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npe,lJ.MeT 3J1eKTpOHHKH. 3ReKmpOllUKa
- 3TO HaY'IHO-TeXHH'ieCKOe Ha-

npaBJIeHHe, mrnaTblBaIOll.{ee np06JIeMbi HCCJle.u.OBaHHH, KOHCTpYHpOBaHHH,
HJrOTOBJIeHHH H npHMeHeHHH 3JIeKTpOHHbIX npH60pOB H YCTpOHCTB, cno-

C06CTByroll.{ee paJpa60TKe 34>4>eKTHBHbIX TeXHOJIOnrn H CHCTeM ynpaBJIe-

HIDI, nony'IeHHIO Ma q,"aJIOBC YHHKaJIbHblMH CBOHCTBaMH, COBepllleHCT-
BOBaHHIO npOl eCCOBc60pa H 06pa60TKH HH4>opMal{HH. 3JIeKTpOHHKa
CTaBHT nepe.u. .u.PymMH HaYKaMH H npOHJBo.u.CTBOM HOBbie 3a)],a'IH, CTHMY-

JIHPYH .u.aJIbHeHlllee paJBHTHe, BoopYJKaeT HX Ka'ieCTBeHHO HOBblMH TeXHH-

'ieCKHMH cpe.u.CTBaMH H Men).u.aMH HCCJle.u.OBaHHH.
K :meKmpOHHbLM lIpU60pOM npHHSlTO OTHOCHTh YCTpOHCTBa, co.u.epJKa-

Il.{He O)].HH HJlH HeCKOJIbKO KaHaJIOB 3JIeKTpH'ieCKOrO TOKa, 06JIa)],aIOIl.{HX
HeCHMMeTpH'iHOH 3JIeKTponpOBO}:(HOCTbIO " npe.u.CTaBJUUOIl.{HX 4>HJH'iecKH

O}:(HO l{eJloe. 3JIeKTpH'ieCKHH TOK 06YCJIOBJIeH nOTOKOM 3JIeMeHTapHbIX

HOCHTeJIeH 3apMa, OCHOBHbIMH cpe.lUl KOTOpblX HBIDlIOTCH 3JIeKTpOHbl.

)J.BHJKeHHe HOCHTeJIeH JapH}J.OB MOJKeT 06eCne'iHBaThCH B BaKYYMe (3J1eK-
TpOHHble npH60pbl), B HOHH3HpOBaHHOH cpe}J.e HHepTHblX raJOB UJill'

napOB PT)'TH (HOHHble npH6opbl), B KpHCTaJUIH'IeCKOH pellleTKe nOJIynpo-
BO}:(HHKOB (nonynpOBO}:(HHKOBble npH6opbl).

3JIeKTpOHHKa YCJlOBHO }J.eJlHTCH Ha CHJIOBYIO H HH4>opMal{HOHHYIO. Cu-

ROBaR 3JIeKTpOHHKa HBIDleTCH OCHOBOH TeXHHKH npe06paJOBaHIDI 3JIeKTpM-
'ieCKOH :mepmH O}:(Horo pO}J.a TOKa B }J.pyrOH. OHa HCnOJIbJYeTCH npH
C03}J.aHHH 3JIeKTpOHHbiX npeo6paJOBaTeJIeH 3J1eKTpH'ieCKOH 3HeprHH. MIl-

ljJOPMallUOllllaR 3JIeKTpOHHKa npe}J.CTaBIDleT C060H 06JIacTb paJpa60TI<H H

npHMeHeHHH cpe}J.CTB KO.nJfpOBaHIDI, npe06paJOBaHIDI H nepe}J.a'iH HH4>OP-
Mal{HH. XapaKTepHbIMH c4>epaMH ee npHMeHeHIDI SlBIDlIOTCH pa)],HOCBHJb,

nepe}J.a'ia J{aHHblX Ha paCCTmlHHe, aBTOMaTHKa, TeJIeMeXaHHKa, Bbl'iHCJlH-

TeJIbHCUI TeXHHKa. OHa HBIDleTCH OCHOBOH COBpeMeHHblX HH4>0pMal{HOH-
HblX TeXHOJIOrHH.

3JIeKTpOHHKa BO MHorOM onpeJ{eIDleT TeMnbl HaY'IHO-TeXHH'ieCKOrO

nporpecca, TeXHHKO-3KOHOMH'ieCKHH H 060POHHbIH nOTeHl{HaJThl rocYl1:ap-

CTBa. npHMeHeHHe 3JIeKTpOHHKH B paJJIH'IHbIX OTpaCIDlX HapO,lJJlOro XO-

1S1HCTBa onpe,neillleTCSI ee BaJKHbIMH oc06eHHOCTHMH, npHopHTeTHbIMH H3

KOTOpblX HBJUUOTCH HaHMeHblllHe paJMepbI H Macca 060py,nOBaHlUl H YCT-

pOHCTB, BblCOKCUI Ha)],eJKHOCTb, 'iYBCTBHTeJIbHOCTh, YHHBepCaJIbHOCTb npH-
MeHeHIDI, 3KOHOMH'lliOCTh H 3KOJIOrH'iHOCTh.

OTKpblTHe 3JIeKTpOHa )J.JK. TOMncoHoM (1897 r.) npHBeJlO K 6ypHOMY
paJBHTHIO 3JIeKTpoHHKH. 3Ha'iHTeJlbHbIH BKJla)], B CTaHOWIeHHe 3J1eKTpOHH-
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KH BHeCnH OTeqeCTBeHHbIe yqeHbIe A. H. JIO,lJ,blrHH (naMna HaKarrHBaHIDI,
1872 1'.), A. r. CToneToB (4)0T034>4>eKT, 1888 1'.), A. C. 1l0noB (nepBaH
Pa,l1.HOCBH3b, 18951'.). Ih06peTeHHe 3neKTpoBaKYYMHbiX ,nHo,na (1904 1'.) H
TpHo,na (1907 1'.) nOnO)l(HnO HaqarrO 3pe 3JIeKTpOHHbiX naMn H MOlI{HbIX
HOHHblX npH6opOB, nOJlyqHBIlleH Ha:maHHe BaKYYMHoH (ItaMl1060U) :JlleK-

mpOltUKU. B 3TOT nepHO,n B 06nacTH 3neKTpoHHKH BbInonHeHbl Ba)l(HeHIllHe
pa6oTbl, B pe3YJIbTare KOTOpblX 6bmH C03}J.aHbl COBeprneHHble pa.rUiOnaM-
nbl, 3neKTpoHHo-nyqeBble Tpy6KH, 4>oT03neKTpOHHble H HOHHble npH60pbl
(ra30TpOHbl H THpaTpOHbI, MOlI{Hble pTynIble npH60pbI - HlliHTpOHbl H

3K3HTpOHbl), MOlI{Hble 3neKTpOHHbie naMnbI (pa60Tbl M. A. EOHq-EpyeBH-
'la, 1921 r.), pa3pa60TaHa reXHHKa nonyqeHHH ynbTpaKOpOTI<HX BOJIH

(KoHel.{ 1930-x ro,nOB), C03,1J;aHbi cBepXBblCOKOqaCTOTHble (CBQ) npH60pbl,
peIlleHbl np06neMbi pa.z:I.HOnOKaI.{HH, nocrpoeHbl nepBble 06pa3l.{bl 3neK-

'1pOHHO-BblqHCJlHTeJlbHbIX MaIllHH.

C03,naHHeM B 1930-e rO,lJ,b1 nepBblx CeJleHOBbiX (Se) H Me,nH0-3aKHCHbIX

(CU02) ,[I,HO,nOB OTKpbmaCb HOBCUI 3pa ,[I,HCKpeTHbIx nonynpOBO,nHHKOBbIX

npH60pOB, nonyqHBIllCUI Ha3BaHHe m6epiJomellbltOU nOllynpo6oiJlluKo6oU
':JlleKmpoHuKu. OrpOMHblH BKna,l1. B HaYKY H TeXHHKY nonynpoBO,nHHKOBOH
:meKTpoHHKH BHeCJla OTeqeCTBeHHCUI IllKOJIa A. <1>. Ho4>4>e H H. B. Kyp-
qaTOBa. BaJKHeHrneH BeXOH B 3pe nonynpOBO,nHHKOBOH 3JIeKTpoHHKH HBH-

nOCb H306peTeHHe 6HnoIDIpHoro TpaH3HcTopa (Y. 1ll0KnH, Y. npaiiToH,
)].)1(. Eap}J.oH, 1948 1'.) H nocne.nylOlllee C03}J.aHHe noneBoro (YHHnoIDIpHo-
1'0) TpaH3HcTOpa. )].aJIbHeHIllee pa3BHTHe npHBeJlO K pa3pa60TKe repMaHH-
eBbIX (Ge) H KpeMHHeBblX (Si) CHJIOBblX ,[I,HO}J.OB (1952 1'.), qro cnoc06CT-
EOBarro MaccoBoMY nepexo.ny B npoMbIIllneHHocTH H Ha TpaHcnopTe OT

pT)'THbIX K nonynpOBO,nHHKOBbIM npe06pa30BaTeIDlM :meKTp03HeprHH. B
3TOM npol.{ecce KJllQqeBYIO pOJIb cblrparro H306peTeHHe THpHCTOpOB
(n. 3caKH, 19591'.). OTeqeCTBeHHblMH yqeHblMH C03}J.aHbl nepBbIe KBaHTO-
Bble reHepaTopbl - na3epbI (H. r. EacoB, A. M. I1POXOPOB, 19541'.). Ha
3TOH OCHOBe 3apO)l(,lJ;arracb K6GHm06aJl ':JlleKmpOHUKG, OXBaTbiBalOlI{CUI IllH-

pOKHH Kpyr np06neM, CBH3aHHbiX C pa3pa60TKOH Mero}J.OB H cpe}J.cTB
YCHneHHH H reHepal.{HH 3J1eKTpoMaI'HHTHbIX KOJle6aHHH Ha OCHOBe 34>4>eK-
Ta BbIHY)l(,lJ;eHHoro H3nyqeHHH aTOMOB, MoneKyn H TBep,lJ,blx TeJl. 3pa ,nHC-

KpeTHblX nonynpOBO,nHHKOBbIX npH60poB 6blJIa npO}J.onJKeHa B 1960-e H

I 970-e rO,lJ,b1 C03,naHHeM HOBblX YHHKaJIbHblX nonynpOBo,nHHKOBblX npH60-
POB: 3anHpaeMbix THpHCTOpOB, 6HnoIDIpHbiX TpaH3HCTopOB C H30nHpo-
BaHHbIM 3aTBopoM (KOM6HHHpoBaHHblx TpaH3HCTopOB), THpHCTOpOB C no-

neBblM ynpaBJleHHeM H ,npyrHx BH,nOB ,nHcKpeTHblx npH60poB.
nOI'HqeCKHM npO,lJ;OnJKeHHeM cOBepIlleHCTBOBaHHH 3neKTpoHHbIX npH-

60pOB HBHJIaCb pa3pa60TKa npHHI.{Hna HHTerpaI.{HH, 3arrOJKHBIllerO nepe-
XO,lJ; OT 3neKTpoHHbiX cxeM Ha OCHOBe ,nHCKpe'llIbIX npH60poB K HHTerpaJIb-
HhIM cxeMaM: nOJlynp080MHKOBbIM, nneHO'fHblM H rH6pH.lI.HbIM. 3TOT
nepexo,n OTKpbm HOBYIO 3Py ultmezpartblloU llOIlynpo6oiJlluKo6oU cxeMomex-
ltUKU. C03,naHbl MHOrO'fHCneHHbIe cepHH HlITerparrbHblx cxeM (HC). HOBbI-
4

MH TeXHonorIDIMH peaJIH30BaHa MHKpOMHHHaTlOpH3al.{HH BblCOKOIf CTene-

/lH HHTerpal.{HH ,nOCTHralOlI{eH HeCKOJIbKHX ThICJIq 3neMeHTOB B O,nHOM,
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KpHCnUlJle pa3MepaMH lxl MM . TaKHe HHTerpaJIbHble cxeMbl, nonyqHB-

fUHe Ha3BaHHe uHmezpartbHblX MUKpocxeM (HMC), 6bmH C03,1J;aHbi Ha Pa3-
flMe CTeneHH HHTerpaI.{HH: 60JIbIllHe (EHC), cBepx60nbIllHe (CEHC) HH-

rerpaJIbHbIe cxeMbl. llpHHl HnHHTerpaI.Uill n03BOnHJJ pa3pa6aTblBaTb He

TonbKO npH60pbl HH4>opMaI.{HOHHOH 3neKTpOHHKH, HO TaKJKe H CHnOBble

HHrerpaJIbHble npH60pbl. I1HTerparrbHCUI TeXHonorIDI n03BonHna C03,1J;aTb

flOBoe nOKoneHHe nepCOHaJIbHblX 3neKTpOHHo-BblqHCJlHTeJIbHbIX MarnHH

(n3BM) H MHKponpOl.{eCCOpOB
- YHHBepCaJIbHblX nporpaMMHpyeMbIX

cpe,nCTB 06pa60TKH HH4>opMaI.{HH, aBTOMaTH3aI.{HH. )].aJIbHeHrnee crpeMH-
TeJIbHOe pa3BHTHe nOJlY'fHJIa na3epHCUI TeXHHKa. Pa3pa60TaHbI nepcneK-
THBHble onro3neKTpOHHbIe npH60pbl H ycrpOHCTBa, onTpOHbl, 601l0KOHHO-

onmUtteCKue IlWtUU C6Jl3U (BOnC). BbiCOKHMH TeMnaMH pa3BHBaeTCH onmo-

:JlleKmpOllUKG.

3J1eKTpOHHKa H 3J1eKTpOCHa6)KeHHe TIlrH noe3)1.0B. llporpecc B 3neKTpO-

/lHKe TeCHeHrnHM 06pa30M CBH3aH C pa3BHTHeM penbCOBblX H 6e3penbCO-
nbIX TpaHcnOpTHblX cpe}J.CTB, oc06eHHO C 3neKTpH4>HI.{HpOBaHHbIM )l(eJle3-

/lO}J.0P0)l(HbIM TpaHcnoproM. )KeJle3Hble Aopom B c4>epe npOH3Bo,nCTBa

npo,nOIDKaIOT C03,naHHe MarepHaJIbHblX l.{eHHOCTeH, 06eCne'fHBCUI Henpe-

pbIBHOCTh TeXHOJlOrH'fecKHx npOl.{eCCOB, OCYlJleCTBIDIeMblX B KOHKpeTHblX

rcorpa4>HqeCKHX H npOH3BO}J.CTBeHHO-X03HHCTBeHHbIX YCJIOBHHX. OHH

TaK)I(e HrpaIOT Ba)l(HyIO pOJlb B KynbT)'pHOM pa3BHTHH, y,nOBJleTBOpHH

B03paCTaIOIllHe 06'LeMbl nepe,lI.BHJKeHIDI HaceneHHH. )Kene3Hble ,noporH
HarneH crpaHbl C ee OrpOMHOH TeppHTopHeH H B OT,narreHHOH nepCneKTHBe

npH3BaHbi HrpaTb Be.nylJlyro pOJIb cpe,nH ,npymx BH.nOB TpaHcnopTa. C

pa3BHTHeM BblCOKOCKopOCTHOro ,lI.BH)I(eHIDI co CKOpOCTHMH ,no 300 KM/'f H

BblIlle )l(eJle3Ho,nopO)l(HbIH TpaHcnopT B 6nH)I(aHIlleM 6y.nylI{eM 3aHMeT

npHOpHTeTHOe nOnO)l(eHHe B naCCaJKHpCKHX nepeB03Kax.

llepeB03KH rpY30B H naCCIDf<HpOB ,nOJl)l(Hbl 6b1Tb BbicoKopeHTa6enbHbl-

MH 'ITO MO)l(eT 6b1Tb 06eCne'feHO HOBeHrneH TpaHCnOpTIIOH TeXHHKOH H
,

nporpeCCHBHOH TeXHOJlOrHeH. 3neKTpH'feCKCUI THra noe3,nOB, aBTOMaTH3a-

I.{IDI, TeneMeXaHH3al.{HH H HH4>0pMaTH3aI.{HH, 3neKTpH4>HKaI.{HH H MexaHH-

3al.{IDI pa60T COCTaBIDlIOT rnaBHOe HanpaBneHHe TeXHHqeCKOrO nporpecca
Ha )l(ene3Ho,nopO)l(l{OM TpaHcnopTe. B POCCHH npHMepHo 50 % )l(ene3HblX

,nopor nepeBe,neHbl Ha 3neKTpH'fecKYlO THry, OHH o6eCne'fHBalOT 60nee

75 % 06'LeMa rpY30BbiX nepeB030K. Ha 3neKTpH4>HI.{HpOBaHHblx nHHHHX

pacxo.nyeTCH Ha 10--15 % MeHbrne 3KBHBarreHTHoro TOIDIHBa Ha H3MepH-

Tenb pa60Tbi no CpaBHeHHIO C TennoB03HoH THroH, 06eCne'fHBaeTCH 60nee

BblCOKCUI CKOpOCTh ,nOCTaBKH rpY30B H naCCaJKHpOB, OCYlI{eCTBIDIeTCH pe-

KynepaTHBHoe TOpMO)l(eHHe C B03BpaToM 'IaCTH 3HeprHH B ceTh, ,nOCTHra-

eTCH 3KOnOrH'fHOCTh TpaHcnopTHbIX npOl.{eCCOB.

llpe06pa3oBaHHe nepeMeHHoro TOKa 'IaCTOTOH 50 rl.{ B 3neKTpHqeCKHH
TOK ,npyrnx napaMeTpOB He06xo,nHMO )J.IDI 06eCneqeHHH 34>4>eKTHBHoro
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HcnonL30BaHHH 3neKTpH'leCKOH 3HeprHH, nO,iUJOJJ;HMOH 'lepe3 CHCTeMY
3neKTpOCHa6:>KeHIDI K 3J1eKTpH'leCKOMY nO):(BH:>KHoMy COCTIlBY (3I1C), npH
ee npe06pa30BaHHH B MeXaHH'leCK}'IO 3Heprmo ):(BH:>KeHIDI noe3JJ;a.

Hau60nee lIIHpOKoe npHMeHeHHe Ha 3IIC nonyqHJIH KOJUIeKTOpHble
3neKTpO):(BHraTeJIH nOCTOHHHoro TOKa. ):(mI HX nHTaHIDI Tpe6YeTCH nO):(Be-
JJ;eHHe nOCTOHHHoro TOKa C nnaBHbIM perynHpoBaHHeM ypOBIDI HanpH:>Ke-
HIDI BO BpeMH nYCKa.

HOBbIe B03MO:>KHOCTH npe06p330BaHWI 3neKTpH'ieCKOro TOKa, npeJJ;o-
CTaBJleHHbIe COBpeMeHHOH CHJIOBOH 3neKTpOHHKOH, OTKpbIJIH nepcneK-
THBHoe HanpaBneHHe B THrOBOM 3neKTponpHBOJJ;e Ha OCHOBe npHMe-
HeHWI 60nee Ha,rJ,e:>KHbIX H 3KOHOMH'lHbIX 6eCKOJ/JleKmOpllb1X 311eKmpo-
06uzamelleu mpexljJa31102o mOKa - acullxpOllllblX U CUllXPOllllblX MalIlHH.

):(mI nUTaHHH THroBbIX ,iUJHraTeJIeH TpexlIJ33Horo TOKa Tpe6YeTCH nOJJ;-
BeJJ;eHHe 3HeprHH TpexlIJ33Horo TOKa C nJIaBHbIM perynHpoBaHHeM 'lac-

TOTbI H ypOBIDI HanpH:>KeHIDI ):(illI nYCKa H nnaBHoro perynHpoBaHHH
CKOpOCTH ):(BH:>KeHHH nOe3JJ;a.

IIp06neMa 6eCKOJUIeKTOpHoro THroBoro npHBOJ].a 6bma perneHa B

nepHOJ]. 1958-1975 rr. HaY'lHbIMH lIlKonaMH OTe'leCTBeHHbIX Y'leHbIX
A. E. AneKceeBa H D. H. THxMeHeBa. IIocJleJJ.)'IOlI.{ee OCBoeHHe 3Toro

nepCneKTHBHOro HanpaBneHHH B THroBOM npHBOJ].e npOHCXO,z:(HT P33-
nH'lHbIMH TeMnaMH BO MHornx CTpaHax: 4>paHUHH, repMaHHH, HTaJIHH,
.HnoHHH, HcnaHHH H POCCHH. BeJJ;ylI.{He 3apy6e:>KHble nOKOMOTHBOCTpO-
HTeJlbHble IIJUPMbI nOJlHOCTbIO nepernnH Ha 6eCKOJUIeKTOpHbIH THrOBbIH

3neKTponpHBoJ].. B POCCHH C03J].aIOTCH HOBbIe CKOpOCTHble 3J1eKTpOB03bJ
3II-100, 3II-200 H 3II-300 C 6eCKOJUIeKTOpHbIMH ):(BHraTeJUIMH, BbI-

COKOCKOpOCTHOH 3neKTponoe3J]. "CoKon" H npHrOpOJJ.Hble 3neKTpono-
e3JJ;a C aCHHxpoHHbIMH ):(BHraTeJUIMH.

3neKTpoCHa6:>KeHHe ):(BH:>KYlI.{HXCH noe3JJ;OB OT 3neKTpoCTaHLtHH BHelIl-

Hero 3neKTpOCHa6:>KeHHH oCYlI.{eCTBJUIeTCH qepe3 THrOBble nOJ].CTaHLtHH no

KOHTaKTHOH CeTH. B KOHTaKTHOH CeTH Ha POCCHH:CKHX :>Kene3HbIX J].oporax

npHMeHHeTCH CHCTeMa nOCTOHHHoro TOKa HanpH:>KeHHeM 3 KB HnH CHCTeMa

O}J.Ho«l>33Horo nepeMeHHoro TOKa 'laCTOTOH 50 rLt HanpH:>KeHHeM 25 KB.

3J1eKTpoHHLle npe06pa30BaTeJlH B 3J1eKTpocna6)KeHHH H H8 3nc. ):(mI
npe06p33oBaHIDI TpexlIJ33Horo TOKa 'laCTOTOH 50 ru B nOCTOHHHbIH TOK

B CHCTeMe nOCTOHHHoro TOKa 3 KB Ha THrOBbIX nOJ].CTaHLtWlX YCTaHaBnH-

BaIOTCH BbInpHMHTenH TpexIIJa3Horo TOKa, a Ha 3IIC):(illI perynHpOBaHIDI
HanpH:>KeHHH ):(BHraTeJleH npHMeIDIIOTCH nYCKOBble pe3HcTopbl HJIH 60nee
3KOHOMH'lHble HMnYJIbCHble npe06p330BaTeJlH. B pe:>KHMe 3J1eKTpH'leCKOro
TOpMO:>KeHHH 3IIC C peKynepaLtHeH 3Heprmi nOCTOH:HHOro TOKa B TH:rO-

BYIO CeTb H36bITO'lHaJI 'laCTb 3HeprHH C nOMOlI.{blO HHBepTopOB, BeJ].OMbIX

CeTblO, Ha THI'OBbIX nOJ].CTaHUHH:X MO:>KeT npec6pa30BbIBaTbcH B TpexlIJ33-
HbIH TOK 'laCTOTOH 50 rU H B03BpalI.{aTbCH B cHcTeMY BHernHero 3neKTpo-
cHa6)KeHHH.
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B CHCTeMe O,IUIOIIJ33HOro TOKa 'laCTOTOH 50 n.{ npe06p330Baffiifntepe-
MeHHoro TOKa B nOCToHHHbIH ):(illI nHTaHIDI TH:roBblX ):(BHraTeneH oCYI.QeCT-
BJUIeTCH Ha caMOM 3neKTponO):(BIDKHOM COCTaBe C nOMOlI.{blO BbInpHMHTe-

neH O}J.HoIIJ33Horo TOKa, KOTopble Ha cOBpeMeHHoM nO,iUJH:>KHOM COCTaBe

BbInOJIHHIOTCH Ha THpHCTopax ,lUUI nnaBHoro perynHpoBaHIDI ypOBHH Ha-

npH::>KeHIDI THrOBblX .n;BHraTeJIeH. B pe:>KHMe 3J1eKTpH'leCKOrO peKynepaTHB-

Horo TOpMO:>KeHIDI Yllpa6llf1eMbie 6bl1lpRMumellu nepeBo,IUITCH: no CHCTeMe

ynpaBneHIDI B pe:>KHM HHBepTopa, BeJ].OMoro CeTblO, 'laCTOTa TOKa Ha

BbIXOJJ;e KOToporo 3a,rJ,aeWH caMoH CeTblO nepeMeHHoro TOKa. HHBepTopbI
06eCne'lHBaIOT 06paTHoe npe06p330BaHHe nOCTOmIHOrO TOKa B OJJ;HOIIJ33-
HbIH 'laCTOTOH 50 ru. Hx HHorJ].a H33bIBaIOT 3aBHCHMbIMH HHBepTopaMH.

TaKHe 06palI.{aeMbIe npeo6p330BaTeJIH nOJlY'lHnH H33BaHHe 6bl1lpRMumeJ/b-

llO-U1l6epmopllblX (BHII).
IIpe06pa30BaHHe TpexIIJa3Horo TOKa 'laCTOTOH 50 ru 3neKTpOCTaHI.{HH

B TpexlIJ33HbIH TOK perynHpyeMoH 'laCTOTbI H HanpH::>KeHIDI ):(illI nHTaHIDI

6eCKOJUIeKTOpHbIX .n;BHraTeJleH Ha 3IIC oCYIueCTBJUIeTCH B CHCTeMe THro-

Boro 3neKTpOCHa6:>KeHIDI nOCTOH:HHOrO TOKa HanpH:>KeHHeM 3 KB H B CHC-

TeMe 3neKTpOCHa6:>KeHIDI O,IUIoIIJ33Horo TOKa 'laCTOTOH 50 n.{. B 3THX

CJlY'laHX K 3IIC 3neKTpH'leCKaH 3HeprHH nO.n;BO,z:(HTCH Tpa,rJ,HI.{HOHHbIMH
cnoc06aMH. Ha caMOM 3IIC npe06p33oBaHHe 3neKTpH'leCKOH 3HeprnH
HMeeT cynIeCTBeHHble oc06eHHOCTH.

):(mI nHTaHH5I .n;BHraTeneH: TpexlIJ33HbIM TOKOM perynHPyeMoH 'laCTOTbI

H3MeIDIeMoro HanpH:>KeHIDI npHMeIDIIOTcH a6mOllOMllbie U1l6epmopbl. 06ec-

ne'lHBalOlI.{He npe06p330BaHHe nOCTOHHHoro TOKa B TpexlIJ33HbIH TOK.

ABTOHOMHbIH HHBepTOp 06eCne'lHBaeT He TOJIbKO peryJIHpOBaHHe 'laCTO-

TbI TpexlIJ33Horo TOKa, HO H nnaBHoe H3MeHeHHe 311JIIJeKTHBHOrO Hanpfl:>Ke-
HIDI MeTOJJ;aMH lIlHpOTHo-HMnynbcHoro ynpaBneHHH. I1pH TaKOM He3aBH-

CHMOM H3MeHeHHH 'laCTOTbI H HanpH:>KeHH5I J].oCTHraeTCH 3KOHOMH'lHOe

peryJlHpOBaHHe CKOpOCTH .n;BH:>KeHIDI H CHJIbI THrH nOKOMOTHBa.

B pe:>KHMe peKynepaTHBHOrO TopMO:>KeHWI 3neKTpH'leCKHe MarnHHbI

TpexlIJ33Horo TOKa nepeXO,IUIT B reHepaTopHbIH pe:>KHM. 3HeprIDI TpexlIJ33-
Horo TOKa H3MeIDIeMOH 'laCTOThI C nOMOlI.{blO aBTOHOMHoro HHBepTopa

npe06p33YeTC5I B nOCTOHHHbIH TOK H B03BpalI.{aeTCH HenocpeJJ;CTBeHHO B

THrOBYIO CeTb (npH CHCTeMe nOCTOHHHoro TOKa HanpH:>KeHHeM 3 KB) HJIH

C nOMOlI.{blO HHBepTopa, Be}I:OMOrO CeTblO, npe.n;BapHTeJlbHO npe06p33YeT-
C5I B O}J.HOIIJ33HbIH TOK 'laCTOTOH 50 n.{ (B CHCTeMe OJJ;HoIIJ33Horo TOKa

'laCTOTOH 50 n.{ ).
):(mI nOBbIlIleHIDI 3HepreTH'leCKHX nOK33aTeneH THrOBOH CeTH CHC-

TeMbI O)1,HOIIJ33HOro TOKa Ha 3IIC npHMeHHIOTcH HMnynbcHble BbmpH-

MHTeJlbHO-HHBepTopHbIe npeo6p330BaTeJIH, n03BOJUIlOlI.{He IIJopMHpoBaTb
TOKH 3a,rJ,aHHOH ('lalI.{e Bcero CHUYCOHJJ;aJIbHOH) IIJOpMbI B THrOBOH CeTH

BO Bcex 'leThIpeX KBa,rJ,paHTax npocrpaHCTBa COCTOHHHH no HanpH:>KeHHIO

H TOKY. TaKHe npe06p330BaTeJIH nony'lHnH H33BaHHe 'lemblpeXK6a-

opallmllblx.
7



KpaTKoe paCCMOT]JeHHe BHJJ:OB npe06pa:30BaHHJJ 3JIeK'IpH'.IeCKOH
3HeprHH B CHCTeMe 3JIeKTpOCHa6x<eHHJJ H 3nC nOK33blBaer, '.ITO npH
peaJIH3allHH 3JIeKT]JH'.IeCKOH nlI'H npHMeWUOTCH BCe '.IeTbIpe B03MO)KHbIX

npe06p330BaHIDI po.u:a TOKa: nepeMeHHbIH TOK B nOCTOHHHblH (BbI-
npHMJIeHHe: BbInpHMHTeJIb, ynpaBIDIeMblll BbmpJJMHTeJIb); nOCTOHHHblll
fOK B nepeMeHHblH CTaH.u:apTHOH '.IaCTOTbl 50 n.{ (HHBepmpoBaHHe:
mlBepTop, Be.u:oMblH CeThlO) HJIH B nepeMeHHblH TOK perYJIHpyeMoH
'.IaCTOTbl (HHBepTHpoBaHHe: aBToHoMHblH HHBepTop); nepeMeHHblH TOK
B nepeMeHHblH .u:pyrHX napaMeTpOB (npe06p33oBaHHe '.IaCTO'I'b1 H Ha-

npHx<eHHH: npe06p330BaTeJlH '.IaCTOTbl C npoMex<yrO'.lHblM KOHTypOM
nOCTOHHHoro TOKa - Bblnpj/MHTeJlb H aBToHOMHblH HHBepTop WIH

Henocpe.u:CTBeHHble npe06p33oBaTenH '.IaCTOThI - Hnq); nOCTOj/HHbIH
TOK B nOCToHHHblH .u:pyroro ypOBIDI HanpH)KeHIDI (npe06p33oBaHHe
nOCTOJJHHOrO TOKa: npeo6p330BaTeJIH C npoMe»<yrO'.lHblM KOHTypOM
nepeMeHfloro TOKa - aBTOHOMHblH HHBepTop, T]JaHc4>opMaTop H Bbl-

npnMHTeJIb HJIH HMnynbcHblH npe06p330BaTeJIb).
Cpe.u:cTBa cOBpeMeHHoH nonynpOBOJJ.HHKOBOH 3JIeKT]JOHHKH 06eCne'.lH-

BalOT JUo6oe H3 nepe'iHCJIeHHblX npe06p33oBaHHH TOKa. Dnaf"O.u:apH 3TOMY
HMCeTCH B03MO:>KHOC1'b nepexo.u:a K rH6KHM TeXHOnOrn'.leCKHM npOl..{eccaM
B CHcrCMe THrOBoro 3neKT]JOCHa6x<eHHH H Ha 3IIC C npHMeHeHHeM MHoro-

4>YIIKI.{HomUIbHbIX nporpaMMHpyeMblX KOHTpOJUIepOB H n3BM AIDi .u:o-
C]'HX<ClfHH 3Hepr03KOHOMH'IHbIX CHCTeM 3JIeKTpH'IeCKOH THrH C OnTHMaJIb-

IIblM 3nCKT]JonoT]Je6JIeHHeM npH 06eCne'IeHHH 3a,rJ,aHHOH nponYCKHOH H

npOIJ03110H cnoco6HOCTeH Ha 3JIeKTpH mllHpOBaHHblXY'.laC11<ax )KeJIe3HblX

Jlopor', a TaKx<e Ha Me'IpOnOJIHTeHe II ropo.u:CKOM 3JIeKT]JOTpaflcnopTe.

1. <PM31J14ECKME OCHOBbl 3nEKTPOHIJIKM

1.1. BBEAEH EB 311EKTPOH KY

3J1eKTpOMamIlTHaH TeopHH CBeTa. BaX<HbIM :ITanOM H3Y'.leHHH CTpO.:
eHHH Bel.l.{eCTBa H npHpOJI.b1 CBeTa HBIDIOCb OTKpblTHe 3neKTpOM I1IHTHOH
TeopHH CBeTa. nepeMeHHoe 3neKTpOMarHHTHoe none CBeTOBOH BOmIbl,

nepeMemaSlCb B cpe.u:e, Bb13blBaeT BbIHY)K)J;eHHbIe Kone6aHHSl 3neKTpH'ieC-

KHX 3apAAOB aTOMOB H MOJleKyn. Kone6mol.l.{HeCH 3apJJ.W>I npe.u:CTaBJllIIOT

C060H MHHHaTIOpHble "aHTeHHbl", HcnYCKalOlI.{He BTopH'llibIe 3JIeKT]JOMar-

HHTHble BOJIHbi TOH )Ke '.IaCTOTbl. HarrO)KeHHe BTOpH'.IHbIX H lIepBH'.IHb
BOJIH npHBO.AHT K H3MeHeHHIO CKOpOCTH pacnpocrpaHeHHSl CYMMapHO
BOJIHbt. KOJIe6aTeJlbHbIH npOllecc xapaKTepH3yeTcH nepHo.u:OM Kone6aHHH

1: '.IaCTOTOH V, WllmoH BOJIHbl A H CKOpOC1'b1O pacnpoC1paHeHHSI V;

V- ")"'IT AV.

B 1901 r. M. nJIaHK OTKpblJl cneKT]J HcnycKaHHH H nomOllleHIDI B BHJJ:e

llHCKpeTHblX nopllHH 3HeprmI (KBaHToB), CBH3aHHbIX COOTHOllleHHeM

EcjJ
= /tv, r.u:e h = 6,626,10-34 JJ.)K"c - nOCTOHHHaH nJlaHKa.

B 1905 r. A. 3HHIllTeHH .u:aJl 06'bHCHeHHe 3aKoHOMepHOCT'A: 4>OTO-

34>4>eKTa H BBeJl TePMHHbl' onpe.u:emuomHe CBeTOBbIe '.IaCTHI.{bl, KaK

K6allmbl C6ema HJIH ljJomOllbl MaccoH mcJI EcJllc
2

-= hvIc2 >= hiA.c,

l".ne c = 2,998'108 WC - CKOpOCTb paCnpOC1paHeHHSl CBeTa B BaKYYM
Pa60Tbi M. IInaHKa H A. 3HHIllTeHHa nonOX<HJIH OCHOBbI KBaHTOBOH

4>H3HKH. nOCJIe):l)'IOI.l.{He HCCJle.u:OBaHHH npHBeJIH K COBpeMeHHbIM npek

CTaBJIemUIM 0 ,ll.BOHCTBeHHOH KopnYCKYIDIpHO-BonHOBOH npHpo.u:e CBeTa.

IIpHBe.u:eHHble COOTHOllleHHSl CBH3btBaIOT KopnYCKYIDIpHbIe xapaKTepHCTH-

KH 4>oToHa (Maccy mcJI H 3Hepmro EcJI KBaHTa) C BOmIOBblMH (qaCTOTOH

KOJle6aHHH v H ,u;rnmOH BOJIHbl A).
3JleKmpOH HBIDIeTCSl OJJ.HOH H3 .u:eCJJTKOB MHKpOqaCTHll, OTKpblTblX

B npollecce n03HaHHSl MaTepHaJIbHOrO MHpa. OH XapaKTepH3YeTCSl

3apAAoM e = 1,6'10-19 Kn, MaccoH nOKOJJ mOe
= 9,1,10-.31 Kr, co6 -

BeHHblM MOMeHTOM KOJ!H'.IeCTBa ,ll.BH)KeHIDI (cnHH), C06CTBeHHbIM Mar-

HHTHblM MOMeHTOM. Macca 3JIeKT]JoHa 3aBHCHT OT CKOpOCTH ero ,W3H-

)KeHHSl: me >= mOe " I - V2/c2 . 3neKTpoH npOHBJUleT ,ll.BoHCTBeHHYIO KOp-

nycKYIDIpHO-BonHoByro npHpo,u,y, ,ll.BHX<eTCJJ B aToMax no 3aK<:HaM,
OTnH'.IHbIM OT 3aKOHOB KJlaCCH'.IeCKOH MexaHHKH. BonHoBblc CBOHCTBa

3neKT]JoHa npoHBmuoTcSl B BH)J. .AH4>P llHH H HHTep4> eHI..\HH np"
B3aHMo.u:eHCTBHH C oKpyx<alOl.l.{eH cpe.u:oH. 3neKTpOH 06na,rJ,aeT onpe-
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,n:eJleHHOH ,n:JIHHOH BOJlHbl. KOpnYCKYJUlpHCUI CTOpOHa npHpO.ll:b1 3J1eK-
TpOHa COCTOHT B TOM, '.ITO OH Be,n:eT Ce6H KaK e,n:HHoe l..leJlOe, HHKor,n:a
He ,n:p06HCb Ha '.Iacm.

AmoM HBIDleTCH HaHMeHbllleH '.IaCTHl..leH KOHKpeTHOro BelI.{eCTBa H

BKJIlO'.IaeT B ce6H pa3HOHMeHHO 3apH)f(eHHble MPO H 3J1eKTpOHbl H npe,n:-
CTaBJUleT C060H YCTOH'.IHB}'IO CHCTeMY JJ;BH)f()'I.I.{HXCH OTHOCHTeJIbHO ,n:pyr
,n:Pyra 3apH,n:OB. .lVrHHa BOJlHbl 3J1eKTpOHa ').. H ,n:HaMeTp aTOMa 6J1H3KH no

3Ha'.leHHIO. BCJle,n:CTBHe 3Toro npH JJ;BH)f(eHHI1 3J1eKTpOHOB HeJlb3H C'lliTaTh

I1X JlOKaJIH30BaHHblMH B KaKHX-JlH60 TO'IKaX BHyrpH aTOMa. 3J1eKTpOHbl
3aHHMaIOT BeCb 06'LeM aTOMa, OHH KaK 6b1 "pa3Ma3aHbl" B ero npocrpaH-
CTBe. 1l03TOMY K HHM He npHMeHHMbl 3aKOHbI KJIaCCH'.IeCKOH MexaHHKH.

llJlaHeTapHaH Mo,n:eJlb aTOMa C npe,n:cnumeHHeM 3J1eKTpOHa, JJ;BH)f(YlI.{erOCH
no KpyrOBOH HJIH 3J1JIHnm'.leCKOH op6HTe, KaK lIJIaHeTbl BOKpyr COJIHl..la,
He 06'LHCHHeT Bcex CJlO)f(HblX BHyrpHaTOMHblX npOl..leCCOB. HaJIH'.IHe B

aTOMe onpe,n:eJleHHblX "pa3pellleHHblX" 3HepreTH'.IeCKHX ypOBHeH cJle.n:yeT
HCKaTb B BOJlHOBblX. CBOHCTBax. COCTOHHHe 3J1eKTpOHa C BOJlHOBblMH CBOH-
CTBaMH OKa3arrOCb B03MO)f(HblM onHcaTb C nOMOlI.{bIOBOJlHOBOH cl>YHKI..lHH
H Bblpa3HTh B BI1,n:e OCHOBHoro ypaBHeHHH KBaHTOBOH MexaHHKH. 3T0
ypaBHeHHe BnepBble (1926 r.) 6bIDO nOJlY'.IeHO 3. IlIpe,n:HHrepoM H HOCHT

ero HMH. XOTH pellleHHe 3Toro ypaBHeHHH .wm CJlO)f(HOH CHCTeMbl '.IaCTHI..l
B aTOMe HJlH MOJleKYJle 3aTpY.lI:HeHO, .wm PH.D:a '.IaCTHblX CJlY'.IaeB pellleHHe
ero ,n:aeT BeCbMa HarJUl,n:Hoe npe,n:CTaBJleHHe 0 nOBe,n:eHHH MHKpO'.laCTHI..l.

COCTORHHH 3J1eKTpoHa B aTOMe. lloJlmKHTeJlbHblH 3apH,n: H OCHOBHaH

Macca aTOMa cocpe,n:oTO'.leHbl B ero ».n:pe ,n:HaMeTpoM npHMepHO 10-12 CM.

CpaBHHTeJlbHO JlerI<He 3J1eKTpOHbl 3anOJlIDlIOT OCHOBHOH 06'LeM aTOMa
,n:HaMeTpOM npHMepHO 10-8 CM. 3J1eKTpOHbl 06Pa3YIOT 060JlO'IKH BOKpyr
TO'.le'.lHOrO H,n:pa H CBH3aHbi C HHM BHyrpHaTOMHblMH CHJIaMH. 3J1eKTpOHbl
XapaKTepH3}'1OTCH BnOJlHe onpe,n:eJleHHOH 3HeprHeH E I , 3aBHCHII.{eH OT

Tpex KBaHTOBblX '.IHCeJl n, I, m.
n. ,m

rllaellOe Keallmoeoe IlUCllO n - 3TO HOMep CJlOH 3J1eKTpOHOB B aTOMe.

Y,n:arreHHe CJlOH OT Mpa COOTBeTCTByeT YBeJlH'.IeHHIO n H B03paCTaHHIO
3HeprHH 3J1eKTpOHa; npH n = 1 3J1eKTpoH He B036Y)f(JJ.eH, npH n=oo OH
CTaHOBHTCH CB060,IUIb1M OT CBH3H C MpOM.

A3UMymaJlbllOe Keallmo60e IlUCllO I - XapaKTepH3yeT MOMeHT KOJlH'.Ie-
CTBa JJ;BH)f(eHHH npH KOJle6aHHH 3J1eKTpOHa KaK npocrpaHCTBeHHOrO pOTa-
Topa H onpe,n:eJUleT 'iaCTb 061I.{eH ero 3HeprHH OT BpalI.{aTeJIbHOrO H KOJle-

6aTeJlbHOrO JJ;BH)f(eHIDI.

Ma21lumlloe Keallmoeoe 'mCllO m - XapaKTepH3yeT npOeKI..lHIO BeKTopa
KOJlH'ieCTBa JJ;BH)f(eHHH Ha KaKOe-JIH60 HanpaBJIeHHe B npOC'IpaHCTBe.

<1>opMa npocrpaHCTBeHHOH BOJlHbl 3J1eKTpOHa onpe,n:eIDleTCH 3Ha'.leHIDI-

MH n, I, m H xapaKTepH3YeT OpHeHTIlI..lHIO 060JIO'IKH (npocrpaHCTBeHHoe
KBaHTOBaHHe). 3aBHCHMOCTb 3HeprHH 3JIeK1pOHa OT I H m 60JIee cJla6CU1,
'ieM OT n. n03TOMY MO)f(HO C'iHTaTb, '.ITO KaX\,n:bIH H3 n ypOBHeH paClI.{en-
MeTCH Ha pH,n: 6JIH3KHX no.n:ypOBHeH. Ka>K,D;OMY I COOTBeTCTBYeT 2/+ 1

no.n:ypoBHeH 3HeprnH C pa3JIH'.IHbIMH m. npH onpe,n:eJleHHOM I'JIaBHOM
10

KBaHTOBOM 'iHCJle n I MO)f(eT H3MeIDITbcSI OT 0 ,n:o n-1. COOTBeTCTBeHHO

06lI.{ee 'iHCJlO B03MO>KHbIX COCTOHHHH 3JIeKTpoHa (061I.{ee '.IHCJlO B03MO)f(-

HbIX 060JlO'.leK), OTJIH'iaIOII.{HXCH 3Ha'ieHHHMH m H I npH ,n:aHHOM n COCTa-

BHT n2.

K TpeM KBaHTOBblM 'iHCJlaM ,n:omKHo 6b1Tb ,n:06aBJleHO 'ieTBepTOe, 060-

3Ha'ialOlI.{ee cnHH S = :1:1, KOTOpbIH xapaKTepH3YeT BHyrpeHHHe CBOHCTBa

caMoro 3J1eKTpOHa npH ;um>KeHHH OTHOCHTeJlbHO C06CTBeHHblX. oceH. C

Y'ieTOM cnHHa 061I.{ee 'iHCJlO B03MO>KHbIX COCTOS:lHHH 3JIeKTpOHa Nn
= 2n2.

ComaCHO npHHllHny 3anpeTa llaYJIH HHKaKHe JJ;Ba 3J1eKTpOHa B aTOMe

He MOryr 06JIa,rJ,aTb O,n:HHaKOBbIMH 3Ha'.leHHHMH Bcex 'ieTblpeX KBaHTOBbIX

'lliceJl. 1l03TOMY 3J1eKTpOHbI B aTOMe 3aHHMaIOT pa3J1H'iHbIe 3HepreTH'iec-

KHe COCTOS:lHIDI.

BHa'iarre 3anOJlIDIeTCH CaMCUl6JIH>KIDIH K H.n:PY 060JIo'IKa (n = 1, K-060-

Jlo'IKa). Ha HeH MO>KeT pa3MeCTHTbcH TOJIbKO JJ;Ba 3J1eKTpoHa: N1
= 2.1 2 = 2.

CJle.n:yIOII.{He 060JlO'IKH MOryr pa3MeCTHTb 60JIbIllee '.IHCJlO 3J1eKTpoHoB:

n = 2 (L-060Jlo'IKa) N2
= 2.22 = 8, n = 3 (M-060Jlo'IKa) N3

= 2,32 = 18, n = 4

(N-06oJlo'IKa) N4
= 2.24 = 32 H T.,n:.

3HepreTH'.IeCKOe COCTOHHHe 3J1eKTpoHoB Ha pa3JIH'.IHbIX 060JIo'IKax

aTOMa 0603Ha'.lalOT JJ;BYMB HH,n:eKCaMH: '1HCJlOM n H 6YKBOH, COOTBeTCT-

BYlOlI.{eH 1, HanpHMep 0603Ha'ieHHIO 2p COOTBeTCTBYeT n = 2, I = 1.

Bce XHMH'.IeCKHe 3J1eMeHTbl XapaKTepH3YIOTcH 3aKoHoMepHocTHMH, OT-

KpbITblMH )J.. 11. MeH,n:eJleeBbIM. I1pH XHMH'1eCKOM B3aHMo,n:eHCTBHH aTO-

MOB BHyrpeHHHe 060JlO'IKH 3J1eKTpOHOB CHJIbHee 3all.{Hll.{eHbl OT B03,n:eHCT-

BIDI ,n:pyrnx aTOMOB H MaJIO BJlIDIIOT Ha B3aHMo,n:eHCTBHe. CBOHCTBa aTO-

MOB no B3aHMo,n:eHCTBHIO onpe,n:eJIHIOTCH KOJIH'ieCTBOM BHeIllHHX

3J1eKTpOHOB, onpe,IJ:emnoll.{HX BarreHTHOCTb aTOMa. BHelllHHH o60Jlo'IKa

HaH60JIee y,n:aneHa OT jf)ij)a.

1l0JJ;Be,n:eHHe 3HeprHH H3BHe B BH,IJ:e cl>OTOHOB BbI3bIBaeT nepexo,n: 3JIeK-

TpOHOB Ha 60JIee BbICOKHe 3HepreTH'.IeCKHe ypOBHH. llepexo,n: Ha HH>KeJle-

)f(all.{He ypOBHH COnpOBO>K,D;aeTCH H3ny'.leUHeM 3HeprHH B BH)J.e )OTOHOB.
nepeXO.ll:b1 3J1eKTpOHOB C BuelllHHX 060JlO'ieK B BaKYYM H 06paTHbie nepe-
XO.ll:bI conpOBO)f(,U,aIOTCH Onm'ieCKHMH HBJleHIDIMH. A nepexO.ll:bl Ha Buyr-

peHHHx 060JIo'IKax - peu1TeuoBcKHM H3JIY'leHHeM.
CBR3H aTOMOB B MOJleKYJlax. B aTOMHblX. KpHCTaJIJIaX "CKJIeHBaHHe"

aTOMOB B MOJleKYJIbl npOHCXO,n:HT no npH'.IHHe cYUI:eCTBOBaHIDI KOBaJIeHT-

HOH (napH03J1eKTpoHHoH) CBH3H JJ;BYx BarreHTHbIX 3J1eKTpoHoB, npHHa)])Ie-

)f(aUI:HX pa3JIH'.IHblM aTOMaM H 06J1a,rJ,alOUI:HX npoTHBOnOJlO>KHO HanpaB-
JIeHHblMH cnHHaMH. Ka)f(,U,bIH H3 3THX 3J1eKTpoHoB Y)f(e He npHHa)])Ie>KHT

O,n:HOMY H3 aTOMOB MOJIeKYJIbI, a "pa3MaJaH" no BceMY npocrpaHCTBY,

3aHHMaeMOMY MOJleKYJlOH, T.e. OXBaTbIBaeT 06a aTOMa. llpH 06'Le,n:HHeHHH
N H30JIHpOBaHHblX aTOMOB B KpHCTamrn'.lecKYIO pellieTKY KaX\,n:bIH ypo-
BeHb aTOMa pacUI:eIIIDIeTCH Ha '.IHCJlO no.n:ypoBHeH, paBHOe '.IHCJIy aTOMOB
B peIlleTKe; 06paJ}'IOTCH KBaJHHenpepbIBHble 3HepreTH'.IeCKHe 30HbI.
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KOBarreHTHaH CBH3b 06p33YeTCH npH nepeKpbITHH 3JIeKTpoHHbIX 060-

JIO'.leK, T.e. npH Ma.m.lX pacCToHHlliIX Me)l(,ZO' aTOMaMH. OTJIH'.IHTeJlbHble

'.IepTbI KOBarreHTHblX CBH3eH - HX HaCbIl.l{eHHOCTb ('.IHCJIO cBH3eH, onpe e-
JUleMOe '.IHCJlOM BarreHTHblX 3JIeKTpOHoB) H HanpaBJIeHHOCTb ("3JIeKlpOH-
Hoe 06J1aKO", BTHHyroe B MeX<'MUJ:epHoe npOC'IpaucTBO). KOBaJIeHlliCUI
CBH3b npHc}1l.{a B OCHOBHOM 3JIeMeHTaM cpeJJ,HHx rpynn I1epHOI-UI'.leCKOH
cHcTeMbI, TaKHM, KaK ymepo,u: C, repMaHHH Ge, KpeMHHlt Si.

MeTaJlJIH'.IeCKHe KpHCTaJIJIbI 06p33YIOTCH H3 aTOMOB 3JIeMeHTOB nep-
BblX rpynn. ATOMbl MeTaJUlOB B KpHCTaJUlH'.IeCKOH pellIeTKe pacnOJIox<eHbI
CTOJIb 6JIH3KO, '.ITO BOJIHOBble )YHKI.{HH BaJIeHTHblX 3J1eKTpOHOB nepeKpbl-

BaIOTCH. npH 3TOM BarreHTHbie 3JIeKTpoHbi nOJIyqalOT B03MOX<HOCTb OTO-

pBaTbcH OT aTOMOB H CB060JJ,H0 nepeMel.l{aTbCH no KpHCnUlJIY, 06p33YH
3JIeKTpOHHblH r33. 06JIaKO oTpHuaTeJIbHO 3apH)f(eHHOrO 3J1eKTpoHHoro
r33a, 3anOJIIDlIOl.l{ero npoCTpaHCTBo Me)l(,ZO' y.maMH, c03,u:aeT CHJIbl npHTH-
)f(eHHH Me)l(,ZO' nOJIOX<HTeJIbHbIMH HOHaMH pellIeTKH.

MeTaJlJIH'.IeCKHM KpHCTaJIJIaM cBoHCTBeHHa XOpOlllaH 3JleKTpo- H Ten-

JIOnpOBO HOCTb.

KpHCTaJlJlH'iecKHe U aMop4mble nOJlynpoBoJJ.uHKU. 110 CTeneHH ynopH-
JJ.O'.leHHOCTH aTOMOB H MOJIeKYJI TBep,lJ,ble TeJIa eIDITcH H3 KpHC'I'aJlJIH'.IeC-
KHe H aMopI!JHbIe. B KpUCmWl/lUlieCKUX TeJlax Ha6JI1O,u:aeTCH JJ.aJIbHHH nopH-
OK aToMoB, npH KOTOpOM 3aKoHoMepHOCTb B3aHMHoro pacnOJIO)f(eHlliI
coce HHxaTOMOB pacnpoclpaHHeTCH Ha a.m.HHe Y'.IaCTKH TeJIa H nOBTO-

pHeTCSI B npOC'IpaHCTBe nepHO}J.H'.IeCKH. B llMOpQJ1lbiX - 3aKoHoMepHocTb
B3aHMHoro pacnOJIO)f(eHHH aTOMOB He pacnpOCTpaHHeTCH Ha 60JIbllIHe
yqaCTKH TeJIa (6JIH)f(HHH nOpHJJ.OK). YnOpHJJ.OqeHHaH nepHo,u:H'.IeCKaH
cTpYKTypa HOCHT H33BaHHe KpUCmaJlJ/UlieCKOii peUlemKU.

KpHCTaJUlH'.IeCKHe BelI.{eCTBa lllHpOKO HCnOJIb3yroTCH B 3JIeKTpOHHbiX
npH60pax H '.IaCTO H33blBaIOTCH KpUCmaJlJlllMU. OHH 06JIa,na1OT aHH30TpO-
IlHeH MeXaHHqeCKHX, 3JIeKTpHqeCKHX, TenJIOBblX CBOHCTB, '.11'0 H onpe,u:eIDI-
eT HX llIHpOKoe npH.MeHeHHe. B nOCJleMee BpeMH npOHBJUleTCH 60JIblllOH

HHTepec K HCnOJIb30BaHHIO aMopI!JHblX nOJIynpoBO HHKOB.
3JIeMeHTbi IV rpynlIbl, 06J1a,nalOl.l{He nOJIynpoBO HHKOBbIMHCBOHCT-

BaMH - C (aJIMa3), Si, Ge, - KpHCTaJIJIH3)'lOTCH B pellieTKY aJIMa3HOro

THlIa, KOTopaH COCTOHT H3 JI.BYX no,u:pellieTOK, CMel.l{eHHbIX OTHOCHTeJIbHO

,u;pyr ,u;pyra Ha '.IeTBepTb nOCTOHHHOH pellleTKH (pHC. 1.], a). 3neMeHTap-
HaH H'.IeHKa COCroHT H3 '.IeTblpHa,ll,l{aTH aTOMOB, '.IeTblpe H3 KOTOpblX (TeM-
Hble TO'IKH Ha pHC. 1.], a) npHHa,zJ)Ie)f(aT TOJIbKO ,u:aHHoH H'.IeHKe, a

OCTaJIbHbie CBH3aHbi C COceJJ,HHMH H'.IeHKaMH. Ka)I(,W.IH aTOM CBH3aH Ba-

JIeHTHbIMH 3neKTpOHaMH C '.IeTblpbMH COCeJJ,HHMH aTOMaMH (pHC. 1.], 6),
06Pa3YH CTpYKTYPy THna Te1paJ,u;pa.

HaH60JIee xapaKTepHblC KpHCTaJUlH'.IeCKHe 1I0JlynpOBOl.I,HHKH H nOJIY-
npOHOJJ,HHKOBble coeJJ.HHeHHA npHBe,u;eHbl B Ta6JI. 1.]
12

PHC. 1.1. CxeMa KpHCTanJIH'leCKOH pellleTKH aJIMa3HOro THna (a) H CTpYKTypa cBH3eH

aTOMa C 6JlH)J(aHIllHMH coce,AHHMH aTOMaMH B c1JopMe TJTpa3APa (6)

Cpe}J.H KpHCTaJUlOB HMelOTCH X<H)UCHe KpHCTaJUlH'.IeCKHe BeII.{eCTBa C

XapaKTepHOH BblTHHYTOH 1!J0pMOH CTpOeHHH MOJIeKYJI, KOTOpble 06JIaJJ.a1OT
.aOnOJlHHTeJIbHbIMH CBOHCTBaMH H clIoc06HOCTbIO K B3aHMHOMY ynOpHJJ.O-

-

'.IeHHIO.

110cJIe,u:oBaTeJlbHOe qepe.aOaaHHe B npOCTpaHCTBe 3J1eMeHTapHblX
H'.IeeK npHBOJI.lfT K 06pa30BamtlO KpHCTaJIJIH'.IeCKOH pelllC"TIm BO BCeM

06'LeMe. MeCTa paCnOJlOx<eHHH aTOMOB B pellIeTI<e H33blBaIOTCH Y3JlllMU

pellleTI<H, a npocrpaHCTBO Me)K)J.Y HHMH
- Me:HCOOY3JlWlMU.

,[(erlteKTbI KpHCTaJlJlH'.IecKOH C'IpYKTYPbl. B peaJIbHblX KpHCTaJIJIax Bcer-

,u:3 Ha6JllO,u:aIOTCH OTKJIOHeHUH OT CTpOrOH. ynopHJJ.O'.leHHOCTH pellIeTKH -

,u:eI!JeKTbl KpHCTaJUlH'.IeCKOH C-rpYK1")'pbl. no reOMeTpHqeCKHM npH3HaKaM
p33JIH'.IaIOT IlYJlbMepllble (ro'.le'.lHble), OOIlOMepllble (JIHHeHHble), 06YMepllbie
(nOBepXHOCTHble) H mpex.uepHble (06'LeMHble) eI!JeKTbl (pHC. 1.2).

Ta6JIHlta 1.1

MaTepHaJ1 XHMH'leCKM l}JopMyna THO COe.l\llHeHHJJ
-

A
1V

repMaHHH Ge

KpeMHHH Si
. -- ------ --

A1VBVlKap6HA KDeMHHH SiC
-------

AHTHMOHHA ra.JIJIill\ GaSb

ApCeHHA I"a.JIJIill\ GaAs

<1>occlJHA ranJIHH GaP

AHTHMOHHA HHLtIHI InSb AUlBv

ApCeHHA HH,AHH lnAs

<1>occlJHA HH,l],HH InP
--

TpoHHoe Coe,AHHeHHe CdSiAs2 AlIJ}Vcr

13
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,neJlbHblX THnOB - I<paeBOH (nHHeHHOH) H BHHTOBOH .IJ,HCJlOI<a HH.

Kpae6aJl .IJ,HCJlOI<al IDI (PHC. 1.2, z) CBH3aHa C nOHBJleHHeM JlHUlHeH

aToMHoH nrrOCKOCTH, npepbmalOI.QeHCH B TonlQe KpHCTaJlJIa H npHBo-

MI.QeH K HCKIDKeHHIO perneTKH B,nOJlb JlHHHH 06pbma :noH nrrOCKOCTH

(nHHHH .IJ,HCJlOKaU;HH 1-2-3-4-5). 06nacTb B6J1H3H nHHHH, r,ne

npOHBIDUOTCH HaH60nblllHe HCKaJKeHHH, H33bIBaIOT JlOpOM .IJ,HCJlOKal HH.

I1pH 6Ullm060U AHCrrOKa HH(PHC. 1.2, 0) aTOMHble ruIOCKOCTH 3aKpy-

'leHbl B 4>opMe renHI<oH,na (BHHTOBOH J1eCTHHI I.I). .z:vm onHcaHIDI ,nHC-

J10KaU;HH HcnonI.3yroT BeKTop ElOprepca, KOTOpblH HaxoMT nocJle,no-

BaTeJlbHblM nepexo,noM OT aTOMa K aToMY no 3aMKHyroMY KOHTYPY

1-2-3-4-5-fJ, oXBaTblBalOI.QeMY .IJ,HCJlOKaQHIO - KOHTj'p J>lOprepca
(CM. pHC. 1.2, Z, 0). ,[{HcnoKaU;HH nO,ll.BH>KHbl. .z:vm ynpO'leHIDI KpHCTaJlJIa

orpaHH'lHBaIOT nO,ll.BH>KHOCTb .IJ,HCJlOKaU;HH nerHpoBaHHeM, 3aKamcOH

HJIH HaKJIenOM. rInOTHOCTb ,nHCJlOKa HH Ha e.IJ,HHHQ)' nOBepxHOCTH

KpHCTaJIJIa 106 - 1010 2.

I1oBepXHoCTHblMH ,ne4>eKTaMH HBIDIIOTCH 30HbI BbIXo,na KpHCTaJlJIH'leC-

KOH peUleTKH Ha nOBepXHOCTb KpHCTaJlJIa, rpaHHI I.I3epeH H T.,n. I1oBepx-
HOCTI. 06p33YeT perneTKY C OJUIOH CTOpOHbl, H nOBepXHOCTHble aTOMbl YJKe

He OKp}'JKeHbl co BCex CTOpOH ,npyrHMH aTOMaMH.

,l:(e4>eK'Th1 CTpYKTYPbl 3Ha'lHTeJlbHO BJIllilIOT Ha MeXaHH'leCKHe, 3neKT-

pH'leCKHe, TennOBble, MarHHTHbie H OnTH'leCKHe CBOHCTBa BeI.QeCTB.

KOJle6aHHH KpHCTaJIJlHqecKOii peWeTKH. ATOM ynpyrHMH CHJIaMH CBH-

3aH co BceMH 6J1HJKaHUlHMH aTOMaMH perneTKH, 06p33YH CJlO)l(HYIO CHCTe-

MY H3 N Kone6moI.QHXCH aTOMOB. KaJK,nbIH H3 aTOMOB HMeeT TpH CTeneHH

CB060,lJ,bl, a 06I.Qee 'lHCJlO CTeneHeH CB060,nb1 pemenm H3 N aTOMOB paBHO

3N. CrrO>KHble Kone6aHHSI MOJKHO npe,nCTaBHTI. B BH.)J,e BOJIH C p33HbIMH

'laCTOTaMH (HOpMaJlbHI.le Kone6aHIDI), B Ka)l(,!10H 113 KOTOpI.IX Y'laCTByroT

Bce aTOMbl peUleTKH. ,[{BIDKeHHe aTOMa XapaKTepH3YeTCH cynepn03HU;HeH

3N HOpMaJlbHI.IX Kone6aHHH B TO'lKe nOKaJIH3aI..\HH.

TenJlOBbie CBOHCTBa KpHCTaJIJlOB. KaJK,!J;oe Kone6aHHe B KpHCTanne 06-

na,u,aeT 3HeprHeH H HMnYJlbcoM. I103TOMY no aHaJIOrHH C KBaHTOBaHHeM

3neKTpoMarHHTHbiX Kone6aHHH BBe,neHO nOlUlTHe 0 KBaHTax TenrrOBblX

Kone6aHHH perneTKH -ljJo1to1tax. Kone6aTerrI.Hble npou;eccbl B KpHCTaJlJIe

Moryr 6blTb npe,nCTaImeHbl B BH,ne ,ll.BH)I(eHIDI 4>OHOHOB. Hx 'lHCJlO 3aBHCHT

OT 'laCTOTbl Kone6aHHH. MO>KHO C'lHTaTb. '11'0 4>OHOHbl HBJUlIOTCH a6-

CTpaKU;HeH npH onHcaHlm Kone6aTeJlbHblX npou;eccoB B KpHCTaJlJIe, Kor,na

peaJlbHI.le Kone6aHHSI npe,ncTaBJUIIOTCH B BH)J.e nOTOKa KB33H'laCTHU;. CKO-

pOCTb 4>oHoHa onpe,neJUleTCH CKOpOCTI.IO pacnpoCTpaHeHIDI Kone6aHIDI

(CKOpOCTII 3B}'Ka); BpeMH ero JKH3HH nopSI));Ka 1.0-12 C.

I10HJITHe 4>oHoHa n03BOJUleT ynpoCTHTI. paCCMOTpeHHe 4>H3H'leCKHX

npou;eccOB. PaCCeHHl1e 3HepmH 3neKTpOHOB TenrrOBblMH Kone6aHIDIMH

peUleTKH onHCblBaeTCH KaK CTOJIKHOBeHHe 3neKTpOHOB C 4>oHoHaMH.
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PHC. 1.2. ,l],etl>eKTbJ KpHCTaJIJlH'iecKoH crpYKTYPLI

K TO'le'lHbIM ,ne4>eKTaM. HMelOI.QHM p33Mepbl npHMepHO HeCKOnbKHX
aTOMHblX .IJ,HaMe1pOB, OTHOCHTCH 6aKaHCUU (OTcyrCTBHe aTOMOB B HeKOTO-

pblX Y3nax perneTKH) H aTOMbl B MeJK,!J;OY3nHHX. BaKaHCHH BMeCTe C aTO-
MOM B Me:>K,D:OY3nHe H33bIBaeTCH ,ne4>eKTOM no <I>peHKemo (PHC. 1.2. a). .z:vm
CMel.l{eHHH aTOMa H 06p33oBaHHH BaKaHCHH Tpe6YeTCH 3HeprIDI npHMepHO
1-2 3B, a }1JI.H BHe,npeHIDI aTOMa B Me)l(,!1oy:mHe

-

npHMepHo 1-5 3B.
BaKaHCHH MO)l(eT 06p33oBaTbcH npH HcnapeHHH HJlH 'laCTH'lHOM oTpbIBe
aTOMa OT nOBepxHOCTH H 3aTeM nOCTeneHHO npOHHKHyrb B rny6b Terra.

I1pH 3TOM BaKaHCHH He 6y,neT COOTBeTCTBOBaTb aTOM BHe,npeHHH (.ne4>eKT
no IIlO'ITKH). ATOMbI BHe.npeHHSI MOryr nOHBJUlTbCH 6naro,napH HaJIH'lHIO
npHMeceH nocTopoHHHX Bel.l{eCTB (PHC. 1.2, 6). I1pHMecHble aTOMbl MOryT
TaK)I(e 3aHHMaTb MeCTa BaKaHcHH H pacnonaraTbCH B Y3J1ax pellleTKH

(aToMbl 3aMel.l{eHIDI. pHC. 1.2, 6).
KOHu;eHTpaU;HH npHMeCHblX aTOMOB Kone6neTCH B O'leHb IllHpOKHX

npe,nenax. B '1HCTOM repMaHHH OHa COCTaBJUleT npHMepHO 1.018 3. B

nempOBaHHOM (060raI.1.(eHHOM npHMeCHMH) - 1.020 - 1024 M-3. a B HeKO-

TOpblX nonynpOBOJUIHKOBblX npH60pax KBaHToBoH 3neKTpoHHKI1 l1:0CTH-
meT 3Ha'leHHH npe.neJlbHOH paCTBOpHMOCTII npHMecH B nonynpOBoJUIHKe
(.no 1021 3). KOHu;eHTpaI..\IDI TO'le'lHbIX .ne4>eKToB MOJKeT 6blTb YBeJIH'leHa
TaK)I(e B pe3ynbTaTe 3aKaJIKH, MeXaHH'leCKOH ,ne4>opMaI..\HH peUleTI<H
(KOBKa, npOKaT), 06J1Y'leHHH 'laCTHu;aMH BbICOKl:lX 3HeprHH.
K JlHHeHHbIM ,ne4>eKTaM OTHOCHTCH OUCJlOKal./Uu - HapyrneHIDI CTp}'K-

TyPbl, npHBO]J,HI.l{He K c;umry aTOMHbIX nrroCKOCTeH B pellleTKe.
,l:(HcnoKa HH 06bl'lHO npe,nCTaBJUlIOT C060H HaJIO)l(eHHe ,ll.Byx npe-
14
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I
1.2. 3HEPrETH'lECKHE 30Hbl H ,QBH)f(EHHE 3nEKTPOHOB B KPHCTAAnE

PaJpeweHHLle H 3anpeIQeHHLle 3HepreTHlfCCKHe ypOBHH H 30HLI. CBoii-CTBa I<PHCTaJIJIa B 3HaqHTeJIbHOii Mepe onpe.n;eIDllOTCJl B3aHMHLIM BJIIDIHH-
eM Cocewmx aTOMOB. 31'0 BJlHHHHe npHBO,lUfT K paClI.{eWIeHHIO 3HepreTH-qeCKHX YPOBHeH M npeBpalI.{eHHIO HX B 3HepreTHqeCKHe 30HbI. C1poroeMaTeMaTHqeCKoe paCCM01peHHe nOBe,lI.eHHH 3JIeK1pOHOB B KPHCTaJIJIe 1pe-
6yCT pemeHlUl ypaBHeHWI llIpewmrepa, KOTopoe CO.lJ:epX<HT npHMepHO
1022

nepeMeHHblX, H npHMoe ero pemeHHe nOKa HeB03MO)f(H0. n03TOMynpH6eraroT K a,lUfa6aTHqeCKOMY H
0,lI.H03J1eK1pOHHOMy npH6JIHx<eHWlM.nepBoe n03BOIDICT

paCCMa1pHBaTh nOBe,n:eHHe 3JIeI<1pOHOB B nOJIe pelllCT-
KH H3 nOKOHlltHXCli H.lJ:ep, TaK K8K MaCCbI HX 3HaqHTeJIhHO 60JIbIlle MaCCbI3JIeI<TpOHOB, BTopoe - 3aMeHHTh 3Heprmo B3aHMO.lJ:eHCTBWI 3JIeI<1pOHa COT.lJ:eJIhHLIMH 3JIercrpOHaMH 3HeprHeii B3aHMo,n:eHCTBHH C HeKOTopLIM YC-pe,lUIeHHLIM nOJIeM OCTaJIhHbIX 3JICrcrpOHOB.npH 3THX ,n:onyw:eHHHX H npH6J1Hx<eHHH CJla60H CBR3H 3JICK1pOHOB BKPHCTaJlJIe, BnOJIHe npHeMJIeMOM JJ.JUI BaJIeHTHbIX 3J1eI<1pOHOB, MOX<CT
6blTb nOJlyqCHO pemeHHe ypaBHeHHlI.PemeHIfC ypaBHeHHH IlIpe.2UiHrepa JJ.JUI KpHCTaJIJIll'feCKOH pelllCTKH no-
3BOIDIeT C,n:CJlaTb BbIBO,n: 0 TOM, qTO BeCb 3HeprCTHqecKHH cnercrp 3J1ercrpo-
Ha .lJ:CJIHTCJl Ha 06J1acTH p33pellleHHbIX 3HaqeHHH 3HeprHH (p33pellleHHble30HM), qepe lltHeCJlC 06J1aCTJlMH 3anpelI.{eHHblx 3HepniH (3anpelI.{eH-HLIe OHbI). npH 3TOM BblmepacnOJIox<eHHLIe 3HepremqeCKHe 30HLIHMCIOT 6dJII,WYIO lllHPHHY (puc. 1.3).npu 061.C,lUiHeHHH N aTOMOB B KpHCTaJIJIHqeCI<y!o pClUeTKY CHHMaCTCH
TaK Ha3blBaeMoe nepecmaHo6o'lHoe 6blpO:JfC(JeHue, 3aI<J1IOQalOlI.{eecH B TOM,
'ITo B N H30JIHpOBaHHbiX aTOMax IfMeCTCH N O,lUfH8KOBbIX 3HCpreTHqeCKuxYPOBHeH, Ha I<OTOpbIX Mor}'T pacnonaraThCJl 3J1eI<TpOHLl. npH 06MeHe

3J1ercrpOHaMH H CHJlTHH BbIpO)f(D;e-
HWI ypOBeHh paCll{elIJIJlCTCJl Ha N
no.n:ypOBHeH. CHJlTHe BbIPO)f(D;eHWI
no MaIlUirnOMY KBaHTOBOMY qUC-
JIY H nepeCTaHOBOqHOrO BbIPO)f(D;e-
"WI BhI3bIBaCT B Ka)f(D;OH 3HeprCTH-'ieCKOH 30He KPHCTaJlJIa nOJlBJIeHHe

2 (2/+1)N 6J1H3KO pacnOJIox<eHHblx
3HepremqeCKHx ypoBHeH, cnoc06-
HbIX BMeCTHTh 2(2/+l)N 3J1ercrpo-
HOB.

)(BH'KeHHe H 34uJleKTHBHaa
Macea 3J1eKTpOHOB B KPHCTaJL1Ie.
OnHcaHHe nOBe.n;eHWI 3JIercrpOHa
B I<pHCTaJlJle no.lJ: .n;eHCTBueM
BHeIllHero 3J1eI<1pUqeCKoro nOIDI
HanpHx<eHHOCTbIO E y,n:06HO npe,n:-

,
{

PHC. 1.3. 3HepreTH'ieCKHe 30Hbl B J(pHCTaJI-
ne:

/ - Janpel.LleHHble JOMbI; 2 - pa3peWellHble
JOMbi

16

Hx<eHWI CB060,n:Horo 3J1eKTpOHa, T.e.CTaBHTh B BH)J;e ypaBHeHHR 11J3

qHe OT KJIaCCHqeCKOrO no.nxO.lJ:a BBTOpOrO 3aKOHa HbIOTOHa. B OTJlH

0 YqeCTb .lI:eHCTBHe CHrr KpHC-6 TTUMO TTOnOJlHHTeJIbH3TOM c.rryqae Heo XO........,

c}>aKTOpa CKOpOCTb 3JIeK1pOHaTaJIJlHqeCKOH pellleTKH. C yqeTOM 3Toro

Ha KaK HeKoTopasr rpynnOBaHB KpHCTaJIJle MOX<eT 6blTh npe.u.CTaBJle
CKOpOCTb BOJIHOBOrO naKeTa

Vrp - dro/dk. (l.l)

BBOM 3aBHCHMOCTb (j) OT 3HeprHH: (j).. E/h , nOJlyqHM

dE
Vrp - hdk

' (1.2)

0545887.10-
34

)J.)J('c; k - BOJIHOBOH BeKTOp.r1I.e h - nOCTOHHHaR nJIaHKa, h - him - 1,

Om..... nVTJ.. V. dt.3a BpeMH dt 3JIeKTpOH npox.......u J'- rp

Pa60Ta CHJI BHelliHero nOM Ha 3TOM yqaCTKe

dE-eE Vrpdt. (1.3)
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MaCCbI yqHThIBaIOlI.{eH BJlHHHHe CHJInony'lHJIO H33BaHHe t/JljJe1<mU6HOU
aJIJIHq CKOHpellieTKOH Ha xapaKTepB3aHMo,n:eHCTBWI 3J1eKTpoHa C KPHCT

HBJUleTCH Mepoii MHepl\HH nO,lI.06-ero )J;BHx<eHWI. O,n:HaKO 3Ta BeJIHqHHa He

HO <?6b1qHOH Macce.
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HocJIe 3aMeHbl F- eE H no.z:r;CTaHOBKH Bblpa)l(eHIDI BeJIH'iHHbl m* B
paBeHCTBO (1.5), norryqHM

F-m.
dVr1J
dt (1.7)

nOJlY'iHJIOCb ypaBHeHHe JI,BH)I(eHIDI 3JIeKTpoHa B KpHCnUIJIe B 4>opMe3anHCH BToporo 3al<OHa HbIOToHa.
B npe.neJIax 3HepreTH'ieCKOH 30Hbl 34>4>eKTHBHaH Macca 3JIeKTpoHape3KO H3MeHHeTCSI. C pOCTOM k YBeJIH'iHBaeTCH m*, .z:r;OCTHraH 6eCKOHe'i-Hocrn Ha rpaHliI..le 3Heprern'ieCKOH 30Hbl. HaJIH'iHe 6eCKOHe'iHO 60JIbllIOH34>4>eKrnBHoH MaCCbl 03Ha'iaer, 'iTO no.z:r; .aeHCTBHeM BHellIHeH CHJIbI 3JIeK-

TpOH H npH06peraer YCKopeHHH, T.e. 3JIeKTpoH, HaXOAAIl{HHCH B paJpe-meHHOH _30He, He MO)l(er nepeMell{aTbCR, TIlK KaK .z:r;eHCTBHe CM KpHCTaJI-1IH'ieCKOH pellIeTKH npeBblUlaer ,lJ;eHCTBHe CHJI BHelliHero nOIDI.
)J;LlpKa. ECJlH H3 3HeprerH'ieCKOH 30Hbl, nOJIHOCTblO 3anOJIHeHHOH

3JIeKTp_OHaMH, Y,IJ;a.JIHTh 3JIeKTpOH, TO 3TO conpOBO>K,U:aeTCH nOHBJIeHHeM B
J{aHHOH 30He HeCKOMneHCHpOBaHHoro nOJIO)l(HTeJIbHOro 3apH,IJ;a, paBHoro3apMY 3J1eKTpOHa. Ha BaKaHTHoe MeCTO no,lJ; BJlHHHHeM CM BHelliHeronOIDl MO)l(eT nepeiirn coce.z:r;HHii 3JIeKTpOH, HaxOAAIl{HiicH B 3TOii )l(e 3Hep-reTHqeCKoii 30He. 31'0 conpOBO)K,D;aercSI CMell.leHHeM nOJIOX<HTeJIbHOro 3a-
pH.z:r;a na HOBoe MeCTO. 3JIeKTpOH CMell{aeTCH HaBcTpe'iY .z:r;eHCTBHIO BHem-HHX CHJI, a nOJIO)l(H1'eJlbHblii 3apM nepeMell.laeTCH B npOTHBOnOJIO)l(HOM
HanpaBJIeHHH. TaKHM 06pa30M, nOJIO)l(HTeJlbHblii 3apH,!l; Be,lJ;eT ce6H KaK
qaCTHI.la C nOJIOX<HTeJIbHOii 34>4>eKTHBHoH Maccoii.

He 3allilToe 3JIeKTpOHoM KBaHTOBoe COCTOHHHe B BepXHeH 'iaCTH 3Hep-reTH'iecl<OH 30Hbl3I<BHBaJIeHTIIOe 'iaCTHQe C nOJIO)I<HTeJlbHbIM 3apH.z:r;oM +eH nOJIO)l(HTeJIbHOH 34>4>eK1'HBHoii Maccoii, paBHoii no a6COJllOTHOMY 3Ha-'ieHHIO 34>4>eKTHBHoH Macce ymero..uero 3JIeKTpoHa, HaJbIBaerCH OblplWiL)J.blpKa HBIDlerCH He pea.JlbHOH 'iaCTHu:eH, a JIHIllb HeKOTopblM 3KBHBaJIeH-TOM JI,BH)I(eHHH 3JIeKTpOHa B BepXHeii 'iaCTH BarreHTHoii 3HepreTHqeCKoii30Hbl. )J.blpKa HrpaeT Ba)l(Hyro pOJIb B 3JIeKTpOnpOBo.z:r;HOCTH KpHCTaJUIOBnOJIynpOBO)J,HHKOB.

1.3. 3nEKTPOnpOBOAHOCTb nonYnPOBOAHMKOB

MeTaJlJlbl, .z:r;H3J1eKTpHKH, 1I0JlynpoBonHHKH. 3JIeKTponpOBo.z:r;HOCTb
KPHCTaJIJIOB, KaK H ,lJ;pyrHx Bell{eCTB, onpe.z:r;eIDIeTCH HaJIH'iHeM HOCH-TeJIeH 3apH.D:oB, cnoc06HblX no.D: .z:r;eiiCTBHeM CHJI BHelliHero 3JIeKIpH-qecl<oro nOml nepeMell{aTbcH B.z:r;OJIb KpHCTaJUIa. B 3aBHCHMOCTH OT
3Ha'ieHHH 3JIeK1pOnpOBo.z:r;HOCTH TBep.D:ble TeJIa ,lJ;emlTCH Ha npOBO,lUfHKH
(MeraJIJlbl) (0) 106_107

CM/M), H30JIHTOpbl (AH3JIeK1pHl<H) (0 < 10-1_10 -8
CM/M) H nOJIynpOBO,lUfHKH - Bel1.leCTBa C npOMe)l(yrO'iHblM 3Ha-

lfeHHeM 3JleKTpOnpOBO,IUIOCTH.
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3J1eK1pOnpOBO,IUIOCTh nOJIynpOBoJ(HHKOB HMeeT HpKO Bblpa)l(eHHble 3a-

BHCHMOCTH OT TeMnepaTypbl H He3Hat{ iTeJIbHbIX.z:r;03 nOCTopOHHHX npHMe-
ceii. 3111 3aBHCHMOCTH 06'bHCIDlIOTCH oco6eHHocTHMH cBH3eH 3JIeKTpOHOB
B KpHCTaJUIH'ieCKOii pellIeTKe, HX 30HHOH cTpYKTYpoii, paccMoTpeHHblMH
BblUle.

B KpHCT3JIJIe 3JIeKTpOHbl B HOpMaJIbHOM HeB036YX<"JJ:eHHoM COCTOHHHH

cTpeMHTcH 3aHHTb 3Heprem'ieCKHe ypOBHH, COOTBeTCTByroll{He HaHMeHb-

llIeii 3Hepf'HH, T.e. 3anOJIHHTb 6JIH)I(aHIIIHe K H.z:r;py ypOBHH. B KpHCTaJUIe C

N B3aHMO,lJ;eiiCTByIOl.l.lHMH aTOMaMH OKaJbIBaIOTCSI 3aHHThlMH ZNI2 HH)I(-

HHX :mepreTH'ieCKHX ypOBHeii, 06'LeJ HeHHbIXB onpe.z:r;eJIeHHOe 'iHCJlO

3HepreTHqeCKHX 30H, paJ,IJ;eJIeHHblX 3anpell{eHHblMH 30HaMH (Z - 'iHCJlO

3JIeKTpOHOB B aTOMe). PaJpellIeHHble 3HepreTH'ieCKHe 30HbI B 3aBHCHMOCTH

OT Macca Bel.l.leCTBa HMelOT paJJIH'iHble THnbl 3anOJIHeHHH (PHC. 1.4).
K nepBoMY KJlaccy OTHOCSITCH BeIl eCTBa,Y KOTOpblX HeCKOJIbKO HH)I(-

HHX 30H 3anOJIHeHbl nOJIHOC1'bIO, a BepxHHe, paJpellIeHHble, 30Hbl nycThle

(PHC. 1.4, a). B Bell{eCTBax BToporo KJIaCCa BepXHHH 3HepreTH'ieCKaH 30Ha

3anOJIHeHa 'iaCTH'IHO (pHC. 1.4, 6), a J.I)UI Bell.leCTB TpeTbero KJlaCCa Bepx-
mu/:, u:eJIHKOM 3anOJIHeHHaH 30Ha nepeKpblBaercH co CJle.z:r;ylOll.leH CB060,lJ;-
Hoii 30HOii (pHC. 1.4,6).

B Bell.leCTBax nepBoro KJlaCCa no.z:r; .z:r;eiiCTBHeM CM 3JIeKTpH'ieCKOrO
nOill! nepexo.z:r; 3JIeKTpOHOB Ha 60JIee BblCOKHe 3HepreTH'ieCKHe ypOBHH

HeB03MO)l(eH, nOCKOJIbKY CB060,IUIaH H 3anOJIHeHHble paJpeu:eHHble 30Hbl

pa3.z:r;eJleHbl 3anpell{eHHOii 30HOii, llIHpHHa (3HeprIDI) KOTOpOH 3Ha'iHTeJIb-

HO 60JIbllIe 3HeprHH, npH06peraeMoii 3JIeKTpO OM
Ha ,roIHHe cB060.z:r;Horo

np06era. 3Ta ,rolHHa COCTaBill!eT npHMepHO 10 M H npH HanpH)I(eHHOCTH

3J1eKTpH'ieCKOrO nOIDI 104 B/M npH06peTaer 3HepmlO npHMepHO 1O-4 3B.

llIHpHHa (3HepmH) 3anpell{eHHOii 30Hbl 3Ha'iHTeJlbHO 60JIbllIe H COCTaBill!-

eT HeCKOJIbKO 3JIeKTpOH-BOJIbT. I103TOMY B 3TOM cJlY'iae oTcyrCTByeT Ha-

npaBJIeHHOe ,lI.BH)I(eHHe 3JIeKTpOHOB. TaKHe Bell{eCTBa HBJIHIOTCH ou::meKm-

PUKaMU.
B Bell{eCTBax BTOpOro H TpeTbe-

1'0 KJlaCCOB 3JIeKTpOHbl H3-3a KBa-

3HHenpepblBHOCTH 30H MOryr YBe-
JIH'iHBaTb CBOIO 3HeprHIO H nepexo-

.z:r;HTb Ha cB060.z:r;Hble ypOBHH B

npeneJIax CBoeH 30Hbl, Y'iaCTBYH B

HanpaBJIeHHOM .z:r;BH)I(eH H .z:r;a)l(e

no.z:r; .z:r;eiiCTBHeM CJIa6blX nOJIeii.

TaKHM 06PaJOM, TIlKHe Bell{eCTBa

HBIDIIOTCH XOpOllIHMH lIp060011UKa-
MU TOKa (MeTaJIJ1bI). .

ECJIH B Bell{eCTBax nepBoro
Knacca llIHpHHa 3anpell{eHHOH
30Hbl MeX<"JJ:Y CB060,IUIOH H BepXHeii
3aHSlToii 30HaMH HeBeJIHKa, TO

oj £ J £ 6) £

/

w

PHC. 1.4. CxeMbl 3anOJIlleHHII JneKTpoHa-
MH paJpellleHHblx JHepreTH'ieCKHX 30H
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'laCTh :meKlpOHOB 6naro.ll.apJl 3HeprHH TeIIJIOBOro JI.BH)I(eHllil .lI.a)l(e npHKOMHaTHOH TeMnepaType MO)l(eT npeO.ll.OneTh 3anpelI.{eHH}'IO 30HY H npH-HJlTb Y'laCTHe B :meKTpOnpOBO,ll.HOCTH. TaKHe BeII.{eCTBa OTHOCHT K rIOJlY-np0800HUKGM, ycnoBHo npHHHMaH Jl)I5l HHX UIHPHHY 3anpelI.{eHHOH 30HblHe 60nee 3 3B. ,lI.H3neKTpHKoB 3anpelI.{eHHaJI 30Ha MO)l(eT HMeTh
lIIHPHHY .lI.O 10 3B.

Bepxmm 3anonHeHHaH 30Ha nonynpOBO,ll.HHKOB H ,lI.H3neKTpHKoB Ha3bI-
naeTCH 8aJlellmllOU 30HOH, a Cne lOlI.{aH He3anOnHeHHaJI pa3pemeHHaJI30Ha - 30HOH rzpo8ooUMocmu.

B Ta6n. 1.2 npHBe.n:eHbl 3Ha'leHllil 3t}Jt}JeKTHBHoH MaCCbl Jl)I5l 3neKTpO-HOB m B 30He npOBO,ll.HMOCTH H .lI.I>lpOK m; B BaJIeHTHOH 30He, a TaIOKe

lliHpHHa 3anpelI.{eHHOH 30HbI U
g Jl)I5l XapaKTepHbIX nonynpOBO,ll.HHKOB H

nonynpOBO,ll.HHKOBblX COe,ll.HHeHHH npH T = 300 K [6].
C06CTBCHHLlC H npHMCCHLlC nOJlynpOBO,lUlHKH. I1onynpOBO,ll.HHKH, B KO-

TOpblX OTCYTCTBYIOT npHMecH, Ha3bIBalOTCH c06CTBeHHblMH HJIH nonynpo-BO,ll.HHKaMH i-mna (OT aHnmHcKoro CJIOBa intrinsic - npHpO,ll.HblH, c06-
cTHeHHbIH). B peaJIbHblX YCJIOBHHX Tpy,ll.HO C03.ll.aTb pellieTKY 6e3 npHMe-c:eH. I1paBHJlbHOCTb CTpYKTypbl TaK)I(e HapYlliaeTcH .D.pyrHMH .n:et}JeKTaMHKPHCTaJUIH'leCKOH pellieTI<H. I103TOMY 'lHCTble (c06CTBeHHble) nonynpo-lH)JULHI<H BCTpe'lalOTCH pe,ll.Ko. I1x TeXHH'leCKOe npHMeHeHHe orpaHH'leHO.B 60nblliHHCTBe CJIY'laeB npHXO,ll.HTCH HMeTb .lI.eJlo C npHMeCHblMH nony-
npOHOJI.HHKaMH, B KpHCTaJlJIH'leCKOH pellieTKe KOTOpblX HMelOTCH aTOMbl
nOCTopOHHHX 3neMeHTOB HJlH .D.pyrne mnbl .lI.et}JeKTOB. B nonynpOBO,ll.HH-KOBblX npH60pax HCnOJIb3YlOTCH HMeHHO npHMeCHble nonynpOBO,ll.HHKH co
cnel..(HaJIbHO BBe.ll.eHHblMH npHMecHblMH 3neMeHTaMH.

Ta6nHua 1.2-

3fjJljJeKTHBH8JJ Macca
lliHpHHanonynpoBO.l1.HHK

JU>lpKH
3anpellleHHoli3neKlpOHa
30111.1 M, , 3Bm n m;

-

.- repMaHHH Gc 0,12 mo 0,379 mo 0,85

KpCMHHH Si 0,26 mo 0,5mo 1,1

AHTHMOHH)( raJIJIHSI Ga Sb 0,046 mo 0,71 mo 0,67-

ApCeHH)( rannHJI Ga As 0,084 mo 1,0 mo 1,43

<1>occIJH)( rannHJ1 Ga P 0,13 roo - 2,24--

AHTHMOHH)( HH1J.HSI In Sb 0,0152 mo 0,53 mo 0,18

ApCeHH)( HH1J.HH In As 0,026 roo 0,82 mo 0,36

<1>occIJH)( HH1I.HR In P 0,072 mo 1,0 mo 1,26
---

TpoHHoe COe1I.HHeHHe Cd Si ASl -
- 2,25

--_.
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Ha pHC. 1.5 H306pa)l(eHbl nnOCKHe MO.ll.eJIH KpHCTaJlJIH'leCKOH pelIIeTKH

3HMH H Y'laCTI<H 3HepreTH'leC-C aTOMHblMH Y3naMH H KOHaJIeHTHblMH CBH
.

KHX 30H, OTpa)l(alOII.{He TonbKO 1I0TOnOK BaJIeHTHOH 30Hbl H 1(HO 30Hbl

npOBO,ll.HMOCTH, Jl)I5l C06CTBeHHOrO nonynpOBO,ll.HHKa H npHMeCHblX nony-

TunOB B TTaJIbHeHllieM 6Y.ll.eM HCnOJIb30BaTb TaKOenpOBO,ll.HHKOB JI.BYx z, .

H306pa)l(eHHe 30H, TaK Kal< Bce rny60KHe 30Hbl He yqaCTBYIOT B comaHHH

3JleKTponpOBO,ll.HOCTH.
E (YpOBeHb 3HeprnH nOTOJIKa BaJIeHTHOH 30Hbl 0603Ha'la1OT

"
v OT

HOCTb) a ypOBeHb JU{a 30HblaHrJIHHCKOro CJIOBa valence - BaJIeHT,
.

E (c OT aHrJIHHCKOro cnOBa conductIOn - npo-npOBO,ll.HMOCTH
-

c
.._

. /)£ E -E fro 01' aHrmfH-BO,lI.HMOCTb). IlIHpHHa 3anpelL(eHHon 30Hbl
g
=

c "Vi

CKoro CJIOBa gap
- npOMe)I(}'TOK, lI.{eJIb).

Ha 3Heprern'leCKHX 30Hax mmeceHbl TaK)I(e ypOBHH 3HeprHH <1>epMH
EF.

a)
-,

30Ha np'o onu-
Mocmu (30Ha c)

Et ""1 _____;C,} 3anpe/4fHHafl
I

--

30Ha

Ev

E

-, 1'0...

-

BalleHmHafl aOHa

(30Ha v)

C

F(E} "'

5) E

---
Ec

E

i ...

r --=-...
-.

.-lI.oHopH"e
Ern !lpO HUEd

..
Ev

J
C

lEc
Etq

F(E)

O} E

.

AI

0

.r-E'n
'-"'...:=d..,:",.=--Al<qenmOpHfi/ii- --

EJI !lpO HUEa

1'0...

---I
1/2 1,0 F{E}

1 5 CTpYKTYPHble cxeMbl CBSl3eH C06CTBcHHoro (a) H npHMecHblX (6, 6) nonynpOBO.n;-Puc. ..

HHKOB
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CTaQHOHapHOC paCnpC.lI.CJlCHHC 'iaCTHQ B KBaHTOBOH MCXaHHKC onpc-nCmlerCH t}JYHKQHCH pacnpCJ];eJICHHH <1>CpMH

dN
/F(E)-

dZ'

r edN, dZ - COOTBeTCTBeHHO 'IHCJIO 'IaCTHQ H B03MO)J(HblX JHepreTH'ICCKHX COCTOHHHH.

,L{JIH HCBblpO)K,ll.CHHblX nOJIynpOBO.ll.HHKOB ('IHCJIO 'iaCTHQ MCHI,llIC
HMClOlltMXCH COCTOHHHH BO BCCM ,lU1am130HC :mcprnH) ypaBHcHHC <1>CpMMncpCXO,ll.HT B KJIaCCH'ICCKOC ypaBHCHHC rH66ca

1
/F(E)-

(E-E 
'

exp

-u-)
+ I

(1.8)

me EF- nOCTOHHHaR 1I.JIR JJ;aHHOH CHCTeMbl BeJlH'IHHa, Ha3bmaeMaR XHMH'IeCKHM nOTeHUH-anOM, wm ypOBHeM <1>epMH.

<1>H3H'ICCKHU CMblCJI ypOBHH <1>CpMH Har.JIH.nCH npH E = EF, KOrJ];a t}JYHK-QHH <1>CPMH npHHHMaCT 3Ha'ICHHC fF (EF) = dN/dZ = 1/2. CJIC.lI.OBaTCJIbHOEF- 3HcprnH CHCTCMbl, npH KOTOpOU IDIOTHOCTb 3anOJIHCHHH COCTOHHHH
paBHa 1/2. I1pH E > EF 3Ha'ICHHC (dNldZ) < 1/2, a npH E < EF 3Ha'ICHHC
(dNIdZ) > 1/2.

B C06CTBCHHOM nOJIynpoBO,ll.HHKC ypOBCHb <1>epMH pacnOJIO:>KCH B ce-
pC,lU1HC 3anpellteHHOH 30Hbl.

B c06CTBeHHoM nOJlynpOBO,ll.HHKC npH T= 0 Bce 3J1CKTpOHbl BaJICHTHOU
30Hbl CBH3aHbl C KpHCTaJUIH'ieCKOU pCllIeTKOU KOBaJIeHTHblMH CBJl3HMH.
I103TOMY B 'IHCTOM nOJlynpOBO,ll.HHKC npH T = 0 B 30He npOBO,lU1MOCTHHer 3JICKlpOHOB H 3J1eK1pOnpOBO,ll.HMOCTb ero paBHa O. ECJIH BaJICHTHbIM
3JICKTpOHaM co06l1.(HTb .lI.OnOJlHHTeJlbHyro 3HcprnlO C nOMOlltblO TeIDIOBblX
KBaHTOB (t}JOHOHOB), CBCTOBblX KBaHTOB (t}JOTOHOB), nocpe.ll.CTBoM 06JIY'Ic-
HHH Y-KBaHTaMH HJlH 60M6ap,WIpOBKH ,IJ;pyrHMH MHKpO'IaCTHQaMH, HJIH
B03.l1.eHCTBYH CHJIbHblM 3JIeKTpH'ieCKHM nOJICM, TO onpe,IJ;CJleHHWI 'iaCTb
3THX 3JIeKTpOHOB 6Y.ll.CT 06J1a.n;aTb 3Heprneu, .lI.OCTaTO'IHOH Jl)I5I npco,IJ;oJIe-HHH 3anpClltCHHOU 30Hbl, H nepeii.r.ter B 3011}' npOBO,WIMOCTH. 3TH CB060,IJ;-Hble 3J1eKTpoHbl cnoc06HbI ncpeMelltaTbCH no.ll. ,IJ;eHCTBHCM CHJI BHellIHcro,J];IDKC HC3Ha'IHTeJIbHOrO, 3JIeKTpH'ICCKOrO nOIDI. B BaJIeHTHOH 30HC nocJlC
YXO.ll.a 3J1eKTpOHa 06pa3yercH .l1.b1pKa, KOTOpWl cnoc06Ha nepCMClltaThCH B
BaJIeHTHOH 30HC nOJ]; .lI.eHCTBHeM CH,;I 3JICKTpH'ICCKOrO nOIDI. TaKHM 06pa-30M, rCHepHpyercH napa, COCTOHlltWl H3 CB060,ll.Horo 3JIcKTpoHa n (OTaHrJIHHCKoro CJlOBa negativc - oTpHQaTCJIbHblu) H ,lI.bIPKH P (OT aHrJIHH-
CKOro CJIOBa positive - nOJIO:>KHTeJlbHbIH). OHH JlBIDIIOTCH HOCHTCIDlMH
3apH,[(oB, 06eCne'IHBalOlltHMH 3J1eKTponpOBO,ll.HOCTb 'IHCTOro nOJIynpOBO,IJ;-HHKa. TaKaH 3JICKTponpOBO,ll.HoCTb nOJlynpOBO,ll.HHKOB Ha3blBaerCH co6cm-
sellllOU. O,ll.HOBpeMCHHo C rCHCpaQHeH nap 3JIeKTpoH-.lI.blpKa npOTcKaer
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npDQecc PCKOM6HHaQHH HOCHTCJIeU 3apH,[(OB. 3TOT npoQccc COnpOBO)K,ll.a-
CTCH B03BpaII.{CHHCM 3JIeKTpOHOB B BaJIeHTHyro 30HY Ha BaKaHTHbIH ypo-
BCm, C Bbl,ll.CJlCHHCM onpc.n;CJICHHOH nOPQHH 3HeprnH.

B KpHCT3JIJIaX C .lI.et}JCKTaMH OCHOBHWI 30HHWI ,lU1arpaMMa KpHCT3JIJIa
HC MeHHerCH, HO B MeCTaX. JIOKaJIbHOrO HapyrneHIDI nepHO,lU1'IHOCTH B03-

HHKaIOT JIOKaJIbHblC COCTOHHlliI H JIOKa.m.HbIC 3HeprCTH'IeCKHC ypOBHH

(npMMeCHble ypOBHM), nona,n:331 Ha KOTOpblC 3JICKTpOHbI HC nepCMClltaIOTCH
no KPHCTaJIJIY, a cocpe,IJ;OTO'IHBaIOTCH B6JIH3H MeCTa .lI.et}JCKTa. 3HcprCTH-
qeCKHC ypOBHH npHMCCHblX aTOMOB MOryr pacnOJIaraTbCJI B npc.lI.cJlax
3anOJIHeHHblX 30H OCHOBHoro KpHCT3JIJIa HJIM B 3anpelltCHHblX 30Hax, 'iTO
HaH60JIee XapaKTCpHO Jl)I5I nOJlynpOBO,ll.HHKOB.

B 3aBHCMMOCTH OT BeU CCTBaOCHOBHOro KpHCTIUlJIa H npHMeCHbIX aTO-

MOB Pa3JIHQaIOT npHMeCHblC nOJIynpOBO,ll.HHKH n-THna (PMC. 1.5, 6) H p-

nma (PHC. 1.5, 6). B Ka'IeCTBC npHMCCCH Jl)I5I nOJIynpOBO,ll.HHKOB HaH60JIcc

'IaCTO HCnOJIb3YlOTCH 3JICMCHThl, npHBe,IJ;eHHblC B Ta6JI. 1.3.

,L{onYCTHM, 'iTO B pellieTKY 'IaThlpCXBaJIeHTHoro rcpMaHHH Ge BHeceHbl
aTOMbI nHTHBaJIeHTHOrO t}Joct}Jopa P. KIDK.ZU>IH aTOM Gc CBH3aH KOBaJICHT-

HbIMH CBH3HMH C COCe,ll.HHMM aTOMaMH. 3aMellteHHe aTOMa Ge aTOMOM P

npHBO,lU1T K TOMY, 'ITO O,lU1H H3 BaJICHTHbIX 3J1CKTpOHOB npHMecH HC

BKJllO'IeH B KOBaJIeHTHbie CBH3H. 3TOT 3JICKTpOH 06pa3yer 060JIO'IKY npH-
MCCHoro HOHa, OXBaThlBaIOlltYIo HeCKOJILKO aTOMOB pellIeTKH. B cro ,IJ;IIH-

Ta6nHua 1.3

3HepntJl, 3B

3neNeIIT
Tun

npuNeeu
B repMaHuu B KpeMHuu

AEd AEa AEd AEa

DopB a - 0,0104 - 0,045

AmoMHHHH AI - 0,0102 - 0,057

rannHH Ga - 0,0108 - 0,065

H:H)J.HH In - 0,0112 - 0,072

<1>occlJop P d 0,0120 - 0,044 -

MbllllbSiK As 0,0127 - 0,049 -

CypbMa Sb 0,0096 - 0,039 -

30noTo Au (1) a - 0,05 - 0,35

Au (2) - 0,16 - 0,54

K HHCd (1) - 0,05 - -

Cd (2) - 0,16 -
-

Tennyp Te d 0,10 - -
-

CeJIeH Sc 0,14 - - -
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:>KeHHH BrrHHHHe perneTI<H BbIpa:>KaeTCJI B 3aMeHe MaCCbI Ha 34J4JeKTHBHyro
Maccy H BBe.ll.eHHH OTHOCHTeJIbHOU ,lI.Jr.:meK11)HQeCKOU npOHHl.{aeMOCTH Ge
E," 16. B pe3YJThTaTe 3HepmH B3aHMO,IJ;euC1BlliI 3neKTpoHa C UOHOM npu-
MeCH YMeHbmaeTCH B E pa3 U, Crre,IJ;OBaTerrbHo, 3Ha':lHTeJlbHO B03pacTaIOT

pa3Mepbl npOC1paHCTBa, r,IJ;e cOCpe.ll.OTO':leH 3TOT 3rreKTpoH. B 3roM crrY':Iae
eMY .lI.OCTaro':lHO C0061I.{HTh 3HeprHlO npHMepHo 0,01 3B, ':IT06bl oTopBaTb
OT aTOMa P H npeSpaTHTh B CB060AHbIU 3neKTpoH. B COOTBeTCTBHH C

30HHOH MO.ll.eJlbIO aTOMa P 3Heprem':leCKOe COCTOHHHe 3TO COOTBeTCTBYeT
ypOBIHO «1>epMH, pacnOnO:>KeHHoMY B6rrH3H AHa 30HbI npOBO,ll.HMocm, U
nOHBJleHHIO nOKaJIbHOrO 3Heprem':leCKOrO ypOBHH, pacnOnO:>KeHHOrO B

3anpelI.{eHHOH 30He npuMepHo Ha 0,01 3B HU:>Ke,IJ;Ha 30HbI npOBO,lI,HMOC1"H
(pHC. 1.5, 6). npHMecHbIe ypOBHH 4Joc4Jopa 3anomleHbI 3neKTpoHaMH,

KOTopble Y:>Ke npH KOMHaTHou TeMnepaTYPe T- 300 K nonYQalOT ,IJ;onon-

HHTeJIbHyro 3HepmlO 3/2kT = 3/2'8,6'10-5'300 = 0,026 3B, r.ll.e k - nOCTO-
.

HHIIaH DOJIbI(MaHa. 3Tou 3HeprU" BnonHe .lI.OCTaTO':lHO, 'IT06bl npH He3Ha..

':IHTeJlbHOM BHelIIHeM 3J1eKTpH':IeCKOM norre nepeuTH B 30HY npOBO.ll.HMOCm
H 06eCne':lHTb )U3H:>KeHHe 3apH,IJ;a B KpHCTaJIJIe.

TaKHe npHMecHbIe ypOBHH Ha3bIBaIOTCH OOIlOpllbLMU H 0603Ha':laIOTCH
Ed (d - OT aHrJIHUcKoro crrOBa donor - .lI.apHTeJTh), a norrynpo-
BO,IJ;HHKH --

.lI.OHOpHbIMH rum nOJIynpOBOAHHKaMH n-THna.

BBe.ll.eHHe B perneTKY Ge TpeXBarreHTHoro aJIIOMHHlliI AI C03,IJ;ReT
UHOU THn 3J1eKTponpOBO,IJ;HOCTH. He3anOJlHeHHaH KOBarreHTHaH CBH3b
(PHC. 1.5, 6) aTOMa AI MO:>KeT 6bITb 3anorrHeHa BarreHTHbIM 3JIeKTpoHOM
O,ll.Horo H3 cocemiHX aroMOB Ge B peIlleTKe. BaKaHclliI 3JIeKTpOHa B

aTOMe Ge MO:>KeT 6blTh 3anorrHeHa 3rreKTpoHOM Coce,IJ;Hero aroMa,
OCTaBnHH B nOKarrbHOM 0U1>eMe nOJIO:>KHTerrbHbIU 3apH.ll., U T.,IJ;. CJle-

,IJ;OBaTerrbHO, BaKaHClliI 3rreKTpOHa nO)U3H:>KHa H MO:>KeT nepeMelI.{aTbCH
B,IJ;OJlb KpHCTarrrra. B COOTBeTCTBHH C 30HHOU MO,IJ;eJlbIO npHMeCb npH-
BO,IJ;HT K CMelI.{eHHIO ypOBIDI «1>epMH K nOTOJIKY BarreHTHOH 30HbI H

nOHBJIeHHIO nOKarr{,HbIX W lanOJIHeHHbIX 3Heprem':leCKHX YPOBHeu B6JIH-
3H BarreHTHOU 30HbI, npT' epHO Ha 0,01 3B BLlme nOTOJIKa BarreHTHOU
30HbI. Ha 3TH ypOBHH no,IJ; BHernHHM B03AeHCTBHeM MOryr nepeXO.ll.HTh
BarreHTHble 3rreKTpOHbI, OCTaBJIIDI B BarreHTlIOU 30He .lU>IPKH.

TaKHe npHMeCHbIe ypOBHH Ha3bIBaIOTCH aKljenmOplibLMU H 0603Ha':la-
IOTCH Ea (a - OT aHrJIHHCKoro CJlOBa accept

. npHHHMaTh), a nOJIynpo-
BO,ll.HHKH - aKQenTopHbIMH IUIH nOJI)'npOBOJUIHKaMH p-THna.

3HaQeHHe 3I1epnm, He06xo,lI,HMOe Jl)I5l nepeBo.n:a 3nel\."TpOHa ,IJ;OHOpHOH
npHMeCH B 30HY npOBO,lI,HMOCm !lEd = Ec - Ed (PHC. 1.5, 6) HJIH 3aXBaTa

BarreHTHoro 3rreK1pOHa aKQenTopHoH npHMecblO H nepeBo,na ero Ha ypo-

seHb aKQenTopa !lEa"'" Ea - E.. (CM. pHC. 1.5, 6), Ha3bIBaeTCH : IeprHeH
UOllU3al1UU (aKTHBaQHH). JJ;lliI pa3JIH':IHbIX JIerHpYIOII.{HX 3rreMeHTOB 3Hep.,
rWI H()HH3al lmpa3JII1':1Ha (CM. Ta6n. 1.3).
24
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TaKHM OOpa30M, B npHMeCHbIX nOJIynpOBO,ll.HHKaX 06eCne':lHBaeTCH

3neKTpOHHa51 HrrH ,lI.bIpO'iHWI 3neKTponpOBOJ(HOCTh, KOTOpaH CYlI.{eCTBemlO

npeBbIlIIae1' c06CTBeHHYIO 3rreKTponpOBO.ll.HOCTh. npHMeCHbIe YPOBHH

MOryr 6bITI> MeJIKHMH (B6JII13H 30Hbl npOBO,lI,HMOCTH WIH BaJIeHTHOH 30Hbl)
H my60KHMH (AarreKO OT rpaHHQ YKa3aHHI>IX 30H). OAH H Te :>Ke 3JIeMeH-

TbI npHMeCH MorYT HMeTb HeCKOJlbKO rny601<Hx ypOBHeH.

KOHu.eHTp8Q1U1 lIocHTeJIeii 38pH,l(a B nOJlynpOBO,lI.HHKax. ECJIH
KO I.{eHT-

paI(HH 3rreKTpOHOB B 30He npOBO,lI,HMOCTH HJIH ,IJ;bIpOK B Barre":.I10H 30He

3Ha'iHTeJlbHO MeHblIIe KOHI.{eHTpaI.{HH pa3pemeHHbIX COCTOHHHH, TO Jl)I5l

OnHCaHHH HX nOBe,IJ;eHlliI MOJKHO He YQHTbIBaTL npHHI.{Hn 3anpeTa I1aYJIH
H nOJTh30BaThCH CTamCTHKOH (pacnpe,IJ;eJleIlHeM) MaKCBeJlJla-J>OJIbI.{MaHa.
B 3TOM crrY':lae nonynpoBO,IJ;HRK Ha3bIBaeTCH lle6blpO:HCOe1l1IbLM. I1pH 60JIb-

mOH CTeneHH rrerHpOBaHHH KOHQeHTpaI(HH HOCRTeJIeU 3apH.ll.R HaCTOJIbKO

BeJlHKa, I{TO BepmITHOCTb nOHBJIeHHH ABYX 3rreKTpOHOB B O,IJ;HOM pa3pe-
weHHOM COCTOHHHH ,IJ;OCTRTOI{}{O BeJIill(a. IT03TOMY He06xo,lI,HMO YI{HThI-

BaTh npHHQHn 3anpeTa ITaYJIH, H nOBe,IJ;eHHe CB060,IJ;HbIX HOCHTeJleH 3apH-
JI:a crreJI:j'eT onHCblBaTb CTamC1'RKOH (pacnpe,IJ;erreHHeM) «1>epMH-JJ;HpaKa.
TaKHe norrynpOBO;:UiHKH HBlliIIOTCH 6blpO:HCOe1l1IbLMU.

B npHMeCHbIX KpeMHHH H repMaHHH KOHI.{eHTp8l.{RH HOCHTeJleH He npe-
BLIlIIaeT 3Hal{eHHR 1026  3,n03TOMY HX MO:>KHO paCCMaTpHBaTh KaK HeBbl-

pO)K,l(eHHble norrynpOBO,ll.HHKR.
OCHOBllble H HeocHoBHble IIOCHTeJIH 3apH,l(a. B npHMeCHLIX nonynpo-

BO,IJ;HHKax KpOMe OCHOBHbIX HOCluerreH 3apH.ll.OB
- 3neKTpOHOB B ,IJ;OHOp-

HOM 11 H .lI.bIpOK B aKQenropHoM p norrynpOBOJ],HHKaX npH T > 0 BCer,IJ;a
n p

HMeeTCH HeKOTopoe KOnHl{eCTBO HeOCHoBHbIX Hocme.TleR 3apH.lI.OB
-

,lI.bIpOK B ,IJ;OHOpHOM Pn H 3rreKTpOHOB B aKQenl'OpHO np nOJIynpOBO,IJ;HH-
Kax. ,Z:(OKa3aHO, 'iTO npH HeKOTOpou 4JHI(CHpOBaHHOH TeMnepaTYpe OKpy-

:>KaIOU(eH cpe,IJ;bI B O,IJ;HOM H TOM :>Ke HeBbIpO)K,!I.eHHOM npHMeCHOM norry-

npOBO,IJ;HHKe npOH3Be.ll.eHHe KOHQeHTpaQHH OCHOBHbIX H HeOCHOBHbIX

HOCHTerreH 3apH.ll.a eCTb BeJlHI{RHa nOCTORHHasI, paBHaH KBa,u,paTY KOH-

QeHTpaQHR 3JIeKTpOHOB B C06CTBeHHOM norrynpOBO,IJ;HHKe:

2

(2Tckr)
3 . .

)
3/2 kT

np-ni -16

7)
(mnmp e , (1.9)

r1I.e m H m; - 3c1J<f!eKTHBHbIC MaCCbl JneKTpOHa H AblPKH.

CooTHorneHHe (1.9) npe,IJ;CTaBlliIeT C060H MaTeMaTHl{eCKOe BbIpa:>KeHHe

3aKOHa ,IJ;eHC1'BYIOIl(HX Macc .n;IDI HeBbIpO)f(.lJ.eHHbIX nOJIynpOBO,IJ;HHKOB. M 
Hero CJle eTBa:>KHbIH BblBOJI: 0 TOM, ':ITO npOH3Be,IJ;eHHe KOHI(eHTpaI.{HH

3rreKTpOHOB H ,IJ;blpOK B npRMeCHOM norrynpOBO,IJ;H KeHe 3aBHCHT OT KOH-

I.{eHTpal(HH npHMeceH, a Onpe,IJ;elliIeTCH J1Hllib CBOHCTBaMH I{HCTOrO norry-

npOBO,ll.HHKa.
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1.4. 3nEKTPOHHO-AbIPO"lHbIM nEPEXOA.
KOHTAKTHblE SlBnEHMSI B METAI1nAX M nOnynpOBOAHMKAX

If
Iii
II
I

Pa60Ta BbIXOJ,\8. 3JIeKTpOHHbIM raJ Y,IJ;ep)KHBaeTCH B KpHCTaJIJIe nOJIeM
1I0JIO)f(HTeJII,HI,IX HOHOB. 110TeHl..{HaJlbHaH 3HeprnH 3JIeKTpoHa B nOJIe

KpHCTaJlJIa MeHI,llIe nOTeHl.{HaJlbHOM 3HeprnH 3JIeKTpoHa BHe KpHCTaJlJIa.
Ha pHC. 1.6, a nOKaJaHa ,WIJl MeTaJlJIa nOTeHl.{HaJIbHaH HMa rJIY-

6HHOM Uo H IlIHpHHOM, COOTBeTCTB}'IOIJ..{eM paJMepaM KpHCTaJlJIa (Ha
pHC. 1.6, 6 - ,IJ;JUI nOJIynpOBO,IJ;HHKa n-rnna; X.

- BHeWHHH pa60Ta
Bb[XOM).

y.n;aJIeHlliI 3JIeKTpoHa co ,IJ;Ha nOTeHI.{HaJlbHOM HMbl He06xo,IJ;HMO
cOBepllIHTh pa60'IY, paBH}'IO BI,ICOTe nOTeHI.{HaJlI,HOra 6apbepa Uo. 3Ta
pa60Ta HaJb[BaeTCH nOJl1l0U pa6omou 6blxooa. ECITH )f(e 3JIeKTpOH Ha':

XOJI.HTCH Ha ypOBHe <1>epMH, TO ,IJ;JUI era y.n;aJIeHlliI Tpe6YeTCH pa60Ta
eq>

- Uo
- EE> HaJI,lBaeMaH mepMOOUllaMU'leCKOU pa6omou 6blxooa (EF

OTC'iHTI,lBaeTCH OT ypOBIDI ,IJ;Ha nOTeHI.{HaJlbHOM HMbl).
KOHTaKT J,\BYX MeTaJIJIOB. I1pe.nrroJIo)KHM O)I;HH H3 06paJI.{OB (PHC.

1.7, a) HMeeT pa60'IY Bb[Xo.n;a e<PI' a .n.pyrOM - e<P2. I1pH conpHI<Oc-
HOBeHHH 06paJI.{OB 1 H 2 B03HHKaeT HHTeHCHBHblM 06MeH 3JIeKTpoHaMH.
ECJIH En > En, TO 3JIeKTpOHbi H3 MeTaJlJIa 1 nepeTeKaIOT B MeTaJIJI

2, Tax Kax OHH HaxO}J,HTCH Ha 60JIee BI,ICOKOM 3HepreTIllfeCKOM ypoBHe
H nepeXO}J,HT Ha 60JIee HH3KHe ypOBHH, B pe3YJlbTaTe CHCTeMa nepe-
XOJI.HT B COCTOHHHe C MeHI,llIeM 06IJ..{eM 3HeprHeM.

110TeHl.{HaJlbHaH 3Heprllil 3JIeKTpoHoB B MeTaJlJIe 2 B03paCTaeT, a B
MeTaJlJIe 1 CHH)f(aeTCH. ITo Mepe nepeTOKa 3JIeKTpoHoB 3HepreTHlfeCKHe
YPOBHH, BKJIlOlfaH ypoBeHb <1>epMH, H3MeHHIOT CBoe nOJIO)f(eHHe. I1poI.{ecc
nepeTOKa 3JIeKTpoHoB npeKpaIJ..{aeTCH, Kor.n;a ypOBHH <1>epMH EFI H En
RblpaBHHBaIOTCH (PHC. 1.7, 6). ITpH 3TOM Me TO'iKaMH A H K BaxYYMa
Y(''TaHaBJlHBaeTCH paJHOCTh nOTeHI.{HaJlOB UK - BHelliIDIH KOHTaKTHaH PaJ-
HOCTI, nOTeHI.{HaJlOB HJIH npOCTO KOHTaKTHaH paJHOCTh nOTeHI.{HaJlOB:

I
I

:1
I
I

!
I
I

UK - (e<p2 - e<pl)/e -<p2 -<PI. (1.10)

B COCTOHHHH paBHOBeCHH KOHTaKTa ABYX MeTaJlJIOB JI.H1}><l>Y3HOHHb[M
TOK 3JIeKTpOHOB, B03HHKalOIJ..{HM H3-3a paJHOCTH KOHI.{eHTpaI.{HH 3JIeKTpO-
HOB npOBO,IJ;HMocrn, ypaBHOBeWHBaeTCH BCTpelfHblM .n;peMl}>oBb[M TOKOM
3JIeKTpOHOB, C03.n;aBaeMb1M B pe3YJlbTaTe B03HHKllieM B KOHTaxTe KOHTaKT-
HOM paJHOCTH nOTeHI.{HaJlOB.

IIOJIO)f(eHHe ypOBIDI <1>epMH, XOll1 H cJla60, HO 3aBHCHT OT TeMnepaTY-
pbl OKp}?KalOllteH cpe,zu,l. IT03TOMY B KOHTaKTe C03,IJ;aeTCH TepM03JIeKTpH-
'ieCI<HM 31}>1}>eKT, BCJIe,IJ;CTBHe KOToporo KOHTaKTHaH paJHOCTh nOTeHI.{Ha-
JIOB 3aBHCHT OT TeMneparypbl. 3TOT 3t}Jt}JeKT HCnOJIb3YeTCH B TepMOnapax.
26

PIIC. 1.6. BapHaHTbl no-

TCHUHaJIbHOH HMbl KpHC-

TaJIJla

6Ju(;tJa)uM U{x)-O
x x

.

Ec
EF

...

Elf

KOHTaKT MeTaJIJIa H nOJlynpoBO,IJ;HHKa. PaCCMOTpHM nOTeHI.{HaJlbHOe

COCTOHHHe MeTaJlJIa H norrynpOBO,IJ;HHKa n-THna AO conpHKOCHOBeHlliI

(PHC. 1.8, a) H nocJle C03.naHHH HX KOHTaKTa (PHC. 1.8, 6).
ITpH Em> EFM 3JIeKTpoHbi H3 norrynpOBO,IJ;HHKa nepeXO}J,HT B MeTaJIJI,

OCTaBIDUI B KpHCTaJlJIe nOJIO)f(HTeJlbHble HOHbl aTOMOB npHMecH. 3JIeKTpo:
Hbl nOJIynpoBo,IJ;HHKa YX0}J,HT B MeTaJIJI BHalfaJIe H3 Henocpe.n;CTBeHHOH

06naCTH conpHKocHoBeHHH TeJI. Ho nOCKOJlbKY KOHI.{eHTpaI.{HH 3JIeKTpO-

HOB npOBO,IJ;HMOCTH HeBeJlHKa, TO no Mepe HClfepnaHHH HX B 06JIacrn

conpHKOCHOBeHlliI npo.n;omKaeTCH OlTOK 3JIeKTpoHoB H3 GOJIee rn 60KH 
CJlOeB 1I0rrynpOBO,IJ;HHKa. TaxHM 06paJOM C03,IJ;aeTCH nepexo,IJ;HblH CJIOH

IlIHpHHOM I, 06e,IJ;HeHHb1M OCHOBHI,IMH HOCHTeJIHMH 3ap oBH co.n;ep)l(a-

IJ..{HM 061>eMHbIM HecKoMlleHcHpoBaHHblM n01l0)f(HTeJlbHblH 3apM HOHOB.

l1epeXO,IJ;HI,IH: eJIOM I Y nOJIynpoBo.n;uHKa 3HalfHTeJII,HO WHpe, lfeM Y MeTaJI-

JIOB (JQ-IO M), Tax Kax KOHI.{eHTpaQHSI :meKTpOHOB B 30He IIpOBOJI.HMOCTH

nOJIYllpOBO,IJ;HHKa 3HalfHTeJII,HO HH)I(e, lfeM Y MeTIUIJIOB, H Tpe6YeTCH He-

CKOJIbKO TblCHIf aTOMHI,IX CJIOeB )J)UI ,IJ;H<l>I}>Y3HH COOTBeTCTByrol.l.\ero KOITH-

'ieCTBa 3JIeKTpOHOB.
_

B pe3YJIbTaTe B nOJIYllpOBO,IJ;HHKe 1I0HBJlSleTCH npHKOHTaKTHblH CJlOH C

BI,ICOKHM COllpOTHBJIeHHeM H 110lfrn nOCTOHHIIOH: 110 IlIHpHlle nJIOTHOCThlO

nOJIO)f(HTeJlbIlOrO 3apHJ.I.a. 3TOT IIpHKOIITaKTHblH: CJIOH: HBJIHeTCH 3anHpaIO-

a}

D D
6)

A I
9 s: fjJ tp

...

X

EFt
:;-

r z \ .

J(

PHC. 1.7. )J.HarpaMMbl nOTeHUHaJIbllblX COCTORHH" npH KOllTall.'TC )J.BYx Mera.11110B
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PHC. 1.8. ,/J.HarpaMMbI n01"eHUHaJIbHblX COCTOSlHHH npH 1<0HTaKTe MeTaJIJIa H nonynpoBo):(-

HHKa

I..QHM CnOeM, Ha3bIBaeMbIM 6apbepOM 1lI0TrKH. OH 06na,n;aeT O,lUIOCTOpOH-
Heu 3neKTpOnpOBO,lUIOCThIO, Ha HeM COCpe,IJ;OTO'lHBaeTCH na,n;eHHe npHJlO-
)KeHHOro HanpH)I(eHHJI.

,Z:(ruI nonynpOBO,lUIHKa p-THna 3arrHpalOI..QHU cnOH nonYlfaeTCH npH
e<p.. < e<Pn .

KOHTaKTHaH pa3HOCTb

UK - (eljJM - e<pn)/e - <py
-

CJ>n . (1.11)

ECJlH npHMeHHTb nonynpoBO,lUIHK p-THna, Y KOToporo e<Pn < e<p.. ' TO

3neKTpOHbi H3 BaJleHTHOU 30Hbl nonynpOBO,IJ;HHKa lfaCTHIffiO nepeTeKYT B

MeTaJIJI, cnoc06CTBYH YBeJIHlfeHHIO KOHLteHTpaLtHH ,IJ;blpOK. 3TO COOTBeTCT-

BYeT 06pa30BaHHIO aHTH3anHpaJOI..Qero cnOH C )'BenH'IeHHOU 3neKTponpo-
BO,lUIOCTblO. ITone KOHTaKTHOH pa3HOCTH nOl'eHLtHaJlOB 3Ha'lHTeJlbHO cna-

6ee aTOMHblX CWI KpHCTaJIJIHlfeCKOU perneTI<H, n03TOMy 30HHbiU xapaKTep
CTpYKTYPbl He HapywaeTCH. ITpH 3TOM 30Hbl B 3anHpaJOI..QeM cJloe HCKPHB-

JUlIOTCH BBepx no napa60JlH'IeCKOMY 3aKOHY OTHOCHTeJIbHO KOOp,lU1HaTbI
BCJle,IJ;CTBHe Toro, '1TO 3neKTpOHbI nonynpOBO,lUIHKa ABH)I(YTCH npOTHB CWI

KOHTaKTHOH pa3HOCTH nOTeHLtHaJlOB.

ITone KOHTaKTHOU pa3HOCTH nOTeHLtHaJlOB H BHeWHee 3neKTpH'IeCKOe
none npWIO)KeHbl HenOCpe,IJ;CTBeHHO K 3anHpalOII{eMY CJlOIO, WHpHHa KO-

Toporo B COCTOHHHH paBHOBeClliI

1

1- (
2£T £0UK

)
2

en
' (1.12)

r1I.e n --

KOHueHTpaUHR HOCHTeJIeH 3apR1I.a B 30He npOB01I.HMOCTH.

1-13 BblpIDKeHlliI (1.12) cne.nyeT, 'ITO C nOBblweHHeM CTeneHH nerHpOBa-
HIDI nonynpOBO,lUIHKa IIlHpHHa 3anHpaJOI..QerO cnOH YMeHbWaeTCH.

KOHTaKT ,lJ,BYX nOJlynpOBO,lJ,HHKOB. PaCCMOTpHM KOHTaKT nonynpOBO,IJ;-
HHKOB p- H n-mnOB, 06Pa3YIOI..QHX 3neKTpOHHO-./U>lpO'IHbIU nepeXO,IJ; (p-n-
nepexoA), KOTOpblH HBlliIeTCH OCHOBHblM I}>YHKI HOHaJlbHbIM 3neMeHTOM
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UOJIbIllHHCTBa nonynpOBO,lUIHKOBbIX npH60pOB (PHC. 1.9). B O,lUIOM MOHO"

KpHCTaJIJIe nonynpOBO,IJ;HHKa onpe)1,eneHHblMH TeXHOnOrHlfeCKHMH IIpH-

eMaMH MO)l(eT 6blTh nOnY'leHa ABYXCJlOUHaSl CTpYKTYPa C O,lUIHM p-n-

nepeXO,IJ;OM, a TaK)Ke MHorocnOHHble CTp}'KTYpbl C ABYMH H 60JIee nepexo-

,IJ;aMH.

IToBepXHoCTh pa3,IJ;ena 3JIeKTpOHHOH H ,IJ;blpO'IHOH 3JIeKTponpOBO,lUIOC-

Teu ,IJ;JUI yCTpaHeHlliI 3HalfHTeJIbHbiX nOBepxHoCTHblX ,IJ;el}>eKTOB ,IJ;OJI>KHa

6blTb 06pa30BaHa B npe,IJ;eJlax O,lUIoro MOHOKpHCTaJIJIa. HHOr,IJ;a 3TY no-

BepxHoCTb pa3,IJ;eJla Ha3bIBaJOTMemaJlJlYPzWlecKou zpalluljeU. ITo XapaKTepy

CTpYKTYpbl p-n-nepexo,IJ;b1 ,IJ;enHT Ha pe3KHe CO cryneHlfaThIM pacnpe,IJ;eJle-

HHeM KOHLteHTpal(HH npHMeceu H lIJIaBHble C pacnpe,IJ;eJleHHeM, OIIHCblBa-

eMbIM HeKoTopoH HenpepblBHou l}>yHKLtHeH. B 3aBHCHMOCTH OT COOTHowe-

HHH KOHLteHTpaLtHH rrpHMeceH no 06eHM 06nacTHM nonynpOBO,IJ;HHKa

IIJHWHble nepexo,IJ;b1 pa3,IJ;eIDIIOTCH Ha cHMMeTpH'IHble H HecHMMeTpHlfHble.

Ha pHC. 1.9 paccMoTpeH pe3KHH CHMMeTpH'IHbIU p-n-nepexo,IJ; Ha OCHOBe

KOHTIlKTa ABYX paBHOMepHO nerHpOBaHHbIX rronynpoBO,lUIHKOB.

 OYCJIOBHOrO conpHKOCHOBeHHJI nonynpOBO,lUIHKOB p- H n-THnOB

(PHC. 1.9, a) 3Heprllil 3JIeKTpoHoB B HHX XapaKTepH3YeTCJI 3Heprem'IeCKH-

MH 30HaMH, B KOTOpblX YPOBHH <1>epMH EFp
H EFn He COBna,n;aJOT. KOH-

LteHTpaWIH OCHOBHblX HOCHTeJleH 3apMa B HHX CYlI{eCTBeHHO pa3J1H'IHbl.

ITpH conpHKOCHOBeHHH ,IJ;blpO'lHOU H 3neKTpOHHOH 06JIaCTeH (PHC. 1.9,6)

B03HHKaeT HHTeHcHBHbIU 06MeH 3neKTpoHaMH H ,IJ;blpKaMH. 3neKTpOHbi H3

30Hbl npoBO)J.HMOCTH nOJlynpOBO,lUIHKa n-THna )J.H1}>t}JYH)J.HpyroT Ha ypOBHH

BaJleHTHblX 3J1eKTpoHoB B p-nonYllpoBo,lJ,HHK, OCTaBIDUI. nOJIO:>KHTeJlbHbIU
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PHC. 1.9. CTpYKTYPa H 1I.Ha-

rpaMMbl KOllTaKTa nonynpo-

B01J.HHKOB p-THna H n-THna
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06'heMHbIU 3apH,lJ. HOHOB npHMeCH. )J,blpKH H3 p-nonynpOBO,T.{HHKa nepeMe-
U{aIDTCH B n-nonynpOBO,T.{HHK, 06Pa3YH B aKUenTOpHOU 30He OTpHU;aTenb-
HblH 06'heMHbIU 3apH.ZJ. aTOMOB aKl..{enTOpa.

06pa30BaBlIIeeCH BHyrpeHHee 3neKTpH':leCKOe none 06'heMHJ.lX :mpH.ZJ.OB
Bbl3bIBaeT BCTpeI.JHbIH .npeul!>oBblU TOK 3neKTpOHOB H ,T.{blpOK. B COCTOHHHH

TepMOJJ.lfHaMHI.JeCKoro paBHOBeCIDI JJ.lfI!>I!>Y3HOHHbIH H .npeHl!>oBblH TOKH

CTaHOBHTCH paBHbIMH H B3aHMHO KOMneHCHpyroT .npyr .npyra. I1pH 3TOM

ypOBHH <1>epMH CTaHOBHTCH OJJ.lfHaKOBbIMH, a 3HepreTHI.JeCKHe 30HbI HC-

KpHBnHIOTCH. B 06nacTH 06'heMHbIX 3apH.ZJ.OB (003) OTCYTCTByroT CB060,IJ;-
Hble HOCHTenH 3apH.ZJ.OB. IT03TOMY 06pa30BaBIIIHHcH nepeXO,T.{HbIu CJlOH

06na.naeT BbICOKHM conpOTHBneHHeM H 06pa3YeT CKaI.JOK 3neKTpoCTaTH-
l.JeCKoro nOTeHUHaJIa (noTeHUHaJIbHblH 6apbep), paBHblH KOHTaKTHOU Pa3-
HOCTH nOTeHI..{HaJIOB UK' 06naCTb nepeXO,IJ;a 06na,n;aeT 3amrpaIDIltHMH
CBOUCTBaMH H 06pa3YeT c06CTBeHHO 3neKTpOHHO-,T.{blpOI.JHblU nepexo.n HJIH

p fl-nepeXOAnonynpOBO,T.{HHKOBOH CTpYKTYpbl.
)J,ml HeBblpO:>K.IJ.eHHbIX nonynpOBO,T.{HHKOB

UK 
kT

1n
fin

_

kT
1nl!E..,

e np e pn
(1.13)

('Ae pn H nn - KOHueHTpaUHH HeOCHOBHblX H OCHOBHblX HOCHTeJICH B nOllynpOBO,IJ,HHKe
n'llma, a lip H PP

- TO )J(C B nonynpOBO)J.IUIKe p-THna.

H3 BbIpa)l(eHIDI (1.13) cne.nyeT, '11'0 UK YBemrI.JHBaeTCH C pOCTOM ypOBIDI
JIempOBaHIDI nonynpOBO,lUUlKa. lIpH KOHl..{eHTpal..{HHX npHMeceu Nd H No
pa3McpbI nepexo,IJ;a OTHOCHTCH KaK I,/ip = NJNlf ,n:1liI cHMMeTpHI.JHOrO
nepexoJJ:a In = Ip- 06IltaSl IIIHpHHa pe3Koro nepeXO,lJ.a

1

1_ (
2Er EO

UK
nn+PP

)
2"

.

e nnpp
(1.14)

J];nSl nnaBHOrO nepexo.na
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('Jl.C a - pe3ynbTlipYJO IiHrpa,n,HeHT KOHueHTpaUHH npHMeceH, paBHblH I dd:
u

I.
M3 COOTHOlIIeHHU (1.14) H (1.15) cne.nyeT, '11'0 lIIHIHIHa 3anHpalO[l{ero

cnOR mHf 003 0,IJ;H03HaI.JHO onpe.neJUlerCH KOHTaKTHblM nOTeHl(HaJIOM.

IUHpHHa p-n-nepexo,lJ.a B paBHoBecHoM COCTOHHHH COCTaBnHeT npH-
MCpHO 10-6 M, T.e. 3aHHMaeT O'IeHb MaJIbIH 06'LeM MOHoKpHcTanna. Oc-

'la1ll,HYID l.JaCTh KJ>HCTaJUIa 3aHHMaer TeJlO nOJlynpoBOJI.HHKa.
/ pynlenOJlynpoBo.nHIIKoBble KOHT8KTbI. K TaKHM KOHTaKTaM cne.nyeT

OTHCCTH 3neKI])OHHO-3neKTpoHHble (11+- n), JU>IpOI.JHO-,T.{blpOI.JHbIC (p+-p)
nepeXO/I,bI, nepexo,AbI n-i H p-=-i, a TaK)I(e reTeponepexoAbI.
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I1epeXO,T.{b1 n+- n H p+- [J HMeIDT MeCTO npH KOHTaKTe BblCOKonerH-

pOBaHHbIX nonynpoBO,IJ;HHKOB co cna6onerHponaHHl,IMH. I10TcHumLTIbHble

6apbepbl HX HeBeJIHKH, n03ToMY BbInIUIMJUlIOIltHMH CBOHCTBaMH OHH He

06na,n;aIOT, Hcnonb3yroTcH npH 1!>0pMHpOBaHHH OMHI.JeCKHX KOHTaKTOB C

06JIaCTHMH nonynpOBO,IJ;HHKOBOH CTPYKTypbl.

llepexO,T.{bI n-i H p-i 06pa3yroTCH Me>K,ny .naYMH 06naCTSIMH MOHO-

KpHCTaJlJla nonynpOBO,lJ.HHKa, oJJ.Ha H3 KOTOpbIX HMeeT npHMecHYIO

3neKTponpOBO,T.{HOCTb, a .npyraSl
- c06CTBeHHYIO. TaKHe nepexo,T.{b1 npe.n-

CTaBJUIIOT C060H npOMe)KJTOI.JHblU BapHaHT Me>K,ny 06bII.JHbIM p--n-nepe-

XO,IJ;OM H nepexo.naMH n+- n, p+- p.

rereponepeXO,T.{b1 06Pa3YIOTCJI B nonynpOBO,T.{HHKOBbIX MOHOKPHCTaJI-

nax npH KOHTaKTe .nayx pa3JIHI.JHbIX nonynpOBo.nHHKOB, HanpHMep AlAs

H GaAs C nO,IJ;06HbIMH KpHCTaJIJIHI.JeCKHMH pelIIeTKaMH, HO C pa3J1HI.JHbIMH

3HaI.JeHIDIMH lIIHpHHbI 3anpelueHHou 30Hbl. TaKHe MOHOKpHCTaJIJIbl co

CTpYKTYpou P-P. n-n HJIH p--n nonYI.JaIOTCH MerO,IJ;OM 3nlITaKCHaJIbHOro

Hap HBaHIDIHJIH .npyrHMH TeXHOJIOrHI.JeCKHMH npHeMaMH. llpHBe,IJ;eHHe
B KOHTaKT 060HX nonynpoBo,roUlKOB 3aKaHI.JHBaeTC}I YCTaHoBJleHHeM paB-

IIOBeCHoro COCTOHHHH 6narO,IJ;apH 06MeHY HOClITellilMH 3apH.na.
B pe3YJIL-

TaTe 'Iero ypOBHH <1>epMH BblpaBHHBaIOTCH. 31'0 npHBO.nHT K nOSIBneHHIO

pa3pbIBOB B nOnO)KeHHH nOTOJIKa BaneHTHOU 30HbI H ,rora 30Hbl npOBO.nH-

MOCTH AJUI .nayx nonynpoBO,T.{HHKOB C Pa3J1H'IHbIMH 3HaI.JeUIDIMH IIIHpHHbI

3anpellteHHOU 30Hbl.

Pa3pbIBbI 3HepreTH'IeCKHX 30H 06pa3YIOT nOTeHl.{HaJIbHble 6apbepbI
AJUI 3neKTpOHOB H ,T.{bIpOK. BblCOTa nOTeHuHaJIbHbIX 6apbepOB AJUI 3neK-

TpOHOB H ,T.{bIpOK nonYI.JaeTCH pa:3JlH<IHOH. BCJle,IJ;CTBHe 3TOro npSlMOU TOK

l.Jepe3 rereponepeXO,IJ; C03,IJ;aeTCSI HOCHTellilMH 3apH.ZJ.a o.nHoro 311aKa -

:meKTpOHa.\lH HJIH ,T.{bIpKaMH, T.e. npOHCXO.nHT O)UiOcropOHWUI HU)I(eKl.{HH.

llpH 3TOM OTcyrCTByeT peKOM6HHal HSIHeOCHOBHblX UOCHTeneu. DJlaro.na-

pJl 3TOMY HHepuHOHHOCTh nepeKJIIDI.JeHIDI MaJIa. 'ITO n03BOnHeT Ha OCHOBe

reTeponepeXO,lJ.OB C03,IJ;aBaTb B(,ICOKOCKOpOCTHbIe nepeKmo'IaTenbHbIe

nonynpOBO,T.{HHKOBble npH60pbI. HanpHMep. Ha HX OCUOBe C03.naIOTCH

,nHO,T.{bI C BpeMeHeM nepeKJllOI.JeHHSI
- npHMepHO ,IJ;eCHTbIe ,IJ;OJIH uaHoce-

KYH)l.bI, TpaH3HCTOpbI C IIIHpOK030HHbiM 3MHTTepOM 6e3 CHJIbHOrO nerH-

pOBaHHH 06naCTH 3MHTTepa, HH)I(eKuHOHHble reTeponaJepbl, CHnOBble

nonynpOBO,T.{HHKOBble .nHO,T.{bI, TYHHeJILHbIe .nHO,T.{bI, IIIHpoKononocHbIe <}>O-

TonpHeMHHKH, npe06pa30BaTeJIH H3nYI.JeHIDI H cBeTO.nHO,AbI. npH60pbI on-

T03J1eKTpoHHKH H .npyrHe npH60pbl.
llpHMeHeHHe rereponepexOJ{OB B 3neKTpoHHKe BeCbMa nepcneKTHBHO

H c<}>epa HX HClIOJIL30BaHHSI HenpepbIBHo paclIIHpHercH.

RBJIellHH 118 nOBepXIIOCTH nOJlynpOBO,IJ;HHKOB. Ha nOBepXHOCTH nony-

npOBO)UiHl<OB HMeerCH OI.JeBHJU{Oe HapYlIIeHHe 06'LeMHOU ynOpH.ZJ.OI.JeHHOC-

'I'H KJ>HCTamIHI.JeCKOU pellierKH. He3aBeplIIeHHbie KOBaJIeHTHbIe CBH3H aTO-

MOB y nOBepXHOCTH .neJlaIOT ee cnoc06HOH aKTHBHO B3aHMo.neHCTBOBaTb C
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OKpYJKaIOlI.{eH Cpe.n:OH. Oc060e 3HaqeHHe 3TOT .n:e4JeKT npH06peTaeT B OJ YJ

TOHKHX IDIeHKaX nonynpOBO,lI,HHKOBblX MHKpOCXeM, Y KOTOpbIX BeJIHKO

OTHOllIeHHe IDIOlI.{a,roi nOBepXHOCTIf K 06'beMY.
3HepreTHqeCKWl cTpYK'rypa Y nOBepXHOCTII OTJIHqaeTCSI mUmqHeM no-

BepXHOCTHbIX COCTOSlHHH - JIOKa.m.HblX 3HepreTHqeCKHX ypOBHeH, pacno-
JIOJKeHHbIX npeHMYlU,eCTBeHHO B 30He npOBO,lI,HMOCTH. fiOBepXHOCTHble
COCTOSlHlliI CylI.{eCTByIOT ,n;aJKe B H,I:J:eaJIbHOM KpHCTaJIJIe: ypOBHH TaMMa -

,IJ;OnOJIHHTeJlbHble pa3pellIeHHble 3HepreTHqeCKHe ypOBHH KpHCTaJIJIa, JIO-

KaJlli30BaHHbie Y nOBepXHOCTH; ypOBHH 1lI0Iam - ypOBHH, 06YCJlOBJIeH-
HbIe HeCKOMneHCHpOBaHHbIMH BaJIeHTHbIMH CBSl3RMH Y aTOMOB Ha rpaHHI.{e

pellieIKH. B pea.m.HblX KpHCTaJIJIax OCHOBHyro pOJIb HrpaIOT ypOBHH, CBSI-

3aHHbie C HCKIDKeHHeM nOTeH1.{Harra pellieIKH Y rpaHHI.{b1 6JIaro.u.apSi HaJlli- 3HaK 1jJs H3MeIDIeTCR Ha npOTHBOnOJIOJKHbIH. CJlOH II HMeeT HHOH THn

qHIO a.u.COp6HpOBaHHbIX Ha nOBepXHOCTH aTOMOB rom HOHOB nOCTopOH- ;jJ eKTponpOBO,lI,HOCTIl, TaK KaK KOHQeHTpaQHSI HeOCHOBHblX HOCHTeJleH

HHX npHMeceH, a TaIOKe ,IJ;e4JeKTOB, CBSl3aHHbIX C TeXHOJIOrHqeCKOH 06pa- 3apMa npeBbllliaeT KOHl{eHTp8ltHIO OCHOBHbIX HOCHTeJIeH. fi03TOMY
6OTKOH nonynpOBO,!{HHKa. fiOBepXHOCTHble ypOBHH paClI.{eI1IDlIOTCR H npH cm. II Ha3bIBaeTCSI U1l6epCllbW. J)JIaro,IJ;apR HHBepCHOMY CJIOIO 06pa-
60JIbllIOH KOHQeHTpa1.{HH ,IJ;e4JeKTOB 06Pa3YIOT nOBepXHOCTHyro 3HepreTH- 3yec p-n-nepeXO,IJ;, CBOHCTBa KOToporo 3aBHCRT OT KOH1.{eHTpaQHH
qeCKyro 30HY. nonepXHOCTHblX COCTORHHH.

3JIeKTpOHbi nOBepXHOCTHOH 3HepreTHqeCKOH 30HbI Moryr nepeXO,lI,HTh 060raIlteHHe nOBepXHocTHOro CJlOJl Bbl3blBaeT YBeJIHqeHUe, a 06e,lI,He-
B 30HY npOBOJUIMOCTH H B BarreHTHyro 30HY H Ha060pOT. 3TO MOJKeT Hue _ YMeHbllIeHHe 3JIeKTponpOBO,lI,HMOCTIl. O,IJ;HaKO npH CHJIbHOM 06e.n:-
npHBOJUITh I( nORBJleHHIO 3apRJKeHHOrO CJlOR Y nOBepXHOCTH. fiORBJIeHHe HeHHH, Kor.u.a HaCT)'naeT HHBepCHR CJIOR, npOBO,lI,HMOCTb BHOBb B03paCTa-
nOBepXHOCTHOro 3apMa BCJle.n:CTBue YCJlOBHSI 3JIeKTpHqeCKOH HeHTpa.m.- eT, T.e. 3aBHCHMOCTh a (e1jJs) npe.n:craBIDIeT C060H KPHByro C MHHHMYMOM.
HOCTH npHBOJUIT K 06pa30BaHHlO npHnOBepXHOCTHoro 06'beMHOrO 3apMa

060ralI.{eHHe H 06e,lI,HeHHe MOJKeT 6bITb Bbl3BaHO TaKJKe BHellIHHM 3JIeKT-
npOTHBOnOJIO:>KHOH nOIDIpHOCTH, qTO, B CBOIO oqepe)U>, CBR3aHO C npHll1- jmqeCKHM nOJIeM, BeKTOp HanpR:>KeHHOCTH KOToporo HopMarreH K nOBepx-JKeHHeM HJIH OTTa.JIKHBaHHeM OCHOBHbIX HOCHTeJleH 3apMa B nonynpOBO,IJ;-

HOCTH. Tro<:HM 06pa30M, nOBepXHOCTHWl npOBO,lI,HMOCTb 3aBHCHT OT no-
HHKe. 3T0 cnoc06CTByeT nORBJIeHHIO CJlOR 06'beMHOrO 3apMa TOJIlI.{HHOH

nepeqHOrO 3JIeKTpH'leCKOrO nOIDI (34J4JeKT nOIDI). 3aBHCHMOCTb npOBO)J.H-
,IJ;O HeCKOJIbKHX MUKpOH, KOTOpblH OKa3bIBaeT CYlI.{eCTBeHHOe BJlHRHHe Ha

MOCTH OT HanpRJKeHHOCTH nOnepeqHoro 3JIeKTpHqecKoro nOIDI HCnOJIb-

3JIeKTpHqeCK}'IO npOBO,lI,HMOCTb. B 3aBHCHMOCTH OT 3HaKa nOBepXHOCTHblX
3YeTCR B nOJIeBblX TpaH3HcTopax.

3apR.n:OB H THna 3JIeKTponpOBO)lHOCTH nOJIynpOBO,IJ;HUKa CJlOH 06'beMHoro
fiOBepXHOCTb CYlI.{eCTBeHHO BJllUleT Ha pa60TY nOJIynpOBO,!{HHKOBbIX

3apMa 060ralI.{eH HJIH 06e,lI,HeH OCHOBHblMH HOCHTeIDIMH 3apMa, H pac-
npH60pOB. rJIaBHbIe CJIe.u.CTBIUI ,IJ;aHHOrO BJIHSlHHR TaKOBbl:

npe,IJ;eJleHHe nOTeH1.{Harra OT nOBepXHOCTH BrJIy6b nOJIYIIpOBO,lI,HHKa aHa-.
060ralI.{eHHb1H npHnOBepXHOCTHbIH CJlOH YMeHbllIaeT TOJIlI.{HHY p-n-

JIOrHqHO pacnpe,IJ;eJIeHHIO nOTeHLtHarra B KOHTaKTe MeTaJIJI-nOJIynpoBO,IJ;-.
nepeXO,IJ;a, B pe3ynbTaTe qero CHHJKaeTCR np06HBHoe Hanp RJKeHHe;HHK. 3HepreTHqeCKHe 30Hbl B 06JIaCTH 06'beMHOrO 3apMa HCKpHBJleHbI,

YCKopeHHWl peKOM6HHaQIUI HepaBHOBeCHbIX HOCHTeJleU B npHnOBepx-
HanpHMep H3rH6 3HepreTHqeCKHX 30H nOJIynpOBO,lI,HHKa n-THna npH no-

HOCTHOM CJIoe H3-3a ,IJ;OnOJIHHTeJlbHbIX 1.{eHTpOB peKOM6HHa1.{HU, B03HHK-
nO:>KHTeJIbHOM (PHC. 1.10, a) U OTpHltaTeJIbHOM (PHC. 1.10,6) npHnOBepx- rrlHx BCJle,IJ;CTBHe nOBepXHOCTHbIX COCTORHHH, cnoc06cTBYeT CHHJKeHHlO
HOCTHbIX 3apAAax. B nepBOM cnyqae nOJIYIIpOBO,lI,HHK Ha rJIy6HHe I 060ra.

apeMeHH JKH3HH 't H yt3eJIHqeHHIO 06paTHoro TOKa;
lI.{eH, a BO BTOpOM - 06e,lI,HeH 3JIeKTpOHaMH.

·

06paTHblH TOK TaKJKe yoeJIHqHBaeTCR 6JIaro.u.apR TOKY yre'lKH no OKHC-
Jlhrn6 30H XapaKTepH3YeTCjJ pa3HOCThIO e1jJs

- Ei' r,IJ;e 1jJs - 3neKTpO- HOH nneHKe HJIH no IDIeHKe H3 a.n:cop6HpOBaHHOH Ha nOBepXHOCTH BJIarH;
CTaTHqeCKHH nOTeHQuarr nOBepXHOCTH, a Ei

- 3HepreTHqeCI<:HH YPoBeHI <
3HaqHTeJIbHO B03paCTaeT 06paTHblH TOK npH 06pa30BaHHH npHno-

cepe,lI,HHbl 3anpeIlteHHOH 30HM B 06'beMe nonynpOBO)lHHKa. COOTHOllIeHHt'
nepXHOCTHbIX HHBepCHbIX CJlOeB.

1jJs- (EF-e1jJs)/e HOCHT Ha3BaHHe n06epXHOClnnOZO nOTeHQHarra. BKJllOqeHHep-n-nepeXO,IJ;a B :meKTpHlfecKYIO n.enL. OCHOBHblM CBOHCT-

ECJIH IDIOTHOCTb nOBepXHOCTHbIX 3apMOB O,lI,Horo 3HaKa C OCHOB- 80M 3J1eKTpOHHO-,IJ;blpOqHOrO nepeXO,IJ;a RBIDIeTCR CBOHCTBO O)lHOCTOpOH-
HbIMH HOCHTe.IDIMH 3apMa BeJIHKa, TO ypOBeHb <1>epMH B npHnOBepx- HeH 3neKTponpOBO)lHOCTH. 3neKTpOHHO-,IJ;bIPOqHbIH nepeXO,IJ; nOJIynpo-
HOCTHOH 06naCTH MOJKeT OKa3aThCR HH>Ke Ei B nOJIynpOBO,lI,HHKe n-THna dO,IJ;HHKOBOro MOHOKpHCTaJIJIa, cHa6JKeHHblH BHellIHHMH 3JIeKTpO,IJ;aMH,

(PHC. 1.10, 6) HJIH BbIllie Ei B nonynpOBO)lHUKe p-THna. I1pH 3TOM MOJKeT 6blTh BKJUOqeH B 3neKTpHqeCKYIO 1.{enb ABYMR cnoc06aMH. Pac-
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CMOTpHM CJIY'IaH paBHOBeCHOrO (pHC. 1.11, a) H CMe eHHoroBHelliHHM

HCTO'lHHKOM 3)J,C (PHC. 1.11,6 H e) COCToHHHHp-n-nepexoJJ;a. B 3aBHCH-

MOCTH OT nomipHOCTH nO.n;KJUO'leHHH BHelliHero HCTO'lHHKa pa3JIH'IaIOT

npHMoe (PHC. 1.11,6) H 06pa:rnoe (PHC. 1.11, e) BKJIIO'IeHHH. npH npHMoM
BKJIIO'IeHHH p-n-nepeXO,IJ; npOBO,IJ;HT TOK no,IJ; ,IJ;eHCTBHeM HanpH)I(eHHH
lIHelliHeH QenH, a npH 06paTHoM BKJIIO'IeHHH He nponYCKaeT TOKa.

XapaI<Tep npOTeKaHHJI TOKa CKB03b 3anHpaIO HHCJlOH onpe,IJ;emleTCH
COOTHoweHHeM Me>K)(y lliHPHHOii CJIOH I H MHHOH CB060,IJ;Horo np06era

:meKTpOHOB A
e'
B 3aBHCHMOCTH OT 3Toro npOQeCCbI B KOHTaKTe npH

npOTeKaHHH TOKa MO)KHO paCCMaTpHBaTh C n03HQHH pa3JIH'IHbIX TeopHii.
CpeJI.H 3THX TeOpHH CJle.n:yeT OTMeTHTh JI.HOMIyro H .nu4J4JY3HOHHyro Teo-

pHH [12]. )J.HO,IJ;HaH TeopHH HaH60nee nOJIHO ]:(aeT 061>HCHeHHe lOTH c.rry'laH
I « A

e' KOr,IJ;a 3neKrpOHbi He HcnbITbIBaIOT pacceHHHH B 3allHpaIO eM

cnoe. )J,H4J4JY3HOHHaH TeOpUSI paccMaTpHBaCT ,IJ;BH)I(eHHe 3neKTpOHOB B

3anHpaIOmeM cJloe npH I» A
e'

H Y'IHTblBaeT CTOJIKHOBeHHH 3neKTpoHoB
B 3anHpalOII{eM cnoe, a TaK)I(e H3MeHeHHe IImpHHbI 3anHpaIOll,tero CJlOH

npH H3MeHeHHH 3Ha'leHHH H nOJUlpHOCTH nplillO)l(eHHOrO HanpSl)l(eHHH.
)J,mI p-n-nepexoM nonynpOBO,IJ;HHKa npHMeHHMa M4J4JY3HOHHaH Teo-

pHH.
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PHC. 1.11. CxeMbl BKJIIO'leHHII H mUH1'RMMf,J COCTOflHHH nonynpOBOAHHJ<OBOl"O MOHOKpHe-
'HIJUJa
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HpHMOC BKJlIO'IeHHC. 06nacTb p-THna nO.n;KJIlO'IeHa K nOJIO)KHTeJlbHOMY
II0JIlOCY, a 06naCTb n-nma K 01pHl..{aTeJlbHoMY. Tax KaK CHnbI BHeIIIHero

:meKTpH'IeCKOrO noJUI HanpaBneHbI BCTpe'lHO CHJIa.\I BHyrpeHHero noJUl

U61>eMHbIX 3apMOB, TO BblCOTa nOTeHLtHaJIbHOrO 6apbepa YMeHbWaeTCH
(lIJ< - UF). qHcno OCHOBHblX HOCH'reneH 3apHM, cnoc06HbiX npeO,IJ;oneTb
nOTeHLtHaJIbHblii 6apbep p-n-lIepeXO,IJ;a, B03paCTaeT. B03HHKaeT HBneHHe

HH)I(eKI.{HH (OT JIaTHHcKoro cnOBa injico - B6paCblBaIO, BBO)l(y) 3neKTpO-
HOB B p-06naCTh, a ,IJ;blpOK B n-06nacTh. TOK JI.H4J4JY3HH pe3KO YBeJlH'IHBa-
eTCH, a .npeii4JoBbIii TOK YMeHblliaeTCH. Pe3YJlLTHpyro HiiTOK 'Iepe3 p-n-

nepeXO,IJ; cymecTBeHHO B03paCTaeT. 3TOT TOK Ha3bIBaeTCH rlpRMblM. 1I1HpH-
H3 nepexo.u;a npH 3TOM YMeHblliaeTCH:

I

I (
2£T £0

(D U
lln + PP

)
2

F- - x- FJ
1l

'
e npp

(1.16)

me UF- BHelllHee HanpJl)J(eHHC, npHJlO)J(eHHOC f( p-n-nepexoA)' B npHMOM HanpaBnCHHH.

npoQecc HH)I(eKLtHH OCHOBHblX HocHTcneii 3apMa B 06nacTH, l7l.e OHH

HBJISIIOTCH HeOCHOBHblMH COnpOBO)l()]:aeTCSI nOBbillieHHeM KOHLteHTpaQHH
HeOCHOBHblX HOCHTeJleH 3apH,IJ;a Bbillie paBHoBecHoii. no Mepe y.naJIeHHH
0'1' nOBepxHocTH pa3.l1.ena KOHQeHTpaQHH HepaBHoBecHblX HOCHTeJleii 3apH-
.nOB YMeHblliaeTCH H3-3a peKOM6HHaLtHH. B LteJlOM 06nacTH p- H n-nony-
npOBO,lUIHKa OCTaIOTCH 3neKTpH'IeCKH HeiiTpaJIbHbIMH, TaK KaK 'Iepe3 Me-
Ta.JIJIH'IeCKHe 3JIeKTpO,IJ;b1 B 06nac1.1> n nocrynaIOT 3neKTpOHbI H3 BHelliHeii

QenH, a H3 06JIacTH p BbIBO,lUlTCH 3neKTpOHbi B Qenb HCTO'lHHKa. npH
MHTcnbHOM npOTeKaHHH npHMoro TOKa HacrynaeT YCTaIlOBHBllieecSi CO-

CTOHHHe, KOTopoe MO)KHO paCCMaTpHBaTh Kax JI.HHaMH'IeCKOe paBHOBeCHe

HH)I(eKTHpOBaHHblX H peKOM6HHHpOBaHHbIX HOCHTeJleii 3apMOB.

npH npHMOM CMe eHHHB p- H n-06naCTIlx HaKanJlHBalOTCH 3Ha'lHTeJlb-
Hble HepaBHOBeCHble 3apH,IJ;b1 3neKTpOHOB H ,lI.blpOK. 3TH 3apSl,ll.bI onpe,IJ;e-
JUlIOT JI.H4J4JY3HOHHYIO eMKOCTb p-n-nepeXOM, OQeHHBaeMyro ,IJ;eCHTKaMH
ThICH'I nHKo4Jap8.D., KOTOpaH HBJIHeTCH npH'IHHOii HHepQHOHHOCTH npH
nepeKJIlO'IeHHHX p-n-nepeXO,IJ;a Ha nOBbIllieHHbIX 'IaCToTax.

06paTHoe BKJlIO'IeHHe. ITplillO)l(eHHe HanpH)I(eHHH B HanpaBneHHH KOH-

TaKTHOH pa3HOCTH nOTeHLtHaJIOB (nJIlOc K 06JIaCTH n, a MHHYC K 06naCTH

p KpHCTaJIJIa) 06YCJlaBnHBaeT CYMMHpOBaHHe CIillbI BHeWHero noJUl C CH-

J1aMH BHyrpeHHero noJUI 061>eMHbIX 3apMOB. 3T0 COnpOBO)l(,ll.aeTCH BbIBe-

,IJ;eHHeM (3KcrpaxQHeii, OT JIaTHHCKoro CJlOBa extrahere - H3BneKaTb) H3

06nacTH nepeXO.ll.a 3apH)I(eHHblX '1aCTHQ (3neKTpOHOB H3 06naCTH n H

,IJ;blpOK H3 06nacTH p nOJIynpOBO,IJ;HHKa) H 06pa30BaHHeM TaM ,IJ;OnOJlHH-

TenbHblX 3apJUJ:OB HOHOB npHMeceii. B pe3YJlLTaTe lliHpHHa (H conpOTHB-
neHHe) nepexo,IJ;Hoii 06naCTH YBeJIH'IHBaeTCH:

I

lR_ (
2£r£O

(UK -l UF)
nn+PP

) 2.e lln Pp
(1.17)
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YpOBHH <1>epMH 06eHx 06naCTCH KpHCTaJIJ1a CMell{aIOTCH Ha eUR H

paBHOBeCHOe COCTOHHHe HapymaeTCH. BblCOTa nOTeHI.(HaJIbHOrO 6apbepa
YBeJIH'lHBaCTCH Ha eUR. 113-3a B03pOCllIeH HanpH:>KeHHOCTH nOIDI JUfl}>l}>y-
3HH

(
 n :Tp

)
OHOB H3 n-06J1aCTH, a .zu,lpOK H3 p-06naCTH YMeHbmaeTCH B

exp
kT pa3. A TOKH HeOCHOBHbIX HOCHTeneH He H3MeIDlTCH. qHCJlO

HeOCHOBHbIX HOCHTeneH 3apH.lI.a, npOllIe.ll.llIHX p-n-nepeXO.ll., B nepBOM
npH6JIH:>KeHHH He 3aBHCHT OT BHelliHero npMJIO:>KeHHOrO HanpH:>KeHIDI, a

Onpe,IJ;eIDIe1'CH JIHllIh CKOpOCTbIO TelIJIOBOH reHepal.(HH nap 3JIeKTpOH-
,IJ;blpKa H IlIHpHHOH 06naCID, H3 KOropOH OH", He peKOM6HHHponaB, MOryr
nonaCTb 6naroMpH .lI.HI}>I}>Y3HH B 30HY YCKOpHIOllterO nepeXO.ll.a. 3TH 3apH-
:>KeHHbIe 'laCTHl.(bl, npOXO,ll.SlIltHe 'lepe3 nepexo.ll. npH 06paTHOM CMell..leHHH,
06eCne'lHBaIOT 06parnblH TOK p-n-nepeXO.ll.a, H33blBaeMblH 06pamUblM
meWl06blM. TaK KaK KOHl.(eHTpal.{lUl HeOCHOBHblX HOCHTeneH 3apR.lI.a BeCb-

Ma MaJIbl, TO 06paTHblH TOK 3Ha'iHTerrbHO MeHbllIe npHMoro TOKa.

TaKHM 06pa30M, MO:>KHO yrnep)f(.lJ.aTb, liTO p-n-nepexo.n .n:eHCTBHTeJIb-
HO 06rra.naeT BbmpHMIDUOIltHMH cBoHCTBaMH.

1.5. BOflbT-AMnEPHAS1 XAPAKTEPMCTMKA p-n-flEPEXOAA

HCXO]).IILle nOJlO)f(eHHH. 3aBHcHMoCTb TOKa 'iepe3 3rreKTpoHHo-.zu,lpO'i-
HblH nepexo.ll. OT npHnO:>KeHHOrO HanpSl:>KeHHH Ha3bIBaeTCH BOJIbT-a mep-

HOH XapaKTepHCTIlKOH (BAX) p-n-nepexo.ll.a. TOK OCHOBHblX HocHTerreH

3apR.na: 3neKTpoHoB H3 n-06rracTlI leO H .zu,IpOK H3 p-06nacID lpO 06ycnoB-
neH HX ,IJ;HI}>I}>Y3HeH 'iepe3 nepexo,IJ; 6narOJJ;apH pa3HoCTH KOHl.(eHTpaI.{HH.

BCTpe'iHbIH TOK HeOCHOBHblX HocHTerreH 3apSl,lI,a (3neKTpOHOB H3

p-06nacTH 1:0 H ]).blpOK H3 n-06rracm: I/tJ ) onpeJJ;eIDIe1'cH TelIJIOBbIMH

npOl.{eCCaMH HX reHepal.{HH H .lI.a.TJbHeHllIeH .lI.H1}><l>Y3HeH B 06nacTb

nepexoJJ;a. nonaBIlIHe B 06naCTb nepexoJJ;a HeOCHOBHble HOCHTerrH 3a-

pSl,lI,a YCKOPHIOTCH ero noneM H C03.l1.aIOT BCTpe'lHbIH .npeHt}JoBbIH TOK.

B ycrroBHHx paBHoBecIDI leO = 1:0, lpO
= 1;0. BHemHee HanpH:>KeHHe

HapYlliaeT paBHoBecHoe COCTOSlHHe CHCTeMbl.

YpaBlleHHe BAX. npH 06paTHoM CMell..leHHH nepexo,IJ;a TOKH OCHOBHblX

HocHTcrreH 3apSl.D:a comaCHO CTaTHCTHKe MaKCBemIa-bOrrbl.(MaHa CHH:>Ka-

(
eUR

)IOTCH B exp
kT

p33. qHCJIO HeOCHOBHblX HOCHTerreH 3apSl.n:a B nepBOM

npH6Jill:>KeHHH He 3aBHCHT OT npMJIO:>KeHHOrO HanpSl:>KeHHH H Onpe,IJ;eIDIeTCH
rCHepal.(Heii nap 3neKTpOH

-

]).bIpKa 6rraroJJ;apSl TeltrrOBblM KBaHTaM.

CYMMapHblH TOK 'lepe3 nepeXOJJ;

1-(leO+lpO)CXP(
- e:;) -(fdJ+fpO) CI(feO +fpO) [exp ( - ek )-I].(1.18)
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TOK HeOCH08HblX HOCHTcneH 3apSl.D:a B Y3KOM p-n-nepexo.ne

I ,

[
Ln tip !::£PII

]10 .. leO +- lpO .. e + '.,

Tn Tp
(1.19)

l'JI.e Ln. Lp - 1I.HclJclJY3HOtiHaR JJ.1lHtla JJleKTpOHOB B p-06naCTH tI ALlpOI< B n-06naCfH (pacCTO-
SlHHe 01' rpaHHlIbl nepcXO,lJ.a, Ha KOTOpOM KOHUCHTpaUHR HOCHTelleH 3apllJUl YMeHblllaeTCJI B

e Pa3); tip. pn - KOH1leHTpRUHA HeOCHOBHblX HOCllTeJICH 3apSl)Ia; Tn, Tp
--

CpeAHec BpCMJI
)J(H3HH 3neKTpOtiOB B p-06JlaCTH H )J.blpOK B tI-06naCTH.

TaK KaK CYMMapHblH TOK (1.19) 3aBHCHT nHllIb 01' TenJlOBblX I}>OTOHOB,
onpe.n:eIDIIOIl{HX rCHepal.{HIO nap 3rreKTpOH-.zu,lpKa, TO ero npHIDlTO Ha-

3bIBaTh 06pamUblM me1Ul06blM TOKOM H 0603Ha'laTb 10' 3HaI.JeHHe 3Toro

TOKa HeBeJIHKO: 10.... 10-9 AJCM2.

ITpH npHMOM CMCIl{CHHH nepexoJJ;a TOI<H OCHOBHblX HOCHTCJleH BcnCJJ;-

CTBHe HBJleHIDI

HH CKI.(HH
yBCJIH'iHBaIOTCH B exp (e ;)p33, a TOKH Heoc-

HOBHblX HOCHTcrrCH OCTaIOTCH HCH3MCHHbIMH, TaK KaK OHH B 3TOM cJlY'lae
He npeO,IJ;OneBaIOT nOTCHI.{HaJIbHOrO 6apbcpa.

CYMMapHblH TOK l.Jepe3 nepcxo.n

1- (/eO + lpO) exp (e:;) -(/ + 1;0) - (/ + 1;0 ) [exp ( r;)- I] . (1.20)

06'bCJUfHIDI Bblpa:>KCHHJI (1.18), (1.19) H (1.20) nonyI.JHM ypaBHeHHe

BOJIbT-aMnepHoH xapaKTcpHC1HKH p-n-ncpexo,IJ;a:

1-/0 [exp ( % -I]. (1.21)

3HaKH "+" H "-"
COOTBCTCTBYIOT npHMoMY U 06paTHoMY CMCIltCHUHM,

a 10 Onpe,IJ;CIDIeTCH 06parnblM TeIIJIOBblM TOKOM p-n-nepcxo.ll.a.

IICCJle.n:008HHe yp80HeHHH BAX. BblpIDKCHHC (1.21) IIpC,IJ;CTaBrrJleT ypaB-
HCHue BAX n.n:eaJIbHoro p-n-lIepcxo,IJ;a (PHC. 1.12). npHMasI 1 H 06parnWl
2 BeTBH "MOOT CYIl{ec1BCHHO pa3n"'iHble MaCllITa6bl HalIpH:>KCHUH U IIPH

IIpHMOM UF H 06parnOM UR CMCIltCHHHX H TOKa I B npJlMOM IF H 06parnOM

I
fiJuHuq""

tiJecRmKu,
comHU

aMnep

PHC. 1.12. BOJIbT-aMlICptiaR xapaK-
TepHCTHKa H,!J;eaJIH3HpoBaHHoro

p-n-nepexoAa

-2
,4ecRmKu, comHu,
mbICR'IU tJolI"m

 Uq/JU

!
8oll"ma

MUKpO- U

MUllIIUQnnepbl
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IR HanpaBJleHHSlX. rpa4JHK.nIDI 060HX HanpaJmeHHM HMeeT BHJ1: 3KCnOHeH-

Tbl, HCXO,l:(SllI{eM H3 HalfaJIa KOOpJJ.HHaT. B 06paTHOM HanpaBnemm KpHB<Ul
CTpeMHTCH K 3HalfemUO TOKa 10' IIonolKeHHe KpHBOM 3aBHCHT OT TeMnepa-
TYpbl T OKPYlKalOlI{eM CpeJU>l nonynpOBO)UiHKOBOM CTpYKTYpbl. C YBeJIH-
lfeHHeM T npHM<Ul BeTBb CMell{aeTCH BneBO. fi03TOMY TeMnepaTypHblM
K034J4JHLtHeHT npHMoro HanpHlKeHlliI p-n-nepexo,u:a OTpHI.{aTeneH. fipH
MaJlblX TOKaX npHMepHOe 3Ha'ieHHe 3TOro K034J4JHl.{HeHTa 2,4 MB/oC. fipH
60nee BblCOKHX TeMnepaTYpax 06paTHblH TOK YBeJIH'iHBaeTCH npH6J1H3H-
TenbHO npOnOpLtHOHaJlbHO 'iHcny HeOCHOBHblX HOCHTeJleM 3apMa. 3Ta

3aBHCHMOCTb 3KcnOHeHUHaJlbHaH.

BOJlbT-aMnepH<Ul xapW<TepHCTHKa p-n-nepexo,u:a cYll{eCTBeHHO HeJIH-

HeMHa. fipH paclfeTe 3neKTpH'ieCl<HX LteneH, co,u:eplKalI{Hx CTpYKTYpbl C

p-n-nepexo,u:aMH, npHMeHSIIOT annpoKcHMaQHIO BAX. HaH60nee 'iaCTO

HCnOJlb3YeTCH KYCO'iHO-JlliHeHHaH annpOKCHMal(HH.
B peam.HblX nonynpoBommKOBblX npH60pax BAX CTpYK'rypbl C p-n-

nepexo,u:OM HMeeT HeCKonbKO OTJlH'iHH OT BAX HJ1:eaJlbHOrO p-n-nepexo-
,u:a:

npH onpe,u:eJleHHOM 3HalfeHHH 06paTHoro HanpHlKeHHH UBR HacTYnaeT
pe3Koe YBeJlH':leHHe 06paTHoro TOKa, cOnpOBOlK.D.alOlI{ee np060M p-n-
nepexo,u:a;

06paTHblH TOK IR npeBbllliaeT 3HalfeHHe 10 H3-3a HaJlH'iHH COCTaJJJllllO-

Il(HX, 3aBHCHlI{HX OT nOBepXHocTHblX TOKOB yre'iKH, ,u:e4JeKToB B CTpYKTYpe
nonynpoBo,u:HHKa H .npyrHX npH'iHH;

npHMoe HanpHlKeHHe npH onpe,u:eJleHHOM 3HaqeHHH TOKa YBeJIH'iHBa-
eTCH H3-3a nOTepb HanpHlKeHIDI B TeJle nonynpOBOAHHKa H Ha KOHTaKTHblX

nepexo,u:ax.
Ha BAX peaJlbHOM ABYXCJlOHHOH CTpYKTYpbl C p-n-nepexo,u:OM npH

pa3J1HlfHblX TeMnepaTypax OKpyJKalOll{eM cpeAbI (PHC. 1.13) nOKa3aHbl an-

npOKCHMHpOBaHHble ABYMH OTpe3KaMH npHMblX JIHHHH npHM<Ul H 06paT-
liMe BeTBH.

TeMnepaTYpHoe CMelI{eHHe BAX 06'LHCHHeTCH MHornMH 4JW<TOpaMH H

pe3YJlbTHpyrolI{<Ul 3aBHCHMOCTb nOJIyqaeTCH ,u:OBonbHO CJlOIKHOH.
3aBHCHMOCTb npHMoro HanpHlKeHHSI UF OT TeMnepaTYpbl 06ycnOBJleHa:

pOCTOM KOHLteHTpaLtHH c06CTBeHHblx HOCHTeneH 3apMa n;. 3aBHCHMOCTblO

nOABHIKHOCTeH f..ln H f..lp 3J1eKTpOHOB H AblpOK OT TeMnepaTYpbl H 3aBHCH-

MOCTbIO BpeMeHH IKH3HH Tn H "t
p
OT TeMnepaTYPbl. BnHSlHHe 3THX 4JaKTopoB

pa3J1HlfHO. I103TOMY XapaKTep pe3YJIbTHpyrolI{ero CMelI{eHHH BAX OTJIH-

lfaeTCH.nIDI pa3J1HlfHbIX 3HalfeHHM npHMoro TOKa IF'
PeaJlbH<Ul BAX HMeeT TO'iKY HHBepCHH A. fipH TOKax MeHbllIHX IF.

'"
;or

TeMnepaTYpllblH K03'i'4JHlUIeIiT HanpHlKeHHSI oTpHl(aTeJleH, a npH IF> IFA
3HaK noro K034J4JHl(HeHTa MeIDIeTCH Ha 06paTHb1H.

ITpH MaJlblX TOKax, Kor,u:a npe06ml,lJ;aeT na,n;eHHe HanpHlKeHHSI Ha c06-

CTBeHHOM p-n-nepexo,u:e, onpe,u:eJUlIOll{HM 4JaKTOpOM HBJUleTCH pOCT KOH-

LteHTpaLtHH c06CTBeHHblx HOCHTeJleH 3apMa C YBeJlHlfeHHeM TeMnepaTypbl
38

-To}
iF

___ /z featr"HaR I

I
I

Tz>T, I
........... HiJea/lbHaR

(meapemUYeCKQR) A

UF

....

!!l,

/JUF
ull uF

ill

PHC. 1.13. BonbT-aMnepHaR XapaKTepHCTHKa p-n-nepeXOTI.a peaJIbHOl'O nOllynpOBO,IJ,HHKO-
Boro npH60pa H ee KYCO'iHO-JIllHCHHaR annpoKCHMaUHR

OKPYlKaIOll{eM cpeAbI. ITpH 60JlblIlHX TOKaX onpe.n.emnOlLtHM HBJUleTCH BJill-

HHHe MexaHH3Ma paCCeJlHlliI 3Hepnm 3JIeKTpoHoB H AbIpOK, KOTOpblii npH
60nee BblCOKHX TeMnepaTYPax onpe,u:eJUleTCH YBeJIH'ieHHeM KOJle6anHM

I(pHCTaJIJIH'ieCKOH pellieTKH, T.e. pacceHHHeM Ha 4JOHOHax. fipH 3TOM no-

ABHIKHOCTb 3neKTpoHoB H AblpOK YMeHblIIaeTCH H na,n;eHHe HanpHIKeHHH Ha

p-n-nepexo,u:e YBeJIH'iHBaeTcSI.
YBeJIHlfeHHe 06paTHoro HanpHlKeHlliI npHBOJJ.HT I( np06010 nepexo.u;a.

fipH HanpHlKeHHH np060H UBR TOK lfepe3 p-n-nepexo,u: orpaHH'iHBaeTCH
TOJlbKO BHelliHeM LtenblO. 3HalfeHHe HanpHIKeHIDI np060H 3aBHCHT OT KOH-

LteHTpal.{HH JlernpYIOll{HX npHMeceii H TeMnepaTYPbI oKpYlKalOlI{eii CpeAbl,

YBeJIH'iHBaHCb C ee nOBblllIeHHeM, T.e. TeMnepaTYpHblii K034J4JHl(HeHT npo-
60S!: nonOIKHTeJleH, B CBH3H C TeM, 'iTO C pOCTOM TeMnepaTYpbl ,u:nUHa

CB060AHoro np06era HOCHTeneii 3apMa YMeHblIIaeTCH.
Ha pHC. 1.13 nOKa3ana KYCOlfHO-JIHHeiiHaH annpOKCHMaQHH npHMOM H

06paTHoii BeTBeii BAX. I1pHMaH BeTBb 3aMeHHeTCH ABYMH OTpe3KaMH

npHMblX JIHHHii: OM, cOBna,n;alOll{eM C OCblO UF H paBHoii noporoBoMY
HanpHlKeHHIO U(TO) H MN, HaKJIOHeHHOii KOCH a6CLtHCC Ha HeKOTOpblii

li. UF
yron (arctg

-), r,u:e OTHOllIeHHe li.U/MF npe.n.CTaBJUleT c060ii HeKOTO-

li.IF

poe .IJ;HHaMHlfeCKoe conpoTHBneHHe rr"" li.U/MF, yqHTbIBalOl1{ee conpo-

THBJleHHe CTpYKTYpbl C p-n-nepexo,u:oM. 06paTH<Ul BeTBb 3aMeHHeTCH

TaKlKe OTpe3I<aMH npHMblx J1HHHH: OK, HaKJIOHeHHoii KOCH a6cLtHCC Ha
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AUR
HeKOTOpbIii yrOJI (aretg

 ->), OTpa)f(aIOll{Hii BJIH HHe06paTHoro conpo-
AIR

TIfBJIeHIDl nOJIynpoBoAHHKOBOii CTpYKTYPbl C 06paTHOCMell.{eHHbIM p-n-
nepexo.n;OM TO = AUR/MR, H KL, npoxo,lI,Slll{eii napaJIJIeJIbHO oeH TOKa IR

H COOTBeTcTBYIOll{eii yqaCTKY BAX npH np060e p--n-nepeXOlIa. BeJIH'IH-
HbI U(TO)' TT' TO H UBR  BJUUOTC napaMeTpaMH annpOKCHMHpOBanHoii
BAX H Moryr 6bITb onpe.n;eJleHbI 3KcnepHMeHTIUIbHO HJill no CnpaBO'IHbIM
.n;aHHblM.

llp060H p-n-nepexo.u.a. Pa3Jill'IaIOT naBHHHblii, T)'HHenbHblii, nOBepx-
HOCTHblU H TenJIOBOH np060H.

JIaBHHHbIH np060ii HacT)'naeT BCJIe.n;CTBHe y.n;apHoii HOHH3aI.\HH B 06-
JIaCTH 061>eMHOrO 3apMa npH 60JIbllloii Hanp )f(eHHOCTH:meKTpH'IeCKOro
nOmI (106-108 B/M).

3JIeKTpOH, nepellle)J,IIlHii B 30HY npOBO.D.HMOCTH npH reHepaI.\HH. 3a

BpeM .cB06oMoro np06era MO)f(eT Ha6paTb 3HeprHIO, .n;OCTaTO'IHYIO JJ.]UI

HOHH3aL(HH aTOMa npH coy.n:apeHHH. reHepHpYeTC napa 3JIeKTpon-
.n;blpKa. H B 30HY npOBO.D.HMOCTH npHXO.D.HT ell{e O.n;UH 3JIeKTpOH. B 3TOM

CJIY'Iae paJrOH IOTC H na6HpaIOT 3Hepmro ,lI,Ba 3JIeKTpOHa. fIpoL(ecc HO-

HH3aL(HH nOBTop eTC H HaJbIBaeTCR Jla6Ullllbl.U pa3MllO:HCellUeM nOCHTe-

JIeii. 3TOT npOL(ecc COnpOBO)KJ{aeTC pe3KHM YBeJlH'IeHHeM 06paTHoro
TOKa p-n-nepexo.n;a.

JIaBHHHbIH npo60ii xapaKTepen A,-TI.SI CTpYKTypbl Ha OCHOBe nOJIynpo-
BOJI.HHKOB C MarrOH KOHL(eHTpaL(Heii JIempYIOIl.{HX npHMeceii. OH He npH-
BO].U1T K paJpYllleHHIO nOJIynpoBoMHKOBoii CTpYK1J'pbl. eCJIH 06paTHbIii
TOK orpaHH'IeH HaJI.li'IHeM BHelllHeii L(enH.

TYHHeJIbllbIH np060ii HJlH np060ii 3HHepa conpOBO)!(,naeTCR TYHHeJIb-
HbIM nepexo.n;OM BarreHTHbIX 3JIeKTpOHOB B 30HY npOBO.D.HMOCTH. KaK )'Ka-
3aHO BbIllle. 3TOT BH.llHOHH3aUHH lIaJbIBaeTC 3JIeKTpOCTaTH'IeCKOii HOHH-

3aL(HeH. B03HHKaIOll{eH npH BbICOKOH Hanp )f(enHOCTH3JIeKTpH'IeCKOrO
nom (108-109 B/M). TYHHeJlbHblH np060H npOHCXOJJ,HT B p--n-nepexo.n;ax
C BbICOKOii KOHuem:paUHeii npHMeceii. T.e. B nepexo.n;ax C O'IeHb MaJIoii

lllHpHHOH, Kor.n;a y)f(e npH Hanp )f(eHHHnpHMepHo 5 B HanpR)f(eHHOCTb
CHJIbHO B03pacTaeT. TYHHeJlbHblH np060ii TalOKe 06paTHM, eCJIH peJKoe
HapaCTaHHe 06paTHoro TOKa cBoeBpeMeHHo orpaHH'IHBaeTC BHelllHeH

uenblO.

fIoBepxHoCTHbIii np060ii npOHCxo.D.HT B MeCTax BbIxo.n:a p--n-nepexo-
.n:a Ha nOBepXHOCTh CTpYKTYPbl. ITpH'IHHaMH nOBepxHocTHoro np060 
 BmuoTCRpaJJIH'IHbIe «!JaKTOpbl: BbICOKaR Hanp )f(eHHOCTb3JIeKTpH'IeCKO-
1'0 noJUl, CY)f(eHHe 06JIaCTH 061>eMHOrO 3apMa no cpaBHeHHIO C BHyrpen-
HHMH 06JIaCT MH,HaJIH'iHe paJopBaHHblx BarreHTHblX CB 3eHaTOMOB y

nOBepxHoCTH. a.n;cop6L(H aTOMOB nocTopoHHHX 3JIeMeHTOB. npe.n;yn-
pe)!(,neHH nOBepXHOCTHoro np060R CHHMaeTCR «!JacKa no.n; HeKOTOpbIM

yrJIOM K nJIOCKOCTH CTp)'K1J'pbl C p--n-nepexo.n;OM. MeCTO BbIxo.n;a TIl.{a-
TeJIbHO O'IHll.{aIOT H HaHOC TH30JIMpYIOll{ee nOKpblTHe H3 CneUHaJIbHOrO

KOMnaYH.n;a, a CTpYKTYPY nOMell{aIOT B repMem'IeCKHH Kopnyc. HHor.n;a
3anOJIH IOTHHepTHblM ra30M.
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Puc. 1.14. 3aaucHMoCTb c06CTBeHHoii eM-

KOCTH p-n-nepexoAR OT HanpJl)!(eHHJI

BHeIllHeI"O HCTO'iHHKa

-C,
C
p
.n CA
-

'"
""

!!;
,.."

1::"':;-
 :if1-

C'o.::t E 
UF

TenJIOBOii np060ii Cm13aH C HarpeBOM nOJIynpOBO.LlHHKOBoii CTpYKTY-
PbI. BbI3blBaeMbIM npOTeKaHHeM 06paTHoro TOKa. BCJIe.n;CTBHe HepaBHO-

MepHoro pacnpe.n;eJleHIDl 3TOro TOKa H3-3a JIOKaJIbHblX HeO.n;HOpO.n;HOCTeii
CTpYKT)'pbI npOHCxO.D.HT lI1HypoBaHHe - peJKoe JIOKaJIbHOe YBeJIH'IeHHe

nJIOTHOCm TOKa H CHJIbHblii MeCTHbIH paJorpeB H .n;aiKe paCnJIaBJIeHHe

nOJIynpOBOJI.HHKa. TenJIOBOH np060ii  BJIReTC He06paTHMbIM.
C06CTBeHHaH eMKOCTb p-n-nepexo.u.a. 3JIeKTpOHHO-.lU>IpO'IHblii nepe-

xo.n: MO>KHO paCCMaTpHBaTb KaK neKOTopbIH 3KBHBa.rreHTHbIH KOH.n;eHca-

TQP. COCTO ll{IiHH3 061(J1a)1.0K, paJ.n;eJleHHblX 06naCTbIO. 06e.rurCHHOH no-

CHTeJUlMH 3apMa H 06JIa)1.aIOU\eH nOBbIllleHHblM conpOTHBJIeHHeM. KaK

nOKa3aHO BbIllle, npH npRMOM cMell{eHHH nepexo.n;a npORBJUleTC HaKon-

J1eHHe HepaBHOBeCHbIx HOCHTeJleii 3apR.u.a npH Hn)f(eKI.{HH HX B 06JIaCTb.
r.n;e OHH RBJUUOTCR HeocnOBHbIMH. 3T0 06YCJlaBJlHBaeT 3«!J«!JeKT .D.H«!J«!JY3H-
onHOH eMKocm:

e

C.a. - kT
1rCn, (1.22)

l-,ne 'tn - BpeMJI )J(H3HH HeOCHOBHblX HOCUTeJIeH.

fIpH 06paTHOM CMell{eHHH B03HHKaeT 3«!J«!JeKT YBeJlH'IeHHR o6JIacTH

061>eMHOrO 3apMa HonOB aTOMOB npHMeceii, TaK KaK IR CTanOBHTC 

60Jlbllle. )];aHHoe RBJIeHHe 3KBHBaJIeHllipyeTc HeKoTopoii 6apbepHoii HJIM

3apMoBoii eMKOCTblO

C6=S (1.23)
Er EO enn

2( g+ UR)'
r1I.e S - rIJIoU(a.zu, crpYKTypbl C p-n-nepex01I.OM; nn - KOHueHTpaUWI OCHOBHblX HoclITeJIeii

3apJl,Ila.

KaK CJIe.n;yeT H3 BbIpa)f(eHHii (1.22) H (1.23), ,QU«!J«!JY3HonHaR eMKOCTh

3aBHCHT OT '3Ha'IeHHR npRMoro TOKa IF' a 6apbepHa eMKOCTb - OT

06paTHoro Hanp )f(eHHRUR.

C06CTBeHHaH eMKOCTb (PHC. 1.14) 06YCJIaBJIHBaeT peaKlliBHYIO npoBo-
,1.I,UMOCTb p--n-nepexo.n;a

1. _ b - i (1) (C6 + Con) .

XO
(1.24)
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31'0 CHHx<aeT BbmpRMHTeJIhHblH 3<lJ<lJeKT Ha BblCOKHX 'laCTOTax. ,l],mI
nOBhllJlt:HHR pa60'1en 'laCTOThI Moryr 6bITb HcnOIIb30BaHbi CJIe,nyrol.l,tHe
Mepbl: YMeHblIleHHe 't H YCKopeHHe peKoM6HHaQHH HeOCHOBHblX HOCHTe-

Hen :iapR,na; YMeHblIleHHe pa60'len nOBepXHOCTH p-n-nepexo.n;a; YMeHb-
lIieHHe conponfBIIeHHH TeJIa KpHCTaJIJIa.

1.6. MO,QEm1POBAH ECTPYKTYPbl C p-n-nEPEXO,QOM

BH,C(bl Mo,neJIeii, rIpH aHa.JllI3e 3JIeKrpH'1eCKHX cxeM 'laCTO B03HHKaeT

3aJ(a'la npe.n;CTaBJIeHIDI nOJIynpoBoroIHKOBbIX npH60pOB, co.n;ep)l(amHXp-
f/-lIepeXOAbI, B BH)I;e 3JIeMeHTOB 3J1eKlpHQeCKHX l..{eneH. TaKyro I..{enb MO>KHO

C'lHT3Tb 3KBHBaJIeHTHOn nOJIynpOBO,lUIHKOBOMY npH60PY, eCJIH TOKH Ha

COO'IHeTCTRyro HXBbIBo.n;ax npH6opa, co.n;epJKamero p-n-nepexo.n:, H B

:JKHHH JIeHTHOH3JIeKTpH'1eCKOH l..{enH COBna.n:aIOT C Tpe6yeMoH TO'lHOC-

T"IO. I 10.n;06Hble l..{enH Ha3bIBaIOT 3JIeKTpH'leCKHMH Mo.n;eJUIMH nOJlynpo-
HOJ(HHI<OBbiX npH6opoB.

npe,roIO)l(eHbI pa3JIH'lHble cnoco6b1 nOCTpoeHIDI Mo.n;eJleH B 3aBHCHMOC-

TH 0'1' npe.n:'bHBJUIeMOH TO'1HOCTH. H MeTo.n;a aHa.JllI3a. rIpH HCnOJlb30BaHHH

HbllfHCJIHTeJlbHOH TeXHHKH ,WUI pelIleHIDI 3a.n:a'l C ,romaMH'leCKHMH MO.n;CJUI-

 lfnpeJ.UIO'1T TeJIbHbIMHRBJUIIOTCH Mo.n;eJlH nOJIynpOBO,lUIHKOBbIX CTpYK-
J YP C HeIIHHeHHbIMH conpOTHBJIeHHHMH H HeIIHHeHHblMH eMKOCTRMH p-

".. epexo.n;a[11]. Bo MHOrHX CJIY'1aHX npH nOCTpoeHHH CTaTH'1eCKHX Mo.n;e-
HeH CHJIOBbIX npeo6pa30BaTeIIeH MO)l(HO HCnOJIb30BaTb ynpomeHHble

KYCO'1HO-JI HeHHbleMo.n;eJIH cTpYKT)'P C p-n-nepexo.n;aMH [26].
HeJlHHeHHble MO,l(eJIH. 3JIeMeHTaMH 3KBHBaJIeHTHOH cxeMbl (PHC. 1.15)

SlHJIHIOTCR:

HC]mneH OeCOnpOTHBJIeHHe R, HMeromee BAX H)l;eaJIbHoro p-n-
nepexoJla , = 10 [exp (nlk1) - 1], r.n;e 10 B 3aBHCHMOCTH OT nJIO-

u{a,l(11 CTpYKTYpbl 06b1'1HO HMeeT 3HaQeHHe 10-<i < 10 < 10-2 MA,WUI Si H

J?:-8 <

fo
< 10-2 MA ,WUI Ge H 3aBHCHT OT TeMnepaT)'pbI: 10

= 10 (7=293K)
(71293) exp [ kT (1/293 - 1/1)], r.n;e 10 (7=293 K)

- TenJIOBOH TOK npH T =
=:: 293 K; k]"

-

napaMeTp, onpe.n:eJUIeMbIH 3MnHpH'leCKH;
HeJIHHeHHaH eMKOCTh C, npe.n:cTaBJUIIOmaH co60n CYMMY HeJIHHeHHblx

6aphcpHoH C6 H ,l(H«IJ«IJy:moHHoH Cn eMKocTeH nepexo.n;a:

aJ
0---- E)j 0

i RlJ)
R7' C

R'J PHc. 1.15. CxeMa BKJDO'IeHHII (0) Ii Jl(BH 

BaneHTHaR cxeMa (6) p--n-nepexo,lJ.a
nonynpoBolUiHICoBoro AHOJJ;l!

C)

-u
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PHC. 1.16. BapHaHTbl KycO'lHO-nHHeHHoH annpOl(CHMa HH)J.ByxcnoHHoii nonynpoBoJJ;tIHI<O-

BOH C1PYKTYPbl C p-n-nepexoAoM H COOTBel'CTBYIO eHM JI5BHBaneHTHble cxeMbl:

a _ annpOKCHMRI(HR npJlMoii BeTIlH BAX; 6 --- RnnpOKCHMRI(HI! npRMoH H 06PRTHOi! BeTBei! BAX

C = C6 + C
n
= S

Er EO enn e.
+
- n: B COOTBeTCTBHH C BblpalKe-

2( ,l(+U)
kT n

HHRMH (1.22) H (1.23); COnpOTHBJIeHHe Ry ClPYKT)'pbl C p-n-nepeXO,l(OM

npH 06paTHOM CMemeHHH, Ol..{eUHBaeMoe, KaK npaBHJIO, 3Ha'leHHeM B He.

CKOJIbKO MOM;
06 eMHoeconpOTHBJIeHHe Terra nOJIynpOBOJJ.HHKa H KOHTaKTOB,

Ol..{eHHBaeMoe .n;OJUIMH OMa ,WUI MOll..\HbIX npH60pOB H .n;o 100 OM [(WI

npH6opoB MaJIOH MOmHOCTH.

KYCO'lHo-J1HHCiiHaH MO,l(eJIb. B MO,l(eJIH (pHC. 1.16, a) Y'lHThIBaeTCH an 

npoKcHMHpoBaHHaH npRMaH BeTBb BAX C napaMeTpaMH VeTO) Ii '1_ a

06paTHaH BeTBb BAX HJJ.ea.Jlll3HpOBaHa.

,lVuI 3TOH MO,l(eJlH

UF- U(To)+iFT1" " iR"O;

(1.25)
.

{
O, riP" UF < U(TO) ;

IF=
(UF- U(TO)/TT, riP" UF> U(TO).
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B MO.n:CJIH (PHC. 1.16,6) Y'lHThlBalOTCR npRMaH H 06paTHaH annpoKcH-
MlipoBauHblc BCTBH BAX. 06paTHaH BCTBb annpoKCHMHpoBaHa .ZJ:BYMR
oTpc3KaMH, xapaJ<TCpH3YCMbIMH HanpR)I(CHHCM np060R UBR H M«!J«!JCPCH-
I HarrbHbIMCOnpOTHBJlCUHCM TR 06paTHOCMCll.{CHHOrO ncpcxo.n:a. B .n:auHoH
MO.n:CJIH uF

= U(TOJ + ipT, uR
= i,rR Ii

.

{
UR/r' npH u

R
< UBR ;

'R- R
00 ,np" u

R
2= UBR ;

(1.26)

i _ {
O, npH u

F
:!:. U(TO);

F (uF
- U(To»/rT, npH uF> U(TO).

2. nOnynpOBOAHMKOBblE nPM50Pbl

2.1. HA3HA4EH E KI1ACC CZI KALt s:I

_nOJIynpO O.ZJ:HHKOBbIMH npH60paMH Ha3blBalOTCR 3J1CKTpOUHbIC YCT-

pOHCTBa, .n:CHCTBHC KOTOpblX OCHOBaHO Ha 3neKTpoHHblX np0l.\cccax B

nOJIynpOBO.ZJ:HHKaX [28]. B 3JICKTpOHHKC nonynpOBO.ZJ:HHKOBbIC npH60pbl
HCnOJlb3YlOTCR .ZJ:)UI 06pa60TI<H 3JICKTpH'lCCKHX CHmarrOB, a TaK)I(C .ZJ:)UI

npC06pa30BaHHR O.ZJ:HHX BH.ZJ:OB 3HcpmH B .n:pymc. nonynpoBO.ZJ:HHKOBblC
npH60pbl pa3.n:CIDIlOT Ha .lI.HCKpeTHbIC H HlrrerpaJIbHblc.

J(ucKpemlible nonynpOBO.ZJ:HHKOBbIC npH60pbl, BbmonIDICMblC B BH.ZJ:C

OT.n:CJlbHbIX YCTpOHCTB, pa3JIH'lalOT no Ha3Ha'1CHHlO, npHHl.\Hny .n:CHCTBHH,
THny licnonb3ycMoro nOJIynpOBO.ZJ:HHKOBOro MaTepHarra, KOHCTpYKl.\HH H

TCXHOJIOrHH, BH.ZJ:Y xapaKTcpHCTHK, 06nacTHM npHMcucHIDl. K OCHOBHblM

KnaccaM TaKHX .lI.HCKpCTHbIX npH60poB OTHOCRT: 3ncKTpOnpc06paJoBa-
TCJlbHblC npH60pbl ()J,H0.n:, TpaH3HcTOp, THpHCTOp H .n:pyrHc); onT03nCK-

TpOHHblC npH60pbl, npc06pa3}'lOll.{HC CBC1'OBblC CHrUaJIbl B 3ncKTpH'lCCKHC
H Ha060poT (<<!JOTOPC3HCTOP, «!JOTO)J,HO.n:, «!JoToTpaH3HCTOp, nonynpoBo.n:-
HHKOBblH na3cp, H3Jl}''1alOll.{HH )J,H0.n: H T..n:.); TcpM03ncKTpH'lCCKHC, npc06-
paJYIOll.{HC TcnrroBYlO 3HcprHlO B 3JICKTpH'1CCKYlO H Ha060poT (TepM03JIC-
MCHT, TcpM03ncKTpH'lCCKHH rCHcpaTop, TCpMOpC3HCTOp H T.n.); MarUHTO-
3ncKTpH'1CCKHC npH60pbl (HanpHMcp, H3MCpHTCJIbHbIH npc06paJoBaTCJIb
ua OCHOBC 3«!J«!JcK1'a XOJUIa); nbc303ncKTpH'lCCKHC H TCH30MeTpH'lCCKHC
npH60pbl, pcampYlOll.{Hc Ha H3MCHCHHC .n:aBnCHIDl HJIH MCXaHH'lCCKOC CMC-

 CUHCH .n:pyrHC B03.n:CHCTBIDl.

Hlime2paJIblibie nonynpoBo.ZJ:HHKOBblC npH60pbI RBJUUOTCR aKTHBHbIMH

3nCMCHTaMH MOHonHTUbIX HUTCrpa.rrbHbIX CXCM, KOTOpbIC CTpORTCR no

06bl'lHblM npHUl.\HnaM CXCMOTCXUHKH. MOHonHTubIc HUTCrpaJlbHbIC

CXCMbl COCTOHT H3 HUTcrpanbHblx )J,HO.n:OB, Tpau3HcTOpOB, pC3HCTOpOB,

KOH.n:eHcaTopoB H COC.lI.HHCHHH MC HHMH. 3ncMcuTbi HHTcrparrbHbIx
CXCM C03.n:alOTCH B C.lI.HHOM TCXHOnOrH'lCCKOM llHKJIC Ha O.ZJ:HOM KpHCTaJIJIC
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nonynpOBO.ZJ:HHKa. ECJIH)I(C naCCHBHblC 3JICMCUTbi H3rOTaBJIHBalOT OT.n:CJlb-

HO Ha .lI.H3nCKTpH'1CCKOH no.n:rro)l(J(c, a aKTHBHblC 3neMCHTbl YC1'auaBnHBa-

lOT B CXCMY B BH.ZJ:C .n:HCKpeTI:lbIX 6CCKopnYCHbiX nOJl}'npOBO.ZJ:HHKOBbtX npH-

60POB, TO HHTerparrbHaR CXCMa Ha3blBaeTCR 2u6pUOllou.
HHTerparrbHbIC CXCMbl KJIaCCH«!JHl.\HPYJOT no 06naCTHM Hcnonb30BaUHH

(l.\H«!JPOBbIC H auarrorOBbIC). [(H«!JPOBbIC BKJIIO'lalOT B CC6R J10ni'1CCKHC,

C'1eTHo-npc06paJOBaTeJIbHbIC H HUTCrpaJIbHblC CXCMbl naMRTH. AHarroro-

BblC HHTerpa.rrbHbIC CXCMbl OXBaTblBalOT npH60pbl YCHnCUHSl, HC1'O'lHHKH

BTopH'lHOrO nHTaHIDl, CBCpXBbICOKO'1aCTOTHbIC CXCMbl.

B 3aBHCHMOCTH OT npHMCUHCMoro nOJIynpOBo.n:HHKOBoro MaTcpHarra

paJJIH'lalOT rcpMaHHCBblC, KpCMHHCBbIC, apCCHH.n:-rarrnHCBbIC H .n:pyrHC

npH60pbI. nCpBblC nonynpOBO.ZJ:HHKOBbIC npH60pbl 6bUIH H3roTOBJICHbi

Ha OCHOBC CCJICua Sc H 3aKHCH MC.lI.H Cu20. 31'0 6bUIH npoCTcHuIHC

npH60pbI - BbmpRMHTCJIbHblC .n:HO.ZJ:bI. C H306peTeHHCM TpaH3HCTOpa

(1949 r.) lIIHpOKOC pacnpocrpaHcHHc nOJIY'1HJI rcpMaHHH Gc, KOTOpbIH,

Ha'1HHaH C 90-x ro.n:oB, nO'lTH nonHOCTblO BbITCCHCH KpCMHHCM Si.

npH06peTalOT Ba>KHOC 3Ha'1eHHC, oc06euHo B OnT03JICKTpOHHKC, pa3-

J1H'lUbIC )];BOHHbIC, TpOHHblC H 60JICC CJIO)l(Hble COe.lI.HHeHHH (GaAs,

CaP, CdS, SiP H .n:p.), 06JIa,lJ.alOll.{HC nOJIynpoBo.n:HHKOBbIMH CBOHCT-

BaMH.

no KOHCTpyxTHBHbIM H TeXHOJIOrH'1eCKHM npH3HaKaM nOJIynpoBo.n:-

HHKOBble npH60pbl pa3.n:eJUIIOT Ha TO'1CqHbIC H nrrOCKOCTUbIC. nOCJIc.n:-

HHC B CBOlO O'lCpc)U> .n:eJUITCH Ha cnnaBHblC, .lI.H«!J«!JY3HOHUbIC, MC3a-

nJIaHapUblc, nJlaHapUblc H .n:p. OCHOBOH TeXHOJIOrHH 60JIbUlCH qaCTH

nonynpoBo.n:HHKOBblX npH6opoB HBJUIeTCR nJIaUapHaH TeXHOJIOrHR,

BKJIIOQalOll.{aH B cOOR np0l.\CCcbl: 3all.{HTbI nOBcpxHOCTH nOJIynpOBO.ZJ:HHKa

TOHKOH nJlCHKoii .lI.H3JICKIpIIKa, '1all.{C Bccro OKHCH KpeMHHH Si02;

«!JOTOJIHTorpa«!JHH; .n:H«!J«!JY3HII npHMcccH H HOHHOro nerHpoBaHHH; Ha-

HeCCHIDl TOHKHX MeTaJIJIHQeCKHX nJICHOK. nOJIynpOBO.ZJ:HHKOBbIC npH-

60pbl BbmYCKalOT B MeTaJIJIOKCpaMH'1CCKHX UJill nJlaCTMaCCOBblX KOp-

nycax, 3all.{Hll.{alOll.{HX npH60pbl OT BHCUlHcro B03.n:CHCTBHH. HCKJIIO'le-

HIDlMH RBIDIlOTCR 6ecKopnycHble npH60pbl.
B 3aBHCHMOCTH OT MOll.{HOC1'H npc06pa3YCMblX CHrHarrOB pa3J1H'1alOT

nonynpOBO)IHHKOBbIC npH60pbl MarroH MOll.{HOCTIf (06bl'1HO Ha TOKH

.n:o 10 A) H CHJIOBblC nonynpoBo.ZJ:HHKOBbIC npH60pbl (Cnn).

B 1990 r. BO BCCM MHpe npOMblUlJICHHOCTh BblnycKarra npHMcpHO

30 MJIp.n: .lI.HCKpeTHbIX nOJIynpoBo.n:HHKOBblX npH60poB H npHMcpHO

TaKOC )KC KOJIH'1CCTBO HHTerpanbublx CXCM, B COCTaBC KOTOpblX Ha-

C'1HTblBanOCb npHMcpHO 100 TbICRQ THnOB npH60poB paJJlH'lHOrO Ha-

3Ha'lCHHH. 3TH npH60pbl Moryr pa60TaTb Ha caMblX UH3KHX 'laCTOTax

(nopH.ZJ:Ka .n:onCH n.U H B MHJIJIHMeTpOBOM .lI.HanaJOHe .n:o 100 ITu B

.lI.Hana30HC pa60'lHX MOll.{HOCTCH OT MHKpOBa'IT ]1.0 .n:CCRTKOB H COTCH

KHJIOBa'IT.

MaJIblC pa3Mcpbl, Macca H nOTpC6JUICMaH MOll.{HOCTb, BblCOKaH Ha,lJ.C)I(-

HOCTb H MCXaHH'leCKaH npO'1HOCTb cnoc06CTBOBaJIH OQCHb 6blCTpOMY pac-

npoCTpaHcHHIo nOJIynpoBo.lJ,HHKOBbIX npH60poB H paJBHTHlO nOJlynpo-
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BOJUIHKOBOH 3JIeKTpOHHKH. 3TOT npOlJ;eCC 3aXBaTIm )KeJle3HO)IOpO)KHbIH
TpaHCnOpT, Ha KOTOpOM nOJIynpOBO]UlHKOBble npH60pbl n03BOIDIIOT CO-

3)IaBaTb COBepUleHHble YCTpOHCTBa npe06pa30BaHHH 3HepmH Ha :meKTpO-

nO)IBH)KHOM COCTaBe, B YCTpOHCTBaX 3JIeKTpOCHa6)KeHIDI nITH, B CQJ> H

CBB3H, pa3BHBaTb HOBeHUlHe Hu«!JopMaJ..{HOHHble TeXHonomH.

2.2. nOI1ynpOBOAHMKOBbIE AMOAbl

npHHQHn ,lJ,eiiCTBHH H KJIaccH4111KaQUH. OCHOBY }.:(HO)IOB COCTaBIDIeT

)IByxcnoHuM MOHOKpHCTaJIJIH'lecKaH nonynpOBOJUIHKOBaH cTpYKTYpa C

3neKTpOHHO-,lI,blpO'lHbIM nepexO)IOM HJill KOHTaKT MeTaJIJI-nonynpOBO)I-

HH .npHHl.\Hn )IeHCTBH5I }.:(HO)IOB Onpe)IeIDIeTCH CBOHCTBOM O}J.HOCTOPOH-
HeH npOBO)IliMOCTH p-n-nepeXO,lI.a. IIonynpOBO}J.HHKOBaB cTpYKTYpa C

p--n-nepeXO)IOM KOHCTpYKTHBHO OcpOpMIDIeTCSl B BH)Ie Y3JIa-BblnpSlMH-
TeJlbHOrO 3neMeHTa, KOTOpbIH nOMemaeTCR B repMeTH'lHblH Kopnyc C Bbl-

BO)IaMH aHO)Ia H KaTO)Ia. IIonynpOBO]UlHKOBble }.:(HOro.l BbmonUBIOTCB Ha

TOKH OT HeCKOJIbKHX MHmIHaMnep (uanpSl)KeUHe OT )IeCBTKOB BonbT) )IO

KHnoaMnep npBMoro TOKa (06paTHoe HanpSl)KeHHe OT 5 KB H BbIUle).
):(HO,lI,b1 MaJIOH H Cpe}J.HeH MOmHOCTH (IF'S. 10 A) )IeIDITCSl Ha TO'le'lHble,

nJlOCKOCTHble H 6ecKopnycHble; MOmHbie (CHJIOBbIe) }.:(H0,lI,b1 (IF> 10 A)
)IeIlilTCR Ha UlThlpeBble H Ta6JIeTO'lHble (PHC. 2.1).

no Ha3Ha'leHHIO )IliOAbI nO,lJ,pa3)IeIDIIOTCB Ha BbmpRMHTCJIbHble, HM-

nYJIbCUble H Cnel.\HaJIbHble. BbmpBMHTenbHbIe )IlW,lI,b1 npe}J.Ha3Ha'leHbl )I.JUI

BbInpBMJleHHB nepeMeHHoro TOKa. K HHM OTHOCBTCR B OCHOBHOM CHJIOBble

JnIO,lI,bI, KOTopble ,l.\eIDITCR Ha BH,lI,bI, nO,ll,BH)IbI, MO}.:(H$HKaJ..{HH, THnbl, KJIac-
Cbl H rpynnbl. TaKoe 1I0,lJ,pa3)IeJleHHe }.:(HO)IOB COOTBeTCTByeT onpe.n:eJleH-
HblM OTnH'lHTenbHbIM npH3HaKaM. CHJIOBble JnIOAbi no HarpY30'lHOH cno-

C06HOCTH B 06JIacTH npo60R 06paTHoH BeTBH BAX no.npa3)IeIDIIOTCR Ha

npOCThIe BblnpBMHTeJIbHble H JIaBHHUble C KOH1ponHpyeMbIM np060eM
(cTa6HJIHTpOUbl).
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B 3aBHCHMOCTH 01' BpeMeHH 06paTUOrO BOCCT,UIOBJIeHIDI }.:(H0,lI,b1 nO)I-

pa3)IemIIOTCR Ha nO,lI,BH,lI,bI: }.:(H0,lI,b1 C UeHopMHpyeMblM BpeMeHeM BOCCTa-

HOBJIeHHR H 6bICTpOBOCCTaHaBJIHBaIOmHecH ,lUW,lI,bI C HopMHpyeMblM Bpe-

MeueM BOCCTaHOBJleHIDI ('laCTOTHbIe).
MO}.:(H«!JHKal.\HH ,lUW)IOB 3aBHCHT OT HX KOHCTpYKl'HBHOrO HCnOnHeHIDI.

CHJIOBble }.:(HOAbI Toro HJIH HHOro BH)Ia, nOABH)Ia H MO}.:(H$HKaI..{HH B

3aBHCHMOCTH 01' )IOnycmMoro TOKa no.npa3)IemIIOTCH no mny, a }.:(H0,lI,b1

O}J.Horo mna
- Ha KJIaCCbI no )IOnYCTHMOMY 06paTUOMY HanpB)KeHHIO.

I1MnynbcHble }.:(H0,lI,b1 npHMeWlIOTCR B MaJIOMOmHblX l..{eIDIX aBTOMam-

KH. OHH OTJlH'laIOTCB MaJIblM BpeMeHeM nepeKJllO'leHHB H3 3a.KpblTOrO

COCTOBHIDI B OTKpbITOe H 06paTHoro nepeKJIIO'leHHB H 06ml,1J;aIOT XopO-
UlHMH 'laCTOTHbIMH xapaKTepHCTHKaMH.
K cneJ..{HaJIbHbIM }.:(HO)IaM OTHOCRTCSI cTa6HJIHTpOHbl, «!JOTO}.:(HO.1J;bI, CBe-

TO}.:(HOAbl, BapHKanbl, Tj'HHeJIbHble }.:(H0,lI,b1.

KOHCTPYKQHH BLmpHMHTeJlLHLlX 3J1eMeHTOB. Pa60'lHM 3JIeMeHTOM

}.:(HO)Ia RBlliIeTCB Bblpe3aHHaR H3 MOHOKpHCTaJIJIa KpeMHHB TOHKaH nnacm-

Ha, B KOTOpOH C$OpMHpOBaH p-n-nepeXO)I. B CHJIOBblX )IHO)Iax nonynpo-

BO}J.HHKOBaH nnacmHa BbInOnHBeTCB B $opMe JnICKa }.:(HaMeTpOM OT 13 )IO

100 MM, KOTOpblH npHnaHBaeTCB C O}J.HOH CTOpOHbl Will C 06eHx CTOpOH K

TepMoKoMneHcHpyromHM }.:(HCKaM H3 BOJIb4>paMa HnM MOJlH6)IeHa, HMeIO-

mHM K03$cpHI..{HeHT TeMnepaTypHoro paClllHpeHH5I, 6JIH3KHH K03$$HI..{HeH-
Tj' KpeMHHH. 06nacTb BbIXO)Ia p-n-nepexo)Ia Ha nOBepxuoCTb no nepH-

$epHH KpeMHHeBoro }.:(HCKa o6pa6aThIBaeTCB nO)I onpe)IeJleUHblM yrnoM

)I.JUI BLlpaBHHBaHHH HanpH:>KeHHOCTH 3neKTpH'leCKOrO nOmI H YMeHbUleHIDI

BepOHTIIOCm nOBepxHocTHoro nepeKpblTHB. 06pa30BaBUlaHcB cpacKa 3a-

mHmaeTCB Cnel.\HaJIbHLIM KOMna}'H)IOM. OCHoBHLle TeXHOnOrH'leCKHe one-

paJ..{HH H3rOTOBJleHIDI BbmpBMHTenbHoro 3JIeMeHTa BbInOJIHKIOTCH B cJle.zry-

IOmeM nOpB)IKe:

BblpamHBaeTCB MOHOKpHCTaJIJIH'leCKHH cnHTOK KpeMHIDI C 30UHOH

O'lHCTKOH [7] H nempoBaHHeM B npoJ..{ecce BblpaIl.{HBaHIDI )IOHOpHLIMH

npHMecBMH (cpoccpop);

MOHOKpHCTaJIJIH'leCKHH CJillTOK n-THna C Y)IeJIbHbIM COnpOTIiBJleHHeM

100-120 OM'CM 06Ta'lHBaeTCB)I0 }.:(HaMeTpa CTep)KHB 13 - 100 MM;
C nOMOIl.{bIO aJIMa3HOrO }.:(HCKa 3arOTOBKa KpCMHHH pa3pe3aeTCB Ha

}.:(HCKH TOJIIl.{HHOH npHMepHo 0,4 MM;

}.:(HCKH UlJIH$yroTCH, O'lHmaIOTCB TpaBJleHHeM H YJIbTpa3BYKOM B )IeH-

OHH3HpoBaHHoH BO)Ie, HX nOBepxuoCTb )IemllOT MaToBoH;

Ha nOBepxHoCTb }.:(HCKa HaHOCHTCR pacTBop a30THCTOro amoMHHIDI H

60pHOH KHcnOTbI, ,Z:(HCK npocYUlMBaeTCB, nOMemaetcSI B ne'lL B KBapJ..{eBOH

aMnYJIe, r)Ie BbI,ll,ep)KHBaeTCB 8-10 'l npH TeMnepaType 1300 0c. IIpH 3TOM
Al H B }.:(H«!J«!JYH.LUfpyroT B KpeMHHH Ha my6HHY 80-100 MKM, 06Pa3YR
cnOH p-THna;
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J( PlfC. 2.2. CrpYKTjpa KpeMHlfC-
BOl'O 1I.HCKa, npollle,!J;lUero

AHclJclJY3H1O AI H B If 06pa60-
TaHHoro C oAHoii CTOpOHbl, H

rpacIJlfK KOH eHTpa HHnpHMe.
ceii B KpeMHHeBoii ruraCTHHe C

p-n-nepexoAoM

n

n P

AI
B

p .

Ene' N

TOH  :nOH CTOpOHbIJnlCKa C OHp-THna COIllJllIcpOBblBaeTCR, HaHOCHTCR
CJIOH HHKeIDI, KOTOpblll npH TeMnepa'Iype 600-700 °C

KpeMHlleM, B pe3YJlbTaTe nOJlY'1aeTCR KpeMHHeBblH JnlCK .naY       :
TpYKTypbI C p-n-nepexo.n:OM TOJIILtHHOH, npHMepHO 0,35 MM'

.n:H K npHmUmaeTCR npHnOeM K HH>KHeMY TepMOKOMneH HPYIOlJ..teMV
.n:HCKY,

.

CHHMaeTCR 4>acKa 3a)J,aHHOH 4>OPMbl'

nTO C::;  7CMOTpeHBepXHH" TepM KOMneHcaTOp,TO npHnaHBaeTCR

HaHOCHTCR 3alJ..tHTHOe nOKpblTHe 4>acKH.

.

I-h-3a pa31IH'1HH K034>4>Hl.\HeHTOB .n:H4>CPY3HH mfIOMHHHR H

:,   c H  IPOHHKHOBeHHRB KpeMHHH pa3JIH'1Ha, 6J1aro.n:apR '1eM O:O   
&u.aBHOe H3MeHeHHe KOHLteHTp

rpaHHLtaX pa31IH'1HbIX CJlOeB

aLtHH J1erHp}'IOIl.{HX npHMeCeH Ha

T01IU.\HHa 06e,lUIeHHOH 3 HbIW ( 2 2)
HOCTH H3-3a

nOB pHC. . YMeHbwaeTCH Y nOBepx-

06 a
a.n;copbLtHH n01IO)l(H1.'e1IbHbIX HOHOB pa3JIH'1HbIX MeT3JIJIOB H

P 30BaHHR n01IO)l(HTe1IbHOrO nOBepxllocTHoro 3apMa B
31.'01'0 HanpR)I(eHHOCTh 31IeK'rpH'1eCKOrO nOID!: E

. C1Ie.n:CTBHe

BLI3BaTb nOBepXHOCTHbIH np06 TT
nOB B03paCTaeT, 'ITO MO>KeT

n 060H
OH. ......1IH HCK1IIO'1eHHR nOBepxHocTHoro

p p--n-nepexo.n:a 60KOByIO nOBepXHOCl'b CKaWHB
K n1IOCKOCTH nepexo.n:a (.n:eJlaIOT cpacKY) (pHC. 2.3). Pa3J1   ::.n:06

Y

p

r1I

T

OM a

n npRMYIO cpacKH.
a H}'IO

I1pn 06paTHoH cpacKe Ce'1eHHe lUIaCTHHbl YMeHb1llaeTCR 0 +

CTOPOHY n-6a3bl. TOJIlI.\HHa C1IOH 003 H W
T P -CJlOH B

1lleHHeM rrra

nOB YBe1IH'IHBaIOTCR. C YMeHb-
Y a J])IHHa cpacKH YBenH'IHBaeTCH, a UanpH>KeHHOCTb nOJUI

YMeHbUIaeTCR. lJ,OCTaTOI.UlLIM RBID!:eTCH yr01I a
= 30-35° n

npHBO,lU1T K CY>KeHHIO W
. pHMaH cpacKa

06paTHaH 4>acKa.
nOB' n03ToMY B CH1IOBbIX .n:Ho.n:ax npHMeHReTCR

PHc. 23. 06paTHaR (a) H npJlMaH (6)
c1JacKH
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\ PHC. 2.4. AsyxcryneH'IaTbIe

06paTHaR (a) H npRMaR (6) c1JacKH

H3I'OTOB1IeHHR J(HO.n:OB Ha uanpH)KeHHe 4-5 KB HCnOJIb3YeTCR

KpeMHHH C y.n:eJIbHblM conpOTHBJIeUHeM P > 250 OM-CM. TOJIIl.{HHa CJlOR

003 }'BeJIH'1HBaeTCR .n:o 600 MKM. B 3TOM cJIyqae npHMeHIDOT ,nnyxcTYneH-

'1aTble 06paTH}'IO H npRMYIO cpacKH (pHC. 2.4). T01IIl.{HHa KpeMHHeBoH

nnaCTHHbl B BblCOKOBOJIbTUblX .IUw.n:ax cYIl.{eCTBeHHo B03paCTaeT. BMeCTe

C HeH YBe1IH'1HBaIOTcsr npHMoe HanpR)KeHHe H cpe,lUiHH MOIl.{HOCTh narepb.

TaK B03HHKaeT J(HaJIeKTH'1eCKOe npoTHBOpe'1He: YBeJIH'1eHHe HanpR>KeHHR

J(Ho.u.a CTaHOBHTCH B03MO>KHbIM npH CUH)I(eUHH MaKCHMaJIbHOro npRMoro

TOKa. )J,JIH H36e)l(aHHH :noro npoTHBOpe'1HH npHMeHHeTCR ,nnyxCTYneH'1a-

TaH 4>acKa. Ee BbIn01IWUOT TaK, 'lTo6bl p-n-nepexo.n: pacnpocTpaHH1ICH
Ha

nclO TOJIIl.{HHY n-CJIOR. TorAa MO)l(}{O COKpaTHTb TOJlIl.{HUY n-CJIOR npH TOM

)l(e UanpR)I(eHHH np060R H 3TI1M YMeHbWHTb npRMble nOTepH 3HeprHH.

HCKJIlO'1eHIDl nOBepXHOCTHoro npo60R p-n-nepexo.n: HHor.n:a H3-

rOTaBJIHBalOT TaK, '-!T06bl wHpHHa ero 6blJIa He OJnlHaKOBOH no nJlOIl.{a,u,H

KpeMHHeBOH n1IaCTIlHbI (pHC. 2.5). 061IaCTb p-n-nepexo.n:a C 60JIb1lleH

WHpHHOH Ha3bIBaIOT OXpa1l1lbLM KORblioM. D1Iaro.n:apR 3TOMY HanpR)I(eUHe

np060R YBe1IH'1HBaeTCR, H nOBepxHocntbIH npo6oH Jnlo.n:OB CTaHOBHTCR

MaJIOBepORTHbIM. KpeMHHeBaH CTpYKTypa C oxpaHHbIM KOJIbl.\OM HCnOJIb-

3yeTcR B JIaBHHUblX J(Ho.n:ax, .n:onycKaIOll(HX npoTeKaHHe 3Ha'1HTeJIbHbIX

06paTHbix TOKOB npH 06'LeMHOM JIaBHHHOM np060e.

KpeMuHH BeCbMa xpynKHH MaTepHaJI. .AHaMeTp J(HCKa B CHJIOBbtX JnI-

o.n:ax MO)l(eT .n:OCTIlraTb 100 MM H 60Jlee npH TOJIIl.{HUe npHMepHo 0,5 MM.

,[(m1 YBe1IH'1eHHH MeXaHH'1eCKOH npO'1HOCTH KpeMHHeBOH nJIaCTHHbl ee

c06HpaIOT C TepMOKOMneHcaTopaMH, KOTopble npe.n:CTaBID!:IOT C060H

J(HCKH H3 BOJIbcppaMa HJIH MOJIH6.n:eHa C K03cpcpHLtHeHTOM JIHUeHHoro pac-

IIIHpeUHR npHMepHo 4,2'10-6 Ire. KpeMHHeBaH nJIacTHHa C p-n-nepexo-

.n:OM H TepMOKOMneHcaTopaMH Ha3blBaeTCSI. 6bmpRMUmeRb1lbLM ::meMeHmOM.

TaKYIO nJIaCTHHY BbInOJIUHIOT C naHHblMH H ClUIaBHblMH KOHTaKTaMH.

naRHble KOHTaKThI (pHC. 2.6, a) BbIn01IIDIIOTCR npH J(HaMeTpe KpeMHHSl .n:o

30 MM uaueceHHeM CJlOeB UHKeID!: 4, 5 H npHnaHKH HH)I(HerO 1 H BepxHero

PHc. 2.5. KpeMHHeBail ruraCTHHa C oxpaHHblM

KOJIhUOM

/

/
/p
/ \

n"

n

IJ+
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1 345 3 5 PIlC. 2.6. BblHpHMH1'CJIbHLIH
JneMeH1' C naRHblMH (a) H co
CllnaBHLlMH (6) KOHTaKTaMH

Hc HcnOnb3YeTCH H 3aBaJIb1.{OBKa.
eTCH, IfT06bl H36c)KaTb 3arpH3HCHHSI.., IDI H PCJlbCcpHO-KOH]1.,CHCaTOpHaHllIHpoKO npHMCHHeTCH aprOlmO-]1.,YIOB

(KOHTaKTHaH) CBapKa.
HblMH KOHTaKTaMH (CM. pHC. 2.7, 6) npH

B lllTblpCBblX ]1.,HO]1.,ax C npH)KHM
1 T 13 0 32 MM Kopnyc COCTO-

]1.,HaMeTpax BbmpRMHTCJlbHblX 3ncM H  BKP:IlllK: BlonOlfaIOll\CH B CC6R
HT H3 OCHOBaHlUI 2 co wnHJ1bKOH,

3 'H MC]1.,HV1O Tpy6KY 7. K-

P 4 CTaJIbHyIO MaH)Kery JW

KcpaMHlfccKHH H30llilTO,
_

10 BHyrpCHHHH BbIBO]1., 5aHH CTaJIbHOH CTaKaH .

OCHOBaHHIO Kopnyca npHn

YMCHblllCHHR )KCCTKOCTH. BHCW-
H3 MC]1.,H BbmOnIDIeTCH C npopc3HMH )J.JllI

MCrruOH Tpy6KC 7 H
6 H onpcccoBbIBaHHcM B .......HHH BbIBO]1., 3aKpcnllilcTc

Ha H30llilTOpC 9 pacnonmKcHbl TapCJlb-3aKaHlfHBaeTCH HaKOHClfHHKOM.
KC no]1., n CCCOM C]1.,aBnHBaIOTCH ]1.,0

lfaTblC npY:>KHHbl 8 , KOTOPbl
6

C npH c60p
TnC6YCM C]1.,aBnCHHC (npHMcpHO-

IfT06bl 0 ccnClfHTh yTaKOH CTenCHH,

ax MC)K]1.,Y BbmpRMHTcnbHblM 3JICMCHTOM
104 KITa) Ha npH)KHMHblX KOHTaKT

M BblBOTTOM 5 KaK TOJlbKO ]1.,OCTH-2 HyrpCHHHM CHnOBbl .....

  ::O::: ; 1I.H::C]1.,aBnCHHC, nonO)KCHHC TapcJl
K

b

a::T;g' =y
H

O :  : H KpOMKH CTaJIbHOro CTa .

PYeTCH HaKaTOM BepXHC

HTOM H Me:>K.ilY BbmpHMHTcnbHblM 3JICMCH-
HCM H BbmpRMHTcnbHblM 3nCMCH

M YCTaHaBJIHBaIOTCR
TOHKHC npOKna]1.,KHH BHYTPCHHHM BbIBO]1.,OTOM

_

100 MKM H3 OTO)K)l(CHHOro ccpc6pa HnH ]1.,pyroroTOnll\HHOH npHMcpHO

3 TCpMoKoMncHcaTopoB C nocnc]1.,}'IOll\HM HaHCCCHHeM 3al1 HTHOrocnOH
KOMnaYH,D;a 2. OCHOBHblM HC]1.,OCTaTKOM naHHblX KOHTaKTOB RBllileTCR HX
OTHOCHTCJlbHO 6blCTpOC pa3pYWCHHC npH I.{HKJIH'fCCKHX H3MCHCHHHX TCM-

ncpaTypbl oKpY)KaIOll\CH CpCJ{bI. IT03TOMY npH ]1.,HaMeTpax KpCMHlUI 60JICC
12-13 MM, KaK npaBHno, Hcnonb3YIOT KOHCTpYKI.{HIO 3nCMCHTa co cnnaB-
HblM KOHTaKTOM (pHC. 2.6, 6). KpcMHHcBaH nnaCTHHa co CTOpOHblp+-cnoH
CnnaBJUleTCH C TCpMoKoMneHcaTopoM 1 nOCpC]1.,CTBOM aJIIOMHHHCBOH (CH-
nYMHHoBOH) cpOJIbm TOnll\HHOH ]1.,0 30-40 MKM. CO CTOpOHbl n+-cnOH
nnaCTHHa MeTaJIJIH3HpYCTCR B PC3YJlbTaTC HanbmCHIDl B BaKYYMc cnOH
aJIIOMHHHH 3 TOnl1 HHOH10-20 MKM. 3aTeM CHHMaeTCH cpacKa H nocJlc
OlfHCTI<H HaHOCHTCH CJlOH KOMnaYH,D;a 2.

TOJlll\HHa TepMoKoMncHcaTopa 3aBHCHT OT ]1.,HaMeTpa KpCMHIDl: npH
):U'IaMCTpC 10-16 MM OHa COCTaBllileT 1 MM, a,lJ,lliI KpCMHHH WfaMeTpOM
50 MM H Bblllle ]1.,OCTHraeT 2-3 MM.

KOHCTpYKU,HH CUJIOBLIX }.{HOAOB. BbmpHMHTeJlbHblC 3JICMeHThI ,lJ,lliI 3a-
ll\HTbl OT BHClllHcro B03]1.,eHCTBHH, TeIDIOOTBO]1.,a H Y]1.,06CTBa MOHTa)Ka

c06HpaIOTCH B repMeTHlfHOM Kopnyce pa3nHlfHOH KOHC1pYKI.J;HH. RaH6e-
JICC pacnpOCTpaHeHbl lllTblpCBaH (pHC. 2.7) H Ta6neTOlfHaH (PHC. 2.8)
CPOPMbl KOHC1pYKI.{HH.

B CHnOBblX }.{Ho.u.ax lllThlpCBOH KOHCTpYKI.{HH KOHTaKThI MCiIi,L\Y BbmpH-
MHTcnbHblMH 3neMeHTaMH H ]1.,eTaJIHMH Kopnyca MOryr 6bITb naHHblMH H
npH)KHMHbIMH. B ]1.,Ho)J:ax C naHHblMH KOHTaKTaMH (CM. pHC. 2.7, a) H

]1.,HaMcTpoM BbmpHMIITCJlbHOrO 3nCMCHTa OT 10]1.,013 MM Kopnyc COCTOHT
H3 MC]1.,HOrO OCHOBaHHH 2 B BH,L(e lllcCTHrpaHHHKa C pa3MCpaMH no]1., KJIIOIf
11, 13, 17, 22, 27, 32 H 44 MM, CTaJIbHOH HJlH KOBapoBoH BTYJIKH 3,
KOBapOBoro HJIH CTaJIbHOrO KOJlbQa 4, CTeK.IDlHHOro H30rurropa 5, BHyr-
pCIIHero 6 H BHelllHero 8 Me]1.,HbiX m6KHx BbI80]1.,OB, npOXO]1.,HOH Tpy6KH C

neperOpO)J,KOH 9 ,lJ,lliI 3aKpcnncHIDl m6KHx BbIBO)J:OB, npHBapcHHoH K 1130-

JUlTOPY. BbmpHMHTenbHblH 3JICMCHT 1 npHnaHBaeTCH K OCHOBaHHIO 2 H K

mUKoMY BbIBO.n:y 6 C HCnOJIb30BaHHCM npOMC)KyrolfHoH lfalllCIfKH 10.
BnclIIIIHc BbIBOJU,1 06pa3}'1OT HaKOHClfHHK 7 H lllnHJlbKa 11, C nOMOll\bIO
KO ropOH MO]1., KpenHTCR B OXJIa]1.,HTCJlC. KOJlbl.{o 4 BblCoKoTcMnepaTypHblM
IIIHIIIOCM npHnaHBaeTCR K Kopnycy, a BTyJIKa 3 HH)KHHM OCHOBaHHCM
IIpllII.lIIDaCTCR K 3TOMY KOnbl.J;y, IfCM C03]1.,aeTCSI repMcrn3aQHR Kopnyca.
I JIJII rpMCTH3al.(HH KopnycoB naHKa KpbIlllKH K OCHOBaHHlO HC npHMcIDI-
GO
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MaTepHaJIa. Pa3MepbI Kopnyca
lJ.HOJI.a I, N. D. W (CM. pHC. 2.7, 6)
3aBHCRT OT JI.HaMeTpa BbmpRMHTe-
JIbHOro :meMeHTa: 1= 18 + 110 MM

N = II + 19 MM, D = 12 of. 45 MM'
W = M5 + M24.

'

npHMeHRIOTCR TaK>Ke lIITblpe-
Bble lJ.H0JI.b1 co CnCl\Ham,HblM KOp-

nYCOM: C nJIOCKHM OCHOBaHHeM H

nolI. 3anpcccoBKY [7].
B Ta6JIeT01:fUbIX JI.HOJI.ax (CM.

pHC. 2.8) BLmpHMHTeJIbUblii 3JIe-

MeHT 1 pacnOJIO>KeH Me>KJI.Y MCJI.HbI-
MH OCHOBaHHRMH 2 H 8. ...TJ.lliI no-

BbllIIeHIUI Ka1:feCTBa npH>KHMHbIX
KOHTaKTOB MC)K):{y OCHOBaUHRMH H

BbmpHMHTeJIbHbIM 3JIeMeHTOM yc-
TaUaBJIHBaIOT npOKJIaJI.KH 9 TOJI-
U{HHOii 100-200 MKM H3 OTO>K-
>KeHUOrO cepe6pa HlIH JI.pyroro Ma-

TepmUla. K KCpaMH'IeCKoMY KOp-
nycy 4 BbIcoKoTeMnepaTypubIM

npHnoeM npHnaHubI TOHKHC MaH>KeTbI 3 H 5 H3 MeJI.H HJIH KOBapa. OCHO-
BaHHC 1 npHnaHBaeTCH K MaH>KeTe 3 JI.O C60pKH. AUaJIOrH'IHO npHnaHBa-
eTCH K OCHOBaUHIO 8 MeJl.f-laH MeM6paua 6. )J:JUI UCHTpOBKH BbmpRMHTCJlb-

: ro
3JIeMeHTa npHMCURCTCR H30JUITOp 7. nOCJIe C60PKH Kopnyc repMeTH-

PYIOT npHMeHeHHeM XOJIo,lUIoii cBapKH HapY>KHbIX KpOMOK MaH>KCTbI 5
H MeM6paHbJ 6. Hco6xo,lUIMoe ,n:aBJIeHHe Ha npH>KHMHbIX KOHTaKTax B
Ta6JIeTOtIHbIX JI.HOJI.ax 06ecnetIHBaeTcR TOJIbKO npH ux c60pKe C oxnaJl.fi
TeJUIMH. npH 3TOM 3HaqeHHe oceBoro YCHJIHR Ha JI.HOJI. HopMHpyeTcR OT I 
,n:o 26 KH H BbUlIe B 3aBHCHMOCTH 01' JI.HaMeTpa BbmpRMHTeJIbUOro 3JIe
MCHTa.

-

Pa3Mepbl Ta6JICTOqUoro JI.HOJI.a D H A (CM. pHC. 2.8) 3aBHCRT OT JI.HaMCT-

pa BbmpRMHTCJIbHoro 3JICMCHTa: D = 54 + 100 MM H 60JIec, A = 20 + 26 MM
IIapaMeTpLI H 0603Ua'IeHHe CIfJIOBblX JI.IIO,l.{OB. OCuoBHbIe 3JIeKTpHqeC 

KHe, TenJIOBble, MeXaHHqeCKHC U JI.pyrHe cBoiiCTBa npH60poB onpeJI.cmuoT-
C}l napaMCTpaMH H HX xapaKTcpHCTHKaMH. napaMeTpbl CHJIOBblX nOJI _

npOBO,ZI,UHKOBblX npH60poB MorYT 6blTh npCJI.eJlbHO JI.OnycTIlMbIMH H x -
paKTcpH3YIO HMH.

npeJI.eJIbHO JI.onYC1HMOC 3HaQCHHe -- 3TO TaKoe 3UaqeUHe napaMeTpa
npH60pa, npcBbI?IeHHe KOToporo MO>KeT npHBeCTH K nOBpe)f(JI.eHHIO npH-
60pa.  apaKTcpH3yroll{HiinapaMeTp - 3"1'0 3HaQeHHC napaMeTpa, KOTO-

poe 01pa>KaCT onpCJI.CJICHHOC CBoiiCTBO npH60pa.
52
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PHC. 2.8. KOHCTpYKI HSITa6nCTO'iHoro

AlIOAa

Bee napaMeTpbI npH6opoB 0603Ha'iaIOTCH 6YKBaMH JIaTHHCKoro aJI$a 

BHTa: OCHOBHbIe 6yKBbl nponHcHbIe (,lI,JUI HMnYJIbCHbIX, CpeJI.HHX, noCTO-

RHUbIX H JI.CMCTBYIOrn.HX 3UaQCHHii) H CTpOI.J:HbIC (JUUI MrHOBeHHbIX 3Ha'ie-

HHii, H3MeHHlOIl{HXCR 80 BpeMCUH), HMeKCLI B OCHOBHOM nponHCHbIMH

6yKBaMH (UCKJllQQCHHe COCTaBIDIIOT 0603HaQCHHSl npCJI.CJIbHbIX 3UaQCHHii

max --, MaKCHMaJIbHOe, min - MHUHMaJIhHOe, crit -- KpHTII'ieCKOe U

HCKOTOpblX APyn1x).
nepeI.J:CHb OCHOBHblX napaMeTpOB 'wWJI.OB H ux 0603HaI.J:eHIDI npHBeJI.e-

HbI HH>Ke.

[[0 1IanpR:J/CellU1<J

URRM
- npeJI.CJIbHOC nOBTOpHlOrn.eccH uMnYJIbCHOe 06paTHoe uanp}l-

>KeHHC;
URSM

- npCJI.CJIbHOC HCnOBTOp}lIOrn.eccR HMnyJIbCHOC 06paTHoc HanpR-

)KeHHe;
UFM

- HMnYJlbCHOe npHMoe HanpH)KeUHC (xapaKTCpH3YIOrn.ee 3Ua'ie-

HHe);
UTO
- noporoBoc UanpH>KeHHe (xapaKTepH3YIOIllce 3Ha'ieHHe).

no mOKY

IFA Vmax
- npeACJIbUbIii MaKCHMam,HO JI.OnYCTHMbIii Cpc.n.uHii npRMoii

TOK;
IFSM

- npeJI.CJIbHbIM YJI.apHbIii HcnOBTOp}lIOrn.HiicR npRMoii TOK;

IRRM
- nOBTOpHJOrn.Hiicx HMnYJlbcHbIii 06parnbIii TOK (xapaKTepH3YIO-

rn.CC 3Ha'ieHHc).

no conpOmU6JleliU1<J

'T - JI.H$$epcHI.\HaJIbUOC conpOTHBJIeHHC (xapaKTepH3YIOrn.ce 3HaQe-

HHC).

no KOMMymal./UOliliblM R6J/eltURM

Qrr - 3apRJI. BOCCTaHOBJICHHH (xapaKTepH3yrorn.ec 3HaQeHHe);

t
rr
- BpCMR 06parnoro BOCCTaUOBJIeUlUI (XapaKTepH3yrorn.ee 3HaQC-

HHe).

[[0 melVl06blM R6J/eUURM

T
)

. ,T)..
- npCJI.eJIbHble TCMnepaTYpbl p-n-nepexoJI.a COOTBCTCT-

max mtn
BeHHO MaKCHMaJIbHO H MHUHMaJIbHO JI.OnYCTHMbIe;

R'hjc - TCnnOBOe COnpOTHBJIeHHe "nepCXO,n:-Kopnyc" (XapaKTCpH3Yro-
rn.ee 3HaQellHe).

no MCXaHHQCCKOii HarpY3Ke K OCUOBHblM napaMeTpaM JI.HOJI.OB OTHO-

CRTCH npeAeJIbHble KpyrHlI.{Hii MOMenT H oceBoe YCHJlHe C)KaTIDI (WllI Ta6-

JICTOQHblX), no Ha)J.e)KHOCTH
- BepOHTHOCTh 6e30TKa3HOii pa60ThI B Te'ie-

HHe 25 000 Q.

OCHOBuoii XapaKTepHCTIlKOii JI.HoJI.a HBJIHCTCR BOJIbT-aMnepHaH xapaK-

TepUCTIlKa (pHC. 2.9), KOTOpaH C'lpOHTCR B HMnYJIbCHbIX (MrHOBeHublx)
3HaQCHHHX i/...uF)'
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lR,mA

PHC. 2.9. BonbT-mmepHalJ xapaKTepHCTHKa H napaMeTpbl Ta6JleTO'iHOrO AHOM

,[(mI npe06pa30BaHiUl Cpe}J.HHx 3HaqeHHH O}J.HononynepHO}J.HOrO CHHY-
COHAaJIbHOrO TOKa IFAV B HMnYIlbCHble aMllnHTY}J.Hble 3HaqeHHH IFM HC-

nOJlb3YeTCH COOTHOllleHHe I
FA V

= IFMhr.
llOBTOpHlOmeecH HMnYJIbCHOe HarrpH)I(eHHe URRM

- 3TO HaH60JIblllee
HMnYJlbCHOe 3HaqeHHe 06parnoro HanpH)I(eHIDl, BKJUOqalOmee B ce6H Bce

nOBTopHlOlI.{HecH nepeXO.II.Hble, HO HCKJIIOqalOmee Bce HenOBTOpHlOl1 HeCH
nepeXO}J.Hble HanpH)I(eHHH (PHC. 2.10).

3HaqeHHe nOBTOpHIOmerocH HanpH)I(eHHH ,lJ,lliI .II.Ho.n;a YCTaHaBJlHBa-
eTCH B 3aBHCHMOCTH OT HanpH)I(eHHH np060H UBR (CM. pHC. 2.9).
qHcno COTeH BOJIbT nOBTOpHlOmerOCH UanpH)I(eHHH onpe.D;eJUleT Knacc

 O.D;a:
K = URRMI100. Pa60qee .n;onYCTHMOe HanpH)I(eHHe URWM

=

- (0,7 + 0,8)URRM.

I1MnynbcHoe npHMoe HanpH)I(eHHe UFM onpe.n;eJUleTCH npH TOKe

IFAVm' YMHO)l(eHUOM Ha qHCnO 3'(. llpHMaH BeTab BAX annpOKCHMH-
PyeTcH no TOqKaM K H L, nonyqeUHblM npH npHMblx TOKax

0,53'( IFAV H 1,53'( IFAV .

mu rnu

UF

t

PHC. 2.10. I'pacIJHK nOBTopH-

IDWlXcHHHmo opmo  
CII HMnYJIbCHblX HanpH)J(e-

HHH
UII
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TOK IFAVrnax - 3TO MaKCHMaJlbHOe .n;onYCTHMOe cpe}J.Hee 3a nepHO.n;

3HaqeUHe npSlMoro TOKa, AJlHTeJlbHO npOTeKaIOmero qepe3 1I,H0)1., onpe.n;e-

IDIeTCH npH 3a.u.aUUOH TeMnepaTYpe Kopnyca Te, npHHHMaeMOH paaHoH
100-125 °c B cxeMe oJ],HonoJlynepHOJ],HOrO BbmpHMJleHHH CHHYCOH,/J,aJlb-

HOro TOKa qaCTOTOH 50 n... npH 3TOM nOJlynpoBO}J.HHKOBaH CTpYKTYpa He

.n;Oll)l(Ha HarpeBaTbCH Bblllle 3HaqeHIDl Tjrnax. TOKOM IFAvrnax onpe.n;eIDIeTCH

THn .D;Ho)J;a.

TOK IFSM onpe)J;eJUleT )1.0nycTHMoe 3HaqeHHe O)J;HHO'IHOrO HMnYllbca

npHMoro TOKa CHHYCOH,/J,aJlbHOH cl10pMbl,WIHTeIlbHOCTblO 10 MC B aBapHH-

HOM pe)l(HMe. 06blqHO IFSM - (15 + 20) IFAvrnax'

TeMnepaTYPa nOJlynpOBO}J.HHKOBOH CTp}'KTYPbl BBH HeO}J.HO-

pO}J.HOCTH ee onpe.n;eJUleTcJJ KaK HeKoTopoe ycpe}J.HeHHOe 3Ha'leHHe,

H3MepHeMoe B cpe}J.HeM 3a nepHo)J; TOKa. BeJlH'IHHa oTpa)l(aeT
rnax

MaKCHMaJlbHO .n;onYCTHMOe 3HaqeHHe TeMnepaTYpbl HarpeBa CTpYKTYpbl.

3To 3HaqeHHe AJUI )J;HO)J;OB 06bl'.J:HO 140°C. )VuI HOBblX npH6opoB
= 190°C AJUI .II.HO.n;OB C URRM .n;o 1600 B, = 175°C

 ax.D;HO.n;OBC URRM .n;o 2800 B, = 150°C AJUI .I&8.n;OB C URRM

)1.0 4000 B.
rnax

HarpeBaHHe CTpYKTYPbl onpe.n;eJUleTCH nOTepHMH B )J;Ho)J;e OT npoTeKa-

HIDl rrpHMoro H 06paTHoro TOKOB.

Cpe}J.Hee 3HaqeHHe nOTepb 3a nepHo)J; T

tl T

Ptot- PF+ PR - (fUFiFdt+fURiRdt)
.

(0 'I

(2.1)

llpH CHUYCOH,/J,aJlbUOM TOKe 'IaCTOTOH 50 n.\ nOTepH OT o6parnoro
TOKa PR COCTaBIDIIOT (5-10) % nOTepb PE' ll03TOMY B HH)I(eHepHOH

npaKTHKe qaCTO onpe.n;ellillOT nHlllb nOTepH OT npHMoro TOKa PF. HCnOllb-

3YH napaMeTpbI annpoKcHMHpoBaHHoH BAX:

UF= UTa + iFrr (2.2)

llo.n;CTaBJOOI BbIpa)l(eHHe (2.1) B «IJOPMYJlY (2.2), nOJlY'lHM

712 712 712

PF- f(UTO+iFrT)iFdt- UTo fiFdt+rT fi dt.
o 0 0

(2.3)

1 1 2 2

rAe r!iFdt-IFAV- cpeAHee 3Ha'leHHe npHMoro TOKa; r!'Fdt-IFRMS
-

KB8.)J.pa1' AeH-

o 0

CTBYIO ero3Ha'leHHH npHMoro TOKa.
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C YI.J:CTOM COOTHOUlCHlliI (2.3) Bblpa)f(eHHC .zunI. nOTepb

JnlO.n:c npHMcT BH.n::

MOll.\HOCT" B
x-

222
PF- UToIFAv+rTIFRMS= UToIFAv+r7'k4JIFAV, (2.4)

r k
lFRMS

1I,e cI>
-

[FAV KOJclJ4JH eHTc1JOPMLI TOKa.

)J,JHI CHHYCOHJJ:b1 k4J = 1,57, a JJ:.illI .n:Pyn1x 4>OpM TOKa k4J 3aBHCHT 01'

ymoB npOBOJnlMOCTH H ynpaBJICHHH [15].
OTHOUlCHHC pa3HocTH TCMncparyp HarpcBa nonynpoBo.n:HHKOBOH

CTp}'K1'ypbl " Kopnyca K MOll.\HOCTH nOTcpb B JnlO.n:c B YCTaHOBHBUlCMCR

PC)f( M
C

C

IB
Pa60Tbl Ha3blBaeTCR menn06blM conpomu6J/ellueM nepexoO-Ko'P-

nyc, 1.

5gl( bI,!jKa3616aIOIiJ,Ue  uDU noD uD

nopRDl(o 61U.HOHep HOiJUtpUK4U,UU
KOHcmpgKIJ,UU

liutpp.o, KonupglOliJ,an p03Hep noD MIOY
UJ7U DuoHemp malftremKU

lI.urppo, KoDupglOw,aR ucnOIlHfHue Iwpnyca
;Juona

Cpe;JHuu npRMOu. mOK, A

3HOl< o6pamHOu. npo6oDuMor:mu
/(llacc

rpgnno no apeHeHu olfpamHozo
Hor:cmaHo6AeHuR
npeDeA61 no uHngAbr:HoHg npRHoH!j
HanpRH(eHUIO

Tj- Tc
Rrhje -

PF
. (2.5)

PHC. 2.12. PaclllHclJpOBKa YCIIOBJlOrO 6YKBeHHO-L\HclJpoBOI"O 0603J1a'ieHHII CHIIOBblX AHOAOB

HanpHMCp, ,lJ,161-200X-12-I,25-1,35
- .lU1O.n: IllTblpCBOro HcnonHCHIDl

C m6KHM BbIBO.n:OM, HOMep MOJnl4>HKaUHH KOHCTpYKQHH 1, pa3MCp UlCC-

THrpaHHHKa no.n: KJllO'! 32 MM, Ha MaKCHMaJIbHO Jl.Onyc1'HMblH CpC.II.HHH

npSlMoH TOK 200 A, 06paTHoii nOJUlpHOCTH, 12-1'0 KJlaCca, C HCHOPMHPYC-

MbIM BpCMCHCM 06paTHoro BOCCTaHOBnCHlliI, C HMnYJlbcHbIM npRMbiM Ha-

npSl)f(CHHCM 1,25-1,35 B [27].

B npHnO)f(CHHH I npHBc.n:eHbl OCHOBHblC .n:aHHbIC COBpCMCHHbIX OTCqC-

CTBCHHblX CHnOBblX Jl,HO.n:OB.

B3aHMOCBH3b OCHOBHLlX napaMeTpoB CHJlOBblX Jl,HO,1J.OB. ,lJ,IDI npHMc-

HCHlliI JnlO.n:OB Ba)l(HO 3HaTb 3aBHCHMOCTH pa3nH'lHbIX napaMeTpoB OT

YCJIOBHH H PC)f(HMOB HX pa60Tbl. 3TH 3aBHCHMOCTH npHBo,WlTcR B

KaTaJlO)l(HO-CnpaBO':lHbIX H HH4>opMaQHoHHblX MaTCpHaJIax Ha CHJlOBbIC

Jl,HOAbI. PaccMOTpHM HaH60ncc xapaKrepHblc H3 3THX 3aBHCHMOCTeH.

npH HCKOTOpOM CpC.n:HCM npRMoM TOKC IFA V B JnlO.n:c BbI,n;CJUIIOTCSl

nOTcpH MOII.\HOCTH PF" 31'OH MOII.{HOCTH COOTBCTCTBYeT TCMneparypa

HarpcBa nonynpOBOJJ.HHKOBOii CTpYKTYPbl T, KOTOpaSl HC .n:OJDKHa npc-

BblUlaTb MaKCHMaJIbHO .n:onycTHMoro 3HaQCIlHH Tjrnaxo TCMncparypa 1]

npH .n:aHHoii MOII.{HOCTH nOTcpb PF onpc.n:cIDIeTCH HH1'CHCHBHOCTbIO

OTBo.n:a BblJJ:CnHBUlCHcR TCnnOThl, onpc.n:cIDIcMOii TenJlOBblM COnpOTHB-

nCHHCM. nonHoc TCnJlOBOC conpoTHBncHHc ncpcxo.n:--oKpY)l(alOlI.{aJi

cpc.n:a Rrhja
BKJllOQaeT B CC6H TCnJlOBblC COnpOTHBJlCHlliI nepcxo.n:--KOp-

nyc Rrhje , OXJHl)J,H1'CJUI Rrhfa
H KOH1'aKTa Kopnyc--oxna,roncJIb R

rhel
B

COCTOIDIHH TCnJlOBOrO paBHOBCClliI MOll.\HOCTb BbIJJ:CIDllOll.\HXCSI nOTcpb

PF npH npoTcKaHHH TOKa IFAV [Bblpa)l(CHHC (2.4)] panHa MomHOcm,

OTBO,1.l,HMOH OT nonynpoBoJJ:HHKOBOH CTpYKTYPbl H cornaCHO BblpaJKC-

Hmo (2.5), onpc.n:cJUlcMoii COOTHOUlCHHHMH:

T
npH

p
H3MCpCHHHX R

rhje I.J:CpC3 JJ:H0.n: nponYCKalOT nOCTORHHblH TOK
or.n:a

-

U I U I
.

F
-

F F, r.n:c F H F
- COOTBCTCTBCHHO 3HaI.J:CHHR npRMblx

HanpR)I(CHHH H TOKa.

lllH; YQeTOM npoQCCCOB PCKoM6HHaWfH HOCHTcncii 3apR.n:oB, HaKonHB-
CR B 003 nocnc npOXO)f(JJ:CHHSl npRMoro TOKa, BOCCTaHOBnCHHC

HcnpOBo,roUl(cro COCTORHHH p-ll-ncpcxo.n:a ):(JIH1'CH HCKOTOpOC BpCMH
Ha3bIBaCMOC npCMCHCM o6paml1020 60ccmal106J/ellWl t (PH' 2 II) Bpc

'

t -t+t
rr  ... MR

rr
-

s f' r.n:c t
s

-

BpCMH 3ana3JJ:blBaHHSl 06paTHoro HanpR)f(CHHSl
--

BpCMR cna.n:a 06paTHoro TOKa nocnc OKOHl.J:aHHH PCKOM6HHa H 
HCOCHOBHblX HOCHTCJICH. ,lJ,ml 06bII.J:HbiX JnlO.n:OB t = 5 + 8 MKC a

)])IH 6blCTpOBOcC1'aHaBnHBalOIl(HXCR .n:01liI MHKPOCC:YIIJJ:bI
·

3apM 06paTHoro BOCCTaHOBnCHlliI Q COCTaBJUleT CO HH
MHKpoKynoH.

rr H TbICH'iH

YcnoBHoc 0603HaI.J:CHHC THna CHnOBMX JJ:HO.n:OB COCTOIIT H3 6)'KB H

UH4>P, YKa3J BalOll.\HXcro BH.ll, no,ABH.ll, MOJnl4>llKaQHlO, MaKCHMaJlbHbIH

(npc.n:cnbHbm) TOK B aMncpax, KJIaCC B COTHHX BonbT nOBTOpHIOll.\CrOcR

HanpH)I(CHIUl, I'PYlmy no npcMeHH BOCC1'aHOBJlCHHSl H npc.n:eJIbI HMnYJIbC-
Horo npHMoro HanpR)f(eHHSl (PHC. 2.12).

PHC. 2.11. rpacIJHK H3MeHeHllJl TOKa

AHOAa H 3apl11I.a 06pal110l'0 BOCCTaHOB-
JIeHHSI

t

LI!
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npH KOUTpOJlHpyeMoH TeMnepaTYPe Kopnyca

PF-
Tj- Tc

Rthjc
'

npH Y'ieTe TeMnepaTYpbI OKpYX<aIOU{eii: CPeJ(bI

P Tj- Ta
F- .

Rthja

ComaCHO 3TOMY

U. I
22 T.- T.'

TO FAv+TTk$IFAV- R

J
-

..I , (26)lhJI
.

rAe Tt I{ R,hji - COOTBeTCTBeHHO TeMne II a

TeMnepaTYPbl Kopnyca HJlH OXJIa...." 
_
p 1YP If TennOBoe COnpOTHBJIeHl{e npH Y'ieTe

.........lOllteH cpe)J.bl.

PerneHHeM KB3Jq)aTHoro yp (2 6)
'ieHHH npHMoro TOKa "BneYAT.

aBHeHHH . OTHOCHTeJIbHO cpe,mIero 3Ha-
11 ,,,,,,,,CH BbIpax<eHHe

IFAV- (
UTa

)
Tj - Ti UTO

2
+

2 --z--
2k$TT k TTRthji 2k$TT

AHaJIH3 BbIpax<eHIDI (2 7) n

.n;onycTUMbIii: TOK J, YM H
OKa3bIBaeT, liTO C YBeJlH'ieHHeM UTO

CHH)I(eHHe TenJIOIr; c  a : eCpOCTOM -

YBeJlH'iHBaeTCH.

'ieHHIO .n;OnYCTHMOrO TOKa Han
HIDI TaK)I(e npHBO,lUiT K YBeJIH-

pM annpOKCHMHpoBaHHO BA Hr.;;P' I o.n;a,HMe U{eronapa
MeT-

npH TeMnepaTYpe Kopnyca T. = [800C'
2 B, rT

- 0,70-10-3 OM,

Rth ' = 0 Is 0
C'/BT M

c , TenJlOBOM COnpOTHBJleUHH

I}C' ,aKCHMaJIbHOH .n;ony
npOBO,mIHKOBOH CTpYKTYPbI T.. = 140  HMOHTeMnepaTYpe nOJIY-

k$ = 1,57 nOJlY'iHM:
J roax H K03«IJ«IJHQHeHTe «IJOPMbI

(2.7)

IFAV- (
1,12

)
2 140-100

2. 1,57
2

. 0,7 - 10-
3 +

1,57' 0,7' 10-
3

. 0,15

_

1,12 1 2

2 - 1,57
2

. 0,7 . 10-3
-

V(323,7) + 154000 - 323,7 -

- VlO4782 + 154000 - 323,7 - ¥258782 - 323,7 - 505 - 323,7 .180A.

YCJlOBIDI OXJIa)K,!J;eHIDI H «IJ0pMa
IIHe ,l(OnYCTHMoro TOKa KOHKpeTHO

TO

ro

Ka cyU{eCTBeHHo BJlHJUOT Ha H3MeHe-

B

TUna ,lUio,l(a
aX<Hoe 3Ha'ieHHe HMelOT 3aBHCHMOCTH

-

MCIIH npoTeKaHIDI TOK ne e

TOKa neperpY3KH IFOV OT Bpe-

110£'O .n;onYCTHMO TOKa IP rpY3KH, npeBbIrnaIOU{HH 3HaqeHHe MHTeJIb-

FAI'mu.'
3a BpeMH neperpY3KH He .n;OJDKeH BbI3bI-

 :Tb
HarpeBaHHe nonynpOBO,mIHKOBOH CTpYKTYPbI BbIIlle MaKCHMaJIbHO

PHC. 2.13. 3aBI{CHMOCTb MaKCHM<!iIbHO 1I.0-

nycTHMoI'O npllMoro TOKa nepeI'pY3KH

I FOY 01' BpeMeHH t npH paJJIH'IHbiX OTHO-

llleHHIlX npe)J.illecTBYIO eroTOKa K npe-

1I.eJIbHoMY TOKY k = IFAnlFAY (1 - k =

= 0,2; 2 - k = 0,6; 3 - k mar,O)

o

10-2 10-
1 10

0 70
' 10

2
t,c

.n;onYCTHMOH TeMnepaTYPbI Tjmax- neperpy:JO'iHaH cnoco6HOCTh ,lUiO,l(OB

orpaHH'ieHa TenJlOeMKOCTblO ero KOHCTpYKTHBHbIX 3JIeMeHTOB H BecbMa

HeBeJIHKa.

PaCCMOTpHM THnH'lHble 3aBHCHMOCTH MaKCHMaJIbHO .n;onYCTHMoro

TOKa neperpY3KH CHJIOBblX ,l(HO]l.OB B OTHOCHTeJIbHblX e,lUiHHnaX IFOV OT

BpeMeHH neperpY3KH t (PHC. 2.13). neperp}'30'iHaH cnoco6HoCTb 3aBHCHT,

npe)l(,ll.e Bcero, OT npe.roneCTBYIOIUeii: TeMnepaTYpbI HarpeBa, onpe,l(eJUle-

MOH TOKOM Harpy:JKH nepe,l( pe)KHMOM neperpy:JKH. EcnH TOK ,lUio.n;a,

npe,1I,lIleCTBYIOIUHH pe)KHMY neperp}'3KH, MeUbrne npe.n;eJIbHoro TOKa, TO

BpeMH neperpY3KH MO:a<eT COCTaBJUlTb e,lUiHHI..lbI H .n;eCHTKH ceKYH.IJ: npH

KparuoCTH TOKa neperpY3KH IFOV He 60JIee 3-4. MaKCHMaJIbHaH nepe-

rpY3Ka C KpaTHOCThIO npHMepHo 8-10 Mox<eT 6bITb nonyqeHa npH rorn-

TeJlbHOCTH 10 MC, T.e. B TeqeUHe o,mIoro nonynepHO,l(a npH 'iaCTOTe 50 rI..l.

ECJIH :a<e qepe3 ,lUiO,l( npoxo.l(HT npe.n;em.HbIH TOK, TO neperpY3Ka He .n;onyc-

THMa.

CnCD.H3JIbHbIe THnbI JJ.HOAOB. K TaKHM TUnaM YCJIOBHO OTHOCHTCH CTa-

6HJIHTpOHbl, TYHHeJIbHble .l(HO.l(bI, .l(HO.l(bI llIOTTKH, CBeTO,lUiO.l(bI, «IJOTOJ(HO-

.l(bI, BapHKanbl, .l(HO.l(b1 raHHa.

Cra6HJIHTpOHbi - 3TO .l(HO.l(b1 C KOHTpOJIHpyeMblM JIaBHH006pa30Ba-

HHeM (PHC. 2.14).
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PHC. 2.14. BOJIbT-aMnepHaJI XapaKTeplfCTl1Ka CTa-

6HJlHTpoHa (a, 6) H cxeMa em BK1lIO'IeHHR B napa-

MeTpH'ieCKOM CTa6HJIH3aTOpe HanpSl)J(eHHR (e)
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PHc.2.15. YcnoBHble 0603Ha'ieHHSI H HonbT-aMnepHble xapaKTepHCTHKH TYHHeJIbHOro
AH01J.<l (a) H cIJOT01I.HO)Ia (6)

.D:JUI c1'a6Hnm}JOHa pa60'lHM Y'laCTKOM BAX  IBIDIeTCROTpe30K AB,

OrpaHH'leHHbIH MHHHMaJIbHb[M ICI min H MaKCHMaJIbHblM lcr max 06paTHblM
10KaMH p-n-nepexo.n;a. Ha 3TOM YIJaCTKe HanpRjI(eHHe Vel' Ha p-n-nepe-
xo.n;e OCTaeTCR CTa6HJIbHbiM H paBHblM HanpRjI(eHHlO np060R VBR' CrpYK-
Typa Haxo.n;liTCR B COCTORHHH naBHHHoro np060R. npH 3TOM CTpYKT)'pa

paCCeHBaeT CTonbKO TennOTbl, CKonbKO Bbf,JJ.eIDIeTCR npH npOTCKaHHH 06-

paTHoro TOKa. ECJlli TepMO,lUmaMHIJecKoe paBHOBeCHe HapYllleHO npH YBC-

JlliIJeHHH TOKa, TO npOHCXO,lUIT He06paTHMblH TennOBOH np060H p-n-

nepexo.n;a.

TYHHenbHbie ,lUI0JJ;b1 (PHC. 2.15), BncpBble npe.n;rrOjl(eHHble RnOHCKHM

YIJeHblM EeaKH, Moryr 6blTb Hcnonb30BaHbi B KaIJeCTBe aKTHBHblX 3neMeH-

TOB ['CHepaTopOB 3neKTpH'leCKHX CHlliaJIOB. 31'0 onpe.n;eIDIe1'CR HX Cnel..{H-

<!JH'leCKOH N-05pa3HOH xapaKTepHC1'liKOH B npRMOM HanpaBneHHH. Y'lac-

TOK AB xapaKTepH3YeTCR .n;eHCTBHeM MexaHH3Ma T)'HHenbHoro nepexo.n;a,

a naJl,aIOlllHH Y'laC1'OK BC oT06pajl(aeT CHHjI(eHlie T)'HHenbHoro 3<!JcpeK1'a

no Mepe YBenHIJeHHR npRMoro TOKa Ha p-n-nepexo.n;e. 31'OT Y'laC1'OK

RBnHeTCR pa60'lHM ,lJ,mr 1'YHHenbHoro .n;lio.n;a. B T)'HHeJIbHbIX JJ:Ho.n;ax lllH-

pHHa 003 O'leHb MaJIa (npHMepHo 10 HM) H3-3a BblCOKOH KOHI..{CHTpal..{HH

nernpyroIlJ:HX npHMeceH.

<I>OTO.n;liOJJ;b1 npe.n;c1'aBnHIOT C060H npH60pbl, .n;eHCTBHe KOTOpblX OCHO-

BaHO Ha cpoTOI'aJIbBaHH'leCKOM 3<l1c}JeKTC lliIH 06nY'leHHH p-n-nepexo.n;a.

<I>01'O,lUIO.n; BKJIIO'lae1'CR B Ltenb B o6paTHoM HanpaBneHHH H npH OTCY1'CT-

BHH OCBellleHHR nponycKaeT OIJeHb He3Ha'lHTeJThHbIH (TeMHoBoH) 06paT-

HblH TOK. fipH 06nY'leHHH p--n-nepexo.n;a KBaHTaMH CBeTa rCHepHPYIOTCR

napbl "3nCKTpOH -JJ;blpKa", Ii TOK .n;H:o.n;a B03paCTaeT 6naro.n;apH HaJIHIJHIO

HeOCHOBHJ)IX HOCHTeneH 3apR,lJ.a. <I>OTO,lUIOJJ;b1 npHMelUlIOT B YC1pOHCTBax

BB01(3 II BblBo.n;a HHcpopMaLtHH lIJur 3BM, <l10TOMeTpHH, aBTOMaTHKe.

60

2.3. TPAH3MCTOPbl

"I aU3HCTOPOB, TpaH3HCTOP
(01' am'nHH-

Ha3ua'lelme It KJlaCCH$HK Ll.HH 'P
n e05pa30naTenb conpOTHBneHHR2

CKOI'O cnOBa transfer of resistor --

 BIDleMbIHnonynpOBO.l1.HHKOBblH
npe,lJ,CTaBIDIeT C060H nOJlH CTblO Y[ HneHHSI3neKTpH'leCKHX CHI'HaJIOB.

npH6op, o6na.r alOlllHHCBOHC1'B:1;H noneBble (YHHnoIDlPHble) -rpaH3HC-

lllHpoKO npHMeHSlIOTCH
6HnoIDIP

TOpbI (pHC. 2.16). 217) _ nonynpOBO)J,lUlKOBble npH6o-
EurlOllRpUble -rpaH3 cTOpbl(pH 3 eKrpoHHO-)1.blPO'lHbIMHnepeXOJ1.aM 

pLI C ,lJ.BYMSl B3aHMO,lJ,eHCTBYIDlllH( MHTIep KOJIJIeKTOp, 6a3a), YCHJ1HTenb

H C -rpeMSI unH 60nee BblBO,lJ,aMH:3
I Sl neHHSlMHHHjI(eKl!.HH H 3KcTpa-

HLle cBoiiCTBa KOTOpblX o6y noBneH: Pa60Ta TpaH3HCTopa 3aBH HT
OT

Kl!.HH HeocHOBHblX HOcHTeneu 3_ap(J1.  ,IJ,a TepMHH "6HnOIDlpHbIH). no

HOCHTeneH o6eHX nOIDlPHoCTeH O: TaJIJ1aTpaH3HCTOP MOjl(eT 6blTb BLI-

CTPYKTYpe nOnynpOBO)J,liHKOBO H  (CM. pHC. 2.16, a).
nOJIHeH p-n-p- unH n-p-n- 216 6) cO,lJ,epjl(HT o6naCTU

3MHTIe-

CrpYKTYpa TpaH3HCTOpa (CM, pHC. n H ble3MHTIepHbiM ill H KOJIJIeK-

pa:3 KOJIJIeKTOpa K H 6a3LI E, pa3,1J,e
H 6HnoIDIPHbill -rpaH3l1crop npe,lJ,-

TOPH IMil2 nepexo.n;aMH. I{C  :;: C epBbleTpaH3HcTOpbl 6WIIi, maB:
nOjl(eH nepBblM

B 1949 I'. B.
1I3;OTaBnIlBaJIHCb MeTOJ1.aMH cnnaBHOU

HblM o6pa30M, p_n-p-THna
H

HblX TpaH3HcTOpOB THna n--p-n u

TexHonorHH. EonblllHHCTBO cOBpeM  eKTHBHOH]I.HcpcpY3HH 'lepe3 OKCH,IJ,-

H3roTaBnHBalOTcSl OHH MeTo,lJ,aMH

a)

CD 6cmpDI!HHblM
/lUHUI/OM

 )
3 f( f( 3 3 f(

C H nc H CV  .:-=  =

a4>1I'ieCKOe 0603Ha'leHHe (6) Tpall'JHt'TOpOB

KnaccnclJHKallRR (a) H ycnoBHoe rp
Puc.2.16.
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0) 60° 3BaHHe TpaH3HCTOpOB M)J,II-nilla. B Ka'leCTBe JJ:H3JleKTpHKa B OCHOBHOM

Hcnonb3yeTcR ImeUKa .lI.BYOKHCH KpeMHHR (Si02), n03TOMY npHMeHReTCR
TaIOKe Ha3BaHHe MOIl-TpaH3HCTopbl. KaHaJI MOjl(eT 6bITb TeXHOnOrH'leC-

KH BCTpOeH B CTPYK1"ypy HJlIf mme.n;eH (HH,D;Yl.(lfpOBaH) 3neKTpH'leCKHM

nOneM.

XapaKTepHOH OC06eHHOCTblO nOneBblX TpaH3HCTOpOB RBJlReTCR 60nb-

1lI0e BXOAHOe COnpOTHBneHHe. Ho TpaH3HCTOp1,l 31'01'0 THna HMelOT 60n1,-

llIee HanpRjI(eHHe B OTKp1,lTOM COCTORHHH H, Cne,lJ:OBaTen1,HO, HMeIOT 60nee

BblCOKlfe nOTepH OT TOKa B KaHaJIe, '11'0 OrpaHH'.J:HBaeT HX MOIl{HOCT1,.

npe.n;n:Ojl(eH1,1 KOM6HHHpOBaHHbie TpaH3HCTOpbl 6HnOnRpHbIe C H30JIH-

pOBaHHblM 3aTBOpOM, CO'leTIUOIl{He npeHMyll{eCTBa 6HnOl111pHOrO (MaJIOe

HanpRjI(eHHe BO BKJIIO'leHHOM COCTOHHHH) H nOneBOrO (B1,ICOKOe BXOAHOe

COnpOTHBneHHe) TpaH3HCTOpOB. Ha OCHOBe TaKHX 1paH3HCTOpOB C03,lJ:a-

IOTCH MOIl{Hbte nepeI<1IIO'laIOIllHe nonHOCTbIO ynpaBJUleMbIe npH60pbI.
no MaTepHaJIY nonynpoBO,lJ.HHKOBOro KpHCTaJIJIa TpaH3HCTop1,I Moryr

61,ITb repMaHHeBbIMH, KpeMHHeBbIMH, Ha OCHOBe 6HHapHbiX COe.l.UfHeHHH

GaAs, SiC, GaP.
K1IaccmlJHKal.(lliI TpaH3HCTOpoB MOjl(eT 61,lTb no pacceHBaeMoH MOIl{-

HOCTH: MaJIOH (MeH1,tlle 0,3 BT), Cpe,lJ.HeH (,lJ:0 1,5 BT) H 60n1,tllOH

(60nee 1,5 BT).
Pa3JIH'laIOT TaKjI(e TpaH3HcTopbI no npe.n;em,HoH 'laCTOTe: HH3KOH (,lJ:0

3 Mrl.(), CpeAHeH (,lJ:0 30 Mrl.(), BbICOKOH (,lJ:0 300 Mrl.() H cBepXB1,IcoKO-

'laCTOTHble (cB1,Itlle 300 Mrl.().
B 6)'KBeHHbIX 0603Ha'leHIfHX HanpRjI(eHHH, TOKOB, MOIl{HOCTeH H

JijJ. 6YJJ.eM Hcnon1,30BaTb HH,D;eKCbI, COOTBeTCTBYlOll{Ue nepBbIM 6)'KBaM
aHrnHHcKHx cnOB: JJ.llil 6HnOJUlpHbIX TpaH3HCTopOB 3MHrrep

- e,

KOJIJleKTOp
- C, 6a3a - b; JJ.llil noneBbIX TpamuCTopon HCTOK - S

(OT aHrJIHHCKOrO CJlOBa sourse - HCTOK), CTOK - d (OT aHJ'JIHHClWrO

cnOBa drein - CTOK), 3aTBOp - g (OT aHrJIHHCKOro CJlOBa gate -

nopoTa).
Ha nepBoM 3Tane pa3BHllui TpaH3HCTOpbl HcnOnb30BaJIHCb HCKJUO'lH-

TeJIbHO B cna60TO'lHbIX l.(enRX pa)J.llOJneKTpOHHKH, aBTOMaTHKH, r,lJ:e OHH

3aMeHIUlH 3JIeKTpoHH1,Ie JIaMnbI. Pa3pa60TIlHbi TIlKjI(e MOIl{Hble TpaH3Hc-

TOp1,I Ha TOKH ,lJ:0 HeCKonbKHX COTeH aMnep H Ha HanpRjI(eHHe ,lJ:0 1000 B.

Ha HX OCHOBe pa3pa6aThIBalOTCR COBpeMeHHbIe npeo6pa30BaTenH cpeAHeH
MOIl{HOCTH ,lJ:0 HeClwn1,KHX COTeH KIUlOBarr.

<I>U3H'lecKue npOu.eccbl B 6UnOJUlpHbIX TpamHCTopax U cxeMbl ux BKnlO-

'leHUH. PaCCMOTpHM npOl.(eCCbI B TpaH3HcTope THna p-n-p (PHC. 2.19).

npOl.(eCCbl B n-p-n TpaH3HCTopax ammOrH'lHbI.

Oc06eHHoCTRMU BblllonHeHlliI CTp)'KTyp1,1 nOJlynpOBO,lJ.HliKOBoro KpHC-

TaJI.JIa RBJUIIOTCg CJle.uylOIl{He: MaJIaJI KOHl.(eHTpal.(lU1 nerHpyroll{HX npHMe-

ceH B 06nacTH 6a3bl no cpaBHeHHIO C 06nacTHMH 3MHTI'epa H KOJIJleKTOpa

(pp » pJ, tllHpHHa 6a30BOH 06naCTH He I1peB1,IllIaeT )I,JlUH1,1 CB060JUioro

np06era OCHOBHbIX HocHTeneH 3apMa (lb ... Lp' He 60nee 10-20 MKM).

BI<1IIO'lHM TIlKyro CTp)'KTYPY no cxeMe (PHC. 2.19), KOJ',lJ:a OJJ:HH HCro'lHHK

63
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PHC. 2.17. CrpYKTypa nonynpOBOAHHKOBoro KpHCTaJIJIa (a) I{ yenoBHoe rpa4m'ieCKOe 060-
3Ha'iCIiHe (6) 6HnOJIRpliOro TpaH3HCTOpa p-n-p-THna

Hble MaCKH. TpaH3HCTOp1,l n-p-n-THna B1,IllOJIHHIOTCH Ha BblCOKHe 3Ha-
'leUHH UanpSDKeHHR. Ha HX OCHOBe C03,lJ:aHbl MOIl{HbIe nepeKJIIO'laIOll{He
npH60p1,l.

T;-OJle bleTpaH3HCTOpbl - nonynpOBO)J.HHKOB1,le npH60p1,l, YCHJlHTen1,-
HbIe CBOHCTBa KOTOpbIX 06ycnoBJleHbi nOTOKOM OCHOBHblX UOCHTeJleH 3a-

pH,lJ:a, npOTeKalOll{HX 'lepe3 npOBO)J.HIl{HH KaHaJI H ynpaBJUleM1,lX 3neKTpH-
'leCK MnoneM. Pa60Ta TpaH3HCTopOB 3aBHCHT OT HOCHTeJleH 3apMa

OJU! HnOJIRpHOCTH (OTCIO,lJ:a TepMHH "YHHnOIDlpHbIe"). Ha3BaHHe "none-
BOH I1P H30tllJlOOT ynpaBJUllOll{ero 3neKTpH'.J:eCKoro noJUl. IIonynpoBO,lJ:-
HHKOB1,IH KpHCTaJIJI CO,lJ:epjl(lfT KaHaJI, KOTOpbIH HMeeT TpH HJlH 'leTblpe
B1,IBOJJ.a: HCTOK /1, CTOK C, 3aTBop 3 H no.n;n:O)f(Ka n (PHC. 2.18). Qepe3
HCTOK HOCHTeJIH BTeKaIOT B KaHaJI, 'lepe3 CTOK - B1,lTeKaIOT H3 KaHaJIa.

3aTBop RBJUleTCH ynpaBJUIlOIl{HM 3neKTpO,lJ:OM.
.

noneBble TpaH3HCTopbl C ynpaBJUlIOli{HM p-n-nepeXO,lJ:OM npe.n;n:Ojl(HJI
B 1952 r. B. llIoKnH, C 1f30nHpoBaHllbiM 3aTBOpOM B 1960 r. M. AToJIJla
II ,L(. KaHr. CTpYK'rypa nonynpoBOJUiHKOBOro KpHCTaJI.JIa H MeTaJIJIH'leC-
KIfH. H30nHponaHHblH 3aTBop pa3,lJ:eJIRIOTCH TOHKOH nneHKoH JJ.HJneKTpHKa.
B CBg HC 'leM TpaH3HCTop1,l C H30JIHpOBaHHLIM 3aTBopOM nonY'llUlH Ha-

tJ)

J:
...

J::

I

1Z-1"tHH

H n c
9-11HH

PHC. 2.18. CTpYKTypa nonynpoBOAHHKoBorO KpHCTaJIJIa (a) H YCJIOBHOe rpacIJH'ieCKOe 060-
3Ha'ieHHe (6) noneBoro TpaH3HCTopa C H30nHpoBaHllbiM 3aTBopoM H KaHaJIOM p-THna
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3,lJ,C Eeb HaXO.nHTCH BO BXOlI,HOH uemI Me 3MHTIepOM H 6aJOH H

CMemaeT 3MHTIepHbIH nepeXO,lJ: B npHMOM HanpaBneHHH, a ,lJ:pyroH Ebc -
B BbIXO,lJ:HOH uenH C HarpY3KOH R Me 6aJOH H KOJIJIeKTOpOM H CMemaeT

KOJIJIeKTOpHbIH nepeXO,lJ, B 06paTHOM HanpaBneHHH.
COCTORHHe KOJIJIeKTOpHoro nepeXO,lJ:a 6e3 YLIeTa Eeb XapaKTepH3YeTCH

TeMH jl(e npoueccaMH, LITO H B 06paTHOCMemeHHOM p-n-nepeXO,lJ:e. IJepe3
nepexo,lJ: il2 npOTeKaeT He60nbIIlOH TennOBOH TOK KOJIJIeKTOpa leo' 06y-
CnOBJleHHbIH reHepaUHeH nap 3J1eKTpoH-ro-IpKa H 3KCTpaKUHeH HeOCHOB-

HbIX HocHTeneH. BbIcoTa nOTeHUHaJIbHOrO 6apbepa YBenHLIeHa Ha 3Ha'Ie-

HHe Ebc, IIlHpHHa 003 nepeXO,lJ,a il2 TaIOKe YBenHLIeHa.

B ,lJ,eHCTBHTenbHoCTH nepexo,lJ: ill CMemeH HCTOLIHHKOM Eeb B npHMOM

HanpaBJleHHH. BblcoTa ero nOTeHUHaJIbHOrO 6apbepa H IIlHpHHa 003 ill

YMeHbIIleHbl. llo,lJ: ,lJ:eHCTBHeM CHJI.nH!f><!1Y3HH ro-1pKH H3 06nacTH JMHTIepa,
a 3neKTpoHbi H3 06nacTH 6aJbl JUi<!1<!1YH.IUipyroT B npOTHBonOJIOjl(Hbie
06J1acTH 'Iepe3 nepexo,lJ: ill, TaK KaK JneKTpOJUmaMHLIecKoe paBHOBeCHe

HaPYIIleHO 3JIeKTpHLIeCKHM nOJIeM BHeIIlHero HCTOLIHHKa Eeb' YMeHbIIlHB- B HOpMaJIbHblX pejl(HMaX pa60Tbi MO)I(HO nOJlaraTh M = 1.
IIlHM CHJlbI BHyrpeHHero 3rreKTpHLIecKoro nOIDI p-n-nepexo,u:a. B pe3YJIb- KOJ!f>!f>HUHeHT nepe,lJ:aLIH TOKa 3MH"ITepa 3aBHCHT OT 3Ha'IeHHH TOKa

TaTe npOHCXO.nHT HHTeHCHBHoe ,l].BHjI(eHHe HOCHTeJleH B 06rraCUI, r,u:e OHH , JMHTIepa Ie H OT LIaCTOTbl em H3MeHeHHHf
HBIDIIOTCH HeOCHOBHblMH - ,l{blpOK B 06rracTh 6aJbI. a Jrre OHOBB O'IeHb llpH MaJIblX 3HaLIeHHHX Ie K03<!1<!1H1.{HeHT a YMeHbIIlaeTCH BCJle,lJ:CTBHe
He60JIbIIlOM KOJIHLIeCTBe (MaJIaH KOHuempaUHH npHMeceH B 6aJe) B 06-

CHHjI(eHHR [) H3-3a HH3KOH CKOpOCTH ,l].BHjI(eHWI ,l{blpOK npH MaJIOM rpMH-
naCTb 3MHTIepa. B pe3YJIbTaTe HH eKUHH'Iepe3 ill npOTeKaeT TOK 3MHT-

eHTe KOHueHTpal.{HH ,lJ:blpOK B 6aJe H OTHOCHTenbHoro yaeJIH'IeHHR 'IHCJIa

Tepa Ie, B OCHOBHOM onpe.n;eIDIeMbIH nOTOKOM ,lJ:blpOK.

TaK KaK IIlHpHHa 6aJbI lb ... L , TO 60JIbIIlaH 'IaCTb ro-lpOK, HHjI(eKTH-

pOBaHHblX B 6aJY, .n;OCTHraeT 003 KOJIJIeKTOpHoro nepexo)1,a, [',lJ:e OHH

3aXBaTbIBaIOTCH nOJleM nepeXO,lJ:a il2 KaK HeOCHOBHble HOCHTeJlH H nepe-

6paCbIBaIOTCH B 06J1aCTb KOJIJIeKTopa. TaKHM 06PaJOM, B uenH KOJIJIeKTO-

pa YCTaHaBrrHBaeTCR TOK Ie' nponOpl.{HOHaJIbHblH TOKY 3MHTIepa Ie-
YMeHbIIlaH HJlH yaerrHLIHBaR TOK Ie' MOjl(HO nponOpUHOHaJIbHO YMeHbIIJaTh
HJlH YBeJlH'IHBaTb TOK Ie' Crre,lJ:OBaTeJIbHO, MO)I(HO nnaBHO ynpaBIDITh co-

npOTHBJIeHHeM KOJIJIeKTOpHoro nepexo)J,a.
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PltC. 2.19. CxeMa BKJIIO'leHHJI 6HnOnJlpHoro TpaH3HCTopa B JneKTpH'lecKYIO cxeMY C BHew-

HHMH HCTO'iHHKaMH 3)J.C

B 3TOM 3aKJllOLIaeTCH CBOHCTRO nOJlHOH ynpaBIDIeMOCTH TpaH3HCTopa.
TaK KaK n uenH KOJIJIeKTOpa BKJllOqeH HCTO'IHHK Ebe, TO 6nam,u:apR ero

3HeprHH ,lJ:ocruraeTCH YCHJIeHHe MOmHOCTH CHrHaJIa Ha BblXO,lJ:e. YCHJIeHHe

Onpe,lJ:eIDIeTCH TeM, 'ITO npH paBHblX TOKax JMlITTepa H KOJIJIeKTOpa, Ha-

npH)f(eHHe JMHTIepHOH uenH MeHbIIle, LIeM KOJIJIeKTOpHOH.
OmoIIleHHe TOKa KOJIJIeKTOpa, onpe,lJ:eIDIeMOro ,l{blpKaMH, Iep K TOKY

3MHTIepa Ie HaJbIBaeTCH Ullme2pOJlbllblM {cmamUlJeCKUM} K03<pifJUlfUellmOM
nepeoalJu mOKa 3Mummepa (PHC. 2.20):

A = [cpt/e. (2.8)

llpH nepeMeHHOM CHrHaJIe C MaJIOH aMnnHTY,lJ:OH (pe>KHMe MaJIOro

::"11"HaJIa) HCnOJIb3YlOT .nH<!1!f>epeHUHaJIbHbIH K03<!1<!1HUHeHT nepe,lJ:aLIH TOKa
JMHTIepa:

Me
a -
-

, np" Ube = const.
Me

(2.9)

)J;lliI MaJIblX CHrHaJIOB a - A.

B cOBpeMeHHblx TpaH3HcTopax a
= 0,95 + 0,999.

K03<!1!f>HUHeHT a 3aBHCHT OT <!1H3H'IeCKHX napaMeTpOB TpaH3HCTopa

a - ybM , (2.10)

rAe y
- KOJclJclJHUHeHT HH)J(eKUHH, onpe.n.eJIReMblH B AaHHoM clIY'iae AoneH J(blpOK B 06 eM

TOKe JMHTTepa; y
= Iep/le, y - 0,98 + 0,997; l) - KOJclJclJHltHeHT nepeHoca HeOCHOBHblX

HocHTelleH B 6a3e (KOJcIJ<jJHUHeHT peKoM6HllaUHH), B paccMaTpHBaeMoM clIY'iac
-

AblpOK,
3aBHCHT 01' peKoM6HHaUHH HeOCHOBHbIX HOCHTeJIeH B 6a3e, l) = Icp/lep, l) - 0,95 + 0,999;
M - KOJclJclJHUHellT paJMHo)J(eHHR HOCHTeJIeH, Y'iHTblBaIO HHyoeJIl1'ieHHe TOKa KOnnCKTOpa

npH BLICOKHX 06paTHbIX HanpJl)J(eHHJIX BCJIe)(CTBHe YAapHoH HOHH3aLtHH.

O)d
1,0

PHC. 2.20. 3aJ1HCHMOCTb KO-

JclJclJHuueHTa nepe)Ia'iH TOKa

JMHTTepa 01' TOKa (a) H '1ac-

TOTbI (6) f
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peKOM6HHHpOBaBIllHx .zu,lpOK. llpH 60IlblllHX 3HaqeHHHX Ie npOHCXOAHT
CHHj((eHHe a H3-3a YMeHbllleHIDI Y BCJleJJ:CTBHe 60nee HHTeHCHBHoH peKoM-
6HHaLtHH npH nOBblllleHHoH KOHLteHTpaLtHH JJ:blpOK B 6a3e.

C yaenHqeHHeM qaCTOTbl I nepeMeHHblx CHrHaJIOB nepHoJJ: nOBTopHe-
MOCTH CTaHOBHTCH cOH3MepHMbIM C BpeMeHeM M<l1<l1Y3HH B 6a3e. 31'0

npHBOAHT K CHHj((eHHIO a. qacToTa, npH KOTOpoii a YMeHbII1aeTCH B ...tI,
Ha3bIBaeTCH zpallwmou qaCTOTOii la'

113MeHeHHe HanpHj((eHwl Ube, npHnoj((eHHoro Me 06J1aCTHMH 6a3bI
H KOJIJIeKTOpa, npHBOAHT K H3MeHeHHIO 34>4>eKTHBHoH lJIHpHHbl 6a3bI. 31'0
HBJleHHe Ha3bIBaeTCH MOoYJlJltlUeii 6a3bl, HJIH :J<prPeKmoM 3p/lu. MO IDILtIDI
6a3bl npHBO,lUIT K 3aBHCHMOCTH a OT HanpJIj((eHHH Ha KOJIJIeKTOpHOM
nepexo,lJ,e. llpH onpe,lJ,eneHHOM HanpHj((eHHH II1HpHHa KOJIJIeKTOpHOro
nepexoJJ:a CTaHOBHTCH HaCTOIlbKO 60JThIllOH, lfTO 003 il2 CoeAHIDIeTCH C

003 ill. TaKoe HBJleHHe Ha3bIBaeTCJI :JrPrPeKmoM CMbIKaHUR. COOTBeTCT-
Byroutee HanpJIj((eHHe Ha3bmaeTCH llanpR:HCeHUeM CMbIKaHUR. MO IDILtHJI
6a3bI npHBO,lJ,HT K BHYTpeHHeH 06paTHOH CBH3H B 6HnoIlHpHoM TpaH3HC-
Tope: C yaenHqeHHeM 06paTHoro HanpHj((eHHH npH TOM j((e TOKe Ie Tpe6y-
eTCH 60nee HH3Koe HanpHj((eHHe Ha 3MH'ITepHOM nepexo,n;e. TOK 6a3bI
TpaH3HcTopa onpeJJ:eJlHeTCH 3neKTpoHHoH cOCTaBIDIIOuteH TOKa JMHTIepa

len' peKOM6HHaLtHOHHOH .zu,IPOqHOH COCTaBIDIIOfl.{eH Ibp, a TaKj((e TenIlOBblM

TOKOM leD (CM. pHC. 2.19):

lb = Ien + Ibp - leD. (2.11)

COOTHOII1eHHe ,lLJIJI TOKOB TpaH3HCTopa COCTaBIDIeTCH no nepBoMY 3a-

KOHY KHpxro4>a:

Ie = Ie + Ib, (2.12)

r1I.e Ie = lep + len.

C yqerOM TenrrOBoro TOKa leD H COOTHOII1eHHH (2.8) H (2.12) TOKH Ie H
lb MOj((HO Bblpa3HTb qepe3 Ie:

Ie = Iep + leD = a Ie + leo, (2.13)

(2.14)lb = (J - a) Ie - leD.

PaCCMOTpeHHOe BKJIIOqeHHe TpaH3HCTopa Ha3bIBaeTCH cxeMoii C o6Ujeu
6a30u (OJ». 31'0 onpe.n.eIDIeTCH TeM, qTO BXO,IJ;HaH H BblXO,IJ;HaJI LtenH HMelOT

06fl.{yro TOqKY Ha 6a30BOM JJleKTpo,n;e TpaH3HCTopa. 3Ty j((e CTpYKTYPY
p-n-p MOj((HO BKIIIOqHTb HHaqe (PHC. 2.21).

COOTHOII1eHHe JJ.JUl TOKOB B 3TOH cxeMe

Ie = Ie + lb; (2.15)

Ie = a Ie + leD;
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PRe. 2.21. CxeMa BKJIIO'leHHJI TpaH3HCTop-
HOH p-n'-p-CTpYKTypbl C 06 HMJMHTTepOM

(2.17)

a

3,lJ,eCb J3..
-

- KOJ4>4>HLtHeHT nepe.n.aqH TOKa B cxeMe C 06utHM
I-a

3MHTIepoM. a = 0,95 + 0,999, J3 = 50 + 999. TaKHM 06Pa30M, n

,n;aHHoii cxeMe, Ha3blBaeMOH cxeMoH C 06UjUM 3MummepOM (03), JJ:OCTHra-

eTCH YCHIIeHHe BXO,IJ;HorO TOKa lb' O,lJ,HOBpeMeHHo C 3THM HMeeTCH YCHJle-

HHe CHrmma no HanpHj((eHHIO. 3Ta oc06eHHoCTb cxeMbI 03 06eCneqHBaeT
HaH60Ilblllee YCHJIeHHe 3J1eKTpHqecKoro CHrHaJIa no MOfl.{HOCTH. C yqerOM

K034>4>HLtHeHTa J3 TOK KOJIJIeKTOpa ,lLJIJI JJ:aHHoH cxeMbI

Ie - j)Ib + (13 + I) leD. (2.18)

TpaH3HCTopHyro p-n-p-CTpYKTYPY MOj((HO BKJIIOqHTh H Tpe1"bHM cno-

C060M C 06UjUM KOJlJleKmOpOM (OK).
CxeMbI OJ> (PHC. 2.22, a) H 03 (PHC. 2.22, 6) H3MeHHlOT (HHBepTHpyroT)

4>a3Y BbIXO,IJ;HOrO CHrmma Ha 180°. B cxeMe OK (pHC. 2.22, 6) BbIXO,WIoii
CHrmm HaxO,lJ,HTCH B 4>a3e CO BXO,IJ;HbIM H nOBTOpHeT ero 4>OPMY. ll03TOMY
cxeMa OK Ha3bIBaeTCH :JMummepHblM n06mOpUmeJleM.

TpaH3HcTopHaH p-n-p-CTpYKTYPa CHMMeTpH'iHa, n03TOMY ee npHH-

LtHnHam.HO B03MOj((HO BKJIIOqaTb B cxeMY, H3MeHHB MeCTO nO,lI;KJIIOqeHHH

3MHTIepa H KOJIJIeKTopa. TaRoe BKJIIOqeHHe Ha3bIBaeTCJI U1l6epCllblM. B

HHBepcHoM BKJIIOqeHHH nepeJJ:aqa BXO,IJ;Horo TOKa YXY,lJ,lllaeTCJI nCJle,IJ;CTBHe

MeHbII1eH nJIOfl.{a,nH 3MHTIepHOrO nepexo,n;a. PacceHBaeMaJI MOutHOCTh

TpaH3HcTopa B HHBepcHoM pej((HMe HHj((e, a CJle,n;OBaTeJIbHO, JJ:onYCTHMbIH
TOK MeHbllle.

TaRHM 06Pa30M, TpaH3HCTop BKJIIOqaeTCH B 3J1eKTpHqecKyro Ltenb
,[I)IH YCHJleHHH CHrHarra. YClineHHe MOj((eT 6b1Tb TOIlbKO no HanpHj((eHHlO

Ku = U
tl6,jUtlX'

TOJlbKO no TOKY K; = Itlwlltlx H no TOKY Ii no

3*
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HanpH)KemUO (no MOU{HOCTH)

K ... P /P =

UOI>IX Iob1x
K K

P BI>lJ( BX U I
=

U ;.
ox BX

HaHJIyqIllHMH cBoikTBaMH YCHJIe-
HHH no HanpH)KeHHIO 06JIa,z:J,aeT
cxeMa OJ>, no TOKY

-- cxeMa

OK, a no MOlllHOCTH
-- cxeMa

03. CxeMa 03 Haxo,u,liT HaH60-
J1ee IllHpOKoe npHMeHeHHe B HM-

nyrrbcHblX cxeMax, B CHJlOBblX

nepeKJllO'IaTerrbHblX YCTpoiicTBax.
Pe"'HMLI pa60TLI H xapaKTepHC-

THIeH 6HnOJIHpHbIX TpaH3HcTopOB.
3aBHcHMoCTH Me)K,ay HanpH)KeHliH-
MH H TOKaMH oueHHBaIOTCH BXO,u,-
HblMH, BblXOJUiblMH BOJIbT-aMnep-
HblMH H npOXOJUiblMH xapaKTepHC-
THKaMH. CBoHcTBa c06cTBeHHO
caMoro TpaH3HCTopa OTpa)KalOTCH
CTarn'leCKHMH xapaKTepHCTHKaMH
a cBoikma B cxeMe C HarpY3KOH --'-
KB8.3HCTIlTH'leCKHMH (HarpY30'lHbl-
MH) xapaKTepHcTHKaMH.

XapaI<TepHCTHKH onpe.u.ellilIOTcH ,lJ,JUI KOHKpeTHOH cxeMbI BKJIIO'leHHH

1.1)aH3 CTopa.PaCCMOTpHM XapaKTepHCTHKH ,nmI HaH60Jlee pacnpocrpa-
HeHHOH cxeMbl C 03.

CTaTH'leCKHe BXOJUible BAX Ib(Ube) I1pH Uee
= const H BblXOJUibie BAX

lc(Uee) npH Ib = const CHHMaIOTCH I1pH nOCTOHHHOM TOKe (pHC. 2.23).
BXOJUiblMH HBlliIIOTCH HanpH)Kelme Ube H TOK Ib H OTC'lHTblBaIOTCH no

nOKa3aHHHM MHJIJIHBOJIbTMeTpa VI H MHKpoaMnepMeTpa HJlH MHJIJIHaM-

nepMeTpa AI. BxoJUioe HanpH)KeHHe 3a,z:J,aeTCH nOTeHUHOMeTpOM RI, no.u.-
Kmo'leHHLIM K HCTO'lHHKY £1' BblXOAHblMH HBJlHIOTCH Ie H Uee, OTC'lHThI-

BaeMble no MHJIJIHaMnepMeTpY HJlH aMnepMeTpY A2 H BOJIbTMeTpY V2.

HanpH)KeHHe U
ce 3a,z:J,aeTCH nOTeHUliOMeTpOM R2, nO}];KJIlO'leHHbIM K HC-

TO'lHHKY £2'
CeMeHCTBO BXOJUiblX xapaKTepHCTHK CHHMaeTCH ,nmI HeCKOJIbKHX 3Ha-

'leU»H U
ce
= const, 06bl'lHO npH Uce' paBHOM 0; 3; 5; 10; 15 B. BblXOAHbie

XapaKTepHCTHKH CHHMaIOTCH MH HeCKorrbKHX 3Ha'leHHH Ib = const C HH-

TepBaJIOM .u.o 50-200 MA.
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PHC. 2.22. CxeMbl BKnlO'ieHIlSi 6HnOJIRpIl0-
ro TpaH3HCTopa

PIIC. 2.23. CxeMa H3Mepe-

HHSI CTaTH'leCKHX xapaKTe-

pllCTHK TpaH3HcTopa,

BKJIIO'ieHHOrO no cxeMe 03

68

BXOJUib!e xapaKTepHCTHKH Ib(Ube) npH Uee
= const (PHC. 2.24, a) oTpa-

)KaIOT 3aBHCHMOCTb TOKa 68.3bl 01' HanpH)KeHHH 6a:3a-3MHl.Tep npH II>HK-

cHpoBaHHoM HanpH)KeHHH KOJIJIeKTOp--3MlfITep. llpH Uee
= 0 xapaKTe-

pHCTHKa COOTBeTCTBYeT npHMoH BeTBH BAX J1.Byx p-n-nepexo.u.oB (Ill H

Il2), BKJIID'leHHbIX napaJUIerrbuo. TOK 68.3bl npH 3TOM paBeH cYMMe TOKOB

3MHTIepa H KOJIJIeKTOpa, cMellleHHblX OT £) B npHMoM HanpaBJleHHH. llpH

IUeel > 0 TOK 68.3bl yMeHblllaeTCH, '11'0 COOTBeTCTBYeT CMellleHHIO xapaKTe-

pHCTHK BUH3. B TOKe Ib I1pHCyrCTBYeT COCTaBIDUOIUaJI leo' ll03TOMY npH

IUeel > 0 BXO}J.Hble XapaKTepHCTHKH HCXO,lI,HT H3 TO'lKH C OTpHl.{aTerrbHblM

3Ha'leHHeM TOKa 68.3bl, paBHblM Ico' )J;aJIbHeHllIee YBeJIH'leHHe IUcel TaK)Ke

CMelllaeT XapaKTepHCTHKH KOCH a6CUHCC BCJle.u.CTBHe YMeHbllleHIDI TOKa Ib
H3-3a 311>II>eKTa MO.u.yIDIUHH 68.3bI.

BblXOMbte XapaKTepHCTliKH le(Uce) npH Ib = const (PHC. 2.24, 6) oTpa-
)KaIOT 3aBHCHMOCTb TOKa KOJIJIeKTOpa OT HanpH)KeHlliI Ha KOJIJIeKTOpe. B

3THX KpHBblX MO:>KHO BbI.D:errHTb TpH Y'lacTKa: Ua'laJIbHblH (KpyrOH), orno-

CHTeJIbHO CJla60H 3aBHCHMOCTH Ie OT Uee (nOJlOrHH), np060H KOJIJIeKTOp-

Horo nepexo.u.a. Ha nepBOM Y'laCTKe K nepexo.u.y Il2 HanpH)KeHHe npHrro-

)KeHO B npHMOM HanpaBJleHHH OT BXOAHOrO HCTO'lHHKa. llo Mepe YBerrH-

'leHlliI HanpH)KeHlliI IUeJ npOHCXO.lUIT KOMneHCaUllii 3TOrO HanpH)KeHHH,

'11'0 Bbl3bIBaeT yBerrH'leHHe TOKa Ie' Ha rpaUHue nepBOrO Y'laCTKa (TO'lKH

K) nepexo.u. Il2 nOrrY'lHT 06paTHOe CMellleHHe 01" BblXOAHOrO HCTO'lHHKa.

TO'lKaM nepexoJJ.a OT nepBoro yqaCTKa KO BTOPOMY COOTBeTCTBYeT HanpH-

)KeHHe 0,5-1,5 B. Ha nepBOM yqaCTKe TpaH3HCTOp HaXO,nHTCH B pe)KHMe

HaCblllleHHH, Kor.u.a KOJIH'leCTBO HH)KeKTHpOBaHHbIX B 6a3Y HeOCHOBHbIX

HOCHTerreH npeBblillaeT nOTpe6Hoe HX 'lHCJlO rom peaJIH3aUHH TOKa. YKa-

3aHHaH 06rraCTb H8.3blBaeTCH 06naCTblO llaCblUjemJR (06J1aCTb I Ha pHC.

2.24, 6).
Ha BTOpOM yqaCTKe BblXo.z HblexapaKTepHCTHKH HMeIOT He60JIbillOH

HaKJIOH KOCH a6CUHCC, Onpe.u.ellileMblH 311>II>eKTOM MO.u.yIDIUHH 68.3bl. Bce

HeOCHOBHble HOCHTeJIH, HH)KeKTHpOBaHHble B 68.3Y, peaJIH3}'lOTCH Ha no.u.-

.u.ep)KaHHe TOKa KOJIJIeKTOpa, li3MeWlIOlllerOCH B COOTBeTCTBHH C Bblpa)Ke-

HHeM (2.18). BblXOAHbie xapaKTepHCTHKH npH O,nHHaKOBbIX npHpallleHHHX

TOKa Ib He 3KBH.lJ:HCTaHTHbl, Tal( KaK K0311>II>HUHeHT 3aBHCHT OT TOKa (CM.

pHC. 2.20, a H 3aBHCHMOCTh  ...a/(I-a». 06rraCTh XapaKTepHCTliK, ne-

)KalllaH OT TOqeK HaCblllleHHH K BnpaBo .u.o 3arH6a npH npo60e, H8.3blBa-

eTCH aKmU61l0U 06/laCmblO (II Ha pHC. 2.24, 6).

Qepe3 BbIBO.u. 68.3bl npoTeKaIOT J1.Ba BCTpe'lHbIX TOKa leo H (1 - a) Ie

[CM. COOTHOIlleHHe (2.14)]. HyrreBoe 3HaqeUHe TOKa 68.3bI (Ib = 0) .u.ocrn-

raeTCH npH paBeHCTBe YKa3aHHbix COCTaBrrHIOlllHX, T.e.

(1- a) Ie = leo' HyneBoMY BXOAHOMY TOKY (Ib = 0) COOTBeTCTBYWT TOK

3MHTTepa Ie = le/(l- a) = (1 + )leo H TOK KOJIrreKTOpa

le=aJJ+leo=aJc/(l-a)+leo=(1+ )/eo' llpH HyneBoM TOKe 6a3bl
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o 0.1 I6.HA

06J1acTh XapaKTepHCTHK, rrejKall{a51 HHjKe KpHBOH Ib = 0, H33blBaeTCH

06rraCTblO OmCe'lKU (Ill ua pHC. 2.24, 6).

Ih-3a 311>c}JeKTa CKB03uoro TOKa B cxeMe 03 HeJIb3H ,n;onycKaTb BKJIlO-

LIeuHe TpaU3HCTopa C pa30MKHyrOH lI.enblO 633bI. 31'0 MOjKeT BbI3BaTb

HeKOHTpOJlHpyeMoe YBeJIHLIeUHe TOKa KOJIJIeKTOpa H TeruIOBoH np060H

p-n-p-crpYK'ryPbI.
TpeTHH YLIaCTOK BbIXO./UlbIX XapaKTepHCTHK OTpajKaeT np060H KOJIJIeK-

TOpHOro nepeXO,l1,a npH nOBbIIlIeUHH HanpHjKeUHH BbIIue AonYCTHMoro.

UP060H conpOBO)K,ll:aeTCH pe3KHM HapaCTaHHeM TOKa Ic C nOCJle.nyIOll{HM

BTOpHLIHbIM (TenJlOBblM) IIp060eM CTpYKTYpbl.
BblXO./Ulble xapaKTepHCTHKH nO,l1,BepjKeUbl TeMnepaTYpHblM CMeLI.{eHH-

HM. 31'0 06'LHCHHeTCH TeMnepaTYPHOH HeCTa6HJIbHOCTblO HaLIaJIbHOrO

TOKa KOJIJIeKTOpa ICH H3-3a nOBblIlleH1U1 CKOpOCTH reHepall.HH nap 3JIeK-

TpOU-,l],blpKa C pOCTOM TeMnepaTYpbl. 3HaLIeHHe 3Toro TOKa y,l1,BaHBaeTCH

ua Ka)K,ll:ble 5-10 °C.

UPOXO./Ulble XapaKTepHCTHKH (nepe,l1,aLIH TOKa) Ie (lb) npH U
ce
= const

(PHC. 2.24, 6) JIHHeHUbI BCJle,l1,CTBHe CJla60H 3aBHCHMOCTH K03I1>II>HI.tHeHTa

nepe,n;aLIH TOKa J3 = a/(l---a) OT TOKa 633bl. C yBeJlH'ieUHeM Uce
H3-3a

MO,l1,YIDIlI.HH 633bl YBeJlHLIHBaeTCH K0311>II>HI.(HeHT nepe,l1,aLIH TOKa H TOK

KOJIJIeKTOpa Ie HeMuoro yBeJlliLIHBaeTCH npH TOM jKe TOKe 633bl lb.
IhaK, npH pa60Te Tpau3HCTopa BO BceM nOJle BbIXO./UlbIX XapaKTepHc-

1HK B03MO)KJIbl pejKHM Hacblll{eHHH, npH KOTOpOM 06a nepexo,l1,a CMell{eHbl

B npHMoM HanpaBJleHHH, pe>KHM OTCe'IKH, npH KOTOpOM 06a nepexo,n;a

CMell{eHbl B 06paTHoM HanpaBJleHHH, H aKTHBHblH pejKHM, IIPH KOTOpOM

3MHTTepHblH npoxoA cMellieu B npHMoM, a KOJIJIeKTOpHbIH B 06parnoM

uanpaBJleHHH. B cxeMax YCHJleUHH Tpau3HCTop pa60TaeT B aKTHBHOM

pejKHMe (MaJIOrO CHrU3.Jla), a B nepeKJIlOLIaTCJlbHblX cxeMax HaxO,lI,HTCH B

pejKHMe UaCblll{eHHH HJIH OTCe'IKH, KpaTKOBpeMeHHo nepeKJIlOLIa51Cb B aK-

1HBHblH pejKHM B npoQecce nepexo,l1,a H3 pejKHMa HaCblIlleHHH B pejKHM

OTCe'IKH H 06paTHo (6orrbIlloro CHrU3.Jla).
,[(mI cxeM BKJIlOLIeUHH TpaH3HCTOpa OJ> H OK nopH,l1,OK H3MepeuHH

xapaKTepHCTHK, HX BH,l1, H pejKHMbl pa60TbI CXO./Ulbl C paccMOTpeHHblMH

JI,illI cxeMbl03. CYll{eCTReHHbIMH oc06eHHocTHMH JI,illI cxeMbl OJ> lIBIDIlOT-

CH: MeHbIllHH TOK KOJUleKTOpa npH Ib = 0, MeHbIllHH HaKJIOH BToporo

YLIaCTKa, cJla60e TeMnepaTYpHoe CMell{eHHe xapaKTepHCTHK; MH cxeMbI

OK - aH3.JlOmLIHOCTb BbIXO./UlblX XapaKTepHC1HK cxeMe 03, BXO./UlOe

HanpHjKeHHe Ubc' npHMepHo paBuoe BbIXO,l1,HOMY UallpHjKeHHlO Uec' OTCyr-

CTBHe YCHJleHlUI no HanpHjKeHHlO.
Pe>KHM pa60Tbl TpaH3HCTOpa C BKJIlO'ieHHOH HarpY3KoH B BbIXO./UlOH

l.(enH H33blBaeTCH pe:HCUMOM lIazpY3Ku. UpH pa60Te TpaH3Hcropa B 3TOM

pejKHMe B ero BXO./Ulyro Qenb nO,l1,alOT nepeMeuHbIH (rapMoHHLIecKHH HJill

HMnYJlbcHbIH) CHrH3.Jl, a B BbIXO./Ulyro BKJIlOLIaIOT HarpY30LIHblH pe3HcTop,

06MOTKY TpaHCII>OpMaTopa HJlH peJIe. TaK KaK npoQecc pa60Tbl TpaH3Hc-

Topa CBH3aH C H3MeHeHHeM ero COCTOHHHlI BO BpeMeuH, HarpY30LIUbIH
71

LIepe3. TpaH3HCTOp B cxeMe 03 npOTeKaeT '1'01\, H33bmaeMblH lta'lWlbltblM
"J1H CK6031lblM TOKOM I

CH
= (I + J3)/co- l103TOMY 8 cxeMe 03 TOK KOJUleK-

Topa npH HYJIeBOM BXO./UlOM TOKe B (l+ )pa3 60rrbille TenJlOBOl'O TOKa
06paTHOCMell{eHUOrO KOJmeKTOpHoro nepexo,n;a.

a) [6,I1A D} I,ul1A

."
q.J -U6.,B

IJ} Ie ,I1A

o 5 10 leD -Uet,S

PHe. 2.24. BXoJ1.HLle (a). BblXOAHbie (6) H npOXOAHbie (8) CTanf'leCI<He XapaKTepHCTHI<H
"'paH3HCTopa. BKnlO'ieHIIOrO no cxelde 03
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Uee = Ee - Rcle. (2.19)

HCTOI.J:HHKa i C nOMOll{blO HCTOI.J:HHKa CMCll{CHHH nOCTOHHHoro TOKa Ebe

3aJ(alOT TO';; nOKOH (pa60I.J:)'IO TOI.J:KY) YCHJlHTCJIbHOr 
KaCKa;:r;a (TO:Ka 0

Ha pHC. 2.25), KOTOpoii COOTBeTCTBYeT onpcJJ:CJICHHbIH nOCTOHHHbIH TOK

nOKOH Ha BXOJJ:C Ib(O) H Ha BbIXOJJ:e le(O) npH OTCYTCTBHH nepc cHHoro
CHI"HaJIa. BbI60pOM 3HaI.J:CHlliI Ebe MOjKHO 3a;:r;aTb Hc06xOAHMbIH PCjKHM

(KJIacc) YCHJICHHH.
napaMeTpLI 6H"OJlHpHLIX TpaH3HCTopOB. Pa3JIHI.J:aIOT 3JICKTpHI.J:ecKHC

napaMcTpbl, npc.n:CJIbHbIe 3KcnJryaTIll!.HOHHbIC JJ:aHHbIC H napaMeTpbl 3KBH-

BanCHTHbIX CXCM (napaMcTpbI CXCMbI 3aMCll{CHHH).

3JleKmpll'-leCKUe napaMempbl

lial (fJ - npe;:ICJIbHa51 I.J:aCTOTa K034>4>HlI.HCHTa ncpe.n:aI.J:H TOKa TpaH-

3HCTOpa;
h (f)

- CTaTHI.J:CCKHH K034>4>Hl!.HCHT nepe.n:aI.J:H TOKa B CXCMe 03;

Vl3
(U ) _ rpaHHI.J:HOe HanpHjKeHHe TpaH3HcTopa;

efe
0

(U
K3 0

3' _ HanpHjKCHHe naCbHl{eHHH KOJIJIeKTOp-3MHTIep;

V
ce II

(U
K3 I!ac

) _ HanpHiKCHHe
HaCbIll{eHlliI 3MlITfCp-6a3a;

ebll 36l1ac .

C
e (CK)

- CMKOCTb KOJIJICKTOpHoro ncpcxo.n:a,

C (C) - eMKOCTb 3MHTIepHOrO ncpcxo.n:a;

I
e

(I
3

6 ) _ 06paTHblii TOK KOJIJICKTOpa;
co KO

_

Ieo (1360) - 06paTHbIH TOK 3MHTICpa.

IIpeiJeJlbllble :JKcWlyamal{U01l1Ible napaMempbl

U. (U\
- nOCTOHHlloe HanpHjKCHHC KOJIJICKTOp-6a3a;

::(BR) eeo K61

p--6
.

(U. ) - nOCTOHHHOC HanpHjKCllHC 3MHTIC a:3a,

p

36

(P ) _ nOCTOHHllaH paCCCHBaCMaH MOll{IlOCTb KOJIJICKTopa;
emax K

Tmax (Tn) - TCMncpaTYpa nepcxo.n:a.

napaMeTpbl ,lVUI 3KBHBaJIeHTHLIX cxeM TPaH3Hcropa. HaH60JlbUJCC npH-

MCHCHHC HaXO,lI,HT 3KBHBaJIeHTHbIe CXCMbl TpaH3HCTopa KaK I.J:eTbipexno:
JIIOCHHKa H 4>H3HI.J:CCKHC 3KBHBaJICHTllbiC CXCMbI. .nIDI 3KBHBaJICHTHOH

CXCMbI I.J:eTbIpCXnOJIIOCHHKa MOjKeT 6bITb npeJI,JIOjKCllO llIecTb CHCTCM napa-

. Z Y. H C B H A B 3aBHCHMOCTH OT Toro, KaKHC BCJIHI.J:HHbl H3
MeTpOB. , , , ,

IX (V I ) H TTnyx BbIXOJJ:llbIX (V2,
12) npHHHThI 3a HC3aBHCH-

.II.BYX BXOJJ:llb I' I _

MbiC. HaH60ncc pacnpOCTpaHCHa CHCTCMa h-napaMCTpOB, B KOTOpOH 3a

HC3aBHCHMbIC npHHHTbl II H V2.

YpaBHCHlliI Tpall3HCTopa KaK I.J:eTbIpCXnOJIIOCllHKa B CHCTeMC h-napa-

MeTpOB HMCIOT BHJJ::

PCjKHM MOjKHO CI.J:HTIlTb KBa3HCTaTHI.J:ecKHM. HarpY30I.J:HbIC xapaKTcpHCTH-
KH MO)I(HO nonYI.J:MTb 3KcncpHMCHTaJIbHO HJIM nOCTpOHTb rpa4>HI.J:eCKH no

CTaTHI.J:CCKHM XapaKTepHCTHKaM.
CxeMa BKJllOI.J:CHHH TpaH3HCTopa C Harp}'3Koii B KOJIJIeKTOpHOH QcnH,

BXOJJ:llbIM ncpeMeHHbIM CHrHaJIOM H HCTO'iHHKaMH nHTaHHH B KOJlneK1'Op-
Hoif (BbIXOJJ:lloii) l!.CnH H QenH CMCll{CHlliI Ha Bxo.n:e Ha3bIBaeTCH YCIJ.i1UmeJlb-
llblM KacKaiJoM (PHC. 2.25). Ha BbIXOJJ:llbIC XapaKTepHCTHKH HaHeceHbI 0['-

paHHI.J:eHHH no MaKCHMaJIbHbIM 3HaI.J:CHHHM TOKa KOJIJICKTOpa Icmax, HanpH-
jKeHHH KOJIJIeKTop-3MHTIep V

eeo
H MOll{HOCTH, pacccHBacMoii Ha KOJI-

JIeKTope Pemax
== VJe == const.

HarpY30I.J:HbIe XapaKTCpMCTHKH CTpOHTCH B pa60I.J:cii 06J1aCTH, orpaHH-
'ICHHOH MaKCHMaJIbHbIMH 3HaI.J:CHHHMH TOKa, HanpHjKeHIDI H MOll{HOCTH.

,lVrn: BbIXOJJ:llOH l!.enH (CM. pHC. 2.25, a) Ha OCHOBaHHli BToporo 3aKOHa

KHpx['o4>a MOjKHO 3anHCaTb ypaBHeHHe paBHoBecHH

113 COOTHOUJeHHH (2.19) CJlC eT,I.J:TO C YBCJlHI.J:eHHeM Ie HanpHjKCHHC
V

ee YMCHbUJaeTCH, TaK KaK YBeJIHI.J:HBaeTCH na,n:CHHe HanpHjKeHHH Ha co-

npOTIlBneHHH HarpY3KH VR
== I e'TaKHM 06pa30M, H3MCHeHHe HanpH-

_ e

jKCHHH H TOKa BXOJUlOH l!.enH npHBOJUlT K OJUlOBpeMeHHOMY H3MCHCHHlO
HC TonbKO BbIXOJUlOro TOKa, HO H BbIXOJUlOro HanpHjKeHHH Vee

. YpaBHC-
HHC (2.19) HBIDICTCH ypaBHCHHCM npHMoii, KOTOpyro MOjKHO nOCTpOHTb no

.lUJYM TOI.J:KaM, COOTBeTCTBYIOUJHM: XOJIOCTOMY XOJJ:Y (A) (Ie == 0 H V
ee

== Ee)
H KOpOTKOMY 3aMbII<aHHlO (B) (Vee

== 0 HIe == EjRe). IIpHMa51 AB Ha3bI-

BaCTCH llazpY30'lIlOU npRMOU. OHa HMCeT pa60I.J:Hll YI.J:aCTOK A'B'. IIo Ha-

rpY30I.J:HOii npHMOH (CM. pHC. 2.25, 6) CTpOHTCH BXOJJ:lla51 HarpY30'iHaH

xapaKTCpHC11IKa (CM. pHC. 2.25, 6) no COOTBeTCTByroll{lIM TOKC!.M 6a3bI H

HanpHjKCHHHM Vee (a, 0, 6). 3a BXOJUlyro HarpY30'IHyro XapaKTepHCTHKY
npHHHMaeTcH oJJ:Ha H3 CTaTHI.J:CCKHX (06bII.J:HO JI)UI V

ee
== -5 B). ,lJ;IDI

nonHoro BocnpOH3Be,u:CHHH Ha BbIXOJJ:C YCHJIMBaCMOro BXOJUwro ClirHaJIa

0)

lu«c
 )16 l'.ac UCf=O 6) Ie I.mu

Re
 a-' -58

5 -lOB

1 h.
u.. 0

.......

+

E,.

U,,'D}=E6. U,. uc. VI == hull + h12U2;
(2.20)

PHC. 2.25. CxeMa YCHJlllTeJIbHOrO KaCK aHB TpaH3HCTope 110 cxeMe 03 (a) H HarppO'l-
Hble XapaKTepHCTHKH (6, e)

12 == h2111 + h22U2.
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_B ypaBHeHlUlX (2.20) h-napaMeTpbl HMelOT onpe,lJ:eJIeHHbrn II>H3H'IeC-
KHH CMbICJI: npH U2

= 0 hll
= UIIlI - BXOJUloe COnpOTHBJleHHe;

npH II = 0 hl2
= UIIU2

- K0311>II>HI.{HeHT 06paTHOH CB1I3H no
HanpHjI(eHHIO; npH U2

= 0 h21
= lill - K0311>II>m..{HeHT nepe,lJ:a'IH

TOKa; npH II = 0 h22
= IzlU2 - BbIXO,lJ:lUUI npOBOJJ:HMOCTb.

3Ha'leHHH h-napaMeTpoB MO:>KHO onpe,lJ:eJlHTb no BXOJUlblM H BbIXO,lJ:-
HblM CTaTH'IeCKHM xapaKTepHCTHKaM (CM. pHC. 2.24, 6) C nOMOl.I.tblO xapaK-
TepHCTH'IecKHX TpeyrOJIbHHKOB A CO H MNF (HanpHMep, h22 =
... M/AUce

= NF/MF).
<1>H3H'IeCKHe 3KBHBaneHTIIble CXeMbI 60nblUe npHMeHlIlOTCH B pac'IeTax.

I1x KOHII>HI"ypaLtHH H3MeHHeTClI B 3aBHCHMOCTH OT cxeMbl BKmo'IeHHH a

napaMeTpbl OCTalOTCH HeH3MCHHbIMH. 3TH napaMeTpbl Ha3blBaIOTCH tjJ u-
'leCKUMU HJIM 611ympellflUMu (c06CTBeHHbIMH). PaCCMOTpHM II>H3H'IecKYlO
3KBMBaneHTIIyro cxeMY J1)UI BKJIIO'IeHHH 03 B BH,lJ:e T-06pa3HOH cxeMbl
(PHC. 2.26, a) H cxeMHyro MO,lJ:eJlb 6HnoIDIpHoro TpaH3HCTopa B pejl(HMe
ManOI'O CHrHana (nHHeHHaH MO,lJ:eJIb) (PHC. 2.26, 6) Ha OCHOBe II>H3H'IeCKOH
3KBHBaneHTIIOH cxeMbI. 3Ha'leHHH rb' re' rc npC,lJ:CTaBJUlIOT C060H conpo-
THBJIeHHH 6a3bl, 3MHITepa H KOJIJIeKTOpa COOTBCTCTBeHHO. OHH MOryr6blTh onpe,lJ:eJIeHbl no h-napaMeTpaM:

re - hl23/h22:J,

hl2J
rb'" hlb--

h
(l + h2b) ,

113

rc'" (l + h21J)/h22:J . (2.21)

BeJlH'IHHbl Cbe H Cce npe,lJ:CTanIDIlOT C060H c06cTneHHble eMKOCTH
3MHI'I'epHOro H KOJIJIeKTOpHOrO nepeXO,lJ:on.

B MO,lJ:eJIb (CM. pHC. 2.26, 6) BXO,rolT rw - conpOTHBJleHHe 6a3bl;
COnpOTHBJleHHe 3MHITepHOro nepexo,lJ:a rb'e

= Cf1T(l +  )lie-Cf1T /ie;eM-
KOCTb 3MHITepHOrO nepexo,lJ:a Cb'e'"  /(21tfTrb'e).

a)

ra

5)

U8e

\ I

\.,--/tC .../
re Uce

PHC. 2.26. <1>HJIt'ieCKaR JJ(BHBlUIeHTHaR cxeMa (a) 6HnOJIRpHOrO 1paH3HCTOpa B cxeMe 03
H cxeMa MOJi,CnH B pe)J(HMe MaJIOl"O CHI'Hana (6)

1'4

\

Ub 
la

6-

reg

MO,lJ:eJIb 6HnoIDIpHoro TpaH-
3HCTopa no 36epcy-MoJIJIY (PHC.
2.27) IlIHpOKO HCnOJIb3YeTClI npH
pac'IeTe cxeM Ha 3BM B pejl(HMe
60JIblllOrO CHrHaJIa. B MO,lJ:eJIH HC-

nOJIb3YIOTClI napaMeTpbI rb ' re '

re' HemlHeHHble conpOTHBJIeHHH

re', re', ynpaBIDIeMble HCTO'IHHKH

TOKOB iy1 H i
y] MH HopManbHoro

(N) H HHBepcHoro (l) BKJIlO'lCHHH,
HeJIHHeHHbIe eMKOCTH C

e, C
c

H

COnpOTMBJleHHH YTe'IKH rey, r
ey'

Cl»H3H'leCKHe npol.{eCCLI H

CXeMLI BKJllOlJeHHB nOJleBLlX TPaH-
3HCTOpOB, KaK nOKa3aHO BbIIUC,

HMeeTCB .nna THna nOJIeBblX TpaH-

3HCTOpOB: C p-n-nepeXO,lJ:OM H

H30JlHpOBaHHbIM 3aTBopOM. B

CBOIO O'iepeJJ:b M.n;ll-TpaH3HCTOpbI ,lJ:eIDITCH Ha TpaH3HCTOpbl co BCTpO-
eHHbIM H HH.nYLtHpOBaHHbIM KaHanOM. Bo BceX Tpex BH,lJ:aX KaHan

MOjl(eT 6blTb BbInOJIHeH Ha OCHOBe norrynpOBOJJ:llHKOBoro KpHCTan-
na p- HJIH n-THna. Tro<HM 06Pa30M, MOjl(HO Bbl)l:eJIHTb llIeCTb Pa3-

HOBHj(lloCTeH nonynpOBO}J.HHKOBbIX CTIJYKTYP noneBbiX TpaH3HcTopOB
(PHC. 2.28).

B TpaH3HCTope C ynpaBJImoU{HM ncpeXO,lJ:OM (PHC. 2.28, a, 6) 06naCTb

Me)K,a)' CTOKOM H HCTOKOM (KaHan) HMeeT MeHblUyro KOHl.{eHTpaLtHIO npH-
MeceH, 'IeM 06J1aCTb 3aTBopa. ll03TOMY p-n-nepexo,lJ: HeCHMMeTpH'IeH H

ero 3anHpaIOlllHH CJIOH, B OCHOBHOM, pacnOJlOjl(eH B 06J1acTH HCTOK-

CTOK. 3J1eKTpOHHO-JJ:bIPO'IHbIH nepexo,lJ: CMel.l.taIOT B 06paTIIOM HanpanJle-
HHH, Hero IUHpHHa YBeJIH'lHBaeTCH C pOCTOM HanpHjI(eHHH 3aTBop--HCTOK
U
gs

. 3ro npHBO.lUIT K YMeHblUeHHlO Ce'leHHH KaHana H YBeJlH'IeHHIO ero

conpOTHBJIeHlUl. BCJle,u:CTBHe 3TOro TOK CTOKa Id YMeHblUaeTCH. Tro<HM

06Pa30M, H3MeHHH HanpHjI(eHHe US' MO:>KHO peryJIHpOBaTb TOK Id'
llpH HeKOTopOM HanpHjI(eHHH ffgs = UOTe' Ha3bIBaeMblM HanpHjI(eHHeM

OTCe'lKH, Id = O. B 3TOM 3aKJIlO'IaeTCH CBOHCTBO nonHOH ynpaBIDIeMOCTH
noneBoro TpaH3HCTopa.

BxoJI:Hoe conpOTHBJIeHHe noneBorO TpaH3HCTopa BeJIHKO, npHMepHO
106-108

OM, TaK KaK OHO onpe,lJ:eIDIeTCH conponmneHHeM 06pamOCMe-
l.I.teHHoro p-n-nepexo,lJ:a. B OTJIH'IHe OT 6HnOIDIpHoro TpaH3HCTopa none-

Bble TpaH3HCTopbl ynpaBIDIlOTCH Hanplljl(eHHeM. BbIXOJI:HOe COnpOTHBne-
HHe noneBoro TpaH3HCTopa ,lJ:OXOJJ:llT JI.O 106 OM H 60JIee, T.e. BXOJI:HOe H

BblXO}J.Hoe COnpOTHBJleHHH npHMepHO panHbI, 'ITO 06J1er'IaeT cornaCOBa-

HHe YCHJIHTeJIbHblX KaCKa)].OB Ha nOJleBblX TpaH3HCTopax.
llpHHI.tHn pa60Thl TpaH3HCTopa C H30JIHpOBaHHbIM 3aTBOpOM (PHC.

2.28, 6, 2) OCHOBaH Ha H3MeHeHHH KOHl.{eHTpal.{HH HOCHTeJIeH 3apH)].a B

npOBO,rolU.{eM KaHane, TeXHOJIOrH'IeCKH BCTpoeHHOM B MOHOKpHCTaJIJI no,lJ:-

nO>KKH. 3T0 H3MeHeHHe KOHLteHTpaU;HH )].OCTHraeTClI BHelUHHM 3JIeKTpH-

75

rcg

rB

u t

PHC. 2.27. MOAeJIb 6HnonllplI0l'0 TpaH3Hc-
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!'He. 2.28. CTpYKTypa, rpacIJH'iecKoe 0603Ha'ieHHe H CTOKO-3aTBOpHble XapaKTepHCTHKH
noneOblX TpBII3HCTOpOB
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'lecKHM nOrreM, C03.n;aBaeMb1M MeTaJIJIH'leCKHM 3aTBOpOM. Ha 3aTBOp OT-

HOCHTeJIbHO HCTOKa nO.n;aeTCH onpe.n;eJIeHHblH nOTeHl.(lHUI. 3aTBop H30JIH"

pOBaH OT KaHana .l.(li3JIeKI]JHKOM, B Ka'leCTBe KOTOpOrO 'laCTO HCnOnb3Y-

eTCB J1.BYOKHCb KpeMHWI (Si02). llneHKa J1.BYOKHCH KpeMHWI O'leHb TOHKa51

H 06J1a)UleT XOpOIllHMH .l.(li3JIeKTpH'leCKHMH CBOHCTBaMH.

TpaH3HCTOpbl, OCHOBHblMH HCXOAHbIMH MaTepHaJIaMH KOTOpblX HB-

IDUOTCH MeTaJIJI, .l.(li3JIeKTpHK (OKHCeJI) H nOJlynpoBOAHHK, nOJlY'lHJIH

Ha3BaHHe M,L\ll- HJIH MOll-TpaH3HCTOpOB. KamUI, COe.l.(liHHIOll{HH 06-

rraCTH HCTOKa H CTOKa, cJIa60 nerHpOBaH. llpH H3MeHeHHH HanpK:>KeHHB

Ha 3aTBOpe U
gs

KaHaJI MO:>KeT 06e,nHKTbCB HJIH 060rall{aTbCB 3JIeKTpO-
HaMH (pe:>KHM 06e,lJ.HeHHH H 060rall{eHHB). HanpHMep, B KaHaJIe p-THna

(PHC. 2.28, 6) npH no.n;a'le Ha 3aTBOp nOJlO>KHTeJIbHOrO HanpH:>KeHHH

KaHan 060ramaeTCH 3J1eKTpOHaMH H CY:>KaeTCR, COnpOTliBJIeHHe ero

YBeJIH'.J:HBaeTCH, a TOK ld yMeHblllaeTCH. npH HeKOTopOM HanpH:>KeHHH

OTCe'lI<H U
gs
= U

OTC
TOK ld = O. ECJIli Ha 3aTBOp no.n;aHO OTpHQaTenbHoe

HanpH:>KeHHe, TO KaHaJI 06eAHHeTCH 3neKTpOHaMH, paCIllHpHeTCH, 'lTO

npHBo.n;HT K YBeJlH'leHHID TOKa CTOKa. TaKHM 06P330M, ,lJ,aHHbIH THn

noneBblX TpaH3HCTopOB MO:>KeT pa60TaTb npH nOJIO:>KHTeJIbHbIX H OT-

pHl..{aTeJlbHbIX HanpH:>KeHHRX Utfs' Bxo,lJ.Hoe conpOTHBneHHe TaKHX TpaH-

3HCTOpOB ,lJ,OcmraeT 109-101 OM.

POJlb n0}I.J10)l(J(H B M,[\ll-TpaH3HCTopax 3aKJllO'laeTCH B TOM, 'ITO H3Me-

HeHHeM ee nOTeHQHaJIa OTHOCHTenbHO 3aTBopa MO:>KHO .n;onOJIHHTeJlbHO

BJlIffiTb Ha TOK CTOKa. YBenH'lHBaH 06paTHoe HanpB:>KeHHe Me n0}I.J10:>K-

KOH H HCTOKOM, .n;06HBaIOTCH paCIllHpeHHH 06nacm, 06e,lJ.HeHHOH HOCHTe-

IDIMH 3apH,lJ,a. 31'0 npHBO)J,liT K CHH:>KeHHIO KOHQeHTpaQHH HOCHTeJleH 3a-

pH.n;a B KaHaJIe H HeKoTopoMY CHH:>KeHHIO TOKa CTOKa. llpH nO,lJ,a'le npH-

Moro HanpH:>KeHHH TpaH3HCTop BbIXO.l.(liT H3 pa60'lero pe:>KHMa. TaKoe

BKmo'leHHe TpaH3HcTOpa He,lJ,OnYCTHMo. l103TOMY BbIBO.n; n0}I.J10)l(J(H co-

e.l.(lilffieTCH C TO'lI<aMH cxeMbl, HMeIOll{HMH ypoBeHb nOTeHQHaJIa, 06ecne-

'lHBaIOll{HH 06paTllOe CMellleHHe p-n-nepexo.n;a Me)l{)]:Y HCTOKOM H no.n;-

J10)l(J(OH.

B TpaH3HCTOpax C HH.uyuHpoBaHHbIM KaHaJIOM (PHC. 2.28, 0, e) B

cna60nerHpoBaHHoH n0}I.J10)l(J(e clI>opMHpoBaHbl CHJIbHOnerHpoBaHHble

06nacTH HCTOKa H CTOKa npoTHBOnOJlO:>KHOrO THna nOJlynpoBo,lJ.HHKa

no cpaBHeHHIO C KaHaJIOM. PaccToHHHe Me)l{)]:y 06nacTHMH HCTOKa H

CTOKa npHMepHo 5-10 MKM. llo.n; .n;eHCTBHeM 3neKTpH'leCKOrO nOIDI

3aTBOpa 3neKTpoHbl BbITeCHHIOTCH B nO}I.J1o)l(J(Y HJIH no,n:rHrHnaIOTCH K

3aTBOPY H3 n0}I.J10)l(J(H. llpH 3TOM, nanpHMep, }I.J1jI n0}I.J10)l(J(H n-THna

(CM. pHC. 2.28, 0) npH onpe,lJ,eneHHOM HanpH:>KeHHH U
gs

= U
nop,

H33blBaeMOM nopOZ06blM, npOHCXO.l.(liT HHBepcHH THna 3neKTponpoBo.n;-

HOcru y3Koro Y'lacTKa KaHaJIa. KaHan H3 n-THna npeo6p33yeTcH B

KaHaJI p-THna, H TOK CTOKa ld Ha'lHHaeT yneJIH'-IHBaTbCH. TaKoH KaHaJI

H33blBaeTCH Ulloyt/up06allllblM. Bce OCTaJIbHble npoueccbl aHaJIOrH'lHbl

paccMOTpeHHblM Bblille .II.JUI M)J,n-TpaH3HCTOpOB co BCTpoeHHblM Ka-

HaJIOM.

lloneBble TpaH3HCTOpbl MOryr 6blTb BbInOJIHeHbl no cxeMaM C 06ll{HM

3aTBopoM (03), 06l1.tHM HCTOKOM (011) H 06ll{HM CTOKOM (oq.
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a) -Ed B cxeMe 03 (PHC. 2.29, a) BXO,u:-
HOM CHf'HaJI U

BX no,u:aeTCJI B Qenb

Me HCTOKOM H 3aTBOpOM, a BbI-

XOJUIOM CHruaJI CHHMaeTCJI Me 
CTOKOM H 3aTBOpOM. 3aTBop JlBJUI-

eTCJI 06ll{eM T01IKOM BXO,u:HOM H BbI-

XO,u:HOM QeneM. CxeMY 03 HCnOJIb-

3YlOT ,nJIJI npev6pa30BaHHJI He-

60JIblIIOro Bxo,nHoro conpOTHB-
J1eHHJI B BblCOKoe BblXOJUIoe conpo-

THBJIeHHe.

B cxeMe 011 BXOJUlOM CHruaJI

no,naeTCH B uenb Me)K,ay HCTOKOM H

3aTBOpOM, a BblXOJUIOM CHHMaeTCJI

Me)K.lJ:y HCTOKOM H CTOKOM (PHC.
2.29, 6). 3Ta CXeMa 06JIa,n:aeT J1Y'i-
IIIHMH cBoMCTBaMH no YCHJleHHIO H

HCnOJIb3yeTcH B TpaH3HcTopHbiX
Kmo'laX H YCHJIHTeJUlX.

CXeMa OC (PHC. 2.29,6) 'laCTO

H8.3blBaeTCJI ucmOK06blM n06mopu-
melleM. Ee OCHOBHblM CBOMCTBOM
JlBIDIeTCJI BbiCOKoe BXOJUloe H cpaB-
HHTeJIbHO HH3Koe BbIXO,u:HOe co-

npOTHBJleHIDI. n03TOMY cxeMa OC MOjl(eT HCnOJIb30naTbCJI n Ka'leCTBe

corJIacyroll{ero 3BeHa. npH 3TOM cxeMY OC OTJlH'laeT OT cxeMbl 011
oTcyrCTBHe HHBepTHpOBaHHJI CHrHaJIa.

Pe)KHMLI pa60Tbi H xapaKTepHCllllm nOJleBLIX TpaH3HCTopOB. Pa60Ta
nOJIeBOrO TpaH3HcTopa XapaKTepH3YeTCJI CTOKO-3aTBOpHbIMH xapaKTepHc-
THKaMH (npJlMOM nepe.n:a1m), CTOKOBblMH (BbIXOJUIbIMH) xapaKTepHCTHKa-
MH H xapaKTepHcTHKaMH 06paTHoM nepe.n:a'lH. I1cnoJIb3yIDT JIHlIIb nepBble
,/UJa BH)I;a xapaKTepHCTHK. P8.3J1H'ialOT CTaTH'ieCKHe H HarpY30'iHble (KBa-
3HCTaTH'lecKHe) xapaKTepHcTHKH.

PacCMOTpHM xapaKTepHCTHKH nOJIeBblX 1paH3HCTopOB Ha IIpHMepe
M.n;n-TpaH3HCTopa C HH.AYuHpoBaHHbIM KaHaJIOM p-THna. CTaTH'iecKHe
XapaKTepHCTHKH CTOKO-3aTBOpHble ld (Ugs) npH Uds

= const, CTOKOBble

ld (Uds) npH Ugs
= const H 06paTHOM nepe,na'lH Ig(Uds> npH Ugs = const

(PHC. 2.30) CHHMalOTCH no cxeMe (PHC. 2.31) C HCnOJlb30BaHHeM HCTO'lHH-

KOB nHTaHHJI nOCTOJlHHOrO TOKa.

TOK CTOKa ld (CM. pHC. 2.30, a) Ha'lHHaeT YBeJIH'iHBaTbCJI JIHIIIb npH
3Ha'ieHHH BXO,u:Horo HanpHjI(eHHH, npeBbllIIaIOll{eM noporoBoe HanpJljl(e-
IIHe U

n0Ir nOporoBoe HallpJljl(eHHe C pOCTOM TeMnepa1ypbl CHHjI(aeTCH
(5 MBlDc). npH HeKOTopoM MaKCHMaJlbHOM BXO./UlOM HanpHjI(eHHH U

gs
pOCT TOKa ld npeKpall{aeTCH, TaK KaK COnpOTHBJleHHe KaHaJIa Rds ,nOCTH-
raer HaHMeHblIIer'o 3Ha'leHHJI. 3aBHCHMOCTH TOKa CTOKa ld OT HanpJljl(eHHH
Uds npH U

gs
= const HMelOT ,/UJe r:rraBHble pa60'lHe 06JIaCTH: 06JIaCTb
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PHC. 2.29. CxeMLI BKJDOlJ:eHHR 110neBLlX

TpaH3HCTOpOB
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1. l) 1. Rdl=const 1d =canst

Ug1s
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Ugu,
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PHC. 2.30. XapaKTepHCTHKH l1oneBoro TpaH3HCTOpa C H30IDIpOBaHHLIM 3aTBOpoM H HHAY-

llHpOBaHHblM KaHaJIOM p-THna

nOCToHHHOro COnpOTHBJIeHHH CTOK-HCTOK ( ds
= const) H 0_6J1aCTb no-

CTOJlHHorO TOKa CTOKa (ld = const). rpaHHueH 3THX 06JIaCTeH JlBJUIIOTCH

T01IKH K, IIpH KOTOpblX 1Ip0HCXOJUiT CMblKaHHe (nepeKpbITHe) KaHaJla, H

JUill>lI>epeHUHaJIbHOe COnpOTHBJleHHe ero pe3KO B03paCTaeT, a xapaKTepHC-

THKa nepeXOJUiT H3 KpyroM 06J1aCTH B nOJIorylO. _npH onpe,neJleHHOM
HanpJljl(eHHH Uds

= U(BR) npOHCXOJUiT 3JIeKTpH'leCKHH np.?60H. HanpJljl(e-

HHe np060Jl HMeeT nOJlOjl(HTeJlbHblM TeMneparypHblH K0311>II>HuHeHT

o ] %/DC,
.

Be;U;'lHHa Rds JlBJUleTCJI O'ieHb najl(HblM napaMeTpOM npH60pa. 3T0

conpOTHBJleHHe B03paCTaer C pOCTOM TeMneparypbl H y,/UJaHBaeTCJI B JUia-

n8.30He TeMnepaTYP 25-200 DC. TeMnepaTYPHblM K0311>II>Hi\HeHT 0,7%JDC.

Tal< KaK Rds paCTeT C YBeJlH'ieHHeM reMnepaTYpbl, TO CTHrHBalme TOKa

CTOKa B "IIIHYP" H 06p8.30BaHHe JlOKaJIbHblX  eCTp8.30 eBa
B cTpYKTYpe

HeB03MOjl(JfO. n03TOMY BTOpH'lHbIH (TeruloBOH) np060H B nOJleBblX TpaH-

3HCTOpax OTCyrCTBYeT.
Oc06eHHOCTblO M.n;n-TpaH3HCTopa JlBJIHeTCJI OTHOCHTeJIbHO 60JIblIIOe

COnpOTHBJIeHHe B nepBOH 06J1acm, Kor)J.a TpaH3HCTOp OTKpblT. Tal< B

T01IKe nepexo,na Ks (PHC. 2.30,6) HanpJljl(eHMe Uds COCTaBJIHeT npHMepHo

PHC. 2.31. CxeMa H3MepeHHII
CTaTH'IeCKHX XapaKTepHCTHK

110neBoro TpaH3HCTopa
+

RZ

Er
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5 B, qTO 3HaqHTCJIbHO npeBbUUaeT
/

TpaH3HcTopa B 06J1aCTH HaCbIlI.{eHHJI  JlMOeHanpJl)KeHHe 6HnOJIHpHOrp

CTOKa no YCJIOBHIO HarpcBaHIDI.

. 0 orpaHH'iHBaeT ,lJ;OnycTHMblH TqK

CTOKOBblC Xapal<TepHCTHKH M)1;lI
{

Hbl. 31'0 HX OT1lliqaeT OT BblX
-TpaH3HCTopa noqTH ropH30HTartb-

-.

3HCTOpOB.
OAHblX xapaKTcpHCTHK 6HnOJIHpHbiX TpaH-

HarpY30'iHb1C Xapal<TCpHCTHKH onpe eJUl

YCHJlHTCJlbHOM KaCKa,lJ;C (PHC. 2.32).
,IJ; IOT CBOHC1'Ba TpaH3HCTOpa B

YpaBHcHHc HarpY30'lHOH xapaKTcpHcTHKH

Uds = Ed -- IdRd (2.22)

aH<UlOrH'iHO 6HnOJUlpHoMY TpaH3HcT X

ro3YM TOf{KaM (A H B); npH I = 0 Uo E'apaKTCpH:r"Ka CTpOHTCJI no

pHC. 230 6) A'B'
d

6'
cis d, npH Uds

- 0, Id = EjRd (CM.

xapa cp  KHT
.J1
o a

eT

o

CJI

B

a OqHM yqaCTKOM BblXOAHOH HarpY30'iHOH
. ,. JlHeTCH pa60'iCH (

pa60'iCH TOf{KH aHaJIOrH'iCH CJlY':laIO 6

T01fl<OH nOKOJl). Bbl60p

BLl60p OnpC,IJ;ClliIeTCJI orpaHH':lCHHHM n nOJUlpH;IMTpaH3HCTopOM.
3TOT

HanpJI)KCHHIO U-'_ a TaK)KC Ha

TOK}' dmax' MO HOCTHPdmax H

....max' npH)KCHHCM U Knacc Y
CH C nOMO bIOCnCIUiaJIbHLIX I.{cnc

_
gs'

CHJlCHHH 3aAaeT-

Hbl).
H CMC CHHH(Ha pHC. 2.32 HC nOKa3a-

llapaMCTpLI OOJlCBLlX TpaH3HCTOpOB P
MeTpbl, npC,IJ;CJlbHblC 3KCmIYaTaI.{HOHHbl ,IJ; ::b :IOT3J1CKTpH':lCCKHC napa-
napaMcTpLI 3KBHBaJICHTHOH CXCMbl 3aMC

' napaMeTpbl YCHlICHlUI H

MCTpaM (OCHOBHbIM) OTHOCHTCH MaKCHM eHIDI.
K 3J1eKTpH'iCCKHM napa-

CTOKO-3aTBOpHOH XapaKTCpHCTHKH MNB'
JlbHaJl 'ia<;'ToTa, rl.{; KpyrH3Ha

U = 10 B) A'
" Ha':laJIbHblH TOK CTOKa (U

-

0
ds , M ,HanpH)KCHHC OTCC':lKH (U = 10 B) B'

gs
-

,

HA; CMKOCTh BXO)].HIDI, n<1>; CMKOCTb npoi AHIDIn 
' TOK yrCf{KH 3aTBopa,

K npCACJlbHblM napaMc:rpaM om
,.

HanpH)KCHHC 3aTBOp---CToK B.

OCHTCH HanpH)KCHHC CTOK-HCTOK B'

, , HanpH)KCHHC 3aTBOp-H B'
"

HaH paCCCHBaCMIDI MO HOCTb,MBr TCMncp
CTOK,  'nOCTOHH-

IlapaMeTpbl YCIUICHHH CJlCA)'IO HC'BXO
aT)'pa OKPY)Karo CHCpC,lI.bI, K.

XO.n.HOC COnpOTHBJICHHC OM' K03"'''' 
JJ:HOC conpOTHBJlCHHC, OM, Bbl-

(/)"U //)"U )
" 'i''i' I.{HCHT YCHJlCHHH no HanpH)KCHHIO

g cis'

IlapaMeTpbl 3KBHBaJICHmOH CXCMbl 3aMCmCHIDI CJlC
.

HCC COnpOTHBJlCHHC (,WItlJtlJCpCHI.{HaJIbHOC) R /)" U _ / A Il.{HC.BHyrpCH-

K

8M tis' L.1Jd npH Us = const

pYTH3Ha CTOKO-3aTBopHOH XapaKTCpHCTHKH S = M //)" U

g ,

H npoxorru
.

aJI C

d gs
H BXO,lJ;HIDI C

I--¥' gd CMKOC11f.
gs

-Ed

 tH»p([
II

L 
)UdS'

PHC. 2.32. CxeMa YCJillllTeJIbHOrO KaCK a

Ha noneBoM TpaH3HCTope
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RBH Uds
RBH Cds Uds

PHC. 2.33. 31<BHBaneHTHbie cxeMbl 3aMel!.\eHHR none80ro TpaH3HCTopa npH HH3KOii (a)

H BblCOKOH (6) '1aCTOTe

lIpH HH3KOH 'iaCTOTC (PHC. 2.33, a) Y'iHTbIBaIOTCJI TOJlbKO YCIUIHTCJlb-

HblC CBOHC1'Ba H aKTHBHblC nOTcpH. Ha BblCOKOH qaCTOTc (PHC. 2.33, 6)

,lJ;OnOJIHHTCJIbHO K 3TOMY yqHTblBalOTCJI C06C1'BCHHbIC CMKOCTH, 06YCJIOB-

J1HBaIOIl\He pCaKTHBHyIO 3JICKTponpOBO)].HOCTh, B03paCTaIOIl.{yIO npH no-

BblllICHHH ':laCTOTbl.

KOHCTpYK HHH 0603Ha'leHHe mOOB TpaH3HCTopOB. I1McIOTCJI pa3J1H'i-

HblC TCXHOJlOrH':lCCKHC cnoc06bl H3rOTOBJICHHH nOJlynpOBO,lJ;HHKOBblX

TpaH3HcTopHbiX cTpyKTYP: CnJlaBJICHHSI, JJ.HtlJtlJY3HH, 3nHTaKCHaJIbHO-JJ.HtIJ-

t1JY3HOHHbIH, nJIaHapHO-3nHTaKCHaJIbHbIH, HOHHOH HMnnaHTaI.{HH H ,lJ;p.

lIpH cnnaBnCHHH Ha nOBcpxHOCTb KpCMHlUI nOMCll\aCTCH, HanpHMcp,

aJllOMHHHH H HarpcBaeTCH B aTMoctlJcpC HHCpTHOro ra3a. lIoCJlC mma)K)]:C-

HHH pacnmma 06pa3YeTCH KalIlli! CMCCH AI-Si, B KOTOpOH t1JOpMHPYeTCH

06J1acTh, HaCblll\CHHasI aKI.{CnTopOM. 3nHTaKClUI npc,IJ;CTIiBJIHeT MeTO,lJ; Bbl-

pall\HBaHJoI.H KpHC1aJIJIa B pC3ynbTaTc XHMH':lCCKOH pcaKI.{HH Ha nOBepxHoC-

TH HCXO)].HOro MOHOKpHCTaJIJla KpCMHHH. Qcpc3 HarpeTblH ,lJ;O 1150 °c

O'iHIl\CHHbIH HCXO)].HbIH KpCMHHH B KBapl.{CBOM pcaKTopc npoA)'BaeTCH

nOTOK BO,lJ;OpO,lJ;a C npHMccbIO SiCl4 HlIH SiH4,
" aTOMbl KpCMHlUI Bbllla.n;a-

IOT B OCa.n;OK, HapalllHBIDI KpHC1'aJIJlH':lCCKYlO pCllIeTKY no.nnO)l{l(H. )J.06aB-

IDUI B ra30BYIO CMCCb PH3 HJIH B2H6,
MO:>KHO nOJIY'iHTh ,lJ;OHOPHYlO "JIM

aKI.{CnTOpHYlO npHMcCH. lIonY'iaC1'CJI TOHKIDI ruICHKa C TO'iHO ,lJ;03HPYCMOH

KOHI.{CHTpal.{HCH npHMcCH.
MC1'O,lJ; HOHHOH HMnnaHTal.{HH CBJl3aH C B03,1J;CHC1'BHCM Ha nOBCpXHOCTh

KpCMHHCBOH nJlaCTHHbI HOHOB npHMccH, pa30rHaHHblx B BaKYYMc ,lJ;O 3HCp-

rHH B HCCKOJIbKO Kun03J1CKTpOH-BOJlbT. 31'0 Hau60Jlcc KOHTpOJlHPYCMblH

U TO'iHbIH cnoc06 BHCP;PCHIDI npHMccH.

)VuI 6HnOJUlpHbIX TpaH3Hc1'opOB UCnOJlb3yIOTCH JJ.H<l>tIJY3UOHHO-CruIaB-

Hasl C MC3a-CTpyKTYpOH H rmaHapHIDI TCXHOJlOnrn (PHC. 2.34).

lIOJlynpOBO)].HHKOBasI cTpyKTYpa (puc. 2.34, a), nOJl}"icHHIDI JJ.HtlJtlJY3U-

OHHo-cnnaBHbiM cnoc060M, BKJIlO'iaCT B CC6H HU3KOOMHblH BbICOKOJlCrH-

pOBaHHblH p+-KpCMHHH (.IU1t1JtlJY3ID1, 3nUTaKCHSI), 06nacm P- H n-THnOB

(JJ.HtlJtlJY3ID1) C BruIaBJICHHblM 3J1CKTpO,lJ;OM 6a3bl H 06J1acTh p-THna (cruIaB-

JlCHHC) Ha rpaHul.{C C MeTaJIJlOM BblBO,lJ;a 3MHTIepa. BbICMKa MC3a-CTpyKTY-

pbl BbInOJIHeHa }J.lliI orpaHHqCHIDI aKTHBHOH 06J1aCTH CTpYI<Typbl }J.lliI CHH-

)KCHHH c06C1'BCHHOH CMKOCTH.
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\ )VIH YMeHbWeHlUl HBIIeHIDI BblTeCHeHIUI 3MHTIepHOrO TOKa B He60JIb-

WOM Y'laCTOK OKOJlO 6a30BOro BbIBO,n:a npHMeHSIIOT CneI.{HaJIbHYro Pa3BeT-

8 eHHYroCeTb 6a30Bb1X H 3MHTfepHblX 3J1eKTpO)];OB MOIJ HblXTpaH3HC1'0-

pOD. llpHMeHHeTCH rpe6eH'laTaH, 3BonbBeH1HIUI. H MHOr03MHTIepHaH KOH-

CTpYKl.{1UI 3MHTIepHblX nepeXO.ll:OB.

IlonynpOBO)UIHKOBble crpYl<Typbl nOJleBblX TpaH3HCTOpOB H3rOTaBJlH-

BalOT(;jI MeTO)];OM nrraHapHOM TeXHOJIorHH.

1l0JlynpoBO)UIHKOBaH CTPYKTYpa TpaH3HC1'Opa 06bl'lHO nOMelllaeTCH B

repMeTH'lecKHM Kopnyc H3 MeTaJIJla (pHC. 2.35, a), nnaCTMaCCbl HnH Kepa-

MHKH. TpaH3HcTopbl MarroM MOlllHOCTH MOl'}'T H3rOTaBJlHBaTbCH B 6ecKop-

nycHoM HCnOJIHeHHH (PHC. 2.35, 6).
B TpaH3HcTope C MeTaIDIH'leCKHM KopnycoM nOJlynpOBO)];HHKOBaH

cTpYKTYpa 13aKpennHeTcH Ha KOBapoBoM cIJJlaHl.{e 2, 3J1eKTpOJI,b13MHTfepa

H 6a3bl (HCToKa H 3aTBOpa) 3 BblBO,lI,SlTCH H3 Kopnyca 'lepe3 CTeKIDlHHble

H30llilTOpbl 4. repMem'leCKHH Kopnyc 5 npHBapHBaeTCH K c1JnaHI.{y WBOM

XOJlO)UIOH cBapKH 6. Pa3Mepbl TpaH3HcTopa TaKoH KOHCTpYKl.{HH Mor)'T

HMeTb 3Ha'leHIUI: H = 2,5+12 MM H D = 3,7+30 MM. MOlllHbie TpaH3HCTOpbl

Ha TOKH )];0 COTeH aMnep HMelOT KOHCTPYKl.{HIO, aHanOrH'lHYIO CHJIOBblM

JJ.Ho)].aM, HMelOll1YIO )].ononHUTenbHblH TpeTHH BblBOD;.

Ha pHC. 2.35, 6 nOKa3aH O)].HH H3 BHD;OB 6ecKopnycHoro TpaH3HCTOpa,

HCnOJlb3yeMoro B rn6pu)UIblX MUKpocxeMax C rH6KHMU BblBO)];aMU. K

nonynpOBO)UIHKOBOMY KpHCTaJIJlY 1 MeTO)];OM TepMoKoMnpeccHH npHnaH-

BalOT K KOHTaKTHblM nrrOllla)].KaM ru6KHe BblBOJJ;bl 2 H3 30noToH npOBOJlO-

KH JJ.HaMeTpoM 30-50 MKM. BblBOJJ;bl )];OnOJlHHTerrbHo MeXaHH'leCKH 3a-

KperuulIoT C nOMOlllblO 3alllHTHOI'O KOMnayHlla 3.

KpoMe YKa3aHHblx OCHOBHblX KOHCTpYKTHBHblX runoB pa3IlH'lalOT

TpaH3HcTOpbl .lI:pyrnx MO)].HclJHKal HHp-n-p- H n-p-n-THnoB, B CTeK-

J1HHHO-MeTaJIJlH'leCKOM, nrraCTMaCCOBOM H MeTaJIJIOKepaMH'leCKOM Kopny-

cax, C rn6KHMH H )KeCTKHMH BblBOD;aMH.

MemanllUJaquR!3 SiOz
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PRC. 2.34. AHclJcIIY3HoHHo-cnllaBHaR (a) II nllaHapHaR (6) nonynpOB01I.HHKOBLle CTpYKTYPbl
6HnonRpHbix TpaH3HCTopOB

llnaHapHaH TeXHOJlOrnH (OT aHrJIHHCKOrO CJlOBa planar -- nnOCKHH)-
BblCOKonpOH3BO)];HTeJlbHblH MeTOD; rpynnoBoro H3rOTOBneHHjI nOJlynpo-

BOJJ;UHKOBblX npH60pOB H HUTerparrbHblX MHKpocxeM C npe.ll:BapHTenLHblM
HaHeceHHeM "MaCKH" Ha KpeMUHH. TeXHOJlOrHH BKmo'laeT B ce6H cJleJJ;ylO-
LtJ;He OCHOBHble Onepal.{HH: HaHeceHHe TOHKOH JUi3J1eKTpH'leCKOH nneHKH Ha

nOBepXHOCTb KpeMHHSI, y)];aneHHe cnoc060M c1JoTonHTorpacIJHH HnH 3J1eK-

TPOHHo-cIJoTonHTOIJJacIJH'leCKHM cnoc060M onpe)];eJleHHOrO Y'laCTKa 3TOH

nneHKH, BBe)];eHHe B KpHCTaJIJI 'lepe3 06pa30BaBWHeCH "OKHa" JJ;OHOpHblX
HnH aKl.{enTOpHblX npHMeceH, MeTaJIJlH3al.{HH 06J1aCTH BblBOD;a :meKTpO)];OB.
I1J1eHKa HaHOCHTCH Ha HCXOJJ;HYJO KpeMHHeByro nOMO)[(1(y, 'lT06bl npe)];OT-
BpaTHTb npOHHKHOBeHHe npHMeCH B onpeD;eJleHHble 06J1aCTH CTpYKTYPbl.
HaH60Jlee y)];06Ha "MaCKa" H3 cnOH Si02. )VuI3Toro KpeMHHeBaH nnaCTHHa

nOMeIJ aeTCHB ne'lL H HarpeBaerCH B aTMocclJepe Bna)KHOrO KHCJlOpOD;a. 06-

pa3YeTCH nneHKa Si02 TOnl.L{HHoH OKOJlO I MKM.

llnaHapHaH nOJlynpOBOJJ;HHKOBaH cTpYKTYpa (PHC. 2.34, 6) nOJlY'leHa

J(HclJclJY3HeH aJlIOMHHHH B HCXOJJ;HblH KpeMHHH n-THna. 3MHTIepHblH nepe-

XO H n+-CJlOH cclJopMHpoBaHbl AHclJclJY3HeH c1JoccIJopa B HCXOJJ;UblH KpeM-
HHH n-runa co C1'OpOHbl BblBO)];3. KOJlJleKTOpa H B AHclJclJY3HOHHblH p-cnoH
'lepe3 l eHTparrbHoe"OKHO" B nJleHKe Si02. MeTaJUIH3al.{HH Bbll10nHeHa

Ham,meHHeM aJIIOMHHHH. I10)];06HaH TeXHonorHH 06ecneLlHBaeT nOJlyqe-

HHe BblCOKOOMHoro KOJlJleKTOpa, 'lTO no Mepe YBeJIH'leHHH HanpSl)KeHIUI
Ha KOJlJleKTOpe npHBO)].HT K paCIIJHpeHHIO 06'LeMHoro 3apHJJ;a B OCHOBHOM

B CTOPOHY KOJlJleKTOpa. bJlaro)];apH 3TOMY 3c1JclJeKT MOJJ;yllill.{HH 683bl Bbl-

pa)KeH He3HaQHTeJlbHO. BbiCOKOOMHblH CJlOH B KJIIO'leBOM pe)KHMe TpaH-

3HcTopa Bb13blBaeT 3Ha'lHTeJIbHOe nMeHHe HanpH)KeHHH Ha KOJlJleKTope.
TaKaH CTpYKTYPa HcnOJlb3YeTCH B BblCOKOBOJlbTHblX TpaH3HCTopax. B

3TOM cny'lae npHMeHHeTCH KpeMHHeBaH CTpYKTYpa B cl>opMe AHCKa (KaK B

WiO.n;ax), Bbll10JIHHeTCH cl>acKa. )VuI CHH)KeHIUI TOJllllHHbI BblCOKOOMHoro

cnOH KOJlJleKTOpa B HH3KOBOJlblHblX TpaH3HCTopax npHMeHHeTCH 3nHTaK-

CHarrbHoe HapalllHBaHHe TOHKoro n-CJlOH Ha HCXO)UIOH nnaC1'HHe HH3KO-

OMHOI'O n+-KpeMHHH.
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PHC. 2.35. KOHCTpyKUHH TpaH3HCTopOB B MeTaJIJIH'IeCKOM Kopnyce (a) H 6ecKopnycHbie (6)
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MO HOCTb ManaR Cpe)J.HSlII EOJIblllaSI 3

IIaCToTa: Z) Ie
HH3KaR 1 4 7

cpe)J.H1IJI . 2 5 8

BblCOKaR 3 6 9

6) (j) /(

} 
n'

P"

n-

U61!'I

U6d 3 [;

UBI!2

UBd

Ua

MHoro06pa3HC THnOB H KOHCTpyt<1'HBHbIX pa3HOBH,lUIOCTCH HaH60Jlcc
norIHO YIlHThlBaeT CHCTeMa 6yt<BCHHO-l.\HclJpoBoro 0603HallCHlUl TpaH3HC-

TOpOB, BBC):{CHHIDI B 1977 r. 31'a CHCTCMa (PHC. 2.36) CO.n:CP)KHT nHTh

OCHOBHblX :mCMCH1'OB H ):{onOJlHHTCnbHbIC 3HaKH. Tpern:H :mCMCHT B 060-

'.maIlCHHH oTpa>KaeT CBOHC1'Ba, BbIpa){(CHHbIC l.\HclJpaMH TpaH3HCTopOB no

'laCTOTe H MOll.(HOCTH:

a) f(

Ha ceTKY CHCTeMbl 0603HallcHHH HaHCCCHO 0603HalleHHc TpaH3HcTOpa

KT 805 AM: KpCMHHCBblH 6HnomlpHblH TpaH3HcTop 60nbwoH MOll.(HOC1'H

H CpCJl.HCH llaCTOTbl B MeTaJU1HIlCCKOM Kopnycc.

TpaH3HcTopbl, pa3pa60TaHublc ):{O 1977 r., HMelOT OTJIH'IalOlllYIOCSI

CHCTeMY 0603HallcHHH [18].
CpaBHHTeJILHaH ou,eHKa 6HnOJlHpHLIX H nOJ1eBLIX TpaH3HCTopOB. nH-

nOJUlpHbIe TpaH3Hc1'opbl pa3pa60TaHbI ncpBblMH, OHH ):{OCTaTOllnO xo-

pOWO OCBOCHbl H HMCIOT caMOC pa3J1HIlHOC npHMcHcHHC. nOJleBblC

TpaH3HCTopLl - HOBblH THn npH6opoB; HMCIOT CYlllCCTBCHHLlC npe-

HMYU{CCTBa B ManoMolllHoH 3neKTpoHHKc. OHH OTJIHllalOTCH BblCOKOH

CKOpOC1'blO nepcKmollcHHH, OTCyrCTBHCM TcnnOBoro (BTopHIlHoro) npo-
60Sl, O'leHb BblCOKHM BXO):{HbIM conpOTHBJlCHHeM, MaJlblM C06CT8CHHbIM

WYMOM BCJlC}:{CTBHC OTcyrCTBHH PCKOM6HHal.\HOHHbIX npOl.\eCCOB. no-

PHC. 2.37. CxeMa BKJIIO'ieJlHII (a), 0603Ha'leHHe (6), llonynpOBOAHHKOBaJ! crpynypa (6) It

BLIXO)J.Hble xapaKTepHCTHKH (z) 6HllOnllpliOrO TpaH3HCTopa C H30IIIlpOBaHHLIM 3a1BopOM

flOpRDKoD6IU HOmp
paJpaOOmKU om 0 Do 999

KtlaccurpuKau,uoHHal/
/lumepa om A Do H

(onpeiJellRem oClfo6lfble
311eKmpUyeCKUe
napaMempbl)
Tun Kopnyca (f1-MemQII-
AUyeCKUQ)
IiUrppbl om t Do & (iJAR
oecKopnycHilX nputfopo6,
otfCJ3IfQyaem mun 6bl60iJ06)

nCBblC TpaH3HC1'Opbl no CXCMOTCXHHKC YCHJUrrcnCH MaJlO Onrn1.J:alO1'CH

OT 3nCKTpOHHLlX naMn, OHH ynpaBJIHlOTCSI: HanpH>KCHHCM. nonCBblC

TpaH3HCTOpLI HMCIOT BblCOKYlO TCMncpaTYpuylO H pa.LJ,l1al.\HOHHYlO YC-

TOH1.J:HBOC1'b, TCXHonorHIlHbl H o6CCnC1.J:HBalOT BbiCOKYIO nnOTHOCTb pac-

nOnO>KCHHSI 3nCMCHTOB. OHH C ycncxOM 3aMCHHIOT 6HnOJIHpHb(C TpaH-

3HCTOpbl B ycrpOHCTBax MOlllHOCTblO HCCKOJIbKO KHnOna'lT, oe06CHHo

B )Uiana30HC llaCTOT BbIWC 4 Krl.\.

HC}:{OCTIiTKOM nOJlCBbiX TpaH3HCTopOB HBJUlCTCH OTHOCHTeIIbHO BbICO-

KOC HMnYJIbCHOC HanpH>KCHHC B OTI<pblTOM COCTOHHHH. npH 60JlbWHX

TOKax 3TO npHBo)UiT K 3HalfHTeJlbHbiM nOTcpHM H HarpeBaHHlO. B CBH3H C

3THM CYlllCCTBYCT np06J1CMa C03}:{anHH CHnOBblX nOJlCBbiX TpaH3HcTopOB

Ha TOKH 60Jlcc 10-50 A. B nOHCKax pewcHHH 3TOH npo6ncMbi 6bmH

BblllOJIHCHbl pa3pa60TKH npH60poB, COlfeTalOll.\HX  pcHMYll{eCTBa6Hno.:
JUlpHblX H nOJICBblX TpaH3HcTOpOB. Ha OCHOBC 31'OH H):{CH C03)J.aH HOBblH

nOJIynpOBO)].HHKOBblH npH60p - 6HnOJlHpHblH TpaH3HcTop C H30JlHpO-

BaHHbiM 3aTBopoM (ETI13). B HHOCTpaHHOH JlHTCpaTYpc 3TOT TpaH3HcTOp

llaCTO 0603HallaeTCH IGBT (Insulatcd Gate Bipolar Transistor) (eM. npH-

J10){(. 3). no cYll{CCTBY 3TO KOM6HHlipOBaHHbIH TpaH3UCTOp (pHC. 2.37).

KOM6HHHpoBaHHblc TpaH3HcTopbl Y)Ke H3rOTanJUmalOTCH Ha TOKH }:{O

400 A H HanpSDKcHHCM }:{O 1400 B H 60nce C ,a:onycTHMoH ':1aCTOTOH

nCpCKJllOIlCHHH }:{O 50 Krl.\. Ha HX OCHOBC B03MOiKHO C03}:{aHHe caMblX

COBpCMCHHblX CHJlOBblX npeo6pa30BaTeJlCH 3nCKTp03HcprHH.
85
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PRC. 2,36. CTpYKTYPHaR cxeMa 6YKBeHHO-l!HclJpoBoro 0603Ha'leHHJI TpaH3HCTopOB
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2.4. T PMCTOPbl

HaJHa'leHHe H KJIaCcHcJlHKaU.HH. BaJl<HeiiuIee 3Ha'leHHe B CHIlOBOH npe-
06p3.30BaTeJIbHOH TeXHHKe HMeIOT npH60pbl C MHOrOCJlOHHOH nOJIYnpo-
BO.n.HHKOBOH CTpYKTJPOH nma p-n-p-n HJIH n n-p-n,06JIa-
,u:alOL1{He KJIIO'IeBOH XapaKTepHCTHKOH C .nBYWI YCTOH'lHBblMH COCTORHlliI-

MH: C BbICOKHM conpOTHBJleHHeM (3aKpbITOe COCTOHHHe) H HH3KHM

cOnpOTHBJleHHeM (OTKpbITOe COCTOHHHe). Ha OCHOBe MHOrOCJlOHHbIX

nOJlynpOBO,u:HHKOBblX C1PYKTJP paJpa60TaHbI npH60pbl Ha TOKH ,u:o He-

CKOJIbKHX ThICH'l aMnep H Ha nOBTOpxlOL1{HecR HanpR)/(eHHR ,u:o 5000 B.
TaKHe npH60pbI nOJlY'lHJlH 06L1{ee HaJBaHHe mupucmopbl (OT rpeqeCKoro
CJIOBa "THpa" - ,u:Bepb). B THpHCTOpax HCnOJIb3YeTCH KpeMHHH.

THPHCTOp - no nonynpOBo,u:HliKOBblH npH60p, C JJ:BYMH YCTOHqHBbl-
MH COCTOHHlliIMH, HMelOL1{HH TpH p-n-nepexo,u:a HJIH 60JIee, KOTOpblH
MO)/(eT nepeKJIIOqaTbCH H3 3aKpblToro COCTOHHlliI B OTKpblTOe (npOl. ecc
oTnHpaHHH) H H3 OTKpbITOl'O COCTOHHlliI B 3aKpbITOe (npOl. ecc3anHpaHIDI).
BpeMH nepeKJIlOqeHHH THpHCropoB HecoH3MepHMo MeHbllIe BpeMeHH
BKJIlOqeHHOro HJIlt BbIKJllOqeHHOrO COCTOHHHH H HaXO,u:HTCH B npe,u:errax OT

e,lU-IHHl.{ ,u:o HeCKOJlbKHX COTeH MHKpoceKYH,u:.

CYL1{eCTByeT MHOro pa3HOBH,u:HoCTeH THpHCTOpOB (PHC. 2.38). OCHOB-
HhIMH THnaMH HBrrHIOTCH ):{HO,u:HbIe (JUIHHCTOpbI) H TpHo):{HbIe THpHCTOpbl.
HaH60JlbllIee pacnpocrpaHeHHe norryqltJIH npocTeHIIIHe o,u:Hoonepal.{HOH-

iJuoiJH6/e (iJuHuCmOp6l) mpuoiJHMe (mpuHucmop6/)

PHC. 2.38. CTpYKTYPHRJI CX<:Ma KnaccHclJHKauHH rnpHCTopoB
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PHC. 2.39. CxeMa oAHoOnepaUHoHHoro rnpHCTopa (a), rpa4JHK KOHUCHTpRUHH npHMeceH

(6), ycnoBHoe 0603Ha'leHH<: (6) It cxeMa KpeMHHeBOH CTpYKTypbl (z)

HbIe THpHCTOpbl, HMeIOI1(He TpH 3JIeKTpO):{a: aHO):{, KaTO):{ H ynpaBJUIIOI1(HH

3rreKTpO):{ (PHC. 2.39). _

KpeMHHeBaH qeTblpeXCIlOHHaH cTpyraypa C Pa3JIH'lH HKOHl.{eHTpa-
I HeHJ1ernpyrol1(HX npHMeceH no CJlOHM 06pa3YeT,u:aa KpaHHHX (3MHTTep.

HbIX) p-n-nepexo,u:a JJ H J3 H l eH'rpa.rn,HbIH(KOJIJIeKTOpHbIH) p-n-nepe-

XO):{ J2. B HCXO,u:HOM COCTOHHHHp n-p-n-CTpYKTYpaHe npOBO,u:HT TOKa.

npHMoe CMeIlleHHe J3 OT ynpaBIDIlO1u.ero 3JIeKTpo):{a nepeBO):{HT CTpYKTJPY

B npOBO]:(SlL1{ee (OTKpbIToe) COCTOHHHe. 06paTHoe nepeKJIIO'leHHe B 3aKpbI-

Toe COCTOHHHe B03MO)!(H0 TOJlbKO nocJle OTKJUOqeHIDI TOKa aHo):{a IA H

TOKa ynpaBJleHIDl1G' TaKHM 06Pa30M, B O,u:HoonepawroHHOM (HeBbIKJllO-

qaeMOM, He3anHpaeMOM) THpHCTope no l.{enH ynpaBIDIlOl1(ero 3JIeKTpo):{a

oCY1l.{eCTBHMa TOJIbKO o,u:Ha onepaUHH
- OTnHpaHHe THpHCTopa. 3anHpa-

HHe TaKOrO THpHC1'Opa ):{oCTHraeTCH no l.{eIIH aHo):{a.

HaH60Jlee CJlO)/(HbIM H cOBepllIeHHbIM THpHCTOpOM HBIDIeTCH ,u:ayxone-

pau.HOHHbIH THpHCTOp, 06eCne'lHlIaI01I.{HH no [{enH ynpaBJlHlOl1(erO

3IleKTpo):{a omHpaHHe H 3anHpaHlie. ](Byxonepa[{ltOHHble THpHCTOpbl no-

rrY'lHJIH Ha3BaHHe 6blKJlIO'laeMb1X, 3anupaeMblx THpHCTOpOB HrrH ,?TO-TH-
pHCTOpOB (OT aHrJIHHCl<HX crrOB Gate Turn-off- BbIKJIIOqaeMbIH ynpaB-

IDII01I.{HM 3J1eKTpO):{OM).
Ba)/(HOe 3HaqeHHe HMelOT .npyrHe OHJU>I THpHCTOpOB: CHMMeTpHqHble,

aCHMMeTpHqHble, peBepCHBHO-BbIKJlIOqaeMbIe, nOJleBbIe 1-1 T.,u:.

THpHCTOpbI no.n.pa3,u:eIDIlOl'CH no qHCJly BblBO.n.OB, cnoc06y ynpaBJIeHIDI
H THny ynpaBIDIlOl1(erO 3J1eKTpo.n.a, cnoc06y BbIKJIlO'leHIDI, BHJ(y BOJlbT-aM-

nepHOH XapaKTepHCTHKH. no BH,l(}' BAX THpl-lCTOpbI ,u:emiTCH Ha Henpo-

BO]:(SlrnHe B 06paTHOM HanpaBJIeHHH, npOBO]:(Sll1(He B 06paTHOM HanpaBrre-
HHH CHMMeTpHqHbIe H aCHMMeTpH'lHbIe. 06paTHaH BeTHb BAX THpHCTO-

pa, 'npOBO]:(Slruero B 06paTHOM HanpaBrreHHH, no):{06Ha npHMOH BeTBH
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)Uw}J.a. n03T MY)J.JUI TaKHX np 60pOBHCnOJlb3YeTCH TepMHH THpHCTOp-
}J.HO}J.. THpHC10p H }J.HO}J. B O}J.HOH nOJlynpOBO}J.HHKOBOH CTpYKTYpC MHHH-

MH3liPYlOT HH)J.yKTHBHOCTb COC}J.HHHTCJIbHbIX CBH3CH.
B CHMMClpH'IHbIX THpHCTOpaX npHMCWleTCH mITHCJlOHmur CTpYKTYPa

THna n-p-n-p-n. OHH CnOC06Hbi ncpcKmo'iaTbCR B OTKpblTOC CO-

CTORHHC B 060HX HanpaBnCHlUIX. Y aCHMMCTpH'iHbIX THpHCTOpOB Ha-

npR>KCHHC np060R B 06paTHOM HanpaBJlCHml MCHbIlIC, 'lCM 6J10KHPYIO-
mCC npHMOC HanpR>KCHHC. no cnoco6y ynpaBJICHHH THpHCTOpbl }J.ClliITCR
Ha 06bl'lHblC THpHCTOpbl, CPOTOTHpHCTOpbl H OnTOTHpHCTopbl. nCpBblC
ynpaBnHlOTCR BHCIlIHHM 3nCKTpH'iCCKHM CHl"HaJIOM no ynpaBIDilOmCMY
3nCKTpO}J.)', BTOpblC - C nOM01W>1O BHCIlIHcro CBeTOBOrO CHrHaJIa, a

TpeTbH
- C nOMOmblO BHyrpCHHcro CBeTOBOrO CHrHaJIa OT CBeTO}J.HO}J.a

BCTpOCHHoro B Kopnyc THpHCTopa.

'

PCBCpCHBHO-BbIKmo'iaCMbIC THpHCTOpbl npC}J.CTaBIDIIOT C060H O}J.HO-

oncpallHOHHblC rnpHCTopbl, BpCMR BbIKmo'lCHHR KOTOpblX CYlL{CCTBCHHO
CHH>KaeTCR 6JIam}J.apR 06paTHOMY CMCmCHHIO ynpaBIDIlOll1Cm ncpcxo}J.a
(J3) B npOllcccc 3anHpaHHR.

!10JICBbtt:t rnpHCTopOM H3.3bIBaIOT nCpCKJIIO'iaTCnb MOlL{HOC1'H, COCTOH-

mHH H3 p-I-n-]1.HO}J.a C ynpaBIDIIOlL{HM 3nCKTpO}J.OM B BH,lJ.C CCTKH, KOTO-

paH BbllIOnHReT CPYHKUHIO, nO}J.06HyIO 1I30nHpoBaHHoMY 3aTBOpy nonCBO-

1'0 Tp::H3liCTopa.  1'HnpH60pbl Ha3blBalOT TaK>KC THpHCTOpaMH co CTaTH-

'lCCKOH HH}J.yKllHCH.

P3.3H006p3.3HC THpHC1'OpOB H HX CBOHCTB npc}J.oCTaBJIHIOT p3.3pa601''lH-
KaM IlIHP.?KHC B03MO>KHOCTH C03}J.aHHH COBpCMCHHblX CHJIOBblX npc06pa-
30BaTcnCH 3JICKlp03HcprnH C BblCOKHMH 3HCpreTH'lCCKliMH napaMcTpaMH
H pa:m006p3.3HbIMH <}>YHKllHOHaJIbHbIMH CBOHCTBaMH.

cI>H3H'IecKHe npOl(eccLI B p-n----p-n-crpyKTYpe THpHCTopa. PaCCMOT-

pHM O}J.HooncpallHOHHblH rnplic1'Op (CM. pHC. 2.39). 06nac1'H nl H P2
H3.3blBaCMblC 6a306bLMU, BbllIOJlHHlOTCR C MCHblllHM cO}J.cp>KaHHCM ncrHpy 
lOlL{HX npHMcccH, 'lCM aHO}J.HaH PI H Ka1'O}J.HaH n2 06naCTH. il03TOMY npH
npRMOM CMCll{CHHH 06a 3MHTICpHbiX ncpcxo}J.a JI H J3 npcliMymcc1'BcHHO

HH>KCKTHPYIOT B 63.30Bb1C 06nac1'H HCOCHOBHblC HOCHTenH: .lU>IPKH H3 06-

naCTH PI' 3nCKTpOHbi H3 06naCTH n2. lIIHpHHa 06J1aCTH n
l COCTaBlliIeT

COTHH MHKpOMCTpOB. il03TOMY K03CPCPHllHCHT ncpcHoca (PCKoM6HHallHli)
3Ha'IHTCJlbHO MCHblllC C}J.HHHllbl. ilo}J. B03}J.CHCTBHCM 06paTHom HanpSl>KC-
HHR, npHJIO>KCHHOrO K ncpexo}J.aM JI , J3 ,

HX 06nac1'H 003 pacnmpSilOTcR
B OCHOBHOM B 63.30BLIC 06nacTIl, Tal( leaK 3TH 06nacTH 06C}J.HCHbl npHMc-
CHMH H RBlliIlOTCR BbICOKOOMHbIMH, 003 nOJlyqaroTCH lllHpOKHMH H HCCHM-

MCTpH'IHbIMH. TaxHM cnoc060M }J.OCTHraCTCR BbICOKOC np06HBHoC HanpH-
>KCHHC B npRMoM (nmoc K aHo}J.HOH 06J1acTH PI' MHHYC K KaTO}J.HOH 06nac-
TH n2) H 06paTHoM HanpaBnClUU!X THpHcTOpa. npH npRMoM BKJIIO'lCHHH

HanpH>KCHHC BHCIlIHcro HCTO'lHHKa npHJIO>KCHO nOJlHOC1'blO K llCHTpaJIb-

HOMY J2 , a npH 06paTHOM BKJIIOqCHHH - K 3MHTTepHbiM JI H J3 ncpcxo-
}J.aM.  mlYCKOPCHHH npollccca peKoM6HHaWiH HCOCHOBHbIX HOCHTCJlCH

63.30BaH 06J1aCTb nl J1crHpyeTCR 30JIOTOM. 3THM Y}J.aeTCR nOBblCHTb npc-

}J.cnbHYIO CKOpOCTb nCpCKJIIO'lCHHR np116opa.
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npH 06paTHOM HanpRiKcHHH THpHCTOp HC npoBo)J,HT TOKa, nocKoJlbKY

06a 3MHTICpHbiX ncpcxo,na JI H J3 CMCll{CHbl B 06paTHoM HanpaBJlCHHH.
no llcnH MO>KeT npOTeKaTb J1HIlIb Hc60JIbIlIOH TOK, COH3MCpHMbIH C 06-

paTHblM TOKOM )J,Ho}J.a.

npHnO>KCHHC npHMoro HanpH>KCHHR MC)K}J.)' aHO}J.OM H KaTO,nOM 1'aK>KC

HC Bbl3blBaCT npOTcKaHHH npRMoro TOKa, TaK KaK llCHTpaJIbHblH ncpcxo}J.

J2 CMCIl1CH B 06paTHoM HanpaBJICHHH. no llcnH MO>KCT npOTeKaTb JIHIlIb

Hc60JIbIlIOH TOK yre'lKH, npHMcpHO paBHblH 06parnOMY TOKY.

EcnH >KC npH npRMoM aHO}J.HOM HanpR>KCHHH KaKHM-JIH60 cnoc060M

Bbl3BaTb HH>KCKI rnoHCOCHOBHbIX HOCHTCJICH XOTH 6bl O}J.Horo H3 3MHTICp-

HbIX ncpCXO}J.OB, TO B CTpYKTYPC B03HHKaeT llcnb B3aHMo06ycJlOBJlCHHbIX

clJH3H'lCCKHX HBJICHHH, npHBO,D:SlmHX K TOMY, 'ITO llCHTpaJIbHblH ncpcxo,n J2
OKa3bIBaCTCH cnoc06HbIM npoBO}J.HTb 1'OK npH 06paTHOM CMCmCHHH no-

}J.06HO KOJIJICKTOPHOMY ncpcxo}J.)' TpaH3HCTopa. THpHCTOp OTnHpaeTCH,

cro conpOTHBJICHHC CTIiHOBHTCR MHHHMaJIbHblM, a npHMOc HMnYJIbCHOC

HanpR>KCHHC HC npcBblIlIacT 1-2
B.

cI>H3H'lCCKHC npollcccbl OTI1HpaHHH 3aKJIlO'lalOTCH B CJlc}J.yIOmCM. npli
nOBbIlllCHHH npRMoro HanpH>KCHHH 'lCpC3 ncpcxoAbI npOTCKaeT Hc60JIb-

1ll0H TOK yrC'lKH, 3aBHCSlll1HH OT 06paTHoro TOKa llCHTpaJIbHOrO ncpcxo}J.a

J2. 31'0 conpOBO)K}J.aeTCR HH>KCKllHCH B 6a30BbIC o6nacTH nl H P2 'ICpe3

npRMocMCmCHUblC ncpcxolU>1 JI H J3 HCOCHOBHblX
HocHTcncH. qacTb HCOC-

HOBHblX HOCHTeJleH, HC ycneBaH pCKOM6HHHpoBaTb, }J.ocrnraeT ncpcxo}J.a

J2,3aXBaTbIBaeTCH cm nOJleM H ncpcMcmaeTCH B 3MHTIepHbie 06naCTH PI

H n2' nJIaro,napH HaJIH'lHlO 3THX HeOCHOBHbIX HOCHTeJICH, }J.OCTnrIlIHX J2,

TOK yre'lKH 'lCpC3 llCHTpaJIbHblH ncpcxo}J. B03paCTaeT. C pOCTOM npHMoro

HanpR>KCHHH Ha THpHCTOpC TOX yre'lKH B03pacTaeT H npH onpe}J.eJlCHHOM

3Ha'IeHHH HanpH>KCHHR, Ha3blBaeMOro llanpJlJICellue!tf nepeKlllO'leUWl, Hacry-

naeT npollccc JIaBHH006pa3HOm uapaCTaHllil TOKa yrC'lKH. DpH 3TOM

npOHCXO)J,HT H36blTO'lHOC HH)KCKrnpOBaHHe HCOCHOBHbIX HOCHTCJIeH B 6a-

30BbiC 06JIaCTH, npc}J.CJIbHOC CHH)KCHHe cOnpOTHBJICHllil llcHTpaJIbHOrO

ncpexo}J.a H pe3Koe HapaCTaHHC npSlMoro TOKa. 31'01' npoI..tccc cOnpOBO>K-

}J.aeTCH nOJlOJICUmeJlbHoU o6pamHou C6R3blO.

Tax BKJIIOI.IaeTCH )J,HHHCTOp HJIH caMonpOH3BOJIbHO no aHo}J.)' nepcKJIIO-

'laeTCR THpHCTOp. npOI..tCCC Ha'IaJIbHOH HH>KCKI..tHH HOCHTCJIeH B O}J.HY 113

6a30BbIX 06naCTCH MO>KHO Bbl3BaTb npH JIlO60M 3HaQCHHH npRMoro Ha-

npR>KCHllil MC)I{}J.)' aHO}J.OM H KaTO}J.OM, C03}J.aB CMCmCHHe B npHMOM Ha-

npaBJICHHH O}J.Hora H3 3MHTICpHbiX nepCXO}J.OB JI Hnn J3. nCpCKJIIO'IeHHC

conpOBO)K}J.aeTCH TaK)KC npOI..tCCCOM JIaBHH006pa3HOrO HapacraHHR TOKa,

XapaKTCpHblM )J.JUI CHCTeMbl C nOnO>KHTCJIbHOH 06paTl:IOH CBR3blO. Tax

OTKpblBaeTcH THpHCTOp no llcnH ynpaBnHlOlltcrO ncpcxo;:J;a. B I..tCnb MC)K}J.Y

ynpaBlliIlOlL{HM 3JICKTpO}J.OM G H KaTO}J.OM K BKmo'laeTCR HCTO'lHHK l cnH

ynpaBJICHHH, no,n }J.CHCTBHCM 3 CKOTopom J3 CMClL{aCTCSI B npRMOM

HanpaBrreHHH, H B I..tCnH npOTCKaeT TOK [G' Bbl3bIBaH HH)KCKlllliO 3JICKTpO-

HOB B 6a3Y P2'
.HBrrcHHc nOJIO>KHTCJIbHOH 06paTHOH CBH3H paCCMOTpHM Ha npHMCpc

.llBYXTpaH3HCTOpHOH MO}J.CJIH THpHCTopa (PHC. 2.40). KOJIJICKTOpHblH TOK

n-p-n-TpaH3HcTopa VT2 O}J.HOBpCMCHHO RBlliIeTCR 6a30BbIM TOKOM
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Puc. 2.40. H:CX01I.HaR nOJIYlIpoB01I.HHKOBaR CTpYKTypa (a), MOAem. CTpYKTYPbl (6), cxeMa
BKJIIO'ieHHR (6) 1I.BYXTpaH3HCTopHOro THpHcmpa

TpaH3HCTopap-n-p VTI, a ero KOJIJleKTOpHblH TOK B CYMMe C TOKOM IG
onpeAeIDIIOT TOK 6a3bl VT2. 3Ta cxeMa HMeeT 3aMKHYTYID Qem. nOJlO}KH-
TeJlbHOH 06paTHOH CBJl3H. PereHepaW"lJl npOHCXOAIfT npH CYMMapHOM KO-

34J<l>HQHeHTe YClUIeHlliI B neTJle, 6J1H3KOM K e)U1HHQe.

TOK 6a3bl VTI

Ibl - (I - al) IA - Iccn , (2.23)

a TOK KOJIJleKTOpa VT2

le2 - a2l k + lc02 , (2.24)

l"1J.e UI 0 U2 - COOTBeTCTBeHHO KOJclJclJHUHeHTbl nepe)Ia'iH TOKa JMHTTepOB PI H 111.

TOK 06parnocMeu eHHorol eHTpaJIbHOrOnepeXOAa J2 CKJla,LI,bIBaeTCJI

H3 TOKOB IcOl H lc02'
IlpHpaBHHBIUI Ibl HIe]' nOJlY'IHM

(I-al) IA - lcOl" a2 Ik + lc02, (2.25)

a C Y<J:eTOM IK = IA + IG nOJIY'IHM

I
UI IG + lcOl + lc02

A-

I-(ul +a2)
(2.26)

l"1J.e GI - KOJ4J4JHulfellT KOHTypHOro YCHJleHHR, paBHblH UI + U2 .

npH GI
= 1, Kor,u:a 0.1 + 0.2 B03paCTaeT, aHOAHblH TOK nonY<J:aeTCJI

60JIbWHM. B 3TOM pe)f(HMe npOHCXO)UfT pereHepaQHJI, H o6a TpaH3HCTOpa
OKa3hIBaIOTCH B COCTOJlHHH HaCbl eHHJI.Bce nepeXOAbI CMellteHbl B npSl-
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MOM HanpaBneHHH, a HanpH>KeHHe Me)KJJy KaTOAOM H aHo,u:OM paBHO Ha-

npJl>KeHHIO Ha OAHOM nepexoAe nmoc na,u:eHHe HanpJl)f(eHlliI Ha conpoTHB-

JIeHHH TeJla KpHCTaJIJla H KOHTaKTOB npli60pa.
BOJILT-aMnepHaH CTal1f'lCCKaH xapaKTepHCTHKa rnpHCTopa (PHC. 2.41).

llpH MaJIblX TOKax IA 0. 1 H
0.2 MaJIbl H3-3a peKOM6HHaQHH HH>KeKTHpOBaH-

HblX HeOCHOBHblX HOCHTeJleH 3apJl,lIa, HO C pOCTOM TOKa OHH 6blCTpO
YBeJIH'lHBaIOTCJI. Kor,u:a TOK IG = 0 npH HanpH)f(eHHH nepeKJIIO'leHWI UBR,

YCTallaBJIHBaeTCJI npoQecc pereHepaUHH (0.1 + 0.2 = 1) H Ha'lHHaeTCJI 61.1-

CTpblH pOCTTOKa i7' llpH TOKe lL npOHCXO)UfT nepeKJIIO'leHHe (OTnHpaIlHe)
CTpYKrypbl B OTKpblTOe COC10HHHe. llpouecc OTIlHpaHHSI xapaKTepH3yeTCJI

HeycroH'lHBOH 'laCTbIO BAX, OTMe'leHHOH IIITpHXOBblMH JIHHlliIMH. Ha

3TOM Y'laCTKe BAX cnpaBeAJIHBO COO1HoweHHe (2.26) npH 0.
1
+ .. 1. B

pe3YJlbTaTe HacrynaeT pe3Koe YMeHblIIeHHe npHMoro lIanpSl)f(eHHJI urH TOK

iT orpaHH'lHBaeTCJI JIHUlb BHelIlHHM conpOTHBJleHHeM aHOAHOR 3J1eKTpH-

'leCKOH uenH. llpH HeKOTopoM npHMOM TOKe 1tIrA v npSlMoe na,u:eHHe Ha-

npJl)f(eHHH UT COCTaBJIHeT npHMepHo 1 B. llpH TOKe Ib> 0 nepeKJIIO'IeHHe

npOHCXO)UfT npH MeHblIIHX 3Ha'leHHHX aHO)1.HOrO HanpJl)f(eHHJI. TOK ynpaB-

neHHJI, npH KOTOpOM npJlMIUI BeTBb mpHCTopHOH BAX CTaHOBHTCJI no-

)1.06110H )1.HO.lJ,HOH npJlMOH BeTHH BAX, Ha3blBaeTCJI mOKOM ynpa6JlelIWl

CnpJ/MJ/eIIWl.

CHH)f(eHHe npJlMoro roKa OTKpblTOro THpHCTopa npH IG = 0 MeHee

HeKOToporo KpHm'leCKOrO 3Ha'leHHJI IH' Ha3blBaeMOro mOKOM y{)ep:JICa-
IIWl, npHBO)UfT K npeKpall{eHHIO pereHepaWiH, H THpHCrop 3anHpaeTCJI,

nepeXO,lUl B 3aKpblTOe COCTOHliHe. TaKHM 06pa30M, AJUI nepeBO)1.a 06b1'l-

1101'0 lIe3anHpaeMoro THpHCTOpa H3 OTKpbITOrO COCTOJlIIHJI B 3aKpblToe

He06xo)UfMO BblllOJIllHTb no KpaHHeH Mepe TpH YCJlOBlliI: YMeHblIIHTb TOK

ynpaBneHHH )1.0 HYAA, CHH3HTb aHO)1.HbIH TOK AO 3Ha'leHHH, MeHblIIero TOKa

Y)1.ep)f(aHlUl, H nOJI.Ll,ep)l(HBaTb THpHCTOp B )1.aHIIOM COCTOJlHHH B TeqeHHe

BpeMeHH BblKmo'leHHJI, He06xoJUiMoro AJUI peKOM6HHaQHH HaKonHBIIIHX-

CJI HeOCHOBHbIX HocHTeneH 3apH)1.0B B 06nacTH L\eHTpaJIbHOrO nepexo)1.a.

llOBTOpJlIOlI{HeCJI HanpSl)f(eHHJI B 06paTHOM URSM H npJlMOM UDSM Ha-

npaBJleHHJIX mpHcropa MeHblIIe COOTBeTCTBeHHO HanpJl)f(eHHH npo60Jl

!i
...:'

,..

......

i.T Vr

npRMoe DXAlOveHue
N 16>0 16=0

Ur

PHC. 2.41. CTaTH'IeCKaR BAX oAHoonepa-

UOOHHoro mpoCTopa

05pamHoe
DX/IIoveJ{ue

VI!S/1
V'R

VDSN
V'F
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UBR H nCpCKJTIO'ICHHSI UBF. .LI;IDI 06bI'lHOrO THpHCTOpa U
-

U
3m

RSM
-

DSM'

M HanpSl>KCHIDlM COOTBeTCTBYIOT 06paTHblH TOK IRSM H TOK yrC'll<H
IDSM, COH3MCplfMhIC C 06paTHbIM TOKOM p--II-ncpCXO.l1.a.

TaKltM 06p,noM, CTaTll'ICCK251 BAX THpHCTopa (CM. pHC. 2.41) CO.l1.Cp-
>KHT 'ICThlpC xapaKTcpHbIX Y'IaCTI.<a: 1- 06paTHIDI BCTBb BAX, aHaJIOrH'I-

BasI JJ.HO.l1.HOH 06paTHOH BCTB»; II - npSl:MIUI BCTBb BAX B 3aKpbITOM

COCT JlHHHTHpUCTOpa (6JTO!m:pOBc.HHC npJlMoro HanpJl>KCHIDI); III - HC-

YCTOH'HiBaSl' tIaCTb nCpCKlllOQCHHjj H3 3aKpbIToro B OTKpblTOC COCTOJlHHC'
IV- npSlMaH BCTEl> BAX F. OTKpbITOM COCTOJlHHH mpHcTopa.

'

CT3TH'ICCKHC, BAX JJ.PY"'llX TllIIOB TllpHCTOpOB IIMelOT BH):( nOKa3aH-
H-,IH Ha puc. 2.42.

'

TUpIICTOpII3S1 ncmynpoBoJJ.HlnWBaS1 cTpYKTYpa C 3amYHTHpoBaHHbIM
3MHTTCpHMM ncpCXO.l1.0M. OTnHpaHHc THpHcTOpa npH pa60Tc B YCTaHOB-
Kax MO>KCT npmICXO.l1.HTh r.:o I..lCnH ynpaBnCHHjj HJIH B PC3YJlbTare .I1.PyrHx
CPH3H'ICCKHX SlBJICIIHH, Hi?rrpllMcp oTmrpaHHc mpHCTopa npH pC3KOM Ha-

pacTaHIIH npHMoro Hanpjj>KCHHJI, B TOM 'iHCJTC npH cro YBCJIH'iCHHH .11.0

3Ha'iCHHM, MCHbIIIUX Hanpjj>KCHHSI nCpCKJUO'iCHHJI UBP OrnHpaHHC npOHC-
XO.l1.UT H3-33 YBCJmqemn! TOKa, npOTCKalOIL{erO 'iCpC3 ncpCXO.l1. J3,

B MO-

McnT npHJTO>KCHHJI npHMoro HanpSl>KCHIDI BCJICACTBHC HaJIH'iHJI 3apHJJ.HOH
CMKOCTH C3 llCHTpanbnoro nepCXOAa: i] = C] (duT/dt) (PHC. 2.43).

C YBCJTH'ICHHCM CKOpOCTH npHJlO>KCHHJI HanpSl>KeHIDI B03paCTaCT aMn-

nYdryAa 3apHJJ.HOrO TOKa, 'iTO MO>KeT Bbl3BaTb aKTHBH3allHlO CTIJYKTypbl

H3-3a lUl>KCKI.{HH B 3MH"ITCpHOM ncpCXOAC J3 H Hcnpe.nyCMOTpCHHOC OTnH-

paHHC THpHCTopa. 3TO HBJTCHHC nonY'illiIO Ha3BaHHC cpaKTOpa BbICOKOH

CKopocm HapaCTaHHH aHO.lUiOrO nanpSl>KCHIDI (CPaKTOp duT/dt).
Hcnpc.nyCMOTpCHHOC OTnHpanHC CTIJYKTypbl MO>KCT 6bITh Bbl3BaHO

YBcnH'iCHHCM TOKa yrC'll<H npH B03paCTaHHH TCMncparypbl OKpY>KalOIL{CM
CpC.II,bI. KaK 6bIJIO OTMC'iCnO BbIIllC, Ha Ka)KJJ.bIC 7-10 DC nOBbIIllCHHJI

TCMncpaTypbI 06paTHbIM TOK p-lI-ncpCXOAa YJI.BaHBaeTCJI. TOK TcpMorc-

HCpal{HH MO>KCT OKa3aThCSI JJ.OCTaTO'iHbIM AillI OTnHpaHIDI CTIJYKTYPbl npH
JJ.aHHOM npJlMOM HanpJl>KCHHH.

rIpu HOpMaJIbHOH pa60TC rnpHcropa cro BKJIIO'iCHHC BCJIC.I1.CTBHe ACM-
CTBIDI iPaKTopoB du dtH TcpMorCHCpaI..lHH HC AonYCKaCTCJI. .LI;JUI YMCHb-
IllCHIISI QYBCTBHTCJlbHOCTH npH60pa K 3THM HC>KCJIaTCJIbHbIM cpaKTOpaM

0) 0)
17pRHoe

DKAlOveHue
DpRHoe

DKAlOveHue

u,

PHC. 2.42. BonLT-aMnepHLle
XapaKTepHCTHKH CHMMeTpH'i-
HOI"O (a) H HecHMMeTpH'iHO-

ro, IlpOB01I.Sl Cro B 06paT-
110M HanpaBneHHH (6) THpHC-

TOpOB

OlfpamHoe
DMlOvfHue

u, Olfpam-
HOe

CKAIO-

'IeHUe
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PHC. 2.43. CIPYKTypa H IpacIJHK
npRMoro uanpSI)J(eHHR THpHCTO-
pa B 3aKpbITOM COCTOKHHH

UrA

p,

t

n,
G i, t

npHMCHSlCTCR: lllyHTHpOBaHHc ncpcxo.n;a J3 HCKOTOpblM 3KBHBaJICHTHbiM

conpOTHBJlCHHeM. HaH60Jlcc pacnpocTpaHCHHblM cnoc060M JlBIDIeTCjI TCX-

HOnOrn'ieCKIDI IllYHTHpoBKa 3MHTTepHbIX ncpcxoAOB.

Ha npaKTHKe HCnOJIb3YeTCjI TeXHOJlOrH'iCCKaJl rnYHTHpoBKa 3MHTICp-

Horo ncpexo.l1.a J3 p--n-p--n-CTpYKTYPbI. Ha OTAcnbHblX ,lI,HCKpeTHbiX

Y'iaCTKaX 6a30BbIM CJlOM P2 BbIBO,lI,HTCJI Ha nOBepXHOCTh CTpYKTYPbl (PHC.
2.44, a). 3TH .n;HCKpeTHbIC Y'iaCTKH 6a3bl P2 Ha3bIBalOTCJI wynmOMU.

IIIYHTbl liMCIOT KOHTaKT C 3MHTTepOM "2 'iCpe3 MCTaJIJIH'ICCKyro nOBCpx-
HOCTh BblBO.l1.a KaTO.I1.a. TaKHM 06Pa30M, ncpeXOA J3 3amYHTHpOBaH Ha

OTAeJIbHbIX, AUCKpCTHbIX, Y'iaCTKax. 06bl'iHO lllYHThI BblnOnHJlIOTCSI llH-

nHH,D;pH'iCCKOH CPOpMbI H paBHOMcpHO pacnpc.n;CJUlIOTCJI no BCCM nJlOIL{a,!:{H

p--n-p--n-CTIJYKTYpbI (PHC. 2.44, 6) B BCplllHHax KBa.n;paTOB IDIH paBHo-

CTOpOHHHX TpCyrOJIbHHKOB (KBa.n;paTHIDI HJIH reKcaroHaJIbHIUI lllynTHpoB-

Ka).

):(CMCTBHC IllYHTa OCHOBaHO Ha TOM, 'ITO 'IaCTh TOKa yrC'll<H (TOKa

3apJlJJ.a CMKOCTH C]) iT llCHTpaJIbHOro ncpCXO.l1.a 3aMblKaCTCSI 'iepC3 lll}'HT,

MHHYJI ynpaBJUlIOIL{HH ncpCXOA J3 (PHC. 2.44, e). rIpH nOM a23<lJ<lJCKTHBHO
CHIDKaCTCJI, 'ITO 06CCnC'iHBaeT nOBblrnCHHC HanpJl>KCHIDI nCpCKJUO'iCHIDI

CTpYKTypbl B OTKpblToe COCTOJlHHC. C YMCHblllCHHCM conpOTHBJICHHR: IllYH-

THpOBKH Rw B03paCTaCTTOK ncpCKJIIO'icHHJlIL THpHCTopa, ':ITO nOBbIlllaCT

cTa6HJIbHOCTh pa60Thl THpHCTOpa npH B03ACHCTBHH <lJaKTOpa durfdt H

nOBblrnCHHH TOKa yrC'll<H llCHTpaJIbHOrO ncpcxo.n;a npH 60Jlce BblCOKHX

TCMncparypax.

0) A 0) A OJ z)r-
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PHC. 2.44. CTpYKTYPa (a), cxeMa WYHTHpOBaHHJl (6), cxeMa 3aMe eHHR(6), BH)( IlOBepXHOC-
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IlpH OTnHpaHHH mpHCTopa no llenH ynpaBIDIlOlI{ero 3JIeKTpO,lIa TOK IG
OKa3bIBaeTCSI ,lIOCTaTOqHblM WUI TOro, qT06bl 06eCneqHTh He06xo,lJJiMyIO
HHiKeKllHIO WUI aKTHBH3allHH CTpYKTYPbl If 3anYCKa npOllecca pereHepa-
I HH.

06paTHoe HanpSl)KeHHe rnpHCTopa npHKJIa,w,lBaeTCSI K 060HM 3MHT-

TepHblM lIepeXOJJ.aM JI H J3. D3.30BaSl 06J1aCTb P2 J1erHpOBaHa CMbHee, qeM
6a30BaJI 06JIaCTb nl' IIo3TOMY np060M nepexoJJ.a J3 HacrynaeT paHbllle,
qeM np060M nepexoJJ.a JI . BCJle,lICTBHe 3Toro IlI}'HTHpOBaHHe nepexoJJ.a J3
He BJIHSleT Ha HanpSl)KeHHe, KOTopoe BblJJ.ep)KHBaeTp-n-p-n-C1pYKTYPa
npJl CMell.{eHHH B 06paTHOM HanpaBJleHHH.

TllpHCTopHaH p--n-p--n-eTpYKTYPa C YCHJlHTeJlLHLIM ynpaBJlHlOlI.{IlM
3J1CKTpO,lIOM. OmHpaHHe CTpYKTYpbl COnpSl)KeHO C 06'LeMHbIM (HeOJJ.HO-
MepHblM) npOl.{eCCOM B KpHCTa.rme, COnpOBO)K,L(aIOII.{HMCSI JIOKa.1IbHOM aKTH-
BH3al.{HeH. B MOMeHT OTIIHpaHHSI HaqHHaeT npOBO,lJJiTb TOK JIHWb He60JIb-
waSl 06J1aCTb KpHCTaJlJIa, npHMblKalOlI.{aJI K ynpaBIDUOlI{eMY nepex0JJ.Y (J3).
llpoBOJJ.SllI.{aJI (aKTHBH3HpOBaHHlUI) 06J1aCTb YBeJIHqHBaeTCSI co CKOpOCThIO
npfiMepHo 50 M/c, pacllIHpSlRCb no BceM nJlOII.{3)U1l.teHTpaJIbHOrO nepexoJJ.a
(J2). B MOll.{HbIX mpHcTOpax npH OTIIHpaHHH Tpe6yeTcSI nponycTHTh60JlblllOM aHOJJ.HbIH TOK, TaK KaK npollecc oTnHpaHlUI cOnpOBO)!(lJ.aeTCSI
BblCOKOif CKOpOCTblO HapaCTaHHSI aHOJJ.Horo TOKa diT/dt. KpHCTaJIJI HYJKHO
TexHOJIOrH'leCKH BbInOJIHHTh TaK, qT06b1 nepBOHaqaJIbHO aKTHBH3HpoBa-
JIaCb B03MO)KHO 60JIblllaSl nOBepxHoCTh nOJIynpOBOJJ.HHKOBOM CTpYKTYPbl.
I1lIaqe H3-3a BblCOKOH IIJIOTHOCTH TOKa MO)KeT npoH30MTH CHJlbHOe MeCT-
Hoe HarpeBaHHe H nOBpe)K,L(elme KpHCTaJIJla. CHH)KeHHSI nJlOrnOCTH
aHolUIOro TOKa npH OTnHpaHHH npHMelUUOTCSI l eHTpaJIbHOepacnOJIO)Ke-
HHe 3JIeKTpOJJ.a ynpaBJIeHHSI BMeCTO 60KOBoro, pa3BeTBJIeHHe nOBepXHOC-
TH ynpaBlliIlOlI.{erO 3J1eKTpOJJ.a no nJlOCKOCTH CTpYKTYPbl, KOJlbl eBOHyn-
paJ3J1HIOIl.1HM 3J1eKTpOJJ.. HaH60Jlee COBepllleHHblM cnoc060M SlBlliIeTCSI HC-
nOJIb30BaHHe CTpYKTYPbl C YCHJIHTeJlbHblM (pereHepaTHBHbIM) ynpaB-
mHOIl.{HM 3JIeKTpOJJ.OM. KOHCTpYKllHSI mpHCTopHOH CTpYKTYpbl C pereHe-
pa1'HBHbIM ynpaBJleHHeM 6b18aeT JJ.BYX p3.3HOBHJJ.HOCTeM: no HanpSl)KeHHIO
H 110 TOKY [7].

HaH60JIee IlIHpOKO npHMeHSleTCH cnoc06 pereHepaTHBHoro ynpasJle-
HHSI 110 TOKY. KOHCTpYKI.{HSI (pHC. 2.45, a) C JJ.OIIOJIHHTeJIbHOH YCHJlHTeJIb-
HOH CTPYKTYPOH YC COCTOHT H3 JJ.BYX qaCTeH: BcnOMOraTeJlbHOH Pr-nr-
P2--1l3 H OCHOBHOM Pl-llj-P2-n2> 06pa3YIOIl.{HX 3KBHBa.rreHrnylO cxeMY
H3 BCIIOMOrareJIbHoro VT2 H OCHOBHOro VTI THpHCTOpOB (PHC. 2.45, 6).
)J,JIH. oTnHpaHHSI BcnOMOraTeJlbHOH CTpYKTYpbl Tpe6yeTcSI He60JIblllOM TOK
ynpaBJleHIDI iG (npHMepHo 0,1-0,3 A), TaK KaK 3Ta CTpYKTYpa HMeeT

MaJIyro nOBepxHoCTh ynpas1HllOll.!ero nepexoJJ.a (CM. pHC. 2.45, a). AHOJJ.-
HblH TOK BcnOMOraTeJlbHOM CTpyKTyPbl iGP SlBIDIeTCSI BKJIIOqalOll.{HM JJ.illI
OCHOBHOH CTpYKTYpbl. 31'01' TOK JJ.OCTHraeT JJ.eCSlTKOB aMnep, XOTSI H orpa-
HH'leH conpOTHBJleHHeM yqacTKa 06J1acm P2 Me)K,L(y MeTaJIJlH3HpOBaH-
HhlM lIlYHTHpoBaHHeM nepexolJ:a n3-P2 H ynpaBIDUOII{HM nepexoJJ;oM oc-

HOBBOii C1PYK'Iypbl P2-n2' DJlaro.n.apSi 3TOMY CTpYKTYpa aKTHBH3HPYeTCSI
94

PHC. 2.45. TliPHcTopHaSi
crpYKTypa (0) C YClinliTel1b-

HblM (percHepamBHbIM) yn -

paBnJlIOU(HM JneKTpO.D.OM,
cxeMa 3aMeU(eHHIJ (6)

J(

nO'lTH OJJ.HOBpeMeHHO no BceM nJlOII{aJJ.H. 31'HM n BbllnaeTCSIYCTOMqH-
BOCTh THpHCTopa K B03,lIeMCTBHIO <lJaKTOpa BblCOKOH CKOpOCTH HapaCTa-

HIDI npSlMoro TOKa di-ldt (,lIo 800 NMKC H 60JIee). 06bl HOHCnOJIb3YeTC 
pa3BeTBJleHHblH (pacnpeJJ;eJleHHbIH) pereHepaTHBHblH ynpaBJISllOlI.{HH
3JIeKTpoJJ. (PHC. 2.46).

XapaKTepHCTHKH H napaMCTpLI THpHCTOpOB. Pa3JIHqalOT CTamqecKHe

BOJlbT-aMnepHble xapaKTepHcTHKH aHOJJ.HOH l enHH llenH ynpaBJleHHSI,
.wmaMHqeCKHe xapaKTepHCTHKH BpeMeHH BKmoqeHHSI H BblKJIlOqeHHSI H

B3aHMoJJ;eMCTBIDI lleneii aHOJJ;a H Yl1paBIDIIOll.{ero 3J1eKTpoJJ;a. IIapaMe'Ipbl
.ZIeIDIT Ha aHOJJ.Hble H l1apaMeTpbl l.{el1H ynpaBIDIlOlI.{ero 3JIeKTpoJJ.a. Bce

napaMe1pbl nOJJ;pa3JJ;elliIIOTcSI Ha HeCKOJIbKO rpynn: no HanpSl>KeHHIO,

TOKY, cOnpOmBJIeHliIO H MOII.{HOCTH l10repb H no KOMMyrallHoHHblM SlBJle-

HIDIM. KaK H WUI CHJlOBblX ,lIHOJJ.OB, 3HaqeHHSI OJJ.HHX napaMe'IpoB SlBJUIIOT-

CSI npeJJ;eJlbHO JJ;onycTHMblMH, JJ;pyrHx
-

xapaK epH3yIOll.{HMH.
BOJIbT-aMnepHaSI Xapal<TepHCTHKa rJIaBHOH l.{enH THpHcTopa pac-

cMOTpeHa Bblwe (CM. pHC. 2.41). XapaKTepHCmKa llenH ynpaBlliIIOll.{erO

3JIeKTpoJJ;a npeJJ;cTaBIDIeT C060M 3aBHCHMOCTh npSlMoro TOKa IFG B

l ellH ynpaBlliIlOlI.{ero nepexoJJ;a OT npHIIO)KeHHOrO  anpSl)KeHIDI UFG
(PHC. 2.47). OHa no cYll.{eCTBY I1peJJ.cTaBlliIeT C060H npSlMYIO Bernb

BAX p-n-nepexoJJ.a; BAX YllpaBlliIlOll.{erO 3J1eKTpOJJ;a  60rompHc-
Topa JJ;aHHoro mna HaXO):U1TCSI B 06J1aCTH, orpaHHqeHHOH npeJJ;eJIbHblMH
BAX: C HaHMeHblllHM n H HaH60JIbWHM m HMnYJIbCHblMH npSlMblMH

HanpSl)KeHHSlMH (PHC. 2.47, a). B 06J1aCTH Al THpHCTOp rapaHTHpOBaHHO
He OrnHpaeTCSI. HeOTnHpalOII{He TOK IGD H HanpSl)KeHHe UGD JJ.illI

Ka)K,L(OrO KOHKpeTHOrO THpHCTopa JIe)KaT B npeJJ;eJlax 06JIacTH AI'

PltC. 2.46. CTpyJ<Typa C Pa3BeT-

BJIeHHblM pereHepaTHBHblM yn-

PaBJIRIOU(HM JneKTp01I.OM (a) Ii

MeTaJIJIll3auHR ynpaBJIRIOlltero

JneKTpo1I.R OCHOBHOro THpHC-
Topa (6)

 )
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PRC. 2.47. BOnbT-aMnepHble xapaKTepHCTHKH uenH ynpaBneHHR THpHCTopa

3HaqeHHJI OmHpalOll.{HX TOKa IGD H HanpJl>KeHlliI UGD J1e)KaT BHyrpH
06naCTH HerapaHrupOBaHHoro OTnHpaHlUl A2' B 06rraCTH A3 06ecne-

'lHBaeTCSI rapaHTHpOBaHHOe OTnHpaHHe mo60ro mpHCTOpa ,u:aHHOrO

THna. Ha xapaKTepHCTHKH HaHeCeHbl MaKCHMaJIbHO ,u:OnYCTHMble no-

CTOJlHHblH TOK IFGmax,
nOCTOSlHHOe HanpJl)KeHHe UFGmax H Cpe.lUlJlJl

(nOCTOJlHHaJl) MOll.{HOCTh Ha ynpaBJUUOll.{eM nepexo,u:e PG(FV)rnax
=-

= IFGUFG, npe,u:CTaBJlSllOll.{IDI oo60H napa60JlY. 3Ha'leHlliI MaKCHMaJIbH 

AonycmMblx napaMelpOB no nOCTOJlHHOMY TOKY JLIllI Pa3J1HqHbIX THnOB

THpHCTOpOB COCTaBJlSllOT 1-2 A, 8-12 B H 2-5 BT. BOJlbT-aMnepHble

xapaKTepHCTHKH (PHC. 2.47, 6) ynpaBIDlIOll{ero 3neKTpo,u:a npe,u:cTaBJUUOT
C060H 3aBHCHMocm MaKCHMaJIbHO ,u:onYCTHMoro HMnyrrbcHoro TOKa

IFGM OT MaKCHMaJIbHO ,u:onYCTHMoro HMnyrrbcHoro HanpJl)KeHHH UFGM

I1MnynbcHble BeJIH'lHHbl npe):{CTaBJUUOT C060H aMnrrHT)'J:(Hble 3Ha'leHHS7.

CHrHaJIOB, CJle):{}'lOll{Hx C qaCTOTOH 50 n.{ H nepHo):{oM I = 20 MC.

CKBa)KHOCTb Q = TlI
H HMnyrrbcHblx CHrHaJIOB MO)KeT H3MeHJlTbCJI B

lliHpOKHX npeAerrax. C YBeJIH'leHHeM CKBa)KHOCTH IFGM H UFGM TaK)Kt'

B03pacTalOT ):{O MaKCHMaJlbHO ):{onycTHMblX 3HaqeHHH IFGMmax J'

UFGMmax, KOTopble JLIllI pa3rrH'lHbIX THnOB THpHCTOpOB Moryr ):{OCTHraT>.:

5-10 A H 20-30 B ooOTBeTCTBeHHO. KpHBbie 2-6 Ha pHC. 2.47, L,

oTpa)KalOT OIpaHH'leHHJI no MaKCHMaJIbHO ,/J;onYCTHMoH HMnYJIbCHOH
MOll.{HOCTH PGMrnax JLIllI pa3rrH'lHbIX 3Ha'leHHH CKBa>KHOCl'H Q. MaKCH-

MaJIbHO AonYCTIiMIDI HMnYJlbcHIDI MOll.{HOCTb ):{OCTHraeT 10-40. BT.

THpHCTOp OCl'aeTCJI BO BKJIIOqeHHOM COCTOJlHHH, eCJlH aHOJ:(HbIH TOK H

MeHbllie TOKa y):{ep)KaHHH. lIpH H3MeHeHHH 3HaKa npUrrO)KeHHOrO HanpJl'

)KeHHJI aHo):{HblH TOK YMeHblliaeTCJI ):{o HYJISI H npHHHMaeT 06paTHoe Ha

npaBrreHHe. lIpH 3TOM THpHCTOp pa60TaeT C 06paTHbiM HanpJl)KeHHeM, a

qepe3 onpe):{erreHHoe BpeMJI mpHcTOp 3anHpaeTCJI. TaKoe BblKJIlO'leHHe

Ha3b1BaeTCJI ecmecm6ellllOU KOMMymal1ueU.
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npu eC'I'eCTBeHHOH KOMMYl'al..{HH (pHC. 2.48, a) Ha CTa):{HH 06paTHoro
BOCCTaHOBJleHHJI Irr (HHTepBaJI 13-t6) TOK aHo):{a npoTeKaeT B 06paTHoM Ha-

npaBJleHHH BCJle,u:Cl'BHe TOro, 'ITO B 6a30Bblx 06nacUlx CTpYKT)'pbl n] H P2

HaKOnHIDlCb 06'LeMHble 3apJl,lJ,bl HeOCHOBHblX HocHTerreH, KOTopble cB060):{-

HO nepeMelL{aIOTCJI 'lepe3 3MHTIepHble nepexo):{bl J1 H J30 lIepBblM BOCCTa-

HaBJlHBaeT 06paTHoe HanpJl>KeHHe nepexo):{ J3,
TaK KaK BpeMJI )KH3HH Heoc-

HOBHbIX HOCHTeJleH pr6a3bl (3J1eKTpOHoB) MeHbllle, qeM ):{blpOK. nOCKOJlbKY

HanpJl>KeHHe np06ml nepexo):{a J3 HeBeJIHKO (npHMepHo 10 B), BOCCTaHOB-

rreHHe J3 He npHBO):{HT K orpaHH'leHHIO 06paTHoro TOKa. 06paTHblH TOK

npo):{oJl)KaeT B03paCTaTb):{0 3HaqeHHJI IRM, npH KOTOpOM KOHQeHTpaQHJI

):{blpOK B nr6a3e Ha rpaHHQe C nepeXO):{OM J1 He CHH>KaeTCJI):{o HYJISI (MO-

>.eHT t4). lIocJle 31'OrO nepexoA J) CMell1aeTCJI B 06paTHoM HanpaBJleHHli,

ero conpomBJleHUe pe3KO B03paCTael', HanpSl)KeHHe YBeJlH'lHBaeTCJI ):{O Ha-

np:J)KeHHSI HCTOqHHKa nHTaHHJI, H 06paTHblH TOK iR YMeHblliaeTCSI Ha HH-

TepJ et4-16. K MOMeHT)' 16 H36b1TO'lHbIH 3apM B pr6a3e HC'le3aeT, a H3-

6bITO'lHbIH 3apM B nr6a3e OCTaeTCJI, H npH t > t6 npOHCXO):{HT peKOM6HHa-
I..{HJI 3neKTpOHOB H AblpOK B nr6a3e. Ha 3TOM HHTepBaJle K THPHCTOpy

npHJlO)KeHO 06paTHoe HanpJl>KeHHe, H B l..{enH npOTeKaeT He60JIblliOH 06-

paTHblH TOK iR. B MOMeHT t6 aHO):{Hoe HanpJl)KeHHe Ha'lHHaeT yMeHblliaThCJI,

H3MeIDIeT CBOlO nOJlJlpHOCTb H C onpe):{erreHHOH CKOpOCTblO duddt B03pac-

TaeT):{03Ha'leHHJI UD (PHC. 2.48, 6). IIpH 3TOM TOK MeHJleT CBoe HanpaBJle-
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Puc. 2.48. XapaKTepHCTllKH npouecca 3anHpaHHR (Bb\KJIlO'leHHH) rnpHCTopa
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CYMMa a, + CTaHOBHTCH 6mf3KoH K eJ(HHHQe. C 3Toro MOMeHTa Ha'lH-

HaeTCH JIaBHHo06pa:moe HapacTaHHe RHO,n:HOrO TOKa If CHH)KeHHe HanpH-
)KeHHH Ha Y'lacTKe aHO,l1,-KaTO,l1,. naBHH006pa3HbIH npoQecc pa3BHBaeTCH

npHMepHo no 3KCnOHeHTe.

BpeMH BKJIIO'leHHH npH OTHOCHTeJIbHOM TOKe IGT .. 1 COCTaBIDIer

npHMepHo 70 MKC (PHC. 2.49, 6). C YBeJIH'ieHHeM KpaTHOCTH IGT
aMIIJIHT)'J1.b1 HMnYJlbCHOrO TOKa ynpaBJIeHHH BpeWl BKJIIO'leHHH YMeHb-
maeTCH. B cxeMax ynpaBJleHHH AJIHTeIlbHOCTh HMnYJIbCa TOKa ynpaB-
IIeHHa IH ,I1,OJDKHa 6blTb 60JIblIIe BpeMeHH BKJIIO'ieHHH THpHCTopa.
Ba)KHeHWHMH napaMerpaMH THpHCTOpOB JlBIDIIOTCH CJIeA)'IOll.{He.

IIapaMempbl no lIanpR3ICeHWO:

UDRM
- nOBTOpHIOll.{eeCH HMnYJIbCHOe HanpH)KeHHe B 3aKpbl'I'OM CO-

CTOHHHH;
URRM

- nOBTopHlOllleeCH HMnYJIbCHOe 06paTHoe HanpH)KeHHe;
UDSM H URSM

- HenOBTopHlOlllHeCH HMnYJIbCHble npHMoe H 06parnoe
HanpH)KeHIUI;

UD H UR
- nOCTOHHHble HanpH)KeHHH B 3aKpbITOM COCTOHHHH H 06-

pal'HOM HanpaBIIeHHH;
UTM
- HMnYJlbCHOe HanpH)KeHHe B OTKpbITOM COCTOHHHH;

UT(TO} - noporoBoe HanpH)KeHHe;

(duofd/)crit- KpHTH'leCKasI CKOpOCTb HapaCTaHIUI B 3aKpblToM COCTOH-

HHH;

UGT H UGD
- COOTBeTCTBeHHO oTnHpalOll.{ee H HeornHpaIOll.{ee HanpH-

)KeHHH Ha ynpaBJUIIOll.{eM 3JIeKTpo,/1,e.

IIapllMempbl no mOKY

ITA V - Cpe.lI.lfHH TOK B OTKpblTOM COCTOHHHH;

IDRM' IRRM
- nOBTOpHlOll.{HHCH HMnYJIbCHbIH TOK B 3aKpbITOM COCTO-

HHHH H 06paTHblH TOK;

ITSM
- y,l1,apHblH HenOBTOpHlOlQHHCH TOK B OTKpbITOM COCTOHHHH;

IGT HIeD - OTnHpaIOll.{HH H HeOTnHpaIOll.{HH TOKH ynpaBIDIlOlUero

3J1eKTpO,l1,a;

(di dt)crit- KpHTIf'ieCKasI CKOpOCTb HapaCTaHHH TOKa B OTKpblTOM

COCTOHHHH.

IIapllMempbl no conpOmU6JlellWO U MOUfllocmu nomepb

rT
- ]I.HclJclJepeHQHaJIbHOe COnpOTHBJleHHe B OTKpblTOM COCTOHHHH;

PRSM
- y,l1,apHasI MOll.{HOCTL 1I00repb B 06paTHOM HenpOBO,l1,Slll.{eM CO-

CTOHHHH.

IIHe. npH I > 18 BCJIe,l1,CTBHe npoQecca 3apH,I1,a eMKOCTH KOJlJleKTOpHoro

nepeXO,l1,a c1JOpMHPYeTCH CKa'iOK npHMoro TOKa. ):(aJIee YCTaHaBJIHBaeTCH
06bl'lHblH TOK }'Te'iKH iD. MHTepBaJI BpeMeHH 13

- 18 COCTaBJlHeT BpeMH Bbl-

KJIIO'ieHIUI Iq rnpHC1'opa. THnH'lHOe BpeMH BblKJIlO'leHHH JIe)KHT B npe.n.eJlax

OT HeCKOJIbKHX MHKpoceKYHA .n.o 60 MKC ].J.JUi HHBePTopHblX THpHCTOpOB H

Jl.0 200 - 500 MKC,u;IDI 06bl'lHblX CeTeBbIX THpHCTOpOB.
ECJlH aHO,n:HOe HanpH)KeHHe nepexo.lI.lfT 'iepe3 HYJlb paHbllle, 'leM 3aBep-

waerCH peKoM6HHaQHH HeOCHOBHbIX HOCHTeJIeii B nr6a3e, TO THpHCTOp
MO)KeT BHOBb nepeHTH BO BKJIIO'leHHOe COCTOIDlHe. B 3TOM cnyqae npOHC-
XOJUfT CpbIB eCTeCTBeHHOH KOMMyraQHH. TaKHM 06pa30M, BpeMH BblKJIlO-
'ieHIUI HBIDIeTCH Ba)KHbIM xapaKTepH3yIOll.{HM napaMeTpOM. OHO 3aBHCHT

OT pH.n.a c1JaKTOPOB: YBeJIH'iHBaerCH C pOCTOM TeMnepaT)'pbl CTpYKT)'pbl H

"PH yoeJlH'leHHH CKOpOCTH npHJIO>KeHHH npHMoro aHo.u;uoro HanpH)KeHHH
H B03paCTaHHH aMnJIHT)'JI.I>1 npHMoro TOKa; yMeHbIlIaerCH C pOCTOM 06paT-
Horo HanpH)KeHIDI [27].

BpeMH BKJIIO'ieHHH I
fft THpHCTOpa

3aBHCHT OT BpeMeHH 3a.n.ep)KJ(H I d H

HapacTaHHH I
gT (pHC. 2.49).

g

):(JIHTeJlbHOCTb npoQecca OTnHpaHlUI 3aBHCHT OT HHTeHCHBHOCTH aKTH-
BH3aQHH THpHCTOpHOH CTpYKTYpbl, onpe.n.emreMoH CKOpOCTblO HaKOnne-
HHH HeOCHOBHblX HOCHTeJleH B 6a30Bb1X 06J1aCTHx. 3T0 3aBHCHT 01' aMn-

J1H1YJU>1 HMnYJIbCa TOKa ynpaBJleHHH. Ha pHC. 2.49, a, 6 npHBe.n.eHbl xapaK-
TepHCTHKH ,u;IDI OrnHpaIOll.{erO TOKa ynpaBrreHHH leT npH nOCTOHHHOM
TOKe. npOQeCC BKJIIO'ieHHH YCJIOBHO pa36HBaIOT Ha roJa HHTepBaJIa: 3a-

.n.eP)KJ(H BKJIIO'ieHIUI H JIaBHH006pa3HOrO HapaCTaHlUI aHO,n:HOrO TOKa. Ha

HHTepBane 3a.u;ep)KJ(H npOHCXO):U1T HH)KeKQHH 3JIeKTpOHOB B P2-6a3Y, roJH-
)KeHHe HX .n.o 003 KOJIJIeKTOpHoro nepexo.n.a J2, HH>KeKQIUI JI.I>lpOK B

nr6a3Y H HX roJH>KeHHe K nepexo.n.y J2. K KOHQY 3Toro HHTepBaJIa

a}iG
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t t llapaMempbl no KOMMymalluOHHblM R8JleHWlM

Ig, H I - BpeMH BKJIIO'leHHH H BbIKJIlO'ieHHH;

I" H Qrr - COOTBeTCTBeHHO BpeWl H 3apAA 06paTHoro BOCCTaHOBJle-

HHH.
PRC. 2.49. XapIIKTepHeTRl\H npOl eccaoIDHpaHWl (BKJIIO'IeHHR) rupHCTopa
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TeMnepamYPHble u me1lJl08ble napaMempbl

!J
- 34>lJIeK1'HBHWI. 3KBHBaJIeHTHWI. TeMnepaTypa nepexo,na;

J<thjc
- TeI1JIOBOe COnpOTliBneHHe nepeXOJl. KopnyC.

Dpe,ll;eJIbHO ,lI;OnYCTHMblMH napaMeTpaMH HBJUIlOTCH UD U

U URSM' DSM' UDRM. Uo- UR' ITAV' ITSM' (di/dt)erit' PRSM' T.,OCTaJIbHble
OTHOCHTCH K xapaKTepH3YIOIllHM.

J

THpHCTOpbl ,lI;eJUlTCH Ha rpym1b1 no TaKHM napaMeTpaM, KaK If}' Igt H
(duddt)erit.

PHC. 2.50. <1>acKH p-n-p-

n-CTpYKTypbl THpHCTopa:
a - Ol(HocryneH'iaTaR; 6

....

AByxcryneH'iaTaJl; 6 -- "nae

TO'iKHH XBOCT'"; Z - V-06-

pa:lHaJI

rpynna . . . a . . . 0 1 2 3 4 5 6 7 8 9

(dUDIdt)crit, B/MKc. . 20 50 100 200 320 500 1000 1600 2500

tq, MKC . . . . . . . . 63 50 40 32 25 20 16 12,5 8,0

IgI, MKC. . . . . . . . 4 3,2 25 2,0 1,6 1,2 1 0,6 0,4

nz

pz
n,

P,

nz

pz
n,

P,

d)

}J
}z
},

nz
pz
n,

P,

nz
Pz
n,

p,

B3aHM03aBHCHMOCTH napaMeTpOB, nOJIy'leHHble B n.2.2 .rom ,lUiO,ll;OB,

cnpaBeMHBbl H .rom THpHCTOpOB. He06xo,lUiMO Y'lHTbIBaTb B3aHMOCBH3b

,lI;pyrHx napaMeTpOB, xapaKTepHblX TonbKO .rom THpHCropOB.
K HHM OTHOCHTCH B3aHM03aBHCHMOCTH BpeMeHH BKJIIO'leHHSI H BblKJIlO-

'leHHH, KpHTH'leCKHX 3Ha'leHHH CKOpOCTeH. HapaCTaHHSI HanpH:>KeHHSI H

TOKa, HanpH:>KeHHSI nepeKJlIO'leHHSI, HMnYJIbCHOrO HanpH:>KeHHSI B OTKpbl-
TOM COCTOSlHHH. YnY'lUleHHe O.ZJ:lillX H3 HHX npHBO,lUiT K YXYJUIIeHHIO ,lI;PY-

rnx. HanpHMep, TeXHOnOrn'leCKOe UlYHTHpOBaHHe 3MHTTepHbiX nepexo-

,lI;O CnOC06CTBYeT YBeJlH'leHIUO HanpH)I(eHHH nepeKJUO'leHlUI, KpHTH'leC-
KOH CKOpOCTH HapaCTaHlUI aHO.ZJ:HOrO HanpH:>KeHlUI, HO Bbl3bIBaeT pOCT

HMnYJIbCHOrO npSlMoro HanpH)I(eHHSI B OTKpblTOM COCTOJIHHH, CHH:>KeHIUO

Cpe,ll;HerO TOKa B OTKpblTOM COCTOHHHH, YBeJlH'lemfIO omHpaIOIllero TOKa

ynpaBJleHlUI, CHH:>KeHHIO KpHTH'leCKOH CKOpOCTH HapaCTaHHSI aHO.ZJ:HOrO

TOKa, YBeJlli':leHHIO BpeMeHH BKJIIO'leHlUI. MMeIOTCH APyrne CnO:>KHble B3a-

HMOCBH3H. Cne,ll;OBaTeJlbHO, npH pa3pa60TKe THpHCTOpOB cJle.nyeT HCKaTb

KOMnpOMHCCHble peUleHHSI. HanpHMep, npH pa3pa6oTKe 6bICTpO,ll;eH.CTBY-
IOIllHX THpHCTOpOB HanpH:>KeHHSI nepeKJlIO'leHHH orpaHH'lHBaIOTCH 3Ha'le-

IIHHMH He 60nee 1600--2000 B. DpH 3TOM YJ],aeTcH nonY'lHTb BpeMH BbI-

KillO'leHHSI B npe,ll;eJlax 11.0 50--60 MKC; npH oq>aHH'leHHH HanpH:>KeHHSl11.0
1000 B nerKO 06eCne'lHBaeTCH BpeMSI BbIKJllO'leHHH 10-20 MKC. BbICOKO-

BOJIbTHble :>Ke THpHCTOpbI Ha 4-5 KB HMeIOT BpeMH BblKJUO'leHHSI 60nee

150 MKC.

KOHCTpYK HHH 0603Ha'leHHe THnOB mpuCTopoB. CHJIOBble THpHC-

TOpbl BbmonHHIOTCH UlTbipeBOH. H Ta6neTO'iHOH KOHCTpYKl.\HH TaK :>Ke,
KaK H CHJIOBble ,lUi0,lU>1. J];JUI 3aIl.lHTbI p--n-p-n-CTpYKTypbI OT no-

BepxHocTHoro np060H HCnOJIb3YIOTcH lJIacKH (CM. n.2.2). O.ZJ:HocryneH-
'laTaH lJIacKa (PHC. 2.50, a) .rom 3MHTTepHOrO nepexo,na Jt 06paTHWI.,
a .lI.illI KOJUIeKTOpHoro J2

- npHMCUI. B 3TOM cnY'lae 3MHTIepHbIH.
nepexo,ll; 3Ha'IHTenbHO JIy'IUle 3aIllHIlleH OT np060H 06paTHbIM HanpH-

:>KeHHeM, 'leM KOJIneKTOpHbIH OT np060H npHMbIM HanpH:>KeHHeM. D03-
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TOMY O.ZJ:HOCTyneH'laTCUI lJIacKa npHMeHSleTCH ,nJUI ornOCHTeJlbHO HH3-

KOBonbTHbIX THpHCTOpOB (Ha HanpH:>KeHHe npHMepHo ,lI;O 1200 B). JJ:mI

BbICOKOBOJIbTHbIX THpHCTOpOB, KaK npaBHno, npHMeIDIIOTcH .D:BYxCTy-

neH'laTbie lJIacKH (PHC. 2.50, 6). DpH 3TOM yron at npHHHMaeTCH

paBHbIM 30° + 45°, a yron a2
- 1,5° + 4°. TaKaH lJIacKa Hcnonb3YeTCH

.rom THpHCTOpOB HanpH:>KeHHeM npHMepHo ,lI;O 4 KB. THpHCTOpOB

Ha 60nee BblCOKHe HanpH)I(eHHH npeMO:>KeHbI lJIacKH B 1JI0pMe "nac-

T01fKHHOro XBOcra" (PHC. 2.50, 8) H V-06pa3HbIe (PHC. 2.50, 2).
OCHOBHbIM ,nOCTOHHCTBOM lJIacoK 1JI0pMbI "naCT01fKHH XBOCT" H V-06-

pa3HbIX HBJUleTCH MeHbUlCUI HX UlHpHHa / ,'ITO n03BOJUleT nonY'lHTb 60nb-

llIyro aKTHBHYIO nOBepxHocTb CTpYKTYpbI npH 33,l1aHHOM ,lUiaMeTpe KpeM-

HHH. DpH ,nHaMeTpax KpeMHHeBblx cTpyKTYp,no 16 MM HX HanaHBaIOT Ha

BOJIblJlpaMoBble HJIM MOnH6,l1;eHOBbie ,lUiCKH. CTpYKTYPbI ,lUiaMeTpOM 60nee

16 MM co CTOpOHbI aHO.ZJ:Horo cnOH CnnaBJUlIOTCH C TepMOKOMneHcaTopoM

(amoMHHHeBCUI HJIH CHJ1YMHHoBaH 1JI0nbra) H co6HpaIOTcH B Kopnyce C

npH:>KHMHbIMH KOHTaKTaMH K KaTOJ],HbIM 'CJlOHM (PHC. 2.51).

THpHcTopHaH CTpYKTypa 1 cnnaBneHa C TepMOKOMTIeHCaTOpoM 2.

J];ByxcTYneH'IaTaH 4>acKa 3al.l{HIlleHa KOMnaYH,noM 3. KaTo.ZJ:Hble nOBepx-

HOCTH H BbIBO,n ynpaBJUlIOIllero 3neKTpo,na OT 6a3bl P2 MeTaJI.JIH3HpOBaHbI

aJIIOMHHHeM 4.

[JonynpoBO.ZJ:HHKOBbIe 3neMeHTbi CHJ10BbIX THpHCTOpOB MOHTHPYIOTCH

B repMeTH'IHble Kopnyca Pa3JIH'IHbIX KOHCTpYKI.\HH.: IllThlpeBbIe C nCUlHblMH

HnH npH:>KHMHbIMH KOHTaKTaMH H Ta6neTO'lHbIe. OrJIH'lHSI KopnycoB TH-

pHCTOpOB OT KopnycoB ,lUiO,nOB COCTOSIT B TOM, 'lT0 3neMeHTbI HX HMelOT

,nonOJlHHTeJlbHble OTBepCTHSI .rom ynpaBJUlIOlltHX 3neKTpo,nOB.

PaCCMOTpHM THnH'lHYIO KOHCTpYKI.\HIO Kopnyca IllThlpeBoro nqmCTo-

pa C nCUlHblMH KOHTaKTaMH H 60KOBbiM pacnonO:>KeHHeM ynpaBJUlIOIllero

3neKTpO,na (PHC. 2.52, a).
'"

K OCHOBaHIUO 1 npHnaHBaeTCH THpHCTOpHblH 3neMeHT 2. K OCHOBaHHIO

1 npHBapeHo CTaJIbHOe Konbl.\O 3, K KOTOPOMY CBapKOH. npHKpellJUleTCH

KOBapoBCUI BTYJIKa 4. YnpaBJUlIOIllHH. 3neKTpO,ll; HMeeT BHyrpeHHHH BbIBO,n

5, KOTOpblH nocpe,nCTBOM KOBapoBoH BTYJIKH 6 BbIBO,[lJiTCH HapY:>KY, r,ll;e
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1 2 J PRc. 2.51. THPHCTOPHbIH JneMeHT co CfiJIaBHblM

TepMoKoMneHcaTopoM
6paHa 7 npHmUlBaeTCR K BepxHeMY OCHOBaHHIO 3. KOJIbl.{O 8 H3 H30IDIl.{H-

OHHoro MaTepHaJIa l.{eHTpHpYe1 THpHCTOpHblH 3JIeMeHT H cepe6pHHble
npOKJI3,lI,KH OTHOCHTeJIbHO OCHOBaHHSI 2.

YnpaBmuo HH3JIeKTpoA 9 C nOJIycclJepH<IeCKHM HaKOHe<IHHKOM pa3Me-

 eHB BbleMKe BepXHero OCHOBaHHH, H30JIHpOBaH H30IDITOpOM 10 H npH-

:>KHMaeTCH K KOHTaKTHOH nOBepxHoCTH nOJIynpOBOAHHKOBOH CTp}'KTypbI
np}')KHHOH 11. ):(pyrnM KOHl.{OM BHyrpeHHHH ynpaBIDIIO HH3JIeKTpoA 9

BXO)]JIT B Tpy6KY 12 KepaMH<IeCKOrO H30IDITopa H cruno HBaeTCHB nOH

Tpy6Ke. K Tpy6Ke npHnaHBaeTCH HaKOHe'lHHK 13, K KOTOPOMY KpenHTCR

rn6KHH Hap}')KHblH BblBOA ynpaBIDIIO ero3JIeKTpoAa 14. ECJlH B rnpHc-

TOpHOH cTpyKType npHMeHHeTcH pa3BeTBJIeHHblH ynpaBJIHIO HH

3JIeKTpOA, TO raJIbBaHH'leCKaH pa3BH3Ka Me)l(.lJ:y KaTOAHblM OCHOBaHHeM H

ynpaBIDIIO HM3JIeKTpOAOM 06eCne'lHBaeTCH B03.nyUlHbIM 3a30pOM BbICO-

TOH npHMepHO 15-20 MKM HJill cepe6pHHoH npOKJI3,lI,KOH, KOHclJHrypal.{HH
KOTOpOH COBna.n:aeT C KOHclJHrypal.{HeH KaTOAHOrO 3MHTIepa rnpHCTopHOH
CTpYKTypbl.

3aKaH'lHBaeTCH HaKOHe'lliHKOM 7. C nOMO blOKOBapoBoH BTyJIl<H 8 C

HaKOHe<IHHKOM 9 <Iepe3 CTeKIDlHHblH H30IDITOp 10 BHyrpeHHHM BblBOAOM
" BbIBO,lI,HTCH KaTOA rnpHCTopa. OCHoBaHHe 3aKaH<IHBaeTCH UlnHJIbKOH 12
,lJ,JI.Sl KpenrreHHH rnpHCTopa B OXJIa,WueJle. Qepe3 Hee BbIBO,lI,HTCH aHOA

THpHCTopa.
B ufpHcrope C npH>KHMHbIMH KOHTaKTaMH (PHC. 2.52, 6) rnpHCTopHblH

3J1eMeHT C OMOCTOpOHHHM TepMoKoMneHcaTopoM 1 nOMe aeTCHHa MeA-

HOM OCHOBaHHH 2. K OCHOBaHHIO npHmUlH CTaJIbHOH CTaKaH 3. KpblUlKa
Kopnyca COCTOHT H3 CTaJIbHOH MamKeTbl 4 H KepaMH'leCKOrO H30JUITOpa
5. BHyrpeHHHH BblBOA ynpaBIDllO ero3J1eKTpO.D:Ci 6 C nOMO blOKOBapo-
BOM BTyJIKH 7, HaKOHe<IHHKa 8 COe,lI,HHHeTCH C rH6KHM BHeUlHHM BblBOAOM
9. HaKOHe<IHHK 10 KaTOAa C nOMO blOBHeUlHero CHJlOBOrO rH6Koro
BblBOAa IJ, HH:>KHHH KOHel.{ KOTOpOro 12 BCTaBJleH B Tpy6KY 13 H 06:>KaT,
coe,!UUHIeTCH BHyrpeHHHM OCHOBHblM BbIBOAOM KaTOAa 14. 3TOT BblBOA
HMeeT oTBepcrne CJlO)l(HOH KOHclJHrypal.{HH, <Iepe3 KOTopoe npOXO,lI,HT
BH}'TpeIlHHH ynpaBIDIIO HHBbIBOA. MaH:>KeTOH 15 TapeJIb<IaTble npY:>KHHbl
16 npH:>KHMaIOTCH K H30IDITOpy 17, 06eCne<IHBaJI He06xo,lI,HMOe YCHJlHe B

npmKHMHblX KOHTaKTax. C nOMO blOnpY:>KHHbl 18 <IepC3 H30IDITOp C03)J.a-
eTCH YCHJIHe Ha)l(aTHH Ha nOJIycclJepH'leCKHH HaKOHe<IHHK 19 BHyrpeHHero

BblBOAa ynpaBIDIIO ero3JIeKTpoAa. TaKaH KOHCTp}'Kl.{IDI HaH60JIee <IaCTO

npHMeHHeTCH npH ,lI,HaMeTpax CTpYKTYP OT 16 AO 32 MM.

Pa3Mepbl rnpHCTopOB UlThlpeBOH KOHCTp}'Kl.{HH B 3aBHCHMOCTH OT

THna THpHCTopa H3MeHHIOTCH B CJle.nyIO HXnpeAeJlax: I - OT 20 AO

45 MM C :>KeCTKHM BblBOAOM H OT 70 AO llO MM C rn6KHM BbIBOAOM;
N - OT II AO 18 MM; D - OT 12 AO 45 MM; E (Pa3Mep nOA
Kmo<I, Ha pHC. 2.52 He nOKa3aH) - OT II AO 41 MM; W - OT M5
AO M24.

B Ta6JIeTO<IHOM rnpHCTope (PHC. 2.53) rnpHcropHblH 3JIeMeHT 1 pac-
nOJIO:>KeH Me)l(.lJ:y MeAHblMH OCHOBaHHHMH 2 H 3. Me)l(.lJ:y rnpHCTopHbIM
3JIeMeHTOM H OCHOBaHHHMH YCTaHaBJIHBalOTCH npOKJI3,lI,KH H3 OTO)lQf(eHHO-
1'0 cepe6pa TOJIlI.{HHOH 100-200 MKM (Ha pHC. 2.53 He nOKa3aHbl). MaH-
:>KeTa 4 BblcoKoTeMnepaTypHbIM npHnoeM npHnaJIHa K KepaMH<IeCKoMY
H30IDITOpy 5 H K HH:>KHeMY OCHOBaHHIO 2. MaH:>KeTa 6 TaK:>Ke BblCOKOTeM-

nepaTypHbIM npHnoeM npHnaJIHa K H30IDITOpy. rH6KaH KOJIbl.{eBaJI MeM-
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PHC. 2.52. THpHCTOP IllTblpeBoH KOH-
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THpHCTOpbl C HopMHpyeMblMH BpeMeHaMH BKJUO<IeHHH H BbIKJUO<IeHHH

COCTaBIDUOT nOABH,ll,bl no KOMMyraWloHHblM napaMerpaM: COOTBeTCTBeH-

HO 6bICTpOBKJUO<IalOuUIecH (11), 6bICTpOBbll<nIO<IalOUJ;HeC}l (q) H 6bICTpO-

AeHCTByroUJ;He (1)); HOpM1lpOBaHO BpeMR BKmo<IeHHH H BbIKJIlO<IeHHH.

JJ:IDI 0603Ha<ICHHH MO,lUl<lJUKaI.\UU no KOHCTpYXTHBHbiM napaMeTpaM

UCIlOJIb3yeTcH TpeX3Ha<IHOe <IHCJlO: nepBaJI Wll!>pa - HOMep MO,lI,Hl!>u-

Kal.\UU, BTOpaJI
- KOA paJMepa no,n KJUO<I mm: ,lI,HaMeTp Ta6neTKu,

TpeTbH - KOA KOHCTPYXTl-IBHOro HCnOJIHeHUH Kopnyca.

B 3aBHCUMOCTH 01' MaKCHMaJIbHO ,nonYCTHMoro cpe,nHero TOKa B OT-

KpbITOM COCTOHHHH, BHna, nOABH,na H MO,lI,HI!>HKaI.{HH THpHCTOpbl ,neIDITCH

Ha THnbl. THpHCTOpbl OJl.Horo THna AeIDITcH Ha KJIaCCbl no <IHcny COTeH

BonbT nOBTopmoU{el'OCH HanpH>KeHHH. THpHCTOpbl ).I,aHHOrO THna H KJIac-

ca Ha rpynnbl no,npa3,neJUIIOTCSI no 3Ha<IeHHHM KpHTH<IeCKOH CKOpOCTH

HapaCTaHH}l Hanp}l>KeHUH B 3aKpblTOM COCTO}lHUH, apeMeHH BblKJIlO<IeHIDl

H BpeMeHH BKJIlO<IeHHH.

B 0603Ha<IeHHH THpUCTOpa (puc. 2.54) npH He06xo)J;HMOCTH MOryr

TaK>Ke npoCTaBnHTbCJI npe)].cnbi no uMnynbcHoMY HanpH>KeHUIO B OTKpbl-

TOM COCTORHUU. B cen<y YCllOBHoro 6YXBeHHO-l.I,ul!>poBoro 0603Ha<IeHUR

BnHcaHO 0603Ha<IeHUe TUpHCTopa TE453-1000-24-734.

Ore<IeCTBeHHOH npOMLIlliJleHHOCTblO OCBoeHO 60Jlee COTHH THnOB TH-

pHCTOpOB. B npIUIO>KeHHH 2 npuBeAeHbI OCHOBHbIe AaHHbIe no HaH60nee

xapaKTepHblM THllaM cOBpeMeHHbIx TUpHCTOpOB.

3auupaeMbie TUpHCTOpbl. 3anupaeMblH THPHCTOp (3T), 3anaTeHTOBaH-

HbIH B JInoHHu B 1959 r., HCCKonbKO )].eC}lTHJleTHH cOBcpllIeHCTBOBaJICH H

H3roTaBJlHBaeTCH Ha TOKH )].0 3000 A H HanpR>KeHHe AO 5000 B C BpeMeHeM

BbIKJIIO<IeHHR 20-50 MKC ( CM. npHJlO>KeHHe 4). B 3anupaeMbix TUpHCTO-

pax BnepBbIe npHMeHeHa TCXHOJlOrHH nonHOCTblD npH>KHMHbIX KOHTaKTOB

6

AI

ct:::@

D

Puc. 2.53. TUpHCTOp Ta6J1eTO'lHOH KOIlCTpYKltUH

He06xo,lI,HMLlii npH>KHMHOH KOHTaKT MC>KAY TUpUCTOpHbIM 3JleMeHTOM
H OCHOBaHUHMH 06eCne<IHBaeTCR npH>KHMHbiM ycunHeM OT 8 .no 24 Kl-l npu
YCTaHOBKe Ta6Jlcnm B Oxna,nHTCJlb.

Pa3Mepbl Ta6nCTO<IHbIX THpHCTOpOB B 3aBHCHMOCTH OT THna U3Me-

HRIOTCR B CJle,nyIOUJ;HX npe.neJlax: A - OT 19 AO 26 MM D - OT

60 ,no 100 MM, D - OT 30 ,no 50 MM.
'

CIUIOBble THpHCTOpbl, KaK H )J;HO)J;bI, nOrTnaJ,neIDIlOTCR Ha.....y B I,

nOABH,lJ;bI, Mo.nu<lJuKal.\HH U THnbl, a THpUCTOpbl O,nHoro THna - Ha

KnaCCbI u rpynnbI. )J,115I 0603Ha<IeHUH BHJ.I:OB THpHCTOpOB npHMewl-
IOTCH

_

CJle.nyIOII{He 6YXBbl: T - THpHCTOp; Tn - rnpHCTop, npOBO-
}l,HIl.I,HU B 06paTHOM HanpaBJIeHHH (napaMe1pbl B 06parnOM HanpaB-
neHHH He HOpMupOBaHbl); TJJ: - rnpHcTOp-MO,n, napaMeTpbI B 06-
paTHOM npOBOIf.IIUJ;eM HanpaBneHHH HOpMHpoBaHbI; TJI - naBHHHblH

THpHCrop; T3 - 3anHpaeMblH THpHCTOp; TC - CUMMeTpU<IHbIH TH-

pHCTOp; T<I> - $OTOTHpHCTOp; TO - OIlTOTHpHCl'Op.
104
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Tun mupucmopu

Puc. 2.54. C;rpYK1YPHaJI CXi:Ma 6YKBeHHo-uH$po-
BOro' 0603Ha'ieHHIl TH(JHcTOpOB

T-mupucmop
BuD (fl,Jl,lI,3,C,'1',O)
floiJfluiJ (H, '(,6)
HOHfp HoDurpuKutjuu
{(oD pa3Mepa
{(o(J KOHcmp!lKll,uu Kopnyca
flpeiJellbHlJd mOK I,AYma 
3HaK otfpamHou
nO/lp.pHocmu
{(/lace

rpgnnu no (dul1/dt)crtt
rpgnna no t

g

rpgnna no tgt
flpeiJfllbl no UHn!l"bCHONg
HUnp JKeHUIO6 OmfC.pblmOH
cocmOflHUU
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6C3 naHKH K TCpMOKOMnCHCHpyroll.\CMY ,lI,HCRy co CTOpOHbI aHo.n.a. 31'0
n03BOJUlCT Ha 30 % CHH3HTb norepH Ha KOMM}'TaQHIO, Ha 50 % YBCJlliqHTh
3HaqCHHC y.n.apHoro TOKa, YMCHbUlHTh npHMOC n CHHCHanpH)KCHH}!. 3a-
nnpacMbIH THpHCTOp CYll.\CCTBCHHO npCBOCXO,lI,H 'no CBOHM napaMeTpaM
CHJIOBOH TpaH3HcTop H HBJUleTC}! HCm60JIcc COBeplliCHHbIM THnOM CHJIOBO-
ro nOJIynpoBOJJ.HHKoBoro npH60pa ]J,JIH. COBpCMCHHbIX ynpaBJUlCMbIX npc-
06pa30BaTCJICH :mcKTpo:mcprnH. [JPCHMYIl.{CCTBOM CHJIOBbIX TpaH3HCTo-
pOB HBJUleTCH 60JICC BbICOKaJI pa60qaJI qaCTOTa.

3anHpacMbIH THpHCTOp - 3TO npH60p, KOTOpbIH MO)KCT 6bITb BKJIIO-
qCH H BbIKlllOqCH no.n.aqCH COOTBeTCTBYIOIl.{CrO CHrHaJIa Ha ynpaBJUUOIl.{HH
3JICKTpO.n.. B OCHOBY 3T nOJIO)KCHap-n-p-n-cTpYKT'jpa. OC06CHHOCThlO
CTpYKT'jpbI HBJUleTCH TCXHOJIOrnqCCKOC Pa3.n.CJlCHUC 06JIaCTH ynpaBJUlIOIl.{C-
1'0 3MhTIepHoro ncpcxo.n.a J3 no BCCH nOBCpXHOCTH Ha 3JICMCHTapHbIC
HqCHKH, qHCJIO KOTOpbIX MO)KeT COCTaBJUlTb .n.o ThICHqH H 60JIcc. 3JICMCH-
TaPHaJI HqCHKa (PHC. 2.55) npc.n.CTaBmleT C060H, KaK npaBHJIO, p-n-p-
n-cTpYKTypY B 1JI0pMC nOJIOCKH, B KOTOpOH p-6a3a npHMbIKaeT K KaTo.ny
co BCCX CTOpOH. flHHHH TOKa B 3JICMCHTapHOH cTpYKTYpc C pa3HoypoBHC-
BbIM pacnOJIO)KCHHCM KaTOJJ.HorO H 6a30BOrO 3JICKTpO.n.OB npH 3anHpaHHH
llipHCTOpa nOKa3aHbI Ha pHC. 2.55, a. B npol.{cccc 3anHpamuI TOK 3JICKTpO-
.n.a ynpaBJICHHH IRG nporeKaCT HaBCTpCqy aHOJJ.HOMY TORy ITQ B 30HC n2 H
B rOpH30HTaJIbHOM HanpaBJICHHH B 30HC P2-6a3bI.

IloTOKH HCOCHOBHbIX HOCHTCJlCH CYll.(CCTByroT B HOpMaJIbHOM HanpaB-
JICHHH K nJIOCKOCTHM p-n-ncpCX01J;OB H B HanpaBJICHHHX B.n.OJIb nJIOCKOC-
TCH. [JpOl.{CCC HOCHT npHHLlHnHaJIbHO HCOJl.HOMCpHbIH, 06"bCMHbIH xapaK-
TCp. [JPHJIO)KCHHC K l.{cnH ynpaBJIXIOIl.{cro 3JICKTpo.n.a 06paTHoro HanpH-
)KCHHH npHBo.n.HT K TOMY, qTO 3JICKTpOHbI H3 n2-3MHITCpa HC HH-

)l(CKTHpyroTCH, a 3TO npHBO.lI.HT K nCqC3HOBCHHIO H36bITOqHOrO 3apH,lI.a
 IpOKB nr6a3C, npCKpaWCHHIO nOCT'jWICHHH  IpOKB P2-6a3Y, CMCIl.{C-
HHIO yqaCTKa KOJIJICKTOpHOro nepcXO,lJ.a B03JIC ynpaBJUUOIl.{cro 3JICKTpo.n.a
B 06paTHOM HanpaBJICHHH H BbII<JUOqCHHIO B 3TOM MCCTC p-n-p-n-
CTpYKTYPbI. Ba)KHbIM YCJlOBHCM npoLlccca 3anHpaHHX RBIDIeTCH nOJIyqCHHC

HH3KOOMHoro CJIOH P2 ]J,JIH. CHH)KCHHH na.u.CHIDI HanpH)KCHIDI OT TOKa IRG,

npoTcKaIOIl.{crO B nOnCpCqHOM Hanpa8JICHHH no pr6a3c, Ha cc COnpOTHB-

JICHHH Rpo 31'0 na.u.CHHC HanpR)KCHHH npHBo,lI,HT K HcpaBHoMcpHOMY CMC-

ll.(CHHIO ncpcxo.n.a J3, KOTOpbIH MO)KCT 6bITb np06HT, CCJlli HanpH)KCHHC

.n.OCTHrHeT HanpH)KCHHR np060R.
,z::(mI YMCHbUlCHHX Rp HcnOJIb3yeTCH nOBbIu:cHHC crenCHH JICrHpOBaHIDI

Pr6a3bI. O.n.HaKo KOHLlCHTpaLlHH npHMCCCH HC .n.OJI)KHa npCBbIUlaTb

5'1()23-1()24 M-3,
HHaqC 3TO npHBc.n.eT K PC3KOMY CHH)KCHHIO <X2 H3-3a

YMCHbUlCHIDI BpCMCHH )KH3HH 3JICKTPOHOB B Pr6a3c. HanpH)KCHHC np060R
ncpcxo.n.a J3 MO)KeT ynaCTh HH)KC 20 B, 'ITO 3aTpY }!eT1JI0pMHpoBaHH,:
3anHparoll.(cro CHrHaJIa ynpaBJICHHH C 3a.n.aHHbIMH dlRddt H aMnJIHTy.n.oH

TOKa IGQM. YMCHbUlCHHC Rp .n.OCTHracTcH TaK)KC YMCHbUlCHHCM lliHpHHbI

3JICMCHTapHOrO KaTOJJ.HOrO 3MH1TCpa. JJ:IDI 3Toro OH H3rOTaBJIHBaeTCH B

BH.n.C JJ.UCKpeTHbIX Y3KHX nOJIOC UlHpHHOH 200-300 MKM (PHC. 2.55, 6).

KOHIJIHrypaLlHx H pacnOJIO)KCHHC B nJIOCKOCTH CTpYKTYpbI 3THX 3JICMCHTOB

Mor}'T 6bITh Pa3J1HqHbIMH. Ha pHC. 2.55, 6 nOKa3aH OJJ.UH H3 B03MO)KHbIX

BapHaHTOB pa3BCTBJICHHX KaTOJJ.HOH 06JIacTH B BH.n.C PMHaJIbHO pacnoJIo-

)KCHHbIX nOJIOC JJ.BYMR KOHLlCHTpHqCCKHM KpyraMH. 31'0  03BOJUleTpac-
npOCTpaHHTh Ha BCIO nJIOWa.z:J.b KaTOJJ.HOH 06JIaCfH B03.n.CHCTBHC 3anHpa-

lOIl.{cro TOKa ynpaBJlCHH}!.
OrHOUlCHHC HMnyJIbCHOrO 3anHpaCMoro TOKa THpHcTopa ITQM (ToKa

aHo.n.a) K 3anHpaIOwcMY HMnYJIbCHoMY 06paTHoMY TOKY ynpaBIDlIOIl.{cro

3JIcKTP0.n.a IGQM Ha3bIBaeTCH K03rjJqJUl/UellmOM YCWlellWl npu 6blKJ/1O'leIlUU G

(K031J1IJ1Hl.{HCHTOM BbIKJIlOqCHHH I3Q):

hQM a2
G- -

IGQM al+a2-1
(2.25)

PHC. 2.SS. nonynpOBO,I],HHKOBall CTpYKTYPa 3anHpaeMoro THpHCTopa:
a -> CXCMa JlHHHIl TOKa; 6- 3J1CMCHTapHiIJI R'IcIIKa; . - cxelda pacnonoX(eHHR 3J1eldelITapHLIX R'IeeK

,z::(mI YBCJlHqCHHH G Hc06xoJJ.UMO TaK CKOHCTpYHpOBaTb CTpYKTYPY,

'IT06bI nOJIyqHTb CYMMY <Xl + <X2' HC3HaqHTCJlbHO npCBbIUlaIOIl.{yIO C,lI,HHH-

I..(}', 3HaQCHHC <X2 COXpaHHTh .n.OCTaTOQHO 60JIbUlHM. 06bIqHO G = 3+5.

B npol.{CCCC 3anHpaHIDI npOBO,lI.Slll.\a}! nJIa3Ma CTHrnBaeTCR K LlCHTpY

3JICMCHTa KaTOJl.HOH 06JIaCTH (XBJICHHC KYMYJUlLlHH). 31'0 MO)KeT npHBCCTH

K UlHypOBaHHIO npOBO,lI.SlWCH 06JIaCTH, Hc.n.onYCTHMOH nJlOTHOCTH TOKa H

B03MO)KHOMY nOBpC)KJJ.CHHIO CTPYKTYPbI H3-3a ncpcrpCBa. llpH BbIKJIIOqC-

HHH BblJJ.CJUUOTCH KOMM}'TaLlHOHHbIC nOTcpH B BH.n.C HHlJlpaKpacHoro pC-

KOM6HHaLlHOHHoro H TCWIOBOro H3JIYQCHHH. JJ:IDI CHH)KCHHH KOMMYTal.{H-

OHHbIX nOTCpb BCCbMa Ba)KHO COKpaTHTb ,lJ)IHTCJlbHOCTb npOLlccca 3anHpa-

HH}!. 31'0 MO)KeT 6bITb .n.OCTHrHYTO npH CHH)KCHHH HcpaBHOBcc oro
3apH,lI.a B nr6a3c H YBCJlHqCHHCM CKOpOCTH cro y6bIBaHHR. B CCpHHHbIX

npH60pax 3TO .n.OCTHraeTC}! YMCHbUlCHHCM BpCMCHH )l(H3HH  IpOKB nr

6a3C H UlYHTHpOBaHHCM aHOJJ.Horo p-n-ncpexo.n.a (CM. pHC. 2.55, 6). llpc-

HMYWCCTBO UlYHTHpOBaHHx 3aKJIlOQaeTCR B CHH)KCHHH HH)KCKLlHH Pr3MHT
-
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Tepa H YMeHbllIeHHH 0.1 , YCKopeHHH BbIBO.l1:a m6bITOqHOrO 3apJl.l1:a H3

nr6a3bl, YMeHbllIeHHH HMnYJlbCHOrO HanpSDKeHHJI B OTKpbITOM COCTOJlHHH
UTM . Tro<HM 06pa30M, IlIYHTHpOBaHHe BeCbMa nepcneKTHBHo. O,lI.HaKO
3TO CHH)I(aeT HanpSl)l(eHHe npo6oSl B 06parnOM HanpaBJleHHH. HanpSl)l(e-
HHe URRM 3HaqHTeJlbHO MeHbllIe npJlMOrO 6JIOKHpyro eroHanpJl)l(eHHSI
UDRM.

B cxeMe BKJUOqeHHSI 3T (PHC. 2.56) 3annpaeMbIH THpHCTOp VQ BKJllO-

qeH B L{enb HCTOqHHKa nOCTOSlHHoro TOKa 1 C HarpY3KoH LHRH' IlIYHTHpO-
BaHHO" B o6parnoM HanpaBJleHUU AHO.l1:0M VDH" ,[(mI nHTaHHSI L{enH yn-

paBJIeHHJI npe.ll:YcMO'IpeHbI HCTOqHHKH 1!J0pMHpOBaHHJI oTnHpaIO HxUM-
nYJIbCOB EFG

- 3 U 3anHpaIO HXHMnYJIbCOB ERG - 4. [JapaJIJIeJIbHO 3T

YCTaHOBJleHa .l1:eMnI!JuPYIO MRCD-L{enb 2. KOH.n:eHcaTop C orpaHHqHBa-
e1' CKOpOCTh HapaCTaHHJ{ HanpSl)l(eHUSI Ha aHO.l1:e npH 3anHpaHuH. ,[(mI

orpaHHqeHUSI BCIIJleCKa aHOMoro TOKa B pe3YJIbTaTe pa3pSl,na KOH.n:eHca-

Topa npH oTIIHpaHHu THpHCTopa npHMeHSleTCSI pe3uc1'op R, IlIYHTHpye-
MbIH IIPH 3anHpaHHu AHO.l1:0M YD.

OTnHpaHHe 3T npOHcXOJ(HT 3a BpeMJI t
gr (HHTepBaJI tl

- t3). Ha HH-

TepBaJIe OTKpbITOrO COCTOSlHHSI .3T B L{enH ynpaBJIeHUSI 06eCneqHBae1'CSI

He6oJIbllIOH npSlMoH TOK IFGM2 ,lI)Ul nOMep)l(aHl1S1 TupHCTopa B YCTOHqH-
BOM OTKpblTOM COCTOJlHHH npH B03MO)I(HbIX KOJIe6aHWIx aHOMoro TOKa.

B MOMeHT tj HaqHHaeTCSI npOl.{ecc 3anHpaHuSI, KOTOpbIH UMeeT 11'u xapaK-
TepHbIx 3Tana: nepBbIH - HHTepBaJI tj

- t6
-

BpeMSI 3ana3JU>IBaHHSI t I

(ts - storage time); BTOpOH - HHrepBaJI t6
- t7

- BpeMSI cna,n:a tgf (rill
-U'

Lrll
9096

R

1096

L"

 "us'

Ls

PHC. 2.56. CxeMa BKJIIO'IeHHII H BpeMeHHt:le AHarpaMMbl 3anHpaeMoro THpHCTopa
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time), KorJJ;a .l1:eHCTBYeT 06paTHM CBSl3b H Ha JIIO.n:aeTCJI JIaBUHOO pa3HLIH

cna,n: aHoMoro TOKa, BOCCTaHOBJIeHHe  eHTpaJIbHOrO(KOJIJIe OpHoro)
nepexo.n:a J HaqaJIO cna,u.a o6paTHoro TOKa ynpaBJIeHUJI; TpeTIiH - t7

-

2' " "
) (

.

1 t
.

)
18 - BpeMSI Me)J.JIeHHoro cna,n:a aHOJJ,HOrO TOKa (XBOCT Ir tal lme.

BpeMeHeM BbIKJllOqeHIDI npHIUITO Ha3blBaTh t
gq
= t

gl
+ Igf TaK KaK G =

= 3 + 5, TO 3anHpaIOll.\U" TOK ynpaBJIeHUSI IGQM,lI)Ul MO HbIXTUpHCTOpOB
MO)l(eT .l1:0CTHraTb COTeH aMnep. CJle.n:OBaTeJIbHO, CKOpOCTb HapaCTaHHSI

3TOro TOKa diRddt IIpU peaJIbHOM BpeMeHU BblKJIIOqeHHSI .l1:0Jl)I(Ha JJ;OCTH-

raTb .l1:eCRTI<OB aMnep 3a MUKpoceKYH.DY (15--100 A/MKC). 31'0 onpe.l1:eJUleT

BbICOKue 11'e60BaHuSI K L{enH ynpaBJleHuSI. OHa .l1:0JDKHa 6blTh 6e3bIH.n:YK-

THBHOH. 3JIeKTPO):(BU)I()' MCHJIa L{enH ERG He .l1:0JI)I(Ha npeBbIIllaTb Ha-

npR)I(eHIDI np060Sl nepexo.n:a J3. OHa .l1:0JDKHa HaXOJ(HThCSI B )Ufana30He

12-20 B. Ba)l(HbIM yCJIOBHeM RBJUleTCJI nOMep)l(aHHe 06paTHoro CMe e-

HlUI B L{enH ynpaBJIeHUSI BblKJllOqeHHOrO 3T.

3I!JI!JeKTHBHOCTh npuMeHeHHSI 3T C yqeTOM Bcex nepeqHCJIeHHbIX  aK-
TOpOB OCTaeTCSI BbICOKOH. llpeo6pa'30BareJlbHM reXHUKa, B KOTOpOU HC-

nOJIb3YIOTCSI KOMnaKTHbIe YCTpOHCTBa Ha HOBbIX 6bICTpO.l1:eHCTBYIOI.\.{HX

npH60pax, BbIXO)UfT Ha HOBYIO KaqeCTBeHHYlO cT)'IIeHb. OCHoBHble napa-

MeTpbl GTO-THpHCTOpOB npHBe.l1:eHbI B npHJIo)l(. 4.
_

npOBOJJ.HUUtH B 06paTHoM HanpaBJIeHHH (acHMMe HqH H)mpHcTop.
THpHCTOp HMeeT 60JIee TOHKUH CJIa60JIernpOBaHHbI CJI H b TaK KaK

MeJK.D:Y HHM H eJIOeM PJ BbInOJIHSleTCSI npoMe)l(YTOqHbIH eJIOU n I' BCJle.l1:CT-

Bue nol'o YMeHbllIaeTCSI HMnYJIbCHOe npSlMoe HanpSl)l(eHUe BO BKJllOqeH-

HOM COCTOSlHUU H CHU)I(aeTCSI BpeMSI BbIKJUOqeHHSI. 3aTo npH 06parnoM

HanpSl)l(eHHU nepexo.l1: JI
He HMeeT B03MO)l(HOCTH paCIIIUpJln,CSI B CTOPOHY

nr6a3bI H n03TOMY HMeeT npo6HBHoe HanpSl)l(eHUe Beero HeCKOJIbKO .l1:e-

CSlTKOB BOJIbT.

THpHCTOp C 06paTHOH npOBO,lJ.HMOCThIO (mpHCTOp-,lJ.HO,ll.). THpUCTOp no-

.l1:06eH 06bI<JHOMY THpHCTOPY, C KOTOpbIM napaJIJIeJIbHO BKJllOqeH )Uf0.l1: B

06parnOM HanpaBJleHHH. llpUMeHSleTCSI TeXHOJIOrUSI HeCHMMeTpHqHblX TH-

pHCTOpOB C UX npeHMY1l.(eCTBaMH U YCTpaHBaeTC SI
B cTPYKTYpe H rpaJIb-

HbIll aHTHnapaJIJIeJIbHbIH )Uf0.l1:, U30JIHpOBaHHbIH OT L{eH11'aJIbHOU ceKI..{HU

npope3blO HJIU )UfI!JI!JY3HOHHbIM 3aWHTHbIM KOJIbL{OM.

KOM6HHHpOBaHHo-BbIKJlIOqaeMLIH mpHCTOp (KBK). 31'0 no eY1l.(eCTBY

06blqHblH THpHCTOp, BpeMSI BbIKJUOqeHUSI KOToporo eyweCTBeHHo CHH)I(a-

eTeSi 6JIaro.l1:apSl eMe eHmoB o6paTHoM HanpcumeHHH ynpaBJUlIO erO

nepexo.n:a J3 B npo ecce3anupaHuSI.
CJlOH P2 BbllIOJIHHeTCSI HH3KOOMHbIM,

a KaTO.l1: rpe6eHqaTOH CTPYKTYpbI, 'ITO YBeJIUqUBaeT 3I!JI!JeK1' BbIKJUOqeHIDI

B npoL{ecce 3anHpaHHSI. _

CHMMeTpHqHbIH mpHcTop. 31'0 npH60p, KOTOpbIH MO)l(eT npOBO)UfTb

TOK B 060HX HanpaBJIeHIDIX U cnoc06eH 6JIOKHpOBaTb npSlMoe H

06paTHoe HanpSl:>KeHue. llOJIynpoBoMUKOBaJI CTPYKTYpa npe.n:c1'aBJUleT

eo60H ):(Be 3KBUBaJIeHTHbIe qeTblpeXCJIOHHbIe CTpYKTYPbI: p,-n,-p2-n2
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PHC. 2.57. CTpYKTYPa noneBoro mpHCTopa c ynpaBJIRIO MJneKTpoliOM
B BH,Z1e Cen(H

(a, 6) H BonbT-aMnepHaR xapaKTepHCTHKa (6)

H P2-n p,-n3'
B03MO)((Hbl 'IeTblpe cnoco6a BKlliO'IeHHH CTpYKTypbl

C YCTpOHCTBOM :meKTpOp,a ynpaBIleHHH OT Pa3J1H'IHbIX 06rraCTeH. frraB-

HOe npeHMYIUeCTBO CHMMeTpH'IHOrO THpHCTopa 3aKJUO'IaeTCH B TOM.

'ITO C nOMOIUblO o.nnoro ynpaBIDIIOIUem :meKTpo.n:a MO>KHO BKJllO'IHTb

ABc:. BCTpe'IHO BKJUO'IeHHble THpHCTOpHble CTpYKTYPbl. CrrO>KHOCTb YCT-

pOHCTBa npH60pa npHBOAHT K yxy eHHIOp aero xapaKTepHCTUK.

IIo3TOMY npeAIIO<fl1iTerrbHee HcnOJIb30BaTb )I.Ba BCTpe'IHO BKJllO'IeHHblX

THpHCTopa BMeCTO CUMMe1PH'IHOro.

non BoiiTHpHCrop. 3'1'0 nOllblH THn mpHCTopa, ynpaBJUleMblH HanpH-

>KeHHeM, KOTOpblH B nepcneKTHBe MO:>KeT 3aMeHHTh 3anHpaeMblH THpHC-

TOp. ITorreBoH THpHCTOp npe.n:CTaBJUleT C060H nepeKlliO'IaTerrb MOIUHOCTH,

COCTOHIUHH H3 p-i-n-AHOAa C ynpaBIDIIOIUHM 3rreKTpop,oM B BH]I.e CeTKH

(puc. 2.57, a, 6).
Korp,a aHoA nOrrO:>KHTerrbHee KaTO,na, a Ha ceTKe HH3Koe HanpH:>KeHHe,

aHOA HH>KeKTHpyeT .ZJ;bIPKH B i-crroH, cOnpOTHBrreHHe ero CHH>KaeTCH, Ha-

npH:>KeHHe Me)l(.ZJ;}' aHo,nOM H KaTo,nOM B OTI<:pbITOM COCTOHHHH lB. ECJIH

Ha Ce1'KY no,naHO BblCOKoe oTpHl.{aTerrbHoe HanpH>KeHHe, TO Bcrre,nCTBHe

CHJIbHOrO paclllHpeHHSI 06rraCTH. 06e.nneHHOH 3apH,naMH. BOKpyr CeTKH

no.A KaTOAOM 06pa3yeTcH 06e.nneHHb1H crrOH. CeTKa BblITOrrHSleT pOJIb

311>«!>CKTHBHOrO KOrrJleKTOpa, npHHHMalOII.{erO .ZJ;bIPKH H3 n-cJlOSl (CM. pHC.

2.57, a). 06pa3YeTCH nOTeHIJ.HaJIbHbIH 6apbep )J,JUI 3rreKTpoHOB. HH>KeKTH-

pyeMblx H3 KaTo,na n+. B oTcyrCTBHe 3rreKTpoHOB .ZJ;bIPKH TaK>Ke He Mor)'T

HH)KeKTHpOBaThCH aHO.AOM. ITpH60p OKa3bIBaeTCH B 3aKpbITOM COCTOHHHH.

B npou,ecce 3anHpaHHSI TOK aHo,na LA nepeKlliO'IaeTCSI B IJ.enb CeTKH (CM.

puc. 2.57, 6).

Ilpu pocTe OTpUl.{aTerrbHOI'o HanpSl)l(CHHSI ua CeTKe YBerrH'IHBaeTCSI

811011IIOC lIallpSI)[(CIHlC oTIIHpamHI. npHuopa (puc. 2.57, 6).

2.5. MOAYflM C nOflYflPOBOAHMKOBblMM nPM60PAMM

OCHOBHLle noHSlTIUI. YcneIDHO pa3BIlBaeTCSl HOBoe HanpaBrreHHe KOH-

cTPYKTHBHblX pCl11eHHH 3rreMeHTOB cunoBoH 3J1eKTpOHHKH: npHMeH«:.HHe

Mp.nyJIbHbIX KOHCTpYKI.{HH, HHTCrpaIJ.USI CHJIOBblX 3rreMeHTOB H YCTpOHCTB

ynpaBrrcHHSI B O,WlOM Mo.nyrre.

. MooyneM B 3neI<TpOHHKe Ha3bIBaIOT «!>YHKIJ.HOHaJIbHO
3aKOHQeHHblH

y3err 3rreKTpOHHOH annapaTypbl, oll>opMrreHHblH KOHCTpyKTHBHO KaK

caMoCToSlTcnbHoe H3p,enHe.

HOBbie TeH,neHI.{HH Ha6mo,naIOTCSl B pa3BHTHH 3rreMeHTHOH 6a3bl CHC-

TcM mpHCTopHoro 3neKTponpHBo,na, ynpaBrrcHHSI H
aBTOMaTH'IeCKOrO pe-

rynHpOBaHHSI. IDHpOKO npHMeHSIIOTCSl MHKpocxeMbl, npOIJ.eCCOpbl H CTpYK-

TYPbl Bbl'IHCJIHTeJIbHOH TeXHHKH, B TOM 'IHCne nocrpoeHHblC
no MarH-

CTpaJIbHO-Mo,nyrrbHOMY npHHI.{Hny. 3TO n03BOIDICT c03,naBaTb npe06-

pa30BaTeJIH C 60nee rH6KHMH xapaKTepHCTUKaMH (nporpaMMHblH nyCK,

aBToMaTH'IeCKOc perYJIHpOBaHHe )I.BHraTeneH. 3aUJ,l1Ta npe06pa30BaTeIDI,

yrrY'IllleHHblH K03«!>iI>HI.{HCHT MOUUIOCTH
H T.,n.).

llpHMeHeHHe HOBblX THnOB Cllll H Mo.nyrrbHblX KOHcrpYKI.{HH n03BO-

IDIeT CHH3HTh 06"beM, Maccy H HOTepH npe06pa30BaTeJUl,
nOBblCHTb Kll)J;

YCTaHOBKH H yrr)"llllHTb xapaKTepHCTHKH
H 3HepreTH'IeCKHe nOKa3aTeJIH.

BblITYCKOM CUJIOBbIX nOJIynpOBO,WlHKOBbIX Mo.nyrreH 3aHSIThI 60rree 20 Be-

,nYIUHX 3apy6e)((HblX «!>HpM [2]. HOMeHKJIaTYpa Mo.nyrreH ,nocmrrra 60Jlee

TblCH'IH nmOB.

CUJlOBLle nOJlynpoBo.n:HHKoBLle MOAynH.
Mo,nynH BblllorrHSIIOTCSI Ha

TOKH 60rrce lOA H .n.eJUlTCSI Ha ]J.liO,Wlbie, TpaH3HCTOpHble,
]J.lio.nno-TpaH3Hc-

TOpHbie H «!>YHKIJ.HOHaJIbHble.
B Ta6n. 2.1 npHBe,ncHbl napaMeTP

bl HeKOTO-

pblX BH.ZJ;OB cunOBbIX nonynpoBO.nnHKOBblX
Mo.nyrrcH. Mo.nyrrH BbmorrlUilOT-

CSI B npO'IHOM nnaCTMaccoBOM Kopnyce C nasrnblMH KOHTaKTaMH
H H30nH-

pOBaHHblM OCHoBaHHeM. Bcc 3rreKTpH'IeCKHe KOHTaKTbl Haxo,nKTCH B

BepxHcH .'IaCTU Kopnyca. OrBoA
TenJIa ocym.eCTBJUleTCSl QCpe3

OCHOBaHHe.

TaKue MO.nyJIH Haxo)I.SlT npuMcHeHHe npH C03,naHHH HeynpaBJUlCMblX U

ynpaBJUleMblX BblITpHMHTCncH, aBToHOMHblX HHBCpTOpOB )J,JUI mlTaHHSI

1J,BHraTCJICH nOCTOKHHoro H nepeMeHHoro TOKa cpe,WleH MOIUHOCTU, npc-

06pa30BaTCJICH HH.nyKIJ.HOHHoro HarpcBa, cBapO'IHblX annapaToB, HCTO'I-

HHKOB 6ecnepc6oHHoro mrraHHH,
6blTOBOH H cryp,HHHOH TeXHHKH.

Ha OCHOBe HOBeHUUHX nJIeHO'IHblX TeXHOJIOrHH raJIbBaHOTCXHHKH H

6ccKopnycHbiX 6e3BblBO.nnbIX Cllll BeAylll.HMH «!>HpMaMH pa3pa60TaHbl

CHJIOBble ]J.liO.nnble H 11IpHCTOpHbie MO.nyJIH 1200Al3300B H 1800All600B

H 06pa3IJ.bl Ha 60JIee BblCOKHC TOKH H HanpSl)KeHHSI [2].

c1>YHKIJ.HOHaJIbHLle
CHJlOBLle nonynpoBOAHHKoBble MOAyJIII. B BHAe

MOAyneH o«!>opMJUlIOTCSI OTp,eJIbHble «!>YHKU,IiOHaJIbHO
3aKOH'ICHHblc YCT-

pOHCTBa. CpcJJ.H TaKHX ycrpOHCTB HaH60nee pacnpocrpaHeHHblMH
SIB-

JUlIOTCSI o.nnO«!>a3Hble H TpcxlI>a3HblC ]J.liO.nnb1e, THpHCTOpHblC H TpaH-

3HCTOpHbie BbmpHMHTcJIH
H HHBCpTOpbl [2]. B Ta6n. 2.2 npHBe,neHbl

l aHln..le HeKoTopblX
BIi)1.0B «!>YHKlJ.HOHaJIbHbIX

CHnOBblX norrynpOBo)I.HH-

KOBLIX MOJl.yneH. KOHC1pyKTHBHOC o«!>OpMneHHe aHaJIOrH'IHO paccMOT-

pCIIIII.IM
IIhllllC MOP,YJUlM. 111



Ta6nHua 21 I
811,/{ H 0603HB'ICHHe

npCAem,Hblii nOBTOpRlO- I
TOIC  ec:CJJ

MOJ\YJIR ([FAV, HanpRJKCHHe
CxeMB

I
IrAV), A URRM, B

OJ!.HbIH BbmpRMHTenbHblH 50 400-1600
-50 2 1

0 1)1 0

OJ!.Hble MDD-63, MDDI-63, 63 200-1200 3 t 2D2.63
c  I 0  I 0

3 t 2
c  I 0  I 0

3 1 2
c  I 0  I 0

-

HCTOpHblC MIT-50, MTTI-50 50 200-1200

 ?l'3   (iUc

U  U  2
0

JIHO-1'HpHCTOpHb!e MDT-50 50 200-1200

'UJ f
c 0

2

..

H3HCTopHbie MTKD-ID-50-6 50 600

'

:
H3HCTOpHLIe MTKD-2D-lOO-6 100 600

3
r*- rW-t Z

0-rv \,J'

I-- ..... -

7 7

- -

9 5 6 11 2

I H
MD

)J.H
MD

THp

I HO

Tpa

Tpa
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\ Ta6nHua 2.2

BII,/{ H 0603HB'iCHHe
npeAeJ!/" n01lTOpJ!lO'
Hblll1'Ol(, IllceCR HanpR- CxeMB MOJ\YJIR

MOJ\YJIR A JKeHHe,B

THPHCTOpHblH TpOHHOH 80 400-1600

1 1 1TIM-80

\
MOCTbl ,l],HO,I],Hble O,I],HO- H

:[4[
TpexcIJa3HLle
DMO-loo 100 200-1600

DMT-150 150 200-1600

MOCT 1pexcIJa3Hb!H mpHc-

TOpHblH MO HOCTblO:

10-100 KB.A

BepcHR TT 300--1500 J1..0 2500

BepCHS! TTBGC 60-1100 J1..0 1600

60nee 100 KB.A 300-1500 11.0 2500

C JnOKCH,I],HblMH

AHCKaMH

MOCT TpexcIJa3HblH Ha OCHO-

Be IGBT-1'paH3HCTopoB
Jl1lR aBTOHOMHoro HHBepTo-

pa:

CTaHTI.apTHblH 15--400 1200

Bb!COKOMO HbIH 700-1200 1600

3neMeHTHaJI 6a3a CMOHOH 3J1eKTpOHHKH pa3BHBae-rCH OqeHb 6bICTpO.
OCBaHBalOTCH HOBbIe H 60nee cOBepmeHHbIe TeXHOnorHH. Eonee mHpOKO

Hcnonb3YIOTcH nOJlHOCTbIO ynpaBnHeMbIe cnn, rnaBHbIM 06Pa30M, npH-

60pbI C noneBbIM ynpaBneHHeM. npHMeHeHHe Tpa.z:UJI.\HoHHbIX THnOB cnn

(THpHCTopa H 6HnonHpHoro TpaH3HCTopa) BO MHorHX 06naCTRx CO cpe.n-

HHMH MOl.I.\HOCTHMH (.nO COTeH KHJIOBarr) 3aMeTHO COKpal.I.\aeTCH.
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3. PE>KMMbl PA60Tbi M 3AutMTA

nOJ1ynpOBO.QHMKOBbIX nPM60POB I
3.1. MOIltHOCTb nOTEPb B nOnynpOBOAHHKOBblX nPH60PAX

COCTaBJlHlOll.{He MOIl.(HOCTH nOTepL. MOII(HOCTb Pd' pacceHBaeMaH

nonynpoBOAHHKOBblM npH60pOM, CKJIa.!U>lBaeTCH 1-13 MOIl.(HOCTeH, BbJ,lJ:eIDI-

IOU(HXCH B nepeXO,AHblX npOl.(eccax npH BKnIOqeHHH U BblKmo'ieHUU (Ps)'
BO BKlliO'ieHHOM (PC) U BblKJUO'ieHHOM (PI) COCTOHHHRX, BO BXO,lUIOH l.{enH

ynpaBneHUH (Pg).
Cpe,AHHH 3a nepHOA MOII.\HOCTh norepb

T

Pd= !u(t)i(t)dt, (3.1)

rne T- nepH01I. H3MeHeHHII TOKa, paBHblH If/.

,[(JUl Bbl'iHCJleHHH Pd 06bl'iHO paCC'iHThlBaIOT U CYMMHpyroT OTAeJlbHble

COCTaBIDIlOlltHe MOII.\HOCTH.

MOIl.(HOCTL, BLJ)J.eJIHIOll.(aHCH npH BKJIlOlJeHHH H BLlKJIIOlJeHHH AHO,lJ.OB.

rIpH nepeKmoIJeHHH CHnOBblX nonynpOBO,lJ.HHKOBbIX npH60pOB, KOI'Aa

nepeXO,l(Hble npOl.{eCCbl, CBH3aHHbie C HaKOnneHHeM H36blTOIJHblX 3apMOB

npH BKmo'ieHHH UJIU C paccaCblBaHHeM HaKonHBllIeroCH 3apH,lJ.a npH Bbl-

KJIIO'ieHHH, ell.\e He 3aBepllleHbl. CTaQHOHapHble COOTHOllieHIDI Me)((.Qy
TOKOM H HanpH)I(eHHeM Ha npH60pe HapYllialOTcH. B 3THX pe)l(HMaX MI'HO-
BeHHaR MOlltHOCTb nOTepb, KaK npaBHJlO, npeBbllllaeT MOII.\HOCTb nOTepb B

CTal.{HOHapHoM pe)l(HMe npH Tex )l(e TOKax H HanpH)I(eHHHx. ,[(onOJIHHTeJIb-
HMe nOTepH 3Hepnm B pe)I(HMaX nepeKJllO'ieHHH (KOMM}'TIll.{HH) HaJblBa-

IOTCH KOMMynzuqUOHHbLMU nOTepHMH.

B ,lI,Ho,lJ.ax npH BKJllO'ieHHH (PHC. 3.1) npHMoe HanpH)I(eHHe B Ha'iam,-

HblH nepHoA BpeMeHH Onpe,lJ.eIDIeTCH na,n;eHHeM HanpH)I(eHHH Ha n-6aJe,
KOI'Aa ypoBeHb HH)I(eKQHH B HeH ell.(e HH3KHH. CTaQHOHapHoe 3Ha'ieHHe

H36blTOIJHOrO 3apMa W>lpOK B 6aJe ,lJ.HO,lJ.a ,lJ.OCTHI'aeTCH 3a BpeMH YCTaHOB-
neHHH t

y
S (2+3)1:p' I'J1.e 't

p
-

BpeMH )l(H3HH .!U>lpOK. rIaJ.{eHHe HanpH)I(eHHH
B n-6aJe (un) MO)l(eT 6bITb ,lJ.OCTaTO'iHO BblCOKHM H npeBbllllaTb CYMMapHoe

naJ.{eHHe HanpH)I(eHHH Ha p-n-nepexo.nax CTpYKTYpbl (p+ -

n, n+ - " ).
3aTeM 3TO HallpH)I(eHHe CHH)I(aeTCH, H pe3ynbl'HpYlOlI.\ee HanpH:>KeHHe IIpH-
6JlH:>KaeTCH K 3Ua'ieHHIO UFmax'

3HepI'HH KOMM}'TaQHOHHbIX nOTepb npH BKJIIO'ieHHH

En'"
[Fmaxd

In[
lFinax"tpPn(J.ln + J.lp»

) ,

 + -LnS
(3.2)

rne Ln -MHHa n-6a3b/; , Ip- nO,11,BJi)J(HOCTH JneKTpOHOB H ].tb/POK COOTBeTCTBeHHO; Pn-

conpOTHBneHHe 6a3b1; S - nno a)J.bnOBepXHOCTH crp}'KTypbl.
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\ 3HepmH nOTepb 3a O,AHy ceKyH,lJ.y palma MOII(HOCTH no-repb:

PF7tA V) - EF1!.

l'Aef- qaCTOTa BKJIIO'leHHH.

HanpHMep, IIpH IFmax
= 200 A, Ln = 2'10-4 M, 't

p
= 10-5 C, Pn

=

=5000 OM'M, S = 0,00] M
2
, I!n .. 0,135 M

2/(B'c), J.Lp . 0,135 M
2/(B.c).

,[(JIH KpeMHIDI nonYlJeHO E - 1,8'1()-4 ,[(:>K. ,[(a:>Ke npH 'iaCTOTe f=
=10000 rl.{ nOTepH P1T(AVj = 1,8 BT, T. e. MaJlbl 110 cpaBHeHIUO C

1I0TepHMH B cTaQHoHapHoM COCTORHHH PF(AVj = 100 BT. rI03TOMY

KOMMyral.{HOHHbIMH nOTepHMH npH BKmoIJeHHH ,WIO,lJ.OB MO:>KHO IIpe-

He6pe'ib.
KOMMyraQHOHHLre 1I0TepH IIPH BboonoIJeHHH ,lJ.HO}JPB 06ycnoBneHbl

KOHe'iHbIM BpeMeHeM paccacLlBaHIDI H36bITOIJHOrO 3apH,lJ.a ,lJ.blpOK Qp =

=/finax'tp' HaKOlUleHHoro B n-6a3e (PHC. 3.2).

(3.3)

a) iF

..
"

....e
-

I

t

I

Z i 5 tl'Cp
I

3

'............ fnl&)
e ...._

....-----

b)
t/f:p

p,
I""-.

..
"

Q.

tg tl'Cp
-

PHC. 3.1. 3aBHcHMoCTb MrHOBeHHblX 3Ha'ieHHH TOKa (a), HanpR)J(eHHII (6) H MO HOCTHno-

Tepb (6) npH BKnIO'leHH" AHO,lJ.a 01' BpeMeH" npH 60JIbUIHX 3Ha'leHHiIX npllMoro TOKa (BI./o

COKHX ypOBHRX HH)J(eK HHB 6a3e)
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I1pHMoe HanpH>KeHHe Up Ha )UIO.ne npH I > 0 nocJle cna.u;a npHMOr 
l'OI<a [FmB'!.. .no HynH Ha3bIBaeTCH nocJleKoMMyma11uomwu 31(C. Pe>KHMbI

nepeKmoqeHHH .rUIO.na H3 npHMOrO B 06paTHOe HanpaBneHHe paJHo06paJ-
Ubi. Ha pHC. 3.2 npHBe.neH cnyqaH pe3KoH CMeHbI nOIDIpHoCTH HanpH>Ke-

HHH HCTOqHHKa B pe>KHMe orpaHHqemUI 06pamoro TOKa peJHCTOpOM B

l.{enH JUfOAa npH npHHYJUfTeJIbHOM nepeKlIIOqeHHH JUfo.na H36bITOqHbIH

3apH):{ .nbIpOI< B n-6a3e HCqe3aeT B pe3YJIbTaTe peKOM6HHal.{HH H 6naro.napH
em yxoJlY qepe3 06paTHo cMeU(eHHbIH p-n-nepexo.n (3apH)]; BOCCTaHOBne-

HHH Q,,). 3apH)]; Q" paBeH npH6JIH3HTeJlbHO nonOBHHe H36bITOqHOrO 3a-

a) Uucrrr

0

5) iF

ts t,

....

0

0) U
rD

...F:.
::s

t

tz t

tz t

z) p

Q.;

0 t

PHC. 3.2. BpeMeHHbie 1I.HarpaMMbI HanpR)J(eHHJI HCTO'IHHKa nllTaHHR (a), TOKa 1I.H0TI.a (6),

HanpR)J(eHHII Ha AHo,ne (6) H MOlltHOCTH nOTepb (z) npH Bb!KnlO'ieHHH
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\

pH)];a B n-6a3e. ,[(pyraJI nOnOBHHa noro 3apH)];a ycneBaeT peKOM6HHHpO-
BaTb B TeqeHHe nepeXO,WIoro npOl.\eCca Bb1KJIIOqeHHH .D:Ho.na. B MOMeHT II
(PHC. 3.2) KOHl.\eH'rpal.{HSI JJ:bIpOK B n-6aJe Ha rpaHHl.\e c p+-n-nepexo.nOM
.u;ocmraeT paBHoBecHoro 3HaQeHHH. nocJle :noro p+-n-nepexo.n CMeU(a-

eTCH B 06paTHOM HanpaBneHHH H conpOTHBJleHHe ero B03paCTaeT. 06paT-
HbIH TOK YMeHbUlaeTCH. 06paTHoe HanpH>KeHHe npH 3TOM YBeJlHQHBaeTCH
3a BpeMH If

= 12
- 11 .no 3HaQeHIUl UR. KOMMyraI.{HoHHble nOTepH Ha

HHTepBaJIe BpeMeHH 3anaJJI:blBaHHH Is < 11 He3HaQHTeJlbHbl, TaK KaK Ha-

npH>KeHHe Ha .D:Jm.ne MaJIO. HaH60nee cyU(eCTBeHHblMH KBlliI10TCH nOTepH

3a BpeMH paccacblBaHHH (II - I ,Kor.na 06paTHblH TOK H 06pamoe HanpH-
>KeHHe Ha JUfo.ne OTHOCHTeJIbHO 60JIbUlHe. MOU(HOCTb nOTepb Ha 3TOM

HHTepBaJIe MO>KeT .nocTHraTb COTeH H ThICHQ Barr.

rIpH CHHYCOH)J.aJIbHOH lJIopMe npJlMOrO TOKa Qepe3 .D:H0.n MaKCHMaJIb-

Hoe 3HaQeHHe 06paTHoro TOKa

I".. IFmaxsin(O,50Jtp)" nIFmaxTp[ [7]. (3.4)

Ha HHTepBaJIe 11
- 12 06paTHbIH TOK 3KCnOHeHl.{HaJIbHO YMeHbUlaeTCH

BO BpeMeHH:

(
I - 11

)i" .. I,,.exp - ; I > II ,

BfTp
(3.5)

rAe Bf- 0,2+0,25 Jl1lR KpeMHHeBbix 1I.HclJclJY3HOHHblX 1I.H01I.OB.

I1HTepBaJ1 If
= 12

- II MO>KHO CQHTaTh 3aBepUlHBUlHMCH npH i" =

= 0,25/". B nOM cJlYQae If'" 1,4; Bf"tp
'" (0,3-O,35)'tp- Tor.n:a 3HeprlUl

nOTepb npH 06pamoM BoccraHOBJIeHHH

2 . 3 2
ERQ'" l,6n lFmaxUf(C'p[ . (3.6)

Cpe.D:HIDI MOU(HOCTh nOTepb npH 06paTHoM BOCCTaHOBJleHHH

2 . 3 3
P
RQ(A V)

- 1,631: IFmaxUf(C'p[ . (3.7)

113 npHBe.neHHblx COOTHOUleHHH CJleJ1YeT, 'ITO MOI.qHOCTb nOTepL npH

BblKmoQeHHH nponOpl.{HOHaJIbHa Ky6y QacroTLI CHHYCOH,lI.aJIbHOrO TOKa H

Ky6y BpeMeHH >KH3HH ,lI.bIpOK. HanpHMep, npH [Fma'!.. = 200 A, UR = 1000 B,

"t
p
= 10-5 C, /1 = 50 rl.{'/2 = 500 rl.{,.f3 = 5000 rl.\ MOU(HOCTh nOTepb COCTaB-

IDIeT COOTBeTCTBeHHO COTble .nonH Barra, .neCHTble ):{onH Barra H 200 BT.

TaKHM 06PaJOM, npH QacrOTe 50 rl.{ MOU(HOCThIO nOTepL npH Bb1KJIIOQeHHH

.D:HO.nOB MO>KHO npeHe6pe%, a npH BblCOKOH QaCTOTe 3TOT BH,lJ, nOTepb cJle-

J1.YeT YQHThlBaTb.
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MOII{IIOCTb KOMMYTaI\HOIIHLIX nO'I'epL rnpHC'TOpOO. 3TH nOTepH CKJIa-

W>lBaIOTCH H3 nOTepL npH BKJIIOqeHHH H BbIKJIIOqeHHH. 3HeprnH nOTepL

npH BKJIIOqeHHH JI)UI H3BeCTHbIX 3aBHCHMOCTeH HanpH:>KeHHH UA(t) H TOKa

iA (t) aHo,na

Igl

ETI - uA(t)iA(t)dt, (3.8)

rTI.e Igl
- cYMMa MHTeJIbHOCTeH 3TanOB 3aAep)J(KH (I.) BKJIlO'leHliJI, naaHH006pa3HOro Hapac-

TaHHJl aH01I.HOrO TOKa (Ia) H YCTaHOBJleHHR CTaltHOHapHoro COCTOJlHHJI (Iy).

XapaKTep H3MeHeHmi aHOJUiOro HanpH:>KeHIUI H TOKa BO BpeMeHH 3a-

BHCHT OT napaMeTpOB mpHcropa H OT pe:>KHMa nepeKJIlOqeHml B OTI<pbl-

Toe COCTOHHHe (HanpH)I(eHHe HCTOqHHKa, xapaKTep HaI'py3KH CHJIOBOH

l.{enH, aMruIHTy,na H CKOpOCTh HapaCTaHml HMnYJIbCa TOKa ynpaBIDIIOIllero

3JIeKlpOJJ:a). AH8JII1:THqeCKOe 3a.u.aHHe I!JYHKI.{HH UA(t) H iA(t) Ha aHo,ne

BeCbMa CJIO:>KHoe. n03TOMY qaCTO HcnOJlb3YeTCH rpaI!JHqeCKHH MeTO,n on-

pe,neJIemUI 3Hepnm nOTepb npH BKJIIOqeHHH THpHCTOpOB. JJ:IDI 3TOro no

OCI.{HJUIorpaMMaM aHOJUIOrO HanpH)[(eHHH H TOKa CTpOHT rpaI!JHK 3aBHCH-

MOCTH MOIllHOCTH norepb BO BpeMeHH (PHC. 3.3), Ha KOTOpOM BbI,IJ;eIDIIOTCH

1.]JH 30Hbl: t3
- 3a.u.ep>KKH napacTaHml aHOJUIOI'O TOKa, t

a
- J1aBHHHOro

HapaCTaHHH TOKa, t
y
- YCTaHoBHBllIerocH COCTOHHml.

UA,lA
1,0

...... !

......
/
,,-- LA

\
/ ..

') fa
1:1

f;r t!l e
...

",
....

>c I.:f

'/ ......-- uA

O,t
/ I

0 fgt t

Prr

En
I

""

.:;<

---.

II!I"J
------

Q....

>c
...

:::s

t, tz
... t ll tn-t tgt t

PHC. 33. OClJ:H1lJIorpaMMbl aHO,I],HorO HanpJl)J(eHHR H TOKa Jl1lR onpe,n;eJleHKR JHeprHH no-

Tepb npH BK1lIO'ieHHH THp"CTOpa
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OpHeHmpOBO'lHble paCqeTbl MO>KHO BbInOJIHHTb, HCnOJIb3yH PH.D: ynpo-
lI{aIOIllHX JJ:onyweHHH. 3HeprneH nOTepb Ha 3Tane 3a.n.ep)f(KH E1T MO:>KHO

npeHe6pe% BBH He:maqHTeJIbHOH ,nOJIH 3TOM COCTaBIDIIOIlleH. Ha 3Tane

J1aBHHOo6pa3HOro pOCTa TOKa ruIOIllalU> BKJIIOqeHHOH 06JIaCTH rnpHCTOp-
HOM CTPYKTypbl pe3KO B03pacTaeT H 3aBHCHMOCTh TOKa OT BpeMeHH

MO>KHO onHcaTL I!JOPMYJIOH

iA(t) =ITmax - (l1inax - iA3)exp(
-

t

 :3), t t3, (3.9)

r,n;e I7lnax - YC1'aHoBHBlUeeCJl 3Ha'leHHe TOKa aHO,lJ.a B OTKpblTOM COCTOJlHHH; ill. - 3Ha'leHHe

TOKa aHO.u,a B KOHue 3Tana 3aAep)J(KH; 'tH
- nOCTOSlHHIUi BpeMeHH aH01I.HOH uenH, paBHaR

L",RH.

3aBHCHMOCTb HanpH:>KeHHH Ha aHo,ne Ha 3Tane JIaBHH006pa3HOrO YBe-
JIHqeHHH TOKa

( ) L [
iA(t) 11inax - iA3

(
t - f3

)]UA t -
c

-
+ exp

-
-

,

1: "to 'to

(3.10)

rAe Lc - c06CTBeHHaR HHAYKTHBHOCTb THpHCTopa (Ha JTane BKJlIO'IeHHJI).

C06CTBeHHaH HIm)'KTHBHOCTh

L
(Lnl + Lp2)3
c.,

12ErEobV;pS

rAe Lnl + Lp2
- cYMMapHaR IllI1pHHa 6a3 nl H P2; Er,EO - OTHOCHTeJIbHaR ,l],H3neKTpH'IeCKaR

npOHHltaeMOCTb KpeMHHJl H 3neKTpH'ieCKaR nOCTOJlHHaR; b - OTHOlUeHHe n01I.BH)J(HOCTeH

JneKTpoHoB H 1J.blpOK (Si, b = 2,8); Vsp - TennOBaR CKOpOCTb llBH)J(eHHIl AblpOK B KpeMHHH

(Vsp-6' 10
6
M/c np" 25°C).

llapaMeTp

Lc+LH
'to-'t ,

Lc + RH't
(3.11)

r,n;e 't - JclJclJeKTHBHOe BpeMJI )J(H3HH JneKTpoHoB H 1J.blpOK B 6a3ax.

3HeprmI nOTepb Ha 3TOM 3Tane

')+'.

E1THOP - IuA(t)iA(t)dt. (3.12)
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3HepnUI nOTepb Ha 3Tane t
y
MO>KeT 6blTb onpeAerreHa H3 ycrroBHR

(3.13)UA(t) - U7{l'O) + 'rtt)IThlax,

me U1{TO) -> noporOBoe HanpJl)J(eHHe 1'HpHC1'Opa; nit) - AHclJ4JepeHUHaJIbHOe conpOTHBJIe-
RHe rnpHCTopa.

)];H4J4JepeHQHaJIbHOe conpornBJleHHe THpHCTOpa 3aBHCHT 0'1' BpeMeHH
H 06paTHo nponoPQHoHarrbHo nrro a HBKITIDqeHHOH 06rraCTH S(0
Cl1>Ylnypbl:

-1

S(t) _ So (1 ""
UA(t)

- UTM

) ,

I1'rrw<'TO
(3.14)

I'/te So' r
TO

- COOTBeTCTBeHHO nno!1ta)J.b CTpYKTYpbl H 1I.HclJclJepeHUHanbHoe ConpoTHBJIeHHe
THpHCTopa B 01'KpbiTOM COCTOIIHHH.

Tor,na 3HeprH}! nOTepb Ha 3Tane YCTaHOBrreHIUI

 + +  + + 

E7TY= I UT(TO)iA(t)dl + 'TO I i (t)
So

dt.

'3+1. '3+1. S(t)

KOMMYTal.{HOHHble nOTepH npH BblKITIDqeHHH mrn60rree cYll.{eCTBeHHbl

B crryqae npHJIO>KeHHH 06parnoro HanpR>KeHHH (pHC. 3.4).
)];0 MOMeHTa t nOTepH OT 06paTHoro TOKa HeBeJIHKH. nOcJIe BOCCTa-

HOBJIeHH}! 06pan:oro conpoTHBneHHH aHOJI,Horo nepexo aJ1 06paTHbiit
TOK YMeHblUaeTCH, a aHOJI,HOe HanpH>KeHlie pe3Ko B03paCTaeT. npH 3TOM

XapaKTep HapacTaHHH HanpH>KeHHH 3aBHCHT 0'1' BH)J:a HarpY3KH B QenH

THpHcTopa. npH aKTHBHO-HH YKTHBHOitHarpY3Ke 6rraro apH3)];C caMO-

HHJl.YKI.(HH B03HHKaeT HMnynbc KOMMYTal.{HOHHOro nepeHanpH>KeHHH.
MOl.l.\HOCTb nOTepb Ha 3'Iane cnMa

'IOKa t3
- t4 MO>KeT Jl.OCTHraTb eJI.H-

HHQ H  eCHTKOBKHJIOBarr. nocne

MOMeHTa cnMa (I > (4) MOl.l.\HOCTb

nOTepb He3HaqHTenbHa. n03TOMY
3HeprHH nOTepb npH BblKJlIOqeHHH

THpHCTOpa onpe ellileTCH 3TanOM

cna,r:;:a TOKa, Kor aTOK MO>KHO ann-

pOKCHMHpoBaTb 3KcnoHeHToit:

u.c,iA
diT
fit UAUw: 

a

P"q

a t,

PHC. 3.4, BpeMeHHb\e AHarpaMMbI aHOAHoro

HanpRJICemlJ1 UA, TOKa iA, MOU(HOCTH norepb

P
RQ

H HRnpH)J(eHHII HCTO'IHHKa UHCT npH aK-

ulimoH H aKluBHO-HHAYKTHBHOH HarpY3Ke
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(3.15)

t

1- t3
iA(I) - Ir,exp( --); h: 13,

Bj'Cp
(3.16)

rAe Bf - KOHCTaHTa, 3aBHCRILlaR 01' napa-

MeTpOB p-n-p-n-CTpYKTYPbl, 06bl'iHO

paBHa 0,1-0,33 H onpe.n.eJIlieTCR 3KcnepH-
MeHTaJIbHO AJIR Ka)J(JI.OI'O THna ulpHCTOpa;

'tp
- BpeMR )J(H3HH 1I.LlpOK B nI-6a3e.

napaMeTp

diT
I" - -(0,6-Q,7)tp-.

dt
(3.17)

npH aKTHBHoit HarpY3Ke 06paTHoe HanpH>KeHHe HapaCTaeT no 3Kcno-

HeHTe:

[ (
- 1 t3

) ]UA(t) - UR 1 - exp
Bj'Cp

; to?: (3.

3HeprHR nOTepb Ha 3Tane cna,lUl 06paTHoro TOKa

1 .J

(
diT

)ERQ--IrrURBjtp- (0,3+0,35)BfT-pUR -- .

2 dt

(3.18)

(3.19)

npH CHHYCOH)J:aJIbHOM TOKe

diT roTM
---2.1tPl'M--,

dt 11
(3.20)

rAe ITM H tl - COOTBeTCTBeHHO aMnJIllTYAa H AJIHTeJIbHOCTb HMnym,ca npJlMOrO TOKa

THpHCTopa.

HanpJl>KeHHe UR ... 21tftpUM' r eUM
-- aMruIlIT)',nnoe 3HaqeHHe HanpH-

>KeHHH. npH 3TOM 3HeprnH nOTepb B npOl.{eCce BblKJIIOqeHHH THpHCTopa

ERQ = (12+14)Bf4ITMUM, (3.21)

rAe UM =ITMRH.

IlpH aKTHBHO-HHJI.YKTHBHOit HarpY3Ke TOK OTCTaeT OT Hanp}!>KeHHH. Ha

pHC. 3.4 lll'rpHxoBoit rrHHHeit H306pa)l{eHa 3aBHCHMOCTb HanpH>KeHH}! Ha

THpHCTOpe npH  aHHOMBH eHarpy3KH.
Ha HHJI.YKTHBHOCTH HarpY3KH B MOMeHT 13 B03HHKaeT npOTHBo-3,D;C:

IrrL.. 2
u
L
" -..

.

' (3.22)
t4 - 13 Bj/L..IrM

KOTOpaJI npHKJIa,zu,IBaeTC}! K THPHCTOPY. Ha  aHHOM3Tane THpHCTOp Ha-

XOJI.HTCH no 06paTHbIM HanpIDKeHHeM UR = U(13) + UL:

u(t3) - (l2+14)B p[2I1MRH""8(:n: +  ABIp[2I'MLH' (3.23)

113 4JopMynbl (3.23) cne,ayeT, qTO C pOCTOM HHJl.YKTHBHOCTH Hal'Py3KH

3HeprH}! nOTepb npH BblKJIlOQeHHH B03paCTaeT.

MOIl\HOCTb KOMMYTaItHOHHblX nonpb B TpaH3HCTopax. npH pa60Te B

KITIDqeBOM pe)l(HMe Tpan3HCTop HaxoMTCH B COCTORUHH HaCblU eHHJIUJIH

OTCe'iKH H KpaTKOBpeMeHHo npH nepeKJlIOqeHHH
- B aKTHBHOM pe>KHMe.

Pe>KHM OTCe'iKH XapaKTepH3yeTCH MaJIblM TOKOM H 60rrblllHM HanpH>KeHH-
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eM, a pe)f(HM HRCblIl eHIDI- MaJIblM HanpSDKeHHCM rIP" 60nblllOM TOKe.
MOIllHOCTh nOTepb B I1.l1Y" OCHOBHblX COCTOJlHlffiX MeHbllJe, 'leM B aKrnB

HOM pC>KHMe, Kor,na £IpOTeKaIOT 60JIblllHe TOKH £Ip" BblCOKHX HanpSl)l(CHH
SIX, 111'" BblCOKHX 'laCTO'IaX nepeKJIlO'lCHHH 3Ta MOll(HO{''Tb Hrpae-r pelllaIO-

II{yIO pOJIb B 6an:RHce MOLLlHOCTeH, pacccHBaeMblX TpRH3HC1'OpOM.
Bo BpeMH <!JOpMHpOBaHHR <!JpOHTa H cpe3a HM£IYl1bCa (PHC. 3.5) npH

nCpeKJlIO'leHlUIX J(JHi ynpollleHlliJ paC'IeTOB 'lRCTO npHMcHRIOT JIlmeHHbIe
H3MeHCHIDI TOKa H HanpR)I(eHHR Ha HHTepBan:C £IepeKJIIO'leHIDI [2,7].

,

npHMeM WUfTeJIbHOCTIf <!JpoHTa tctJ H cpe3a t
e HMfiYJlbCa O,lUiHaKOBbIMH.

1 or.n;a HanpR)KCHHe H TOK Ha :Hane IppOHTa COOTBeTCTBCHHO:

u U..!...; i"" Imax(I ..!.,

) . (3.24)
tcjl tcjl

r]J.e U. 11 lllUlX - COO1'BeTCTlleHHO MaKCHMaJIbHble 3HR'leHHR HRnpJlJKeHHIl H TOKa TpaH3I1CTO 

pa.

B 3TOM cnyqae MrHOBCHHaH MOIl.{HOCTb, pacceHBaeMaR B TpaH3HCTope,

P.s ... ui - U.lmax l...( I L

) . (3.25)
tcjlt tljJ

I1HTerpHPYSI Bblpa)«CHHC (3,25) B npe)l;errax OT 0 Jl.O t H YpaBHHBaH
pe3YJIb'IaT, nonY'lHM CPC)I.HIOIO 3a ncpHoJ], ncpcKrrro'lCHHR 1fT. = IIf. MOIl.{-
HOCTb nOTepb, BbI,U;CJlKCMYJO npH BKJIIO'leHHH H Bb(KIIIO'leHHH TpaH3HCTO-
pa:

P
U.lmax

.--tcjl.
3T.s

 1UJHH):{yKTHBHoit HarpY3KH (PHC. 3.4 - mrpHXOBaJI nHHHR)

(3.26)

P
U.lmax

s--tljJ.
2Ts

(3.27)

MOIl.{HOCTb nOTCpb IIPH nCpeKJIlO'lCHHRX TpaH3HCTopa YBellil'iHBaerCR
c POCTOM 'laCTOThl nepeKJlIO'iCHHH.

U,i u L
1,0

0,9

0.1
0

P.

o

PHt. 3.5. BpeMeHHb\e 1I.HarpaM'
Mbi HanpJ!JJ(eHHR, TOKa H MOut 

HOCTH rIOTepb rIPH nepeKIIIO'le 

mill TpaH3HCTOpa

1 

CYMMapm.l€ Mom',llocru nOTcpb B IIOJ1ynpO OJJ:HHI<Wtibr UPHOOP3'C ) JI 
WlO.n;OB CYMMapHRH MOIll,HOCTb nOTcpb I1KJIlOq!H ! B ceofl nOTepH nlHi

CMell.{eHHH B £IpHMOM mmpa8rreHHH H KOMMYU!I{HOHHbIt: £I01'epH. l! corJlac.

HO Bblpa>KeffHHM (2.4) H (3.7)

Pd"" U1OIf"Av+kV;:AV'T+ 1,6'1f?Jf 4vUMT.13, (3.28)

r1I.e UIA - <!Mr!IIH'I}'1!B Q6pRTHOro HanpJ!JJ(eHWl.

,[(ml rnpHCTopoB cpe,U.lUul MOLLlHOCTb £IOTepb C Y'ieTOM nO'I'epb B OT-

KpbITOM COCTOHHHH Ii nOTepb IIPH BKJIlO<IeHl1H II BblKJIlOqeHHH C yqeTOM

<!JOPMYJl (2.4), (3.15) II (3.21)

Pd - U7t.1O!r:A v+  I}AV1'+(E17y + ERQlf. (3.29)

CYMMapHaJi MOI1(HOCTb nOTepb, BbI,U;emIeMblX B TpaH3HcTope 3a BpeM5I

OTCe'iKH (BbIKJIIO'ieHHoro COCTORHHR) H BpCMH HaCbl eHlUI(BKJIIOqCHHOrO

COCTORHH5I) H 3a BpCMR <!JOpMHpoBaHlul <!JpoHTa H cpe3a HMnynbca (nepc-

KJIIO'ieHHH), C Y'ierOM Bblpa){(eHIDI (3.26)

:2 tllac tOTC Uslmax
Pd5'I ax'-+ Ullaclmax+ UsIOTc-+ ,

Ts Ts 3 Ts
(3.30)

r,!l.e , - conpOTHBlIeHHe 1paH3HcTopa B OTKpblTOM COCTOflHHH, MIl 6HnOJIRpHoro 1pau:mc-

Topa B cxeMe 03 ,. ::; " + 'It; U,,&c - HanpR)J(eHHe JMHTrep 6a')aHaCblllteHHOrO 6HnOJIRpHOrO

1paH3HCTopa,

3.2. HArPEBAHME M TEnnOBblE nAPAMETPbl

nOnynpOBOAHMKOBblX nPM60POB

TenJlOBOH (Ie)KHM CHJIOBblX IIOJ1ynpOBOJI.IIHKOBbIX npH60pOB. Bbl,l].Cmuo-
U(aRCR B nonynpOBOJ1,HHKOBOM KpHCTaJillC :meK1pH'ieCKail MOII HOCTbPd

pacceHBaeTCR B BH.a,e Tenna, KOTOpOe ,D;OIDKHO 6b[Tb OTBe,D;CHO OW'p-n-nepe-

XO.n;OB. Ha,u:C}f\HOCl'b npH60pa HCnOcpe.n;CTBeHHO 3aBHCHT OT MaKCHMaJIb-

HOH TeMnCpaTypbl nonynpOBOJl,HHKOBOH CTpYKTypbl, a cnoco6 OTBe.n;CHIDI

Tcnna onpe.n;eJUl T3aBHCHMOCTb TCMncpa1ypbl 0'1' Bbl,l].eIDIIOllI.eH MOI}\HOCTH.

CTaTH'ICCKOe ypaBHcHHe HMCeT BH.n;:

Pd- hAl:1T, (3.31)

r]J.e h - K034J!<!ml\HeHT Tenlionepe)Ia'iH; A - nlIOlllallb nOnepe'lHoro Ce'leHHJI KaHana nepE:-

Jl,a'ill TeIUla; liT- p33HOCTL TeMnepaTYP Ha KOHuax :froro KaHaJIa.

TennOBOH KaHan HCXOJI:IIT H3 He60nhllloro 06'beMa nOJI)'npOBOJI,HHKO-

BOl'O KpHCTaJma, B KOTOpOM OH 3apO>K,D:aerC:H, npoxo,u:llT 'iCpe3 HeCKonhKO

CJlOCB pa3nH'iHbIX MaTepHaJlOB, H3 KOTOphlX H3I'O'l'aaHHBaIOTCR TepMOKOM-

nCHcaTopbl (Bonb<!JpaM. MonH6.n;CH), npOKJIaJI,KH (ccpc6po, onOBO), OCHO-

BaHHe (Me.ru.), OXJIa,lUfTeJlb (amoMHHHH, CHJIYMHH). H OTBOJI:HTCR B OKpY-

)«aIOll.{ytO cpeJ(y. Ka>K,U,.bIH H3 3THX cnoeB o6na,u:aeT onpe.n;eneHHOH xapaK-
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TepHCTHKOH TeruronepeJJ;a'lH H OK83bIBaeT COnpOTHBJleHHe pacnpOcrpaHe-
HHlO TelIJIOBOrO nOTOKa, BCJIe)1CTBHe 'IerO C03,D;aeTCJI nepenM TeMnepaTYP
Me)l(JJ.y nonynpOBOJI,HHKOBOH CTpYKTYPOH H Ka)l(,lJ;bIM H3 CJIOeB. TenJIOBOH

paC'leT C Y'leTOM TennOBbIX napaMeTpOB BCeX pa:HOpO,lI,HbIX CJlOeB npeJJ;-

CTaBJIJleT C060H JJ;OBOnhHO HenpOCTYID MHoroMepHyro 3aJJ;a'lY.
TenJIOBOe COnpOTHBJleHHe. )],ml XapaKTepHCTIlKH TennOnepe,D;aIDll(HX

CBOHCTB npH60pa YJJ;06Hee BBeCTH nOHJlTHe '1'eruroBoro COnpOTHBneHlUI H

nOJIh30BaTbCJI npH paC'le'1'aX MO,IJ.eJUlMH, HMHTHpYIDI1l.HMH OTBO)1 TelIJIa Ha

OCHOBe aHaJIOrHH Me)l(JJ.y ypaBHeHHHMH TeruronepeJJ;a'lH H 3aKOHOM OMa.

IIpH 3TOM nepena,D; TeMnepaTYP 6.T ynoJJ;06JIJ1eTcJI p83HOCTH nOTeHQHa-

nOB, TeruroBoe <:?npOTHBneHHe Rlh - 3neKTpH'leCKOMY conpOTHBneHHIO, a

nOTOK TerurOBOH MOI1l.HOCTH Pd
- TOKY B l.{enH.

B COOTBeTCTBHH C 3'1'OH aHaJIOrHeH

6.T 1
Rlh--"-,

Pd hA

nYTb TeruroBoro nOTOKa 'lepe3 nocneJJ;oBaTeJIhHOCTh KOHC1PYKTHBHhIX

3JIeMeHTOB MO)«HO npe,D;CTaBH'1'b 3KBHBa.neHTHoH I.{enbro C nOCJle,D;OBaTeJIh-

HbIM COe]J;HHeHHeM TennOBbIX conpoTHBneHHH, coo'1'Be'1'cTBYIOll(HX yqaCT-
KOB t enH(PHC. 3.6):

(3.32)

1j- Tc
R1hjc" ,

Pd

Tc- Th
Rlhch"-,

Pd

Th - Ta
Rlhha--,

Pd

(3.33)

(3.34)

(3.35)

r1I.e 1j, 1e, 1h, Ta - COOTBeTCTBeHHO 1'eMnepaTypbl CTpyKTypbl, Kopnyca, OXJIII)J.HTeJIR, ox-

na)J()IalOl1.\eH cpe)J.bl; R1hj c, R'h ch, R'h h4 - COOTBeTCTBeHHO TennOBble conpOTHBJIeHHIl Y'iaCT-

I(oB uenH"nonynpoBoAHHKOBaR C1pYKTYpa - Kopnyc npH60pa", "I<opnyc npH60pa
- I<OH-

TaKTHaR nOBepXHOCTb OXJIII)J.HTeJIR", "KOHTaKTHaJI nOBepXHOCTb OXJIII)J.HTeJUI - OXJIa)J()IalO-

u.\all cpeAa".

Pe3ynhTHpYIOI1l.ee TeruroBoe conpOTHBneHHe l.{enH "CTpYKTYpa npH60-
pa
- mma>KAalOI1l.aJl cpeJJ;a"

R1hja - R1hj c + Rlh ch + Rlh ha"
1j - Ta

.

Pd

J{nJl nOBblIlleHHH Harpy30'lHOH cnoc06HOCTII npH 3a)1aHHOH MaKCH-

MaJIbHOH TeMnepaTYpe CTpyY<TYpbI CTpeMHTCJI YMeHbllIH1'h 06I1l.ee Ten-

1I0BOe conpOTHBJleHHe. J{nSi CHJIOBhIX npH60pOB OCHOBHYIO JJ;OJIIO B

06II eM TenJIOBOM COnpOTHBJIeHHH COCTaBJIJleT COnp01'HBJIeHHe
"

OXJIa-

AHTeJIb - CpeJJ;a" Rlh ha' J.{OCTHralOI1l.ee 70-80 %; conpOTHBneHHe
"

cTpyY<TYpa-Kopnyc" COCTaBJUleT 15-25 % H OcraJIhHyro JJ;OJIlO
-

COnpOTHBneHHe "KopnYC--OXJIaJUi'1'eJlh".
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(3.36)

)],nH npH60pOB Ta6ne1'O'IHOH
I<OHCTpYKI.{HH C AByCTOpOHHHM 01'-

BOJ.{OM 1'erura TeruroBoe COnp01'HB-
JIellHe "CTpYKTYpa-Kopnyc" onpe-

JJ;eJUleTCH HCXO,roI H3 CXeMb( napWI-
nenbHoro BKnlO'leHHH TenJlOBhIX

conpOTHBneHHH co C'1'OpOHhI alloJJ:a

R1hj cA H KaTOJJ;a R1hj cK npH60pa,

Pd

Rt.lrJIi

(3.37)

RUth"

RtI!Ch

AI R
tlrjll

T"
-

R .
RlhjcAR1hjcK

lhJc-

R1hj cA + R1hjcK

ConpomBneHHe "Kopnyc--ox-
naJJ;HTenb" Rlhha HBnHeTCJI lIeCTa-

6HnbHhIM H 3aBHCHT OT THna KOp-

nyca, nnOI.l.laJJ;H KOHTaKTa, CHnbI

C)I{aTHJI Kopnyca C oxnaJJ;HTeneM, THna TennOnpOBO,D;JlI.I.leH npocnoHKH

Me)«,D;y KopnycoM H OXJla,D;H'1'eneM. B Ka'leCTBe 31'OH npocnoHKH MO)l{eT

6bITh npHMeHeH CneIUiaJIhHblH CHJlliKOHOBblH CMa30'lHbIH MaTepHaJI. HHor-

JJ;a 31'0 MO)l{eT 6hl'1'b 3neKTpOH30nHpYIOll(aJl npOKJIa;J.Ka. B Ka'leCTBe Tenno-

npOBO,roIll(HX npOKJIa,D;OK Moryr HcnmIh30BaTbCH CJllOJJ;a, OKCH.n; amOMHIIHJI.

OKCH,l]; 6epHJIJlHH. npHMeHeHHe TennonpOBO,roII.I.lero CM830'lHOrO MaTepHa-

na YMeHbllIaeT COnpOTHBneHHe "Kopnyc--oXJIa,D;HTenh" B 3-5 p83, a YCTa-

HOBKa 3neKTpOH30nHpyroI1l.eH npoKna)1KH YBenH'lHBaeT 3TO COnp01'HBne-

HHe B 4--8 pa3.
TennoBoe conpoTHBneHHe "OXJIMHTenb--OXJIa)l(,ll;alOI.I.laH cpe.n;a" 3aBH-

CHT OT THna OXJIa,D;HTeJUI H OXJIa>KAaIOI.I.leH cpeJJ;bI (B03JJ;YIllHaH, )«HJ!KOCT-

HaR). HaH60nee 'laCTO Hcnonb3YlOTCJI B03.n;YIllHhle OXJIa.n;HTenH, KOTopLie

HHor.n;a 1183h1BaIOTpaouamopGMu. TelIJIOBOe COnpOTHBJleHHe npocreHlllero

B03.n;YIllHoro OXJIa.n;HTeJUI B BH,lJ.e npHMoyronhHoH nnaCTHHbl MO)((eT 6blTh

lIaHJJ;eHo H3 COOTHOlllellHH [9]:

3,3 ....l) 25 650

R1hha--Cj' +-Cj.
..n:w A

PRC. 3.6. CxeMa onpe1I.eJIeHHR TermOBOI'O co-

npOTHBJIeHHSI CHJlOBOrO nonynpOBo,IJ.HHKO-
BOro npH60pa

(3.38)

rAe A - 1(Q3c1JclJHuueHT TennOnpOB01I.HMOC1'H OXJIII,/l,HTeJIR, BT/(K'CM) (MIl Al - 2,08; Cu -

3,85; C1"aJIH - 0,46 BT/(K'CM»; W - Ton HHannaCTHHbl B CM; A
- nJIO R)J.bnOBepxHoCTH,

CM
2
; Cf- nOnpaBO'iHblH K03c1JclJHuHeHT, Y'iHTbIBBlOI1.\HH COCTORHHe nOBepxHoCTR Ii pacnono-

)J(eHHe B npOCTpaHCTBe (npH ropH30llTanbHOM pacnono)J(eHHH Jl1lR 6neCTJlI1.\eH nOBepxHoc-

TH -- 1, Jl1lR 'iepHeHOH - 0,50; npH BepnlKaJIbHOM pacnono)J(eHHH Jl1lR 6neCTRI1.\eH nOBepx-

HOCTH - 0,85, Jl1lR 'iepHeHOH - 0,43).

<1>opMyna (3.38) oTpa)«ae-r conpOTHBneHHe JI)UI npOCTOro cnY'IaH pac-

nOnO)«eHIDI rpelOI.I.lero npH60pa B l(ellTpe nnaCTHHhl H OTCyrCTBHH noonH-

30CTH Apymx oXJIa,D;HTeneit B peaJIhHblX ycnoBHJlX 3a.n;a'Ia 3HaQHTeJlbHO

CJlO)l{Hee, H paCC'lH'1'aTb conpOTHBJleHHe "OXJIa,D;HTeJIh - cpe.na" JJ:OBonhHO

Tpy,lI,HO. n03TOMY JI)UI mnOBblX OXJIMHTeneH COCTaBJleHbl COOTBeTCTBYIO-

I.I.lHe xapaKTepHCTIlKH. 113 $OPMYJlbl (3.38) cne.nyeT. 'ITO JI)UI CHH>KeHHJI

conpomBnellIDI HYX<HO YBenH'lHBRTb nnoll{a,zu, nOBepXHOCTH, lI,ml 'Iero
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OXJIa,zufTeJIb BbillOJIIDlIOT Ope6peHHblM. J>OJIbIllOe 3Ha'leHHe HMeeT COCTOJl-

HHe nOBepXHOCTH: ee CJIe eTBbInOJIIDlTb MaTOBOH H 'lepHeHOH. PaCnOJIO-
)KeHi-Ie nOBepXHOCTH JJ;OJI)l(HO 6bITb BepTIlKaJIbHbIM.

3<PilJeKTHBHOe CHH)KeHHe COnpOTHBJleHIDI JJ;OCTHraerCH npH 06.nyBe
KOHCTp)'KI.{HH (PHC. 3.7). ECJlH B03.nyIUHbm nOTOK naMHHapHbIH, TO OTBOJJ;

TenJIOTbI npOnOpl.{HOHaJIeH KBa,z:qJaTHOMY KOpHIO H3 CKOpOCTH B03JJ;YIUHO-
ro nOTOKa, eCJlH nOTOK T)'p6YJleHTHbIH - CKOpOCTH B CTeneHH 0,8. HaH-
60Jlee HHTeHCHBHO COnpOTIlBJIeHHe CHH)KaerCH JJ;O CKOpOCTH 06.nyBa 6 WC.

llpH CKOpOCTH 60JIee 12 WC CHH)KeHHe COnpOTHBJleHHH He3Ha'lHTeJIbHO,

n03ToMY .lI.IDI 061I.\eH 3KOHOMHH He npHMeIDllOT CKOpOCTb 06.nyBa BblIUe

3Toro 3Ha'leHIDI. )];aJIbHeHIUee yn)"IIUeHHe xapaKTepHCTHK TellJlOOTBOJJ;a

MO)KHO nonY'lHTb, HCnOJIb3YH BOroIHoe IDlli MaCJUlHoe OXJIa>KJJ;eHHe.

llpHBeJJ;eHHble BbIpa)KeHIDI JI)UI TeIIJIOBOrO conpOTHBJleHHH OTHOCRTCJI

K YCTaHOBHBIUeMYCH TeIIJIOBOMy pe)f<HMY.
nepexoAHoe TenJlOBOe COnpOTHBJleHHe. B nepeXOJI,HbIX pe)KHMaX TeIIJIO-

Boe COCTOHHHe nOJlynpOBOJI,HHKOBOro npH60pa 3aBHCHT OT TeIIJIOnepe-
Aa'lH H TeIIJIOeMKOCTH KOHCTp)'KI.{HH H H3MeHHeTCJI BO BpeMeHH no Mepe

pacnpOCTpaHeHHH TeIIJIOBoro nOTOKa no KOHCTpYKI.{HH. OHO xapaI<TepH-

3YeTCH nepeXOJI,HbIMH TellJlOBbIMH COnpOTIlBJIeHIDIMH "nepexoJJ; - cpeAa"
Z(th)rja H "nepexoJJ; - Kopnyc" Z(th)rjc (PHC. 3.8). 3aBHcHMoCTH Z(th)t npH-
BOroITCH B CnpaBO'lHbIX JJ;aHHbIX JI)UI KOHKperHbIX THnOB nOJIynpOBOJI,HH-
KOBblX npH60poB C THnOBbIMH OXJIa,D;HTelliiMH. Ha pHC. 3.8 npHBeJJ;eHbI

nepeXOJI,HbIe TenJlOBbie cOnpOfHBJIeHIDI "nepexoJJ; - Kopnyc" Z(th)rjc H

"nepexoJJ; - cpeJJ;a" Z(th)rja JI)UI J],HOAa )];143-1000 C TenJlOBbIM OXJIa,D;HTe-

JIeM 0243-150. XapaKTepHCTHKH nOCTpoeHbI B JIOrapHilJMH'leCKOM Mac-

IUTa6e no OCH BpeMeHH. Ha Ha'laJIbHOH CTaAHH nepexoJI,Horo npol.{ecca

npHMepHo B Te'leHHe 1 C npol.\ecc HarpeBaHIDI onpeJJ;elliieTcH caMHM nOJIY-

npOBOJI,HHKOBbIM npH60poM. Ha nOCJIe.l(yIOlI.\HX CTa,zufHX AJIHTeJIbHOCTbIO

JJ;O 1000 C npoHCXO,U,HT MeAJIeHHOe pacnpoCTpaHeHHe TellJlOBoro nOfOKa

Ha BeCb 06'LeM KOHCTp)'KI.{HH C OXJIa,D;HTeJleM. llocJIe 3Toro HacT}'naeT
COCTOHHHe TepMoJJ;HHaMH'leCKoro paBHoBecHH, TeIIJIOBOe COnpOTIlBJleHHe
JJ;OCTHraer YCTaHoBHBIUerocH 3Ha'leHHH Rthj a' KOTopoe 3aBHCHT OT YCJlO-

BHH OXJIa>KJJ;eHHH H, npe)f()J.e Bcero, OT CKOpOCTH OXJIa>KJJ;aIOlI.\erO B03.nyxa.
Ha Ha'laJIbHOM Y'laCTKe nepeXOJI,Horo npOl.{eCca COnpOTHBJIeHHe HeBe-

JIHKO, a 3aTeM OHO Ha'lHHaer 6bICTpO B03paCTaTb, nOCKOJIbKY TenJIOeM-

KOCTb 3JIeMeH'IOB nOJlynpOBOAHHKoBoro npH60pa MaJIa. 3TOT Y'laCTOK

XapaKTepHCTHKH B CnpaBO'lHbIX MaTepHaJIax npHBOJ],HTCH B ApyroM Mac-

IUTa6e (KpHBIDI 6, CM. pHC. 3.8).
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PHC. 3.7. 3aBHcliMoCTb TennOBoro tonpomBJIe-

HHII "OXJIa,n;HTeJIb -- OXJIa)l()J.a!OlUaR cpeTI.a" (OT-

HOCIITeJIbHble 3Ha'ieHHII) 01' CKOpOCTH B03J1,YIll-

Horo nOTOKa
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PHC. 3.8. BpeMeHHb\e AHarpaMMbl nepexo1I.-
HblX TennOBblX cOnpOmBJIeHHH "nepexo1I.-
I(opnyc" Z(lh) I}c (KpHBaR 5) II "nepexo1I.-
cpeTI.a" Z(lh) I}a npH CKOpOCTRX OXJIa>K,ll,alO-

lUero B03Ayxa 0 WC (KpHBall I), 3 M/c

(KpliBaR 2), 6 WC (l(pliBaR 3) H 12 M/c (I(PH-
BaR 4)
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PHC. 3.9. rpacIJHI(H H3MeHeHilII MO HOCTH

nOTepb H TeMnepaTypbl MR pac'ieTa no-

BblllleHHII TeMnepaTypbl nonynpoBo1I.HHKOH
CTpYKTypbl
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PHC. 3.10. rpacIJHKH 3aMeHbi IIMnyru.coB MOlUHOC11i npOH3BOnbHOH c1JOPMhl Ha 3I<BHBaneHT-

Hhle npJlMoyronbHhle IIMnynbCbl
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MeTO,lJ, paC"leT8 TeMnepaTypLl HarpeBa nOJlynpOBO,lJ,HHKOBOH CTpYK1ypLI.
no H3BeCTHbiM 3Ha'IeHHHM Z(lh)tja ,lI,JUI KOHKpeTHblX BpeMeHH61X UHTepBa-
nOB I B COOTBeTC1'BUH C BbI.JJ:emuoll(eHCH MOll(HOCTbIO nOTepb Pd MO)l(HO

paCC'IHTa1'b TeMnepaTYPY no.rrynpOBOJI,HHKOBOH CTpYKTYpbl B MOMeHT I:

1)1 - Ta + PdZ{lh)tja. (3.39)

ilpeBblllleHue TeMnepaT)'pOH CTpYKTYpbl TeMnepaTYpbl OXJIa)l(JJ;alOIlteH
cpe,m,1

11Tj, - Tj, - Ta - PdZ(lh)tja. (3.40)

MeTo,n pac'IeTa 3aKJTIO'IaeTCH B cne.nyrollteM [27J.
nYCTb He06xo,U,HMO paCC'IHTaTh npeBblllieHue TeMnepaTYpbl CTp:yKTy-

pbl 6.T
j2

B MOMeHT 12 Ha,n TeMnepaT)'pOH OXJIa)l(J1:aIOIlteH cpe,m,1 Ta npH
YCJlOBHU, 'ITO Ha HHTepBane 10

- II B npH60pe Bbl,l],eIDlerCH rpelOlltaH
MOIltHOC1'b nOTepb Pd (PHC. 3.9, a). Ha 3TOM HHTepBane TeMnepaTYpa
nOBbimaeTCJI Ha ATW 3aTeM, Ha HHTepBane II

- 12 TeMnepaTYpa na,naer H

npeBblllieHue ee B MOMeHT 12 COCTaBUT AT
j2: paC'IeTa ATj2

B MOMeHT

12 ycnoBHo YBeJlH'IUBaIOT ,nJIH"IeJIbHOCTb uMnyJlbCa MOIltHOCTI:I U npe,lJ,IIO-

J1araIOT, 'ITO Ha HHTepBane 11
- 12 pacceHBaeTCH OTpHI.{a"IeJIbHaH MOIltHOCTb

TOro )l(e a6comoTHOro 3Ha'IeHlliI Pd (PHC. 3.9,6).
npeBblmeHHe "IeMnepaT)'pbl CTp)'KT)'pbl B :nOM cJlY'Iae

" , '2 - 10 12 - II

l:1 2-l:1T j2-l:1Tj2- PdZ{lh)tja + (-Pd)Z{lh)tja' (3.41)

'2-10 '2-1)
r1I.e Z{Ih)tja II Z{Ih)1ia - 3Ha'ieHHR nepcxollHoro TeruIoBoro COnpOTHBJIeHHH unepeXOA

- OX-

na)I()J.alOlUaR Cpe1I.a", COOTBeTCTB}'IOlUHe HHTepBaJIaM BpeMeHH 12 - 10 II 12 - II H onpeJJ:eJISle-
Mble no 3aBHCliMOCTH Z(lh)tj/(I) npH 3anaHHOM oxna)I()J.eHHH.

B paC'IeraX BCTpe'IalOTCH 60Jlee CJlO)l(Hble BH,lJ,b1 HarpyJOK C H3MeHHIO-

II..\HMHCSI Pd H Z(lh)tja' ilO3TOMY,lI,JUl COKpall(eHHH 3anHCH $OPMYJI 6y,neM
HCnOJIb30BaTb COKpallteHHble 0603Ha'IeHHH: Z(lh)tja - Z, R

,hj a
- RT,

z'
{
2

h

-

)
 O- 22-0 U T. on. C y'IeTOM 3TOro ynp0lI{eHlliI $opMyna (3.41) npHHU-

I Ija

MaeT BU,n:

111)2 - Pa{Z2-O - 22-1). (3.42)

B $opMyne (3.42) npe,lJ,IIOJIaraeTCH npSlMoyrolIbHaH $opMa rpeIOlltero
uMnynbca Pd' PeanbHaH $OpMa B npe06paJOBaTeIDlX OTJlH'IaeTCH OT npH-

MOyrolIbHOH. B paCCMaTpHBaeMOM MeTO,lJ,e (PHC. 3.10) npHMeHHeTCH npe-

06paJOBaJme UMnYlIbCOB MOIltHOCTI:I mo60H $OpMbl B npHMoyronbHyro.

npe06pa30BaHHbie HMnynbcbl (PUC. 3.10, 6) HMeIOT TY )l(e aMnJlUT)',ny, 'ITO

H peanbHble HMnYJlbCbl MOIltHOCTH (PUC. 3.10, a) U'TO )l(e cpeJI,Hee 3Ha'IeHHe

3a nepUO,lJ, 1', a HX AJIHTenbHOCTb onpe,nenHeTCH HCXO,lJ)l U3 ycnoBHH

Nt-
Pd

T.
Pdld

(3.43)
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3l'OT cnoc06 npHMeHuM JI,JUI O,lJ,HHO'IHblX uMnynbcoB H naKeTOH HM-

nynbcoB MOIltHOCTH (puc. 3.10, 6, 2).
B Ta6n. 3.1 npHBe,neHbl paC'IeTHble COOTHOllieHUH JI)UI onpe,neneHHH

1'eMnepaTYpbl nonynpoBOJI,HHKOBOH CTp)'KTypbl npH paJJIH'IHbiX pe)l(HMaX

pa601'b1 npH60poB, nOJlY'IeHHble C ucnonb30BaHHeM paccMoTpeHHoro Me-

1'01l.a.

Pe)l(HM pa60TLI nOJJynpo-
BOllHHKOBOro npH60pa

HC:lIpepLIBHaR YCTaHO-
BltBWaRCH Hall'Y3Ka

OAIlOKpaTHblH HM-

nynbc HarpY3KH

ItnHHHaR cepHH HM- /;t
nynbcoB HarpY3KH

II c:pc:rpY3Ka, cneJJ:YiO-
UIBR 3a Hc:npepblBHOH /;t
pnGoToH

11 MnYJIbCHaR neperpY3-
KB. cneJJ.YlOlltaR 3a He- Prt
nl'epbIBHOH pa601'OH

, 1.110... hSI

AHarpaldMa

/;th /#//.IM'/#/a
Tj

1" t

P,

i. 7j1 1j1
" tD i, tz t

1:1

T"

1J

T"

Ta6nHua 3.1

PaC'iC'I1laJl cjIopM}'Jla

1j- Ta+PdRT

1j1 - Ta + PdZl-O

Tfl. - Ta + PQ(Z2-O-Z2-1)

1:
1

t

[
"tRT

1j-Ta+Pd T+l-

- Z.+T-ZT+Z.J

1j- Ta+PdRT+

t + (Pd{ov) - Pd)Z,"

1j- Ta+PdRl'+

7j

t
+ [( - )Zf1I+T d{ov)

.(I- )ZTn-ZT. ]
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- ,, .. 3.3 OXI1A)J(,QEHME CMl10BblX nOl1ynpOBOAHMKOBbiX nPM60POB B03 WHoeecTecmeHHoe H npHuyrolTeJlLHoe OXJIa eHHe.ECTCCTBCH-

HOC OXJIa)I(J.I:CHI-IC JJ;OCTHraeTCK 6naroJJ;apK KOHBCKl.{HH H H3J1yqCHHIO npH

CB060,lJ,HOM ABH:>KCHHH B03JJ;YlIIHOrO nOTOKa BJJ;OJIb nOBCpXHOCTCH OXJIa,LU-I-

TeJUI H caMoro npH60pa.
_

B B03A)'IlIHOH CHCTCMC OXrra:>K,/J;CHlliI JUUI Ta6neroqHbiX cnn 60JlbIllOH

MOII.\HOCTH (PHC. 3.11) Ta6neTOqHblH cnn 2 KpcnHTcSI MC>K.n)' ABYMSI ox-

J1a,lUiTCJUlMH I H 3 C nOMOlI.\blO ABYX 60JITOB 4. DOJITbI H30nupoBaHbi OT

OXJI8,l1HTCJlCH BryJIKaMH 5. Tpc6YCMOC YCUJIHC C:>KaTHK 06CCnCqHBaCTCJI

TpaBCp30H 6 H3 3aKaJICHHOH CTaJIH. 06CCnCqCHH}! paBHoMcpHoro JJ;aB-

nCHlliI Ha KOHTaKTHblC nOBcpxHOCTH Ta6neTKH YCUJIHC C:>KarnK OT TpaBCp-

3bI ncpcJJ;aeTcSI qCPC3 npOMC:>KyrOqHbIH nonyc$cpHqCCKHH 3nCMCHT (Ha
pHC. 3.11 HC nOKa3aH). OXJI8,l1HTeJIH C npoJJ;OJIbHbIMH pc6paMH 7npCJJ;CTaB-
JUlIOT oo60H 3nCMCHTbI C CHJIbHO pa3BHTOH nOBcpxHOCTbIO H3 CTaHAapT-

HbIX npccooBaHHblx aJIIOMHHHCBblX npo$HncH pa3Ho06pa:3Horo CCqCHH}!.

B KOMnnCKTe C OXJIa.lUfTCnCM HMCIOTC}! TOKOnOABO,roIlI.\HC IllHHbI 8 H JJ;CTa-

JIH KpCnnCHHJI. B Ta6n. 3.3 npHBcJJ;cHbl TCXHHqCCI<HC JJ;aHHbIC THnOBblX

OXJIa.lUfTenCH JUUI B03A)'IlIHoro oxrra:>K,/J;CHlliI Ta6ncroqHbIX cnn._
D)'KBCHHO-J..{H$pOBOC 0603HaqCHHC B03JJ;)'IlIHblX OXJIa,D;HTCJlCH ooJJ;cp-

>KHT: 6)'KBY 0, TpcX3HaqHyro J..{H$PY ,lJ,IDI 0603HaqCHHSI KOHCTp)'KrnBHoro

HcnonHCHlliI (AWl npH60poB IlIThlpCBOro HCnOJIHCHHJI nOCJlc,lJ,HJI.II J..{H$pa 1,
,lJ,IDI npH60poB Ta6J1croqHoro HcnOnHCHHJI - 3); Tpcx3HaqHYIO l.{H$PY,

COOTBeTCTBYlOlI.\yro WIHHC L OXJIa,u.HTCJUI B MM; KJIHMarnqCCKOC HcnonHC-

HHC H KaTcropHlO Pa3MCII.\CHlliI. HanpHMcp, nonHOC 0603HaqCHHC 0XJI8,lUi-

TCJUI 0131-60Y2 03HaqaeT OXJIa,D;HTCJlb.lI.IDI npH60pa IJITblpCBOro Hcnon-

HCHH}! WIHHOH 60 MM, HCnOJlHCHHC .lI.IDI YMCPCHHOro KJlHMaTa, KaTcropH}!

pa3MCII.\CHlliI 2.

Cnoc06LI OXJIa eHHH.OrnCJJ;CHHC OT nonynpoBO,lJ,HHKOBblX npH60poB
rpClOlI.\CH MOII.\HOCTH, JJ;oCTHralOII.\CH COTCH BaTI H JJ;a:>KC HCCKOJIbKHX KH-

JIOBaTI, OCYII.\CC1'BJUleTCSI CHCTCMOH OXJIa)I(J.I:cHH}!, B KOTOpyro BXO,roIT oXJIa-

JJ;HTcnb H OXJIa:>KJJ:aIOlI.\aK cpcJJ;a. B KaqCCTBC OXJIa:>K,/J;aIOII.\CH CpC}Ib1 HCnOJIb-

3YCTCSI B03]JJ'X, Macno unH BOJJ;a. OCHOBHbIC $H3HqCCKHC KOHCTaHTbl, xa-

paKTcpH3YIOII.\HC TcnnOTCXHHqCCKHC CBoHcTBa OXna:>K,/J;aIOII.\HX cpcJJ;,
npHBcJJ;cHbI B Ta6n. 3.2. CpaBHHTCJIbH KTcnnoncpcJJ;aqa CHCTCMbI, B KOTO-

pOH Hcnonb3ycTCJI B KaqCCTBC OXJIa:>KJJ:aIOII.\CH CpC}Ib1 B03JJYX, Macno, BOJJ;a,
xapaKTCpH3YeTCSI ooOTHOIlICHHCM 1:10:100, T. C. HaunyqIlIHH OTBOJJ; Tcnno-
TbI JJ;OCTHraCTCSI npH ncpcJJ;aqc OT MeTaJIJIa OXJIa,D;HTeJUI K OXJIa:>K,/J;aIOII.\CH
BOJJ;C.

ncpc,naqa TCnJlOTbl (B ra3ax, :>KH,D,KOCTSIX H TBCp}IbIX Tcnax) npOHCXO-
AUT 0'1' MoncKynbl K MoncKync. npH KOHBCKJ..{HH ncpc.aaqa TCnJlOTbl npo-
HCXOAUT B PC3YJIbTaTC B3aHMOJJ;CHCTBH}! Macc MaTCpHaJIbHblX qaCTHJ..{. Pa3-

nuqalOT CB060,lJ,HYIO H npHHYJJ;HTcnbHYIO KOHBCKl.{HIO. B npHHYAUTcnbHOH
KOHBCKI.{HH OXJIa)I(J.I:aIOlI.\aSI cpcJJ;a (B03]JJ'X "J1H )I(H.n;KOCTh) nCpCMClI.\aeTCSI
nocpCJJ;CTBOM BCHrnnXTopa HJIH Hacoca. npH TcnnOBOM H3J1yqCHHH Tcnno-

Ta ncpc.aaCTCSI 6naroJJ;aplI pacnpOCTpaHCHHIO 3nCKTpOMarHHTHbiX BOJIH B

06J1acrn HH$paKpaCHoro cnCKTpa. 113J1Y'ICHHC S1BJUlCTCSI BH.D:OM ncpCJJ;a'lH
TCnJlOTbI, KOTOpaSI MO:>KCT OCYII.\CC1'BID1TbCSI B roM qHCnC H B BaKYYMC.

B 3aBHCHMOCTH OT BH.D:a OXJIaJKAaIOlI.\CH CpC}Ib1 CHCTCMbl OXJIa)I(J.I:CHlliI

npHHXTO pa3JJ;CJUlTb Ha B03AYI11HbIC, :>KH.n;KOCTHbIC H HcnapHTCJIbHbIC.

Cnoc06bl OXJIa)I(J.I:CHHSI nonynpoBO,lJ,HHKOBbIX npH6opOB pa3H006pa3-
Hbl H Moryr OCHOBbIBaTbCJI Ha HX npKMOM (HcnocpCJJ;CTBCHHOM) B3aHMO-

.aCHCTBHH C BHCIlIHCH OXJIa:>K,lIaIOII.\CH CPe.AOH HJIH Ha npHMCHCHHH npOMC-
:>KYTOqHOrO KOHT)'pa C rennOHOCHTCJlCM. B 3aBHCHMOCTH 0'1' pCaJIH3al.{HH

)I,BH:>KCHH}! OXJIa:>K,ZJ;aIOII.\CH CpC}Ib1 OTHOCHTCJIbHO OXJIa,D;HTCJUI Pa3nuqaIOT

CCreCTBCHHOC H npHHYAUTcnbHOC OXJIa:>K,ZJ;CHHC.
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OXJIa)l(]]:alOllICH BOID>I Ha urryl.\CpLI KpCnHTCH UlJlaHrH 5. npH ,roJYCTOPOH-

HeM BO}UlHOM oXJIa>K,ZI.cHl-UI Ta6neTO'lHLlX npH60pOB BO,WIHLle OXJIaJJJfTeJIH

n03BOilll(()T paCCeHBaTh MOll.\HOCTH AO 3 KBT H 6onee. B Ka'leCTBe BOJJ;O-

nO,roJO,WIJltHX TPy6 Moryr HcnonL30BaTLCH lliHHLI, Ha KOTOpLIX KpenHTcH

enn.

HcnapHTeJlLHOe OXJla eHHec npoMe*YTO'lHLIM TenJlOHOCHTeJleM.

TaKHe CHCTeMLI OXJIa>K,ZI.eHHH COCTOHT H3 .lI.BYx KOHTYPOB: BHyrpeHHero

3aMKHyroro, B KOTOpOM HCnOJlb3YeTCS!. CBOS!. OXJIaJJJfTeJlbHaH cpeJJ;a
- Ten-

nOHOCHTeJIb, H HapY:>KHoro pa30MKHyroro, KOTOpLlH 06eCne'lliBaeT ox-

na>K,ZI.eHHe npOMe:>KyrO'iHOrO TennOHOCHTeJUI. npHHl.{Hn HX JJ;eHCTBIUI 3a-

KJIIO'laeTCH B TOM, 'lTO TellJIOTa OT enn ncpCJJ;aeTCH :>KH,IJ;KOCTH (HanpH-

Mep, BOJJ;e), KOTOpaH HCnapHeTCH, ee napLI no TPy6KaM BHyrpCHHero

KOHT)'pa nocrynaIOT B KOH]J;CHCaTOp H KOHJI.eHCHpyroTCJI, 3aTCM KOHJJ;eHcaT

BHOBL nocrynaeT K OXJIa,D;HTemo enn. KOHJI.CHCaTOp BKJIIO'laeTCH BO

BHClliHHH pa30MKHyrLlii KOHT)'P, HanpHMep, B03JJ;ylliHoro WIH :>KH]J;KOCT-

Horo OXJIa>K,ZI.CHHH.

B HcnapHTenbHOH cHcreMe norpy:>KlIoro THna (PHC. 3.13, a) enn 1,

3aKpCnnellHLIe B OXJIa,D;HTClliIX 2, nOMel1.{aIOTCH B OXJIIDl<,lJ;aIOl1.{yro :>KHJJ;-

KOCTb 3, KOTOpaH 3aJIHBaeTCH B 3aKpbITblH 6aK 4. npH HarpcBaHHH npH-

60pOB :>KH]J;KOCTb HCnapHeTCH, H nap nocrynaeT B KOH]J;eHCaTOp 6, rJJ;c

KOIIJJ;CHcHpyeTCH, H :>KH]J;KOCTh 7 H3 KOH,l\eHCaTOpa BHOBb CTeKaCT B 6aK.

KOH,LI.CHCaTOp oXJIa:>K,lI.aeTCH B03AYXOM C nOMOl1.{blO BCHTHillITOpa 8. B Ka-

'leCTBC npOMe:>KyrO'lHOrO TennOHOCHTcnH HCnOJIb3yeTcH nCrKOKHnRl1.{aH

:>KH]J;KOCTb, HanpHMep I!JpcOH, TO'lKa KHIICHHJI KOToporo 47°C. npH 3TOM

B 6aKe C03JJ;aeTCR pa3pe:>KeHHe, 'lTO npHBOAHT K CHH:>KCHHIO TO'lKH KHneHHH

:>KH,IJ;KOCTH.

MO:>KeT npHMeHHTbCR TaK:>Ke pa311eCeHHaH HcnapHTenbHaH CHCTeMa

(PHC. 3.13,6), B KOTOpOH nonynpoBO,lJ,HHKOBbIC npH60pLII 3aKpCnllilIOTcH

C nOMOl1.{blO oXJIa,1IHTcncii 2, 3anonllCHHLIX oXJIa>K,ZI.aIOll(cii :>KH]J;KOCTblO.

Ta6nHua 33
 ----

lIapaMeTp
02430 0135- 03430 0353- 0123- 0143 02730 0173-

-

150 150 150 150 100 150 250 200

TennoBoe conpOTHBJleHHe

R,Ma, °C/Hl', npH OXJIR)l()J.e-
HUH:

eCTeCTBeHHOM 0,28 0,27 - 0,34 0,7 0,5 0,13 0,15
(Ppac, BT) (220) (220) (220) (120) (120) (460) (400)

npHHY1I.HTeJIbHOM 0,08 0,075 0,097 0,095 0,21 0,12 0,043 0,045
(v = 6 wc)

HaH60JlblUHH AHaMeTp Ta6neT- 74 84 74 84 40 58 105 105
I\H cnn, MM

Oceooe YCHJIlle C)J(amR, KH 15 26 15 26 8 15 50 50

MaCCa,K1' 5,8 6,0 5,3 5,7 2,0 3,0 20,0 17,0

E'a3Mepbl, MM:

B 175 175 150 150 122 122. 240 240

L 150 150 150 150 100 150 250 200

HI 170 170 170 170 135 135 250 250

H2 230 230 230 230 185 185 350 350

OxnaJJ;HTCnL B03JJ;YlliHOrO OXJla)i(J.(eHHH npH pa3MepaX npHMepHO
150x150x150 MM3 06ccnC'lHBaeT npH CCTCCTBCHHOM OXJIa>K,ZI.CHHH paCceH-
BaHHC MOll(HOCTH 220 BT. npHMClleHHe npHHY.lJ.HTeJIbHOrO OXJIa>K,ZI.eHIUI
n03BOllileT C nOMOl1.{blO 3THX :>Ke OXJIa,n:HTCJICH paCCCHBaTb M01l(HOCTb

60nLlIlyIO B 3-4 pa3a.
npHHY.lJ.HTCJlbHOC OXJIa>K,ZI.CHHC MO:>KeT 6blTb B03JJ;yIIIHbIM H :>KH,IJ;KOCT-

HbIM, 'lall.{e Bccro BO,WIHbIM. BOAHHOC OXJIa)f(",ACHHC n03BOllilCT paCCCHBaTb
60JlblJIHe MOIl.{HOCTH, 'lCM B03JJ;yIllHOC OXJIa>K,ZI.CHHC.

YllpOlltCHHaH KOHCTp)'KItHH Bo,rolHoro OXJIa,n:HTellil (PHC. 3.12) CO,LI.Cp-
:>KHT OCHOBaHHC 1 C .lI.BYMH 1IIT)'l.\cpaMH, Kopnyc 2 C BllyrpeHHcii nonoCTbIO
B IIH/te CJlO:>KHOrO na6HpHHTa roUt nOBbIWCHHH TCllJIOnepCJJ;a'lH H PC3b60-
BOC OTBCpCTHC 3 roUt KpcnnCHHH npH60pa 4. )];lliI nO,roJoJJ;a H OTBoJJ;a 6 7 8

Q}

j 

PHC. 3.12. Oxna,IJ,HTeJIb IJJUI nonynpOBO,I],HH-
I\OB01'O npu60pa Jll1'LlpeBOro HcnOillleHHSI C

BOARHbIM OXJIa)I()J.eHUeM
PHC. 3.13. H:cnapllTeJIbHble CHCTeMbI oxna)I()J.eHHIl
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Kopnyc KaJK.L(oro OXJI TeIDInoCpe,n:CTBOM H30JIHPYIOlI.\HX naTpy6KoB 3
H COe}UiHHTeJThHbIX Tpy6 4 C006lI.\aeTCH C 6aKOM 6, 3anOJIHeHHbiM OXJIaJK-

,l(aIOu.{eH JKIf,l(KOCThIO 5. rrapbl )KHJ(KOCTH 7 noc'I)'naIOT B KOHJI.eHcaTOp 8,
H KOHAeHcaT 9 BHOBb CTeKaeT B 6aK 6. KOHAeHcaTOp OXJIaJK.L(aeTCH C
nOMOlI.\blO BeHTHIDITOpa 10.

06e paccMoTpeHHble CHCTeMbl HcnapHTeJThHOrO OXJIaJK.L(eHml rpOM03,l(-
KH H CJIOJKHbl B 3KcrmyaTal.{HH. B cOBpeMeHHoH npe06pa30BaTeJThHOH
TeXHHKe nepCneKTHBHblM HBIDIeTCH npHMeHeHHe HcnapHTeJlbHOH CHCTeMbl

OXJIaJK.L(eHHH C OXJIa,ro1TeJUlMH B BH,1I;e TenJIOBblX TlJy6 (PHC. 3.14, a), KOTO-

pble COBMelI.\aIOT 4>yHKl.{HH C06C1'BeHHO OXJIa,ro1TeIDI H KOH,l(eHcaTopa.
Ta6J1t TKacrrrrl YCTaHaBJIHBaeTCH Ha Kopnyce 2 OXJIa,ro1TeJlJl, B KOTO-

phlH BMOHTIIpOBaHbl O,l(Ha HJIH HeCKOJIbKO Tpy60K 3. BHyrpeHHHH nOBepx-
HOCTb Tpy60K nOKpblTa CJIOeM MaTepHaJIa 4 C KanHJlIDIpHblMH KaHaJIaMH.
Tpy6KH repMeTHqeCKH 3anaHHbi H cHa6JKeHbi pe6paMH 5, MHorOlcpaTHo
YBeJlHqHBaIOlI.\HMH nOBepxHoCTh TenJIOnepe.n:aqH BHewHeH OXJIaJK.L(alOlI.\eH
cpeJ.{bl. BHyrpeHwlH nOJIOCTh Kopnyca 2 H Tpy60K 3 3anOJIHeHa Ha 20-
30 % 06'beMa JKIf,l(KOCTbIO (npOMeJKyrOqHblH TellJIOHOCHTeJIb). )l{If,l(KOCTb
HCnapHeTCH H B BH,1I;e napa 6 .lI:BHJKeTCH B,l(OJIb Tpy60K, r,l(e napbl OXJIaJK-
,l(alOTcH H KOHJI.eHcHpYIOTCH. KOHJI.eHcaT 7 no KanHJlIDIpHblM KaHaJIaM

B03BpaU{aerCH B 30Hy HarpeBaHml. C nOMOlI.\bIO BeHTHlliITOpa 8 B03.n:yX

BHeWHeH cpeJ.{bl HanpaBIDIeTCH B MeJKpe6epHOe npoCTpaHC1'BO OXJIa.n:HTemr

H BbIBO}UiT TeWlOTY BO BHeWHee npoCTpaHCTBo. B OXJIa,rorreJle HMeIOTCH

(PHC. 3.14, 6) 30Hbl nap006pa30BaHlUI I, nepe.n:aqH TenJIOTbl 2, KOH,l(eHca-

l.{HH 3. B 30He 1 npoHcxOJI,HT JUrreHCHBHoe nOrJIOll.(eHHe TeI1J10Tbl, a B 30He

3 - Bbl,l].eJleHHe TeWlOTbl. B OTJIHqHe OT npoCToro OXJIa;:(liTeIDI, y KOTO-

poro TeWlOCTOK co Bcex TOqeK nOBepxHoCTH KpaHHe HepaBHoMepHblH, B

TenJIOBOH Tpy6e ,l(OCmraeTCH BblCOKaH HHTeHCHBHOCTb HCnOJIb30BaHHJI

OXJIaJK.L(aIOlI.\eH nOBepxHoCTIi, 6JIaI'OlJ,apH qeMY MOJKHO paCCeHBaTb MOlI.\-

HOCTI:I lJ,0 HeCKOJIbKHX KlUIoBaTf. rrpH 3TOM pa3Mepbl H Macca Tl2y6qaTblx
OXJIa,ro1TeJIeH MeHbIlle, qeM y 06blqHblX B03lJ,YWHbIX OXJIa,u,HTeJleH. TeWlo-

Bble Tpy6bl lJ,J1H CrrI1 Ha TOKH 320-2000 A HMelOT lJ,JIHHY L =

=600+650 MM, IIIHpHHy B
= 100+120 MM, BbICO'I)' H

= 60 MM (CM. npH-

JIOJK. 5).
6CpaBHeHHe CHCTeM OXJla)I\JJ.eHHH. HHJKe np lBelJ,eHbl  60lI.\eHHble

3HaqeHIUI Tel1J10Bb1X conpOTHBJleHHH B03.n:yWHOH, BOroIHOH H HcnapH-

TeJIbHOH CHCTeM OXJIaJK.L(eHHH JI)UI CI1rr IllTblpeBoro H Ta6JIeTOqHOrO

HCnOJIHeHHH.

lIcnapHTeJIbHoe OXJIa>K,ZI.eHHe C TenJlOBblMH TlJy6aMH n03BomreT nOJIY-

'lliTb pe3YJIbTaTbI no HHTeHCHBHOCTH Tel1J100TBOlJ,a, conOCTaBHMble C BO-

roIHblM OXJIaJK.L(eHHeM. rrpH 3TOM ynpOlI.\aeTCH KOHCTp)'Kl.\1UI H CHHJKaIOTCJI

3aTpaTbi Ha 3KcWlyaTal.{HIO npe06pa30BaTeJIeH. CpaBHeHHe no ylJ,eJIbHblM

ra6apHTHbiM nOKa3aTeIDIM nOKa3bIBaeT, qTO JI)UI MOlI.\HblX cnn Ha TOKH

500-2000 A Tpe6yeTCH 06'beM Ha O}UiH npH60p llpH 06blqHbiX OXJIa,ro1Te-

mrx npHMepHo 15 .l{M3, a JI)UI TenJIOBblX Tpy6 - 5 lJ,M3. n03:'OMY HaH6 oJIee
34>4>eKTHBHo npHMeHeHHe MOlI.\HblX crrrr C HcnapHTeJIbHOH CHCTeMOH ox-

JIaJK.L(eHml.

HCnOJIlleHHe

,--r---

t---'

r----
. , ,

npe)(eJIbHblH TOK, A . . . . . . . . . . . . . . . . . . . .

TeruroBoe cOnpOmBJIeHHe, .C/BT:

R,1Jjc ..............................................

RtMa npH OXJIa)I()J.eHHH:

BOJAYIllHOM:

eCTeCTBeHHOM. . . . . . . . . . . . . . . . .

1
t '_I .

I

_ _

I I I I

 ,

7 6

 ..8
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npHHY,l],HTeJIbHOM ..............

B01I.RHOM . . . . . . . . . . . . . .

HCnapHTeJIbHOM . . . . . . . . . .

T.L-
100

85

I 2 J J(

PRe. 3.14. CxeMa HcnapHTeJIbHOrO OXJIa)I()J.eHHg C TeruroBoH Tpy60H H rpacIJHK H3MeHeHHg

1"CMnepaTypbl
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lllTblpeBoe Ta6neTo'l-
Hoe

30-400 200-800

0,&-D,08 0,1-0,04

1,2-0,5

0,4-{),15

0,08-0,06

0,5-0,25

0,2-0,08

0,04-{),02

0,03
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3.4. PAC4ET MAKCMMAl1bHO ,QOnYCTMMOro TOKA HArpY3KM
Ta6nJlua 3.4

Pe)l(l!M
ro!OJ(a (lFAYmax)

cI>opMyna MaKCHMaJIbHO AOflYC1'\!M EocpeJ(llero
TOKa 1J)UI

THpHCTOpa (lTAl'mu)

B 4>opMynax HCDOJIb30BaHbI Cne.D:YIOll\He 0603Ha'leHmI: Uro, UT(TO)
-

no orOBbIe HanpH)KeHIUI, B; rT
- ,ItH4>4>epeHl.{HaJIbHOe COnpOTHBJle-

HH OM' T. - MaKCHManbHO JJ;onYCTHMIDi 'I'eMIleparypa nonynpOBOJJ;-
, -' JITlax

rypbI 0C- [T ] _ TeMnepa-rypa Kopnyca, YKa3aHHaH B 1'0-
HHKOBOH CTpYK " c

(TY) HbIM
C JJ;a CTBeHHOM CTaH,!J.apTe HJ1H TeXHHIJeCKHX YCJlOBHRX Ha JJ;aH
y, p

60Da' R .
- TellJIOBOe COnpOTHBJIeHHe "nonynpoBOJJ;HHKOBIDITHn npH

a 'KOpt yCnpH60pa", y,Ka3aHHoe B mCYJJ;apCTBeHHOM cTaH,!J.ap-
CTpYKTYP

_

6
°CfB . T - TeMneparypa OXJIa)K-

Te rum TY Ha JJ;aHHbIH THn "PH opa, T, a
° - R + R + R - TellJIOBOe COnpOTHB-JJ;alOll\eM Cpe]U>I, C; Rthj a - thj e th eh th ha

aR cpeJJ;a" 0CfBr
JIeHHe "nOJIynpoBOJJ;HHKOBaH cTpYKTYpa

- OXna)l()I,alOll( ,

OB:
k

-

I II - JIJIH ,ItHO.D:OB, k = ITRM:/lTAv - )J,JUI THpHCTOp ,

l
ei>
-

T
MS FA V

3"''''eKTHBHbIe 3Ha'leHHH TOKa ,II,JUI )1.lioJJ;a H THpHCTOpa
FRMS' TRMS 't"i'

COOTBeTCT8eHHO.

PRJJ; 3HaIJeHHM [T] YCTaHOBJleH rOCY.D:apCTBeHHbIM CTaH,!J.apTOM, )J,JUI

OTe'leCTBeHHbIX npH60pOB npHMeUHIOTCR 3HaqeHHH 70, 85, 100, 125,

150 DC (B 3aBHCHMOCTH OT BMa IDIH TIlna npH60pa)._ECJIH no}CnOBIUIM
npOeKTHpOBaHHH Tpe6YeTCH onpeJJ;eJlliTh JJ;onY(,'THMbIH cpeJJ;HHH TOK npH

APyrnx KOHKpeTHbIX 3HaIJeUHHX Te' TO B 4J0pMynbI BMeCTO [Te] nOJJ;CTaB-

]ll[eTC5I 3HaqeHHe T.

3HaqeHHe MaKC MaJ1bHOJJ;onyCTHMOrO cpeJI.HerO TOKa npH 3MaHHbIX

H''''

npHBOTTUTCH B TY, OTpaC1IeBbIX KaTaJIOraX,
YC1I0BHSIX OXJIalK,ll;e W1 p..u

_

[27] Ha npH60pbI KaK HH4JopMal.{HOHHbIH napaMeTp npH
CnpaBOqHHKax

137

OnpeJl,eJIeHHe M8KCHMaJILHO JJ;onyCTHMoro npe,lJ;eJILHOrO Cpe,/1,HerO TOKa

npH60pa. BbIIIIe 6billO nonyIJeHO ypaBHeHHe (2.7), n03BO.IDlIOll\ee onpeJJ.e-
nHTh HaIpY30QHYIO cnoc06HOCTb CHJIOBbIX JUiOJJ;OB. CpeJJ;Hee 3HaQeHHe
TOKa 3aBHCHT OT JJ;onYCTHMoM TeMnepaTypbI HarpeBa n01lynpOBOJJ;HHKO-
80M CTpy,K'I)'pbI Tjrnax napaMeTpOB np5lMOH BeTIm BAX (U(TO)' TT) H 1<0341-
4JHl.\HeHTa 4J0pMbI TOKa .lJ.Ho.na kel>'

K034>4>Hl.{HeHT 4>OpMbI, npe,nCTaBIlHIOll\HH C060H OTIIOIIIeHHe 34J4JeK-
THBIiOro TOKa K cpe.zmeMY, 3aBHCHT OT CKBa)KIIOCTH HMnynbcoB TOKa H

4J0pMbI lIMnYJIbCOB.
B 3aBHCHMOCTH OT YCJlOBHM pa60TbI npH60pa pa3nH'laIOT TpH

3HaQeHIoUi MaKCHMaJIbHO JJ.onYCTHMoro cpeJJ;Hero 3a nepHOJ{ TOKa: pe)KHM
I npH 3a,naHHOH TeMneparype Kopnyca npH60pa H pa60Te B OJJ;HO-

4Ja3HoH cxeMe BbmpHMJleHHH C aKTHBHOH HarpY3KOH npH CJmYCOH-
JJ;a1lbHOH 4>opMe TOKa C yrnoM npOBOJUiMOCTH 180 311. rpM. (KpHBIDi
1, CM. pHC. 3.15); pe)KHM 2 (CM. pHC. 3.15, KpHBIDi 2) npH 3MaHHLIX
YC1I0BHHX OXJIa)K)J.eHHH C oroBopeHHbIMH TeMneparypoH OXJIa>K,U,alOll\eH
cpe]U>I, THnOM OXJIa]J;HTeIDI H HHTeHCHBHOCTH OXJIa>K,U,eHIUI (CKOpOCTb
OXJIa>K)J:aIOll\em B03JJ;yxa rum pacxoJJ; BOAbI) npH pa60Te B 0JJ;H04Ja3HOH
cxeMe Ha aKTHBHYIO HarpY3KY C yr'noM npOBO]J,HMOCTH 180 3J1. £PM.;
pe)KHM 3 (CM. pHC. 3.15, KpHBaR 3) npH 3MaHHbIX YCJIOBHHX pa60Tbi
c oroBopeHHblMH TeMneparypoH OXJIa)K)J.aIOll(eH CpeJI.bI, THnOM OXJIa-

JJ;HTeJIH H HHTeHCHBHOCTH Q}ma>K,U,eHHH, cxeMOH npe06pa30BaTeJiSI H

4>OpMOH TOKa npH60pa.
 JrnKa)K)J.Oro H3 pe)KHMOB C YQe1'OM MeTOJJ;a, npHMeHeHHoro npH BbI-

BOJJ;e ypaBHeHIDI (2.7), nonYQeHbl 4>OPMY.Tlb1 [27] JIlll[ )1.liOJJ;OB H THpH(.-rOpOB
(Ta6n. 3.4).

2
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Tjrnax - [Tc] U70Urn+ , rT
Rh

'

t e

4,9rr

2 Tjrnax- Ta
UUrn + 9 Err - 70

,

Rthl a

4,9rr
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PliC. 3.15. 3allHCHMOCTii K03clJclJliltHeH1"R
4JOPMbI 0'1' yrna a ynpaBJIeHlliI WU1 cxeM

BbmpJlMHTeJJeH
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TeMnepaT)'pe OXJIa>K,ZI.alOlI.(eH cpe 140°C .z:our O.u;Horo HJIH HeCKorrhKHX

peKoMeImYeMhlx THnOB oXJIa,nJITeJleH C )'KaJaHHeM HHTeHCHBHOCTH ox-
rra>K,ZI.eHHSI.

3aBHcHMoCTL MaKCHMa.TlLHO ,l(OnYCTHMoro TOKa OT 'IaCTOTLl CJIe,l(OBaHHH
HMnYJlLCOB 'Iepe3 npH60p. C B03paCTaHHeM 'laCTOThI Bhlllle 50 n.t cpe.wuur
3a nepHO,l( MOlI.(HOCTh nOTeph YBeJIH'lHBaeTCSI H3-3a nOTepb npH nepeKJIIO-
'leHHHx'!I B03paCTaeT TeMnepaT)'pa HarpeBa crpYKT)'pbl npH60pa. llpH
3a.n;aHHOH Tjrnax MaKCHMaJIbHO ,l(OnYCTHMoe cpe,lJ,Hee 3Ha'leHHe TOKa YMeHb-
lllaercSi. llPH CHH:>KeHHH 'laCTOThl HH:>Ke 50 n.t H3-3a CHJIhHOrO Korre6aHIDI
MrHOBeHHoro 3Ha'leHHH TeMnepaT)'pbl norrynpOBO,lJ,HHKOBOH CTp)'KT)'pbl
OTHOCHTeJlhHO ee cpe.u;Hero 3Ha'leHHSI 3a nepHO,l( .n;onYCTHMaH TOKOBaH
HarpY3Ka TaK:>Ke .n;oJlJKHa 6bITb YMeHbllleHa.

PaC'IeT MaKCHMaJILHO ,l(OnyCTHMOH aMDJIHTY.lU>1 TOKa DpH60pa. Bblpa:>Ke-
HH B Ta6rr. 3.5 n03BOIDIlOT onpe.n;eIDITh MaKCHMa..JIbHO .n;onYCTHMhIH cpe.n;-
HHH TOK. AmI cOBpeMeHHblx :meKTpoHHhiX npe06paJoBaTeJleH H annapa-
TOB B 60rrhllIHHCTBe cJlyqaeB TOKOBaH Harp}'3Ka Cllll HOCHT HMnyrrhcHbIH
xapaKTep. llpH HMnyrrhcHoH HarpY3Ke npH60pbl pa60TaIOT C 60rrhlllHMH
aMnrrHT)'.n;aMH TOKOB H MeHblllHMH yrrraMH npOBO,U,HMOCTH. PaC'IeT no

Cpe.u;HeMY 3Ha'leHHIO TOKa npHBo.n;HT K 3Ha'lHTeJIhHbIM norpelliHoCTSIM H3-
3a 60!b1llOrO npeBblllleHHH MaKCHMaJIhHOH TeMnepaT)'phl nonynpOBO.u;HH-
KOBOH CTpYI<1YPbl cpe.u;Hero 3Ha'leHHH (Bblllle 5-7 0C). ll03TOMY .nIDI
HMnYJlbcHblX Harp}'30K npH 3a.u,aHHOM yrrre npOBO,U,HMOCTH H 'IaCTOTe
cne.n;OBaHIDI HMnYJlbCOB Onpe,l(eIDIIOT MaKCHMaJIhHO .n;onYCTHMyro aMDJIH-
T)'JJ:Y TOKa. AmI TaKoro paC'leTa HcnoJlb3yeTcSI CYMMapHaH MOlI.(HOCTb Pd
nOTepb B npH60pax [4>OPMYJlbI (3.28), (3,29), (3.30)], no KOTOpOH onpe.ne-
IDIeTCSI TeMnepaT)'pa CTp)'KT)'pbl T. B KOHl.{e HMnyrrhca B COOTBerCTBHH C

4>OPMYJlOH, npHBe.neHHoH B Ta6rr. }3.1 .z:our pe>KHMa 3. llpHHSlB T. = T.
H3

-

'" - } )IT1ax
3TOH ,*,OPMYJlbI MO:>KHO HaHTH MaKCHMa..JIbHO .nonYCTHMYIO MOlI.(HOCTb

cYMMapHblx nOTepb B HMnyrrbce:

npHMep 3.1. Onpe.n:eJIHTb MaKCHMaJIbHO AonYCTHMblH cpeAHHH TOK B  TKPLITOM OCTOR-
HIIH THpHCTopa TE253-1000, npeAHa:3Ha'ieHHor'o Jl1lR pa60TLI B TpexclJa3HOH MOCTOROH cxeMe

(CM. rn, 6) npH TeMnepaType OXJIaJI()IalOlUeH cpeAbI 50°C. YrOJ! npoBoAHMOCTH rupHcmpa
120 3n. rpa.n:., OXJIaAHTeJIb mna 0243-150, CKOpOCTb OXJIa)I()J.aJOlUero B03)1,yxa 6 WC'_3

H:3 CnpaBO'lHblX .n:aHHblx, HanpllMep [15], U1(70) =1,1 B, rr =0,25'10 OM,

R,hjc =0,025 °C,'BT, T]max = 125°C, R'hhD = 0,08 °C,'BT, R'hch =_ 0,03 °CfBT, k4> =

= 1,73. R'hja = Rthjc + Rthch + RlhhD
= 0,025 + 0,03 + 0,08 - 0,135 C/BT. no

c1JopMyne H3 Ta6n. 3.5 npH 311,LJ.aHHbiX ycnOBHRX pa60TbI nonY'iHM

... I 2 2 -3 125 50
1 1

V
1,1 + 4' 1,73 ,0,25'10

0,135
'

  _ - A

2' 1,73
2

. 0,25' 10-3

npHMep 3.2. OnpelIeJIlITb MaKCHManbHO 1I.OnyCTHMYIO aMnnHTYAY TOl(a mpHCTo,:a, pac-

cMoTpeHHoro B npHMepe 1. THpHCTOp pa60TaeT B HMnYJIbCHOM pe)J(HMe C 'laCTOTOH nepe-

KJIIO'ieHHR 100 ru H WIHTeJIbHOCTblO npOB01I.RlUero COCTORHHR, paBHoH 114 nepHo.n,a.

no c1JopMyne (3.44) onpe)(eJISleM MaKCHMaJIbHO AonYCTHMYIO MOlUHOCTb C]MMapHblX no-

Tepb Ha HHTepBane HMnynbca. )J.nR JToro Bocnonb3yeMcJI XapaKTepHCTHKOH nepeXO,I],Horo

TennoBoro conpOTl1BneHIDI Jl1lR 3MaHHOH CHCTeMbI OXJIa)I()J.eHIDI (CM. pllC. 3.8): Rlhja = RT =

= 0,12 °CIBT; T = 11100 = 0,01 c; "t = TI4 = 0,01/4 = 0,0025 c; ZT = 0,0035 °C,'BT; 2-. =

= 0,001 °ClB.. 2-.+T = 0,004 °C/BT.

Pdmax-
125-50 -2459 BT.

0,0025' 0,12

(I
_

0,0025

) 0 004 - 00035 + 0,001
0,01

+
0,01'

,

ComaCHO 4>opMyrre (3.46) .n;onYCTHMaH aMII.JIHTy.na TOKa

V
ITAV....-

1,1
2
+ 4, 0,25.10-

3
. 2459 -1,1

_ 1630 A.

2 . 0,25 . 10-
3

p--
R

( rT-ra
.

"tT "t

r+ 1-1' Zt+T-ZT+Zt

0603Ha'leHHe BeJIH'lHH, BXO,lJ)llI.(HX B 4>opMyrry (3.44), npHBe.n;eHbl B

n.3.2.

MaKCHMaJIbHO .nonYCTHMaSI aMIIJIHT)'.na TOKa npH HMnYJlbcHoH HarpY3-
Ke C Y'IeTOM npHBe.neHHblx Bblllle B3aHM03aBHCHMOCTeH onpe.neIDIeTcSI .nIDI
,U,HO.nOB H THpHCTOpOB no tlJopMyrraM:

(3.44)

3.5. PACI.IET AOnYCTMMblX nEPErpY30K nOflynpOBOAHMKOBblX

nPM50POB no TOKY

(3.45)

BH,!I.bI neperpY30K H nepel'PY30'lHLle xapaKTepHcmKH. B cxeMax npe06-

pa30BaTeJIeH 3rreKTpH'leCKOH 3HeprHH B aBapHHHblX pe>KHMax norrynpo-

BO.u;HHKOBble npH60phl, KaK H .n;pyrHe TOKOBe.nyll.tHe 3rreMeHTbl, nO,nBepra-

IOTCH neperp}'3KaM no TOKY. npH 3TOM norrynpOBO.n;HHKOBhle npH60pbl,

KaK npaBHJlO, OKaJhlBalOTCSI HaH60rree CJla6hlMH 3rreMeHTaM l.tenH TOKO-

BOH neperpY3KH BCJle.nCTBHe cpaBHHTeJlhHO HH3KHX 3Ha'leHHH MaKCHMaJIh-

HO .n;onYCTHMOH pa60'leH TeMnepaT)'pbl.
KpHTepHHMH Ol.{eHKH pa60Tocnoc06HOCTH npH60pOB npH TOKOBblX

neperpY3Kax S1BIDIIOTCSI neperpY30'lHhle XapaKTepHCTHKH: pa60'lHe nepe-

rpY30'lHhle XapaKTepHCTHKH, aBapHHHhle neperp}'30'lHhle xapaKTepHCTH-

KH, y.n;apHhlH HenOBTOpSUOlI.(HHCSI TOK, 3alI.(HTHhIH nOKa3aTeJlb.

139

V U1u + 4rTPdmax- U10
IFAVMmax'"

2r
T

V Ut(1O) + 4r
TPdmax

- UT(1O)
.ITAVMmax-

2r
T

(3.46)

l"JJ:e Pdmax pacC'iIlTbIBaeTCJI no c1JopMyne (3.44) COOTBeTCTBeHHO Jl1lR 1I.H0.n,a H 1"HpHCTopa.
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HpH pa60tmx neperpY3Kax He J],omKHa 6MTb npeBblUIeHa MaKCHMaJlbHO
J],onYCTIIMaSl TeMnepaTYpa CTpYKTYpbI. HpH 3TOM BHJ],e neperpY30K J],HOJ],
J],on>KeH Bbl)];ep>KHBaTb 06paTHoe HanpSl>KeHHe, a THpHCTOp, KpOMe 3TOro,
He J],OJl>KeH nepeKJlIO'laTbCSI B OTKpLITOe COCTOSlHHe 6e3 no,na'lH ynpaBIDI-
IOllIero CHrHaJla.

HeperPY30'lHLle XapaKTepHCTHKH roD! aBapHHHLIX pe>KHMOB onpeJ],ellil-
IOTCSI HCXOJ],jl H3 1'oro, lITO THpHCTOp TepSleT ynpaBIDIlOllIYID cnoc06HOCTb
BcneJ],CTBHe npeBLIUIeHIDI MaKCHMaJlbHO J],onYCTHMOH TeMnepaTYpbl, HO He

np06HBae-rcSI 06paTIIblM HanpSl>KeHHeM.

YJ],apHblH HenOBTOpSlIOII.!HHCSI TOK H 3alllHTIIblH nOKa3aTeJlbfi2dt npeJ],-

CTaBIDIIOT C060H napaMeTpbl, npeBLIUIeHHe K01'OpblX BLl3Lmae-r nOBpe>K-
J],eHHe npH60pOB BCJleJ],CTBHe TenJIOBOrO np060Sl CTpYKTypbl. MCnOJIb30Ba-
HHe 3THX nOKa3aTeJleH npH paC'leTe npeJU10JIarae-r, 'lTO HanpSl>KeHHe K

npH60paM He npHKJIa,lI,bIBaeTCSI nOCJIe HX B03J],eHCTBIDI. HOKa3aTeJIL f,"2dt
HCnOJIb3YIOT npH onpeJ],eJIeHHH napaMe1pOB 3alUHTbi npe06pa30BaTeJlbHO-
ro YCTpOHCTBa nJIaBKHMH npeJ],oxpaHHTeJISlMH.

MeTO,lJ,HKa paC'feTa pa60'feH neperpY3KH. BHa'laJIe onpe,nellillOT MaKCH-
MaJlbHO J],onYCTHMble cpe,rome 1'OKH IFAVrnax' ITAVrnax npH 3aJ],aHHb1X YCJIO-
BHSlX (CM. Ta6JI. 3.5). 3aTeM YCTaHaBJIHBaeTCSI pe>KHM HarpY3KH, npeJ],llIe-
CTBYIDIlIHH pe)l(HMY pa60'leH neperpY3KII. 3Ha'leHHe npeJ],BapHTeJlbHOH Ha-
rpY3KH 3aJ],ae-rcSI B J],OIDIX MaKCHMaJlbHOrO J],onYCTIfMOrO cpeJ],Hero TOKa.

HanpHMep, roD! THpHCTopa:

TorJ],a ,nonYCTIfMbIH TOK neperpY3KH

V UhTO) + 4rr (T.;max 
Tj{x)

+ PrlX») - UT(TO)

IT(oV) -
2rr

,AmI 60nee npOAOJI)I(HTeJIbHbIX neperpY30K AJI TeJlbHOCTb OT He-

CKOJIbKHX nepHoAoB ,no 100 c, KorAa B nepexoAHbIH TennOBOH npouecc

BcrynaeT TenJIOBa5I uenb, J],onYCTIfMbIH TOK neperpY3KH HaxOJ],HTCSI H3

YCJIOBHH pa60TbI C )UIHTeJIbHOH ceplleH HMnYJlbCOB neperpY3KH, ammo-

rH'lHbIX npHBeAeHHblM B TIl6JI. 3.5 )J.lliI. pe)l(HMa 3.

B 3TOM pe)I(HMe J],onYCTIfMLIH TOK neperpy3KH

(3.50)

IT(x) = X ITAVmax,

L

[
Tjmax - Tj{x) - PT(x) Z(y)

]
_ UT(TO)} (3.51)1 + '

Z(y) + (l--r/1) ZT+1: - ZT+ z,;
T

Z - nepeXOJ].Hble nnJIOBble COnpOTHBJIeHHR 3a BpeMR y, paaHoe 0,1; 1,0; 10;

C
(y)

T.e. 3a BpeMR neperpY3KII; ZT-t't, ZT, Z -- COOTBeTCTBeHHO nepeXOAHble
,

eJIbHOCTblO ( 1: = 6 MC) 3a nepH01I.TennOBble conpOTHBJIeHIISI 3a BpeMJI HMnynbca 1I.JlHT ,

) PHo"a H HMnynbca (T + or = 20 +
cne.n.OBaHHR HMnynbcoB (T = 20 MC, 3a BpeMJI ne ...

+ 6

n;  pM  iTpe6YeTCR pacc'illTaTh pa60'lHe neperpY3KH THpllCTopa TE253-100  
OXJIR1I.HTeneM 0243-150 npH CKOpOCTH OXJIa)I()J.alO ero B03A)'xa 6 M/c H noCTpo

ceMeHCTBo neperpY30'lHblX XapaKTepHCTHK Jl1lR npe1I.BapllTeJIbHOH HarpY3KH x, paaHoe

O
. 0 2. 0 6' 0 8 MaKCHMaJIbHO 1I0nYCTHMoro cpeJl.l-lero TOKa THpHCTopa H3Ha'ieHHRM , " ",

_

0 1 . 1 O' 10' 100 CnTTUTeJIbHOC11i neperpY3KH y, paaHoH 3Ha'ieHHHM " ",
.

-3-....

. . - 125 ec- = 025.10 OM; UT(70)=napaMeTpbl THpHCTOpa TE253-1000. Tjrnax
-

, rr

o2.h-150' T. = 25 ec.= lIB napaMeTpbl CHCTeMbl OXJIa)I()J.eI-lHR C OXJIII1I.HTeJIeM . 0
e

'

R,h: = <> 135 eCIB1"; R,hj DC = 0,025 DCIBT; R'hjch = 0,005 eCIBT; R,hha = 0,08 CIBT.

n: xap TepH('"THKe nepexoAHoro ;ennOBoro CO OO
TH

OO e  1B(CM ,  )

C.

=3. or  'i:::z. = 0 002 eCIBT, ZT = 0,005 CIBT, Z1'H -, 1', L-l, , ,

7, =:: 0019 DClBT. 3Ha'ieHHJI nepeXOAHoro TennOBoro conpOTlmneHHJI OXJIIl1I.H-
L-lI,O),

,
.

60nee 1 C Kor"a TennOBOH nOTOK npOHHKaeT 'iepe3 KOH1"aKTTeJIR 3a BpeMR neperp}3KH ,...

" " ...II = 0015 eC/BT, ztlOO) = 0,055 eC/BT. C yqeTOM nepe-KOpnYC-OXJIIl1I.HTeJIb , L(lO) ,

""

a KO nyc" nonY'iHM'XOJ].HbIX TennOBblX conpOTHBJleHHH "KopnYC- XJIR1I.HTeJIb 11

 t;' if803 + 0 055 ,,;
Z(lO) = 0,025 + + 0,03 + 0,015 = 0,07 C/BT, Z(loo) -, , ,

0,11 DCIBT.
eHHJ\ nOJIy'iHM'no c1JopMyne 113 Ta6n. 3.4 npH 3a.D;aHHblX ycnOBHJlX OXJIa)I()J. .

1
IT(OV)'"

-

2rr

r.n;e x npHHHMaeT 3Ha'ieHHR 0; 0,2; 0,4; 0,6; 0,8 1I.JlR npe1I.BapHTeJIbHOH 3arpY3KH npH60pa.

110 H3BeclliOMY TOKY npeJ],BapHTeJIbHOH HarpY3KH OnpeJ],ellillOTCSI MOII.!-
HOCTb nOTepb H TeMnepaTYpa nonynpoBoMHKOBOH CTp)'KTypbl:

P7{.¥) = U7{TOV7{X) + 4 rr IhX) ;

Tj(X) = Ta + Rthja P7{X),

r.n;e UT(7O), r
T
-

napaMeTpbl annpoKcHMHpoBaHHoH BAX; To, R,hjo
- COOTBeTC1"BeHHO

TeMnepaTypa OXJIa)l()J.alOllteH cpe)J.b1 H YCTaHOBHBllleeCJI TennOBOe COnpOTHBJIeHHe "CTpYKTY-
pa-cpe.a.a", HaHAeHHaR no c1JopMyne (3.36).

JJ,aJlee, AIDl KpaTKOBpeMeHHbIX neperpY30K AJIHTeJIbHOCTblO B OJ],HH

nOJlynepHOJ], (10 MC) J],OnycmMaH neperpy3Ka MO)l(e-r 6blTb Ha eHaHCXO-
J],SI 113 J],OnYllIeHIDI, lITO nepeXOJ],HblH 1'enJIOBOH npouecc onpeJ],eJISIerCSl
nHlIIb 3K8HBaJleHTIIbIM IIMnYJIbCOM )UIHTeJIbIIOCTbIO t = 6 MC, a nepexolUloe
TeWlOBoe cOnpOTHBJleHHe paBHO Zr- 3a 3'£0 BpeWl TeMnepaTYpa CTpYKry-
pbl nOBLIIuaeTCSI J],O MaKCHMaJlbHO AonYCTHMoro 3Ha'leHIDI.
140

ITAVmu ""

2 -3 125 25
1 11,1

2
+4'1,73 . 0,25'10 0135 '

, ...500 A.

2. 1,73
2

. 0,25' 10-3

MO OCTbnon pbH TeMnepaTYPa HarpeBa npH npe)].BapHTeJIbHOH HarpY3Ke (0; 0,2; 0,6;

0,8) ITAVrnax cornaCHO c1JopMynaM (3.48) H (3.49), COOTBeTCTBeHHO:

P7{O) = 0;

P7{O,2)::: 1,1'0,2-500 + 1,73
2
'0,25'10-

3 (0,2'500)2 = 117,5 B1';
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P7(0,6) = 1,1'0,6'500 + 1,73
2
'0,25'10-

3 (0,6'500)2 = 397,5 BT;

PT(0,8) = 1,1'0,8'500 + 1,73
2
'°,25'10-

3 (0,8'500)2 = 560 BT;

1)(0)
= 25+0 = 25°C;

Tj(0,2) = 25+0,135-117,5 = 40,9 °C;

Tj(0,6) = 25+0,135.397,5 = 78,7 °C;

Tj(0,8) = 25+0,135.560 = 100,6 °C.

1'PY3   onb3YJltjJOPMYllLI (3.50) H (3.51), onpcJ(eJIJ1M 1I0nYC11lMLle aMWIHTY1J.b1 1'Oka nepe-

\

\ PHC. 3.16. 3aBHCHMOCTH MaKCHMam.HO 1I.0-

°.pYCTHMOH aMnIlHTY)J.b1 TOKa pa60'iei! nepe 
rpY3KH 01' )J,JlHTeJIbHOCTH nepel'Pyu<H

T6253 -1000

02't] -150

ITArmu=500A

O,21TArmm..

O,51TAVmmll

O,BIrAVm1u

2000

a
0.01 100 t,c.

AHaJIOrH'iHO paCC'iHTbmaroTCJJ aMIUIHTY1I.HLle 3Ha'ieHHJI TOKa neperpY3KH Jl1lR )UIHTeJIb-

HOCTeH f = 1,0 c, t = 10 c, t = 100 c. Pe3ynLTaTbl pac'ieTa CBe)(eHbl B Ta6n. 3.5 H

npeLICTaBneHbl Ha pHC. 3.16 (MacIllTa6 no OCH BpeMeHH
- norapHclJMH1feCKHH). neperpY30'i-

HLie XapaKTepHCTHKH CX01I.RTCR K TO'iKe, COOTBeTCTBYIO eHaMnnHTYAHOMY 3Ha'ieHHIO 1I0nyc-

TIiMOI"O cpeAHero TOKa x ITAHnax - 3,14' 500-1570 A.

V 112+4'025'1O-3 (125-25) 11

-

10)
, ,

0 002
'

T(OV)
- '

", 12100 A ;
2 . 0,25 . 10-

3

1,1
2
+ 4, 0,25' 10-

3

(12 , :,9+ 11,75 
- I 1000 A .

2 . 0,25 . 10-
3

'

Ta6nHlta 3.5

10,2) _

V
T(OV)

npeJmapHTem.HIUI Harp)'3Ka
JJ.onYCTHMIUI aMIUlIfI)'AIl TOKa neperp)'3KH, A, npH

.IlII\fTeJIbHOCTH neperp)'3KH, C

IT(x), A PT(x), aT 1j(x), cC 0,01 0,1 0,1 10 100
-

0 0 25 12100 7800 5200 2580 1840
--

100 117,5 40,9 11000 7260 4720 2400 1800

300 397,5 78,7 7600 5400 3400 2040 1700

400 560 100,6 5400 3560 2400 1800 1640

10,6)
_

V 1,1
2
+4' 0,25' 1O-3e2 , ;:,7+ 397,5) 

7{OV)
- 7600 A ;

2 . 0,25 . 10-
3

10,8) _

V 1,1
2
+ 4. 0,25' 10-3 (12    0,6+ 560) 

T(OV)
- 5400 A ;

2 . 0,25 . 10-
3 AHaJIH3 nOKa3a.IT, 'ITO neperpY30'IHCUI. cnoco6HOCTh CHJIOBblX nonynpo-

BOJUIHKOBblX npH6opOB orpaHH'IeHa HeCKOJIbKHMH ceKYH)].aMH.

)1,JIR t = 0,1 c:

V 1,1
2
+4'0,25 0 10-

3 125-25

 "_

-

6/20 - 0,01+(1 6120) 0,006-- O.ooS + 0,002)
- [,I

2 . 0,25 . 10-
3 - 7800 A.

3.6. rpynnOBOE COEAMHEHME nOl1ynpOBOAHMKOBblX nPM60POB

(0,2) V 1,1
2
+ 4. 0,25 . 10-

3

l1{OJ? -
125 -40,9 + 117,5' 0,01

0,3' 0,01 + 0,7' 0,006 0,005 + 0,002

2 . 0,25 . 10-
3

1,1

-7260A;

HepaBHOMepHOCTH paCnpeJl,eJIeHHH HarpY3KH npH rpynnoBoM COeJl,HHe-

HKH. nOCJle)].OBaTeJlbHOe H napaJIJIeJlhHOe COe)].JlHeHHe npH6opOB, npHMe-

lUIeMoe )J.JJJI YBemi'IeHIDI )].OnYCTHMblX 3Ha'leHHH TOKa H HanpH)I(eHIDI B

O)].HOH Benm MOl.1.(HOrO npe06pa30BaTeJUI HJlH annapaTa, Ha3blBaeTCJI

zpynn06bLM COe)].HHeHHeM. rpynnoBoe COeJI.HHeHHe HHOr)].a npHMeHJleTCH

TaK)I(e AJUl nOBbUlleHHJI HaJl,e)l(HOCTH npe06pa30BaTeneH, B KOTOpblX

BblXO)]. H3 CTpOJI OT)].eJlhHOrO npH60pa He )].OIDKeH HapyrnaTh pa60ThI BceH

YCTaHOBKH.HUlK 1I.aJIee.

142
143



1f3-3a TeXHDnDrH'leCKDrD pa36pDCa BDJIbT-aMnepHbIX XapaKTepHCTHK
npH napaIllIeJIbHDM CDe,lUmeHHH OTAenbHbIe npH6Dpbl neperpYiKalOTc 1
nO' TDKY, a npH nDCJleADBaTenbHDM nO' HanpRiKeHHIO. rIpH nap -
neJlbHOM CDe,rumeHHH, HanpHMep, ABYX )JJIDADB (PHC. 3.17, a) 'lepe3
AHDA VD1, HMeIOI.1.(HH 6Dnee Kpyryro npRM}'IO BeTab BAX (MeHbIllee
Jl.HHaMH'leCKDe CDnpDTHBJleHHe TT)' npH D6Il(eM npRMDM HanpHiKeHHH
uF npDTeKaeT TDK iJ, 6DJIbIlIHH, 'leM TDK i2 AHDM VD2 C nDJlDI'DH

npRMDH BeTabIO BAX. B cJlY'lae nocneADBaTeJlbHO'rD CDeAHHeHHR AH-
DADB VDl H VD2 (PHC. 3.17, 6), HMeIOIIlHX pa36pO'C D6paTHbix BeTBeH

BAX, npH npHJlDiKeHHH D6parnDro HanpHJKeHllil uR nO' QenH AHDADB

npDTeKaeT D6Il(HH D6paTHblH TDK iR. K Jl.HDJIY VDl C 6O'nee nDnDroH

D6paTHDH xapaI<TepHCTHKDH npHnDJKeHa 6dnbIlIaH ADJUI D6I.1.(ero 0'6-

paTHDI'D HanpRiKeHllil UR' paBHaH uRI' YBenH'leHHe pa36pDCa xapaK-
TepHCTHK yxy.ru..uaeT pa6DT)' AHDADB IIpH rpynnDBDM CO'eAHHeHHH.

YCIlO'BHH pa6DTbI eI.1.(e 6Dnee yxyroualOTCH npH rpynnDBDM CDe,rumeHHH

THPHCTO'pDB. B ,WmaMH'leCKHX peiKHMax npHJlDiKeHHH npRMDrD HanpHiKe-
HHH H3-3a pa36pDca BpeMeHH BO'CCTaHDBJleHHH 3anHparoIl(eH cnDCD6HDCTH
K THpHCTO'py C MeHbIllHM BpeMeHeM MO'iKeT npHI<JI8Jl.bIBaTbCR nDJIllOe Ha-

npHiKeHHe BceH u.enH, H THpHCTO'p MOiKeT caMDnpDH3BO'nbHD BKJll()'iaTbCR.

I1pH napa.rmeJIbHDM CO'e,rumeHHH ".mpHCTO'p, HMeIOI.1.(HH MeHbillee BpeMH
BKIUO'leHHH, BDcnpHHHMaeT BeCb TOK rnaBHDH l..{enH H MO'iKeT BblHTH H3

CTpOH H3-3a TenJlDBO'rD npD6oR.
 JIjID6ecnelfeHHR Ha.n:eiKHoH pa6an,1 nDnynpOBD,lUiHKO'BbIX npH6DpDB

npH rpynnDBDM CDeAHHeHHH, KaK npaBHnD, ADIDKHbI npHMeHRTbCH Mepbl
JI.]UI paBHDMepHDrD pacnpe)teneHHH TO'Ka npH naparrneJlbHO'M H mmpRiKe-
HHH npH nDCJleJ DBaTenbHO'MCO'eAHHeHHHX.

il) V/JI i, 0) V/JI V/J2

-i ;f F -,
 1

I
f)1
r

I:
UII 1

_Ie
UIIZ

:/L UF .1 UII

iF V02

V/JI
....

.::

U,

0 UF UF ill

PHe. 3.17. CXeMbl napanJIeJIbHOrO (a) H nocneJJ:OBaTeIlbHoro (6) COe1I.HHeHHH JJ;HO,D;OB H

COO1'BeTCTB}'IOIltHe HM rpa4JHKH HepaBHoMepHoCTH pacnpe)].elleHHR npJlMOrO TOKa H o6paT'
Moro Hanpjj)j(eHHli
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\ rIapaJIJlfJIbHOe COe,!UIHeHHe. npH napaJUlerrbHDM CDe,rumeHHH HeD6xD-

A\:fMD D6ecne'lHBaTb paBHO'MepHDe pacnpeAerreHHe npJlMDrD TDKa B CTaTH-

'le,\:KDM H nepeXD)lHbIX peiKHMaX. 3Ta 3aAa'la .u;DCTaTD'lHD npDCTO' peIlIa-

eTCH B AHD,lUibIX cxeMax, nDCKO'JlbKY xapaKTepHCTHKH npH6DpDB HMeIOT He

CJIHIlIKDM 6DllblUOH pa36pDC. 3Ha'lHTenbHD CnDJKHee peIllHTb ee npH HC-

nDnb3O'BaHHH TpaH3HCTO'pDB H THpHCTDpDB.

IICnDJIb3}'IOTCH .n;aa nym BbIpaBHHBaHllil TDKa npH napaJIJleJIhHDM CD-

eAHHeHHH: nDA6O'p npH6O'pDB D,lUiDro THna C DAHHaKDBblMH XapaKTepHC-

THKaMH H npUHYAHTerrbHOe AeJIeHHe TDKa C nOMDI.1.(bIO .n:DnDnHHTerrbHbIX

3neKTpDTeXHH'leCKHX YCTpOHCTB.
rIpDQeHTHDe BblpaiKeHHe He.u;DHcnDnb3O'BaHlUI HarpY3D'lHDH cnDCD6-

HDCTH erIn npH napaJIJleJIbHDM cO'e,rumeHHH H3-3a HepaBHDMepHDCTH

AeJleHllil TDKa DnpeAeJUleTCJI nO' il>DpMYJle

x - (1- a1 ax)100% , (3.52)

rlie 1- pe3YJIbmpy!oU(HH npJlMOH TOK napanJIeJIbHOrO COe1I.HHeHlU; a - 'iHCJIO napanJIeJIb-

HbIX npH60poB; Ima. - MaKCHMaJIbHO 1I0nYCTHMblH TOK OJJ;Horo npH60pa.

II3 BblpaJKeHIDI (3.52) MO'iKHD nDnY'lHTb MaKCHMaJIbHD .u;DnYCTHMbIH

TDK npH6Dpa npH 3a.n:aHHDH HepaBHO'MepHDCTH .n:eneHllil TDKa:

x%
lrnax - 1/(1- 100)

. (3.53)

06bI'lHO' ADnYCKaeTCR HeAO'HCnDnb3DBaHHe HarpY3D'lHDH cnDCD6HDCTH

He 6Dnee 10 %. IlpH 3TO'M B UrO'BblX npeD6pa3DBaTeJUlX npHMeHHIOT
cnDcO'6 nD.u;6Dpa npH6O'pO'B C p l36pO'CO'MHanpRiKeHHH He 6O'nee 0,02 B.

1JeM MeHbIlIe ADnYCTHMblH npO'l..{eHT CHHiKeHHH HarpY3D'lHDii cnDcD6-

HDCTH, TeM .n:DpO'iKe YCTaHDBKa, TaK KaK nD.u;6Dp npH6O'pDB C H.n:eHTH'lHbI-

MH xapaKTepHCTHKaMH D'leHb Tpy.n:O'eMO'K. YBenH'leHHe .u;O'nycTHMO'ii He.:

paBHO'MepHDCTH npHBO'AHT K 'lpe3MepHDMY 3aBblIlleHHIO yCTaHDBneHHO'H

MDIlIHDCTH npH6DpDB B rpynnO'BO'M CO'e,rumeHHH. I1D3TO'MY 'laCTO' BMeCTD

nDA6Dpa npH6O'pO'B npH6eralOT K npHHy,runenbHO'MY .n:eneHHIO TO'Ka.

ECJlH pa36pO'c 3Ha'leHHH TO'Ka He .u;DmKeH npeBDCxD,lI;HTb 10 %. I'D

cneJIYeT HcnDnb3DBaTb BHeIlIHHe .u;enHTenH TDKa. MDryr HCnDJIb3DBaTbCR

aKTHBHble H HH.u;yKTHBHble .u;enHTenH.

TIpHMeHeHMe aKTRBHblX .u;enHTeneH (PHC. 3.18, a) 3il>il>eKTHB D, HD
MDIlIHDCTb, Bbl,L],eJUlIOIlIaHCJI B HHX, MO'iKeT 6bITb 3Ha'lHTenbHDH. Ha-

npHMep, npH IF = 190 A, x = 10 %, IFJ = 100 A, In = 90 A,

UF/ = 1,6 B, Un = 1,7 B ypaBHeHHe paBHO'BeCHJI B l..{enH HMeeT

BH)1. U + 100R = 1,7 + 90R, DTKy.u;a R = 0,01 OM. MDIl(HDCTb

nOTepb B pe3HCTDpax PR
= 0,01(1002 + 902) = 181 BT.

nD3TO'MY B MDIl(HbIX npeO'6pa3O'Ba1'eJlHX 6DJIbllle pacnpO'cTpaHeH cnD-

cD6 AeJleHHH TDKa HH,U.YKTRBHbIMH .u;enHTenS!MH. KaK npaBHJlD, HHJIYKTHB-

HblH .u;enHTenb npe.u;CTaBJUleT cD6Dii TDpO'H.u;aJIbHbIH MarHHTDnpDBDA.

CKBD3b DKHD KDTO'pDro nponYIl(eHbJ TDKDBeA)'Il(He IlIHHbl TaKHM D6pa3DM,
IfTD6bI M,[I,C, C03.u;aBaeMbJe TDKaMH IF! H In (PRC. 3.18,6), AeH(:TBDBa.JIH

BCTpe'lHD. B nDJI,aBJUIIOIl(eM 6DJIbIlIHHCTBe cnY'laen npHMelUllOT DJI.HDBHT-
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oj 0) PHC. 3.18. CxeMLI BbipaBHHBaHllil npJlMblX
1'OKOB npH napaJIJIeJIbHOM BKJIIO'ieHHH non)'-

npOBo1I.HHKOBbIX npH60poBR

IF1J 1Ft!VDZ VDZ

KOBbIe .n:eJIHTeJIH - HaH60JIee npOCTbIe no CBoeH KOHCTp}'KQHH. ECJIH TOKH
IFl H IF2 paBHbI, TO pe3YJIbTHpYIDII..\HH MarHHTIlbIH nOTOK B cep.n:e<lHHKe
paBeH HYJIIO, H Y'IHThIBaeTCR TOJIbKO aKTHBHoe conpOTHBJIeHHe. ECJIH )f(e
TOKH I'a3JIH'iHbI, TO B03HHKaeT HeCKOMneHCHpOBaHHbIH MarHHTHbIH

nOTOK, BbI3bIBaIOIl(HH KOMneHCHpYIDII..\YID 3)J.C B 06MOTKax .n:poccelliI,
npHBO)J)lll..\YIO K BbIpaBHHBaHHIO TOKOB. B HHJJ:YKTHBHbIX .n:eJIHTeIliIX nOTe-

pH He3Ha'IHTerrbHbI, HO YCJIO)f(HeHa KOHCTp}'KUHH npe06pa30BaTelliI.
HH,1J.}'KTHBHble .n:eJIHTeJIH npH 'IHCJIe napaJIJIerrbHbIX npH60pOB 60JIee

JJ:BYX MorYT BKJIIO'IaThCR no pa3HbIM cxeMaM [27]: B 3aMKHyryIO Qenb, C

3a,n;aIOIl(HM npH60poM, C 0611..\HM BHTKOM.

C Y<J:eTOM TOro <J:TO cnoc06 no.n:60pa npH60pOB Tpy.n:OeMOK, aKTHBHbie

.n:eJIHTeJlH He 3KOHOMH<J:HbI, a HHJJ:YKTHBHbie rpOM03,l.(KH. llPH KOHCTpYHpO-
BaHHH npe06pa30BaTelliI 3a,n;a<J:Y AeJIeHHH TOKa pelllaIOT Ha OCHOBe TeXHH-

KO-3KOHOMH<J:ecKoro 060CHOBaHHH ,nIDI KOHKpeTHbIX YCJIOBHH.
nOCJIe.n:OBaTeJILHOe coe.n:HHeHHe. llpHMeHeHHe nocrre.n:OBaTeJlbH01'O CO-

e.II.HHeHlliI npH60pOB 31}JI}JeKTHBHO, eCJIH ycnelllHo pelllaeTCH 3a,n;a<J:a paB-
HOMepHoro .n:erreHlliI 06paTIIOro H npHMoro (.n:rrH THpHCTOpOB H TpaH3HC-

TOpOB) HanpR)f(eHHH B CTaTH'IeCKOM H .II.HHaMH<J:eCKOM pe)f(HMax. H3-3a
pa36poca 3Ha<J:eHHH 06paTHbiX TOKOB H TOKOB }'Te'lKH, 3Ha<J:eHHH npRM01'O

HanpH)f(eHHR B npOBO)J)lIl(eM COCTOHHHH, eMKOCTeH p-n-nepexo.n:OB, Bpe-
MeHH 3a,n;ep)KJ(H BKJIIO<J:eHHH H BpeMeHH BblK1IIO'IeHlliI OT.n:eJIbHbIX npH60-
pOB 3TO YCJIOBHe He BbInOJIHJleTCR. ll03TOMY npH nocrre.n:OBaTeJIbHOM CO-

e,lUUleHHH npHHHMaIOT MepbI, 06ecne<J:HBaIOIl(He paBHOMepHoe .n:eJleHHe
HanpR)f(eHHH.

 JIjIBbIpaBHHBaHHR HanpH)f(eHlliI npHMeHIDOT no.n:60p npH60pOB OJJ:HO-
1'0 KJlacca C 6JIH3KHMH 3Ha<J:eHHRMH 06paTHbIX TOKOB H TOKOB }'Te'lKH HJIH

YCTaHaBJIHBaIOT Cnel.{Ma.ITbHbIe .n:errHTeJIH H cxeMbI ynpaBJleHlliI THpHCTopa-
MH H TpaH3HCTOpaMH.

B Ka<J:eCTBe BbIpaBHHBaIOIl(HX ycrpOHCTB HCnOJIb3YIOT (pHC. 3.19): B

CTaTM<J:eCKMX pe)f(HMaX
- aKTHBHbIe .n:eJIHTeJIH R (PHC. 3.19, a), B nepexo.n:-

HbIX pe)f(HMaX - aKTHBHO-eMKOCTHbIe .n:eJIHTeJIH (RC-QenH) (PHC. 3.19,6),
eMKOCTHbIe .n:eJIHTeJIH C, KOM6HHHpOBaHHbIe .n:eJIHTeJIH C .II.Ho.n:aMH (RCD-
QenH) (PHC. 3.19, 6).

llpHMeHeHHe aKTHBHbIX .n:eJIHTerreH R COnpOBO>KJJ:aeTCH nOTepRMH
3Hep1'HH, 3Ha<J:eHHe KOTOpOH YBeJIH<J:HBaeTCR C YMeHbllleHHeM conpOTMB-
JIeHHH pe3HCTopOB. ll03TOMY CTpeMJlTCSI YCTaHOBMTh pe3HCTopbI C MaKCH-
Ma.ITbHO B03MO)l(HbiM conpOTIIBJIeHHeM, npH KOTOpOM pa36poc HanpR)f(e-
HMH He npeBbIlllaeT .n:onYCTHMbIX rpaHHI.{. B nOCJle.n:OBaTeJIbHOH I..{enH
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Puc. 3.19. CxeMbl ue-

neH, BbJpaBHHBaIO-

lltHX HanpR)J(eHHe B

craTH'leCKOM H AHHa-

MH'IeCKOM pe)J(HMax

npH nOCJIe)J.OBaTenb-

HOM COe1I.HHeHHH no-

nynpoBo,I],HHKOBL!X

npH60poB

a)

R

caMoe 60JIblllOe HanpH)I(eHHe BocnpHHHMaeT npH60p, 06JIa,n;aIOII..\HH HaM-

60JIbUIHM BHyrpeHHHM conpOTHBJleHHeM. Ero 06paTHbIH TOK HrrH TOK

}'Te'lKH HaHMeHblllHH.
B CJIY<J:ae npHMeHeHlliI THpHCTOpOB nOCJIe.n:OBaTeJIbHO C KOH,1J.eHCaTOpa-

MH BKJIIO<J:aeTCJI HH3KOOMHbIH (npHMepHO HeCKOJIbKO .n:eCHTKOB OM) pe3HC-

TOp (PHC. 3.19, 6). Pe3HCTOp CJIY)I(HT ,nIDI orpaHH<J:eHHJI TOKa pa3pJl):(a

KOH,1J.eHCaTOpa <J:epe3 BKJIIO<J:UBlllHHCR THpHCTOp. )J;1liI THpHCTOpOB H '!paH-

3HCTOpOB HCnOJIb3YeTCR RCD-uenb (PHC. 3.19, 6), 06ecne<J:HBaIOlI..\aJI paB-

HOMepHoe .n:eJIeHHe 06parnoro HanpH)I(eHlliI KaK RC-uenL, a npRMoro
-

KaK eMKOCTHbIH .n:eJIHTeJIb. TaKaH Qenb, KpOMe I}JYHKQHH .n:eJIHTeIDI, 06ec-

ne<J:HBaeT CHH)I(eHHe CKOpOCTII npHJIO)l(eHHH npRMoro HanpH)I(eHlliI duIfdt.
napaJIJIeJILHo-nOCJIe.n:OBaTeJILHOe coe.n:HHeHHe. Taxoe COe.II.HHeHHe npH-

MeHHeTCR B MOIl(HbIX BbICOKOBOJlbTHblX norrynpOBo.n:HHKOBbIX npe06pa30-
BaTeJIbHbiX annapaTax. B03MO)l(}Ibi COe.II.HHeHHR npH60pOB JJ:BYMJI pa3JIH<J:-

HbIMH cnoc06aMH: napaJIJIeJIbHOe coe.n:HHeHHe a caMOCTOHTerrbHbiX BeT-

BeH, Ka aJlH3 KOTOpbIX CO.n:ep)l(HT S nocrre.n:OBaTeJIbHbIX npH60pOB (PHC.
3.20, a); nocrre.n:OBaTeJlbHOe coeromeHHe s caMOCTOSlTeJIbHbiX pJl):(OB, Ka)l(-

,[(bIH H3 KOTOpbIX COCTOHT H3 a napa.ITJIeJIbHblX npH60poB (PHC. 3.20, 6).

PuC. 3.20. CxeMLI nocne)J.oBaTeJIbHO-napanJleJIbHOrO coe1I.HHeHHR nonynpoB01I.HHKOBblX

AHOliOB
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nepBblH cnoc06 OCHOBaH Ha

KrraCCH'leCKOH cxeMe nOCTpoeHHR
nOCrre.D:OBaTeJlhHOH l.{enH C YCTpOH-
CTBaMH npHHY.D:HTeJlbHOro )J;eJIeHllil
HanpR)I(eHHH ,n;IDI Ka)l(,I(OH H3 na-

paJ/JrerrbHblX BeTBeH. BeTIm MorYT
6blTb BKJUO'leHbl napaJIJIeJThHO 6e3
)J;onorrHHTeJlbHblX YCTpOHCTB )J;eJIe-
HHR TOKa, eCJlH npH S > 2 pa36poc
no pe3yrrbTHpYIOI.QeMY npRMOMY
HanpH)I(eHHIO Bcex BeTBeH B )J;onyc-
THMblX npe)J;eJlax. TaKOH nO)J;60p
npH60pOB He npe.u;CTaBJIJleT CJIO)l(-

HOCTH. 3'1'0'1' cnoc06 OTrrH'laeTCH

MHoro:meMeHTHOCTblO YCTpOHCTB
)J;erreHHR HanpH)I(eHllil.

BTOPOH cnoc06 OCHOBaH Ha KJlaCCH'leCKOH cxeMe COe.D:HHeHllil npH60-
pOB C YClpOHCTBaMH .D:eJIeHlUI TOKa (HH.u;yKTHBHble .D:eJIHTeJlH H)J.) ,n;IDI
Ka)l(,I(OI'O H3 nOCrre.D:OBaTerrbHblX pR.u;OB. PR)U>I Me)l(,I(j' C060H COe.D:HIUlIOTCH
nOCrre.D:OBaTerrbHO C HCnOJIb30BaHHeM 06J.,UHX Ha Ka)l(,I(bIH pR.u; YCTpOHCTB
npHHY.D:HTeJlbHOrO )J;erreHllil HanpR)I(eHHR. B 3TOM cnoc06e YCTpOHCTBa
Jl.eJleHHR TOKa rpOM03,lJ,KH.

B peaJlbHblX cxeMax npe06pa30BaTerreH nOMO'lTHTerrblla cxeMa rpyn-
nOBoro coeJUUleHllil norrynpOBo,l(HHKOBbIX npH60pOB (pHC. 3.21). B 3TOH
cxeMe BeTBH npe06pa30BaTerrbHblx .D:HO)J;OB 06'be.D:HHeHbl Me)l(,I(j' C060H
HH3KOOMHbIMH pe3HCTopaMH CBR3H R conpOTHBJleHHeM 0,5--0,8 OM. npH
TaKOM COe.D:HHeHHH )J;onYCTHMbl npHMeHellHe 06I.QHX ,WllI Ka)l(,I(OrO pSl)l;a
YCTpOHCTB )J;erreHllil HanpR)I(eHHR H OTKa3 OT YCTpOHCTB .D:eJIeHHH TOKa

6rraro)J;apH BblpaBHHBaHHIO npHMoro HanpH)I(eHHR npH 'lHCJIe pR.u;OB 60JIee

)J;BYX. rpynnoBoe COe.D:HHeHHe B .D:aHHOH cxeMe KOHCTp}'KTHBHO He CJIO)l(HO
H 06eCne'lHBaeT )J;OCTaTO'lHO nOJIHOe HCnOJIb30BaHHe npH60pOB no TOKy
H no HanpH)I(eHHIO.

Z

BemlJlJ
J

Puc. 3.21. CxeMa rpynnoBoro COe1I.HHeHWl

nOJIynpOBO,I],HI1KOBbIX AHOliOB

3.7. 1.{EnH Cl>OPMHPOBAHHSI PA50"lEH TO"lKH

BJlHHHHe xapaKTepa HarpY3KH Ha lpaeKTopHw pa60'leii TO'lKH nOJlynpo-
BO)J;HHKoBom npH60pa. CHJIOBble nOJlynpOBO,l(HHKoBble npH60pbl C xapaK-
TepHcTHKOH KJUO'la HMelOT BKJUO'leHHOe H BbIKJIIO'leHHOe OCHOBHble COCTO-

HHHR. rIepexo):{ H3 o,l(Horo COCTORHHH B APyroe npOHCXO.D:HT 3a KOpOTI<HH
npOMe}/(YToK BpeMeHH, KaK npaBHJIO, HecOH3MepHMblH C nepHoAoM nepe 
KJIIO'leHHH. TeM He MeHee, npOl..{eCCbl nepeKJIIO'leHHR CYl.QeCTBeHHO BrrHRlOT

Ha 06ll(He nOTepH 3HeprHH (CM. n. 3.1), a TaK}/(e Ha Ha,n:e)l(HOCTb pa60ThI
npH6opOB.
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npH BKJIlO'lCHHOM COCTOHHHH npHMoe HanpH)I(eHHe npH60pa MHHH-

MaJIbHO, a TOK onpe)J;eIDIeTCR napaMeTpaMH BHelUHeH cxeMbl. B BbIKJllO-

'leHHOM COCTOHHHH TOK npH60pa MHHHMaJIeH H onpe)J;eIDIeTCH ero BHyr-

peHHHM conpOTHBJIeHHeM, a HanpR)I(eHHe 3au.aeTCH HCTO'lHHKOM nHTaHHR.

B npouecce nepeKJUO'leHllil HanpH)I(eHHe H TOK npH60pa o)J;HoBpeMeHHo
H3MelUllOTCH BO B3aHMonpOTHBOnOrrO)I(HblX H3MepeHllilx. B nepexo}I.HoM

npouecce npH60p HaXO.D:HTCH onpe)J;erreHHoe BpeMR B COCTOHHH" C BbICO-

KHM HanpH)I(eHHeM H 3Ha'lHTerrbHb1M npRMblM TOKOM. 3T0 Bbl3bIBaeT 60JIb-

lUHe MOI.QHOCTH norepb. EcrrH BpeMR nepeKJllO'leHlUI He JIHMHTHpOBaHO,

TO AOIDI MOJ.,UHOCTH nOTepb npH nepeKJUO'leHHH B 06I.QeH MOI.QHOCTH no-

Tepb MO)l(eT CTaTb 3Ha'lHTeJILHOH.

MrHOBeHHble 3Ha'leHllil TOKa H HanpR}/(eHIUI npH60pa, XapaKTepH3yro-
I.QHe ero COCTORHHe B Ka)l(,I(blH MOMeHT BpeMeHH B mo60M H3 OCHOBHblX

COCTORHHH HrrH COCTORHHH B npouecce nepeKJUO'leHllil, onpe.u;eJUlIOT nOJIO-

)l(eHHe pa60'leH TO'lKH Ha rmOCKOCTH BOJIbT-aMnepHblX XapaKTepHCTHK.

nOcrreAOBaTeJlbHblH nepexo)J; BO BpeMeHH OT O,l(HOH pa60'leH TO'lKH K

)J;pyrOH Ol.\eHHBaeTCH mpaeKmopueu pa6o'leu mO'IKU.

TpaeKTopllil pa60'leH TO'lKH 3aBHCHT OT napaMeTpoB BHelUHeH no

OTHOlUeHHIO K cnn 3rreKTpH'leCKOH cxeMbl, a ,n;IDI ynpaBJUleMblX npH60-

pOB (THpHCTOpbl, TpaH3HCTopbl) TaK)I(e H OT napaMeTpOB CHrHaJIOB ynpaB-

rreHHR.

CHJlOBble nOJlynpOBO)J;HHKOBble npH60pbl HCnOJIb3YlOTCR ,WllI ynpaBrre-
HHR TOKOM H HanpR)I(eHHeM B l.{enHX, HMelOl.QHX HH.IJYKTHBHbIH, aKTHBHblM
HrrH CrrO)l(HblH xapaKTep. HHAj'KTHBHOH HarpY3KOM HBIDIIOTCR TpaHcl}Jop-

MaTopbl, correHOH)U>1 H perre H3-3a HIm}'KTHBHOCTeH pacceRHlUI. AKTHBHaJl

HarpY3Ka C03)J;aeTCH HarpeBaTeJlbHbIMH 3rreMeHTaMH H J1aMnaMH HaKaJIH-

BaHllil. EMKOCTHOH xapaKTep HarpY3KH HMelOT KOHJl.eHCaTOpbl, moMHHe-

Cl.\eHTHble J1aMnbl. Oc06eHHOCTRMH HeKOTopblX HarpY30K (3JIeKTpOABHra-
TeJIeH, TpaHcl}JopMaTopOB, mlMn HaKaJIHBaHHH, cxeM 1}J0pMHpOBaHllil HM-

nYJIbCOB) RBIDIIOTCH 60rrblliHe TOKH B nepeXO}I.HblX pe)l(HMax. HanpHMep,
J1aMnbl HaKaJIHBaHllil, RBIDIRCb aKTHBHOH HarpY3KOH, HMelOT B 12-18 pa3
MeHblUee conpoTHBrreHHe B XOrrO,l(HOM COCTORHHH, 'leM B HarpeTOM. JIIO-

MHHeCl.\eHTHble J1aMnbl TO)l(e HMelOT 60JIblliOH nepeXO}I.HblH TOR.

B CHrrOBbIX npH60pax I}JHJlbTpbI TOKa H HanpH)I(eHHR, a crre.u;OBaTeJIbHO

HMnYJlbCHaJi (MrHOBeHHaJi) MOJ.,UHOCTh nOTepb B nepeXO,l(HblX pe)l(HMaX H

TpaeKTopllil pa60'leM TO'lKH norrynpOBO,l(HHKOBbIX npH60pOB 3aBHCHT OT

xapaKTepa HarpY3KH (PHC. 3.22). Ha pHC. 3.22 nOKa3aHa 06rracTh MaKCH-

MaJIbHblX pe)l(HMOB (OMP),n;IDI 6HnoIDIpHoro TpaH3HCTopa. Macurra6 no

OCRM JIOrapHI}JMH'leCKHH. npH aKTHBHOH HarpY3Ke (PHC. 3.22, a) TpaeKTo-

pHH pa60'leii TO'lKH npH BKJUO'leHHH H BbIKJllO'leHHH COBna.u;aIOT. B Bbl-

KJUO'leHHOM COCTOHHHH U
ce

= Us' r)J;e Us - HanpR)I(eHHe HCTO'lHHKa

nHTaHllil, a 80 BKJllO'leHHOM COCTORHHH TOK [max = UjR, r)J;e R - conpo-

THBJIeHHe HarpY3KH. TpaeKTopllil pa60'leH TO'lKH (TP1) MO)l(eT nepece-

KaTb rpaHHl.\bl CTaTH'ieCKOH OMP. npH 3TOM MaKCHMaJIbHble napaMeTpbl

TpaH3HCTopa I HUB CTaTH'leCKOM pe)I(HMe He npeBbllUalOTCR. OCHOB-
C1 CeT .
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CmamU'IeCHaR OMP
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PHC. 3.22. BOnb1'-aMnepHble xapaKTepHCTHKH H TpaeKTOpHH pa60'leH TO'iKH 6HnOJIRpHOrO
TpaH3HCTOpa npH aKTHBHOH H HIUlYKTHBHOH HarpY3Ke

HhlM orpaHH'iHBalOll{HM il>aKTopoM RBJUIeTCH HarpeB H AIm npaBHJIbHOrO

npOeKTHpOBaHHR TenJIOOTBOAa He06xo,lJ,HMO YMeTb paCCIJHTblBaTb ,lJ,HHa-
MH'ieCKHe nOTepH MOll{HOCTH.

IlpH pa3MbIKaHHH QenH C HHlfj'KTHBHOH HarpY3KOH B03HHKalOT nepe-
HanpH)f(eHHR U = Ldi/dt, KOTopble MorYT BbIBeCTH TpaH3HCTOp H3 CTpOR.

He06xo,lJ,HMO OrpaHH'lHBaTl nepeHanpR)I(eHHH B QellH (PHC. 3.23). IlpH
Bb 'ieHHHTpaH3HCTopa VT (pHC. 3.23, a) TOK Ic 6b1cTpo y6bIBaeT, a

TOK I,lJ,HOAa VDl HapaCTaeT. Ha KOJlJleKTOpe BOCCTaHaBJIHBaereR nOJIHoe

HanpH)f(eHHe Us npH 60JIbmOM TOKe KOJlJleKTopa. IlpH BIillIO'leHHH TpaH-

3HCTopa KOJlJleKTOpUbIH TOK 3UaIJHTeJlbHO npeBbImaeT YCTaUOBHBmeeCR

3HaIJeHHe BCJIe)1,CTBHe 06panlOro TOKa ,lJ,HOAa VDl B Te'ieHHe BpeMeHH

BbIKJIIO'ieHHH. B pe3YJlbTaTe TPT (pHC. 3.22, 6) paJJIHIJHbl Ha HHTepBaJIax
BIillIOlJeHHR H BbIKJIIOlJeHIDI TpaH3HCTopa. MaKCHMaJIbHaJI MOll{HOCTh no-

Tepb npH BKJIIOlJeHHH onpeAeJUleTCR TO'iKOH B, a npH BbIKJIIOlJeHHH TOIJ-
KOH p. 1-13 cpaBHeHHR pe)l(HMOB, cJIeA)'eT, 1]1'0 MrHOBeHHaJi MOll{HOCTh

nOTepb, BbI.!l:eJUlIOll{HXCR B TpaH3HCTope npH HH)J.YKTHBHOH HarpY3Ke
60JIbUIe, lJeM npH aKTHDHOH HarpY3Ke. Ha pHC. 2.23, 6 nOKaJaH BapHaH;
mYHTHpoBaHlUl TpaH3HCTopa ,lJ,HOAOM, Ha pHC. 2.23, 6 - mYHTHpOBaHHe
HarpY3KH RLL RC-Qenblo.
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PUC. 3.23. CxeMbl orpaHH'ieHHH aMn1Il1TY1J.b1 HanpR)J(eHHR Ha KD:meKTOpe TpaH3HCTopa npH

HII.!I,yKTHBHOH HarpY3Ke
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YnpaBJIeHHe CHJlOBLIMH TpaH3HCTOpaMH. B cxeMe ynpaBJIeHHR nO,Iq)a3Y-
MeBaeTCH KOMnpOMHCc Me)(()J.)' MaTepHaJIbHbIMH 3aTpaTaMH H TeXHHlJeCKH-

MH Tpe60BaHIDIMH. OnTHMaJIbHO cnpoeKTMpOBaHHaJi cxeMa ynpaBJleHHR

nOBbIUIaeT Ha,n:e>KHOCTh CHCTeMbI, Bo-nepBblx, 6JIarOAapR MHHHMH3aQHH

BpeMeHH nepeKJIIOlJeHHR H MOll{HOCTH nOTepb H, BO-BTOpbIX, H3-3a pa60-
Tbl TpaH3HCTopa B AonyCTHMoH 06JIaCTH MaKCHMaJIbHblX pe)l(HMOB.

PaCCMOTpHM ynpaBJUIIOll{He cxeMbl AJUI MOll{HblX MOIl-TpaH3HCTopOB

(PHC. 3.24). TeOpeTHlJeCKH lJepe3 BBOA 3aTBopa MOil-TpaH3HCTOpa HeT

HHKaKoro TOKa, eCJIH K HeMY npHJIO)f(eHO nOCTORHHoe HanpR)f(eHHe, <fIaK-
TH'ieCKH )l(e TaM npOTeKalOT TOK 3aTBOpa, He06xo,lJ,HMbIH ,n;IDI 3apMa

BXO)I.HOH eMKOCTH npH60pa, H TOK yre'iKH, paBHblH npHMepHO HeCKOJIb-

KHM HaHoaMnepaM. EMKOCTh "3aTBOp--cTOK" B 3Ha'iHTeJIbHOH Mepe onpe-

AeJUIeTCR 3il>il>eKToM MHIDIepa. BpeMR YMeHbUIeHlliI HJIH B03paCTaHlliI TOKa

CTOKa onpeAeJUIeTCH, rJlaBHblM 06PaJOM, BpeMeHeM cnaAa HJlH HapaCTa-
HIDI HanpR)I(eHlliI 3aTBOpa, KOTopoe 3aBHCHT OT BXO,lI,HOH eMKOCTH.

EblCTpOe nepeKJIIOlJeHHe TpaH3HCTopa VT (pHC. 3.24, a) AOCTHI"aeTCR

YCHJleHHeM TOKa BXO)I.HOH MHKpocxeMbl C nOMOll{blO JJ;BYXTaKTHOrO 3MHT-

TepHoro nOBTOpHTeJUI Ha p-n-p- H n-p-n-TpaH3HCTopax. YCHJleHHe

TOKa 6HnOJUIpHblMH TpaH3HCTOpaMH YCKopReT nepe3apH)J. BXOJI.HOH eMKOC-
TH CHJIOBOro MOil-TpaH3HCTopa VT.

YnpaBJleHHe CHJIOBblM MOil-TpaH3HCTopOM C nOMOl..1.(blO MMnYJIbCHOrO

TpaHcil>opMaTopa (PHC. 3.24, 6) AOCTHraeTCR npH nOJIO)f(HTeJlbHOM MM-

nYJIbce ynpaBJleHlliI 3apH)J.oM BXOJI.HOH eMKOCTH 'iepe3 BHyrpeHHMH napa-

3HTHblH ,lJ,HOA (QenL ,lJ,Ho.na nOKa3aHa UITpHXOBOH JIHHHeH) MOll-TpaH3Hc-
Topa VT1, OTllHpaHHeM 3TOro TpaH3HCTopa H paJpH)J,OM BXO)I.HOH eMKOCTH

npH oTpHQaTeJIbHOM HMnYJlbCe ynpaBJleHlliI. CHJlOBOH TpaH3HCTop VT

npH 3TOM BKJIIO'iaeTCR H BblKJIIOlJaeTCR C YMeHbmeHHblM BpeMeHeM nepe-
KJIIO'ieHHR .no HeCKOJIbKHX )J,eCRTKOB HaHoceK}'H)J..

3HeprHR, 3aTpa'iHBaeMaJI Ha BKJIIOlJeHHe HJIH BblKJIlO'ieHHe,

E = O,5QgUgs, (3.54)

l"1I.e Qg - 3apH.D: 3aTBOpa, COOTBeTCTByJO HHBKJIIO'IaIOllteMY HanpH)J(eHHIO 3aTBOpa Jl1lR

,AaHHOrO HanpR)J(eHllil "CTOK-HCTOK" B BblKJIIO'ieHHOM COCTOHHHH H. MaKCHMaJIbHOMY 3Ha'ie-

HHIO TOKa CTOKa BO BKJIIO'ieHHOM COCTORHHH.

 )

R1

BKAlOl/eHUe
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PHC. 3.24. YnpaBJIJllOU(He cxeMbl Jl1lR MOn-TpaH3HCTOpa
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MOIl..\HOCTh, 3aTpa'IHBaeMaH Ha nepeKJIlO'leHHe,

P = QgUg.r. (3.55)

I",!:(e f'- 'iaCTOTa nepeKIIIO'ieHHH.

Cpe,r(HHH TOK 3aTBOpa

Ig = Qgltt, (3.56)

I",l.\e It - 1'pe6yeMoe BpeMJI nepeKJIIO'ieHHH.

COnpOTHBJIeHHe pe3HCTOpa B l.\enH 3aTBOpa

R Ugstt
g-

Qg
. (3.57)

,lJ.JliI CHJIOBbIX 6HnOlliIpHbIX TpaH3HCTOpOB Tpe6YeTCH 60JIbIllOH 6a3o-

SbIM TOK ,l1)UI nO,1I,! ep>KaHHHTOKa KOJUIeKTOpa. B pe>KHMe OTCe'lKH He06-

X0J.?iMO 06eCne'iUTb MHHHMaJIbHbIH TOK y-re'iKH KOJUIeKTOpa. llpH H.D:eaJIb-

HOU 1}J0pMe 6a30BOrO TOKa TpaH3HCTOpa, pa60TaIOIl..\eI'O B KJIIO'ieBOM pe-
>KHMe (pHC. 3.25) 06eCne'iHBaeTCH: MHHHMH3au.UH BpeMeHH 3a,u.ep>KKH
BKIIIO'ieHUH H3-3a 60JIbIllOH Ha'IaJIbHOH aMIlJIH1yro.I TOKa; peaJIH3al.\HH

pe ManHTaHHH l.\enH 6a3bl OT HCTO'IHHKa ynpaBJlemul C XapaKTepHCTH-
KOH HCTO'IHHKa TOKa; nOCJIe 3aBepIlleHHH :n'ana BKJIIO'ieHHOrO COCTORHHH

YMeHbllIeHHe HaKonHBIllerocH 3apJl).l.a B 6a3e 6JIamJJ;apR 3anupaIOIlleMY

TOKY 6a3bI, MHHHMH3al(UH BpeMeHH cna,u.a TOKa KOJUIeKTOpa, paccacblBa-
HHR 3apH.n:a H YMeHbIlleHHe BpeMeHH BbIKJUO'ieHHR. 3rreKTpoJU>1 6a3bl H

JMHTTepa TpaH3HCTopa HY>KHO COe,nHHHTb pe3HcTopOM conpoTHBrreHHeM
MeHee 10 OM JLJliI CHH>KeHllil HanpH)KemUI Me>KJJ:Y KOJUIeKTOpOM H JMHTre-

pOM. llocrre 3anHpaHHH TpaH3HCTopa 06paTiIOe HanpH>KeHHe Ube yaeJlH'iH-

BaeT J(onYCTHMoe KOJUIeKTOpHOe HanpH)KeHHe.

B cxeMe ynpaBrreHHH 6HnolliIpHbIM TpaH3HCTOpOM (puc. 3.26, a) BXOJJ;-

Hoii TpaH3HcTop p--n-p-THna VI1 o6eCne'iHBaeT CBH3b C OTKpbITbIM

KOJUIeKTOpOM TIJI, 01' KOTOpOro nocTynalOT HMnyrrbcbI ynpaBrreHuR

Lf

3

2

1

o

-1

-2

-3

B/iIfIO'IeHUf

/6f

. I.
fl6//(IIIO'IfHUe

. I.-

5MKC
I..

t,MICC

PHC. 3.25. H:MriyntCblTOKa
6a1bl H HanpJl)J(eHYJI "6aJa-

JMHTTep" 6HnOJlJ'!pHoro

TpaH3HCTopa
I,r
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PHC. 3.26. CXeMLI ynpaBJle 
HHSI 6HnOJIRpHbIM IpaH3Hc 

TOpOM

VT Jl.

6)

Urn

Uimax' ,lJ.mI YCKopeHHH BbIKrno'ieHHH CHJlOBOrO TpaH3HCTopa VT 'iaCTO

HCnOJIb3YeTCR HCTO'IHHK 3anHpaIOIl..\erO CMel1(eHHH, T.e. 'iepe3 pe3HCTOp R

nOJJ;aCTCH Ha 6a3Y OTpHl.\a1'errbHOe HanpH>KeHHe OTHOCHTerrbHO JMHTTepa.

,lJ.mI YMeHbIllemUI pacceHBaeMOH MOIl..\HOCTH B cxeMe ynpaBrreHlliI

MOryr Hcnorrb30BaTbCR KOMnrreMeHTapHbIe (JJ;OnOJIHJllOIllue) TpaH3HCTO-

pbI VTl, V12 (pHC. 3.26, 6). ECJIH TpaH3HcTOp VTl HaCbIll..\eH, TO

VT npOBO,nHT TOK. TpaH3HCTOp VT3 npH JTOM 3anepT, TaK KaK ero

JMHTTep HMeeT 60nee OTpHI(aTerrbHbIH nOTeHl.\HaJI OTHOCHTeJlbHO 6a3bI.

KOll)];eHCaTOp 3apJl>KaeTCR 6a30BLIM TOKOM CHJIOBOrO TpaH3HCTopa VT,

06eCne'iHBCUI ero YCKopeHHoe 3anHpaHHe. llocrre 3anHpaHHH VTl H

VT2, TpaH3HCTOp VT3 TaK>Ke 3anHpaeTCH nOJJ; JJ;eHCTBHeM HanpR>KeHHR

KOll)];eHCaTOpa C, KOTOpbIH, pa3pR>KCUICb, 06eCne'iHBaeT 3anHpaIOIl..\HH

6a30Bb1H TOK TpaH3HC1'Opa VT.

CxeMbl ynpaBrreHlliI cnoco6CTBYlOT yMeHbIlleHHIO nOTepb Ha nepeKJllO-

'IeHHe, HO OHU He peIllaIOT B03HHKalOIllHX np06rreM npH nepeKJIIO'ieHHH

TpaH3HCTopOB. ,lJ.mI peIlleHHH JijJyrHx 3aJJ;a'I npeJ.(yCMaTpHBaIOTCR l.\enH

1}J0pMHpoBaHlliI TpaeKTopHH pa6o'Ieii TO'iKH TpaH3HCTopa. rJlaBHbIMH 3a-

.na'iaMH, pelliaeMbIMH JTHMH l.\enSlMH, JlBlliIlOTCR JJ;aJIbHeHIllee CHH>KeHHe

BblJI.elliIIOIlleHCR B CHJIOBblX TpaH3HCTopax MOIl..\HOCTH, npeJJ;OTBpameHHe

BcnrreCKOB TOKa H HanpR>KeHHH, a crre.nOBaTenbHO CHH»:eHHe BepORTHOCTH

BTOpH'lllOro np060R.
,lJ.mI 1}J0pMHpOBaHlliI TpaeKTOpHH pa60'ieii TO'lKH npH BblKJIIO'ieHHH

TpaH3HCTopa C l.\eJIblO YMeHbIlleHHSI CKOpOCTH HapaCTaHHJI KOJUIeKTOpHoro

HanpJl>KeHlliI Jl}Jl}JeKTHBHO BKJIlO'iaTb napaJIJIeJIbHO TpaH3HCToPy KOll)];eH-

caTop C. TOK KOJUIeKTOpa 3Ha'iHTeJIbHO cHIDKaeTcH, npe)l(Jl.e 'ieM HanpR-

>KeHHe Ha'iHHaeT Hapac1'aTb. BKJIlO'ieHHe KaTYlliKH HH;nyKTHBHOCTH Ls noc-

rreJJ;oBaTeJIbHO B uenb KOJUIeKTOpa 06eCne'iHSaeT CHH)KeHHe CKOpOCTH Ha-

p.acTaHHR TOKa KorrrreKTopa npH BKrrlO'ieHHH. 3TH cxeMbI JJ;OJl)KHbI

06eCne'IHBaTb BnHCbIBaHHe TpaeKTopHH pa60'ieH TO'lKH B O}'fP. ,lJ.mI

JTOrO Hcnorrb3YIOTCH cxeMa B Bll)];e RCD-uenH (PHC. 3.27, a), KOM6HHHpO-

BaHIlOe BKJIIO'ieHHe nHHeiiHoH HJlH HaCblll..\alOll..\eHCH KaTYlliKH HHJ(yKTHB-

Hocm Ls H ,nHo,[(a c pe3HcTopOM (PHC. 3.27,6, 6).
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PHC. 3.27. CxeMbl c1JopMHpoBaHHR TpaeKTOpHH pa60'ieH TO'IKH TpRH3HCTOpa

npe,lUIOJlO)l(HM, qTO fie3 RCD-J..{enH HanpR)I(eHHe Ha TpaH3HCTope npH
BblKJIIOqeHHH HapacraeT MrHOBeHHO, a TOK KOJIJIeKTOpa YMeHbmaeTCR JIH-

HeHHO.

nOTepH :meprHH B TpaH3HCTope

E _

Us Imax t'l
2 ' (3.58)

r1I.e Imax - MaKCHManbHblH 1'OK HarpY3KH; '" - BpeMR cn3,ll.a TOKa KOnneKTOpa 11.0 HYJIR.

npHMeHeHHe RCD-J..{enH npHBO,nHT K 3apR.aY Kou.n;eHcaTopa C qepe3
m-ro.n: VD2 Ha HHTepBaJIe BbIKJllOqeHHR. HanpR)I(eHHe Ha KOJIJIeKTOpe YBe-

JIHqHBaeTCR TaK )l(e, KaK Ha Kou.n;eHcaTope, H TeM Me}J)IeHHee, qeM 60JIbme
eMKOCTb. Ha HHTepBane BbIKJIIO'leHHR TpaH3HcTopa TOK KOJIJIeKTOpa
YMeHbmaeTCR 3a HeKoTopoe BpeMR BblKJllOqeHHR, He 3aBHCKlJ..{ee OT RCD-

I..{enH.

3Hepnut 3apR)I(eHHOrO KOH.n:eHcaTopa B KOHI..{e HHTepBaJIa BblKJllOqe-

Hlli1

2

E
CUs

c-Z' (3.59)

3aTeM nOJIHOCTbIO pacceHBaeTCR Ha HHTepBaJIe BKJllOqeHHOrO COCTORHlli1

TpaH3HCTopa B pe3HCTope R. npH 3TOM B MOMeHT BKJIIOqemUI pe3HCTOp R

OrpaHHqHBaeT TOK KOJIJIeKTopa. CYMMapHble nOTepH 3HepniH B TpaH3HC-

Tope C RCD-J..{enbIO 3aBHCRT OT eMKOCTH C. ECJlH Kou.n;eHcaTOp 3apR)I(aeT-
CH paHbme, qeM TOK KOJIJIeKTOpa CHH)I(aeTCR .n:o HYJIJI, TO CYMMapHble

nOTepH onpe.n:emtlOTCH ypaBHeHHeM

Us Imax. t"

(
4k

)E- I--+ 
2

3
'

r1I.e k = tIt" s 1. t - BpeMR 3apfl,ll.a 1<0HAeHCaTOpa C.
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(3.60)

EcnH KOu.n;eHCaTOp C He non oCTbIO3apH.n:HJ1CR (k > I), ypaBHeHHe

nOTepb HMeeT BH.It:

E

Us Imax It
'

(
- k + 1/3

) . (3.61)
2 k - 1/2

06llJ,He nOTepH (PHC. 3.28) B TpaH3HCTope H RCD-l.(enH HMeIOT MHHH-

MYM, COCTaBJIJIIOlJ..{HH 5/9 nOTepb B TpaH3HCTope 6e3 RCD-uenH.

EMKOCTb Kou.n;eHcaTopa npH 3TOM

2Imax Itl
c-

9Us
(3.62)

MOlJ..{HOCTb nOTepb, Bbl,lJ:eJIHIOll.{HXCR B pe3HCTope R npH BKnlOqeHHH

TpaH3HCTopa,

cd;
PR =-2!max, (3.63)

r1I.e fmax _. 'iaCTOTa nepeKJIJO'ieHHH TpaH1Hcropa.

OnTHMaJIbHOe 3HaqeHHe conpOTHBJIeHlli1 pe3HcTopa R onpe.n:eIDIeTCH

BpeMeHeM pa3pR)J.a Kou.n;eHcaTopa 3a HHTepBaJI BKJIIOqeHHOrO COCTORHlli1

TpaH3HCTopa:

t
RonT

-

5C
' (3.64)

r1I.e t - BpeMJI BKJIIO'ieHHOrO COCTOHHHR 'lpaH3HCTopa.

8)ft
E

 )1.

Ima.

,HI<C OMP
-------,

-----,

1<=0......
I

tI<I I
I
I
I

o U6.o

PHC. 3.28. rpacIJHKH COCTaBJIRlOlUHX 3Hepl'HH nOTepb (a) npH BKJIIO'leHHH H TpaeKTopHR pa-

60'ieH TO'IKH (6) TpaH3HCTopa c RCD-uenblO:

1 _ 06Ut1\e norepH; 2 - nOTepH B RC-uenH; 3 - norepH B TpaH3HCTOpe
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lIpH 3TOM AOJDKeH KOHTpOJlHpOBaTbCJI TOK pa3pSl,lJ;a 'iepe3 KOJlJleK1'Op-

HYIO QelIb 'IJ1aH3HC1'Opa, KOTOpbIH B CYMMe C TOKOM HarpY3KH He .n:OJI>KeH

npeBbIIUa1'b AonYCTHMOrO TOKa. ,[(mI YMeHLweHHR Ha'iaJIbHOrO 1'OKa

MO>KHO nOCJIe,a;OBaTeJIbHO C pe3HCTopOM BKJIIO'iHTb KaT)'IllKY IUI,DJ'K1'HB-
HOCTH.

CxeMa (CM. pHC. 3.27, 6) 06Cne'iHBaeT 3MaHHyro CKOpOCTb HapaCTaHHjJ
TOKa KOJIJIeKTOpa npH BKJIIOqeHHH TpaH3HCTopa. 3Hepnul, HaKOnHBIllaHCjJ

B KaT)'IIIKe HH THBHOCTHLs, paCCeHBaeTCH B BH,a;e TeillIa B IllYHTHpyro-

IlleM MOAe VD2, pe3HCTope R H KaTYlliKe Ls' IIoTepH npH BKJIIOqeHHH

TpaH3HC1'Opa C KalYlliKoH HH.ZJ:YK1'HBHOCTH L. aHaJIH3HpyroTCR aHa.n:OI'H'iHO

CJIyqalO C RCD-uenblO. IIpH 3TOM MHHHMYM nOTepb npH BKJIIO'ieHHH

AOCTHraeTCR, eCJIH

L _

2Us t,u
s

9Imax'
(3.65)

r1I.e ttu - BpeW! cnaAa HanpR)J(eHHJl Ha KOJIJleKTOpe.

MaKCHMaJIbHLIe MOI.I..\HOCTH nOTepb C BKJIIO'ieHHOH KaT)'IIIKOH HH.LJYK-

THBHOC1'H Ls 3aBHCHT 01' qaCTOTbI nepeKJIlOqeHHH f:

;2

P
Ls Imax

!LS--Z
. (3.66)

ConpOTHBJleHHe pe3HCTopa, B K01'OpOM paCCeHBaeTCR 3Ta MOI.I..\HOC1'b

nOTepb, AOJI>KHO 6bITb orpaHH'ieHO ,lIonYC1'HMbIM HanpR>KeHHeM Ha KOJI-

JIeK1'Ope HCXO,WI H3 Bblpa>KeHlliI Uc C!: Us + ImaxR.
B cxeMe ueneH 1}J0pMHpoBaHlliI TpaeK1'opHH pa60'ieH TO'iKH TpaH3HC-

Topa npH BKillOqeHHH H BLIKJIIO'ieHHH (CM. pHC. 3.27, e) AocruralOTcR

31}JI}JeKTbI, paccMoTpeHHbIe LLJUI crryqaeB BKJIIO'leHlliI C H Ls' [{enH 1}J0pMH-
pOBaHHSI TpaeK1'opHH pa60qeH 1'O'iKH cnoc06CTBYIOT MHHHMH3aUHH no-

Tepb B cxeMe CHIIOBOro TpaII3HCTOpHoro KJIIOqa H 06eCneqHBalOT pacceH-

BaHHe MOIllHOCTH nOTepb Ha BHeUUIHX pacceHBalOIllHX 3JIeMeHTax.

YnpaBJIeHHe THpHCTopaMH. OCHOBHbIMH Tpe60BaHlUIMH K napaMeTpaM

BI<JIIO'iaIOIllerO CHrHaJIa, nOAaBaeMOrO Ha BXOA THpHCTopa, HBJUIIOTCH MH-

HHMaJIbHO He06xo,lUiMbIe 3HalfeHlliI aMillIHT)'.lU>I, BpeMeHH HapacraHlliI H

.

MltTeJIbHOCTH HMnYJIbCa TOKa ynpaBJIeHHH (pHC. 3.29). Ma.n:oe BpeMH

HapaCTaHlliI (BbIcoKoe dijdt) npH YBeJIHlfeHHOH Ha'iaJIbHOH aMillIHT)'.n:e

IGmax cnoc06C1'BYeT YCKopeHHIO BI<JIIO'ieHHH H yBeJIHlfeHHIO C1'OHKocru

npH60pa K CKOpOC1'H HapaCTaHlliI aHO,lI,Horo TOKa dUd!. IIocJIe 3aBepIlle-
HHg nepeXO]Uioro npoQecca BKJI!O'ieHlliI ynpaBJUnOI.l..\HH TOK MO>KeT 6bITb

YMeHbIlleH .n:o HYJUI, lfTO cnoc06CTBYeT CHH>KeHHIO MOIl HOCTH,pacceHBae-
MOH THpHCTOpOM. npH MeMeHHOM HapaCTaHI1H TOKa aHo.n:a C HHAYK1'HB-

HOH HarpY3KoH MH HMe>KHOrO BKJIIO'ieHlliI MH1"eJIbHOCTb ynpaBJUllOl.I..\ero

CHrHaJIa AOJI>KHa 6bITb YBeJIHlfeHa TaK, lf1'061>1 TOK aHOAa B03paCI'aJI AO

TOKa YAep>KaHHH. YnpaBJUIIOI.I..\HH 1'OK MO>KeT npeAC1'aBJUlTb C060H naKeT

ItMnyJIbCOB BblCOKOH lfaCI'OTbl.
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Puc. 3.29. rpacIJm: 1'OKa ynpRBJIJlIO erO
3JIeKTpo,!J:a THpHCTopa IIPH BKIlIO'ieHHH

Is
BKIfIC'IeHUe

.

t

dts

lit
j

....

.

a 5HI<C

CHrHaJIbI ynpaBJIeHHH THpHCTopaMH 1}J0pMHPYlOTCH CHCTeMOH ynpaB-

J1eHlliI, COCTOHl.I..\eH, KaK npaBHJIO, H3 MHKpOCxeM. nOrHlfeCKHe MHKpOCxe-

MbI pa3JIHlfHbIX THIIOB (CM. I'J1. 4) cnoc06HbI ynpaBJUlTb JIHIllb MaJIOMOI.I..\-

HLIMH rupHcTopaMH. lI03TOMY 06bl'iHO B uenH ynpaBJUllOl.I..\ero 3JIeKTpOAa

THpHcTopa HMeeTCK npeJI.BapHTeJIbHbIH KacK YCHJIeHHH MOIllHOCTH.

lIpeABapHTeJIbHbIH ycmnrreJlb CBH3aH C BXOAHOH UelIblO rupHCTopa Heno-

cpe.n:CTBeHHo (PHC. 3.30, a), C nOMOl.I..\blO HMnYJIbCHoro TpaHcl}JopMaTopa

HJlH BblCOKOBOJIbTHOrO onTpoHa.

CBe1'OMo.n: H I}JOTOMO.n: B OIITonape (pHC. 3.30, 6) MOryr HaXOMTbCR

.n:pyr OT APyra Ha paCCI'O}!HHH, H CBeTOBOH CHrHaJl MO>KeT neI:eAaBaTbCR
no BOJIOKOHHO-OnrnqeCKOH JIHHHH CBR3H (BOnC), 06J1aAalOl.I..\eH BbICOKHM

3J1eKTpH'ieCKHM COnpOTHBJleHHeM. THpHCTOp
VT nOJIYlfaeT CHrHaJI ynpaB-

JIeHHH 'iepe3 orpaHHlfHTeJIbHblH pe3Hc1'Op R2 OT HCTO'iHHKa QenH HarpY3-

KH npH nOAa'ie OTpHQaTenbHom nOTeHQHaJIa Ha KaTOA CB:1'OMo.n:a OT

J10rH'ieCKOH 'iacru CHCTeMbl ynpaBJIeHHH. TIpH 3TOM no.n: AeHCTBHeM CBe-

TOBOro nOTOKa conpOTHBJIeHHe 1}J0TOMO.n:a YMeHblUaeTcH, H no QenH yn-

paBJUllOll.1erO 3JIeKTpo.na THpHc1'opa npoxOMT HMnYJlbC TOKa ynpaBJleHlliI.

B cxeMe C HMnYJlbcHbIM TpaHcl}JopMaTopoM (PHC. 3.30, e) MOA VDl H

cTa6HJIHTpoH VD2 06ecnelfHBalOT nepeMarHHlfHBaHHe MarHHTonpoBoAa It

npeAOTBpaIllaloT IIepeHanpH>KeHHH Ha KOJIJleKTOpe TpaH3HCTOpa. Pe3Hc-

0) +108

J1.

5)

 )

+u

VDJ

RlC/

C

I
V'I

u

Ll TPTi

Pm:. 3.30. CXeMb( ynpaB!leHHR mpHcJOpoM
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TOp Rl OrpaHH'iHBaeT O,roIOBpeMeHHO TOK ynpaBIDllOl..1.(erO :meK'rpo)]:a H

KOJUICKTOpHblH TOK TpaH3HCTOpa. Pe3HCTOp R2 H KOH.IJ;eHCaTOp Cl YMeHb-
lIIalOT BepORTHOCTb BKJIIO'ieHllil THplofCTOpa npH B03)]:eHCTBHH nOMeX H OT

BblCOKOH CKOpOCTH HapaCTIUlllil aHO,roIOrO HanpH>KeHllil duvfdt. ,l];1of0J], VD3
npeJ],OTBpamaeT B03MO>KHOCTb npHJIO>KeHllil 06paTHOrO HanpR>KeHIDI K

Uelllof ynpaBJleHHH THpIofCTOpa.
OCHOBHLle napaMerpLI QenH ynpaBJleHllil 3anHpaeMOrO THpHCTOpa

amurorH'iHbl 6a30BbiM QeIDIM MomHOI'O 6HnOIDIpHOI'O TpaH3HCTopa, KO-

TOpblH 4>opcHpoBaHHO 3anHpaeTCH 06paTHblM TOKOM 6a3bl (CM. pHC. 3.25,

pHC. 3.26, 6).

PaccMOTpHM cxeMbl ynpa,BJleHHH 3anHpaeMoro THpHCTopa VT. B nep-
BOH cxeMe (PHC. 3.31, a) HMnYJIbCbl TOKa ynpaBJleHHH npH OTnHpaHHH H

3allHpaHHH 1}J0pMHpyroTCR B pe3YJIbTaTe nepeAa'iH ':Iepe3 TpaHcl}JopMaTop
T naKeTa KOpOn<HX HMnYJIbCOB onpe.n:eJleHHOH nOIDIpHoCTH. I10IDIpHOCTb

onpe.n:eIDIeTCR M0I1-TpaH3HCTOpaMH VT1-VT4. He.n:ocTaToM cxeMLI RB-

meTCH HaCbll..1.(eHHe HMnYJlbcHoro TpaHcl}JopMaTopa H BJlllilHHe ero HH.IJ;)'K-
THBHOCTH pacceHHllil Ha KpYTH3HY I}JpoHTa HMnYJIbCOB ynpaBJleHllil.

3THX He,nOCTaTKOB He HMeeT BTopaH cxeMa (PHC. 3.31,6). B HeH l}Jop-
MHpOBaHHe mlKeTa TOKa ynpaBJleHllil npH OTnHpaHHH BLInOJllUleTCR 6J1a-

roAapR BbInpRMJleHHIO TOKa C nOMOmblO JJ:HO,roIOI'O MOCTa VD1-VD4

BbiCOKO'iaCTOTHOI'O (Ao 100 Kru) nepeMeHHoI'o HanpR>KeHllil, 4>opMHpye-

a) +

+u 

+Ur

tJ)

T

R7 W,
I
WzI

+ I

w,
I W

zI

+Ur

PHC. 3.31. CxeMbl ynpaBneHHR 3anHpaeMbiM THpHCTOpOM

158

+Us

VDZ

+Us

C1

PHC. 3.32. CXeMb( ueneH c1JOpMHpOBaHHJI TpaeKTOpHH pa60'ieH TO'iKH co cxeMaMH peKyne-

pa H3HepnIH

+

II
I

Moro nepeKJIIO'ieHHeM M0I1-TpaH3HCTopOB VTl, VT2 Ha nepBH':IHOH CTO-

pOHe TpaHcl}JopMaTopa. ITpH 3anHpaHHH KOH.IJ;eHCaTOp Cl pa3pH>KaeTCH

':Iepe3 Qenb ynpaBJleHHH VT npH OTnHpaHHH BcnOMOI'aTeJlbHOI'O THpHCTO-

pa VT3. Cra6HJlHTpOHbi VD2 H VD5 B J],aHHblx cxeMax orpaHH'iHBaIOT

aMnJlHTY.n:y TOKa ynpaBJleHllil Ha HHTCpBaJIe BKJIIO'ieHHOI'O COCTOHHllil TH-

pHCTOpa.

QenH l}JopMHpOBaHllil TpaeKTOpHH pa60':leH TO'lKH THpHCTOpOB H

3anHpaeMblX THpHCTOpOB BbInOJlHHIOTCH no TOMY >Ke npHHUHny, ':ITO

H uenH, paCCMOTpeHHble BLlme ,lJ,illI MOmHblX 6HnOIDIpHblX TpaH3HCTO-

pOB (06bl':lHO RCD-uenH C onTHMaJlbHblMH napaMerpaMH). KaK npa-

BHJlO, eMKOCTb TaKOH uenH 1-2 MK<I>, a COnpOTHBJleHHe pe3HCTopa

5-10 OM. Ha pHC. 3.31 nOKa3aHbi QenH 1}J0pMHpoBaHllil TpaeKTOpHH

a60'IeH TO'lKH ,lJ,illI 3anHpaeMoI'o THpHcTopa.

lJ,enH cJlOpMHpoBaHHH TPaeKTOpHH pa60'leH TO'lKH c peKynepaltHeH 3Hep-

rHH. 3HepI'HR, 3anaCeHHaJi B peaKTHBHblX :meMeHTax uenH paCCeHBaeTCR B

BHJ],e TenJla. Ha BblCOKHX qaCTOTax 3TH nOTepH 3Ha'lHTeJlbHbl. OHH MOI'YT

OKa3aTbCH OI'paHH'IHBaIOIIIHM l}JaKTopOM H3-3a Tpy,roIOCTeH, CBH3aHHbiX C

OXJIa)!(,[(eHHeM 060pYAOBaHHH. IT03TOMY JlY'lme npHMeHSlTh cxeMbl, n03BO-

IDIlOmHe B03BpamaTh 3TY :meprnlO B HCTO'lHHK 3J1eKTpH'leCKOI'O nHTaHHH

HJIH nepeJ],aBaTh ee B Qenb HarpY3KH. CymeCTByroT naCCHBHble (PHC. 3.32, a)

H aKTHBHble (PHC. 3.32,6) cxeMbl peKynepaQHH 3HeprnH. I1accHBHble cxeMbl

co.n:ep>KaT TOJIbKO L- H C-3J1eMeHTbl, a aKTHBHble - npeACTaBIDIIOT C060H

QenH, HanpHMep, C HMnYJIbCHblM npe06pa30BaTeJleM.

AKTHBHaJi cxeMa 06Cne'lHBaeT nOJ],a'lY 3HepI'HH B HCTO'lHHK 'lepe3 npe-

06pa30BaTeJIb II, pa60TalOmHH Ha BblCOKOH 'laCTOTe f > F
VT'

Ha OJJ:HH

npe06pa30BaTeJlb 'lepe3 pa3AeJIHTeJlbHble JJ:H0J],b1 VDN MO>KHO nOAKJIIO-

'iHTh HeCKOJIbKO TpaH3HCTopOB. CxeMa peKynepaQHH C OTAa'leH 3HepI'HH

B HarpY3KY nOKa3aHa Ha pHC. 3.32, 6.
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3.8. CMCTEMbl 3A MTbInOflynpOBOAHMKOBbiX
nPM50POB

BIfJJ.LI 3aW;HTLI. KaK nOKa3aHO BbiUle, cYll{eCTBeHHOH Oco6eHHoCThlO

1l0JlynpoBOJI,HHKOBbIX npH60pOB JlBIDIeTCH HX HH3KasI neperpY30qHasI cno-

C06HOCTb. 3all{HTa 1J.OmKHa npe.n:OTBpRI1.{aTb aBapHHHyro cHTYaQHIO B yc-
TaHOBKe B CJIY'lae BHelllHero KOpOTKOro 3aMbIKaHIDI B QenH HarpyJKH,

IIOBpe eHHJInOJlynpoBOJI,HHKoBoro npH60pa IUlH HecBoeBpeMeHHoro ero

BKJIIOqeHHJI.

Pa3J1HqaIOT 3all{HTY OT CBepXTOKOB npH KOpOTKHX 3aMbIKaHIDIX H 3a-

lLlHT)' OT nepeHanpJl)KeHHH. I3all{HTa OT cBepxToKoB npH KOpOTKHX 3aMbIKaHHJlX 06bIqHO BKJIIO'lReT
'

B ce6J1 ruIaBKHe npe,AoXpaHHTeJIH HJIH 6bICTpO,AeHCTBYIOlI.!He BbIKJIIOqaTe-

JlH. MO)KeT 6blTb npHMeHeHa 6eCKOHTaKTHasI 3all{HTa THpHCTOpHblX npe-

06pa30BaTeJleH. 3all{HTa OT nepeHanpH)KeHHH orpaHH'lHBaeT B03MO)I(Hblt:

"BcruIecKH" TOKa, onaCHble .AJUI nOJIynpOBOJI,HHKOBOH CTpYKTYpbl. ,lJ,mY
3all{HTbl MO)KeT HCnOJIb30BaTbCJI MeTO.n: 3aMbIKaHIDI UlHH nHTaHHK 3a1l{H-

ll{aeMOH annapaTYpbl cneQHaJIbHblM KOpOTK03aMbIKaTeJIeM C nocJle,AylO-

n HMpa3MblKaHHeM QenH nHTaHHK npe.n:oxpaHHTeJIeM. orpaHHqeHlli!
TOKOB KOpOTKOro 3aMbIKaHHJI B pK.n.e CJIyqaeB HCnOJIb3}'1OTcK TOKoorpaHH-

'lHBaIOll{He ,ApoCCeJIH.

3all{HT3 OT cBepxToKOB. MO)I(Ho cnpoeKTHpoBaTb nOJIynpoBoJI,HHKO-

Byro YCTaHoBKY, KOMnOHeHTbl H npH60pbl KOTOpOH paCC'lHTaHbl Ha JII06ble

neperpY3KH. npH 3TOM B03paCTalOT nepBOHaqaJIbHble 3aTpaTbl. McnoJIb-
30BaHHe npe.n.oxpaHHTeJleH, 6bICTpo.n:eHCTBYIOll{HX BblKJllOqaTeJIeH, Bbl

KJllOqaTeJIeH MOll{HOCTH, KOTopble .n:OJl)KHbl pR3MblKaTb Qenb paHbllle MO-

MeHTa nOBpe)K,lJ.eHHK fIOJlynpOBOAHHKOBOro npH60pa, n03BOIDIeT 3a1l{H-

U{aTb OT cBepxToKoB YCTanoBKY, 06JIa;:r:alOll{yro orpaHH'leHHOH nepe-
1]JY30qHOH cnoc06HoCTblO. 3Ta 3all{HTa ,AOJI)l(Ha y,AOBJIeTBOpKTh Tpe60Ba
HIDIM 6blCTpO.n.eHCTBHJI, H36HpaTeJIbHOCTH, 06eCne'leHHH TepMHqeCKOH if

3JIeKTpO,AHHaMHqeCKOH CTOHKOCTH, orpaHHqeHlUI B03HHKHOBeHHH nepeHa

npK)I(eHHH, Ha;:r:e)l(HOCTH, KOMMyraQHOHHOH cnoc06HOCTH, nOMeXOYCTOl>
'lHBOCTH H 'lYBCTBHTeJIbHoCTH.

EbICTpo.n:eHCTByrolQHH BbIKJIIO'laTeJIb HJIH npe.n:oxpanHTeJlb pa3MblKae

Qenb TOKa KOpOTKOI'O 3aMbIKaHHH iK B npoQecce ero HapaCTRHHH H orpa

HH'lHBaeT ero B03MO)l(Hyro aMruIHTY.n:y II< (PHC. 3.33, a).
I1pH HapaCTaHHH TOKa i

K
Ha HHTepBaJIe ta-t2 Qenb npe,AOXpaHHTen

He pa3MblKaeTCJI, a y BbIKJIlO'laTeIDI KOHTaKThI 3aMKHyTbl. BpeMR t
mID

onpe.n:eIDIeMoe nJlaBJIeHHeM BCTaBKH npe.n:oxpaHHTeIDI HJIH BpeMeHeM I..
HapaCTaHHR TOKa iK, TOKa YCTaBKH IA (O-tJ) nJIlOc c06CTBeHHoe BpeM

cpa6aTblBaHHK BblKJllOqaTeIDI (tr-t2)' Ha HHTepBaJIe t2-t5 npOHCXO)J.R

06pa30BaHHe 3J1eKTpH'leCKOH ,nyrn H HapaCTaHHe HanpH)I(eHHR Us Ha Hei1,
'11'0 Bb13blBaeT CHH)I(eHHe CKOpOCTH HapaCTaHlliI TOKa il< (TO'iKa A I,

KpHBOH i
K) Hero OI]JaHHqeHHe nocJle .n:OCTH)I(eHHK MaKCHMaJIbHOrO 3Ha'le-

HHR Imax (TO'iKa B HR KpHBOH i
K). CHH)I(eHHe TOKa iK npHB01J.HT K B03pa('-

TaHHIO HanpR)I(eHIDI Us Bbuue HanpH)I(eHHH YCTRHOBKH UHOM 6naro,AaI '{

3)J;C CaMOHH.II:YKQHH QeneH HarpY3KH H HCTOqHHKa (HHTepBaJI tr--t5)' Ed
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HHTepBaJIe tr-t6' xapaKTepH3}'lOIl{HMCR BpeMeHeM rameHWI .n;yrH ta, Ha-

npR)KeHHe B .n:yre onpe.n.eJlHeTCH ee BOJIbT-aMnepHOH XapaKl'epHCTHKOH, a

TOK iK cna;:r:aeT .n.o Hym[ (TO'iKa C).
)J;mr npe.n:oxpaHHl'emr flOJIHoe BpeMR OTKJIIOqeHHSl te

= t
roax

+ t
a

. nOJI-

Hoe TenJIOBOe B03AeHCTBHe TOKa iJ( Ha npe.n:oxpaHH'reJlb COCTOHT H3 B03-

.n:eHCTBHR 3a BpeMR UJIaBJleHlliI, onpe.n:eJUleMOrO 3HaqeHHHMH conpOTHBJle-
'aw;

HHH BCTaBKH H J];)KoYJleBa HHTerpaJIa fV
max

-fi dt,
H H3 B03JJ;eHCTBIDI 3a

o

't

BpeMJI. ropeHHR .n:ym W
a
-ji dt, T.e. We = W

max
+ W

a
.
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l PHC. 3.33. rpacIJHKH TOKOB H HanpJl)J(eHHH npH OTKJIlO'IeHHH ItenH J<opo1'Koro 3aMbIKaHHJl

d
C nOMOU(blO npe.n.oxpaHHTeJIR HnH 6bICTp01I.eHCTBYIOUJ;ero BblKfilO'iaTeJISI

6 3aK. 65\
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-fi t:Srfi

2
dt) .'

o t cr"

(3.67)

BCTaBOK OT 40 11.0 630 A H CepHH rUI57, llll41 COOTBeTCTBeHHO C

HOMHHaJIbHblMH TOKaMH 25-800 A H 100-1000 A Ha nOCTOHHHoe

HanpH>KeHHe 11.0 1080 B. KOMMyraQHoHHaH cnoc06HoCTb npe11.oXpaHH-
TeJleH 100-300 KA [19]. llpHMemllOTcH TaK>Ke 6bICTp011.eHCTBYlOl.I{He
aBTOMaTH'leCKHe BbIKJllO'laTeJlH nepeMeHHoro H nOCTOHHHoro TOKa

cepHH A3700 Ha TOKH 11.0 1000 A H HanpH>KeHHe JJ.O 660 B C

c06CTBeHHbiM BpeMeHeM OTKJllO'leHHH 10-40 MC H OTKJlIO'laIOll{eH
cnoc06HoCTblO JJ.O 100 KA. Eonee BblCOKHe HOMHHaJIbHble :ma'leHHH

HMelOT BbIKJllO'laTeJlll BAT (aBToMaTH'leCKHe TOKoorpaHH'lHBalOI..I{He)
Ha TOKH 11.0 1250-12500 A H nOCTOHHHoe HanpH>KeHHe 11.0 1050 B

H 60JIee. OHH HMelOT c06CTBeHHoe BpeMH OTKJllO'leHIDI 1,5-5 MC H

OTKJllO'laIOIl{YlO cnOC06HOCTb 20-70 KA [19].
J>ecKOHTaKTHLle 3all{HThI THpHCTOpHblX YCTaHoBoK. TaKHe CHCTeMbl Ha-

XO/l.HT npHMeHeHHe B cOBpeMeHHblx npe06pa30BaTeIDlx HapJl/l.Y C 3all{HTOH
aBTOMaTH'leCKHMH BblKlllO'laTeIDlMH H nJIaBKHMH npeJJ.oxpaHHTeIDlMH.

Mcnonb3YlOTcH CJIeJJ.YlOI..I{He OCHOBHble cnoc06bl 6ecKoHTaKTHbix

3aI1{HT: CHHTHe (6JIOKHpOBaHHe) ynpaBIDllOl..I{HX HMnynbcoB THpHCTOpOB;

nepeB011. YCTaHoBKH B peKynepaTHBHblH pe>KHM B pe3ynbTaTe C1l.I1Hra yn-

paBIDIIOIl{HX HMnYJIbCOB; npHHYJJ.HTeJIbHOe npepbIBaHHe aBapHHHoro TOKa

C nOMOl..I{blO npe1l.BapHTeJIbHO 3apH>KeHHOH KOMMyrHp}'1Ol..I{eH eMKOCTH.

3all(HThI OT nepeHanpH>KeHHH. llepeHanpH>KeHIDI B03HHKalOT B npoQec-

ce cpa6aTbIBaHHH KOMMyraQHoHHblX annapaToB B nHTaIOll{eH ceTH, H3-3a

aTMoc<I>epHblx rp030BbiX HBJIeHHH, BKnlO'leHHH npe06pa30BaTenbHbiX
TpaHc<I>opMaTopoB HJIH JJ.pymx peaKTHBHblX 3JIeMeHTOB, a TaK>Ke npH

nepeKJllO'leHIDIX nOJIynpoBOJJ.HHKOBbIX npH60poB B cxeMax npe06pa30Ba-
TeJIeH. 3HeprIDI, CBH3aHHaH C ceTeBblMH nepeHanpH)I(eHHHMH, JJ.OCTHraeT
103-104 )].>K, KOMMyraQHOHHble nepeHanpH>KeHIDI cOnpOBO)KJl.aIOTCH 3Hep-
meH 10-102 )].>K, a cxeMHble - 3HeprneH 1 )].)1(. KpeMHHeBbie ,lUi0JJ.b1,

THpHCTOpbl H CHJIOBble TpaH3HCTopbl Moryr 6bITb nOBpe)KJl.eHbl npH nepe-

HanpH>KeHHHX JJ.a>Ke HaHOCeKYHJJ.HOrO ,lUiana30Ha MHTeJlbHOCTeH.

PaCCMOTpHM 3aBHCHMOCTb onaCHblX nepeHanpH>KeHHH OT JJ.JIHTeJIbHOC-

TH HMnYJIbCa ,lI)UI BbmpHMHTeJIbHblX YCTaHOBOK co CTOpOHbl nOCTOHHHoro

TOKa (PHC. 3.34) [32]. BeJIH'lHHa AU npe11.CTaBIDleT C060H nepHoJJ.H'leCKOe

nepeHanpH)I(eHHe KaK OTKJIOHeHHe OT HOMHHaJIbHOrO BbmpHMJleHHOrO

HanpIDKeHIDI UdH' )J,mI HanpIDKeHHH UdH > 50 B B03MO)l(Hbie MaKCHManb-

Hble nepeHanpH)I(eHIDI

fIo1iJ'Ioe BpeM OTKJllO'leH HBblKlllO'laTeJIH t = te
- tA- 3a BpeMH npo-

XO)K,[(eHHH aBapHHHoro TOKa 'k B 3aU Hll{aeMOHQenH BblJJ.eIDleTCH TennOTa,
'
A
+1

nponOPQHOHaJIbHaH We =ji1dt .

o

KaK nOKa3aHO paHee, neperpY30'lHaH cnoc06HOCTb ,lUi011.0B H THpHCTO-
pOB 3a BpeMH MHTeJIbHOCTblO JJ.O 10 MC Onpe11.eIDleTCH HHTerpanOM npo-
H3Be11.eHHJI KBa1l.PaTa TOKa Ha BpeMH ero JJ.eHCTBIDI (3aIl{HTHbIH nOKa3aTeJIb

ji"2dt). )VIH 06eCne'leHIDI 3aU{HU{eHHOCTH nonynpOBOJJ.HHKOBbIX npH60pOB

YCTpOHCTBa 3aU{HTbI OT CBepXTOKOB 11.0IDKHbI 06eCne'lHBaTb orpaHH'leHHe

aMnJIH1}'JJ.b1 H MHTeJIbHOCTH aBapHHHoro TOKa TaKHM 06pa30M, 'lT06bl
06eCne'lHBaJIOCb OCHOBHoe COOTHOllleHHe 3aU{Hl..I{eHHOCTH

Ie

r1I.e rpdt] .

- 3aU(HTHblH nOKa3aTeJIb 1I.aHHOrO THna cnn no ero naCnOpTHbIM AaHHbIM.
t CTJ'

llpH npOeKTHpOBaHHH 3JIeKTpOHHbiX npe06pa30BaTeJIeH H annapaTOB
perualOTCJI 3a;J:a'lH comaCOBaHHH neperpY30'lHblX xapaKTepHCTHK Cllll,
XapaKTepHCTHK 3al..l{HTHbiX YCTpOHCTB OT CBepXTOKOB H 3KcnnyaTaQHOH-
HblX rpa<l>HKoB HarpY3KH C Y'leTOM B03MO)I(HbIX TeXHOnOrH'leCKHX Harpy-
30K. MCnOJIb3YeTCH npHHQHn cornaCOBaHHH xapaxrepHCTHK nOJIynpOB011.-
HHKOBOro npe06pa30BaTeIDl (KpHBaH 1), 3aU{HTbl (KpHBaH 2) H HarpY3KH
(KpHBaH 3) no BpeMH-ToKOBOH (aMnep-ceKYHJJ.HOH) 3aBHCHMOCTH (PHC.
3.33,6). AMnep-ceKYHJJ.HaSi XapaI<TepHCTHKa 3all{HThI JJ.OJI)l(Ha HaXO/l.l-lTbCH
HH)I(e H JIeBee neperpY30'lHOH KpHBOH nOJIynpoBOJJ.HHKoBoro npH60pa, HO

Bblrue H npaBee HarpY30':lHOH xapaKTepHCTHKH npe06pa30BaTeJUl. Ha pHC.
3.33, 6 B norapH<I>MH'leCKOM MaCIIlTa6e npHBeJJ.eHa 3aBHCHMOCTb BpeMeHH
nJIaBJIeHIDI t

max
OT OTHOCHTeJIbHOrO 3Ha'leHHSI 3<1><I>eKTHBHOrO TOKa nJIaB-

JIeHHH 6bICTp011.eHCTBYlOll{eH 3all{HTbi nOJIynpOBOJJ.HHKOBbIX npH60pOB. Ha
XapaKTepHCTHKY HaHeCeHbl nHHHH ,lI)UI pJl)1.a 3Ha'leHHH 3al..l{HTHOrO nOKa-

3aTeJISI ji"2dt. llo xapaKTepHCTHKe MO>KHO n011.06paTh no 3a;J:aHHOMY THny

nOJIynpoBoJJ.HHKoBoro npH60pa COOTBeTCTBYlOl..I{HH THn npe11.0XpaHHTeIDl.
B 3aBHCHMOCTH OT xapaKTepHCTHK 3al..l{HTHbiX annapaToB MO)l(eT 06ec-

ne'lHBaTbCH nOJIHaH 3all{HTa (KpHBaSi 2 Ha pHC. 3.33, 6 Be3JJ.e BnHCblBaeTCH

B KPHBYlO 1), 'laCTH'IHaH 3all{HTa HJIH 3al..l{HTa He 06eCne<IHBaeTCJI. 3all{HTbI
JJ.lliI HHTepBaJIa tmax

< 10 MC Bbl6HpaeTCH no 3al..l{HTHOMY nOKa3aTeJllO, a

npH 60JIee MHTeJlbHblX neperpY3Kax no Y11.apHOMY HenOBTOpJllOll{eMYCJI

TOKY (CM. pHC. 2.44).
llpOMblUIJIeHHOCTblO RbmycKalOTCH cneQHaJIbHble 6bICTpoJJ.eHCTB}'1O-

Il{He npeJJ.oxpaHHTeJIH, HanpHMep cepHH llHE5 (HanOJIHeHHe KBapQe-
BblM necKoM, 6bICTp011.eHCTBYlOu HH)C HOMHHaJIbHblMH TOKaMH nnaBKHX
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UdH + b.

9 _

1400
2 3

U U
+,.

dH
max

dH
(3.68)

HanpHMep, npH HMnYJIbCaX JJ.JIHTeJIbHOCTblO 2 MC YCTaHoBKY cJleJJ.YeT

npOeKTHpOBaTh, Bbl6HpaH npH60pbl no naoHHoMY 3Ha'leHHlO HanpSI)I(e-
HHH. 3T0 He 3KOHOMH'lHO, oc06eHHO ,lI)UI HH3KOBonbTHbiX npe06pa30Ba-
TeJleH, ,lI)UI KOTOpblX KpaTHOCTh nepeHanpSI)I(eHHH BeJrnKa. ll03TOMY B

nOJIynpOBOJJ.HHKOBbIX npe06pa30BaTeIDlX HCnOJIb3}'1OTCJI pa3Ho06pa3Hble
YCTpOHCTBa orpaHH'leHIDI nepeHanpJl>KeHHH. )J,mI n011.aBJIeHHSI nepeHanpJl-
)l(eHHH HCnOJIb3yIOT YCTpOHCTBa, He nponycKalOl..I{He KOpOTKHe BbICOKO-
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PIIC. 3.34. 3aBHcIIMoCTb MaKCHMaJIbHOro QT-

HOCHTenbHoro nepeHanpJj)J(eHHSI 01' )J.JlH-
Tem.HOCtJi nepeHanpJlJl(eHHJI:

J --

npe.D;eJI JI.[UI Ud>lo.. < 110 B; 2 -.

npe.D;eJJ JI.[UI

Ud\< = 110 B

napaMe1p
BapHCTOp BapHl:rop

Cn611m1TpoH
(SiC) (ZnO)

-

nHKOBblH TOK npH np060e, A
- 120 5,5

nHKoBaR MO HOCTb,KBT - 40 1,5

PacceHBaeMaR3HeprHH,t()J( 50 70 2

OrpaHH'IHBaIOUJ:ee HanpSl)J(cHHe, B 15-300 14-1200 1,8-280

POCT HanpJl)J(eHHH npH TOKe 10 A, B 4,5 1,7 1,4

T a 6 Jl H U a 3.6
.

l{srl.U

10-6 10.s 10-" 10.' 10.
2

t,

BOIIbTHble HMnYIIbCbl HanpJl>KeHHJI K 3RI.l.(HI.l.(aeMblM npH60paM, HanpHMep
Y3KonOIIOCHbIe LC-$HJIbTpbl HH3KOH 'laCTOTbI, RC-QenH; )UiBepTOpbI (or-
paHHl.urreIIH HanpJl)l(eHHJI), HanpHMep 06paTHo BKmo'leHHbIe CeIIeHOBbIe

npH60pbl, CTa6HJlHTpOHbI, BapHCTOpbI, H3rOTOBJleHHbIe H3 Kap6H,D;a KpeM-
HIDI HJIH OKClf)J.a QHHKa, 06IIaJJ:a101.l.(He HeIIHHeHHbIMH BOIIbT-aMnepHbIMH
XapaKTepHCTHKaMH.

HeIIHHeHHaSI BAX MO>KeT 6bITh annpOKCHMHpOBaHa ypaBHeHHeM

1- KU
a

; (3.69)

B npe06pa30BaTeIIbHLIX YCTaHoBKax B 3aBHCHMOCTH 0'1' HX MOI.l.(HOCTH,

THna CnfI (MO,ro.I, rnpHCTOpbI, TpaH3HCTopbI) npHMeIDIIOTCJI pa3H006-
pa3HbIe KOM6HHaQHH I!JHIIbTpYlOll.{HX H orpaHH'IHBaIOI.l.(HX YCTpOHCTB,
BKJIIO'laeMbIX co CTOpOHLI HCTO'lHHKa nHTaHIDI H co CTOpOHbI HarpY3KH.
fIpH 3TOM ,nOJDKHa BbInOIImrrbCJI TlI.{aTeIIbHWI Koop,nHHaQHJI YCTpOHCTB
3al.l.(HThI OT nepeHanpJl>KeHHH C ,nPyrHMH YCTpOHCTBaMH, 06eCne'lHBaIOI.l.(H-
MH HOpMaJIbHyro pa60'I)' cnn npH rpynnoBoM coeMHeHHH H $OpMHpO-
BaHHH TpaeKTopHH pa60'leH TO'lKH.

CxeMLI 3aU(HTbI C KopolKOJaMbIKaTeJIHMU. 06eCTO'lHBaHHe HarpY3KH
KaK 3al.l.(HTHWI Mepa MO>Ker npHMeHJlThCJI npH KOpOTKOM 3aMbIKaHHH H

nepeHanpJl>KeHHJlX B QeIDIX nOCTOSIHHOrO HJIH nepeMeHHoro TOKa. B CXeMe

3aMbIKaHIDI QenH HCTO'lHHKa nHTaHHSI nOCTOSIHHOrO TOKa nocpe,nCTBOM
BKJIIO'IeHHH cneQHaJIbHOrO THpHCTopa VT npH B03HHKHOBeHHH aBapHH-
HOH CHTyaQHH (PHC. 3.35) ,naT'lHKOM TOKa CJI}')KHT pe:mCTop RI, .n;aT'lHKOM

HanpSI>KeHHSI
- .n:eJlHTeJIb HanpSI>KeHHSI R2-R3. fIpH neperpY3Kax no

TOKY HJIH nepeHanpH)I(eHWlX OT cxeMbI ynpaBJIeHHJI CY BKJIIO'IaeTCJI TH-

pHCTOp VT, KOTOpbIH UIYHTHpYeT l{enb HarpY3KH. fIpH 3TOM cropaeT

npe,noxpaHHTeJIb FSI HJIH cpa6aTbIBaeT aBTOMaTH'leCKHH BbIKmo'laTeJIb.

nO.n:aBJIeHHe nOMex, C03 aBaeMbIXannapa..-ypoii, fIpH nepeKJllO'leHHH
CfIfI B03HHKaeT "BCnJIeCK" HanpJl)l(eHIDI, nponOpl{HOHaJIbHbIH di/dt.

qaCTOTHbIH cneKTp BbIJJ;eJIHBllleiicSI npH 3TOM 3HeprHH BeCbMa UIHpOK.

fI03TOMY COOTBeTCTBYlOlltHe nOMeXH MOryr pacnpocTpaHSITbCSI no co-

ewmHTeJIbHbIM npoBo.n;aM nHTalOllteii CeTH H B pe3YJIbTaTe mIIY'IeHIDI

3,neCb
h Uz

a-lg-/lg-.
II UI

(3.70)

K03I!JI!JHI.{HeHT a xapaKTepmYeT CTeneHb HemmeiiHOCTH 3JIeKIponpo-

BOWIOCTH npH60pa. t.IeM BbIUIe a, TeM JIY'IUle OIpalm'lHTeJlbHbIe CBOHCTBa

npH60pa. HaH60JIee 3I!JI!JeKTHBHbIMH orpaHH'IHTeJUIMH SIBJISIIOTCSI cra6H-

IIHTpOHbI (a=35) H BapHCTopbI (a > 25). OHH KOMnaKTHbI, pa60TalOT B

HaHoceKYHJI.HOM .n;Hana30He H MOI)'T pacceHBaTb 3Ha'lHTeIIbHbIe MOI.l.(HOC-

m (,no 50 KB1).
BapHCTop npe.n;craBIIHeT C060H HemmeHHbIH nonynpoBoWIHK, CBOHCT-

Ba KOToporo CXOMbI co CBoiicTBOM p-n-nepexo.n;a. I1p060H npoHcxo,WIT
Ha rpaHHl{ax OT.n:enbHbIX 3epeH ero CTpYK'rypbI, '1TO cnoc06cTBYeT paJIHO-
MepHOMY pacnpe.n:eneHl-11O TenJIOTbI no 06'beMY. I1JIOIQa,II,b nOnepe'lHoro
Ce'leHHSI BapHCTopa onpe.n;elliIeT MaKCHMaJIbHbIH .n:onYCTHMbIH TOK, a TOII-

I.l.(HHa
-

HanpSl)l(eHHe np060Jl.
3Ha'lHTeJIbHaSI c06CTBeHHaSI eMKOCTb CTpYKTYpbI OrpaHH'IHBaeT MaKCH-

MaJIbHyro pa60'lYlO 'IaCToTY. clJYHKQHOHaJIbHO BapHCTop no.n;06eH JJ;BYM
BCTpe'lHO BKmo'IeHHbIM cTa6HJIIITpOHaM. XapaKTepHOH 'IepTOH BapHcTo-
pOB JlBIIHeTCJI YXY.lUlleHHe xapaKTepHCTHK co BpeMeHeM, 'lT0 orpaHH'lHBaeT
'IHCJlO cpa6aTbIBaHHH npH npe.n;eJIbHbIX 3Ha'IeHHHX BbIJJ;eJIJllOll.{eHCJI 3Hep-
mH. fIpH HH3KHX 3Hepr'HHX 'IHCJIO cpa6aTbIBaHHH He 0Il)aHH'leHo, a npH
HOMHHaJIbHOH 3nepnuI B03MO)I(H0 TOIIbKO o,nno Cpa6aThIBaHHe.

ABapHiiHbIM ,lI)UI cTa6HJIHTpoHa H BapHCTopa HBIJReTCH KOpOTKOe 3a-

MbIKaHHe TOKoorpaHH'IHBalOI.l.(erO pe3HCTopa.

)J.aHHbIe HeKoTopI,IX BH.n:OB OrpaHH'IHTeJIeH HanpR>KeHHH npHBe.n:eHbI B

Ta6JI. 3.6.
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PHC. 3.35. CxeMa JaU(HTbl

nonynpoBo,nHHKoBoro npe-

06pa30BaTeJISI C THpHCTOp-

HblM KOpoTK03aMblKaTeJIeM
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Puc. 3.36. CxeMa CeTeDOre

LC-cIJHJlbTpa

KHX npOl,\eCCOB, onpe,n;eJleHHble napaMeTpbl KOTOpbIX nOCTaBJIeHbI B- cOo't-

BeTCTBHe KOHKpeTHOMY C006l.I{eHHIO. 3nf «!>H3H'1eCKHe HOCHTeJIH co06u.te-
HHH Ha3bIBalOTCK CHrmUIRMH. CHrHaJIbI MOryr 6bITb HenpepbIBHbIMH (aHa-

JIOrOBbIMH) HJIH ,l.tHCKpeTHbIMH B BH,I:(e HMnYJIbCOB onpe,neJIeHHOH «!>OpMbI

HJIH naKeTOB (nOCJle.n:OBaTeJIbHOCTeH) HMnYJIbCOB, B KOTOpblX B TI)J.K OTO-

6paJKaeTcJI HeKOTopoe '1HCJlO.

)J.mI npe06pa30BaHHK H 06pa60TKH aHaJIoroBbIX H .n;HCKpeTHbIX (HM-
nYJIbCHblX H QH«!>POBbIX) CHrHaJIOB CJlYJKaT ::meKTpOHHble YCTpOHCTBa, KO-

TopbIe npe.n:CTaBJUIIOT C060H KOHCTpYKTHBHO 3aKOH'1eHHbIe TeXUH'1eCKHe

CHCTeMbI, HMeIOl.I{He onpe.n;eJIeHHOe «!>YUKQHOHaJIbHOe Ha:ma'1eHHe.

AHaJIoroBbIe ycrpOHCTBa npe.D:HR3Ha'1aIOTCJI JCIJI 06pa60TKH Henpe-

pbIBHbIX cHrHaJIOB. I1pHMeHJlIOTCJI. pR3H006pR3HbIe aHaJIOrOBble ::meK-

TpOHHbIe YCTpOHCTBa, H3 KOTOpbIX cJle.n:yeT BbJ.D:eJIHTb YCHJIHTeJIH 3J1eKTpH-

'1eCKHX CHrHaJIOB (HanpSIJKeHHH, TOKa, MOl.I{HOCTH).
YCTpOHCTBa, B KOTOpbIX npOHcXO,l.tHT $OpMHpOBaHHe HJIH npe06pR30-

BaHHe HMnYJlbCHblX CHrHaJIOB, HR3bIBaIOTCJI UMnYJlbCllblMU YCTpOHCTBaMH.
Krracc HMnYJIbCHblX YCTpOHCTB BeCbMa 1IIHpOK: QH«!>pOBbIe, HH.D:HKaTOp-

Hble, MO.n;YJIHpYIOIltHe YCTpOHCTBa H Jij).

IJ;H«!>pOBbIe YCTpOHCTBa npe.n:craBJUIIOT C060H 6a3Y JCIJI BbI'1HCJlHTeJIb-

HOH, B TOM '1HCJle MHKpOnpOl.teCCOpHOH, TeXHHKH H .n:HCKpeTHOH aBTOMa-

. THKH, BKJIIO'1asl pa3Ho06pR3HbIe 3JIeKTpOHHbIe 3al.I{HThI.

B COBpeMeHHOH HH«!>opMaQHOHHOH 3JIeKTpOHHKe HMnYJIbCHbIH npHH-

QHn nOCTpoeHHK CHCTeM 3aHHMaeT Be.n:Yl.I{ee MeCTO no cpaBHeHHIO C aHa-

JIOrOBbIM. 3T0 onpe.n:eJUleTCSI CYl.I{eCTBeHHO MeHbIllHM nOTpe6JIeHHeM :mep-

rHH (BbICOKHM KI1,rl:), 60JIee BbICOKOH TO'1HOCTblO, MeHbUleH KpHTH'IHOC-

TblO K H3MeHeHHIO TeMnepaTypbl, 60JIbUleH nOMeX03al.I{HIlteHHOC,"!>1O

HMnYJIbCHbIX H QH«!>POBbIX YCTpOHCTB 3JIeKTpOHHOH TeXHHKH. B CBK3H C

3THMH npeHMYl.I{ecTBaMH QH«!>POBOH TeXHHKH B CHCTeMax ynpaBJIeHHSI UlH-

pOKO HCnOJIb3YIOTCJI aHaJIOrO-QH«!>pOBbIe (AIJ;I1) H QH«!>poaHaJIOrOBbIe
(IJ;AI1) npe06pR30BaTeJIH CHrHaJIOB.

IfMDYJlbCHLIe CHrHaJILL B HMnYJIbCHblX YCTpOHCTBax npHMeHJIIOTCJI B

OCHOBHOM HMnYJIbCbl npJlMoyrOJIbHOH, nHJIo06pR3HOH H 3KcnOHeHQHaJIb-

HOM «!>OpMbI (PHC. 4.1, a, 6, 6), a TaKJKe HMnYJIbCbl nOJIOJKHTeJIbHOM,

OTpHQaTeJIbHOH H 'lepe.n:yIOl.I{eHCSI nOJISIpHOCTH (PHC. 4.1,2).

MMnYJIbCHblM CHrHaJI npKMOyrOJIbHOH $OpMbI (CM. pHC. 4.1, a) HaH60-

JIee pacnpocTpaueH. B peaJIbHbIX 3JIeKTpoHHblX cxeMax TaKOH CHrHaJI

6blCTpO HapaCTaeT .n;o MaKCHMaJIbHOrO 3Ha'leHHSI, 3aTeM HanpJlJKeHHe

MO>KeT cpaBHHTeJIbHO Me)J.JIeHHO H3MeIDITbCJI B Te'leHHe HeKoToporo npo-

MeJKYTKa BpeMeHH, nOCJIe 'lero npoHCXO.n;HT 6bICTpOe cnMaHHe HMnYJIbCa

(PHC. 4.2). OCHOBHbIMH 3JIeMeHTaMH HMnYJIbCa SIBJUIIOTca: «!>POHT )J.JIHTeJlb-

HOCTbIO 1«11' BepUlHHa C aMnJIH'I)'.n:oH Umax Ii cnMOM /1U, cpe3 )J.JIHTeJIbHOC-

TbIO lc' AMIUIHT)'.n:a HMnyJIbCa Umax' ,WIHTeJlbHOCTb HMnYJIbCa IH' MHTeJIb-

HOCTH «!>poHTa 1«11 H cpe3a lc H cna.n: BepUlHHbI /1U JlBJUlIOTCJI napaMeTpaMH

HMnYJIbca.

o

o

B OKpYJKaIOIl{ee npocTpaHCTBo. 110Mexn, pacnpocTpaHJIIOIl{HecSI no Coe,l.tH-

HHTeJIbHbIM npoBo.n:aM, MOryr 6bITh YMeHbUleHbI npH nOMOIltH LC-«!>HJlbT-

pa (PHC. 3.36), B KOTOpOM 0,1 MK<t> s C
BX
S 2 MK<1>, 2,2 HclJ s C s 33 H<t>,

18 MrH s L s 47 MrH.

110MexH, H3J1Y'laeMbIe B OKpYJKaIOl.I{ee npocTpaHCTBO, no.n;aBJUIIOTCa

KOMDOHOBKOH 3JIeKTpoCTaTH'1eCKHX H MarHHTHbIX 3KpaHoB. IJ;eJIeC006pR3-
HO TaKJKe HCnOJIb30BaTb cxeMbl C BbICOKOH nOMexoycTOM'1HBOCTbIO, Ha-

npHMep, YCTpOHCTBa Ha M)J.I1-TpaH3HCTOpax.

4. TPAH3MCTOPHbiE M OnT03nEKTPOHHbiE YCTPO CTBA

M M"'KPOCXEMbl

4.1. MH«POPMAltMOHHPJI 3nEKTPOHMKA

OCHOBHLle DOHHTOR. 3JIeKTpOHHasI TeXUHKa KBJUleTCK YHHBepCaJIbHbIM

cpe.n:CTBOM peaJIH3aQHH CHCTCM ynpaBJIeHHK pR3JIH'lHOrO Ha3Ha'leHHSI.

CHCTeMa ynpaBJIeHHK BKJIIO'laeT B ce6SI 06'beKT ynpaBJIeHHK, ynpaBJUIIO-

Il{ee YCTpOHCTBO H KaHaJIbI npKMOH H 06paTHOH CBSI.3H Me>K.D:)' HHMH.

JII06aa CHCTeMa ynpaBJleHHSI ocYIlteCTBJIHeT c60p, nepe.n:a'lY H nepepa60T-
KY HH«!>opMaQHH, a TaKJKe BbI.D:a'lY ynpaBJUIIOl.I{HX B03.n;eHCTBHH Ha 06'beKT

ynpaBJIeHHK.

I1pOQeCCbI B 06'beKTax ynpaBJleHHSI MOryr HOCHTb HenpepbIBHbIH (Ha-
npHMep, pa60Ta 3JIeKTpH'leCKorO .zumraTeJUl) rom cKa'IK006pR3HbIH (Ha-
npHMep, BKJIIO'leHHe-OTKJIlO'IeHHe 3JIeKTpH'leCKOH QenH BbIKJIIO'laTeJIeM)

xapaKTep. COOTBeTCTBeHHO H ynpaBIDIIOIltHe BomeHCTBHSI Ha 06'beKTbI

ynpaBJIeHHSI MOryr 6bITb HenpepbIBHblMH H ,l.tHCKpeTHbIMH.

06pa60TKa HH«!>opMaQHH MOJKeT BbInOJIIDITbCJI CJle.n:yIOl.I{HMH MeTO.n:a-

MH: aHaJIOrOBblM, npH KOTOpOM 06pa6aTbIBaeMbie BeJIH'1HHbI npe.n;CTaB-

JUlIOTCK B aHaJIoroBoH «!>opMe (06bl'1HO HanpSI>KeHHSlMH J1H60 TOKaMH),
HJlH QH«!>POBbIM, npH KOTOpOM BeJlH'lHHbI npe.n;craBJISIlOTcJI B QH«!>POBOH
1}>0pMe (06bI'1HO B ,lUJOH'1HOM n03HQHoHHOM Ko.n:e

- I1)J.K) H caMa

06pa60TKa cnoJ.tHTcJI K nOCJIe.n:oBaTeJIbHOCTH .n:eHCTBHH (onepaQHH) HM
'IHCJlaMH [17].

I1pH nepe,n;a'Ie HH«!>opMaLlHH HeKoTOpble CBe,neHIDI 0 npoQeccax H JlB-

J1eHHSIX, KOTOpbIe HR3bIBaIOT coo6U1ellWlMu, nOCTynaIOT OT HCTO'lHHKa K

nOJIY'1aTeJIlO. CaMH CBe.n:eHHH nepe.n:aIOTcSI B 1}>0pMe HeKoTopblX I}>H3H'leC-
166
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AeCR11I'IHOC ABOH'IHL!11 llIeCTHa]U.laTH- AeCKTH'IHOe ABOH'lHwR lLIeCTHa]U.laTH-

'iHCJJO KOn PH'IHbll1 Kon 'iHCJJO KO.IJ. DH'IHbll1 Kon

0 0000 0 8 1000 8

1 0001 1 9 1001 9

2 0010 2 10 1010 A

3 0011 3 11 1011 B

4 0100 4 12 1100 C

5 0101 5 13 1101 D

6 0110 6 14 1110 E

7 0111 7 15 1111 F

-

..

t

:::,
"<I

PHC. 4.2. PCaJIbHblH HMnYnbC npHMoyrOnb-

HOH c1JOPMbl
.

t

PHC. 4.1. HMnynbcHble CHl'HaJIbl

KpaHHHH CJIeBa 6HT HMeeT HaH60JIbUmH Bec H HaJblBaercSI cmapwUM

6HTOM (pa3pJli)oM). ITpaBblH 6HT HMeeT HaHMeHblUHH Bec H HaJbIBaeTCJI

MJlai)wUM 6HTOM (Pa3jJRi)oM). 0603Ha'leHHe 16-pa1pJlAHoro p;BOH'IHOro

'iHCJIa nOKa3aHO Ha pHC. 4.3.

BoceMb 6HT 06PaJYIOT OI1.HH 6aHT HHI!JOpM HH.B CHCTeMax o6pa6oT-
KH HHI!J0pMal.{HSI npe.n:CI"aaIUICrCR CJIOBOM, KOTopoe MO:>KeT co.n:ep:>KaTb He-

CKOJIbKO 6aHT. ,l];eJIeHHe Ha 6aft'lbl ynpomaeT npe.ncraBJIeHHe ,nBOH'IHOrO

'1HCJIa 16-pH'IHblM. Ha puc. 4.3 )I,BOH'lHOe '1HCJIO 10100111001011012 COOT-

BeTCTBYeT 16-pH'IHoMY 'IHCJIY A72Dl6. KOAOM WIHUOH n 6HT MO)KHO 3a-

KOAHpoBaTb N
= 2n co06U\eHHH. ITepeBo.n: 'IHCJIa B .n:ecHTH'IHYK> cHcTeMY

H3 .n:pyroH CHCTeMbl HC'IHCJIeHHU OCYll\eCTBJIHeTCJI no BbIpIDKeHHIo:

k-I

A to - :L OJ m
i

,

i-O

(4.1)

= t

ITapaMeTpaMH nOCJIe.n:OBaTeJIbHocru HMnYJIbCOB (CM. pHC. 4.1, a) JlBIDI-

lOTCSI: nepHo.n: nOBTopeHHH (cJIe.n:oBaHHH) T, 'IaCTOTa nOBTopemUlf= lIT,
naY3a ,lI,JIHTeJIbHOC1'blO tn' K03I!JI!JHl.{HeHT 3anOJIHeHllil k] = t.lT H CKBa)K-

HOCTh Q = Tlt
H

.

B cxeMax HMnYJIbCHbIX YCTpOHCTB ,lJ.J""UI 06pa6oTI<H H npe06paJOBaHHH
HHI!J0pMaU;HH npHMeUSUOTCH I.\HI!JpoBble MeTOJJ:bI, KOTOpbl OCHOBaHbI Ha

HCnOJIb30BaHHH CHfHaJIOB npJlMoyroJIbHOH 1!J0PMbl, HMelOll\HX,nBa I!JHKCH-
pOBaHHbIX 3Ha'IeHHJI HanpSI)KeHHH. BbICOKOMY 3Ha'leHHIO HanpSl>KeHHSI CHr-

HaJIa CTaBHTCSI. B COOTBeTCTBHe Hanpjl)KeHHe JIOrHlfeCKOH 1 H npHnHCbIBa-
eTCSI CHMBOJI "1", a HH3KOMY HanpR)KeHHe JIOnl'!eCKOro 0 H npHnHcblBaeT-
CH CHMBOJI "0". TaRoe 0603Ha'leHHe napaMC1.pOB HMnYJIbCa n03BOJIHeT

nepeHTH OT tl>H3H'IeCKHX napaMCTpoB K JIOrH'IeCKHM JJ.BOH'IHblM nepeMeH-
HblM H npHMeHSlTb 3anHCb naKeTa HMnYJIbCOB onpe.n:eJIeHHOH KOM6HHal.\HH
B 1!J0pMe '1HCJla B ,nBOH'IHOll CHCTeMe HC'IHCJIeHHSI - n03HI.\HOHHOro MO-

U'IHOrO Ko.n:a (I1,[(K).
n03HI.{HOHHLm JI.BOH'IHbIH KOA. C nOMOll\blO nocrre.n:OBaTeJIbHOCTH npSl-

MoyrOJIbHbIX HMnYJIbCOB MO:>KHO 3anHcaTb mo60e '1HCJlO B ,nBOH'IHOll CHC-

TeMe HC'IHCJleHIDI, T. e. 3aKo;:J;HpOBaHHoe c006IQeHHe. CHMBOJIbI "1", "0",
KOTOpbIMH onHCbIBaeTCJI C006I1\eHHe, HaJbIBalOTCJI aJ/tjJaewnoM. KOM6HHa-
I.\HH CHMBOJIOB ("1", "0") onpe.n:eJIHeTCR 3aKOHOM (npaBWIoM) HX pacIlIHI!J-
pOBblBaHHSI, npe.n:CTaBJIHIOII\HM c06011 H3blK C006ll\eHHH (MaUlHHHblll, aJI-

rOpHTMH'IeCKHH H T. .n:.). B ABOH'IHOM aJII!JaBHTe IIlHpOKO HCnOJIb3YeTCJI
n03HI.\HOHHbill ,naOH'IHbIH KOA. ,[(JIHHa KO,AOBOH KOM6HHal.\HH onpe,AeJIHeT-
CJI '1HCJIOM paJpRAOB ,nBOH'lHOrO '1HCJla.

KaiK,I\blll pa3pH,A ABOH'lHOrO '1HCJla cOAep>KHT 1 6HT HHI!J0pMaI.\HH.
HanpHMep, B Ta6n. 4.1 npHBe,AeHa 3anHCb .n:eCJlTH'IHblX '1HCeJI OT 0 ,AO 15

B ,naOH'IHOM KO,Ae ,lI,JIHHOH 4 6HTR H nepeBo,A 3Toro KOAa B UleCTHa.Al.\aTH-

PH'IHbIH KO.n:, HMelOll\HH 60nee KOMnaKrHYIO I!JOPMY 3aUHCH.
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r1I.e k - CTapulHH pa3pM 'iHCJla; a -  4Jpa1I.aHHOrO pa3pSi)(R; m -'" OCHOBaHHe CHCTeMbl

HC'iHeneHHJl.

HanpHMep, ,nBOH'IHOe '1HCJIO (CM. pHC. 4.3) nepeBO.lI.HTCH B AeCRTH'IUOe

crre.n:yIOI.l\HM 06PaJOM:

AIO = 1.2
0 + 0'2

1 + 1'2
2 + 1.2

3 + 0'2
4 + 1.2

5 + 0.2
6 + 0'2

7
+1'2

8
+ 1.2

9 +

+ 1'2
10 + 0'2

11 + 0'2
12 + 1'2

13 + 0'2
14 + 1'2

15
= 4280510.

Eaum

PHc. 4.3. CTpYK1)'pHaR cxeMa JJ;BOH'iHOrO KOJJ,!

169



BlfJJ.bI aHaJIOI'OBblX, HMnYJIbCHbIX H I(HclJPOBbiX YCTpOHCTB. B 3aBHCH-

MOCTH 01' BbInOJIIDleMbIX «!>YHKQHH YCTpOHCTBa CHCTeM ynpaBJIeHHK no,n;-

p33,n;eJIKIOTCg Ha H3MepHTeJIbHbIe, npe06p330BaTeJIbHbIe H HCnOJIHHTeJIb-
HbIe (pHC. 4.4).

3JIeKrpOHHbie YCTpoHCTBa KOHCTp}'KTHBHO MOryI' 6bITb BbInOJIHeHbl B

8HJ ecxeMbl C HCnOJIb30BaHHeM ,n;HCKpeTHbIX 3JIeMeHTOB (, HO,n;OB,TpaH3Hc-

6gKDa UIIU qurppa, o503Ha'lCIKlUlue nallgnpoDo HU/(oDhltl
namepuall {r,K.A,H.I,2.3,'t}
6gKDa illlR 0603Ha'ieHUR noDKllacca npu50pa (A- UO ,
B-Dapw<an, C-cmatfullumpoH, N-mgHHellbHhld  uoiJ,
A-u3AgyalOw,ue onm0311eKmpOHHhle npu50pbl.6-iJuoD61 (aHHa,
Y-mupucmop, T-6unollRpHhltl mpaH3utmop U m. .)
ljurppa (UAU tTgda , IIRonmonap), otfo3HayalOw,aR
xapaKmepu3glOUJ,UU npU3HaK nputfopa

TpeX3Ha'iHOe yuello,o503Ha'ialOUJ,ee nopRDKo6hlU HONep
pa3patfomKU
6gKDa,05031/fl'lCIKlw,aR KAaecurpw<all,UOHHblll napaMemp

I 'PgHKquoHallhHhle yempouem6a ynpaDlltHUR I
I

I I 1

IfJMepUmellhHhle DamYUKU 1 I npeo6pa306amellhHble I uenOIlHumellbHhle I
I I

r I I
I

yeullumellb I nepeKlllOyalOUJ,ue eyemHble u

... UCmO'iHUKU J npeo5pa306amtllbHble
DmOpUYH020 IC) namalfUR mOKa'"

KOHHyma-C)

cmatfullUJa- mopbl U HanpR1IIeHUR
e'temYUKU

'"'t
.

mopbl KIlIOYU pe2uempbl

6!JY2ue
Dpgzue

H
CyMHamopbl

HAN
wurppamopbl

HE
Dewurppamopbl

A02UYICKUe
(J-HE

Aun U ljAn
311eHeHmbl

IfAIf-HE
pacnpeDeAumellu

N-NAIf
MYllbmuMeKcop61

 P!l2ue
1fUK.ponpoqeccopbl

T-muna
iJpyzue

RS

Tpuzzepbl D
I

]K
311tKmpOHHble

pMe

iJpyzue mupucmopHbte

zeHtpamopbl
nepelUllO'tamtllu

8peMR- UHngllbeo6 6blxoDHble
JaDalOl4ue yeul/amellu

eAeMbl 3aiJepMKu
qUrpPODbl,

nOpOZoDble
Hl/llb-uHiJuKamopbl UHiJuKamopbl

cxeHbI epa6HeHIJIf  PI/2Ue

PHC. 4.5. CTpYKTYPHaR cxeMa 6YKBeHHO-UHclJPOBOro 0603Ha'ieHHH nonynpOBOAHHKOBblX
npH6opoB HH4JoPMaUHoHHoH :meKTpoHHKH

TOpOB, KOH,n;eHcaTopoB H T. ,n.) HJlH B BH,ne HHTerpanbHblX cxeM. I1HTer-

paJIbHble cxeMbl C BblCOKOH CTeneHbIO MHHHaTIOpH3aQHH H33bIBaIOTCK U1l-

meZpaJlb1lblMU MUKpOCXeMGMU (I1MC).
3JIeMeHTbI ,nHCKpeTHbIx cxeM H3rOTaBJIHBaIOTCK Ha TOKH ,n;o lOA

(ManOMOI..l{HbIe nOJIynpoBo,lI,HHKoBble npH60pbl) B umpoKoM accopTHMCH-

Te H 0603HaqaIOTCK B npHIDITOH CHcreMe 6}'KBeHHO-l.{H«!>POBbIX 0603HaQe-

HHH (PHC. 4.5). B OCHOBY CHCTeMbI nOJIO>KeH ceMH3HaQHbIH 6}'KBeHHO-l.{H«!>-

pOBOH KO,n. Ha pHC. 4.5 )J.illI npHMepa nOK33aHO 0603HaqeHHe repMaHHe-

Boro 1}'HHCJIbHOrO .rom,na 10 MA.

4.2. YCMnMTEJ1bHblf1 M K111O EBOfiPE>KMMbl PA50Tbi TPAH3MCTOPA

PHC. 4.4. CTpYKTYPHaR cxeMa KJIacCHcJiHKauHH 3neKTpOHHbiX YCTpOHCTB

npHHI(Hnbl nOCTpoeHHH YCWIHTeJIbHOrO KaCK a.CxeMbl YCHJ!HTCJIb-

HblX KacKa)].OB p33Ho06p33HbI. npHHQHnbI nOCTpoeHHK rJIaBHbIX QeneH

YCHJlHTeJIbHblX KacKa)].OB co)].ep>KaT ynpaBIDIeMbIH 3JICMeHT Y3, «!>YHKQHIO

KOToporo BbInOJIHSleT 6HnOJISlpHbIH HJlH nOJIeBOH 'lpaH3HCTOp, H pe)KHM-

HblH pe3HCTop R, a COBMeCTHO C HCTOQHHKOM nHTaHIDI, HMeIOll{HM 3)J.C
E, 3TH 3JIeMeHTbI 06p33YJOT BbIXO.IUIYIO Qenb KaCKa,u:a (PHC. 4.6).

YCHJUmaeMbIH CHruan UBX ruo60H «!>OPMbI (HanpHMep, CHHYCOH)].aJIb-

HblH KaK Ha pHC. 4.6) no)].aeTCK Ha BXO,n Y3. BbIXO.IUIOH CHrHan UBbIX

CHHMaeTCK C Bblxo)].a Y3 HJIH C pe3Hcropa R. On C03)].aeTCK B pe3YJIbTaTe

H3MeHeHHSI COnpoTHBJleHHSI Y3, qTO npHBo,nHT K H3MeHeHHIO TOKa i B

BbIXO.IUIOH l.{CnH no,n; B03)].eHCTBHeM BXO)].HorO HanpIDKeHIDI. CJ1e)].oBaTeJlb-

HO, npOl.{ecc YCHJIeHIDI conpOBO>K,lI.aeTCK npe06p330BaHHeM 3HeprHH HC-

TOqHHKa nOCTOSlHHoro Hanpg)l(eHHSI E B 3HeprHIO nepeMeHHoro TOKa B

BbIXO.IUIOH QenH H3-3a H3MeHeHHK conpOTHBJIeHIDI Y3 B COOTBeTCTBHH C

napaMeTpaMH BXO.IUIorO CHrHana.
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nOKOK In (pHC. 4.7,6). Ha HarpY30qHOH npRMOH AI>' 3TO COOTBeTCTByeT

TO'IKe 01 , HR3blBaeMOH TO'IKOH nOKOK, a HanpH>KeHHe Ha TpaH3HCTope

paBHO Un'
fipH nocrynneHHH Ha BXO,n KaCKa,na CHrmUIa eJ.\K HanpH)KeHHe, n HI(JIa-

,W.IBaeMoe K l.{enH "6a'3a-3MHTIep", U6e
= -E

6e
+ e

BX
' B pe3YJlbTaTe .n:eHCTBHK

ABYX BXO.IUIblX HCTOl{HHK08 TOK 6R3bl 16 H3MeHHeTCR H COOTBeTCTBeHHO

Bb13blBaeT H3MeHeHHe TOKa KOJUleKTOpa Ie (PHC. 4.7, z) H HanpK)KeHHK

"KOIIJIeKTOp-3MlfITep" (Jet (PHC. 4.7, e). TpaeKTopmr pa60QeH TO'lKH TpaH-

3HCTopa oT06pa)KaeTCR y'laCTKOM npHMoH AS HarpY30QHOH xapaKTepHC-

rnKH. BblXO.IUIble CHI"HaJlbl n08TopHIOT IIJOPMY BXO.IUIorO CHI"HaJla, Bocnpo-

H380M 3TOT CHrHaJI no TOKY, HanpK)KeHIUO H MOIl(HOC1'H. B .n:aHHOM

cJlY'lae pe)KHM YCHJIeHHH Ha3MBaeTCH YCWlellUeM KJlacca A.

.

'--"'

:::;

.

t

-E i.

-,

tl I

 3

!U6  
I

_.J

o
(J,6tiA

o

(J,61>1 

PHC. 4.6. CxeMa H rpaiJHKH H3MeHeHHJI TOKa H HanpJl)J(eHHR YCHnHTeJIbHoro KaCKa,n;a aJ
Re iu;Ec

PHC. 4.7. CxeMa YCHJIllTeJIbHOrO KaCKa,n;a
03 H rpa4lHKI1 H3MeHeHHR TOKa H HanpR-

)J(eHHJI Jl1lR 3/1,AaHHbIX pe)J(HMOB nOKOH

TOK i B BbIXO.IUIOH LtenH XOTSI H SIBJUIeTCR nepeMeHHblM, HO HMeeT

OAHO HanpaBJIel-me, C001'BeTCTBYlOl1..lee nOJIHpHOCTH BKmo'leHHSI HCTO'l-

HHKa nHTaHHSI nOCToHHHOro HanpR>KeHHSI. fiPH 3TOM TOK i H HanpH-
)l(eHHe UBLIX cJIe.nyeT paCCMaTpHBaTb KaK nepeMeHHble COCTaBJIHlOl1..lHe
CYMMapHOro TOKa H CYMMapHOro HanpR>KeHlUI, HaKJra,nblBalOI1..lHecSI Ha

nOCTOSIHHble COCTaBJUllOl1..lHe In HUn' )1,JUI nOJIHOrO 80cnpOH3Be,neHHK
BXO.IUIoro CHI'HaJIa na Bblxo,ne KaCKa,n:a He06xo.nHMO. BblITOJIHHTb YC-
JIOBHe In Imax' Un U

max' r,ne Imax, Umax - aMnJIH1)')J.b1 nepeMeHHblX
COCTaBJUIIOI1..lHX. B IlpOl1IBHOM cJlYl{ae Ha OT,neJIbHbIX HHTepBaJiax TOK

i = 0, QTO npHBOJ1.HT 1< HCKa>KeHHIO IIJOPMbl BblXO.IUIoro CHrHaJIa.
IlOCTOSIHHble COCTaRJIIDOlltHe 3a,nalOT nOMQeH na BXO,n, KpOMe YCHJIH-

BaeMoro CHrHaJia COOTBeTCTB}'IOlltero nOCTORHHoro HanpR>KeHHSI U
BX n'

fiOCTORHHbIe COC1'aBJUIIOlltHe U
BX n' Un' In onpe,neJUllOT pe)KHM IlOKOSI

YCHJIHTeJlbHOrO KaCKa,na npH OTC}'TCTBHH BXO,nHOro CHrHaJIa.
AHuu3 pa60TLI YCHJlUTMbHOro KaCK3.lJ.a Ha 6n"OJlHpHOM TpaH3HCTope.

YCHJIHTeJlbHble KaCKa)J.b1 MOryI' 6blTh nOCTpoeHbI Ha OCHOBe cxeMbI BKJllO-

l{eHHR TpaH3HCTOpa C 06lltHM 3MHTIepOM, 06llteH 6R30H, H 0611..lHM KOJI-

JIeKTOpOM (CM. m. 2). HaH60JIblllee npHMeHeHHe HMeeT cxeMa 03, KaK

06ecne'lHBalOl1..laH HaH60JIblllHH K0311JIIJHl.{HeHT YCHJIeHWI no MOlltHOCTH

(CM. pHC. 2.56), n03TOMY npOaHaJIH3HpyeM ee pa60TY (PHC. 4.7).
OCHOBHblMH :meMeHTaMH cxeMbl (PHC. 4.7, a) SI8JUIIOTCR HCTO'lHHK nH-

TRHHR Ec, Y3-TpRH3HCTOp VTp-n-p-rnna H pe3HCTop Rc' 3TH 3JIeMenTbi

06PR3}'1OT Ltenb YCHJIHTeJIbHoro KaCKa,II,R. 3a,n:aHlUI pe>KHMa IlOKOR BO

BXO.IUI}'IO [{eIlb TpaH3HCTopa nOCJle,nOBaTeJIbHO C HCTOI{HHKOM YCHJIHBae-
Moro CHrHaJla e

BX
BKJOOQeH BcnOMOraTeJIbHblH HCTOI{HHK CMel1..leHHR E

6e.

DJIaro.n:apK HaJlHl{1UO 3)J.C E6e
BO BXOJVIOH [{enH npOTeKaeT TOK 6R3bl

162 (PHC. 4.7, 6, 0), KOTOpblH 06ecIle'IHBaeT cMeu eHHe3MHTTepHoro nepe-
xo,na VI' B npHMoM HanpaBJIeHHH, H B [{enH KOJlJleKTOpa npOTeKaeT TOK
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ECJlH TO'lKY nOKOJI CMeCTHTb (O ,YMeHblII<UI 3Ha'leHHe E
6e (PHC.

4.7, :He), TO Ha BbIXO,ne KaCKa,n:a BOCnpOH3BO,nHTCJI JIHlIIb oJI,Ha nOJIOBHH3
CHI"Ha.rra eBX (PHC. 4.7, 3, U). TaKOH pe)KHM YCHJIeHIDI COOTBeTCTBYeT
KltaCCY YCWleHWl B.

npH YMeHblIIeHHH HanpJl>KeHHJI CMell.{eHHH MO>KHO nOJIY'lHTb Ha BbIXO-

,ne BOCnpOH3Be.n:eHHe TOJIbKO onpe.n;eJIeHHOH 'laCTH OJI,HOH nonyBOJIHbI
BXOJI,HOrO CHrHa.rra eBX' 3TOMY pe>KHMY COOTBeTCTBYeT KllQCC YCWlellWl C.
B YCHJIHTelliIX MOlI{HOCTH MO)KeT npHMeIDITbCJI npOMtJKyrO'lHbIH KllaCC

YCWlellWl AB.

Pe)KHM KJIacca A HCnOJIb3YeTCJI B OJI,HOTaKTHbIX KaCKa,n:ax YCHJleHIDI

MOlI{HOCTH, paccMaTpHBaeMblx HH>Ke, a pe>KHM KJIacca B - B .nayxTaKT-
HbIX cxeMax YCHJIeHH5I C HCnOJIb30BaHHeM .nayx TpaH3HCTopOB.

Ka'lecTBo pa60TbI YCHJIHTeJIbHbIX KaCKa,nOB 3aBHCHT OT TO'lHOCTH

nepe,na'lH 4J0pMbI CHrHa.rra. B npol.(ecce pa60TbI YCHJIHTeJleH B03HHKalOT

JIHHeHHble (aMilllHTyJI,Hble H 4Ja30Bble) H HeJIHHeHHbIe (no 4J0pMe) HCKa>Ke-

HHJI.

AMnJIHTyJI,HbIe H 4Ja30BbIe HCKa>KeHIDI onpe.n;eJUllOTCJI 3aBHCHMOCTblO
aMilllHTyJU>I H 4Ja3bI BbIXOJI,HOro CHrHa.rra OT ero 'laCTOTbI. HH3KHe H

BbICOKHe 'laCTOTbI npHBO,U.HT K TOMY, 'lTO BCJle,nCTBHe c06CTBeHHbIx HeJIH-

HeHHbIx 'laCTOTHbIX XapaI<TepHcTHK TpaH3HCTOpOB CHH>KaeTCJI aMilllHTy.n:a
H H3MeHJleTCJI 4Ja3a CHrHa.rra Ha Bblxo.n:e KaCKa.n;a. YMeHblIIeHHe MO.nylliI
K034J4JHl.(HeHTa YCHJIeHHH Y'lH.TblBaeTCH K034J4JHl.(HeHTOM 'laCTOTHbIX HCKa-

)KeHHH. YCHJIHTelliI YCTaHaBJIHBaeTCJI nOJIoca nponycKaHIDI. AMnJIH-

TyJI,Hble H 4Ja30Bble HCKa>KeHIDI OlliOCjlTCSl K KJIaccy JIHHeHHbIx, nOCKOJIbKY
He BbI3bIBaIOT H3MeHeHHSl 4J0pMbI YCHJIHBaeMOro CHHYCOH,I:(aJlbHoro CHrHa-

JIa. npH 60JIee CJlO>KHOH 4JopMe YCHJIHBaeMOro CHrHa.rra, co.n:ep>KalI{eI"O
cneKTp rapMOHH'leCKHX COCTRBJIHIOU!HX, MO>KeT npOHCXO,nHTb HCKa>KeHHe

4J0PMbi H3-3a p33J1H'lHOrO aMnJIHTyJI,Horo H 4Ja30BOrO HCKa>KeHIDI OT,neJIb-

HblX rapMOHH'leCKHX COCTaBJUIIOlI{HX.

HeJIHHeHHble HCKa)KeHHSl B03HHKalOT BCJIe.n:CTBHe HeJIHHeHHOCTH

BOJIbT-aMnepHbIX xapaKTepHCTHK caMHX TpaH3HCTopOB. C YBeJIH'leHHeM
aMnJIHTy,nbI BXOJI,HOrO CHrHaJIa HeJIHHeHHble HCKa)KeHHJI B03paCTaIOT.
MepOH HX Ol.(eHKH CJIY)KHT Ko tjJtJJutlUellmllellWleUllblX UCKG:HeeIlUU (KlIUp-
,paKmop), npe,nCTaBJUIIOlI{HH C060H OTHOlIIeHHe COCTaBJUIIOlI{eH BbIXOJJ.HO-
ro HanpJl>KeHHH 6e3 Y'leTa OCHOBHOH rapMOHH'leCKOH K 3TOH OCHOBHOH

rapMOHH'leCKOH COCTaBJUIIOlI{eH.
Pe3\HM pa60Tbi 6HnOJlHpHOrO TpaH3HCTOpa B cxeMe KJIIO'la. TpaH3HC-

TOpHaH HMnYJIbCHaH H l.(H4JPOBaH TexHHKa OCHOBaHa Ha npHMeHeHHH KJIIO-

'leBbiX cxeM, B KOTOpblX Tp3H3HCTOp M03\eT HaXO,lUiTbCJI B OJI,HOM H3 .nayx

COCTOSlHHH: HaCbIlI{eHIDI HJIH OTCe'lKH. nepeKJllO'leHHe H3 oJJ.Horo COC'lOJI-

HlUI B npOTHBOnOJIO:>KHoe B Tp3H3HCTOpHbIX KJllO'l3X npOHCXO,lUiT 3a HH-

TepBa.rr BpeMeHH, HeCOH3MepHMblH C nepHo,nOM CJIe.n:OBaHIDI OCHOBHbIX
COCTOSlHHH. rJI3BHOe Ha3Ha'leHHe Tp3H3HCTopHoro KJIIO'la - 3aMbIKaHHe

H pa3MblKaHHe l.(enH H3rpY3KH. Ka'lecTBo TpaH3HCTopHoro KJllO'la onpe-

,nelliIeTCJI n3,neHHeM HanpH>KeHIDI (OCTaTO'lHOe H3npH>KeHHe) Ha Tp3H3HC-
Tope B HaCblll{eHHOM COC'lOJlHHH (3aMKHyroe COCTOHHHe KJllO'la, HJIH OT-
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,

KpbITOe COCTOJlHHe Tp3H3HCTopa), a TaX>Ke OCTaTO'lHbIM TOXOM TpaH'3HC-

TOp3 B COCTOJlHHH OTCe'IKH (Pa30MxHyroe COCTOJlHHe KJIIO'l3, 3aI<pbI1'Oe

COCTOJlHHe TpaH3HCTopa). npH pa3pa60TI<e Tp3H3HCTOpHOro KJIlO'la 3TH

nOXa3aTeJIH CTpeWlTCH YMeHblIIUTb.
_ _

Kmo'leBaH cxeMa npe,nCTaBlliIeT c060u YCHJIHTeJIbHblH xaCKa,n: Ha TpaH-

3HCTope, pa60TaIOlI{eM B KJIIO'leBOM pe>KHMe (puc. 4.8).

Tp3H3HCTOp, K3K np3BHJIO, BKJIIO'laeTCJI no cxefl4:e 03 (Ha pHC.

4.8, 0 cxeMa 03 H3 Tp3H3HcTOpe p-n-p-THna). Tp3H3HCTOp VT

BbInOJIHHeT 4JYHXl.(HIO KJIIO'la B nOCJIe.n:oBaTeJIbHOH l.(enH C pe3HCTopOM

Rc H HCTO'lHHKOM nHTaHHH Ec' rpa4J0-aHaJIHTH'leCXHM MeTO,nOM no-

CTpoeH3 HarpY30'lHaH npHM3S1 AS H3 BbIXOJJ.HbIX xap3KTepHCTHKax

(puc. 4.8, 6, 6), Ha XOTOpblX nOXa33Ha 4J0pM3 CUrHa.rrOB Ha Bxo,ne

(PHC. 4.8, 0) H Ha BbIxo.n:e (PHC. 4.8, Z, e). H3rpY30'lHaH npJlMaH
onHCblB3eTCJI yp3BHeHHeM U

ce
= -(Ec - Icfic) H npOBO,nHTCJI TaK >K 

K3K AJUI YCHJlHTeJlbHoro X3cxa,n:a. TO'lKH nepece'leHU5I HarpY30 HOH
npSlMoH C xap3KTepHCTHK3MH onpe,neJUllOT 3Ha'leHHSI HanpJl>KeHHU Ha

3JIeMeHT3X H TOK B nOCJIe,n;oBaTeJIbHOH l.(enH.

Puc. 4.8. CxeMa TpaHJHCTOpHOro
KJl1O'ia H rpacIJHKH H3MeHeHHSI 1'OKa

H HanpH)J(eHHSI

a}
+

ICDI
------_/

R, I,
-

e,,,  U61!
116"-e6,,t-E61!

6) Ib  )zc & 6'
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Re

0 0

D} t e}
0
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Ie - f316 + (1 + f3)/eo - f316 , (4.2)

CKOpOCTblO HaKOnJIeHHSI HOCHTeJleH B 6a3e H, CJle,ZJ:OBaTeJIbHO, TeM

MeHbllle '1eM HHTeHCHBHee TOK 6a3bl, T. e. '1eM rJIy6>Ke HaCbIU{eHHe

TpaH3Hdropa. C npHJIO>KeHHeM 3anHpaIOll.{erO HanpSl>KeHHH U
BX

< 0
"

- "
3

TOK KOllJIeKTOpa H HanpH>KeHHe KOJIJleKTOp-3MlfITep OCTalOTCSl HeH -

MeHHbIMH, a TpaH3HCTOp no-npe>KHeMy OTKpblT (HHTepBaJI t3-t4,
CM.

pHC. 4.8, :He). C03.n:aeTCH 3Mep>KKa B 3anHpaHHH TpaH3HCTOpa, no-

CKOJlbKY TOK nOMep>KHBaeTCSl H36blTO'lHbIMH HOCHTellilMH 3apHAa B

6R3e HaCblll{eHHoro TpaH3HCTOpa. TOJIbKO nocrre paccaCblBaHHH H36b1-

TO'lHblX HOCHTeJIeH 3apHAa (BpeMH t
p) B 6a3e H nepexoAa TpaH3HCTopa

B aKTHBHblH pe>KHM TOK KOJUleKTopa Ha'lHHaeT YMeHblllaTbCH. MHTepBaJI

t4-t5 onpeAellileT BpeMH cpe3a t
c HMnYJIbCa KOJIJleKTOpHoro TOKa.

,AJrnTeJIbHOCTH tcll, Ip H Ic xapaKTepH3yroT 6blCTpOAeHCTBHe TpaH3Hc-

TopHoro KJIIO'Ia.

Oc06eHHocTH YCHJIHTeJIbHOrO H KJIIO'IeBOrO pe>KHMOB nOJleBblX Tp8H3HC-

TOpOB. fIpHHl(Hnbl nocTpoeHHH YCHJIHTeJIbHblX KaCKa.n:OB Ha nOJIeBblX

TpaH3HCTopax Te >Ke, 'lT0 H }1)ISI KacKa,n:oB Ha 6HnOJIHpHblX TpaH3HCTopax.

OTJIH'IHe 3aKJI1O'IaeTCH B TOM, '11'0 B nOJIeBOM TpaH3HCTope ynpaBJIeHHe

,n:OCTHraeTCSI H3MeHeHHeM HanpSl>KeHWI Ha ynpaBJUIIOll.{eM 3JIeKTpo,n:e-3a-

TBope, a He TOKa (KaK B l\enH 5a3bl fiHnOllilpHOI"O TpaH3HCTopa). 3a,n:aHHe

pe)KHMa nOKOH OCYll.{eCTBmreTCH nOAa'leH BO BXOAHYlO l\enb KaCKa,na no-

CTOKHHoro HanpK>KeHHSI COOTBeTCTBYIOll.{erO 3Ha'leHHH H nOJlHpHOCTH (CM.

pHC. 2.82 H 2.63). ,l\mI ofieCnelJeHHH KJIIO'IeBoro pe>KHMa nOJIeBOrO TpaH-

3HCTopa C H30JIHpOBaHHblM 3aTBOpOM B YCHJlHTeJIbHOM KaCKa,ne He Tpe6y-

eTCK npHMeHeHHH HCTO'lHHKa CMell{eHHK Ha BXOAe, TaK KaK TpaH3HCTOp

ofiJIa.D:aeT noporOBblM HanpH>KeHHeM Unop
'

PaCCMOTpHM pe)l<liM 3amlpaHHH (nepeKJllO'IeHHe B COCTOKHHe OT-

CelfKH) TpaH3HCTOpa (PHC. 4.8, :He). 3anHpaHHe oCYll.{eCTBJUIeTCK no.n.a'leH
Ha BXOA TpaH3HCTopa HanpSl>KeHHH UBX nOJIO)KHTeJIbHOH nOJUIpHOCTH
(CM. pHC. 4.8, 6, e). 3MHITepHblH nepexoA VT CMell.{aeTCJI B 06parnoM
HanpaBJIeHHH H TOK Ie = O. Qepe3 pe3HCTOp R npOTeKaeT 06paTHblH
(TenJIOBOH) TOK KOllJIeKTOpHoro nepeXoAa Ico.

6

COCTOJlHHIO OTCe'IKH

(KJIIO'I Pa30MKHYT) TpaH3HCTopa COOTBeTCTBYeT pa60'laH TO'IKa A (CM.
pHC. 4.8, 6). He06xOAHMO, '1T06bl U

6e
= -(UBX - IcoRB) > ° 6bIJIO

He MeHee '1eM O,2 2B.
Pe>KHM OTKpblTOro COCTOHHHH TpaH3HcTopa ,ZJ:OCTHraeTCK H3MeHeHHeM

nomlpHOCTH BXOAHOro HanpJl>KeHHH (uBX < 0) H 3a,n;aHHeM COOTBeTCT-

Byroll{ero TOKa 6a3bl. HaCblll{eHHOe (OTKpbITOe) COCTOJlHHe TpaH3HCTopa

xapaKTepH3yeTCH pa60'feH TO'IKOH E (CM. pHC. 4.8, 6). TOK KOllJIeKTOpa

YBeJIH'IHBaeTC COOTBeTCTBeHHO TOKY 6a3bl BO BpeMeHH no KpHBOH,
onpeAeJUIeMOH npOl(eCCOM HH>KeKl\HH HOCHTeJIeH H3 3MHTTepa B 6a3Y
H ,n;peH$a HX K 06JIacTlI KOJIJIeKTOpHoro nepeXO.D:3 (CM. pHC. 4.8, :He).
TpaeKTopHH pa60IJeH TO'fKH onpeAeJUleTCK .ZI.BH>KeHHeM no HarpY30'IHOH
npHMoH OT A' K B'. HanpH>KeHHe U

ee TpaH3HCTopa npH 3TOM YMeHb-

lIIaeTCH (CM. pHC. 4,8, C», cTpeMKcb K 3Ha'leHHIO /1U
ee

.

,[(0 HeKoTOporo rpaHH'IHOrO TOKa fia3bl cOXpaHSle1'CJI COOTHOllleHHe

rAe - CTaTH'ieCKHU (ycpeAHeHHblu) KOJclJclJHUHeHT nepe,lJ.a'lH TOKa TpaH3HCTopa B cxeMe
03.

Qepe3 TpaH3HCTOp VT H pe3HCTOp Rc npOTeKaeT TOK

le-Ee-!!.Uce/Rc, (4.3)
4.3. YCWn1TEnbHbiE KACKAAbl HA TPAH3HCTOPAX

Ie := EcIRc. (4.4)

K.rIaccHclJHKa HHH OCHOBHble nOKa3aTeJIH YCHJIHTeJleii. YCHJIHTeJlH IllH-

pOKO HCnOJIb3yIOTCJI B YCTpOHCTBax aBTOMaTHKH, TeJIeMeXaHI1KH H Bbl'lHC-

JIlfTeJIbHOH TeXHHKH. OHH CJIY>KaT .u.rur YCHJleHHH 3JIeKTpHIJeCKHX CHrHaJIOB

no HanpH>KeHHIO, TOKY HJlH MOIl{HOCTH. B peaJIbHblX cxeMax YCHJlHTeJlH

O'leHb '1aCTO COCTOJIT H3 HeCKOJIbKHX nOCJleAOBaTeJIbHblX KaCKa.D:OB. Crra-

fiblH CHrHaJI BHa'laJIe YCHJIHBaeTCSI C nOMOll.{b1O KaCKa,nOB npe]:(BapHTeJTh-

Horo YCHJIeHHK, 3aTeM nOCT)'naeT Ha npe,n:OKOHe'lHbIH YCHJlHTeJIbHblH Kac-

Ka,n: H .u.a.rree Ha OKOHe'lHblH (BbIXOJI,HOH), 06eCne'lHBalOll\HH Ha BblXOAe

3MaHHbIH ypOBeHb CHrHaJIa. Ka)l():{blH KaCKa):( YCHJIeHHH COe,nHHHeTCJI co

BXOAOM CJIe.nYlOll{ero KaCKa.n:a [{enSlMH KaCKaJI,HOH CBK3H.

B 3aBHCHMOCTII OT «!>YHKl\HOHaJIbHbIX 3Ma'l H TeXHH'IeCKOH peaJIH3a-

[{HH YCHJIHTeJIH no.n.pa3AeJUlIOTCJI no BH.n)' YCHJIHBaeMblX CHrHaJIOB, IIIHpH-

He H 3Ha'leHHIO '1aCTOT, THny YCHJIHTeJIbHbIX 3JIeMeHTOB, Ha3Ha'leHHlO,

KOHCTp)'KTHBHOMY HCnOJIHeHUIO H ApyrHM npH3HaKaM. fIo BH.ny YCHJIUBa-

eMblX CHrHaJIOB pa3JIHlJalOT YCHJIHTeJIH nOCTOHHHoro TOKa, rapMOHH'IeC-

KHX H HMnYJIbCHbIX CHrHaJIOB. fIo IllHpHHe nOJIOCbl H a6COJllOTHblM 3Ha-
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r'll.e 6.Uce - OCTaTO'iHOe HanpRJfteHHe Ha TpaH3HcTope B HaCbl eHHOMCOCTOHHHH.

HanpIDKCHHe /1U
ee J OJI)f(HOfiblTb MHHHMaJIbHblM (06bt'lHO COCTaBJUlCT

0,05-1 B. TaK KaK 3TO HanpJl>KeHHe 3Ha'lHTeJIbHO MeHbllle E, TO npH-

HHMalOT

e

fIpH .lI:aJ1bHeihuCM yBCJIH'ICHHH TOKa 6a3bl 60JIee, '1eM 165 = IjfJ,
OCTaTO'lHOe HanpK>KeHHC nO'ITU He YMeHblllaeTCH. Pe>KHM pa60Tbi TpaH-
3HCTopa npH 16 > 165 (CM. pHC. 4.8, 6) Ha3blBaeTCH llaCblUjellUeM.
OTHOlIIeHue S = 1/165 Ha3bIBaeTCJI K03tjJtjJUt{uellmOM lIaCblUjelll1R TpaH-

3HCTopa, onpeJJ,eJUlIOIl{HM I'JIy6HHY HaCblll.{eHHK. B pe>KHMe HaCblll.{eHHH

TOK 6a3bl 16 = SljfJ, rAe S npHHHMaeTCJI paBHblM 1,5-3 J],IDI 06ec-

ne'leHHH H e)KHOrOnepeKJIIO'IeHHH B pe>KHM HaCbllI.{eHllil. XapaKTep
H3MeHeHHJI 'e OTJIH'IaeTCH OT Bbl3BaBlllero 3TO H3MeHeHHe TOKa ;6 (CM.
pHC. 4.8, :JIC). ,lJ;JIHTeJIbHOCTb «!>poHTa 1«11 HMnYIIbca TOKa onpe,n:eJUIeTCH
176



'leHHgM YCHJIHBaeMbIX 'laCTOT YCH.JIHTeJIH ,n:eIDITCB HR YCHJlHTenH Me.n:neHHO
H3MeHffiOlIterocg CHrmUIR (YCHJIHTeJIH nOCTOJlHHOro TOKa - YIlT), YCHJIH-TeJIH 3BYXOBbIX 'laCTOT Y3Q (OT 20-200 n.{ ,n:o 10-20 Kn.{), YCHJIHTeJIHBblCOKOH 'laCTOThI (OT ,n:eCJlTKOB KH.JIOrepu,n:o ,n:eCgTKOB H COTeH Merarepu),umpOKononOCHble YCH.JIHTeJIH IllfIY (OT AeCgTKOB KHJIOrepu ,n:o COTeH
Merarepl.{), Y3KononOCHble YCHJlHTeJIH YTIY. B 3aBHCHMOCTH OT THna YCH-JIHTenbHoro 3neMeHTa pa3JIH'laIOT 3neKTpOHHo-naMnOBble, TpaH3HCTOp-
HMe, KBaHTOBbIe H .npyme YCHJIHTeJIH.

YCHJIHTeJlH Ha TpaH3HCTopax 6e3blHepUHOHHbI, ,n:OJITOBe'lHbl, YCTOH'lH-
BbI K BH6paUHH, 3KOHOMH':lHbI. OHH HaXOMT umpOKoe npHMeHeHHe B
COBpeMeHHOH 3JIeKTpOHHOH TeXOHKe. He06xo,n:HMO yqHThIBaTb HX OTpH-l.{aTeJIbHble CBOHCTBa (pa36poc napaMeTpOB TpaH3HCTOpOB, 3Ha'lHTeJIbHaK
TeMneparypHaSi 3aBHCHMOCTh, OTHOCHTeJIbHO BbICOKHH ypOBeHb c06CTBeH-
Horo Ul}'Ma). fIo KOHCTpYXTHBHOMY HCnOJIHeHHIO Ba)I(HO BbI.ll:enHTh YCHJIH-
TeJIH, BbInOJIHeHHble C nOMOlItblO ,n:HCKpeTHOH TeXHOJIOmH (cnoc060M Ha-
BeCHoro H.JIH ne'1aTHoro MOHTa)l(a) H YCHJIHTeJIH, BbInOJIHeHHble Ha OCHOBe
HHTerpaJIbHOH MHKpocxeMOTeXHHKH.

Bce YCH.JIHTeJlH no pe)I(HMY pa60ThI MO)I(HO pa3,n:enHTh Ha ,n;aa Macca:
C JIHHeHHbIM H HemmeHHbIM pe)I(HMaMH pa60ThI. YCH.JIHTeJIH C JIHHeHHbIM
pe)l(HMOM pa60ThI (HJIH YCHJIHTeJIH MrHOBeHHbIX 3Ha'1eHHH) ,n:OJDKHbI 06ec-
ne'1HBaTb BbIXO)J,HOH CHrHaJI, 6mi3KHH no 1!J0pMe K BXOJJ.HOMY. KaK YXa3a-HO BbIUle, BIDKHeHUlHM nOKa3aTeJIeM TaKHX YCHJlHTeJleH BBIDIeTCJI aMilllH-
ry,n:HO-qaCTOTHaK xapaKTepHCTHKa (AXq). B YCH.JIHTeIDIX C HeJIHHeHHbIM
pe)l(HMOM pa60ThI nponopUHOHaJIbHOCTb B nepe.n;a'1e MrHOBeHHbIX 3Ha'le-HHH BXO,/J,Horo CHrHaJIa oTCyrCTByeT. fIocJle AOCTH)I(eHIDI BX0JJ.HbIM CHrHR-
JIOM onpeAeJIeHHOro 3Ha'1eHHJI Ha Bblxo,n:e YCH.JIHTeIDI HanpJl)l(eHHe CHrHa-
JIa OCTaeTCH HeH3MeHHbIM (yCH.JIHTeJIH-orpaHH'1HTenH, YCHJIHTeJlH-npe06-
pa30BaTenH CHHYCOH,/J,aJIbHOro CHrHaJIa B HMnYJIbCHbIH, HeJIHHeHHble
HMnYJIbCHble YCH.JIHTeJIH).

CBOHCTBa YCHJIHTeJleH xapaKTepmYIOT pg.n;OM nOKa3aTeJIeH: K03I!JI!JH-UHeHTOM YCH.JIeHIDI, BXO)J,HOH H BbIXOJJ.HOH MOIItHOCTbIO, '1YBCTBHTeJlbHOC-
ThIO, K ,J1,Hana30HOM '1aCTOT YCHJIHBaeMbIX CHrHaJIOB, BHOCHMbIMH
YCHJlHTeJleM HCKIDKeHIDIMH, HanpJl)l(eHHeM nOMex H T. ,n:. K03I!JI!JHUHeHThI
YCHJIeHIDI no TOKY kl> HanpJl>KeHHIO ku H MOIl.{HOCTH kp onpe,/J,eIDIIOTCJI npH
paC'leTe YCHJlHTeJIbHOro KaCKaM no nepeMeHHOMY TOKY. fIpH CHHYCOH-,/J,aJIbHOM BXOJJ.HOM CHrHaJIe BXOJJ.HaK MOIItHOCTb

PBX - Usx lsx - U x/lsx-l;x RBX , (4.5)

a BbIXOJJ.HaK MOIItHOCTh (

PBblX - UBbiX IBm - U;blX/IBm -l;blX RBblX . (4.6)
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K03I!JI!JHUHeHTbl YCHJleHIDI COOTBeTCTBeHHO

kr = IBm 'lBX, ku = UBblX ' Usx, kp = PBblX ' PBX. (4.7)

Bblpa)f(aTbCJI B OTHOCHTeJlbHblX H
K03I!JI!JHUHeHTbl YCH.JIeHIDI Moryr

6eJIax (AJ» 'lTO YA06HO )J)UI OI.{eHKM
JIOrapHI!JMH'1eCKHX eJI,HHMl.{aX

- ,ZJ:eUM
HH fI cJle)J,HeeHCnOJIb3yeTcSI B

OqeHb MaJIbIX H O'1eHb 60JIbUlHX 3Ha'1eH . .

TeXHMKe CBg3H.

K03I!JI!JHl.{HeHThI YCH.JIeHIDI

kr ()$) = 20 19kr. ku (.nE)
= 20 Igku; kp ()$)

= 10lgkp. (4.8)

MHorOKacKaJJ.Horo YCH.JIHTeJUI

k = klkv-3 .., kn. (4.9)

o CHrHaJIa npH KOTOpOM YCHJIHTeJIbHOMHHaJIbHOe 3Ha'1eHHe BXOJJ.H0

y

r

3Ky 3a,rI,aH':yro BbIXOJJ.HYIO MOIItHOCTb,3BVlrOBOH '1aCTOTbl nepeAaeT B Harp
J ..

ocmblO YCH.JIHTeJUl.Ha3bIBReTCg 'lyecmewnellbH
OTHOUleHHe MOIItHOCTH PH' peamnye-fIo,/J, KI1,l:( YCH.JIHTeJISI nOHH;aroTTpe6JU1eMOH BceMH uenSlMM OT HCTO'1-

MOH B HarpY3Ke, K MOIl.{HOCTH :E'
no

. P /P 06bl'1HO '11 = 0,2+0,7. I1cKalKeHIDI B YCH.JIHTe-HHKa nHTaHIDI. '11" H r

4 2) A nuo-HeJIHHeHHblMH (CM. n. . . MnJIH'I)'......,JISIX Moryr 6blTh JIHHeHHblMH H

TCSI K03I!JI!JHUHeHToM '1aCTOTHblX
qRCTOTHble HCKa)l(eHHSI oueHHBaro

HCKalKeHHH:

(4.10)M = ku(cp) I kU(fJ; M(.nE) = 20 19M,

KOJ"'clJliuHeHTbl YCHJleHHH Ha cpe,I],HHX (06bl'iHO 1 Kru)
rAe ku(<p), kU(f) - COOTBeTCTBeHHO 't'

'1aCTOTaX Ii Ha '1aCTOTe f

M 1 25 E TO 'laCTOTHble HCKIDKeHHSI CTaHOBgTCB
ECnH 0,75 AE  ,,/J,

'Mor 6MTb 1!Ja30'1aCTOTHbIMH.3aMeTHbIMH Ha CJIYX. I1cKalKeHIDI
H :noca nponYCKaHIDI 11j) YCHnHTeJUI

,Z:(Hana30H pa60'1HX '1aCTOT (Hn
T HH3KOH/, AO BbICOKOHh'i '1aCTOTbl,

orpaHH'1HBaeTCSI 06 aCTblO'laC OTH Ka)l(eHIDI npeBblUlaIOT 3a,/J,aHHoro
B npeAeJIaX KOTOpOH '1aCTe6TH  CJIblUlHMble YXOM qeJIOBeKa, JIe>KaT B
3Ha'1eHHJI. 3BYXOBbie KOJI

 Hn TeJIH3Byxa BbIcmero KJIacca AOJDKHbI
npe,/J,eJIax 20-20000 fl.{.

'1aCTOT 30-15000 fu, TeJIeBH3HOHHbie
HMeTb M :s 2 AE B

,/J,Han OH:na30H50 fu-6 Mfu.
YCHJIHrenH HMeroT pa60 HH TO'lKHTpaH3HCTopa B YCWlHTeJlLHOM KaCKa-

Cnoc06LI 3 aHHHpa O'ieH

nOKa3aTeJIeH pa60ThI YCH.JIHTeJISI He06xo,/J,H-
J1.e. nOJIY'1eHHSI 3a,rI,aHHblX

nHTaHHe CHJIHTeJIbHblX KaCKa,rI,OB, COOTBeT-
MO 06eCne'1HTh Ha,/J,JIe)l(amee

6 nJ,/J,a'1H CMelIteHIDI BO BXOJJ.HYro I.{enb,
CTBYIOIItHH KJIaccy YCH.JIeHHSI, cnoc eHCal.{HlOTO':!KH nOKOg, KaqeCTBeHHyroTepMOCTa6HJIH3al.{HIO H TepMOKOM

meCTBJUleTCJI OT 06lItero HCTO'lHHKR
Me)K}(aCKa,/J,HYIO CBSI?b. fIHTaHHeec  H6aTapeH H.JIH BbInp1lMHTeJISI.nOCTOJlHHOrO TOKa. raJIbBaHH'1

bIX cBH3eH no ueIDIM nHTaHIDI YCTaHaB-
YCTpaHeHHH BpeJJ.HblX Me aCKaJJ.HnOJIO)l(eHHe TO':!KH nOKOB 'IpaH3HcTopaJIHBalOTCJI RC-I!JH.JIb'IpbI. Y :  eqHBaIOTnO,/J,a'1eH Ha BXOA (6R3Y HJIH
B YCHJIHTeJIbHOM KaCKa,rI,e 0

pa HJIH HCTOKa I!JHKcHpoBaHHoro HanpB)I(e-3aTBOp) OTHOCHT

E

eJIbHO

3MH  AaThOT HCTO'1HHKR nHTaHIDI.
HIDI CMelIteHHSI. 1'0 MO)I(HO
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PlfC. 4.9. CxeMbl n01I.a'ill c1JllKcHpoBaHHoro CMellteHlliI H TCMnepaTypHoH 6
)J(HMa TpaH3HCTOpa

CTa HJIll3aLlHH pC-

CMe eHHeocy eCTBIDIeTCHIlJHKCH
HUM Hanpjl)KeHHeM (PHC 4 9) C

pOBaHHbIM TOKOM HJIllllJHKcllpoBaH-

C03/1.aeTCH 01' HCTO'lHHKa  HT HH

'

" E
MelI{eHHe HanpH)KemteM 6a3a-3MH'ITep

II.
c .n;eJIHTeIDIMH Rl R2 (PHC 4 9 ) T)WJIllTeIDI C03.n;aeT Ha pe3HCTope R2

,. .
, a. OK

K 3MH'ITe HOM
na,n,eHHe HanpH)KeHHH, npHJIO)KeHHoe

R2 npllHEMaeic%He ;:i:': \ onl. MOMHanpaBJIeHllll. COnpOTllBJIeHHe

TeMnepa'I)'pbI OKpY)KalO eH pe OCHH3HTb
3aBHCHMOCTb CMelI{eHHH OT

Hoe conpOTllBJIeHHe YCHJIlll"eIDI  I.
/1.HaKO npH 3TOM CHH)KaeTCH BXO.n;-

, 3aBHCHMOCTll OT MOII{HOCTH KaCKa;I,a

npHHHMaeTC» 1 = (2 5)1* (
·

+

bn
3HaKOM 0603Ha'ieHO OTHOCllTeJIbHOe 3Ha'le-

HHe), r.n;e Ibn
- TOK 6a3bI B TO'll<e nOKOH (CM 47

cnoc06 '1alI{e npHMeHHeTcH B YCHJIHTeIDl

.

 HC. ., 6, TOK Iti 'TaKOH

HX TeMnepaT)'pbI.
x KJIacca B npH MarrbIX KOJIe6aHH-

HCT '1  e  a    H  IlJH: OBaHHbIMTOKOM 6a3bI (PHC. 4.9, 6) 01'

COnpOTHBJIeHHeM. Ha'l b  TOK : :l:e e(I 3 CT°ftR lTC60JIblliHM

Marro npH npHMOM CMeI1teHHH TO I E P e ben . aK KaK Uben

nOKOJl 3aBHCHT TOJIbKO 01' BH lliHH  a :l.CJIe/1.0BaTeJIbHO, TOK 6a3bI

K031lJIlJHI.\HeHToM nepe/1.a'lH TOKa h K! crpOB. TOK Ibn onpe.n;eIDIeTcH

THnHbIX TpaH3HCTopOB n03TOMY
213' TOpbIH BeCbMa pa31IH'IeH Y O,WIO-

annapaType.
' na cxeMa MarronpHro,WIa B cepHHHOH

B npHBeAeHHbIX cxeMax CMelI{eHH
JIeJIbHO C HCTO'lHHKOM CHr'Harra U

e Ha TpaH3HCTOp no.n;aeTCH naparr-

HO C HHM (CM. pHC 49 6) .lVrn
BX (CM. pHC. 4.9, a), TaK H nOCJIe/1.0BaTeJIL-

BXO)J,Horo cHmarra' 0;  O OHHHOO:  :rHHHnepe eHHoHcOCTaBlliUOII{eH
BKJIIO'IeH KOH)J;eHCaTop Cl. AHarrOrH'IHO

aBIDIlOlI{eH C elI{eHIDlHa Bxo.n;e

Bblxo.n;Horo CHrHaJIa H nOCTOHHHOH CO .::IXO/1.HO l(enH pa3/1.eJIeHHe

TOKOM nOKOJl AOCTHraeTCH BKJIIO
IDIIO eH, 06YCJIOBJIeHHOH

Ha nOJleBbIX  aH3HCTopax,HanPH ee H: x: :'b  T;J nC2.
B KaCKa;J.ax

co BC1poeHHbIM KaHarrOM n-THna (p 4 9
1-'0 -TpaH3HCTOpOM

MO blOAeJIHTeJIH Rl R2 6

HC.
., 6), CMeI1teHHe 3a,n,aeTCH C no-

'"
' OT 0 lI{ero HCTO'lHHKa nH E

'i'HKCHpOBaHHOI'O HanpJl)KeHHH U B e>KH
TaHHH d B Bl1/1.e

TeMnepalYpI.I nOJIO)KeHHe TO'll<H   KOHPH3M::SI  :O(
H

/1.

' f! H3MeHeHliH
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peH'i' YCHJlHTeIDl),

nOCKOJIbKY conpOTHBJIeHHe npHMocMe eHHoro3MHTIepHOrO nepexoAa

TpaH3HCTopa VT H TOK 6a3bI Ibn H3MeIDilOTCH (CM. pHC. 4.9, a). CTa6HJIH-

3al(HH .n;OCTHraeTCR BBeAeHHeM B cxeMY oTpHl(aTeJIbHOH 06paTHoH CBg3H

no TOKY HJlli HanpR)KeHHIO. )J.JlSl noro cxeMY YCHJIHTeIDI .n;onOJIHHIOT 3JIe-

MeHTaMH CTa6HJIH3al(HH, B cxeMe (CM. pHC. 4.9, a) npHMeHeHa 3MHTIepHIDl

CTa6HJIH3al(mI C nOMOIJ bIOKOppeKTHPYIO ero3BeHa Re' Ceo Ha pe3HCTO-

pe Re C03.D:aeTCg na.n;eHHe HanpR)KeHHH. C YBeJIH'IeHHeM TOKa Ie 3TO na.n;e-

HHe B03paCTaeT, '1TO aBTOMaTH'IeCKH BbI3bIBaeT nOBbIllieHHe nOTeHl.(Harra

6a3bI H YMeHbllieHHe TOKOB 6a3bI, 3MHTIepa H KOJUIeKTopa. KOH/1.eHCaTOp

C
e lliyHTHpyeT pe3HCTOp Re no nepeMeHHoH cOCTaBIDllo eiiTOKa. AHarro-

rH'lHble npOl(eCCbI npOHCXO):r,sIT B cxeMe (CM. pHC. 4.9,6).
B cxeMe (CM. pHC. 4.9, 6) pe3HCTOp Rl BbIlIOJIIDIeT O.D:HOBpeMeHHo

IlJYHKl(HIO CMe eHHRH 1<0JIJIeKTOpHoH CTa6HJIH3al(HH. DpH YBeJIH'IeHHH

TeMnepaT)'pbl H B03pacTaHHH TOKa KOJUIeKTOpa YBeJIH'IHBaeTc» na.n;eHHe

HanpH)KeHHH Ha pe3HcTope Rc H COOTBeTCTBeHHO YMeHbllialOTCg Hanpg)Ke-

HHR Uce
= Ee - leRe H Ueb. 3TO Bbl3bIBaeT CHH)KeHHe TOKa 6a3bI, a

CJIeAOBaTeJIbHO H TOKa I<OJlJleKTOpa, KOTOpbIH cTpeMHTcH K 3a.n;aHHOMY

3Ha'leHHIO TOKa nOKOR lew
bOJIee. BbICOKYIO CTa6HJIbHOCTb pa60TbI 06eCne'lHBaeT KOM6HHHpoBaH-

HaH cxeMa OTpHl(aTeJIbHOH 06paTHoH CBR3H no TOKY H HanpH)KeHHIO,

nOJIY'laeMaH B pe3YJIbTal"e BKJllO'IeHHH AHOAa VD napaJIJIeJlbHO pe3HCTopy

R2 /1.eJIHTeIDl (CM. pHC. 4.9, a).

TepMoKoMneHcal(IDI TO'lKH nOKOH npe.u.ycMaTpHBaeT npHMeHeHHe B

cxeMax HeJIHHeHHbIx 3JIeMeHTOB, napaMeTpbl KOTOpblX 3aBHCRT OT TeM-

nepaT)'pbI (TepMope3HCTopbI, AHOJI,bI, TpaH3HCTopbl) (PHC. 4.10). Tep-

Mope3HCTop BMeCTO pe3HCTopa R2 (PHC. 4.10, a) C nOBbillieHHeM

TeMnepaTypbl H3-3a YMeHbIJIeHHH conpOTHBJIeHHH Bb13bIBaeT CHH)KeHHe

HanpH)KeHHH Me)K)J;Y 3MHTfepOM H 6a30H, H TOK nOKO» KOJUIeKTOpa

OCTaeTCH
.

nOCTORHllbIM. TepMOpe3HCTOpbI 06JIa;I,aIOT HeO)l.HHaKOBOH C

TpaH3HGTOpOM TeMnepaTypnoH HHepL(HOHHOCThIO. nY'IlliHe pe3YJIbTaTbi

npH KOMneHCal(HH )1.aeT BKJllO'leHHe AHo.n;a B Ka'leCTBe TepMO'lyBCTBH-

TeJIbHOrO 3JIeMeHTa (PHC. 4.10, 6). }J;HOA VDl KOMneHcHpyeT TeMne-

a) 0) e) +E+f

Rc

PHC. 4.10. CxeMbl TeMllepaTypHoH KOMneHcaUHH B YCHJlIITeJIbHblX KaCKaARX
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paT)'pHoe CMell.!eHHe BXO,roIOH XapaKTepHCTHKH, a .nno.n; VD2 - BJlH-

SlHHe 06paTHoro TOKa KOJIJIeKTOpHoro nepexo.n;a. B HHTerpaJIbHblX
cxeMax HCnOJIb3yroTCSl rorO,roIble cTa6HJlli3aTOpbl HanpSl>KeHHH H TOKOB.

Ha pHC. 4.10, 6 npHBeAeH CTa6HJIH3aTOp HanpSl>KeHIDI, B KOTOpOM B

Ka'leCTBe cTa6HJ1H3Hpyro ero AHo.n;a HCnOJIb3yeTcSl npgMOCMel1\eHHblH
6HnOJIHpHblH TpaH3HCTOp B AHO,roIOM BKJIIO'ieHHH, Ha pHC. 4.10, 2

npHBe.n;eHa cxeMa YMHO>KeHIDl onopHoro Hanpg>KeHHg. CxeMbl 06ecne-

'lHBalOT cTa6HJlli3aQlliO npH KOJIe6aHIDIX Hanpg>KeHIDl H H3MeHeHHH

TeMnepaT)'pbl.
B Ka'leCTBe l(eneu Me>KKaCKa,roIOU CBg3H HCnOJIb3YlOTCg l(enu C Heno-

cpe.n;CTBeHHOU (raJIbBaHH'ieCKOU) CBg3b10, pe3UCTopHo-eMKOCTHble H

TpaHc<}>opMaTopHble l(enH (PHC. 4.11). HenoCpeJ.I:CTBeHHa5I CBB3b npe,nno-

'lTHTeJIbHa npH HHTerpaJIbHOU TeXHOJIOmH. TaKHe YCHJlliTeJlH npOCTbI,

lliHpOKOnOJIOCHbl, 06ecnetuIBaIOT YCHJIeHHe nOCTOSlHHblX H nepeMeHHblx

HanpSl>KeHHu. HenOCpeACTBeHHaH CBH3b xapaKTepHa ,IT.Jlil YCHJIHTeJIeH no-

-Ec
RJ

UHOHn!R4

0)

0) Rip

Cez

PHC. 4.11. CxeMbl MHorOJ<aCK31I.HblX YCHJlHTeJIeH C HenOCpe)(CTBeHHOii, KOH1I.eHCaTOpHoH H

'IpaHcclJopMaTopHoii CBSl3blO
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CTOHHHoro TOKa (YIlT) (PHC. 4.11, a), B KOTOpblX OTCyrCTByroT 3JIeMeHTbi

pa3.D:eJleHHg nOCTO}lHHOU COCTaBJUllOl1\eU nOKOH H nepeMeHHou COCTaB-

JUllOl1\eu. B cxeMe YCH.IDlTeJIH BblBO,U,bl KOJUIeKTOpa H 6a3bl TpaH3HcTopOB

COCe,II,HHX KaCKaAOB COeAHHeHbI HenocpeACTBeHHo. CMel1\eHHe BO BTOpOM

U nOCJIeAYIDlltHX KaCKa,I(aX .D:OCTHraeTCg npoTeKaHHeM TOKa 'lepe3 Re noc-

JIeAYIDl1\ero KaCKaAa H npe)J,bl)J;yl1\ero KaCKa.n;a. Bo BXO,II,Hyro l(enb noc-

JIe.n;OBaTeJlbHO C HCTO'lliHKOM BXO,roIOrO CHrHaJIa BKJIlO'ieH HCTO'IHHK BXOA-

Horo KOMneHcHpyrol1\ero Hanp}l>KeHHg UJ<oMn,IT.Jlil KOMneHcaQHU TOKa 'lepe3

HCTO'lliHK npH er
= O. 3Ha'leHHe 3Toro Hanp}l>KeHHg .n;OJDKHO 6blTb paBHO

Tpe6yeMOMY Hanp}l>KeHHlO pe>KHMa nOKOB. npHBe.D:eHHaH cxeMa YnT

MO>KeT 6blTb HCnOJlb30BaHa TOJIbKO ,IT.Jlil CpaBHHTeJIbHO HeBblCOKHX K031lJ-

IlJHl(HeHTOB yClUleHHg, YJIY'llUeHHe KOTOpblX 3aTpy,roIeHO H3-3a .n;peu<}>a

YCHJlHTeJIH. nOJIY'ieHHg 60JlblUHX K031lJIlJHl(HeHTOB YCHJleHIDl (COTUH,
TblCH'lH) He06xoAHMO HCnOJIb30BaTb cnel(HaJIbHble cxeMbl rorllJllJepeHl(H-
aJIbHblX YCIUlHTeJIbHblX KaCKa.n;OB.

Pe3HCTopHo-eMKOCTHble Me>KKaCKaJUlble l(enH (PHC. 4.11, 6) HCnOJIb3Y-

IOTCH B YCHJIIITellilx nepeMeHHoro TOKa, BblllOJIHeHHblX no ,lUfCKpeTHOH
TeXHOJIOrHH. Ha BXO.D: nocJIeAYIDl1\ero KaCKa.n;a nOCTO}lHHa5I COCTaBJlHIO-

l1\aH He nona,I(aeT H3-3a pa3.D:eJlliTeJIbHoro KOHAeHcaTopa.

TpaHc<}>opMaTopHaH CBg3b B YCHJIHTellilX (PHC. 4.11, 6) n03BOJIHeT Pa3-

.n;eJIHTb nepeMeHHyro H nOCTOHHHyro COCTaBJlHlOlltHe YCHJlliBaeMOro CHrHa-

JIa. nOA60pOM K031lJIlJHl(HeHTa TpaHcllJopMaLlHH MO>KHO nOJIY'iHTb no

nepeMeHHOMY TOKY COnpOTIiBJIeHHe KOJIJIeKTOpHOH l(enH, 06ecne'iHBaIO-

l1\ee MaKCHMaJIbHyro MOl1\HOCTb CHrHaJIa H BblCOKHH Kll,J:(. TaKHe CB}l3H

H3-3a CJIO>KHOCTH H3rOTOBJIeHHg TpaHcllJopMaTopa He npHMeHHlOT B HHTer-

paJIbHOH TeXHOJIOmH. TpaHalJopMaTopHble l(enH npHMeIDilOT B OKOHe'l-

HblX KacKa.n;ax MOl1\HOrO YCHJIeHHJI.

)J,HcJlcJlepeHluuUlLHLle YCHJIHTe.lIH. Pa,lUfKaJIbHbiM cpeACTBOM YMeHbllie-

HHg .n;peH<}>a B YIIT HBlliIeTC}l npHMeHeHHe rorllJllJepe HaJIbHblXKacKaAoB.

):(HllJllJepeHlU1aJIbHblU YCHJIHTeJIbHblU KacKa.n; BbInOJlIDIeTCB no npHHQHny

C6a.rraHCHpOBaHHoro MOCTa. ):(Ba lUIe'la 3Toro MOCTa 06pa3yroTCg pe3HC-

TopaMH, a ABa .n;PyrHx lUIe'la - TpaH3HCTopaMH. BbIXO,II,HOe HanpH>KeHHe

CHHMaeTCg C AHaroHa.rrH MOCTa Me>KAY KOJUIeKTOpaMH TpaH3HCTopOB.

CxeMa ,lUf1lJ<}>epeHl(HaJIbHblX YCHJIHTeJIbHblX KacKa.n;oB (pHC. 4.12) HCnOJIb-

3yeTCg npH nOC1poeHHH KaCKa.n;OB, BblllycKaeMblX B BMe OT.n;eJlbHbIX MHK-

pocxeM, HanpHMep KIYTI81, a TaK>Ke BXO,roIblX KaCKa.n;OB MHorHX YllT

UHTerpaJIbHOrO HCnOJIHeHIDI.

Ha TpaH3HCTopax VTl, VT2 H pe3HCTopax Rei, Rc2 (pHC. 4.12) c06paH
rorllJllJepeHl(HaJIbHblH MOCT, a Ha TpaH3HcTOpe VT3 nOC1poeHa cxeMa HC-

TO'lliHKa cTa6HJ1bHOrO TOKa Ie = Ie] + Ie2. Pe3HCTopbl Rl, R2, R3 CJIY>KaT
)J,JllI 3a.n;aHllil TOKa nOKOH TpaH3HCTopa VT3. TpaH3HCTOp VT4 B rorO,roIOM

BKJIIO'ieHHH gBJlHeTCg 3JIeMeHTOM TeMnepaT)'pHOH KOMneHcaQHH. EJIaro.n;a-

pg 3TOH cxeMe 3a.n:ReTCg TOK. MCTO'lliHK nHTaHHg HMeeT BbIBeAeHHyro
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PHC. 4.12. CxeMa 1I.HclJclJepeHUHaJIbHoro YCHJlHTeJIbHOl'O KaCKaAa (a) H n01I.a'iH 1I.HclJclJepeH-

I..\HaJIbHOrO BXO.ll)iOrO CHmana (6)

cpe,II,HIDID TO'iKY H BKlllO'iaeT JJ;Be paBHbIX 3,lJ:C Eel H E'2' CYMMapHoe
HanpSl>KeHHe mnaHHH E, = EcJ + Ee2. C nOMOll.\bID HanpH>KeHllil Ee2
nOHH)I(aIOT nO'l'eHl/,lIan 3MHTIepOB VI'I, VT2 OTHOCHTeJIbHO 06 eHTO'iKH

(
" "

) 63eMnH , rraro,napSl 'ieMY BXO,II,HbIe CHr'Hanbl Usxl H Usx2 no.naIDTCSI 6e3

BBe.neHHSI ;u;onorrHHTenbHblX KOMneHCHpyro HXHanp}))I(eHHH, 'iTO, HanpH-

Mep, Tpe60BanOCb B cxeMe (CM. pHC. 4.11, a).
lIpH USXl=UBx2=O (PHC. 4.12, a) TOK Ie=const ,u,eJllITCH nopoBHY

Me>K,lJ;Y 3 HTIepHbIMH l..{emIMH VI'I, VT2 (let=Ie2=1/2) H nocrynaeT

OT 06llteH TO'iKH HCTO'IHHKa nHTaHllil 'iepe3 l(enH "6a3a-3MHTIep"
TpaH3HCTopOB VI'I, V12, KOJlJleKTOpHyro H 3MHTIepHyro l/,enH VI'3 K

MHHYCOBOMY 3a)l(HMY HCTO'iHHKa Ee2. TOIm KOIDIeK1'OpOB VI'l, VI'2

paBHbI: TcJ'" 1'2 ... a 1/2 - 1/2. HanpSl)l(CHHH UcJ H V'2 TaK)I(e paBHbI:

VcJ = U'2 - EcJ --{.IeRJ2). HanpSl>KeHHe Ha BbIXOJIe KaCKa.na U =

=UcJ
- Ve2

= O. ,z:(aHHoe COCTOHHHe cxeMLI XapaKTepH3YeT P  HM
6anaHca Ka Ka.n:a HJIH r >KHM nOKO}). Pe)l(HM 6anaHca coxpaHHeTCSI

npH nOJIHOH H,lJ.eHTH'iHOCTH xapaxTepHCTHK VI'I, VT2 H paBeHCTBe

Rr::l H Re2. Ha pHC. 4.12, 6 nOKa3aH BapHaHT nO;u;a'iH Ha BXO.n

HanpH)I(eHHSI Uox1
> 0 H Uax] = O. BXO,!J.IWH TOK Isx YBeJIH'iHBaeT

TOK 6a3bI VI1 H yMeHbmaeT TOK 6a3bI VT2.

lIpH 3TOM TOKH leI> Icl B03pacTalOT, a TOKH le2> le2 YMeHblIlaIOTcSI, TOK

Ie = Tet + Te2 OCTae1'CH HeH3MCHHbIM. I13MeHeHHe TOKOB TcJ H Te2 BbI3blBaeT

npHpall.\eHHe HanpSl>KeHHH V'l H U 2: I1V 1
= E .

- R II
n - (E 1

- R I )
-

, , e el ,If" e cJ el
-

= - (//2 - 1c/)RcJ'
,

I1Ue2
= -- (1/2 - I'2)R,2' Tax KaK np" U

= U 1
> 0

.
BX sx ,

TOKH Ie} > Ie2 H Ie} > 1)2, Ie2 < 1)2, TO npHpamemUI HanpJDKCHHH Ha

KOJUleKTOpaX VTl, V12 nOrrY'iaIOTCSI pa3JmQHbIMH no :maxy: -I1UcJ U

+ I1V'2'
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TaxHM 06pa30M, ,lJ.JUI paCCMaTpUBaeMoro cnoc06a nepe.na'iU BXO,II,HOro

CUI1fana Vsx BbIXO.n KaCKMa co CTOpOHbI KOJlJleKTOpa VI'I (VSblX) SlBlliIeTCSl

uHRepTHpYIOlltUM, a co CTOpOHbl KOJlJleKTOpa VT2 (USbIX2) - HeUHBepTH-

pyro HM.CHman, CHHMaeMbIH C 060HX KOJlJleKTOpOB, Ha3bIBaeTCH oup-

i/Jepelll.JuaJ/bllblM: USLlX
= U,2 -- Uel

= I1Ue2 + I1UcJ
= 211U

e
.

IIpH yBeJllI'ieHHU UBX
MO>KeT HacrynHTb pe>KHM norrHoro BbITeCHeHHSI

TOKOM IBX TOKa 3MHTI'epa VT2. TOr'.na le2 = 0, H TOK Ie npOTeKaeT TOJIbKO

Qepe3 l/,enb VTl.

B03MO>KHbl .u.pyrHe BapHaHTbI nO,lJ,KJIIO'ieHHH BXO.l1.HOrO CHr'Hana,

HanpHMep Ha BTOpoii BXO.n HJIH O,WIOBpeMeHHO Ha 06a Bxo.na. IIpe.n-

CTaBJUIeT HHTepec nO,lJ,KJIIO'feHHe Ha 06a Bxo.na BXO,II,HLIX HanpSl)l(eHHH

O.lI.HHaxOBOii nOJIHpHOC1'H, T.e. CHHt!Ja3HLIX CHrHanOB.  4J4JepeHl/,Hanb-

HblH KaCKa,IJ; n03BOJIHe1' cpaBHHBaTb C BbICOKOH CTeneHbID TO'iHOCTH

3Ha'ieHllil Hanp}))[(eHUH BXO.nHbIX cHH<l>a3HbIX CHr'HanOB HJIH pernaTb

3a,IJ;a'iY YBeJllI'ieHHSl (YCHJIeHHH) HX pa3HOCTH (OTCID.na H Ha3BaHHe

".lI.H<l>4JepeHl/,HanbHbIH KaCKa.n.").
3MUTIepHble H UCTOKOBble nOBTOpHTeJIH. HeCMO'IpSl Ha npeHMYllte

-

CTBeHHoe npHMCHeHHe B YCHmneJIbHbIX KaCKaJ.l,aX cxeMbI BKlllO'ielillSl

6HnOJIHpHbIX TpaH3HC1'OpOB 03 H )J)ISl norreBblX TpaU3HCTopOB 011,

B pJl.lI.e CJIY'iaeB HCnOJlb3yroTCR YCHJIHTeJIbHbIe KaCKa,IJ;bI no cxeMe OK

(pHC. 4.13, a) H OC (PHC. 4.13, 6). 3TH cxeMbI HMeIDT Ha Bxo.ne H

BblXOJ.l,e 06 HH3neKTpOJ.l, TpaH3HcTopa
- KOJlJleKTOp (CTOK) ,

a 8bI-

XO,II,Hoe Hanp})>KeHHe, CHHMaeMoe C 3MHTIepa (HcToKa), 6JI1f3KO no

CBoeMY 3Ha'ieHHIO BXO,II,HOMY HanpR)[(eHHIo. II03TOMY OHH nOJIY'iHJIH

Ha3BaHHe 3MlITfepHblX (HCTOKOBbIX) nOBTOpHTeJIeH. OCHOBHblM nOJIO-

)l(HTeJIbUbIM CBOHCTBOM cxeM RBJUleTCR BblCOKoe BXO,II,HOe H Manoe

BbIXO,II,HOe COnpOTHBneHHH. 31'0 CBOHCTBO n03BOlliIe1' Hcnonb30BaTb

TaKHe cxeMbI B KaQeCTBe comacYlolll.HX 3BeHbeB npH pa60Te OT HC-

TO'iHHKa BXO,II,HOrO CHrHana, 06rra.IJ.aIOlll.erO BbICOKHM BU}'TpeuHHM co-

npornBnelilleM. Manoe BblXOJl,HOe conpoTHBrrelille KaCKa;u;a OK (OC)
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PHC. 4.13. CxeMhl YCHJlHTeJIbHblX KaCKaAOB
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(npHMepHO 10-50 OM) n03BOJIHeT HCnOJTh30BaTb ero .nIDI COrJIaCOBaHHH

BblXO,lJ,HOH l..{enH YCHJlHTeJIH C HH3KOOMHbIM COnpOTHBJleHHeM HarpY3KH,
B 3TOM cJlY'lae KaCKa,IJ; OK HBJlHeTCH BblXO,lJ,HbIM KaCKa,IJ;OM YCHJlHTeJIH.

<l>aJoHHoepcHbIii Kac .B cxeMe 03 (PHC. 4.14) KOH,lJ;eHcaTop C
e

OTKJlW'IeH H nO.nKJI1O'IeHa BTopaH HarpY3Ka RH2 'Iepe3 pa3,neJIHTeJIbHhIH
KOH.n;eHcaTop C3 K pe3HCTopy Re' BhlXO,lJ,Hble CHI1HUlbI UBbIX1 H UBb1x2
CHHMaWTCH C KOJIJIeKTOpa H 3MHTIepa TpaH3HCTopa. CHI1iaJI UBLIXI Haxo-

,/J.HTCH B npO'l1lBol}>a3e C BXO,lJ,HbIM CHI1iaJIOM, a CHI1iaJI UBL1X2 COBna,IJ;aeT C

HHM no l}>a3e.
,l(ByxTaKTHbIe BLIXO.lI.HbIe YCHJIHTeJILHLle KaCK LI.CxeMa .D:ByxTaKT-

Horo YCHJIHTeJIH MOIltHOCTH (PHC. 4.15) BbtnOJIHeHa Ha .It.Byx TpaH3Hc-

Topax VTl, VT2. BXO,lJ,HaH I..{enb 06pa30BaHa TpaHcl}>opMaTopoM Tl,
a BbIXO,lJ,HaH - T2. Y TpaHcl}>opMaTopa Tl BTOpH'IHaH 06MOTKa HMeeT

BLlBe.n;eHHyro cperouow TO'lKY, a TpaHcl}>opMaTop T2 HMeeT BbIBe.n;eHHYw
Cpe,lJ,HIOIO TO'lKy nepBH'IHOH 06MOTKH.

,a:ByxTaKTHbIH KaCKa.n; MO)KeT pa60TaTb B pe)KHMe KJlaCCa B HJIH AB.
Pe)KHM KJIaCCa AB 3a.n;aeTCH pe3HcTopaMu Rl H R2. B pe)KHMe KJlacca B
Ha'IaJIbHOe CMellteHHe He nO eTCH,H pe3HCTOp Rl OTCyrCTBYeT.

npH nOCT)'nJIeHHH Ha BXO.n; KaCKa.n;a nOJIO)lQfTeJIbHOH nOJIYBOJIHbl CHr-
HaJIa Ha BTOpH'lHbIX 06MOTKaX BXOJIHOro TpaHcl}>opMaTopa Tl C03.n;aeTCH
3,a:C, CMelI.{aIQlI.{aH 3MHTIepHbIH nepexo.n; VTl B npHMOM HanpaBJIeHHH, a

VT2 - B 06paTHOM HanpaBJIeHHH. npIl nOM HanpH)KeHHe HCTO'IHHKa Ec
npHKJla.IU>lBaeTCH K BepxHeH 'IaCTII nepBH'IHOH 06MOTKH TpaHcl}>opMaTopa
T2, H Ha BblXo.n;e 1}>0pMHPYeTCH nOJIO)KIUeJlbHaH nOJIYBOJIHa CHI1iaJIa.

Kor.n;a Ha BXO.n; nOCTynaeT oTpHl..{aTeJlbHaH nOJI}'BOJIHa, pa60TaeT BTOpOH
TpaH3HCTOp VT2, H Ha BbIxo.n;e 1}>0pMHpyeTcH 06paTHaH nOJIyBOJIHa. npo-
I..{ecc YCHrreHIDI ocyllteCTBJlHeTCH B .It.Ba TaKTa.

npHMeHelllie .It.ByxTaKTHoro YCHJIHTeJIH BMeCTO O,lJ,HOTaKTHOrO n03BO-
JIHeT B 1,5 pa3a YBeJIH'lHTb Kn,n; MOlI.{HOrO KaCKa.n;a. He.n;oCTaTKOM .D:BYx-
TaKTHoro YCHJlHTeml, pa60TaIOllierO B KJlacce B, HBJlHeTCH 3aMeTHOe HCKa-

)KeHHe 1}>0pMbl BbIXO.lI.HOro CHrHaJIa H3-3a HeJIHHeHHOCTH TpaH3HCTopOB B
Ha'IaJIbHOii 'IaCTH BXO.lI.HOH XapaKTepHCTHKH. n03TOMY B cJlY'Iae BblCOKHX

Tpe60BaHHH K coxpaHeHHIO 1}>0pMbi BbIXO,lJ,HOro CHIHaJIa, npe.lU10'l'l1lTeJIb-
Hee HCnOJIb30BaHHe pe)KHMa KJlacca AB C HeKOTopbIM Ha'IaJIbHblM HanpH-
)KeHHeM CMellteHHH H BbIXO.n;OM Ha OTHOCHTeJIbHO JIHHeHHblH Y'laCTOK
BXO.n;HOH XapaKTepHCTHKH.

)J;BYXTaKTHbIe KaCKa,ru,I YCHJleHHH MOIltHOCTH BbtnOJIHHIOT TaK)Ke no
cxeMaM 6e3 TpaHcl}>opMaTopoB, 'ITO onpeAemIeTcH Tpe60BaHHHMH CHH)Ke-

HHH MaccbI, pa3MepoB H CTOHMOCTHbIX nOKa3aTeJIeH, a TaK)Ke nepeBoAa Ha

MHKpocxeMHyro TeXHOJIOrHIO.

OCHOBHOH oc06eHHocTbW 6ecTpaHcI}>opMaTopHbIX KaCKa.n:OB

(pHC. 4.16) HBIDleTCH Tpy.n;HOCTb HCnOJIb30BaHIDI TpaH3HcTopOB no TOKY II
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PHC. 4.14. CxeMa c1Ja30HHBepcHoro KaCKMa H spcMeHH{,le AHarpaMMbl ero pa60Tbl
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PHC. 4.15. CxeMa )].BYXTaKTHOro YCHJIllTeJIR MOlllHOCTH C TpaHcclJopMaTopHoH CBR3blO
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PHC. 4.16. CxeMa 6ecTpaHc4K>PMaTopHblX llBYXTaKTHblX YCHJlHTeJIeH MO HOCTHC nHTaHH 

eM OT llBYX HCTO'lHHKOB (a) H 01' O,I],Horo H O'lHHKa(6)
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PHC. 4.1? CxeMbl COCTaBHblX TpaH3HCTopOB:
a - npOCTeHWaJI napa ,AapIlHHITOHa; 6- C BblpaBHHBa-

HHeM TOKa; B - COCTaBHOIl p-n-p-TpaH3HCTOp Ha KOMnne-

VT2

MeHTapHOii nape TpaH3HCTopOB p-n-p H n-p-n

Bwco{J

VTt

PHC. 4.18. CxeMa YCHJIJ11-eJIbHOrO KaCKa)Ia Ha

M)J.n-TpaH3HCTope C HarpY30'lHbIM TpaH3HCTopOM

6

1;

BxofJ

HanpH)f(emnO npH 3a;.1,aHHblX MO HOCTHHarpY3KH PH H COnpOTHBJle-

HHH RH" lfHOrAa npHXOMTCH H3MeIDITb HanpR)f(eHHe HCTOlfHHKa nH-

TaHHR. B TpaHcl}>opMaTopHblX CXeMaX :no cOrnaCOBaHHe neIl<O AO-

CTHraeTCR H3MeHeHHeM K031}>1}>H1..\HeH1'a TpaHcl}>opMal.{HH TpaHcl}>opMa-
TOpOB.

COCTaBHLle TpaH3HC1"OpLI. ,[{mr nOBblllIeHHR K031}>1}>H1..\HeHTa YCHJIeHHR

B YCH1IHTeJIJIX BMeCTO 06blqHblX TpaH3HC1'OpOB MOryT HCnOnb30BaTbCH

COCTaBHble TpaH3HCTOpLI (PHC. 4.17), qTO oc06eHHO IlIHpOKO npHMe-

IDIeTCH B HHTerparrbHblX TeXHonOffiRX. COCl'aBHOU TpaH3HCTOp npeA-
CTaBJlJle1' c060u 06blqHO TaKOe coe,romeHHe ,roIYX TpaH3HCTopOB, npH

KOTOpOM HX MO)l(HO paCCMaTpHBaTb KaK e,/J.HHOe l.{eJIoe. "

K031}>I}>Hl.{HeHT YCHJleHHH B COCTaBHblX TpaH3HC1'opax AOCTHrae1'

1000-5000.

HarpY30l{HLle TpaH3HCTOpLI B YCHJIHTeJUlX. ,n;IDI nOBblllIeHHH 3KOHOMHQ-
HOCTH YCHJlHTeJIeU BMeCTO pe3HCTopOB Rc B cxeMax C 6HnonHpHblM TpaH-

3HCTOpOM H Rd B cxeMax C M,n;n-TpaH3HC1'OPOM QaCTO B HHTerpaJIbHblX

YCHJlHTeIDIX HCnOJIb3YIOTCH HarpY30'llible TpaH3HCTopbl (PHC. 4.18).
188

4.4. TPAH3HCTOPHbiE KJ1to"iH

P33HOBH,.lJ.HOCTH TpaH3HCTOpHLIX KJllOl{eH, KaK YKa3LlBaJIOCb BblllIe,

QHl}>poBble cxeMbI BblnOJIHSnOTCH Ha TpaH3HC1'OpHblX KmoQaX
--- allarrorax

MeTa.JIJlHlfeCKHX KOHTaKTOB. Ha OCHOBe npOCTeHIlIHX KJIIOQeU C1-pOHTC$I

60nee CJlO)l(Hble cxeMbl: JIOrHQeCKHe, 6HC1'a6HJThHble, TpHrrepHble HAp.

Pa3JIHQaIOT TpaH3HC1'opHble KJilOQH Ha 6HnOJlJlpHblX H noneBblX TpaH-

3HC1'opax. B 3aBHCHMOCTH 01' cnoco60B pellIeHHH 3a.rtaQH nOBblllIeHlUi:

6blCTpOAeUCTBHH KJIIOlfH Ha 6HnOIDIpHblX TpaH3HCTopax AeIUlTCH Ha npo-

CTble, KJIIOlfH C BHellIHHM HCTOlfHHKOM 06paTHoro CMe eHHH3MHTl"epHOrO

nepexOAa TpaH3HCTopa, C YCKOPSlIO HMKOH,l1.eHCaTOpOM
B 6a30BOH [.{enH

TpaH3HCTopa, C l.{enblO HeJIHHeiiHOU OTpHl.{aTeJIbHOU 06paTHOU CBH3H.

B HMnYJIbCHblX H l.{HI}>POBbIX cxeMax HaXO.IU1T npHMeHeHHe TpaH3HCTOp-

HLle nepeKJIlOqaTeJIH TOKa l(enH C napanneJIbHblM H nOCJleAOBaTeJlbHblM

coeMHeHHeM TpaH3HCTopHblX KJIIOlfeii.

KmoQH Ha M,lJJI-TpaH3HCTopax AeIDITCH Ha TpH pa3HOBH.rtHOCTH: C

pe3HCTopHOU HarpY3KOU, C AlUlaMHlfeCKOU (TpaH3HCTopHOU) HarpY3KOU H

KOMl1JIeMelITapHble KJIlOlfH. nocne)J.lIHe BblUonHeHbl Ha KOMIIJleMeHTapHblX

TpaH3HCTopax, T. e. TpaH3HCTOpax C KaHarraMH npOTHBOnOnO)f(HOrO THna

npoBoMMOCTH.
KJIIOI{H Ha 6HnOJlHpHLIX Tpall3HCTopax. B cxeMe npoc1'eulliero TpaH3HC-

TopHoro KJilOQa (PHC. 4.19) BXO,II,HOU cHruan .D:On)f(eH 6LI1'I> ABynOJlJlpHblM,

q1'o6bI o6ecnelfHBaTh CHH)f(eHHe TennoBoro TOKa KOJUIeKTOpa B COCTOHHHH

OTCe'iKH Tpall3HC1'opa.
AMnJlH'I)'Aa H3MeHemUI HanpH)f(eHHH Ha HarpY3Ke Umax

= U1-U2. Ko-

31}>I}>HI(HeH1' Hcnonb30BaHHH nHTalO eroHanpH)I(eHHH k.. = UmaxlEc ,lJ.JUI

HAeanbHoro KJIlOqa paBeH 1. )J;ID1 KJIIOlfa Ha 6HnoIDIpHoM TpaH3HCTope OH

6JIH30K K eMHHQe, TaK KaK f1U
ce

HaCbllI.{eHHOrO TpaH3HCTopa MeHee 1 B.

3a,AaHHe YCJIOBHU o6ecnelfeHIIH COCTOHHIIU TpaH3l1CTopa, OQeHHBae-

MblX TO'iKaMH 1 II 2, SlBIDIeTCH rnaBHou 3a,AalfeU o6ecnelfeHIIH KJIIOlfeBOrO

pe)f(HMa. YCJIOBHe nepeBO,Aa TpaH3I1CTOpa B COCTOSlHlle OTcelfKH UB£ O.
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PHC. 4.19. CxeMa H HarpYJO'iHaR xapaKTepHCTHKa npOCTeHlllel"O ''PaH3HcTopa
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,lJ.Jrn nOnY'IeHHH MHHHManbHO B03MO>KHOrO TOKa KOJlJleKTOpa IcQ Tpe6ye1'-
CH C03.D:aTb nOnO)f(HTeJIbHOe HanpR>KeHHe Ha 6a3e TpaH3HCTOpa. Ypmme-
HHe u;enH 6a3bl (CM. pHC. 4.19, a)

UBX = E\ = IcQRl + Use- (4.11)

OrCIQ.D:a Use
= E\ - IcQRI. YCJIOBHe Use 0 paBHOCHJlbHO YCJlOBHHM

E\ - IcQRl 0 HJIH Rl s EIlIcQ' 31'0 YCJlOBHe .D:On)f(HO BbInOnWITbCR BO BceM

.D:Hana30He TeMnepaTYp. npH 3TOM TOKH H HanpH)f(eHHR TpaH3HCTopa
HaXO)I)I1'CR no COOTHOllleHHHM:

Is = -lcQ; Use = El -lcQRl,

Ic = IcQ; Uce
= -Ec + IdJRc.

(4.12)

(4.13)

Tax KaK IdJ Man, OC06eHHO JIJUI KpeMHHeBblX TpaH3HCTOpOB, TO 06bl'l-

HO npHHHMaeTCH Use = + E\; Uce
= -Ee-

Kor.D:a Ha BXO.D: .D:eHCTBYeT CHnian OTpHuaTeJIbHOH nOJUIpHOCTlf, TO

npe,rolOnaraeTCH, 'ITO TpaH3HCTOp HaCbll1.{eH, H JIJUI ero BXO,WIOH H BblXOA-

HOH ueneH MorYT 6b\Tb HCnOJIb30BaHbl npOCTeHIllHe CXeMb\ 3aMeu.\eHHH:

TO'iKH 6a3bl, 3MHTTepa H KOJlJleKTOpa coe.romeHbl B O,WIY nOTeHl.\HanbHyro

TO'lKY. TorAa JIJUI BXOJ1.HOH l..\enH Ib = E\IRl, JIJUI BblXO.lI,HOH uenH TOK

KOJlJleK1'Opa HaCbIlIleHlfH I
CH

= EIRe- YCJIOBHe HaCblU{eHHR TpaH3HCTopa
I
CH
s  Ib'rAe - K031}>I}>HI..\HeH1' YCHJIemrn TpaH3HCTOpa B cxeMe C 06l1.{HM

3MHTTepoM. nO.D:CTaBnHH B 3'1'0 YCJIOBHe HaH)1eHHble 3Ha'lemrn Ib H ICH'
E\

nOJIY'IaeM E/Rc s Rl
' OTKY.D:a

E\
Rl S f3 - Rc ,

Ec
(4.14)

r1l.e EI - aMnJImY)Ia OTpHuaTeJIbHOH nOJrysOJIHbl BXO,I],HOro CHrHaJIa.

npH YCJIOBHH (4.14) TpaH3HcTop 6YAe1' HaCblll.{eH, HO 6YAeT HaXO)1HTb-

CSI Ha rpaHHue HaCbllIleHHoro pe>KHMa. 06bl'lHO npHHHMaeTCR HeKoTopblH
3anac no CTeneHH HaCbllIlemrn TpaH3HCTopa S. C Y'IeTOM 3'1'01'0 Bblpa>Ke-

HHe (4.14) 3anHCbIBaeTCH B BH,rJ:e

f3 E\
RI---Rc.

S Ec
(4.15)

06bl'IHO npHHHMaIOT S = 1,5+3,0. Qpe3MepHOe YBeJIH'IeHHe 3Ha'ieHIDI

S CHH>Kae1' 6b1C1pOAeHCTBHe Kmoqa.

PaCCMOTpeHHaH npoCTeHlllaH cxeMa TpaH3HCTopHoro KJUO'Ia HMeeT PHA

cYlIleCTBeHHblx HeAOCTaTKOB: ue06XO)1HMOCTb npHMeHeHml 6HnOJUIpHOrO
CHrHana AJJJI ynpaBJleHHH, '1TO 3aTpYJUUle1' COnpR>KeHHe O,WIOTHnHbIX KJI1O-

'Ie" (Tax KaK BbIXO.lI,HOH CHnlan O.lI,HOnOIDIpHbIH), YBeJIH'IeHHe BpeMeHH
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paccaCblBaHHH H, BCJIe.D:CTBHe 31'01'0, HH3Koe 6bJCTpOJ(eHCTBHe; 3aBHCH.

MOCTI> BpeMeH" I}>poHTa H cpe:m IibIXO,rolblX HMnYJIbCOB OT CTcneliH HaChl.

ll.\eHHR. 3TH He.D:OCTaTKH YC1"paHeHbl B YCOBepllleHCTBOBaHHblx cxeMax

1paH3HCTopHblX KillO'ieH (PHC. 4.20).
YCJlOBHe Ha,IJ;e>KHOrO 3anHpaHwI TpaH3HCTOpa B KJUO'leBOM KaCKa,IJ;e c

BuelllHHM HCTO'iHHKOM CMeIl.\eHHH (PHC. 4.20, a).

ECM
RCMs-,

IcoM
(4.16)

r1I.e Ec.. - 3)J.C BHewHero HC10'lHHKa CMe eHHJl;lco.. - KOnneKTOpHblH TOK B COCl"OHHHH

OTCe'iKH B HaHXY1I.IllHX TeMnepaTypHblX ycnOBWlX.

npH BbInonueHHH YCJIOBHH (4.16) KaCKa,IJ; xapaxTepH3ye1'cSi CJIe.n;YIOll.{H-

MH napaMeTpaMH:

Ib = -IdJ; Ube = ECM ; Ic = IdJ; Uce
= -Ec + IdJRc - -Ec.

RcJA+RI

Ha,IJ;e>KHoe Hacbtll.{eHHe TpaH3HCTopa npOHCXO)1HT npH YCJIOBHlI

E\ ECM
Ib;Z---.

RI RCM
(4.17)

npH 3TOM YCJIOBHH onpe.D:eJUleTCH conpoTHBneHHe pe3HCTopa CBH3H:

RI s
f3Rc

EcIE. ... f3RcIRcM EeJ"IE\
(4.18)

BKJI1O'IeHHe YCKOpHIQlIlero KOHAeHcaTopa Cy (PHC. 4.20, 6) cnoc06cT-

BYeT 1}>0pMHpOBaHHIQ B Ha'lanbHOH CTa)1HH HaCbllIleHHR TpaH3HCTopa nH-

KOBoro 3Ha'ieHHH TOKa 6a3bl, orpaHH'ieHHOrO nHlllb qaCTbIQ BXO,WIOrO

COnpOTHBJleHHR Rl: lbmax - E\IRI. 3aTeM no Mepe 3apRrol Cy TOK 6a3bl

a)  )  )

Rr

UlJ)(

Rr

UlJ)(
Usx

PHC. 4.20. YcoBepllleHCTBoBaHHble cxeMbl TpaH3HCTopHoro KJUO'Ia
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CHmKaeTCJI]1.0 3Ha'ieHlUllb
= E1/(RI+R2). <I>OPCHpOBaIUle TOKa Ib cnoc06-

CTByeT YMeHbllleHHW BpeMeHH nepeKillO'ieHHJI TpaH3HCTOpa B HaCblllteHHOe

COCTOJlHHe.

EMKOCTb YCKOpHIOl1\ero KOH]1.eHCaTOpa

tH
Cy,s;-,

3R2
(4.19)

rJJ;e tH - MHTenbHOCTb HaCbl eHHoroCOCTOSlHHl! ''PaH3HCTopa.

llpHHl.{Hn YCKopeHIUI C HCnOJIb30BaHHeM KOH]1.eHCaTOpa Cy
MO)KeT npH-

MeHJlThCSl npH COBMeCTHOM BKJIIO'ieHHH KOH]1.eHCaTOpa C BHelllHHM HCTO'i-

HHKOM CMel1\eHHJI.

,[{ml COKpallteHHJI BpeMeHH nepeKmo'ieHHSl TpaH3HCTopa B COCTOJlHHt'

OTCe'lKH npHMeHJleTCH cxeMa TpaH3HCTopHoro KillO'ia C OTpHl.{aTeJIbHOH
06paTHOH CBJl3bW, HanpHMep (PHC. 4.20, 6). B03MO)KHbI ]1.pyrne cxeMbI.

,n:aHHaH cxeMa 'iau..\e HCnOJIb3yeTCSl B HHTerpaJIbHblX cxeMax KillO'ieBblX

KaCKa,Il;OB. llapaJIJIeJIbHO KOJUIeKTOpHOMY nepexoJl.)' TpaH3HCTopa no]1.-
Kmo'iaeTCH ]1.li0]1. 1lI0TTI<H. ,n:HO]1. 1lI0TTI<H, KaK 6bIDO nOKa3aHO BbIllle,

06JIa,Il;aeT MaJIbIM npgMbIM HMnYJIbCHblM HanpH)KeHHeM, H B HeM OTCyrCT-

BYeT HaKOnJleHHe 3apMOB. B TaKOH cxeMe, KOr]1.a TpaH3HCTOp HaXO]1.liTCH
B OTCe'lKe HJUI aKTHBHOM pe)f(HMe, nOTeHl.{HaJI KOJUIeKTOpa OTpHl.{aTeJIeH
OTHOCHTeJlbHO 6a3bI. CJIe]1.0BaTeJIbHO, ]1.li0]1. CMel1\eH B 06paTHOM HanpaB-
neHHH H He BnHHeT Ha pa60'!)' KJIIO'ia. Kor]1.a )f(e B npOI.{ecce 1lJ0pMHpoBa-
HHg IlJpoHTa nOTeHI.{HaJI KOJUIeKTOpa OTHOCHTeJIbHO 6a3bI npOXO]1.liT 'iepe3

HYJIb B nOnO)f(HTeJIbHyro 06JIacTh, ]1.li0]1. OmHpaeTCH H Ha HeM YCTaHaBIDI-

BaeTCH npHMoe HanpH)f(eHHe npHMepHo 0,5 B, TO KOJUIeKTOpHbIH nepeXO]1.

3anepT, TaK KaK CMellteH He B npHMOM, a B 06paTHOM HanpaBneHHH. 3TO
3Ha'iHT, liTO HCKJIIO'iaeTCg pe)f(HM HH)f(eKl.{HH 3apg)I,OB H3 06nacTH KOJIJIeK-

Topa B 6a3Y: H OTCYTCTBYeT HaKOnJleHHe 3apHJI.OB, CBOHCTBeHHOe pe)I(HMY
HaCbIllteHHH. COOTBeTCTBeHHO npH 3anHpa"HHH KJllO'ia OTCYTCTBYIDT :nan

pacceHBaHHJI 3apg]1.a H 3aJI.epiKKa 1lJ0pMHpoBaHHH HMnynbca. TaKaH cxeMa

nonY'iHJIa Ha3BaHHe TpaH3HCTopa C 6apbepOM 1lI0TTI<H.
B pMe CJIY'iaeB Tpe6YeTCg He npOCTaH KOMMyraI.{HH TOKa B HarpY3Ke,

a nepeKillO<JeHHe TOKa H3 OJI.HOH :meKTpH'leCKOH l.{enH B ]1.PyryW. B 3THX

CJIY'iaHX npHMeHJlIOTCH TpaH3HCTOpHble nepeKillO'iaTeIDI TOKa (PHC. 4.21).
TOK 10 HCTO'iHHKa TOKa ]1.0JI)KeH nepeKJllO'iaTbCH B HarpY3KY RcJ HJIH

Rc2' BbIXO,II,HOe Hanpg)KeHHe MO)KeT CHHMaTbCH C mo60ro 113 KOJIJIeKTOpOB

VTI HJIH VT2. 3TH HanpH)KeHIDl npoTHBollJa3HbI. MO)f(HO BKJllO'iaTb Ha-

rpY3KY MeJK.lI.Y KOJIJIeKTOpaMH
- ]1.lillJllJepeHI.{HaJIbHOe BKJllO'ieHHe HarpY3-

KH. B Ka'ieCTBe HCTO'iHHKa TOKa MO)f(eT HCnOJIb30BaTbCJI CneI.{HaJIbHblH

TOKOCTa6HJIH3Hpyrol1\HH KaCKa,Il; Ha TpaH3HCTOpe VT3 (CM. pHC. 4.21, 6).
KaIO'IH Ha nOJleBbtx TpaH3HCTopax. Kmo'iH Ha M,n:n(MOll)-TpaH3HC-

Topax, KaK H Ha 6HnOIDlpHblX, B CTaTH'ieCKOM pe)f(HMe XapaKTepH3yroTCH
OCTaTO'iHbIM TOKOM (B 3anepTOM COCTOgHHH) 11 OCTaTO'lHbIM Hanpg)f(eHH-
eM (B OTKpbITOM COCTOSlHHH). CYll\eCTByroT CJIeJIYIOlltHe pa3HOBH,II,HOCTH
MOll-TpaH3HCTOpHbIX KillO'ieu: C pe3HCTopHOU HarpY3KOU (PHC. 4.22, a),
C ]1.HHaMH'ieCKOU (TpaH3HCTOpHOU) HarpY3Kou (pHC. 4.22, 6) H KOMnJleMeH-

TapHblu (KMOll) (PHC. 4.22, 6).
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Ha BOJIbT-aMnepHOH XapaKTepHCTHKe (CM. pHC. 4.22, a) pa30MKHyrOMY
COCTOHHHIO KJllOqa COoTBeTCTByeT TO'lKa A. OCTaTOqHbIU TOK onpeAeJIJleT-
CII 06paTHblM TOKOM p-n-nepexoAa H He npeBbIluaeT 10-9A. n03TOMY
na,n:eHHeM HanpH)KeHHH IdRd MO)KHO npeHe6peqb H CqHTaTb, '11'0 MaxCH-

MaJIbHOe HanpH)KeHHe Ha KJllOqe U
max

= Ed' ,l];IDI OTnHpaHIDI KJllOqa Ha

3aTBop nO}J.aeTcH HanpH)KeHHe Eg < Unop
' 3TO HanpH)KeHHe AOJDKHO 6blTh

/T.OcTaTOqHbIM, qT06bl pa60qaH TO'lKa .B COOTBeTCTBOBaJIa B03MO)KHO

MeHbmeMY OCTaTOqHoMY HanpH)KemnO UOCT
'" 0,3 B, 'ITO HBIDIeTCH AOCTa-

TOqHO 60JIbIllHM 3HaqeHHeM. HanpH)KeHHe UOCT
MO)KeT 6blTh YMeHbmeHO

6JIaro.n;apH YBeJlliqeHHlO 'conpOTHBJleHIDI pe3HCTopa Rd IfJIH nOBblIlleHHlO

KpyrH3HbI BbIXO,II,HOU XapaKfepHCTHKH. 3TO B HHTerpaJIbHbIX cxeMax co-

npH)KeHO C YBeJlliqeHHeM aKTHBHoU nJIOl1\a,lUi cxeMbI H n03TOMY He npH-
MeHHeTCH. YJIyqIlleHHe nOKa3aTeJIeH M.n;n-KJllOqeu }J.OCTII:raeTCH HCnOJIb-

30BaHHeM B KaqeCTBe HarpY30qHOrO 3JIeMeHTa}J.Jlll axTHBHoro TpaH3HCTO-

pa VTI (CM. pHC. 4.22, 6) BTOpOro TpaH3HcTopa VT2, Ha3bIBaeMoro

HarpY30qHbIM.

HarpY30qHaH xapaxTepHcTHKa TaKoro I<Jlioqa onpeAemleTCH BbIXO,II,HOH
xapaKTepHCTHKOu TpaH3HCTopa VT2. nOJI6)KeHHe TO'lKH A 3a,n:aeTCH nepe-

CeqeHHeM 06paTHbIX xapaxTepHCTHK CTOKOBblX p-n-nepcxoAoB aKTHBHoro

H HarpY30qHOrO TpaH3HCTopOB. B 3aMKHyrOM COCTOHHHH KJllOqa, Kor}J.a

Ha 3aTBOp nO}J.aHO HanpJl)KeHHe Eg < U
nop' pa60qaH TO'lKa'B JIe)KHT Ha

KBa3WIHHeuHoM yqacTKe xapaKTepHCTHKH axTHBHoro TpaH3HCTOpa VTI.
OCTaTOqHOe HanpH)KeHHe 06blqHO MaJIO (npHMepHo 0,05-0,1 B), eCJlli

aKTHBHbIU H HarpY30'lHbIU TpaH3HCTopbI OTJIHqalOTCH no Kpyrn:3He xapax-

TepHCTHK B 5 100pa3, T. e. TpaH3HCTopbl VTI H VT2 }J.OJDKHbf 6blTh

cYl1\eCTBeHHO pa3JIHqHbIMH.

KOMIUIeMeHTapHblu M,D:n-KJllOq (CM. pHC. 4.22, 6) COCTOHT H3 p-Ka-
HaJIbHOro TpaH3HCTopa VTl H lI-KaHaJIbHOrO TpaH3HCTOpa VT2.3aTBopLl
VTl H VT2 06'be.romeHbI. ECJIH.E = 0, TO Ugs2

= +Ed' 3Iiaqkr TpaH3HCTOp
VT2 OTKpbIT, a VTI 3anepT. 10K B J..{enH .£TOKa- OJlpe}J.eIDIeTCH TOKOM

3anepToro TpaH3HCTopa, .OH OqeHb MM. Ec.rrH )l(e Eg'= Ed' To Vgs1  -Ecif
Ugs2

= O. B 3TOM cJlyqae lI-KaHaJIbHbIU :rpaH3HCT()p. VoT2 3anE:pI";.a p-Kct'-
HaJIbJIblU TpaH3HCTOp VTI OTKpbIT. npH 3TOM TOK B 06l1\eu'LienH no-
npe)KHeMY OCTaeTCJI MMblM, X01'H'TpaH3HCTopbI nOMeH-!lJlHCb pOJIJlMH.
TaKHM 06p OM,Ba)KHeUIlleU oc06eHHOCThlO KOMnJIeMeHTapHbIX KmoqeH
HBJIJleTCH TO, '11'0 OHH He nOTpe6mllOT MOl1\HOCTH B 060HX COCTOHHIDIX.

COOTBeTCTBeHHO 3TH COCTOHHHH MO)KHO Ha3blBaT.b 3axpblTblM H OTKpbl-
TbIM TOJIbKO YCJIOBHO no OTHOIlleHHlO K O.lI.HOMY H3 TpaH3HCTopOB (HanpH-
Mep, p-KaHaJIbHOMY). Y TaxHX KJllOqeu OqeHb He3HaqHTCJIbHOe OCTaTOqHOe

HanpH)KeHHe, '11'0 HBJIJleTCII ellte O,II,HHM Ba)KHeUIllHM npeHMYl1\eCTBOM KOM-

IUIeMeHTapHbIX KMOn-TpaH3HCTOpHbIX KJllOqeu, KOTopble HaXOJJ.HT IllH-

pOKoe npHMeHeHHe B COBpeMeHHblX HHTerpaJIbHbIX cxeMax. CJlO)KHbIU
KJllOq Ha nOJIeBbIX TpaH3HCTopax C HH.n;yI..{HpOBaHHbIM KaHaJIOM B BapHaH-
TC 1I0JIO)KHTeJlbHOU JIOrHKH (PHC.  .22,z) CO}J.ep)KHT TpH 3JIeMeHTapHblX
KJIIOqa, BKJIIOqeHHblX nOCJleAOBaTeJIbHO, qTO CYl1\eCTBeHHO YJIyqIllaeT
nepeKJIIOqaTeJIbHble xapaKTepHCTHKH (yMeHbIlleHHe IlJpoHTa H cpe3a HM-

nYJIbCOB).
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4.5. HHTErPA11bHbIE MHKPOCXEMbl

06U(He CBeAeHHH. MHKp03JIeKTpOHHKa
- o6J1acTh 3JIeKTpOHHKH, OX-

BaTbIBaIOIltaH np06JIeMbI HCCJIe,lJ,OBaHHH, KOHCTpYHpOBaHHJI, H3rOTOBJleHHH

H npHMeHeHHH MHKp03JIeKTpOHHbIX H3AeJIHU. OCHOBHblM BH)].OM MHKp03-

JIeKTpOHHblX H3AeJIHU HBIDIlOTCH HlITCrpaJIbHble MHKpocxeMbI.

HllmeZpaJlbllOU MUKpocxeMOu (HMC) Ha3bIBaeTCH MHKp03JIeKIpOHHoe

H3.n;eJllie, BblfiOJIHHlOIUee OnpeAeJIeHHYIO IlJYHKl..{HlO npeo6pa30BaHHH H 06-

pa60TKH CHrHaJIOB H HMelOlltCe BblCOKYIO IUIOTHOCTh ynaxoBKH 3JIeKTpH-

qeCKH COe,II,HHeHHbIX 3J1eMem'OB (MJIH 3JIeMeHTOB H KOMnoHeHToB) H KpHC-

TaJlJlOB KOTopoe HCXO!UI H3 Tpe60BaHHH K HcnbITaHIDIM, npHeMKe H
, ,

"

nOCTaBKe PaccMaTpHBaeTCH KaK e.romoe l..{eJIoe. BMeCTo TepMHHa HHTer-
,

"

paJIbHaH MHKpocxeMa" HHorAa HCnOJIb3YIOTCH TepMHHbl HHTerpaJIbHaH

cxeMa" (.HC) MJIH npoCTo "MHKpocxeMa". HHTcrpaJIbHaH MHKpocxeMa co-

Aep)KHT 3JIeMeHTbl H KOMnOHeHTbI. B O,II,HOM MOHOKpHCTaJlJle nOJIynpoBo.n;-
HHKOBoro MaTepHaJIa MO)KeT 6blTb B e,II,HHOM TeXHOJIOrHqeCKOM I..{liKJIe

pea.JIH30BaHO AO HeCKOJIbKHX COTeH TblCHq 3JIeMeHTOB.

3JleMenmOM HMC Ha3bIBaeTCH ee qaCTh, pea.JIH3YIOl1\lliI IlJYHKl..{HlO npo-
CToro 3JIeKTpopa,lUi03JIeMeHTa (HanpHMep, TpaH3HCTopa, .roiO}J.a, pe3HCTO-

pa, KOHJJ.eHCaTopa). 3JIeMeHT HMC He MO)KeT 6blTb OTAeJIeH OT KpHCTaJlJla

(HJlH no.u.n:mKlm), OH BblfiOJIHCH Hepa3AeJlbHO OT Hero, n03TOMY era HeJIb3H

HcnblTaTb, ynaxoBaTb H 3KcllilyaTHpoBaTb KaK caMOCTOHTeJIbHOe m.n;eJIHe.

KOMnOllellmOM HMC Tax)Ke Ha3bIBaeTCH ee qaCTh, peaJIH3YIOl1\lliI IlJYHK-

I..{HH 3JIeKTpopa,lUi03JIeMeHTa. 110 AaHHaH qaCTh nepe}J. MOHTa oMHMC
H3rOTaBJIHBaeTCH Kax caMOCTOSlTeJIbHOe H3AeJllie B cnel..{HaJIbHOH ynaxoBKe

(KoMruIeKT)'lOlltee H3AeJlHe). KOMnoHeHT B npHHl..{Hne MO)KeT 6bITh OTAe-

JIeH OT HMC.

AnnapaTYPY, B KOTOpOU HCnOJIb3YlOTCH B OCHOBHOM H3AeJIHH MHKp03-

JIeKTpoHHKH, Ha3bIBaIOT MUKp03JleKmpOll11ou. MHKp03JIeKTpOHHaH annapa-

TYpa 06JIa,n:aeT nOBbIIlleHHou Ha,n:e)KHOCThlO, YMeHbIlleHHbIMH B 100 pa3 H

60JIee pa3MepaMH H Maceou, MaJIblM 3JIeKTponoTpe6JIeHHeM. nOBbl eHHe
Ha,n:e)KHOCTH AOCTHraeTCH 6rraroAapH HCnOJIb30BaHHlO Cnel..{HaJIbHOH Tex-

HOJIOrHH Ha OCHOBe oc060 qHC1'bIX MaTepHaJIOB, npO'lliOCTH H repMeTHq-

HOCTH nOKpbITHU BHyrpeHHHx coe.romeHHu, KOMnaKTHOCTH H MexaHHqeC-

KOH npOqHOCTH Y3JIOB.

B OCHOBe MHKp03JIeKTpOHHKH 3aJIO)KeHa ee rJIaBHlliI H)].eH
-

HHTerpa-

LtHH KOMnOHeHTOB, rpynnoBou MCTOA H nJlaHapHaH T eXHOJIOrIDl.rpynno-
BOU MeTOA (PHC. 4.23) COCTOHT B TOM, qTO Ha O,II,HOH nJlaCTHHe KpeMHHJI

MaMCTpOM npHMepHo 70 MM pa3MeU\aeTCH AO 5000 3JIeKTpOHHb XcxeM,
Ka)K}J.aH H3 KOTOpbIX COAep)KHT OT to .n;o 20 000 H 60JIee 06J1aCTeH, 3KBH-

BaJIeHTHbIX 3JIeKTpoHHbIM npH60paM.
l1;J.eSl HHTerpaI.{HH COCTOHT B TOM, '11'0 Ha HCXO,II,HOH nJlaCTHHe BMeCTO

OTAeJIbHblX TpaH3HCTopOB, MOAOB H T. .n;. O,II,HOBpeMeHHO Ii B eMHOM

TeXHOJIOrHqeCKOM LtHKJIe H3rOTaBJIHBalOT MHO)KeCTBO KOMnJIeKTOB, a

3aTCM pa3pe3aIOT Ha OT.n;eJlbHble liMC. KaiKJJ.bIU H3 KOMnJleKTOB cOAep-
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HHMaIOT Cnel(HaJIbHble Mepbl. TepMHH KpHcra.n:lI JJ nOJIynpOBO,II,HHKOBbIX

liMC He Y)J,a'leH, TaK KaK COBnaJJ:aeT C 4'H3!f'leCI\HM'nOHHTHeM KpHC1'aJIJla.
B 3apy6e)KHOH JIHTepaType HCnOJIb3yeTCg cneU»aJIbHI>IH TepMHH -QMI1.

JIlle1l0'lllble MMC npOH3BO)J,JITC$I MeTO)J,OM nOCJIOHHOrO HaHeceHHSI

TOHKHX nneHOK pa3JIH'lHbIX MaTepHaJIOB Ha:.o6lJ.1:ee OCHQBaHHe (nO)J,JIO:>KKY)
C O,II,HOBpeMeHHbIM 1lJ0pMHpoBaHHeM B HHX.MHKp031IeMeHTOB H HX Coe,II,H-

HeHHH. B nJleHO'lHblX MMC OTCyrcTB}'JOT aKTH Hble::meMeHThI ('rpaH3HC-
TOpbl, )J,li0)J,b1). BapHaHTaMH TeXHH'leCKorO HCnO.llHeJUUI nneHO'lHbIX MMC

HBJUlIOTCH TOHKOnneHO'IHble C TOJIll.{HHOH rmeHoK)1.o 1 MKM H TOJICTOnJle-

HO'lHble C 60JIblIJeH TOJlI.l.!HHOH. 31'0 pa3JIH'lHC onpe eIDIeTCHTeXHOJIOmeH
H3rOTOBJIeHHH: nepBble npOH3BO,lJ)lTCSI C nOMOUlbJO TepMoBaKYYMHoro
oca)K)J,eHHH H KaTO,ll,Horo pacnbmeHHH, BTOpble - l\feTO)J,OM ceT1<orpallJHH
C nOCJIeJ1.YIOI.I.!HM BbDKHraHHeM.

lloJlynpOBO,II,HHKOBble H nJIeHO'lHble MMC stBmrIOTCSI He KOHKYPHPYJO-

l1\HMH, a )J,onOJlIDIIDll.ViMH JI.pyr JI.pyra. Mx' KOM6HHHpOBaHHe npHBeJIO K

pa3pa60TKe cxeM HOBOro THna - rn6pHMI>IX MMC, B KOTOpbIX HtnOJIb-

3YJOTCSI MHKpOMHHHaTlOpHble )J,liCKpeTHble  KTHBHbleKOMnOHeHTbl H nne-

HO'lHble 3JIeMeHTbi H KOMnOHeHTbl. B COCTaBe rn6pH)J,HblX MMC HMeIDTCSI

H CJlO)KHble KOMnOHeHTbl, HanpHMep KpHCTaJIJlbl nOJIynpOBO)J,HHKOBbIX
I1MC. qaCTHblM CJIY'laeM m6pH,lI,HOH MMC $lBJUle1'CSI MHorOKpHCTaJIbHlliI

MMC, npe)J,C1'aBmuoI.l.!aH C060H cOBoKynHOJ;'rb HeCKOJIbKHX 6eCKopnYCHbiX
liMC.

OCHOBHOH 1'eH)J,eHLU1eH Pa3BHTH$I MMC $lBJUleTCg yaeJlH'IeHHe 'IHCJIa

3JIeMeHTOB B O,ll,HOM KpHCnUIJIe, T. e. nOBbllIJeHHe HX IlJYHKIUiOHaJIbHOH
CJlO)KHOC1'H. <I>YHKl(HOHaJIbHYIO CJIO)KHOcq'b MMC npHHHTo XapaKTepmo-

BaTb CTeneHbID HHTerpal(HH.
..

CmeneHb UHme2pal1UU
- 31'0 nOKaJaTf\JI1>, OTpa)KalOl1\HH KOJIH'leCTBO

3JIeMeHTOB H KOMnOHeHTOB B MMC: k = IgN, r)J,e N- 'lHCJlO 3JIeMeHTOB

H KOMnOHeHTOB, BXO,lJ)lI.l.!HX B MMC.' B C:OOTB.eTCTBHH C 3TOH 1lJ0PMYJIOH
pa3JIH'laIDT nepBYJO CTeneHb HH1'erp  HR(k;::I, N = 10), BTOPYJO (k = 2,

N = 11+100), TpeTbID (k = 3, N =; 101 +1000). 'leTBep'I)'ID (k = 4, N =

= 1001+10000) H n$l'I)'1O (k = 5, N::: 10001,+100000). lfCnOJIb3YJOT TaK)Ke

npOCTble MMC (k s 1), Cpe,ll,HHe (k < 2) 60JlI>lIJHe (2 < k s 4, EMC);
cBepx60JIblIJHe MMC (k > 4, CEMC). ,

KpoMe CTeneHH HHTerpal(HH HCnOJIb3YlOT nOKa3aTeJlb nJlOTHOCTH yna-

KOBKH 3JIeMeHTOB - KOJIH'leCTBO 3JIeMeHT J)('lal1\e Bcero TpaH3HCTopOB)
Ha e)J,liHHl(}' nnOI.l.!a)J,li KpHCT a.31'OT n9Ka3a;reJIb XapaKTepH3ye1' ypo-

BeHb TeXHOJIOrHH. OH COC1'aBmle1' 500 + 100.0 3}JeMeHToB Ha 1 MM2 H 60JIee.

I1poCTeHlIJHe nOJIynpOBo,ll,HHKOBble H _atd PHKaHcKHeIlJHPMbl Ha'Ia-

JIH BbmycKaTb B 1961-1963 rr. p1'e'Iec):BeHHble UMC nO$lBHJlHCb B

1960-1961 rr. MO)KHO BbI,ll.eJlliTb lliITb 3.:r noBpa3BHTWI MHKp03JIeKTpo-
HHKH: OT C1'eneHH Hlrrerpal(HH k =; :2 1J.0 ereneHii HHTerpal(HH k = 5 H

lIJHpOKOro HCnOJIb30BaHHH MHKponpo ecc poBH tdHKp03BM, pa3pa60-
TaHHblX Ha 6a3e EMC H CEMC. CJre.nyI<>U.{Jild 3n,nOM Pa3BHTH$I MHKp03-

JIeKTpOHHKH, nO-BH)J,HMOMY, 6Y)J,e1' cl>YUfIl1fHaJIbtl 3{1eKTpoHHKa, OCHO-
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PHC. 4.23. CxeMbl rpynnoBoro MeTOTI.a H3rOTOBneHHSI I1MC:
a - HCXO.ll.llaJI Ij)YHKItHOHam.HaJI cxeMa; 6 - cxeMa COe.ll.llHeHItJl :meMeHTOB BHyrpH MHKpocxeMbl; B _

nonynpOBOAHHI<OBIUI nnaCTHHa, CO,lJ:ep>KallllUl B 311.1(aHHOii nOC1Ie.!lOBaTeJIbHOCTH 3neMelfThi HMC; z _

HMC B I<opnyce

)KHT BCe 3JIeMeH1'bI, He06xo)J,liMble )J,JUI nOC1pOeHHH IlJYHKl(HOHaJIbHOro
pJIa. Ha pHC. 4.23 :no ABa TpaH3HCTOpa, )J,liO)J, H pe3HCTOp. 3TH 3JIeMeHTbI
COe)J,liHRIDTcSI Me)K)J,y C060H He npOBOJIO'IHbIMH npOBO)J,HHKaMH H naHKOH,
a KOpOTKHMH Me1'aJIJIH3HpOBaHHblMH nOJIOCKaMH, HanbmeHHblMH Ha no-

BepXHOCTb. TaKHM 06pa30M, Ka)K)1,bIH KOMIDIeKT npe)1,CTaBJUleT rOTOBYJO
MMC, KOTopaR nOMel1\ae1'C$I B Kopnyc. Me1'aJIJIH3HpOBaHHble nJIOll.{a)J,KH
BblBO)J,OB MMC TOH'IaHlIJeH 30JIO'IeHOH npOBOJIOKOH COe)J,liHIDOTCR C BbI-
BO)J,aMH Kopnyca (CM. pHC. 4.23,2).

JIollynpoBooHuKoBble MMC (PHC. 4.24) npOH3BO)J,HTCH MeTO)J,OM JIOKaJIb-
Horo B03)J,eHCTBH$I Ha MHKpoY'laCTKH nOJIynpOBO)J,HHKOBOro KpHCTaJIJIa
(TBep)J,oro TeJIa»)J,JUI npHJ1.aHHH HM CBOHCTB, COOTBeTCTBYJOl1\HX IlJYHKl(lliIM
MHKp03JIeMeH1'OB, H 06pa30BaHHlO HX COe)J,liHeHHH. OHH MorYT 6bITh BbI-
nomleHbl Ha OCHOBe 6HnOJUlpHblX TpaH3HCTopOB (KaK npaBIfJIO n-p-n-
runa), nOJIeBblX MOll, KMOll-TpaH3HCTopoB. TaK KaK KpeMHHH $lBJUleT-
C$I nOJIynpOBO)J,HHKOM, TO )J,JUI H30JIRl(HH 3JIeMeHTOB )J,pyr OT .n:pyra npH-

mOHKOnlleHOYHblf

mOllcmOnlleHO'iHblf
ZutfpuDHble
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BaHHa5I Ha HCnOJIb30BaHHH 06'LeMHb(X 3<}J<}JeKTOB B TBep.D:OM TeJle. fIpHMe-
paMH TaKHX npH60pOB HBJlHWTCH KBapl..\eBbIe pe30HaTOpbI, MOAbI raHHa
H .D:pyrHe. K 3TOMY HanpaBneHHW OmOCHTCH OnT03neKTpOHHKa, MarnHTO-

3neKTpOHHKa,aKYCT03neKTpOHHKa,XeMOTpOHHKa,KpH03neKTpOHHKa,AH_
3neKTpH'IeCKa51 3neKTpOHHKa, 6H03neKTpOHHKa, KBaHTOBaH MHKp03neK-

1:IJoHHKa.

Pa3pa60TKa MaJIora6apHTIIOU (MHKpOMHHHaTlOpHOU) 3neKTpOHHOU
annapaTYpbI npeJO'CMaTpHBaeT KOMnrreKCHyro MHllliaTlOpmal.{HlO BCeX ee

3neMeHTOB, T. e. npHMeHeHHe B annapaType KpOMe HMC MaJIora6apHT-
HbIX .D:eTaJIeU, COe.D:HHHTeJlbHbIX 3neMeHTOB, HCTO'lHHKOB nHTaHIDI H .D:PY-
I'HX KOMnOHeHTOB. B CBH3H C 3THM BCe MHKp03neKTpOHHbIe H3.D:emur nOA-
pa3AeJIHIDT Ha TpH rpynnbI:

HHTerpaJIbHbIe Mm<pOCXeMbI, MHKp03BM H MHKpOnpOl.{eCCOpbI;
<}JYHKI.{HOHaJIbHbIe npH60pbI H MHKpOCXeMbI (OnT03neKTpOHHbIe, HOH-

HMe, TenrrOBbIe, aKYCTH'IeCKHe H T. A.), HCnOJIb3YWIltHe pa3nH'IHble CBOU-
CTBa BeIlteCTB (OnTH'IeCKHe HBJleHIDI, 3J1eKTpOJIH3, 3<}J<}JeKT XOJIJIa, 3i!Ji!JeKT
raHHa HAP.);

MHKpOKOMnOHeHTbI .nIDI MOHTa)Ka H C60PKH MHKpOCXeM B 6nOKH HlIH

YCTpOHCTBa (MHOrOCnOUHbIe ne'laTHbIe nJlaTbI, rH6KHe Ka6eJlH, MHKpOpa-
3'LeMbI, MHKpOnepeKJIIO'IaTeJlH, KHOnKH, HH,!J;HKaTOpbI, 3neMeHTbI KOH-

CTp}'KI.{HH).
3JIeMeHTLI HHTerpaJlbHbIX MHKpOCXeM. OC06eHHOCTHMH 3neMeHTOB

HMC 1IBJlHWTCH: HaJIH'lHe 3neKTpH'IeCKOU CBH3H C KpHCTaJIJlOM; H3rOTOB-

neHHe B eMHOM TeXHOnOrH'leCKOM I.{HIme; npHMeHeHHe HOBbIX, He npHMe-
HHeMbIX B AHCKpeTHOH cxeMOTeXHHKe, 3neMeHTOB (MHor03MHTIepHbIU H

MHOrOKOJIJIeKTOpHbIU TpaH3HCTopbI, TpaH3HCTopbI C 6apbepOM 1lI0TrKH
"

6 "
'

cynep eTa TpaH3HCTopbI, COCTaBHbIe TpaH3HCTopbI H JqJ.).
H3rOTOBJleHHe nonynpOBO,lJ,HHKOBOU HMC BKJllO'laeT B ce6H no,lU"O-

TOBKY HCXO,WIOro MaTepHaJIa, 3nHTaKCHaJIbHOe Hapal1\HBaHHe, OKHcneHHe,

nHTorpa<}JHW, nernpOBaHHe npHMeCHMH, MeTaJIJIli3aI.{HW H C60pO'lHbIe
Onepal.{HH. ITpHMeIDleTCH MOHOKpHCTaJIJlH'leCKHU KpeMHHH. HHorAa Ha

nnaC-rImy 06pa60TaHHoro KpeMHH51 3nHTaKCHeu B peaKTOpe HapamHBaIOT
cnou ynOPJlAO'leHHOU KpHCTaJIJlH'leCKOU CTp}'KTYpbI. CnOH .lJ.BYOKHCH
KpeMHH51 Si02 TOnl1\HHOu 0,5-2 MKM nonY'laIDT OKHCJleHHeM KpeMHIDI B

KHcnopoAe HJIH napax BO)J,bI. Cnou n03BOJIHeT <}JOpMHpOBaTb Ha nOBepx-
HOCTH KpeMHHH MaCKH .nIDI nerHpOBamUI npHMeCHMH. <1>oTonHTorpa<}JIDI
(MaCKHpOBaHHe) - 3TO <}JOpMHpOBaHHe 3al1\HTHbIX MaCOK Ha nOBepXHOCTH
nonynpOBO,lJ,Hm<a. 01' TO'lHOCTH H pa3MepOB pHCYHKa OKOH 3aBHCHT B03-
MO)KHbIe pa3MepbI HMC. Pa3peIllalOIlta51 cnoc06HOCTb <}JOTOJIHTorpa<}JHH
AO 1200 nHHH" Ha 1 MM, MaMeTp OKHa B MaCKe 3 MKM. .l!:aJIbHeUIllee
YBeJIH'leHHe pa3pemaWIl.(eH cnoc06HOCTH .nIDI H3rOTOBneHHH EHC H
CElIC (pa3MepaMH 3neMeHTOB AO 0,5-2 MKM) AOCTHraeTCH cpeACTBaMH
peHu'eHO- H 3neKTpOHHou nHTOIpa<}JHH.
198

nempOBaHHe npHMecHMH oCYl1\eCTBJlHeTCH Mi!Ji!JY3Heu B cnel.{lhilibHbIX

YCTaHoBKax. ITpHMecH 'lepe3 OKHa B MaCKe npOHHKaWT B KpeMHHU AO

AeCHTKOB MHKpOH. MO)KeT npHMeHSIThcH MHoroKpaTHaH (AO 4-x pa3) ,lU1i!J-

<}JY3H51 nocne O'lepe)J.lIOra OKHCJleHIDI H MaCKHpOBaHH51 .nIDI nonY'leHH51

MHorocnouHLIx CTpYKTYP. HCnOJIb3YeTCH TaK)Ke HOHHoe nerHpOBaHHe-

60M6apMPOBKa nOBepXHOCTH KpeMHHH nyqKOM HOHOB npHMecH. MeTaJI-

nH3al.{HH npeACTaBJlHeT c060u npOl.{eCC <}JOpMHpOBaHHH coeAHHeHHU

Me>KAY 3neMeHTaMH liMC H KOHTaKTHLIMH nnOI1\a.u;xaMH .nIDI npHcoe,lJ;H-

HeHHH BHeIllHHX BbIBO.D:OB. HCnOJIb3YeTCH KaK npaBHJIO aJIIOMHHHU.

IToCJIe aBTOMaTH3HpOBaHHoro TeCTOBoro HcnLtTaHIDI BbInOnHHWT c60-

pO'lHLIe onepal.{HH: pa3pe3aHHe nrraCTHHbI Ha KpHCTaJIJlbI (qHITbI), MOH-

Ta)K KpHCTaJIJlOB B KOpnyC.

B HMC Ha 6HnonHpHbIX 'lpaH3HCTopax HCnOJIb3YWTCH C'lpYKTypbI C

H30JIHI.{HeU p-n-nepeXO.D:OM (PHC. 4.25, a-2), .lJ.BYOKHCbW KpeMHH51 H HC-

nonb30BaHHeM V-KaHaBOK (0--3) H B03.D:)'IllHbIMH npOMe)KyrKaMH C nOMO-

I1\bW no.nrrO:>KKH H3 can<}JHpa (pHC. 4.25, U-M).
B 6HnonHpHbIx HMC npHMeHHwTcH TpaH3HcTopHLIe CTpYKTYPLI. B

Ka'leCTBe MO.D:OB HCnOJIb3YlOT p-n-nepexOAbI 6a30BLIx TpaH3HCTopHLIX

CTp}'KTyp. fIpHMeHIDOTcH nHTh BapHaHToB MO)J.Horo BKJIIO'IeHHH 'lpaH3HC-

TOpOB. OnTHMaJIbHOe CO'leTaHHe napaMeTpoB AaIOT COe,lJ;HHeHIDI J>K-3 H

E-3. ITaccHBHbIe 3JIeMeHTbI (pe3HcTopbI, KOHAeHCaTopLI) nonY'lalOT B eM-

HOM TeXHOnOrn'leCKOM I.{HKne C TpaH3HCTopaMH. Pa3JIH'laWT Mi!Ji!JY3HOH-

HbIe pe3HcTopbI Ha OCHOBe 3MHTTepHOU HJIH 6a30BOU 06naCTeu n-p-n-

'lpaH3HCTopOB, conpOTHBneHHe KOTOpbIX AOCTHraeT 50 KOM; nneHO'lHbIe

pe3HCTopLI, nOJlY'laeMbIe HanbmellHeM TOHKOH nrreHKH HHxpOMa HJIH TaH-

TaJIa Ha monHpoBaHHyro nOBepxlloCTb KpHCTaJIJla.

KOHAeHCaTOpbI HMC nonY'lalOT Ha OCHOBe HCnOJIb30BaHHH 6apJ_ep-
HOU eMKOCTH p-n-nepeXOAOB. KOHAeHCaTOpbI Ha c'lpYK'rype 3MHTTepHoro

nepexOAa HMeWT HaH60JlbIllyro eMKOCTb AO 1200 n<1>. HHnyKTHBllbIe 3ne-

MellTbI 6HnonHpHbIX HMC TpY.lI.HbI H B peaJlli3al.{HH He HCnOJIb3yroTCH.

HIITerpaJIbHbIe MHKpocxeMbI Ha OCHOBe MOIT-CTpYKTYP HMeWT cYl1\e-

CTBeHHbIe npeHMYll.{eC'IBa no cpaBHeHHW C 6HnonHpHLIMH: YHHBepcanb-
HOCTb 6a30Boro M0I1-3neMeHTa (BbInOnIDIeT <}JYHK HH'lpaH3HCTOpa, pe-

3HCTopa, KOH,!J;eHCaTopa), O)J.HOpO,lJ,HOCTh 3neMellTOB (3Ha'lHTeJIbHOe ynpo-
Il.\ellHe npOH3BOACTBa), 3KOHOMH'IIIOCTb ('IHCJIO TeXHOnOrH'IeCKHX one-

pa HHCHH)KaeTCH Ha 30 %), BbICOKaH CTeneHb HHTerpa HH,pe3Koe YMeHb-

meHHe napa3HTHbIX cBH3eu B KpHCTaJIJle, nOBbIIlleHHaH nOMexoYCTOU'IH-

BOCTb. HeAOCTaTKOM HX HBIDIeTCH MeHbIllee 6bICTpoAeuCTBHe.
JIorHqecKHH 6a3HC, cepHH H 0603HaqeHHe lIMe. Cnoc06 coeMHellIDI

Tpall3HCTopOB Me)!()J,y c060u B npeAeJIaX o,lJ,Hora 3neMeHTa Onpe.D:eIDIeT HX

nOrH'IeCKHU 6a3Hc HJIH norm<y. H3 nOrH'IeCKHX liMC Ha 6HnoIDIpHbIX
TpaH3HcTopax HaH60nbIllee pacnpoC'lpalleHHe HMeWT 'lpaH3HCTopHO-

'lpaH3HCTOpHa5I nornKa (TIJI) B lIeCKonbKHX MOM<}JHKa H51X,3MHTIepHO-
CBH3aHHaH norHKa (3CJI), HJIH, KaK ee ell.{e Ha3bIBaIOT, norHKa Ha nepe-

KJllO'IaTeJIHX TOKa (ITTIn), H pe)Ke .D:HOAHo-'lpaH3HcTopHaH norHKa
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31 

MHKpocxeMbl OIDIOH cepHH H3rOTaBnHBaIOT no eAlmOH TeXHonorHH,

OHH HMeIOT CXOIDIOe KOHCTpyKTHBHoe HcnonHeHHe. B COCTaB COBpeMeH-

HblX paJBHTblX cepHH BXO,lUlT }J.eCSlTKH THnOB HMC: OT 1I0rH'leCKHX 3ne-

MeHToB}J.O «I>YHKQHOHaJIbHO 3aKOH'leHHblX Y3nOB (C'leT'lHKOB, perHCTpOB,

CYMMaTopOB, 3anOMHHaIOlllHx YCTpOHCTB, AJIY, MHKponpOQeccopOB H

}J.PYI"Hx) [9]. CepHH HMC 0603Ha'laIOT TpeX3Ha'lHOH HJlH 'leTblpeX3Ha'lHOH

QH«I>POH, HanpHMep 1102, 133, 155, 140, 580 H T. }J.. Hac'lHTbmaeTCSI

HeCKOJIbKO }J.eCHTKOB QH«I>POBblX H HeCKonbKO }J.eCSlTKOB aHaJIoroBblX cepHH
HMe.

B cepHHx nOAI'Pynnbl HMC no «I>YHKQHOHaJIbHOMY HaJHa'leHHIO

HMeIOT CJle.n.yIOlllHe 0603Ha'leHIDI: 'reHepaTopbl CHrHaJIOB - r, KOM-

MyraTopbl H KJllO'lH - K, JIOrH'leCKHe 3neMeHTbi - JI, TpHI"I'epbl -

T, YClUIHTeJIH -Y, cxeMbl l.{H«I>POBbIX YCTpOHCTB - H, Bbl'lHCJlHTeJIb-

HblX CpeACTB
- B, cxeMbl 3anOMHHaIOIll,HX YCTpOHCTB - P, $HJIbT-

pbl - cD, cxeMbl HCTO'iHHKOB BTOpH'lHOrO mrramul - E, npe06pa-

30BaTeJIb cHruaJIOB - n II }J.p. BH.IJ.b1 HMC BHYI"pH n0.1U'Pynn TaK){(e

0603Ha'iaIOTC51 6yKBaMH, HanpHMep TpHrrepbl YHHBepCaJlhHble (JK)
-

B, C paJ}J.eJIbHhIMH BXOAaMH (RS) - P, C 3a.D.ep)Kl(OH (D) - M,

C'leTHhle (T) - T, lllMHTIa - JI H T. A.

B npHHSlToH CHCTeMe ycnoBHoe 6YKBeHHo-I H«I>poBoe 0603Ha'leHHe

HMC co}J.ep)f{HT 'leThlpe 3neMeHTa (PHC. 4.26): nepBbIH - I\H«I>pa (rpynna

HMC), BTOpOH - TpH OT 000 AO 999 lUIH ABe OT 00 JI.O 99 (nopSl.u;KOBhIH

HOMep cepHH), TpeTHH
- ABe 6yKBbi (AJUI 0603Ha'leHHSI no.z:r.rpynnbI H

BHJI.a I1MC), 'lernepTbIH ycnOBJIbIH HOMep HMC no «I>YHKQHOHa.JThHOMY

npH3HaKY B JI.aHHOH cepHH. Ha pHC. 4.26 }J.aHa paclIIH«I>poBKa 0603Ha'leHIDI

K155TB1: 1 - nOJIynpOBO}J.HHKOBaSl HMC IIIHpOKOro npHMeHeHHSI (K),

55 - nOpSl.u;KOBhIH HOMep .cepI1H, T
- TpHrrep; B -- YHHBepCa.rI.bHhIH

(JK), 1 - nOpSl.u;KOBbIH HOMep B cepHH no «I>YHKl.{HOHaJIbHOMY npH3HaKY;

nonHoe 0603Ha'leHHe cepHH K155. B HeKoTopblX CepHSlX nepeA ycnoBHblM

0603Ha'leHHeM YKaJbmaIOTC51 pa3nH'iHble 6yKBbi (ycnoBHSI npHeMKH): K --

IIIHpOKOro npHMeHeHHSI, J> - 6ecKopnycHbie HAp.
HaH60nee nonYJUlpHbIMII RBnmoTCSI MHKpocxeMbl CJIe.n.yIDIll,HX CepH":

cpeA" TIJI-KPI533 KP1531, K531, K555, K155; cpeM KMOIT-KI76

K561, 561, KP1561, 1564.

.... ..,. ....

.... i'/ ../

11)

// // IV

IV Q IV

PIIC. 4,25. CxeMbl cjJOpMHpOBaHHJJ n-p---n-TpaH3HCTopOB I1MC'
a - cxeMa OKI{CneHlli1; 6. 6 - cxeMa .lI.H<jJ<jJY31{1{' Z - peJymru lOll!aJJ n n

.

" - CXCMa <jJOpMl{pOBaHI{JI n-cnoJi KOIlJlCKTO 'a'
. py -p- -CTpYK1)'pa I{ MCTanmt]aQHJl;

:He _ CXCMa TpaBnClIl{JI V-KalianoK I{ OKl{cnCII JI:3
- CXCMa 3mITaKCHI{ H cjJOpMl{pOBalll{JI p-06naCTei!;

KpCMI{lli1 lIa can<jJl{p (KHC)
"

K _ cxeMa

, pe3ynb:"PYIDll!aJJ C1pYKrypa; 11- CXCMa 3nllTaKOm
, TpaBneHlli1 KpCMIIlli1, 11 - CXCMa OKl{cnelllli1; M

-

peJymTllp 10-
ll!aJI C1pYKlYpa

y

mTJI). HOBhiM HanpaBJIeHHeM SlBJUleTCSI HH){(eKQHOHHO-HHTerpaJIbHaSl no-

rHKa (HHJI HJIH H2JI) C BblCOKOH CTeneHbIO HHTerpal.{HH H MaJIblM no-rpe6-
neHHeM 3HeprHH.

MHKpocxeMbl Ha OCHOBe noneBblX TpaH3HCTopOB HaXOWlT Bce 60nee

IlIHpOKOe npHMeHeHHe. OHH CTpOSlTCSI Ha COBpeMeHHOM BKJllO'leHHH naphl
TpaH3HCTopOB C KaHaJIaMH paJHblX BHJI.OB npOBO}J.HMOCTH - KOMnneMeH-

TapHble CTp)'K1J'Pbl (KMOIT-CTpyK1J'Pbl).
)J.JUl YA06CTBa paJpa60T'iHKOB annapaTypbl H no TeXHOnOrH'leCKHM

npH'lHHaM HMC BbmYCKaIOTCSI cepIDIMH. Cepueu HaJhIBaIOT cOBoKyn-

HOCTL MHKpocxeM pa3JlH'lHOrO «I>YHKQHOHaJIbHOrO Ha:ma'leHHH, KOTophle
HMeJOT cornaCOBaHHble 3neKTpH'leCKHe H BpeMeHHhle napaMeTpbl AJUI CO-

BMeCTHoro npHMeHeHIDI.
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CxeMa W.UpOK020 npuMeHfHuR
nep6b/li i1/1eMeHm (T,5,7-nollynpo6o HuKo66Ie;2,4,6,8-zu5pu H6Ie;
I-npo'lue)
Bmopou. i1/1eMeHm (HOMep c:epuu om 00 Co 99 UIIU 000 Co 999)
Tpemuu i1l!eMeHm ( 6e5gK(J61: no zpgnna,Cu )

Vem6epm6111 SlIeMeHm (u,ucppa -YC:/106H6IU HOMep tJ cepuu )flO/lHblU

HOMep c:epuu

PHC. 4.26. CTpYKTypHaSi cxeMR ycnoBHoro 6YKBeHHo-UHclJpoBoro 0603Ha'ieHHII H:MC
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Kopnyca MHKpOCXeM. Kopnyc JJ;OmKeH 3aLQHLQaTb MHKpOCXeMY OT
BHellIHHX B03JJ;eHCTBHH, B TOM '1HCne OT BJlHRHHR CBern H .n:pyrHX BHelUHHX

H3 Y'IeHHH,XHMH'IecKOro B03JJ;eHCTBHR. CpeJJ;H MHOro06pa3HR KOHCTpYK-l HHKOpnYCOB HaH60nee paCnpOCTpaHeH nnOCKHH MeraJIJIOCTeKJUlHHblH
HJlH KepaMH'IeCKHH Kopnyc H nnaCTMaCCOBblH KopnyC. qaCTo npHMeHJIer-
CR KpyrnblH KopnyC.

Kopnyca MHKpOCXeM OTe'leCTBeHHOrO npOH3BOJJ;CTBa JJ;ellilTCR Ha nRTh
THIlOB (Ta6n. 4.2).

IIIH4>p THnOpa3Mepa Kopnyca COCTOHT H3 0603Ha'leHIDI mna KopnycaH JT.BYX3Ha'lHoro '1HCna (OT 00 JJ;O 99), 0603Ha'laIOLQeI'O HOMep nlnOpa3Me-
pa, JJ;aJIee '1epe3 TO'IKY - '1HCnO BbIBOJJ;OB H '1epe3 JJ;e4>Hc - HOMep
Mo.n:H4>HKa HH.HanpHMep, Kopnyc 201.14-2 - npRMoyrOJlbHblH Kopnyc

_

THna 2, THnOpa3Mepa 01 C '1HCJlOM BbIBOJJ;OB 14, MOJJ;H4>HKauIDI BTOpM.
Pa3Mepbl KopnYCOB: nnOCKHX - 9,8 x 6,5 MM BblCOTa 2 MM Ha 14

BbIBOJJ;OB; Kpyrnblx - .lUIaMeTp 9,6 MM, BblCOTa 4,6 MM Ha 8, 10 HJIH 12

BbIBOJJ;OB: nJIaCTMaCCOBblX - 19,5 x 6,5 MM, BblCOTa 5 MM Ha 14 BbIBOJJ;OB.
B03MO)KHbl H JJ;pyrne pa3MepbI.

napaMeTpbl MHKpocxeM. MHJ(pocxeMhI o eHHBaIOTno 6bICTpoJJ;eHcT-
BHIO, HanpR)KeHHIO nHTaHHR, nOTpe6lli1eMOH MOLQHOCTH, K034>4>HI. HeHTY
pa3BeTB..?eHHR no BbIXOJJ;y, K034>4>HUHeH1Y 061>eJJ;HHeHIDI no BXOJJ;y, nOMe-

XOYCTOH'IHBOCTH, 3HeprHH nepeKJIIO'IeHHR, HaJJ;e){(HOCTH, CTOHKOCTH K KJIH-
MaTH'IeCKHM H MeXaHH'IeCKHM B03JJ;eHCTBIDIM.

EblcTpOJJ;eHCTBHe - OJJ;HH H3 BaxCHeHIUHx napaMeTpoB
-

xapaKTepH-
3yeTcR MaKCHMaJIbHOH '1aCTOTOH CMeHbl COCTORHHH; oueHHBaeTCR CpeJJ:HHM
BpeMeHeM 3aJJ;ep:>KKH pacnpocTpaHeHHR CHrHaJIa t

3J1.eCp (OT 3 .n:o 33 HC _
JJ;mI TIlI, JJ;O 600 HC -.nmI KMOIT), MaKCHMaJIbHOH '1aCTOTOH nepeKJIIO-
'1eHHR (JJ;O 6 IT )H .n:p.

K034>4>HUHeHT pa3BeTBneHHR no BblXOJJ;y Kp83 xapaKTepH3YeT Harpy-
30'mylO cnoc06HoCTb HMC H onpeJJ;emler MaKCHMaJIbHOe '1HCJlO BXOJJ.OB
3neMeHTOB JJ;aHHoH cepHH, KOTOpblM MO){(HO HaI'pY3HTh BbIXOJJ; JJ.aHHoH
cxeMbl 6e3 HapYllleHHR ee HOpMaJIbHOro 4>YHK HoHHpoBaHHR.

Tlln
Pacn01l0JKCHIIC BblBOliOB HI1 PacnOnOJKCHIICBhmOliOB

Kopny. ct>opMa npOCKlUf1l
nnOCKOCTIf OCHOBaHIIJI OTHOCHTeITbHonnOCKOCTHca

OCHOBaHIUl

I npSlMoyrOJIbHaR B npe,!l;eIIax npoeKUHH TeJIa llepneH.IIillCynRpHoe
Kopnyca

2 "

3a npeAenaMH npoeKuHH
"

Tena Kopnyca

3 KpYl"JIaR B npe.n.eJIax npoeKuHH TeJIa "

Kopnyca no OKpJ)J(HOCTH
4 IlpHMoyronbHaR 3a npe.n.eJIaMH npoeKUHH napaJU1eJIbHOe

Tena Kopnyca

5 "

B npeAenax npoeKUHH llepneH,!I;HKYJIJ!pHoe
Kopnyca

Ta6nHua 4.2

K034>4>H HeHT061>e.romeHIDI no BXOJJ;y K06 onpeJJ;elliler '1HCnO no.

rH'IeCKHX BXOJJ;OB, KOTopble HMeeT HMC. 3T0 06bI'lH0 'lHCJlO paBHO"

!..leHHblX BXOJJ;OB no If JIH60 HJU1 (B nOrH'IeCKHX 3neMeHTaX MO)KeT

6blTb 2, 3, 4 H 8). )J;lliI YBeJIH'leHIDI BXOJJ;OB npHMeHJlIOT Cnel.(HaJIbHbIe

cxeMbl paclllHpHTeJIH (3KCnaHJJ;epbl).
IToMexoYCTOH'lHBOCTb onpeJJ;ellileT JJ;onYCTHMoe HanpIDKeHHe nOMex Ha

BXOJJ;ax MHKpocxeMbI. Pa3JIH'laIOT CTaTH'IecKyro H JJ;HHaMH'IecKyro nOMexo-

YCTOH'lHBOCTb. ITepBaR CBR3aHa C ,WIHTenbHOCTRMH 60nee npoJJ;on)I(HTeJIb-
HOCTH nepeXOJJ:HbIX npoueccoB, BTopaR

- C KpaTKOBpeMeHHbIMH nOMexa-

MH. CTaTH'lecKaR nOMexoyC'roH'lHBOCTb SlBlliIeTCR OCHOBHblM nOKa3aTeJleM

3aLQHLQeHHOCTH HMC OT nOMex H YKa3blBaeTcR B CnpaBO'lHHKaX C o eH-

KOH
1'1{)

= 1
1'1{)

- U? I I'JJ;e U? , U?BX max
- COOTBeTCTBeHHOvnOM vBLIX max BX max ' BLIX max

MaKCHMaJIbHbIe JJ;onYCTHMble 3Ha'leHIDI HH3KOI'O ypOBHH Ha BbIXOJJ.e Harpy-

)KeHHOH H BXOJJ;e Harpy)KaIOLQeH HMC: D:tOM = ID:.Llxmin - D:.xmin I, I'JJ;e

U! . U! .
- COOTBeTCTBeHHO MHHHMaJIbHble JJ;onYCTHMble HanpR-BLlX mm' BX mm

)KeHHR BblCOKoro ypOBHR Ha BbIXOJJ;e Harpy)KeHHOH H BXOJJ;e Harpy)KaIOLQeH

MHKpocxeM.

3HepI'HR nepeKJIIO'IeHHR A
= Pno-r t

3JI.PCP
COCTaBJUleT 0,1-500 n)J;)K H

XapaKTepH3YeT Ka'leCTBO pa3pa60TKH MHKpocxeM.
HaJJ;e)KHOCTh xapaKTepH3YeTCR HHTeHCHBHOCTbIO OTKa30B ;... = nl(Nt)

(I'JJ;e n - '1HCJlO OTKa30B npH HCnblTaHIDIX N H3JJ;eJIHH B Te'leHHe BpeMeH 
HcnbITaHHH t), Hapa60TKOH Ha OTKa3 T H BepOH1HOCTblO 6e30TKa3HOH

pa60Tbl pet) =e->.t B Te'leHHe 3aJJ;aHHoro BpeMeHH t. ,[(ml COBpeMeHHbIX

HMC;... = 10-8 + 10-9 '1
1
, p(t) = 0,998 npH t = 15000 'I.

HHTerpaJIbHbIe MHKpocxeMbl HMeIOT BbICOKyro CTOHKOCTb K MexaHH-

'1eCKHM H KJIHMaTH'IeCKHM B03JJ;eHCTBHHM: npH BH6paumIx, y.napax, !..leHT-

p06e)KHblX CHnax MOryr pa60TaTb B He6naronpHR1HblX YCJlOBHRX npH
nOBbIllleHHOH BJla){(HOCTH (JJ;0 98 % npH 25°) H B 60JIbillOM TeMnepaTYpHoM
JJ;Hana30He (OT MHHYC 10 JJ.O nmoc 70°C.JJ.IDI 06bI'lHbIX H OT MHHYC 60 JJ.O
nmoc 125°C .lI.IDI CneUHaJIbHblX).

ITpHMepoM )J;TlI MO)KeT cnY)KHTb BblcoKonoporoBM cepIDI K511. Ee

6a30Bb1H 3neMeHT 4H-HE HMeeT B Ka'leCTBe CMeLQaIOLQero }'3na CTa6HJlH-

TpOH C noporoBblM HanpR){(eHHeM 6,9 B, n03ToMY cepIDI HMeer BblCOKHH

nopor oTnHpaHIDI 7 B, HO 06naJJ;aeT HeBblCOKHM 6hICTpOJJ;eHCTBHeM. Ha-

rpY30'lHIDI cnoc06HoCTb 3Ha'lHTeJlbHaR (kHarp
= 20). HOMHHaJIbHOe HanpH-

)KeHHe nHTaHHR Un = IS B, t  :S:150 HC, :s: 300 HC, 3HepI'IDI nepeKJIIO'Ie-

HHH 56 H)J.){(,  op""6 B, D:top '" 8 B,  Llxmax""1,5 B, D:.Llxmin -13,5 B, no-

MeXOYCTOH'IHBOCTb He xY)Ke 5 B. B COCTaB cepHH K511 BXOJJ.RT nOI'H'IeCKHe

3neMeHThI, JK-TpHITep, YHHBepCa.JIbHbIH ABOH'IHo-JJ;eCHTH'IHblH C'IeT'lHK,

JJ;eIllH4>paTop ABOH'IHO-JJ;eCHTH'IHOro Ko.n:a B JJ;eCHTH'lHbIH .lI.IDI noro<mo'le,:
HIDI K I'a30pa3pH,U,HbIM HH,lI,HKaTOpaM, a TaK){(e npe06pa30BaTeJIH ypoBHeH

.lI.IDI B03MO)KHOCTH cornaCOBaHIDI HMC JJ;PYrux cepHH. ,[(ml TIlI HaH60-

nee pacnpoC1paHeHHblMH cepHHMH HB.JUIIOTCH YHHBepCaJIbHbie (craHJJ;apT-

HhIe) cepHH 155 (K155, KM155,), 133(K133). CepHH 133 H 155 OTnH'IaIOTCH
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B OCHOBHOM KopnycaMH (}(pyr Hit: npRMoyrO.JThHbIH) H TaK)I(e C1'OHKOC-
TblO K KJIHMaTH'iecKHM H MeX if':teC HMB03.l:{eHCTBHRM. npH 3TOM MHK-

pOCXeMbl cepHH 155 RBJUJ:IOTCR ii3J.(eJIHHMH MaccoBoro npHMeHeHHJI. B HeH
HMelOTCR CBblUIe 100 THnoItoMliHanoB MHKpocxeM.

ua30BblH 3JIeMeHT 4H-l-IE f33-H H 155-H cepHH BbmOJIHeH Ha BXO.l:{HOM
'IeTbIpeX3MHITepHOM 'lpa1i3HCTope. HanpR)I(eHHe nHTaHHR CepHH Un =

=5 B. 3HeprIDI nOTpe6nelfH$I tlpe3MepHO BblCOKa (A = 90 n)J;){(), a nOMe-
XOYCTOH'iHBOCTb 0,4 B. H CMoTpR.Ha3TO CepltH, pa3pa60TaHHble.l:{0 1970
ro.na, 6JIaro,u.apR UIllpOl<OH HOMeQKJIaTYpe H HH3KOH ce6eCTOHMocTH aK-
THBHO npHMeHRIOTcR .l:{Q CHX nop. B Haqarre 1970-x ro,n:OB 3TH cepHH
nO,lI.BeprarrHCb MOJ.(epHH3aI..{IfH Ha OCHOBe HCnOJIb30BaHHH 3«1>«I>eKTa IllOIT-
KH (ITJIIlI), 6naroJ.(apH qeMY nOBbICH.TIOCb 6blCTpo.n.eHCTBHe (t  ::s;3HC),

"

nOJIyqeHO Marroe nOTpe6JIeHHe 2 MBT" Ha nOrHqeCKHH 3neMeHT. ,[(arrbHeH-
UIee YJIyqUIeHHe ITJIlli ,n:OCTHtH}'TO B CepHRX K1531 H K1533, B KOTOpblX
3HepronoTpe6JIeHHe CHH)lteHO no cpaBHeHHIO co cTapblMH cepIDIMH ITJI
B 20 pa3 H pearrH30BaHO npe,n:enbHoe 6blCTpo.neHC'l1me. ,[(JUI HHX PnOT

=

=4,2+4 MBT, t3JJ.
= 3+4 MC A =5 +12 n,ZJ;)I(.

MHKpocxeMbl TIJI, cYJUl no nporH03aM, coxpaHRT Be)lj'll{}'10 pOJIb B
6JIH)I(aHUIHe rOJ.(bI. B 6y.nYlUeM, nO-BHAHMOMY, 3TO COOTHOUIeHHe H3Me-
HHTCR B nOJIb3Y MHKpocxeM KMOIT.

OCHOBHOH HeJ.(OCTa1'OK cepHHHblX MHKpocxeM KMOIT - 3TO MeHbUIee

6blCTpo,neHCTBHe no cpaBHemuo ccepHRMH TIll. O,nHaKO B l..{eJIOM napa-
MeTpbl KMOn-CTpYKTYP 6JIH3}(He K H,ZJ:eaJIbHbIM: B CTarnqeCKOM pe)l(HMe
OHH He nO"Ipe6JU11OT MOll\HOCTI1, HMeIOT OqeHb 60JIblUOe BXO,nHOe H MaJIOe

BbIXO,nHOe conpOTHBJIeHHe, 60)IblUyro HarpY30qHYIO cnoco6HOCTb, BbICO-
KYIO TeMnepaTYPHyro cTa6HJIbHOCTb, BblCOKoe HanpR)I(eHHe BbIXO,nHOro
CHI'HaJIa, 6nH3Koe K HanpR)I(eHHIO HCTO'lHHKa nHTaHHR Un (OT 3,n0 15 B).ITocJle,nHee n03BOJUleT HX nHTaTb OT Pa3JIHqHbIX HCTOqHHKOB nHTaHHH, a
TaK)I(e conpRraTb no Bxo.n;aM H BbIXO,u.aM C MHKpocxeMaMH TIll H onepa-
I..{HOHHblMH YCHJlHTeJUtMH. CpaBHHTe.JThHO HeBblCOKoe 6bICTpOJ.(eHCTBHe He
RBJUleTCR npHHI..{HnHa.J1bHbIM <;BOiictBOM KMOIT-CTpYKTYP. 31'0 BpeMeH-
Hoe RBJIeHHe. ITepBble MHKpOcxeMbl KMOn (cepHH K176) HMeJIH HanpR-
){(eHHe 9 B. 3BOJIIOI..{HR n03Bomma nOMHTb Un J.(O 15 B H npOnOpI..{HOHarrb-
HO YBeJIHqHTb 6b1CTpo.neHcTBHe. n03TOMY .lI.IDI YCOBepUIeHCTBOBaHHblX
cepHH K561 npH Un = 15 B ta cp

= 50 HC H pacceHBaeMIDI MOU\HOCTb
Bcero 0,4 MKBT Ha JIOrHqeClq.m 3JIeMeHT. ITepcneKTHBHa5I HCMOS-JIO-
rHKa (H- OT aHrJIHi1cKdro CJIOBa high- BbICOKOKaqecTBeHHa5I) BbmOJI-
HReTCR C nOMOU\blO nOJIHdH H.Ml1JlaHTaQHH H C 3aMeHOH MeTaJIJIHqeCKHX
l1JleHOK 06JIaCTeH 3aTBOpOB Ha nOJIHtcpeMHHeBble. TaKHe liMC HMelOT
6bICTpOJ.(eHCTBHe 1O 15tIc H KOIR<ypHpyroT C TIlllll.

CepHR K176 He pacu.qtp11eTCJI. ropa3.no y.n06Hee OKa3aJIOCb H3roTaB-
JIHBaTh no TeXHOIIOnull<MeQ: J)ce 60JtbllIee qHCJlO aHaJIOrOB MHKpocxeM
TIJI C coxpaHeHHeM HX CtpYKTYPt.I, Lt01<OJIeBKH H LtH«I>POBOH MapKHpOBKH
(cepIDI KI564). Ifx MO¥KHO YCTalUlBJIHBaTb BMeCTO cepHH TIJI K155,
K555, K1533. HanpH>KeHife DHTaHIDI HX 3-7 B.
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4.6. OnEPA HOHHbIEYCHflHTEI1H

MUKpocxeMbl YHHBepCaJILHOI'O npuMeHeHWI. OCHOBHbIM THnO_M CO-

BpeMeHHoro ymrnepCaJIbHOl'O YCHJlHTeJUI RBJUleTCH onepa OHHbIHYCH-
JUITeJIb, BbInOJIHHeMbIH HCKJIIO'illTeJIbHO no HH;;erparrbHOH Te OJIOrHH
B BH)J.e caMOCTORTeJlbHoro H3,neJlIDI. TepMHH Onepal..{HOHHbIlf YCHIIH-
TeJlb" OTHOCHTCH K ycmUlTeJUlM nOCTORHHoro TOKa C 60JIbllIHM K03«1>.:-
«I>HI..{HeHTOM YCHJIeIU1H, HMe(OU HM.lU1«1>«I>epeHI..{HaJIbHl>IH BXO.n H 06U\HH

(PHC 4 27) Ha3BaHHe CBJl3aHO C nepBOHaqa.rIbHblM npHMeHeHHeMBbIXO,n ...

TaKHX YCHJIHTeJIeH ,lI.JUI BLlCIOJIHeHHR Onepal..{HH CJlO)l(eHHR, BblqHTaHHR,

HHTerpHpoBaHHR H ,npyrHx Onepal..{HH HaJ( aHaJIOrOBbIMH BeJIHqHHaMH.

EJIaro;:I.ap$l pa3JIH'HlblM ycoBeprneHCTBoBaHHHM B MHKpocxeMHoM HC-

nOJUiCHl1li OTKpblJIl1CL 60Jlee lllHpOl<l1e cxeMOTeXHH'leCKl1e B03MO)KHOCTH.

B cOBpeMeHHoH 3JIeKrpOHHKe onepal..{HOHHbIe YCHJIHTeIIH (OY) HrpaIOT

pOJIb MHOrOl..{eJIeBblX 3JleMeHTOB npH nOCTpoeHHH annapaTypbI pa3JIHq-
Horo Ha3Ha'leHHR.

OnepaI.{HOHHble YCHnHTeJIH npHMeHIDOTcR B YCHJIHTeJUlX, Y CTpOHCTBaX
reHepHpOBaHH$I CHrHaJIOB CHHYCOH,naJIbHOH H npRMoyrOJIbHOH «I>OPMbl, B

CTa6HJIH3aTOpax nanpH)I(eHHR, B aKTHBHbIX «I>HJIbTpaX H T. .n.
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PHC. 4.27. CxeMa onepaUHoHHoro YCHJlllTeJIR (a), ycnoBHoe rpacIJH'IeCKOe 0603Ha'leHHe (6)
H nepe.n.aTO'iHble XapaKTepHCTHKH (e)
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O HH3 BXO,nOB OY Ha3I.IBaeTCR HeHHBepTIfPyroIl{HM (UBX.J, H

BTOpOIi - HHBepTltpYIOIl{HM (UBXII)' rrpH no,naqe CHI'HaJIa U
BXII npll-

paIl{eHHe BI.IXO,nuOro CHI'HaJIa U
BL1X COBna,naeT no 3HaKY (<<I>a;1Ie) C

npHpaIl{eHHeM Bxo,nuoro CHrHaJIa, a npH no,naqe CHI'HaJIa ul -

6
-

(
BXH

HMeeT 0 paTHblH 3HaI< npoTUBononmKHI.IH no «I>a3e). HHBepTIfPyroIl{HH
BXO,n 'laCTO HCnOJlb3yroT )1.JUI BBe,neHHR B OY oTpHl..laTeJIbHOH 06paTHoH
CBR3H.

OCHOBY OY COCTaBIDleT ,nH«I>«I>epeHl.lllaJIbHI.IH KaCKa,n ,Ia 'I'paH311CTopax
VTI. VT2 (CM. pHC. 4.27, a). Ero BI.IXOJ(b1 CBH3aHI.l co Bxo.n:aMH BTOpOro
,lI,H«I>«I>epeHl,tHaJIbHoro KaCKa,na Ha TpaH3HcTopax VT5. VT6. TpeTHH YCH-
nHTeJlbHI.IH KaCKa,n BI.InOJIHeH Ha TpaH3HcTopax VT7, VT8 H noc'I'poeH
TaK, qTO VT7, VT8 RBIDlIOTCR ynpaBIDleMbIMH 3neMeHTaMH BXO,nuOro ,ne-
nHTeIDl ,WIJI nocne.nywIl{ero BI.Ixo,nuoro ycltJIHTeIDI. BbIXO,nubIM KaCKa,nOM
OY CJlY)l(HT 3MIITTepHI.IH nOBTOpHTeJIb Ha 'I'paH3HCTOpe VT9.

Ba)l(HeHIllHMH )1.JUI OY RBIDllOTCR ero aMl1JIllTyJ.I.HI.Ie (nepe,naTOqHI.Ie)
xapaKTepHCTHKH (CM. pHC. 4.27,6) B Blt,lJ;e JI.BYx KpHBI.IX,WIJI HHBepTHpyro-
Il{ero II HeHHBepTltpyroIl{ero BXO,nOB, CHIiMaeMI.IX npH HyneBoM CHrHaJIe

Ha .n:pyroM Bxo,ne. Ka)l(J(a5I H3 KpHBI.IX COCTOHT H3 HaKJlOHHoro H ropll30H-
TaJIbHI.IX yqaCTKOB. rOpH30HTaJIbHbIe yqaCTKH COOTBeTCTByroT pe)l(HMY
nonHOCTblO OTKpbITOrO (HaCbIIl{eHHoro) ItJIH 3aKpbIToro TpaH3HCTopa BI.I-

XOJ.I.Horo KaCKa,na (3MlITTepHOrO nOBTopHTeIDI). 3HaqeHIDI 3THX BI.IXO,nuI.IX

HanpR)KeHHH 6J1H3KH K 3.n;C HCTOqHHKa nHTaHHR. HaKJIOHHOMY (nHHeH-
HOMY) yqaCTKY KpHBbIX cooTBeTCTByeT nponop.QHOHaJIbHa5I 3aBHCHMOCTb
BbIXOJ.I.HOrO HanpSl)l(eHHR OT Bxo,nuoro. Yron HaKJIOHa 3TOH XapaKTepHC-
TIiKH onpe,neIDleTCR K03«1>«I>H.QHeHTOM YCIL'IeHHR ku

"" AU /AU OH
BLIX BX'

3aBHCliT OT TUna OY H MO)l(eT H3MeHRTbCR OT HeCKOJIbKHX COTeH ,no COTeH

TI.ICRq II 60nee.
EOJIbIllHe 3HaqeHIDI ku n03BOIDllOT npH BBe,neHHH rny60KoH oTpHl.,ta-

TeJlI.HOH 06pamoH CBR3H nonyqaTb cxeMbI co cBoHCTBaMH, KOTopI.Ie 3a-

BHCHT TOJlbKO OT napaMeTpoB .QenH o'I'pH.QaTeJlbHOH 06paTHoH CBR3H.

COCToRHHe OY, Kor,na UBL1X
= 0 npll UBX

= 0 (nepe.naTOqHa5I XapaI<Te-
pllCTHKa npOXO,lI,HT qepeJ HynI.), Ha3bIBaeTCR 6aJIaHcoM. B peaJIbHblX cxe-

Max OY 3TO YCJlOBHe qaCTO He BI.InOJlIDIeTCR (pa36aJIaHC). ,l).IDI C03,naHIDI
6aJIaHCa no,naeTcR Bxo,nuoe HanpR)I(eHHe CMeIl{eHlUl HYIDl UCMO npH KOTO-

pOM UBL1X
= O.

Bxo.lUloe conpOTltBneHHe, Bxo,nuI.Ie TOKH CMeIl{eHIDI, pa3HOCTb II

,npeH«I> BXOJUIblX TOKOB CMeIl{eHIDI, MaKCHMaJIbHOe ,lI,H«I>«I>epeH.QHaJIbHOe
Bxo,nuoe HanpR)I(eHHe xapaKTepH3YlOT OCHOBHbIe napaMeTpI.I BXO,nuI.IX
.QeneH OY. BbIXO.lUlI.IMH napaMeTpaMH OY RBIDlIOTCR BI.lXo,nuoe co-

npOTltBneHHe H MaKCHMaJII.HOe BI.Ixo,nuoe HanpR)I(eHHe II TOK. 3Hep-
reTHqeCKHe napaMeTpbl OY xapaKTepH3YlOTCJI MaKCIiMaJIbHI.IMH nO'I'pe6-
JISleMbIMH TOKaMH 0 cYMMapHoH MOIl{HOCTblO 060HX HCTOqHHKOB. qac-

TOTHI.le napaMeTpbI onpe,nemuoTcR aMnnHTy,nuo-qaCTOTHoH xapaI<-
TepHcTHKOH H O.QeHHBaIOTCR qaCTOTOH cpe3a H nonOCOH nponycKaHlUl.
,l).HHaMH'ieCKHMH napaMeTpaMH OY SlBIDIIOTCR CKOpOCTI. HapacTaHIDI
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BLIXO)UIOro HanpR)I(eHIDI (CKOpOCTb OTKJIHKa) H BpeWi ycrdHoBneHHR

BblXo,nuoro HanpR)I(eHIDI. 3TH napaMeTpI.I OTHOCHTeJIbHO H03KHe (CO-

OTBeTCTBeHHO 0,1-100 B/MKC H 0,05-2 MKC). Onepa.QHoHHblH YCH-

nHTe¥I. CpaBHHTenbHO Me,lJ.1IeHHO .n:eHCTBYIOIl{ee 3neKTpOHHoe YCTpOH-
CTBO.\

CX,MLI OY. He.n:oCTaTKOM OY B HMC nepBoro nOKoneHHR THna

140y.n;IA (CM. pHC. 4.27, a) RBIDlIOTCR OTHOCHTeJIbHO HH3KHe K03«1>«I>H.QH-

eHT yc eHHSi(ku = 300 + 4000) H BXOJ(HOe COnpOTHBneHHe RBX
... 4 KOM.

3TH He,docTaTKll yCTpaHeHbI B OY BToporo nOKoneHllR, KOTOpI.le CTpOSlTCR

no JI.BYXKaCK3Jl,H0H cxeMe. YnyqllleHHe xapaKTepHCTHK B HHX ,nOCTHrHyro

6naro,napR npHMeHeHlllO COCTaBHbIX 'I'paH3HCTOpOB, BI.ICOKOOMHblX pe3HC-

TOpOB (nHHqpe3HCTopOB) H 3aMeHe pe3HCTopHI.IX HarpY30K ,lI,H«I>«I>epeH.QH-
aJIbHI.IX KaCKa,nOB ,lI,HHaMH'leCKHMH (poc. 4.28). HeKoTOpI.le OY BTOpOro
nOKoneHHSI BI.InOnIDlIOTCJI. Ha noneBblX TpaH3HCTOpax.

OrpaHH'leHHOe 6bICTpo.n:eHcTBHe RBIDleTCR OJ(HHM H3 He.n:OCTaTKOB

CTau.napTHI.IX onepa.QHOHHbIX YCHnHTeJleH 06Il{ero npHMeHeHHR. nyqlllH-
MH nOKa3aTemIMO 06na,na1OT 6bICTpo.n:eHCTBYIOIl{He OY Ha M,l).rr-'I'paH3Hc-
TOpax, HanpHMep HMC TUna K544y.n;2 H K574Y.n;1. ,l).IDI cne.QHaJII.HI.IX

03MepHTeJIbHI.lX .QeneH C03,lI,aHbl npe.QH3HoHHI.Ie OY, cnoc06Hbie YCliJlli-
BaTI. cna6b1e 3neKTpHqeCKHe CHrHaJIbI OT pa3J1H'lHI.IX .naTqHKOB Ha «I>oHe
nOMex, TeMnepaTypHoro B03.neHCTBIDI 0 .npymx MelIIaIOIl{HX «I>aKTopoB. K
TaKHM YCHJIHTeIDlM OTHOCRTCR I1MC THna KI53Y.n;5.
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Puc. 4.28. CxeMa onepaUHoHHoro YCHJlHTeJIR 140Y.D.7:

JlTl. VT2. JlT6. VT8- TpaH311CTopbl BXOl\HOrO ./UIcjlcjJepeHLlHaJIbHoro KaCK;wl; VT5, VT9- KOJUleKTOp-

HIUI./UIHaMII'ieCKIUI HaI"p}'3Ka; VTIO. VT12. R5. VTI1-reHepaTOp cra61U1H311poBaHHoro TOKa; VB. V77.

RI. R3- HCTO'IHIIK cra61U1H311poBaHHoro TOKa AHcjlcjlepeHl(lIaJIbHOrO KaCK;wl; VTI4, JlTI6- npolde1K}'-

TO'iHLlH YClIJlHTeJIb; JlTI5 - reHepaTop cra61U1H311poBaHHoro TOKa Ha TpaH311CTOpe C pacLlIeIUIeHHLlMII

KOJlJleKTOpaMH; VT23. VT24- BLlXOJUlOH KacKM YCllJleHIIR; VTI1, JlTI8 - cxeMa CMeLlleHHR BLlXO./UIorO

KaCK;wl; VT2I. VT22 - 3aLllHTa OT HaCLILlIeHHR BLlXOAHorO KacJC;wl; CI- KOppeKTHPYJOLlIHH J<oH,1teH-

caTOp
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THnOBLIe CXeMLI HB OY (pHC. 4.29). rIpH pa60Te OY B JIHHeHHOH qacm

xapaKTepHCTHK 06blqHO U
SLIX

:s 10-12 B, a K034>4>HI..{HeHT YCHJIeHHSl/0Y

ku = 104+106 H Usx
= Usbiku COCTaBJUleT HeCK01ThKO MHKPOBOJIbT.ll03-

TOMY B cxeMe BKmoqeHmI OY C rrry60KoH 06paTHOH CBSl3blO N M HO He

yqHTblBaTb UBX npH onpeJJ;eJleHHH K034>4>HI.(HeHTa YCHJIeHIDI: koc =

=kJ(1+Nku), Nku » 1 H, CJle.u;OBaTeJIbHO, koc = lIN. TaKHM 0 330M,

K034>4>HI..{HeHT YCHJIeHHSI onpeAeJUleTCSI TOJIbKO rJIy6HHoH 06paTHO CBSl3H,
KOTopaSl 3aBHCHT OT BHAa H OTHOlUeHHSI napaMeTpOB 3JIeMeHT()B l..{enH

06paTHOH CBSl3H. 1
)J;JUI HeHHBepTHpYIOlltero YCHJIHTeJUl N = Rl/(R1 + R2) H koc = lIN =

=1 + (R2/R1). HHBepTHpYIOlltero YCHJIHTeIDI koc = -R2/Rl. /BblXOAHOe HanpSl){(eHHe HHTerpHpYIOllterO YCHJIHTeJUl
I

t

UBI.!X = Uc
=.!.. I ic dl.
C

0

IIOCKOJIbKY Ic = IR
= UsiRl' TO C yqeTOM HHBepCHH CHrHaJIa nOJlyqaeM

I

USL1X -
_.2... I UBX dt.

RC 0

B cxeMe AH4>4>epeHl npYIOLQeroYCHJIHTeIDI

II _ -C
dUsx

dt

\Iz
-

I, C

=1
lulX

z)

HZ

R

a)

lUIX  uan

6) R

H TaK KaK I) - 12, TO

dusx
UBLlX-hR--RC- .

dt

Onepal..{HOHHble YCHJIHTeJIH HaXOJ1.S1T lUHpoKoe npHMeHeHHe He TOJIbKO

B aHaJIOrOBOH, HO H B HMnYJIbCHOH TeXHHKe. HanpSl){(eHlUl BXO)];HOrO
CnrHaJIa OY B HMnYJIbCHOM pe){(HMe pa60Thl npeBblilUUOT 3HaqeHIDI AJUl

JIHHeHHOH qaCTH xapaKTepHCTHKH. rI03TOMY BblXOAHOe HanpSl)l(eHHe on-
.. 

+-

peAeIDIeTCH HanpSl)l(eHHeM U BLIX max
0060 U

SLIX maX'
Ha OY MO)l(HO pea-

JIH30BaTb HMnYJlbCHble cxeMbl KOMnapaTopa, MYJIbTHBH6paTopa, OAHO-

BH6paTopa H APymx t}>YHKI..{HOHaJIbHbIX YCTpOHCTB.
B cxeMe KOMnapaTopa (PHC. 4.30, a) npH JJ;OCTl1){(eHHH uBX 3HaqeHIDI Uon

+ -

HanpSl){(eHHe UBL1X
H3MeHReTCSI C U

BL1X max
Ha U

SL1X max
. CHMMeTpHqHbtH

MYJlbTHBH6paTop Ha OY (pHC. 4.30, 6) peaJIH3yeTcSI Ha OCHOBe KOMnapa-

Topa c nOJIO)l(HTeJIbHOH 06paTHoH CBR3blO. ABTOKOJIe6aTeJIbHblH pe)I(HM
3aJJ;aeTCSI BpeMSl3a,n;alOllIeH l..{enblO C, R. qacToTa nepeKJIlOqeHIDI

6)

f= l/[2RC In(l + 2Rl/R2»).
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!u6X
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lit HI
-

HZ

IUex

PHC. 4.29. CxeMbl YCHJIllTeJIeH Ha OY:

a - HHBeprnPYlOlllaJJ; 6
- HeHHBepTHpYJOlllaJI; B

- HHTerpHpylO-

WaR (HHTCrpaTop); Z - AH4J4JepeHllHPYJOIllIUI

U,O/X

I-U.;:,,,, ma",

1 UI.,,,, 0 Uan
Uj.,,,, m !'"

UI"UI

ut..,,,, max

-(+) 0 t, tz t" t. _
t

1.-
U'w",ma",

Uc

t

R "

'.1 .

t

RZ

1-
u,.,'"

u;',,,, mlU

Ui"x mllll

tRJ o

Puc. 4.30. I1MnYnbcHbIe cxeMLI Ha onepaUHoHHoM YCHJIllTene:
a _ l<OMnapaTOp; 6 - CHMMe1pH'lHbIH MYJlbTHBH6paTOp; B -. O,IUIOBH6paTop
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Oqepe.n;HOCTb 1<0TOpblX YCTaHaBJIMBaeT onepaTOp (nporpaMMHCT). TaKHe

Mn HMelOT cpaBHHTeJIbHO HeBblCOKoe 6bICTpO,l!;eHCTBHe, HO OHH 60JIee

YH BepCaJIbHbl,nerqe nepecrpaHBaIOTC5I C O,WIOH nporpaMMbl Ha ,l!;pyrylO.

np crpYKTYpe pa:3JIHqaIOT MHKpOnpOlJ,eCCOpbl CeKIJ,HOHHpOBaHHble

(KaK flpaBHno C MHKponporpaMMHblM ynpaBneHHeM) H O,WIOKpHCTaJIb-

Hble (c tlJHKcHpoBaHHOH pa3PMHOCThIO H nOCTORHHblM Ha60pOM KO-

MaH,lJ.) (pHC. 4,31).

il) \
,'-'-'

I

CxeMa 0,WIOBH6paTopa (PHC. 4.30, 6) C1pOHTCR Ha OCHOBe cxeMbl

MynbTHBH6pal'opa, B KOTOpOH .lI.IDI 3a,lJ.aHHR >K.n)'ll{ero pe)((MMa pa60Tbl
napamreJlbHO KOH,l!;eHCaTOPY C nO,l!;KJIIOqeH MO,l!; VD. 3anyCK cxeMbl
BO BpeMeHlIO YCTOHqHBOe COCTORHHe OCYll{eCTBml( TCR no l.{enH KOH-
,neHcaTopa Cl. ,lVIHTeJIbHOCTh HMnym,ca Ha Bblxo,ne onpe,l!;e/llleTCSI
RC-l.{enbIO: I

H
= R[ln(1 + Rl/R2»). I

Ha OCHOBe OY MO)((HO C03,l!;aBaTh MHOrI1e ,l!;pyme tlJYHI<l\HOHa.m.Hble
YC'IpOHCTBa aHaJIoroBoH, HMnYJlbCHOH " l.{MtlJPOBOH cxeMOTeXHHKH.

4J.MMKPonpOUECCOP

Ha3HaQeHUe U 06ll{aH cTpyKIypa MHKpOnpOl.{eccopa. Ilpol.{eccop - 31'0
3neIITpOHHoe YCTpOHCTBO l.{HtlJPOBOH 06pa60TKH HHtlJoPMal.{HH, Bbmon-
HSleMO" no 3a,l!;aHHoH nporpaMMe. MUKpOnpOl{eccop (MIl) npe,l{CTaBJUleT
C060". caMOCTOSlTeJIbHOe MJIM BXO}1.Slmee B COCTaB 3BM YCTpOHCTBO, OCY-
ll{eCTBJUlIOll{ee 06pa60TKY HH4JoPMal.{HH H ynpaBJUl1Oll{ee 3TMM npOl.{ec-
COM, BbmonHeHHoe B BH,/J;e O,l{HOH HJIM HeCKOJIbKHX J>HC.

B 06ll{eM cJlyqae B COCTaB MHKpOnpOl.{eccopa BXO}1.SlT: apHtlJMeTHKO-JIO-
rHqeCKOe YCTpOHCTBO (Ally), 6nOK ynpaBJIeHml H CHHxpOHH3al\HH, 3ano-

MHHaIOll{ee ycrpOHCTBO (3Y), pemCTpbl H ,l{pyme 6nOKH, He06xo,lUfMble
.lI.IDI BblnOJIHeHHR Onepal.{HH BblqHCnHTeJIbHoro npOl.{ecca. YCTpO"CTBO
AJIY OCYll{eCTBJUleT 06pa6OTKY nocrynaIOll{eH H3 3Y HHtlJopMal.{HH no

1<0MaH,l{aM nporpaMMbl, XpaIDIll{eHCSI nOCTOSlHHO B 3Y, nopMOK KOTOpblX
onpe,l{eJUleTCR 6nOKOM ynpaBneHHj( H CHHxpOHH3al.{HH. I1cxo,l{Hble ,l{aHHble,
npOMe>KYTOqHble H OKOHqaTeJIbHble pe3YJIbTaTbl BblqHCJleHHH COAep)((aTC5I
B 3Y HnM B CnelUfaJIbHblX pemcTpax. qaCTh pemCTpOB HcnoJlb3yeTcSI .lI.IDI
opraHH3al.{HH BbmOJIHeHHR nporpaMMbl.

KaK BblqHCJlHTeJIbHOe ycrpOHCTBO MHKpOnpOl.{eccop xapaKTepH3yeTcR
npOH3BO,lUfTeJlbHOCTbIO, pa3pR,lJ.HOCTbIO 06pa6aTbiBaeMblX ,l{aHHblX H Bbl-
nOJIHReMblX KOMaH,lI" B03MO)((HOCTbIO YBeJIHqeHllil pa3pR)J.Hocm, qHCJlOM

KOMaHA (MHKpOKOMaHJJ:), KOJlMqeCTBOM BHyrpeHHHX pemCTpOB, B03MO>K-
HOCTbIO 06eCneqeHHR pe)((HMa npepblBaHml., 'lHCnOM ypOBHeH npepbIBaHllil
(npHopHTeTa), 061>eMOM a,npecyeMoH naWlTH, HaJIH'lHeM KaHaJIa npRMoro

,l{OCTyna K naWlTH, THnOM H 'lHCJlOM BXO,l{HblX H BblXO,l{HbIX lllHH H HX

pa3pR,WIOCTbIO, HaJIH'lHeM H BM,l{OM nporpaMMHoro 06eCne'leHHj(. cnoco-

60M ynpaBneHHSI.

Pa3JIH'laIOT YHHBepCaJIbHble H cneQMaJIbHble (THnHlfHbIH npHMep -

MHKpOKaJIbKYJUlTOp) MMl<pOnpOQeCCopbl. Ilo cnoc06y ynpaBneHlUl Pa3JIM- .

'lalOT MIl co cxeMHblM H MMKponporpaMMHblM ynpaBJleHHeM. IlepBble
06na,naIOT BblCOKHM 6bICTpO,l{eHCTBHeM, HO HMelOT 60JIee CJlO)((Hyro 3neKT-

pH'lecKyro cxeMY. cI>YHKLlHoHHpoBaHHe MIl C MHKponporpaMMHblM yn-
paBJleHHeM onpeJJ:eJUleTCR nOCJIe,l!;OBaTeJIbHOCTbIO MHKpOKOMaH,l!;. COCTaB H
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PHC. 4.31. CTpYKTYPHaR cxeMa MHKponpoueccopa:

a - MHKponpOQeccopHIUI CeKIIHJI C Hapa11lHBaHHeM paJpR.DJ10CTII o6pa6aTblBaeMbix J\RHHLlX; 6 - Op;HO-

l<pHCTIIJlbHL!H MHKponpoueccop c 4JHKcHpoBaHHo!i paJPRJIHOCTbJO .u,aJlHL1X
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CeKU.HOHHpOBaHHbIH Mil Ha6HpaeTC5I H3 OT.n;enbHblX EHC, COCTaBllil-

IOlL\HX MHKpOnpOLl.ecCOpHbIH KOMnneKT HMC, KaJK,Z:J:a51 H3 KOTOpbIX cno-

c06Ha 061>e.n;HH5ITbC5I C .n;pyrHMH EHC .n;JUI 06pa30BaHH5I pa3nH'lHbIX <}JYHK-
Ll.HOHaJIbHbIX YCTpOHCTB. K ceKLl.HOHHpOBaHHOMY Mfi 06bt'lHO nO,T.U<mo'la-
eTCH EHC 3Y C XpaHHlL\HMHC5I B HeM MHKpOKOMaH.n;aMH. ,

fipOLl.eCCOpHaJI CeKLl.HH (CM. pHC. 4.31, a) COCTOHT H3 ceKu.HH AJIY,
6noKa perHCTpOB, BXO.n;HbIX MYJlbTHnJIeKCOpOB, BblXO.n;HOrO perHcTpa H

perHcTpa-aKKYMYJI5ITOpa, .n;eillH<ppaTOpa MHKpOKOMaH.n;, HXOJJ.HblX illI.
ill2 H BbIXO.n;HbIX LIB, ill4 illHH. YnpaBITeHHe OCYlL\eCTBllileTC5I CHrHaJIaMH,

BbI,IJ;aBaeMblMH .n;eillH<1>paTopoM. Ka HOBaJI MHKpOKOMaH.n;a nOCTYnaeT

nocJle HcnonHeHlUI npero,I,IJ;YlL\eM. HCXO.n;Hble .n;aHHble nepe.n;aIOTC5I H3 03Y

H!JH H3 YCTpOnCTEa BBO;J.:l-DbIBOp;a Qepe3  lynbTHnJIeKCOpL[ B CeKll:HIO

i\JIY. Pe3jJIbT3T 'iCpe3 penlcTp-aKKYMY.illlTOp Hanpa13JUleTCH no a..Qpecy,

c<1>opMHpoBaHHoMY B BbIXO.n;HOM perncTpe a..Qpeca, a TaK:>Ke Ha 6JIOK perH-
CTpOB ,lIJI5I BpeMeHHoro xpaHeHHH H Ha MYJIbTHnJIeKCOpbl JJ.JUI Hcnonb30Ba-

HHH Ha CJIe.n;YIOlL\HX :nanax Bbl'IHCJIeHHiL CB5I3b Me>K..Qy CeKLl.IDIMH ocy-
lL\eCTBJUleTC5I no Me:>Kpa3p5l.n;HbIM CB5I3J1M.

Ta6nHua 4.3

P;aHHblC lteHTpaJIbHoro npolteccopa

CepHJI
'lHCIlO

MnK
EHC 0603Ha'ieUHe
BMnK lIempaJ1bHOrO Pa3PM- TwrrOBaJI HanpR)f(eUUe Tun

npolteccopa HQCl'b 'iaCTOTa, MI-It nHTaI-lHJI. B TeXHOJ10rHH

KP580 15 KP580l1K80A 8 2,5 +5; +12;-5 n-MOn

K581 3 KP581BEI 16 2,5-3,3 +5; + 12 n-MOn

KP582 2 KP582H:Kl 4 0,6 1,5 H:
2
JI

K583 4 K583l1K3 8 1,0 1,5 11
2
JI

K584 3 K584H:KI 4 0,5 5,0 H:
2
JI

KP588 5 KP588BC2 16 1,0 5,0 KMOn

K1800 4 K1800BCl 4 36 -5,2; -2 3CJI

K1801 3 K1801BEI 16 8,0 5,0 n-MOn

K1801BMI 16 5,0 5,0 n-MOn

KP1802 6 KP1802BCl 8 8,0 5,0 TTJIlli

KPI804 6 Krl804BCl 4 8,0 5,0 TTJIlli

K589 8 K589l1K02 2 10 5,0 TTJIlli

K1810 K1810BM86 16 5,0 5,0 n-MOn
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O.n;HOKpHCTaJIbHbIH Mfi (CM. pHC. 4.31, 6) BbmOnHHeTC5I B Bine O.n;HOH
:

EHe. B .n;aHHOM CJIY'lae Mfi BbmonHHeT <}JYHKLl.I-IH npou.eccopa 3BM, Bce

onepaLl.HH KOTOporo peaJIH3YIOTC5I XpaHHlL\HMHCH B HeM KOMaH.n;aMH. B

O.n;HOKpHCTaJIbHbIH Mfi BXO,WIT: AITY, BbIXO.n;HOH perHCTp a.n;peca, pe-'

rHCTp-aKKYMYJUlTOp, 6noK perHCTpoB, perHCTp npH3HaKOB, cxeMa ynpaB-

neHIDI BXO.n;H1UI H BblXo.n;HaH illHHbl 1-1 illHHa ynpaBneHIDI. XapaKTepHblM

AmI O OKpHCTaJIbHbIXMfi}lBIDIeTC5I HaJIH'lHe BHyrpeHHeH illHHbl o6MeHa

.n;aHHbIMH Me:>KJJ.Y YCTpOHCTBaMH Mfi.

MHKponpou.eccopbl npHMeIDUOTC5I B CI-ICTeMaX ynpaBJleHIDI onepaTHB-

HblM H TeXHOnOrH'leCKHM 06opy.n;OBaHHeM, TpaHcnOpTHbiMI-I cpe.n;CTBaMH,
KOCMH'leCKHMH annapaTaMH, 6b1TOBbIMH npH60paMH H T. .n;. Enaro.n;apH

.

nporpaMMHOH rH6KOCTH, MaJIblM pa3MepaM, Macce 1-1 :meproeMKoc111, Bbl-

COKOH nOMeX03alL\HlL\eHHOCTH Mn MO)I(HO BCTpaHBaTb Henocpe.n;CTBeHHO

B 061>eKThI ynpaBneHHH. Ha HX OCHOBe C03.n;aIOTC5I MHKp03BM, nporpaM-

MHpyeMble KOHTpOruIepbl H p;pyrHe YC1}JOHCTBa aBTOMaTHKH H Bbl'lHCJlH-

TeJIbHOH TeXHHKH.

MUKponpoueccopHble KOMnneKfbI (MTIK), BblDycKaeMble OTe'lecT-

BeHHO" npoMblUIneHHocTLIO. B03MO:>KeH BbmycK Mn no pa3nH'lHblM

TeXHOnOrH5IM: n-M,[(n, H2JI, KMOn, ITJIIli H .n;p. B Ta6n. 4.3

npHBe.n;eHbl cepHH ore'leCTBeHHbiX MnK H HeKoTopble HX .n;aHHble JLJUI

cpaBHHTeJIbHOH OLl.eHKH.

4.8. OnT03nEKTPOHHbiE YCTPORCTBA

Ha:ma'ieHUe onT03neKTPoHHLtX npH60pOB H HX KJIaCCU HKa""HH.OnTO-

3neKTpOHHblH npH60p- 3TO npH6op, 'lYBCTBH:eJIbHbIH K 3neKTpOMarHHT.:
HOMY H3nY'leHHlO B BH)I,HMOH, HH<1>paKpaCHOH HJIH ynbTpa<1>HOneTOBOH

06naCT5Ix (3.10
11 - 3.1011 [LI.), npH60p, H3J1Y'lalOlL\HH H npeo6pa3YIOlL\HH

HeKOrepeHTHOe HJIH KOrepeHTHOe H3nYQeHIDI B :nHX :>Ke cneKTpaJIbHblX

06JIaCTHX HJIH npH60p, Hcnonb3YIOlL\HH TaKOe H3JIY'leHHe JLJUI pa60Thl [16].

OnT03neKTpOHHble YCTpOHCTBa OCHOBaHbl Ha <1>YH.n;aMeHTaJIbHbIX .n;o-

CTH:>KeHIDIX B 06nacTH KBaHToBoH H nOJIynpOBO.n;HHKOBOH 3neKTPoHHKH, .

<1>H3HKH TBepp;oro TeJla H onTHKH. B onT03neKTpoHHKe OCBoeH )I,Hana30H

3neKTpOMarHHTHblX B01IH 0,2-20 MKM. UOJIbIlIHHCTBO cOBpeMeHHblx on-

T03neKTpoHHblX npH60poB H YCTpOHCTB pa60TaeT B ,/J,Hana30He ,lIJIHH BOJIH

0,5-1,5 MKM.

,[(OCTOHHCTBOM npH60poB onTo3neKTpoHHKH no cpaBHeHHIO C BaKyyM-

HblMH HnH nonynpoBo.n;HHKOBblMH npH60paMH 51Bn5leTC5I HaJIH'lHe

CBOHCTB, npH06peTaeMblX 6JIarop;ap51 onTH'leCKoMY H3J1Y'leHHIO JLJUI nepe-

p;a'lH, xpaHeHHH, 06pa60Tl<H H oT06p :>KeH HH<1>opMaLl.HH. 3111 npeHMY-

lL\eCTBa 06YCJlOBITeHbl: 3JIeKTpH'leCKOH  empaJIbH.?CThIOKBaHTOB onTH:
'leCKoro H3J1YQeHH5I

- <1>OTOHOB; BblCOKOH 'laCTOTOH CBeTOBblX Kone6aHHH
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(.n:o 10 16 rU:) H, COOTBeTCTBeHHO, MaJlOii ,lI,JIHHOii BOJIHbl (.n:O 1 MKM); MaJlOH

paCXO.ZJ:HMoCThIO CBeTOBOro JIY'la H B03MO)KHOCThIO ero .n:OCTaTO'1HO OCT-

poii <1>OKYCHpOBKH.
3rreK'rpH'1eCKaH HeiiTpaJIbHOCTh <1>OTOHOB 06eCne'1HBaeT: HeBocnpHHM-

'lHBOC1'b K 3rreKTpoMafHHTHbiM nOIDIM (noMeX03alL\HlL\eHHoCTb); norrHyro

raJIbBaHH'1ecKyro paJBH3KY; .ZJ:BOiiHYIO (npoCTpaHCTBeHHYIO H BpeMeHHYro)
Mo.n:ymuJ.HIO H3rrY'1eHHH, 06eCne'1HBalOlL\YIO 06pa60TKY 3Ha'1HTeJlbHbiX

MaCCHBOB HH<1>opMaLl.HH. BblCOKaH '1aCTOTa 06eCne'1HBaeT 60JIbl1lyro HH-

<1>opMaLl.HOHHyro eMKOCTh OIITH'1eCKHX KaHaJlOB CBH3H, a MaJIaH ,lI,JIHHa

BOJlHbl - BblCOKyro mIOTHOCTh onrn'1ecKoii 3anHCH. MaJlaH pacxo,/:{H-
MOCTL CBeTOBOro rryqa n03BOJlReT nepe.n:aBaTb 3HeprHIO OnTH'1eCKOrO H3-

rrY'1eHHH B 3a.n:aHHyro 06rraCTb npocrpaHC1Ba C MaJIblMH nOTepHMH.
OCHOBHblMH MaTepHaJlaMH rom C03.n:aHHH on1'03rreKTpoHHbiX npH60poB

crrY)KaT nOJIynpOBo)J.HHKoBble COe.ZJ:HHeHHH AllIBv H AllBIV H TBep,nble

paCTBopbl Ha HX OCHOBe (GaAs, InGaAsP, GaP H .n:p.).
OnT03rreKTpoHHKa Ha'1aJIa HHTeHCHBHO pa3BHBaTbC51 B 60-x rO,lI.ax Ha-

mero cTorreTllil, KOr,lI.a 6bUUI C03,lI.aHbl rra3epbl H H3rrY'1alOlL\He .ZJ:H0,nb1.

MHKpoMHHHaTlOpH3aLl.HH 3rreMeHTOB H YCTpOiiCTB onT03rreKTpoHHKH Ha-

'1aJIaCb C 1970 r., KOr,lI.a B03HHKrra HHTerpaJIbHaH OnTHKa.
OT,lI.eJIbHble YCTpOiiCTBa H CrrO)KHble onT03rreKTpOHHbie CHCTeMbl C03,lI.a-

IOTCH H3 OT,lI.eJlbHbIX 3rreMeHTOB. OCHOBHblMH onT03rreKTpoHHblMH 3rreMeH-

TaMH HBIDIIOTCJI: HC1'O'1HHKH KorepeHTHOro (norrYllpOBO.lI.HHKOBbie rra3epbl)
H HeKorepeH1'Horo (cBe1'O,lI.HO,lI.bl) OnTH'1eCKOrO H3rrY'leHlliI; OnTH'1eCKHe

Cpe,lI.bl (aKTHBHble H naccHBHble);
npHeMHHKH OnTH'1eCKOrO H3rrY'1enHH (HanpHMep, <1>OTO,/:{HO,nbl, <1>OTO-

TpaH3HcTopbl, <1>oTope3HcTopbl); OnTH'1eCKHe 3rreMeHTbi (HanpHMep,
rrHH3bl, npH3Mbl, 3epKaJla, nomlpH3aTopbl); BorrOKOHHO-Onrn'1eCKHe 3rre-
MeHThI (HanpHMep, )Kf'YTbl, <1>OKoHbl, cerr<1>oKH); HHTerpaJIbHO-OnTH'1eClme
3rreMeHTbi (HanpHMep, HH1'erpaJIbHO-OnTH'leCKHe 3epKaJla, <1>HJIbTpbl).

no <1>yhKLl.HOHaJIbHOMY Ha3Ha'1eHHIO crre.n.yeT Bbl.ZJ:eJlliTb: ,lI.e<1>rreKTopbl
(ynpaBrreHHe HanpaBrreHHeM pacnpocrpaHeHHH Onrn'1eCKOrO H3JIY'1eHlliI);
Mo.n.yrrHTopbl (ynpaBJIeHHe aMnrrH1)',lI.oii, <1>a30ii H nOJlRpH3aLl.HeH); HH-

.ZJ:HKaTopbl Ha )KH.ZJ:KHX KpHC1'aJlJIaX, norrynpOBO.lI.HHKOBble, BaKYYMHble
JIIOMHHeCLl.eHTHbie (nrrOCKHe ,/:{HCmIeH); MHor03rreMeHTHbie <1>oTonpHeM-
HHKH (npH60pbl C 3apMOBOH CBH3blO), KpeMHHKOHbl, CKaHHC1'opbl rom

nepe,lI.aIOUJ.HX TeJleBH3HOHHbiX KaMel', HCKyCCTBeHHOrO 3peHJUI P060TOB
H ,lI.p.; onTpOHbl rom raJIbBaHH'1eCKOii pa3BH3KH Me)I(.ZJ:y 3rreKTpOHHblMH
YC'IpOiiCTBaMH; BorrOKOHHO-Onm'1eCKHe JlHHHH CBH3H (BOnC), 06ecne-
'1HBalOlL\He nepe,lI.a'1y HH<1>OpMaLl.HH co CKOpOCThIO ,lI.0 109 6HT/C Ha

paCCTORHHe ,lI.0 200 KM 6e3 perpaHClliITOpOB; BorrOKOHHO-Onrn'1eCKHe

,lI.aTqHKH ,lI.JUI H3MepeHlliI yrrroBoii CKOpOC1'H BpalL\eHlliI, JlHHeiiHOro
YCKopeHlliI, TeMnepa1)'pbl, ,lI.aBrreHlliI, TOKa H .D.P.; Onrn'1eCKHe npoQec-

COphl ,lI.JUI 06pa60TKH H"<1>opMaLl.HH.
214

OnT03rreKTpOHHKa ,lI.aeT B03MO>KHOCTb npeo,lI.orremUl TpY.lI.HoCTeii, 803-

HHKl1lHX H3-3a npOrnBOpe'lHii Me)l(,lI,y EI1C H Tpa.rI.HI..J.HOHHblMH pa,/:{HOKOM-

nOHeHTaMH - HMnYJIbCHblMH TpaHc<1>opMaTopaMH, peJle, KOHTaKTOpaMH,

repKOHaMH, Ka6emlMH, nOTeHLl.HOMeTpaMH, nrroxo C1'bIKyrolL\HMHCH C

TpaH3HCTopaMH. OnT03rreKTpOHHbie YCTpOHCTBa B nepCneKTHBe MOl)'T 3a-

MeHHTb 60Jlbl1lHHCTBO Tpa.rI.HLl.HOHHbIX pa,/:{HOKOMnOHeHTOB. Om03rreK-

TpOHHKa
- 3TO ,lI.onOJlHeHHe COBpeMeHHoii (TpaH3HCTOpHOii HHTerpaJIb-

Hoii) MHKp03rreKTpOHHKH. OHa ,lI.aeT B03MO)KHOCTh nepeBO,lI.a MHKp03rreK-

TpOHHKH Ha BcnOMOraTeJIbHbie <1>YHKLl.HH H C03,lI.aHHe npHHl.J.HnHaJIbHO

HOBblX cpe.n:CTB HH<1>opMaLl.HOHHOii TeXHHKH.

113J1yqaTeJIH. K Onrn'1eCKHM H3JIY'1aTeIDIM OTHOCR1'CH HCTO'1HHKH BH,ZJ;H-

Moro CBeTa, HH<1>paKpaCHbiX H YJIbTpa3B}'KOBbIX JIY'1eii (.ZJ:Hana30H 3rreKTpO-

MarHHTHbIX BOJIH OT 10 HM,lI.O 0,1 MM).
EcrrH Korre6amUl Bcex H3JIY'1aIOlL\HX aTOMOB HCTOqHHKa npoTeKaIOT

corrraCOBaHHO BO BpeMeHH, TO HMeeT MeCTO KOrepeHTHOe H3rrY'1eHHe. Ko-

repeHTHOe H3JIY'1eHHe conpoBo)I(.ZJ:aeTCH HHTep<1>epeHLl.Heii, T. e. B03MO)K-

HOCTbIO YCHrreHHH H oCJla6rreHHJI pe3YJIbTHpyrolL\ero CHrHaJla. I13rryqaTeJIH

KJIaCcH<1>HLl.HpYIOT B 3aBHCHMOCTH OT npHpo,nb1 (renrroBoe, moMHHeCLl.eHT-

Hoe), cneKTpaJIbHoro COC1'aBa (6errblii, MOHoxpOMaTH'1eCKHii CBeT), ynopH-
,lI.O'1eHHOCm opHeH1'aLl.HH 3rreKTpH'leCKHX H MarHHTHblX BeKTOpOB (eCTec1'-
BeHHoe, nOIDIpH30BaHHoe rrHHeHHO, 3JIJIHnTH'1eCKH, '1aCTH'1HO), CTeneHH

KorepeHTHocm (KorepeHTHoe, HeKOrepeHTHOe), pacceHHIDI nOTOKa H3rry-

'leHHH (HanpaBJleHHOe, ,lI.H<1><1>Y3Hoe, CMel1laHHoe) H T. ,lI.. rpaHHLl.bl npHMe-

HeHlliI Onrn'1eCKHX H3.rryqaTerreii 3Ha'1HTeJIbHO paCl1lHpHrrHCb C nOHBrreHH-

eM rraJepOB.

<1>YHl.J.aMeHT onT03rreKTpOHHKH COCTaBmlIOT H3J1YQalOlL\He norrynpoBO,lI.-

HHKOBble ,/:{HO,nbl, pa60TaIOlL\He no npHHLl.Hny HCnOJIb30BaHlliI CnOHTaHHOii

HH)I(eKLl.HOHHOii 3rreKTpOJllOMHHeCLl.eHLl.HH, H OnTH'1eCKHe reHepaTopbl KO-

repeHTHorO H3rryqeHlliI (rra3epbl), cpe,lI.H KOTOpblX Ba)KHyro pOJIb HrpaIOT

norrynpOBO.lI.HHKOBble rra3epbl. npH JlIOMHHeCLl.eHLl.HH B BelL\eCTBe 6rraro,lI.a-

pH 3HeprHH BHemHero B03.n:eHCTBHR '1aCTh 3rreKTpOHOB nepeXO,lI.H1' C HH)I(-

HHX paBHOBeCHblX 3HepreTH'1eCKHX ypOBHeii £1 Ha 60rree BblCOKHe ypOBHH,

a 3aTeM OKa3bIBaeTC5I Ha MeTaC1'a6HJIbHOM ypOBHe B036Y)I(.ZJ:eHlliI £2' B03-

BpalL\eHHe C ypOBHH £2 Ha ypOBeHb £1 conpOBO)I(.ZJ:aeTCR HcnYCKaHHeM <1>0-

TOHOB C ,lI,JIHHoii BorrHbl A .. 1,23/(£2 - £1); p-n-nepexo,lI. CTaHOBHTCH H3JIY-

'1aTeJlbHblM, eCJIH l1lHpHHa 3anpelL\eHHOii 30HM HCXO.lI.HOro norrynpOBO,lI.-

HHKa AE > 1,3+1,8 B. 31'0 06ycJloBJleHo TeM, '11'0 KOJIe6anIDI C .AJlHHOii

BorrHbl BH,ZJ;HMOii '1acrn cneKTpa A
= 0,4+0,7 MKM B03HHKaIOT npH 3HeprHH

1,3+ 1 ,8 3B, TaK KaK A"" he/AE, r,lI.e h - nOCTOHHHaH I1JIaHKa, e -

CKOpOCTh CBeTa.

HaH60rree pacnpocrpaHeHHble Ge H Si HMelOT AE < 1,3 3B, n03TOMY
B HHX He Ha6mo,lI.aeTC5I CBeTOBoro H3J1YQeHHH; B CBeTO,lI.HO,lI.ax Hcnorrb3Y-

IOTCH COOTBeTCTByrolL\He norrynpOBO.lI.HHKOBble COe,u,HHeHlliI.

215



B COOTBeTCTBHH C 'laCTOTHbIM ,lJ,Harra30HOM reHepHpyeMoro H3JIY'leHIDI
pa3JIH'lalOT HHlflpaKpaCHble H3JIY'laIOIl(He WlOJJ.b1 H CBeTOH3rrY'laIOlL\He

AHOJU>I (CBeTO,IJ,HO.lU>I). QBeT H3JIY'leHHH 3aBHCHT OT rrOJIyrrpoBOAHHKOBOro
MaTepHaJIa H rrempYlOlL\HX rrpHMeceH. OCHOBHblM napaMeTpOM H3nY'laIO-
lL\ero AHOAa srnllileTCH KII.L( rrpe06pa30BaHHH TJ ... 'I1BH k1 k2 k3, rAe 'I1BH

-

BHyrpeHHHH KBaHTOBblH BblXOA (OTHOllIeHHe '1HCJIa KBaHTOB B aKTHBHOH

06JIaCTH K 'lHCJly HH)I(eKTHpOBaHHblX HOCHTeJleH 3apSl)),a); kl
- 31f1If1eKTHB-

HOCTb HH)I(eKI.{HH; k2
- K031f1If1HLl.HeHT BHelliHerO KBaHTOBoro BblBOAa;

k3 ... hv/(eU), hV-3Heprml KBaHTa, U - HarrpH)I(eHHe Ha AHOAe. Y COBpe-
MeHHblX H3nY'laTeJlbHbIX WlOAOB B HHlflpaKpaCHOH 06rraCTH (1, ,8MKM)
'11 = 1+5 %; B BH,WIMOH 06nacTH (0,7-0,565 MKM) '11 < 10 %.

JWyrHM Ba)l(HblM rrapaMeTpoM HBlliIeTCH HHepLl.HoHHOCTh, 3aBHCHlL\aH

OT rroc1'OHHHOH BpeMeHH H3IIY'leHIDI (JJ:onH MHKpoceKYH.lU>I). no crroc06y
HH)I(eKLl.HH pa3IIH'falOT WlO].{bI C rrpJlMOCMelL\eHHbIM p-n-rrepeXOAOM, C 06-

paTHOCMelL\eHHblM p-n-nepeXOJJ:OM B pe)l(HMe naBHHHoro np060H H AHO,ll.bl

C 6apbepoM IIIo'ITKH. HaHJIY'lUlHM K03cl>4>HLl.HeHTOM npe06pa30BaHIDI 06-

JIa,ll.aIOT WlOJU>1 nepBoro THna Ha OCHOBe coeWlHeHHH AIIIBV (HarrpHMep,
GaAs). npHMeHJllOTCH WlO.lU>I IillOCKOH H nOJlyc4>epH'leCKOH nOBepXHOCTH
(PHC. 4.32).

no Ha3Ha'leHHlO H3nY'laIOlL\He nonynpOBOAHHKOBbie npH60pbl JJ:e-

mlTCH Ha nonyrrpoBOAHHKOBble reHepaTopbl H3nY'leHHH (nn1) H npH-

60pbl oT06pa)l(eHIDI HH4>opMaUHH (nOlI). npH60pbI nrl1 npeAHa3Ha-
'leHbl ,lI.JUI npHMeHeHHH B BOJIC, 6eCrrpOBOJI.HbIX nHHIDIX CBH3H B

npeAeJlax npHMoH BH,WIMOCTH, B COCTaBe onT03rreKTpOHHblX nap, a

TaK)I(e ,lI.JUI HaKOnneHHH 3I1eprHH B nonynpOBOJI.HI1KOBbIX na3epax. KaK

npaBHJlO, B MaJIOMOIl(HblX nrl1 (0,1-1 MBT) Hcnonb3YlOTcH IillOCKHe

H3nY'lalOlL\He WlO.lU>1 C 60JIbUlOH paBHoMepHo CBeTHIl{eHCH nOBepxHoc-
1'1>10, B MOlL\HbIX nrl1 (10-500 MBT) - rrnOCKHe H nonyc4>epH'leCKHe
WlO,ll.bl.

a) 0) h 0)

GaAs

n

} AI", G8t-..As
SiOI

GaAs n+

SiOz

+
+

PHC. 4.32. Crp)'KTYPbl nonynpOBOAHHKOBblX H3JJY'ialOlltHX AH01I.OB:
Q -, nnOCKaJI C 60JIbWoA H3J1)"IaIOlL!eli nOBepXHOCTbIO Ha OCHOBe rOMonepexoJ\a; 6 - nnOCKaJI C ManoA

nOBepXHoCTbJO Ha aCHOBe r'CTeponepexo.u.a; 6 - nOJIyclj;epH'ieCKaJI Ha rOMOnepeXO,D.e
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PUC. 4.33. YnpaBIDIeMaR MHKponpoueccopoM x-Y-MaTpHua CBeTO,AHOAOB

B 80-x roAax nOnY'lHJIH pacnpOCTpaHeHHe nrl1 Cn HTaHHorom:,ryqe-
HHH C BblCOKOH HHTeHCHBHOCTbIO H3nY'leHIDI H MaJIOH H3nY'laIOlL\eH no-

BepXHOCTbIO. C03JJ:aHbl OJJ.HOCTpO'lHLle H3JI)"IaIOlL\He MaTpHLl.bI ,lI.JUI C'lHThI-

BaHHH HH4>opMaI.{HH C nep4>oKapT. Ha HHX C llIarOM 0,05--5 MM pa3MelL\a-

eTCH 10-100 3neMeHTOB. MaTpHl.{bl C llIaroM 0,5 MM Ii MeHee HMeIOT

MOHOnHTH)'IO KOHCTpYKLl.HIO.

nonynpOBOAHHKOBble HH,lI.HKaTOpbl (nOI1) np_eAHa3Ha'leHbl ,lI.JUI BH3Y-

aJIbHOro BocnpOH3BeAeHHH HulflopMaLl.HH B YCTpOHCTBax HHAHBliA)'aJIbHO-

['0 H KOruIeKTHBHOrO nOJIb30BaHHH; nOLl.pa3AeJIHIOTCH Ha WlCKpeTHble (CBe-

THlL\aHCH TO'lKa), UlKanbHble (nHHHH CBeTHlL\UXCH TO'leK), 3HaKOBble

(Ll.H4>Pbl, 6YKBbI, CHMBOJIbl) H rpaIlJH'leCKHe; JJ;ellilTCH Ha
 OHOJIHTHb[e

Ii

m6pHAHbIe. KOJIH'leCTBO :meMeHTOB H306pa)l(eHIDI I-10 . CBeTOAHOAbI

MOl)'T 6bITb c06paHbI B yrrpaBIIJIeMYlO X-Y-MaTpHU)', COCTOHlL\)'IO H3 pq-

liH,ll.HBHA)'aJIbHbIX CBeTOAHOAOB (PHC. 4.33).
_

CBeTO,IJ,HOAbI HaXO,W1T UIHpOKoe npHMeHeHHe B H3MepHTeJIbHOH anna-

paT)'pe, 4>oTOKHHoarrnapaT)'pe, CHCTeMax oT06pa)l(eHlUi HH4>opMaLl.HH II

TpaHcnOpTHblX cpe,ll.CTBaX, KaJIbKylliiTopax. I1x OTnH'laeT HAeaJIbHaH co-

BMeCTHMOCTb C EI1C.

JIa3epbl (onTH'leCKHe KBaHTOBble reHepaTopbl) - 3TO HCTO'lHHKH KO-

repeHTHoro 3neKTpOMarHHTHoro H3nY'leHIDI OnTH'IeCKOl'O ,lI.Hana30Ha.

AeHCTBHe KOTOpblX OCHOBaHO Ha HcnOJIb30BaHHH BbIH}')K.lJ:eHHoro H3nY'le-
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Hill!' JIa3ep (LASER) - a66peBHa-rypa aHmHiicKHX CJlOB: Light Amplifi-cation by Stymullated Emission of Radiation (ycHJIeHHe CBeTa BbIHY)K)J.eH-
HblM H3JIY'leHHeM). nepBbIH na3ep C03)];aH B 1960 r. (T. MeHMaH ClllA)
Ha KpHCTaJUIe py6HHa [28J.

'

,lJ,IDI_ nOJIY'leHIDI JIa3epHOro H3JIY'leHIDI He06xo,/J,HMO BbInOJIHHTh pH.Q
YCJlOBHH. B aKTHBHOH cpe)];e )];OIDKHO 6bITb 06eCne'leHO 3!f!!f!eKTHBHOe
npoTeKaHHe BblHY)K)J.eHHoro H3JIYQeHHSI (rour 'lero He06xo,IJ,HMO C03)];aTh
HHBepcHYIO llaCeJleHHOCTb YPoBHeH B pe3YJIbTaTe BbIHY)K)J.eHHblx nepexo-
)];OB 'laCTHI.{ £2

-

£1' HanpHMep H3-3a HH)I(eKQHH HOCHTeJleH 3apSl)];a p-n-

nepeXO)];OM). ,lJ,pyrHM YCJlOBHeM SlBJlSleTCSI C03)];aHHe B 3TOH cpe)];e nOnO)l(H-
TeJlbHOH 06paTHOH CBSl3H, T. e. B03BpalL\eHHe 'laCTH YCHJIeHHOrO BbIXOJI,-
Horo CHrHana 06paTHO Ha BXO)]; (MSI 3Toro cnY)I(aT pa3nH'lHble
pe30HaTopbI; THnH'IHbIH OnTH'leCKHH pe30HaTOp COCTOHT H3 ,lU3yx 3epKaJI
06eCne'lHBalOlL\HX MHorOKpaTHoe npOXO)K)J.eHHe CBeTOBOH BonHbI 'lep 
aKTHBHoe BelL\eCTBo). CJIe):{j'lOwee YCJlOBHe - npeBblweHHe HeKoToporo
nopora B036Y)K)J.eHIDI, npH KOTOpOM nepeKpbIBalOTCSI Bee BH,lJ,bI nOTepb.

CYMMHPYSI 3m YCJlOBIDI, }'Ka)l(eM, 'ITO JLJUI na3epHOH reHepaQHH He06-
XOlUfMbl aKTHBHaSi cpeJI,a, YCHJIMBaIOl.l(aSi CBeT, YCTpOHCTBO,nIDI ee B036Y)I(-
)];eHWI (HaKa'lKH) H OnTH'leCKMH pe30HaTOp, C03JJ.alOlL\HH nOJIO)l(HTeJIbHYlO
06paTHYIO CBSl3b. Ba)l(HeihIIlfMH XapaKTepHCTIfKaMH na3epa SlBIDIlOTCH:

MOlL\HOCTb H3ny'leHHSI PHJJ\' nopor reHepaQHH, Kn,l];, .n.rIHHa BOJIHbI A,
UIHpHHa cneKTpaJIbHOH nHHHH l:1A., yrnoBaSi paCXOJIHMOCTb 1pH3Jl' MO)];OBbIH
COCTaB H3JIyqeHHSI.

AKTHBHYlO cpe):{j' na3epa 06pa3yeT Bel.l(eCTBO, B KOTOpOM C03)];aeTCH
HHBepcHaSi HaCeJIeHHOCTh nocpe.n.CTBOM HaKa'lKH. I1cnonb3YlOT pa31lli'lHble
Bel.l(eCTBa B ra3006pa3HoM, )l(H.n;KOM H TBepJJ;OM COCTOHHIDIX. B nonynpo-
BO.n.HHKOBbiX (TBepJJ;OTenbHblx) na3epax aKTHBHM cpeJJ;a C03JJ;aeTCSI B 06'be-
Me 3JIeK1]JOHHO-J],blpO'lHOrO nepexoJJ;a npH ee B036y)K,lJ,eHHH HH)I(eKQHOH-
HblM TOKOM B npSlMOM HanpaBJIeHHH. BLIHY)l()J.eHHOe H3nY'leHHe npOHCXO-
lUfT B pe3ynbTaTe peKOM6HHaQHH CB060JUIbIX 3neKTpOHOB H J],blpOK. POJIb

OnTH'leCKoro pe30HaTopa B nony-
npOBOJJ;HHKOBOM na3epe HrpalOT
3epKaJIbHbie CKOJIbl rpaHeH KpMC-
TaJIJIa, nepneHAHKYIDIpHblX nJlOc-
KOCTH p-n-nepexo.na. nonynpo-
BOAHHKOBble na3epbl (PHC. 4.34) SlB-

IDIIOTCSI caMblMH MHHHaTlOpHbIMH
na3epaMH: HX pa3Mepbl COCTIlBIDI-

lOT .nonH MIfJIJIHMeTpa, a BMeCTe C

KopnYCOM H YCTpOHCTBaMH MSI

TenJIOOTBo.na - 1 CM. B Ta6n. 4.4

npHBe.neHbl cpaBHHTeJlbHble .naH-
Hble na3epoB HeKoTopblX mnOB.

PHC. 4.34. JIa3ep C llBOHHOH reTepoCTpYK-

1ypoH mrC-na3ep): d - 0,5 MKM
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Ta6nH a44

THn mlJepa
-

napaNeTp mOBLl1! T1Iepf\OTeJJbHbII! nOJ\ynpoBO,lJ;HHKO 

He-Ne-mlJep MAr (Nd-na3ep) BMH JJ;rC-na3ep

KrI)J., % 10-
1
-10-

2
l-2 10-20

Pnop, B1' 3 1 0,3

KorepeHTHOCTb:

i-.rnax,MKM 0,63 1,06 0,8-{),9

6Alf...rrwt 10 -10-9 10-4 2'10-
3

\PH3H, rp3l1. 0,03-{),15 npHMepHo 1 DOJIee 10

YnpaBJIeHHe raJOBblH pa3PM OCBeIl(eHHe H:H)J(CKUHSI Jrn-

nepcxolioM

Urm, B 10
3
_10

4
)J.o 10

3
1,5-3,0

Pa3Mepbl, CM 10 1 0.1

I
HTTpHeBo-amoNHHHeBLll! rpauaT C HeO,lJ;HMON.

Y3KHH na3epHblH ny'l, c!f!OKYCHpOBaHHbIH Ha nOBepXHOCTb MaTepHaJIa,

MO)l(eT IDIaBHTb, pe3aTb, HCnapS!Tb mo6b1e MaTepHaJIbl. TaKHe B03MO)l(HOC-

TH na3epOB nemH B OCHOBY J1a3epHLIX TeXHOnOrHH. HaH60nee 3!f!!f!eKTHB-

Ha na3epHaS! TeXHOnOrIDI B npOli3BO.nCTBe I1Me. JIa3epbl HaXOAHT UIHpO-

Koe npHMeHeHHe B xHpyprHH H Bbl'lHCJlHTeJlbHOH TeXHHKe. OHH OTKpbillH

IllHpOKHe nepCneKTHBbl onm'leCKOH CBSl3H. Ha OCHOBe nonynpOBOAHHKO-

BbtX na3epOB C03.naHbl H IllHpOKO 3KcnJIyaTHpyroTC5I BOJIC. B BbICOKO-

BOJIbTHblX THpHCTOpaX, npe06pa30BaTemiX na3epbl ycnelliHo npHMeHSIlOT-

CSI JLJUI .nHCTaHQHOHHOro ynpaBJIeHHSI THpHCTOpHblMH 6nOKaMH, 'lTO 06ec-

ne'lHBaeT Ha,u:e)l(Hyro raJIbBaHH'leCKyro pa3BSl3KY ycrpOHCTB ynpaBneHIDI.

npHeMHHKH Onrn'lecKoro H3JJY'leUHH ( oTonpHeMHHKH).npHeMHHKH
HMelOT 60nee 'leM J3eKOBYlO HCTOpHlO npHMeHeHHH; BaKYYMHble, ra30-

HanOJIHeHHble, TBep.nOTeJIbHble !f!oT03JIeKTpH'leCKHe npH60pbl pa3Ho06-

pa3HbI no KOHCTpYKQHH H Ha3Ha'leHHlO. Oc060ro paCCMOTpeHIDI 3a-

CJI}')KHBalOT nonynpOBOAHHKOBble npH60pbl. nOJIynpOBOAHHKOBble !f!o-

TonpHeMHHKH, HCnOJIb3yeMbie B OnT03JIeKTpOHHKe, AOJDKHbl OTBe'laTb

Tpe60BaHHSlM no cneKTpaJIbHOH 'lYBCTBHTeJlbHOCTH, 6bICTpo.neHCTBHIO
H OTHOllleHHIO "CHrHa.rr!IllYM", onpeAeJlaeMOMY noporOM 'lYBCTBHTeJIb-

HOCTH. HaH60JIblllHH mrrepec JLJUI onT03JIeKTpOHHbIX npH60pOB npe.n-

CTaBIDIIOT ,II.JllfHbl BOJlH: A = 0,49+0,68 MKM (CBeTOAHOJ],b1 OT 3eJlellOrO

]1,0 KpacHoro), A = 0,8+0,95 MKM (GaAlAs-na3epbl H CBeTOH3nY'lalOU{He

AHO]1,b1 C BblCOKOH np03pa'lHOCThIO CTeKJIOBOJIOKHa), A = 0,9+0,95 MKM
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(GaAs-na3epbI H CBeTOH3JIy'lalO He,/J,HO,nbI), t.. = 1,06 MKM (TBep.n;o-
TeJlbHble I1Ar: Nd-na3epbI). B03MO)l(eH C}J,BHr 3Ha'leHHH mrnH BonH

.n;o 1,2+1,3 MKM (BOJIC, HHTerpaJIbHaH onrnKa), HO npeBbIlIIeHHe
t.. - 2+3 MKM BPRJ( nH 6y.n;eT HMeTh MeCTO.

K034J!f!HWieHT none3Horo .n;eHCTBIDI npHeMHHKoB .n;OJDKeH 6bITb BbICO-

KHM, HHa'le B03HHKHyr TpY.n;HOCTH C C03.n;aHHeM MHKp03neKTpoHHbIX H3.n;e-
nHH. DbICTpo.n;eHCTBHe, onpe.n;ellileMoe BpeMeHeM nepeKmo'leHIDI, .n;on)KHO

XapaKTepH30BaTbcR 3Ha'leHmIMH 1: = 10-10+10-12 C.

npHHUHn .n;eHCTBIDI !f!oTonpHeMHHKOB OCHOBaH Ha BHyrpeHHeM !f!OTO-
3!f!!f!eKTe TBep,nbIX TeJI. I1cnOJlb3YeTCR C06CTBeHHaH 4JoTOnpOBO,/J,HMOCTb
nonynpOBO.n;HHKOB. B nonynpOBO.n;HHKe HMelOT MeCTO }J,Be !f!OPMbI !f!OTO-
3!f!!f!eKTa: YBeJlH'leHHe npOBO.n;HMOCTH no.n; .n;eHCTBHeM OCBe eHHOCTHB
06naCTH cneKTpaJIbHOH 'lYBCTBHTeJIbHOCTH H !f!oTo-3,lJ;C, B03HHKalOII.(aH B
nonynpOBO.n;HHKe C p-n-nepexo.n;OM Bcne.n;CTBHe pa3.n;eJIeHIDI reHepHpye-
MbIX CBeTOBbIM 06nY'leHHeM 3J1eKTpOHOB H .n;blpOK 6naro.n;apJl HaJIH'lHlO

BHyrpeHHero 3neKTpH'leCKOro nOIIJI p-n-nepexo.n;a. BCJIe.n;CTBHe 3Toro JlB-
neHIDI BO BHelllHeH 3neKTpH'leCKOH uenH Te'leT !f!OTOTOK.

OCHOBHblM MaTepHaJIOM !f!oTonpHeMHHKOB JlBnJleTCJI KpeMHHH, HO
TaK)I(e lIIHpOKO HcnOJlb3YlOTCJI GaAs, GaAIAs, lnAs, InGaAs.

rnaBHblMH BHAaMH !f!oTOnpHeMHHKOB JlBIIJIlOTCJI 1l>0TO,/J,H0,nbI, npH60-
pbI C BHYTpeHHHM YCHneHHeM (4JoTOTpaH3HCTOPbI, 4JOTOTHPHCTOpbI),
MHor03neMeHTHbIe !f!oTonpHeMHHKH.

<1>OTO,/J,HO.n;HbIe KOHCTpYKUHH OCHOBbIBalOTCJI Ha Hcnonb30BaHHH p-n-

CTpYKryp KpeMHHeBbIX, p-i-n-cTpYKTYP, KOHTaKTa "MeTaJIJI-nonynpOBO.n;-
HHK" (6apbep 1II0TIKH) H reTeponepexo.n;OB (PHC. 4.35).

HaH60nee nepcneKTHBHblMH cBoHCTBaMH o6na.n;alOT !f!OTO.n;HOJ(bl C re-

Teponepexo.n;aMH. OHH HMelOT BbICOKYlO !f!oTO'lYBcTBHTeJIbHOCTh BbICOKoe

6bIC1"po.n;eHCTBHe, B03MO)l(HOCTb pa60Tbl npH MaJIblX 06paTHbIx  anpJl)l(e-
HHJlX, OTKpbIBaIOT npHHUHnHaJIbHbIe B03MO)l(HOCTH nonY'leHHJI Kn,lJ;
6nH3Koro K 100 %, 06eCne'lHBalOT TexHOnOrH'lecKYlO COBMeCTHMOCTb
,/J,H3neKTpH'leCKHMH BonHOBo.n;aMH Onrn'leCKHX HHTerpaJIbHblX cxeM.

OTnH'lHTeJlbHOH oc06eHHoCTbIO !f!oTOTpaH3HcTopa JlBlliIeTCJI HaJlli'lHe

!f!oTonpHeMHoro OKHa, 'lepe3 KOTOpoe CBeT, npoiiml TOHKHH 3MHTIepHblH
cnoH, nona,n,aeT B 6a3Y (PHC. 4.36, a). npH cxeMe C 06 HM3MHTIepOM

 rr !:f: 
d) p. Au

+ + + ZnS

======l:!: sto,

OtfAacmb 04" HHOlO3apR a

1J)

q=
H

.. GaAlAs
n GaAs

n+ GaAI

PHC. 4.35. <1>oTOAHO)J.bI:
a - p-i-n.IjJOTo.lnlO.lJ;bJ; 6 - BbmpllM1lJIIOntaH Au-Si-CTpYl<1)'pa ljJoTO.lnlO.na C 6apLepoM UlO1TKH; 6 _

CTpYKTYpa IjJOTOAHO.na C OAHOCTOpOHHeli renpOCTp)'KI)'POH
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PHC. 4.36. YCTpOHCTBO, YCJJOBHOC 0603Ha'ieHHe, JKBHBaneHTHaR CXCMa H BonbT-aMnepHaR

xapaKTepHCTHKa B TeMHOBOM (IllTpHxoBaSi JlHHHSI) H 3acBe'ieHHOM (cnJlOIllHaR nHHHSI) co-

CTOJlHHSlX cIJOTonpHeMHHKoB C BHYTPeHHHM YCHJleHHeM c1JoTOTpaH3HCTOpa (a) H c1JOTOTHpHC-

TOpOB (6)

npOHcxo.n;HT YCHneHHe 6a30BOro 4JOTOTOKa. KpOMe BbICOKOH 'lYBCTBH-

TenbHocm !f!oTOTpaH3HCTOpbl 06na,n,aIOT CxeMOTeXHH'leCKHM y.n;06CTBOM H

rH6KOCTblO, nOnHOH 3neKTpH'leCKOH H TeXHOnOrH'leCKOH COBMecrnMOCTblO

C I1MC.

B !f!OTOTHpHCTOPax (PHC. 4.36, 6) 3aCBeTKa 6a30BOH 06naCTH H reHe-

paUHJI H36bITO'lHbIX HOCHTeneH 3apMa MOI)'T npHBeCTH K nepeI<JllO'leHHIO

'leThIpeXCJlOHHOH crpYKTYPbI H3 3aKpbIToro COCTOJIHIDI B OTKpblToe. ,[(mI
3Toro He06xo)J,HMO, 'lT06bI CBeTOBaJl MO HOCTbnpeBbllIIaJIa HeKOTOpbIH
nopor OTnHpaHIDI. OCHOBHoe .n;OCTOHHCTBO 4JoTornpHCTopOB

- cnoc06-

HOCTb nepeI<JllO'leHIDI 3Ha'lHTeTIbHbIX TOKOB H HanpJl)l(eHHH. B CMOBOH

onT03neKTpOHHKe npe.n;CTaBnHeT HHTepec npHMeHeHHe 6eCKOHTaKTHbIX

ycrpOHCTB ynpaBneHIDI BbmpJlMHTeJIJIMH, THpHCTOpHblMH npe06pa30BaTe-
lliIMH, CHCTeM KOHTpOJlR BbICOKOBOJIbTHbIX nHHHH :meKTponepe.n;a'lH B HC-

nOJlHHTeJIbHbIX MexaHH3Max aBTOMarnKH.

Ba:>KHbIM BHAOM !f!oTonpHeMHHKOB JlBlliIIOTCJI !f!oTope3HCTopbI, H3ro-

TaBJlHBaeMbIe cneKaHHeM CMeCH nopOlliKa CdSe C XJIOpHCTbIM Ka.n;MHeM,

HaHeceHHOH Ha TOHKyro nOjI,JIO)Kl(Y, HJill TepMH'leCKHM BaKYYMHbIM oca)l(-

.n;eHHeM Ha nO,lI,JIO)l(J(e 'lepe3 Tpa!f!apeT CMecH, COCTOSllL\eH H3 CdSe H ZnSe.

I13MeHeHHe OCBeII(eHHOCTH npHBOJUIT K H3MeHeHHlO conpOTHBneHHJI pe-

3HCTOpa. ,lJ;OCTOHHCTBOM 4JoTOpe3HCTOpOB JlBlliIeTCJI nHHeHHOCTb HX BAX,

OTcyrCTBHe 34J!f!eKTa BbInpJlMJIeHlUI H BHyrpeHHHX 3,lJ;C.

MHoro3neMeHTHbIe 4JoTonpHeMHHKH OTHOCJlTCJI K 'iHCJlY HaH60nee 6bI-

CTpO pa3BHBaIO HXCJIH nporpeCCHpyro HXH3.n;eJIHH :meKTpOHHOH TeXHH-

KH. I1x HCnOJIb30B8HHe B CO'leTaHHH C I1MC n03BOJlReT C03.n;aTb B onTO-

:meKTpOHHKe TBep.n;OTenbHblH "rna3", cnoc06HbIH pearHpOBaTh He TOJIbKO
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Ha 5IpKOCTHO-BPCMCHHb\C, HO H Ha npOCTpaHCTBCHHblC XapaKTCpHCTHKH

06'beKTa, T. C. BOCnpHHHMaTh ero nonHblH 3pHTellbHblH 06pa3. YcnCUlHOC
BbtnOnHCHHC 3TOH <l>YHKLl.HH B03MO)l(HO JIHlllb npH 3Ha'IHTCJlbHOM 'IHCJlC

<l>OTO'IYBCTBHTCJIbHblX H'IeCK. npHHLl.Hn BOCnpH5I'I'lliI 06pa30B CBOWlTC5I K

TOMY, 'ITO pacnpCACJlCHHC 5IpKOCTH 06'bCKTa Ha6moAcHH5I npCBpamaeTCH
B OnTH'IeCKOc H306pa)l(CHHC H <l>OKYCHPYCTC5I Ha <l>OTO'IYBCTBHTCJIbHyro
nOBCpXHOCTh. OrKn:HK Ka)f(,!I.oro 3nCMCHTa Ha CBeTOBYlO 3Hcpnuo B BHAC

TOKa, Hanp5l)l(CHIDI, 3apMa npOlIopUHOHaJICH OCBCU.(CHHOCTH. RpKOCTHaJI
KapTHHa npc06pa3YeTCH B 3nCKTpH'ICCKHH pcnbc<l>. I1cnOJIb30BaHHC CXCMbl

CKaHHpOBaHHH n03BOIDIeT BbtnOnHHTb nOCJlCAOBaTcnbHblH "onpoc" K8JI<,lJ;0-
ro 3nCMeHTa H C'illThIBaHHe COACp)l(amCHCH B HCM 11H<l>opMaUHH. Ha Bbl-

XOAc YCTpOHCTBa <l>OpMHPYeTC5I nOCJlCAOBaTCJIbHOCTh BHACOHMnYJIbCOB, B

KOTOpOH 3aKOAHpOBaH BocnpHHHMaCMblH 06pa3.
npHMepaMH npc06pa30BaTCJlCH H306pIDKCHIDI Moryr CJIY)I(HTh CKaHHC-

TOpbI (Ha OCHOBC TpCXCJlOHHOH TpaH3HCTOpHOH CTpYKTYPbl), MHIIICHb

KpCMHHKOHa (B BHAC KpCMHHCBOH <l>OTOWlOAHOH MaTpHLl.bI), <l>OToAHOAHaH
MaTpHLl.a C ynpaBncHHCM Ha MOn-TpaH3HCTOpax, <l>OTO'IYBCTBHTCnbHblC
npH60pbl C 3apHJJ:OBOH CB5I3blO (n3C) (B BII)J;C nHHCHHOH HnH ABYXMCPHOH
Ma1]JHLl.bl MOn-3nCMCHTOB, pacnOnO)l(CHHblX Ha OAHOM KpHCT<Umc).

HaH60nce nCpCnCKTHBHbl B COBpCMCHHOH onT03nCKTpOHHKC n3C (PHC.
4.37). nOA ACHCTBHCM CBeTa npOHCXOWlT rCHcpaLl.H5I nap "3nCKTpoH-
AblpKa". npH nOAa'IC Ha 3aTBOp (1, 2, 3, ..., N Ha pHC. 4.37, a) oTpHLl.a-
TCJlbHOrO nOTCHI.(HaJIa OTHOCHTcnbHO HCTOKa (p+) lJ.bIPKH HaKaruIHBalOTC5I
B COOTBeTCTByromcH 30HC CTp)'KTYpbl Y 3aTBOpa. 3TOT 3apM MO)l(eT xpa-
HHTbCSI AOCTaTO'IHO Aonro. EcnH B KaKoH-To MOMCHT BpCMCHH K 3ncKTpo-
AY, COCCAHCMY C paccMaTpHBacMbIM, npHnO)l(HTb OTpHLl.aTCJIbHbIH nOTCH-

Ll.HaJI, 60nblIIHH no a6comoTHOMY 3Ha'ICHHlO, TO AbIPKH nCpeTeKalOT B

30HY AaHHoro 3nCKTpOAa (CM. pHC. 4.37, 6). I13MC1U151 HY)I(HblM 06pa30M
ynpaBJUllOmeC HanpH)I(CHHC Ha 3ncKTpoAax, MO)l(HO oCYU.(CCTBHTh HanpaB-
nCHHYlO ncpCAa'Iy 3apHAa BAonb nOBcpxHOCTH OT CTp)'KTYPbl K cTp)'KTYpe
AO ero BblBOAa "3 KpHCTaJIJIa. TaK B n3C npocrpaHCTBCHHOC pacnpcAc-
nCHHC HHTeHCHBHOCTH CBeTa npc06pa3yeTcSI B pCJlbC<l> 3ncKTpH'ICCKHX 3a-

pMOB.

YCTpOHCTBa n3C OTnH'IaIOTCH OTHocHTcnbHoH npOCTOTOH H3roTOBJle-

HHH KpHCTaJIJIa H 06CCnC'IHBaIOT BblCOKYlO pa3pclIIaIOmyro cnoC06HOCTh

(AO 40 nHHHH/MM). MHoro3J1CMCHTHble <l>oTonpHcMHHKH HMClOT pa3Ho06-
pa3Hoe npHMeHcHHc: KOHTpOJIb pa3MepoB, nOJlO)l(CHIDI npCAMeTOB, HaJIH-
'IHe Ac<l>cKTOB, Ka'IeCTBO 06pa60TKH H T. A.

BCplIIHHOH pa3BHTHSI 3Toro HanpaBncHIDI 5IBJljleTCSI C03AaHHC TBCPAO-

TeJlbHOrO aHaJIOra nepcAaIOmeH TeJlCBH3HOHHOH Tpy6KH LJ.BeTHoro H30-

6pa)l(eHmr; Ha o'Iepe,IJ,H pelIIeHHc np06J1CMbl HCKycCTBeHHOrO 3ncKTpoHHo-
ro 3pCHHH.

OnTpoHbl (PHC. 4.38). OnT03nCKTpoHHbIC npH60pbl, cOAep)l(al.l(Hc HC-

TO'IHHK H npHCMHHK CBeTOBoro H3nYQCHHH C TeM HJIH HHbIM BII)J;OM onTH-

'IeCKOH CBH3H Me)f(,!I.Y HHMH, npcACTaBIIJIlOT C060H eAHHOC KOHCTp)'KTHBHOC
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PHc.4.37. npH60p C 3apSl1I.OBOH CBSl3LIO

(mC):
a - CTpYK1Ypa J(pHCTa.JIJ1JI; 6 - cxeNa TjJex-

TaKTIIoro perHCTpa B peJKHNax XpaHeHItR H

nepe.a,a'iH HItIjJOpMal\HH
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pCIIICHHC. llIHpoKOC npOMbllUIICHHOC paCnpOCTpaHCHHC nonyqHnH I1Hlllb

OnTpOHbl, BbtnOIlHHIOmHC <l>YHKUHlO 3nCMeHTOB CBH3H, B KOTOpblX B TO )l(C

BpCMH OCYlUeCTBnCHa 3nCKTpH'ICCKaH (raJIbBaHH'IeCKaH) pa3BH3Ka BXOAa H

BbIXOAa.

KOHCTp)'KTHBHO On1]JOHbl pa3H006pa3Hbl (PHC. 4.39), HO Ka)f(,!I.aH pa3-

HOBH,lI,HOCTh COcroHT H3 H3nYQaTCJIH, <l>oTonpHCMHHKa H YCTpOHCTBa on-

THQeCKOH CB5I3H. BapbHpY51 KOM6mraLl.HH CBeToH3nyQaTeJlCH, <l>oTonpHCM-
HHKOB H cnoc06bl HX onTHQCCKOH CBH3H, MO)l(HO cymCCTBCHHO H3MCH5ITh

 UO"H6Ie cEf) nepeKllIO'fOmell6H6/t
C ZUrfKUH

c emo oiJoM

mpOH3ucmopH6/e C8) pe/leUH61e C omKp6/1T161M
onmU'ieCKUH

cE])
KOHa/lOH

mupUCmOpH6Ie
/IUHeUH61e

C ynpotJ/lReM6/M

cE])
OnmU'feCKUH

pe3UCmOpH6fe rpgHKquoHall6H61e KOHOIlOH

PHC. 4.38. CTpYKTYPHaR cxeMa KJIaCcHclJHKauuH onTpoHoB
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>5 PHC. 4.39. Pa3HOBHAHOCTH onTpoHoB:
a - 06L1'iHblH OrnpOH B Kopnyce; 6

- nonYc41epH-
'1ecKHii OrnpOH; 6 - BLiCOKOBOIlbTllblii onTOH30IDI-

TOP; Z - OrnpOH C JUJacnmccoBoii 110JIyc4lepoii;

iJ - OlITonpepblBaTeJlh; J - H3JI)"laTtl1b; 2 -4>0-

TonpHeMHHK; 3- OIITII'leCKWl cpeAl!; 4
- BHeWHHe

BbmOnLl; 5 - KOpnyC

5L'

-4

BXO,lUlbIe, BblXO,lUlble H nepe.n;aTO'lHble XapaKTepHCrnKH YCTpoikrn C onT-

pOHaMH. HaH60nee Ba)l(HblMH napaMeTpaMH onTpOHOB 51BJUUOTC5I: pa3B5I3-

Ka (nO.n;aBJleHHe napa3Hl11OI"0 CHrmUm), H30JUlI.(JI5I (Hanp5l)l(eHJIe np0605l),

6blCTpO.n;eHCTBHe ('laCTOTHblH .n;Hana30H, 3a,nep)Kl(a paCnpOcrpaHeHlU[ CHr-

mUla), 06paTHa51 CB5I3b (nOMexa no Ll.enH 3a3eMJleHH5I) H np5lMaH CB5I3b

(K03<l><l>HLl.JIeHT nepe.n;a'lH TOKa, HarpY30'lHaH cnoc06HoCTh) [15].

3<l><l>eKTHBHOCTb pa3B5I3KH onpe.n;eJUleTc5I nJIllib napa3HTHOH eMKOCT-

HOH CB5I3blO (JI.ID[ 60nblllHHCTBa onTpoHoB Cpa3B
- 0,07 n<1>, )J.JU[ onTpoHoB

C BH}'TPeHHHM 3KpaHoM CPa3B
- 0,007 n<1». OnTpOHbl HCKJIIO'laIOT CB5I3b

KOHTYpOB 3a3eMJleHlli[ no nOCT05lHHOMy TOKY (HMeHHo no 3TOMY nOKaJa-

Temo onTpOHbl npeBocxO.n;HT .n;pyrHe npH60pbl ( a3B- 1012
OM), HO MOryr

HMeT!> nepeMeHHblH TOK B Ll.enH 3a3eMJleHlli[ BCJle.n;CTBHe npOXO,lUlOH eM'

Kocrn onTpOHa Cnp, KOTOpa51 npeBOCXO.n;HT Cpa3B
60nee 'leM B 10 paJ.

003TOMY npH BblCOKOH 'laCTOTe CB5I3H He06xo,IJ,HMO C'lHTa1'bC5I C TOKOM

KOIrrypa 3aJeMJleHlli[. K03<l><l>HLl.HeHT nepe.n;a'lH TOKa onTpoHa kr npe.n;-

C1'aBJUleT C060H OTHOllIeHHe TOKa Ha BbIXo.n;e K BXO,lUlOMY TOKY. 31'01'

K03<l>4JHLl.HeHT 3a.n;aeTC5I B npOLl.eH1'ax.
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Ba)l(HblM 3KcnnyarnLl.HOHHbiM <l>aKTOpOM 51BIDJ:eTC5I .n;erpa,naLl.lli[ K03<l>-
4JHLl.JIeHTa nepe.n;a'lH TOKa, Bblpa)l(aIOlL\a5lC5I B yMeHbllIeHHH ero 3Ha'leHlli[

co BpeMeHeM BCJle.n;CTBHe CHH)I(eHlli[ 3<l><l>eKTHBHOCTH H3JIY'IaTeJlj[, yxy.n;rne-
HHH nepe.n;aTO'IHOH XapaKTepHCTJIKH onrn'IeCKOrO KaHaJIa, YMeHbllIeHlli[

'lYBCTBHTenbHocrn <l>oTOnpHeMHHKa.
OmpOHbl npHMeHHIOT B npH60pax H cxeMax, r.n;e He06xo.n;HMO nepe.n;a-

BaTh aHaJIOrOBbie CHrHaJIbl HJIJI CHrHaJIbl nOCT05lHHorO TOKa Me .n;aYMSI:

H30nHpOBaHHblMH CHCTeMaMH npH HaJIH'lHH 60JIbllIOH pa3HOCTJI nOTeHLl.H-

aJIOB HJIJI HH.n;yLl.HpOBaHHoro lliYMa. TaKHM 06pa30M y.n;aeTCSI: YCTpaHHTh
onaCHOCTh J10)l(HOrO B3alIMOLJ:eHCTBHH Me)I(,ZJ.Y BXO,lUlbIM npe06pa30BaTe-
neM H BblXO.mrOH Ll.enbIO. OnTpOHbl npHMeID[IOTC5I B cepBOYCIUllITeJUlX,

.n;H<l><l>epeHLl.HaJIbHbIX pa3BSl:3blBaIOlL\HX YCHJlHTeJUlX, pa3BH3blBaIOlL\HX YCH-

nHTem[X nepeMeHHoro TOKa H .n;pyrHX YCTpOHCTBax. K nOTeHLl.HaJlbHbIM

.....; TJ:aCTHM npHMeHeHHH onTpOHOB OTHOCHTC5I: 60JIbllIHe TpaHc<l>opMaTopbl,

.noporOCTOSl:lL\He YCHJlHTenH KOHTpOnbHO-H3MepHTeJlbHOH annapaTYpbl,

060.'"'YAoBaHHe aBTOMarn'leCKoro ynpaBneHHH, .naT'IH1<H, YCTpOHCTBa KOH-

TpOJ;: Ha,n BblCOKOBOJIbTHblMJI H CHJIbHOTO'lHblMH CHCTeMaMH H T. .n. B

Ll.H<l>POBOH TeXHHKe onTpOHbl npHMeID[IOTC5I npH nepe.n;a'le HH4JoPMaLl.HH
;:UD! YMeHbllIeHHSI: YPOBHH napa3HTHbiX :meKTpH'leCKHX CHrHaJIOB no Ll.enHM

3a3eMneHlli[ [15].
BOJlOKOHHO-onrn'lecKHe JlHHHH CBB3" (BOJIC). C n05lBJleHHeM na3epoB

Ha'laJIHCb HHTeHCHBHble pa3pa60TI<:H pa3nH'IHblX CHCTeM OnTH'leCKOH

CBSl:3H. OWiaKO oTKpbITble JIlIHHH na3epHoH CBH3H He Moryr 06ecne'IJITh

He06xo,lI,HMOH Ha,ne)l(HOCTJI. 31'0 CB5I3aHO C TeM, 'ITO H3-3a MeTeOpOnOrH-

'IeCKHX YCJlOBHH pe3KO H3MeH5IeTCH 3aTYxaHHe onrn'leCKOrO CHrHaJIa. B
-

Cepe,lI,HHe 60-x ro.n;OB nOSl:BHJIaCb HOBaH B03MO)l(HOCTh Hcnonb30BaHlli[ B

Ka'IeCTBe Onrn'leCKOrO Ka6ellil (no aHaJIOrHH C 3neKTpH'IeCKHM Ka6eJleM)

CTeKJUlHHbIX, BonOKOHHO-Onrn'IeCKliX CBeTOBo.n;OB.

fipHHLl.Hn nepe.n;a'lH CBeTa no BonOKOHHO-onrn'leCKHM CBeTOBo.naM 3a-

KJIIO'IaeTC5I B HCnOJIb30BaHHH 3<l><l>eKTa nonHoro BHyrpeHHero OTpa)l(eHlli[.
. 3aKOH CHeJlID[ HMeeT BblpIDKeHHe: 1Ilsin8. = n2sin82' r.n;e nl' 112

- nOKa3a-

TeJIH npeJlOMJIeHlli[ cpe.n;; 8. - yron

na,neHlli[ nyqa OTHOCHTeJlbHO HOpMaJIH

K rpaHHLl.e pa3.n;eJla cpe.n;; 8
2
- yron

npeJlOMJIeHlli[ nyqa [15]. ECJIH 112 < 111'

TO C YBeJIJI'IeHHeM 8. HaXO.n;HTC5I TaKOH

yron 82, npH KOTOpOM ny'l nOJlHOCThIO

oTpa)l(aeTCSI:. JIyqH, BXO.n;HlL\He B CBeTO-
.

BO.n (PHC. 4.40) no.n; yrnoM, MeHbllIHM 80,

pacnpocrpaID[IOTC5I B.nOJlb BonOKHa, a

: ny'lH, BXO.n;HlL\He no.n; 60JlblllHM yrnoM,

3aTYxaIOT B 060no'IKe BonOKHa. CYlL\e-
CTBYeT nOID[THe 'lHCJlOBOH anepTYpbl:

.

NA =sin8
0

'

I

,

8 3aK_ 651

2

I
,

PHC. 4.40. CxeMa pacnpoCTpaHeHHSI
CBeTOBbIX ny'ieH B llBYXCJlOHHOM onTH-

'1eCKOM CBeTOB01I.e:
J - BHeaneprypHblH ny'l; 2 - o6ono'IKa;
3 - CepAQeBHHa; 4 - BHyTpHanePTYPHLIH

ny'l
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CmI3b 'IHCJlOBOii anepTYpbl C nOKaJa1'eJUlMH npeJlOMJleHIDI CepMeBHHhl

CBeTOBO.n;a nl H 060JlO'lKH n2 onpe.n;eJUleTCH COOTHOllIeHHHMH

NA .. sinOo .. Vnr _ nVno, sinOo .. n2/nt, nosinOo .. ntsin(1t12 - 00) .

npH nO,lJ.COe,u;HHeHHH CBe1'O,lJ.HO,lJ.OB K OnTH':leCKHM BOJlOKHaM He06xo-

AHMO, 'I1'06bl ,lJ.HaMeTp HCTO'IHHKa 6bID MeHbllIe ,lJ.HaMeTpa CepMeBHHbl

BOJlOKHa, a caM ,lJ.HaMeTp BOJlOKHa ,lJ.OmKeH 6bl1'b MeHbllIe ,lJ.HaMeTpa <1>OTO-
npHeMHHKa (PHC. 4.41).

JII060ii OTpe30K BOJlOKHa ,lJ.eiiCTByeT KaK KOPOTKO<1>OKYCHaR 1lliH3a,
Bbl3bIBaR 3<1><1>eKT caMo<1>oKYCHPOBKH. 3TH CBeTOBO,lJ.b1 Ha3blBaIOT ceJ/,pOKa-
MU (OT aHrnHiicKHX CJlOB Self H focus) H1lli rpa,ruteHTHblMH CBeTOBO,lJ.aMH

(BOJlOKHaMH). Onrn'leCKHe BOJlOKHa H3rOTaBJlHBaIOTCH nOJlY'leHHeM 'lHC-

TOro KBapu:a (Si02) H3 ra30Boii CMeCH SiCI4 H 02' Qepe3 HarperyIO ,lJ.0

TeMnepaTYpbl 1200-1600 °C KBapLteBYIO Tpy6KY nponYCKaIOT 3TY CMeCb
C ,lJ.06aBJleHHeM B203. npH 3TOM oce,lJ.aeT CJloii KBapu:a, J1erHpOBaHHoro

60pOM. 3aTeM OCIDK,LJ;aIOT 'lHCThlii KBapu:. nocJle nOJlY'leHIDI CJlOeB Tpe6ye-
Moii TOJlI.l.tHHbl Tpy6KY HarpeBaIOT CHJlbHee H 06)«HMaIOT ,lJ.0 "CXJIOnblBa-
HHH". 1f3 nOJlY'leHHOii 3aroToBKH BblTHrHBaIOT TOHKoe BOJlOKHO. B 06pa-
30BaBIIIeiicH TpexcJlOiiHOii cTpYKTYpe 'lHCTblii KBapu: 06pa3YeT BHyrpeH-
HIOIO cBeTOBeMI.I.\YIO )«Imy, a CJloii KBapLta, JlerHpOBaHHoro 60POM, HMe51

MeHblIIHii nOKa3aTeJlb npeJlOMJleHHH, 06pa3YeT CBeTOoTpa)«aIOI.l.tYIO 060-
JlO'lKY.

Ba)«HeiilIIeii XapaKTepHC1'HKOii CBeTOBO,lJ.OB HBJUlIOTC5I nOTepH npo-
nYCKaHH5I, npe,lJ.CTaBJUlIOI.l.tHe c060ii 3aTyxaHHe CBeTOBOrO CHrmUIa

(,lJ.J>/KM) B = (Ill) IOlg (PBiPBf'rx)' rJJ:e PBX' FBbrx
- MOI.l.tHOCTH CHmaJIa

B CBeTOBO,lJ.e MHHoii I KM Y BXO,lJ.HOrO H BblXO,lJ.Horo TOPU:OB COOT-

BeTCTBeHHO; B MO)«eT COC1'aBJUlTb OT 0,5 ,lJ.0 10-100 ,lJ.E/KM. nOTepH
CB5I3aHbl C ,lJ.eiiCTBHeM a6cop6U:HH (nOrllOl.l(eHHe CBeTa) H paCCe5lHHH
H3-3a nOCTopOHHHX npHMeceii (oc06eHHO Bpe,lJ.Hbl MeTa.rrn:bl rpynnbl

"Me,lJ.b-XpOM").

{J 7 6 510 9 8

PHC. 4.41. CxeMa COe.D,HHeHHSI H3J1Y'iaTeJ1S1 H cIJOTonpHeMHHKa C OnTH'IeCKHM BonOKHOM:

/ - O1paJKaTCIIb; 2 - Y.D:a.rreHHaH '1aCTb Kopnyca CBeTOJUlO.D;a; J - CBeTOBO.D:; 4 - H30JIHpYlOlIlall
KepaMH'ICCKIUi IlpOJUla,LlKa; 5 - BblBO)J;bl cjJOTOJUlO.a.a; 6 - cjJOTO'lYBCTBHTCIII>HLlH KpHCTaJIJI; 7 - Kopnyc

cjJOTO.D;HOJUl; 8 - 3nOKCH.D:H1Ui CMOJla; 9 - H3JJY'laIDJ.wdi KpHCTaJIJI; 10 - Kopnyc CBCTO.D;HO.D;a
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3J1eMeHTHYIO 6a3Y BOJIC COC1'aBJUlIOT: BOJlOKOHHO-Onrn'leCKHe Ka6e-

JlH, H31IY'laTe1lli H <1>oronpHeMHHKH, MO.nyJffiTOpbl Onrn'leCKOrO H3Mepe-

HHH, Onrn'leCKHe YCHJlHTeJIH, Onrn'leCKHe pa3'beMbl (npe,lJ.Ha3Ha'leHHI,le

J1IDI COe,lUiHeHH5I-pa3'be,lUiHeHIDI BOJlOKOHHO-Onrn'lecKHx Ka6eJleii), onrn-

'leCKHe pa3BeTBHTeJIH, yCTpoiicTBa BBOJJ:a CBeTOBOii 3HeprHH B Ka6eJlH,

OKOHe'lHble YCTpoiicTBa yCHJleHIDI, npO'lHe YCTpoiicTBa.
EypHOe pa3BHrne TeXHHKH BOJIC nOKaJblBaeT, '11'0 K Ha'laJIY XXI B.

BOJlOKOHHO-OnTH'leCKHe JlHHHH 3aiiMyr JJ:OMHHHpYIOl.l.tee nOJlO)«eHHe cpe,lJ.H

OCTaJIbHblX cpe,lJ.CTB CBH3H. I1x npHMeHeHHe pelIIaeT ,lJ.Be Ba)«Hble np 6J1e-
Mbl: nOBbllIIeHl1e nponYCKHoii cnoc06Hocrn MarHCTpaJIbHblX JlHHHH ,lJ.0

1-3 [6HT/c H ,lJ.OBe,lJ.eHHe 'lHCJla npOCTpaHCTBeHHO pa3,lJ.eJleHHblX KaHaJIOB

B 6bICTpO,lJ.eiicTBYIOI.l.tHX KOpOTKHX JlHHHSlX CBH3H,lJ.0 IO:L-I03.

4.9. MHTEllI1EKTYAJ1bHbIE TPAH3MCTOPHbiE MOAYI1M (MTM)

HOBblii KJIaCC 3J1eKTpOHHbIX npH60pOB npe,lJ.CTaIlIDllOT MO.nyJlH, B KOTO-

pblX 06'be,lJ.HHeHbl CHJlOBble TpaH3HC1'Opbl co cxeMaMH npOrpaMMHOro yn-

paBJleHHSI, 3al.l.tHThI H ,lJ.HamOCTHpOBaHHSI npe06paJOBaTeJlbHOii cxeMbl [2].

npH 3TOM 3Ha'lH1'eJlbHO nOBblIlIaeTC5I Ha;:I.e)«HOCTh CHCTeMbl, ,lJ.OC1'HraIOTCSI

rH6KOC1'b npHMeHeHHSI H BblCOKHe 3HepreTH'IeCKHe nOKa3aTeJIH. TaI<He

Mo.nynH YCJlOBHO MO)((HO O1'HeC1'H K UlltneJlJleKmYaJlbllbLM (HTM).
O,lUiH MO.nyJlb HTM 3aMeHHeT ,lJ.0 HeCKOJlbKHX ,lJ.eC5ITKOB ,lJ.HCKpeTHbIX

CHJlOBblX nOJlynpOBO,lJ.HHKOBbIX npH60pOB. 31'0 n03BOJUleT B HeCKOJlbKO

pa3 COKparnTh 06'beM npe06pa30BaTeJUl.
Mo.ny1lli HTM MO)«HO pa3,lJ.eJlHTh Ha MOHOnHTHble, BbInOJlHeHHble Ha

O,lJ.HOM KpHC1'aJIJle, H rn6pH,lJ.Hble, paJMel.l.teHHble B O,lJ.HOM Kopnyce. MOHO-

J1HTHble HTM 113rOTaBJlHBalOTCSI Ha He60JlblIIHe MOI.l.tHOC1'H (,lJ.0 e,lUiHHU:

KHJlOBarr) H IIIHpOKO HcnOJlb3YlOTCH B 3J1eKTpOHHKe aBTOM06HJleii, BO

BTOpH'lHbIX HC1'O'lHHKaX nHTaHH5I, 3J1eKTpOHHbIX KJIIO'lax, nonynpOBO,lJ.HH-

KOBblX peJle, nYCKoperynHPYlOl.l.teii annapaTYpe JIlOMHHecu:eHTHbIX JlaMn,

3J1eKTponpHBOJJ:e CT3.HKOB, P0601'OB, B 6bl1'OBOii TeXHHKe, nepH<1>epHiiHoM

060pYJJ:OBaHHH 3BM. fH6pH,lJ.Hble HTM HCnOJlb3YIOTCSI B YC1'aHOBKax

cpe,lJ.Heii MOI.l.tHOCTH (JJ:O cornH KHJlOBarr). COBepllIeHCTBOBaHHe npOH3-

BO,lJ.CTBa, Bep05lTHee Bcero, n03BonHT nO,lJ.HHTh MOI.l(HOCTh HTM B 10 pa3.

B I1TM HCnOJlb3YIOTCSI B OCHOBHOM 6HnOJUlpHble TpaH3HCTOpbl C no-

JleBblM ynpaBneHHeM (JGBT). B03MO)«HO npHMeHeHHe ,lJ.pyrHx COBpeMeH-

HblX cnn (MOSFET-TpaH3HC1'OpOB, MOS-GTO-THpHCTOpOB). B MO.ny-

JUlX Hcnonb3YIOTC5I 6eCKopnYCHble H 6e3BblBO,lJ.Hble npH60pbl, npe,lJ.HaJHa-

'leHHble JI)UI MOHTa)«a Ha nOBepXHOCTb. YpOBeHb H30lliIl{HH 3J1eMeHTOB

HTM ,lJ.OCTHraeT 1,5-2,5 KB H 06eCne'lHBaeTC5I 6J1aro,lJ.ap51 npHMeHeHlIIO

BbICOKOIlPO'lHOii TOHKOllJIeHO'lHOii KepaMHKH.
B CTpYKTYPY HTM 3aKJnl,lJ.blBaIOTC5I pa3J1H'lHble HH1'eJIJIeKT)'aJIbHble

yCTpoiicTBa 3al.l.tHTbi OT TOKOB KOpOTKoro 3aMblKaHIDI, CHCTeMbl ,lJ.HarHOC-

THpOBaHHSI, 06eCne'lHBaIOLQHe 3al.l.tHTY OT HC'le3HOBeHIDI ynpaBJUllOl.l.terO
227
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I1HTeJIJIeKTYaJIbHble TpaH3HCTOpHble MO)JynH npe.n;CTaBnSllOT C060H

nepCneKTHBHOe HanpaBneHHe 3neKTpOHHKH. B 3apy6e)f(HOH npaKTHKe

HOBbie ycrpOHCTBa C HHTeJIJIeKTOM nonO)l(HnH Ha'IaJIO QeJlOMY ceMeHCTBY

THnOBblX 3neKTpOHHblX 6nOKOB, H3BeCTHblX no.n; Ha3BaHHeM Smart-pa3YM-

HbIH, HHTeJIJIeK'ryaJIbHbIH, I'H6KHH, nporpaMMHpyeMblH. 3TO HanpaBJIeHHe

06eCne'IeHO B03MO)l(HOCThlO BKmo'IeHHH HOBOH 3neMeHTHOH 6a3bl TpaH-

3HCTOpHOH 3neKTpOHHKH B OTKpbB'ble KOMnblOTepHble CHCTeMM. OHO OT-

Be'IaeT Tpe60BaHlliIM eBponeHCKHX H MHpOBblX CTaH,lJ,apTOB.

5. 3J1EKTPOHHbIE nPE06PA30BATEJ1M M AnnAPATbl

PHC. 4.42. CTpYKTypHaJI cxeMa HHTeJIJIeKryaJIbHOrO M01JYJIR Ha noneSblX TpaH3HCTopax,

BKJIlO'oIeHHblX no cxeMe nOJIlloro MOCTa

5.1. HA3HA4EH E KJ1ACCHcJ)HKALtHfi

CHrHaJI ,O.n;HOBpeMeHHOH npOBO,lUiMOCTH B npOTIiBOnOnO)l(HblX ruIe'IaX

CHJlOBOH cxeMbl, HC'Ie3HOBeHHR HanpR)I(eHlliI HCTO'IHHKa nHTaHHR H .n;py-

rHX aBapHHHblX smneHHH. ,[(HarHOcmpOBaHHe O.n;HOBpeMeHHO 06eCne'IH-
BaeT H,I:J:eHTH<1>HKaQHlO HapYllleHlliI HOpMaJIbHOH pa60Thl npe06pa30BaTe-
mi. B cTpYK'rype I1TM npe.n;yCMa1]JHBaeTCH B pSl)),e CJIy'IaeB CHCTeMa yn-

paBneHHR C IllHpOTHo-HMnynbcHoH MO.n;ymlI..lHeH (llII1M) H O.n;HO-

KpHCTaJIbHaJI 3BM. Bo MHorHX I1TM HMeeTCR cxeMa aKTHBHoro <1>HnbTpa
roIH KoppeKQHH K03<1><1>HQHeHTa MOlL\HOCTH (yBeJlH'IeHHe.n;o 0,95) H YMeHb-
llleHHe co.n;ep)l(aHlliI BblCIllHX rapMOHH'IeCKHX B nHTalOU.leH ceTH.

Cpe,lUi I1TM HaH60nee IllHpOKO HCnOJIb3YIOTCR O.n;Ho<1>a3Hble MOCTOBble

H nonYMOCTOBble cxeMbl (pHC. 4.42), nepeKJIIO'IaTeJlH (KOH1]JOJIJIepbl) aK-

THBHble <1>HJIbTpbl, JllmeHHble perynHTOpbl (PHC. 4.43).

'

+U

3JIeKTpH UKau.UHU npe06pa30BallUe 3JIeKTPH'IecKoH 3l1eprUH. He06xo-

.n;HMble TeMnbl nOCTynaTeJlbHoro pa3BHTHR Bcex OTpaCJleH npOMblUIJIeH-
HOCTH H TpaHcnopTa nO.D.LI.ep)KHBalOTCH 6naro.n;apR HaY'IHO-TeXHH'IeCKOMY

nporpeccy (HTfi) KaK npOl,teccy IllHpOKoro BHe.n;peHHR COBpeMeHHblX opy-

,lUiH npOH3Bo.n;CTBa H 3<1><1>eKTHBHbIX TeXHonorHH, nOCTOHHHoro HX COBep-

IlIeHCTBOBaHHH Ha OCHOBe HOBeHIlIHX .n;OCTH)I(eHHH Ha}'KH H TeXHHKH.

3HepreTHKa, 3neKTpH<1>HKaQHH, aBTOMaTH3aQlliI H KOMnblOTepH3aQHR HB-

IlHlOTCH BIDKHeHIlIHMH HanpaBIIeHHHMH HTfi. 3neKTpH'IeCKaH 3HeprHH,

CO'IeTaIOlL\aJI B ce6e YHHKaJIbHble CBOHCTBa (BbICOKYlO KOHQeHTpaQmo

MOlL\HOCTH npH ee npOH3Bo.n;CTBe H cnOC06HOCTh 6e3rpaHH'IHOrO .n;eJleHlliI

npH nOTpe6neHHH; nnaBHOCTb peryJlHpOBaHlliI no 3a.n;aHHOMY aJIropHTMY

KOHKpeTHOrO TeXHonOrH'IeCKOrO npOQecca; rH6KOCTb npHMeHeHHH BO

Bcex BHJ].ax MexaHH3aQHH, aBTOMaTH3aQHH, KOMnblOTepH3aQHH Tpy.n;a;

3KOnorH'IHOCTh; BblCOKYIO 3<1><1>eKTHBHOCTh), CJI)')KHT J].BH)KYIlleii CHJlOH B

OCYIlleCTBneHHH J].OCTH)I(eHHH HTn Ha )l(eJle3Ho.n;op0)l(HOM TpaHcnopTe.

3neKTpH<1>HKaQHH TpaHcnopTa oc06eHHO 3<1><1>eKTHBHa B HaIlleH C1]JaHe

BBH.n;y OrpOMHOH npOTH)KeHHOCTH KOMMYHHKaQHH. OCHOBHblMH COCTaBJljI-

lOlL\HMH 3TOH 3cl><1>eKTHBHOCTH RBIlHlOTCR: HCnOJIb30BaHHe OTHOCHTenbHO

He.n;oporOH 3neKTp03HeprHH, Bblpa6aTbIBaeMOH Ha KpynHblx TeruIOBbIX,

rH.npaBJIH'IeCKHX H aTOMHblX 3neKTpOCTaHQHRX; npHMeHeHHe 3neKTpono.n;-

BH)I(HOro COCTaBa (3neKTpOB030B H 3neKTpOnoe3.n;OB), 06na)J.aIOlL\ero Bbl-

COKHMH THroBo-3HepreTH'IeCKHMH nOKa3aTeIDIMH no cpaBHeHHlO C .n;pyrH-

MH BH.D.aMH TRrH; CHH)I(eHHe ce6eCTOHMOCTH nepeB030K Ha 10-15 %;

npHMeHeHHe peKynepaTHBHoro TopMO)l(eHHR C B03BpaToM 3HeprHH B nH-

TalOlL\YIO CHCTeMY B cpe,lUieM .n;o 10 % pacxo)J.a Ha THry; nOBblIlleHHe

3KcnnyarnQHoHHoH Ha;:I.e)l(HOCTH; ynY'IIlIeHHe ypOBIUI 06CJIY)I(HBaHlliI nac-

Ca)l(HpCKHX nepeB030K.
POCCHR HMeeT caMYIO 60nbIllYIO npOTR)I(eHHOCTh 3neKTpH<1>HQHpOBaH-

HblX )l(eJle3Hb1X .n;opor B MHpe
- 40 TbIC. KM, 'ITO COCTaBIlHeT 45 %

npOTR)I(eHHOCTH )l(eJle3Ho.n;0p0)l(HbIX MarHCTpaJIeH cTpaHbl HJlH 18,6 %

3neKTpHcl>HQHpoBaHHblx .n;opor MHpa. Ha HHX BbInOnHReTCR 75 % 06lL\ero
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PHC. 4.43. CTpYKTYPHaJi cxeMa HHTeJIJIeK1)'aJIbHOrO M01JY1lSI perYJISITopa TOKa

Ha TpaH3HCTope
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repua 11.0 COTeH repu H He06xoAHMOe H3MeHeHHe Hanp5l)l(eHHH npH nHTa-

HHH OT KOHTaKTHOH CeTH nOCT05lHHOrO TOKa H CeTH 01J.H0<l>a3Horo nepe-

MeHHoro TOKa.

Pa3BHTHe BblCOKOCKOpOCTHOro ABH)I(eHlUll1.0 300-350 KWq CTaJlO pe-

aJIbHblM TOJIbKO 6J1arOl1.ap5l3neKTpH<l>HKauHH H C03l1.aHHlO 3neKTponoe311.oB

C HOBbIM THnOM 6ecKonneKTopHoro THrOBoro 3neKlpOnpHBOll.a H COBpe-

MeHHblMH npe06pa30BaTeJJRMH 3neKTp03HeprHH. PeKopll. CKOpOCTH peJlb-

COBoro TpaHcnopTa, COCTaBJIJIlOll(HH 515,3 KM/q, YCTaHoBJIeH BbICOKOCKO-

pOCTHblM 3neKTponOe3JI,OM TGV BO <1>paHuHH B Mae 1990 r. K 2000 r. B EB-

pone llJIaHHpYeTC5I HMeTb cen, BblCOKOCKOpOCTHOro 1J.BH)I(eHIDI npOT5I)I(eH-

HOCThlO 10000 KM. B POCCHH nnaHHpYeTC5I nOCTpoHTb BblCOKOCKOpOCTH}'lO

MarHCTpaJIb CaHlcr-fieTep6ypr- MOCKBa.

B fepMaHHH pa3pa60TaHa H peaJIH OBaHaHa nonHroH TpaHcnOpTHaH
CHCTeMa "TpaHcpamm" Ha MarHHTHOH nOAYlliKe C nHHeHHblM CHHXPOH-

HblM romraTeneM Tpex<l>a3Horo TOKa. PaJBepHyrblH B llJIOCKOCTb CTaTOp

1J.BHraTeIDI )'Kna,zu,IBaeTCH B nyreB}'lO CTp)'KTYPY. K 06MOTKe cTaT<2pa no

Ka6eJJbHbiM nHHH5IM OT T5IrOBbIX npe06pa30BaTenbHbix nOll.CTaHUHH C TH-

pHCTOpHblMH npeo6pa30BaTeJUlMH qaCTOTbI n01J.BOAHTC5I Tpex<l>a3HbIH TOK,

perynHpyeMblH no qaCTOTe H HanpH)I(eHHlo. K 2004 r. nnaHHpyeTc5I cTpo-

HTeJIbCTBO HOBOH BblCOKOCKOpOCTlIOH J1HHHH "TpaHCpanHJI," Me)l()l.Y faM-

6yproM H EepJlHHOM co CKOpOCTbIO 1J.BH)I(eHIDI 11.0 500 KM/'i.

# TromM 06pa30M, cOBepweHHble TeXHOJlOrHH npe06pa30BaHIDI 3HeprHH

JlBIDIIOTC5I OCHOBHblM ycnoBHeM c0311.aHH5I 3neKTpH<l>HUHpoBaHHbIX MarH-

cTpaneH H ropOll.CKOrO TpaHcnOpTa.

KJIaccHtlIHKal(HH npeo6pa30BaTeJIeii :melCTp03HeprnH (PHC. 5.1). YCT-

pOHCTBa npe06pa30BaHHH 3J1eKTp03HeprHH 11.eIDITC5I Ha 3n:KTpOMarHHT-
Hble H 3J1eKTpoHHble. Enaro.n;ap51 3KOHOMHqHOCTH H BblCOKOH Ha;:I.e)I(HOCTM

06'beMa )l(eJle3HOll.0p0)l(HbIX nepeB030K POCCHH. )l{ene3Ho.n;opO)l(HbIH
TpaHcnopT n01pe6J1ReT npHMepHO 5,5 % BceH Bblpa6aTbIBaeMoH 3neKTpO-
3HeprHH B CTpaHe.

3neKTpHqeCKaH 3Heprml Ha 3neKTpOCTaHUHJlX Bblpa6aTbIBaeTC5I B Bli1J.e

3HeprHH Tpexct>a3Horo TOKa npoMblllIDeHHoH 'iaCTOTbI (50 fu). CpeAH
npoMbmmeHHblx nOTpe6HTeneH 3neKTp03HeprHl1 npHMepHo 30 % HBIDIIOT-

CJI nOTpe6HTeJJRMH nOCTOJlHHoro TOKa (3neKTpOXHMH'ieCKHe H 3neKTpoMe-
TaJIJIyprHqeCKHe YCTaHOBKH, raJIbBaHHqeCKHe BaHHbl, 3neKTponpHBo)J. no-

CTOJlHHOrO TOKa). B 11.aJIbHHX nepe)J.aqax 3neKTpHqeCKOH 3HeprHH B 3Hep-
rOCHCTeMax HCnOJlb3}'lOTC5I nHHHH 3neKTponepell.aqH nOCT05lHHOrO TOKa

Hanp5l)l(eHHeM 11.0 1000 KB H BblIIIe. B TaKHX nepell.a'iax Ha nepell.alOlL\eH
cTopoHe Tpex<l>a3HblH TOK npe06pa3yeTcJI B nOCTOJlHHbIH, a Ha npHeMHoH
CTopOHe - nOCTOJlHHblH TOK B Tpex<l>a3HblH nepeMeHHblH TOK.

B cOBpeMeHHblx npOMblIIIJleHHblX 3neKTponpHBoJJ:ax nepeMeHHoro
TOKa HcnoJlb3YlOTCJI perYJlHpyeMble no qaCTOTe BpalL\eHH5I aCHHxpOHHble
1J.BHraTenH, JJ:lliI KOTOpblX Tpe6YeTCJI Tpex<l>a3HblH nepeMeHHblH TOK, pery-
nHpyeMblH no qaCTOTe H HanpJl)l(eHHlO.

Ha 3neKTpH<l>HUHpoBaHHOM MarHCTpaJIbHOM H ropOJJ:CKOM peJlbCOBOM

TpaHcnopTe, Ha 3neKTpOB03ax, 3neKTponoe311.aX H B TpaMBaHX HCnOJIb3Y-
eTCJI THrOBblH 3neKTponpHBOll. nOCTOJlHHOrO TOKa C KOJlJleKTOpHblM 1J.BH-

raTeJleM. B cHcTeMax nOCTOHHHoro TOKa Tpex<l>a3HblH TOK npOMblllIDeH-
HOH qaCTOTbl npe06pa3YeTC5I Ha TJlroBbIX 1I0.n;CTaHl.{HHX B nOCTOHHHblH
TOK. ,[(IDI nJlaBHOrO perynHpoBaHIDI HanpH)I(eHIDI TJlrOBblX 1J.BHraTeneH Ha

3neKTpon01J.BH)I(HOM COCTaBe npHMelUllOTC5I pa3nH'iHble cnoc06b1 npe06-
pa30BaHH5I nOCTOHHHoro TOKa 01J.Horo HanpH)I(eHHH B nOCT05lHHWH TOK

11.pyroro Hanp5l)l(eHml. B pe)l(HMe peKynepaTHBHoro TOpMO)l(eHH5I H36bl-
TOqHaH 3HeprIDI, He nOTpe6neHHaJl 3neKTpon01J.BH)I(HbIM COCTaBOM B TJlro-

BOM pe)l(HMe, Ha TJlrOBblX nO)J.CTaHl.{HHX npe06pa3yeTc5I B Tpex<l>a3HblH TOK
npOMblllIDeHiIOH 'iaCTOTbl H B03BpaIL\aeTCJI B nHTalOlL\YIO CHCTeMY.

B CHCTeMax nepeMeHHoro TOKa npOMbllllneHHOH qaCTOTbI Ha 3neKTpO-

n01J.BH)I(HOM COCTaBe OCYlL\eCTBJUleTCJI npe06pa30BaHHe 01J.H0<l>a3Horo TOKa
B nOCT05lHHblH TOK H llJIaBHOe perynHpoBaHHe Hanp5l)l(eHIDI Ha KOnneKTO-

pax T5IrOBbIX .romraTeneH. B pe)l(HMe peKynepaTHBHoro TOpMO)l(eHH5I Tpe-
6YeTCJI 06paTHoe npe06pa30BaHHe 3HeprHH nOCT05lHHOrO TOKa, Bblpa6a-
TblBaeMOH 1J.BHraTeJUlMH, HaXOAHlL\HMHCH B reHepaTopHOM pe)l(HMe, B 3Hep-
rHlo 01J.H0ct>a3Horo nepeMeHHoro TOKa, B03BpaIL\aeM}'lO B T5IrOB}'lO ceTb.

B CBJl3H C 3THM Ha THroBbiX nO)J.CTaHUHHX H Ha caMOM 3neKTpon01J.BH)I(-
HOM COCTaBe 'Ipe6YeTc5I KOMllJIeKC npeo6pa30BaTeneH 3neKTp03Hepom.

C0311.aHbl COBepmeHHble BH)J.b1 3neKTpon01J.BH)KHOrO COCTaBa C 6eCKon-

neKTopHblMH T5IroBbIMH 1J.BHraTeJUlMH Tpexct>a3Horo TOKa - aCHHxpOHHbl-
MH H CHHXpOHHblMH - 60nee HaJJ:e)l(HbIMH, 3KOHOMH'iHbIMH H MOlL\HbIMH.

)J;JUI llJIaBHOrO perynHpoBaHIDI CKOpOCTH 3neKTpon01J.BH)I(HOro COCTaBa

pa3pa60TaHbI 3neKTpOHHbie KOMllJIeKCbl npeo6paJOBaTeneH 3neKTpHqeC-
KOH 3HeprHH (npe06pa30BaTenH qaCTOThI H 'iHCJla <l>a3). TaKHe npe06pa-
30BaTenH 06eCne'iHBaIOT nHTaHHe aCHHxpOHHblX H CHHXPOHHblX romraTe-

neH Tpexct>a3HblM TOKOM C nJIaBHblM perynHpoBaHHeM 'iaCTOThI OT )J.oneH
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npCHMY1l{CC1'BCHHOC npHMCHCHHC B COBpCMCHHOH npC06p8.30BaTCJILHOH
TeXHHKC HaXOM1' 3J1CKTpOHHbIC npC06p8.30BaTeJilf, nOCTpOCHHbIC Ha OCHO-

BC ,mfOJ:{OB, rnpHC1'OpOB H CHJIOBblX TpaH3HCTOpOB. TaKHC npeo6p8.30Ba-
TCJIH nOJlY'llUllf H8.3BaHHC nOJlynpOBO,lUiHKOBbIX npC06p8.30BaTeJlCH 3J1CKT-

pH'lCCKOH 3HeprnH.

3JIeKTpOHHLle annapaTLI. AnnapaTbl npCJ:{C1'aBIDnOT C060H HOBblH BH)I,
3J1CKTpOHHbIX YCTpOHC1'B p8.3H006p8.3HOrO H8.3Ha'leHHSI: THpHCTOpHblC Bbl-

KJllO'l,:TeJilf nCpeMCHHOrO H nOCT05I.1IHOrO TOKa, p8.3pSlJI,HHKH, 3a1l{HTHbIC
YCTpOHC1'Ba H J:{Pyrne 6CCKOHTaKTHbiC annapaTbI. I1cPCXOJ:{ OT KOHTaK1'HOH

annapaT)'pbl K 6eCKOHTaKTHbiM 3J1eKTpOHHblM YCTpOHCTBaM n03BOIDIeT

nOBbICHTb Ha,n:C)I(HOCTb pa6OTbl, COKpaTHTh 3KcnnyaTIlIJ;HOHHbIC paCXOJ:{bI
YMCHbIIlHTb MaTepHaJIOCMKOCTb H p8.3MCpbl annapaTypbl.

'

3J1eKTpOHHble npC06p8.30BaTCJIH H annapaTbl p8.3pa6aTblBaIOTCSI Ha

OCHOBC COBpCMeHHblX nOJlynpOBOJI,HHKOBbIX npH60pOB, On1'03J1CKTpOHHbIX
H J:{Pyrnx 3J1CKTpOHHbIX cpcJ:{CTB. Mx pa60Ta XapaKTCpH3YeTCH CJlO)l(HblMH

3J1CKTpOMarHHTHbIMH npou;eccaMH. I103TOMY p8.3pa60TKa, npOCKTHpOBa-
HHC H TCXHH'lecKOC 06CJIY)I(HBaHHe TaKHX YCTpOHCTB TpC6YIOT cncQHaJIb-
HblX Me1'OJ:{OB, KBaJIHIJ>HL{HpOBaHHoro HaY'lHOrO H HH)I(CHCpHOro TpYJ:{a.

5.2. nOHRT'-1E 0 npOEKT'-1POBAH'-1'-1 nPE06PA30BATEJ1EM

CHCTCMa npOCK1'HpOBaHlUI CJIO)I(HbIX 3J1eKTpOHHbIX npeo6p8.30BaTeJlCH

3J1CKTp03HcprHH BKJilO'laeT 8 ce6H HHlJ>opMaU;HOHHyIO nOJ:{cHCTeMY, nOJ:{-

CHCTeMbl nOHCKa pCIlICHIDI rCXHH'lCCKOH 3a,u.a'lH, HH)I(eHCpHOro aHaJllna,

BeJ:{cHHSI H H3rOTOBJlCHHSI J:{OKYMCHTaU;HH. TaKaH CTpYl<Typa 06CCnC'lliBaC1'

BbmOJlHeHHe 3aKOH'lCHHbIX npOCKTHblX npou;eAYP C nOJlY'leHHCM Hc06xo-

.lUiMbIX npOCKTHblX J:{OKYMCHTOB.

MHlJ>opMaU;HOHHaH nOJ:{cHCTeMa BbmOJlHSlC1' 3a,u.a'lH c60pa, 06pa601'-

KH, xpaHeHHH H BbI,!J;a'lH Hc06XOAHMOH J1.illI npou;ecca npOCKTHpOBaHHSI

HHlJ>opMaU;HH. I10J:{CHCTCMa nOHcKa peIIlCHHH TCXHH'lCCKOH 3a,n:a'lH

BKJilO'laC1' B cc6J1 Haxo>K,l1,CHHC pCIlICHHSI nOC1'aBJICHHOH B TCXHH'lCCKOM

3aJ:{aHHH 3aJ:{a'lH CpC.lUi H3BCCTHbiX cxeMHblx pCIlICHHH H B PC3YJIbTaTC

CHHTC3a HOBblX OpHrHHaJIbHblX CXCMHblX PCIlICHHH. I10J:{CHC1'eMa HH)I(C-

HepHoro aHa.Jlli3a 06cCnC'lHBaeT pCIlICHHe 3a,n:a'lH On1'HMH3aU;HH xapaK-

TepHcmK npC06pa30BaHHSI C HCnOJlb30BaHHcM MC1'OJ:{OB MaKc1'HpOBaHHJI

H MaTCMam'leCKOrO MOJ:{CJIHpOBaHHH. I10J:{cHC1'CMa BCJ:{CHHSI H H3rOTOB-

J1eHIDI J:{OKYMcHTaQHH npcAHa3Ha'lCHa J1.illI nOJIY'lCHHSI npocK1'HblX J:{o-

KYMeHTOB: 3J1CKTpH'lCCKHX npHHUHnHaJIbHblX CXCM, nCpe'lHcii: 3JICMCHTOB,

TCXHH'lCCKHX onHcaHHii: H T.J:{., Hc06xoAHMbiX J1.illI C03,lUlHIDI npOCKTH-

PycMoro npco6pa30BaTcIDI.
3rnnLl npOeKTHpOBaHHH. B npou;eccc pa3pa60TKH npc06pa30BaTcIDl

BbJ,n:CIDIIOT 3TanbI CHCTCM01'CXHH'lCCKOro (CTpYKrypHoro), CXCMOTCXHH'lCC-

Koro, KOHCTp)'K1'opCKoro, TCXHOJIOrH'lCCKOrO npOCK1'HpoBaHHH. B xOJ:{c

pa3pa60TKH 3TH 3Tanbl BbmOJIHHIOT HCCKOJIbKO pa3 C pa3JIH'lHOH CTcnc-

HbIO HX J:{eTaJ1bHOH npopa60Tl<H, pelllaH npo6J1cMY Bbl60pa OnTHMaJIbHOrO

BapHaHTa. I1pou;ccc onTHMH3aQHH J1C)I(HT B OCHOBe HH)I(CHCpHOH J:{CHTCJlb-

HOCTH, COCT05l.1l{CH B npOCKTHpOBaHHH HOBbIX, 60Jlcc 31J>IJ>CKTHBHbiX H

MCHCC J:{oporOCTOSlll{HX BapHaHToB Ii pa3pa60TKc MeTOJ:{OB nOBbIIlICHH5I.

Ha,n:C)I(HOC1'H IJ>YHKQHoHHpoBaHIiH CYll{CCTBYIOll{HX npc06pa30BaTCJlCH.

rIpH npOCKTHpOBaHHH npco6pa30BaTcIDl C HCnOJIb30BaHHCM TCOpHH

0ITI1iMH3aQHH Hc06xoAHMO YCTaHoBHTb rpaHHQbI KOHKpeTHOro pCIlICHHSI,

nOJVIC)I(all{cro onTHMH3aQHH, BbUlBHTb KpmcpHH HJlH HCCKOJIbKO KpHTC-

pHCB OnTHMaJIbHOCTH, Bbt6paTb BHyrpCHHHC ncpCMCHHblC napaMeTpbI, Ha

OCHOBC KOTOpblX cpaBHHTb BapHaHTbl, nOCTpOliTb MaTCMaTH'leCKYIO MO-

J:{CJIb, OTpa)l(aIOll{YIO CB5I.3b MC>K,l1,Y ncpCMCHHblMH napaMeTpaMH, Bbl6paTb

MeTOJ:{ OnTHMH3aUHH H pCIlIHTb nOCTaBJIeHHyIO 3aJ:{a'lY. B 3TOH pa60TC

COKpall{CHHC J:{OJIH TpYJ:{a npOCK1'HpOB1l{HKa H BbICB060>K,l1,CHHC ero pa60-

'lcro BpCMCHH;:I,JUI pCIlICHHSI TBOp'lCCKHX 3a)J;a'l J:{ocmraercSI aBTOMaTH3a-

QHCH npOCKTHpOBaHHSI.
Ha 3Tanc CHCTeMOTeXHH'lCCKOrO (CTp)'KTYPHOro) npOCKTHpOBaHlUl on-

pCJ:{CIDIIOT cTpyKTYPY npocKTHPycMoro npc06pa30BaTcIDl Ha ypOBHC

IJ>YHKQHOHaJIbHblX CXCM. B 3TOM cJIY'lac npc apHTCJILHblHoT60p HC-

CKOJIbKHX CXCM H3 Bcex B03MO)l(HbiX MO)l(CT BbIDOJIHHTb 3BM, a OKOH'la-

TeJlbHblH Bbl60p CXCMbl J:{OJDKCH CJ:{CJlaTb npOCKTHpOB1l{HK.
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3a.n.a"H npoeKTUpoBaHHH CHJ10BLlX l(eneH npeo6pa30BaTeJIeH. I1pOCKTH-
pOBaHHC - 3TO npoQccc COC1'aBJICHHSI onHcaHHSI C1l{C HC CY1l{CCTByI01l{CrO

npC06pa30BaTeIDI, KOTOpblH ,lI.OJl)l(CH IJ>YHKQHOHHpOBaTh B 3aJ:{aHHbIX YCJIO-
BHHX. OnHcaHHc npc06pa30BaTcIDl 1J>0pMHPYeTCH Ha OCHOBC 3a,n:aHHoro

nCpBH'lHOrO onHcaHHH B BH,lI.C TCXHH'lCCKOrO 3aJ:{aHHJI H onrnMH3aQHH cro

XapaKTCpHCTHK, a TaK)I(C J:{aJIbHCiiIlICro npC,lI.CTIlBJICHHJI PC3YJIbTaTOB Ha

pa3JIH'lHbIX H3blKax. I1POQCCC npOCKTHpOBaHHH COCTOHT H3 PSJ.D:a npOCKT-
HblX npou;cAYP, Ka>K,l1,aH H3 KOTOpblX 3aKaH'lHBaeTCJI npOCK1'HblM PCIlICHH-
CM, T.C. onHcaHHCM 06'bCKTa npOCK1'HpOBaHH5I. lUllf cro O1'J:{CJILHOrO 3J1C-

MeHTa. qaCTb npocKTHoii npoQcJ:{ypbl, HMCI01l{CH HCH3MCHHblH anropHTM
npou;cccc nony'lCHH5I. npocK1'Horo peIlIcHHSI, COC1'aBIDICT npocKTHyIO

nepau;HIO. rIpOCKTHblC pCIlICHHSI OIJ>OPMIDlIOTCSI npOCKTHblMH J:{OKYMcHTa-
MH, cOBoKynHoCTb KOTOpblX B TCKCTOBOH H rpaIJ>H'lCCKOii 1J>0pMC H 06pa-
3YCT npocKT HOBoro npc06pa30BaTeIDl.

Pa3pa60TKa 3J1CKTpOHHbIX npco6pa30BaTCJICH C BblCOKHM Ka'lCCTBOM

npC06pa30BaHH5I. 3HcprHH, YJlY'lIlICHHbIMH Maccora6apHTHblMH nOKa3aTC-
JISlMH HeB03MO)l(Ha 6C3 npHMcHcHHSI HOBblX MC1'OJ:{OB H cpcJ:{CTB npocKTH-
pOBaHHSI. C Y'lC1'OM nOBblIlICHHblX Tpc60BaHHH K YCTpOHCTBaM CHJlOBOH
npc06pa30BaTeJlbHOH TCXHHKH H Ka'lCCTBY HX npocK1'HpoBaHlUl 3a nOCJIC,lI.-

HCC J:{ecJlTH.J1eTHC C03J:{aHa CHCTeMa aBToMarn3HpoBaHHoro npOCKTHpOBa-
HHSI (CAI1P) 3J1CKTpOHHbIX npc06pa30BaTCJICH [1].
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5.3. METO.Qbl PAC'-IETA M MO.QEflMPOBAHME 3flEKTPOMArHMTHbiX

npOLiECCOB B CMflOBblX LiEn XnPEOEiPA30BATEflEA

HaH60Jlee 3aBepmeHHOM BMe HCnOJIb3YeTCSI aJIfOpHTM, OCHOBaHHbIH Ha

HCnOJlb30BaHHH TeOpHH rpatl>oB H MaTpHl.\ .u;IDI COCTaBJleHHSI H pellleHHH

pa3HOCTHbiX ypaBHeHHH.
ECJIH MOMeHThI nepeKJIIOqeHml cnn 3apaHee HeH3BeCTHbi (HanpHMep,

.u;IDI BbIllpSlMHTeJleH), TO HaHTH npH OnpeAeJIeHHbiX AonymeHHHx
aHaJIHTH-

qeCKOe pellleHHe 33,lJ,aqH paCqeTa MO)KHO 0606meHHbiM MeTOAOM aHaJIH3a

npOl.\eccoB B npe06pa30BaTeIDIx [14].
AHaJIHTHqeCKHe MeTO)J:bI COnpSl)KeHbi C BbIllOJIHeHHeM TpY)J:oeMKHx

MaTpHqHbiX npe06pa30BaHHH, 60JIblllHM 06'beMOM BbIqHCJIeHHH npH Ha-

XO>KAeHHH KopHeH xapaKTepHCmqeCKHX nOJIHHOMOB. nO:noMY npH HC-

nOJIb30BaHHH 3BM qallle HCnOJlb3yroT qHCJleHHble MeTO)J:bI.

qHcJleHHbie MeTO)J:bI pacqeTIl 3JIeKTpoMarHHTHblX npol.\ecCOB B CHJIO-

BbiX l.\enSiX npeo6pa30BaTeJIeH opHeHTHpoBaHbi Ha npHMeHeHHe 3BM,

n03ToMY HX npe)J:CTaBlDnoT B BH)J:e nOCJle)J:OBaTeJIbHOCTH pH)J:a 3aKOHqeH-

HbiX 3TIlnOB. OAHHM H3 OCHOBHbiX 3TanOB R:BIDIeTCR: tl>opMHpoBaHHe ypaB-

HeHHH cxeMbi npe06pa30BaTeIDI H HX pellleHHe.

npHMeHeHHe MaTeMamqeCKHX MO)J:eJleH cnn n03BOIDIeT BbIllOJlHHTb

tl>opMHpoBaHHe CHCTeMbi ypaBHeHHH cxeMbi 1 pa3, a 3aTeM TOJIbKO H3Me-

HSlTb K03t1>tI>HI.{HeHTbi 3TOH CHcreMbl npH KOMMyraQHSlX, qTO Tpe6YeT He-

60JlblllHX BbIqHCJlHTeJIbHbiX 3aTpaT. 3aTpy,nHeHHe BbI3bIBaIOT CHJIbHO OT-

JIUqalOlllHecH no CBoeMY 3HaqeHUIO COnpOTHBJleHIUI cnn B OTKpbITOM H

3aKpbITOM COCTOHHHHX, 'ITO npuBO.lUiT K 60JIblllOMY pa36pocy nOCTOR:H-

HbiX BpeMeHu ()KecTKocm) CUCTeMbi .u.utl>tI>epeHQHaJIbHbiX ypaBHeHHH, n03-

TOMY Tpe6yroTCR: 3HaqureJlbHbie BblqUCJIHTeJlbHbie pecypcbI. BblXO)J:OM H3

3aTpYAHeHHSI npu paCqeTe HBIDIeTCH HCnOJIb30BaHHe S-Mo)J:eJIH cnn, "06-

XO}1,HllleH" np06J1eMY )KeCTKOCTH CUCTeMbi .u.utl>tI>epeHQUaJIbHbiX ypaBHe-

HHH. npH 3aMeHe cnn S-Mo)J:eJlblO (u)J:earrbHblH KJllOq) tl>opMHpoBaHHe

CHCTeMbi ypaBHeHHH npOHCXO.lUiT nocJle Ka)K,Il,OH KOMMyraQHH. 3TO cOKpa-

lllaeT Tpe6yeMbIH BbIqHCJIUTeJIbllbIH pecypc. <1>opMHpoBaHHe CHCTeMbi

ypaBHeHHH onpe)J:eIDIeTCSI BbI60pOM He3aBHCHMbiX nepeMeHHbix. Bbl60p B

KaqeCTBe He3aBHCHMblX nepeMeHHbix TOKOB 06YCJlOBJIHBaeT tl>opMHpoBa-

HHe MeTO)J:OB KOHTypHblX TOKOB. ECJIH He3aBHCHMbIMH npHHHMaIOTCR:

nOTeHQHaJIbI, TO HCnOJIb3YlOT MeTO)J: Y3J10BbiX nOTeHl.{HaJIOB. O,nHaKO 06a

MeTO)J:a He )J:alOT XOpOlllHX pe3YJIbTaTOB. 1l03TOMY npH 1}>0pMHpOBaHHH

CHCTeMbi ypaBHeHHH 60Jlee npHMeHHM MeTO)J: nepeMeHHbiX COCTOSlHHSI,

06eCneqHBalOmHH nOJlyqeHHe ypaBHeHHH B m6pH,nHOM KOOPAliHaTHOM

6a3Hce. npH onHcaHHU HCnOJIb3YlOT .u.ul}>l}>epeHQHaJIbHbte ypaBHeHHH H

CBH3aHHbie C HHMH arrre6paHqeCKHe ypaBHeHHH. ,[(IDI KOHTpOlliI COCTOHHHH

cnn B npoQecce pacqeTa He06xo.u.uMO onpe)J:eIDITb TOKU OTKpbITbiX H

HanpH)KeHHSI 3aKpbITbiX cnn, qTO npHBo.u.uT K paClllHpeHHlO 6a3Hca nepe-

MeHHbiX. B 3TOM cJlyqae CHCTeMY ypaBHeHHH 1}>0pMHpyroT B nOJlHOM KO-

opAliHaTHOM 6a3Hce, cO)J:ep)KameM TOKH H HanpH)KeHHH Bcex 3J1eMeHTOB

QenH, a 3aTeM ee pa3J].eIDIIOT Ha CHCTeMY .u.ul}>l}>epeHQHaJIbHbiX ypaBHeHHH

OTHOCHTeJlbHO TOKOB H CHCTeMY arrre6paHqeCKHX ypaBHeHHH OTHOCHTeJlb-

HO HanpH)KeHHH.
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Ha  TanecxeMOTeXHHqeCKOrO npoeKTHpOBaHHH BbIllOJIIDUOT npH6JlH-

)KeHHbIH pacqeT BbI6paHHbiX HJIH CHHTe3HpOBaHHbiX cxeM BbI60p 3J1e-
MeHTHOH 6a3bI aHaJIH3 3J1evrn

'

, ...yOMarHHTHbiX npOl.\eCCOB B nepeXO,lUibiX H

  Ta;OBHBlllHXCHpe)KHMaX, onTHMH3aQHIO cxeM no 3a)J:aHHbiM KpHTepH-

Ta'
BOpqeCKaH 33,lJ,aqa Ha 3TOM 3Tane - npHHHTHe pellleHHH no Pe3YJIb-

TaM paCqeTOB. OCTaJIbHbie 33,lJ,aqH )J:OJl)KHbi pelllaTbCH Ha 3BM.
- npH6JIH)KeHHbIe paCqeTbi OT)J:eJIbHbiX cxeM BbIllOJIIDUOT no XOpOlllO

OTpa60TaHHbiM HH)KeHepHbIM MeTO,lJ,HKaM. EOJIee CJlO)KHaH 3a)J:aqa - aHa-

J1H3 3J1eKTpOMarHHTHbIX npOl.\eCCOB
-

pelllaeTCR: Ha 3TOM 3Tane npH xa-

paKTepHOM MH npe06pa30BaTeJleH KJIIOqeBOM pe:>KHMe pa60TbI J].HO)J:OB

THpHCTOpOB, CHJIOBbiX TpaH3HCTopOB. npH 3TOM BBHA)' 60JIblllHX 3aTpa;
Ha peaJIbHOe MaKeTHpOBaHHe HJIH l}>u3HqeCKOe MO)J:eJIHpOBaHHe 60JIblllOe
3HaqeHUe HMelOT MeTO)J:bI BbIqHCJIHTeJIbHOrO 3KcnepHMeHTIl. Pacqer napa-
MeTpOB H XapaKTepHCTHK 3J1eMeHTOB, cxeM, CHCTeM HBlliIeTCH R:.lI.pOM npo-

eKTHpOBaHHH, OCHOBaHHbiM Ha KOHKpeTHOH nporpaMMHOH pearrH3aQHH
Ha 3Tane KOHCTp}'KTOpCKoro H TeXHOJlOrHqeCKOrO npoeKTHpOBaH H

pelllaIOTCSI 33,lJ,aqH KOHCTp}'KmBHbiX H TeXHOJlOrHqeCKHX pellleHHH H Bbl-

nYCKa COO eTCTByromeH)J:OKYMeIlTaQHH C yqeTOM TeXHOJlOrHqeCKHX B03-

MO)KHOCTeH npe.ll.npmrnHI HJIH OTpaCJIH. C03)J:aHHe KOHCTp}'KQHH npe06-

 a30BaTelliI
- Tpy)J:Hol}>opMaJIH3yeMbIH TBOpqeCKHH npoQecc B KOTOpOM

OJlblllOe 3HaqeHHe HMeeT J1HqHbIH onbiT H HHTYHl..{HH npoeK pOBl.I.{HKa.

AHaJIHTHlfecKHe, IfHCJIeHHLle H IfHCJIeHHO-8HaJIHntlfecKHe MeTO)J:bI paclfe-

T8

6  HJlOBbiecxeMbi 3J1eKTpOHHbIX npe06pa30BaTeJleH npe)J:CTaBIDIIOT
co OU 3JIeKTpHqeCKHe QenH C nepeMeHHOH CTpYKTYPOH, H3MeHHIOllleHCH B

  riecceI}>YHKQHOHHpOBaHHSI BCJIe)J:CTBHe l.\HKJIHqeCKOrO nepeKJlIOqeHHH

_

H H3MeHe!:IHH KOHTypOB C TOKaMH. B npe06pa30BaTelliIX C nepeMeH-
HOH CTp}'KTypOH HaH60Jlee qaCTO HCnOJlb3yroT aHaJIHmqecKHe qHCJleHHbie
H qHCJIeIlHO-aHaJIHTHqeCKHe MeTO)J:bI pacqeTa npOl.\eCCOB.

'

B a aJIHTHqeCK':XMeTO)J:ax CHJIOBbie QenH npe06pa30BaTeJIeH C nepe-
MeHHOH CTp}'KTypOH H H3BeCTHbIMH MOMeHTaMH nepeKJIIOqeHHH (KOMMY-
TaQHH) cnn onHCblBalOTCH JIHHeHHbIMH AHl}>l}>epeHQHaJIbHbIMH ypaBHe-
HHHMH, nOpH.lI.OK H 3HaqeHHH K031}>I}>HQueHTOB KOTOpbIX Moryr H3MeHHTbCH

B MOMeHTbi KOMMyraQHH.
06mHM MeTO)J:OM paCqeTa npOQeccoB B TaKHX npeo6pa30BaTelliIX HB-

lliIeTCSI MeTO)J: pa3HOCTHbiX ypaBHeHHH. OH npe.ll..IIOJIaraer .naYX3TanHoe
COCTaBJleHHe C.lI.HHbiX ypaBHeHHH AIDI nepeXO,lUioro H YCTIlHOBHBlllerOCR:
pe)KHMOB: Ha nepBOM 3Tane HaXO}1,HT ypaBHeHHSI npOQeCCOB 6e3 onpe)J:eJle-
HHH HaqaJIhHbIX YCJIOBHH ,lI,JUI OT)J:eJlbHbiX HHTepBaJIOB nepHO.ll.a pa60TbI a

Ha BTOp_OM 1}>0pMHpYlOT CHCTeMY pa3HOCTHbiX ypromeHuH, H3 pellleH H
KOTOpOH onpe,n:emnOT e.ll.HHbie ypaBHeHHSI npOQeCCOB. B 3TOM MeTO)J:e B
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)J.IDl pelliemUI ypaBHeHllH npllMeHSIIOT 'lliCJleHHbIe MeTO.lU>I llHTerpllpO-
BaHmI M  epeHl..{Ha.m,HbIXypaBHeHllH (qaU.{e Bcero MeTO,Z:{ PyHre-Kyrra)
II MeTO.lU>I pellIemrn arrre6pallqeCKllX ypaBHeHllH.

npellMYII.{eCTBOM amUmmqeCKllX MeTOJ].OB SIBJUIeTCSI B03MO>KHOCTh no-

nyqeHHSI pe3YJIbTaTa 6e3 pacqeTa npeAllIeCTByroU.{ero nepeXO,lI,Horo npo-

I..{ecca. )]:OCTOllHCTBOM qllCJleHHblX MeTOJ].OB HBJUIeTCJI npOCTOTa llCCJIeJ].O-
BaHmI cxeM BbICOKoro nOpSI,L.{Ka. Ho pacqeT MO:>KHO 3aBepilillTh TOJIbKO

nOCJIe BbIqHCJleHIDI npeAllIeCTByroIl.{erO nepeXO,lUiOrO npOl..{ecca. TaK KaK

OCHOBHOH 06'beM BbIqllCJleHllH B qllCJleHHbIX MeTo,Z:{ax npHXO,lJ,HTCSI Ha pac-
'leT Bcex nepHO,Z:{OB nepeXO,Z:{Horo npOI.{ecca. a B aHaJIHmqeCKHX - Ha

pellIeHHe CllCTeM ypaBHeHllH COCTOSIHmI OJ(liOrO nepllo,Z:{a. TO, OqeBllJ1.HO,

QeJleco06pa:3H0 COBMeCTllTb }'Ka3aHHbIe MeTO.lU>I TaKllM 06pa30M. <rr06bI

Tpy,Z:{oeMKOCTb pacqcra YCTaHOBllBllIllXCH npOl..{eCCOB YMeHbIlIHJIaCb. Co-

BMeU.{eHlle 3JIeMeHTOB aHaJIHTllqeCKHX II qllCJIeHHblX MeTO,Z:{OB J1e:>KllT B

OCHOBe qllCJIeHHO-aHaJIHTHqecKllX MeTO,Z:{OB pacqeTa npOl..{eCCOB B npeo6-
pa30BaTemIX.

MO.!J.eJIH KOMnOHeHTOB CHJlOBLIX l.{eneH npeo6paJOBaTeJIeH. O,lUiOH ll3

OCHOBHbIX 3aJ].aQ pacqcra II npoeKTllpOBaHIDI npe06pa30BaTeJleH SIBIDleTCR

aJ].eKBaTHoe onllcaHHe npOl..{eCCOB B CllJIOBblX l..{enSIX npll llCnOJIb30BaHllll

KYCOqHO-J1llHeHHbIX Mo,Z:{eJleH 3J1eMeHTOB. IIIHpoKO llCnOJIb3yroT JIHHeHHbIe
MOJ].eJIH conpOTHBJleHllH, APOCCeJIeH, KOHJ].eHCaTopOB. )]:JUI yqeTa qaCTOT-

HblX CBOHCTB .z:q>ocCeJleH II KOH,Z:{eHcaTopOB npllMeHSIIOT COOTBeTCTBYIOIl.{He
3KBllBaJIeHTHbie RLC-cxeMbl. ECJlH :>Ke 3JIeMeHTbi HeJIllHeHHbie II yqeT 3mx

HeJIllHeHHOCTeH npHHl..{llnHaJIbHO He06xo,lI,HM, TO llCnOJIb3yroT KYCOqHO-
JIllHeHHbIe Mo,Z:{eJIH. 3TOT MeTOJ]. qaCTO llCnOJTh3yeTcSI P.JUI Mo,Z:{eJIHpOBaHllSI
cnn.

\ CpeJ].H ll3BeCTHbIX HeJlllHeHHblX Mo,Z:{eJIeH cnn HCnOJIb3yroTCSI  ll-
3llqecKHe II  YHKI.{HOHaJIbHbIe MOJ].eJIH. K Hall60Jlee TOqHblM Mo,Z:{eIDIM

OTHOCHTCSI MOJ].eJIll 36epca-MoJlJla, AraxaHSIHa, JIllHBIDUIa II .!J.p. 3 -
 eKTllBHOCTb llX npllMeHeHllSI 3aBllCllT 01' mna pelliaeMblX 3aJ].aq II

BHJ].a llCCJIe.nyeMbIX npOl..{eCCOB B npeo6pa30BaTeIDlX. npH pacqeTe
3JIeKTpOMarHllTIIblX npOl..{eccoB B l.{enHX HarpY3Kll npe06pa30BaTeJIeH.
KOMMYTal..{llOHHblX KOHTypax II ,Z:{pymx CllJIOBbIX l..{enHX ,Z:{OCTaTOqHO

BOCnOJIb30BaTbCSI 60Jlee npOCTblMll Mo,Z:{eJUIMll cnn. n03BOJUlIOII.{HMH

npH J].OCTaTO'lHOH TOqHOCm CYII.{eCTBeHHO YMeHbilillTb 06'beM BblqllC-
J1eHllH. K TaImM  YHKl..{llOHa.m,HbIM Mo,Z:{eJUIM OTHOCSITCSI KYCOqHO-J1ll-
HeiiHble. 06eCneqHBaIOIl.{lle 3aMeHY peaJIbHOH BAX cnn ee KyCOqHO-

JIHHeHHOH annpOKCllMal..{HeH. Hall60m,llIee pacnpOCTpaHeHHe cpe.nu HHX

llMeIOT Mo,Z:{eJlH Ha OCHOBe annpOKCllMaI.{llH BAX ABYMSI oTpe3KaMll
npSIMoH. KOTopble nOJIyqllJIH Ha:maHlle KJ/1O'le6blX Mo,Z:{eJIeH IDIH S-MO-

,Z:{eJleH [1]. KmoqeBble Mo,Z:{eJIH oTpa:>KaIOT  YHKI.{HOHllpOBaHlle cnn
KaK KJlIOqa C ABYMSI COCTOHHllSIMll (3aMKHyr. pa30MKHyr). nepexo,Z:{
Me>K.U.Y KOTOpblMll OCYII.{eCTBIDleTCSI MrHOBeHHO. TaKoH KJIIOq, conpo-
TllBJIeHlle KOToporo paBHo Hymo B 3aMKHyroM COCTOSIHHll H 6ecKo-
HeqHOCTH B pa30MKHyrOM COCTO}!HllH. Ha3bIBaeTCSI UOeaJlbllbLM KJIIOqOM.
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\

PaCCMOTpeHHbIe Hll:>Ke MeTOALI paCqeTOB opHeHTHpOBaHbI Ha npllMeHe-

Hlle KJIIO'leBblX MO.!J.eJleH cnn.
x CIIll CHJIOBbIe nOJIY-

MO.!J.eJIH l.{eneH npeo6paJOBaTeJIeH. co.!J.epacaIl.{H.
_

npOBo.nuHKOBbIe npH60pbI. npeACTaBJleHHbie B BHJ].e KJllOqeBbIX Mo,Z:{eJIeH.

Ha OCHOBe TeOpHll aBTOMaTOB npe.wrO:>KeHO [5] 3aMeHllTb 3KBHBaJIeHTHbIMH

MH JI.illI npe06pa30BaHIDI HH-

KOM6llHal..{llOHHbIMll aBTOMaTaMll. CJIY:>KaIl.{ll
'" (0.

nn OM CTp
VTi"TVpHOM aJI'i'aBllTe

-

 OpMal..{llll0 COCTOSIHllll C B ABOllqH J'''J

1 KJIIOq ..aMKHyr) nOJIynpoBo.nullKoBbie npe06pa30-
KJIIO'l pa30MKHyr,

-
"

.

BaTeJIll 6e3 HaKOnllTeJIeH 3Heprllll B CllJIOBbIX l..{enSIX, npe.!J.cTaBIDlIOII.{lle

C060H 3aJ].aHHyro KOMn03lll..{lllO KOHe'lHbIX aBTOMaTOB. MO:>KHO Mo,Z:{eJIHpO-

BaTb B BHJ].e  M6llHaI.{llOHHOHcxeMbI (PllC. 5.2. a).
6

COCTOSIHlle KOM6llHaI.{llOHHOH cxeMbI Zj onpe,Z:{eJUIeTCSI Ha OpOM 3Ha'le-

cnn F F. HanpllMep rJlaBHbIX
HllH BXO}J,HbIX  YHKl..{llH COCTOSIHmI rj' OJ'

·

TH llCTOpOB II 06paTHbiX ,lI,HOJ].OB aBTOHOMHoro llHBepTopa HanpSI:>KeHllSI

(C rJI 9) II Ol..{eHllBaeTCR 3HaqeHllSIMll  YHKl..{llH BbIxo,Z:{a Yr.s cxeMbl
.

6

"

AH'HTu.. KOM6llHal.{llOHHOH cxeMbl npe06pa30BaTeIDI,
npeo pa30BaTeIDI. a.u"'"

HanpllMep TpeX a3HOrOaBTOHOMHoro llHBepTopa HanpSI:>KeHHSI. nOKa3bI-
·

<I'"-HO
"'
YHK"HOHllp""'II.{eM llHBepTope llMeIOTCSI 72 Ha-

BaeT. '11'0 B HOpMaw.. 'i'..... J . 

F
60pa (COqeTaHllSI) 3HaqeHllH  YHKl..{llHJI.illI llIeCTH mpllcTopOB rj_"llIeCm

F bIM COOTBeTCTB""'T 13 pa3JIH'lHbIX COCTOSIHllll cxeMbI.

AllO,Z:{OB '. KOTOp JW

Ka>K.U.OMyO ocToSIHmocxeMbI cooTBeTcTBYe1' BnOJIHe onpeJ].eJIeHHOe 3Haqe-
-

Y { y y; Y } . B HeKoTopOM
Hlle  YHKI.{llHBbIXO.nubIX HanpH:>KeHllH r.s ab' be' ca

'" ro.
KJllOQaIOIl1eM B COOSI B paCCMaTpllBaeMOM

CTp}'KTypHOM aJI'i'aBllTe '*', B

a}

+ Q-c=J-..
IY,,& :t b

-c=J--+
'1:"  Y&e :

c
-c=3- J

r

<? l -'VI'..'..
L

FaJ-f(lI"j}

PHC. 5.2. KOM6HHaUHOHHaR cxeMa

MOAeJIH npe06pa30BaTeJIR (aaTo-

HOMHoro HHBepTopa HanpR)J(e-

HHJ\) (a) H aBTOMaTHOe onHcaHHe

B c1JopMe rpacIJa KOM6HHaUHoHHoH
cxeMbl (6)
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npllMepe CllMBOJIbI {o; 0,5; 1; -1; -O,5}, 3TO n03BOIDIe1' 3MaTh <lJYHKIJ;llO-
HllpoBaHlle npe06pa30BaTeJIei1 B paMKax Teopllll KOM6llHaIJ;llOHHblX cxeM

aBTOMaTHblMll onllcaHllHMll.

Ha p "C.5.2, 6 npeACTaBJIeH npllMep aBTOMaTHoro onllcaHllH KOM6llHa-

IJ;llOHHOll cxeMbl aBTOHOMHoro llHBepTopa HanpH>KeHllH B <lJoPMe rpa<lJ-
cxeMbl. BepllIllHa rpa<lJa COOTBeTCTBYeT COCTOSlHllSlM cxeMbl, a Ayrll

-

<lJYHKIJ;llSlM nepexOAa Wzkj
cxeMbl ll3 npeAbI.D:Yll.{erO COCTOSlHllH k B nocne-

AYIOll.{ee COcToHHllej. B cJlyqae npocToro aJIropllTMa nepeKJllOqeHllH rn-

pllCTOpOB II AllOAOB Tpex<lJa3Horo llHBepTopa OAHOBpeMeHHO 3aMKHyrbl
cnn Tpex nne;: CIillOBOi1 cxeMbl, n03TOMY Yr.J' E [0, -1,1] II Ha60p B03MO)[(-

HblX COCTOHHllll ZI-Z6, qTO COOTBe1'CTBYeT nepexo,Dy OT COCTOHHIDI K co-

CTOHHllIO no HapY>KHbIM AyraM rpa<lJa. npll 60Jlee CJlO>KHbIX aJIrOpllTMax

MHoroKparnoro nepeKmoqeHIDI cnn Ha O,lUiOM neplloAe B03MO>KHbI APY-
rlle COCTOHHllH cxeMbl (Z7' ZJ2' ZlJ) II TpaeKTOpllll nepexoAoB.

<I>YHKIJ;llH nepexoAa KOM6llHaIJ;llOHHoi1 cxeMbi AmI npoCToro aJITOPHT-
Ma, KorAa B03MO)[(Hble COCTOHHml BKmoqaIOT B ce6H ZI-Z6 C nepexo,rmMll
no HapY)[(HblM ,DyraM rpa<lJa, llMeeT BHA

Wzkj = (Fr(j.I) Fr(j.2) + FO(j.I) FO(j-2) (Frj + FOj) + FO(j-I) FOj Fr(j-2) +

+ Fr(j-I) Frj FO(j-2), (5.1)

r1I.ej - IJHCJIO, C001l!eTCTBYIOII.\ee HOMepy HHTepBaJIa AJIJ1TeJIbHOCThIO Jt/3 Ha paCCMaTpHBa-

eMOM nepHOAe Ii 06eralOII.\ee KonbueBYIO nOCJIe)].OBaTel1bHOCTb 'iHCeJI 1,2,3,4,5,6; k =j-1.

B 3a "c"MocrnOT 3a,II.aHHOH IJaCTOTbl nepeKJlIOIJeHllH cnn B cxeMe,

3HaIJeHllll TOKOB B IJ;enHX HarpY30K ia,bc H BpeMeHlll HaXO,T.l,SlTCH 3HaIJeHllSl

nepeKJllOIJaTe bHblX <lJYHKIJ;HH Frj II FOj ]I.JISI 3aMHHoro aJITOpHTMa llX

nepeKJllOIJeHllll. no llX 3HaqeHmlM C nOMOlllbIO <lJYHKIJ;llH nepexoAa cxeMbl

W
z OnpeAeJUle1'CH COCTOHHlle KOM6llHaIJ;llOHHoi1 cxeMbl Z;, KOTOPOMY CTa-

BllTCH B COOTBeTCTBlle Ha60p 3HaIJeHllH BbIXO,r(HbIX nepeMeHHblX Y (Ha

rpa<lJe pllC. 5.2, 6 npOCTaBJIeHbl B KpY)[Q(ax BepllIllH). TaKoe npeAc{ BJle-
Hlle cxeMbl npe06pa30BaTeJUI n03BOJUleT C03AaBaTh MaTeMaTllIJeCKlle MO-

AeJlll CnO)[(HbIX CllCTeM TIlrOBOrO 3neKTponpllBO)1.a II BblUonIDITb BbIIJllCJlll-

TeJlbHble 3KcnepllMeHTbi Ha 3BM, 'ITO CYllleCTBeHHO COKpaLl.\ae1' 3aTpaThl
Ha llCCJle)J:OBaHlle.

5.4. 050CHOBAH'-1E '-1 Bb150P T'-1nA nOnYl1POBO,qH'-1KOBbIX np'-150POB

B CIillOBOH :meKTpoHllKe Hall60Jlee pacnpocTpaHeHbl: )J:ll0JJ.b1 Hll3KO-

IJaCTOTHble, 6bICTpOBOCCTaHaBJlllBaIOll.{llecH, C nOBblllIeHHblM 6bICTpOAeH-
CTBlleM, J1 BHHHble,)1.HOJJ.b1 1II01TKll; rnpllCTopbl - He3anllpaeMble (Th),

 bICTpOAellCTByIOLl.\lle,aCllMMeTpllIJHble, TllpllCTOpbI-,ruIOJJ.bI, 3anllpaeMbIe

'lllpllCTOpbI (GTO), <lJoTornpllCTopbI; CllJIOBbIe 6llnOJUlpHble TpaH3llCTopbl

(BJT); CllJIOBble nOJleBbIe MOn-TpaH3llCTopbl (MOSFET); 6llnOIDIpHble
TpaH3llcTopbI C ll30JlllpOBaHHblM 3aTBOpOM (IGBT); CllJIOBbie nOJleBble

npll60pbl Cp-n-nepexo)J:oM (SITr-TpaH3llCTOpbl, SITh-TllpllCTopbl); 3anll-

paeMble TllpllCTOpbI C noneBblM ynpaBJleHlleM (MCT, MOSGTO).
238

HapH,Dy C npOll3BOACTBOM )J:llCKpe1'HblX CllJIOBbIX nOJIynpOBO,lUillKOBbIX

npll60pOB BeAYIl llMH<lJllpMaMll OCBoeH BI,mYCK CHJIOBblX nonynpOBO}J,Hll-

KOBblX MO,DyJIei1. B pa3pa60TKax CllJIOBblX nOJlynpOBO}J.HllKOBbIX MO,DyJleH

llCnOJIb3YIO'l'CH Bee rnlIbl cnn.

HOBblM KJlaCCOM 3JIeMeHTHOH 6a3bl CllJIOBOi1 3neKTpoHllKll HBruuoTCH

llHTeJlJleKTYaJIbHble CIillOBble CxeMbl, 06'be)J:llHHIOLl.\lle B O,lUiOM MO,DyJle

CllJIOBble npll60pbl C YCTpOHCTBaMll ynpaBJleHllH, 3alllllThI, KOHTpOJUI II

)J:llarHOcTHpOBaHllSl.
CHnOBble nonynpOBOJJ:HHKOBble npll60pbl H MO,DyJIll npOll3BO,T.l,SlTCH

npllMepHO B 150 <lJllPMax Mllpa. HOMeHKJlaTypa ll3,Z:{eJlllH <lJllPM AOCmrae1'

HeCKonbKllX TbICHIJ, a )J:llana30H no OCHOBHbIM napaMeTpaM mrnaThIBaeT

OT 10 AO 4500 A no TOKY, OT 100 AO 8000 B no HanpH)[(eHllIO II OT AeCJITKOB

repIJ;}J.o 1 MrIJ; no IJaCTOTe.

Hall60JlbllIllX ycnexOB B C03,Z:{aHllll cOBpeMeHHblx CllJIOBblX nonynpo-

BO,lUillKOBbIX npll60poB Aocmmll HnOHCKlle <lJllPMbl Tochiba, Mitsubishi,

Hitachi, Fuji. Cpe,II,H eBponeHcKllx <lJllPM BeAYIl llMllHBruuoTCH Marconi

(AHmllH), AEG, ABB (repMaHllH), Thomson (<I>paHIJ;IDI), Ansaldo (liTa-

nllSl), CKD (qexHH). International Rectifier (EBpona). B CIlIA 60JIbwoe

KOnllIJeCTBO CllJIOBblX nOJlynpoBoAHllKOBblX npll60poB BbmycKaIOT

<lJllPMbl Westinghouse II Motorola. B cTpaHax CHr cOBpeMeHHyIO npo-

JJ:YKIJ;llIO CIillOBOH 3JIeKTpoHllKll npoll3BoJJ,SlT AO "3m KTpOBbmpHMllTeJlb"

(CapaHcK, P<I» II HITO "ITpe06pa30BaTeJlb" (3anOpO)[(be, YKpallHa).

,lI;llana30Hbl HanpH)[(eHllSl CJIe,DyIOllllle: ]I.JISI IGBT
- 100+2500 B; AmI

MOS - AO 1000 B;]I.JISI GTO - 2500+5000 B;]I.JISI Th - 5000+10000 B.

3J1eMeHTHaSI 6a3a }J.JUI nocTpoeHIDI CllJIOBOi1 cxeMbl npe06pa30BaTeJUI

Bbl6llpaeTCH C yqeTOM 3aTpaT Ha CllCTeMY ynpaBJleHllH npe06pa30BaTeJUl-

Mll. JIorllIJeCKaSI IJaCTb CHCTeMbl ynpaBneHml 3aBllCllT OT Tllna II MOIllHOC-

rn cnn, npllMeHHeMblx B CHJlOBOH cxeMe. I1cnOJlHllTeJlbHble >Ke YCTpoi1-

CTBa CllCTeMbl ynpaBJleHllH
- Y3nbl <lJopMllpoBaHllSl TpaeKTOpllll pa60IJeii

TO'iKll (<I>TPT) CllnoBbtX npH60pOB. HenOCpeACTBeHHO CBH3aHbi C xapaI<-

TepllcTHKaMH II napaMeTpaMll CnIT. B Ta6J1. 5.1 npHBeAeHbl cpaBHllTenb-

Hble ,AaHHble ]I.JISI ynpaBJUIeMblx cnn [30, 33].

He06xo)J:llMOCTb YBeJlllIJeHllH TOKOB YCTpoi1CTB <I>TPT 06YCJIaBJllmaeT

3aBblllIeHlle llX MOIllHOCTH. C yqeTOM He06xo}J.l1MOCm nOTeHIJ;HaJIbHOii

pa3BH3KH Me)[()J.Y yJJlaMll <I>TPT ,A06aBJUlIOTCH onpeAeJleHHble CJIO)[(HOCTH

B C03}J.aHllll llCTO'iHllKOB llX UlrraHllSl.

CYLl.\eCTBeHHo MeHbWlle MOIllHOCTH Tpe6YIOTcH )J.JUI IJ;enei1 <I>TPT

MOIT- II JGBT-TpaH3llCTopOB, TaK KaK llX ynpaBneHHe HBIDIeTCH 3apH.D:0-

BblM (nOTeHIJ;HaJIbHbIM). a He TOKOBbIM. npH pa3pa60TKe npeo6pa30BaTe-

J1ei1 MOIllHOCTbIO AO 10 KBT C YIJe1'OM 3TllX nOKa3aTeJIeii npe)J.IIOIJmTeJIb-

HblMll OKa3b1BaIOTCH JGBT-TpaH3llcTopbI, a JI.JUI MOIl\HOCTeH 50 KBT -

GTO-TllpllCTOpbl. BblCOKOBOJlbTHble npe06pa30BaTeJlH MOIl\HOCTbIO

60Jlee 1000 KBT, KaK npaBHJIO, pa3pa6aTbIBalOTcH Ha 06b1IJHblX He3anllpa-

eMblX THpllCTopax H GTO-mpllcTopax.
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Ta6nHIO< 5,1

THIJO KON-

oble MyrJlo

TIm HalJpR-
pye-

,lI,HarpaNNa HanpRJI<eHIIJl MOutHOC1D
OrnomeHHe

enn NIUII
MOJI.\HOCTd!

)l(f:HHC.
MOut°

H TOKa ynpBBJIeHIlJI
ynpaaneHHJJ, BT, YlJpaaneHHJ1 H KON-

BITOK,
HOCTb.

npH 'IaCTOR MyrnPYlOuteH, %,
A

KBT IJpH '1aCTOTe

GTO 12001 180 60, 50 n.t 90, 1 Krl.{
600 0,03, 50 0,05,1

ru KrU

BIT 8001
100

40 39, 1 KrU 52,3 Kru 0,1, I KrU 0,13,3
KrU

IGBT 6001
25

7

t

1,6,5 Krll 1,8,20
Kru

MOSF 500/20 5
ET

SIT 600/20 6

240

t

2,7,20
Krl.{

t

21,50
Kru

t

3,9,50
Kn.t

60,200
Kr

0,007, 5
KrU

0,05, 20
Krl.{

0,35, 50
Krll

0,008, 20
KrU

0,08, 50
KrU

1,0,200'
Y.ru

HCnOJlb30BaHHe GTO-rupHCTOpOB B Ka'ieCTBe KJIIO'ieH 06YCJlaBJIHBaeT

C03.n;aHHe ycrpOHCTB <I>TPT C CliJIOBblMH TpaH3HCTOpaMH, TaK KaK rnno-

Boe 3Ha'ieHHe K03  Hl\HeHTaYCHJleHlul npH BblKJIIO'ieHHH G = 4+5. KpOMe

Toro, Ha BceM HHTepB<U1e BKJIIO'ieHHOrO COCTORHlUI Heo6xo.n;HMO no.n;aBaTb

B Qenb ynpaBJIeHlUI nOMepXGiBaIOIQH" TOK, a Ha HHTepBane BbIKJllO'IeH-

Horo COCTORHIDI nOMepX<1iBaTb OTpHQaTeJIbHOe CMell\eHHe Ha ynpaBIDIIO-

ll\eM :meKTpo.n;e.
npHMepHO TaKHe )l(e Tpe60BaHIDI npe.n;'LRBJUlIOT K QeWlM <I>TPT JI.illI

6HnOIDIpHbix TpaH3HCTopOB, JI.illI KOTOpbIX K03  Hl.\HeHTYCHJleHHR He

npeBbllliaeT 10.

5.5 PACI.IET rpynnOBOrO COEA'-1HEHMSI
n011YnpOBo,qH'-1KOBbIX np'-1EiOPOB

.[(JUI nOBbIllIeHHR 3KOHOMll'IHOcrn H Ha,r:J.e)I(HOCTH npe.u.nO'iTHTeJIbHO

npHMeHeHHe O.lUIOro enn B O,lUiOM nJIe'ie cxeMbI npe06pa30BaTeJUl. npH
HeB03MO)[(HOCm TaKOrO pellIeHHH H3-3a OTCyrCTBHR enn Tpe6yeMblx 3Ha-

'ieHHH npe.n;eJIbHOrO TOKa H KJIaCCa BbInOJIHHeTCH paC'ieT 'iHCJIa naparr-

lleJlbHbIX a Ii nOCJle.n;OBaTellbHbIx S npH6opOB B O)J,HOM nJIe'ie (CM. n. 3.6).
PaC'ieT ..HCJla napaJIJIe.TlbHblX npu60poB. qHCJlO napaJIJIeJILHblX enn B

nne'ie B o6llIeM cJIY':lae onpeJJ:eJUleTCR H3 COOTHOllieHIDI

kH lmax
a- ,

IFAVm..(TAJ')....
(5.2)

rAe kH _ KOJclJclJHuHeHT Hcnonb30BaHHR npH60poB no TOKY B 3aBHCHMOCTH 01' ,/J,IlHTenbHOCTH

neperpY3KH; lmax - cpe,I],HHH TOK nJIe'ia npe06pa30BaTeJISi B pC)J(HMe 3aJJ.aHHOH HarpY3KH, A;

lFAVrnax(TAl')rnax
- npeJl.eJIbHblH 1'OK 1I.HO,lJ.a (rnpHCTopa) C KOHKpeTHblMH THnOM OXJIa,zI,HTeJIR

H ycnOBHRMH OXJIa)I()J.eHHR, A.

TaK KaK enn HMeIOT HH3KyIO neperpY30':lHyIO cnOC06HOCTh, TO npH

paC':leTe Heo6xo,lI,HMO OT.n;eJlbHO paCCMOTpeTb CJle.n;YIOll.{He pe)[(HMbI pa6o-

TbI npeo6pa30BaTeJUl: pe)[(HM .WlHTeJlbHOH HarpY3KH npe06pa30BaTeJUl,

pe)[(HM pa6o':leii HarpY3KH B Te':leHlie 3a.n;aHHOrO BpeMeHHoro HlITepBarra

H pe)[(HM aBapHHHOH neperpY3KI1 B Te':leHHe HHTepB<Ula BpeMeHH Cpa6aTbl-
BaHHR 3all\HTbl.

B paC':leTe onpe.n;eJUleTCH a ,lI.JUI Bcex pe)[(HMOB HarpY3KH H neperpY3KH,

npHHHMaeTCR Hal160llbllIee H3 HHX H OKpyrllileTCR .n;o 60JIbllIerO QeJIoro

':lHClla, eCJIH .n;P06HM ':laCTb npeBbIlliaer 0,1.

K03  m.{HeHTHcnOllb30BaHHH Y':llITblBaeT  H3H':leCKHenpOQeCCbI npH

HarpeBaHHH crpYKTYpbl enn TOKaMH npH pa3JIH'lHOH ,II,.JIHTeJILHocrn pac-

CMaTpHBaeMoro pe)[(HMa:

k
knep kT

H-
ka

' (5.3)

rAe knep
- KOJcIJ<tmuHeHT neperpy3KH B KpaTKOBpeMeHHOM pe)J(HMe; kT - KOJclJclJHUHellT,

Y'IHTbIBalOutHH CHH)J(eHHe npeJl.eJIbHOrO TOKa H3-3a nOBblllleHHOH TeMnepaTypbl oXJIa)l()J.alO'

uteH cpe)J.bl. ECJIH cneUHaJIbHO He orosapHBaTb ycnoBHe OXJIa)I()J.eHHR, TO kT = 1,0; ka -

KOJclJclJHuHeHT HepaBHoMepHOCTH pacnpe)].eneHHH TOKa B napanneJIbHblX BeTBRX.
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K031lJI}>HI..{HeHT neperpY3KH k
nep

= IF(Ov/IFAVrnax' rJ].e IF(oV) - cpeJ].Hee
3Ha'IeHHe TOKa neperpY3KH. B pe)KHMe J])IHTeJIbHOH Harp}'3KH knep

= I.

K031}>IlJHI..{HeHT HepaBHOMepHOCTH pacnpe,Z:{eJIeHHH TOKa B napaJIJIeJIb-
HblX BeTBHX ka = IFnla/IFcp' r,Z:{e IFmax, IFcp

- COOTBeTCTBeHHO CpeJ].Hee

3Ha'IeHHe MaKCHMaJIbHO 3arp}')KeHHoro ClUJ H Cpe,l(HHSI 3arpY3Ka napaJI-

J1eJIbHbIX npH60poB. fipH npoeKTHpoBaHHH ,Z:{onycKaIOT HepaBHoMepHoCTb

pacnpe,Z:{eJleHml TOKa, cOCTaBIDIIOlI.{YID 10 %, 'ITO COOTBeTCTBYeT ka = 1,1.
onpe,Z:{eJleUHH npe,Z:{eJIbHOrO TOKa npH60pa C KOHKpernblM THnOM

OXJIMHTeIDI no CnpaBOqHblM HCTO'IHllKaM Bbl6HpaeTCH THn OXJIMHTeIDI.

Onpe,Z:{eIDIeTCH JI.illI 3a,Z:{aHHb1X KJIHMaTH'IeCKHX YCJIOBHH MaKCHMaJIbHaH

TeMnepaT)'pa OXJIa)KJJ;aIOlI.{eH cpeAbl Ta. 3aTeM paCCqHTbIBaeTCSl npe-
,Z:{errbHblH TOK no 1lJ0pMyrre HarpY30'lHOH cnoc06HoCTH, npHBe,Z:{eHHoH
B Ta6J1. 3.5.

Pe>KHM pa60'leH neperpY3KH .lJ)ISI nOJlynpOBO,/J,HHKOBbIX npH60poB Y'IH-
TbIBaeTCH, eCJm MHTerrbHOCTb neperpY3KH He npeBblUHleT 100 c. B 3TOM

pe)KHMe TOK neperpY3KH onpe,Z:{eIDIeTCSI no BLlpa>KeUHlO (3.51).
ECJIH MHTeJIbHOCTh pa60'leH neperpY3KH 60rree 100 c, TO cJle.llYer

nOJlb30BaThCH 1}>0pMyrraMH rom pe)KHMa J])IHTeJIbHOH HarpY3KH.
B pe>KHMe aBapHHHOH neperp}'3KH npH KOpOTKOM 3aMbIKaHHH H Bpe-

MeHH neperpY3KH ,Z:{O 10 MC (OAHH nOJlynepHO,Z:{ npH 'laCTOTe 50 nU TOK

neperpY3KH onpe,Z:{eJUleTCH no 1lJ0pMyrre (3.50).
qHCJlO nOCJIe,Z:{OBaTeJlLHbIX Cllll onpe,Z:{ellileTCSI H3 COOTHOllieHIUl

6. UFM HI/v.
q- ,

4m
2
fOJ (BI - Bo) 6.1

(5.5)

['JI.t q
- Ce'ieHHe MarHllTOnpOflOAa, M

2
; A UFM- paJ6anaHc npliMoro naAeHHIl Han ll)J(eHIUI

napanneJIbHblX cnn, B; HI - HanpllJKeHHOCTb Jl1lR T01fKH HaCbluteHHR no  HBOH
HaMar-

HH'iHBaHHR, A; I" - cpe,I],HIlR ,/J,IUlHa MarHHTHoH nHHHH MarHHTonpoBo,n,a, M, m - CKBa)J(-

HOCTb HMnYJlbCOB TOKa, Jl1lR MOCTOBOH cxeMbl m = Tit = 3,5;/- 'iaCTOTa HMnYJlbCOB TOKa,

rtt; BI - HHJlYKUHIl, COOTBCTCTByIOUtaR Hanpll)J(eHHoCTH HI, TJl; Bo- OCTaT01fHaR HHJlYKltIDI

CTaJIH cepAe1fHHKa, Tn; A I AonYCTHMblH paJ6anaHc TOKOD (ka = 1,1), A.

ArrSi paBHOMepHOro .n:eJleHHSI HanpH)KeHIUl npHMeHSIIOTCH aKTHBHble Rw,
eMKOCTHble C, CMelIIaHHbIe RC- H RCD-l..{enH, BKmo'laeMble napa.rrn:eJlbHO

Cllll. I1cnorrb3YlOTCH TaK>Ke BMeCTO 06bl'lHblX Cll11 J1aBHUHble AHOAbl H

THpHCTOpbl, ,Z:{OnYCKalOl/..lHe nOCJle,Z:{OBaTeJlbHOe BKJIIO'leUHe 6e3 Cnel..{HaJIb-

HblX ,Z:{errHTerreH.
COnpOTHBJleHHe IllYHTHPYIDll{HX pe3HCTopOB Rw npHHHMaeTCSI npH-

MepHo B 5 paJ MeHblIIe, qeM MaKCHMaJIbHOe COnpOTHBJleHHe Cll11 B noc-

J1e,Z:{oBaTeJlbHOH l..{enH, H paCC'lHTblBaeTcSI [26, 27] no l}>opMYJle

sU- Umax
Rw s ,

(s-l) IRmax
(5.6)

rAe s - IJHCJIO noeneliODaTeJIbHblX npH60poB; U - HaH60Jlblllee AonYCTHMoe HanpH)J(eHHe

Jl1lR o1I.Horo cnn AaHHoro KJIaCCa, B; Urn... - HaH60nblllee Hanpll eHHeHa nJIC'le
_

H3 S

nOCJIeJI.OBaTeJIbHLIX npH60poB, B; IRmax - HaH60JIbWHH nOBTOpl\lO HHCHHMnYJIbCHblH 06-

paTHLIH TOK cnn, A.

MOll.{HOCTh pe:mcTOpa

ksk
Ubmax

s- K
IIURSM

' (5.4)

2

P
UFRSM

w.
Rw

' (5.7)

rAe k. - KOJclJclJHuHeHT HepaBHOMepnoCTH pacnpe)(eJIeHIUI Hanpll)J(eHHR, JI.onycKaeTCR k. =
=1,1; kkn - KpaTiIOCTb nepeHanpll)J(eHHH, cornacHo [24, 31], Jl1lR TJll"OBblX npe06pa30BaTen:eH
npHHHMatoTCJl paBHblM 1,7--1,8; Ubmax - MaKCHMaJIbHoe 06parnoe Hanpll)J(eHHe Ha nJIC'le

npe06pa30BaTeJISI B HOpMaJIbHOM peJKHMe; URSM - HenOBTOpJllOuteecR Hanpll)J(eHHe.

rAe UFRSM - JclJclJeKTHBHoe 3Ha'ieHHe HanpR)J(eHHR Ha 3TOM pe3HCTope.

EMKOCTh IllYHTHpYIDlI.{ero KOH,Z:{eHCaTOpa, 06eCne'IHBalOlI.{erO BblpaB-

HHBaHHe HanpH>KeHHH B nepeXOJ].HblX pe>KHMaX, onpe,Z:{eIDIeTCH no 1}>0pMYJle

[26, 27], MK<I>,060cHoBaHHoro nOBblllleHHH Ha,n:e)KHOCTH B PMe CJIyqaeB K

norryqeHuoMY 3Ua'leHHlO S ,Z:{06aBJIJUOT OAHH Cnll H oKpyrJIJUOT B

60rrblIIYID CTOPOHY ,Z:{O l..{eJIoro 'lHCJla. B rpynnoBoM COeAIlHeHHH a

napaJIJIeJlbHbIX H S nOCJle.n:OBaTerrLHbIX Cllll B OJ].HOM nrreqe npe06-
paJoBaTeIDI H3-3a paJ6poca HX napaMeTpoB npHMelUllOT Mepbl B!>lpaB-
HHBaHIUl TOKa B napaJIJIeJIbHblX H HanpH)KeHHH B nocrre,Z:{OBaTeJlbHblX

COeAHHeHmlX (CM. pHC. 3.20, 3.21).
paBHoMepHoro ,Z:{eJIeHHSI TOKa Hcnorrb3YlOT no,Z:{60p cnn no npH-

MOMY HMnYJIbCHOMy HanpSl)KeHHlO HJIll BKJIIOqeHHe HHJ1YKTIfBHbIX ,Z:{eJIHTe-
JIeH. OJ].HOBHTKOBble HH.llYKl'HBHble ,Z:{eJIHTeJlH C MarHHTonpoBo,Z:{oM pac-
CqHThIBalOTCH no <lJopMyne
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(s-1)6.Q" 106C 
U U,

,

s
-

max

(5.8)

rAe A Q" - HaH60JIblllee 3HaIJeHHe paJ6poca no 3apJIJIY BOCCTaHOBJIeHHJI B nOene)(OBaTeJIb-

HOH uenH cnn (B KynoHax).

PeKOMeH,Z:{yeTcSI npHHHMaTb l:! Q,," Qmnax
- Qmnin ... Q,rmax (MaKCH-

MaJIbHOe 3Ha'leHHe 3apMa BOCCTaHOBrreHHH Cll11 ,Z:{aHHOrO THna).

THpHCTOpHblX CXeM nOCrre,Z:{OBaTeJlbHO C KOH,Z:{eHCaTOpOM BKmoqa-

eTCH HH3KOOMHblH pe3HCmp MH OrpaHH'leHIUl TOKa paJpH.lJ:a npH OTKpbI-

THH THpHCTOpa.
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napaMeTpbl RC- enHnpHHHMalOTCJI 06blqHO npH C = 1 + 5 MK<I> H

R = 10 + 50 OM Ha O,wlH cnn, qTO 06eCneqHBaer npH 'laCTOTe 50 r 
06 eeconpOTHBJleHlle llIYHmpYIO eH enHnpllMepHo 600-3200 OM.

RC- enHB YCTaHOBKax 50 r o6ecne<lHBaIOT BblpaBHHBaHHe HanpJl)KeHHJI,
npHKJIMblBaeMoro K cnn B Te'leHHe HenpOBO,l1.HLl{eH 'laCTH nepHo-
Aa. B TaKHX I1emIX MO)KHO npHMeHJlTb TOJIbKO RC- enH,OTKa3aBllIHCb OT

Rw- eneH.O.zuIaKO cJle,Z:{yeT yqHThlBaTb, 'lTO npH nOAaqe HanpJl)KeHHJI
nOHH)KeHHOH 'laCTOTbI lUllf nOCTOJlHHOrO TOKa RC- enHHe 06eCne'lHBalOT

paBHOMepHoe AeJIeHHe npllKJIa,Z:{blBaeMOro HanpJl)KeHlUI.
):(mI mpHCTopOB H CllJIOBbIX TpaH:mCTopOB 'laLl{e HCnOJIb3YIOTCJI RCD-

 enH(CM. pHC. 3.19,6).
HaH60Jlee nOJlHO np06J1eMa paCnpeAeJIeHIDI HanpJl)KeHHJI pelliaeTcJI

npH npHMeHeHHll cnn C J1aBHHHOH BOJIbT-aMnepHoH XapaKTepHCTllKOH.
DJlarOAapJl JIaBHHHoMY np06010 O,lUiOrO H3 nOCJIeAOBaTeJlbHbIX cnn Ha-

cT}'naer 3  eKTcaMoBblpaBHHBaHlUI npllJIO)KeHHOrO HanpSI)KeHmI. YBeJIH-

'lHBalOLl{eeCJI HanpJl)KeHHe npHKJIMblBaeTCJI K APyrllM, e eHe )1.0CmrIllHM

npOl..{ecca JIaBHH006pa30BaHHJI, npH60paM npH orpaHHqeHHOM TOKe J1a-
BHHHoro np060Jl H3-3a Toro, 'lTO OCTIlBllIHecJl cnn He n03BOJUIIOT TOKY

HapaCTaTb.

nepCneKTllBHO npHMeHeHHe nOJIynpOBO,lUiHKOBbIX orpaHH'lHTeJIeH Ha-

npJl)KeHHJI, BbInOJIHeHHblX Ha KpeMHlleBbIX nOJIynpOBO./.UlHKOBbIX CTpYKT}'-
pax C JU3YMJI BCTpeqHO BKJlIO'leHHbIMH p-n-nepeXOAaMH, 06J1a)J;alO HMH
JIaBHHHOH BAX.

PaCCMOTpHM npHMepHblH paC'leT BblpaBHHBalOLl{eH I1enH npH nOCJleAO-
BaTeJIbHOM COe,wlHeHHH ,wIOAOB.

npHMep 5.1. B nne'ie npe06pa30BaTeJIR COe1I.HHeHLI nOCJle)(OBaTeJIbHO S = 10 1I.HOAOB
Ka)J(JI.blH H3 KOTOpblX JJ;onycKaeT U = 200 B 06paTHoro HanpR)J(eHI1R. Hal160nblllee HanpII)J(e:
lIHe BeTHH Urn = 1500 B. MaKCI1MaJIbHblH 06paTHblH TOK AHOAOB JRmax = 10 MA. PaCCIJHTaTb
Heo6xo1I.HMOe COnpOTHBneHl1e aKTHBHoro JJ;enHTeml Hanpll)J(eHHR H paCCeHBaeMYIO MOl.l(HOCTb
B 1I.OnOnHI1TeJIbHblX YCTpOHCTBax lIeneHHJl.

no c1JopMyne (5.5) HaxOAHM

R
sU- Umax

w- -

(s - 1)/Rmax

10, 200 -1500
5 3

-5 5,10 OM.

(10 - 1)10 . 10-
3 '

EnH)J(aHlllee HaHMeHblllee HOMHHanbHoe COnpOTJolBneHHe pe3HCTopa 4,7 KOM.
MO HOCTb,Bbl1J.eJIRlOl.I(aRCSI B OAHOM pe3HCTope, B HaHxYAIlleM cnY'Iae

2
2

Pw _

UFRSM
_

200
_ 8,5 BT.

Rw 4,7 . 10
3

TOK, nOTpe6JllleMblH OT HCTOIJHHKa npH npHnO)J(eHHH 06paTHoro HanpH)J(eHHH
J- 200/(4,7 . 103) - 42,5 . 10-

3
A. 06utaR pacceHBaeMaR MOU(HOCTb uenl1 113 JJ;eCRTH 1I.HOAOB,

WYHTlipooaHHblx pe3HCTopaMH Rw = 4,7 KOM, P - Ubmax 1- 1500 . 42,5 . 10-
3
- 63,8 BT.
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5.6. np'-1HLi'-1nbl KOHCTPY'-1POBAH'-1S1_
3flEKTPOHHbiX nPEOEiPA30BATEI1E'-1

OCHOBHLle KOHCTpYKTHBHLle Y3JlLI CHJlOBLIX npeo6pa30BaTeJIeH. B CO-

CTaB npe06pa30BaTeJlbHOrO arperaTa BXO)J.SIT: 6J10KH CllJIOBblX nOJlynpo-

BO,lUillKOBbIX npH60pOB (CM. npllJIo)K. 6); 6JIOKH ynpaBJIeHHH, 3aLl{HTbl H

CHrHaJIH3a HH;TpaHC OpMaTopHO-peaKTOpHOeo60pYAoBaHHe;KoH)J;eHca-
TOpbl; CHCTeMa mma)K)J.eHHH; CllJIOBbie llIHHbl; KapKac; KOMMyra HOHHaH

annapaT}'pa. B HeKOTopblX Bll)J;aX npe06pa30BaTeJleH 'laCTh ll3 3mx Y3J10B

MO)KeT OTcyrCTBOBaTb.

Tpe60BaHlUI K KOHCTpYKI\HHM nOJlynpoBoAHHKOBLIX npeo6pa30BaTeJIeH.

Tpe60BaHHH 3aBHCHT OT Ha3Ha'leHHJI H YCJlOBHH 3KcIIJIyaTal.UiH npe06pa-
30BaTeJlbHblX arperaTOB. Ho HMelOTCJI 06Ll{He Tpe60BaHHJI, KOTOpblM

,lJ.OJl)KHbl YAOBJleTBOpSITb Bce arperaThI:
Ka)K)J.bIH Y3eJl H 3J1eMeHT npe06pa30BaTeJUI AOJI)I(eH Ha,n:e)KHO pa60TaTb

B HOpMaJIbHOM pe:>KHMe H 6e30TKa3HO BbInOJIIUITh  YHKI..{HHB Henpe,Z:{yC-

MOTpeHHblX pe:>KHMaX, OTJlH'laroLl{HXCJI OT HOpMaJIbHbIX, a}aK)Ke BOCCTa-

HaBJlHBaTh pa6oTocnoco6HoCTh nocJle OTKJllQ'leHHSI YCTpoHCTBaMH 3a H-

Thl B aBapHHHblX pe)KHMaX;
B HOpMaJIbHOM pe)KHMe TeMnepaT}'pa TOKoBeJJ.Yll\Hx qaCTeH, ll30JUII..{H-

OHHblX H KOHCTpYKI..{HOHHblX AeTIUIeH He ,lJ.OJDKHa npeBbIllIaTb 3Ha'leHHH,

YCTaHOBJleHHblX JI.illI COOTBeTCTBYIOIIIHX MaTepHaJIOB;

TOKOBe,Z:{ylllHe AeTaJIll AOJDKHbl BbI)1.ep)KHBaTh 6e3 OCTaTO'lHbIX )1.e op-
Mal..{HH TepMll'leCKHe H :meKTpO,wlHaMH'lecKHe neperpY3KH, B03MO)KHble B

npOl..{ecce pa60Tbl;
H30JUIUHJI Ka)K)J.OrO 3JIeMeHTa ,lJ.OJI)KHa BbI)1.ep:>KHBaTb B03MO)KHble nepe-

HanpJl)KeHHSI C 3anaCOM, yqHTblBalOl HMYXY,lJ.llIeHHe CBOHCTB H30JUI HH

H3-3a CTapeHHH, 3arpJl3HeHHH, YBJIa)KHeHHSI;

npe06pa30BaTeJIbHbIH arperaT AOJI)KeH HMeTb BblCOKYIO CTeneHb 3aBO,lJ.-

CKOH rOTOBHOCTH, 6blTb BbInOJlHeHHbIM B BH)J;e KpynHblX 6JIOKOB, Tpe6y-

IOllIHX MHHHMYMa MOHTIl)KHbIX H HaJIa,n:O'lHblX pa60T npH YCTaHOBKe Ha

06'beKTe;
KOHCTp)'KIIIUI Ka)K)J.OrO 3J1eMeHTa npeo6pa30BaTeWI ,lJ.OJl)KHa 06eCneqH-

BaTb Y,lJ.06CTBO H 6e30naCHOCTh 06CJIY)KHBaHHH H MHHHMaJIbHble 3aTpaTbl

Ha peMOHT H HaJIa,II,KY;

npe06pa30BaTeJIb AOJl)KeH HMeTb HaHMeHblllHe pa3MepbI, Maccy H CTO-

HMOCTh, KOHCTp)'KIIHH )1.0Jl)l(Ha 6bITb TeXHOJlOmqHOH, AonYCKaTh aBTOMa-

m3aIlHIO npOH3BO,lJ.CTBeHHbIX npOl..{eCCOB npH H3rOTOBJleHHH H 3KCnJIyaTa-

I..{HH;

npeo6pa30BaTeJIbHblH arperaT AOJI)I(eH 6blTb TeXHH'leCKH COBepllleH-

HblM, 3KOHOMHqeCKH onpaB,lJ.aHHblM H 3CTeTIiqeCKH Bblpa3HTeJlbHbIM.

YHHlllHKal\1UI Y3JIOB npe06pa30BaTeJIbHLIX arperaTOB. nO,lJ. YHH HKa-

I..{HeH nOHHMaeTCJI pal.lllOHaJIbHOe COKpaIIleHHe 'lHCJIa mnOB, Bll)J;OB H

pa3MepOB H3,lJ.eJIllH O,wlHaKOBOrO  YHKIIHOHaJIbHOrOHa3Ha'leHIUI. B ee

OCHOBe J1e)KllT B3aHM03aMemleMOCTh, AOCTHraeMaH 6JIarOAapH CTaH,l1.apm-
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3a mipa3MepOB ll3.u;eJIHH, KOMllJIeKCHOem (C yqeTOM B03MO)I(HOCTH Pa3-

JIllqHblX YPOBHeH YHH<lmKa llll-  eXOBOH,3aBo.u;CKoH, OTpaCJIeBOH II

T..u;.), HopMa.rrn3a llHKOHCTp}'K llllB pe3YJILTaTe 3aHMCTBOBaHllH HX H3

Pa3JIllqHbIX HOpMaJIeH H rocy.u;apCTBeHHblX CTau.u;apTOB, nOCTpoeHIUI pa3-

MepHo-napaMeTpllqeCKllX PAAOB C B03MOX<HOCTbIO onpe.n:eJIeHllH onTH-

MaJIbHOrO KOJlHqeCTBa YHll ll llpyeMblxnapaMeTpOB. CJle,nYeT 3aMeTllTb,

'ITO YHH llKa 1UIHe Bcer,na ,naer Henocpe,nCTBeHHblH 3KOHOMHqeCKllH 3 -
 eKT,TaK KaK npll ee npOBe,n:eHHllllCnOJIL3YeTCJI npllHQHn ll36bITO'lliOrO
3anaca (npOqHOCTll, eMKOCTll II T.,n:.). 3T0 3HaqllT, qTO Ha ll3.u;eJIHH MeHb-

lIIllX nmOpa3MepOB YCTaHaBJIHBaIOTCJI ,n:eraJIH II y3JILI 60JIblIIeH npOqHOC-

TH, qeM 3TO Tpe6yeTcJI no YCJlOBHJlM pa60TbI. npll cepllHHoM npoll3Bo,n:-
CTBe npe06pa30BaTeJIeH, KaK npaBlUIo, YHH HKa llHnpllHOCHT 061l.{llH
3KOHOMHqeCKllH 3  eKT.

TeXHOJlOfHIfHOCTb KOHCTpYKI(HH. 31'0 nOIDITHe npe.nyCMaTpllBaeT KOH-

CTpy"pOBaH"e, KOTOpoe npH c06mo,n:eHllll Bcex 3KCnJlyaTa lloHHb1XKa-

qeCTB ll3,n:eJlllJl (npoll3Bo,n:HTeJlbHOCTb, Ha,n:e)I(HOCTb, 3KOHOMllqHOCTb,

y,n:06CTBO B 06CJlYX<llBaHllll) 06eCneqHBaeT MllHllMaJIbHble Tpy,n:oeMKoCTb
ll3rOTOBJIeHHH, MaTepllaJIOeMKOCTb II ce6eCTollMoCTb, a TaKx<e B03MOX<-

HOCTb 6blCTpOrO OCBoeHHH cepllHHoro BbmYCKa Ha 6a3e npllMeHeHllJl co-

BpeMeHHblX BbICOKonpOll3Bo,n:HTeJIbHbIX MeTO,n:OB H3rOTOBJIeHIUI ,n:eTaJIeH II

C60PKll Y3JIOB.

npll oTpa60TKe KOHCTp}'Kl..{llll Ha TeXHOJIOrllqHOCTb p.elIIaIOT CJle.nyIO-

Ll{He 3a,n:aqH: 060CHOBaHHblH Bbl60p KOMnOHOBOqHOH cxeMbI KOHCTp}'K-
 llH;,n:OCTIix<eHlle npOCTOTbl II  eJIeC006pa3HOCTHKOHCTp}'KTHBHO-TexHo-
J10rHqecKllx pelIIeHllH ,n:eTaJIeH Ii Y3J10B; nOCTpoeHlle H3,n:eJIHH no 6J10qHO-

Y3J10BOMY cnoc06y H pa3,n:eJleHlle CJIOX<HbIX Y3JIOB Ha qaCTll ,n:JIJI

B03MOX<HOCTH napaJIJleJlbHOH He3aBllCllMOH C60PKH, nOOnepal..{HOHHoro
KOHTpOIDl H HaJIa)I,I<H; 06ecneqemre CeJleKTliBHOH C60PKH Ha 6a3e B3allMO-

3aMeIDIeMOCTIf ,n:eraneH H Y3J10B, YHll llKal..{llll,HOpMaJIll3al..{HH II CTaH,Z:J:ap-
ni3al..{llll ,lIeTaJIeH, Y3J10B Ii KOMnJIeKTyIOLl{eH annapaT)'pbI.

TexHOJlOrHqHOCTb KOHCTp}'Kl..{llll Ol..{eHHBaeTCJI pRn:OM KOJlHqeCTBeHHblX

nOKa3aTeJleH. 0606Ll{aIOll.{eH xapaxrepllcTHKoH TeXHOJIOfllqHOCTH KOH-

CTp}'Kl..{llll JlBJUleTCH ee CTOHMOCTh.

Ha)J.eamoCTL nOJlynpOBOJl.HHKOBLlX npe06pa30BaTeJleH H annapaTOB.

Ha,n:eX<HoCTb KaK rJlaBHblH nOKa3aTeJlb KaqeCTBa onpe,n:eJUleTCJI 6e30nac-

HOCThIO II peMOHTonpllro,lUiOCTbIO. DJlaro,n:apJl COOTBeTCTByroll.{eH Ha,n:ex<-

HOCTll 06ecneqllBaeTCH coxpaHeHlle 3KCnJIyaTal..{HOHHbIX nOKa3aTeneH npe-

06pa30BaTeJUI B 3a,1J,aHHb1X npe,n:enax. OmKa30M Ha3bIBaeTCH c06blTHe, 3a-

KmoqaIOll.{eeCJI B nOJlHOH HJIll qaCTHqHOH yrpare pa60Tocnoc06HOCTH
06'beKTa.

Ee30mKa31l0Cmb1O Ha3bIBaeTCH CBOHCTBO 06'beKTIl HenpepblBHO coxpa-
HHTb pa60TOcnoc06HOC1'b II HOpMaJIbHO BbInOJlHJITb CBOll  YHKI..{HHB npe-
,n:enax ,n:onYCKOB B TeqeHlle 3a,n:aHHoro BpeMeHH B pe)I(HMaX, onpe,n:eneH-
HblX TeXHllqeCKllMll YCJIOBllHMH. KOnllqeCTBeHHO 6e30TKa3HOCTh Ol..{eHllBa-
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eTCH AJIHTeJIbHOCTbIO HITH 06'beMOM 6ecnepe60HHOH pa60Tbl, a TaKx<e

KOCBeHHblMll BepmrrHOCTHblMH nOKa3aTeJUlMH (llHTeHCHBHOCThIO OTKa30B,

Hapa60TKOH Ha OTKa3 H ,n:p.).
J(OllzOee'lHOCmb - 3TO CBOHCTBO ll3,n:eJUUI AJIHTeJlbHO (c B03MOX<HbIMll

nepepblBaMll Ha peMOHT) cOXpaHHTh pa60Tocnoc06HOCTh B mo6bIX pa60-
[lllX pe>KHMaX, orOBopeHHblX B TeXHllqeCKHX YCJlOBIUIX, Jl.0 pa3pyuIeHIiH

HJIll ,n:pyroro npe,neJIbHOrO COCTOJlHllH; KOJlHqecTBeHHO XapaKTepll3Ye1'CJI
TeXHHqeCKHM pecypCOM, ll3MepHIOIl.{HMCJI npo,n:OJDKHTeJIbHOCThIO nepHo,n:a
OT HaqaJIa 3KCllJIyaTal..{llll ,no ll3HallillBaHIUI 3a BblqeTOM BpeMeHH peMOHTa.

PeMOHmonpUZO()Hocmb npe06pa30BaTeJUI xapaxrepH3Ye1' npHcnoc06-
JIeHHOCTb ero KOHCTp}'KQHH K BOCCTIlHOBJleHHIO HcnpaBHoro COCTOHHIUI II

nOMep>KaHHIO 3a,1J,aHHoro reXHHqeCKOrO pecypca nocpeJl.CTBOM npe.nyn-

pe>KJI:eHHH, 06Hap}')KeHHH H yCTpaHeHHH HellcnpaBHOCTH H OTKa30B; KOJlH-

qeCTBeHHO OQeHHBae1'CJI Tpy,AOeMKOCThlO BOCCTaHOBJIeHHH pa60Tocnoc06-
Hoem.

Ha,n:eX<HOCTb, KaK H ,n:pyrue napaMeTpbl npe06pa30BaTeJUl, Jl.OIDKHa

3a,AaBaThCH B TeXHllqeCKllX 3a,n:aHllHx Ha pa3pa60TKY. qeM BbIllie Tpe60Ba-
HHH K Ha,n:eX<Hocm, TeM 60JlblIIe YCHJIHH H MaTepHaJIbHbIX 3aTpaT Tpe6y-
eTCH .D.JUI ee 06ecneqeHHH. n03TOMY ypOBeHb Ha,n:eX<HOCTH onpe,n:eJUleTCH
KaK KOMnpOMllCC Me>KJI:)' 3aTpaTaMH H nOJIyqeHHbIM 3  eKTOM.Ha,n:e>K-
HOCTb nOJIynpOBO,lUiHKOBbIX npe06pa30BaTeJIbHbIX arperaTOB 3aBHCHT OT

Ha,IJ.eX<HOCTH KOMnneJ<TYlOll.{llX ll3,n:eJIHH (B OCHOBHOM CHJIOBbIX nOJIynpo-

BO,lUillKOBbIX npll6opOB) H annapaTYpbI, KaqeCTBa cxeMbI H KOHCTp}'KI..{HH
OCHOBHbIX 3J1eMeHTOB arperaTa.

npll KOHCTpy"pOBaH"H npe06pa30BaTeJIeH npHMeHJUOTCH CJle.nyIOIl.{He
MeTO,AbI nOBbIlIIeHHH Ha,n:eX<UOCTH: npllMeHeHHe Ha,n:eX<HbIX 3J1eMeHTOB,

06ecneqeHlle HOpMaJIbHOro peX<HMa pa60Tbi 3J1eMeHTOB, nOBbllIIeHHe Tex-

HOJlOrllqHOCTIf H3,AeJIHH Hero Y3J10B, YHH HKal..{lUI3J1eMeHTOB H Y3JIOB,

nOBbIlIIeHlle peMOHTonpHro,lUiOCTH. BaX<HeHlIIee 3HaqeHHe HMeeT 06ecne-

qeHlle TeMnepaT)'pHoro pe>KHMa enn. Oc06eHHO HeraniBHO Ha pa60T)'
enn BJIHJleT COqeTaHlle THx<eJloro reMnepaTYpHoro peX<llMa C QHKJIH<leC-

KllMH ll3MeHeHHHMH HarpY3KH, TaK KaK cnn He,nOCTaTOqHO YCTOH'lHBbI K

I..{llKJIHqeCKHM ll3MeHeHHHM reMnepaTYpbI. Bce KOMnneKTyIOll.{lle npe06pa-
30BaTeJlbHOrO lIIKa a3J1eMeHThI ,n:eJUlT Ha TepMHqeCKH aKTllBHble (BbI,D;e-
IDlIOll.{lle TellJIO npll pa60Te) H TepMHqecKll naCCllBHble 3J1eMeHTbI (He
paccellBalOll.{lle TeIIJIO, HO 06bl<1HO OqeHb qYBCTBHTeJIbHble K TeMnepaTY-

pe). TepMllqeCKll aKTliBHble 3neMeHTbI (Cnn, TpaHC opMaTopbI,aHO,lUible
,rq>occeJIH, MOLl{Hble pe3llCTopbI, TOKoorpaHll'lHBalOll.{lle peaxropbI, HH,1I,JK-

THBHble ,nenHTeJIH, CHJIOBbIe lIIHHbI) YCTaHaBJIHBaIOTCJI B cneQHaJIbHOM

OTceKe lIIKa<!)a, OTrOpox<eHHOM OT ,npyrHX 3JIeMeHTOB 3KpaHaMH HJIH nepe-

rOpO)I,I<aMH ll3 TellJI0ll30nllpYlOll.{erO MaTepllaJIa, BblHOCHTCH 3a npe,n:eJIbI

lIIKa aHJIH KpemrrCH Ha ero KpbIlliKe. npH He06xo)I,IiMOCTH npHMeHeHHH

npHHY.D:HTeJlbHOro mma>KJI:eHllH oxna>KJI:alOll.{llH B03.n:yx HJIH JKH,lJ,KOCTb Ha-

npaBIDleTCJI CHaqaJIa qepe3 60JIee XOJIO,lUibIe naCCllBHble, a ,D;aJIee qepe3

HarpeTble aKTllBHble 3J1eMeHTbI.
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KOMnOHOBKa npeo6pa30BaTeJIbHLIX arperaTOB, ITpll KOMnOHOBKe Ba:>K-

HOe :ma'IeHlle llMelOT B3allMHoe pacnOJlO:>KeHlle OCHOBHblX 3neMeHTOB ar-

peraTa II B3allMHoe pacnOJlO:>KeHlle }'3nOB Ka:>K,I:(oro 3J1eMeHTa. Pa3nll'IaIOT
MOH06no'IHYIO,  YHKQHOHanbHO-Y3J10BYIO,COBMellleHHyro KOMnOHOBKll

3J1eMeHTOB B arperaTe. TIpll M01l06110'l1l0U KOMnOHOBKe TpaHc opMaTOp,
CllJIOBaH 'IaCTb C eTITI, KOMMyraU;llOHHaH, CllrHaJIbHaH II 3alllll'IHaH anna-

paT)'pa pa3MelllalOTCJI B O,lUiOM lIIKa yllJlH B Ll{HTe, npe,Z:{CTaBIDIlOllleM
C060ll e,lUfHyro KOHCTp}'KQllIO. ECJlH OCHOBHble 3J1eMeHTbl npe06pa30Ba-
TeJIbHOrO arperaTa npe,lJ.CTaBIDIIOT 4>YHKQHOHaJIbHO 3aKOH'IeHHble ll3J{e-

JIHJI, Ka)l()J;oe ll3 KOTOpbIX O OpMJIeHOB OT,lJ.enbHOe KOHCTp}'KTllBHoe
QeJloe, TO KOMnOHOBKa OCYLl{eCTBJlJleTCJI no rPYllKl/UOllallbIl0-Y311060MY
npllHQllny. ITpll 3TOM arperaTbl MOryr KOMnOHOBaTbCJI C YCTaHOBKOll
OCHOBHbIX 3J1eMeHTOB (npe06pa30BaTeJIbHLlll TpaHc opMaTOp,lIIKa4> Cll-

nOBbIX nOJlynpOBO,lUillKOBbIX npll60pOB, lIIKa pacnpe,lJ.eJIHTeJIbHbIX YCT-
pOllCTB) BnJIO'IHyro ,lJ.pyr K ,lJ.Pyry C MexaHll'IeCKllM II 3J1eKTpll'IeCKllM CO'I-
J1eHeHllHMll, 06eCne'lliBalOlllHMll eMHbIll KOHCTp}'KTIiBHbIii KOMnneKC, IUlll

MOHTIipOBaTbCSl HenOCpe,lJ.CTBeHHO Ha 06'beKTe npHMeHeHIDI npe06pa30Ba-
TeIDI (B pa3J1H'IHbIX MeCTax, npe.lJ.)'CMOTpeHHbIX )J.JUJ HHX). C06MeUjeHHOU
Ha3blBaeTCH KOMnOHOBKa, npH KOTOpOll )J.JUJ YMeHblIIeHllH pa3MepOB II
MaCCbl npe06pa30BaTeJlbHblii TpaHC opMaTOpII CHJIOBaH 'IaCTb C nOJlY-
npOBO,lUIllKOBbIMll npll60paMH O OpMIDIIOTCJIB 06Ll{llii 6JIOK C 06111eii
CllCTeMoii OXJIa)KJ{eHllJl.

):(mI arperaTOB MaJIoii MOLl{HOCTIi (,lJ.0 25--40 KBT) OnTIiMaJIbHblM
HBIDIeTCH MOH06JIo'IHblii BapHaHT. ArperaTbI cpe,lUIeii MOlllHOCTIi (,lJ.0
1000 KBT), KaK npaBlUlo, HMelOT  YHKQHOHaJIbHO-Y3J10BYIOKOMnoHoBKY
B BH.ZJ:e eMHoro KOHCTp}'KTlIBHOro KOMnJIeKca. TIpH 60JIblIIllX MOlll-
HOCTJlX nOJlynpOBO,lUiHKOBble arperaTbl MOHTHpyroTCJI no  YHKU;llOHaJIb-
HO-Y3J10BOMY cnoc06y C pa3,lJ.eJIbHOll YCTaHOBKOll OCHOBHblX 3JIeMeHTOB.
TaKHM cnoc060M MOHrnpyroTCg BbmpJlMllTeJlbHble arperaTbI TgrOBblX

nO,lJ.CTaHQHll, npe06pa30BaTeJIH 3JIeKTponO,lI,BH:>KHOro COCTaBa.

ITpll KOMnOHOBKe OT,lJ.eJlbHbIX 3J1eMeHTOB Ba:>KHOe 3Ha'IeHlle llMeeT

O OpMJleHHeB KOHCTpy:KT}<EHO 3aKOH'IeHHblii Y3eJl O,lJ.Horo Mnll HeCKOJIb-
KllX eITn, YCTaHoBneHHL Ha OXJIa,!:{HTeilliX II c06paHHblx no onpe,Z:{eneH-
HOll cxeMe, annapaT)'pbl  Ll{HTblH ynpaBJIeHIDI npH60paMM H lllllHHblX

BbIBO,lJ.OB. TaKlle Y3J1bl nc I"npOBO,lJ.HllKOBbIX npe06pa30BaTeJlell Ha3bma-
lOT CWl06blMU 6JlOKaMU. Pa3Jdl'iaIOT ClliIOBble 6J10Kll eTIn C eCTeCTBeHHbIM,
npllHY,lJ.llTeJIbHbIM B03.lJ.)'lIIHhIM II :>KHJ{KOCTHbIM mma)KJ{eHlleM. 11:3 OT,Z:{eJIb-
HblX YHH llQllpOBaHHblxClillOBblX 6noKoB Mor}'T MOHTIipOBaTbCJI npe06-
pa30BaTeJIH no pa3JIH'IHblM cxeMaM II paCC'IHThlBaTbCJI Ha pa3JIll'IHble
MOLl{HOCTH. TIpll 3TOM c.-c; :'Bble 6JIOKll ,lJ.OJI:>KHbl 06eCne'IllBaTb: nonHYlO
B3allM03aMeHSIeMoCTb, npocToTy, TeXHOnOrll'IHOCTb II u;eneC006pa3HOCTb
KOHCTp}'KU;llH; paBHOMepH(je ,r.{eJleHHe TOKa; e,lUfHyro cHcTeMY OX.iIa)!(,lJ;eHIDI;
Y,lJ.06CTBO C60PKll; npoCT01)' 06cJlY:>KHBaHHSl; Y,lJ.06CTBO KOHTpOJIR; Maccy
He 60JIee 20---25 Kr; MaKCHMaJIbHYlO YHll llKau;moII CTaH.U.aplIf3au;mo
,lJ.eTanell; TeXHOJlOm'IHOCTb, 3CTeTH'IHOCTb II MllHllMaJIbHyro CTOllMOCTb

KOHCTp}'KQllH.
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6. BblnPStMMTEI1M

6.1. HA3HAI.IEH'-1E '-1 KI1ACC'-1CJ>'-1KA'-''-1 BbJnP M'-1TEJ1EA

eTpYIUYPHaH cxeMa BblUpHMHTeJIH. BbmpJlM TeJIb(PllC. 6.1) B 06111eM

CJIY'Iae npe,lJ.CTaBIDIer c060ii arperaT, COCTOJlLl{llllll3 npeo6pa30BaTeJlbHO-
1'0 TpaHC OpMaTopaI, BbmpSlMHTenbHoll cxeMbl (yCTaHoBKH) 2, Crna:>KH-

BalOLl{erO  lliIbTpa3, YCTpOHCTB ynpaBJleHIDI H 3aLl{HTbI 4 II aBTOMaTIi'IeC-

Koro perynHpoBaHllSi 5.

BbmpJlMHTenbHaH yCTaHoBKa BbmOJIHJleTCJI Ha OCHOBe )J.HO,lJ.OB II TH-

pllCTOpOB, a B OT,lJ.eJlbHbIX cnY'IaHX Ha OCHOBe CHJlOBbIX TpaH3llCTopOB.

OCHOBHoe Ha3Ha'IeHHe BbmpSiMllTeIDI 3aKmo'IaeTCSl B npe06pa30BaHHll
nepeMeHHoro TOKa B nOCTOJlHHbIii (nYJlbCHpyrolllHll BbmpJlMneHHblH) TOK.

)],onOJIHllTenbHOll  YHKU;HeHBbmpHMHTeIDI MO:>KeT 6blTb perYJlHpOBaHlle

HanpJl:>KeHllSi Ha BbIXOJ{e B pe3ynbTaTe H3MeHeHmi HanpH:>KeHllJl Ha BXO,lJ.e

BblUpSiMllTeJIbHOH YCTaHOBKll HnH yrna OTKpbITOro COCTOJIHIDI nonynpo-
BO,lUiHKOBLIX npH60pOB. TaKHe BbmpSlMHTenll Ha3 BaIOTCJIynpa6JlJleMbl-
MU. HeynpaBIDIeMble BblUpJlMHTenll He HMelOT YCTpOllCTB P.JUI perYIDIpOBa-
HllH HanpSl:>KeHIDI TpaHc opMaTopa,a BbmpJlMHTenbHble YCTaHOBKH TaKllX

BblUpJlMllTenell BbmOJlHHIOTCJI Ha ,lJ.llo,lJ.ax. B ynpaBillieMblX BblUpJlMHTeIDIX

perYJlllpOBaTb HanpJl:>KeHHe MO:>KHO, nepeKJIlO'IaH BllTKll npe06pa30BaTeJIb-
Horo TpaHc opMaTopaHIDI npHMeHJIJI ynpaBJUleMyro BblUpJlMHTeJIbHyro
YCTaHOBKY Ha THpllCTOpax IUlH TpaH3HCTopax. BbmpJlMllTeJlll C ynpaBIDIe-
MOll BbmpJlMllTeJIbHOll YCTaHOBKOll JlBIDIIOTCJI 06palI{aeMblMll H Mor}'T
pa60TaTb B HHBepTopHOM pe)/(HMe. BbmpJlMllTeJIbHb eYCTaHOBKH, BbIUOJl-

HeHHbie Ha THpllCTopax H MO,lJ.ax, 06na,!:{alOLl{lle CBOllCTBaMll perynllpoBa-
HIDI HanpJl)/(eHHSl, HO He n03BOIDIIOLl{He OCYllleCTBillITb nepeXO,lJ. B pe:>KHM

HHBepTopa, 06bl'IHO Ha3bIBalOTCJI nOJlyynpa6JlJleMblMU.
B HeKOTopblX CJlY'IaHX OT,lJ.eJIbHble 3BeHbH BbmpJlMHTeilli Mor}'T OT-

C}'TCTBOBaTb. B HeynpaBIDIeMblX BblUpHMHTeIDIX, nOCTpoeHHblX Ha M-

O,lJ.ax, HeT YCTpOllCTB ynpaBJleHHSl II aBTOMaTH'IecKoro perynHpoBaHIDI.
npe06pa30BaTeJlbHblH TpaHC OpMaTOpHe npllMeHSIIOT, ecnll HeT He-

06XO.lUIMOCTIi comaCOBblBaTh ueUH llCTO'IHHKa II nOTpe6llTeIDI no

HanpSl:>KeHlllO. Kor,Z:{a He npe,lJ.'bHB.lliIIOTCJI onpe.u.eneHHble Tpe60BaHHH
no Ka'IecTBY BblnpJlMJleHHOrO TOKa, TO MO)/(e'!' OTC}'TCTBOBaTb Crna)/(H-

BalOLl{ee YCTpOllCTBO.

PilC. 6.1. CTpYKTYPHaR cxeMa

BbInpRMllTeJUI

=m-
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K.JIaccHclIHKal\HH BLmpHMHTeJIeH (pHC. 6.2). B 3aBHCllMOCTH OT 'mcJla

 a3nllTaIOllleH CeTll pamH'iaroT BbmpJlMllTeJIH o,lUio a:3HoroII MHoro-

 a3HOrOTOKa. BbmpJlMJIeHHOe HanpJlIKeHlle He ll.u:eaJIbHO. OHO llMeeT

onpe.u:eJIeHHOe 'illCJlO nYJThCal.\llH 3a nepllO,n: nllTaIOll.{ero HanpJlIKeHIUI.
qllCJlO nYJlbCaQllH BMnpJlMJIeHHOrO HanpJlIKeHHJI q 3aBHCllT OT 'illCJIa

 a3nllTaIOllleH CeTll II OT cxeMbl coe;:UlHeHIUI BTOpH'lHbIX 06MOTOK

npe06pa30BaTeJThHOrO TpaHC OpMaTopaII nOJIynpOBo,n:IUI.KOBbIX npH-

60pOB BbmpJlMllTeJlbHOH YCTaHOBKH. BblnpJlMllTeJlH O,lUiO a3HOroTOKa

Moryr 6bITb O,lUiOnYJIbCOBbIMH (q = 1) II ,lI,ByxnYJIbCOBbIMH (q = 2).
BbmpJlMHTeJlll MHoro a:3Horo TOKa (m > 1) MOIKHO BbmOJIHHTb C

'lllCJIOM nym,Cal.lllH q = lan, r.u:e k = 1, 2, 3, ... . llpllMeHeHlle

I BimpRMumellu
-

I
n

I
.

o YUClfY tpa3 numalOUleu cucmeM6/

OtJHO-
ngll6c0661e

q.;1

tJ6yx-
nYI11>c066,e

q;2

HHOZO-

nY1l6c061>1e
q>12

tJ6eHatJqamu-
nY1l6c061>1e
m=3,q.;12

wecmu-

"YIf"c066Ie
m=3,q=6

Do CXeHe COnpRH<eHUR mpaHctpopHamopa U ycmaH06Ku
,.

I 1

H!Jlle661e ("6e orfpamHb/e Mocm066/e36e3tJ6/ c ypa6HumeJIbHI>IH
peaKmopOM,cxeHa KlO5l1epa) (cxeMa napuoHo6a J

Hgl1eDi/e Hocmo661e

Do tpljHKII,URM pezljllup06aHuR U 05paUlaeHocmu

HfljnpaDIIReHb/e

HforfpaUlaeM6/e 6 peH<UM uH6epmopa
(He nOlfHocmblO Ijnpa6l1ReHb/e)

oOpaUlaeH6/e D peN<UM uH6epmopa
(nOlfHOCm6JO ynpa6l1ReMI>,e)

c peZYlfupljeM6J,.,
npeorfpaJ06amell6HI>IH mpaHctpopnamopoM

c IjnpaDlllleHOU
mupucmopHo-tJUOtJHOU IjcmaHo6Kou

PHC. 6.2. CrpYKTYPHaR cxeMa KJIaCCmlJHKaUHH BbmpSlMHTeJIeH
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 UdI : Vn RdI

C

0) + Id.

.!1- T Vn 1

IUd:g 1------
Rd

Vz

AHoiJHaR epynna

PHC. 6.3. HynesaR (a) H MOCTOBaR (6) cxeMbl BbmpRMJIeHHIl

HaxoWlT TpeXnYJlbCOBble (q = 3), IlleCTllnYJIbCOBble (q = 6), ,lI,BeHa,n:-

l.laTHnYJIbCOBble (q = 12) BbmpHMHTeJlll. Moryr npHMemlThCJI BbmpJl-

MHTeJIH II C 6dJIbIllllM 'lHCJlOM nYJIbCal.lHH.

CYllleCTBeHHblM npH3HaKOM B KJIaCCll llKal.lHll JlBJlHeTC5I CTpYl<Typa

CBJl3eH BTOpll'lliOH 06MOTKll npe06pa30BaTeJlbHOrO TpaHC OpMaTopaII

BbmpJlMllTeJThHOH CXeMbl. Pa3JIH'JaIOT HYJIeBble H MOCTOBble cxeMbl Bbmp5l-

MllTeJleH.

B HYJleBblX cxeMax (PHC. 6.3, a) HarpY3Ka BKJIIO'laeTCJI Me BbIBe.u:eH-

HOH HYJleBOH TO'lKOH BTOpH'lliOH 06MOTKH TpaHC opMaTopaII 061I.\eH

KaTOJ(HOH llJlH aHO,lUJOH TO'lKOH 3JIeKTpoHHbiX npll60poB BbmpJlMllTem.-

HOH cxeMbI. HYJleBble cxeMbl llHa'le Ha3bIBaIOT oOIlOmaKmltblAIU, TaK KaK B

Te'leHlle OJ(Horo nepllo;:r:a no BTOpll'lHbIM 06MOTKaM TOK npOTeKaeT TOJIb-

KO OJJ.llH nOJlynepllo;:r:.
B MOCTOBblX cxeMax (PllC. 6.3, 6) HarpY3Ka BKJ1IO'iaeTC5I Me)I()J.Y 06ll.{ll-

MH TO'lKaMH aHOJ(HOH II KaTO,lUJOH TOKoc6opHbIX rpynn I10JlYIlPOBOJ(HH-
KOBblX npll60poB. BTOpll'iHaa 06MOTKa TpaHC OpMaTopaHe HMeeT BbIBO-

.u:a HYJleBOH TO'lKH, a nOJlynpOBo;:umKOBble npll60pbl napaMll IIpHCOe.lUl-
HHIOTCJI K BblBo;:r:aM  a3BTOpH'lHOH 06MOTKH TpaHC opMaTopa:O.l1.llH -

aHo;:r:OM, .u:pyroH - KaTo;:r:OM. llapbI npll6opOB 061>eJJ.llmUOTCSI B cxeMY

MOCTa. MOCTOBble cxeMbl Ha3blBaIOT o6yxmaKmHblAIU, TaK KaK B Ka)I()J.OH

 a3eBTOpH'lHOH 06MOTKH TpaHc opMaTopaTOK npOXO.l1.llT B Te'ieHHe

Ka)I()J.OrO nOJIynepHo;:r:a, T. e. B Ka)I()J.OM nepHo,n:e 06MOTKa HarpYIKaeTCJI B

060llX HanpaBJleHlUlx.

HYJleBble II MOCTOBble cxeMbl ;:r:eJllITCH Ha npoCTble H CJlOIKHble. CJIOIK-

Hble cxeMbl 06pa3yIOTCH ll3 npoCTblx HX napaJ1J1eJIbHblM llJIli nOCJIe.u:OBa-

TeJIbHblM COe.l1.llHeHlleM Ha CTopOHe BbmpJlMJIeHHOrO TOKa.
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3 a'luHH)KeHepHLIX paC'IeTOB BLmpHMHTeJIeii. QeJIbIO HH)KeHepHOrO
paC'IeTa HBJIJleTCH onpe)J.eneHHe OCHOBHLIX napaMeTpOB npe06paJOBaTenL-
HOrO TpaHc4>opMaTopa, BLI60p rnna H 'IHCna 3neKTpOHHLIX npH60pOB B

OAROM nne'le Bbll1pHMHTeJIbHOH cxeMLI, 060CHOBaHHe cxeMbl H napaMeT-
pOB Crna}((HBaIO ero4>HJlbTpa H onpe.u.eJleHHe 3Heprern'leCKHX nOKaJaTe-

neH.

B Ka'leCTBe HCXO,AHLIX .n;aHHbIX HCnOJIb3yroTCH: HOMHHaJILHOe 3Ha'leHHe

Bbll1pHMneHHoro HanpH)KemUl VdH H Bbll1pHMJleHHOrO TOKa IdH, HOMHHaJIb-

HOe HanpH)KeHHe nHTaIOll{eH cern VI'
B paC'leTe onpe)J.emnOTCH: cpe)J.Hee 3Ha'leHHe BLll1pHMneHHoro HanpH-

)KeHHH Vd; 34>4>eKTHBHoe 3Ha'leHHe 4>a3Horo HanpH)KemUl BTOpH'lHOH 06-
MOTKH TpaHc4>opMaTOpa V2; K034>4>m HeHTTpaHc4>opMa HHTpaHc4>opMa-
Topa k

T; cpe)J.Hee 3Ha'leHHe TOKa B nne'le Bbll1pHMHTenbHoH cxeMLI Ia;
34>4>eKTHBHble 3Ha'leHHH TOKOB BTOpH'lHOH 12 H nepBH'lHOH II 06MOTOK
TpaHc4>opMaTopa; MO HOcrnnepBH'lHOH 81 H BTOpH'lHOH 82 06MOTOK

TpaHc4>opMaTopa; paC'leTHaH (THnoBaH) MOI.llHOCTb TpaHc4>opMaTopa 8
T;

K034>4>H HeHTMOutHOCTH Bbll1pRMlITellil kid Hero 3aBHCHMOCTb OT K034>-
4>H HeHTaperynHpoBaHHH HanpH)KeHHSI; MaKCHMaJlbHOe 06paTiIOe H npH-
Moe ()J.IDI THpHCTOpHLIX cxeM) HanpH)KeHHe nne'la Bbll1pHMHTenbHOH
cxeMbl; rapMOHH'leCKHH COCTaa HanpH)KeHHH H TOKOB Ha Bxo)J.e H Bblxo)J.e;

napaMeTpLI Crna)KHBaIOl.llerO 4>HnbTpa; K034>4>m.ureHT none3Horo .n;eHCT-
BmI Bbll1pHMHTellil '1'); BHeUlIUlH H perynHpOBO'lHaH xapaJ<TepHCTHKH.

PaC'leTbl BL1l10nHHIOTCH C HcnonL30BaHHeM cxeMbl 3aMe eHHH.U.enH
Bbll1pHMHTemI HBJIJlIOTCH cYl.lleCTBeHHo HeJlHHeHHbIMH, H HX paC'leTLI Bbl-

nonHHIOTCH Ha OCHOBe MeTO.n;OB 061.lleH TeopHH 3neKTpH'leCKHX  eneH.)J;lliI
ynpOl.lleHHH aHaJlH3a H paC'leTOB 06bl'lHO npeHe6peraIOT TOKOM HaMarnH-

'lHBaIfHH 1paHc4>opMaTopa (1-2 % HOMHHaJlLHOrO TOKa), npHpaBHHBaIOT
K HYmo aKrnBHble conpoTHBneHHH 06MOTOK TpaHc4>opMaTopa H coeWfHH-

TenbHblX npHBo.n;OB, 3neKTpoHHbie npH60pbl paccMaTpHBaIOT KaK H.n;eaJIb-

Hble KJllO'lH. qaCTo HCnOJIb3yroT .n;ononHHTeJIbHOe )J.onYl.lleHHe 06 H.n;eaJIb-
HOM Crna)KHBaHHH Bbll1pHMneHHoro TQKa. )J;lliI pac'leTa H aHaJlH3a Hcnonb-

3YJOT Cne HaJIbHbleU KJlaCCH'leCKHe MeTO,lU>1 (CM. n. 5.3).

6.2. CXEMbl BbInPSlMMTEflEM O,QHOCIIA3Horo TOKA

HCxo.n;Hble nOJlO)KeHHH. Bbll1pHMHTeJIH O,AHo4>a:moro TOKa npHMeWIlOT

)J.IDI nHTaHHH Bbll1pHMneHHblM TOKOM paJJIH'lHbiX CHCTeM H ycrpOHCTB
npOMbllllJleHHOH H TpaHCnOpTHOH HH4>opMa HOHHOH3neKTpOHHKH, pellla-
IOll{HX 3a)J.a'lH ynpaBneHHH, perynHpOBaHHH, nepepa60TKH H oT06paJKeHHH
HH4>opMal.\HH. TaKHe Bbll1pHMHTeJIH paCC'lmaHbl Ha He60JIblllHe MOll{HOC-
TH ()J.O HeCKOJIbKHX COT BaTT). B THroBOM 3neKTponpHBO)J.e Ha 3neKTpO-
nO)J.BHJKHOM COCTaBe (3neKTpOB03aX H MOTOpHblX BarOHax 3neKTponoe3-

)J.OB), nonY1JaIOI.llHM nHTaHHe OT KOHTaKTHOH cern O,AHo4>aJHoro TOKa,

npHMeHHIOTCH MOI.llHble OARo4>aJHble Bbll1pHMHTeJIH OT HeCKonbKHX COTeH
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KHJlOBaTT 110 HeCKOJIbKHX MeraBaTI'. TaKHe Bbll1pHMHTeJIH )J.OIDKHbl 06na

)J.aTb xapaKTepHCTHKaMH, 06eCne'lHBalO HMH3KOHOMH1JHOe HCnOJIb30Ba-

HHe 3HeprHH. Ba)I(Ho npaBIUlbHO Bbl6paTb cxeMY Bbll1pHMnemUl, nonynpo-

BOARHKOBble npH60pbl, Crna)!<HBaIOIl(HH 4>unbTp.

IlpOCTeHllleH cxeMOH O,AHo4>aJHoro Bbll1pSlMHTellil HBJIJleTCH O,AHOnynL-

COBaH (O,AHononynepHO,AHaH) cxeMa Ha OJI,HOM )J.Ho)J.e C mYHTHpYIOlI.\HM

)J.HO)J.OM IUUI 6e3 Hero. qa eHcnonb3YIOTCR ,[(ByxnynbcoBLle ()J.Byxnonyne-

pHOARble) HyneBaH H MOCTOBaH cxeMbl OJI,H04> HLIXBLII1pHMH!eJleH. Pac 

CMOTpHM pa601)' OAR04>aJHbIX Bbll1pHMH1:eneH npH aKTHBHOH HarpY3Ke.

AHaJIH3 OAR04>aJHbIX Bbll1pHMHTeneH npH aKTHBHo-HH)J.j'KTHBHOH, aKTHB-

Ho-eMKoCTHoH HarpY3Ke H HarpY3-

Ke, cO)J.epJKall{eH npoTHBo-3,D;C
(3neKTpo)J.BHraTenH, aKKyMYJUlTO-

I'Ll) npe.u.rraraeTCH Bbll10nHHTb ca-

MOCTOHTeJIbHO.

IlpHMeM ynoMHHYTbie Bhlllle

ynpOl.llalOl.llHe .n;onYl.lleHHR Ii

6y.n;eM C'lHTaTb npeo6paJOBaTenb-
HblH TpaHc4>opMaTop 6e3 pacceH-

HIDI (XT
= wL

s
= 0) H.n;eaJIbHblM

C  034>4>H HeHTOMTpaHc4>opMa-
 HHkT

= 1. B npo eccepaC'leTa

Y'lTeM BnHHHHe HaH60nee BIDKHblX

napaMeTpOB cxeMbl 3aMel.lleHHH.

HYJleBaH cxeMa BLmpHMJleHUH

(PHC. 6.4). )J;HO,lU>1 VDl H VD2 npo-

BOJl.HT TOK noo'lepe)J,Ho, Kor.n;a no-

TeH HaJIHX aHO nonOJKmeneH

OTHOCmeJlbHO Cpe)J,HeH (HyneBoH)
TO'lKH BTOpH'lHOH 06MOTKH TpaHc-

4>opMaTopa T. IloTeH Han3TOH

TO'lKH npHHHMaeTcH paBHLIM

HYmo. TOK id 3aMblKaeTCH 'lepe3 Ha-

rpY3KY Rd B Te'leHHe 060HX nony-

nepHo)J.oB, a BTOpH'lHLle 06MOTKH

npOBOJl.HT TOK i' H i" noo'lepe,AHo B

2 2

Te'leHHe O)J.Horo nonynepHo.n;a.
MarHHTHaH  elThTpaHc4>opMaTopa

pa60TaeT 6e3 BbIHY)[()J.eHHoro Ha-

MarHH'lHBaHIDI, TaK KaK HaMarHH-

'lHBaIOI.llHe CHnLI i'w H i"w Ha-

2 2 2 2

npaBneHbl BCTpe'lHO. IlepBH'lHaH

06MOTKa HarpYJKeHa TOKOM 06a

nonynepHo .

VDt

u"
u'

wt

i:H H 
f

 tH 
i'

Jr"lR  .f
o wt

"

 I' \H
..

wt

PIIC. 6.4. HyneBaSi cxeMa BbmpSiMneHHSI

01J.HocIJa3Horo Toia H BpeMeHH61e AHarpaM-
MI,l HanpH)J(eHHH H TOKOB
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Onpe,u:eJlliM OCHOBHble I'aCqeTHble COOrnOlllemm, BOCnOJlb30BRBIIIHCb

BpeMeHHb\MH .z:rnarpaMMaMM.
CpeJUiee 3Ha'ieHHe BblllpJlMJleHHOrO HanpJl:>KeHHH

"

TT I

I
TT

.

d
UM2

I
n

ud
- -

UM2 smoot wt..
0
- cosrot.. 2UM2ht = 2V2U2/1t.. 0,9U2,

1to 1t

(6.1)

r,Ae U2 - 3c1JclJeKTHBHoe Hanpl!)J(eHHe BTOpH'IHOH 06MOTKH TpaHccIJopMaTopa,

1-13 Bblpa:>KeHHJI (6.1) cJle,l:(j'eT

U2-1tUdl2V2 -I,llUd. (6.2)

110 amUlOrMH C Bblpa:>KeHHeM (6.1) cpeJUiee 3HaqeHHe TOKa nJleqa

(J.(Ho.n;a)

"

I

I
. 1M2 Id

la .. - 1M2 smwtdwt -- - -

,

211: 1t 2
o

(6.3)

nOCKOJIbKY Id = 2/M2/11:.

06parnoe HanpJl:>KeHHe nJIeqa

2V2Ul.1tUd
Ubmax - 2UM2 - 2V2U2 - -11:Ud.

2,fI

3  eKTHBHMe3Ha'ieHHJI TOKOB BTOpH'iHOH H nepBH'iHOU 06MOTOK
COOTBeTCTBeHHO

(6.4)

h-
2 "

1M2

I(
wt

_

sin2rot

) dwt
-

211:02 4

1
"

2

211:I1M2 sin
2
rotdrot

..

o

2
1t

1M2 1t
-  _----ld-O,7851d;

211:2 2 4
(6.5)

W"z
"

.

.

(
1tld

)
2

(
1tld

)
2

n..fI
II.. I + I.. - + - --lad" I llld .

2 2
4 4 4

'

PaC'ieTHble MOII.\HOCTH BTOpH'iHbIX H nepBH'IHOU 06MOTOK TpaHC OI'-
MaTopa COOTBeTCTBeHHO

(6.6)

211:Ud 1t/d ilpd
S2-m2Uv2------173pd.

2V2 4 4V2
' , (6.7)
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nUd 1tv2"Jd 1t
2
pd

'}
Sl-mlUlI1-- - ---1.3Pd,

2V2 4 8
(6.8)

r.n;t'ml H m2 - 1fHeno nepBH'IHblX Ii BTOpH'mblX 06MOTOK; I'd = Udld.

PaC'ieTHaJl, IfJIH rnnOBaH, MOIl.!HOCTb nI'e06I'aJOBaTeJIbHOI'0 'I1mHC Op-

MaTOpa onpe,u:eJUleTCH KaK nOJIYCYMMa MOII.\HOCTeU neI'BH'iHOH H BTOI'M'i-

HblX 06MOTOK:

ST _
S. 5'2

. _

1,23 + 1,73
Pd- 1,48pd.

2 2
(6.9)

K03  HQHeHTHCnOJIb30BaHHH 1paHc opMaToI'a

kp = I'dfST = pdfl,48 I'd = 0,68. (6.10)

KpHBaJl BbmpHMJIeHHOl'O HanpJl>KeHHH Ud CO,u:ep:>KHT nOCTOJlHHYlO CO-

CTaBJIJUOll.!yro Ud H neI'eMeHHYlO COCTaBJUllOlI.\yro Ud-' nI'e,u:CTaBJIHlOII.\YID

c060u CYMMY BblCIllHX rapMOImqeCKHX COCTaBJUlIOII.\HX. Pa3JIO:>KeHHe B pJl,l\

<1>ypbe KpHBOU Ud_ n03BOJIHeT onpe,u:eJIHTb K03  HltHeHTblI'HJJ:a.
nl2

1
110CTOJlHHaH COCTaBJUUOU aJlAo - - f ud(wt)dwt "" O,9U2 = Ud .

11:_nl2

CHHycHaJl COCTaBJUlIOU aHpJl,l\a OTCyrCTBYeT, nOTOMY liTO Ud  YHKQHJI
qernaJl, a KOCHHYCHaJl COCTaBJIJllOll.!aJl HMeeT TOJIbKO 'iernble rapMOHH'ieC-

KHe.

AMnJImy,u:a rapMOHH'ieCKOU COCTaBJUllOll.!eU nOI'H.n;Ka n = 2, 4, 6, ... .

nl2

2 2Ud
A(n) - Udw(n) -

- I UM2 coswt cosnwt ..

---;--
.

11:_.nl2 n - 1
(6.11)

3  eKTHBHOe3HaqeHHe nepeMeHHOU COCTaBJUllOll.!eU BbmI'HMJIeHHOrO

HanpH:>KeHIDI

}: dtW(n)
n-2

2

V2Ud
--

3
(6.12)Ud- co
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QHcneHHble 3HaqeHHH, XapaKTepH3yIOII.{He rapMOHHqeCKHH COCTaB

nepeMeHHOH COCTaBIDIlOl.lleH BbmpHMJIeHHOrO HanpH)KeHIDI npH qaCTOTe

nHTalOII.{eH cernf= 50 r ,npHBe,lJ.eHbI HH)Ke.

n ................................... 2

Udm(njlUd ..................... 0,66

In, ru ........................... 100

4

0,134
200

6

0,06
300

8

0,032
400

113 npHBe,lJ.eHHOrO aHaJill3a cne.n.yeT, 'ITO B KpHBOH BbmpHMneHHoro

HanpH)KeHIDI HpKO Bblpa)l(eHa BTopaH (n = 2) rapMOHHqeCKaR COCTaBJUUO-

II.{aH C qaCTOTOH /,. = 100 r ,
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PHC. 6.5. MOCTOBag cxeMa BbJnpSlMJIeHHJ\

OAHocIJa3Horo TOKa H BpeMeHH leAHarpaM-
MI,l HanpR)J(eHHH H TOKOB
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aMll.mrry,lJ.a KOTOpOH ,lJ.OCTHraeT 66 %

nocTOHHHOH COCTaBIDIlOl.lleH. )J;OIDI
OCTaJIbHbIX BbIClllHX rapMOHHqeC-

KHX aMrnIH1)',lJ.bI He3HaqHTeJIbHa.

KaqecTBo BbmpiMJIeHHOrO Ha-

npH)KeHHH o eHHBaeTCHK03«1>«I>H-

 HeHTOMnYJIbCa HH,npe.n.CTaBIDI
-

IOI.llHM C060H OTHOllleHHe aMIIJlli-

1)'JI.bl nepeMeHHOH COCTaBIDIIOl.lleH
K cpe,lJ.HeMY 3HaqemUO BbmpHMneH-

Horo HanpH)KeHIDI:

Rtl

II

wt kq = UdM(2yUd_ (2Udl3)/
/ Ud'" 0,66. (6.13)

wt

Ha OCHOBaHHH 3THX ,lJ.aHHbIX

MO)KHO c,lJ.enaTh Bbmo,lJ. 0 TOM, 'ITO

KaqeCTBO BbmpSiMneHHOrO HanpH-

)KeHHH HeBbICOKOe. ,lJ.mI nonyqeHHH

y,lJ.OBneTBOpHTeJIbHOH pa60ThI no-

Tpe6IITeneH B 60JIblllHHCTBe cnyqa-

eB He06xo,lJ.HM Crna)KHBaIOI.llHH

«I>HnbTp, ynyqlllalOll\HH KaqeCTBO

npe06pa30BaHIDI TOKa.

MOCTOBaH CXeMa BbmpHMJIeHHH.

)J;HO,lJ.bI VDl H VD3 (PHC. 6.5) 06-

pa3YIOT KaTO,lJ.HyIO' a ,lJ.HO,lJ.bI VD2 H

VD4 - aHO,lJ.HyIO rpynnbI npH60-

pOB B cxeMe O,lJ.Ho«l>a3HOrO MOCTa.

K O,lJ.HOH ,lJ.HarOmUlli MOCTa no,lJ.-

.
wt

II
wt

KJllOQeHa BTOPHqHaJI 06MOTKa TpaHc«I>opMaTopa T, a ,lJ.pyraJI, 06Pa3YIO-

l.llaR 06II.{He KaTO,lJ.HYJO H aHo,lJ.HYJO TO'lKH, SlBIDIeTCH BbIBoJ(aMH nOnO)KH 

TeJIbHOrO H oTpH aTeJIbHOrOnomocoB BbmpJlMHTeJIJl.

,n:H01I.b1 npOBO,lJ.HT TOK nonapHo: VD1, VD2 - B TeqeHHe nOnO)KHTeJIb-

HbIX, a VD3, VD4 - B TeqeHHe OTpHnaTeJlbHbIX nonynepHO,lJ.OB nHTalO-

I.llero HanpH)I(eHHSI. B Ka)l(J.(ylO napy BXO,lJ.SlT ,lJ.HO,lJ.bI KaTO,lJ.HOH H aHO,lJ.HOH

rpynn. Ha COOTBeTCTByIOlUHX HHTepBa.JIaX OHH COBMecTHO C BTOpHqHOH

06MOTKOH H pe3HCTopoM HarpY3KH Rd 06pa3YJOT 3aMKHyryIO  enbTOKa.

B Ka)l(,AbIH MOMeHT BpeMeHH TOK npOBO.lJ.HT napa ,lJ.HO,lJ.OB: ,lJ.H0,lJ. KaTO,lJ.HOH
I

rpynnbI C 60nee BbICOKHM nOTeH HaJIOMHa aHo,lJ.e H ,lJ.H0,lJ. aHO,lJ.HOH rpyn-

nbl C 60nee HH3KHM nOTeH HaJIOMKaTO,lJ.a OTHOCHTeJIbHO nOTeHlUIaJIOB

.n.pyrnx .lJ.HO,lJ.OB COOTBeTCTBYJOII.{eH rpynnbl.

Cpe,lJ.Hee 3HaqeHHe BblnpHMneHHoro HanpJl)l(eHIDI

2V2U2
Ud--- 0,9U2,

:It

(6.14)

rlie U2 - 3c1JclJeKTHBHOe Hanpg)J(eHHe BTOpH'iHOH 06MOTKH TpaHccIJopMaTopa.

Cpe,lJ.Hee 3HaqeHHe TOKa H MaKCHMaJIbHOe 3HaqeHHe 06paTHoro HanpH-

)l(eHIDI .lJ.HO,lJ.OB COOTBeTCTBeHHO

la = Idl2; (6.15)

Ubmax = UM2 = :ltUdl2 = 1,57Ud. (6.16)

3«1>«I>eKTHBHoe 3HaqeHHe TOKa BTOPHqHOH H nepBHqHOH 06MOTOK

TpaHccl>opMaTOpa

1M2 :ltJd
h_I1_---- 1,llld.

V2 2V2

(6.17)

PacqeTHaSl MOI.llHOCTh 06MOTOK TpaHccl>opMaTopa

S2 = S. = mUz[2 = I,ll Ud' I,ll [d = 1,23 Pd. (6.18)

PacqernaSl (rnnoBaSl) MOI.llHOCTb TpaHc«I>opMaTopa

5'1' = (S. + S2)/2 = 1,23 Pd. (6.19)

TIpH 3TOM K03«1>«I>HlUIeHT HCnOJIb30BaHIDI TpaHc«I>opMaTopa no MOll\-

HOCTH kp = Pd IS1.

= 0,815Pd.
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6.3. CXEMbl BbJnP MMTenEATPEXCIIA3HOrO TOKA Cpe,l.(Hee 3HaqeHHe BbmpJIMneHHOl'O HanpRJKeHIDI

HCXO,lUlLle nOJlOJKeHHH. IlpHHl.{Hnbl nOCTpOeHIDI H peJKHMbl pa60Thl
TpexilJa.3HbIX BbmpRMHTeJleH ammOrH'lHbI OJUIOiIJa.3HbIM BbmpHMHTeJlllM.
Il03TOMY npH aHamf3e cxeM TpeXiIJa.3HbIX BbrnpJIMHTeJleH HCnOJTh3yIOTCR
ammOrHqHble MeTOALI. Oc06eHHOCTblO TpexilJa.3HblX BblnpJIMHTeneH RBJllI-

eTCH 3HaqHTeJThHO MeHbillaSl nepeMeHHaSl COCTaBJllIlOl.llaJI BbmpHMneHHOrO
HanpJIJKeHIDI. B CBR3H C 3THM B TpexilJa.3HbIX BbrnpRMHTeJISIX, /l:aJKe npH
qHCTO aKTHBHOH HarpY3Ke B HeynpaBJllIeMbIX BblnpJIMHTeJlllX, TOK HarpY3-
KH RBJllIeTCR HenpepblBHblM. B 1pexilJa.3HblX BbmpRMHTeIDlX JJ:OnYl.UeHHe 0

nOnHOCTblO CrnaJKeHHOM TOKe 60nee 6nH3KO K peam,HblM peJKHMaM pa60-
ThI. Il03TOMY 3TO ,lJ,OnYl.lleHHe, HapR.lJ.Y C .n.pymMH ynpOl.UeHHRMH, npHMe-
IDIBIllHMHCR npH aHaJlH3e OJUIOiIJa.3HbIX BbrnpRMHTeneH. 6Y,lJ,eT HeOJUIO-

KpaTHO Hcnonb30BaHO.

HyneBaH TpexnYJlLCOBaH cxeMa. CxeMa (PHC. 6.6) COCTOHT H3 TpexiIJa.3-
Horo npe06pa.30BaTeJThHOrO TpaHcilJopMaTopa T C BbIBe,lJ,eHHOH HyneBoH
TO'lKOH BTOpHqHOH 06MOTKH, COe,lJ,HHeHHoH'lB 3Be3.n.yJ H BbrnpRMHTenbHoH

cxeMbl Ha JU{o)iax VD1, VD2, VD3.
aHO,lJ,bl KOTOpblX COe,lJ,HHeHbl co

BTOpHqHbIMH 06MOTKaMH, a KaTO-

ALl 06'LeJU{HeHbI B 06l.UYro TO'lK)'.
IlOnOJKHTenbHbIH nomoc BbmpJI-

MHTeIDI 06pa.3YeT 06l.UaSl KaTOJUIaSl

TO'lKa, a oTpHl.{aTeJIbHblH - Hyne-
BaSI TOqKa BTOPHqHOH 06MOTKH

TpaHc4>opMaTopa. B03MOJKeH 'Ba-

pHaHT cxeMbl C HHBepCHblM BKJIIO-

qeHHeM ,lJ,HO,lJ,OB.

B paCCMaTpHBaeMOH cxeMe B

Ka>K,AblH MOMeHT BpeMeHH TOK Ha-

rpY3KH id nponYCKaeT O,lJ,HH JU{O,lJ"

nOTeHl.{HaJI aHO,lJ,a KOToporo MaK-

CHManeH OTHOCHTenbHO HyneBoH
TO'lKH. Ka>K,AbIH ,lJ,H0,lJ, Ha HHTepBa-

ne OJUIoro nepHO,lJ,a npOBO,lJ,HT TOK

2:JrJ3 = 120 3n. rpa.n.. BbmpRMneH-
Hoe HanpRJKeHHe Ud ilJOpMHpYeTCJI
HanpRJKeHHSlMH ilJa.3bl a (Ha HHTep-
BaJIe MeJKJJ:Y TO'lKaMH 1-2), ilJa.3bI
b (TO'lKH 2-3) H ilJa.3bl C (TO'lKH

3-4) H T. ,lJ,.

LA ill
A uEl'
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:
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PJ.lC. 6.6. CxeMa H BpeMeHHt:le AHarpaMMbJ
HsnpSl)J(eHHH H TOKOB HyneaoH TpexnYJIbco-

BOH cxeMbl BbmpSlMJIeHHR
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3
+></3

3Y3E"2'i 30/3V2
Ud-- I EJoI24>cOSOJtdM- 231: - E21j>-1,17E2""

231:
-«13

(6.20)

rJj.e EJoI24>, E21j> - COOTBeTCTBeHHO aMnnHT}',lJ,HOe H 3$cIJeKTHBHOe 3Ha'leHHH c1Ja:JHoro HanpSl-

)J(CHHR Ha xonOCTOM xOIIY.

CpeJUIHH TOK ,lJ,HO,lJ,a

Ia = IdI3. (6.21)

06paTHoe HanpRJKeHHe ,lJ,HO,ll,a onpe,lJ,eIDleTCR KaK pa.3HOCTb nOTeHl.{Ha-

nOB aHO,lJ,a ,lJ,HO,lJ,a VD1 H KaTO,lJ,OB ,lJ,HO,lJ,OB VD2 H VD3 COOTBeTCTBeHHO Ha

liHTepBaJIaX HX npOBO,lJ,HMOCTH. 31'0 HanpRJKeHHe no cymeCTBY COCTOHT li3

HanpRJKeHHH Uba H U
ca

' MaKCHMaJIbHOe o6parnoe HanpR)KeHHe paBHo

aMnnH'ry,lJ,e nHHeHHoro HanpSlJKeHHSI:

231:
Ubmax = o/3E..211> - VJV2E21j> -- Ud - 2,09Ud .

3

3i1J4>eKTHBHOe 3HaqeHHe TOKa BTOpHqHblX 06MOTOK

12=

2
3"

Id

flddwt
-
-- 0,58Id ,

231:
0

.

0/3

a TOKa nepBHqHblX 06MOTOK

wt

2
2n; 2

]
V2Id

 ( ld)
dwt

+!( Id)
dwt -3-

O,471d .1.-

6Jt

cut

THnOBaSl MOI.UHOCTb TpaHcilJopMaTopa

S. + S2 3U.I. + 3U24h 3(Ud/I,17)0,47Id+ 3(Ud/I,17)O,58Id
_ST--- -

222

_

1,21 + 1,49
_ 1,35Pd .

2

K03i1JilJHl.{HeHT HCnOJIb30BaHIDI MOI.UHOCTH TpaHcilJopMaTopa

kp _
Pd _....!- = 0,74.
ST 1,35

6Jt

9*

(6.22)

(6.23)

(6.24)

(6.25)

(6.26)
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CTeneHb HCnOJIb30BamUI TpaHc4>opMaTopa BblllIe, 'ieM B OAH04>33HblX
HyneBblx BblnpHMHTeJUlX, HO BCe )Ke ,lJ.OCTaTO'iHO HH3Ka. KpHBble TOKOB

BTOpH'iHbIX 06MOTOK CO,lJ.ep)KaT nOCTOHHHyro COCTaBlliIIOIl{)'IO Id /3, KOTO-

paSl C03,lJ.aeT B Ka)K,ZJ.OM H3 Tpex CTep:>KHeH MarHHTOnpOBO,lJ.a OAHOHanpaa-
neHHblH nOTOK BblHY)K,l];eHHoro nO,lJ.MarHH'iHBaHHH TpaHcclJopMaTopa.
3T0T nOTOK 3aMbIKaeTCSI 01' BepXHero HpMa TpaHcclJopMaTopa K HH:>KHeMY
'iepe3 B03.n.yX, a Tal<)Ke ,lJ.eTaJIH KpenJIeHIDI MarnHTonpOBO.n.a H CTaJIbHOH

6aK, H Bbl3bIBaeT nOHBneHHe BHxpeBblX TOKOB H HarpeBaHHe. 31'0 HBneHHe
MO)KeT BbI3BaTb HaCblII.{eHHe MarHHTOnpOBO,lJ.a. .L(mI H36e)KaHHH :noro

npHXO,lJ.HTCH yaenH'iHBaTb p33Mepbl TpaHc4>opMaTopa. nO,lJ.MarHH'iHBaHHe
MO)KHO YCTpaHHTh, eCJIH npHMeHHTb Cne HaJIbHOeCOe,lJ.HHeHHe 06MOTOK B

3HrJar. OAHaKO 3TO ycnO:>KHSleT TpaHcclJopMaTOp. JIY'iume pe3YJIbTaTbi
,lJ.aeT npHMeHeHHe TpexclJ33HblX rneCTHnYJIbCOBblX BbmpHMHTeJleH.

HYJleUaH mecTunYJlLCOUaH cxeMa. BblnpHMHTeJIb COCTOHT H3 TpexclJ33-
Horo npe06p330BaTeJIbHOrO TpaHc4>opMaTopa C MYMH BTOpH'iHbIMH 06-
MOTKaMH H llIeCTH rpynn ,lJ.HO,lJ.OB.

BTOpH'iHble 06MOTKH TpaHcclJopMaTOpa 06pa3YlOT Me Tpex4>33Hble
cHCTeMbl, cMHHyrbie no c1J33e Ha 31:, 'iTO ,lJ.OCTHraeTCH BbIBO,lJ.OM Ha'iaJIa

OAHOH Ii KOH aBTOpOH BTOpH'iHbIX 06MOTOK, pacnOJIO)KeHHbiX Ha

OAHOM CTep:>KHe MarHHTOnpOBO,lJ.a TpaHc4>opMaTopa, H COe,lJ.HHeHHeM

Tpex 4>33 Ka)K,l];OH BTOpH'iHOH 06MOTKH B 3Be3.n.y (PHC. 6.7, a). OAHa
H3 HHX, COBna.n.aIOll.laSl no c1J33e C nepBH'iHOH 06MOTKOH (ai' b3, cs),
H33blBaeTCSI npR.Mou, a BTopaSl (a4, b6, C2) - o6pamuou 3Be3,lJ.aMH

Tpex4>33HoH CHCTeMbl (PHC. 6.7, 6). B pe3YJIbTaTe Me CHCTeMbl 06-

p33yroT cHMMeTpH'iHyro rnecrucIJ33HylO cHCTeMY nepeMeHHoro TOKa (PHC.
6.7, 6). K BbIBO,lJ.aM BTOpH'iHbIX 06MOTOK npHcoe,rommOTCH CBOHMH

aHO,lJ.aMH ,roiO)1,bI. 06'Le,lJ.HHeHHble KaTO)1,b1 ,lJ.HO,lJ.OB 06p33yroT nono)f(ll-

TeJIbHblH noJIlOC BbmpSlMHTeJUl, a 06'LeJUlHeHHaSl HyneBaSl TO'IKa BTO-

pH'iHbIX 06MOTOK TpaHcclJopMaTopa - OTpH aTeJIbHbIH nomoc.
B03MO)KHbl Me MO,lJ.H4>Hl<a HHHYJIeBOH rneCTHnYJIbCOBOH cxeMbl: 6e3

ypaBHHTeJIbHOrO peaKTopa, Kor.n.a HYJIeBble TO'IKH (01, 02) npHMoH H

06paTHoH 06MOTOK COe,lJ.HHIDOTCH HenOCpe,lJ.CTBeHHo; c ypaBHHTeJIbHblM

peaKTOpOM, KOr,lJ.a HyneBble TO'IKH COe,lJ.HHHIOTCSI 'iepe3 OAHOcIJ33HbIH peaK-
TOp C BbIBe,lJ.eHHOH CpeAHeH TO'IKOH.

f--- PaCCMOTpHM HyneByro cxeMY TpexclJ33Horo BbmpHMHTeJUI C ypaBHH-
TeJIbHblM peaKTOpOM (YP) (PHC. 6.8). B Ka)K)UJIH MOMeHT BpeMeHH TOJIbKO
O,lJ.HH H3,lJ.H0,lJ.OB HMeeT MaKCHMaJIbHblH nOTeH HaJIHa aHO,lJ.e OTHOCHTeJIb-

HO HYJIeBOH TO'IKH (0). ECJIH YP OTCyrCTBYeT, TO TOK HarpY3l<H npOBO,lJ.HT
TOT ,roiO,lJ., nOTeHWiaJI aHO,lJ.a l<OTOpOrO MaKCHMaJIeH: Ha HHTepBaJIe Me 
TO'IKaMH 2 H 4 - ,lJ.H0.n. VD1; 4 H 6- VD2; 6 H 8- VD3; 8 H 10- VD4;
10 H 12 - VD5 H T. .n..: KpHBaSl BbmpHMJIeHHoro HanpH)KeHIDI ud c1J0PMH-
pyeTcH BeprnHHaMH c1J33HbiX HanpH)KeHHH npSlMoH H 06paTHoH 06MOTOK
u
al , ucl' ub3, Ua4' UcS H T.,lJ.. H HMeeT IlIeCTh nynbca HH3a O,roiH nepHO,lJ..

tlepe3 ,lJ.H0)1,b1 H BTOpH'!Hble 06MOTKH npOXO,lJ.HT TOl< C aMruImy,lJ.OH Id B

Te'ieHHe HHTepBaJIa 31:/3 = 60 3JI. rpa.n.. B Ka)K,W>IH MOMeHT BpeMeHH TOl<
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PHC. 6.7. CHMMeTpH'iHaR llleCTHclJaJHaR CHCTeMa nepeMeHHoro TOKa H BeKTOpHbie AHarpaM-

MI,l HanpH)J(eHHH

npOTeKaeT TOJIbKO B OAHOH c1Ja3HOH 06MOTKe OAHOH 3Be3,lJ.bI, a B nepBH'i-

HOH 06MOTKe TOl< 3aMbIKaeTCH no MyM c1J33HbiM 06MOTKaM. B pe3YJIbTaTe

Ha CTep)K}lJlX MarHHTOnpOBO,lJ.a TpaHc4>opMaTopa HeT 6aJIaHCa HaMarHH-

'iHBaIOIl.lHX CM. Ha Ka)((.lJ.OM CTep:>KHe B03HHKaeT H36bITO'iHaSl HaMarHH'iH-

BaIOIIUUI CHJ1a, nponOp HOHaJIbHaSlId /3, C03,lJ.aroll{aSl nOTOl< BblHY)((.lJ.eHHO-

ro HaMarHH'iHBaHIDI. Ha KIDK,lJ.OM HHTepBaJIe 1t!3 OH BO Bcex Tpex CTep)K-

IUIX COBna.n.aeT no HanpaBJIeHHlO H H3MeHSleT HanpaBneHHe Ha O'iepe.nHOM

HHTepBaJIe 1t!3. TaKHM 06p330M. nOTOK BblHY)((.lJ.eHHOrO HaMarnH'ilIBaHIDI

H3MellileTCSI C TpOHHOH 'iaCTOTOH H H33blBaeTCH 00llOfpa311blM nomOKOM

6bl1lY:HCOell1l0Zo lIaMazllWlu6allWl. 3T0T nOTOK, 3aMblKaHCb no 3JIeMeHTaM

KOHcrpYK HHTpaHcclJopMaTopa, BbI3blBaeT .n.onOJlHHTeJIbHble nOTepH OT

BHxpeBblX TOKOB, npHBO,lJ.HT K cYll.leCTBeHHOMY YBeJIH'ieHHIO 3KBHBaJIeHT-

HOH aHOAHOH liH)JyKTHBHOCTH H KpyrH3Hbi BHeIlIHeH XapaKTepHCTHl<H BbI-

npjJ:MHTellil. BCJIe.n.CTBHe 3TOfO jJ:BJIeHIDI H HH3KOfO HCnOJIb30BaHIDI ,lJ.HO.n.OB

H YCTaHOBJIeHHOH MOll{HOCTH TpaHcclJopMaTopa HYJIeBaH IlIecrunyJIbCOBaH

cxeMa 6e3 ypaBHHTeJIbHoro peaKTopa He HCnOJIb3YeTCSI.

,[LrnI ycrpaHeHIDI 3THX He.n.OCTaTKOB KIo6JIepOM 6blJIa npe)J,JIO)KeHa
cxeMa C ypaBHHTeJIbHblM peaKTOpOM (cxeMa KIo6nepa). I1.n.eSl npHMe-

HeHIDI ypaBHHTeJIbHOrO peaKTOpa 3aKJI1O'iaeTCH B TOM, 'iTO B TaKOH
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cxeMe 06ecneqHBaeTCB OAHOBpeMeHHaB pa60Ta 06eHx 3Be3 B pe3ynb-

TaTe BblpaBHHBaHIDI nOl'eHl mU[oB Ha aHo ax,nuyx JUiO OB: OAHoro

B npHMOH H oJUlOro B 06pal'HOH 3Be3 ax.BbipaBHHBaHHe nOTeHQHanOB

 OCTHraeTCH TeM, '11'0 HOJJ: )I,eHCTBHeM pa3HOCrn (Uk=Uol-Ub6) nOTeH-

l\HanOB Me TO'IKaMH 01 H 02 B KOHTYPe (Ha pHC. 6.8 0603HaqeH

WTpHXOBOH JIHHHeH) B03HHKaeT TOK ik, coBnMaIOl.l.lHH no HanpaBJleHHlO

C TOKOM Bblllle,ronero H3 pa601'bl )I,Ho.na VD6 (AIDI HlITepBana 1 H 3

H3 pHC. 6.8) H npOTHBOnOnO)KHbIH AIDI )I,Ho a,BCTYnaIOI.Qero B pa60TY
VDl. HanpB)KeHHe uk Ha peaKTOpe )I,eJIHTCB TO'IKOH 0 nononaM, H

HanpBx<eHHe u1I2 npH6aBJUIeTCH K ilJa3HOMY HanpBx<eHHIO Ub6 BblllIe.D:-

wero H3 pa60ThI JUiO)I,a VD6 (Ub6 + u,j2) H Bbl1fHTaeTCH H3 ilJa3HOro

HanpBx<eHIDI UoJ BCTYnaIOI.l.lerO B pa60TY )I,HO)I,a VDl (Uol-u1I2). B

pe3ynbTaTe nOTeHI\Ham,J aHO)I,OB ,nuyx JUiO OBBbIpaBHHBaIOTCB, H OHH

npOBO,lI,HT TOK IJ OAHOBpeMeHHO, Ka:>K,!U>IH npHMepHO Ij2. HanpBx<eHHe

Ud' npHKJIMblBaeMOe K Harp}'3Ke, paBHO nOJlYCYMMe MrnOBeHHblX Ha-

npHx<eHHH npBMOH H 06paTHOH 3Be3)I,: Ud
= (Udl + uQJ)/2. )];HO.lU>I

npOBO,lI,HT TOK Ha HHTepBaJIe 2rrJ3 = 120 3n. rpM., H HMelOT aMnmrry)I,)'

Ij2 (3TO o6eCneqHBaeT JIyqlllee Hcnonb30BaHHe )I,HO)I,OB H 06MOTOK

11'aHc4>opMaTopa). OAHOBpeMeHHo TOK npoBo,lI,HT BTOpH1fHble 06MOTKH

06eHx 3Be3 (3TO ycrpaHHeT .lJ,HC6anaHC HaMarHHqHBalOl.l.lHX CM H

nOTOK BblHY)I()l;eHHOrO HaMarnHqHBaHHH).

HanpBx<eHHe uk HMeeT TpeyronbHYIO ilJOPMY H H3MelUleTCB C 11'OH-
HOH qaCTOTOH no CpaBHeHHIO C qaCTOTOH nHTaIOIl{eH CerR. Tax Kax

peaKTop 06nMaeT HHJtYKTHBHblM COnpOTHBJIeHHeM xk
= 3'21c!Lk' TO

TOK ik OTCTaeT Ha 90 3n. rpM. H HMeeT ilJOPMY, 6JIH3KYIO K CI!UY-

COIl,I],am,HOH. 3TOT TOX HeBenHK H B MOI.l.lHblX BbIlIpBMHTeJUIX He

npeBbIlllaeT 1-2 % HOMHHaJIbHOrO TOKa IdHold' OH HaKJIMblBaeTCB Ha

TOK HarpY3KH id, H TOKH B ilJa3ax TpaHc4>opMaTopa il H i2 HMeIOT

COOTBeTCTBYIOIl{YIO ilJOPMY, HeMHoro OTnH1faIOIl\YIOcB OT npBMoyrOJIb-

HOH. ECJIH TOK Harpy3KH Id Man [Id s (0,01 + 0,02) IdHo".] (KpH-
rnqeCKHH TOX), TO KOHTYP TOKa ik He MOX<eT cYIl{eCTBOBaTh, Tax KaK

O.lJ,HH H3 JUiO)I,OB B KOHrype CMel.l.leH B 06parnOM HanpaBJleHHH. B

3TOM peX<HMe cxeMa C ypaBHH1"eJlbHbIM peaKTOpOM nepeXO.lJ,HT B peX<HM

pa60ThI 6e3 YP.

06paTHoe HanpBx<eHHe, npHKJIMblBaeMOe K )I,HO)I,aM, paBHO aMnnHTY-

 eMe ilJa3HOrOHanpHx<eHIDI (PHC. 6.8, 6).
Cpe.nuee 3Ha1feHHe BbIlIpBMJleHHOrO HanpBx<eHIDI

,lJ.illI cxeMbi 6e3 YP
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wt

Cdt

o

ilt
wt

o

l'd

Cdt
VDG VDl VD't VDG

-........
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- - ...'1:1
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Cdto

i., VDI VD3 VDS

o wt

."; .6# !...
Pm:. 6.8. CxeMa H BpeMeHHt:le WiarpaMMbl Hanp!\JlCeHHH H TOKa HyneBoH weC1'HnyJIbCOBOH

cxeMbl c ypaBHllTenbHblM peaKTopoM

+",6
, 3 3 3V2

U
dO

.. - f E.a. cosrotdrot ..
- £"2 ..
-£2 .. 1,35E2 ,

:It

-0<16

:It:lt

(6.27)
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J1)UI CXeMbl C YP

2t/J 2tlJ

U.
3

f(
Ual + Ud2

)
3

f
E...2 :It 3V3-

-

2
dillt - - -'-[ COSillt + cos «(lJl--)] dmt --E1l2"

:It
0

:It
0

2 3 21t

3V6
--£2= 1,17£2,

21t
(6.28)

r1I.e £...2, £2 - COOTBeTCTSeHHO aMnJIHTYJ1.3. H 3c1JclJeKTHBHOe 3Ha'ieHHe c1Ja3Horo HanpSl)J(eHJ.lJI
xonOCToro XOJ1.3. BTOpH'iHOH 06MOTKH TpaHcclJopMaTopa.

CperoIHu TOK JUm.n;a

Ia = /dl6.

06paTHoe MaKCHMaJILHOe Hanp.sDKeHHe .D:HO,lJ.a

Ubmax - V3E...2 - V6E2 '" 2,09U .

3c1J«I>eKTHBHOe 3Ha'leHHe TOKa BTOpH'lHbIX 06MOTOK

(6.29)

(6.30)

2

3" 2

h - ...!..
f (

Ia

) dillt _
Ia

.
- O,29Ia .

21t
0

2 2V3
(6.31)

3c1J«I>eKTHBHoe 3Ha'leHHe TOKa nepBH'lHOU 06MOTKH

2

3" 2

Ii - ! f (
Ia

) dillt -..& - O,41/a.
:It

0
2 16

PaC'leTHble MOlI.\HOCTH 06MOTOK TpaHc«I>opMaTopa

81 = 3UliI = (3UaWl,17) O,4lId = 1,05Pd;

82 = 3U2f2 = 2 (3UaWl,17) O,29Id = 1,48Pd.

PaC'leTHaH MOII.{HOCTb TpaHcclJopMaTopa

S
81 + 82 1,05 + 1,48

y"-- Pa '" 126Pa
2 2

,.

K03c1JclJm.\l-IeHT Hcnonb30BaJurn paC'leTHOU MOlI.\HOCTII

Pa 1
kp -----O,8.

8y 1,26

(6.32)

(6.33)

(6.34)

(6.35)

(6.36)
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PHC. 6.9. BHelllHRJI Xapi!KTepHCTHJ<1', HyneBo-

ro llleCTHnynbcoBoro BbmpRMHTeJIR C ypaB-

HllTeJIbHblM peat<TOpOM

If

-:

-:
"
..

..
..

0 [d.rit =(0,01-0,01) [d.IiUM [If

u.

.

K03c1JclJHQHeHT Hcnonb10BaHHH TpaHcclJopMaTopa B HyneBoH llleCTH-

nynbcoBou cxeMe Bblllle, 'leM B TpexnYJIbCOBOH cxeMe, HO Bce )l(e OTHOCH-

TeJIbHO HH30K.

BHelllWUI xapaK"repHCTHKa HyneBou rneCTIlnynbcoBou cxeMbI C YP

(pHC. 6.9) HMeeT nHK xonOCToro XO,lJ.a H3-3a pe)l(l:lMa pa60ThI 6e3 YP B

,lJ.Han330He HarpY30K MeHbllle KpllTIl'leCKOrO 3Ha'leHIDI.

IlIIK HanpR)I(eHHR xonOCToro XO,lJ.a KpauHe He)l(enaTeJleH. Il03ToMY B

TaKOU cxeMe .rom yCTpaHemul nHKa npHMeH.!UOT HCKycCTBeHHbIU HCTO'lHHK

nO,lJ.MarHH'lHBaHIDl ypaBHHTenbHOro peaKTOpa
- CneWlaJIbHbIH HCTO'lHHK

TpOUHOU 'laCTOThI TOKa - yrpoHTeJIb 'laCTOTbl (yrJ) (Ha pHC. 6.8 lllTpHX-

nYHKTHpHOU IDIHHeu) rom >Ke BKlliO'laIOT Ha BbIXO,lJ.e BbmpRMHTe He-

60JIblllyIO 6aJIJIaCTHyIO Harpy3KY.
_c _

MOCTOBaH wecnmYJlbCOBaH cxeMa. 3Ta cxeMa 'laCTO H33bmaeTC.!I cxe-

MOU napHoHoBa. BbmpHMHTenb, nOCTpOeHHblu no ,lJ.aHHOH cxeMe, COCTOHT

H3 TpexcIJ33Horo JI,BYX06MOTO'lHOrO npe06p330BaTeJIbHOrO TpaHc«I>opMa-
Topa, BTOpH'lHble 06MOTKH KOToporo COe,lJ.llIDUOTCR B 3Be3,lJ.y HIDI Tpe-

yronbHHK, H ,lI,Byx rpynn ,lJ.lIO,lJ.OB: aHO,lI,HOU H KaTO,lI,HOU, KaJK,D:aJI H3 KOTO-

pblX HMeeT no TpH ,lJ.HO,lJ.a. )J.HO,nbl aHO)I,HOH H KaTO)I,HoU rpynn 06P33yIOT

Tpex«l>33Hblu MOCT. IlOJIO>KHTeJIbHbIM nomocoM .!IBJUleTCH 061I.{aH TO'lKa

KaTO)I,HOU, a oTpHQaTeJIbHblM nomocoM - aHO,lI,HOU rpynn ,lUIO,lJ.OB.
B MOCTOBOU lllecnmYJIbCOBOU cxeMe BbInp.!lMHTeJUl (PHC. 6.10) TOK id

O,lJ.HOBpeMeHHo npOBO,WIT JI,Ba ,lJ.lIO,lJ.a: O,lJ.HH B aHO,lJ.HOU rpynne, nOTeHWlaJI

KaTo,na KOToporo MHHHMaJIeH, ,npyrou B KaTo)I,HOU rpynne, nOTeHWlaJI

aHO,lJ.a KOToporo MaKCHMaJIeH OTHOCHTeJIbHO HyneBou TO'lKH BTOpH'lHOH
06MOTKII TpaHc«I>opMaTopa. Ha HHTepBaJIe MeJK,D:y TO'lKaMH 1 H 2 (rom-

rpaMMa U2 Ha pHC. 6.10) TOK npoBO,WIT ,lJ.lIO,lJ,bl VD6 H VD1, Ha HHTepBaJIe

2-3 - VD1 H VD2, Ha HHTepBaJIe 3-4 - VD2 H VD3 H T. ]1.. B

pe3ynbTaTe Ha BbIXO,lJ.e «I>opMHpyeTc.!I BbmpRMneHHoe Hanp.!l)l(eHHe ud'

MrHOBeHHbIe 3Ha'leHIDl KOToporo paBHbI Ha COOTBeTCTByIOlI.\HX HHTepBa-

nax IDIHeHHblM HanpIDKeHIDlM uab (HHTepBaJI 1-2, nOK33aHO C1peJIKaMH),
uac' ube' uba H T. ,lJ.. KpHBaH ud HMeeT llleCTb nynbcaQHu 3a O,lUlH nepHO,lJ.

nHTIUOlI.{ero Hanp.!l)l(eHIDI. TOK ,lJ.HO,lJ.a HMeeT c1JOPMY, 6J1H3KyIO K np.!lMO-

yrOJIbHOU co cpe]J.Heu BbICOTOU np.!lMoyrOJIbHHKa Id,
H .n.nHTeJIbHOCThIO

2:n:I3 = 120 3n. rpa.n.. 06pamoe Hanp.!l>KeHHe ,lUIO,lJ.OB c1JOpMHPYeTC.!I nHHeu-
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l(amodHaR epgnna
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i, i2
Ld

; f
- 0

VDS
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Ud Rd

C

VDZ

HblMH HanpjI)KeHHHMH. TOKH B 06MOTKaX TpaHcclJopMaTOpa HMelOT liP}!

MoyrOJIbHyro $OPMY, CHMMeTpH'iHYIO B nOnmKHTeJIbHblH H OTpHl aTeJ(b-

HblH norrynepHOAbI.

CpeAHee 3HaqeHHe BbmpHMJIeHHOI"O Hanp$l)f(eHlliI

+"-'6
_ '"

3 3v2
Ud - - fE.<211 coswldw' -

- BlJt - 1,35E21I ,

1t
-"-'6

1t

(6.37)

rAe £..211. £211 - COOTBeTCTBeHHO aMnJIHTYAHOe H JclJclJeKTHBHOe 3Ha'leHHR BTOpH'IHOl'O nH-

HeHHoro HanpSl)J(eHHR.

TOK MOAa

AHOdHOR zpgnna /a = /df3. (6.38)

o

ia{V.Dt)

MaKCHManbHoe 06paTHoe Hanp$l)f(eHHe

wt

1t

Ubmax = EM2 = "3 Ud
= 1,05Ud. (6.39)

3c1JclJeKTHBHbie 3HaqeHHH TOKa nepBHqHblX H BTOpHqHblX 06MOTOK

I.-h-
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2"
I

f
2 V2

- /tlJJl - -/d - O,82/d .

1t
o

.[J.
(6.40)

wi

wt

PaCqeTHaH (THnOBaH) MO HOCTbTpaHcclJopMaTopa

ST - 0,5(8, + 82 ) - 0,5 (0/3UlnII + o/3U21Ih ) -

_ 0,5 (0/3
Ud

0,8214-.. VJ
Ud

O,821d) - 1,05Pd.
1,35 1,35

K03c1JclJHI.\HelIT Hcnonb30BaHHH lpaHcclJopMaTopa

kp = PdfST= 1/1,05 = 0,95.

(6.41)

o

i,.i2
'"'i

-

wt

fAIt

o
(6.42)

..
talt

B cxeMe 3c1JclJeKTHBHO HCnOJIb3yIOTC$I ,lI.HoAbI H TpaHcclJopMaTop, B cep-

AeqHHKaX OTCyrCTByeT BbIHY>KAeHHOe nOAManmqHBaHHe. KaqecTBo BbI-

np$lMJIeHHOrO Hanp$l)f(eHlliI B cxeMe BbICOKoe. Bce 3TO 06eCneqHBaeT lIIH-

pOKoe npHMeHeHHe MOCTOBbiX TpexclJa3HblX Bbmp$lMHTeJleH.
YKa3aHHble CBOHCTBa cxeMbl coxpaIHlIOTC1I H npH .npyrHx coeromeHHSIX

06MOTOK 'I'pexclJa3HOrO TpaHcclJopMaTopa. 113MeHHIOTc$I nHlIIb c1JOPMbl H

HeKoTopble COOTHOWeHlliI ,lI)UI TOKOB TpaHc$opMaTopa.
11pH coeromeHHH BTOPHqHOH 06MOTKH B TpeyrOJIbHHK (PHC. 6.11, a)

coxpaHHIOT c1JOPMY mmeHHble TOKH, a TOKH B c1Ja3HbiX 06MOTKaX c1JOpMH-

pyroTCH Ha Ka>KAOM HlITepBane B pe3YJIbTaTe pacnpeAeJIeHHSI TOKa id no
267

PHc. 6.10. CxeMa H BpeMeHHLle JUiarpaMMbI HanpSl)J(eHHH H TOKOB MOCTOBOH weCTHnym"co,
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0)

JJ.ByM napaJIJIeJIbHblM BeTBSlM (PHC. 6.11, 6). Ha Ka)l()]:OM HJ:ITepBaJIe TOK

npoBO,lI,SlT ,nBa ,AHO,lJ.a - O,lJ.HH B aHO,lJ.HOH, ,npyroH B KaTo,lJ.HOH rpynnax, a

KOHKpeTHO Te ,AHO,lJ.bI, K KOTOpblM npHnO)l(eHO a6COJIIOTHOe MaKCHMaJIbHOe

IDmeHHoe HanpSl)l(eHHe. HanpHMep, Ha HHTepBaJIe Me)l(.lJ.y TOlfKaMH 1-2

(PHC. 6.11, 6) MaKCHMaJIbHO Uab' TOK B aHO,lJ.HOH rpynne npOBO,AHT ,AHO,lJ.

VD6, B KaTO,lJ.HOH rpynne - VDl. ilepeKJIIO'ieHHe ,AHO,lJ.OB npOHCXO,AHT B

MQMeHThI 1 H 2 Ha ,AHarpaMMe u2'

-

B TaKoH cxeMe BbmpSiMneHHoe HanpH)I(eHHe ilJopMHpyeTcH H3 Y'laCTKOB

a6coJIIOrnoro MaKcHMYMa nHHeHHbix 3Ha'leHHH BTopH'lHOrO HanpH)I(eHIDI

(CM. pHC. 6.11, 6).

<1>opMHpoBaHHe TOKa B 06MOTKaX TpaHcilJopMaTopa, HMelOII.\erO rpyn-

ny coe,lJ.HHeHHSI 1, paccMoTpHM ,lI)UI. HHTepBaJIa Jt/3 :s wI :s 211:/3. JIHHeH-

RbIH TOK i2
= /d pacnpe,lJ.emIeTCH o6paTHo npOnOPQHOHaJIbHO COnpOTHB-

neHHSlM BTOpH'lHblX 06MOTOK ilJ33bl a H nocne,lJ.OBaTenbHO BKJIIO'leHHbIX

ilJ33b1 b H ilJ33bl c. COOTBeTCTBeHHO npH CHMMeTpH'lHbIX 06MOTKaX i2a
=

= (2/3)/d H i2b = i2c
= (l/3)/d' B ilJa3e a Ha HHTepBaJIaX 2Jt/3 :s wI :S Jt TOK

i2a = (l/3)/d' TaK KaK Ha 3THX HHTepBaJIaX ilJ33a a nOCJle,lJ.OBaTeJIbHO

BKJIIO'ieHa C ilJ33aMH b He. TaKHM 06p330M, TOKH BTOpH'lHOH H nepBH'lHOH
06MOTOK TpaHcilJopMaTopa HMelOT CTYneH'laTYIO ilJOpMY. 3i1JilJeKTHBHOe

3Ha'leHHe TOKa ilJ33bl npH 3TOM

-+ -
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h4J= (6.43)
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""32 W32 "2 ,fI

;I( )dwt+L( )dwt+13 ( )
dwt =3

Id .

wt

3i1J4>eKTHBHOe 3Ha'leHHe IDmeHHoro TOKa OCTaeTCH TaKHM )l(e, KaK ,lI)UI.

COe,lJ.HHeHHH BTOpH'lHblX 06MOTOK 3Be3,lJ.OH, /2'" (V2/VJ)/d' T. e. TOK ilJ33-

HblX 06MOTOK, KaK H ,lJ.OmKHO 6hITb, B VJ MeHbwe JillHeHHOro TOKa. <1>a3-

Hoe HanpH)I(eHHe pmmo nHHeHHOMY.

.n:BeH  aTHnYJlLCOBblecxeMbi BLlnpHMJleHHH. TaKHe cxeMbl Moryr

6blTb HCnOJlb30BaHbi ,lI)UI. nony'leHHSI MeHblllHX nynbCaQHH BbmpHMneHHO-

ro HanpSl)l(emUI, CHH)I(eHHSI BblClllHX rapMOHH'leCKHX COCTaBlliIIOI.l.lHX' B

KpHBOH cereBoro TOKa, C03,lJ.aHHH arperaTa Ha 60nee BblCOKHe HanpSl)l(e-

HHH H TOK [17]. .n;BeH aTHnynbcoBbiecxeMbi p33,lJ.ellilIOTCH Ha 3KBHBa-

neHTHble H co6CTBeHHble. 3KBHBaneHTHble cxeMbl CTpOHTCR Ha OCHOBe

nOCJle,lJ.OBaTeJlbHOrO "Jill napaJIJIeJIbHOrO coe,lJ.lfHeHIDI ,nByx llleCTHnynbco-

BbiX cxeM BbmpSiMneHHSI. ilpeo6p330BaTenbHble TpaHcilJopMaTopbl Ka)l(-

,lJ.OH cxeMbl BbmOJlHSlIOTCSI C p33Jill'lHbIMH rpynnaMH coe,lJ.HHeHIDI (HanpH-

Mep, Y/Y H Y/!!.). 3THM ,lJ.OCTHraeTCH C,lJ.BHr JillHeHHblX HanpH)I(eHHH BTO-

pH'lHbIX 06MOTOK TpaHcilJopMaTopOB Ha Jt/6=30 3n. rpa,lJ.. H

COOTBeTCTByIOlI.\HH C,nBHr KpHBblX BblnpHMneHHoro HanpSl)l(eHIDI Udl H Ud2

Ha 30 3n. rpa.n.. Pe3ynbTHpYlOI.l.lee BbmpSiMneHHoe HanpH)I(eHHe nonY'laeTCH
269
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P c.6.11. C eMbl(a, 6) H BpeMeHH61e AHarpaMMbl HanpSl)J(eHHH H TOKOB (6) MOCTOBOH Illec-

'IHnYJIbCOBOH cxeMbl npH COeAHHeHHH BTOpH'IHLIX 06MOTOK TpaHccIJopMaTopa TpeyrOJIbHH-
KOM
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ABeHa,lU.{arnnyJIbCOBbIM 6JIarOAapH CYMMHpOBaHHIO ABYX rnecnmYJIbCO-
BblX npH nOCJleAOBaTeJIbHOM COe,AHHeHHH cxeM HJIH nOJlYCYMMe ABYX wec-

rnnYJIbCOBblX npH napaJIJIeJIbHOM COe,AHHeHHH cxeM.

C06CTBeHHbie ,nBeHa,lU.{aTHnYJIbCOBble cxeMbl C1pOHTCR: Ha OCHOBe npe-
06pa30BaTeJIbHOrO 1paHccl>opMaTopa C ABYMR: BTOpH'iHbIMH 06MOTKaMH,
OAHa H3 KOTOpblX COe,AHlUleTCH 3Be3AOH, a BTopax - TpeyrOJIbHHXOM [6].
K Ka)l().l;OH 06MOTKe npHCOeAHHXeTCH MOCTOBWl BbInpHMHTeJIbHWl cxeMa.
BbInpHMHTeJIbHble MOCTbl MOryr COeAHHJlTbCH Me)l().l;Y COvOH no I.{enu Bbl-

npHMJIeHHOrO TOKa napaJIJIeJIbHO HJIH nOCJleAOBaTeJIbHO. CxeMa naparr-
JIeJIbHOrO rnna Tpe6yeT O'leHb TO'iHOrO c06moAeHHH paBeHCTBa conpo-
THBJIeHHH 06eux BTOpH'lHbIX 06MOTOK. ,[LrnI :noro npHMelUleTCH Cnel.{HaJIb-
Hax no:na)KHaX KOMnOHOBKa 06MOTOK Ha CepAe'lHHKaX MarHHTOnpOBO,l:(a,
"lTO YCJlO)KJUIeT H3rOTOBJIeHHe TpaHC OpMaTopa.n03TOMY npHMeHeHHe
HaWJIa cxeMa nOCJleAOBaTeJIbHOrO THna.

PaCCMOTpHM c06CTBeHHyIO ,lI,BeHaAl.{aTHnYJIbCOBYIO ABYXMOCTOBYIO
cxeMY nOCJleAOBaTeJIbHOrO rnna (PHC. 6.12) co cxeMOH COeAHHemUI nep-
BH'lHbIX 06MOTOK 3Be3AoH, BTOpH'lHbIX - 3Be3AoH H TpeyrOJIbHHKOM C

rpynnoH COeAHHemUl 0, 1. ,[(ruI cxeMbl COeAHHeHIUl 3Be3AoH K03  Hl.\HeHT
TpaHccl>opMal.{HH kn = WI/w2I' AmI cxeMbl COeAHHeHHH TpeyrOJIbHHKOM
krJ.. = w

l/w22 = k
rA IVS, nOCKOJIbKY 'lHCJlO BHTKOB w22

= W211VS. CoeAH-
HeHHe OAHOH BTOpH'lHOH 06MOTKH B 3Be3AY (rpynna coeJUmemUl 0) H

APyroH 06MOTKH B 1peyrOJIbHHK (rpynna COe,lU1HeHIDI 1) 06YCJlOBJlHBaeT
C,nBHr no cl>a.3e KOMMyrHPyIOll.\HX HanpX)KeHHH ,lI,Byx BTOpH'iHbIX 06MOTOK
Ha :Jt/6 = 30 3JI. rpa,zI; (PHC. 6.13).

JIHHeHHoe HanpH)KeHHe BTOpH'lHOH 06MOTKH (3Be3Aa) onpeAeJUleT
BbInpRMJIeHHOe HanpH:>KeHHe udl . HanpH:>KeHHe Uz2' HBlliIIOll.leeCH  a.3HbIM
JI,IDI 06MOTKH, coeJUmeHHoH TpeyrOJIbHHKOM,  opMHpyeTKPHByIO Ha-

npH)KeHIDI ud2 (Ha pHC. 6.13 nOKa3aHO COOTBeTCTByIOll.lHMH C1pem<aMH).
MOMeHTbl nepeKJllO'leHIDI AHOAOB OTMe'leHbl TO'iKaMH 1-1; 2-1; 3-1
H T. A. JI,IDI 3Be3Abl, a TO'iKaMH 1-2; 2-2; 3-2 H T. A.

- JI,IDI
TpeyrOJIbHHKa. Pe3YJIbrnpYroll.lee BbInpHMJIeHHOe HanpH:>KeHHe ud npeA-
CTaBIDIeT C060H CYMMY MrHOBeHHblX 3Ha'ieHHH HanpH:>KeHIDI Ha BblXOAe
06eHx cxeM ud

=

udl + ud2' 3T0 HanpH:iKeHHe HMeeT ,nBeHa,zI;l.\aTh

nYJlbCaI..{HH B Te'leHHe nepHo.na.
Pa3Hbie HanpH:>KeHHH BTOpH'lHbIX 06MOTOK npHHHMaIOTCH TaKHMH,

'IT06bl CpeAHHe 3Ha'ieHIDI BblnpHMJIeHHbIX HanpH:>KeHHH 060HX MOCTOB Udl
H Ud2 6bIJIH paBHbIMH. .nmr 3Toro He06xoAHMO C061110AaTh COOTIlOWeHHe
E22

= VS£21' rAe E21' £'}2 - 3  eKTHBHble3Ha'leHIDI  a.3HbIXHanpH:>KeHHH
BTOpH'iHblX 06MOTOK Ha XOJIOCTOM XOA)'.

BblnpHMHTeJIH (VI, V2) (CM. pHC. 6.12, a) B 3TOH cxeMe pa6oTaIOT
caMOCTOHTeJIhHO. Ha Ka)l().l;OM HHTepBarre TOK id npoBO,W1T 'ieTblpe ,l:UIOAa:
,nBa B cxeMe BbInpHMJIeHIDI VI H ABa B cxeMe V2. HanpHMep, Ha HHTepBaJIe
nOBTOpR:eMOCTH BblnpHMJIeHHOrO HanpR:)KeHHH :n:/6:s rot :s :n:/3 KOHTyp
TOKa HarpY3KH 3aMbIKaeTCR: 'lepe3 06MOTKH  a.3hi Hal' AHOA VDl KaToA-
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\

VI L - R nuon VDI2 aHoMoH rpynnhl V2, napaJrneIibHOHOH rpynnbl 'd d'...... '"
-

V2BKJII<)'ieHHbIe 06MOTKH b2 H a2
-

c2' AHOA VDll KaTOAHOH rpynnbl ,

)1,HO.D. VD6 aHO,I.\HOH rpynnbl VI.
.' _' '_

MrHoBeHHbie 3Ha'leHIDI TOKOB BTOpH'lHbIX 06MOTOK. '01
-

'd' 'bt-

=-id ib
.. 0, i ... (l/3)id, ib - -(2/3)itfo iC2

c: (l/3)id. npH :nOM nOCJleAO-
'1 02 2

BaTeJlbHOCTb nepeKJllO'leHHx AHOAOB B Ka)I(JJ:OH cxeM COXpalUle1'CH

TaKOH :>Ke, KaK B 06hl'lHOH MOCTOBOH weCTHnYJIbCOBOH cxeMe C CO-

OTBeTCTBYIOll.\eH rpynnoH coeAHHeHHH 06MOTOK TpaH cIJopMaTopa.
<I>OpMbl TOKOB B  a.3axBTOpH'lHbIX 06MOTOK, COeAHHeHHblX B 3Be3A)'

H TpeyrOJIbHHK, nOJIY'laIOTCH pa.3JIH'lHbIMH (CM. pHC. 6.13). TOK nep-

of.

-----

T X, .i!- Or

r u;;-
l__-----

1 LdUdr

...L X
fir lI, I

A
Z, cr I

3
Wzr IVD6

B Y

UtJ

C Z
VDU

vz lu 
w,

Rt1

VD8

A 0, AB

A ):: l b'
C B " 11,

az AB

C <J ":I azbZ
liz

rpynna 0

rpgnna ,

Puc. 6.12. ABeH8J];\..\aTHnYJIbCOBaR cxeMa BblnpSlMJIeHHII nOCJIeJJ;OBaTeJIbHoro :Hna
C npe06pa-

30BaTeJIbHblM TpaHccIJopMaTopoM (nepBH'iHaR 06MOTKa COeAHHeHa 3Be3)(OH, B1'OpH'iHaR
-

3Be3JJ;OH HJIH TpeyrOJIbHHKOM; rpynna COe1I.HH:HHR 0, 1) H BeKTopHble AHarpaMMbl HanpJIJKe-

HHH
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, I I , I I .

, T T "'

,flit ,UdZ
Ud-Udf+UdZ"

1" n .....

 1
VDI VD3 VDS VDI

I It

-:Tt/12 +:rc112 wt
VD6 VDZ VD fVD61 '1 VDl

VDl VD9 VDfI I VDl

VD12 .VDB I VDIO I VDrZ I VDS

i.Zt,(al),
izz,la2)

0

1 <"'

it
(A) :!

.!!t

....1"'>
+

0 1C
",t

U.Zt !/-at

Ud
udr

udZ

o

wt

BH'lHOH 06MOTKH ilWI = i21W21 + i22w22' Tax KaK npH paBeHCTBe Udl
=

= Utll w22
= V3w21' TOK nepBH'lHOH 06MOTKH Ha mo60M HHTepBane

il
= i21 (W21/wl) + i22 (w2iwl) = (i21 + V3i22}/kr npH ,I:l,OnYllleHHH

H)].eanbHOro CrJIa)l(HBaHHH Ha paccMaTpHBaeMoM HHTepBane

3t/6 s wt s 1[/3 (CM. pRC. 6.13) i21
= iaJ. = Id,

i22
= ia2

= Id 13. Tor,I:l,a

V3
Ha 3TOM HHTepBane i, - (1/ky )(Id + 3Id) - I

d /( V3 ky)' Ha CJI .nyrolllHX'
HHTepBanax KpHBaH TOKa il cl>opMHpyeTcSI no 3TOMY )l(e npHHQHny.

B pe3YJIbTaTe, KPHBw{ il npHHHMaeT cryneH'laTYJO cl>OPMY, He3HatIH-

TeJIbHO OTJIlf1:1aIOIllYIOCH OT CHHYCOH)].aJIbHOH. YJIyqrneHHe cl>OpMbl TOKa

cnoc06CTBYeT nOBblrneHHIO K03c1>cI>HQHeHTa MOlllHOCTH, cHIDKeHmo 00-

TepL OT BLICWHX rapMOHH':leCKHX COCTaBIDIIOlllHX B nHTaIOllleH CeTH

H nepBH'lHOH 06MOTKe npe06pa30BaTeJIbHoro TpaHccI>opMaTopa.
OCHOBHble paC'leTHble 3aBHCRMOCTH )J.JIH KaiK,QOH H3 BbmpSlMHTeJlbHLIX

cxeM OCTaIOTCH TaKHMH )l(e, KaK ,[I.illI weCTHnYJIbCOBLIX cxeM BbmpSlMJIeHIDI.

06111He )l(e paC'IeTHble COOTHoweHIDI HMelOT CJIe.u.yrolllHe 3Ha'IeHIDI.

CpeJI.Hee 3Ha'IeHHe BbllIpRMJIeHHOrO HanpSl)l(eHHH

wt

n/12

6

I
1C :It

Ud - - [V3E..21 COS (-- ) + E..22 cos -] cos wtdwt -

:It
12 12

-,,'12

_ _

0,502' 6V6
E21 +

0,502' 6V2
E22 _ 2,35E21 + 1,35E22 . (6.44)

:It :It

fipH CHMMeTpH'IHbIX no CpeJI.HeMY BbllIpHMJIeHHoMY HanpSl)l(eHHIO Bbl-

npHMHTeJUlX VI H V2 (Ud1 = Utll) cl>a3Hble HanpH)I(eHIDI Bbl'IHCIDIIOT no

COOTHoweHHIO (6.44). Tor)].a cpeJI.Hee 3Ha'IeHHe BbmpSlMJIeHHOrO HanpSl)l(e-

HHH, Bblpa)KeHHOe 'lepe3 cl>a3HOe HanpSl)l(eHHe BTOpH'IHOH 06MOTKH. Coe)].H-

HeIjlHoH B 3Be3.D.)',

Ud = 2,35E21 + 1,35V3E21 = 4,68E21. (6.45)

CpeJI.Hee 3Ha'IeHHe TOKa )].Ho)].a

fa = Idl3. (6.46)

MaxcHMaJIbHOe 06parnoe HanpSl)KeHHe )].HOM

Ubmax -V3 V2E21 - (V6/4,68 )Ud- 0,523Ud. (6.47)
PMC. 6.13. BpeMeHH61e AHarpaMMbl HanpSl)J(eHHii H TOKOB )J.BeHa,!I.I..\aTMnynbcoBoH cxeMbl Bbl-

npSlMJIeHMSI

272
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roD! 3Be3ro,I

.n
hi - -Id - O,8161d;

V3
(6.48)

J1,JUI "IpeyronbHHKa

.n
122 -Id - 0,471Id .

3
(6.49)

3clJ4JeKTHBHoe 3HaqeHHe TOKa nepBH':lHOH 06MOTKH TpaHc$opMaTopa
.

II .. I
" 2

3
=

1 l
2 3 2"

- f(
--E-

) dwc +f(
.lE..

+ ) dwc +f(
.lE..

+
2Id

)
2

dWC] _

:It
0

3kTA kTJ. 3kTA k: 3k
" 2

Tn TA

3 3"

1
--

kTJ. Ih I,

)
2

dwc +}(
V3 + 1[)

2

dwc+j(
V3 + 2[)

2

dwt] -

oV3 "V3) 2 V3 )
3 3"

- (l/kTA) 1,5781d. (6.50)

nPH     b:::eHHeTpaHcclJopMaT( 'pa B ,lUJeHa)J,l.{aTHnYJIbCOBOii CXeMe

nOBblllleHHe K034J  l.{  ;aM:c :  : :I  ::  H  :      e
; ::.eMnepBHqHOH 06MOTKH BCne.u;CTBHe 60nee 6narOnpHXTHOH clJOPMb;

... CpaBHeHHe CXeM TpexcJIa3HLIX BLmpHMHTeJIeii. B Ta6n 6 I

 :  :   C =::: OWeHHHTPexclJa3HblX BbmpXM Te e P  e::;  
nynbCOBYro cxeMbI.

exnYJIbCOBYlO, weCTHnYJIbCOBYIO H ,lUJeHa,z:(QaTH-

I1peHMYll\eCTBa BbmpXMHTeneH C 60JIbWHM qHCJIOM nYJIbCal.{HH Bbl-
npXMJleHHOrO HanpSl)KeHHSI CJIe.nyroIl\He: nOBbIUleHHe KaqeCTBa BbmpSiM

:eHHOrO HanpSl)KeHWI, JI}"Iwee Hcnonb30BaHHe TPaHcclJopMaTopa. YCTa:
OBJleHHaSI MOIl.{HOCTb nOJlynpOBO)J,HHKOBbIX npH60pOB S BO Bcex cxeMaX

BbmpSlMJleHIDI O.lI)fHaKOBa. Cpe)J,H weCTHnYJIbCOBblX cxe SlBHoe n eHM _

Il\eCTBO no K034JclJHl.{HeHTY Hcnonb30BaHHJI TpaHcclJopMaTopa HMe MO
Y

C
TOBaSI cxeMa.

-
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T a 6 n H U a 6.1
.  -_.

HyneBali )J,BYXMOCTOBBR

YllbCOBIUI MOcroBIUI ABeHIIJJ,l\B-m,

BBHHTeJlbHLlM weCTHnYIIbCOBIUi nYIIbCOBIUi nocne,

peBKTOpOM
AOBBTeJJLHOTO -mnB

2.09Ud 1,45Ud 0,52Ud

Jdi6 1dI3 1dI3

1,26Pd 1,05Pd 1,028Pd

0,8 0,95 0,97

120 120 120

6 6 12

d/6)2,09Ud = (61d13)1,45Ud = (l21di3)0,52UF
= 2,09Pd = 2,09Pd = 2,09Pd

nOKII3BTeJIH
HyneBIUI WecrH\I

TpexnYlIbCOBIUI C YP

Ubmax

la

ST

Kp

)..1

N
2

Sy = NlaUbmru.

2,09Ud

Jdi3

1,35Pd

0,74

120

3

(31di3)2,09Ud = (61
= 2,09Pd

I

2

- H1frepBaJI npOBO.Wlluero COCTORIIHR AHOAOB, 3JL TpIlJJ:.

t{HCJIO AHOAHLIX nne'l.

6A. KOMMYTAU""H B BblnPHMIr1TEI1HX

nOHHme KOMMYUl(HH. npol.{ecc nepexo.u;a TOKa OT O)J,HOH BeTBH cxeMbI

K .u;pyrOH B pe3YJIbTaTe qero MeHHeTCSI KOHTYP 3J1eKTPHqeCKOrO TOKa,

Ha3blBaeTCSI KOMMymal.fUeu. Bblwe BbmpSlMHTeJIH paCCMOTPeHbl 6e3 yqeTa

BJlHHHHSI Ha HX pa60TY aHO)J,HoH HH)J,yKTHBHOCTH LB' lipH 3TOM .u;onyIl\e-

HHH npOHCXO)J,HT MrHOBeHHOe nepeKJllO':leHHe TOKa. Y'lTeM BJlHJlHHe aHO.u;-

HOH HH)J,)'KTHBHOCTH Ha KOMMyTal HroB TPexclJa3HblX BbmpHMHTeJUlX. Bo

BHeKoMMyral.{HOHHbIH HHTepBaJI B TPexclJa3HbiX cxeMax TOK npOBO.u;HT

O)J,HH )J,HO.u; B TPexnYJIbCOBOH cxeMe, ,lUJa )J,Ho.u;a B rneCTHnyJIbCOBbIX H

qeTblpe )J,H0.u;a B ,lUJeHa,z:(QaTHnYJIbCOBblX CXeMaX. nepeKJIlO'leHHe )J,HO.u;OB

npOHCXO)J,HT nOOqepe)J,HO B CTporo onpe.u;eJleHHOH nOCne.u;OBaTeJlbHOCTH.

H\aJIHqHe aHO)J,HOH HH)J,yKlliBHOCTH 3a)J,ep)I(HBaeT BblKJIIOqeHHe )J,Ho.u;a, Bbl-

xO,ll,HIl\ero H3 l.{enH TOKa, H 06YCJIOBJIHBaeT nOHBJIeHHe HHTepBaJIa KOMMY-

Tal.{HH, KOTOpbIH Ha3bIBaeTCH YZllOM KOMMymal.fUU. ,l],aHHblH HHTepBaJI

0603HaqaeTCSI y H H3MepSleTCSI B 3JIeKTPH'leCKHX rp8.AYcax. Ha HHTepBaJIe

KOMMyral.{HH O)J,HOBpeMeHHO npOBO,ll,HT TOK )J,HO)J,bI, aHO)J,bI HJIH KaTO,lU>1

KOTOpblX 06'be)J,HHeHbl B 06Il\YIO TO'IKY, a .u;pyrne BbIBO)J,b1 CBSl3aHbi C

pa3HbIMH clJa3aMH TPaHcclJopMaTOpa. KOMMYTal.{ID1 conpOBO)l()]:aeTCSI BHYT-

peHHHM Me)l()J,yclJa3HbIM KOpOTKHM 3aMbIKaHHeM. B03HHKalOIl\HH TOK KO-

pOTKoro 3aMbIKaHWI iK BbI'IHTaeTCSI H3 TOKa )J,Ho.u;a, BbIXO,ll,HIl\ero H3 pa6o-

Thl, H npH6aBJUleTCj( K TOKY )J,Ho.u;a, BCTYnalOIl\erO B pa60TY. 113MeHeHHe

TOKOB )J,HO.u;OB B npOl ecceKOMMYTIll.{HH MO)KHO onpe.u;eJIHTh, nOJIb3YSlCb

MeTO)J,OM HaJIO)KeHIDI.
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TOKH ,lJ,HO,I:1,OB

-I3.fIE2
iYDI -ld iK -ld (1- coswt) ;

2wLa
(6.52)

o

-I3.flE2
)iYD3 .. iJ( - (l - coswt .

2WLa

(6.53)

VD2

Uz ua
KOMMyraQWI 3aKaH'lH8aeTCH npH

wt

V6E2
wt -y, ;YDJ - 0, iYD3 -Id--(I-cosy).

2WLa
(6.54)

La,
ltl

YpaBHeHHe KOMMyraQHH

2ltfOJLa
I-cosy-- ,

V6E2
(6.55)

Uti

YDt

I.,",

wt

VD2

J

.. ..

rAe E2 - 3c1JclJeKTHBHOe c1Ja3Hoe HanpR)J(eHHe BTOpH'iHOH 06MOTKH Ha xonOCTOM XOJ!.Y.

Yr01l KOMMyrallHH

. 

v II., I 
wt

2/,p)La
y - arccoS (1--) .

V6E2
(6.56)

o

.

wt

,[(mI MOCTOBOH weCTHnym,coBoH CXeMbl npH COe,lJ,HHeHHH BTOPH'lHOH

06MOTKH TpeyronbHHKOM ypaBHeHHe KOMMyrawm:

2ltfOJLa
I-cosy-- ,

3.flE2
(6.57)PI1C. 6.14. CxeMa KOMMYTauHl1 B TpexcIJa3HoM MOCTOBOM BbmpJlMHTeJIe H BpeMeHH6Ie 1I.Ha-

rpaMMbl TOKOB 11 HanpR)J(eHHii

YpaBHeHHe KOMMYTal(HH. PaCCMOTpHM npou.ecc KOMMYTaQHH Ha npH-
Mepe MOCTOBOH wecrunYJIbCOBOH cxeMbI npH nepeKlIlO'IeHHH TOKa C
,lJ,Ho.n;a VDl Ha ,lJ,HO)]. VD3 (PHC. 6.14). npoQeCC KOMMyraQHH Ha'lH-
HaerCj( B MOMeHT, COOTBerCTByromHH TO'lKe 3. KOMMyrHPYIOIl\<Ul 3,n:C
eK

=
eb

- e
a
= V3V2E2 sinoot. TOK KOMMyraQHH YBenH'lHBaerCH OT

HYIDI H HMeeT KOCHH}'COHAaJIbHYlO 3aBHCHMOCTb, TaK KaK 3aMbIKaerCR
B QenH C HHJJ.YKTHBHbIM conpOTHBneHHeM, paBIIblM 2ooL

a
:

rAe E2 - 3c1JclJeKTl1BHOe c1Ja3Hoe HanpSl)J(eHHe BTOpH'lHOH 06MOTKH, COe1I.HHeHHOH TpeyrOJIb-
HHKOM.

\

,[(mI HyneBoH mecrunynbcoBoH cxeMbI ypaBHeHHe KOMMyraQHH auano-

rH'IHO ypaBHeHHIO (6.59), HO B HeM OTCyrCTBYeT MHO)KHTenb 2 nepe,I:1, 1d,

TaK KaK TOK )].Ho,na paBeH 1d 12:

ItfOJLa
I-cosy--

V6E2
(6.58)

. -I3-/'IE2
II( .. (l - coswt) .

2wLa

(6.51)
Yron KOMMyral(HH Y BO Bcex weCTHnyJIbCOBblX cxeMax npH paBHblX

TOKax 1d O,lJ,HHaKOB. 3T0 06'LRCHReTCR npOnOpl(HOHaJIbHbIM H3MeHeHHeM

aHO)].HOH HHJJ.YKTHBHOcru COOTBeTCTByroIl\eH cxeMbI.
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 JIJweHa.n:I aTHnYJIbCOBOHCXeMbl ypaBHeHHe I<OMMyraQHH

2ldWLa
l-cosy-- ,

V6E21
(6.59)

r1I.e £21 - 3if1c1JelITHBHOe c1Ja3Hoe HarrpJl)J(eHHe 06MOTKH, COe.AHHeHHoH 3BeJ)(OH.

BJIHRHHe KOMMyTaQHH Ha pa60TY BLmpRMHTeJlR. npOQecc KOMMYTaQHHBJlHSleT Ha cpOpMbl KpHBblX BbmpSlMJIeHHOro HanpSl>KeHIDI Ud H TOKOB il H
i
2 B 06MOl'KaX TpaHccI>opMaTOpa. 3TO CKa3b1BaeTCSI Ha CpeWIeM 3Ha'leHHH
H Ha rapMOHH'IeCKOM COCTaBe BbmpSlMJleHHOrO HanpSl>KeHIDI, a TaK>Ke Ha
rapMOHH'IeCKOM COCTaBe TOKa, nOTpe6rureMoro H3 cem. no cpaBHeHHIO co
CJIY'IaeM HJ1:eaJIbHoro BbmpSlMHTeIDI C MrHOBeHHOH KOMMyraQHeH npH pe-
aJlbHblX npoQeccax KOMMyraQHH H3MeHSIIOTCSI JIHWb aMDJIHT)'):{b1 H cl>a3bl
rapMOHHK B KpHBblX Ud Hid' nOPMOK rapMOHHK cOXpaIDIeTCSI.

Ha HHTepBaJle KOMMyralum (CM. pHC. 6.14) ,nHO.n;OB VDl H VD3 nOTeH-
QHaJI TO'lKH "_"

onpe.n;eIDIeTCH cl>a30H C 6J1aro.n;apSl HaJlH'IIDO npOBO.n;SIlL\ero
.IDiO.n;a VD2. nOTeHQHaJI >Ke TO'lKH "+" cl>OpMHPYeTCSI no,I:1, BJIlUIHHeM Ha-
npSl>KeHHH .lUJyx cl>a3 a H b B KOpOTK03aMKHyroM KOHType, co.n;ep>KalL\eM.n;Ba npOBO.n;SII.U:HX .IDiOM VDl H VD3. B pe3YJIbTaTe nOTeHl.{HaJI TO'lKH "+"
onpe)].eJISleTcSI nOJIycYMMOH HanpSl>KeHHH cl>a3, Y'IaCTBYlOlL\HX B KOMMyra-
QHH: O,5(ua + ub)' Ha HHTepBaJle yma KOMMyraQHH y npOHCXO,nHT YMeHb-
lUeHHe BbmpSlMJleHHoro HanpSl>KeHHSI. 31"0 CKa3bIBaeTCSI H Ha cpeWIeM
3Ha'leHHH BbmpSlMJleHHOro HanpSl:>KeH1U1:

Ud- Uc/fJ-I1Ucfr, (6.60)

rAe 6Vdr - cpeJUlee 3Ha'leHHe KOMMYTal.lHonHoro cnH)J(eHIDI HanpJl)J(eHHR.

BeJIH'IHHY I1U
cfr HaxO.IDiM YCpe.n;HeHHeM KOMMyraLIHoHHblX DJIOlL\a,z:J;OK

3a nepHO)]. nOBTOpHeMOCTH BbmpSlMJleHHOrO HanpH>KeHWI 1t!3:

y
3

f
V3-.t2 . 3V6

.11 Ucfr -
- -smwtdwt --E2 (I - cosy).
:n: 2 21t

o
(6.61)

Bblpa>KeHHe B CK06Kax Onpe,I:1,eJIHM H3 ypaBHeHHSI KOMMyraQHH (6.58).
Tor.n;a ypaBHeHHe (6.64), JlBIDIIOll\eeCSI BHeUJHeH XapaKTepHCTHKOH BbmpSl-
MHTeJIH, nOJIyqaeT BH.n;:

Ud _ UeX) _
3IiNJLa

.

:It
(6.62)
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3 L
Lc + LSI

+ L
. L L I 2 COO1'BeTl, eHHOHH):(yKl'HBHOC',ueCb a

-
s2' c' sl' 's

k2
T

TH nHTaIOlQeH CeTH, paCCeSlHIUI nepBH1JHOH H BTOpH'IHOH 06MOTOK TpaHC-

cl>opMaTopa, kT K03c1>cI>HQHeHT TpaHCcI>OpMRLtHH.
,lJ;mI HYJleBOH meCTHnYJlbCOBOH CXeMbI BbmpBMJIeHIDI

3IdWLa
I1Ucfr-- ,

4:n:
(6.63)

rAe La - npHBeAeHHaR K BTOpH'iHOH CTopOHe CYMMapHaR HHJJ.YKTHBHOCTb c1Ja3bl (HH.u.yKTHB-
HOCTb TpaHcclJopMaTopa npH 3TOM Bbl'iHCJIReTCSI na OCHOBe llaHHblX KOp01'KOro 3aMblKaHHSI,

Korlia nanpJl)J(enHe n01I.Bo,IJ,HTCSI K nepBH'iHOH CTopOHe, H 3aMbiXaeTCII TonbKO o,IJ,Ha H3

BTOpH'iHbIX 3BeJA>:

,lJ;mI ,nJieHa.n.u.aTHnYJIbCOBOH CXeMbl nOCJIe)].OBaTeJlbHOrO THna

U.
6IdWLa

11 tfr--,
:n:

(6.64)

rAe La - OnpeAeJIReTCR C Y'ieTOM pa60TbI BTOpH1fHOH 06MOTKH, COeAHHeHHOH 3Be3AOH;
Lc + LSI

La--+Ls2.

ki

HH.D.YKTHBHOCTh TpaHccI>opMaropa, BXO.n;SIlL\yIO BO Bce BbIpR>KeHHSI C

Y'IeTOM KOMMyrarnm, onpe)].eIDIIOT no HanpSl:>KeHHIO KOpOTKOro 3aMblKa-

HWI u.c TpaHccI>opMaTopa upH HOMHHaJIbHOM 3Ha'leHHH nepBH'IHoro TOKa

[IHOM:

UK
WLr-XT-

IrHOM ki
(6.65)

HJIH \

UkUI
XT- ,

Ir HOM ki. 100
(6.66)

r1I.e u _
UK' 100

_ OmOCllTeJIbHOe HanpH)J(eHHe KOp01'KOro 3aMLlKaHIDI TpaHccIJopMaTopa,k
VI

Bblpa)J(eHHoe B npoLieHTaX.

KOMMyraQWI BbmpSlMHTeIDI 06YCJIOBJlHBaeT cl>OpMHpoBaHHe BHeWHeH

XapaKTepHCTHKH C HaKJIOHOM, nponOPQHOHaJIbHblM 1'0KY HarpY3KH Id H

aHOMOH HHJtYKTHBHOCTH.
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6.5. YnPABn EMblEBblnp MIr1TEl11r1TPEXCIIA3HOrO TOKA

Ha:ma'JeHHe H cnoc06LI peryJllfpOBaHHH BLlDpHMJleHHOrO HanpHj((eHHH.C nOMOIl\blO ynpaBIDIeMLlx rnpHcTopHblX HJIH THpHCTOpHO-,lJ,HOMbIX BbI-
npHMHTeJleH pernalOTCH 3Ma'iH IDIaBHOro perymfpoBaHIDI cpe)],Hero 3Ha-
'ieHIDI BbInpHMJleHHOrO HanpH>KeH B pe3ynbTaTe H3MeHeHIDI yrna ynpaB-
J1eHHH a, 3a.n;alOIl.{ero MOMeHT BKmo'ieHIDI THpHCTOpOB OTHOCHTeJIbHO
TOlfKH eCTeCTBeHHOH KOMMYTaQHH. YnpaBIDIeMbIe BbInpHMHTeJIH BbInOJl-
HHIOT TaK>Ke cl>YHKQHIO 6eCKOHTaKmoro KOMMyraUHoHHoro annapaTa,06ecne'iHBalOIl\erO OTKJllOlfeHHe l{enH HarpY3KH OT cem B cnylfae aBapHH-
Horo HapaCIaHIDI TOKa HJIH npH pa60qeM TOKe CHHmeM HMnYJIbCOB yn-
paBJleHIDI C rnpHCTOpOB. YKa3aHHbIe cl>YHKQHH B03MO)((lfO peanu30BaTb
BbInpHMHTeJIeM, B BbmpHMHTeJIbHOH cxeMe KOToporo npHMeHHIOTCH TH-
pHCTOpLI H .n;HO,lI,bI (HanpHMep, B MOCTOBOH cxeMe B aHoMoH rpynne _
.n;HO,lI,bI, a B KaToMoH - THpHCTOpbI).

Tpexcl>a3HbIH nOJIHOCTblO ynpaBIDIeMbIH BbInpHMHTeJIb, KaK H OJI.Hocl>a3-HbIH ynpaBIDIeMbIH BbmpHMHTeJlb, HBIDIeTCH 06paIl\aeMLIM npe06pa30Ba-
TeJleM. OH MO>KeT 6bITb nepeBe.n;eH B pe>KHM Be.n;oMoro CeTblO HHBepTopa
.nIDI B03BpaTa B CeTb 3Heprnu OT nmpe6HTeIDI (cJlY'iaii peKynepaTHBHoro
TOpMO>KeHIDI). TaKHe BblDpHMHTeJlH Ha3LlBaIOTCH 6bmpRMwneJlbHO-UH6ep-mOpHblMU npe06pa30BaTeIDIMH.

CpeJUIee 3HaqeHHe BblDpHMJleHHOrO HanpH>KeHIDI B TpexcI>a3HbIX BLI-
npHMHTeIDIx MO>KeT peryJlHpOBaTbCH He TonbKO cnoc060M cl>a30BOrO yn-
paBJleHIDI THpHcTopaMH BbmpHMHTeJlbHOH cxeMbI. PeryJlUpOBaHue B03-
MO>KHO (KaK H B O)],Hocl>a3HbIx BbInpHMuTeIDIx) H3MeHeHueM K03c1>cI>Hl{HeHTa
TpaHccI>opMaQuH B pe3YJIbTaTe nepeKJlIOlfeHIDI 'iHCJla BHTKOB 06MOTOK
npe06pa30BaTeJIbHoro TpaHccI>opMaTopa, cl>a30BbIM cnoco6oM B pe3ynbTa-Te BKJIIOlfeHIDI THpHCTOpOB Me>K,lJ;Y TpaHccI>opMaTopOM H ,nuOJUIOH BblDpH-MHTeJlbHOH cxeMoH, HMnYJlbCHblM MeTO.n;OM, BKJIIOlfeHUeM .npoCCeJIeH Ha-
CbIIl\eHux.

HaH60Jlee nepCneKTHBHblMH HBIDIIOTCX nonHOCTblO ynpaBIDIeMble TH-
pHCTopHble BblDpHMHTeJIH C cl>a30BbIM perynHpoBaHHeM, a TaK>Ke HMnYJIbC-Hble BbInpHMHTeJIH. PaCCMOTpHM 3TH BHJJ;b1 ynpaBIDIeMblX BbmpHMHTeJIeH,
Hcnonb3YH MOCTOBYID rnecmnYJlbCOBYIO cxeMY BbInpXMJleHHX.

MOCTOBOH THpHCTOpHo-JJ,HOAHLlH BLlDpHMHTeJIL.\ B aHO)],HOH rpynneMOCTOBOro Tpexcl>a3HOrO BbmpHMHTeIDI BKJIIO'ieHbI ,nuO,lI,bI VD2, VD4,
VD6, a B KaTOJUIOH --

THpHCTOpbI VTl, VT3, VT5 (pHC. 6.15).
npoQeCcbI B BbmpXMHTeJle paccMoTpHM npH AonYIl\eHHH H,U:eaJIbHOrO

Crna>KHBaHHH TOKa H yqeTe BJlHXHIDI aHo.n;HoH Hu.n:YKTHBHOCTH. Haqano
KOMMYTaQHH THpHCTOpOB 3a.n;ep>KHBaeTCH Ha yron a, .n;HO,lI,bI HaqHHalOT

nepeKJlIO'ieHHe B MOMeHT eCTeCTBeHHoro Ha'iaJIa KOMMyraQHH (TO'iKH 2. 4.
6, 8 Ha pHC. 6.15). MHTepBaJIbl KOMMyraQHH 1I.IDI THpHCTOpOB YT H 1I.IDI,lJ,Ho-
AOB YD onpe.n;eJUIIOTCH OTJlH'iaroIl\HMHCH KOMMyrHPYlOlllHMH 3)J;C, n03ToMY
MOryT OTnH'iaTbCH Ha pa3mf'iHOe 3Ha'ieHHe B 3aBHCHMOCTH OT yrna a.
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611.

611.

611.

PHC. 6.15. CxeMa H BpeMeHHt:le 1I.HarpaMMbl HanpSl)J(eHHH H TOKOB MOCTOBoro nonyynpaB-

nJleMOrO BbmpSlMHTeJUJ

,
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II
I

BLmpSiMneHHoe HanpSl>KeHHe ud HMeeT WIOllla,l(KH CHH>KeHIDI H3-3a

yrJla a H KOMMYTIU.{HOHHble nnOllla;:U<H H3-3a HHTepBanOB KOMMyral.{HH
YTHyD . B 3aBHcHMocru OT a B03MO>KHbI pe>KHMbl mecrunynLcoBoro
(a < 71:/3) H TpexnynLcoBoro BbmpSlMJleHIDI (71:/3 < a < 71:). B nOCJle):(HeM
cnY'lae Ha KpHBOH ud HMelOTCSI TO'lKH nepexo,na 'Iepe3 HYJIb.

TOKH 06MOTOK TpaHccI>opMaTopa BCne,lJ;CTBHe C,l(BHI'a no cl>a3e TOKa

THpHCTOpOB Ha yrOJl a B nOJlO>KHTeJlbHbIH H oTpHl.{aTeJIbHbIH nonynepHO-
,nbl OKa3blBaIOTCSI npH6nH>KeHHbIMH ,npyr K ,npyry, 'ITO Bbl3bmaeT nOHBJle-
HHe B CeTeBOM TOKe He TonbKO He'leTHblX, HO H 'IeTHbiX rapMOHH'IeCKHX
COCTaBIDlIOll.{HX. 3TO CHH>KaeT 3HepreTH'IeCKHe nOKa3aTeJIH BbmpSlMHTeIDl.
 HYJlY'lmeHIDI nOKa3aTeJleH pa60ThI nOJlyynpaBIDleMOrO BbmpSlMHTeIDlero BbIXO,n MO)f(HO mYHTHpOBaTh B 06paTHOM HanpaBJleHHH .lJ.HO)J,OM VDO
(CM. pHC. 6.15, a). B TaKoH cxeMe npH rJIy60KoM peryJIHpOBaHHH
(a> 71:/3) oTpHl.{aTeJIbHble Y'laCTI<H KpHBOH ud

= 0 HC'Ie3aIOT; Ha 3THX
HHTepBaJIaX TOK Id 3aMbiKaeTCH 'Iepe3 .lJ.H0)J, VDO, MHHYSI 06MOTKH TpaHc-
cl>opMaTopa H THpHCTOpbl.

Oco6eHHOCThlO CeTeBOH KOMMYTal.{HH ynpaBIDleMblx BbmpHMHTeJleH
HBIDleTCSI H3MeHeHHe KOMMymPYlOllleH 3 Cel< B 3aBHcHMocru OT yma
a (CM. pHC. 6.16).

KOMMymPYlOlllaH 3 C

ex = ea - ec = Y3V2E2sin(rol + a) . (6.67)

B 06111eM BH.D:e TOK KOpOTKOro 3aMblKaHHSI i
K 3aMblKaeTCSI B KOHT)'pe C

KOMM}'THpYlOllleH 3 Cef( H orpaHH'IHBaeTCSI B cxeMe 3Be3,nb1 ,nBOHHOH
aHOJUfOH HlI.D;yKTHBHOCTbIO 2wLa:

if( - V2IK [(cosa - cos(a + rol)], (6.68)

r1I.e IK - 3c1JclJeKTHBnOe 3Ha'ienHe TOKa KOp01'KOro 3aMbiKanMSI B KOHType KOMMyrallHH;IK - V3E2/(2wLa).

TOKH THpHCTOPOB Ha HHTepBane KOMMyral.{HH

.
. V6E2

1m - Id-If( - Id--[cosa-cos(a +rol» ;
2roLa

(6.69)

. . V6E2
[ ( )]IVTJ .. II< -

-
cosa - cos a + rot ,

2roLa
(6.70)

f')J.e £2 - 3c1J4>eKTHBnOe c1JaJnoe nanpR)J(eHHe B1"OpH'lHOH 06MOTKH.
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n
.

I TX
3 "'TO["O ["paHH'IHOrO YCJIOBHH CJIe/J:ye'lpH wl-a+Y'K- d . n J

Id -
V6E2

[coso' - cos(a + y)], OTKYAa ypaBHeHHe KOMMyral.{HH ynpaBIU(e-
2wL

a

Moro BbmpjJMHTCnll

2IdWLa
cosa-cos(a+y)-- .

.[(;E2
(6.71)

Yron KOMMyral.{HH MaKCHManeH npH a.. 0 H MHHHMaJIeH npH

a == 71:/2 = 90 3J1. rpan:. (PHC. 6.16).

aJ e

wt

Calt

PHC. 6.16. rpacIJHKH 3l1.C (a) H KOMMyrnpYlOlUero TOKa (6)
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II
I

I
I
I

B pe>KHMe 0 < a < :n:/3 cpe,l:Ulee 3Ha'IeHHe BbInpSlMneHHOrO HanpSl:>Ke-
HIDI

Uda - Uc/O I1Utfr. -I1UtfrD -I1Uda , (6.72)

r,ne

a

.. TT 3

I
-PO-"" 316E2

uVda-- v3v2E2smwtdwt--(l-cosa); (6.73)
2n:o 2n:

YD
3

I
:o/'IE2. 316£

I1UtfrD
-
- .../3- smwtdwt - (I - cosy );
2n:

0
2 2n:2

D (6.74)

a+y.
3

I
:o/'IE2. 3161::2

I1Utfr. -
- .../3- smwtdwt --[cosa - cos(a + YT)J .

2n: 2 2n:2
a

(6.75)

C Y'IeTOM BbIpIDKeHHH (5.123H5.125) nonY'IHM:

316E2

[Uda ..

-;:-
2 - 1 + cosa

1 + cosYD cosa + cos(a + YT)

J ..

2 2

316E2
-

-;:- [I + cosa + cosYD + cos(a + YT)] . (6.76)

,lVuI crryqaJl La = 0 BblpIDKeHHe (6.79) nonY'IaeT BH,l1.

Uda - 3:E2 (I + cosa).. Uc/O C
+

;osa}
BbIpa3HB TpHroHOMeTpH'IeCKHe cl>YHKl.{HH cos(a + YT ) H cosY

D
B ypaB-

HeHHH (6.79) 'Iepe3 napaMeTpbl HarpY3KH C nOMOll.{blO COOTHOmeHHH (6.74)
H (6.59), nonY'IHM ypaBHeHHe BHeIllHeH xapaKTepHCTIlKH (pHe. 6.17)

(6.77)

Uda ..

316E2

(
I + cosa

) _
3IdWLa

.

Jt 2 Jt

YnpaBIDIeMbIH MOCTOBOH THpHCTOpHO-,nHOJUIbIH BbInpSlMHTeJIb npOll.{e
nonHOCTbIO ynpaBIDIeMoro. Ho H3-3a HeCHMMeTpH'IHOCTH KpHBOH nepBH'I-
Horo TOKa ero npHMeHeHHe l.{erreCO06pa3HO JlHIlIb npH Herny6oKoM pery-
lIHpoBaHHH BbmpJlMJleHHOrO HanpJl)l(eHIDI.
264

(6.78)

a) Udd.  udi
5) Udd.

udO d. Do UdO C jJUOjJ M VDo...

0,75
600 0,75

j
.

0,50
-d' 900

0,50

 .
c'""'""

...J...

0,25
120

0

0,25...L.

0 Id 0 30 60 90 t20 t50 d.,311.zpad

PHC. 6.17. BHelllHSlR (a) H perynHpOBO'iJlall (6) XapaKTepHCTHKH nonyynpaBJlReMoro MOCTO-

BOl'O BbtnpRMHTeJISI

MOCTOBOH ynpaBJIReMbIH BbmpOMlffeJIb. BbmpJlMHTeJlb BbInOJlHSleTCJI

Ha THpHcropax VTI-VT6 (pHC. 6.18). fio cpaBHeHHIO C HeCHMMeTpH'IHOH
cxeMOH nOJlyynpaBIDIeMOI"O BbmpJlMHTeIDI B ,naHHOH cxeMe Bce npOl.{eCCbl

CHMMCTpH'IHbl H xapaKTepHCTIiKH BbmpSlMHTeIDI 60Jlee 6J1aronpHSITHbI B

WHpOKOM ,nHana30He peryJlHpOBaHHJI.
Ha THpHCTOpbl OT cxeMbI ynpaBJleHlUI CY no,naIOTCSI C)I,BOeHHble (c

HHTepBaJIOM :n:I3 = 60 3J1. rpa.n.) HMnYJlbCbI ynpaBJIeHlUI HJIH naKeTbl HM-

nYJIbCOB .wUITenbHOCThIO 60Jlee :n:/3. TaKOH anropHTM CJle,nOBaHHR HM-

nYJlbCOB Heo6xo.u;HM .wrn O,I:UIOBpeMeHHoro OTDHpauIDI O,nHoro THpHCTopa

B KaTOJI.HOH H OJI.Horo rnpHCTopa B aHO,nHOH rpynnax, 'IT06bI 06pa30Ba-
J1aCb HenpepbIBH lIenb HarpY3KH npH BKJUO'IeHHH BbmpJlMHTeJUI H B

pe>KHMe npepbIBHcroro TOKa IIPH rJly60KoM peryJlHpOBaHHH.

KOMMyTalllUl B 3TOH cxeMe npoHcxO,nHT no 061l.{HM cl>H3H'IeCKHM 3aKO-

HOMepHOCTJlM. YpaBHeHHe KOMMyTau.HH TaKOe :>Ke, KaK .wrn norryynpaBIDI-

eMoro BbmpHMHTeIDI [CM. ypaBHeHHe (6.74)].
Cpe,nHee 3Ha'IeHHe BbmpHMrreHHoro HanpJl)l(eHIDI

Uda- Uc/O- I1Utfr-I1Uaa, (6.79)

r,ne

a

3

I
. 316E2

I1Uda" - -I'3:o/'IE2 smwtdwl ..
-(I - cosa);

Jt
:n:

o

(6.80)

a+y
3

I
:o/'IE2. 316E2

I1Utfr ..
- -1'3-

2
smwtdwl--[cosa - cos(a + Y )).

Jt 2n:
a

(6.81)
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i, it
+£7 TorM

- T - a

; 1.,
Ld 3-16E2 3-16E2 316£2

- Uda----[cosa-.cos(a+y)]- (l-cosa)-
Uz

II n n n

c
Rt!. _

3-16E2

[1- +
cos(a+y)

1 ] U. [cos(a+
y) +

cosa]+cosa - c/O . (6.82)
n 2 2 2

TIO,I:1,CTaBHB BMeCTO cos(a + y) BbIpa>KeHHe H3 ypaBHeHWI KOMM}'TaI.{HH

(6.74), nonY'iHM ypaBHeHHe BHeliHeH xapaKTepHCTHKH
U
t

o

u u U u

 1"""" ,;:

DK!f  S/
 ,;:,

 Kf ...::i _

V

lJ  < 2n.
\ J 3x 1/ wt

2'_ "t 6  /8' .... o
... j

d wt

[
COsa 1

(
2IdWLa

) ]
3ldWLa

Uda "" Uc/O -+
- cosa -- - Uc/Ocosa ,

2 2 -I6E2 n
(6.83)

is
VTt

VT2

VT3

VTi

VTS

VT6

TIpH H3MeHeHHH yma ynpaBneHiUl 0 < a < x/3 nanpsDKeHHe H TOK BbI-

npSlMHTeJUI HenpepbIBHbI ,I:1,a:>Ke "PH aKTHBHOH HarpY3Ke. )J;JUI 3TOro pe)l(lf-
Ma (I) cpe}UIee 3Ha'leHHe BbUIpRMJleHHOrO HanpSl>KeHHSI, KaK cne.u.yeT H3

BbIpIDKeHIUI (6.86) npH La = 0

cha - Uc/O cosa . (6.84)

ll,t

B JJ:pyrOM pe)l(lfMe (II) npH x/3 < a < 2n/3 KpHBaSl BbmpSlMJleHHoro

HanpSl>KeHWI Ud npH aKTHBHOH narpY3Ke CTanOBHTCSI npepblBHCTOH, H

cpe}UIee 3Ha'ieHHe BbmpSlMneHHoro nanpSl>KeHWI

o

iz
wt

3

..

. 3-16E2

[ (
n

) ]cfJa
-; f ...r3-1'IE2 smwtdwt -

-;-
1+ cos

3"
+ a .

../3+a

(6.85)

o wt
Ha pHC. 6.19 npHBe,I:1,eHbI KpHBbIe BbmpSlMneHHoro HanpSl>KeHIDI npH

pa60Te MOCTOBoro rnecrnnynbcoBoro BbmpSlMHTeJUI npH yrJlax ynpaBJle-

HWI, COOTBeTCTBYIOunIX 1 (aI
< 1[/3), II H rpaHH'iHoMY la2 ..x/3) Pe)KH-

MaM.

TIpeJJ:eJIbHbIM ymoM ynpaBJIeHlUl, npH KOTOpOM Ud
= 0 B cJlY'iae aK-

THBHOH HarpY3KH SlBJUleTCH amax
'" 2n/3 = 120 3n. rpa,n,. (PHC. 6.19).

TIpH aKTHBHO-HH,I:1,yKTHBHOH HarpY3Ke C H)],eaJIbHbIM CrJla>KHBaHHeM

TOKa Id KPHBaH BbmpSlMJIeHHoro HanpSl>KeHWI ud BO BceM AHana30He H3-

MeHeHWI yrJla a HenpepbIBHa (Kale JJ:IDI pe)l(lfMa I) C TeM OTJlH'iHeM, 'iTO

npH a > x/3 KpHBaSl ud HMeeT oTpHl.{aTeJlbHble Y'iaC'TI<H (Ha pHC. 6.19

nOKa3aHbI IlITpHXOBOH nHHHeH). )J;JUI 3Toro pe)l(lfMa BO BceM AHana30He

peryJIHpOBaHWI cnpaBe.D.JIHBa cpopMYJla:

o

1 \ 1 \
wt

..

\ to
\

\
iO

\

U6(vrtJ

PHC. 6.18. CxeMa H speMeHHwe 1I.HarpaMMbl nanpR)J(eHHH H TOKOB ynpaBJIReMOrO MOCTOBO'

1"0 llleCTHnynbcoBoro BbmpJiMHTeJIR
Uda

- Uc/Ocosa. (6.86)
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1'13 cl>opMynbI (6.89) CJIeA}'eT, IfTO MaKCHMaJIbHOe 3Ha'leHHe yma a B

pe>KHMe H)];eaJIbHO crna>KeHHoro TOKa amax
... 71:/2 = 90 3J1. rpa,n;.

BHelllHJUI xapaKTepHCTHKa (PHC. 6.20, a) Tpexcl>a3HOrO MOCTOBoro BbI-

npXMHTeIDI no cpaBHeHHIO C OroWcl>a3HbIM BbInpXMHTeJleM HMeeT HeKOTO-

pyIO cneLtHcI>HKY. B 3aBHCHMOCTH OT TOKa HarpyJKH Id B MHorocl>a3HbIX

cxeMax Moryr B03HHKaTb OTJIH'IaIOIJ.{HeCX APyr OT Apyra pe}l(HMbI pa60TbI.

KplITepHeM nepeXOAa H3 O,lUICro pe)KHMa B ApyrOH XBJUleTCX onpe)];eJleH-

Hoe (rpaHH'IHoe) 3Ha'leHHe yma KOMMyraLtHH y.

llepBblH pe>KHM pa60TbI xapaKTepH3YeTCX nepHOJU{'IeCKOH pa60TOH

,n;BYX ruIH Tpex THpHCTOpOB (pe>KHM 2-3): BO BHeKoMMyraLtHOHHbIH HH-

TepBaJI
- 2 THpHCTopa, Ha HHTepBaJIe KOMMyraI\HH

- 3 THpHCTopa.

rpaHH'IHOe 3Ha'leHHe yma KOMMyraLtHH Y ... 71:/3 = 60 3J1. rpa,n;. Y'IaCTOK

BHeIllHeH xapaKTepHcTHKH AJUI pe)KHMa HarpY3KH 2-3 onpe,n;eJUleTcx

ypaBHeHHeM (6.83). Ha pHC. 6.20, 6 HanpX)KeHHe Ud OTJIO)KeHO B AOJDlX

HanpX)KeHIDI XOJlOCTOro XOAa UdO' a TOK Id - B ,n;OJUlX BbInpXMJIeHHOrO

TOKa KOpOTKoro 3aMbIKaHIDI Idk'" Y2E2/roLa.

llpH yaeJIH'IeHHH TOKa HarpY3KH BbIllle rpaHH'IHorO 3Ha'ieHIDI Id(I-II)
yroJl KOMMyraLtHH OCTaeTCX HeH3MeHHbIM (y ... 71:/3) BCJle,n;CTBHe 3a,n;ep)lam

Ha'lana KOMMyraLtHH Ha HeKoTOpbIH yroJl, KOTOpbIH Ha3bIBaIOT )].onOJlHH-

TeJIbHbIM yrnoM ynpaBJleHIDI a'. <I>H3H'IeCKH :ITO XBJleHHe 06'bXCHXeTCX

TeM, 'lT0 npH KOMMyraLtHH THpHCTOpOB (AHOAOB), HanpHMep B KaTOAHOH

rpynne, THpHCTOp (AHo)].) aHO)].HOH rpynnbI, BCTynalOIJ.{HH B pa60T)', HMeeT

UI

wt

% 

wt
\1
'i

PRC. 6.19. BpeMeHH6Ie 1I.HarpaMMbl pe)J(HMOB pa60TbI ynpaBJIReMOrO TpexcIJa3Horo MOCTO-

BOl'O BbmpSlMHTeml npH aKTHBHOH narpyJKe

288

a)Ud Pe1ll.UM6I

II 1/1I

o qs

Id(l-ll)
60

Pltc. 6.20. PeryJIllpOBO'lHaR (a) H nOJIllaR BnellllUlJl (6) XapaKTepHCTHKH ynpaBJIHeMOrO

TpexcIJa3HOI'O MOCTOBoro BbmpSlMHTeJIR

nOTeHI..\HaJI nOJlYCYMMbl cl>a3Hb1X HanpX)KeHHH, a He nOJIHoe cl>a3HOe Hanpx-

)KeHHe BCTynaIOIJ.{eH B pa60lY 4Ja3bI. nOACTaHOBKOH 3Ha'leHHH Y ... 71:/3 H

a... a' B cl>OPMYJIbI (6.74) H (6.85), B03Be)].51 HX B KBa.npaT H nO'IJIeHHO

CJlO>KHB, nOJlY'lHM ypaBHeHHe BHelllHeH xapaKTepHCTHKH BbmpXMHTeIDI BO

BTOpOM pe)KHMe:
2 2

4(roLaL i!J... lh-l.
6£ 81£ 

YpaBHeHHe (6.90) npe)].CTaBJUleT C060H A}'ry 3JUIHnCa, nOJlyocH KOTO-

poro no KOop)].HHaTaM Id H Ud COOTBeTCTBeHHO

.[(;1:.2
1d3 -- ; (6.88)

2roLa
....

(6.87)

9£2
Ud3 -- .

1t'!2
(6.89)

rpaHH'IHbIe 3Ha'ieHIDI TOKa H HanpX)KeHHX, nonY'leHHble no ypaBHeHH-

XM (6.74) H (6.85) npH a = 0 H Y -71:/3,

..f6E2
Id(l-ll) -
- ; (6.90)
4roLa

C){b£2
Ud(l-ll) -
-

.

4Jt
(6.91)
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BTOPOH pe)l(HM 3aKaH'IHBaeTCX npH ycrroBHH Y + a' = :re/2. npH
)],aJIbHeHIlIeM YBeJIH'leHHH HarpY3KH OKa3blBaerCH B03MO)KHbIM Ha'laJIO

KOMM)'TaQHH, HanpHMep B aHOJUIOH rpynne, KOr,lJ;a eIl\e He 3aBepIlIHJIaCb
KOMM)'TaQIDl B KaTOJUIOH rpynne. npOQeCCbl B 3TOM pe)l(JfMe xapaK-

TepH3yroTCH OMOBpeMeHHOH pa60TOH Tpex mpHCTopOB (.rurO,I:1,OB), ABa
1013 KOTOpblX KOMMyrHPYeT B OMOH rpynne, 101 'IeTblpeX THpHCTOpOB
(.rurO)],OB), KOTopble nonapHo KOMMyrnpyroT B aHOJUIOH 101 KaToMoH
rpynnax (pe)l(JfM J-4). B cxeMe npoHcxo.rurT 'Iepe,I:1,OBaHHe HHTepBaJIOB
HOpMaJIbHOH 101 )],BOHHOH KOMMyraQHH. Ha HHTepBaJIe HOpMaJIbHOH
KOMM)'TaQHH ud = 0,5(3V2E2) sinrot, a Ha HHTepBaJIe )],BOHHOH KOMMY-
TaQHH ud = O.

YpaBHeHHe BHeIlIHeH xapaKTepHCTHKH B TpeTbeM pe)l(JfMe HMeeT BH)],

Ud-
9V2E2

_

9ldWLa
.

Jt :n:
(6.92)

3Ta xapaKrepHCTHKa npe)],CTaBJUleT C060H npxMYIO JlHHHIO. rpaHH'I-
Hble 3Ha'leHHH TOKa 101 HanpX)l(eHlUl nepexoJ].a B TpeTHH pe)l(JfM MO)KHO

HaHTH npH y... Jt/3 H a'.. :re/6, Hcnonb3Yx ypwmeHHe (6.74) H (6.85):

3-12E2
1d(1I-1Il) ..- ;

4wLa
(6.93)

9V6E2
Ud(I-lIl)-- .

4:n:
(6.94)

TaKHM 06pa30M, nonY'leHa nOJIHax BHeIlIIDIX xapaKTepHCTHKa MOCTO-

Boro  excl>a3HOrOBbmpHMHTeJUl 6e3 y'leTa BJIHHHHX aKTHBHbIX conpOTHB-
J1eHHH.

)J,BYXMOCTOBOH ynpaBJlHeMLIH BLmpHMHTeJlL nOCJle.LJ;OBaTeJILHoro THna.
CxeMa BbmpXMHTeJUl CO,lJ;ep)l(JfT THpHCTOpbl VTl-VT6 H VT7-VTI2 co

cxeMOH ynpaBJleHHH CY H aKTHBHO-HH,L:{yI<THBHOH HarpY3KoH (PHC. 6.21).
YnpaBJleHHe THpHCTopaMH nepBoro BbmpxMHTeIDI VI H BToporo V2

MO)l(eT 6bITb C paBHblMH yrJlaMH a HJIH OTJIH'IalOIl\HMHCX ymaMH a
l
H

a
2. KpoMe Toro, B03MO)KHa BapmU.\HH yrJlOB ynpaBJleHHx THpHCTopaMH

aHOMblX H KaTO.ll.HLlX rpynn. PaCCMOTpHM JIHIlIb CHMMeTpH'IHOe ynp3BJle-
HHe 060HX MOCTOB.

B )],BeHa.n.u.a'I'Hnym,cOBoH cxeMe nOCne,I:1,OBaTeJThHOrO THna CHrHaJIbl yn-

paBJleHWI iG\-iGI2, nO,lJ;aBaeMble OT CY Ha THpHCTOpbl VTI-VT12,
,I:1,OJDKHbl 6blTL "C'IeTBepeHHbIMH" HJIH npeJ.(CTaBlIHTL C060H naKeT HMnYJIb-
COB BblCOKOH 'IaCTOTbl, ,D.JIHTeJlbHOCTbIO He MeHee :re/2 = 90 3J1. rpa,lJ;. 31'0
290

T

+

iT

I
i,

:
Rd

Cy

L.d

Pnc. 6.21. CxeMa llBYXMoCToBoro 1I.BeH!\JU..\aTHnYJIbCOBOrO ynpaBJIReMOrO BbmpSiMllTeJISI

06eCne'lHBaeT 06pa30BaHHe 3aMKHyroro KOHTYpa TOKa Id 'Iepe3 06e BTO-

pH'IHble 06MOTKH TpaHccI>opMaTOpa, )],Ba mpHCTopa BbmpxMHTeIDI VI,

JI,Ba THpHCTopa BbmpRMHl'eIDI V2 H HarpY3KY B JII060M pe)l(JfMe pa60TLI

BO BceM .rurana30He H3MeHeHlUl yrna ynp3BJleHIDl a co BceMH BH)],aMH

HarpY3KH.

<I>opMHpoBaHHe KpHBblX BbmpXMJleHHoro HanpX)l(eHWI Udl ; Ud2

(PHC. 6.22) Ka)l()]:oro IlIecmnYJlbcOBoro BbmpHMHTeJUl (VI, V2) npH

H3MeHeHHH a BO BceM .rurana30He 0 s a s 2:rt/3 npoHcxo.rurT TaK )l(e,

KaK B paccMoTpeHHoM BblIlIe ynp3BJUleMOM MOCTOBOM BLlnpXMHTeJle.

Pe3ynbTHpYIOIl\ee MrHOBeHHoe 3Ha'leHHe BLmpXMJleHHOrO HanpH)l(eHWI

paBHO CYMMe MrHOBeHHblx 3Ha'leHHH BLmpXMJIeHHOrO HanpX)l(eHHX BLI-

npXMHTeJIeH VI H V2. KpHBIDI ud HMeeT)2 nynbCaQHH 3a nepHo)],.

TIpH a > :re/3 = 60 3J1. rpa,n:. BLmpHMJleHHOe HanpX)l(eHHe KIDIC)J.Oro

1013 BLmpXMHTeneu HMeeT OTpHQaTenbHLle yqaCTICH. Pe3ym,THpYIOIl\ee

HanpX)l(eHHe Ud =
Udl + Ud2 He HMeeT TaKHX Y'laCTKOB. ECJIH yroJl

ynpaBJleHWI a YBeJIH'IHTL ].1.0 3Ha'leHWI 60Jlee 90 3n. rpa,n:., TO Ha

KPHBOU BbmpHMJIeHHOrO HanpX)l(eHIDl Ud 6yJJ.YT y'laCTKH C OTpHQa-

TeJlbHblMH 3Ha'leHIDlMH.

Cpe,I:1,Hee 3Ha'leHHe BblnpXMneHHoro HanpX)l(eHWI B nepBOM pe)l(JfMe

(0 < a s :re/3)

6V6E21
Uda--cosa ,

Jt

(6.95)
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a BO BTOpOM pe:>KHMe (:n:/3 < a s 2:n:/3)

wt
Uda- 6V6:21'[I-t cos( +a)].

B Bblpa:>KeHHJlX (6.98) H (6.99) E21
- 34>4>eKTHBHOe 4>a3HOe HanpH:>Ke-

HHe BTOpH'lHOH 06MOTKH, coeAltHeHHOH 3Be3.D.oH. BHelliIDIH H perynHpo-

BOQHaH xapaKTepHCTHKH  eH aTRnYJlbcoBoroBblnpJlMHTeJIH
aHaJIO-

rH'lHbl XapaKTepHCTHKaM llleCTHnynbcoBoro MOCTOBoro BbmpJlMHTeJIH.

(6.96)

wt 6.6. BHEWHME XAPAKTEPMCTMKM M 3HEPrETM4ECKME nOKA3ATEl1M

u

wt

BHeUIHHe xapaKTepHCTHKH. BHelllHHH XapaKTepHCTHKa BbmpJlMHTeJIH

npe)].CTaBJlHeT C060H 3aBHCHMoCTb cpe)J.Hero BbmpJlMneHHOro HanpJl:>KeHIUI

OT cpe)J.Hero BbmpJlMJIeHHOrO TOKa UJr.h). ,[(mI ynpaBJlHeMblX BbmpHMH-

TerreH CYll.{eCTBYeT ceMeHCTBO BHel1IHHX XapaKTepHCTHK, COOTBeTCTBYIO-

ll.{HX pa3illf'lHbIM yrnaM ynpaBneHHJI a. BHelllIDIJl xapaKTepHCTHKa OTpa-

:>KaeT Bce pe:>KHMbl pa60TbI: OT xonocToro xo)].a )].0 KopOTKOro 3aMbIKaHHJI.

C YBenH'leHHeM TOKa HarpY3KH BbmpJlMrreHHOe HanpJl:>KeHHe CHH:>KaeTCJI.

ITa)].eHHe HanpJl:>KeHHJI B BbmpJlMHTene 06ycnoBJleHO HeCKonbKHMH JlB-

neHHJlMH, KOTOpble ycnoBHo MO:>KHO Pa3JJ.eJIHTb Ha TpH rpynnbl: na)].eHHe

HanpJl:>KeHIUI, Bbl3BaHHoe npOl.\eccOM KOMMyral.\HH, 06ycnoBneHO aHO)J.HOH

HH,ZJ;)'KTHBHOCTblO H MO:>KeT 6bITb Ha3BaHO UllaYKmU61lblM na)].eHHeM HanpJl-

:>KeHIUI (!!.UdL
- !!.Udy); na)].eHHe HanpJl:>KeHHJI Ha aKTHBHblX cOnpOTRBJleHH-

JlX cxeMbl - aKmU61l0e na)].eHl1e HanpJl:>KeHHJI !!.UdR; na)].eHl1e HanpJl:>KeHHJI

Ha CHnOBblX nonynpOBO)J.HHKOBbIX npH60pax BbmpJlMHTenbHOH cxeMbl

!!.UdV'

B 06ll.{eM cJlY'lae cpe)J.Hee BbmpJlMneHHOe HanpJl:>KeHHe

Uti

o
u
dZ

wt

Ud - UdOa - b.Udy - b.UdR - b.Udv , (6.97)

o

ud I I

T 1 r.:%:
-

c:.

'/.

'"

b IUddJ

7t 2TC

wt

rAe UdOa - cpe)J.Hee 3Ha'leHHe BblnpRMJIeHIIOrO HanpR)J(eHHH Ha XOJlOC'rOM XOA)' npH yrne

ynpaBneHHH a; 6U<tr, 6UdR, 6UdV- OTAenbHble COCTaBJIRIOll(He nMeHHH cpe,I],Hero 3Ha'iCHHR

BbmpHMneHHoro HanpR)J(eHHH, Bbl'iHCnHIOTcR c Y'IeTOM KOHKpeTHOrO THna BbmpHMHTeJIH.

o 31f wt

MH,Q)'KTRBHOe na,n.eHHe HanpJl:>KeHHJI !!.Udy paCCMOTpeHO paHee.

BnHJlHHe aKTHBHOrO conpOTHBneHHH Ha na)].eHHe BblnpJlMneHHOrO

HanpH:>KeHHJI paCCMOTpHM Ha npHMepe Tpex4>a3HOH MOCTOBOH CXeMbl

(PHC. 6.23). 3KBHBaneHTHoe aKTI1BHoe conpoTHBneHHe l}Ja3bl npe06pa-

30BaTeJIbHOrO TpaHc4>opMaTopa, npHBe)J.eHHoe KO BTOpH'lHOH 06MOTKe,

RIjJ - R tRljJ2 , (6.98)

PIIC. 6.22. BpeMeHHble AHarpaMMbl HanpH)J(eHHH 1I.BeH!\JU..\aTllnYJIbCOBoro ynpaBJIReMOrO

BbmpHMHTeJIR npH yrnax ynpaBneHHH al = 30°, az = 60° H a3 = 75°

rAe R,j,j Rcjll/k 
- npHBe1I.eHHOe aK11iBHOe conpOTHBJIeHHe c1Ja3bl nepBH'lHoH 06MOTKH;

RcjlZ - aKTHBHoe COnpOTHBJIeHHe BTOpH'IHOii 06MOTKH.
293292



wI
..

AHaJIOrn<1HO onpeAeJUlIOTCH cOCTaBIDUOII.\He nMeHHH HanpH)I(eHHH JQ'UI

.u.pyrHX CXeM BbmpHMHTeJleH. PaCqeTHble clJopMynbl JI.lliI HaH60nee 1IIHpOKO

npHMeHHeMblX CXeM npHBeAeHbI B Ta6n. 6.2.

rapMOHH'lecKHe COCTaBJIHlOrnue BLlnpHMJleHHOrO HanpH3CeHHH H nep-

BH'lHOrO TOKa BbmpSMHTeJleii. KpHBWI BbmpHMJIeHHOrO HanpH)I(eHHH npH

paJJlO)l(eHHH B pH.u. <I>ypbe CO.u.ep)l(HT nOCTOHHH}'lO COCTaBJUllOlI.\YIO Ud,

paBH}'lO ero cpe)I.HeMY 3HaqeHHIO, H nepeMeHHYIO COCTaBIDUOII.\}'lO. onpe-

.u.eJUleMYIO CYMMOH BbICUIHX rapMOHHqeCKHX COCTaBIDUOII.\HX:Rd

''''

Io -1.! r I..
lVDtf

t
}VDS I : it'DZ

o

'U:!.  /'

:::l
a VD5

b

wI
..

VDZ
wr
.

k-'"

PRC. 6.23. 3KBHBaJIeHTHaJ"I cxeMa H BpeMeHHhIe AHarpaMMLI HanpH)J(eHHH H TOKOB Ha Im-

TepBaJIe nOB1'opHeMoCTH x/3 MOCTOBOro TpexcIJa3UOl'O BbtnpRMHTeJIR

Ud - Ud + L UdM(n) sin(nwt ... !Pen» ,
k-I

n-kq

(6.103)

KaM

TOK Id B .u.aHHOH cxeMe npOTeKaeT nOCJIe.u.OBaTeJlbHO no ,lJ;BYM 06MOT-
TpaHcl}JopMaTopa. rIpH H)J;eaJIbHOM Crna)l(HBaHHH TOKa MrHOBeHHoe

HanpH)I(eHHe tJ.UR Ha BHeKoMMyraQHOHHOM HHTepBaJIe 31:/3 _ Y

rAe UthI.(n) - aMnllHTyAa BblcllleH l'apMOHH'leCKOH COCTaBJIRlOmeH nopH1J.Ka n; (0 - yrnoBaH

'laCTOTa nllTaIOmeH CeTH; n = kq - nopSlllKOBbIH HOMep BblCllleH rapMoHH'leCKOH COCTaB-

JIJlIOmeH no O1'HOllleHHlO K OCHOBHOH 'iaCTOTe nHTaIOmeH ceTH n = 1 (q - KpaTHOCTb

nYJIbCal(HH BLmpHMJIeHHOrO HanpH)J(eHHR, k
= 1,2, 3, ...,

- HaTYpaJIbHblH PH)( 'lHcen); «p(n) -

Ha'laJIbHaH c1Ja3a BblCllleu rapMOHH'leCKOH nopSlllKa n.

l1uR = 2R4Jd. (6.99)

Ha HHTepBaJIe KOMMyraQHH, KOr.u.a TOK nepeXOJl.lfT C Jl.Ho.u.a VD6 Ha
Jl.lfOJ]; VD2, npH .u.OnYI.QeHHH JIHHeHHOH KOMMyraQHH HanpH)I(eHHe

T a 6 n H Ita 6.2

wt

l1uR - R 1jI+ R4Jd- .

y
(6.100)

CxeMa BLlnpllMJIeHHJJ UdOa f1UtIr f1Ut/R f1Udv

OAH04Ja3HaR:

HyneBaR U,ncosa 1awLa R4J,t:t)
(Uro + 1FAVrr)S

x

MOCTOBaH U,ncosa 21awLa 2(Uro + 1FAvrT) S

x

TpexclJa3HaR Illec-

THnynbcOBaH:

HyneBaH U,ncosa 31awLa

lR4J{  1.)
(UTO + 1FAVrr) s

-

x 2Jt 3 2

MOCTOBaH U,ncosa 1R$1{2Jt  1.)
2(Uro + 1FAVrr) s

x 3 2

MOCTOBaH no-
u,nC

+

;osa)
61awLa lR4J{2Jt  1.)

2(UTO + 1FAVrr) S

nyynpaBJIRe- x x 3 2
MaH

TpexclJa3HaH 12- U,ncosa 61awLa £ R4J{2Jt -1.)
2(UTO '" 1FAVrr) S

nynbCOBaH 1I.Byx- x x 3 2
MOCTOBaH nocnelJ;Oo

BaTeJIbHOrO THna

CpeJI.Hee aKTHBHOe na,n,eHHe HanpH)I(eHWI

ot/3 ,,/3 -y ,,/3

3

f
3

b.UdR - - b.uRdwt - - [f 2R ddrot+f (R d+ R d
wt

) dwt ] _
:It :Ito 0

ot/3-y Y

_ lR d(
2:n: _1) .

:It 3 2

na,n,eHHe HanpH)I(eHHH Ha CHJIOBbIX nonynpOBOJl.HHKOBblX npH60pax

(6.101)

b.UdV = (UTO + IFAV Tr)sNd, (6.102)

r.n.e UTO, rr - napaMeTpbl annpOKCHMHpOBaHHOH BAX npH6opa; 1FAt"- CpeAHee 3Ha'leHHe

 OKanonynpOBOAHHKOBOrO npH60pa (C Y'ieTOM napannenbHoro COeJUlHeHHII)" S _ '1HCJIO

Oene1I.OBaTenbH IXnpH60pOB B OAHOM nne'ie BbmpHMllTeJIbHOH CXeMbl, Nd .-:. 'iHCJIO nne'l
BbmpHMHTeJIbHOH CXeMbl, OAHOapeMeHHO HaxOARmHXCH B KOHType 1'OKa 1d.
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COrJlaCHO MeTO.ny pa:mO)l(eHIDI B <I>

Y,lJ;OBJleTBOpSIIOll.{eH YCJIOBHHM TT
HPe

P

XJI

1I,1],

e

ypLe nepHO,/J.H'IeCKOH ctJYHKl!HH,
, Bblpa)l(eHIUI nTTa

onp
aMrIJIHT}',lJ; H Ha'laJILHLIX "'a3 rap

. - e,n;eJIeHHH

'I' MOHH'leCKHX cOCTaBmuoll.{H
no 01HOWeHHlO K 'laCTOTe nOBTopReMOCTH I}JYHKl!HH CJleJ1YlO   pHJU<a

n

UdM(n) - VA + Ii!, ;

Wq

Bn - E2M 9.. fcos(wt -  ..a) sinnwtdwt ;
Jt

0
q

(6.110)

(6.104)
r1I.e n :::: kq (k :: 1,2,3, ..., q

- KpamocTb nYJIbCaUHH).

JVm UdWl nOJlY'leHO eromoe AJUI Bcex cxeM BLmpHMJleHHR BLlpaJKeHHe:

An
Ipn - arctg- .

Bn
(6.105) UdMll - E2M

!L sin cosa VI ..' n
2 tia '

Jt q n
2
-1

(6.111)

r)J.e An, Bn - COOTBeTCTBeHHO aMnnH I
-

HHljeCKOH COCTaBJIRIOli(eH nop
,mv

TY1I.L KOCHHYCHOH H CHHYCHOH COCTaBJIlUOli(H" rapMo-
"""a n npH pa3110)J(eHHH B PH)( <l>ypbe.

3TH aMnJlHT}',/I,b1 onpe,n;eJUIIOTCH no BblpIDKeHHHM

Tn
I

An -
T:fud(t)cos(nwnt)dt ;

no
(6.106)

r)J.e n = kq.

113 BLlpaJKeHHH (6.114) cne,n;YeT, '!TO cneKTP BblCWHX rapMOHHqeCKHX

COCTaBJUIIOll.{HX 3aBHCHT OT 'lHCJIa nYJlbCaI.\HH q BLlnpHMJleHHOrO HanpHJKe-

HHH Ud 3a O,roiH nepHO,n; T"" 2Jt/OJ HanpH)I(eHIDl nHTaIOll.{eH CeTH. qacToTa

/" Ka>K,lJ;OH rapMOHH'leCKOH COCTIiBJUIlOll.{eH CBH3aHa C 'laCTOTOH nHTIUOll.{eH

CeTH/ COOTHOllleHHeM

Tn
1

Bn -

T:fud(t)cos(nwnt)dt ;

nO

In = kqf. (6.II2)

(6.107) COCTaB BLIClllHX rapMOHH'leCKHX COCTaBJUllOll.{HX npH CHHYCOH.LlaJIbHOM

H CHMMeTpH'lHOM nHTaIOll.{eM HanpH)I(eHHH 3aBHCHT TonbKO OT cxeMbl

BLmpHMneHIDl, HO He 3aBHCHT OT yrnoB ynpaBJIeHHH a H KOMMyral.\HH

y. AMruIHTY,/I,bI OT,n;eJThHLIX rapMOHH'leCKHX COCTaBJUIIOll.{HX Udldfl H3MeIDi-

IOTCH B 3aBHCHMOCTH OT rny6HHLI ynpaBJleHHH H yrJIa KOMMyral!HH.

)J;JIH H,n;eaJlLHOH KpHBOH BLmpHMJIeHHOrO HanpH)I(eHHH Ud

(y _ 0, a _ 0, CHMMeTpH'lHOe H CHHYCOH,/J;aJIbHOe nHTIUOll.{ee HanpH)I(e-

HHe) HMeeTCH cne.nyIOll.{WI 3aKOHOMepHOCTb AJUI aMruIHT}'JJ. BLIClllHX

rapMOHH'leCKHX COCTaBJUHOll.{HX:

r,ne Tn = 21r OOn - nepHo,n nOBTopHeMoCTH B
-

OOD _ qoo _ yrnOBaR ljaCTora nOBTOpJleMOCTH.

KpHBOH BbInpHMneHHoro HanpH)J(eHHJI,

lloBTopHeMocTb KpHBOH BLID

KpaTHOCTH nYJIbCal!HH q KaK
pHMJleHHOrO HanpJl)l(eHHH 3aBHCHT OT

. nOKa3aJI aHaJIH3 cxeM BLI
Ball nOBTOpJleMOCTH 2:1t/

npJlMJIeHHH HHTep-

BLIpa)l(eHHeM
q, a KpHBaH Ud Ha 3TOM HHTepBaJIe onHCbIBaeTCH

Ud..l:.2M cos(wt- + a )
q

,

rAe E2w - aMnJIHTYTI.a COOTBeTCTBYIO eroBTOpH'iHOrO c1Ja3Horo HanpSl)J(eHHH.

(6.108)
UdM(n) = 2UdOI(n

2
- I), (6.113)-

HanpHMep, npH q = 2 E2M
= ..rIE2 npH q = 6 E _

V6E2
, 2M

-

-JIlUI HYJleBOH
H E2M

= V6E2 )J.JUI MOCTOBOH cxeM.
2

l1oJJ.cTaBHB BLlpa)l(eHHe (6.111) B (6.109) H (6 110)
k Ha n H

_

.
, 3aMeHHB ron Ha qOJ

q nepeH)J.JI Ha HHTerpHpoBaHHe no napaMf>'TTIY rot n .'
-'.t" , Ony'lHM.

rAe n = kq (k = 1, 2, 3, ... ; q
- IjHCnO nynbcauHH BbmpJlMJIeHHOrO HanpH)J(eHHR 3a nepHoJ],).

113 BLlpaJKeHHH (6.116) cneAYeT, 'lTO He3aBHCHMO OT cxeMLI BLmpHMne-

HlliI BLlClllHe rapMOHH'leCKHe COCTaBJUllOII.\He o)J.Horo H Toro )l(e nopHJU<a

n HMeIOT O,roiHaKOBLle aMnnHT)')J.bl.

OrnollleHHe 31}JIIJeKTHBHOrO 3Ha'leHIDl nepeMeHHoH COCTaBJUllOll.{eH BLI-

npHMJIeHHorO HanpH)I(eHIDl Ud- K cpe)J.HeMY ero 3Ha'leHHlO UdQ Ha3blBaeTCH

K03fjJfjJUI./UellmOM 60JlllUCmOCmu [19, 32,6] BblnpHMneHHoro HanpH)I(eHHH:

(6.109) (6. II4)

'btIq

An" E2M!1. fcos(wt - + a) cosnwtdwt ;
Jt 0 q

Ud
k"W---

UdQ Udo
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kq = UdM(n}/UdO, (6.115)

Ta6n. 6.3 oTpa)f(aeT cpaBHHTenbHble CBoHCTBa cxeM BbmpHMneHHH: C

YBemi'ieHHeM 'mcna nYJlbCal HHq 3a nepHo)J. cO)J.ep)f(aHHe BblClllHX rapMo-

HH'ieCKHX COCTaBJUUOI1.{HX YMeHblllaeTCH, cne)J.oBaTeJIbHO, Ka'ieCTBO Bbl-

npHMJIeHHOrO HanpSl)f(eHHH nOBbllllaeTCH.

HH:>Ke npHBe)J.eHbl 3Ha'ieHIDl K03I}JclJHl.{HeHTOB BonHHCTOCTH k(J) H HCKa-

)f(eHIDl TOKa nHTalOI1.{eH CeTH kHl' C YBeJIH'ieHHeM KpaTHOCTH nYJIbCaI..{HH q

K03I}JI}JHl.\HeHT BOJlHHCTOcrn YMeHblllaeTCH, a K03I1JclJHI..{HeHT HCKR)f(eHHSI

TOKa crpeMHTcH K e)J.HHHI..{e.

IIpHMeIDieTCH TaK)I(e .u;pyrOH nOKa3aT

npHMneHHoro Han
_

em. ].\JUI OI..{eHKH Ka'ieCTBa Bbl-

OH onpe.u;eJUleTcSI  a e     :  aeMblHK03,p,pUl.{UeUmoM nYJ/bCal.{UU [6].

l1.{eH K Cpe.u;HeMY 3Ha'ieHHIO BblllPHM:e =;;::: p e   :HH

O

M

H cOCTaBmno-

JUlThCH no aMI1JIHTY.u; 6
-

O)l(eT Bbl'iHC-

JUIIOl.QeH:
e HaH onbllleH (CTapllleH) rapMOHH'ieCKOH COCTaB-

r1I.e n =
q.

IIHCJJO nynbcaUUH q .........................
2 3 6 12

KOJclJclJHuueHTbI:
BonHHCTOCTH kw ...................... 0,48 0,18 0,04 0,01

HCKa)J(eHHH 1'OKa CeTH kHl ....... 0,900 0,827 0,955 0,989

KHXBC  :      B:    :     B=: p3Ha'ieHHH BbiClIIHX rapMOHH'ie -

HHH cpe.u;Hero 3Ha'ieHIDl BblllpHMneHHoro   H   
npOI..{eHTHOM BbIpa)l(e-

BH'iHOro TOKa 13 npOI..{eHTHOM BblpIDKeHHH OC: 13
 HH(Ud(n/UdO) H_nep-

CTaBJlHlOl1.{eH TOKa (I II )
0 HOH rapMOHH'ieCKOH co-

rapMOHH'ieCKOH COCTaB :) I(It
B 3aBHCHMOCTH OT HOMepa BblclIIeH

_

HJ1lOl1.{eH n )J.JUl cxeM BbmpSlMJIeH
CaI..{HH BbmpHMJIeHHOro HanpIDKeHIDl q (2,3,6, 12).

HH C IJHCnOM nYJIb-
B peaJIbHblX ycnoBHSlx nHTaIOl1.{ee HanpH)I(eHHe MO)l(eT HMeTb HCKa)l(e-

HHe, 6bITb HecHHycoH)J.anbHbiM
H HecHMMeTpHIJHbiM. B 3TOM cnYIJae

cneKTp BblClIIHX rapMOHHIJeCKl1X COCTaBJUlIOI1.{HX paclIIHpeH. Tax B KpHBOH

BbmpHMJIeHHoro HanpH)I(eHHSllllecrnnYJlbCOBbiX BbmpSlMHTeneH MOryr no-

SlBHTbCH rapMOHHIJeCKHe cocraBJUllOl1.{He C IJaCTOTOH 100 rI..{ H KpaTHbie

3TOH 'iaCTOTe. 3'1'0 BbI3blBaeT He06xo)J.HMOCTb BKJIIOIJaTb 13 COCTaB CrnR)f(H-

BalOl1.{HX I}Jl1JllirpOB )J.onOnHl1TenbHbie pe30HaHcHble KOHT)'pbI, HacTpoeH-

Hble Ha 3TH rapMOHHIJeCKl1e COCTaBJUlIOI1.{He, Hnl1 YCTpaHBaTb cneI..{HaJIb-

Hble JJ.BYX3BeHHble HnH anepl1o]J.l1IJeCKHe IIJIillbTpbI [6].

rapMOHHIJeCKHe cocraBJUlIOI1.{l1e BblllpHMneHHoro HanpH)I(eHHH cYl1.{e-

CTBeHHO 3aBHCHT OT yrna ynpaBneHHH a ()J..IDI ynpaBJUleMbix BbmpH-

MHTeneH) H OT yrJla KOMM)'TaI..{HH y. PaccMOTpHM 3aBHcHMocrn co-

)J.ep)l(aHIDl BbIClIIl1X rapMOHl1'ieCKHX cocraBJUlIOI1.{HX 13 KpHBOH BbmpHM-

neHHoro HanpH)I(eHHSI 13 OTHOCl1TenbHbiX e)J.l1HHI..{aX OT OTHOCHTeJIbHOrO

3Ha'ieHl1H BbmpHMneHHoro HanpH)I(eHHH npH perYJlHpoBaHHH yrJla

a (PHC. 6.24, a): UdOa = E2M
!l. sin cosa. C pOCTOM ymoB a H y aMn-

:It q

nHT)')J.b1 BbiClIIHX rapMOHHIJeCKl1X
COCTaBJUlIOI1.{l1X YBenHIJHBaIOTcSI (PHC.

6.24, 6). Pe3ynbTHpYIOll{ee BnHHHHe yrnoB a H Y Ha cO)J.ep:>KaHHe

BbiClIIHX rapMOHHIJeCKHX cocraBJUlIOI1.{HX (n = 6 H n = 12) 13 KpHBOH

BbmpHMneHHoro Hanp}l)l(eHHH nOKa3aHO Ha pHC. 6.25. no OCH a6cl.{Hcc

OTJlO)l(eHO 3HaIJeHHe TOKa HarpY3KH 13 )J.OJUlX TOKa KopOTKoro 3aMbl-

KaHIDl. npH IIJHKCHpOBaHHOM 3Ha'ieHHH aHo)J.HOH HHJJ.YKTHBHocrn La

yroJl KOMMyraI..{HH Y nponopI..{HOHaJIeH TOKY HarpY3KH.

3TH 3aBHCHMOCTl1 HMelOT CnO:>KHbIH XapaKTep, liTO cneJJ.YeT YIJHTblBaTb

npH 060CHOBaHHH ]J.l1ana30Ha pelynHpoBaHHH HanpSl)l(eHHH H paC'ieTa

Cma)l(HBaIOl1.{erO YCTpOHCTBa.
KpHBaH TOKa nepBH'iHOH 06MOTKH TpaHclIJopMaTOpa iI' T. e. TOKa

nOTpe6JU1eMOrO H3 nHTaIOl.QeH cern, 3aBHcHT OT TIma BbmpHMHTeJUI H

xapaKTepa HarpY3KH. KaK nOKa3aHo BbIllle, 130 BCCX BblllpHMHTCJUlX npH
299

HOMep H 'laCTOTa

Ta6nHua 6.3

Bblcwei! rapMOHH-
q=2'lecKOH COCTaIlJUUO- q=3 q=6

illeR

q= 12

n f,n 
Ud (oY III/fy/l(l), Ud (oy liVif/I(l), Ud (oY 111/1.,1/1(1),

Ill/f.,l/I(I),

UtIJ,% % UtIJ,% % UtIJ,% %
Ud (oy %

'}

UtIJ,%

1M 41 IA <;nM

1 I<;n 171:0

-

4 ')00 941 ,) M

'} O .,n nn ')OM

(, 100 404 4nd.

'OM

7 l<;n 1"- .,0

404

R 400

14')0 14')0

') ')4 I')  o

9 4 0 1111 177

10  OO 141 lnM

11   n ono 000

12 (,00

ona ana

n 00 000 000

11

noo

1><;0 71'.0 71'.0

14 700

71'.0 7{;0

() 7"1 714

l'i 7<;0 I> 1>7 o (; 

II> ROO n <;<; 1'.')<;

17 R<;n <; 00 <; RR

II! 000

<; RR

n AA nM nM

10 Q O <;.,{; <;.,1:

')n 1000 n  ..

<;'){;

21 10<;0

<;no

471'. n  ')

7') linn () ')0 4 <;<;

23 11 <;0 41<; 4  <;

74 I')on n ')<; n ')<;

41<; d.  ..

25 1250

0'<; n .,c

4,00 4,00 - 4,00 - 4,00
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a) {nl
UdO
0,8

0,6

Oft

0,2

a 0,2 0,11- 0,6 0,8
UdO«

---

Udo

6) ud{n}

UdO

0,08

d.-a

1,0 a 20
0

 Oo

'/-

PHC. 6.24. 3aBHcHMoCTH BblCIllHX rapM

Ltax) B BbmpllMJIeHHOM Han
OHH'ieCKHX COCTaBJIHIOll!HX (B OTHOCHTeJIbHblX eMHH-

pH)J(eHHH 01' rny6HHbI peryJIllpOBaHHII yrna y"paaneHHII a (0) H
yrna KOMMYTaUHH Y (6)

:E6 :Te a;:   =   K:a(::: OJUi04JaJHOro .nBYX YJIbCOBOroBbI-

J1eH (pHC. 6.26) KpHBa5I
HYIO H.arpY3KY) TOK '. HeCHHYCOH,ZJ;a-

 :I e     oBcfr: :   : ::= % ::: :E£.:T C ':  IOH :   

6 9 72 7 
Id
-,96 --
IN

PHC. 6.25. 3aBHCHMOCTH rapMOHH'ieCJ<HX COCTaBJIRIOutHX nOPMKa n = 6 (0) H n = 12 ( B

BbmpSiMneHHoM HanpH)J(eHHH 01' 1'OKa HarppJ<H npH pa3J1H'iHbIX Yriiax ynpaBneHHJ!
300

a) Idln)d d.-SO
Ido

0,20 SOD

0,76

0,12

a 3 6 9

Id
,96 __

IN

12

6)Idfn}d

IdO
0,10

15

n-f2

o 3

\
\

KpHBa5I nepBH'lHorO TOKa BbmpSlMIrreneii npe.n:cTaBJUIeT c060ii nepHO-

,nHlJ:eCKYW He'leTHYW IIJYHKQHlO C nepHoAOM nOBTopEeMOCTH 2n. IlpH PaJ-

J10)l(eHHH :noii KpHBOH B pEA <1>YPI.e 8 Heii OTCyrCTBYIOT nOCTOHHHaSi

COCTaBJUIIOlL{a5I H KOCHHYCHbIe COCTaBIffilOlL{He, a B CHHYCHoii COCTaBJffilO-

lL{eii HMelOTCE TonbKO He'lentbIe rapMOHH'leCKHe COCTaBJUlIOlL{He. HanpH-

aJ t,

wt

wt

6) it

wt

D} i.,

wt

z) t,

o

i 'f"}

PHC. 6.26. KpHBble nepBH'IHOm TOKa ;1 Hero nepBOH rapMOHH'IeCKOH ;1(1) H OAHOH crap-

Illeit BblCllleH rapMOHH1feCKOH COCTaB1IJ!IO HXJl1lR OAHocIJa3Horo (0), TpexclJa3Horo UlecTII-

nynbcoBoro (6, B) C pa3HbIMH cxeMaMH coeAHHeHHH 06MOTOK TpaHcclJopMliTopa H )].BeHM-

uaTHnYJIbCOBOm (z) BbmpllMHTeJIeH
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Mep, J1lUI HJJ:eam.HOH KpHBOH TOKa o,roIolIJa:moro 8bmpRMHTeJllI (CM. pHC.
6.26, a) aMIIJIH1)'.il.b1 rapMOHH<IeCKHX COCiaBIDlIOIl.{HX

"

2

f
ld . 2Id :II cosnwt 2/d

IIM(n)-; -smnwldwt"-lo--- [1 (-1)"],
ok..' kT1t n kTn1t

(6.116)

r1I.e kT - KOJ4J4JHUlleIIT "IpaHccIJ0PMRUHH TpaHccIJopMaTopa.

113 BbIpajf(eHHR (6.119) cJIe.nyeT, '11'0 npH 'IeTHbIX 3Ha'IeHHHX n rapMo-
HHIJeCKHe COCTaBIDlIOIQHe paBHbl HYmo. CJleAOBaTeJIbHO, J1lUI OJI.HO$a3HO-
ro BbmpHMHTeJUI cneKTp rapMOHH'IeCKHX COCTaBJUIIOIJ..{HX BKJIIOIJaeT B ce6H

nepBYIO (OCHOBHYIO) rapMOHHIJecKYIO n = I H PM BbIClliHX rapMOHHIJeCKHX
COCTaBJUlIOIQHx: CTapl1IyIO (n = 3) H CJle.nyrolQHe (n = 5, 7, 9, ...).

,[(JUI Tpex$a3HOrO l1IeCTHnYJIbCOBOrO BbInpHMHTeJUI (CM. pHC. 6.26, 6)
aMIIJIH-ryAbI rapMOHH'IeCKHX COCiaBJUIIOIQHX

Srt/6

2

f
[d . 41d .

(
mt

)
.

(
mt

)IIM(n) ..
- - smnwtdwt ..-sm - sm - .

:rt k.., kTn1t 2 3
rt/6

(6.117)

ilPH n, KparnOM 2 HJIH 3, rapMOHHIJeCKHe COCTaBJUl:IOIQHe paBHbI HYmo.
CJleAOBaTeJlbHO, B KpHBOH TOKa l1IeCTHnynbcoBoro BbIlIpHMHTeJUI COAep-
:>KaTCH OCHOBHaH rapMOHHIJeCKaR COCTaBJUIIOIQaR (n = 1) H rapMOHH'IeCKHe
COCTaBJUIIOIQHe (n = 5, 7, II, 13, ...).

BblllBneHbl BIDKHbIe 3aKoHoMepHOCTH KpHBOH nepBHIJHOrO TOKa Bbl-

npHMHTeJIeH. CneKTp BbICIUHX rapMOHHIJeCKHX COCTaBJUIIOIQHX BbIpa>KaeT-
CH 3aBHCHMOCTblO OT KpaTHOCTH nynbcaQHH BbInpHMJIeHllOrO HanpJljf(e-
HHH:

n = qk:t: 1, (6.118)
rAe k = 1, 2, 3, ... .

AMIIJIH-ryAbI B1.lClllHX rapMOHHIJeCKHX COCTaBIDlIOIQHX 06parno npo-
nOPQHOHaJIbHbl HX nOpH.l(KOBOMY HOMepy n H B1.Ipajf(aIOTCH IJepe3 aMrurn-

-ry.ny OCHOBHOH rapMOHHIJeCKOH COCTaBJUIIOIQeH

I lIM(I)
lM{n)-- .

n
(6.119)

B Ta6J1. 6.4 npHBeAeHO co.n:ep:>KaHHe B1.ICl1IHX rapMOHHIJeCKHX COCTaB-
mUOIQHX II(n) (3$lIJeKTHBH1.le 3HaIJeHlliI) B npOJ..{eHTax OCHOBHOH rapMOHH-
'IeCKOH 11(1)'

311J$eKTHBHOe 3Ha'IeHHe nepBH'IHOrO TOKa BbIlIpHMHTeJUI

II .. V Ji{l) + IT(n) .. II(I)V1 +  2.

">1 n>1

(6.120)
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BCJleACTBHe HaJIHqHH BLICIliHX rapMOHH'IeCKHX COCTaBHJUOIQHX 311J$eK-

THBHOe 3Ha'IeHHe TOKa B nHTaIOIQeH CeTH B03paCTaeT (CM. Ta6JI. 6.4), 'ITO

Bbl3bIBaeT AOnOJlHH1'eJIbHhIe nOTepH 3HeprHH B nHTaIOllleH cH CTeMe.OrHO-

weHHe none3HOH OCHOHHOH rapMOIiH'IeCKOH COCTaBIDlIOllI,eH TOKa K ero

nOJIHOMY 311J$eKTHBHOMY 3HaqeHHIO Ha3blBaeTCH K03fjJrjJUlJUellmOM UCKa-

JlCelllUl mOKa:

kHI _
11(1)

.

II

3Ha'IeHHH K03$<lJHU,HeHTa HCKIDKeHIDI TOKa JJ:IDI pa-'3JIH'IH1.IX cxeM

BbIlIpHMJIeHHH npHBe.n.eHbl B Ta6n. 6.4. 113 npHBeA HblX.n:aHH1.IX
CJIe-

.n.YeT, '11'0 C nOB1.lweHHeM KpaTHOCTH nYJlbcaQUH q  a'IeHHe
kHI

CTpeMH1'CH K 1. ,[(mi .D:BeHa,lI.L{aTHnYJlbCOB1.IX cxeM kHI
- 0,989, ,WUI

.D:ByxnYJIbCOB1.IX
- kHI

= 0,9. 3TO nOJ1.'IepKHBaer :mepreTH'IecKYIO

3<lJlIJeKTHBHOCTh MHoronYJIbCOBbIX cxeM B1.IlIpHMJIeHIDI 6naroAapH no-

HH>KeHHoMY cOAep>KaHHlO BbICWHX rapMOHH'IeCKHX COCTaBJUIIOll.\HX nep-

BH'IHOrO TOKa.

AMIIJIH1)'AbI BbICIIIHX l'apMOHH'IeCKHX COCTaBJUIIOIQHX B peam.HoH KPH-

BOH nepBHIJHOrO TOKa BbIlIpHMHTeJUI npH Y'IeTe yrnoB KOMMyraQHH Y H

ynpaBJIeHHH a H3MeHHIOTCH. 06Il{aR 3aKOHOMepHocTb 3aKJIIO'IaeTCH B

TOM, 'ITO npH HJJ:eam.HO Crna>KeHHOM TOKe Id C YBeJIH'IeHHeM yrJla KOMMY-

TaQHH Y COAepjf(aHHe B1.ICIIIHX rapMOHH'IeCKHX COCTaBJUUOIl{HX CHHjf(aeTCH.

TaK KaK C YBeJIH'IeHHeM yrna ynpaIlJleHHH a npH TOM :>Ke 3Ha'IeHHH TOKa

Id yron KOMMyraQHH Y YMeHbWaeTCH, TO YBeJIH'IeHHe a npHBOJ1.HT K orno-

CHTeJIbHOMY poC1)' cOJ(epjf(aHHH BbICl1IHX rapMOHH'IeCKHX COCTaBJUIIOIl{HX

nepBH'IHoro TOKa.

Ha pHC. 6.27 npHBeAeHbI AaHHbIe rapMOHH'IeCKOrO amUllf3a nep-

BH'IHOro TOKa npH pa3nHQHbIX ymax ynpaBJleHHH a B 3aBHCHMOCTH

OT OTHOCHTen1.Horo 3Ha'IeHHH TOKa HarpY3KH Iilk, npOnoPQHoHam.HO

C KOTOpbIM H3MeHHeTCH yroJI KOMMyraQHH Y [32]. Co.n:ep:>KaIme B1.ICIIIHX

rapMOHH'IeCKHX COCTaBJUIIOIl{HX npHBeAeHo npHMeHHTeJIbHO K TpexlIJa3-
HbIM B1.llIpHMHTeIDIM.

HanpHjf(eHHe nHTalOIl{eH CeTH Ha IIIHHax npHcoeJ1.HHeHHH npeo6pa30-

BaTeJIbHorO TpaHclIJopMaTopa ul HMeeT HCKa:>KeHHH, BbI3BaHHbIe KOMMyra-

QHeH B1.mpHMHTeJUl. TaK KaK Ha HHTepBaJIe KOMMYTIiUHH npoJ(OJljf(HTeJIb-

HOCThIO Y cYIl{eCTBYeT Me)K,I:lyIlJa3HOe KOpOTKOe 3aMbIKaHHe, TO HanpHjf(e:
HHe Ha IIIHHax BbllIpHMHTeIDI onpeJ(eJUleTCH ornOIIIeHHeM HH.nyKTHBHOCTeH

nHTaIOIQeH CHCTeMbl H TpaHclIJopMaTOpa (PHC. 6.28). I1HJJ:YKTliBHoCTH npH-

BeAeH1.I K HanpH>KeHIflO nHTalOIQeH CeTH (LT
= LSI +k Ls2). qeM MeHbIIIe

HH.lJ.YKTHBHOe COnpOTIlBJleHHe nHTIllOIl{eH CeTH, TeM MeH1.IIIe HCKa>KeHHe

KpHBOH HanpH:>KeHHH. OrnoIIIeHHe MOIl{HOCTH B1.llIpHMHTeJUI Pd
= Veld K

MOIQHOCTH KopOTKOro 3aMbIKaHHH nHTaIOll.\eH CHCTeMbI Sr; XapaKTepH3yeT
CTeneHb HCKa:>KeHHH HanpH>KeHlUl. 061.IIJHO 3TO OTHOIIIeHHe COCTaB.J:UIeT

npHMepHo I %.

(6.121)
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BCJIel1.CTBHe HCKax<eHlliI HanpHx<eHlliI
WHe rapMOHH'leCKHe COCTaBIDlIO

B ero COCTaBe nOHBIDlIOTCH BblC-

Boil HanpHx<eHlliI
lJ.{He UI(nj' K031}JI}JHl.{HeHT rapMOHHK KPH'

VJ., UT(n)
k

n>1
ru-

(6.122)
UI

r.!l,e UI - J......eKT'1''1' HBHoe 3Ha'ieHHe Hanpll)J(eHHII n!naJOuteH CeTH.

17

'6

'S

o

t%
Ir(Z5)d.
rtlt}

t

0°

'n-25

1 6

Id
--
II(

9 12 % o 1 6
Id
--

II(

Puc. 6.27 3aoHCHMOCTH. BbIC UXrapMOHH'ieCKHX COCTaB

HOCHTenbHoro 3Hal/eHHR To a H

JlJIIOIlUIX nepBH1fHOro TOKa OT OT-

304

n arpY3KH

9 12 %

u,

Puc. 6.28. CxeMa 3aMelI.(eHHJI CeTH H rpacIJliK HanpHlKeHHJ1 nllTaIOlI.(eH CeTH C Y'IeTOM KOM-

MYTaUHH Bbll1pJlMHTeJISI

K031}JI}JHJ..tHeHT HCKIDKeHHH HanpHx<eHHH Onpel1.eIDleTCH aHaJIOm'lHO KO-

31!J1!JHJ..tHemy HCKax<eHlUl TOKa.

CneKTp BblCIllHX rapMOHH'leCKHX COCTaBmuolI.{HX HanpJlx<eHlliI nOBTO-

pHeT cneKTp TOKa nHTaIOlI.{eH CeTH. AMnJlHTY,lJ,b1 BblClllHX rapMOHH'leCKHX

HanpHx<eHHH l1.ocmraIOT HeeKonbKHx npOl.\eHTOB. KOJIH'leCTBeHHyro Ol.\eH-

KY COl1.epx<aHHH BblelllHX rapMOHH'leCKHX B KpHBOH HanpH:>KeHlliI CeTII

MO)J(HO l1.aTL no HOMorpaMMe (pHe. 6.29) [32].
Ha pHC. 6.29 OTpax<eHbl eneJ],YIOI1.lHe napaMeTpbl: OTHOCHTenbHWI MOI1.l-

HOCTb BbmpHMHTeIDI U jScH OTHOllleHHe HHl1.)'KTHBHoCTeH LJ(Lc + LT).

CornacHo cYlI.{eCTBYIOI1.lHM Me)l()].yHapoJ],HblM HopMaM OTJ],eJIbHble BbIC-

lllHe rapMOHH'leCKHe COCTaBIDIIOI1.lHe (n < 13) He J],OJDKHbl npeBblllIaTb 5 %

HanpHx<eHlliI nHTaIOlI.{eH CerM. K03I}JI!JHl.\HeHT HCKax<eHlliI KpHBOH nHTaIO-

lI.{ero HanpH:>KeHIDI He J],onx<eH 6bITb Hux<e 0,995. npH 3TOM K031}JI}JHI..{HeHT

rapMoHuK HanpH:>KeHUH l1.0nx<eH

6blTb He Bbillie 10 % [32]. «1>opMa
KpUBOH HanpHx<eHuH nHTaIOlI.{eH

CerM B 3TOM cny'lae 6nu3Ka K CUHY-

COH.ll.aJIbHOH. B cny'lae npeBblllIe-
HHH cYJ-l.{eCTByrolI.{UX HOpM cneJ],JeT

npUMeHHTL CneWfaJIbHble I!JHJlbTpbl
BblCIlIUX rapMOHU'leCKHX COCTaBIDl-

IOlI.{UX.

PeaKTHBHaH MOIl{HOCTb. npH

CHHYCOH)],aJIbHblX HanpH:>KeHHH H

TOKe nonHWI, aKTHBHWI H peaKTHB-

HWI MOlI.{HOCTH COOTBeTCTBeHHO

S = UI, P = Ul coscp, (6.123)

Q = Ul sincp , (6.124)

l",1I.e U,I - JclJclJeKTHBHble 3Ha'leHHSI HanpSl-

)J(eHHH H TOKa; II'
- 4>a30Bb1H yron CllBHra

MeJK.AY KpHBblMH HanpH)J(eHHH H TOKa.

/(rll

0,12

0,10

0.08

0.06

o 10 20 30 i,iJlI.zpafJ.

PuC. 6.29. 3aBHcHMOCTH KOJclJclJHuHellTa rap-
MOHHK HanpHlKeHHJI nHTaJOlI.(eH CeTH Jl1lR He-

ynpaBJIReMOrO llleCTHnynbcoBoro BbmpHMH-

TeJIR OT yrna KOMMYTaUHH
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OTIIOWeHHe PIS =
COS<p HaJbmaeTCH K03rjJrjJUf/UeHmOM QKmu8HOU MOUj-

lloc 

M

nu HJUI K03rjJrjJUl{UeltmOM C08uza zapMOltW/eCKUX mOKQ U UanpR:HCellUR
rHOBeHHaSl MO HOCTh(PHC. 6.30, a)

.

p(wt)-ui- UI[coscp-cos(2wt-cp)) , (6.125)

nynbCHpYeT C m.
- -

........OHHOH 'IaCTOTOH CeTH OKono cpe,lI,Hero 3Ha'IeHIDI

Ulcos<p. ilpH nHTaHHH BbmpSlMHTeneif Bcne,nCllme HecHllycOH)J.3.JlbHOCTH
TOKa (PHC. 6.30, 6) 3TH COOTHOllieHIDI He TO'IHO OTpaX<aIOT pea.m.Hble
npOl,teCCbl. B 3TOM peX<HMe MO HOCTbonpe,neJISIeTCH npOH3Be,neHHeM

HeCHHYCOH,naJIbHbIX Hanpjix<eHUJI H TOKa. ilOCKOJIbKY KpHBaSl HanpSl-

6Jt

p

6Jt

p

PliC. 6.30. BpeM:HHt:le AHalpaMMbl HanpH)J(eHHH, TOKOB Ii MOU(HoCTeH nHTalOmeH cern npH
CHUYCOH,!UUIbHoH c1JopMe TOKa (0) H npH HecHHycOHJ(aJIbHOH c1JopMe TOK8 OAHocIJaJHoro

I!brnpHMHTeJIR (6)
306

x<eHHSI CeTH BHelIIHero :meK1]>OCHa6X<eHHSI HMeeT He3Ha'IHTenbHble HC-

KIDKeHHSI, TO npH aHaJIH3e 06bl'1HO ero npHHHMaIOT CHHYCOHJ1.aJIbHbIM,

a B KpHBOH TOKa YQHTbIBaIOT, KpOMe OCHOBHoif, BblClime rapMOHH-

QeCKHe COCTaBIDIIO He. npH 3THX )J.ony eHHSlx nonHaSl MO HOCTh

BbmpSlMHTeIDI

81 - Ull( - Ul IT(l) + }: IT(n) ,

n>1

(6.126)

rAe VI, 11 - JclJclJeKTHBHble 3Ha'ieUHR nepBH'iHOrO HanpH)J(eHHH H TOKa COOTBeTCTBeHHO.

AKTHBHaR MO HOCTbonpe)J.en:SleTCSI OCHOBHOH rapMOHH'IeCKOH COCTaB-

mno eii:

PI = 1'1(1) = UIlJ(l) COSCP(I) , (6.127)

rlle CP(I)
- c1Ja30BblH yron Me)I()J.Y OCllOBJlblMH rapMOHH'IeCKHMH cOCTaBnHlOutHMH HanpSl)J(e-

HHII H TOKa.

PeaKTHBHaR MO HOCTb

QI- VS -Pi - VSl-ii(l) . (6.128)

PeaKTHBHaR MO HOCTLQI COCTOHT H3 ,nByx COCTaBIDIIO HX:peaKTHB-

Hoif MO HOCTHOCHOBHOif rapMOHH'IeCKOH COCTaBIDIIO eH

QI(I) = UII1(I) Simp(l) (6.129)

H MO HOCTHHCKax<eHHH, 3aBHCSI eifOT BblClIIHX rapMOHH'IeCKHX CO-

CTaBmno HXTOKa,

D - U, V '2 lien) ,

n>l

( 6.130)

T. e.

Ql _,rQ
2 +IY.

V  l(l)
(6.131)

rpallm'IecKH }'KaJaHHble COCTaBIDIIO HeMO HOCTHMOX<HO npe,nCTa-

BHTh B BH)J.e COBoKynHoCTH 1peyrOJlbHHKOB MO OCTeif OCHOBHOH

rapMOHH'IeCKOif COCT'dBIDIlOlUeif H )J.OnOn:HeHHbIM TpeyrOJIbHHKOM HCKax<e-

HHH (PHC. 6.31).
K031}JI!JHl.\HeHT MO HOCTHBbmpSlMHTeIDI onpe,neJISleTcn OTHOllleHHeM

aKTHBHOH M01I.1HOCTH K 1I01lHoif

k
PI UllI(l)cos'P(l) k

M
-- -

- HICOS'P(I)
SI UIIl

(6.132)
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PHC. 6.31. ,l],HarpaMMa onpe1I.eneHHR
nonHoH, aKTHBHoH H peaKTHBHOH MOIlt.

HocreH BbmpllMHTeJISI

P, .P7{t)

3.11.eCb kHI H COS<P(l) HaJblBaeTCH K031!JI!JHl.\HeHTaMH UCKa:JICeUUH mOKa U

4!a306oz0 C06UZa OCHOBHblX rapMOHH'leCKHX cOCTaBmuoIl{HX.

,lVur ynpaBIDIeMblX BbmpHMHTeJIeH peaKTHBHaH MOll.\HOCTb QI Onpe.11.e-
IDIeTCJI KOMMyraQHeH BbmpHMHTeIDI H yrJIOM ynpaBJIeHlUI BbmpHMHTeIDI.
3TH COCTaBJUUOll.\He peaKTHBHOH MOIl{HOCTH eCTeCTBeHHO HaJBaTb peaK-
THBHblMH MOll.\HOCTIlMH KOMMymatjuu H 4!a306ozo ynpa6JleHlI.H. MOll.\HOCTb

QI CO.11.ep)l(HT peaKTHBH}'IO MOll.\HOCTb HaMarHH'lHBaHHH npe06pa30Ba-
TeJlbHOrO TpaHcl}JopMaTopa.

AKrnBHYIO MOIl.1HOCTb BbmpHMHTeIDI B 3aBHCHMOCTH OT yrJIa ynpaBJIe-
HHH a H yrJla KOMMyraQHH Y MO)I(HO 3anHCaTb CJle.11.YIOlI.\eH clJOPMYJIOH

PI - PI(I) - Udfu.ld - (UdO cosa - b.Udy )ld . (6.133)

IloJlHaH MOll.\HOCTb OCHOBHOM rapMOHHKH MO)l(eT 6bITb onpe.11.eJIeHa no

BbmpHMJIeHHoMY HanpH)I(eHHIO XOJIOCTOrO xO.11.a UdO npH a
= 0 H BbmpHM-

J1eHHoMY TOKY fd:

SI(I) = UdOld. (6.134)

Tor.11.a

PI(l) (UtIJ cosa - b.Udy)Id b.Udy
coscp "-OW -

cosa-- (6.135)(I)
SI(I) UtlJld UdO

nepBaH COCTaBIDIIOll.1aH B BblpIDKeHHH (6.138) Onpe.11.eIDIeTCH clJaJOBblM
ynpaBJIeHHeM, a BTOpaH

- KOMMyraQHeH. qeM 60JIbllIe yrJIbI ynpaBJleHHH
a H KOMMyraI.\HH y, TeM 60JIbllle yrOJl clJa30Boro cromra <P H HH)I(e

(I)

cos<p , T. e. peaKTHBHaH MOIl.1HOCTb BbmpHMHTeIDI B03paCTaeT (PHC. 6.32).(I)

I(03cJ1cJ1HI\HeHT nOJle3Horo AeHCTBHH BblUpHMHTeJIH. AxTHBHble nOTepH B

cxeMe BblnpHMHTeIDI COCTOSIT H3 nOTepb B npe06paJoBaTeJIbHOM TpaHC-

clJopMaTope 6.P
T
= 6.Pc + 6.PM (r.11.e 6.Pc - nOTepH B cnUIH MarHHTOnpO-

308

.11.a hI' - nOTepH B 06MOTKax), CHJIOBbIX nOJIYnpOBO,11.HHKOBblX npH-
110, M

eaKTope M H BO BcnoMOraTeJIbHblX

 : H   n(C   =  =e H,YCTPOH aX3all.\HTbI, CHCTeMe yn-

paBJIeHHH) I1PBcn'
K03clJI}JHQHeHT none3Horo .11.eHCTBHIl BbmpHMHTeIDI

Pd Pd Pd (6.136)
"1-

PI
-

Pd + b.P

-

Pd + b.Pc + b.PM + Menn + I1Pp + I1PBcn

rAe Pd = Udld- aKTHBHaR MO HOCTbHa BblXOAe BbmpHMHTeJIR.

Tepb /)J' H /)J' He 3aBH-
lb Bcex nepe'lHCneHHblX COCTaBIDIIOIl{HX no c Bcn

Bblnp
nMHTeIDI H MOryr npHHHMaTbCSI nOCTOHHHbIMH.

CHT OT HarpY3KH ...

n PH B

OCTaJIbHble COCTaBIDIlOlI.\He nOTepb 3aBHCHT OT TOKa HarpY3KH. OTe

06MOTKaX TpaHcl!JopMaTOpa onpe.11.eIDIIOT 'lepe3 nOTepH B pe)l(HMe KOPOT-

KOrO 3aMbIKaHHH /)J'K3'
2

M'M = I1Py;j (lcJ/ldHoM) ,
(6.137)

A, onpe)(eJISleMble B pe)KHMe KopOTKoro 3aMblKaHHII.
rAe t:J'1I3 - oOTepH B "IpaHC'j'opMaTope,

IlOTepH B Cllll OT npHMoro TOKa comaCHO l!J0pMYJle (2.94) ):OUI roIO-

.11.0B H aHaJIOrH'lHblM 3aBHCHMOCTHM ):OUI THpHCTOpOB

Mcnn
_ Pf{AJI) Ndas- (UTO IFAV+ rT Ih Ndas, (6.138)

KaHHR npHMoro TOKa IFAY, 3aBHCHllterO 01' TOKa Ia,
rAe PF(AV)

- nOTepH B llHoAe 01' npOTe.
s _ COOTBeTCTBeHHO 'iHenO napaJIneJIbHblX H

Nd - '1HcnO one'i B cxeMe BbInpHMlIeHHR,
a H

nocneAoBaTeJIbHblX enn B OAHOM nne'le.

TOK I
-

fja r.11.e f
- cperoiHH TOK o,11.Horo ruIe'la BbmpHMHTeIDI.

1l0TepF  ;eprH Ha n eKJllO'leHHeAHO)J.OB H THpHCTOpOB npH OQeHKe

6 0
-

MO"'HOCTH He Y'lHTbIBalOTCH TaK

Kll,n: 06bl'lHOrO BbmpHMHTeIDI onblll H .......
.

'

50 r.. OHH He3Ha'lHTeJIbHbl. 1l0TepH B CrJIa)l(HBaIOlI.\eM
KaK npH 'laCTOTe .... .

peaKTope

Mp-Rpla, (6.139)

["Ae Rp
- aKTHBHOe conpOTHBJleHHe

06MOTKH peaKTOpa.

cos 91,

0,8

0,6

O,It

Puc. 6.32. 3aBHcHMOCTb KOJclJclJHuHeHTa 0,2
c.IJ;llHra 01' yrna ynpaaneHHJI 0 10



aJ'l  J'1

0,99 0,99

q98 0,98

0,97 0,97

0,96 0,96

0,95 0,95

T I I I T T I I J I T
a 0,2 Oft 0,6 Id/IHDI'f a 200 'tOO 600 800 UdO

Puc. 6.33. rpacIJHKH KII)J. BbllIpJlMllTe.TleH:
I - 3Hfi'ieHHJl nOTepb fi 1'HpHCTOpax; 2 - 3Hfi'ieHUJI nOTepb B 1IJaHccjJOpMfiTope; J - 3Ufi'ieHHJl nOTepb

B AHOWiX

nOTepH 6.P
Bcn

06bl'lHO npHHHMaIOTCH He 60Jlee 0,5 % Pd, HJill onpe,11.e-
ruUOTCH Cnel.(HaJIbHblM paC'leTOM.

113 aHaJIH3a 3aBHCHMOCTeH Kn OT TOKa lIarpY3KH Id JUUI THrOBoro

lIeynpaB1UIeMoro "lpexl!Ja:moro JJ.BYXMOCTOBoro BbmpHMHTeIDI MOI1.lHOC-
ThIO 10000 KBT (PHC. 6.33, a) H Kn OT ypOBHH BbmpHMJIeHHoro HanpH-
>KeHHH UdO ,11.IDI J(HO,11.HbIX H THpHCTOpHblX BbmpHMHTeJleH M01I.1HOCTblO
60Jlee 100 KBT (pHC. 6.33, 6) CJle.nyeT, 'iT0 nonynpOBO,11.HHKOBble BbmpH-
MHTeJlH 06ml,lJ;aIOT BblCOKHM Kn ,npeBblllialOl1.lHM B M0I1.lHblX BbmpHMH-
TeJUIX 98,5 %. 3TO HBJIHeTCH Ba>KHeHWHM J(OCTH>KeHHeM CHJIOBOH :meKTpo-
HHKH.

6.7. ABAPHftHblE PE>KHMbl PA50Tbi BbJnPSlMHTEI1Eft

K1IaccHcllHKaQHH aBapHHHLIX pe,..HMoB. ABapHHHble pe)KHMbl B BbmpH-
MHTe1UlX B03HHKalOT BCJIe,11.CTBHe He,11.0nycTHMb1X lIeperpY30K, BbIXO,11.a H3

C'!pOH OT,11.eJIbHbIX 3J1eMeHTOB CHJIOBOH cxeMbl npe06pa30BaTeJlH, B TOM

'IHCJle np060H nonynpOBO,11.HHKOBblX npH60pOB, mIll HapyrneHHH B CHCTe-

Max ynpaBJleHHH H aBTOMaTH'IeCKOrO peryJIHpOBaHHH. TaKHe pe)KHMbl
conpOBO)K,lJ:aIOTCH nepeXO,11.HblMH npOl,teccaMH CO 3Ha'lHTeJIbHbIM }'BeJIlI'Ie-

HH MTOKa B cxeMe npe06pa30BaTeIDI, '11'0 Tpe6YeT ycrpOHCTBa cneQHaJIb-
HOH 3aI1.lHThI. ,lJ,JIH npaBH1IbHOrO Bbl60pa napaMeTpOB CMOBOH CXeMbl H

annapaTOB 3aU HThIlIe06xo,[I,HM allamf3 aBapHHHoro pe>KHMa.
310

)J;IDI nOJI)'npoBo,11.HHKOBbIX npe06pa30BaTeneH H3-3a OTHOCHTeJlbHO

HH3KOH neperp}'30'IHOH cnoco6Hocrn ,11.H0,11.0B H THpHCTOpOB paC'IeThI aBa-

pHHHblX pe,..HMoB HBIDIIOTCH HeOTbeMJIeMOH 'IaCTblO 3JIeKTpH'IeCKHX pac-

'IeTOB CHJIOBOH cxeMbi H B 60nbwHHCTBe cny'IaeB HBIDIIOTCH onpe,11.eIDIIO-

I.QHMH npH Bbl60pe napaMe1pOB CHJlOBblX nonynpoBo,11.HHKOBblX npH60-

pOB. npH 3TOM Ba>KHO 3HaTb TOKH B Ha'IanbHblH nepHO,11. pa3BHTHH

aaapHH.
ABapHH B 3aBHCHMOCTH OT MeCTa HX B03HHKHOBeHHH pa3,11.emuoT

Ha BHelIIHHe H BHyrpeHHHe. K 61lympe1l1lUM aBaplUlM OTHOCRTCH pe-

>KHMbl, B03HHKaIOI1.lHe npH nOBpe)K,lJ:eHHH CHJIOBblX nonynpOBO,11.HHKOBbIX

npH6opOB B O,11.HOM HIIH HeCKonbKHX nJIe'Iax BbmpHMHTeJlbHOH cxeMbl

(PHC. 6.34, I) Bcne,11.CTBHe neperpeBa npHMblM TOKOM HJill np060H
'Ipe3MepHo BblCOKHM 06paTHbiM HanpH>KeHHeM.

BHeumue aBapHH B03HHKalOT BCJIe,11.CTBHe HapYlIIeHHH BHe CHJIOBOH

BbmpHMHTenbHoH cxeMbl: KOpOTKHe 3aMblKaHHR Ha WHHax nepeMeHHoro

TOKa (PHC. 6.32, II), WHHax BbmpHMJIeHHoro TOKa (PHC. 6.34, III), He,11.0-

nYCTHM<UI neperpY3Ka HJIH KOpOTKOe 3aMblKaHHe y nOTpe6meIDI (PHC.
6.34, IV).

AHaJIlI3 aBapHHHblX pe>KHMOB npH Y'IeTe BCex napaMeTpoB cxeMbl,

BKJIIO'I<UI pacnpe,11.eJIeHHble eMKOCTH 3neMeHTOB H COe,[I,HHeHHe UIHH, HeJIlI-

HeHHocrn QenH C MamHTonpoBo,11.0M TpaHcl!JopMaTopa, caMHX nonynpo-

BO,11.HHKOBbIX npH60poB, ,11.0BOJlbHO CJIO)l(eH. n03TOMY npH aHaJIH3e nepe-

XO,11.HblX npoQeccoB npHHHMaIOT PM ynpol1.laIOl1.lHX ,11.0nYl1.leHHH, He npH-

BO,11.SlI1.lHX K 3aMeTHbiM norpeWHOCTHM B paC'IeTax: nOJlynpOBO,11.HHKOBble

npH60pbl HB1UIIOTCH lI)].eaJIbHblMH, na.n.eHHRMH HanpH>KeHHR Ha HHX npeHe-

6peralOT; aKTHBHble H HH.D:)'KTHBHble COnpOTHBneHHR JIHHeHHbI; Tpexl!Ja3-
H<UI CHCTeMa HanpH>KeHml nHTaHHH CHMMeTpH'IHa H HMeeT CHHYCOH,lJ.aJIb-

IIYIO I!JOPMY C HeH3MeHHOH aMnJIHT)',11.0H; HaMarHH'IHBaIOl1.lHe TOKH TpaHC-

4>opMaTopa H c06CTBeHHbie eMKOCTH 3JIeKTpo06opY,11.0BaHHH MaJIbl H He

Y'IHThIBaIOTCH; eMKOCTH H conpOTHBneHHH 3aI.QHTHblX QeneH OT nepeHa-

IIpH>KeHHH H pa;::J.HOnOMeX He Y'IHTblBaIOTCH; aBaplUl B03HHKaeT npH YCTa-

HOBHBUIeMCH pe)l(HMe nHTaIOI1.leH CeTH, nepeXO,11.HblH npoQecc BKJIIO'IeHHH

TpaHcl!JopMaTopa He Y'IHThlBaeTCH; npH BHyrpeHHHX aBapHHX 'fOKaMH Ha-

rpY3KH npeHe6peraIOT.

+ i-

T LQ Ra

::::1
La Ra

La
Rd

Ra @

Puc. 6.34. CxeMa TpexcIJa3Hom MOCTOBoro BbInpJlMHTeJIR
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--

o 2 3sc wt.:It

PHC. 6.35. CxeMa KopOTKoro 3aMblKaHHR Ha lliHHax HeynpaBJIReMOrO TpexcIJa3Horo MOCTO-

BOl'O BbmpRMHTeJIR H rpacIJHKH H3MeHeHHR TOK08 H HanpSl)J(eHHR

PaCCMOTpHM aBapHHHble PC)KHMbI Tpex4Ja3HbIX BbmpRMHTeJleH.
BHemHee KOpOTKOe 3aMbIKaHHe HB mHHaX BLmpHMJleHHOrO TOKa. Pac-

CMOTpHM rlIyxoe KOpOTKOe 3aMblI<aHHe Ha WHHaX B MOMeHT, KOr aHanpR-

:>KeHHe 4Ja3bl a nepeXOAHT 'Iepe3 HYJIb, H BC1)'IIaeT B pa60'IY VDl npH
pa6OTalOJ..QHX VD5 H VD6 (PHC. 6.35). B 3TOM pe:>KHMe 4Ja3bl a H b

3aMKHyrbI 'IepC3 AHO)I.b1 VDl H VD6, a 4Ja3bI C H b - 'Iepe3 AHO)I.b1 VD5

H VD6.

MrnoBeHHble 3Ha'IeHillI 4Ja3HbIX 3)J.C, npHBe eHHblXKO BTOpH'IHOH
cTopoHe,

ea - EM2 sinrol, (6.140)

eb - EM2 sin(rol- ); (6.141)

ec - EM2 sin(rol +  ).
312

Tor,u:a

WI .
di6

ea eb- Rt il +roLa-" Rtl6 + roLa-;
drol drot

(6.142)

WSt .
di6

ea - eb - Rt is + roLa-+ Rt 16 + roLa- ;

drot drot

(6.143)

il + is = i6. (6.144)

npH peweHHH cHcreMbl ypaBHeHHH (6.144-Q.146) C Y'IeTOM BbrpIDKe-

HWI (6.143) 3a 6a30BOe 3Ha'IeHHe npHMeM aMUJlHTYAY ycraHoBHBweroCjj

TOKa Tpex4Ja3HOrO KOpOTKOro 3aMbiKaHWI

V2E2M
111.-

" R + {roLa )2

Rt PK3 PK3 PIO

r]1,e Ra--+R2--- --;

ki 3I 

(
V2

)
2 2IauoM

3
V3

IdHOM

,2 UkE2 ukE2
roLa - ro(LIs/KT + L2s) ---

100/$ l00(V2/V3")ldHoM

r1I.e PI/3, UK -. COOTBeTCTBeHHO nOTepH H HanpR>KeHHe (B npoueHTaX) KopOTKoro 3aMblKaHHSI

npe06paJOBaTeJIbHoro TpaHcclJopMaTopa.

Ha'IaJIbHbIMH YCJlOBillIMH npHMeM il
= 0; i6 = is = Id'

PeWeHillIMH CHcreMbl ypaBHeHH" (6.144-6.146) J].illI TOKOB B lUIe'Iax

BbmpRMHTeJlbHO" cxeMbl B ]1,OJUlX 6a30BOrO TOKa III. RBJUUOTCjj Bblpa)KeHIDI,

cocrOjjJ..QHe H3 nepHOAH'IecKoH CHHYCOH)J;aJIbHOH H anepHO,IUlqeCKOH 3KC-

nOHeHltHaJIbHOH COCTaBJUUOJ..QHX:

.. .

( )
.

(
t

II - sm rot - cp + smcp exp
- -);

1:
(6.145)

i;-sin(rol+}-CP) + [1d-Sin( -cp)]exp{ - );
16 - sin(rol + -cp) + [Id-sin( 

-

cp)] exp (- );

(6.146)

(
roLa

)
La

rAecp-arctg -;1:--.
Ra Ra 313



TOK ,IJ,Ho.n;a VD5, BbIXO,lUlJ..Qero H3 pa60Tbl, CTaHeT paBHblM HYmo nocJle

Toro, KaK HanpR)KeHHe 4Ja3bl C nepeH.n;eT 'lepe3 HYJIb H H3pacxo.nyeTCR BCR

:mepmR, 3anaCeHHaR B HH.nyKTHBHblX 3J1eMeHTax .n;aHHOH 4Ja3bI. Ha 3TOM

33.KaH'lHBaeTCR HHTepBaJI I (CM. pHC. 6.35, KpHBaR i
,,), Ha KOTOpOM TOK

KOp01XOro 3aMbIKaHlliI paBeH TOKY ,IJ,Ho.n;a VD6 HJIH CYMMe TOKOB ,IJ,HO.n;OB
VDI H VD5: i

K
= i6 = il + is.

Ha HHTepBaJIe 2 BKmo'laeTCR ,IJ,H0.n; VD2 H 4JopMHpoBaHHe TOKa iK onpe-
,n:emleTCR TOKOM il HJlH CYMMOH i6 H i2. Ha cJle.nyroIIUfx HHTepBaJIaX 3aKOHO-

MepHOCTb 4JopMHpoBaHlliI TOKa iK cOXpaHReTCR H onpe.n;eJUleTCR Ha HHTep-
Bane 3 TOKaMH i2 HJIH il

+ i3, Ha HHTepBaJIe 4
-TOKaMH i3 HJIH i2

+ i4, Ha HH-

TepBaJIe 5-TOKaMH i4 HJIH i3 + is H T. .n;.

HaH60JlbllIeH, BepoRTHo, OKa)KeTCR 3arpY3Ka TOKOM ,IJ,Ho.n;a VDI, TaK

KaK MOMeHT Ha'laJIa aBapHH COBna.n;aer C MOMeHTOM nepexo.n;a 'lepe3 HYJIb

HanpR)KeHHR 4Ja3bl a.

MaKCHMaJIbHble 3Ha'leHHS! TOKa KOp01xOro 3aMbIKaHHR B llJIe'le BbInpS!-

MHTe1I.ll (PHC. 6.36) He npeBblllIaIOT,nBOHHOH aMnJIHTy,n:bl TOKa Tpex4Ja3Horo
Kop01xoro 3aMbiKaHlUl, T. e. y.n;apHbIH K031}14JH HeHTky s 2. no HCTe'leHHH

HHTepBaJIa 31; = 3LiRa YCTaHoBHBllIHHCS! TOK KOp011<OrO 3aMbIKaHHS! CTa-

HOBHTCR CHHYCOH.n;aJIbHbIM, H .n;HO.n;bI 3arpY)KaIOTCR CHHycou.n;aJlbHbIMH

nOJlYBOJIHaMH TOKa.

TellJIOBOH 3KBHBaJIeHT, onpe.n;eJUlIOJ..QHH HarpeB nOJlynpOBO,lUlHKOBOH
crpYKTYPbI ,IJ,Ho.n;a, 'lHCJleHHO paBeH 1lJI0J..Qa,rr,H, OrpaHH'leHHOH KpHBOH
KBa.n;paTa aBapHHHoro TOKa, H3MepeHHOH B A2. C.

Oco6eHHocTH aBapHHHoro pe)(\HMa CJlO)(\HOH .n;BeHa l{aTHnYJlLCOBOH
cxeMbl ABYXMoCToBoro BbInpHMHTeJIH. B cxeMe B03MO)KHbl KOpOTKHe 3aMbl-

KaHHS! Ha Bblxo.n;e O,lUloro H3 MOCTOB HJIH Ha Bblxo.n;e ,nByx nOCJle.n;OBaTeJIb-

HO COe,IJ,HHeHHbIX MOCTOB. B nepBOM cJlY'lae aBapHHHblH npo eccnpOTe-
KaeT aHaJIOrH'lHO paccMOTpeHHOMY Bbillie pe)I(HMY KopOTKoro 3aMbIKaHHR

Ha IlIHHax llIeCTHnYJIbCOBOrO MOCTOBoro BbInpRMHTeJUl.

L.

PHC. 6.36. rpacIJHKH MrHOBeHHblX 3Ha'ie-

HHH aBapHHHLIX TOKOB HaH60nee 3arpy-

)J(eHHoro rmeqa TpexcIJa3HOrO MOCTOBOro

BbmpRMHTeJIR

o
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Puc 6 37 rpacIJHKH MrHOBeHHblX 3Ha'ieHHH aBapHHHblX 1'01(08 B nJIC'iax H pe3YJlbmpyIO e-
. . .

ro TOKa l(OpOTKOro 3aMLIKalUiSI B llBeH!\JU..\aTHnynbcoBoM BbmpRMHTeJIe

Bo BTOpOM cJlY'lae npH MOLLlHOH nmaIOLLleH 3HeprOCHCTeMe Ka)K)I.bIH

H3 060HX llIeCTHnyJIbCOBblX BLmpRMHTeJIeH npH KOpOTK M3aMbIKaHHH

XapaKTepH3YeTCR He3aBHCHMOH pa6oToH. Pe3YJIbTHpYIOJ..QHH TOK KOpOTKO-

ro 3aMbIKaHHS! onpe.n;eJUleTCR on16aIOllleH MaKCHMaJIbHbIX TOKOB no llJIe-

'laM 060HX MOCTOB (PHC. 6.37) (6).

npH Y'leTe B3aHMHOrO BJIHSlHHR 060HX MOCTOB xapaKTep nepexo,lUloro

npo eccacOXpaHReTCR (6). B HH)I(eHepHOH npaKTHKe npHeMJleM pac'leT

BbInpHMHTeJIeH 6e3 Y'leTa B3aHMHOro
BJlHRHHR MOCTO . _

KopoTKoe 3aMLIKaHHe ynpaBJlHeMLIX BLmpHMHTeJIeH. O.n;HOH H3 OCHOB-

HblX oc06eHHocTeH aBapHHHoro pe)l(HMa ynpaBJUleMOrO BbInpRMHTeJI5I RB-

JUleTC5I MOMeHT Ha'laJIa aBapHHHoro TOKa B THpHCTope, KOTOpblH 3aBHCHT

He TOIlliKO OT MOMeHTa nepexo.n;a KpHBOH 4Ja3HOro HanpH)Ke lliI'lepe3

HYJIb HO H OT MOMeHTa no,n:a'lH ynpaBJUlIOJ..Qero HMnYlILca.

B' 3aBHCHMOCTH OT MOMeHTa B03HHKHOBeHlliI KOpO"IXOro 3aMbIKaHlliI

B03MO)KHbI TpH aBapHHHbIX CJlY'laR: B MOMeHT KOMMyra HH,BO BHeKOM-

MyrauHoHHbIH HHTepBaJI H npH BKmo'leHHH B InpSlM eJUI
B MOMeHT KO-

pOTKoro 3aMbIKaHHS!. PaCCMOTpHM nOCJIe.n;HHH ClIyqaH. TaK KaK ynpaB-

1I.SIIOIIUfe HMnY1IbCbl O,lUlOBpeMeHHO no.n;aIOTCR Ha THpHCTOpbI ,nByx llJIe'l,

TO B cxeMe B03HHKaeT ,nByxl}la3Hoe KOpOTKOe 3aMblKaHHe, HanpHMep, 1}Ia3

a H b 'lepe3 mpHCTOpbI VTI H VT6 (pHC. 6.38). YnpaB1I.SIIOll\He HMnY1IbCb 
i C,nBHH)'TbI B CTOPOHY OTCTaBaHHR OTHOCHTeJIbHO TO'leK eCTeCTBeHHOH

 MMyraI.{HHHa yrolI a, a OTHOCHTeJlbHO TO'leK nepexo.n;a 4Ja3Horo HanpR-

)KeHlliI 'lepe3 HY1Ib Ha yrolI :n:/6 + a. OTcIO.n;a cJIe.nyeT, '11'0 TOKH KOpOTKOro

3aMbIKaHlliI B mpHCTopax ynpaBJUleMbIX BbmpS!MHTeJleH MeHbllIe, 'leM B

,IJ,Ho.n;ax HeynpaBJUleMbIX BblIIpHMHTeJIeH.
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PHC. 6.38. CxeMa B03HHKHOBeHHSI KOpOTKOro 3aMblKaHHR Ha lUHHax TpexcIJa3Horo MOCTOBO-

ro BLmpRMHTeJUI H BpeMeHH6le 1I.HarpaMMbl TOKOB H HanpR)J(eHIDI:
M - MOMelIT 6J10KHpOBaHHR ynpaBID!IOUlHX HMnym.COB

Ha HallaJILHOH CT" TTIXH (B V1
'

1 V'T'.
......... KJllOlIeHLI H D,) ypaBHeHHe paBHoBecHH

KOHTj'pa KOpOTKOrO 3aMLlKaHHH

d'
ea - eb - 2Ra + 2roLa -.!....

.

drol

PemeHHe ero B OTHOCHTeJlLHblX e,IJ,lfHHl\aX C YlleTOM (6.143) npH Ha-

llaJIbHblX YCJlOBIUIX rot = :n:/6 + a + Y ; = I
'K d

(6.147)

.. .. .. _ .:n: :n:

( )'K"" '" 16'" v3[sm(rol + "3-Ip)
- sin(a + y +"3 -Ip)exp

rol

:-y ] +

..

(
rol - a - Y

)+ldexp ,

01t

rJ1,e't = LaiRs.
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(6.148)

EcnH 3a BpeMSI HHTepBaJIa :n:/3 ]1.0 01lepe,Wfoil nO]1.allH HMIIYJIbCOB yn-

paBJleHHH Ha mpHCTopbl VT2 H VTl npOHCXO,IJ,lfT 6J10KHpOBaHHe ynpaB-

neHHH (OTKmolleHHe THpHCTOpOB no l\enH ynpaBneHIUI OT CHCTeMLI ynpaB-

neHHH), TO BbmpHMHTeJlb OTKJllOllaeTCH npH cna,ne TOKa il
= ;6 ]1.0 HYJUI.

EcnH )Ke 3a nOT npOMe»<yrOK BpeMeHH 6J10KHpOBaHIUI He npOHCXO]l.1H, TO

aBaplUl np0]1.0n)KaeTCH npH nO]1.alle HMnynbca ynpaBJleHHH Ha THpHCTOp

VT2. IIoCJIe)I,lIHH BKJllOlIaeTCH, H npOHCXOAliT Tpex4Ja3HOe KOpOTKOe 3a-

MblKaHHe. TOK i6 "PH 3TOM CHH)KaeTCH, a TOKH ;1 H i2 HapaCTaIOT no]1.

]1.eHCTBHeM nHHeHHoro HanpH)KeHHH Uac' TOK mpHCTopa VTl i1
= ;6 + i2,

a TOK i6 THpHCTopa VT6 H3MeWieTCH B COOTBeTCTBHH C 3aKOHOMepHoCTbIO,

onHcblBaeMoH BblproKeHHeM (6.148).
TOKH THpHCTOpOB Ha 3TOM HHTepBaJIe [19]:

...
:n:

[
...

(
:n:

) ] (
:n:/3 - rot

)I\-sm(ro/+(;-Ip)+ l\1-sm'2-1p exp
01t

; (6.149)

.. .

(
Jt

)
.

(
Jt

) (
Jtl3 - ro/

)12 '" sm rot + (;
-

Ip
- sm "6 -Ip exp

01t
; (6.150)

...
Jt

[
.. .

(
5Jt

) ] (
Jt/3 - rot

)16.. sm(ro/+"6-Ip)+ 161- S111 T-1p exp
01t

' (6.151)

r1J.C Itl H 161 _ COO1'BeTCTBeHHO VTl H VT6 B MOMeHT, COO1'BeTCTBYIO HH wi - :n/3.

IIocJle CHH)KeHIUI TOKa i6 ]1.0 HYJUI KOpOTKoe
3aMblKaHHe H3 Tpex4Ja3HO-

1'0 CHOBa nepeXO]1.HT B }I,Byx4Ja3Hoe. TOK npOBO,WIT THpHCTOpbI VTl H

VT2:

.. .. VI.
[
..

VJ.
] (

1p2
- rot

)1I- '2-
2

sm(wt-lp) + 1111-2sm(Ip2 Ip)exp '
(6.152)

rlle tp2, Jill - yron H TOK, COOTBeTCTBYIO HeOKOH'iaHHIO HHTepBana II.

IIpH 6nOKHpOBaHHH]1.0 BTOpOH KOMMyral\HH aBapHHHblH npol\eCC 3a-

BepmaeTCH IIPH CHH)KeHHH TOKOB i) H ;2]1.0 HYJUl. ECJIR )Ke 6110KHpOBaHIUI

He npOHCXO,IJ,HT, TO }I,Byx4Ja3HLle H Tpex4Ja3HbIe pe)KllMbI KOpOTI<oro 3aMbl-

KaHHH np0]1.0JD1(aIOT llepe]1.0BaTbCH.
MmOBeHHbIe 3HalleHIUI TOKOB THpHCTOpOB npH KOpOTKOM 3aMblKaHHH

JI)llI HaH60nee TII)KeJloro pe)KHMa a - 0 MO)KHO onpe]1.eJlHTb no KpHBbIM

(PHC. 6.39) [19].

IIpH 6noKHpoBaHHH ynpaBJleHHH THpHCTopaMH ]1.0 nepBoil KOMMyra-

l\HH (PHC. 6.39, a) ]1.0CTHraeTCH CYll.{ecTBeHHoe CHH)KeHHe TOKOB KOpOTKOro

3aMblKaHHH rnpHCTopoB. J>J10KHpOBaHHe ynpaBlIeHIUI ]1.0 BTOpOH KOMMY-

Tal\HH (PHC. 6.39, 6) conpOBO)KJl.aeTCH YBeJIRlleHHeM TOKOB, HO ]1.0 3Halle 

HHH, MeHblllHX lleM .IJ.IDI HeYlIpaBJUleMblX BbmpRMHTeJleH.
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D1l0KHpOBaHHe ynpaBllHlOJ..QHX HMnYJlbCOB CHH)KaeT aMfUIHTY.n}' y)]:ap-
HOro TOKa KOpOTKOrO 3aMbIKaHlliI nO'lTH B 1,5 pa3a. npH 3TOM K034JI}IH-
{{HeHT TenJIOBOrO B03)]:eikTBHSI YMeHbllIaeTCSI nO'ITH B 3 p3.3a. O)UIOBpe-
MeHHO C 3THM npH 6J10KHpOBaHHH npOHCXOWiT JIOKaJIH3aJ..\HSI aBapHH B

{{enH. qHCJIO THpHCTOpOB, KOTOpble nponYCKalOT aBapHHHbIH TOK, orpa-

HH'lHBaeTCSI HX KOJIH'lecTBOM B MOMeHT CHSlTlliI HMnYllbCOB.

npHMeHeHHe ynpaBllHeMblX BbmpRMHTeJleH n03BOllHeT ycnelliHee pe-

waTh np06JIeMY 3aJ..QHThI CHCTeMbi 3JIeKTpOCHa6)KeHlUI TRrn OT TOKOB KO-

pOTl<oro 3aMbIKaHlliI.

BH)'TpeHHee KOpOTKOe 3aMbIKaHHe TpextjU13Horo MOCTOBoro BLmpHMHTe-

JIB. 3TO KOpOTl<oe 3aMblKaHHe B03HHKaeT npH np060e o)UIoro H3 nJIe'l

8bInpHMHTeIDl. npU<IHHaMH Bblxo)]:a THpHCTOpa HJIH )]:Ho)]:a H3 CTpOH

Moryr 6bITb neperpeB HX CTpYKTYPbl B npOI.. ecceneperpY30K HJIH np060Sl
Qpe3MepHo BblCOKHM 06paTHbiM HanpSl)KeHHeM npH nepeHanpSl)KeHHSIX. B

cJlYQae nOBpe)K,l].eHHSI OT neperpeBa HaH60Jlee onaCHblM SlBIDleTCSI MOMeHT

np060R B KOHl\e HHTepBaJIa npoBO,IJ,lfMOCTH )]:aHHoro nJIe'la. np060H 06-

paTHblM HanpSl)KeHHeM HaH60JIee BepoSiTeH B MOMeHT npHJIO)KeHHR MaK-

CHMaJIbHOrO 06paTHoro HanpSl)KeHHR. HaH601lee onaCHblM no aMnJIHTY)]:e

aBapHHHoro TOKa RBIDleTCSI nepBbIH CJIyqaii aBapHHHoH cHTYawm. npo-
aHaJIH3HpyeM aBapHHHbie TOKH JJ..1UI 3TOro cJlY'laSi (pHC. 6.40).

HeynpaBIDleMoro BbmpSlMHTerui npH np060e ,IJ,lfo)]:a VDI Ha HH-

TepBaJIe I B03HHKaeT .D.Byx4Ja3Hoe KOpOTKOe 3aMbIKaHHe Me)K,l].y 4Ja3aMH a

H b. TOKH )]:HO)]:OB VDI H VD3 paBHbl (il = i3). Ha HHTepBaJIe II B03HHKaeT

Tpexl}la:3Hoe KOpOTKOe 3aMblKaHHe 4Ja3 a, b, c. TOK ,IJ,lfo)]:a VDI paBeH

CYMMe TOKOB ,IJ,lfO)]:OB VD3 H VD5 (il = i3 + is). nocne nepexo)]:a KpHBOH

EZ

E"

La La La

Ra Ra Ra

Lit L,, LS 
VDf VD:r VDS 0

(VTf) (VTJ) (VTS)

wt

,

II m IY c.Jt

NOHeHm npOOOR iJuoDa YD 1

cl. cl.

o

PHC. 6.40. CxeMa B03HHKHOBeHHR BHyIpeHHel"O KOPOTKOl'O 3aMblKaHHSI BbmpRMHTeJIR H

BpeMeHHble ./I.Hall1aMMbi TOKOB H HanpR)J(eHHH

 }i*

eb Qepe3 HYJIb H H3paCXO)]:OBaHHH 3JIeKTpOMarnHTHOH 3Hepnm, 3a?aCe -
HOH B 3TOH 4Ja3e, TOK i3 = 0, a TOK .[I.H.o)]:a VDI paBeH TOKY VD5 (II = 's.

HHTepBaJI III). 3aTeM TOK is CTaHOBHTCR paBHbiM HYJllO, a nOCJIe Toro, KaK

3. )]:. C. eb CTaHeT BblUle e
a, npouecc nOBTopReTCH (HHTepBaJl IV).

PemeHHe ypaBHeHHH JJ..1UI TOKa il

JJ..1UI HHTepBaJIa I

.. .. ,f3 .

( )
. t

)]II -13 - -':1:sm wt q; + smq; exp (-- ;

2

(6.153)

0,8

JI.JUI HHTepBaJIa II

.. .. .. Jt

[
.. .

(
Jt

) ]
wt -nl2

11-13+lS- sin (wt-6"-q;)+. 111-- sm 3 -q; exp(-
rot

); (6.154)

o L1C
J

1..1(
J

7C o 11(
J

1C 1:1('
J

2.1C wt
J

JJ..1UI HHTepBaJIa III

,f3 Jt

(
Jt

)
wt - Jt/2 -.

Y

ii-ls- sin(wt---q;)-siJl-'+y-q;exp(- )]+
2 3 6 rot

PRC. 6.39. KpHBbie MrHOBeHHblX 3Ha'ieHHH aoapHHHblX TOKOB THpHCTOpOB TpexclJa3HOrO
Mocr'OBoro ynpaBJIReMOrO BbmpHMHTeJIJI npH BHelllHeM KOpOTKOM 3aMblKaHHH npH 6noKHpo 

BaHHH 11.0 nepBoH KOMM)'TattHH (a) Ii 6noKHpoBaHHH 11.0 BTOpOH KOMM)'TauHH (6)
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wt - JtI2-y
+ Jill exp ( - ) .

rot

(6.155)
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3a Ha'IaJIO OTC'IeTa rot npHlliIT MOMeHT np06ml ,nnoJJ;a VDl; Ii/,Iill-

3Ha'IeHIDI TOKa il Ha rpaHHl.{aX COOTBeTCTByrollJ.HX HHTepBaJIOB; Y - opo-

JJ;omKHTenbHOCTb HHTepBaJIa II; 1: = LJRa.
Oc06eHHOCTblO BHyrpeHHHX KOpOTKHX 3aMbIKaHHH B ynpaBJUleMblx

BbmpHMHTeJUlX HBJUleTCH TO, 'ITO Ha'IaJIO npOTeKaHIDI aBapHHHoro TOKa

'Iepe3 Ka IHH3 THpHCTOpOB C HHyrHa yron ynpaBneHHH a (Ha

pHC. 6.40, HHIKlUIH ,nnarpaMMa). HeynpaBJUleMble cxeMbl C ,nnOJJ;aMH

HMelOT 60nee BblCOKHe 3Ha'IeHHR TOKOB II ,lI,JIIITeJIbHOCTH HX npOTe-

KaHHH, 'IeM cxeMbl C THpHCTopaMH.
BHeWHee Koponcoe 3aMblKaHHe Ha Harp)'3Ke. 3TOMY COOTBeTCTByeT

cnY'laH IV (CM. pHC. 6.34). B 3TOM cnY'lae npOHCXOJUlT cpaBHHTeJlbHO

nnaBHoe HapaCTaHHe TOKa KOpOTI<oro 3aMbIKaHIDI OT npeJJ;aBapHHHoro
3Ha'leHHH Id JJ;O YCTaHOBHBlllerocH 3Ha'IeHIDI TOKa KOpOTKOro 3aMbIKa-

HIDI IdK' ECJill C'lliTaTb Ld » La' TO nepeXOJI,HblH npOl.{eCC npOTeKaeT
TaI< )Ke, KaI< npH BKJllO'IeHHH HHJJYI<THBHOrO KOHT)'pa Ha nOCTOHHHOe

HanpH)KeHHe [21].
MrHOBeHHoe 3Ha'IeHHe TOKa npH KOpOTKOM 3aMbIKaHHH y HarpY3KH

onpeJJ;eJllIeTCH no Bblpa)l(eHIUO:

iK - IdK [1
- exp (

-

:J ] + Id exp (- :d )' (6.156)

r1I.e Id - npe,lJ.aBapHHHblH TOK HarpY3KH; "fd - LdlRd - nOCTORHHaJi BpeMeHH uenH KOpOT-

Koro 3aMblKaHHR; Jdx - ycraHoBHBllleecJl 3Ha'ieHHe TOKa KopOTKoro 3aMblKaHIUI.

3Ha'IeHHe IdK 3aBHCHT OT aHOJI,HOH H THBHOCTHH onpeJJ;eJllIeTCH

nOJlHoH BHelllHeH xapaKTepHcrnKoH BbmpRMHTeJUl. npH6J1H)KeHHOe 3Ha-

'IeHHe 3TOro TOKa nOJlY'IeHO npH Bblpa)l(eHHH xa 'Iepe3 UK (B np0l.{eHTax)
II HOMHHaJIbHOI"O l1>a:moro TOKa 'lepe3 Id HOM B CJle.nylOllJ.eM BH,l].e [19]:

116
IdK - IdHoM- .

UK

(6.157)

6.8. KOMnEHC POBAHHbIE  MnYl1bCHblEBbmPJlM TEI1 

OCHOBHble nOHHTHH. PacCMOTpeHHble BblllIe BbmpHMHTeJlH HMelOT KO-

311>I1>Hl.{HeHT MOllJ.HOCTH MeHLllle e]];HHHl.{bl. OHH 06MeHHBalOTcH C HCTO'lHH-

KOM nHTaHHR peaI<THBHOH 3HeprHeH nOJJ;06HO HH.nyKTIfBHOH Harpy3Ke,

3arpy)KaH cern JJ;onOJlHHTeJlbHbIMH TOKOBblMH COCTaBJIIDOllJ.HMH, npHBO,11)l

OJI,HOBpeMeHHo C 3THM K 3aMeTHbiM HCKa)KeHIDIM 11>0pMbi TOKa H HanpH)Ke-

HHH. 3TH l1>aKTopbl OK3.3blBalOT OTpHl.{aTeJlbHOe B03JJ;eHCTBHe Ha pa60T)'

JJ;pyrHx narpe6HTeJleH JJ;aHHOH CHcTeMbl nHTaHIDI, Bbl3bIBaIDT JJ;onOJlHH-

320

TeJlbHLle nOTepH B 06MOTKaX reHepaTopOB H TpaHcl1>opMaTopOB, B npOBO'

JJ;ax JillHIIH 3JleKTponepeJJ;a'lll, npHBO,11)lT K AononHHTeJIbHOMY HarpeBY

3J1eKrpo06oPY/l.OBamur:.
Yny'lllleHHe nOKa3aTeneH pa60TbI BbmpJlMH1'eneH MO:>KeT 6blTb JJ;OCTHr-

HyrO 6narOMPSl BKJIIO'leHIUO JJ;onOJlHHTeJlbHbIX YCTpOHCTB B cxeMY BblnpH-

MHTeJlbHOrO al'peraTa, 06eCne'IHBaIOIJ{HX CHHiKeHHe 06MeHa peaI<THBHOH

3HepmeH HHJ.lYI<THBHoro xapaKTepa C nHTalOli(eH CeTblO. 3T0 MO)KeT 6blTb

peaJIH30BaHO 1l0/l.KJIlOqeHHeM K nepBH'lHOH HJilI BTOpH'lHOH 06MOTKaM

npe06p3.30BaTeJlbHOrO TpaHcl1>opMaTopa KOCHHYCHLIX KOH.neHCaTOpOB H

LC-I1>HJIbTpOB, KOTopble 06MeHHBaIDTCSI C CeTblO peaI<THBHOH 3HepmeH

eMKOCTHOrO XapaI<Tepa. B pe3YJIbTaTe npOHcxo,nnT KOMneHcal\IDI peaI<-

THBHOH :meprHH B nHTalOII.\eH CeTH. TaI<He BbmpHMHTeJill OTHOCHTCH K

KOMneHCUpOeaH1!blM.

npHMeHeHHe YCTpOHCTB npHHYJUlTenbHOH KOMMyral.{HH B cxeMax Bbl-

npHMHTeneH, HanpHMep KOH)1,eHCaTOpHOH KOMMyral.{HH, IUlH nOJIHOCTbIO

ynpaBIDIeMblx enn (3anHpaeMblx THpHCTOpOB IUlH CHnOBblX TpaH3HCTO-

pOB) n03BOIDIeT peanH30BaTb HHOH cnoc06 CHH)KeHIDI ypOBHR 06MeHa

peaI<THBHOH :meprHeH C HCTO'lHHKOM nHTaHHSI. nocpe)1,CTBOM onepe)KeHHH

BblKJllO'IeHHSI enn B nne'lax BbmpSlMHTeJlbHOH cxeMbl MO:>KHO 06ecne'lHTb

YMeHbllleHHe yrna 11>3.30BOrO C HraOCHOBHOH rapMOHH'IeCKOH COCTaB-

IDIIOllJ.eii TOKa. TaKoii cnoc06 nOJlY'IHJI H3.3BaHHe ceKmopHo2o pe2YJ/upoea-

llWl BbmpHMHTeJleH. npH 3TOM cnoc06e pemaeTcsr: JIHlllb OJI,Ha 3a,na'Ia, HO

He 06eCne'lHBaeTCsr: CHH)KeHHe HCKa)l(eHHH 11>0pMbi TOKa.

311>I1>eKTHBHbiM cnoco60M nOBblllleHHsr: K0311>I1>HUHeHTa MOllJ.HOCTH Bbl-

npHMHTeJleii SlBIDIeTCH 11>0pMHpOBaHHe TOKa ceTH no yrny 11>330Boro c.rum-

ra <P(I) H 11>0pMe Ha OCHOBe npHHUHna MHorOKpaTHOrO BKIDO'IeHIDI H Bbl-

KJllO'leHIDI enn B Ka)l()1,OM nne'le cxeMbl BbmpRMJleHIDI B Te'IeHHe oJI,Horo

nepHO)1,a Hanpsr:)KeHIDI nllTalOllJ.eH cern. B 3TOM cnY'lae B03MO)KHbl p3.3JIH'l-

Hble anrOpHTMbl nepeKJllO'IeHlffi enn, npH KOropblx Ha OCHOBe MO.nyIDI-

l.{HH B Ka)l()J;OH l1>3.3e 11>0pMHpyeTcSI TOK 3a,naHHOH 11>0pMbi C Tpe6yeMbiM

C HrOM11>3.30BOrO yrna OCHOBHOH rapMOHH'IeCKOii COCTaBIDIIOllJ.eH. B03-

MO)KHa HMnynbCHasr: MO.nyIDIUHR C 3a,naHHeM npHMoyrOJIbHOH, CHHYCOH-

)1,aJIbHOH HJIH HHOH 11>0PMbl. TaKHe BbmpHMHTenH ornOCHTCH K UMnYJ/bC-

HbLM.

TromM 06p3.30M, Ba)l(HblM npH3HaI<OM B KJIaCcHI1>HKaI.{HH BbmpHMHTe-

neH HBIDIeTCH KOMMyraQIDI: eCTeCTBeHHasr: (CeTeBasr:) H HCKycCTBeHHasr: (npH-

HYJUlTenbHasr:), OJI,HOKpaTHaH H MHorOKpaTHasr: KOMMyral.{HR. MCKYCCTBeH-

Hasr: KOMMyral.{IDI MO)KeT BblllOJlHsr:TbCH Ha CTopoHe nepeMeHHoro H Ha

CTopoHe nOCToSlHHoro TOKa.

BblnpHMHTeJIH C ceKTOpHLIM peryJlHpOBaHHeM, PaccMOTpHM 3aI<OHOMep-

HOCTH H3MeHeHHR HanpH)KeHHii H TOKa nHTalOllJ.eH CeTH }J.JllI OJI,Hol1>3.3HOrO

THpHCTOpHo-,nnOJI,HOro BblllpHMHTeIDI npH peryJlHpOBaHHH C yrJlOM ynpaB-

JleHIDI a, 3a,nep)KHBalOllJ.HM MOMeHT BKIDO'leHIDI o'IepeJI,Horo rnpHCTOpa
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KOTOpblX K oeHOBHblM 1'HpHC1:l>paM noro<JllO'laeTeH npeABapl>!TeIlbHO

3apH:>KeHHb1H J1,0 HanpHiKelUlH lfCK KOMMympyro HHKOH)],eHcaTOp C
K

.

B MOMeHT BblKJlIO'leHHH OCHOBHOf'O THpHeTopa e yrJIOM BK/IIO'laeTCH

O,II,HH H3 KOMMymPYlOIUHX THpHCTOpOB H KOH,D;eHeaTOp C
K nepe3apH-

", 11

:>KaeTe51 TOKOM npOTHBOnOnO:>KHOH nOJUlpHOeTH, BblTeeHIDI TOK H3

I nHBblKJlIO'laeMOrO THpHL1upa; 3THM e03J1,WOTe51 ycnoBH5I 3anH-

paHH5I. bnarOJ1,apH 3HeI>I'HH LaFI2, HaKOnneHHOH B aHOJ1,HOH HHJJ.YK-

THBHOeTH, KOH,D;eHeaTOp C
K nepe3ap5l:>KaeTeH roKOM 06paTHOH noJUlp-

HOCTH H HaKarurnBaeT 3Hepri11O C,J.J;./2 - La F12. QT06bl orpaHH'lHTb

Hanp5l:>KeHHe Ha KOHJ1,eHea1'Ope, He06xo,II,HMO npHMeH5ITb KOH,D;eHearop

60JIbllIOH eMKOCTH.
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PHC. 6.41. ,lJ;HarpaMMbl ceKTopHoro perynHpoBaHHR OAHocIJa3Horo BbmpRMHTeJIR

(PHC. 6.41, a), e ymoM ynpaBneHH5I  ,onepe:>KalO HMBbIKJllO'leHHe npo-

BO)Ul eroTHpHCTopa no OTHOllIeHHIO K MOMeHTY eCTeCTBeHHoH KOMMyra-

I(HH (pHe. 6.41, 6) H e ymaMH a H OJ1,HOBpeMeHHo (pHe. 6.41,6).

npHMeHeHHe BbtKJllO'leHH5I e onepe:>KeHHeM Ha yroJI (eM. pHe. 6.41, 6)
06eene'lHBaeT onepe:>KalO HHl1>a30BblH yroJI q>l oeHoBHoH rapMOHH'lee-
KOH eOCTaBJllIIO eH TOKa eeTH ;111)' B cern l(HPKYJIHPYeT peaKrnBHa51

3HeprmI eMKOCTHoro XapaKTepa. OJ1,HoBpeMeHHoe peryJIHpOBaHHe ynloB

a H (eM. pHe. 6.41, 6) n03BOJUleT nony'lHTb eOBna,n,eHHe no l1>a3e HanpH-
:>KeHIDI cern UI H nepBOH rapMOHH'feeKOH TOKa ;I{I) B lIIHpOKOM ,lI,Hana30He
H3MeHeHHH epeJ1,Hero 3Ha'feHH5I BbmpHMJIeHHOrO HanpH:>KeHHH Ud. UpH
3TOM 06eene'lHBaeTCH kj,f' 6JIH3KHH K e,II,HHHl(e.

PeryJIHpOBaHHe C yrJIaMH a H B03MO:>KH0 TOJIbKO C HCKYCCTBeHHblM

BblKJllO'leHHeM THpHCTOpOB e onepe:>KeHHeM Ha yrOJI  ,KOrJ1,a eCTeCTBeH-

HaH KOMMyral(HH He B03MO:>KHa, TaK KaK THpHCTOp eMe eHB npHMOM

HanpaBJIeHHH 6JIaroJ1,apH HaJIH'lHIO 3)J;C nHTaro eHeem.
B cxeMe nOJIyynpaBJUleMoro OJ1,Hol1>a3HOrO MOCTOBOro BbmpHMHTeJUI

e HeKyecTBeHHoH KOMMYTaI(HeH (PHC. 6.42), KpoMe OCHOBHblX THpHC-

TOpOB VT1, VT2 H J1,HOJ1,OB VD3. VD4, npe.nycMoTpeHbl BenOMora-

TenbHble (KOMMympYlOll(ue) THpHCTOpbl VTl H VT4, e nOMOllU>1O
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PHC. 6.42. CxeMa H BpeMeHH6le AHarpaMMbl ynpaBJIReMOrO rnpHCTopHo'.!I.HOAHOro OAHO-

c1Ja3HOrO BbmpRMHTeJIH C npHHYAHTenbHOH KOH)J.eHCaTOpHOH KOMMYTaltHeH
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BblnpHMHTeJIU C UMnYJlbCHLlM peryJIHpOB8HUeM. PaCCMOTpHM CXeMY 3a-

Mell.(eHHH OAHo4Ja3HorO MOCTOBOrO BbmpHMlITeml C 3KBHBaJIeHTHbiM Me.

XaHHqeCKHM KOMMyraTopoM QenH nepeMeHHoro TOKa, 3aMell.(aIOIQHM TH-

pHCTopHble nJleqH MOCTa C npHHYJUuem,HOH KOMMYTal..{HeH (pHC. 6.44).
OCHOBHoe CBOHCTBO KOMMYTaTopa COCTOHT B TOM, qTO HanpH:>KeHHe Ha

CTopOHe nOCTOHHHoro TOKa

a)

La.

Ld

VDZ"Id
(j)

VT1 vn' VTZ'

Ud(I)

Uc{l)

o (6.158)
-UCI

VDJ
11>0pMHPycrCH B 3aBltCHMOCm OT nOJIO:>KeHHR I Will 2 KJIIOqeH QFI,

QF2. B03MO)KlJbl 'leTblpe pa3JlliqHbiX COCTOHHIDI. KOMMyraTopa: 3 -
KHYlbl KOHTaKTbl IQFI H 2QF2, 2QFI H IQF2, IQF H IQ.
2QFI H 2QF2. Talme COCTOHHHH CMeHRIOTCH C TaKTOBOH qaCTOTO 
fp = Nf, r ef - qaCTOTa nHTaIOll.(eH ceTH, N-KpaTHocTb TaKTOBOH

qaCTOThI (Ha pltc. 6.44 N=22).

PHC. 6.43. CxeMbl ynpaBJIeHHR OAHOcIJaJHblX MOCTOBblX THPHCTOPHO.AHOAHbIX BbmpSlMHre-

neH c npHHYAHTem.HoH KOHlleHcaTopHoH KOMMYTauHeH

I1cnOJIb3yIOTCH 60JIee CJIO:>KHble cxeMbl C npOMe:>KYTOqHbIM HaKOnH-

TeJIbHblM KOH.D;eHCaTopOM C. B 3THX cxeMax YCTpaWleTCH HaKOnJleHHe

3HeprHH B KOMMYTHpYIOLUeM KOH eHcaTopeCK, H n03TOMY He Tpe6ycrcH
CJIHlliKOM 60JIblliOH HX eMKOCTH. B cxeMe (PHC. 6.43, a) npHMeHHeTCH
06ll.(HH HaKOnlITeJIbHbIH KOH)J.eHcaTOp C, KOTOpblH 3apH)I(3.eTCH TOKOM

O HOHnOJIHpHOCTH, H HH,lUiBH,L(yaJIbHble Ha Ka)l(,[(bIH OCHOBHOH mpHCTOp
VTJ H VT4 KOMMyrnPYIOLUHe KOH.D;eHcaTOpbl Cd H CK2. KOH)J.eHcaTOp C
OT eJIHeTCHOT rnaBHbIX QeneH OTceKaIOLUHMH ,lUiO aMH VDI H VD4.

Qepe3 BcnOMOraTeJIbHbIe ,lUi0JU>1 KOHJ.I:eHCaTOp C 06eCneqHBaeT nO 3apM

KOMMYTHPYIOLUHX KOH,lJ.eHCaTOpOB TOKOM He06xo,lUiMOH nOJUIpHOCTH, a no

QenH pe3HCTopa R H36bITO'lliaH 3HeprHH nepe acrcHB !-{enb HarpY3KH. B
MOMeHT npHHy,WneJIbHOH KOMMYTaQHH BKJIIOqaeTCH COOTBeTCTByIOLUHH

KOMMY1l1PYIOII.{HH THpHCTOp VTl HJIli VT4.
B cxeMe (PHC. 6.43, 6) C OCHOBHbIMH THpHCTopaMH VTI HJIH VT2 B

KaTO;:uIOH rpynne HMecrcH 06LUHH KOMMympYIOll{HH KOHJ.I:eHCaTOp C" H

HH)J.HBH,L(yaJIbHbIe HaKOnHTeJIbHbIe KOH.D;eHCaTOpbl CI H C2. npH Oqepek
HOH npHHY)J.HTenbHOH KOMMyraQltH OCHOBHoro THPHCTOpa, HanpHMep

VTI, OTKpblBaeTcH  pyrOHOCHOBHOH THpHCTOp VT2, H KOH.D;eHCaTOp CK
pa3pH:>KaeTCH. TOK pa3pH,lJ;a "BblTeCHHeT" TOK H3 VTI, qeM 06eCneqHBaIOT-

CH YCJIOBHH,l])Ul 3anHpaHwi THpHcTopa. 3HeprHR La F/2 nepe aeTCHqac-

THqHO Ha  03apMKOMMyrnPYIOll.(ero KOH)J.eHCaTopa CK TOKOM 06paTHOH
nOIDIpHocrn, a OCHOBHaH ee  OJIH

- Ha 3apH,lJ; HaKOnHTeJlbHOFO KOH.D;eH-

caTopa CI qepe3 OTKpblBlliHHCH BcnOMOraTeJIbHblH THpHCTOp VT2. CxeMa

(CM. pHC. 6.43, 6) MO:>KeT 6bITb HCnOJIb30BaHa TaK:>Ke ,WUI nOJIyynpaBIDIe-

Moro Tpexl1>a3Horo MOCTOBoro BbmpHMHTemI. B TpexI1>a3HoH cxeMe C ceK-

TOpHblM peryJIHpOBaHHeM He06xo,lUiMO Ha Ka>K,!J.YIO 4Ja3Y HMeTb KOMMym-
PyIOll.(HH KOH)J.eHCaTop CK

H HaKOnHTeJIbHbie KOH eHcaTopbl.
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COOTBeTC1:BeHHO TOK i2(1) Ha CTOpOHe KOMMYTaTOpa

npH 1lJ0pMHpoBaHHH CHHYCOHll:aJThHOrO TOKa il Ha CTOpOHe nepeMeH-
Horo TOKa H npH nOCTOHHHOM TOKe id nOCTOHHHaH COCTaBmlIowaH MOW-

Hoem HarpY3KH MO)KeT 6blTb nonyqeHa npH BKIDOqeHHH B LIenb HarpY3KH

IlJI1JIbTpa-np06KH H3 3J1eMeHTOB C2 H L2, HaCTpoeHHblX Ha pe30HaHC TOKa.

Ra 3TOM yqaCTKe LIenH llJopMHPyeTcH CHHYCOHll:a.JIbHOe HanpH)KeHHe U2 C

ABOHHOH qaCTOTOH. Ra pHC. 6.44 nOKa3aHbl BpeMeHb\e AHarpaMMbl JL1UI

cJlyqa51 oT60pa OT HCTO'lHHKa TOJlbKO aKTHBHOH MOIltHOCTH. TOK il 1lJ0p-
MI1PYeTCH KaK cYMMa MrHOBeHHblX 3HaqeHHll TOKOB i2 H ic npH MO,nyIDU.llfH
C qaCTOTOHIp

= 22f
OTHomeHHe

1C

qp"'"

till

:tr 21f 31C wt

- SelSI' , (6.160)

r1I.e Oe,Op - COOTBeTCTBeHHO ynlbl BKJlIO'leHHOrO COCTOSlHHJI uenH H nepHOAa TaKTOBOii

lJaCTOTbl, MO)J(eT H3MeHRTLCR OT 0 1-\0 1 no CIlHYCOH)(aJIbHOii 3aBIlCHMOCTH. 31'0 OTHOllleHHe

npeliCTaBnReT C060H K03t/JrjJu,-/liellrn 3anORllellllR.
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HanpH)KeHHe Ha CTopOHe nOCTOHHHoro TOKa

Ud(t)
= p(t)/Id,

rAe p(t) - MrHOBeHHoe 3HaIJeHHe MOIllHOCTH, nynbCHPYIOll(eii B CeTH nepeMeHHoro TOKa C

1J.BOHHOH lJaCTOToH.

npH H3MeHeHHH K031lJ4JHI..{HeHTa 3anOJlHeHHH A OT 0 ]l.0 ] MO)I(HO

nJlaBHO perynHpoBaTb Ud, B TOM qHCne nepeBO]l.liTb ero B 06naCTb

OTpHl..{aTeJlbHblX 3HaqeHHH (reHepaTopHblH pe)f(HM nOTpe6HTeJUI). nO

TaKOMY )Ke npHHI..{Hny MO)l(eT 6bITb nocTpoeH TpexllJa3Hblll HMnYJlbCHblll

BbmpHMHTeJIb.
CxeMa 3aMell{eHHSl 0Jl.H0llJa3Horo MOCTOBoro BbmpHMHTeJUI C KOM-

MYTal(HeH Ha CTopOHe nOCToSlHHOro TOKa (PHC. 6.45) BKmoqaeT B ce6H

KOMMyraTopbl B BH]l.e KlliOqeH QFl H QF2, Ka)K,[(bIH H3 KOTOpblX
HMeeT Jl.Ba nOnO)KeHHH 1 H 2 H MO)KeT npOBO]l.HTb TOK B 060HX

HanpaBneHH5Ix. KOMMYTaTop nepeKJIIO'laeTCH C nOCToSlHHOH TaKTOBOH

'laCTOTOH /po K031lJ<lJHI..{lieHT 3anonuemUl A - a/ap
H3MeH5IeTCH. ):(mI

llJopMHpOBaHH5I BenH'lHH CHHYCOHll:a.JIbHOH 1lJ0PMbi Ha cTopoHe nepe-
MeHHOI'O TOKa OH ]l.On)l(eH li3MeHSlThCH B COOTBeTCTBI1H C 'laCTOTOll

ceTH I no cHHytOHll:anbHoMY 3aKoHY. ECJlH TaKTOBa51 'laCTOTa BeJlHI{a
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PHC. 6.45. CxeMa 3aMe eHHJIH speMeHHble 1I.HarpaMMbl HanpJ\)J(eHHJI II TaKa IIMnYJIbCHoro

OAHOcIJa3HOro MOCTOBoro BbmpSlMHTenR C KOMMYTaUHeii Ha C1'OpOtie 1l0CTORHHoro TOKa

if. ) L H C Hco6xo]l.HMble JL1UI 1lJ0pMHpOBaHHH BeJlli'lHH
p
_00. TO a d'

CHHYCOH]l.a.JIbHOH IlJOPMbl, MOI)'T 6blTh He60JlbllIHMH. 113 YCJlOBIDI paB-

HOBeCH5I MrHOBeHHblX 3Ha'leHHH MOIl{HOem Ha CTOpOHe nepeMeHHOI"O

H nOCToRHHOro TOKOB Cne/J;yeT

Pl(t)
= u

1(t) i
1(t)

= PJt) = uJ..t) ilt). (6.161)
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OCHOBHoe CBOHCTBO KOMMyT"dTOpa COCTOHT B TOM, liTO Han IDKeHHe

U2(t) Ha CTOpOHe nepeMeHHOrO TOKa MO)l(eT npHHHMaTb orn.r0 '3
3Ha'ieHHH:

i-'oU n Tpex

uj.t)
U
2(t)

- 0

-

Uj.t)
(6.162)

,naJIbHbiM TOKOM CeTIf H H}J.eaJIbHblM CrJla)l(HBaHHeM TOKa HarpY3I<H. npH

3TOM A H3MeHReTCSI CHHYCOH}J.aJIbHO OT 0 Jl.0 I, a HanpSl)l(eHHe KOparKOrO

3aMblI<aHHSI UK
= roLil/Ul' onpe,neJUleMOe aHO,lUfOH HH THBHOCTbIOLa'

Jl.ocmraeT npHMepHO 30 %. TOK CeTH nO'iTH CHHYCOHJl.aJIbHOH 1!>0PMbI, a

BblCIllHe rapMOHH'ieCKHe HanpH)I(eHHSI u2 BocnpHHHMalOTcSI HHJl.,YKTHBHOC-

ThIO La' 1I3MeH'lHBOCTb HanpH)I(eHHSI Ud 3aBHCHT OT pa3HOCTH TOKOB id -

(Id + i0 = ic H OT 3HaqemUi eMKOCTH Cd' KOTOpaH ,nOJl)l(Ha 6blTb B03MO)l(}lO

60JThllleH.

lIMnYJlbcHblH BbmpHMHTeJIb, pa60TalOIl.{HH C paCCMOTpeHHblM anro-

pHTMOM nepeI<JllO'ieHHH, pa60TaeT BO BCeX 'ieTblpeX KBaJl.paIITaX npo-

crpaHCTBa B Koop,D,ImaTaX "HanpH)I(eHHe-TOK" CeTH (UI - il). n03TOMY

TaKOH HMnYJIbCHblH BbmpHMHTeJIb nOJIY'lHJI Ha3BaHHe '1emblpeXK6aOpallm-
llOZO npe06pa306amel/J/ H npHMeHHeTCSI B fepMaHHH Ha COBpeMeHHblX

3J1eI<TpOB03aX C aCHHXpOHHblMH THI"OBbIMH Jl.BHraTeJUlMH H 'I1IpHCTOpHbl-

MH npe06pa30BaTeJUlMH qaCI'OI'bl npH nHTaHHH OT ceTH O,lUfol!>a3HOrO

TOKa 'laCTOTOH 162/3 fLl [31].

AHaJIOrH'iHO CTpOHI'CH HMnYJlbCHblH Tpexl!>a3HbIH' BbllIpHMHTeJIb

(pHC. 6.46), B KOTOpOM I'HpHCTopHbie KIDO'iH 3aMeIIleHbi MeXaHH'ieCKHM

Tpexl!>a3HblM KOMMYI'aI'opOM Ha Tpex KJIlO'iaX C Jl.BYMH COCTOHHHSlMH,

npOBOJl.HIIlHX B 060HX HanpaBJleHllilX. B 3TOM cJlY'iae 3Ha'ieHHe A 3a-

BHCHT OT nepeKJIlO'ieHlliI I<JIIO'ieH BO Bcex l!>a3ax.
B TaKOH cxeMe MI"HOBeHHoe 3Ha'ieHHe MOIllHOcm

B 3aBHCHMOCTH OT COCTOHHHH KOM
I..{HeH 3aMKHYI'biX KO Co

MyraTopa, onpeJl.eJUleMOrO KOM6HHa-
HTaKTOB. OTBeTCTBYIOIl.{ee 3Ha'ieHHe TOKa

il(t)

  -0  16 
- il(t)

L n Bb OK 
TaKTOBOH 'iaCToTe!p H COOTBeTCTBeHHO orpaHH'ieHHbiX

a
H

d
H

d
2 UI MO)I(HO nOJlY'iHTb )l(eJIaeMOe CHHYCOH]l.aJIbHOe H3Me-

HeHHe TOKa CeTH ;1 = 11M sin(rot - cp). Tor.ua MOIl.{HOCTb Ha CTopoHe nepe
MeHHoro TOKa

-

PI(t) .. U
IM sinwt TIM sin (wt - <p).. O,5UIM TIM [cos<p - cos(2wt - <p)]..

- P
d [1 -

cos(2wt - <p)

J . (6.164)
cos<p

 O HOCTbpdt) K Jle6J1eTCHOTHOCHTeJIbHO cpe,U.Hero 3Ha'ieHWI Pd C

Jl.BOHHOH 'iaCTOTOH cern H aMIIJIHTVJl.OH P Icosm
II

.J, d r

3 Bblpa)l(eHHH (6.162) npH nOCTOHHHOM HanpSl)l(eHHH U
OTH

d CJleJl.YeT co-

OllleHHe AWl TOKa Ha BbIXOJl.e KOMM}'TaTopa:

p(t) = uIA(t) ilA(t) + uIB(t) i1B(t) +

+ uIC(t)iIC(t)
= 3Ull cos<p = P

d" (6.166)

.

( )
PI(t)

'd't --.
U
d

3TOT TOK TaK)I(e KaK' MOIltHOCTb, Jl.OJl)l(eH nYJIbCHpOBaTb C Jl.BOUHOH
'iaCTOTOH cerH OTHOCHTeJlbHO cpe,lUfero 3Ha'ieHHH I IT..n

Tor 6
I..{

d'  IJI 0, liTO bl B

elIH HarpY3KH npOTeKaJI nO(;TOHHHbIH TOK Id, He06xoJl.HMO napaJIJIeJlbHO
HarpY3Ke BI<JIIO'iHTb pe30HaHCHblH KOHTVn L2 C2 HaCTpOe H"JY " H blH B pe30-
HaHC HanpH)I(eHHH Ha Jl.BOHHYIO 'iaCT01)' CeTH. 3TOT KOH1)'P npOnYCKaeT
nepeMeHHyIO COCTaBllillOlltYIO TOKa ;d(t) Jl.BOHHOH 'iaCTOTbI cern

Ha pHC. 6.45 npHBe,neHbl BpeMeHHb\e Jl.HarpaMMbl HanpH)I(eHH H TOKOB
HMnYJlbCHoro 0,lUf0l!>a3Horo BbllIpHMHTellil AWl I' = 221'
HHH ero 6.

Jp :J npH perYJlHpOBa-
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AWl pa OTbl C K03<1>I!>HI.{HeHTOM MOIllHOCTH, paBHblM I, CHHYCOH-

(6.165)

1I3-3a OTCYTCTBHH KOJle6aHHH MOIIlHOCTH npOMe)l()'TO'lHbIH KOHTYP no-

CTOHHHoro TOKa He HY)l()J.aeTCH B KOJle6aTeJlbHOM KOHTYpe, Jl.OCTaTO'lHO

BKIDO'leHHH TOJlbKO KOHJl.eHCaTopa Cd' MO)l(eT 6blTh 3aJl.aH JIlO60H <1>a30-

BblH CJl.BHr TOKa ;1 OI'HOCHI'eJlbHO HanpH)I(eHHSI, eCJlH BbllIOJlWleTCH YCJlO-

BHe Ud 2..f2UI .

KpHBbie HanpH)I(eHHH H TOKa (PHC. 6.46) npHBe.neHbl npH aKTHBHOH

MOIIlHOCI'H. npH peaKTHBHOH MOIIlHOCTH cpe]l.Hee 3HaqeHHe
TOKa Id YMeHb-

lllaeTCH, a HanpH)I(eHHe

U
d
- 2V2U

I (1 :to UK)' (6.167)

3Jl.eCb UK
= roLll/UI cOCTaBJIJleT npHMepHo

30 % Ud (npH HHJl.,YKI'liBHOM

xaparcrepe MOIIlHOCTH co 3HaKOM MHHYC, npH eMKOCTHOM - co 3HaKOM

IIJIIOC).
lIMnYJlbcHble BbllIpHMlITeJIH C KOMMYTal..{HeH Ha CTopoHe nepeMeHHoro

TOKa (CM. pHC. 6.44) H Ha CTopoHe nOCToHHHOro TOKa (CM. pHC. 6.45 H 6.46)

HBJlIDOTCSI OTpa)l(eHHeM KJIaCCH'ieCKOrO Jl.YaJIH3Ma B 3J1eI<TpH'ieCKHX l{enHX.
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6.9. np MEHEH EBbJnP M TEnEHB C CTEME
311EKTPOCHA6>KEH  

T r HA 311EKTPOnOAB >KHOMCOCTABE

OCHOBHble THUbl TIlroBblX BblUpHMHTeJIeii. BbmpHMUTeJIH AIill THrOBblX

nO.lI.CTaHQUH 3JleKTPHllmQUpoBaHHLlx :>Kene3HblX .lI.OpOr nOCTOHHHOrO
TOKa

H MeTpOnOmrreHOB pa3pa6aThIBalOTCH B COOTBeTCTBHH co Cnell,HI!JH'IeCKH-

MU Tpe60BaHUHMU, 06ycnoBneHHblMH XapaKTepOM THrOBOH HarpY3KU

(nepeMeHHaH H I..{lfKJllitjeCKaH), nHKOBblMH HarpY3KaMU H neperpY3KaMH B

HOPMaJIbHOM, ynl:>KeJIeHHOM
U aBapUHHOM pe:>KUMaX pa60TbI nO.lI.CTaHQUH,

KOMMYTaQHOHHblMU H aTMocl!JepHblMH nepeHanpH:>KeHUHMU, cnOc06aMH

oxna:>K,ll,eHlliI H YCTaHOBKu' KnHMaTH'IeCKUMH ycnoBuHMH,
Kal:leCTBOM npe-

06pa30BaHUH 3neKTP03Hepnm, 3KOHOMUI:IHOCTblO H 3KCnJIyaTaQHOHHOH

ua.n.e:>KHOCTblO.
Ha THrOBblX nO.lI.CTaHQHHX B OCHOBHOM uCnOJIb3YlOTCH HeynpaBJIJle-

Mble BbmpHMUTenu, KOropble Hau60nee npOCThI, Ha)J.e:>KHbl U Y.lI.06Hbl

B 3KCnJIyaTaI..{UH. llPH pa60Te HeynpaBJIJleMbiX BbmpRMUTeneH JJ.OCTH-

ralOTCH OTHOCHTeJIbHO BblCOKHH K031!JI!JUQHeHT MOIl\HOCTH U MUHUMaJIb-

Hoe MeIllaIDLUee B03.lI.eHC'IBue BblClUHX rapMOHHtjeCKUX COCTaBJIJllOIl\HX

na JIUHUU reneI!JoHHOH CBR3H.

YnpaBJIJleMOe 3neKTPOCHa6:>KeHUe TRru, npUMeHReMoe JUUI 06ecnel:le-

nHS! HalillYl:llllero pe:>KHMa 3JIeKTpOCHa6:>KeHUS! )J.BU:>KyIl\HXCH noe3.lI.OB U

3KOHOMHl:lnOCTH TIlru, OCYLUeCTBJIHCTCH C nOMOIl\blO HOBblX THnOB ynpaB-

1UIeMbiX BbmpHMHTeneH, KOTopble HapAA)' C npe06pa30BaHUeM nepeMeH-

Horo TOKa B nOCTOHHHbl" o6ecne'!UBalOT waBHoe perynupoBaHHe Bbl-

npRMJIeHHOrO HanpH:>KeHliSl, 6eCKOHTaKTHOe OTKmol:leHUe HarpY3KU no

Qenu ynpaBneHHH THpHCTopaMU, MorYT 6b1Tb uCnOJ1b30BaHbI KaK o6pa-

LUaeMble BblrIpRMHTeJIbHO-UHBepTopHble arperaTbl. llpUMeHeHue ynpaBJIJI-

eMblX BblrIpRMHTeJIeH COnpR:>KeHO C YXYJJ.llleHHeM 3Heprernl:leCKUX nOKa3a-

TeJIeH: CHU:>KeHUeM K031!JI!JuLlueHTa MOLUHOCTU, YBeJIHl:leHueM CO.lI.ep:>KaHlliI

BblCIIIUX rapMOHHl:leCKHX COCTaBJIJllOl.l.lUX B TRrOBOH
ceTU. ll03TOMY ynpaB-

JIJleMble BbmpHMUTeJlli JJ.OJDKHbl HMeTb COOTBeTCTBylOLUue KOMneHCUpyJO-

Il\ue U I!JlillbTpYlOLUue YCTpOHCTBa.
BblXO.lJ.Hoe HanpH:>KeHHe BblrIpRMHTeneH }J.Jill nOJJ.CTaHI..{UH MarUCTpaJIb-

nblx :>Kene3HblX JJ.OPO£' onpe.lI.enRCTCR HanpH:>KeHHeM B KOHTaKTHOH cern H

npu HOMHHaJIbHOH HarpY3Ke COCTaBJIJleT 3,3 KB, a MaKCUMaJIbHOe HanpH-

:>KeHHe B KOHTaKTHOH ceru He JJ.0JI)i(HO npeBbllllaTb 4,0 KB. Ha MeTpono-

nHTeHe BbIXO.lJ.H0e HanpIDKeHue BblrIpHMUTeneH 825 B.

HarpY3Ka BbmpHMHTeneH THrOBblX nO.lI.CTaHI..{UH OTJIHl:laeTCH KpaHHeH

HepaBHoMepHoCTblO. )J.IDl pa60Tbi C TaKOH HarpY3KoH BblrIpHMUTeJIH pa3-

pa60TaHbi C Yl:leTOM HopMHpyeMblx neperpY30K: 1,25dHoM B Tel:leHHe 15 MHH

I pa3 B 2 1:1; 1,5/dHoM B Tel:leHUe 2 MHH 1 pa3 B 1 1:1; 2,01 dHct.! B
Tel:leHUe

10 C I pa3 B 2 MHH.

BbmpHMHTenU JJ.on)i(Hbl BbI,nep:>KHBaTb nepeHanpH)i(eHlliI 9000
B Ha CTO-

pOHe BblnpHMneHHoro HanpR:>KeHHH.
331
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PHC. 6.46 Cx. eMa 3aMelUeHHR II BpeMeHH lellHarpaMMbl Han

TpexcIJa3HO['0 MOCTOBoro Bblfi

pRJf<eHHR H TOl<a HMnynbcHoro

pSiMIITeJIR C KOMMYTalt
-

lIeH Ha CTopoHe nOCTOSlHHoro TOKa

I1MnynbcHble BbmpHMHTenu Mor T 6
npOQeccbl npeo6pa30BaHU<T H

y 0 eCne'IHBaTb BbiCoK031!JI!JeKTHBHbie
..n, 0 RBIDllOTCH CnO:>KHbl

no cxeMOTeXHUtjeCKOH Pe"
ITU3a"U

MU npeo6pa30BaTe1UlMu
....... .......H CIUIOBblX QeneH

neHHH. 06LUaH TeH.lI.eHQHJI Pa3BHTu
U arrrOpHl'MaM ynpaB-

PI>

..R 3neKTpoHHKH (3a
I, MHKpOnpOl..{ecCOpHoe ynp

nHpaeMble THpUCTO-
aBneHue H T JJ. )

HanpaBneHHe. C03JJ.aHbI H ycneIll

. . o1pa:>KaeT UMeHHO 3TO

JJ:06H roKnacca. I1MnynbcHbleH b :HMeHHIOTcHnpe06pa30BaTeJIH no-

HOBblH BHJJ. nepcneKTHBHblX npe06 a3 RMHTe HnpeJJ.cTaBnHlOl' C060H

HbiX )l(ene3HblX .lI.opor.
p aTeneu WUl 3neKTpH<t>Hl HpOBaH-
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BbmpHMHTeJIH THrOBblX nO.n.CTaHI..{HH BbrnOJIHHlOTCH no Tpex$a3HOH
MOCTOBOll cxeMe HJIH no Tpex$a3HOll HYJIeBOii cxeMe C ypaBHHTenbHblM
peaI<TOpOM. llocJIe;:uum cxeMa HCnOJIb30BaHa B nOJIynpOBO,lUIHI<OBbIX Bbl-
npHMHTeJlbHblX YCTaHOBI<aX, 3aMeHHBlIIHX pTyTHble YCTaHOBKH, I<OTOpbleno I<OHCTp}'I<THBHblM C006pa:>KeHHHM BbInOJlHHJIHCb no HYJIeBOii cxeMe.
llOJIynpOBO,lUIHKOBble BbrnpHMHTeJlH Ha HOBblX no.n.CTaHI..{HHX BbInOIIHJUOT-
CH TOJIbI<O no ABeH l..{aTHnynbcoBoH YXMOCTOBOiicxeMe nOCJle.n.OBa-
TeJlbHOro THna.

lloIIynpOBO,lUIHKOBble BbrnpHMHTeJThHble YCTaHOBKH BbmonHHlOTCH rour
BHyrpeHHeH H HapY)I(HOH YCTaHOBKH, HMelOT B03.n.yUIHoe OXJIa)K)]:eHHe CO-
OTBeTCTBeHHO npHHY./I.HTeJIbHOe H eCTeCTBeHHoe.

B Ta6n. 6,4 npHBe.n.eHbI OCHOBHble MHHble BbInpHMHTeJIeii H BbInpHMH-
TeJlbHO-HHBepTopHbIX YCTaHOBOK .IJ.IDl THrOBblX no.n.CTaHI..{Hii MarHCTpaJIb-HbIX )I(eIIe3HblX .n.opor H Me1ponOJIHTeHOB.

B HOBblX BbrnpHMHTeJlbHblX YCTaHOBI<aX HcnoIIb3yeTcH 6}'I<BeHHO-I..{HI!>-pOBoe 0603HatIeHHe (PHC. 6.47).
B I<aqeCTBe npe06pa30BaTeJIbHbIX TpaHc$opMaTopoB .IJ.IDl BbrnpHMH-TeJlbHblX H BbrnpHMHTeJIbHO-HHBepTopHbIX arperaToB HCnOJIb3YIOTCH cne-

I..{HaJIbHble TpaHc$opMaTopbl THI'OBOro HCnOJlHeHHH (Ta6J1. 6.5).CxeMLI BLlOpHMHTeJlLHLIX arperaTOB THrOBLIX nO CTaHI.{Hii.PaccMoT-
pHM cxeMbI BbrnpHMHTeneH llB3-3, TllE)];-3150 H B-Tlln-2,4K, I<aK HaH-60JIee XapaI<TepHble rour cOBpeMeHHblx THrOBbIX no.n.cTaHI..{HH.

Tpex$a3HblH lIIeCTHnYIIbcoBblH BblOpHMHTeJIb "ABe 06paTHble 3Be3.zu,I C
ypaBHHTenbHblM peaKTopoM" llB3 3(PHC. 6.48, a) BbmOJIHeH Ha OCHOBe
npeo6pa30BaTeJIbHbIX TpaHc4>opMaTopOB, OCTaBlIIHXCH nocne 3aMeHbI
PTYTHblX YCTaHOBOK Ha nonynpOBO,lUIHI<OBble. )];IDI YBeJIH'feHHH MOLUHOC-TH B O,ltHOM arperaTe ABa TpaHcl!>0pMaTopa BI<JIIO'IeHbI napam:reJIbHO.Ka)KJJ.oe nnetIO BblIIpHMHTeJlbHOH YCTaHOBKH HMecr nHTb napam:renbHblXBeTBeH (a = 5) H 18 nOCJIe {)BaTenbHblx.n.HO.n.OB B I<a:>KJJ:oH BeTBH (s = 18)

BuiJ npeot5puJo6umel7J/ : B-66tnpJ/HUmel7b;
H-UHDepmop
CucmeHO 6XOiJHOZO mOl<u

CucmeHU OblXOiJHOZO mOl<u
CucmeHO OXI7UJ/{iJelfuR

HOHUHU17bH61U mOl< Idl/DH
HOHUHU176HOe HonpRJ/{eHue UtlltDH
KoiJ HOiJUipUNUqUU: (m=], q =12)
/(,runumul{ec/(oe ucnol7lfeHUe U l<umezOpuR
paJHew,eHuR

PHC. 6.47. CrPYKT)'pHaR cxeMa 6YKBeHHo-UlicIJpoBoro 0603Ha'leHlliI THna nonynpOB01I.HHKO-
BOH npe06paJoBaTeJIbHOH YCTaHoBKH

332

-.  pIl30Ba-
1tJlLIlOA YCTaHOS'

KH

YBK3-1

BKMB-l

nBKE-2

llB3-3Y2

llB3-3MY2

nB3-5AYl

TnE)J;-3150-
3,3KYI

Bll113-1

BH:n3-2Y3

B-TIlIl-2.4K-4K-
31l2-Y3

H:-rnn-2.4K-4K-
3/12-Y3

B-IlTE-3.15K-
4.OK-12Y3

YBKM-l

YBKM-2

YBKM-5

YBKM-6

CxeMa

HyneBaR

HYJIeBaR
(MOCTOBaR

HYlIeBaR

MOCTOBaR

HyneBaR
MOCTOBaR

ABYXMOCTO
HyneBaR
MOCTOB

HyneBaR

MoCTO

)J.BYXMOCT
MOCTO

TO)J(

)J;BYXMOCT

HYJIe

)J;BYXMO

MOCT

Ta6nHua 6.4

Tim enn, fiJleqO YCTaHoBKa,
UdHow,

OXJIaJIC.QeHHeldt\o.., A B QXS

 --

3300 BK2-200-8, BHYTPeHHAA,3000
5)(24 B03A)'IllHoe

npHHy.n;HTeJIbHOe

3000 3300 BK2-200-8, BHYTPeHHRR,

5)(24 MaCJIRHOe

npHHYAHTeJIbHOe

3000 3300 BJI200-10, HapY)J(HaR,

5)«7)(2) B03.!IYIllHoe
) eCTeCTBeHHoe

3000 3300 BJI200-8, BHYTPeHHAA,

5x18 B03.!IYIllHoe

npHHy)J.HTeJIbHOe

3000 3300 BJI200-8, BHYTPeHHAA,

10)(9 B03.!IYIllHoe

npHHY)J.HTeJIbHO

3000 3300 BJI200-8, HapYJKHaR,
,

6)(18 B03A)'wHoe
eCTeCTBeHHoe

3300 .n;m33-500-14, TOJKe
BaR, 3150

3x(3x4)
,

aSi

3300; BJI200-8, BHYTPeHHJU1,2000;
B03A)'IllHoe2000 3300- 10x9

3800 T.n;320-12, npHHY1J.HTeJIbH

6xl0

3000
1
. 3300

1
; TJIl50-8, TO)J(e

BaR
160ct 3200- 6x15

3800
2

"

2400  OOO -

OBaR,

BaR "

2400 0- -

e

4000

3150(B) 0- Tl73-20oo-18, BHYTPeHHJlROBaR
lx3 B03A)'IllHoe1600(11) 4000

eCTeCTBeHH

BJI200-8,
"

2000 825BaSI
6x6

BJI2oo-8,
"

2500 825CTOBaSi
12x(2x2)

"

2500 825 B11200-8,OBaR
16x2

BJI200-8,
..

" 1500 825
8x2

e

oe

oe

IfIUI K - J<peM11HeBLle enn,y CTaHOBKa B- BLUlpRMHTeJJb ,

M Me11'ono-n H M e q a II He. B o603HaQeHHH - Y
E -'- eCTemeHHoe OXJIaJl(,lleHHe,

- )1,J1Jlp
"'...m

pOBaHHLIX )l(eJIe3HLIX 1(opor,3 -)1,J1Jl 3J1eK1JJH...n .

JlHTeHa, JJ.
- lI.H0ll.HaJI.

I
]J.ruJ BLInpRMHTeJIII.

2
]J.ruJ HHBepTOpa.

.
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(PHC. 6.48, 6). TaR KaK AHO,W.I naBHHHble, TO npH rpynnoBoM COeAHHeHHHHe HCnOJIb3yroTCa RC-l..{enH. fipHMeHeHbl TOJIbKO aKTHBHbie WYHTHpyro-II Hel..{enH Rw. 06IltHe Ha WITh nap8JIJIeJIbHhlX BeTSeH. CBH3b BeTSeH no
pjf)];aM OCYlI1eCTBJUIeTCH pe3HCTopaMH CBH3H Rc COnpOTHBneHHeM 0,8 OM.
Qepe3 OJl.liH PJUt Rw-lJ,enb COeAHHHeTca C AHOJl.aMH C nOMOIltblO CHrHaJIb-
HbIX JIaMn EL, 3arOparoll1HXCH npH npo6oe oMora H3 MOJl.OB B coceMlix
pMax. Co CTOpOHbl BTOpH1JHblX 06MOTOK npe06pa30BaTeJlbHblX TpaHc-q,opMaTopOB BKJIIQ1JeHbl pa3PJIMliKH FU AIDl 3all1HTbi OT aTMocq,epHbIXnepeHanpa)l(eHHH H lllKaq, RC-l..{eneH AIDl 3aIltHThI OT KOMMyral..{HoHHblX
nepeHanpa)l(eHHH. K C60PHbiM WliHaM nepeMeHHoro TOKa HanpH)I(eHHeM10 KB H nOCTOHHHoro TOKa HanpIDKeHHeM 3,3 KB BbmpaMHTeJlb npHCOeAH-HaeTCH nocpeJl.CTBOM pa3'beJI;liHHTeJIeH QSI, QS2 H BblCOKOBOJIbTHblX Bbl-
KJU01JaTeJIeH QFI, QF2. fiPH cBepXToKax neperpyJoK H KOpOTI<HX 3aMbl-
KaHHH cpa6aTblBawT YCTpoHCTBa aBTOMaTH1JeCKOH 3all1HTbl, B03.n.eHCT-
BYWIltHe Ha OTKmo1JeHHe BblKJlIO'iaTeJleH.

'OK6

QS,

J,JK8
.. -

rr

MOillHOCTb no reDH
THn CxeMa CxeMa TIlnOBaJIlnep-

Uar.,% M0., M""COe.lUiHeHHJ\1 BbmpHMJleHHJI Bn'lHoi! 06-
Monn J<B.A KBT KBT

T.n;PY-20oo0/1011 ).(11)/).. c YP HyneBaR 20000/11830- 7,5 29,0 101
q=6 9240 5,9 53TMPY-16ooOlIO A(J...)/Ac YP TO)J(e 16000/11100 7,0 48,0 85,0T.n;llY-20000/10)1( J...j)..cyp

"

20000111900 8,2 17,7 99,0TMnY-6300/35>KY1 A(lJ.)/Ac yP
"

6300/4640 6,7 10,0 41,0
TMnY-16000/1O>KY1 11()...)1A c yP

"
160000/11840 6,7 24,0 73,0

T.n;ll-12500/10H:Y1 AlAc MOCTOBaR 12500/11800 8,2 16,0 77,0
omaHKoH q=6 6,4T.n;ll-16000/10JKYI A(lJ.)/A TO)J(e 16000/11600 7,5 17,5 74,0

TMll-6300/35I1YI A/A
"

6300/4660 9,3 17,5 36,0
T.n;n-12500/10JKYI AWIA

"

12500/11800 7,0 16,0 72,S
TP.n;THll- A/A,AIlJ. c .n;BYXMOCTO- 20000118700 11,5- - -

200001110H:Y1-115/ omaiiKoH BaR 13
1,3-1,3/1 0,5 q= 12 (CKB.)TP.n;ll-125OO/IOJKYI A/A,A TO)J(e 12500/11400 8,2 16,0 71,S

YTMPY-3500/352
A/Ac YP HyneBaR 3500/2360 8,0 - 28,5

TMHllB-50oo/102 A/A,lJ.
q=6

t:{ByxMoCToBa 5000/2850 9,6 - 28,3

TMn-3200/102
q= 12

A/A MOCTOBaR 3200/3065 9,5 - 25,5

TC3ll-16001102
q
= 12

AlA TO)J(e 1600/1515 8,5 - 15,5
TMll-16oo/102 A/A

"

1600/1515 8,5 - 15,5

Ta6nHua 6.5

s
,..

,

Il  El..

17

.

"jl
2 J

a
J

I)... - COe.lUiHeHHe 3BC3.l\ofi; A - COe,!(llHeHHe TpeyrOJILHHKOM; YP _ ypaBIUITCJThHbrli pCRICTOp.2
J1.n.R MCTponOJlHTeHa; B 060311a'ieHHH T -> Tpex«jJaJHblli, M - MaCJIJIHblli, n _ npe06paJOBaTeJ1b-IlblH, Y - co BCTpoeHHblM ypalU1HTeJlbtlblM pCllKTOpOM, 11. - «jJopcnpOBaHHoe lI.YfbC, P -./IJIR ptyI1Ib1J(I!blnpl!MHTeJleH, 11 -./IJIR HlIBepTOpllblX arperaTOB.

B3- a) R AHO,I],Horo nJIe'la (6):
PRC 64 CxeMbl BbJnpSlMHTeJISI

'IaTeJIb Hi! nanplDl<eHHe 10 KB; TI. 1'2-. .

K
. -lIblKJIIO

Ii I'QSl - paJ1oe.!\HHHTeJIb a HanpR)I( HHe
. n -6300(10'VDI-VD6 _ .!\HO.!\Hble Me'lH CHJlOBO cxeMb,

npe06pa30BaTeJlbHble TpaHc«jJopM3TOpb.l M
RC- L\e MH(PC3HCTOpbl n3-1S0, J<Oll,!\eHCaTOpbl KM2-

FU - ""'pIl.l1HHKH PEK-3,3; RC - U\Kalj! c

.-" 'IaTeJlb' QS2 _ WHHHbl11 plL11oe.lUiHHTeJlb..-
....... MaTIl'lecKnn BblKJllO ,

10,5-27)
'

QF2 - 6b1CTpojJ.eIlC11lYJO""'" aBTO

HTeJlbHblll; a
= 5 _ 'illcnO napaMeJlbHblX,

33 KB' lJI-- wyHT H3Mep
nOCTORHHOro TOKa Ha HanpR)J(eHHe"

TeJ\bHblX jJ.HO.l\OB B o.!\Holi BC111H; R.. -

BJI200-8' S = 18 - 'iHcnO nocne)J.OBa
. EL _ JlaMna KOMMyraTopnlUl KM-3BC'llIeii jJ.HOjJ.OB ,

nB3-S0' R _ pC3HCTOp CBJ\3H,
wyHTIIpYJOlIIH1l pC3HCTOp , c
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10KB

6)

uv

VDt;7

PHC. 6.49. CxeMbl  Fftflym,cOBOF<I-BbmpRMHTeJIRnOEM lro"rnmaTnE)J. 

QS1 QS2
3150 (a) H lllKacIJa C 1I.HOJJ;aMH (6)'

.
-- paJ"Le.IJ,HHHTe1IH; QFJ. QF2 - BLICOKOBOJlbTHble Bbll<JUO'i T.nuun un" 10

T_ n 6

  .,_.pRJKeHHe H 3 3 KB'

peo pa30BaTeJlbHblH TpaHccj>opMaTop TP)J.n-12S00' FUJ FU2
' ,

UV1-UV6 _ WKa"'b
_

,.
-

pa3p1!AHHKH PBKY-I,6S )J.OI'

.

... I .lJ,HO,ll.OB H RC-lIeneH; VD1-VD48 - .lJ,HO,ll.bI )J.JI133-S00-14co'
ISO, C1, C2 - KOHJ].eHcaTopbI K7S-IS-16 KB 0 I MK'1>' R1 R6

XJIa,!:\HTeJIRMH 0243-

BbIBO,ll.bl H3 lliKaljJ

" ,
- -,

pe3HCTopLl n3B-I99-47 OM; 1-6-

a 'iepe:l npoxo.IJ,HLle H30llilTOpbl (2, 5 - THna Hn-10/2000-12S0YXlII 1 J 4. 6
Hn-10/lOOO-7S0YXlII)

, . . . -THna

CxeMa J:(BeHa)J.LI,aTHnynbcoBorO BbmpSlMHTenbHOrO arperaTa
npSlMHTenbHOH YCTaHOBKOH TllE,[(-3150 (PliC 649 ) (p 6

c Bbl-

B 1983"
. .

,
a a3pa OTaHa

r. 3aBO)J.OM 3neKTpOBbmpRMHTeJIb") Ii n 6

TpaHctl>opMaTopoM Tprrll-12500'10 11

peo pa30BaTenbHblM
....... I 3aBO)J.a Ypa.rr3neKTpOTIDKMalll" Bbl-

npRMHTeJIbHaSl YCTaHOBKa Ha ,WfO)J.ax ,[(n133-500-14
.

nenbHbIMH (
_

3 )
C TpeMa napa.rr:-

a - H qeTblpbWl nocne)J.OBaTeJlbHblMH (s = 4) ,WfO)J.aMIi
B O)J.HOM nneqe CMOHTlipoBaHa B 1IleCTH 1IlKatl>ax. B Ka)f()J.OM lllKa

pa3MeIl{aIOTCSl ,WfO)J.bl H RC-I.{enli .n;Byx nneq 06
!lJy

, pa3}'1OIl{HX O)J.HY <lJa3Y
O)J.Horo H3 JJ.BYx nocne)J.OBaTenbHblX MOCTOB. IllKa"'bl HMeIOT Ha

336
'i' pY)I(Hoe

I1CnOJIHeHlie H YCTaHaBnHBaIOTCSI Ha cnel.{HaJIbHblX !lJyu.n.aMeHTaX

lIa OTKpblTOH qaCTH nO)J.CTaHI.{HH. lliKatl>bl HMeIOT YHliBepca.rr:bHoe

npHMeHeHHe. fipH onpe.n:eneHHOH cxeMe coe,WfHeHHH BbIBO)J.OB 1--6

(pHC. 6.49, 6) Ha HX OCHOBe MO>KHO BbmOJlHHTb llleCTHnYJIbCOBble

cxeMbl BbmpaMJIeHHSl (MOCTOBYIO H HyneB}'IO).
B ynpaBIDIeMOM BbmpHMHTene B-Tnll-2,4K-4K-3/12-Y3 (PHC. 6.50),

pa3pa60TaHHoM B 1991 r. 3aBO)J.OM "3neKTpOTexuHKa" Ha OCHOBe YHH!lJIi-

Ll,HpOBaHHblx TlipHCTOpHblX ceKLI,liH CTll C B03.rrylllHbIM oxna)f()J.eHlieM H

nocne.n:OBaTeJIbHblM coe,WmeHlieM .n;Byx Tpex!lJa3HbIX MOCTOB, B ceKl.{liHX

HCnOJIb3}'1OTCH MOIl{Hble Ta6neTOqHble THpHCTOpbl C TennOOTBOJJ:aMli Ha

OCHOBe TennOBbiX Tpy6. YnpaBneHHe THplicropaMIi oCYIl{eCTBIDIeTCH C

nOMOIU.blO MHKpOnpOLl,eCCOpHoro nporpaMMlipyeMoro KOHTpOIDIepa,

06eCneqliBaIDIl{ero KOHTponb Ii 3aIl{liTY TlipliCTOpHOH ceKLI,liH.

B 1998 r. C03.n:aH BbmpHMlITeJIbHO-IiHBepTOpHbIH npe06pa30BaTeJIb C

TpaH<:tl>opMaTopoM TP,[(THTI-20000111
aMYl }J.JIH nOJJ:cTaHl.{llH C O,D:HocTY-

neHqaTOH TpaHc!lJopMaLl,HeH Ha peKoHCTpYllpyeMoH nliHHIi CaHKT-nerep-

6ypr-MoCKBa. TIpe06pa'.WBaTeJIbHb1H TpaHc!lJopMaTOp liMeeT nepBHq-

fOKB

"

PHC. 6.50. CxeMa 1I.BeHa)(ltamnYnLCOBOrO ynpaBJIReMOrO BbmpHMllTeJISI B-Tnn-2E4K-4K-

3/12-Y3:

QSJ. QS2 _ pIl31oe.IJ,HHHTeJUI; QFJ. QF2 - BLlCOKOBOIlbTHble BbIKJUO'iaTeJJH; IT1. 772 - TpaHccj>opMa-

TOpLl TOKa; TH _ TpaHc!jJopMaTop HanpRJKeHHR; T - npeo6pa:IOBaTellbHbIH TpaHcljJopMaTop; VRI.

VR2 _ BapHcropHble orpaHH'iHTe1IH aTMocIjJepHLIX nepeHanpllJl(eHHiI; RCI-RC2
- RC-J.\enH AJUI 3all(ll-

TbI OT J<OMMyraLlHoHHbIX nepeHanpJlJKeHHA; UVJ-UV
J2 -THpHcropHLle l1Jle'iH; K- J<ompoJIJIep ynpaB-

neHHR THpHcropaMH .
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Hyro 06MOTKY HanpsDKeHHeM 110 KB, JJ.Be BTOpH'lHbIX 06MOTKH HanpH)I(e-
HHeM 1,3 KB, COe,lI,HHeHHble B 3Be3,n:y H TpeyronbHHK C oTnaHKaMH, H
06MOTKH HanpH)I(eHHeM 10 KB .D:IDl nHTaHIDI HeTIlrOBblX nOTpe6HTeJleH.
fipe06pa30BaTenbHaSi YCTaHoBKa - THpHCTOpHa5l, nonHOCTblO ynpaBJUle-
Ma5l, HMeeT BbInpHMHTe1IbHYlO 'laCTb, COCTOH H3 JJ.Byx napaJIJlenbHblx
ynpaBJUleMblX BbmpHMHTeJleH, npHCOe)UlHeHHblx K omaHKaM H K BTOpH'l-
HOH 06MOTKe, H HHBe]ITopHyro 'laCTh, npHCOe)UlHeHHyro K BTOpH'lHOH
06MOTKe.

CrJl32KHBalOIU.ue flJUJILTpbl THrOBLIX nO)J.cTaHI.\U" C BblDpHMHTeJIHMU.
fiepeMeHHaSi COCTaBJIHlOll{(UI BbInpHMJIeHHOrO HanpSl)l(eHH5I Ud-, KaK npa-
Buno, npeBocxoJ/.liT 3Ha'leHHe, ,n:onycTHMoe no ycnoBuHM HOpMaJThHOH
pa60Tbi CMe)I(HbIX ycrpOHCTB :meKTpU'leCKOH )l(ene3HOH ,n:opom (nHHuH
CBSl3U, YCTpOHCTB aBT06noKHpoBKU. CQE H ,IqJ). fi03TOMY Ha Ka)l(,l];OH
no,n:CTaHl.{UH YCTaHaBnHBaeTC51 Crna)l(HBaIOll.{UH I1>U1IbTp, 06WHH }J.illI Bcex
THrOBblX BblDpHMHTeneH )J.aHHoH no,n:CTaHl.{liH.

B YCT3HOBKax CBSl3H. YCHmrremlX 3B}'KOBOH 'laCTOTbl U T. ,n:. .n;onycrn-
Moe 3Ha'leHUe K0311>4>Hl.{HeHTa oonHUCTOCTH (K0311>I1>Ul.{HeHTa nynbCaIJ;Hu)
onpe,neJUllOT UCXO.lUl H3 ypOBIDI "l1>oHa" nepeMeHHoro TOKa, T. e. COO1'HO-
meHUH none3Horo CHrHaJIa H CHrHaJIa nOMex, 06ycnOBJIeHHbiX nYJIbcaIJ;UH-
MH nUTaIOll.{erO HanpSl)l(eHH5I. fipu Ol.{eHKe ypOBWl "l1>oHa" Y'lHTblBalOT
pa3JIU'lHyro 'lyBCTBUTeJlbHOcTb yxa K pa3HbiM no 'laCTOTe rapMOHU'leCKUM
COCTaBJUlIOll.{liM. AKYCTli'leCKOe B03,neHCTBHe "l1>oHa" C 'laCTOTOH 800 ru
npuHHTo 3a e,lI,HHUIJ;Y cpaBHeHuSi. Tor.n;a OTHOCMTeJIbHyro UHTeHCHBHOCTb
B03,n:eHCTBHH .n:pyrlix 'laCTOT MO)l(HO OIJ;eHHBaTb no K03<lJI1>UIJ;HeHTY aKYc-
TH'leCKOrO B03.n:eikTBHHp. KOTOpblH npuf= 800 rl.{ paBeH 1, a .D:IDl.n:pyrHX
'laCTOT onpe.n:eJUleTCSI no KpHBOH (PliC. 6.51).

fipH 'laCTOTe 1100 rIJ; p .n:OCTHraeT MaKCUMaJThHOI'O 3Ha'leHIDI 1,9.
)];onycTHMblH K0311>I1>HUHeHT nY1IbCaIJ;HH .D:IDl 'laCTOTbIh MO)l(eT 6blTb on-

pe,neJleH no COOTHO.rneHUlO

kqif.)
- kq{/i) Pt/P1z ' (6.168)

[",[(e Pfl'P/z
- KOJclJclJHUHeHTbl aKYCTH'iecKOro B03./(eHCTBHR; kqfl. k'lfi

- COOTBe1'CTBeHHO KO-

JclJclJHUHeHTbl nynbcaUHH MR lapMOHHlJeCKHX COCTaBJIRIOU(HX C '1aCTOTaMHji,/2.

p

1,6

1,2

0,8

0,4

'tfJ0 800 1200 1600 r" ,r PHC. 6.51. ncocIJoMe1pH'{CCKaR KpHBaR
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CrJIa)l(UBalOlllee )J.eHCTBue I1>HJIbTpa }J.illI.n:aHHOH rapMOHliqeC ,OHC 'lac-

TOTOH /" Ol.{eHUBaeTC5I K0311>I1>HIJ;HeHTOM Crna)I(HBaHH5I Ha ,naHHOH 'laCTOTe

kn = UlnfU2n, (6.169)

['Ae Uln, U2n - HanpR)J(eHHR rapMOHIiI< n Ha BX01I.e H BblxoAe c1JHJlbTpa.

fipM H306pa)l(eHHU 'laCTOTHbIX XapaKTepHCTliK I1>HJIbTpOB .MCnO 3yIOT
K03l1>flJUl.{lieHT 3aTYXaHH5I I1>HlIblpa B HenepaX H .n:eIJ;H6eJUlaX. un - In k

n,

an
= 20lg kn.

3KBHBaJIeHTHOe MernalOu.{ee HanpSl)l(eHHe (ncofIJoMeTpU'leCKOe HanpH-

)l(eHue) nepeMeHHoH cOCTaBJUllOll.{eH BblI1pHMJleHHOrO Hanp5l)l(eHH5I Ud-,

co.n:ep)l(all.{eH cneKTp rapMOHH'-IeCKHX COCTaBJUlIOll.{UX, onpe,neJlSleTCH no

11>0pMyne

U
nc

- L (Ud(n)Pn),
n-qk.k-I.2....

(6.170)

CrJIa)l(HBalOll.{ee ,neHCTBHe 4>HJIbTpa B 3TOM clIY'lae onpe.n:eJISleTC5I K0311>-

I1>UIJ;UeHTOM I1>HJIbTpaIJ;UU (crna)l(HBaHHSI):

s = Uncl'Unc2' (6.171)

[',/J.e Unci, Unc2 - JKBHBaJIenTHOe MelllalOlllee (ncocIJoMeTpHlJeCKoe) HanpR)I{eHHe nepeMeHHOH

COCTaBJISIlOuteH COOTBeTCTBeHHO ./(0 H nocne CrnR)J(HBalO et.oc1JHJlbTpa.

)];rur nonYQeHH5I Tpe6yeMOl'0 crna)lGmalOll.{erO .n:eHCTBH5I I1>UJIbTpa

He06xo,lI,HMO 06ecne'luTh no.n:aoneHHe Bcex rapM HU'leCKHX COCTaBJUl-

lOll.{HX BbllIpHMJIeHHOrO HanpSl)l(eHH5I Ha .n:aHHOH no.n:CTaHIJ;HH. fipM
rnecTHnynbcoBblX BbllIpHMHTenHX HCn01Ib30BaJIHCb 0JI,H03BeHHble crna-

)l(HBalOWHe I1>HJlbTpbl, COCTOH1IJ;Ue H3 crnIDKHBaIOll.{erO peaKTopa M

'IeTblpex pe30HaHCHbiX LC-KOHTYPOB, HaCTpoeHHblX Ha pe30HaHC Ha-

npH)I(eHH5I C 'laCTOTaMH 300, 600, 900, 1200 rIJ; H mlToro C-KOHT)'pa
AJlil 'laCTOT, 60JIblIIUX 1200 rIJ; (PUC. 6.52, a).

Ba)l(HblM npeuMYll.{eCTBOM JJ.BeHa,LJ;IJ;amny1IbCOBbIX BbllIpHMUTeneH HB-

JUleTCH B03MO)l(HOCTb npHMeHeHHH 60JIee npoCTblx U 3KOHOMH'lHbIX crJIa-

)l(UBalOll.{HX I1>HJlbTpOB: 0,nH03BeHHbIX anepHo,lI,H'leCKHX (PHC. 6.52, 6) H

pe30HaHcHo-anepUO,lI,H'leCKHX (pHC. 6.52, 6).

K03I1>I1>UI.{HeHT Crna)l(UBaHH5I 0,nH03BeHHoro anepHO,lI,H'leCKOrO CrJIIDKH-

BalOll.{ero I1>HJIbTpa }J.illI Jl1060H 'laC1'OThI O)n
= 21tfn

k EO

n

(6.172)
(1 - w LdCl+ [wnC(Rd + Rc)]2

1 + (wCRl
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j:(mI l:laCTHOrO cnyqIDI, KOr,D:a npeHe6peralOT aKTHBHblMU COnpOTUBne-
HUjJ:MU Crna)l(UBalOll{erO peaKTOpa Rd U KOHJJ:eHcaTopa Rc MO)l(HO 3anu-

caTb:

2 2
kn - II - WnLdCl - 11 - (tn/.fc) I, (6.173)

r1I.e /c = lI(2rcVLiC ) - '1aCTOTa pe30HaHca HanpsoKeHHR HJIll 'laCTOTa cpe3a c1JHJlbTpa
(pl1c. 6.53).

B ,l1,Uana30He qaCTOT OT HYIDI ,D:O fi - V2fc kn < 1 U, CJle,D:OBaTeJIbHO

HanpJl)l(eHUe U2n Bcex rapMoHuK, nOna,D:alOll{UX B 3TOT ,l1,Uana30H, He

YMeHbwaeTCR, a B03paCTaeT. HaUMeHbllIUH K03<lJ4>UQueHT kn npu qaCTOTe

cpe3a fe.
B cneKTpe qaCTOT pearrbHblX KpUBblX BbmpjJ:MneHHoro HanpH)I(eHUJI

KpOMe KnaCCUqeCKUX qaCTOT u.n:earrbHoro BbmpjJ:MUTeIDI npOHBIDIlOTCH
rapMOHUqeCKUe COCTaBIDIlOll{Ue qaCTOTOH 100 rQ U KpaTHble eH qaCTOTbl,

oj J,JK8
+ -

JOO 600

CI C2

900

CJ

IZ00 1500rll

C" C5

IUd 
B KOHmOKmHYHJ

cemb

Om 66tnPRHCI-

{mel16HOeO

oepeeama

 ) J,JxB 0)
+ -

O !: '}fo  IJ-{-ttT}BJ(C
aepeeama

J,JKB
+ -

C } 8 KOHmaKmHYIO
cem"

2) J,31(8 1+ -

Om 86IflPRI1U-

{mellbH020
8 KOHmaKmH!/1O

  wma
cern"

PHC. 6.52. CxeMbl cma)J(I1BalOU(I1X c1JHJlbTpOB TSiroBblX nOACTaHUHH:
a _. OPJI03seHHbIH pC'30HaHCHLlii; 6 - OAH03BeHHLlii anepHOJUl'leCKHii; B - oJUlo3BeHHLIi! pC'30HaHCHo-

anepHO.lUt'leCKHii; z - ABYX3BeHHLIH pC'30HaHCHo-anepHOJUl'leCKHii
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a)Kn cJJ,(n

"pZ -r, fno 'PI fZo f, 1'nfc

PI1C. 6.53. XapaKTepHCIHKH K03c1J4JHUl1eHTa cma)J(I1BaHHSI ('1aCTOTHLle) OAH03BeHHoro anepl1-

O,II,H'ieCKOrO (a) H pe30HaHcHO-anepI10,II,H'ieCKOrO (6) cma)J(HBalOU(HX c1Jl1JlbTpOB

'11'0 CBH3aHO C aCUMMeTpUqHOCTblO U HecuHycounarrbHOCTblO KpUBblX nu-

TaIOll{ero HanpH)I(eHUJI Tpex<1>a3HOH CUCTeMbl. I103TOMY npu Bbl60pe napa-

MeTpOB 0,lI,H03BeHHoro anepUO,/J,HqeCKoro <1>unbTpa He)l(eJlaTenbHO nonyc-

KaTh, qT06bl qaCTOTa Ie COBna,zI,arra UJIU 6bma 6nU3Ka K qaCTOTe O,IJ,HOH U3

CTapllIUX rapMOHUK BbmpjJ:MneHHOrO HanpjJ:)I(eHUJI.

nCO<1>oMeTpUqeCKOe HanpjJ:)I(eHUe Ha BblXOne nOnCTaHQUH no ycnoBHlO

Bpe,lI,HOrO B03,D:eHCTBUjJ: Ha Qenu B03P;YIlIHOH nUHUU CBJl3U He nOn)l(HO

npeBblllIaTb 4B, T. e. Unc2 :s 4 B. HanpH)I(eHUe ruo60H rapMOHUKU Ha

BblXOne <1>uJlbTpa npu Jl)IUTenbHOCTU B03neHCTBUJI 60nee 1 C He nOIDKHO

npeBblllIaTb 100 B, T. e. U2n :s 100 B. 31'0, npe)l(J(e Bcero, OTHOCHTCjJ: K

qaCTOTe 100 rQ. I103TOMY cnep;YeT nOnOJlHUTeJIbHO BKruoqUTb O,/J,HH pe30-

HaHCHblH KOH1YP, HaCTpoeHHblH Ha Crna)l(UBaHHe UMeHHO Ha ,D:aHHOH qac-

TOTe (CM. puc. 6.52, e, puc. 6.53,6). npu qaCTOTeh = 100 rQ Ha6monaeTCH

Hau6011bllIuH K03<1><1>uWleHT Crna)l(UBaHUjJ: k2
» 1, a npu qaCTOTax.fpl,fp2

B03HUKaeT pe30HaHc HanpJl)l(eHujJ:, U Ha 3TUX qaCTOTax MO)l(eT npoucxo-

)J.HTb ycuneHue Kone6aHuH. npu qaCToTaxf>fi K03<1><1>UQueHT kn > 1. 31'0

pa60qajJ: nonoca qaCTOT <1>uJlbTpa.
PeKoMeH.D:YeMble napaMeTpbl op;H03BeHHoro pe30HaHcHo-anepuo,/J,Hqec-

Koro Crna)l(UBaIOrn;ero <1>UJIbTpa npuBeneHbl HU)I(e.

nOACTaHUHH CTpORlUHecR HeCTblKOBbie CTblKOBble

Ld, MrH ....................................... 5,0 5,0

C, MK<1> .......................................
400 600-800

Cl, MK<1> ......................................
72-80 144

LI, MrH ....................................... 35,2-31,7 17,6

.J  6'-$'(" '.f..- /9,2;

Ha puc. 6.52, 2 npUBe,D:eHa TaK)I(e cxeMa O,lI,Horo H3 BapuaHToB crna-

)l(UBalOll{ero J1.BYX3BeHHoro <1>UJIbTpa, pa3pa60nuiHoro BHIUDKToM U

npUMeHjJ:eMoro Ha HeKOTopblX nOnCTaHQUHX C meCTHnYJlbCOBblMU BbmpJl-

MUTellilMU, r,D:e npojJ:BIDIeTCjJ: HeCUMMeTpHjJ: nUTalOll{erO HanpjJ:)I(eHHjJ:. B

3BeHe II <1>UJlbTpa peaKTOp IlIYHrnpOBaH pe30HaHCHbiM LwCw-KOHT)'pOM,

06pa3YlOll{UM <1>unbTp-np06KY ,lI)UI rapMOHUKU qaCTOTOH 200 rQ.
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7. MHBEPTOPbl, BE.qOMbIE CETblO

7.1. HA3HA EHHEHHBEPTOPOB

H1l6epmUp06auueM Ha3blBaeTCH npOl.,\ecc npe06pa30BaHIDI nOCT05lHHO-

1'0 TOKa B nepeMeHHblii TOK. De,nOMble ceThIO HHBepTopbl oCYll.\eCTBIDIIOT

npe06pa30BaHHe C nepenaqeii 3HepmH OT HCTOqHHKa nOCT05lHHOrO TOKa

B ceTb nepeMeHHoro TOKa 3anaHHoii qaCTOThI, rAe 3Ta 3HeprH5I HCnOJIb3Y-

eTC5I nOTpe6HTeJUlMH. HHBep1'HpOBaHHe npHMeH51eTC5I Ha 3neK1]JHilJm.,\HpO-
BaHHblX >KeJle3HblX noporax, a TaK>Ke Ha .npyrnx BHAax 3neKTpHqeCKOrO

TpaHcnopTa npH peKynepaTHBHoM TOpMO>KeHHH. B pe>KHMe peKynepaTHB-
Horo TOpMO>KeHHS/ 3J1eKTpHqeCKHe JUmraTenH nO)J:BH>KHOrO COCTaBa nepe-

BO)J}lTC5I B reHepaTopHblii pe>KHM. bnaro.u.ap51 3HepmH )J:BH>KYll.\eiic5I MaCCbl

noe3na reHepaTopbl Bblpa6aThIBalOT 3neKTpHqecKYlO 3HeprHIO, KOTOpaJl

qepe3 perynHpylOll.\He H npe06pa3YIOll.\He YCTpoiicTBa nepeAaeTc5I (B03Bpa-

ll.\aeTCSI) B T51roByro ceTh. DpH 3TOM Ha Banax )J:BHraTeJleii, a cneAOBaTeJIb-

HO Ha KoneCHblX napax, peanH3YeTC5I TOpM03HOii MOMeHT H Bblpa6aTblBa-
eTC5I 3J1eKTp03Heprml, KOTOpa51 MO>KeT 6blTb Hcnonb30BaHa ApyrHMH

3neKTpoB03aMH, HJlH npH OTCyrCTBHH TJlrOBblX nOTpe6HTeJIeH B ,n:aHHoii
30He nHTaHHSI T51roBOH ceTH nomKHa nepeAaBaTbCH qepe3 npe06pa30Ba-
TeJlbHOe 060py,n:OBaHHe THrOBLIX no,n:cTaHl.\HH BO BHelliHlO1O 3Heprernqec-

KYIO cHCTeMY (H36LlTOqHaH 3Hepm51 peKynepal.\HH).
Ha yqacTKax >KeJle3HLIX AOpOl', 3J1eKTpHilJHl.\HpOBaHHbtX Ha nepeMeH-

HOM TOKe, nOCT051HHLIH TOK THrOBblX )J:BHraTeJleii, nepeBeAeHHblX B reHe-

paTopHLIH pe>KHM, C nOMOll.\LIO HllBepTopOB npe06pa3YeTCH B 0.lI.HoilJa3-
HLIH TOK qaCTOTOH 50 n.( Ha 3neKTponO)J:BH>KHOM COCTaBe, H :meprH51

TOpMO>KeHHSI B03Bpall.\aeTC51 B TS/roByro ceTh B BHAe 3HeprHH oJUlOilJa3Horo
TOKa. Ha yqacTKax >Kene3HblX Aopor nOCT051HHOrO TOKa H ropo,a:cKOM

3neKTpHqeCKOM TpaHcnopTe In6LITOQHaJl 3Heprn51 peKynepal.\HH nOCT051H-

HO£'O TOKa npe06pa3yeTcSI B 3HepmlO TpexilJa3Horo TOKa C nOMOll.\blO

TpexilJa3Hbix HHBepTopoB, YCTaHaBnHBaeMblx Ha T51rOBbIX no,n:CTaHl H5IX.

Ha cOBpeMeHHoM 3J1eKTponoJI.BH>KHOM COCTaBe C 6eCKOJUleKTOpHblMH
TSirOBLIMH )J:BHraTeIDIMH (acHHxpoHHbIMH, CUHXPOHHbIMH) TpexilJa3Horo
TOKa ,lI)IH npe06pa30BaHHSI TOKa H perynHpoBaHIDI qaCTOThI Hcnonb3YlOTcH

3neKTpoHHbie npeo6pa30BaTeJIH qaCTOTbl (CM. m. 10). ABTOHoMHble HH-

BepTopbl (CM. m. 9), BXO)J}llllHe B COCTaB npe06pa30BaTeIDI QaCTOThI, B

pe>KHMe reHepaTOpH.Ol'O peKynepaTHBHoro TOpMO>KeHH5I npe06pa3YlOT
TpexilJa3Hblii TOK )J:BHraTeJleH B nOCTOHHHblH TOK, 3Hepl'IDI KOToporo B

CHCTeMe nOCTOHHHoro TOKa nOC1)'uaeT HenOCpenCTBeHHO B T5IrOByro ceTh,

a Ha noporax nepeMeHHoro TOKa npeJI.BapUTeJIbHO npe06pa3yeTc5I HHBep-

TOpOM, BenOMl>lM CeThlO, B nepeMellHblii TOK QaCTOTOH 50 11.(.

TaKHM 06pa30M, B 3neKTpoTSI£'OBbiX cHCTeMax HaXO)J}lT npuMeHeHHe

BeJl,OMbie CeTblO HHBepTopbl O.nnoilJa3HOrO H TpexilJa3Horo TOKa. TpexilJa3-
Hhle HHBepTopbl npHMeHHIOTcH TaK)Ke B npoMbUlmeHHoM 3neKTponpHBOne.
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DenOMLle HHBepTopbl BbmonHHIOTCH no TeM >Ke cxeMaM, QTO H ynpaB'

JIlleMble BbmpHMHTeJIH. YnpaBneHue pe>KHMOM pa60ThI UHBepTopa .n;OJl>K>

110 6bITb TaKHM, QT06bl 06eCneQHBanaCb KOMMyral.\IDI THpHCTOpOB 6naro-

J].apSi 3)J.C cern. He06xoAHMblM YCJ(OBHeM pa60Tbi HHBepTopa S/BJUleTC5I

nOJ],KmoqeHHe K ero BXO,IJ;Y HC1UQHHKa nOCT05lHHOl'O TOKa, HanpHMep re-

HepaTopa nOCT05lHHOro TOKa.

7.2. OAHO«PA3HbIE H TPEX«PA3HbIE HHBEPTOPbl

O,IJ;llOclJa3Hble HHBepTopbl. B HHBepTopax npHMelUllOTCH HyneBble H MOC-

TOBble cxeMbl (PHC. 7.1).
CHnOBaJl cxeMa H cxeMa ynpaBneHH5I rnpHcTopaMH aHanOrHqHbl cxe-

MaM 0.lI.HoilJa3Horo MOCTOBoro ynpaBJlHeMOro Bbmp51MHTeIDI. B cxeMe Bbl-

npSlMneHH5I npH YBenHqeHliH yrna ynpaBneHH5I a >:It I 2 Bbmp51MneHHOe

Hanp5l>KeHHe UJ CTaHOBHTCH OTpHl aTeJIbHbIM.ECJIH B 3TOM pe>KHMe B l.\enb

Hal1JY3KH BKJIIOQHTh 3J1eKlpHQecKYIO MallIHHY nOCTOS/HHoro TOKa B reHe-

paTopHoM pe>KHMe C 3)J.C E HnH npyroii UCTOQHHK 3)J.C, TO B l.\enH

nOMep>KllBaeTC5I TOK iJ. DpH 3TOM 3neKTpHQeCKaJl MallIUHa 5IBJlHeTCSI HC-

TOQHHKOM 3HeprUH, a nHTaIOH,\M ceTh C03naeT npornBo-3)J.C.
Ha HlITepBane 1-2 THpHCTOpLl VT2, VT4 npOBO)J}lT TOK. Hanp51-

>KeHHe u2 BTOPHQHOH 06MOTKH TpaHcilJopMaTopa T (CM. pUc. 7.1, a)

Qepe3 HHX nO,IJ;aeTC5I B l.\em, nOCT051HHOro TOKa HaBcTpeqy 3)J.C E

reHepaTopa. TaK KaK MrHOBelUlble 3HaQeHHH u2 < E, TO TOK iJ,
a

CJIe,n:OBaTeJIbHO i2, B03paCTaeT. CKOpOCTh HapaCTaHIDI orpaHHQHBaeTC5I

HHA)'Kl'HBHOCTblO peaKTopa LJ. B MOMeHT, 0603HaQeHHblii TOqKOH 2,

u2
= E H Ha HHTepBane 2-3 u2

> E, qTO npHBOAHT K YMeHbllIeHHIO

TOKOB iJ H i2.

B MOMeHT 3 Ha rnpHcTopLI VTJ, VT3 nOAaIOTC5I HMnynbcbl ynpaBne-

HHH co C)J:BHrOM OTHOCHTeJIbHO TOqKH 1 Ha yron a. 3TH THpHCTOpbl

nepeXO)J}lT B OTKpblTOe COCTOHHHe, TaK KaK K HX aHO,IJ;aM npHJlO>KeH CO

CTOpOHbl nHTIUOll.\eii CeTH nonO)l(}rrenbHblH nOTeHl.\Han OTHOCUTeJIbHO Ka-

TOAa. TOK HarpY3KH nepeKJllOqaeTCH Ha THpUCTOpbl VT1, VT3, a THpHC-

TOpbl VT2, VT406eCTOQHBaIOTC51 H 3anHpaIOTC51 06paTHbiM HanpSl>KeHHeM

OT nHTaIOll.\eii CeTH. npOHCXOAHT eC1'eCTBeHHaJI (CeTeBaH) KOMMyral.(IDI

THpHCTOpOB. 3THM, rJIaBHblM 06pa30M, U 06ycnoBJleH TepMHH "BeJ1.0MbIH

ceThIO". DpH AonYll.\eHUH La = 0 nepeKJIlOQeHHe xapaKTepH3yeTcH MrHO-

BeHHOH KOMMyraI.(Heii.
Ha UHTepBane 3-4 npOTHBo-3)J.C u2 H 3)J.C E COBna.n;aIOT no HanpaB-

neHHIO, U TOK id 6blCTpO HapaCTaeT. B TO'iKe 4 u2 MeH5IeT 3HaK, HO TOK id

coxpaHHeT HanpaBJIeHHe. 3aTeM Ha HHTepBane 5-6 u2 BHOBb npeBbllliaeT

E, H TOK iJ YMeHbllIaeTC5I. )J.anee npOl.(eCCbl nOBTOpIDOTC5I, B 06MOTKaX

TpaHcilJopMaTopa 4>OpMHpyxoTCH TOKH i2 Hit, 6JIH3KHe K np5lMoyrOJIbHOH
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PI1C. 7.1. CxeM8 H BpeMetltlt:le AHarpaMMbl tlanpR)J(eHHH 11 TOKOB OAHocIJa3Horo Be OMoro

CeTblO HHBepTopa

$opMe. OCHOBHlliI rapMOHUTleCKaR COCTaBlliliOll\aR nepBU1JHOrO TOKa i

o
-

1(1)
Ka3blBaeTCR C,nBUHyrOU OTHOCUTeJlbHO KPUBOU nUTalOll\erO HanpR)l(eHUR

ul Ha yron <P(l> > re I 2.

MmoBeHHaH MOtJ HOCThnepBU1JHOH 06MOTKU sj = u1il Ha 60JThlIIeH
'IaCTU nepool aoTpuLlaTeJlbHa. CJleAOBaTenbHo, cpe,lI,Hee 3Ha1JeHUe 3TOH

MOll\HOCTU oTpuLlaTeJlbHo. B KOHT)'pe nOCTOHHHoro TOKa cpe.lJ.HID[ MOll\-
HOCTb TaK)l(e oTpuLlaTeJIbHa. TaKuM 06pa30M, B paccMoTpeHHoM pe)l(UMe
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paGOThI ynpaBlUIeMoro BblllpHMUTellil npOUCXOJI.IU nepe.ua1Ja 3Hepruu 03

I{cnu nOCToRHHOro TOKa B I{enb nepeMeHHoro TOKa (UHBepTupOBaHue).

YnpaBlliIeMblH BbmpHMUTeJlb OKa3blBaeTCH nepeBe.n.eHHblM B pe)l(UM UH 

IIcpTopa, Be)].OMoro CeTblO. TeopeW1JeCKU B peX<UMe UHBepTupOBaHIDI

re/2 < a :s re. Pea.rrbHO npu pa60re UHBepTopa a < re, 'ITO He06xo,lI,UMO no

ycnOBUIO 3anupaHUH BbIXO)].Slll\UX U3 pa60Tbi TUpUCTOpOB no)]. )].eHCTBueM

o6paTHoro HanpSlx<eHUH, onpe,n:ellileMoro KpUBOH U2' HeKOTopblH "3anac"

B yrnoBoM U3MepeHUU Ha3blBaeTCR Y2JlOM onepe:HCeHUR 6KJlIO'leHUR mupuc-

mop06

 -:rt-a. (7.1)

ECJIH 01Jepe,lI,HOH TUPUCTOP BIOl101JaeTCR npu a = re, TO YCJlOBIDI }J.JUl

JanUpaHIDI TUpUCTOPOB, BbIXOJUlll\HX U3 pa60ThI, He BblllOJIHSUOTCH (06-

paTHoe HanpR)l(eHUe paDHO HYmo, He 3aKOH1JHJlUCb npOLleCCbl peKOM6uHa-

LlUH), U 3TU TUpUCTOpbl OCTalOTCR BO BKmo1JeHHOM COCTORHHU K MOMeHT)'

nepexona u2 1Jepe3 HYJlb. BCJleACTBUe 3Toro C03AaeTCH Llenb KopOTKoro

3aMbIKaHIDI 1Jepe3 3m rnpUCTopbl, B KOTOpOH )].eHCTByroT nocneAOBaTeJIb-

110 BIOl101JeHHble UCT01JHUKU 3)J.C E U 3)J.C nUTalOLl.{eH ceTU. TOK 6blCTpO

HapaCTaeT AO aBapUHHoro 3Ha1JeUUR. TaKoe RBJleHHe Ha3bIBalOT CpblBOM

UHBepmupOBaHUR UJIU onpOKUOblBallueM UHBepTopa.

,lI.mI nepeBo)].a ynpaBlliIeMoro BbmpRMUTeJlH B pe)l(UM BeAOMoro CeTblO

UHBepTopa He06xo,lI,UMO YBeJlU1JHTb yroJl ynpaBneHUH a)].o 3Ha1JeHIDI, npu

KOTOpOM Uda < 0; nepeKmo1JHTb 3J1eKTpH1JeCKYIO MalIIUHY nOCTORHHoro

TOKa B reHepaTopHblH pe)l(UM (UJIH BKmo1JUTb APyroH UCT01JHUK nOCTORH-

Horo TOKa) H cornacoBaTh nOllilpHOCTb BKmo1JeHUH, 06eCne1JHB HanpaBJlC-

Hue 3)J.C E cornaCHO C HanpaDJleHUeM TOKa id, orpaHU1JUTh yron ynpaB-

neHIDI a:s re -(3, rAe yroJl (3 MO)l(eT 6blTb npuHRT paBHblM 5-7 3n. rpan.,

a C Y1JeTOM yrna KOMMyraLluu Y )].OJl)l(eH 6blTh He MeHblIIe 10-15 3J1. rpan,

TpexcIJa3Hble HHBepTopbl. CxeMa HHBepTopa (puc. 7.2) TaKlliI )l(e,

KaK U )]..JUI ynpaBlliIeMoro BbmpRMHTellil. PaCCMOTpuM pa60T)' cxeMbl

B uHBepTopHoM pe)l(HMe npu 06ll\enpUWlTb1X ynp0Ll.{aIOll\UX )].onYLl.{e-

UUHX. B Ka1JeCTBe HCT01JHUKa 3Hepruu nOCTOHHHoro TOKa MO)l(HO

paccMaTpuBaTb TRrOBble romraTeJlU 3neKTpoB03a, HaXO,WILl.{erOCR B 30He

nUTaHIDI THOBOH ceTU. )J.BuraTeJlU nepeBeAeHbl B reHepaTopHblH pe)l(UM

U pa6OTaIOT C 3)J.C E. CxeMa uHBepTopa nO,lJ.Kmo1JeHa K KOHTaKTHOH

cern KaTO,lI,HOH TO'lKOH, a K peJlbCOBOH CeTU - aHO,lI,HOH. Yron

ynpaBJleHuH uHBepTopa a... 5re I 6 = 150 3n. rpa).J:. TOK Llenu nepe-

MeHHoro TOKa UAeaJIbHO crnm«eH U paBeH I 
3J1eKTpOMarHU1Hble npOLleCCbl B Tpex$a3HOM MOCTOBOM UHBepTope

nOA06Hbi npoLleccaM B paCCMOTpeHHOM O,lI,HO$a3HOM UHBepTope. CBR3b

Me)l()].Y yrnaMu a U (3 COXpaHHeTCR, (3 = re - a. I1pu a > 90 3J1. rpa,n:.

UanpSl)l(eHUe ud $opMupyeTcSI Y1JaCTKaMU nUHeHHblX HanpH)l(eHUH OTpUUa
-
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TcnbHoii: nOIDIpHOCTH. HanplDKCHHC I./d OTpHl{aTeJlbHO H BbmonHReT tfJym(-
I{HlO npOTHBo-3,n:C HHBepTopa. npHHl{Hn nOCTpoeHHH KpHBOH Ud TOT :>Ke,

<ITO H WUI cxeMbI BbmpHMHTcnH.

KpHBbIe TOKOB THpHCTOpOB npH MrHOBeHHOH KOMM}'Ta llH(La:: 0) H

HJWaJIbHOM Cma:>KHBaHHH ;d (I-d -+ (0) HMeIOT npHMoyrOJIbH}'IO <fJOPMY.

OCHOBHaH rapMOHH<ICCKaH COCTaBJUlIOlllaH TOKa cem nepeMeHHOrO TOKa

;1(1) OTCTaeT OT KpHBOH HanpSl:>KeHHR Ut Ha yroJl <r(l)
= a. Ha 60JIbWeH

'laCTH nepHO;:J:a MrHOBCHHaH MOll.{HOCTb B Ka>K,D:OH <fJa3e OTpHQaTeJIbHa, 1.JTO

COOTBeTCTByeT nepe;:J:a1.Je :meprHH OT 3JIeKTpOB03a B nepBH1.JHyID ceTb

nepeMeHHoro TOKa.

TIpH pa60Te HHBepTopa J].OJI>KHO co6nIOJJ.aTbCH Tal( :>Ke YCJlOBHe onepe-

)KeHHH BKJIIO'leHHH O'lepe)U{oro THpHCTopa Ha yroJl (3 10-15 3n. [1'a;:J:.

1J)UI 06eCne'leHWI YCTOH'lHBOro BbIKJUO'leHHSI THpHCTopa, BblXO,wlU{ero H3

npOBO,wlll\erO COCTOHHHR.

KpHBaH HanpH)KeHWI Ha nJ1C<Ie cxeMbl UVT HHBepTopa tfJOPMHPYeTCR
nOnO:>KHTeJIbHblMH yqaCTKaMH J1HHeHHbIX HanpR:>KeHUH. nHLUb Ha HHTep-

BaJIe, H3MepHeMOM ymoM (3, 3TO HanpH:>KeHHe npHJIO:>KeHO K TUpHCTOpaM

B 06paTHOM HanpaBneHl1H.

7.3. KOMMYTAII. H HBEPTOPOB,BE,QOMbIX CETbK>

YpaBHeHHe KOMMYTallHH. B peaJILHbIX ycnoBIDIx aHO;:J:H3Jl HIWKTHB-

HOCTb HMeeT KOHCqHOC 3Ha'lCHHe, OTnH'IHOe OT HYIDI, La ... 0, <iTO BnHSleT

Ha npOI{eCC KOMM}'Ta HHBCJJ.OMbIX CeTbIO HHBepTopOB. TIpoQecc KOMMY-

TaQHH npOHCXO)J.H.T Ha HHTcpBane KOMM}'TaUHH, Ha3bIBaeMOM }'2JlOM KOM-

M}'malluu y.

YpaBHCHHe 3neKrpH'leCKliX l(CneH na HHTcpBa.rre KOMMyraQHU H ypaB-

HeHHH KOMM}'TaQHH HHBepTopOB TaKHe :>Ke, KaK H WUI ynpaBnHeMblX Bbl-

npHMHTCJleH [CM. Bblpa)KCHHe (6.74)]. EcnH B 3TOM BbIpa)\(eHHH BMCCTO

yma a comaCHO Bblpa:>KeHHIO (7.1) nOJJ.CTaBHTb 1t -(3, TO ypaBHeHHC KOM-

M}'TaUHH WUI O,IJ,Ho<fJa3Horo HHBCIHopa MO:>KHO 3anHcaTb B CJleJJ.yIDU{CM

BH;:J:C:

2IdO) La
cos (1t - 13) -- COS (1t ... -+- y) =

,J2 £2

HnH

21d 0) La
cas (13 -.y) cos f3 - .

V2£2
(7.2)
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}J;nH TpexilJa3HbIx MOCTOBblX HHBepTOpOB ypaBHeHHe KOMMYTaI\HH
HMeeT BH)J;:

2IdW La
COs«(3-y)-cosf3- ,

"6E2
(7.3)

r]J,e £2 - JclJclJeKTUBHoe 3Ha'leHHe c1Ja3Horo HanpJlJKeHHSI xonOCTOro XOAa.

BJlHHHHe KOMMYTal.\HH Ha cJlOPMLI KPHBblX HanpHiKeHHH H TOKOH H Ha

ynpaBJIeHHe HHBepTOpOM. Ha HHTepBane, H3MepHeMOM ymoM KOMMyral.{HH

y, HanpHiKeHHe UdB O,lI,HOilJa3HOM HHBepTOpe (PHC. 7.3, a) paBHo HYmo, TaK

KaK Bce THpHCTOpbl O,QHOBpeMeHHo npOBO)J}lT TOK. 110 ypOBHHM nOTeHl.{H-

anOB cxeMa OKa3bIBaeTCH cTSlHyroii B O,QHy TO'lKY. DJlarOllapH HyneBoii

KOMMyral.{HOHHOii nJIOlI.{a)J,Ke cpeJIHee 3Ha'leHHe HanpHiKeHIDI Ud YBenH'lH-
BaeTCH Ha BeJIH'lHHY

Y

1
f

. V2E2
6. Udt - - V2E2 Sin (w t + a) d WI -

-[cosa - cos(a - y)] .

n n
o

(7.4)

3aMeHHB yroJI a Ha 1t - (3, nonY'lHM

V2£2
!J.Udy --[cos «(3 -y) - cos m.

n
(7.5)

C Y'leTOM ypaBHeHHSI KOMMyraI\HH (7.2) na,n:eHHe HanpH>KeHHH Ha KOM-

Myral.{lUO

!J.Udt _
2Idw La

n
(7.6)

AHanOrH'lHIDI 3aBHCHMOCTb H WUI TpexilJa3HOrO HHBepTopa (PHC.

7.3, 6):

Y

3
f
16E2 . 16£2

!J. Udt-;, -Zsm(WI+a)dwl= [cosa cos(a+y)].
o

(7.7)

C Y'leTOM COOTHOllIeHHH a = 1t - (3 H ypaBHeHHH KOMMyral.{HH (7.3) 3TO

BblpaiKeHHe npHHHMaeT BH.ZJ::

!J.Udt _
3IdW La

n
(7. )
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(6) HtlBepTOpoB npH KOMMYTaUHH c yrnoM y ;&! 0
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I1HTepBaJI KOMMyraQHH y npH 3a.D:aHHOM yrne ynpaBJleHHSI a YMeHbllla-

CT HHTepBaJI, B TeqeHHe KOToporo K THPHCTOPY, BblXO,rolll.{eMY H3 COCTOHHHSI

BblCOKOH npOBO.D:HMOCTH, npHKJIa.D:blBaeTCH 06paTHoe HanpHjI(CHHe, He06-

XOAMMOe)I.IDI BOCCTaHOBJleHHH ero 3anHpaIOll.{1iX CBOHCTB. 3TOT OCTaBlllHH-

CH HHTepBaJI npHnOjl(eHHH K THPHCTOpy 06paTHoro HanpHjI(eHHH 0603Ha-

qeH yrnoM (), Ha3blBaeMbIM nOCJleKoMMymal/UOHHblM Y2JlOM UH6epmopa.

06eCne'leHHH rapaHTHpOBaHHOf'O BblKmoqeHHH THpHCTOpOB .D:O MOMeHTa

npHnOjl(eHHH K HHM npHMoro HanpH}!(eHHH nocneKoMMyraQHOHHblH yron

He ,lI,OIDKeH 6bITh MeHbllle HeKOToporo MHHHMaJIbHOrO 3HaqeHHH (). onpe-mm'

,lI,enHeMOro BpeMeHeM BbIKmoqeHHH t
q THpHCTOpOB. UpH t = 500 MKC H

W = 314 c-I
yron ()min = wt

q
= 314.0,5' 10-3 .. 0,157 pa,n: = 9 3 .rpa,n:. C yqe-

TOM 3anaca yron ()min npHHHMaeTCH He MeHee 10-15 3J1. rpa,lI,.

KOMMyraQHSI C yrnoM y OKa3blBaeT BnHSIHHe Ha ilJOPMY TOKa HHBepTo-

pa. TOK BHYTPeHHero KOpOTKOro 3aMblKaHHH i
K
H3MeHHeTCH C TeMH jl(e

3aKoHoMepHocTHMH, '1'1'0 H B ynpaBJlJleMbtX BbmpHMHTeJlJlX [CM. BbIpajl(e-
HHe (6.71)]:

iK - V2I.{cosa - cos (a + cot)] , (7.9)

,lI)IH 0,lUlOilJa3Horo HHBepTopa

E2
1. .-'K

coLa'

,lI)IH TpexilJa3Horo HHBepTopa

IK -
V3E2

.

2coLa

I10cne nO,lI,CTaHOBKH B ypaBHeHHe (7.9) COOTHOllleHHSI a =rc -13 OHO

nonyqHT BH)I,:

iK - V2IK [cos (cot - (3) - cos (3] . (7.10)

B 3TOM ypaBHeHHH OTCqeT OJI Be.D:eTCH OT Haqana KOMMyral.{HH THpHC-

TOpOB.
Ha HHTepBaJle yrna KOMMyraI.\HH Y TOKH THpHCTOpOB C Y1.JeTOM KOMMY-

TaL(I1H cne.l(yIOll.{He:

 VT=iJ( )I.IDI BcrynaIOll.{erO B pa60TY THpHCTopa;

 VT'
= ld - iJ( )I.IDI BblXO,rolu,{ero H3 pa60ThI Tl1pHCTOpa;

'vI'= ld Ha BHeKoMMyraQHOHHOM HHTepBane.
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TOKH B 06MOTKax TpaHcilJopMaTopa onpe.D:eJlJlIOTCH TOKaMH COOTBeTCT-

BYIOll.{HX THpHCTOpOB. XapaKTepHble HCKajl(eHHSI Ha HHTepBan:e KOMMyra-

I..{HH nonyqaeT KpHBaH HanpHjI(eHHR BTOPHqHOH 06MOTKH 1paHc4>opMaTO-

pa u2' 0,lUlOilJa3Horo HHBepTopa Ha 3TOM HHTepBane 06pa3yeTcH HY-

neBaH nJIol1l.a.ro<a. B TpexilJa3HblX HHBepTopax Ha HHTepBane KOMMyraQHH

ypoBeHb HanpHjI(eHHH KOpOTK03aMKHyrblx ilJa3 OTHOCHTeJIbHO HyneBoH

T01JKH TpaHc4>opMaTopa onpe.D:eJlJleTCH nonYCYMMOH HX ilJa3HbIX HanpHjI(e-

HHH. 3'1'0 OTpajl(aeTCH Ha ilJopMe ilJa3Hblx HanpHjI(eHHH ua.b.c' a 'I'aKjI(e Ha

clIopMe HanpHjI(eHHH, npm(m\,l bIBaeMblxK rnpHcTopaM.

KOMMyral.{HOHHbIe nJIOl1l.a)I,KH oTpIDKaIOTCH TalOKe Ha 4>opMe HanpHjI(e-

HHSI Ha 3ajl(HMaX nepBH'lHOH 06MOTKH. TaK KaK nHTaIOl1I.aH ceTb 06na.,n:aeT

HeKoTopoH HH.LJ:YKTHBHOCTbIO Lc, KOTOpaH BXO,lUiT B COCTaB La' TO HCKa-

jl(eHHH KpHBOH HanpHjI(eHHH paCnpe.D:eruuoTCH npHMO npOnOPQHOHaJIbHO
3HaqeHHHM Lc H LT

B 06ll.{eH aHO,lI.HOH HH.l(yKTHBHOCTH La
= Lc + LT' ECnH

Lc = 0, TO HanpHjI(eHHe UI He HMeeT HCKajl(eHHH.

7.4. XAPAKTEPMCTMKM M 3HEPrETM'-IECKME nOKA3ATEnM MHBEPTOPOB

PeryJlHpOBO"lHaH xapaKTepHCTHK8. Cpe,lI.Hee 3HaqeHHe HanpHjI(eHHH ud

H BepTopa 6e3 Y1.JeTa BnHHHHH yrna Y

)I.IDI 0,lI.HoilJa3Horo HHBepTopa

n+a n+a

1

f
.

.f2E2
f

2V2E2
Ud/3 -

- V2E2 Sin cotdwt -- - cos cot -
-cosa-

n a
n a

n

2V2E2 2V2E2
_-cos(rc- )---cos(3;

n n

(7.11)

)I.IDI TpexilJa3HOrO HHBepTOpa

n/3 + a

3

f
.

3V6E2 3V6E2
Ud/3 -

- V6E2 Sin wtdcot --cosa.--cos(3.
na rc n

(7.12)

3aBHCHMOCTII (7.11) H (7.12) npe,lI.CTaBJlJlIOT C060H perynHp01l01JHble

xapaKTepHCTIlKH 0,lI.HoilJa3Horo H TpexilJa3Horo BbmpHMHTeJ1bHO-HHBep-

TOpHblX npeo6pa30BaTCJleH. 0606l11.eHHaH perynHpOBO'lHaH xapaKTepHC-

THKa (PHC. 7.4) OTpajl(aeT perynHpOBO'lHble CBOHCTBa 0,lI.HoilJa3HblX H'Ipex-

ilJa3HbiX ynpaBJlJleMblX BbIllpHMHTeneH H Be.D:OMbIX ceTblO HHBepTopOB.

I1pH H3MeHeHHH yrna ynpaBJIeHHH OT 0 ,lI.0 rc/2 npe06pa30BaTeJIb pa60-

TaeT KaK BbmpHMHTenb, a upH H3MeHeHHH a OT rc/2 ,lI.0 rc - bmin
- KaK

HHBep1'Op, Be,lI.OMbIH CeTbIO.
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BXo.nHaH (BHeIUHHH) XapaKTepHCTHKa. C yqeTOM KOMMyraQHOHHbIX na-

)J.eHHii HanpH)KeHIUI [Bblpa)KeHIDI (7.6) H (7.8)] cpeAHee 3HaqeHHe HanpH:>Ke-

HHH HHBepTopa H HanpH)I(eHWI XOnOCTOI'O XOAa HHBepTopa [Bblpa)l(eHWI

(7.11) H (7.12)]

UdJ3 - -UdQ COS - 6.Ueft . (7.13)

3aBHCHMOCTb HanpH)I(eHWI UdJ3 ' nO)J;BO)J.HMOrO 0'1' HCTO'IHHKa nOCTOHH-

Horo TOKa C 3,n:C E OT TOKa HHBepTopa ld ' Ha3blBacrcH 6XOOHOU (6HeUl-

Heu) xapaKTepHCTHKoii HHBepTOpa. 3TH xapaKTepHCTHKH npH f} = const

THnH'IHbI ]J.JUl HHBepTopa.

YpaBHeHHe BXO,[J,HOH xapaKTepHCTHKH HHBepTopa OTJIH'IaeTCH OT ypaB-

HeHHH BHeIIIHeii xapaKTepHCTHKH BbmpHMHTeIDI napaMeTpOM ynpaBJleHHH

f} H 3HaKOM 6.U
eft. KOMMyral.\HOHHOe na.neHHe HanpH)I(eHWI npHBO)J.HT K

TOMY, 'ITO npH YBenHqeHHH TOKa ld npOHCxO)J.HT nOBblIIIeHHe 3.n;C E H

HanpH)KeHWI UdJ3 . HanpH)KeHHe UdJ3 npOTHBOnOJlO)l(HO HanpH)KeHHlO Ud

BbmpHMHTeIDI, 'ITO 01pa)KacrcH 3HaKOM ,,_It
nepe)J. Bblpa)KeHHeM.

rpallm'IecKoe H306pIDKeHHe BXO,lI,HbIX xapaKTepHCTHK npe)J.CTaBIDIeT ce-

MeHCTBO napaJIJIenbHbIX npHMblX ]J.JUl ilJHKCHpOBaHHblX 3Ha'IeHHH yrna f}

(PHC. 7.5).

OrpaHH'IHTCJILHaH xapaKTepHCTHKa. I10BblIIIeHHe TOKa ld' KaK H3BeCT-

HO, cOnpOBO)K)]:aeTCH YBeJUI'IeHHeM yrJla KOMMyTIiQHH y. 110 3TOH npH'IHHf

nepeMeIl\eHHe pa60'IeH TO'IKH BnpaBo Ha BXO.lI.HOH XapaKTepHCTHKe npl-'

3a.naHHOM 13 = const npHBO)J.HT K YMeHbIIIeuHlO nocneKoMMyraQHoHHoro

yrna l). I1pH .nocTH)I(eHHH HeKoToporo TOKa ldmax yroJl l) CTaHOBHTCH

paBHblM MHHHMaJIbHO nonycTHMOMY 3Ha'IeHHIO l) = l)min' I1pH naJIbHeH-

I
-

I

IIIeM YBenH'IeHHH TOKa d MO)KeT npOH30HTH OnpOKH)J.bIBaHHe HHBepTopa.

Uddo

UdO
d.=0
3D.
+5.
60.

4Ud.1

0,50

0,25

o

-0,25

-0,50

-0,75

-1.00

r:I.

0.+ Pe}/(UM
 "tnpRHl1eHUR I 4Udl

o
Pe}/(UH 0,5-1,0 I 1d/1d.o,
UH6epmupo aHUR p=slf \.

4Udl GO.
JO. +5.

:os.-.=-- "':--f-r
1 11=0 (l'ml.

- O,lt

PHC. 7.4. 06061l.\eHHaR perYJlHpOBO'IHaR xa-

paKTepUCTHKa BblIIpSlMHTeJIbHO-UHBepTOp-
Horo npe06paJoBaTCJIR

Puc. 7.5. 0606 eHtlbleBHellluue xapaKTe-

PUCTKKH BbmpHMHTeJIbHO-UHBepTOptlOrO

npeo6paJoBaTeJISI
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Cne.n:OBaTeJILHO, C YMeHbweHHeM yrna (3 npenen YBeJIH'IeHHSI ld HaCT)'naeT

npH MeHbIIIeM ero 3HaQeHHH. npHMaH l) = l)min Ha3bIBacrcH ozpallU'iUmeJlb-

HOU xapaKmepucmw<ou HHBepTopa. JI:ruI 06eCne'leHHH pa60Tbi HHBepTopa

no orpaHH'IHTenbHblM XapaKTepHCTHKaM YCTpOHCTBaMH aBTOMaTHKH 3a-

):(aeTCH He06xo)J.HMblH yrOJl onepe)KeHWI l)... l)min + y B 3aBHCHMOCTH OT

3Ha'leHWI TOKa ld' TaKHe BHeIllHHe XapaKTepHCTHKH Ha3blBalOTCH uCKyccm-

6el/llblMu. B 3aBHCHMOCTH OT 3aKOHOMepHOCTH aBTOMaTH'IeCKOrO 3a.naHWI

yrna (3 MO:>KHO nonY'IHTb mo60H HaKnOH BHeIIIHeii xapaKTepHCTHKH HH-

BepTopa.

rpailJH'IeCKH mpaHH'IHTeJILHaH XapaKTepHCTHKa npH f} - const H306pa-

:>KacrcH npHMOH, HMelOIl\eH HaKJIOH, npornBOnOnO)KHLIH HaI<JlOHY BHeIII-

HHX XapaKTepHCTHK BbmpHMHTeIDI.

K03tJ!tJ!HD.HeHT MOU{HOCTH. AHaJIOrH'IHO BbmpHMHTeJIbHOMy pe)l(HMY

K03ilJilJHQHeHT MOII{HOCTH npH HHBeprnpOBaHHH

PI
k
M

-

S
- kHI

cos Ip(l) .

I

(7.14)

Yron c,lumra <PI OCHOBHOH rapMOHH'IeCKOH COCTaBJlHIOIl\eH TOKa ;1(1)

.0rnOCHTeJlbHO HanpH)KeHWI ul

11'(1)
-:It - f3 + (y/2) . (7.15)

3Ha'IeHHe COS<P(I) JJ.JIH HHBepTopa nOJlY'IaeTCH OTpHQaTenbHblM KaK H

ero aKrnBHaH MOIl\HOCTb. 31'0 nOn'IepKHBaeT TO, 'ITO HHBepTOp no orno-

tpeHHIO K cern HBIDIeTCH HCTO'IHHKOM 3HeprHH. I10CKOJIbKY K03ilJilJHQHeHT

.MOIl\HOCTH npHHHTO C'IHTaTb nOnO)KHTeJlbHbIM, TO COS<PI ]J.JUl HHBepTopa,

Be,lJ.OMOrO ceTbIO, onpe.neIDIIOT no a6comoTHOH BenH'IHHe:

COSIpI  COS(f3-t). (7.16)

113 Bblpa)l(eHHH (7.16) cneA)'eT, 'ITO ]J.JUl nOBblIIIeHWI K03ilJilJHQHeHTa
"!\10Il\HOCTH He06xo)J.HMO 06ecne'IHBaTb perYJIHpOBaHHeM MHHHMaJIbHOrO
I

yrna onepe)KeHHj[ (3. I1pH 3TOM HCXO)J.SI H3 ycnoBHH npe.noCTaBJleHWI MH-

HHMaJIbHO Heo6xo)J.HMOrO BpeMeHH BOCCTaHOBneHWI THpHCTOpOB H B03-

MO:>KHOro MaKCHMaJIbHOrO yma "OMMyTIiQHH cneAyeT npHHHMaTb:

f3min -ll
min

+ Ymax ; (7.17)

COSIp(I)
- cos (llmin + Yr;ax) . (7.18)
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Bblpa)l(eHHe .lLJUI Onpe,D.eJleHHSI K034>4>HW{eHTa MOll{HOCTH HHBepTOpa,

Be,D.OMoro CeTblO, HMeeT CJle.D.)'lOll{HH BH,D.:

11(1)

(
Ymax

)kM -
II

cas lImin+T . (7.19)

K034>4>HQHeHT HCKIDKeHHH TOKa kHt
= It(lllt .lLJUI HHBepTOpOB HMeeT

TaKOe )Ke 3HaqeHHe, KaK H WUI ynpaBJUIeMblX BbmpHMHTeJleH. HanpH-
Mep, npH MrHOBeHHOH KOMMyraQHH (y = 0) .lLJUI O,D.HO$a3HbIX HHBep-
TOpOB kHt

= 0,9, a .lLJUI Tpex$a3HbIX HHBepTopOB kHt
= 0,955. ECJIH

npHHSlTb bmin = 15 3n. rpa.n;., y = 20 3n. rpa.n;., TO .lLJUI 0,D.H0$a3Horo

HHBepTopa K03$$HQHeHT MOll{HOCTH k
M
= 0,815, AJUI Tpex$a3Horo

HHBepTopa k
M
= 0,86. Ha 3J1eKTpoB03ax 0,D.H0$a3Horo nepeMeHHoro

TOKa npH peKynepaQHH K03$$HQHeHT MOll{HOCTH ell{e HH)I(e, k
M

=

=0,7 + 0,75. ll03TOMY He06xo,l1,HMbI Mepbl no CHH)I(eHHIO peaKTIIBHOH
cocTaBmuoll{eH MOll\HOCTH npH peKynepaQHH 3HeprHH B TJITOBYIO CeTh.

7.5. ABAPM HbIEPE>KMMbl PA50Tbi MHBEPTOPOB

npH"lHHbl" Blf,lI.bl aBapHHHblX pe)l(HMOB "HBepTopoB. llpHqHHOH aBa-

pHHHblX pe:>KHMOB MOryr 6blTb HapymeHHSI B CHCTeMe ynpaBJleHHSI (npo-

nYCK O,D.Horo HJlH Bcex CHrHaJlOB ynpaBJleHHH THpHCTopaMH), KpaTKOBpe-
MeHHoe CHH>KeHHe HanpSl)l(eHHH CeTH nepeMeHHoro TOKa (YBeJlHqeHHe TOKa

H yrJla KOMMyraQHH y), np060H O,D.Horo H3 THpHCTOpOB HHBepTopHoro

MOCTa, C60H B CHCTeMe aBTOMaTHqeCKOrO nOMep)l(aHHR MHHHMaJIbHOrO

nOCJleKoMMyraQHOHHoro yrna (yma 3anaca) l)min' B pe3YJIbTaTe 3THX Ha-

pYlieHHH B pa60Te npOHCXO,lI,HT onpOKH):U>lBaHHe HHBepTopa. llpH onpo-

KHJT.bIBaHHH (PHC. 7.6, a) THpHCTOp VT4 (CM. pHC. 7.2) He BKJllOqaeTCH

(KOMMyraQIUI VT6 He npomOliJla) H npO,D.OIDKaeT npOBO,lI,HTb TOK, pa60-
TaH nOCJle,D.OBaTeJlbHO C THpHCTOpOM VT5. llocJle nepexo,D.a KpHBOH npo-

THBo-3,lJ.C cern B nOJlO)l(HTeJlbHblH nOJlynepHO,D. B uenH HHBepTHpoBaHlul

a) RdRO VT5  dLa

-=--

Id

E 
Ro

5) VTI,I

E> 

354

VTI,I

VT1 I?d Ld
Puc. 7.6. CxeMa 3l1Meme-

HHJI "PH onpOKHJJ;hlBaHUU

(a) H npopblBe (6) HHBep-
Topa

uu'IHHaIOT ,D.eHCTBOBaTb comaCHO 3.l(C l'eHepaTopa E H HanpH)I(eHIUI>ce-rn

lI.c' 3TO npHBO,l1,HT K 6blCTpOMY HapaC1't\HHIO aBapHHHoro TOKa onpOKH-

}U.IBaHIDl, npeBbllialOlUero TOK KOpO'l"KOro 3aMbIKaHHH BbmpHMHTeJUl.

ECJlH BKJIIOqaeTCH rnpHcTop B nneqe, npoTHBOnOJlO)l(HOM pa60TaIOll{e-

MY B naHHblH OTpe30K BpeMeHH (HanpHMep, BKJIIOqeHHe VTl npH pa60Ta-

IOll.{eM VT4, CM. pHC. 7.2, a), TO 3,[(C reHepaTopa E OKa3bIBaeTCR 3aMKHY-

TOH qepe3 ,D.lm nOCJlenOBaTeJIbHO coe,l1,HHeHHblX npOBO)].Slll{HX THpHCTopa

(pHC. 7.6, 6). TaKoH aBapHHHblH pe)l(HM HOCHT Ha3BaHHe npopbl6a HHBep-

Topa. llpH npopbIBe TOK B 06MOTKaX TpaHc$opMaTopa CHH)I(aeTCH ,D.O

uYJUI no Mepe H3paCXO,D.OBaHIUI 3HeprHH, 3anaceHHoH B ero HH.nyKTHBHbIX

3neMeHTax. ABapHHHblH TOK onpe,D.eJIHeTCH 3,[(C reHepaTopa E.

.z:u>yrHe BH,D.bI aBapHHHblX pe)l(HMOB npH HapyweHHHx B uenH nOCTOHH-

Horo TOKa HJIH B uemtX nepeMeHHoro TOKa aHaJlOmqHbl paHee paccMoT-

peHHblM aBapHHHbIM pe)l(HMaM B BbmpHMHTeJUlX HJlH }'Ka3aHHblX Bblme

HHBepTopax.

ABapHiiHble TOKH HHBepTopoB. llpH OnpOKH,lI,bIBaHHH (CM. pHC. 7.6, a)

MO:>KHO npe)].IIOJIO)l(HTb, qTO Ka}!()].aH 3,[(C ,D.eHCTBYeT B uenH He3aBHCHMO.

ABapHHHbIH TOK COCTOHT H3 nepHO,D.HqeCKOH COCTaBJUlIOll{eH I , C03,D.aBae-

MOH 3,[(C CeTH, H anepHO,l1,HqeCKOH COCTaBJUlIOll{eH i", HCTOqHHKOM KOTo-

pOH CJIY)l(HT 3,[(C reHepaTopa. llepHO,l1,HqecKaH COCTaBJUlIOll{IDI H3 YCJIO-

BHH BKmoqeHHH QenH Ha CHHYCOH,lI.aJlbHOe HanpH)I(eHHe

t _ 2[cas ( +cp- -cot)
- cos ( +cp- )exp (- )], (7.20)

3,D.ecb z = V [co (2L. + Ld)]2 + (2R. + Rd)2 ;

2La + Ld
1: _ ; cp - arctg (rot) .

2Ra + Rd

.,

113 BblpIDKeHIUI (7.20) BH,lUlO, qTO COCTaBJUllOll\IDI I COCTOHT H3 CHHY-

COH,lI.aJIbHOH nepHO,l1,HqeCKOH Ii anepHO,D.HqeCKOH C nOCToHHHOH 3a'IyxaHIDl

1: COCTaBJUlIOI.I.{HX. AnepHo)].H:qeCKIDI COCTaBJUlIOll{IDI TOKa onpoKH,D.bmaHIDl

OT 3,lJ.C reHepaTopa onpeneJUleTCH no Bblpa)l(eHHIO

r _

E

[1- exp (
_!..

)] + Idexp (
_!..

) ,

2Ra + Rd 1: 1:
(7.21)

rJJ.e Id - TOK HHBepTopa B MOMenT OnpOKH)J.bIBaIUlJl.

. -, -II

Pe3ynbTHpyroll\HH TOK npH onpOKH)J.blBaHHH: '0 = I + I .

355

12*



Pltc. 7.7. KpltBbIe Hapac-raHltR aBapJolii-
HblX TOKOS npJol OnpOI(H)J.blBaHJlH H npo-

pbIBe JoIHBepTopa

o 21C  x6x 81C 10:rr 121r I'm 161t wt

TOK B aBapUHHOM KOHT)'pe npu npopblBe UHBepTopa (CM. puc. 7.6,6)
HapaCTaeT OT CBoero npenaBapuHHoro 3Ha'leHUH IJ (puc. 7.7) no.n: .n:eHCT-
BueM 3,n:C reHepaTopa no 3KcnOHeHUUaJIbHOMY 3aKoHY:

in [1- exp (- )]+ IJexp (-- ), (7.22)

me"t- Ld/Rd.

,lJ;illl O,lUIoro U Toro >Ke npe06pa30BaTeJUI YCTaHOBUBllIeeCH 3Ha'leHUe

TOKOB 10 U In xapaKTepU3YeTCH TeM, 'ITO In > 10'
AnapuHHble pe>KUMbl UHBepTopa HBillllOTCH Hau60nee DDKeJlbIMU U

Mor)'T Bbl3BaTb nOBpe)f()J.eHUe 3J1eKTpU'leCKOH annaI'aTYpbl.

Hccne.n:oBaHuH B03MO>KHbIX aBapuHHblX TOKOB nOKa3aJIU, 'lTO B UHBep-

Topax CpeJJ:HeH U 60nblUOH MOIl\HOCm OHU Mor)'T .n:OCmf'aTb 15-40-KpaT-
Horo 3Ha'leHUH HOMUHaJIbHblX 3Ha'leHUH TOKa [19].

YCJlOBUe CaMOJlUKBlf./{allHH OnpOKH.abIBaHHH HHBepTopa. BKmo'leHUeM B

uenb uHBepTopa peaKTopa co 3Ha'lUTeJIbHOH UH.LJ:YKTUBHOCThlO MO)f(HO

.n:OCTU% caMOnUKBll/I,auUU OnpOKUJJ:bIBaHllH U HOpMaJIbHOH pa60Tbi UH-

BepTopa. PeaKTop, BBe.n:eHHbIH B uenb nOCTOHHHoro TOKa uHBepTopa,

orpaHH'lUBaeT CKOpOCTb HapacTaHIDI TOKa nocne OnpOKHl(bIBaHuH. Onpo-

KUJJ:btBaHUe caMonuKBuJJ.UpYeTCH B TOM CJlY'lae, Kor.n:a HapaCTaHue TOKa

orpaHU'leHO HaCTonbKO, 'lTO BO BpeMH O'lepeJJ:HOH KOMM)'Tauuu TOK B

mpllCTope ycneeT YMeHbllIUTbCH .n:o HYJUI 6naro.n:apSi TOKY Kop01xoro
3aMbiKaHIDI KOMM)'Tauuu. npu 3TOM nocne cnana TOKa B aBapUHHOM
TUpllCTope .n:o HYJUI K HeMY nOIDKHO 6blTh npHJIO>KeHO 06paTHoe HanpH-

>KeHUe Ha UHTepBarre, .n:OCTaTO'lHOM ,lI)UI BOCCTaHOBneHIDI ynpaBJUIIOlI.{eH

cnoc06HOCTU.

,lJ;IDI 06eCneQeHIDI TaKoro pe>KUMa UHBepTopa MOII.{HOCThlO 2500 KBT

Tpe6ycrcH 3Ha'lUTenbUaH UH.nyKTUBHOCTb peaKTopa (no 100 MIH), 'lTO

TeXHU'leCKU TpYJJ:HO peaJIU3yeTcH.
356

7.6. np"'MEHEH"'E ...HBEPTOPOB HA THrOBblX nOACTAHU"'HX

... HA 3J1EKTPOnOAB...>KHOM COCTABE

np... PEKYnEPAT"'BHOM TOPMO>KEH......

IlpUMeHeHue HHBepTopoB Ha rnrOBblX nOJJ.CTaHI.(HHX. Teopem'leCKUe

pllGOTbl 6bUUI Ha'laTbl M. A. qepHblllIoBblM. no)]. ero PYKOBO)].CTBOM

(3)].aHbl nepBble UHuepTopHble arI'eraThI, KOTopble 6blJIU npUMeHeHbl Ha

CueI'.II.JIOBCKOH >Kene3HOH )].opore B 1952-1953 IT. nepBble arperaTbl

hblJIU BbInOJlHeHbl Ha pTyrHblX npu60pax. Hcnonb30BaJIaCb HYJIeBa}l

cxeMa - )].Be 06paTHbie 3Be3JJ:b1 C ypaBHUTeJlbHblM peaKTopoM. PryTHble

IIpu60I'bi He 06eCne'lHBaJIH YCTOH'lUBOH U Ha,n:e>KHOH pa60Tbl. nepexo)].

lIa nOJIynpOBOJJ:HUKOBble npH60pbl n03BOnHJI C03)].aTb HHBepTopHbIe arpe-

raTbl, OTBeqalOlI.{He Tpe60BaHHHM Ha,n:e)l(HOH pa60ThI. THpHCTopHble UH-

IICpTOpbl BbInOJIHSllOTCSI no TpexilJa3HoH MOCTOBOH cxeMe. THpUCTopHble

I\IIBepTOpbl ,lI)UI THrOBblX nO)].CTaHUUH B 70-e rO)].b1 C03)].aBarrucb no)]. I'Y-

KOBO)].CTBOM C. ,n:. COKOJIOBa [21].
Ha THroBoH nOnCTaHUHH uHBepTop nOJI,KJIIO'laeTCH K 061I.{UM IlIUHaM

napaJIJIeJIbHO C BbmpSlMHTeJIbHblMU arperaTaMH (PHC. 7.8).

Yron onepe>KeHHH f3 I-{HBepTOpa YCTaHaBnHBaeTcSI TaKHM, npu KOTOpOM

nanpH>KeHHH XOJIOCTOI'O xo)].a BbmI'HMHTeJUI UdO I-{ HHBepTopa UdOfJ paBHbl

3.f6E2B
_

3V6E2"
cos f3.

:it :it

(7.23)
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PHC. 7.8. CxeMa napaJI1lellbHoro BKJIIO'IeHHH BbInpSlMHTeJIJI H HHBepTopa
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TOK BbmpHMHTeJIeH IdB HanpaBJIeH 01' nOJIO)I(HTeJIbHOH 1lI1-tH t'B"ROH-

laKTHyK> ceTh, a TOK HHBepTopa Ha06opOT
- H3 KOHTaKTHOH ceTH K

1I0JlO)I(HTeJIbHOH IlIHHe. Il03TOMY BHelUHHe XapaKTepHCTHKH BbmpHMH-

TC1UI H HHBepTopa J1Y'lllIe CTpOHTh B nepBOM H BTOpOM KBa,D:paHTax

(pHC. 7.10).

IlpH XOJIOCTOM XO,D:e BblllpHMIITeml HanpHJKeHHe Ha  HHaxnO,D:CTaH-

HHH UdO
> UdHOM

= 3300 B Ha BeM'lHHY KOMMYTall,HOHHOH nOTe HHanpH-

>KeHHH 6.Udy' Ilepexo,D: nO,D:CTaHlI,HH B peJKHM npHeMa H36bITO'lHOH 3HeprHH

peKynepall,HH conpOBO)I()J.aeTCH YBeJIH'leHHeM HanpHJKeHHH XOJIOCTOrO

XO,D:a AO UdO{j' KOTopoe
He ,D:OJDKHO npeBblllIaTb ,D:OnYCTHMoro MaKCHMaJIb-

HOro 3Ha'leHIDI (3800 B). IlpH ,D:OCTHJKeHHH 3Toro HanpHJKeHHH nOAaeTCH

Ha HHBepTop CHrHaJI ynpaBJIeHHH C peryJlHpOBaHHeM nOCTOHHCTBa yrJIa

b :I: bmin. IlpH YBeJlHqeHHH TOKa peKynepall,HH IdH HanpHJKeHHe Ha IlIHHax

nO,D:CTaHI..{HH YMeHbllIaeTCH H npM HOMHHaJIbHOM TOKe HHBepTopa IdHHOM

.ll:OCTHraeT U :I: U B 3TOM cJIyqae 06ecne'leHO HaHMeHbllIee 3Ha'leHHe

djlHOM dO'

lI,HPKYJUlL1HOHHOro TOKa.

CxeMbl HHBepTopoB, npHMeHReMblx Ha TIIrOBblX nO.ll.CTaHllHRx. )J.JUI

npHeMa H36bITO'lHOH :meprHH npH peKynepaTHBHoM TOpMOJKeHHH

3J1eKTponO,D:BHJKHOrO COCTaBa B CHCTeMe 3JIeKTpOCHa6JKeHIDI npHMeIDlloT

llIeCTHnYJIbCOBbie HyJIeByK> H MOCTOByK> cxeMbl, a TaKJKe ,D:BeHa.rr.u.aTHnYJIb-

COByro 1I.BYXMOCTOByro cxeMY nOCJIenOBaTeJlbHOrO THna. Ha Ha'laJIbHOM

3Tane npHMeHeHHH HHBepTlipoBaHHH Ha TJlTOBblX nO,D:CTaHlI,HHX npHMeIDI-

JIHCb pT)'THble BbmpHMHTeJIbHO-HHBePTopHble arperaTbI, KOTopbIe HCnOJIb-

30BaJIliCb B BbmpHMHTeJlbHOM H HHBepTopHoM peJKHMax. ,[(JuI nepeBoJJ:a H3

BbmpHMHTeJlbHOrO B HHBepTopHblH peJKHM H 06paTHo HCnOJIb30B llCb
KOHTaKTHble annapaThI )I.IDI nepeKmo'leHIDI 'lHCJIa BHTKOB BTOpH'lHOI1 06-

MOTKH H 6blCTpoJJ:eHCTByroll\He BblKmoqaTeJIH )I.IDI H3MeHeHIDI nOJUlpHOCTH

npHCOeJJ:llHeHHH K C60PHbiM IlIHHaM nOCTOHHHOro TOKa (PHC. 7.11).

B BbmpHMHTeJIbHOM peJKIIMe 3aMKHyrI>1 KOHTaKTbI 1 H J, a B HHBepTop-

HOM - 2 M 4. He.n:ocTaTKOM TaKeH cxeMbl HBJUleTCH HH3KaH Haj.J:e)I(HOCTb

KOMMyrauHoHHoH annapaTypbl. TaKYIO cxeMY He CTaJIH npHMeHHTb npH

nepeXO,D:e K THpHCTOpHblM BblllpHMHTeJlbHO-HHBepTopHbIM npe06pa30Ba-

Q=O Q=const lI.i

""=Qm!n 
=='t:

...

M3'COOTHOllIeHHH (7.23) CJIe.n:yeT

I
E -E -
2H 28 cos f3

' (7.24)

rJJ.e E2M, Eh - 3c1JclJeKTHBHbie 3Ha'leHHH c1Ja3Hbix HanpH)J(eHHH xonoCToro xOJJ;a COOTBeTCTBeH-

HO HHBepTopa H BbmpHMHTeJIR.

HepaBeHCTBO BTOpH'lHbIX HanpHJKeHHH BbmpHMHTeJUI H HHBepTOpa
Bbl3blBaeT npH napaJIJIeJlbHOH pa60Te npOTeKaHHe nYJIbCHpYIOll{erO

UHPKYJUlUHOHHOrO ypaBHHTeJIbHOrO TOKa nO,D: ,D:eHCTBHeM pa3HOCTH
MrHOBeHHblX 3HaqeHHH 3JIeKTpO,D:BHJKyUlHX CHJI BblllpHMHTeJlH UdB H

HHBepTOpa UdH (PHC. 7.9).
IlpH nOJIO)I(HTeJlbHOM 3HaqeHHH pa3HOCTH UdB

-

UdH TOK uHpKymlll,llH ie
HapaCTaeT, a npH OTpHlI,aTeJIbHOH cnaj.J:aeT. CKOpOCTh HapacTaHHH TOKa

diJdrot orpaHH'lHBaeTCH cYMMapHoH H BHOCTblOKOHTYpa UHPKYJIH-

1.(HOHHoro TOKa:

Le = LH + 2Lx1l + 2Lni , (7.25)

rJJ.e LH, Ln., Lm - COOTBeTCTBeHtlO JoIHJJ.YK1JiBHOCTH JoIHBepTOpHoro peaJCTopa, 06MOTOK

BbmpHMHTeJIbHOro H HHBepTopHoro TpaHcclJopMaTopoB.

Cpe,D:Hee 3HaqeHHe TOKa Ie 3aBHCHT OT HH,l:(YKTHBHOCTH Le' TaK KaK

HH,1:()'KTIlBHOCTH TpaHcilJopMaTopOB HeBeJlHKH, TO JUlH OrpaHH'leHIDI UHP-

KymU{HOHHOrO TOKa BKJIIOqaeTCH CneUHaJIbHblH pea.KTOp HHBepTOpa.
TaK KaK HanpHJKeHHe XOJlOCTOrO xOJJ:a HHBepTOpa ,D:OJI)l(HO 6blTb He

HHJKe HanpHJKeHHII XOJlOCToro XOj.J:a BbmpHMHTeJUI TO qHCJIO BHTKOB BTO-

pH'lHOH 06MOTKH npe06pa30BaTeJlbHOrO TpauC$opMaTopa HHBepTopa
npHHHMaeTCH Ha 20-25 % 60JIbllIe, 'leM JUlH BbmpHMHTeJIbHoro TpaHc-

ilJopMaTopa. BMecTO 3Toro MOJKeT HCnOJIb30BaTbCH Cnell,HaJIbHblH BOJIbTO-

JJ.06aBO'lHbIH TpaHcilJopMaTop.
B pe3YJIbTaTe pall,HOHaJIbHoro ynpaBJIeHMH HHBepTopoM C nOMOll{blO

6bICTpO,D:eHCTBYIOll{HX perYJUlTOpOB B03MOJKHO 3HaqlITeJIbHOe CHHJKeHMe

ypaBHHTeJIbHblX TOKOB CHHTlieM CHfHaJIOB ynpaBJIeHHH C HHBepTopa B

pe:H<HMe nOTpe6JIeHIDI TOKa IdB (CM. pHC. 7.8) HJIH YBeJIHqeHHeM 3HaqeHIDI

UdJj3"

Uti U.u Ud" UdrUd"

r
e

!:::i

J

ic
PHC. 7.9. KpHBble UHPKYnRUHOHHOro TOKa,

npOTCKaIOllterO MeJJOJy BbmpRMHTeneM H

HHBepTOpOM
Id" IdJl.olf 0

PHC. 7.10. BHelllHHe XapaJCTepHCTHKH Bbl-

npHMHTeJUI H JoIHBepTOpa
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TopaMH.  HI:norD B Ka)I()J:OM WIeI.J:e cxeMbI HMCIOTCSI TpH rpynnbI THplfC-

TOpOB: 06lI.tWl VTJ-VT6, BbmpHMHTeJIbHWI J H HHBepTopHWI 2. 06u,\ee

'.{HCJIO mpHcTopOB B npe06pa30BaTeJIe 900. B pe>KHMe BbmpSlMJIeHHSI

IiKJIIOl.J:eHbI THpHCTOpbl o6IUeH H BbmpHMHTeJIbHoH. a B pe>KHMe HHBepTH-

pOBaHHH
- 06lI.teH H HHBepTopHoH rpynn. fiepeKJlIO'IeHHe Ha IIIHHbI

nOCTOSlHHoro TOKa ocylI.teCIBillIeTCSI 6bICTpo,neHCTBYIOlI.tHMH BbIKJIIOI.J:aTe-

IUlMH 4--7. fiepeKJIIOI.J:eHHe pe)I(HMOB npoHCXO,nHT no cHrHaJIaM ,naT'IHKOB

HanpHJKeHillI nOCTOHHHOI'O TOKa H ,naT'IHKOB TOKa BTOpH'IHOH 06MOTKH

TpaHcl}>opMaTOpa.
fipe06pa30BaTeJIb BI1fi3-1 - BHyrpeHHeH YCTaHoBKH C npHHY,nHTeJlb-

HbIM OXJIa)l()];eHHeM. 3TOT npe06pa30BaTeJIb HMeeT PM He,nocTaTKOB, CBSI-

3aHHbiX C npHMeHeHHeM HYJIeBOH cxeMbI If MHOr03JIeMeHTHocTblO THpHC-

TOpHOH cxeMbI.

BMecTo BHfi3-1 6b1JI pa3pa60TaH BbmpSlMHTeJIbHO-HHBepTopHbIH

npe06pa30BaTeJIb BI1fi3-2Y3 no 'Tpexl}>a3HOH MOCTOBOH cxeMe (PHC. 7.13).

KOTOpbIH HMeeT OT,neJlbHble MocrOBble cxeMbI BbmpSlMHTemI Ha ,nHo,nax

z

iz :
-

a Z

,

Puc. 7.11. CxeMa pTyrnoro BloInpJlMHTem.Ho-uHBepTOpHOro npe06pa30BaTeJ1Jl c KOHTaKT-

HblMH nepeKJIlO'ialOU(HMu annapaTaMH

TeJIRM (BI1fi). EbIJIO npHMeHeHO THpHCTopHoe nepeKJIIOI.J:eHHe 'l.HcJla BHT-

KOB BTOpH'IHOH 06MOTKH, HanpHMep THpHCTOpHbIH BbmpSlMHTeJlbHO-HH-

:ePTOP bIHnpe06pa30BaTeJIb BI1fi3-I, BbInOJIHeHHbIH no 'Tpexl}>a3HOH
YJIeBOH cxeMe (PHC. 7.12). fiepeKJIIOI.J:eHHe 'I.HCJIa BHTKOB BTOpH'IHOH

06MOTKH TpaHcl}>opMaTopa npH CMeHe pe)I(HMOB ocylI.teCTBmleTC.H THpHC-

ABC

I
T

-

L7 LZ

IOKB

/"H
A

yp

Puc. 7.13. CxeMa npe06pa30BaTeJ1Jl BH:n3-2:

T_ npe06pa30BaTeJ1bHblil TpaHccjJopMaTOp '1')].n-12500/10)/(; UV/ (VD/-VD6) - wKalj> ,ll.HOlJ;OB BJI2-

200-8 (a = 10, S = 9); UV2 (VT/-VT6)
- wKacjJbl -rnpHcropoB '1')].320B-12 (a = 6, s = 10); L/-

nOMeX03al1lHTHblii peaKTop POOB-2000; 12 - peaKTop HHBepTOpHblii Crna>KHBalOl1IHii PI>CI>AY-

6500/3250; QF/
_ BLlK1IlO'IaTe11b Jla HanpR>KeHHe 10 KB; QF2 - 6blCTpOlJ;ei\enYIOI1IHe BLlK1IlO'IaTeJIH AI>

2/4; QF3 _ 6LlCTpoAeHenYlOI1IHii BbOOlIO'IaTeJlb; QS/. QS2
- pa31>eJU1HHTeJlII; FU/

- pa3pJWiHK Ha-

npR>KeHHeM 10 !CB; FU2, FU3 - paJpll,!l;HHKH PBK-3,3; RC - wKalj> RC-Qenei! c npeAOXpaHHTeIUlMH;

11lY_ WKalj> ynpaJIJIeHHR; p,H
- p;lT'iHK HanpllJKeHHR; p,llP

- p;lT'IHK nepeKJJ1O'IeHHJi; TH
- TpaHC-

lj>opMaTop HanpRJKeHHJi; IT
- TpaHctj>opMaTop TOKa

+ -

+-

11

c

J 5

I( VTt-VT6

OmAH

Puc. 7.12. CxeMa npe06pa30BaTeJIR Bl1n3-1'

[-=- npe paJOBaT HLliiTpaHctj>opMaTOp
THna T)].PY-20000/IOH; VT/-VT6 - nqm bI TJ1\50.8

::=    1:{ ::"1p: ;:E?1         : :  =    :  :H;;;
nOMeX03aUIIITHble OCB.2000;La - peaJCTOp HHBepropHblii PECI>AY-6500/325O; FU/ .:.... p;;  a:;'PbJ

aHO,II.HLIH THnR PBK-3; FU2 - pa3p11,!lHHK 1IenH nOCTOJiHHOrO TOKa PBBK-3
p
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8112-200-8 (Bcel'o 540) H cxeMbl HHBepTopa Ha THpHcTopax T,lJ. 320-12

(Bcero 360). Ka)l()J.blH H3 MOCTOB nO,lI.KJllO
I:1aeTCH K COOTBeTCTBYlOlI.tHM BbIBO-

AaM BTOpH'lHOH 06MOTKH TpaHcl}JopMaTopa C OmaHKaMH. 3T0 HCKJIJO'laeT

He06xoWlMOCTb nepeKJIIO'leHHH npH CMeHe pe)l(llMoB. rIpH CMeHe pe)l(llMOB

MorYT nepeKfllO'laTbCH TOllbKO 6blcTpo,neHcTBYIOII.tHe BbIKlIlO'laTellH.

CxeMa aBTOMaTH'leCKOro peryllHpOBaHHH (CAP) npe06pa30BaTeIDI n03BO-

JUleT ocYlI.teCTBlISlTb KOMnaYH.ZUIpOBaHHe HHBepTopa, 06eCne'lHBWI nony1Je-

HHe 3a,naHHblX BHelllHHX xapaKTepHCTIiK.

,lJ.anbHeHUIHM pa3BHTHeM HHBepTopoB ,nIDI THrOBblX no,ncTaHI..\HH HBH-

1I0Cb HCnOllb30BaHHe nOllHOCTbIO ynpaBJUleMblX BblnpJlMHTeJleH no .nByx-

MOCTOBOH )I.BeHMI..\aTHnYllbcoBOH cxeMe nocne,nOBaTenbHoro THna, Ha-

npHMep BbmpRMlITeJIbHO-HHBepTOpHoro npe06pa30BaTeIDI, c06paHHoro

Ha OCHOBe THpHCTOpHOH CeKI..\HH (CTrI) H cepHHHoro BbmpHMHTenSi

TrIE,lJ.-3150-3.3 (PHC. 7.14). THpHCTOpHWI CeKI..\HJI npe,nCTIlBJUleT C060H

llIKal}J THpHCTOpOB C B03.nyIllHbIM npHHYWlTeJIbHbIM OXJIa)K)];eHHeM. TH-

It)
lei
I")
'"i+

I")

N
I

rO/(B

A

B

c

TH
f(OHmpollllep
ynpaDlleHuR

PRC. 7.14. CxeMa BbUlpJlMHTeJIbHO-HHBepTopHoro npe06pa30BaTeJIR Ha OCHose YHH4JHUHPO-
BaHHblX THpHCTOpHblX ceKUUH CTn:

T - npe06pa30aBTeIlbHbJA TpaHc4JopMaTop TP}J,n.200001l0HYI; QFl - BbIICJUO'iBTeJlb BK3.10-20-

1000-Y3; IT- Tp8HC4>opMBTOpbJ TOKa TflM-I0-IY3, 800/5; UVl - BbJnpJlMHTeJlI, TnE}J,-3IS0-3,3K-YI;

UV2 -I1HBePTOp U-I1Tn-2,4x-4K-3/12-Y3; FU1. FU2 - pB3pllAHHKH PBKY-I,65; Ll- nOMCX03B/.IPIT-

HbIe pClIKTOpbJ POCB-2000; LH - pellKTop CrJIaJKHBII1O/.IPIA PBcIJA-Y; QF2, QF3 - 6blCIpOp,eACT1IYIO/.lPle
BblKJIlO'IaTenH BA6-43; QSI. QS2 - pa31>eJijlHIlTeJIH
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T a 6 n H U a 7.1

HHOepmop
flocmoRHHblli. mOK Ha OJ(oDe (lioHmall.mHOu. cemu)
Tpexrpa3Hblu moll. Ha OblJ(oDe

flpuHyDumellbHoe 003Dyu.J.Hoe oXllaJ/l.DeHUf!
HOl1uHallAHblu uHOepmupyeHblu mo/{ 6 /{A

HOHUHOIIbHoe uHOepmupyeHoe /fanpRJI(f!/fUe 0 1<8

/(06 HoiJurpullau,uu! x-mun cxeHbl: 6-ngllbco-
OIlJ/ (6). 12-nY"bcotJaR (12)
KAuHamU'If!c/{oe ucnOllHeffue U Mme20puR

pa3He eHUR

-

napaMeTp BmI3 1 B1m3-?
TnE)J,-31S0-3.3K-Yl, 11- B.I1TE.3, ISK-4.0K-12 Y3
nTI1.2.4x-4K-3/12-43

HOMHHaJIbHblH TOK,
A:

npH BLmpllMJIe- 2000 2500 3150 3150

HHH

npH HHBepmpo- 2000 1600 2400 1400

BaHHH

,l(onycKaeMaR nepe-
[J!Y3Ka no TOKY B ie-

'1eHHe 15 MHH, %:

npH BLmpllMJIe-
75 25

- .D:aHHble YT0'iHllIOTCR

HHH
npH HCnLITaHHHX

npH HHBepTHpo- 75 25 33

saHHH

HOMHHaJIbHoe Hanpll-

)J(eHHe, B, B pe)J(HMe:

BbmpRMHTeJIbHOM 3300 3300 3300 3300

HHsepTOpHOM 3300- 3300- 4000 4000

3600 3800

MaxcHManbHoe 11.0- 4000 4000 4000 4000

nYCTHMoe Hanpx)J(e-
HHe,B

PHC. 7.16. CTpYKTYPHaR cxeMa YCJlOBHOrO 0603Ha'leHHR HHBepTOpOB

pHCTOpbl MOrYT 6blTb coe,II,HHeHbl no Tpexl}Ja3HOH meCTHnYJ1bCOBOH MOC-

TOBOH cxeMe HJIH  eHa;:uJ.aTHnY1lbCOBOH YXMOCTOBOHcxeMe nOCJle,noBa-

TeJIbHOrO THna.

Ha OCHOBe 3THX cxeM MO)l(eT 6blTb CMOHTHpOBaH HHBepTOp no mecro-

nYJIbCOBOH mill  eHa,nJ(aTHnYJIbCOBOHcxeMaM.
CHCTeMa ynpaaJIeHHSl HHBepTopOM nOCTpoeHa Ha 6a3e nporpaMMHpy-

eMoro KOHTpOJIJIepa. Ha3Ha'ieHHe Bcex Y3JIOB npe06pa30BaTellil. npHBe-

,lI,eHHoro Ha pHC. 7.14. amUIOrH'iHO npe06pa30BaTeJIlO BITH3-2.

N

,lJ,mI peKoHCTpYHpyeMoH no,n CKopOCTHoe  H)I(eHHe,no 200 KM/'i Ma-

rHCTpaJIH CaHKT-ITeTep6ypr---MocKBa B 1998 r. pa3pa6OTaH BbmpHMH-

TeJIbHO-HHBepTOpHbIH npeo6pa30BaTeJIb (PHC. 7.15). ITpe06pa30BaTeJIb

HMeeT TpaHcl}JopMaTop C nepBJiliHblM Hanp}l)l(eHHeM 110 KB, ,lI,BeHa)I,I..(aTH-

nyJIbCOBbie cxeMbl ynpaBJUleMoro H Be,nOMoro CeTblO HHBepTopa. OH Bbl-

nOJIHeH Ha cOBpeMeHHbIx THpHCTOpax TI73-20oo-18, c06paHHblX B CHJIO-

Bble 6JIOKH C OXJIa,nHTeJlSlMH Ha OCUOBe TenJIOBblX Tpy6 T341. npe,nna3ua-

'leu }J,.IDl BuyrpeuueH YCTauoBKH H HMeeT eCTeCTBeUUoe OXJIaJK,ll.eUHe.

YCJIOBUOe 0603Ua'ieUHe HUBepTopOB HMeeT CTpYK'rypy. npHBe.n.euuylO

ua pHC. 7.16.

OCuOBHble TeXHH'ieCKHe .naHHble BbInp}lMHTeJIbHO-HHBepTopHbIX npe-

06pa30BaTeJleH }J,.IDl THrOBblX nOJlCTaHI.(HH nOCTOHHHoro TOKa npHBe.neHbl

B Ta6JI. 7.1.

npHMeHeHHe HHBepTopoB Ha 3J1eKTponoJJ.BHX\HOM COC1'aBe. .nnH nepe-

xOJJ.a Ha peKynepaTHBHoe TOpMO)l(eHHe T}lrOBble  HraTeJIH3J1eKTpo-

nO,lI,BIDKHoro COCTaBa .nOJI)f(Hbl 6blTb nepeBe.neHbl B reHepaTopHblH

pe)l(llM. HanpaaJIeHHe HX 3)J,C E .nOJDKHO 6bITb BCTpe'iHbIM no OT-

HOllleHHIO K npoTHBo-3)J,C HHBecTopa UdI'>' a yroJI ynpaBJIeHH}l

a> 1C12. ,lJ,mI YCTOH'iHBOrO H 31}JI}JeKTIlBHOrO TOpMO)l(eHHH cJIe,nyeT

nOJ1,lJ.ep)l(llBaTh [) [)min = 25 3]1. rpa,n.. [23].
365

PHC. 7.17 CxeMa CHJlOBblX ueneH '1eTbJpeXOCHoH CeKl(HH JJIeKTpoB03a B118(}1':
I - nOMexonoJ\aBJlJII01.lIHii lIPOCCeJIb; QP - BbJCOKOBOJlbTHwii BLlKJlIO'iaTeJIb; FU - paJPIlAHHK; T-

TJlrOBbIA npeo6paJoBaTeJlbHwii TpaHc4K>PMaTop; Q
- rpynnoBoii nepeKJllO'iaTeJ1b; UVI. UV2 - BWnpJI-

MHTeJlbHO-HHBepropHbJe YCTaHOBKH Bl1n2-2220 M; LeI., Ld2 - crna>KHBaIOUU/e peaxropw; I-IV- TJ1I"O-

Bble 3neKlporomraTeJlH; QFI-QF4 - 6blClpop;eiimYlO1.lIHe aBTOMaTH'ieCKHe BLlKJl1O'IaTeJIJI
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PeKynepaTHBHOe TOpMO)l(eHHe 6bUIO ocyu eCTBJIeHOelI.te B 60-e rOp;b1

Ha 3neKTpOB03ax Bn60P (PHC. 7.17) C PTYTHblMH BbmpJlMHTeJIbHO-HHBep-

TOpHblMH npe06pa30BaTeJUlMH noon PYKOBo,neTBOM J>. H. THXMeHeBa [22,

23]. Ha 3THX 3JIeK11'0B03ax JI)UI aBTOMa'IWieCKOro nOJ1,lJ.ep)l(aHHJI yrna [)

npHMeHHeTCH 3I1eKTpOHHbIM 6JIOK aBTOMaTH'ieCKOrO peryJIHpOBaHlliI, KO-

TOpblM 06eCne'iHBaeT H3MepeHHe 4>aKTH'ieCKOrO yrna KOMMyral.\HH Y H

3a,naHHe yrna onepe)l(eHlliI - Y + [)min' ,n:BHf"aTeJIH B pC':>KHMe peKynepa-

THBHoro TOpMO:>KeHHH HMelOT He3aBHCHMoe B036Y>K,ll:eHHe OT HrHHTpOHHO-

1'0 BbmpHMHTeJUI HH3Koro HanpH:>KeHHH, a B l.\enH HKopeH BKJllO'ieHbl eTa-

6HJ1H3HpyrolI.tHe pe3HcropbI conpOTHBIIeHHeM 0,5 OM. 3alI.tHTa B pe)l(HMe

onpOKH,Z:(bIBaHHH 06eCne'iHBaeTCH HH,nHBH,nYaJIbHbIMH 6bICTpo,neHCTByro-
lI.tHMH BbIKJIlO'iaTeJUlMH. CKOpOCTb B pe)l(HMe peKynepawm perynHpYeTCH

nepeKJIlO1.JeHHeM C'I)'neHeH TpaHc4>opMaTopa C nOMOlll.blO Tex )l(e KOHTaKT-

HblX YCTpOMCTB, 'iTO H B THrOBOM pe)I(HMe (rpynnoBbIM nepeKJUO'iaTeJIeM
H nepexo.u,HbIMH peaKTOpaMH). KpoMe Toro, npe.nyCMa'I1'HBaeTCH H3MeHe-

HHe 3,n:C E perynHpoBaHHeM B036Y>K,ll:eHHH.

8. MMnYI1bCHbIE nPEOEPA30BATEI1M

nOCTOS1HHOrO TOKA

8.1. HA3HAI.IEHME M nPMH MnAEMCTBMSI

UMllYJlLCHLIH cnoc06 peryJlHpOBaHHH B LlellHx nOCTOHHHoro TOKa. B

OTnH'iHe OT l.\eneH nepeMeHHoro TOKa npHMeHeHHe nOCTOHHHoro TOKa

CBH3aHO e np06J1eMOH nnaBHoro perynHpOBaHHH HanpH)I(eHIUI HarpY3KH.

rIOTpe6HOCTb B perynHpoBaHHH HanpH)I(eHHH npH nHTaHHH OT CeTH no-

CTOHHHoro TOKa npHBO,nHT K npHMeHeHlliO He3KOHOMH'iHbIX cnoc060B,

OCHOBaHHblX Ha BKJUO'ieHHH B CHJIOBble l(enH TOKoorpaHH'iHBalOlI.tHX pe-

3HCTOpOB HJUI ,neJIHTeneM HanpJl)l(eHHJI.
rIpH 3I1eK11'H'ieCKOH THre H nHTaHHH KOJ1JIeKTOpHbIX ,lI.lmraTeneH OT

KOHTaKTHOM CeTH nOCTOJlHHOrO TOKa Ha 3neKTponO,roJH:>KHOM COCTaBe npH-

MeHXlOTCJI nYCKOBble pe3HCTopbI. rIpH nYCKe H pa3rOHe no Mepe YBeJlH'ie-

HHJI 'iaCTOTbl BpaLll.eHHH H, COOTBeTCTBeHHO, npOTHBo-3,n:C ,roJHraTeJleH

nycKOBble pe3HCTopbl, BKJIIO'iaeMble nocne,nOBaTeIlbHO B I.\enb JlKOpH, 6na-

ro,napJl cTyneH'iaTOH neperpynnHpOBKe 06eCne'iHBa1OT orpaHH'ieHHe

cpe,lJ,Hero 3Ha'ieHHJI TOKa.

Pe3HCTopHoe perYJIHpOBaHHe npHBO,nHT npH 'laCTbIX nYCKax K ,lI,onon-

HHTeJlbHblM nOTepJlM 3neKTp03Hepnm (.no 2Q---30 % 06lI.tero nOTpe6neHlliI

3HeprHH Ha THry). PerynHpoBaHHe nYCKOBblX pe3HCTopOB COnpOBO>K,ll:aeT-
CJI "BcnneCKaMH" TOKa BO BpeMJI nepeKJIlO'leHHH cryneHeH. JJ:mI nepeKJIlO-

'ieHHJI pe3HCTopOB Tpe6YeTCH CnO>KHbIM KOHTaKTHblH KOMMyraTOp.
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TMpHCTOpHWI TeXHHKa n03BOJUleT npHMeHHTb  HOBbIH,60nee
3KOHO-

MH'llIbIM, Ha,lI,e)l(HbIH H 34>4>eKTHBHbIM HMnYJIbCHbIH cnoc06 perynHpo,\a-

!tUH B l.\enHX nOCTOHHHoro
TOKa. rIpHHl(Hn HMnynbcHoro peryJlHpOBaHlliI

3aKJ1IO'iaeTCH B TOM, liTO HCTO'iHHK nOCTOHHHoro TOKa nepHO,nH'ieCK 
nO,nKmo'iaeTCR K HarpY3Ke C HeKOTOpOM nOCTOJlHHOH HJ1H H3MelUleMOH

'iaCTOTOM (PHC. 8.1). ABTOMaTH'leCKOe 3a,!].aHHe J.I)lHTenbHoCTH HHTepBarra

nO,nKmo'ieHHH 3a O.lI.HH I.\HKJI n03BonReT nnaBHO peryJ1HpOBaTb cpe,lJ,Hee

3Ha'ieHHe HanpJl>KeHHH, npHKJIa,IJ,blBaeMoro
K Harpy3Ke. B u.enH  HarpY3KH

06eCne'iHBaeTCR HenpepblBHoe npOTeKaIme TOKa C J{onycTHMoH nyJIbca-

!..\HeM. 3T0 ,nocrnraeTCH 6naro,napJl HH.nyKTHBHOCTH caMoM Ha Y3KHHJlli

BKJIlO'ieHHIO crna)l(HBalOLlI.erO ,npocceJUI H ,noCTaTO'iHO BblCOKOH 'iaCTOTbI

KOMMyrau.HH (200---400 n ).
Cpe,lJ,Hee 3Ha'ieHHe HanpH)I(eHHH HarpY3KH

UH - t; Un -k3Un ,
(8.1)

rAe Un _ HanpR)J(eHHe HCTO'lHHKa nHTaHHII; 1M, T - COOTBeTCTBeHHO 1J.1lHTeJIbHOCTb Ii

neplioJI nOBTOplleMOCTH liMnYJIbCOB; k, - KOJ4J4JHUHCHT 3anOJIHeHHII.

113 COOTHOllleHlliI (8.l) cne.nyeT, '!TO HanpJl)l(eHHe UH
MO>KHO nnaBHO

peryJ1HpOBaTb, eeJIH H3MeHRTb I" npH T = const HJIH T npH I"
= const, a

TaK)I(e B pe3ynbTaTe O,ll,HOBpeMeHHoro H3MeHeHHH I" T. 3TOMY COOTBeT-

CTBylOT lllHpOTHblii, 'iaCTOTHbIH H KOM6HHHpoBaHHbIH, a TaK)I(e lllHpOTHO-

'iaCTOrnblH cnoco6bl HMUYJIbCHOrO perynHpoBaHlliI.

U}d

Ln
-

+

,u.
 UH L

VDo  iH

tiVD
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l-rt-1 o t

t

o t

UH

PHC. 8.1. CxeMa liMnYJ1bCHOrO perynHpoBa-

HIDI Ii BpeMeHH6Ie 1J.llarpaMMbl ee pa60Tb1:

CK- cxclda I<OMldyraQH"; CY
- CXCMa ynplJllJlCHIUI 0

t
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llpHHI{Hn pa60TLI CXeMLi HMnYJlLCHOrO peryJlHpOBaHHR. CXeMa (CM.
pHC. 8.1) COCTOHT H3 HCTOlffiliKa nOCTOHHHOrO HanpH)I(eHHH (Ha pHC. 8.1
He nOKa3aH), oWloonepa HOHHorompHCTopa VT. cxeMbl ynpaBneHHH

THpHCTOpOM C cxeMbl npHHY.lI.HTeJIbHOH KOMMyra HHCK )J.IDI BLIKJIIO-
qeHHH THpHCTopa, .lI.HOM 06paTHoro TOKa VDo )J.IDI nponycKa TOKa Ha-

rpY3KH BO BpeMH naY3bl,  enHHarpY3KH R, nocne,noBaTeJIbHO C KOTOpOH
BKJIIO'ieH Crna)l(HBalOlI.tHH ,npocceJIb L. THpHCTOp VT BKJIIO'iaerCH nepHo-
JJ:H'ieCKH OT no.na'iH CHIRaJIa li3 cxeMbl ynpaBJIeHHH. Ha HHTepBaJIe BKJIIO-
'ieHHOro COCTOHHHH rnpHCTOpa TOK B  enHRL-HarpY3KH anepHOJI,H'ieCKH
YBeJIH'iHBaercH. B KOH eHHTepBaJIa npOBO.lI.HMOCTH npOHCXO.lI.HT npHHY-
JI.HTeJlbHOe BblKJllQ'ieHHe THpHCTopa C nOMOlI.tblO Cne HaJIbHOHKOMMyra-
 HOHHOHcxeMbI. Ee Ha3HaqeHHe 3aKJI1OqaerCH B TOM, 'iT06bI 06eCTO'iHTb

THpHCTOp Ha BpeMH paccaCbIBaHIDI HaKOnneHHoro 3apH,D.a B ero nOJIynpo-
BO.lUIHKOBOH CTp}'KType. Bo BpeMH BblKJIIO'ieHHOro COCTOHHIDI. THpHCTopa
B  enHHarpy:urn TOK anepHO.lI.HqeCKH CHH>KaercH. TOK nO)1,lJ.ep)I(HBaerCH
6JIaroJJ:apH HaJIH'iHIO 3)J,C caMoH  HH.npocceJUl. KOHTYP TOKa 3aMbI-
KaeTCH qepe3 .lI.H0,n VDo. Ha 3TOM HHTepBaJIe mpHCTOp npHHHMaer Ha

ce6H HanpH)I(eHHe HCTOqHHKa nHTaHHH. B  enHHarpY3KH npoTeKaeT nYJIb-
CHpYlOll\HH T01<, nYJIbCaUHH 1<OTOpOro 3aBHCHT OT HH,IIJ'I<THBHOCTH L H

'iaCTOTbI nepeKJUO'ieHHH THpHcTopa if = 1/1).
CxeMa MO)l(eT npHMeHRThCH )J.IDI peryJIHpOBaHHR cpe,!Uiero 3HaqeHIDI

nOCTOHHHoro HanpR)I(eHHR Ha HarpY3Ke, KOTopoe 06paTHo nponop HO-
HaJIbHO CKBIDKHOCTH KpHBOH TOKa THpHCTopa.

B CHJIOBblX cxeMax nepeKJUO'IeHHe THpHCTOpOB npOHCXO.lI.HT npH MOIl\-
HOCTH npHMepHo COTHH KHJIOBaTT. B HHX MOryr HCnOJIb30BaTbCR 06bl'l-
Hble (oWloOnepaLtHOHHble) H 3anHpaeMble (.nnyxonepaLU1oHHble) mpHCTO-
pbl, a TaK)I(e CHJIOBble TpaH3HCTopbl. fIpH HCnOJIb30BaHHH 06bl'lHblX TH-

pHCTOpOB umpOKO npHMeHRIOTCH .nnYXTHPHCTopHble cxeMbl KOMM}'TaUHH,
B KOTOpblX BbII<JIIO'IeHHe rJIaBHoro (CHJlOBoro) THpHCTopa oCYll\eCTBJUleT-
CH npWIO)l(eHHeM 06paTHoro HanpR)I(eHHH HJIH nponYCKaHHeM HMnYJIbCa
06paTHoro TOKa (PHC. 8.2).

rJlaBHbIH THpHCTOp COBMeCTIIO co cxeMOH KOMM}'TaUHH npe,nCTaBJUleT
C060H KJIIO'i )J)Ul 6eCKOHTaKTHoro 3aMblI<aHHH H pa3MblI<aHHH uenH nOCTO-
HHHOrO TOKa.

a HOHHoro Y3na pa3JIH'iaroT THpHC-
B 3aBHCHMOCTH OT cxeMbI KO : a aeMble npHJIO)l(eHHeM 06paTHo-

TopHbIe KJllO'iH nOCTOJlHHOrO TO,

H

P

MnYJIbCOM 06paTHoro
TOKa.

'1H :JanHpaeMblero HanpH)I(eHHH, H KJllO,

aeMOM 06paTHbIM HanpH)I(eHHeM, B MO-

B THpHCTOpHOM KJllO'ie, 3anHp
THpHCTOpy C nOMolI.tblO BcnOMO-

O ( 8 2 a) K rnaBHoMY -

MeHT 1 = CM. pHC. .,

pe
TTuapHTeJIbHO 3apH)I(eHHbIH

nO,l].KJIIO'iaerCH n .......
raTenbHoro THp CTopa TH HCTOp OKa3blBaerCH noon 06paTHbIM
KOMMyrnpyIOllU1H KOH.neHcaTOp+ K HTHn npHHY.lI.HTenbHOH KOMM}'Ta HH
HanpH)I(eHHeM

H BblKJIlO'iaeTCR. a

B KJllO'ie C HCTO'iHHKOM 06-
U KO.MMymaijuu.

nOJIyqHn Ha3BaHHe :JICecmKO
a HMnyJIbCa ,noIDKHa 6blTb 60JIb-

( 8 2 6) aMnnHTYA
paTHoro TOKa CM. pHC. .,

0 VD CMelI.taerCH B npHMoM HanpaBneHHH,
llle TOKa HarpY3KH. Tor.na.lI.H :Ka3bIBaerCH npHJ10)l(eHHbIM K TlipHCTOPY B

H npHMoe HanpH)I(eHHe ,!].HoAa
VD AOIDKeH npoBop,HTb TOK B TeqeHHe

06paTHoM HanpaBneHHH. ,[(HOA
cTOpa B ,naHHoM cJIyqae peaJIH-

mrrepBaJIa BpeMeHH Iq BblKJIIOqeHHH TH :JIY'iHB aJIHa3BaHHe MJ/2KOU KOM-

3yercH npHH)'AHTeJIbHaH KOMMYTauHH,

Mymalluu.

8.2. TMPMCTOPHblE KniOl.\M nOCTO HHoro"tOKA

-

n HJlO)lteHHeM 06paTHoro HanpH)lte-
THPHCTOPHLIii KJIIO'I, 3anHPa:   0:0nlpHCTOpa VT2 (PHC. 8.3) KOM-

HHH. fIpH BKJIIO'IeHHH BcnoMora
)l(aerCH OT HCTO'lHHKa nHTaHHH ,no

MyrnpyIOIl\HH KOH,1J.eHCaTop C
K 3apR

RL Harpy31<H B MOMeHT II
U '1epe3 uenb

- .

_

HeKoTopOro HanpH eHHH co

VTI Qepe3 Hero npOTeKaer nOJIHblH TOK
BI<JIIO'iaerCR rJIaBHblH THpHCTOp

 epe3apMai KOHJJ.eHcaTopa CK. 1<0-

HarpY3KH i
H
H TOK KOJIe6aTeJIb roH Il\HH .nPOCCCeJIb LK

H AHO,n VDI.

TOpbtH 3aMblI<aerCH 'iepe3 KOM }'T pyIO
OMeHT I YCTaHOBHBlllaJICR no-

aH'IHBaerCR B M 2'
fIpouecc nepe3apRJJ.a 3aK

eHcarope (3HaKH B KPY)l(Kax) COOTBeTCTBY-

JllIpHOCTb HanpR)I(eHIDI Ha KOH)]:
al HH TOKa rJIaBHOrO THpHCTOpa. }J,mI

er roTOBHOCTH cxeMbl K KOMM}'T
T I B rn"'iaercHBcnOMoraTeJIb-

HCTopa B MOMeH 3
<uuv

3anHpaHHR rJIaBHOrO nip
HCTOpy npm(JIa}.I.blBaerCH B 06paT-

HblH mpHCTOp VT2, H K rnaBHOMY T  caTopaUc
, fIpH 3TOM Ha HarpY3Ke

HOM HanpaBJleHHH HanpR)I(eHHe'l: :'CH1l.0 3Ha'ieHIDI Un + Uc' fIOCKOJIbKY
HanpIDKeHHe UH

CKa'IKOM YBeJIH
3KH i Ha HHTepBaJIe KOMMyTaUHH

OCTaer-

npeJI.l10JIaraeTCH, liTO TOK HarpY

He Ha

H

KOH,1J.eHCaTope Uc YMeHblllaerCH Jlli-

CR _HeH3MeHHbIM,
TO HanpR)I(eH

TO nOJIHOCTblO pa3pH)I,HTCH H Ha aHo,ne

HeHHO. B MOMeHT 14 KOH,1J.eHCa P
npRMOe HanpR)I(eHHe CO CKOpOCTbIO

THpHCTOpa VTI BHOBb HapaCTaer
_ 1 = 1 RBJUlerCH BpeMeHeM, "npe.no-

du/dl = iiL. MHTepBaJI BpeMeH \eM Hr aBHOMYTHpHCTOpy )J,JUl BbI-

CTaBJUleMbIM" KOMMyraUHOHHOH C

HpHCTOpa ,nOIDKHO 6blTb BbInOJl-
KJIIO'ieHIDI. }J,mI Ha.ne)l(Horo 3anHpaHIDI T

HeHO YCJIOBHe Iq SIn' 369

a} in VT !!!.. L  }in VT iH L
+-- +

--

Uc t-O
 UH  UH

un VDo R VDo R
.

J1.I

PHC. 8.2. CxeMbl npHHYJ(l1TenbHoH KOMMYTaUHH THpHCTopa HanpjJ)J(eHHeM npeJI.BapHTenb-
HO 3apjJ)J(eHHoro KOH)J.eHcaTopa (a) H c nOMOU(LIO HCTO'lHHKa TOKa (6)
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TOKa i npH HeH3MeHHOM TOKe Harp)'3KH i
H npHBO,lU{T K TOMY, 'ITO Pa3-

e
..

3aMbIKa......cH no AHO,TJ:Y VDI 06paTHoro TOKa. npH 3TOM
HOCTb TOKOB 'e-'H "'.

,

TOK HarpY3KH i npO)J.OruKaeT 3aMbIKaTbCH no HenH OT HCTO'iHHKa nH1aHHH
H

L P VT2 npOTeKaHHe TOKa
'iepe3 KOH,lI.eHCaTOp CK, )J.pOCceJlb K

H THpHCTO .

no ,lU{0)J.y VD1 B npHMoM HanpaBneHHH 06ycnaBmIBaeT npHJIO>KeHHe K

VTI 06paTHoro HanpH>KeHHH, paBHoro npHMoMYrnaBHoMY THPHCTOpy
"

HanpH>KeHHIO )J.HO)J.R. Ha )J.aHHOM HHTepBaJIe '3' -'4 rnpHCTOpy npe)J.o-

CTaBIDUOTCH" ycnoBHH )J.J1H BbIKJUO'ieHHH. ECJlH HHTepBaJI '4' - ,3 'q' TO

, i B Kone6aTeJlbHOM KOH1)'peTHpHCTOp 3anHpaeTCH. B MOMeHT 4 TOK e
.

ECJIH HanpH>KeHHe Ha KOH,lI.eHCaTOpe Ue K MOMeH-
PaBeH TOKY HarpY3KH 'M'

TepBaJIe , , npOHCXO)J.HTTY' MeHbllle HanpH>KeHIUI HCTO'iHHKa, TO Ha HH 4 S

)J.on nHlITeJlbHbIH3apH)J. KOH)J.eHCaTOpa TOKOM i
H

. HanpH>KeHHe npH :ITOM

, TOK i B Kone6aTenbHOMH3MeHHeTCH nHHeHHO. Ha mnepBaJIe 's
-

6 c
_

KOHTVpe CHH>KaeTCH JI.O HYIDI, 06eCne'iHBaH )J.onOJIHHTeJlbHblH 3apM KOH-
o

_ . .
_

i 3aMblKaeTCH
)J.eHcaTopa. Ha 3TOM HHTepBane pa3HOCIHblH TOK 'H

-

'e
-

VDO

OJI. VD
"aJIee Ha HHTepBane HenpOBOMlI.terO COCTOHHHH mpHC-

'iepe3 .lI.H o. f-',

Topa VTI TOK HarpY3KH i
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,[(arree HanpH>KeHHe Ha Harp}'3Ke npO)J.omKaeT mmeHHO CHH>KaTbCH AO
nOJIHoro nepe3ap»,l.{a KOH,ll;eHcaTopa CK

OT HCTO'iHHKa Un 'iepe3 THpHCTOpVT2. B MOMeHT 'S TOK THpHCTOpa VT2 YMeHblllaeTCH AO HynH, H OH
3anHpaeTCH. TOK HarpY3KH 3aMbIKaeTCH no l..{enH .lI.HoAa VDo.

TUPHCTOPHblH KJIIO'I, 3anHpaeMblH HMnYJlLCOM 06paTHoro TOKa. CxeMa
KJIJO'ia C MHrKOH KOMM)'Tal..{HeH (PHC. 8.4) OTnH'iaeTCH OT cxeMbl mpHc-
TopHoro KJllO'ia (CM. pHC. 8.3) HaJIH'iHeM 06paTHoro .lI.Ho)J.a VDI, lllYHTH-
PYIOlI.tero rJIaBHblH rnpHcTOp B 06paTHoM HanpaBneHHH.B MOMeHT '1' rmlBHblH rnpHCTop VTI BKJIJO'iaeTcH. KOMM)'THPYlOIltHH
KOH,ll;eHcaTOp CK K 3TOMY MOMeH1)' 3apH>KeH AO HanpH>KeHHH Uco YKa3aH-
HOH nomrpHOCTH. HanpH>KeHHe HCTO'iHHKa npHKJlMblBaeTCH K HarpY3Ke.
KOH,ll;eHCaTOp CK nepe3apH>KaeTCH Ha 06paTHYIO nonHpHOCTb TOKOM ic no
l..{enH rJIaBHoro THpHCTopa VTI, KOMM)'THpYIOlI.terO .npoccemr LK

H )J.Ho.na
VD2. B MOMeHT '3 .rour BblKJllO'ieHHH rnaBHoro THpHCTopa VTI BKJIJO'ia-
eTCH BcnOMoraTenbHblH mpHCTOp VT2. B l..{enH CK

-L
K-VT2-VTl-CKB03HHKaeT Kone6aTenbHblH npol..{ecc nepe3apx,na KOH.neHcaTopa. TOK ie B

THpHcTope VTI HanpmmeH BCTpel:IHO TOKY Harp)'3KH B 06paTHoM HanpaB-
JIeHHH THpHCTopa. Kor.na MrHOBeHHOe 3Ha'ieHHe TOKa ie pRImo MrHOBeH-
HOMY TOKY HarpY3KH, TO THpHCTOp 06eCTO'ieH. ,qaJIbHeHlllee YBeJllf'ieHHe
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PHC. 8.4. CxeMa npHHYAHTeflbHOH KOMMYTa-

UHH " THpHCTOpHoro KJDO'Ia c nOMOU(b1O

HCTO'lHHKa TOKa H BpeMeHH leAHall,aMMbI
ee pa60Tbl



II'III
I
I
I

CpaBHeHue CXeM KOMMY111I\UU HanpH)KeHUeM U TOKOM B mpUCTOpHLIX

KJIIO'Iax. lb paCCMOTpeHlliI ,lI,BYX KJIaCCOB THpHCTOpHblX KJIID'IeR CJIe.llYeT,
'ITO B CXeMOTeXHHKe HX KOMM}'TaI.{HOHHbIX YCTpORCTB HMelOTCSI 3aMeTHbie

p33JIH'IHSI.
B CXeMaX C KOMMY1'al.{HeH OT HCTO'iHHKa HanpSl)l(eHHSI BpeMH BblKJIIO-

'IeHHSI THpHC1'Opa MeHbwe, 'IeM B cxeMe C KOMMY1'al.{HeH OT HCTO'lHHKa

TOKa. 31'0 06YCJIOBJIeHO 60JIee BblCOKHM 06paTHbiM HanpH)I(eHHeM npH

3anHpaHHH H, CJIe)]:OBaTeJIbHO, 66JIblllHM 06paTHbiM HanpSl)l(eHHeM H YC-

KopeHHeM paccaCblBaHHH HaKOruIeHHOro 3ap5UI:a B CTpYKTYpe rnpHC1'opa.
KpoMe Toro, B cxeMax C KOMMY1'al.{HeH OT HC1'O'lHHKa TOKa CKOpOCTh

npHJIO)l(eHWI npJlMOrO HanpSl)l(eHlliI K THPHCTOpy 3Ha'lHTeJIbHO Bblwe, 'ITO

npHBO.D:HT K YBeJIH'IeHHIO BpeMeHH BblKJIIO'IeHHJI.

B cxeMax C KOMMY1'al.{HeH OT HCTO'lHHKOB HanpH)f(eHHJI .D:Hana30H pc-

I)'llHpOBaHlliI HanpH)I(eHHH HarpY3KH MeHbwe. 31'0 06'LHCHJleTCH "BCnJleC-

KaMH" HanpJl)f(eHHJI Ha HarpY3Ke, B03HHKalOIltHMH npH KOMMY1'aI.{HH. npH
MaIlblX K034>4>HI.{HeHTaX 3anOJIHeHHSI TOKa HarpY3KH 3TH BCIIJIeCKH He no-

3BOIDIIOT CHU3uTh HanpH>KeHUe MeHbwe onpe)]:eJIeHHOrO ypOBIDI. ));UO)]:,
WYHTHPYIOIltUR HarpY3KY, B )]:aHHOR cxeMe )]:OJI)f(eH Bbl6HpaTbCH Ha ,lI,BOR-
Hoe HanpIDKeHue nUTaHUJI.

npH MJlrKOR (TOKOBOR) KOMM}'TaI.{UU BCTpe'lHO-napaJIJIeJIbHO TUpHCTO-

PY BKJIlO'IaeTCH 06parnbiR .D:HO.D:, KOTOpblH n03BO.IDIeT OT)]:aBaTb MOIltHOCTh

HarpY3KH B HCTO'lHHK 3JIeKTponHTaHHJI. 31'0 Ba)I(HO B Tex CJIY'IaslX, Kor.n:a

HarpY3KOH JlBIDIeTCH ,lI,BHraTeJIb nOCTOHHHoro TOKa, KOTOpblR MO)l(eT nepe-
X0.D:HTh B reHepaTopHblH pe)l(lfM, HanpHMep B cxeMax TJlrOBOrO 3JIeKTpO-
npHBo)]:a 3JIeKTponO,lI,BH)f(HOrO COCTaBa C 3JIeKTpH'IeCKHM TOpMO)!(eHHeM.

B cxeMax C TOKOBOH KOMM}'TaI.{HeR npH paBHOH HarpY3Ke MO:>KHO

060RTHCb KOH)].eHCaTopOM MeHbweR eMKOCTH 6JIaro)]:apJl ero )]:onOJIHH-

TeJlbHOMY 3apJl.llY 3HeprHeR )]:pocce.IDI. O)]:HaKO npH 3TOM He06xo.D:HMO
Y'IHTblBaTb 34>4>eKT HaKOnJIeHHJI 3HeprHH OT TaKTa K TaKTy H B03MO)l(HbiR

nOCJIe.n:yIOIltHR CpblB pa60TbI. J103TOMY 3HeprHIO )]:onOJIHHTeJIbHoro 3apH-

)]:a 'Iallte Bcero npeJI.IIO'lHTaIOT pacceHBaTb B HarpY3Ke, BKJIlO'IaSi )]:onOJI-

HHTeJIbHble Y3JIbl.

8.3. PACI.JET nAPAMETPOB KOMMYTMPYlOlLIErO KOHTYPA

AHaJIU3 npOl\eccoB KOMMYTal\UU B CXeMe c npHJIO)KeHUeM o6pamoro
HanpH)KeHUH (PHC. 8.5, CM. puc. 8.3). Ha UH'I'epBaIle to-tl KOH)].eHCaTOp CK,

3apR)I(eHHbiR npe,lI,BapHTeJIbHO OT UCTO'IHHKa )]:0 HanpJl)l(eHUJI Un' nepe3a-

pH)I(aeTCR 'IepeJ KaTywKY HH)].YKTHBHOCTU LK (CM. pHC. 8.5, a). npHHUMasI
aKTHBHoe ConpOTHBJIeHHe RJ( KOMM}'TupYIOlltero KOHTypa paBHblM HYmo,
3anHweM ypaBHeHHe paBHoBeclliI uenu:

1
f

.

d L
die

0
CK

Ie t+
Kdt-

. (8.2)
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lla'laJThHble YCJIOBHJI. ie = 0, Ue
= - Un' PeweHHe ypaBHeHUSI (8.2) HMeeT

CIIeI{)'IOIltHR BH,D::

U

I
. .....2!sinm t.
e Z 0 '

(8.3)

U .-U cosm
ot,e n

(8.4)

mewo .--1-; Z- vLK/CK .

.,rr;;c;

npH <00 t = Jt .D:HO.l1. VD CMell.{aeTCH B 06paTHOM HanpaBJIeHHH, U KOJIe-

6aTeJIbHblH npOl.{eCC npeKpalltaeTCSI.

3aTeM npHHHMaeM 3a HYJIeBOR MOMeHT BpeMeHH t = t3, Kor)]:a BKJIlO'Ia-

eTCH BCnOMOraTeJIbHblH rnpUCTOp VT2 (CM. pHC. 8.5, 6). KOH)J.eHcaTOp CK

Ha UHTepBaIle t2-t3 pa3pJl.)f(aeTCH HeH3MeHHbiM no CBoeMY 3HaQeHHIO

TOKOM HarpY3Ku IH' n03TOMY

t
tic. Un-IH CK

'
(8.5)

HanpIDKeHHe Ha HarpY3Ke

t
u .2U -I -

c
.

H n H
K

(8.6)

Kor)]:a HanpR)f(eHHe Ha KOHJJ:eHcaTope CHH)I(aeTCH )]:0 HY.IDI (ue
= 0),

npol.{ecc BbIKJIlO'IeHHJI rnaBHoro THpHCTopa VTl 3aBepwaeTCR. lb ypaB-

HeHUSI (8.5) CJIe.n.yeT
,-

tq:$ Un CK/IH (8.7)

KOMMYTaI.{HOHHblR npOlJ:ecc 3aBepwaeTCH, Kor)]:a Ue
= -Un' Ii3 ypaBHe-

HUJI (8.5) npH Ue
= - Un MO)f(eT 6blTb nOJIY'IeHO Bblpa)l(eHHe

tc = 2Un CKIIH, (8.8)

r1I.e tc - BpeMJI, "npe)(OCTaBJIReMOC" THPHCTOPY Jl1lR KOMMYTal\HH.

5) VT1

T +[,3Z
J....

PH

l. l.

PH

PRC. 8.5. 3KBHBaneHTHble cxeMbI rnpHCTopHoro KJllQ'Ia (CM. pRC.  3)Jl1lR aHaJIR3a KOMMY-

TaUHOHHOl"O npouecca B MOMeHT I = II (a) H B MOMeHT I - 13 (6)
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TOK  e3: : 1   :  0npOnOpl.{ROHaJIbHO TOKY HarpY3KR H npH MaJIblX

PaC'leT Tpe6yeMLIX 3Ha'leHHH L H C

06pamoro HanpH eHHH.113 BbIpaJKe IDl(8 7 :e  MLI
C npUJIO eHHeM

.

I
Cx O!: IHmax it ' (8.9)

r}J,e IHmax - MaKCHMaJIbHOe 3HaqeHHe TOKa HarpY3KH.

PH:; ;  -Pi3JJ:onYCTHMoro 3Ha'ieHHJl CYMMapHoro aHOJJ:HOrO TOKa TR-

HHJI.)'KTHBHOCT:aL
HHTepB

6

aJIe 11-12' 3anRweM YCJlOBHe ,lVU[ onpeJJ:eneHHJJ

x
Kone aTeJlbHOrO KOHTypa:

IT"" 1
2
-

II"" n vr;c; . (8.10)

rAe 'T- MHHHMaJIbHOe BpeMR oTKpbITOrO COCTORH

H3 MaKCHMaJIbHOH CKBa)J(HOCTH pery

HR mpHCTOpa VTI, onpe}J,eJIReMOe HCX01I.R

qeHHH CKOpOCTH HapaCTaHHSI H aMnJIJ1 OBaHHRHanpR)J(eHHSI HarpY3KH H .nonYCTHMblX 3Ha-

'JAbI npRMoro TOKa mpHCTopa VT/.

TOK KOHJ].eHCaTOpa JJ:OCTRraeT aMnnRTYJJ:HOrO 3Ha'ieHU<' np
"

W
o I = n12:

un ."

Icmax. Un/oJLxiCK . (8.11)

OrclOJJ:a

L - U
2
C IP

x n J( cmax. (8.12)

TOK HaJIH3 npo..eccoB KOMMYTa"HH B cxeMe C HMnYJlLCOM 06pamoro

H
(PRC. 8.6. CM. pHC. 8.4). ,[{o MOMeHTa II TIlpHCTOp VTl 3aKpbIT

:>K: RHTepBaJIe 11-12 npOHCXOJJ.RT nepe3apM npe}I.BapHTenbHO 3apJJ 
HHoro KOHJ].eHcaTopa C

x
Ha npOTRBOnOnO:>KH noJUI

l.{enH O pblBwe['OCJJ TRpRCTopa VTl 'iepe3 J1.Ho;:OVD2 HP  C:; T: 
PYIOLQRU JJ:pOCCellb Lx' B H.D;eaJIbHOM KOMMYTupYlOllleM KOH e

Y

HeHHe paBH08eCRSI aHaJIOrR'iHO ypaBHeHHIO (8 2) n
Typ ypaB-

YCJlOBHJJ i = 0 U
_ U

. . pHHHMaJI Ha'iaJIbHble

c . c
-

co. 3anRweM peweHRe ypaBHeHRH:

U
. co.

'c.Zsmwo ' ; (8.13)

II --U casw I'
c co 0' (8.14)

rJJ:e wo.INLx Cx ; Z- vLx/Cx ' (8.15)

npR W
o t "'"1C ,lUioJJ: VD2 CMeLQaeTCH B 06parnoM HanpaBneHRH. H KO-

ne6aTe bHbmnpOL{eCC npepblBaeTCJJ. Qepe3 THpRCTOp Ha HHTepBaJIe t -t

np  e aeT  MMa HbmTOK u;enR HarpY3KH i
H
R KOMMYTRpYIOLQerO KdHTy

pa 'c' 'Vl1
-

'H + 'c'
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L

PH

I..

Rfl

PHC. 8.6. 3KBHsaneHTHbie cxeMbI 11tpHCTOpHoro KJIIO'Ia (CM. pHC. 8.4) Jl1lR aHaJlH3a KOMMY-

TauHOHHoro npOllecca B MOMeHT , = '1 (a) H B MOMellT , = '3 (6)

Ha HHTepBaJIe t2-13 TRpHCTOp
VTl OCTaeTCJJ B OTKpblTOM COCTOHHRR,

U HanpH:>KeIlHe RCTO'iHHKa Un npRJlOJKeHO K HarpyJKe. B MOMeHT 13 OT-

KpblBaeTCH KOMMYTHPYIOIl{RU THpRCTOp VT2 (CM. pRC. 8.6, 6). B KOHType

KOMMYTal.{RR BOCCTaHaBnRBaeTCH npepBaHHblu Kone6aTeJIbHblU nepe3apM

Kou.u.eHcaTopa C
x
Ha RCXO,lI,HyIO nOJUlpHoCTb. npR 3TOM Ha RHTepB<UIe

13-13

'
TOK B KOHType KOMMyral.{HR ic B rnpRCTope

VTl HanpaBJleH BCTpe'i-

HO TOKY iH H "BbITeClUIeT" ero nonHOCTblO B MOMeHT 13', KorJJ:a TOK ic

HapaCTaeT JJ:O 3Ha'ieHRJI i
H

. .LI:aJIbHeUWee YBeJlli'ieHRe TOKa ic npRBO,!J.HT K

CMeLQeHHIO ,!J.HOAa VDl B npHMOM HanpaBneHRR R CMell{eHHIO TRpRCTopa

VTl B 06paTHOM HanpaBneHHR. B MOMeHT 14 TOK ic CHHJKaeTCJl JJ:O 3Ha'ie-

HIDI TOKa HarpY3KR R. ecnR HanpH:>KeHRe Ha Kou.u.eHcaTope U
c
< Un' TO

npORCXOJJ.RT nUHeUHblU ./J.ononHRTeJIbHblU 3apH./J. KOH.D;eHCaTopa
C
X
TOKOM

iH Ha HHTepBane 14-IS' Ha HHTepBaJIe 1,-16 TOK KOHTypa KOMMYTaURR

CHHJKaeTCH JJ:O HYJUl. npR 3TOM ,!J.HO./J. VDo CMeU{aeTCH B npHMOM HanpaB-

neHHH H npOBOJUIT TOK iVDO
= iH

- i
c' a 3HeprRH, 3anaceHHaJI B ./J.poccene

Lx. nepeAaeTCH KOHAeHcaTopy. Hero HanpHJKeHHe nOBblWaeTCH JJ:O 3Ha'ie-

HIDI Uco'
Ha HHTepBaJIe 13-14, paBHOM BpeMeHR In. "npeJJ:OCTaBJUleMOM" ,lVU[

BbIKJIlO'ieHIDl TRpHCTopa VTl. THp'HCTOp VTl ./J.OIDKeH BOCCTaHaBJIRBaTb

CBOR 6nOKRpyIOLQRe CBOUCTBa. K HeMY B npHMOM HanpaBJleHRR B MOMeHT

t6 npRKJIMbIBaeTCH HanpHJKeHHe Uco'
PaC'IeT Tpe6yeMblX 3Ha'ieHH" LI( H CI( AJIH cxeMbi C HMnYJlLCOM 06paT-

HorO TOKa. I1 TRBHOCTbR eMKOCTb KOMMYTHPYIOLQerO KOHTypa COOT-

BeTCTBeHHO [CM. BbIpaJKeHRe (8.15)]:

L
K

- Zlwo ; (8.16)

C
x
-1Iwo Z.

(8.17)

B 3THX ypaBHeHIDlx <00
H Z HeR3BeCTHbi H MorYT 6blTb onpeJJ:eneHbl no

JJ:onOnHHTeJIbHbIM ycnoBRHM. 375



 HC.8.7. B03Mo)J(HLle HMnYJILCbI o6paTHoro
10Ka Jl1lR KOMMYTaUHH THpHCTOpa npH TOKe

HarpPKH IHmax H BpeMeHH BbIKJDO'leHHJJ CH-
nOBoro THpHCTopa Iq

t

ClfHYCOH)I.aJIbHbIU HMnYJIbC TOKa MHTeJIbHOCTblO 1t/<0 )I.OmKeH Y)I.OB

=:  :H JI: ==:H  J1 :: : ::eJlbHOCTb
ere )I.OJI;Ha 6bITh 60JIb 

)I.oJI)KHa 6bITb 60JIbIlle MaKCHMaJIb

pHCTopa t
q; aMnJIHT)')I.a TOKa Imax

["max (pHC. 8.7).
Horo KOMMyrHpyeMoro TOKa Harp}'3KH

YKa3aHHble Tpe60BaHHSI MorYT 6blTb BbInOJlHeHbl n

HHSK 3Ha'leHHH <0 H I K

pH pa3HbIK cO':ltITa-

o MK' pHTepHeM AJDI BbI60pa OnTHMaJIbHOl'O BapHaH-

Ta BBJlJleTCS MHHHMYM 3HeprHH n
-

KOMMyrHPYIO YIOu:eIIb. npou:e c:e)I.aBaeMOH
OT HCTO'lHHKa nHTaHHS B

Ha 3Tane 3apB)I.a KOH)I.eHCaTopa

pe)I.a'lH 3HeprHH B KOHTYP npOTeKaeT

YpaBHeHHeM (8 13)
· KOr)I.a H3MeHeHHe TOKa onpe)I.eJlJleTCSI

. H<Oo t<1t:

.

1
.

'I(
-

MK

Sin W
o

I , (8.18)

r}J,e lKlf. = Uro/Z.

B COOTBeTCTBHH C pHC. 8.7 3aflHIlleM

Iq
- [n - 2arcsin (l II )]/w"max MK 0

.

3Heprllil. nepe)I.aBaeMaH B KOMMyrHPYIO YIOu:enb,

nlwo nlwo

w- Un f il(dt- Un f i sinw
o
tdt-2U I Iw

MK n MK O'

o 0

(8.19)

(8.20)

nO)I.CTaBHB 3Ha'leHHe IMK H3 BbIpa)l(eHHS (8.19), nOJlY'IHM

w_

2Un [Hmax tq

l) (n - 2 arcsin l)
, (8.21)

I")J.e 6-/Hmax/I..,,< 1.
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 :)Hep[,HR,He06xo,nHMaR WIR KOMMyraUHH. UJ"maxtq' Pa'3,n:eIlHB ::mep.

nuo W H3 BbIpa)l(eHHR (8.21) Ha BeJIH<IHHY Tpe6yeMou 3HepmH, nonyqHM

01'HOCHTeJIbHyro BeJIH'IHHY

2
X-

.

l) (n
-- 2 arcsin l)

(8.22)

3aBHCHMOCTb (8.22) HMeeT MHHHMYM. onpe)J.emleMbIu coornomemleM

6
6..cos -.

..J
1 _ 6

2

(8.23)

PeIlleHHe ,lI,aHHOro 'l'paHcu:eHJteHTHOrO ypaBHeHWI

6 - 0,652 (8.24)

IUlli IMK
= 1,533IHmax'

nO,lI,CTaBHB 3Ha<IeHHe [) B ypaBHeHHe (8.19), nOJIYQHM

(8.2 )
0)0

- 2,72lt
q

.

113 ypaBHeHHSI (8.B) Haii]:leM MaKCHMaJIbHOe 3HaQeHHe TOKa LKCK-KOH-

TYpa:

Uco

IMK - Z'
(8.26)

nO,lI,CTaBHB B ypaBHeHHe (8.16) 3Ha'leHHR <00
H3 Bblpa)l(eHWI (8.25) HZ

H3 cl>OPMYJIbl (8.26). nOJlY<IHM onTHMaJIbHoe 3HaQeHHe HH)I.}'KmBHoCTH

KOMMYTHPYIO eroKOHTyPa npH MaKCHMaJ1bHOM TOKe HarpY3KH

L _

UCO
/(2 72/1 ) .. 0 37

Uco tq
K

ltAX
' q , [tAX'

(8.27)

TaKHM 06pa30M. npH 3a)J.aHHb1X 3HaQeHIDIX t
q, Ud) H ItAX MO)KHO onpe-

,lI,eJIHTh 3Ha'leHHSI LK H CK )I.JUI onTHMaJIbHOrO no KpHTepHlO MHHHMYMa

3HeprHH KOMMyrHPYIO eroKOHTYpa.

npHBe)I.eM npHMepbl pac'IeTa napaMeTpOB KOH'rypa KOMM}'TaIJ:HH.

npHMep 8.1. 311,!1,11Ha cxeMa KJIIO'Ia, 3anHpaeMoro npHJlo)J(eHHeM 06paTHoro HanpJi)J(eHHSI,

(CM. pHC. 8.3). H:cX01I.Hble )IaHHble: '1aCTon nepeKJIlO'IeHHH F = 400 n,J:, Un = 500 B, R" =

=5 OM, BpeMII BblKJIlO'IeHHR npHHRToro THna nlpHCTopa npH 3a}J.aHHbIX ycnOBHRX BbIKnlO'Ie-

HHII Iq
= 50 MKC, MaKCHMaJIbHO 1I.OnYCTHMoe 3Ha'leHHe TOKa THpHCTopa npH 3MRl!HOH

'1aCTOTe ITSM = 400 A.

ComaCHo Bblpa)J(eHHlO (8.9) HMeeM:

tq 500 50, to -5

CK .. IHmax
Un

-

5 500
- 10 <l> = 10 Mx<l>.
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,lVui 3a,a:aHHOrO TOKa mpHCTOpa ITSM = 400 A 1I.ouYC1"HMali aMIlffiIT}'1I.a TOKa J<OJIe6a-
. TeJIbHoro 3apSI,IJ.a lWHAeHcRTopa

500
Icmax -ITSM -Imnax - 400

-T
- 300A .

):{anee, Hcnonb3YR Bblpa)J(eHHe (8.12), nonY'IHM 3Ha'leHHe HHA)'KTHBHOCTH KOMMYTHPYIO
lItero peaKTopa

LK
_ U; CK _ 500

2
.

 o-s.. 2,77' lO-s fH = 27,7 MKrH.
Iemax 300

npHMep 8.2. 3a,a:aHa cxeMa KJIIO'Ia, 3anHpaeMor'0 06paTHbiM TOKOM (CM. pHC. 8.4). H:c.
XOAHble 1I.aHHble 3HanOrH'IHbI npHBe eHHbiMB npHMepe 8.1.

):{nR onTHManbHOI'O KOHTYpa KOMMYTauHH 6e3 Y'ieTa H8KonneHHR 3HeprHH B KOMeHca.

Tope comaCHO BbIpa)J(eHHIO (8.27) npH IMK = lemax = 300 A HMeeM:

4. - 0,37   Ktq- 0,37
500 .

;:1c;
10 

.. 30 MKrH.

EMKOCTb J<OMMYTHpYlOutero KOMeHcaTopa onpe.n.eJIHM, Hcnonb3YR Bblpa)J(eHHR (8.25),
(8.26) H (8.17):

272 3
0>0

- 2,72ltq - ' - 54,4. 10 lie;
50.10

UcO 500
Z--..--166 OM'

INK 300' ,

1 1
CK---

3
-II MKtI>.

O>oZ 54,4.10 '1,66

8,4. CXEMbl  MnYl1bCHbIXnPE06PA30BATEI1EA

KnacCHt!mKaU,HH cxeM. CyllteCTBYeT MHO)l(eCTBO cxeM HMnYJIbCHblX npe-

06p3.30BaTeneu nOCTOHHHoro TOKa. 31'0 MHOro06p3.3He, rJIaBHblM 06pa-
30M, CBH3aHO C HCnOJlb30BaHHeM p3.3llH':lHblX CxeMHblX cnoc060B npHHY-
AHTeJlbHOrO KOH,lJ.eHcaTopHoro BblKJllO'leHHH OAHoonepaQHOHHblX TIlpHC-
TOpOB, COCTaBJlKIOlltHX OCHOBY nOllynpOBOAHHKOBoro KJIIO'la.

CxeMbl KJIaccHllmlJ;HPYIOTCH no CJIe.nyrolltHM npH3HaKaM: cnoc06y 3a-

nHpaHHH rnpHCTopoB (06paTHb1M HanpH)I(eHHeM, 06paTHblM TOKOM), BH,l()'
KOMMYl'aQHH (O,WIocryneH'laTaH, JI,ByxcryneH'laTaH), cxeMe BKJIIO'leHHH

KOMM}'1'HpYIOIl(eU 3 C(napaJIJleJlbHaH, nOClle.n.oBaTeJlbHaH), CTpYKTYpe
Qeneii 3apH,l.J,a H p3.3pJl,l.J,a KOMMympYIOlltero KOH,lJ.eHcaTopa (3aBHCHMaH,
He3aBHCHMaH).
378

0) VS LH

.

2) LIC VS LH

 ...
.

5) vs LH

:n 1:.8
'

 )LI( VS LH

  B
'

PHC. 8.8. CxeMbI HMnYJIbCHblX npe06pa30BaT eHnOCTORH-
Horo TOKa C OAHOC1)'neH'IaTOH KOMMYTaUHeH KOHTypOM,

napanneJlbHblM THPHCTOPY (a), HarppKe (6) H BKJIIO'ieHHeM

LK napanneJlbHo THpHCTOpy (6, z)

CxeMbl c O.ll.HOCTyneH1J3TOH KOMMYT3U,HeH. B npoCTeiilllHX CXeMaX C

-
-

anHpaHIDI rnpHCTOpOB HCnOJIb3Y-
OAHocryneH'laTOH KOMMYTal(HeH AJUI 3

IOTCH nOC'IOSIHHO BKmoqeHHble KOlle6aTeJlbHbie QenH (pHC. 8.8).
6VT L C KOHTYpe B03HHKaeT KOJIe a-

rIpH BKmo'leHHH THpHCTopa
B

K K-
"

TeJlbHblU npoQecc. Qepe3 HeKOTopoe BpeMH TOK B rnpHCTope BblTeCHHeT-

CSI" BCTpe'lHbIM TOKOM KOlle6aTeJIbHOrO KOHTYpa H craHoBHTCH paBHblM

0)

+

Un
VTZ

VoZ

0)

+

Un

 )
LH

LH
vn

+
CIC

LI( VOZ

VD RH Un VTZ
V.oI RH

z)
vn LH

LH
+

Un
RH

il) e)
LH

LH
VTJ

+
+

VDZ

vo RH Un
VDf RH

Un

PHC 8 9 Ea30Bble cxeMbl mpHCTopHblX HMnY][bCHblX npeo6pa30BaTeJIeH C KOMMYTaUHeH
. ..

. ( 0) H npHlIO)J(eHHeM 06pBTHOl'0 HanpR)J(eHHR (6, z, e)

HMnynbcoM 06paTHoi0 1'OKa a, 6,

379



HYmo. TRpRCTOp 3anRpaeTCH 06paTHbIM HanpR)[(eHHeM OT KOMMYTRP}1O-
ll{ero KOu.u.eHCaTOpa. )J;rur H3MeHeHRJI. Cpe.lI.HerO 3HaqeHHH HanpSUKeHIUI: Ha

HaI"pY3Ke B 3THX CXeMaX MO)[(eT 6bITb npHMeHeH mUlIb qaCTOTHO-HMnYJIbC-
HblH cnoc06, '11'0 3aMeTHO OrpaHR'iRBaeT perYJlHpOBOqHble cBoiic'rna H

3Hepreni'IeCKRe nOK33aTeJlli npe06pa30BaTerur. n03TOMY B nOJJ:aBIDUOI.q M

60JlbllIHHCTBe CJIyqaeB B COBpeMeHHbIX THpRCTOpHbIX HMnYJIbCHbIX npe06-
p330BaTerurx HCnOJIb3}'IOTCSI cxeMbI C Jl.ByxcryneHqaTOH KOMMyral.{ReH.

CxeMbl C  ByxcryneH'IaTOHKOMMyraU,HeH (PHC. 8.9). B TaKHX cxeMax

KOMMYTHpYlOIl.{Re l.{enH npRCOe,lI,lfWllOTCH K l.{enH ClliIOBoro (maBHOl'-)
TRpRCTopa C nOMOl.\.{blO BcnOMOraTeJIbHbIX (KOMMyrHp}'IOIl.{RX) THPRCT'-
pOB B onpeJJ:eJleHHble MOMeHTbl BpeMeHH, H TOK rJIaBHOrO THpRCTopa H<t.

KOpOTI<RH HHTepBaJI BpeMeHR npOXO,lUIT qepe3 KOMMyrHp}'IOIl.{HH THpW-
TOp. npH 3TOM 3anHpaHHe rJIaBHOrO THpRCTopa MO)[(eT OCYl.\.{eCTBJlHTbOi

06paTHbiM HanpH)f(eHReM ()[(eCTKaH KOMMYTal.{HH) HJIH HMnYJIbCOM 06paT-
Horo TOKa (MHrKajl. KOMMYTal.{RH).

8.5. 3I1EKTPOMArH THbIEnpOLtECCbl np  MnYl1bCHOMPErYl1 POBAHMI

TOKH H HanpH3\eHHH HMnYJlbCHOrO npeo6p330BaTeJlH. qacToTa nep..:-
KJIIOqeHRH maBHoro THpRCTopa, BbIKJllOqaeMOrO no l.{enH ynpaBJleHDI

(3anHpaeMble THpRCTOpbl, GTO) HJIH nocpeJJ:CTBOM KOMMympYIOll{di
l enH(O.lI.HOOnepal.{HOHHbIe rnpHCTopbl), onpeJJ:erureT qaCTOT)' nYJIbCal.{RH
3JIeKTpHqeCKRX BeJlliqHH /po I1MnYJIbCHblH npe06pa30BaTeJIb, KaK npaBl1-

JIO, RCnOJIb3YeTCH B KaqeCTBe HMnyJIbCHOrO perYJUlTOpa (HP) nOCTOHHHO-

1'0 TOKa (PRC. 8.10).
qepe3 HCTOqHRK nOCTOHHHoro HanpR)[(eHHH UI npOXO,lUIT TOK Ha

HHTepBaJIaX to-t[. Ha OCTaJIbHOM RHTepBaJIe nepROJJ:a nOBTopHeMocm
T TOK HarpY3KH ;2 3aMblKaeTCH no l.{enR mYHTHp}'IOl.\.{erO ,lI,lfoJJ:a VDl.

BCJIeJJ:CTBHe BKJIIOqeHHR THpRCTopHoro BbIKJllOqaTerur B MOMeHT to H

BblKmoqeHIUI: B MOMeHT t l Ha CTOpOHe Harpy3KH cl>OpMHp}'IOTCH HM-

nYJIbCbl HanpR)[(eHHH U2 JJ:]IRTeJIbHOCTbIO tH" CpeJJ:Hee 3HaqeHRe HanpH-
)f(eHHH Ha HarpY3Ke

T

1

f
tH

UH -
T

u2dt -
T

UI - k3 Ul .

o

(8.28)

ITpH HJJ;eaJIbHOM cmIDKHBaHHR TOKa HarpY3KH cpeJJ:Hee 3HaqeHRe TOKa

RCTOqHHKa

T
1

f
tH

II -- 11dt --12 -k3/z'
T T

o

(8.29)
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Horo TOKa H BpeMeHHt:le AHarpaMMbl
PRC. 8.10. CxeMa HMnYJIbCHOrO perYJIRTOpa

nOCTORH

HanpR)J(ellHH H TOKOB

6 e)l(eHRR nOTepHMR B l.{enSIX HP cnpa-
C yqeTOM JJ:onYlI eHHjI.0 npeHe p

R- Ha CTopOHe HCTOqHHKa H Ha

Be,lI.JlHBO COOTHomeHHe paBeHCTBa 3Hepr H

CTopoHe HarpY3KH:
T T

1.fUli\dt - Iu2i2dt .

To 0

_ U
.

= I Bblpa)f(eHRe (8.30) nepenRllleM B APyroM
npRHRMaH U\

-

I
R '2 2'

BH,II,e:

(8.30)

T T

UI h
I dTIildt-= T
U2 t,

o 0

(8.31)

HJIH C yqeTOM Bblpa)l(eHRH (8.28) R (8.29)

UllI = UHh (8.32)
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8

CooTHomeHHSI (8.28) - (8.32) CnpaBe)I.JIHBbl npH OTCyrCTBHH peaKTo a

B   nH
HCTO'iHHKa nHTaHH5I. B peaJIbHblX cxeMax 3neMeHT HH)J.)'KTHBHO 

JIbmHHCTBe cnY'iaeB 06S13aTeJIbHO

HH5I nynbCa[{H 
npe cMaTpHBaeTCSI,lUUICrJla>KHBa-

o

H TOKa HCTO'iHHKa DHTaHHSI. B 3TOM cJlY'iae Ha BXO,ll,e HP

,lI,

 eH
6blTb BKJIIO'ieH KOH)J.eHcaTop 3Ha'iHTeJlbHOH eMKOCTH

e>KHM B03BpaTa 3Hepmu B UCTO'lHHK. PacCMOTpHM CX M eK n

pa[{HH 3HeprHH OT 3neKIpH'IeCKOrO }],Bur T

Y P Y e-

nepeBe,ll,eHHoro

a eJUI nOCTOSlHHoro TOKa,

3neKTpono

B pe>KHM reHepaTopa (3neKTpH'ieCKOe TOpMO>KeHHe ,lUUI

CeTb) (PHc ;7D rocOCTaBa),
B HCTO'iHHK nHTaHH5I (8 KOHTaKTHYW

B pe:>KHMe B03BpaTa 3HeprHH B CeTb HMnynbcHblH peryJUlTOp no,ll,KJIlO-
qaeTC5I napaJIJIeJIbHO uenH Harp B

VTI
.

)'3KH. MOMeHT t = to rnaBHblH THpHCTOp
BKJIIO'iaeTC5I, H TOK '2 B [{enH Harp}'3KH B03paCTaeT n H 3TOM

CeJlb LH 3anaCaeT 3HeprHIO B MarHHTHOM none. nocne'Bb 'ieHH P C-
pHCTopa VTI 8 MOMeHT t = t

.

H-

VDI
1 TOK HarpY3KH '2 3aMbIKaeTCSI 'iepe3 }],HO,ll,

' BKmo'ieHHbIH B ,lI,aHHOM pe>KHMe nOCJle.n.OBaTeJIbHO B uenb nHTaIO-

LUeH ceTH BCTpe'iHO HanpSl>KeHHIO UI nHTaIOll.{eH ceTH. 3HeprIDl B03B a a-

eTC5I OT HarpY3KH B HCTO'iHHK nHTaHH5I. Pa3HOCTh Hanp5l>KeHHH Ha Y%H

r T
I I
I I

1 I
1_'\ .1.

\;:, T
I I
I I
I I
...._-- 

Uz Uz

It VDt
+- LH

-

i:

If 1_.I",

o t

i

o
t

PRC. 8.11. CxeMa HMnymcHoro perYJIRTopa H BpeMeHH61e 1I.HarpaMMbl HanpR)J(eHHJI H TOKa

npH B03BpaTe JHepl"HH B CeTb nOCTOJiHHOrO TOKa

382

(;nmraTeJIb) H HCTO'iHHKa (CeTb) BocnpHHHMaeTCSI HH,lI,YKTHBHOCTbIO LH
.

nOBTopHoe BKmoqeHHe VTI conpOBO)l(}],aeTCH nepeKJUO'ieimeM TOKa i2 B

Llenb HP, a HanpSl>KeHHe HCTO'iHHKa (CeTH) UI npHKJIa,lI,blBaeTCSI B 06paT-

HOM HanpaBJleHHH K ,wm}],)' VD1.

B 3TOM pe>KHMe HanpSl>KeHHe u2' KaK H B pe>KHMe nOTpe6neHHH 3Hep-

nm, HMeeT HMnYJIbCHblH xapaKTep. TOK CeTll lIMeeT BM HMnYJIbCOB )I.JIH-

TeJIbHOCTbIO T-t
H, aHaJIOrHqHblH pe>KHMY nOTpe6neHHH 3HeprHH. COOT-

HomeHIDl (8.28}-(8.32) CnpaBe}],.JIHBbl H JI.lliI pe>KHMa B03BpaTa 3HepmH.

MuorOKBMpaHTHLIH pe>KHM HMDYJlLCHOrO npe06pa30BaTeJUI. PaccMoT-

peHHble Bblwe cxeMbl BKffiO'ieHIDl HP COOTBeTCTBywT TonbKO o,lI,HOKBa-

.n.paHTHOMY pe>KHMY npe06pa30BaHHSI 3Hepnm, TaK KaK nOJUlpHOCTb Ha-

npsDKeHHSI u2 H HanpaBneHHe TOKa i2 uenH Harp}'3KH )I.JIH Ka)l(}],OH H3 cxeM

HeH3MeHHbl.

PaccMOTpHM B03MO>KHOCTb peaJI1I3aLlHH B cxeMax C HP MHoroKBa-

ApaHTHblX pe>KHMOB npe06pa30BaHHH 3HeprHH B uenRx nOCToHHHoro TOKa

(PHC. 8.12).
B cxeMax. (pHC. 8.12, a, 6) nOKa3aHbi HanpaBneHHH nOTOKOB 3HeprllH

P. B03MO:>KHble 06J1acTii pe>KlIMOB pa60TbI B KOOp,ll,llHaTaX U2' 12 nOKa3a-

Rbi 3aWTpHxoBaHHblMH 06naCT5IMH ,ll.JUI COOTBeTCTBYWLUero KBa.n.paHTa.

3TH cxeMbl MO:>KHO BKmo'iHTb COBMeCTHO B TaKoH KOM6HHaLlHH, KOTOpIDl

06eCne'iHBaeT MHoroKBa,ll,paHTHblH pe>KHM pa60TbI.

Ha pHC. 8.12, 6 H 2 npllBe,n,eHbl cxeMbl ,ll.JUI }],BYXKBa.n,paHTHOrO pe>KHMa

pa60Tbl. CxeMa (CM. pHC. 8.12, 6) npe,ll,ycMaTpHBaeT H3MeHeHHe HanpaBJle-

HHH TOKa 12,
a cxeMa (pHC. 8.12, 2) - HanpSl:>KeHH5I U2. B 060HX cnY'ia5lx

,lI,OCTIlraeTCSI H3MeHeHHe HanpaBneHH5I nOTOKa P. B cxeMe C H3MeHeHHeM

HanpaBJIeHH5I TOKa 12 npe,ll,ycMaTpHBaeTC5I Cne[{HaJIbHbIH KOMMyrHPYW-

lltHH .n.pOCceJlb LK
C BbIBe,ll,eHHOH cpe)J,HeH TO'iKOH ,lI,IDI pa3,l1,eneHHSI BbIKJUO-

'iaeMOrO THpHCTOpa OT BCTpe'iHO BKmo'ieHHOrO ]I.lIo,ll,a. 3TOT .n.pocceJIb

CHH:>KaeT OTBeTBneHHe KOMMYllipywLUero TOKa B [{enb ,lI,aHHOro }],Ho,ll,a.

CxeMa (PHC. 8.12, o) n03BOJUleT peaJIH30BaTb qeTblpeXKBa.n.paHTHbIH

pe>KHM HMnYJlbCHOrO npeo6pa30BaTeJUl. nOCKOJlbKY Hal1pH:>KeHHe U2,
KaI<

H TOK 12,
Ha CTopoHe HarpY3KlI MOryr H3MeHHTb HanpaBJleHHe Ha 06paT-

Hoe, ,lI,OCTuraeTCSI pa60n npe06pa30BaTeJUI BO BceM npOCTpaHCTBe COCTO-

HHHH. 3Ta cxeMa npe,ll,CTaBillIeT C060H npe06pa30BaTeJlb nOCTOHHHo-nepe-

MeHHoro TOKa, T.e. MOCTOBYIO cxeMY O,lI,Ho£l!a3HOrO HHBepTopa, 06eCne'iH-

BaIOLUYIO nepe,ll,a'iY 3.HeprHH H3 [{enH nOCTOHHHoro TOKa B [{enb

nepeMeHHoro TaKa H 06paTHYIO nepe,ll,a'iY 3HeprHH.

OnpeJJ.eJIeHUe napaMeTp08 CrJIa:>KUBatow.ero JJ.pOCCeJIH H CrJIa>KHBalOw.e-

1'0 Ko eHcaTopa.PaCCMOTpHM HP,
Ha BXO,ll,e KOToporo BKJIIO'ieH Crna:>KH-

BalOll.{HH KOHJJ.eHcaTOp Cd' a B Llel1b HarpY3KH
- ,lI,pOCCeJIb (PHC. 8.B).

CYMMapHIDl HH,lI,)'KTHBHOCTh )Toro .n.pocceJUI H CaMOH Harp)'3KH
- LH"
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PHC. 8.12. CxeMbl HMnYIIbcHoro npe06pa30BaTeJIR nOCTOJlHHOrO TOKa H 1I.HarpaMMbI

MHorOKsaApaH1'HbiX PC)J(HMOB ere pa60Tbi

Lc LN Uz
+ +

I
-

I
Iz

tu,
I

!uz
t

+c., iz
I
I
I

 --- t
-

Puc. 8.13. CxeMa HMnynbcHoro npe06pa30BaTeJISI co CrJIR)J(HBaIOutHM APocceneM LH H

crnaJKHBaIOutHM KOHAeHcaTopOM Cd H BpeMeHH61e 1I.HarpaMMbl ero pa60l"bl

rIpH BKmo'lemUi rnaBHOrO THpHCTopa ,lI.lliI uenH HarpY3KH C y'lerOM

npeHe6pe)l(eHHH aKTHBHblM conpOTHBneHHeM ypaBHeHHe :meKTPH'leCKOrO

paBHOBeCHB HMeer BHJJ::

diz
LH dt

- VI - VZ. (8.33)

KorJJ:a rJlaBHblH THpHCTOp BblKmo'leH, TO Uenb TOKa 3aMblKaerCR 'lepe3

06paTHblH JJ:HOJJ:, H ypaBHeHHe HMeer BHJJ::

diz
LH dt

- - Vz . (8.34)

113 3THX ypaBHeHHH npH 'laCTOTe f = liT H rny6HHe nynbCaltHH A;z

3Ha'leHHe HHJJ:YKTHBHOCTH B uenH HarpY3KH MO)f(er 6bITb npH6Jlli)f(eHHO

onpeJJ:eJleHO no Bblpa)f(eHHHM:

(VI- Vz) tH
L -

.

H
A

. ,

ulZ
(8.35)

L
Vz(T-tH)

H-
Aiz

. (8.36)

HaH60JlblllaR nYJIbcaUIDI B03HHKaer npH k3 = tiT = 0,5. TorJJ:a

Uz
= U,I2. B 3TOM cnY'lae

LH -
VIT_ .
4A iz 4fA iz

(8.37)

KOH.ZJ:eHcaTop Cd BKJllO'laerCH, ecnH HCTO'lHHK nHTaHHH H CeTb 06na,u,a-

lOT HHJJ:YKTHBHOCTbIO Lc' B 3TOM cnY'lae TOK nHTalOll1.eH cerH npH pa60Te

HP HMeer nynbCHPYIOll1.HH xapaKTep. IIpHHRB nOC1"OHHHblM TOK pa3pMa

KOHJJ:eHcaTopa npH BKmo'leHHOM rnaBHOM THpHCTope. paBHblM lz. )I.JlR

385
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PHC. 8.14. CxeMbl HMnYJIbCHoro peryJIllpOBaHHJl ConpOTHBJIeHHJl C napannem.HblM (0) H
nocne)(OB8TenbHblM (6) BKJIIO'IeHHeM HP

HHTepBaJIa HMnYJIbCa I
H HanpR)I(eHHe Ha KOH,ll,eHcaTope JIJmeHHO YMeHb-

maerCR Ha BeJlH'IHHY AuC' 113 :noro ycnoBHj( nonY'IeHO BblpaJKeHHe .nIDI

onpeJJ:eneHwl eMKOCTH BXO)J,HOrO KOH,ll,eHCaTopa [32]:

Cd-
hT

4 uc 4f uc'
(8.38)

rAe AUc-AonYCTHMoe Kone6aHHe HanpR)J(eHHR H8 BXOAHOM KOH,!!,eHcaTope "PH H8HXY1J.IlleM

cnY'Iae 1M = T/2;f- 'IaCTOTa nepeKJIIO'IeHHH HP.

HMnYJlLcHoe peryJlUpOBaHUe conpOTHBJleHUR. HMnYJlbCHblH npe06pa-
30BaTeJlL MO)l(eT 6blTL BK1IIO'IeH napaJIJIeJIbHO HJIH nocneJJ:OBaTeJlbHO C

pe3HCTopOM (pHC. 8.14).
B cxeMe napaJIJIeJlLHOrO BKmo'IeHWI (CM. pHC. 8.14, a) peryJIHpyeMoe

conpOTHBJleHHe H3MeHReTCR OT HYIDI (npH nOCTORHHO BKmo'IeHHOM THpHC-

Tope VTI) JJ:O 3Ha'IeHIDl R (npH nOCTORHHO OTKJlIO'IeHHOM THpHCTope

VTl). .z.vm Crna)l(HBaHHR TOKa B QenH pe:JHCTOpa R He06xoJUfMO BKJUO'Ie-

HHe JJ:pocceIDI L onpeJJ:eneHHoH HHJJ:YKTHBHOCTH. npH nOCTORHHOM TOKe I
TOK 3apRJJ:a KOMMyrHp}'IO eroKOH,ll,eHCaTOpa

(
Vel

) (
I-II

)ic... I + Ii: exp -7 ' (8.39)

rJ1e Vel - H8npR)J(eHHe Ha KOH,!!,eHC8Tope B 1I.aHHbIH MOMeHl" BpeMeHH; II
- MOMellT BpeMeHH

BKnlO'IeHHH KOMMYT"pYlOUlero THpHCTopa VT2; 't - RCK .

HanpHJKeHHe UR Ha conpOTHBJleHHH R nocne MOMeHTa II H3MeHj(eTCH B

COOTBeTCTBHH C Bblpa)l(eHHeM

(
I-I

)uR-RiR-R(I-ic)-RI-(RI+VeI)exp -7 . (8.40)

386

npH 3TOM HanpH)I(eHHe HR maBHOM THpHCTope VTl paBRO HanpH)I(e-

HHIO UR Ha pe3HC1'Ope. OI<OH'IaHHe BpeMeHH BKmo'IeHHH COBna,u;aeT C

0 OrclOTTa HHTepBaJI BpeMeHH npHJlO)l(eHHH K
MOMeHTOM, Kor,u,a UR -. ,.."

rnpHCTOpy 3anHpaIOII.{ero HanpH)I(eHHH C Y'IeTOM Bblpa)KeHHH (8.40)

'n
- RCKlo (1 +  c;). (8.41)

EMKOCTb KOMMyrHp}'IOIQerO KOHJJ:eHcaTopa

'n
C
x

-

RIo [I + Vel/(RI)]
. (8.42)

3t}Jt}JeKTHBHoe 3Ha'IeHHe perynHpyeMoro COnpOTHBneHHH R. npH

't-RCI«< T

I

R. _.1! R - k R .

T :I

npH nocneJJ:OBaTeJIbHOM BKmo'IeHHH HP (CM. pHC. 8.14,6) BpeMj( Bbl-

KJUO'IeHIDl THpHCTopa

(8.43)

(
Vel

)'n
- RC

K
10 I +U

. (8.44)

EMKOCTb KOHJJ:eHcaTopa

t
n

C- .

I( Rio (1 + Vel/V)
(8.45)

npH 't... RCI( « T 3cl>.t}JeKTHBHOe perynHpyeMoe conpOTHBneHHe

. R R
(8.46)R ---F'

tiT :I

r

Ero 3Ha'IeHHe H3MeHReTCH OT R (npH nOCTORHHO BKJIlOqeHHOM rnaBHOM

VT1 k = 1 ) 1'0 6eCKOHe'IHO 60JIbmoro (npH 6eCKOHeqHO
mpHCTope ':1

'

MaJIOM BpeMeHH BKJIIO'IeHHH maBHoro mpHCTopa VTl B TeqeHHe Ka)I()J:OrO

[\wma, k:l - 0).
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8.6. nPMMEHEHME MMnYl1bCHblX nPEOEiPA30BATEI1EM
HA 3I1EKTPOnOABM>KHOM COCTABE

Ha3Ha'leHUe UMnYJlLCHLIX npe06pa30BaTeJleH, npuMeHHeMLIX Ha

3J1eKTpOnO BU)KHOMCOCTaBe. KaK R3BeCTHO, B KnaCCR'IeCKRX cxeMax

3neKTpOnO.rom:>KHOrO COCTaBa CHCTeMbl nOCTmlHHOrO TOKa Jl)UI nnaBHoro

nYCKa KOIDIeKTOpHblX ,lJ,ImmTeneH npH nRTaHRH OT KOHTaKTHOH CeTR Ha-

npHJKeHReM 3 KB npHMelUlIOTCH nycKoBble pe3RcTopbl. )];nR nOBblllleHHR

3KOHOMR'IHOCTR H illIaBHOCTR H3MeHeHH51 CKOpOCTH HCnOJlb3YIOTCH HP C

lllRpOTHo-HMnynbcHblM HnH 'IaCTOTHO-RMnynbcHbIM peryJllipOBaHReM TH-

rOBb[X ,lI,BHraTeneH.

HMnynbcHoe perynRpoBaHHe HanpR)I(eHH51 rnrOBblX .romraTeneH, KaK

npaBHno, CO'leTaeTCH C RMnYJIbCHblM perynHpoBaHReM TOKa B036Y)I(JJ:eHH5I.
CYllleCTByroT CRCTeMbl He3aBRCRMoro H COBMel.QeHHOrO perynRpoBaHRH

HanpH:>KeHRH l.{enR HKOpH H TOKa B036Y)I(JJ:eHRH. Ha HeKoTopblX BH.lUlX

3neKTponO,lI,BR)I(HOrO COCTIlBa npRMeHSleTCH RMnynbcHoe peryJllipOBaHRe
conpOTRBJleHIUI nYCKOBblX pe3RcTopOB C perynRpoBaHReM TOKa B036Y)l(-
.u:eHH51 npH peocTaTHoM nycKe R TOpMO:>KeHRR.

BnepBble HP 6bmR npHMeHeHbl Ha aKKYMYllilTOPHOM 3neKTponO,lI,BH)I(-
HOM COCTaBe. 3TO n03BonHno 6naro.u:apH 3KOHOMR'IHOCTR YBenR'IRTb

.lJ:]IHHY np06era 6e3 3apH.LI.a 6aTapeR. B HallleH crpaHe H 3a py6e:>KOM
CRCTeMbl HMnYJIbCHOrO perynRpOBaHH51 HanpH)I(eHH51 THrOBblX ,lI,BHraTeneH
Bee 60JIbllle npHMeHHIOTCH Ha 3neKrpOnOe3,lJ,ax npRrOpO.lJ,HblX :>Kene3HblX
,lJ:opor R MeTponomn-eHe, a TaK:>Ke Ha MHorHX BH.lJ:aX MarHCTpaJIbHblX
MaHeBpOBblX H npOMblllIJIeHHblX 3neKTpOB030B.

HMnYJlLCHOe peryJlUpOBaHue HanpH)KeHUH THroBLIX  BUraTeJIeH.llpR-
MeHJlIOTCJI 3aMKHyrbie CHCTeMbl aBTOMaTH'IeCKOrO perynHpoBaHRH (pHC.
8.15,0), B KOTOpblX cxeMa ynpaBneHHH CYRMnynbcHoro npe06pa30BaTe-
nSl 06eCne'lHBaeT Tpe6yeMblH aJIrOpHTM nepeKJIIO'IeHRJI TRpHCTOpOB HP C

3a.rr.aHHb1M K03!J>!J>HI.{HeHTOM 3anonHeHml Jl)UI nOAAep)l(aHHH He06xo,u;IfMO-
1'0 HanpR)I(eHHSI B .u:aHHOM pe:>KHMe TRf'R.

PHC. 8.15. CxeMbl IfMnYJIbCHOrO peryJIHpOBaHl1J1 TJlrOBblX 1I.BHraTeJIeH 3nC B TSirOBOM pe-
)J(I1Me (a) H B pe)J(HMe peKynepaTHBHo'peoCTamoro TOpMo)J(eHHJI (6)
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PHC. 8.16. )J:ByxclJa3HaSJ cxeMa BKJIIO'ieHHR HMnynbcHblx npe06pa30BaTeJIeH If BpeMeHHble

1J.IUII11aMMLl ee pa60ThI

B OTnH'IRe OT cxeMbl TJlrOBOrO pe:>KI1Ma npR peKynepaTI1BHOM TOpMO-

>KeHHR (PRC. 8.15, 6) RMnynbcHblH npeo6pa30BaTenb lllYHrnpYeT uen 
TSITOBoro ,lI,BRraTeIDI. PeKynepaTRBHoe TOpMO)l(eHRe npR MOTopBaroHHoH

TJI:re 06b1'1HO pe3epBRpyeTcJI peOCTaTHblM TOpM030M, uenb KOToporo

BKJIIO'IaeTCJI THpRCTOpOM VT. Pa60Ta HP KOlITpOJlHPYeTCR .u:aT'iRKOM

TOKa)J,T nocpe.l1.CTBOM CRCTeMbl ynpaBneHRSI CY1, a pa60Ta THpRcTopa
-

.n.aT'IRKOM HanpR:>KeHIUI )J,H C nOMOl.QbIO CY2. llpR He.l1.0CTaTO'lHOM no-

Tpe6neHRH 3Hepnm CeTR nOBblIIleHHe HanpR:>KeHIUl Ha BXOJI.ll0M clJHnbTpe,

KOHTpOnHpyeMoe)J,H, Bbt3bIBaeT BKmo'leHHe VT, KOTOpblH BBO,lI,1lT B uenb

pe3HCTop RT.

rpynnoBoe BKJllO'IeHUe UMnYJlLCHLIX npeo6paJoBaTeJIeU Ha 3J1eKI})Ono -

BU)KHOM cocraBe (MHofoclla3HLle cxeMbl peIYJlHpOBaHuH). Bblpa:>KeHHe (8.38)
nOKa3blBaeT, '1TO nOBblllleHHe '1aCTOTbl nepeKJIIO'IeHIUI THpRCTOpOB HP

npH 3a aHHOM3Ha'leHRR flue n03BOllileT YMeHblllRTh eMKOCTb Cd (a TaK)I(e

RHJ()'KTHBHOCTb L) BXOJI.ll0ro !}>RnbTpa. llOBblllleHRe '1aCTOTbl Bblllle onpe-

.I1.eJleHHOrO 3Ha'ieHIUl Tpe6YeTcSI TaK:>Ke no ycnoBlUlM CHR)I(eHRH MelllaIO-

ll\RX BnRHHRH TRrOBOH CeTR Ha YCTpOHCTBa CIJ:E. Ho nOBblllleHRe '1aCTO-

Tbl npRBO,lUIT K YBeJllI'IeHIDO 3!J>!J>eKTRBHbIX TOKOB HarpY3KR H nOTepb

3Hepnm B Cllll RMnYJIbCHOrO npe06pa30BaTeruI, KOH,ll.eHCaTopax, peaK-

Topax, .I1.pocceJUIX HaCbll.QeHIUl R K CHR:>KeHRIO Kll)];. llOBblllleHRe '1aCTOTbl

OrpaHH'IeHO TaK:>Ke BpeMeHeM KOMMYTaUROHHblX npOl.{eCCOB.

llOBblllleHRe '1aCTOTbI Ha BXO.l1.e RMnynbcHoro npe06pa30BaTellil.l1.0CTH-

meTCR npRMeHeHReM rpynnoBoro BKmo'leHRH HeCKonbKRX HP. 3TOT cno-

c06 nonY'lRn Ha3BaHHe MlI020tjJ031l020 UMnYJlbCIl020 pe2YJlUp060IlWl. B

cxeMe ,lI,Byxcl>a3Horo perynHpoBaHRH (PRC. 8.16) cl>aJbl ynpromeHHH Jl)UI

HPl R HP2 C,lI,BRHyrbl Ha nOJlOBRHY nepHO.l1.a. Tor.l1.a npR '1aCTOTe ynpaB-

neIIHHfKa)I(JJ:OH uenR '1aCTOTa nYJlbcawm TOKa B 06I.QeH l.{enRfl
= 2f llpR

CRHcl>a3HOM ynpaBneHRR '1aCTOTa - J, MrHOBeHHoe 3Ha'leHHe TOKa B 2

p3.3a Bblllle. ll03TOMY comaCHO Bblpa:>KeHHIO (8.38) eMKOCTh Cd npR ,nBYX-

!}>aJHOM perynRpoBaHRR MO:>KeT 6bITb YMeHbllleHa B 4 p3.3a.
3B9



E. I1peAIIOJIaraeTCH, 'iTO 01(l1H TpaH3RCTOp OTKpblBaeTCSI B ,TOT MOMeHT,

KorAa J1.PyroH 3aKpblBaeTCIi. B cxeMe He Tpe6YeTCH AOnOJIHR1.eJIbHb XKOM-

MYTHpyro RXYCTpOHCTB, TaK KaK TpaH3RCTOpbl 06na,rr.aroT CBOHCTBOM

nOJIHOH ynpaBIDIeMOCTR, H .zuni BK qeHWIH
BblKmoqeHHH AOCTaTOqHO

ynpaBIDlTb TOKOM HX 63.30BblX  eneR.
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9. ABTOHOMHblE MHBEPTOPbl

9.1. HA3HA EHMEM BMAbl ABTOHOMHblX MHBEPTOPOB

ABTOHOMHble HHBepTopbl
- 3TO npe06p3.3oBaTeJlR nOCTmlHHoro TOKa

B nepeMeHHblH OAHOt}J3.3HbIH HllH MHorot}Ja3HblH TOK, KOMM)'TaI.(RH TOKa B

KOTOpblX ocy eCTBIDIeTcHHe3aBRCRMO OT npo eccOBBO BHemHHX 3J1eKT-

pHqeCKHX  enHX6narOAapH HaJIRqRro AOnOJIHHTenbHblx KOMMYTHpyro RX
ycrpOHCTB BHyrpH caMoro npe06p3.30BaTeIDI. Ha ero BblXOAe MO:>KHO no-

JIyqaTh nepeMeHHblH TOK TeOpeTIlqeCKH mo60H qaCTOThI, nJIaBHO peryJIH-
pOBaTh OT HYIDI AO MaKCHMaJlbHOro 3HaqeHWI qaCTOTY R Hanpa:>KeHHe.
EnarOAapH 3TOMY CBOHCTBY aBTOHOMHble HHBepTOpbl HaXOMT Bce 60nee

mRpOKoe npHMeHeHHe B peryJlRpyeMblx 3neKTponpRBOAaX C aCRHXpOHHbl-
MH romraTeIDIMH Tpex4>a3Horo TOKa. Oco6eHHO nepCneKTHBHO npRMeHe-
HHe aBTOHOMHblX RHBepTopOB B THrOBblX 3neKTponpRBOAaX 3neKTpOBO-

30B, 3J1eKTponoe3AOB, TeruIOB030B.

B 3aBHCHMOCTH OT cnoc06a npHHY.AHTenbHOH KOMMYTaI.(RH TOKa,
cxeMbl HHBepTopa, napaMeTpOB HCTOqHRXa nRTaHHH H HarpY3KR aBTOHOM-

Hble HHBepTopbl AeIDITCH Ha BIi,lJ,bI, OTJIHqaro HecSIcne RlIJHqecKHMROCO-
6eHHOCTHMR npOI.(eCCOB nepeKJlIOqeHRH TOKa. nonHIDI KOMM)'TaI.(HH C

nepeKmoqeHHeM TOKa C OroWH BeTBR cxeMbl Ha J1.Pyryro B aBTOHOMHblX

HHBepTopax npORCXO.AHT Ha HeCKonbKHX 3Tanax, Ba)I(HeHmRMR H3 KOTO-

pblX HBIDIIOTCH: YMeHblIleHRe npHMoro TOKa B OAHOM H3 TRpHCTOpOB AO

Hym, 3a,nepX(J<a npHnO:>KeHHH npHMoro HanpH:>KeHHH Ha 3TOM THpHCTope

AO nOJIHOrO BOCCTaHOBneHRH ero 3anHparo eHcnoc06HOCTH, HapaCTaHRe
npHMoro TOKa BO BTOpOM THpHCTope. 3TR C06blTIiH Mor)'T COBeplIlaTbCH
COBMeCTHO HJlR nOCJle.nOBaTeJlbHO. CpeJ{CTBa JUUl ocy eCTBJleHHHHa,rr.e:>K-

HOH KOMM)'TaI.(HR 06blqHO HBIDIIOTCH O)];HOH H3 HaH60JIee TpY.lI.HbIX npo-
6JIeM B aBTOHOMHblX HHBepTopax. npRHI.(HIIHaJlbHO 3TR cpeJ{CTBa MO:>KHO

p3.3J{eJlRTh Ha AIJa KJIacca. K nepBOMY KJIaccy cne.nyeT OTHeCTR nOJlHOCThIO

ynpaBIDIeMble CIUIOBble nonynpOBOAHRKOBble npH60pbl (CHllOBble TpaH-
3RCTOpbl H 3anHpaeMbie THpHCTOpbl). BTOpOH KJIaCC COCTaBIDIIOT 06blqHble

He IIonHOCTbIO ynpaBIDIeMble crrrr (OAHOOnepaI.(ROHHble TRpRCTOpbl), J{O-

nonHeHHble CneI.(HaJIbHblMR Y3JIaMH npHHY.lUneJlbHOH KOMM)'TaI.(RR, Ha-

npHMep B BH.!J:e npe.nnapHTenbHO 3apH:>KeHHb1X KOH)I.eHcaTopoB R BcnOMO-

raTenbHblX TIipHCTOpOB.
PaCCMOTpRM npRHl.um pa60ThI aBToHoMHOro HHBepTopa Ha npHMepe

npOCTeHmeH OAHOcl>3.3HOH cxeMbl C HCnOJIb30BaHHeM YX3.3aHHblX Bblme

cpeJ{CTB KOMMYTaI.(RH (pHC. 9.1).
npHHnHn pa60TbI HHBepTopa Ha nOJlHOCTbIO ynpaBJIHeMbIX npH6opax.

CHnoBble TpaH3HcTopbl Rcnonb3yroTcH KaK KJllOqH, nonyqaH CRrHaJlbl yn-
paBJleHHH I no  enH63.3bl OT OT](enbHOH cxeMbl ynpaBneHHH C nocrpo-
eHHOH Ha OCHOBe reHepaTopa npaMoyronbHblX HMnynbCOB. CHrHaJlbl yn-
paBJIeHHH, nocrynalOU(He Ha TpaH3RCTOpbl VTI H VT2, He COBna,naroT IIO

BpeMeHH, qTO ycrpalUler nOHBJleHRe CKB03Horo TOKa HCTOqHHKa nHTaHHH

390

PHC. 9.1. CxeMbl H BpeMeHHt:le AHarpaMMbl pa60Tbi OAHocIJa3HOrO aBTOHOMHoro HHBepTopa
(
Ha TpaH3HCTopax npH pa60Te Ha aKTHBHYIO HarpY3KY (6e3 06paTHbIX 1I.HOAOB) (a) H Ha

aKTHBHO-HHP,yKTHBHYIO Harpyn:y (c 06paTHblMH 1I.HOJJ.IIMH) (6)
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CH:rHaJIbl ynpaBJleHHSI nO.naIOTCJI Ha VT1. VT2 C nepUO.nOM CJle.nOBa
HIDI T. npM aKTUBHOH HarpY3Ke (CM. puc. 9.1, a) nOO'iepe,lUiOe BKJIlO'ieHHL

TpaH3uCTopOB 06ycJlaBJIHBaer npHJIO)l(eHHe 3,l];C UCTO'iHHKa E K nepBH'1

HOH 06MOTKe TpaHctlJopMaTopa T, BbInOJIHeHHOro C BblBe.neHHoH cpe,nHeH
(HYJIeBoH) TO'iKOH O. no nepBU'iHblM nony06MOTKaM npOTeKaIOT TOKU in
i12. Ha BTOpU'iHOH 06MOTKe B03HHKaer HanpJl)l(eHUe u2 npHMoyrOJIbHO- 

i!JOPMbl. TOK i2 npu aKTHBHOH HarpY3Ke R nOBTOpJler i!JOPMY KpHBOH u2 if!:

nepexo)];ln 'iepe3 HYJIeBOe 3Ha'ieHUe o,nHoBpeMeHHo C MOMeHTOM nepeKJIlO 
'ieHMJI TpaH3HCTopOB. npH pa60Te TpaH3ucTopOB B HYJIeBOH cxeMe B

Te'ieHUe HenpoBoJUllueH 'iaCTH nepuo.na K HUM npHKJIa.IU>IBaerCJi B npJlMOM

HanpaBneHUU HanpH)I(eHUe 2E.

B peaJIbHblX cxeMax HarpyJKa HOCHT, KaK npaBMO, aKTHBHO-UHJI.YK-

TUBHblH XapaKTep (CM. puc. 9.1,6). Bo BpeMR nepeKJIlO'ieHUJI TpaH3uCTo 
pOB B TaKOH cxeMe B03HHKaIOT ycnoBlUl, KOTopble MorYT npUBeCTH K

60nblliUM nepeHanpJl)l(eHUHM, nOCKonbKY TOK B Qenu C UHJI.YKTHBHbIM
3neMeHTOM He MO)l(er MrHOBeHHO U3MeHHTb HanpaBneHue. Cne.nOBaTeJlb-

HO, ,lI.JUI npe.nynpe)I(JJ.eHlUl nepeHanpH)I(eHHR B cxeMe .non)l(Ha 6bITb npe.n-

YCMOTpeHa BeTBb TOKa HarpY3KU Ha HHTepBaJIax 10 - II' 12
- 13 nocJle

nepeKJIlO'ieHHR TpaH3HCTopa.

,[(mI nponYCKa TOKa MoryT 6b1Tb BKJIIO'ieHbl pa:3H006p3.3Hble YCTpOH-
CTBa, HanpuMep pe3uCTopbl, KOH,!l;eHCaTOpbl HJIH .nononHHTenbHble Qenu C

nonynpOBO,nHUKOBbIMH npU60paMH. Hau60nee 3KOHOMU'iHOe pellieHMe

6blJIO npe,WIO)l(eHO BblnOJllUlTb no cxeMe C 06paTHbiMU .nuo.naMH VDI.
VD2, BKJIlO'ieHHbIMU BCTpe'iHO-napaJIJIenbHO OCHOBHblM (maBHbIM) TpaH-

3uCTopaM VTI, VT2 [4]. ,[(mI noro CJlY'iaR Ha pUc. 9.1, 6 nOK3.3aHbK

i!JOPMbl HanpH>KeHUH M TOKOB B cxeMe IUIBepTopa. B cxeMe C 06paTHb1Mi'!
)];Ho.naMU nocJle nepeKJIlO'ieHUJI TpaH3ucTopa KOHT)'P HH,!I;)'KTHBHOrO TOK&.

HaI"pyJKH npoxo)];HT 'iepe3 )];HO.n, BKJIlO'ieHHbIH BCTpe'iHO 3,l];C HCTO'iHHKa

E. BXO,nHOH TOK iJ uHBepTopa Ha HHTepB?JIax nepeKJIlO'ieHlUI TOKa (cna-

.naHHR TOKa HarpY3Ku .no Hym) npOTeKaeT B o6paTHoM HanpaBJIeHUH,
06eCne'iHBaH B03BpaT B UCTO'iHUK nHTaHHR 3HepruH, HaKOnneHHOH B

.npocceJle L. Cpe,nHee 3Ha'ieHUe TOKa IJ UCTO'iHHKa onpe.neJUlercJI nOTpe6-
neHHeM 3Hepmu aKTHBHblM conpoTHBneHHeM R Qenu HarpY3Ku. IIpu Me-

MbHOH UH.n)'KTUBHOH HarpyJKe TeOpeTH'iecKu B03MO>KHO IJ = O.

npHIII.{Hn pa60TbI HHBepTopa Ha oAHoonepaQHoHHLIX THpHCTopax. Pac-

CMOTpUM cxeMY uHBepTopa, B KOTOpOH Tpe6yroTcJI .nononHHTeJlbHble 3ne-

MeHThI ,lI.JUI oCYlIIeCTBneHHR KOMMyTaQuM. CxeMa O,nHoi!J3.3HOrO MHBepTopa
Ha o,nHoonepaQuoHHblX THpUCTOpax VTI, VT2 (puc. 9.2) H3.3bIBaerCSI

nap(JJlJleJlb1JblM U1J6epmOpoM [4] U CTpOMTCH no npuHQlmy KOMMyTaQHH

TOKa C ucnonb30BaHueM KOH.neHcaTopa C, BKJIlO'ieHHOrO napaJIJIenbHO

QenH HarpY3KH.

lllupoKo U3BeCTHaH cxeMa O,nHoi!J3.3HOrO napaJUIeJIbHoro UHBepTopa
OTJIIi'iaerCH OT cxeMbl (CM. puc. 9.1) HaJIU'iUeM .npocceJUI B Qenu nOCTOJlH-

Horo TOKa C HHJI.YKTHBHOCThIO LJ U KOMMyTupYIOll\erO KOH.neHcaTopa
eMKOCTblO C. B 3TOH cxeMe npuHy)];HTeJlbHOe BblKJIlO'ieHUe O,nHOonepaQu-
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VTl VT.2 OCVI"eCTBnHeTCH npeABapHTeJIbHO 3apJl>Ken-
OHHblX THpHCTOpOB, .

....

,

M KOMMyraT'HJI THpHCTopa VTl
HblM KOMMYTHpyrolQHM KOH,!l;enCa10po. .....

Ha'iUHaerCJI C MOMeHTa (t2,
t6), Kor.na OTnupaerCJI BTOpOH THpUCTOp VT2.

H KOH,!l;eHcaTop C. 3apH>KeHHb1H TaK, 'iTO BepXHHJI 06KJla,n;Ka nOnO>KHTeJlb-

Ha 06eCne'iHBaeT 06pa1Hoe HanpH>KeHHe Ha 3anHpaeMOM THpUCTOpe VTI.

I1 TepBaJIblBpeMeHH (t2
- t3, 16

-- t7 )J.J1H VT1; 10 - tl .
t4
- ts )J.J1H VT2)

AOJI)I(Hbl 6b1Tb He MeHee BpeMeHH BbIKmo'ieHlUI THpHCTopa. ,l];JllI BbIOOJIHe-
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HliH :3'1'01'0 YCJlOBIDI He06xo,nHMO BKJIIO'iHTb KOH.n;eHCaTOp TaKOH eMKOCTH

C, 'B'06bl OTBO,nHTh TOK HarpY3KH OT THpHCTOpa Ha HHTepBaJIe BpeMeHH
BblKJUO'ieHIDI.

.l(pocCeJIb Ld QenH nOCTOHHHoro TOKa TaKOrO HHBepTopa 06bl'iHO

HMeeT .n;OCTaTO'iHO 60JIblllYIO HH)J.)'KTHBHOCTh, 'iT06bl liCKJIIO'iHTb HJlH CY-
I..I.\eCTBeHHo YMeHblIIlfTh nYJIbcaQHH nO)J;BO,nHMoro nOCTOHHHoro TOKa id'
npH 3TOM TOK id nepeKJIIO'ieHIUI C O.n;Horo THpHCTOpa Ha .n:pyrOH paBHO-
3Ha'ieH TOKY npJlMoyrOJIbHOH <IIOpMbl 'iepe3 THpHCTOpbl VTl H VT2. TOK
i2 QenH RL-HarpY3KIi HMeeT IDIaBHOe H3MeHeHHe, H pa3HOCTh TOKOB TH-

pHCTopa (HCTO'iHHKa) H HarpY3KH KOMneHCHpYeTCH TOKOM KOH.n;eHcaTopa

ie' Ilx aJIre6paH'ieCKaH CyMMa Ha Ka)I(JI.OM BpeMeHH6M HHTepBaJIe paBHa
HYJIIO. KOH.n;eHcaTOp 3apJl:>KaeTCJI Ha HHTepBaJIe, Kor.n;a TOK THpHCTOpa
npeBblIIIaeT TOK HarpY3KH (npHBe.n;eHHbIH K 'iHCJlY BHTKOB nepBH'iHOH
06MOTKH TpaHc4JopMaTopa), H pa3pJl>KaeTCH, eCJIH TOK Harp}'3KH npeBbl-
lllaeT TOK HCTO'iHHKa. B pe3YJIbTaTe KOH)J.eHCaTOp nepe3apJl>KaeTCH )J;Ba>K-
JJ:b1 3a O,nHH nepHO.n; T. HanpH>KeHHe KOH)J.eHCaTopa Ue HaKJIa.n;blBaeTCH Ha

3,ZJ;C HCTO'iHHKa E, H Ha Bblxo.n;e HHBepTopa HanpJl>KeHHe UH co.n;ep:>KHT
nOCTOHHHYIO COCTaBJUlIOll\YIO E, H nepeMeHHyro COCTaBJUlIOI..I.\YIO, onpe.n;e-
JUleMYIO HanpJl>KeHHeM Ha KOH.n;eHcaTope Ue (CM. pHC. 9.2). HanpH>KeHHe Ha

Bxo.n;e uH HMeeT 3Ha'iHTeJIbHble nYJIbCal.{HH, B03paCTalOll\He C YMeHblIIeHH-
eM eMKOCTH C npH HeH3MeHHbix napaMeTpax RL-HarpY3KH.

PaC'ieT napaJIJleJlbHOrO HHBepTopa .n;OBOJlbHO CJlO>KeH. OCHOBHble

npliHl.{Hnbl, KOTopble n03BOIDIIOT BbInOJIHHTb paC'ieT, CBO)J;HTCJI K cJle.n:yro-

ll\eMY:

MOll\HOCTh, nOJlY'iaeMaH OT HCTO'iHHKa nOCTOJlHHOrO TOKa, .n;OJDKHa

6blTb paBHa MOll\HOCTIi, OT.n;aBaeMOH HarpY3Ke: E1d = CJ2IR, r.n;e U2
-

34141eKTIIBHOe :ma'ieHHe HanpJl>KeHIDI HarpY3KH;

TaK KaK KpHBble HanpJl>KeHHH H TOKOB HecHHYCOH,lJ.aJIbHbl Ii CO-

.n;ep>KaT pJl.n; rapMOHH'ieCKHX COCTaBJUlIOll\IiX, TO peaKTHBHble MOll\HOCTH
OCHOBHOH H Ka)I(JI.OH BblCllleH rapMOHH'ieCKOH COCTaBJUlIOll\eH TOKa

HCTO'iHHKa nHTaHIDI .n;OJDKHbl 6b(Tb paBHbl COOTBeTCTBYIOll\HM COCTaB-

JUlIOIltHM peaKTHBHOH MOll.{HOCTH BceH QenH nepeMeHHoro TOKa Ha

.  (n)
Bblxo.n;e: Un(n) Id(n) sm <P(n)'" X'

, r.n;e Un(n), Id(n)' U2l..n), X n)- COOT-

c{n)

BeTCTBeHHO 34141eKTHBHble 3Ha'ieHIDI HanpH>KeHIDI Ii TOKa HCTO'iHHKa,

HanpJl>KeHIDI Harp}'3KIi Ii 3KBHBaJIeHTHOe peaKTHBHOe COnpOTHBJIeHHe,

06YCJlOBJIeHHOe 3JIeMeHTaMH L Ii C, J1,illI rapMOHH'ieCKOH COCTaBJUl:IOll\eH
nopH,IU<a n;

B YCTaHOBHBllleMCJI pe:>KHMe cpe.n;Hee 3a HHTepBaJI npOBO)J;H eroCOCTO-

J1HliH KIDK,D;Oro THpHCTOpa HanpH>KeHHe Ha nOJIy06MOTKe nepBH'iHOH 06-

MOTKH TpaHc41opMaTopa .n;OJDKHO 6b1Tb paBHO HanpJl>KeHHIO liCTO'iHHKa

nHTaHIDI E.
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epanHOHHLIX mpHCTopax c

l1pHHuun pa60TLI HHBepTopOB Ha

::HOO:Ke nOCJle.n;OBaTeJIbHaH RC-
I10000e,ll,OBaTeJJbHblM KOH,IJ.eHCaTopOM B

K

rp

O

Y

H'IVp

.

06ecnelIHBaIOll.{HH KOM-

6 eT Pe30HaHcHblH J ,

uellb HarpY3KH 0 pa3Y
liJIH Ha3BaHHe nOCJle006ameJlbHbrX

MYTaUHIO. TaKHe HHBepTopbl nony'i

(pHC. 9.3) [4].
a 11lpHCTOp VT2 3aKpblT, nocJle-

Korona THpHCTOp VTI OTKpblT,
e HeHa K liCTO'iHHKY noCTOJlH-

AOBaTeJlbHaH pe30HaHcHaH l\enb nOACO
 Aape:JOHaHcHoro Kone6aHliR

Horo TOKa. 3a BpeW! nepBoro nonyn ;U B03paCTaeT AO 3HaQeHIDI,

(to
- (2) HanpH>KeHHe Ha

K H,IJ.e   :UlaeT RHH>Ke TOKa YAep)l(aHIDI
6nli3Koro 2E. 3aTeM TOK '

B

d Y..
UCTOp VT2 MO>KHO BKJllO'iHTb,

maeTCH TOpOH THPn
THpHCTopa H npeKpa .

CTbIO He MeHee BpeMeHH Bbl-

(I - I) AJIliTenbHOcnYCTR HHTepBaJI 2 3
VT2 BKJllO'iaeTCH npoHcxO)1.HT

KJllO'ieHHR THpHCTopa. KO:Aa THPHCTO epe3apJlAa KOH,IJ.eH aTOpa 'iepe3
TaKOH >Ke Kone6aTeJlbHbIH npOl\eCC

UCJ He Y'iaCTBY
eT B pa60Te.

n M HCTO'iHHK nHTaHn"
l.{enb HarpY3KH. pH 3TO

HCXO.n;HOH nOJUlpHOCTH. ,l];aJIee C

KOH)J.eHcaTop nepe3apH>KaeTCH TOKOM

CTOp VTI H npOQeCCbl
B

( I ) OTKpbtBaeTCH THPH ,

HHTepBaJIOM Is
-

6
I I H I - 16 nOMep)l(HBaTb

ECIDI HHTepBaJIbl 2
-

3 S ..

cxeMe nOBTOpHIOTCJI.
u 6"'''30K K CHHYCOH,lJ.aJIbHOH

i B l.{enH HarpY3Kn JW

MHHHMaJIbHhlMH, TO..
TOK

.. THpHCTOpOB 3TH BpeMeHHb\e
'" TT"<I

YCTOH'iHBOH KOMMyral.{HH
",OpMe.  Ln

hlMH J1,illI rapaHTHpOBaHHOrO Bbl-

HHTepBaJIbl AOJDKHbl 6blTb AOCTaTO'iH

KJllO'ieHIUI THpHCTOpOB.

, hVTt urn

t

+
L 

L

: E C!I
,

uc C VT2

R

t

t

t

PHC. 9.3. CxeMa nocneAoBaTeJIbHOrO

aBTOHOMHoro HHBep-l"opa H BpeMeHHble

AHarpaMMbl HanpR)J(eHHH H TOKOB

t
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KJlaCCHcllHKaQHH aBTOHOMHLIX HHSepTOpOB. HCTOpH'leCKH nepBbIMH
npHMeHJlnHCb napaJIJIeJlbHbIe HHBepTOpbI. Hx CXeMbl 6bIDH pa:mo06p3.3-
HbI. 3aTeM CTMH npHMeWlTbCJI pe30HaHCHbIe (nOCne.n:OBaTeJlbHble) HHBep-
TOpbl H HHBepTOpbl C 06paTHbIMH JJ:HO.n:aMH.

HMeeTCH 60nblIIOe 'lHCnO pa3JIH'lHb1X CXeM, KOTOpbIe 06na.n:aIOT npH-
3HaKaMH napaJIJIeJIbHblX H nOCne.n:OBaTeJIbHbIX HHBepTOpOB H HHBepTOpOB
C 06paTHbIMH JJ:HO.n:aMH. bOnee y.n:06HO KJIaCCHilJHI HpOBaTbaBTOHOMHbIe
HHBepTopbl no XapaKTepy 06MeHa 3neKTp03HeprHeH Me)K,lJ;Y HCTO'lHHKOM
nHTaHIDI H norpe6HTeJleM. no ,lJ;aHHOMY npH3HaKY p3.3nH'laIOT aBTOHOM-
Hble HHBepTopbl HanpH>KeHHJI (AHH), aBTOHOMHble HHBepTopbl TOKa

(AHT) H aBTOHOMHbIe pe30HaHCHbie HHBep-ropbl (AHP)[24].
H3 paCCMorpeHHblX Bblllie cxeM K AIm MO>KeT 6bITb OTHeceHa cxeMa,

npHBe.n:eHH<UI Ha pHC. 9.1. XapaJ<TepHblMH npH3HaJ<aMH 3TOH cxeMbl HBJIJI-
IOTCH nHTaHHe OT HCTO'lHHKa HanpH>KeHHJI, 3aMblKaHHe KOH1)'pa peaJ<THB-
Horo TOKa HarpY3KH 'lepe3 06pambIe JJ:H0)J;b1, He3aBHCHMOCTb ilJOPMbl
KpHBOij HanpH>KeHHJI Ha Bblxo.n:e HHBepTopa OT XapaKTepa Harp}'3KH.

npH3HaJ<aMH AHT B 3Ha'lHTeJlbHOH Mepe 06na.n:aeT cxeMa, npHBe,lJ;eH-
HaH Ha pHC. 9.2. ,l(JIJI Hee XapaKTepHO nHTaHHe OT HCTO'lHHKa TOKa (B I..{enb
HCTO'lHHKa BKmo'leH .n:pocceJIb 3Ha'lHTenbHOH HH)J;yKTHBHoCTH LciJ, 06MeH
peaJ<THBHOH 3HeprHeH HarpY3KH C KOMM}'THpyIOIl{HM Kou.n:eHcaTopoM,
3Ha'lHTeJlbHoe Kone6aHHe HanpH>KeHHJI Ha Bxo.n:e HHBepTopa npH noCTO-
HHHOM TOKe HCTO'lHHKa, 3aBHCHMOCTb ilJOPMbl KpHBOH HanpH>KeHHH Ha
BbIXO,lJ;e H Ha Bxo.n:e HHBepTopa OT xapaKTepa HarpY3KH.
K pe30HaHCHbIM HHBepTopaM Mor}'T 6blTb orneceHbl nOCne,lJ;OBaTeJlb-

Hble HHBepTOpbl.
B 3aBHCHMOCTH OT 'lHcna nepeJ(JllO'leHHH TOKa B npOl.{ecce KOMM}'Tal.{liH

p3.3JIH'laIOT HHBepTopbl C 0,lJ;H0- H MYXC1)'neH'laTOH KOMMyraI..{HeH. npH
O.n:uOC1)'neH'laTOH KOMMyraI.{HH TOK HarpY3KH C BblXO,U)lll{ero H3 pa60TbI
THpHCTOpa Cp3.3y nepeK1llO'laeTCH Ha BcrynaIOIl{HH B pa6my O'lepe,lJ;HOH
THPHCTOp. ,[(JUI ,l.{BYXC1)'neH'laTOH KOMMyraQHH xapaKTepHblM HBJIJleTCH
nepeBO.n: KOMMyrHpyeMoro TOKa Ha HeKOTopblH HHTepBM BpeMeHH BO

BcnOMoraTeJlbHYIO Qenb, nocJle KOToporo TOK nepeKJIIO'laeTCH Ha O'lepe,lJ;-HOH maBHblH THpHCTOp.
B 3aBHCHMOCTH OT 'lHCna ilJa3 BbIXO,lJ;HOro HanpH>KeHHJI aBTOHOMHbIe

HHBepTopbl ,lJ;emITCH Ha O,lJ;HO!p3.3Hble H MHoroiIJa3HbIe, a no xapaKTepy
CBH3H C HarpY3KOH - Ha HyneBbIe H MOCTOBble. HaH60nee lliHpOKoe
npHMeHeHHe B THrOBblX 3neKTpOnpHBO,lJ;ax >KeJle3Ho.n:opO>Kuoro TpaHcnop-
Ta H MeTpOnonHTeHOB HaXO,U)lT TpexilJ3.3Hble MOCTOBbIe cxeMbl aBTOHOM-
HblX HHBepTopOB.
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9.2. ABTOHOMHblE HHBEPTOPbl HAnpSI>KEHHSI

HK (PHC. 9.4). B cxeMeOAHO"'a3HLlH MOCTOBOH HHBepTop HanpH>KeH

60-
't'

6 aBIDIeMbIe nonynpoBo,lJ;HHKOBble npHMoryr npHMeHHTbCH JIIO hie ynp

oone aQHOHHble rnpHC-pbl: TpaH3HCTOpbl, 3anHpaeMbie THpH pbIH o,lJ;H P

TOpbl C ycrpOHCTBaMH npHUY,lJ,HTeJIbHOH KOMMr.; I.{H ilJ3.3HbIHMOCT rnaB-CxeMa HHBepTOpa (CM. pHC. 9.4, a) CO,lJ;eP:ro'l:HbIH MOCT 06paTHbixHblX rnpHcropoB VT1 - VT4, BCTpe'lHO B

Cy.VD1 - VD4 cxeMY ynpaBneHHJI THpHCTopaMH , BXO OH,lJ,HO.n:OB
'c H aKTHBHo-HHJJ:YKTHBHYIO HarpY3KY RHLH" CT-

KO JWHcaTOpilJHnbTpa !!
OMMyral..{HH Ha cxeMe He nOK3.3aHbl. THpHCTO-pOHCTBa npHHYJJ:HTeJlbHOH K

enH n aBneHIDI no)J;KJIIO-
pbl nonapHO H nOO'lepe,lJ;HO omupalOTCJI no I.{

Y'l KHH3Me moll.{eHCJI'laJl I.{enb

HarpY H
K

_H::  :  n; ::O    O Cne'lHBaeTilJOpMHpO-nOIDIpHOCTbIO. aKOH
Han JI>KeHHJI npHMoyronbHoH ilJOPMbl. B MOMeHTbI

  :  .u.: r  i ;:HHH PHCroPOB3HepruH, 3anaCeHHaJl B LH' BbIBOJJ:HT-

C... B HCTO'lHHK 3neKTponHTaHHH 'lCpe3 06paTHbie JJ:H0JI.b1.
'\lnT'OH

...

0 H3 rnpHCTopOB B Ka.........H3MeHeHHeM MOMCHTa 3anHpaHHH O,lJ;Hor

>KHO MCHHTb ,!I)1HTenbHOCTb npHJIO>KeHIDI Hanpj(>Ke-pa60TalOll.{CH nape MO

H PHC 9 4 6 npHBe,lJ;eHbl JJ:HarpaMMbl TOKOBHHH HCTO'lHHKa K HarpY3Ke. a .

6'
,

eMeHHO npOBO,U)lWHX TH-
H HanpH>KeHHH .nrur cnY'laH, KOr)J,a 0 a O,lJ;HOBp

.

PHCTOpa 3anHpaIOTcH B KOHQe nonynepHO,lJ;a H en = 180 3n. rpa.n:., Ha pHC.

aMMbl .nrur CJlY'laH, KOr,lJ;a OJJ:HH9 4 6 nOKa3aHbi COOTBeTCTBYIOll.{He .n:Harp.
,

a Ha HHTcpBane 3Toro yrnaH3 THpHCTOpOB 3anHpaeTCH paHbllJe Ha yron .

HanpH>KeHHC Ha Harp}'3Ke palmo HYmo.
e

_ 180 3nPaCCMOTpHM aJITOpHTM nCpCKJllO'lCHHJI THpHCTOpOB npH n
-

.

rpa.u.. Ha HHTcpBane npoBOJIJIIllCrO COCTOHHIDI rnpHCTopoB ypaBHeHHe

paBHoBecHH QenH HMeeT BH,IJ,:

diH
R

.
rr

(() LH
- + H IH '" Un .

d(()t
(9.1)

nOcJle 3anHpaHHH THpHCropOB ( wt '" wtl ,

wt2 Ha pHC. 9.4, 6) no,lJ; .n:eH-

CTBHCM 3,lJ.C caMoHHJJ:YKQHH TOK HarpY3KH npo)J.on>KaeT npOTeKaTb H 
(0 - wt

'

) B npC)l(HeM HanpaBneHHH, 3a
onpC,lJ;CJleHHOM HHTcpBMe

- wt
x,

Jt:
x

MblKaJlCb no QcnH 06paTHbix .n:HO,lJ;OB (VD3. VD4; VD1, VD2), H 3HeprIDI

OT HarpY3KH nepe,lJ;aeTCH B HCTO'lHHK nHTaHIDI.

YpaBHeHHe paBHoBccHH HMeeT BH.n::

diH
R

. .,
(()L -+ H IH -

-
un .

H

d(()t
(9.2)

397



a) in La
+- -

tu.
lie
Cd,

 JUn

0 1C

is
YTI

VT2

VT3

VT 
(,It

UNh--i h-i
O 

iN

wf.x wtr wf.2
C&lf. 

Y03 VT3
LN R"

,, VD2 VT2-

Ult

n) un

o

is
YT1
VT2
VT3
VT 

""., "-

.......-

wf.

U" Itrll
o 

iff
.

wf.

wf.

wf.

ilt

c.Jt

wt.Jc wt! trJf.3

wU wf. wt.,

PRC. 9.4. CxeMa ()1!.H04!>a3Horo MOCTOBoro HHBepTopa HanpR)J(eHHJl (a) H BpeMeHH6Ie 1!.Ha-

l-paMMbl Jl1lR peJKHMa c npoBo)I,RU(HM COCTOHHHeM 11lpHCTOpOB MeHee 180 In. rpaA (6) H

MeHee 180 In. rpllJl.. (6)

TOK HarpY3KM YMeHblllaeTCg 3KCnOHeHI..{HaJIbHO, H KOr)];a ero MrHOBen-

HOe 3HalleHHe npoxo)];HT 'lepe3 HYJTh, Ha'lHHaIOT npOBOJI,HTb O'lepe,nHbIe

ABa 1'HpMCTopa.
HanpJl)[(eHHe narpY3KH MMeeT 3i1JilJeKTHBHOe 3Ha'leHHe

UH -

.398

1
2t

;fU dwt - Un.

°

(9.3)

3i1J4>eKTHBHOe 3HaqeHHe nepBOH rapMOnH'leCKOH cOCTaBronomeH :noro

lIanpJl)[(eHIDI

212
Un(1)-- Un.

:It

(9.4)

PeweHHe YPaBneHWI (9.1»)1,JUI TOKa i
H

iH - in' + iH
" (9.5)

r;, ,R .
.

,, cBo60,I],HaR cocraanRIOll\aR, pas-

rAC in' _ BbIHY)J(JI.eHHaR cOCTaBJIRIO aR,paBHaR HI n,'n

liaR

in" - A exp (
- Rn rot/wLH) .

n t 0
.
-
- I rTTe I - TOK HarpY3KH B MOMenT KOMMyraI.\HH.

pH ro ... ,'H
-

nO' iJo, HO

Tor,na, nO.nCTRBHB 3TH 3HaQeHHSI B ilJopMyny (9.4), nonYIlHM

-/no-(UnIRw +A,

OTKy,na
(9.6)

A _-(UnIRn)-/Ho.

TOK HarpY3KH

U

(
Un

) (
RH

)iH -.--!!.- -+ IHo exp
--

L
wt .

RH RH W H

B KBa3HYCTanOBHBWeMCJI npOl.\ecce npH rot so:n: i
H

os IHo . C YlleTOM

P
"''''"eHIDI

TTTTa TOKa B MOMeHT KOM-

3TOro rpaHM'lHoro ycnoBWI HaH,neM Bbi <Un - .

MyraIum:

(9.7)

Un

(
Un

) (
..&..

)IHo--- -+/lio exp -

L
:It,

RH RH W H

OTKy,na

Un [1 - exp (- Rn TlroL )]

IHo -
Rn [1 + exp (- RH T/roL )]

,
(9.8)

me T-:bt/w-l/f;f- '1aCTOTa TOKa B uenH HaI"pY3KH.

MOMeHT rot" nepexo,na
TOKa i

H llepe3 nyJIb onpe,neJIHM H3 ycnoBIDI i
H
=

=0 npM ro _ rot", HcnOJIb3YJl paBeHCTBO (9.7):

wLH

(
RH IHO

)\ wtx-R;tn 1 +-u;;-
.

(9.9)
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CpenHee 3HaIJeHHe MOll.{HOCTH, nepe.u;aBaeMOH B HarpY3KY B YCTaHOBHB-
meMCJI pe)l(HMe,

:rt

PH-;fUniHdOJt,
o

(9.10)

a cpe,wme 3HaqeHHJI MOlltHOCTeH, nepenaBaeMblX B HarpY3KY ':Iepe3QenH maBHbIX THpHCTOpOB H B 06paTHOM HanpaSJIeHHH IJepe3 roiO,lI,bl B

HCTO':lHHK, COOTBerCTBeHHO

:rt

PVT-;fUn iHdOJ t ,

wI"

(9.11)

. OJtx

PVD -;fUn iHdOJt ,

o

(9.12)

npH 3TOM PH = PVT + Pm.
no H3BeCTHoMy Bblpa)l(eHHIO rom MrHOBeHHoro 3HaqeHHJI TOKa HarpyJ-

KH iH(rot) MOX<HO onpe.u;eJIHTh cpe,rome H 34141eKTHBHble 3Ha':leHHR TOKOB

mpHCTopOB H MO.u;OB, a TaK)I(e 34141eKTHBHOe 3Ha':leHHe TOKa HarpY3KH.
Tenepb paCCMOTpHM CJlY':IaH a.rrropHTMa ynpaBJIeHHJI C On - 180 - a.

34141eKTHBHOe 3Ha':leHHe HanpH)I(eHIUI HarpyJKH MO)l(HO H3MeIDITL, peryJIH-
PYJl yrOJI On npOBO,WUQerO COCTOJlHIUI THpHCTOpOB (CM. pHC. 9.4, 6).
npeAIIOJIO)l(HM, ':11'0 TOK npOBOJ1HJIH THpHCTOpbl VTl H VT2. YrOJI npO-
BOJ1.HMOCTH THpHCTOpa VT1 3aJJ;aH CHCTeMOH ynpaBJIeHHJI: On _ 11: - a .

HocJIe BbIKJllO':IeHHH 3TOrO mpHCTOpa TOK HarpyJKH 3aMbIKaerCJI Qepe3
VT2 H VD4 H OnpeJ1.eJUlerCJI ypaBHeHHeM:

L
diH

R
.

0OJ H-
d

+ H/H- .

wt (9.13)

nOcJle BbIKJllOIJeHHJI THpHCTOpa VT2 BKJIIOIJaIOTCH THpHCTOpbl VT3 H
VT4. TOK HarpY3KH, He ycneBlIIHH YMeHLIIIHThCJI J1.0 HYIDI, 3aMLIKaerCJI
Qepe3 JJ;HO,ll,bl VD3 H VD4 B 06paTHoM HanpaBJleHHH Ha HCTOIJHHK H

6blCTpO CHH)I(aerCH /I,O HYIDI. 3aTeM TOK HarpY3KH MeHHer HanpaBJIeHHe H

3aMbIKaerCH IJepe3 THpHCTOpLI VT3, VT4.

34141eKTHBHOe 3HaIJeHHe HanpJl)l(eHIUI HarpY3KH

:rt-a

UH - !; f U dwt - Un "1- (a/:rt) .

o

(9.14)

400

MOHHIJeCKOH 3Toro Hanpg}KeHllil
34141eKTHBHOe 3HaIJeHHe nepBoH rap

U 1 _ cos(a/2).H
:rt

(9.15)

Me HMeeT Ha HHrepBane norrynepHo.na
TOK HarpY3KH B ].I.aHHoM pe)((H

ABa XapaKTepHLIX yqacTKa:

npH 0 s rot s 1t - a; V
H
> 0, 1HO S 0

.
Un

_ (
Un

+ 1 o\exp(-
RH

wt) ,

IH -
RH RH

H

} \ wLH

(9.16)

t :rt
. U - 0 IHI > 0

npH :rt-asOJ s , H ,

(
RH

)
(9.17)

iH -IHI exp
-

wLH
wt .

HJl c RL-HBll'Y3KOH. ABTOHOM-
..... HLIH MOCTOBOH HHBepTOp HBnpK1ICeH

R = 1 OM H KaTYIllKYnpHMep 9.1. OJUl"'l'B1
( 94 a) HMeeT HarpyJKY H

f
- 50 n.t-

op HanpR)J(eHHR CM. pHC. .,

U
- 3400 B, '1aCTOTa - .

HblH HHBe  CTHL = 5 MrH, HanpR)J(cHHe HCTO'iHHK eH ;H c1JOPMY KpHBblX TOKa HarpyJ-HH.AYKTHB
H

HHe BblXO,I],HOro HanpH

OnpeAeJIHTb 3clJclleKTHBHoe 3Ha'le

6 180 3n rpM. H 6n2 - 90 3n. rpM.

KH B KBa3HYCTaHoBHBllleMcH pe)J(HMe Jl1lR nl -

anpH eHHeUK = Un = 3400 B.
180 rpM BblXOAHOe H

)J,roJ CJIy'iaR anI - 3n. .

aR HanpR)J(eHHJl
nepBaR rapMOHH'IeCKaR COCTaBJl)IIO 

2V2
U

2,82 3400 _ 3060 B.
U 1-- H

-

3 14H
1t '

HT KOrn" HanpSi)J(eHHe MeHJleT HanpaBne-
Harp""KH B MOMe, ...-

MrHOBeHHoe 3Ha'leHHe TOKa J-

HHe [CM. c1JopMyny (9.8)]

( R TlwL 2)1 3400[1 exp (-115' 10-
3
.2' 50)]

_

Un [1 - exp
- H H

-

0
3

. 2. 50)IHo -
RH [1 + exp (- RH TlwLH2)] 1 + exp (- 115 . 1

1 - exp (-2) 2590 A3400
....

-

1 + exp (-2)

U
- 3400 B KPHBaR TOKa Ha HHTepBane 0 wi 1t (0 I 10 MC)

npH HanpR)J(eHHH H
-

.

onHCblBaeTCR ypaaHeliHeM (9.7).

5 10-
3
) 3400 - 5990 exp (--200t).

iH _ 3400 -{3400 + 2590) exp (- 314tl314
.. ...

CH I = Ix Kor iK
= 0; Ix = 2,83 MC.

113 31'oro COOTHOUleHHJl Haxo1J.HT '

OM nonynepHOAC (1t WI 21t) .

AHaJIOrH'IHO onHcblBaeTCR KpHBaR TOKa BO
BT PCOOTBeTCTBHHC ypaaHeHHeM (9.10)

Cpe,I],HJlR MO HOCTb,
OTJJ,aBaeMaR B HarpyJKY,
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1
3,14

PH -
3,14{3400 [3400 -5990 exp (- wt)] dwt - 2755 KBl'.

,lJ.rrjJ CJIy'laJI 8n2 - 90 :m. rpa;:J;. a - n -

2 2'

3c1JclJeKTHBHoe 3Ha'ieHHe HanpR)J(eHIIR HarpY3KH comaCHO ypaBHeHHIO (9.14)

u; _3400 
12 3400

H 1-----241O B
11:..n

.

 PHBaRTOKa HarpY3KH onpe.l(eJIReTCH B e3

 CHHII
TOKa Mil HeCKonbKHX HHTepBaJIOB p 

ym,raTe nOene.l(OBaTeJIbHOrO peWeHHJJ YPaB-

e3YnbTaT aHaJIH3a Ha npe.l(bJ,D;yU(cM HHTePBan  1
C Hcnonb30BaHHeM rpaHH'iHbIX YCJIOBH"

ene lOllteM_HHTepBaJIe.
npe.l(eJISleT Ha'laJIbHble yenOBHJJ pa60Tbl H 

nepBblH nonynepH01I.:
MR HHTepBana: 0 s wt:s wtl .Un = 3400 B, IuD = 0 H

rot _ nil . i _ 3400 _ 3400 (
200

)
, HTepBan npOBOASIllterO COCTOJlHHJI

, n exp --wt314
H npH wt-nll in = 2150 A-,

1IJlR HHTepBana rotl :S wt:S wt2 Un = 0 i = 2150 (
200

), n exp --wt. n

wt 01' MOMeHTa wtl) in = 790 A

314 ,PH wt -1tI2 (OTC'ieT

BTOpOH nonynepHO,!J::

.

1IJlR HHTepBana wt2 :S wt :S wt]

Un = - 3400 B, in = -3400 + (3400 + 790) exp (
_

200

)
.-

314
wt , 'n - 0 npH wt = 0314 -

rpa;:J;., a npH wt -nil in = -1860 A-

' pa;:J;'-183n.

,

Jl1lR H"TepBana wt3 :S wt:s wt4 Un = 0, in = -1860 ex (
_

200

)
B TpeTbe

p
314

wt , npH wt - nil in = 790 A.

-19
M nonynepHoAe, HCnOJIL3YJl 113BeCTHbi

_ OO
n

A, a B KOHlte BTOpOH 'iaCTH nonynepHoAa i e=p;:;:'eHA
HJI, nOJIy'iHM npH wI - nl2 in =

pH He06xo1I.HMOCTH MO
n.

nORa

)J(HO nOBTOpllTb paC'IeTbl e11l

H\/Il\ ::: HaCTy9
nHT KBa3HYCTaHOBHBIllHHCJI npouecc. npH ::'0Jl1lR

HeCKOJILKHX nonyneplloAOB,

J'- pHC. .4,6.
M TOKH HMelOT c1JOPMY, nOKa3aH-

CpeAHee 3Ha'ieHHe MOlltHOCTH HarpY3KII B KBa3HYCTaHOBHBIlleMCIl pe)J(HMe

1
3,14/2

PH-- f 3400 [3400 41
200

]3,14
0

- 00 exp (- 314 wt) dwt -1378 KBT.

Tpexta3HLIH MOCTOBOH HHBepTOp uan Race

>KHT DleCTh mpHCTopHLlX KJllO'IeH VTl VT;HH(PHC. 9.5). CxeMa CO,lI.ep-

TOpOB, DleCTh BC1pe'lHO BKJllO'IeHH

' 06pa3YJOIltHX MOCT rnpHC-

TaK>Ke no cxeMe '!'pexcl>a3Horo MO: X
,lI.HO,lI.OB VDI-VD6, coe,lI.HHeHHLIX

06paTHoro TOKa, H cxeMY ynpaBJIeHH   O IltHX
cl>YHKLtHlO ,lI.HO,lI.OB

'{eHHe THpHCTOpHLIX KJllO'I
_

,0 eCne'lHBaIOlltYJO nepeKJllO-

COCTOHHHeM '!'pe6yeMoH n; J],  X:  OMY
aJII'OpH'IMY C npOBO,ll,SlIltHM

npg>KeHWI 3a.n.aeTCg cxeMoii ynpaBJI H

HOCTH. tJaCTOTa BblXO,lI.Horo Ha-
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e HR B pe3YJIbTaTe H3MeHeHHJI ,I])lH-

TeJILHOCTH IJ.HKJIa nepeKJI1O'IeHlliI. THpHCTOpHblX
KJlIO'IeH. YCTPOHCTBa,Will

KOMMyraLtHH THpHCTOpOB Ha cxeMe He nOKa3aHbl. THpHCTOpbl H J],HO)J,b1

-rpex clJa3 a, b H C 06pa3yroT aHO,nHyIO (VTl, VT3, VT5; VDl, VD3, VD5)

"KaTO,lI.HyID (VT2, VT4, VT6; VD2, VD4, VD6) rpynnLI.

THpHCTOpLI aHO,nHOH H KaTO,nHOH ('Pynn MorYT nepeKJI1O'IaThCSI
no

pa3JIH'IHbIM aJII'OpHTMaM: C O,nHOKpaTHbIM H MHorOKpaTHblM nepeKJI1O'Ie-

HHeM Ha HHTepBane O,nHoro nepHO}J.a BblXoJI,Horo HanpSl>KeHlliI.. npH OJI,HO-

KpaTHOM nepeKJllO'IeHHH B nepHO}J.e yrOJI npOBO,ll,Slmero
COCTOSlHHSI THpHC-

TOpOB On MO)KeT 6blTb paBHblM 180, 120, 150 3JI. rpa.n.. H B 06meM CJIY'Iae

180---0. 3JI. rpa.n.. Ha )J.HarpaMMaX pHC. 9.5  aHaRanH3 pa60Tbl '!'pexclJa3-

Horo AllH )J.IDl On
= 180 3JI. rpa.n.. Ha 'HHTepBane O,lI.Hora nepHO}J.a

BblXO,nHOH lIaCTOTbl npoHCXO)J.HT weCTh KOMMYTal\HH meCTH rnpHCTOPOB.

O,lI.HOBpeMeHHO B npOBO,ll,Slll\eM COCTOHHHH
HRXO,ll,SlTCSI '!'pH THpHCTOpa: }].Ba

B aHO,nHOH H O)J.HH B KaTOJ],HOH HIDi O)J.HH B aHO,nHOH H }].Ba B KaTO,lI.HOH

rpynnax. BblXOJ],Hble HanpR)KeHIDl HHBepl'Opa (PHC. 9.6, a) MOryT 6blTb

nOJIY'IeHbl H3 aHaJIH3a 3KBHBaneHTHblX cxeM, CooTBeTCTByIOmHX
meCTH

B03MO)KHblM COCTORHIDlM. HanpR)KeHHe HCTOIIHHKa nHTaHHR Un npHKJIa-

)J,bIBaeTCR K 4>a3HblM HarpY3KaM B COOTBeTCTBHH co cxeMOH nO,I:(KJIlO'IeHHR

Ha }J.aHHOM HHTepBane. HanpR)KeHHe Me)K)l:Y aHO,nHOH HJ1H KaTOJ],HOH TOq-

KaMH H HYJleBOH TO'll<OH HarpY3KH paBHReTCR UJ3 roIH 2UJ3 B 3aBHCH-

MOCTH OT Toro, }].Be 4>a3bl HJIH oJ],Ha 4>a3a HarpY3KH B }J.aHHbIH MOMeHT

CBg3aRbl C COOTBeTCTByIOllleH UlHHOH (CM. pHC. 9.6, 6-:HC). Ha pHC. 9.5, 6

3a nonmKHTenbHoe npHHRTO clJa3Hoe HanpR)KeHHe
npH coe;:umeHHH Ha'lana

4>a3bl C aHo,lI.HOH UlHHOH. B pe3YJIbTaTe clJa3Hble HanpSl)KeHHR AllH nony-

'IaIOT '!'pexcryneH'IaTYIO clJOPMY, coxpamnomyIOCg He3aBHCHMO OT xapa.K-

Tepa HarpY3KH. J1HHeHHoe HanpR)KeHHe HMeeT npH 3TOM 4>OPMY npSlMO-

yrOJIbHHKOB C yrnoM OCHOBaHHR 120 3n. rpa.n..

34>clJeKTHBHOe 3Ha'leHHe 4>a3HOrO H IDiHeHHoro HanpR)KeHHH HHBepTo-

pa cOOTBeTCTBeHHO

UclI-

nl3 2Jt/3 It fiu

;r f (Un/3)2 drot +f (2Un/3)2 drot +f (Un/3)2 drot

1
- --2!._

l 0 nl3
2Jt/3

V3

_ 0,47 Un ;
(9.18)

Un -
(9.19)1

2Jt/3
:z ..nUn

- f Undrot ___O,815Un .

1t
o

V3
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I

I'

,I:
BblXO,lUfble HanpX:>KeHHX HeCHHYCOHJI.aJIbHbl, HMelOT !fJ0PMY C CHMMeT-pHeH TpeThero po.n:a H OnHCblBaIOTCX He'ieTHblMH !fJYHKQHRMH, I<pOMe OC-HOBHOH rapMOHH'ieCI<OH COCTaBIDIlOlI{eH; cO.n:ep:>KaT He'ieTHble BblCIIlHerapMOHH'ieCI<He COCTaBIDIIOII{He, HeI<paTHble TpeM, T.e. C HOMepaMHI

1:1;, I
'I

I
I I'
I I

I I
I

I
I
,

n = 6k :!: I, k = I, 2, .n (9.20)
<I>a3HOe H JlHHeHHoe HanpX:>KeHHjI npH pa3JIO:>KeHHH B PM <I>ypbe MOryT6blTb 3anHcaHbi B BH.n:e CYMMbl MrnoBeHHblx 3Ha'ieHHH Bcero cneI<1parapMOHll'ieCl<HX cOCTaBIDIIOII{HX:

U. 2Un

[
. I.

5
I.

7 1
2Unrp - -;- smwc +

S sm wt +
7 sm wt +.n

--;-
sin nwt

):,
n-6k:l:O,1

k-O,I,2...

(9.21)n

I i
, I,

I
III

/"
II

U. 2V3Un

[
. I .

5
1.

7
I.

II ] (9 22)1l= smwt-ssm wt-
7
sm

wt+JTsm wt+... .
.

ECJlH aM[IJlHTj' OCHOBHOH rapMOHH'ieCI<OH cocTaBIDIIOlI{eH npHIDITb

(
2Un 2.[J 1

)
pasHoH 1

 M40(I)
""

7'"
1 U

MIl(I)
..

---;-.. 1
, TO aMruIHTj'.n:a n-H rap-

MOHH'ieCI<OH COCTaBJIXIOlI{eH

UN(I)
UN(n)---l/n.

n (9.23)

+

in 'u
- -

[u.
lic
Cd

l6

PRc. 9.5. CxeMa TpexcIJa3HOrO MOCTOBoro HHBepTopa HanpIDKeHHJJ H speMeHHwe 1I.HarpaM-
MI,l HanpR)J(eHHH H TOKOB

404 '>-

":1 :L
wt1

8n-1[
I

U
a

--
1

-

-

wtI

b

wt0

I I--

VTt

VT2

VT3

VT 

VTS

VT6

Ubc

o wt

Uca

o wt

la.
ua

wt

wt

wt

wt
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PHC. 9.6. 3KBHBaJIeHTHble CXeMbl1J.1lR pac'ieTa c1Ja3Hbix HanpJl)J(eHHH TpexcIJa3HOrO AHH
npH COeAHHeHHH HarpY3KH "3se3AoH"

COOTHOllleHHH Me BXO
'ieCKOH COCTaB.1UUO

_

,lUfblM HanpH)KeHHeM H OCHOBHOH rapMOHH-

HHH (9 21) H (9 22)
l.QeH BbIXOl(HOro HanpH)KeHHH AHH C Y'ieTOM Bblpa)Ke-

. . CJIe IOI.QHe:

U
-nUn

cI>(I)---045U
.

1t
1 n,

U
V6Un

n{l)--'" 0,78 Un .

11:

K03!}J!fJHl.(HeHT HCKa>KeHHH BbIXOJ.(HOro HanpH>KeHHjI

ku- UcI>(I)/UcI> - ..0,955.
1[

(9.24)

(9.25)

RL
<I>opMa TOKa B u.enH HarpY3KH 3aBHCHT OT xapaKTepa HarpY3KH rIpH

eM -; i?3Ke
nocne O':lepe,lUforo nepeKJllO'ieHHH THpHCTopa no)]; .n.e CTBH-

406

caMoHHJ.(yKu.HH TOK B /.I.aHHOH !}Ja3e Ha HeKoTopoM HHTepBClJIe

COXpaHSIeT HanpaBJIeHHe H 3aMblKaeTCH no u.eIIH 06paTHoro ,nHo)];a npoTH-

BOnOnO>KHOrO nne'ia )];aHHOH !}Ja3bl. HanpHMep, B KOHu.e TpeTbero HHTep-

Barra (CM. pHC. 9.5, 6) wt =:rc nocne BblKJUOIJeHHH mpHCTopa VTl TOK B

cJIa3e a Ha HHTepBaJIe :rc S wt S :rc + 1p 3aMbiKaeTCH no u.enH ,nHo)];a VD4 H

YMeHblllaeTCSI )];0 O. Ha CJIeA)'lOll.(eM HHTepBaJIe TOK !}Ja3bl a npoBo,Wn

THpHCTOp VT4.

TOK BO BXOJI,HOH u.enH HHBepropa i
H onpe)];eJUleTCSI CYMMOH MI"HOBeH-

HblX 3Ha'ieHHH TOKOB THpHCTOpOB aHoJ.(HOH HnH KaroJI,HOH rpynn

iH = iVTI + iVT3 + iVTS. (9.26)

3TOT TOK npH RL-Harpyn<e HMeeT !}JOPMY, 6JIH3Kyto K IUmo06pa3HOH,

H CO)];ep>KHT KpoMe nOCToHHHOH COCTaBJUlIOll.(eH IH cneKTp 'ieTHblX BblClllHX

rapMOHH'ieCKHX cOCTaBJUlIOll\HX, KpaTHblX llleCTH. rIpH YBeJIH'ieHHH yrna

C)1.BHra OCHOBHOH rapMOHH'IeCKOH COCTaBJUlIOIl\eH CPI Bblllle HeKOToporo

3Ha'ieHIUI, TOK iH MO>KeT nepexo,D,HTb 'iepe3 HyneBoe 3Ha'ieHHe B oTpHu.a
-

TeJlbHyIO 06naCTb.

<I>OPMY TOKOB HarpY3KH H BXOJI,HOH u.enH HHBepTopa MO)KHO onpe)];e-

JIHTb, pelllaH ypaBHeHHH paBHoBecHSI no HHTepBarraM C HCnOJlb30BaHHeM

rpaHH'iHbIX YCJlOBHH, KaK 3TO BbIDOJIHeHO Bblllle WUI OJI,HO!}Ja3HbIX HHBep-

TOpOB.
Oco6eHHOCTH c)OpMHpoBaHHR BLIXO.lJ:HOrO HanpR2KeHHH Tpexc)a3HOrO

AHH ,WD1 CJIY'IaeB nepeKJIIO'IeHHH npH On" 120° H On - 150°. KpHBble

HanpSl>KeHHH nOCTpoeHbl JUUI CJIyqaSl aKTHBHOH HarpY3KH. rIpH aJIrOpHTMe

ynpaBJleHHSI On = 1203n. rpa,!!.. (PHC. 9.7, a) oJI,HOBpeMeHHo npoBo,ll}[T TOK

TOJlbKO )1.Ba THpHCTopa: O,D,HH B aHoJI,HOH, )];pyrOH B KaToJI,HOH rpynnax.

Ha OJI,HOM nepHO)];e HMeeTCH llleCTb HHTepBaJIOB C noo'iepeJI,Ho H3MeHSlIO-

ll.(HMHCH mpHCTopaMH, npoBo,ll}[ll.(HMH TOK: VTl, VT6; VTl, VT2; VT2,

VT3; VT3, VT4; VT4, VT5; VT5, VT6. 3aTeM U.HKJIbI nOBropHIOTCSI. B

pe3ynbTaTe !}JOpMHPYIOTCH JIHHeHHble HanpH)KeHHSI )1.ByxCTyneH'iaTOH

!}JOPMbl.
3!}J!}JeKTHBHOe HanpH>KeHHe

Un""
1

n/3 W3 It U,

;- [f
(Un/2)2 dwt + f c.1n drot +f (Un/2)2 drot

]
.. --!!... 0,7 Un .

o W3

(9.27)

KpHBble HanpSl>KeHlliI. !}Ja3 HMelOT npSlMoyrOJlbHyIO !}JOPMY, ux 3!}JclJeK-

THBHble 3Ha'ieHHSI onpe)];eJUlIOTCSI no Bblpa>KeHHIO:

UcI>-
1 W3 2 Un

;- f (Un/2) drot _--O,4Un .

o V3 

(9.28)
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i.6
VT7
2
3
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s
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6)Q .
2K SK

Qn"-6.
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1t 2K wt fAIt

fAIt

fAIt

Cdt

Cdt

a

PHC. 9.7. KpHBbie HanpR)J(eHHJJ Ha Bblxo.u.e TpeX"'a3HOrO AUH'

-

npH aJIrOpHTMe 6 = 120311 . 6
't' n .

n . rpa.Il., -

npH aJIrOpHTMe 6n = ISO 311. rpa.Il.

npH aJIf'OpHTMe ynpaBJIeHlffi e = 150 3JI

MeHHO TOK npOBOMT JU3a HJI
n . rpa,L(. (pHC. 9.7.6) O,lUIOBpe-

eTCR 12 HHTepBaJIOB C 'iepe.n;:B e HPHCTopa.
Ha O.I.f.HOM nepHo.n;e HMe-

pUCTOpOB: VTl, VT5, VT6' VTl vl!J!l!' ;/l'e TOl<onpOBOM HX
TH-

V11--VT3; VT2 VT3' VT2--VT4' VT3 V'P'4
' T2, VT6; VTI, VT2;

V1'4--VT6' VT5 V'Pl n
"I.'; VT3 VT5;VT4 V13'

, , I. u. pH TaKOM aJIf'OpHTM
"

.nBYXCTyneH'iaTOH "'OPMbI HMeeT 3...'"
e JIHHeHHOe HanpSDKeHHe

'i' 'i''i'eKTHBHOe 3Ha'leHHe

Un'"
I n:l6 . W3 S1tI6

;- [f {Un/2)2 dwt + f U dWI +f {Un/2)2 dWI

]
""

VlUn
-= 0,76Un . (9.29)

o n:l6 W3 213

408

ifPa3Hoe HanpsDKeHHe HMeeT TpexcryneH'laTylO 4>OPMY H xapaKTepL-\! Y-

erc;!: 3<lJ4>eKTHBHblM 3Ha'leHHeM
i "

Uet>-
I

1tI6 1tI3 n:l2

;- [f
{Un/3)2 dwt + f {Un/2)2 dwl +f {2Un/2)2 dwt +

o 1tI6 n:l3

:W3 S1tI6 .f'i
+f {Un/2)2 dwc + f (2Un/3)2 dWI]

""

6" Un = 0,44Un . (9.30)

n/2 21tI3

rapMOHH'leCKHH COCTIlB BblXOJI,HOro HanpsDKeHHH npH en
= 120 3JI.

Jl1> .OCTaeTCSl TaKHM >Ke, KaK npH en = 180 3JI. rpM. npH en = 150 ::Ill.

1rjp£.D,. co.n;ep>KaHHe BblCtllHX rapMOHH'leCKHX COCTaBJUlIO HXYMeHbIllaeTcSl.

IJ[03TOMY aJII"OpHTM npH e = 150
0
B pMe CJIY1JaeB SlBIDIeTCSl npe,lUIO'ITH-

1reJIbHbIM.
B cny'lae RL-HarpY3KH IUlH npH nHTaHHH OT AHH aCHHxpoHHOH

MaIllHHbl H npHMeHeHHH aJII"OpHTMOB ynpaBneHlliI en
= 120 H en = 1503JI.

!"pan. C H3MeHeHHeM yrna C,lJ.Imra OCHOBHOH rapMOHH'leCKOH COCTaBJUUO-

ll{eM TOKa OTHOCHTeJIbHO HanpSl>KeHHSl \P(I) <lJOPMbl KpHBblX JIHHeHHblx H

4>a3HblX HanpSl>KeHHM H3MeHRlOTCSl. C YBeJIH'leHHeM \PI OHH npH6JIH>Ka!OT-

CSI K BHJIY, xapaKTepHoMY ,u.mI aJII"OpHTMa en = 180 3n. rpM.

«I>opMHpoBaHHe BLIXO,IJ.HOro HanpH)lCeHHH AMH npH MHoroKpaTulbxx

 el?eKJIIO'IeHHHXTHpHCTOpOB
B O,IJ.HOM nepHO,IJ.e. npHMeHSlH MHoroKparnble

'3ID1lO'leHHH 'H BblKJl101.J:eHlliI THpHCTOpOB Ha mrrepBaJIe oJI,Horo nepHo]J.C',

MOJKHO 3MaBaTb TOK HarpY3KH Tpe6yeMoH <lJoPMbl, a TaK>Ke 06eCne1.J:Hl3a1I"b

nJRaBHOe perYJIHpOBaHHe 3<lJ<lJeKTHBHoro 3Ha'leHlliI BbIXOJI,HOrO HanpSl>Ke-

HHH, B .n;aHHOM cJIY1Jae C MHoroHMnYJIbCHOM Mo.n:yIDII.\HeH B AHH. B03-

MO>KHbl pa3Ho06pa3Hble aJII"OpHTMbl MHoroHMnYJIbCHOH MO.n:yIDIL{HH. HaH-

60nbIllee npHMeHeHHe Haxo.n;HT tllHpOTHo-HMnYJIbCHaSl Mo,nynSlL{HSI

( HM)C 4>opMHpoBaHHeM om6alOmeH B BH,ne npHMoyroJIbHHKa, Tparre-

I!.'(WH H CHHYCOH,l(bl. COOTBeTCTBeHHO TaKHe BH,l(bl IllHM nonY1.J:IUIH Ha:ma-

HHe npJI.MoyzOJlbIl0U, mpanetteui)QJlbll0U U CUllYC0;ti)a.nbIl0U MO.n:yIDIL{HH.

npSlMoyrOJIbHasi Mo.n:ymlL{lffi 1.J:aCTO Ha3bIBaeTCSl cnoc060M IllHporno-

HMnYJIbCHoro perynHpoBaHHH (llIHP) (PHC. 9.8, a, 6). Ha HHTepBaJIe

o,l(Horo nonynepHo.n;a BbIXOJI,HOro HanpSl>KeJillil rJIaBHble THpHCTOpbl HH-

BepTopa BKJII01.J:aIOTCSI H BblKlli01.J:alOTCSl MHoroKpaTHo C 1JaCTOTOiifH' npe-

BbltllalO eHOCHOBHyro 1.J:aCTOTy fi B onpe,IJ.eJIeHHOe 1.J:HCJlO pa3. KpaTHoCTb

1.J:aCTOT kF
= fifi = TIlTH (r,IJ.efH,fi, TH, T} - COOTBeTCTBeHHO 'laCTOTa H

nepHO,IJ. HecymeH H OCHOBHOH 1.J:aCTOT HanpSl>KeHHH) BJIHSleT Ha cO,IJ.ep:)lGmHe

BblCtllHX rapMOHH'leCKHX COCTaBJUlIO HX.npH yBeJIH1.J:eHHH kF CHH>KaeTCSI

cO,IJ.ep)KaHHe BblCtllHX rapMOHH1.J:eCKHX COCTaBJUllOll\HX HH3KOro nopSI,ZJ;Ka H

B03paCTaer co.n;ep>KaHHe rapMOHH1.J:eCKHX cOCTaBIDUOll\HX BblcOKoro no-

pSl,!J.Ka, 1.J:aCTOTa KOTOpbIX Kparna HecymeH 1.J:aCTOTe. npH H3MeHeHHH ]I.J1H-

TeJIbHOCTH HMnYJIbCa t
H perYJmpyeTCSI CKBa>KHOCTb B npe,nenax rpynn HM-
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PHC. 9.8. KpHBbie BbIX01I.HOrO HanpR)J(eHHI! HHBepTopa npH peryJIHpOBaHHH MeT01I.OM
MHOl"OHMnynbcHOH MOP,yJIRltHH:a, 6 - npJlMoyrOJrbHOfi; B. Z - no 3aKOHY cHHyca; J - onopHoe HaIlpJlX<eHHe; 2 - MOA}'1lI1pYJOUIaR CH-

HYCOMa

nYJIbCOB, !fJ0PMHPyrolIUlX nOJIO>KHTeJIbHyro H 01pHl.{aTeJlbHyro nOJIYBOJIHbl
BbIXO.nHOrO HanpSI>KeHHH. AMnJIH1)'.na nepBOH (OCHOBHOH) rapMOHHKH
UM(I) npOnOPQHOHaJIbHa I<03!fJ4>HQHeH1)' 3anOJIHeHHH (k3

= tiTH) KpHBOH
HMnYIIbCHOH nOCJle.nOBaTeJIbHOCTH. I1pH 3TOM 061I.{ee CO.nep)KaHHe rapMO-
HHK B BblXOJJ:HOM HanpR)KeHHH 3Ha'lHTeJlbHO MeHbllle, 'leM npH OJJ:HOHM-
nY1IbCHOH MO.nymll..{HH.

Eu.{e 60JIee CHJIbHOe CHH>KeHHe CO.nep>KaHHH BblCIllHX rapMOHH'ieCl<HX
COCTaB1ISIIOII.{HX .nOCTHraeTCSI npH IllHPOTHO-HMnYJIbCHOH MO.nyIDIQHH no

3aI<OHy cHHyca (tH = T
H
sin rot, 0 < rot < 3t) (PHC. 9.8, 6, z). B cxeMe ynpaB-

JIeHHSI HHBepTopOM !fJ0PMHPYeTCR nOCJle.nOBaTeJIbHOCTh CHnIaJIOB Tpe-
yrOJIbHOH !fJOPMbI (onopHoe HanpSl>KeHHe), KOTopaSi cpaBHHBaeTCSI C MO.ny-
JIHpyro[QeH CHHYCOn.nOH. TO'lKH nepeCe'ieHHSI I<pHBblX onpe.nemllOT WIH-
TelIbHOCTb HMnYJIbCa t

H BbIXO,AHoro HanpSl>KeHlUl. tJaCTOTIl OCHOBHOH
410

BblXO,AHOro HanpH>KeHH5I II cOBna,u:aeT C

rapMOHH'leCKOH cOCTaBIDIlOllteM
a aMDnH1)'Aa UM(I) nponoPQHo pyromero HanpHx<eHIUI,'laCTOTOH MO.nyJIH

ero HanpSl)KeHHSI.HaJIbHa aMruIH1)'.ne MO.nyJUlpyrom
BbIXOJJ:H0e HanpSl)KeHHe perynHpYeTC)1

,l(IDI Tpex4>a:3Horo HHBepTopa
HblX THpHCTOpOB 8 nepHo.ne C

MHOI'OKpaTHbIMH I<OMM aQHHMH ::no cnoc06y 111I1P HJIH 111I1M
4>opMHpoBaHHeM KpHBOH HanpSl)Ke

(PHC. 9.9, CM. pHC. 9.5).

a} u

wt

, I . " II I I I I I I I

6)
VTt

- - - -
- - . .

- - - - -
. . . -

- - - -
- -

- -VTZ - - -
- - -

. . .
- - - -

- -VT3 - - -
- - - --

VP't - - . .

- - - .
- . . - -

VTS- - -
- - . .

- - - - -

VT6 . . - - wt

OJ Ua

wt

wt

wt

a3HOro AI1H npH MOAYJISlUHH no CHHYCO-
PHC. 9.9. KpHBble BblxojJ,HOro HanpSl)J(eHHH TpexclJaKOHY:H)(aJIbHOMY 3

an Jlx<eHHR TpcyrOJrbHoii 4JOpMbl; 6
- npH npo,

a - MOA}'JlHpYJOIl1He CHHYCOHJ1Ll II KpHBbie O  .H   b:OJUlbieHMnyru.cHble nOCJIe,!J,oBaTeJlbHOC1'H [10'

BOlJ)ll.!\eM COCTOJlHHH rnaBHblX THpHcrOPO _; HBaK BblXO./UiO['O JlIiHciiHOro HanpBx<eHHJI Uob

TeHIUlanOB (+Un, -Un) 4JaJ a. b. c, P
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B CXeMe ynpaBIIeHHX AHH OnOpHOe HanpX)KeHHe TpeyrOJIbHOH cfJOPMbICpaBHHBaeTCJI C MO JIHpyromHMHCHHYCOH.D:aMH, C,U,BHH)'ThIMH Ha 120 3JI.I'pa,L{. H 06pa3YIOmHMH CHMMeTpHtlHyro TpexcfJa3HYIO cHcTeMY (CM. pHC.9.9, a). B MOMeHTh[ paBeHCTBa onopHoro H MO,nYJIHpYIOIl\HX HanpJl)KeHHHcfJOPMHpyroTCJI CHrHaJIbI oTnHpaHHJI H 3anHpaHIDI COOTBeTCTByromHx rnaB-HbIX THpHCTOpOB VTl-VT6. B pe3YJIbTaTe B cxeMe AHH Ha mo60MBpeMeHHoM HHTepBa.n:e B npOBO,MmeM COCTOXHHH HaXO,MTCJI TpH THpHC-Topa (CM. pHC. 9.9, 6). BbIXO,nHbIe 3a)I(HMb[ AI1H ]1)lJl cfJa3 a, b, c nepHo-,nH'ieCI\H nO,lJ.I(JIIO'iaIOTCSI I\ nOJIO)KJITeJlbHoMY H.JIH oTpHL{aTeJIbHoMY nomo-cy HCTO'iHHI\a nHTaHHJl H xapaI<TepH3yroTCJl HMnYIIbcHoH nOCJle,noBaTeJIb-HOCTblO nOTeHL{Ha.n:OB (CM. pHC. 9.9, 6). Pa3HOCTb nOTeHL{Ha.n:OB Me)[(,nyBbIXO,nHbIMH 3a)KHMaMH AHH 06pa3yeT MrHOBeHHoe 3Ha'ieHHe JIHHeHHoroHanpJl)KeHHX (CM. pHC. 9.9, 2). B I\pHBOH JIHHeHHoro HanpJl)KeHHX U
abco,nep)KHTCSI OCHOBHaJl rapMOHH'ieCI\aJl COCTaBJUIlOmaH Uab(I)' C aMnJIH'I)'-,nOH UM(I), nponOpL{HOHaJIbHOH aMnJIH'I)',ne MO.nyJIHPYlOmero HanpH)KeHHJIB CHCTeMe ynpaBJIeHHJl. KpOMe OCHOBHOH rapMOHH'ieCI\OH COCTaBJUrlOmeHB I\pHBOH JIHHeHHoro HanpJl)KeHHH Uab co,nep)KaTCH Bb[CIllHe rapMOHH'IeC-[me COCTaBJUIlOmHe. Hx co,nep)KaHHe MeHbIlle, 'leM npH npxMoyrOJIbHOHMO IDIL{HH.Ho B I\pHBOH 3aMeTHO B03paCTaeT 'IHCJIO Bb[CIllHX rapMOHH-'leCI\HX COCTaBJUIIOIltHX C 'laCTOTOH, I\paTHOH HecymeH 'laCTOTe. PerYJllipo-BaHHe HanpX)KeHHX cnoc060M IlIHM C CHHYCOH.D:aJIbHOH MO.nyIDIL{HeHCJlO)I(Hee npHMoyrOJIbHOH MO.nyJUIL{HH. n03TOMY B cHcTeMax THroBoro3JIeKTponpHBo.u:a C AHH 'lame HCnOJIb3yeTcJI cnoc06 npHMoyrOJIbHOHIlII1M.

OCHoBHbIe paCIJeTHble COOTHomeHHH. B TpexcfJa3HbIX AHH C yrJIOMnpoBOmrmero COCTOHHIDI rJlaBHbIX THpHCTOpOB Sn = 180 3II. I'pa,n. BbIXO,n-Hoe HanpH)KeHHe cryneH'IaTOH cfJOPMbI He 3aBHCHT OT XapaI\Tepa Harp}'3I\H(PHC. 9.10).
BbIllOJIHHM aHaJIH3 H nOJIY'IHM OCHOBHble paC'leTHble COOTHOIlleHHH]1)lJl rrraBHbIX L{eneH TpexcfJa3HOrO AHH, HCnOJIb3YJl MeTO,n OCHOBHOH rap-MOHH'leCI\OH cOCTaBJUilOmeH. AHaJIH3 pa60Tbi HHBepTopa Ha romraTeJIb-HYIO HarpY3I\Y, I\03cfJcfJHl\HeHT MOmHOCTU I\OTOpOH MO)KeT H3MeHHThCX BIllHpOI\HX npe,neJIax, y,n06HO BbIllOJIIDITb, npHIDIB 3a napaMeTp yroJI C,nBH-ra CP(l) OCHOBHOH rapMOHH'leCKOH COCTaBJUIlOmeH cfJa:moro TOKa i(l) orno-CHTeJIbHO OCHOBHOH rapMOHH'IeCI\OH COCTaBJUUou,teH cfJa3Horo Hanpx)Ke-HHJI u(I)' B KBa3HYCTaHoBHBIlleMcx pe)KHMe KOM6HHaL{HH COCTOJlHHH npo-BO,lU!MoCTeH OT.u:eJIbHbIX THpHCTOpOB H ,lU!O,nOB nOBTopXIOTCSI Ha Ka)f()J;OMHHTepBaJIe MHTeJIbHOCTblO "It!3. HanpHMep, nOCIIe BbIKmo'leHHH VTl HBKJUOIJeHHH VT4 Ha HHTepBaJIe OJtr

- OJt2 TOK npOBO,MT VD4 B cfJa3e a,VT3 - B cfJa3e b, H VT2 - B cfJa3e c, a Ha HHTepBa.n:e OJt2
_ OJt3

_

COOTBeTCTBeHHo VT4, VT3, VT2. B 3aBHcHMOCTH OT 3Ha'leHHH yrJIa CP(l)I\oM6HHal.{HH rnpHcTopOB H ,lU!O,nOB MeHJlIOTCJl. C YBeJIH'feHHeM CP(l) 01' 0
,no 360 3JI. I'pa,L{. AHH peaJIH3YeT pa60'I)' BO Bcex IJeTbIpeX KBa,npaHTaxcfJa30BOro npOCTpaHCTBa.
412
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nonY'lHM aHaJIHTH'IeCKHe BbIpaJKeH
TOKa, rnaBHbIX THpHCTOpOB H 06

HJI TOKOB B 3BeHe nOCTOJlHHOI'O

TOKa AI1H paBHbI MrHOBeHHbIMPaTHbIx ,WIOJJ;OB. MmoBeHHble 3Ha'leHHJI

KOTOpbIU nO,ll,I(JUO'leH K aHoTTU
 3HatIeHIDIMTOKa rnaBHoro THpHC1'opa

.......OH HJIH KaTOM
'

wtl
- wt3 TaKHM THpHCTOpOM JlBIDIeTCJI VT3.

OH WHHe. Ha HHTepBaJIe

TOK HHBepTopa

i-i-I sl
'

n(t
2

)H 8 M(I)
w

 CP(I)-'3:rc ,

r1I.e I"{I) - aMmIHTyJJ:a OCHOBHOH rapMOHHKH TOKa c1Ja3bl.

B HatIa.n:e HHTepBana nOBTopSleMOC1'H TOK HHBepTopa

i -I si (:: )
HH M(I)

n
3
-

CP(l»)
,

(9.31)

(9.32)

a B KOHI eHHTepBa.n:a

.

I
.

(
2it

)1- Sln-m
HK M(I) 3

-

"1'(1)
. (9.33)

CpeMee 3HatIeHHe TOKa HHBepTopa

3
41t/3

I
H -;- f IM(I) sin (wt

-

CP(I)
--

3

2
:rc) dWl-

i I cosm

7t
1t M(I) "1'(1)

. (9.34)

BbIpa3HB TOK HarpY3KH 'lepe3 3I}J 
(nepBoH) rapMOHHtIeCKOH co

'f'e THBHoe3HatIeHHe ere OCHOBHOH

CTaBIDlIOIl{eH, nonytIHM

3V2
I --I cosm 1351H 1t 1 T(l)

-, 1 COSCP(l) . (9.35)

I1YJIbCaLUtH TOKa iH Hero Han aBn

3aBHCSlT OT pe)J(HMa HarpY3KH C

p eHHe Ha OTJJ;eJThHbIX HHTepBanaX
. H3MeHeHHeM 'P nYJIbca

)KeHHbIe tIepe3 K03  HrrH
1 I.{HH TOKa, Bblpa-

.

'f"i' .... eHT nYJIbCaL{HH

k -

(i
.

)/(
'

n
-

HH
- IHH IHI( + iHH), (9.36)

H3MeHJlIOTCSI 01' HYIDI npH Pa60Te Ha aKTHBH}'IO HarpY3KY ( 0)
3HatIeHHJI 60JIbwero e,l(HHH"bI

'P(I)
= JJ;O

.... npH J.{I3HraTeJIbHOH Harpy (
I1pH6nH>KeHHO K03I}J4>HL{HeHT n

3Ke 'P(I) > Te/3).

H (9.33)
YJIbCaL{HIi C YlieTOM BbIpa)({eHHH MH (9.32)

II!!;

I
II
I

I
I

k ..
tgcp(l)

n VJ" (9.37)

414

CpeJl,lme Ii 3I}JI}JCKTHBHbIe 3Ha'leHHSI TOKOS THpHCTOpOB VTI-VT6 Ii

].I,HOJJ;OB VDI-VD6)].ID1 Bcex nneq HHBepTOpa oromaKOBbl. CpeJl,llHe 3Ha 

'leHHS! TOKOB

'"

[r - I 1..{I) sin(wt
- cp(l»dwt - 1..(1) (1 + cOSCP(l»

- 0,23 [(I) (1 + COSq>I); (9.38)

"'(I)

"'''1'(1)

[0 - I 1"(1) sin(wt
- <p(I»drot

- [,,(I) (1- COS%»
- 0,231(1) (1 - COSq>(I)' (9.39)

'"

3I}JI}JeKTHBHbIe 3HaqeHIDI TOKOB

'" 1
1

f
;z . 2

( d
..(I)

-

[(I)sm rot - CP(l»
rot --

21t
.. 2V21t

"'(I)

2(1t - CP(l)
- sin

2

<P(l)
-

_ 0,2811
2 - (1t - q>(I» + sin

2

q>(1) ; (9.40)

"'+"'
1() [

1
I

;z . 2
( )d

..(I) V2
. 2

_

["..r.l)sm rot - <PI rot -- <PI
- sm q>(I)-

21t 2.fEt

"'(I)

.. 0,281(t)\bfiJ(I)
- sin

2
fiJ(l) .

(9.41)

I1pH YTJle 'PI Te/3 TOK iH Ha BXOJJ;e AI1H Ha OTJJ;eJIbHbIX HHTepBaJIaX

H3MeHSIeT CBoe HanpaBJIeHHe. 3HeprHR 0'1' HarpY3KH B03BpaIl{aeTCSI B uenb

HCTO'lHHKa. ECJIH HC1'OQHHK nHTaHHR HMeeT OJl,llOCTOpOHlIlOIO npOBO,nH-

MOCTb (BbmpJlMHTeJlb), TO Ha BXOJJ;e JJ;OJDKeH 6blTb BKIDO'leH HaxonHTeJIb

3HeprnH, HanpHMep KOH)J;eHCaTOp C. 3HaQeHHe eMKOCTH C onpeJJ;eJUleTCJI

JJ;OnYCTHMbIM nOBblWeHHeM HanpmKeHWl Ha BXOJJ;e I1U
n, BbI3blBaeMbIM 3a-

PMOM I1q, KOTOpblH BHOCHTCJI 06paTHbIM TOKOM iH B KOMeHCaTOp:

hU
n
= hqlC; (9.42)

4
.".,.-'"

1
3 (I) [

(I)

[
1t

]hq-- I [ sin(oot-cp )doot-2!.- l-COS q>
--

)
-

..(I) (I) (I) 3
00 4

00

.....

3

V'IIII\

[ (
1t

)1
0,221(1)

l (
1t

) ]_----= I-cos q>
-- ..- I-cos fiJ

-- .

21t1'
(I) 3 f,

(I) 3
:r
(I)

(1)

(9.43)
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Hocne nOJ{CTaHOBKH Bblpa)l{eHHH (9 39) B ...
. 't'0PMYlIY (9.38) nOll}"IHM

C O,21l(l)

[
:It

]- I - COS(q>(I)
-
-

) ,

Ji!!Un 3
(9.44)

r'Ae AUn = UmiX - Un - MaKCHMaJIbH

cat"Ope, B.

oe AonYCTHMoe npeBblllleHHe HanpJ\)J(eHHJ\ Ha KOHJ(ell
.

a) +

Un Q

1J

6)
+

I 
VD5

q

1J

c

VDZ

BJ +

VD5

u

Un
1J

PHC. 9.11. CxeMbl AH:H c pa3nH'IHbIMH cnoc06aMH npHHYAHTeJIbHOH KO
-

Q _ HIWIB 8JlbHIUIKOMMyraltHJ1. 6 6
KOMMYTaltHH:

HAeHcaTopHoH

VTl-V7'6
'
-

0 I1\IUI KOMMyraltHJ1.

-l"JI8BH!.IC TUpHCTOpbl; VD/-VD6 _. 6
,8- rpynnolllUl (nocl>II3HIUI) KOMMyraltllJl.

nOJIHHTem.HblC) TUpHCTOpbl; C..-CJC6 _ KOMMVTUp

o

YIO

PaTHbiC Al\OAbl; V77-VT/2 - KOMMyrnPYlOlItIlC ( ;.
J'" IItIlC KOl1.ll.eHC8TOpbI' L L

\A

lJ,pOCCCiIH
' .1- JC6

-

KOMMYTUpYlOlItIlC
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PHC. 9.12. CxeMbl AI1H C rpynnoBOii KOMMYTauHeii:

a _ KOMnJIeMCJlTapHIUI KOMMyraL\UJl; 6
- KOMMyraL\HR C nOMOll\b1O IIcnoMoraTCJlLHbIX (KOMMyrnpylO-

IItIlx) THpHCTOpOIl

CxeMbl AIDI. OJl,lfO$a3Hble H -rpeX$a3Hble HHBepTOpbl HanpSDKeHHH

BbInOllWUOTCSI no MOCTOBOH cxeMe. ECJIH OHH BbInOJIHeHbl Ha oJl,lloonepa-

U.HOHHbIX (He3anHpaeMbIX) THpHCTopax, TO pa3JIHqaIOTCSl TOJlbKO ycrpOH-

CTBaMH npHHY]I.HTeJlbHOH KOMMyrau.HH. ,l(mI 3anHpaHlliI. THpHCTOpOB, KaK

H B HMnYJlbCHblX npe06pa30BaTeIDIX
nOCTOSlHHoro TOKa, npHMeHSIIOTCSI

Y3JIbi npHHY]I.HTeJlbHOH KOMeHcaTopHOM
KOMMyrau.HH (CM. m. 8).

I1MelOTcH cJIeAYIOID.He OCHOBHble cxeMHble pemeHHH YCTpOMCTBa npH-

Hy]I.HTeJIbHOM KOMMyrawm: He3aBHCHMble cxeMbl KOMMYTau.HH THpHCTO-

pOB Ka)K,!J.Oro nJIe<Ia CHJIOBOH cxeMbl (HH]I.HBu:.nyaJThHWI KOMMyrau.
HSI, pHC.

9.11, a), cxeMbl OJl,llOBpeMeHHoro BbIKJ1IOQeHHSI Bcex THpHCTOpOB B pe3yJIb-

TaTe pa3MbIKaHHH u.enH nepBHQHOrO HCTOQHHKa nHTaHHH (06ID.WI KOMMY-

Tau.u:H, pHC. 9.11, 6), cxeMbl KOM6HHHpoBaHHoM KOMMYTau.u:H OTAeJIbHblX

rpynn THpHCTOpOB (rpynnoBWI KOMMyrau.HH, pHC. 9.11, 6). HaH60JIbmee

npHMeHeHHe HaxO.IJ)lT cxeMbl C rpynnoBoH KOMMyrau.HeH. Cpe]I.H HHX Bbl-

JJ.eJlSlIOT }J.Be nOArPynnbl: cxeMbl C KOMnneMeHTapHOM KOMMyrau.u:eH, KOI'JJ.a

BKJIIOQeHHe oJl,lloro rJIaBHorO THpHCTopa
aBTOMam<IeCKH npHBO]I.HT K Bbl-

KJllO<IeHHIO npe)I.bI,nyID.ero (PHC. 9.12, a); cxeMbl KOMMYTau.HH C nOMOlUblO

417
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BcnOMOraTeJIbHOro (KOMMyrnpyrolI{ero) THpHCTOpa, BKJIIO<IeHHe KOTOpO-ro Bbl3blBaeT 3anHpaHHe OCHOBHOrO (rJIaBHOrO) mpHCTOpa (PHC. 9.12, 6,CM. pHC. 9.11,6).
Bbl60p cxeMbl ARH onpe.n;eIDleTCH PHJJ.OM KpHTepHeB, YCTaHaBJlHBalO'lI{HX nOKaJaTeJlH no 3KOHOMHqHOCTH, KaqeCTBY peryJIHpoBaHHH HanpH)f(e-HHH H qaCTOTbI, Macco-ra6apHTHblM nOKaJaTeIDlM H T. .n;. B THrOBOM3JIeKTponpHBo.n;e nO.D;BH)f(HOrO COCTaBa C aCHHxpOHHblMH .D;BHraTeIDlMHTpex!fJaJHoro TOKa HaH60JIblIIee npHMeHeHHe HaXO,WI.T ARH (PHC. 9.12, 6,CM. pHC. 9.Il, 6). TaKHe AHH 06eCneqHBalOT B03MO)f(HOCTh fiJIaBHoro

perYJIHpOBaHHJI BblXO.n;Horo HanpH)f(eHHJI H qaCTOThI C HCnOJIb30BaHHeMCJlO)f(HbIX arrropHTMOB nepeKJIlOqeHIDI IllHM, HMelOT He60JIblIIHe nOTepHH npHeMJleMbIe paJMepbI H Maccy.

9.3. ABTOHOMHblE MHBEPTOPbl TOKA

O.n;Ho4Ui3I1L1H MOCTOBOH HHoepTOp TOKa. ABTOHOMHbIH HHBepTOpTOKa (ART) npe.n;cTaBIDleT C060H npe06paJoBaTeJIb 3HepmH nOCTOSIH-Horo TOKa B 3Heprmo nepeMeHHoro TOKa, HCTOqHHK nHTaHHH HaBxo.n;e KOToporo 06JIa.n;aeT 60JIblIIHM BHyrpeHHHM HH.n;yKTHBHbIM co-npOTHBJIeHHeM, 06ecne<IHBaIOlI{HM nOCTOHHCTBO noope6IDleMoro TOKa.CxeMa AHT (PHC. 9.13) BKJIIOqaeT B ce6H MOCT THpHCTOpOB VTl-VT4,RL-HarpY3KY, Kou.n;eHcaTopbl Cl, C2, oTceKalOlI{He .n;H0):{b1 VDl-VD4H cxeMY ynpaBJIeHHH CY: KOMMyrHpyroume Kou.n;eHcaTopbl BbInOJIHHIOT!fJYHK[{HIO HCTO'IHHKOB HanpH)f(eHIDI, npHlilla.zu,IBaeMoro B 06paTHoMHanpaBJIeHHH K THpHCTopaM BO BpeMJI BbIKJIIO<IeHIDI, H 06eCneqHBaIOT06MeH peaKTHBHOH 3HepmeH C Ka'I)'IIIKOH HH.n;yKTHBHOCTH HarpY3KH.Ha HHTepBaJIe 0 < wt s 3t npoBoMT TOK rnpHCTopbl VTl H VT2.TOK HarpY3KH i
H npOTeKaeT B COOTBeTCTBHH C HanpaBJIeHHeM, }'Ka-3aHHbIM Ha pHC. 9.13. Kou.n;eHcaTopbI Cl, C2 Ha 3TOM HHTepBarre3apSlJKalOTCH TaK, '11'0 HX JIeBble 06KJIa.z:u<H nOJIO)IGfTeJIbHbI. TOK Ha-rpY3KH nOCToslHeH, npOTeKaeT no [{enH VTl, VDl, LH' RH' VD2, VT2H paBeH TOKY HCTO'IHHKa In =

const, TaK KaK HH.n;yKTHBHOCTb L
peaKTOpa BeJIHKa. HanpSl)KeHHe HarpY3KH B .n;aHHOM COCTOSlHHH I.1eneH

diH
u
H
= InRH' LH-=O, HanpSl)KeHHe Ha BXOAe un=uH=lnRH.dt
B MOMeHT wt =- wtt BKJIIOqaIOTCSI THpHCTOpbI VT3, VT4 H no.n; AeHCT-

BHeM HanpSl)f(eHIDI, C03.n;aHHoro 3apSl)f(eHHbIMH Kou.n;eHcaTopaMH }'KaJaH-HOH nOJISlpHOCTH, npOHCXO.n;HT MrHOBeHHoe nepeKJIlO'leHHe TOKa HarpY3KHC THpHCTOpOB VTl, VT2 Ha THpHCTOpbI VT3, VT4. K THpHCTopaM VTl,VT2 npHKJIaAbIBaeTCJI HanpSl)KeHHe KOH.n;eHcaTopoB U
c
B 06paTHOM Ha-

npaBJIeHHH. npOHCXOJUfT nepBaSi C'I)'neHb I<OMMyraI.1HH, B pe3YJIbTaTe KO-TOpOH C03AalOTCSI YCJIOBHH ,lJ.JUl3anHpaHHH 11fpHCTOpOB VTl, VT2. HanpSl-)KeHHe H8 BXOAe Un H3MeHJleTCSI .n;o 3HaqeHIDI un
= InRH - uCI

- u
c2' TaK KaK
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PHC. 9.13. CxeMa O,I],H04la3HOrO aBTOHOMHoro HHBepTopa TOKa c oT:eKalO HMHAHOJJ;aMH
H BpeMeHHble 1I.HarpaMMbl TOKOB H HanpJl)J(eHHH
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Ha HHTepBarre rot - rot

VD1 L R

I 3 TOK HarpY3KH 3aMbIKaerCH no [(enH VT3, CI

3TO HI  ep,;;a: ;;;:     n : e:HeHa KOH):{eHcaTopax CI, C'2 H 
HblM TOKOM i = I = t

npo[{eCce nepe3apjJJ(a nOCTOHH-
H n cons.

Han

B

H: ::T
rot2 KOH,qeHcaTopbl nOJIHOCThIO paJpH)KeHbI, H 06paTHoe

.

p , npHKJIa,w,lBaeMoe K THpHCTopaM VTI VT'2
HaqHHa$l C MOMeHTa rot K TH

'
, paBHO Hymo.

'W"
eH U

2 pHCTopaM npHKJIa,/U>IBaeTCSI npSlMoe HanpH-
'" He. nHTepBarr rot t
HOBJIeHl1H TH

I
- ro

2 ,qOJDKeH 6bITh AOCTaTO'lHbIM JI.IDJ BOCCTa-
pHCTopaMH 3anHpalOIQHX CBOHCTB

B
.

npOTIi:: eJI
H

oT'W"Hrot KOH):{eHcaTopbl OKa3blBaIOTCH 3apH)KeHHbIMH TOKOM
In OH nOIDIpHOCTH Han

u (rot) = 1 1) TT _

. pSl)KeHHe B 3TOT MOMeHT paBHO:
c 3 n£'H' ......arrbHelIIlIee nOBblIIIeHHe HanpH)KeHillI n

LlteHHIO OTCeKalOIl\HX MO,qOB VD3 V
pHBOMT K CMe-

Ha'IHHaeTCH BTopaH cryneHb KO
' D4 B npHMOM HanpaBJIeHHH, H

IQaHcH H3MeHeHHeM HanpaBJIeH:    H
B HHTepTope, conpOBO)I(AaIO-

rpY3KH OKa3bIBaerCH nO,lU<mo'IeHHOH
B [(enH HarpY3KH. IJ;enb Ha-

TOKOM 06paTHOH nOIDIpHOCTH
napamreJIbHO nepe3apR)KeHHbIM

nepepacnpeAeIDIercH Me)ICQ Ha
KOH,Q HCaTopOM. TOK HCTOqHHKa In

TeJIbHO 3apH)KaH HX H BbI3 lBaHrp :e: H
H KOH,qeHcaTopaMH, A<:nOJIHH-

3TOM TOK MO,n:OB VD3 VD4

He HanpaBJIeHillI TOKa 1H" l1pH
,nHO,qOB VDI VD'')'

YBeJIHqHBaercH ,n:o 3HaqeHHH I a TOK
, YMeHbIllaerCH ,n:o HYIDI H

n'

HHBepTopa B03pacTaer H n
. anpSl)KeHHe Ha Bxo,n:e

B
peBbIIllaer 3HaqeHHe I R

MOMeHT rot n H"

TTarree npo
4 KOMMYTa[{IDI HHBepTopa nOJIHOCTblO 3aBepIllaerCH

....... [{eCCbI nOBTopSUOTCH.
.

DJIaro,n:apH OTceKalOLltHM MO,l(aM K

"OT,neJIeHHbIMH" OT HarpY3KH Ha HHTeO: HcaTOPblCI, C'2 OKa3bIBaJOTCH

yqaCTByroT B 3Hepro06MeHHOM n 0

p e Me KOMM}'Ta[{HHMH H He

npoHCXOMT 06MeH 3HeprHeH Me  ecce.Ha_ HHTepBarre KOMM}'Ta[{HH
KOCTb KOH,L\eHcaTopOB ,n:oml<Ha 6

y arpY3KOH H KOH,QeHCaTopaMH. EM-
o6xoMMoro BpeMeHH Ha 3an

blTb ,n:oCTaTO'IHOH JI.IDJ 06eCneqeHHH He-

pOB TaK)Ke onpe,n:emrer 3Haqe: :     HCTOPOB.EMKOCTh KOH):{eHcaTO-

KOH,n:eHcaTopbl. 31'0 HanpH)KeHHe He

p eHillI, ,n:o KOToporo 3apH)KaIOTCR

qT06bI.napaMeTpbI THpHCTOpOB
,n:OJI)KHO 6bITh CJIHIIIKOM BbICOKHM,

HHIO. HHBepTopa He 3aBblIllaTb no HanpH)Ke-
B 3TOH cxeMe BHe3anHoe H3MeHeHHe Ha

BbI3bIBalOT BbICOKHe nepeHanpSl)KeHHH H

rpY3KH HJIH pa3MblKaHHe [{enH

BpaLlteHifil 3TOro He06xOMMO npe CM

a Bxo,n:e HHBepTopa, JI.IDJ npe,qOT-

KopoTIme 3aMbIKaHHH B [{enH HarpY3KH = HBaThCne[{HarrbHYIO 3aLltHTj'.
HOCTH J1,J!H THpHCTOpOB TaK KaK T

pe,qCTaBJUlIOT 60JIbIllOH onac-

IIIeH HHJ{}'I<THBHOCTblO.'
OK OrpaHHqHBaercH peaKTOpOM C 60JIb-

TpexcJU13HblH MOCTOBOH HHBepTOp TOKa (PHC 914) TAuT.lI.HT npHMeHeHHe B 6eCKOJIJIeKTO HO'
'" aKHe n HaxO-

nO,[(BH)KHOr'o COCTaBa.
p M 1RrOBOM 3JIeKIponpHBo,n:e 3JIeKIpO-

420

npHH[{Hnbl ycrpOHCTBa H pa60ThT Tpexl}JaJHoro AHT aHaJIOmqHbl

paccMo1peHHoMY BbIme OJI,HOI}Ja3HOMY AHT. Oc06eHHOCThlO HBmrerCH

JlHIllb TO, '11'0 8 npo[{eCce KOMM}'Ta[{HH KOH):{eHCaTOpbI Cl, C3, C5 H C2,

C4, C6 BKJIlOqeHbI B KOHTj'P TOKa B 8H,J:I:e ,[(BYx napamreJIbHbIX [{eneH (O,llHH

KOH,neHcaTOp H ,U,Ba nOCJIe;:J;OBaTeJIbHbTX KOH):{eHCaTopa). HanpHMep, npH

KOMMYTa[{HH TOKa C VTI Ha VT3 KOMeHcaTOp CI BKJIIO'IeH napamreJThHO

C KOH,1I.eHcaTOpaMH C2 H C3, coe.D.HHeHHbIMH nOCJIeAOBaTeJIbHO Me 

C060H. npH 3TOM TOK HCTO'IHHKa In pacnpe,n:eJUlercSI no KOH,n:eHcaTopaM

B COOTHOllleHHH ic1 = 2Ii3 H ic2
= icJ = Ii3.

B Me)l(KOMMyra[{HOHHbIH HHrep8aJl nepe,n: KOMMYTa[{HeH THpHCTopa

VTI B MOMeHT rot = 2Jt/3 TOK HarpY3KH npOBO,lJ,HT THpHCTOpbI VTI If VT2

(PHC. 9.15, a). KOlrryp TOKa Harp}'3KH 3aMbIKaeTCH 'iepe3 VTl, VDI, 4Ja3bI
a H b, VD2, VT2. KOH,1I.eHCaTOpbI CI, C5 3apH>KeHbI nOJUlpHOCThIO, yxa-
3aHHOH Ha pHC. 9.14, a, KOH,1I.eHCaTOp C3 paJpH)KeH. HCCJIe eMKOMMyra-

UHIO OT MOMeHTa BKJIlOqeHHH VT3 (rot = rot l Ha pHC. 9.14). KOH,qeHcaTop

CI noene BKJIIOqeHHH VT3 nO,lU<moqeH napamreJlbHO VTI H 3anHpaer ero

06paTHbIM HanpH)KeHHeM.
TOK HarpY3KH MrHOBeHHO nepeBo,D,HTCSI B uenb VT3 (CM. pHC. 9.15, 6).

TOK THpHcTopa VT3 iVT.3
= In pa3,n:eJUlerCH B OTHomeHillIX 2/3 H 1/3 Me 

KOH,qeHcaTOpaMH CI H C3, C5 (npe,lUIOJIaraeM CI = C'2 = C3). nOCTOSlH-
HbIM TOKOM 2Ii3 pa3pH>KaerCSI JIHHeHHO KOMeHcaTOp CI (HHTepBaJI

roll
- ro12 Ha pHC. 9.14). DpH 3TOM 'iepe3 oTceKaJOIl\HM MO,n: VD3 TOK He

npOTeKaer ,n:o rex nop, nOKa HanpSl)KeHHe Ucl He CTaHeT HH)Ke 3HaqeHmi

diM
InR (npH L- = 0 ). DpH AaJIbHeHllleM CHH)KeHHH Ucl( InR -

Uc1 > 0)
dl

nOTeH[{HaJI aHO,l(a VD3 CTaHOBHTCSI nOJIO>KHTeJIbHbIM, MOA OTKpbIBaerCH

Hero TOK HapaCTaeT OT HYJUl ,no 3Ua'ieHml In (CM. pHC. 9.14, HHTepBaJI

ro1
2
- ro(4). TOK ,ZU1o.n;a VDl YMeHblllaercH 01' 3HaqeHHH In,n:o H)'IDI. CYMMa

TOKOD iVDl H iVD3 paBHa nOCTOSlHHOMY TOKY In: iVDl + iVD3 = 3icl/2 + In-
- 3icl/2 = In (CM. cxeMY 3aMerneHml ,U.JUl BTOpOH cTyneHH KOMMyra[{HH,
pHC. 9.15, 6). KOMMyra[{HSI 3aKOH'iHTCH, Kor,l(a iVDl

= 0, a iVD3 = In (CM.
pHC. 9.15,6).

KOMM}'Ta[{HH npOXO,lU1T B ,[(Be cTyneHH: MrHOBeHHoro nepeKmoqeHHSI

TOKa B TnpHCTopax H nocreneHHoro nepeKmoqeHHH TOKa B [{enH HarpY3.

KH. KOMMYTHPYIOIQHH KOH,qeHcaTop ,n:OJI)KeH HMen, AOCTaTOqHYIO eM-

KOCTb, 'iT06bI HHTepBaJI rol
q
= ro13 - roll (CM. pHC. 9.14), npeAycMOTpeHHbIH

JI.IDJ 3anHpaHIDI THpHCTOpa, 6bIJI 60JIbme, qeM MHHHMaJIbHbIH HHTepBaII

rolqmin, He06xo,lU1MbIM,U.JUl BbIKJIIOqeHHSI THpHCTopa.n;aHHoro THna. HanpSl-

)KeHHe, Ha KOTopoe 3apSDKaeTCSI KOMMYTHPYIOLltHH KOH,n:eHcaTop eMKOC-

TblO C no OKOH'iaHHH KOMMYTa[{HH, onpe,qeJUleTcSI 3Ha'ieHHeM TOKa In'
I1H.n;)'KTHBHOCThIO H .ltPyrHMH napaMeTpaMH HarpY3KH.

421



1;1
I
1';1 11

11 I1 II II
II, .

I' I

11II
I I I!,

'Id
[I I I1I

1 1
!i, 1
[ 1,,1

1'1
'

I
lL

II I

 :I
111

I

, 
I'
I
I
I

422

 --""--L/I.!!.. PHC. 9.14. CxeMa Tpex4Ja3Horo aOTO'
HOMHO('O HHBepl'opa l'OKa c O1'cer<:RIO'
lltHMH AHO aMHH opeMeHHble 1I.Ha

rpaMMLf 1'OK08 H HanpJUKeHHH
CI !!:! CJ !!!!

yof YDJ 1'0S
II

 u.q

L R

L !L R

L !!.. R

u.

c

YO., 1'06
C2 W2

C't

ttttt 'r CII

o

:In-. wt

VTt

VTl

VTj

VT+

VTS

VT6

LJ III III wt

I"
wt

wt

wt

wt

iVDf

o

wt

wt

wt

PaClfeTIlLIe COOTHOWeHHH WIH TpexcIJ33Horo Alff C OTCeKRlOlI.{HMH

Jl,HOJ(aMH [34, 35]. I1peJUIOJIO>KHM, qTO Haqarry OTCqera rot - rot2
- 0 (CM.

pUC. 9.14) COOTBeTCTBY T MOMeHT, KOr.l1.a Hanpg)l(eHHe Ha KOMeH-

caTope CI Uel
= loR (HaqaJIO BTOpOH cryneHH KOMMYTaQUH, CM.

puc. 9.15, 8). ComaCHO BTOPOMY 3aKOHY KHpxro aypaBHeHue paB-
HOBeCHJI ,I])UI 3aMKHYToro KOHTypa HMeeT BH.l1.:

di d'

( ) 0
3.

)
3 eI 3 (el 3 .

( )u 1 +u ( )+1 R--Rl (I --L- -L---R,1-0
eI eI n 2e1 2dl2dt2cl

UJIH

I
d'

_.!. f i door... 21 R-3Ri -3L -O,
C

cI n eI
dt

o

(9.45)

Tal< KaK Uel (0) = loR. I1PHHHB"[\ - L/R H"[2
= CR, HaqaJIbHOe 3HaqeHHe

iel (0) = i In H, npHMeHHB npe06pa30BaHHe JIarumca, nOJIY'lHM perneHHe

,I])UI TOKa

p +.!.. E. +.!.. 
2

2 A2"t

i (P) =
"t, -f _

·

eI
1 1 3

0 2

i+-+- 1 2

(
A

)"tl' 3"[1'[2 (p +

2"t.)
+

2"t.

if
n'

3
(9.46)

r.l1.e ( J- "-( .f
OTKY.l1.a

A -'
' r.;:-

_ . _1-Y..:_ (
R2

)2.'V--:;:-I-V R 2
2

(9.47)

I10CTOHHHaH A HBJUleTCH MHUMOH qaCTbIO KOMrnIeKCHO COnpH)I(eHHbIX

KopHeH KBa.l1.paTHOro ypaBHeHHH, CTmUJ.{ero B 3HaMeHaTeJle nepBoro BbI-

pIDKeHIDI (9.46). ,[(mt .l1.0KpUl'H'leCKOrO 3aTYxaHH5I .l1.0JIJKHO BbmOJIHHTbCH

YCJIOBHe A2 > 0, T. e.

"[I L 3
--->- OTKYAa
"t
2

R
2
C 4'

R<
) IL

.

.!V3C
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PIiC. 9.15. CxeMbl 3aMeU(eHHH AH:T coTceKalOU(HMH AHo aMHn
'1aTOH Me"'''''d.a3Ho

-

pH 3aBHCHMOH AByxcryneH-

a - LtenH 1J.O Ha'IIIJIa J<OMMYTaJUtU' 6
"Y"<J't' H KOMMYTalUiH:

,
- ua nepaoll Clyne"u KOMId .

I(OMMyraLt"U; z _ uenu nOCJTe I(OM
yraltHu, II - ua STopoll C1)'neHU

Myralt"U
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06paTHbtM npe06pa30BaHHeM JIannaca Bbtpa>KeHHJI (9.46) nOJIyqHM

 ..1.- _..1.-

.
4

1 [
1

(
AI . A

)
2t1 1 2t

1
. A

1' _ 
_ cos-t-- sm- t e +-e sm-t.

cI
3

n
2 2 A 2

A "-

't
l

't
l

"'I

(9.48)

nOCne npeo6pa30BaHHH Bblpa>KeHHe AJUI TOKa KOH)l.eHCaTopa HMeeT

BM:

R

21 -21: R

i _--!lke sin (A
- t +11') ,

cI
3 2L

(9.49)

rAe k =Yl +A2 -2"' .
A :V '

(9.50)

Ip
= arctg A. (9.51)

)J.mI MOMeHTa rot -= rot4 (CM. pHe. 9.14) TOK nepe3apH,D;a KOH,Il.eHCaTopa

Cl iel
= O. ,l].aJIbHeHll1eMY H3MeHeHHlO TOKa npemlTCTBYeT oTCeKalOlI.\HH

)I.Ho,n VDl (CM. pHe. 9.15, 8). C yqeTOM HanpaBJleHHJI TOKa 3TO ycnoBHe

R

BbmOJIID{eTCH B paBeHCTBe (9.49) npH A
- l + q> -=:re. r,ne )J.JUl npmulTom

. 2L

HaqaJIa OTeqeTa l = lx. II(
- BpeMeHHoH HHTepBaJI BTOpOH cTyneHH KOM-

M)'Ta HH:

2L
tK -
- (1t -. arctgA).
AR

(9.52)

MHHHMaJIbHOe HanpH>KeHHe Ha KOH)l.eHCaTope (CM. pHC. 9.14)

,,_ arclgA
,,-arctgA

U
I

.
..
- RI (1 +1 It + A2 ; ) .. --1 (R +

tr e- ). (9.53)
c rom n' V

n l.ViC

MaKCHManbHoe HanpH>KeHHe Ha KOH,Il.eHCaTope Uelrnax .n.OCTHraeTCH npH

JJ.BYKpaTHOM 3apMe KOH,Il.eHCaTopa Ha O,nHOM nepHo,ne npH KOMMYTa HH

VT3 H VT5. 'Ero a6eomoTHoe 3HaqeHHe Uelmin npHMO nponopWfOHaJIbHO

TOKY In HCTOqHHKa H 'o6paTHo nponopWiOHaJIbHO KOpHlO KBa.II.paTHOMY

KOMM)'THpyIDll\eH eMKOCTH.
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I'll'
1'i'I
1'1 1

'1
11

1 I

l;i, 1
I'l lII

1\1
1'1

 I

I
I

Bpewr I!.t JIHHeHHOrO CHH)I(eHH5I Han H)I(e
'I'epBaJI I!.OJt Ha puc 914)

P HHH U 11.0 3Ha'leHWll
n
R (HH-

" nOJIY'lHM H3 ypaBHeHIDI (9.53):
"-an:tgA

Uclmax -In R -InR...;I;;i2e

-

2 I
-

J"In C Al

OTKY11.a

"-arctgA
- 

111 - v3LC e

BpeMH. He06xo11.HMoe M
.

$I 3anHpaHlUl mpHCTopa t
n (Ha pHC.

UHTepBaJI OJt
n), HaX011.HM H3 COOTHorneHHH

t
n -I!.t

=
InR
-,
Uc1max

(9.54)

9.14, 6

OTKY11.a
t
n

t
n ..I!.t/(I-

[nR
).

Uc1max
nocne npe06paJosaHHH non

'I'HPHCTopa:
YlleHo YCJlOBHe YCTOHIlHBOH KOMMyraQHH

"-an:tgA

3
-

A

In -2" RC+V3LC e > I
q,

J7J.e I -spq eMS! BbIKJUO'ieHHH KOHKpeTHOro THna THpHCTopa.

06UJ;ee BpeMH KOMMyral.(HH AI1T:

(9.55)

"-arctgA
- 

I.. -111 + I
k
-V3LC e +

2L

(
1t - arctgA

)R A' (9.56)
BpeMR KOMMyraQHH He 3aBHCHT

RBmr CHCnO)f(HOH cfJYHKI.(HeH lIapaM 
3Ha'leHHH TOKa In UCTO'lHHKa, a

l.(eneH.
-6,t'OB Harp}'3KH H KOMMyrHPYJOUJ;HX

MaKCHMaJIbHOe npeBbIrneHH
HeHmo C [nR 11.0CTHraeTCH B MO   n ;::HH5IH HarpY3Ke (nUK) no cpaB-

OJt4), KOr11.a
eHH t - tk (Ha pHC. 9.14 MOMeHT

UH(lk) _ L (
did

) lV[;
- ,,-,,;,gA

--
n
-

e
2 dl I-IA 3C

MaKCHMaJIbHOe HanpR)I(eHHe Ha BX011.e AI1T

U
nmax

- In(2R }
fLe- "-";'8A

) V3C . (9.58)

npH 33,l{aHHblx napaMeTpax cxeMbI M
nponOpl.(HOHaJIbHO TOKY HCTO'lHHKa

aKCHMaJIbHoe HanpH)I(eHHe npHMO

426
.

(9.57)

HanpH)I(eHHe, npHl<JIaJI.bIBaeMOe K 11.H011.aM B 06paTHOM HanpaBJIeHHH,

onpe11.emleTCH anre6paH'leCKOH CYMMOH JIHHeHHOro HanpH)I(eHWI H HanpH-

>I<eHWI Ha COOTBeTCTByIDUJ;eM KOH11.eHCaTope. MaKCHMaJIbHOe 3Ha'leHHe

:fl'oro HanpH)I(eHHSI paBHO npeBbUlIeHHlO HanpH)I(eHWI, onpeAeJUleMOMY no

cfJopMyne (9.57). A MaKCHMaJIbHOe HanpH)I(eHHe. npHl<JIa,rJ,blBaeMoe K m-

pHCTopaM B npHMoM HanpaBJIeHHH, paBHO MaKCHMaJlbHOMY nHHeHHOMY

HanpH)((eHHlO H MO)l(eT 6bITb paCC'lHTaHO no cl>opMYJIe (9.58):
3cl>cl>eKTIlBHbIe TOKH mpHcTopOB. 11.H011.0B H HarpY3KH COOTBeTCTBeHHO

In
IVT 

VJ
; (9.59)

IVD -iV I - I;) ; (9.60)

lu - IV (I- I;) , (9.61)

l'Ae T- nepHOA H3MeHeHHSI TOKa HarpYJKH.

MaKCHMaJIbHaSi qaCTOTa AI1Tfmax = 1/Tmin orpaHH'leHa H 3Ha'lHTeJIb-

HO MeHbrne, 'leM Y AI1H. 31'0 BbI3bIBaeTCH np011.0JDKHTeJlbHbIM BpeMeHeM

KOMMyraLUfH tu' KOTopoe B OCHOBHOM 3aBHCHT OT 3Ha'lHTeJIbHOH eMKOCTH

KOMMyrUpyroUJ;HX KOH11.eHca:ropOB. Bcne11.CTBHe 3Toro B AI1T TJ>Y11.HO no-

JIY'l1ITb rnupOTHoe HJIH rnup01'HO-UMnYJIbCHOe perYJlUpOBaHHe BbIX011.HOrO

TOKa. )J;JUI AI1T B03MO)((HO TOJIbKO aMnJIH'I)'11.HOe peryJIHpOBaHHe BX011.HO-

ro TOKa.

npHMep 9.2. OnpeAeJIllTb napaMeTpbl cxeMbl TpexcIJa3Horo AH:T C OTCeKaIOutHMH 1I.H0-

AaMH H 3aBHcHMoH MC)J(A)'cIJa3HOH KOMMY1aUHeH npH pa60Te Ha RL-HarpY3KY, R = 0,5 OM,

L = 10-) rH, TOK HCTO'IHHKa nllTaHHR (BXOAHOH TOK HHBepTopa) In = 1000 A. IIaCTOTa

BblXO,I],HOrO TOKa!= 50 ru.

HaH60nblllee 3Ha'leHHe eMKOCTH KOMMyTHPYIOutero KOHlIeHcaTopa no ycnoBHIO 3aTYxa-

41 4 . 10-)
HHII C < -

----r
- 5,33 . 10-) <1>. npHMeM C

= 500 MK<1>. Tor,n,a

3R2 3 . 0,5

y
4 L

A -

;- R2
C

- 1 -

4 10-)
- 1 -V10,66 - 1 - 3,1 .

3 0,5
2

. 500 . 10-6

npH JTOM BpeMII, Heo6xo,I],HMOe J.I)1S1 3anHpaHHR THpHCTOpOS,
" - arctg A

3
-

In -
- RC +..t3LC e

A

2

_l05'500'1O-6
+

,

2

),14-- 1.26

+ 3, 10-)' 500' 10-
6 e

-

- 375.10-
6
+ 1200 '10-

6
. e-

0,61
- 1027 MKC.

06utee BpeMS! KOMMYTaUHH
" - arclg A

lu -V3Lce
A + {n:-a:ctgA )_V3 '1O-3'500'10-6x

_

),14-- 2,16 _ 3

X e
3,1

+
2 . 10

(
3,14 - 1,26

) _ 648 . 10
-6

+ 2,44 . 10
-)

- 3088 MJ<C.

0,5 3,1 427



MaKclfMlIJIbHIUI .rIOnYCTHMaJI '1aCTOTa AI1T Q) Ld
+

f. '" .J.... 1
max

- - 53 9 f'r..\
6t

H 6. 3088 . 10..
6

' .

\ VTI VTJ VT5 VT7

jEt]
MaKcl-lMIIJIbHOe HMnYJIbCHOe HanpJl)J(eHHe Ha Bxo.u;e HHBepTopa

(
1(;"

Unrruuc-1n 2Ry -;c
e- A

)-1000(2'0,5 ';\ / 10-
3

x'
rV3'500'1O- 6

3.14-2,16

X e )= 1000 (1,0 + 0,44) = 1440 B.

CHH3Hrd eMKOCTb KOMMYTHp
VlnutJ w ero KOH)(eHCaTOpa H npHMeM C

-

100 "'....-
MK...... <or1I.a

A -V
4 10-3

-I -71'

30,52
'100. 10- 6

' ,

tlJ -10 5 ' 500 ' 10
-6 "

3
_ 3

2
' + ,10 '100'1O-

6
x

,

VTI; VT6 VTZ VT8

0)

+

3,14- 2,16

X e

-

- 0,033' 10- 3
+ 0,43' 10- 3

_ 463 MKC,

tH_0,43'1O-3+
2'1O-3

(
3,14-1,45

) _
-3

0,5 7,3
0,43. 10 + 3,16' 10- 3

- 3590 MKC;

fmax"
1

.. 46,4 n..r
6'3590'10- 6

'

Ld

H

t)

Ld
+

PHC, 9.16. CxeMbl TpexcIJa3Hblx AH:T:

a _ cxeMa Ca6a-KaraHoBa; 6 _ c YCI<opellHbIM nepe3apAAOM; 6 - c J1!ynnoBblMH ycrpOHCTBaMH KOM-

MYTal\IlH; Z _ c OAllOCIYnell'iaToi! KOMMyTIil\Hei\ 10. r. TonCTOBa

AHT C ABYXC1)'neHqaTOH KOMMYTa HeH,HanpHMep
CXeMa Ca6a-KaraHOBa

(PHC. 9.16, a). OfJIHQHTerrbHaH oco6eHHoCTh cxeM C AByxcryneHQaTOH

KOMMYTa eHCOCTOHT B TOM, 'iTO KOMMYTa HJIOCYlI\eCTBmreTCH
B ,roJe

C1)'neHH: Ha nepBOH cryneHH TOK C OCHOBHOI'O THpHCTopa (VTI-VT6)

nepeBoWiTCH C nOMOlI\blO npeABapHTerrbHO 3apg)l(eHHoro KOH)J.eHcaTopa C

Ha BcnOMoraTerrbHbIH rupHCTOp (VT7. VT8); Ha BTOpOH C1)'neHH C Bcno-

MoraTerrbHoro THpHCTopa
- Ha OQepe)J.HOH OCHOBHOH THpHCTOp. 3Ta

cxeMa o6na)J.aeT ABYMH HeJJ;OCTaTKaMH: )I.JUI ee peami3al.\HH Tpe6yeTcH

TpaHct}>opMaTOp T C BbIBe)J.eHIIOH lIyneBoH TO'iKOH; KOMMYTal.\ml TOKa

H3-3a HaJIHQHJI HHA)'KTIlBIIOCTH Harpy3KH H TpaHct}>opMaTopa JUlHTeJIbHa.

B03MOJKHa cxeMa 6e3 TpaHct}>opMaTopa. B 3TOM cnYQae Me)l{)J.j' napOH

BcnOMoraTeJlbHbIX THpHCTOpOB H Ka)[{)J,OH t}>a"30H BKmoQaeTCH OT)J.eJlbHbIH

KOH)J.eHcaTOp.

( V 10-
3 3,14-2,16

Unmax '" 1000 2. 0,5 + e

-

3,1

3.100. 10-6 ).. 1000 + 1440", 2440 B.

YMeHb1l1eHHe 3Ha'ieHHJI eMKOCTH KOMM

.

pocry nepeHanpR)I(eHll1i Ha KOH,!1,eHCaTopa Proi=roKOH,!1,eHcaTopa
B 5 paJ npHBerro K

BbIJOllO'IeHHe IHpHCTOpOB. npH Bbl60pe e

p a. npH 3TOM H3MeHHnOCb BpeMIi Ha

.

MKOCTH ene,u;yeT vullTb

nonb3yeMbIx
1 HpHCTOpOB H KOH,IJ.eHCaTOpOB no 6

!
. maTh XapaKTepHCTHKH HC-

o utHM nOKa3aTeJISlM HaHMeHblllHX 3aTpaT.

CxeMbl TpexcJI33HblX AIfi'. PaCCMo eHH

AHT HBJLSIeTCH HaH60JIee npOCTOH H

aJl Bblwe cxeMa Tpex«lJaJHoro

npHcyulH HeKoTOpbIe He)J.OCTaTI<H, rJIaBl    npHMeHHeMOH. O,lIHaKO eH

TeJIbHOe BpeMH KOMMYTal.(HH BCJle)J.CTBHe 3aTH

H3 HHX HBJUUOTC.H: 3HaQH-

THpYIOI "-KOH)J.eHcaTopOB' BbICOKHe n

mBaHHH nepe3apH,D;a KOMMY-

,n:OnOJIHH1'eJlbHble nOTepH B  TCeKaIOll{HXepeHanpH eHHH
Ha THpHCTopax,

AHT (pHC. 9.16) [24]. CYll{eCTBYeT )J.OCTJJ:Ho)J.ax. 6
MeIOTcH ,n:pyrHe cxeMbI

428
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oro npHBo.n;a [31, 33]. KOHllmrypal\ml
1Ol\a3aTeJIH aCHHxpoHHoro. T: ':(Inter City Express) (pHC. 9.18) MO)l(eT
BblCOKOCKopoCTHoro noe3)la

eHeHIDI 'lHCJla npHl\enHblX BarOHOB. B ro-
H3MeHHTbCH B pe3YJIbTaTe H3M

03 061I\aH MOU{HOCTb ABYX
XBOCTe noe3.n;a BKJIlO'laeTCH :meIcrpOB .

JIOB_:f_ 9600 KBT MaKCHMaJIbHaH CKOpOCTb JJ:BU)I(eHHJI
:meKIWB030B B noe3.n;e ,

6 6 3

250 KM/'l. Macca IllKatIJa oWioro IIq 3500 Kr, 0 'LeM M.

\

1
.

H3
P5

3Hr

I
I

9.4. nPMMEHEHME ABTOHOMHblX MHBEPTOPOB B TstroBOM
3nEKTPOnPMBO,QE C ACMHXPOHHblMM M CMHXPOHHblMM

,QBMrATEnstMM TPEX A3HOroTOKA

I
Cxe cOBpeMeHHoro 3J1eKTpono BH)I(HOrOCOCTaBa C aBTOHoMHL H

HHBep1"opaMH H aCHHXpOHHL H BHraTeJUlMH.,D;ByxceKQUOHHbIii 3J1eKTpO-B03 BJI80A C oceBoii 1fJ0PMYJIOH 2(20 - 20) MOU{HOCTblO 9600 KBT, KOH-
CTpYKl\UOHHOii CKOpOCTbIO 110 KM!'l, CUJIoii nlTU B 'laCOBOM pe)I(HMe447 KH, CKOpOCTblO 72 KM!'I (puc. 9.17) 6bIJI lIepBblM MaruCTpaJIbHblMJIOKOMOTHBOM C 6eCKOJIJIeKTOpHbiM npUBO.n;OM (POCCUH) [29].KaJK,Z:{aH CeKl\WI :meKTpOB03a 06opy.n;oBaHa 'leTblpbMH aCHHxpoHHblMUnrOBbIMH .z:umraTeIDlMU (AT,D;) MO HOCTblO1200 KBT Ka>K,l:U>IH. .l(Ba .z:um-raTeIDl O,/UIOH .z:wYXOCHOH TeJIe>KKU nOJIy'IaIOT nHTaHue OT npe06pa30Ba-TeIDl 'IaCTOTbl, COCTOH eroU3 BbInpSlMuTeIDl, LC-IfJUJIbTpa B KOH'I)'penOCTOHHHoro TOKa U AByx aBTOHOMHblX uHBepTopoB HanpH)I(eHuH. qacTO-Ta TOKa cTaTopa AT,D; 3a.n;aeTCH cucTeMoii ynpaBJIeHUH uHBepTopOM C
06paTHoii CBSl3blO 110 'laCTOTe Bpa eHHJ{pOTopa U 3a.n;aHHoii 'laCTOTe
TOKa pOTOpa:.Ii =fop +h. HanpSl)l(eHHe CTaTOpHoii l\enH UI peryJIHpyercR
npHMepHO npOnOpl..{HOHaJIbHO 'laCTOTe (U11Ji = const) IIOCpe.n;CTBOM nepe-KJllQ'leHHH 'lHCJIa BHTKOB BTOPH'lHOii 06MOTKH TpaHc«lJopMaTopa C nOMO-
lI..{blO 3JIeKTpH'IeCKOrO rpYlInoBoro KOHTaKTOpa (3KI) H nnaBHoro Me)l(-
C'I)'neH'laTOro peryJlHpOBaHHH nocpe.n;CTBOM THpHCTOpHblX Berneii BbIIIpH-MHTeJlbHbIX YCTaHOBOK.

CXeMa BlfII 3J1eKTpOB03a BJI80A npe.n;CTaBIDIer c060ii Tpex«lJa3HYIO
cxeMY C 06l1..{HM Ha TpU «lJa3bl YCTpOiiCTBOM npHHYJUiTeJIbHOii KOH.n;eHca-
TOpHOii KOMM}'TaI..{HH, aMnnU'I)',/UIbIM cnoc060M peryJIHpOBaHHH HanpH)I(e-HUR U YCTpOiiCTBOM 3apH.n;a KOH.n;eHCaTopOB OT OT.n;eJlbHOii BTOpH'IHOii06MOTKH TpaHc«lJopMaTopa HanpH)I(eHHH 900 B. 3TO YCTpOiiCTBO n03BOIDI-
er coxpaHHTb KOMM}'THpylOU{YIO cnoc06HoCTb HHBepTopa IIPH 60JlbWUX
nYCKoBbIX TOKax U HH3KOM BXO,/UIOM HanpSl)l(eHHH Ud.

KOHCTpyxTHBHO BI1Il BbUIOJIHeH B BH,LJ;e WKa«lJoB C rJIaBHblMH U KOM-
M}'TUpYlOlI..{HMH THpHCTOpaMH U 06paTHblMH .n;Ho.n;aMH, HMelOlI..{HMH 803-
.n;YWHoe OXJIa)l(,U;eHHe. IIepBble 06pa31..{bl AI1H )VUI OnbITHOrO 3JIeKTpono.n;-
BU)l(HOrO COCTaBa BbIlIOJIHHJlHCb Ha THpHCTopax C HeBLICOI<HM npe.n;eJIb-HblM TOKOM H HH3Koro KJIaCca no HanpH)I(eHHIO, 'lTO Tpe60BaJIO npH-MeHHTb CJlO)l(Hble cxeMbl rpynnoBoro BKJllO'IeHUR THpHCTOpOB. 3TO 3Ha'lH-
TeJIbHO CHU)I(aJIO Ha.n;e)l(HOCTb AI1H H TeXHHKO-3KOHOMH'IeCKHe nOKa3aTe-
JIU. Macca U pa3Mepbl YCTpOiiCTB npHHYJUfTeJlbHOii KOH.n;eHcaTOpHoii KOM-
M}'TaI..{HH 6bIJIH He MeHee CUJIOBblX THpHCTOpHbIX IllKa«lJoB. ITo Mepe yco-
BepWeHCTBOBaHHH CHJlOBblX THpHCTOpOB pa3pa60T'lHKU CTpeMUJIHCbc.n;eJlaTb AI1H C O,/UIUM THpHCTOpOM B IIJIe'le.

IToSlBJIeHHe 3anHpaeMbIX THpUCTOpOB (GTO) Ha npe.n;eJlbHble TOKH .n;o3 KA 45-ro KJIacca n03BOJIUJIO cOBepwuTb Ka'leCTBeHHblH Cl<a'IOI< B C03.n;a-
HUH AI1H )J)IH 3JIeKTponO.n;BH)l(Horo COCTaBa, npHMeHHTb cxeMy C O,/UIHM
THpUCTOpOM B nne'Ie U OTKa3aThCH OT YCTpOiiCTB IIpHHYJUfTeJIbHOii I<OH-
.z:r:eHcaTopHoii KOMM}'TaQUU. 3TO n03BOJlHJlO CYlI..{eCTBeHHo YJlY'lliIHTh Bce
430
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-

vrnOBC3a 2(20-20) BnSOA:PHC. 9.17. CxeMa O,I],HOH ceKUHH 3ne.....
'0"PS600125 (MOUlHOCThIO 5600 KBA,T TRrOBbl1l TpaHc4IopMaTOp L\

rB - rnaBHblii BbIICJ1lOQaTeJl1,; -

HHBepTOpHaJI YCTalloBKa (npe06paJoBaTeJlb
U =2060 B' [z=2400 A); BHY-2xI200 - BbIDPRMHTeJlbH

)
 -AI1H1-AHH4 _ aBTQHOMHble HHBepTopbl

2,
OM nOCTORHHoro TOKa ,

III TV
'iaCTOTLI C npOMeXC)'TO'DIbIM KOmyp

_ 450 B Ji=O 5+140 nt. Ud=0+1870 B); 1, 11, ,
-

HanpR]j(eHHJJ (MOUIHOCThIO 1200 KBT, UI-0  2(P= 200KBT, U4>=750 B, 14>=680 A, cos 11'=0,835,
aCl!HXpOHHble TRrOBble ABHnlTeJrH (ATJJ.)

94 =44 m=3900 KI", n=1410 06/MHH, 2p=8); CPl, cn-
/1.0..=94 nt, /ho" = I rl.\, M=8250 Hid, i--Oi -'1 50'ft.), .nc _ J].3.T'lHK CKOpOcrn: /par, /2, Ji - COOTBeT-

CrnaJKHlUUOU(He peaKTOpbl PC32 (L.=4 M , .- ,

Ka B CTaTOpe; CY
_ cxeMa ynpaaJleHHJ\; KM

-

cmeHHo 'IaCTOTbl BpallleHHJJ pOTopa, TOKI! B poTope,
.

T

L

0

1 1.2 _ nnOCCeJIII; C4>1, Cf2 _ KOH,CJ,eHCaTOpbl
. 1(3 - J<opOTK03aMblKaTeJIH"....-

-em.J<oHTpoJlJlep MawHHHCTa,
HTeJ\H' '3Kr_ J11ynnoBoll nepelCJ1lO'i ,

4IlUIbTpa; Pl-P6
- pl!neJDIH ,
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a)

tJ)

- U
PHC. 9.18. CxeMbl JJleKTpOB03a (a) BblCOI<:OCI(

.

BaTeJIIIMH 'iaCTOTbI Ha GTO-THpHCT

OpOCTHOl"O nOeJJI,II ICE C AT):{ H npeo6paJo-
opax H npe06pa30BaTeJISI (6)

TOpax Ha TOK 3500 A
.

'iaCTOTbl Ha GTO'THpHC-

BB _ BbiCOKOBOJIbmblH BblK1llO'laTeJlL' T
HanpH)J(eHHeM 4500 B:

'iIlCT01"bl; C,l( _ CrnIlJICHBaJOL!\HH p.pocc'em.,pI!J,  R"IpIlHC4l0pMIITOp; ill/I. ll'i2 - npe06pll30BllTeJlL

Hble npeo6pll30BllTeJIH; CI, C2. C I,C _ KOIIJI. :::::;1HJITeIJH;4QSI-4QS4
-

'ICThlpeXKBlIJtjJlllu-

AHH2 _ IlBTOHOMHble UHBepTOpbl HanpRJKeHHJI; L I--L

pbl cfJHJIb"Ipa; LI, 12 - p.pocceJlH; AHHI.

aCHHxpouHble TIIrOBble J];BUrIlTeJlU' Bll'lI-BITI'3
" ,,4 - p.pOCCeJIH TJIrOBbIX J];BHraTeJleii' I-IV-

, U -.,
-. npe06pll3oBIITeJIH 'III

'

6HTeJleii 3J1eK1poB03a

CTOTbi BcnOMOraTeJl1>HLlX nO"Ipe-
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Ha 6a3e paCCMOTpeHHOH KOH en RHnpeo6pa30BaTeJIbHOH
TeXHHKH C

AI1H, 06ml,I:!:alOmeH BblCOKOH m6KOCTbIO peaJIH3al.\RH KOHKPeTIIOro THna

:meKTpOnOJJ.BH>KHOrO COCTaBa, C03JJ.aHbi o6pa3l.\bl MHOrOCHCTeMHorO

:meKTpH'IeCKOrO nO,nBH>KHorO COCTaBa Ha ,nBe, TpH H 60Jlee CHCTeMbl TOKa

B THrOBOH CeTH. OC06eHHO Ba>KHbIM )J)U! pOCCHHCKHX >KeJIe3HblX JJ.opor

HBIDIeTCH C03.u.aHHe :meKTponO,nBH>KHOrO COCTaBa cAT)]; Ha JJ.Be CHCTeMbl

TOKa: o,II.Hot}>a'3Horo nepeMeHHoro TOKa HanpH>KeHHeM 25 KB, 50 rl.\ (HJlli

15 KB, 16 2/3 rl.\) H nOCTOHHHoro TOKa 3 KB.

):(ByxCHCTeMHbIH :meKTpOB03 cepHH 1822 ABeTpHHCKHX t}>e.u.epaJIbHblX

>Kene3HblX .u.opor (pHC. 9.19) npe,II.Ha3Ha'ieH )J)U! BbmOJlHeHH5I nepeB030K

B TH>KeJIblX yeJIOBHHX ropHblX aJIbnHHCKHX Y'laCTKOB >KeJIe3Hb1X .u.opor.

OH HMeeT CJIe.aylOUlHe TeXHH'IeCKHe .u.aHHble: t}>OPMYJIY 20 + 20, Mom-

HOCTb B THrOBOM pe>KHMe R B pe>KHMe peKynepaTHBHoro TOpMO>KeHH5I

4400 KBT, KOHCTpYKl.\HOHHyIO CKOpOCTb 140 KW'I, HanpIDKeHHe npo-

Me>Kyro'IHOro KOHTYpa nOCT05lHHOrO TOKa 3500 B. npe06pa"30BaTeJIb

'IaeTOTbI COCTOHT H3 BXO,ll,HbIX npe06pa30BaTeneH 4QS, npOMe>KyrO'I-

Horo KOHTYpa nOCTOHHHoro TOKa H aBTOHOMHblX HHBepTopOB HanpH-

>KelllUI C llIHM. Oc06eHHoeTblO HBlliIeTCH npRMeHeHHe TpeXTO'Ie'IHOH

cxeMbl [25], KOTopaH xapaKrepH3YeTC}l TeM, 'ITO B npOMe>K)'TO'IHOH

l.\enH  oC"I)'nHacpe 
TO'lKa. DJlaro.u.ap}l 3TOMY MO>KHO peaJIlI30BaTb

cxeMY nOCJleJJ.OBaTeJIbHOrO coewmeHH5I ,nByx GTO THpHCTOpOB 45-ro

KJIaCca H 06ecne'lHTb Ha.n.e>KHyIO pa601)' AHH npH nHTaHHH OT

KOHTaKTHOH CeTR nOCTOHHHoro TOKa C MaKCHMaJIbHblM HanpH>KeHHeM

4,2 KB.

nepcneKTHBHLIe CHCTeMbl 3J1eKTPH"lecKoii '111m c HCnOJlb30BaHHeM Tex-

HOJlOmH mpHCToPHblX npeo6pa30BaTeJleH C aBTOHOMHLIMH HHBepTOpaMH.

COBpeMeHHble >KeJIe3Hble  oporH3J1eKTPHI!>Hl.\HPYIOTCH
B OCHOBHOM Ha

O,ll,Hot}>a3HOM TOKe HanpH:>KeHHeM 25 KB 'IaeTOTOH 50 rl.\. I1cnOJIb3YeTCH

TaK:>Ke YCHJIeHHaH CHCTeMa HanpJl:>KeHHeM 2 x 25 KB 'IaCTOTOH 50 n.\.

npeHMYll1.eCTBeHHOe npHMeHeHHe
CHCTeMbl 0,ll,H0l!>a3Horo TOKa 06YCJIOBJIe-

HO reM, 'ITO 3JleKTpH'IeCKHe >KeJIe3Hble  oporRnOCTOHHHOro
TOKa H3-3a

HH3KOro HanpH:>KeHRH B THrOBOH CeTR (3000 B) CHH>KaIOT nOKa3aTeJIH

nponycKHoH H npoB03HOH cnoc06HocTeH >KeJIe3Hb1X  opor.):(lliI HHX B03-

paCTaeT pacxo QBeTHblX
MenUIJIOB (60JlbUlOe Ce'IeHHe KOHTaKTHOH no.u.-

BecKH), npHMeHHeTCH 'IaCTOe pacnoJIO>KeHHe
THroBblX no.u.cTaHl.\HH C pac-

CT05lHH5IMH Me:>K.IO' HHMH ]1,08-10 KM, Heo6xo)I.HMO 06ecne'lHBaTb YCTOH-

'IHBblH TOKOC'beM npH 60JlbUlHX TOKax, '11'0 npH BblCOKHX CKOpOCTHX

BbmOJIHHTb TpY,ll,Ho.
.AJn,repHanmHoe peUleHHe 3JIeKTPOCHa6>KeHIDl noe3.u.OB O,ll,Hol!>a3HbIM

TOKOM TaK>Ke He JIHUleHO He.u.OCTaTKOB: OTpHQaTeJIbHOe BJIH5IHHe Ha IIH-

TalOIIJ.Y1O 3HeprocHCTeMY H3-3a HecHMMeTpH'IHOCTH HarpY3KH, Ha CMe>KHble

3J1eKTpOreXHH'IeCKHe YCTpOHCTBa H3-3a HaBe.u.eHHbIX 3)J.C, 3Ha'lHTeJIbHbie

nOTepH Hanp}l>KeHHH B THrOBOH CeTH H  p.31!>t}>eKTHBHee npHMeH5ITb

3J1eKTpH'IeCKyIO THry nOCTOHHHoro TOKa BblCOKoro Hanp5l>KeHHH, B TOM

'IHelle 12, 18, 24 KB B KOHTaKTHoH ceTH. PeaJlli3al.\llii CHCTeMbl 3JIeKTpo-

CHa6>KeHHJI nOCT05lHHOro TOKa Hanp}l>KeHHeM .u.o 24 KB He Bbl3blBaeT

TeXHH'IeCKHX TpY,ll,HOCTeH. npHHl.\HnHaJIbHO HOBblM HBIDIeTCH C03 aHHe
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cHa6)1(eHUJI. npH 3TOM 3tl>4JeKTHBHble pellleHHH MOry:: 6bITb peaJIH30BaHbi
Ha OCHOBe TIInOBblX npe06pa30BaTenbHbiX Mo,nYJleH. BblnOnHeHHblX Ha

3anHpaeMbIX (GTO) THpHcTopax.
6CYllleCTByer TaK)I(e pacnpe.n.eneHHIDI cHcreMa 3neKrpocHa )l(eHIDl

24-

no-

nreH
-

nHHHeH HanpJl)l(eHHeM
.

crOHHHoro TOKa C npo,nOJIbHOH nHTalO.......

36 KB. npono)l(eHHoil Me no.nCTaHl..\lliIMH Ha onopax KOHTaKTHOH

-15/(8, 16(2/J)ry
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Plit. 9.19. CxeMa CHnOBblX l(eneH JJ.BYXCHCTeMHoro :meKTpoB03a cepHH 1822 )J(ene3HblX

lI:opor AsCTpHH:
la, 16 - rnaBHblC Bb1KJllO'JIITCJIH lI,JUI pll6on.I HII ncpeMcHHoM H nOCTORHHOM TOKC; 2 - CHCTCMHblii
nepCKlllO'IIITCJ1b; J - TJlrOBblii (npeo6pIl30BIITeIIhHblii) "IpIlHCljJopMIITOp; 4 - 'IeTblpeXKBIIJtjJIIHTHblii npe-
o6pa30SIITeJlb; 5 - BxoA/ioii JlpOCCeJlb; 6 - pe30HlUlcHblii KOHryp; 7 - KOl1.l\eHCllTOpbl clJHJlb"IpIl; 8 _
TOpM03HbiC pe3HCTopbl; 9 -IIBTOHOMllble HHBeprDpbl HllnpJl)J(cHHR C IllI1M; 10 - AT,A MI-M4; 11-

CHCTCMII OTODneHHJI nOe3Jl11; 12 -- IISTOHOMHblii HHBeprop 60pTOBOii CeTH

3JIeKTponOABH)I(HOrO COCTaSa nOCToslHHoro TOKa BblCOKOrO HanpH)I(eHH5l.
Talme 3KCnepHMeHThI 6bmH npOOe,neHbl B HaIlleil CTpaHe B 70-x ro.nax npH
HanpH)I(eHHH B KOHTaKTHoil Cent 6 KB. O,lUiaKO OHH 6bmH npHOCTaHOBJIe-
Hbl B CBH3H C OTcyrcTBHeM B TO BpeM5l He06xoJI.HMblX cpe,nCTB npe06paJo-
BaTeJIbHOil TeXHHKH.

COBpeMeHHbIe CHJIOBbIe nOJlynpOBO,lUiHKOBbIe npH60pbI H HOBbIe cxe-

MOTeXImqeCKHe peIlleHHH n03BOIDIIOT C03.n.aBaTh :meKTpOnO,nBH)I(HOil CO-

CTaB nOCTOSIHHoro TOKa Ha HanpH:H<eHHH ,no 24 KB. CHcreMa npe06paJo-
BaHHH 3JIeKTp03HepmH nOCTOHHHoro TOKa BbICOKoro HanpH)I(eHlliI B 3Hep-
rHIO Tpextl>a3Horo TOKa JUHI nHTaHHR AT,l]. Ha 3J1eKTpOnO,nBH)I(HOM
COCTaBe (pHC. 9.20) n03BOJUleT Ha cOBpeMeHHoil 3J1eMeHTHoil 6aJe C03,naTb

YHHBepCaJIbHblil 3J1eKTponO,lJ,BH)I(HOil COCTas )J)IH HOBoil cHcreMbI :meKTpO-
434

PUC 9 20 CxeMa CUCTeMbl 3neKTpIi'ieCKOH TJlrH nOCTORHHoro TOKa HanpRJ!<eHHeM B KOH:
Ta  H H24 KB H MHorocHCTeMHblM 3nc C ATlJ.. U npeo6paJoBaTeJISlMU tdo.u.ynbHou

KOHuenuHH Ha GTO-THpHCTopax:
95+6 11>150 - KOIfTIIKTHWI nOJIBCCK& 113 6HMeT!IJIIn!'JCCKoro

'_
Tnl, m2 - TJlrOBble nOJlCTIIHIIHH n6CM. p

BO . BB _ BblCOKOBOIIhThlblii BblKJIlO'JRTCJlb; C,a-
HCCYllIero "IpOCIl H 6P0H3?';;H   ;:; Oa   HO:;bleHHBCpropbl HIInpRa<CHHJI BXOPJible; Tl-TJ-
CrnaJl(HBlllOllIHI! 1lP0cce1lb,

-4QS4 XKBlIJtjJalIDlble npe06paJoBllTeIJII; ANH
- aBTOHOM-

TRl"OBbIC "IpIlHC4>OpMIITOpbl; 4QSI
- 'IeTblpe

u'
o,nuoiiHblii HHBepTOp HllnpR)J(eHHJI B_ ,.....
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8/1ZZ0x8
10. nPEOEiPA30BATEJ1M nEPEMEHHOrO TOKA

B nEPEMEHHblM TOK APyrMX nAPAMETPOB
L=60...80XM

10.1. HA3HA'4EHME M KIlACCM MKAU.MS1nPE05PA30BATEnEM
nEPEMEHHOrO TOKA B nEPEMEHHblM TOK

APYrMX nAPAMETPOB
.Z'ifcB

p

fipHMeHeHHe npeo6pa10BaTeJIeU lfacroTbl B :meKTpo3HepreTHKe H B CHC-

TeMe 3J1eKTpHlfecKoU TIfm. llOJlynPOBO)J.HHKOBble npe06paJOBaTeJIH nepe-
MeHHoro TOKa O,IUiHX napaMelpoB ('IHCJIO «lJaJ, HanpH)I(eHHe, 'IaCTOTa) B

nepeMeHHblii: TOK ,lI,pyrHX napaMelpOB CJlY)I(aT, maBHblM 06PaJOM, ,lI.IDI

npe06pa30BaHlliI 3HepmH O)J.Ho«lJaJHoro HJlH MHoro«lJaJHoro TOKa O)J.HOH
'IaCTOThI B 3Heprmo O)J.Ho«lJa'3Horo HJIH MHoro«lJa3HOrO TOKa ,lI,pyroii: 'Iac-

TOTbl, B 60JIbWHHCTBe cJlyqaeB perYJlHPyeMOH. TaKHe npe06paJOBaTeJlH
Ha3bIBalOTCH npeo6pa30eameJ/RMU 'laCmOmbl H CJIY)KaT, KaK npaBHJIO, ,lI.IDI

nHTaHHH .zumraTeJIeU Tpex«lJa'3Horo TOKa C perYJlHpyeMoii: 'IaCTOTOU Bpa-

 eHHHBaJIa. npH nHTaHHH 'IaCTOTHo-peryJlupyeMbix ,lI,BHI'aTeJleH O)J.HO-

BpeMeHHO C perynHpoBaHHeM 'IaCTOTbi COrJlaCOBaHHO H3MeHHeTCH HanpR-

)l(eHHe. l103TOMY npeo6paJOBaTeJIH 'IaCTOThI HBJIHIOTCR B CYI1.UlOCTH npe-

06paJOBaTeJUlMH 'IaCTOThI H HanpH)I(eHHH.
B pH,lI,e CJIY'IaeB Tpe6YeTCH perynHpoBaHHe JlliWb HanpH)I(eHHJI npH

nOCTOHHHOH 'IaCTOTe. TaKHe npeo6paJOBaTeJlH MOryr CJlY)l(HTh perymITO-

paMH HanpH)I(eHHH. npoCTeii:IllHe perYllilTOpbl Hanp}l)l(eHHH HcnOJlb3YlOTCH
B Ka'IeCTBe 6eCKOHTaKTHbix KOMMyraTopoB, npHMeHHeMblX BMeCTO Bbl-

KJIIO'IaTeJIeii: H nepeKJIlO'IaTeJIeii: B I.\enHX O)J.Ho«lJa3HOrO H Tpex«lJaJHoro
TOKa.

Oco6yIO rpynny npe06pa30BaTeJIeU nepeMeHHoro TOKa COCTaBllillOT

KOMneHcaTopbl peaKTHBHOU MO HOCTH.
nonynpOBO,ll,HHKOBbie npeo6pa30BaTeJlH 'IaCTOThI npHMemuOTcH Ha CO-

BpeMeHHoM 3J1eKlponO,ll,BH)I(HOM COCTaBe H B aBTOHOMHblX nOKOMOTHBax

C THrOBblMH ,lI,BHraTeJUlMH lpex«lJa3Horo TOKa ,lJ)UI npe06pa30BaHHH 3neKT-

pH'IeCKoii: 3HeprHH, nOJIY'IaeMOH H3 THroBoH cem HJIH OT co6CTBeHHoH

3HepreTH'IeCKoii: YCTaHoBKH, B 3HeprHIO lpex«lJaJHoro TOKa perYJIHpyeMblX

'IaCTOTbl H HanpH)I(eHlliI. B YClpOHCTBaX 3J1eKTpOCHa6)1(eHHJI 3neKTpH'IeC-

KHX )l(eJle3HbiX ,lI,opor npe06pa30BaTeJlH 'IaCTOTbi HaxO,ll,SlT npHMeHeHHe B

CHCTeMe 3neKTpH'IecKoH TIfrH O)J.Ho«lJa3HOrO TOKa nOHIDKeHHoH 'IaCTOThI

(repMaHHH, ABC1pHH) ,lJ)UI npeo6paJOBaHHH lpex«lJaJHoro TOKa 'IaCTOTOH

50 rI.\ B O)J.Ho«lJaJHbIH nepeMeHHblH TOK 'IaCTOToii: 162/3 rI.\.

K.1IaccHcIIHKa....HH npeo6pa30BaTeJIeU (PHC. LO.I). Bce BH,!I,bI npeo6paJo-
BaTeJleH nepeMeHHoro TOKa B nepeMeHHblH TOK .IIpyrHX nOKaJaTeJIeH no

t}>YHKI.\lfOHaJIbHOMY HaJHa'IeHHIO pa3,l1,ellillOTCH Ha peryllilTopbI HanpH)I(e-

HHH, npe06pa30BaTenH 'IaCTOThI, KOMMyraTOpbl (BblKJllO'IaTeJIH) H peryllil-

TOphI peaKTHBHoii: 3HepmH. no 'IHcny t}>a3 paJJIH'IaroT lpext}>aJHO-O)J.HO-
t}>aJHble, Tpext}>aJHo-lpex«lJa3Hhle, O)J.Ho«lJaJHO-O,ll,Ho«lJaJHbie H O)J.HO«lJaJHO-

Tpex«lJa3Hble npeo6paJoBaTeJIH.

II
II
I

I

T

I
I

I

------L
,

KC

PHC. 9.2l.CxeMa CHCTeMbl pacnpe)].eJle
)J(eHHeM 3 I<B B KOHTaKTHOH CeTH

HHoro JJle OcHa )J(eHHJ\nOCTOHHHoro TOKa HanpR-
C npO,lJ;OnbHOH JIllHHeH nOCTOHHHoro TOKa 24-36 KB H

WI Tll2 T
aBTOMaTH'iecKHMH npeo6paJoBaTeJIbHblMH nYHKTaMH nHTaHHJ\'

.
- IIl"OSble no.ncraHIUtH; BB - BbICOKOSOJU.THblii Bb

.

. Ma-IWJeCKHe npe06paJOBaTe1!LHble nYHKTLl n
. C'"

1KJllO'IaTeJIb; lllll, llll2-llllN - asro-
HTIlHHJI, "..

-

cmaJKHBalO"'lIi! . IfaBTOHOMHbJe HHsejITopbl HanpRJKeHWI' T n _

.... 1IPOCCeJIL, A HI-A1fH3-

B2 -tpexcfJl13Hble MOCTOBble BbmpRM CO=::'e: H) o6paJOBaT:JU.HbliitpaHcct>opMaTop; BI,
CmaJKHBalOlI1ero cfJmn..rpa' KC_ 0'

e no -nym.coBOH cxeMe; C ,Tt - 3neMeHTbI

3llC
K HTIlKl1JaJI CeTh nOCTOIlHHOro TOKa HanpRJKeHHeM 3 KB' P- PeJILCbl'-

3neKtponOJJ;BHJKHOii COCTaB nOCTORHHOro TOKa 3 KB'

cern (pHC. 9.21). Or npO,ll,onbHOH JIHHHH nOCTOHHHoro TOKa C nOMO blO
aBTOMamlleCKHX nYHKTOB nHTaHHH HanpH)I(eHHeM 24/3 KB non
nHTaHHe KOHTaKTHaH CeTb.

YllaeT

TaKaH pacnpe,ll,eneHHaH CHCTeMa 3J1eKTpOCHa6)1(eHHH nOCTORHHoro
TORa 3 KB,lI.IDI 06bl'IHblX (He BbiCOKOCKOpOCTHbIX) JIHHHii: 06ecnellHBaeT Bbl-
COKHe nOKaJaTeJlH no 3KOHOMHIlHOCTH H Ha"e"'"LZOCTH

orp
I-'. IOU>.

, H n03BOllileT CIDlTb
aHH'IeHHR no YCTpOHCTBaM 3neI<1pOCHa6)1(eHHJI, paCIlIHpHeT HCnOJIb30-

:  HeYCTaHOBneHHblX 3HepremlleCKHX MOlQHocTeii: 3neKTpH'IeCKOH )l(eJle3-
,lI,oporH, npHCOe,ll,HHeHHbIX K CHCTeMe BHelIIHero 3J1evrnOCHa6)1(eHun

436
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flpeo6pa306amenIJ. nepmeHIfO-nepeMeHIfOZO mOlCa

c npoHeJllymOYHblH ICOHmypOM
nocmORHHOZO moxa

- HenocpeiJcm6eHHI>Ie
(6"e3 npOHeJKymOYHOZO KOHmypa)

c npoHeJllymOYHblH
36eHOH

nocmORHHOZO
HanpRJlCeHlJ.1I

PHC. 10.1. CTpYKTYPHaR cxeMa I<:llaccHclJHl<:aLtHH nonynpOBO.D;HHI<:OBbIX npeo6pa30BaTelleH
nepeMeHHoro To/(a B nepeMeHHblH TO/(

n

llpe06pa30BaTeJIH qaCTOTbl Moryr 6blTb peaJll130BaHbl B BH,U,e cxeMbl C

pOMe)l(YTO'IHbIM KOHTYPOM nOCTOIlHHoro TOKa H 6e3 npOMe)l( O'IHOrO

    a1.{nOC QjlHHoro
TOKa C HenocpeJJ:CTBeHHOH CBR3bIO BxOro-i:H H Bbl-

KOBblX np     :.peMeHHoro
TOKa nocpeJJ:CTBOM rpynnbl nOJlynpOBO,/UIH-

llpe06pa30BaTeJlH C npOMe)l(YToqHblM K

  : :  : TBCC   HB;OJI : ble
,lJ,B

6

yxCTyn =  I      ;a  :T: : 
 .OHnpeo pa30BaTeJlb B BH,U,e y

:JIH HeynpaBIDIeMoro BbII1pIlMHTeIDI, npOMe)l(YTO'IHOrO 3BeH: ::::  
)I(:   0=r;o I e 6pa30BaTemlB BH,D.e aBTOHOMHoro HHBepTopa HanpH-

. 3aBHCHMOCTH OT THna aBTOHOMHoro HHBe TO a
1yp nOCTOIlHHoro TOKa BbIllOJIHReTCH KaK 3BeHO 6

p P KOH-

HHHoe HanpH)I{eHHe (06blqHO C IDIH LC-'" )
,0 eCneqHBalOll.{ee nocTO-

)l{HBaIOll.{ee no
'i'WIbTp , IDIH KaK 3BeHo, nOMep-

CTOIlHCTBO TOKa (tPHJlbTp B BH,D.e peaKTOpa co 3HaqHTeJIbHOH
HHJJ:YKTHBHOCTblO). TaKHe npe06pa30BaTeJIH npHMeHJUOTCII Ha COB eMeH-

:blX 3JIeKTpOB03ax H 3JIeKTponoe3JJ:ax nepeMeHHoro TOKa C aCHHX HHbl-
H H CHHXpOHHblMH THI'OBbIMH JumraTeIDIMH TpeXtPa3HOrO TOKa a TaK.....

e
Ha TerurOB03ax.

' I1\.

CeT e(ocpe:!-)TBeHHblenpe06pa30BaTeJIH, 06ecneQHBalOlIUfe CBH3b .ltByx

npe06P  ::H or::  : JI:H:  :;e   M: ; OTOPblXB npOl ecce

  JIynpOBO,/U-I KOBbIXnpH60p08
B He06xoJI,HMble MO:   :I     :e    

CTBIDIeTCH JIaroJJ:apIl HaJIH'IHIO 3)J;C ceTH, npHJIO)l(eHHOH K n H60 aM

    : ;cH   aBJIeH H,KaK B BbIllpHMHTeIDIX C ceTeBOH KOMM u, eH.
31 C

aIOll.{eH CeTH pOJIb KOMMYTHpYIOll{eH MO)l(eT BbInOJIHID'b

438

H8rp}'3KH, HanpHMep Bpatl-t8lOll{eHCII nepeB036y>K,r{eHHOH CHHXPOH-

HOH MaIlIHHbl. B03MO:>KH0 COBMeCTHoe HCnOJIb30BaHHe B KaqeCTBe HCTOq-

HHKOB KOMMyrnPYIOll{eH 3)J;C nmaIOlI.{eH CeTH H u,enH Ha.rpY3KH (KOM6H-

HHpoBaHHaH eCTeCTBeHHaJI KOMM}'TalJ,lUI).
HaH60Jlee npOCThIMH H pacnpocrpaHeHHblMH B 3JIeKTp03HepreTHKe

HBJUlIOTCII HenocpeJJ:CTBeHHble npe06pa30BaTeJIH C CeTeBOH KOMMyrau,HeH,

cpeJJ:l{ KOTOpblX Ba)l(}{YIO pOJIb HrpalOT HenocpeJJ:CTBeHHble npe06pa"30Ba-

TeJIH qaCTOTbI (Hllq), KOTopble B HHocrpaHHOH JIIuepaType Ha3bmaroTcII

I.IUKJ/OK01l8epmOpaMu. 3TH npe06pa30BaTeJIH HMelOT HeJJ:OCTaTIm, CBH3aH-

Hble C TpY,/UiOCTHMH ruraBHoro perYJIHpOBaHHH qaCTOTbl, ':ITO orpaHH'lHBa-

eT HX npHMeHeHHe B TIIrOBOM 3JIeKTponpHBo.ne. qaCToTa Ha Bblxo.ne HTIq

MO)l(eT H3MeHHThCII JI,HCKpeTHO, a MaKCHMaJIbHOe ee 3HaqeHHe He MO)l(eT

npeBbllIIaTh 1/3 qaCTOTbl nmalOll{eH CeTH.

}J;mI ycrpaHeHlliI YKa3aHHbiX He,n:OCTaTKOB B HenocpeJJ:CTBeHHblX npe06-

pa30BaTeIDIX O,/UiOOnepa1.{HOHHble THpHCTOpbl npHMeWllOT C ycrpOHCTBa-
MH npHHYJI,HTeJIbHOH KOMMYTal HHHJIH HcnOJlb3YlOT 3anHpaeMble THpHC-

TOpbl HJIH CHJIOBble TpaH3HCTopbl. Trome HenocpeJJ:CTBeHHble npeo6pa30-

BaTeJlH C HCKYCCTBeHHOH (npHHYJJ:HTeJIbHOH) KOMMYTa1.{HeH ':IaCTO

BbIllOJIHIIIOTCH no cxeMe C HeIlBHblM BHyrpeHHHM KOH'rypOM nOCTOIlHHoro

TOKa. OHH no CJIO:>KHOCTH cpaBHHMbl C npe06pa30BaTeIDIMH C npOMe>KY-

TOqHblM KOHTYpOM nOCToIlHHOro TOKa.

10.2. PErYl1RTOPbI HAnPR)f(EHHR M KOMMYTATOPbI

TIOJIynpOBO,/UIHKOBble YCTpOHCTBa, 3aMeHJIIOll{He TpaHctl>opMaTopbl H

KOHTaKTHyro nepeKJIIOqalOll1.YIO annapaTYPY H B pHJJ:e crryqaeB paclIIHpmo-

ll{He ee B03MO:>KHble tPyHKL\HH, o6WIHO OTHOCHT K :meKTpOHHblM annapa-

TaM.

OCHOBHblM Ha3HaqeHHeM peryJIHTOpOB HBIDIeTCH nJIaBHOe H3MeHeHHe

3tPtPeKTHBHoro 3HaqeHHH HanpH)KeHHH Ha Harp}'3Ke. B OJJ:HOtPa3HOM TH-

pHCTOpHOM perywlTope (PHC. 10.2). npH H3MeHeHHH yma ynpaBJleHHH a

HanpH)I(eHHe Ha HarpY3Ke TaJ()I(e H3MeHHeTC51.

llpH pe3HCTHBHOH (aKTHBHoH) Harp}'3Ke cpe,/Uiee 3HaqeHHe HanpH)I(e-

HHH 3a nOJIOBHHY nepHop:a

1 Jt. .flu
UHCP

>=
- fV2Usmwtdwt >=

-(1 + cosa).
Jta Jt

(10.1)

3tPtPeKTHBHOe HanpIl)l(eHHe, npHKJIaJJ:bIBaeMOe K Harp}'3Ke,

UHJcj! >=
.!. j(V2Usinwt)2dwt >= V2r1 !2(Jt - a) + sin2a

.

Jt a vV- 4Jt
(10.2)
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PHC. 10.2. CxeMa 01I.HocIJa3Horo THpHCTOpHO-

ro perYJIJlTOpa H BpeMeHH leAHarpaMMbl

ero pa60TbI

wt

B :noil cxeMe C RL-Harpy3Koil TOK npOJJ;OIDKaeT npOTeKaTb qepe3

THpHCTOp, BbIXO,WIu.mil H3 pa60ThI, Ha HHTepBaJIe, H3MepReMOM yrnoM l),

nOJJ; JJ;eilCTBHeM 3)J;C CaMOHu.nyKQHH QenH HarpY3KH. AHaJIHTHqeCKOe BbI-

pa)l(eHHe ,lUUI onpeJJ;eJleHHR TOKa nqJHCTOpa HMeeT BHJJ;:

.
V'IU

[
.

( )
. a-rot

]WT-- sm 0Jt-q> -sm(a-q»exp---.
Zu tgq>

(10.3)

3l1:eCb q> rot (q> + 1C); ZU -VR2
+ (roLi; q> - arctg00;;.

ECJIH yron ynpaBneHHR a < cp, TO B QenH HarpY3KH npOTeKaeT Henpe-

pbIBHbIil TOK. lIpH 3TOM Ha THpHCTOpbI He06xoJUfMO nOJJ;aBaTb CHl1IaJI

ynpaBneHHR )I)IHTeJlbHOCTblO :n: - a, nOTOMY qTO nepexoJJ; TOKa qepe3 HYJIb

npOHcxOWlT nocne nOJJ;aqH CHmaJIa ynpaBneHHR Ha oqepe.ZI.HoH THpHCTOp.
PaCCMO'IpHM O.ZI.H0tl>a3HbIH perY.lliITOp Ha CHMMeTpHqHOM THpHCTOpe C

n03HQHOHHbIM perynHpOBaHHeM (PHC. 10.3). lI03HQHoHHbIe pery.llilTOpbl

MO)I(HO npHMeHRTb B yCTpOHCTBaX, B KOTOpbIX rapMOHHqeCKHH COCTaB

HanpR)I(eHHSI HarpY3KH He HMeeT 3HaqeHHH, HanpHMep B THpHCTOpHbIX

peryJlHTOpaX CHCTeMbI OTOIUIeHHR. BKJIIOqeHHe H BbIKJUOqeHHe CHMMeT-

440

pHQHOrO THpHCTopa npoHcxoWlT B HaqaJIe H B KOHl enOJlynepHOJJ;a nHTa-

IOIl{erO HanpR)I(eHHH B 6eCTOKOByro naY3Y. qHCJlO nonynepHOJJ;OB Hanpn-

)l(eHHR, npHKJIa,nbIBaeMOl"O K HarpY3Ke, H3MeHHeTCH OT o.ZI.Horo JJ;O N nOJlY-

nepHOJJ;OB, YKJIa,nbIBalO1lI.HXCH
B HHTepBaJI wTp" lIpH 3TOM HanpH)I(eHHe H

M01ll.HOCTh Ha BbIXOJJ;e peryruITopa

1 r;;- U
2
n

Uu - uyfJ ; PH -
RN

' (10.4)

l"J eU
_ JcIJ<\JeKTllBHOe HanpR)J(eHHe HCTO'iHHKa; n, N - COOTBeTCTBeHHO 'IHCJIO nonynepH-

01I.OB BKJIIO'ieHHOrO COCTORHHH THpHCTopa Ha HHTepBaJIe tBKJI H YKna)(blBaIO XCSlB HHTep-

Bane Tp.

lI03HQHOHHbIil perymlTop MO)l(eT 6bITh HCnOJIb30BaH KaK 6eCKOHTaKT-

HbIil BbIKmoqaTerrb.

CxeMa Tpex4>aJHoro THpHCTopHoro pery.llilTOpa HanpH)I(eHHR npH pa-

60Te Ha pe3HCTHBHYIO HarpY3KY (pHC. 10.4) HMeeT ABa O.ZI.HOBpeMeHHo

npOBO,WIIl{HX THpHCTopa. lIpH 3TOM MO)l(HO BbI,IJ.eJIHTh ABe xapaKTepHble

30HbI peryrrHpoBaHHR: C HenpepbIBHbIM HanpR)I(eHHeM Ha HarpY3Ke

(:n:/6 s a s n/2, CM. pHC. 10.4, 2) H C npepbIBHCTbIM HanpR)I(eHHeM

(n/2 sa s 5n16, CM. pHC. 10.4, 0). B nepBoil 30He B Ka)l(,ll,blH MOMeHT

BpeMeHH TOK npOTeKaeT no ABYM 4>aJHbiM HarpY3KaM, Haxo,WIIl{HMCH B

nOCJIeJJ;OBaTeJIbHOH QenH JIHHeilHoro HanpR)I(eHHH, MaKCHMaJIbHOrO
no MO-

J1YJIIO B MOMeHT BKmoqeHHR oqepe,wmro THpHCTopa. HanpHMep, Ha HH-

TepBaJIe :n:/3 s wt s bt/3 ,I1.JUl a - n/3 npH nOJJ;aqe CHrHaJIOB ynpaBrreHIDI

Ha VTl H VT6 B MOMeHT wt - n:/3 MaKCHMaJIbHbIM HBJUIeTCH JIHHeilHOe

HanpH)I(eHHe uab' lI03TOMY TOK 3aMbIKaeTcH no QenH pe3HCTopOB Ra H Rb

ill
-

f3Jt

u

tis lUll R wt

flit

PHC. 10.3. CxeMa mpHCTopHoro perynH-

Topa C n03HUHOHHblM ynpasneHHeM HB

CHMMeTpH'IHOM THpHCTope H Bpe-
"

MeHHblc J].HarpaMMbI HanpJl>KeHHH
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PHC. 10.4. CxeMa TpexcIJa3Horo mpHC-

TOPHOI'O perynJITopa HanpR)J(eHHR (a) H

BpeMeHH61e Jl,HarpaMMbl c1Ja3HOI"0 Ha-

np!l)J(eHHH HCTO'lHHKa (6), 1"OKOB B  e.

nSix )'npaBJleHHR THpHCTOpOB (6), HanpH-

)J(eHHJI Ha pe3HCTHBHoH HarpyJKe c1Jli3Ll
a npH al-x/3 (z) H a2-2x/3 (a)

wt

wt

wt

'iepe3 THpHCTOpbl VTl H VT6. K pe3HCTOpaM R H R
a b npHJlOlKeHO no

nonOBHHe nHHeHHoro HanpS!IKeHHSI U
.

U = U . '2 - -

ab' Ra alf
- Ua, URb

- -uaJ2 =
Ub'

Ha paCCMa'IpHBaeMOM HHTepBCiJle HanpHIKeHHe U T"'''"'W'eab ....,..m. npHJ10IKeHO K

pe3HCTopaM Ra H Rb' B MOMeHT wt = 21t/3 npH no,na'ie CHffiaJIOB ynpaB-

neHHS! Ha rnpHCTopbl VTl H VT2 MaKCHMaJIbHblM HBIDieTCS! J1HHeHHOe

Hanp&IKCHHe U
ac' H l.(enb TOKa 3aMbiKaeTCH 'iepe3 pe3HCTopbl R H R
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a c'

Bo 8TOpOH 30He peryJlHpOBaHHH HanpRIKeHHe Ha HarpY3Ke B TeqeHHe

o,nHoro norrynepHo,na npepbIBHCToe. 003TOMY 8 3TOH 30He perYlmpOBa-

HHH Ha THpHCTOpbl Heo6xo,nHMO nO.naBaTh cJI.BOeHHble HMnynhCbJ ynpaB-

J1eHHH C HHTepBaJIOM 3t/3 rum CHrHanbl ynpaBJleHHH ,!I.JlHTeJlbHOCThIO 60nee

x/3.
31lJIlJeKTHBHOe 3HaqeHHe IlJa3HOro HanpHIKeHHH Ha HarpY3Ke MO)KHO

onpe,neJlHTh no Bblpa)l(eHHIO

U4>R
( 10.5)

2 2

.!. [
a

7
3

(
llah

) drot:+J/3 (
uac

) dwt1 ,

:It a
2 a+nl3 2

3ACCb Uab UMIlsin{rot + n/3), Uac'" UMIlsin{wt + n/2);

U4>R
Un .!.

[:It + sin2a -V3cos2a '" sin
2
(a + 5n/6)] .

2¥I :It

(10.6)

MaKCHMaJIbHOe 3HaqeHHe IlJa3HOro HanpH)I(eHHH npH a
= :rc/6 cornaCHO

!\JopMYJle (10.6) U4>R(a-O)
= 0,44Un '"' 0,76U4>' AHaJIOrH'lHO MOIKHO COCTa-

BHTb Bblpa)l(eHHe,lI.Jll! U4>R}J.JU1 BTOpOH 30Hbl perYJlHpOBaHHH.

Pa60Ta peryIDiTopa Ha aKTHBHO-HHJlYKTHBH)'lO Harpy.JKY Bbl3blBaeT

oco6eHHoCTH B 1lJ0pMHpoBaHHH ltanpH)I(eHIDl HarpY3KH, 06ycJloBJleHHbie

KOMMYTal.(HeH THpHCTOpOB Ha HeKoTOpOM KOHeqHOM HItTepBaJIe, Ha KOTO-

pOM oJUioBpeMeHHo npoBoJ].SlT TOK 'IpH THpHCTopa.

KpoMe paccMo'IpeHHoH cxeMbl 1-pexllJa3Horo peryIDiTopa HMeeTCR He-

CKOJlbKO ,npyrHx BapHaHToB BKmoqeHIDl THpHCTOpOB: CoeJI.HHeHHe 'Ipe-

yrOJIbHHKOM, OTKpbITOH 3Be3,noH C rneCTblO mpHcTopaMH, OTKpbITOH 3Be3-

.nOH C 1-peMH THpHCTopaMH [26].

10.3. HEnOCPE,lJ.CTBEHHblE nPE06PA30BATEI1M "lACTOTbl

C ECTECTBEHHOM KOMMYTALtMEM

PaCCMO'IpHM npHHUHn 1}J0pMHpOBaHHH Bblxo]l.HOrO Hanp&)I(eHHH Ha

npHMepe OJI.ltollJa3HO-O,lI,lIOIlJa3HOro HOq C eCTeCTBeHHOH KOMMYTaUHeH

(PHC. 10.5). npHMeM cJle,nyIOll{He ,nonyu.\eHHR: 'IpaHcllJopMaTop H THpHC-

TOpbl H,neaJIbHble, HarpY3Ka pe3HCTHBHaH.
B cxeMe Hnq HMeeTCH npHMoH

(VT1- VT4)H 06paTHblH (VT5 VT8) BC'Ipe'iHO BKJIIO'ieHHbIe mpHCTop-

Hble MoCTbI.

Ha HHTepBaJIe 'Ipex nepHo,nOB HanpHIKeHHe BTOPHqHOH 06MOTKH

TPaHcilJopMaTopa qepe3 mpHCTOpbl VTl-VT4 nepBoro Bbrnp&MHTenb-

Horo MOCTa npHIilla,rI,bIBaeTCR K pe3HCTopy R B npHMoM HanpaBJleHHH

(CM. pHC. 10.5, a). npH 3TOM CHrHaJIbl ynpaBJIeHIDl iGv1'/-iGVT4 no,na-

IOTCH OT cxeMbl ynpaBJleHIDl CY C HeKoTopblM yrJlOM ynpaBJleHIDl

a (CM. pHC. 10.5, 6). 3TOT yroJl MO)l(eT 6blTb nOCTOHHHhlM HJlH

443



lu R ,.
+l 

HHqeCKOH COCTaSJIKIOlI.{eH UR(I) B KpHBOH HanpH>KeHHH HarpY3KH cOJJ;ep-

:>KaTCR BblClliHe ['apMOHHqeCKHe COCTaBJIKIOlI.{He, KpaTHble qaCTOTe nHTalO-

mero HanpR>KeHHR, qaCTOTe OCHOBHOH rapMOHHqeCKOH COCTIlBJIKIOlI.{eH

HanpR:>KeHHR Harp}'3KH, a TaK:>Ke KOM6HHal.(HOHHbie rapMOHHqeCKHe CO-

CTaBJIKIOlI.{He.

qaCToTa OCHOBHOH rapMOHHqeCKOH COCTaBJIRIOlI.{eH HanpR>KeHIDI Ha-

rpY3KH B3aHM03aBHCHMa C qaCTOToH nHTaIOlI.{erO HanpH:>KeHIDI:
:31

VT6

.12345678
L

j++HHHC!J I

1 /1
/2---

T2 1 + [2(n - 1)/q] Till + [2(n -1)/q]1
(10.7)

Uz
r1I.e n

_ 'LHCJlO nonynepHoAOB
nHTaJO eroHanpR)J(eHHSI, YKllMblBalO HXCRB nonynepHoA

BbIXO)J.HOro HanpR)J(eHHR; q
- 'iHC1l0 nynbcaUHH BbmpRMJleHHOrO HanpR)J(eHHR J],JIR npRMoro

H 06paTHoro BbmpSlMHTeJIeH.

HanpHMep, npH n, npHHHMalOlI.{eM 3HaqeHHR HaTypaJIbHOrO pMa

qHCen, H ,lI.Jll! O,lI,Hol}Ja3HbrX ,nByxnYJIbCOBbIX BbmpRMHTeJIbHblX rpynn (n =

=1,2, 3, . .
., q

= 2,/1 = 50 ru) nOJIyqHM

o

l
V
VT
VT
VT
VT
VT
VT
VT

B
....... '-'

Tf

1

3

5

6
7 h
8

- !!!...   :  .w,t

50 50 2

/2 -
=
-, T. e. /2 npHHHMaeT 3HaIJeHHR 50, 25, 16 '3' . . . n..l.

(1 + n - I)
n

o

wztz

I
I

2rr "'zt

TaKHM 06pa30M, qaCTo-ry BblxO,IJ.llOro HanpR:>KeHml MO>KHO H3MeHRTb

JJ;HcKperHo. KpaTHOCTb qaCTOT k
f
= Jilf2 MO:>KeT npHHHMaTb 3HaqeHHe OT

1 JJ;O 6ecKOHeqHOcTH.

,AmI nOJIyqeHHR nJlaBHOrO peryJIHpOBaHHH qaCTOTbl BbIXO,lI,HOrO HanpR-

:>KeHIDI nu<oro npe06pa30BaTeIDI Heo6xoJI.HMO BBO,lI,HTb naY3Y Me)K)J;y HH-

TepBaJIaMH pa60ThI nepBoro H BToporo rnpHCTOpHbrX MOCTOB, ,lLJ1HTeJIb-

HOCTb KOropOH cJIe eTruIaBHO H3MeHRTb. 3TIiM MO:>KeT 6bITb nOJIyqeHO

_
HenpepblBHoe H3MeHeHHe BblXO,lI,HOH qaCTOTbI B JI.HaUa30HaX JI.HCKpeTHOC-

TH llJopMHpoBaHIDI qaCTOTbI BblXO.nuOro HanpR:>KeHHR B 30He 1/33HaqeHHR

qaCTOThI BXO,lI,HOrO HanpR:>KeHIDI.

npH aKTHBHO-HH)J;yKTHBHOH HarpY3Ke xapaKTep (jJOpMHpOBaHHH KpH-

BbrX HMeeT cymecTBeHHYIO oco6eHHOCTb, 06YCJIOBJleHHYlO TeM, qTO B

KOHue nOJIynepHoM BblXO,lI,HOro HanpR:>KeHIDI TOK HarpY3KH npoJJ;OJI:>Kaer

npOTeKaTb B npe>KHeM HanpaBJIeHHH nOJJ; JJ;eHCTBHeM 3)J;C caMOHHJJ;yKl.(HH.

,AmI nponYCKa TOKa Ha HHTepBaJIe ero CHH>KeHIDI JJ;O HYJIK BbmpRMHTeJlb,

BblXOJ].SllI.{HH H3 pa60Thl, Heo6xoJI.HMO nepeBO,lI,HTh B pe:>KHM nponycKa

TOKa. llpH 3TOM Ha rnpHCTopbl BbmpRMHTeJUl, Bc-rynalOlI.{erO B pa60-ry,

HeJIb3R nOJJ;aBaTb ynpaBJIKIOll{He CHrHaJIbl, TaK KaK 3TO Bbl3blBaeT KOpOT-

Koe3aMbmaHHeTpaHcllJopMaTopa.
,AmI 06eCneqeHIDI HOpMa.JlbHOH pa60ThI Hnq npH aKTHBHo-HH)J.yKTHB-

HOH HarpY3Ke HCnOJIb3yroT ,nBa aJITOpHTMa ynpaBrreHHR THpHCTOpaMH

npRMOH H 06paTHOH BbmpRMHTenbHblX rpynn: C 3aJJ;aHHeM HaqaJIa (jJop-

MHpoBaHIDI KpHBOH HanpR:>KeHHR oqepe.nuoro norrynepHOJJ;a no CHrHaJIY

OT JJ;aT'iHKa nepexoJJ;a TOKa HarpY3KH qepe3 Hyrrb H C HenpepblBHblM 3a)J;a-

HHeM ynpaImeHIDI THpHCTopaMH 06eHX BbmpRMHTeJIbHblX rpynn 6e3 JJ;aT-

qHKa HYJIK TOKa HarpY3KH.
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PHC. 10.5. MOCToBaR cxeMa c1JOpMHpOBaHHSI BblXO)J.Horo H

H01'O HnII'
anpSl)J(eHHR 0)J.HOcIJa3HO-0,/J;HOqJa3-

H BpeMeHH61e AHarpaMMLI HanpR)J(eHHH H TOKOB

H3MeHHThCR no KaKOMY-J1H60 3aKOH H

pa60TbI V11-V'T''4
y a paCCMaTpHBaeMoM HHTepBaJIe

 ',HanpHMep no 3aKoHY
pHC 10 5 6 3

cHHyca, KaK nOKa3aHO Ha
.

.,
. a}J.aHHe yrrra a o6eCneqHBaeT

THBHOro 3HaqeHHR HanpR>KeHml

peryJlHpOBaHHe 31}J1}JeK-

npR:>KeHHR H TOKa HarpY3KH.

H COOTBeTCTBYlOmylO MOJJ;YJUlUHIO Ha-

Ha cJIeJJ;YlOu eM HHTepBaJIe
06MOTKH TpaHclfJopMaTopa C no exb e HOJJ;OBHanpR:>KeHHe BTOPHqHOH

ynpaBrrReMoro BbmpRMHTeJUl (THP Op:ro  '=;ri)
eqHO BKJIIOqeHHOrO,

pe3HCTopy R B 06paTHoM HanpaBJleHHH. Ta
npHKJIa}J.blBaeTCH K

rneCTH nepHOJJ;OB nHTalOlI.{ero Han SDI(

KHM 06Pa30M, Ha HHTepBaJIe

HanpH)I(eHHJI UR Ha HarpY3Ke (CM.PPHC Htgr-5U26)
cl>°
K
PMHPyeTCR 0,lI,H nepHo,Z:(
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PHC. 10.6. CxeMa c1JopMHpoBaHHR BbIXOJJ,lIO£'O HanpH)J(eHHR Hnq npH pa60Te Ha aKTHBHO-
HHJlYIITHBHyIO HarpY3KY C KOHTponeM nepexo)Ia TOKa HarpyJKH 'lepe3 HYm. C nOMolUblO

ART'iHKa TOKa H BpeMeHH61e AHarpaMMbl ee pa60Tb1
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PHC. 10.7. CxeMLl c1JopMHpOBaHHJ1 BblXOAHOI'O HanpJl)J(eHHJ1 B Tpex4Ja3HO>OAHOcIJa3HOM HnII

npH pa60Te Ha aKTHBHO-HHJlYKTHBHyIO HarpyJKY 6e3 ART1fHKa HYllH TOKa H speMeHH61e
AHatpaMMbl HanpH)J(eHHH
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B CXeMe TpexllJa3HO-OJUiollJa3Horo HTIq (pHC. 10.6) HCnOJIb30BaHbI

,/J,Be TpexIlJa3Hble rpynnbl THpHCTOpOB VTl, VT3, VT5 H VT2, VT4, VT6,

06pa3YIOll\He ,lQJa Tpexl}Ja3HbIX BbmpRMHTeIDI C HYJIeBOH cxeMoH BKJIlOqe-

HHR. O.n;Ha rpynna (VTl, VT3, VT5) npe,ll;Ha:maqeHa,lI.Jll! «I>opMHpoBaHIDI

npRMoH nOJIYBoJIHbI TOKa HarpY3KH, a .n;pyr!UI (VT2, VT4, VT6) - 06paT-
HOH nOJlYBOJIHbl. CHrnaJIbI ynpaBJIeHlUI iG nOJJ;aIOTCR Ha COOTBeTCTB)'IOll.{He

rnpHCTopbl Ha HHTepBaJIe HapacTaHlUI TOKa HarpY3KH i
H
C ymoM ynpaBJle-

HHR a < n:/2 (Ha pHC. 10.6 a = 0) H Ha HHTepBaJIe cnMa TOKa C yrJloM one-

pe)l(eHHR f> = n: - a, rJJ;e a > n:/2. TaKHM 06pa30M, Ha HHTepBaJIe o,nHoro

nOJIynepHoJJ;a TOKa Harp}'3KH THpHCTOpbl JJ;aHHoH rpynnbI pa60TalOT BHa-

qaJIe B BbmpRMHTeJIbHOM pe)l(HMe, KOrJJ;a 3HeprnR nepeJJ;aeTcR OT HCTOqHH-

Ka K HarpY3Ke, a 3aTeM B HHBepTopHOM pe)l(HMe, 06eCneqHBaR nepe.n;aqy

:meprHH, muwnneHHoH B JqJoccene, B Qenb HCTO'IHHKa. TIocne cnaJJ;a TOKa

HarpY3KH JJ;0 HYIDI OT JJ;aTqHKa TOKa.l(TB cxeMY ynpaBJIeHHR CYnocrynaeT

CHrHaJI, pa3pemaIOll\HH OTKpbITHe THpHCTOpOB BTOpOH rpynnbI, 06eCneqH-

BalOll\eH 1lJ0pMHpoBaHHe 06paTHOH nOJIYBoJIHbI TOKa HarpY3KH.

AnrOpHTM ynpaJmeHHR C KOHTponeM nepexoJJ;a TOKa 'lepe3 HYJIb HC-

KJIlO'laeT o,nHOBpeMeHHoe BKJIIOqeHHe THpHCTOpOB B KaTo,nHoH H aHO,lI,HOH

rpynnax H npeJJ;OTBpaJ.l.\aeT KOpOTKHe 3aMbIKaHIDI TpaHcllJopMaTopa. Ha-

JIH'lHe .n;aT'IHKa HYIDI TOKa ycno)l(HReT cxeMY Hnq. TI03TOMY BO MHornx

CJIyqaRX npHMeHReTcR JJ;pyroe pellleHHe ,nIDI nponycKa TOKa npH aKTHBHO-

HH,DyKTHBHOH HarpY3Ke 6e3 JJ;aTqHKa HYJUI TOKa.

B cxeMe Hnq 6e3 JJ;aT'lHKa HYIDI TOKa (PHC. 10.7) npe.nycMaTpHBaeTCR

HenpepblBHoe ynpaBJleHHe THpHCTOpaMH 06eHX rpynn. TIpH 3TOM qepe.ny-

RCb, O,ll;Ha rpynna THpHCTOpOB pa60TaeT B BbmpRMHTeJIbHOM, a BTopaR
-

B HHBepTopHoM pe:>KHMaX, qTO HeH36e)I(H0 Ha HeKoropblx HHTepBaJIaX

pa60TbI npHBO,lUiT K KOpOTKHM 3aMbIKaHHRM TpaHcllJopMaTopa, conpo-

BO)l()J;alOll\HMCR npoTeKaHHeM ypaBHHTenbHoro TOKa. YpaBHHTeJIbHblH TOK

B03HHKaeT nOJJ; .n;eHCTBHeM pa3HOCTH u
yp

MrnOBeHHblX 3HaqeHHH BbIXOJJ;-

HbIX HanpR)I(eHHH 060HX MOCTOB. .nIDI orpaHHqeHHR ypaBHHTenbHoro
TOKa BbIXO,lI,b1 060HX MOCTOB coe,lUiHffiOTCR qepe3 ypaBHHTenbHble peaKTO-

pbl YP C BbIBe.n;eHHoH Cpe.il.HeH TO'lKOH. YnpaBneHHe THpHCTOpaMH 060HX

MOCTOB ,nIDI nonyqeHIDI KBa3HCHHYCoH).l.aJIbHOrO BbIXO,lI,HOrO HanpR)I(eHlUI

oCYll\eCTBIDIeTCH C ymaMH ynpaBneHlUI aI Hall' H3MeHRIOll.{HMHCR B Teqe-

HHe nepHOJJ;a BbIXO,lI,HOrO HanpR)I(eHlUI no 3aKOHY, 6JIH3KOMY K CHHYCOH-

JJ;aJIbHOMY.
.LJ:mI nHTaHHR TpexllJa3HOH HarpY3KH, HanpHMep aCHHxpOHHOH MamH-

HbI, HTIq nOJJ;06Horo THna BblllOJIHReTCR H3 Tpex caMOCTOSITeJIbHbIX

rpynn, C,lQJHHyrbIX no ynpaJmeHHIO Ha 120 3n. rpa}J.. no BbIXO,nHOH qaCTO-

Te. Ka)l()J;aR rpynna 06eCne'lHBaeT nHTaHHe OTJJ;enbHoH «I>a3HOH 06MOTKH

CTaTopa. TaKOH HTIq MO)l(eT 6bITb c06paH H3 36 THpHCTOpOB. B03MO)I(H0

npHMeHeHHe HyneBoH cxeMbI Ha 18 THpHCTopax.
TIHTalOll\aR CeTb npH TpexlfJa3HOH aKTHBHo-HH.nyKTHBHOH Harp}'3Ke

3arpy)l(aeTcR TOKOM aHaJIOmqHO ynpaBIDIeMoMY TpexlfJa3HoMY BbmpR-

MHTeJIlO. K031lJIlJHQHeHT MomHOCTH CHH)I(aeTCR C YBeJIHqeHHeM cpe,nHero

3HaqeHIDI yrna ynpaBJIeHlUI Ha HHTepBaJIe nonynepHo.n;a BbIXO,nHOro

HanpR)I(eHHR.
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:e:e

E E E

npCJtem.Hble XapaKrepH3YJO HenapaMC'1]!bl

CXeMa THn
napaMC'1]!bI

U..,B lc,A Pc. BT U",B
I"", loff. If, MKC
MKC MKC

?
MBNI200D33 3300 1200 12000 4,2 3,5 4,0 1,5

MBN6OOD33 3300 600 600 4,5 3,0 3,0 1,5

MBN4OOD33 3300 400 400 4,5 3,0 3,0 1,5

MBNlSOOD17 1700 1800 12000 4,0 3,0 4,0 1,5

MBN1200GS12AW l200 1200 5600 2,9 2,2 1,6 0,55

MBN6OOGS12AW 1200 600 3100 2,7 0,8 1,2 0,4

MBN4OOGS12AW 1200 400 2000 2,7 0,7 1,1 0,35

MBN lOOOQS12BW 1200 1000 5000 2,9 2,1 1,5 0,55

MBM6ooQS12AW 1200 600 2600 2,9 0,9 1,3 0,45

MBM4OOQS12AW 1200 400 1700 2,9 0,8 1,2 0,4

o---I
MBM600GS6ACW 600 600 1700 1,9 0,8 1,1 0,35

t
MBL150GSI2PW 1200 150 800 2,7 0,55 1,0 0,35

MBL4ooGS6PW 600 400 1000 1,9 0,7 1,1 0,35

MBL15OGS6PW 600 150 450 1,9 0,6 0,9 0,35

Ta6nHua n3.1
npUnO)l(EHUE 3

OCHOBHblE npE,[\ElIbHblE M XAPAKTE

,QAHHbIE M nPMMEHEHME MOAynEHMC AMETPbl,KOHCTPYKTMBHblE
CIIMPMbl HITACHI

OBblX JGBT-TPAH3MCTOPOB

napaMeTpbl CHJlOBLIX JGBT-TpaH3HCTOpOB (PHC n3 1 n3 2).
..

. npHBe)(eHbl B Ta6n. 113.1

-:-

J 1

PHC. 113.1. CTpYKTypa IGBT-TpaH3HCTopa'
- IqIHcranJJ; 2 - CJ\oii J<epaMHlCH; J

- cnaiiKa; 4 ....:. HIDI(-
Hee TeI1JJOBLIBO):JRlI{ee OCHOBaHHe

aJ (fJ

,

f
."

-

-

I"t!::! . ....

.a
"

.c:
{J}

0'

'90

'71

57

l
14

---002

CEZ

;
"

c ,
6'

c c

c

G

E

PIIC. n3.2. KOHCTpYKUHR H cxeMbl B

a _ MBMHOOQSl2AW' 6_ 'iL4OOG
eHHR

S
P
6

a3

pW

nll'iHbIX mnOB TpaH3I1CTopOB:
, ; /I - MBN1200D33

)J.aHHble TpRH3HCTOpbl npHMeHHIOTcll B TPex$a3HoM aBTOHOMHOM HHBepTope HanpH)J(e-

HHJ\ C 111I1M (PIlC. 113.3, a), HMnYJIbCHOM npe06pa30BaTene nOCTORHHOI'O TOKa (PHC. n3.3,

6), B cxeMe aMnJlHTy,lJ,HOrO perynHpOBaHHR HanpR)J(eHHR Ha BX01I.e aBTOHOMHOl"O HHBepTopa

(PIiC. 113.3, /I).
453
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nPMflO>KEHY1F 4

IrA

OCHOBHblE npE,t\EI1bHbIE M XAPAKTEPM3YIOUiHE nAPAMETPbl M KOHCTPYKTHBHblE

IJ,AHHbIE BblCOKOBOl1bTHOrO
GTQ-THPMCTOPA 60nbWO MO HOCTH

B MHTErpAI1bHOM MCnOl1HEHMM TMnA 5SHY35L4502 CIIHPMbl ABB

npeJJ;e1lbHble H xapaKTepH3YIO HenapaMeTpbl GTO-TllpHCTOpa (PHC. 4.1)

EJlOKHpYIOll(ee npRMoe HanpR)J(eHHe UDRM, B, npH Tj = --40+125 DC 4500

npRMOH TOK B 3aKpblTOM COCTOIIHHH IIJRM, MA, npH UD = 4500 B,

1j
= 1250C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 25

t

FHec
=7500 rtl

06paTHoe HanpR)J(eHHe URRM, B, npH 1j = -40+125 DC. . . . . . . . . . ..
19

npllMoe HanpSl)J(eHHe UT, B, BO BKJIIO'ieHHOM COCTOIIHHH npH IT = 4000 A,

Tj = 1250C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 2,7

nOporOBoe Hanpll)J(eHHe UT(TO), B, IIpH IT = 1000+4000 A, 1j = 125 DC .. 1,1

I
.

.J

i,tnT )J.HHaMH'ieCKOe COnpOTllBJleHHe rl MOM, npH h = 1000+4000 A, Tj
= 125 DC 0,4

npSlMOH TOK ITRMS, A, BO BKJIIO'ieHHOM COCTORHHH npH nonycHHycOH)IaJlb-

HOH c1JopMe CHl"HaJIa 'iaCTOTOH 50 n ,7j
= 85 DC . . . . . . . . . . . . . ..

2800

Y1I.apHblH TOK ITSM, KA, JI.IDITeJIbHOCTblO 10 MC . . . . . . . . . . . . . . .. 25

Fl1ec-JKrq
KpllTH'ieCKaR CKOpOCTb HapaCTaHHR "1"OJ<a aHoM npH IT = 4000 A,

f= 500 ru, (di/dt)cri" NMJ<C ..........................
500

t

u

l___________
ua t

...-,
_.I L_

..

__ t

BpeMR BKJlJO'ieHHII tg, MKC, npH IT= 4000 A, di/dt = 350 NMKC,

UD = 2500 B, Tj
= 125 DC, C. = 4 MK<1>, R. = 5 OM . . . . . . . . . . . . ..

40

BpeMR BblKJIlO'ieHI1R tq, MKC, npl1lT= 4000 A, UD = 2500 B, UDM = 4500 B,

7j
= 125°C, C. = 4 MK<1>, L. = 300 Hr . . . . . . . . . . . . . . . . . . . ., 20

TeMlIepaTypa CTpyKTypbl, TjGcr. °C . . . . - . . . .. . . .. . . . . . . .. . --40+125

TenJIOBOeCOnpOTHBJleHHe,KIBT:

aHO,lJ.a-OXJIaAHTenH Rrhjc ...........................
0,020

KaTOM-OXJIaAHTeJISI Rrhjc . . . . . . . . . . . . . . . . . . . . . . . . . .. 0,030

JKBHBaJIeHTHOe R1hjc . . ... . . . . . . . . .. .. .. .. .. .... .. .. .. .. .. . .. .. 0,012

0,003
Rrhch .. .. ..... .. .. . .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. ..

TeMnepaTypa J<opnyca KaTO,lJ.a, Tc, DC ..... . . . . . . . . . . . . . . .. -40..60

YCHJlHe C)J(aTHR "aHoA'J<aToA", Fmax, KH . . . . . . . . . . . . . . . . . . .. 36+44PRC. n3.3. CxeMbl, B KOTOpblX npHMeHlllOTCII JGBT-TpaH311CTOpbl

454

Macca, mGCT> Kr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ., 1,5
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aJ

I
Spa6

X'5

ULal XII

lCopn!lC X 12

3a umaX'D

UBn X"
HOHUmop aHoiJHozo
HanpRH<!HUI/

3a umaX22

BlJoiJ onmu't!CICOZO-

IInpalJlI!HUI/ _

nolJlClllO'I!HU!
_

HOHumopa

npUnO>KEHUE 5

ANO" MHAMBM,I1YA11bHbIE OXllA,ttMTEJ1M (TEMOBO}1bl) C BHYTPEHHMM MCnAPMTEJ1bHbIM M
BHEWHMM ECTECTBEHHblM B03}1YWHbIM OXI1A>K,AEHMEM TMnOB T.121 M T-341 (OnbIT-

HblA 3AB0}1 B3M MM. B. M. nEHMHA)

OCHOBHbIe A8HHble npHBe.n.eHbl Ha pHC. n5.1 H n5.2.

0) 5)

;Ii; I:r.;="'''"'"''''''''''''',,''' "'L"",,,,,,,,,,...,,,,,,,,,,,. Z' ;."" "",,,,,.,,,,,,,,,.,,"".

I  29 I 5

2 ! 2om 
70 .f,r 16,5 lOa

H

lTozulCa

6J

., :
"57

lID

go 0 Q B., 240 G2Gmax

116 266

PHC. n4.1. CxeMa BKJIIO'ieHHR (a) H 1C0HCTpYKltHR (6) GTO-mpHCTopa

0f-

:=?

456

PHC. n5.2. CxeMa C60PKH THpHCTopa
TI73-2000 C TellJIOBOAOM T-341 (OXJIR)J(-

1I.eHHe 1I.BYCTopoHHee):
1 - H30rurrop; 2 -. CTII}I(Hble 601lTh1; 3 -

npYJlCHHll-"lpllBepca; 4 - Te\l1l0BOJUol (Bepx-
HHA H tlHJICHHA); 5 - TIlpHCTOp; 6 - H30JIH-

pYIOI.qHe "IJ'y6KH; 7 - oCHoBaHHe; 8 - WHHbI

BblBOAJIble
6 5

PllC. n5.1. TeIIJIOBo)J.b1 T-121 (a) H T-341 (6) Ha OCHOBe TellJIOBblX Tpy6

+
co

2

8 1

457



a) V/J'I 5) VDI VDl V/JJ

napaMeTp
6CEI4BIAS, ECEI4BIA5- 6CEI-4BIAS- 6CEI-4BIAS-
24; ,n173-2SOO- 24; A173-2SOOo 24; ,n4S3-2000- 24; AI73-2S00o

24 26 24 22

nOBTopJUOuteecJl HMnYJIbCHOe 9600 7800 9600 8800

06paTHoe HanpJl)J(eHHe 6noKa
npH '1aCTOTe HMnYJIbCHO-CHH)'-

COlllWlbHOH c1JoPMbl 50 ru,'B

HenoBTOpRlOuteeCR HMnynbc- 10560 8580 10560 9680
Hoe 06paTHoe HanpR)J(eHHe, B

KOJclJclJHuHeHT HepaBHoMepHoc- ,dO :1:10 :1:10 :1:10
TH pacnpeJJ:eJIeHHJJ 06paTHoro
HanpR)J(eHHR no 1I.HO,lJ.aM

6noKa, %

HOMHHaJIbHblH TOK 6noKa 670 670 670 670

(cpe,!/,llee 3Ha'ieHHe) npH yrne
npOBO,!l,llMOCTH 120 In. rpa,zJ;.,

TeMnepaType Kopnyca He

60nee 105 °C H 'iacTOTe 50 ru
A

'

.

TOK nepeIJIY3KH 6noKa npH
npoAon)J(HTeJIbHOCTRX:

2 MHH C UHKJIH'iHOCTbIO 788 788 788 788

1 pa3 B 1 'I, A

10 C C UHKJIH'iHOCTblO 1050 1050 1050 1050
1 paJ B 2 MHH, A

MaKCHMaJIbHaR TeMnepaTypa 105 105 105 105

HarpeBa TOKoBe.u.yutHX '1acTeH

H JneMeHTOB 6noKa, °C

Pa3Mepbl, lxbxh, MM 1116x620x270 912x620x270 1 14Ox6201<270 11401<620x360

Macca 6noKa, Kr 60 40 60 60

YCHJlHe C)J(aTHR ,l],HOAOB C Ten- 20:t0,5 30:t0,5 30:1:0,5 30:1:0,5
noOTBO)IaMH B 6noKe, KH

Hapa601'Ka Ha OTKa3, 'I 10000 10000 10000 10000

nonHb'H YCTaHoBJleHHblH CpOK 10 10 10 10

CJIY)J(6bl, 1'01I.b1

Ta6nHua n61npYlflO>KEHYlE 6

EmOKH CMIIOBblE ECTECTBEHHoro ABYCTOPOHHEro OxnA>K,qEHHJ! 6CE1-4B1A5-24,

6CE1-3B1A8-26, 6PE1-4B1A8.24 (TY 3416-001-05743697-95)
(OnbITHbIH 3ABOA B3M MM. B. M. nEHMHA)

OCHOBHble napaMeTpbl 6nOKOB (PHC. n6.1-n6.3) C pa3JIll'IHbIMH cnn npHBe1I.eHbl B

Ta6n. n6.1

6CE' - B)(.4X-)(Y3a

Tn
II

I

-

-

-

-
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