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OBLIASI XAPAKTEPUCTHKA PABOTDI

AKTyajbHOCTBL. B HacTosmee BpeMs pacTéT MHTEpeC K MHKPOMHHHATIODHEIM
3/IEKTPOMEXAHHYECKHM Mpeobpa3oBaTeNsM — YCTPOHCTBAM MHKPOCHCTEMHOIM
TEXHUKH, YTO OOYCIORJIEHO 3HAYHUTENBHLIMH BO3MOXHOCTAMH, M[O3BOJISAIOUIHMH
Pe3KO PacIIMpUTh Te cephl NPUMEHEHHsA, Tlle HeoOXoOMMBl HebojbllMe Macca H
rabapuThl NpH 3HAUMTENBHBIX (QYHKLUHOHANBHBIX BO3MOXHOCTAX — HAY4HOE
NpHOOPOCTpOEHHE, MHKPOPOOOTOTEXHHKA, TEJIEKOMMYHHKAIl[MOHHBIE  CHCTEMBI,
6MOMEeMIIMHCKIE TEXHONOIMH, U3eNHsS KOCMMYECKOro NPUMEHEHHA U 1p. MeToasl
MIPOU3BOJICTBA MHKPO3NEKTPOMEXAHHYECKHX CHCTEM, OCHOBAHHBIE HAa TEXHONOTHH
MHKpPOOOPaGOTKH KpeMHHs, MpeAnaraloT BO3MOXHOCTb W3TOTOBJNEHHS NELIEBEIX H
MHHHMATIOPHBIX YCTPOMCTB, CPABHUMBIX MO (YHKUHMOHAIBLHOCTH ¢ GoJiee KPYINHBIMH
aHajjoramd. OJHako [NaHHas TEXHOJNOTHs HMMeeT OONbLIOH HENOCTaTOK B BHIE
HETNPHUCIOCOONEHHOCTH K H3TOTOBNEHHIO TPEXMEPHBIX CTPYKTYpP. DTO MpENATCTBHE
MBITAIOTCS [PEOJONETh CAMBIMU pa3siM4YHBIMH cnocobaMu. OOMH M3 HUX — METOA
HCIIONB30BaHUA  AOMOJHHUTENLHOrO MNOJHMMHAHOrO cnos. JlaHHoe peleHue
COZIEPXKUTCA B KOHCTPYKIIHH pa3pabaThiBaeMOr0 TEpPMOMEXAaHHYECKOTIO aKTI0aTopa.

TepMoMexaHHYecKHe aKTHOATOPBl CNOCOOHBI BHIAEPXKMBaTh MHJIIMOHBI LIMKJIOB
cpabaThIBaHUsA, J>KECTKHE YCJIOBHS OTKPBITOIO KOCMHYECKOrO IIPOCTPAHCTBa, He
colepXaT MeXaHHYeCKHX, CKIOHHBIX K OBICTpOMYy H3HOCY HeTanell M obnajaioT
XOpOILUMM COOTHOLIEHHEM LieHa/KayecTBO Onaromaps BO3MOXHOCTH MX IPYNIIOBOrO
usrotoBneHus. PazpaboTka TEpMOMEXaHMYIECKMX aKTHOATOPOB MPEIONKEHHOTO THNA
yHuKaneHa s P@ u tpebGyer noapobHoro o63opa CyWECTBYIOIMX MPOTOTHNOB,
MOJIEIUPOBAHUS M OKCIIEPUMEHTANBHOrO  WMCCIENOBAHMS  MX  BBIXOAHBIX
XapaKTEPUCTHK, B TOM YHCIle NPH BO3HEHCTBUM BHEIIHHX AeCTaOUIM3HPYIOLINX
haxTopoB.

Huccepranuonnas pabora TMOCBALEHa peLIEHHIO aKTyaJlbHOW 3ajayu —
pa3paboTke KOHCTPYKLUHH M HCCIENOBaHHIO (YHKUHOHAIBHBIX BO3MOXHOCTEH
TepMOMEXaHHUYECKHUX aKTIOATOPOB HJI CHCTEM MHUKpOINEpEMELIEHHH B YCIOBHAX
OTKPBITOO  KOCMMYECKOr0 IMPOCTPaHCTBA C LENbI0 WX MpHMEHEHMs B
BBICOKOTEXHOJIOTHYHBIX H3LETHAX MUKPOPOOOTEXHHKH H CHCTEM YNPaBIEHHA.

Cocrosinne mnpobaembl. bonbuioll Bkiag B pa3paboTKy M HCClleJOBaHHe
TEepMOMEXaHMYECKHX aKTIOaTOpOB BHecCHH InBenckHe yuéHble J. KanpBecteH
(E. Kilvesten) u T. D6edopc (T. Ebefors) cBoeit pabGoroii «Polyimide V-groove
joints for three-dimensional silicon transducers» (Crokromsm, IlIBeuus: Royal
Institute of Technology, 2000). Kpome Toro, u3BecTHBl pabOThl TaKMX Y4EHBIX, KaK
M. I'ag-Onp-Xaka (M. Gad-el-Hak), B. Purmionnepa (W. Riethmiiller), H. Tuena (N.
Tien), M. Ataka (M. Ataka) u 1p.

OmHako, MaTepuajbl, TpeACTaBIeHHBle B JHaHHBIX paboTax, He oOnagaioT
IIOJIHOTOW B 4YacTH TEOPEeTHYEeCKOro M SKCIePHMEHTAJbHOTO HCCIENOBaHHA
XapaKTepUCTHK aKTHOAaTOPOB, @ Takke He OTPaXalOT IMOBEAEHHE aKTI0AaTopa IpH
BO3NEHCTBMH  OeCTaOMIM3NpYIOMMHUX  (AKTOPOB  OTKPBITOTO  KOCMHYECKOro
NPOCTPAHCTBA M NIPH BPEMEHHOM (CTapeHHN».
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e paGorei. Llensio muccepraunoHHodt paboThl  sBAeTcs  paspaborka
npuHUMNA (QYHKUMOHHPOBaHUA, MAaTEMaTHYeCKOH MOJENH, KOHCTPYKUHH H
npoBefiecHHe IKCINIEPUMEHTATBHBIX HCCHeAOBaHHH, HaNpaBlEHHBIX Ha H3yYeHHe
BJIMSAHUS KOHCTPYKLIHOHHBIX MapaMeTPOB H BHEINHUX BO3MYINAIOUIMX BO3ACHCTBHH
Ha ero pa6ory.

Pemaembie 3aaaun:

1. 0630p uMelOWMXCA KOHCTPYKUMH aKkTioaTopoB H  Bhibop Haubonee
3¢ (eKTHBHOro MPHUHIUMA NeHCTBUA.

2. MonennpoBaHue noBeaeHHs TEPMOMEXAHHUYECKOI0 aKTHaTopa NpH PaziH4HbIX
BO3MYILAIOIIMX BO3JEHUCTBHAX, a TAKXKe BIMSAHMA KOHCTPYKIMOHHBIX (DaKTOpPOB Ha
€T'0 XapaKTepHCTHKH, OLleHKa TOYHOCTH MOJETHPOBaHHS.

3. OnpeneneHne  OCHOBHBIX  ITapaMeTpPOB, BIIMAIOLINX Ha  pabory
TEPMOMEXaHHYECKHX aKTHaTOPOB, CTENIEHH X BITUAHHSA M BO3MOXHBIX METOHOB HX
HCCAEeJOBaHHA.

4. AHaim3 M pa3paboTka METOAMK, CO3[JaHMe CTEHAO0B II0 HCCIIEIOBaHHIO
XapaKTEpPHUCTHK TEPMOMEXaHH4YeCKHX aKTIoaTopoB, B TOM YHCJIEe B YCJOBHSX,
6JIM3KUX K YCIIOBUSAM OTKPBITOTO KOCMHYECKOT0 IIPOCTPAHCTBA.

5. PaspaboTka  METOOMKM  MCOBITAHHME  Ha  UHKIMYECKYI0  Harpysky
TEPMOMEXaHHYECKOI'0 aKTIaTopa B LeNAX YCTaHOBIEHHSA NPHMEPHOTO BpeMeHH 0
OTKa3a U3Jienus.

6. [lpoBenesre HCMBITAHWH aKTIOATOPOB MO pa3paboTaHHEIM  METOAHKAM,
HarpaBleHHBIX Ha YCTaHOBNEHHe BIHAHUSA KOHCTPYKIMOHHBIX NapaMeTpoOB, a Takxke
BHELUHUX BO3MYILAIOLIMX BO3AEHCTBUI Ha 3KCIUTyaTallUOHHBIE XapaKTePHCTHKU
TePMOMEXaHHYECKHX aKTHaTOPOB.

Metoansl HccnefaoBaHHs. Jlngd  aHanM3a M WCCIEZOBaHMA  BBIXOOHBIX
XapaKTEepHCTHK TEPMOMEXAHHYECKHMX aKTIOAaTOPOB NPHMEHEHO MOJeNNpOBaHHE C
ucnonp3osanueM CAIIP, ocHOBaHHOHN Ha METOAE KOHEYHO-3JIEMEHTHOrO aHanu3a. B
Xofe  OKCIIEPUMEHTANbHBIX  HCCNeJOBaHMH  IPHUMEHEHBl  ONTHYECKHH H
TOHUOMETPHYECKHH MeTonsl M3MepeHus AedopMalliH, NHPOMETPHYECKHH MeTon
U3MepeHHs TeMMNepaTypbl H aKyCTO-pe30HAHCHBIH METOA H3MEpEeHHs CHIOBLIX
XapaKTepUCTHK.

Hayunas HoBH3Ha paGoThi:

1. PaspaGoTaH OpUTHHAIBHEI KOHCTPYKTHBHEI! BapUaHT TEPMOMEXAHIIECKOTo
akTioaTopa ¢ V-00pa3HbIMM KaHaBKaMH, OTJIMHAIOIIMNCA BBICOKMM pecypcoM paboTsl
TNpU KCITyaTaliu B YCJIOBHUAX OTKPHITOrO KOCMH4€CKOTO IPOCTPAHCTBA.

2. PazpaboTaHa Mozens IepeMellleHMS TEePMOMEXaHWYeCKOro akTioaTopa ¢
NEpHOONYECKOH CTPYKTYpOH, NMOABEPracMOH akTMBHOMY MJIM IIaCCHBHOMY TEILUIOBOMY
BO3JEHCTBHIO, OTNHYAIOMmIascs IMMPOKMMHM BO3MOXHOCTAMHM  3alaHMsi  BHEIIHUX
BIMSIOMINX (haKTOPOB.

3. PaspaboraHa cepHs HOBBIX METONOB HCCJIENOBAHHMSA BBIXOIHBIX XapaKTEPHCTHK
TEPMOMEXAHUYECKOr0  aKTIoaTropa,  OTJIMYAIOLLMXCH BBICOKOH  TOYHOCTBIO,
YHHBEPCAJIBHOCTBIO M LMMPOKHM KpPYTOM HM3MepAeMBIX IapaMeTpoB, YacTHYHO
HMHUTHpYIOILaA psifl  AeCTaOMIM3MPYIOMIHX (DAKTOPOB OTKPHITOrO  KOCMHYECKOro

NPOCTPaHCTBA. .



4. TIpoBeneHO  KOMIUIEKCHOE  HCCIEOBaHWE  BBIXOAHBIX  XapaKTEPHCTHK
TEPMOMEXAHWUYECKUX aKTIOAaTOpPOB, IO3BOJIMBIEE OMNpENeNnHTb CTEeNeHH BRIWAHHA
KOHCTPYKTHBHBIX (hJaKTOPOB, a TAKOKe BHEITHUX BO3MYILAIOLIMX BO3EHCTBHH.

JocToBepHOCTL  NOJYYEHHBIX HAYYHBIX  pe3yJbTaToB, BbLIBOAOB H
PeKOMeHIallHH RHCCEpPTAllHOHHOH paloThl MOATBEPXAEHA IOJOXHTEIbHBIMH
pe3ylnbTaTaMH INpPOBENEHHBIX JKCIEPHMEHTAIBHBIX MCCIENOBaHWH, a Takxke
HCIIOJIb30BaHHEM pa3paboTaHHbIX Monened H MeToiuk B HUP u OKP, nozonuBuumx
YCHEIDHO  M3TOTaBIMBaTh  paboTOCMOCOOHBIE  OOpaslbl  TepMOMEXaHWYECKHX
aKTI0aTOPOB H YCTPOHCTBA Ha UX OCHOBE.

OcHoBHbI€E MO/I0XKeHHS, BLIHOCHMble HA 3aLHTY:

1. Konctpykims TepMOMEXaHH4ECKOTro aKTIoaTopa, obecneynBaroas
ynpaBiseMoe lepeMellieHHe NIOJBHXXHOIO 3JIeMEeHTa U ycuius 1o 5 MH B ycnosusx,
61M3KHX K YCTIOBHMSM OTKPHITOTO KOCMUYECKOTO MPOCTPAaHCTBa Ha MPOTAXKEHHH 32 U
6011€€ MHJUTHOHOB LIMKJIOB.

2. Metonpl HcclelOBaHHMA  XapaKTEPUCTHK  akKTioaTopa, obecrneyuBalolue
U3MEpeHHe BENWYMHBI JedopMalli¥ No yriaMm oTkioHeHus no 180 rpanycos B
IuanazoHe TeMnepatyp oT 123 nmo 583 K ¢ norpemmocteio 0,24 rpanyca;
ompefefeHHe  TeMIEpaTypHOTO  KO3((QHIMEeHTa  NHHEHHOro  pacliMpeHus
TOJIMUMHUIHOTO CJIOS B CTPYKTYpE akKTHATopa C MOrpeliHoCThio 4,2 %; H3MepeHue
Harpy304HOH COCOOHOCTH aKTIOATOPOB ¢ MOrpemHOCcThI0 2,3% B quamnasoHe ot 0,1
MH no 2,15 H; oueHky BAMSAHHS KOHBEKTHBHOH COCTaBJAIOLIEH Ha XapaKT€PUCTHKH
aKTIOaTopa, a TaKKe BO3MOXHOCTh CYIOHWTh O >KH3HECHIOCOOHOCTH aKTHATOPOB H
CTabMILHOCTH MX XapaKTEPUCTUK B NIpoLiEcce 3KCIlyaTalluu.

3. AHauTHYecKas TEeIUIOBas M YUCIIEHHas 3J1eKTPO-TepMO-MeXaHH4ecKas MOIenH
TEPMOMEXaHHYECKOTO aKTI0aTopa, MO3BOJSIOLIME YCTAaHOBHUTL KOHCTPYKTHBHbBIE
napaMeTpsl  paboTocnocobHoro akTiaTopa ¢ TpeOyeMBIMH  BLIXOJHKIMH
XapaKTEPHCTUKAMH.

4. Pe3ynbTaThl HCCIENOBaHMUSA XapaKTEPUCTHK AaKTIOATOPOR, I103BONSIOLIHNE
MOATBEPAUTs MNOJNIOXKEHHUs 00 MX BBHICOKOH HaNE€XHOCTH, (YHKLIHOHAIBHOCTH H
BO3MOXHOCTH HX NPUMEHEHHUS B YCIOBUAX OTKPHITOIO KOCMHY€ECKOrO NMPOCTPAHCTBA.

5. PexoMeHAyeMble  PeKHUMBI (YHKUHOHMPOBaHHMA  TEPMOMEXaHHYECKHX
axKTIOATOPOB,  oODOecrieyMBalollWe  yIydlleHHe ero  TepMoaedopMalHOHHBIX
XapaKTepUCTHK U yBeJIHUeHHe YacTOTh! cpabaThIBaHHsA.

IpakTHYeckasi 3HAYMMOCTL H Ppe3yabTaThl BHelpeHHst. Pa3zpaGoranHble
TepMOMEXaHHYECKHe aKTIoaTOpbl, METOAbl M Ppe3yibTaThl HUX HCCIENOBaHUH
HCTIONIB30BaHBl B HAYYHO-HCCNIEIOBATENBCKMX U OMBITHO-KOHCTPYKTOPCKHX paboTax
U paspabotkax OAO «Poccuiickue KocMuyeckue cucteMb: «Pa3zpaboTka 6a30BBIX
TEXHOJOTHH M KOHCTPYKLIMH, KOMIUIEKTOB TEXHOJIOTHYECKOH M KOHCTPYKTOPCKOH
JOKYMEHTAllUM Ha H3rOTOBJIEHHE MHKPONPHBOAOB C HAaMpSHKEHHEM YINPaBIEHHA»
(roc. xonTpakT Ne754 — B028/08 ot 23.07.2008 r.); «MccnenoBaHue myTeil co3naHus
ManorabapuTHBIX aHTEHH C YHpPaBISEMBIMH XapaKTEPUCTHKaMH Ha OCHOBE
MeTaMaTepHaloB» (roc. koHTpakt Ne 16.740.11.0080 ot 01.09.2010 r.). Ha
TIPEANPUATHH CO3IaHa OMBITHAsA NapTUA 00pa3LoB TEPMOMEXAHHYECKHX aKTI0OaTOPOB
u paspabortanbl KJ[, Tl u TY Ha Hux.



PaspaGoTaHHble METOmbI, MOZENHM, a TaKKe PEXHMbl (QYHKUHOHHPOBAHUSA
TepMOMEXaHHYECKHX aKTIOATOPOB BHEIpPEHB B NMPOH3BOACTBEHHBIE mpoueccel OAO
«Poccuiickue KOCMHMYECKHe CHCTEMBD» H TMO3BOJWIH H3rOTARIMBaTH aKTIOATOPHI C
3aaHHBIMHM, HEOOXOAMMBIMU U1 KOHKPETHOTO NPHMEHEHHs XapaKTEpHCTHKaMH H
NOATBEPXIaTh HX JOCTOBEPHOCTD NPOBEAEHHBIMH HCIIBITAHHAMH.

PesynsTaTel paboThl HcCHONB30BaHBl B y4YeOHBIH Mpollecc Ha Kadenpe
«I1lpoekTHpOBaHHE M TEXHOJIOTHSA NPOM3BOJACTBA JIEKTPOHHOM annapaTtyps» MI'TY
uMens H.O. baymana.

OCHOBHO# NIPaKTHYECKOH LEHHOCTbIO paboThl ABJIAETCH BO3MOXHOCTH CO3JAHMA
(YHKLUMOHANBHO 3aKOHYEHHBIX CHCTEM Ha OCHOBE TEPMOMEXaHHYECKHX aKTIOaTOPOB,
NO3BOJIAIOIIMX TIPH MEHBIIWX pa3Mepax M OoJbloel HanéXHOCTH pemIaTh
aHaIOTHYHblE CYIUECTBYIOLIMM CHCTEMaM 3aJayd B  YCJIOBHAX OTKpPBITOTO
KOCMHYECKOI'0 NPOCTPaHCTRA.

Anpobauus pa6orbl. OCHOBHBIE pe3yNbTaThl paboThl HOKIaAbIBATHCH Ha VII H
VIII BcepoccHiickMX HayYHO-NMPaKTHYECKHX KOH(epeHUUs X «MHKpOTEXHONOTHH B
aBHallWM U KocMOHaBTHKe» (r. Mockea, 2009, 2010 rr.); II u IV Bcepoccuiickux
Hay4YHO-TEXHHUYECKUX - KOH(pepeHHUHSX  «AKTyanbHble MpobneMBl  paKeTHO-
KOCMHYECKOro npubopocTpoeHUs W HH(OpMallMOHHBIX TexHosorui» (r. Mockga,
2009, 2011 rr.); III MexgyHaponHO! KOHGEpeHIIUH C dJIeMEHTaMH Hay9HOH IIKOJbI
s Monopéxu «PyHKIMOHaNbHble HaHOMaTepHallkl U BBICOKOUMCTBIE BelIECTBa»
(r. Cyspans, 2010 r.); mexayHapogHoMm ¢opyme «opora k 38€3gam» (r. Koponés,
2011 r.); XIV MonoméxHoi MexIyHapoAHOH HayyHO-TeXHHUYEeCKOH KOHdepeHIHH
«HaykoéMkue TeXHOJNOrMM W HHTelUiekTyanbHble cuctemsl — 2012» (r. Mocksa,
2012r.); XV  KOb6uneitnom MexnayHapoaHoM — CanoHe — HM300peTeHHH
¥ MHHOBALHOHHBIX TEXHOJOTUH «Apxumen-2012y.

Pabora ormeyeHa cepeOpsaHoit Menansio XV HO6GmnelHoro MexxayHapoIHOro
Canona wu30bpeTeHHII M HHHOBAallMOHHBIX TEXHONOTHH «ApxuMexn-2012» wu
crunenaueit [lpesunenrta PO.

Ily6nukanun. Ilo MarepuanaM M OCHOBHOMY  COIEpXaHHIO  paboThl
onybnukoBaHs!l 12 HayuHBIX paboT B Hay4HO-TEXHHYECKUX >CypHajlaX M Tpylax
koH(pepeHuu#, U3 HUX 4 HayuyHble pabOTBl ONYONMKOBAaHBl B pelEH3UPYEMBIX
M3faHuAX, pekomeHmoBaHHeIX BAK, odopmieso 3 3asBkd Ha mateHT PP Ha
H300peTeHHe, NOTYyYHBIINE NIONOXHUTENbHOE pellieHHe O BbiIade MaTeHTa, Moay4eH 1
nateHT P® Ha n3obpereHue. PesynbraTel paboThl OTpaXKeHB! B 5 HayYHBIX OTYETaX,
BeinonHeHHbIX B OAO «Poccuiickue KOCMHYECKHE CUCTEMbI» NIPH Y4aCTHH aBTOpa.

CTpykTypa ¥ o6bem pabGoThl. [{iccepTanyonHas paboTa COCTOUT U3 BBeJIeHHS,
YeTblpeX IJIaB C BbIBOJAMH, 3alUIIOUEHMs M CIMCKa JUTepaTyphl. Marepuaisl
AauccepTauMy M3noxeHs! Ha 198 cTpanmunax, Bimouas 105 pucyHkoB, 6 Tabnun u
CITHCOK JTUTEpaTyphl u3 60 HauMeHOBaHHH.



COJEPXAHME H PE3YJbBTATBI JUCCEPTALHUHU

Bo BBeieHHH 000CHOBaHa aKTyaJbHOCTh PENIEHHA NOCTABIEHHBIX B JUCCEPTALUH
3aJjay M Hay4dHas HOBH3HA, TNOKa3aHbl Uenu padoTel. PaccMOTpeHBI OCHOBHBIE
obnacTH mNpHMeHeHHMs oOBekTa HccieloBaHUsA. KpaTko onucaHel OCHOBHBIE
TPYIHOCTH, BO3HHKAIOILKE NIPH HCCIEOBAaHUAX TEPMOMEXaHHYECKHX aKTIOaTOpOB H
BO3MOXXHOCTH N0 YJIYYIIEHHIO HX XapaKTepHCTHK.

B nepBo# riiaBe NpoBel€H CpaBHUTENBbHBIH 0630p M3BECTHBIX KOHCTPYKTHBHBIX
BAPHAHTOB W TPHHLMIIOB AEHCTBUA MHKPOCHCTEMHBIX aKTioatopoB. I[lpeanoxena
KIacCHpUKalMsg  aKTIoaTOpOB W TpHBelNeHsl  Haubosee  3HaYMMble  HX
XapaKTEepHUCTHKH.

1A 31eKTpOCTaTHYECKUX AKTHOATOPOB MOJIOKHTENBHBIM SBIAETCS CKOPOCTh MX
¢yHkuHOHMpoBaHUA (0 5 k'), HO HeOONbIIHE NEepEeMEIIEH!s W YCHIIHA, a TaKxke
BBICOKOE HAIpsDKeHHe CpabaThIBaHHA M HETHHEHHOCTh PaboYMX XapaKTEPHUCTHK
OTHOCATCA K HX HeJOCTaTKaM. MarHHTHBIE aKTIOaTOphl MaJlOYyBCTBUTENBHB K
BJI2XHOCTH ¥ TbUIH, XOPOILO MOAXOIAT JUIA YCTPOHCTB, B KOTOPBIX NPHCYTCTBYIOT
GoJblIMe TOKH U HallpsHKEHHs, AAlOT O0JIblHe NepeMelleHHs TOJBIKHOTO 1eMeHTa
akTioaTopa W 00najaeT 3HAYUTENBHHIMH YCHIMAMH, HO NPH MX H3rOTOBIEHHH
CYIIECTBYeT OrpaHW4eHHs IO BBHIOOPY MAarHMTHOTO MarepHana, K TOMY e
TpéXMepHBle OOMOTKHM O4eHb TSKENO H3TOTOBHTh Ha MHKDOYPOBHE, aKTHOaTOPhI
notpebisaoT GOoJbLIOE KOJIMYECTBO SHEPrHM M pPacCeMBalOT MHOro  Temna.
ITsesonpuBoas! 00NafalOT BBICOKMM KO3(DGOULHMEHTOM MONE3HOTo JEHCTBHA H
ObICTPOJEHCTBIEM, HO OYEHb MalbIMH BENMYMHAMH IepeMeElleHUss X OonbluuM
3HaYEHHEM YIIPaBIAIOLIEro HallPDKEHHU.

OCHOBHBIM HEJOCTAaTKOM TEPMOMEXaHHYECKHX aKTI0aTOPOB SBJISETCS MX HH3KOe
ObicTponeiicTBue U KO3((HUIMEHT nonesHoro neicTeusa. IIpm 3ToM BO MHOIMX
3a7lauax 3TO KOMIEHCHPYETCS OJHHMM H3 CaMbIX BBICOKMX YCHIMH M BeNH4YMH
mepopMmanuit (mopsaxa 50%). MuxpopoboToTexHHYECKHe YCTPOHCTBA IS
HCIIONIB30BaHUM B YCIIOBHAX OTKPBITOrO KOCMHYECKOIO IPOCTPaHCTBA, Ha KOTODBIX
IJIaHUPYETCs NPMMEHeHUe pa3paboTaHHLIX aKTI0aTOpOB, TPeOYIOT, NpexJe BCero,
CTaOWJIBHBIX XapaKTePHCTHK HMCHOJHUTENBHOTO DJJIeMEHTa, BBICOKHX YCHIHH,
WIMPOKOTO AWanasoHa AepopMaluii, HeoOXOAMMBIX Ul NepeMelleHHH 06beKTOoB, a
TaKXKe IPOCTOH TPYNNOBOH TEXHOJIOTMH MX H3roTOBIeHMsA. BceM 3THM mapamerpaM
Haubosiee MOJIHO YAOBIETBOpAET TEPMOMEXaHMYeCKH THNM akTioaTopa ¢ V-
o0pa3HpIMM MONMMMMIHBIMH KaHaBKaMH, KOTOpbli M ObUl BbIOpaH B KayecTBe
npeiMeTa HCCIIEIOBAaHUA H pa3paboTKH.

Bo BTOpoi#i riaBe NpoBeleHO MOJENMPOBaHHE DPabOTEI TEPMOMEXaHHYECKOIo
aKkTioatopa. Pe3ynsTaroM NOCTpOEHHMS aHANTNTHYECKOH TEIUIOBOH MoJeNH cTana
cucreMa M3 IBYX AdubGepeHIHaNbHBIX YpaBHEHHH, OIHMChIBalOUlas MPOLECCHI
TerwroobMeHa BHYTPH CTPYKTYpHl akTioaTopa. PellleHHeM CHCTEMBl SBJIAETCS
ClleAyIollee BIPaXeHHe:

h
N-1)-U*-h-|a, +——|-{l+0,_ /o
( ) ( xpl tg54,74)( a2.cp ay:v)

pS: 'b'lo'm‘,p +O-Jt'p '(l+o-d:qn /o-tha)J
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rae U — HanpsKeHHe NUTaHHUS aKTIoaTopa,
N — KOnH4ecTBO NOJIHUMHAHbBIX BCTABOK,
h — TOJIILIHHA aKTIOaTopa,
a,, — LIUpUHa BepXHeH rpaHd KPEMHHEBOI'0 Pe3HUCTOpa,

b ~ HIMpHHA aKTIOATODPA,
o — TEIIOBble NMPOBOIAUMOCTH MEXIy JIEMEHTaMH aKTI0aTopa H OKpYXKarolleH
cpelox.
Onpenenus TeMrnepaTypHOEe paclpeleiiCcHHE BO3MOXHO HaWTH H OTKIOHEHHE
XBOCTOBHKA aKTHaTopa OT 1epBOHAYabHOIO NOJOXEHH:
2-N

Ar)=2-N-| at (a-.9,,,(r)+1)~(2-rg(35,26—;‘;V)D—arg(z-tg(35.26-

rie o - TeMmneparypHslfi KO3Gh(OHMUHEHT JNHHEHHOro pacCIUUPEHHA NONUHMHUIA,
BXOJIIIETO B COCTaB aKTIOATOpa.

Takum  obpasom, noxasaHo, uTO  JAeOpMalHOHHBIE  XapaKTEPHCTHKH
TEpPMOMEXaHHYECKOro aKTIoaTopa 3aBHUCAT OT 3HAYeHHSA TeMIleparypsl Harpertoi
30HbI, KOJHYECTBA KAaHABOK M OT XapaKTepHCTHK Ae(hOPMHpPYEMOro marepHana B
KaHaBKaxX. B cBOIO odyepens, TeMnepaTypy HarpeTod 30HbI ONPENENAIOT BpeMEHHbIe
COCTaBJIAIOIINE,  XapaKTEPHCTHKH  [OJaBaEMOro  3JIEKTPHYECKOTO0  CHTHaia,
reoMeTpHYeCcKHe TTapaMeTphl aKTI0aTopa H IapaMeTphl TeMooOMeHa ¢ OKpy>Karome
cpenoi. B To e Bpems Takod napaMmeTp, Kak DIyOMHa 3ajeraHus NOJIHHMHIA B
KaHaBKe NpH NpPOYMX paBHBIX YCJIOBUAX OKa3bIBaeT He CYLIECTBEHHOE BIHSHHE Ha
ero gedopMauuoHHsle xapakrepucTukd. Illupuna akTioaTopa Biuser B Oonblue
CTENeHH Ha DSNEeKTPHYECKHe XapaKTePHCTHKH KPEMHHEBBIX PE3HCTOPOB H TMpH
COMOCTaBUMBIX 3HaU€HHAX MOIIHOCTH TOXe He OKa3blBacT CYIIECTBEHHOIO BIMAHUA
Ha feopMaliMIo aKTI0aTopa, CKa3biBasCh ML Ha eT0 CHIOBBIX XapaKTepPHCTHKaX.

YnucneHHas MOJeNb 3MeKTPO-TEPMO-Ae(POPMALHOHHBIX NPOLECCOB NpH pabore
aKTIOaTOpa coCTaBlIeHa B NPOrpaMMHOM KOMIUIEKCE KOHEYHO-3JIEMEHTHOIO aHalu3a
ANSYS. Onpeneneso pacnpeieneHue TeMmIepaTyphl NIpH paboTe akTioaTtopa OT
3/IEKTPUYECKOrO Hanps)KeHHs. YCTAHOBJIEHBI 3HaYEeHHs NepeMellleHHi W Harpy3ok
aKTI0aTOpa 3aJlaHHOro THNOpa3Mepa IpH HanpskeHHd B 10 B M npu pasnudHBIX
BHELUHHX TEMIIEPAaTYPHBIX BO3AEHCTBUAX. Y CTaHOBJIEHB! 3HA4YEHH BO3HMKAIOUIUX B
CTPYKTYpE aKTI0aTOpa MeXaHW4YeCKWX HaNpspKeHWH, NMoKasaHO, 9TO MaKCHMalbHbIE
Hamps)KeHHs JIOKAIM30BaHbl B MeCTe 3aKpelUleHHs akTioaTopa. Pe3ynsTaThl
NPOBEJEHHbIX pacuéToB MOJENH MOATBEPAHIIH paborocnocobHOCTH
TEpMOMEXaHHYECKOro  aKTIoaTopa B  YCNOBHAX JKECTKOTO  TEMIIEpaTypHOTO
BO3JEHCTBHA, B TOM 4YHCIE€ M COOTBETCTBYIOIUMM YCJIOBHAM OTKpPBITOrO
KocMHueckoro mpoctpaHcTBa. OfpeneneHo 3HadeHHe Harpysku B 1,3 MH,
COOTBETCTBYIOLIEE Macce, KOTOPYIO CIOCOOEH BhiiepXkaTh aKTIOAaTOp NpH paboTe oT
nanpsokenus 10 B. '

PesyneraToM mnapameTpudecKHX pacuéTOB CTalo OMNpenNeNeHHe  BIUAHHH
3MEKTPHYECKOTO HalpshKeHHsA, TEMIIEpaTypHOTO H CHJIOBOTO BO3JEHCTBUA Ha
BBIXOJHBIE  XapaKTepHCTHKHM  akrioaropa. C  nNoMOMmBK  MOTy4YEHHOH
napamMeTpH4YecKod MoJelH TpPOaHAIM3HPOBAHO BJMSHHE pa3MEPOB aKTIOATOpa,
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rayOuHBI 3aneraHds MOJNMMMMIA, KONHYECTBA KaHABOK, CONEPXAWIWX MOTMHUMMA,
a TaKke MCHONb3YEMbIX MaTepHaloB M Ipyrux (GakTopoB Ha HCCIEdyeMble
XapaKTePHCTHKH (IepeMellleHHe, Harpy3kd, TeMOepaTypHOe B3aHMOIEHCTBHE,
BHYTpCHHHE HamlpsD)KeHH B CTPYKType) KaK B CTaTHKe, TaKk H B IHHAMHKe.
YcraHOBNE€Ha 3aBHCHMOCTh, OINpEAEIAIONIas CTeNeHb BIMAHHSA TEMIIEPATypPHOIO
KO3QOHIMEHTa JIHHEHHOIO pacIiHpeHHs IIOJMMMHMIHOTO cllos Ha paboTy
TEpPMOMEXaHHYECKOT0 aKTioaTopa.

B Tperbe# riaBe noApoOHO pacCMOTpeHa KOHCTPYKLMSA TEPMOMEXaHHYECKOTO
aKTiIoaTopa M [pHHUMD ero paborbl. OmnpeneneHbl Haubonee NOAXOAALINE
MaTepHabl, HCHOMb3yeMble IIPH H3TOTOBJIEHHH TEPMOMEXAHHYECKHX aKTHaTOpOB.
IpuBeneHE! OCHOBHBIE TEXHOJOTHYECKHE Ollepallid, IpHMEHAeMble Ha JTale
M3rOTOBNEHHS aKTIOATOPOB.

Ha pucyske 1 mnpencraBneHa KOHCTPYKUHS IIPEMIOXEHHOTO —aKTIOATOpa.
OTIMYHTENbHBIME NPH3HAKaMH KOHCTPYKIHMHM SBIAETCA NpHMeHeHHe V-00pasHBIX
KaHaBOK, BBINOJHEHHBIX B KPEMHHH, 3aMOJHEHHBIX TEPMOCTOMKHM INOIHMEPOM -
HONHMMUJIOM, H NpeAHa3HaueHHbIX AJIA oOeclieyeHHss MHOTOKpaTHOR AedopMmaniuu
KOHCTPYKUHHM IIOA JeHCTBHeM TeMreparyp. Jedopmanus NPOHCXOAMT 32 CHET
pasHUIBI B 3HAYEHUSAX TEMIIEPATYPHBIX KO3P(PHUIMEHTOB JMHEHHOTO paclUMpeHHA
DOJMHMMJa M KpeMHHMdA, BXONANIMX B CTpyKTypy. [IpM HarpeBe Kkaxnas H3
TpaneuMeBHIHBIX TOMHMMHIHBIX BCTaBOK HCIBITBIBaeT Je(OpMalHio, MNpPU4EM
BEpXHAA IpaHb B abCOJIIOTHOM 3HA4YEeHMH paciuMpsercs Gonblie, ueM HKXKHIA, a
TpaHHMIla KPEMHHH-TIOMHUMHJ OCTa€Tcs HeNMOABHXHOM, Onaromaps ueMy H
NpOUCXOAUT M3rub6 Oanku  akTioaropa. HarpeB mnpoMcxomuT 3a  CYér
cbOpMHPOBaHHEIX Ha HHXKHEH ITOBEPXHOCTH PE3HUCTOPOB, IHOO 33 CYET PE3UCTOPOB,
chOpPMHPOBaHHBIX W3 KPEMHHEBBIX BCTaBOK. BO BTOpOM BapHaHTe 3HAYHTENBHO
YOpOIIAeTCs TEXHOJOTUA M YBEJIUYHBACTCS HANEXKHOCTh CHCTEMBI B LIEJIOM.

IHonuumuna

Pucynox 1. TepmoMexaHu4eckuii aktioatop (a) 1 ero pororpadumu (6)
Takum o6pa3zoM, B KayecTBe MaTEpHAIOB [UIA H3rOTOBJIEHUS TEPMOMEXaHHYECKHX
aKTIOATOPOR BBIOpaHb! CleAyIOllHe: KpeMHUR Kak OCHOBHOM CTPYKTYPHBIH cCiloH U

KaK PpEe3UCTUBHBIA CIIOH, NONMMMHJI KaK ciloif, obecreuynBaloHi JAedopMaLHio
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aKTIoaTopa, M IOMHHMI, 0Opasyloimuil cioH NpPOBOMHHKOB, OOecreyHBaIOLIMX
HoAayy MUTaHHUS Ha Pe3HCTOPHI.

IpoaHanu3HpoBaHb! NIpHMeHsAEMble METOIHMKH no HCCeIOBaHHIO
TEPMOMEXaHHYECKHX  aKTIOAaTOpOB,  COCTaBJeHBl  CPAaBHUTENLHBIC  TabMHIBI
pa3NMYHbIX METOHOB H3YYeHUd He(hOPMallHOHHBIX M CHJIOBBIX XapaKTePHCTHK.
Bribpanbl HauboJsiee MNpeanoYTHTENbHbIE BAapHaHTHI, IMO3BOIOIHME ¢ 6OJBILIONH
TOYHOCTBIO, [OCTOBEDHOCTHIO H CTabHIBHOCTBIO MPOBOAMTH H3MEpPEHHS H
MakCUMaJIbHO TNpPOAYKTHBHO HCMONBb30BaTh 3TH  pe3ynbTaThl B  Hay4HoO-
HCCIIel0BaTENbCKOH  AeATeNsHOCTH. PesyinpTaroM BhlGOpa cTand clemyroliue
METOBI:

- MeToN M3MepeHHs AedopMalMii TepMOMeXaHHYeCKHX aKTIoAaTOpOB IUTHHOH (2-
50) MM ¢ yactoToii (0 — 30) I'n mpu BosaelicTBuM TeMnepatyp oT 123 no 583 K,
OCHOBaHHbI Ha TpPHMEHEHWH TOHHOMETPHUYECKOTO MeTona, obecreyuBaromero
H3MepeHHe BENHYHHBI AedhopMalliK o yrnaMm otkioHeHus ao 180+0,05 rpamycos
OTHOCHUTENIbHO 0a30Boil NHUHHM ¢ morpemHocThio 0,24 rpamyca. Merommka Takxke
NO3BOJIAET PACCYUTHIBATL TEMIEPaTypHbIH KOI(QQUIMEHT JHHEHHOTO pacHIUpeHHs
NIPUMEeHEHHOTO MOJHMUMMAR € NOorpeiHocThIo 4,2 % M K03 dHUIMEHT NedopManuy,
XapaKTEepU3YIOILMH KOHCTPYKLHIO TepMOMEXaHW4ecKoro akTioaropa. ®opMyna nis
onpefieJIeH!s TEMIIEPaTypHOro Ko3¢{HULHEHTa TOJIHAMHIIA NPEACTaBIeHa HIDKE:

cos(35,26 - l-) : cos(35.2 Ty
s i 2n 2n

ar cos( 70,52 - 7—")

n

+ 0052[35,26 . l) : cosz(35,26 . 7—") s 005(70,52 yd3
2n 2n n

cos(70.52 - ﬁ)

-1 (3),

n

rje y, — Yron oTKJIOHEHMS aKTIoaTopa NpH HayalbHOH TeMreparype, rpal.,
7 — YTOJl OTIJIOHEHMS aKTIoaTopa IIPH 3allaHHO# TeMIeparype, rpax.,
n — KOJMYeCTBO KaHABOK B KOHCTPYKIIMH aKTaTopa, IIT.,
AT — nuana3oH U3MeHeHHs TeMIepaTypsl, K;

- METON H3MEpPEeHUs CHJIOBBIX XapaKTePUCTHK ©Oanok TepMOMeXaHHYeCKHUX
aKTIOATOPOB, NOABEPrHYTHIX BO3AEHCTBUIO KOHTPOIHPYEMOH Harpy3Kd B JHama3oHe
or 0,1 MH mo 2,15 H, nosBonsromuil oLEHHWBaTh Harpy304HyH0 CIHOCOOHOCTH
aKTIOATOPOB € MOrpelHocThio 2,3%);

- MeTOJ MHOTOLUHMKJIOBBIX YCTaJIOCTHBIX MCIBITaHUH 6alok TepMOMeXaHHYEeCKHX
aKTIOATOPOB I[IpY 3aJaHHOH TeMIEpaType M 4YacToTe, MO3BOJIONIMA CYIUTh O
XHM3HECTOCOOHOCTH aKTIOAaTOPOB M CTaOMILHOCTH HX XapaKTepHCTHK B IIpoliecce
3KCITyaTallud Y OLCHMBATh BIMAHHE «CTapeHUsA» MaTrepHaloB Oanok Ha 3TH
XapaKTepUCTHKH;

- METOA  WCCHENOBAaHMUSA  TEMIOBBIX M DIIEKTPHYECKHX  XapaKTePHCTHK
TEPMOMEXaHHYECKMX aKTIOaTOPOB, B TOM YHCJIE B YCIOBHAX IOHMXEHHOTO
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aTMoc(epHOro naBneHus B auamasone ot 1 atm. no 107 Tla, ocHoBaMHM Ha
6eCKOHTaKTHOM H/WIH TEpPMONapHOM MeTONe M3MEPEHHS TEMIepaTyphl H
HCTONB30BaHHH BAaKyyMHOH KaMepsl YCTaHOBKM MATHETPOHHOTO HalbUICHMS,
TIO3BOJIAIOIUMA  ONpeAeNnATh  BJIHMSHHE  KOHBEKTHBHOH  COCTaBisIOMIEH  Ha
TeIUI006MeHHble TIPOLIECCHl H JJEKTPHYECKHE XapaKTePUCTHKH B Xode paboThl
aKTIOaTOpA.

[Npennoxensl BapHaHTHl NMPHMEHEHHS TEPMOMEXaHHYECKHX aKTHOAaTOPOB, CPexH
KOTODBIX: JJATYHKH TOJIOKEHNUA H TEMIEpaTyphl, YCTPOHCTBO 3aIUHThl HHTErPaNbHBIX
MHKDOCXEM OT 3JIEKTPUYECKHMX W/HIH TEIUIOBBIX NEPErpy30K, CUCTEMEI Ha OCHOBE
KOHBEHEpDHBIX JIHHHA TEPMOMEXaHMYECKHX aKTI0aTOpOB, CHCTeMa KOHTpOJis
KonebaHWi O6anoyHBIX HECYHIHX KOHCTPYKLHMH TEXHOJOTHYECKUX KOCMHYECKHX
anmnaparoB, CUCTEMa YNpaBleHHsA MONOXEHHEM (YHKIHMOHAILHOM MOBEPXHOCTH, a
TaKxkKe MUKpOPOOOTOTEXHHYECKOE YCTPOHCTBO C KIIEAIIHM CIOEM Ha OCHOBE «CYXOTO
anresnBay». PaccMoTpeHHBle BapHaHThl OTJIMYAIOTCS OT aHAJNOTOB, B IEPBYIO OuYepesb,
MaJbIMH MaccorabapuTHBIMH HapaMeTpaMH, a TaKXKe BEICOKUM PecypcoM paboThl.

B verBepToH ryaBe mpencTaBneHbl  pe3yJNbTaThi  NPOBEASHHBLIX  NO
pa3paboTaHHBIM METOIUKaM HKCIIepHMEHTATBHBIX HCCIIeOBaHHi, HanpaBJleHHbIX Ha
U3y4yeHUe BIHAHUS BHEIUHHMX AeCTaOHIM3UPYIOIUMX (aKTOPOB U KOHCTPYKLIHOHHBIX
[IapaMeTpPOB  TEPMOMEXaHMYECKMX  aKTHaTOpOB Ha  HMX  CHIIOBRlE H
TepMoJiehOpMaIIMOHHEIE XapaKTEPUCTUKHU KaK B CTaTHKe, Tak M B JHHAMHKE.

Jns  npoBelNeHMs OIKCIEPUMEHTOB ObUIM  H3rOTOBJIEHBl HECKONLKO MapTHit
TepMOMeXaHHYeCKHX aKTIoaTopoB. Kaxelil U3 akTIOaTopoB cocTofn U3 30 u Gonee
KaHaBOK, 3alOJIHEHHBIX  TOJHUMHUAOM, TrabapuUThl  aKTHOaTOpa  COCTABHIIH
nprommsuTensHo 15x3x0,18 MMm.

Pe3ynbraThl HcceIOBaHHE MOXHO pa3IesiuTh Ha CIIeAYIOLIHe KaTerOpyH.

Hccnedosanue mepmooegpopmayuonnvix xapaxkmepucmux. TloaTBepxaeHsl
NUHeHHble (OPMBI 3aBHCHMOCTeHl AepOpMallM{ aKTIoaTopa OT TEMIIEpATyphl €ro
HarpeBa U I0AaBaeMoro HanpsokeHus (npu Harpese 1o 500 K).

HanbieHue RONOMHHUTENBHOTO AaMIOMHHMEBOIO CJIOS Ha BEPXHIO CTOPOHY
aKTIOaTopa CIIOCOOCTBYET 3alllUTe NOMUMMUAZ OT BIUAHHUSA (AKTOPOB KOCMHYECKOTO
MPOCTPaHCTBa H HE3HAYHTENBHO CKAa3hIBAETCA Ha €ro XapaKTepHCTHKAX.

VYMeHbllIEHHEe TONIUMHBL TONMMMHUIHOIO CJIOS CO CTOPOHBI KpEMHHs He
CKa3bIBaeTCd Ha TepMoIe(dOpPMalHMOHHBIX XapaKTepUCTHKaX, B TO BpeMs Kak
YMeHBILICHHE TOJIMHEL CO CTOPOHBI NOJMHHUMKA NMPHBOAMT K PE3KOMY YXYALICHHIO
XapaKTEePUCTHUK aKTHoaTopa.

Takum oOpasoMm, onpeaeneHo, 4YTO ¢ TOYKH 3pEHHS  HaNpaBJIEHHOTO
perynMpoBaHus TepMONe(QOPMAlMOHHBIX XapaKTEPUCTHK TEPMOMEXaHH4ECKHX
aKTHaTOPOB, BaXHEHIIYI0 PONb MIpaeT TONIIMHA TMOMHHUMHIHOMO CIOS B YNpyro-
mapHUpHO# obnacTi. Vi3MeHeHMeM TONIIMHEI BO3MOXHO B IIHPOKOM mpenene
peryJHpoBarh KaK NepBOHAYaIBHBIH YTON OTKIOHEHHs aKTIoaTopa, Tak U Yroil ero
OTKJIOHEHHA IPH U3MEHEeHHU TeMIepaTypsl.

Hccneoosanue mepmodnekmpuyeckux xapakmepucmux. 3HadyeHHe MOLIHOCTH,
noTpebnsieMoll axTioaTopoM, He mpeBbiinaer 1 BT. Omnpepeneno pacnpezeneHue
TeMIlepaTypsl Ha aKTHoaTope NpH paboTe OT 3NEeKTPUYECKOrO HanpsXKeHWs, TEemo
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KOHLEHTPUPYETCS B LEHTPE aKTI0aTOpa U PacnpesesieHo No AlHe AehopMHUpyeMoii
30HBI C pacxoxeHueM B 18 %.

[lpoBegeHo wuccnemoBaHMe — BIMSAHHS — TeMIlepaTyphl Ha  3JeKTpHYecKue
XapaKTepUCTHKH KPEMHHEBBIX HarpeBaTeNbHBIX 3JIEMEHTOB, PE3YJNBTaTOM KOTOPOTo
CTaJ BBIBOI O TOM, YTO PeXHM paboThl aKTIoaTopa cleayeT ONpeAeNaTh TPaHHIHON
Temnepatypoid B 500 K. Ilpu 3amaHHoM TeMnepaType Habmonaercs peskoe
H3MEHEHHe CONPOTHBNEHHA KPEMHHS — NMPOMCXOAHT MaJeHHEe CONMpPOTHBIECHHA 3a
CYET Pe3KOro YBeNHHMEHHS KOHIEHTpallMM HOCHTeNeH 3apsja B KPEMHHH, UTO
MIPUBOJMT K NEperpeBy CTPYKTYphI.

B cBf3u ¢ 3TMM pa3paboTaHo NpeoXKeHHE MO ONTHMHU3alMM pabodero LMKIA,
YTO NO3BOJISET TEPMOMEXaHHYECKOMY aKTIOaTOpy (QYHKLHOHHPOBaTh B AHala3oHE
TeMnepaTtyp, OJM3KOM K KpHUTHYecKoMy s noiauuMuaa B 673 K, yro, B cBoio
ouepenb, YBENHYHBaeT TepMoAeQOpMaLHOHHbIE XapaKTEPHCTHKH KM 9acTOTy
cpabaTbIBaHHA aKTHOATOPA.

IpennoxeHue 0OCHOBaHO Ha HCIIONb30BaHHH peXHMa paboThl ¢ orpaHHYEHHEM TIO
TOKy, MOJaBaeMOMYy Ha aKTioarop. YHaércs AOOHTbCA MaKCHMAlbHOTO yria
OTKJIOHEHHs aKTIOaTOpa NpH COXPAHEHMH HayanbHOH HeOPMALMH B YCIOBHAX
OTCYTCTBHS Harpy3oK, 4TO HEBO3MOXHO JOCTHYh MNpPH CTAaHJApTHOM IIMTaHHH.
Harnsaso pabory akTioaTopa JeMOHCTPUpPYET IrpadHk Ha pHCYHKe 2.

1000
900 s

800- g

7004 s
3 Y
,’ KPHTHYECKasd TOYKa
600 ;
/ JUIA TIOJTHUMHU A

500
4004 - ¢
3004~

MakcumansHas temneparypa (K)

0 50 100 150 200 250
Cuna toka (MA)
Pucynok 2. Biusaye ciiibl ToOka Ha MaKCHMAIBHYIO TEMIIEpATypy Ha aKTioaTope

Taxoke paspaboTal pexxuM paboTh! aKTI0OaTOpa, MO3BONAIOIINH YBEIHIHTE JacCTOTY
ero cpabaTbiBaHHsA. Paboumil LMK akToaTopa B 3TOM ClIy4a€ COCTOHT M3 ABYX
aranoB. Ha nepBoM 3Tane QopmupyeTcs NpAMOYrOJbHBIA HMIYJIbC aMIUIMTYIOH
30 B (c orpaHu4eHHeM 10 TOKY MHOTO GONbLIMM pabo4ero) M JUIMHOH, ZOCTaTOYHOM
IUIA HarpeBa Teja JO KPDHTHYECKOH TEMIepaTypbl, KOTOPBIH ONpeAessercs
9KCMEePHMEHTAJIBHO HIIH TIPHONIKEHHO NMOCPEeNCTBOM pacuéToB. Ha BTOpoM 3Tame
OrpaHHYeHHE N0 TOKY CTYIEeHYaTo YMEHbLUAeTCi N0 3Ha4eHUH, COOTBETCTBYIOILETO
3HaYeHUI0 TOKa NpU 3ajaHHOH Temmeparype (pucyHok 2). [laHHoe pelieHue
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NO3BOJISET YBEIHUNTh CKOPOCTh Harpena akTioatopa Gonee 4eM B Ba pasa, IPH 3TOM
cJI0¥ MOJMHMHJIA He TepAET CBOH TepMoAehOpMallHOHHbIE CBOHCTBA.

YcTaHOBIIEHO, YTO NPH TeMIepaTypaX, OJH3KHX K KpHTHUYECKOH i NMOJMHMMUIA,
MPOMCXOOUT Yycanka MONHMMMIA (MpU TeMIepaTypax BbIll€ TEXHOJNOTHYECKON
TeMIIepaTypbl HMMIM3alMM), B pe3yjbTaTe Yero HayajlbHBIH Yrojl OTKJIOHEHHS
XBOCTOBHKa aKTI0aTopa HECKONBKO YBENHYHBAETCS, TIPH 3TOM NHHAMMHYECKHH Yroi
OTKJIOHEHHs coXpaHsercs. [lns pelneHus naHHOH MpobieMsl MpeaioXeHo NPOBOAHTE
OTXKHT aKTI0aTopa B Me4H, OO0 B pe3ysbTaTe «XONOCTOW» €ro paboTHI B TeYeHHE
ONpeneNéHHOro BpeMEHH (ONpelenseTcs JKCIEPUMEHTANbHO: 4eM Ooiblue, TeM
cTabwibHee HadalbHBIH Yrojl OTKJIOHEHHS B pe3ynbTaTe JajbHelined paboTsl
akTroatopa). Ilpy HanuyMm AaTyMkKa OOpaTHOH CBA3K MO TONOXKEHHUIO aKTHOATOPA,
BO3MOXHO TalkKe PpeIWMTh 3Ty npodieMy, Kaxzbeli pa3 3alaBasich TEKYLIUM
TIOJIOXEHHUEM aKTI0aTOopa.

Hccneoosanue ounamuueckux xapakmepucmuk. IlpoBeneHo wucciegoBaHHe
H3MEHEHHMs YINla OTKJIOHEHHWsT M TeMNepaTypbl Ha akTioaTope BO BpEMEHH
(pucyHok 3).
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Pucynox 3. Bpemennas xapakTepucTHKa paboThl aKTI0aTOpa
IIpM BO3AEHCTBHHM HampsikeHus 20 B

Jna  onTumuzamuu paboThl TEPMOMEXAHHYECKOrO aKTI0aTopa Npe/loXeHO
HCIIONB30BaTh YMEHBIIEHHbI pabouuif nauanazoH, obecneuuBatonuit 6Gonee
BBICOKYIO CKOPOCTH OTKIMKa CHCTeMBl Ha BO3JEHCTBHE 3NEeKTPHUYECKOTO
HampsbkeHHs. Tak, BpeMs Ha HarpeB CHUXKaeTcs B 4 pa3a, a OCThIBAHHE MPOUCXOAUT
6ricTpee B 6 pa3 (cooTBeTCcTBYeT yacToTe paboThl akTioaTopa B 0,4 I'n), npu sToM
JUHaMHUYeCKUH YTOJI YMEHBILAETCs BCETO JIMIIb B 2 pasa.

IIpoGnema npu paboTe B YMEHBIIEHHOM AMaNa3oHEe 3aKIIOYAETCs B Pealn3anuu
ITOPHTMa YTIpaBIIEHHS TOHOOHON CXeMBI, a TakXke HEOOXOOMMOCTH HalW4Hs
obpaTHO# CBA3W IO TeMmmepaType WJIH IO NEpPEeMELICHHI0 akTioatopa. lloaromy
pa3paboTaH nepuoauyYeckui pe>xxuM paboThl akTI0aTopa (PUCYHOK 4), 03BONAIOLIMHA
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pacuMpuTh pabouuil aMana3oH TeMnepatyp 1o 673 K u yBenuuuTs ckopocTs paboThl
aKTioaTopa B 2,5 pasa u Gosiee NpH yBeJIMUeHHH [HaNa3oHa nepeMelleHHi B 1,4-1,7
pasa, NpH 3TOM OTCYTCTBYeT HeoOXOoAMMOCTh B OOpaTHOH CBA3M IpH BbIXOJE Ha
cTabUIbHbIHA pexuM paboThl.

Bpems
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Bpems (cek.)

PHC)IHOK 4. BpemeHHax XapaKTePpHUCTHKA TEILVIOBOro peXXHMa aKTroaTopa
IIpy pa60Te B IEPUOANYECKOM PEXUME

Hcenedosanue cunogbix xapakmepucmuk. lIpoBefeHbl cepuuM H3MepeHMH
CHJIOBBIX  XapaKTepUCTHK  OaloK  TepMOMEXaHMYECKHX  aKTIOaTOpoB M
3KCMEPUMEHTANBHO TOJNy4eHBl 3aBHCHMOCTH  Harpy3oK, BO3HMKAOLIMX Ha
XBOCTOBHMKe OaJlki akTH0aTopa, oT yria aedopmauuu 3toi 6anku. IToaTBepxaeHsb!
JIUHelHble (GOpMBI 3aBHCUMOCTH BO3HHMKAaeMBIX Ha Oanke yCHiwi oOT e€
nepemeuieHus. Pe3ynbraThl TMOKa3bIBAlOT, 4YTO JUIS HCCHENYEMBIX O0Opas3moB
MaKCHMaJlbHOe 3HauyeHMe Harpy3Kd COCTaBHJO BenudauHy nopsnxa 5 MH. C pocrom
TOJIIIMHBI aNIOMHHUA Harpy3kH Ha XBOCTOBHKE IPH OTKJIOHEHHM Ha 3aJlaHHBIA yron
[IpaKTHYECKH He MEHAIOTCA. YTOHEHHe KpEeMHHs, BXOIIEro B CTPYKTYpY
aKkTioaropa, o00ycnaBNHMBaeT  SKCHOHEHLUHATbHOE  yYMEHBIICHHE  Harpy3kd
OTHOCHTENBHO IEpBOHAaYaJbHOTO YIJla OTKIOHeHMs B 9 pa3, 4TO MO3BONAET
paccMaTpuBaTh JaHHBIA Mpoliecc Kak OJWH M3 CNOCODOB perynupoBaHUs Harpy3Ku
Ha Oasnkax TepMOMeXaHH4YeCKHX aKTHAaTOpPOB.

Hccnedosanue enuanua noHudicennozo ammocgepnozo daenenua. [IposeneHs
CEpUU IKCIEPUMEHTANbHBIX HCCIEJOBAHUMN, MO3BOJAIOIIMX YCTAaHOBUTbL BIHMAHUE
NOHHKEHHOIO aTMOC(EPHOro JaBICHUSA Ha XapaKTEPUCTHKU TePMOMEXaHUYECKMX
aKTIaTOPOB (PHCYHOK 5).

VYcTaHOBNEHO, YTO OCHOBHOE BJMSHHE IIOHW)KEHHOE arMmochepHoe NaBneHHe
okasbiBaeT B auanasoHe ot 40 go 0.5 ITa, B xotropoM HabmopaeTcs yBelnH4YeHHE
TeMnepaTyphl Ha akTioaTope Ha 24,8 %. O61iee ke yBeJIHueHHe TeMIlepaTyps! NpH
3afanuu gasnenns B 107 Ila coctasmmo 32,5 K (30,5 %). IIpy noHKeHUN HaBieHUA
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HabmonaeTcs yBeTHYEHHE CKOPOCTH HAarpeBa ¥ YMEHbUIEHHE CKOPOCTH OXNKACHHA
CTPYKTYpbl akTioaTopa. TeM caMbIM, TEpMOMEXaHHYECKHH aKTIOATOp MOKa3all CBOIO
paboTocniocoOHOCTh NpH HNOHHXKEHHOM aTMocdepHOM namieHHH. JlaHHas omeHKa
0cOOCHHO TMoOJie3Ha H HeoOXOIWMa TpPH HCHONB30BaHHH TEPMOMEXAHHYECKOTO
aKTIOaTOpa B YCIIOBHAX OTKPHITOrO KOCMHYECKOTO MpPOCTPaHCTBA, KOTAa BIHSAHHE
KOHBEKTHMBHOM COCTaBIfIONICH Ha IMpoliecChl TemnoodSMeHa B  CTPYKTYpe
MHHHMAJIBHO, THOO OTCYTCTBYET BOBCE.
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Pucynox 5. BospeiicTBue BakyyMa
Ha TeMIlepaTypHble XapaKTePHCTHKHU aKTIOaTopa

Hccnedosanue naoéxwcnocmu. TlpoBeneHa oleHKa BIUAHHA MHOTOLUKIOBOTO
usruba Ha TepMonedopMaLHOHHBIE XapaKTEPUCTHKU YIPYro-lapHUpPHbIX 6anok
TepMOMEXaHHYECKHX aKTI0ATOPOB MTOKa3bIBaIOIas, YTO Yroll TepMoaedopMaiy npu
HarpeBaHUU TEPMOMEXAHHYECKOIo aKTHaTopa Mocje YCTAJIOCTHBIX UMKJIMYEeCKHX
HCTIBITaHME B - TedeHuH 5x10° mMKNOB CcHMXaeTcs mpuGIM3MTENbHO Ha 17 %, a
nocne 3,2x107 — npubmu3uTensHo Ha 26%. Takke SKCIEPUMEHTH NOKa3alld, YTO
yCUNMA, BO3HHKaeMble Ha akTIoaTope CHH3HINCh B 2 pa3sa OTHOCHTENBHO
NIEPBOHAYAILHOIO YIjla OTKJIOHEHHs mnocie 14 MUIUTHOHOB uMKknoB. IlomyuyeHHble
JaHHble TOBOPAT O NpeACKa3yeMOM H He KPHTHYECKOM HU3MEHEHHWHU XapaKTepHUCTHK
aKTI0ATOpa BO BPEMEHH, UTO ABIAETCH TONOXKHUTEIBHBIM MOMEHTOM U MOXET OBbITh
Y4YTEHO IpH pa3paboTKe CXEMBI €ro ynpaBleHHs.

CpaBHeHHe IKCIIEPHMEHTAIBHBIX pe3yNbTaTOB ¢ OKBHBAJIEHTHBIMH pe3ylbTaTaMH
YHCIEHHOH MOIENH IIOKa3alo CXOAMMOCTh XapaKTEPUCTHKH YroJl OTKIOHEHUA —
MakKCHMaJlbHOe IlepeMellleHHe XBOCTOBHKA, a TaK)Ke JMHAMHKH HarpeBa aKTIaTopa.
[NorpemHocts TpM pacyéTe mNoKasaHWH HAedopMallMH TepMOMEXaHHHYECKOTo
aKToaTopa Ipu paboTe OT 3nexkTpuyeckoro HanpspkeHus — 10 %. IlorpeumHocTth
3aaHus BENMUMHBl HampskeHHs coctaBwia 15,2 %. YcraHoBneHO, 4TO noBeleHUe
aKTIOaTOpa B YCIOBUSAX NOHHXEHHOT0 aTMOC(EPHOro faBleHUs NPH MOAENHPOBAHUH
COOTBETCTBYET IJKCIIEPHMEHTATbHO IOJNYYEHHBIM pe3ylbTaTaM, NOrPEHIHOCTh
HM3MEHEHHS TeMIepaTypHbIX XapaKTepPHUCTHK aKTI0aTopa cocTaBHaa 6,2 %, CUIIOBBIX —
6 %.

IlomyyeHHble HnaHHbBIE Ba)XXHBI M HEOOXOOMMBI [N JalbHEHILEro H3y4yeHHs
TEPMOMEXaHHYECKHX aKTHaTOpOB, NAlOT BO3MOXHOCTb CO3JaHHA HX C 3apaHee
3aJaHHBIMM  XapaKTEpHCTHKaMH, T[O3BOJIIOT paclUMpHTe M OoJjiee  TO4YHO
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NpeCTaBNATs OONACTH MX NpPHUMEHEHHS M MOATBEPXKAAIOT TOT ()aKT, YTO HUMEHHO
61MOpdHBIH THN aKTIOATOPOB ¢ V-00pasHbIMH KaHaBKaMH o6safaeT HaHOONBIHMH
3Ha4YeHHUSIMH Harpy3oK cpeld H3BeCTHBIX aHaIoroB. [IpoBel€HHBIE MCIIBITAHHA
HO3BOJIAIOT AONOJHUTH KapTHHY BO3MOXHOCTEH TEPMOMEXaHHYECKHX aKTIOaTopoB,
aKUEHTHpYs BHMMaHHE Ha BBICOKOH CTaOHIBHOCTH XapaKTEpPHCTHK MOIBHXXHBIX
6anoxk.

B 3akjo4YeHHH chOpMYIHPOBAHBl OCHOBHBIE pe3yJIbTaThl, MONYyYEHHbIE B
JMcCcepTaLMOHHOM pabore.

OCHOBHBIE PE3VYJIBTATHI PABOTHI

1. PaspaboTaHa opHrHHaNbHasd KOHCTPYKIMA TEPMOMEXaHHYECKOTO aKTIoaTopa C
V-06pa3HpIMH  KaHaBKaMHM, 3alOJHEHHBIMH IOJUMMUIOM, C HarpeBaTesieM,
BBIMOJHEHHBIM B KPEMHHEBOH CTPYKType, ¢ MaKCHMANbHBIM Pa3BHBAEMBIM YCHITHEM
5 MH.

2. PaspaboTaHa Mozenb TepMOMEXaHHYECKOTO aKTIOaTopa, MO3BOJAIOLIAs
YCTAHOBUTh €ro KOHCTPYKTHUBHble MapaMeTpbl HCXOAS M3 HEOOXOAMMBIX UIA
KOHKPETHOTO NPMMEHEHMS XapaKTEPUCTHK.

3. Pa3paGoTaHbl METOOAMKM HM3MepeHMs TepMoaeQOpMallMOHHBIX, CHJIOBBIX,
IMEKTPHUECKUX W TEPMOZUHAMHUYECKUX XapaKTePHCTHK TEePMOMEXaHHYECKHX
aKTHOATOPOB, OTJHYAIOLIMECHd BO3MOXHOCTBIO IPOM3BOIAMTH H3MEpPEHHS OOBEKTOB
MHKPOMHUHHATIOPHBIX Pa3MEPOB C BBICOKOH TOYHOCTHIO, ONPENENATh TEMIIEPATYPHBIH
Ko3)GHLUHEHT  NIMHEHHOro  pacliMpeHHMs  TNONMHMMIA, HUCNOJNB3YEMOTO B
KOHCTPYKIIMHM, a TaK X€ MCCIeoBaTb OOBEKTHl B YCJIOBHUAX IOHHKEHHOTO
aTMoc(epHOro JaBneHHUA.

4. PaspaboTaH TIpymnoBoH MeTOA YCKOPEHHBIX YCTaJOCTHBIX HCIbITaHHH
TEPMOMEXaHHYECKHX aKTI0aTOPOB, MO3BONAIOIIHI B KOPOTKHE CPOKH ONpeNeTHTh
NpUMepHOe BpeMs HapaboTKH IO OTKa3a M BIUSHUE «CTapEeHUsA» Ha XapaKTePUCTHKH
aKTIOATOPOB. YCTaHOBJEHO, YTO BpeMsi IpHPaOOTKH aKkTIAaTopa COCTaBifgeT
npuMepHo 100 IMKIOB paboOTHl B peaybHBIX YCJIOBHAX SKCIUTyaTallHH HIOCIE €ro
H3TOTOBJIEHHUA.

5. Paspaboranel  mpennmoXeHHWs [0  ONTHMH3aUMM  pabovero  MMKiIa
TEPMOMEXaHHWYECKHUX aKTIoaTopoB, IO3BOJIAIOINME, paboTas B yMEHBINEHHOM
JMana3oHe, YBEJIMYHMTb 4YacToTy cpabareiBauusa B S5 pa3 (mo 0,4 T'n), paboras B
NEepHOANYECKOM peXHMe, PaCIIMpHTh AuanasoH pabouux temnepatyp o 673 K n
YBEJIMYHUTh 3a CYET ITOrO CKOPOCTh paboThi B 2,5 pa3a NpU PacCIUPEHHUH JHAana30Ha
nepemeuedui B 1,4-1,7 pasa.

6. OxcnepyMeHTaNbHO NOATBEPXAEHa paboTOCIOCOOHOCTE TEPMOMEXaHHMYECKHX
aKTH0aTOPOB B YCJIOBUAX MOHUKEHHOTO aTMOCGHEPHOro AaBIEHHUS.

7. Iloka3aHo, 4TO TepMOMEXaHHYECKHe aKTIOaTOphl BhIAEPXHBalOT 32 u Honee
MHJUIHOHOB LIMKNOB cpabaThIBaHMA NPHU NIPeACKa3yeMOM U3MEHEHHH XapaKTepUCTHK.

8. IlonyyexHsble pe3yibTaThl 3KCIIEPUMEHTOB CBUAETENBCTBYIOT O BO3MOXXHOCTH
MIPUMEHEHHS TEPMOMEXAHHYECKMX AaKTIOaTOPOB B CHCTEMaxX, HCMONB3YEMBIX B
OTKPLITOM KOCMOCE.
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noxsnanoB VII Bcepoccuiickod HayyHo-mpakTHueckod koHepeHuuH. — M., 2009.
C. 29-30.

6. Metonuka u3MepeHHH NehOPMaLMOHHBIX XapaKTEPUCTHK MHKPOAKTIOATOPOB
/AB. KosnoB [u nxp.] // AxryanbHele npoGjieMsl pPakeTHO-KOCMHYECKOro
npubopocTpoeHus U uHPOpMaLUMOHHBIX TexHonoruit — 2009: Tpymm II
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TexHU4eckol koHbepeHnuu. — M., 2010. C. 30.
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C. 299-301.

9. MozgennpoBaHue TepMOMEXaHHIECKHMX aKTHAaTOPOB i CHCTEM
Mmukponepemeitennit / JI.B. Kosnos [u ap.] / AxTyanbHble mpoGieMbl paKeTHO-
KOCMHYECKOro TpUOOpOCTpOEHHS M HHPOPMAIMOHHBIX TexHonoruih — 2011:

C6opuuk  Te3ucoB  poknanoB IV Bcepoccuiickoii  Hay4HO—-TEXHHYECKOMR
koHbepenunn. — M., 2011. C. 306-307.

10. CucteMa TepMoOperyIHpOBaHHsA MOBEPXHOCTH M OOPTOBOH anmapaTypbl MasbixX
KOCMMYECKHX allapaToB Ha OCHOBE KOHBEHEPHBIX JHMHHH TEIIOBBIX aKTIOaTOPOB
/ A.B. KosnoB [u mp.] / Bcepoccuiickuii dectuBanp Hayku — 2011: C6opuuk
MaTepHaIOB MeXIyHapogHoro MoinoaéxHoro ¢opyma «Jlopora k 3B€3gaM». —
Koponés, 2011. C. 9-10.
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