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AHOTALIA

Myeenoe JI.J[. YacTOTHO-pEryan0BaHUN EJIEKTPONPUBOJ IMiJIBUILIEHOT pajlaliifHOl
CTIAKOCT1 ISl BaHTAKOMIIMOMHUX MAIIMH CXOBHIIA PaJlOAKTUBHUX BIAXOMIIB. -
Kgamidikariiiina HayKkoBa mparis Ha paBax pyKOIUCY.

Hucepranisi Ha 3100yTTS HAYKOBOTO CTymeHs JokTopa dimocodii 3a
cnemianbHicTIO 141 « EnexkrpoenepreTrka, eIeKTpOTeXHIKa Ta eleKTpoMexanikay (14
- Enextpuuna iwxeHepis). - HamioHanbHUN TEXHIYHUI YyHIBEPCUTET YKpaiHU
“KuiBcbkuil noniTexHiyauit iHcTuTyT iMeH1 Irops Cikopebkoro”, Kuis, 2023.

B po6oti 3aiiicHeHo aHami3 mpoOJieMHOI 00JacTi 3aCTOCYBaHHS YacTOTHO-
pPEeryIbOBaHUX EJIEKTPOTPUBOJIIB CEPEIHBOI IMOTY)KHOCTI B YMOBaxX BIUTMBY
10HI3yI0YOTO BHUIIPOMiHIOBaHHS. BcranoBneHno, mo B 2020 pori 4yacTka aTOMHOT
€HEPreTUK B CTPYKTYpl 3arajlbHOrO IEPBUHHOTO IIOCTAa4YaHHS EHEPropecypciB
cranoBmia 23.2 %. BiamosinHo 1o «EHepreTnuHOi cTpaTerii YkpaiHu Ha mepiof 10
2035 poky» IPOTHO3YETHCS, IO YacTKa aTOMHOI TeHepallii B 3araibHOMYy 00cCs31
BUPOOHUIITBA €JIEKTPOCHEPTrii 3pocTaTuMe, 10 HEMUHY4YE MpPU3BENe A0 30UIbIICHHS
KUIBKOCT1 PaJiOaKTUBHUX BinxomiB. [l 3axopoHeHHs a0o0 JOBroOCTPOKOBOTO
30epiraHHs TakWX BIAXOJIIB 3aCTOCOBYIOTH CIIEIialli30BaHl CXOBHINA Padl0OaKTUBHUX
BimxomiB. B aucepramiiiHiii poOOTI PO3TIANAETHCS MPUIOBEPXHEBE CXOBUIIE
pPaJl0aKTUBHUX BIIXOAIB KOMIUIEKCY BUpOOHULTB «Bektop». CxoBuile Mae
npoTsokHICTE 120 MeTpiB 1 Juisi TpaHCIOPTYBaHHS OJOKIB 13 PaglOaKTUBHUMHU
BIJIXO/IaMHU B SIKOCT1 BAaHTAKOMIIHOMHOT MallIMHU 3aCTOCOBYETHCSI MOCTOBUI KpaH.

Po3rnsHyTO  CTPYKTYpYy CHCTEMH EIEeKTPONPHBOIIB MOCTOBOTO KpaHy.
Busineno, 1mo oneparop 31HCHIOE KepyBaHHS 13 CyCiAHBOI OYiBIl 3a JOMOMOTOIO
OpraHiB ymOpaBliHHS 1 CHCTeMH Bijeo crnocrtepexkeHHs. CHioBi arperatu
EJICKTPOIIPUBOIB BHKOHAHI 3a CXEMOKO IEPETBOPIOBAY YACTOTH - ACHHXPOHHHM
JIBUTYH 3 KOPOTKO3aMKHEHUM POTOPOM 1 PO3TAIIOBYIOThCS 0€3MOCePEIHhO HA MOCTI
KpaHy, a MpUCTPOI KEpyBaHHS — B MpUMILIEHH] yrpaBiaiHHA. s oOMiHy
iH(DopMaIli€l0 MK EIeKTPONPUBOJAMU HAa MOCTY KpaHa 1 OpraHaMu YIpaBJIiHHS

3aCTOCOBYETHCS aTMOC(EPHUI ONTUYHUIN KaHaJ 3B’ S3KY.



B MocToBOMY KpaHi 3aCTOCOBYIOTHCS YaCTOTHO-PETYJIHOBAHI €JIEKTPOTPUBOIU
3arajJbHOMPOMHUCIIOBOIO BHKOHAHHS, TOOTO HE BXKHUBAIOTHCS KOJHI 3aXOaH 1
cCHeriaigbHl TEXHOJIOTII JjIsi pajiallifHOro 3axucTy oOnamHaHHsA. [[ns BpaxyBaHHS
pamiamiiinux  edekTiB  o0paHO BEJIWYMHY TOTJMHEHOI J03U  10HI3YIOUOTO
BUTIpOoMiHIOBaHHS. [IpoBeneHo orisii KOHCTPYKIIi 1 MaTepialiB, 3 AKUX CKIIAJIa€ThCA
KOXKEH 3 €JIEMEHTIB eliekTponpuBody. CKIamoBi MaTepiaid eJIeKTPOIPUBOIY
MOJIUICHO Ha Kareropii 3a (PyHKI[IOHAIOM 1 MPOBEJAEHO OTJIS/ BIUIUBY 10HI3YyIOYOTO
BUIIPOMIHIOBaHHSI HA: MaTepiajiv, 10 BUKOHYIOTh MEXaHiuHI (YHKUIT; TPOBIIHUKY;
HaIIBIPOBIIHUKY;  JIENEKTPUKWA, MAarHiTHI MaTepialin, TMacWBHI  €JIEMEHTHU
ENEKTPUYHHUX K.

BusiBneHno, 1o HamiBOpOBITHUKOBI MPUCTPOT MAIOTh HAMMEHIY CTIMKICTH JI0
10HI3yI0YOTO BUIIPOMIHIOBAHHS, 30KpeMa Jerpajallii BJIAaCTUBOCTEH KPEMHIIO
MOYHMHAETHCS 13 MOTJIMHEHO1 103U 1 kpao, Ha BiaMiHY BiJ AienekTpukiB (1 Mpao) Ta
KoHCTpyKIiiHOI ctani (100 Mpao). B nopansimomMy AOCHIIKEHHS 30pIEHTOBAHO Ha
HalcaOKimIii JaHIl CHCTEMH, TOOTO Ha HAMIBIPOBITHUKOBUX TPHIaaax.

YacToTHO-peryIbOBaHUHN EIEKTPOTPUBO/ MiAIOMY MOCTOBOTO KpaHy CXOBHIIA
PaJl0aKTUBHHUX BIJIXOJIIB MICTUTh TMEPETBOPIOBAY YACTOTH 13 JAHKOK IMOCTIHHOTO
CTpyMy. PO3rIsSHYTO CTPYKTYpy CHIIOBOTO HamiBIPOBITHMKOBOTO KaHAJy YacTOTHO-
PEeryJIb0BaHOTO EJIEKTPONPUBOAY. PO3KpuTO, MO I TEPETBOPIOBAYIB YaCTOTH
CepeaHbOi TMOTYKHOCTI B SKOCTI KJIIOYIB 1HBEPTOpa 3acCTOCOBYIOTH OIMOJIAPHI
TPAH3UCTOPH 3 130JIbOBAaHUM 3aTBOPOM. OCKUIBKH TOCIIHPKEHHS paialliiHux e(eKTiB
TaKuX TPAH3UCTOPIB B JITeparypl HE BHUABJICHO, MNPUUHATO PIIMICHHS IIPO
3aCTOCYBaHHS CXEMH 3aMilleHHS OIMOJISIpHOTO TPaH3UCTOpa 3  130JIbOBAHUM
3arBopoM. JlJisi moCiimKeHHs pajialiiHux e(eKTiB B OIMOJSPHUX TPaH3UCTOpax 3
130JIbOBAaHUM 3aTBOPOM OOpaHO CXEMy 3aMIILEHHS Ha OCHOBI €JIEMEHTIB, pajialliiHi
edexkTn skux BioMi. [IpoBeaeHO MOJENIOBaHHS CXEMHU 3aMIIIEHHS OIMOJISIPHOTO
TpaH3UCTOpa 3 130JIbOBAHUM 3aTBOPOM 3 METOI0 BCTAHOBJIEHHS ii JJOCTOBIPHOCTI.
[loOynoBaHi BOJbT-aMIEpPHI 1 MEPEAATOYHI XApAKTEPUCTHKUM B JOCTaTHIA MIpi

301raroThCs 13 3aBOJICBKUMU XapAKTEPUCTUKAMU TTPOTOTHUITY.
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PosrasinyTo nBa TMNM ApaiiBepiB YIIPaBIiHHS CUJIOBUMH KIIOUaMHU 1HBEPTOpA —
Ha OCHOBI TOJbOBUX (METall-I1eIEeKTPUK-HAMIBIPOBIAHUKOBUX) 1 OIIOJAPHUX
TpansuctopiB.  [loOymoBaHi  €NEKTpUYHI  CXEMH  3aMIlIEHHS  CHUJIOBOTO
HaIBIPOBITHUKOBOIO KaHALY MEPETBOPIOBAYA YaCTOTH 13 IUMH JIpaiiBEpaMH.

CuHTe30BaHO 1 JIOCHIPKEHO MaTeMaTH4YHI MOl HamiBIPOBITHUKOBHX
CWJIOBUX KaHaIIB IMEpPETBOPIOBAaYa YacTOTH JUISl BpAaxyBaHHsS paaialliiHuX e(eKTiB.
Jlns 1porOo  PO3IJISHYTO pafiamidHi e€peKTH B OKPEMHUX HAIMIBIPOBITHUKOBUX
€JIEMEHTaX CHJIOBOTO KaHajly IMEepeTBOpIOBaYa YacTOTU: JloAax, OIMONsApHUX 1
MOJBOBUX  (METaI-AIeIeKTPUK-HAIIBIPOBITHUKOBUX) TPaH3UCTOpPaxX 1 ONTPOHAX.
3anucaHi pIBHSHHA €JIEKTPUYHOI PIBHOBAru s ENEKTPUYHUX CXEM 3aMilIeHHS
CHJIOBOTO HAMIBIPOBIIHUKOBOTO KaHaly IIEpEeTBOpIOBadYa YacToTh 13 obOoma
BapianTamu npaiiBepiB. Lli piBHSHHS € MaTeMaTUYHOIO MOJEIUTIO JUISl PO3PaxXyHKY
BUX1/JIHO1 HANpYrH IMEpEeTBOPIOBadYa YaCTOTH CEPEAHBbOI MOTY>KHOCTI BiJ] BEIHYMHU
MHOTJIMHEHO1 JO3HU.

B mporieci mopiBHSIHHS TBOX BapiaHTIB BUSBJIEHO, IO CUCTEMA 13 JpaiiBepaMu
Ha OCHOBI OIMOJISPHUX TPAH3UCTOPIB CTIMKIIIA 32 CUCTEMY 13 IpaliBEpaMu Ha OCHOBI
NOJILOBUX TPAH3UCTOPIB: BIAMOBA NEPETBOPIOBaYa 4YAacTOTH 3 JpaiiBepaMu Ha
OINONIAPHUX TPAH3UCTOPAX HACTAE MPU MOTIUHEH1H 1031 Outbine 800 xpao, B TOl yac
K CHCTE€Ma 3 TIOJIbOBUMH TPAH3UCTOPAMH JIpaiiBepiB BUXOIUTH 3 Jamy micias 300
Kpao.

JlocnimxenHus CHUHTE30BaHO1 Mojieni JI03BOJIUIIO BU3HAYUTHU
HaIBIPOBIIHUKOBUHN MPUCTPiN B CKIIAJl CUJIOBOTO KaHAJIy MEPETBOPIOBaYa YaCcTOTH,
3MiHa TIapaMeTpiB SKOTO HAWCyTTeBIlIe BIUIMBae Ha poOoTy cuctemu. [
BUPIIICHHS I[LOTO TUTAaHHS B JIMCHIA MaTEeMaTHYHIM MOJEel 3aMiCTh 1CHYHOUHX
HaIlIBIPOBIIHUKOBUX MPUCTPOIB MO 4Yep3l MIJCTABIIUCSA 1€ani30BaHl, TOOTO
HEUYTJIMBI 10 BIUIMBY pajiaiii. BusBiaeHo, mo B cuctemi 13 ApaliBepaMu Ha OCHOBI
OIMONIAPHUX TPAH3UCTOPIB BUKOPHUCTAHHS padiallifHO HEYYTJIMBOrO OIMOISPHOTO
Tpan3ucropa B ckianl BTI3 3abe3neuye HE3MIHHY aMmIUlITyAy BHUXITHOT HAmpyru

IepeTBOpIOBada 4YacTOTH 13 3pocTaHHsAM 103U A0 800 xpao, micis 4oro HacTae



¢dbyHKIIOHATbHA BiZIMOBA. 3’4COBAaHO, IO pajialiiiHa 3MiHa MapameTpiB ONTPOHA
HaWCyTTEBIIIE BILUIUBAE HA pOOOTY BCIET CUCTEMH.

Ockinbku atMoc(epHUN ONTHUYHHUI KaHal 3B’SI3Ky — 1€, MO CYTi, ONTpPOH,
BUIIPOMIHIOBaY 1 (oTONpuiiMay SIKOro BiJJajeHl OJWH BiJ OJHOTO B MPOCTOPI Ha
3HauHy BijcTaHb (70 150 MetrpiB), BiH MOTpedye IOMATKOBOTO JOCHIKEHHS 3
BpaxyBaHHSIM  OCOOJMBOCTEH  HMOro  apXiTeKTypH, BKJIIOYCHHI B  CXEMY
EJIEKTPOIPHUBOJA 1 3MIHU JOBKUHHU ONTUYHOTO KAaHATY BUKIMKAHOTO MEPECyBaHHIM
MOCTY.

PosrnsiHyTO yHKIIIOHANBHY CXeMy 1 TEXHIYHI XapaKTEPUCTUKH aTMOCHEPHOTO
ONTHUYHOTO KaHaJy 3B’sI3Ky. Sk KpuTepiid SKOCTI nepeaadl JaHux 00paHo KoediIieHT
OITOBUX TMOMWIOK — BIJHOIIEHHS IMOMIJIKOBUX [IBIMKOBUX CHMBOJIIB Ha BHXOIl
CUCTEMH, TMOJIVICHE HA 3arajibHE YHCIO MPUHHATUX JBIMKOBHX CHUMBOJIB, MpU
JOBKHMHI TepeaaHoi JBIMKOBIM MOCTIOBHOCTI, MO0 MPSAMY€ 10 HECKIHYEHHOCTI.
BukoHnaHo aHani3 (hakTopiB, 110 MOTIPIIYIOTh SKICTh Nepenadi iHpopMmalii, 10 TaKUX
(bakTOpiB BIIHOCATHCA: MOCIA0JCHHS MOTY>KHOCTI OTPUMAHOTO MpUIMaueM CUTHATY
BHACHIJOK HE O€3KIHEYHO BY3bKOi JiarpaMu CHOpPsIMOBAHOCTI MEpeAaTyHKa; LIyMOBI
MEPeIKou TepeaTynka, KaHaly 1 NMpuiMava; Jerpajailisi BUKJIMKaHa BIUTMBOM
10HI3yI04O1 pajiaiii; npupodHa JAerpajailis Jiazepa; MOCIabJIeHHS Ja3epHOTO
BUTIPOMiHIOBaHHS B armochepi. Ha ocHOBI CTpykTypHOi cxemMu aTMochepHOTro
ONTHUYHOTO KaHaTy 3B’sA3Ky MOOyJOBaHO HOTO IMITAIliiHy MOENbh B CEPEJIOBMIII
MATLAB/Simulink. CunTe3oBaHy MOJenb JOCHIPKEHO 1 Ha OCHOBI IMOOYJOBaHOI
3QJIEKHOCTI KoedillieHTa OITOBUX TIMOMMJIOK BIJI BIJHOIIEHHS CHUTHal / IIIyM
BCTAHOBJICHO 11 aJICKBaTHICTb.

3annsa MiABUIIEHHS SIKOCTI mepenadyli B aTMOC(EpPHOMY ONTHYHOMY KaHal
3B’SI3Ky 3allpONOHOBAHO 3AaCTOCYBaHHS IITYYHOI HEMPOHHOI Mepexl B CKJIail
aeMoayJisitopa. Takuil JEeMOIYJISITOp OINEpye€ BEKTOPAMHU, a HE MUTTEBUMU
3HAYEHHSMHU CUTHATIB, IO JO3BOJISIE JOCTOBIPHO KiIacU(DIKyBaTH CUTHAJI TIPH
HU3BKUX 3HAYEHHSAX BiIHOIIEHHS curHan / 1myMm. CdopmoBaHo 1 00poOieHO
HaBYAIBHY BHOIPKY Il HABYaHHS IITyYHOI HEHPOHHOT Mepexi. Buxoasuu 13 3amadi

kiacugikamii 00paHo, HAaBYEHO 1 MPOTECTOBAHO JEB’SITh TUIIB apXITEKTYp IUTYUYHUX



HeHpoHHUX Mepex. [lo3UTHUBHOrO pe3ynabTaTy BAAIOCS AOCATTH JUIIE 3 JIBOMa
TUIIAMU: TPSIMOTO TMONIMPEHHS 13 JBOMA JIHISAMH 3aTPUMKH 1 pajialibHO-0a3MCHOT
Mepexi. VIMoBipHicHa pajianbHO Ga3ucHa Mepexka MoKasana HaHHWKIMH KoedilieHT
01TOBUX MOMUJIOK TpHU BigHOIIEHHI curHan / mym Big 0 no 0.7 0b, npote Benuka
KUIBKICTh HEHpOHIB mpuxoBaHoro mapy (583) moTpelOyBasa 3HAYHOTO dYacy
MOJIENIIOBaHHS, a y BTUICHHI B amapaTHOMY 3a0e3NeueHHI MOTpeOyBaTUME BEIMKOI
O0OUYHCITIOBANIBHOI TMOTYKHOCTI. Mepeka MpsMOro MOMMPEHHsS 13 24 HelpoHamu
NPUXOBAHOIO MIAPY 1 2 JIHISIMU 3aTPUMKH BXOJly MOKa3aja HaWHWKYUI KOeIEHT
01TOBUX MOMWJIOK MpHU BiAHOWIEHHI curHan / myM Outbmie 3a 0.7 05. Ha Hmxunx
BIJIHOIIICHHSX CHUTHAJ / IIyM ii KpuBa CIIBOAAAa€ 13 KPUBOK IITYYHOI HEUPOHHOI
Mepexi 13 25 HelipoHaMu 1 BOHM HIDKYl 32 KPUBY JAEMOIYJISITOpa Ha OCHOBI
KOMITapaTopa.

HayxoBa HOBHU3Ha MOJISITa€ y HACTYITHOMY:

— pO3p00JIEHO HAYKOBI MIAXOJU 10 OLIHKUA PaaianiiHOl CTIMKOCTI YaCTOTHO-
pPEryJIbOBAaHOTO  €JEKTPONPHUBOAY  BAHTAKOMIAMOMHMX  MAlIMH  CXOBHILA
pagloaKTUBHUX BIJXOJIB ILUISIXOM BH3HAUYEHHS XapakTepy BIUIMBY 10HI3YIOUOTO
BUIIPOMIHIOBaHHS Ha MOTO CTPYKTYPHI €JIEMEHTH, 110 JIa€ 3MOTY BUSBUTH TaKi 3 HUX,
10 MOTPeOYyIOTh YI0OCKOHAJIEHHS a00 3aMiHH,

— OTpUMaJM TOJANbLIMI  PO3BUTOK MaTeMaTU4YHI MOJENl  CHJIOBHUX
HaMIBIPOBIAHUKOBUX KaHAJIB MEPETBOPIOBaYa YaCTOTH CTOCOBHO BUKOPHUCTAHHS
OImoNIsIpHUX 1 MeTal-AleIeKTPUK-HAIIBIPOBITHUKOBUX TPAH3UCTOPIB Yy JipaiiBepax
yOpaBIiHHSA TPAH3UCTOPAMHU 1HBEPTOpaA IUIAXOM BpPAaXyBaHHS BEIHMYUHHU MPSIMOTO
najiHHsA Hanpyrd Ha J10Ji, MOPOTOBOI HANPYTH TOJOBUX TPaH3UCTOPIB,
KOJIEKTOPHOTO OMOPY OIMOJSPHUX TPAH3UCTOPIB Ta KOe(DILIEHTY Nepeaadl o CTpymy
B OINTPOHAx, LI0 JO3BOJISE OLIHUTU BIUIMB 10HI3YIHOUOTO BHUIIPOMIHIOBAaHHS Ha
CTIMKICTh pOOOTH TaKMX HAIIBIOPOBIIHUKOBUX €JIEMEHTIB;

— OUIIXOM MaTeMaTUYHOTO MOJETIOBAHHS  BCTAaHOBJIEHO, WO CXeMma
NepeTBOpIOBaYa 4YacTOTH 13 JipaliBepaMyd Ha OCHOBI OIMOJSPHUX TPAH3UCTOPIB
CTIMKIIIA JI0 BIUIMBY 10HI3YIOUOTO BHUIIPOMIHIOBaHHsS Ta (yHKIIOHYe a0 n03u 800

kpao npotu 250 kpad y BUNAAKy JpaiiBepa Ha OCHOBI MeTaj-HleNeKTPHK-



HaIBIPOBITHUKOBUX TPAH3UCTOPIB, IO JI03BOJISIE PEKOMEHIyBaTH B yMOBaX BIUIUBY
pazianii BAKOPUCTOBYBAaTH caMe Takl JpailBEpu Ha OCHOBI OIMOJISIPHUX TPAH3UCTOPIB,;

— HAyKOBO OOIPYHTOBAHO OCOOJMBOCTI BHUKOPHUCTaHHS aTMoc(hepHOro
ONTUYHOIO KaHaly 3B’SI3Ky B YMOBAaxX BIUIMBY 10HI3YIOUOi pajialii HUIIXOM HOTO
IMITAIlIHHOTO MOJICTIOBAaHHS B CKJIQJl CHCTEMH YIIPaBIIHHS €JIEKTPOIPUBOIAMHU
MOCTOBOI'O KpaHy CXOBHIIA PAI0OaKTUBHUX BIJIXOJIB, IO JIa€ 3MOTY MaKCHUMI3yBaTH
piBEHb SIKOCTI Iepenadi JaHUX 32 YMOBHU HEBTPYYAHHS y BHYTPILIHIO CTPYKTYpPY
nepenaTyrka i npuiimaua;

— PO3BUHHYTO HAyKOBUM MiAX1JA 10 TNPOLEAYPH JAESMOAYJSIIi CUTHATIB
KEepyBaHHSI, 10 33 JOTIOMOTOI0 aTMOC(EPHOTO ONTUYHOTO KaHATY 3B’ 3Ky HAIXOISITh
BIJl BIJJIaJIEHOTO TyJbTa HA BXIJ YaCTOTHO-PETYJIbOBAHOIO EJIEKTPOIPUBOLY
BAaHTAXOMIJHOMHMX  MAIlMH  CXOBHUIA  PAJIOAKTUBHUX  BIAXOMIB, ILIIXOM
3aCTOCYBaHHS IITYYHOI HEUPOHHOI MEpexi, 10 JO3BOJWIO 3HUZUTH KOEPIIEHT
01TOBUX MOMUJIOK Ha BChOMY Jliaia30H1 BIAHOIICHHS CUTHAI IIIyM.

[IpakTuHe 3HAYEHHS MOJISITa€ B TOMY, IO PO3POOJICHO IMITAI[iiHy MOJEINb
CWJIOBOTO HAITIBIIPOBITHUKOBOTO KaHAJIy TMEpPETBOPIOBaYa 4YacTOTH 13 JIAHKOIO
nocriifHoro ctpymy B cepenosuiini MATLAB/Simulink, sika qo3Bossie qociimpKyBaTH
BIUIMB BEJIMYMHU TOTJIMHEHOI JO3W HA aMIUIITyAy BHXITHOT HAmpyru; po3poOieHo
TEXHIYHE PIIMICHHS TIABUIIECHHS SKOCTI Tiepedadl JaHuX B aTrMochepHOMy
OTNITUYHOMY KaHaJl 3B’S3Ky MUISIXOM 3aCTOCYBaHHSI IITYYHOI HEHPOHHOI MEpexi B
HOro JIeMOyJISITOPI; 3alpONOHOBaHI PEKOMEHAAIll 1010 MIABUILECHHS paaialiiHoi
CTIMIKOCTI YaCTOTHO-PEryJIbOBAaHOTO €JIEKTPONPUBOAY 1 3HIDKEHHS KOe(ilieHTy
OITOBUX TOMHUJIOK aTMOC(EPHOrO0 ONTUYHOTO KaHaly 3B’SI3KY TMPU HUBBKUX
3HAQUYEHHSX BIJHOIICHHS CUTHAN / IIIyM.

KirouoBi cjioBa: eleKTpOnpuBOj, TMEPETBOPIOBAY YacTOTH, 1HBEPTOD,
€IEKTPOTEXHIYHUN MPUCTPId, BaHTAXOMIAMOMHAa MalllMHA, MOCTOBHM KpaH,
paJloaKkTUBHI BIAXOJW, pajiaiis, I0HI3yl0u€ BHUIPOMIHIOBAHHS, aTMOChepHUi

ONTHUYHHUN KaHaJ 3B’$I3Ky, MaTeMaTU4IHEC MOACIIFOBAHHA.



ABSTRACT

Muhenov D.D. Frequency-regulated electric drive with increased radiation
resistance for radioactive waist storage hoisting machines - Qualifying scientific
work on the rights of the manuscript.

Thesis for obtaining a Doctor of Philosophy degree on a specialty 141
«Electrical power engineering, electrotechnics and electromechanics» (14 - Electrical
engineering). - National Technical University of Ukraine "Igor Sikorsky Kyiv
Polytechnic Institute"”, Kyiv, 2023.

The analysis of the problem area of application of medium power frequency-
regulated electric drives in the conditions of influence of ionizing radiation is carried
out in the work. It is established that in 2020 the share of nuclear energy in the
structure of the total primary energy supply was 23.2%. According to the «Energy
Strategy of Ukraine for the period up to 2035y, it is projected that the share of nuclear
generation in total electricity production will increase, which will inevitably lead to
an increase in the amount of radioactive waste. Specialized radioactive waste
repositories are used for disposal or long-term storage of such waste. The near-
surface storage of radioactive waste of the production complex «Vector» is
considered in the dissertation. The repository is 120 meters long and a bridge crane is
used to transport radioactive waste blocs as hoisting machine.

The structure of the bridge crane electric drives system is considered. It was
found that the operator performs control from a neighboring building using controls
and a video surveillance system. Power units of electric drives are made according to
frequency converter - asynchronous motor with a short-circuited rotor scheme and are
located directly on the crane bridge, control devices are placed in the control room.
An optical data transmission system is used to exchange information between the
electric drives on the crane bridge and the controls.

The bridge crane uses general industrial design of frequency-regulated electric
drives, scilicet no activity and special technologies are used for radiation protection

of equipment. The value of the absorbed dose of ionizing radiation was chosen to



take into account the radiation effects. The structure and materials of each of the
electric drive elements review was performed. The component materials of the
electric drive are divided into categories according to their functional. Influence of
ionizing radiation on: materials that perform mechanical functions; conductors;
semiconductors; dielectrics; magnetic materials; passive elements of electric circuits,
was observed.

It was found that semiconductor devices have the lowest resistance to ionizing
radiation, in particular, the degradation of silicon properties begins with an absorbed
dose of 1 krad, in contrast to dielectrics (1 Mrad) and structural steel (100 Mrad).
Further research focuses on the weakest link in the system that is semiconductor
devices.

The radioactive waste storage bridge crane lifting mechanism frequency-
regulated electric drive contains a frequency converter with a direct current link. The
structure of the power semiconductor channel of the frequency-regulated electric
drive is considered. It is revealed that insulated gate bipolar transistors are used as
inverter switches for medium power frequency converters. Since the radiation effects
study of such transistors in the literature has not been identified, it was decided to use
a substitution scheme for an insulated gate bipolar transistor. To study the radiation
effects in insulated gate bipolar transistor, a substitution scheme based on elements
whose radiation effects are known was chosen. The simulation of the insulated gate
bipolar transistor substitution circuit is carried out in order to establish its reliability.
Obtained during modeling output and transfer characteristics sufficiently coincide
with the prototype characteristics in its datasheet.

Two types of inverter power switch control drivers are considered — based on
field effect (metal-oxide-semiconductor) and bipolar transistors. The electrical
circuits of the frequency converter power semiconductor channel with these drivers
are constructed.

Mathematical models of frequency converter semiconductor power channels
for accounting of radiation effects are synthesized and investigated. To do this, the

radiation effects in diodes, bipolar and field effect (metal-oxide-semiconductor)
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transistors and optocouplers were considered. The equilibrium equations for the
electrical circuits of the frequency converter power semiconductor channel with both
variants of drivers are written. These equations are the mathematical model for
calculating the output voltage of the average power frequency converter from the
amount of absorbed dose.

In the process of comparison the two options, it was found that the system with
drivers based on bipolar transistors is more stable than the system with drivers based
on field-effect transistors: the failure of the frequency converter with drivers on
bipolar transistors occurs at an absorbed dose of more than 800 krad, while the
system with field-effect transistors of drivers fails after 300 krad.

The synthesized model exploration allowed to determine the semiconductor
device in the frequency converter power channel, which change of parameters most
significantly affects the operation of the system. To solve this task in the real
mathematical model instead of the existing semiconductor devices in turn were
substituted idealized, which are insensitive to ionizing radiation. It was found that in
a system with drivers based on bipolar transistors, the use of radiation-insensitive
bipolar transistor in the IGBT provides constant frequency converter output voltage
amplitude with increasing dose up to 800 krad, after which there is a functional
failure. It was found that the radiation change of the optocoupler parameters has the
most significant effect on the operation of the entire system.

Since the optical data transmission system is, in fact, an optocoupler, which
emitter and photodetector are separated from each other in space by a considerable
distance (up to 150 meters), it requires additional research taking into account the
peculiarities of its architecture, inclusion in the electric drive system and change the
length of the optical channel caused by the bridge movement.

The functional scheme and technical characteristics of the optical data
transmission system are considered. Bit error rate — the ratio of erroneous binary
symbols at the output of the system, divided by the total number of received binary
symbols, with the length of the transmitted binary sequence, which goes to infinity, is

chosen as a criterion for data transfer quality. The analysis of factors that degrade the
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quality of information transmission is performed, the following factors include:
weakening of the received signal power due to not infinitely narrow pattern of the
transmitter; noise interference of the transmitter, channel and receiver; degradation
caused by ionizing radiation; natural laser degradation; attenuation of laser radiation
in the atmosphere. The simulation model of optical data transmission system was
build in the MATLAB/Simulink on the basis of its structural diagram. The synthesized
model is investigated and its adequacy is established on the basis of the received
comparison of bit error rate and signal-to-noise ratio.

To improve the quality of transmission in the optical data transmission system,
the use of an artificial neural network as part of a demodulator has been proposed.
Such demodulator operates with vectors instead of instantaneous signal values, which
allows to reliably classify the signal at low values of the signal-to-noise ratio. A
training sample for an artificial neural network was formed and processed. With
considering the classification task, nine types of artificial neural network
architectures have been selected, trained and tested. A positive result was achieved
with only two types: feed-forward with two delay lines and probablistic radial basis
function network. The probabilistic radial basis network showed the lowest bit error
rate at the signal-to-noise ratio from 0 to 0.7 dB, but a large number of hidden layer
neurons (583) required a significant simulation time, and in hardware implementation
will require high computing power. The feed-forward network with 24 hidden layer
neurons and 2 input delay lines showed the lowest bit error rate at a signal-to-noise
ratio of more than 0.7 dB. At lower signal-to-noise ratios, its curve coincides with the
curve of an artificial neural network with 25 neurons and they are lower than the
curve of a traditional demodulator.

The scientific novelty consists in:

— scientific approaches have been developed to assess the radiation resistance
of the hoisting machine frequency-regulated electric drive of the radioactive waste
repository by determining the nature of the ionizing radiation impact on its structural
elements, which makes it possible to identify those that require improvement or

replacement;
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— the mathematical models of frequency converter power semiconductor
channels in cases of use bipolar and metal-dielectric-semiconductor transistors in
inverter transistor control drivers were further developed by taking into account the
value of the direct voltage drop on the diode, the threshold voltage of field-effect
transistors, the collector resistance of bipolar transistors and the current transfer ratio
in optocouplers, which makes it possible to assess the impact of ionizing radiation on
the stability of the operation of such semiconductor elements;

— it was established through mathematical modeling that the circuit of the
frequency converter with drivers based on bipolar transistors is more resistant to the
influence of ionizing radiation and works flawlessly up to a dose of 800 krad
compared to 250 krad in the case of a driver based on metal-dielectric-semiconductor
transistors, which makes it possible to recommend using just such drivers based on
bipolar transistors in conditions of exposure to radiation;

— the peculiarities of using the optical data transmission system under the
influence of ionizing radiation through its simulation modeling as part of the control
system for the radioactive waste storage bridge crane electric drives facility were
scientifically substantiated, which makes it possible to maximize the level of data
transmission quality provided that the internal structure of the transmitter and
receiver is not interfered with;

— the scientific approach to the procedure of demodulation of control signals,
which are sent from a remote control panel to the input of a of radioactive waste
repository hoisting machine frequency-regulated electric drive using an optical data
transmission system, is developed by using an artificial neural network, which
allowed to reduce the bit error rate over the entire range signal to noise ratio.

The practical value consists in: the fact that the simulation model of frequency
converter with a direct current link power semiconductor channel in
MATLAB/Simulink has been developed, which allows to investigate the influence of
the absorbed dose on the output voltage amplitude; developed a technical solution to

improve the quality of data transmission in the optical data transmission system by
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using an artificial neural network in its demodulator; proposed recommendations for
increasing the radiation resistance of the frequency-regulated electric drive and
reducing bit error rate of the optical data transmission system at low values of the
signal-to-noise ratio.

Key words: electric drive, frequency converter, inverter, electrotechnical
device, hoisting machine, bridge crane, radioactive waste, ionizing radiation, optical

data transmission system, mathematical modelling.
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BCTVYII

Cranom Ha 2020 pik yacTka aTOMHOI €HEPreTHMKU B CTPYKTYpl 3arajibHOTO
NEPBUHHOTO TOCTa4aHHA eHepropecypciB craHoBmia 23.2 %. BiamosigHo 10
«Enepreruunoi crparerii Ykpainu Ha mepioa a0 2035 poky» MNPOTHO3YETHCS, IO
yacTKa aTOMHOI TeHepaulii B 3araJibHOMy o0OCs31 BUPOOHUIITBA EJIEKTPOCHEPTil
3poctatume. llpupict BUpPOOHUIITBA aTOMHOI €HEprii HEMHUHY4Ye TMpH3BEIE 10
3pOCTaHHS KIJBKOCTI SIIGPHUX BIIXOJIIB, IO CIPUYUHUTH HEOOXITHICTH MOOYI0BU
M1IIPUEMCTB TIO Tepepooil 1 30epiraHHIo paloakKTUBHUX BIIXOIIB.

B YopHoOuibChbKil 30H1 BIIUY>KEHHS CIIOPYIPKEHO KOMILIEKC MPUITOBEPXHEBUX
CXOBWII PaJiOaKTUBHUX BiAxomiB «Bektop». OnHi€0 13 TOJOBHHX CKIIAIOBUX
MIPUITIOBEPXHEBUX CXOBHUIIl PaAI0OaKTUBHUX BIJXOJIB € BaHTAXKOIIIMOMHI MaIlWHHU,
30KpeMa MOCTOBHMM KpaH, SIKMA TpPaHCIOPTYy€E MeETajaeBl OOYKM 31 CTBEPJIUIMMHU B
IIEMEHTHIA MaTpHIll PIAKUMH PaglOaKTUBHUMH BIIXOJaMU 1 OCTOHHI KOHTEHHEpH 3
TBEPAUMHU PATIOAKTUBHUMH BIiXOJaMHU, 3aJIUTUMH IIEMEHTHUM pPO3YMHOM. Bin
HaAliHOT 1 Oe3nepebiiiHOT pOOOTH BaHTAXKOMIAMOMHHUX MAlIUH 3aJIEKUTh Oe3neka
HEePCOHATY 1 OTOUYIOUOTO CEpPEelIOBUIIA, 110 MOB’S3aHO 13 MOTEHIIHHOI HEOE3MEKOI0
BaHTaX1B. HamiifHICTh BaHTAXOMIAMOMHUX MAalllMH B OCHOBHOMY BH3HAYa€ThCS
HAAIMHICTIO 1X €J1eKTPOMPUBO/IIB.

B oxpeMo po3risiHyTOMYy NPUIIOBEPXHEBOMY CXOBHINI PaJil0OaKTUBHUX
BIIXO/IB B SIKOCTI BAHTAXKOIIIHOMHOT MAaIllMHA 3aCTOCOBYETHCS MOCTOBHH KpaH
npoekty GH 113301. B MocToBOMY KpaHi 3aCTOCOBYIOTHCS 4aCTOTHO-PETyJIbOBaHI
EJICKTPOIPUBOIM 3araJIbHOIIPOMUCIIOBOTO BHKOHAHHS, TOOTO HE BKWBAIOTHCS KOJIHI
3aX0/IM 1 CTeliaIbHI TEXHOJIOTIT JUIsl paialliHOTO 3aXUCTy O0JIaTHAHHS.

Oco06IuBICTIO CXOBHINA PAI0AKTUBHUX BIIXOIB € MO0 BUCOKA MPOTSHKHICTD,
mo gocsrae 120 metpiB. PoGoue miciie onepaTopa 3HaXOAAThCs B CYCI/IHIN 13 IEXOM
OyniBim 1 A oOMiHy 1H(OpPMAIEI0 MK €JIEKTPONPUBOJAAMH HAa MOCTY KpaHa 1

OopraHaMu yIpaBJIiHHS 3aCTOCOBY€ETbCS aTMOC(HEPHUN ONTUYHUM KaHAT 3B’ SI3KY.
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VY 3B'S3Ky 3 IUM aKTYyaJbHHM € JOCIIJDKCHHS BIUIMBY 10HI3YIOYOi pajiarii Ha
CUCTEMY €JICKTPONPUBOIB BAHTAXKOMIAUOMHUX MAIIMH CXOBHUILA PaTI0aKTUBHUX
BIJIXOJIIB.

Metorw aucepTaniifHoi poOOTH € MIABUINCHHS paaialifHOl CTIMKOCTI
YaCTOTHO-PETYJIbOBAHOTO EIIEKTPOIPUBOAY BAHTAXKOIMIIAOMHUX MAaIIUH CXOBHIIA
paIl0aKTUBHMX BIJIXOJIIB HA OCHOBI pO3pOOJIEHUX MaTeMaTUIHUX MOJIeNIel CUIIOBOTO
KaHally TIEPETBOpPIOBaYa YaCTOTH 1 aTMOC(EPHOTO0 ONTUYHOTO KaHaly 3B S3Ky Ta
OOTPYHTYBaHHS CTPYKTYPH CIICKTPOIIPUBOY .

J171st TOCSITHEHHS TIOCTaBJICHOT METH HEOOX1THO BUPIIITUTH HACTYIIHI 3aAa4i:

— TPOBECTH aHali3 MpobOJieMHOT 00JIacTi  3aCTOCYBaHHS ~ YacTOTHO
pPEeryJIbOBaHUX EJIEKTPOTPHUBOJIIB CEPEIHBOI TOTYKHOCTI B yMOBax BIUIUBY
10H13yI0YOTO BUNPOMIHIOBAHHS;

— Po3poOUTH MaTeMaTH4YHI MOJE]l HaIIBIPOBIIHUKOBUX CHJIOBUX KaHAJiB
MepeTBOPIOBaYa YacTOTH 13 JipaliBepaM Ha OCHOBI OIMOJISIPHUX 1 METaI-A1€IeKTPUK-
HaIBIPOBBIIHUKOBUX TPAH3UCTOPIB JUISl BpaXyBaHHsI pajiallifHuX e(eKTiB,;

— CHUHTE3yBaTH IMITALI{HY MOJIeNb aTMOC(HEPHOTO0 ONTUYHOTO KaHaly 3B S3KY
13 aMIUTITYTHOIO MOJTYJISIIIIEI0 CUTHAJIIB,;

— PO3pOOUTH HEWpOMEpPEKEBI AEMOIYJIATOPU Ha OCHOBI Pi3HUX apXITEKTYp
HEHPOHHMX MepexK, BUOIp AKX 00yMOBIEHUH 3a/1a4ueto kiacudikaiii oOpasis;

— TMPOBECTH JOCTIIXKEHHS Ha MOJell aTMOC(EpHOro ONTUYHOTO KaHaly
3B’SI3KY JJIsI BU3HAYCHHSI HEUPOMEPEKEBUX JEMOIYJISITOPIB, IO MOKPAITYIOTh SKICTh
nepeaadi JaHuX.

06’ekm 0ocniodicenHss — MPOIIECH BIUITUBY 10HI3yIOYOTO BUIIPOMIHIOBAHHS Ha
00J1aTHaHHS BaHTKOMTMOMHOT MallTMHU CXOBUIIA PAi0aKTUBHUX BIJIXOIIB.

Ilpeomem oOocniosxcenns — 3acoOM MIABUILECHHS pajialiiHOi CTIMKOCTI
JaCTOTHO-PETYJIHOBAHOTO EJIEKTPONPUBOAY 13 aTMOC(PEpHUM ONTHYHUM KaHAJIOM
3B’SI3KY.

HaykoBi 3aBpgaHHsi aucepTauiiiHOi poOOTH BHUPINIYIOTHCS BUKOPUCTOBYIOUH
TEOPII0 EIEeKTPONPHUBO/IA, TEOPII0 ENEKTPUYHUX KUI, TEOPII0 ITYYHUX HEHUPOHHUX

Mepex, TeOpito KMOBIPHOCTI 1 MATEMAaTHUYHOI CTATUCTUKH Ta METO/I1B MAaTEMaTUIHOTO
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MojienoBanHsa B cepefopuii Mathcad, koMm'roTepHOTO IMITALIHHOTO MOICTIOBAHHS
B cepenonuii MATLAB.

HaykoBa HOBH3HA OTPUMAHUX Pe3yJabTATIB MOJSTA€ Yy HACTYITHOMY:

HayxoBa HOBHU3HA MOJISITAa€ Y HACTYITHOMY:

1. Po3po6iieHo HayKOBi MIAXOAM JO OIIHKH PajlialliifHOl CTIMKOCT1 YaCTOTHO-
PETYJIHOBAHOTO  €NIEKTPOTPUBOAY  BAHTAKOMIAMOMHUX  MallMH  CXOBHIIA
pPaZl0OaKTUBHUX BIJXOJIIB IUIIXOM BH3HAYEHHS XapaKTepy BIUIMBY 10HI3YHOUOTO
BUIIPOMIHIOBaHHS Ha MOTO CTPYKTYPHI €JIEeMEHTH, 10 A€ 3MOTY BUSBUTH TakKl 3 HUX,
10 MOTPEOYIOTh YAOCKOHATIEHHS a00 3aM1HH.

2. Otpumanu mnOJTbIIMK PO3BUTOK MaTeMaTHU4HI MOJENl  CHJIOBHUX
HaIIBIPOBIIHUKOBUX KaHAJIB MEpPETBOPIOBaYa YacTOTH CTOCOBHO BUKOPHUCTAHHS
OIMONIAPHUX 1 MeTal-leIeKTPUK-HaIIBIPOBITHUKOBUX TPAH3UCTOPIB Yy JipaiBepax
YIOpaBIIHHSA TPaH3UCTOpPaMHU IHBEPTOpa NUIAXOM BpaXyBaHHS BEJIMYMHHU MPSMOTO
MaJiHHA Hanpyrd Ha JI0Al, IOPOTOBOi HANpyrd MOJBOBUX TPAH3UCTOPIB,
KOJIEKTOPHOTO OTOPY OIMOJISIPHUX TPAH3UCTOPIB Ta KOedilli€HTy mepeadl Mo CTpyMy
B OINTPOHAX, IO JO3BOJISE€ OIIHUTU BIUIUB 10HI3YHOUOTO BHUIIPOMIHIOBAHHS Ha
CTIHKICTh pOOOTH TaKMX HAIMIBIPOBIIHUKOBUX €JIEMEHTIB.

3. llnsixom wMaTeMaTWYHOTO MOJCIIOBaHHSI BCTaHOBJIEHO, MO CXEMa
NepeTBOpIOBaYa 4YacTOTH 13 JpaliBepaMH HAa OCHOBI OIMOJSIPHUX TPaH3UCTOPIB
CTIMKIIIA JI0 BIUIMBY 10HI3YIOUOTO BHUIIPOMIHIOBaHHS Ta (yHKIIOHYe a0 n03u 800
kpao npotu 250 kpad y BUNAAKy JpaiiBepa Ha OCHOBI MeTaj-HleIeKTPHK-
HaIBIPOBITHUKOBUX TPAH3UCTOPIB, 10 JO3BOJISIE PEKOMEHYBaTH B yMOBaX BIUIUBY
pajiaiii BUKOPMCTOBYBATH caMe Taki ApaiiBepu Ha OCHOBI OIMOJSPHUX TPAH3UCTOPIB.

4. HaykoBo OOIpyHTOBaHO OCOOJMBOCTI BHKOPHCTaHHS aTMoc(hepHOro
ONTUYHOIO KaHaly 3B’SI3Ky B YMOBaX BIUIMBY 10HI3YIOUOi pajialii HUIAXOM HOro
IMITaIlIHHOTO MOJICTIOBAaHHS B CKJIaJll CHUCTEMM YIPABIIHHS €JICKTPONPUBOAAMU
MOCTOBOI'0 KpaHy CXOBHIIA PAi0OaKTUBHUX BIJIXOJIB, IO JAa€ 3MOTY MaKCHUMI3yBaTH
pPIBEHb SIKOCTI Mepefadl JaHWX 32 YMOBM HEBTPYYaHHS Yy BHYTPIUIHIO CTPYKTYpPY

nepenaTyrka i npuimMayva.
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5. Po3BuHYTO HayKOBUH MiAXiA J0 TMPOIEAYPH AEMOIYIAIIi CHUTHAIIB
KEpyBaHHsI, 10 33 JOTIOMOTOI0 aTMOC(EPHOTO ONTUYHOTO KaHATY 3B’ 3Ky HAIXOIATh
Bl BIJJAJCHOTO IIyJbTa Ha BXI1J YaCTOTHO-PETYJIHOBAHOTO €JIEKTPOIPHUBOIY
BAaHTAKOMIAMOMHUX  MAallMH  CXOBHUIA  PaJIOAKTUBHUX  BIAXOJIB, IIJISIXOM
3aCTOCYBaHHS IITYYHOI HEHMPOHHOI MEpeXi, IO JO3BOJIMIO 3HHU3UTH KOCQIIIEHT
01TOBUX MTOMUJIOK Ha BChOMY Jliaria30H1 BiHOIICHHS CUTHAJ IIIyM.

IIpakTHYHe 3HAYEHHS] OTPUMAHHUX Pe3yJabTATIB:

— po3polieHa iMiTaliiiHa MOJeNib CHUJIOBOTO HAaMiBIPOBIIHUKOBOIO KaHAITY
MEepeTBOpIoBaya YacTOTH 13 JIaHKOIO TIOCTIHHOTO CTpyMy B CEpeIOBHIII
MATLAB/Simulink, sika 103BoJIsi€ TOCIIIKYBATH BIUIMB BEJIMYHMHU MOTIMHEHOT JT03H
Ha aMIUTITYyAy BUX1IHOT HaMpyTH;

— PpO3pOOJICHO TEXHIYHE PINICHHS MiABUIIEHHS SKOCTI Iepedadl JaHUX B
aTMoc(epHOMY ONTHYHOMY KaHaN 3B’SA3KY 13 3aCTOCYBaHHSM INTYYHOI HEHPOHHOT
MEpEeXi B HOTo JeMOAYJISATOPI B yMOBaX MiABUIIEHOT pajiallii;

— 3ampOIIOHOBAaHI PEKOMEHAAIl 100 IMIJBHINCHHS pasiamiifHol CTIMKOCTI
YaCTOTHO-PETYILOBAHOTO E€JIEKTPONPUBOAY 1 3HMXKEHHA Koe(DillieHTy O1TOBHUX
IMOMHJIOK aTMOC(EPHOTO OINTUYHOIO KaHaay 3B’SI3Ky IIPU HU3BKUX 3HAYCHHSIX
BIJTHOIIIEHHSI CUTHAJI / TITYM.

Ocobucrtuii BHecok 3100yBaya. OCHOBHI TIONIOKEHHS Ta pe3yiIbTaTH
JTUcepTaliiiHoi poOOTH OTpUMaHl aBTOPOM OCOOHUCTO. Y JPYKOBAaHUX Mpallsx,
OIyOJIIKOBAaHMX Y CIIBaBTOPCTBi, aBTOPY HaleXaTb B poOoTi: [42] — BHKOHaHHS
TEOPETUYHUX JOCTIIHKEHh (PYHKIIOHATY, KOHCTPYKII 1 CKJIAJOBUX MaTepiajiB
€JIEMEHTIB YaCTOTHO-PETYJIbOBAHOTO €JICKTPOIPUBOIY BAHTAKOIITHOMHOI MaIlWHH,
aHaji3 BIUIMBY 10HI3YyIOUOTO BHUIIPOMIHIOBaHHS HAa MaTepiaiu, 3 SKHUX BHUTOTOBJICHO
€JIEKTPOIPUBO], BHUSBICHHS MaTepialliB, 3MiHA NapaMeTpiB SKUX I1JI BILUIMBOM
pamiamii ICTOTHO IIO3HAYAETHCA Ha poOOTI CHUCTEMH eleKTponpuBody; [85] —
OTPUMAHHS  MaTeMaTUYHOI  3aJIEKHOCTI  TapaMmeTpiB  BUXITHOT  HaIMpyru
NepeTBOpIOBaYa 4YacTOTUM  BiJ  BEIMYMHM TMOMJIMHEHOI 03U  10HI3yHO4Oro
BUIMIPOMIHIOBAaHHS CHCTEMH 13 JpaiiBepaMd Ha OCHOBI MeETaJI-JIeIeKTPHK-

HAITBIIPOBIIHUKOBUX TPaH3UCTOPiB; [87] — oTpuMaHHS MaTeMaTHYHOI 3aJICKHOCTI
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napaMmeTpiB BUXIJHOI Hampyrd MEepeTBOPIOBaYa YacTOTH BiJl BEJIMYMHU MOTIMHEHOL
71031 10H13yI0YOr0 BUIPOMIHIOBAaHHS CUCTEMH 13 JIpaiiBepamMu Ha OCHOBI OINOJIAPHUX
TPaH3UCTOPIB, MOPIBHSHHA paialliifHOi CTIMKOCTI CHUCTEM 13 MeTaj-AieNeKTPUK-
HaIBMPOBITHUKOBUMU 1 OINONIpHUMU TPaH3UCTOPAMH, BU3HAYCHHS
HaIIBIPOBIIHUKOBOTO TPUCTPOIO B CXEMi, pajiaiiiiHa 3MiHa MMapaMeTpiB SIKOTO
HAMCYTTEBIIIEC BIUIMBAE€ HA aMILIITYAy BHXIJIHOI Hampyrd rneperBoproBaya; [138] —
JOCIIKEHHs (DAKTOPIB, MO CHPUSIOTH 30UTBIIIEHHIO KoedimieHTa O1TOBUX MMOMUIIOK,
PO3poOKa HEMPOMEPEIKEBOTO JAEMOIYJIATOPA JIJIs TiABUIIECHHS SKOCT1 aTMOC(HEPHOIO
ONTUYHOTO 3B’A3KY 3a JOMOMOTOI0 MPOrPaMHOTO 3MEHILIEHHS KoedilieHTa 0ITOBUX
MOMUJIOK, PO3POOJICHHS 1 JIOCTIDKEHHS IMITaIliiHOl Mojeni  arMochepHOTo
ONTUYHOTO KaHAITy 3B’ SI3KY.

AnpobGanis matepiajiB aucepraunii. OCHOBHI TIOJIOKEHHS, HayKOB1 M
MPaKTUYHI pe3yabTaTh JUCEPTAIliitHOI pOOOTH IOIMOBIIATKCS 1 0OrOBOPIOBAIKCS HA!
XVIII MixHapoaHiit HayKOBO-TEXHIYHIN KOH(pepeHuii «IIpobremu
EHEepPropecypco30epeKeHH B CICKTPOTEXHIYHHUX CHCTEMax. Hayka, OCBITa 1
npaktuka» (M. Kpemenuyk, 2018 p.), XI HaykoBO-TexHIUHIN KoHPepeHIil [HecTuTyTy
eHepro30epexeHHs Ta eHeproMeHeKMeHTy «EHepreruka. Exonoris. Jloguaa» (M.
Kuis, 2019 p.), I MixnapoaHii HaykoBo-TipakTU4HIA KoH(pepenuii «Hayxka,
CYCHIJIbCTBO, OCBITa: aKTyalbHI MHTaHHS Ta MEPCIEKTHBH pPO3BUTKY / Science,
society, education: topical issues and development prospects» (m. Xapkis, 2019 p.).

CTpykTypa Ta oOcar auceprauii. /[ucepramiiina poOoTa CKJIamaeTbes 13
BCTYIly, YOTHPbOX PO3/LIIB, BHCHOBKIB, CIIHCKYy BUKOpHCTaHUX kepen (138
HaiiMeHyBaHb) 1 4 momatkiB. OCHOBHMH 3MiCT BuKIameHuid Ha 155 cropimkax
JIPYKOBAHOTO TEKCTY, MICTUTh 50 puCyHKIB 1 4 Tabnuili. 3araibHUM oOcsr qucepTarii

— 176 cTopiHOK.
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PO3/ILI 1. AHAJII3 ITPOBJIEMHOI OBJIACTI 3ACTOCYBAHHSI
YACTOTHO PET'YJbOBAHUX EJEKTPOINPUBO/IB CEPEJJHHOI
HOTY>KHOCTI B YMOBAX BIUVIMBY IOHI3YIOUOI'O
BUITPOMIHIOBAHHA

1.1 Ctan aTOMHOI eHepreTUKN YKpaiHu

Cranom Ha 2020 pik yacTka aTOMHOI €HEPIeTHKH B CTPYKTYpi 3arajbHOTO
NEPBUHHOTO TOCTaYyaHHs eHepropecypciB craHoBwia 23.2 %. BiamosinHo [0
«Eneprernunoi crpaterii Ykpainu Ha mnepiog 10 2035 poky» NpPOTHO3YETHCS, IO
yacTKa aTOMHOI TeHepallii B 3arajJibHoMy o00Cs31 BUPOOHMIITBA €JIEKTPOCHEPTii
3pocratume. [lpupict BUPOOHHMIITBA aTOMHOI €HEprii HeMUHyuYe TMpHU3BEIE [0
3pOCTaHHS KIJIBKOCTI SIEPHUX BIJIXOJIB, IO CIPUYUHUTH HEOOXIAHICTH MOOYI0BU
MIIPUEMCTB IO nepepoOLl 1 30epiraHHIO0 PaJIOAKTUBHUX BIIXO/IIB.

3rigHo Crparerii MOBOJKEHHS 3 PaJiOAKTUBHUMHU BIJIXOJaMH B YKpaiHi,
cxBasieHOi po3nopskeHHsM Kabinery MinictpiB Ykpainu Big 19 cepnuag 2009 p. Ne
990-p, OesrmeyHe TOBOIKECHHS 3 TAaKWMH BIAXOJaMH € BaKIHUBOK CKJIAJI0BOIO
3arajJbHOI CUCTEMH 3a0e3eueHHS OC3IEeKH 111 YaC BUKOPUCTAHHS SICPHOI €HEeprii.

CranoMm Ha 2021 pik B YkpaiHi (yHKLIOHYE YOTHPU aTOMHI €IEKTPOCTaHLIii
(AEC): 3anopizpka, XmenpHullbka, PiBHeHchka 1 IliBaeHHOyKpaiHcbka. Takox
poOOTH 1O 3HATTIO 3 eKCIUTyaTallli, YCYHEeHHs HacIiJKiB aBapii, 30epiraHHio 1
3aXOpOHEHHIO SICPHUX BIAXOMIB MPOBOIATHCA B Oe3mocepenHiil OMM3bKOCTI 10
Yopuoounbcbkoi AEC. Bukopuctanuss AEC noB’si3aHe 13 MIABUIICHUMU PU3HKAMU
BUKIIMKAHUMU HASBHICTIO PAaJl0aKTUBHOTO TMajdMBa 1 MOXIIMBICTIO aBapiiHUX
cutyariii. BaxnuBorw 3amadero € 30epiraHHd 1 yTHII3aIlis BIANPAIbOBAHOTO
pPaZloaKTUBHOIO NalyMBa NpH HopMaibHIA podoTi AEC 1 pamianiiiHO 3apa)K€HUX
MaTepiaiiB, pe4OBUH 1 00’ €KTIB MPU aBapIMHUX CUTYaIlisX.

[To61yanm npoaykroM pobotn AEC e BiampanboBaHe sifepHe nainuBo. IcHye
JIBa IUISIXU TTOBOJKEHHS 3 HUM: OCTaTOYHE 3aXOPOHEHHS — 3aBEPIIECHHS BiIKPUTOTO

NAJTUBHOTO MUKy, a00 mepepoOka sl MOJATBIIOT0 BUKOPUCTAHHS — 3aKPUTUH
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nanuBHUM UK. JKoaHA KpaiHa B CBITI HE 3/1MCHIOE 3aXOpOHEHHS BIIIPaI[bOBAHOTO
MajnBa, MPOBOAATHCS JOCITIMKCHHS 3 MHUTaHb 3a0e3MeueHHs Oe3MeKH TaKoTo
3aXOPOHEHHS JIJI MaOyTHIX TIOKOJIiHb Jirojiel [1]. ¥ BUIaaKy 3aKpUTOrO MaJIWBHOTO
LUKJTy BIANpalbOBaHE SIICPHE MAJIMBO MEPEPOOTIOETHCS 33711 BUIIYYEHHS 13 HbOTO
XIMIYHUX €JEMEHTIB, sIKI MOYKHAa BUKOPHUCTOBYBATH B MPOMUCIOBOCTI. Pe3ynbprarom
Takoi nepepoOku € paaioakTuBHi Bigxoau (PAB), ski moTpeOyoTh TOBrOTpUBAIOTO
30epiranHs 1 (HIHATBHOTO 3aXOPOHEHHS.

[Iporno3zoBanuii 06’em PAB mnpu 3HATTI 3 eKciulyartalli eHeproOJ0KiB
Yopuobunbcbkoi AEC Ta mnepeTBOpeHHI 00°€kTa «YKPUTTA» Ha EKOJOTIYHO
Oesneuny cucremy ckinagae 177255 w8, YacTka pigkuX pamioakTMBHUX BiJXOmiB
(PPB) cknanae 36148 3, tBepaux pamioaktuBuux Bimxoxis (TPB) — 141107 »2 [2].
Ha npomucnoBomy maitmanuuky YAEC cranom Ha 2007 pik Hakonuuuiucs PPB
06’emoMm 19000 »° 3arampHOl0 akTuBHicTIO 350 Thx, i TPB 06’emom 2500
3arajbHOI0 akTHBHICTIO 130 Thk [3, c. 324].

B YopHOOWIBCHKIM 30HI BIAUYKEHHSI CHOPY/KEHO MPOMHUCIOBI KOMIUIEKCH
JUIsl pUMaHHs, nepepoOku 1 3axopoHeHHs PAB, HakonuueHux 3a yac eKkcruryararfii
1 THX, IO YTBOPUIIUCH B Tpolieci 3HATTS 3 ekciuryataiii Yopuoounbcbkoi AEC, a
TaKOXX EKCIUTyaTallliHUX paJiOaKTUBHUX BIIXOMIB 00'ekTa «YKpUTTs». o HHX
BIZTHOCSTBCS 3aBOJ] 3 MEPEPOOKH PiIKKUX BiAX0iB [4] Ta MPOMHUCIOBHI KOMILIEKC i3
OBOJIKCHHS 3 TBepaumu Biaxomamu [5]. Tlpoaykramu 3aBofiB 3 nepepoOku PAB €
metasieBi 200-nmiTpoBi 60YKHM 31 CTBEpAUTMMHU B LeMeHTHIH Matpuiui PPB i Oeronni
KoHTeiHepu 3 TPB, 3auTi IEeMEHTHUM PO34YHHOM.

Ha cporonmHimHiii 1eHb akTyalbHOIO € 3aaada 3axopoHeHHs PAB. Jlns
BUpIIICHHSA JAaHOi 3amadi B YoOpHOOWIBCHKIM 30HI BITUYKEHHS CIOPYJIKEHO
KOMIDIEKC PUMIOBEPXHEBUX cxoBulll «Bektopy». Cepen HUX € creniaabHO 00IagHaHe
MIPUITIOBEPXHEBE CXOBHINE TBEPIUX PaNiOAKTHBHHUX BIIXOMiB (B TOAAIBIIOMY —
cxoBuine). IlpunmoBepXxHEBE CXOBHINE CKJIAMAEThCS 13 JBOX HapalelbHUX
3ai300eTOHHUX MOAyTiB. JloBxkuHa Momayns — 24; mumpuna — 18 1 Bucora — 7 wm,

toBuuHa cTid — 0.4 m. CXOBHIIe MiCTUTH BiCiM MOy 1o Ba B psf [4, Homatok B].
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Jlns  3ai3ay  3aBaHTAKEHOTO  BIAXOJAaMH  aBTOTPAHCIOPTY IO Kpasx CeKIln
pO3TalIoBaHi KOPUAOPH IKUPUHOIO 12 M KOKEH.

OCKUIbKM KIHIIEBUMU TPOJTYKTaMU 3aBOJy 3 MEPEPOOKU PIIKUX BIJIXOJIB €
O0ouku 13 3anuTUMU OetoHOM PPB, a mpoMmuCIOBOro KOMIUIEKCY 3 MOBOJKEHHS 3
TBEpJIUMHU PaTIOAKTUBHUMHU BiXxoJamMu — OeTOHHI KoHTeiHepu 3 TPB, mo marTh
3HaYHy Bary, s iX CKIaayBaHHA HEOOXIJHO BHUKOPHUCTOBYBATH MiAHOMHO-
TpaHcniopTHe oOnagHaHHsA. KokHa cekiis, sika CKIAJacThCsi 3 YOTUPHOX MOJIYJIIB
KOpOOYacCTOro TUMY, OCHAIYETHCSI MOOLILHOIO OYIIBIICI0 3 MOCTOBUM KpPaHOM ISt
pobGoTu 3 ynakoBkamu. PoOoumii opraH MOCTOBOTO KpaHy Ma€ JOCTYN JO BCHOTO

IPOCTOPY CXOBHIIIA.

1.2 BanTaxkomigiioMHa MallMHA SIK CKJIAJ0BAa CXOBHINA PAXiOaKTHUBHHX
BiaxoaiB

MexaHi3MH MOCTOBOTO KpaHa, SIK BAaHTAKOITHOMHOT MaIlTuHU, TIPUBOISITHCS B
pyXx 3aco0aMu €NeKTPUYHUX MPHUBOJIIB 3a cCXemoro meperBoproBau yactotu (ITH) 3
JAHKOIO TTOCTIHHOTO CTPYMY - aCHHXPOHHUH JBUTYH 3 KOPOTKO3aMKHEHHUM POTOPOM
(AZl). Ockinbku KpaH 3HAXOJIUTHCS B arpeCUBHOMY CEPEIOBUII PpajlialliiiHOTO
BUNPOMIHIOBaHHS, BUKJIMKAHOTO 3arajbHOI0 akTuBHICTIO PAB 1 mnigBuieHum
pamianiiauM (OHOM MICIIEBOCTI, JOPEYHO OIIHWTH CTYIiHb BIUIMBY pajiaiii Ha
poboui xapakTepucTuku #oro enekrpornpuBoaiB (EII). Bmmue 1oHI3yH4Oro
BUIIPOMIHIOBaHHS HAa MOCTOBUU KpaH PO3TJISHEMO Ha TMPUKIAl €JIEKTPOTPUBOTY
iAoMY, B 3B'SI3KY 3 TUM, IO MPUBOJIU AOTIOMI>)KHOTO MiAHOMY, IEpeCyBaHHs MOCTA 1
Bi3Ka peanizoBaHi 3a TAKOIO K CXEMOIO.

Ho cucremu ynpasiinHs enektponpuBony (CYEIT) mocroBoro kpany, 1o
BUKOPHUCTOBYEThCSA Ui TpPaHCHOPTYBaHHS KoHTeiiHepiB 3 PAB B cxoBumil
BHCYBAIOThCS] HACTYITHI BUMOTH:

— rIMOWHa peryroBaHHs mBUIAKOCTI 1:10;

— HaKJIaJICHHS TaJlbMa MPU 3yTUHEHOMY JIBUTYHI;

— aBTOMATUYHE CIPAIbOBYBAaHHS MEXaHIYHUX TalbM TPU 3HECTPYMIICHHI

KpaHa;
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— HasIBHICTh aBap1iHOI 3yNMMHKH (MUTTEBE HAKJIAJACHHS TaJIbMa);

— HAasBHICTh MONEPEIKYBAIBHOIO 3BYKOBOTO 1 CBITJIOBOI'O CHUTHAIIB IIPH
OiAXO0/A1 BAHTaX03aXOIUTIOBAJIBHOTO OpraHa /0 KpaWHIX MOJOXEHb 3 OJHOYACHUM
MIOYaTKOM TaTbMYyBaHHS,

— ABTOMATHUYHE TaJIbMyBaHHS BAaHTA)K03aXOIUIIOBAIHLHOTO OpraHa B KpaiHIX
MIOJIOXKCHHSIX ;

— ¢opcoBaHe €NEeKTpUYHE TATbMYBaHHS 1 HAKIAJEHHS MEXaHIYHOTO TallbMa
IIPY CHPallbOBYBaHHI KIHIIEBUX BUMHUKAYIB;

— TMichs CHpalbOBYBaHHSA KpPalHbOTO KIHIEBOTO BHMHKadya BKJIIOUYEHHS
MEXaH13My TUIbKH Ha BIJIX1J] B1I KPaHBOTO MMOJO0KEHHS;

— TUIABHUMA, O€3CTyMIHYATHI PO3TiH 3 HAJAIITOBAHUM TEMITOM. [6]

B cyuacHux migdoMHUX KpaHax, 30KpeMa, MOCTOBUX KpaHax BupoOHuka «GH
Cranes & Components) 3acTOCOBYETbCS YaCTOTHO-PETYJILOBAHUM €EKTPOIPUBOJ 13
CKJIAJIHOI0 CHUCTEMOIO YIpPaBJIHHS 1 3aXMCTIB, 1[0 3a/I0BOJIbHSE BHUINE3a3HAUCHUM
BumMoraM. llepeBarnm Bukopucranus I[IY B enexkTpompuBOJaXx MOCTOBOTO KpaHy
HACTYIIHI:

— 3abe3nevyye BUCOKY SIKICTh KOHTPOJIO PyXy 1 MOJOBXKY€E CTPOK CIIykKOU
CNIEKTPUYHUX  (ABUTYH) 1 MexaHIuHuX  (HIAMMITHUKHA, PEAYKTOp,  Tallb,
EJIEKTPOMEXaHIYHI TaJibMa) MPUCTPOIB, IO MEPETBOPIOIOTH EJIEKTPUUYHY CHEPTilo B
MEXaHIuHY;

— TIOKpally€e KOHTPOJIb yIpPaBIiHHS — 3amo0ira€ po3roiyBaHHS BaHTaXy 1
3MIIIEHHS TIPU PYCI;

— 3BOAMUTHCSA O MIHIMYMY 3HOC TaIbMIBHHUX KOJIOJIOK MEXaHIYHUX TaJbM,
OCKIJIBKM TaJIbMyBaHHS BiZIOYBa€ThCsl 3a PaxXyHOK 3MIHM YacTOTH 1 aMIUNTYIu
HalpyTu >KUBJIEHHSA (pOOOTH TMEpeTBOpIOBaYa YACTOTH), a EJIIEKTPOMEXaHIYHa
raJiIbMiBHa CHUCTEMa 3aCTOCOBYETHCSI TUIBKHM JUISl MAPKOBKU 1 B SIKOCTI 3arO01KHOTO
rajibma,;

— MIJBUILYE MPOJYKTUBHICTh, IO JOCATAETHCS IMOABOEHOIO HIBUAKICTIO MPH
XOJIOCTOMY TiJiiOMI Ta MigHAOMI BaHTaXy Baror MeHme 25% Big HOMIHATBHOT

BAHTAKOII1THOMHOCTI;
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— 3MEHIIye CTPUOOK HAMpPYTrd NpHU 3alyCKy, BHUKIUKAHUNW CHOKHUBAHHSAM
€JIEKTPOIBUTYHOM ITyCKOBOTO CTPyMYy, IO JO3BOJISIE 3HU3UTH BTPATH 1, TaKUM
YHUHOM, T1JIBUITUTH €(heKTUBHICTD €JIeKTPUYHOI JI1HII.

JIns 3amo0iraHHs 3MIMIEHHS BaHTAXy 1 MOJIMBOCTI KOHTPOJIFOBATH MPOIECH
PyXy BaHTaxy, B MPUBOJAX OCHOBHOIO 1 JOMOMIXKHOTO T1JHOMY BUKOPUCTOBYETHCS
enkojgep. B migilomHux kpanax BupoOHuka «GH Cranes & Components»
3aCTOCOBYIOThCs nepeTBoproBaui yactot Schneider Electric Altivar 32. [7]

Ha Bci MexaHisMu miaiioMy BCTaHOBIIOWOThCS AJl 13 BOyIOBaHUM
€JIEKTPOMArHiTHUM TaabMOM. KOHCTpyKIlis eleKTpoJBHIyHa 1 rajibMma 3ale3mneuye
OesnepepBHy pPOOOTY 3 BHUCOKMMH KOe(]illiEeHTaMHM HABAaHTAKECHHS 1 TPUBATUMHU
poGounMu nwkiaamu. [ampMa guckoBoro Tumy 13 0€3a30€CTOBUMHU HaKIaJKaMU
3a0€31euy0Th BUCOKY HAJIMHICTh 1 aBTOMAaTHYHE TaJIbMyBaHHsA B pa3l 3HUKHEHHS
Harpyru. [§8]

Jlns 3a0e3nedeHHs 3aXUCTy OOJIaIHAHHS 1 KOHTPOJIKO BAHTAXKOMIIHOMHOCTI B
CTaHAApTHIM KOHIryparii ycl BaHTKOMIAMOMHI MEXaHI3MH OCHAIIYIOThCS
TeH30aTYuKaMu 3 enekTpoHHuM yrpasiiHnHaM ALE-100/TN. Tani ocnamiyrooTtbes
KIHIICBUM BHMHKA4YeM MEXaHi3My MiJHOMYy Ha BHUMAJO0K BUXOMIY 3 JaJy OCHOBHOTO
KIHIIEBOTO BUMHKada. BoHM po3MillieHi Ha Bici OapabaHy 1 J03BOJISIOTH 0OMEXYBaTH
nepecyBaHHS TaKa pU pycl Bropy 1 BHU3. [§]

[liniiom BaHTaxiB Macoro 10 20 TOHH TOTPeOye€ BHUCOKOTO 3yCHIUIS
MiAOMHOTO MexaHi3Mmy. g #oro 3a0e3nedeHHs] BUKOPUCTOBYIOTHCS MTOHIKYIOUHI
penykrop, 6apabaH 1 mojicnacT. BuximHuii Bajl peayKkTopa 00epTaeThCsl 3 MEHILOO
KyTOBOIO HIBHJKICTIO 1 Ma€ OUIbIINN KPyTHUI MOMEHT, HI’)XK Bai ABUTyHa. bapaOan
HepeTBOPIOE 00EPTOBUH pyX Baly B IIOCTYIIOBUM pyx KaHaTy. [lomicnact 3a0e3neuye
BUTPAI B CHITI B 3aJICKHOCTI Bia cxemu (4/1, 2/1, 4/2, 1 1. 1.), ajie JdiHIHA IIBUAKICTb
raKky OOEpHEHO MpONOpLIdHA A0 BUTpamly B cuil. s MexaHi3My miaiomMy He
BUKOPHUCTOBYETHCSI MPOTHBAra, M0 MOJETiIye KOHCTPYKLIIO 1 3MEHIIYE MOMEHT
iHepii cucremu. [8]

Po6ounii opran MOCTOBOIO KpaHy Mae JOCTYII 10 BCHOTO MPOCTOPY CXOBHILA.

CucremMu eneKTpONpPHUBO/IIB KPaHy pO3TaIllIOBaH1 O€3M0cCepeHh0 Ha MOCTY, a poOoue
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MICIIE oleparopa — B MPUMIIIEHHI yIOpaBIlHHA T1103a CXOBHIIEM, TOOTO
3aCTOCOBYETHCS BiJIajieHE YIMpPaBIiHHI. 3aCTOCYBaHHS APOTOBOTO 3’ €IHAHHS JUIS
3a0e3neueHHs  1HGQOpPMAIIMHOTO  KaHaly  3B’S3Ky  MDK ~ omeparopoMm 1
SICKTPONPUBOAMHU Ha Benukux BimcraHsax (120 ) Bukmimkae tpymHormi. B cuctemi
3aCTOCOBYETHCS JIazepHU armocdepHuit onTuyHUiM KaHan 3B’s3ky (AOK3) 3a
nonomoroto npuctpoiB ISD400. OauH 13 NPUCTPOIB MOHTYETHCS HA CTIHI IIEXY,
1HIIUH — Ha MOCTI Kpany. O0uaBa mpuUCTpPOi po3TalIoOBaHl HA ONHIN ONMTHYHIN BiCi 1
CKJIaIal0ThC 13 TIepeiaBaya i mpuiiMaya KOKeH.

OyHKIIOHATHFHA CXEMa eIEKTPONPUBOIIB MOCTOBOTO KpaHy mpoekty GH

113301 mpencraBiena Ha puCyHKy 1.1.
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PobGoue Micme omepaTopa 3HAXOMUTHCA B CYCIIHIM 3 CXOBHIIEM OYIIBII,
omepaTop OTpUMye 1HQOpPMAIlI0O BiJ CHUCTEMHU BIJICOKAMEp Yepe3 JTUCIUICH.
VYrpapmiHHS ~ 3TIACHIOETBCS  JOKOMCTIKamMu:  ABOBICHMM  “JDKoMcTik 17, nmmd
nepecyBaHHs MOCTa BIEpel, HazaJ 1 MepeMIlIeHHs Bi3Ka JIBOPYY 1 MpaBopyd; 1
omHoBicHMUM  “‘J[KoMicTik 27, nus  migdoMy Ta CHOYyCcKy Traky. JlKoicTiku
I’ ITUIO3UII M HI TUIS 3aBJIaHHS pI3HUX IIBUJIKOCTEH. MaxkcuMaibHa
BaHTAXOMIAHOMHICTh CHCTEMH JIOTIOMIXHOTO MiAHOMY CKiIajiae 5, a rosoBHoro — 20
TOHH.

Cucrema ymnpaBiIiHHS €JIEKTPOMEXAaHIYHOI CHCTEMOI0 MOCTOBOTO KpaHy
3a0e3MeuyeThCsl MporpaMoBaHuM JoridauM KoHTposiepoM (ITJIK) Siemens Simatic
S7-1500.

B sdKOCTI eNeKTpUYHUX TEepeTBOPIOBAuYIB EHEPrii  BUKOPUCTOBYIOTHCS
nepetBoproBadi yactotu Schneider Electric Altivar 32, B skocTi eeKTpoMeXaHIYHHUX
neperBoproBaviB eHeprii, M1-M7 na puc.1.1, 3actocoBytorbest AJL.

B 3aranbHiii cuctemi ynpaBiiHHS KpaHOM MOKHA BUAUIUTH JIBa KOHTYPH:

1) KOHTPOJIIO MIBHUJKOCTI — OMEPATOP JKOMCTIKOM 3aJa€ JIHIWHY IIBUAKICTH
PYXy BaHTaxy, SKii BIAMOBIIA€ JesKa KyTOBa IBUJIKICT, 0O€pTaHHS Bajia JBUTYHA, a
CVEII 3miiicHI0O€E KOHTPOJIb MIBUJIKOCTI 3a JOIMOMOTOI0 €HKOAEpa 1 peryysaropa
IIIBUIKOCTI;

2) KOHTpOJ0 cTpyMmy (a3 craropa B I1Y, mist 3ab6e3nedueHHs 0OpaHOTO 3aKOHY
ynpasiiaasa (BektopHoro FOC — Field oriented control, abo mpsimoro ympapniHHS
momerTom DTC — Direct torque control).

B cucremi ynpasiiHHS eeKTpONPUBOIaMHU MIPUCYTHI 0OMEXyBayi:

1) oOmexeHHS HaBaHTAKEHHS — (YHKIA 3aXHCTy OOJNaJHAHHS BIJ
MepeHaBaHTAXEHb 32 IOTTOMOTOI0 TEH30JaTYMKa 1 0OMeKyBada HaBaHTaKCHHS,

2) KIHIICBI BUMHUKAdi IMIHOMY, TO3J0BXXHBOTO 1 TOMEPEYHOTO PyXy Bi3Ka

(bOopMyIOTh TPUBUMIPHHI POOOUHIT IPOCTIP MOCTOBOTO KpaHy.



36

1.3 Tepminu, BuH3HAYEHHs | mNapaMeTpu BIUVIMBY iOHi3yl04oro
BUIIPOMiHIOBAHHS

JIs TOomanpIIoro BHKJIAACHHS Marepiajly CIIijJ IMO3HAYUTH HEOOX1THUN
TEOPETUYHUN MIHIMYM, TOMY CKOPUCTAEMOCH ACSIKUMH TEPMIHAMHU 1 BU3HAYEHHSIMU.

Paniamis abo ioHi3yroue BurnpomintoBanHs (IB) — Oyib-ske BUTPOMiHIOBaHHS,
B3a€MOJIIS SIKOTO 13 CEPEIOBUINEM PU3BOIUTH 10 YTBOPEHHS B HhOMY €IIEKTPHYHUX
3apsiiB pi3HUX 3HAKIB [9].

[Totik ioHI3yrOUOro BUNPOMiHIOBaHHA (@) — 1 BIJHOIICHHS YHUCIIA
ioHi3yrounx yactuHOK AN, 1m0 mpoxoasaThk Yepes 3a/1any Iionly B iHTepBai yacy dt mo
poro inrepsany [10]:

D= %—T , [wacmunox/c]. (1.1)

dmroeHc 10HI3YyHOYHMX YacTHMHOK (@') — Iie BIJHOIICHHS YHUCIIa 10HI3YIOYHX
gactuHOK 0N, 1m0 mnpoHWKarOTh B 00’€M eJleMeHTapHoi cdepu, 10 TUIOMNI
[ICHTPAJILHOTO TorepeuHoro nepepisy dS el chepu [9]:

_dn

@' , [wacmunor/cm?). (1.2)

B nmiteparypi Takox 3yCTpiuaeTbCs BU3HAUYEHHS «IHTErpajbHUN TMOTIK», TOMY IO
10TO MOKHA PO3paxyBaTu AK IHTETPAI MO Yacy BiJ MUTLHOCTI MOTOKY.

liapHicT, (FyCTHHA) TOTOKY 10HI3yHOYOro BHIIPOMiHIOBaHHS (@) — 11e
KUIBKICTh 10HI3YIOUHMX YaCTHUHOK (B JaHOMY BHMNAJKy HEHTPOHIB a00 ramMMa-KBaHTIB)
SIEPHOTO BUIPOMIHIOBAHHS, IO MEPETUHAIOTH 3a | ¢ wiomty 1 cu?, sxa posramosana
HOpMaJTbHO 10 ToToky IB [11]:

d®' | wacmunox
Q= , [ } (1.3)

dt c-cm?

Cryninp BBy IB Ha pedoBHHY BH3HAYa€ MOHATTA MOMIMHEHOI 103U
unipominioBanas (D). I[lorimHena m03a BUNPOMIHIOBAHHS €  BiJIHOIICHHSM
cepenHboi eHeprii dw, siky nepenano IB pedoBuHi B eneMeHTapHOMY 00’ €Mi, 10 MacH

peUoBUHH B 1IbOMY 00’ emi dm [9]:
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dw
D =—, [[oc/ke = Ip]. (1.4)
dm
Hotysxuicts g03u (D) — me mpupict Binosimuoi nozu dD mix BHIMBOM
JIAHOTO BUIPOMIHIOBAaHHS 3a O uHHMIIO vacy dt [9]:

_dD

D ,
dt

[Ip/c]. (1.5)

[3 30imbIIeHHSIM BiACTaHI MDK JDKepenoM 1 00’ €KTOM ONMPOMIHIOBAHHSI, 3T1JTHO
3aKOHIB MOIIMPEHHS BUIIPOMIHIOBAHHS, B1J10YBAETHCS 3MEHILIEHHS MMOTY>KHOCTI JI03H.

Excnosumiitna mo3a (X) — KijgbKicHA Mipa pEHTIE€HIBCBKOTO 1 )
BUIIPOMIHIOBaHHS, sIKa BH3HAYA€THCS 3apsgOM BTOpMHHMX yacTuHOK dQ, 1o
YTBOPIOIOTHCSL B Maci pedoBHHH (M MpH MOBHOMY TaJbMyBaHHI BCIX 3apslKCHHX

yacTHHOK [12]:

_dQ
X=_".[F] (1.6)

Cnin 3a3HauuTH, 10 TOTJIMHEHA J03a [B B pi3HMX pedoBUHAX PI3HUTHCS NS
OJIHAKOBOI KUJIBKOCTI OTPUMAaHUX 10HI3YKOYMX YaCTMHOK. Tomy B JIiTepaTypi 4acTo
MICJsT YHMCENIbHOTO TI03HAYEHHS TMOTJIMHEHOI J03U 1 i1 PO3MIPHOCTI B Jy>KKax
BKa3y€ThCS PEUOBHHA, sika i1 morauHysa. Hampukian, 3amuc “100 Ip (Si)” o3Hauae,
0 pedoBMHA KpeMHIN migmaBanacs mii IB 1 mormuaeHa go3a ckmamae 100 /p. B
NOJAJILIIOMY BHUKJIAQJCHHI MaTepially Ha3Ba pPEYOBMHU BKa3zyBaTHUCh He Oyje,
OCKIJTBKM BUKOPUCTOBYBAJIKMCH PE3YJbTATH EKCHEPUMEHTAIBHUX JOCTIKEHDb JUISI
OKpEeMHUX MPUJIAIIB, K1 MijiIaBayikCcs BILIUBY IB.

Panianiiinuii epekt — 1e 3MiHa 3HaUEHb MapaMeTpiB BUPOOIB 1 MarepiajiiB B
pe3yJIbTaTi BIUIMBY 10HI3yI0UOTO BUIIPOMIHIOBAHHS.

Panmiamiiina cTiKICTh — II€ 3[aTHICTh MaTeplajiiB B MEBHUX Mexkax 30epiratu
micas  10HI3yIOYOro  ONPOMIHEHHS CBOi  (PI3MKO-TEXHIYHI, TermioQi3uyHl 1
AienexkTpuyHi BracTUBOCTI. [13]

HaiiGinpm 3HauMMi HACTYMHI TUIM 10HI3YIOUOTO BUIIPOMIHIOBAHHS: MOTOKH
YaCTUHOK (0, 5, HOUTPOHHE) 1 EJIEKTPOMarHiTHE BUMIPOMIHIOBAHHS (), pEHTTEHIBCHKE)

[14]. Ityuysum mxeperoM I10HI3yIOUOTO BUIPOMIHIOBAHHS B JAHOMY BHITAIKy €
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CXOBHIIE PAJIOAKTUBHUX BIIXOJMIB 1 MiABUINECHUM pagiamidHuii (HOH MiCIIEBOCTI.
['onoBHOIO ekoyOriyHOK MpoOaeMor0 B YOpHOOWIBCHKIA 30H1  BiAUYKEHHS,
BHacHioKk aBapii 1986 poky, € nesiit 137. Bigomo [15, 16], mo ue3iit 137 3a3nae
Oera-po3man i3 yrBopeHHsAM Oapito 137, sikuii BUTIPOMIHIOE TaMMa-KBaHTH 3 €HEPTi€I0
661,7 xeB. 3rimHo pocmimkeHb [17, 18] cxoBuima paaioakKTUBHUX BIIXOMIB €
JDKepenaMu HEWTPOHHOTO 1 TaMMa BUIIPOMiHIOBaHHS. lle MOsSICHIOEThCS TPHUPOI0I0
Bunie [B. Kopmyckynspui anbda 1 Oera BHUNPOMIHIOBAaHHS MarOTh HU3BKY
IPOHMKAIOUY 3JaTHICTh 1 Majluid MpoOIr — JeKUIbKa CaHTUMETPIB 1 METpIB
BIZIMTOBITHO. Bij TakoTO BUMPOMiIHIOBaHHS IOBHICTIO 3aXUIIA€ METAIEBUH TIap OOYKHU
pinkux PAB 1 Oeronnuii kontediHep TBepaux PAB. HaitGinpmry mnpoHukarogy
3MATHICTh MAlOTh €JIEKTPOMAarHiTHI TramMma BHUIPOMIHIOBAHHS: BHMCOKAa 4YacToOTa
CJIEKTPOMArHITHUX XBWIb CIPHUS€ BIAHOCHO TJIMOOKOMY iX MPOHHUKHEHHIO B
MDKAaTOMHE CEpEIOBUILE 1 MaJIOMy MOTJIMHEHHIO peuoBUHOIO [19]. V 3B’s3ky 13
BIJICYTHICTIO 3apsiy 1 ci1aOKOI B3a€EMOJIIEI0 3 PEUYOBHUHOIO MPOHMKAKOYA 3/1aTHICTh

HEWTPOHIB TaKOK JIOCHTh BEJIMKA 1 MOPIBHSAHHA JI0 TaMMa BUIIPOMiHIOBaHHs [14].

1.4 Bubip paaiauiiinoi BeJiJuunHM 1Jisl BpaXyBaHHs pajianiiiHux edekrin

BignosingHo o [20] HaiOUIbII ICTOTHUM BIUTMB Ha BJIACTUBOCTI MaTepiajiB 3a
pPaxyHOK 3MIIIIEHHSI aTOMIB B KPUCTATIUHIN PENITI, SIEPHUX DPEakxiliid, po3puBiB
XIMIYHMX 3B'SI3KIB Ta 1H. CHOPABJISAIOTH HEUTPOHHE 1 TramMMa BHUIIPOMIHIOBaHHS.
[TomkoKeHHs, K1 BUKIMKAE OMPOMIHIOBAHHS, 3aje€XaTh BiJl BUXIIHOI CTPYKTYpH
Marepialy 1 yMOB, 3a SIKMX B1JIOyBa€ThbCs OIPOMiHIOBaHHSA. JlO0 Takux yMOB
BITHOCSITh:

1. TUI, €Hepris 1 CIEKTP YaCTUHOK, 1110 10HI3YIOTh PEYOBHHY;

2. UITBHICTh IOTOKY YaCTHHOK a00 MOTYKHICTh 103U OTIPOMIHIOBaHHS;

3. TpUBAIICTH ONPOMiHIOBaHHS (MMOTJIMHEHA J103a a00 (roeHc);

4. Temmeparypa;

5. 1HIII 30BHIIIHI BIJTUBH.

PosrnsiHeMo KOK€eH 13 MMyHKTIB OKPEMO.



39

1. B 3aexHOCTI Biji €eHeprii HEMTPOHU MOJUIAIOTh Ha TaKi TUIIW: MOBUILHI, 200
TerutoBi (i3 cepennboro eHeprieio ~ 0.025 eB); pe3onancHi (3 eneprieto 10 0.5 keB);
npomixHi (3 eHeprieto Bix 0.5 xkeB no 0.5 MeB); mBunki (3 erepriero Big 0.5 mo 20
MeB); wammBuaki (3 enepriero moHaa 20 MeB) [14]. Enepris simepHOro ramma-
BUIIPOMIHIOBaHHS JEKUTH B iHTepBaii Bix 10 xeB 10 nekinbkox MeB 1 ClieKTp 1bOTO
BUTIPOMIHIOBaHHS JIIHIYATHI, TOOTO CKJIAA€ThCA 3 PNy AUCKPETHHX JiHINA. OTXe,
EHEeprisl 10HI3YI0YUX YaCTUHOK KOJIMBAETHCS B MIMPOKOMY aiamnasoHi Big 0.025 eB no
20 MeB 13aB6auuTH 11 HaTIepea He MPECTABISIETHCS MOKIMBUM.

2. 3po3ymino, 1m0 TOTIMHEHA Jgo03a abo (IIoeHC IIIKOM 3ajekaTh BiJ
Pal0aKTUBHOCTI JKepesna BUIIPOMIHIOBAHHS, HOTO MOTY>KHOCTI J03U a00 MILTBHOCTI
MOTOKY 4acTHHOK. Jlxepenmom sBistorbess PAB 1 migBumienuit panpianiiituii Gpox
MictieBOCTI. OCKUIbKM TPHUBATICTh 3aBAaHTAKCHHS CXOBHIIA, a BIAMOBIAHO 1 poOOTa
CICKTPONPUBOY KpaHY, BHUMIPIOETHCS POKaMH, TEpen0adyuTH Ha TaKWH CTPOK
mibHICTE  TOTOKY PAB  Hecnpomora. Take mMONOXKEHHS TOB’sA3aHE 13
pi3HOMaHITHICTIO MarepianiB PAB 1 ix pagioaktuBHicTio. IloBeninky ¢oHy
nependayuTy Maiike HEMOXKIIUBO, 1€ TTOB’SI3aHO 13 MPUPOJIHUMH (HATIPSIMOK BITPY) 1
TEXHOT€HHUMH (hakTopamMu (B 30HI 13 MIJBUILEHOI KOHIIEHTPALIEIO PaJl0aKTUBHUX
PEYOBHUH 3pOCTAE IMOBIPHICTh MO3AMTATHAX CUTYAIIIi).

3. [IoMHOXMBIIIM IIUTBHICTH MOTOKY Ha Yac MijJ ONPOMIHIOBAHHSM OTPUMAEMO
¢roenc. Take CHIBBIIHOIIEHHS CIPABEUIMBE W AJIsl MOTY>KHOCTI 103U 1 MOTJIMHEHOT
7034 10HI3YIOUOTO  BUIIPOMIHIOBaHHS. OCKUIBKM  3aBaHTKEHHS  CXOBHIIA
B1JI0YBa€THCSI HEPIBHOMIPHO Yy Yaci, ToOTO 3aBaHTakeH1 0Jioku 3 PAB npocToroioTth y
BIJKPUTOMY CXOBHIIIl, HAKOMIMYECHHS MOTIMHEHOI 03U OOJagHAHHAM BiJIOYBAETHCS
TaKOXX HENHIMHO. [HIMMMM clloBaMHM — IOTJIMHEHA J103a HE € (PYHKIIIEI JIUIIE Bij
4acy, a 3aJIeKUTh BIJl TUITY, aKTUBHOCTI, KIJIbKOCTI PAB 1 yacy onpoMiHIOBaHHS.

4. TemmepaTypa Marepialy, SKUH MiIJAEThCS oOmnpomiHioBaHHIO. [lig dyac
3alIOBHIOBAHHS, CXOBHIIE OOJagHaHO MeETaJeBUM JaxoM 1 CTiHaMH. Take
oOJamTyBaHHS 3aXHINAe Bij OMaiiB, ajie Ha TeMIiepaTypy He BruinBae. KonuBaHHs

TeMrepaTrypu OJU3bKi 10 CE30HHUX, TEMIIEpaTypa € MPUPOJIHUM (PaKTOPOM.
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5. Jlo 1HIIMX 30BHINIHIX BIUIMBIB MOJKHA BITHECTH Ti, SIK1 ce0e Ie He BUSBUIU 1
TOMY J0C1 HE JOCIIIXKEHI.

OdyeBugHO, 110 BpaxyBaTH BHUIE3a3HAUYECHI YMOBH Y TIOBHOMY 00cCs31
MPAKTUYHO HEMOXKJIMBO XO4Ya TPOBOIATHCS OCHIIKEHHS IO TMPOTHO3YBaHHIO 1
OINIHII pajialliiHUX PU3UKIB 32 JOTIOMOTOK MOOUTHPHUX JIA0OPATOPHUX KOMILIEKCIB
[21]. Tomy B excrepUMEHTAIBHHX 1 TEOPETUYHHX MOCIHIPKCHHSIX JJIs KUIbKICHOT
OIIIHKK BIUIMBY pajiaii Ha wMarepiaju, NpWIaaud 1 TMOPUCTPOI HAWYaCTIIIE
BUKOPHUCTOBYIOTH JIMIIIE OJHY BEIWYMHY, IO XapakTepu3ye BIuMB IB — abo
MOTJIMHEHY /103y a00 (urroeHc.

[IpuiiMaroun 10 yBaru Te, IWIO Y-BUIPOMIHIOBAHHS Ma€ KOPITYCKYJISIpHI
BJIACTUBOCTI 1 TpencTaBisie co000 MOTIK (POTOHIB BHUCOKOI eHeprii, a HEeHTpOHHE
BUIIPOMIHIOBaHHSI € MOTOKOM €JIEMEHTAPHUX YACTHHOK 0€3 eNeKTPUYHOTO 3apsny,
JUTS iX BpaxXyBaHHS IIMPOKOTO 3aCTOCYBaHHS HAOYJI0 MOHATTS (IIIOEHCY 10HI3yI0YO0TO
BUIIPOMIHIOBaHHS.

[IpoTe B aHIJIOMOBHUX MOCHIIPKEHHSIX YaCTIIIe BUKOPUCTOBYETHCS BEIMYMHA
normHeHoi no3u IB. B wmixkHapomHiit cucremi omununb (Sl) s BuUMiproBaHHS
BEJIMYMHU TIOTJIMHEHOT JI03W 10HI3YIOYOTO BHUIIPOMIHIOBAHHS 3aCTOCOBYETHCS
onuHuLs BuUMipy rpeit [Ip]=[Mdoc/ke]= |_Jl/l2 / CZJ. OpHak B JITEpaTypHUX JKEpeEax
JacTillle BUKOPHUCTOBYEThCS TO3acucTeMHa ofunuis pao (rad — radiation absorbed
dose), sika urcenbHO JOPIBHIOE OHIN coTiit rpes: 1 [pad] = 0.01 [Ip].

B nmanomy pociipkeHHI B SIKOCTI padlalliiHOi BEIWYWMHU JUIsI BpaxyBaHHS
pamiamiiaux ~ edeKTiB  3aCTOCOBYEThCS  MOMIMHEHA 71032  10HI3YyIOUOTO
BUIPOMIHIOBAHHS, a B pOJI1 1 OAMHUII BUMIPY — pao.

3rigHo [22] mo3a y-mpoMeHiB 00UHCTIOETHCS 3a CITIBBITHOIICHHSIM

1 [P]=1.9-10° - (hv)™ [ keanm/cn? ], (1.7)
ne hv — eneprist kBaHta B MeB, 00nacTh €HEprii, B sAKil CrpaBeJIMBUI 1ICH BUpPa3:
(2-104;2-106) eB, noxubka +15%. PeHTren, B CBOIO Uepry € MO3aCUCTEMHOIO

OJIMHUIICI0 BHUMIPY ©KCHO3HUIIIHHOI JI03W B TOBITPI PEHTTEHIBCHKOTO 1 )

BUINPOMIHIOBaHHA. 3HAYEHHS €KCITO3UIINHOT JO3U B PEHTI€HaX 1 MOMIMHEHOT 103U B
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HOBITPI B pajiaX po3pPi3HAIOTHCS y I03aCHCTeMHUX oauHuIsaX B 1.14 pasu [9]: 1 [P] =
0.877 [pao].

B [23] aBropum BHCYBarOTb METOIMKY pO3PAaxXyHKy IOTIIMHEHOI J03U
HEHUTPOHHOIO BHUIPOMIHIOBaHHS, BUKOPHUCTOBYIOUU (DIIOCHC 10HI3YIOUMX YACTHUHOK.
3anpornoHOBaHAa METOJIMKA BHUKOPHUCTOBYE 3aJ€KHUN BIJ €HEprii HEHUTPOHIB

Koe(]ilieHT nepexnaay (IiroeHca B MOTJIMHEHY J03Y.

1.5 Orasa paaianiiiHol cTiHKOCTI KOMIOHEHTIB 3arajibHONPOMUCIOBOIO
YaCTOTHO-PEryJJb0BaHOro ejgekTponpusoay. Koncrpykuis i ckiiagosi marepiaaun

MocTtoBuil KpaH, 1110 BUKOPUCTOBYETHCS JIJIsl TpaHCIIOPTYBaHHA Oy10KiB 3 PAB
B CXOBHIIl 3HAXOJWTHCS B arpeCMBHOMY CEpEIOBWINI pamiariiiHoro BrumBy. lle
BUKJIMKAHO BHMCOKOIO 3arajbHOI0 aKTHBHICTIO BIIXOJIB, IO JOCATa€E PIBHA
TepabeKepeniB 1 MABUIICHUM pajlialliitHIM (POHOM MiCIIEBOCTI.

[TocTano nuTaHHs Npo BIUIMB 10HI3y04oro BurnpomiHioBaHHs (IB) Ha poOoTty
CUCTEMH €JIEKTPOIIPUBOJy MOCTOBOTO KpaHa.

JIJisi HAOYHOCTI PO3IIAJAETHCS JIHUINE EIEKTPOIPHUBOJ TOJOBHOTO IMiIHOMY.
EnextponpuBoay 1OMOMIKHOTO MiAHOMY 1 TIepecyBaHHS Bi3ka BUKOHAHI 3a TIEIO K
cxemoto [TH-AJl, tomy BrmiuB IB Ha Hux ananoriynuid. [{ns ananizy BmiuBy IB Ha
XapaKTEPUCTUKU €IEKTPOIPHUBOAY HEOOXITHO CTBOPUTHU MOJIENb, sika O BpaxoByBaja
BIUIUB 10HI3yIOUOTO BUIPOMiHIOBaHHS. OTXKE, CIOYATKy MOTPIOHO BU3HAYMTH, SKI
JaHKW eNEeKTPONpPHUBONY YYTJIMBI [0 BIUIMBY pajiaiii, A LbOTO HEOOXiTHO
BU3HAUUTH MaTepianu, 3 skux ckiagaetbess EIl, B skux BigOyBaeThcsi 3MiHA
SICKTPUIHMX 1 MEXaHIYHUX XapaKTEePUCTHK Tif giero IB.

Heo6ximno  gocmimutn  BrmumB  IB Ha  BHXigHI  XapaKTEPUCTHUKHU
€JIEKTPONPUBOLY, JOCI1IUMO GYHKIIOHAIBHY ~ CXEMy  €JIEKTPONpPHUBOJA.
BuxopucTtoByroun 3aranbHy (YHKIIOHATBHY cxemy [24, c. 6], moOyaoBaHO cXemy

JUTSL OKPEMOTO BUIMAJIKY MPUBOJY MiIHOMY MOCTOBOTO KpaHy (puc. 1.2).
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Puc.1.2 — ®yHk1ioHaIbHA cXeMa eIEKTPONPUBOIa MiAHOMY MOCTOBOTO KpaHy

Ha pucynky 1.2: 3 — 3agaBau, To06TO JKOMCTIK omeparopa; ITY — mpuctpiit
ynpasininus, [UJIK 1 mnatu kepyBanns [T4; AOK3 — atmocdepuuii onTuuHui KaHal
3B’s3ky; [IEE — meperBoproBau enexkrpuuHoi eneprii, [14; EJl — enexrpuunuit
nsuryH, AJl; IIME — meperBoproBau MexaHi4HOi eHeprii, Tanb, PM — poOouunit
Mexani3M, rak; JIC — natuuk ctpymy y BHyTpimHiil ctpyktypi [14; E — enkogep mis
KOHTpOJ0 ImBHAKOCTI. [Ipuctpoi 3axucTy oOMeKyBad HaBaHTa)XCHHS 1 KIHIIEBI
BUMHKA4l HE 300pakeH1 Ha PUCYHKY 1.2 OCKUIbBKM HE BIUIMBAIOTh HA JAMHAMIYHI

XApaKTCPUCTHUKU CIICKTPOIIPHUBOIA.

1.5.1 Orasaa koHCTpPyKUii i mMarTepiajiB, 3 SKHX CKJIAJAETHCA KOMXKEH 3
€JICMEHTIB eJIEKTPONPUBOLY

1. KoMIuiekT craHiii BiIJJAJICHOTO YIMPaBIiHHSI MOCTOBHM KpPaHOM OKpIM
1HIIIOTO BKJIIOYA€ B ce0e CTalllOHApHUM MyJIbT YIPaBIIHHSI KPAaHOM Yy BHUIJISII CTOJA,
OCHAIIIEHOTO 3aco0aMH yIpaBliHHA KpaHOM. B KOHCONSIX yNpaBiiHHS B SIKOCTI
3ajlaBaya 3aCTOCOBYIOTbCS KOMAaHIOKOHTPOJIEpH (JDKOWCTIKM): JABOBICHUHM, JUIs
nepecyBaHHs MOCTA 1 Bi3Ka, 1 OJHOBICHUMN, JJIS MIHOMY 1 CITyCKY BaHTaxa.

OCHOBHMMH KOHCTPYKTUBHUMH €JIEMEHTaMU KOMaHJOKOHTpOJIepa € KOPIIyC,
PYKIB’sl 1 010K KOHTaKkTiB. Kopnyc BUKOHY€ETBCS 13 KOHCTPYKIIHHOI CcTajl, pyKiB'sl —
13 MJIACTUKY, AJI 3pyYHOCT] YTPUMaHHS B LIMPOKOMY J1ara3oH1 TEMIeparTyp.

Bumoru no 050Ky KOHTakKTiB JOCUTH MUPOKi. KpiM THUITOBHX KOHTAKTHHUX
BJIACTUBOCTEH, TaKUX SK:

- BUCOKa CTIHKICTh JIO TyTOBOi €po3ii;

- BUCOKa CTIHKICTh J10 3BAPIOBAHHS;
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- HU3BKHH OIIp KOHTAaKTY;

- 3[JaTHICTh JI0 TaCiHHS OyTW; BOHM MArOTh MPOSBIATH (PI13MUHI, MEXaHIYHI Ta
XIMIYHI BJIACTMBOCTi, TaKi SIK BHUCOKA EJIIEKTPUYHA Ta TEIUIONPOBIIHICTh, BHCOKA
TBEP/IICTh, BUCOKA CTIHKICTh JO KOPO3ii TOIIIO.

Marepianu, npugaTHi s BUKOPUCTAHHS B SIKOCTI €JIEKTPUYHHX KOHTAKTIB,
MOYKHA PO3JIUTUTU HA HACTYIIHI TPYIH 32 CBOIM CKJIaJIOM Ta CTPYKTYPOIO:

- METaJIu: HalvacTie A KOMyTaIliiHUX MPUIaaiB 3aCTOCOBY€EThCS Cpibio, a
1HIII IOPOTOIIHHI METaJiy, TakKi K 30J10TO Ta IJIATUHA, BUKOPUCTOBYIOTHCS JIUIIIE IS
1H(OPMAaLIIITHUX TEXHOJOTIN Y BUTJISIII TOHKUX MMOBEPXHEBUX ILIaPiB;

- CIUIaBU: JO3BOJISIOTH MOJIMIIWTH BJIACTHMBOCTI Marepialy 3a paxyHOK
JIETYBaHHS;

- KOMIIO3UTH1 MaTepiajii, BAKOPUCTOBYIOTHCS JIJIsl KOMYTAIlll BEJIUKUX CTPYMIB.

[TpoBigHUKHM BUKOHYIOTHCS 13 MITHUX JPOTIB.

OcHOBHMMH MaTepiajJaMHu, 3 SKHX CKJIQJa€ThCsd KOMAHJIOKOHTPOJEpP €
KOHCTPYKI[IiHA CTaJlb, IJTACTUK, M1JIb 1 Cp10JIO.

2. IlpuctpoeM ympaBiiHHS € TPOrpPaMOBaHUM JIOTIYHMIA KOHTpoJsiep. BiH
peanizye (QyHKIT yIpaBIiHHS, 3aXUCTy BiJl MEPEBAHTAKEHb MEXaHI3MIB, peecTpartii
pobouMx mMmapaMeTpiB KpaHa, JIarHOCTUKM 1 TmapameTpiB  0OCITyroByBaHHS.

[ToBepxueno cknax [JIK mokazano Ha puc. 1.3.

3aBiaaHus I I Iporecop | Curnanu
— YIpaBJIiHHSA
Bxiuna , Buxiana
laTaHKH . [Man 5T : .
‘ CCKLISA CeKUisA
—
[ Komynikanii |
| 1K |

Puc.1.3 — OyHKITIOHATBHA CXeMa MTPOTPaMOBAHOTO JIOTTYHOTO KOHTpOJIepa

Cnpoiieno moxxHa npeactaButu ckiafn [IJIK y Burisiai Tppox CeKIliif: BX1IHOI,
IEHTPAJIBHOI 1 BUX11HO1. BXijHa cekiis BUKoHye (yHKIio 300py iHpopMmailii, gepes

Buxigny [1JIK 3aiiicHIOE ynipaBmiHHS 30BHIIIHIMA BUKOHABYMMU NpUCTposiMU. Bxoau
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1 Buxomu IUJIK mopunstorh Ha auckperHi 1 aHamoroBi. Jlims QyHKIIOHyBaHHS
muckperHrux BuxoiB [TJIK BUKOpHUCTOBYIOTBCS KEpPOBaHI KOHTAaKTH, BUMOTH J0 HHUX
aHaJIOTIYH1 po3risaHyTUM B 1. 1. [TacuBHI €IEKTPOTEXHIYHI €IeMEHTH (PE3UCTOPH,
KOTYIIKM 1HIYKTHUBHOCTI 1 KOHAEHCATOPH) 3aCTOCOBYIOTHCS JJis 3a0€3MEeUeHHs
(GyHKIIIOHYBaHHS aHAJIOTOBUX BXO/IIB 1 BUXO/IIB.

B nenTtpanbHiil cexiii Bii0yBaeThcsi 00poOKka iH(opMallii 1 BOHA CKJIaAa€ThCs
13 neHTpabHOro mporiecopa (LII1), mam’sarti 1 cuctemu komyHikamii. B sxocti 11
BUKOPUCTOBYIOThCS CTaHIAPTHI 8- a00 16-po3psiaHi MIKpONpPOIECOpH, B 3aJI€KHOCTI
BIl CKJIQIHOCTI OOYMCITIOBAJIBHUX 3amad. [laM’sTh CKIAZa€ThCs 3. MHOCTIMHOTO
3amam’sitoByrouoro mpuctporo (ROM — Read Only Memory) i omepaTHBHOTO
3amam’sitoByrodoro npuctporo (SRAM - Static Random  Access Memory).
BuiiesaznadueHi eneMEHTH € HaliBIPOBIJHUKOBUMHU TMPUCTPOSIMHU 13 CKIIQHOIO
TomnoJioriero. HamiBopoBIAHUKOBI MPUCTPOI BUKOHYIOTH Ha OCHOBI KpeMHil0 abo
repmanitco. Ha cbOrogHimHid J€Hb MIMUPOKOTO  3aCTOCYBaHHS B SIKOCTI
HaIIBIPOBIIHUKA JOHOPHOTO N-THIy HAOyB KpeMHIN 13 JOMIIIKOK apceHy, a B
AKOCT1 aKIENITOPHOTO P-TUITY — KPEMHIH 13 TIOMIIIKOIO TalliIo.

Cucrema xomyHnikamii ITTJIK moOyjgoBaHa Ha OCHOBI JAPYyKOBaHUX IUIAT, SIKI
BUKOHAHI 13 JieJIeKTpUKa (CKJIOTEKCTOJIT) Ha SKOMY C(OPMOBAaHO IIap i3 MIJHOTO
npoBiAHMKA. B SKOCTI MpOBITHOTO MaTepialy 3a MEXKaMH IUIaT 3aCTOCOBYIOTHCS
JIPOTHU 3 MIIHUMH >KUJIaMHU.

Takum unnom, koHcTpykTuBHO [1JIK CcknagaeTbes 13 HACTYNMHUX MaTepialib:
MiJib, QIIOMIHIM, KpEMHINH, CKJIOTEKCTO]IT, a TaKOoX 13 TMaCUBHUX E€JICMEHTIB
EJIEKTPOHHOI TEXHIKU — PE3UCTOPIB, IHAYKTUBHOCTEH 1 KOHJECHCATOPIB.

3. ATMocepHUit ONTUYHUM KaHaT 3B’ 3Ky CKIAAA€ThCs 13 JBOX MPUCTPOIB, SKI
pO3TalIoBaHl Ha OJHIM ONTHYHIN Bicl, OAMH 3 AKUX (PYHKIIOHY€E SIK MEpeAaTdvK, a
Opyruii — sk npuimad. [Ipuctpoi KOMyHIKYIOTh Ha Benukiil Biactani (1o 150 m) 1
3a0e3neuyoTh 0e3npoBiAHY nepeaady AaHux. KoskeH mpuctpiit B cuctemi nepenadi
JAHUX CKIIAJAa€ThCA 13 mepeaaryuka 1 npuiimada. llepenaruuk nepiroro 1 npuiiMay
JPYTOTO pO3TaIlIOBaH1 HA OJHIN onTUYHIN Bicl. [lepegaTurk B cCBOEMY CKJIaJi MICTUTD

MOAYJISATOP ONTHUYHOIO BUIIPOMIHIOBaHHS 1H(opMmaniiHoro curHany. Ilpucrpoi
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CKJIaJIAlOThCA 13 TUIAT YNPaBIiHHS, HAIIBIPOBIIHUKOBUX Jieepa 1 (oTompuiiMaua,
MACUBHUX €JIEMEHTIB €IEKTPUUYHUX KU, JPOTIB 1 KIIEM.

4. IlepeTBOproBad 4acTOTH MpPEACTaBIse COO0I0 KIACUYHUM MEPETBOPIOBAY 13
JAHKOIO TOCTIHOro cTpyMy. CydacHi MEpeTBOpPIOBadl MarOTh B CBOEMY CKJIaIl
iHpopmamiiauii 1 cunoBuid  KaHanmu. [HQopmamiiHuMii KaHaT CKJIAAAEThCA 3
MIKpoOIpoliecopa 1 JOMOMDKHHMX CXE€M, BiH 3a0e3leuye YNpaBiIiHHSA CHIOBUMHU
KJII0YaMHi aBTOHOMHOTO iHBepTopa Hampyru (AIH), a Takox BUpillICHHS MOOIYHUX
3aBJlaHb — KOHTPOJIb, JIarHOCTHKA, 3aXUCT 1 T.M.. CUIOBUU KaHal CKIAJaeTbes i3
HEKEPOBAaHOTO MOCTOBOTrO Bumpsmisda, (pinbrpa, AIH 1 apaiiBepiB ympaBiiHHS
cwioBuMHu kimrouamu. Crmip 3a3Haunt, mo IIY € ckiaagHuM eneKTpOTEeXHIYHUM
npuctpoeM 1, sk 1 [IJIK, mae B cBoemy ckiaal KieMH, APyKOBaHI IJIaTH, IMACHUBHI
€JIEMEHTH €JIEKTPOHHOI TEXHIKH, JIOT1YHI HaIliBIPOBIIHUKOBI MIKpPOCXEMHU CKJIQJIHOI
TOTIOJNIOT1I 1 CHJIOBI HAaIlIBIPOBIJIHUKOBI MpUCTpoi (Aiogu 1 TpaH3ucropu). Tomy,
OCHOBHUMH CKJIaJJOBUMHU MaTepiajlaMHd MEPETBOPIOBAYa YACTOTH €: MiJlb, ATIOMIHIMH,
CKJIOTEKCTOJIT 1 KpEMHIil.

5. Crarop AJl BCTaHOBIIOETHCS B aMIOMIHIEBUUA a00 4YaBYHHHMU Kopryc 1
CKJIQJIA€EThCS 13 MIJTHMX OOMOTOK 1 CTajeBOTO MarHiTompoBonay. Butku oOMOTKH
cTaTopa BIAOKpPEMJIEHI OJIHA BiJl OJTHOI IIapoM 130:1s1ii. [J1st 1boro BUKOPUCTOBYIOTh
JAKOTKAHWHA 1 CKJIOTKAHWHH, IO MPEACTABISIOTh COO0I0 TKAHWHM Ha OCHOBI
0aBOBHSIHUX, IIOBKOBUX, KalPOHOBUX 1 CKJISIHUX BOJIOKOH, MPOCOYEHHUX JAKOM.
[IpocodeHHs MiABHUINYE MEXaHIYHYy MIMHICTh 1 MOKpAIIy€ 130JSAIIHHI BIaCTUBOCTI
JaKOTKaHUH. MariTonpoBiJi BUKOHAHO 13 IIMXTOBAaHOI €IEKTPOTEXHIYHOI CTal.
Potop 30upaeTbcst i3 KOPOTKO3aMKHEHUX NPOBITHUKIB TUMYy OUIf4a KIITHHA 1
Mar”iTonpoBoay. Bam poTtopa chnupaeTbcsi Ha CTajieBl MIAIIMIHUKA 0OpOOIIeHI
MAaCTHJIBHUM MaTepiajioM.

B poboti [25] 3a3HadeHo, m0 B paMmkax MPOEKTHOro HampsiMy «lIpopus»
pO3po0IIeH] IoCTiaHl 3pa3ku pamiamiiHo-cTinkux AJl motysxwictio 0.75 1 2.2 kBm.
Oco0nMBOIO pHUCOI0 TAaKMX JBUTYHIB € KepaMiyHa 130J1si1 OOMOTKHM cTaTtopa 1
KOMOIHOBaHa CHUCTEMa OXOJIOJKEHHS JIBUTYHA: B CTaHMHY BOYJIOBaHUUN PIAMHHUN

0XOJIOJ)KyBau, a MOro COpoyka 1 MiJIIUITHAKOBI IIUTH JBUTYHA MalOTh MPUPOIHUN
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TEMI000MIH 3 HABKOJIMIIIHIM arpeCMBHHUM CEPEIOBHUIIEM, TeMIepaTypa SIKOi MOXKe
nocsratu +80 °C.

O1Xe, OCHOBHMMH CKJIaJIOBUMHU Marepiaiamu AJl € 4aByH, aJlfOMiHiH, MiJb,
naKo- ab0 CKIOTKAaHWHHM, IIMXTOBAaHA €NEKTPOTEXHIUHA CTallb, KOHCTPYKIIiliHA CTaNb,
MaCTUJIbHI MaTepianu

6. {1 yHUKHEHHS IJTyTaHUHU B TEpMiHAX 1 CHPOILIEHHS OrJsiAy 00’€IHAeEMO
NEepEeTBOPIOBAY MEXaHIYHOI €HepTii 1 poOounii MEXaHi3M B €JUHY MEXaHIUHY YaCTUHY
enekTpornpuBoay. [o ii ckinamy BXOAATh: NpyxHa MydTa, IIIHAPUIHUNA PEAYKTOD,
OapabaH, Tpoc i rax.

Mydra npy>kHa BTyJIKOBO-TIAJIbLIEBA CKIAJAA€THCS 13 IBOX CTAJIE€BUX HAMIBMY (T
3’€AHAHUX OOJNTaMH, B OJHIN 3 HAMiBMy(dT MK OOJITOM 1 OTBOPOM BKJIAJI€HI TyMOBI
BTYJIKU.

MexaHI4yHUN pEeyKTOP 30MPAEThCA 13 TEPMETHYHOTO KOPIYCY, TUXOX1JHOTO 1
IIBUJIKOX1THOTO BaJliB, CEKI[ii mepejadyl MEXaHIYHOTO 3YCWJUISL B BUIJISIZI CUCTEMHU
mectepeHb. Kopryc BUTOTOBISETHCS 13 JTUTOTO YaByHa, PiIIe — 13 JIUBAPHOI CTal.
Bcepennni kopmyca po3TamioBaHO CHUCTEMY IIECTEPEHb, 3aHYpEHY B MAaCTHIIHHHIA
matepiain. lllecrepHi BUTOTOBIISIFOTH 13 KOHCTPYKIIIMHOT cTasi.

[TiniiomMH1 OapabaHu CKOHCTPYHMOBaHO TaKWM YMHOM, I100 HaBaHTaXEHHS
PO3MOAUISIIOCS B PIBHUX MPOMOPINISX Ha Oanku mocta. bapaGanu BUTOTOBIEHI 13
JIMTO1 CTajl 1 JUCTOBOTO MPOKATY.

[ligfioMH1 TpocH cHelialbHO MpPH3HAY€HI A1 poOOTH HAa KpaHax, T'HYYKI,
BHUCOKOT'O CTYIEHS MIIIHOCTI BUTOTOBJISIFOTHCS 13 CTaJI.

KoBaHi raku BUTOTOBIISIIOTH, B OCHOBHOMY, 31 ctaii 20 abo 31 crami 201

[lincymoByI0ouM BUILIECKAa3aHE, OCHOBHUMH MaTepiallaMy B CKJIaJi MEXaHIYHOI
YaCTUHU EJEKTPONPUBOAY €: KOHCTPYKI[fiHA CTaib, TyMa, YaByH, MAacCTHJIbHI
Marepialii.

7. Jlng cTBOpEeHHSI 3aMKHEHOT CHCTEMHU YTPaBIIiHHS 1 3a0€3MeUeHHs MPUHIIUITY
3BOPOTHOTO 3B’513KYy, Y BHYTpilIHIi cTpykTypi ITH 3aCTOCOBYIOTBHCS JaTYMKH CTPYMY
Ha edekti Xomna. Taki JaTYMKK peani3oBaHO y HAMIBIPOBITHUKOBHX MIKpPOCXEMax,

pO3TallIOBaHUX B HEMArHiTHUX 3a30pax CepJCYHUKA, SKUI KUIBIIEM OXOIUTIOE
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IPOBIAHUK, CTPYM Yy SKOMY BHUMIPIOEThCS. TakuM 4YMHOM, CKIIAJOBUMHU YacCTHHAMHU
JaT4YMKa CTPYMY € MarHiTOMPOBIJI 1 HAMIBIPOBIAHUKOBA MiKpocxeMa. MarHiTonpoBij
BUKOHYIOTb 13 IIMXTOBAHO1 €JIEKTPOTEXHIYHOI CTall, MIKPOCXEMH — 13 KPEMHIIO.

8. BukopucranHsa eHkojepa J03BOJISIE 3IHCHIOBATH APiOHI pyXH 1 MiHIMabHI
3MIHU TIOJIOKEHHS SK MPHU poOOTI KpaHa 3 MyJbTa JUCTAHI[IHHOTO KepyBaHHS, TaK 1
pu oro poOOTI 3 MiABICHUM MYJHTOM. 3a IPUHIUIIOM Jlii €eHKOJIEPH PO3PI3HSAIOTH Ha
OTITUYHI, MarHiTHI 1 MarHiTOPE3UCTUBHI.

OnTUYHI €HKOJIEpU KOHCTPYKTUBHO CKJIAJAI0ThCS 13 ONTONApH, MIXK JIPKEPEIIOM
cBiTNIa 1 poTompuitMaueM KO 00epTaAETHCS 3aKPITUICHUN Ha BaJTy JHUCK 13 TPO30OPUMU
1 HeMpO30pUMHU JUITHKaMU. BUIIPOMIHIOBaY ONTPOHA BUTOTOBIISIETHCS HA OCHOBI
apceHiay raiiro, GoToIi01 — Ha OCHOBI KPEMHIIO.

MarHiTHUH €HKOJiep BKJIIOYae B ce0e BaJl 3 MAarHiTOM 1 JaT4yuK XoJula, SKUN
peecTpye TPOXODKEHHS MarHiTHUX moirociB. Haknommpenimmmu € ¢depuToBi, a
TaKOX pIAKO3EMENIbHI — HEOAMMOBI TMOCTIMHI MarHiTu. DOepuToBI MAarHiTH
BUTOTOBIISIIOTh 13 CIUIaBY OKCHIy 3aii3a 3 ¢eputom O6apiro abo crpouIio. JlaTuuk
Xomnia po3risHyTO B 1I. /.

MarsiTope3sucTUBHUI €HKOAEp CKIAAeThCsl 3 3aKpIIICHOI Ha BaJly KOTYILKH
1HIYKTUBHOCTI, sIka BMillleHa B MarHiTHe noJje. [1ig yac o6epTaHHs Bajly 3MIHIOETHCS
MOJIO’KEHHS BUTKIB KOTYILIKH BIJHOCHO TOJIS, 1110 BUKJIMKAE 3MIHY BEJTMYMHU CTPYMY,
AKUW TPOTIKAE Yepe3 KOTYIIKY B 3aJIEKHOCTI BijJ KyTa MOBOpoTy Baja. Korymika
BUKOHAHA 13 MIJIHOTO TPOBIJHHKA, BUTKH 130JbOBAaHI OJUH BiJ OJHOTO. MarHiTHe
10JI€ CTBOPIOETHCA MOCTIHHUMU (HEPUTOBUMU MarHiTamu.

OTxe, B 3aJ€KHOCTI BiJl KOHCTPYKIIi1, CKJIaJIOBUMU MaTepiallaMu €HKOJepa €
apceHiJ Tajio, KpeMHiH, CIUIaB OKCHIy 3amiza 3 (eputrom Oapito abo CTPOHIIito,
HEOJIUM, €JIEKTPOTEXHIUHA CTallb, Mi/lb, 130JIS1114.

Hac uikaButh BmuuB IB Ha mpane3natHIiCTh €EKTPONPHUBOLY, TOMY AOLLIBHO
pO3MIISIIaTU pajdialiiiHi 3MIHM TapamMeTpiB CKIAJOBUX MaTepiaiiB 3 TOUYKH 30Dy
BUKOHAHHS HUMHU iX OCHOBHOI (PyHKIIi B JaHi KOHKpeTHId cucreMi. llomimmmo

cknanosi marepianm EIl Ha kareropii 3a ¢pyHKITIOHATIOM:
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- MexaHI4Hl (KOHCTpYKIliMHA CTajib, IUIACTHK, YaByH, aJIFOMIHIM, MacTHIbHI
Marepiaiy, ryma);
- €JIEKTPOTEXHIYHI:
* IPOBIJTHUKH (Mi]lb, CP10JI0, AIFOMIHIH, JIATYHB);
* HAMIBIPOBIAHUKHY (KPEMHIM, apCeH1] rajiio);
*  JIEIEKTPUKH  (CKIOTEKCTOMNIT,  JIAKOTKAHWHHU,  CKIOTKAaHWHH,
MOJTIBIHIIXJIOPU/I, TIOTIETWICH, PTOPOILIACT, OTICTUPOI, TaMIp);
- MarH”iTHi (HeEoAWM, CIUIaB OKCUJy 3aili3a 3 gepuToM Oapiro abo CTPOHIIIIO,
€JIEKTPOTEXHIYHA CTalb).
OxkpeMo MoOkHa po3risgaTd BIUIMB IB Ha mapamerpu MacMBHUX €IEMEHTIB

CJIIEKTPUYHUX KT PE3UCTOPiB, KOHIEHCATOPIB 1 KOTYIIOK 1HIyKTHBHOCTEH.

1.5.2 Orasa BIJIMBY i0HI3yl04Oro BHUIIPOMIHIOBAHHSI HA eJeMEHTH i

MaTepiaiu, 3 AKUX CKJIATAEThC eJIEKTPONPUBO/L, TA iX 1030BOI CTIMKOCTI

1.5.2.1 Papiamiiini edekTH B MaTepiajax eJIeKTPONPHUBOAY, IO
BHKOHYIOTb MeXaHi4Hi (QyHKIil

JIo OCHOBHHX SBHWIN, IO BH3HAYAIOTh IMpPAIE3aTHICTh KOHCTPYKIIHHHUX
MaTepiaixiB BiIHOCSATh: BHCOKO- 1 HH3BKOTEMIIEpaTypHE OXPYIMUCHHS; pajialliifHi
MOB3Yy4iCTh, XJIAJHOJIOMKICTh 1 pO3MyXaHHS; TEPMi4HA BTOMA; 3HIKEHHS OIOPY [0
KOPO31i{HOTO pyHHYBAaHHS, YTBOPEHHS TPIIIMH B 00JacTsX BTOMH MaTepiaty. B
po0oTi [26] mokazaHo, 110 3MiHA 3arajJbHOr0 MOJIOBXKECHHS CTajll BiJIOYBAa€ThCS MPH
(moenci melitponis Oinmbme 10%° 1/cy? i Temmepatypi Big 85 10 750°C. 3anexHicTh
IUTACTUYHOCTI CTaJll TaKOX CIOCTEPIraroThCsA TMPU  HAABUCOKUX (QUIIOeHCaX 1
temreparypax Ouibimie 200°C. PamiaiiiiHe po3myxaHHs cTajidl BiOOYBAa€eTbCS IPHU
(moencax mopsaky 1023 1/cm? i Temneparypi ume 450°C.

Jlns moniMepiB XapakTepHa HAsSBHICTh BEJUKOi KUTBKOCTI 3B'SI3KIB, PO3PUB
AKUX T J1€10 10HI3yI0OYMX BUIPOMIHIOBaHb MPHU JOCUTh TPUBAJIIOMY OINPOMIHEHHI
MOBHICTIO TEPETBOPIOE PEUOBMHY. 3MiHA BJIACTUBOCTEH TOJIMEPIB MpHU Jii HAa HUX

BUIIPOMIHIOBaHHS ~ BHMCOKOi  eHeprii ~ oOyMOBJIeHa  paJlaliifHO-XIMIYHUMU
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NEPETBOPEHHSIMH 3B'SA3KIB M) MOJIEKyJIaMH, [0 MOXE MPU3BECTH 0 IECTPYKIIii
MaKpOMOJICKYJI 3 YTBOPEHHSIM JICTIOUMX MPOAYKTIB 1 MaKpPOMOJCKYJ MEHIIO1
JTOBXKUHU, aX 1O TNEpPETBOPEHHA TMOJIMEpiB B B'SI3kl piauHU. [lomiTHI 3MiHU
MEXaHIYHOI MIIIHOCTI IUIACTMAC HACTyNalTh MPHU MOMIMHEHUX J03aX OMpPOMIHEHHS
10+100 Mpao: Hactae MexaHiuHa aedopMallis 1 MiIBUILYETHCA KPUXKICTh. [27]

[3 "yaByHa BHKOHYIOTBCS KOPITyCH CICKTPHYHHUX MaiivH. YaByHHI €KpaHU
BUKOPUCTOBYETHCS JIJISI 3aXUCTY BiJI TaMMa-BUIIPOMIHIOBAHHS, OCKIJIBKH YaBYH Mae
Benuky ryctuny, 7200 xe/ve. BupasHux m0CHimkeHb MEXaHIYHOI CTIHKOCTI YaByHa
BiZ paziarii He BusBieHO. OCKUTBLKH YaBYH € CIUIAaBOM 3ajii3a 3 Byriierem (rmonan 2%
BMICTYy BYIVICIIO, Ha BIAMIHY BiJ CTadl), CHOpaBeIIMBUM OyAe NPUITYIICHHS
MOAIOHOCTI pamiaIlifHOT CTIMKOCTI YaByHA 1 KOHCTPYKTUBHHX CTAJICH.

3rigHo gocmipkeHHs [28] BHSBIEHO, IO ONPOMIHEHHS MAaCTHJIbHHUX
MaTepiaiiB Ha MIHEpPaIbHI OCHOBI PI3HUMHU J03aMU TaMMa-BUIIPOMIHIOBAHHS HE
HaJla€ ICTOTHOTO BIUIMBY Ha HOro B's3KiCThb. BenuuumHa 1103W, MijJ BIUIMBOM SIKOi
MaKCHUMAaJIbHO 3MIHIOIOTHCS SKCIUTyaTalliiiHl BIAaCTHBOCTI MacTHIa, JOPIBHIOE 2 Kpao.
[1ix BuMBOM Takoi 03U OMPOMIHEHHS €JIEKTPONPOBIAHICTh Macia MiJABUILYETHCS Ha
11%, moBepxHeBul HaTIr 3HIWKYyeThCa Ha 11.5%, mpoTuzanaupHi 1 aHTHGPUKIIAHT
BJIACTUBOCTI MiABUINYIOThCS Ha 13%, a mpoTtusHocHI - Ha 35%. dizuko-ximiyHI
MOKa3HUKHU, TaKl K B'SI3KICTh, JIy)KHE YHCIIO, T BIUITMBOM T'aMMa-BUIIPOMIHIOBaHHS
MPaKTUYHO HE 3MIHIOIOTHCA.

Hocnimxenns [29] AeMOHCTPYIOTh, IO 3MiHA MEXaHIYHUX BIACTHBOCTEH T'yM

MOYMHAETHCS 13 BEIMUUHM MOTJIIMHEHO1 103U 7.7 Mpao.

1.5.2.2 Paaianiiini epexT B npoBiTHUKaX

[Ipane3gaTHicTh KabemniB 1 MPOBOAIB Mmif Ai€lo IB BU3HAYa€THCSI B OCHOBHOMY
BJIACTUBOCTSIMU €JIEKTPOI30JIAIMHUX MaTepiaiiB, BIUIMBOM pajiaiii Ha MigHl (a
TaKOK CTaJICBI, AJIFOMIHIEBI, JIATYHHI 1 CpiOH1) MPOBIAHUKKM MO>KkHa 3HexTyBatu [30].

B meranax eHepris, Ky «po3Tpauye» pafialis Ha 30yJKEHHS aTOMapHHUX
€ICKTPOHIB, TIEPEBAaXKHO IIEPETBOPIOETHCA B TEIUIO, HE CTBOPIOIOYM JehEKTIB

cTpyKTypu. EnekTpuunuii onip MeTaniB abo CIJIaBiB 3pOCTA€E 3a PaXyHOK YTBOPEHHS
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nedeKTiB, Xo4a B CIUIaBaX MOXKJIMBE 3MEHIICHHS €JIEKTPOOIIOpPY, SIKIIO paJialliiHuii
BIUIUB  MPU3BOJUTH JO  BIOPAJAKYBaHHS  CTPYKTypu. OCKUIBKM  METalH
IPEACTABISAIOTh COO0I0 OCTOB 13 MO3UTUBHUX 10HIB, 3aHYPEHUX B €JICKTPOHHMM Ta3,
TO 30y/DKEHHs W 10HI3aIlisl, BUKJIMKAHI BUIPOMIHIOBAHHSIM, HE YUHSITH HISIKOTO

BIUIMBY Ha €IEKTPUYHI 1 MarHiTHI BaacTUBOCTI MeTaiiB [31].

1.5.2.3 Papianiiini e¢pexT B HANiBNPOBiTHUKAX

JIns 3aranbHOMPOMUCIIOBHX 3aCTOCYBaHb, 1HTETpalibHI MIKPOCXEMH 1 CHJIOBI
HaMIBIPOBIAHUKOBI MPUCTPOT BUTOTOBISIOTH 13 KpeMHito. Ilix miero IB B cTpykTypi
HaIIBIPOBITHUKIB B1I0YBAETHCA YTBOPEHHS TEPMOCTAOUTLHUX pajialliiHUX IIEHTPIB,
0 TOPU3BOJAUTH O  3MIHM  OCHOBHHX  €INEKTPO(I3UYHUX  MapaMeTpiB
HaIIBOPOBIIHUKOBUX TPHUCTPoiB. I[lomiOHI 3MIHM NPUCTPOIB MOXKYTh 1CTOTHO
BILJIMBATH Ha POOOTY CUCTEMH B 3aJIKHOCTI BiJl iX (PYHKIIIT B CXEMI.

3rimHo  [32], OCHOBHUMH MeXaHI3MaMH  IIOIIKO/DKEHHS  KPEMHIEBUX
HaIBIPOBITHUKOBUX MPUCTPOIB Ta IHTETpATHHUX MiKpocxeM Bij il IB € 3mina gacy
XKUTTS HEOCHOBHUX HOCIiB 3apsaay (1.8), 3mina mutomoro omopy (1.9) 1 3miHa
PYXOMOCTI ¥ IIBHUIKOCTI peKoMOiHaIil HOCIB 3apsgay. BupimanbHO NPUYUHOIO
3MIHM T[apaMeTpiB HaMiBOPOBIAHUKOBUX MPHUCTPOIB € 3POCTAHHSA IIBHAKOCTI
00’emHOi pexoMOiHalii ab0 3MEHIIEHHsSI Yacy >KUTTS HEOCHOBHHMX HOCIIB 3apsy.
PapiamiiiHa 4yTnuBICTH MaTepiadly € eMIipuyHUM KoegimieHtom K., 110
XapakTEePU3y€e MIBUIAKICTh 3MIHM 4acy >KHTTS HEOCHOBHHX HOCIIB 3apsay B 0asi p-n
CTPYKTYPH IPH ONPOMIHIOBAHHI:

d( 1 1
T do\ (@) (0))’

(1.8)

ne @ — ¢uroerc onpominioBadHs; 7(0) i 7(P) — 9ac KHTTSA HEOCHOBHHX HOCIIB

3apsiay 210 1 MiCTs OMPOMIHIOBAHHS.

Ppao = Po 'exp(Kp@)’ (19)



o1

e Py, Ppeo — THTOMI ONOPH HAIMIBIPOBIAHAKOBOTO Marepiany J0 1 MiCis
onpoMiHiOBaHHs (uroeHcOM @; K, — KOCQILIEHT, M0 XapaKTepH3ye MIBHAKICTH

3pOCTaHHS MUTOMOTO OIOPY MPHU OMPOMIHIOBAHHI.

Koediuienr K, 0bepHeHO MPONOPUIHHMA 10 BUXIHOI KOHLECHTpALii HOCIIB

3apsAny 1 OpsIMO MPONOPLIAHUN IIBUIAKOCTI iX BUAATIEHHS Mpu onpomiHeHH1 (1.10):
1 An
ng @'

K

o (1.10)

e N, — BUXiJHA KOHIEHTPAIlisl HOCIiB 3apsimy; An/@ — MIBHIKICTH BHIAICHHS [PH
OTIPOMIHIOBAHHI.

Bigmosigno mo [33] mowarkoBi cTamii Jerpamamii mapameTpiB HaWMEHII
pajiamitHo-CTIHKMX HaMiBIPOBIIHUKOBUX MPUCTPOIB MOUYMHAIOTHCS 13 1034 B 1 kpao,
CWJIbHA Jerpajanis i (yHKIIOHaTbHA B1JIMOBA HACTYIA€ MpPU MOMIMHEHIN 1031 B 10
Mpao nist pagiaiiiHO-CTIMKUX TPUCTPOIB.

B  pesymerari  pmocmimkenb  [34]  BusBIGHO, IO  XapaKTePHUMH
MOTIKO/PKEHHSMHU HAIiBIPOBITHUKOBUX MPUCTPOIB €:

- po0iil 1 CTPYKTypHI MOIKOLKEHHS 0ap’epiB LOTTKI;

- Ierpaiallisi mapaMeTpiB TPaH3UCTOPIB;

- 3HIOKCHHS CTPYMIB IIPHCTPOIB;

- 3HIDKEHHS KPYTH3HHU BOJIBT-aMIEPHUX XaPAKTEPHUCTHK TPAH3UCTOPIB 1 iX
BUX1/THOT MOTY>KHOCTI;

- BTpaTa iHpopmaIlii B HUPPOBUX IHTETPATHHUX CXEMaXx;

- 3MiHa aMIDTITYAU BUX1THUX CUTHATIB F'€eHEPaTOPiB €ICKTPUIHUX 1IMITYJIbCIB;

- 3001 B poOOTI OOUUCTIOBAIBHUX MPUCTPOIB, MOPYIICHHS HOPMAJIBLHOTO X0y
00UYHCITIOBATIBHOT IPOrpaMu, CIIOTBOPEHHS 1 BTpaTa 1H(popMallii.

B [35] neranbHO posrasiHyTo BIUMB IB Ha apceHin ramito, mpoTe B CHCTEMI
€JIEKTPONPUBOY 1€ Marepiajl 3yCTpPIYAeThCs JIMIIE B CKJIaJl ONTPOHIB, TOMY
JOTTYCTUMO PO3TIsAHYTH BIUTUB IB Bigpa3dy Ha mpucTpiif, a HE Ha MOTO CKIIaJOBUN

Mmatepian. bazoBum napamerpom ontpoHa € KoedimieHT nepenayi 3a crpymom CTR
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(Current Transfer Ratio), sikuii BU3HAYa€ThCs BIJHOIICHHSIM BUXIJIHOTO CTPYMY [0
BX1JTHOTO:

CTR=1_,/1,. . (1.11)

ExcnepumenTanbHi  gociaipkenns  [36, 37] JAeMOHCTpYIOTH MOHOTOHHE

samkeHHst CTR no Hyns npu nocsirHenH1 noriuHeHoi no3u 0.1 Mpao nns ontpoHa Ha

6a3i potorpanzucropa i 1 Mpao — na 6a3i potoaiona.

1.5.2.4 Papianiiini epekTH B IiejieKTpUKax

Ha o0'exTax 3 migBUIICHUMH PIBHSAMU paiamii NepHIOPsAHE 3HAYCHHS MalOTh
Marepianu 130711l 1 00omoHkH. OCHOBHUMH MEXaHi3MaMu, [0 TPHUBOIATH 10
HEraTMBHUX HACTIIKIB, € HArpiBaHHsS BHACJIIJOK TMOTJIMHAHHS BUIIPOMIHIOBAHHS,
CTPYKTYpHI pafiamiiai aedekTn 1 [aemoiMepu3ariis, BKIOYAIOUN TiABUIICHE
BUIIAPOBYBaHHA TuiacTudikaropa. SIk HacIiI0K — MPUCKOPEHE PYHHYBaHHS 130JI1IT 1
000JIOHKH, 1110 MOKE TPU3BECTHU JO MPOOOIO 1 KOPOTKOTO 3aMUKAHHS.

Pamiamiiina CTIMKICTh CKJIOTEKCTOJITIB BU3HAYAETHCS MPUPOIOI0 CIIOJYYHOTO
Martepialy 1 B 3HAUHIA MIpl TUIIOM HamoBHIOBaya. HailOinbll BHCOKY pajialiiiny
CTIHKICTh MAIOTh MaTepiadu Ha OCHOBI TEPMOPEAKTUBHUX CMOJI 3 HAIIOBHIOBAYEM 3
CKJIOTKAaHMHU, MEXaHIYHa MIIHICTh SKUX MPHU OMPOMIHEHHI CIIOYATKy MOXE 1CTOTHO
3poctatu. HusbKky pamiariiiny CTIHKICTh MalOTh BUCOKOYACTOTHI IIApyBaTi TUIACTUKU
Ha OCHOBI (TopoIuiacTa-4, MOTJMHEHA /1032 BUITPOMIHIOBAHHS SKMX HE MepeBulnye 1
Mpao. Y CKIOIUTACTHKIB MEXaHIuHI BJIACTUBOCTI MOYMHAIOTH MTOMITHO 3MIHIOBATHUCS
Ipy TOTJIMHEHUX J03ax BUIpoMiHioBaHHS mopsaky 100 Mpao + 1 Ipao, a 'y
TEKCTOJIITIB Ha TEKCTUIbHIN OCHOBI 1 T€TUHAKCIB — IIPH J103aX BUIIPOMiHIOBaHHS 1+10
Mpao. [27]

[Ipu BUKOpUCTaHHI B yMOBaX ONPOMIHEHHS 130111 KaOemiB, NpPUIaIiB,
KOpITyCIB 1 1HIIMX BHUPOOIB 3 (TOpIOIIMEPIB, MOJIBIHUIXJIOPUAHUX MAaTeplatis,
nmpecMmaTepialliB, T'yM BUHUKAIOTh TPYIHOII, 3yMOBJIEHI BUIUICHHIM arpeCUBHHX IO
BIJHOIIEHHIO JI0 METaliB NPOIYKTIB pajionizy (rajoiioB, CIpKd, amiaky,
CIDKOBMICHHX CHOJyK). Y ¢Toporuiacta-3 HaWOUIbII I1HTEHCHUBHI BHJIUICHHS

arpeCUBHUX MPOIYKTIB PaAioJii3y MOYNHAETHCS 3 TOTJIMHEHOI 103U BUIIPOMIHIOBAHHS
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1 Mpao, nns noniBiHUIXI0pUYy — 3 103U 10 Mpao. OcoOauBUM BHIOM pajlialliitHUuX
VIIKOJ)KEHb € EJIEeKTPUYHUI NpoOili TBEpAUX MIENEKTPUKIB, KM BUHUKae 0€3
1oJjiaui 30BHIMIHBOT Hampyru. Takuil mpoOiil BUHMKA€e MPU BIUIMBI Ha JIEJEKTPUK
3apAKEHUX YaCTUHOK, SIKIIO JOBXHHA iX MpoOIry MEHIe TOBIIMHM JielIeKTpuKka. B
IbOMY BHUIIAJIKy BiJOyBa€TbCd HAKOMUYEHHS EJIEKTPUYHOTO 3apsiay B 00cCs3i
MaTtepiaiiB 3 MOJATBIITUM PO3PsIOM. [27]

['pannuHi 3Ha4YeHHS 103 pajiailii, sIKi BUKIUKAIOTh 3HAYHY 3MiHY (Hi3UKO-
MEXaHIYHUX 1 €IEKTPUYHUX BIIACTUBOCTEW IIENIEKTPUKIB KOJMBaKOThes Biag 1 Mpao
JUIsl KpeMHiopraniuynoi rymu 10 1 I'pao ana noniamigy. Kabeni 3 He pamiariiiHo-
MO (PIKOBAHOIO TMOJIETHJICHOBOIO 130JIAIIIEI0 Ta TMOJIIBIHUIXJIOPUIHOK 3aXHCHOIO
000JIOHKOIO MOXKYTh IPAIFOBATH MpH J03ax pamiaii 10 10 Mpao [30].

Haiimenmy pamiamiiiHy CTIMKICTP MarOTh OpraHIYHI JIICJICKTPUKH, OJHAK
Cy4YacHi BUPOOHUKH iX HE BUKOPUCTOBYIOTH, TOMY PO3IJISIAINCS JUIIE HEOPraHIYH1

JIETIEKTPUKHU.

1.5.2.5 Papianiiini edpexT B MArHiTHMX MaTepiajgax

Jlo HUX BIIHOCATH TOCTIMHI MAarHiTH (HaWmommpeHimi — (epuToBl 1
HEOJMMOBI) 1 MarHiTONPOBOAM MAIIWH 1 JATYMKIB (IIMXTOBaHA EJIEKTPOTEXHIYHA
craigp). 3rigHo [38] npu omnpomiHeHHi ramma kBaHTamu 103010 10 Mpao
MOYMHAETHCS  pajialiifHa 3MiHa MAarHiTHOI TMPOHUKHOCTI OCepAs KOTYIIOK
iHayKTUBHOCTI. B mocmimkenni [39] moka3aHa He3Ha4YHa 3MiHA TMETII MarHITHOTO
ricTepe3nucy HeoauMOBOro MarHiTy. OCKUIBKM MarHeTukaMu € MeTainu (MOCTiHHI
MarHiT{ — CIUTaBH HEOAMMY 3 OOpOM 1 3aJ1130M, OKCHUTY 3aili3a 3 ¢hepuTom Oapito abo
CTPOHIIIF0; MarHiTOMPOBOJN — €JIEKTPOTEXHIYHA CTaib), a 3rigHo mm. 1.5.2.2 [20],
10H13a1lisl, BUKJIMKAHA BUIIPOMIHIOBAHHSM, HE BIUIMBA€ HA E€JIEKTPUYHI 1 MAarHiTHI
BJIACTUBOCTI MeTaniB. OT)Ke, MOKHA BBaKaTH, IO pajialiiiHe BUIIPOMIHIOBAHHS HE

YUHUTH BIUIMBY Ha MarHiTHI BJIACTUBOCTI METaJI1B.
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1.5.2.6 Paagianiiini epekTH B NaCUBHHUX €JIEMEHTAX eJEKTPUYHHUX KiJl

His IB Ha pe3ucTtopu MNpOSIBISETHCA y OOOPOTHHX 1 HEOOOPOTHHUX 3MiHAX
3HAUEHHS OINOpPY, 3pPOCTaHHI PIBHSA NIyMiB, TOTIPUIYETbCS BOJOTOCTIMKICTb.
OCHOBHOIO MPUYMHOIO TAaKUX 3MIH € pi3Ke 30UIbIIEHHS MPOBIAHOCTI, BUKJIMKaHE
1oHI3amiitHUMU edexTamu B Martepianax. HaWcTiMKIUMU € KepaMmivHi Ta JPOTSAHI
pe3uctopu. Y KOHCTPYKIIIT IIUX PE3UCTOPIB BUKOPUCTOBYIOTHCA JIMIIE pajialiitHO-
CTIWKI MaTepiaiii: MeTall, Kepamika, ckio. Tak, ompoMiHEHHsS APOTSHUX PE3UCTOPIB
Heifrponamu  Qmroencom 10'° 1/cu? mpusBomuTh 10 HEOGOPOTHOrO 301IBIICHHS
omopy (MeHm HDXK Ha 2% Big BuximHoi BenwuwHH). Menm criiiki 1o IB €
METaJIOIUTIBKOBI 1 TUIIBKOBI ByIUIereBl pe3uctopu. [Ipu iX onmpoMiHEHHI OJHOYACHO
IIBUIKUMH, TEIUIOBUMHM, HAATEIUIOBUMHU HelTpoHamu (Bimmosimmo: 104, 108, 106
1/cm?) i ramma-punpominroBanssM (100 Mpao) BigzHaYEHO MOCTYIIOBE 301IBIICHHS
onopy Ha 3.5% npu 1IbOMY HE3BOPOTHI 3MIHU CTAaHOBJIATH MeHIe 2 %. CTIHKICTb 10
BOJIOTH, PIBEHb IIYMIB 1 TEMIIEPATYPHUN KOE(PILIEHT PE3UCTOPIB MICIS ONPOMIHEHHS
HE 3MiHIOIOThCA. KoMmmosuiiitHi pe3uctopu B piBHIM Mipi  HECTIMKI 10
KOPIyCKYJIAPHOTO 1 (POTOHHOIO BHMIPOMiHIOBaHHA. TpuBana ais Heiirponis 10
1/cm? abo ramMma-BMnpoMiHIOBaHHS 103010 100 Mpad npusBOAMTE 1O 3HUKEHHS
BOJIOTOCTIMKOCTI, 3pOCTaHHIO PiBHS BIACHUX IIyMIB B 2 pa3u, 3MIHM HOMIHAJIbHOTO
omigHoro oropy Ha 10%. [40]

VY KoHaeHcAaTOpIB Mij Al€r0 pamialii 3MIHIOIOTBCS HapaMeTpu eIeKTPUYHOL
MILHOCTI (po6oya Hampyra i TeMrnepaTypHUX KOe(]IlieHT); Omip 13011111, BIAMIOBIAHO
CTPYM BHUTOKY; JIEIEKTPUYHI BTpAaTH (BU3HAYAIOTH BEIMUUHY aKTUBHOI MOTY>KHOCTI,
10 BHUAUISETHCS B KOHJEHcCATopi). ['aMMa BHNPOMIHIOBAaHHS BUKIHUKAE OOOpPOTHI
pamiamiiini nedextu. HelTpoHHE BUNPOMIHIOBAHHSI BUKIWKAE SIK OOOPOTHI Tak 1
HE3BOpOTHI paxiamiiini nedekru. Haiicriiikimumu no 1B € KoHzmeHcaropu 3
HEOpraHIYHUM JieICKTPUKOM (Kepamika, CKJIoeMaib, ClIfo/1a). 3MiHa apaMeTpiB IpH
onpominenHi Helitponamu 10 10'® //cym? i BumBi ramma-BunpominroBanns g0 100
Mpao nHe mnepeBuillye 4YacToK a00 OJWHUIL BIACOTKIB (BHHSITOK CTaHOBIISITh
HU3BKOYACTOTHI CETHETO-KepaMiuHi KOHACHCATOPH, 3MiHA iX €éMHOCTI gocsarae 25%)

MeH1 HiX yepe3 2 TOAMHM TICHs 3aKIHYEHHS OMPOMIHEHHS MapaMeTpu KEpaMiuyHHUX,
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CKJIOE€MaJIeBUX 1 CIIOAIHHX KOHJEHCATOPIB BIAHOBIIOIOTHCA 10 Buxigaux [40].
['aMMa-BUTIPOMIHIOBAHHSI BUKJIMKA€E B OCHOBHOMY OOOpOTHI pajiamiiiHi aedekTH.
[Ipu ompomiHEHHI HEUTPOHAM MOMIIHBI SIK OOOPOTHI, TaK 1 HEOOOPOTHI pajiaIiiHi
nedexTu.

Pamiamifina CTIMKICTP KOTYIIOK 1HAYKTHBHOCTI BHU3HAYAETHCA CTYIICHEM
NOIIKO/KeHHA MarepianiB. Korymku 6e3 ocepis 1 IUIIBKOBI CHIpaibHI KOTYIUKH
HaucTidkimi o IB. 3a paxyHok pamiamiiiHoi 3MIHM aKTHBHOTO OTOPY KOTYIIKH
1HyKTUBHOCTI, HE3HAYHO 3MIHIOETHCS JOOPOTHICTh. OnHAK el eeKT NpOsSBIISIETCS
IpH ONPOMIHIOBaHHI HEHTPOHAMM 3 INUIBHICTIO mMoToKy mopsaky 108 1/(c-cm?).
[HAYKTHUBHICTh TITIBKOBUX CIIPaJbHUX KOTYIIOK 3 (DEpOMArHiTHUMU IUTIBKAMH TPH
OTNPOMIHEHHI TamMMa KBaHTamMH 103010 10 Mpao 3MeHIIyeThcs 3a paxyHOK
pamialiiftHoi 3MiHM MarHiTHOI IPOHUKHOCTI oceps [38].

Jlnss HaouyHO1 AeMOHCTpallli paaiamiiiHOol CTIMKOCTI CKJIaJIOBUX €JIEMEHTIB
eJeKTponpuBoay mnoOyaoBaHo rictorpamy (puc. 1.4). CroBmii ricrorpamu
BIJIMOBIAIOTh BEJIWYMHAM TIIOTJIMHEHOI 103U, NP SKii HE BIAOYyBalOThCA 3MIHH
napaMeTpiB JaHOK elleKTponpuBoAy. OCKUIBKM MOHOTOHHA Jerpajailisi MacThil 1
ONTPOHIB BiIOYBAETHCSA 13 TOYATKOM OINPOMIHIOBaHHS, BOHHM HE 300pa’keHI Ha
puc.1l.4, Tomy 1o npeacTaBisuiv O coO0I0 CTOBIILI HYJIHOBOI BenuuuHU. Uepes Te, 110
npu 1031 2 kpaod BiAOyBaeThcs ‘“HAacCHYEHHS paaiallifHUX 3MIH MaCTHJIBHUX
MaTepiaiiB 1 BOHM MalOTh HE3HAUYHWM XapakTep, HUMU MOXHa 3HeXTyBaTu. s
ONTPOHIB 3 BHUXITHUM €IEMEHTOM — TPAH3UCTOPOM TPAHUYHOI BEITUIMHOIO
norymmHeHo1 03U € 100 xpao, a 3 BUXIAHUM €IEMEHTOM — J10JIOM T'PaHUYHOIO
BEJIMYMHOIO TIOTJIMHEHOT 103U € | Mpao, micas 4doro Hactymae (QyHKIIOHAIbHA

B1IMOBA.
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Puc.1.4 —T'icrorpama pasiaifiiiHoi CTIHKOCTI MaTepiaiiB 1 MACUBHUX €JIEMEHTIB

CJIEKTPUYHUX KT B CKJIAJll €1EKTPOTPUBOTY

3rigHo 13 puc.l.4 oueBMAHO, IO HAWHWKYY pagialliifHy CTIHKICTh Mae
KpEMHI, a BIANOBIJHO YyCl HaMIBIOPOBIIHUKOBI MpuUCTpoi. EnektpomnpuBon e
MOCJIIJIOBHOIO CHUCTEMOIO, NUB. puc.l.2, a K BIIOMO, B CHCTEMi 3 IOCI1JIOBHOIO
CTPYKTYPOIO BiIMOBa OyIIb-SIKOTO KOMIIOHEHTA MPU3BOAWTH JI0 BIIMOBH CHUCTEMH B
mitomy. Tomy, 11st 3a0e3neueHHs HaliiiHOI poOOTH EIEKTPONPHUBOAY JOIUIBHO a0
OiJBULIYBAaTH  pajllalliiiHy  CTIMKICTh  HAMiBOPOBIIHUKOBUX  €JIEMEHTIB, a0o
PO3pOo0ISATH JesiKI METOM KOMIIEHCAIlli HeTaTUBHOTO BILTUBY IB.

JlocnikeHHs BIUIMBY 10HI3yIOYOTO BHUIPOMIHIOBAaHHA Ha I1HTErpaibHI
MIKPOCXEMH 1 MIKPOEJIEKTPOHIKY TMPHUCTPOIB YIPaBIiHHSA € CKJIAJHOI 1 BOKIUBOIO
3amadero. B miTeparypi AOCHTH MIMPOKO TPENCTaBIICHI OCHTIKEHHS B 00JacTi
BIUIUBY pajiaiiiinoro (a, f, y, peHTT€HIBCHKOTO 1 HEUTPOHHOT'0) BUIIPOMIHIOBAaHHS Ha
MIKpOCXeMOTeXHIYHI BupoOu. lle moB’sA3aHO 3 pPOCTOM CBITOBOI KOCMIYHOI
IpoMHCIIOBOCTI. Bimomo, mo B kocmiuHoMy mpoctopi aie IB, a came mnoToku
€JIEKTPOHIB 1 10HIB BUCOKOI eHeprii. KocMmivHI1 JiTanbH1 anapaTty, WTY4YHI CyTyTHUKA
3B’SI3Ky, METEOPOJIOT14HI, HaBITaIliiHI Ta I1HIII CYNyTHUKA HAYWHEHI CKJIaJHUM
EJEeKTPUYHUM OO0JagHAHHSAM. TOMYy MOCHIJKEHHSI B 11 00JIacTi MPOBOASTHCS 1 €

aKTyaabHUMH. [41]
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PekoMmeHayeTbcs  3aMICTh ONTPOHIB BHKOPUCTOBYBAaTHM IHIII  €JIE€MEHTH
nepeaadl CUrHaJIB 3 TAJIbBAaHIYHOKO PO3B’SI3KOI0, SIKI HE YyTJIMBI IO BIUIMBY pajiaiii,
HaNnpuKIIaj, TpaHCPOPMATOPHOTO TUITY.

HaykoBi pe3ynbratu JOCSATHYTI B po3auli 1 omyOnikoBaHI y BUIVISIAI CTATTI B

(haxoBOMYy HayKOBOMY BHIaHHI [42].

BucnoBku 10 Po3niny 1

[TpoBeaeHO OIS CKITay YaCTOTHO-PETYJIBOBAHOTO €IIEKTPONPHUBOTY i THOMY
MOCTOBOTO KpaHy, SKHH BCTAaHOBJIEHO B MPHUIIOBEPXHEBOMY CXOBHII JUIS
CKJIaJlyBaHHS PaJIlOaKTUBHUX BIAXOMiIB. PO3risiHyTO MaTepianu, 3 sSKMX MOOYa0BaH1
CKJIQZIOBl €JIEKTPOINPUBOAY Ta OIlIHEHO 3MIHY iX (I3MYHHX BIIACTHUBOCTEH, SKa
BUKJIMKaHa BILIUBOM 10H13yI0UOTO BUITPOMIHIOBAHHS.

B pesyabrari ornsmy BCTaHOBJAEHO, IO HAWYYTJIMBIIIUMH 10 pajiarii
€JIeMEHTaMU EJIEKTPOIIPUBOAY € HAaMiBIPOBIIHUKOBI MPUCTPOi. OCKUIBKM BHCOKI
JUHAMIYHI ~ XapakTePUCTUKHA  CYYaCHUX  EJIEKTPOIPHUBOAIB  3a0€3MEUyIOThCS
3aCTOCYBaHHSAM CHJIOBMX HAIMIBIPOBIIHUKOBUX KIIOYIB, 3MIHAa iX MMapaMeTpiB 13
POCTOM TIOTJIMHEHOT JI03U 10HI3yIOYOTO BHUIPOMIHIOBAHHS HEMHUHYYE MPHU3BEIE J10
3MiHUM po0OOTH Bci€i cuctemu. OTpuMaHi B PO3AUI pe3yJbTaTu 3a0e3MeuyroTh y
MOTAJTLIIIOMY MO>KJIUBICTD OIIHKHM XapaKTepy BIUIUBY 10HI3YIOYOTO BUIIPOMIHIOBAHHS
Ha po00Yl XapaKTEPUCTUKU €JISKTPOIPHUBOIY 1 PO3POOKY 3aC001B HOro KOMITEHCAITIi.

ATMochepHUii ONTUIHUIN KaHAI 3B’ SI3KYy — II€, TI0 CYTi, ONTPOH 3 MPOCTOPOBUM
KaHAJIOM Tepeaadl JaHux 1 Horo pamiamiiiHi eekTd BUMAararTh JOCTIIKCHHS.
JIOLIBHICT TaKOTO JOCTIPKEHHS OOyMOBJIEHA 3HOBY X 3MIHOIO IapaMeTpiB
HaIBIPOBIIHUKOBUX €JIEMEHTIB TIepe/aBadya Ta MNpuiiMaya, MO MIATBEPIKYEThCS

PO3MIISIHY TUMH JIITEPATyPHUMU JKEpEnamu.

@®opMYyJIIOBAHHS METH i HAYKOBHX 32124 JA0CJIIKeHHA
Mera poOoTu mnonArae y NiABUMIIEHHI paalaliiHOI CTIMKOCTI YacTOTHO-
pPEryJIb0BaHOTO  E€JEKTPONPUBOJY  BAHTAKOMIIAOMHUX  MAIWH CXOBHIIA

paIl0aKTUBHMX BIJIXOJIIB HA OCHOBI pO3POOJIEHUX MaTeMaTUIHUX MOJIeNIeld CUIIOBOTO
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KaHally TIEpeTBOpIOBavYa 4YaCTOTH 1 aTMOC(EPHOr0 ONTHUYHOIO KaHaly 3B’SI3KYy Ta
OOIpyHTYBaHH1 CTPYKTYPH €JIEKTPOIPHUBOLY.

JI71s1 HOCATHEHHS TTOCTABIICHOT METH HEOOX1THO BUPIIIMTUA HACTYTHI 3aJayi:

— PO3pOOUTH MaTeMaTW4YHI MOJIEl HaIIBIPOBIJHUKOBUX CHJIOBUX KaHaJIB
NepeTBOPIOBaYa YaCTOTH 13 JpaiiBepaMH Ha OCHOBI OIMOJISIPHUX 1 METaJ-{1EeIeKTPUK-
HaIBIPOBIIHUKOBUX TPAH3UCTOPIB AJIsl BpaxyBaHHS pajlalliiiHUX e(eKTiB;

— CHHTE3YBaTH IMITaliiiHy MOJIelb aTMOC(HEPHOTO ONTUYHOTO KaHAITY 3B’SI3KY
13 aMIUTITY JHOKO MOYJISILIIEI0 CUTHAJIIB;

— pO3pOOUTH HEHPOMEPEXKEBI NEMOIYJIATOPU HAa OCHOBI PI3HUX apXITEKTYp
HEUPOHHUX Mepex, BUOIp AKUX 00yMOBICHHM 3a1a4ero Kinacudikaliii oopasis;

— TPOBECTH JOCHIDKEHHS Ha MojJedi arMOoc(EepHOro ONTUYHOTO KaHay
3B’SI3KY JJIsI BU3HAUCHHSI HEMpOMEpEKEBUX EMOAYISATOPIB, 110 MOKPAIIYIOTh SIKICTh

nepenayi JaHuX.
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PO3/L1 2. CTPYKTYPA CUJIOBOI'O HAMIBIIPOBIJITHUKOBOI'O
KAHAJIY YACTOTHO-PET'YJIbOBAHOI'O EJIEKTPOINIPUBOY
BAHTAKOMNIIHOMHOI MAILIMHYU CXOBHIIA PAIIOAKTUBHUX
BIJIXO/IB

2.1 CTpyKTypHa cXeMa YacTOTHO-PeryJb0BaHOI0 eJIeKTPONPUBOIY

JlocnmikeHHs, TPUCBAYEHI BUBYEHHIO BIUIMBY [B Ha HamiBIpOBITHUKOBI
NpWIaau, OXOIUIIOIOTh I1HTETpabHI MIKPOCXEMH Ta JIOT14HI mpucTpoi. Posrmisn
CWJIOBUX TPHUCTPOIB KHUBIICHHS OOMexXyeTbcs wManmonoTyxaumu 30 Bm [43]
NepeTBOpIOBayaMu TMOCTIHOrO cTpymy. Takuii craH moB's3aHuil 3 notpedamu
KOCMIYHO{ Tamy3i, [0 po3BUBAEThCSA. B manomy mocmipkeHHI He Oylie MpUALTATUACS
yBara ci1labKoCTpyMOBHM CHUCTEMaM.

JIOCTOBIpHO Bi1JIOMO, 1[0 B CHUCTEMI €JIEKTPONPUBOAY 00’ €KTa 3aCTOCOBYETHCS
o0JaJiHaHHSl 3arajJbHONPOMMCIOBOTO BUKOHAHHS, TOOTO HE BXKHUBAKOTHCS >KOMIHI
3aX0AM 1 CHeliaJbHI TEXHOJOTI s 3axucTy oOmagHanHg Bin [B. Bupasznmx
JOCIIKEHb Mpo BB [B Ha cUIIOBI epeTBOpIOBayl €1EKTPUYHOI €Heprii Ha JaHHi
4yac He BUSABJIEHO. BUXOJS4M 3 BUIIECKAa3aHOTO, HEBUPIIIECHOIO YaCTUHOIO MpoOIeMu
BIUIMBY IB Ha HamiBNPOBIAHMKOBI MPWIAAW € JOCTIIKEHHS paaialifHoi CTIMKOCTI
npomMucioBux [TY 3 maHKOIO MOCTITHOTO CTPYMY MOTYKHICTIO JECATKH KBm.

PosrnssHeMo  CTpyKTypy ~ CHJIOBOTO  KaHaly  HamiBIPOBIIHUKOBOIO

MepeTBOPIOBaYa YaCTOTH 13 JAHKOIO MOCTIHHOTO CTpyMy, puc.2.1.
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ABTOHOMHHH
Bunpamiadg iHBEpTOp HANpPYTH
Curnanm .
. ——=! [lpaiiBepu FHHH
yIIpaBIIiHHSA

Puc.2.1 — CtpykyTpa CHUIOBOr0 HAMiBIPOBIAHUKOBOTO KaHATY

YaCTOTHOPCTYJIBOBAHOT'O CIICKTPOIIPHUBOAA

OcHoBauMH ckiagoBuMu [IY 3 maHKOIO MOCTIHHOTO CTPYMYy € HEKEpOBAHHIA
BUNPSIMIISY, (UIBTP B KOJI MOCTIMHOTO CTPyMy, aBTOHOMHUM 1HBEPTOP HAIPyTH

(AIH) 1 mpaiiBepu ynpaBiiHHS.

2.1.1 HaniBnpoBiTHUKOBI NMPUCTPOI CUJIOBOI0 KAHAJY €JIEKTPONPUBOIY 3a
cucremoro IlepeTrBoproBay 4acTOTH-aCHHXPOHHUII IBUIYH I HOr0 cxema

B saxocti BentwniB AIH HaliyacTinie BHKOPHUCTOBYIOTH MeETaJ-J1E€JIEKTPUK
HAIBNPOBIAHUKOBI 1oaKOBI Tpausucropu (MJIH, MOSFET - Metal-oxide-
semiconductor field effect transistor) a6o OimonsipHi TPAH3UCTOPU 3 130JILOBAHUM
satBopoM (BTI3, IGBT — Insulated-gate bipolar transistor) B 3aiexHOCTI BiJ BEeTHUNH

po6OYMX CTPYMIB, IOTYKHOCTEH, HEOOX1THOT YaCTOTH MEPEMHUKAHHS KII04a, puc.2.2.
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Puc.2.2 — Jliarpama BHOOpY CHIIOBOTO KITFOUA 3aJIC)KHO Bijl IOTY>KHOCTI

HABAHTAXXCHHS 1 YaCTOTH TiepeMuKanHs [44]

B enextponpuBoi TOJIOBHOTO MiAHOMY MOCTOBOIO KpaHYy B SIKOCTI CHJIOBHX
KJIIOUIB aBTOHOMHOTO 1HBEpTOpa Hampyru BuUKOpHUCTOBYIOThCs BTI3. JlerampHimie
CTPYKTYpY MEpEeTBOPIOBaYa YaCTOTH 3 JJAHKOIO MOCTIMHOTO CTPYMY MpPEICTaBIEHO Ha
puc.2.3. HekepoBanuii BUIpsSMIISIY peanizoBaHo 3a cxemoro JlapionoBa, AIH -

TpudazHuii MoctoBUid. CHIIOBUMH KJIIFOYaMHU HEKEPOBAHOTO BUIIPSIMIISYA € JIIO/IH.
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HekepoBanmuii
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Puc.2.3 — CtpykTypa nmepeTBoproBaya 4acTOTH 3 JAHKOIO MOCTIHHOTO CTPyMy

2.1.2 [ApaiiBepu HAa  OCHOBI  MOJBOBHX MeTaJI-1ieJIeKTPHK-
HaNIBIPOBIIHUKOBHUX Ta OIMOJISIPHUX TPAH3UCTOPAX

Jns mpuB’SA3KM CHJIOBUX HAIIBNPOBIJHUKOBHX KIIOYIB JI0 MOAYJSATOpA
HIAPOTHO-IMITyIbCHOT Momayisiii (ILIIM) 3actocoByroThesi apaiiBepu 3aTBOpa, 1€
OB’ S13aHO 13 PI3HULECIO BEJIMYMH HAIMPYT MK CWJIOBHMH 1 KOJIaMHU JIOTiKH. [paiiBepu
KOMYTYIOTh HaIlpyry JUisi BLAKpUTTS 1 3akputTs Ha 3atBop BTI3 3a momomororo
BHYTPIIIHIX TPaH3UCTOPiB. MIKpOCXE€MU OJHOrO BHUPOOHHMKA HAa OJHY BEIMYUHY
HaAMpyTd MOXKYTh OyTH BHroTOBJIEHI 3a moaboBoro (MJIH) abo Gimonspuaoro (BT)
KOMIUIEMEHTApHOI0 TeXHoJjorier, Hanpukiaana, 1LP5751 1 TLP250 po3paxoBaHi Ha

MaKcUMaibHy Hampyry 35 B, puc. 2.4, a, 0.

10— L6 1 [ i
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Puc.2.4 — Tunm npaiiBepiB st BTI3: a — Ha ocHoBi monkoBux M/IH Tpan3ucropin

(TLP5751, TLP5752, TLP5754); 6 — Ha ocHoBi Oinossipaux tpan3uctopis (TLP250).
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Crnin 3a3Ha4YUTH, 1O HAa PUHKY MPEACTaBJIEHI 1 paalalliiHO CTIAKI apaiBepu
yOpaBIiHHS CUIOBMMHU Kirodamu, Hampukiang RIC7113 [45], npusnadeHi uist
3aCTOCYBaHHA B OOpPTOBOMY OOJagHaHHI KOCMIYHUX amapartiB 1 TPaHCHOPTHUX
KOCMIUHUX KOpabiiiB. B cxeMi enekTponuBoa MOCTOBOTO KpaHy, IO PO3TIISIAEThC,

BI/IKOpI/ICTaHi KOMITIOHCHTH 3araJibHOIIPOMHCIOBOIO BUKOHAHHA.

2.2 Binoasipuuii TPaH3UCTOP 3 i30J1bOBAHUM 32aTBOPOM B SIKOCTi CHJIOBOIO
KJII0YA MepeTBOPIOBAYA YACTOTH

binonspuuii  TpaH3UCTOp 3  130JBOBAHMM  3aTBOPOM —  CHJIOBHM
HaIlIBIPOBIIHUKOBUM TMPUCTPIM, SKUH TpeacTaBise co00w0 TiOpUJl CHIOBOTO
OIMOJIAPHOTO 1 KEpPYKOYOTO TMOJHOBOTO TPAH3UCTOPIB, PEATI30BaHOIO B OJIHOMY

KpHCTal, puc. 2.5.

3aTBOp

Emitep Emirep

Konexkrop

Puc. 2.5 — CxemaTtuune 300pakeHHS MOJIBLOBOTO 1 OIMOJISIPHOTO TPAH3UCTOPIB B

crpyktypi BTI3 [46]

Takuii npucTpiii NoegHy€E nepeBaru 000X MOro CKIIaI0BUX 1 MaE!
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- OUIbIy IIBUIKOJIIO 1 MEHIIY MOTYXKHICTh YIIPaBIIHHS, HIX THUPUCTOPH 1
O1MOJIAPHI TPAH3UCTOPH;

- OLTBIII HOMIHAJIBHI CTPYM 1 HANPYTY, HI’K OIMOJISPHI 1 IOJIBOBI TPAH3UCTOPH;

- Oulbllly TEpPEeBAHTAXYBAJIbHY 3/IaTHICTb NPU KOPOTKUX 3aMUKAHHSX,
MOPIBHSHO 13 OIMOJIIPHUMHU TPAH3UCTOPAMU,

- OUTBIIY CTIMKICTB O HIBUJKOCTI HAPOCTAHHS HANIPYTH KOJIEKTOP-EMITED;

- BHCOKa 4YacToTa KOMYyTamii — JECSITKHA KUIOTepI] 13 MEepPCHeKTUBOIO
niaBuieHHs 10 150 x/y.

BTI3 BUrOTOBNSAIOTHCS Yy BUIVISAAI OJWHOYHUX KIIOYIB 1 MOAYJIB PI3HOTO
CTyTEHS 1HTerpaiiii.

OcHoBuuMm HemonikoM bTI3 € minBuieHe mNaAiHHS Hampyrd B KaHall
KOJICKTOp-eMiTep y Biakpuromy crani (1.5 ... 5 B), ske 3pocTa€ i3 301LIbIICHHIM
HOMIHAJIbHOI HaIlpyTH KJI0Ya.

OcHoBHull HampsMok 3actocyBaHHsi BTI3 — meperBoproBaui 13 MIMPOTHO-

IMITYJIbCHOIO MOJYJISLIEI0 MOl 1 cepeIHbOT MOTYXHOCTI. [47 ¢. 21]

2.2.1 Orasin i BuOip apxiTekTypH cXemMH 3aMillleHHsI OIilOJISIPHOIO
TPAH3HUCTOPA i3 130, 1bOBAHUM 3aTBOPOM

B pi3HuX miTeparypHUX pKeperax 3ampONOHOBaHI Pi3HI CXEMH BHYTPIIIHBOI
ctpykrypu bTI3. Ile mnoB’s3aHO0 13 BpaxyBaHHAM a00 HEXTYBaHHSM BILIUBY
MapasuTHUX TPAH3UCTOPIB, EMHOCTEW 1 OMOPIB, a TaKOXX MPEACTABICHHIM KaHay
KOJIKTOp-eMITep OIMOJSPHUM TPaH3UCTOPOM, TUPUCTOpPOM abo miogom. HeaminHuUM
JUTSE OUTBIIOCTI JIMIIAETHCSA TMPUHIUI YTIPABIiHHSA OINOJSPHUM CHJIOBUM KIIIOUEM 3a
JI0TIOMOT'OF0 T0JIOBOTO N-KaHansHOro MJIH Tpansuctopa [48, 49, 50, 51, 52, 53].

Ockubky nMTaHHs BpaxyBaHHs BIUMBY IB Ha BTI3 cnabko BHUCBITIEHO B
niteparypi [48], nouuIbHO AoCHKyBaTH BIUMB IB Ha ioro cknagosi. s mporo
JOILILHO CKOpUCTATHCS cXxeMoto 3amimeHHs bTI3, ska:

- Ma€ 1IGHTUYH1 XapaKTEepPUCTUKH, 110 i peanbHuii bT13;

- HE HaJIMIPHO CKJIa/IHA (CKIIAJAETHCA 13 MIHIMyMY KOMITOHEHTIB);
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- no3BoJise BpaxoByBatu BIUIMB IB (BB IB Ha koXeH 3 1i KOMITOHEHTIB
JOCITIIKEHO 1 BiZIOMO);

- JTO3BOJISIE TIPOBOJUTH MOJICITIOBAHHS B MPOTpaMHUX cepemoBuiiax LTspice
(mepeBipka OCTOBIpHOCTI oOpaHoi cxemu 3amimieHHs) 1 MATLAB (monentoBaHHs
BIPTYQJILHOTO EJIEKTPONPUBOTY i3 OMPOMIHEHUMH CKIIaZIOBUMHU).

CknagHIiCTh CXEMH 3aMIIIeHHS JI03BOJISIE OUIBII TOBHO OIIHUTH (Pi3UKY
polIecy, ajie Ma€ HEJOJIKH:

[To-niepire, HEOOX1AHO BU3HAYUTH MApAMETPU E€JIEMEHTIB CXEMU 3aMiIlICHHS,
10 BHUKJIMKA€ TPYAHOI, MOB’sI3aHi 13 BIACYTHICTIO JAaHUX MPO BHYTPILIHI OMOPH,
€MHOCT1 1 Tapa3uTHI TPAH3UCTOPU B 3aBOJACHKIH JIOKYMEHTAIlli MPUCTPOIO, IO
MOJETIOEThCS. JIesKi 13 CXeMU 3aMIIIeHHs B CBOEMY CKJIa/Il MAlOTh TaKi €JIEMEHTH, K
omnepaiiiHuil macwioBay [54], mxeperno ctpymy [55, 56, 57, 58], mxepeno Hanpyru
[56, 57, 59, 60] mio 3HAYHO YCKIAAHIOE MOJAIBIIY MOMAEIb 1 UIS BUPILMICHHS
MOCTAaBJICHOI 3aJ1a4l HaJIMIpHI,

[To-npyre, cknagHa cxeMma 3aMillleHHS TOTpedye BEJIMKOT KUIBKOCTI
MaIllMHHOTO Yacy Ha po3paxyHKU mnepexiguux mpoiieciB. Ockiuibku B AIH mricts
TPaH3UCTOPIB, M0 KOMYTYIOTbCS 3 4acToToio 4 /Yy, a TPUBAIICTh MOJEIIOBAHHS
UKy poOoTu enekTponpuBoay <10 ¢, TO KUIbKICTh KOMyTallid MOPSAKY KUIBKOX
JIECSITKIB TUCSY HE JI03BOJIUTH 3aBEPIIUTH MOJCTIOBAHHS B MPUHHATHI TEPMIHU;

[lo-Tpetre, cmig  3a3HA4UTH, WO  JJIs  JIOCHIIKEHHS  TOBEIIHKHU
HaAMBIPOBIAHUKOBUX  NPUJIAAIB  JOPEYHO BHUKOPHUCTOBYBATH  CIEIIaTi30BaHE
nporpamue 3ab0e3neuenns. Jomineaum € Bukopucranus SPICE (Simulation Program
with Integrated Circuit Emphasis) cumynsropa eIeKTpOHHHX CXEM 3araJbHOTO
PU3HAYEHHS 3 BIKPUTUM BHUX1JIHUM KOJIOM. JIOCTyITHUM € OE3KOIITOBHE IIPOrpaMHe
3a0e3neueHHs LTspiceXVIl Big Linear Technology. B Toit ke dac 00’exkTom
TOCITIIKEHHS € BIUTUB B Ha eleKTpornpuBo MOCTOBOTO KpaHy, HOCTIIHKCHHS SIKOTO
3py4YHillIe, IHTYITUBHO 3pO3yMUTIIIE 1 MPOCTIlIe MPOBOAUTH B MPOTPAMHOMY MaKETI
MATLAB/Simulink. Tomy Bunukae mnpobnema iHterpanii SPICE wmogeneii B
MATLAB/Simulink, abo crBopennst matemarnaaoi moaeni bTI3 Ha 0CHOBI piBHSHB,

SK1 BPaXOBYIOTh HEOOX1HI B TapaMeETPH.
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ABTopu HaykoBux mpaib [44, 46-48, 50, 52, 54-70] BuCyBalOTh pi3Hi CXEMH
3aMIIIEHHS, $IKI BIAPI3HSAIOTBCS CKIAIHICTIO CBOEl CTPYKTYpH 1 TOYHICTIO
BIIOOpaKEHHS TMPOIIECiB, IO MPOTIKAIOTh B TpaH3ucTtopl. Ha puc. 2.6 npeacrasieni

3aMponoHOBaH1 cxemu 3amiiieHHs bTI3.
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Puc. 2.6 — Bizomi cxeMu 3aMillieHHs O1MOJISIPHOTO TPaH3UCTOPaA 3 130JIbOBAaHUM

3aTBOPOM

MoskHa MOJLIUTA BUCYHYTI CXEMH 3aMIIICHHS Ha YOTHPU TUIHU IO PiBHIO
CKJIAJIHOCTI (B1J] HACKIIQIHIIIOI O HAUTIPOCTIIIOT):

1) Mogeni Ha 0a3i TPaH3UCTOPIB, PE3UCTOPIB 1 MAPa3UTHUM TPAH3HCTOPOM,
puc.2.6, a. Crpykrypuo BTI3 mpencraBise co0O TOTYXHHN BHCOKOBOJIBTHHI
oimonsipHUiA PNP TpaH3ucTop T2, 1m0 KepyeThes BiJl HU3bKOBOJBTHOTO MOJIKOBOTO T1
3 1HAYKOBaHMM N KaHaJOM 4Yepe3 BHUCOKOBOJILTHUN N-KaHAJIBHUN TOJHOBUMN

tpanzuctop T4. T3 — napasutHmii NPN Tpausucrop. [48, 63, 69]
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2) Mogens Ha puc.2.6, 0 sBisge co0OI0 CHPOIICHUN BapiaHT IOINEPEIHbOT
MOJIEN, ¥ SIKO1 3HEXTYBaHO BUCOKOBOJIBTHUM N-KaHAJIHHUM TOJIbOBHM TPAH3UCTOPOM
T4, ockibKM HOTO XapaKTEPUCTUKU HE BILTMBaOTh Ha mapametpu bTI3. [44, 46, 50,
52,61, 67]

3) Mogenb 6e3 mapa3uTHOro TpaH3ucTOpa, puc.2.6, B. Cxema mpeacTaBiisie
co000 N-KaHAJIBHUH TOJBOBUI TPAH3UCTOP 3 IHAYKOBAaHUM KaHAJIOM, CTOK SIKOTO
3’e¢HAHO 3 023010 OIMOJISIPHOTO PNP TPAaH3UCTOPA, a BUTIK — 3 KOJEKTOPOM. Takum
YUHOM 3aTBOP MOJBOBOTO TpaH3ucTtopa € 3arBopoMm bTI3, emitep OimoaspHOTO
BUKOHY€E poJib kosektopa bTI3, a 3°’exnani BUTiK 1 KoiekTop dhopmyrots emitep bT13.
Taka cxema 3HA4YHO mpocTima 1 J03BoJise MojentoBath bTI3 13 HaliMeHIOr0
KUIBKICTIO BX1IHMX AaHuX. [47, 52, 62, 63, 65, 66, 68, 70]

4) CrpolieHi MoJIel 3 THPUCTOPOM, puc.2.6, T, 4yu aioaom, puc.2.6, 1, 3aMicTh
MOJIbOBOTO TPaH3UCTOPA. 3yCTPIYAETHCS TAKOX IIE OUIBII CHPOIIEHA MOJENb, SKa
CKIamaeThes 13 noiapoBoro MJIH Tpan3ucropa, mo kepye Tupucropom, abo M/IH
TpaH3ucTtopa 1 mioma. Hemomikom € BIacTHBICTh TUPUCTOpPA 3aKPUBATUCS HE BIJ

KEPYIOUOTrO CUTHAITY, a IPUKJIAJIaHHsIM 00epHEHOT Hanpyru aHoa-kato. [46, 59]

2.2.2 IlepeBipka He0OXiZHOI JOCTATHOCTI CXeMM 3aMillleHHs OiMOJISIPHOIO
TPaH3uCTOpPa 3 i301bOBAHMM 3aTBOPOM 3a /J0NOMOIOI0 MO/EJIOBAHHS B
cepenoBuini LTspice

Haitzpyunimmit ans peanizamii tun cxemu 3amimeHHss bBTI3 — cxema, ska
CKJIQJIAEThCS 13 MOJBLOBOTO N-KAHATBLHOTO TPAH3UCTOPA, IO Kepye OIMoJIsIpHUM PNp
TPaH3UCTOPOM, pHC. 2.6, B.

Le#t BuOip 0OyMOBIECHUN TaKUMU PUINHAMU:

1) Haiinpocrima cxema i3 J1i0JIoM MOTpeOye A0JaTKOBE JKEPEIO HampyTd B
3aTBOPHOMY KOJII.

2) Cxema i3 MJIH TpaH3uCcTOpOM 1 TUPUCTOPOM MpHBa0IMBa, aje B Oi0mioTer
JOCTYITHOTO TmporpamHoro cepemosuina LTspiceXVIl BiacyTHs Momaens TUpucTOpA.
CrBopeHHsI Takoi Mojnenl 1 ii 1HTerpamis TUIBKH YCKIaAHUTH cxemy. Jlo Toro x

3aMMpaHHs TUPUCTOPOM B1I0YBAETHCS JIMILIE TPUKIIAJaHHIM 00EpHEHOT HAIIPYTH.
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3) B 6iomioTemi LTspiceXVII nmpucyTHi Mozeli N-KaHAIBHOTO MOJIBOBOTO 1 PNp
oinonsipHoro tpanzuctopis. s M/IH tpan3ucropa — e monens level 3, a qnsa BT —
moaens ['ymmens-IlyHa.

B enextpompuBomi, IO PO3TIATAETHCA, 3aCTOCOBYETHCS TEPETBOPIOBAY
4acTOTH HOMIHanbHOIO Hampyroto 380 B 1 moryxHictio 18.5 xBm. Cunosi
TPaH3UCTOPU aBTOHOMHOTO I1HBEPTOpa pO3paxoBaHi HA MAaKCHUMAaJbHY AOIYCTUMY
Hanpyry kKosiektop-emitep 1200 B 1 MakCUMaJIbHUIM TPUBAIIUNA CTPYM KOJIEKTOpa 75
A. Ilum mapametpam 3a70BONIbHSAE croBUi Monyins BSMS5S0GB120DN2.

[IpoBeneno monemoBanHs BTI3 3a cxemoro 13 puc. 2.6, B, B MPOrpaMHOMY
cepenoBuini  LTspiceXVIl.  TloOymoBaHo  BoidbTaMIIEpHY 1  IEpPEIaTOYHY
XapaKTEPUCTUKA CHJIOBOTO KJII0Ya 1 TOPIBHAHO iX 13 JaHUMH 13 3aBOJCHKOT
nokyMmeHTartii [71].

[lepeBaxxna OUIBIIICTh TApaMeTPiB TPAH3UCTOPIB 32 3aMOBUYYBaHHSIM
MPUUHATHI, TOMY JUIsl JOCATHEHHA HEOOXiJHMX BOJBTAMIIEPHOI 1 IEpeJaTOYHOI
XapaKTEPUCTUK HEOOX1HO 3MIHUTH JIMIIE TPHU MapaMeTpH: MOporoBy Hampyry Vth
[B], mapamerp tpanckongyktuBHOCTi Kp [4/B?] i omip croxky Rd [Om] mnsa
MOJIbOBOTO 1 KOS(IIIEHT MiICKIICHH 32 cTpyMoM Bf niis 6inonsipHoro Tpan3ucropa.

OcHoBHMMHM MapameTpamu gociimkyBanoro BTI3, srigxo [71], €:

- MaKCUMaJbHa J0IycTUMa Harmpyra KoiekTtop-emitep Uces = 1200 B;

- MAKCUMaJIbHUW TPUBAIUH cTpyM KosiekTopa l. = 75 4;

- IMITyJIbCHHH CTPYM KOJEKTOPA Icpuis = 156 A;

- Hampyra HacU4eHHS KoJeKTop-eMiTep Ucesat = 2.5 B;

- kpytu3Ha xapaktepuctuku S=0lc/dUge = 33.5 (Uge — HamIpyTa 3aTBOp-EMiTED)
[47].

Ha pwuc.2.7 npencraBneno wmozaens bTI3 B mporpamHOMy cepenoBUIIi
LTspiceXVII, sika ckiramaeThes i3 N-kaHaIsHOTO ToiasoBoro MJIH i Ginonsiproro pnp
TpaH3uCTOPiB. J[>kepena Hampyru 3aCTOCOBYIOTHCSA JUISl 3HSTTS BOJIBTAMIIEPHOI Ta

nepeaaToYHO1 XapaKTEePUCTHK 1 10 ckiiany mozeni bTI3 He BXoasTh.
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15T

Vi

Puc. 2.7 — Moaens BTI3 B nporpamuomy cepemosuiii LTspiceXVII

[Tapametpu MoJeni B TUpeKTHBI iporpamHoro cepenonuina LTspiceXVII:

.model dm NMOS (Vto=5.5 Kp=0.09 Rd=1)

.model dj PNP (Bf=1)

Ha puc.2.8 300pakeHO BOJBT amImepHI 1 MEpPEAaTOuHI XapaKTEPUCTUKH
okpemoro Tpansucropa moaysis BSM50GB120DN2 i3 3aBoackkoi ToKyMeHTaIli (a,

0) 1 3MoJ1eIbOBaHI (B, T).
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Puc.2.8 — Xapakrepuctuku tpanzuctopa BSM50GB120DN2 3 3aBoachkoi
JTOKyMeHTaIlii (a — BoibTaMIiepHa, O — riepeaToyHa) Ta 3M01eIb0BaHi (B —

BOJIbTAMIIEpHA, T — MepeAaToOyHa)

Mopens Mae  Jeski  HETOYHOCTI Yy  BIATBOPEHHI  BOJBT-aMIEPHUX
XapaKTepUCTUK. 3BEpHYBILU yBary Ha puc. 2.8, a, B IOMITHO:

1) mpu mogadi Hampyru 3aTtBop-emitep 7 B ctpyMm koiektopa mozerni (10 A)
BJIBIYi OUTBIIHI 32 CTPYM KOJICKTOPA peaabHOro Tpausuctopa (5 A);

2) mpu mojadi HaMpyTrH 3aTBOp-emiTep 9 B CTpyM KOJIIEKTOpa MOJEINi J0CITae
55 A4, npotu 50 A peanbHOTO TPAH3UCTOPA;

3) nnsd 3asABIEHOTO MaKCHMAJIbHOTO TPHUBAJIOT0 CTPYyMY KoJieKTopa /5 A

Harpyra HaCMYCHHS MK KOJEKTOPOM 1 €MITEpOM 3aJIeKHO BiJl BEJIMUMHUA HATMPYTH
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3aTBOpP-EMITEp 3HAXOAUThCSI B Mexax 2.5+3.5 B nmna moxmen, 1 2.8+3.3 B nmusa
pEaNIbHOTO TPAH3HUCTOPA.

3BICHO, J1aH1 3aBOJCHKOI JOKYMEHTAllll TaKOX € YCEepEeIHEHUMH 1 MaloTh CBOI
norpimHocTi. CiJl TakoX mam’siTaTH, IO BJIACTUBOCTI TPAH3UCTOPIB 3aJIekKaTh BiA
napamMeTpiB  OTOUYYIOYOTO CepeaoBHuIlla (Temmeparypa, BOJIOTICTb) 1 MOXKYTh
3MIHIOBAaTUCh y 4aci. TomMy OTpuMaHi pe3yjbTaTh MOJCIIOBAHHS MOXXKHA BBa)KaTu
3aJJOBUIbHUMH 1 BOayaTH 0oOpaHy CXeMmy 3aMillleHHs 1 CHMHTE30BaHy Ha ii OCHOBI

mozenb bTI3 npuitHaTHO¥O.

2.3 Cxema 3aMillleHHSI CHJIOBOTO HAMIBNPOBITHNKOBOI0 KAHAJIY YACTOTHO-
Peryjib0BaHOr0 eJeKTPONPHUBOAY i3 JApaiiBepaMu HAa OCHOBI MeTaJI-lie1eKTPUK-
HANIBINPOBIIHUKOBHUX MOJIbOBUX TPAH3UCTOPIB

Jlns mopanblioro po3yMiHHSL MPOIIECiB, IO MpoOTikKaloTh mpu aii 1B B
SICKTPUIHOMY TIEPETBOPIOBAYi, PO3TIITHEMO CTPYKTYpYy cmioBoro kaHamy T4 ms
OJIHOTO TPAH3UCTOpPA KOJICKTOPHOI Tpynmu B MOMEHT miky (asu A. Ha mimcrasi
KJIACHYHOI CXEMH CHJIOBOTO HAITiBIPOBITHUKOBOTO KaHATY MEPETBOPIOBaYA YaCTOTH
noOysioBaHa JeTalbHA CXEMa 3aMIIIEHHS IS OJHOTO TPAH3UCTOpPA KOJEKTOPHOI

rpynu iHBepTopa puc.2.9.
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Puc. 2.9 — Cxema 3amilieHHs CUJIOBOTO HAaMiBIPOBIIHUKOBOTO KaHAIy 4YaCTOTHO-

peryiaproBaHoro enekrponpuBoay i3 MJIH npaiitBepamu
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[lo3nauenns Ha puc. 2.9 nacrynsi: VD1 — Bunpsmuauii miox; VT1 — p-
kaHanpHuit MJIH Tpansuctop npaiiBepa; VT2 — OimonsipHuil pnp TpaH3UCTOp B
ckiaani bTI3; VT3 — n-kananeuuiit MJIH y cknaml BTI3; VT4 — n-xananeauit MJIH
npaiiepa; DA1 — ontpon; UBxa — curnan ynpasiiHHs apaiiepa; + Uynp 1 -Uymnp —
Harpyra, o koMytyetrbes Ha 3aTtBop BTI3; Ua — nampyra dasu A; Ik - ctpym
KOJIEKTOpa; ZH — IOBHUH OIip HaBaHTaxkeHHs; 31, B1 — 3atBop 1 BUTIK TpaH3UCTOpa
VTI; 3, K, E - 3arBop, konektop 1 emitep bTI3; N — HeiTpasb.

JpaiiBepu uisi ympaBiiHHS Kiaoyamu, Hanpukian TLPS5751 (puc.2.4, a),
CKJIalaloThes 3 onTpoHa DAl st ranpBaHIuHOI po3B'sizku, Onoky '"Jlorika" s
dbopmyBaHHS TAONMWINl ICTHHHOCTI 1 TPAH3UCTOPIB JJIsi OE€3MOCEpEeNHbOI KOMYTaIlii
3arBopa bTI3. Buxignuii nasimor apaiiBepa BHUKOHAHO 3a KOMILIEMEHTAPHOIO
cxeMow: p-xka”HaneHut MJIII TpaH3uCTOp KOMYyTy€e NOJAaTHY Hampyry Ha 3aTBOP
BTI3, n-kananpHuii — Bix’eMHy. Takui MiAXia JO3BOJISIE YIPaABIATH oOOOMa

TPaH3UCTOpaMU €IMHUM CUTI'HAJIOM.

2.4 Cxema 3aMillleHHS CHJIOBOTO HAMIBNPOBITHUKOBOI0 KAHAJIY YaCTOTHO-
peryJib0BaHOr0 eJeKTPONPUBOAY i3 [paiiBepaMM Ha OCHOBI OIMOJAPHUX
TPAH3UCTOPIiB

VY pasi 3acrocyBaHHs JipaiiBepiB Ha OcCHOBI Oinonsipaux Tpanzuctopis (bT),

cxeMa 3aMimleHHs cuioBoro kanany 1Y npuiimae Burmsif sk Ha puc.2.10.
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Puc. 2.10 — Cxema 3amMilieHHs CHJIOBOT'O HAMIBIPOBIIHUKOBOTO KaHATY 4acTOTHO-

perynboBaHoro enexkrponpusoay i3 BT npaiiBepamu

[IpyHUMIIOBI 3MIHM B CXE€MI CTOCYIOTHCS JIMILE BHUXIJIHUX TPAH3UCTOPIB
npaiiBepa, Tomy Ha puc. 2.10. VT1 1 VT4 — BianmoBigHo OimoJispHi NpN i pnp

TPaH3UCTOPH JIpaiiBepa.

BucnoBku 10 Pozainy 2

Po3rmsiHyTO CTPYKTYpY CHJIOBOTO HAMiBIPOBITHUKOBOTO KaHATY YaCTOTHO
PEryJIbOBAHOTO €JIEKTPOIIPUBOY. 3’5ICOBaHO, L0 B EJIEKTPONPHUBOJAAX CEPEIHBOT
MOTYHOCTI B SIKOCTI CHJIOBHMX KIIIOYIB I1HBEpTOpa HaWyacTillle 3aCTOCOBYIOThCS
O1MOJSPHI TPAH3UCTOPH 3 130JIbOBAHUM 3aTBOPOM.

BukoHaHO oOrJia iCHYHOYHMX CXEM 3aMillleHHs OIMOJISIPHUX TPaH3UCTOPIB 3
130JJbOBAaHUM 3aTBOPOM. I3 WHMCIIEHHOT KITBKOCTI CXEM 3aMiIlleHHS BHUIUICHO T SITh,
K1 pO3MIAHYTI Oubml AetanbHO. [licymMoBaHO, 1m0 cxema 0e3 Iapa3UTHOTO
TpaH3UCTOpa MNPUUHATHA Ui [OJAIBIIOrO  AociikeHHs. OOpaHy cxemy
3Mo1e7b0BaHo B cepeponuii LTspiceXVII. Otpumani BoJbT aMIepHi 1 meperaTodHi
XapaKTEPUCTUKU OyIM TMOPIBHAHI 13 3aBOJCHKMMH XapaKTEPUCTUKAMHU MPOTOTHUILY,
BUSIBJICHO X 301r, M0 AaJI0 3MOTy BOauaTu 0OpaHy CXeMy 3aMIILEHHS 1 CHHTE30BaHy

Ha 11 OCHOBI MOJIEJIb 3a0BUILHOIO .
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Jlist kepyBaHHs OINOJSPHUMHU TPAH3UCTOPAMU 3 130JbOBAaHMM 3aTBOPOM B
CXeMl IepeTBOpIOBaya IepeadadeHi JApaiBepd YIpPaBIiHHS, SKI OB’ S3YIOTh
CJIa0KOCTPYMOBI JIQHIJIOTW YTMPABIIHHSA 13 CHWJIOBMMH KIIOYaMHU. 3’SICOBAHO, IO
BUXIJTHUW JIAHILIOI CXEMHU JpaiiBepa HaWyacTille CKIAJaeTbcs 13 OIMOISPHOI UM
I10JIbOBOI KOMIUIEMEHTAPHOI HapHu.

[ToOynoBaHO CcXeMHU 3aMillleHHS CHJIOBOTO HAaIiBIPOBIJHUKOBOTO KaHAIy
YaCTOTHO  PEryjlbOBaHOTO  enekTpomnpuBogy 3 MJH 1 OinmomsipHORO
KOMIUIEMEHTApHUMU TapaMH 13 BpaxyBaHHAM CXEMH 3aMIIIEHHS OI1MOJIsSPHOTO

TPaH3UCTOPA 3 130IbOBAHUM 3aTBOPOM.



75

PO3/ILJ 3. CUHTE3 I JOCJAIJIXKEHHSI MATEMATUYHUX MOJEJIENA
HAHNIBINPOBIIHUKOBUX CHJIOBUX KAHAJIIB IIEPETBOPIOBAYA
YACTOTH JJIS1 BPAXYBAHHS PAJIAIIIMHUX E®EKTIB

B enexTponpuBOi MepeTBOPIOBAY YACTOTH >KUBHUTH EJIIEKTPUUYHHUH JBHUTYH,
BUXITHUMU MEXaHIYHUMH MapamMeTpamMu sIKOTO € MIBUAKICTb OOepTaHHS 1 MOMEHT Ha
Bany asuryHa. llIBuakicts oOepranHs Bay AJl 3ameXuTh BiJ 4acTOTH Hampyru
KUBJICHHs. MOMEHT, B CBOIO 4epry, NMpsiMO MNPONOPLINHUI 10 KBaJapaTy Hampyru
KUBJICHHSA. TOMYy OCHOBHOIO METOIO CTBOPEHHS MOJIEICH € OIlHKa 3aJIeKHOCTI
aMIUTITYId BUXIAHOT Hampyru 1 ii vactotm Ha Buxoal I[IY Big 10HIZyHOYOTO
BUITPOMIHIOBaHHS.

B cucremi, 1m0 po3MISIAETBHCS, 3aCTOCOBYETHCA IPOCTOPOBO-BEKTOPHA
HIMPOTHO-IMITyJIbCHA MOyJAliss. TakuMm ynHOM, BuxigHa Hampyra ITY npencrasisie
co0010 TOCIIIOBHICTh IMITYJIbCIB OJTHAKOBOI aMILIITYIU 1 pi3HOi mmpunu. [Hupuna

IMITYJIBCIB 3QJIEKUTh B1Jl YACTOTU KOMYTAaIlli CUIOBUX KIIFOUiB IHBEPTOPA.

3.1 Tunu pagianiiinnx BIUIMBIB HA HANIBNPOBIIHUKOBI NMPUCTPOI i BUOIp
AKTYaJILHOTO THUITY /ISl MO/I€JTI0BAHHS

BigmosigHo 110 [72], pamiariiiiHi MOMKOHKEHHS, SIKI MOXKYTh OyTH CIIPUYIHHEHI
HaIBIPOBIIHUKOBUM MPUCTPOSIM, TIOJIUISIOTHCS HA TPU THUIIU:

1. BuxnwmkaHi 3MmimieHHsM artomiB B Kpuctamiunid perritmi (Displacement
Damage Dose — DDD). Panianiiini ehekTr, BUKIMKaHI MOMKOMKEHHSIM 3MIIICHHS,
TaKOX B1JIOMI1 SIK HEIOHI3yI04l BTPATH €HEPTii B pEUOBUHI;

2. Edextn omuanunoi noxii (Single Event Effects — SEE) sBnstors co0oro
3MiHY CTaHy HaIlBIPOBIJHUKOBOIO MpWIaay, BUKIMKAHY OJUHHUYHOIO 10HI3YHOYOIO
YaCTUHKOIO, K ToKasye [73], Takuil THN TOMIKOJKCHHS a00 MPU3BOIAMTH O
KOPOTKOCTPOKOBOTO 30010 3 MOJAIBIINM TMOBEPHEHHSIM B HOPMAaIbHUI PEXUM, abo

710 BUXOJIy IPUCTPOIO 3 Janxy [74];
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3. Buknukani HakonuueHHsaM normuHenoi go3u (Total lonizing Dose — TID).
Pamiamiiini  edexkTu, BHUKIMKaHI  TAaKMM  THUIOM  TOWMIKOJ)XEHb,  MAalOTh
HAKOMUYYBAIBHUI XapakTep 1 3a1eXaTh BiJl BETUYUHH MMOTIMHEHOT J103U. 3POCTaHHS
HNOTJIMHEHO1 J03U NMPU3BOAUTH 10 MOCWICHHS pajlaliiHuX e(eKTiB aX A0 BUXOAY 3
nany IpUCTPOIO.

Cnig 3ayBakUTH, 110 ONMPOMIHEHHS TTOTOKOM BaXKKHX 10HIB, 110 BUKJIMKAIOTh
edextr oguandHOI noii (SEE), mpu3BoauTh i 10 HAOOPY MOBHOI MOTJMHEHOI 03H
(TID), Tomy nana xiacudikallis J0CUTh YMOBHA.

B npaniii po0GoTi po3rnaAgaTUMETbCS TUIBKM BIUIMB TOTJIMHEHOI 03U
10HI3yIOYOTO  BUIPOMIHIOBAaHHS HA  CHWIOBI  HAMIBNPOBIAHUKOBI  MPUCTPOI

MEPETBOPIOBaYa YACTOTH.

3.2 Bubip npoToTUniB HANIBNPOBIIHMKOBHUX €JIEMEHTIB CHJI0BOI0 KAHAJY
NepeTBOPIOBAYA YACTOTH JIA MOOYA0BH MoOaeTi

B manomy pocnimxenHi iHTepec Bukiukae BrumB IB Ha po6oty EII, 30kpema
JOTO CWJIOBHMI HamNiBNPOBIIHUKOBHM KaHad. BigoMo, 10 TpaH3UCTOP, 3aJIEKHO Bij
CXEMH TIIKIIOUEHHS 1 KEPYIOUMX CUTHAIIB, MOXKE MpPAIIOBATH B JIBOX PEXKUMaX —
nigcuwitoBada abo kimouda. B cxemi AIH Tpan3uctopu mpaiforoTb B KIHOYOBOMY
pexuMi, TOOTO Y IBOX CTaHAX — HACMYCHHS, KOJIU TPAH3UCTOP MOBHICTIO BiIKPUTHUH,
1 BIICIYKH, KOJIK TPAH3UCTOP 3aKPUTHIA.

Mopaenbs TpaH3UCTOpa Mae€ BpaxOBYBaTH JHIIE Ti HOro BIACTUBOCTI, SKi
BIUIMBAIOTh Ha POOOTY BEHTWIS B peKUMax HAacHMYeHHs 1 BiACiukd. OUeBHIHO, IO
CTBOPEHHS MOJIeN1 HaKagae 0OMeKeHHS 1 MOTpeOy€e NMPUIHATTS JESKUX MPUITYIICHb.

Onniero 3 mo3utuBHUX sikocTed BTI3 € Bucoka MmBHIKOAIS — TMepexiaHi
MPOLIECH TPHUBAIOTH J0J1 MIKPOCEKYH/I: Yac BMUKaHHA csarae 0.2 mkc, 9ac BAMHKAHHS
— 0.6 mxc [71]. B cuctemi nmepeTBoproBada 4acTOTH HOMiHATbHA YACTOTa KOMYTAIlii —
4 kly, wmakcumanbHa — 16 «xly [75]. ToOGTo mepiom Hecydoi 4YacTOTH

1

T,=———-=250 [urc]. Yac Bummkanus cxmamae 0.24% Bix mepiomy Hecydoi
4|J<F L;J
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t : : : :
4acTOTH: %:%-100%20.24%. Hagite mpu yactoti xomyTarii B 16 x/y yac

H

BUMHKaHHA ckiagatume 0,96 % Big mepiogy Hecydoi yacToTh. MokHa 3poOuTH
BHCHOBOK, 110 B JlaHOMY BHMajaKy s mojaentoBaHHs bTI3 wacom BMuKaHHS 1
BUMHKAHHSA MOXHa 3HEXTyBaTh. A ockuibkM Mif aiero IB Oap’epna 1 nudysiiiHa
€EMHOCTI P-N mepexoay 3MEHINyIThcs [/6], 110 He NPU3BOAUTH 10 3HIKCHHS
MIBUAKOAII CUJIOBOTO KIIHOYa, 3MIHOIO BOJIbT(hapaJHUX XapaKTEPUCTUK TPAH3UCTOPIB
MO’HA 3HEXTyBaTU. TOMY BHXIJHA YaCTOTa MEPETBOPIOBAYA YACTOTH, a BIMOBIIHO 1
MIBUJAKICTh OOEpTaHHS Baly, HE 3aleXHUTh BIJl TOMIMHEHOI 03U 10HI3YHOUOTO
BUIIPOMIHIOBaHHSI.

[Mogampmri  po3paxyHKH TOTPeOyIOTh HASBHOCTI UYHUCETBHUX 3HA4YEHBb
napameTpiB TpaH3UCTOPIB. Tak, po3riasAaeTbCsl €NEKTPONPUBO/] 3 MEPETBOPIOBAUYEM
9acTOTH TMOTYXHICTIO 18.5 xBm, HOMiHanbHOIO Hampyroro xwuBieHHs 380 B Ta,
BUXOJISIYU 13 HOTO MAKCHUMAaJIbHOTO POOOYOTO CTpyMy B 75 A, B SIKOCTI MPOTOTHUITY
ob6pano moayns bTI3 BSM50GB120DN2. 3a 6azoBuii enement MJIH Tpan3ucropa B
ckiani apaiiBepiB oopano tpanszuctop IRLML9303PBF, 3a 6a3oBuii exement BT B
ckiani apaiiBepiB — Tpansuctopu tunmy BC547 ta BCS557. HeoOximHi 4ucenbHI
3HAYCHHS BIAMOBIAIOTh MACIOPTHUM JIaHUM BHINI€3a3HAYCHUX BUPOOIB.

CxeMa 3aMilIeHHS CHJIOBOTO HAMiBIPOBIAHUKOBOIO KaHaly MEepETBOpIOBaya

gactotu 13 MJIH npaiiBepamu npexacrasneHa Ha puc.2.9, i3 BT pgpaiiBepamu — Ha

puc.2.10.

3.3 Papiauiiini eekTH B OKpeMHMX HANiBIPOBIIHUKOBHMX eJIeMEHTaX

CHJIOBOTO KaHAJIy MePeTBOPIOBAYA YACTOTH

3.3.1 Pagianiiini edpekTi Y BUNPAMHMX JXiogax
3rigHo [76, ¢. 12] BHACTIIOK OMPOMIHEHHSI Ha MiOJi MiABUIIYETHCS BEIIMYMHA
IPSIMOTO TIAJIHHS HAMPYTH, 10 JOPIBHIOE CyMi MaJiHb HANPYT Ha P-N mepexoil i B

0a31 gloxa:
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AU np (@) =AU pn (@) +AU basu (@) =
|- w, KT 1
= exp(—-K, @) -1 ——(K @ +—-Inl+K,z,(0)® )
qﬂnNa(O)Spn( )Y gl " 2 : )

ne | — npsiMuii cTpyMm uepes aioJ; W, — ToBIIMHA 0a3u (N obnacti) aiona; ¢ — 3apsn

(3.1)

eNeKTpOHa; 4, — JpeilpoBa pyxyuBicTe enekTpoHiB; N;(0) — koHueHTpauis
JIETy0401 IOMIIIKHU B 0a3i 1io/ia 10 ONPOMIHEHHST; S, — IUIowma P-N nepexoxay; K, —

Koe(DImieHT paaiamiitHOro 3MiHM KOHIIEHTpAIlli OCHOBHUX HOCIiB 3apsay; @ — MOTIK

IB; k — mocriiina bonbumana; 7' — abconroTHa Temmeparypa; K_— koedimieHT
pamianifiHOro 3MiHM 4acy KMTTS HEOCHOBHUX HOCIiB 3apsny; 7,(0) — wac xurrs

HEOCHOBHMX HOCIIB 3apsiay B 0a3i 10 ONPOMIHEHHS.

3.3.2 Panianiini eexTH B MNOJBOBHUX  MeTaj-JieJIeKTPHK-
HaNiBIPOBIIHUKOBHUX TPAH3UCTOPAX

[TonsoBi MJIH tpansuctopu VT1, VT3, VT4 Ha cxemi puc.2.9. Teopernusi i
eKCIepUMeHTanbHi [76, ¢. 32; 77; 78, 79] mocmiIKeHHS MOKa3yIOTh, 110 PamialliiiHo
3anexHuMu napamerpamu MJIH TpaH3ucTopiB €: moporoBa Hampyra (Hampyra
BIZICIYKM),  KpyTH3Ha  CTOKO3aTBOPHUX  XapaKTEPUCTHK 1  BosbThapaaHi
XapaKTepUCTUKU. BUXOonsuu 3 TOTO, IO IMIBUIAKOMIS KIIOUiB KOJIHMBAETHCA B MEXKax
BiJT HAHOCEKYHJ IO JECATUX YaCTOK MIKPOCEKYH]I, a BHACIIJIOK OTPOMIHCHHSI
Oap'epHa Ta nu@y3iiiHa €MHOCTI 3MEHIIYIOThCS, U0 HE MPUBOJAUTH 1O 3MEHIICHHS
IIBUAKO/1{, 3MIHOIO BOJBT(apagHUX XapaKTEPUCTHUK MOKHA 3HEXTYBaTH. 3HUKCHHS
KPYTU3HU CTOKO3aTBOPHUX XapaKTEPUCTUK HEICTOTHO 1, B MOJAIbLIOMY, IEi
napaMmeTp He po3riaagaeTrbes. s KUIBKICHOI OLIHKH 3MIHM TOPOTOBOI HAmpyTu

ckopucTtaeMocs popmyiioro 3 [77]:

AU, (D)=-34-10"%.t2 -F(E,&)-F,-D+24-10% .t -D?/3, (3.2)
ne t,, — TOBIIMHA Mig3aTBOpHOTO OoKcunuy (mienekrpuka); F(E, &) — Buxim mipok sk
(yHKIISA BIJ €IEKTPUYHOrO mosist £ 1 eHeprii 4acTUHOK ONpoMiHIOBaHHA ¢&; F —

TEXHOJIOTTYHUN KoedilieHT; D — mornuHena A03a 10H13y04OTo BUITPOMIHIOBAHHSI.



79

Buxonsun 3 Teopernunux [76] 1 ekcnepumentanbHux [ 78, 80, 81] mocmimkeHnb
BUSBIICHO, IO Yy P-KaHaJIbHUX TPAH3UCTOPIB Hampyra BIACIYKH (IIOPOroBa)

301TBIIY€ETHCSA IO MOAYNIO Ha BenmuuHy (3.2), a y N-KaHAIbHUX — 3MEHIIYETHCH,

puc.3.1.

? Ucs, B

308 3 ]

25

20t

15

10t

5

-:5 —°1 0 S E 3 e

| | Uss, B
| s |
| (z”” |
P,

Puc.3.1 3anexxHOCTI HANPYTH CTOK-BUTIK B HAPYTH HA 3aTBOP1: KpUBUM 1 12
BIJIMIOBIJIAIOTH N 1 P KaHAIbHI TPAH3UCTOPHU JI0 OMPOMIHIOBAHHS, KpUBUM 3 14 —

TPAH3UCTOPH, IO MiIaBATIUCA 10HI3YI0OUOMY BUIIPOMIHIOBAHHIO.

Ha puc.3.1 U, — moporoBa Hampyra (BIACIUKH), IpPU IOJA4l Ha 3aTBOp N

KaHaJIbHOTO TPaH3MCTOpa HaNpyry OUIBIIOI 32 TOPOTOBY, TPAH3UCTOP BIAKPHUBAETHCS.
VY BUManKy P KaHaJIbHUX TPAH3UCTOPIB IS BIAKPUTTSA TPAaH3UCTOpAa Ha 3aTBOP

HEOOXI1JTHO TI0/IaBaTH BiI’ €MHY HAmpyTy, OUTBIITY 32 MOJyJIEM 3a IOPOTOBE 3HAYCHHSI.

3.3.3 Pagiauiiini edpexTu B 6inoasIpHUX TPAaH3HCTOPAX

Ha cxemi puc.2.9 B cknaai bTI3 npucyTHiit 6imonsipuuii tpansuctop VT2.
Buxonsun 3 pocnipkeHHs [82] y OIMoONSpHOrO TpPaH3WCTOpA, IO TIPAIOE B
KITFOUOBOMY PEeXHMI, Mif i€t [B 30UIbIIy€eThCS KOJEKTOPHUMN OIIp, 110 MPU3BOIUTH

710 30UIbILIEHHS MTa{IHHS HAPYTU HACUYEHHS 1 BUAUIEHHIO MOTY>KHOCTI Ha KpUCTaJI:
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exp(Ky @)
ARK.Hac (é)_ )
qNKOIUK.OFBSK.e¢
|6( ) 1
2 DK.0H3 = — _KeqbtA(p (33)
Il e (0)
) WK.en - 1 ]
—+ K, D
Tho
ne K, — koeQlilleHT paaiamiifHOi 3MIHM KOHLIEHTpalii Jeryro4oi AOMINIKK B
BUCOKOOMHIM 4YacTuHM KoyieKTopa; N,, — KOHIEHTpalisl JIEryro4yoi JOMIIIKM B

BUCOKOOMHIM YaCTHUHM KOJEKTOpa; L ., — PYXJUBICTb OCHOBHUX HOCIIB 3apsiy B
eniTaKcianbHiii 001acTi KONeKTopa; Sy ., — €PEeKTHBHA IIIOIA KOJEKTOpa, MO AKiA

IpPOTIKa€ Bechb KOJIEKTOpHMH cTpyM; W, , — TOBIIMHA €MITaKCIaJIbHOTO MIapy

KoJiekTopa; D koedimieHT audy3ii OCHOBHUX HOCIIB 3apsiigy B 00JacTi

K.ouz

Konekropa; g, — CTpyM 0asu, Ipu SKOMY TPaH3HUCTOpP MEPEXOJUTh B PEKUM
HacuueHHs; |, — cTpym komekropa; h,(0) — koedimieHT mocuneHHS CTpyMy
Tpansucropa; K., — ebexTUBHHI KOCOIi€HT pagialiiHuX YIIKO/UKCHb B
TpaH3UCTOpPl; t, — Yac MpoOJILOTY HEOCHOBHMX HOCIIB 3apsily 4epe3 akTUBHY Oa3y

TPaH3UCTOPA; T,, — Yac KUTTs HEPIBHOBAKHUX HOCIIB 3apsy.

3.3.4 Papianiiini edpeKTH B ONITPOHAX

Ontpon DAl Ha puc.2.9 3acToCOBY€ThCS [UIsl TalbBaHIYHOI PO3B’A3KU
nanmroriB. Buacnmimox aii IB y onrtpona BinOyBaeThcsi Aerpanaiiis KoedimieHTta
nepenadi Mo CTpyMy, MO BUKIMKAHO 3MEHIIEHHSM IHTEHCUBHOCTI CBITJIA, SKE
BUIPOMIHIOE  CBITJIONION, 1 B3HWKEHHSM 4yTIuBOCTI  (QoTompmiimaya [83].
ExcnepumenTtanbhi gociimkenHs [36, 37] IeMOHCTPYIOTh MOHOTOHHE 3HIDKCHHSI
KoedilieHTa mepeaayl mno CTpyMmy ONPOMIHEHOTO OMNTPOHA 0 HyJs mpu 1031 B 1
Mpao. Tlo3zHauumo 1€ BIJHOIIEHHS pajialiiHOI0 3MIHOIO KoedillieHTa mepenadl

orrrpona o ctpymy K,p(D) = CTR(D)/CTR, , Toxi
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Kop(D) =1-K 9., - D, (3.4)

ne CTR, — xoediuieHt mepenadi ontpoHa a0 ompomineHus; K, ;.. — KoedimieHT

pajiamiiHoi 3MiHM KoedillieHTa iepeaadi mo CTpymy.

Jlnst mojanbinoi HaouHocTi HaBegaemo dopmynu (3.1) - (3.4) mo eauHOTO
apryMmenty — norymmHeHoi 1o3u D. Ockinbku (3.1) 1 (3.3) € dpyHkiismMu Bix diroeHcy,
CKOPUCTABIIUCh BHUpazoM 3 [22, c¢. 4] a8 3HAXO/KEHHS [JI03M TaMma
BUIIPOMIHIOBaHHS B pajJiax BHU3HAYMMO, IO MOTIWHEHIN 1031 B 1 Mpao Bignosigae
notik 2.17-10% 1/cm®. Tomy, ans oTpumanHs (yHKUiH Bij NMOIIMHEHOI 103H, B
GyHKUT Bix (uroeHcy HeoOXimHO apryMeHT po3auuTu Ha koedimient 2.17-10° Ha
puc.3.2 npeacraBieHi rpadiku 3a1eKHOCTEH BiJl MOTIMHEHOI 03U, MOOYI0BaHI 3a
Bupazamu  (3.1) - (3.4) s HAMIBOPOBITHUKOBHX NpPUCTpoiB B ckiami [14

noTyxHicTio 18.5 kBm.

A U B, Kop, s.o. A Rk, Om
2.5 50 T T T T T
2 A0r 7
1.5 30 -
1 20 i
2
0.5 10F -
0= . . . » D, ¢ . > D,
0 2:10° 4x10° 6x10° 8x10° 1x10° pao 0 :10° 4%10° 6x10° 8x10° 1x10° pa()
a o

Puc.3.2 — I'padiku 3anexxHocTel paaiaiiiHO Yy TAUBUX MapamMeTpiB Bij

MOTJIMHEHO1 031, a: 1 — moporosa Hanpyra tpan3ucropa VT3; 2 — npsime naaiHHs
Harnpyru Ha gionai VD1; 3 — 3mina moporoBoi Hanpyru Tpan3uctopiB VI11 VT4, 4 —
koediieHT nepenayi no crpymy DAL; 6: 1 — konekTopHuUiA onip OIMONSPHOTO
TpaH3UCTOPa B CKJIa/I paiiBepa 2 — KOJIEKTOPHUM OTIip OIMOISPHOTO TPAH3UCTOpA B

ckiami bTI3.
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3.4 MaremaTHyHAa MOJeJb CXeMH 3aMillleHHsI CHJIOBOIO KaHAJy
IepeTBOPIOBAYA  YacTOTH i3 MeTajd-AieJIeKTPUK-HANMIBIPOBIIHUKOBUMU
TPAH3UCTOPAMU JIpaiiBepiB

JIns  KUIbKICHOT OLIHKM BIUIMBY IB Ha mapamerpu BHXIOHOI Halpyru
NEepPEeTBOPIOBAYA 3aMUIIEMO PIBHSHHS EJIEKTPUYHOT PIBHOBArd Uil NUISTHOK CXEMU
(muB. puc. 2.9).

A) Hampyra mix Toukamu 31-B1 — Hanpyra 3aTBOp-BUTIK TpaH3uctopa VT1 sk
dbyHKIlIS BUX1AHOT HAIPYTH JpaiiBepa:

Uy35(D) =U,, -CTRg - Kpp(D), (3.5)
ne U,, — BximHa Hampyra gpaiiBepa; K,p(D) — ¢yHkmia pagiamiiinoi 3miHu
KoedillieHTa mepeaayi OnTpoHa o CTPYMY, BU3HAYAEThCS BUpa3oM (3.4).

b) Hampyra mix toukamm 3-E, abo Bximna Hampyra BTI3. 3 mkepena [84]
B3SITO MaTEeMAaTUYHUM BHPa3 ISl CTOKO3aTBOPHOI XapaKTEPUCTUKHU TPAaH3UCTOpa 1 Ha

il OCHOBI 3amucaHa 3aJEXKHICTh BUXiAHOI Hanpyru VT1, fka € BXIJHOI HAMPYyTOIO

VT3:

2
_U, ., (D)
U3E(D) = Rld IlSO(:l'_Ul(g —]ZBLJn(D)J 1 _UlBB(D) <Ule _AUn(D)’ (36)

0, —Uy3 (D) 2U,, —AU, (D)

ne R,y — omip HaBaHTaxkeHHs VT1 nopiBHioe BxinHomy onopy BTI3; 1,5, — ctpym
croky HacuuenHs VT1; U;, — nampyra Biaciuku (moporosa) VT1; AU, (D) — 3mina

BEJIMUMHU TIOPOTOBOT HAIIPYyTrH BHACHiaok aii IB, Bupa3s (3.2).

B) Crpym «konexktopa BTI3. Jlns BTI3 chopaBemmmBo piBHSHHS IS
CTOKO3aTBOPHHUX XapaKTEPUCTUK MOJIBLOBUX TPaH3UCTOPIB [84], mpo 1m0 cBiAYUTh 30ir
OTPUMAaHHMX TPOXITHUX XapaKTEPUCTHUK 13 3aBOACHKMMH JaHUMH. CHUCTEeMa PIBHSIHb
JUTsl BU3HAUCHHS cTpyMy Kojektopa bTI3 mae Burisia:

U 3¢ (D)

I (D)= IKO(l_Ug +AU, (D)
0, U, (D) <U, + AU, (D)

2
j . Uy (D)2U, +AU, (D) 37)
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ne |, — cTpyM KojiekTopa HacuueHHs; U, — Hampyra Binciuku (moporosa); AU, (D)

— HampyTa BiJICIYKH, BUKIMKaHa BIutmBoM IB (3.2).
I') Buxigna nampyra mgiona VD1 — nanpyra mix Toukamu K-N. 3amnumiemo
PIBHSIHHSI BUX1JJHOT HAMPYTH /1102 SIK (DYHKIIIIO B1Jl MOTJIMHEHOT 1031

U,-U,, +AU,, (D)), U,>U,, +AU, (D)

Ul(D): '
0, U, <u,,+AU,, (D)

(3.8)

ne U, — mutreBe 3Ha4YeHHs Hampyrd ¢dasu A; U, — mpsiMe majiiHHsA Hampyrd Ha
Heonpominenomy mioxi; AU, (D) — dyHKuis 3MiHM NPSAMOro MapiHHS HaNPyrd Ha

J10/11 BiJ OMJIMHEHO1 1031 (BUpa3 3.1 nmpuBeaeHM 10 A03H).

J1) Hanpyra na naBanTtakeHHi — Mk Toukamu E-N. Ilix BrumBom IB ctpym
KOJIEKTOpA 3HIKYETHCS IO HYJIS 13 3pOCTaHHSAM IOIVIMHEHOI JI03H, 10 €KBIBAJIEHTHO
pOCTy OmOpy KaHaldy KOJEKTOp-eMITep, M0 MPU3BOAUTH N0 TMEPEXOIy PEXKHMY
po6otu BTI3 3 KI1F0YOBOTO B aKTUBHHIA.

BBenemMo MOHATTA paaiallifHOr0 JUHAMIYHOTO OMNOPY JJs KUIBKICHOI OLIHKH

MOBEAIHKA KaHally KOJEKTOp-eMITep B YMOBaxX OINPOMIHEHHS, BUKOPUCTOBYIOUU

¢dynkii (3.7) 1 (3.8):

U, (D)
RauH (D) = RK.HOM + ARI(.Hac (D) + : ! (39)
| (D)
ne Ry ., — HOMIHAQJIBHUM OMIp KOJEKTOPa; RK.W(D) — (yHKIIIS OTIOPY HACHYEHHSI

KOJICKTOpa, BU3HAYAEThCS BUpa3oM (3.3).
Posrmsinemo BTI3 1 HaBaHTa)keHHS SIK KIACUYHUM TUIBHUK Harpyru. BxigHoro

Hanpyroto Oyae U;(D) mix Ttoukamu K-N, BUXiTHOIO — Hampyra Ha HaBaHTaXCHHI
U,,. (D) wmix toukamum E-N (puc.2.9). Omopamu €¢ R, (D) (3.9) i omip

HaBaHTaXXeHHA Zy. ToJ1 Halpyra Ha HAaBaHTAXXEHH1 OMUCY€ETHCS BUPA3OM:
Zy
yA H T R()uu (D)

U, (D) =U,(D) (3.10)

OcHOBHI HayKOBI pe3yJbTaTH, BUCBITJIEHI B miapo3aun 3.4 omyOiikoBaH1 y

BUIJISII CTATTI B MIXKHAPOJHOMY HayKOBOMY KypHai [85].
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3.5 MaremaTuyHa MoOJeJIb CXeMHM 3aMillleHHSI CHJIOBOTO KaHAJy
NepPeTBOPIOBAYA YACTOTH i3 ApaiiBepaMH HA OCHOBI OINOJISIPHUX TPAH3UCTOPIB

B ocHoBy marematuuyHOoi moneni cuinoBoro kanany I[IY 3 npaiiBepamu Ha
OCHOBI1 O1MOJISIPHOT KOMIUIEMEHTapHOI TexHosorii (mani — BT apaiiBepu) noknaaeHa
cxema, KoTpa 300paxkena Ha puc.2.10. Ha 6a3y tpansuctopa VT1 HagxoauTh cUTHAT
3 Buxonay ontpoHa DAI. Buxigaum curnanom tpansucropa VT1 € namnpyra B Ha
3atBopi VT3. Orxe, HEOOXIAHO MaTEeMaTHYHO OIMHUCATH TMepelaTOuHy (YHKIIIIO
OIMOJIAPHOTO TPAH3UCTOPA, B SKIM 1 BXIIHUM 1 BUXIIHMM CUTHaJIaMH € Harpyra. B
poGoTi [86, c. 120] mpencraBineHo Bupa3, KU BifoOpaxkae 3aJeXHICTb CTPYMY

koJjiektopa BT Bing Hanpyru 6a3a-emitep, KO 3HEXTyBaTu epexkTom Epmi:

Lo Ug) =1g €0, (3.11)
ne |, — ctpym konekropa; U, — Hampyra Mix 0a3010 1 eMiTepoM OIMOJISPHOIO
TpaH3UCTOpa; |lg — CTpyM Hacu4eHHs TpaH3HUCTOpa, |lg = 107 ...10™ 4; U; —
TemriepaTypauii motenmian, U =26 uB [86, c. 55].

B HamoMy Bunmaaky Hamnpyroro 6aza-eMmiTep € BUXiJHA Hampyra ontpoHa U, sz,
BHpa3 (3.5), sika € ¢pyHKuUieto Bix norauHeHoi no3u IB. [MizcraBusmm U, B (3.11) i

O0OMEXHMBIIIH CTPYM BEITUYHHOK HOr0 HACHYEHHS OTPUMAEMO CUCTEMY PiBHSHb:
,eU13B(D)/UT |S ,eU133(D)/UT <
)

IKO(D): IS |

I U @Ur 5 | S (3.12)

K.Hac' — " K.Hac

ne |,(D) — 3anexHicTh KOJIEKTOPHOTO CTPyMy OIMOJIIPHOTO TPaH3HCTOpa IpaiBepa

BiJl TIOTJIMHEHOI MO3W 10HI3yIOYOTO BHUIPOMIHIOBaHHS; | — CTPyM KOJIEKTOpa

K.Hac

HacHYCHHS, =0.1 4 nnsa BC547.

IK.HaC

[Ilo6 B mojanblIiOMy OTPUMATH BEJIIMYMHY HAINPYTd HAa BUXOJl TPAH3UCTOpA
VTI1, ckoprucraeMoch BBEICHUM paHillle BUPA30M paialliiHOTO AUHAMIYHOTO ONOpPY
kosiektopa BT (3.9), B skoMy B TpeThOMYy JOJAHKy YHCCILHUKOM € Hampyra

HACUYCHHS KOJIEKTOP-eMITep, a 3HAMEHHUKOM — CTPyM KoJiekTpopa (3.12).
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st toro, mo6 OIHUTU BeNWYMHY Hanpyru Ha 3arBopi BTI3, posrmsnemo
tpansucrop VT1, Bximuuii omip BTI3 1 mkepeno Hanpyru, siky komytye VT Ha

3aTBOP, SIK KIIACUYHUN TTLHUK HAMPYTH:

U

U, (D)= mpRoe (3.13)
% Ry,(D)+R,, '

ne U_, (D) — 3anexHnicTe Hanpyry, sika nogaetscst Ha 3atBop bTI3, Bix mornmmuueHO1
nosu; U, . — Hampyra, siKy KOMyTye npaiisep Ha 3arBop bTI3, B maHomy Bumazky
U,,,=20 B; R,,(D) — pamianifinuii IuHAMIYHMA OMIp KaHATy KOJIEKTOP-EMiITep

OimossipHOTO TpaH3ucTopa apaiiBepa; R,, — Bximuumit omip BTI3, R,, =20 xOm nns

BSM50GB120DNz2.
MarematnuHy MoJeNlb, MmO 0Oa3yerbcss Ha piBHaHHax (3.1) - (3.13),

cuaTe30BaHo B cepepoBumii MATLAB/Simulink Ta nmpencrasneno B Jlogarky B.

3.6 JlociigskeHHs] CHHTE30BAHMX Mojejieil B KOOPAMHATAX MOTIJIMHEHA

J103a-BUXiTHA HANIPYTa MepPeTBOPHOBAYA

3.6.1 Mocain:keHHss MojeJi i3 npaiiBepaMu HA OCHOBI MeTaJl-JieIeKTPUK-

HaNIBIPOBIIHUKOBHUX TPAH3MCTOPIB

I'padix 3anexHOCTI BUXITHOT HANpPYrd OINTPOHA BIJI TOTJIMHEHOI 03U

10HI3y1040r0 BUIMIpOMiHIOBaHHS (3.5) 300paxkeHo Ha puc.3.3.
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+ ' ; b : . + - .

+ + + + -
0 1x10° x10° 3100 4x10° 5x10° 6x10° x10° sx10® ox10° 1x10° D, pao
Puc. 3.3 — I'padik 3a1€KHOCTI BUX1JHOT HAIPYTH ONTPOHA BiJl MOTJIMHEHOT T03U

10HI3yI040T0 BUIIPOMIHIOBAHHS

Ha rpadiky cnocrepiraethCsi MOHOTOHHE 3HM)KEHHS Hanpyru Ha 3atBopi MJIH
TpaH3UCTOpa ApaliBepa, BUKIMKAHE pajlaliiHUM e(EeKTOM ONTpoHa — MaJIHHAM
KoeilieHTa nepeaaui.

3riIHO cXeMH Ha puc. 2.9 CTOK p-KaHAIbHOI'O TPaH3UCTOpa JpaiiBepa 3’ € JHaHO
13 3atBopoM BTI3. I'padik 3anexknocti BxigHoi1 Hanpyru bTI3 Bix mornuHeHOi 103U

ans MY i3 MJTH npaiiBepamu 3rifgHo (3.6) npeacrasieno Ha puc.3.4, kpusa 1.

‘ L?SE ’ B
20
18

4 " " 4

'3
0 Ix10° 2x10

+ + + + - >
x10°  4x10° <100 6x10° 7x10°  8x10° ox10° D, pao

Puc. 3.4 — I'padik 3anexxnocti BuxigHoi Hanpyru it MJIH (kpusa 1) 1 6inosisipHOro
(kpuBa 2) TpaH3UCTOPIB ApaiiBEpIB Bl NOIIMHEHOI 103U 10HI3YH0UOTO

BI/IHpOMiHIOBaHH}I

Tak sik Hampyra Ha BUXOA1 JipaiiBepa 0OMeXYy€eThCsl JOMYCTUMOIO BEIUYUHOIO
(1711 pO3MJISTHYTOTO BUIIAJKYy MakKCHUMalibHa BUXiAHA Hampyra npaiiBepa TLPS751 —

He Oumpme 30 B), a makcumanbHa Hampyra Ha 3atBopi bTI3 He mnoBuHHa
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nepesuinyBatt 20 B (IGBT wmomyas BSMSOGBI120DN2), BuximHy Hanpyry
npaiiBepa oOmexumo BenuurHowo B 20 B. 3 rpadika puc.3.4, kpuBa 1, BUAHO, IO 10
nornuHeHoi 103U 200 xkpao 1B He BrumBae Ha pobOoTy ApaiiBepa, a micisa 500 xpao
HAcTae Moro pyHKIIOHAIbHA BIIMOBA.

Ha puc.3.5, kpuBa 1, noOymoBaHo rpadik 3aaexHOCTI cTpyMy Konekropa bTI3

BiJ ioryinHeHo1 103u IB BignoiaHo 10 Bupasy (3.7).

I ., A
soA =

70]

5 s s < 5 s

0 1x100 2x10° 3x10° 4x10° 5x10°  6x10°  7x10°  8x10° D), pao

Puc. 3.5 — I'padiku 3anexnocti crpymy konekropa bTI3 mist MJIH (kpusa 1) i
O1nonsApHOTO (KpUBa 2) TPAH3UCTOPIB APANBEPIB BiJ] MOTIMHEHOI 03U 10HI3YH0UOTO

BUIIPOMIHIOBaHHS

Ha rpadiky 3aexHOCTI CTpyMy KOJEKTOpa Bij| MOTJIMHEHOI no3u (puc.3.5,
KkpuBa 1) 3poctanHsa cTpymy 10 1034 50 kpad BHUKIMKaHE 3HMXKEHHSIM IMOPOrOBOi
Hanpyru BTI3 (anamoriuno mo puc.3.1, xpusi 1 i 3). Bupas (3.7) i #ioro rpadiuna
iHTepnperaris (puc.3.5, kpusa 1) nokasye, mo BTI3 TeopeTnuno 3Moxke mpomyckaTu
OUTBIIMIA CTPYM, TOMY, MOXHA CTBEPJI>KYBaTH, 110 110 103U 80 xpad podorta BTI3 He
3MIHIOBaTUMETHCSI, TaK SIK KPHMBA 3HAXOAUTHCS BUIIE BIIMITKH HOMIHAIHHOTO CTPYMY
75 A. 3 noganbmuM poctoM 1034 10 320 kpad BiAOYBa€ThCS 3HUIKEHHS CTPYyMY
KOJICKTOPA, 10 BUKIUKAHO PaJialiifHO0 3MIHOI BUXITHOI HANpyru apaiisepa (3.6).
[Ipu mormunenit no3i O6ubiie 320 xpao B konekropi bTI3 mpunmnse mportikatu
CTpYM.

3alIeKHICTh BHX1JIHOT HAPYTH BUMIPSIMHOTO JAi0ja Bif n03u IB BiAmoBigHO 10

(3.8) npexncrasneno Ha puc.3.6.
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Puc. 3.6 — I'padik 3aneKHOCTI BUX1HOT HAIPYTH BUIIPSIMHOTO J110/1a BiJl MOTJIMHEHO1

7103 10HI3YI0UOTO BUIPOMIHIOBAHHS

Ockinpku magiHHsA Hanpyru Ha Aol Bix IB 3poctae Ha 0.8 B no no3u 1 Mpao,
mo craHoButh 0.31% BiJ BEIWYMHU BUINPAMIICHOI HAINpPYyrd, LEW Mmapamerp
MIPAKTUYHO HE BIUIMBAE HA pOOOTY CUCTEMH.

3alIeKHICTh TUHAMIYHOTO PaiallifHOTO OMOpYy BiJ MOTJIMHEHOI 03U 3TiIHO

(3.9) imroctpye puc.3.7, kpupa 1.

AR;, , Ou
50
45 ! 2
40/

>y

15t

10} J }
+ + + + + T L " >
< < < s s s 5 s <

0 1x10° 2x10° 3x10° 4x10° 5x10° 6x10° 7x10° 8x10° 9x10° D, pao

Puc. 3.7 — I'padiku 3a1€KHOCTI JUHAMIYHOTO PaJI1alliiHOTO TTOPY OIMOJISIPHUX

tpan3zuctopiB B ckiaal bTI3 mist MJIH (kpusa 1) 1 6inossiporo (kpuBa 2)

TPaH3UCTOPIB ApaiiBepiB BiJl MOTJIUHEHOI 103U 10HI3YIOUOTO BUIIPOMIHIOBAHHS
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TakuM 4YuMHOM, MOYMHAKOYM 3 A03M HpuOnIu3HO B 250 Kkpao omip KaHay
KOJIEKTOP-EMITEp PI3KO 3pOCTa€, 110 TOBOPUTH MPO 3aKPUTTS TPAH3UCTOpA IMpHU
JOCATHEHH1 KPUTUYHOI MOTJIMHEHOT I03H.

3aJIeKHICTh  aMIUNITYAM ~ BUXIAHOI  HAmpyrd  HAMIBIOPOBIIHUKOBOTO

nepeTBOproBava BiJI MOTJIMHEHOI 103U BignoBigHo 10 (3.10) 300pakeHo Ha puc.3.8,

KpuBa 1.
"nas » B
270
240
210
180
150t
1\1‘}»
90t /
60t
30t
+ + - + - + - + - + = + = + - ~ - 2
0 ox10° 18x10° 27x10° 3.6x10° 4.5x10° 54x10° 63x10° 7.2x10° 8.1x10° D, pao

Puc. 3.8 — I'padiku 3anexxHocTi Hanpyru Ha HaBaHTaxeHH1 1yt MJIH (kpuBa 1) i
0inonApHOTO (KpHUBa 2) TPAH3UCTOPIB ApaiBEpIB Bl MOTIMHEHOI JO3U 10HI3yI0UOTO

BUIIPOMIHIOBaHHS

3 rpadika Ha puc.3.8, kpusa 1, BugHO, 1110 TounHarouu npudiausHo 3 180 xpao
MOYMHAETHCS TUIaBHE CHAJAHHS aMIUTITYIM BUX1IHOT HAMpyTH, il BeIUYMHA JOCSATHE
90% Bixm HOMIHaANY mpu 1031 265 xkpao, npU MOAANBIIOMY ONPOMIHEHHI (YHKIIIS
eKCIToHEeHIIHO cnagae 1 gocsarae 0 mpu 1031 330 xpao. @opmymnm (3.1) - (3.10) €
MaTEMaTUYHOI0 MOJEIUII0 Ui PO3PAXyHKY BHUXIAHOI Hampyru NepeTBOproBaya
4acTOTH cepeaHboi motyxkHocTi 13 MJIH npaiiBepamu BiJ BEIMYHMHH MOTJIMHEHOI
JO3H.

[Iupoko BIIOMO, 110 MOMEHT, SIKMIl pO3BUBAE ABUTYH, MPSAMO IPOMOPLIAHUNA
KBaJ[paTy HaIlpyTH >KUBJICHHS. 3aJIEKHICTh IPUBEJEHOTO 10 HOMIHAJIBHOTO 3HAUYEHHS
MOMEHTY, IO PO3BUBAE JBUTYH, SKHH OTPUMYE JKUBJICHHS BiJ] TEPETBOPIOBAYA
YacTOTH, WO MIAJAETHCS ONPOMIHIOBAHHIO, BIJ TOTJIMHEHOI 103U 10HI3YIOUOTO

BUIIPOMIHIOBaHHS BIITBOPEHO Ha puc.3.9, kpusa 1.
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0 9x10° 1.8x10° 2.7x10° 3.6x10° 4.5:'-:105 5.:;:105 6.3x10° '.:::105 S.I:'-:IOS D, pao
Puc. 3.9 — I'padiku 3aneXHOCTI NPUBEICHOTO JO HOMIHAIILHOTO MOMEHTY Ha Baly
AJl, skuii OTpUMYE€ KHUBJICHHS BiJ IEpPETBOPIOBaYa YACTOTH, IO MiAA€THCS
ONPOMIHIOBAaHHIO, BiJl HOTJIMHEHOI 1031 10HI3yI0UOT0 BUIIPOMiHIOBaHHA i1t M/IH

(xpuBa 1) 1 6imossipHOTO (KpHBa 2) TPAaH3UCTOPIB ApaBEPiB

TakuM 4YMHOM, YaCTOTHO-PETryJIbOBAHUN EIEKTPONPUBOM, KUl Mae B CKIal
I[IY 3 yaHKOIO MOCTIMHOTO CTPyMy, 1 MIAJA€THCS OIMPOMIHIOBAHHIO 10HI3YIOYOIO
pajiali€ero Mmcis TOCITHEHHS! KPUTHYHOI MOTJIMHEHO1 103U HE 3MOKE MiATPUMYBaTH
3HAUYEHHS MOMEHTY Ha Baly Yy 3B’S3Ky 13 paliauliiHuMu epeKkTamMu B
HaMiBOPOBIIHUKOBOMY cmiioBoMy KaHami [IY. I3 3pocraHHsSM [03W MOMEHT
cnajaTuMe, TOOTO BaHTAKOIIIHOMHICTh MOCTOBOTO KpaHy 3HMKYBaTUMEThCs. [lics
nocsirieHHst 320 kpao nns cuctemu 13 MJIH npaiiBepamu HacTaHe (yHKI[IOHATbHA

BigmoBa EI1.

3.6.2 [ociaimxeHHss Mojesdi i3 [paiiBepaMM Ha OCHOBi OimoJsipHMX

TPAH3UCTOPiB

Ha puc.3.10 306paxkeno 3anexHicTh cTpyMy kojekropa bT Bim Hanpyru 6aza-

emitep 3rigHo Bupasy (3.11).



o.x:* ho 4

0.1
0.081
0.061
0.047
0.021

91

085 09 095 1 g,
B oo ly,,B

Puc. 3.10 — I'padik 3aJ1€e:KHOCTI KOJICKTOPHOTO CTPyMY BiJl HAlIpyTru 0aza-emiTep

OIMOJIIPHOTO TPpaH3UCTOpA ApaiiBepa

Takum 4MHOM TIpHU T0Aa4l HaNpyTH 0aza-emitep OuUThINOI 3a 0.7 B TpaH3UCTOP

MIePEXOUTh B PEXKUM TiACHIIOBa4a, 6utbmoi 3a 0.9 B — B pe’kuM HacH4YEHHS, TOOTO B

KaHaJll KOJICKTOp-eMITep MOKe MpoTikaTu cTpyM. OCKUIbKK Harpyra 0aza-emiTep €

BUXIJIHOIO Hampyroro ontpoHa (muB. puc.2.10), Bpaxyemo Jaerpajgaifio Horo

napameTpiB. [loOygoBane rpadiuyHe 300pak€HHS CHCTEMH PIBHAHb 3aJI€KHOCTI

ctpyMy koisiektopa BT gpaiiBepa Bix BenwumHu mnoriuHeHoi go3u 1B (3.12)

npejacrasieHo Ha puc.3.11.

I 1

7.4x10° 7.5x10° 7.6x10°

7.'.'.\(105

L

7.8x10° 19x10° D, pao

Puc. 3.11 — I'padik 3anexxnocTi konekropHoro crpymy bT npaiiBepa Bij morinHeHO1

no3u IB.

3 rpadiky BUIHO, 1110 70 103U 745 Kkpad, KONEKTOPHHUI CTPYM HE 3MIHIOETHCS 1

JUIIAETHCSI  PIBHUM

CTpyMy HAaCHUYCHHS

KOJIEKTOpA.

Hami

CIIOCTEPITAETHCS
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eKCIIOHEHIIIHE 3HIKEeHHs cTpyMy A0 0 mpu 785 kpao, 110 03Havae, 110 TPAH3UCTOP
nepeie B peKUM BIJICIUKH.

3alIe’KHICTh OMOPY HACUYEHHS KOJIEKTOpa BiJl MOTJIMHEHO1 03U B3sTO 13 [82, C.
80]. IlinctaBuBmm y naHy ¢opMyny 4YHCeNbHI 3Ha4deHHS TpaHsucropa BC547
noOy1oBaHO TpadiuyHy 3aJIeKHICTh JUHAMIYHOTO PajiallifHOTO OIMOpPY KOJEKTOopa

TpaH3UCTOpa JpaiiBepa, puc.3.12.

R;;, Om
100
'OCN-
80t
70t
o.
50t
30
20
10t
y = + : + = + = + : + 5 + x + = _»
0 1100  2x10°  3x10°  4x10° %100 6x10° =100 8x10° D, pao

Puc. 3.12 — I'padik 3a1eKHOCTI TUHAMIYHOTO paIialifHOTO OMOPY KaHaTy KOJICKTOP-

emiTep OIMOISIPHOTO TPaH3UCTOpa ApaiiBepa BiJl MOTJIMHEHOT A03H

[ToOGynoBanuii rpagdik 3anexxHocti Hanpyru Ha 3aTtBopi bTI3 Big moriuHeHoi
no3u IB B cxemi 13 BT gpaiiBepamu mokaszano Ha puc.3.4, kpusa 2. 3 rpadiky BHIHO,
o pamianiitHa ctiikicts BT npaiiBepa 0OMexXyeThCs BETMYMHOIO MOTIMHEHOI 03U
800 kpao, micis 4oro BiAOYBAETHCS pi3Ke MaAIHHS HOT0 BUX1AHOT HAIIPYTH JI0 HYJIS.

Hami marematuuHa wojaens cuioBoro kanamy I[IY i3 BT gpaiiBepamu
aHajoriu"a o mozeni 13 MJIH npaiiepamu 1 s Hel cnpaBeminBi Bupaszu (3.7) —
(3.10). Ha pwuc.3.5, puc.3.7, puc.3.8, puc.3.9 kpuBi 2 NpeacTaBIcHO 3aJICKHOCTI

CTpyMy Kojiektopa |, auHamiyHOro paniamiiHoro omopy R;,, Hampyru Ha

HaBaHTaxkeHH1 U, . 1 mMoMeHTy Ha Baiy AJl M, . Big nornuHeHoi no3u IB s

6 8
BapianTy cxemu i3 BT npaiiBepamu.
3 puc.3.8, kpuBa 2, MOKHA BiJI3HAYUTH, 110 Ticis 1034 300 kpao mMOYUHAETHCS

MOHOTOHHE 3HWKE€HHSI aMIUTITYAX BUXIIHOI HANpyru, a micis gocaraenus 800 xkpao



93

CriocTepiraeThes ii pi3ke MaaiHHA J0 HyJis, TOOTO HacTynae pyHKIIOHAIbHA BiIMOBa

MIEPETBOPIOBAaYA YACTOTH.

3.6.3 BuzHaueHHsI HANMiBNPOBiITHMKOBOT0 MPHCTPOI0 B CKJaJi CHJIOBOI0
KaHaJly IepPeTBOPHBAYAa 4YacTOTH, 3MIiHA NapaMeTpiB fIKOr0 HAMCYTTEBilIe
BILJIMBA€ HA PO0OTY CHCTEMH

BuznauuMo HamiBOpOBITHUKOBUN TPUCTPI B CXeMi, pajiaiiifHa 3MiHa
napameTpiB AKOTO HaWCyTTEBIIIE BIUIMBAE HA aMIUIITY 1y BUXiaHO1 Hanpyru [TY. {ns
BUPIIIEHHSI [IHOTO MHTAHHS HEOOXITHO B MINCHIM MaTeMaTWYHIM MOJEIl 3aMiCTh
ICHYIOUMX HaIiBIPOBIIHUKOBUX MPUCTPOIB MO Yep3i MiJCTaBUTH 1/1€alli30BaH1, TOOTO
HEYYTIWBI A0 BIUTMBY paxiarii. locmimumo obuasa Bapiantu cxem: 3 MJIH 1 3 BT
npaiiBepamu. I3 cxemu Ha puc.2.9 1 puc.2.10 BUAUIMMO Takl pajialiiiHO YyTJIUBI
npuctpoi: ontpoH, BT napaiiBepa, N-xanansuui M/IH B ckiaai cxemu 3amillieHHS
BTI3, pnp tpansuctop B cknanai bT13, Bunpsmuuii aion. B cxemi 3 MJIH npaiiBepom
BIZITIOBITHO OyJie po3risiHyTO p-kaHansHuil MJIH npaiisepa.

B Tabmumi 1 mnpeacraBieHl BENMYMHU PaAiallifHO YyTJIMBUX IapaMeTpiB

171eaTi30BaHUX BapiaHTIB BUIE3a3HAYCHUX MPUCTPOIB.

Ta6muus (3.1)
Panianiiino 4y T/IMBI TapaMeTpy HAMIBIPOBITHUKOBUX MPUCTPOIB 1 iX

1IeaTli30BaHNX MaTEMAaTUYHNX MOJIETEH

HaniBnpoBigHuKOBH A Panpianiiino yyTiauBuii Beanunna pagianiiino
npucTpii napamMerp YyTJIMBOI0 NapaMeTpy
i1ea1i30BaHOI0 MPUCTPOIO
OnTpoH Koedimient nepemaqi 1
BT npaiisepa 3MiHa omopy HacH4Y€HHs 0
KOJIGKTOPA
M/IH npaiiBepa 3MiHa HaNpyTy BiJICIYKU 0
MJIH B BTI3 3MiHa HaNpyTH BiACIYKU 0
BT B BTI3 3MiHa OmMoOpy HACHUYEHHSA 0
KOJICKTOPA
Hion 3MiHa TPAMOIO  IMaJIiHHSA 0
HaTIPYTH
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3riiH0 00paHOro MiAXoay OTpUMaHo rpadiku, mpeacrasieHi Ha puc.3.13, 3.14.

"Has >

D, pan

L
6 6 &

1.4x10 1.6x10 1.8x10

0 2x10° 4x10° 6x10° 8x10° 1x10° 12x10

Puc. 3.13 — 3anexxHOoCTi aMIDTITyId BUXITHOT HAPYTH TIEPETBOPIOBaYa YaCTOTH 3
M/IH npaiiBepamu BiJI MOTJIMHEHOT 103H 3 1/1eali30BaHUM: KpruBa 1 — ONTPOHOM; 2 —
M/IH Ttpan3uctopom apaiisepa; 3 — M/IH tpan3uctopom B ckiaai bTI3; 4 —

oinmossipHUM TpaH3ucTopoM B ckiaai bTI3; 5 — niogom

3 orpumanux kpuBux (puc.3.13) MoxkHa 3pOOMTH BUCHOBOK, II0 HAWOUIBIITY
pamianiiiHy CTIMKICTh MOKa3y€ CHUCTEMa 3 HEUYyTJIMBUM JO pajiaiii ontpoHoM. Jo
no3u 400 xpao amruIiTy/la HanmpyTu Maibke He 3MiHroeThes, Bim 400 xpao mo 1.6
Mpao BinOyBaeTbcs il MOHOTOHHE 3HWXKEHHS 10 HyJiss. Cxemu 13 i1J1eani30BaHUMU
niogom, MJIH B BTI3 1 BT B BTI3 matorh npubGau3HO OHAKOBY CTIAKICTH OJIM3BKY
0 peallbHOi cuctemu, 1o ckiamgae =~ 250 xpad. HeuyTnuBuil 10 10HI3YyIOUOTO
BunpoMiHioBanHss MJIH npaiiBepa neMOHCTpye OLIblIy CTIMKICTH 4yepe3 Te, IIOo
3MEHIIICHHSI MOTO 3aTBOPHOI HANPYTH HE CYHPOBOKYETHCS 30UTBIIICHHSM HANpPyTH

BIJICIUKH.
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D, pan
>
135x10°  1.5%10°

s

0 1.5%10° 3x10° 4.5%10° 6x10° 7.5%10° ox10°  1.05x10°  12x10°
Puc. 3.14 — 3anexxHOCTi aMIUTITYAN BUX1JHOI HANIPYTH MepeTBopioBaya yactoT 3 bT
JpaiiBepaMu BiJl TOTJIMHEHOT JI03M 3 17Ieali30BaHUM: KprBa 1 — onTpoHOM; 2 —
OIMONSIPHUM TPaH3UCTOPOM ApaiBepa; 3 — M/IH tpansucropom B ckiaai bTI3; 4 —

OinonsipauM TpansuctopoM B ckaaai bTI3; 5 — nionom

I'padixu Ha puc.3.14 moka3yroTh HacTynHe. Xodya 17€ali30BaHUl ONTPOH B
CUCTEMI MPOSBIIAE€ HAUOUIBITY pamiaiiny cTiikicTs — 1.44 Mpao, npoTe micns A03u
B 320 xpao amIuriTyJa MOHOTOHHO 3HWKYETHCS, IO TPH3BEAC /O TaKOTO XK
MOHOTOHHOTO 3HMKEHHS BAaHTAXKOMIAMOMHOCTI KpaHy. 3 1€l TOUKU 30py BUTIAHIIIE
MOBOJAMUTHCS CUCTEMA 3 HeuyTIIMBUM 10 IB Ginonsipaum tpan3ucropom B ckiani bTI3
— 10 no3u 800 kpao crocTepiraeTbes a0COMIOTHA )KOPCTKA 3AJIEKHICTh aMILTITY AU BiJ
7031, OJIHAK, CIIOCTEPIraeThCs pi3kuid BUXia 3 naay cxemu micis 800 kpao. Kpusi mis
ineanizoBanux BT npaiiBepa 1 mioga 3muBaroThes BoeAnHO 1 A0 ngo3u 800 xpao
[OBTOPIOIOTh XapAaKTEPUCTHKY 3 1JeaibHUM onTpoHoM. HeuyrtnuBuii no pamiarii
MJIH B cknani BTI3 mae moaiOHy 3aneXHICTh 10 peaTbHOI CUCTEMH, 1110 MOB’S3aHO
13 TUM, 110 B peanbHOro N-kaHanbHoro MJIH Tpan3ucropa Hampyra BIACIYKH
3MeHInyeTbes npu 7031 750 kpao Ha 2 B (moporoBa Hampyra Jjisi HEOIPOMIHEHOTO
BSM50GB120DN2 pisua 5.5 B), a Hampyra, sika MOJA€ThCS HA 3aTBOP MPH TiH ke
1031 — 20 B. Takum 4rMHOM i1/1€ai30BaHui 1 peanbHuit N-kananbHi MJIH Tpan3ucropu

B aHOMY BHUIIAAKY ITOBOJATHCSA OAHAKOBO.
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JlocTmikeHHsT TPOBOIWJINCS 3 BHKOPHCTAHHSM MPOTPAMHOTO CEPEIOBHUIIA
Mathcad 15.
HaykoBi pe3synbrartu, orpumani B myHkTax 3.6.2 1 3.6.3 omyOiikoBaHl y

BUTJISIII CTATTi B (DaXOBOMY HayKOBOMY BHIaHHI [87].

Bucnosku 10 Po3ainy 3

PosrasnyTo THNM pamiamiiHuX MOMIKOHKEHb HAIIBIPOBITHUKOBUX MPUCTPOIB
i oOpaHO TOHW, IO BHUKJIMKAHWUW TIOTJIMHCHOIO JI03010, SK aKTYaJlbHUHM THII
MTOTITKO/KESHHS [T MOJICITIOBAHHS.

Ha ocHoBi nmoOymoBanoi B Po3nii 2 cxemMu 3aMIlllEHHS CHJIOBOTO KaHaly,
PO3IJISTHYTO BIUIMB 10HI3YIOUOTO BHUIPOMIHIOBAHHS Ha OKpeMi HamiBOPOBIIHUKOBI
€JIEeMEHTH CWJIOBOIO KaHaly MEepeTBOpIOBava 4acTOTH. Bu3HadyeHo, 1o pajiaiiiHo
YYTAWBUMH HAIBIPOBITHUKOBUMH MPUCTPOSIMU B CKIIaJll TIEPETBOPIOBaYa 4acTOTH,
110 BIUIMBAIOTh HA MpalEe3aTHICTh CHUCTEMH, €. ONTPOH, MOJbOBI P 1 N-KaHaJbHI
MJIH tpan3ucropu B cKjiadl ApaiiBepa, MOJbOBHIM N-kaHanbHMM cuioBuid MJIH,
O1nmoIsIpHI TpaH3UCTOpHU JpaiiBepiB 1 B ckiaal bTI3, a Takox BUNpSAMHUIN A101.

OOpaHO MPOTOTUNH HAIMIBIPOBITHUKOBUX EIEMEHTIB CHJIOBOTO KaHAITy
nepeTBoproBada 4YacToTH Il moOyaoBH Mojeni. MaremaTuyHe MOJCIIIOBaHHS
noTpeOye 4YHCENbHUX 3HA4Y€Hb IMapaMeTpiB, sKi Oyau B3ATI 13 3aBOJACHKOI
JOKYMEHTAIlli OKpeMHX KOMIIOHEHTIB.

CuHTEe30BaHO 1 JOCTIIKEHO MaTeMaTU4H1 MOIeITi CUJIOBOTO
HAIBIPOBIIHUKOBOTO KaHaJy MEpEeTBOPIOBaYa YACTOTH 3 MeETaj-AleleKTPUK-
HaMIBIPOBIIHUKOBUMHU TPaH3UCTOpPaMH JpaiiBepiB Ta 13 JpaiiBepaMu Ha OCHOBI
OImoNIApHUX TpaH3UCTOpIB. BUKOHAHO TeopeTHuHe AOCHKeHHs BIUMBY IB Ha
CUJIOBHH KaH&I HAIMIBIPOBIIHAKOBOTO TEPETBOPIOBAYa B CKIIAl €IEKTPOTPHUBOIY
miIioMy MOCTOBOro kpaHa. dDakTUYHO, MPOBEJEHI JOCHIKEHHS MIIXOIATh s
OyJIb-SIKMX HaIiBIPOBITHUKOBHUX MEPETBOPIOBAUIB €JIEKTPOMEXAHIYHOTO O0JIaIHAHHS
MalllMH 1 YCTaHOBOK, $IKI TMpallOlTh B 30HI MIABUILEHOrO PiBHSA pajiarlii.
Bcranosneno, o miJi BILIMBOM pajiailii 3MEHIIY€EThCS aMILTITYJa BUX1HOI HANpyTH

MIEPETBOPIOBAYA, & YaCTOTA 3AIMINAETHCS 3a7aH00. OCKUIBKH 3 POCTOM TOTJIMHEHOT
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703U BHYTPIIIIHI €MHOCTI TPAH3UCTOPIB 3MEHIIYIOThCS, & TaK SIK iX 3HAYEHHS MaloTh

nopsmok 107° =107 apax, To MOKHA BBAaKATH, WO pajiallil He BIUIMBAE Ha
IIBUIKICTH KOMYTAITIi.

Bussneno, mo cxema 13 apaiiBepom Ha ocHoBl BT pamiamiiiHo criiikima i
dynkuionye o no3u 800 xpao mpotu 250 kpao y Bumanky npaiieepa 3 MJIH
TPaH3UCTOPOM.

JlocniakeHo MaTeMaTH4Hy MOeNb cuioBoro kaxamy [IY 3amis BU3HaueHHS
HaIIBIPOBIIHUKOBOTO TMPUCTPOIO, pajiailiiiHa 3MiHA IapaMeTpiB SKOTO YHHUTH
HaWCyTTEBIUHN BIUTUB Ha poOOTYy cxemu. BusHaueHo, 10 HAWICTOTHIMNN BIUTUB Ha
pajiaiiiiHy CTIMKICTh CXeMM 3aMillieHHsI cuwioBoro kaHamy [IY BHOCHTH ONTpOH,
OCKUJIBKHM MOTO OCHOBHHUH TapaMeTp — Koe]illieHT repeadl — MOHOTOHHO CIlajiae i3
3pOCTaHHSAM TOTJIMHEHOI J03W pamiarlii. BusBieHo, mo 3acTOCyBaHHS B MOJENi
171ea1i30BaHOTO OINTPOHY, KOE(DIIIEHT Iepeaadi SKOTO He 3aJICKUTh Bl pajiallii,
J03BOJISIE MIABUIIUTH padialiiiHy cTiikicTh cuctemu 3 MJIH npaiiBepamu Big 250
kpao 1o 1.6 Mpao 3 MOHOTOHHUM CHAJaHHSIM AMIUNITYJIU 10 HYJs; cuctemMu 3 bT
npariBepamu — Big 800 xpaod no 1.44 Mpao 3 MOHOTOHHUM CIaJIaHHAM aMIUTITYU JI0
HyJi1. 3aCTOCYBaHHS K 1J€aji30BaHOroO OimoisipHoro TpaHsucropa B cxemi 3 BT
IpaliBepaMu HE MIJBUILYE pajialiiiHy CTIHKICTh, aje 3abe3neuye HEe3MIHHY
BEJIMUMHY aMIUTITY 1M BUXiaHO1 Hanpyru [TY.

JIs miaBUIIEHHS pajlialifHOl CTIMKOCTI CUCTEMH PEKOMEHIYEThCS 3aMIHUTH
onTpoH B ckiajl npaiisepa BTI3 Ha pamianiiiHo He4YyTJIHMBI MPUCTPOI TalbBaHIYHOI
PO3B’A3KU Ta Mepeaayl CUTHAIIB, HAMPUKIIAJl, CHTHATBHUMU TpaHC(hOopMaTOpaMH, K1
HE MICTATh HAMIBIPOBIAHUKOBUX KOMIIOHEHTIB 1 CKJIQJIAI0THCS 13 MAarHiTOIPOBOIY Ta

METAJIEBUX OOMOTOK.
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PO3/L1 4. JTOCJILIKEHHSI ATMOC®EPHOI'O ONITUYHOI'O KAHAJTY
3B’SI3KY B CKJIAJI CHCTEMM YIIPABJIHHS EJEKTPONPUBOIOM
BAHTAKOMNIIHOMHOI MAILIMHU CXOBHIIA PATIOAKTUBHUX
BIJIXO/IB

4.1 Onuc aTMOC(epHOro ONTHYHOI0 KAHAJLY 3B’ A3KY

B ckmami cuctemu ympaBiiHHS  €IEKTPONMPHBOJAMH MOCTOBOTO KpaHa
3aCTOCOBYEThCSI aTMochepHUi onTuyHuid KaHan 3B’s3ky (AOK3) mis oOMmiHy
CUTHaJaMH MDK MpPOrpaMOBAaHMMH JIOTIYHUMH KOHTpPOJIEpaMU B MPUMILICHHI
yIIpaBJIiHHS KpaHOM 1 0e3mocepeIHbo Ha KpaHi. JlociipKeHHs, ONKrcaHi B MOMepPeIHIX
po3aLTax, TOKa3add HECTIHKICTh ONTPOHIB A0 TOTIMHEHOI 103U 10HI3yHYOTo
BurnipomintoBanHsi. AOK3, mo cyTi, npeacrapisge co000 ONTPOH, BUIPOMIHIOBAY 1
¢oTonpuiiMay SKOro BIJJANEH] OJIUH BiJ OJTHOTO B MPOCTOPi HA 3HAYHY BIJACTaHb (10
150 m). Tomy AOK3 mnortpebye [10maTKOBOTO JOCTIIKCHHS 3 BpaxXyBaHHSIM
0COOJMBOCTEN HOro apxiTEeKTypH, BKIIOYEHHS B CXEMY EJIEKTPONPHUBOAA 1 3MIHU

AOBXHMHHU OIITUYHOT'O KaHAJTy BUKIIMKAHOT'O IICPECYBAHHAM MOCTY.

4.1.1 ®ynkuioHajabHa cxeMa aTMOC(EpPHOro ONTHYHOT0 KAHATY 3B’ SI3KY

Cucrema mnepenmaui ganux ISD400 ckmagaeTbecsi 13 ABOX MPHUCTPOIB, SKI
po3TalioBaHl Ha OJHIA ONTHUYHINA BICI, KOKEH 3 SKUX (DYHKIIIOHY€E SK mpuiiMad 1
nepenasad. [IpucTpoi KOMyHIKYIOTh Ha Benukii BifcTadi (o 150 u) 1 3a6e3neqyroTh
0e3mpoBIHY Nepenavyy qaHux. HamamTyBaHHS ONTUYHOTO KaHaly 3B’s3Ky NOTpelye
mapu TMPUCTPOIB, SIKI TMPALIOOTh Ha pi3HUX yactotax. OOumBa mnpUCTPOi
KOHTPOJIIOIOTh PiBEHbh OTPUMAHOTO CUTHANTY, SIKMM B1IOOpa’Ka€ThCA HA 1HIUKATOPI.
S0 piBEHb OTPUMAHOTO CUTHAIY MEHILHN 32 MOPOTOBE 3HAYEHHS, IPUCTPINA BUAAE

nonepemkeHHss. CTpyKTypHY CXeMy KaHally 3B’sI3Ky MpeAcTaBieHo Ha puc.4.1.
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PoGoue O6namanns | O0nagnannus na kpami

micrie B 1IEXy [
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Puc. 4.1 — OyHkIioHaTbHA cXe€Ma ONTHYHOTO KaHATy Tiepeiadi TaHuX B CKIIai

O6JIaI[HaHH$[ MOCTOBOT'O KpaHYy.

Ha puc.4.1 — TIJIK 1 i 2 — nporpamoBaHi JIOTi4Hi KOHTpoJiepu Siemens Simatic
S7-1500.

Kosxen mpuctpiii B cucTeMi Iepenadi JJaHUX CKIIQJae€ThCs 13 TMepeaaTyuka 1
npuiimada. [lepemaTyuk mepuioro 1 mpuiMayd Jpyroro po3TallioBaHi Ha OJHIN
onTuuHii Bicl. IlepenaTymk B CBOEMY CKJIaAl MICTUTh MOAYJIATOP ONTHYHOTO
BUIIPOMIiHIOBaHHS 1H(popMartiitHoro curHany. [Ipuctpiit ISD400-7211 3akpimuieHo Ha

ctini nexy, 1ISD400-7212 — na MocTi KpaHy.

4.1.2 TexHiuHi XapaKTePUCTHKH aTMOC(EPHOr0o ONTHYHOIO KAHAIY
3B’A3KY
B tabnumi 4.1. npeacraBieHi napamMeTpH Jia3epHUX BUIIPOMIHIOBAYiB B CKJIaI1

npuctpois 1ISD400

Ta6muus (4.1)
Ornsan nanux nasepa 1ISD400 [88]
ISD400-7xx1 | ISD400-7xx2

red infrared
MaxkcumanbHa NOTYXKHICTb, Pg, mBm <27 <32
JloB)XHMHA XBUIII, A, HM 660 785

MakcumanbpHa MMpUHA IMITYJIBCY, tow s HC 32 32
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B tabnumi 4.2. Hagano aaxi npo edekTuBHicTh (Performance data) 1 inTepdeiic
ISD400-7xx1. lana iHpopmariis J0MOMOKe BU3HAYUTH (PAKTOpH, 110 BIUIUBAIOTH HA

SKICTh TIepeaadl JaHuX.

Tabmus (4.2)
Hani npo edextuHicTh (Performance data) 1 intepdeiic ISD400-7xx1
IMapamerp Beauunna
Jlxepeno cBiTia yepBoHuii nazep (1SD400-7xx1): 660 nu;

iH(ppauepBonuii 1azep (ISD400-7xx2):

785 Hm
CaiTyIOBa IUIsIMa HA BiJICTaHI niametp=0.0175-Bincranp, u
JanbHicTh Eepenayi 0.2...150 m
Kyt niarpamu cipsiMoBaHOCTI nepenaryuk: 1°; npuitmay: 1.5°

OcBiTiieHICTh 0TOUYyrOYOTO cepenoBuma | <10 xux (JIFOKC, 1k — OTUHULISI BUMIPY
ocsiTienocti Cl. 10 xnk — sicHui

COHSIYHUH JICHB )

Bennunna Hanpyru Buxoay (1; 0) BUCOKHUH: 3 B; HU3bKMil: <2 B
Buxinnuii ctpym 100 mA

Benwnunna manpyru Bxony (1; 0) BUCOKUH: >8 B; HU3bKUil: <5 B
HIBuaKicTh Mepenayl JaHux 100 Mé6im/c

B  mepematumky B SKOCTI  JDKepena  CBITJIa  3aCTOCOBYETHCS
HamiBNpoBiIHUKOBUHN nazepuuit mion (JIJ1). 3a mpororun npuiimemo QFLD-650-
20SAX [89].

JlazepHe BUIIPOMIHIOBAHHS SBJIsI€ COO0I0 OCOOJIMBHI BHJI €JIEKTPOMArHiTHOTO
BUIPOMIHIOBAHHSI, 110 TeHEPYEThCS B aiana3oHi goBxuH XBwib 0.1...1000 mxm (100
HM — 1 mm).

[Hpopmariss MK NOPUCTPOSIMU TMEPEHAETHCS Yy BUIIISAL  TOCIITOBHOCTI

IMITyJIbCIB. B TakoMy IMITyJIb.CHOMY peKuMi poOOTH Jiazepa BUIPOMIHIOBAHHS TPUBAE
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Jy’K€ HEJOBro, 1 HaBiTh IIPU HEBEIHKIM €Heprii, 10 BUIPOMIHIOETHCS, MPOIIEC
BUSBIISIETHCS CTHCJIMM, CKOHIICHTpOBaHUM B dYaci. [loTyXHICTh TIpU IIbOMY MOXKE

npuiimMaTH 3Ha4eHHs — 110 32 MBm (nuB. Tao6un. 4.1).

4.1.3 Orasa i BUOIp KPUTEPiK0 AKOCTI Mepeaayi CUTHAJIB B aTMOc(epHOMY
ONITHYHOMY KaHaJi 3B’A3KY

B 3anie’xHOCTI BiJl THIY CHUTHAJIB, IO MEPEAAIOTHCS, PO3PI3HSAIOTH aHAJIOTOBI 1
muppoBi AOK3, crnoTBopeHHs CHUTHAly, IIO MEpEHaEeTbcs, B SKUX B KOPEHI
BIAPI3HAIOTbCA. B nmaHomy Bumagky posrisgaetbes nudpoBa cucrema 3
amIuTiTy Ao Moayasimieto (AM), anrn. Amplitude Shift Keying (ASK) a6o On-Off
Keying (OOK), curHamy: JOTIYHIH OJWHUII BIiAMOBITA€ BBIMKHCHHHA J1a3ep,
JOTIYHOMY HYJII0O — BUMKHEHHMH. Tomy po3risgaTuMeMo BUAM CIHOTBOPEHb
npuTaMaHHl TUIBKA UM(POBIM Tmepemayi 1 me BiIOMBATUMETbCS B CHEIlaIbHHUX
tepMmiHax. Hanpukman, skicth HUPPOBUX ONTHYHUX MpUHAMAYIB 1 MepeaaBayviB
XapaKTEePU3YEThCS YacOM HapocTaHHA. SIKICTh HMQpPOBOI mepenayi, 3BUYAKHO,
BU3HA4Yae€Thcss 0oOOMa dYacamMu HapocTtanHs. OJHaK, B aHAJOroBOi mepemadi I
xapakrepuctuka BiacyTHs. [90]

PiznomaniTHICTE (QopM CcHOTBOpeHh B HUGPOBUI ONTUYHIA CHUCTEMI
3000B's13aHa OCOOJIMBOCTAM Tepenadi mudpoBOro CHUTHATY 4Yepe3 ONTUYHUN KaHa.
Jlo HuX BiAHOCATHCA aucrepcis (ado0 pO3IMMpPEHHS IMITYJIbCy), Yac HApOCTaHHS,
MDKCUMBOJIbHA 1HTepdepentis. i cnoTBopeHHs 10 AesiKOT MipH 0OMEXYIOTh CMYTY
ONTUYHOI CUCTEMH Tepeadi. 3a3Buyai 11l MOKa3sHUKHU HE BU3HAYAIOTHCI OKPEMO, a Y
BUTJISIII CHCTEMHOTO MOKAa3HUKA, [0 BU3HAYAE TPAHUYHY WMOBIPHICTH MPABMIIHHOTO
JETEeKTyBaHHA ONTUYHOTO IMMYJbCy B JaHUM MOMEHT 4Yacy, TOOTO KUIBbKICTh
MOMWIOK B MOTOIl AaHUX. TakuM MOKa3HUKOM CHUCTEMHM Iepenadi iHdopmarlii, 1o
BU3HAYa€ SKICTh 3B's3Ky, € KoedimieHT O0itoBux mommiok (KBIT), anrm. — Bit Error
Rate (BER). Moro 3HaueHHs JOPiBHIOE YMCIy TIOMUIKOBUX JBIHKOBHMX CHMBOIIB HA
BUXO/I1 CUCTEMHU, MOJIIJICHE Ha 3arajibHe YUCIIO NPUNHATUX JABIMKOBUX CUMBOJIIB, IIPU

JOBKHHI NIEpe1aHoi IBIMKOBIH MOCIIOBHOCTI, IO IPSAMYE 10 HECKIHUEHHOCTI:
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. N
KBIT = lim —ER | (4.1)

N—o0
ne Ngr — 4ncio (KUIBKICTB) NPUMHATUX OIT 3 momuikaMu; N — 3arajbHa KUIbKICTh
npuiinatux oit [90].

OueBunno, mo uum Hwkue KBII, Tum BiporigHimie BiI0yBaeTbes Tepenaya
naHux, 1 HaBmaku, unM cuibHime KBII mpsmye mo 1, Tum mepenana indopmarris
o111 cioTBOpeHa. Sk npaBuiio, KBII cuibHO 3a1eXuTh Bij MepeaaHoi MoTy>KHOCTI,
1 BoHa Mae OyTHu JOCUTh BUCOKa, 100 TpumaTtu KBII HUX)Ye meBHOTO MPUIHSATHOTO
piBHs (manpukinazn, 1012 s mazemuux 3acrocysanb abo 107° misg cymyTHHKOBOIO
yopaBiidHs). [lpu Husbkux 3HayeHHsix KBII npakTU4HO BCi MOMHIJIKH, IO
3QTAITAINCS, MOXKYTh OyTH BHSABJICHI (HampuKIaA, 3a JOMOMOTOI0 TIEBHHX
KOHTPOJILHUX CyM checksums) Ta BumpamieHl, 3a HasJIBHOCTI BIANOBIIHOTO
mporpamMHOTO 3abe3nedeHHs. CxeMa BUIPaBICHHS MOMUIOK MOYKE€ BUKOPHUCTOBYBATH
JESIKUI pIBEHb HAIMIPHOCTI MEpeJaHuX JaHUX a00 BKIIOYATH MOBTOPHY MEpenavy
MOTIIKO/KEHNX TIAKETIB TaHUX.

BigHomieHHs MOTYXHOCTI OTPUMAHOrO MpUHMadeM CHUTHATY JI0 MOTY>KHOCTI
IIyMy Ha3uBaeThcs BimHomeHHsM curHan / mym (BCII), anrin. — Signal-to-Noise
Ratio (SNR), ns Benuuuna HaitdacTtime BuUMIprOeThesi B 0b. Ilepemaya nmanux mo
KaHaJTy 3B 13Ky THM JOCTOBIpHiIa, unmM Oinbine BCII [91].

JIJ1s OLIIHKM SIKOCT1 KaHaJy 3B 513Ky 3aCTOCOBYIOTH KpuBy 3aniexHocTi KBII Big

BCIII, B anrioMoBHil itepaTypi no3Hauaetbes sk BER vs SNR (puc.4.2).
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Puc. 4.2 — 3anexuicts KBII Bigx BCHI ms: 1 — ¢ga3zoBofi; 2 — aMIutiTyAHOI Ta

YaCcTOTHOT; 3 — aMIUTITYy THOI HEKOTEePEHTHOI MOTYJIALIT curHamy [92].

3 puc. 4.2 npocrexyerbes, mo uuM Outbiie BCHI, tum menmmit KBII, 1
HaBnaku, npu BCI onusbkux no 0 KBII npsimye no 1. BoueBuap sl yHUKHEHHS
MOTIPIIEHHS SIKOCTI mepenadi qaHux HeoOximHo miarpumyBatu BCII Ha BHCOKOMY

PIBHI.

4.1.4 Anani3z pakTopiB, 10 3HNUKYIOTH Bi/THOIIEHHSI CHTHAJI / IIyM

XKomna onTthyHa cucTeMa HE 3MOXKE 3a0€3MeYnTH Ha TIOBEPXHI, IO
OCBITJIIOETHCS, OUTBIINY MOTY>KHICTh BUIIPOMIHIOBAHHS, HI’K B CaMOMY JIXKEepeil, TOMY
10 Ha HET HEeMUHYY€ JISITUMYTh BIUTHBH, 10 TOCIA0IIOI0TH MOTYKHICTh MepeiaBaya.

BpaxoByrouu BIaCTUBOCTI ONTHYHOTO KaHAIy Mepenadl AaHUX 1 crenudiky
00’€KTy, B IKOMY BIH 3aCTOCOBYEThCS, IEPETTUYUMO (PaKTOpH, O 3HIKY0Th BCI:

1. mocnabyieHHsI OTYHOCTI OTPUMAHOTO MpUMaueM CUTHATY BHACHIIJIOK HE
0€3KIHEYHO BY3bKOI1 JiarpaMu CIpsIMOBAHOCTI IEPEIATUMKA;

2. IIIyMOBI TIEpENIKO I (TIepeaTunKa 1 mpuitmaya);

3. merpajariis BUKJIMKaHA BIUIMBOM 10HI3YIOUOi paaiarlii;

4. mpupoiHa Ierpaaallis jJazepa;
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5. mocna0yeHHs J1a3epHOro BUIIPOMIHIOBaHHS B aTMocdepi.

Po3srasiHeMo okpemMo KoxeH 13 IHUX (haKTopiB.

4.14.1 TlocaaljieHHsI NOTYKHOCTI OTPMMAHOI0 MNpHiiMadyeM CHUTHAJY
BHACJIIIOK He 0e3KiHeYHO BY3bKOI JiarpaMu CipsiMOBAaHOCTI epeaaTYuKa

B [88, c. 44] B myHKTI poO0UYi aH1 HABEJEHO 3HAUYCHHS KyTOBHX Jiadparm JiH3
(the angular aperture of a lens) mepematumka — 1°; i mpuitMmaua — 1.5°. ToGTO

MOJIOBUHHI KyTH BIANOBIAHO Og.pq = 0.5° 1 Bg,. = 0.75°. HasBHiCTh JIH3 B

MPUCTPOSIX JO3BOJISE 3HEXTYBaTH OMIKHBOIO '"(peHeneBoro" 30HOI0 JIa3epHOTro
nydka 1 TPUMHATH, 10 PO3XO/DKEHHsS ITy4yka BiJIOyBae€ThCs Bigpazy Micis
MIPOXO/KECHHS JTiH3U. UM MEHIIIe KyT PO3XO/KEHHS, TUM MEHIIIE JiaMeTp Iy4Ka Ha
BIJICTaHI BiJl JoKepena (mepegaTdyuka) OyjAe BIIPI3HATACH BiJ BuxigHoro. lleit
rapaMeTp TakoX BIAMOBIJAE 3a T€, B AKOMY 00’ €M1 IPOCTOPY (TUIECHOMY KYTi) MOXKE
OyTH CKOHIICHTPOBAHE JIa3epHE BUMIPOMIHIOBAHHS.

st ISD400-7211 niameTp npoMeHs ja3epa Ha BUXO1 npuctporo D, = 4 wm.

BBakatmmemo, 10 Ty4OK BUIPOMIHIOBAHHS TIEpeIaTIMKA OOMEKYEThCS
KOHIYHOIO TTIOBEPXHEI0, TOOTO HOTO MOMepeYHul mepepi3 mpeacTaisie cO00K0 KPyT.
[ToennaBmm BuUIE3a3HAYEH] BUXI1JIHI JIaHl JJI1 HAOYHOCTI MOOYIyEMO CXEMY,

puc.4.3.

IlepenaTauk *RR“ IIpuivag |a

[ ' o t e + ] Onti4aHa
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Puc.4.3 — CxeMa po3X0KEHHS JIA3€PHOTO TPOMEHS.

[To3nauenns: HactymHi: d — BiJIcTaHh MiX MpPUIMaueM 1 MEPEIATINKOM; & —

pamiyc CBITJIOBOI IUIAMH, SKy CTBOpIOo€ mepemaryvk Ha Biactani d; Os.ng
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MOJIOBUHHMIA KyT JlilarpaMu CIPSIMOBAaHOCTI Tepenaryuka; Rpg,. - pajlyc JIH3H

CBITJIOUYTJIMBOTO €IEMEHTY MpuitMaya.
[Imoma momepeyHoro mnepepizy MPOMEHs Ja3epa IMICis MPOXOMKEHHS J1H3U
IIPUCTPOIO 3pOCTaE 13 30UTBIIESHHSM BIJICTaH1 MIXK ITepEIaTINKOM 1 MpHUMadeM.
3Har04Yu BEIMYMHY TOJIOBUHHOTO KyTa JlarpaM CHpsIMOBAHOCTI MepenaTyuka,
MOKHA pO3paxyBaTH pajJiyC CBITJIIOBOI IUIAMH &, SKy CTBOPIOE IepelaTduK Ha

BizicTani d MiXk mpuMadeM i epeaaTInKoM:
a=d- tg0seng- (42)

BinmoBigHO 1UIOIMa CBITJIOBOI IUISIMH, SIKY CTBOPIOE IepeaaTdyrK Ha Biacrai d

MDK MpUMMadeM 1 epeaTIuKOM:
Ssena =T - (d ) tgaSend}z' (43)

3rigHo 3 Tabn.4.1 MakcuMmanbHa TOTYXHICTh mepemartunka [SD400-7211
00OMEXy€eTbCsl BETMUMHOI 27 mBm. MoHa CTBEpAXKyBaTH, 110 MOTYKHICTh JIa3epa,
He Oepyduu 3apa3 J0 yBaru BTpatu B aTMoc(epi, piIBHOMIPHO PO3MOJIUISETHCS HA YCIO
IJIOIIY TOTIEPEUHOTo mepepi3y mydka yiazepa. Bupas (4.3) 1eMOHCTpy€e KBaIpaTUUHY
3aJIeKHICTh TUIOIII TIOTIEPEYHOr0 TMepepidy IMydka Jiazepa BiJ BIACTaHI MIiX
nepenaTyukoM 1 mpuitmMadem. Ilnoma 4yTinuBoro oprany npuiiMaya 3ajJexuTh Bij

KOHKPETHO1T MOJIeIl 1 mia 9yac poOOTH HE 3MIHIOETHCS, TOOTO Ma€e TOCTIHI TabapuTH
_ 2 ... .
Spec = 1.257 - 1073 m” (upu paniyci niusu Rg,.= 20 mm). Po3paxyeMo HOTYKHICTb

CUTHay, IKM OTPUMY€ MpHUiiMay B 1IeaJIbHUX YMOBAX:

SRec — P . SRec
Ssend Send m-(d-tg0sena)?’ (4.4)

P Rec — P Send '
ne Pr.. — TMOTYXHICTh CHTHAIy, IKy OTpUMYE€ NpHiimad, Bm; Psgpq — TOTYXHICTb

. 9 2.
CUTHaNy Iepenarada, Bm; Sp.. — IUJIOIIA YyTJIMBOTO OpraHy npuiMada, M- ; Sgend —

. . . . . o . 2
IUTOIIIA CBITJIOBOI IUIIMHK Ha BijcTaHi d MK mpuiiMayeM i epeaaBadem, M
OTxe, TOTYXHICTh CUTHAITY, Ky OTPUMYE€ MIpUAMaY, JIJs 1IeUTbHUX MPUCTPOIB

ONTUYHOIO KaHAITy B 1I€AJIbHUX YMOBAaX 3aJI€KUTh Bl
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1. moryxHOCTI nepenaruvka Ps,,, 4, MBm;,

: . 2.
2. IJIOII1 YyTJIUBOTO OpTaHy npuiiMada Sp,., M°;

3. BIACTaHI M ITepeIaTINKOM 1 puiiMadeMm d, u,

4. KyTa Aiarpamu CIipsIMOBAHOCTI niepefaTunka s,y -

4.1.4.2 lllymoBi nepemxkoau

KoxeH 1rymoBuil BUKU NpeacTaBisie cOO0I0 IMITYJIbC MAJIOT JOBKUHU =~ 1075
¢, TIOJISIPHICTH SKOTO MOX€E OyTH MO3UTUBHOIO YU BiJI’€MHOIO 13 PIBHOIO IMOBIPHICTIO
[93]. 3aBmsku BedauWKiH MIBUAKOCTI TMPOIECY, HOro EHEPreTUYHHU CIEKTp JyXKe
mupokud 1 piBHOMIpHUH. Cyma eJIeMEeHTapHUX IIyMOBHUX  (IyKTyarrii
i AIOPAIKOBY €ThCS HOPMAJIBHOMY 3aKOHY PO3MOAiny layca 3 HyJIbOBHM cepeaHiM
3HauYeHHsAM. [[piOHI HIyMOBI BUKHIIU, 3T1IHO I[OTO 3aKOHY, OUTBII 1IMOBIPHI, HIX
BEJIMKI, a C€HEPreTUYHHH CIIEKTP PEe3yIbTYIOUOTO IyMy, SIK 1 HOTO CKJIaJ0BUX,
PIBHOMIpHUH.

Ha xo’xeH repiy myMoBOi HOJIOCH IpOIycKaHHA mpuitMaua Af, mpuxomurbces

OJIHAaKOBa CepelHs MOTYyXHICTh wwymiB P,. IIuToma mNOTYXHICTh HA3UBAETHCSA

CHEKTPAJIBHOIO IUIBHICTIO NOTY>KHOCTI yMy N :

No = ITW’ [orc]. (4.5)

e
3a3Buyail piBeHb IIYMiB BUPAKAETHCSA 4Yepe3 €PEKTHUBHY HANpPYyry Ha OIopi

Rewe=1 Om. Ilpu 11bOMy cepeqHBOKBAAPAaTUUHE 3HAUEHHS LIyMy O,, Ma€ TOM caMuid

CCHC, IO 51 Q@QKTHBHG SHAUCHHA HAIIPYyTHU U JKC, 10 TOI'O K, YUCCIBHO piBHC

w o

€KBIBAJICHTHOMY 3Ha4eHHIO ImymoBoro crpymy |, o, =U, =1, R. Orxe

NOTYKHICTb LIYMYy piBHA HOTO JUCHEPCii:

Umz 2
EH ::———'_'1ﬂu = sz- (4.6)

Rexe

Pe3ynbTytoua Hampyra cywilli CUTHAIY 3 HIIyMOM 3aJICKHUTh BiJl BUIAJIKOBUX

3MiH (a3u mrymMoBHX BUKHAIB. Koiu curham i myMm 3HaxonaTbesi B mpoTudasi, To
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pe3yJibTylo4a Harpyra MiHIMaJdbHAa 1 HaBIIaKW, KOJMU CUTHAT 1 IyM cuH(}a3HI —
pe3yabTyroda Halpyra csAra€ MaKCMMaJbHOTO 3HA4YeHHS. BigHOIEHHS CHTHATY 10

IIyMYy IO MOTY>KHOCTI 1 TI0 HANpy31 OMUCYIOTHCS BUPA3aMHU:

P
BCM:%, (4.7)

P U
JBCII = CPmaX = lj’“ax : (4.8)

ne P. . — MIKOBa MOTYXHICTb CUTHANLY; P, — cepelHs NOTYyXHICTh MIyMiB; U . —
nikoBa Hampyra curHairy; U, — cepenHbOKBaJgpaTudHe (€(peKTUBHE) 3HAYCHHS
Hanpyry mymis. [93]

a) LLlymu nepedamuuxa

[lepemkoau nepenatyMka MOXKYTh MaTH LITYYHE Ta MPUPOIHE MOXOJKEHHS.
[TyyHi MOXXHA YHUKATH MLUISAXOM JIOJEpP’KAaHHA I1HCTPYKUIM 3 eKCIulyaraiii
npuctpoto. IIpuposHI BUHHUKAIOTH SIK BCEpPEAMHI, TaK 1 30BHI IE€pelaBajlbHOrO
npuctporo. Ilpupoani mnepemkoan HEMUHYYl, TOMY LIO MPEACTaBIAIOTh COOOIO
baykTyamiitHi 1ryMH, fKi ICHYIOTh HE3aJIeKHO BiJ CHTHATIB, L0 TEPEIAIOTHCS.
OcoOnuBicTiO (payKTyal[iiHUX MIyMIB € iX BUIIAJKOBUM XapakTep 1 pIBHOMIpHUN
E€HEpPreTUYHUN CIEeKTp. BHYTpINIHI [IyMH BHHHMKAIOTH BHACHIJIOK XaOTUYHOTO
TEMJIOBOTO PyXy BUIbHUX €JEKTPOHIB B MPOBIJAHUKAX (TEIUIOBI IIyMH) 1 Oe3naaHoi
3MIHM UIUTBHOCTI €JEKTPOHHUX TMOTOKIB B HAMIBIOPOBITHUKOBUX KOMIIOHEHTax
(npo6oBuii edekrt). ApoOoBuil mIyMm — 116 HEMUHYYHN TPOSIB AUCKPETHOI MPUPOIH
cBiTiia. BiH BHHMKae BHACIIJIOK BUIAIKOBUX (IyKTyarid dacy mpuOyTTs (OTOHIB,
0 CTaHOBJATh CHTH&I, a0o0, TOYHIIIE, BHACIOK (QIyKTyamiid KiJIbKOCTI
HapOJKyBaHUX €JIEKTPOHIB Ha poTonerekTopl. J[poOoBuUil IIyM 3a CBOIM XapaKTepoM
"Oinmii", T00TO Mae piBHOMIpHUU crnekTp [94]. binuit mym — Toi, crekTpaibHa
I'YCTHHA IIIyMY HE 3aJIC)KHMTh BiJl 4aCTOTH curHaiy [95, . 348]

0) Bracui wiymu nputimaia

[epenik, 3rizHo [96, €.66], npuumMH MmIyMiB NpHiiMada i po3paxyHOK Ix

JUCTIePCIii:
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1) ¢mykTyanis GoToHiB, GM,Z =2-q-(i)- B, e q — 3apsix enexrpona, Ki; (i)
— ycepemHeHe 3HAUEHHS (HOTOCTpyMY, 4; B — Tomoca mpoIyCKaHHS eIeKTPHIHOTO

biapTpa, AKUH pO3TAIIOBAHO 32 puitMadeM, [ y;

2) TeMHOBHM CTpyM (TOH, IIO MpOTiKae yepe3 (GOTOUYTIMBUN AETEKTOpP MpPHU

. . . 2 v
BiZICYTHOCTI TIOMTHHEHNX HUM (BOTOHIB), &, .~ =2-q-14-M?-B, ne |4 — TemHOBHi
cTpyM, 4; M — koeditieHT nocwieHHs ¢hoTonpuitMada, 3HaAYEHHS JOPIBHIOE OJIUHMIT

s p-i-n hoToaeTexTopa;

4.K-T.-B
3) temnoBuii mym (mym J»KOHCOHA), O'm2 :R—e, ne k — crama
L

bonbumana, /oic/K; T, 1 R| — exBiBaneHTHI TemMIepaTypa 1 onip cxemu npuiimaya, K
1 Om;

4) ¢uykryaris ammutiTyad onTuaHoro curHaiy (relative intensity noise RIN),
GR|N2 =1ain -(R-M - Pg )Z-B, e 7gn — KOe(IUIEHT TEIUIOBOTO WIyMy, s
nazepHux mpioniB csrae 160 - 150 ob/Ty [96 c. 71]; Py — mOTyXHICTh OTPHUMAHOTO

curHaiy, Bm.

[IIymu mpuitMada MO>KHA B3ATH JO yBarW 3a paxyHOK ITiJICyMOBYBaHHS JI0
OTPUMAHOTO CUTHaTYy OUIMX IIyMIiB 3 HYJIbOBUM MaT€MaTHYHUM OYIKyBaHHSIM 1 3
BIJIMOBITHUMHU JTUCTIEPCISIMH.

8) LLlymu kanany 38°s3Ky nepepaxosami 00 6xo0y npuumaid

[IpuiiMau oTpuUMy€ CHUTHaJI 3 IIyMaMH, BUKIUKAHUMH, OKpPIM 1HIIOTO,
OTOYYIOYMM CBITIIOM. J[)Kepena Takoro CBiTia MOAUISIIOTHCS Ha TMPHUPOIHI (COHSUHE
BUIPOMIHIOBaHHA) 1 IITy4H1 (TlepefaBadl I1HIIMX ONTHUYHUX MPHUCTPOIB, JaMIIU
poxxkaproBanus) [97]. 3rigHo Tabm.4.2 OCBITIEHICTH OTOYYIOUOTO CEpEIOBHUINA HE
noBMHHA mepeBulnyBatu 10 krx, 10 BIAMOBIJAE OCBITIEHOCTI SICHOTO COHSYHOTO
nHa. OCKUIBKM CBITJIO, TaK caMO SK 10HI3ylo4ya pajiamis 1 paaioXBWii, €
€JICKTPOMArHITHAM BHUIIPOMIHIOBAaHHSM, BOHO XapaKTEPHU3YETHCS TOBKUHOK XBHIIL.
CriekTp BUIUMOTO CBiTIIa HAOMIMKEHO 00MexyeThbes BenmnunHaMu Big 380 1o 780 mm.

JloBxkuHa XBWI1 555 HM 3HAXOIUTHCS B CEPEIMHI BUJIMMOI YacTUHI CrieKTpy. OTHOMY
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JIIOKCY COHSIIHOTO CBIT/IA BiANOBifae eHepreTmdHa ocpirieHicts 1.46-107° Bm/ m?

npu JoBkuHI XBUJl 555 wm. ToOTo, ocBiTiieHocTi 10 xzk BiNOBiAa€E €HEPreTUYHA

ocsitnenicts E, = 14.6 Bm/u? [98].

[Tnoma 4wyTIMBOrO Oprady npuiimada mae rabaputu Sy =1.257 1072 w2 (pu
paniyci miu3m Rgp=20 mm), oTKe, MOTYXHICTh, SKy OTpPUMYE TNpHIMad BiJ

HaBKOJIMIIHBOI OCBITJIEHOCTI E_ , IOpIBHIOE:

PCOH = Ecoy ) SR =18.34 [MBm]’ (49)

10 BIANOBIAA€ CHEKTpaJbHIA TyCTHHI MOTYXHOCTI Outoro mymy N, B monoci

MpoITyCKaHHs npuiiMaya 5.9 107 Bm/ry:

P _
No ==2=5.9-10 O [Bm/Iy], (4.10)
0
ne F, — mmpuHa cnekrtpa, /7y, 4MCENbHO AOPIBHIOE OOEPHEHIN BEIUYMHI OJHOIO
: 1 . . \
imynscy Fy = . ty=32 nc. Jna HopManbpHOI poOOTH LU(POBOI CUCTEMU 3B'SI3KY

0

noTpiOHO, 00 ITyM HE NIEPEBUIIYBaB ACSIKOTO 331aHOTO 3HaueHHsI. [99]

4.1.4.3 lerpanaiisi BUKJIMKAHA BILIMBOM iOHi3yH040i pagiamii

a) Oensao0 padiayiiHo Yymaueux napamempis iazeprHoco 0ioda. Anpoxcumayis
apugmemuuHuMU QYHKYIAMU.

B po6oTi [100] 6yno npoBeneHo ekcriepuMeHTaIbHE JOCIIKSHHS paiialiiiHol
crifikocti JIJI. 3pasku HamiBopoBigHukoBux JIJI migmaBanucs ONpOMIHIOBAaHHIO
HEWTpOHaMM, NPOTOHAMHM 1 ramMMa-kBaHTamu. Sk Bimomo 3 [17, 18], HeiTpoHHE 1
raMMa BUIIPOMIHIOBAaHHSI XapakTEpHE /JId CXOBULI pPaJlO0aKTUBHHMX BIAXOAIB, J€
3actocoByeThcsi AOK3, 1m0 po3risimaerbcs, TOMy NapamMeTpu, Ha SIKI BIUJIMBAE
OTPOMIHIOBaHHS MIPOTOHAMU J0 yBaru OpaTucst He Oy Iy Th.

Bignoeigao mo [101-111] panmiarmiitHo wyTiuBuMH Tapamerpamu JIJI Oynu
noporoBuii ctpyM (puc.4.4, a) 1 BTpaTa MOTY>KHOCT1 CBITJIOBOTO BUIIPOMIHIOBaHHS

(puc.4.4, 0).
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B [111] nmokazaHno, 110 BIUIMB TamMMa BUIIPOMIHIOBaHHS jao3amu a0 100 xpao
KobanpTomM-60 Ha JIJI He BuKIMKae KaTacTpopiyHOi BIAMOBU. 3pOCTaHHS
IOPOTOBOTO CTPYMY 1 3HMDKEHHS CBITJIOBOI1 €HEpTii Jiazepa 3MIHIOETHCS B MEXax JI0
10% npu mo3ax Outbikx 3a 4 Mpao. B [107] Bigmidanocs, mo morimHeHa j1o3a B 10
Mpao raMmma BUITPOMIHIOBaHHS TIpHU3Beia 10 301IbIIEHHS TOPOTOBOTO CTPYMY JIMIIIE
Ha 1 mA, npu HOMiHanbHOMY 8+11 mA. B To#l xe yac 3HAYHUI BIUIMB YMHUTH
HEHUTPOHHE BHUIPOMIHIOBAHHS IIBUIKUMHU HEUTpoHaMu 3 eHepricro = 1 MeB:

CIIOCTEPITraeThCA 3HAUYHA 3MiHA pajllalliifHO Yy TIMBUX MapaMmeTpiB, puc.4.4.

| | | 1| | | | B | N . !
2 6 @H,IOHH/C_‘UZ 0 1

(5]
o
&
i

o
"~
4
U

I,,MA 4 E’E(0)
T Y T WORT T T 1T T T T 17
251 - W -
s 0.95 |- TR .
20 | A o \\“\ Wi
e 0.90 |~ o =
g7z -
15 ,“/:' Y — N
A,
7 51 N
oL | o085 W
I LY
g <I>,,.10“'1-t/c.'u3

a 0
Puc.4.4 — 3anexHoCTI MOPOroBOro CTpymy (a) 1 BTpaTH MPUBEIEHOT 10
HEOTIPOMIHEHOTO 3pa3ka eHeprii cBiTia (0) Bia GItoeHCy HEUTPOHIB 3 eHeprieto 1

MeB 3rigno [107].

JI71s1 moanbIMX po3paxyHKiB allpOKCUMYEMO KpHUBi 3 puc.4.4, a, 0 1 3anuieMo

aHanmiTuyHi BUpa3u. OCKIIBKUA BCl pPO3paxyHKU MPUBOAATHCS Bifl MOTJIMHEHOI J03H,
. . . 14
HEOOXIiHO MepeBecTH (UIFOCHC B OMIMHEHY J03y. 3rijaHo i3 [23], ¢uroency 8.5-10
2 o . . . .
1/ cm® HEWUTpoHIB 3 eHepriero 1 MeB BianoBijnae moriauHeHa no3a 34 Mpao.

3anumeMo BHpa3M IS KOE(IUIEHTY TOCHA0JIEHHS TMOTYXHOCTI CBITJIOBOIO

BUIIPOMIHIOBaHHS 1 TOPOTOBOTO CTPYMY: HEeXai E/ Ey, =K, , Tom

Jp >

K, (D)=1-59-10"-D, (4.11)

Al,,,(D)=8.7-10""-D, (4.12)
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Ha puc.4.5 BiaTBopeHo ix rpadiuHy iHTEpHIpeTaIlito.

gD A E/E(0)
0.03 l l . ! ] , ,
0.025F .
0.02 .
0.015F - 09r -
0.01
.mo"’r E
0 1 | 1 0.8 | 1 1 »
0 1x100 210" 3x10' D, paod 0 1x100 2100 3x10' D, pao
a 7

Puc.4.5 — Ananituuno noOy/10BaHi ampoKCUMOBaH1 KpuBi puc.4.4, a, 6: a —
3pOCTaHHS TOPOTOBOTO CTPYMY; O — BTpATH MPUBEACHOI 10 HEOPOMIHEHOTO 3pa3Ka

eHeprii cBiTIIA.

6) Ilobyoosa ananimuuno2co onucy pobo4oi Xapaxmepucmuxu npomomuny
JIa3epHO20o 0i00a BION0BIOHO 00 3a800CbLKOI QOKYMeHmayii

[ToOGynyemo poboUl XapaKTEPUCTUKU B3ATOTO B SKOCTI MPOTOTHITY JIa3€PHOTO
miony QFLD-650-20SAX [89], mo Mae HacTymHi mapaMeTpd: HOMiHaJIbHA
HMOTYXHICTh onTudHOTO Buxoay — 20.4 mBm, moporoBuii ctpym — 61 mA, poboumii
ctpyM — 114 uA, poboua Hanpyra — 2.4 B, noBxkuHa XBuii jgazepy — 660.4 £0.62 um.
3 puc.4.6,a BUJIHO J1HIMHY 3aJ1€XKHICTh MOTY>KHOCTI BiJl pOO0OYOTo CTPyMY, 3alUIIEMO
il aHAIITHYHO:

ke (1, = Ly ) 1,21,

P, = , (4.13)
0, 1, <15 ()

ne K, — nmiHiiHUA KoedIIliEHT 3aIeKHOCTI TOTYKHOCTI BiJl CTPYMY, BU3HAYAEThCS Ha

OCHOBI TacmopTHux Janux okpemoro JIII; I, — pobGouwmit ctpym JII; 1,,,(t) —

p

(byHKIIS 3a71€KHOCTI TIOPOTOBOTO CTPYMY BiJl Uacy €KCILTyaTallli.
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A P, MBt P, Bt
30 4 r 0.03
SR i P e TN I 0.025
L e Amearankafanuad - 0.02
|
|
1
Vb ammemn s et - 0.015
|
|
|
10 +-==--- il d e - 0.01
1
|
|
Deprmnsies -:__ R Fires pamElreR iRy I 5%107°
|
|
I
; - 7 % 0.05 g
0 50 150 I,, MA s I,,A

n»?

h

a
Puc.4.6 — Xapakrepuctuku nazepHoro mioxy QFLD-650-20SAX: a —
3aBOJICHK1; 0 — MOOY/I0BaH1 aHATITUYHO: | — 710 ONIPOMIHIOBAaHHS, 2 — MiCIIs

ONPOMIHIOBaHHS HeWTpoHamu 1 MeB, piBHO3HaYHa NOrIMHEHa 103a 34 Mpao.

3 puc.4.6 BuaHO, 110 MoAauu pobounii ctpym 114 mA, Ha HEOTPOMiIHEHOMY
JIJI orpumaemo notyxHicTh 21 mBm, a Ha onpomineHuit 103010 34 Mpao — 9.4 mBm,
0e3 BpaxyBaHHs BTpAT €HEPrii CBITJIIOBOTO BUIPOMIHIOBAHHS.

Orxe, posrasmaroun JIJI sk o0’ext BmmBy [IB  Oynemo posrisgatu

JIeTPaIalliio €HePTii CBITIIOBOTO BUIMPOMIHIOBAHHS 1 30UIBIIIEHHS IIOPOTOBOTO CTPYMY.

4.1.4.4 Tlpupoana nerpagauisi emicii Jazepa

B poGori [112] mpoBeaeHO eKCIEepUMEHTAJIbHE MOCIHIKCHHS Jerpajaarii
rmapameTpiB jaszepa, BUKIMKAHUX WOTO MPUPOJHUAM CTApiHHSM. I3 3pOoCTaHHSM dYacy
excruryararii 10 1250 200 cnocrepiransocst 301IbIIEHHST TIOPOTOBOrO CTpymMy B 1.72
pasu i He3HAYHE 3HWKEHHS HaXWITy KPUBO1 MOTYKHOCTI Jia3epa.

[TocTynoBa nerpanmaris napametpiB JIJ] 13 mpucKOpeHUM 30UTBIIIEHHSIM CTPYMY

OyJia onucaHa 3a JOIMOMOTOK MOJIEN peKOMOIHAIIT TOCUIIEHOTO YTBOPEHHS J1Ie(PEKTIB
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(REDG - recombination enhanced defect generation) B [113]. 3rigHo 1iei mMomeni
YTBOPEHHS J1e(DEKTIB KIJIBKICHO MPOMOpIiiHE 10 crioxkuBaHoro JIJI ctpymy, skuil He

BUTPAYa€TbCsl Ha CTBOPEHHs CBITIOBOro mnortoky, |,.(t). Llel cTpym BuKIuKae

EKCIIOHCHIIIHE 3poCcTaHHs moporoBoro crpymy | (t) mms 3abe3nedeHHs Tiel x

nop
MOTY>KHOCTI:

Loy O =1g + 1, (1), (4.14)

. ()=, (4.15)
VY Bupazax (4.14) i (4.15): |, — crpym JI/| o mowarky amerpajamiiHUX MpPOIECIB
CTapiHHS, f§ — BUIIAJKOBE PO3MOJiIeHe 3HaueHHs, K — mapamerp merpajariii; t — gac,
TOUH.
Bignosinno mo mopemi Eldipinra [113], mapamerp nerpanaiiii mMoxke OyTu
pO3paxoBaHMii 3a GOPMYIIOFO:
k=P gt EalksT (4.16)
ne P — onTuyHa MOTYXHICTh; N — MOKA3HUK Jerpajalii; f, — napamerp macmrady;
E, — eHeprin aktuBauii mpomecy crapinus, K, — crama bombprmana;, T —

TeMmIiepaTypa B akTuBHii 30H1 JIJI.
s nazepuoro niony QFLD-650-20SAX 3a Bupazom (4.14), BpaxoBytouu
(4.15) 1 (4.16), noOynoBaHO 3aJIEKHICTh MOPOTOBOTO CTPYMY BiJI 4acy eKCIuTyaTarlii,

puc.4.7.

I,,A
0.105]

0.095¢
0.09t
0.085¢
0.08
0.075
0.0%
0.065¢
0.06 T ; / ; — N

0 208.333 416.667 625 33333 1.042x10° 125x10° ¢, 200

Puc.4.7 — I'padik 3aJ1€:KHOCTI MOPOTOBOTO CTPYMY JIa3€pHOTIO J110/a Bl Yacy

eKCILTyaTarii.
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3rigHo Bupaszy (4.14) i #ioro rpadiunoi iHTepnperamii (puc.4.7) oTpuMaemMo
3HauYeHHA TMoporoBoro crtpymy 105 mA npu 1250 200 ekcrutyaranii, npu
HOMIHAJIBHOMY MOPOTOBOMY CTpyMi B 61 mA. Takum 4MHOM, OPOTOBUM CTPYM, LIO
3MIHIOETbCS Mia BIUMBOM IB 1 wacy ekcrimyaraiii, mpu3Beae 10 3MIHU MOTYKHOCTI,

sky Bunipominroe JI/1, 3a 3akonom (4.13).

4.1.4.5 MocnadJieHH J1a3epHOTr0 BUNIPOMiHIOBaHHS B aTMocdepi

Mupoko Bimomo [114-117], mo mnocnalleHHs Ja3epHOrO TPOMEHS B
atMoc(epi BiAOyBaeThCsi BHACHIIOK JBOX THMIB edekTiB. Jlo mepmioro Tumy
BITHOCATBCS Ti, IO BHUKIMKAIOTh 3MIHYy CYMapHOi I1HTEHCHMBHOCTI CBITJIOBOTO
BUIIPOMIHIOBaHHS, a JI0 JIPYroro — Ti, SIKI BUKIMKAIOTh 3MiHY 'T€OMEeTpUYHMX"
napameTpiB CBITJIIOBOTO IMy4Ka, TOOTO HOro pO3MIMPEHHS 1 BIAXWICHHS, Il SIBUIIA
MOB’s13aH1 13 TypOYJEHTHUM XapakTepoM aTMochepu 1 po3risgaTHCcs B JAaHOMY
BUIIAJKY HE Oy Iy Th.

Cepen edekTiB MepIioro TUIMY CJIiJ BUALTATH SIBUILA TIOTJIMHAHHS 1 PO3CISIHHSL.
Aepo305ibHE TOTJIMHAHHS BIIOYBA€ThCS 3aBISAKK Ta30BIA CKIQAOBii aTMocdepu:
MOJIEKYJIM mapy (BOJIOTICTh MOBITPSI), METaH, OKUC a30Ty, OKUC BYIJICLIO, O30H,
kucenb [118]. HaOmmwkeHo MokHAa po3paxyBaTH TOKAa3HUK  aepO30JIBHOTO

MOoCTabJeHHST BUIIPOMIHIOBAHHS 3a 3aKOHOM byrepa:
_ —k;d
I(d)=1,-€ : (4.17)
ne 1(d) — iHTEeHCHBHICTB CBITIIA, IO MPOWILIO MIap aTMocdepu ToBumHOW d; |, —

IHTEHCHBHICTh CBITJIa Ha BUXOJI JKEpela, Bm/ M2 , K, — TOKa3HWK TOTIIMHEHHS,

1/m.

OckUIbKH XapakTep Ta30BOi CKIAJ0BOi aTMOC(EpHU MIHJIMBHUI 1 HECTAOLIbHIM,
TOYHI JIOCTOBIPHI JaHI NP0 TIOKA3HWK TOTJIMHEHHS BUIPOMIHIOBAHHS MOXHA
OTpUMATH JIUIIE EKCTIEPUMEHTAIBHUM IUISIXOM. TEOPEeTUYHO MOKA3HUK MOTIMHEHHS

pO3paxoByeThCs 3a BUpazom [118]:
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4.7-K
k, = L (4.18)
ne k— 06e3po3mipHuil MOKa3HUK MOTJMHEHHS; A — JOBXKHHA CBIiTJI0BOT XxBuUii. B (4.18)
k, = 2'—7r-2-k , 2—7[ — XBWJIBOBE YHCIIO.
A A

3rimro [114 c¢. 25, 115 c¢.55], koedilieHT TMOMIMHEHHS OOCPHEHO
NPONOPLIIHUI 10 YEeTBEpTOro CTENEHs IOBKUHM XBWII K El/ A4,V [115 c.56]

HaBEJICHI YMCEIbHI 3HAYCHHS IMOKA3HMKIB TIOTJIMHEHHS 1 PO3CIIOBaHHS IS JI0 BXKUHH

xBui 480 xwm. Po3paxyBatu 111 TOKa3HUKK MOKHA 32 CITIBBITHOIIICHHSIM
4
A
Kiz =Kz -—7 (4.19)
Ay
Bignosiguo no (4.19) oTpumaeMo NOKa3sHUKHM NMONIMHEHHA K, ~5.6-1072 i

poscitoBanus k;, =8.4 1073, 1/m, mist noBxkuHK XBHI 660 HM.

3a dopmynoro (4.17) mobynoBaHo rpadik 3aJeXHOCTI IHTEHCUBHOCTI CBITJIA
na3epa B ckiazai 1ISD400 3 BpaxyBaHHsM Horo nociadieHHs B atMocdepi Bij BiacTaH1

MDX MEepeIaTduKoM 1 mpuitmauem, puc.4.8.

A Jd), Brn/_u:

1

- : + +

+ + + + + 4 »
50 60 70 80 90 100 110 1204 ,

3

Lo+
(=)
e
(=)

0 10 20

Puc.4.8 — I'padik 3amexHOCTI IHTEHCUBHOCTI CBITJIA Jla3epa 3 BpaxyBaHHSIM

1oro nocnabyieHHs B atMocdepi Bij BIACTaH1 MIXK NEPEIaTINKOM 1 TpUTMadeM.

Crnocrepira€TbCsi 3HUKEHHSI THTEHCUBHOCTI CBITJIOBOTO MOTOKY 1 Ha BIJCTaH1

MDK MepeaaTdukom 1 mpuitMadeM 120 M iHTEHCUBHICTD ckianae 18.7% Bia BUXiAHOI.
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4.1.5 daxkTopH, 0 NIABMILYIOTH KOedilicHT 0iTOBHX MOMUJIIOK

JI71s1 IpOCTOTH CIPUHHSATTS 3BEIEMO OTPUMaHi JIaHi B TaOnuiIrko 4.3.

Ta6nuus (4.3)
®daxkropu, o 3ankyoTs BCIL, 1 napamMeTpu crucTeMu ONTUYHOI Iepeaadi

JaHUX, HA SIK1 BOHY BIUTMBAIOTh

YyTauBuid 10 30yprOH0Y0ro
Ne | dakTopu, mo 3unKywTs BCII
BILTUBY NapamMeTp
1 | He 6e3kiHneuHO By3bKa aiarpama MOTYXHICTb CBITJIOBOTO
CIPSIMOBAHOCTI TepelaTunKa BUIIPOMIHIOBaHHS, Bm
2 | lllymoBi nepemkoan 1. nepenaruuka;
2. mpuiimMaya;
3. KaHaJly; aAUTUBHUHN O IIyM 3
HYJIbOBUM MaT.04Y1KyBaHHSIM 1
JIMCTIEPCi€TO, IO P1BHA HOTO
MOTYHOCT1, Bm
3 | lonizyroua pamiaris 1. noporoBuii cTpym, 4;
2. IOTYXXHICTb CBITJIOBOTO
BUIIPOMIHIOBaHHS, Bm
4 | TlpupoaHa nerpanaaiiisi eMicii Jiazepa | TOPOroBHiA CTpyM, A
5 | IlocnabneHHs a3epHOTO IHTEHCUBHICTh CBITJIOBOTO MOTOKY,
BUIPOMIHIOBaHHS B aTMocdepi Bm / 2

Vi Buie3azHadeni (pakTopu Npu3BOJATh A0 TOTO, 0 B yMOBaX MaKCHUMaJIbHO
JOMYCTUMOTO CBITJIOBOTO IIyMy Mpy 30UIBIIEHHI BIJICTaHI MDXK NEpPEIaTYUKOM 1
npuiiMadyeM, KOJIU MICT KpaHy MepecyHyTO Ha NalbHIO JUCTAHIIIIO BiJl CTIHH, Ha KN
BCTAHOBJICHO TepenaBay, crnocrepiraetbest 3HauHe 3HMxkeHHs BCII. Tomy AOK3

npaitoe 13 KBII, Oau3pkpiM 10 CBOro MakKCHMMAaJIbHOIO 3HAYCHHS, 1 3pOCTa€
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IMOBIPHICTh HEJIOCTOBIPHOI Iepenadl KoOMaHj 3 MIyJibTa YNpaBIiHHSA Ha KOHTpPOJEp
KEpyBaHHA €JIEKTpoIpuBoaMu. B ymoBax poOOTH 13 MOTEHIIMHO HEOE3NeUHUMU

BaHTaxamu (610ku PAB) nomuiika Moske MpU3BECTH 10 aBapiHOT CUTYyaIlii.

4.2 CtpykTypa i Moaeab aTMoC(epHOro ONTHYHOIO KaHaay 3B’si3Ky. JlaHi
AOCJTI’KEHHsI CHHTE30BaHOI IMITALIIMHOI MoJeJi i IX MOpPiBHAHHA i3 BioMUMH
pe3yJibTaTaMu

[ToGynoBany cTpyktypHy cxemy AOK3 13 aMIUTITY THOIO MOJYJISILIIEI0 CUTHATY

BIITBOpPEHO Ha puc.4.9.

Anpecant | DoTtonpHiiMay
- _l* - T T T T/ /1
' __________ 1
Monyaarop Atmocdepa Herextop Hopir

| Ajpecat

BumnpominoBayu

|

|

| Briok

: TIPHHHATTSA

IL pillleHHA |

R B e

|
|
|
|
|
|
Ginprp = Komnaparop :
|
|
|
|
|
|

Kampxynarop
IHOMHIIOK

Puc.4.9 — Crpykrypa atMoc(hepHOro ONTUYHOTO KaHay 3B'S3KY

B npuctposix ISD400 3actocoByeThes nmpomucioBuii npotokon Profinet. Ha

puc.4.10 300paxeHo CTpyKTypy Tejaerpamu cranaapty Profinet.

Crpykrypna oaunnud |[1|Cunxp| AIl | [k [VLAN [E-1| [1 |[ndopmaris| Ct | BI1
Kinekicte Gaiir| 7| 1 6 | 6 4 2 12| nol440 |4 | 4

Puc.4.10 — Ctpyktypa Tenerpamu cranaapty Profinet [119-124]

[Tosnauenns nHa puc.4.10 nactynHi: 11 — npeamOyna; CuHXp — CHHXpOHI3AIIIS;

AIl — anpeca npusnauenns; [ — mxepeno; VLAN — Virtual Local Area Network,
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BipTyajbHa JOKadbHa Mepexa; E-t — Ether tum; In — xamp iaeHTudikarmii;
[Hpopmaris — kopucHa iHpopmariis, mo nepegaerbes; Ct — craryc; BII — BusBieHHs
HOMMJIKH.

[lepenaua iHdopmarnii BigOyBaeTbcsa O NpoToKoIy peanbHoro yacy RT (Real-
Time), To6TO Mepenaya iHbopmailii BiAOyBaeThCs MUKIAMU BeInurMHOIO Bi 1 10 10

mc. CxemaTU4yHO UK niepeaadi iHdopMmariii mpeactasiaeHo Ha puc.4.11.

TelerpamMa TelerpaMa

-
L

yac, ¢

tl [

T

Puc.4.11 — Cxema nepenayi Teserpam o npoMuciioBoMy cranaapTy Profinet.

Ha puc.4.11 t; — tpuBanicTh Tenerpamu, koauBaeTbes Bix 19.45 mke npu 40

OaiiTax KOpHCHOI iH(opMallii, mo mepegaerbes (MiHIMyM), 10 377.9 mxc npu 1440
OaifTax (Makcumym), 3a yMoBH 32 nc Ha 1 6im (Tabn.4.1) 13 BpaxyBaHHAM CTPYKTYypH
tenerpamu Profinet; 7 — tpuBamicts mukiy, s RT — Big 1 mo 10 mc.

Ha ocHoBi ctpykrypu (puc.4.9) noOynosano moxaens AOK3 B cepemoBuiii
MATLAB/Simulink (puc.4.12).
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»{ [A]
LT e P Goto
Random > x T T FOATon)
Integer > AWGN >
eg —> > X > 7|C —p —»( [B]
AnpecanT MaaynaTop .
oo DoTonpHinay DeTexrop Goto1
DHY
rn]l.uj »| 0.164
Nazep Awnnityaa
A o) » '
= g i
From NiHIA 2aTpIe
0.2569
= o Tx Error Rate = )
o £00
% > s B® RxCelculatlon
| 1e+04|
From1
Komnapatop epeTE oploEay KanekynaTtop KB
THY SMIHHOT ). KineKicTs nomunkosie &ir

004 3aransHa KinbKcTs 6iT

nne

Puc.4.12 — Moaens AOK3 B cepenosurini MATLAB/Simulink (BCIII=0.2 nb).

Ha puc.4.12:

AJlpecaHT — JKEPEIIo MCEeBA0 BUMAIKOBUX IMIYJbCIB, puc.4.13, a;

Jlazep — mKepeno CHHYCOIHOTO CUTHATY, SIK€ IMITYE XBUJIBOBY MPHPOIY
Ja3epPHOr0 BUMIPOMIHIOBAHHS, MICTUTh ITapaMeTp JTOBXHUHY XBHIII (660 1m) ;

AMIUTITY1a — aMIUTITyJla XBHWJII Jla3epy, YMCEIbHO JIOPIBHIOE KBaJPAaTHOMY
KOPEHIO BiJ] MOTYHOCTI;

Mopaynsatop — OJJOK MHOXKEHHS, peasli30oBy€ aMIUTITYIHY MOJIYJIALII0, BUXIJ —
puc.4.13, 6;

AtMmochepa — 10/1a€e HOPMAIBHO PO3MOAUICHHM IIyM, SKUH 3a1a€ThCs
napamerpom BCIII, puc.4.13, B;

dotomnpuitMad  — OJOK MHOXKEHHS, SKAW TIEPEMHOXKYE 3MOAYIHOBAHUMN
3allyMJIEHUM CUTHAJ Ha CHUHYCOIAy TI€i ) YacTOTH OJUHUYHOI aMIUNITYyIH, Taka

MOJIENb T03BOJISIE 30€perTH MOTYKHICTh IEPEeIaHoro curHany, puc.4.13, r;
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JletexkTop — OJOK HACHMYEHHS, HAJIAIITOBAHWUW MPOMYCKaTH JIMILIE TOAATHIM
CUTHAaJ, B peaJiIbHOMY 00’ €KT1 — 11€ J110/T;

®HY — Gu1bTp HIKHIX YacTOT, BUXig — puc.4.13, 1;

[IITP — nopor NpuHHATTA PILIEHHS — BEJIWYMHA, 3 AKOIO MOPIBHIOETHCA BUXI1A
GIIBTPY TS TOJANBIIOTO (hOPMYBaAHHS TTOCI1I0BHOCTI OiT;

Komnaparop — nopiaioe Buxig ®HY 13 IIIIP 1 dopmye BuxiaHuii curxan
npuiimaya, puc.4.13, e.

[leperBopioBad THITy 3MIHHOI — CYTO €IEMEHT MOJENi Ui KOHBEPTYBAHHS
TUIy 3MiHHOI boolean B double;

Kanbkynarop KbII — miapaxoBye KBII, KiabKiCTh TOMUIKOBHUX OIT 1 3arajibHy
KUIBKICTh OTPUMAaHUX OIT;

JIiHis 3aTPUMKH — KOMIIGHCYE 3aTpuMKy curHainy Ha ®HY mis agexkBaTHOL

pobotu kanpkymsitopa KBII.

Buxia npuiinava

i

3184 3186 3188 319 3192 3194 3136 3138 32t.¢c

4
Time offset: 0 x10
Puc.4.13 — Curnamu, orpumani BHaciinok moaentoBanas AOK3 B cepenoBuii

MATLAB/Simulink.
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B pesynbrari nocmimkenas Moaeni Ha puc. 4.12 mooymoano 3anexHicTh KBIT

Big BCIL, puc.4.14.

A Kbl
0.1 :

0.01

1x10~°

1x10"" - - = : = : >
0 . ; 3 4 3 6 8 ® BCILL, 0b

Puc.4.14 — 3anexnicts KBII Big BCI gys moaeni va puc.4.12.

st moO6ynoBu kpuBoi Ha puc.4.14 npoBoauiIack cepisi MOJICIIIOBaHb 13 KPOKOM
0.1 o5 nns BCI Bixg 0 go 2.5, 1 05 — mns BCII Bin 3 no 10 0b. Xapakrtep KpuBOi

CXO0KHH 13 KpUBOIO Ha puc.4.2, 10 CBIIUUTH NPO JOCTOBIPHICTh CTBOPEHOT MOIEIII.

4.3 HenoJiiku aemMoayJisiTOpa HA OCHOBI KoMIapaTopa B aTMOcC()epHOMY
ONTHYHOMY KaHadi 3B’aA3Ky. IloctaHoBka 3aga4vi Ha cHHTe3 AeMOAYJATOpa 3
AOCJIIPKeHMMH XapPaKTEePUCTHKAMM BillIOBIZHO 10 O0OpaHUX KpHUTEPiiB SIKOCTI
nepenayi ingopmauii

Ockinibkn AOK3 BHKOPHCTOBYETHCS B yMOBax pajiamii Ajs CKJIaJyBaHHS
noTeHIiiHo Hebe3neuHnx BaHTaxXiB (PAB), minBuIlleHHS TOCTOBIPHOCTI KOXKHOT
JAaHKU CHUCTEMM YHOPABIIHHSA € aKTyalbHONO 3ajgadero. Tak sk Buiie OyJo

nepepaxoBaHo (aktopu, mo 3HWKY0Th BCII cuctemu, To, 3 X BpaxyBaHHSM,
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oueBuHO 1m0 AOK3 npamroBarume Ha HU3bkuX BCILL. Tomy HOLUIBHUM € 3HM)KCHHS
KbBIT na au3pkux BCILLL

Tak sk B cHCTeMI 3aCTOCOBYETHCS AaMIUIITYJHA MOAYJALIs, TOOTO mpu
TPaAHCJIFOBAaHHI JIOT1YHOI OJMHMIII JIa3ep BUIPOMIHIOE MAKCUMAIbHY MOTYXHICThb, Ha
AKy BIH 3/1aT€H, a MpHU IMepeaadl JOTIYHOTO HyJsl — TIOBHICTIO BHMKHEHH,
NiJBULIEHHSI TMOTYKHOCTI Jlazepa MPOTPaMHUM CHOCOOOM HeMoxuinBe. ToOTo
BIOCKOHAJICHHS TepeaBaua BOa4aeThCs HEMOKITUBUM,

[Tocnabnenns curnany B AOK3 BinOyBaeTbcsl sk B IepenaBadi, Tak 1 B
atMoc(epi 1 B mpuitmaui. Ha ¢oHi mocnabneHHs MOTY>KHOCTI CUTHANy HPHUCYTHIN
aguTuBHUN Outnil mym. Ha puc.4.15 300pakeHo KpUBi MIUIBHOCTEH HMOBIpHOCTEH
IIyMy JIOTIYHUX OJMHMIN 1 HYJS MPHU PI3HUX 3HAYEHHSX MOTY>KHOCTI LIyMy, TOOTO

npu pizaux BCII.

Puc.4.15 — IlepetuH KpyBHUX MILIBHOCTEH WMOBIPHOCTEH IITYMiB JIJIs TOTTYHHX

1 10 npu: a — Bemukomy 3HaueHH1 BCIII; 6 — manomy 3nadenni BCIL.

Ha puc.4.15 300paxeH! MUIBHOCTI MMOBIPHOCTEH LIyMy MpHU “BETUKOMY
BCIII (a), konu MOTYXHICTh CHUTHAJTY 3HAYHO IMEPEBUIINYE MOTYXKHICTh IIyMy, 1
“manomy” (0), KOJIM MOTYXHICTb CUTHQJIy MOPIBHAHHA 3 MOTYXKHICTIO IIyMY,
BinHomenHi BCHI st curHamiB, 10 BIAMOBINAIOTH JOTIYHUM OJHMHMII 1 HYIIIO.
CyluiuipHOIO JIIHIEIO 300paXeHO MIUIbHICTh WMOBIPHOCTI IIyMy TpW CHTHAJI, IO

BIJIMIOBIJIa€ JioriyHOMY 0, a nmepepuBYaCTOO — JIOTTYHIN OJJUHUIII.
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[Ipu Benukomy 3nauenni BCIL, (nuB. puc.4.15, a) KBII Hu3bkuii 1 npsimye 10
HYJIS, 9epe3 Te, M0 IJIoma o0nacTi, sika YTBOPEHa MepEeTUHOM KPHUBHUX LIUIBHOCTEH
UMOBIPHOCTEM IIyMy TpH JIOTIYHUX HYJIHOBOMY 1 OJJMHUYHOMY CHUTHAiIaxX Mi3epHO
mana. Tomy BusiBneHHst joriyHux 0 1 1 3rigHO mMpaBUily TPbOX CITM HE BUKIIHUKAE
TPYAHOIIIIB.

[Ipu manomy 3nauenni BCI, (auB. puc.4.15, 6) KBII npsmye mo 1 tum
CTpiMKiIIe, YuM OuIbIIe 1oma (Girypu, CTBOPEHOT MEPETUHOM KPUBHUX NIUIBHOCTEH
nMoBipHocTell. Posristnemo o6macti Y 1 X Ha puc.4.15, 6: curHai JoriyHOi OJAMHUIII
MOX€E MaTH BIJI'EMHHI IIyM, KU HAJISKUTh 00sacTi Y, Tak SK 1 CUTHAJI JIOTIYHOTO
HYJIsI MOK€ MaTh JOJaTHIM LIyMm, 10 mnoTparmise B obnacte X. Bukxopucranus
KOMITIapaTopa i3 MOpOroM MPUHHSTTA PIICHHS, PIBHUM CEPEAHBOMY apU(PMETHUHOMY
MDK MaTeMaTHYHUMM OYIKyBaHHSMH CUTHaIIB JoriyHux 0 1 1 Tarae 3a co6oro
HeMHHYY1 1MoxuOku. CurHan B oonacti Y (pakTUIHO BiAMOBIIAE JIOTIYHIN OJUHUII, a
KOMIIapaTOPOM TOMMJIKOBO CIPUMMAETHCS SIK JIOTIYHHHA HYJb, 1 HaBMAaKd HYJIbLOBUU
CUTHAJI B 00y1acTi X Ha BUXO/I1 KOMITApaTOpa MOMUIIKOBO 3aIOJII€ JIOTIUHY OJIMHHUIIIO.

Jns vesminnoro piBHs BCII 3MiHa nmopory NpUMHATTS PILIEHHS CIPUSTHME
3MiHI ~BHUXIJIHOTO curHamy, 1, BigmoBimuo, 3Mmidi KBbII. Ha puc.4.16
IPOJIEMOHCTPOBAHO, IO 3HWKCHHS TOPOTY TPUUHATTS PIIICHHS TPHU3BEIO 0
CIIOTBOpEHHsI nepenanoro curnany i masumienas KBII B 3.5 pasu.

Kommnapartop € nporpaMHUM NPOAYKTOM 1 JjIsi oNTUMaNIbHOI 110 MiHiMyMmy KBIIT
po0OOTH AEMOAYNSATOpa HEOOX1THO BU3HAYATH MOPIT MPUNHATTS PIIICHHS 3aJ€KHO
BiJl Jlara3oHy aMIUTITY]l BUXITHOTO cUTHaIy 3 (uibTpy. BOadaeTbcs po3yMHHM
3aaBaTH TMOPIT MPUUHSATTA PIMICHHS CepeIHIM 3HAUYEHHSM MDK MaKCHUMAaJbHOIO 1
MIHIMAQJIBHOIO aMIUTITYJaMu cUrHainy 3 GuibTpy. JocaipkeHHs: po3po0iieHoi Mojeni

MIpU TaKOMY M1AXO0/1 BKa3yIOTh Ha OTO JOCTOBIPHICTb.
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MNepeaaeay MNepepasay

sl S O P ... deee i R dgeen Ll ;. o )
318 3182 3194 3196 3188 32 319 3192 3194 3196 3198 32

-4 -4
x10 ¢ ¢ x10 f,C
a 0

Puc.4.16 — JlemoHcCTpaIlisi BIUIUBY Pi3HUX BEIUYHMH Yy TIMBOCTI pHUiiMada Ha
BUX1THUN curHai npuitmaya npu BigHomeHH1 BCI B 0.01 05: a — nopor npuitHATTS
pimenHs = 0.03 B, KbI1=0.0396; 6 — nopor npuitaatTs pimenss = 0.01 B,
KbI1=0.1386.

3cyB MK BUXIIHUMH CUTHajJaM{ IepefaBada 1 IpuiiMada MpOJAUKTOBAHUMN
CTaJIO Yacy ¢QuIbTpa 1 B po3pobieHiil moxaeni ckiaB 32 He, TOOTO MOPIBHAHHUN 110
JOBKHUHHU IMITYJIbCY OJTHOTO OITY.

Otxe, Henomikamu AM nemoysiTopa Ha OCHOBI KOMIIapaTopa €:

1) HamamTyBaHHS MOPOTY MNPUUHSITTA pIIIEHHS KOMIapaTropa Ha CEpeliHE
apumMeTnyHe MaTEeMaTHYHOTO OYiIKyBaHHS CUTHaIiB JoriyHux 0 1 1 HeoOximHO
IPOBOJIUTH JJIsl KOSKHOTO oKpemoro 3HadeHHs: BCILI;

2) NPUHIMIIOBA HECIPOMOXHICTh KOMIIapaTopa JIOCTOBIPHO pO3Mi3HABATH
curHai npu Hu3bkux 3HaueHHsAxX BCILL.

I'imore3a. IIponoHyeThcsl 3acTocyBaT WITYy4YHY HellpoHHy mepexy (ILIHM) B
OJI01Il MPUHHATTSA pilieHHs aemoxayistopa (puc.4.9). Takuii miaxia mpoarMKTOBaHHU
moxuiuBicTio [ITHM omnepyBaTu He JiMille MUTTEBUMHU 3HAUYEHHSIMU CUTHANIIB (SK L€
pOOUTH KOMIapaTop), a BEKTOpaMH, CIEMEHTH SKHX CKIAaloThCs 13 JTUCKPETHOIO

CUTHAJy 1 MOro 3aTpMMOK B 4Yaci Ha MEBHY KUIbKICTh KpokiB. OOpoOka Takoro
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MaKyHKY JI03BOJIMTH OILIIHIOBATH BiAMUILTPOBAHMI BXITHUN CUTHAJ B KOHTEKCTI Yacy
1 BIpHO pO3Mi3HaBaTy 1HPOpMaLIi0 NpHu HU3bKKUX 3HaueHHAx BCII.
3amaya noJArae B ToMy, 0O CUHTE3yBaTH HEHPOMEPEKEeBUM OJIOK MPUNHATTS

pILIEHHST 1eMOAyJsATOpa, AKMi Matume Huk4l nokasHuku KBIT npu muspkux BCII

(0 + 3 05).

4.4 Anani3 iICHylOUMX pillleHb 32CTOCYBAHHS IITYYHHUX HEPOHHMX MeEpeK
B IKOCTi 1IeMOAY JISATOPiB

B pob6orax [125, 126] po3pobieHO HEHpoMepeKeBi AEMOMYISITOPH, 3[aTHI
OTNepyBaTH 13 aMIUTITYJHOIO, (pa30BOI0 1 YACTOTHOI BHAaAMU MOSyJsAMii. OOumaBa
JIEMOJIyJIATOpa B IUX poOOTax He MOTPeOYIOTh MOJOCOBUX (PUIBTPIB HIKHIX YACTOT.
OcoOMUBICTIO HEUPOMEPEHKEBOTO MIAXOMY € (akT MOMKIMUBOCTI HABYAHHSA, TOMY
3a0€3MeUnBIIN SIKICHY HaBUalibHy BHUOIPKY BXIJHUX 1 I[UIBOBUX BEKTOPIB MOXHA
HaBuuTy [ITHM BuKOHYBaTH IEMOAYJIAIIIO PI3HUX THUITIB TS KOKHOTO KOHKPETHOTO
Bunmaaky. lle mosicHroeThcs Takow BaxmBow skicTio [ITHM, sk ampokcumariis
HEBIIOMUX (YHKIIT 10 OKPEMHX TOUYKAaX.

B nmochaimkennax [126, 127] aBropu po3poOMiIM HEUPOAESMOAYJISATOPH, IO
noTpeOyIOTh BXiHI (QIILTPH, a HABUYAHHS MPOBOJIUIIOCS HA HE3allyMJICHUX JaHuX. B
[126] mnst peamizariii 6GiHapHOT YaCTOTHOT AEMOMYJIALIT JOCTIKYBAIUCS PEKypPEeHTa
mepexxa Enmana 1 IIIHM i3 wacoBoro 3arpumkoro (Time delay neural network —
TDNN). 3rigHo BHUCHOBKIB aBTOpiB Mepexa Enmana motpeOye Oinbliie HEWPOHIB Y
NPUXOBAHOMY Iapi, HK (PAKTUYHO MOTPEOYETHCSA IS BUPILMICHHS IOCTaBJIEHOI
3a7a4l 1HIIOI0 MEpPEKero, TaKOXk 3aCTOCYBaHHA Mepexi EnmaHa B 3acTOCYBaHHSX B
peanbHOMY 4aci. B mpuiimadi JOpeYHO 3aCTOCOBYBATH JIEMOJIYJISITOP 13 BHUCOKOIO
IIBUJIKOAIEI0, SKUH 10 TOTO X MOXE 30epiratv JOCTaTHIO KUIBKICTh MOMEPEIHIX
BUOIPOK KOXKHOTO cuMBOy. [Ipoctum pimenHsm € 3actocyBanHs [IIHM i3 yacoBoro
3aTPUMKOIO JUIsl aeMonayisii curHamy. B [127] mis neMomynisiii 3acTOCOBYETHCS
iiMoBipHicHa Heiiponna mepexa (MHM, Probabilistic neural network — PNN) i3
pamianbHO-0a3ucHO dyHKIiew (Ph®) akTuBalii npuxoBanux HepoHiB. Takuii Tum

MEpeXi Mae TepeBarn B TMOPIBHSHHI 3 IHIIMMUA THUIIAMH HEHPOMEPEKEBUX
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JEMOTYJISTOPIB, TakKl sIK IBHJIKE HaBYAHHS 1 MOXKJIMBICTh IIBHJKOT OOPOOKU JTaHHUX,
OCKUJIBKH B HOTO CTPYKTYpP1 HEMaE I1apy 3BOPOTHOTO 3B's13Ky. [IpoBeeHO cumMysiiito
aMIUTITy1HOi, (a3oBoi 1 YacToTHOI MomyJsmii cur”Hany. OTpUMaHO CcXemy
YHIBEPCAIBLHOTO JACMOYJIATOPA, SIKHA MOXHA HABYUTH JJIS PI3HUX CXEM MOIYJISAINI.
OcoOMuBICTIO € BIACYTHICTh IIIapy 3BOPOTHOTO 3B’SI3Ky, Xodya sl poOOTH 13
MOCJIIIOBHOCTSIMU B 4acl 3a3BUYail 3aCTOCOBYIOTh PEKYPEHTHI HEHPOHHI MEPEKI.

B crarri [128] Takox pospobieHo aemomyistop ¢Ga3oBoi i KBaapaTypHOI
MoAayJsli Ha ocHOB1 pekypeHTHoi [IIHM Jlosra kopoTkoyacHa nam'site (Long short-
term memory — LSTM). IlponemoHCTpOoBaHI Taki 3aCBOEHI HEHPOMEPEKEIO
BJIACTUBOCTI, K aBTOMAaTU4YHA KJacudikaliis MOAYJALIl Ta 37aTHICTh aJanTyBaTUCS
710 BXITHHUX MOCI1OBHOCTEH P13HOI JOBKUHHU.

B po6orax [129, 130] 3actocoBytorbcsi PB® mepexi mpsMoro momiupeHHs,
OJIHAK OcOoONuBICTIO € Te, mo B [129] 3ampomoHOBaHO ajIrOPUTM aJANTHBHOTO
HABYaHHS 1 3aCTOCOBY€ETHCS XaO0THUHA MoayJisisi, a B [130] mponoHyeThbcs HaBYaTH
MTHM MeToa0M reHEeTHYHHX aIrOPHTMIB, MPOTE AEMOAYJALis — (ha3oBa, 4aCTOTHA i
amrutiTyaHa. O0uBa AOCIHIIKEHHS TTPOBEACHI HA 3allyMJICHUX JTaHUX 1 po3po0ieHi
HEHpPOMEpEekKEBI IEMOAYIISATOPU HE TOTPEOYIOTh MOIOCOBUX (LIBTPIB.

B nocnimxennsx [131-133] B iKOCT1 MOy ISITOPIB 3aCTOCOBYBAIIUCA MEPEXI
npsmoro momupenns  (Feedforward neural network — FFNN). B [131]
3acTocoByBajiacs OinmoispHa (azosa, B [132] — Oe3mepepsHa ¢azosa (Continuous
phase modulation — CPM), a B [133] — kBamparyprHa monay:smis. Hefipomepexesi
aemonynsropu [131, 132] HaBueHi Ha 3alIyMJICHHX JaHUX 1 HE IMOTPEOYIOTh
nosiocoBux ¢inetpiB, B [133] ctBOopeno ¢inbTp Ha ochHoBi IIIHM. 3acrocyBanHs
[IIHM no3BoJisie MABUIIUTH SKICTh 3B’ A3KY MPU OCHOBHIN MpoOiIeMi — BIUTUBI IIyMY
Ha curHai. BukopucTtaHHs HEMHIMHUX (QYHKIIN akTUBALil A PO3AUICHHS KIIACIB
MIJBUILYE TOUYHICTh KiIacu(ikailii, 0cOOJMBO MPU 3alTyMIIEHHX CHUTHAJIaX, TOMY CIIIJT
3aCTOCOBYBATH HEJIHINHI MeTOIU Ki1acuQikallii TaHuX.

B po6otax [134-136] 3acTocoBytoTbes ckiamadimnt 3roptkosi [IIHM, rmubOunHi
mepexi mepekonanb (Deep belief network — DBN), anropuTMu HaBYaHHS THITY

AdaBoost, mo mnop’s3aHo i3 3acrocyBaHHsIM TexHojorii MIMO (Multiple Input
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Multiple Output; MHOXUHHI BXOAM, MHOXHHHI BHXOAM) — METOJl MPOCTOPOBOTO
KOJIyBaHHS CHUTHAaJy, IO J03BOJISIE 30UTBIIATH CMYTY TPONMYyCKaHHS KaHaity. B
HAIIOMY JIOCHIIKEHH1 HACTUIBKU TJIMOOKE 3aHYpEHHS B HEMPOMEPEKEB1 TEXHOJOTIi
HEJOPEYHO, OCKIJIbKHA B HAIIOMY BHUIIQJKy KaHAJTOM ONTHYHOTO 3B 53Ky MEPEIAEThCS
CUTHAJI 13 3aCTOCYBAHHSIM HANUIIPOCTIIIOT aMIUTITYTHOT MOTYJISIII1.

AHani3 ICHYI0YMX pIlIEHb 3aCTOCYBAHHS ITYYHUX HEMPOHHUX MEPEK B SKOCTI
JIEMOAYJISATOPIB Ja€e 3po3yMitd, 1o 3actocyBanHs [IIHM B skocti memomynstopa
nopeuHe 1 npu Hu3bkux piBHsIX BCIHI Moxe mokasyBaTv Kpailll pe3yJIbTaTH HIXK
JIEMOAYJISATOPH HA OCHOBI KommapaTtopa. O4eBUIHO, IO JOMATKOBHM MpPOTpaMHUI
€IEeMEHT B CKJIaal JeMOAyJIsATOpa TMOTpeOdyBaTUMe OUIBIIOI OOUYMCIIOBAIBHOI
nmoTy>kHocTl. 3po3ymino, mo [IIHM 3matHi meMomysroBaTH CUTHAIW PI3HUX THITIB
MOMYJIALIT, YOMY CIpPHUSIE€ IX 3IaTHICTh 10 HABYaHHSI.

PestoMmyroun BuIe3a3HayeH1 JITEpATYpHI JLKEpesaa 3 TOUKU 30pY MPAKTHUHUX
peKOMEHMalid A7 TPOEKTYBAaHHS HEHPOMEPEKEBOTO JEMOAYISITOpa, MOXKHA
3pOOUTH TaKl BUCHOBKH:

1) mocmiiyKeHHs MPOBOAWIUCH HA peKypeHTHHX Mepexax (Enmana), mepexax
npsiMoro moimvpeHHs (B Tomy uucii Pb® mepexi) 13 JiHISIMU 3aTpUMKH BXOIY,
TOOTO 1711 0OpPOOKM CUTHAIIIB JOIILHO 3aCTOCOBYBATH JIUHAMIYHI MEPEXKI;

2) BUKOPHUCTaHHS HETIHIMHUX (DYHKIIHA aKTUBAIli MiABUILYE TOYHICThH
kiacudikaili, ocobJUBO MPH 3allyMJICHUX CHUTHajgax (He CJiJi BUKOPUCTOBYBATHU

MEPCENTPOHH 1 aaTiHU AT JaHOT 3aa41l).

4.5 ®opMyBaHHs HABYAJIbHOI BHOIpKH I BHMOIp apXiTeKTypW IITYYHOI
HeHPOHHOI Mepexi

Jns yenimuaoro 3actocyBanHs [IIHM HeoOxiaHO 310paTu 1 00poOUTH BUOIPKY
Uit 1i TpEeHyBaHHSI — BX1JIHI CUTHaJIW 1 OakaHl BUXOAMW. B 3ajeXHOCTI BiJl BUAY
BX17THOT BUOIPKH 1 MOKJIAJEHOI 3a71a4l OOMPAETHCS apXITEKTypa MTYYHOT HEHPOHHOT
Mepexi. B momanpmioMy OCHIIKEHHI B SKOCTI TPEHYBAJIbHOI BUOIPKUA BXI1JTHUM
IIHM curnanom Oyzae BekTop, SKUW ckianaetbess 13 Buxoxy DOHY 1 iioro

3aTpUMaHUX Ha N KPOKiB 3HaueHb. B maHiil poOOTI MpOBOAWIOCS AOCHIIKEHHI 13
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niHisMu 3aTpuMok (JI3) B kimbkocTi Big 1 10 10, TOOTO BX1THUN BEKTOP, BIATOBIIHO,
MaB po3MipHICcTh Big 2 g0 11. Buxigaum (Gaxxanum, abo LiILOBUM) — BUXiJ OJIOKY
Anpecant (puc.4.12). HapuanbHa BuOIpKa ckiaganacid 13 KpPUBHX, 3HATHUX JUJIS
saauens BCII: 0, 0.3, 0.6, 09, 1.2, 2.5,5,7, 8,9, 10 0b. 119 KOKHOTO 3HAYCHHS
BCII mpeacrasneno mo joriunomy 0 1 joriyniét 1. Yei mami mepenideHi Mepexi
HaBUYAJIUCS 1 TECTYBAJIUCSA Ha BXIIHUX JaHuX 13 JI3, ToMy naii 11e MaeThCcsl Ha yBa3i,

aJie He OOMOBIISIETHCA.

4.5.1 YcyHenns «edekTy HyJIs1» B HaB4YaJIbHill BUOIpLi

B [137, c. 57] onucanuii «edekT HyJs»: 32 HASBHOCTI y BXiAHIA BHUOIpII
JaHUX, IO MICTATh HyJi, HEMOXIWBO HaBUMTHU Hedpomepexy. [lin dac momryky
BaroBUX KOE(QIIIEHTIB MporpaMa HAaBYAHHS IOMHOXY€ HaBYAIbHUN MPUKIAL Ha
BUIIQJIKOBHI BaroBUi KOE(PIIIEHT, a Y BUIMAJKY 13 HYJHOBOI BX1JIHOIO BEIMYUHOIO,
BOHA HE MOX€E MiAi0paTH NpaBUJIbHUM BaroBuil koeiumieHT. [{ns ycyHeHHs «eeKTy
HYJIsD) MOKHA 3MICTUTH BCl TOYKM HaBYAJIbHOI BUOIPKHM Ha PiBHI BEJIMYUHHU, TOOTO
BIIOYBA€eThC 3CyB ii rpadiky Mo oci OpJAMHAT HAa MAESKYy NOCTIHHY BEITUYHHY

(puc.4.17).

A Upi, B
0.14
0.12
01
0.08
0.06
004k F--- .1
0.02

ok

(1“‘4,’"1 v

0.01 [Const

h

a
Puc.4.17 — IlpuiioM i yCyHEHHS «ePEKTy HYJIs»: a — €JIEMEHT MOJIEN1 B
MATLAB; 6 — pesynbryrounii curnan 3 Buxoay @HY (1 — girouwmii, 2 — 3miteHuit Ha

BenuuuHy 0.01 B) nns curnany npu BCILI=0.4 nb.
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4.5.2 HopmyBaHHSI HAaBYAJIbHOI BUOIpKH

Jlnst 3abe3neueHHs aeKBaTHOT POOOTH HEHWpoMepekl HeOOXiIHO HOPMYBATH
BX1J{HI CUTHAJIU. 3aJIKHO B1J] XapakTepy Mpouecy, s IKoro 3actocoByerses [ITHM,
BX1JIHI JJaHI HOPMYIOTBCS 10 Jiana3ony [-1;1] 13 BUIydeHHSM JaHHUX 3 HYJISIMHU JJIs
YHUKHEHHSI BUIIIE3a3HAYCHOTO «e(eKkTy HyJsh», abo no mianazony (0;1]. B mamomy
BUIAIKy BUKOHAHO HOPMYBaHHs BXiAHOro curHainy B miama3odi (0;1]. HopmyBanus
peaizoBaHO METOJIOM JAUIEHHS CUTHaIy Ha HOro MakCUMallbHY aMIUIITyly, JTUB
puc.4.18, a. Tak sk B KaHaJl ONTUYHOTO 3B’A3KY MPUCYTHIA HIYM 13 HOPMaJTbHUM
3aKOHOM PO3MOJUICHHS, TO 30UIbIIEHHS TPUBAJIOCTI MOEIIOBAHHS 3aKOHOMIPHO
MPU3BOJIUTH A0 30UTBIIICHHS MAKCUMAJIbHOI aMIUTITYJH CHUTHATY 32 PaXyHOK TOSIBH

MEHIII IMOBIPHUX BHKHIIB BHCOKOi ammuinityau. Ha puc.4.18, 6 300pakeHo

3alTyMJICHUH CUTHAT Ha BUXOMA1 QUIBTPY i3 4aCTOTOIO JMCKpeTu3allii 32 107 ¢ 3
rpadiky BHUIHO, II0 CUTHAJ, B OCHOBHOMY, OOMEXy€eThcsl BeauunHowo 0.15 B, Tomy,
JUTSL CIIPOITICHHST pO3paxyHKiB, B cxeMi puc.4.18, a Bukonyethcs auienns Ha 0.15 B.
Ha pwuc.4.18, 6, kxpuBa 2 mnpencrtaBieHo HopMmoBaHmid B Mmexkax (0;1] curnan B

miana3odi Big 0 go 1 mxkce.

> : ] 7 YRS : : : : :
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Puc.4.18 — HopMmyBaHHS BXiJTHOTO CUTHAITY HEHpPOMEpEeXKi: a — MOACIb OJIOKY
HopmyBaHHs B cepenoBuniii MATLAB; 6: kpuBa 1 — curnan Ha Buxoai ®HY; kpusa 2

— HOpMOBaHM curHai J1o Aianazony (0;1].
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4.5.3 Bubip apxiTekTypu mITY4YHOI HEi{POHHOT Mepe:xi Ta (opMyBaHHS 1JIA
AOCJIIKEeHHSI B MOJeJli aTMOC(EepHOro ONTHYHOI0 KAHAJLY 3B’SI3KYy BillIOBIIHO
J10 BUPilllyBaHOI 3a/1a4i

3amava, sky mokiageHo Ha IIIHM B ckmami gemopymnsropa — I 3ajada
kiacudikaii oopaszis, Tomy 3rigHo [137], 6ysn0 00paHO Taki TUIIH MEPEx:

1) IMpsimoro nmommpenns (Feed-forward backprop), puc.4.19, a;

2) Ipsmoro nommpenns i3 JI3 npuxosanoro mapy (Feed-forward distributed
time delay), puc.4.19, 6;

3) V3aranpHeni HeliponHi Mepexi perpecii (Generalized regression), puc.4.19,

4) 31 3BOpOTHIM 3B’3KOM IpuxoBaHoro mapy (Layer recurrent), puc.4.19, r;

5) Ipsimoro mnomupeHHs 3 JiHiMHOW ¢yHKIiero akTuBamii (Linear layer
(design)), puc.4.19, n;

6) Ilpsimoro mommpeHnHs 3 miHiMHOWO ¢yHKiero aktuBaiii (Linear layer
(train)), puc.4.19, x;

7) Heniniina aBroperpecis ekzorenna (NARX), puc.4.19, e;

8) INepcentpon (Perceptron), puc.4.19, e;

9) Mmogipuicua (Probablistic), puc.4.19, .
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=

1

Puc.4.19 — Bizyanizaiist apXiTeKTypH JTOCTIKEHUX TUIIB ITYYHUX

HEHpOHHUX Mepex 3 ABoma JI3 Ha BXO/Il.

VY Bumaaky pagianbHO 0a3uCHUX Mepex, puc.4.19 B, K, KUTbKICTb HEUPOHIB B

MIPUXOBAHOMY IIapi BIAMOBIIA€ JOBKUHI HABYAIBHOI BUOIPKH.

46 Cuntre3 moaedi aTMoc(epHOro ONTHUYHOIO KaHAJY 3B’S3KYy i3
IITYYHOK HEHPOHHOI0 MepPeKel0 B CKJIA/I 1eMOAYJIATOPA

Jlnst mpoBenenns moaentoBanHs 13 IIHM B ckianl nemonynstopa npuiimaua
HEOOXITHO BHECTH MpaBKH B Mojenb Ha puc.4.12. Bumpasneny monmenr AOK3

BijoOpaxeHo Ha puc.4.20.
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Puc.4.20 — Monens i3 IIHM B ckitazi qemoaynstopa

B Moneni Ha puc.4.20 nicng GiabTpy a0AaHO OJIOK JUCKPETH3allii 13 4aCTOTOIO

TUCKpeTHU3allii 32.10™ ¢, 10670 B 10 pa3iB MEHIIE 32 JOBXKUHY IMITYJBCY OJHOTO
0ita 32 Hc. Jlami 3acTOCOBaHO MPUHOM MJisi YCYHEHHsS «e(eKTy Hyss» (K Ha
puc.4.17) 1 nomano Onox HopmyBaHHsS (sk Ha puc.4.18), mo6 na Bxig [IIHM

HaaxoauB curHai B aiama3oni (0;1]. Jamai BcraHoBIEHO JiHIT 3aTPUMKH 13 3aTPUMKOIO

na 32-107%0 ¢ 3 050Ky TomnepenHboi 00poOKM curHaimm notpamsitote Ha [ITHM,
Micasl SIKOT BCTAHOBJIEHO OJIOK AMCKpeTH3alii 13 4acoM JAMCKpeTH3allii, pIBHUM
TOBXHUH1 01HOTO 01Ta 32 He. OCKUIBKY BUXITHUN HEUPOH MA€ TAaHTCHIIMHY (QYHKIIIO
aKTHUBaIlli, Horo BUXijg xoua 1 mpsimye a0 1 npu soriyniid 1 1 7o 0 — ipu 0, mpoTte He

JI0CATaE IbOTO 3HAYEHHSI 1 KOJUBAETHCS B MEXKaX JAEKUIBKOX BiICOTKIB. KanbkymsTop
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KBII cnopuiimMae Takuii cuUrHaim sIK TOMWIKOBHM, Xoda BIH BIJIPI3HAETHCS BIJl
HETIOMWIKOBOTO Ha aeskuil mporeHT (<10%), tomy micas IIIHM BcTaHOBII€HO

KOMITapaTop JUIsl YCyHEHHS IIbOTO e(eKTy.

4.7 Onuc pe3yjbTaTiB JOCTIIKEHHS CHHTE30BaHOI MojeJi aTMOC(EepPHOro
ONTHYHOI0 KAHAJNY 3B’A3KY 3 Pi3HUMH THIAMM IUTYYHHX HEHPOHHUX MEpPeK B
SIKOCTI IeMOY I TOPA

Byno mpoBeneHo HaBYaHHS KOKHOI 13 BUIIE3a3HAUYEHUX MEPEXKI 1 MOMEepeaHe
tectyBanHs ripu BCI = 0.4 0b. Biacikanucs mepexi, KBII sxux 6ys Bumuii 3a KBIT
JEMOJyJIATOpa Ha OCHOBI KoMmapaTopa. [IpuifHsITHI pe3yapTaTH OKa3aau 1Ba TUIIH
MEpeK: MPsMOTo MOIMpPEeHHs 1 WMoBipHicHa Mepexa. [looynosani kpusi KBII Bin
BCIII cucrem AOK3 13 HEMpOHHUMHU MEpeKaMH B CKJIaJll AEMOIYJISITOpa 300paxkeHi

Ha puc.4.21.

A KbII
0.1 :

0.01=

1x10°°

o Tz 3 4 5 6 7 s 9BOIIgk
Puc.4.21 — KBII Bix BCI i3 BUKOPUCTaHHSIM CUHTE30BaHUX MITYYHUX
HEHPOHHUX MEPEXK B CKIadl nemoaysaropa (1 — iMoBipHiCHA paaianbHO 0a3ucHa

y3aransHiotoua [ITHM (9 JI3, 2 mwapu 583 HelipoHn); 2 —1eMOIyasITOP Ha OCHOBI
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xomnaparopa; 3 — IIIHM npsimoro po3noscropkenns (2 JI3, 2 mapwu, 25 HelipoHiB); 4

— IIIHM npsimoro po3noscrokerHs (2 JI3, 2 mapu, 24 HeiipoHn)).

VMoBipHicHa pamiansHO GasucHa Mepexa Tokasana HaitHmxumii KBIT mpw
BCII Bix 0 mo 0.7 0b, npoTe BeauKa KUIbKICTh HEHPOHIB puxoBaHoro mapy (583)
noTpeOyBaJI0O 3HAYHOT'O Yacy MOJICNIIOBaHHS, Ha MOOYJOBY OJIHIE] KpPUBOI OYyJIO
3atpayeHo 12 roxumu MmammuHoro uacy. (Intel Core i3-2350M CPU, 2.30 I'T,
oneparuBHa nam’sTh 4 ['6). Oxpim toro, npu BCIHI 6inbiie 3 05, s IHHM nokazana
ripmmii KBII 3a nemoaynarop Ha OCHOBI KOMITapaTopa.

Mepexa npsMoro MOUIMpeHHs 13 24 HellpoHaMu NpPHUXOBaHOTo Imapy 1 2
JHIAMU 3aTpUMKHU Bxoay nokasana HaiHmwk4uuii KBII npu BCII Ginemie 3a 0.7 05b.
Ha nwxunx BCII ii kpuBa cniBnagae i3 kpusoto IIHM 13 25 HeiipoHamMu 1 BOHU
HUXKY1 32 KPUBY JEMOJIYJISITOpa HAa OCHOBI KOMITapaTopa.

Ha puc.4.22 306paxeno 3anexHicte KBII Bix BCIII B miamazoni Big 0 mo 2.5
ob.

A KbIl
0.1

0.01

1:"10-30 025 0.5 0.75 1 175 15 1.75 ) 225 e e
25 3 1 123 13 17 ‘ == BCILI, ob

Puc.4.22 — KBII Bix BCII i3 BUKOPUCTaHHSIM CHHTE30BAHUX IITYYHUX

HEHPOHHUX MEPEXK B ckiadi nemoaynsropa (1o 2.5 1b BCII) (1 — pagiansHO
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6a3ucHa y3aranpHioroua [IHIHM (9 JI3, 2 mapu 583 HelipoHn); 2 —1eMoIyJIsITOp Ha
ocHOBI Kommaparopa; 3 — [ITHM mpsmoro po3noscromxerns (2 JI3, 2 mapwu, 25

HekpoHiB); 4 — [IIHM npsimoro posnoBcrompkenns (2 JI3, 2 mapu, 24 HeipoHn)).

Otpumani HayKoB1 pe3yibTaTH, onucadi B Po3aini 4, omy61ikoBaHO y BUTJISII

crarTi B paxoBOMy HaykoBoMYy BuaaHHi [138].

Bucnosku 10 Po3ainy 4

PosrmsinyTo (pyHKIIOHAIBHY CXeMy 1 TEXHIYHI XapaKTEPUCTHKU ITHU(PPOBOTO
aTMOC(HEpPHOro ONTUYHOTO KaHaly »3B’S3Ky B CKJIaJal CHUCTEMH YIPaBIiHHSA
€JIEKTPOMPUBOAAMH MOCTOBOT'O KpaHy CXOBHIIA PATI0OAKTUBHUX BIXO/IiB.

Kputepiem sikocTi mepemadi CUTHaIIB B aTMOC(EpHOMY ONTHYHOMY KaHasl
3B’SI3Ky 00paHO Koe(dilieHT OITOBHX MOMUJIOK. JIOCIHIDKEHO 1 MpoaHalIi30BaHO
(akTopH, K HOTIPIUIYIOTh SIKICTh Mepeadl JaHUX aTMOC(EPHOro ONTUYHOTO KaHATy
KEepyBaHHS €JIEKTPONPHUBOIAMH MOCTOBOTO KpaHy CXOBHIIA Pal0aKTUBHUX BIAXOJIIB.
Jlo Takux (pakTOpiB BIJHECEHO: MOCIA0JIEHHS MOTYXHOCTI OTPUMAHOTO MpUiMademM
CUTHAJIy BHACJIJIOK HE O€3KIHEYHO BY3bKOI JlarpaMH CHPSIMOBAHOCTI MEPENaTUUKa;
IIYMOBI TIEPEIIKOAM TIEpeNaTynuka, NpHiMada 1 KaHaly 3B’SA3Ky; Jerpamaris
BUKJIMKaHA BIUIMBOM 10HI3YIOUOi pajiailii, MpuUpoaHa Jerpajpaiis emicii asepa
(crapiHHs) 1 MOCIa0JeHHs J1a3epHOT0 BHUIIPOMIHIOBAHHS B aTMocdepi 3a paxyHOK
SIBUIII TIOTJIMHAHHS 1 PO3CISTHHSL.

Po3rasinyTo CTpyKTYypHY cXeMy arMOc(hepHOro ONTUYHOIO KaHaTy 3B’ SI3KY 1 Ha
il ocHOBI MOOyaOBaHO iMiTamiiHy Mojenb B cepemoBunii MATLAB/Simulink. Jani
JIOCITIJIPKEHHSI CHHTE30BaHOI MOJIEII MOPIBHSHI 13 BIIOMUMU PE3yJIbTaTaMH.

Po3kputo, 1m0 TpWM HUZBKKAX 3HAYCHHSX BIAHOMICHHS CUTHAT / IIyM
JIEMOAYJIATOP 13 MOPOrOM MPHUUHSTTS PILICHHS XUOHO CIIPUHAMAE CUTHAIM JIOTTYHHX
HYJIIB 1 OJIMHUIIb BHACIIJIOK TIEPETUHY 1X KPUBUX IIIJIBHOCTEHN MMOBipHOCTEH. Takmii
JIEMOAYJISATOP  MAaHIMyJTIOE MHUTTEBUMHU  3HAYCHHSMH OTPUMAHOTO  CHUTHAIY.
[IpumyrieHo, mo BAACTHCS JTOCATTH IMIIBUIICHHS SKOCTI Tepeiadi CUTHAJIB MUISIXOM

3aCTOCYBaHHS JIEMOJYJISITOPA, KU Onepye BEKTOpaMu, TOOTO MOTOYHUM 3HAYEHHSIM
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CUTHAJly 1 WOro 3aTpuMaHUMU B 4Yacl 3Ha4YeHHSAMHU. ToMy 3amporoHOBaHO
3aCTOCYBaHHS IITY4YHOT HEHPOHHOI Mepexi B CKJIaal IEMOAYISITOPA, IO JO3BOJIUTH
OI[IHIOBATH CUTHAJ B KOHTEKCTI Yacy 1 BIpHO poO3ITi3HaBaTH 1H(OpMAIIiO PU HUZBKUX
3HAQUYCHHSX BIJHOIICHHS CUTHAI / IIyM.

[IpoBeneHo ormsg JiTepaTypHUX JOKEpeN, SIKAW JaB  3pO3yMITH, IIIO:
JOJIATKOBUM TMPOTpaMHUN elIeMEeHT (HeHpoHHa Mepeka) B CKiIaal JAEMOIYJsTopa
noTpeOyBaTUMe OUTBINIOT OOYMCITIOBAIBHOI MOTY>KHOCTI; IITy4YHI HEUPOHHI MEpexi
3[1aTHI I€MOJyJIFOBaTH CUTHAIIM PI3HUX THUIIIB MOJYJISIIII, IbOMY CHpPHUSIE X 30aTHICTh
70 HaBYAHHA, JOLUILHO BHKOPHUCTOBYBAaTH MEpEXi 13 JIHISIMA 3aTPUMKH BXOIY;
BUKOPHUCTAHHSI HENIHINHUX (QYHKINA aKTHUBAIlii NPUXOBAHOTO Iapy IMiJIBUIIYE
TOYHICTh KJacudikallii, 0cOOIMBO MPHU 3alTyMICHUX CUTHAJIAX.

CdopmoBaHO HaBUajIbHY BHOIPKY, sIKa MICTHJIA CUTHAJIM 13 OUIMM IIyMOM 3
BiIHOIICHHAM curHai / mym Bijg 0 go 10 0b.

3and OUIHKM MOKJIMBOTO TMOKpAIIeHHS KOe(ilieHTy OITOBMX IMOMUJIOK Ha
BChOMY Jl1alia30H1 BIAHOIIEHHS CUTHAI / IITyM CHHTE30BaHO JEMOJYJISITOPU HA OCHOBI
JEB’SITU TUMIB IITYYHUX HEHPOHHHUX Mepek. CHUHTE30BaHO 1 JOCHIKEHO MOJENl
aTMOC(hepHOro ONTHUYHOTO KaHAIy 3B’A3KYy 13 IITYYHUMH HEHPOHHMMH MEpekXaMH B
cknani gemonynstopa. Ilo3uTMBHMI pe3ynabTaT NPOAEMOHCTPYBAIA MOJAENI 13
MEPEXKEI0 MPSIMOTO TONTUPEHHS 1 UIMOBIPHICHOIO HEHPOHHOIO Mepexero. BusmsieHo,
10 3aCTOCYBaHHA IITYYHOT HEMPOHHOI MEpeXki MPSMOTO MOLIUPEHHS 13 3aTPUMKaMHU
BXOJly JI03BOJISI€ 3HU3UTU KOE(DIIIEHT OITOBUX MOMWIOK Ha BCHOMY JIOCIITKEHOMY
Jiara3oHl BIJHOIICHHS CHUTHaJI / IIyM, B TOM dYac SK WMOBIpHICHa Mepexka
JEMOHCTPY€ HaWHWXUYUK Koe(ilieHT OITOBUX MOMMIOK JUIIe B Aiama3oHi Big 0 110
0.7 ob.

PeanizoBaHo HenpsiMuUil MeETOJ HEWPOYIPaBIiHHSA, KOJM IITy4YHA HEHpPOHHA
Mepexka 3acTOCOBaHa ISl BUKOHAHHS JOMOMDKHOT (DYHKIIT — HIABUIIEHHS SIKOCTI
ONTUYHOTO KaHATy 3B’ 3Ky MK OPTaHOM YTIPABJIiHHS 1 €IEKTPONPUBOIOM.

Ha migcraBi mpoBeaeHUX MOCTIKEHb I 3HWXKEHHS KoedirieHTa OI1TOBUX

IIOMHUJIOK PEKOMCHIY€ETHCS .
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1) 3HU3UTH MPUPOJIHY 1 MITYYHY OCBITJICHICTH IIEXY, B SIKOMY PO3TalllOBaHO
KpaH;

2) 3a0e3NeuynTH BIJICYTHICTh 3aJIMMIICHOCTI, 3allMJICHOCTI 1 3ara3oBaHOCTI
IPOCTOPY 1IEXY;

3) 3acTrocoByBaTH IITY4YHY HEUPOHHY MEpEXKY B CKIal JEMOJIYJISITOpa
npuiimMada. 3a pe3yJabTaTaMHd MOJICTIOBAaHHS JTOCTAaTHBRO BUKOPHCTOBYBATH IITY4YHY
HEHPOHHY MEpeXy MPsSMOTrO TMOIIMPEHHS 3 JBOMA JIHISMU 3aTPUMKH BXI1THOTO
CUTHaIly, 24 HeWpoHaMH NPHUXOBAHOTO IIAPY 13 TAHTCHLINHOIO (PYHKIIE€I0 aKTUBALIil
MIPUXOBAHOTO IIAPY.

Po3po0nenuii HelpomMepeeBUil JEMOIYISATOp J03BOJISE BUKOPHCTOBYBATH

ONTUYHUI KaHaJ yNpaBIiHHSI B yMOBaX IiBUIICHOT pajiallii.
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BUCHOBKH

B gucepramiitHiii  po0GOTI BUpPINIEHO aKTyallbHE HAyKOBE 3aBJaHHS
pPO3pOOIEHHSI MaTEMAaTHYHUX MOJIENEH CHJIOBOTO KaHalTy MepeTBOpIOBaua YaCTOTH Ta
OOTpyHTYBaHHS CTPYKTYpHU 4aCTOTHO-PETYJIbOBAHOTO eJIEKTPOIPUBOY
BaHTAXOMIAMOMHUX MAalIMH CXOBHILA PaJI0AKTUBHUX BIIXOAIB 3 ypaxXyBaHHAM
XapakTepy BIUIMBY 10HI3YIOUOTO BUIIPOMIHIOBAHHS [JISl MiJBUIICHHS paiaiiiHol
CTIMKOCTI MOro HAaIiBIOPOBIAHUKOBUX CKIIQJIOBUX Ta aTMOC(EPHOr0 ONTHYHOTO
KaHaly 3B’SI3KY.

OcCHOBHI HayKOBI Ta MPaKTUYHI Pe3yJbTaTH PpOOOTH HACTYIIHI.

1. IIpoananizoBaHO CTPYKTYpYy E€IEKTPOMPUBOAIB MOCTOBOTO KpaHy CXOBHIIA
paloaKTUBHUX BIJIXOJIB Ta MaTeplaiu 3 SKHX BOHM CKJIaJaloThes. IlopiBHAHO
pamiaiiiiny CTiKICTh IuX MatepiamiB. [loka3zaHo, 1m0 Aerpanailisi BIaCTUBOCTEH
KPEMHIIO TIOYUHAETHCA 13 OTJIMHEHOT 103U | Kpao, Ha BiIMIHY BiJ Jie’deKTpukiB (1
Mpao) Tta xouctpykmiiaoi cram (100 Mpao). BcranoBiieHo, 110 HaWCIaOKIIIO
JAHKOKO CHUCTEMHU € HaMIBNPOBIIHUKOBI MNPUIAAU, KpPIM TOrO, BIOCKOHAJEHHS
noTpedye arMochepHU ONTHYHUNA KaHal 3B’S3Ky MIK BIIJAJI€HUM ITyJIbTOM Ta
BXOJIOM €JIEKTPOIPHUBO/LY.

2. TlpoanamizoBaHi CKJIaJ0BI €JIEMEHTH CHJIOBOTO KaHaly IepeTBOPIOBaya
YacTOTH Ta iX ICHYIOYl MaTeMaTU4HI MOJENl i BpaxyBaHHS BIUIMBY Ha HUX
10HI3yI0YOTO BUIPOMIHIOBaHHA. PO3MMSHYTO JABa THUIM [paiiBepiB yIpaBIIiHHS
CHUJIOBUMM KJIIOYaMH 1HBEpTOpa — Ha OCHOBI TOJBOBHX (METas-Ii1elIeKTPUK-
HaMIBIPOBIIHUKOBHUX) 1 OIMOJISIPHUX TPAH3UCTOPIB Ta OMHCAHO MaTEMAaTHYHUMU
MOJEISMHU 3 YpaXyBaHHSIM pajilallifHuX e(eKTIB Ha €JIEMEHTH CXEMH.

3. IlpoBeneHo MAOCHITXKEHHS CHUHTE30BaHUX MOJEJIECH CHUJIOBOTO KaHaly
NEepPEeTBOPIOBAaYa YaCTOTH Ta iX MOPIBHAHHS 3 TOYKH 30py padialliiHOl CTIHKOCTI.
BusBneno, mo cuctema 13 JApaliBepaMd Ha OCHOBI OINOJISIPHUX TPaH3UCTOPIB
CTIMKIIIA 3a CHUCTEMY 13 JpaliBepaMu Ha OCHOBI IMOJILOBUX TPAH3UCTOPIB: BiJIMOBa

NEepPEeTBOPIOBaYa YaCTOTH 3 JpaiiBepamMu Ha OIMOJSIPHUX TPAH3UCTOpaX HACTAE MPHU
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normHeH1 1031 Outemie 800 xpaod, B TOHW dYac SK CHUCTEeMa 3 IOJbOBUMU
TpPaH3UCTOPaMHU JIpaiBepiB BUXOAUTH 3 saxy micis 300 kpao.

4. Jlns BUSABICHHS HAWBPa3IMBIIIOTO €JIEMEHTa IEepPeTBOpIOBaYa YacTOTH
MOJIENT1 CHJIOBOTO KaHATy TIEpeTBOPIOBAYa YACTOTH MPOBEAEHO MOCIIHKEHHS IUISIXOM
MOYEProBOi 3aMiHU pajiallifiHO YYTIMBUX EJIEMEHTIB Ha i1eanizoBaHi (paaiamiiHo
HEYYyTIuBl). 3’ACOBaHO, LIO pajialiiiHa 3MiHA TaKOro IMapameTpy ONTPOHA, SIK
KoeQIIIEHT Nepeiadl 3a CTPyMOM, B PO3TJISIHYTIM CHCTEMI HalCyTTEBIIIE BIUTMBAE Ha
pOOOTY BCHOTO €IEKTPOIIPUBOAY.

5. BusBieHo, mo B cucTeMl 13 JpaiiBepaMHd Ha OCHOBI OINOJSPHHUX
TPaH3UCTOPIB BUKOPUCTAHHS PaJliallifHO HEUYTIIMBOTO OIMOJSIPHOTO TPaH3UCTOpa B
ckiaai BTI3 3abe3neuye He3MiHHY aMmIUIITYyly BHUXIJHOI Hampyrd MepeTBOproBaya
4acTOTH 13 3pocTaHHsM 103U A0 800 xpao, micias 4oro Hacrae (yHKIIOHAJIbHA
BIJIMOBA.

6. Jlocnimxeno (yHKIIOHATBHY CXeMy aTMOC(HEpHOTO ONTHUYHOTO KaHATy
3B’S3Ky. 3a KpHUTEpid SIKOCTI mepeaadi JaHUX OOpaHO CHUCTEMHHUH IOKa3HHK —
Koe]ilieHT 01TOBUX MOMIWIOK. Buxoasiuu 3 cenuikd BUKOPUCTAaHHS aTMOC(HEPHOTO
ONTUYHOTO KaHalTy 3B 3Ky BUSIBICHO (PAKTOPH, IO MOTIPUIYIOTH SKICThH Mepeaadi
JAHUX, JI0 HUX BIJHOCSATHCS: TMOCHAOJEHHS MOTYXHOCTI OTPUMAHOIO MNpHUiiMayeM
CUTHAJIy BHACJIIOK HE O€3KIHEYHO BY3bKOI JllarpaMul CIpsIMOBAHOCTI MEpeaaTyuKa,
IIyMOBI TIepemKkoau (mepenardyuka 1 nmpuiiMaua), JIerpajaaiis BUKIWKaHa BIIMBOM
10HI3YIOUOi pamiamii, TpupojHA Aerpafarlis Jiazepa, MOCTA0JIEHHS Ja3epHOTO
BUMPOMiHIOBaHHA B arMmocdepi. I[loOymoBaHO CTPYKTYpHY CXeMy JiIOUOTO
aTMOC(hEpHOTO ONTHYHOTO KaHATY 3B’S3KY Ta 3 BpaxyBaHHSM BHUSBICHHX (haKTOPiB
noOyoBaHo iMiTariiiHy Moxenb B cepemoBuii MATLAB/Simulink. Tlposeneno
TOCIIJKEHHS CHHTE30BaHOi Mojeni. Po3kpuTo, 1O TpW HHU3BKUX 3HAYCHHSX
BITHOIIEHHS! CUTHAJI / IIyM JIEMOAYJATOP 13 MOPOrOM MNPHUUHSTTA PILIEHHS XUOHO
COpuiiMae CUTHAIM JIOTIYHUX HYJIB 1 OJWHUIIL BHACIHIJIOK MEPETUHY iX KPHUBUX
HIIIbHOCTENH UMOBIPHOCTEH.

7. BucyHyTO 1 JOBEICHO TIMOTE3y, IO 3aCTOCYBaHHS IMITYYHHX HEHPOHHUX

MEpEeX B JIEMOIYJISITOPI MOKE IMPU3BECTH [0 3HWKEHHS KOe(]illieHTy OITOBHX
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MOMWJIOK NP HU3bKUX BIJHOIIEHHSAX CUTHAI / IIyM, OCKUIBKU TaKUM JEMOIyJISTOP
MaHIIMyJTIOBATUME BEKTOPAMH CHUTHATY, a HE TUIBKA HOTO MHUTTEBUMH 3HAYCHHSIMH.
Jlnsi mepeBipkM BUCYHYTOI TinmoTe3d c(hOpMOBAHO HABUANBHY BHOIpKY 1 00paHO
apXITEeKTypU IITYYHUX HEUpPOHHUX Mepek. CHUHTE30BaHO IMITALIiHY MOJENb
aTMOC(EepHOro ONTUYHOTO KaHANy 3B 53Ky 13 JMEMOIYJISTOPOM Ha OCHOBI IITYYHOI
HelpoHHoT Mepesxi B cepenosuiii MATLAB/Simulink.

8. IIpoBemeHO IOCHIKCHHS CHHTE30BAaHOI MOJCHI 13 JeB’AThbMa THUIIAMH
apXITeKTyp HEHPOHHUX Mepex. BusBieHo, 1o mTyyHa HEHpOHHA Mepexka NpsIMOTro
PO3MOBCIO/IKEHHS 13 JBOMAa JIIHIAMHM 3aTPUMKH, JBOMa Iapamu, 24 HelpoHamu
IMPUXOBAHOIO IIapy 13 TAHTCHIIHHOI0 (YHKINE aKTUBAIli AEMOHCTPYE HIKUYUN
Koe(irieHT OITOBMX MOMWIOK Ha JOCTIDKCHOMY Jiana3oHi BiAHOMICHHS CHUTHAT /
myMm (Bim 0 mo 10 0b) HDXKX AEMOIYJIATOP HAa OCHOBI KoMIIapaTopa, MpU IbOMY
30UTbIIEHHS KUIBKOCTI HEMpPOHIB B TMPUXOBAHOMY IlIapi HE MPHU3BOJIUTH JI0
MIIBUIIEHHS SIKOCTI Nepenadi nanux. B Toil ke yac iiMoBipHICHA padiaibHO 0a3ucHa
Mepeka XapaKTepPU3YEThCS HAWHKYUM KOoe(DIlieHTOM OITOBHUX TMOMMIIOK TIPH
BiIHOMIEeHH] curHai / myM Big 0 mo 0.7 0b. Ane mpu BIIHOIIEHHI CUTHAN / LIyM
outbiie 3 0b 1 HEeWpOHHA Mepeka Mae BUIMMN KoedimieHT OITOBUX IMOMUIIOK 3a
JEMOTyJIATOpP Ha OCHOBI KOMIIapaTopa.

9. Pesynmprati poOOTH BHUKOPHUCTOBYIOTHCS B HAaBUATLHOMY IMPOIIECl MPHU
BUKJIaJaHHI JUCHMIUIIH “ABTOMAaTHU30BaHUI €JIEKTPONPUBOJ MAIllMH Ta YCTAaHOBOK,
“IHKUHIPUHT  €JIEKTPOTEXHIYHUX Ta MEXaTPOHHHX CHUCTeM~’ Ta BHUKOHAaHHI
JTUTJIOMHUX OakalaBPChKUX POOIT 1 MaricTepchbKux aucepraiiii B HarioHalibHOMY
TEXHIYHOMY yHiBepcuTeTl YKpainu “KuiBcbkuil momiTexHiUHUN IHCTUTYT iMeH1 [ropst
Cikopchkoro™.

[loganbiie BUKOPUCTaHHS PE3yJabTaTiB  poOOTH  PEKOMEHAOBAHO A
HaIlIBIPOBIIHUKOBUX TEPETBOPIOBAUIB E€IEKTPOMEXAHIYHOTO OOJaJHAHHS MAIIUH 1
YCTAaHOBOK, SKi MpAIIOI0Th B 30HI MIJBUIIEHOTO pPIBHS pamiaiii, B TOMY 4YHCIi
IPUCTPOIB IJIABHOTO MYCKY, ApaiiBepiB CHUIIOBUX KIIIOUIB 1HBEPTOPIB 13 €JIEMEHTAMHU
raJIbBaHIYHOI PO3B’A3KM OCHOBAHOI Ha TMPUHIUII EIEKTPOMArHITHOI 1HAYKIII, IO

CIpHUATHME T1JIBUILICHHIO 1X paaiaiifHol CTIHKOCTI.
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[im mocmimxeHHs Oyiau JOCITHYTI, a BCl TOCTaBJICHI 3a7a4i — BUPIIIEHI.
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Jlonatok b

CXEMA CXOBHIIA TPB-2 KB «<BEKTOP»
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Jlonatoxk B

CHHTE3 MOJIEJI CIJIOBOT'O KAHAJTY TIEPETBOPIOBAYA YACTOTH
3 IPATBEPAMHY HA OCHOBI METAJI-IIEJEKTPUK-
HATIBIPOBIITHUKOBMX I BIMOJISIPHUX TPAH3VICTOPIB B
CEPEJOBHWIII SIMULINK MATLAB R2014A, SOLVER: ODE 45
(DORMAND-PRINCE)

Puc. B.1 nemonctpye cunte3oBany B cepemoBuini MATLAB/Simulink monens
CHJIOBOTO HAITiBITPOBITHUKOBOTO KaHAITy YaCTOTHO PETYJIhOBAHOTO EIEKTPOIPHBO/LY,

sika BpaxoBye BIutuB 1B 3rigHo piBHsAHB (3.1) - (3.13).

Buxigxs wanpyra M4
z MAH apsitsepom

Nornuxexs aoza, paa / »| Doz= UoutMOS ——pL [UnavMOS]

Ramp1 Goto8
Litoue sHaUEHHR NiKiNHOI 230 Uid UoutBUT < [UnavBJT]
Hanpyru xuenesHA, B
Uld Gotol
RadEffect

v

Buxiaxs wanpyra M4
2z BET apaiisepom

Puc.B.1 — Mojens ciI0BOTO HaMmiBOPOBITHUKOBOTO KaHATY YaCTOTHO

PEryJIbOBAHOTO EIEKTPOIIPUBOLY, sIKa BpaxoBye€ BILUIHB IB

BximHuMu CcuUTHalaMM € BEIWYMHHM TOTJIMHEHOI J03W B paaax, 1 JIF0Yoi
J1HIMHOT HAMpPyTH KUBJIEHHS B BOJbTaX. Mojiens Mae ABa BUXOAU: OJHMH BIJMOBIIAE
cxemi 13 M/IH, inmmii — i3 BT npaiiBepamu.

Cxknan nmigcucremu RadEffect po3risinyTo Hinkue.

JIns yHHKHEHHS 3axapalleHHsl CTPYKTYpPHOI CXEMH MOJEINI JIHISIMHU 3B’SI3KY,

BUKOPUCTOBYI0ThCs O110ku Goto 1 From, puc.B.2.
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Puc.B.2 — Bxig Doze miacucremu

B tabnuui B.1 3BeneHo Teru i npuB’sA3aHi A0 HUX (13UYHI BEIMYMHU.

Ta6aumst (B.1)

Teru 1 npuB’s3ani 10 HUX PI3UYHI BETUIHUHH

D [TornuHeHa 103a 10HI3y0YOTO BUIIPOMIHIOBAHHS, PaJl

Udc Hamnpyra kona noctiiiHOTO CTpyMy 17€aibHOro (03 BTpar)
NEepEeTBOPIOBaYa YaCTOTH MK IIMHOIO + 1 N, BOHA 3K BXiJHA Hampyra

KOJIEKTOPHOI rpymnu cuioBux kitoviB iHBepTopa (bTI3), B

U2zv Bxinna (Ha 3aTtBOp) Hanpyra M/IH tpan3ucropis apaiisepa, B

Uze Buxinna nanpyra npaiiBepa, BoHa  BxijgHa (Ha 3atBop) bTI3, B

Rkr Omnip Hacu4yeHHS KoJIeKTopa OinmossipHoro Tpansucropa y ckiaai bTI3, Om
Ik Cpywm konekropa BTI3, A

Ul Hanpyra koja nocTiifHOro cTpymy peajibHOro (3 BTpaTaMu)

MEePETBOPIOBAYA YaCTOTH MK IMHUHOIO + 1 N, BOHA K BXiJHa Hampyra

KOJIEKTOPHOI IpyIu CHiIoBUX KitouiB iHBepTOopa (bTI3), B

Rdin JluHamidyHUN pagianidHaui omip, OM

Ha puc.B.3 300pakeHO CTPYKTYpHY CXEMY PO3paxyHKY BHUXIJIHOI HampyTrH
imeanpHOTO (0O€3 BTpaT) BHIpsAMIISAYA 3a cxemoro JlapioHOBa Bia JiHIWHHOT AIFOYOT

HAIIPYTHU KUBJICHHA.
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Hanpyra kona
NOoCTIHHOrD CTRYMY
NERETECHHIEELE MiX
wuHoH + 0 N,

ECHE ¥ EXiAHS HANpYra
KOMEKTORHOT rpynd
ETI3

Ulin

sqrt(2)

sqrt

pi

Constant1
Puc.B.3 — CtpykTypHa cxema po3paxyHKy BUXIJITHOT HAIPYTH BUIIPSAMIISYA BT

HaIIpyTy )KUBJICHHS

Bimoma 3aiexHicTh BUXiIHOT Hanpyry Bunpsmiisgya (B.1):

33
UDC :7'U¢.amnﬂ’ (Bl)

1e Uy gyn, — AMIUTITYTHE 3HAYCHHS (ha3HOT HATIPYTH KUBJICHHS.

JliniiiHa amMILTiTYTHa Hanpyra gopisaioe (B.2):

U namni \/g ‘U ¢.amnn* (B2)
JliniiiHa airoua Hampyra Bu3HauyaeTbes (B.3):
U
Uﬂla — J.AMNJ1 ) (B.3)

V2
[Tiacrapusim (B.2) 1 (B.3) B (B.1) otpumaemo (B.4):

UDC:¥'%'UAO.' (B.4)

OCKUJIbKM HAaIIBMICT 1HBEPTOpA CKIAJAETHCA 3 JBOX TPAH3UCTOPIB, OAWH 3
AKX KOMYTY€ Hampyry 3 ‘+’ IIMHU Yepe3 HaBaHTAXCHHsS HAa HEUTpaib, a IHIIUN — 3
‘~’, TOMy OTpUMaHy Hampyry Tpeda posaiutu Ha 2 (B.5):
UDCHZE'@'Q'UAO.ZL'UAO' (B.5)
2 7 3 V2.7
Cxewma 3 puc.B.3 peanizye piusaus (3.4).
Ha puc.B.4 mnpencraBneHo CTPYKTypHY CXEMy pO3paxyHKy HampyrH, IO

nogaeThes Ha Bxig MJIH tpan3ucropa apaiisepa.
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on

Kor - koedigieHT
paaiayianoi
aminn CTR
ONTpOoHA 1

.
" (Wral) ] Bxig MOH TpaHzucTopie
o 5 4 . CTRD | = (U2 opadeeps
1 ' Aar ’ L
fon Gotod

Driver input voltage

Fromi9 PFroduct
opiron
comE )@
Fromi© Fromé
Kor L2z

Puc.B.4 — CtpykTypHa cxema po3paxyHKy BxigHoi Harpyru M/IH npaiisepa

biok optron po3paxoBye koedillieHT pamiaiiHol 3MiHN KOe(IIEHTY TIepeaadi
crpymy ontpoHa CTR (Current Transfer Ratio) i omucyetbes piBHsHHsIM (3.4). B
cepenoBuii MATLAB 3anucyetbest:

Kor = 1-1*10"(-4)*D"(2/3);

Ha puc.B.4: Driver input voltage — BxigHa (Ha 3aTBOp) Hampyra TpaH3HCTOpa
npaiiBepa B HOpMaibHOMY pexuMi poootm; CTRO — koedimieHT mepemaui 3a
CTPYMOM HEOTIPOMIHEHOT'O ONITPOHA.

Ha puc.B.5 mpeacraBieHo CTpyKTypHY CXeMy pO3paxyHKy HampyTH, IO

nomaetbest Ha Bxix MJIH y ckmani BTI3.

BuxigHa Hanpyrs
Apaizeps, BoHS ¥

Uzez ™ o exigna BETI2

» T
g D_|_>_|_\_ Yze
Relstional

aF

U2zv]

Fromb

dU2vr - pagisuinHa smiHa Operstort
EEMNWYHHA NOPOroesi
wanpyri MOH apaisepa

ID-» T
fen

From20

mosdr

B

FromB

dU2w

P uc.B.5 — CtpykTypHa cxema po3paxyHKy BxiaHoi Hanpyru BTI3
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Ha pwuc.B.5: U20ts — mnanpyra BiAciukd (MOpPOTOBa) HEOMPOMIHEHOTO
TpaHsuctopa, R2d — omip HaBaHTaeHHs, BiH ke BXimauil omip BTI3 (Benmuumny
nigirsado); 12s0 — ctpyM HacudeHHsI CTOKY TpaH3ucTopa; biok mosdr po3paxoBye
3MiHYy BEJIWYMHHU MOpOoroBoi Hampyru (Biaciuku) MJIH Ttpansuctopa napaiiBepa i
onucyethes piBHAHHAM (3.2). B cepenoBuii MATLAB 3anucyeTtncs:
dU2vr = -9.5*%10" (-16) *D+6*10" (=5) *D" (2/3);

Cxema Ha puc.B.5 peanizye cucremy piBHsHB (3.6).

Komo6inamisi 6mokiB Relational Operator 1 Switch no3Bossie peanizyBatu
KYCKOBO 3a7iany (pyHkitiro. Hanpukian, peanizaiiiss yMOBHOTO MIEpEXOAY:

if a<b then out = c else out = d;

mae Burisa (puc.B.6):

elational Cutt
—— Switchd

Qo

Puc.B.6 — Peanizanis ymororo nepexony If Then Else 3a nonomoroto 6110kiB

Relational Operator i Switch.

B nopanpmiomy 1eli mpuiioMm Oyjae BUKOPHMCTOBYBATHUCH I peaiizariii
KYCKOBO-33JaHNX (QYHKIIH 1 OOMEeXeHb (HACUUCHHS) BEIMYMHH TPAaHUYHUM
3HAUCHHSIM.

Ha puc.B.7 npeacTaBieHo CTPYKTYpHY CXE€MY PO3pPaxyHKY CTPYMY KOJIEKTOpa

BbTI3.
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Onip HaCHYEHHR
BT ein aosu

N
[Fir] 0693
L/

From18

[U=ze]
From& dUwr - pagiauinsa suika
EENHYMHH Noporoesi

}—’ w CTpym KoMeKTopS

— ] ETIZ
Hanpyr MOH ETI3 Productd I
|
=Ll 5w
F
fen Operator2
From21
massil

From12

dlhr

Puc.B.7 — CtpykTypHa cxema po3paxyHKy cTpyMy kojektopa bTI3

Ha puc.B.7: Uots — nanpyra Binciuku (moporosa) MJIH Tpansucropa y ckiami
BbTI3; U — nanpyra s po3paxyHky ctpymy HacuueHHs bTI3 mo ompomiHioBaHHS,
Rk — omip Hacnuenns konekropa BTI3 mo onpomintoBanus; biok mossil po3paxosye
3MIHY BEJIMYMHU TOporoBoi Hanpyru (Biaciuku) MJIH Tpansucropa y ckiami BTI3 1
orncyeThest piBHAHHIM (3.2). B cepenoBumi MATLAB 3anucyeTbes:
dUvr = =3.8*10"(=-15)*D+2.4*10" (=4)*D"(2/3);

Cxema Ha B.7 BigTBOpIoe cucremy piBHsHB (3.7).

Ha puc.B.8 npezacraBiieHO CTPYKTYpHY CXeMy pO3paxyHKY BHXIJHOI Hallpyru

peanpHOTO BUNIpsAMIIsYa (Hanpyra, siky komyTye bTI3) 13 BpaxyBanHsM BTpar.

28
Uprd . "
dUdr - nagiHHA Hanpyru BenuuuHa EMXigHCT HaNpyTH
HE EMNpAMHOMY Oicai PEANBHOMD ennpAmnmua
4+ Mix WwhuHow + i N
[ +wC ‘l dlUdr e o+ Ui
fon [u1]
Fromz2 o |—>
- 1 Relational —— Gotol
] Operator3 ’
Eaw®
Fremd3 0
T, dUidr -
Ude] % Consts [0 @
Froml7 Froml4

i

Puc.B.8 — CtpykTypHa cxema po3paxyHKy JaHKU MOCTIHHOTO cTpymy 14
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Ha puc.B.8: Uprd — HopmanbHe mafiHHs HaNnpyTy Ha IO

brnok diodr po3paxoBye 3MiHy BEeTHMYUHY MMAiHH HAIPYTH HA BUIIPSIMHOMY 10 Bif
no3u (3.1). B cepenopuiii MATLAB 3anucyeTbes:
dUdr=abs (0.05* (exp (1) " (-8.68*10" (-6)*D)-1) -

0.026*(8.68*10" (-6) *D+0.5*1og (1+2.17*(10710) *D))) ;
Cxema Ha puc.B.8 peanizye cucremy piBHSHB (3.8).

Ha puc.B.9 mpencraBieHo CTPyKTYypHY CXEeMy PO3pPaxyHKY pajiaiiiiHOTo

JTUHAMIYHOTO OTIOPY JJIS KIJIbKICHOT OIIIHKH MPOBITHOCTI KaHATY KOJICKTOP-EMITED.

OuHamiuHui pagiagidHuE onip

[u1] w0 Rdin !
N p{ [Rdin]
From = \—_
Divide3 GEoto?
[1k]
From2

D

Rdin

Puc.B.9 — CtpykTypHa cxema po3paxyHKy TUHAMIYHOTO OTOpPY

Cxema Ha puc.B.9 peainizye piBHsHHS (3.9).

Ha puc.B.10 mpencraBieHo CTPYKTYpHY CXeMY PO3paxyHKY BUXITHOI HAPyTH
ITY Bixg BeMWYWHM DOTJIMHEHOT JO3H.
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ot B
[Rdin)

__/ Ly
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From4 D—|b @l Fromi Unav
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Froml5&

Rkr
Puc.B.10 — CtpykTypHa cxema cxemy po3paxyHKy BuxinHoi Hamnpyru 14 Big

BEJIMYMHM MMOTTIUHEHO1 JA03HU

Ha puc.B.10: Zn — noBuuii onip HaBaHTaxkeHHst BT13.

biok bt po3paxoBye 3MiHy BEJIWYMHU OINOPY HACHUYEHHS KOJIEKTOpa
oinonsapuoro Ttpausucropa B ckinam BTI3 (3.3). B cepemoBumi MATLAB
3aIUCyE€ThCS:
Rkr=104.17*exp (1) (8.68*107" (-6) *D)*(1.3*10" (-4) -
2*sgrt (1.28*107 (=3) * (5.5*%107 (-4)-2.73*10" (-
11)*D) /sqrt (10"6+72.7*D)) ) ;

Cxema Ha puc.B.10 peanizye piBuasians (3.10).

Po3paxyHok (QyHKII KOJEKTOPHOTO CTPpyMy OIMOJISIPHOTO TpaH3UCTOpA
npaiiBepa (BUX1IHHUI TPaH3UCTOP JpaiiBepa Mae cxoxki xapakrepuctuku 3 BC547) Bin

BX1HOI Hampyru (6a3a-emitep) 300paxkeHo Ha puc.B.11 i omucyerbcs piBHSIHHIM

(3.12).
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3.25e2 RelOpd
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01 — From29
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lcsat

Puc.B.11 — CtpykTypHa cxema Mojei Uisi po3paxyHKy (QyHKIii
KOJIEKTOPHOTO CTpyMy OIMOJIIPHOTO TPaH3UCTOpa ApaiiBepa Bi Hanpyru 6aza-

eMiTep.

Ha puc.B.11: D — nornunena no3a, pan; U2zv — BuXijHa Hampyra onTpoHa
(3aTBOP-BUTIK, TOMY IO CIIOYAaTKy MOJ€Ib BHKOHyBasachk miusi MJIH Tpan3ucropa
npaiiBepa); Ut — temnepaTypHuid noTeHuian; IS — cTpyM HacHMYEHHs TPaH3UCTOPA;
Icsat — ctpym HacuueHHs KosiekTopa OinonsipHoro tpansucropa (BT); Icbtd — ctpym
kojiektopa BT npaiiBepa B pexuMi HacHUeHHs (BIIAKPUTHIN) B 3aJ€KHOCTI BiJl
IOTJIMHEHOT JO3H.

Cxema Ha puc.B.11 peanizoBye Bupas (3.12).

Jns  omiaku BuxigHoi Hampyru BT gpaiiBepa 1 BpaxyBaHHS 3MiHH
KOJICKTOPHOTO OMOpYy BiA pamiaiii CKOPUCTAEMOCh TMOHATTIM  pajialiitHOTO
TUHAMIYHOTO  OMOpPY KaHaIy KOJIEKTOp-emiTep. Po3paxyHOK pasmiaiiiHOTro
JUHAMIYHOTO OTOpPY KaHAy KOJIEKTOp-eMiTep OIMOJISIPHOTO TpaH3UCTOpa JApanBepa,
puc.B.12, (B.6).

Ubtcesat

Rrdbt = Rkrs(D) + ——.
Icbtd (D)

(B.6)
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0.425

Ubtcesat
[lcbtd)] *

From30

S

Fromz25

Rkrs

Puc.B.12 — CtpykTypHa cxema MOJIeli ISl pO3paxyHKy paaiailifHoTo

JUHAMIYHOTO OTOPY KaHaly KOJIEKTOp-eMiTep OINMoJIIpHOTO TPaH3UCTOpa ApaiiBepa.

Ha puc.B.12: Ubtcesat — maginHs Hanpyryu Ha HEOIPOMIHEHOMY 101 B
pexxuMi HacndeHHs; RKIS — QyHKIIisl 3SMiHH BEIMYMHU OTIOPY HACHYEHHS KOJIEKTOpa
O1MOJIIPHOTO TPaH3UCTOpPA ApaiiBepa BiJl MOTIMHEHO1 103U, B cepenoBuili MATLAB
3aIUCYEThCS:

Rkrs=3125*exp (1) " (8.68*10" (-6) *D) * (2.37*10" (-5) -
2*sqgrt (1.28*107(-3)*(0.039-4.982*10" (-

12)*D)) /sqrt (10"6+72.695*D)) ;

Rrdbt — panpianiiiawnii AuHAMIYHU OMip KaHATY KOJIEKTOP-EMIiTep OIMOJISIpPHOTO
TPaH3UCTOpA ApanBepa.

Po3paxyHok ¢QyHKIIi BHUXiTHOI Hampyrud JapaiiBepa Ha OCHOBI OIMOJISIPHOTO

Tpan3ucropa (6inoiaspHOi KOMIDIEMEHTApHOI MapH) BiJ MOTIMHEHOI 103u, puc.B.13,
(3.13).
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Uzebt

Puc.B.13 — CtpykTypHa cxema po3paxyHKy BUX1IHOT HApyTH ApaiBepa Ha

OCHOBI OIMOISPHOTO TpaH3UCTOPa (OIMONAPHOT KOMITIEMEHTApHOI Mapu).

Ha pwuc.B.13: RgelGBT — Bxiguuii omip bTI3; Uupr — ineanpna (6e3 BTpar)
BEJIMYMHA HANpPYTH, 5Ky KOMYyTye npaiiBep Ha 3atBop BTI3; Uzebt — peansna (3
BTpaTaMM BHACIIJIOK OMPOMIHIOBAHHS) HaIpyTa, SIKy KOMYTY€ JApailBep Ha 3aTBOP

BTI3.
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Homarok I

3ATBEP/UKYHO

PO YIPOBAUKCHHSA B HABYATBHHIA TTPOLIEC PE3YIILTATIB UcepTaliinoi poGoTi

Myrenopa Janiina J[xaninboBuya “HactoTHO-peryJibOBaHUIN €IEKTPONPHBOJ

MIBUILEHOT palialiifHOl CTIHKOCTI U1 BAHTaKOMIAIOMHUX MalIiH CXOBHINA
pamioaKTHBHUX BIIXOMIB”

Kowmicist y ckiani:
lNomoa— 3aBigyBad KadeApyu aBTOMATH3ALLl €IEKTPOTEXHIYHHX
ta MexarponHux komiuekcie HH IEE mpodecop
Boituenxo C. B.

Ynenu xomicii: npogecop kadeapu aBToMaTH3aNIl CNCKTPOTEXHIYHHUX
ta mexarpoHHnx kommaekciB HH TEE,
npogecop Posen B. IL
JMOUEHT KaeIpH aBTOMATH3AIII] ETEKTPOTEXHITHHX
Ta MexarpoHHHX KoMmIviekcie HH IEE,
nouent bocak A B.
crapumii BUknaga4 kageapu aproMmaru3antii
CIIEKTPOTEXHIYHHUX Ta MEXATPOHHUX KOMIUIEKCIB
HH IEE Tlpsaaxo C.JL

MM AKTOM 3acBIIYY€, TI0 Pe3yabTaTH AMcepTauiifHoi podotu Myrernosa [ J1.
“YacTOTHO-PEryILOBAHUH CICKTPONPUBOA MiABAIICHOT padialiifHoi CTilKoCTI A
BaHTAXKOMITHOMHMX MAallWH CXOBHINA Pafi0aKTUBHHMX BIIXOMAIB” BHPOBAKEHO B
OCBITHII mpouec kadeapu Ta BAKOPUCTOBY€ThCS B OCBITHIX KOMIIOHEHTaX OCBITHBLO-
npodeciiiHoi MporpaMH MiIrOTOBKH MaricTpiB «[HAKHUHIPHHT [(HTCICKTYalbHHX
e/IEKTPOTEXHIYHNX Ta MEXATPOHHUX KOMIUICKCIB» 3a crHemianbHicTo 141 —
EnekTpoeHepreTHka, eNeKTPOTEXHIKA Ta IEKTPOMEX aHiKa 3a OCBITHIMM CTYTIEHAMH
«bakaraBp» 1 «Maricrp».




YV HaB4aTBEHHAIT TIpotiec GYII0 BIPOBALKEHO:

1) MerojMKka JOCTIDKCHHA BILTHBY IOHI3YFOUOTO BHIIPOMIHIOBAHHA Ha CHIOBHH
KaHall TIepeTBOPIOBAYA TACTOTH i3 JpaiiBepaMM Ha OCHOBI GITIONAPHHX 1 TOIBOBHX
(MeTan-IieNeKTPUK-HAIIBIPORI IHUKOBHX ) TPaH3ACTOPIB;

2) MET0J1 BU3HAYCHHS HAITBIPOBI JHUKOBOTO NPHCTPOIO B CKII4/ll CHIOBOTO KaHATY
NEpeTBOPIOBaYa YaCTOTH, 3MiHA NApAMETPIB SAKOTO HANHCYTTEBIUE BIUIMBAE HA
poboTy CHCTEMM,

3) MeTO/IMKA YAOCKOHAICHHS JIGMOIYIATOpa B aTMOC(HEPHOMY ONTHYHOMY KaHalll
3B’A3KY 3a J0NOMOrOI0 IITYYHOI HEHPOHHOI MEPEXkKi 3 METOKO MIABHIIECHHS AKOCTI
niepe/iayi JIaHuXx.

VrpoBa/pkenHs OTPUMAHWX MiJ 9ac ANCEPTALHHOTO AOCTILKEHHS PE3yJbTaTiB
Myrenosa J.JI. B HaBYaILHAN MPOLEC MiABULIYE AKICTh MIFOTOBKA CTYACHTIB 3a
crieuianbHicTI0 141 — EnekTpoenepreTika, elIeKTPOTEXHIKA Ta €IEKTPOMEXaHiKa,
Tak AK BigoOGpaxkae Ta TPOIOHYE TMIIXIT A0 BUPINICHHA aKTyaTbHUX 3aBJaHb B
EHEPreTHII Ta eKOIIOTIT K B YKpaiHi, TaK i B CBiTi.

I'osoBa koMmicit
JLT.H., mpod. s Boiigenko C. B.
(HayKOBMH CTYIIiHb, BUCHE W (mianuc) (Mpi3BULLE TA IHILIAIK)

Ynenn komicii

JLT.H., 1pod. /f Posen B. 11.

(HayKOBHIi CTYIIiHB, BUSHE 3BAHH) (mianwc) (mpi3BHIIE Ta IHILIANHN)

K.T.H., JOLIEHT /;%/ Bocak A. B.
(HayKOBMH CTYIiHB, BUCHE 3BAHHA) (miamuac) (nIpi3BHILLC TA IHILIATH)
e
- P [Mpsko C. JI.
(HayKOBHii CTYTIIHb, BUCHE 3BAHHA) Amiannc) (TIpi3BHILE Ta IHILIATH)
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