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Bosnspy borgany Muxaiinosuuy
EnekTpoHHUil reHeparop 3 iHAYKTHMBHHMM HaKONHYyBadyeM eHeprii i
BHCOKOBOJIBTHUX TeXHOJIOTii
AHoTaUis

Po3r/istHyTi 0CcoOMMBOCTI reHeparjii BUCOKOI HAmpyrd B iMmmy/abCHiM ab6o
cnabormybCyrouiit popMi /st pi3HHX 3aCTOCYBaHb 3 BUKOPUCTAHHAM iHAYKTHBHOTO
HakonuuyBaua eHeprii. Bucoka Hampyra (#ecsiTK{d KiJIOBO/IbT) IeHepyeThCs 3a
pPaxyHOK CaMOiHAYKLil IpM BHUMKHEHHI HakoIM4yBada BiJj HHU3BKOBOJBTHOTO
[Kepesia CTpyMy Hakaukd ( Hampyroro wmenme 1 kB) 3a 7ormomororo
BHCOKOBOJITHOTO ~ IIpW/IaZly-KOMyTatopa TaciTpoHoro Tumy. TaciTpoH €
rasopospsifHUM TpiofloM 3 TYCTOK KepylouoOKw CiTkoo, sika 3abesmneuye
iHiL[ifoBaHHS pO3psiAy MK KaTo[oM i aHOZIOM TIpY [I0JATHil Harpy3i /s HaKauKu
CTPYMOM HakoIu4yBaua, a TOTiM HOro BUMKHEHHs Bij [Kepenaa CTpyMy Ipu
nojaui Ha CiTKy HeratuBHOI Hampyru 20-200 B 3aBasku 3anupaHHIO
e/IeKTPOHHOIO MOTOKY Ha aHof,. TaciTpoHM 37aTHI BK/IOUATH CTPYMH Bifl OJUHHULb
JI0 COTeHb aMmIlep IpH HasBHOCTI BUCOKOI HalpyTrd MiXK KaToZOM i aHOZOM 3a uac
nopsAgKy 1 Mkc. Po3risiHyTI fjiarpaMu 3MiHUM B 4aci CTpyMy i Harpyry Ha TacCiTpOHi
i HaBaHTa>KeHHsI MPU TeHepallii sIK IMITy/IbCHOT, TaK i c/1abomy/IbCyrouoi Harpyry. B
OCTaHHBOMY BUTIAJKY rapaseynisHO HaBaHTaKeHHIO BKJTFOYAETHCS
HaKOMIMUyBaabHUN ((ifbTpOBHII) KOH/EHCATOp, IO J>KWBUTH HABAHTA)KEHHS B
nepiofiM HaKayky iHAYKTMBHOIO HAaKOIMWYyBaya, a Jyisl JUHAMiIUuHOTO pO3fineHHs
JIAHLJFOTY ~ HAKOMWUYyBa/JbHOIO KOHJEHCaTopa 1 TaciTpOHa  3arpONOHOBaHO
BUKODHCTOBYBAaTH MIBUJKOZiOUMH iMIynbcHUI rasotpoH. Haseseni dopmynu Ta
po3spaxoBaHi rpadiky, 10 J03BOJISIIOTE OL[iHIOBAaTH NapaMeTpH MpOLecy reHepatil
Harpyry. 3arnporoHOBAHO 3aCTOCOBYBaTH KOMOIHOBaHWH IMpPUIa-KOMYyTaTop, IO
MICTUTb B OfHOMY KOpIyci TaciTpoH i ra3oTpoH 3 3arajJbHUM KaTOAHUM
eJIeKTPOZIOM [i7Is1 CIIPOLLIeHHS CXeMU TeHepaTopy BUCOKOI HAIpyTH.

Knawuoei cnoea: Bucoka Hampyra, iMITyJbCHa Harpyra, TaciTpOH,
iHAYKTUBHUIN HAKONUYyBay eHeprii, iMIy/nbCHUI ra30TpoH

Annotation

Features of generating high voltage in a pulsed or weakly pulsating form for
different applications with an inductive energy storage device are considered. High
voltage (tens of kilovolts) is generated due to self-induction when the storage is
disconnected using a high-voltage tacitron-type switch device from a low-voltage
pumping current source (with voltage less than 1 kV). The tacitron is a gas-
discharge triode with a dense control grid, which provides initiation of a discharge
between the cathode and anode and pumping the storage at a positive voltage, and
then disconnecting it from the pumping current source, when a negative voltage of
20-200 V is applied to the grid for the blocking of the electron flow to the anode.
Tacitrons are able to turn-off currents from a few to hundreds of amperes in the
presence of a high voltage between the cathode and anode that takes a time of the
order of 1 ps. Diagrams of changes in time of the current and voltage of the
tacitron and the load during the generation of both pulsed and weakly pulsating
voltages are considered. In the latter case, an additional storage (filter) capacitor is
connected in parallel with the load, supplying the load by energy during the
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pumping periods of the inductive storage, and a high-speed pulse gas-filled
rectifier diode is proposed to use for the dynamic separation of the storage
capacitor and tacitron circuits in the said periods. Formulas are given that allow
one to evaluate the parameters of the high voltage generation process. It is
proposed to use a combined switching device containing tacitron and pulse gas-
filled diode in one envelope with a common cathode electrode to simplify the high
voltage generator circuit.

Keywords: high voltage, pulse voltage, tacitron, inductive energy storage,
pulse gas-filled rectifier diode

BCTYTI

bararo enexTpodisMuHMX, B TOMy YWC/i IUIa3MOBUX, €/IeKTPOXIMIUHMX Ta
€/IeKTPOTEXHOJIOTIYHMX TIPOLIECiB, a TakKoX [JesKUX MeJUYHUX MpoLeayp,
3aCHOBaHi Ha BUKOPHMCTaHHI BUCOKOI enekTpuuHoi Haripyru (U) [1-7]. Hampyra
MoyKe OyTH TOCTiliHOI0, 3MiHHOIO ab0 iMmynbcHOIO [1-7]. Benmuvba U 3anexuTthb
BiJl 3aCTOCYBaHHS i MOXKe CTaHOBUTH BiJj OUHULIb 10 COTEeHb Ki/oBO/LT. IIIupokuii
Jiiara3oH 3acToCyBaHb BHCOKOI Hamlpyrd BHMara€ HasBHOCTI TeHepaTopiB Jjis
IIMPOKWX Jliara3oHiB TOTyXHOcTedl (P) i yacoBux mapameTpiB (TpWBaioCTi
iMIynbCiB T I nepioais ix nosropeHHsa T =1/ F, ne F - yacToTa NPOXO/KeHHS
immysnbciB). Ha mpakTuii noTpibHi iMmysnecHi notyxHocti P Big 10 Bt go 1 I'BT
TIpY cepefiHil 3a nepiof BenmunHi Pep Bifl BaT 0 coTeHb KisoBat. Taki K BeJTHUNHA
Pcp, MOXYTh BUMaraTucsi Ipy poOOTi HaBaHTa)keHHs1 Ha octiiiHoMy ctpyMi (I1C).
TpuBaicTh iMOY/NbCIB MOXKE CTAHOBUTH BiJl YaCTOK HAHOCEKYHZ, 10 pexxumy I1C.
OCKilBbKM OfIMH THII TeHepaTtopa He MoOKe 3a0e3TeunTH OTPHMMaHHS BHCOKOI
Harpyryd y BCbOMY /Jiana3oHi MOX/IMBUX TapaMeTpiB, BUKOPHUCTOBYIOTHCSI Pi3Hi
MeTOAM TeHeparlii. ¥ pa3i 100 ManuXx MOTY>XHOCTeW (OJWHMILI-AeCITKH BarT)
nocTiiHy U oTpumytoTh abo Bijj 6atapei rajbBaHiuHUX e/leMeHTIB, ab0 3a paxyHOK
KaCKaJIHOTO BKJIFOUEHHsI HAaKOMWUyBaJbHMX KOHJEHCATopiB B cXxemax Jiof-
KOH/JIEHCATOPHUX TIOMHOXKYBa4iB Hampyrd. Y pa3i BeqMKUX TOTY)KHOCTeH
BUKODHUCTOBYIOTh Mi/IBUILYBaJIbHI TpaHC()OPMAaTOpy i BUIIPSIMJISYI 3 €MHiICHUM
¢dinbTpOM, 110 C/IYTye HaKoNyW4yBaueM eHeprii. IMMysbCHY BMCOKY Harpyry
HalyacTillle OTPUMYIOTb 32 PaxyHOK PO3DsAKYM HaKOIIMUYyBa/JbHOIO KOHJEeHcaTopa
Ha HaBaHTHKeHHS uepe3 TiJBHULIyBa/bHUN TpaHC(OpMaTop 3a ZOIIOMOIOH0
iMITy/IbCHOTO  K/TFOUOBOTO TpWiafly abo 3a paxyHOK KacKaZHOTO BK/IFOUEHHS
HaKOMMUYyBa/bHUX KOHZEHCATopiB, sIK B reHeparopi Mapkca [1,2,4,5]. Takox
Biomuii GesrpaHchopmaTopHUii criocib reHepauii BHCOKOI Hampyra 3a
JIOTIOMOrOI0 iHAYKTHBHOTO HakormmuyBada eHeprii (IHE), sikuii 3acHoBaHuii Ha
SBUILL TeHepallii Harpyru camoiHaykuii (U,) mpy BUK/IOUeHHi cTpymy: U, = —
(di/dt), me L - iHAYKTHBHICTb HakonuuyBaya, diy/dt — IIBUAKICTb 3HWKEHHS
cTpymy [1,2,4,5,8-15]. Ilpu mBuAKOMy Bifk/IroueHHI cTpyMy BeanuuHa Up Moxe
JoCsTaTh 3HaueHb, HabaraTto repeBa)kalOUuMX HAMpYTy MEPBHHHOrO JDKepena s
HakKauyBaHHS HakormydyBada cTpymoM, ToO6to IHE Mo)ke BHUKOHyBatd (yHKLii
TpaHc(hopMaTopa Hallpyry, ajie IpU LbOMY CTPYM HaBaHTa)KeHHsI He Oyze Oinbine
ir. SIK mpaBu/o, reHeparopu BUCOKOI Hanpyru Ha ocHoBi IHE mnpocrime iHmmx
cXeM, TOMy TakKWi [MiAXifi BUKODHUCTOBYEThCS B 0aratbOX — CXemax
6ectpaHchopmaTopHoro kupieHHsA. OcobmuBicTio reHepatopie 3 IHE €
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HeoOXiZIHICTb 3aCTOCYBaHHS K/FOUOBOTO TIpWiany (S), sSIKWM 3[0aTHUN He TiTbKH
BKJ/IIOYATH CTPyM HakauyBaHHs IHE, ane i BUMUKaTu 1oro, i 4yuM LIBUAIIE, TUM
kpaiie. IIpy LbOMYy TIpWIaJ B BUMKHEHOMY CTaHi TIOBHHEH BUTPHUMYBaTh 0e3
npo6oto BUCOKY Harpyry Uy.
Ha crorogHi € psifi eeKTpOHHUX MPUIaZiB, 34aTHUX 0araTropasoBo i B YaCTOTHOMY
pe>XXMMi BUMHKATH CTPYM IpPU HasBHOCTI HaNpyrud Ha esekrtpogax. [lo Takux
MpUIafiB BiHOCATBCSA TPAaH3WUCTOPH, 3aMUKalodi (JByXoreparifiHi) THUpHCTOpH,
enekTpoBakyyMHi komyTtaTopu (EBK) i3 3amMukaHHSM e/leKTPOHHOTO TIOTOKY i
Jesiki THmMA rasopo3psiiHux (tasmoBux) komytartopie (I'PK) [1,2,4,5,8-23].
Hatibineioro nommpenHs: Haby/M TPaH3UCTOPH, TOJIOBHUM UHHOM, B CHCTEMax
BHUCOKOe()eKTUBHOTO  0Oe3TpaHC)OpMaTOpHOTO  JKMBJIEHHS  paflioeneKTPOHHOI
araparypw, aje BeJMuYMHa JOMYCTUMOI Hallpyrd y HUX He TMepPeBUIIYE [eKiTbKOX
KioBoneT. Ile  TakoXX — BIJHOCUTBCA 10  BUMHUKAKOUUX  TUPUCTOPIB.
BUCOKOBO/IBTHUMM € peBepCUBHI  [JUHICTOpPY, aje BOHM MpaLOlTh Y
HaHOCeKyHAHOMY Aiara3oHy. EBK BesibMu edeKTHBHI 10 MIBUIKOCTi BUMHMKAHHS i
JOTIyCTUMiM Harpys3i, ajie BOHU TPOMI3JKi i y HUX BeJIMKi BTPaTH MOTY>KHOCTi Ha
MifirpiB Katofia i TPaHCIIOPTYBaHHA €/eKTPOHHOIO TMOTOKY uepe3 BaKyyMHI
NPOMDKKY B Tiepiof npoBigHocTi. 'PK MaroTh MeHI1i BTpaTy B Liel nepiof, 3aBAsKU
KoMIleHcal[ii e/leKTPOHHOTO TIPOCTOPOBOIO  3apsifly IO3UTHUBHUM  3apsi[ioM
T71a3MOBUX 10HIB. OZIHaK MepeprBaHHs ra30BOr0 pO3psy NPpY HasBHOCTI Hapyru
Ha eJIeKTpoJax Ayxe npobneMatuuHo. SIK BiZloMo, Taka >K rpobiemMa Mae Miclie B
MpWiaiax THUPUCTOPHOTO THITY, TIPOLECH B sSKWX 0araTo B uUOMYy aHaJOTiuHi
niporiecam B ['PK.
3anpornoHoBaHO Ppi3HI migxogu Ao KepoBaHoro BuMukaHHs [PK, ogun 3
MepCreKTUBHUX 3aCHOBAHMM Ha CiTKOBOMY KepyBaHHI, SIKMI CXO)KAM Ha CiTKOBe
kepyBaHHsi B EBK [23]. TPK 3 ciTKOBMM KepyBaHHsIM OyB Ha3BaHHM TaCiTPOH.
CyuacHi TaciTpoHHU [J03BOJISIFOTE BUMHUKATH CTPyM A0 1 KA mipu Hanpysi 70 25 kB i
Ginbmre. IX OCHOBHe TmpM3HAueHHs — MpPALFOBATH CIHUTBHO 3 €MHICHUMHU
HaKoIIMUyBavyaMH eHepril, aze IjikaBUM € iX 3aCTOCyBaHHs i [ reHepaLiil BUCOKOL
Harpyru cribHo 3 [HE 6e3 BHKOpHCTaHHS MiABUILYBalbHUX TPaHC(HOPMATOPIB.
Take 3aCTOCYBaHHsS TaciTpOHY, sSIK IT0Ka3ajM aBTODH, BeJbMHU 3arpebyBaHe, aje
BOHO /I0C/Ti/PKEHO Hel0CTaTHBO. MIoro po3BUTOK /103BO/IMB 6 PO3LIMPUTH 06/1aCTh
BukopuctaHHs Lux ['KII, cripusie 6 30iibIIeHHI0 iX MPOMUCIOBOTO BUIYCKY, i
po3pobri HOBUX KOHCTPYKLii. MeTa faHoi poOOTH PpO3IISTHYTH OCOOIMBOCTI
reHepallii TaciTpOHY BHCOKOI Hampyryd, pO3pOOWTH eeKTPUUHY Mofenb i
Mpe/iCTaBUTH BapiaHTW MOJepHi3aljii IX KOHCTPYKLIi 3 ypaxyBaHHSIM CITiJIbHOI
po6otu 3 [HE.
1. EJIEKTPOHHI KJTFOUI TACITPOHHOI'O TUITA

1.1. ITpuHUMn Aii TaciTpoHIiB

IcHye Ge3stiu eeKTPOHHUX K/TFOUOBHX TIPW/IAZiB: TPAH3UCTODH, eJIeKTPOHHI
JIaMIY, TUPATPOHY, ITHITPOHY, TACITPOHU 3 TepMOEeJeKTPOHHUM 1 XOJIOAHUM
KaToJamy, sIK 3aKOpIOHHUH BapiaHT — 3 XOJIOZAHUM KaToZOM i CXpelljeHUMH M0JIsIMA
KpoccatpoH [1.2.4,5,16-25]. [1ns reHepaLiii BUCOKOi Hanpyru 3 BukopuctaHHs [HE
IIJOHaMKpalLe TiAX0/ATh eJIeKTPOHHI K/Iroui, sIKi 34aTHi BUMMKATH CTPYM B YMOBax
nil BUCOKOi Hampyrd Ha ¢i3uuHi Tipoulecd y KirouaX. TakuMU KiIO4aMd €
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TacCiTPOHH, eJIEKTPOHHI BaKyyMHi JIaMITH Ta Jiesiki i pusiagu. TaciTpoHu Gibi
edeKTHBHI HDK BaKyyMHi JIaMMU 3aBJsSKM MeHIWHA pobouuii Hampysi y mepiof
komyTaljii crtpymy (20-100 B mpotu kinoBosbriB y jamm). [To3uTuBHI sSKOCTi
TacCiTPOHOB B TIOPIiBHSIHHI 3 He € TiIbKM CyTTeBO Oimbiumii KK, anme i kparmi
rabaputHo-MacoBi mapamerpu. OfHAaK TacCiTPOHU € BiHOCHI Mano BioMUMM
TpuiaziamMy, i € motpeba y 1X GisibIl eTaqbHAX JOCTiPKEHHS 171 PO3IIMPEHHS iX
3aCTOCYBaHHS B €/IeKTPOHHOI TeXHilli.

TaciTpoH € ripuiaZioM, siKU MOXKHa pPO3IJisfaTy Tak MofudikKallito Apyroro
OinbII BiZIOMOTO Ta30pO3PSHOTO TPUIaLy — BOAHEBOTO THparpona [1,2,4,5,23-
25]. OcranHil € TpioJOM 3 TPOMDKHUM eeKTPOIOM-CITKOK MiXK KaTofoM i
aHozoM. BiH HamoBHeHWiI BOZHEM, SIKMH C/Iyrye pobOUYMM I171a3MOYTBOPIOIOUNM
ra3oM. TUpaTpoOH BMMKA€E CTPYM IiC/I4 iHILIFOBaHHIO Y HBOMY ra30BOrO pO3psfy 3a
JIOTIOMOTOI0 CiTKHU: TOOTO 3 TIOUaTKy CTBOPIOETHCS I171a3MOBUM PO3PsiZ MiXK KaTozoM
i ciTKOO, a MOTIM €eJIeKTPOHM 3 LbOTO PO3PSIAY YTBOPIOKOTH Ij1a3My Oinsg aHO#y i
CTBOPIOETBLCS TUIa3MOBUM KaHa/l MiXK KaToZIOM i aHoZloM. B pesynbTati THpaTpoH
TIOYMHAE KOMYTHPYBATH CTPYM.

ITomyk nuIgxiB 0 MOXJIMBOCTI 3a JOTIOMOTO0 CITKW He TUIBKM yIPaBiATH
MOMEHTOM 3alajlOBaHHs pO3psily MDK KaTofoM i aHofoM, ane W IlepepuBaTd
pO3psifi TIpUBEJN [JO CTBOPEHHS IpWIaJy HOBOTO THILY, Ha3BaHOI'O TaCiTPOHOM.
TaciTpoH TakoX fB/IsIE€ CODOOIO TPHOXEJEKTPOAHUM MPUaZ, HallOBHEHUH BOJHEM
[23]. Kepytouuii eneKkTpos, BUKOHAHUUM y BUIVISZI MiJIKOCTPYKTYPHOI CiTKH, III0
TIOBHICTIO TIepPeKpUBae pO3psAHUIN TPOMDKOK MDK aHoZoMm i Karogom. Karop
TaciTpOHa — TepMOeIeKTPOHHMI ab0 XOJIOfHU 3 BTOPHHHOI i10HHO-e/IeKTPOHHOIO
emiciero. Iy miATPUMKY B NpU/azi MOCTIHOTO TUCKY BOZHIO C/IY>KUTh BOJHEBUN
reHeparop 3 Tifpuay turtany [25].

TakuM 4YMHOM, TacCiTPOH BOJIOI€ YHIKa/JbHOI [i/1s MOTY)KHUX [a30p03psJHUX
MpU/IaZiiB 3JaTHICTIO — 3a JOMIOMOTOIO CiTKM TepepyBae CTPyM aHofa 6e3 3HATTS
aHO/IHOI HAaMPYTH, UMM BiH Mo/i6HUI BaKyyMHUM €JIEKTPOHHUM JlamraMm. 3 iHIIoro
OOKy, TaciTpOH Ma€ rolOBHY TepeBary ra3opo3psAHUX MPUIaiB — Ma€ BUCOKUH
KK/l o aHogHOMY J1aHLFO3i ¥ TI0 psily BAaCTUBOCTeH, sIK Oysio 3a3HaueHo, MOXe
PO3IISIZATHCS SIK THPATPOH, II0 Ma€ 0COOIMBY MiTKOCTPYKTYPHYIO KOHCTPYKLIFO
ciTKd. MIJIKOCTPYKTYPHICTh KOHCTPYKILIil 03Haua€ Majuil JiiaMeTp OTBOpPIB y Hiil
[UIsl TIPOXOZly eJieKTPOHIiB 10 aHony. IIpu poOoumx yMOBax, XapakTepHUX [JIs
TUPATPOHiB: THUCKY BogHio 20-80 ITa i ryctuHu cTpymy uepe3s oTBip 5-50 A/Mm?,
TOBII[MHA iOHHOTO 1Iapy MO0/M3y CiTKY | Majia B MOPiBHSHHI 3 PO3MipOM OTBOPIB B
cityi D = 3-4 MM. Lle npu3BOANTE [0 eKpaHyBaHHS IM0JI KEPYHOUOrO e/IeKTPOAY i
BTpaTi MOXK/IMBOCTI KepyBaHHS IO CiTui. B TaciTpoHax, 3a paxyHOK MEHILIOIo
TUCKY pobouoro rasy (1,5-30 I1a) i MeHmMx po3mipiB komipok citku D < 0,5 mMm,
BXe B crafii mposigHocTi | opiBHsiHO 3 D. I[pu mojaui HeraTMBHOTO MOTeHL{iaIy
Ha CiTKY [ 30i7bIIy€eThCs, 1110 IPU3BOAUTE /10 TIOBHOTO TIEPEKPUTTS OTBOPY I1apoM
TIPOCTOPOBOrO 3apsfy IOHIB 1 3anMpaHHIO eJIeKTPOHHOIO CTPyMy Ha aHoOf,.
@aKTHUYHO CiTKa, L0 paHillle 3HaXOAW/IACh Mifl M71aBal0YM MOTeHIIia0M, TOYMHAE
BiZjirpaBaT posib KaTofa I0 BiJJHOLIEHHIO /0 pO3psily B KaMepi 3aIycKy, a cama
KaTofiHa Kamepa (Kamepa 3aIlyCKy) IlepecTae I0CTauaTd eeKTPOHHHWN TIOTiK B
OCHOBHMH 3a30p. lle Npu3BOAWTE [0 TaciHHA pO3psily B OCHOBHOMY 3a30pi
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(aHOZHO-CiTKOBOMY TIPOMDKKY). CTpyM CiTKHM, HeOoOXimqHWH /i1 BUMKHEHHS
TacitpoHa moxe ckiagatv 80-100 % Bij aHOAHOTO CTPYMY.

Cinifi BiAMITATH, IO MiC/s 3aMyCKy TaciTPOHY Ta yTBOPEHHs IJ1Ia3MOBOIO
KaHaJly KaToJ-aHoJl CiTKa eKpPaHYEThCS IIapOM iOHIB i Besie cebe HEUTPAIbHO, SIK
ciTKa y TUpaTpoHaXx, ajle uepe3 Majui JiaMeTp OTBOpIB BOHA CHJIbHO T'Pi€ThCS.
ToMy KOHCTPYKLIisl CiTKM TOBHMHHA A00pe po3citoBaTy Teryio. s 3MeHILeHHs
CTPyMY Ha CiTKy NpH NPOXOJpKEeHHIO CTPYMY Ha aHOJ, Y CITKOBUM JIaHLIFOT BBOJATH
pe3ucTop. Are Lieli pe31CTOp rajibMy€ HapOCTaHHsI HeraTUBHOI HallpyTH Ha CiTLi y
riepiof; TaciHHs po3psifly Ha aHof. s 301/IbLIeHHs IBUAKOCTI 3alIMPaHHs CTPYMY
e/IeKTPOHIB Ha aHOZ, i pO3CitOBaHHS I71a3MU B TIPWIAZi HeOOXiZHO LIBUKe
Bi/JIHOBJIEHHSI HEraTUBHOI HAalpyrd Ha CiTLi B MOMEHT raciHHg po3psigy. Tomy
BeJIMUMHA OTOPY B CITKOBOMY /aHIfo3i obupaetscsi He Ginbme 100 Om. Bci mi
MipHy [al0Th MOX/IMBICTh BUMHUKATH CTPYM Uepe3 TaCiTPOH HeraTWBHON) Hallpyroro
150-200 B. OnTuManbHIiM BapiaHTOM € INYHTYBaHHS L[bOTO Pe3UCTOpY y Tepiof
raciHHS pO3psiZly Ha aHOZ 3a JOMOMOIOK MiJIXOJAIIOr0 e/IeKTPOHHOIO MpUIazy
(TvpaTpoHa, TpaH3uCTOpa UM THpUcTOpa). bysna 3amporoHoBaHa cxema
[IBOIMITYy/TbCHOTO KepyBaHHs, BapiaHT sKoi TipuBefieHuMii Ha puc. 1.1 AnHopne
[okepesio Hanpyru E, i TaciTpoH V; mif’eqHaHi o0 HaBaHTaXeHHs Rs 3a CxemMoro
MOZY/SITOpa 3 YacTKOBUM pO3psiZioM HakomuuyBada eHeprii (emHocti Cj).
Pesuctopu R, i R, — gnsa 3apsagy Ci. Pesuctop Rs — A1 BUMIDIOBaHHS CTPYyMY.
CxeMa IpaLjf0€ HaCTYITHUM YHHOM.

Puc. 1.1. Cxema ABOIMITYJIBCHOTO KePyBaHHS TaCiTPOHOM

o 3amycky TaciTpoHa Ha Horo ciTKy Bifi mpkepena —E. uepe3 pesuctop R; 3
Be/IMKUM OIIOPOM TIOZla€ThCsl HeraTMBHA Harpyra, a eMHictb C; 3apsypkeHa [0
Harnpyru +E,. [Iyist 3arycky TaciTpoHa i mepepuBaHHsI PO3PSiy BUKOPUCTOBYIOTHCS
[Ba TpaH3uCTOpHUX Kiatoya Vii V. Ilpu BignmupaHHi Kimroua ViHampyra Bif

Iokepena +E. TIOfAaeTbCs Ha CITKy uepe3 HU3bKOOMHHUM pe3uctop Rs, 10
TIPU3BOJUTH 10 BUHMKHEHHS PO3PsAY MK KaTOZOM i CITKOIO i MOTIM BUHUKHEHHIO
pO3psiZly Ha aHoZ. 3akiH4yeHHs iMIIyabCy 3amycKy Vi IpU3BOAUTH (PaKTUUHO [0
BIJIKJIFOUEHHS CITKU Bif [yKepesl i epexoAy II B peXkKUM 3 I1JIaBalOuMM I0TeHL{ia/IoM.
[TaginHg Hampyru Ha pe3ucTopi R; 3 BEeJMKMM OMOPOM IIPAaKTHUUHO JOPiBHIOE
Hanpy3i fokepena —E. Takuii cTaH He BIUIMBAaE Ha MPOXOAKEHHS CTPyMy B
TaciTpoHi, 1 BiH NPOAOBXY€E MPOBOAUTHA CTPYM, BeJIMYMHA SKOTO BHU3HAYAETHCS
Haripyroro Eo, oropom HaBaHTakeHHs1 Rs 1 IafjiHHAIM aHOJHOI Halpyru Ha
TacitpoHi. OcKinbKy ocTaHHs Habararo MeHiua, uiM E,, KK]I cxemi Ayske BeJTUKHA.
Koy BifKpuBaeThCs TpaH3UCTOp Vo, Pe3UCTOp R; LIYHTYETHCSA TPAH3UCTOPOM I Ha
CITKY TacCiTpOHa IIOCTYIIa€ Harpyra Bifi J)Kepesia 3MilljeHHs Bif [pkepesa —E. uepes
HU3bKOOMHUI JlaHLItor. B 3B’S13Ky 3 LM HacTae IIBUJKe MepeKpUTTs i0HHUMH
060/T0HKaMH T/1a3MOBOTO KaHasTy B 00/1aCTi CiTKH, i CTPYM Ha aHO[| IPUTTHHSIETHCSL.
Yac HagxomKeHHst V> i BiJKpUTOMY CTaHi MOBUHEH OyTH JOCTATHIM [ijisi IOBHOTO

3anMpaHHs TaciTpoHa. B nMpoTHBHOMY BUTIaAKy pPO3psiJ Ha TACITPOHI BiIHOBUTHCS.

Cxema [JBOXIMITY/IbCHOTO KEepyBaHHS B TACITPOHI Ma€ psifi IUTIOCIB, 30KpeMa y
HacTyrnHoMy. Koy B TaciTpoHi mpoTikae CTpyM Ha aHOJl, CTPYM Ha CiTKy piBHHUN
HYJ/IIO i ciTKa He mijyisirae mif iHTeHCHBHe ioHHe GombapzyBaHHs. [TpOTSIKHICTB
IMITy/IbCY aHOHOTO CTPYMY Y HaBaHTa)KeHHi Rs JIeTKO Pery/roeThCs HIIXOM 3MiHU
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yacy 3aTPUMKH IMITyJ/IbCy TaCiHHS Ha TpaH3ucTop V,. IMIynbcH KepyBaHHS MarOTh
Many MpOTSDKHICTh, i MPU BenMKil MPOTSHKHOCTI iMIy/IbCy aHOAHOTO CTPyMYy ZO
HUX He TIpeJ; BJISIOTHCS JKOPCTKI BUMOT'H.

Ha puc. 1.2 HaBefeHi TUMOBI 4YacOBi XapaKTepUCTUKHU TMpPOLECIB BBiIMKHEHHS
(po3BUTKY po3psiAly) Ta BUMKHeHHs (TaciHHs pO3psify) OFAHOTO 3 AOCIiJHUX 3pa3sKiB
TacCiTpoHY. SIK BUJHO Lii NPOLIeCH MarOTh MiKDOCEKYHAHY TPUBAICTb.

BenuuvHa naZiiHHS Hapyru Ha TaciTpOHI B mepiof, KOMyTalii CTpymy, fiK i B
iHIIMX Ta30pO3pSAAHUX TPWIaAaX 3 TiAIrpiBHUM OKCUIHUM Katofom [24], Gyme
BM3HAUaTHCSs, TOJIOBHUM YHMHOM, TeMIIepaTyporo KaToja (Harpyrow po3sKapeHHS
Karozia), TUCKOM rasy (Hampyror po3)KapeHHs1 BOJIHEBOIO TreHeparopa) i
aMIVTITYAO0 iMITyJIbCYy CTPYMy aHoZa. Mo)KHa BBaXKaTH, L0 HA BeJIMUMHY TaJiHHS
Hafpyrd B TaciTpoHi Oyje BIJIMBAaTH TaKOXK i CiTKa. Y TIpolleci MpoBejeHHsS
eKCriepuMeHTiB Oy/i0 BCTaHOB/IEHO, 0 Tpu cepegHbomy ctpymi 0.4-0.5 A Ta
Oisnbliie maziiHAS HATIPYTH B TAaCiTPOHI Tak caMo, K ¥ B iMITy/TbCHUX TUPaTpPOHaXx,

MaJIo 3aJIeXXUTh Bifi aMIUIITYAW CTPYMYy aHOJA W HamlpyrW po3KapeHHsl KaToja Ta
reHeparopa BOZHIO (Y NPUIYCTUMHUX MeKaxX 3MiHU Harpyru).

Puc. 1.2. Turosi yacoBi XapakTepuUCTHUKH TaciTPoHY (1 — TpUBasIiCTb PO3BUTKY
po3pszy t, abo BBIMKHEHHsI TaCiTpPOHY, 2 — TPUBAJIiCTh TaCiHHs po3pszy f. abo
BUMKHEHHS TaCiTPOHY) TIpY pi3Hill Harpy3i MKepest XKUB/IEHHS aHOZY.

Puc. 1.3. Turosi BosibT-aMITepHi XapaKTePUCTUKH TaCiTPOHA ITPH Pi3HiM Hampys3i
nifirpiBHuKa Tepmokarony: 1 - 6.0 B; 2-6.3 B; 3-6.6 B; 4 — 6.9 B.

Sk npaswusio, BeJIMUMHA MaJ[iHHSA HaMpyTry Ha TaciTpoHi He nepesuutye 200 B. Ilpu
Ma/JMX 3HAUeHHsAX HaNpyru MiJirpiBHUKA TepMOKaToLy 1 CepefHbOro CTPyMy
CrHoCTepiraeTbCst pi3Kuii 3arMH BOJIBT-aMIIEPHUX XapaKTepUCTHUK BroOpy ¥ CH/bHA IX
3a/IeKHICT BiZi Hampyru pokapeHHs kKatoja (puc. 1.3), mo 006ymoB/eHO

HeZIorpiBoM Karoza.

1.2. TlapaMeTpu Ta XapaKTepUCTUKU [IPOMUCIOBUX TaCITPOHIB
EslekTpOHHA IPOMUCJIOBICTE BUITYCKAE Psifi TACITPOHIB /7151 BUKOPUCTAHHS Y Pi3HiN
paziioesieKTpoHHil amapartypi. B Tabm. 1.1 HaBezeHi AaHi /1 HaMGiMbI BigoMIX
TUMIB TaciTpoHiB 3 TepmokatozoM (TI'Y) ta ¢ xonogHum kKatozoMm (TXY) [23]. Lii
TaciTPOHM MalOTh MeTajloKepaMiuHy 000/MOHKY. fIK 6auMMo, MPOMHC/IOBICTb
BUITYCKa€ [JOCUTh IMPOKiH CTIeKTP TaCiTPOHIB /i/1s1 pi3HOr0 NpU3HaYeHHs!.

Tabmuns 1.1 — [TapameTpu TaciTpoHiB

1.3. TunoBa KOHCTPYKLIisl TPOMUAC/IOBOTO TaCITPOHY TPiOAHOIO TUITY

Koncrpykuis ogHoro 3 tacitposi (TI'Y1-27/7) 306pakeHa Ha pUCyHKY 1.4.
BiH Mae TepMoOKaTo/ MOCEepeJHLOr0 pO3KAPIOBaHHSA, TOOTO 3a [JOMOMOIOH)
OKpeMOro MiJjirpiBHUKA, TiJpUA-TUTAaHOBUIN reHepaTop BOJHIO OFHY KepyBa/lbHY
citky. TepmokaToz, Mae TeIUIOBiM eKpaH JJIsi 3HWKEHHsI pO3XOJy eHepril Ha
migirpiB. AHoOZ, CiTKa 1 TepMOKarof, 3akpiluleHi Ha MIiJHMX YallOBUIHUX
eleKTpoiax, MpUMasHUX K KepaMiyHUM LWIIHAPUYHUM i3o/sTopaM. Ha HibkHIN
KepaMiuHi{i JHUCKOBiM TacTHHI 3aKpilyieHi eneKTPUYHI BBOAU [0 TMiJirpiBHMKA
TepMOKaToZly i reHepatopy BofHIO MijHi efleKTpoAud i KepaMiuHi i3onsrtopu
CK/TaflaloTh TepMeTHUHy OOOMOHKY Tmipwiagy. ITocTiZioBHO 3 MiAirpiBHUKOM
reHepaTtopa BOJAHIO BK/IIOUEHUM pEe3UCTOpP-KOMIIeHcaTop /s crabimisargii
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TeTUIOBOTO PEKUMY T'eHepaTropa ¥ TUCKY BOAHIO B TIPM/IaZi. 3a3BUuail TaciTpOH Mae
TIPUMYCOBe TOBITPsSIHE OXOJIOZKEHHS.
1 - By30J1 aHOAQ, 2 - BY30JI CiTKU, 3 - KaTOJHO-TTiZirpiBa/ibHUI BY3071,
4 - reHeparop BOJHIO.
Puc. 1.4. KoHcrpykuis tacitpona TI'Y1-27/7.
2. [IOBYIOBA I AHAJII3 CXEMU TACITPOHHOI'O 'EHEPATOPA
BMCOKOI HATIPYTU
2.1. AHani3 i Bubip 6a30Bux BapiaHTiB MOOYZOBH CXeMU TaCiTPOHHOTO

reHeparopa BUCOKOI Hallpyru

3 yCbOro pi3HOMaHiITTS MOXK/IMBUX CXeM MOOYI0BH TaciTPOHHOTO reHepaTopa
BHCOKOI Halpyrd MO)KHa BUJIMATU [JBa 0a30BUX BapiaHTH, sIKi MpeZcCTaB/ieHi Ha
puc. 2.1. OiuH NpU3HaUeHUH reHepyBaTH KOPOTKO-iMITy/TbCHY HarlpyTy, a JpyTryi —
cnabo MmynbCyrody Maike MOCTiHHY Hampyry. Y IepiioMy BapiaHTi HaBaHTaKeHHs
R, migknroyaeTbcs 31iBa 0 TaciTpoHy S, a B APYroMy BapiaHTi HaBaHTa)XeHHS
Ry’ mipkmouaeTbCs mapaiesibHO 10 KOHZEHCATOPHOTO HaKoIMUyBaya eHeprii abo
¢inerpy C®P i pa3om 3 ocranHiM 3'eqHaHa 3 IHE (L) i TacitrpoHom S yepe3 fiog
6nokyrounii D. Ha puc. 2.2 mpeficTaB/ieHa yacoBa Jiiarpama pob0Tu reHeparopa 3a
MepIIYM BapiaHTOM.

Puc. 2.1. Cxema reHeparopa BUCOKOI Harpyry. IIITpUx0oBOIO /iHi€r0 MoKa3aHi
BapiaHTH BKJIFOUeHHSI HaBaHTaeHHs (R,” abp Ry "). C; — KOHAEHCATOpHUHN (ibTp,
D — 6nokyrounti fgioa, E — mkepeno xusnenns, L — IHE, S — tacitpon, V —
610Kytoumii ra3otpoH, CY — cucrema yrpaBiiHHs TaCiTpOHOM
B 060x BapiaHTax BK/IFOUEHHST HAaBAHTKEHHS TaCiTPOHY S BIUKOPHUCTOBYETHCS ISl
HakauyBaHHs ctpymom IHE (L) i nparitoe B iMny/ibCHOMY pexkumi, repeOyBarouu B
MPOBiJHOMY CTaHi B Tepioj, 3 MOMeHTY IoAaui MO3UTUBHOI HAaNPYTH Ha CIiTKY t, 0
MOMEHTY {3 3aKiHUeHHS MiC/ISPO3PSIAHOro [eioHi3aliOHHOro MpoLiecy BiZJHOBJIEHHS
€/IeKTPUYHOI MII[HOCTI aHOAHOrO INPOMDKKY TaciTpoHy. EnekTpuuyHa MILHICTB
BU3HAYAETHCSI MAKCUMaJIbHOIO aHOAHOK HATpYTolo, sika BUTPUMYE TaciTpoH 6e3

MHUMOBIJILHOTO TIepexXo/ly B IPOBiJJHNM CTaH.

Puc. 2.2. Yacogsa ziarpama pobotu reHepartopa. 111 HAOUHOCTi YaCOBMI MacITad

T0/[ili pO3TATHYTHH Ha CTAJisIX BKJIFOUEHHS i BUK/TFOUeHHS TaCiTPOHY.

Y mnepiog [to, t1] dhopmyeTbcsi po3psii MK KaTrooM i aHOZOM TaciTpoHY i BiH
repexouTh B HOPMaJIbHUM MPOBifHMI cTaH. Yac GpopmyBaHHsS po3psiy — OJTHU3BKO
0,1 MKc. Y mepiogu [ty ts, ts 200 ts] BinOyBaeThCs MeioHi3allis M1a3MH B TacCiTPOHi i
BiJTHOB/TIOETHCSI MOTO e/leKTpUYHa MilHicTh. Yac BigHOBIeHHS — 6Giu3bko 0.5-2
vkc. [lpuuomy B mepion [t, t;] KOHLeHTpaLjis TMiCAsSpo3psiiHOl  TIa3MHU
3a/TUIIAETECS  [JOCUTh BEJIMKOIO, 30epiraeTbcsi Maibke HOpManbHa IPOBiZHICTB
TaciTpoHy i Tpuae 3apsaka IHE, notiM npoBifHICTE pi3KO criafae. Y 3a3HaueHi
Mepiofy MOTY)KHICTh TEIJIOBOI'O HAaBaHTa)KEHHS Ha TacCiTPOH ps - MaKCHUMaJIbHa,
JIVB. HIDKHIO fliarpaMy Ha puc. 2.2. Y mepios HOpManbHOi (TOO6TO MaKCHMabHOI)
MPOBiAHOCTI TaciTpony [ti, ;] nafinHs Hanpyru Us; Ha HboMy 6/113bko 50-100 B i
cabo 3anexxuthb Bif ctpymy. Lle 103Bossi€ 3aMiHHTH TaciTpOHM eKBiBaeHTHUM
reHepatopoM 3ycTtpiuHol Hanpyru Us; pU po3paxyHKy eleKTPUYHOro Koma Tif
vac 3apgzxu IHE. TpusasticTe NO3UTUBHOI YaCTHHY KepPYIOUOro iMITy/IbCy Ha CITKY
U, MOXXHa CKODOTUTH, aje [0 BeJUUMHU He MeHIle yacy ¢opMyBaHHS (Ha
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MPaKTUL[i - [O [AeKibKOX MIKDPOCeKyH[), i TiepedTd [0 [JBYXiMITy/TbCHOTO
yIIpaB/liHHSA (KOPOTKUM BiANIMparounil iMmysnsc i JOBryil 3aMukatoumii). Lle 3HIDKye
TeI/IOBe HAaBaHTa)XeHHS Ha CiTKy. TpuBanicTe HakauyBaHHs IHE Bu3HauaeTbCs
33/laHAM{ TIapaMeTpaMM CXeMH 1 peXMMOM poOOTH TeHepaTopa, TaciTpOHU
JIOTIyCKalOTb ~HaKauyBaHHS TPHUBAIICTIO [EeCATKU-COTHI MIKpOCeKyHZ TpH
JIOCTaTHbOMY OXOJIO[)KEHHI CiTKH.

2.2. AHanis cragii HakauyBaHHs [HE
Y mnepiox HakauyBaHHs I[HE iioro cTpym BU3Haua€eThCsi HAaCTYIHOK (OPMYJIOLO,
JKIII0 3HeXTyBaTW BHYTPILIHIM onopoM mxepena, IHE i guHamiuHMM omopom
TaciTPOHY i MoJisiraty, 10 OMip HaBaHTa)XeHHs R, fyke BeJMKUH, a Hioro cTpym
Jly)Ke MaJlnii:
Ie i1 — 3anmmmkoBuid ctpyM B IHE mepes BkiroueHHsIM TaciTpoHy. [1py oTpumMaHHi
JaHoi (GopMy/T MU BUKODHUCTOBYBA/IM BifIOMUI1 3aKOH caMOiHAYKLiT
i, BiIMOBiTHO,
3 HACTYTIHUM IHTerpyBaHHsIM.
ITpu poboTi cxeMy B pe>KUMi reHepaTopa iMITy/IbCHOI HAIpyTH 3 HaBaHTa)KeHHSIM
R." wmiHiManbHe 3HaueHHs io; = E/R.’ a MakcHMajbHe BH3HAUYA€ThCS CTYTEHEM
po3psiny IHE B mepiog [ts, ts], Ko TaciTpoH BUMKHeHW. Mae Micte niHiiHUNA
3apsz IHE. Enepris W nakauku IHE:
Je i3 — ctpyM IHE B MOMeEHT 3aKiHUeHHs Ilepioly HaKaukH! t.
2.3. AHani3 reHepatii iMny/bCiB BUCOKOI Hallpyry Ha rapase/lbHOMY
HaBaHTaXeHHi
Jiarpamu Ha puc. 2 TakoX NpeZCTaB/IsIFOTh JUHAMIKY reHeparlii iMITy/1bCy BUCOKOI
Hanpyru B niepiof po3psiaku IHE 3 pisHum 3anacom eneprii. OCKilIbKY TaciTpoH S i
HaBaHTaXeHHs R.’ 3'€qHaHi mapasienbHO, BOHM 3HAXOJAThCS Iifi OJHAKOBOO
Hanpyrow (us = uy'). Ilicnsa mofaui B MOMEHT t, HeraTWBHOI Hamnpyrd Ha CiTKy
TACITPOHY TOYMHAETBHCS MpoLec JeioHi3auii mic/isgpo3psAaHol  miasmu i
BUK/IIOUEHHSI CTPYMy Is. [IpOBIfHICTH TaciTpOHY IIOUMHAE 3HWKYBATUCH,
BiZIMTOBiJHO, 3HWKYETbCSI CTPYM is i 3pOCTae CTPyM uepe3 HaBaHTaKeHHs Ry,
thopmytrouy repeziHii GppoHT iMmynbCcy Harpyryd. Ha nmpakTulli TpyBasticTb GpPOHTY
CTaHOBUTH Ki/lbKa MIKDOCEKYH/[,, Ha II Be/MUYMHy BIUIMBA€ He TiJBKW TNpoLeC
JeioHi3auil nicaspo3psALHOI I1a3MU B TaCiTPOHI, ajie i mapasuTHI EMHOCTI, i BTpaTtu
eHepril B cxemi. IloTouHa BenvuMHA Hamnpyrd Ha HaBaHTaKeHHI BU3HA4a€TbCS
BNPa3oM:
i Jocsirae MakcUMabHOTO 3HaueHHs Uy wakc B MOMEHTH ¢4 a00 ts. SIKII0 3HeXTyBaTu
BTpaTaMu eHeprii B TaciTpoHi B Tepiof Aeioizarlii, orpumyemo Qopmyny s
OL|{HKU aMIUIITy U IMITyJ/IbCY Halpyru
INoTiM nourHa€eTHCS eKCIIOHeHTHU Cr1aj, Harlpyry Ha HaBaHTakeHHi i dopmyeTbcst
3afHii ¢poHT iMmynbcy Hanpyry. Leit porjec onmMcyeThCst piBHSIHHSIM
Jie R — onip Bcboro /aHIjtora, BKJIHOYAIOUH OIip HaBaHTa)keHHS R;,’, aKTUBHUH OMip
IHE i BHyTpilmHiM omip /pKepesa TIepBUHHOTO J>KMBJIEHHS. 3BificH, SIKIIIO
3HeXTyBaTW BTpaTaMHU eHeprii B TaciTpOHI B Iepiof JeioHi3aljil, OTpUMYyeMO
¢dhopmyiny AJis TOTOUHOI HAaNpyTy Ha 3aHBOMY (DPOHTI iMITy/IbCY Ha HaBaHTa)KeHHi
CyLi/IbHUMM JIiHISSMMA Ha pUC. 2 TOKasaHi fAiarpamu jjg Bunafky, koau IHE B
MOBHOMY 00CSI3i PO3PSKAETLCS B MEPIof, [ts, ts], @ MITPUX-TYHKTHUPHOIO JIiHI€0
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TOKa3aHi Aiarpamu Jyist BUNajKy, koyu IHE MoBHICTIO pO3psIKaeTbCsl B TIepiof, [ts,
tel.

BuzHo, mwo HeroBHuWit po3psg IHE fgo3Bossie oTpumyBatd Gisbly amrumitygy
iMIy/IbCiB TIpH iHIIMX piBHUX yMoBax. Takwuii po3psg IHE Mae miciie ripy po6ori B
YaCTOTHOMY peXHMi 3 KOPOTKOHO TPMBA/ICTIO BHUMKHEHOTO CTaHy TacCiTpOHY.
Binpl1 TOro, B IjbOMY BHUMNAJKy MOXKHa OTPUMYBaTd Ha HaBaHTa)KeHHi Maibke
MIPSIMOKYTHI iMIy/IbcH HanpyTy. OUeBU/HO, 1110 UMM OisbIiie BigHOIEeHHsT R/L, THM
MeHI1le po3psipkaerecs IHE mif yac renepatiil iMiysisCy Harpyru.

2.4. AHani3 reHeparlii BUCOKOI HallpyTy Ha HaBaHTa)KeHHI 3 MapasieslbHAM

KOHAOEHCaATOpPOM
[nsi  oTpumaHHs TMOCTiMHOi, TouYHime, c/abo TMy/AbCYOUOI HamNpyrd Ha
HaBaHTaXeHHI R,”” mapasesbHO il BK/IIOYAIOTh  HAKOMWUyBaJbHHWH,

3r7aJpKyBanbHUN abo dinbTpoBuit KoHfeHcaTop Cg, SIK MOKa3aHo Ha puc. 2.1. s
3arnobiranHs po3psiay Cg uepe3 BiKpuTHiA TaciTpoH S mij uac HakauyBaHHs THE
BBe/leHUH OIOKyBanbHUH fiof D. Y pe3y/nbTaTi BAXOAUTb CXeMa, sika aHa/IoTiuHa
cxeMi OycTepa i LLIMPOKO 3aCTOCOBY€ETHCS B TPAH3UCTOPHUX BecTpaHChOpMaTOpHUX
[DKepejiaXx > KUB/IEHHS [IJI1  TIePeTBOPEHHs, pery/ioBaHHs Ta crabimizaril
nigBuiieHoi Hanpyry [8-14,17-20].
Ha puc. 2.3 nHaBezeHi uacoBi fiarpamud po0oTu mofibHOTO reHeparopa, ase
BUKOHAHOrO Ha TaciTpoHi. YacTWHM fiarpaM 3i IOTPUXYBaHHSM I[103HAuarOTh
nepiofid TPUBAJIICTIO T, KOJM BiZIKDUTHI TaciTpoH i BizbyBaeThcs migkauka THE.
bnokyBameHMI fAiof D B 1ji mepiogu 3akpuTHM, i eHeprisi B HaBaHTa)KeHHS
Ha[XOAWUTb TiNbKU 3 KoHAeHcatopa Cy, 10 CYyINPOBOKYETbCSA JesSKOH Horo
pO3psiiKot0. Y Tepioziy TpuBasicTIO O HaBMaKU TaCiTPOH — 3aKpUTHH, ase fiog D —
BiIKpUTHH, i eHeprist HagxoauTh 3 IHE 10 HaBaHTa)keHHS i KoHAeHcaTopa Cg, 110
CyNPOBOXKY€ETLCA MiA3apsaaoM Cy.
Teopisi TpaH3ucTOpHUX OycTepiB no0pe omucaHa B JiTeparypi [8-14,17-20], ii
BHCHOBKM MOKHA 3 [leSIKUIMH 3aCTepe’KeHHSIMM 3aCTOCyBaTH i 0 TacCiTpOHHOIO
reHeparopy. B ifeanbHOMy BUMajKy, KOJM He TI03HAualOThCs aKTHBHI BTpaTH
TIOTY)KHOCTi, MOkHa Oyno 6 oTpumaru OaraTopa3oBy, B AeCATKM pa3iB Oinblry
Halpyry Ha HaBaHTa)XeHHI 11[0fio BenurHY E. OfjHaK, 3 ypaxyBaHHsAM BTpaT e(eKT
MiBUILEHHs] BUXiZHOI Hampyrd reHeparopa oo BennuWHU E obmexyeTbcs
3rigHo dhopmysnu:
ne m — KK/ neperBopennst Hanpyru (1 ~ 0,8-0,9), y - koeillieHT 3aroBHeHHs
imMnyneciB (y = /7).

Puc. 2.3. Yacosi fiarpamMu pob60TH reHepaTopa C1abo My/IbCYHUol HanpyTH 3

HaKOIMMUyBa/TbHUM KOH/IEHCAaTOPOM Mapasie/lbHO HaBaHTa)KEeHHIO

Takox Biziomi popMynu [isi OLiHKY eeKTy MiJBUILeHHS HarpyrH, 6e3nocepesHBO
BPaXOBYIOTh BeJIMUMHM aKTWBHHUX OTOpIiB efieMeHTIB cxemu. B [9] ans Bumazaky
PIBHOCTI aKTMBHMX OTOPiB JIAHLIIOTIB 3apsifky (Hakauku) i po3psaku IHE (r)
BUBejleHa opmyIia:
B inmiit ¢opmyni [8] BpaxoByeTbCsi pi3HWLL B BeJMUMHAX OIOPIB JIAHL[OTIB
3apsaKu (r.) i po3psiaku (ry):
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[ToTy>kHICTH CyMapHMX BTpaT B TaCiTpOHI Mif 4Yac MepexifHUX MpOoLeCiB

BKJ/IFOUEHHSI i BUK/TIOUEHHs (KOJKeH TPUBAJIICTIO Tnep) MOXKHA OL[IHUTH 3a (HOPMYJIO0
[8]:

ne I — cepenniit 3a mepiog T ctpym ITHE.

Y nifCyMKy iCHy€ rpaHAYHe 3HaYeHHSs

BUIlle siKOro edekT TifBUIeHHS Hampyrd npomnajgae [9]. 3Biacu, pmd

TPaH3UCTOPHUX OycTepiB KoedilienTy BubOupatoTh He O6inbie 0,8-0,9, a

MakKCHMaJIbHe Mi/IBUILIeHHs] HalpyTH He Binblie 5. Y pasi TaciTpOHHUX reHepaTopiB
BHAC/I/JIOK IX BHCOKOBOJIETHOCTI i MEHIIIOMY 3a BEeJIMYMHOIO BifHOIIEHHIO /R,

OUIKYETBLCSI iCTOTHO BifbIlie MiZIBUIIEHHS HATIPYTH.

B sikocTi 6710KyrOUOro Aiozja MOXKHA 3aCTOCOBYBATH He TiJIbKW HarliBIIPOBiJHUKOBI

BEeHTHU/Ti (Ha MPaKTHIIi 1]e JIAHITFO’KKH 3 BEJTUKOI Ki/IbKOCTI TTOC/Ti/JOBHO BK/TFOUEHHMX

JUCKPeTHUX TpWIaZiB), a ¥ IIBUAKOAIIOUMII BHUCOKOBOJBTHUN IMITy/IbCHUIA

ra3opospsifHUM BeHTWIb (IMOYyJbCHUM Tra3oTpoH) V, mMoKasaHud $K BapiaHT
BUKOHaHHS Ha puc. 2.1. IIpyyoMy HalbiNbII AOL[IIBHO 3aCTOCOBYBAaTH ra30TPOH 3

XOJIOJHUM KaToZoM. Y HUX ZJIs1 IPUCKOPEHHS! BiZJHOB/I€HHS! BEHTW/IbHOW MIl{HOCTI

BBOJJUTHCSI KaTOAHA CiTKa (feioHi3aljioHHWI ¢inbTp), criosyueHWid 3 KaTOJOM.

3acToCyBaHHsI KEHOTPOHOB i ra3’OTpPOHIB 3 TepMOKATOIOM HeJOL|IbHUM uepe3

HeoOXiZHICTb BBeJ|eHHS B CXeMY [JOaTKOBOTO PO3’KapIOBaIbHOrO TpaHC(hopMaropa
B BHCOKOBOJIBTHOMY BHKOHaHHI, W0 YCK/IaJHIOE KOHCTPYKLi0 TeHeparopa i

BUMarae BUTPAaTU MOTY>XHOCTI Ha MiZirpiB KaToza.

2.5. Po3pobka mporio3uiiii Mo CTBOPEHHIO HOBOTO TaciTpoHa TribpuiHOl
KOHCTPYKLIi [y11 reHeparii BUCOKOI Hanpyrd Ha HaBaHTaXeHHI 3 Iapase/bHUM
KOHOEHCATOPOM

3 ormsAgy Ha Ty oOCTaBHMHY, IO B CXeMi reHepaTopa 3 Tapajie/lbHUM
KOH/IeHCaTOpOM y HaBaHTa)KeHHs OJHOMMEeHHI e/leKTPOAM TacCiTpoHa i ra3oTpoHa
MOXYTb MaTH CIiJIbHY TOYKY 3'€IHaHHS | 3HaXOAWUTUCA TIiJj OJHAKOBUM
TIOTEHI[ia/IoM, MOKHA 3aCTOCOBYBATH 3aMiCTh [JBOX MPUIaZiB OJUH KOMOiHOBaHUH
npuiag ribpugHOi KOHCTPYKLiL, IO CK/IAJA€ThCsl 3 TACITPOHUX i ra30TPOHUX
YACTWH, ajle Ma€ CIiJIbHUM eNeKTpoJ, [jid 000X 4YacTUH. TakKuM  CIiJIbBHUM
€JIEKTPOZIOM [I71s1 000X UaCTHH MO>Ke OyTH aHOZ (sIK 1ie BUAHO 3 puc. 2.1) abo Karo.
Bubip KOHCTPYKTHMBHOTO BapiaHTy, OYeBHJHO, BH3HAYA€TbCS HASBHICTIO
Bi/ZIITOBiIHOTO MPOMUC/IOBOTO MPU/IAAY I BUMOraMu CIO)KHMBaya JaHol TeXHIKU.

3 TpPaKTUYHUX MIpKyBaHb B SIKOCTi CIIJIBHOTO e/IeKTpoZAa JOL{/IBHO BUOWpPATH
OinbII CKIa[HUH 110 KOHCTPYKLI es1eKTpo, a TakKUM Haiuacrilie € karog. Ha puc.
2.4 mokasaHi BapiaHTH TOOYZOBM CXeMH TreHepaTopa 3 TOAIOHUM TPUIAZioM AJist
Pi3HMX MOJISIPHOCTEN BUXiHOI HAapYTH.

[MozibHa cxema reHepaTropa MPaKTUUHO peasti3yroua, OCKiNbKU € CBITOBHIM AOCBif
VCITIIIHOI PO3pOOKKM BUCOKOBOJILTHUX Ta30PO3PSAAHUX TPUIA/IB JOCHTh CKIaJHOI
KOHCTpyKUii [15,23], a Haii gocmipkeHHs: Ha MakeTHHUX 3pa3Kax ITi/ITBepKYI0Th
1je TIpUITyLIeHHst. TakiM YMHOM, CTBOPEHHs] KOMOiHOBaHOTO Tipuiazly "TaciTpoH +
iMOyAbCHUM ra3oTpoH" MOXKHA pPO3IMIAAATH  SK MOX/IMBE 3aBAAHHA [isl
e/IeKTPOHHOI [IPOMHCJIOBOCTI.

3. MOJIEJTFOBAHHSA F'EHEPALIIT IMITYJIBCIB BUCOKOI HATIPYTU
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3 ychoro pi3HOMaHITTI MOX/IMBHUX CXeM TMOOyJOBH TaCiTPOHHOTO
reHepatopa BHCOKOI Hampyru Oymnu BuOpaHi faBa 0a30BMX BapiaHTH, sKi
npeActaBieHi Ha puc. 3.1. OfvH MpU3HayeHUi reHepyBaTU KOPOTKO-iMITy/IbCHY
HampyTy, a ApyTuil — cj1abo MysbCylouy MaibKe TOCTiHHY Hampyry. Y Iepiomy
BapiaHTi HaBaHTa)KeHHs R,  MiAK/IrouaeTbCs 371iBa A0 TaciTpoHy S, a B Apyromy
BapiaHTi HaBaHTaXeHHs1 R,  MiJKIHOYA€ThCS TapasesibHO /10 KOH/@HCATOPHOTO
Hakom4yBaua eHeprii abo ¢inerpy Cy i pa3om 3 octanHim 3'eqnana 3 IHE (L) i
TaciTpoHoM S uepe3 fiof 60Kyroumii D.

Puc. 3.1. Cxema reHeparopa BUCOKOI Harpyry. LIITprxX0OBOIO MiHi€r0 MMOKa3aHi
BapiaHTH BK/TFOUEHHs HaBaHTaKeHHs (R, abo R,.""). C; - KOH/IeHCaTOpHUH (isbTp,
D - 6nokyrouuti giop, E - mxepeso xxusnenns, L - THE, S - TacitpoHn, V -
6oKytoumii ra30tpoH, CY - cucTeMa ynpaBIiHHS TaCiTPOHOM

B pmaniti poboti Oys0 TIpOBeIeHO MO/Ie/TF0BAaHHS TEPILOT0 BapiaHTy CXeMH,
KW [IOJATKOBO 300pakeHWM Ha puc. 3.2. [lasg [Apyroro BapiaHTy CXeMH
reHeparopa 3 TiJK/IIOYeHHSIM KOHJeHCAaTopa Mapase/bHO HaBaHTaKeHHIO R,
MO/IeJIFOBaHHsI B 1IbOMY IPOEKTi He TIPOBeJIeHO, OCKiIbKM 1ield BapiaHT [OCUTb
JleTaabHO TIpOaHasIi30BaHUI B JiTepaTypi CTOCOBHO /0 TPaH3WCTOPHHUX cxeM [8-
14,17-20], i Ha maHOMY eTami AOC/Ii/PKEHHS BifIoMi [jaHi /711 TDAH3UCTOPHUX CXEM
MOyKHa 3aCTOCYBaTH /I0 TaCiTPOHHOI CXeMH.

HaBaHTa)keHHSI MOZEIIOEMO AaKTHUBHUM De3UCTOpPOM. Taka Mofenb LjiJIKOM
NiZIXOAWUTE 10 BiJJHOLIEHHIO [0 Pi3HUX BUCOKOBOJIBTHUX eJIeKTPOHHO-BaKyyMHHUX
TIpU/IAJiB, KODOHHOTO pO3pSy, PiIKUX CEpeOBUIl B J[OMPOOIMHOMY peXuMi,
030HATOPIB Ta iHIMX (i3UUHUX 06’ EKTIB.
Puc. 3.2. Iepmuii BapiaHT cxemu 3 puc. 3.1. E — [pKepeJsio )XUB/eHHs, L —

IHE, R — akTMBHe HaBaHTa)KeHHs1, Rs — OIip TaciTpOHY, 1110 3MiHIOETHCS Yy Uaci t.
Ane mpobneMHuM € BHOiIp eneKTpU4HOI Mojeni TaciTpoHy. OueBHzHO, uepe3
CKJIafZHOCTI (i3sMuHUX TIpOIleciB, IO MPOTiKalOTb B HBOMY Ha pi3HUX eTarax
pobOTH, HaCKPi3HY MOJIe/Tb CTBOPUTHU MPAKTHYHO He MOXIUBO. OCKiIbKY /1S Hac
HaWOLMBII I[iKABUM € €Tam 3pPOCTaHHS HalNpyrd Ha HaBaHTAXEHHI TiJ dvac
BUMKHEHHsI TaciTpoHa, OyzjeMo po3risiiaTd came Lield etar. $IK Bifomo, mporiec
BUMKHEHHS TaciTpoHa TIOB’ SI3aHUM 3 JieioHi3arliero pO3psAAHOrO
(Mi>KeTeKTpO/IHOT0) TIPOMDKKY KaTo/-aHoz. [leioHi3allis — 1je mporiec pekombiHariii
BiILHUX HOCIIB CTpymMy — ioHIiB i enekTpoHiB. lleil mporjec B eeKTpUUHOMY
BIJHOIIIEHHI MOXXHa pO3IVISIaTH SIK MPOLieC 3pOCTaHHS eIeKTPUYHOIO OIOpY
TacitpoHa. Ha mizcTasi 1jporo 6yzeMo Mofy/moBaTH TaciTPOH Ha eTari BUMKHEHHS
i 3pocTaHHs HANpYTH Ha HaBaHTa)KeHHi 3MiHHUM B yaci onopom Rs(t).
Ham Bpamocst 3Haliti B JiTeparypi [15] maHi mo 3MiHi omopy mpomucioBoro
TaciTpoHa, KOTPUMH MH i CKOPHCTYEMOCS B HaIlili po6oTi.
PobuMo TIpUMyILeHHs, 10 [PKepesio KUBMeHHsAs E € ijea/bHUM TeHepaTopoM
Harpyry, TOOTO [OMycKae TIIPOXO/PKeHHs uepe3 HbOrO Oyfb-fKOi aMIUTTyau
iMIynbCcHOro cTpyMy. Ha mpakTuii 11 ymMOBa BUKOHYETBCS 3a PaxyHOK
MiZK/TIOUeHHs Napasie/bHO [0 JpKepera )KUBJIeHHs KOH/IeHCaTopa BeIUKOI EMHOCTI.

Omxe, MPUITYCTUMO, 1[0 OITip TaCiTPOHA B Mepioj BUMKHEHHsI Rs 3MIHIOETbCS
3a 3aKoHOM [15]:

Bu3HauaeMo criinbHUM omip Ry napasensHO BBIMKHEHMX pe3ucTopiB R i Rs:
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3amucyemo piBHSIHHS 3a ApyruM 3akoHoM Kipxroda s Halioro yiaHiora:
Pobumo 3amiHu:
.(3.4)
OTtpumyemo:
Hanuii Bupas (3.5) € HeO[HOPIAHUM PiBHSHHSM IEpLIOTr0 MOPSIAKY 3i 3MiHHUM
koedinienToM. Hailibimp mpocTo #Moro po3p’si3yBaTH UMCEBHUM  METOJOM
KiHIIEBUX MajiuX pi3HuUIlb. OTprUMaHe piBHsHHS 0y/io po3s’s3aHo B EXCELL.
Kop nporpamu 3naxoputsces B JOOATOK A.
Ha puc. 3.3 mpuBefieHO TpHK/Ia[ PO3paxyHKy [AWHaMIKM 3MiHM Hamnpyryd Ha
HaBaHTaKeHHi U i ctpymy i uepe3 IHE (L) a/1s ofHOro 3 HabOpiB BUXiAHUX aHUIX.
BigmiTiMo, 1110 acoBi iHTepBany, Ha SKMX BUpIllyBaaack 3afaua Oy 1 i 3 MKc.
LIi inTepBanmu po36uBamuck Ha 500 yacoBWX Bifpi3kiB. Homepw 1ux Bimpi3kie
3amKcaHi Ha TOPU30HTANbHUX OCSX PO3PaxyHKOBHX rpadikis.
MoxHa Tm00auMTH, 10 PO3PaxyHKOBi KpWBi BiAMOBifarOTH Jiarpamam,
Tpe/iCTaB/eHUM Ha puC. 2.2 y po3zin 2.
Puc. 3.3. IIpukaz po3paxyHKy iMIIy/IbCiB HAlIpyTy Ha HABAHTaKeHHI i CTpymy
IHE Ha eTani BUMHKaHHS TaciTpOHa.
Puc. 3.4. Po3paxyHOK iMITy/IbCiB Harpyry Ha HaBaHTaXeHHi i ctpymy THE Ha
eTarli BUMUKaHHs TaciTpoHa Ne 1
Puc. 3.5. Po3paxyHOK iMITy/IbCiB HAanpyry Ha HaBaHTakeHHI i ctpymy THE Ha etari
BUMMKAaHHS TaciTpoHa Ne 2
Puc. 3.6. Po3paxyHOK iMITy/IbCiB HAaNIpyry Ha HaBaHTaeHHI I ctpymy IHE Ha erarmi
BUMUKaHHA TaciTpoHa Ne 3
Puc. 3.7 Po3paxyHOK iMITy/IbCiB HAaNIpyTru Ha HaBaHTakeHHI i ctpymy IHE Ha erarti
BUMMKaHHA TaciTpoHa Ne 4
Puc. 3.8. Po3paxyHOK iMITy/IbCiB HAampyry Ha HaBaHTakeHHI i ctpymy IHE Ha etari
BUMUKAHHS TaciTpoHa Ne 5
Puc. 3.9. Po3paxyHOK iMITy/IbCiB HAanpyry Ha HaBaHTakeHHI i ctpymy THE Ha etari
BUMMKAaHHS TaciTpoHa Ne 6
Puc. 3.10. Po3paxyHOK imMIy/bCiB Harpyru Ha HaBaHTakeHHi i crpymy IHE Ha
eTari BUMHUKaHHA TaciTpoHa Ne 7
Puc. 3.11. Po3paxyHOK iMIy/bCiB HATIpPyTU Ha HaBaHTaxeHHi i ctpymy IHE Ha
eTarli BUMUKaHHs TaciTpoHa Ne 8
Puc. 3.12. Po3paxyHOK iMITy/IbCiB HaNnpyry Ha HaBaHTakeHHi i ctpymy IHE Ha
eTarli BUMUKaHHs TaciTpoHa Ne 9
Puc. 3.13. Po3paxyHOK iMITy/1bCiB Hanpyru Ha HaBaHTaxeHHi i ctpymy IHE Ha
eTarni BUMUKaHHs TaciTpoHa Ne 10
Puc. 3.14. Po3paxyHOK imMIy/bCiB Harpyru Ha HaBaHTaeHHi i crpymy IHE Ha
eTari BUMHUKaHHA TaciTpoHa Ne 11
Puc. 3.15. Po3paxyHOK iMIy/bCiB Harpyru Ha HaBaHTakeHHi i ctpymy IHE Ha
eTari BUMHUKaHHs TaciTpoHa Ne 12
Puc. 3.16. Po3paxyHOK iMITy/1bCiB Hanpyry Ha HaBaHTakeHHi i ctpymy IHE Ha
eTari BUMUKaHHSA TaciTpoHa Ne 13
Puc. 3. 17. Po3paxyHOK iMIy/bCIB Harpyru Ha HaBaHTakeHHi 1 ctpymy IHE Ha
eTari BUMUKaHHA TaciTpoHa Ne 14
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Puc. 3.18. Po3spaxyHOK imMIy/bCiB Hanpyry Ha HaBaHTakeHHI i ctpymy IHE Ha
eTari BUMUKaHHA TaciTpoHa Ne 15

Puc. 3.19. Po3paxyHOK imMIy/bCiB Harpyru Ha HaBaHTakeHHi i crpymy IHE Ha
eTarni BUMUKaHHs TaciTpoHa Ne 16

Puc. 3.20. Po3paxyHOK iMIy/bCiB Harpyru Ha HaBaHTakeHHi i ctpymy IHE Ha
eTari BUMHUKaHHA TaciTpoHa Ne 17

Puc. 3.21. Po3paxyHOK iMI1y/IbCiB Harpyru Ha HaBaHTakeHHi i ctpymy IHE Ha
eTarli BUMUKaHHs TaciTpoHa Ne 18

Ha puc. 3.4 - 3.21 npepacraBneHi po3paxyHKHA IMITy/JbCIiB Hamnpyrd Ha

HaBaHTaXeHHI i ctpymy IHE Ha eTtari BUMHUKaHHS TaciTpOHa.

Ha puc. 3.22 — puc. 3.29 mpejcraBsieHi pe3ynbTaTi 00pO0OOK UMCETbHUX
PO3paxyHKiB Npy pi3HUX 3HaueHHsX R Ta L, E = 1kB. Tyt U — amnityga iMmynscy
Ha HaBaHTa)keHHi, W — eHepris Hakauku [HE, du — TpuBasicTh GpoOHTY iMIybCy
HaIpyTy Ha HaBaHTaXeHHI R, Au — mMpHUHA iMIy/IbCy HapyTd Ha HaBaHTa)KeHHI
Ha piBHi 0,5 (50 %) Bix Makcumymy u. BigHomenns U/W xapaktepusye
edeKTHUBHICTh reHepallii iMITy/IbCy HalpyTy Ha HaBaHTa>KeHH.

Puc. 3.22. T'padiku 3anexHOCTi aMIUTITYZ[U iMITy/TbCy HalpPyT¥ Ha HaBaHTaKeHHi
Bij ¥oro onopy npu L = 100 mMkI['H, E = 1 kB.
Puc. 3.23. T'padiku 3anexxHocTi epeKTUBHOCTI reHepaLil iMyIbCy HanpyTH Bif,
onopy HaBaHTakeHHs npu L = 100 Mmx['H, E = 1 kB.
Puc. 3.24. T'padiku 3aneXXHOCTI TPUBAIOCTi (PPOHTY iMITy/IECY HAIIPYTH BiJ| OMIOPY
HaBaHTaxeHHs 1ipu L = 100 mMxI'H, E = 1 kB.
Puc. 3.25. Tpadiky 3a/1e)XHOCTI IIMPUHY iMITYJTECY HAlPYTH BiJ| OMOpy
HaBaHTaxeHHs npy L = 100 mxI'y, E = 1 kB.
Puc. 3.26. I'padiku 3ane)xHOCTi aMIUTITYZ[U iMITy/TbCy HalIPyT¥ Ha HaBaHTaKeHHi
Biz ingyktuBHOCTIL ITE npu R = 1 kOwMm, E = 1 kB.
Puc. 3.27. I'padiku 3anexxHocTi edheKTUBHOCTI reHepatlii iMiysibCy HanpyTy Ha
HaBaHTaxeHHI Bif iHgykTuBHOCTI IHE ipu R = 1 kOwMm, E = 1 kB.
Puc 3.28. I'pachiku 3amexxHOCTI TPUBAIOCTI PPOHTY iMIy/TIbCY HAIIPYTH Ha
HaBaHTaxeHHI Bif ingykTuBHOCTI IHE pu R = 1 kOwMm, E = 1 kB.
Puc. 3.29. T'padiku 3anexHOCTI MMPUHY iMITY/IECY HANPYTH Ha HABaHTa)KeHHI Bi
inpyktuBHOCTi IHE npu R = 1 kKOM, E = 1 kB.
PesyspTaty po3paxyHKIB CBifjuaTh Mpo Te, 110 NpU JaHUX IapaMeTpax cxema
reHepye MiKpOCEKYH/HI iMITy/IbCH 3 aMIUTITY/I010 Ha GaraTo pasie Oisbliie Hampyru
okepera >kusiieHHst E. EHepreTrnuHa eeKTUBHICTb reHepatiii Bilje npu Manux R i
L.
4. PO3POBKA JBOIMITY/IbCHOI CXEMU KEPYBAHHSA /151
TACITPOHHOI'O 'EHEPATOPY
¥ nanii poboti 6yB po3pobieHuii IPUCTPil A/1s 3aMyCKy TaciTpoHa, BAKOHAHWH 3
BUKOPDHUCTaHHSM TPaH3UCTOPIiB, Y $KOCTI OCHOBHMX KOMYTalLiiHUX MpUajiB.
OCHOBHOIO TMepeBarol0 TPaH3UCTOPHOI CXeMU € Maja amMIuvliTyda BXiJHUX
iMITy/IbCIiB, 10 He mepeBullye 5 B, Ta BUCOKAa THYUKiCTb 3MiHM MapameTpiB
BUXOJHUX IMITy/bCiB. 3aCTOCYBaHHS B CXeMi iMIy/lbCHHUX TpaHC(OpMaTopiB
[IO3BO/TU/IO 3POOUTH TajibBaHIUHY PO3B’A3KY Mi>)K BUCOKOBOJILTHMMH JIAHIFOTaMH
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JKMBJIEHHSI TaciTpOHA i JIaHI[FOTaMMd CXeMU KepyBaHHs, 1[0 CIpoIIye poOoty 3i
CXeMolo.

Ipuctpiit 3amycky Qopmye iMIyabCH, 1[0 MOAY/IOITE Hampyry o 1 kB,
TPUBAJIICTIO BiJi OJVHUL [0 JAeCATKIB MIKPOCEKYH/, MpU TPHBAaJOCTI MepenajiB
0.5-2 Mkc. ITpyHIMn Ail NpUCTPOIO KepyBaHHS MOSICHIOE CIIPOLeHa CxeMa Ha puC.
4.1.

Puc.4.1. CnipojeHa cxema IIPUCTPOIO /151 KEPyBaHHS TaCiTPOHOM
ITpunnumosa cxeMa MOAy/IsATOpa IpejcTasieHa Ha puc. 4.2. Ha tpansucropi T,
no0OyAoBaHuMi MmiZicHmoBau-06MeKyBad BXigHuX iMmmysbciB. Korgencatopu Ci, Cs,
C, — dopcyroun, 3a [OMIOMOrOI0 SKUX MPUCKOPIOETHCST (JOPMYBAHHS Meperazis
curHasiB. Jlanmroru I, Rs i [z R; npyuaylnyroTs napasuTHi KoauBaHHe. Pe3ncropu
Ry i Ry Ha puc. 4.2. Bignosifatote R; i R, Ha puc. 4.1, a Tpan3ucropu Ts i T,
BigmoBizaroTh Katouam Kl i Kn2.

Puc. 4.2. [IBoiMnynbCHa cxeMa KepyBaHHS [i/Is TaCITPOHHOIO IeHeparopa
Ha T, nobyzoBaHa cxeMa ()OpMYBaHHs CUTHATy JJis1 JOTIOMDKHOTO Kimtoua Ty, [nist
CTBOPEHHSI KOPOTKOTO iMITy/IbCY, 11J0 BUHUKA€E B MOMEHT 3aKiHUeHHs! iMIynbCy Usx,
BUKOPUCTOBYEThCS JlaHIIOr Co, Rs, 10 audepentitoe curnan. diom [: Biapisae
HeraTMBHUM iMIy/bC, (POPMOBAHHI JIAaHLIFOIOM, 1110 JUdepeHLioe.
Pesuctopu Ri; i Ri; BUKOPUCTOBYIOTBCS [Ji HaCTPOKOBaHHsS, [JISI OZEep>KaHHS
MiHiMa/IbHUX HeOOXiZIHUX aMILTiTy/| iMITy/IbCIB, 10 KEPYIOTh TpaH3ucTOpamu Tq i
Ts. Lisb HACTPOIOBAHHSI — 3MEHIIIEHHS Yacy MPOTiKaHHsI HACKPi3HOTO CTPyMY.
TpancdopmaTtopy HamoTaHi Ha ¢eppuToBUX Kiablgx M2000HM-A 28x16x9.
OOMOTKM MakKCHUMajbHO po3HeceHi. IlepuHHi — mo 30 Butkie ITOJIMIO 0,12
(BHaBaJ1, OB)KMHA HAMOTYBaHHS 10 BHYTPIIIHIN OKpy>kHOCTi 10 MM.), BTOpUHHI —
no 6 BUTKIB (BUTOK [0 BUTKA). [30ssLis Mi>k 0OMOTKaMM — y pO3paxyHKy Ha
TIOTeHI}ia/1 KaTofla TaCiTPOHY CTOCOBHO 3arajibHOrO MPOBOAY.
Hampyru >xuenenns : E = 10 B; E; < 900 B; E; < 100 B. Touku npuegHaHHS
HaBaHTaxeHHs BignosigHo C i K.
Tpausucrop T3 mpaioe B K/IHOUOBOMY pexuMi. [yl yrieBHEHOro BiJJMUKaHHS
TpaH3UCTOpa MOBMHHA BUKOHAIOTLCA YMOBa Use > Uy # 0,7 B, npu LiboMy CTpyM,
SIKAM TIPOTiKa€e yepe3 TpaH3UCTOP, Oyzie BIM3HAYaThCS 0mopoM Ro. MakcumansHUH
KosieKTopHUM cTpyM TpaH3uctopa KT828B I[imw =5 MA. Buxofsun 3 LbOTO
Bubepemo orip Ro.
OO6Me>KUMOCST KOJIEKTOPHUM CTPYMOM Y 3 MA, Tozi
YMOBOIO yrneBHeHOro 3anupanHs kiroua €: Uyntlkoms XRs < Uy = 0,7 B. 3 uporo
piBHsIHHS 3HakeMo Rg (Uiwn ipuiiMemo piBHuM 0 B).
Bubip oropy Rio — BUXO/siuM 3 PO3yMiHHS, 1110 Yac mepe3apsamky eMHOCTI T~ CoRyo
TI0 MO>K/TMBOCTI MOBHHeH OyTH sikHaliMeHIIMM. Bubupaemo 1 = 0,3 MKc, rapa3uTHa
emHicTh Co=20 n®. Toxi
Ormip Rs po3pax0OBy€TbCA BUXO[AUM 3 THX )K€ YMOB, IO i i TpaH3ucTopa Ts, |
Oyze nopiBHIOBaTH Re.
Tpanchopmaropu Tp;, Tp. po3pax0OBYIOTECS BUXOASUM 3 0OpaHMX KOTEKTOPHHX
Harpyr Asist TpaHsuctopiB Ty, Ty, (Ex = 10 B), i Hanpyr# y BTOPUHHUX 0OMOTKax
TpaHchopMaropiB, II0 € BUMHKAaIOUMMU [jisi TpaH3uctopiB Ts, T Hanpyru
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BUMHKaHHsI TnpuiiMaemo piBHMM U, = 2 B, Tozi KoedinieHT Tpancdopmariii
OOPIBHIOE:
3Bizcu 1o opmyii
3HaXOUMO IHJYKTMBHICTh HaMarHiuyBaHHS (tx — TpuBalicTh iMmysnbcy 10 MKC).
Ii.max — TPAHUYHO TIPUMYCTUMUM KOMEKTOPHUI cTpyM AJisi Ts, Ty, sikiti fopiBHIOE 30
MA. I, — CTPYM HacHueHHsI TPaH3MCTOpa 3HaX0AUMO 1o ¢hopmyJti

Je R; onip HaBaHTa)xeHHs TpaHc(opmaTopiB npuiimemo piBHUM 50 Om. Topi
Buxopsuu 3 po3paxoBaHUX KoediljieHTa TpaHcopmaiii % iHIYKTUBHOCTI
HaMarHiuyBaHHs1 BUOMpaeMo TpaHchopMaTop.
PoszpaxyHok omopiB R, Ry pobumo, BUXOASYM 3 YMOBU YIIEBHEHOTO 3alHpaHHSI
TpansucTopis Ty, To.
R, = R, Tomy 110 Tpan3uctopu Ti, T, ofHaKoBI.

BUCHOBKW

Po3risiHyTo 0Cc06/MMBOCTI reHepallii BUCOKOI HArpyru [Jjis Pi3HUX 3aCTOCYBaHb 3
BUKODUCTaHHAM IHJYKTMBHOIO HakKONM4YyBaya eHeprii Ta TaCUTPOHYy SIK
ra3opaspsiiHOro NpuiazZly-KoMyTaTopa, 10 MepioguyHO MiJK/Io4yae iHAyKTUBHUN
HaKOMHuyBay /l0 Jpkepesa CTPyMy HakauyBaHHS. Bucoka Hampyra reHepyeThcs 3a
pPaxyHOK eeKTy caMOiHAYKLii IPY BiK/IFOUeHHi iHAYKLiHOTO HaKOMYyBaua Bif
IoKkepena >kupjeHHs. [Ipy 11bOMy MOXKHa BUKJIFOUMTH BHUKOPHUCTaHHS B CXeMi
reHepaTtopa BHMCOKOBOJBLTHOTO TpaHcopmartopa. BenwuwHa Harpyrd, 1o
reHepyeTbCsl MOXKe CTaHOBUTU [eCATKH KiNoBOJbT. BuxifgHa MOTYXHICTb
reHeparopa Ha TaCUTPOHI MOXKe JOCSTaTU [|eCATKIB Ki/OBar.
3aCcToCyBaHHs TaCITPOHY CIIPOILY€E e/IeKTPUUHY CXeMy reHepaTopa, TakK sIK OfUH
TakUii KOMyTaTop MO)Ke 3aMiHWTH KijJibKa HamiBOPOBIZHUKOBUX TMPUIAJiB, L0
BK/IIOYAIOTBCA  MOCTIIOBHO. TakoX CHpOLIYETbCA  CXeMa, MiJBUIIYETbCS
eHepreTWYHa eQeKTUBHICTb i 3HIDKYIOTBCS Maca i rabaputu TreHepaTtopa B
TIOPiBHSIHHI 3 reHeparopamMH Ha e/leKTPOBaKyyMHHX KOMyTaTopax (eleKTPOHHHUX
nAamrax). Po3rnsHyTo ocobmuBocTi  pob6OTH  TACiTPOHIB K K/TFOUOBOTO
ra3opo3psifHOrO MpWIafy Ta TUIOBI XapaKTepUCTHKU. PO3risiHYyTO 0CO6aMBOCTI
KepyBaHHS TaCiTpOHaMH I [T0Ka3aHo, L0 JBOXIMITY/IbCA CXeMa € ONTUMAa/IbHOK /IS
BUWKOPUCTaHHA.
Po3rnsiHyTO mMuTaHHA MOOYOBM TaciTPOHHOTO TIeHepaTopy BHCOKOI HarpyrH,
HaBeJieHi popMysTH /17151 pO3PaXYHKIB.
BUKOHAHO uunC/IeHHe MOJe/t0BaHHs JUHaMIKU reHepaliii iMIy/IbCiB Ha aKTUBHOMY
HaBaHTa)XeHHi NPU Pi3HUX 3HaUeHHsIX TlapaMeTpiB CXeMH IreHepaTopy.
Pe3ynbTaTi poO3paxyHKIiB CBifjuaTh TPO Te, IO TIPH JAaHWUX TapaMeTpax BuUOpaHa
cXeMa TreHepye MiKpOCEeKYH/HI iMIy/bCH 3 aMIUIiTy[j0r0 Ha 6arato pasiB Gisbiie
Harfpyru Axkepesna >kuejeHHs1 E. EHepreTuuHa eeKTUBHICTh reHepaliil Buille Npu
Mamux R i L. CxeMy Ha TacCiTpOHI MOXXHa BUKODHUCTOBYBaTH AJI1 TeHepaLjil sIK
BHCOKOBOJIbTHHUX IMIYJIbCIB, TaK i C/abOMynbCyrouoi Hampyrd TpH BBeA€HHI B
CXeMy /loflaTKOBOTO HaKOMUUyBajJbHOTO ((inbTpyrouoro) KoHZeHcaTopa i
po3zinoBoro (6/0KyrOUOro) Aiofia, B SIKOCTi SIKOTO JIOLIJIbHO BHUKOPHUCTOBYBaTH
LIBUJKOAiOYNH IMITy/TbCHUIN Ta30TPOH 3 XOMIOJHUM KaTOZ|OM.
B ocraHHROMY BHWMAJKy 3alpONOHOBAaHO BHKOPHCTOBYBaTH KOMOiHOBaHMA
ra3opo3psfHUN NMPUIaZ-KOMYTaTop, 10 CK/IaZA€ThCs 3 TACITPOHUX I ra3oTPOHUX
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YaCTHH i3 3arajJibHUM KaTOJHWM eJIeKTPOJOM B OZHIM CITiIbHIA repMeTHyHii
0060JI0HLIi, 110 CIIPOCTHTS i 3[ELIIEBUTL CXeMY reHepaTtopa BUCOKOI HarpyTH.
[Tnanyerbcss 0oQOPMUTH 3asiBKy Ha OTPUMaHHSI TIaTeHTy Ha HOBY TribpupaHy
KOHCTPYKIIi}0 K/TF0YOBOr'0 Npu/IaZly TaCiTPOHHOI'O THITY.
Mo marepianam JUIIOMHOI po6OTH TI0JiaHA CTAaTTs B HayKOBUiA KypHan (CxigHo-
EBponeficbkuii HaykoBuUii )KypHaJ1, [Tosbiia).

SUMMARY

Electronic generator with inductive energy storage for high-voltage

technologies
This work consists of 2 drawing sheets, 50 pages of explanatory note, 4 sections,
40 pictures, 1 tables, 5 appendices.
The topic of the work is due to the fact that many electrophysical processes,
including plasma, electrochemical and electrotechnological ones, as well as some
medical procedures are based on the use of high voltage. The voltage can be
constant, alternating or pulsed. Its value depends on the application and can range
from a few to hundreds of kilovolts. There are various means of generating and
obtaining high voltage. This paper considers the features of high voltage
generation without step-up transformers, but with the use of inductive energy
storage (IES). High voltage is generated due to the effect of self-induction when
the induction coil is quickly disconnected from the power supply. The magnitude
of the voltage can reach values far exceeding the voltage of the primary source for
pumping the coil current, that is, the IES can perform the functions of a voltage
transformer, but the load current will not be greater than the pumping current of the
IES. As a rule, high-voltage generators based on IES are simpler than other
schemes, so this approach is used in many transformerless power supply circuits. A
feature of generators with IES is the need to use a switch device that can not only
turn on the pumping current of IES, but also turn it off, and the faster is the better.
In this case, the device in the off state must withstand high voltage without
breakdown.

Today there are a number of electronic devices that can repeatedly in
frequency mode to turn off the current in the presence of high voltage on the
electrodes. Such devices include transistors, closing-opening (two-operation)
thyristors, reversible dynistors, electrovacuum switches with electronic flow
closure and some types of gas-discharge (plasma) switches. Transistors have
become the most widespread, mainly in systems of high-efficiency transformerless
power supply of electronic equipment, but the value of the allowable voltage does
not exceed a few kilovolts. This also applies to switching off thyristors. Reversible
dynistors are high-voltage ones, but they operate in the nanosecond range.
Electrovacuum switches (including grid electronic lamps) are very effective in
terms of switching off speed and allowable voltage, but they are cumbersome and
have large power losses for cathode heating and electron flow transportation
through vacuum gaps during the conduction period. Gas discharge switches have
lower losses during this period due to the compensation of the electronic space
charge with a positive charge of plasma ions. They have less weight, size and cost.
However, the interruption of the gas discharge in the presence of voltage on the
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electrodes is very problematic. As one know, the same problem occurs in thyristor-
type devices, the processes in which are largely similar to the processes in gas-
discharge switches.

Various approaches to controlled gas discharge shutdown have been proposed, one
of the promising approaches is based on grid control, which is similar to grid
control in electronic tubes. The network-controlled switch was called a tacitron.
Modern tacitrons allow you to turn off the current up to 1 kA at voltages up to 25
kV and more. Their main purpose is to work together with capacitive energy
storage devices, but it is interesting to use them to generate high voltage together
with IES. Such use of tacitrons is in demand, but it has not been studied enough.
Its development would expand the use of tacitrons, increase their industrial output,
and develop new designs. The aim of this work is to consider the features of the
generation of high voltage with tacitron-IES scheme.

The first section considers the principle of operation of tacitrons, their energy and
time characteristics. It is noted that tacitron can be considered as a thyratron-type
device having a special fine-grained structure of the grid. The fine structure of the
structure means the small diameter of the holes in it for the passage of electrons to
the anode. Under the operating conditions, typical of thyratrons: hydrogen pressure
20-80 Pa and current density through the hole 5-50 A/mm?, the thickness of the
ionic layer near the grid [ was small compared to the size of the holes in the grid D
= 3-4 mm This leads to shielding of the field of the control electrode and the loss
of control by the grid. In tacitrons, due to the lower pressure of the working gas
(1.5-30 Pa) and smaller mesh size D < 0.5 mm, already in the stage of conductivity
I compared with D. When the negative potential is applied to the grid I increases,
which leads to complete overlap of the hole with a layer of space charge of ions
and locking of the electron current at the anode. In fact, the grid, which was
previously under floating potential, begins to play the role of the cathode relative
to the discharge in the starting chamber, and the cathode chamber (starting
chamber) ceases to supply electron flow to the main gap. This leads to the
quenching of the discharge in the main gap (anode-grid gap). The grid current
required to turn off the tacitron can be 80-100% of the anode current. It is noted
that increasing the locking rate of the electron current at the anode and the
scattering of plasma in the device requires rapid recovery of the negative voltage
on the grid at the time of quenching the discharge.

It is also noted that a two-pulse circuit is effective for tacitron control, one of the
variants of which is discussed in this section. The essence of the circuit is to use
one (positive) pulse to start the tacitron (i.e. to translate it into a state of
conductivity), and the second to quench the discharge between the cathode and the
anode (i.e. to lock the tacitron). The two-pulse control circuit has a number of
advantages, in particular in the following. When current flows to the anode in the
tacitron, the current to the grid is zero, and the grid is not subject to intense ion
bombardment. The pulse length of the anode current in the load is easily regulated
by changing the delay time of the quenching pulse. The control pulses have a short
length, and with a large length of the anode current pulse they are not subject to
strict requirements. In the voltage generators to which this work is devoted, anode
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current pulses are used to pump IES magnetic energy. This section also presents a
typical design of a tacitron with a thermoelectronic cathode and hydrogen filling

and presents the parameters and characteristics of industrial tacitrons with
thermoelectronic and cold secondary emission cathodes.

In the second section of the work the analysis and selection of basic variants of
construction of the circuit of the high voltage tacitron generator are carried out.
From all variety of possible schemes of construction of the high-voltage tacitron

generator two basic options are allocated. One is designed to generate a short-pulse
voltage, and the other - a weakly pulsating almost constant voltage. In the first
variant, the load is connected in parallel to the tacitron, and in the second variant, a
capacitor energy storage is connected in parallel to the load, which together with

the load is connected to the IES and tacitron through a blocking valve or diode.

The section presents the timing diagram of the generator for both options. The
formulas for calculations of the IES pumping stage are given.

For the first variant of the scheme, formulas are given for estimating the amplitude
of the voltage pulse and the duration of the voltage drop across the load, i.e. the

duration of the trailing edge of the voltage pulse on the load. To analyze the

generation of high voltage on a load with a parallel capacitor, it is recommended to
use the theory of booster converters DC-DC type, already developed for transistor
circuits. But it is noted that it is necessary to improve the method of calculation of
tacitron generators taking into account their actual characteristics.

In the schemes of the second option it is recommended to use as a blocking diode
not only semiconductor valves (in practice it is a chain of a large number of series-
connected discrete devices), but also high-speed high-voltage pulse discharge
valves (pulse gas-filled rectifier diode/gastron). Such valves with cold cathodes do
not require the introduction into the circuit of an additional incandescent
transformer in the high-voltage version and the power consumption for heating the
cathode.

The offer on creation of a new tacitron of a hybrid design for generation of high

voltage on load with the parallel capacitor is developed. It is made in view of the
fact that in the circuit of a generator with a parallel capacitor to the load the same-
name electrodes of tacitron and gastron can have a common connection point and
be under the same potential, and it can be used instead of two devices one
combined device of hybrid design wth tacitron and gastron parts. Herein, these
parts must have a common electrode for both parts. Such a common electrode for
both parts may be the anode or cathode. The choice of design option is determined
by the presence of a suitable industrial device and the requirements of the
consumer of this equipment. For practical reasons, as the common electrode, it is
advisable to choose a more complex electrode, and this is often the cathode.
Options for constructing a generator circuit with a similar device for different
polarities of the output voltage are shown.

The third section is devoted to the simulation of the first variant of the circuit with
a load parallel to the tacitron to generate a pulse voltage after its locking. To
simulate the real behavior of the tacitron at this stage, its electrical properties were
represented by an active resistor with a linearly increasing resistance over time.
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The developed mathematical model is based on Kirchhoff's second law for an
electrical circuit from a power supply, IES, tacitron and load in the form of an
active resistor. A nonlinear first-order differential equation with a variable
coefficient was formed and a program was compiled into the EXCELL
environment for numerous calculations of dynamic processes in the generator
circuit.
The dependences of the amplitude of voltage pulses on the load U, their time
characteristics and efficiency coefficients of U/W generation, where W is the
pumping energy of IES, from the values of load resistance R in the range of 0.5-5
kOhm and the inductance L of IES in the range of 25-500 pH at the supply voltage
1 kV. and different values of current i, for pumping IES. The figures show typical
calculation results.
The results of the calculations show that at these parameters the circuit generates
microsecond pulses with an amplitude many times greater than the voltage of the
power supply E. The energy efficiency of the generation is higher at low R and L.
Fig.1. Graphs of the dependence of the amplitude of the voltage pulse on the load
on its resistance at L = 100 pH, E = 1 kV.
Fig.2. Graphs of the dependence of the efficiency of voltage pulse generation on
the load resistance at L = 100 pH, E = 1 kV.
Fig.3. Graphs of the dependence of the amplitude of the voltage pulse on the load
on the inductance of IES at R = 1 kOhm, E = 1 kV.
Fig.4. Graphs of the dependence of the efficiency of voltage pulse generation on
the load on the inductance of IES at R = 1 kOhm, E = 1 kV

The fourth section is devoted to the description of the developed circuit device for
starting tacitron, made using transistors as the main switching devices. The use of
pulse transformers in the circuit allowed to make a galvanic isolation between the
high-voltage supply circuits of the tacitron and low-voltage circuits of the control
circuit, which simplifies the organization of work with external control devices for
high-voltage equipment. The device uses a two-channel principle of tacitron
control with the supply of boosting pulses to the grid at the stage of quenching the
discharge between the cathode and anode. Thess pulses are generated on the
trailing edge of the primary pulses.
The starting device generates pulses that modulate voltage up to 1 kV, lasting from
one to tens of microseconds with a duration of 0.5-2 ps and is able to work with
known industrial tacitrons.
Thus, in this paper we consider the construction of an electronic high voltage
generator, which is used as an electronic switch gas discharge device the tacitron.
The basic schemes of the generator and formulas for calculations of its
characteristics are resulted. Numerous simulations of the dynamics of pulse
generation on the active load at different values of the parameters of the generator
circuit are performed. The results of calculations indicate that at these parameters
the selected circuit generates microsecond pulses with an amplitude many times
greater than the voltage of the power supply E. Energy efficiency of generation is
higher at low R and L. The possibility of practical implementation of electronic
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voltage generator up to 10 kV with 1-2 yis pulses on a load with a resistance of 1-
10 kOhm is approved.

The circuit on the tacitron can be used to generate both high-voltage pulses and
low-pulsing voltage. The second case is with introducing into the circuit an
additional storage (filter) capacitor and a blocking diode, as which it is advisable to
use a high-speed pulse gas-filled rectifier diode (gastron) with a cold cathode.

In the latter case, it is proposed to use a combined gas-discharge device-switch
consisting of tacitron and gas-filled rectifier diod parts with a common cathode
electrode in one common sealed envelope, which will simplify and reduce the cost
of the high-voltage generator circuit.

Keywords: high voltage, pulse voltage, tacitron, inductive energy storage, pulse
gas-filled rectifier diode
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