VJIK 629.78.533.6.013:621.45 https://doi.org/10.15407/itm2019.03.016
E.JI. TOKAPEBA, H. C. IPSJIKO, E. B. TEPHOBAS

JIMHAMMYECKHUE XAPAKTEPUCTUKA KOMBUHUPOBAHHOI CUCTEMBI
YIIPABJIEHUSA BEKTOPOM TAI'I PAKETHOI'O IBUT'ATEJIA

Hnemumym mexnuueckoti Mexanux
Hayuonanvnoti akademuu nayk Yepaunol u 10cyoapcmeennozo KocMuueckozo azenmemea Ykpaunbol,
ya. Jlewko-Ilonens, 15, [Juenp, Yrkpauna, 49005; e-mail: tokel @ukr.net

Bucoke eneproHanpyxeHHs pianHHOro pakersoro asuryHa (PPJI) Ta iioro arperatiB iCTOTHO O3HAYA€ETHCS
Ha JUHaMIli HepeXifHUX MPOIeCiB, IO NPOTIKAIOTh B HUX Ta BUHUKAIOTH IIPH 3MiHi ITOIOKEHHS KEPYIOUNX Opra-
HiB. JIyist aHauisy CTifiKoCTI npoliecy KepyBaHHs H OLIHKK TOYHOCTI kepyBaHHsA PPJ] HeoOXinHO 3HaTH AMHAMIYHI
YaCTOTHI XapaKTePUCTUKK BHKOHABYHX opraHiB cuctemu kepyBanHs (CK). BusnaueHHst skocTi mepexigHux mpo-
LeciB, pilleHHs 3axa4yi Bubopy ontumManbHoro Bapianty CK i aHami3 11 0coOnMMBOCTEH BUMAraroTh JOCIIIKEHHS
JMHAMIYHUX XapaKTePUCTUK IPH Pi3HHX 3HAYEHHSIX IWHAMIYHUX MapaMeTpiB (MepefaBalbHHX KOe(ilieHTiB
PeryJasTopiB, NOCTIHHHUX Yacy i koehilieHTIB MiICHIeHHs epenaBanbHuX GpyHKIiN okpemux arperatis PP/I).

Jlnst xocmiunux cryneHiB pakeT (KCP), 3 ypaxyBanuam cneru¢iky ix GyHKIiOHyBaHHS, PO3ITIAAETHCS 3a-
Jla4a KepyBaHHs BEKTOPOM TArd MapiuioBoro PPJ] 3 BUKOpUCTaHHSIM KOMOIHOBAaHOI CHCTEMH KEpYBaHHS BEKTOPOM
sru (KCKBT). KCKBT s KCP cxnmagaeTses 3 BeIMKOradbapuTHOI iHTEPIENTOPHOI Ta30JHHAMIYHOI CHCTEMH
kepyBanHst BektopoMm Tsru (I'CKBT) i cucremu Kepyrounx peakTuBHuX cormen. Taka komOiHamis BUKOHABYUX
opraniB CK 31aTHa e()eKTHBHO BUKOHYBATH IIPOrpaMy IIOJBOTY i MapHpyBaTH HEWITaTHI 30ypeHHs, [0 BUHUKA-
10Th 1pH nonboti KCP.

Mera poboTtr — po3poOKka CTPYKTYpPHOI CXEMH Ta PO3paxyHOK KOMIUIEKCHOI IepenaBaibHOl (yHKIIT iHTep-
uenropaoi ['CKBT y ckiaani KCKBT, mo6ynoBa 4acTOTHHX XapaKTEPUCTHK 32 MOMEPEIHIMH OLIHHUMH 3HAYCH-
HSIMU JHHAMIYHHX TTapaMeTpiB JUIS MOJAJIBIIOTO aHawi3y criiikocti i sikocti KCYBT.

Pozpobneno dyHKIiOHaNBHY cXeMy KOMOIHOBaHOI CHCTEMM KepyBaHHS MapIIOBOrO ABHIYHA, IO CKIaja-
€TBCS 3 IHTEepLENTOPHOro By3na BhpuckyBaHHs (IBB) xommoneHTa nmanuBa sik BukoHaBdyoro oprany I'CKBT no
KaHaJTy HaBEICHHs Ta CHCTEMH KepPYIOUYHX COIEIN K BUKOHABYOro oprany kaxamy crabimizauii KCP. Po3po6ieHo
ctpykrypHy cxemy I'CKBT 3 IBB. 3a nepBUHHHMH OLIHHIMH 3HAUCHHSIMH JMHAMIYHHX ITapaMeTpiB po3paxoBa-
HO TepexigHy (yHKIII0 Ta aMILTITyJHO-()a30Bi YaCTOTHI XapaKTePUCTUKH KOMIUICKCHOI mepenaBaibHOl GyHKIT
I'CKBT. Anaii3 pe3ynbTaTiB YHCIOBHX JOCIHIIKEHb JIO3BOJMB BUIUINTH PEXUM (yHKIIOHYBAaHHS, IIO BiAIOBi-
[lae SIKICHOMY Ipolecy KepyBanHs. [lomanpii gocmifkeHHs cipsMoBaHi Ha aHami3 sikocti (ctiiikocti) TCKBT i
IIOIIYK ONTHMAaJbHUX KOMOIHAI} 3HaUeHb TUHAMIYHMX IapaMeTpiB 3 MeToro migsuineHHs edexrusaocti KCKBT
it MapioBux aBuryHis KCP.

Kntouoei cnosa: xocmiynuii cmynins pakemu, pakemuuil 08USYH, CUCTEMA KepyBaHHs GeKMOPOM MALU,
OUHAMIYHI XAPAKMEPUCTUKU, 2A300UHAMIYHA CUCEMA, KOMOIHOBAHA CUCEMA KePYBAHHSL.

Beicokast sHeproHanpsKEHHOCTh JKUAKOCTHOTrO pakeTHoro asurarens (XKPJI) u ero arperatos cymiecTBeHHO
CKa3bIBaeTCs Ha JUHAMHKE NIPOTEKAIONIMX B HHX IEPEXOJHBIX MPOLECCOB, KOTOPBIE BO3HUKAIOT IPH MU3MEHEHHU
TIOJIOKEHUSI YTPABIAIOMNX opraHoB. Jlns aHamm3a yCTOHYMBOCTH M OLEHKM TOYHOCTH MPOILECCA yHMpaBICHUS
XKPJl HeoOxoouMo 3HATh IOUHAMHYECKHE YACTOTHBIE XapAKTEPUCTUKH HCIOIHUTEIBHBIX OPraHOB CHCTEMBI
ympasnenus (CY). OnpezeneHue KadecTBa MEPEXOAHBIX NMPOLECCOB, PENICHHE 3aaudl BHIOOpPA ONTHMAIbHOTO
BapuanTa CY u aHanu3 ee ocoOeHHOCTel TpeOyIoT HCCIeIOBaHU JHHAMUYECKUX XapaKTepPUCTHK HPH pasiud-
HBIX 3HAYEHUAX AMHAMHYECKHX MTapaMeTpoB (TepeaTouHbIX KO3 HIMEHTOB PETyIATOPOB, TOCTOSIHHBIX BpeMe-
HH U KOO((OUIHEHTOB YCUIICHHS TIepeIaTOYHbIX (QYHKIHUIA OTAenbHbIX arperatoB XKPJT).

Jlns xocmmueckux crymneneit paker (KCP), ¢ yderom cnermdukn ux GpyHKIMOHNPOBAHMS, PACCMAaTPUBACTCS
3aj1aua ympasieHusl BeKkTopoM Taru MapuieBoro XKPJl ¢ ncrnonp3oBaHueM KOMOMHHPOBAHHON CHCTEMBI yIpaBie-
Hust BekTopoM TsrH (KCYBT). KCYBT s KCP coctouT u3 KpymnmHOTradapuTHOM MHTEPIENTOPHOH ra30[MHAMH-
yeckol cucrembl ynpasieHus: BektopoM Tard ('CYBT) u cuctembl ynpaBisiiOIIMX PEaKTHBHBIX comen. Takas
KOMOWHAIIMS NCHIONHUTENBHBIX opraHoB CY crocoOHa 3((EeKTHBHO BEIONHATE MPOTPAMMY TIOJIETa U MapUpo-
BaTh HEIUTaTHbIC BO3MYIIEHUs, Bo3HUKaromue npu noiete KCP.

Llems paboTsl — pa3paboTka CTPYKTYPHOH CXEMBI U pacdeT KOMILIEKCHOH IepelaTOuHON (yHKIMN HHTEp-
nentopuoid 'CYBT B cocraBe KCYBT, noctpoeHne 4aCTOTHBIX XapaKTEPUCTHUK IO TPEIBAPUTEIBHBIM OL[EHOY-
HBIM 3Ha4YeHHAM JMHAMHUYECKHX TTapaMeTpoB JUIs JalibHeiIero ananmsa ycroitunBocty 1 kauectsa KCYBT.

PazpaboTana ¢yHKIMOHANbHAsA cXeMa KOMOHMHHPOBAHHOW CHUCTEMBI YIPaBICHHS MapIIEBOTO JBHIATEIN,
KOTOpasi COCTOMT M3 MHTEPLENTOPHOro y31a Brpbicka (MYB) komMIoHeHTa TomiBa Kak NCIIOJTHUTENBHOTO OpraHa
T'CYBT no xaHaiy HaBeACHHS U CHCTEMBI YIIPABISIOLIMX COIEN KaK MCTIONHUTEIBHOTO OpraHa KaHajna cTaOuiu-
3aimu KCP. Paspaborana crpykrypras cxema ['CYBT ¢ UVB. Ilo nepBoHaYanbHbIM OLEHOYHBIM 3HAYCHHSIM
JMHAMAYECKUX MapaMeTPoB PacCUUTAHbI HepexonHas (yHKIUH U aMIUIUTyIHO-(a30BbIe YaCTOTHBIE XapaKTepu-
CTUKH KOMIUTIeKCHOH mepenatounoit ¢pynkuun 'CYBT. AHanu3 pe3ynbTaToB YMCICHHBIX MCCIEIOBAHUN MO3BO-
T BBIACTHUTH PEXHM (QYHKIMOHHUPOBAHUS, COOTBETCTBYIOIIMH KauyeCTBEHHOMY IIpOLecCy ympapieHus. Jlamb-
HeWIIVe HCCieIOBaHus HalpaBiIeHbl Ha aHan3 kadectBa (ycroiunBocti) [CYBT U MOHMCK ONTHMAIBHBIX KOM-
OMHAIMK 3HAYEHHH AMHAMUYECKHX MapaMmeTpoB ¢ 1eibio noBsimeHus 3¢ dexruBHoctd KCYBT anst mapiieBbix
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npurateneii KCP.
Knrouesvie cnosa: xocmuueckas cmynenb paxkemvl, pakemuwlil 08U2AMeNnn, CUCIEMA YNPAGIEeHUs. BEKIMOPOM
msieu, OUHAMUYECKUE XAPAKMEPUCTIUKLU, 2A300UHAMUYECKAs CUCEMA, KOMOUHUPOBAHHAS CUCEMA YNPAGICHUS.

The high energy intensity of a liquid-propellant rocket engine (LPRE) and its units significantly affects the
dynamics of transients caused by changes in control positions. To analyze the stability of the LPRE control pro-
cess and to assess its accuracy, one has to know the dynamic frequency characteristics of the LPRE control system
(CS) actuators. The determination of transient quality, the solution of the problem of choice of the optimum CS,
and the analysis of its features call for studying the dynamic characteristics at different values of the dynamic
parameters (the regulator transfer coefficients and the time constants and gains of the transfer functions of indi-
vidual LPRE units).

For rocket space stages (RSSs), with account for the features of their operation, the problem of sustainer
LPRE thrust vector control using a combined thrust vector control system (CTVCS) is considered. The RSS
CTVCS consists of a large-size interceptor gas-dynamic trust vector control system (GDTVCS) and a system of
control nozzles. This combination of CS actuators allows one to efficiently implement the flight program and
counteract off-normal disturbances in the RSS flight.

The aim of this work is to develop a structural schematic for and to calculate the complex transfer function
of an interceptor GDTVCS as a part of a CTVCS and to construct frequency characteristics from estimated dy-
namic parameters for further analysis of CTVCS stability and quality.

A functional diagram was developed for a sustainer engine CTVCS that consists of an interceptor unit (1U)
for propellant component injection as a guidance actuator and a system of control nozzles as a stabilization actua-
tor. A structural schematic for a GDTVCS with an IU was developed. The GDTVCS transition function and the
amplitude-phase-frequency characteristics of the GDTVCS complex transfer function were calculated from esti-
mated dynamic parameters. The analysis of the numerical results made it possible to identify GDTVCS operation-
al conditions with dynamic characteristics that correspond to a high-quality control process. Further investigations
will be aimed to analyzing GDTVCS quality (stability) and searching for optimal combinations of dynamic pa-
rameter values with the aim to increase RSS sustainer engine CTVCS efficiency.

Keywords: rocket space stage, rocket engine, thrust vector control system, dynamic characteristics, gas-
dynamic system, combined control system.

Beenenne. PakeTHble ABUratenbHbIE YCTAHOBKH PE3KO OTJIMYAIOTCS OT Y-
TUX TEIUIOBBIX ABHUIaTeNel BBICOKOM YHEPrOHANPSKEHHOCTHIO MPOLIECCOB BO BCEX
OCHOBHBIX arperaTtax. JTO CYILIECTBEHHO CKa3bIBaeTCS Ha JUHAMHUKE MPOTEKAIO-
IIMX B HUX MEPEXOAHBIX MPOLIECCOB, KOTOPHIE BO3HUKAIOT MPU M3MEHEHHH IOJIO-
JKCHHS YIPABJSIIOIIMX OPraHOB M XapaKTEPU3YIOTCsl N3MEHEHHEM BO BPEMEHH IIa-
pameTpoB asurareis. K nepexonHsiM mporeccam »XKUIKOCTHOTO PAKETHOTO JIBUTa-
teast (OKPJI) oTHOCsATCs ero 3amyck, Mepexoj ¢ peuMa Ha PEKHM, OCTaHOB, a
TaKXe MPOLECCHI, BOSHUKAIOIINE TP HECAHKIIMOHUPOBAHHBIX N3MEHEHUIX Xapak-
TEPUCTHK OTAEIbHBIX arperaToB, CBS3aHHBIX C HapyLIEHWEM MX HOPMaJbHOH pa-
OOTBHI.

Jnst pemieHust 3aiad peryjvpoBaHus OONbLIOE 3HAYCHHE WMEIOT AMHAMHYeE-
ckue u cratnueckue xapakrepuctuku JKPJl. Meroauku BeIOOpa mapaMeTpoB CH-
CTEM M pacyeTa CTaTHMYECKHX XapakTepucTHk arperatoB u JKPJ[ B memom mocra-
ToyHO oTpabotansl [1 — 5]. Ilpu co3manuu HOBbIX cxeM JKPJI yacto BO3HHKAIOT
npo0JeMbl ¢ 00eCTIeYeHNEM YCTOHYMBOCTH THEBMOTUAPABINYECKUX CHCTEM H TI0-
Ka3aTeJiel KauecTBa PeryInpOoBaHUs.

Cuctema ynpasienust XXPJ[ Bkmrouaer B ceOs 1BUTaTeNb KaK OOBEKT PETYIIH-
POBaHMS U YHPaBISIOLINE YCTPOUCTBA (PEryIATOpHl, KJIAaHbl, APOCCENN H T. 1.).
JL1s OLIEHKM TOYHOCTH (CTATUYECKON M JUHAMUYECKOW) PeryJIMpOBaHus U aHaIu3a
YCTOMYMBOCTH 3TOTO HpoLEcca HEOOXOJUMO 3HAaTh JTUHAMHUYECKUE XapaKTepUCTHU-
ku obenx yacteir CY. Onpenenenue KayecTBa NEPEXOJHBIX MPOLECCOB, PEIICHUE
3aJa4n BHIOOpA ONTUMANIFHOTO BapuaHTa cucTteMsbl ynpasineHus (CY) u ananus ee
0coOeHHOCTEW TpeOyIOT MCCIICAOBAaHHUS JMHAMHYECKUX XapaKTEPUCTUK IpPH pas-
JMYHBIX 3HAYEHUSIX AMHAMHYECKHX MapaMeTpoB (IepeaaToYHbIX K03 UIIMEHTOB
PEryJSTOPOB, MOCTOSHHBIX BPEMEHU U KO3()(OUIIMEHTOB YCUIICHHUS MEPeaaTOuHbIX
¢ynkuuit otnensHbIx arperatoB JKPJI). JluHamuveckne 4acTOTHBIE XapaKTepu-
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ctukn JKPJI UCTIONB3YIOTCS TakKe TPH pa3pabOTKe CHCTEM YIIPaBJICHUS JICTATEIIb-
HBIX amnmnapaTtos, st KoTopbsix JKPJI sBisieTcs UCOJHUTENBHBIM OPTraHOM.

Cocrosinne Bonpoca. Crieruduka (pyHKINOHUPOBAHUS MapPIIIEBBIX PAKETHBIX
aBurareneit kocmudeckux cryneneit paker (KCP) paccmotpena B [6, 7] u cBoauT-
Sl K CIIEIYIOMIEMY:

— MPU NMEPUOJANYECKH BO3HUKAIOIIEH B TOJETE CTYIIEHH MacCOBOW acHMMET-
pUU yCTIOXKHSETCSl anropuT™M padoTel cuctemsl ympasnenus KCP, pacmupsercs
HeOoOXOMMMBIA AwWama3oH peryaupoBaHus BT, Bo3pacTaroT moTepu SHEPreTHKH
JBUTATENSI HA yTIPaBJICHUE TIOJIETOM CTYIICHH;

— W3BECTHBIE CITOCOOBI perynupoBaHus BT nBurarens craHoOBSTCS HECIIOCOO-
HBIMH C JJOCTATOYHOW HaJEKHOCTHIO BBITIONHATH JOMOIHUTENbHBIE (PYHKIIMOHAIb-
HBIE 3a/1a9H.

Jlns maprreBeIX KHAKOCTHEIX nBurateneit KCP mpeminoxken n o0ocHOBaH Ba-
puaHT KOMOWHHUpPOBaHHOW cucTembl ympaBieHus BektopoMm Tiaru (KCYBT) c
KpPYITHOTa0apUTHOW HWHTEPUENTOPHON Ta30IMHAMHYECKON CHCTEMOH yIpaBIeHHs
BektopoM Tsru (I'CYBT) n cuctemolt ynpaBisIOMMX PEakTHBHBIX coren. Takas
CY cnocobHa 3¢ ¢heKTUBHO BBITONHATH MPOTPaAMMy TIOJIeTa U MApUPOBaTh BO3MY-
ienus, Bo3uukarome npu nosere KCP [7]. Cxema KCYBT mist mapiessix XXKPJT
KCP noxkasana Ha puc. 1.
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NYB — untepuentopuslii y3en Bupeicka; CYBT — cuctema ynpasieHuss BEKTOpOM
Tsirn; THA — typOoHacocHsIit arperat

Puc.1 — KCYBT c unrepuenropnoit 'CYBT u cucremoit
YIIPaBIISIOMINX PEAaKTUBHBIX COTIEIN

OCHOBHO# BKJIaJl B CO3JaHNE OOKOBBIX M OCEBBIX YIPABJISIOMNX YCUIHNA BHO-
CST BBIABHTacMbIe B CBEPX3BYKOBOH IMOTOK COIUIAa TBEpJbIe MHTEPLENTOPHI (Ipe-
MSATCTBUS PAa3IMUHON KOH(UTypaluu Ha CTEHKe coruia). JKuakuii KOMIIOHEHT TOIl-
JIMBA IOJIA€TCsl B COIUIO Yepe3 MHTEPLENTOP Ul €ro TEIUIOBOW 3amuTel. MHTEp-
uentopHsle 'CYBT B cocTosiHUM mapupoBaTh OOJIbIINE BO3MYIIEHHUS OT MaCCOBOM
aCUMMETPHUM CTYNEHH. YTPABISAIOUINE COIUIa PEIIAIOT 33a4y YIpPaBIECHUS U CTa-
Oonnmsanuu nerxenus: KCP.

IIpu pa3paboTke TMHAMUYECKON MOJENN CUCTEMBI YIIPABICHUS BEKTOPOM Tsi-
ru JXXPJ{ cioxxHast Monenb 00bEKTa COCTAaBISETCS M3 aBTOHOMHBIX MOAEJEH OT-
JeNBHBIX €r0 y3JI0B (IMHAMUYECKHX 3BE€HbEB). Takoil moaxon ympouaer 3agady
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COCTaBJICHHSI MOJIETN U TIO3BOJISIET aBTOHOMHO HCCIIEZIOBATh CBOWCTBA OTAEIBHBIX
arperaTroB, HalpuMep C MEIbI0 HKCIEPUMEHTAIBHOTO YTOUYHEHHUS KaKUX-IN0O Be-
JUYYH, 3aKJIaJBIBAEMBIX B PacueTHYIO MOJENh arperatoB aBromara. llpu cocraB-
JICHUH MOJIENel THHAMHUYECKUX 3BeHbEB MPUMEHSIOTCS aHATUTHYECKUH U JIOTHYe-
CKHI TTOAXOIBI. AHATUTHICCKUH MTOAXO0A IPUMEHICTCS K 00BEKTaM, P PacCMOT-
peHnr pabovnX MPOIECCOB B KOTOPHIX MOYKHO BBIICITUTH KAaKOH-TNO0 (GU3NUSCKHIA
3aK0H. B MHOM citydae Moziens co3aercss Ha OCHOBAaHWH aHAN3a MPHUHIMIIA pado-
THI 00BEKTA U JIOTHKHA (DOPMHUPOBAHUS ITEPEMEHHBIX.

[Ipu pemenun paznwunbix 3amayd quHamuku JKPJ[ TpeOyemast crenenp mpu-
Oy KeHHsI B OTIMCAaHUH TpoIlecca B TOM WIIM WHOM y3Je pasnudHa. Tak, mpu moje-
JUPOBAHUH TIEPEXOJHBIX IPOIECCOB HU3KOYACTOTHBIX KOJIEOAHW MOXXHO O0O0Oi-
THCH TOpa3o Oojee MPOCTHIMU MCXOMHBIMH yPaBHEHHSIMH, OIMCHIBAIOIINMH JIBH-
skerue B anemerte CY. U, Ha0060poT, ¢ yBennYeHHEM XapaKTEPHBIX YaCTOT WU C
YMEHbBIIIEHHEM TOCTOSHHBIX BPEMEHH IIPOILECCOB (HAMpHUMep, MPU aHalnu3e aBa-
PUITHOHN CHUTYaIuM) TaKue MPUOIMKEHHSI CTAHOBSTCS OYeHb TPyObIMH. DTO MPHUBO-
JUT K HEOOXOIMMOCTH yCIIOKHEHHUS MOJIETH 3a CUET, HAllpUMep, y4deTa pacrpese-
JIEHHOCTH ITapaMeTpoB, ydeTa HEJTMHEWHOCTH 3aBUCUMOCTEN TIepEMEHHBIX H Jp.

Leap paGoThl 3akimoyaeTcss B pa3pabOTKE CTPYKTYPHOH CXEMBI M pacudere
KOMIUIEKCHOH Tepenarounoii ¢yHkmmn wuHTepuentopaoii I'CYBT B coctase
KCVYBT mnsa KCP, nocTpoeHHH 4aCTOTHBIX XapaKTEPUCTUK IO MPEABAPUTEIbHBIM
OLICHOYHBIM 3HAYCHMSM AMHAMHYECKHX IapaMeTpoB Ijsl NaJbHEHIIero aHamuza
ycToitunBocTy U kauectBa KCYBT.

Marepuansl ucciaenoBanusi OynkiuonansHas cxema padotst KCYBT, co-
CTOAIIEH M3 MHTEPLENTOPHOTO y371a C BIPHICKOM KOMIIOHEHTA TOIUIMBA KaK HC-
nonuuTensHoro oprana 'CYBT no kanany naBenenus KPC u cucremsl yrpasis-
IOIIMX COMeN KaK McrnojHuTe pHoro oprana (M0O) kanama crabuin3anuy mokasaHa
Ha pHc. 2.

Ha Brixome u3 nudpoBoro anamorosoro npeobpasosaresst (ITAIT) criromrHas
JUHUS Ha puC. 2 0TOOpakaeT CUTHAN I10 KaHaJly HaBEACHMS, OTHOCSIIUICS K BBI-
JIBIKEHHUIO WHTEPLENTOpa; IITPUXOBAs JUHUA — IO KaHAJy HaBEJEHHS, OTHOCH-
HIMKCS K BOPBICKY OKHCIHTEINS; IITPUX-MHKTUPHAS — M0 KaHAIY CTAOMJIM3alny,
OTHOCSIIUNCS K paboTe yNpaBISIOMINUX COMeN

PucyHok oToOpakaeT BHYTpeHHHE CB3M MexAy coctapistonumu CYBT u
arperatamu, o0€CIIEYMBAIOIMMHU TTO/IBOJI KOMIIOHEHTa K WCIIOJHUTEIBHBIM Opra-
HaMm. BXo/HBIM TIapaMeTpoM Ha puc. 2 SBJISETCS JaBJICHUE pr B TOIUIUBHBIX Maru-
CTpaJsiX Mepej ra30reHepaTopoM, KyJa KOMIOHEHTHI TOIUIMBA MOCTYHAIOT Mocie
cpabaThIBaHUs OTKpBIBArOMMX KiamnaHoB. ['azoreneparop (I'T) mpeanasnauen mis
BeIpaboTKH pabouero Tena TypOuHsl TypOoHacocHoro arperata (THA). Mcxozs u3
(U3UKHU TPOIIECCOB B DJIEMEHTaX ra3oreHeparopa, ero KOHCTPYKIHS pasjielicHa Ha
JIBa TMHAMHUYECKUX 3BEHA: ()OPCYHOUHYIO TOJIOBKY M Kamepy (Kylla BXOAHT TaKKe
corutoBoii ammapart Typounbsl) (Ha puc. 2 I'T® u I'TK, coorBercrBenno). THA
MpeIHa3HaYeH sl O0ecTeueHus] CUCTeM ABHUraTeNs KOMIIOHEHTaMH TOIUIMBA M
obecrieuriBaeT mojiady pabodero Tena ¢ 3aJaHHBIM PAacXoJiIOM U JIABJICHUEM Dy
THA cocTouT 13 ABYyX HaCOCOB, MPUBOAUMBIX OT Ta30BOM TypOWHEI, paboTaromieit
Ha MPOJYKTaxX CrOPaHHs OCHOBHBIX KOMIIOHEHTOB TOIUIMBA. [Ipu mpoekTupoBaHuN
muaaMukn KCYBT xonctpykmus THA menutcs Ha ABa THHAMUYECKHUX 3BEHA: PO-
topHas 9acth (PTHA) u nacochsiif arperat (HTHA). K MO I'CYBT kommnoneHT
TOIUTMBA TIOJA€TCA IABICHUEM pgy, NPENBAPUTEIHFHO MOHMKEHHBIM 10 Ppen (11O
CPaBHEHHIO C JABIIEHHEM B HAIOPHOW MAarmcTpalid py) MOCPEICTBOM YCTAaHOBKHU
peaykunonnoro kiamana (PK).
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ALl — anamoroBo-udpoBoii npeodpazosarens; BIIBY — GopToBoe mudpoBoe BBYHCIHU-
TenbHOe ycTpoicTtBo; I'B — rasoBon; [TK — kamepa razoreneparopa; [T'® — dhopcyHku razoresne-
paropa; I'13 — rasogmnamudeckoe 3BeHO; JOC — matumk obOpatHoi cBs3u; 3POK — 3amopHo-
peryaupyromuii snekTpoMarHuTHeIN KinanaH; Up — uatepuentop; KC — kamepa cropanus; PK —
penykunonHsIit knanan; MT — maructpansasie Tpyoonposoasl; HTHA — Hacockl TypOoHACOCHOTO
anmapara; [1T — moaBoasuit Tpy6onpoBoa; PTHA — poropHas gacTs TypOOHACOCHOTO ammapaTta;
YC — ympasnstomue coruia; LIAIT — mudpoBo-aHanorossiii mpeodpasosatens; CP — crpyiiHas
¢dopcynka; OM — snekrpomarHut; IMII — aneKTpOMarHUTHEIN Tpeodpa3oBaTeNb

Puc. 2 — Oynxmmonansaas cxema BCYBT mo onHOMY KaHaITy yripaBlIeHHs (TaHTaxX
WM PBICKaHNE) MapIIeBOTO ABUTATEIIS

WntepuenTopusiii y3en Brpbicka (MYB) npeacraBnser coboit 3meKTporua-

v paBIMUYECKUH KIalaH, PeryJINpYyIOIIUN JaBie-

_ / HUS JUIS TIepEeMEINleHUs HWHTepuenTopa |

T BIIPHICKA JKUIKOTO KOMIIOHEHTa TOILTUBA.

[IpunnunuansHas cxema WUYB mnoka3ana Ha
puc. 3.

B coctaB UYB Bxogir:

— 3aMOpHO-PEryIHUPYIOIINE BIEKTpoMar-
HutHele knanansl (3POK) 1, nepekpoiBaromue
U pEeryJIUPYIOUINE NOCTYNAIOUUI 0 KaHaIaM 5
1 — 3anopHO-peryMpyromue J1eKTpo-  PacxXoJ KOMIIOHEHTa B 3aBUCUMOCTU OT HaIpsi-
Marf{gmf’le KIIaNaHeL, 2 — H.H4Tepuen' ’)keHud, nopaBaemoro CY Ha »leKTpOMarHuT-
ig% _;;1;0;?1/1:;2:23 I;if;(;gor; If(())ﬁ Hblii mpuBoa (OMII). [puHImn 1eCTBHS JIeK-
HOHEHTA TOIITHRA TPOMAarHUTHOrO TMPHUBOJA OCHOBAH Ha B3aHMO-
Puc. 3 — [IpuHIMIHATEHAS CXeMa JIEMCTBUN HECKOJBKUX MArHWTHBIX IIOTOKOB.
HHTEPIIETITOPHOTO y3J1a BIPHICKA OMII BocipUHUMAET 3JCKTPUUYECKUI CUTHAT U
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mpeoOpasyeT ero B MPONOPLIHOHATEHOE TIOCTYIATENbHOE HITH YTIIOBOE TIepeMEIeHIEe
MOJBIKHOW YacTH MpeoOpa3oBaTesst — SIKOpPs, KECTKO CBA3aHHOTO C YIPABIISEeMbBIM
AIIeMEeHTOM (3armopHeIM opranoM). B korcTpykim 3POK mpemycMoTpena Bo3Bpart-
Has MIPY’KHHA, COMPOTUBJICHNE KOTOPOH MPEOI0IeBAETCS TP OTKPHITHH KJIalaHa;

— BBIIBUTAaEMBId B COTUIO 4 WHTEPHENTOp 2 C BHYTPEHHEH (BHYTPH IITOKA)
(opcyHKON BIpPHICKAa KOMITOHEHTa ToIUImBa 3. WHTepuenTop BBIABUTAETCS IO
JIEHCTBHEM Pa3HOCTH JIaBJICHHH, co3aBaeMbIx HaropoM depe3 3POK u mpyxuHOi
(MexaHW4eCKOW MM THEBMATHYECKOM), IPEeIyCMOTPEHHON B KOHCTPYKIIUU WHTEP-
[ENTOPHOTO KianaHa. KOMIOHEHT TOIUIMBa BIPBICKUBAETCS TOJ ACHCTBHEM pas-
HOCTH JaBIIEHUH, CO3aBa€MbIX HAIIOPOM Yepe3 APOCCEIb, M JaBICHUEM B COILIE.

[TockonmbKy mpemycMaTpUBaeTCs, YTO BBIABMIKCHHE WHTEPIIENITOPAa U BIPBICK
KOMIIOHEHTa MOTYT ()YHKIIMOHHPOBATh aBTOHOMHO, 3TH IPOILECCHI PETYIHPYIOT
pa3iIrdHbIC IPUBOIHI.

JI1s HarsITHOCTH OTOOpaKeHUS TMHAMHYSCKHUX CBSI3EH Ha cxeme (puc. 2) wH-
TepIenTopHbIii y3en Brpbicka (MYB) pa3ouT Ha deThipe NUHAMHYCCKHUX 3BEHA:
ANIeKTpOMarHuTHOe 3BeHo (OM), 3anopHo-perynmupyromuii knanad (3PK), uaTep-
nentop (Up) u crpyiinas dopcynka rupeicka (CD).

JuHammdeckass IeNoYyka MOABOMA TEHEPaTOPHOTO Ta3a K YIPABISIONUM
coriaM cocTouT u3 razoBonoB (I'B Ha puc. 2), Ta30BBIX pEAyKTOPOB M razopac-
npenenurens (I'P) ¢ OMIL

Oynkunonupoarane KCYBT mpoucxonut cnenyromum oopazom. [Ipu oTkio-
HEHUH OCH paKeThl OT MOJIOKEHWS, 3aJaHHOTO IMPOTPaMMOI TOJeTa, CHUCTEMa
ynpaBieHus GUKCHpyeT 3To OTKIOHeHHe AO U reHepupyeT HanpspkeHHe Ug, Ipo-
MOPIMOHATBHOE OTKIOHEHUIO. B pe3ynbTare cpaBHEHHUS 3TOTO HANPSHKEHUS C MIPO-

IPaMMHBIM Uy, Ha BBIXOJE M3 CYMMHPYIOLICTO YCTPOHCTBA (hOPMHUPYETCS. CUI-

Hajl CHCTEMbl YNPaBICHHS U, = Uy, —Ug. BXOIHOH HENpephIBHBIA CHrHAI

U, (t) B ananoro-uudposom npeodpasosarene (ALII) npeoOpasyercs B AMCKPET-

HYIO II0CJIEJI0BATEJIBHOCTh YUCEI u:y[nT] (T — mepuoa KBaHTOBaHUS), KOTOpas

MOCTYIaeT Ha BXOJ OOPTOBOTO HU(POBOTO BBEIYHUCIUTEIHHOTO YCTPOMCTBA
(BLIBY). 3mech BXOMHOM CUTHAN, B COOTBETCTBUU C 3al0XeHHBIM B BI[BY amro-
pUTMOM, pacmpenenserca Mexay Kananamu CY CHHXPOHHOH MOCJIEeI0BATEIbHO-

CTBIO YHCEN u;[nT],u:[nT],u:n[nT]. JIUCKpeTHble CUTHaIBl B  HUQPO-

aHanoroBoMm npeo6bpazoBarene (LIAIl) nmpeoOpasyroTcs B HENpepBIBHBIA CUTHAT
U, Ha NPUBOJI UCTIOJIHHUTEILHBIX OPTaHOB KaHala cTabuinsamuu, U, Ha IPUBOJ

MHTEPLENTOpa U Uy Ha MPUBOJ BIPbICKA KOMIIOHEHTa. HampsbkeHne 1o kaxaoMmy

KaHaly (UI1 KpaTKOCTH 00O3Ha4YeHHOE U 0e3 MHIEKCOB) FE€HEpPHUPYET dJIeKTpUUe-
CKHI TOK | B 0OMOTKE MHIYKTOpA 3JICKTPOMArHUTa. DICKTPOIBIKYIIAs CUJIa Tie-
peMeIaeT Ha BeMUUYMHY x skopb OMII, perynupys mapaMeTpsl NIPOXOJHOTO cede-
Hus apoccenbHol yactu 3PK mnm razopacnpenenurens A yIpaBIsSOIINX COMeET.
B razomnnamuueckoit CYBT pacxon komnoHeHTa, noctynatoniero u3 3PK, pery-
JUPYET COOTHOIIEHHE CHJI, ACHCTBYIOIIMX Ha WHTEPLENTOP, U 00ECIeUnBaET €ro
BBIZIBIDKCHHUE B CBEPX3BYKOBYIO 4acTh coluia Ha BennuuHy h. [IpensitcTBue, co3na-
BaeMO€ MHTEPILENTOPOM, pEaIN3yeT CKauOK YIJIOTHEHUS. 32 CKAUKOM YIIJIOTHEHUS
o0pasyercst 067acTh MOBBILIEHHOTO AaBICHHS, I/I€ IPOUCXOJUT OTKIOHEHHUE Ta30-
BOH cTpyn (Ha yroa 6™) B CTOPOHY OCH COIUIa, KOTOPOE BBI3BIBAET OTKIIOHEHHE
BCEro Ta30BOT0 TOTOKa M CO3AAET TEM CaMbIM SKCLEHTPHUCUTET TATH COIUIA C
HaIpaBJIE€HUEM, IPOTUBOMNOIOKHBIM OTKJIOHEHHIO Ta30BOT0O MOTOKA. YIIPaBIECHHUE
BIIPBICKOM IPOUCXOAUT aBTOHOMHO OT YIIPaBJICHUS IBHKEHHEM HMHTEPLEINTOpA,
pacumpsisi GyHKIMOHAIBHBIE BO3MOXHOCTH CUCTEMBI yrpasieHus. [Ipu Brpbicke
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KOMITOHEHTa TOIUTMBA Yepe3 KaHall B HHTepIenTope ((hOPCYHKY BIPHICKA) KUIKAN
KOMITOHEHT (C pacxoJoM M, ) MOCTyMaeT ¢ M30BITOYHBIM JABJICHUEM B CBEPX3BY-
KOBYIO 4acTh coria. Pacxol KOMHOHEHTa Peryaupyercsi B 3aBUCUMOCTH OT LEIH
BIpbicka. OCHOBHAS 11€/b BIPBICKA KOMIIOHEHTa — 3TO OXJIKACHHE MMOBEPXHOCTH
uHTepuentopa. s co3gaHus AOTONHHUTENBHOrO OOKOBOTO YCHIIMS HEOOXOIUM
OOJNBIINI Pacxo] KOMIIOHEHTa, TOT/Ia HA TPAaHHLE CBEPX3BYKOBOTO MOTOKA M Mapo-
BOM (ha3bl JKUAKOCTU PEaTU3yeTCs TOMOTHUTEIBHBIA CKaYOK YIUIOTHEHUs, CO3/ai0-
LIIMA JOMOMHUTENBHOE 00KOBOE ycuine Py. 3aBHCUMOCTH OOKOBOM CHIIBI OT mapa-
METPOB MHTEPLENTOPA M BOPBICKA COCTABIISIOT razoanHaMuyeckoe 38eHo (I'13).

Crabumsanus nmonera KCP (yron 6°°) mpoucxoaur 3a cyeT nepepacnpeieieHus
TEHEPaTOPHOTo Taza MEXIy YNPaBIAIOUIMMH corulamu. Hampsbkenue, mojaBaemoe
Ha OMII razopacnpenenuTens, perylIupyeT pacxo/l ra3a B yIpapsIiOLIUe COTia.

Hatunk obpatHO# cBsizu (JOC), npencrapnstomunii coO0H WHAYKTHBHBIN Mpe-
oOpasoBareib yria MoBopoTa (MOTEHIMOMETP), OTCIIEKHBAET Yrod OTKIOHEHHUS
BEKTOpa TSATH.

CrpykrypHas cxema CYBT cocTaBiieHa Ha OCHOBE (pYHKIIMOHAJIBHOM CXEMBI
Ha pHC. 2 TIO CIIEAYIOIIEH MOCIeI0BaTEIbHOCTH BBITIOTHEHHBIX Pa0oT:

— Ha OCHOBE aHajm3a (U3MUECKUX IPOIECCOB B JUHAMHUYECKUX 3BCHBIX B
paMKax JIMHEHHON TEOopHH MOJMYYEeHbl YpaBHEHHUS CBSI3U OOBEKTa YIpPaBICHUS U
3JIEMEHTOB YIPABIISIOLIETO YCTPOMCTBA;

— MOJIyYeHHbIE ypaBHEHUS MPpeoOpa3oBaHbl B YpaBHEHUsI CBs3U B (popMme mpe-
obpazoBanus Jlamaca mpu HyJIeBbIX HAYAIBHBIX YCIOBUSX;

— K&KJ0€ ypaBHEHHE PEIICHO OTHOCHUTEIBHO M300pa)KCHUs BBIXOJHON BEINYH-
HBI, U pacCUMTaHbI epeAaTouHble QYHKINH I KQKIOTO AMHAMUYECKOTO 3BEHA.

Junamuka arperaros JXPJI, ocyliecTBIsIONUX MOABOJ] PA0OYUX TE K UCIIOJI-
HutenbHeIM opranaM CYBT, uznoxena B [2, 4]. Junamuka 'CYBT omnuckiBaetcs
CIIeAYIONIEH CHCTEMOH ypaBHEHUH, 3alMCaHHbIX B M300paskeHusIX 1o Jlamnacy, rae

_d/ .
P="4dt:

— YPaBHCHHUC JUHAMHKU JJICKTPOMATHUTHOI'O IPUBOAA, PCAIIU3YIOLICTO IICpC-
Aavy yHIpaBJISAOMICTO CUT'HAJIA — HAIIPSYKCHUA U—B BLIXOHHOﬁ CUTHAJl — CHUJIY TOKa
i (u—>i)

(TPM P +1)§ =Au-T MpAx, (1)
L Kp, X
C JIMHAMUYECKUMH MapaMeTpaMu: TiaM =—, TX3M = —PX2maX ' rpe x — mepeme-
leax
. P,
meHue skopss OMII, kpx = x| — (OKECTKOCTB» MPUBOJA IO NEPEMEIIECHUIO
i=

x=0
(KpyTH3HA Harpy304HO# XapaKTepPUCTHKHU dIEKTpoMarHura); P, — cuia Tsru sek-
TPOMAarHUTAa; lyax — MAKCUMAJIbHASI CHJIA TOKA B KATYIIKE AJICKTPOMATHHUTA; Xyax —
MakcuMaibHOe nepemenienne skops OMIL; L — MHOYKTHBHOCTH OOMOTKHM 3JEK-
TPOMarHuTa, R — oMHYecKoe CONPOTUBICHUE LENH OOMOTKHM YIPABICHHUS.

— ypaBHEHHUE JUHAMHUKH MEXaHHYECKOI0 3BE€HA 3allOPHO-PETYIUPYIOIIETO Kia-
maHa, B KOTOPOM peajHu3yeTcs LeMoYKa Npeodpa3oBaHUil MO YIpPaBisIOMEMY BO3-
JeHCTBHIO P—>x-—> Paerx ( p;II)IX i pg]mx )9 rne p;II)IX (I/I-]-H/I pg)mx) — AABJICHHC B

BbIxogHOM KaHaje 3POK nepen nnrepuentopom (1 GpopcyHKO BIphICKa)

> P2 + TP K p+ ) A = KPTRAT + K P (Apyy — APy ) )
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M
¢ JMHAMPYECKMMH  mapamerpamm: =Kp;+c, + i TP = M o

xMaX
PR Kipa KT kpiiMax/ | K3PK _ Pt P vax ,
W XMaXW p XMaX\V
oP,
rae Kpj = i lig ~ (OKECTROCTE DMII knamaHa Mo TOKy ympasieHus; M, —
ifi=
x=0

NPUBECHHAS K AKOPIO Macca BCEX B3aMMOJACHCTBYIOUMX C HAM 4acTeil; K, —
ko3 uiment Bsa3koro TpeHus; F, — miomags MuIeNs 3a0PHOTO opraHa (apoc-

celfl); Puyvax Proxmax — MAKCHUMAaIBHOE IaBIEHHE CO CTOPOHBI TOBOAA paboueil

KHUIKOCTH M €€ OTBOAA COOTBCTCTBCHHO, C; — KCCTKOCTh BOSBp&THOfI IIPY>XUHBI

KJ1aliaHa, R“ll max — MAaKCHMaJIbHasA r’HAPOJMHAMMYCCKAs CHUJla, BOZHUKaromas Mmpu

TE€4YEHNH KOMIIOHEHTA Yepe3 APOCCeb.
— IMHAMUYECKOE YPaBHEHUE I JNABICHUA P, . , 10JABAEMOI0 K YIIPABIIIOIIM
oprasam, OTHOCUTENBHO MepeMelIeHus X peryaupytomero oprana 3PK umeer B

— _ W3PKA 3PK g
AP, = K{ TAp,, + Ky TAX, 3
C JMHAMHWIYCCKNUMHU napaMeTpaMH:
3PK prmax . 3PK pBbemax - prmax Xmax Xmax
Kl = KZ =2 kfx_ kmx !
F m
pBbIX Max pBX Max Max Max

rae M, — MakCUMaJbHBIA pacxox depes kianaH; K, — KodpdunueHT auHeitHoi
3aBHCHMOCTH IDUIOLIAJN MPOXOTHOTO CEUSHHS APOCCeNs OT Xoxa skops (koaddu-
[MEHT TMepefayd KiamaHa [0 IUIOMAaa TPOXOTHOTO cedeHHs); Kqy

KOA(GUIMEHT Mepeayu KiamaHa mo pacxoay; U — kodhduimeHT pacxozia uepes
HPOXOHOE CEUCHHs JAPOCCeNsi; Fyax — MakCUMabHasl TUIOIIA/Ib TPOXOJHOTO ceve-
HUA.

— ypaBHEHHE JMHAMHKH MHTEPIENTOpa C JMHAMUYECKOW CBS3bIO Py .. —> h,
rae h — xox uHTEpIIENTOpPA

p? + T p+1)Aah=K{ Ap, ., (4)
u
k
¢ quHaMugecKkuMu mapamerpami: K1 = F, M T, = M, ="
maXCH CH CH

rac h vax — MAKCUMaJIbHBIH XOJ4 MHTCpUCIITOPA, MH — MacCa ABUKYIINUXCS gactei

MHTEPLENTOPHOr0 KialaHa; ¢y — JKECTKOCTh BO3BPAaTHOM NPYXHHBI (MEXaHW4e-
CKOH MIIM TIHEBMATH4ecKon); Ky, — KodpduumeHT TpeHus MOBEpXHOCTEH MO-

JBMDKHBIX 3JIEMEHTOB MHTEPLENTOPA CO CTEHKAMH BTYJIKH; Pg iy yax — JAABICHHE

nepea MHTepLenTopoMm; F, — miomans NoBepXHOCTH TOPLA MOPIIHS, KECTKO CBS-
3aHHOTO C MHTEPLENTOPOM, CO CTOPOHBI BBIXOJHOTO KaHalla PeryIupyroIero Kia-
naHa.

— ypaBHEHHE TUHAMHUKU CTPYHHOH (OPCYHKH BIpPBICKA (B MPEIIIONIOKEHHUH,
YTO CTpyiHas (opcyHKa BIpbICKa MpeacTaBisieT co0oi TpyOKy MOCTOSIHHOTO ce-
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YeHHS C TJIAJKAMHU BHYTPEHHUMHU CTEHKaMH) C TUHAMHYECKOH YIIpaBIIAIOmEH CBS-

3bI0 Ppiy —> My, , T M, — Pacxoj BOPHICKMBAEMOM KHIKOCTH

A, =K P Apin +K3 P Apg, (5)
_ KNo_l Phas a0 o 1 P i
¢ auHamuyeckumy napamerpamu: Ko == ———"— K== ————
2 Pys s — Pa 2 P~ Pas i

TI€ Ppixvax — J@BICHHE Ha BXOJE B CTPYIHHYIO (OPCYHKY, OHO %€ BBIXOIHOE [aB-
JICHHE PEryJATOpa BIPBICKA; P, ., — JaBICHHE HAa IOBEPXHOCTU CBEPX3BYKOBOMI

YacCTH COIlIa B MECTC YCTAaHOBKH Y3Ji1da BIIPBICKA.
— YPaBHCHHUA JUHAMHKHU I'a30AMHAMUYCCKOI'0 3BC€HA IIPU BBIABUXXCHUU UHTCP-

LEMTOopa U BIPBICKEC KOMIIOHCHTA C JTUHAMUYCCKUMHA CBA3AIMHU h —> P;[ u mBn —

> P;“ COOTBETCTBEHHO, I'lIE P;‘ u PyB“ — OTHECEHHBIE K TSre comjia OOKOBBIE CH-

JIbl, TEHEPUPYEMBIE BBOJIOM MHTEPLIENTOPA U BIPHICKOM KOMIIOHEHTA

Py = KPR, P = K, ©

BIT

. T3 _ u A3 _
¢ muHamudecknmu mapamerpamu: K, " = f (Poxmax)» Ko = T (Poox max

), KO-

TOpBIE 3aBUCST OT YNPABISIOIINX JAaBICHUNA M ONPEACISIIOTCS Ha OCHOBAHUHU JKC-
MepUMEHTAIBHBIX HcciienoBanuii [11, 12].

IIpu BBIBOAE OMHAMUYECKUX YPAaBHEHUH NPUHUMAIKCH AOMYIIECHHUS O JHHEH-
HOW 3aBHCHUMOCTH BXOISIIMX B YpPaBHEHHUS NEPEMEHHBIX BeJWYMH. JlomyleHus
OIIpaBIaHbl TE€M, YTO NPHU NPOEKTHUPOBAHHM M OTPAaOOTKE peajbHBIX JIBUTaTelNeH,
OJHOBPEMEHHO C MPUMEHEHHEM MOZEIH Ul PELIeHUs Pa3INyYHBIX 3a1ad, IpOBO-
JSIT UACHTHU(GUKALNIO MOAEIIH, UCTIONB3YsI PE3YNbTaThl HCIIBITAaHUK ABurarenei. I1o
pe3yibTaTaM MCIBITAHUH MOTYT YTOUHSATHCS 3HAUEHHS SMIMPUUECKUX KO3 PUIIH-
€HTOB M MEHSTHCS KOHCTPYKTHBHBIE PELICHUS PETYISATOPOB Ul AOCTHXEHHUS OIl-
TUMAaJIbHBIX NIEPeAaTOYHBIX KO3(PULIHEHTOB.

CrpykrypHas cxema untepuentopaoii 'CYBT, coorBercTBytomas GpyHKIHO-
HaJIBHOW CXeMe, MPHUBEJCHHON Ha pHUC. 2 (B 4aCTH, XapaKTepHU3YIOLIeH ra3oanHa-
MHUYECKUI KaHall yrnpaBlieHHs), MoKka3aHa Ha puc. 4. Ha cxeme oToOpaskeHs! nepe-
JaTouHble (DYHKIMM HCIIOJHHUTEIbHBIX OPraHOB CHUCTEMBI YIPaBJICHUS, MOIY4eH-
Hble u3 ypaBHenuii (1) — (6). Cxema WUTIOCTPUPYET MOCIEA0BATEIbHOCTD MPO-
XO0XJI€HHSI OCHOBHOTO YINPABISIONIET0 M BO3MYILAIOIINX CUTHAJIOB IO BBIXOJHOTO
3HA4YEHUs — yria MoBopoTa ocH coruta. CIUIOIHAas JIMHUS 0TOOpaXkaeT MOoCIe0Ba-
TEJNBHOCTh MPEeoOpa3oBaHUM YHPABISIONIET0 BXOIHOTO CHUTHAjda — HAIpPSKEHHS,
nonasaeMoro KCYBT Ha mpuBOABI PErynsiTOPOB BBLABMIKEHUS MHTEPLENTOpPa U
BIIPBICKA KOMIIOHEHTa (TPOLECChl MPOXOXKICHHUS CUTHAJIOB MapajlieNibHbl); ITPHU-
XOBBIE JINHUU — CUTHAJIOB MO BO3MYILEHUAM. Bo3MylIarolmyMy CUTHaJIaMu sIBJIS-
I0TCA PENYLIMPOBAHHOE /IaBJIEHUE — IITPUXOBAs JIMHUSA Ha pHUC. 4 — U AaBJICHUE Ha
CTEHKE CBEPX3BYKOBOI 4acCTH COIUIA B MECTE YCTAHOBKH MHTEPLENTOPHOIO y3ja —
LITPUXIYHKTUPHAS JTUHUS Ha puc. 4.
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Puc. 4 — CrpykrypHas cxema unrepuentopHoit 'CYBT ¢ BnpeickoM KOMIIOHEHTA TOILIMBA
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Juaamuueckas cuctema Ha puc. 4 pa3oMKHyTa, oOpaTHasl CBSI3b Ha JaHHOM
JTare MCCIeOBaHWN HE paccMaTpUBaeTCs. JTO OMPaBAaHO TEM, YTO YACTOTHHIM
KPHUTEPHU YCTOHYMBOCTH JTHHAMHYIECKOW cUCTeMbl (KpuTepuii HalikBucTa) mo3Bo-
JISIeT OIIEHWBATh YCTOWYHMBOCTH (WJIM HEYCTOMYMBOCTH) 3aMKHYTOW JTMHEWHOHN pe-
TYJIUPYIOIMEH CUCTEMBI C €JUHWYHOW TJIaBHON OOpaTHOW CBSI3BIO MO JAWHAMHUYE-
CKHM XapaKTePUCTHKAaM Pa30MKHYTO# cuctemsr [8].

B pamkax nmHEHHON MoAenn Bce 3BEeHbs muHammudeckod mermodykd ['CYBT
OTHOCSTCS K THUIIOBBIM IHMHAMHYECKAM 3BEHBSIM C COOTBETCTBYIOIIMMH THIIAMHU
nepenaTouHbIX (YHKIMA ¥ TepeXOqHBIMHU TpolieccaMy. BXOMTHOM yIpaBIstonInit
curHaji (BBOJIOM HMHTEPIENTOPA U BIPHICKOM KOMIIOHEHTA) CHadaia MPOXOANT 4e-
pe3 TmocneoBaTebHOe COeTUHEHNE HHEPIIMOHHOTO TUHAMHYECKOTO 3BE€HA, COOT-
BETCTBYIOIIETO AIIEKTPOMArHuTy, W KOJIIEOATETFHOTO 3BEHA, COOTBETCTBYIOIIETO
3P3OK, ¢ orpumaTeabHBIME OOpPATHBIMH CBSI3IMHU TI0 TIEPEMEIICHUIO SKOPS W BHI-
XOJHOMY AaBiieHHIo. Jlajee, 1Mo IemoYKe AMHAMUYECKUX 3BEHBEB YITPABICHUEM
BIIPBICKOM KOMIIOHEHTA, CHUTHAJ TOJBKO MEHSET CBOH YpOBEHB, a MO IETIOYKE
yIpaBIeHUs BBIIBIKEHHEM WHTEPIENTOPA UMEET XapaKTEePHBIN MEPEeXOTHON Mpo-
IIECC, COOTBETCTBYIOIINH KJIalaHy, yIPaBISFOIIEMY BBIABIKEHHEM HHTEPIIETITOPA.

Kommiekcnas mepenarounas ynkius CYBT W(S) (tme S = jo — xom-

IUIEKCHAsl BENMYMHA, (0 — 4YacTOTa CHTHaja), COOTBETCTBYIOLIAs NPHBEICHHOM
CTPYKTYpHOH cXeMe, MOJIyueHa C HCIIOJIb30BaHUEM (DYHKIHMOHAJIBHOTO ammapara
cpenst MATJIAB. KoaddunmeHTsl KOMITTIEKCHOW TepeaaToYHoil (yHKIMH 3aBH-
CST OT AMHAMHMYECKHX MapaMeTPOB OTIEIbHBIX HUCIIOJHUTEIbHBIX OpraHoB. JuHa-
MHYECKHE MapaMeTphl 3aBUCAT OT KOHCTPYKTHUBHBIX PEIICHUI OPraHOB yIpaBiie-
HUs, pabounx mporeccoB BHyTpH arperatoB JKPJI u, B HEKOTOPBIX CciTydasix, ompe-
JEJSIOTCS [0 Pe3yNbTaTaM 3KCIIEPUMEHTAIbHbBIX UCCIIEIOBAHUI.

[Ipu umccnenoBaHMM AWHAMHUYECKMX XapaKTEPUCTHK KOMIUIEKCHOW mepena-
TOYHOH (YHKIMHM U TOCTPOCHHHM COOTBETCTBYIOIIMX IpaMKOB, 3HAYECHHUS TUHA-
MHYECKUX apaMeTPOB PaCCUUTHIBAIOTCS UCXOAS U3 MHOTHX (DaKTOpOB, B 4aCTHO-
CTH HOMMHAJIbHBIX (MJIM MakCHUMaJlbHO BO3MOXKHBIX) 3HAUEHHUH MapaMeTpoB QyHK-
LUOHUPOBAHUS PEANBHOTO JIBUTATENsl; JAHHBIX 3KCIIEPUMEHTOB; (DPU3MKU IpoLec-
COB, OTPaXAIOIIUX NPUHLIMI pabOThHl OPraHOB YIPABJIECHUS; pa3MEpOB HCIOIHU-
TEJBHBIX OPraHOB; CBOMCTB paboyero Tesa; napaMeTpoB HOPMUPOBAHUS NIEPEMEH-
HBIX BEJIMYUH IPHU BBIBOJIE AMHAMHUYECKUX ypaBHEHUH U npyrux ¢axropos. Takxke
YUUTBIBACTCS, YTO M3-3a BBICOKOM SHEPTrOHAIPSIKEHHOCTH IOCTOSHHbBIE BPEMEHHU
otaenbHbIX arperatos JKPJI manbl — mopsiika COTHIX WM THICSYHBIX J0JIEH CEKyH-
Jbl, U TOJIBKO B OT/ENIHBIX CITy4asiX OHU COCTABIISIOT JECAThIC A0 CeKyHIbI [9].
ITockonbKy npu BBIBOZIE AMHAMHYECKOT'O YpPaBHEHUs Ul MHTEPLENTOpa MpHUHATA
JUHEHHAasT 3aBUCUMOCTD U CHJIBI CYXOTO TPEHHsI, YUUTBIBAeTCA TOT (aKT, UTO
TPEHUE METAJUINYECKHUX MOBEPXHOCTEH B BaKyyMe COIPOBOXAAETCS OOJIBIINM KO-
s¢durentom tperus [10].

Ha nannoM »stame wuccnenoBanmil auHamuku uHTepuentopHoilt 'CYBT c¢
BIIPBICKOM KOMIIOHEHTa TOIUTMBA, BIPBICK MCIIOIB3YETCS TOIBKO ISl OXJIAXKICHHS
WHTEPLENITOPAa U HE BHOCUT AONOJHUTENFHOIO BKJIA/1a B CO3AaHUE YIPABIIAIOLIETO
yennus. [loaToMy XxapakTepuUCTUKU CTPOSITCA AJIsi AMHAMHYECKON CHCTEMBI, COCTO-
SIed M3 LENOYKH 3BEHBEB, YIPABIIOIIMX BBIABIKEHHEM HHTepuenrtopa. llpu
YHCJICHHBIX pacyeTax 3HaYeHUs JUHAMHUYECKUX MMapaMeTPOB BapbUPOBAIUCH B J0-
MYCTUMBIX MpeJenax ¢ LeNblo BEIOOpa ONTHUMAIbHOTO, C TOUKH 3PEHUS] KauecTBa
mpolecca, CoueTaHus 3HAYEHWH KaK CaMUX IMapaMeTpoB, TaK U XapaKTEPUCTHK
PETYISATOPOB, ONPEAEISIIOIUX 3TH apameTpsl. [IpoBeaeHHbIe YHCIEHHBIE HCCIe-
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JIOBaHUSI TIOKA3aJIM CYIECTBEHHOE BIHMSHUE 3HAUCHUN JTUHAMUYECKUX MapaMeTpOB
Ha XapakTep MEepeXOJHOrO Mpollecca M ero YacTOTHBIC XapakTepucTHku. Ha pu-
CYHKaxX HIXXE MPHUBEJCHBI JHHAMUYCCKHE XapAKTEPUCTHKH MPH CICIYIONMX 3Ha-
YEHUSAX JUHAMHUYECKUX MTapaMeTpOB:

T°M =0,026, TM =0,0003, K™ =0,
TP =0,00002, T*€=0,01, K3"*=6, K3* =2, 7
K{'=125 T,'=0,001, T, =0,011, K};; =0,007.

CocTosiHHE TUHAMHYECKOW CHCTEMBI OIICHUBACTCS Ha OCHOBAHWH aHAIN3a €
HEePEXOHOTO Mpolecca MPH HEKOTOPOM THITOBOM BXOJHOM BO3AeHCTBHH. OOBIYHO
B Ka4eCTBE TAKOT'O BO3JCHCTBHS UCIOJIB3YETCS eAMHUYHBIH ckadok 1(t), mpu sToM
KpHBasi MIEPEXOHOrO MPOIECcca IS PEryIUpyeMOil BETHMYMHBI MPEACTABISIET CO-
0ot mepexoaHyr0 XapakTepucTuky cucteMbl h(t). IlepexomHas xapakTepucCTHKa

I'CYBT c uHTEpHEenTOpHBIM Y3JI0M BIPHICKA AJIS peryaupyemMoi Benndaussl O(1) mo
VIPABIAIONIEMY BO3JCHCTBUIO, TIOCTPOCHHAS IO MPEIBAPUTEIHLHBIM OIICHOYHBIM
3HaYEHUSIM TMHAMHYECKUX mapameTpos (7), Ioka3aHa Ha puc. 5.

h(t)

0.012
o0

0.008

0.008

0004

0.002

4] - T
0 05 1 1.5 2 25 3

Puc. 5 — Ilepexonnas ¢pynkuuns nareprentopHoii [CYBT ¢ BopsickoM

B kauectBe ¢ynkuum padorocnocodoHoctu CY HCHONB3YyeTCS aMIUTUTYAHO-
¢azoBas yactoTHas xapakrepuctuka (ADUX), koropas omnpenensercs: Kak rogo-

rpa¢ (crnex OBMKEHHS KOHIA) BEKTOpa [\N(S)|, MOCTPOCHHBI Ha KOMIUIEKCHOM
IUIOCKOCTH B 3aBUCUMOCTH OT 4acToThl . ADUX, cooTBeTCTBYIOLIAS IEPEXOIHO-

My TpOIlecCy Ha pHC. 5, TIOCTpOeHa B OCsIX BellecTBeHHOH Re(w) n mHMMOMN IM(w)
COCTaBJISAIONIEH KOMIUIEKCHOH IepeaTouHOl (pyHKIMH U ITOKa3aHa Ha puc. 6.

Im(®)
0.005

0.03 Re(w)
[0.02 H.15 -0.01 -0.005 o 0.006 a.m 0015

Puc. 6 — AOUX unrepuenropuoiit [CYBT ¢ Bopsickom
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Ha puc. 7, a) npuBeneHa aMIuInTyIHass 4acTOTHas xapakrepuctuka (AYX)
A(®) — rpaduk, XapaKTepU3YIONUH yCUIICHUE WIH OCIa0JeHUE BXOMHBIX TapMo-
HUYECKUX CHTHAJIOB Pa3NHYHON (PUKCHPOBAHHOW YaCTOTHI B YCTAHOBHUBIIEMCS pe-
xume. Ha puc. 7, 6) npuBeneHa ¢asopas dactorHas xapakrepuctika (OUX) (o)
— TpaduK, XapaKTEepU3YIOIIUI CIBUT MO (a3e rapMOHUYECKUX BBIXOJTHBIX CHUTHA-
JIOB OTHOCHTENBHO BXOJHBIX Pa3UYHON (PHKCHPOBAHHOM YaCTOTHI B YCTAHOBHB-
IIeMCsl peXKHUME.

Alor) Qi)

4444 N

A\ I —

a) AUX; 6) dUX
Puc. 7 — AUX n ®UX untepuenropuoit [CYBT c Brpeickom

AMIUTUTYIHBIE ¥ (a30BbIe YACTOTHBIC XapaKTEPUCTHKHN 00JIaat0T BHICOKUMHU
WHPOPMATUBHBIME CBOHCTBAMH M CIY)KaT OCHOBOW IJIsi OLIEHKH YCTOHYMBOCTH M
Ka4ecTBa JUHAMUYECKON CUCTEMBI.

UucneHHble HCCIIENOBAHUA IOKa3ajdd, YTO YAOBJIETBOPUTEIbHBIE (C TOYKH
3peHHus] KadecTBa YIpaBJICHUS) IWHAMHYECKHE XapaKTEPUCTUKU COOTBETCTBYIOT
pexuMy (YHKIIMOHUPOBAHUSI CUCTEMBI, TIPU KOTOPOM KOJIeOAaTEIbHOMY 3BEHY pe-
TYJUPYIOIIEr0 KJlallaHa COOTBETCTBYET WHEPLUOHHBIM MEPEXOMHOM Ipolece, a
WHTEPILENTOPHOMY KJanaHy — KojeOaTenbHbIH. 3a cueT oOpaTHOH CBS3H IO JIaB-
JICHHIO B 00OWX KOJIEOATENbHBIX 3BEHBAX YCTAHABIMBACTCS COTJIACOBAHHBIN 3aTy-
XarIuii KoiedaTenbHbIi pexxuM. Pexxum gynkiuonuposanus ['CYBT, npu koto-
POM KoJieOaTeNbHBIM 3BEHBSIM PETYIUPYIONIET0 U WHTEPIENTOPHOrO KIalaHa co-
OTBETCTBYET KoJieOaTeNbHBIN MepexoJHOM mpoliece, TpedyeT AalbHEeHIINX uccie-
JIOBAHUM MO TMOUCKY YCTOMYMBBIX 3aBUCUMOCTEN ISl 3HAYEHUW JUHAMHYECKUX
MapaMeTpoB, COMIACYIOIIUX YPOBEHb KOJCOAHUH B 3THX 3BEHbAX. BO3MOXKHO, UTO
B paMKax JIMHEHHOH Teopuu He yJacTcsi n30eKaTh aBTOKOJIeOaHUH MHTEpPIENTOp-
HOTO KJIalaHa ¥ C LeJIbI0 KOPPEKIMH THHAMHYECKUX CBOMCTB (YCTOHYMBOCTH) CH-
CTEeMBI MTOTPeOyeTCs UCTIONb30BaHHE HETMHEHHBIX XapaKTePUCTHUK.

[IpenBapurenbHbIC YHCICHHBIE UCCIIEIOBAHNS YCTOWYUBOrO peskuMa paboThl
I'CYBT mo3Boauin BEIAETUTH CICTYIOIINE 3aKOHOMEPHOCTH:

e [lpu mponopuroHanbHOM (OTHOCHTENFHO JAPYT Apyra) YBETHYEHHH 3Haue-
HUH TUHAMHYECKUX MapaMeTpOB MEPeIaTOUYHON (YHKIMN HHTEPIENTOPHOTO KIlara-
Ha YBEJIMUYMBAETCS BPEMS BBIXOJ]a CUTHAJIA HA YCTAHOBUBILUICS PEXUM; IIEPEXOTHOU
IIPOLIECC TP 3TOM COIIPOBOXKJIAETCSl YBEJIIMYCHUEM aMIUIMTYAbl U YMEHBIIEHUEM
YacTOTHI KOJIEOAHUI CHCTEMBI. YBeTWUEHHE 3HAYCHUH MMapaMeTPOB COOTBETCTBYET
YMEHBILIEHUIO KECTKOCTH BO3BPATHOM MPYKHUHBI B KOHCTPYKIIMH KJIallaHa.

e VYBenndyeHune 3Ha4YCHUS KO3 (UIIMEeHTa yCUICHUS O0paTHOM CBSI3M IO JaB-
JIEHUI0, KOTOPOE MOABOIUTCA OT PEryJIMPYIOIIEro JaBJICHUE KIlallaHa K UHTEepLEI-
TOpPY, YMEHBIIAET aMIUIMTYly KoJeOaHWl, He MEHsSI UX YacTOTy. 3HaUEHHE ITOTO
ko3 pumeHTa B OCHOBHOM OIPEACIACTCS BEIMYMHON PEIyIMPOBAHHOTO JaBJe-
Hus B noaBoasmen maructpanu CYBT XKP/I.
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VYBenuuenue 3HaYeHUST KOAQGUIMEHTA YCUICHUST OOpaTHOM CBS3M TIO JIaBiie-
HUIO, KOTOPOE TIOJJBOJIUTCS OT PETYIUPYIOIIETO JaBiieHHe KarmaHa K HHTEPLENTO-
Py, YMEHBIIIAeT aMIUTUTYIy KoJeOaHW{, HE MEHSS MX YacTOTy. 3HA4YEeHHE 3TOTO
Kod(pUIMEeHTa B OCHOBHOM OIIpeNIesieTcs BEINYMHON PEeIyIIPOBAHHOTO JaBIie-
Hus B moaBoasmei Mmaructpanu CYBT XKP/I.

JanpHelmre vccieIoBaHus HAIPaBIIEHBl HA aHAJM3 KadecTBa (yCTONYHBO-
cti) 'CYBT u mowmck ONTHMAaNbHBIX COYETAaHUIN XapaKTEPUCTHK PETYIATOPOB,
OTIPEICTISIONINX 3HAYCHHS TUHAMIYECKHAX ITapaMeTpPOB, C IENbI0 MOBBIIIEHUS (-
dextuBHOCTH cXeMbl KCYBT mnst mapmeBsix apurarencii KCP.

BeiBoasbl. Pazpabotana dynkimonanpHas cxema komOuHupoBanHod CYBT
MapIIeBOTo JBUTATENS 10 KaHATy YIpaBlieHHUs (TaHrax win peickanue). Cucrema
YIpPaBJIEHUS] COCTOUT U3 MHTEPLENTOPHOIO y3/1a C BIPHICKOM KOMIIOHEHTa TOIUIU-
Ba KaK MKCIIOJHHUTEJIBHOTO OpraHa TIa30JMHAMUYECKOW CHUCTEMBl YIPaBJICHUS
HaIpaBJICHUEM BEKTOPOM TSTH IO KaHaJIy HaBEIEHHUS M CHCTEMbI YNPABIISIOIINX
COIIeJI KaK MCIOJHUTENIFHOIO OpraHa KaHaja crabunmsanun. Paspaborana cTpyk-
TypHasi cxeMma W IoJlydeHa KoMiuiekcHas mepenatounas ¢yakmus [CYBT ¢ uH-
TEPLENTOPHBIM Y3JI0M BIIpbICKa. J[JIs1 3TOM CHCTEMBI YIPaBJICHUS! pacCUUTAHbI I1e-
pexonHast pyHKIMSA U aMIUIMTYJHO-()a30-4acTOTHBIE XapaKTEPUCTHKH MepeaaToy-
HOU (hyHKIMHU. AHAJIU3 PE3yJIbTATOB YHCICHHBIX MCCIEJOBAHUM IO3BOJIMII BbIIE-
muTh pexkuM GyHkmroHupoBaHus [[CYBT ¢ nuHaMu4ecKknMu XapakTepUCTUKAMH,
COOTBETCTBYIOIIMMH KauyeCTBEHHOMY Ipoueccy ynpasineHus. JlanpHelmue nccie-
JIOBaHMS HaIIpaBiieHbl Ha aHanu3 ycrounBoctd 'CYBT. [{ns noBeimenus a¢gdek-
tuBHOCTH KoMmrutekcHOW CYBT s mapmessix neurateneit KCP weobOxommmo
TaKXKe HAlTH ONTHMAJIbHBIE COUYETAaHMS XAaPAKTEPUCTHK PETYJISITOPOB, OIpEnelis-
IOLINX 3HAYCHUS TUHAMUYIECKHUX ITapaMeTPOB.

HccnenoBanus BBINOMHEHBI 3a cYeT (pUHAHCHPOBAHMA MO OIOMKETHOW MHpO-
rpamme “Tlomnep:kka pa3BUTHsS NPUOPUTETHBIX HANpaBJICHUH HAayYHBIX HCCIIEHO-
Banuii” (KITIKBK 6541230).
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