuller problem has been very attractive, relevant, and still unsolved, especially
Jor non-linear multidimensional dynamical systems of high order, and even more so, with obtaining a solution in an explicit
analytical form for practical implementation in a control system.

The purpose of this work is to demonstrate the theoretical aspects and practical features of the method of synthesis of
optimal control systems by the fast acting criterion by the example of solving problems related to the Fuller phenomenon.

When solving these problems, we use in the classical variations calculus and the Pontryagin maximum principle of the
method of introducing a new additional phase variable into consideration, which is defined to the integral quality criterion
and expands the original phase vector of the object. As a result, if the best optimal control in terms of fast acting for the
control object is known then this technique makes it very easy to get a worse optimal control in terms of accuracy by includ-
ing the Fuller accuracy criterion in the dynamics of the control object. It should be note that an important acquisition here
is to increase the accuracy to the optimal value and reduce the established control error to zero, with all error coefficients
(in position, speed, acceleration, jerk, etc.) equal to zero in the presence of external and internal interference.
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Statements and solutions of the classical and modified Fuller problems are presented. As illustrative examples, we con-
sider the traditional problems of the synthesis of optimal control in terms of speed, solved in well-known methods.

Keywords: Fuller phenomenon, square optimality criterion, criterion of fast acting, accuracy, control synthesis, stability
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Anropntmbl LM poBOM 06PAdOTKU AAHHbLIX U3MEPEHUMN,
obecneynBaloLyme yrrnosoe caepxpa3peu1eHV|e1

Paccmompenst HeKoppeKkmHO HOCMAagAeHHble 00HO- U 08yMepHble 00pamHble 3a0avu 80CCMAHOBACHUS U300paNceHUll 00beK-
moe ¢ yen08ulM paspeulenuem, npegviuiarouum kpumeputi Pases. Ilpedcmaesienvt areebpauyeckue memoost U areopummol 06pa-
OomKU OaHHbIX, NOAYUEHHBIX USMEPUMENbHBIMU CUCMEMAMU, 8 YeasaX Q0CMUNCCHUS YeA08020 C8epXpaspeuleHus. Yeioeoe ceepx-
paspeuierue no3eoasem 0emanuszupogams U300padcenus 00seKmos, peuams 3a0a4u UX pacno3HA8aHus u uUdeHmu@uKayuu.
llokazana 3¢hghekmusnocmo UCNOALI0BAHUS ANOPUMMOB HA OCHOBE PA3BUMDbIX AleeOpau4ecKux memodoe u ux mMoouukayull
npu napamempu3ayuu ucciedyemslx 00pamusix 3a0a4 u dasbHeliuem 60CCMAaH0B8ACHUU NPUOAUNCCHHBIX U00PACeHUL 006eKMO08
DA3AUMHbIX MUn08. AdekeamHoCmb U YCMOUYUEOCMb PeuleHUll NPOBePeHa 8 X00e YUCACHHbIX IKCNePUMEHMO08 Ha Mamemamuie-
cKoll modeau. BuiacheHo, umo nomexoycmouuueocms nOAYYEHHbIX PeuleHUll npeeviuiaem MHoaue uzgecmuoie nodxoodsl. Pe3yib-
mamol YUCACHHBIX IKCHEPUMEHMO08 NOOMEEPHCOAIom 803MONCHOCMb NOAYHEHUS U300PaAdNCeHUl ¢ pa3peueHUeM, NPeaocxo0auuUM
Kpumepuii Pases 6 2...6 pas npu Manvlx 3Ha4eHUSX OMHOWeHUs cueHas/wym. Onucanvl nymu 0aivHelue2o NoeblueHUs cmenexu
ceepxpaspeuieHuss Ha 0CHO8e UHMeANeKMYaAbHo20 aHAAu3a 0aHHbIX usmeperull. Hatioeno, umo npedaocenHulii areopumm cum-
Mempu3auuu no3604sem NOGbICUMb KA4eCmeo peuleHUll paccmampugaemsix 00pamuuix 3ada4 u ux ycmouuueocms. Ha npumepax
nPOO0eMOHCMPUPOBAHO YCHeWHOe NPpUMeHeHUue MOOUDUUUPOBAHHBIX aNee0pautecKux Memodog U aie0pummos noay4eHus u3oopa-
JcenHull uccaedyemuix 006eKmoe npu HAAUYUU anpuopHoll uH@opmayuu o peweruu. Pesyromamol yucieHHbIX uccae008aHull no-
Kasviearom, umo npedcmasnsemvie Memoosvl yuppoeoi 06padomKu NPUHUMAEMbIX CUSHAA08 NO380ASI0M 00CMUYb dPDeKmUHO
Yyen060ii paspewaroujeti cnocoonocmu, 6 3...10 pas npesvimaroweti kpumeputi Panes, ¢ xopowei mouHocmoto 60ccmanagiueams
Yyenogvle Koopounamol uccaedyemvix 006eKmos U ux omoeavHulx snemenmos. Munumarvno Heobxodumoe omuouienue cuenai/
Wym 045 NOAYHEeHUs A0eK8AMHbIX PeuleHUll cO ceepxpaspeulenuem cocmaeisiem 04s Onucvliéaemvix memodos 13...16 0b, umo
Cyw,ecmeeHHo MeHblle, HeM y U38eCmHbIX Memo008. OmMHOCUMENbHAS NPOCMOMA NPeOCMABAeHHbIX Memo008 N038045€em UCNONb-
306amy Hedopozue blYUCAUMENbHbIe YCMPOLUICMBa U pabomams 6 pexcume peaibHo20 8PeMeHi.

Karoueenvie caosa: yenoeoe ceepxpaspeuierue, kpumepuii Panes, ycmoiiuueocms o6pamusix 3adau, napamempusayus oo-

PAMHbIX 3{16(1'1, UnmeepaibHoe ypaeHeHue muna ceepmiku

BBenenue

BaxHast 3amaya yCOBEpIIEHCTBOBAHMWSI COBpE-
MEHHBIX YTJIOMEPHBIX CUCTEM — IOBBIIIIEHUE UX UH-
(opmaTuBHOCTU. OTHO M3 OCHOBHBIX HampaBJIeHUI
ee pelleHus — JeTaau3alnsl M300pakxeHul uccie-
JIyeMbIX OOBEKTOB Ha OCHOBE IOBBILIEHMST YIJIOBOM
pasperialolnieii cnocooHocTu cucteM. B cuity Bax-
HOCTU 3a/1a4yy BO MHOTMX CTpaHax MpoodyiemMaM JI0-
CTVKEHMSI YIJIOBOTO CBEpXpa3pellieHusl TTOCBSIIIEHbI
yXe COoTHM mnyOnukauuid. Beiaenum psig crateid,
Hocsuux obumii xapakrtep, [1—4]. INlomyaspHbiMu
B HacTosiiee Bpems siBisiiotcs meroasl MUSIC [5—
7], ESPRIT [8], MeTon nekonBomounu [9, 10], MmeTon
MakKCUMaJIbHOI 3HTpornuu [11], meTton bopmkoTTn—
Jlarynaca [12], meton Ketimona [13], MeTom mMakcu-
MaJIbHOTO TpaBaononaoous [14] u psn apyrux [15].

AJITOpDUTMBI Ha OCHOBE YTIIOMSHYTBIX METOIOB
B OCHOBHOM MO3BOJISIOT YBEJIUYUTDH YTJIOBOE pa3-
peluieHre npu oTtHomeHuu curHad/mym (OCI)
He Huxe 20..25 nb. [nsg manpHeilero yBermnde-

"HccnenoBatue BbIMONHEHO npu (pUHAHCOBON MOAAEPXKKE
PO®DU B pamkax HayyHoro mpoekta Ne 20-07-00006 u PHD
B paMKax HayuyHoro npoekrta Ne 21-19-00128.

HUSI paspelleHus] B IBa pa3a TpedyeTcs obecre-
YUTh YBEJIMYEHME OTHOIICHMS CUTHAJ/IIYyM Ha
NopsiaoK. brelcTpomeiicTBue OOJIBIIMHCTBA ajro-
PUTMOB HEIOCTATOYHO AJIsl padOTHI B peXXUMeE pe-
aJIbHOTO BPEMEHU.

Pa3BuBaeMble anreopandeckue Metonbl [16—18]
00J1a1aI0T CYLIECTBEHHO 00Jiee BHICOKON ITOMEXO-
yCTOMYMBOCTHIO. OHU JOCTATOYHO IIPOCTHI, YTO
MO3BOJISICT UCIIOIb30BaTh OTHOCUTEILHO IIPOCTHIC
U JelIeBbIe BBHIUMCINTENbHbIC YCTpoiicTBa. B uto-
re, B OTJMYME OT MHOTHUX APYTMX METOIOB, OKa-
3bIBAETCSI BO3MOXHBIM IPUMEHSITh UX B PEKUME
peaJbHOIO0 BPEMEHU.

IlocTanoBKa 3amaum

CraBuTCA 3aJadya BOCCTAHOBJICHMsS UM300pa-
>KEHUSI UCTOYHMKa curHajaa I(0, ¢) ¢ BO3MOXHO
OOJIBIIIMM YPOBHEM CBepXpas3pelleHus pu MEeHb-
mux OCI, yeM OGOJBIIMHCTBO M3BECTHBIX Me-
TomoB. MI3BECTHBIMU CUMTAIOTCS TPUHSITHINA CHUT-
Han U(0, ¢) n nuarpamma HanpaBiaeHHoctu ([AH)
f(6, ¢) n3MEepUTEIbHON CUCTEMBI.

[Tycth B cekTope 0030pa 2 M3MEPUTETHHOM CH-
CTEMBbI HaXOIUTCS OOBEKT ¢ KOHEUHBIMU YTJIOBBIMU
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pasmepamu. [lpy ckaHMpOBaHWM Ha BBIXONE IMPU-
€MHOTO YCTPOMCTBA M3MEPUTEIbHONW CUCTEMBbI I10-
JIyYMM 3aBUCUMOCTh Oruoarolleil 3HauyeHU mpuHsI-
TOrO CUTHaJja oT yria HabmoaeHus B Buae U(O, ¢).
ITockoabky OOJBIUIMHCTBO  M3MEPUTEIbHBIX
CHCTEM, CUCTEM HaOJIOAEHUSI U KOHTPOJSI MOTYT
OBbITh OMKCAHBI KaK JIMHEHHbIE CUCTEMbI, TO CBS3b
BenuuunH I, U n f(0, ¢) mpeacrapisieT codoii ABY-
MepHoe JIMHeiiHoe nHTerpajbHoe ypaBHeHue (1Y)
®penronbMa MepBoro poaa TUMa CBEPTKU:

U@, ¢)=[f(0-0,0-0¢)1(0,¢)d0'dy". (1)
Q

ITouck 3aBucumocTtu I(0, ¢) SBASETCS OOpart-
HOIl 3ajgayeil M1 OTHOCUTCS K KJAcCy HEKOPPEKT-
HbIX. M3 Tpex YCJIOBMiII KOPPEKTHOCTU 3ajay Io
Agnamapy (CyllleCTBOBaHUE peEllIeHUs], eIUHCTBEH-
HOCTb pelleHU s, YCTOMYUBOCTh PEIICHMS) YpaBHE-
Hue @penronema (1) He yIOBIETBOPSIET BTOPOMY U
TPETbEMY YCJIOBUSIM.

be3 o6paboTkM curHama aetaau oObEKTa B Ipe-
nenax mwprHbl JIH okasbiBaroTCsl HEPa3aUUMMBI, U
BUAMMOE U300pakeHue B 3TOM 00J1aCTH IPEACTaBIISI-
eT co0oi1 enrHoe "MSATHO". YIVIOBOE pa3pelieHye T10
KaxJ0il M3 KOOpAMHAT, o0ecreunBaecMoe IIpu IIpsi-
MOM HaOJII0NEHUY, COOTBETCTBYET Kputepuio Pasest:

2

rne D — pa3Mep anepTyphl; A — JAJMHA BOJIHBI.

lupuna JH w3MepuTenbHbIX CUCTEM 6 s
Take omnuchiBaeTcsl BoipaxkeHuem (2). Illupuna
JH onpenensieTcsi COOTHOIIIEHUEM HeoIpeaesieH-
HOCTeM, U ee 3HaUeHUE SABSETCS (PyHIaMEHTalb-
HOU BenuuyuHOU. B TO XXe BpeMs yrjioBoe paspe-
meHue B ¢hopme (2) He HOCUT (pyHIaMEeHTaTIbHBIM
xapakTep. Takum obpasom, Ipu aHaau3e U odpa-
0OTKe pe3yJabTaTOB MPSIMBIX U3MEPEHUI €CTh BO3-
MOXHOCTb MPEBBICUTh KpuTepuii Panes u momy-
YUTh YIJIOBOE CBEpPXpa3pellicHueE.

Iudpposass o6paboTKa pe3yabTaTOB M3MEPEHUM
U(®, ¢), HampaBJieHHasA Ha TIPEBBIIICHUE KPUTEPUS
Panes, npuBoAUT K MOSIBJICHUIO HEYCTOMYMBOCTEN
B pelleHusx. HeycToilyMBOCTM HAuMHAIOT PE3KO,
OOBIYHO 3KCIMOHEHIIMAaJbHO, BO3PACTaTh C yBeIUYe-
HUEM YPOBHSI TOCTUTAEMOI0 yIJIOBOI'O CBEpXpas3pe-
mweHus. Kak ciaenctsue, MosiBISIIOTCS U BO3PACTalOT
OIIMOKY, MPUBOMSIINE B UTOre K HEaaeKBAaTHBIM
petieHusM. CrienyeT OTMETUTh, UTO OOpaTHbIE 3a-
Ja4yu, BCJICACTBUE UX HEYCTOMYMBOCTH, TOpa3ao 60-
Jiee, 4YeM MpsiMble, YYBCTBUTEJIBbHBI K CIy4YaillHBIM
COCTaBILIOIIAM B HccaenyeMoM curHane U0, ¢).

ITpeBbilieHue Kputepus Pajied, T. €. moaydyeHne
CBepXpaspelleHMs], KaK MOKa3blBalOT MCCJIeNI0Ba-
HHUSI, BO3MOXHO, HO O OMpPEAeIeHHOTO Ipeaena,
onpenensemoro OCII, TOYHOCTBHIO U3MEPEHUI U
TOYHOCThIO 3agaHus JIH.

80 =A/D,

Anreﬁpanqecxne METO/bl PCIHICHUA

Alroput™Mbl pellieHuil oOpaTHoil 3amaum (1)
IpeajaraeTcsi CTPOUTh Ha OCHOBE HUTEPallMOHHBIX
npouenyp. OHU 3aK/II0YAIOTCS B IIOMCKE pelIeHU
B BUJIE€ Pa3JIOKEHUI 10 3aJlaBaéMbIM ITOCJICIOBATEIb-
HOCTSIM OPTOrOHAJIbHBIX (DYHKIIMI B 00JACTH pac-
IOJIOXKEHMST UCTOYHMKA [19] mpu mocenoBaTeIbHOM
YBEJIMYECHUHU YMCIIa UCHOb3yeMbIX (OyHKIIMHI. Bynem
Ha3bIBaTb 3TU METOIBI U aJITOPUTMBI LIU(MPOBOI 00-
pabOTKU CUTHAJIOB ajire0panuyecKuMMU.

Hckomoe petieHue (6, ¢) Bcernma MOXHO Tpe-
CTaBUTH B BUJI€ PA3JIOKEHMS MO ITOJHOUN CUCTEME
OPTOHOPMHUPOBAHHEIX B 00JaCTU PACIIOJIOXECHUS
UCTOYHUKA Q QyHKUMH g, (0, ¢) C HEU3BECTHBIMU
ko3(ppuumentamu b,,;:

0 N
1(9, (P) = Z—:1 bmgm(e, (P) = Z_:l bmgm (e: (P) (3)

Hdns  ympolleHus IoJdy4YaeMbIX BbIpaxkeHUM
paccMOTpUM BHayalie OAHOMEPHBIN ciaydail. Tor-
JIa uckomoe peiieHue 1(0) (3) BeipaxkaeTcsl B BUIE

© N
m=1 m=1
HUcnonb3ysa cootHoiueHue (4), smecto MUY (1)
MPUXOAUM K Pa3JI0XEHUIO TTOJYUYEHHOIO MpU CKa-
HUPOBAaHMU CUTHAJa MO CUCTEME HEOPTOTOHAJb-
HBIX QYHKUMH Y, (0):

U(6)

R

N
Y. butn(®), )

Am(®) = [ £(O =g, (v)dy. (6)
Q
Bce xoadduumenter b,,, HeoOXoAMMBIE OIS
moyiyyeHus1 pemieHus: (4), oObIYHO HAXOASITCS U3
YCJIOBUSI MMHUMM3ALUU CPEIHEKBAAPATUIHOIO
OTKJIOHEHHSI MpaBOil 4acTU B COOTHOIUeHUHU (5)
OT 3allaHHbIX 3HaueHui U(0). B utore nmouck He-
M3BECTHBIX KO3 PuLueHToB b,, HopMuUpyrounx
BekTop B, cBonuTtcs K pemieHuo CJIAY
V= HB, )
IJe 2JIeMEHTHI BeKTopa V' u marpuiisl H npeacTtas-
JITIOT COO0O0M MHTETPAJIbI:

® ®

mn=1,2 ..., N.

O06sacTh ® — CeKTOp YIJIOB, B IIpeaeaax KoTo-
poro 3HayeHne OCII gocTaToyHO AJIs1 TIOYyYEHU S
YCTOMYMBEIX PELICHUM.

TakuM o0Opa3oM, IOUCK pelieHHs B Buuae (4)
MO3BOJISIET MPOBECTU MapaMeTpU3aliiio oOpaTHOM
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3ajlauu U CBeCTU ee pelreHue K peumeHuto CIIAY
[20, 21].

Atpubytom monyvaromuxca CJIAY gaBnger-
cs MX IUIoxasi 00yCJIIOBIEHHOCTD, IMOSIBIISIIOIIASACS
BCJIEACTBUE MOMBITKY pelIeHUs] 00paTHOM 3a1a4yM.

KosbduireHTsl b; B COOTHOLIEHUY (4) MOXHO
HaiTM M He Ipuberas K KpUTEPUIO CpeIHEKBa-
JIpaTUYHOTro TNpuOIMKeHus1. BMmecTo HCIONb30-
BaHWUS HeNpepbIBHOU 3aBUCMMOCTU curHajna U(0)
BO3MOXHO MCIIOJIb30BaHUE BBIOOPKM CUTHaJa
npu N 3HayeHusix yios: 6, € ©, j =1, 2, ..., N.
Torpa Bmecto Y (1) npuxonum x CJIAY

W = FB, )
rie W — Bekrop sHauenuit U(0); F — marpuua
¢ onemeHTamu F,; = y,,(0).

Pemenus CJIAY (9) npu MajoM ypoBHE IITyMOB
OKa3bIBalOTCS 00JIee YCTOMYMBBIMU, YEM HAa OCHOBE
(7), 0 4ueM CBMJIETEIbCTBYIOT MEHBIINE 3HAYEHMUS
yucea OOYCJTOBJIEHHOCTU ajropuTMoB [22]. BOTo
MO3BOJISIET, B YACTHOCTH, NMPU OJMHAKOBOU YCTOM-
YUBOCTH aJITOPUTMOB UCIIOJIb30BaTh B PEILIEHUU HA
ocHoBe (9) 6osbliiee YnCI0 GyHKLUUI N, TOBBIIIAS
YPOBEHb CBEpPXpa3peIlIeHUSI.

CpaBHUBas aJreOpanyecKuii METoJ, C APYTUMU,
cJenyeT OTMETUTh, YTO OH MOTEHIMaJIbHO IO3BO-
JISIeT TIOJIYUYUTh mMoyYHoe pelleHue obpaTHOM 3ama-
yu (1), ecnu I(0) mouno BbIpaxkaeTcsl C MOMOIIIBIO
KOHEUYHOI'0 YHCJIa YJICHOB M3 BBIOPAHHOM CHUCTe-
Mbl GyHKUUHR g,,(0). Jlerko nokasaTb, YTO Kakoi
Obl HU ObIIa 3aBUCHUMOCTH /(0), BO3MOXEH BBIOOD
Takoil cucrembl GyHKUUH g,,(0). Takum obpaszom,
anreOpanvecKuii MeTOH nomeHyuabHo o00ecreun-
BaeT KayeCTBO MOJYYaeMOI'O PEIIEHHUSI IO MEHb-
1IIe Mepe He XyXe, YeM JTI000M IpyTroil N3BECTHBIA
meton. Bompoc BbiOOpa ONMTUMAbHON CUCTEMBbI
dbynkumit g,(0) mis Kaxaoil KOHKPETHOW 3ajadyu
OCTaeTCsl, OMHAKO, OTKPBITHIM.

M3BeCTHO, YTO CYyILIECTBEHHOE IMOBBIIIEHUE Ka-
yecTBa pelIeHUi OOpaTHBIX 3adad4 MOXET ObITh
JOCTUTHYTO MPY MCIOJb30BAHUU alIPUOPHON UH-
dopmanuu o pemieHnn. Hanuuue takoit mHPOp-
MallMy IO3BOJISIET, B YACTHOCTU, MCIIOJIb30BaTh €€
Npyd ONTUMM3ALMUA BBIOOpAa CUCTEMBI (QYHKIIWMA
IS TIOCTPOSHUS pereHus [23].

B xagecTtBe mpumepa MCIIOJIb30BaHUSI MHOOP-
Mallid TaKoro poaa Ha puc. 1 Iloka3zaHO pelle-
HHE 3aayu BOCCTAHOBJICHUS M300pakeHUSI ABYX
OJIM3KO PaCIOJOXEHHBIX MCTOYHWKOB CHUIHAJIOB.
CrutourHast kpuBasi | — UCTMHHOE pacrpeaesieHre
aMILIUTYIbl OTPaXKeHHOTO0 OOBEKTaMM CHUTHAaJja.
B Bume kpuBoil 4 moka3aH CHIHaJj, HOJYYEHHBIN
NpU CKAaHMPOBAHUM OOJIACTH PACIIOJOXEHUS MWC-
TOYHMKA YIJIOMEPHOM CUCTEMOM C IIMPUHOM Jyda
09,5. OOBEKTHI OKA3aIMCh HE Pa3peLIEeHbl TPU TIPS~
MOM HaOJIIONeHUU.

Puc. 1. BoccTaHoBJieHHEe M300paXKeHHs HCTOYHHKA CHIHAJA
Fig. 1. Restoring the image of the signal source

Ha puc. 1 npuBeneHbl aBa pelieHus. B Bume
IITPUXOBOM KPUBOI 2 MOKa3aHO U300paKeHHe UC-
TOYHMKA, TOJYYEHHOE HAa OCHOBE COOTHOIIEHUI1
(4)—(8) 0e3 Mcnonbp30BaHUS KaKoH-TnMbOO mpeaBa-
puTeabHOI MHpOpMaMu o pelieHuu. B kauecTBe
cucrtembl PyHKUUH g,,(0) BHayae OblIM BBIOpaHbI
TPUTOHOMETPUUYECKHUE.

IlonyyeHHoe pelieHUe, MTOMMMO MPaBUJIBHO
HalJIGHHOTO PAacCIOJOXEeHNUSI WCTUMHHOIO MCTOY-
HUKa, CONEPXUT U JIO)KHbIC UCTOYHUKHU CO 3HAYU-
TEeJbHBIMY aMILUIUTYAAMM, YTO CYILIECTBEHHO CHU-
’KaeT KauyeCTBO BOCCTAHOBJIEHHOIO M300paXkeHMs.

B Buzme nomaHoil 3 Ha 3TOM XXe€ PUCYHKE IpU-
BEJIEHO pellieHue MPU UCIOJIb30BaHUN MpeaBapu-
TeJIbHOM MH(pOpPMalMKM O HATMYUY 3HAYMTETbHBIX
rpagueHTOB B paclpele/ieHU aMIUIMTYIbl OTpa-
’KaeMoro curHajia. dta mHdopMalus Mpeaonpe-
Jenaa UCIMOJAb30BaHUE CTYMEHYAThIX (PYHKUMI
B KAY€CTBE CUCTEMBI g,,(0).

[NonyyeHHOEe MPUOJMKEHHOE pelleHHe Ha OC-
HOBE anpuOpHOK WH(OPMALIMM MO3BOJMUJIO pa3-
pPELIUTh UCTOYHUKMU U MPAKTUYECKU TOYHO OIpe-
JIeJIUTh MX YIJIOBOE ITOJIOXEHUE. AMIJIUTYIHbIE
3HAYEHMUSI JJOKHBIX UCTOYHUKOB OKa3aJMUCh MpeHe-
opexruMo MaJibl. Takum oOpa3zoMm, AOMOJHUTEIb-
Hasg uHGOpPMaIMS TTO3BOJMIIA PE3KO MOBLICUTH Ka-
YECTBO pelIeHUS.

Hepenko B mocTaBieHHBIX 3afayax arpuop-
Hasg MH@opMamus o0 UCCIenyeMOM OOBEKTE OT-
CYTCTBYET WJIW €€ HeMHOTro. B 1ensx nojgydyeHust
JOIOJHUTEIbHONH MHGOPMALIMU TPEAJIOXKEHO HUC-
MOJb30BaTh METOABI, OJMu3KUe K data mining. x
IMpUMEHEHNE TI03BOJISIET BBISBISITh 'CKPHIThIE"
XapaKTePUCTUKU HCTOYHUKOB curHayioB. Ilpen-
JlaraeMble IJIs 3TOrO aJITOPUTMbl OCHOBaHBI Ha
(opMHUpOBaHMM HUTEPALIMOHHOTO MpoIlecca, Ipu
KOTOPOM Ha KaXJIOM €ro Iare B KaueCcTBE alpu-
OPHBIX HUCHOJB3YIOTCS MaHHBIE, MOJYyYEHHBIE Ha
npeapiayieM 1are. HalineHHBIE IIPOMEXYTOY-
HbIE TaHHBIE O PEIIEHWM YTOYHSIOTCSI WU ACTaIu-
3upyroTcsa. KpoMme TOro, BBISIBISIOTCS HOBBIE Xa-
paKTepUCTUKU MCTOUYHMKA. Ha cienmyrolnem 1miare
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nojiyueHHasi HoBass uMHdopmainus o0 00beKTe
BHOBb MCIIOJIb3YETCS YK€ B KaUeCTBE allpUOPHOMN.
ITouck mpoBOOMTCA MpU MOCAEAOBATENBHOM BO3-
pacTaHUM YHMCJa UCTOIb3yeMbIX GYHKUUI g, (0).

Ha ocHoBe BBISIBIIEHHBIX HOBBIX XapaKTEPUCTUK
WCTOYHWKA CUTHAJIOB B XOJE€ OMMCHIBAEMOTO WUTE-
PAllMOHHOTO TIpoIlecca BEIOMPAIOTCS U, MPU HEOO-
XOAUMOCTH, U3MEHSIOTCS CUCTEMBI UCTIOJIb3YEMBIX
¢dyukuuit. Ha ocHOBe HOBOIT TTOTyYeHHOM MH(POP-
MallMid BO3MOXHA TakxXe celeKuus (GyHKUMNA U3
BbIOpAHHOI OPTOTOHAJBbHOU cucTeMbl. OTOMpaAIOT-
cd (pyHKIIMU, B HAUOOJBIIEH CTEMEHU OTpaKaro-
e B 3aBucuMocTH 1(0). DT0 0COOEHHO BaXKHO,
TaK Kak pa3MmepHocth Marpull (7), (8) orpaHnyeHa
W3-32 5KCITIOHEHIIMAJILHOTO POCTa HEYCTOMYMBOCTHU
pellieHrsl ¢ yBeJudyeHueM yucia ypaBHeHuid. Ce-
JIEKIIMST MOXET OBITh OCYILECTBJIEHA HA OCHOBE:

— BbIOOpA QYHKIIMIA U3 UCIIOJIb3YEMOI'O CEMEI-
CTBAa C HAWOOJBIIMMMU 3HAYEHUSIMU KOIPDULIN-
€HTOB Pa3JIOXKEHUS;

— CpaBHEHUS CIIEKTPOB CUTHajJa M CIEKTPOB
byHkunii g, (0);

— aHaJu3a B3aMMHBIX KOPPEISIILIUOHHBIX (PyHK-
LU curHaua u g,,(0).

B xayecTBe mpumepa MIPUMEHEHUS HWTEpally-
OHHOTO aJIrOpUTMa TIOWCKAa W WCIIOJb30BaHUS
anprOPHBIX JAHHBIX HA PUC. 2 TOKA3aHO pelIeHre
3a/1a4 BOCCTAHOBJICHUS M300paX€HUS WUCTOYHU-
Ka CUTHAJIOB C 3apaHee HEM3BECTHBIM TUIIOM pac-
MpeaeaeHn s aMILIUTYAbl OTPaX€EHHOTO CUTHAJA.

ITpu pemieHuM 3aJa4M Ha MEPBBIX IIarax uTepa-
IIMOHHOTO TIpolecca ObIJIO OTMEYEHO, YTO pacIpe-
JIEJIEHWE CKOPEE BCETr0 HOCUT IJIaBHO-HEOAHOPOI-
HBI XapaKTep, HO CO 3HAYUTEIBHBIMU MEPENMagaMuU
aMIUIMTYIbl CUTHaMA. DTO MPeaonpeacanaio BIOop
cucteMbl GyHKIMK B Bune MHAT-BeiiBieTOB Mpu
MOCTPOeHUHN perieHus. [Jajee ObLT MPOBEOEH OT-
0op cemMMu Hauboyiee MPUTOAHBIX IS PELICHUS
BEMBJIETOB Ha OCHOBE aHAJIM3a CIIEKTPAJILHOTO CO-
CTaBa MPUHSATOTO CUTHAaJIA.

HMcTtuHHOE pacnpeneseHne aMIJIUTYIbl OTpa-
JKEHHOTO 00OBEKTOM CUTHaJa MOoKa3aHO Ha puc. 2

Puc. 2. BoccraHoBiieHne M300paxkeHus MJIABHO-HEOAHOPOIHOTO
HCTOYHHKA

Fig. 2. Image reconstruction of a smoothly inhomogeneous source

B BUJe TOHKOI KpuBoil /. BoccTaHOBIEeHHOE U30-
OpaxeHue ITOKa3aHO B BUJE CIIJIOIIHOW XWPHOM
KpuBOil 2. JIJis1 MINI0CTpallMyd B BUJAE LITPUXOBOM
KpuUBOil 3 mpuBeJAeH MPUHUMAEMbIi CUTHAJ B 00-
JIACTU PacToIOKEHUST UCTOYHUKA.

IIpeBrilieHue KpuTepus Panesa cocTtaBuio
3..4 paza, TOYHOCTH JIOKAJIM3allMM WCTOYHHKA
CHUTHAJIOB OKOJIO 0 5/12 TIpY HE3HAYUTETBHBIX UC-
KaXXeHUSIX.

BoAbIIMHCTBO M3BECTHBIX METOAOB JOCTH-
JKEHUST CBepxpas3pelleHus] TpeaHa3HadyeHo AJs
MOJyyeHHUs pelIeHusT OMHOMEpPHbIX 3amad. Mx
000011IeHe Ha ABYMEPHBbIE 3aa4 CYLIECTBEHHO
YCJIOXHSET aJrOPUTMBbl, MOBBILIAET HEYCTOWYU-
BOCTb peleHuii. KpoMe TOro, pe3ko MoBBIIIAET-
cs BpeMmsl oO6paboTKU curHauoB. s noaydyeHus
YIIOBJIETBOPUTEIbHBIX PE3YJIbTaTOB MHOTAA TPeOy-
€TCSl MCIOJIb30BaHUE MapalIeJIbHbIX ITPOLECCOo-
poB [28]. B To ke BpeMsa anareOpanmyecKuii METOI
1 aJITOPUTMBI HA €r0 OCHOBE MOTYT YCIIEIIIHO MpPH-
MEHSThCS K JBYMEPHBIM 3aJauyaM.

CummeTpu3anus pemeHui

HanpHeilliee MOBBILICHMWE CBEPXpa3pelleHU S
BO3MOXHO NIpU HCIIOJb30BaHUU 00Jie€ CIOXHBIX
aJropuTMOB OOpPabOTKM CUTHAJIOB, HCITOJIb3YIO-
IIUX OCOOEHHOCTU KOHKPETHBIX pelllaeMbIX 3a1a4
[25—27]. IlpeacraBuM OAMH M3 TAaKOro poda aj-
TOPUTMOB, OCHOBAHHBIN Ha cummempuzayuu 00-
paTHOM 3aJla4yM.

IMockonbky peiuieHue [(0) Bcernma MoOXeT OBITh
MPEACTABJIEHO B BUAE CYMMBI YETHON M HEUYETHOM
Jacrten

1(6) = 0,5[1y(6) + L(0)],
rac

1,(6) = 0,5 [1(6) + I(—6)],

1,(6) =0,5 [1(6) — 1(=0)], (10)

TO M NPUHSTHIA CUTHAJ TaKXe MOXET OBbITh BhI-
paxeH B BUJIE CYMMBI YETHOU Y HEYETHOM YaCTEM:

U®) = 1/2[U,6) + U, 0)],
U,(0)= [ f(0-9),(9)do,
Q

(11)
Ue(e) = j f(e - (P)Ie((P)d(p,
Q

Torma B cuiy JMHEHHOCTHU 3ajada IOKMCKA UC-
TouHuKa [(0) pacnagaercsi Ha JBE OTAEJbHbIE 3a-
nauu. IlepBas 3amaya — mMOMCK 4eTHOM yactu 1(0),
T.€. 1,(0) 10 YETHOI YaCTU NPUHATOrO CUTHaJja Ha
OCHOBE CHCTEeMBbl 4YeTHBIX (yHKLMI. Bropas —
MOMCK HeuyeTHOM yactu pewenus /1,(0) no U,(0) Ha
OCHOBE HEUYETHBIX (PYHKIIUIA.
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OO0mMM pelieHreM BCel 3aJadM sIBJISETCS Cy-
MEeprno3uiiis YETHOITO M HEUYETHOrOo pelleHU.
Ecniu mpu pelleHMM KaXXaoil W3 3amad yaaeTcs
MOJIYYUTh YCTOMYMBOE pelIeHWe TIPpU MCMOJIb-
30BaHUU N (QYHKUUI, TO UTOrOBOE CyMMapHOeE
peiieHue coaepXut 2N ¢yukuuit. Ilpu npsimom
noucke pacrnpeaeneHus: [(0) B BuUjae pa3iaoXeHUs
no 2N GyHKIUAM, T. €. 0e3 BBIACICHUS YeTHON U
HEYeTHOM vacTell cMrHaja, MPUXOIUTCS pellaTh
omHy 1UI0X0 oOycioBiaeHHYI0 CJIAY BaBoe 601b-
et pasMepHocTU. [loNydnTh pelreHue B 3TOM
clyyae ygaeTcs AaJieko He Bcerga, Tak Kak He-
YCTOMYMBOCTU OKCIOHEHIIMAaJIbHO BO3pacTaloT
¢ poctoM pa3mepHocTu CJIAY.

Takum o6pazoM, cuMMeTpur3alus 3a1a4u MOTEH-
LIMAJIbHO TMO3BOJISIET YABOUTDH 3(h(heKTUBHOE pa3pe-
1IeHue 0e3 CHUXEeHUST YCTOMYUBOCTH PEILIeHNSI.

Ha puc. 3 mokasaHo pelieHue 3a1a41d BOCCTaHOB-
JIEHUsI N300pakeHusl ABYX OJIM3KO PacIONOXEeHHBIX
WCTOYHMKOB Ha OCHOBE CUMMETPHU3ALIMK 3a1a4H.

boinu 3amaHbl 1Ba MaJlopa3MepHBIX MCTOYHM-
Ka C pa3anyarolMMKUCs B 1Ba pa3a aMILIUTydaMH.
be3 06paboTku curHaja npu NpssMOM Habarwoae-
HUM 3T UCTOYHMKHU pa3pelialoTcs MpU paccTosi-
HUU MEXIY HUMU He MeHee 2,546 s.

3amava peuiajgach MpuM HaaUYAU CIAy4YalHBIX
cocTaBasgouMx B ucxomHoMm curHnaige. OCII co-
craBisio 16 1b. O6bpiuHast 06paboTKa CUTHaa Ha
ocHoBe opmy (4)—(8) He TTO3BOINIIA PA3PEIIUTh
UCTOYHMKHU. bblna mpoBemeHa cuMMeTpusalus
3amauu. B kauecTBe cucteM QYHKIIMI MCIOJb30-
BaJIMCh CTyNeHYarbie GyHKIIMU.

[MonyueHHble pe3yabTaThl TPEACTABICHBI Ha
puc. 3: 1 — UCXOOHBIC TOYCUHbIC UICTOUHUKU CHUT-
HaJila; 2 — pelleHue Ha OCHOBE CMMMETpU3aLUU
U MOoJIyyaeMoOl B XOJe MTEePallMOHHOIO Ipoliecca
JTOIMOJHUTEIbHON MHMOPMALUU O JIOKAaJIU3aluKu
WCTOYHUKOB; 3, 4 — 4YeTHasd M He4yeTHasl 4acTHu
MPUHMMAEMOIr0 CHMIHaja, MOJYYeHHbIE TNpU €ro
CUMMETPU3ALIMHN.

O6paboTka curHaja C TOMOIIbIO aJropuT™Ma
CUMMETPM3AalIMU T103BOJIMJIAa 3HAYUTEIBHO TOBbI-

«_o "h‘ LYY

(4
10), X s S
U(o) o Seon ]
()
g ‘o"\
0 |

Puc. 3. PemeHue Ha 0OCHOBE CHMMETPH3AIUH 321a9H
Fig. 3. Solution based on the symmetrization of the problem

CUTb YCTOMYMBOCTD PelIEHNST U JOOUTHCS IMPEBbI-
LIeHUs1 Kputepus Pajies Ha MOpsSA0K IpU OTHOCH-
TeJIbHO BBICOKOM YPOBHE IIIyMa.

AJITOPUTM CUMMETpPHU3allMK 3a/1a4 YCIElIHO pa-
0oTaeT, eciayM UCXomHasA 3aBUCUMOCTh U(D) He gB-
JISIETCS CAMMETPUYHOM, aHTUCUMMETPUYHON WU
0JM3KoI K HUM. B mpOTHBHOM cllyyae aMILIMTYI-
Hble 3HAYeHUS JMOO YeTHOH, N11bO0 HEeYeTHOM ya-
CTH I0JIe3HOro curHana U(0) 3HauMTeIbHO CHUXKA-
10Tcs1, 4To pe3ko ymeHnbinaer OCII, u anekBaTHOE
pelleHne 3agaur He MOXET OBITh moydeHo [23].

IIpoBenenne cumMmerpusanuu 3(PGeKTUBHO
Tak>ke W IS ABYMEPHBIX 3a1a4. [ls1 9Toro BBeaem
MOHSATHE ABOMHON YeTHOCTH: eCIM DYHKIIMS YeTHA
1o O U @, TO HA30BEM €€ YETHO-YETHOM, €CJIA YETHA
10 6 M HEYEeTHA I10 @, HA30BEM €€ YETHO-HEUETHOM
u T. 0. Jlanee mpeactaBUM NPpUHSATHIN curHan U u
peleHue [ B BUI€ CyMMBI YEThIPEX COCTaBISIOINX

pasiunyHoii yetHoctu suna U, U,, U, n U,,.

Uy (6,9) = 0,25U(6,9) + U(-6,9) +
+U(6,-9) +U(-6,-9));

U, (6,9) =0,25U(6,9) -U(-6,0) +
+U(6,—9) - U(-6,-9));

Uy (6,9) = 0,25(U (6, 9) + U(-6,0) -
-U(6,-9) -U(-6,-9));

U, (6,0) =0,25(U(6,9) -U(-6,9) -
- U(6,-¢9) + U(-6,-9)).

[l mpencTaBieHUs] PELIEHUS TENepb Tpeoy-

€TCS YeThIpe CUCTeMBl (PYHKIIMI pa3InIHON 4YeT-

HOCTH, HallpUMeEp, B MPSIMOYTOJBHOU CUCTEME KO-

opauHar (0, ¢) Ha OCHOBE YeThIpeX MPOU3BENCHU I
TPUTOHOMETPUISCKUX (PYHKIIUIA:

12)

8oo,m(0;0) = cOS(Agm) cos(A,m);
8eo,m(0,0) = sin(Aym) cos(A,m);
8oe,m(8,0) = cos(Agm)sin(Aym);  (13)
Zee.m(0,9) = sin(Agm)sin(A m);

T, ° T,

Ag

rne Ty v T, — pa3mepbl 00acTH PacHoNOXeHUsI
WCTOYHUKA TI0 yIyIaM 6 1 .

B wrore cumy NMHEWHOCTM UCXOMHAs 3ajada
pacnamaeTcsl Ha 4yeThipe oTaeibHble 3amauyun. O0-
1Iee peleHue — CYNEePIO3ULIAS PEIICHUN 3a1a4
BCEX YETHOCTEM:

10, ¢) = 0,25[1,,0, ¢) + 1,0, ¢) +
+ 1,,(6, 9) + 1,0, 9.
B kxauecTBe mpumepa Ha puc. 4 B 1eKapTOBBIX

KOOpAMHATaX MOKa3aHO PEIIeHHE 3aJa4d BOCCTa-
HOBJICHUSI M300pakeHUsI MCTOYHUKOB, MOJTYYEH-

(14)
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16, ¢),

ue, ¢)
0

0

Puc. 4. Pemenue Ha OCHOBEe CHMMETPU3ANMH ABYMEPHOM 32429
Fig. 4. Solution based on the symmetrization of the two-dimen-
sional problem

HO€ METOAOM CMMMeTpU3aluu. YTIIHI (0, ¢) OTJIO-
JKEHBI TI0 TOPU30HTAJIBLHEIM OCSIM B Mpeaeaax

—0 0’5/2 <0< 60,5/2; _60’5/2 < ) < 60’5/2. (15)

B o6Gnactu (15) OblIM 3agaHbl HWCTOYHUKU
C MJaBHBIM paclpeaejeHueM WHTEHCUBHOCTH,
He paspelaeMble Mpu MpsiMOM HabmwomeHuu. Mx
MaKCHUMYMBI pasziuydaiuch B 4 pasa. IlpuHATHIM
MpU CKaHMPOBaHUM curHaix U(O, ¢) mpuBeneH Ha
puc. 4 B BuJie IOBEPXHOCTU 2.

Pewrenue 3amaum Ha OCHOBe COOTHOILUeHU (3)—
(9) He MO3BOMMJIO Pa3pEIIUTh BCe UCTOYHUKH. [la-
Jiee ObLJ UCITOIb30BaH aJrOPUTM CHUMMETPU3ALIUH,
B KOTOPOM B KauyecTBE CUCTeM (PYHKIIUN MCIOJb-
30BaJIMUCh YeThipe cucTeMbl QyHKLUIA Buaa (13).

ITonyyeHHoe Ha ocHOBe cooTHoLIeHut (12)—(14)
pellieHe, MoKa3aHHOE B BUJIE ITOBEPXHOCTU C Ty-
CTON CETKOM, TMO3BOJMJIO PAa3pellUTh BCE YEThIpE
WCTOYHMKA [, TpaBUJIBLHO MepeaaTh UX PacHoJIoXe-
HUE M XapaKTep pacrpeneacHusi MUHTEHCHBHOCTHU.

HailineHHbie yrioBble pa3Mepbl ICTOUHMKOB HeE-
MHOTO, Ha 5...8 %, TpeBBICUIIN UX UCTUHHBIC pa3-
Mepbl, aMIUJINTYyAHbIE 3HAYEHUS BOCCTAHOBJICHBI
C HeOOIBIIUMU B mpenenax 7 % MorpelrHOCTSIMMU.

3akaoyenue

B cratbhe mnpeasioKeHbl aJITOPUTMbl PELUCHU S
00paTHBIX OAHO- W JABYMEPHBIX 3aJay BOCCTa-
HOBJIEHUSI M300pakeHUIA MCTOYHMKOB CHUTHAJIOB
C YIJIOBBIM pa3pelleHHUEM, IMPEBBIIIAIOIIUM KpU-
Tepuii Panes, Ha OoCHOBe pa3BHMBaeMbIX aJiredpa-
WYECKUX METOMOB OOpabOTKM CHUTHaJoB. Paspa-
0OTaHHBIEC AJTOPUTMBI IO3BOJISIOT (DOPMHUPOBATH
OpUOIMXKEHHbIE M300pakeHUST CIOXHBIX OOBbEK-
toB npu MeHbIIMX OCII, yem MHOTre U3BECTHHIC
YIOOMSIHYThI€ BO BBEICHUW aJTOPUTMBIL.

M300paxkeHrs1 BOCCTaHABJIMBAIOTCS C OTHOCH-
TEJbHO HEOONBIIMMU OIIMOKAMU B aMILJIUTYIHBIX
3HAUYEHUSX U B YIJIOBBIX ITOJIOXEHUSIX OOBEKTOB,
a Takxxe Mx 31emMeHToB. OnucaH HOBBIM TUI Oosee
CJIOKHBIX aJITOPUTMOB, OCHOBAaHHBIN Ha WTepally-
OHHOM TIpOlIECCe, B XOJE€ KOTOPOTO BBISIBJISIIOTCS
"CKpBITBIE" XapaKTepUCTUKU PEIICHUSI, UCIIOIb3ye-
MbIe Jajiee B KauecTBe alipUOpPHON MH(OpMaIum Ha
MOCJIEAYIOIIMX 1lIarax UTepallMOHHOrO Mmpoliecca.

B utore mocturaemoe yrioBoe paspelleHue yaa-
eTcs JOBeCTHU 10 3HadeHuil B 5...10, a mHOTma 1 Oojee
pa3 mpeBbllIaoIux kputepuii Panes. B ansrepHa-
TUBHOW TPaKTOBKE: MOAM(UIIMPOBAHHBIE ajredpa-
MYECKUEe METONIbl U aJITOPUTMbI TIPU (PUKCUPOBAH-
HOM yYPOBHE CBepXpa3pellieHUs MO3BOJISIIOT CHU3UTh
ypoBeHb ponyctuMoro OCII B ucxoqHbIX JaHHBIX.
IIpennoxeHHble aJlrOpUTMbl B CpPaBHEHWU C W3-
BECTHBIMU OTHOCHUTEJIBHO MPOCThI, YTO IO3BOJISICT
HCIIOJIb30BaTh UX B PEXXKMME PeaJbHOTO BPEMEHMU.
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Incorrect one- and two-dimensional inverse problems of reconstructing images of objects with angular resolution
exceeding the Rayleigh criterion are considered. The technique is based on the solution of inverse problems of source recon-
struction signals described Fredholm integral equations. Algebraic methods and algorithms for processing data obtained by
measuring systems in order to achieve angular superresolution are presented. Angular superresolution allows you to detail
images of objects, solve problems of their recognition and identification on this basis. The efficiency of using algorithms
based on developed algebraic methods and their modifications in parameterization the inverse problems under study and
further reconstructing approximate images of objects of various types is shown. It is shown that the noise immunity of the
obtained solutions exceeds many known approaches. The results of numerical experiments demonstrate the possibility of
obtaining images with a resolution exceeding the Rayleigh criterion by 2-6 times at small values of the signal-to-noise ra-
tio. The ways of further increasing the degree of superresolution based on the intelligent analysis of measurement data are
described. On the basis of the preliminary information on a source of signals algorithms allow to increase consistently the
effective angular resolution before achievement greatest possible for a solved problem. Algorithms of secondary processing of
the information necessary for it are described. It is found that the proposed symmetrization algorithm improves the quality
of solutions to the inverse problems under consideration and their stability. The examples demonstrate the successful ap-
plication of modified algebraic methods and algorithms for obtaining images of the objects under study in the presence of a
priori information about the solution. The results of numerical studies show that the presented methods of digital processing
of received signals allow us to restore the angular coordinates of individual objects under study and their elements with
super-resolution with good accuracy. The adequacy and stability of the solutions were verified by conducting numerical
experiments on a mathematical model. It was shown that the stability of solutions, especially at a significant level of random
components, is higher than that of many other methods. The limiting possibilities of increasing the effective angular resolu-
tion and the accuracy of image reconstruction of signal sources, depending on the level of random components in the data
utilized, are found. The effective angular resolution achieved in this case is 2— 10 times higher than the Rayleigh criterion.
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The minimum required signal-to-noise ratio for obtaining adequate solutions with super-resolution is 13—16 dB for the
described methods, which is significantly less than for the known methods. The relative simplicity of the presented methods
allows you to use inexpensive computing devices and work in real time.

Keywords: angular superresolution, Rayleigh criterion, stability of inverse problems, parametrization of inverse prob-

lems, convolution type integral equation
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AﬂI'OpVITMbI onpepeneHna BepoATHOCTU PUCKOB aBapm7| B TOHHenAX
MO XapaKTepuctukam nomMmexm 3allymrieHHbIX CUrHanos

Obcyacoaemces pazpabomea aneopummos 6biuUCAeHUs 6ePOSIMHOCMU B03HUKHOGEHUS 8 MOHHEAAX PA3AU1H020 poda dedhekmos,
passeumue KOmopuix mMojcem npueecmu Kk asapuam. Ommeuero, 4mo MoHHeAU AAAIOMCA 8ANUCHOU U CAONCHOU HACMbIO MPAHCHOPM -
HO-KOMMYHUKAUUOHHOU CUCmeMbl, RO KOMOPOU ocyujecmeasemcs unmencugnoe dsuscerue. [losmomy onpedenenue eepossmuocmu
603HUKHOBEHUS 0eheKMO8 8 CKPbIMOM nepuode 3apoxcoeHus Ha OmOeabHblX yHacmKax moHHeael 1645emcs 6adNcHOU 3adauell.

OmmeueHo, ymo 06pazoeanue deeKmos conpogoicoaemcs noseieHueM NOMeX, KOMOopble UCKANCAIOM NoAe3Hble CUSHAANbL,
nocmynaiouue om 0amuuKo08 U uzMepumenbHolX npUGOpos, YCMAaH0BACHHbIX 045 KOHMPOASL YCMOUYUBOCMU MOHHENS U HAOeiC-
Hocmu e2o KoHempykyul. TpaouyuonHo 6 makux cayuasx usmepumenbvhsie npubOpbl pecucmpupyom 3auyMieHHble CUSHAAbL, U
N0 3HAYEHUAM UX XAPAKMePUCIUK OUeHU8aom mexnuieckoe cocmosinue monneneti. O0nako 6 pabome nokaszawno, ymo 6onee Ha-
0edCHBIMU UHOUKAMOPAMU (PUKCAYUY HAYAAA ONACHBIX USMEHEHUT 8 CKPbIMOM RePUOOe 3aPONCOCHUS ABAAOMCI XAPAKMepUCmi-
KU nomexu, KOMOpPYH He803MOINICHO 8bl0eAUmb U3 3aWYMAeHH020 cueHana. Ilpu smom ommeuero, umo 6eposmHocmi, ¢ KOMOPoU
nomexa npuHumaem OONyCMUMble U KPUMUHeCKUe 3HAYeHUs, A8AAIOMCA NoKa3amenem U3MeHeHUs MeXHU4ecK020 COCMOAHUS
monHeneld. Tlosmomy paspabomarnsl areopummsl 6blUCACHUS 6ePOSMHOCMeEN NONAOAHUS 3HAYEHUL NOMeXU 8 3A0aHHble UHmep-
eanvl. Tlokasano, umo 3mu 8eposmMHOCMU XPAHAMCS KAK IMANOHHbIE MHONCECEA HAYAAQ 3aPOdNCcOeHUs dedheKmoe moHHenell.
Ilocae nposedennozo 06yuenus 3HA4eHUAM 8ePOAMHOCMeEl, ¢ KOMOPbLIMU NOMeXAa NPUHUMAem 3A0aHHble 3HAYeHUs 6 PA3AUdHble
MOMEHMbL 8peMenU, CIMAGUMCs 8 coomeemcmeue 8ud depeKma u 00HO U3 BO3MONCHBIX MEXHUUECKUX COCMOSHUL: UCHPABHOe,
pabomocnocobHoe, yacmuyHo pabomocnocobroe, HepabomocnocobHoe; npedagapuiinoe; agapuiiHoe u m. n.

Kpome moeo, nokasano, umo pasHocmu 6eposmuHocmeil, ¢ KOMOPbIMU HOMEXA NPUHUMAem 00HU U me Jce 3HAYeHUs 6 pa3-
AUUHBIE MOMEHMbL, AGAAOMCL NOKA3AMeAIMU OUHAMUKY USMEHEHUS GO3HUKWMel HeUCnpagHoCmU 6 moHHeau. B pabome mak-
Jce cozdana 6aza UHGOPMAMUBHBIX NPUSHAKOE UHMEHCUBHOCMU pa3éumus HeucnpagHocmeu. Jlas danHoll 6a3vl onpedenetbl
makue nokasameau OUHAMUKU pa3gumus depekma, Kak He3HAUUMeAbHOe, MedAeHHOe, CYueCmM8eHHOe, UHMEeHCUBHOe.

Karwueevie caosa: nosesznuiii cueHanr, nomexa, 3aulyM/l€HHbllZ CUceHana, 6epoimHocms nonaoanus nomexu 6 3a0aHHbII UH-

mepean, éepoamHocmu 00nycmuMb1x u Kpumuveckux 3HaueHul nomexu, moHHeNb, eud HeucnpaeHocmu mMoHHenA

BBenenne

M3BecTHO, YTO TOHHEIM IIPEACTABISIOT COOOM
CJIOXXHbBIE COOPYKEHMSI, KOTOPBIE CIyXKaT IJIs1 TpaHC-
NOpTHHIX Leieil. [Ipu 3ToM ¢ TOUKU 3peHus] pucKa
aBapuil XeJe3HOAOPOXKHbBIE U aBTONOPOXKHBIE TOH-
HeJIM SIBJISIIOTCS HauOoJjiee OMacHbIMU. DTO CBsI3a-
HO C TeM, YTO TOHHEJIU Yallle BCETrO MPOXOIST yepe3
TOpHble MaccuBbl Wau noja Boaoit [1—4]. IToaTtomy
Ha TOHHEJIM OKa3bIBalOT JaBJICHNE TOPHbIE ITOPOIbI,
TPYHTOBBIE U IIOA3€MHbIC BOIbL. B pesynbrate Bo3-
HUKAIOT KOPPO3UIHBIE MTPOLIECChI, KOTOPhIE MPUBO-
JSIT K YMEHBIICHUIO MPOYHOCTU KeIe300€TOHHBIX
KOHCTPYKIIW# U, KaK UTOT, SIBJSIOTCS TPUYMHON UX
pa3pymieHus. IIpyyrHamMu pa3pylleHU TOHHEIeH
TaKXXe SIBJISIOTCS BHMOpallMOHHBIE MPOLECCHI, BO3-
HUKaIIUe OT ABMKeHHUS TpaHcnoprta. CoTpsce-
HHUSI, KOTOPHIM ITOABEPraloTCsl TOHHEIU, IPUBOISIT
K AedopMaiivsiM, TpeliMHaM, M3HOcCaM, TOJIOMKaM
OCHOBHBIX KOHCTPYKILIUiA [1—4].

TpaauIIMOHHO IJIST KOHTPOJIS TEXHUYECKOIO CO-
CTOSIHU S TOHHEJISI CO3al0TCsI CUCTEMBI MOHUTOPUH-
ra ¥ KOHTPOJISI HAIIPsI>KeHHO-Ae(POpMaLIMOHHBIX CO-

CTOSIHMI OCHOBHBIX KOHCTPYKIIW, YTO MO3BOJISIET
n30exXaTh KaK pycKa pa3pylLIeHU caMUX TOHHEJICH,
TakK W aBapuil TpaHCIOPTHBIX cpenctB [1—4]. s
3TOTO BBITOJHSIETCS TeOAe3MYeCKMii MOHUTOPHHT,
B TIPOLIECCE KOTOPOTO MPOBOASITCS HAOIIOACHUS
3a COCTOSIHMEM I'PYHTOBOI'O MAacCHBa, IPOBEpSET-
cs Halmmuue aedopMaliiy IOPOAbI, ONMPEAe/ISIOTCS
BEPTUKAJbHBIE WM TOPU3OHTAJIbHBIE CMEIICHMUSI,
BBISIBJISIIOTCSI TPEelIMHBI U T. 1. C 3TOH 11eJIbl0 ycTa-
HaBJIMBAETCSd CHUCTeMa JAaTYMKOB JaBJICHUS, Tepe-
MEILeHMWsI, Harpy3KyM Ha apMarypy M aHKepa, Jaar-
YUKW PAaCKPBITUS TPEIIMH, MHKJIMHOMETPHI U Jp.
C IIOMOIIBIO 3TUX JATYMKOB IIPOBOISITCS 3aMeEpHI,
KOTOpBIE 3aTeM 00padaThIBAIOTCS U aHAIU3UPYIOTCS
TPagULIMOHHBIMU METOIAMU1 CTaTUCTUYECKON 00pa-
00TKM maHHbIX [5—14]. Ha ocHOBaHMU MOTyYEeHHBIX
pe3yJIbTAaTOB JeJaeTCsl 3aKJIIOUEHUE O TEXHUUYECKOM
COCTOSIHUM TOHHEJS, HAJIMYUU Je(PEeKTOB U CTeTe-
HY MX ONACHOCTY IJISI SKCILIyaTallMM TPaHCIIOPT-
HBIX CPEACTB, a TAaKXKe BBIAAIOTCS PEKOMEH AU T10
YCTpPaHEHUIO BO3HUMKIIIMX HeUcCIIpaBHOCTeH [1—14].
OpHako CyHIIECTBYIOLIME CHUCTEMbI MOHUTO-
pUHTA U KOHTPOJIS TOHHEJeil He obecreuynBaloT
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KOHTPOJIb CKPBITOTO MEpHOoIa U3MEHEHUS TEXHMU-
YecKOoro CocTosgHUuS ToHHenel [1—14]. DTo oco-
OE€HHO BaXXHO IJIs CTpaH CEMCMOAKTUBHBIX PEru-
OHOB U PErvOHOB, MOABEPXKEHHBIX BO3ACHCTBUIO
OIIAaCHBIX T€OJOTMYEeCKMX IIPOLECCOB, TaK Kak
MOCJIE MaJOMOIIHBIX, HO YaCTBhIX 3eMJIETPSICEHUI
WM HE3HAUYUTEIbHBIX, HO MHOTOKPATHBIX OIIOJI3-
HEW MOSIBISIOTCS HEBUAMMBIE W HE ITOAIAIONINE-
csl OOHApPYKEHUI0O MUKPOCKOIMNYECKNE TPEIIMHEI,
Jedopmauy, M3ruobl U T. 1., KOTOpPbIE BIIOCJIEI-
CTBMU MOTYT MPUBECTU K CEPhE3HBIM IIOBPEXKIE-
HUSM, TpeOyomuM Oobinux 3aTpar [1—14].

B pab6orax [1, 15—18] moka3aHo, uTo oOpa3oBa-
HHE JaXe CaMbIX HE3HAYMTEJIbHBIX MOBPEXICHUMN
COIPOBOXIAETCS MOSIBJICHUEM aAAUTUBHBIX ITOMEX
B CUTHaJIaX, KOTOpPbIE MOCTYIIal0T OT COOTBETCTBY-
IOIIMX JaTYMKOB. [1pu 3TOM mpuMeHeHHUEe TEXHOJIO0-
Iy 00pabOTKM IMOMEXM 3alllyMJICHHBIX CUTHAJIOB
B CHCTEMaX NOisSe-MOHUTOPUHTA M NOiSe-KOHTPOJIS
TIO3BOJISIET BBISBJATh PAHHUI CKPBITHIA TEPUOI
oOpa3oBaHUsl neeKTa M OIPENeIMTh AUHAMUKY
€ro pa3BUTHUS, a TaKXe BBIYUCISTH BEPOSITHOCTH
pUCKa BO3HMKHOBEHUSI aBapuii B TOHHEJISIX.

ITocTanoBka 3azaun

H3zBectHo [1—14], yTo nJs1 ompeneneHus TeXHU-
YECKOI0 COCTOSIHMSI TOHHEJICH BBIYUCIISIOTCSI CTa-
TUCTUYECKNE XapaKTePUCTUKU CHUTHAJIOB, KOTOPBIC
TOCTYITAIOT OT JATYMKOB JABJICHUS, TIEpeMEIeHMS,
Harpy3ku, pPacKpbITUs TPELIMH, WHKJIMHOMETPOB
u ap. Ilpy HOpManIbHOM COCTOSIHUM TOHHEJEWH 3T
CUTHAJIBI MOTYT OBbITh UCKAXXEHbI TIOMEXaMM TOJILKO
MOJ BJAMSIHUEM BHELUHUX (PaKTOPOB g (f), MPOUCXOX-
JIEHNE KOTOPBIX OOBIYHO M3BecTHO. [Ipm mosiBeHmn
neeKTOB, U3HOCOB, KOPPO3WHU, TPELLIMH, IOJOMOK
W Jp. HEHUCIIPaBHOCTEN BO3HMKAET JOMOJHUTEIbHAS
romexa &,(7). Takum obpa3oM, cymmapHas romexa &(?)
= g(?) + &(f) COCTOUT M3 IBYX COCTABJISIOLINX, U OT
JATYUKOB BMECTO TOJIE3HOTO cUTHaJIA X(f) MOCTyTaeT
3alIyMJICHHBIN cuTHa g(f) = x(¢) + (9. Ilpu sToMm
TOMeEXa &,(f) OTpakaeT MPOLIECChI, TPUBOISIINE K 3a-
POXIEHMIO 1e(PEeKTOB B TOHHENSIX, U 110 3HAYECHUSIM
€€ XapaKTePUCTUK MOXHO BBISIBUTh PAHHUI IIEPUOL
BO3HUKHOBEHHUS HeucnpaBHOCTU. Kpome Toro, 3Has
BEPOSITHOCTD, C KOTOPOIi ITOMEXa MOXET IIPUHUMATh
3aJaHHbIe KPUTHUYECKUE 3HAYCHUSI, MOXXHO OIIpe/e-
JINTh TMHAMUKY Pa3BUTUSI HEMCIIPABHOCTH 3a OIIpe-
JIeJIEHHbI MpoMeXyToK BpemeHHu [1, 15—18].

B 10 ke Bpems curHaibl x(f), &(f), g(f) 0ObIYHO
SIBJISIIOTCSL CIYYaHBIMM CTallMOHAPHBIMU BPro-
IUYEeCKUMMHU IIpolieccaMU, M MOMexy &(f) HeBO3-
MOXHO BBIACINUTH U3 3alIYMJICHHOT'O CUTHana g(f).

ITooTOMY BO3HUKAET 3aJa4a ONPEACICHUS paHHEH
CTaIuM BO3POXIEHUS NedeKTa B TOHHEJIEC U OU-
HaMHUKU €r0 Pa3BUTUS B PE3YJIbTATE BHIYMCIIECHMU S
BEPOSITHOCTU ITOCTUXKEHU ST IOMEXOM KPUTUUYECKO-
o IIOPOrOBOI0 3HAYEHHUS. DTO ITO3BOJIUT YMEHb-
IIWATh PUCK aBapuil B TOHHEJSIX C TSKEJIbIMU Ka-
TacCTpOPUUYECKUMMU TTOCTECICTBUSIMU.
IIpennonoxuM, 4YTO OT HAaTYMKa IOCTYyMaeT
CIIyJaliHBI 3alllyMJICHHBIA cUTHal g(f), o1 KO-
TOPOr0 MOXXKHO BbIYMCJIUTH MAaTEMATUYECKOE OXKM-
naHue m,, nucnepcuio D,, cpelHee KBaJapaTuye-
CKOE OTKJIOHCHUE G, KOPPEISLUHUOHHYIO (DyHK-
IO Ry (t) o crenyrommnm dhopmynam [1, 15—19]:
1y .
m, :ngg(mt); (1)

| A 2.
D, :Wg[g(mt)—mg] ; ()
o =05 G
Ry (1) = %ﬁl (ian)g((i+war) @

0 =
roe g(f) = g(t)—mg; At — 1Iar OUCKPETU3alluMu;
u =0, At, 2At, ..., — BpEMEHHON CIBUT.

M3BecTHO, uTO BeposITHOCTL P(a <eg(f) <P)
MornaaaHus MoMexu &(f) B HEKOTOPbI MHTepBas
[ot, B] MOXHO BBIYMCIAUTH IO popMyJie

B
P(a < &(t) <P) = | f(eMe, S
o
rae fle) — pyHKIMS MIOTHOCTU paclpeneieHUs
nomexu &(?).

B 10 Xe BpemsI B OOJBIIMHCTBE CJIy4yaeB IIO-
Mexa TMOAYMHSIETCS HOpPMaJlbHOMY 3aKOHY pac-
npeneneHust N (e,m,,c,), U ee MaTeMaTU4eCcKoe
oxuaanue m, = 0. Tak Kak momexa siBJsIeTCs CTa-
LHIMOHApHOM 3proguveckoit [1, 15—18], To

N(em,,0,) = N&)=——e", (6)

2n

U BEpOATHOCTh P(a < B) MOXHO BBIYHC-

JIUTh No (popmyJie

g(e) <

Pla<e@)<p)= lfN(s)a'g, @
o

(e —m,)?

262

Hwuxe mipensiaraeTcst TeXHOJOT S OIPEACICHUS
paHHel cTaauu 3apoxXjacHus AedeKTa B TOHHETE
U IMHAMHMKU €Tr0 Pa3BUTHUS B pe3yJbTaTe BHIYMC-
JICHUSI BEPOSITHOCTU IOINAaAaHUs 3HAYCHUM TToMe-
XJ B HEKOTOPBIM KPUTUYECKUIT MHTEpBal [o, B].

roe A=-
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P33p360TKa AJITOPUTMOB BbBIYHCJICHUA
BEPOATHOCTH NMonagaHuAa NMOMEXH
B 3aJIaHHbIIA HHTEPBAJI

N3 dopmynsl (7) ciaemyer, 9YTO AT BEIYUCICHUS
BEPOSITHOCTU TIOIAIaHWSI TIOMEXW B 3aJaHHBINA WH-
TepBaj HEOOXOAUMO OIpPENeTUTb QPYHKIIMIO MIOTHO-
ctu pacnpeneneHus: N(g). OueBUIHO, YTO AJIsl 3TOTO,
MpeXae BCEro, cJeayeT BHIYMCIUTD CPeIHee KBaapa-
TUYECKOE OTKJIOHEHUE G, = \/DT: nomexu &(f). B pa-
0otax [1, 15—18] moka3aHO, YTO OLIEHKY CPEIHETO
KBaJIpaTUYECKOr0 OTKJIOHEHWsI G, TMOMexH &(f) 3a-
LIYMJICHHOTO curHana g(f) aisl peajJbHbIX TeXHUYE-
CKHX 00BEKTOB MOXHO BBIYUCIUTD I10 BBIPAXKEHUIO

®)

= JR,(0) - 2R, (A1) + R, (2A1),

nJIn

AJI[‘OpHTMbI onpeacicHuA BEPOATHOCTH PUCKOB
aBapnﬁ B TOHHCJIAX MO XAPAKTCPUCTHKAM NMMOMEXH
3AIYMJICHHBIX CUTHAJIOB

M3BecTHO, UTO 111 MPEeaoTBpalleHNs pMCKa aBa-
pUil B TOHHENSIX HEOOXOAMMO MPOBOAUTH KOHTPOJb
CJly4allHBIX CUTHAJIOB, KOTOpbIC MOCTYIAIOT OT JaT-
YUKOB JIaBJI€HUS, TEepeMelleHns], Harpy3ku Ha ap-
MaTypy M aHKepa, JaTYMKOB PACKpPbITUSI TPELIvH,
WHKJIMHOMETPOB M JIp., B peaJlbHOM MacllTabe Bpe-
MeHU. [Ipu 5TOM OCHOBHOI 3aayeil CylIECTBYIOLINX
CHCTEM MOHUTOPMHTA SIBJISIETCS OOHApYXKEeHWE paHHE-
ro, CKPBITOro Teproaa 3apoXAeHUs HEUCITPABHOCTEM,
YTOOBI HE JOBOAWTH CUTYALIMIO IO aBapuii U pa3pylie-
HUi1 ¢ KatacTpoduyecKuMu mnocueactsusimMu. Kpome
TOTO, HEOOXOIUMO OIPEACINTh JMHAMUKY Pa3BUTHS
HEUCIIPABHOCTA B CKPBLITOM IIEpUOAE 3apOXKICHUS
[1, 15—18, 20].

1] NO 0 1 N O 0
o, = J— 2. giA1) g(iAr) — 2— 5 g(iAt) g((i +1)AL) +
N,':1 Ni:l

NO 0
v > g(iAt) g((i + 2)A1).

HpOBe)ICHHI)Ie uc-
CJI€OOBaHUA  I1OKa3aJiu,
4YTO, BBIYUC/IMB JMHAMMU-

1

i=

Kpome Toro, B paborax [1, 15—18] BrIBemeHa
(opMyna BbIYMCIEHUST CPEIHETO KBaApPaTU4YeCKO-
ro0 OTKJOHEHMsS MOMEXMW [JISI 4acTHOro ciyuvasl,
KOrja romMexa SIBJSIeTCSI OCJIBIM LIYMOM:

= JR(0) = R, (A7). ©9)

Torma GyHKOMUS TJIOTHOCTH paclipeneseHus
noMmexu &(f) C y4eTOM TOTO, UTO MATEMaTUUECKOe
oxuaanue nomexu m, = 0, OyneT ompeneasiTbCs
cJIENYIONIMM 00pa3oM:

N'(e) = — e 10
() = ——e™, (10)
o.N2n
2

_&
2ct)?’

G, ONpEAESIeTCs] IO BhIpaxXeHuIo (8), a 1Jist yact-
HOTO cjy4asi — Mo BbipaxeHuio (9).

OueBUIHO, YTO BEPOSTHOCTbH IOIMAaJaHUS IO-
Mexu €(f) B HEKOTOpPBIA MHTEpBaJ [, B] MOXHO
BBIYMCJIUTD MO opMyJie

Pla<e(t)<P) = ?N*(s)ds.

rie A =- npuyeM JJisg OOllero ciydas

(11)

Takum obpa3zom, 3Hasl BEPOSITHOCTb, C KOTOPOiA
noMexa &(f) MpUHUMAET KPUTUUYECKUE 3HAYCHUS
B PA3JIMUYHBIE MOMEHTBI BDEMEHU, MOXKHO OIpEIe-
JIUTh PAHHUM CKPBITBIA IIE€PUOI BO3ZHUKHOBEHUS
ne(heKTOB TOHHEJIeH, a TaKxXe NMHAMUKY UX pa3-
BUTHS, YTO MO3BOJIUT CBOCBPEMEHHO IPEIOTBpaA-
TUTb aBapUHbIE CUTyallUU.

KY W3MEHEHUSI BEPOSIT-
HOCTH, C KOTOPO# Iomexa NMPUHUMAET JOMYCTUMBbIE
3HAYEHMU I, MOXKHO OIPENETUTh CTENIEHb Pa3BUTHS He-
UCIIpaBHOCTU BO BpeMeHU. IlosTomy HuKe mpeia-
racTcs aJrOPUTM BbIYMCIIEHUS BEPOATHOCTUA BOZHUK-
HOBEHUS U Pa3BUTUSA NePEKTOB TOHHEJEH, MO3BOJIS-
IOILMI 3HAYUTEIBHO YMEHBLIUTh PUCK BO3MOXHBIX
aBapuii. JlaHHBI aJITOPUTM CBOIUTCS K CJICAYIOLLIEMY.

1. B HavanbpHBI NEpUOA BpPEMEHM f;,, Koria
TOHHEJIb HaXOAMUTCS B MCIPAaBHOM COCTOSIHUH,
BbIYMCIAIOTCA aucnepenn D;, . Dy, momexu &(7)
1 TI0JIE3HOTO cUTHaIA x(f) 10 BLIpa)KCHI/IHM

| No
D;, = Zg(lAt)g(lAt)—

N 0
i > g(iAt) g((i +1DA?) +
N i=l1
1 N 0
— 2. 8(iAT) g((l +2)A1);
N i=1
Dx t(] - Dg,t() - DS,t(]’

rae Dg,,0 BBIUMCISIETCS MO BbhIpaXXeHUIO (2).

2. BerunciasieTcsl COOTHOIIEHUE MOJIe3HbIM CHUT-
HaJl/ioMexa B MOMEHT BPEMEHH 1, KOrJa TOHHEb
HAXOAUTCSA B UCIIPAaBHOM COCTOSIHUMU:

SPIO x to /DS NON

3HaueHue SP,0 dukcupyeTcss M 3aHOCUTCS
B 0a3y MH(GOPMATUBHBIX MPU3HAKOB KaK 3TaJIOH-
HOE 3HAYCHME MCIPAaBHOI'O COCTOSTHUSI TOHHE .

3aremM [J1s1 MOMEHTa BPEMEHMU #, BBIYMCIISIOTCS
BEPOSITHOCTY JOMYCTUMBIX 3HAUeHUI ToMmexu &(7),
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T. €. TEX 3HAYEHUU MOMEXU, B Tpeaeaax KOTOPBIX
CUMTAETCS, YTO IMOBPEXIECHUS OTCYTCTBYIOT. YUM-
ThIBasl, 4TO [JISI HOPMAJbHO pacHpeneaeHHOIo
CJyyaliHOro mapaMeTrpa OTKJOHEHHE OT MareMa-
THUYECKOr0 OXHUIaHUS IO aOCOJIOTHOM BEIMYMHE
HE TIPEBBIIIAET YTPOCHHOTO CPEOHETO KBaJapaThyie-
CKOTO OTKJIOHEHWS, B HayaJbHBIA TIEpUOMd BpeMe-
HM f; IMCKPETHBbIE 3HAYeHU (QYHKLUU TUIOTHOCTH
pacrnipeneneHuss N *(a),0 nomexu &(f) cieqoBano Obl
BBIYMCIIATD B MHTEpPBase m, +3c,, . OnHako, npu-
HHUMAasl BO BHUMaHME, YTO B IIOCAEAYIOIINE MOMEH-
TBI BDEMEHM 1, 15, ..., 1, 3TOT UHTEPBAT MOXET OBITh
1IMpe, 3apaHee BBIOMPAECTCS MOCTAaTOYHO OOJBIION
MHTEPBAJ BO3MOXHBIX 3HAYEHU I ITOMEXU UCXOMS U3
YCJIOBUS

£

*
e — ko, <et)<m,+ko,,,

rae k — BbIOpaHHBINM KO(MDUIIMEHT.
3aTeM B 3TOM MHTEpBaJe:
— c yueToM ycioBusi m, = 0 BBIYUCISIOTCS MU-
HUMaJIbHOE M MaKCUMaJbHOE 3HAaYeHWs TMOMEeXu
(t)' = —ko* - = ko -
el). Emin = Ogty> Emax = KOg¢yy»
— C OMPEAETIECHHBIM LIATOM Ag 3a1a10TCS 3HAYEHUST
roMexu &(f) B IOPSIIKE BO3PACTAHUS OT €y [0 Epay:
€1 = Emin> €41 = & + A&, 8,9 = &1 + Ag,
(12)
ey € = Emaxs
n opmupyeTcsl TOCAEA0BaTEIbHOCTb OMYCTH-
MBIX 3HAUEHU I TIOMEXH &, £, ..., &,, [LJIS1 KOTOPOWA
BBITIOJIHSIETCS YCIIOBUE €, | < €;.
3areM [J1s1 MOMEHTA BPEMEHU #; B TOUKAX g, &),
wees €, LIS TIOMEXH £(f) CO_CPENHUM KBaJAPaTUYECKUM
OTKJIOHEHUEM G, , =,/D;, BbluucnseTcs (yHk-
1Ml TUIOTHOCTU HOPMAaJIbHOTO pacripeneaeHusI:

. B 1 Ay
N (81);0 —G:’tom [
2
roe A, = —(8+)2.
2o,,,)

[locne aToro njst MOMEHTa BPEMEHMU #, BBIYMC-
JISTIOTCS BEPOSITHOCTH MONagaHKW s 3HAYEHU I TTOMeE -
X" £(f) CO CpeIHUM KBaapaTUYECKUM OTKJIOHEHMU-
eM o, , B JONYCTUMBbIe MHTEPBaJbl g, < &(f) < €5,

E,to
gy Se(f)<e3, .., €, <e(f)<g,

€
Py (e <o) <sy) = [ N'(e), de,

€1

€3
Py, (e <e(t) <3) = [ N*(e)des .., (13)

€2

P(n—l),to (8}’!—1 < 8(t) < 8}’!) = I N*(S)todg.

€p-1

3HaueHUs ITUX BEPOSTHOCTEH 3aHOCATCS B
0a3y MH(GOPMATUBHBIX INPU3HAKOB KaK 3TaJIOH-
HbIE 3HAYEHMUS, COOTBETCTBYIOLIUE HCIPABHOMY
COCTOSTHUIO TOHHEJEM.

Yepes HEKOTOPBII TPOMEXYTOK BPEMEHU B MO-
MEHT #; 3aHOBO BBIYUCJISIETCS COOTHOLLEHUE MO-
ne3ublit curnan/nomexa SP, = Dy, /D;, .

Ecin SP, = SP,, TO B TEXHUYECKOM COCTOSI-
HUU TOHHEJS HET u3MeHeHus. Ecau

SP, = SP, , (14)

TO 3TO O3HAYAET, YTO B TEXHUUECKOM COCTOSTHUM
TOHHEJISI MPOU30LILIN U3MEHEHUS.

HepaBenctBo (14) MOXET BBINIOJHSITLCS IPU
BO3HMKHOBEHMHU JBYX BUJIOB M3MEHEHUI B TeX-
HUYECKOM COCTOSIHMU TOHHEJICH:

1) B TEKyILIEM COCTOSTHMM TOHHENISI €CTh M3MEHe-
HUS, KOTOphIE OOYCIIOBJICHBI M3MEHCHUSIMU BHEIII-
Heli cpeabl, HAIIpUMEpP, 3aMEHON BEHTUJISILIMOHHBIX
KOMILJIEKCOB U 1Ip. B To ke BpeMs1 B TeXHUYECKOM
COCTOSSHMM HECYIIUX KOHCTPYKLIMIA, MOA3EMHBIX U
HaA3eMHBIX BeCTHOMJIE W T. O. Oe(PeKThl U HEuc-
MIPaBHOCTH HE HAOIIOMAIOTCS. DTH U3MEHEHUS BJIM-
SIIOT TOJIBKO Ha XapaKTEPUCTUKHU MOJIe3HOTr0 CUTHaja
X(), HO He OTPaXKAIOTCS Ha XapaKTePUCTUKAX IOMe-
XU &(f). B TakoM ciydae Ajsl JUCHIEPCUU TOJIE3HOTO
CUTHANA BBIMONIHAETC HepaBeHCTBO Dy, # Dy,
a JUIs IUCIEPCUM TTOMEXM BBITOJIHSICTCS PAaBEHCTBO
D;, =D, . [onobHoro pona N3MEHEHUS U PEKOH-
CTPYKIINM OBIBAIOT M3BECTHHI 3apaHee, W IJIs 3THUX
Cy4yaeB 3aHOBO BBIYMCIISETCS W 3aHOCUTCS B 0asy
STAJIOHHBIX MHOXECTB HOBOC 3HaueHue SP 1
HOPMAaJIbHOTO COCTOSTHUSI TOHHEJIS;

2) B TEXHUYECKOM COCTOSIHUM KOJIOHH, IIMJIOHOB,
IIPOTOHOB, MEPEKPBITUIA, CTEH U AP. TOSBUINCH 13-
HOCBI, KOPPO3UU, TPEUIMHBI, MOJOMKH, Aehopma-
LIMK, TIOBPEXIeHUSI, Ne(PEeKThl U Ipyrue HeUcCrnpan-
HOCTH, YTO SIBJSETCS IPEABECTHUKOM BO3MOXHO-
CTU BO3HUKHOBEHMs aBapuil. B aTOoM ciyyae mist
JMHUCIEPCHI TTOJIE3HOIO CUTHAJIA BLIITOIHIETCS YCII0-
Bue D, = D) , a s IUCIIEPCUN TIOMEXH BBITIOJN-

x,to X,
Hsietcst yeinosue D), = D, , npuuem D;, > D;, .
il &1lo

&, g,

B nmopoOHbIX cns(;qaﬂx II{GOGXOI[I/IMO 3a npome-
KYTOK BPEMEHMU f; — #, ONPEACIUTb BEPOATHOCTD,
C KOTOpOH M3MEHMUJIOCh TEXHUUYECKOE COCTOSIHUE
TOHHEJISI, U C KaKOi BEPOSITHOCTHIO MOXHO OlIe-
HUTb €ro Kak McOpaBHOE, pabOTOCIIOCOOHOE, He-
HUCIIpaBHOE, HepaboTOCIOCOOHOE, aBapuiiHOe U
T. 1. [ToaTOMY HEOOXOAUMO OISITh BBIYUCIUTD BE-
POSITHOCTH AJ151 BOBMOXHBIX 3HAUCHU I ToMexH &(7).
Jns aTOro cHavaja JJjisi MOMEHTa BPEMEHHU 1,

B TOUKAX &, &, ..., §, MJI51 IOMEXU &(f) CO CPEAHUM

KBaaApaTUYECKUM OTKJIOHCHUEM G: = D’  BbI-

g,
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yucisieTcsl (QYHKUUSA IIOTHOCTM HOPMAaJIBHOTO
pacnpeneneHuss N *(s),lz

, 1 A,
N (gi)t] :G*t—\/ﬂe l’
&1
()’
&h

3aTeM JJ1s1 MOMEHTa BPEMEHU #; BBIUMCIISIOT-
Csl BEpPOSTHOCTU TIONMAJaHUSI 3HAYCHHU ITOMEXU
e(f) co cpeaHUM KBaApaTUUYECKHUM OTKJIOHEHHEM
GZ),} B JIONYCTUMBIE WHTEPBaNbl ¢ < &(f) < €,,
€y Se(t)<e3, oy g, Se(f)<g,

By
P (e <et) <ey) = f N*(S)rldﬁ,

€]

€3
Py, (e <e(t) <e3) = j N*(g),lds, e (15)

€

Py s (epg <e)<e,)= [ N'(g),de.

€p-1

[Tocne 3TOro BBIUMCISACTCS Pa3HOCTh BEPO-
SITHOCTEI, C KOTOPBIMM IIoMexa ¢(f) Tomamaer
B MHTEpBaJbl ¢ <&(f) <g,, &, <e(f)<e;z ..,

€, 1 Se&(f) <e, B MOMEHTBI BpDEMEHU 7| U .

Pl,t]—to (g) <e(f) <gy) =
= P, (e <&(t) <gy)— P, (g <e(t) < &y);
Py (ey <e(f) <e3) =
=P, (e <e(t) <e3)— P2,t0 (g) <e(t) < g3);
(16)
Pty -1, (€p1 S et) <g,) =
= Py (e <e(f) <g,) -
= Pty g (Enor <8(t) <),

[IpeBrillIeHNE PAa3HOCTSIMU 3TUX BEPOSITHOCTEM
JTOMMYCTUMBIX 3HAYCHU I

Py (81 S e(f) <gy) 2 A,
PZ,I,—tO(Sz <e(f) <ez) =2 Ay, ..,

P(nfl),tlfto (anfl < S(t) < 8/1) > Anfl

SIBISIETCS MHMOPMATUBHBIM ITPU3HAKOM BO3HUK-
HOBEHUS Ac(PEKTOB B TOHHEISIX.

Torma mpoBoasTcss paboOThl MO OOHAPYXKEHUIO
nedekTa, a 3HaueHUs1 BeposiTHocteir (15) u pas-
HOCTH BeposTHOcTeil (16) 3amoMMHAIOTCA Kak
ATaJOHHbIE MHOXECTBa BO3HUKHOBEHUSI JaHHOTO
BUAa AedeKTa.

3aTCM AHAJOTNMYHBIE BBIYUCJIICHUSA BbITTIOJIHSA-
IOTCS B MOMEHT BpeMEHU t,. JIIs1 MOMEHTa Bpe-
MEHHM f, BBIYUCISETCS CpelHee KBaJapaTHyecKoe
OTKJIOHEHHUE G, TOMEXH, U B TOUKAX &, &, - &,
onpenensercd PyHKIUS TIOTHOCTH HOPMAaJIbHO-
ro pacnipenenenus N(g),,

" 1 A
N'(e), =————e™,
ity g,lzm
(Si)2
rae AtQ Z—m.
S,tz

HNanee njsi MOMEHTa BPEMEHU f, BBIYMCIISIOT-
csl BEpOSITHOCTHM IOMAafaHMsl 3HAYCHUI ITOMEXHU
e(f) co cpedHUM KBaApaTUUeCKUM OTKJIOHEHHUEM
G., B IONYCTUMble HMHTEpBaibl g < &(f) < &,

SJQ
gy Se(f)<ez, .., €, <e(t)<g,

&)
Py (e <e(t) <) = [ N'(e),de,

€1

€3
Py, (e) <s&(t) <e3)= [ N'(e),ds, ...,

€2
Poiy i€y <et)<e,)= [ N¥(e),de.
€p-1

Ilocne 3TOro BBIYUCIAIOTCS PAa3HOCTU BeE-
pPOSITHOCTE#1, ¢ KOTOpPHIMU momexa &(f) Imomama-
€T B MHTEPBAJbl g <&(f) <&y, €, <&(f) <e3, ..,
€,_1 S &(f) <e, B MOMEHTBI BPEMEHU 1, U #:

Py (e <e(t) <ey) =
= P],t2(81 <eg(f) < 82) — Pl’t1 (81 <e(t) < 82);
P2,t2—t1 (e <e(f) <e3) =

= Py, (ey < e(t) < 83) = Py (23 < (0) < 83);

P(n—l),tz—tl (ep1 Se(t) <e,) =
=Py, (e, <e(t) <g,) -
= Py (8o <e(f) <g)).
[peBbIllIcHUE Pa3HOCTAMU 3TUX BEPOSITHOCTEH
JOTYCTUMBIX 3HAUYCHU I
P (& <e(f) <gy) 2 A,
P8y <e(f) <e3) 2 Ay, oy
Py iy, (e, Se(t)<e,) =2 A,
ABJISIETCSI UH(GOPMATUBHBIM MIPU3HAKOM TUHAMMU-
KM Pa3BUTHSI MOBPEXKACHUI B TOHHENISX. 3Haue-

HUSI 9TUX BEPOSITHOCTEM TakK:Ke 3aHOCATCI B 6a3y
MH(POPMATUBHBIX TPU3HAKOB.
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ITocne Toro, Kak noyiyuyeHbl 3HaAYEHUS BEPOST-
HOCTEM TaKXe B MOMEHTBI BPEMEHU I3, Iy, ..., I,
06aza MHOOPMATUBHBIX IIPU3HAKOB, KOTOPYIO
MOXHO MPEACTABUTH B BUE MAaTPULIbI, IIprUoOpe-
TaeT CJICAYIOLIUI BUI:

SEO G:,t() N*(SI)IO Pl,fo P2,t0 ‘ I)(n—l),to
S})f] G:,fl N*(Sl)fl })l,tl 2,[1 P(l’l—l),tl

IS = SP, o, N, Py, Poyy o Pl -(17)
_S[)tk Gz,tk N*(gl)fk H,fk P2,tk . })(}’lfl),tk_

Ilocne mpoBemseHUsS COOTBETCTBYIOLIETO OOY-
YeHMS KaXJIOM CTPOKE MaTpUIIbI CTABUTCSI B CO-
OTBETCTBHE OIHO M3 BO3MOXHBIX TEXHUYECKUX
COCTOSIHMM TOHHeJs. B Takom ciiydyae K marpuiie
(17) nobGasnsieTcss HOBBIII CTOJOEL, CO 3HAYEHMSI-
MU, COOTBETCTBYIOIIUMU TEXHUYECKOMY COCTOSI-
HUIO TOHHEJIS:

SPy G:,IO N*(Si)to Pl,to PZ,IO P(n—l),rU 0
S})tl G:,tl N*(Sl)fl })l,fl P2,t1 P(n—l),t] 1

TS: SPTZ G:,t2 N*(Si)fz I’1J2 2,t2 [’(n—l),fz 2 ’(18)
_Sf)fk G:,[k N*(Si)fk })l,tk 2,lk . P(n—l),tk k_

roe 0 — ucnpaBHoe; 1 — paboTocrnocobHoe O6e3 Mo-
BPEXJIEHUIT; 2 — OrpaHUYEeHHO paboTOCIOCOOHOE U
MMeeTCsl HE3HAYUTEIbHOE ITOBpEeXXIeH e; 3 — orpa-
HUYEHHO paboTOCIOCOOHOE, HO BO3HUKIIIEEe HE3Ha-
YUTEJIbHOE MOBPEXICHUE PA3BUBAETCS MHTEHCUB-
HO; 4 — HepabOoTOCIIOCOOHOE; 5 — IpeaaBapuitHOE;
6 — aBapuifHOE U T. 1. B 3aBUCUMOCTH OT 3HAYCHUI
BEPOSITHOCTEN B TAHHBIA MOMEHT BPEMEHMU.

Kpome marpuiibl TeXHHUYECKOro coctossHus (18)
TaKXe COCTaBJISIETCSl MaTpulla TMHAMUKHU pPa3BU-
TUSI TIOBPEXICHUH, KOTOpasi COCTOMT M3 pa3HO-
CTEl BEPOATHOCTEH IIONMANAHUS 3HAYECHUU IIOME-
XM €(f) B AONYCTUMBIE MHTEpBajbl ¢ < &(f) < g,,
ey <e(t)<e3, .., €, <&(f) <g, B MOMEHTHI Bpe-
MEHU 1y, 1|, by, 13, ..., 4. [locae oOyyeHUsT KaxIo-
MY 3HAUEHHUIO Pa3HOCTM BEPOSATHOCTEN CTaBUTCH
B COOTBETCTBME OMpe/eeHHasl CTeleHb TUMHAMUKHU
pa3BUTHs HeucrpaBHOCTH: 0 — MOBpEXICHUE OT-
CYTCTBYeT; 1 — IOBpexXIeHUEe CYIIECTBYeT, HO Ha-
XOIUTCSI B HEM3MEHHOM COCTOSTHUM; 2 — TOBPEX-
JIEHUE Pa3BUBAETCS HE3HAYUTEIbHO; 3 — MOBPEXIe-
HYE pa3BUBAETCS HEMHTEHCUBHO; 4 — MOBPEXXICHUE
pa3BUBaeTCSI MHTEHCUBHO, 5 — TMOBpeXaeHUEe Obl-

CTPO IMPpUBOAUT K KaTaCTPO(I)I/I‘{CCKOﬁ CUTyalluun M
T. 0. B PE3YILTATC MMOJYUACTCA CIACAYIoIIad MaTpulia
JVUHAMHUKHM Ppa3BUTUSA TTOBPEXKIACHU !

})l,ll—fo P2,tl —IO })(n—l),fl—fo O
DR — j)l,tszl P2,t2*t1 1)(f’l*1),t2*f] 1 . (19)
P],l‘k*tk_| P2,tk—tk_1 1)(n71)atk7tk—l k

TakuMm o6OpaszoMm, ucnoab3yd MaTpuubl (18),
(19), MOXXHO OMpeAeJUTh BEPOSITHOCTb 3apOXK/e-
HUS 1e(EKTOB B TOHHENSIX, a TaKXKe OMpPEIeIUTh
BEPOSITHOCTDb Pa3BUTHSI 3TUX Ne(PEKTOB C TEUCHHU-
€M BpEMEHHU, UYTO SIBJISICTCS TMPEITOCBLIKON st
omnpe/esieHUs] BEPOSITHOCTU PUCKA aBapuid.

3akiaoyenue

M3BecTHO, YTO B TPaAUIIMOHHBIX CUCTEMAX MO-
HUTOPUHTA TEXHUUYECKOI'O COCTOSIHMS TOHHeIeH
MIPOBOIMTCSA IIPOBEPKA COOTBETCTBUSI TEKYIIUX
3HAYEHUH ITapaMeTpOB 3HAUYEHMSIM, YCTaHOBJICH-
HBIM TEXHWYECKOW HoKyMeHTammen [3—7, 19].
B cnyyae OTKJIOHEHUS 3HAUYEHUM 3TUX Iapame-
TPOB OT YCTAHOBJIEHHBIX HOPM MHMOPMUPYIOTCS
COOTBETCTBYIOIIME CAyKObl. OmHAaKO TaKUM 00-
pa3oM He yaaeTcs BBISIBUTH HauyaJbHBIM CKPBITHIN
repuoa BO3HUKHOBEHUS MOBPEXICHUMN U nedek-
TOB U OIIPEACIUTh IMHAMMKY X Pa3BUTUS.

IIpoBeneHHbIE HCCIEOOBaHUS IOKa3alu, UYTO
OTHOUM 13 BO3MOXHOCTEH pEILICHUS 3TOU 3agadyu
SIBJISIETCSI BBIYMCJIEHME M aHAJIM3 XapaKTePUCTUK
IMOMeXH1, KOTOopas IOSBJSETCS IIPU 3apOXICHUU
HEUCIIPAaBHOCTE M [00aBJISIETCS K IIOJIE3HOMY
CHTHaJy, MOCTYMAalolIeMy OT JaTYMKOB IlepeMe-
IIEeHU S, JaBJIeHUsI, HArpy3K1, NHKJIMHOMETPOB U
Ip. B To xxe Bpems mia ompenenceHUsT puckKa BO3-
HUKHOBEHHUS aBapuil B TOHHEJSIX IT0 XapaKTepH-
CTUKaM IIOMEXM 3allyMJICHHBIX CHUTHAJIOB HEO0O0-
XOJIMMO 3HATh BEPOSITHOCTH, C KOTOPBIMM TTOMeXa
MMPUHUMAET KpUTHUEeCKUEe 3HAUCHUS, 3a MIpeaeiia-
MU KOTOPBIX TEXHMYECKOE COCTOSHHE TOHHEJEH
CUMTAETCS OMACHBIM WJIU Xe aBapuiiHbIM. Kpome
TOro, i1 6e30ImacHOi 3KCITyaTalluM TOHHEJEH
HEOOXOAMMO 3HaTh BEPOSTHOCTb pPa3BUTHUS [e-
(bexToB, TaK KaK IIOpOil camMble HE3HAUUTEJIbLHEIE
MOBPEXAEHUS IIPU OIPENEJICHHBIX IIPUPOIHBIX
UM TEXHOT€HHBIX YCIOBHUSIX MOTYT MHTEHCHBHO
pa3BUBaTbhCS U MPUBECTU K aBapUIAHOMY COCTOSI-
HUIO JOCTATOYHO OOJIBIION YYaCTOK TOHHE .

IIpennoxeHHble B paboTe aJTOPUTMBI M TeX-
HOJIOTMM IIO3BOJISIIOT peLIMTh 00€ 3TU 3aJadu
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B PC3yJIbTaTC BHIYUCIICHU A BepOﬂTHOCTeﬁ, C KOTO-
PbIMHU TTOMEXAa IIPUMHUMACT 3HAYCHMA, IIPECBLIIIA-
IOHIUe€ OOIIYCTUMBIC HOPMBI B pa3JIMYHbBIC MOMCH-
Tbhl BpPCMCHM. Boiuucnenue ke paSHOCTeﬁ OTUX
BCpOHTHOCTCﬁ B T€ XK€ CaMbI€ MOMCHTbLI BpPEMC-
HM IIO3BOJSACT ONPEACIUTh JUHAMUKY pPa3BUTUA
HeI/ICHpaBHOCTeﬁ. HpI/IMCHeHI/Ie IIPCAJIOKCHHDBIX
TEXHOJIOTUI B CUCTEMAX MOHMTOpPHUHIA U KOHTPO-
JIs1 IIO3BOJIMT BBIABJIATDL ITOBPCKACHHBIC YYAaCTKU
TOHHEJIEW Ha paHHeﬁ cTaguM, 4TO npcaoTBpalia-
€T BEPOATHOCTb pUCKa BOSHUKHOBCHU A aBapI/Iﬁ.
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Abstract

The paper covers creating the algorithms for calculating the probability of various types of defects in tunnels, the de-
velopment of which can lead to accidents. Tunnels are an important and complex part of the transport and communication
system, through which heavy traffic is carried out. Determining the probability of defects in the latent period of their initia-
tion in individual sections of tunnels is an important problem. The formation of defects is accompanied by the appearance
of noise that distorts the useful signals coming from sensors and measuring instruments installed to control the stability of
the tunnel and the reliability of its structures. Traditionally measuring instruments register noisy signals, and the technical
condition of the tunnels is assessed on the basis of the values of their characteristics. It is shown in the paper that the more
reliable indicators of fixing the onset of dangerous changes in the latent period of initiation are the characteristics of the
noise, which cannot be extracted from the noisy signal. It is noted that the probability with which the noise takes on admis-
sible and critical values is an indicator of changes in the technical condition of tunnels. Algorithms have been developed
Jor calculating the probabilities of the noise values getting in the given intervals. These probabilities are stored as reference
sets for the initiation of tunnel defects. After the training has been carried out, the values of the probabilities with which the
noise takes on the given values at different time instants are matched to the type of defect and one of the possible technical
states: serviceable, operational, partially operational, inoperable; pre-emergency, emergency, etc. It is also shown that the
differences in the probabilities with which the noise takes on the same values at different times are indicators of the dynam-
ics of changes in the malfunction in the tunnels. A database of informative attributes of the intensity of the development of
failures is also created in the paper. For this database, the indicators of the dynamics of the development of a defect are
determined, such as insignificant, slow, significant, intensive.

Keywords: useful signal, noise, noisy signal, probability of the noise getting in a given interval, probabilities of admis-
sible and critical values of the noise, tunnel, type of tunnel failure
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Synthesis of a High-Precision Missile Homing System with an Permissible
Stability Margin of the Normal Acceleration Stabilization System

Abstract

The proportional guidance method-based missile homing systems (MHS) have been widely used the real-world environments. In
these systems, in order to destroy the targets at different altitudes, a normal acceleration stabilization system (NASS) is often utilized.
Therefore, the MHS are complex and the synthesis of these systems are a complex task. However, it is necessary to synthesize NASS
during the synthesis of the MHS. To simplify the synthesis process, a linear model of the NASS is used. In addition, we make use of the
available commands in Control System Toolbox in MATLAB. Because the Toolbox has the commands to describe the transfer function,
determine the stability gain margin, and the values of the transient respond of the linear automatic systems. Thus, this article presents
two methods for synthesizing the missile homing systems, including (i) a method for synthesizing the MHS while ensuring the permissible
stability gain margin of the NASS, and (ii)) a method for synthesizing the MHS while ensuring the permissible stability margin of the
NASS by overshoot. These techniques are very easy to implement using MATLAB commands. The synthesis of the proposed MHS is
carried out by the parametric optimization method. To validate the performance of the proposed techniques, we compare them with the
MHS synthesized by ensuring the stability margin of the NASS by the oscillation index. The results show that, two our proposed methods
and the existing method provide the same results in terms of high-precision. Nevertheless, the proposed methods are simple and faster
than the conventional method. The article also investigates the effect of gravity, longitudinal acceleration of the rocket, and blinding of
the homing head on the accuracy of the synthesized MHS. The results illustrate that they have a little effect on its accuracy.

Keywords: system synthesis, missile, missile homing system, proportional guidance method, target
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CuHTe3 BbICOKOTOYHOW CUCTEMbI CAMOHaBeAeHUs pakeT
C AONYCTUMbIM 3anacomM yCTOM4YUBOCTU
cCUCTeMbl CTabMnusaumm HOpManbHOro YCKOpeHus

Ha npakmuke wupoko ucnoavzyemcs cucmema camonagedenus pakem (CCP) ¢ npumenenuem memooa nponopyuoHaib-
H020 HasedeHUus. B Hell npu ynuumodcenuu yeneii Ha pa3HbIX 8bLCOMAX NPUMEHSEMCS cUCmeMa CMabUAU3ayUU HOPMAAbHOO
yekopenus (CCHY). Caedoeamenvrho, cucmema camonagedenus paKkem 1645emcs CAOICHOU CUCMeMOU, U ee CUHMe3 68451emcs
caoxcrol 3adaueii. Ilpu cunmesze CCP neobxodumo cunmeszuposamv CCHY. B yeasx ynpoweHus npoyecca cuHmesa 6 nepeom
npubauxcenuy npuHumaem auneinyro modesv CCHY u cmapaemcsa makcummanvrHo ucnoavzoeames komaunos naxkema Control
System Toolbox (Matlab). B nem cywecmeyom KomanOvl oOnucanus nepeoamovusvix GYHKyui, KomManoa onpedenseHus 3anaca
YCMOUHU8OCMU N0 AMARAUMYOe U KOMAHOA OnpedeleHus 3HAYeHUl Nepex00HOl XAPKMepUCMUKU AUHEUHbIX A8MOMAMUYecKux
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MemooduKu cunmesa 0arom 00UHAKOBbLE pe3yabmamel.

HAa ee mo4Hocmebo.

cucmem. [losmomy 6 pabome npedcmasnenvt memoouxu cunmeza CCP ¢ donycmumvim 3anacom ycmouuueocmu CCHY no
nepepecyauposanuio uiu no amnaiumyde. Ounu Hempyouno ocyuecmeasiiomcs ¢ nomowvto komand MATLAB. Cuumes CCP
ocyuecmener MemoooM napamempuuecKol OnmumMu3ayuu, N036040uUM noayyums esicokomounyro CCP. B pabome makace
npedcmaeneno cpasnerue pesysomama cunmesa CCP ¢ npumenenuem 3mux MemooukK ¢ pe3yibmamom ee cuHmesa ¢ 0ony-
cmumvim 3anacom ycmounugocmu CCHY no nokazamenio KosebameabHocmu, Komopoe HOKA3bleaem, 4mMo npeonolceHHble

B cmamve makoce npoeodumcsa uccaedosanue 6AUAHUA CUAbL MANCECMU, NPOOOAbHOLO YCKOPEHUs pAKembl, 0CAeNACHUSA
20106KU camonasedenus na mournocms cunmesupogannoii CCP. Ilo pesyromamam nawux uccae006anuil OHU MAA0 6AUAIOM

Karueevte caosa: cunmes cucmemvl, pakema, cCUucmema camoHageoenus paKkem, Memoo nponopYUOHALbHO20 HABCOCHUS, Uedb

Introduction

When synthesizing a MHS using the proportional
guidance method [1—4], it is proposed to select the
proportionality coefficient &, in the range of 3—5.
However, the MHS with such a small proportionality
coefficient has a large guidance error when firing at
high-maneuverable targets [1]. In order to improve
the accuracy of guidance at maneuverable targets,
the method of proportional guidance with offset is
proposed in [1], and in [5, 6] the method of propor-
tional guidance with anticipation and the method of
instantaneous miss homing is presented. However,
their technical implementation very is complex, re-
quiring further define m, — the projection of the an-
gular velocity of the line-of-sight of the antenna co-
ordinate system and o, component that compensates
for the maneuver target, etc... The exact definition of
o, on a missile is difficult, requiring the definition of
normal acceleration of the target [6, 7].

In the MHS using the method of proportion-
al guidance to destroy targets at a large range of
heights, the NASS is used. Stability of NASS is
a necessary condition for the MHS operation [§].
When synthesizing the MHS, it is necessary to syn-
thesize NASS. In [7, 9], a method for the synthesis
of the MHS with an permissible stability margin of
NASS in oscillation index is presented. It allows us
to get a high-precision of the MHS. Then we need
to determine the values of the ampli-
tude-frequency characteristic of the

with less time. In addition, reducing the time and
simplification the difficulty of the MHS synthesis
process are performed by applying the commands
of the Control System Toolbox package, which are
used to describe transfer function (TF) of the NASS
and determine its gain stability margin or stability
margin by over-shoot.

In order to simplify the synthesis, in the article,
the guidance error is determined by the distance
between the missile and the target at the end of the
homing process, and the movement of the target
is assumed to be straight with a constant speed.
The speed of the rocket is considered constant. The
blindness of the homing head is skipped.

Functional structure of the missile homing system

The functional scheme of the MHS using the
method of proportional guidance in the vertical
plane is shown in Fig. 1 [7—9]. The MHS using the
method of proportional guidance in the vertical
plane consists of rudder actuator (RA), angular
speed measuring device (ASMD) (speed gyroscope),
normal acceleration measuring device (NAMD)
(accelerometer), compute tilt angular velocity of
missile trajectory device, kinematic link, gyrostabi-
lized homing head (GHH), stabilization law gene-
rator, guidance law generator. The RA, missile,

portant tasks for the MHS designer. generator

homing head

| |
| Yor |
NASS and determine its oscillation | _ Yo . |
. vl — issi
index because the Control System i B& Mlss’le—lg i Ao i
Toolbox (Matlab) package does not 1!||o; Yy Compute J: Ax |
have a command for determining the ! A"g“]:r N‘r““":i’ L‘glg:%‘lg , !
e . —— spee acceleration i Kinemati
0s01llat101? index of linear systems. i litjbgli:::;?:r 1~ tesiantii | | imeasring s fel [?;i(a c i
Reducing the time and simplifi- '_I device device trajectory |
cation the complexity of the synthe- i Gg - device i
sis process of the MHS are very im- ! Guidance law :®—| & [ Gyrostabilized |, I 9 |
| % [ |
| |
| |

Thus, this paper presents methods |
for synthesizing high-precision MHS

Fig.1. The block diagram of the missile homing system

366

MexaTpoHHKa, aBTOMATH3aNmus, ynpasienue, Tom 22, Ne 7, 2021



ASMD, NAMD, stabilization law generator form
the NASS. The RA is an implementing element of
the NASS. It converts the guidance signal o, from
the guidance law generator and the feedback signal
o, from the stabilization law generator to the rudder
rotation angle 5. The missile is a control object. It
converts the rudder rotation angle & to the pitch
angular velocity 9, pitch angle 9, normal accelera-
tion wy,, and the height y,. The ASMD measures
the speed of change of the pitch angle. The feed-
back circuit for the speed of pitch angle change im-
proves the damping of the NASS. The NAMD
measures normal acceleration wy,,. The signals from
the ASMD and NAMD are sent to the stabilization
law generator to form the stabilization law o,. In
addition, a signal from the NAMD and a propor-
tional signal to the speed v of the missile are sent to
the compute tilt angular velocity missile trajectory
device to calculate the velocity of tilt angular of mis-
sile trajectory 0. The kinematic link converts the
height difference (Ayy = yor — ¥y ) and the difference
in the horizontal coordinate (Axy =Xy —X;)
between the missile and the target to the angle of
the line of sight of the missile and the target ¢. The
GHH track the target and measures the speed of
change in the angle of the line of sight of the missile
and the target ¢. Signals from the GHH and the
compute tilt angular velocity missile trajectory de-
vice are sent to the guidance law generation to form
the law of guidance o,.

The relative position of the missile M and the
target 7 is shown in Fig. 2. Here: y, axis is the
height, x, axis is the horizontal coordinate, r is the
distance between the missile and the target, vy is the
speed of target, xy is the directions of the optical
axis of the homing head (HH), x, is the directions
of the longitudinal axis of the missile.

Fig. 2. The relative position of the missile and target

Mathematical models
of the missile homing system elements

According to the works [10, 14], the mathemati-
cal model of RA in the form of a TF has the form
as follows:

W =Do ke
u.(s) Trs”+28T.s+1
where, u, is input signal; k, is the conversion coef-
ficient; 7, is the time constant; &, is the damping
coefficient. And in the form of a differential equa-
tion (DE), it has the form as follows:

T25+2T.68+8=ku,.

In the vertical plane the mathematical model of
a missile with fixed wings in the form of the DE has
the form [5, 10, 14]:

§= —41 104 — A0 — 439
0 = apa;

1
a=93-0; M

Wy() = Va,a,

where, a is the attack angle of missiles; w, is the
rotation speed of the missile (pitch angular velocity);
a,, is the natural damping coefficient; a, is the wind
direction coefficient; a5 is the rudder efficiency co-
efficient; a,, is the normal force coefficient. From
the system of equations (1), we can obtain a mathe-
matical model of a missile with fixed wings in the
form of a TF [8, 14]:

W (s) = 8(s) _ a;38 +ay3dy)

3(s) sls? +(ay, +ag)s +ay, +ayagl

The mathematical model of the ASMD in the
form of transfer function has the form [10, 14]:

uas(s) — kas
©,1(S) Ta2ss2 +2¢,,T, +1

where: u, is the output of ASMD; o, is input of
ASMD; k,, ¢,, T, are the conversion coefficient,
damping coefficient, time constant of ASMD, re-
spectively. And in the form of a DE it has the form
as follows:

W, (s) =

2. . _
Tasuas + 2Tas§asuas TUys = kas(”zl'

The mathematical model of NAMD in the form
of transfer function has the form [10, 14]:

uak(s) — kak
Wyo(s) Ta2kS2 +2E.30kTak +l,

Wak (S) =
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Fig. 3. Simplified scheme of gyrostabilized homing head

where, u, is the output of NAMD; w, is input of
NAMD:; k., &4 T, are the conversion coefficient,
damping coefficient, time constant of NAMD, re-
spectively. And in the form of a DE has the form
as follows:
Tazkiiak + ZTakE_»akuak + Uy = kakWyO'
According to the study in [8], a simplified
scheme of the GHH is shown in Fig. 3, where kg, is
the conversion coefficient.

As presented in Fig. 3, the mathematical model
of a simplified GHH has the followed form:

¢ = Kgnt;
E=Q—0p.

The law of stabilization has the form [8]:

2

Gy = kwuak + kmzluas’

where, k,, is the feedback coefficient for normal ac-
celeration; k is the feedback coefficient for pitch
angular velocity.

The law of the guidance when applying the pro-
portionality guidance method has the form [7—9]:

©)

where, k is the coefficient; and k,, is the proportion-
ality coefficient.
Taking into account (1) and (2), (3) has the form:

Yyo
Oy = k[kpkgha—Tyj.

Cg = k(kp(o—@),

Mathematical simulator of the missile homing
system in the Matlab environment

The mathematical model of the MHS when us-
ing the proportional guidance method, taking into
account the dynamics of the RA and measuring
elements in the form of a first-order DE system in
the vertical plane, has the form as follows:

Oy =010, — A0 — d138;
9‘ = 0)21;
@ = a42a; (4)
oa=39-0;
WyO = Va 0,
Gy = kwuak + kmzluas;
w
_ y0 |,
Gg = k(kpkghS—Tj,
k 1 28 ©)
y k ak .
Ugkl = =5 Wyo — 73 Uak — o Ugki
Tak Tak Tak
Ug = Ugp1s
. k 1 2&
U, =20, ——u, ——u_ .
asl Ta25 zl Tazs as Tas asl
uas = Ugsts
U, =Gy~ 0y (6)
. k 1 2
61 :_rzur ——26— ir 61,
T, T, T,
8 = 81,
G pp = kgpe;
S Al OF/
. wa (7)
Xy =V Cos0;
Yo =vsino;
fCOT = VT COS @T;
Yor =Vvrsin®r;
, _ )
AXg = Xor — Xo5
AYy = Yor — Vo5
r= «IAx'Oz + Ay(’)z;
Q= arcsin%; )
r

0<t<T,

where: X, y, are the coordinates of the missile at the
horizontal and vertical axes; x,7, y,7 are the coordi-
nates of the target along the horizontal and vertical
axes; vr is the speed of target; © is the tilt angle of
the target trajectory; 7*is the time guidance.

When synthesizing the MHS by parametric opti-
mization in a laptop, it is necessary to solve systems
of equations (4)—(9). In order to improve the ac-
curacy of the calculation, we will solve them using
the numerical Tustin method [15]. The value of the
variable y; of a first-order differential equation:

yi = f(J’pJ’zw-)

in the n-th step of integration has the form:
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yi(n) = yimy) +%{3f{yl<n1>,y2<nl>,...1 -
- f[yl(n2)5y2(n2)7“']}

where, i = 1, 2, ...; T} is the integration step; y;(n;)
and y,(n,) are the values of the variable y; in the
(n — 1)-th and (n — 2)-th integration steps.

The mathematical model of the NASS of the
missile when taking into account the dynamics of
RA and measuring elements in the form of TF has
the form [7, 9]:

W(s) = bos: + bls: +b2sz +...+ bgs + by '
ags” +a;8° +a,s' +...+ags + aqg
We define the TF presented in (10) using the
commands in the Control System Toolbox (Matlab)
package [7, 9, 16], and apply the tf command to de-
scribe the TF of dynamic links. We then apply the
product (*) operation to define the TF of consecutive
connected dynamic links, and apply the feedback
command to define the TF of a closed sysk loop.
The task of MHS synthesis is to determine the
optimal values of the coefficients (K, jopt Kyopts Kopts
k,opt) that provide the smallest guidance error. We im-
plement it by parametric optimization in the Matlab
environment. Here, the target function is the guidance
error flk,,, ky, k, k,), which has no explicit expres-
sion. In order to find it, it is necessary to integrate the
systems of equations (4)—(9) from the beginning to
the end of the homing process. In [7, 9], a synthesis
method of MHS with a permissible stability margin of
the NASS by oscillation index is proposed. In the fol-
lowing sections we are propose the synthesis method
of MHS with a permissible stability margin of NASS
by overshoot and the synthesis method of MHS with
a permissible stability gain margin of NASS.
According to [8], we assume a;; = 1,2 1/s; a;, =
20 1/s% a3 =30 1/s%; ay = 1,5 1/5; v= 1300 m/s;

(10)

k, = 1 degree/V; €. = 0,6; T, = 0,05 s; 8, =
= 120 degree; k,, = 1 V/degree/s, &,, = 0,6,
T,,=0,05s; k=1 V/m/s?, £, =06, T, = 0,05s;
kg = 50; k= 0,06—0,4; k,, = 0,001—0,01; k =

= 1-20; k, = 20—100. The shooting is conducted
towards.

Parametric synthesis
of the missile homing system by simulation

The algorithm for parametric optimization of
the MHS with an permissible stability margin of
the NASS by overshoot contains the following basic
steps, as presented in Fig. 4.

Step I. Data input.

Step 2. Pre-synthesize the NASS. Scan the pa-
rameter k,, from the value k,,,;, with a "compara-
tively large" scanning step dk,. For each k, value,
we scan the parameter k,, from the value k,,,;, with
a "comparatively large" scanning step dk,. For each
pair of coefficients (k,,, k), using the commands
of the Control System Toolbox package [9, 16], we
describe the TF of the closed NASS (sysk).

Next, we select only pairs of parameters (k, k)
that ensure the stability of the NASS according to
the Hurwitz criterion. Therefore, we need to deter-
mine the coefficients of the TF of the closed NASS
with the command [nm, dn] = tfdata(sysk,’v’) |9, 16].
From the parameters of the obtained vector dn (pa-
rameters of the characteristic polynomial), we make
square matrices of order 1—9. We define the value
of Hurwitz determinants with the def(x) command.

If the Hurwitz stability criterion is satisfied, then
we define the values of the transition characteristic of
the NASS with the command [Y, T| = step (sysk, 4)
[16], where 4 is the integration time. We define the
overshoot o of the NASS. And if the Hurwitz stability
criterion is not satisfied, then in order to reduce the
synthesis time, the scanning steps will double in this
value of the parameters k,, or k. If the overshoot
of the NASS is less than 35 %, then go to step 2, as
shown in Fig. 4.

Step 3: Scan parameter k from the k,;, value with
"comparatively large" dk scanning step. For each value
of k, we scan the parameter k, from the &, value
with a "comparatively large” scanning step of dk,. For
each set of parameters (k,,, k,, k, k,), we integrate
the systems of equations (4)—(9) from the beginning
to the end of the homing process to find the guidance
error r,. If the guidance error 1, is less than 1 (or some
value), then go to step 4, as shown in Fig. 4.

Step 4. Assign a; = k,; a, =k, a5 = k; ay =
k,. With the obtained higher set of parameters (k,,;,
ky, k, k,), we scan k, from the value (a; — dk,;)
with the scanning step dk,/Ny; k,, from the value
(ay, — dk,) with the scanning step dk,/N,; k from
the value (a; — dk) with the scanning step dk/Nj;
k, from the value (a, — dk,) with the scanning step
dk,/Ny (N; > 5). For each set of parameters (K, k,,
k, k,), we integrate the systems of equations (4)—(9)
from the beginning to the end of the homing process
to find the guidance error 7.

Scanning parameters (K, k,, k, k), integrating
systems of equations (4)—(9) and finding the guidance
error r in step 4 are repeated until k, < (a4 + dk,); k <
(03 + dk)a kw < (02 + dkw)a kmzl < (al + dkmzl)'

The operations in steps 2-4 are repeated until
kp < kpmax; k< km kw <k kmzl < ko)zlmax'

axo wmax»>
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Step 1 Output of ry,; and correspondin ]
Step 5 [km.om. Kopt Kops Kpopt
Y
N
Step 2

Describe the TF of a closed system NASS
and determine its characteristic polynomial

v

The Hurwitz
criterion is met

Determine the values of the transient response NASS;
Determine the overshoot o of NASS;

- N [kw=kw+dkw|
~
6= 35% >

Step 3 =k

4
-

1
Integrate systems of equations (4+9)
and determine the guidance error r

l N
ns
Step 4 7

a1=k,1; 3a5=k,; a=k; ag=k,

Kozt mint=21-0Kaz1; Koztmaxi=21Hdkez)
Kymint=22-dky; Kymaxi=ay+dk,,
Kmin1=23-dk; Kpaxi=a3+dk
kpminl=a4'd-kp; kpnuxl=a4+d-kp

£
iy

4
i

T
A

W
i

Integrate systems of equations (4+9)
—» and determine the guidance error r;

Kq(m,:)=[ Koz ky k k, r]; m=m+1;

Fig. 4. The algorithm for parametric optimization of the MHS
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Step 5. Find a set of optimal parameters (k
k

kwopt’ opt»
€ITOr Fpyip.

Consider the first case: xor = 7000 m; yyr =

wzlopt>
kyopy) that provide the smallest guidance

= 3000 m; vy = 800 m/s. After parametric optimi-
zation, the result was ko, = 0,18; k0 = 0,003;
kopt = 55 kpopt = 59; guidance error 0,0094 m. Over-

shoot of the NASS is 8,4 %.

Consider the second case: xqr = 5000 m; yyr =
= 3000 m; v; = 800 m/s. After parametric optimi-
zation, the result was ko = 0,21; k0 = 0,005;
kopt = 75 Kpopt = 62; guidance error 0,0094 m. Over-
shoot of the NASS is 10,3 %.

Now we will describe the method of synthesis
of MHS with an permissible gain stability margin
of the NASS. It is basically similar to the method
presented above. The differences are as follows:

In step 2: when describing the TF of an open
(sysh) and closed (sysk) NASS using the commands
of the Control System Toolbox package [9, 16], we
must select its output so that it becomes a system
with a single negative feedback. Next, instead of
determining the overshoot of the NASS, we will
determine its gain stability margin by command
[Gm, Pm, Wcg, Wep] = margin(sysh) [16, 17]. If the
gain stability margin of the NASS Gm is in the
range of 5—25 dB, then go to step 3, and so on.

Consider the first case: xop = 7000 m; yyr =

= 3000 m; vy = 800 m/s. After parametric optimi-
zation, the result was K,,,, = 0,18; k,,, = 0,003;
Kopt = 5; kpop, 59; guidance error 0,0094 m. The

stability gain margin of the NASS is 10,92 dB.
Consider the second case: xqr = 5000 m; yyr =
= 3000 m; v; = 800 m/s. After parametric optimi-

zation, the result was k.., = 0,21; k,,, = 0,005;
kope = T, kpop, 62; guidance error 0,0094 m. The

stability gain margin of the NASS is 6,1 dB.

Using these methods, it is possible to synthesize
the MHS with a permissible stability margin of NASS
by oscillation index. Then, instead of determining its
stability margin by overshoot, or gain margin, we
find the values of its amplitude-frequency character-
istic and determine the oscillation index.

Consider the first case: xop = 7000 m; yyr =
= 3000 m; v; = 800 m/s. After parametric optimi-
zation, the result was k., = 0,18; k,p = 0,003;
kopt = 55 kpopt = 59; guidance error 0,0094 m. The
oscillation index of the NASS is 1,044.

Consider the second case: xqr = 5000 m; yyr =

As a result, three methods of MHS synthesis gave
the same result. Note that the method of synthesis
of MHS with a permissible stability gain margin of
NASS is the simplest and has the shortest synthe-
sis time. The method of synthesis of MHS with a
permissible stability margin of NASS by oscillation
index is the most difficult and has the longest syn-
thesis time.

Computer simulation
of the synthesized missile homing system

We will perform computer simulation of the syn-
thesized the MHS when firing at a high-maneu-
verable target. When the target is maneuvering, we
need to add the system (4)—(9) equation [6]:

oy =20, (1)
vr
where, wr is the normal acceleration of the target.

The modeling of the synthesized MHS is per-
formed by solving the systems of equations (4)—(9),
(I1) by the Tustin method [15]. It is assumed that
in the beginning of homing process the target has
the coordinate xy; = 15 000 m, y,7 = 5000 m and
the speed vy = 800 m/s. The shooting is conducted
towards. Attime r=1s; (2s;3s;45;5s;55s;6s;
6,5 s) from the beginning of homing, the target ma-
neuvers with acceleration w, = —70 m/s%. The total
guidance time is approximately 7,8 s. The guidance
errors of system with £, ozlopt = 0,21; kyope = 0,005;
kopt = 75 kyopy = 62 for various moments of the ma-
neuvering of the target are shown in the Table 1. The
trajectories of the missile and the target with maneu-
vering moment of target = 3 s are shown in Fig. 5.
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= 3000 m; v; = 800 m/s. After parametric optimi-

zation, the result was ko = 0,21; k0 = 0,005; 0 15000 Xo,
kopt = 7 kpopr = 62; guidance error 0, 0094 m The | t-———— e ;
oscillation index of the NASS is 1,392. Fig. 5. Trajectories of missile and target
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Table 1

Guidance errors, m

Times, s 1 2 3

4 5 5,5 6 6,5

Guidance errors, m 0,0003 0,006

0,021 0,071 0,226 1,78 1,4

The result presented in Table 1 indicates that the
synthesized MHS can fire at highly maneuverable
targets with high accuracy.

Investigation of the accuracy of the synthesized
homing system in real shooting conditions

In real conditions, the missile moves in the
Earth’s gravity field. It is affected by the force of
gravity. By taking into account of gravity, the 4th
equation in the system of equations (7) is replaced
by the following equations:

Vo1 = vsin®;
12

Yo =Yo1 — o

where, g = 9,8 m/s’.

In addition to gravity, the thrust force of the
cruise engine and the force of the frontal resistance
also act on the missile. When the cruise engine is
running, the missile’s speed increases and when the
cruise engine is switched off, the missile’s speed de-
creases. Then speed of the missile in 5th equation of
the system of equations (4), the nd equation of sys-
tem of equations (5), and the 3" and 4th equations
of system of equations (7) are changed. We assume
that the speed of missile changes by law:

a; t<t,
—a,, t>1,

where, 7, is the moment of shutdown of the cruise
engine, reporting from the beginning of homing.

The HH has a range of blinding, as presented
[13]. When it is reached, the work of the HH is de-
stroyed. Then the MHS should stop working. The
rudder takes a zero position or is set at an angle that
compensates with the weight of the missile.

The study of the effect of gravity, longitudinal
acceleration of the missile, and blinding of HH on
the accuracy of the synthesized MHS is carried out
by modeling in the MATLAB environment. The
simulation results show that, the changes of the
aerodynamic coefficients of missile ay, a;,, a3, as
in range 20 % due to the changes of the speed
of the missile have little effect on the guidance er-
rors. Therefore, we can use the method of frozen
coefficients, assuming that they do not change. We
assume that @, = a, = 40 m/s% ¢, = 1,05 s; the
blindness range of homing head is 200 m. We use
MHS with the optimum parameters ko, = 0,21;
kyopt = 0,005, koo = 7, kyopy = 62. We also assume
that at the beginning of homing the target has the
coordinate x5y = 15 000 m, y,r = 5000 m and the
speed vy = 800 m/s. The shooting is conducted to-
wards. At time r=0s (I s;2s;35s;4s;5s;5,5s;
6 s; 6,5 s) from the beginning of the homing pro-
cess, the target maneuvers with acceleration wyp =
=—170 m/sz. Shooting is carried out in 4 conditions:
1 — optimal condition; 2 — taking into account
the missile’s gravity; 3 — taking into account the
gravity and longitudinal acceleration of the missile;
taking into account the gravity, longitudinal accele-
ration of the missile and the range of the blindness
of HH. Guidance errors are shown in Table 2.

Let’s explain some special error values in Table 2.
Atr=0, t,= 1,05 s, the error is 37,658 m when taking
into account the gravity and longitudinal acceleration

Table 2
Guidance errors, m
Conditions Time, s

1 0 1 2 3 4 5 5,5 6 6,5

2 0,006 3,107 0,006 0,004 0,021 0,071 0,226 1,78 1,4

3 0,005 0,004 0,005 0,004 0,016 0,103 0,007 1,437 0,767

4 37,658 0,023 0,023 0,024 0,020 0,009 0,022 0,332 L15

5 10,55 0,486 0,191 0,107 0,077 0,029 0,018 0,391 1,157
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of the missile, and 10,55 m while taking into account
the gravity, longitudinal acceleration of the missile
and the range of the blindness of HH. Whereas, the
error is 0,006 m in the optimal condition. This is
because in those cases, the passive time of flight of
the missile the greatest and therefore the speed of the
missile at the end of the homing is slightly higher
than the speed of target (v = 901,6 m/s while taking
into account the gravity and longitudinal accelera-
tion of the missile and v = 906,5 m/s while taking
into account the gravity, longitudinal acceleration of
the missile and the range of the blindness of HH). If
we slightly increase the operating time of the cruise
engine, for instance 7, = 1,1 s, the guidance error
is reduced to 0,02 m and 5,82 m respectively. If
the target does not maneuver, the guidance error is
0,0078 m and 0,0097 m, respectively.

At t=6s, t, = 1,05 s the error is 0,332 m when
taking into account the gravity and longitudinal ac-
celeration of the missile, 0,391 m taking into ac-
count the gravity, longitudinal acceleration of the
missile and the range of the blindness of HH. These
errors are much less than 1,78 m in the optimal
condition. This is because in those cases the speed
of the missile is small, so the time from the moment
of maneuvering of the target to the end of homing is
longer than the time of the transition process of the
NASS. The NASS transition is over, so the guid-
ance error is small.

In summary, the gravity of the missile, the
blinding of the HH almost does not effect on the
accuracy of the MHS when using the method of
proportional guidance with a large proportionality
coefficient. The longitudinal acceleration of mis-
siles does not effect on the accuracy of the MHS
when using the method of proportional guidance
with a large proportionality coefficient, and when
guidance towards a non-maneuverable target. It
causes an increase in the guidance error on a high-
maneuverable target when the speed of the missile
at the end of the homing process slightly exceeds
the speed of the target.

Conclusion

The proposed synthesis methods are quite simple,
since they mainly use the commands of the Control
System Toolbox package to describe TF and syn-
thesize the NASS. They allow us to select the pa-
rameters of the MHS with high precision guidance.
The MHS synthesized by these methods can destroy
highly maneuverable targets. The proposed synthe-

sis methods of MHS give the same synthesis result.
The synthesis method of MHS with a permissible
gain stability margin of NASS is the simplest and
has the shortest synthesis time, and the synthesis
method of MHS with a permissible stability margin
of NASS in terms of oscillation index is the most
difficult and has the longest synthesis time.

In the MHS, when using the proportional gui-
dance method with large coefficients, it is not ne-
cessary to enter the components into the law of gui-
dance that exclude the influence of gravity, longi-
tudinal acceleration of the missile, and blinding of
the homing head.
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Onucanbl MemoOuku u pe3yibmamosl UCHLIMAHUL 60AH08020 meepdomenbvroeo eupockona (BTI) — damuuka yenoevix
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Memannuueckuii pezonamop BTT-J1YC uzeomosnen u3 31un8aprHo2o cniaea u umeem pazHomoiuUuHHYI0 YUAUHOPUHECKYH) KOH-
CMPYKUUIO, HUNICHSAS YACMb KOMOPOLU ¢ MeHbluel MOAUWUHOU CIeHKU 8bIN0AHAem POAb nodeeca 045 8epXHe20 YUAUHOPA, COOCMBEHHO
Pe30Hamopa, umeroujeeo KOHYCHyo (opmy, 06ecne4usarouyio AyHuiyo 10Kaiu3ayuio Koie6anuil Ha e2o mopyeaoll Kpomke.

TexHonocuueckue deghekmol U320MOBAEHUS, PA3HOYACMOMHOCMb U PA3ZHOO0OPOMHOCHb, YCMPAHeHbl 6aAaHCUPO8Kol "no
Mmacce”, 0CHOBAHHOU HA yOaieHUU U30bIMOYHO20 MEMAAAa 8 ONPedeNeHHbIX MOYKAX HA MOPUeeoll KpomKe pe3oHamopa.

DnekmpoHHbII MOOYAb 0becneuugaem 6mopyio Mooy nepeuvHbIX U 6MOPUYHBIX, 603HUKAIOWUX NPU 8DAUeHUU, KOACOAHUL]
KPOMKU pe30Hamopa u co30aem CUHAA KOMNEHCAYUU KOPUOAUCOBOU U K8AOPAMYPHOU COCMABAANUUX 8bIXOOHO20 CUCHAAA
6 y3aax. Ilockoavky makcumanvHole aMnAUmMyOsl CUeHAN08 8030YydcoeHUs U Komnencayuu He npesviuiaiom 10 B, mo npu 6046-
WUX MeXanu4ecKux 6030eicmeusx KOHmyp KOMneHcayuu moycem He ompabomams 603pocuiui cuenan, u BTI-J1YC mepsem
pabomocnocobnocme. I[loanoe epems ompabomiku cueHara KomMneHcayuy He npegviuiaem I Mkc npu MaKcumaibHou nompeos-
eMOU MOWHOCMU 2AeKMPOHHO20 M00YAs, He npegvlulatoweli 4 Bm.

Ilpu ucneimanuax Ha mexanuueckue u memnepamypHsie 8030eliceus UCHOAb308AAUCL HOPMbl, XApAKMepHble 0451 aHa-
A0RUYHBIX 0AMUUKO8 YeA08bIX CKOPOCMell, NPUMEeHAeMblX Ha 6opmy nemamenvHuix annapamog. Onpedenerbl cmabuabHOCMb
HYNe6020 CUSHANA U MACUMAOH020 Kodpduyuenma npu ooHoepemenHom eosdeticmeuu Ha BTI-JYC usmepsaemoii ckopocmu
u memnepamypsi. Iloayuensl 3Havenus cay4aiino2o 64yHCOAHUS U HeCMAOUAbHOCMU HYA1€6020 CUCHAAA N0 ePAPUKAM OMKAO-
Henuil Aanana. Yemanoeaeno, umo BTI-J1YC o6aadaem yoaproi npouHocmsplo U 60CCMAHABAUBACI UMEPUMEAbHYIO CROCOO-
Hocmb nocae yoapa. Hcneimanus Ha 8ubpocmoikocme 8biA8UAU PE3OHAHCHbIe YaCMOMmMbl U OUANA30Hbl 4ACMom, 8 KOmMopbix

ucnoimuigaemolii oopazey BTI-/1YC moxucem npumenamoscs 6e3 cyujecmeeHHol 0opabomku.
Karoueente caosa: 60110601 meepdomenvHulil 2UupoCKOn, @paujeHue, memnepamypa, yoap, eubpayus

Beenenne

BonHoBele TBepaoTenbHbie rupockornsl (BTT)
C MeTaJJIMYECKUM PE30HATOPOM SIBJSIIOTCS TIep-
CTIEKTUBHBIMU MHEPLUATBHBIMU AaTYNKAMU YTJI0-
BBIX CKOpOCTEl i1 TpUOOpPOB U CUCTEM OpPUEH-
Taluu, CTAOMIM3allMd M HaBUTAlMU OOBEKTOB
Ha3eMHOT0, MOPCKOTI'0 U BO3AYIITHO-KOCMUYECKOTO
npuMeHeHUi. [lo cpaBHEHUIO ¢ NPYyTUMU TUIIAMU
TUPOCKOIMMYECKUX JaTYUKOB OHU UMEIOT CJEAYIO-
1I1e MpeuMyIecTBa:

— MOJIHOCTBIO OTCYTCTBYIOT Bpalllalolrecs Jya-
CTHU, TTIO3TOMY pabouMii pecypc gaTuymka (MexaHu-
yeckoit yactu) cocrtasiser 15 000 yacoB u 6oree;

— BBICOKO€ COOTHOIIIEHWE TOYHOCTh / 1IEHA;

— KOMITaKTHOCTb, HEOOJIBIIION BEC M radapuT-
HbIE pa3MepHI;

— COXpaHeHHe WHepLMaIbHON NHPOPMALUK TPy
KPaTKOBPEMEHHOM OTKJIFOUEHUU BJICKTPONUTAHUS;

— HHU3Kas 3HeproeMkocTs 1...3 Br;

— MalJioe BpeMs TOTOBHOCTH 1...5 ¢;

— CTOHKOCTb K MOHM3MPYIOLIEMY H3JYUYEHUIO
C BBICOKOM 3HEpruell orpaHMYMBaeTCsl MpUMeEHsIe-
MO 2JIeMEHTHOM 6a30i1 3JIeKTPOHHOTO OJI0Ka.

B ocHoBe paborei BTI nexut adpdexT mnpe-
LIECCUM BOJIHOBOM KapTUHBI KOJIeOolIeiicss 000-
JoukH (puc. 1), ycTaHOBJIEHHOI Ha BpalllalolieMcs
OCHOBaHMM, OOHAPYXEHHBIM M HCCICHOBAHHBIM
Jx. X. bpaitanom [1].

bpaiian uccnenoBa npupoay OMeHuil BUOpUpy-
Iolleil 000JIOUKM Ha 3BYKOBBIX YAaCTOTaxX M ITOKa-

ITyynoctu
CTOA4CH
BOJIHBI

Vanel
cTosuei
BOJIHBI

Puc. 1. Crosiuas BoJiHAa B pe3oHaTOpe
Fig. 1. Standing wave in the resonator
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Puc. 2. Crosgyas BoJiHA B HeNOABMXKHOM (@) M Bpamawmemcs (6)
pe3oHaTope:

Q — CKOPOCTb BpallleHUsT; 3 — yroJj Mpeleccuu CTosiueit BOJHBI;
o — YroJi MoBOpoTa pe3oHaropa

Fig. 2. Standing wave in a stationary (a) and rotating (6) resonator:
Q — rotation speed; 9 — angle of precession of a standing wave;
o — angle of rotation of the resonator

3aJl, yTo moj aerictBueM cuy Kopuonuca, Bo3HU-
KalKuX MpU BpalleHUM BUOpHUpYIOLLEeH 000J04-
KM BOKPYI OCH, TEPIEeHAUKYISIPHON IJIOCKOCTH
BUOpALIMU, TTPOUCXOAUT MPELECCUsl CTOSYMX BOJH
KaK OTHOCUTEJbHO pe3oHaropa, TaK U B MHEPLIU-
aJIbHOM TIPOCTPAHCTBE (puc. 2).

bpaitan paccmoTpen ciayyaili paBHOMEPHOTO
BpalleHus1 BUOpupyroweir odonouku. . JInHY
(CIIA) [2—4] nokazan cmpaBedJuBOCTb 3(dek-
Ta bpaiiaHa 1 1151 IEPEMEHHOU CKOPOCTHY Bpallle-
Hus. DyHaamMeHTalbHbIE WCCAENOBAaHUS BUOPU-
pyolleii 000J0YKHM Ha BpalllaolieMcsl OCHOBAaHUU
BBIMIOJTHEHBI B paborte [5].

BubGpupytoiasgs o6o104ka SBASIETCS YYBCTBU-
telbHBIM 37eMeHToM BTI (pesonaropom). Ha
KPOMKE pe3oHaTopa MOTYT CYIIEeCTBOBAaTh pas-
Ju4Hble PopMbl ynpyrux kosnedbaHuii. B kauectse
paboueit ucronb3yeTcst BTopast (popma KoJjiebaHuid.
IIpn BpameHuM pe3oHaTopa BOKPYT OCH Z TIOf
JaercTBMeM cuJl uHepuuu Kopuonuca mpouncxo-
JUT CMelleHUe BUOPALMOHHBIX MyYHOCTE OTHO-
CUTEJIbHO KPOMKHU pe3oHaropa. MHBIMM cloBaMu,
BpallleHUE Pe30HaTOpa BbI3bIBAET BTOPUYHbBIC BU-
Opauuu B popMe JTMOTUYECKON MOJIbI, TIOBEPHY-
Thle Ha HEKOTOPBI YTOJ OTHOCUTEJIbHO MEepPBOHA-
yajabHOTro mojoxeHus. [1pu pa6ore BTT B pexunme
natyuka yrioBoii ckopoctu (BTI-AYC) opuenra-
1M1 BOJIHBI, CBSI3aHHOM C KPOMKOI pe3oHaTopa,
obecreyrBaeTcsl TO3UMLIMOHHBIM BO30YXKIEHUEM
pe3oHaTopa U ONpeaessieTCs BbIpaxkeHueM [5]

4K
9(1) -9, = ——MQQ,
O
rae 90 — VYIJIOBOC ITIOJOXKCHHUEC B CUCTCMC KOOpP-
JIMHAT pe3oHaropa; Q — CKOPOCTh BpallleHUI pe-

3oHatopa; Ky — KoabbuuMeHT (MacluTaOHBbIH,
npeueccuu, bpaitana); Q = 1/26 — 10OpPOTHOCTH
pe3oHaTopa (§ — OTHOCUTENbHBINA KO3(PHUIIMEeHT
3aTyxaHusl); ®, — COOCTBEHHAasl yacToTa Koseba-
HUU pe3oHaropa.

Kosdppunuent bpaitana ompenensieTrcsa 3aBu-
CUMOCTBIO [J]

Ky I S[24v =2+ V)2 + 41 -v)n’],

"2 -

rme n — HoMmep OpMBI KojlebaHmil; v — Koa(pdu-
nueHT Ilyaccona marepuajia pe3oHaropa.

Hns v = 0,17 u n = 2 3Hauenue K,; ~ 0,3. Cne-
JIIOBaTeJIbHO, IIPU ITOBOPOTE Pe30HATOpa OTHOCH-
TeJIbHO 9, BOKpYr ocu Z (cM. puc. 1), Koropas
ABJISIETCS OCBIO 1YBCTBUTEIBHOCTH BTT, Ha yron

[Q(t)dt =90° TMpOTHB YACOBOW CTPETKHU MyYHO-

OTH CTOStuel BOMHBI OyoyT TpeneccupoBaTh MO
yacoBoll cTpenke Ha yroa 3 = 0,3:90° = 27°, unu
OTHOCHUTEJIBHO MHEPLUUAIHLHOTO MPOCTPAHCTBA —
Ha yToi o ~ 63°.

Bo30yxneHue mepBUYHBIX CTOSTYMX BOJIH pea-
JIN3YeTCS MaTYMKAMU CHJIBI — aKTioaTopaMu (Mar-
HUTOBJICKTPUUECKIMH,  IhE303JICKTPUUSCKIMH,
9JIEKTPOCTATUUYECKUMU), & U3MEPEHUE TiepeMelle-
HUII KPOMKM pe30HaTopa — JaTYMKaMU TepeMe-
IIEHW I, KOTOPBIE MOT'YT UMETh TaKyIo e (pu3rde-
CKYI0 "pupofay”, Kak U aKTIaTOPhI.

[TorpemmiHOCTH M3TOTOBJICHUS pe3oHATOpa U
aHU3O0TPOINUS (PUINKO-MEXaHUYSCKUX CBOWCTB
MaTepurasa MPUBOASAT K pacilenjeHn0 COOCTBEeH-
HOW 4acTOTHI €r0 pabouynx KOJeOaHUI MO BTOPOU
¢opmMe MaccoBoro aedekTa Ha ABe OIM3KME Ya-
croThl. Kaxmoit m3 3THMX 4acTOT COOTBETCTBYIOT
KoJIeOaHMS TaKXXe 1o BTOpOi ¢opme, HO C oIpe-
JIEeJICHHOM OpMEHTAallMeil BOJHBLI OTHOCHTEIHLHO
pe3oHaTopa. Takol nedekT Ha3bIBaeTCs pa3HOoYa-
CTOTHOCTBIO [3, 6].

CKopocTh 3aTyxaHUs KojebaHHMil pe3oHaropa
3aBUCUT OT OPUEHTALIMU BOJIHBI, T. €. PE30OHATOP
HMeeT pa3jnuyHbie JEKPEMEHTHI 3aTyXaHUS U CO-
OTBETCTBYIOLLlEE MM HampaBjeHUe oceid. Takoi
nmedekT pe3oHaTopa Ha3bpIBaeTcd pa3HOZOOPOTHO-
cThiO [5, 6]. YkazaHHBIe neheKThl YCTPaHSIOTCS
CIIELIMAJIbHOW TEXHOJOTMYECKOW IIpouenypon —
OGanaHcUpOBKOW [7].

OCHOBHBIMU OWHAMHYECKHUMU XapaKTePUCTU-
kamu BTT-IYC saBasiiorcsa auana3oH U3MepeHUs,
rnojioca MpPOMNMYyCKaHUsI, HECTaOUJIbHOCTh HYJIEBO-
ro CUrHaja, ciy4yaiiHoe OJiy>XaaHue, 1IYM TTOKOSI,
ommnbka MacmTabHoro Ko uineHTa.
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B pabote paccmarpuBaeTcsl 3KCIepUMEHTAb-
HOe oInpeaeieHrMe Ha aTTeCTOBAHHOM CTEHI0BOM
000pYIOBaHUM XaPAKTEPUCTUK TOUHOCTU M MX
CTaOMJIBHOCTHU MPU BO3AECUCTBUM TEMIIEPATYPHBIX
n MexaHmdeckux dakropoB Ha BTI-IIYC c me-
TaIJIUYECKUM PE30HATOPOM, M3TOTOBJEHHBIM Ha
CEpUITHOM 3aBOJIE.

O0BexT nccaenoBanns

Koncrpykuus BTT npuBeneHa Ha puc. 3, a (cM.
BTOPYIO CTOPOHY 00yI0XKM). Pe3onarop [ ¢ mbe-
309JIeMEHTaM1 3, HaKJIEEHHbBIMU Ha ITOHBIIIKO,
00pa3yloT YYBCTBUTEJIBHBII 3JIEMEHT, KOTOpPHIi
C TIOMOIIBIO y3JIa KpeIlieHus 2 CMOHTHMPOBaH Ha
KopIyce 5 1 3aKpbIiBaeTcd KoxXyxoM 6. [epMeTny-
HOCTb BHYTPEHHEW MOJOCTU JOCTUTAETCS ILIOBHOW
CBapKOi II0 MEPUMETPY CTBhIKAa MEXIY KOPIIyCOM
M KOXYXOM, a TaKxe INpPUMEHEHHEM I'€PMOBBLIBO-
IOB 4, obecrneyMBaIOIINX CBSI3b IbE303JIEMEHTOB
¢ Onokamu 3JeKTpoHUKU. [Ibe303]IeMEeHThI BBI-
MOJHSIOT (PYHKIMKU OaTYMKOB IMEpeMelleHUil u
cUJIbl (TIPSIMOM M OOpaTHBIN 1303 HEKT).

Pe3onarop cocTOMT U3 ABYX COMPSIKEHHBIX LIY-
JIMHAPOB, ONWH 13 KOTOPBIX C OOJIbIIECH TOJINHOMK
SIBJISIETCSL €ro paboyeidl 30HOM, a TOHKOCTEHHBIM
LHUJIAHAP, COIPSIKEHHBIA C JOHBIIIKOM, BBIIIOJI-
HSIET POoJIb IoABeca. 3a0QHO C JOHBIIIKOM M3IO-
TaBJIMBAeTCsl 4acThb y3ja KpelieHus. Pesonarop
usrotoBieH u3 ciuiaBa 21HKMT-BU u B oTiuuue
ot nipototuna [8§—10] nmeeT KOHYCHYIO (OPMY pa-
0oueil 30HBI, 00eCIIeYNBAIOIIYIO JYYIIYIO JOKAIHU-
3allMI0 CTOSIYMX BOJIH Ha KPOMKE pe30HaTopa.

Puc. 4. ®ynkuuonaabnasa cxema BTT-J1VC:

1 — mbe302JIeMeHThl; 2 — JNOHBIIIKO pe3oHaTopa; 3 — reHepa-
TOp; 4, 5 — U3MepUTENbHBIE OJIOKHU; 6 — YIIPaBISIOINI OJIOK
Fig. 4. Functional diagram of SVG-ARS:

1 — piezoelectric elements; 2 — resonator bottom; 3 — generator,
4, 5 — measuring units; 6 — control block

Bo30yxxaeHue KoJiebaHUi U M3MEpEHHUE Iepe-
MEIIEHU KPOMKHU pe3oHaTopa B y3JiaX U My4YHO-
CTSX MPOBOASATCS C MOMOIIBIO BOCBMU TbhE303JIe-
MEHTOB, HaKJICCHHBIX Ha JOHBIIIKO (pHC. 3, 6, CM.
BTOPYIO CTOPOHY OOJIOXKKM).

®OynkumoHanbHasa cxema BTT-IYC ¢ nbe3oa-
JieMeHTaMu [, HaKJICEHHBIMU Ha JOHBIIIKO 2 pe-
30HAaTOpa B COOTBETCTBMM C HAIpPaBJICHHUEM OCel
Ha puc. 3, 6 (CM. BTOPYIO CTOPOHY OOJI0XKM) IIPH-
BeleHa Ha puc. 4.

['eneparop 3 2yIeKTpUYECKHUX CUTHAJIOB BO30Y K-
JaeT 2JIEMEHTBI, PACIIOJIOXKEHHBIE IO OCU X—X MyY-
HOCTEH TIepBOM BUOpAIlMOHHOW MOABI. K3Mepu-
TeJbHBIM OJIOK 4 CpaBHUBAET aMILUIMTYAY IEPBOM
BUOPALIMOHHOM MOABI C 3aJaHHBIM 3HAUYEHWEM U
rnepeaaeT Ha reHepaTop 3 CUTHAJ paccorjiacoBaHusl,
o0ecreunBasl peXxXuM peryJiMpoBaHUs aMILIATYAbI.
Bropas BubpanmonHas mona nipu BpamueHuu BTT-
AYC Bokpyr m3MepuUTEeIbHOI OCH (OCh YYBCTBH-
TeJbHOCTH), TapaIeIbHOH OCU CUMMETPUU, OPU-
€HTUPOBaHa MO OCSIM X|—X;, ¥;—),. I3mepureb-
HbI 00K S TPMHUMAET CUTHAJIbI TThe303JIEMEHTOB
M0 OCU y;—Y;. YNPABIAFOWUN OJOK 6 MTPUHUMAET
CHUTHAJIBI OT 0JIOKa 5, TPOMOPIMOHAIbHbBIE aMILIH-
Tylae yrjia mo ocu y,—y;, 1 GopMuUpyeT ynpasis-
IOLIMI (KOMIIEHCUPYIOLIMIA) CUTHAJ Ha Mbe303Jie-
MEHTBI, PACIIOJIOXKEHHBIE TT0 OCHU X;—X| (BTOpasi OChb
y3J1a BTOPOI BHOPALIMOHHON MOMBI) IIJISI CBEACHUS
K HYJII0 aMIUIMTYAbl CUTHAJIOB, NETEeKTUPOBAHHBIX
osokom 5. biiok 6 Ha OCHOBE AETEKTUPOBAHHOIO
CHUTHAaJIa BbIpabaThiBa€T CUTHAJ, MPOMOPLIMOHAb-
HBI yroBoi ckopocTu BpaieHust BTT-JIYC.

Onektponuka BTI-AYC comepXxuT aHaioro-
BBl U 1IUGPOBOK MOAYIU. AHAJIOTOBBIM MOIYJb
CIIYXUT JJISl YCUJIEHUSI CUTHAJIOB C Tbhe303JeMEH-
TOB — JAaTYMKOB TlepeMelleHU U IJIsT Tepeaadu
Ha TMbe303JEMEHThl — JaTYMKMW CHUJIbl CUTHAJIOB
yIIPaBJIEHUS U KOPPEKIIUU.

HudpoBoit Momyb MPOBOAUT OLUMPPOBKY CUT-
HAJIOB C aHAJOTOBOTO MOMYJSI, UX AEMOMYJISIIMIO
(ompenesieHre aMILUIUTYABI, Bassl U T. 1.), opMu-
pYeT CUTHAJIbl YIIPaBJICHUS U KOPPEKIIUU, MOIYJIH-
pYyeT X ¥ MePEeBOAUT B aHAJIOTOBY10 (DOPMY MOCPEI-
ctBoM LIAII. AHanoroBblii 670K pa3MellIaeTcsl He-
MOCPEACTBEHHO Ha repMoBbiBoAax 4 (puc. 3, a, cM.
BTOPYIO CTOPOHY OOJIOXKKHU) YYBCTBUTEIBHOTO 3Jie-
MeHTa. LludpoBoit BHIUMCINUTENIb COCTOUT U3 TIPO-
TPaMMUPYEMON JIOTUYECKON WHTETPAJIbHON CXEMBI
(ITJIUC) m koHTpoOJIEepa U MOXET OCYIICCTBISTH
yIipaBjieHue paboToii OT OMHOTO A0 TPEX PE30HATO-
poB. ITJIMC 1umndppoBOro BEIYUCIUTENS BEITIOIHSICT
OCHOBHBIE OINEpalliM, BpeMs BbIYMCIEHUST KOTO-
PBIX JOJKHO ObITh MUMHUMHU3WPOBAHO, — OIpe/e-
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JICHHE TEeKYIIMX 3HAYCHUI 4acTOT KoJieOaHuit, a3
M aMIUIATYJ CUTHAJIOB B y3JIaX M IIYYHOCTSIX. DTO
peanusyeTcs 3a c4eT 0COOeHHOCTeN (PYHKIIMOHU-
poBanusa IIJIMC — mnapannenbHON pabOTHI Bcex
os0k0B. biok "reHeparop” Ha puc. 4 IO CYTU SIBJISI-
€TCSI BBIYMCIMTENEeM, KOTOPbIi HA OCHOBE Hadaslb-
HOI pe30HAHCHOM YaCTOTHI TEKYIIUX aMILJIUTYH U
(a3 curHana pezoHaTopa BHIYMCISET CUHYCHBIE U
KOCHMHYCHBIC aMIUIMTYIbBl MTHOBEHHBIX 3HAYCHUM
B LU(PPOBOM Koje, KoTophle nocpenctBoM LIATI
npeodpasyoTcsl B yIpaBisgIoline U KOPPEeKTUPYIO-
1LI1e HaIIPSKEHMS Ha IThbe303JIEMEHTAaX.
KoHnTponnep BeImomHsAeT GYHKIIUU CBSI3U C I10-
TpeOUTeNeM CUTHaJa, onpeaesieHus1 KoadduiieH-
TOB KOHTYpPOB ympapieHus. HauanpHbie mapame-
Tpel BTT-AYC (pe3oHaHCcHasl 4yacToTa, aMILJIUTY-
Ja BO30YXIEHMsI, TOCTOSIHHBIE ITONpPAaBKM) TaKXKe
NepBOHAYAJbHO MEPEIAIOTCS B KOHTPOJLIEP.
AnroputMudeckass U CXeMOTEXHHUYECKas pea-
JM3aluu 3eKTpoHHoro moayns BTI-IYC, coor-
BETCTBYIOILIME pUC. 4, pacCCMOTpeHHI B padoTte [11].
PadotocnocooHocts BTT-/1YC obGecrnieunBaeTcst
npolenypaMyu HacTpoiiku u Kaiaubposku [11]. Ha-
CTpOliKa 00eCIIeYrBaeT Pe30HAHCHBIN pexXXUM pabo-
THI, 4 KaJIMOPOBKAa — MaKCHMaJIbHO BO3MOXHOE OC-
JlabJeHue BIMSHUS Opeiida pe30HAaHCHOM YaCTOTHI
M KBaapaTypHOU COCTaBJSIONIEH Ha MAacCIITaOHBIN
KO3 (UILIMEHT, €r0 HEJTMHEMHOCTh U Ha CMEILIEHNE
HYJIS B IWAIA30HE U3MEPSIEMON YIJIOBOM CKOPOCTHU.
HMcnonnenue BTT-AYC ¢ xopnycoMm, cHaOXeH-
HBIM TPEXTOUYEUHBIM KPEIJIEHHUEM C BO3MOXHOCTBIO
YCTAaHOBKY aMOPTHU3UPYIOLIMX OIOP B TOUYKaX Kpe-
IJIEHUSI, CO3MaeT BO3MOXHOCTh IIOCTPOEHUSI TPEeX-
OCHOTO M3MEpUTEIbHOr0 MOmynasl (puc. 5, cM. BTO-
pPYIO CTOPOHY OOJIOKKU) AJISI CUCTEM OpPUEHTALIWH,
CTaOMIM3allMK1 M HABUTALIMU OOBEKTOB PA3IMYHOTO
npuMeHeHus (1151 aBTOMOOMJILHOTO, aBUAllMOHHO-
ro ¥ BOAHOrO TPaHCIOPTa, KOCMMYECKUX arrapa-
TOB, pOOOTOTEXHUKM), KOTOPbIE UMEIOT Pa3IMYHbIC
XapaKTEepUCTUKM yIApHOTO M BUOPAIIMOHHOI'O BO3-
JNEACTBUS Ha IIpUOOPHI U CUCTEMBI YIIPaBJIECHUSL.
KoHcTpykTUBHOE O0(OpMIIEHUE HECYIEU KOH-
CTPYKLIUY U3MEPUTEIbHOIO MOAYJS MOXET ObITh
BBITIOJTHEHO B COOTBETCTBUM C BapHaHTOM €ro
NpUMEHEHMS.

HccaenoBanne XapakTepuCTHK
Tounoctn BTT-1YC

OmnpeneneHue xapakTepuctuk TouHoctu BTT-
AYC npoBoauyiv ¢ IpuMeHEeHEM U3MEPUTETbHO-
ro MOAYJisl, HIOKAa3aHHOIO Ha pUC. 5, C IMAaa30HOM

n3MepeHust +650°/c u amamazoHOM TeMIIeparyp
skcruryatanuu -40...80 °C (ucxomst U3 muarna3oHa
9KCIJIyaTallMM 3JeMEHTHON 0a3bl, MPUMEHEHHOM
B 2JIEKTPOHHOM OJjioke). Llenblo McCreITaHUi SIB-
JISLIOCH OMpeAeeHUe CICAYIOIINX XapaKTePUCTUK
BTT-AYC:

— CTabUIBHOCTHh KO2((PUIIMEHTA Mepeaayn u
HYJIEBOTO CMT'Hajla B AMana3oHe TeMmIepaTyp 9KC-
TJIyaTalunu;

— ycroitunBocth BTI-AYC mon npeiicTBueM
yIapoB U BUOpaILIU.

3HayeHUsI BO3ACMCTBYIOIIMX (DAKTOPOB MPUHU-
MaJd B COOTBETCTBMY C HOpPMaMM MCIBITAHUI aHa-
JIOTUYHBIX MPUOOPOB, MpemHa3HAYEHHBIX IS DKC-
IUTyaTalliy Ha OOPTY JIeTaTeIbHBIX allllapaToB; Jha-
MMa30H YIJIOBBIX CKOpocTeit BosaeiictBug *180°/c;
temnepatypHoe BosaericTBue —20..50 °C ¢ marom
+10 °C; BuOpallMOHHOE BO3ACHCTBHE C YACTOTOM
10...2500 I'u, amnutymoit 9,81...15 M/Cz, ¢opma Bo3-
NEWCTBUS — CUHYC; YIapHOE€ BO3ICHCTBUE C aMILIHU-
Tynamu 59 m/c?, 147 m/c?, 441 m/c?, 981 m/c? mpu
pa3IMYHOM YHCJIEC YAAPOB.

Xapakrepuctuku BTI-AYC onpenensau mno
W3MEHEHMIO BBIXOAHOIO CHIHajla HE3aBUCHMO OT
TOTO, YTO MOCITYKMJI0 MPUINHOM €0 UBMEHEHU S —
U3MepsieMbI TmapaMeTp (yIjioBas CKOPOCTb) WJIM
He M3MEpPsIEeMBII TTapaMeTp (TeMIiepaTypa, yaapHoe
Uau BUOpallMOHHOE BoO3aeicTBUe). B Buay Toro,
YTO IMPOBEACHME WCIBITAHWI Ha OJHOBPEMEHHOE
BO3JelicTBUE BpallleHUus1 M BUOpauuu (ygapa) He-
BO3MOXHO Ha HCIIOJIb30BAaHHOM OOOpPYIOBaHUH,
MOJ YCTOMYMBOCTBIO IIOHHMMAETCSI HaXOXICHUE
BBIXOJTHOT'O CHTHaJja B JIOIMYCTUMOM AMAaIa30He BO
BpeMsI IEUCTBUS U TI0CJI€ CHSTUSI Harpy3KHU.

BoixomHoii curHan BTI-YC, skBuBaJIeHTHBII
CHUTHAaJIaM B LIEMTM 00PaTHOM CBSI3M KOMIEHCALIMU KO-
PYIOJIMCOBOI 1 KBaAPaTypPHOI COCTaBIISIOIIMX, PETH-
CTPUPOBAJICS IIPOrpaMMHBIM OO€CIieYeHUEM. YMHO-
>KEHUEM Ha ITOCTOSIHHBINA KO3(MOUIIMEHT MOKa3aHUS
BTT-AYC u3 eguHul Koga NMPpUBOASTCS K pas3Mep-
HocTtu [7/c]. B uenu npeodpazosanus BTI-IYC Ha
MOMEHT IIPOBEACHUSI WCIBITAHUI HE CONEPXKaauCh
KOHTYPBI KOPPEKIIMU TEMIIEPATyPHOTO BIMSHUSL.

IlocnenoBaTeIbHOCThL MPOBEACHUS BUIOB MC-
MbITAHU:

1) mpoBeneHHe HUCOBITAHWKM Ha BO3IEHCTBHUE
TeMIlepaTyphbl U BpallleHUSI — OIpeaesieHue CMe-
IIEHUS HYJIEBOIO CUT'Haja ¥ MOIPELIHOCTH KO3(-
duMeHTa repegadm;

2) mpoBeleHNWe HCIIBITAHUI Ha MEXaHMYeCKOe
BO3JICVICTBUE.

Hcnoimanusa na 6o3deiicmeue memnepamypbot u
eépauwjenus. llenbio MpoBeleHUST UCIBITAHUN SIB-
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JISLIOCh YCTaHOBJICHUE JAOCTUTHYTOrO Ha AAHHOM
ararne paboT YpOBHSI TOYHOCTU (PYHKIIMOHUPOBA-
Hug BTI-AYC npu m3mMepeHUUM YIJIOBOM CKOPO-
CTHM Ha pa3JMYHBbIX TeMIlepaTypax dKCIlyaTaluu.

HcnbiTaHuss mpoBOAMJIM HAa OZHOOCHOM ITOBO-
POTHOM CTOJIe, COBMEIIIEHHOM C TepMoKaMmepoit. s
KaXJI0l TeMIiepaTypbl UCIBITAHUS aJTOPUTM TIpO-
BeJICHUS ObIJ CJIENYIOLIMIA: BBIXOA TEPMOKaMephl Ha
peXHM CO CKOpocThIo He 0osee 1 °C/MUH, BBIIEpXKKA
He MeHee | 4, BpallleHWe B IMara30He YIJIOBBIX CKO-
pocreii ¢ maroMm 30 °/c ¥ 3aIMCHI0 BHIXOTHOTO CHUT-
HaJja Ha KaXJ0W yIJI0BOW CKOPOCTH He MeHee 2 MUH
MIPY 9acTOTe OOHOBJICHUSI MH(POPMALIK 00 YIJIOBOI
ckopoctu 500 I'm. Ha Temmeparypax —20 °C, 0 °C,
20 °C u 40 °C nomnoJHUTENbHO MTPOBOAUIIN 3aIUCh
BBIXOJHOTO CHUTHAJIa MPpU HYJIEBOMA YIJIOBOW CKOPO-
CTH CTE€HJa B TeueHHue He MeHee 2 Y.

[To 3amucsiM curHajga Ha KaXA0M M3 YTJOBBIX
CKOPOCTEU ompenensii Koa(G@UIumeHT nepenadyu
Ha Kaxoi teMnepaTrype. Ha ocHoBaHuM noydyeH-
HBIX JaHHBIX OMpeAeasiad KaK MOrpelIHOCTb KO-
a¢hduLMeHTa nepeaadyd Mpyu OIHON TeMIepaType,
TaKk U U3MeHeHHe KoadduliimeHTa rnepeaayun B nua-
nma3oHe teMmrnepatyp. I1py yrioBoit CKOpocTu CTeH-
Ja, paBHOW HYJIO, OMpPEACNSJICS HYJEBOW CUTHAT
BTI-1YC Ha kaxmaoi TeMrnepaType UCIbITaHUSI.

[TorpemrHoct koadduiiMeHTa mnepeaayyd Ha

Ak, - max(|o),-j - wpijl) ¥
Q

00, )

max
rme o — YymioBasg CKOpocTb, u3MepeHHass BTT-
HYC; i — 3agaBaemas Ha CTEHJIE YIJI0Bask CKOPOCTh
(—180...180 °/c ¢ marom 30°c); j — Temmeparypa uc-
nbitaHus (—20...50 °C ¢ warom 10 °C); Q. — Mak-
cruMasbHasl 3aJaBaeMasl yriaoBast cKopocTh 180 °/c;
®, — PacyYeTHOE 3HAYEHHE YIJIOBOW CKOPOCTH.
PacyeTHOe 3HayeHUME YIJIOBOW CKOPOCTH IS
KaXJ0l TemmepaTyphbl BO3AEWCTBUS OMpPEAeIsiu
no opmyie

o, = ko, + b, ()]
rae k — koadpuuuneHT nepegaun BTI-JIYC Ha
JAHHON TeMImeparype; o, — YIJIOBasi CKOPOCThb

cTeHJa; b — cMellleHWe HYJIeBOro CUIrHaja.

KoadpunueHTs! £ 1 b pacCUUTHIBAJINCh Ha OC-
HoBaHUU U3MepeHHbIX BTT-AYC 3HaueHuit yrio-
BOil CKOPOCTHM IO METOAY HAaMMEHbBIIMX KBaapa-
TOB IJIS1 KaXXI0M TeMIiepaTyphl.

Pesynbrarsl BHIYMCIEHUS HOTPEIIHOCTA KO3(-
(uumeHTa epegayn Ha TeMIlepaType MPUBEACHBI
B Tabu. 1.

[MorpemrHOCTb 3MEPEHMS YIJIOBOI CKOPOCTH Ha
TeMIIepaType OINpeacisan CACAYIOIUM 00pa3oMm:

TEMIIEpAType BBIYMCIISIIN 110 (OpMYJIe Ay =05 — 0.
Taboauna 1
Table 1

TlorpemnocTs K03(ppunnenTa nepenadd Ha TemMneparype
Scale factor error at temperature
Temmepatypa, °C —20 —10 0 10 20 30 40 50
[MorpeniHocth KoadduiimeHTa nepegadu, % 0,009 0,065 0,055 0,011 0,0015 0,011 0,015 0,033
| Aw, °/c Aw, °/c |
| 0,040 0,007 |
. -20 °C| 120 °C| .
| 0035 } 0,006 foo
I / I
| 0030 / 0.005 |
oo / —\ /|
! / 0,004 g N / !
0,020 N / \ / !
| / 0,003 |
oo / \/ \N/L| |
—

i 0,010 v 0002 V \'4 !
| 0,005 PN _—N_| / 0,001 l
| 0,000 0,000 |
: -180-150-120 -90 -60 -30 0 30 60 90 120 150 180 -180-150-120 90 -60 -30 0 30 60 90 120 150 180 :
| . °/, mp. e |
I Py € I
I I
: a) 0) l

Puc. 6. OTki0oHeHHe yrioBoii ckopocTu npu Temneparypax munyc 20°C (a) u naoc 20 °C (6)
Fig. 6. Deviation of angular rate at temperatures of minus 20 °C (@) and plus 20 ° C (6)
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Puc. 7. OTHOCHTeIbHASI MOTPelHOCTh K03 duuueHTa nepeaayn (a) U HyJaeBoro curiaia (6) or Temmeparypbl
Fig. 7. Relative error of the scale factor (a) and zero signal (6) over temperature

I'papuueckue pe3ynbTaTbl ITOTPEITHOCTU W3-
MepEeHUs YIVIOBOM CKOPOCTHM AJIsl TeMIepaTypax
—20 °C u 20 °C npuBeneHbI Ha puc. 6.

Ta6auna 2
Table 2
MMapameTpst BTT-IYC
Parameters of SVG-ARS
IMTapameTp —20 °C 0°C +21 °C | +40 °C
CryuaitHoe 0,035 0,022 0,0182 0,0185
OnyXmaHue, °/«/§
HectabunbHoCTb 0,2048 | 0,20016 | 0,1831 0,6139
HYJS, /4

Puc. 8. OTknonenus Aniana
Fig. 8. Allan’s deviations

IlonyyeHHBIE pe3yabTaThbl CBUIETEIBCTBYIOT
O BBICOKOW CTAaOMJIBLHOCTH KO3(pdUIIMeHTa TIepe-
Jauu Ipu PUKCUPOBAHHOI TeMIIepaType.

3HaueHus KO3 UIMeHTa nepenayu U HyJIeBO-
ro CUrHaja, IOJIyYeHHbIe IS KaXXKa0W TeMmIepa-
TYpBl, IPUBEACHBI HA puUC. 7.

B cootBeTcTBUM C puc. 7 MakcMMaJbHOE 3Ha-
yeHue Ak ~ 1,7 % (BbIUMCJICHUE MO BHIPAXECHUIO
(1)), oTKyna ciaenyeT HEOOXOMMMOCTh TeMIlepaTyp-
HOIl KOpPEeKIIMHU BBIXOAHOTO CUTHaJIa.

Ilo mauTenbHBIM 3anucsaM (~2 4) BBIXOTHOTO
CHI'Hajla Ha HENOIBMXXHOM OCHOBAaHUU IIPU TEM-
neparypax —20 °C, 0 °C, 21 °C, 40 °C paccuuTaHBbI
OTKJIOHeHUS AnaHa [12], BEIYMCIIEHHBIE TTapamMe-
TpHI TIpUBeIeHBI B Ta0a. 2. B rpadpuyeckom Bume
pe3yJIbTaThl BEIYMCIICHU S TIPpEeACTaBIeHBl Ha puc. 8.

M3 aHanusza mnpuBeAEeHHBIX HAHHBIX CJEAYET
BO3MOXHOCTb IIOCTPOEHUS Ha Oa3e paccMarpuBa-
emoro BTT-IYC cucrtem opueHTallMM U CTAOMIIN-
3allMM ¢ pabOTOM B TeUeHME HECKOJbKMX YacCOB.

Pe3zyavmamot ucnoimanuii na yoaprnoe 6o3oeii-
cmeue. llenbio MpoBeNeHUST JaHHOTO BUIa UCIbI-
TaHUH SIBJISIJIOCH YCTAHOBJICGHUE AOIIYCTUMBIX IJISI
JTAaHHOM KOHCTPYKTMBHOM peaiM3alluy Pe30HATO-
pa u anroputMmoB ynpasiaeHus BTI-JIYC amman-
Tyd YIOAapHBIX BO3ICUCTBUI B HAIIPaBJICHUU OCHU
YyBCTBUTEJIILHOCTHU U MEPIEHAUKYJISIPHO €il.

Peakuusa BTI-AYC (u3MeHeHHE BBIXOIHOIO
CMTHaja) Ipu JOeHUCTBUM MeXaHHMYEeCKOro yaapa
B HaIllpaBJICHUM M3MEPUTEIbHON OCHU C aMILIUTY-
ot 147 M/c2 B rpapuyeckoM BHUIE MpeIcTaBieHa
Ha puc. 9, a (CM. TPeThl0O CTOPOHY OO0JOXKM), AJIS
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aMIUUTyIbl yaapa 441 m/c?> — Ha puc. 9, 6 (cm.
TPEThIO CTOPOHY OOJIOXKKM).

Ha ocHoOBe pe3ysbTaToB UCIIBITAHUI Ha yIapHOE
BO3JEHCTBUE MOXHO CAENaTh CASAYIOIIE BbIBOIBI:

— C YBEJIMYEHHMEM aMIUJIMTYIBI yaapa yBelu-
YMBaeTCS aMIUIUTYyda BBIXOOHOTO CHUTHAaJja, HO He
MPONMOPLUMOHATBHO aMIJIUTYIE Yaapa;

— ymap ¢ amnautynou 441 M/(:2 SIBJISIETCS MaK-
CHMMAaJIbHO IONYCTUMBIM B HaIlpaBJICHUU H3Me-
puTenbpHON ocu sl maHHoro obpasua BTI-AYC
(uMeroTcs B BUAY KOHCTPYKTHMBHBIE pa3Mephl pe-
30HaTOpa M MapaMeTpbl KOHTYPOB YIIpaBJICHUS),
TaK KaK BBIXOIHOM CUTHAJI HAXOOMTCS MpaKTU4de-
CKM Ha TpaHulle aAuana3zoHa uamepeHus. I[IpeBbi-
LIeHWe aMILIMTYAbl yAapa NpUBOAUT K Hapylle-
HUIO B paboTe KOHTYpa Moaaep:KaHus KojieObaHuit
M, KakK CJEICTBUE, K MOTepe paboTOCIOCOOHOCTH
BTT-AYC. BoccraHoBieHUe pabOTOCIIOCOOHOCTU
BO3MOXHO TOJIKO IpU IMOBTOPHOM BKJIIOUCHUMU;

— (popma yaapHOro Bo3aeicTBus u (popMa BbI-
xonHoro curHaia BTT-IYC cyliecTBeHHO OTIU-
YalTCd M3-3a HaJIM4Yus JeMI(pepoB B y3aax Kpe-
MJIEHUS Kopiyca.

[IpoBeaeHue MCOBITAHUIT HAa yaapHOE BO3IEi-
CTBME B HampaBJICHUU OCHU, MEPHEHAUKYISIPHOU
U3MepUTeNbHOM, Moka3ano croilkocts BTT-AYC
B AMAaIla30He aMIUIMTYH yIapHBIX BO3IEUCTBUI 10
882 m/c?.

Pezyavmamot ucnoimanuii Ha eubpauuoHHoe
6o30eiicmeue. llenvlo TIpoBeAcHUS UCIBITAHUI
SBJISIJIOCHh MOJIy4eHHe MH(pOpMallMU O MOBEACHUU
pe3oHaTopa U KOHTypa MoAiaepXaHUs KojeOaHuit
npu aeiicTBUM BuOpauuu. Ha ocHoBaHMUM moy-
YyeHHOII MHMOpMallMU OIpeAeeHbl TOINYCTUMBIE
YAaCTOTHBIE M aMILIUTyIHbIE TpaHULBl BO3AcH-
CTBUSI, B KOTOPBIX BO3MOXHO (PYHKIMOHHPOBA-
Hue paspadboranHoro BTT-JIYC c¢ obGecrieueHuem
XapaKTEePUCTUK TOYHOCTH.

BubOpaumoHHble MCHOBITAHUSA TIPU MCIIOJIb30-
BaHUU 3JCKTPOAMHAMMUUYECKUX CTEHIOB COIIPO-
BOXJAIOTCS BO3ACHCTBUEM Ha UCIBITHIBAEMBIil
O0BEKT 2JeKTPOMArHUTHBIX IMomeX. s uccie-
nyemoro obopasua BTT-IAYC 3apukcupoBaHo yBe-
JIMYEHUE IIYMOBOM COCTABJISIOLICH B IISITh pas
(c 0,1 °c mo 0,5 °/c — pa3max) IpM BKJIIOYECHUU
ob0opynoBaHus B pabouynii pexxum 0e3 BUOpaIuu.
Illym nmMeeT HOpMaJIbLHOE paclipene/ieHue U He CO-
JIEPXKUT IOCTOSIHHOM COCTABJISIONICH.

HcnbiTaHusa Ha BO3AciicTBUE BUOpalUU IIPO-
BOIMJIM B HECKOJBKO 3TaIlOB: IEPBbIA — IIOMCK
pE€30HAaHCOB KOHCTPYKLMUU (ycKopeHue 9,81 M/Cz,
nuamna3zoH vyactor 10...2500 I'm); BTOpOIt — CTOII-
KOCThb Ha BO3IeWCTBUE BuOpamuu (yCKOpeHUe

9,81...98,1 M/Cz, nuama3oH dactoT 10..2000 I'm);
TPEeTU — CTOMKOCTh Ha BO3JEHCTBUE BUOpaLUU
(yckopenue 29.4..147,2 wm/c?, nMama3oH YacToOT
10...2000 I'1; ¢ OoJblIel CKOPOCThIO MPOXOXKIAESHU ST
OKTaBHI).

B mporecce mpoBeneHus MEepBOro 3Tara Bbl-
SIBJICH pEe30HAHC IeMII(PUPYIOIIEH OIOphI B AUA-
na3zoHe vactoT 300..450 TI'u. Ilpu nposeneHuu
HUCITLITAHUI HAa BTOPOM M TPEThEM 3Tallax B Iua-
na3zoHe 250...500 T'u amnauTyaa BUOpPALMOHHOTO
BO3IeCTBUS OblJ1a MUHUMU3UPOBAaHa.

PesynbraThl MCHOBITAHUN 10 BTOPOMY 3Tally
mpuBeneHbl Ha puc. 10 (CM. TpeTbIO CTOPOHY 00-
JIOXXKKHW). AHanu3 rpaguka IokKasblBaeT Hajuuue
YacTOT BO3JAEUCTBUSI, HA KOTOPHIX IIPOUCXOIUT CY-
mecTBeHHOe u3MeHeHue peakuuu BTI-IAYC, Ho
IIPY 3TOM KOHTYPOM YIIpaBJICHUS MOIIePXKUBACT-
cs pexXXuM paboThl. Hapsny ¢ 3TUM IpUCYTCTBYIOT
YaCTOTHI, IPU KOTOPBIX IPOUCXOAUT CPBIB PAOOTHI
KOHTYpa Moaaep>xaHus KojiebaHuIi, paboTa KOTO-
pOro caMOCTOSITeIbHO BOCCTaHABJIMBAETCS MOCIIE
W3MEHEHHUS YaCTOThI BO3AEUCTBUS.

CyluecTBeHHBIM oTanuneM peakuuu BTT-IYC
Py MPOBEAEHWU WCIBITAHUM Ha TPEThEM dTare
(puc. 11, cM. TpeTblO CTOPOHY OOJIOKKH) SIBJISIET-
Cs 3HAYMTEJBbHO OOJIbIIasl aMIUIMTYyda IITYMOBBIX
BCILJIECKOB B 00JIACTH MaJjbIX YaCTOT BO3IEHCTBUS
ot 10 oo 100 I'1.

Jnama3oHBl 4YacTOT YCTOMYMBOCTH K BHOpa-
uuu Ha puc. 10, 11 (cM. TpeTblO CTOPOHY O0JI0XK-
K1) 0003HAYEHHBI CIEOYIOIIUM 00pa3oM:

Ha puc. 10: 7 — 10...92 T, 2 — 500...560 T'u u
3 — 610...870 I'u;

Ha puc. 11: 1 — 10..38 T'm, 2 — 45..55 T'm),
3 — 150..200 T'u, 4 — 1615..1700 Tu u 5 —
1900...2000 I

AHanu3 pe3yJbTaToOB HCIIBITAHUSI Ha BUOpa-
IIAOHHOE BO3ICUCTBME ITOKa3aJ, 4YTO MMEIOTCS
Iuara3oHbl 4acTOT, IIPU KOTOPBIX COXpaHSIETCs
BubpoycroiiunBocts BTI-AYC. Jlng ero mnpu-
MEHEeHMSI BO BCEM AMaNa3oHe IIMPOKOMNOJOCHON
BUOpauuu HEOOXOAMMO BHECTH M3MEHEHMS JU0O0
B KOHCTPYKIIMIO pPe30HaTopa, JUOO B aJTOPUTM
yIIpaBJICHUS UM B 3aBUCMMOCTHU OT AUAIla30HA U
aMILINTYI BUOPALlMOHHOTO BO3AEHCTBUS.

3akioyenue

Pazpaboran BTI ¢ MeTaminyeckKuM pe30HaATO-
poM, padoraromuii B pexkume JYC. 'mpockon n3-
TFOTOBJICH B COCTaBe OIBITHON MapTUX Ha Cepuili-
HOM 3aBojie¢ 110 pa3pabOTaHHOM MM TEXHOJIOTUH.
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Ha cteHgoBoM 00OpyIOBaHWU OTHAENA MCITbI-
TaHUH TPOPUIBLHOIO IIPEANPUSITUS IIPOBEICHBI
ucneiTanusg BTT-1YC no HopmaM, aHaJIOTUYHBIM
ISl TIpUOOPOB, MpUMEHsIeMbIX Ha 0opTy JIA.

OmnpenelleHbl HYJICBOW CHTHaJ, CIydaliHOE
On1yXIaHWe BBIXOJHOIO CHMITHajJa M HeCcTaOuIb-
HOCTb ero MaciuTadbHoro ko3 duimeHTa ajis gua-
nmazoHa temneparyp ot —20...50 °C u guamazoHa
U3MEPsSIEMBbIX YIJIOBBIX cKopocTeir +180°/c.

IlonyyeHHble 3HAYeHUS XapaKTEPUCTUK TOU-
Hoctu BTI-AYC poctaTouyHBl [Jisl €ro IpuMe-
HEHHUS B TE€UEHME HECKOJIBKMX YacOB B CHCTEMax
OpUeHTALlMM, CTAOMIM3allMM YW HaBUTallUW s
00BEKTOB, MEXaHUYECKME BO3AEUCTBUS CO CTOPO-
HBI KOTOPBIX HE HapylIaloT BUOPOYCTONYNBOCTh U
yAapHYI0 IPOYHOCTh TMPOCKOIIA.

Jns IMHAMUYHBIX OOBEKTOB C OOJBbIINMU
3HAYEHUSIMM aMIUIMTYyObl W Auana3oHa 4YacToT
BUOpalii TOJydYeHHBIE PE3yJbTaThl MOTYT OBIThH
WCIIOJIb30BAaHbI [JISI OIpEeNelIeHUsI HaIllpaBiie-
HMI KOHCTPYKTOPCKOI HOpabOTKU pe3oHaTopa U
3JIEKTPOHUKH YIPABJICHUS IJIS 3aJaHHBIX 3HaUe-
HUMA MEXaHUYECKUX BO3MYILICHUMA.
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The article describes the methods and test results of a solid-wave gyroscope (SVG) — an angular rate sensor (ARS),
developed at the Department of Control Devices, Tula State University and manufactured by the serial plant of JSC
"Michurinsky Plant”" Progress "according to the technology it worked out. The metal resonator SVG-ARS is made of an
elinvar alloy and has a cylindrical structure of different thickness, the lower part of which, with a smaller wall thickness,
acts as a suspension for the upper cylinder, the resonator itself, which has a conical shape, providing better vibration
localization at its end edge. Technological manufacturing defects, different frequencies and variability, are eliminated by
balancing "by mass” based on the removal of excess metal at certain points on the end edge of the resonator. The electronic
module provides the second mode of primary and secondary oscillations of the resonator edge arising during rotation and
creates a signal to compensate for the Coriolis and quadrature components of the output signal at the nodes. The maxi-
mum amplitudes of the excitation and compensation signals do not exceed 10 V. Therefore, at large values of mechanical
influences, the compensation circuit may not work out the increased signal and the SVG-ARS loses its operability. The
total processing time of the compensation signal does not exceed I ps. The maximum power consumption of the electronic
module is not more than 4 W. When testing for mechanical and temperature effects, the norms were used that are typical
Jor similar devices (angular rate sensors) used on board aircraft. The tests were carried out on the bench equipment of a
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specialized enterprise. The stability of the zero signal and the scale factor was determined under the simultaneous action
of the measured speed and temperature on the SVG-ARS. The values of the random walk and the instability of the zero
signal were obtained from the Allan deviation plots. Their values provide a basis for the conclusion about the possibility of
using the developed SVG for several hours on board dynamic aircraft in orientation, stabilization and navigation systems.
1t was found that SVG-ARS possesses impact strength and restores its measuring ability after impact. Tests for vibration
resistance revealed resonance frequencies and frequency ranges in which the tested VTG-DUS sample can be used without
significant modification. The results of vibration tests can be used to refine the design and control electronics for the oper-

ating conditions of a particular aircraft.

Keywords: wave solid state gyroscope, rotation, temperature, shock, vibration
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YnpaBnsemoe nameHeHue rabapuTtHbIX pa3mepoB
cnyckaemoro B atmoccepe Mapca kocmmnyeckoro annapara
ocecuMMeTpPUYHON hopmMbli

Paccmampueaemces ynpasasiemoe usmeHnenue 2abapumublx pasmepoe cnyckaemozo ¢ ammocgepe Mapca Kocmuueckozo
annapama (KA). Lleavro pabomur aeasiemcs noayuenue mMemoouKu pacuema Macco8vix U Macco80-2e0MempuveckKux xXapak-
mepucmux KA npu uzmenenuu e2o eabapumusix pasmepos, obecneuugaoueli NaccugHoe ynpasierue yei060i CKoOpOCMbio HA
amane chycka OGHHO20 KOCMUYECK020 annapama 6 paspsjicenHol ammocgepe. B npoyecce pewenus dannou 3adauu eviuuc-
AAOMCS 2eoMempudecKue U Maccoso-eeomempuveckue xapakmepucmuku cnyckaemoeo KA (ob6sem, naowads nonepeunozo
cevenus, momenmol unepyuu). Ilpednosazaemcs, umo 3a0HAs1 OmMHOCUMEAbHO Habezaloujeco nomoka eéneuwnas gopma KA
npedcmaensiem coboi 00HONOAOCMHbLI 2UNepboAOUO 8PAULEHUS, USMEHAIOWUN C80U 2abapumHble pasmepsl 8 npoyecce CnycKa
KA 6 paspsascennoti ammocpepe Mapca. B pesysvmame pewenus 3adauu HeAUHEHH020 NPOPAMMUPOBAHUSA NOAYHEHbI UCKO-
Mble MUHUMAAbHbIE U MAKCUMAAbHbIE 3HAYEHUS 2AAGHbIX 0CEEbIX MOMEHMOE8 UHepyuu, cnocoocmeyiowux packpyvueanuio KA
OMHOCUMENbHO NPO00AbHOU ocu cummempuu. Mcxo0HbiMu OaHHBIMU NPU peuleHuU 3a0a4u HeAUHEeUH020 NPO2PAMMUPOBAHUS
AGAAIOMCA MUHUMAAbHbLU BHYMPEHHUT 006eM U MAKCUMAAbHAS NAOWA0b RONEPeYH020 ceHenus sunepboaouda, paccuumoléa-
emble Ucx00s u3 eabapumublx pasmepos peaivhozo KA. Cihopmynruposana memoduka pacuema maccogvlx U Maccogo-2eome-
mpuueckux xapakmepucmux KA npu usmenenuu e2o eabapummuolx pazmepos, N0O360AA0OUASL OCYULECMBAIMb YAPABLEHUE 3HA-
yeHueM yen060u ckopocmu cummempuunozo KA 6 pazpaxcennoii ammocghepe Mapca b6e3 npumenerus 60pmosvix peaKmueHvLx
deucameneii. B uacmuocmu, ¢ pabome noka3vleaemcs, Ymo Npu Y8eAUHeHUU GbiCOMbL 2UNepooaoUOa NPOUCX00UM YMEHbULeHUe
MOMEHMAa UHepuuu OMHOCUMENbHO NPodoabHoU ocu cummempuu KA, conposoxcoaroueecs ygeiuveHueM MOMEHMO8 UHEPUUU
OMHOCUMeNbHO nonepeynvlx oceli cummempuu. Caedyem ommemums, 4mo 6 IMOM CAy4de HPOUCXO0UM y@eiuyeHue yea080u
ckopocmu epauenus KA omuocumenvno npodoavHol ocu, komopoe noseonsem docmuuv ycmouuueou opuenmayuu KA npu
6x00e 6 ammocghepy. O0nako 6oaee nodpobHOe uccaedo8anue OUHAMUKU OMHOCUmMeAbHo20 deudicenuss KA ¢ usmensemoi gpop-
MoU 6 ammocghepe 6bix00um 3a pamku 0aHHOU padomol, HO OHO MOJcem Obimb NPeOCMAasAeHO 8 OAAbHeUUX NYOAUKAUUAX.

Karwueevie caosa: kocmuueckuil annapam, eunepﬁoﬂou@, MomeHm uHnepuuu, HeauHeliHoe npoepammupoeadHue, ynpaejiernue,

uU3MeHsemble 2abapummubsle pamepsl, yeA08as CKOPOCMb, GHEUHASL popma

BBenenne

M3BecTHO, 4TO crycKaeMble KOCMUUYECKHE arl-
napatel (KA) nmpumeHsIIOT OOpTOBBIE paKeTHBbIE
JBUTATEJM B KAueCTBE TOPMO3HBIX YCTPOWMCTB M
YCTPOMCTB ympaBieHusi opueHTanuein KA mpu
cnycke B atmocgepe Mapca. B gaHHoit paGoTte
IJ1s1 obecrieyeHrs CTaOUIbHOI OpHMEeHTALMU IIPU
BXol¢ B aTMoc(depy HpUMEHsIeTCs YIpaBisieMoe
ndMmeHeHue ¢GopMmbl KA. CokpauieHue Macchl
KA, obycioBieHHOEe YMEHbILIEHUEM Yuciaa 00pTo-
BbIX PEaKTMBHBIX JABMIaTeJeld M 3amacoB TOILIM-
Ba K HMM, MOJIly4aeMoe B 3TOM CJydae, MO3BOJIUT
YMEHBIIUTh CTOUMOCTh MUCCUU UJIU TIPEIOCTABUT
BO3MOXHOCTb OTIIPAaBUTh Ha IOBEPXHOCTH Map-
ca MoJie3HbI I'py3 OoJblieit Macchl. [IpuMeHeHue
KA ¢ nuamensieMoit popMoit ayist obecnedyeHus: a@-
(beKTUBHOTO TOPMOXKEHUST MU TOCTUXEHUS CTa-
OMJILHOM OpMEHTAllMM pacCcMaTpUBaJIOCh B LIEJIOM
psaae nmyoaukaluii, HarpuMmep, B padorax [1, 2].

B nanHoii pabore paccMaTpuBaeTcsl METOAMKA
U3MEHEHMs TabapUTHBIX Pa3MEpPOB KOHCTPYKLIUU
cnyckaemoro KA, yacTe KoTOpoil mMeer Gopmy

OIHOIIOJIOCTHOTO TuIlepOosonaa BpallleHUs. DTa
METOAMKA MOXET NPUMEHSITbCSA IJII MUHUMMH-
3allMM WJIM MaKCHUMHU3ALUM COOTBETCTBYIOIINX
[JIABHBIX OCEBBIX MOMEHTOB MHepuuu KA B 1einsx
YBEJIMYEHUS UM YMEHbBIIEHUS YIJIOBOI CKOPOCTHU
KA 6e3 ucnonb3oBaHUS OOPTOBBIX PEaKTUBHBIX
nBurarteneit. JIasi OOCTUXXEHUS YKa3aHHOM LI
pelaeTcs 3aJada HEJIMHEHHOro IPpOrpaMMUPO-
BaHMSsI, TO3BOJISIONIASI paCCUMTAaTh UICKOMbBIE I'e0-
METpHYECKHE 1 MAacCOBO-T€OMETPUUYECKUE XapaK-
TEPUCTUKM paccMaTpuBaeMoro cryckaemoro KA.

B pabGote comepxKuTCsl MOCTAaHOBKA paccMaTpu-
BAEMOM 3a1a41 HEJIMHEAHOIO0 IpOrpaMMUPOBAHU .
IIpuBonsiTcs opmynbl AT pacyeTa TeoMeTpuye-
CKMX M MacCCOBO-I€OMETPUUYECKUX XapaKTePUCTUK
OIHOIIOJIOCTHOIO THIIepOoJonaa: TIJIaBHBIX IIEH-
TpaJbHBIX OCEBBIX MOMEHTOB MHEPLUU, 00beMa U
IUIOIAAM IIONepedyHoro cedeHus. OmucaH METO.
BBIYMCJICHUSI XapaKTEepUCTUK TuilepOoonma IIpu
U3MEHEHUHN ero rabapuTHHIX pa3MepoOB METOIOM
HeJIMHEWHOro IporpaMmmupoBaHus. IlpemcraBie-
HBI YUCJICHHBIE Pe3yJIbTaThl PellleHUsI 3TOM 3a1aun
U COOEPKUTCSI METOIMKA pacyeTa MaCCOBBIX M Mac-
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COBO-TEOMETPUYECKUX XapakTepuctuk KA. B 3a-
KJIIOYUEHUM OOCYXIAIOTCSI OCHOBHBIE PE3YJIBTaThl
paboTHI.

Onucanue KOCMHYECKOTO anmapara

HMcxonHble MacCOBO-reOMETPHUUECKHIE XapaKTe-
puUCTUKHU (Macca M rabapuTHBIE pa3Mephl), a TaK-
K€ KOHCTPYKILMS paccMaTpUBaeMoro B paboTe
cnyckaemoro KA cOOTBETCTBYIOT CITyCKaeMOMY
KA Mars Polar Lander.

KA Mars Polar Lander cocTouT M3 cleayro-
IMX YacTel: HUXHSS 4YacTh (TErao3allMTHBIU
1IXT), BHYTPEHHSS YacTh (IIOCAOOYHBIN armapar)
Y BEPXHSIS 4acThb.

Bepxussa yacte KA Mars Polar Lander nmmeer
¢opMy KpyroBOro ycedeHHOro KoHyca. B manHoi
paboTte mpedrojaraeTcsi, 4YTo BepxHssa 4yacTb KA
uMeeT (OpMYy IIOJOBUHEI ITOBEPXHOCTU OMTHOIO-
JIOCTHOI'O OOHOPOOHOTO TuMepOoJonaga Bpalle-
HUS C TabapUTHBIMU pa3MmepaMu a, ¢ U h (puc. 1).
B mpencraBiieHHO# 3amaue IepeMEHHbBbIE BEIUYU-
HBl @ U ¢ TIpeTepreBaloT U3MEHEHNE IIPU U3MEHe-
HHUU BBICOTHI BepxHei yacTtu #. OTMETUM, 4TO T10-
BEPXHOCTH OJHOIOJIOCTHOIO T'UIIepOO0JIOMIa MOXET
OBITh IIOCTpPOEHA, HAIlpUMEpP, IMyTeM COEAUMHEHMUS
JIBYX KOHIEHTPUYECKUX BEPTUKAJIbHO CMEIIEHHBIX
KOJIell, COeAMHEHHBIX HAKJIOHHBIMU CTEPXHSIMU.
Takass KOHCTPpYKIIMSI MOXET pacIIMpPsITbCS U CKJla-

Puc. 1. Koncrpykuus cnyckaemoro Ha Mapc anmapara Ha mpu-
mepe KA Mars Polar Lander

Fig. 1. The design of the spacecraft descent to Mars on the ex-
ample of the Mars Polar Lander spacecraft

JIBIBAaTbCS, KOTIa OMHO KOJIBIIO TOBOpauyuBaeTCs
OTHOCHUTEJIBHO IPYTOro Ha HEKOTOPhIH yroi [3, 4].
HcxonHblil 06beM BepxHel yacTu V' 1 ucxomHas
TUIOLIAIh TIOTIEPEUHOro ceyeHus S COOTBETCTBYIOT
rabaputHbeIiM padmepam KA Mars Polar Lander [5],
nmerolero (GopmMy KpyroBoro ycedeHHOro KoHyca
¢ BoicoToit A = 1,02 M, ¢ pamuycoM TeIJIO3alluT-
HOro wuTa r; = 1,2 M, ¢ paaiuycoM BEpXHEro Mo-
nepevyHoro ceueHus r, = 0,19 M. I3 atux nanHwix
MOXHO paccuuMTaTb MUMHUMAJbHBI O0BEM U MaK-
CHUMAaJIBHYIO MJIOIIAbh MonepeyHoro ceyeHuss KA:

V= %hvf +rp+r3) =1,8202 M7 = Vs

S=nR2  =n-122=45239m° =S

max max:*

ITocTanoBka 3agaun

TpaIMLIMOHHBIM IOAXOAOM IIpU YIIPaBJICHUU
VIJIOBOM CKOPOCTBIO cItyckaeMbix KA saBisieTcs
MpUMEHEHNEe OOPTOBBLIX JABUTATeNeil, OIMMCaHHOE,
HampuMmep, B padore [6].

Cnenyer OTMETUTD, YTO MPU YIIPABICHUM YIJIO-
Boii ckopocThio KA TakXke 4acTo MPUMEHSIOTCS
YCTPOMCTBA, OCHOBAHHBIE HAa TMPOCKOIIMYECKUX
WIM MaTHUTHBIX IIpUHOMIIAX JeiicTBust. Ha-
npuMep, B padbore [7] paccmarpuBaiach cHUcTeMa
yIpaBJieHUsI opueHTauuei apukenns KA otHocu-
TEJIbHO LIEHTpa Macc, ba3upyroniasicsa Ha IpuMeHe-
HUU IBUTaTeleli-MaxoBUKOB. [1pu 3TOM Ipeamoa-
rajochb OCylLIECTBJICHNE COBMECTHOI'O YIIPaBJICHUS
10 yIJIaM OPMEHTAIIUU U 110 YTIIOBOI cKopocTu KA.
OmHUM U3 IIPUMEPOB MCIIOJIL30BAHUS MAarHUTHOMI
cUCTeMBI yrpaBieHus opueHtanuein KA saBisgercs
METOJ, OITMCAaHHBIN B padbote [8§].

B nanHoli paboTe paccMaTpUBaeTCs IMACCUBHOE
yIpaBJIEeHUE YTJIOBOI CKOPOCThIO cityckaemoro KA
B LeasIX oOecrneyeHUsl ero CTaOUJIbHOM OpHEeHTa-
LIMM Ha 3Talle ero IBUXXEHMS B pa3psSKeHHOM aT-
Mocdepe. YrpaBieHHEe YIVIOBOM cKopocThio KA
MIPOBOIMTCS MOCPEICTBOM U3MEHEHUSI TabapUTHBIX
pa3MepoB BepxHeil (110 OTHOLIEHUIO K Haberalole-
My HOTOKY) 4yacTu Koprnyca KA, umeroliero ¢opMmy
OIHOITOJIOCTHOTO TuIepbononga BpaiieHus. [lpu
5TOM PACCUYMUTHIBAIOTCS 3HAYCHUS TEOMETPUUECKUX
1 MacCOBO-TEOMETPUUECKUX XapaKTepucTuk KA,
MoJjy4yaeMble IIpU U3MEHEHUHU ero rabapuTHHIX pa3-
MepoB. [is1 onpenelieHUsT 3HAYEHUI TeoMeTpuYe-
CKMX Y MAacCOBO-T€OMETPHYECKUX XapaKTePUCTUK
KA pemraercs 3amaya HEJIMHEMHOTO MpOrpaMMu-
poBanus. Hua onucanusa asukeHus KA oTtHocu-
TEJIbHO LIEHTpa MacC IPUMEHSIETCS IJIaBHasl CBSI-
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3aHHas cuctema koopauHat XYZ. Ochk Z maHHOM
CHUCTEMbI KOOPIAMHAT SIBJISIETCS MPOAOJBHON OCBIO
CUMMETPUU KOHCTpyKIu KA.

JIst yrpaBjieHWsT YIJIIOBOM CKOPOCThIO ®, KA
TpedyeTcs AMO0 YNpaBisATh 3HAYCHUEM MOMEHTA
M, nu60 u3MeHATL MOMEHT uHepuuu I, (a, c, h),
JIMOO OCYIIECTBJISATh COBMECTHOE U3MEHEHME 00€-
MX 3TUX BeJIMUYUHBIL. B paborax [6, 7] 3HaueHUEeM
MOMeHTa M, YNpaBjisiu TOCPEACTBOM UCIOJb-
30BaHUSl OOpPTOBBIX nBuUratesieit. B maHHoM wuc-
cleOBaHUU MpeAroJaraeTcs ynpapiasaTh YIJI0BOW
CKOPOCTBIO ®, TIOCPEACTBOM M3MEHEHUsI MOMEHTa
unepuun I, (a, ¢, h), HabIOIAEMOrO NPU U3MEHE-
HUU rabapuTHBIX padMepoB KA.

3HavyeHUe YITIOBOM CKOPOCTU ,(f) ONpenenseM
U3 3aKOHA COXpPaHEHU S KMHETUYECKOTO MOMEHTA:

(I, (a,e,ht)+ 1 ) (1) = (a,c,h,0)+ I 5)o_(0).

3nech ®,(0) — M3BECTHOE HAYaJbHOE 3Haye-
HHE YIJIOBOI ckopoctu . (f); I(a, ¢, h, 0) — u3-
BECTHOE HayaJIbHOE 3HAYCHUE MOMEHTA MHEpPLUU
I(a, c, h, 1); I, — HEU3MEHAMBIN U3BECTHBIA CyM-
MapHBIii MOMEHT MHEPLMH [I0CaJOYHOro amnmapara
M TEIIO3ALIUTHOrO IIUTA OTHOCUTEIBLHO OCHU Z.

CrenoBaresibHO, yIJIOBask CKOPOCTh , paBHa

o (1) = ,(a,c,h,0)+ 1 )0, (0)/(,(a,c,ht)+ 1 5).

B uensax omnpeneneHWsT MCKOMBIX BEIWYMH
V mu §, a Takxe OIS HAXOXICHUS BEIMYNHBI
I(a, c, h, ) nna KA, numeromero BepxHIO 4acTh
KOHCTPYKIUM B (hOpMe OIHOIIOJOCTHOIO THIIep-
0osonma ¢ M3MEHSIEMBIMHM TrabapUTHBIMHM pa3Me-
pamMu, chopMynupyeM 3agady HEJIMHEINHOIO IIPO-
rpammupoBanus (HJITT). 3amaua HIJIIT wmoxeTt
OBITH copMyTMpoOBaHA CJIEAYIONIMM OOpa3oM:
HAWTU BEKTOP IMapaMeTpoB x' = (g, ¢), TaKoi,
YTOOBl MWHMMU3UPOBATh CKAJISIPHYIO IIEJIEBYIO
bynxkumio I, (a, ¢, h) 114 Kax10ro 3Ha4e€HUS Bbl-
cotel KA h, yauTeIBasg 3aJaHHBIE OTpaHUYCHUS
Ha 00beM V u miomanb MONepeyHoro ceueHus S
MOJIOBUHEI TTIOBEPXHOCTHU OAHOIIOJOCTHOTO TUIIeP-
OoJsiona BpallleHUS:
min 1, (a,c,h),
a,c

VZ2V.iin

0<S5<S

3necs V' — 310 06BEM TUnepbononna (aas 1/2
ero 4yactu); V,;, — 3alaHHOe MUHUMAJIbHOE 3Ha-
YyeHue BHeIIHero oobeMa rumnepbosonaa (aisg 1/2
€ro 4acTu); S — IJIOIIAAb IOIEePEYHOTO CCUCHMS
rurepo6oI0oMaa B HauOOMbIIeM HUXHEM CEUCHUMH,

pu

)

max-*

rae 7 = h (B HanOOJbIIEM 10 MJIOLIAAN CEUYCHUH,
NEPNEHAUKYISIPHOM OCU Z); Spax 3aJlaHHas
HauOoJIbIIAS TUIOLIAAb TTOMEPEYHOTO CeYEHU S TU-
nepGonouna, S, =nR2.; Ry, — Paauyc mo-
BEPXHOCTH C TEIMJIO3AIIMTHBIM MOKPBITHEM.
Ycnosue V > V,;, OTpaHUYMBAET CHU3Y O0BbEM
runepooyona 3HaueHueM obowveMa V., 3aHUMa-
€MOro BHYTPEHHUM OOPTOBBIM OOOPYIOBAHUEM.
Ycnosue § < S, 0O0ecreunBaeT He MPEBBILLIEHUE
HauOoJIbIIEH TUIOLIAAM TIOMEePEUYHOro CeYeHUsI
Sinax» PABHOM IJIOLIANM TEPMO3ALLUTHOTO LIUTA.
CylIecTBYIOT HECKOJIBKO Pa3HbIX METOAOB pe-
mwenus 3agadyu HJIIT (1) [9—20]. OctaHoBUMCS
Ha OPUMEHEHUU AJSI pellieHUs] JaHHOW 3ajayu
MeTola 00Xxoma y3JIOB MPOCTPAHCTBEHHOW CETKHU
[10]. DTOT MeTOH 3aKJ0YaeTCs B CICAYIOLIEM: IJIST
KaXkJ0l HEM3BECTHOW BEIWYMHBI @ UJIU C yCTa-
HaBJIMBaeM ONpeaeSIeHHbIA NHTEPBAT N3MEHEHU S
JaHHBIX BeJIMUYUH. JIIg BeIUUYMHBI @ 3aaeM OT-
pe3ok [—A, A] wau nis BEAWYMHBI ¢ 3alaeM OT-
pesok [—C, C]. danee BeIOMpaeM HadYaJIbHYIO TOY-
Ky C MUHUMaJbHBIMU KOOpAWHATAMU a = —A, U
BBIUUCIISIEM B HEeWl MCXOAHOE 3HaueHWEe IeJeBOMU
¢byukuuu I,(a, ¢, h). 3aTeM yBeaIuYuBaeM 3Haue-
HYE OJHOW M3 KOOpAMHAT HA 3aJaHHBIM WHTEp-
BaJl, a OCTaJibHbIe KOOPAWHATHI OCTaBJSIEM TeMU
xe. Takum 00pa3oM, OCyIIECTBISIETCS TEPEXO] OT
OMIHOM TOYKM K APYrou (Ha wmar Aa uau Ac). s
HOBOI TOYKM TaKXXe MPOBepsieM MPUHAIIEXKHOCTh
K HYXHO# o0nacTtu (yIOBJIETBOPEHHE CHUCTEMBI
orpannueHuit (1)) m BbIUMCASEM (GYHKIIMOHAI
I, (a, ¢, h) npu 3anannoii Beicote KA h. Jlanee
CHOBA yBEJIMYMBaeM BEJIMUUHY g WUJIU ¢ HA UHTEP-
BaJl U MoBTOpsieM pacueT u T. A. [locie mocTuxe-
HUSI TPaHUIIBI 00JIACTU MEHSIeM 3HayeHue 11ara u
CHOBa OT HayaJIbHOM TOYKM JIBMXKEMCS IO KOHILA
obylactu U T. 1. B pe3yabraTe HaXoAWM 3HAYEHMU S
min [/, (a,c,h).
a’cl'lplxl pemieHun 3amaun  HIJIIT (1) Benwvu-
Hbl /4 3aJaeM B BMJE€ BEKTOpa M3BECTHBIX JJIMH:
h={h, hy, hs,..}. Tlpu >TOM 3HAYEHUS BBICOTHI
onpenessieM TOCPEICTBOM CIEAYIOIIe JTMHEeHHON
MPOrpaMMHOI 3aKOHOMEPHOCTU: h = hy + ht. 3nech
hy — U3BECTHOE HAYaJIbHOE 3HAYEHUE BBICOTHI BEPX-
Helt gacty Kopiryca KA; 4 — m3BecTHOE MOCTOSTH-
HOE 3HaYeHUe CKOPOCTU U3MEHEHU S BbICOTHI.

Pemenune 3a1aun HeJJMHEAHOTO
NpOrpaMMHPOBAHMSA

Hns pewenus 3amauu HIJIIT (1) TpeOyercs
OIpelIe/IUTh I'eOMETPUUECKHEe M MacCOBOTO-T€O-
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METPUUYECKUE XAPAKTEPUCTUKU OFAHOIOJIOCTHOTO
runepoosona BpalleHUs, a WMEHHO, (opMy-
JIBl A7 00beMa, AJIS TJIaBHBIX OCEBBIX MOMEHTOB
WHEPUUU U IJS TUIOLIAAU TOMEPEYHOTO CEUYCHU S
rumnepooIonaa.

Hwuxe npencraBiaeHbl (GopMysnsl g 00bEMA,
TJIOIIAAY TIOTIEPEYHOTO CEYCHUS 1 MOMEHTOB UHEP-
IIUA OTHOIIOJIOCTHOTO THUTIEPOOJIONIA BPAILICHUS:

* yYpaBHEHWE MTOBEPXHOCTH

2

[N}

2
X y Z
P AR . 1 2
a2 a2 02 ( )
¢ Jnomangb InonepeyHoro CCYCHUA
a 2
S = n(—j (h?+c?); 3)
C

* 00BbEM MOJOBUHBI TMIEPOOIOMAA BpallEHU S
nh a)’
V:—(3cz+h2)(—j : 4)
3 c

* TJIaBHBI€ OCEBbIE M LIEHTPOOEXKHBIE MOMEHTHI
WHEPLUU TOJOBUHBI I'UIlepOoonIa BpallleHUsI

4 5
pa'n(h’ 2 .
]ZIZF ?+§C2h3+c4h 5 (5)
2 5 213
pa‘n|h> c°h
=2 i
s o (6)
. P4 f vz v ethl;
4¢* | 5
Ixy1=1le=1yzl=0' (7)

JamnuiineM JeBble YacTU HEPaBEHCTB 3adayu
HJIII (1) B BuIe COOTBETCTBYIOMIUX (POPMYIT IS
OTHOPOIHOIO OAHOIIOJOCTHOIO Trumepooaouaa
BpallleHUsI, UMEIoIIero oobeM V, Iiomanb Iore-
PEYHOro ceyeHus S U MOMEHT uHepuuu /. B pe-
gynbpTare noayuum 3agayy HIIII B Buge

. patn( KW

min
a,c

2¢4 |5

2

Th (302 +h2)(£j
3 c

2
0< n(ﬁj (h*+c?) < S, ..
Cc

+%C2h3 +cth ;

> Vmin;

@)

3agaua HIITT (8) pemraercs ¢ MoMollblo IPO-
rpamMmMmHoro npuaoxeHuss MATLAB. 3anmauy (8)
pelraeM Ha MHTEepBase BoIcOThl KA 4 ot 0,67 M 10
he M, tne hy =3V, /Smi,. HeussecTHbie Benu-
YUHBL @ U ¢ MEHSI0TCs B auanaszoHe ot 0,1 1o 2 M.
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Puc. 2. 3aBucumocTn MOMeHTa HHepUUH [;  MOMEHTOB MHEPIHHA
I, = I, onHONONOCTHOTO TUIEPGONIONIA OT €0 BHICOTHI

Fig. 2. Dependences of the values of the moment of inertia I; and
the moments of inertia I,; = I,; of a one-sheet hyperboloid on its
height

Ha puc. 2 moka3zaHbl YKMCJICHHbBIE PE3YJIbTAThI
B BUJIE 3aBUCMMOCTEI 0CEBOI0O MOMEHTA UHEPLNU
I,; OIHOIOJIOCTHOrO rUNepooIonia OT €Ero BHICO-
ThI 4. 3aMETUM, UYTO MOMEHT MHEPLUU IIPUHUMAET
3HayeHust or 262 1o 150 kr-m? Ha WHTEepBaje U3-
MeHeHus BeicoThl oT 0,67 mo 1,2071 m.

3aBUCUMOCTA  OCEBBIX MOMEHTOB MHEpLUU
I, =1, ot BbicoTbl KA mpencTaBieHbl Takxke Ha
puc. 2. JlaHHBIe MOMEHTBI MHEPLU YBEIUYNBAIOT-
cst ot 360 10 710 Kr-m? MpY YBEJIWYEHUU BBICOTHI
KA h ot 0,67 no 1,2071 M. MoMeHT uHepuuu I
aMIpoKCUMUPYETCS ypaBHEHUEM BTOPOTO MOPSAIKA:

I, = 0,3284h% —0,9894/h +1,3183,
a MOMEHT MHepUUU [, annpoKCUMUpyeTcs ypas-
HEHUEM TPEThero MOpsIIKa:

I.=1,=-5352h%+2996,4h> —3476,1h +1511,8.

ODTU COOTHOLIEHUS] MOXHO IPUMEHSITH IIpU
MaTeMaTUYeCKOM W YMCICHHOM MOJEIUPOBAHUU
BpaluaTeJbHOro aBuxeHus KA.

M3 puc. 2 cienyeT, 4TO MpU YBEIUYEHUU BbI-
corbl KA MomeHT uHepuuu [, ymeHbinaercs. Ha-
IPOTUB, MOMEHTBI MHepuuu [, =1, mnpu 3TOM
yBeauuuBamTcd. CornacHo onMCaHHOM BhILIE 3a-
KOHOMEPHOCTH [JISI YTJIOBOM CKOPOCTH ,(f) TIOJTy-
yaeM, 4TO IIPpM BXOJE B pa3psKeHHYIO aTMochepy
nocjie ypeauuyeHus BbicoThl 4 KA mpuobpereT
TIOTIOJTHATENBHYIO YTJIOBYI0 CKOPOCTh OTHOCH-
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TeJAbHO ocH Z. [eiicTBUTENbHO, eciu Ha KA aeii-
CTBYET TOJbKO I'PAaBUTALIMOHHBI MOMEHT, TO MpHU
I, =1, OTHOCUTENbHO OCH Z Oy/ieT BBIMOIHSITh-
Csd 3aKOH COXpaHEHWsI KMHETMYECKOTO MOMEHTA,
onucaHHbIW Beilie. Ilpu stoMm, eciu KA opu-
€HTUPOBAaH MO HaberamwlleMy MOTOKY, TO TaKoe
YBEJIMYEHUE YTIJIOBOW CKOPOCTM OTHOCHUTEIBHO
ocu Z OyneT cnocoOCTBOBATh MOMACPXKAHUIO 3a-
JaHHOW OpUEHTAllMU TIPU JaJbHEHIeM CIyCKe B
atMocaepe.

Ha puc. 3 noka3zaHbl 3HaYeHU S TIEPEMEHHBIX TU-
nepbojionaa a u ¢, onpeaeasione MUHUMaIbHOE
3HAYEHME OCEBBIX MOMEHTOB MHepUMU [, ¥ 3Ha-
YCHUsS MOMEHTOB wHepuuu [, =1, 3HauyeHue
MepeMeHHOU runepooyionia @ Ha puc. 3 yMeHbla-
ercs ot 0,8 mo 0,6 M, a 3HayeHHe MePeMEHHOM T'v-
nepbonouna ¢ ysenuuupaercs ot 0,6 mo 1,15 M ipu
yBeIU4eHUH BHICOTHI A oT 0,7 mo 1,2071 M.

Ha puc. 4 mokazaHa 3aBUCUMOCTb 00beMa OJTHO-
MOJIOCTHOTO TUmepodoonaa ot ero BeIcoThl A. Cre-
JIyeT OTMETUTD, YTO 00BEM TUIepOOIonIa YMEHb-
11aeTCsl MpHU TOBBIIIEHUU BBICOTHI A. YKa3aHHBIU
06BbeM yMeHbIIaeTcs ot 5 M2 1o V.. = 1,82 m> Ha
BBIOpAaHHBIX 3HAYEHUSX BICOT KA.

Ha puc. 5 mokaszaHa 3aBUCUMOCTH ILJIOLIAAU
HauOOJBIIEro MOMePEeYHOro ceyeHus runepooso-
uaa oT BeICOTHI A. [1pu yBennueHU U BLICOTHI /i 3Ta
MJI01Ia b MOMEPEYHOTO CEYSHUST YMEHBIIAETCs OT
S = 4,52 M 10 ManbiX BEJIUYMH, HE UMEIOIIUX

max
IIPAaKTUYCCKOTO 3HAYCHMAA. OTMCTI/IM, 4TO H3MCEC-
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Puc. 3. 3aBucuMoOCTh 3HAYEHHS MEPEMEHHBIX OJHOMOJIOCTHOTO
runepooJoua a M ¢ OT BLICOTHI &

Fig. 3. Dependence of the values of the variables of a one-sheet
hyperboloid a and c on the height &

HeHUEe (POPMBI MOMEPEYHOTO CEUCHU S TUTIEPOOIIO-
W14, PACIIOJIOXEHHOTO 32 HEU3MEHSIEMBIM TEIJIO-
3alIUTHBIM IIUTOM, MOXET HECKOJBKO U3MEHSTH
CUJIy JIOOOBOTO COMNPOTHUBJIIEHUS. DTOT BOMPOC
TpeOyeT OTAEIBHOTO UCCIEAOBAHUS, BBIXOASIIETO
3a paMKU JaHHOW pabOTHI.

25 1

2F -
1.82

1.5
0.67 0.72 0.77 0.82 0.87 0.92 0.97 1.02 1.08 114 1.2

h, M

Puc. 4. 3aBUcHMOCTH 00'b€Ma OJHOMOJIOCTHOIO THNEPDOOJIONIA OT
BBICOTHI /1

Fig. 4. Dependence of the volume of a one-sheet hyperboloid on
the height A

Puc. 5. 3aBucumMocTh IJIOMAAN MONEPEYHOTO CEYEHHS OTHOMNO-
JIOCTHOTO THNEP00JIOnAa BBICOTHI /i

Fig. 5. Dependence of the cross-sectional area of a one-sheet hy-
perboloid of height A
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MeTtoauka onpeneneHus: xapakrepucTuk KA

Ha ocHoBe mpencTaBACHHOrO paHee pelIeHUs
3agaun HIJIIT chopmynupyem caeayrouyo MeTOau-
Ky OIpeleeHNUsI MAaCCOBBIX M MacCCOBO-T€OMETpU-
yecknX Xxapaktepuctuk KA, mMmerolero u3MeHse-
My10 (popMy BepxHei BHEITHEH YaCTU KOHCTPYKIINHT
B BUJIE OJHOIOJOCTHOIO TUIIepOOJIOUIa BpalllcHUS:

1. BerOnpaeM MHTEpBaIbl U3MEHEHUST NCKOMBIX
BEJIMYMH 4 U C.

2. Ha ocHOBe MCXOOHBIX TaHHBIX O Macce U ra-
OapuTHBIX pa3dMepax KA paccuuThiBaeM orpaHu-
YeHUS Vi M Spax-

3. 3agaeM HaOOp 3HAYECHUWI M3MEHEHUS BBLICO-
Tol KA.

4. Pemaem 3amauy HIJIII.

5. ®opmMupyeM 6a3y JaHHBIX 3HAYEHUI Macco-
BBIX 1 MAacCCOBO-T€OMETPUYECKUX XapaKTEPUCTUK
KA, monyJyeHHBIX IPU Pa3IMUHBIX 3HAUYCHUSIX €ro
radapuTHBIX pa3MepOB.

JaHHYI0 METOOMKY IIpeAnoJiaracTcs IpuMe-
HSTH IPA MOACINPOBAHUHM ITACCMBHOTO YIIpaBJIe-
HMS YIJIOBOM cKopocThio KA, crmyckaeMoro B pa3-
pskeHHoU aTMocdepe Mapca.

3akiaoyenue

Ha npumepe KA Mars Polar Lander ¢ ncnosb-
30BaHMEM METOJa 00X0da Y3JIOB MPOCTPAHCTBEH-
HOI ceTku pelieHa 3agada HIJIIT B wensax ompe-
JIeJIeHUSI MWHMMaJbHOIO 3HAY€HUSI MacCOBOIO
[JITaBHOTO MOMEHTa WHepUuU [,; TIpU yBeIuye-
HUM BbICOTHI faHHOro KA B mpoiiecce ero cnycka
B pa3psikeHHo# atMocdepe Mapca.

ITpu pacuete mpeamnoJiarajgoch, 4To KA mnmeer
BEPXHIOK BHEIIHIOK YacTh KOHCTPYKIIMM H3MeE-
HseMoli ¢OpMBI B BHUAE OMHOMNOJOCTHOrO TUIIep-
O0osonaa BpalueHus. B pe3yibpTaTe pacuera OmHO-
MOJIOCTHOT'O TUTIEpOOJION A ITOTYyIYEHO MUTHUMATTb-
HO€ 3HaYEHWE MOMEHTA UHEPLMU [, 11 KaX0ro
M3 pacCMaTpUBAEMbIX 3HAYEHUU BBHICOTHI TaHHOTO
runepo6ononaa. [IporpaMMHOe yBeTUYEHNE BBICO-
Thl BEPXHEU BHEIIHEM YaCTU KOHCTPYKIIMU IIPO-
BOIMJIOCH COIIACHO JIMHEMHOM 3aBUCUMOCTHU AaH-
HOI BBICOTHI OT BpeMeHU IBHxXeHusT KA.

[TokasaHo, 4TO 3HaYeHHUE MOMEHTA MHEPLUUU [
YMEHBIIIAETCSI 10 HEKOTOPOTO 3HAYEHHUS IIpU AO-
CTUMXXEHUM MaKCUMaJbHO BO3MOXHOTO 3HAYCHMS
BeicoThl KA. Ilpu sToM miomans MornepeuHoro
cedeHUs U 00beM KA yMeHbIIAIOTCS 10 HAaUMEHb-
1IeTO 3HAYeHWM, a TJIaBHbIE MOMEHTBI MHEPLUU

1, =1, yBenuuusaioTcs. B pesynbrare mnpowuc-

XOIUT yBEeJIWYEHUE YIIOBOU cKopocTu KA oTHO-
CUTENbHO Ocu Z. U3MeHeHUEe yIIOBBIX CKOPOCTEMH
KA ortHOcutenpHO oceit X m Y He paccmarpu-
Basiock. Ilpeanonaranoch, 4TO 3TU ABE YIJIOBHIC
CKOPOCTM MMEIOT MaJible HadajJbHble 3HAYCHMS
1 B Mpoliecce M3MEHEHUI radapuTHHIX pa3MepoB
KA 3Tu 3HaueHUS OCTAIOTCS MaJIbIMU.

AHaJIN3 YNCIIEHHBIX Pe3yJIbTaToB IOKa3aj, 4To
JJIS pelieHus] TOCTaBJIEHHOW 3aJayu To obecrie-
yeHN0 3(P@MEKTUBHOIO TACCUBHOIO YIIPABICHUS
yIJI0BOM cKopocThio KA cienyer NmpuMeEHSITh (op-
My aIlrnapara B BUAE OTHOIOJIOCTHOIO rumepooionia
BpaiieHus. Ilo aToif mpuuyuHe ucroab3oBaHue KA
B (hOopMe OTHOIIOJIOCTHOIO TUIIEPOOJIONIA BpallleHUS
U3MEHSIEMON (POPMBI SIBISETCS JOCTaTOYHO TIEp-
CIIEKTUBHBIM [IJISI PELICHWS ITOCTaBJICHHOM 3amadu
ITACCMBHOTO YIIPaBJICHUS YIJIOBOI CKOPOCThIO KA.
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Abstract

In the presented work, a controlled change by dimensions of a spacecraft descending in the atmosphere of Mars is
considered. The aim of the work is to obtain a method for calculating the mass and mass-geometric characteristics of a
spacecraft when changing its dimensions, which provides angular velocity passive control during the descent of this space-
craft in a low-density atmosphere. In the process of solving this problem, the geometric and mass-geometric characteristics
of the descent spacecraft (volume, cross-sectional area, moments of inertia) were calculated. It is assumed that the outer
shape of the spacecraft posterior to the incoming flow is a one-sheet rotational hyperboloid, which changes its dimensions
during the spacecraft descent in the low-density atmosphere of Mars. As a result of solving the nonlinear programming
problem, the minimum and maximum values of the main axial moments of inertia are obtained, which able to spin the
spacecraft relative to the longitudinal axis of symmetry. The initial data for solving the nonlinear programming problem
are the minimum volume and the maximum cross-sectional area of the hyperboloid, calculated according to the specified
intervals of the variable controlling the dimensions of this surface. The method for calculating the mass and mass-geometric
characteristics of a spacecraft when changing its dimensions is presented, which makes it possible to control the magnitude
of the angular velocity of a symmetric spacecraft in the low-density atmosphere of Mars without the use of onboard jet
engines. In particular, it is shown in the work that as the height of the hyperboloid increases, the moment of inertia about
the spacecraft longitudinal axis of symmetry decreases, accompanied by an increase in the moments of inertia about the
transverse axes of symmetry. It can be shown that in this case there is an increase in the angular velocity of the spacecraft
about the longitudinal axis, which makes it possible to achieve a stable orientation of the spacecraft upon entering the
atmosphere. However, a more detailed study of the dynamics of the spacecraft relative motion with a changeable shape in
the atmosphere is beyond the scope of this work, but it can be presented in further publications.

Keywords: spacecraft, hyperboloid, moment of inertia, nonlinear programming, control, variable dimensions, angular

velocity, external shape
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