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NMPEOUCIIOBUE

CoBpeMeHHbIE YCTPOMCTBAa aBTOMATUKU M BHIYMCIUTEIBHON TEXHUKH BbI-
XOJSIT Ha HOBBIM YPOBEHb MO MPELM3MOHHOCTH, CKOPOCTH U 00bEMam 00palda-
ThIBAEMOM MH(POpPMALIMKM B PA3IMYHBIX YCIIOBUSAX JKCIUTyaTalluu (BO3JEHCTBHE
TeMIiepaTypsl, paauaiuu). BeiencTBue 3TOro MoBBIIAIOTCS TPEOOBAHUS K UX
HaJIEKHOCTH.

ba30BbIM KOMITIOHEHTOM MHOTHX YCTPOWCTB aBTOMATHUKU M BBIYMCIUTEIb-
HOM TEXHUKH MO-TIPEXKHEMY SBIsIeTCsl onepanuoHHblii ycunurenas (OY), B 00-
IIeM cllydae, Ha OCHOBE KOMIUIEMEHTApPHBIX OUMOJIAPHBIX TpaH3ucTopoB (Bilet).
HecMoTpst Ha mupokoe MpuUMEHEHUE TOJEBbIX TPAH3UCTOPOB B MHTETPATBHOM
MUKPORJIEKTPOHUKE, pabounii [uarna3oH 4acTOT YCUJIMTENEeH U mpeodpa3oBaTe-
JIell aHaJIOrOBBIX CUTHAJIOB Ha MX OCHOBE MoJiydaeTcs (IPU OJIMHAKOBBIX TOIO-
JIOTUYECKUX HOpPMax) CYIIECTBEHHO HUXE, YeM B OUnoisipHbIX npubdopax. Cy-
HIECTBYIOT «HMILW» JJI aHAJIOTOBBIX MUKPOCXEM, B KOTOPBIX IPUMEHEHHE Ou-
MOJIAPHBIX WM OUIOSIPHO-TIOJIEBBIX KOMIIJIEMEHTAPHBIX TEXHOJIOTHI OKa3bIBa-
eTcst OoJiee mpeanouTuTeabHbIM. HekoTopbie TexHomoruu odecneynBaoT (pu
HU3KOM CTOMMOCTH) MPUEMJIEMYIO NJIi MHOTHUX NPUMEHEHHH paJHallMOHHYIO
CTOMKOCTb, @ TAK)K€ BBICOKYIO MPELUU3UOHHOCTh, YTO AKTYaJIbHO ISl aHAJIOTO-
BbIX MHTEp(]EICOB clenaIbHOro Ha3HaueHUs. YnceHHble 3HaUeHUs HampsiKe-
Hust cmetnenust Hyns (Ug,) oneparoHHbIX YCHJIMTEIEH BO MHOTMX BapHaHTax
UX UCIOJIb30BaHUS OMPENEIIOT YPOBEHb CTATMUECKUX MOTPEIIHOCTEN B Kiac-
CUYECKUX CUCTEeMax 00pabOTKU U MpeoOpa3oBaHUsl CUTHAJIOB MPHU BO3ACHCTBUU
TeMIlepaTyphl U paavalni. 3HAUUTENIbHbIE YCUIIUS Pa3pabOTUYMKOB aHAJIOTOBOM
AIEKTPOHUKH COCPEAOTOYECHBI HAa CO3[IaHWU TPEUU3HOHHBIX, a TAaKKe BCTpau-
BaeMbIX B MUKPOAJIEKTpOoHHbIE cucTeMbl (MOC) OV pa3nuyHOro Ha3HAYEHUS U
ypOBHs cllokHOCTU. [Ipu 3Tom ciexyer oTMeTuTh, uTo npumenenue OV c aB-
TOMATHUYECKON KOPpPEeKIMEeH HYIsl, UMEIOIUX Majblii ypoBeHb Ug,, XapakTepu-
3yeTcsi U3BECTHBIMU HepocTatkamu. B wactHocTH, st MOC 3TH npoOsembl
HanOoJiee OCTPO MPOSBISIIOTCSA MPU MPOECKTUPOBAHUU CHCTEM B KOPIyCE, UTO
CBS3aHO C AaKTHUBHBIM MCIOJIb30BAaHUEM TEXHHKM aHAJIOTOBBIX W aHAJIOTro-
uudposeix 0azoBbix MatpuuHblx (BMK) u crpykrypusix (BCK) kpucramnios,
MO3BOJISIIOLIMX CO37aBaTh crnenuanu3upoBanHbie CD-010ku ¢ MUHUMAIBHBIMU
3aTpaTaMu U B cokpamiéHHbie cpoku. B takux MOC mupoko npumenstorcs OY
C HEMOCPEICTBEHHOW CBA3BI0 KAaCKaJOB, CTPYKTYpa KOTOPBIX COJEPIKHUT BBICO-
KOUMIIEJAHCHBIN Y3€ll.

OCHOBHBIM 3JIEMEHTOM, «OTBETCTBEHHBIM» 32 BeMUUHY U, OUTIONSIPHBIX
OV npu u3MeHeHU TeMIlepaTyphl U pajualuy, sBIsIeTcsS OUNOISIPHBIA TPaH3U-
ctop. OcHOBHBIMH (haKTOpaMu, BIUSIOIMIUMHU Ha HANpPsDKEHUE CMEIICHUS HYJIA,
ABJIAIOTCS TEXHOJOTUYECKasi Pa3HOCTh HaIpsKEHUsi 0a3a-sMUTTEp TPAH3UCTO-
poB BxoaHOro aAuddepenHuuaibHoro kackana OV, HanpsikeHue Dpiau U Kodd-
¢buLueHT ycuieHus Toka 0a3bl OunossspHbIX TpaH3ucTopoB (P). Ecnu Bnusinue
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JBYX TMEPBbIX (AKTOPOB MOXKET OBITh CBEJEHO K MUHMUMYMY M3BECTHBIMH KOH-
CTPYKTOPCKO-TEXHOJOTHUYECKUMHU U CXEMOTEXHUYECKUMHU METOJAMH, TO BIIHS-
Hue [ ocTaércst TOMUHUPYIOIUM (akTopoMm, onpeaenstomum U, cXeM ¢ BbICO-
KOUMIIEAAHCHBIM y3JIOM.

VY4uuTeiBasi, 4TO HANpPSHKEHUE CMEIICHUS HYJsi OTHOCHTCS K YUCIy 0c000
BAXKHBIX MapaMeTpoB OV, xapakTepu3yrOIUX BO3MOKHOCTh UX IPUMEHEHUS B
MPEUU3UOHHBIX YCTPOICTBAX, CIEAYET OTMETUTH AKTYyAJIBHOCTh MUCCIEAOBAHUM,
HaIpaBJICHHBIX Ha pa3pabOTKy METOJ0B YMEHbIIEHUSI JOMUHHUPYIOLIEH COCTaB-
nsomiet Uy, 00YCIOBIEHHON BIUSHUEM 3 TPaH3UCTOPOB, UX TeMIIEPaTypHBIMU
Y paaualOHHBIMU NU3MEHEHUSMU.

[enbio MmoHOTpaduu sBIsieTCs pazpaboTKa U UCCIIEIOBAHUE apXUTEKTYp-
HBIX U CXEMOTEXHUYECKUX METOJO0B MOBBILICHHS TEMIIEPATYPHON U paIHAIIMOH-
HOM CTaOWJIBHOCTH JOMUHHUpYIoEH coctaBistomieit Ug, MIMPOKO pacmpocTpa-
HEHHBIX OunoygpHbIX OVY-MpOTOTUIIOB, 00YCIOBICHHOW BIMSHUEM [} TpaH3U-
CTOPOB.

B nepBoii rimaBe paccMaTpuBarOTCS METOMABI pacdy€Ta HYJEBOI'O YPOBHS
ANEKTPOHHBIX CXEM, HECTaOUIBbHOCTh KOTOPOTO B YCIOBHUSX TEMIIEPATypPHBIX U
pPaguallOHHBIX BO3JICUCTBUI BIMAET HA UX KAUECTBEHHBIE MOKA3ATENH.

Jlaétcs omnpezesieHne aBTOHOMHBIX MapaMeTpOB OUTOISPHBIX TPAH3UCTO-
POB B YCJIOBUSIX TEMIIEPATYPHBIX U PAJUALUOHHBIX BO3JIEUCTBUN U UX KOJIUYeE-
CTBEHHas oueHKa. [IpuBondarcs annpokcuMupyromuye QyHKIUU, MO3BOISIONINE
KOJIMYECTBEHHO OLEHUTH BIIMSHUE BHEIIHUX BO3JCHCTBUN HAa TPAH3UCTOP U HY-
JIEBOM YPOBEHB IIEKTPOHHBIX CXEM.

[Ipennaraercss METOIHMKAa CXEMOTEXHUYECKONW MOJEPHHM3ALNUM HEMPELH-
3MOHHBIX Ki1accuueckux OY ¢ BBICOKOMMIEIAHCHBIM Y3JIOM, 00ecreyrBaromas
cymectBeHHOe (B 5—100 pa3) ymMeHbIIIeHUE HATIPSKEHUSI CMEIISHUsI HYJISI, B TOM
Yuclie B paMKaX OT€YECTBEHHBIX OUMOISPHBIX U OUIOJISIPHO-TIOJIEBBIX TEXHOJIO-
TUYECKUX MPOIIECCOB.

[Ipennaratorcs crnocoObl ONMKUCaHusl, BBEJAEHUS U Kiaccudukanuu ciaboi
TOKOBOI acMMMeTpuu 0a30BbIX (QYHKIMOHANIBHBIX y3710B OY (TOKOBBIX 3€pKad,
HMCTOYHUKOB OMOPHOTO TOKA, BXOAHBIX NHU(EpeHINaNIbHbIX KACKaJI0B, IMUT-
TEPHBIX MOBTOPUTENEH U T.JI.), TO3BOJISAIONIME MUHUMHU3UPOBATh CUCTEMaTHye-
CKYIO COCTABJISIFOILYIO HAIIPSIKEHUSI CMELIEHUS HYJIS.

[TpuBenén anroput™m cuHTe3a OV 001Iero NpUMEHEHHs C MOBBIIICHHON
CTaOMJIBHOCTBIO HYJIEBOI'O YPOBHSI HA OCHOBE CXEM-IPOTOTHIIOB BEIYIIMX MHUK-
POSJIEKTPOHHBIX (PUPM MUPA.

Bo BTOpO# ry1aBe paccMaTpuBalOTCI KOHKPETHbIE apXuUTeKTypbl OV, B
KOTOPBIX 32 CUET CINELHATIBHOTO MOCTPOCHUSI OCHOBHBIX (DYHKIIMOHAJIBHBIX Y3-
J0B (BBeJEHUs ClIab0il TOKOBOW acCMMMETPHUH) HANPSXKEHHE CMEIICHUS HYJSA U
€ro TeMIiepaTypHbIi (paaualuoHHbIN) apei( YMEHbIIAIOTCS B HECKOJBKO pas.
Pa3BuBarOTCS KOHKPETHBIE MPUIOKEHUS TEOPUM KOMIICHCAIIMM CUCTEMAaTH4e-
CKOW COCTaBJISIFOLLEH HanpsiKeHUs cMelleHus Hylst OY ¢ BBICOKOMMIIEJAHCHBIM
y3JI0M, OOYCJIOBJIEHHOW paJuallMOHHOW W TEeMIEpaTypHOW 3aBUCUMOCTBIO [3
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TpaH3uctopos. [Ipencrasnensl 6osiee 20 HOBBIX APXUTEKTYP U CXeM. BrimosiHe-
HO KOMITBIOTEPHOE MOJEIMPOBaHME npeaiaraeMbix OY, B TOM YUCIE C UCTIOJIb-
30BaHueM MeTos1a MonTe-Kapiio.

B Tperbei riiaBe npeiiokKEeH METOJ pacuéra HyJIEBOTO YPOBHS B MYJIb-
tuauddepeHnanbHbpIX onepauoHHbeiX ycunutensix (MOYVY) ¢ Bbicokoumrie-
JAHCHBIM y3JIoM. [lonmydeHbl ypaBHEHUS JJIs CTATUUECKUX norpemnocteir MOY
B TUIOBBIX CXE€MaX UX BKJIIOYEHHUS. PaCCMOTpEHBI TPAKTUYECKUE TIPUMEPHI BBE-
JeHus cnaboil TokoBoi acuMMmeTpuu B TUNOBeIX MOY. [lpuBoasTcs HOBBIE ap-
XUTEKTYPHBIE PEUICHUS W MPUHIUIIBI IOCTPOCHUS MpakTHiyeckux cxeM MOV ¢
MaJIbIM HampsKEHUEM CMEIIEHUsS HYJd. [IpencTaBiieHbl pe3yibTaTbl MOAEIUPO-
BAaHUS MPU TEMIIEPATYPHBIX U PAIUAIIMOHHBIX BO3JCUCTBUSIX.

B 4yerBépTON I1aBe PACCMOTPEHBI CXEMOTEXHUYECKUE NMPUEMBI YMEHbB-
menus U, omneparmoHHBIX YCHINTENICH Ha 0a3e KOMIUIEMEHTapHBIX, IIEPETHY-
THIX» U KJIaccuueckux kackoaubix JIK. Pa3zpaboTana cxeMoTeXHHKA HeTIel KOM-
nencaruu Ug, 1 hopMupoBaHus 3alaHHBIX KOA()PUIIMEHTOB TOKOBOW aCUMMET-
pUHU 1S IATU KIaccu4eckux KackoaHbiX OY-nporotunos. [IpuBeneHsl npakTu-
YECKHE MPUMEPHI CXEM, pabOTAIONIMX B YCIOBHUSAX TEMIIEPATYPHBIX U pajiyally-
OHHBIX BO3JCUCTBUU. [IpencTaBieHbl pe3ysibTaTbl MOJICIMPOBAHUSA TIPU TEMIIE-
paTypHBIX ¥ paAuallMOHHBIX BO3/ICHCTBUSX.

B Hayajo x orjiaBjIeHUIO




NMABA1

TEOPETUYECKWUE OCHOBbI MPOEKTUPOBAHUA
BIJET ONMEPALMOHHbIX YCUNTUTENEN (OY)
C NOBbILWEHHOW CTABUIIBHOCTbLIO HYJIEBOIO YPOBHA
B YCINNOBUAX TEMMEPATYPHbIX U PAOUALIMOHHbIX
BO3OENCTBUU

B Hacros1el rnmaBe paccMaTpuBaETCs METOJI CXEMOTEXHUYECKONW MOJED-
HU3alUU HENPEUU3UOHHBIX Kjaccuueckux OY ¢ BBICOKOMMIENAHCHBIM Y3JIOM,
o0ecreynBaloIrii CYIIECTBEHHOE YMEHbBIIICHUE HAMPSKEHUS CMEILICHUs HYJIs, B
TOM YHCJE B paMKaX OTEUYECTBEHHBIX OWIOJSPHBIX M OUIMOJSIPHO-TIOJIEBBIX
TE€XHOJOTUYECKHUX IMPOIECCOB, OPUEHTUPOBAHHBIX HA MPUMEHEHHE B 0a30BBIX
CTPYKTYPHBIX U MaTpUYHBIX KPUCTaJUIaX JIEKTPOHHBIX YCTPOWCTB aBTOMATHKH
HOBOTO ToKojieHUs. CyIIHOCTh METOJIa COCTOMT BO BBEJICHHHM B XOpOIIO W3-
BECTHbIE Kiaccuueckue cxembl OY Ha OMMOJISIPHBIX TPAH3UCTOPAX CHEIUATBHOM
CTPYKTYPHOU M30BITOYHOCTH, MO3BOJSIONIE MHHMUMH3UPOBATh CUCTEMaTHYe-
CKYIO COCTABJISIFOLLYIO HAIPSDKEHUS cMeneHus nyns [1-132].

B Hauajo x OrjiaBjIeHUIO

1.1. MeToabl pacqéTa HYyJNeBOro ypoBHA 3JIeKTPOHHbIX CXeM

Cratnueckuil pexuM, WIA HYJIEBOW YPOBEHb BJIEKTPOHHOW CXEMBI, 3a/1a-
€TCs COBOKYITHOCTBIO IMOJIFOCHBIX HANIPSI)KEHUN U TOKOB, OIIPEIACIAIOLINX UCXOI-
HOE COCTOSIHHE 3JIEKTPOHHBIX MPUOOPOB MPU OTCYTCTBUM BHEIIHUX CHUTHAJOB.
Bo3MOXHBI pa3iMyHble NOAXOIBI K PACYETy CTAaTUYECKOIO PEXUMa DIIEKTPOH-
HBIX CXeM [4], paznuyaronmecs XapaKTepoM 3aJaHHBIX U HICKOMBIX BEJIUYHH.

IIpu nmepBoM moaxone [4] mpoBOAUTCS JIMHEApU3aLWs HEIUMHEHHBIX Xa-
PaKTEPUCTUK B OKPECTHOCTHU MPEIOJIaraeMbIX pabourX TOUEK U OMPEEISI0TCS
VX aBTOHOMHBIE Y HEABTOHOMHBIE IIapaMeTpbl, IPUHUMAEMbIC B KaU€CTBE HYJIE-
BOr'0 ypoBHs. [lamee naércst TOoJ0rn4ecKoe OIUCAHUE CXEMbI C aBTOHOMHBIMU
MHOTOIOJIFIOCHUKAMH, U Ha €r0 OCHOBAHMM HaXOJASTCS B 00IlEM BHUAE BbIpaxe-
HUsI, ONPENEIISIOIINE TIOJIIOCHBIE IIEPEMEHHBIE BCEX JIMHEAPU30BAHHBIX DJIEMEH-
TOB. YKa3aHHas UTEpalMOHHas IpoLeaypa IOBTOPSETCS A0 TeX IO0p, IOKa KO-
OpAuHATHl pabOYMX TOYEK, HaWJIEHHbIE B pPe3yJbTaTe MOCIEAYIOMIETr0 U Mpe/Ibl-
Aymero npuOamkeHui, He OyayT coBmagaTh ¢ TpeOyemoil TouHOCThIO. Jlanee
CIEAYEeT OCYLIECTBUTH, HAIpUMEpP, TOIOJOIMYECKOE OIHUCAHUE paccMaTpuBac-
MO#l JMHeapu30BaHHOUM cxembl [4]. B pesynbraTe momyuyuM oOOOLIEHHBIN CHUT-
HaJbHBIA rpad, B3BEIICHHbIE BEPIIMHBI KOTOPOro OyayT oToOpaxaTh BCE OC-
HOBHBIE [IEPEMEHHBIE X; MHOT'OIIOJIFOCHBIX JIEMEHTOB, 4 BEPIUIUHBI-UCTOKU — aB-
TOHOMHBIE ITapAMETPBI ITUX JIEMEHTOB ¢,; U 3HAYECHUS IUTAIOLIMUX CXEMY MC-
TOYHUKOB ¢; (puc. 1.1 [3]).



Puc. 1.1. O6001EHHBIN CUTHATBHBIN I'pad IEKTPOHHOU CXEMBI

[To Buay Takoro rpada MOXHO HATH 3HAUEHHUE JIFOOOW OCHOBHOM mepe-

MCHHOﬁ X = Xk B 3aBUCHMOCTH OT 3HaquI/Iﬁ ABTOHOMHBIX HapaMeTp0B
qwi = Qwi N UCTOYHHKOB IIUTAHUA q] = Q] Ha OCHOBAHHUHU COOTHOILICHMUS .
xk:sziqwi+leg‘qj9 (1.1)
i J

rae Ty, Ty — cxeMHblE (QYHKIUH, ONPENENAIONINE epeaady K B3BEIIEHHON Bep-
IIMHE X} OT BEPIIUH-UCTOKOB ¢, U ¢; COOTBETCTBEHHO.

OO6miast Teopus HYJICEBOTO YPOBHS JJIEKTPOHHBIX CXeM [4] MOXeT OBITh
aJanTHUpPOBaHa JIJI1 YACTHBIX CIy4aeB MOCTPOCHUS ONEPAIMOHHBIX YCUIIUTENEH C
BBICOKOMMIIEAAHCHBIM Y3JIOM Y |, KOTOpPBIE COJIepkKaT BXOJHOM Kackam u 0ydep-
HBIN ycunutens (puc. 1.2).

Bxonmon xackan

Bx. @ LB‘;D:
O P —>>

Usx U

3

Puc. 1.2. Crpykrypa OV ¢ BBICOKOMMIIETAHCHBIM y3J10M

B BBICOKOMMIIETAaHCHOM y3JI€ )| OCYIIECTBISCTCS CyMMHUPOBAaHHE JKBU-
BaJICHTHOTO BBIXOJHOT'O TOKAa BXOJHOTO Kackana I, BXOIHOTO TOKa OydepHo-
ro ycunutens Igy ¥ HEKOTOPOro pasHOCTHOIO Toka I,, KOTOpBIH ompenensercs
npu U, =0 ¥ 3aMbIKaHUU BBICOKOUMITEJJAHCHOTO y3J1a Y | HA IPYroi SKBUIIOTEH-
IMATBHBI y3e Y 1.
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ITpu 5TOM pasHOCTHEIN TOK I;:

Ip = IBBIX - I6y H (12)
a HaAIIPpAKCHUC CMCIICHUA HYJIAL MOXKHO HaWTH U3 BBIPAKCHUA .
I
__b
W= (1.3)
A

N3 dopmynsr (1.3) cinemyer, yTo pasHOCTHBIN TOK | , KOTOPBIM MOXKHO

p’
paccMaTpuBaTh Kak HEKOTOPBIM aBTOHOMHBINM mapameTp OV u KkpyTu3Ha nepe-

Jla4u BXOJIHOTO Kackaja (S, ) OmpeaelistoT HanpsikeHne cMmenienus Hyist OY.

B Hauajo x OrjiaBJIeHUIO

1.2. ABTOHOMHbIE NapameTpbl GUNONAPHLIX TPAH3UCTOPOB
B YCNOBUSAIX TeMNepaTypHbIX U paguaLUOHHbIX BO3AeNCTBUN

Jlnist pacuéra BIMSHUS TEMIEPATypbl U paJuallid Ha CXeMHble (YHKIUU
AQHAJIOTOBBIX YCTPOWCTB, COACPKAIIUX AKTUBHBIE MHOTI'OIIOJIOCHBIE 3JIEMEHTHI
(TpaH3HUCTOPBI), HEOOXOAUMO OMNPENETUTh UX ABTOHOMHBIE U HEABTOHOMHBIE
napameTpbl [72]. JlaHHBIM TeopeTHUYECKUd MOJAXOJ, pa3BUTHIH B paboTax
B.. Anucumosa [4, 5], MOeT ObITh UCIIOJB30BaH JJIsI aHAIN3a CTATHYECKOTO
pexXrma, B TOM 4Kclie HyleBOro ypoBHa OY Ha OUIOJSISPHBIX TpaH3UCTOpaX, pa-
OOTalOIIMX B YCIOBUSAX TEMIEPATYPHBIX U PAIUALIMOHHBIX BO3/IEUCTBHIA.

B Hayajo x orjiaBjIeHUIO

1.2.1. Mamemamud4eckasi MOOeJsIb mpPaH3Uucmopoe
€ y4émom eHewHux decmabunusupyrowux ghakmopoe

Jlns ompenesieHUsl B AMAIa30HE TEMIEPATYPHBIX M PaJuallMOHHBIX BO3-

NEeUCTBUM CXEMHBIX (DYHKIIUH aHAJIOTOBBIX YCTPONCTB, COJEPIKAIIUX MHOTOTIO-

JIIOCHBIC DJIEMEHTBI, HEOOXO0IUMO OTIPEACITUTh UX aBTOHOMHBIE U HEABTOHOMHBIC

napameTpsl [5] U MPEaCTaBUTh TPAH3UCTOP KaK aBTOHOMHBIM YETBIPEXITIONIOC-

HUK (puc. 1.3). ABTOHOMHBIE TIapaMeTphbl OMNPENEISIOTCS cleaytoneid 0000-
IIEHHOW CUCTEMOUN ypPAaBHECHUN:

By = B’y + ABys Jus= 1 + Al (1.4)

ol
rae Ey=U% — (X zil% + 3 1y U%); 1= 1% — (T B 1%+ Yy U%); v, = aUS ;
J
oU ol oU ol
AEwr = - - Ozc 5 B:_S i = r’ AJWS= - - 0’( H
,Z o¢, Xo,gk(gk £ ) A o ol ,Z&gk Xo,gk(gk £

oU 0 0
= a[r , Tie By, J'ws — MOCTOSIHHBIE COCTABJISIOIINE ABTOHOMHBIX ITAPAMETPOB

i

Evwr, Jws; zag,:aK — BHemrHue Bo3mymatone gaktopel; AEy,, Alys — OTKIOHEHHE

ri

ABTOHOMHBIX IIapaMCTPOB, Ui, Ii — HCPCMCHHBIC, XAPAKTCPHU3YIOIIHC Ka)I(IIBIﬁ
BXOJ MHOTI'OITOJIFOCHOT'O 3JICMCHTA.
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1 k) K 2
—> € < «— I =-1
O O 1 k)
U _ X__Z A U 12 - IK
1 U 2 U=-U
U KO 1 30
30 + U2 = UK6
O O
a)
I A A
2 F=F, F=F, I o
p F#F, l Jn
€h 2 I,=I,;=const
L;=const f-------------——---- - —
1 I,=I,;=const
Ugs=const W
] |
U36 i UKS‘
> Ussp= const
6) B)

Puc. 1.3. Tpan3ucrop kak aBTOHOMHBIN Y€ THIPEXIIOTIOCHHK (a)
U paJualiOHHOE CMEIIEHUE €T0 CTATUYECKUX XapaKTepUCTHUK (0, B)

YpaBHEHUST TpPaH3UCTOpA KaK aBTOHOMHOTO  YCTBIPEXMOIIOCHHUKA
(puc. 1.3) nns cuctemsl h-mapameTpoB B cxeme ¢ oO1ieid 0a30ii UMEIOT BU:

* Sk
rac Chs Jn — ABTOHOMHBIC IMApPaMCTpPbl TPAH3UCTOPA, YUUTBIBAIOIINC BIIMAHUC

TeMIlepaTyphl Ha CTATUYECKUN PEXKUM; €, J, — ABTOHOMHBIE TapaMeTphbl TPaH3U-
CTOpa, XapaKTepU3YIOIIUE BIUSHUE PaJuallui, HalpuMep, NOTOKa HEUTPOHOB F.
ITpruém:

e*:%dT | _*:%dT_ ) y
b= a1 I =1, =const’ Jh oT I, =1, = const- (1.6)
F=F, = const F=F, =const
T =T, =const T:Tp

JIsist cxembl BKJIIOYEHHS N-p-n TpaH3UCTOpa ¢ oOmieil 0a30i 4HClIeHHbIE

* Jk o

3HAUEHWS aBTOHOMHBIX NAPAMETPOB ¢, M j,° MOXHO C JOCTATOUHO BEICOKOIX
TOYHOCTBIO HalTH 1o ¢popmyrnam [11]:

Ugog —U
e’ zg()#%AT, (1.7)
. I
jh6 = A(X ) Ia.p + AI1<6‘o ~ %AT + II<6‘oeC.AT 4 (1 8)
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rae Uy, — mupHHa 3anpeniéHHoi 30861 (Ui kpemuusa Ug=1,2 B); T, AT — tem-
neparypa OKpy»Xarouiei cpelbl 1 e€ U3MEHEHUE; ¢ — TeMIepaTypHblid Kodhdu-
LIMEHT; Lis.0 - oOpaTHbI TOK KOJUIEKTOPHOTI'O Iepexona;

K
Ao = ﬂ—% AT =K, (1-a)AT; K, =1 + 2 — nocrosHHas tpansucropa; (o) —
K03 PUIIMEHT ycuIeHus: Toka 6a3bl (AMUTTEPA).

AHanorn4yHo JI paIualluOHHO-3aBUCUMBIX dBTOHOMHBIX I1apaMCTpPOB

eg u jg MOXHO HaWTH:

i ; (1.9)
Il = Ilp = 131 = const I3 = Ial = I1p =const
F =F, = const F=F, =const
T =T, =const T =T, =const
i :%AF ) (clilFK AF~ Al : (1.10)
L= I1p =1,; = const L=1, = Ilp = const
F=F, =const F= Fp = const
T =T, = const

T= Tp = const

C yuétoMm (1.6) sKkBUBaJeHTHasl cXemMa TpaH3UCTOpa JJIs pacyera craTuye-
CKOr'0 peKHMa, Ha KOTOPBI BO3JCHCTBYET TeMIEpATypa U paavalus, MOMKET
OBITH MpeJICTaBJICHA B BUJI€ MojieNu puc. 1.4.

VT1
(]33 ﬁ/‘ HIealLHLII
- NG

TPaH3UCTOP

. 6 -6
Puc. 1.4. Monens TpaH3ucTOpa ¢ y4ETOM aBTOHOMHBIX ITApaMETPOB €; U jp
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[Tony4yennsie Bbile (HOPMYIBI XapaKTEPU3YIOT aBTOHOMHBIE MapaMeTphl,
KOTOpbIE TO3BOJISIIOT ONPENETUTh HYJIEBOM YPOBEHBb CIOXKHBIX AJIEKTPOHHBIX
cxeM u ero apeid [32, 33, 34] ¢ yu€ToM HU3MEHEHUN XapaKTEPUCTHK TpPaH3U-
CTOPOB MPH BHEIIHUX BO3JEHCTBUSIX.

B Hauajo x orjiaBjIeHUIO

1.2.2. Peaynbmamabl KOMIMbIOMEePHO20 MOOeslupo8aHuUsi PeXXUMHOU u
paduayuoHHOU 3a8UCUMOCMU a8MOHOMHbIX NapamMempos eg u jﬁ
[Ipu cuHTe3e U aHamu3e SIEKTPOHHBIX cxeM OY HeoO0X0oauMo pacroia-
ratb J0CTAaTOYHO TOYHOU I/IH(I)OpMaLll/Ieﬁ 00 U3MeHEeHUNn HaNPsAKCHUST SMUTTCP-
0a3a ¥ KOJJIEKTOPHOTO TOKa TPAaH3UCTOpA MO JEHCTBUEM pavallii U CTaTH4e-
cKoro pexuma. I1o cyIecTBy, aBTOHOMHBIE TTAPAMETPHI, 0003HAYEHHBIE KaK €'

¥ j, XapaKTepu3ylOT MMEHHO JTH H3MEHEHHS B cXeMe ¢ oOmel 6a3oil mpu
I,=const, U, g=const.
Hcnone3ysa pagualoHHO-3aBUCHMbIE MoenH Tpan3uctopoB ABMK 1 3

34], a Tak)Xe MaTeMaTHYECKOE Ol CACIICHUC e6 U %, MOXXHO TIOCTPOUTH T'pa-
’ h Juo

buku jg =f,(F), eg =f,(F) npu pasHBIX CTATUYECKUX TOKax dMUTTEpa I, U pas-
HBIX YPOBHSIX [IOTOKA Heittponos F[u/M] (puc. 1.5).

i ’f; , mKA

160 -
1-1

140 3
2-1

10 mxA
5= 50 MEA
3 -1, =100 mgA
100 4 -1, =200 MrA

120 4

80
60
40

20 4

0 : e T L e

T
10" 10" 10" 10" 10" 10"
FE, n/ew?

a)

1 MrA

50 MKA
100 MkA e
200 MxA [ 4

ez , B

50

B W R =
i T ]

40 +

30

20

FE, n/em?
0)

Puc. 1.5. Pagunanmmonuas 3aBucUMOCTE i° (a), e¢® (0) B IMPOKOM JUaria3oHe
Jn > €y

HU3MCHCHUA ITIOTOKA HCﬁTpOHOB
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Takum oOpazoM, KOMIBIOTEPHOE MOEIMPOBAHNE PEKUMHOU U pajualu-
OHHOM 3aBUCMMOCTH €. M j° (puc. 1.5) HO3BOJNAET NPU M3BECTHBIX 3HAYECHUAX
cTaTudeckoro smMurrepHoro toka (I,) u 3amannom noroke HedTponos (F) ompe-
JICTUTH CMEIEHUe BXOAHOM (€. ) M BBIXOAHOH ( j°) XapaKTEpUCTHK N-p-N TpaH-
suctopoB ABMK 1 3. Jlnis mpakTHueckuX pacuéToB €, U j° MOYXHO armpok-
CUMUPOBATH MMOJTYUYEHHBIE BbIIIE IpadUKy.

B Hayajo x orjiaBJIeHUIO

1.3. MeToq cMHTE3a NPeun3noHHbIX onepaLunoOHHbIX ycvaTeneVl
C BbiCOKOMMNeaAaHCHbIM Yy3JIOM

PanunanonHoe u TemIiepaTypHOE BO3JCHCTBUS W3MEHSIOT HANpPsHKEHUE
amutrrep-6a3a (Us,s), 0OpaTHBIN TOK KOJUIEKTOPHOTO Tepexona lyg o u koadduim-
eHT ycuieHus Toka 6a3bl () Tpanszuctopos. [Ipu 3Tom nBa nmociennux dgakrtopa
MPUBOJAT K HECTAOUIBHOCTHU TOKa 0a3bl TPAH3UCTOPOB, uTO BiusAeT Ha U, [94].

N3meneHne HampshKeHUs CMEICHHS HYJIS i kiaccudueckoro OY B 1ie-
JIOM 3HAYUTEIBHO MpeBocXoauT pacuétHoe U, misa ero BxojaHoro auddepen-
nuaneHoro kackazaa (JIK). 3ro oobscHsiercs Tem, uro apeitd Ug,, 00yclIoBIIeH He
TOJIKO M3MEHEHHEeM CBOMCTB BXOJAHBIX JIK, a B OCHOBHOM CBsi3aH C HapyIlle-
HUSMH PEXKUMa 10 TTOCTOSIHHOMY TOKY BBIXOAHBIX mojacxeM Y u3-3a 3aMeTHOM
nerpaaamnuu  Tpansuctopos [6, 7, 42, 50, 61-63, 72-76, 78-79, 81-83, 8689,
90, 93, 95, 96, 98, 101, 102, 104, 114, 125].

Jlnst MUHUMU3AIUU cucTeMaTtuueckoi coctapistonieit U, , 00yclIoBiIeH-
HOU npeiidpom U,s, NpUMEHSIOTCS XOPOILIO M3BECTHBIE MapaiebHO-0aJaHCHBIE
CXEMBbI, B KOTOPBIX O0ECIIEUMBACTCS B3aMMHAas KOMIICHCAIUS HECTaOUIbHOCTH
U, ABYX OJWHAKOBBIX BXOJHBIX Tpan3uctopoB JIK. B pesynbTaTe 3Ta cocras-
JISFOIIAs HAMIPSKEHUSI CMEIIEHUS] YMEHbBIIIAeTCHl.

Yro kacaercss Bropoi coctasistouieil U, 3aBUcsIIedl OT u3MeHeHu [3
Tpan3ucTopoB OV, 1o /1 €€ MUHUMU3AIMU HEOOXOAUMBI CIICIIUAJIbHBIC apXu-
TEeKTypHbIE penieHus BxoaHoro kackana ([IK) u ero Beixonnoit nojacxemsl (BY),
B KOTOPBIX pean3ytoTcs 3G (PeKThl B3aUMHONW KOMIIEHCAIIMU a0COFOTHBIX 3Ha-
YeHUN TOKOB 0a3bl U X MPHUPAILCHHUM, 00YCIOBICHHBIX TEMIIEpaTypPHOM, paaua-
[IMOHHOM WJIM PEKUMHOM 3aBUCUMOCTBIO TTapaMeTpoB TpaH3ucTopoB. Hccineno-
BaHMIO JaHHBIX A PEeKkTOB U UX mpakTuueckux npuwioxkenuit B OY mnsa BCK u
BMK nocBsmién HacTosui pa3aes.

AHanu3 BCTpauBaeMbIX B aHAJIOTOBbIE MUKPOCXEMbI HA OCHOBE 0a30BBIX U
MaTpuuHbIX KpuctamuioB OV [1, 9, 55, 59, 112, 115, 120, 130] noka3siBaet, 4To
OOJIBIIIMHCTBO UX CXEM MPHUBOIATCS K apXUTEKType, MOKa3aHHOW Ha puc. 1.6,
B KOTOPO MOXXHO BBIJICJIUTh BBICOKOMMIICIAHCHBIM y3€ll «A», o0ecrneunBaro-
U CyMMUpPOBaHUE BBIXOAHBIX TOKOB (I3 u I;) 0606mEnHoro BXoaHoro aud-
dbepennmanbHoro kackanga (OIK) u BxomHoro Toka (Igy) BRIXOAHOW MOACXEMBI
(6ydepnoro ycunurens, bY):

IS(Bi.n ’Bj.p’Iijﬂqu = I4(Bk.n7Bm.p71k.m7qu) + IBV(Bs.nﬂﬁf.p’Isf) > (111)
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riae Iij, Im, Isf — KOOpAMHATEI HCTOYHMKOB TOKA, KPATHBIX OIIOPHOMY TOKY Io, yc-
TAHABIMBAIOIINX CTATUYECKUN pexUM TpaH3UCTOpoB cxeMbl OV Bin, Brn» Psns
Bips Bmps Prp — KodQUIMEHTBI yCHIIEHHs TOKA 0a3bl p-n-p M N-p-n TPaH3UCTO-
poB, Biusitomux Ha Toku y310B 3 (I3), 4 (I4) u Bxomguoit Tok (Igy) Oydepnoro
YCUJIUTETIS.

O +
uBX
BY
Brix.
_» }
Ipy
()

Puc. 1.6. O600ménnas cxema OY ¢ BBICOKOUMIIEAAHCHBIM y3JI0M «AY

Eciu B cTaTUYECKOM peskuMe CyMMa TOKOB B y3ie «Ax» (I, =1, =1, —T;y)

IIPY KOPOTKOM 3aMBIKaHHH y3J1a «A» Ha 3KBHIIOTCHIIMAJIBHYIO OOIIYIO IIMHY HE
paBHa Hym0 (I, #0), TO Ul KOMIICHCAIMK CTaTHYeCKOW ommOku OV B pabo-

yeMm pexxume Heobxoaumo Ha ero auddepenuumansabii Bxon (Bx.1, Bx.2) no-
JaTh HEKOTOPOE HAIpPsKEHUE, COOTBETCTBYIOIIEE HAMPSKEHUIO CMEIICHUS HYJIS

U, = S;llylp, rae Spy =1, Ju,. — xpyrusHa ycuienus sxoanoro OJIK npu ko-

POTKOM 3aMbIKaHUH y3j1a «A» Ha 3KBHIIOTCHIIHMATBHYIO IITHHY.

Taxum oOpazom, oHUM U3 ycloBUM cuHTe3a apxutekryp OV (puc. 1.7)
C MaJIBIMU 3HAYCHUSMHU BTOPOW CHCTEMATHYECKON COCTABIISAIOIICH HAIMPSIKECHUS
cMenleHust Hynsg U, ~ 0 sBIseTCA TaKoe IOCTPOEHHE apXUTEKTYpbl U OCHOB-

Heix oacxeM OJIK u BY (puc. 1.6), npu KOTOpbIX BO BCEM AMana3oHe BHEUTHUX
BO3/EICTBUM (Temneparypa, paguanys), a TakKe PeKUMHBIX M3MEHEHUH mapa-
METPOB TPAH3UCTOPOB U UX CTATUYECKUX TOKOB IPU BapHALMK HANPSKECHUS ITH-
TaHUsa OyAeT o0ecrneuuBaThCs PaBEHCTBO [ =1, =1, +I;, = 0. MuHumMu3auus

HaHHOﬁ CUCTEMATUUYECKOM COCTaBJIHIOI_Heﬁ UCM — 3TO «30Ha OTBCTCTBCHHOCTU»
CXCMOTCXHHUKOB, p33pa6aTBIBaIO]_HI/IX AHAJIOTOBBIC MHUKPOCXCMbI IJIA YCTpOﬁCTB
ABTOMATHUKU.
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IIT1 I1z|,ncl'l'l"] :Inx. TT1 +E_pl Iﬁ.p+E_nl IG.n
Kiz1=1 =
- Ty
I 3 L1 e BY
BX.HTI’ BRIX.IIT1 Xp .p BoIx.
A — K
Xnlo.n
4
Tnut 1 =lo+Kp3 Jo.p K Toung & Laso. it =lotHkpals p Hknals.n
K1
. C
Bxl | vl bR | Bx2
. » | t R1 :I I «16 -
I I
lop : 1 : P Li=l+&01lsptEno01l6n
| i
: I @ I C) ] L=lp+&0215ptEn02I6.0
I ; 6 =
I I

Puc. 1.7. llpumep npaktuyeckon peanuzanuu OY
C BBICOKOMMIIETAHCHBIM Y3JIOM «A»

B nanbHeiiimem mpu cuHTE3e mpakThueckux apxutektyp OV (puc. 1.7)
Oynem cumTtaTh, 4To Kaxkaas u3 nmojacxeMm JIK1, I1T1, BY ortnuyaercs ot uneaib-
HOM M HUMEET TOKOBBIE€ KOOPIMHATHI, HECKOJIBKO CMEIIEHHBIE OTHOCUTEIBHO
«UJeaTbHOr0» (HYJIEBOI0) YPOBHS:

ICM,l = kp3I6,p + kn3I6,n H (1 12)
ICM,Z = kp416,p + kn416,n > (1 13)
Loy = E.)pIIG.p + @mla,n > (1.14)
Ly =%, 15, +x,15,, (1.15)

rae kp3, Kns, Kpas Knd, Epi, Ents Xp, Xn — MacmrabHble KO3QQHUIUEHTEI (LEIBIE YHC-
na) npu Tokax 6assl p-n-p (Isn) ¥ n-p-n (Is,) TPaH3UCTOPOB, XapaKTEPHU3YIOLIHE
cMmelenune HyneBbix ypoBHed moacxem [IK1, IIT1 u BY, oGycioBnenHsie Ko-
HEYHOU BEJIMYMHOM [}, UX TEMIEPaTypHbIMU U PaJAUAIIMOHHBIMU U3MEHEHUSMHU
(puc. 1.8).

B 3aBucumMocTu ot noctpoenus QpynkuumoHanbHbix y3nos K1, I[IT1, BY
aHAJIOrOBOM MUKPOCXEMBI UX CMELIECHUSI HYJSl MOTYT OBbITh KaK MOJO0KUTEIbHBI-
MH, TaK U oTpunarenabHbIMu. IloaTomy koddumentst Ky3, Koz, Kps, kna, Epi, Eni,
Xp» Xn, Xapaxrepusyromue I, ;, IPUHUMAIOT KaK IOJI0XKHUTEIbHbIE, TAK U OTPHILIA-
TeJbHbIE 3HaUCHUA. 3a cU€T co3haHus ciaboi TOKOBOW acMMMETPUU B TOJICXe-
Max [IK1, IIT1 u BY mMoxHO oOecreuuTh Majoe pe3yiabTUPYIOIee CMEIIECHUE
nynsa Uy, B apxurektype OV, ero remrepaTypHbIi 1 paJualiioOHHbINA apeid.
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Inux] K1

Ismxl.,ﬂl(l =I()+kp316.p+kn3 Iﬁ.n 2 I/IHC‘aJI gl

IBI:IXZ. JK1

Im,le, JIK1 :I(] +kp4 IG.p+kn415, n

-~ ~ L]BX
4 IBLIX.IITI |
cai
o) H
Losoerrmi =lax.rmt o1 16,0 &1 lon Pxd ~
7 <
7 “ P d 3
e I
rd rd
e rd
7~ L rd IO
ICMJ[TI \/ P 7 ‘ IBx.]TT]
> >
'ICMHTI
B)

IBX.EyzxnIG.n +xp16.p

Puc. 1.8. Bo3amoxHbIe BapuaHThI cMeleHus Xxapakrepuctuk noacxem K1 (a, 6),
IIT1 (B), BY(r), 3aBucsIIME OT YUCICHHBIX 3HAYEHUH U 3HAKOB MAcCIITa0OHbIX

k03 uuneHToB K3, Kn3, Kps, Kna, Ep1, Ent, Xp, Xn

KoHkpeTHbIE TpHUMEPBI COBEPLICHCTBOBAHUS CYHIECTBYIOIIMX CETOAHS
MUKPOCXEM-TIPOTOTUIIOB BEIYIIMX MHUKPOIJIEKTPOHHBIX (UPM MHUPA, pealu-
3yIOllME TMpeajiaraeMblii METO MOBbIIIEHUsT cTabmIbHOCTH HYys1 OV, paccmart-
puBaroTcs B riaBax 2, 3 u 4 HacTosIe MoHorpaduu.

B Hayajo x orjiaBjIeHUIO
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1.4. CnocoObl BBeeHUA cnabon TOKOBOU aCMMMeETpUun
B 6a30BbIX PyHKLMOHaNbHbLIX y3rax OY

Kak nmokazano B pazzaene 1.3, yMeHbIIIEHHE HANPSDKCHUST CMEILICHUS HYJIS
(Uey) OV ¢ BBICOKOMMITEJAHCHBIM Y3JI0M «A» CBA3aHO, MIPEXK/IE BCETo, C co3/1a-
HUEM YCIIOBUI, IPU KOTOPBIX B 3TOM y3i1€ Ipu u, =0 obecrnedynBaercs B3auM-

Has KOMIIEHCalus BeeX cxoaammxcs B HEM TokoB [,=0 [85]. Ilpaktuyecku 310
O3HAYaeT, yTo (PyHKIMOHANbHBIE y3i1bl OY U 00pa3yroline ero nojacxemsl (To-
koBble 3epkana (T3), ucrounuku onopuoro toka (MOT), Bxoansie nuddepen-
uuanbHblie kackansl (JK), Oybepnsie ycunurenu (bBY) u T.4.) 1OTKHBI UMETH TY
WIM UHYIO, HO CTPOTO 3aJaHHYIO0 TOKOBYIO acUMMeTpuio. B 3Toil cBsi3u B Ha-
CTOSILEM pa3jiefie MPUBOAUTCS HAOOP CXeM BO3MOXKHBIX (DYHKIIMOHAJIBHBIX Y3-
goB OV u ux x03p¢HUureHToB ci1aboil TOKOBOW aCUMMETPHUHU. DTO MO3BOJISIET
(B 3aBUCHUMOCTHU OT CBOMCTB apXutekTypbl OV u ypaBHeHHH 15 K03 duireH-
TOB c1a00i TOKOBOM acUMMETpHUH) BHIOpaTh Ty WJIM MHYIO COBOKYIHOCTH KOH-
KpPETHBIX (DYHKIIMOHAJBHBIX Y3JI0B, BKIIOUEHHE KOTOPBIX T'apAaHTUPYET MaJblii
ypoBeHb Ug,y,.

B Hayajo x orjiaBjIeHUIO

1.4.1. Tokoeble 3epKana
NneansHoe TOokoBOE 3epkano (puc. 1.9) obecneunBaeT TOUHOE MOBTOpE-
HHE BXOJHOTO TOKA I B IIMPOKOM Auana3oHe HANPSKEHUN MUTAHUS Ef:) .

o + Eg)

Ki12_1:-1 HTI

e lo-12 2. L 4

v

Spi :{ 0,1, -1, 2, _2"'} Bx.i Brix.i

IBX.IL L Ly = Lot +&nilen + E-‘pllﬁ-P

Puc. 1.9. TokoBoe 3epkano co CMEUIEHUEM HYJIS IPOXOAHON XapaKTePUCTUKH

IIpakTruecku, BBIXOOHOM TOK lyyy; peanmpHOro TokoBoro 3epkana IIT1
otnnyaetcs ot I, Ha Igy,:

IBLIX.] = IBx.l + 511116.11 + §p116.p = IBx.l + ICM > (1 . 16)
rie §,,,5, — KodhUIHeHT cnabdoil TOKOBOW aCUMMETPHH, 3aBHCSIIKE OT

cxemorexHuku IIT (puc. 1.9); Is,, Isp, — Toku Gassl p-n-p ¥ n-p-n OCHOBHBIX
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TpaH3UCTOpPOB TOKoBoro 3epkana IIT1 mnpm Toke omurrepa 1, =1;;
L, =S&ulsn +&,1l5, — TOK cMelIenus HyIist IpoxoaHo# xapakrepucTuku I1T1.

Hwxe npuBoauTcst kinaccu@ukamus TUIIOBBIX TOKOBBIX 3€pKajl COBPEMEH-
HOW MUKPOSJEKTPOHUKH, UCIIOIB30BaHUE KOTOPHIX B COOTBETCTBUM C METOJAOM
no3BoJIsIeT o6ecnednTh noctpoerre OY ¢ MallbIM CMEIIeHUEM HYJIS:

T .
p , (1.17)
riae N — HoMep IpyIIbl TOKOBOTO 3epkana; N — mopsiakoBbiii Homep T3 B rpyii-
ne N; K; — koapdunuent nepenaun toka I1T; +Ep, £En — kodpdULIMEHTHI TPO-
MOPUUOHAIBHOCTHU, pUHUMaroue 3nauenus: 0, £1, £2, £3, +n.

HaGop TokoBBIX 3epkai, mpeacTaBieHHbI B Tabnunax 1.1-1.11, moxxHO
paznenuts Ha 11 rpynn (tabun. 1.12).

Taonuua 1.1
ToxoBble 3epkaja 6e3 cMemeHHsI HYJIsl POXOAHON XapaKTePUCTUKHI
(&.:nl = &.:pl = 0 9 ICM:O)

CxemMa TOKOBOTO 3epKajia
1 2
1-2 Bxui Brx.1 B;)X-i BL‘I)X.i
? ? Lex i’ s VT3 41 i, | S
IBX & & IBI)IX:IBX
I Tac- 4 | 1| | T 415
4’ 25 L
VT1 I; I; VT2
- | I VT2 >|| Phd = K
noe S b Lctls | TIT1
‘\/‘7' : ~—
VT1 Im-slsj', h@ Kip1=-2 i I - 315
VD1 SZ Lox T
L ¢ ; °
© - 111878
111889
3-4 Bxi Bsix.i 1o Bxi o Bhix.i
o] o BX ¥
IEL]X:IEX 215 ImIX:IBX
L | i T2l +| VTI ; il
M Is VT2 N
Is
IBX'IG & i IEX+16 EC §+
21 l Inx'lt') & i é IBX'I(')
VT1 6¥ VT3 i Lp-Tg
: : VT2 VT3
IBx i I6 I6 i ng : - — K
o - Inx é I(, I(, l Inx
o -
111867
111870
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IIpoooncenue maon. 1.1

1 2
56 | Bxi o Bbxi
IBX-IG é VTl IG l IBle:IBX
é IBX'IG
O -
111872 111874
Bxi Brixi o +
7-8
_ L-Ts | Y VD1
Ll i 1Tl | Lo VTI T-ls |
N ™
-4l L k J bty A . | Tt
1 “ \ — 2 Vot || I
- ™ Tp-2D5 ¢
Is VT2 VT3
“ W -
L 3| ; pay ™ "I ™
x ~ T 6
IBX IBX
el i o b Ly = Loy
S~
43416 l -Kiipg=-1
Loty | S L b
le \ Uy Rzg '\ Urs Bx.i Brix.i
) 12727
111875
9-10 Bx.i Boix.i Bx.i Bhix.i; Boix.ip
o (o] (o] o (o]
L, | + Ll I | - | I3l
M Is VT2 y
;K 2, VT2 VT3
IBX '16 é — K K
VT 1 16 & IBX '16
> | | Ine2I5 | Ine2I5
& é Lectls
Ix 215 VT1 VT4
Ly § [ VI3 N |/
;K A — N
oy
VD1
IBX '16 &SZ Vbl & IBX '16 1
L IBX'Iﬁ & st'Iﬁ L IBX'Iﬁ
O -
O -
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Oxonuanue maba. 1.1

1 2
11-12 Bix.iy Bx.i Bbix.iz Beix.i + Bx.i
(0] o o [¢] ]
-1 _T VT2 I T
[ S T | 1,36 L =L =T b }
| e
VT1 ii j l/ VT3 E» VTil’ﬁ/ v L -G
NG
W N .
b L2l D) Lo—T;+1g 4 ILr a1
IBX+IG é VDISZ BX 6 6
Is VT2 Is VT4 VT1 VT4
R > ‘
IBX'IG é I\‘ N ?67 Is
SZ VD1 ; LxIs ; Lex-ls I, ,]g +2I, 1
© - I, =15 +2I; i
112629 ° -
112704
13-14 Bxi Bhix.i Bxi Brix.i
(o] o] l _—
Tasi | Lo s | T
Iy, 2o l
e £ Lxi-Isp Lo i < v Dxi- 2o
I VT1 . VT1
2 K | C
Li- 1
VT2 _ i~ Top ¢ .
Lxi-Ip i Isp ilnx.. i VT2 o iIBx.i'Igp‘FI o
vbl |
| Toni- I A | Toxi- T
T | ! | Toxi= Ty | Tt Ty
- 21
VT3 N Llsp ) VT4 VT3 ! VT4
A — N poa— —
Lsp Lsp . Lop lop T
ol - | -
O
114140 114144
Tabnuma 1.2
ToxoBbIe 3€pKaJjJa ¢ MAJIbIM CMECIHICHUEM HYJISA
(v} %
NpoXo/HOil xapakTepucTuku (§,, =0, §,, =0, I, =I; <<I;)
No CxemMa TOKOBOTO 3epKajia
1 2
1-2 : Boix.i
L. |9 Bx.1i oBBIx.1 Bxi 0 & Ly o~ 1
v o
21 I+ =1_ 4 2Us .
IBX-2I6 & VTl & 6 & BX + 6 BBIX IBX & £ IBX'ZIG'IG
j v VT3
Is
Lls | T VT2
= i & Inx + I:i _I6
I +1; -1, LT
: VI3 [421; VT4 § Lol s
~N v
* ‘/i o - I\A % & IBX-I;
Inx + I6 é I6 I6 é IBX + I6 o J_
Ueprex 582
111873 P
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Oxonuanue maobn. 1.2

2
Bx.i + Brix.i Bxi Boix.i
o} o o) (o]
Ln | L VTS L =1 -G =1
— +E,
VT1 I T VT2 "
N V’
WA — N
Bxfi, 24| B [ -n+
J N | SN
LT +1, ¥ vD1Y/ Bx.'i,
N V
A — N
VT3 I, I VT4
L -lg+21 | | T = Te+ 21 111868
o -
Boix.i o +
) T
é Inx _216 = Im,lx ~ Inx VT1 Is l/ VT3
N
V1, —21,-T, I —1
fioa - B R
Rt § oL,
VT4 ©
Brix.i
LT
o -
112711
111880
Brix.i + Bx.i
[0} (0] (o]
Is VT3 |4 L,-1;
. L
NG
1 —I; + 15 | & .
Bx v I -1 +1
VDISZ BX 6 6
VTI1 VT4
~N V
PR -
16 I6
I, —I +21 |
L= To+21 4
Q -
112704
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Tabnuma 1.3

TokoBbI€e 3epKaJia ¢ MOJOKUTEIBLHBIM CMeEIlleHUEM HYJISl IPOXOAHOMI

XapaKTePUCTHKH OTHOCHTENBHO BhIxoaa 1: I, =+I; (§,, =0,&,, =1)

CxeMa TOKOBOTO 3epKajia

1-2 Bx.i Brix.i; Bsrx.i +
o o ] @ L IBXJrIﬁ_erIB_n; R1 R2 i IBX+IG_p+IG_n
Ix i
¥ Lixtls 2gn VT1 VT2
I, VI2 — ‘
| — K [ +
VT3 Tt ey
Tx Ly t21 VT4
Y4t o 2l - | Loalatle,
VTI1 VT3 Is,
N v | I
A - N I
Is Is
vD1
Bx.i Brx.i
| L IS T )
O
T13808
Bx.i n Bhix.i
3_4 0x1 L(I)x1
R2
VT2 <I> lo
| Lo |
V13 b Lot T
Ion [ s,
v
b Tt s, et lon § ¥
VT1 VT2
N V
A — N\
Isp Isp
B ListIsptIon ¥ &Inxﬂs.pﬂs.n
o -
T13809 113067
Taonuna 1.4
TOKOBbIe 3ep1ca.11a C IOJOKUTCJIBHBIM CMCIICHUCM Hy.]'lﬂ
npoxoauoi xapakrepuctukn: I, =+2I; (§,, =2, ,, =0)
CxeMa TOKOBOTO 3epKayia
1-2 Bx.i Brix.i
]
Tx
VT3 Bxi o Alfk VT2 o BeIx.i
Lt )| v K L VoL, 21 -0
| L3l p =
' Lo+l-LL 1 v
Ly+2I -
Z$ ’ —|: VLo+I-T+
LTI+ I VT4 121, VT5
{ e +Ts
/ pra —
o L+20 -0+ I Is {Ls =Ly
112709 I11871
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Tabnunga 1.5

ToxoBble 3epkajia ¢ OTPUIATEIbHBIM CMENIeHHEM HYJIA POXO0AHOH

XapaKTePUCTUKH OTHOCHTENbHO Bhixoma 1: I, =-15(¢§,=-1, £, =0)

CxeMa TOKOBOTO 3epKayia

1-2 Bxi By Bx.i Beix.i, Beix.i;
Q Q o o) o
Ly
' +E, L = L s Lo | | Ttle
L2l | VT1 T VT2
N P I, VI2 | L
‘/i -— . N ) e I: ¥ ex~le™lenix
Lix-Is ; 2l ; Is Is ; Lix-Is
o B AT Yy o
N v’ VT1 VT3
vis[” I Lo v >|| — — K
I Is
L b | L ® VD1 v
o -
é IBX é IBX éIBX
C) -
112706 112703
3 Bx.i Brix.i
[o) 0o
Toi | ToinTop
Isp
— | Toxi= 20,
Isp VT1
— v
N
V12 . N
Loxi-Isp i + Oﬁ:i E):O LIBX" o
Loy L Loxi-Igp
|21,
VT3 v VT4
> ‘
Isp Isp L L.
L., i oxi
O
114141
Taonuna 1.6
TOKOBbIe 3ep1ca.11a C OTpI/IIIaTe.]'IBHbIM CMCIIICHUEM Hy.]'lﬂ
npoxojHoii xapakrepucrukn: I, =-2I;(§,, =0, £, =-2)
(CxeMa TOKOBOTO 3epKayia
1 2
1-2 Bx.i Beix.i Berx.i
o) o)
; Tox-205 57 erx
L. & VTI1
é IBX-216:IBI>IX IBX'IG.p ; IBX'IG.p
Ly-2l5 & é 21, I R2
~N v
/i «<— —>> N
IBx'IG l 16 16 ; IBx'IG Ugs
o - Lolsplen | R3
O
111866
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Oxonuanue maobn. 1.6

1 2
Bx.i Brix.i
Lui | L L= 2lop porci
b VT1
. L
., Lop N
V12 | - Ty
Toxi- 20 £ Top
T | W Vb1 [Toci~ 2oy
VT3 | Too VT4
J (
Texi- Iop l Lo Lo L Texi- Iop
o -
114143

Tabnunga 1.7

TokoBble 3epkaJia ¢ OTpULIATENbHBIM CMEILIIeHHEM HYJISl IPOXOAHOM
XapaKTePUCTHKH OTHOCHTENBHO BbIxoaa 2: I, =-3I; (§,,=-3, £, =0)

1-2

CxeMa TOKOBOTO 3epKayia
Bx.i Brix.i; Brix.i,
? ? ? Boix.iy Bxi Brix.iy
Ln | - | T35 T 2 o o o
2ls VT2 VT3 é IBHX.IZIBX é IBX é IBX_316:IBHX
— K K VT1 Is Ig VT3
R T
3 L 20 | L2 p <
| Tets [ ) | T2
Vit VT4 IBX+IG l '
N v Y I VT2 I, VT4
A e - -y
5 6
vp1 Ll | ™ ™
41‘”{_16 ¥ L. Is i LI SZ VD1 é Lx-Is é Lx-Is
o - o -
112701 112629

Tabnunga 1.8

KaCKOI[HbIe TOKOBbBI€ 3€pKaJia ¢ OTPUHATCJIbHBIM CMEIICHUEM HYJIHA

npoxojHoii xapakrepuctuku I, =—4I;(&,, =-4, £, =0)

(CxeMa TOKOBOTO 3epKayia
1 _2 Bx.i Beix.i Bxi Beoci
Ll Ll | D= 4T T
| 2% | TdL o v
o2l d | VT ¥ ; e
AT = 21:‘ . | L 314,
Ly % |vm ol el e |
| I35 | T3l
Ln3Ls | | 2T VT3 i oo VT4
YIVT2 M VT4 r— —
F——— i 2 | Ts; Ts; (R
Lox2T g‘ Is Is | Tn2s
T11869 114142
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Tabnunga 1.9

ToxoBbIe 3epKajia ¢ pA3HOCTHBIM CMeIIEHHEM HYJIsI

NpoxoaHoi XxapakrepucTuku: I, =1,

- Iﬁ.n ’ IcM = Iﬁ.n - Iﬁ

P
CxeMa TOKOBOTO 3epKayia
Bxi Brix.i
o) o)
; IBX +16.p' IG.n:IBbIX ICM = I6p - 161’1

VT3

l IBX +216.p' IG.n

E.apl =1, E.;nl =-1

IBX' IG.n ; UK6.1:O VT2
VT1 \I\ Jor AL
P N
IBX_ I6.11—"_]:6_p L L IBX_ I6.11 +16_p
o -
o -
IBX '16. +I6.n L
’ \IVTl L, U4
/| 4 IBX+2’I6.H_I6.p ICM = I6n - I6p
Ty Toy | v Ep=—1L &y =1
I6.p
@ II:IBX VI3
IBX L i IBX+ I6.n _16.p:IBLIX
0 o}
Bx.i Berx.i

Taomauua 1.10

TokoBbIe 3epKajia ¢ 3aJaHHBIM O0JI0KUTEJIbHBIM CMELEHUEeM
npoxoaHoi xapakrepucTuku I, ~ (N + DI

CxeMa TOKOBOTO 3epKayia
2 3
Bx.i Brix.i
0 + o
IBX i é L IBHX:IBX+(N+1)16_IJ'16_“
I =L
1 Lsp VT3
Iﬁ.n ]
I Lon It G2 gy =N+1
} VT2 " N N
- g]’l] = —1
VT1 \4 «I‘LP E{f-v J-
A
Lo Tontlop | Lo Tn o |
o -
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Oxonuanue maba. 1.10

1 2 3
2 Bhix.i, Brx.i; Bx.i
L] el | | f
VT2 L |1,
Lt ; : |
Is VT3 [ § Lyl & —1+n
— K BI)I(})(.i3 pl
L L] BTls@m) | L - _
¥ B S } T T € =0
VT1 VT4 VTS
N [ V
D e e A
Is Is nls
| Lot [ PR D S A F
o -
112707
Tabnunga 1.11
ToxoBble 3epkaJjia ¢ yIBOeHHbIM ycujaeHueM 1o Toky (Ki;=-2)
(CxeMa TOKOBOTO 3epKayia
1 2 3
1 o +
IBX+IGH é é IBX+IGH
s VT3 VT4
« p
e ) Epr = Em =0
i IBX é IBX pl - nl -
VT2
VT4 | L2l
o]
Brix.i
113872
2 o +
Lo-lon | y Loclon | Gl Brix.1,
Lele || VDI X/ W vm2 £, =NI
I A N VT3 E_>p1 = O
VI A «  pay
4 |
v 213x+16n(N'1) 212 ntIenN+]en= .
Tex-2I6n i o1 =L+ on(N-1) BBIX.I]
on VT2 ~N -3
) bl I: o Brix.is E_;nl -
=0
ey | 2Tt Ton(N-3)-21,, gpl
o) o)
Bx.i Brix.i
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Oxonuanue maon. 1.11

1 2 3
3 Bx.i; Bx.i, Boix.i;
[0} [0} [0}
é IBX.IZIBX IBX'ZZIBX 4 IBHXZZIBX-IZIG.})
VT1
<
o N
Sp —
L-2lsp § § 21,101, E~‘p1 =-12
YV VDI =0
o1 &IBX-SIG.}) VT3 i IBX'SIG.p E"nl
) %
N Ny
IBX-416.p &
SZ Vb2 & IBX-416.p 4 IBX-416.p
RI=R0 [J R2=R0 [‘] R3=R0 [[]
O
113464
Tabnuna 1.12
Kunaccudukanusi TOKOBBIX 3epKaJl
Ne Onucanue Knaccudukanus
! TokoBbIe 3epkana 6e3 CMEIEeHUs HyJIS POXOIHON XapaKTepH- 0T 1N 1;
cruku (€, =&, =0, Iov=0) 0,0,
ToxoBbI€ 3epKaia ¢ MajJbIM CMEIICHUEM HYJIS IPOXOAHON Xapak- TN 1,
2 * ]' , *_ -
tepuctukn (§, ~0, &, =0, [, = [; <<I;) x0, %0,
ToxoBblI€e 3epKaa ¢ MOJIO)KUTEIbHBIM CMEIICHUEM HYJIS IPOXO/- 1
3 HOM XapaKTepUCTHUKU OTHOCUTENLHO BbIX0Ja 1: IT 3. N-i—L
_ _ +1,0
ICM_+I6 (E.m]:O’EJpl_l) P
4 ToxoBblI€ 3epKaa ¢ M0JIO)KUTEIbHBIM CMEIICHUEM HYJIS IPOXO/- - 1
HO# xapakrepuctukn: I, =421 (&, =2, §,,=0) 42,0,
ToxoBble 3epKaia ¢ OTPULATEIBHBIM CMEILIEHUEM HYIISI IPOXOJI- 1
5 HOM XapaKTepUCTUKU OTHOCUTENLHO BbIX0a 1: MT5. N ———
-1, 0
o =1 (8 =-1,¢,=0) °r
6 ToxoBble 3epKaia ¢ OTPULATEIBHBIM CMEILIEHUEM HYIISI IPOXOJI- - 1
HO# xapakrepuctuku: I, =-21,(§,, =0, §,=-2) -
ToxoBble 3epKaia ¢ OTPULATEIBHBIM CMEILIEHUEM HYIISI IPOXOJI- 1
7 HOM XapaKTEpUCTUKU OTHOCUTEIBHO BhIXOJA 2: Mnr7. N-E—LI]
ICM = _316 (&-’pl = _3’ gnl = O) B
o KackoHble TOKOBBIE 3€pKajia ¢ OTPULIATEIbHBIM CMEILIEHUEM HY- — 1
nst npoxo o xapaxrepuctuku I, =—41, (&, =4, £ ,=0) T —4,0,
5 ToxoBble 3epKaia ¢ pa3HOCTHBIM CMELLEHUEM HYJISI IPOXOIHOM [T 9.N* 1
XapaKTepuCcTHKu: 1 = 16'p -1, I, =1, —16'p ' +E, —&,
10 ToxoBble 3epKaia ¢ 3aJaHHBIM MOJI0)KUTEIbHBIM CMEIIEHHEM [T 10.N°* 1;
IPOXOJHOM XapaKTepUcTHKu I ~ (N +1)I; 4, +E,
11 ToxoBble 3epKaia ¢ yIBOEHHbIM ycusieHueM 1o Toky (Kjijo=-2) [IT11.N *ﬁ
=5p =%n
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Ha puc. 1.10 npuBenensl nmpumepsl KiacCU(DUKAIUU KOHKPETHBIX TOKO-
BBIX 3€pKaJl.

Bx.1 Brix.1 +
(0] (0] o
IBX
£ % IBx+16
Bxu1 Brix.i
o o Ii» VT2
IBX % % IBI)IX:IBX . N
j :Z i IBx'IG éIBX'i'zIG
N
| VT2 VTI1 VT3
IBX'IG v 41467 l IBX+16 ﬂ < T N
Y Is 6
g
VTI vD1 \/
VDl EZL IBX i IBX l IBX £ IBX
L 4 o \ \ o
1
IT1.1 MT3.1———
0,0, +1p 0,
a) 0)

Puc. 1.10. Ilpumep ycnoBHBIX 0003HAUEHHUI TOKOBBIX 3€pKal

W3 mpencTaBieHHBIX CXEM BHUIHO, YTO TOKOBOe 3epkayno (puc. 1.10a)
MPUHAAJICKUT K rpynne 1 u uMmeeT nopsaAKoBbiil HoMep 1, mpuuem e€ koahdu-
LIMEHTHI c1a00i TokoBOM acummeTpun £,=&, =0, a k03 OUIMEHT yCHIIeHU TOKa
K; =1. ToxoBoe 3epkaino (puc. 1.100) npuHaanIeKUT K rpynie 3 u uMeeT nopsia-
koBbIi HOMep 1. E€ kooddummentsr &,=1, &, =0, a koopduuuenT ycuenus To-
ka K; =1.

B Hayajo x orjiaBJIeHUIO

1.4.2. BxoOHble dugghepeHyuarnbHble Kackadbl
B o0mem ciyyae acummerpusi BXogHoro aud@epeHImaibHoro Kackaua
YUUTHIBAETCSI B YPABHEHUSIX €0 CTATHUYECKUX BBIXOJIHBIX TOKOB (puc. 1.11) ko-
3QPUINEHTAMH Kp3, Kn3, Kps, Kns, HCHYJIEBBIE 3HAUEHHs KOTOPBIX YKa3bIBAlOT Ha
ominyue I3 u [y OT HEKOTOPBIX UACAIBHBIX 3HAUCHUH .
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I3 = I0 + Kp3I6.p + K11316.11

l 3 4 l Iy =1 + Kpalsp, + Kpalgn
AK T
Bx.1 Bx.2
o—> QTI VT24>1~ «—O
Kp3=10, 1, =1, 2, =2..f Kpg =10, I, -1, 2, —2...§
Kp3=10, 1 -1, 2, -2..f Kpy =10, L =1, 2, =2..f
O

Puc. 1.11. IuddepennnanbHpiii Kackaa co caadoil TOKOBOM aCHMMETpUEH

Hwxe npuBonstcs cxembl JIK (tabmn. 1.13) u ux kinaccudukaius, BKIO-
qarolas Kak M3BECTHBIC, TAK U HOBBIE CXEMOTEXHUYECKHUE PEIICHHUS.

Tabnuuna 1.13
JuddepeHunanbHbie KACKaAbl €0 ¢J1a00ii TOKOBOH aCHMMeTpHei

Cxema Bxouaoro JIK 3Hayenus KodQPUIHEHTOB
Kp3, Kn3, Kp4, Kn4g
1 B 3
1 9 4
Q 0
I0 = I6.p l
U Tep L1,-21
+Ec v 0 6.p
44_
-'—K_,, Kp3 = -1
Kn3 = 0
l-Topy|  lop 4o - s, ko =0
Kp4 =2
Bx.1 Bx.2
OjK >‘—o
I6.p I6.p
Il = 210
o -
I13012
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IIpoooncenue maon. 1.13

32

1 2 3
2 2 4
Iy -21 lo ?
0 -2ls.
Y T
6.
< HE
o
Kp3 = -2
Lo - Ts,, Ky = 0
Bx.1 Bx.2 Kpg = 0
o5 70 Kps = -1
I6 P 16 p
<> Il = 210
o -
113012
3 2 + 4
o) o 0
I i I i I -Isp
6.p
Iy -Is. Kp3 = 0
’ i Kp3z = 0
Bxl [Z—o + 3y Bx.2 Kng =0
oO—— ——-o Ku=-1
AR 2sp
Il :410
O -
4
Kp3 = -2
Kp3z = 0
4o -Toy o =0
Bx.1 Bx.2 p4
I6.p 16-p
Il = 210
QO -
113013




Oxonuanue maoban. 1.13

2 3
2 4
[¢) (¢)
L 4| 2L,
| — g, |4 o~ 20ep
I -2lsp §
21
& 6.p Kp3 = 0
-  —» Kn3 = 0
Io -Tsp & Ly Tsp & I - Isp Kns =0
Kpg4 = -2
Bx.1 Bx.2 pt
— >‘TO
IG.p IG-P
Il = 210
o -
113014
2 4
(0] o
Kp3 = -1
Kn3 = 0
Kng = 0
Kpsa = -1
o+
¢ Io
BX 1 BX 2 I6n I6.n
) ) o o Kp3 = 0
Kpz = 0
£ I0'16.n
Io-Ion ¥ K = -1
VAEM Kp4 =0
ToHesn |
11:210 0
2
o -
113015
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2 L
AK
[+k] |, [+K]
m (2], (1.18)
rae ko3, £Kn3, tkps, tkns — K03PPULIHEHTEI cna601/1 ToKOBOM acummetpuu /K,
npuHumaroniue 3nauenus 0, =1, £2, +£3, +n, N - nopsakossiidi Homep UK.

Ha puc. 1.12 npusenensl koHkpeTHble cxeMmbl [IK ¢ mpumepamu ux kiac-

cuduKaImm.
3 4 3 4
o o
I0 'IG.p l l
I -I
QRIS (i G oeR Y
1

ylo-Ts,

Lo - 21,

T |

— N
I -Tep & Isp &Io -Isp I - Is, & & I - Is,

T
a

Bx.1 Bx.2

- Bx.1 Bx.2
e N I Oj(_ j—o«_

I6.p -P I6.p I6-P

C) L=21, C) 1,=2I,

-1,0, -1,,0,,
JK1———— JIKe—2 ™
Dp4 —21.]4 Dp4 _11':4

a) 0)

Puc. 1.12. Tlpumeps! knaccudukaiuu cxeM JIK ¢ pazHoit TokoBoW acumMmeTpuei
W3 npuBeaéHHbix npuMepoB BuaHO, uTo K puc. 1.12a, 6 umeroT nops-
koBble HoMepa 1 m 6. Mx xospduumentsl ky3=-1, kn3=0, k=0, kn=-2

(puc. 1.12a), npuuém nins cxemsl puc. 1.126 ky=-1.

B Hayajo x orjiaBjIeHUIO

1.4.3. ByghepHbie ycunumenu
B cootBercTBUU ¢ paznenoM 1.3 BXOJIHBIE TOKOBBIE KOOPAUHATHI Oydep-
HBIX ycwiurenel (puc. 1.13) BnusoT Ha ycnoBust MunuMusanuu U, onepanu-
OHHBIX YCI/IJII/ITCJIeﬁ C BLICOKOUMIICIAHCHBIM Y3JIOM.

XpIG_p

< Brix

— 4—

IEY XnIG.n

Puc. 1.13. O6006mEnnbIit 0ypepHblil yCUTUTETb
C JIByMSI COCTaBJISIOIIIUMH BXOJHBIX TOKOB
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OcHoBHOE ypaBHeHHE BY:

IBY = XpIG.p _XnIG.n b
rne X, =10, 1,2,3...(, x,=10,1, 2, 3...( — x03ppurmeHTs TOKOBOI acHM-
p n

METpHHU.

[ToaTomy Tipu cuHTE3e npakThudeckux cxem OY HeoOXoAMMO MMETh Ha-
6op BapuaHTOB nocTpoeHust bY ¢ paznuunbpiMu ko3 duimenTamMmu ciaboi TOKo-
BOI aCHMMETPHHU Xy, X, (Ta0M. 1.14).

Tabnuua 1.14
bydepHble yCHIMTEIN HA P-N-p U N-P-N TPAH3UCTOpPaX

Cxema BY 3HaveHus: KodhPUIreHToB
Xpa Xn
1 B E
: T xp# 0
0 X, =0
Bx.1
—>>
by=Xpls, Breix
5
<> I] = Xpl()
—O _
I13016
. o + Xn %= 0
Xp =
<> I =Xl
Berx.
+——O
Bx.1
44— :
IEV: XnIG.n
L o -
113016
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Oxonuanue mabn. 1.14

1 2 3
o + Xp # 0
L =xul <> Xp # 0
I/
N
Brix.
+——oO
Bx Xn16.n
B
. N— 4
XpIG.p
<> Iz = XpIO
o -
I13017
4 O + Xn# 0
Isv=Xul6n Xp =
<—
BY
Brerx.
Il = XnIO <>
QO -
I13017

5 o + Xn =

Xp# 0
Il = XpIO () BY
B

bIX.

XpI6.p

113017

Kaxxnomy BapuaHTy MOCTPOCHHSI U3BECTHBIX U HOBBIX Oy(hepHBIX yCHUIIU-
TeJeil MOKHO IMPUCBOUTH OMPENEIEHHBIN HPDP:

K
BY —“ ,
[£x], [£x],

rae N — nmopsakoBeii HoMep bY, £X,, £X, — mapamMeTpsl, IPUHUMAIOLIUE 3HaYe-

(1.19)

nus: 0, 1, 2, 3, n., K, — koadputiuent ycunenus no HanpsokeHuio bY.
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Ha puc. 1.14 npuBeaens! npumepsl 0003HaYeHUN TUTTOBBIX BY .

+ o +
Il = XnI()
7 )
<
Bx.1 ™
Brix.
I ?>I XnIG.n -
BY Xp 0.p BhIx. Bx. - |/ I/
———O © —>> I\ I\A 4|
XpIG.p
<> Il = XpI() I,= XpI()
L o - o -
1, EY 1,
LY 3
"Xp 0 Xp Xy
a) 0)

Puc. 1.14. Tlpumepsl 0603HaueHU OyhepHbIX YCUIUTEIeH

W3 npuBen€HHBIX TPUMEPOB BUAHO, uTo BY (puc. 1.14a) umeer nopsako-
BBl HOMEp 1, €ro mapaMmeTp X, MOKET IPUHMMATh JH000€ Pa3yMHOE 3HAYCHHUE
(1, 2, 3, n), KOTOpOE OMpeneNsieTcs OTHOLIEHUEM TOKa McTOUYHMKA I} K ToKy Ij.
Ero mapamerp x,=0, a xoaddunuent ycmienus K=1. Anamornuno cxema bY
puc. 1.146 nmeer npyroil MopsAKOBBIA HOMEDP M IapaMeTphl X,, Xp, KOTOpBIE
TaK)Xe€ MOTYT MPUHUMATh JI00bIe pa3yMHbIC 3HAUCHHS, 3aBUCSIINE OT YHUCIIECH-
HBIX 3HAYEHUN TOKOB B AMUTTEPHBIX LENSAX BXOIHBIX TPAH3UCTOPOB.

B Hauajo x orjiaBjIeHUIO

1.4.4. KcmoO4YHUKU ONMOPHO20 MOKa

s dbopMupoBaHUs 3aJaHHOTO YpPOBHS TOKOBOW acummerpun Audde-
PEHIIMATBHBIX KaCKaJ0B, TOKOBBIX 3epKall U Oy(pepHBIX YCHIUTENEH B pse CIIy-
yaeB HEOOXOIUMO CIEIHAIBHOE MOCTPOCHUE MCTOYHUKOB OMOPHOTO TOKA, 3a-
JAIOIINX MX CTATHUYECKHA PEKUM aHAJOTOBBIX (PYHKIIMOHAIBHBIX Y37I0B. B 00-
[IeM cly4ae OHM MOTYT UMETh HECKOJbKO BBIXOJOB, a WX BBIXOJHBIE TOKH MO-
T'YT OTJIMYAThCS OT MAcabHBIX 3HaueHnid. Ha puc. 1.15 atoT adpdexT yuntoiBa-
eTcst KoadpduirenTamMu cnaboil TOKOBOM aCUMMETPHH.
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0 0
I} =dly +&,0lsp +Enolon L =lp+mpls, +mylg,

1 l 2 l 3 llgzznlo

Puc. 1.15. MicToYHMK ONOPHBIX TOKOB CO €J1ab0il TOKOBOM acuMMeTpueit

Hwxe npuBoautcs knaccudukarus MOT ¢ TpeMs TOKOBBIMH BBIXOJIaMH
(puc. 1.15):

=1 R=0 n-[
HOT. 3
-pn- 2| [d] [Em] [Em], =] (1.20)

rae N — nopsakossiid Homep MOT; 9 7 — yKasblBacT HOMep BbIXoJa J; I — 3Haue-

HHME TOKa BBIXOAA J; £Ep0, £&no, £My, My, £z, — K03 OUIMEHTHI c1a00l TOKOBOI
acuMMeTpuH, TpuHuMaronue 3HaueHus 0, £1, £2, +3, +n; d — xosdduiueHr,
npuHUMaronuii 3uauenus 0, 1, 2, 3, n.

Ha puc. 1.16 npuseaens! npumepsl kiaccudukanuu UOT.

Bx.i Beix.i; Brix.i
+ Brixi; ? ? ?
O No IBX
! : ¢ Lyt
I
Ty <> i 0 I, VT2
;K { Ll
v
N W4 s VL 205
I
o VTI VT3
i I +2ls, ~N V
Isp A T Na
- Iﬁ 6
VTI j vD1 \/
b Totsy V4Tt b T Ll [t
O - O -
0
V-1 17 -1, +1
HOT:1— " HOT 22— ¢ [0-I -1,
Opoona t 1ppOmo ! | -1pOn
a) 0)

Puc. 1.16. HpI/IMCpBI 0003HAaYEHHS CXEM THUIIOBBIX HCTOYHHKOB OIIOPHOT'O TOKA
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N3 npuBenénnnix npumepoB BuaHo, uTo MOT (puc. 1.16a) umeer nopsij-
KOBBII HOMep 1, 0671a/1aeT OJTHUM TOKOBBIM BEIXOZOM 11 = Io, mMeeT ko3 duu-
eHTBI &= Ep=0. Cxema MOT (puc. 1.160) nmeer nopsAaKkoBelii HoMep 7, 00ia-
JIaeT JBYMs TOKOBBIMHU BBIXOJaMH, OJUH M3 KOTOPhIX 11 = lx + Is ¢ koddpunmen-
tamu Ey=1, E,=0. Bropoii TokoBbIH BeIxOm 2=l —Is ¢ koddduimenTamu
m,=-1, my=0. Habop TUIOBBIX HCTOYHUKOB OIIOPHOTO TOKA MPEJICTABICH HUKE.

TabOnuna 1.15

ba3oBble cxeMbl HCTOYHHKOB OIMOPHOI0 TOKA

3HaueHus
Cxema BY K03 purmeHToB
E-’p() anO
1 2 3
1 + BhIX i BrIx.1; Bapuanrsr:
7 ¢ =1, +1,
L IO+I6.p~I? E}pozl
anO = 0
VT2 d=1
VDN ¥/ | Iot2ls,
IG.p M
VT1 ,\/li T
| T, V4 LI,
v o
Ueptéx739
2 BapuaHTsbl:
I =1, +2I,
+ Brix _
o] o1 ‘Zpo =2
€0 =0
b (P | b2, 0
Is =0 d=1
> VT3
VT2
I6.p
| To+2L,
I6.p M
VTI ,\l/i
i Io +I6.p SZ L Lo +I6.p
O -
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oooJcerue maoa. 1.15

40

2 3
+ Brixi BapuaHnTsbl:
N 19 =1,
IO <> L IO ‘Zpo :0
anO = 0
K VT2 d=1
Lsp
, Lo+,
lsp
Vi )
i Io+Isp V i To+ls,
O -
Boix. Bapuantsr:
1 —o I =1, -2,
i ) & =2
+E02 ‘Emo = 0
 — e
i I-Is
+Ecl :
Is
OF
—O -
[14116
Beix. BapuaHTsbl:
19 29 I =1,

L IO ‘Zpo = 0
+E.; L Io-Is £.=0
o — S n0

I d=1
° | 1o+
— I=1,-1
Is m, =-1
Ii=I C) C) =1, m. =
O -

[14116




Oxonuanue mabn. 1.15

1 2 3
Beix. Ba}iz)I/IaHTBIZ
I =1,
apO = 0
anO = 0
d=1
7 +E, Buix. BapuaHTsbl:
10 I =1, -2,
| N
' Ip-21
: SZ : yooee anO =0
N | d=1
I | — N
I I
v 1p-15
Ok
L — 0O -
114117

B Hauajo x orjiaBjIcHUIO

1.5. ApxuTeKTypa npeumsnoHHbIx OY
¢ CKMP KoppeKTUpyoLUM MHOronosiloCHUKOM

PaccMoTpeHHbIE METOJIbl MUHUMM3AIMM HANpPSHKEHHUS CMEUIECHUs HYJS
(Ugy) OTEpallMOHHBIX YCUIIMTENEH C BHICOKOMMIIEIAHCHBIM y3J10M 0a3upyIOTCH,
KaK MPaBUiIO, Ha BMEIIATENIbCTBE pa3padOTUMKa B CTPYKTYPY BXOJHOTO KacKaaa
100 CBS3aHBI CO CHEHUATbHBIM MOCTpoeHreM OydepHoro ycumutens. OaHaKO
B psijie MPAKTUYECKUX 3a]]a4 Heleaecoo0pa3Ho BHOCUTh KaKUe-Tu00 KOPPEeKTH-
POBKM B UCXOIHYIO CTPYKTYpPY BXOAHOrO Iu(depeHInaibHOro Kackaaa ¢ Ie-
JpI0 o0ecreueHrss HeOOXOAUMBIX 3HAYEHUN KO3(P(ULIHUEHTOB cl1aboi TOKOBOI
acuMMeTpuH (QyHKIHOHAIBHBIX Y3710B OV, a cymectByromuit Habop OydepHbIX
ycuJIUTesell He Bcerja MO3BOJIsIeT 00eCneYuTh B3aUMHYIO KOMIIEHCAIIMIO BCEX
TOKOBBIX COCTABJISIFOIIMX B BBICOKOMMIIEIAHCHOM Y3iie [96].
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Ecou Beixomsmue toku I3, Iy y310B 3 m 4 0600ménnon cxembl JIK
puc. 1.17 Ha OCHOBE KJIACCHYECKHMX TOKOBBIX 3€pKal MPH HYJIEBOM BXOJAHOM
nuddepeHIanTbHOM CUTHANIE HEe OJMHAKOBBI M MX HEBO3MOXKHO CHAENaTh UJICH-
TUYHBIMHU HM3-3a 3aMpeTa Ha KOPPEKTUPOBKY MCXOAHON cTpykTyphl K, TO mis
Munumuzauu U, B JAMana3oHe TeMIEPaTypHBIX M paguallMOHHBIX BO3JICUCT-
BUM MOXHO MOTPEOOBATh BBEACHUS MEXKIY y3laMu 3 U 4 CIEeNHaIbHOTO KOp-
pektupyromero Muaoromnomocauka p-tumna (CKMP). Ero nasmayenue — obecrie-
YUTh COIIacOBaHHE K03(PuUIMeHTOB cinaboi TokoBoi acummeTrpun JIK mo BbI-
xoqaM 3, 4 U KpoMe ATOTO BBIMOJHUTH QYHKIHIO OydepHoro kackaga OV ¢ ma-
JBIM BBIXOIAHBEIM comnportusicHueM. ®Oynkuun takoro CKMP peanmsyrorcs B
npejiaraeMoi Huxe cxeme, mokasanHoi Ha puc. 1.176 [96].

O +

Brx.
4

L= mIo";lr("m-x)I@p

Bx.2 : ........... ~Usy

a)
3
10) —O +
13: mIO
; xls, VT2
N
mI()- Xlﬁ_p & VTI1
Brix.
«—— o
o mIG_p 5
14: mIO +(m-x)16_p£
<> IsZXIO
O —© -
4
0)

Puc. 1.17. Merox CKMP xomneHcaruu ¢nadoii TOKOBOM aCUMMETPHH BU1a
(m-x)Is, mo Beixogam 3 u 4 JIK (a) 1 ycTpoicTBO 1715 €ro ocymiecTieHus (0)
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JleficTBUTENIbHO B OOLIEM cilydae BbIXOAHBIE TOKM y3i0B 3 u 4 JIK
(puc. 1.17a) MoryT OBITh HE OJIMHAKOBHI. {7151 KOPPEKTUPYIOIIETO0 MHOTOIOIIOC-
uuka CKMP tuma Ha n-p-n Tpansucropax puc. 1.176 momycrumasi acCHMMETPHSI
TokoB I3 1 14 JIK puc. 1.17a moxxeT nocturars 3HadeHu (m-x)Is

I = ml,

{I4=m1n+{m—xﬂ&p’ (1.21)
rjae m — kodpdunueHT nponopruoHaibHoctd (m = 1, 2, 3, 4, ...), Xapakrepu-
3yIOIUi cTaThyeckue TokH BeixoAoB 3 u 4 JIK npu kosdduimente ycuiieHus
TOKOB 0a3bl BCEX N-p-N TPAH3UCTOPOB P, = 0, X — KOIPPULHUEHT MPONOPLHUO-
HaJIbHOCTH, YCTAHABIMBAIOIINI YHMCICHHbIE 3HAYEHHsI TOKA JBYXMOJIIOCHUKA s
(x=1, 2,3, 4,..), kpatHbie TOKY I.

B ¢opmyne (1.21) nox Iy moHuMaeTcss HEKOTOPBIM KBAaHT TOKA, HAIPUMEpP
IMA nmu 100MKA, K KOTOPOMY «IIPUBSI3BIBAETCS» CTaTHUECKUN PEKHUM BCEX
TPaH3UCTOPOB cXeMbl. [l Haubosiee YacTo BCTPEHAIOUIMXCS BapHAHTOB
MOCTPOEHUS OTNEPAIMOHHBIX ycuiuTenen B ¢popmyne (1.16), cneayer NOI0XKUTh
m=1. B stom cnywyae nomyctumass acummeTpusi TokoB I3 um Iy B cxeme
(puc. 1.17a) onpenensiercs ypaBHEHUEM:
Ay =1y~ I3 = (1—x)lg, (1.22)
3a cUéT U3MEHEHUS MapaAMETPA «X», XapaKTEPU3YIOIIETO HCTOYHUK OIOP-
HOT'O TOKa s, MO’)KHO CKOMIIEHCHUPOBaTh BiusiHUE Ha U, HEMIEHTUYHOCTH TOKOB
I; u Iy Buna (1-x)lg, B coorBeTcTBUM € Tadu. 1.16.

Tabnuma 1.16
Bausinue napamerpa «x» CKMP -mHorono/ocHnka
HA KOMIIEHCAlMI0 acuMMeTpuu TokoB I3, Iy Buaa (1 - x)Is,
B 00001éHHOM 1uddepeHUIMATIBHOM KacKaje

¢ KJIACCHYECKMMH TOKOBBIMH 3epKajaMu npu m=1
[TapameTp «X» UCTOYHHUKA JomycTuMble 3HaYEHUS Komniencupyemas acummerpus
onopHoro Toka Is=xly TOKOB I3, 14 TOKOB I3, 14

x=1 [I 2 = 1o Al 4=0

I. =1
x=5 -0 Alz 4= -415,

x=2 {I.]. — ID Iﬁ.p AI3.4: _Iﬁ.p
— 13 = I'} —

x=3 e, Al 4= 25,
_ I3 =1Ip _

x=4 CIn s ATy 4= -3l

Ecimu B popmyste (1.21) mpuaste m=2, To B 3ToM ciydae merns CKMP —
p-THUIIa KOMIIEHCUPYET KaK TMOJOXKUTEIbHYIO, TaK U OTPHUIATENbHYIO Pa3HUILY
Mexay Tokamu I3 u I (tabmn. 1.17).
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Tab6auma 1.17
Bausinue mapamerpa «x» muoronoawcanka CKMP — p-runa
HA KOMIIEHCAMI0 acuMMeTpuHu TokoB I3, Iy Buaa (2 - x)I5,
B 0000IéHHOM TU(BepeHIIHATBLHOM KAaCKaae NpH m=2

[TapameTp «x» UCTOYHUKA JlomycTHMBbIE 3HAYCHHS Komnencupyemas acummeTpust
onopHoro Toka Is=xly TOKOB I3, 14 TOKOB I3, 14
x=1 {If} — %IIE 1, Als 4=+,
x=2 o ALy~ 0
x=3 {E z g;z 1, Alz 4= -Isp
x=4 {Iri z iIIEI; 21, Al 4= 215,
x=5 {E : 22113 3, Alz 4= -315,

Takum oGpasom, 3a c4ér BeIOOpa mapamerpa «x» B memnsax CKMP (p-tuma)
MO>XHO YMEHBIIUTH BIHsIHUSA Ha U, pa3HUIBI MEKIY BBIXOJHBIMU TokamMu JIK
I3, L4, nocturatomeit 3Hauenuit (m-x)Is, (Tadn. 1.16, 1.17).

B stom ciaydae nogcxema CKMP coriacyer TOKOBbIe aCHMMETPHH I10 BbI-
xonam 3 u 4 JIK, cTpykTypa KOTOpOoro (IO YCIOBHIM TEXHHUECKOTO 3a/IaHM ) HE
MOXKET U3MEHSATHLCS IS TIOJTyYCHHUs paBeHCTBa I3 = I4.

B Hayajo x OrjiaBjIcHUIO

1.6. MpeumnsunoHHble OY Ha ocHoBe CKM"
KOPPEeKTUPYIOLEero MHOronosnoCcHUKa

Ananornugo CKMP komniencanuu, ¢ nomonisro CKM" — MHOTonosrocHu-
Ka (puc. 1.18a) MOXXHO corjacoBaTh aCHMMETPUIO BBIXOJIHBIX TOKOB I3 1 14, mocC-
turaromyro 3HadeHu# (1 - X)Ig . DYHKIIUK TaKOTO KOPPEKTUPYIOIIETO IEeMEHTA
CKM peanusyroTcst B cxeMe, okazaHHou Ha puc.1.180.

— o
Bx.1 72 : ) Is=xI = ml, +(m'X)I6.n£ C) Is=xI,

§ 1= mly (m o)l Ny Mlsn Borx.
V11 o

Ussy
mlg- x5, o
o~ Xl L—K VT2

L= mloy

Brix.
O

a) 0)
Puc. 1.18. Merox CKM" — koMmeHcaluu ¢1adoil TOKOBOM aCUMMETPHH BU1A

(m-x)I, mo BeixogaMm 3 u 4 JIK (a) u ycTpoicTBO 111 €ro ocyiiecTBiIeHus (0)
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B o6miem ciygae st CKM" — MHOTOIIOIIOCHHKA Ha P-N-p TPAH3HCTOPAX
nomyctumas acummeTpus TokoB I3 u Iy JIK (puc. 1.18) moxer nocturats 3Haye-
Hul (m-X)lg ,:

IIE = mI.}
Iy =mly +(m—xsn, (1.23)

rjae m — kodpdunueHT nponopruoHaibHoctd (m = 1, 2, 3, 4, ...), Xxapakrepu-
3YIOIIMM CTaTUYECKHUE TOKU BBIXOJ0B 3 U 4 mipu B, = o, X — ko3P dUIHEHT mpo-
MOPIIMOHAIBHOCTH, YCTAaHABJIMBAIOIINN YUCICHHbBIE 3HAYEHHUS TOKA JIBYXITOIIOC-
nuka Is (x =1, 2, 3, 4, ...).

Ecim m=1, To momyctumass acummetrpusi TokoB I3 u I, ompenensiercs
ypaBHEHUEM:

I3=1Ip
{14 =lo+ (1 —x)sn, (1.24)
3a CU€T M3MEHEHU MapaMeTpa «X», XapaKTePU3YIOIIETO UCTOYHUK OTOpP-
HOro Toka Is, MOKHO yMeHbIINTh U, NPU HEUIEHTUYHOCTH TOKOB I3 U I4 B co-
oTBeTCTBHUH ¢ TaOm. 1.18.

Tab6numa 1.18
Bausinue mapamerpa «x» CKM" — MHOronmoJiocHuKa
HA KOMIIEHCAIIMI0 acuMMeTpuM TokoB I3, I, Buaa (1 - x)Ig,
B 0000méHHOM nuddepeHunaIbHOM Kackage npu m=1

[TapameTp «X» HCTOUYHHUKA JloTyCTHMBIE 3HAYEHHS KoMmiencupyemas acUMMeTpuUst
onopHoro Toka Is=xIy TOKOB I3, I4 TOKOB I3, 14
_ (I3 =1y _
x=1 .14 — -rD AI3.4—0
= 1: =1 Al 4= -
X= .I_.; — ID _ Iﬁ.n 34— ~16.n
Xx=3 1s =lo Al = =215
Uy =Ip— 2l ' -
_ 13 =1g _
x=4 1, = Iy — 3151-: AI3,4— -31511
X=5 1s =lo Al 4= -415
Jy =Ip— 45, ' -

Ha puc. 1.19 npeacrasnen npumep Beeaenns CKMP — muaoromnomocuuka
B OV 1151 KOMIIEHCAllUM HEUJICHTUYHOCTH BBIXOJIHBIX TOKOB y3710B 3 u 4.

Pe3ynbTaThl KOMIBIOTEPHOTO MOJCIMPOBaHUS B cpenae PSpice mokasbi-
BAIOT, YTO IPUMEHEHHUE MPEIaraéMoro MeTo1a KOMIEHCAIIMU HEUJICHTUYHOCTH
BBIXOJHBIX TOKOB Y3JIOB 3 U 4 MO3BOJISIET CHU3UTh HANIPSXKEHUE CMEILICHUE HYJIA
110 €ITMHUI] MUKPOBOJIBT.

45



Puc. 1.19. Ilpumep nocrpoenns OY ¢ CKMP — MHOTromonocHUKOM

Takum 006pa3oMm, pacCMOTPEHHBINM CXEMOTEXHUYECKUNA MPUEM PEKOMEH-
AyeTCsl UCIIOJIb30BAaTh B TOM Ciyyae, Korja CTpyKTypa BXOJHOro kackaga OV
HE MOJUICKUT MOJIEPHU3ALINU JJI1 U3MEHEHUs €€ K03 (HUIIMEHTOB cl1aboil TOKO-
Boii acummetpur. Ilpu stom BBemenne CKMP mwmn CKM" KOppeKTHPYIOMINX
MHOTOIOJIFOCHUKOB MO3BOJISIET MO APYTrOMY PEIIUTh 3a7ady MUHUMHU3AUUU Ug,
npu I3 # Lu.

B Hayajo x orjiaBjIcHUIO

1.7. Anropnt™m cnHte3sa OY ¢ NOBbILWLEHHOW CTaOUNBLHOCTLIO
HyNeBOro ypoBHSi

[IpakTHyeckoe NMpUMEHEHHWE PACCMOTPEHHBIX BBIIIE METOJOB MUHHMH3A-
nuu HanpskeHust cMmeeHust Hygst (Ug,) oneparmoHHbBIX YCHIMTENEH ¢ BHICOKO-
HMMIIEIAaHCHBIM Y3JI0M, coctosamux u3 auddepenuansaoro kackaga (AK), To-
koBoro 3epkana (T3) u 6ydepnoro ycunurens (bBY), MoxHo GopmanuzoBath ¢
MOMOIIIBIO cleaytomiero airoputma (puc. 1.20).

Cytb anroputma (puc. 1.20) 3akimrogaercs B BbIOOpe (PYHKIIMOHATBHBIX Y3-
o OV (K, IIT, BY, MOT) no u3BecTHBIM 3HAUCHUSIM UX KOA(PPUIIMEHTOB TO-
KOBOW aCHMMETpPHH, NMPU KOTOPBIX PEAIU3YETCs B3aUMHAasi KOMIICHCAIIUS B Y3JI€
«A» abCOJIIOTHBIX 3HAYCHHI TOKOB M UX MpHUpaAICHUM, 00YCIOBICHHBIX BIIUS-
HUEM JIeCTaOMIU3UPYIOIUX (PaKTOPOB.

B cBs3u ¢ GonbliiM MHOTroo0Opa3ueM BapHaHTOB MOCTPOCHUS (YHKIIHO-
HaJIbHBIX Y3JI0B, OJTHOBPEMEHHO YJOBJICTBOPSIONINX YCIOBHUSM B3aUMHON KOM-
MEHCAllMM TOKOB B BHICOKOMMIIETAHCHOM Y3JI€, MOXXHO CUHTE3UPOBAaTh OOJIBIIOE
YHUCJIO MPAKTUYECKUX CXeM ¢ HU3KUM U,y
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Hauano

Heobxoammo
\ /i V3MEHWTb
T Tpe6oBaHmA K
Y AK, NT,bY
Onpeaenntb
3apaHa m K03GPULMEHTDI
cxema [1K? Aa— TOKOBOW
acummeTpum K
Het

!

Onpeaenntb
Moaobpatb cxemy 3apaHa m ko3 bPULMEHTDI
A
OK cxema MNT? TOKOBOWM

acummeTpum NT

Onpeaenntb
3apaHa m Nah .l Ko3bduupenTbl 3agaHa m n
cxema NT? ’ TOKOBOW cxema by? ©

acummeTtpum NT

Het

!

MNopo6path cxemy MNT ¢

yuétom KoadduuneHTos fl—
TOKOBOW acummeTpuu [K

3apaHa nm
cxema by?

Aa
l v
Onpeaenntb
3apaHa m Nla—) K03pOULIMEHTDI BosmoeH an BbIGop cxembl BY ¢ >HeT 1
cxema bY? TOKOBOW yuéToM KoadPULMeHTOB K 1
acMmmeTpum BY nre?

Het
L

Aa

- |

Heobxoammo Mogobpath cxemy BY ¢
M3MEHUTL Her. BbINOAHAETCA U yusTom
Tpe6oBaHms K CNOBME KOMNEHCALUM? ko3bdULMEHTOR
K, MT,5Y TOKOBOI aCUMMETPUM
OKwu T

Aa

l A

CoeANHUTD BbIBpaHHbIE CXeMbI
AK, NT, bY, cornacosaTtb
CTaTUUYECKUE PEXUMDI U

NOAYYUTb MOJEPHUIUPOBAHHYIO

cxemy OY

v

KoHey,

Puc. 1.20. Anroput™ npoeKTUpPOBaHUS ONEPALMOHHOIO YCUIIUTENS
C MaJIbIM ypOoBHEM HampsikeHus: cMmenenus nyis (Ugy,)

B Hayajo x orjiaBjIeHUIO




1.8. AnbTepHaTUBHbIE aPXUTEKTYPbl TEMNEpPaTyPHO-KOMNEHCUPOBaHHbIX
ycunuTesrien NOCTOAHHOro TokKa

[lupokoe NMpUMEHEHHE KJIACCHMUYECKOIro MapajuiesibHO-0allaHCHOTO Aud-
(bepeHIManbHOrO0 Kackajia B aHAJIOIOBOM MHUKPOCXEMOTEXHUKE OO0YCIOBJIECHO,
MPEXKAE BCErO, 3aMEYaTEIbHbIM CBOMCTBOM €T0 CTPYKTYpbl — B3aUMHOW KOM-
neHcanuen TeMrepaTypHbIX 3Q¢GEeKToB, CBI3aHHBIX C Aperd(oM XapaKTepUCTHK
MIPUMEHSIEMBIX TPaH3UCTOPOB. lIpW WOEHTHYHBIX TPAH3UCTOPAX HAIPSIKEHHE
cmenienust nynst Y (E.,) u temnepatypHblii npeid e, MmoyydaroTcsi HeOOIb-
mumMH [3].

Cxembl HecuMMmeTpuuHbIX JIK, B KOTOpbhIX MOKET ObITh MCHOJb30BaHa
npeaaraemas B paszzaeine 1.3 uues noctpoeHus npenu3noHHbIX OV, Kak mpaBu-
70, HE o0ecneynBalT 3(QPEKTUBHYIO TEMIIEPATYPHYIO KOMIICHCALHIO €. Eciu
HecuMMeETpuuHbId Tuddepenunansupii yewurenab (HIAY) umeer mnosblmien-
HYI0, HO JE€TEPMUHUPOBAHHYIO (HE CIydYaiiHyl0) TEMIEpPaTypHYIO HECTaOWIb-
HOCTb €y, TO YCTPAHUTh 3TOT HEJOCTATOK MOYKHO CTPYKTYPHBIMH METOJIAMMU.

Huxe npuBeneHbl (QyHKIIMOHANbHBIE CXEMbl OalaHCHBIX YCHJIMTENEH C
HEMOCPEICTBEHHOM CBS3BIO KackanoB [49, 58], umeronux B3auMHYIO0 TeMIIepa-
TYpPHYIO KOMIICHCAILIUIO JIBYX UJEHTUYHBIX, HO HecTtabmwibHbix H/IY. Onun u3
Hux — HJ{Y1 — obecneunBaer ycunenue curnana, Bropoit — HI{Y?2 — coBmecTHO
¢ noBtoputensimu Toka [1T1 (ITT2) co3naét uens nmapamMeTpruuecKol KOMIIEHCA-
uuu temnepatypubix 3¢ dexro. Eciu HAY1 u HAY2 coBepiieHHO WaeHTHY-
Hbl, a moBroputenu Toka [IT1 (ITT2) umeroT equHuyHbIe KO3PHUIIMEHTHI YCH-
JIEHUS! TOKa, TO, HECMOTPS Ha BBICOKYIO HECTAOMIBHOCTh CTATHYECKOTO PexXUMa
HAV1, pesynbrupylonme napaMmeTrpbl Mo Ape(y YCHIMTEIbHBIX CTPYKTYD
(puc. 1.21-1.28) moryt OBITh HE XYK€, YEM Y KJIACCHYECKOro MapasuieibHO-
OaJlaHCHOTO KacKaja.

B xauectBe H/{Y2 nomkHbI HCTIONIB30BaThCs TU(hepeHIIMAIbHBIC YCUITH-
TEeJH, AOMYCKaIoIINe HEMOoCpeACTBEHHOEe coeAnHeHnne BxonoB Bx.1 u Bx.2 0e3
CYLIECTBEHHOI'O HApYIIEHUsS CTaTH4YecKoro pexuma. B obmem ciaywae HIAV1
(HAY?2) umeroT OCHOBHOW M BCIIOMOTATEJILHBIN BBIXOJIbI, XapaKTEPU3YIOIIHECS
BBICOKMMH 3HAYECHUSIMU BBIXOJAHBIX CONTPOTUBJICHUN.

Bxoapr BcnomoratenbHoro HJIY2 mMoryTt tak:ke MCIOJIb30BaThCsl KakK J10-
MIOJIHUTENbHBIE BXOAHBIE Y3JIbl B MYJIbTUBXOI0BBIX OV, a Tarkke s BKIIOUE-
HUs Lenen perynupoBku E., u ero TemneparypHoro npeida, BBeAeHHUS KOPPEK-
TUPYIOIIMX CUTHAJIOB U T.Il. DTO 3HAYUTEIHHO PACUIUPSIET 00JIaCTH IPUMEHEHUS
OaJlaHCHBIX YCWJIMTENIEH paccMaTpUBaEMOro Kjacca.

3amedarenbHON 0COOEHHOCTHIO OajmaHCHBIX ycunuteneit (puc. 1.21-1.28)
ABJIAETCS UX CIOCOOHOCTh K CAaMOYCTAHOBJICHHMIO HYJIEBBIX 3HAUEHUU perysip-
HOM cocTaBisitonieil €., 0e3 Kakux-1ubo JOMOJHUTENbHBIX HACTPOEK U OanaH-
CUPOBOK. DTO BeCbMa BaXXKHBIN (HaKT 0COOEHHO 1151 HecuMMeTpuuHbIX Y.
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PaccmoTpum ycnmoBusi MUHUMM3ALMKM Jpeida HaNnpsoKeHUs CMENIeHUs
Hyns B yeunurtensx (puc. 1.21-1.28), monaras, uro HIAY1 u HAY2 umerot He-
KOTOpPBIE 3HAYEHHS] aBTOHOMHBIX NAPAMETPOB €cy| U Eeyp.

O +
) 3*
Bx.1 Bx.2
O—> HV1 «——O
b ® 3
1
li Beix.
—7O
i2$ i3
Bx.1 Bx.2
o Y e
[ ] 3*
o -

Puc. 1.21. IlocnegoBarensrHO-0anancHsIi Y

[IpakTuueckas peanusanus cTpykTypsl (puc. 1.21) Ha OUNONASAPHBIX TpaH-
3UCTOpax 3arpynHeHa. [IpumMeHeHne mojeBbIX TPAH3UCTOPOB C YIPABISIIOIINAM
p-n nepexonoM B kackagax HAY1 u H/Y?2 no3Bonsier JIerKo BBIIIOJIHUTH YCIIO-
BUS MOJTYYEHUSI MUHUMAJIBHOTO Apeiida HanpskeHus cMmeleHus Hyns [49]:

(1.25)

Yo

cm. 1
Yaia
i€ Ya1.1 (Y212) — KpyTH3HA TpeoOpa3oBaHusi BXOAHOTO AuUB@PepeHIInaTIbHOTO
Hanpspkennst HIY1 (HJIY?2) B ero BEIXOHOM TOK.

[Ipu OoAMHAKOBBIX 3HAUCHUSIX €cy1=Ccw2 U Y21.1=Y212 B cxeme (puc. 1.21)
oOecrieurBaeTCs IOJHAsS KOMIICHCAIUSI TEMIIEPATYPHOU HECTAOWIIBHOCTH €y
HecummeTpuuablx HAY1 u HAY?2.

Jlns BapuaHTa cxeMbl puc. 1.22 ypaBHeHue njisg apeida HampsHKeHUs
CMEIICHUSI HYJIS:

eCM‘E =€ ) eCM‘Z o

e, =e.  ——IN2 ¢ (1.26)

cM.X cm.1 cMm.2 2
Yo Ky

rae Ki = 1 — koaddunment ycunenus toka nosroputesns [1T1.
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IIT1

\ 4
@]

(9Y)
<
_i—‘
_—
(\&
(UY)
<«
P
[\

Bx.1 Bx.2 Bx.1 Bx.2
o—> HIYl |«—o T—» HIY2 <—T
3*1 3*ﬂ
o -

Puc. 1.22. banancubiii JIY Ha ocHoBe IIT1 B BeixoaHoi nenu HIY 1

YcnoBue moHOM KOMIIeHcaluu Apeiida:
y21.2= Yar.1Ki 1. (1.27)
BapuanTt cxemsl (puc. 1.23) o cBoiicTBaM Ha MOCTOSSHHOM TOKE OJIM30K K
cxeme (puc. 1.22). YpaBHenue ais apeiida HanpsHKeHUe CMEIICHUs HyJIS:

= Y22, K;e
Youa
IlomHas KOMIICHCAN s HCCTa6I/IHBHOCTI/I CTaTHYCCKOT'O PCIKUMA BO3MOXK-
Ha, €CJIn:

e e (1.28)

cM.XZ M2~ VYeml®

y212Ki1=ya1.1. (1.29)
- o +
K 1, |
Brix. <<— K, 1Tl
O <—— <
31 * 11 3. & i2
Bx.1 Bx.2 Bx.1 Bx.2
o—>» HAVI «—oO T—» HIAY?2 <—T
3*‘ 3*4
o -

Puc. 1.23. banancusiii ycuintens Ha ocHoBe [IT B Beixoano# nenu HY?2
OcHOBHOI 0C0O0€HHOCTBIO cxeMbl (puc. 1.24) [49] — Hanuuue ABYX MO-

Bropureneit Toka [IT1-I1T2, a Takxke Oosiee BbICOKas CTENEHb CUMMETPUHU Ha
[IEPEMEHHOM TOKE.
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_ Ki,¥21 e, —€. . (130)

Ki¥a,
~I o +
IIT1 X,
> ——
3% 3 4 & )
Bx.1 Bx.2  Bx.l Bx.2 Kilizl BbIX.
o—> HAYl |«o ’—o—> HAV?2 4—01 Y Lo
Ki.2i1¢
3y i 31 Y
I I1T2 X,
>  ——

! o -

Puc. 1.24. banaHCHBIN YCHJIMTEIb HA OCHOBE UHBEPTUPYIOIINX TOBTOPUTEIIEH
toka [IT1-11T2

Cxema puc. 1.25 saBngercs MoauduKaluel CTPYKTYpHOH CXeMBbI
(puc. 1.23) [49]. Otnuune cocTOUT B TOM, 4TO A PEKT KOMIIEHCAITUH 3]1€Ch JOC-
TUTAETCs MUCTIOJIb30BAHUEM HEMHBEPTHUPYIOILIETO oBTOpUTENS ToKa [1T1.

© = eCM.l _Ki.l YZI.Z © - Jl > (131)

cM cm.2

Yo You
rac j] — TeMHepaTypHaH HeCTa6I/IHBHOCTB HNCTOYHHUKA OHOpHOFO TOKa I].

O +
0
K IIT1
<<— |«
2 1 l

3* 3 v 1]
Bx.1 Bx.2 Bx.1 Bx.2
oO—> HVY1 «——O f K. i, HJIY2 «——O

3 * i BrIx. 3*

Ok

Puc. 1.25. banaHCHBIM YyCUJIMTENh HA OCHOBE HEMHBEPTUPYIOIIETO
noropurenst Toka [1T1
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[Ipu BbICOKOUM CTaOMIBHOCTH || MUHHMMANBHBIN TeMIlepaTypHBIN apeid
OyJeT MmoJay4yeH MpHu:
ya1.1= Ki1yai2. (1-32)
B cxeme (puc. 1.26) ucnonb3yercs 0oiiee CIOXKHBIN JIBYXBXOJIOBOH I0-
Bropurenb Toka [IT1. TemnepaTypHblil Apelid Hanps>KEHUs CMEIEHUS HYJIS

K>y J
_ 1.2 21.2 1
eCM.E - K ) eCM.2 - eCM.l - K . (133)
i1 You Yorithig
O +
0
IIT1
> K, _Ki.2‘ .
* i 1 2
3 : 3 ¥ )
3
Bx.1 Bx.2 Bx.1 Bx.2
o—> H 1 l«—0 . . HIIY2 l—o0
Y Ko, f & K51, A
" Beix. .
3 o 3

Puc. 1.26. banancHbIi yCHIMTENb Ha OCHOBE JBYXBX010BOro I1T1

B Bapuante cxemsl (puc. 1.27) npUMeHSI0TCS HEMHBEPTUPYIOLIUE TTOBTO-
putenu Ttoka IIT1, IIT2 [49]. Ona oGOmamaer OoJyiee BBICOKOW, 4YeM Ha
puc. 1.21, 1.22, 1.24, cummeTrpueii Ha nepeMeHHOM Toke, Hanpsbxenue cmenie-
HUS HYJIA:

K,y
_ 1.2 21.2
eCM.E - K ) ecm.Z _ecm.l‘ (134)
i1 Youu
o +
0
IIT1
» +Ki.l
* ll \ *
3 3
. 2
Bx.1 Bx.2 K f Bx.1 Bx.2
Oo—>| HAV1 «—O Bmx.f HY2 «—O
. +—O
K;,i T 2 L
3*

A

T2 3 & i

Puc. 1.27. banaHCHBIM YCHJIMTEIh HA OCHOBE HEMHBEPTUPYIOIIUX
nopropureneit Toka I[1T1-11T2
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Eciu obecnieunts K;,y21,= Kjiy21.1, TO JeTepMUHUpPOBAaHHAS TeMIlepa-
TypHas HECTaOWJIbHOCTb HANPSDKEHHs] CMEIEeHUS HyJs OyAeT HMMeTb MUHU-
MaJIbHOE 3HaYEHUE.

Cxewmbl, npeacraBieHHble Ha puc. 1.28, peanu3oBaHbl Ha OCHOBE CXEM

(puc. 1.23—-1.25) coorBeTcTBEHHO [49] U, MO CYyLIECTBY, SABISAIOTCS UX MOAUDU-
KalUsIMHU.

—o+
I1T2
1 K, 2 Brix.
>  —> o
11*
I N
- O .
3 3
? Ko,
Bx.1 HIV 1 Bx.2 ' Bx.1 Bx.2"
o—> -¢—o0 o— HOY2 —O—|
IIT1 J:
3" o) +K, | 1 3 & ;
) p 5
| o -
(a)
O +
IIT1
2 -K 1

!

Ki.li & & i,
172
i
44—1 Ki2 2 Brx.
> — ‘o)
3 1 3
Bx.1 Bx.2 Bx.1 Bx.2
oO—> HAV1 «——o0 _|—_O— HIY2 —01

; W)

(6)
Puc. 1.28. Moaudukanum 6aJaHCHOTO yCUITUTEIS
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[ToaTomy nis yeunurens (puc. 1.28a) cipaBeyIMBbI COOTHOIIEHUS :

K. ) L
Cons = Y212€m2 ~ Cont ~ Jom D7 Jona . (1.35)
You Yo Kioyau
B cxeme (puc. 1.280) apeitd HanpsokeHUE CMENEHUS HYJIS
€y =€ — €. Y212K, _ Jori _ Ji ‘ (1.36)
You You  YauKis

I[Ipu omenke nperdoBBIX TMapaMeTpoB OaJaHCHBIX  YCUJIUTENEH
(puc. 1.21-1.28) paHee He yYUTHIBAJIUCh aBTOHOMHBIC [55] (npetidoBrie) mapa-
MeTphel nnoproputeneit Toka [1T1 — I1T2: ey, jurt, €ur2> Jur2- AHAIN3 MOKA3bIBACT,
YTO BIIUSIHUEM €y, XapaKTePU3YIOIIErOo CMEIICHHUE BXOJHOM XapaKTepUCTHUKH
IIT, MOXHO TIpaKTHYECKH Bcerjaa mpeHeOpeub. UTo kacaeTcsi BIMSHUA jnp, TO
0oJiee TOYHBIC BBIPAKEHHUSI, TOMOJHSIOMINE TOJYYCHHBIC BBIIIE (POPMYIBI JIJIs
€cm.y, TPUBEAEHBI B Ta0muIe 1.19.
Tabnuma 1.19
Bausinne moBTopuTesiel TOKAa HA HANIPSI’KEHHE CMeLleHUsI HYJIA
0aJIAaHCHBIX YCHIIMTEJIeH

Ne cxembl VTouHEHHBIE GOPMYIIBI VIS €.y
Prc. 1.21 Vo1,
eCM.l - . cM.2
Youa
Puc. 1.22 o _ Yoo _ JoTi
cm.1 cm.2
Yo Ky VoK
PI/IC. 1.23 y _]
212 IIT1
'Ki.l 'eCM.2 _eCM.l -
Youa Youa
Puc. 1.24 K, ¥ JuTi Jum
eCM.2 - eCM.l - K - K
K1y Yoalsir Yoy,
Puc. 1.25 y i
212 | IIT1
eCM.l _Ki.l cm2 -
Youa Yoair Yo
Puc. 1.26 K, ¥, Ji Jnmi
eCM.2 - eCM.l - K - K
K1y Youalir Yoy,
Puc. 1.27 Ki,¥a2 JuTi Jum
eCM.2 - eCM.l - K - K
K1y 1Y Yol
Puc. 1.28a Ky, Jom h timm
Comz = " ¥Y212%m2 ~Com1 — - K .
Youa Youa i2Yo211
Puc. 1.280 _ Y2Kii Jmm it
eCM.Z - eCM.l - eCM.2 - - K .
Yau1 Yoar  Yaailin
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J1J1st BBICOKOKQ4Ye€CTBEHHBIX TUIIOBBIX MOBTOPUTENEH TOKA Ha OUIOJSPHBIX
TpaH3UCcTOpax [5]:

2K
e = 2y =7 AT+ 200, (1.37)

rae K,=1,5+3 — nonpaBounslii koapdunuent; f — korhGUIHEeHT yCuiieHus To-
ka 0a3bl BeIxogHOro Tpansuctopa [IT; T — remneparypa B rpagycax KenbBuna u
e¢ mpupamenue (AT); Al — TemneparypHoe mHpupanieHue oOpaTHOTrO TOKa
KOJIJIEKTOPHOT'O P-n mepexoza BeIXoAHOTo Tpansucrtopa I1T.

HccnenoBanHble apXUTEKTYPhl TPAH3UCTOPHBIX KACKaI0B, KOTOPHIC, TAKKE
KaK U KJIaCCUYECKUM MapayljiesibHO-OaJaHCHBIA YCWINTENb, XapaKTEePU3YHOTCS
HanuuueM 3(Qexra B3aMMHON KOMIEHCAIlMU BIUSHUS aBTOHOMHBIX HapameT-
POB IPUMEHSEMbIX aKTUBHBIX 3JIEMEHTOB HA CTATUYECKUMN PEKUM, 3HAUUTEIILHO
pacmmpseT npejacTaBieHus pa3paboTunkoB POA o merogax mocTpoeHus aHa-
JIOTOBBIX YCTPOMCTB C BBICOKOW CTaOMIIBHOCTBIO HYJIEBOTO YPOBHS IPHU TeMIle-
pPaTypHBIX U paJUallMOHHBIX BO3ICUCTBUAX.

B Hayajo x orjiaBJIeHUIO




NMABA 2

CXEMOTEXHUKA NMEPCNEKTUBHbIX ONMEPALIMOHHbIX
YCUNUTENEW C NOBbIWEHHOU CTABUINIBHOCTbIO
HYNEBOIO YPOBHA

B HacTosmieil riaBe paccMaTpuBaeTCsl pEIICHUE 3a7aul CUHTE3a IIPAKTH-
yeckux cxem OY Ha ocHOBe HambOoJee MOMYyJIAPHBIX B COBPEMEHHON MHUKpPOCXE-
MOTEXHUKE CTPYKTYp AuddepeHInanbHbIX KacKaloB, B KOTOPhIX 3a CUET cIie-
[IMAJIBHOTO MOCTPOCHHSI OCHOBHBIX (DYHKIIMOHAJIBHBIX Y3JI0B (BBEIECHMS CIIa0oii
TOKOBOM aCUMMETpPHH) HAIpPSKEHUE CMEUICHUS HYJs W €ro TeMIepaTypHBIi
(pamuanmoHHbIN) Ipeiid yMeHbIIAIOTCs B HECKOIBbKO pa3 [6, 7, 23-26, 28-34,
36-38, 4042, 45, 50, 57, 61-65, 72-76, 78, 79, 98, 125, 81-83, 8690, 93, 95,
96, 101, 102, 104, 114, 123, 124, 126].

B Hayajo x orjiaBJIcHUIO

2.1. NpeunsnoHHbIn aucdepeHUnanbHbIN yCUnNuTenb
Ha OCHOBE KJ1TaCCMYeCKOro TOKOBOro 3epkKana
C MUHMMAaNbHON CTPYKTYPHON N3OLITOYHOCTbLIO

OrnepallMOHHBIN YCWINTENb C IPOCTEUIIEN apXUTEKTYpOW, COJIEpKaIInl
HEOOJIBIIIOE YUCIIO 3JIEMEHTOB, HAXOIUT IIUPOKOE MPUMEHEHUE B AJIEKTPOHHBIX
yCTpOICTBAX aBTOMAaTUKU U npubopocTtpoenus. Tak, Hampumep, cxema

(puc. 2.1) crana OCHOBOW OOJIBIIIOrO YKCJIa AHAJOTOBBIX YCTPOWCTB M MHKPO-
cxeM [94].

o +

C) 1,=2I, L=l <>

It’),n I(’),n
Io-Isn & 0 VT8 BhIx.
Io-Is.n ; o ]
A p!

b los, |4 oI
& IO'I(,,n'ZI(),p v 10~16.p & 0~16.p

VTS VT6

VT3 VT4 — E K

ST

Puc. 2.1. Knaccuueckas cxema JIY ¢ TokoBsiM 3epkanom VT3, VT4
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MoxHo TokaszaTs [94], uro HanpspkeHue cMetneHus Hyist B OY (puc. 2.1)
onpenensiercs GopMyIou:

U, =30 @.1)
B,

rae B, =30 +50 — ko3pUIUEHT yCUJIEeHUs 10 TOKY 0a3bl TpaH3ucropa VT4,
¢, — TEMIEPaTypHBIA MOTEHIIHAAI.

B monudunupoBannoii cxeme (puc. 2.2) [94]:

UCM :Ip(r31 +r32)z0, (22)
2
rac r3 = & .
IO
O +
<> 11:210 IZZIO <>
VTI VT2
fi( jB_Xwi i’—pK VT7
I6.11 IG_n
I0'16.n & BBIX.
IO'IG.nL A 2&_& |
Iy-1
é Io-Isn-2l5 Lo-Is,p & é 0~l6.p
VT5 VT6
- L
g =
o -

Puc. 2.2. MonudunupoBanHas cxema kiaccuyeckoro OY

IToaToMy 31€ChH cuctemMaTndeckas cocrasirstomas Ug, MOIy4aeTcsl MOYTH
Ha mopsinok MmeHbime (U, =—-44 MkB), ueM B KIacCHYeCKOW apXHTEKType

(U, =-372mkB) (puc. 2.3). Ananu3z Monrte-Kapno moarsepxaaet padoTo-

CIIOCOOHOCTh TMPECTAaBICHHOTO B TMaBe | MeTona mpu pazdpoce P TpaH3HCTO-
poB B quamnaszone 5 % (puc. 2.4).
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Ucm,

MKB
O — —
Hosas cxema }
(27°C, -44 wKB) \
|
|
|
-2001 }
|
|
|
(27°C, -372 mxB) |
|
-400- !
MpotoTun }
|
|
|
|
|
600 |
|
|
700 |

-60 -40 -20 -0 20 40 60 80 100 TEMP, °C

Puc. 2.3. TemneparypHas 3aBucumoctb U, CPABHUBAEMBIX CXEM

30,

MpoTtoTnn

N
[=]

21 20 19 -18 17 16 -15 -14 43 -12 -1 -10 -09 08 -07
HanpsceHne cmelleHns, mB

30,
S R — S
P B R 7/ —
[
£
z 7
5 7
-] N 7/
3 %
7 .

. . ‘/ ‘ ‘ ‘ ‘ D s J |
-500 -400 -300 -200 -100 0 100 200 300 400 500 600

HanpsxeHue cmelueHns, MkB

Puc. 2.4. Ananu3 Monre-Kapiio 1151 HoBoil u kitaccudeckoit cxemsl OY

HNanwsuelmee camxkenue Uy, obecrieunBaercs B cxeme (puc. 2.5), B KOTO-
poOil MUHHUMM3UPYETCS BIUSHUE HANpPsDKEHUS KOJJIEKTOp-0a3a TpaH3UCTOPOB
VTS5 u VT6 Ha BennunHy ux ko3P dulMeHTa yCuIeHHs 1Mo ToKy 0a3sbl [3.
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BepositHocTb, %

o +
() 1,=2T, LT, ()
VTI7
VT1 V12
Bx.9N Bx./2 Brix.
S —
PN 7N
7 \ / AN
// \ / \\
VT8 N\ /17 VIO,
7/ \ / \\
] RN 2 AN
16
_Ec
A L L
NG Ny
VT5 VT6
VT3 VT4
O -

Puc. 2.5. Monudunuposanusiit OY ¢ manbim U,y

46 15 14 13

Hanpsokenue cmemenus, MB

30

N
Q

BepositHocTb, %
=

HoBagd cxema

200 -100 0 100

Hanpspkenue cmemenus, MB

-500 400  -300 300

Puc. 2.6. Ananuz Monte-Kapio g cxembsr OV (puc. 2.5)

IpU U3MEHEHUH 3 TpaH3UCTOPOB B Auana3zoHe 5 %

B Hayano K OrJ1aBJIEHUIO
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2.2. IncpdepeHumanbHble yCUnuTenum ¢ uenbio komneHcauum U, Ha
6a3e AByXKaHanbHOro UCTOYHUKA ONOPHOro Toka

CylecTBeHHBIN HEJOCTATOK KJIACCUUYECKUX JBYXKackagHbix OV [94] co-
CTOUT B TOM, YTO OHHM HUMEIOT IOBBIIICHHOE 3HAYCHHE CHUCTEMAaTHYECKOU CO-
cTaBisironieil Hanpspbkenus: cmenienust Hyst (Ue,), CBSI3aHHOE C BIUSHHEM TOKa
6a3pl OydepHoro ycunurens. Mcrons3ys npeniokeHHbIE B riaBe | METOMbI

cUHTe3a TMperu3noHHbIX OV, MOXHO TMOJyYUTh TMEPCHCKTUBHYI CXEMY
(puc. 2.7) [33].

Puc. 2.7. Komnencauuu U,y B AByxkackagHom OY

Ecnam tox aByxmomtocHuka lg paBen Benmmuune 2lp, To TOK 00IIeH IMUT-
tepHoi uenu 8§ (Ig) u BxoaHOU ToK HenHBepTupytomero ycunutens 12 (Iux 12):

Ig =21y =2I5,, Tu12 =216y, (2.3)
rae Ig, =1,;/B; — Tok 6asbl n-p-n Tpansucropa VT7 mpu SMUTTEPHOM TOKE
I,; =1,; B; — KOOpPHUUHUEHT yCUICHHS 110 TOKY 0a3bl N-pP-n TPAH3UCTOPA.

[ToaTomMy BBIXOAHBIE TOKH, a Takke BXOMHOMU (Izx3) v BBIXOAHOM (Iyx3)
TOKH TOKOBOTO 3€pKaja:
L =1, _216.p9 I,=1, _216.p s Iz =l +1gs =1p, Lyx 3 =1 (2.4)
B naHHOM cxeme pa3HOCTHBIA TOK B BBICOKOUMIIEJAHCHOM Y3JI€E:
I, =1y —Igy —14= 1, -2, - I + 215, =0, (2.5)
rae Igy =2, — 1ok 6a3bl n-p-n Tpansucropa VT11 6ydepHoro ycunures.
IToaTomy st paccmatpuBaeMoit cxeMbl OV

Uant # L (15 +r319)z2%¢T» (2.6)

rae ¢, =26 MB — TeMIiepaTypHblii HOTEHIIUA.
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KomMmnerorepHoe mMoaenupoBaHue MokasbiBaeT [33], 4TO B mpeasiaraeMoun
cxeme nByxkackagnoro OV 6oinee yem Ha mopsaok (mo —0,12 MB) ymenbmaeT-

csl cuctemaTnueckas cocrtapistomas U, ;, 00ycIOBIeHHAs KOHEYHOW BEIHYU-
HOW [} TpaH3UCTOPOB M €r0 PaJMANMOHHON (WJIM TeMIIepaTypHOW) 3aBUCUMO-
CTBIO.

HNanpHeimas muaumuzanus U, npeiaraemas B padore [33], obecneun-
BaeTcs 3a CUYET JOTOJHUTEIBHBIX MEp, YMCHBIIAIOIINX BIUSHHUS BHYTPCHHCH
oOpaTHO# cBsi3u B TpaH3ucTopax JIK u B3aMMHOW KOMIICHCAIIMM TEMIIEPATyp-
HOM 3aBHUCHMOCTH TOKOB Ha TIOJIJIOKKY.

B Hayajo x OrjiaBJIcHUIO

2.3. OnddepeHumanbHble Kackagbl C MECTHOM OTpUUATENbHOMU
obGpaTHOM CBA3bIO B NPELN3NOHHbIX OY

HNannas apxutektypa OY OTHOCUTCS K YUCITy HanOOJee NU3BECTHBIX U HC-
cienoBaHHbIX [94, 46]. OHa MHUPOKO MPUMEHSIETCS B OOJIBIIOM YHCIIE MHUKPO-
CXEM BEIYIIUX MHUKPOIICKTPOHHBIX (pupm. CyiecTBeHHBIN HemoctaTok OY
JTAHHOTO KJIacca, KOTOPhIA OOYCIIOBJICH HAJIMYUEM MECTHOU OTPUIIATEIILHOU 00-
paTHOM CBSI3U BO BXOJHOM Kackaje [94, 46] u HEpallMOHAIIBHBIM OCTPOEHUEM,
COCTOUT B TOM, YTO OHM UMEIOT MOBBIIIEHHOE 3HAYEHNE COCTABJISIONIEH HaIpsi-
xenus cmenieHus Hyns (Ugy,).

IIpumMeHsss pekOMEHIALUMU MO YJIYYIIEHHUIO JaHHOTO MapaMeTpa, MOXKHO
MOJTYYUTh NepcrekTuBHYI0 cxemy OV (puc. 2.8) [94, 46].

IIT6 ‘

‘ Kiiz6=-1 ‘ BEVS
— T
] I
= 1 1
2K Dlep | ot @Koy || mlg, !
A D e VIO 1
Io-2Tsp | i i
Bx.1 VTl VT2 Bx.2 ! Brix.

Tsp | LtCK-Dlsy Isp

|
1
1
|

[ N A i 1
v 1
RS |

| R —
|

\‘
2Kils,p I,
To-Top o

»
| 2Lsp

VT10 VT11
ATT\

Lop lsp

I3 @ L=l 14 @ L=l

Puc. 2.8. Munumuzanus U, OY ¢ MecTHOM oTpuniaTenbHOM 00paTHOM
CBSI3bI0 BO BXOJIHOM KacKaJe
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Ecnu Toxu NBYyXMOJIOCHUKOB 3 U 4 paBHBI BEJIUYUHE Iy, TO TOKU KOJJICK-
TOpOB Tpan3uctopos 10 u 11:

Lao =1y —Tsp, L1t =To —I5p, (2.7)
rae lg, =1,;/B; — Tok 6a3bl n-p-n tpanzucropos 1, 2, 10, 11, 9 npu smutrep-
HOM TOKe I, =1,; B; — k03(ppULUEHT ycuaeHus no ToKy 0a3sl N-p-n TPaH3H-

CTOPOB.
Bxoanoii I 13 1 BBIXOAHOM Iy 13 TOKM HEMHBEPTUPYIOLIETO YCuauTes 13:
L1z = 2I6.p , 1 = 2I<iI6.p > (2.8)

rae K;— koaddunment nepegaun no Toky ycunurens 13.
CnenoBaTesibHO, SMUTTEPHbBIE U KOJUIEKTOPHbBIE TOKU TPAH3UCTOPOB 1 1 2,
a Takke BBIXOAHOM TOK (I5yx ) TOKOBOTO 3epKana 6:

BBIX.13

L =T +(2K; - 1)16.p s Iy =1 - I6.p o La =1, +(2K; - 2)16.p 5
L, =102, [.6 =L + 2K, =2)I,. (2.9)
Ecnu Tok 1ByxnomtocHuKa 12 BbIpa3uTh YEpE3 TOKU ABYXITOIFOCHUKOB 3 U 4
I,, =ml,, (2.10)

TO Pa3HOCTh TOKOB B y3JIe «A» MPHU €ro KOPOTKOM 3aMbIKaHUU Ha SKBUIIOTCHIIH-
aTbHYI0 OOIIYIO IINHY:

rae Iy, g =mlg, — TOK 6a3sl n-p-n TPAH3UCTOPA SMUTTEPHOTO OBTOPUTEIIS; M —

BX.8

MacmTabHbINA KOd(hPUIIHEHT.
J1s modydeHus HyJIEeBOIO 3HAYEHMs Pa3HOCTHOIO TOKa I, HeoOXomumo,
4TOOBI BBINOJHATOCH yciaoBue 2K.=m. Hampumep, ecniu m=2, 1o K, =1.

[Tpy m =1 ko3 PuumeHT ycuneHus no ToKy J0JKEH UMETh 3HaueHue K. =0,5.

[ToaTomy:

2
U, ~1 (r, +1, +Ry) = Ip( ;”T +R5j ~1R;, (2.12)
0
rae ¢, =26 MB — TeMIepaTypHblii HOTEHIIUAI.

B nsectHom OV ok I #0, moaTOMYy 34€CH CHCTEMAaTHYeCKasi COCTaB-

mromas U, nmosrydaercs Ha nopsjok 6omsie (U, =5,2 MB), ueM B npenna-
raemom OV (U, = 383,4 MxB) [1].

Hns munumumzanuu U, TpH TOBBIIEHHBIX Temmeparypax (t°>80°C)
B CXEM€ BO3MOKHO BBeJIcHUE (B COOTBETCTBUHU C [94, 46]) crieriuaibHOTO TpaH-
3MCTOpPa TEPMOKOMIIEHCAIIMU, KOTOPBI KOMIIEHCUPYET TOK Ha MOMAJIOXKKY TpaH-
3ucTOpoB cxembl (puc. 2.10). D10 ymenpmaer npousBognyro dU ., /dT mnpu
t°>80°C nns TpaH3UCTOPOB C HIMPOKUMH pN-MEPexXo/laMu Ha MOMJIOAKY
(OAO «lynbscap» r. Mocksa).
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B cxeme OV (puc. 2.9) [28], B COOTBETCTBUM C METOJAMYECCKUMH PEKO-
MEHJIAIUSIMU TJIaBbl 1, BBOJUTCSA TOKOBAash aCUMMETPHsI B UCTOUYHHK OIMOPHOTO
Toka BxojaHoro JIK.

o +
IIT1
. BY1
:_ N
{lolsy Iy | VTS :
Io-Isp & A = Voo
| Io20sp ! N
VTl VT2 [} | !
Bx.1 Bx.2 : ! BpIx.
Ts LT I ! :
P 6.p : I
VT3 I R2 |
Isp ; Iy & To-Lsp : i
i ! |
B, i4’< | :
e LT
Isp VT4

O

Puc. 2.9. Cxema npeanaraemoro OY

Ha puc. 2.10 npuBeneHbl TeMmmepaTypHbIE 3aBUCHUMOCTH HaIPSKEHUS
CMEIIEHUS HYJIA KJIACCUYECKOW U mpejiaraeMon cxem [28].

1.0
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-4.0

-5.0

-6.0

-7.0

-8.0
-60

Ucnm, M

B

Hosas cxema

T=20°C,
UCM =1.5 mxB

T=20°C,
=-53MB

10 20 30 40 50 60

70 80 T °C

Puc. 2.10. TemnepatypHbl€ 3aBUCUMOCTH HAIIPSXKEHUS CMEILICHUS HYJIS

cpaBHuBaeMbIix cxeM OV npu =50

B Hayano K orj1aBJIEHUIO
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2.4. IncpdepeHumanbHbIN yeunuTtenb
C BXOAHbLIMUN TpaH3ncTopamu [lapfIMHIToHa

OrnepallMOHHBIE YCUIIUTENM C IPOCTEUIIEN ABYXKACKaJHOW apXUTEKTYpOn
[31], conepxanue BXOIHBIE COCTABHBIE TPAH3UCTOPHI [lapIMHITOHA, 3aHUMAIOT
0c000€ MECTO B MHUKPODJIEKTPOHUKE Ojlarojapsi BHICOKOMY BXOJIHOMY COIPO-
THBJICHUIO.

Pemenne ypaBHeHU# 11 K03 HUIIMEHTOB CI1a00i TOKOBOM acCUMMETPUU
OCHOBHBIX ()YHKUMOHAIBHBIX y3710B OV naHHOro kiacca (rjnasa 1) mo3BojsOT
cuHTe3upoBaTh cxeMy (puc. 2.11) [31], nias KOTOpPOil pa3HOCTHBIN TOK B BBICO-
KOUMIIEAAHCHOM Y3JI€ ONIPEAEISIETCS YPABHEHUEM:

[=1,+1;, Iy -1, +1;, =0, (2.13)
rae Igy =215, — Tok 6a3sbl Tpansucropa VTS Oydeproro ycumurens BY. Ilo-

ATOMY JUISl JAaHHOU CXEMBI:
I
U z113(1’33 +ra4)z21_p§0T ~0, (2.14)
0
rae ¢, =26 MB — TeMIiepaTypHblii HOTEHIIUAI.

IIT1 |

KilZ
 h

Iotsp & Iotsp & Isy=2Is,

Puc. 2.11. Cxema OY Ha OCHOBE COCTAaBHBIX TPAH3UCTOPOB JlapauHITOHA

B kmaccnueckom Y tok 1 =Igy =2l5,, mostomy 31eck cucremaruye-

ckas cocraBisitomas U, | HoTy4yaeTcs Ha JBa nopsiaka oonsute (U, = 2,4 MB),
4yeM B npeaiaraeMoit cxeme (U, = 14 MkB) [31].

B Hauajo x orjiaBjIcHUIO
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2.5. O6wmM cnyyan B3aMmMHOMN KOMMNEHCcaLuumn napasnTHbIX TOKOBbIX
KoopAMHaT BbICOKOMMMNEAaHCHOro y3ra B TpéxkackagHom OY

PaccmoTpum (akTophl, Onpeneistomme CUCTEMATHUYECKYI0 COCTABIISIO-
LIyl HanpspbkeHus cMmemeHus Hyns Ug, Ha NpuMepe NepCleKTUBHON apXUTEK-
Typbl OV ¢ ynpasisiemoit aktuBHoi Harpy3skoit [IT1 (puc. 2.12) [45].

) HCH] IBHX.]=IBX.1+E_,nII6.n+E_,pIIG.p

— IIT1

+

K Kiiz1=-1 4/
l A

L

Ig & IBX-I & & IBHX.I

/ BY
U Uy, & IO+Kp4[6,p+Kn4IG.n S
Kl

Puc. 2.12. Apxurektypa npeunsnonsoro OY
C HECUMMETPUYHBIM BKJIFOUeHUEM BXoAHOTO [IK

st y3ma «A» cxemsl (puc. 2.12) [45] MOXXHO HAWTU pa3sHOCTHBIM TOK U
BBIPa3UTh €ro 4epe3 KodhPUIUEHTh TOKOBOW acUMMETPUHU (YHKIIMOHATBHBIX
y3710B (2.15):

L=1-15-x,I,. (2.15)
[Tocne nmpeoOpazoBaHuid:
Ip = (Kp4 - mp + épl - Xp)16.p + (Kn4 + énl - mn )IG.n . (2 16)

Eciu yuects, uto x,, =05, -1, x,, =0,5£,, TO ycnoBue MHHUMHU3A-
Uy cMeleHus Hyiist OY MOKHO NPEJICTaBUTh B BUJE:
0,58, +&, =m, +x, +1
Obsgno + gnl = mn

JlaHHas cucTeMa ypaBHEHUH SIBISICTCS OCHOBOM MPOCKTUPOBAHUS TPEIH-
3uoHHOro OV (puc. 2.12).

(2.17)
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Ha puc. 2.13-2.15 noxkazansl pe3ynbTarhl PSpice KOMIBIOTEPHOTO MOJIe-

nupoBaHusg cxeMbl (puc. 2.13) Ha paaMalMOHHO-3aBUCHMBIX MOJEJSAX HHTE-
rpasibHbIX TpaH3ucTopoB HIIO «HTerpam.
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Puc. 2.13. 3aBucumoctb HamnpsikeHus: cmemenus nynsa U, (HuxHul rpaduk),
U [} TpaH3UCTOPOB CXeMBbI (BepXHUH rpaduk) oT moToka HeUTpoHOB OY

- } } I I
| | . I I I I
[ 2 [ | =
o 5] o [ 1 2
b S - Lol W g
L 5 el C W z
I I I 1 I I I =
T o O o W W W W } m
o OO0 o , , , , v
S o 22222888R8% 2
- 19NSXO W 'BLAH BUHBMaWD ERRRARARA o
godoloneHedl ¢ g ovnowedue I9NBXD gw ‘BUAH BUHBMBWD
H MOQOHOSMIGQHQ ®SI®§KQE®I

Temnepatypa, °C
U [} TPaH3UCTOPOB CXEMBI (BEpXHUH IpaduK) OT TeMIiepaTyphl

o viouT)

Puc. 2.14. 3aBucumoctb HanpsikeHus: cmemenus U, (HIKHUA rpaduk),
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Hanpsokenue cmemenus, MB

Puc. 2.15. Anaiin3 MonTe-Kapino miid kinaccuyecko 1 HoBou cxemsl OY
Py U3MEHEHUH 3 TpaH3UCTOPOB B Auana3zoHe 5 %.

I'paduxu pucynkoB 2.13—2.15 mokaszpIBaroT, 4TO, HECMOTpPSI Ha CYILECT-
BEHHbIE M3MEHEHUs [3 TPaH3UCTOPOB BCIEACTBHE PAJMALMOHHBIX M TeMIlepa-
TYPHBIX BO3AEHCTBHI, pacCMOTpeHHbIM OY HMeEEeT Majioe HalpsyKEHHE CMELe-
HUS HYJS.

B Hauajo x orjiaBJIcHUIO

2.6. ApxutekTtypa OY «Knaccunyeckmnu BxogHon 1K — HeynpaBnsemoe
TOKOBOE 3epKano — BbIXOAHOWU 3MUTTEPHbLIN MOBTOPUTENbY

Paccmotpum mnepcnektuBHyo cxemy OV [25] ¢ HeympaBisieMbIM TOKO-
BBIM 3epkajioMm (puc. 2.16) Ha ocHoBe muddepenunanbHoro kackaga (K1) ¢
MECTHOM OTpULIaTeNIbHON 00paTHOM CBs3bI0, KOTOPasi 00eCIeunBaeTCsl PE3UCTO-
pom RI1. Takue JIK ucnonb3yrorcs B OBICTPOAECUCTBYIOIIUX ONEPALIMOHHBIX
YCWIMTENSIX ¥ XapaKTePU3YIOTCSl paCIIMPEHHBIM IUANIa30HOM JIMHEHHOM paboThI.
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O
IBbe.IZIBx.l+én116.n+§p116.p
\\$ IT1
Kipz1=-1
CIil f
L[ IBbIX.l % IBx.l 4 By
£ 13 I [ A
A d L JvT3
UKI UKZ —>> =: N :
é IO+Kp416.p+Kn416n XpIG.p :_ I _:
3 9 K1 4 1L
Ir_______e________—: E. _;i
1 VT1 VT2 1 T -
Bx.1 ! ! Bx.2
0—4»>'_N R1 ﬂ—|<to & I0 Brix.
I6.p !_________________! I6.p ’ 1
I? é Ig % IO—i_ranGp—i_rnnItSn % % Ii
1 T2 3 4

HOTI

I?:Io"‘énmlan"‘&pmlap

Ig:IO+§n0216.n+ép0216.p

Puc. 2.16. Apxutektypa npeunsnonsoro OY
C HECUMMETPUYHBIM BKJIIOUEHUEM TOKOBOro 3epkana [1T1

Cxema puc. 2.16 [25] conepxut Bxognoit JIK1 u BeixogHol OydepHbIit
YCWIMTENb Ha n-p-n TpaH3zucrtope. Cratnueckuil pexxum siemeHToB OV ycra-
HABJIMBAETCA MYJIbTUBBIXOJHBIM HMCTOYHUKOM onopHoro Ttoka MOTI1, ¢opmu-
PYIOIIMM YeThIpe TOKOBbIE KOOPAUHATHI O BbixoAaMm 1, 2, 3, 4, cMeniéHHbIe OT-

HOCHTEIFHO OIMIOPHOTO 3HaYeHHS Io:
I? =1+ Eoilon + Spoilspo
Ig =1y + &lon + Epoalsps
I3=Iy+m]I  +m ]I,

0 _
I =x1,

(2.18)
(2.19)
(2.20)
(2.21)

re &, & i »Mp, My, X, — KOIPHHUIHUEHTHI TPOMOPIUOHATILHOCTH, IPHHAMAIOIIKE

LieJIble YMCIIEHHBIE WK HyneBble 3HaueHus (0, +1, -1, +2, -2, ...); Is,, Isn — TOKH
0a3bl IPUMEHAEMBIX N-P-N U P-N-P TPAH3UCTOPOB IIPU TOKE AMHUTTEPA 1, =1 .
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[TosroMy nmst y3na «A» puc. 2.16:

I, + IGPmp +1;,m, + ﬁplldp +& s, =1, + kp416'p +

+ kLo, +x 0, +x, 15, (222)

[MocnenHee ypaBHEHHE MOKHO NPEACTABUTH B BHJIE:
Lo (Kpg + & +x, —m, =&, ) =I5, (X, kg —m, +&,)), (2.23)
Lo, (m, + &, —kpy —x,) =I5, (x, +kyy —m, —&). (2.24)

Takum oOpazom, s MuHUMM3auuu coctapiswomniein U, HE0O0X0IuMo
cuntesupoBath noacxemsl JIK1, I1T1, BY, MOT1, macmtabubie kKo3phUIMEHTHI
KOTOpPBIX Ki, & i, Xi, M; IPU M3BECTHBIX 3HAUCHUSAX TOKOB 6a3bl Is, u Ig,, mprMe-
HSIEMBIX N-p-N U p-N-p TPAH3UCTOPOB, YAOBIETBOPSIOT ycioBuio (2.23, 2.24).
PagencTBo (2.22) soimonusercs npu I # L5, ecu:

My + 851 = Kps + Xp  mp+ &y =Kny + Xy (2.25)

Ha puc. 2.17 u 2.18 npuBeneHbl TEMIIEpATypHBIE U PaAUallMOHHBIE 3aBH-
CUMOCTU HANpPSHKEHUs CMELIECHUSI HYJSl KJIACCUYECKOW M NpeIiaraéMoil cxem
[25] B cpene KoMIbIOTEPHOTO MOAeIupoBanHus PSpice Ha MoJensax UHTErpaib-
HbIX TpaH3uctopoB OAQO «HIII «Ilynscap», a Takke Ha pagualOHHO-
3aBUCHUMBIX MOJENSX HHTETpadbHbIX TpaHzuctopoB HITO «MHTETpam».

A UCM7 MB

T=157,8 °C;
T =20 °C; Ucm = 4785 mxB
Ucem = 4476 mxB

HpOTOTI/IH
2.0
HOBasj cxXxema
T=20°C;
91 B U?— 124 MxB \1
O!Z_____. _____ - - - - -
220 0 20 40 60 80 T.°C

Puc. 2.17. TemneparypHas 3aBucumMocTb U, cpaBHMBaeMbIX OY
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Ucwm, MB

4.0 A

2.0 A

HOBAfg CXeMa Fn=10.23E18 w/»’
153.3MxB \ Uey=402.2MxB

~

-2.0

T T T T T T T T T T
0 le+18 2e+18 3e+18 4e+18 5e+18 6e+18 Te+18 8e+18 9e+18 10e+18
IToTOK HEHTPOHOB, M

Puc. 2.18. Pagnauronnas 3aBucumocts U,y cpaBHUBaeMbIX OY
N3 rpadukoB cieayer, 4TO B IIMPOKOM JUAIa30HE TEMIIEPATYP HaIpsIKe-
HUE CMENIeHUs HyJs B cxeme (puc. 2.16) 6oiiee uem Ha MOPSAI0K MEHBIIE, YEM B

knaccudyeckom OV [120].

B Hauajo x orjiaBJIeHUIO

2.7. Apxutektypa OY «HecuMMeTpUUYHbIN KIacCU4eCKUin
BxoaHou [IK — ynpaBnsiemoe TokoBoe 3epKasro —
BbIXOAHOW 3MUTTEPHbLIN MOBTOPUTESbY

Ha ocHoBe pexkoMeHmaiuii riaBel 1 1o BBEIOOPY KO3 (GUIIMEHTOB TOKO-
BOH acUMMeETpUH (YyHKIHOHAIBHBIX y310B OV MaHHOTO KiIacca MOXHO CHHTE-
3UPOBATh MEPCHEKTUBHYIO cxeMy (puc. 2.19) [94, 23].

40 | 2o+, =L

VT3
e
N

—

s,
11210@ L=, CT)

Puc. 2.19. Cxema npenu3noHHoro Tpéxkackajanoro OY
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Ecnam tok ucrounuka Toka I; cxemsl (puc. 2.19) [23] paBeH BenIuuuHe
2ly, a I, u I3 — Benuuune Iy, TO TOKK SMUTTEPOB U KOJJIEKTOPOB TPAH3UCTOPOB
CXEMBI:

[, =21,+2L;, =1, +l,, I;=Is=1-1
Lo =1 =1, I =1, =1
rne I, =1,,/pB, — Tok 0a3bl n-p-n (Ig,) wam p-n-p (Is,) TpaH3UCTOPOB NpU

o0.p°

BX .0T | BBIX .0T 1 ?

OMUTTEPHOM TOKE I . =1 ; lox ir1=lpux.r1 — BXOJIHOM M BBIXOJHOM TOKH TOKOBOI'O

05
3epkana [IT1; B, — ko3 duuMeHT ycuneHus 1no ToKy 0as3bl TPAaH3UCTOPOB CXe-
MBI.

Pa3HOCTHBII TOK B BBICOKOMMIIEZAHCHOM Y3JIe «A» IPU €ro KOPOTKOM
3aMBIKaHUH HA KBUMOTECHIIUAIbHYIO IINHY:

L =1 —lea — L = 0, (2.26)
rae I, =15, — Tok 6a3bl n-p-n Tpansuctopa VT4.
Kak cnencrsue, HanpsiKeHUE CMELICHUS HYJIS:
2
U, =1, (05, +1) =1, 25 |20, (2.27)
0

rae ¢, =26 MB — TemmeparypHbli NOTEHLMAN; 1, =T,,

— COTPOTHUBIICHUS
AMUTTEPHBIX TIEPEX0JI0B BXOIHBIX TpaH3ucTOopoB VT1 u VT2 BxomHnoro nudde-
peHnmansHoro kackana JIK1.

B knaccuueckom OV pasnoctusiii Tok ) # 0, nostomy 3mech cucrema-

THdecKas cocTaBisitomas U, MoIydaeTcs, Kak MUHUMYM, Ha TOPSJIOK OOJIbIIIE,
4yeM B npejgaraeMont cxeme (puc. 2.19-2.21) [23].

b Ucw, MB T =20°C;
Ucw = 38,0 MxB
0N / ’-
l
30,5 kB \ !

HOBas CXema /

-1,01 /

/
/
T=20°C; P
Ucwm = -2232 MkB

. ——
——
-—
b —

Puc. 2.20. TemnepatypHbl€ 3aBUCUMOCTH HAIIPSXKEHUS CMEILLICHUS HYJIs
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Ucwm, MB
2.5

34.2uKB HOBa4d CXeMa

: \

Fn=10.23E18 u/v’
Uey=-616mxB

—

-2.5 A

0 le+18 2e+18 3e+18 4e+18 Se+18 6e+18 Tetl8 8etl8 Oe+18  10e+18

TloToK HeHTpoHOB, H/M®

Puc. 2.21. PaJII/IaI_II/IOHHaSI 3daBUCHUMOCTHU HAIIPSKCHUA CMCUICHUS HYJIA

Paccmotpennsiit OY [23] uMeeT IBYXTaKTHYIO apXUTEKTypy W Ooiiee
LIMPOKUM YaCTOTHBIN UAIIa30H.

B Hayajo x orjiaBjIeHUIO

2.8. MpeunsnoHHbin OY ¢ ynpaBnsieMbIM TOKOBbIM 3€pKasiom

Pemenue ypaBHeHuii st K03(pPumeHToB c1aboit TOKOBOW acCUMMETPUU
GyHKIMOHANBHBIX y3710B OY naHHOro Kjiacca M UCHOJIb30BaHUE Habopa UX
CXEMOTEXHMYECKUX PELICHUN, PACCMOTPEHHBIX paHee, MO3BOJSIOT CUHTE3UPO-

BaTh NEPCHEKTUBHYIO cxemMy OV ¢ MallbiM HanpsOKCHHEM CMEIICHUS HYJIS
(puc. 2.22) [94, 27].

IT1 | Kipza=-1

L To-2I5,

VT4 VT5

E VT3

| 21t D | ToTe, j

—

Tsp

VT7

L=l

VT8

L=l

Puc. 2.22. ApxuTekTypa Npeun3noHHOro TpéxkackagHoro OY
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Ecnu tok nucrtounuka toka I; paBen Benuuune 21, a I, u I3 — Benuuune I,
TO TOKH 3MUTTEPOB U KOJUIEKTOPOB TPAH3UCTOPOB CXEMBI:
L;=2I, + 216.p » La =21, ILg=Ilp,=Ij- I6.p7

I, =15=1, L, =T =1 _16.p9 L =1 _216.p =Is,

IBX.]‘[T] = IBLIX.I'IT] = IO - IG~D , (228)

rne I, =1,,/pB, — Tok 0a3bl n-p-n (Ig,) wam p-n-p (Is,) TpaH3UCTOPOB IpU
SMUTTEPHOM TOKE I . = 1;; lox nir1=lpux.ir1 — BXOJIHOM M BBIXOJHOM TOKH TOKOBOI'O
3epkana [IT1; B, — koapduueHT ycuaeHus no ToKy 6a3bl TpPaH3UCTOPOB.
[TosTOMy pa3sHOCTb TOKOB B y3Ji€ «A» MPU €r0 KOPOTKOM 3aMbIKaHWM Ha
AKBUIIOTCHIIUAIBHYIO IUHY:
I =1

p BBIX.IIT]

I —1.=0, (2.29)
rae I, =15 — ok 6asel Tpansuctopa VT6.

Taxum oOpazom, B paccmorpeHHoMm OV [94, 27] npu BBINOJHEHUU YCIIO-
BUI KOMIIEHCAIlUU B BHICOKOMMIIEJJAHCHOM Y3JI€ «A» YMEHBIIAETCsl CUCTeMaTH-
yeckas cocrapisitomas Ug,, 0OyclIOBJIE€HHAs KOHEUHON BETUYMHOW [3 TpaH3H-
CTOPOB U €T0 PaJANAIIMOHHON (WJIM TeMIIepaTypHO ) 3aBUCUMOCTBIO (puc. 2.23).

4 UCM: MB T=20°C:

UCM =283 mxB

AN ~
295 mxB /

HOBas CXeMa

-1,01 /
/
MIPOTOTHIT /
/
/
T=120°C; d
_2’0 ] UCMZ: -2232 mxB - —
24377
-20 0 20 40 60 80 T, °C

Puc 2.23. Temnepatypnsbie 3aBucumoctu Ug, OV [27]

B Hauajo x OrjiaBJIeHUIO
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2.9. OnepauunoHHbIe ycunuTenu
C HeynpaBsieMbIM TOKOBbIM 3epKariom

OrnepallMOHHBIE YCUIIMTENU AAHHOTO KJlacca, KOTOPbIE paHEee HE UCMOJIb-
30BAJIMCHh B MPENU3UOHHBIX aHAJIOTOBBIX YCTPOMCTBAX M3-3a MOBBIIICHHBIX 3HA-
yeHuit U, OTHOCUTCA K YUCTy HauboJiee mpocThix [97]. B 910l cBsA3M mepcnek-
TUBHAa MoAM(UKALM JTaHHOM cxeMbl (puc. 2.24), B KOTOPOM MNPETyCMOTPEHBI
Mepbl 10 yMeHbIeHuto Uy, [97].

o+

[

Kz 1=-1 1IT1
R1 D R

& é IBX.HTl = I0

BBIX.IIT] —

T =10 1076

IG.p :_ ] VT3 bVl
. |
e
L IO'IGP
Bx.“2 Brx

Puc. 2.24. Cxema npenu3noHHOro Tpéxkackaanoro OY
C HEYIPaBJISIEMbIM TOKOBBIM 3€PKaJiOM

Ecnu tok I; paBen Benuuune 21, a I, u I3 — Benuuune Iy, TO TOKK SMUTTE-
POB M KOJUIEKTOPOB TPAH3UCTOPOB CXEMBI:

IK] = IK2 = I0 _16.p9 Ly=1y, IK3 = IO _I6~p’

I = 12 = IO BBbIX .1T] = IO

Bx.nrl
rae I, =1,/ B, —Tok 6assl i-ro n-p-n (Is,,) TpPaH3UCTOPA NPU SMUTTEPHOM TOKE
I, =1,; B, — KOOPPULUHUEHT yCUICHHS 110 TOKY 0a3bl 1-T0 TPAH3UCTOPA.

Kaxk CICACTBHUC, pa3HOCTh TOKOB B Y3JIC «A» IIpu €ro KOPOTKOM 3aMbIKa-
HUUW Ha SKBHUITOTECHIIMAIBHYIO OOIIYIO IITMHY:

p BBIX.NT]

rae Iy, =I5, — Tok 6a3bl BxoaHOro n-p-n tpanzucropa VT3 OydepHoro ycunu-
tens bY 1. Iloatomy:

I
UcM ~ Ip(r31 +r32) zzl_pgDT ~ 07

0
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rae ¢, =26 MB — TemneparypHbIi NOTEHLHMAN; 1, =r,, — COIPOTUBICHHS

AMUTTEPHBIX TIEPEX0JI0B BXOIHBIX TpaH3ucTopoB VT1 u VT2 BxomHoro nudde-
peHnmanprHoro kackana JIK1.

Hurxe mokazaHbl pe3ynbTaThl KOMIIBIOTEPHOTO MOJIEIMPOBAHUSA PACCMOT-
peHHOM cxembl B cpene PSpice Ha Mojensix UHTEerpadbHbIX TpaH3ucTopoB OAO
«HIIIT «ITynbcapy, a Takxke e€ ananu3z Monte-Kapiio.

A Uen, MB

T =20°C;
Uenm = -25,6 mxB
! / ..
: /
-37.8 uxB /
HOBa4d cXeMa I/
/
1,0 !
; /
/
IIPOTOTHUIL /
/
/
/
20 T =20 °C; /
it — 7
Ucw = -2410 MxB ~
£ -

2634 —" "

-20 0 20 40 60 80 T,°C

Puc. 2.25. 3aBucUMOCTD HampsKeHUs cmelleHns Hylsa OY oT TeMnepaTypel
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BepoaTHocTb, %
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HanpskeHue cmeluenus, mB
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O e e L e
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m

0 r V A
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HanpsikeHre cmellenns, MKB

Puc. 2.26. Anaiinz MonTe-Kapino miid kinaccuyecko 1 HoBou cxemsl OY
MPOTOTHUINA MPU U3MEHEHUH [3 TPAH3UCTOPOB B AMana3zone 5 %

B Hauajo x OrjiaBjIeHUIO
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2.10. NMpeunsnoHHbIn OY ¢ HECUMMETPUYHLIM BKITHOYEHUEM
BxoAHoro andcepeHumnanbLHOro Kackaga v uenbto komneHcaumm U,
Ha OCHOBE KOPPEKTUpYHoLWero MHOronositoCHUKa

BBenenne B COOTBETCTBUU C TJIaBOM | CHENMAIBHOTO KOPPEKTUPYIOIIETO
MHOT'OTIONIFOCHUKA P-TUIIA TI03BOJIsIeT YMEHBIHUTh Uy, B OY ¢ HECUMMETPUYHBIM
BKJIIOUEHHEM BXOJIHOTO nuddepeHuanpHoro kackana (puc. 2.27) [21].

o +

IBI)IX.HTl BY1
| VTS
' :
- |
Lp | ]
Iop BrIX.
,\/‘L—O

l IO'IG.p

Y

IG.p

D @

Puc. 2.27. ApxuTekTypa Npeun3noHHOro TpéxkackagHoro OY
¢ koppektupytomem CKMP-MHOTromoarocHuKoM

Ecmu tok I; paBen Bemuunne 2Iy, a I u Is — Benuuune Iy (I, =1, =1,), 10

TOKHU KOJUJIEKTOPOB TPAH3UCTOPOB CXeMbI (puc. 2.27):
Lo=I, =L, =1, 1,=1, Lo=1,-1;, =L,

b

,=1,-2I

b

IBSZIO_'_IG'p zIO’ IK 6.p’ 1 1:IO_I =1

rue I, =1,;/B; — Tok 6a3el n-p-n (I5;) TPAH3UCTOPOB MPH IMUTTECPHOM TOKE

0.p BHIX.NT] ?

I,=1,; B, — ko3pduuueHT ycuneHus mo TOKy Oa3pl n-p-n TPaH3UCTOPOB;
| =1

C yuétom nocnegHux GopMys MOXKHO HAUTH Pa3HOCTh TOKOB B y3Jie «A»
IIpu €ro KOPOTKOM 3aMbIKaHWH HA 3KBHUIIOTCHIUAJIBbHYIO O6H_IYIO IIHY:
Ip =Ly —Los — Ly = 0, (2.30)

rae Igs =15, — Tok 6a3bl n-p-n Tpansuctopa VTS.

— BXOJIHOM U BBIXOJIHOM TOKU TOKOBOTrO 3¢epkana [1T1.

BX. 0T | BBIX .0T |

K
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[ToaTomy:

U, =1 (1, +1,)=1 21% ~0, (2.31)
0
rae ¢, = 26 MB — TeMnepaTypHblil OTEHIMAT; T,, =T,, — COIPOTUBICHUS DMUT-
TEPHBIX MEPEX0J0B BXOAHBIX TpaH3ucTtopoB VT1 u VT2 BxogHoro auddepen-
nuaiapHoro kackaaa JIK1.
B knaccuyeckom OV tok I #0, mostomy 3zech cucreMaruyeckas co-
craBisiromias U, mosydaercs, Kak MUHUMYM, Ha MOPS0K OOJIbIIe, YeM B Mpe/I-
naraemoin cxeme (puc. 2.28) [21].

4 Uy, MB T =20 °C,
UCM = -6,7 MKB
01 / —
\ /
-29 MxB /
HOBAaqg CXCMa /
/
-1.0 /
/
/
OPOTOTHII /
/
/
T =20°C; s
2.0- Ucyy = -2345 MxB -
/ -7
255 ———"7" .
20 0 20 40 60 80 T.°C

Puc. 2.28. TemnepatrypHbl€ 3aBUCUMOCTH HAIIPSIKEHUS CMEILICHUS HYJIS
cpaBHUBaemMbIx OY

B Hayajo x orjiaBjIcHUIO

2.11. MoaudunumupoBaHHbIn OY ¢ HECUMMETPUYHLIM BKNOYEeHUEeM
BXxoaHoro ancgcgepeHumanbHOro Kackaga

HpI/IMeHSIH O6H_II/IC PCKOMCHOAIINH TJIABbI 1 mo CO3JaHHNTIO YCJIOBI/Iﬁ B3anM-

HOW KOMIIEHCAalluM TOKOB B BBICOKOMMIIEAAHCHOM y3ie OY maHHOro Kiacca,
MOHO CUHTE3UPOBATh cxemy puc. 2.29 [13].

77



] o +
Kipp1=-1 IT1
S ___bYl_
IBx.nTl = I0 L 1 i + i
VT3 \l I6_p v é IBI)IX.HTIZIO: VTS :
- | |
‘/i A ; —>> | :
\/ VDI Iy=lop L __|____ ]
VT4 ¢ Irlos
B
Tola | | ol j .
I6.p
O [ — T (€]
Bx.1 ! | Bx.2
T» | :; ;: | —
LoVt | ovr2 ol

| |
: <> 11:210: <> IZZIO C) 13210

| |

I : o -

Puc. 2.29. ApxuTtekTypa Npeun3noHHOro TpéxkackagHoro OY

Ecnu Tox aByxmnomntocHuka I, paBeH Bennuune 2ly, a TOKM BYXIIOJIOCHU-
koB I, u Iy — Benmuuune Iy (I, =1, =1,), TO TOKH KOJIEKTOPOB TPaH3UCTOPOB

CXEMBI:
I

Kl

[,+1

Kl

:IO_I6,p:I 135210+I6.p7 Ly =1,-1
I I =1 =1

rae I, =1,;/B; — TOK 06a3bl n-p-n TPaH3UCTOPOB IPU IMUTTEPHOM TOKE I,; = I;

6.p°

Bx.ntl BBIX .0T | Bx.nTl 0°

0.p°

Lsxnri> Ispxnr — BXOJHOM M BBIXOAHOM TOKM TOKOBOTro 3epkana IIT1; B. — koa-

(ULKEHT yCUJIEHHUS 110 TOKY 0a3bl TPAaH3UCTOPOB.
N3 paccMOTpeHHUsI CXEMBI CIEYET, YTO Pa3HOCTh TOKOB B y3il€ «A» IpH
€ro KOPOTKOM 3aMbIKaHUU Ha YKBUIOTEHIIUAIBHYIO OOIIYIO IINHY:
[ =1 I,-1; =0, (2.32)

p Beix.gnl ~ Tk
rae Igy -= I; 5 = I, —Tok 6a3bl p-n-p tpansucropa VTS5. Ilosromy:

U ~1| 2% |0, (2.33)

cM P

rae ¢, =26 MB — temnepaTypHbIN IOTEHLIHAIL.
Ha puc. 2.30 u 2.31 npuBeeHbl TEMIIEpATypHbIE 3aBUCUMOCTH HaIpsKe-
Hus cMmelnenust Hyns OY B cpefie KOMIBIOTEPHOTO MojienupoBanus PSpice Ha
Mozensx UHTerpaibHbIX TpaH3ucTopoB OAO «HIIII «Ilynbcap», a Takxke Ha

paaualMOHHO-3aBUCUMBIX MOJICNISIX MHTErpalIbHBIX Tpan3uctopoB HITO «MHTe-
rpam.
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0,5 A UCM; MB T=20 oc;
-15,4 B Ucm =9.8 mcB
o / :
\ :
/
HOBai cXeMa /
/
1,0 /
/
/
IPOTOTHIL /
/
/
0. T=20°C; Vv
s Ucn = -2458 MxB <
/ -
26877 .
-20 0 20 40 60 80 T,°C

Puc. 2.30. TemneparypHble 3aBUCUMOCTH HaIPsDKEHUs cMeleHus Hyinst OY

Ucwm, MB

4.0 1

HOBad cXeMa
1.52mxB

Uen=-70.2mxB
0 J/

-4.0

0 letl8 2e+18 3e+18 4e+18 S5e+18 6e+18 Te+l8 8e+18 Oe+18 10e+18

o 2
TloTok HEHTPOHOB, H/M

Puc. 2.31. PagnauronHas 3aBUCUMOCTb HanpsiKeHus cMeleHus vy OY

B Hauajo x orjiaBjIcHUIO

2.12. OnepauuoHHbIN YCUNUTESb C BbIXOAHbIM Kackagaom
Ha COCTaBHbIX TpaH3ucTopax JapnuHrroHa

[Ipenmnaraemas ke cxema (puc. 2.32) [20] umeet manoe U, 3a cuér pa-
[MOHAJIIBHOTO BbIOOpa (DYHKIMOHAJIBHBIX Y3J0B (MX KO3(h(UIMEHTOB cinaboii
TOKOBOI aCUMMETpPHH) B COOTBETCTBUHU C PEKOMEHIAAIUSMU TJIaBbI 1.
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IIT1

Y
;IBX.HTI = I0

VT4

Brix.

Puc. 2.32. Apxutektypa OV ¢ BBIXOAHBIM KacKaJgoM
Ha COCTaBHBIX TpaH3UcTOpax JlapauHrrona

Ha puc. 2.33 u 2.34 npuBeaeHbl pe3yabTaTbl KOMIBIOTEPHOTO MOJIEINUPO-
BAaHMS TEMIIEPATYPHBIX U PAJUWALMOHHBIX 3aBUCHUMOCTEN HANPSKEHUA CMeELIe-
Hud Hyns OY paccmartpuBaeMoro nojknacca [20].

A Ucy, MB T=20°C,
UCM =-103 MxB

-0,0991' / /

I‘
\ /
I

HOBasd cXeMa

-1,04 /
/
HPOTOTHIL /
/
/
T=20°C \/ 7
50l Ucem = -2232 MxB _

_—
—_— —
-— -
—_— —
——
e

Puc. 2.33. TemneparypHble 3aBUCUMOCTH HANPSXKECHUS CMEILICHUS HYJIS
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Ucem, MB

40 4+

230.8HB HOBafg cXeMa
Uen=-60.6MxB

40 4

f f f f f f f f f
0 le+18 2e+18 3e+l8 4e+18 5e+18 6e+18 7e+18 8e+18 9e+18 10e+18

ToToK HelTpoHOB, H/M

Puc. 2.34. PaI[I/IaI_II/IOHHaSI 3aBUCHUMOCTD HAIIPSKCHUA CMCIICHUS HYJIA

JlanHbie rpadUKu MOKa3bIBAIOT, YTO, HECMOTPSI Ha CYIIECTBEHHOE H3MeE-
HEHHE [3 TPaH3UCTOPOB BCIEJICTBUE PaJAHAllMOHHBIX BO3JICHCTBUM, Mpejjarae-
Mbiid OV [20] umeeT U B 3TOM clydae MaJIO€ HANPSHKEHUE CMEIIECHUS HYJISL.

B Hayajo x orjiaBjIcHUIO

2.13. IByxkackagHbin OY c apxutektypon «BxoaHon AK
C HECMMMETPUYHbIM BbIXOAOM U MECTHOMU O0b6paTHOU CBA3bLIO —
0606LWEHHBLIN Bydep»

B coBpeMeHHON MUKPOIIEKTPOHUKE MUPOKO MPUMEHSIOTCS IBYXKACKa/I-
Hele AuQQepeHInanbHbIe ONEePallMOHHBIE YCWINTEIN C HECHMMETPHYHBIM
BKJIFOUCHUEM aKTHBHOU Harpy3kd BO BXOJTHOM Kackajze, MPH KOTOPOM Harpys-
KOH OJHOTO W3 BXOJHBIX TPaH3MCTOPOB SIBISETCS TPAH3UCTOPHBIA HMCTOYHUK
OIIOPHOT'0 TOKA, @ Harpy3Ka BTOPOT'0 BXOJHOTO TPAH3UCTOPA OTCYTCTBYET.

Takas apxuTekTypa MUMeEeT PsJi MPEUMYIIECTB MO TUHAMHYECKHM Iapa-
MeTpaM B cpaBHeHHH ¢ OY Ha OCHOBE KJIACCHYECKHX YIPABISIEMBIX TOKOBBIX
3epKall.

OpmHako CymieCTBeHHBIH HeMOCTaTOK TakuX OY — MOBBIIICHHBIH YPOBEHb
CHUCTeMaTHYECKOW COCTaBJIsIoNIeH HanpspkeHus: cmerienust vy (Ue,,) u3-3a He-
CUMMETPHUH apXUTEeKTyphl (puc. 2.35) [107].
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- Y

Kiii=-1 Kinno=1

Puc. 2.35. Apxurekrtypa npeuu3noHHoro OY ¢ HECUMMETPUYHBIM BKIIOYEHUEM
BxoaHoro kackazna JIK1

st y3na «A» cxemsl (puc. 2.35) MOKHO COCTaBUTh YpaBHEHUE Pa3HOCT-
HOT'O TOKA!

L=13-x15, +x,15, — L, (2.34)

Ip = (§p03 - Xp + Kp4)16,p + (51103 + Xy + Kn4)16,n . (235)
Toraa ¢ y4érom 3aBHCUMOCTH KO3()(HUIHMEHTOB Kp4, Kn4 OT IAPAMETPOB
IIT2 ycnoBue komneHcauu Ug,, OpUHUMAET BU:

§p03+ p02 T 6p2 :Xp+1

Cn03 TSm0z 602 X, =0

Takum o6paszoMm, B paccmarpuBaemom OV mapamerpsl MOT1 moimkHbI
yIIOBJIETBOPATH yCIOBUIO (2.36).

Ha puc. 2.36 u 2.37 [107] npuBeneHsl TeMIEPATyYpHbIE U paJAuallMOHHbIC
3aBUCUMOCTH HampsikeHus cmenieHus Hyis Ug, OY B cpene KOMIBIOTEPHOTO
moaenupoBanus PSpice Ha Mozensx uHterpanbHbix TpaHzuctopo OAO «HIIIT
«Ilynbcap», a Takxke Ha pagUuallMOHHO-3aBUCUMBIX MOJENAX HHTErpajibHBIX
tpan3uctopoB HITO «MHTerpan».
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Ucm,MB

10]
.
25 °C, 804.6 uB
0
360 40 20 0 20 40 60 80

Temmeparypa °C

Puc. 2.36. TemnepaTypHbl€ 3aBUCUMOCTH HaNpsbkeHUs: cMmemieHus nyns Ug, OY

Ucem, B

20 4

16.5MKB HOBad CXeMa

/ / Uy =73.60xB
0

-2.0 A

T T T T T T T T T T
0 let+18 2e+18 3et+18 4e+18 Se+18 6e+18 Te+18 8et+18 9e+18 10e+18

TTOTOK HEHTPOHOB, H/M

Puc. 2.37. PagnaniionHble 3aBUCUMOCTH HanpsbkeHus: cmenienus Hyns Uy, OY

N3 rpadukoB ciaeayer, 4To HANpsIKEHUE CMENIEHUS HYJISI HUXKE B CpaBHE-
HuM ¢ kiaaccuueckom OV [107].

B Hayano K OrJ1aBJIEHUIO
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2.14. KomnbroTepHoe moaenupoBaHue metoaom MoHTe-Kapno
onepaLumoHHOro ycunurterns ¢ apxutektypon «HecummeTpuiHbIn
Kknaccu4yeckuin BxogHoun 1K — HeynpaBnsiemoe TOKoOBoe 3epKasro —

BbIXO4HOWU SMUTTEPHbLIN NOBTOPUTESb»

CxeMa onepanoHHOTO YCHIIMTEINS JaHHOTO MOJKIIAacca, B KOTOPOM CO3-
JAKOTCS YCIIOBHUS 11 KOMITEHCAIIMU CUCTEMATUYECKON COCTABIISIIOIIEN HYJIEBOTO
ypOBHs, TipuBeAeHa Ha puc. 2.38 [94, 110]. BBeaeHue 31ech TOKOBOM aCUMMET-
pUU B OCHOBHBIE (DYHKIIMOHAJIbHBIE Y3JIbl MO3BOJSIOT YMEHbIIUTH ¢ 4.4 MB 10
124 mxB a6comotHoe 3Hauenue Uy, a TakKe ero TeMepaTypHbIi U paaualu-
OHHBIN Apend.

@
o -

Puc. 2.38. ApxuTekTypa Npeunu3noHHOro AByxkackagHoro OY

Ecnu tok I, paBen Benuuune 2Iy, a I, — Benuuune Iy, To TOKM SMUTTEPOB
1 KOJUIEKTOPOB TPAH3UCTOPOB CXEMBI:

IK3 = I0 - I6.p ’ IK2 = IKl = I0 - I6.p9 I6‘4 =0, IBX.HT] = IBBIX.]‘ITl = I0 _16.p ’
rae I, =1,,/pB; — Tok 0a3bl n-p-n (Is,) TPAaH3UCTOPOB IPHU SMUTTEPHOM TOKE
I, =1,; Lsxor1 = lswx.mi — BXOJHOM M BBIXOAHOM TOKM TOKOBOro 3epkana IIT1;
B, — KO3(h(HULUEHT YCUIIEHHUS 110 TOKY 0a3bl TPaH3UCTOPOB.

IToaTOMYy pa3HOCTb TOKOB B y3JIe «A» IpPH €ro KOPOTKOM 3aMbIKaHUU Ha
HKBUIOTEHIUATBHYIO OOIIYIO IITUHY:

Ip = IBHX.gn] - I6.4 - IK2 = 0 > (237)

rae I, ~ 0 — Tok 6a3el BXoAHOro Tpansucropa VT4. Iloaromy:

2
Uy =10, +1,) =1, 57 |=0, (2.38)

0
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rae ¢, =26 MB — TemneparypHbIi OTEHIMAN; TAE T,, =T, — COIPOTUBIICHUS

AMUTTEPHBIX TIEPEX0JI0B BXOIHBIX TpaH3ucTOpoB VT1 u VT2 BxomHoro nudde-
peHnmansrHoro kackana JIK1.

30

MpoToTun

[N
[=]

[=]

BepogarHocTb, %

0
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HanpaxeHue cmelieHnsa, mB

30

P Hosasexema 0000000
P

g

o

I

] R 7 L
o

o

[}

: %

0 17 & ‘
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HanpsxeHue cmelleHns, MkB

Puc. 2.39. Ananu3 Monte-Kapio s kjnaccudeckod 1 HoBor cxembl OY
MIPU U3MEHEHUH 3 TPAaH3UCTOPOB B AManazoHe 5 %

B Hayajo x orjiaBJIeHUIO

2.15. ApxuTteKktypa AByxKackagHoro OY «BxoaHoun kackap
C HECUMMETPUYHbIM BbIXOAOM —
BbIXOAHOW SMUTTEPHbLIN NOBTOPUTENbY

Ha puc. 2.40 npexacraBiieH 4acTHBIN ciydail aByxkackagHoro OV pac-
cMatpuBaemoro kiacca [1035].

o +E
R1 R2
o ﬁ] ﬁ] R3
o
N I\VT4
VT3
+ VT6
byl o
Bx.‘1 Brix.
VT1 +—— 0o
Isp
HoT
[tk fi i i =1
| I
| ]
| i
| |
| IIT1 T2 !
| I
i | Kipp1=-1 | |K|12.2:'1 | i L=l @
} L : o —E)
b 1

Puc. 2.40. Cxema npeunu3noHHOT0 ONEPALMOHHOTO YCUIIUTEIIS
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Cratunueckuii pexum OV (puc. 2.40) ycTaHaBIMBaeTCs HAPSHKEHUEM HUC-
tounuka nutanus U, u pesuctopamu R1, R2, R3, koTopbie 10IKHBI OBITH UIEH-
tryHbl. [loaTOMY KOMekTopHbie ToOKU TpanzuctopoB VT3, VT4, VTS5 onunako-
BbI M paBHbI BeanunHe |y (Hanpumep, 0,5 MA wiu 1 MA).

B kauectBe uaeHTHUYHBIX TOKOBBIX 3epkain IIT1 u IIT2 pexomeHnnyercs
UCIIOJIb30BaTh XOPOLIO U3BECTHBIE CXEMBbl BuiibcoHa, KOTOpBIE 00J1a4at0T BBICO-
KO TOYHOCTBIO IIE€pelaul BXOJHOIO TOKa Ha BbixoA (K., = —1), a Takxke mpe-

JeIbHBIMU 3HAYCHUSIMU BBIXOJHOTO COMPOTUBICHUS (Rgyy), OJM3KOT0 K cOmpo-
TUBJICHUIO 3aKPBITOTO KOJUIEKTOPHOI'O MEPEX0a MPUMEHIEMbIX TPAH3UCTOPOB.
[IpocTeiinue TOKOBBIE 3epKaja UMEIOT JTUO0 HU3KOE BBIXOJHOE COMPOTUBIICHUE
R = =20-+30KkOwM, 11060 GOJBIIYIO MOTPEIIHOCTh MIepPEejauu BXOJHOTO TOKa Ha

BbIX

€ro BbIXOJ, MO0 MEPBBIM U BTOPON HEAOCTATOK OJHOBpeMeHHO. OJIHAKO Jaib-
Helllee pa3BUTHE MUKPOCXEMOTEXHUKH TO3BOJIUT, B MPUHIUIIE, TPUMEHAIThH U
Jpyrue HOBbIE TOKOBBIE 3€pKaja B KauecTBe (DYHKIMOHaNbHbIX y370B I[IT1 u
I1T2.

[Ipu paccmaTpuBaeMbIX TONMYIIEHUAX KOJIJIEKTOPHBbIE U 0a30BbIE TOKHU
TPaH3UCTOPOB cXeMbI (pHc. 2.40) TPUHUMAIOT CIIEAYIONINE 3HAUYCHUS

Lo =1y =Ls =1y, 1, + L, =21, Lo=1, =1 _16p7

I
T 1 1 —20
I =1 =g =15, =B
rjae I — Tok 6a3bl 1-ro TpaH3UucTOpa; B — KOADPUIIUESHT YCUIICHUS 10 TOKY 0a3bl
N-p-n TPAH3UCTOPOB CXEMbI IIpU [, =1 .

Le=1 =1,

Kaxk CJICACTBUEC, B JaHHOM oy MMPOUCXOJUT IIOJIHAA B3aMMHAsA KOMIICH-
cany:Aa BCCX TOKOB, CXOAAINUXCSA B BBICOKOUMIICIAHCHOM Y3JIC «A»:
I =TT -, =TIy — I, +Iy ~0. (2.39)

B pesynbrare cuctemMaTHdecKasi COCTABISIONIAs HAMIPSDKEHUST CMETIICHUS
nynsa U, 6113Ka K HYJTIO.

HpI/I HU3MCHCHUHN HANIPAKCHUA IMUTAHNUA ES) TOKHU KOJUICKTOPOB TpaH3U-

ctopoB VTS5, VT4, VT3, VT2 usMeHsIOTCS OJUHAKOBO HA BEJIWYHUHY 1, H, CJIe-
JIOBATEJIbHO, B y3J€ «A)» MPOUCXOIUT B3aMMHAasi KOMIICHCAIMs PaBHBIX MpUpa-
meHui i =i, ¥ i, =i, . OTO SBIAETCS HEOOXOAUMBIM YCIOBHUEM IOBBIIICHUS

korpdunrienTa ocnadnenust nomexu no nuranuo OY. Yeenuuenue kod¢uim-
eHTa ociabieHusi BXOAHBIX cuH(a3HbIX HanpsikeHuil OY obecnieunBaeTcs mpu-
MEHEHHUEM TOKOBBIX 3€pKall, KOTOpble UMEIOT MOBBIIIEHHOE BBIXOJIHOE COIpPO-
TUBJICHUE.

Ha puc. 2.41 [105] npuBeneHs! TeMnepaTypHble 3aBUCUMOCTH HaIpsikKe-
Hus cmenienus Hyas U, OV B cpene kommbroTepHoro MojenupoBanus PSpice
Ha MOJENAX MHTErpalibHbIX TpaH3ucTopoB OAO «HIIIT «Ilynbcap», koTtopsie
MOKa3bIBAIOT 3P (HEKTUBHOCTD MPEIIAra€MOI0 CXEMOTEXHUYECKOTO PEIICHHUS.
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Puc. 2.41. TemneparypHble 3aBUCUMOCTH HampsikeHus: cMeneHus vy U,y
npeajgaraeMoro (IMyHKTUpP) U Kiaccudeckoro (criomHas inausg) OY

B Hauajo x orjiaBiIeHUIO

2.16. BzanmHas komneHcaumsi norpeHOCTen TOKOBbIX 3epkan B OY ¢
KOMMnemMeHTapHbIM 6ycepom

[IpencraBnennas Ha puc. 2.42 pyHKIHOHATIBHAS CXeMa ONEPALIMOHHOIO
YCUJIUTENS Ha TPEX TOKOBBIX 3€pKajlaXx OTHOCUTCS K YMUCTy Hauboliee MomyJsip-
Heix [108-110, 113]. B kauectBe OydepHOro ycunutens Haubosaee 4acTo mpu-
MEHSAIOTCSI KOMILJIEMEHTApHbIE KacKaJbl HA OCHOBE TaK HAa3bIBAEMBIX «OPHILIHU-
AHTOBBIX» TPAH3UCTOPOB, HUMEKIINX JIBE PA3HOIMOISAPHBIX COCTABISIOIINX
BXOJHOT'O TOKA:

Lo =x0s 5 Lo =%, 15, (2.40)

6p ° “BX.
rae Isp, Isn — TOKHM Ga3pl BXOAHBIX N-p-n U p-n-p Tpansuctopos bY npu L,=Iy; x,,
Xj — MaciITaOHble KO3 ULIUEHTHI.

I1T2

l Io+&iolen

v

BY
Xplep BbIx.

<

XnIGn

L Io+&mlon C) L

é TotémIontEpslop

IIT3

Xn:é;nl'énz
Xp:'élﬁ O -

Puc. 2.42. YcnoBuss MUHUMH3AIUU HAPSDKEHUS] CMEIICHUS HYJIS
B KiaccuyeckoM OV ¢ koMIieMeHTapHbIM Oypepom
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Eciau cunrath, yto TokoBbIE 3epkasia [IT1 u IIT2 umeror ogumHakoBbIe
CMELIEHNs MPOoXoaHoM xapakrepuctuku (& 1., & ,1. ), TO ycnoBus B3auMHON

KOMIICHCAIIMN TOKOB, CXOOAINUXCSA B BBICOKOMMIICAAHCHOM Y3JIC «A», MOZKHO
NpCaACTaBuTh B CIICAYIOINICM BHIC!:

Xn :E.ml _E.mZ) (241)

Xp = ~5p3, (2.42)
e &,1,8,,.5,; — Koadounments TokoBoi acummerpun noxacxem IIT1, T1T2,

IIT3 [108-110, 113].

Takum 00pazom, Ipu MacIITaOHBIX KOdPPHUIKEHTAX X, U X, OydepHOro
YCWINTEISI, YIOBIETBOPSIONINX ycioBUio (2.41-2.42), B cxeme (puc. 2.42) mu-
HUMU3HUPYETCS BIUSHUE [3 TPaH3UCTOPOB Ha OJIHY M3 HamboJee CYIIECTBEHHBIX
COCTABIIAIOIINX HAMPSKEHUS] CMEIICHUS HYJIS.

Ocob6ennocTh cxemsl (puc. 2.43) [108—110, 113] B ToM, 4TO KacKOJHBIC
tokoBble 3epkana [IT2 u I1T3 naentnunsl, a B kauectBe [IT1 npumensiercsa to-
KOBOE€ 3epKajio BunbcoHa.

O +

| |
| |
| |
| |
| |
| — |
| —i | TIT2
| |
| |
| |
| |
| |
| |
| |
| |

[ 1

| |

| |

t |

| |

— i 10-16PL§ZI + 1315, i I1T3
v 6p

x;=4 | _ﬂ’ :

| |

&uo=-4 ! !

1025, 4 !

£1=0 e/ o2l |
ép3:'4 : : O -

e - -

Puc. 2.43. Apxurektypa npeunsnossoro OY
C HEHICHTUYHBIMU TOKOBBIMU 3epkasiamu [1T1, T1T2
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Ucwm;, MB

Takum 00pa3oM, B BEICOKOMMIICTAHCHOM y3i¢ «A» 00ecreduBaeTcs moJl-
Has B3aMMHAs KOMIICHCAIUS TOKOB Iy o U I3, [ToaTOMY cucTemMatnueckas co-
CTaBJISIONIAs HAIMPSDKCHUS CMEIICHHUS HYJS B MpejaracMoi cxeme Onm3ka K
nynio (U= 0) (puc. 2.44 u 2.45) [108-110, 113].

0.4

1.61 T=27°, Uem= 1.313 MB

IIpororun

T=80°, Ucm= 1.408 mB

T=80°, Ucm= 1.228 MB

0.8

0.4 :
T=80°, Uem= -91 MxB

T=27°, Uem= -124 MxB

Hosag cxema
0,

T=80°, Uem= -131 mxB /
40 60 80

60 40 20 -0 20
Temmeparypa, C°

Puc. 2.44. TemnepaTypHble 3aBUCUMOCTH HANPSHKEHUS cMeleHus Hya OY

Hanpsoxenue, MB

2.4
IIpotorun

2.0

1.6

1.2¢

0.8

0.4¢ Hopag cxema

0 /
-0.4

0.1e+18 0.2e+18 0.3e+18 0.4et18 0.5¢+18 0.6e+18 0.7e+18 0.8¢+18 0.9¢+18 1.0e+18
IToTok Hefitponos Fn m/m”

Puc. 2.45. 3aBUCUMOCTD HalpsKEeHUs cMeleHus Hyia OY
OT MOTOKAa HEUTPOHOB
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Pe3ynbTaThl KOMIBIOTEPHOTO MOAENUPOBAHUS KIIACCUUECKOM W Ipejia-
raemoit cxem OV Moka3bIBalOT, YTO HOBAsl CX€Ma MMeEET Oosiee 4eM Ha MOpSAIO0K
MeHblee 3HaueHue Uy, ero TeMneparypHblid, a TakKe paauallMOHHbIN 1peidd.

B Hayajo x OrjiaBjIcHUIO

2.17. MOAepHM3aLI,Mﬂ Krnaccnyeckmux onepaumnoHHbIX ycunMTeneﬁ
Ha OCHOBe Tpéx TOKOBbIX 3epKan

CxeMbl JBYXKacKaJHBIX OINEPALMOHHBIX YCUIHMTENIEH Ha OCHOBE TpPEX
TOKOBBIX 3€pKajl U BBIXOAHOT'O AYMUTTEPHOIO IOBTOPUTENS CTAIM OCHOBOM MHO-
rux cepuitHieix Mukpocxem (KP1427V 1, NE5S517, CA3078, MAZ2700,
LM13600 u ap.). OqHako OHM XapaKTEPU3YIOTCS CPABHUTENHHO OOJIBIIUMHU
ypoBHsAMH HampspkeHus cmemieHus Hynst (Ug,). Tak, 1 MHKpOCXEMBI
KP1427Y/11 B coorBeTcTBHM C €€ macnopTHeIMH naHHeiMH U _ =5 MB. Bo

MHOTHX CJIy4asX 3TO HENPUEMIIEMO M MO3TOMY B IPAKTHYECKHE CXEMbI HA OC-
HoBe Takux OV BKIrodaeTcss BHEWIHAA peryaupoBka U, WIM Ja3epHas MOArOH-
Ka pe3ucTopoB st MuHuMu3auuu U, ipu ogHoi (Ty) nam HecKonbKUX TemIe-

paTtypax.
Ha puc. 2.46 npencrasiena cxema npeanaraemoro OV [23].

o +
71 | Kijoi=-1 T2 | Kizo=-1
. .
y A
I, v T2,
IO ; —>
A VT6
l N
I - K,
VT1 0¥
Bx.1 Vg2 2syp
\/« _: | 26, Brx.
v +———o0
2054215, :

O L

VT5
j_zlg_p VT4 | 0m
e =l
— Kz 5=
12.3 <> 12:210
O -

2A5#2I, | VD1 Y/ 2 | 2154215,

Puc. 2.46. Cxema npemiiaraemoro OY
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Ecau Ttok I; paBen Benuuune 2lj, TO TOKH SMHUTTEPOB U KOJUIEKTOPOB
tpansuctopoB VT4, VT3, VTS5, VT1, VT2, VTé6:

0
°

IK] = IO = IK2 IKS = 2I6Ap 136 = 2I

Bx.nrl BBIX.NTI

I = = IO’ IBX.]‘[T2 = IO + 216.p = IBLIX.]'[TZ’ IBX.]‘IT3 = IO = IBHX.]‘IT3) (244)

rue I =1,;/ B, — Tok 6a3bl n-p-n tpansuctopos VT1, VT2, VT3, VT4, VT6

npu 3MUTTEpHOM Toke [ . =1,; B, — xo3pduuueHT ycuneHus mo Toky 0a3bl
n-p-n TPaH3UCTOPOB.
Kak ciencrBue, pa3sHOCTb TOKOB B y31I€ «A» IPU €ro KOPOTKOM 3aMBbIKa-
HUU Ha SKBUMOTEHIUATBHYIO OOIIYIO ITUHY
I =1

P BRIX.2

I I, =0, (2.45)

BRIX.NIT3
rae I, =215 — 1ok 6a3bl n-p-n Tpanzucropa VTo6.

Mansle 3HaueHus I, MuUHUMHM3KPYIOT BausHUE 3 TpaH3ucTOpoB Ha Ug,
[23]. B wmaccuyeckom OY tok I # 0, mostoMy 31ech cucteMarnieckas co-
crapistomas U, monydaercss Ha nopspok 6onsme (U, =1119 MkB), uem B

npemiaraemoit cxeme (U, = 34,8 mxB) [23].

B Hauajo x orjiaBJIeHUIO

2.18. NMpeunsnoHHbIn OY ¢ HECUMMETPUYHLIM BKITHOYEHUEM
KacKoAHOro TOKOBOIro 3epkana

B coBpeMeHHO# MUKPOAIEKTPOHUKE MHUPOKO UCTIONB3YETCS apXUTEKTY-
pa oneparmoHHbIX ycuiutenaed (OY) Ha OCHOBE KaCKOJHBIX TOKOBBIX 3€pKall
(T3) ¢ ux HecumMMeTpUUYHBIM BKIIFOUeHUEM. Takue OY uMerT cleayronme 10C-
TOMHCTBA: BBICOKUN KOAX(DPUIMEHT yCUIICHUS IO HAMPSIKEHUIO, 4YTO 00yCII0BIIe-
HO TIOBBIIICHHBIM BBIXOJAHBIM COMPOTUBIICHUEM KacKogHOTo T3; OomibIoi nua-
Ma30H U3MEHEHUs BBIXOJIHOTO HampspkeHus (omius rail-to-rail); xopomue dac-
TOTHBIE XapaKTEPUCTHUKH Ojarojaaps KaCKOJIHOMY TOKOBOMY 3epkaiy. J[aHHBIE
MpeuMyIlecTBa peanu3oBaHbl B psjae cepuitHeix OV (154Y 1, HA2700,
154V 14 u np.). Onqnako OV nmaHHOrO MOJKIAacca UMEIOT CPABHUTEIBHO OOJIb-
0¥ ypoBeHb HanpsibkeHus: cMmerneHust Hyis (Ugy,) B ero TeMIepaTypHbIil aApeid.

Ha puc. 2.47 npeacraBnena cxema mnpemjgaraemoro OY ¢ maiabiMm
Uey [61].
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Puc. 2.47. Cxema npemiiaraemoro OY ¢ HECUMMETPUYHBIM BKIIOUEHUEM
TOKOBOTO 3¢epKaia [61]

Ecmu tok 1,=21, I3=x;1y, aByxnomocuuka I,= Iy, T0 Toku smutrepon (1)
1 KoJUIeKTOpOB (Ij) TpaH3UCTOPOB CXEMBbI, a TaKKe TOKU p-n mepexonoB VDI
(Ivp1) u VD2 (Iypy):
Lo=1,=1,- Iﬁp =Iypis Lyp, =X, - I)Iﬁp A
Ly =1, +(x;, = DIy, — I, 1, =1, + (x, = DI, = 2I;,,
L, =1, +(x, = DIy, =3I,
rae I =1,/ B — tox 6a3sl n-p-n (Isp) wmm p-n-p (Isn) TPAaH3UCTOPOB HPHU IMHUT-

teproM Toke [, =1,; B — koadduumenra ycunenus mo Toky 6asbl i-ro TpaH3u-

1
CTOpa; X; — MacIITaOHbINA KO3PPUIUEHT HCTOUHUKA TOKa I3.
IToaToMy pa3HOCTb TOKOB B y3J1€ «A» IPU €r0 KOPOTKOM 3aMbIKAaHUU Ha
HKBUIIOTEHLIMAJIBHYIO OOIYIO IIUHY:
Ip =Ly -1, - Ty,
rae Iy, =x,I5, —x, I 5 Xp, Xa — MacmTabuple KO3QHUIHUEHTBI IPOTUBOIOIOK-

HO HanpasJIeHHbIX cocTaBisiromux (Isp, Isn) BxomHoro toka Igy Oydepnoro ycu-
mutens BY, B kauecTBe KOTOPOro 1eiaecoo0pa3Ho MCMOIb30BaTh KIIACCUYECKHE
KOMILUIEMEHTapHBIC YMUTTEPHBIC TTOBTOPUTEIIH.
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KomMmnproTepHoe MOJETMPOBAHUE CXEM MOATBEPKAAET AAHHBIE TEOPETH-
yeckue BbIBOABL. HecMoTpsi Ha W3MeHeHue 3 TpaH3UCTOPOB BCIIEJICTBUE BHEII-
HUX BO3JeWcTBU, peanaraemeiii OY 6osee yeM B 50 pa3 uMeeT MeHblee Ha-
MPSKEHNUE CMENIEHU HYJIs, yeM Kinaccuueckuid OY [61]. AHaTIOTHYHBIMU CBOM-
CTBaMHU 00JIaJlaeT U CXema, pe/ICTaBlIieHHas HUXXE, B KOTOPOM B KayecTBE J0-
MOJIHUTEIBHOTO MCTOYHMKA OMOPHOI0 TOKA I3 MCMOnbp3yeTcs: MepBblil TOKOBBI
BBIXOJ] BXOJHOTro nuddepenuansHoro kackaaa JIK1 [61].

O +
VD1 Y/ ¢ Totls, I

To+Hop Loa | VTS VT3
K d
E R

o |l Lot 20

215-25, Ton via
s
w N

i IO'IGp i I0"‘161) '316n

Puc. 2.48. Monudunupoannas cxema OV ¢ manbim Uy,

B Hayajo x orjiaBjIcHUIO

2.19. KomneHcauuu HanpsXXeHUA CMeLLleHUs Hyna B AByxkKackagHom OY ¢
MyNbTUBXOA0BbIM OyhepHbIM ycunurtenem

Ha puc. 2.49 npencrasiena apxutektypa npeaigaraemoro OV [62], B ko-
topoMm mainoe U, peasiuzyercsa Oyaronaps NpuMeHEeHUI0 Oy(epHOTO YCUIUTENS
C CUMMETPUUYHBIM TH(depeHIInaTbHBIM BXOIOM.
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Puc. 2.49. Apxutextypa OY ¢ MyIbTUBXOJ0BBIM OydepHbIM ycunuTenem [62]

Ecau BeiOpats 1[,=21,, I,=I;, TO Toku BbIX00B «A» 1 «B» U TOKU SMUT-
TepoB (KOJUIEKTOPOB U 0a3) TpansuctopoB VI3 u VT4, VI5 u VT6, VT7:
La 210_161):18’ Ia3z10) Ia4z10’ Ia7z10’
I =1, -1 — L5

Bx.nrl n

Ls=1s=1o Ig; = I6n’ Igy = I6n’ ,
Lot = 1o = I6p —Ig, ,

rae Isp, — Tok 6a3sl n-p-n TPaH3UCTOPOB IpH Toke smuTrTepa L,i=ly; Iy — 3amannOE

3HAYCHUE OMOPHOro Toka, Hanpumep, ly=1 MA; I, =1, ./ B — Tok 6a3bl p-n-p

tpan3uctopoB VT3, VT4 npu smutrepnom toke I . =1,; B — xosddumuent

yCUIJIEHUS 1O TOKY 0a3bl p-n-p TpanzucropoB VI3, VT4; I, — tok 6a3bl p-n-p

TpanzucrTopa VT3; I, — 1ok BeixoaHOoro y3na «A» (I, =1, -1, ).

Kak ciencrBue, pa3sHOCTb TOKOB B y31I€ «A» IPU €ro KOPOTKOM 3aMBbIKa-
HUU Ha YKBUMOTEHIUATBHYIO OOIIYIO MIMHY OJIM3Ka K HYJIIO:

IP = IBLIX,HTI + I63 - IA , (246)

DTO yMEHBIIAET HANPSHKEHUE cMelleHns Hys1 OY.
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B xmaccnueckom OV [62] Tok 1, # 0, mO3TOMY 37€Ch CHCTeMaTHYECKas

cocrapisromas U, nomydaercs Ha nopsinok oounsire (U, =-380 MxB), yem B

npeanaraemoii cxeme (U, =41,3 mxB) [62].

0.4
7
7
o t=27°C, u=-41.34mkB .~
= 0.0 1" "Hopas cxema : 2
- I
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X ~
20.4 - ’\ t=27°C, u=-379.55 mxB
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g -~
5 MpoTtotun _.
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I — -
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-~
-
”~
-~
”~
L
-1.2 T ; " ; " T '
-60 -40 -20 0 20 40 60 80

Temnepatypa, C

Puc. 2.50. TemneparypHas 3aBUCUMOCTb HANPSIKEHUS] CMEIICHUS HYJIS
cpaBHUBaeMbIx cxeM OY

Takum o6pazom, paccmorpeHHas apxutektypa OV oOnagaer cyuiect-
BEHHBIMH MPEUMYILIECTBAMU B CPABHEHHUU C KJIACCUYECKOW IO BEJIMYMHE CTATH-

YeCKOH OIIMOKHU YCUICHHA CUTHAJIOB ITOCTOAHHOI'O TOKA.

B Hayajo x orjiaBjIcHUIO

2.20. OnepaunoOHHbIN YCUNUTeslb Ha OCHOBE KITaCCU4YeCKOoro
TOKOBOIO 3epKana u 3aMUTTEPHOro NoBTOpUTENS
C uenbto KomneHcauum U,

B npennaraemoii Hrke cxeme OV (puc. 2.51) [111], koTopast mocTpoeHa
Ha OCHOBE YPE3BBIYAHHO PACIPOCTPAHEHHOW CXEeMbl TOKOBOT'O 3e€pKaja, Mpej-
MIPUHATHI JOMOJHUTEIBHBICE MEPhl MO KOMIICHCAIUU COCTAaBISIONIMX TOKOB B
BBICOKOMMIIEJAHCHOM y3J€ 3a cuéT (popMHUpOBaHUS CIEIUATIBHOTO YPOBHS CTa-
TAYECKOr0 ToKa TpaH3uctopa VT4 B BBIXOJHOM 3MHUTTEPHOM IOBTOPHUTEIIC
(puc. 2.51).
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Puc. 2.51. Apxurekrypa OV co cnenraibHON LENbI0 YCTAaHOBICHUS
CTaTUYECKOr0 PEKUMA BBIXOIHOTO TpaH3uctopa [111]

Bx.i Brix.i + Bx.i Brix.i +
o) o) o) o)
IBX £ IBHX& IBX & IBHXL 35165
1 3, < VTS5
L-31s | 00— Bex.u
M VTI13 o
Li-3ls | Lix-3ls §
3ls 316 |
IBX-316
£ \| 16 16 VB 16 16 VT2 16 & IBX-316
VTl —d N — VT2,
A Ny VTl P = VT3
| | VT2
§ In2ls L2l5 ¥ | L2l L2l ¥ L2l5
o o -
a) 0)

Puc. 2.52. YcnoBusa KOMIIEHCAIIAA CTATUYECKUX TOKOB
B BRICOKOUMIIEJAHCHOM Y3Ji€ npemyiaraemoro OV [111]

Kak noxkazano B [111], mpemiaraemple CXEMOTEXHUYECKUE PEUICHUS
obecnieunBaroT ymMeHbIinenue U, 10 84 MkB.

B Hayaio K OrJIaBJIEHUIO
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NMABA 3

MYINbTUONPDPEPEHUUAIIbHBIE ONEPALUUOHHbLIE YCUITUTEIIN
C MAJNbIM HAMNPAXEHUEM CMELLUEHUA HYNA

OpgnuM U3 BEKTOpOB pa3BuTus kinaccuueckux OV cran mynbTuaug-
(dbepeHIMAIBHBIN onepalinoHHbIN yeunutenb (MOYVY), uMmeronuii psii yHUKAIb-
HBIX cBOMCTB [78, 116, 127, 51, 133, 129, 131, 118, 52, 58, 69, 80]. loctraTouHO
MEPCHEeKTUBHO UCIOIb30BaHue paauanuonHoctoiikux MOY nis paGotsl ¢ gat-
YUKaMH MOCTOBOro Tura. CHUHTE3 COBPEMEHHBIX YCTPOMCTB YACTOTHOM CEJEK-
LU B psAJIe CIy4YaeB CYLIECTBEHHO ynpouaercs npu Hannuuu MOY. Bonbiioi
MPAKTUYECKUNA MHTEPEC MPEACTABIAIOT 3BEHbSI AKTUBHBIX (UIBTPOB Ha He-
ckonbkux MOV, Tak Kak Takhe CXEeMbl OKa3bIBAIOTCSl 00Jiee BHICOKOYACTOTHBI-
MU MIPU UICHTUYHOM 3Hepronorpediaenun [78].

TouyHOCTHBIE XapaKTEPUCTUKU OOJBIIMHCTBA apxuTekTyp MOV (B vact-
HOCTH, HampspbkeHue cmenieHus Hynst U, NpuBeIEHHOE KO BXOAY) HECKOJIBKO
Xyxke, ueM y o0brgyHoro OV [78]. [ledcTBUTENBHO, paclIMpEeHre quana3oHa ak-
THUBHOM paboThI BXOAHBIX KackanoB MOV (ysemmuenue Uy, [69, 80, 92]) ca3a-
HO C yXyAlleHHeM Kod(hduiMeHTa yCUJICHHUs N0 HANpsHKEHUIO 3TUX KacKa/oB.
B cBoro ouepens, ymensinenue K, yBennunBaeT npuBeAEHHBIN KO BXOLY Apeid
HaMpsDKEHUs] CMEUICHUsI HyJisd, OOYCIOBICHHBIA BIMSHHMEM BTOPOTO Kackaja,
MOBBIIIAET TPeOOBaHUS K CTAOUIBHOCTH MCTOYHMUKOB OMOPHOIO TOKA, yCTAHAB-
JUBAIOIIUX CTATUYECKUM PEXHUM TPAH3UCTOPOB BXOAHBIX TU(D(PepeHIInanbHbIX
KAaCKaJlOB.

s ymensiienus apeiida nyns MOY MoryT ucnonb3oBaThCs pacCMOT-
PEHHBIE B riaBe | naen KOMIEHCAUH B BBICOKOMMIEAAHCHOM y3i1e MOV Bcex
TOKOBBIX COCTABJISIOLIMX OCHOBHBIX (DYHKIITMOHAJIBHBIX Y3JI0B. 32 CUET BBEJICHUS
cnaboif TokoBo acummerpuu [72, 78, 67] B TokoBoe 3epkasio [1T1, BerxoaHoi
Oydepusbiii ycunurens BY, Bxogusie JIK ¢ mecTHOI oTpunatenbHoi 0OpaTHOM
CBSI3bI0, MOXKHO OOECIEYUTh KOMIICHCAIMIO BIUAHUS [3 TPaH3UCTOPOB CXEMBI
MOY na nHanpsikenne cmenieHus Hyls Uy, 00yCIOBIEHHOE Pa3HOCTHBIM TOKOM I,
B BHICOKOMMIIEAHCHOM Y3Ji€ (ABTOHOMHBIM [apaMeTpoM).

B Hayajo x orjiaBJIeHUIO

3.1. HyneBoun ypoBeHb B MynbTuand g epeHumnanbHbIX
onepaumoHHbIX YCUITUTENAX U NX OCHOBHbIE CXeMbI BKITHOYEHUSA

CymectBennsle otiinunst MOY ot knaccuueckux OY, Teopusi HyJIEBOTO
YPOBHsI KOTOPBIX XOpoIio pa3padorana [78, 58, 69, 80], — Hanmuune HECKOIBLKUX
BXOJIOB. DTH BXOJIbl MOTYT OBITh CBSI3aHBI C PA3HBIMU MCTOYHUKAMU BXOJIHBIX
CUTHAJIOB, YTO 3aBUCHUT OT cXeMbl BKiItoUeHUsI MOY B KOHKPETHBIX aHAJIOTOBBIX
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ycTpoiicTBax. B aTom ciydae MOY MOXKHO ONUCHIBaTh HECKOJIBKUMU HaIpsKe-
HUSMHU CMEIIEHHS HyJIs, NMPUBEIAEHHBIMU KO BXOJaM OJHOTO WJIM HECKOJIBKHX
HMCTOYHUKOB CHTHAJIOB, KOTOpbIe OYIyT XapakTepU30BaTh CTATUYECKYIO IO-
IPELIHOCTh Pa3HbIX CXeM BKItoYeHus (puc. 3.1).

O +

Puc. 3.1. MOY ¢ nByms nmapamu auddepeHianbHbIX BXOI0B

Ecnu Bce Bxoasl MOY coenuHHTH ¢ OOIIEH IMIMHOM, TO Ha BBIXOJIE IOSI-
BUTCSI CTATUUECKOE HANpsKeHUE OMMOKUA Uy g, 00YCIOBICHHOE HEUACHTUIHO-
CTBIO XapaKTEPUCTUK TPAH3UCTOPOB (MX aBTOHOMHBIMU IMapaMeTpaMu) U HEeHJie-
aJTBHOCTBI0O MCTOYHHMKOB OINOPHOTO TOKA, a TaKXKe BIMSHUEM [3 TPaH3UCTOPOB
cxembl. JlaHHOE HaIpspKEHHE, B COOTBETCTBUU ¢ ompejaesneHueM (3.1), MOXHO
npuBecTH Ko BxogaM MOV, KOTOpBIX B pacCMaTpUBaeMOM CIy4ae MOXKET ObITh
IIECTh:

i = UBBIX.O , (31)
Y] K .
Yy
rae Ky — xoaddunuenT nepegadu mo HanpsKEHUIO OT 1j-BxogoB MOY 110 ero
BBIXOJA.

Takum oOpazom, Ipu TPATUIIMOHHOM MOJXO0/E K pacuéTy HYJEBOrO ypOB-
Hs, B 3aBUCUMOCTH OT CXeMbl BKIIOYeHHUSI MOVY B KOHKPETHBIX YCTPOMCTBaxX
(B 3aBUCUMOCTH OT BBIOpAHHBIX BXOJHBIX y35I0B — 1, 2, 3, 4, 1-2, 3-4, Ha KOTO-
pbl€ TOIAOTCSl BXOAHBIE cUTHANIBI), MOY Hy)KHO XapakTepHU30BaTh YUCJICHHBI-
MM 3HAYECHHUSIMH 6 HANPSOKEHUN CMEIICHUS HYJIs, TPUBEAEHHBIMU K ONPEIesIEH-
HOMY MCTOYHUKY CHUTHAJIa. DTO CYIIECTBEHHO YCIOKHAECT PACUET MPAKTUUECKUX
CXEM.

U

B Hayajo x orjiaBjIeHUIO
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3.1.1. Memood pac4éma Hyneeoezo ypoeHss MOY
C 8bICOKOUMIMEOaHCHbIM Y3J/10M
B cBs3u ¢ MHOXKECTBOM BapuaHTOB BKJItoUeHUsT MOV, pacuér ero Hye-
BOT'O YPOBHS 11€J€CO00PA3HO OCYIIECTBIISITh B COOTBETCTBUM C SKBHBAJICHTHOM
cxemoil (puc. 3.2), rae mox MCTOYHMKOM TOKa (aBTOHOMHBIM mapameTpoM) I,
MOHUMAETCS Pa3HOCTHBIA TOK B BBICOKOMMITEAAHCHOM Y3JI€ ).; Ha SKBHIIOTCH-

IMANBHBIN y3ea X, ¢ U,. =Uy MPH NOJKITIOYCHUH BCEX BXOJIOB BXOJHBIX IU(-
(dhepeHMaIBbHBIX KackanoB MOV k o01ieit muHe.
JIK1
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Puc. 3.2. K pacuéry U, MOY ¢ aBTOHOMHBEIM IapameTpom I,

Takum o6pazom, crtatnueckyro norpemHocts MOY B J100BIX cxemax
BKJIIOUEHHSI MOYKHO OIPENENNTh, UCIOJIb3ys aBTOHOMHBIM mapamerp I, KoTto-
pBIiA, B 3aBUCUMOCTH OT cXxeMmbl BKiIoueHUuss MOV, «IpuBOAUTCS» K TEM HWIIU
MHBIM €€ UCTOYHUKAM CUTHaJa Yepe3 napaMeTpbl KPYTHU3HBI.

st cxemsl (puc. 3.2) MOKHO HalTH, 4TO B OOILEM cCiydae MpH MPOU3-
BOJIBHBIX 3HAaUEHUSX IPOBOAMMOCTEN mepenaun g #g. .

RKKBygml (u " )+ KBVRKgml IP
I+ R Kpygn 0 1+RKpygm g , (3.2)

rae Kgy — koapdunmeHT nepegauu mo HanmpsikKeHUIO Oy(GepHOTO YCHIUTEIS;
Ry — 9KBHBAJICHTHOE COMPOTUBJICHUE B BEICOKOMMIICIAHCHOM Y37I€ 1.
B yactHoM ciiyyaenpu g, =g, , =g, U T=K R g :

u BBIX

T I,
BT R L W 3.3
Mo = (M 7 2) 1+T g, (3.3)
U3 (3.3) cnenyer, uto npu 1 >>1
I
uBBIX :ul _u2+_p' (34)
gml
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Eciu uctounuk curhana — aud@epeHnranbHbiii (T.€. UCHOJIb3YIOTCS
Bxonbl 1 u 2 MOY), To npuBenénnoe k 3toMy AuddepeHunaIbHOMy BXOAY
MOY muddepeHunanbHO HAMPSIKEHUIO CMEIICHUS HYJIS:

I
U, ,=—>. (3.5)
gml

B cxemax WHBepTHpYOLIMX ycwiuTened Ha ocHoBe MOY (K =-1,

u, = 0) HanpsDKEHUE CMELLEHNUS HYJIsl, IPUBEACHHOE K MHBEPTUPYIOLIEMY BXOLY 2:

I
Ugp =—. (3.6)
ml
B Tex ciaywasx, korna g, #g, ¢
I
UCM.12 :__p‘ (37)
gml
Jist enuseprupyrouiero Briodenns MOY (u, =0,K = +1):
I
U,, =—. (3.8)
gml

Ecnu BxonHo# curnan nopaérca Ha tpetuil Bxox MOVY (u, =0,u, =0)
B JIAHHOM CXEM€ BKIIFOYEHMUS, TO

o = KEyngmZ u3 + RKKEng2 IP , (39)
1+R1<K5ygm2 1+R1<K5ygm2 gm2
a HpI/IBeIIéHHoe K 3TOMy BXOI[y HaHmeeHI/Ie CMCUICHUA Hyﬂﬂ (HpI/I T >> 1)
I
U, =t (3.10)
gm2

Takum o0pa3zom, METOJ aHATUTUYECKOTO pacy€Ta HYJIEBOIO YPOBHS CXEM
¢ MOY cocTout B CleAyIOLIEeM:

1. Onpenenserca apronomusii napamerp MOV I,. Ilpu 5T0M yuuThIBa-
eTcsl BIUsHUE Ha I, TOkOB 0a3pl TPAaH3UCTOPOB M IPEAINOIAracTCs, YTO Hamps-
KEeHne DpJIi BCEX TPAH3UCTOPOB BEIUKO.

2. Beibupaetrcsa BxomHoit yzen MOV, nias KOTOpOro HEOOXOIUMO BbI-
IIOJIHUTH PACYET NMIPUBEAEHHOIO K JAHHOMY BXOAY HAIIPSKEHUSI CMELLEHUS HYJIS
(UCM.i)-

3. OgHuM W3 METOJIOB aHajiu3a D3JEKTPOHHBIX CXEM OCYIIECTBISETCS
pacy€T BBIXOJIHOTO HAMPSKEHUsS 3JIEKTPOHHOU cXeMbl Uy o KaK (QYHKIIUU UH-
TErpajbHbIX aBTOHOMHEIX mapaMeTpoB U, j, I, ¥ mapaMeTpoB 3JIEMEHTOB CXe-
MbI, o0pazyromux auddepenuunanbasie kackaasl JK1, IK2.

B Hauajo x OrjiIaBJICHUIO
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3.1.2. 9keusaneHmHas cxema MOY ¢ y4émom 8xXx00HbLIX MOKO8

B o0miem citydae, npu HaJlUuuMU PEe3UCTOPOB B IEMSAX OOPATHOU CBSI3U U
HEHYJIEBBIX COMPOTUBJIEHUSAX MCTOYHUKOB CUTHAJIA, HYJIEBOM YPOBEHBb Pa3HBIX
cxem BkiodeHuss MOY 3aBUCUT HE TOJIBKO OT aBTOHOMHOIO mapamerpa I,
Brustoniero Ha Ug,, HO U BXOAHBIX TOKOB AU epeHIInanbHbIX KackagoB Iy 1,
Lix2, Isx3, Isx4, KOTOpBIE TAKKE SIBISAIOTCS aBTOHOMHBIMU Mapamerpamu MOY.
B 101 cBa3u nonHas cxema MOY 17151 onpeniesieHus: HyJI€BOTrO YpOBHS aHAO-
TOBBIX YCTPOMCTB COOTBETCTBYET puC. 3.3.

JK1 —T
1
O » + RK
2 T Ugx 1 Em1 Em1Uex.1 |:::|
O » \ )
5] Ia \ //
/
Uz 21 // Ic By
IBx.l C) C) IBX.Z b oo m //4»’ . 4 BLIX.
NAVAN 7
R .
b \\ Uppix
1 ug \\
L )
3 I[Kz /gmzqu.Z i CK
O > + |
4 LuBX.Z Zm1 L
o— o -

D]

FORTOM

Puc. 3.3. OxkBuBaneHTHas cxema MOY niis pacuéra HyJIeBOrO ypOBHS
aHAJIOTOBBIX YCTPOMCTB Ha €ro OCHOBE

B wacTHBIX ciydasx, Hampumep, B cxemax BkiItoueHuss MOV 6e3 pesu-
CTOPOB 0OPATHOM CBsI3U, OHA MOXKET OBITh YIIPOIIICHA.

Taxkum 00pa3oM, pacCMOTpEHHAsi paHee SKBHUBAJICHTHas cxema J100aBiis-
€TCsl C Y4ETOM BIIMSHUA BXOAHBIX TOKOB HAa BBIXOJHOE HAIPSKEHHE CXEM C
MOY, u ganpHelmnM npuBeaeHUEM Ugyy o K TOMY WIM UTHOMY BXOJAHOMY Y31y
AHAJIOTOBOTO YCTPOWCTBA. B MpUII0kKEHUU TTPUBEIEHBI CXEMblI BXOJAHBIX KaCKa-
1oB MOY, koTopbie 3alUIIEHbl KaK 00BEKThl UHTEIIEKTYaIbHOU COOCTBEHHO-
CTH, B KOTOPbIX MHUHUMHU3UPYIOTCS BXOJIHBIE TOKHM M CO3JAKOTCS YCIOBHS IS
ocJ1abJieHHs MX PagualluOHHON U TeMIEPaTypHOH 3aBUCUMOCTH.

B Hayajo x orjiaBjIcHUIO
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3.2. MOY ¢ KoMnsieMeHTapHbIMMU «NeperHyTbiIM1M» Kackogamu

Ha ocHOBe NBOMHBIX «IEpPErHYTHIX» KAaCKOIOB BO3MOYKHO TMOCTPOEHHUE
MOY kak Ha OUTIONSPHBIX, TaK M Ha TOJIEBBIX TpaH3ucTopax. OCOOEHHOCTH
paccmaTpuBaeMoil Hike apxuTektypsl MOY, koTopasi co3gaHa Ha OCHOBE CXe-
MbI [106, 47] (puc. 3.4) cOCTOUT B TOM, 4TO OHA UMEET JBe mapbl AuddepeHIu-
aJbHBIX BXOJIOB U Majioe 3HaueHue U,,.

o +
IIT2
I3<) C) L Kipo=-1
B
A
Lyl Loy
VT5 VTé6
iniiatel ettt Eebiatal
| VT VT2 | )—K—oﬂzc
Bx.1% 1 Bx.20
| |
| i R1 : | I —Tob| 1 —To4
| — I bVl
| ! Xplep BrIx.
| | — > +1
i IO Io i A XnIG.n
| |
| I X .
: . . o I, [ | I
! + + ! vho " lep
T T
| |
ROMOMN v
I R2 I
! — [
Bx" 1) : VT3 VT4 : Bx" 20
| |
| L | oL
| |
| I A —_——
I(*)_IG,n&
|
-

O

Puc. 3.4. bazoBas apxurexktypa MOY
Ha OCHOBE JIBOMHOTO EPETHYTOT0 KacKoa

PaccmoTpum QakTophl, Ompenessionme CUCTEMAaTHUECKYI0 COCTABIISIO-
1yt Hanpspbkenus cmenienus vyt Ug,, OV (puc. 3.4).
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Ecnu Toxu 1y, Ip, I3, Ly, Is u I paBHBI Benmuunne 21, TO TOKM SMUTTEPOB U
KOJUIEKTOPOB TPAH3UCTOPOB CXEMBI:

135 = I36 = I37 = 138 ~ I0 ~ I0 ’ IKS = IK6 = IO - I6.n ’ IK7 = IK8 = IO - I6.p ’

rae I;; =1,,/B; — Tok 6a3el 1-ro n-p-n (I ;) wau p-n-p (Is,) ITpH SMUTTEPHOM TO-

ke I, =1,; B, — KOOQpPULHUEHT ycuaeHHs Toka 0a3bl 1-r0 TPaH3UCTOPA.

1
[ToaTomy BXOmHBIC (Igx ir1s Isxnr2) ¥ BBIXOAHBIC (Igyx 1, lspix.r2) TOKH TOKO-
BbIX 3epkait [IT1 u I1T2

I I0 o 2I6.p o I6.n , 1 I I0 o 216.p o I6.n >

Bx.itl
* *

I Iy -1, —2Ig,,1 I Lo —Is, —2Ig,.

Kak cnenctBue, pa3HOCTh TOKOB B y3JI€ «A» IPU €r0 KOPOTKOM 3aMbIKa-

peix.irl — Tmxartl T

BXIIT2 BRIX.IT2  4BX.IT2
HHUH HAa S5KBUIIOTCHIUAJIbHYTO O6H_Iy10 HIHY:

L, = IBLIX.]‘[TZ + IK6 + IBY - IK7 -1

P BBIX.IIT] 2

rae Iy, =2I;, —2I;  — Tok 0a3bl N-p-n U p-N-p BXOJHBIX TPAH3UCTOPOB Oyhep-

Horo ycunutens bY1.
[loncraBiiss nojydeHHbIE BbIle GOPMYIIbl B YpaBHEHHE JJIs1 PA3HOCTHOTO
TOKa (aBTOHOMHOTI'O IapaMeTpa), HaX0JIUM, YTO

I =1, —I,, — 21, +1, -1, +2I, —

p
-2I, —I, +1, +2I,, S I, =0

[ToaTomy:

39

[
U, = Ip(r31 +r,+R.))= I—pgoT + IPR3 ~ IpR
0

rae ¢, =26 MB — TemmepaTypHblii IOTEHLIUAN; 1, =T, =T, =T, — COIPOTUB-

JIEHUS DYMUTTEPHBIX NEPEXOI0B BXOAHBIX TpaH3uctopoB VT1, VT2 u VT3, VT4

muddepenunansubix kKackanoB K, Ra=R1=R2 — compoTuBieHue pe3nuctopon
MECTHOM OTpUIIATENIHLHONU 00paTHOM CBS3H.

B kiaccudeckom OV aBTOHOMHBIH mapameTp I, # 0, moaToMy 31€Ch Crc-

TeMarudeckas coctaBistonias Ug, mnojydaercs, Kak MHUHUMYM, Ha MOPSIOK
oonbuie (U, =160 MkB), uem B npenaraemoii cxeme (U, = —7,4 MKB) [106,
47].

Huxe nokazana moguduuupoBanHas cxema MOV [106, 47] ¢ BbInonHe-
HueM TpaH3uctopoB VTS5 u VT6, VI7 u VT8 no cxeme ¢ nepeKpECTHBIMU CBSI-
35IMH, KOTOpBIE CIOCOOCTBYIOT CTaOWMIM3aIMK OOLIEr0 CTaTUYECKOro peKuMa
CXEMBbI IIPH OOJIBIIMX aMIUTUTYJaX BXOAHOTO CUTHAJA.
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VT8

I1T2

Ki12.2

COLINC

Puc. 3.5. Cxema npenuznonHoro MOY
CO CTaOWIM3ALUEH CTAaTUYECKOTO peKUMa MpH OOJIBIIIOM BXOJIHOM CHUTHAJIC

B Hayano K OrJ1aBJIEHUIO

3.3. Mynbtuaud cdepeHumanbHbIM onepauuoHHbIA YCUNUTENb
C aCUMMETPUYHbLIMN UCTOYHMKAMMU OMOPHOro ToKa

Ha puc. 3.6 npencraBieHa mpaktuyeckas cxema MOV [78] ¢ aByms
nuddepeHranbHBIMA KacKaJaMu, B KOTOPBIX, B COOTBETCTBUHM C PEKOMEH7a-
LIUSIMU TJIaBhI 1, 1I€JIEHanpaBI€HHO BBOJUTCSA TOKOBAsl aCUMMETPUS CTATUYECKO-
ro peXruMa BXOJIHBIX TPAH3UCTOPOB.
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Puc. 3.6. KoMmneHcanus cHCTEMaTUYECKONW COCTABIIAIONIEN HANPSKEHUS
cMenieHus Hysis B MOV [78]

Ha puc. 3.7 npuBeneHbl TemnepaTypHbIE 3aBUCHUMOCTH HANPSHKEHUS
cMelleHuss Hyna nanHoro MOY B cpene KOMIBIOTEPHOTO MOIEIUPOBAHUS
PSpice nHa monensx uHTerpanbHbix TpansuctopoB OAO «MHUIIM», MHTL]
ABMK 1 3.

O,
HoBas cxema \t=20°C, u=-213.31mkB

-2

-4

-6
m
=
g -8
s b e
0
200 S T VN T U U T A N S W
B 10 e
= 7l
c [ e
« [ e !
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L s

e
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Temnepatypa, ‘'C

Puc. 3.7. 3aBucuMocTh HanpsHKeHUs cMeleHus Hylist OY ot temnepaTypbl
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N3 rpadukoB puc. 3.7 cieayer, 4TO B IIUPOKOM JHAIA30HE TEMIIEpPaTyp
Harnpsbkenue cMerieHus: Hyns MOV (puc. 3.6) Gosee ueM Ha TOPSIOK MEHBIIIE,
yeM B ki1accuueckom MOV [78].

B Hauajo x orjiaBjIcHUIO

3.4. CxemoTexHUKa MynbTuanddepeHumanbHbIX onepaunoHHbIX
ycunuTteneu ¢ ynpaBnsieMbIM TOKOBbIM 3epKariom

Bo MHOrux ciyyasix mpakTH4ecKas peanu3ainus BXOAHbIX uerneii MOY
CBOJIMTCS K TNapajyIeIbHOMY BKJIFOUEHHUIO HECKOJBKHX Kiaccuueckux mudde-
pPEHIMANBHBIX KAaCKaJ0B, HAIPUMEP, C MECTHOM OTpHIaTeIbHOH 00paTHOU CBs-
3b10, KOTOpast popmupyercs pezucropamu. Mcrosb3oBaHuEe TakoW CTPYKTYpHI B
aApXUTEKTYpax MOKHO MOJIYYUTh IIUPOKUN JUANA30H aKTUBHOU PaOOTHI.

PaccmarpuBaembiit MOY nanHoro knacca mokasan Ha puc. 3.8 [109].
Pemaemas um 3amaua — ymeHbleHue adbcontotHoro 3Hauenust Uy, U ero teme-
paTypHOTro M pagualmoHHOro apenda.

1 o +
R Tl Kij21=-1
( IC1
: SZ : L[ IBX.HTI 3
:_______! bl &IO-IG.p:IBHX.HTl
+
c2 9 BV1
Lorlsy § § ks, e T i
] A P
R
| | | |
JIK1 it EEC TR P 1% P | BhIX.
T T lo-Isp | ! ———o°
© ) ) Y ! !
Bx1 V1! V2l gih Bx3 BxA4 | C) | Lo
| K :I | K :I : : 3~ 1o
- . T L R L__l__1
IG.p : : IG.p : IG.p VT3 VT4 IGp :
: <>11=2Io : L 1
T 12:210<>
QO -

Puc. 3.8. IlepBas apxutekrypa nperuznonHoro MOY

Ecnu Toku nByxmnontocHUkoB I} u I, paBHbI BennuuHe 21y, a 1ByXmoJroc-
HUKa I3 — Benmmunne Iy (1,, = [;), TO TOKH KOJUIEKTOPOB TPAaH3UCTOPOB CXEMBI:

La=l,=ls=1,=1-1 =1 =1, -1

rne I, =1,;/B; — Tok 0asel n-p-n TPaH3UCTOPOB NPU IMHUTTEPHOM TOKE

6.p> 135 = I0 ’ IBX.HT] BBIX.IT] 6.p°

I, =1,; B, — k03¢ppunueHT ycuneHus no Toky 0a3bl TPaH3UCTOPOB.
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[ToaToMy aBTOHOMHBIN TlapaMeTp (Pa3sHOCTh TOKOB B y3JIe€ «A» MPHU €ro
KOPOTKOM 3aMbIKaHHH Ha YKBUMOTCHIIMAIBbHYIO OOIIYIO UHY):
Ip =Ly =gy =Ly =gy,
rae I, — Tok 0a3sl p-n-p Tpanzucropa VTS.
Ocob6ennocTh cxeMbl OY COCTOUT B TOM, UTO 37I€Ch HE JOJKEH HCIIOJIb-

30BaThCsl B KayecTBe BXOAHOro Tpansuctopa VTS5 OydepHoro ycunurens bY1
cocTtaBHOM TpaH3ucTop Jlapnunrrona (puc. 3.9).

| |
T T +
l | ! °
| RI ' 11C2 Kijz =1 IIT1
| | T A
| | \ BY1
: : | b T
1C1 EfDl JI Lo A ~— : VTSE
r——7T-"~"7y ~~~7"—~ —
.2 e | Bunx
iVT6‘/| : ? : 13210 |
[ Llo-lfsp \ Trlep LIO-I@ i ) i
Tl | L | I
| |
| | VT3 VT4
Bx.71 :VTl VTZ:BX.“)z Bx."3
p S i
—> << |
I6.p : : I6.p —
: 11:210 <> :
| |
e 1
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Puc. 3.9. Bropoii Bapuant noctpoenust MOV [109]

TemmepaTypHble 3aBUCUMOCTH HaIpPs)KEHHUS] CMEILIEHHS HYJI paccMaTpH-
BaeMbIX cxeM MOV B cpene KOMINBIOTEPHOIO MOJAEIUPOBAHUS HA MOJENSAX HUH-
terpanbHbIX TpaH3uctopoB OAO «HIII «Ilynscap» npeacTaBieHbl Ha
puc. 3.10 [109].

Ueys MB
T=20°C, T =43,5°C,
Uem = -28,7 MxB Uen = 0 MxB
o / /

N
-92,5 MxB !

HOBad cxema /

-1,01

/
T=20°C, e
Uca = -2798 mxB _

-2,01

-3,051

-20 (') 2'0 4'0 6'0 8'0 T, °C
Puc. 3.10. TemnepatypHble 3aBUCUMOCTH HAIIPSXKEHUS CMEILICHUS HYJIS

B Hayajo x OrjiaBJIcHUIO
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3.5. TpéxkackagHbin MOY
C MHBEPTUPYHOLLMM MPOMEXYTOYHbLIM Kackagom

[Ipennaraemsiii HHKe MOY ¢ HHBEPTUPYIOIIUM MPOMEKYTOUHBIM KacKa-
7oM 1oka3aH Ha puc. 3.11 [21]. Pemmaemas um 3amaua — yMeHbIIeHHE aOCOJIOT-
Horo 3HauyeHust U,y U ero TemmneparypHoro japeida.

o +
I0'16.17'16.n i L i IO'IG.p'IG.n
W/ VDI VTS to— D;Tf .
BB 216.n A v 10716p=4«16.n VT7
rd
+ -
L 10-16.1) IO'IG.p i 254
HAK1 VD2
[—————————1 -—q
I | VT3 EV1
Bx.“1 iVTl VT2iBX.(+)2 Bx.3 Bx ()4 Bhix.
T N rd :‘é) O: — Ny | .
I | sy 1 sy Iep 1
I |
I |
v L ea® Qien
I |
l I o -

Puc. 3.11. Ilpennaraemas cxema TpEXKaCKaJIHOTO
mynbTuguPepernnansaoro OY

Ecnu Toxu I, I, u I3 paBHbl BenuunHe 21), TO TOKH SMUTTEPOB U KOJLICK-
TOPOB TPAH3UCTOPOB CXEMBI:
IKl :IK2 :IK3 :IK4 :IO -1

6.p> 135 = I36 = I0 - I6.n - I6.p ’

Le=lo—Isp —2L5,, 1,;=1,=2I,
rne I, =1,,/B, — 1ok 6asel n-p-n (Is,) wam p-n-p (Isn) TpaHzucTopos npu
OMUTTEPHOM TOKE [, . =1I,; B, — KO3 (HUIHUEHT yCUIECHUS IO TOKY Oa3bl TPaH3H-

CTOPOB.
H03TOMy Pa3HOCTb TOKOB B Y3JIC «A» IIpu €Tro KOPOTKOM 3aMBIKAHHUU Ha

SKBUIIOTEHIUAIBHYIO OOIIYIO IIUHY:
Ip = IK6 + I6.7 - IK2 =0

b

rae 15, =215, — Tok 6assl p-n-p Tpanzuctopa VT7.
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[ToaToMy npuBEAEHHOE KO BXOAY MEPBOTO KacKaaa HANpPSHKEHUE CMeEIlle-
HUSI HYJISL:

2
% |20,
I0

rae ¢, =26 MB — TtemnepaTypHBli OTEHIMAN; TA€ 1, =T,, — COIPOTUBICHHUS

UCM ~ Ip (ral + raz) = Ip

AMUTTEPHBIX NEPEX0A0B BXOAHBIX TpaH3ucTopoB VT1 u VT2 Bxonnoro nudde-
peHnmansHoro kackana JIK1.

Ha puc. 3.12 npuBeneHsl TemnepaTypHbIE 3aBUCHUMOCTH HANPSKEHUS
cmenienus vyt MOY B cpeae PSpice na mogensix OAO «HIIIT «Ilynbcapy.

4 Ucn, MB 1
/
l
0.51 T=20°C: HOBast cXeMa ll
UCM = +9,6 MKB I
/ /
01 /
/
-16 MxB /
-0,51 //
IIPOTOTHII /
/
T =20°C; /
-1.04 Ucy = -1325 MxB e
_1’42-__-—-—_—7—-—-— |— T T T >
-20 0 20 40 60 80 T,°C

Puc. 3.12. TemnepatypHble 3aBUCUMOCTH HANIPSHKEHUS CMEILICHUS HYJIS

KomnbrorepHoe MoaennpoBaHUe MOATBEPKAAET MOJYUYECHHBIE BBIIIE TE€O-
peTudeckue BbIBOJIBI. HecMOTps Ha CylecTBEeHHOE YMEHbIIICHHUE 3 TpaH3UCTO-
POB BCJIEICTBHE PAJMALIMOHHBIX BO3JECUCTBUM, paccMOTpeHHBbII MOY 1 B 3TuX
YCJIOBUAX MMEET MEHBIIIECE HAMPSIKEHUE CMEIICHUS HYJIS, YEM KIJIACCUUYECKUU
OV. Ananoruunsie cBorictBa OY umeer u o BxoxaM Bx.3 u Bx.4.

Brrouenne asyxmnomocHukoB VD1 u VD2 cnoco6cTByeT cummeTpupo-
BaHUIO PEKUMOB paboThl BxogHOro nuddepennuanbioro kackana K1, a tax-
xe nuddepeHuanbHOro kackaaa Ha tpansuctopax VI3 u VT4.

B Hayajo x orjiaBjIeHUIO
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NMABA 4

CUHTE3 OMNEPALMOHHbIX YCUNTUTENEN HA OCHOBE
KOMMJEMEHTAPHbIX U KACKOAHbIX OAU®D®EPEHLUUAIIbHbBIX
KACKAQOB C MAJIbIM HAMNPAXEHWUEM CMELLEHUA HYNA

4.1. Cxembl OY ¢ KOMNIeMEeHTapHbIMU BXOAHbIMU Kackagamm

B coBpeMeHHOI aHaIOrOBOM MHKPOA3JIEKTPOHUKE IIMPOKO MCIOIb3YIOTCS
cxembl Tu(dhepeHInanbHbIX YCUIUTENIEH, peaJTu30BaHHBIX Ha OCHOBE BXOJHBIX
KOMIUIeMEeHTapHbIX auddepeninanbabix kackanoB (KAY) (aByx mapanienbHo-
BKJTIOYEHHBIX U EPEeHITNATBHBIX YCUIIUTENEH € TOKOCTaOWIU3UPYIONUMHU
JBYXTIOJFOCHUKAMHU B OMUTTEPHBIX LEMSAX BXOAHBIX TPAH3UCTOPOB — TaK HA3bI-
BaembiXx «dual input stage») u IPOMEXYTOUHBIX KacKaJOB, BBIMOJHEHHBIX Ha
TOKOBBIX 3epkanax. OY ¢ Takol apXUTEKTypoll CTaad OCHOBOW MOCTPOEHUS
MHOTHX COBPEMEHHBIX aHAJOTOBBIX MHUKPOCXEM BEAYIIUX MHUKPOIICKTPOHHBIX
¢bupm mupa [63].

CylecTBeHHBIN HEAOCTATOK U3BECTHBIX apXUTeKkTyp OV maHHOro Kiacca
[94, 46] cocTOUT B TOM, YTO B CBSI3U C HEPALIMOHAIBHBIM MOCTPOCHUEM HX OC-
HOBHBIX (DYHKIIMOHAJIBHBIX Y3JIOB OHU MMEIOT MOBBIIIIEHHOE 3HAYEHHUE CUCTEeMa-
TUYECKOU cocTaBistonien HanpsikeHus cMmerieHus Hyis (Ucy).

Ha puc. 4.1 npeacrasnena apxutekrypa npeaiaraemoro OV [63], B koTo-
POM 3a CYET CNEIUAIBHOTO MOCTPOEHUSI CXEMBl HA OCHOBE PEKOMEHIAIMK TJia-
Bbl | ymeHbIaetcst adcomtotHoe 3HaueHne Ug, UM ero TemrepaTypHblid U pajauna-
IIUOHHBIN Apeid.
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Puc. 4.1. [lepBas apxutektypa npemnaraemoro OV c uaeanbHbiM 0ydepom
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Ecmu YUCCTh, UTO BBIXOJHBIC TOKH BXOIHOI'O KOMIIJICMCHTAPHOT'O I[I/I(i)(be-
PCHIONAJIBHOT'O KaCKaaa I[Kl YAOBJICTBOPAIOT YCIIOBUAM!

BBIX.11 BBIX.i2

6
p 5
TO MO>XXHO HAalTH BBIXOAHBIE TOKM TOKOBBIX 3epkan IIT1 u IIT2, B kauecTBe KO-
TOPBIX PEKOMEHAYETCS MCHOJIb30BATh KIIACCUYECKUE TOKOBBIE 3epKayia Buibco-

Hac K, , =-1:

Ly =1 - I6p’ Lip =1 —Ig»
rae Ig; =1,;/B; — Tok 6a3sl n-p-n (Isp) mu p-n-p (Isn) TpanzucTopos cxemsr OY
IPU UX SMUTTEPHOM TOKe I,; =1,; B; — KOOQOUIMEHT yCUIICHUS 110 TOKY 0a3bl

1-r0 TpaH3UCTOpA.

VYuursiBast, 4to Toku 0a3bl TpaH3ucTopoB VT1 u VT2 mainbl, MOXXHO Haii-
TH 3MUTTEpHBIE TOKU TpaH3ucTopoB VT3 u VT4 npu manom BXOAHOM Toke Oy-
¢eproro ycunurens BY I, << 1, I, <<Ig;:

I,=1,=1,.

Takum oOpa3om, B mpengaraeMoi cXeMe B BHICOKOUMIIETAHCHOM Y3Jie «A»
oOecrieuynBaeTcs B3auMHas KOMIIEHCAIUsS TOKOB, OOYCIIOBJIEHHBIX OIIUOKON yC-
TaHOBJICHUSI CTaTMYECKOIO pEeXHUMa BXOJHOIO KOMILIEMEHTApHOIO Kackazja
JK1, cBsi3aHHON ¢ HEMJAEHTHUYHOCTBIO 3 TPUMEHSIEMBIX p-N-p U N-p-n TPaH3U-
ctopoB. IloaToMy cucremMarnueckass COCTABIAOLIAS HANPSIKEHUS CMEIICHUS
HYJIS B TIpeiaraemMoit cxeme 6sm3ka k vy (Uq,~ 0) (puc. 4.2).

Pe3ynpTarhl KOMIBIOTEPHOTO MOJACIUPOBAHUS KJIACCUYECKOW W IpelJia-
raeMoii cxeM OY mOKa3bIBalOT, YTO MpeJjaracMas CXeMa UMEET 3HAUYUTEIIBHO
MeHbliee 3HaueHue Ug, U ero TeMIepaTypHbIi Apeid.

6n
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Puc. 4.2. TemnepaTypHble 3aBUCUMOCTH HANIPSIKEHUS CMELIEHUS HYJIS
cpaBHuBaeMbIx OV ¢ uaeanbHbIM Oy(pepHBIM KacKaJioM
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Ha puc. 4.3 npencrasiena Bropas apxurekrypa OY paccmaTpuBaeMoro
KJlacca, B KoTopoil 0ydepHsblil ycunutenb bBY umeeT n1Be NpOTUBOMNOIOKHO Ha-
IPaBJICHHBIE COCTABIAIOIINE BXOAHOTO TOKa gy M Ign, MPUONM3UTENBHO paBHBIE
TOKaM 0a3bl n-p-n U p-n-p BRIXOAHBIX TpaH3ucTopoB VT3 u VT4. Kommemen-
TapHble Oy(depHble Kackaabl MHUPOKO npumMeHstorcs B OV paccMmarpuBaemMoro

KJIaccCa.
.
Kina=1 }«ml

Ieo | Lo

VT1

Brix.i;

LT §

A
JIK1
| T | VT3
J
Bx.l Bx2 EY
R ﬂ‘\—‘)\’i A Lotle ¥ Tp BrIX.
ItTon §| Iom :
I
Toa § VT4
VT2
Io-Ton § )y —

Brix.i, lon & i’ lo

- -
Kiz2=-1 T2

Puc. 4.3. Bropas moauduxaius OV ¢ KOMILTIEMEHTapHBIMH BXOJIHBIM
u 0y(depHbIM Kackagamu

Huxe mokaszaHpl TeMIlepaTypHbIC 3aBUCHMOCTH HAIPSIKCHHUS CMEIICHUS
HyJs npeanaraeMbix OV (puc. 4.4) [63].

1.0
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t=20'C, u=-55.849 mkB
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HoBan cxema
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Puc. 4.4. TemnieparypHble 3aBUCUMOCTH HaNpsHKeHUs cMeleHus Hyisa OY

B Hayajo x orjiaBjIcHUIO
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4.2. KomneHncauusa U., B OY
Ha OCHOBE KOMIMJIeMeHTapHbIX KACKOA OB

Huddepenumanbabie onepallMOHHbIE YCHUIIMUTEIU HA N-p-n U P-n-p TpaH-
3MCTOPaxX C TaK HA3bIBAEMOHN «apXHTEKTypoi BXxomHoro kackama OY wpA741»
WIM KOMILJIEMEHTapHble KackogHble nuddepenunansusie ycunutenu (KKAY)
CTaJId OCHOBHBIM YCHJIMTENIbHBIM 3JIEMEHTOM MHOTHX aHAJIOTOBBIX HHTep(deil-
COB BEIYIIMX MUKPOAJIEKTPOHHBIX (prpM Mupa. s yMEHbIIEHUs HANPSKEHUS
cmenieHust Hyass OV ¢ Takol apXUTEKTypoil Heo0XoaumMo BeIOpaTh K03 duIm-
€HTHI CJ1a00l TOKOBOM aCUMMETPHH OCHOBHBIX (YHKIMOHANBHBIX y3710B KKJY
B COOTBETCTBUU € pekoMeHaanusmMu riassl 1. [Ipeanaraemas apxurextypa KIY
[30] nokazana Ha puc. 4.5.

I o +
Kipp1=-1
1=l T
VT6 4l
N
i { I,
L a1
BVI1

Bx 1 VIl VT2 B2 k.
O—K ‘\/'—o | |
e |
| |
I*oi &210 210& 4I6.p : VT5 :
v A RGN |
VT3 VT4 —”:_K i

: : Brix.

* : .—:_O

* I .

R e A KON
I Lo =4t
T2 T3 i 2 Oi
| |

% 1221 A e
Kippo=-1 1m0 Kipps=-1

Puc. 4.5. Apxutextypa OV ¢ KOMIUIEMEHTapHBIM BXOJIHBIM KaCKOJOM

B cratndeckom pekrMe yCTaHaBIMBAIOTCS CIIEAYIOIIHE TOKK amutTepa (1),
kosuiektopa (I) u 6a3sl (Ig) TpaH3UCTOPOB:

I,=1,~21,,1,~41,, 1
I =1 +4]

rie Is — Tok 6a3sl TpansucTopoB VTS u VT6 npu toke smutrepa I, =1; Ly, Li —

=1 I,,

IBX.HT3 =1 BRIX.NIT3

6.p° Ls =411 = 41

BX.T2 ~— BBIX.MT]

BX.ITI

o0.p?
TOK SMHUTTEPA (KOJIJIEKTOPa) TPAaH3UCTOPOB CXEMBI.

Ecmu BbiOpaTth TOKM I; M I, Tak, uto I, =21,, I, =4I,, TO BO BXOZHOMI
nernu 6ydepa bBY 1 (y3en «A») obecrieunBaeTcs MojHas B3auUMHasi KOMIICHCAIUS

CTAaTHYCCKHUX TOKOB, UTO ABJIACTCA HCO6XOI[I/IMBIM YCJIOBHECM YMCHBIICHHA UCM:
I I, -1 =0.

BBIX. IT1 BBIX.IIT 3
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B cxeme m3BectHoro KK/[Y mocnenHee paBEeHCTBO HE BBINOJHSETCS.
Oto cymecTBeHHO yxyamaer Uy, U ero TemrepatypHsiit apeiid (puc. 4.6) [30].

2.5 t=20'C. u=2.0783mB

o POTOTY
= —
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— .
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t=20'C, u=8.2668mkB

HoBas cxema /

-0.5
-40  -30 -20  -10 0 10 20 30 40 50 60 70 80
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Puc. 4.6. TeMnepaTypHLIe 3daBUCHUMOCTHU HAIIPSKCHUS CMCUICHUA HYJIA

B coBpeMeHHON MHKPOCXEMOTEXHHKE HMCIOIB3YIOTCS U Jpyrue 0azoBble
apXUTEKTYpbl KOMIUIEMEHTAPHBIX KAaCKOJAOB [48], B KOTOPBIX TaKK€ BO3MOYKHO
ymenblienue U, 3a cuéT npeasiaraeMbix B riaBe 1 pexomenaanuii (puc. 4.7).
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Puc. 4.7. OY Ha 0CHOBE KOMIUIEMEHTapHOT O Kackojaa

Ecim Ttoxm nByxmoimocHUKOB I; u I, paBHBI BeanunHe 21), TO TOKH KOJI-
05
nexropa (I ;) u 6a3bl (Ig;) TPAH3UCTOPOB CXEMBI:
*
IKIzIKZzIK3zIK4zIOzIO’ I

21 I, =21

6.7 — “L6n , k.7 0

b
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Ls= 216.11 s = 21 I = IK.3 + Ix.s = IZ + 216.n

6.n R BX.NT2
|

=K I .,=1I,+2I

BBIX.IT2 17 BXnT2
rae I, =1,,/p;, — tok 6a3el n-p-n (Is,) mmu p-n-p (Is) TPaH3UCTOPOB CXEMBI
npu SMUTTEPHOM Toke 1 . =1; B, — KO3 puuueHT ycuneHus no Toky 6assl i-ro
TpaH3ucropa; Ki= 1 — Moayies xko3dduunenra neperayu no ToOKy BTOpPOTro TO-
xoBoro 3epkana I1T2; I, =2I,  — Tok 6a3sl p-n-p Tpansucropa VT8 BbIXOIHO-
IO YMUTTEPHOI'O OBTOPHUTEIIS.

Kak cneznctsue, pasHOCTh TOKOB B y3ime «A» [ =1, -1 , + 154, a Tak-

BBIX.IIT.

xe U, 03k k Hymo. B kimaccudeckom Y Tok I, #0, mostomy 31ech cuc-

TemMaTHueckas coctapisitomas Ug, MoJlydaeTcs Ha JBa-TpHU IOpPsAAKa OOJbIe
(U., =2,0 MB), uem B npeanaraemoii cxeme (U, = -1 MxB) [48].

B Hauajo x orjiaBiIeHUIO

4.3. CornacoBaHus knaccu4yeckux aucpdepeHumanbHbIX Kackagaos U
KoMmnnemMeHTapHoro 6ydepHoro ycunurtens

OnHUM U3 KJIACCUYECKUX BApPUAHTOB MOCTPOCHHUSI ONEPAMOHHBIX YCHUIIH-
TeNel SBIISIOTCS CXEMBI, CoJiepKaliue BXoaHoN auddepeHImaibHbIii Kackal U
BBIXOJIHOM Oydep Ha 0a3e Tak Ha3bIBAEMbBIX «OPUIUTMAHTOBBIX» TPAH3UCTOPOB
[25]. Ha puc. 4.8 npuBenena o6o6miénnas cxema takoro OV [25], B koTopom
MIPEAYCMOTPEHBI TOMOJTHUTEIbHBIE MEPhI, PEKOMEHIyeMbIe B TJIaBe 1, 1O KOM-
MIEHCAIIMU TOKOBBIX COCTABIISIOIIMX OCHOBHBIX (DYHKIIMOHANBHBIX y35I0B OV B
BBICOKOMMIIEAHCHOM Y3JI€.

JIK1 | o +

b (@)

VT3

Bx.“1

P VT2 Boix.
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Bx (2 A N Nl

I VT4
3 {L=D o | I:

o -
Puc. 4.8. CornacoBanue kiaccuueckux auddepeHnnaibHbIX KackaaoB
U KOMIUIEMEHTapHOro OydepHoro ycunutens [25]
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[Ipu Bo3AEHCTBUU paaHalli WA TEMIIEpATyphbl YCUJIEHUE MO TOKY 0asbl
(B) n-p-n 1 p-n-p TPAaH3UCTOPOB CXEMbI CYHIECTBEHHO AerpaaupyeT. OgHako pe-
3yJIbTaThl KOMIIBIOTEPHOTO MOJAEIMPOBAHUS MOKAa3bIBAIOT [25], 4TO mpexsiarae-
Mmasa cxema OV umeer Oonee yeM B 10 pa3 MeHbIIME 3HAUYECHUS HAMNPSKEHUS
cmenieHus Hys (26,4 MxB).

B Hauajo x orjiaBjIeHUIO

4.4. MNpeunsnoHHblie OY Ha OCHOBE KflacCU4YecKoro
«neperHyToro» Kackopga

B 351eKTpOHHBIX yCTpONCTBaX aBTOMATUKU IIMPOKO IMPUMEHSIOTCS OIepa-
LMOHHBIE YCWINTENIN HA OCHOBE KJIACCUYECKUX U «IEPETHYTHIX» KACKOJIOB, KO-
TOpbIE CTadu OCHOBOM Oosiee ueM 20 cepUiiHbIX MUKPOCXEM, BBIITYCKAEMbIX KaK
3apyoexnbiMu (HA2520, HA5190, AD797, AD8631, AD8632, OP90 u np.),
Tak 1 poccuiickumu (154Y /13 u np.) MukposnekTpoHHbIMU Qupmamu. OaHaAKO
OHM UMEIOT CPAaBHUTENILHO OOJIbIIOE 3HAYCHHE HAMPSDKEHHUS CMEIICHUS HYJs

[79].

I;’ =2l +§p0315p +§n0316n o+
I = 21, +ép04lﬁp +£n04lﬁn
HOT1
L=l tkpls pKinlsn & .
P Ij, ¥ IZ
L=l tKpals prKnalsn
[=1-1, i 3 4 L L=L-1
B I ¢ A
| |
Ulvrs vra | |
3 4 ! !
| | |
| Lin| Ln | |
| |
JIK1 l +Eq |
RN S SR ———n [ S L
I I
Bxl | VI VI21 pr2 Sodl Llo6 BY
| R1 ! Xplsp Beix
o N e —
Lsp | [ -
P Lo X5
I ] nt0.n
e o | Lixa
i g ¥ i L i & LIBMX.I:IO+§plIﬁ.p+§nIIE.n
HONON p—
N o Kiza=-1
/ < T
O -

o _
|Il =1, +£rﬂllﬁr‘ +£"“‘If‘" | |I; =1, +£pOZIG[¥ + nOZIGn|

Ip =L(8;, Dﬁj,p »Iij) -1, (ﬂk.nbﬁm.p’lk.m) -

u,, =0 N (4 N )
- IBY(ﬁs.n Dﬁf.pDIsf)
Trac Iij) Ikm; Isf — KOOpAHWHATBI HCTOYHHUKOB TOK4, YCTAHABJIHNBAIOIINX

CTaTHYECKHH PEXHM TPAH3UCTOPOB CXeMBL; Bin, Pins Psni Pips Pmps Brp —
KO3 PUIMEHTHl YCHIIEHHSI TIO TOKY 0asbl p-n-p U n-p-n TpaH3zucropo OV,
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BIIMAIOIINX HA TOKH y3J10B 3, 4 u BxoaHOU ToK (Igy) Oydepnoro ycunurens; I, —
pPa3HOCTHBIM TOK, KOTOPBII ONpeaenseT HampsbkeHue cMeuieHus Hyias OV
U, =1, / Sy, rae Sy =Al, /AU, — KpyTu3Ha peoOpa30BaHUs Uz B BBIXOAHON

TOK y3J1a «A».

OaHO U3 yCIOBHI MUHUMHU3AIMN COCTABIISIONIEH HAMPSIKEHUS CMEICHUS
HyJls Ugy» B @HAJIOTOBBIX MUKPOCXEMAX paccMaTpUBAEMOro IMojKiIacca siBisieT-
sl MUHUMU321Ust pasHOCTHOTO ToKa [ ~ 0. TIpakTuyeckn 3T0 MOKHO OCYIIeCT-

BUTH 3a CYET CIEIUAIBLHOTO MOCTPOCHUS OCHOBHBIX (DYHKITMOHAJIBHBIX Y3JIOB
OV u neneHanpaBieHHOTO BbIOOpa CTATUYECKUX PEKUMOB BCEX €€ TPaH3UCTO-
pOB, KpaTHBIX TOKY Iy (Hanpumep, 1, =1,, [, =2I,, I, =31,, ..., I, = NI,), rae
Iy — 6a30BOE 3HAaUECHME KOOPJIWHATHI UCTOYHUKOB OMOPHOTO ToKa. Hampumep, B
4acTHBIX ciaydasx [, =1, =1 MA mmm [, =1, =0,2 MA. BeiOop apyrux 3Haue-
HUN SMHUTTEPHOTO TOKA BO3MOKEH, OJTHAKO 3TO HECKOIBKO YCJIOXKHSET yCIOBUS
HACTpOMKkH cxeMbl Ha MUHUMYM U, U NPaKTHYECKYIO peanu3anuio e€¢ (yHK-
IIMOHATBHBIX Y3JIOB.

Ha ocnoBe 0000ménHOM cxembl (puc. 4.9) MOXHO CHHTE3UPOBAThH OoJiee
30 yacTHBIX CTPYKTYpHBIX cxeMm OV.

JI7 monmy4eHns: MaJiblX 3HAYEHUM CUCTEMAaTUYECKOM cocTaBistomen Uey o
B cxeme (puc. 4.9) HeoO6xoauMO, 4YTOOBI €€ OCHOBHBIE (DYHKIIMOHAJIBHBIC Y3JIbI
JK1, UOTI, IIT1, bY1, BeiOpanHbie U3 6a3bl JaHHBIX, IPEICTABICHHON paHee,
HUMEJH CTPOro onpeenéHHble KOAPDUITMEHTH TOKOBOM aCUMMETpHH (CM. TJaBy 1).
Taxk, nys cxemsl (puc. 4.10) [79, 110] 1oa%KHO OBITH:

§p04 Ky = §p03 Ky, X,

b
Gnos T Ky =SCnos T Kz T X,
rae &,K, X — K03 UIHMEHTH TOKOBOH aCHMMETPUH OCHOBHBIX (DYHKI[HOHAIb-

HBIX y3710B AM.
Ins Lm Rl R2 f]J',IRz

(4.2)

O +

Li=TotxpalsptEnalsn
3 4 ;
-2k, | L 1o-2t
UR%E! VT4 |¥ 2T e
L by, >| <
JK1 1-2Ign .
r--——r-———"—"—"~"71-"—-"—- i é L IZ_ZIGH
216.n L
Bx1 Bx.02 Xplop by Bsix.
A — +1 o
________________ b é I; XnIG.n \/4{
lv' Lotmplsptmalsn £10+§p0316.p+§n0316.n =13

i210+§p0116.p+§n0116.n:1?T 3 3 T

| ..

Puc. 4.9. Ilepas monudukanus AM Ha 6aze «IIeperHyToro» Kackoaa
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Ha puc. 4.10 noka3an npuMep BBeAEHUs TOKOBON acuMMmeTpun B OV Ha
«MEPErHyThIX» KaCKOAaX, KOTOPBIM Takke MAaET CYIIECTBEHHOE YMEHbIIEHUE
HanpsbKeHus cmetenust Hyas (mo 17 mxB) u ero remnepatypHoro nperida [1].
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Puc. 4.10. Bropas moaudukauus OV co ciaboii TokoBoil acummeTpueii [85]

AHAJIOrMYHO MOTYT OBITh MOCTPOEHBI JAECATKUA APYTUX MOAUUKAIUN
MpEUM3UOHHBIX AM Ha OCHOBE KJIACCHUYECKUX «IIEPETHYTHIX» KACKOJOB.

B cxeme TpéxkackagHoro OY c apxurekrypou «Bxognou Y- npomexy-
TOYHBIN “TIEPErHYTHIN KACKOJ Ha OCHOBE HEYNPaBIIE€MOI0 TOKOBOTO 3€pKayia —
OyhepHBIi yCUIUTENbY ¢ yUETOM peKOMEeHAAIMH raaBbl 1 co3/aHbl YCIOBHS 115
kommneHcanuu U, (puc. 4.11).
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Puc. 4.11. Tperbsa monudukarus OV [79, 58]
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Cratnueckuil pexum tpansuctopoB VT1, VT2, VT7, VI8 u VT9, a
TaKXke 3JIeMEHTOB TOKOBOro 3epkana IIT1 ycranaBnmuBaercs pesuctopamu R3,
R4, RS, R6 1 3aBUCUT OT 3HaUYE€HUSI HANPSIKEHUST UCTOYHUKA cMelieHus E.. by-
JIeM CYHUTaTh, YTO 3a CUET BHIOOpA HOMUHAJIOB ITHX AJIEMEHTOB TOKU Yepe3 HUX
OJIMHAKOBBI:
[ -1 -1 _E.-0,7B
R4~ *R5 —1R6 — Ro g
rae Ro=R4=Rs5=Rg
Tornma smurrepHsiil I, u KosutekTopHbIn I, TOkM TpansucropoB VI7 u
VTS:

L=+, Ii;=1, Lg=I, Lg=I-I5

IBLIX. ™ = IBX. ™ = IK.7 = I0 :
B pesynbrate B nenu 6a3bl TpaHzuctopa VT6 MpoOUCXOIUT B3auMHas
KOMITeHcalus TpEX TOKOB 1, ., =1, + 1 _,, 4TO ABIAETCS HEOOXOAUMBIM YCJIO-

BHUEM JUIsl YMEHBIIECHUS HanpsbkeHus cMmemnenus nyns Y ¢ 603,8 no 4,3 mxB
[58, 79].

Ha puc. 4.12 npencrasiena yetBéprast moaudukanus OY ¢ NOBBIIEHHON
CTaOMIBHOCTRIO HyJIeBOoro ypoBHsS [34]. 3xech cimabas TOKOBasi acCUMMETPHs
BBOJIMTCA B BBIXOJIHYIO 1ienib BXoHoro JIK1 ¢ momonieto Tpansuctopa V16, 4To
no3BosisieT yMeHbuTh Uy, (puc. 4.13).

p*

VT35

& Iy —Isp =1

VTé6

EIOREIOREIO) 30,

o -

T,°C U, MB Ky, n1b f,, xI'ng fi, ITu Liorps MA
IIpoToTun 27 1,5 87 2273 1,4 13,1
Hogas cxema 27 0,005 82 339,2 1,2 13,12

[Ipumeuanue: Ky — ko3dpuument ycuneHus no HamnpspkeHuto; f, — BepxHss rpaHUuHas
4acToTa Mo ypoBHIO -31b; fj — yactoTa enuHU4HOrO ycuiieHus; lyorp — 00K TOK MOTPed-
JICHUS CXEMBI

Puc. 4.12. YetsépTas monudukanus npenuznoHHoro OY
Y PE3YNBTAThl MOJCIMPOBAHUS CPABHUBAEMBIX CXEM [34]
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T, °C
Puc. 4.13. 3aBucumocTs HanpsikeHus cmeneHus vy Ug, OT TeMIlepaTypsl

Paccmotpum paboty mnsroir momudukamuu OV  gaHHOro Kiacca
(puc. 4.14) [64]

o +
K1
Bx.1 Si3 S22 Bx.2
o W =
1L B, Ly
2 3
VT4 R/TS
BV8
L ; & % L Brx
IKIO
Lk
VT1 #la
'TKTKVW
Is Is
Lar} 25y T
L
VTl j—;Tijm
{____J Is Is
O -

Puc. 4.14. Komnencauuu U, B OY Ha OCHOBE «II€pErHYyTOr0o» Kackoaa [64]

B3aumocss3b Is 1 ;7 MOKHO YCTaHOBHUTH C YYETOM CIIEAYIOIIUX TOKOBBIX
COOTHOIIIEHUM B cXeMme (Gur. 2, BRITEKAIOIKUX U3 iepBoro 3akona Kupxroda:
Leg = 0glys Les = (Is = Lgg)ass gy =Ly =1 —Tg =1, —Ig;
Iall :IK4 _IZ; I39 :Iall :IK4 _IZ; IK9 :Ia9 _I6 :IK4 '16 'IZ 2137;
L =1, =15 =Ty - 2I5 - Ig; Ly = 2145 L = 215 — I;
s =osly —as2ls +asls; I, =a,l, —2I +1g,
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o
rIe oy, 05 ~1 — K03 (PUIUEHT YyCHIEHHUs N0 TOKY 3MUTTepa; ls — Tok 0a3bl
Tpan3uctopa 10.

W3 nByx mocienHux GopMyl CIeAyeT, 4TO Pa3sHOCTHBIN TOK I, B BBICOKO-
UMIIEIAHCHOM Y3JI€

I =L =L, =1(as — o) + 205 (1-a5) +2I,

I _
I, =2I5(1-0as) +2—6=216[(1 —s) +Blé]’
Pio

rae [=1, =15; By >> 1 — K03hdULKEHT nepenadu 1o ToKy 6a3sl TpansucTopa 10.

Takxum 06pa3om, Mo cpaBHEHHIO ¢ 0a30BOM cxemoii [64], B mpeaaracMom

YCTpOﬁCTBC HaIlPSKCHUE CMCIICHUA HYJIAI YMCHBIIACTCS B Nc-pa3, Trac

2
Nc—ﬁ>>1.

4+
Bs  Bio

B npakrtuueckoii cxeme (puc. 4.15) [64] U., ymenbmaercs ¢ 6,2 1o

0,2 MB.
O
R17 GRIS

EcMm
Bx.1 Bx.2
VT4\ —P/VT4
BY
VT14 VTI15 Brix.

I/VT 10 o

VT7
Ne NG

VT11l +——— VT9
<> 116 'A N

O -

Puc. 4.15. Ilpaktuueckas cxema OY Amplifier 5.1

Ha cxeme (puc. 4.16) npencrasiena mectas mogudukamnus OY Ha ocHOBe
nepersyroro kackoxaa [79, 39, 64]. Pemaemas uM 3agaya — yMEHBILICHHE Ha-
npspkeHus: cmenieHust Hyns (Ue,) Mpu 0JHOBPEMEHHOM IMOBBIIIEHUH KO3 huiim-
€HTa YCHJICHHUS 110 HanpshDKeHUIo pasoMkHyToro Y (Ky).
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Brx.2

RH.SKB.BLIX. 1

VT7

L

L i37:iaé

Puc. 4.16. lllectas monudukaimus OY Ha OCHOBE «IIEPETrHYTOr0» KacKoj1a

Cratnueckuid pexuM 1o Toky npennaraemoro OV [42] ycTtaHaBnuBaeTcs
HMCTOYHUKOM omopHoro Toka [1=2I, B sMuTTEepHOM 11enu BXoaHoro auddepeH-
nuanbHoro kackazna JIK1 u ToKocTaOMIM3UPYIOMIMMU ABYXIOJIOCHUKaMHu R1,
R2 u I,. ITpu 3TOM TOKH B 3JIEMEHTAX CXEMBI:

* * * * *
IK3:IK4:IO’ IK3_IO_216p,7I :I():I

K4 Bx.nr.1 ?

*

IBbe,nT,1:IO _2I6p,7 I66 = I67 :I6p’ 135 = 2IK6 = 2107 136 = I37 ~ IO’

ES o (v
rae I, — komnekropHblil TOK TpaH3ucTopoB VI3 u VT4 B kmaccuyeckoil cxeme

AY; Lij, Ljj — SMUTTEpHBIC U KOJUICKTOPHBIC TOKHM TPAH3UCTOPOB IpeIaracMoun

cXeMmbl; I — cratudeckue Toku pesucrtopoB R1 u R2; I, =21, — craTtude-

R1? IRZ
CKMM TOK OOIled APMUTTEPHON Ienu BXOJHOro auddepeHnnanrbHoro Kackaua

AK1; B, — crarndeckuil KO3 PHUUKEHT [epefadn mo TOKy 0a3bl n-p-n TpaH3H-

CTOPOB IpeIaracMou CXeMmbl; lpyx nr1, Ippxnr.1 — BXOAHOW U BBIXOJHOM TOKH TO-
KkoBoro 3epkana [I1T1; lsp =1 /Bp — TOK 0a3bl p-n-p TPAH3UCTOPOB CXEMBI MPHU
13=Io.
CyMMma cTaTHYeCKHMX TOKOB B y3j€ A, ompeAessionias HanpsKeHUe cMe-
LICHUSA HYJISA:
%
Ip =1, -1 I Is. (4.3)

Takum o6pazom, B npeanaracmom OY pasHocTHbIN TOK [,=0, 4T0 ymMeHB-
maet U, Oosiee 4eM Ha MOPSIOK.

66

BBIX.IT. |
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HoBas cxema

“~_t=27'C, u=58.91 mxB
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-+ MpoToTun

t=27'C, u=-726.6 mxB
-800
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Temnepatypa, 'C

Puc. 4.17. TemnepatypHas 3aBUCUMOCTb HanpsbkeHust cmenienust vy (U,y,)

JIeliCTBUTENIbHO, KOMIBIOTEPHOE MOJCIMPOBAHUE TIOKA3bIBAET, YTO B
Kinaccudyeckon cxeme 1Y cucremarndeckas COCTABIAIONIAs HAIPSHKEHUS CMe-
IIEHUS HYJA TPUHUMAET JOCTAaTOYHO OOoJbllioe 3HaueHue: U =0,726 MB.

B npennaraemom OV uncnennsie 3HaueHus Uy, = 58,9 MkB. CnenoBartenbHo, B
CXEeMe CO3/IaHbl YCJIOBHS, MPU KOTOPBIX YCTPAHSIETCS CUCTEMaTHYeCKas OIIMOKa
YCWICHUSI CUTHAJIOB IMOCTOSHHOTO TOKAa, OOYCJIOBJICHHAsI CTPYKTYPHBIMHU OCO-
o6ennocTssMu OY. DTo MO3BOJIAET PEKOMEHI0BaTh CXEMY JIJIsi IPUMEHEHUS B CO-
CTaBe MPELU3UOHHBIX HHTEP(EHCOB.

Ha puc. 4.18 npuBeaena ceapMas moaudukanus cxembl OY Ha ocHOBe
«MEPETHYTOr0» Kackoja, B KoTopoi Munumusupyercst U, [40].

CM.IT

O +
Ls=2I, (ID 123 Ly=2I, ()124 <> I,=21,
2 12
3
I Aoal| $11-25,
\‘I Ig_n 6n |/ BLIX.
Bx.1 Bx2 VT4 }== V15—
VI20  VT21
Uoa || ey | VT4 | 13
~ |
Kinp1=1 l'/VTIO
l 216.n
Ielon | Lo |
v +EC - v
117
e ——
122@122210 = |
| o -

Puc. 4.18. Munumu3zamus U, B 1Y Ha OCHOBE «II€pETHYTOr0» KacKoja
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Ha puc. 4.19 nokazana BoceMas moaudukaius cxembl OY Ha 6aze «iie-
peruyToro» kackojaa ¢ MasibiM Uy [31].

Puc. 4.19. Yactnsiii cinyyait noctpoenus KV [31]

B Hauajo x orjiaBjIeHUIO

4.5. Knaccu4yeckune «kackogbl» B Npeun3noHHbix OY

Ocoboe MecTo B COBPEMEHHOM 3JIEKTPOHUKE 3aHMMAIOT KJIACCHYECKHE
kackoguele OV ¢ mpocreimeld NBYXKACKAJIHOW ApXUTEKTYpPOH, COAEpKallHe
HEOOJIBIIIOE YMCIIO AJEMEHTOB U XapaKTepU3YIOLIMECS MOBBIIIEHHBIM YacTOT-
HBIM Auarna3oHoM. Ha ux oCHOBE BBINIOJIHSOTCS, HAIIPUMED, Pa3JIMUYHbIEC KIIACCHI
CEJICKTUBHBIX LIETIEH, 1€ YUCIIO MAJOMOUIHBIX YCUIUTEIEH MOXKET U3MEPATHCS
necsitkamu enunuil. [Ipegmaraemerit OV (puc. 4.20), B KOTOpOM MUHUMU3HPY-
ercs Ugy, OTHOCUTCS K TaHHOMY THUITY MUKPOCXEM.

H’JL| Kip=-1
— ha

) i Kipp=-1

é 13:10'16.})

Puc. 4.20. Ilepssiii cioco6 Munnmuzanuu U, B kackogHoM Y
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Pa3HOCTHBIN TOK B BBICOKOMMIIEIAHCHOM Y3J€ «A» IPU €ro KOPOTKOM
3aMBbIKAaHUM Ha YKBUIMOTCHIIUATIBHYIO OOIIYIO ITUHY:

Ip = IBHX.7 - IBV - IKS > (44)
rae Igy =2Ig, — Tok 6asbl n-p-n Tpansucropa VT10 OydepHoro ycunnrens
915, =15 /B; — Tok 6a3bl n-p-n TpanzuctopoB VT4, VTS5, VT13, VT14, VT10

IpU SMUTTEPHOM TOKe I,; =1,; B; — KO3((UIUEHT YCUIIEHUS MO TOKY 0a3bl
n-p-n TPaH3UCTOpA.
N3 mocnennux ¢hopmysl MOXXHO HaAWTH, YTO Pa3HOCTHBIM TOK, OIpee-
Jsromun Uy,
I, =1y =2I5, -1y + 45, — 215, =0. (4.5)
[ToaTomy:

I
UcM ~ Ip (r313 + r314) ~ 2I_p¢T ~ 07 (46)
0
rae ¢, =26 MB — TemmneparypHbIi IOTE€HUUAIN; T,4 =T,;3 — COIPOTUBICHUS
AMUTTEPHBIX MEPEX0A0B BXOJHbIX TpaH3uctopoB VT14 u VTI13 nuddepeniu-
aJIbHOTO Kackazga 1.

B npetaraemoii cxeme U, =43 MkB. B ximaccuyeckom OV tok I, #0,

MO3TOMY 3/7IeCh cucTeMarnueckas coctaBisitomas Ug, | MOIydaeTcss Ha MOPSA0K
oonbuie (U, ; =-1,17 MB) [40].

B coBpeMennbix OY mupoko NpuMeHsIoTcs Kiaccuueckue auddepenun-
anbuble yeunutenu (KAY) co cneasmum nutanueM, oOecreyuBaoOmne MOBBI-
IIEHHBIH KO3 (UIIMEHT OCIa0IeHUsI BXOIHBIX CUH(A3HBIX CUTHAJIOB U PaboTy
BXOJIHBIX TPAH3UCTOPOB MPU MaJOM HANpPSIKEHUU KOJUIEKTOp-0a3a B cTaTuye-
CKOM PEKUME.

Hwuxe npencrasiena npennaraemas cxema OY Ha ocHoBe KV [65].

IOT1 | © 4
| Kiz1=-1 | L=I,
S

Is,
Io-Iﬁ_pi A i Tolsp o K VT7
$1021, B, =
VI3 VT4 25, T-
p S =
o) Iy VTS5
ed I/ Brix.
Ip-Is L L N —=°
-P IO'Iﬁ.p
VT1 VT2

Sl

Iﬁ.p 16-17
|21,

VTé6

R —

7
)

> 13:10
I
@ 1,=2I%, Gn
O -

Puc. 4.21. IIpeuunsnonnsiii OY Ha OCHOBE BXOJHOTO KacKaja
CO CIIeISAIIUM MUTaHUEM [65]
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Ecnu Tok o6mei smutreproit nenu KJAY paBen Benuuune 21y, To TOKu
KOJUIEKTOpOB TpaH3ucTopoB VT u VT2, Toku smutrepoB TpansuctopoB VI3 u
VT4, a taxke BXOTHON (Ipy r1) B BEIXOMHOM (Iyyxrr1) TOKH moacxembl I1T1 Ha-
XOJATCS IO hopMyJiam:

L,=1, :Io —1 Ia3 =1, +16.5 :IO _Iﬁ.p +16.p :IO7 Ia4 :IO -1
Lywt =L =I5 =1, =1 I =1, -1

rae Ig, =1g; =1,;/B; — TOK 6a3bl n-p-n TPaH3UCTOPOB NPH IMUTTEPHOM TOKE

6.p° 6.p°

6.p° BBIX.IT] 6.p°
Ia.i = IO ) Bi - KOC‘)(I)(I)I/IHI/ICHT YCHUIICHHA 110 TOKY 633]51 n-p-n TpaH3UCTOPOB.

Kak cnencrtBue, pa3HOCTh TOKOB B y3i€ «A» OJIM3Ka K HYJIIO, YTO YMEHb-
maet Uyy,.

B knaccuueckom KV Tok Ip # (0, modTOMY 3/I€Ch CUCTEMAaTHYECKasi CO-
crapistomas U, nostydaercst 6onee yeM Ha nopsgok oonsuie (U, ; =1,2 MB),
4yeM B npeasiaraemoit cxeme (U, = 21,7 MkB).

Hpyras Mmoaudukanus npeajiaraemMoro kackogHoro OV ¢ MaibiM Hamps-
KEHHEM cMmelleHus Hyns [41] npuBenena Ha puc. 4.22.

} : o +
oo viie vIs {7 |
| j | 11T
| VIl7,, |
|
| N
R |
Wi = |1 C
et 70 T2y | e
| [ |
VT9
A 2N
| |
12T, |2, ]
v | — |
L216.p iVDll:_ i
VT4 >‘— VT5 ! !
PY— — | |
I6.p I6.p l i i
Iolsy L ¢ Jolor | 'Bex
| |
Bx.1 Bx2 | !
VT12 VTl3>‘to | |
I6p — - I ! !
6. | |
I I p | 10 |
| |
| |
I |

Puc. 4.22. Bapuant noctpoenus kackogHoro OV [41]

Ecnu tox nByxmontocHuka 14 pasen Benuuune 2Iy (Hanpumep, 2MA), TO
TOKH SMUTTEPOB U KOJUIEKTOPOB TPAH3UCTOPOB 4 U 5:

Lgy=1p - I6.p » Lis=1Ip - I6.p » Ly =1 - 2I6.p » Ies=1p = 2I6.p )
126



rae Ig, =1,;/B; — TOk 0asel n-p-n TPaH3MCTOPOB MPH SMUTTCPHOM TOKE

I,; =1,; B; — KOOQPHUUHUEHT yCUIeHHs 110 TOKY 0a3bl N-pP-n TPAH3UCTOPA.
Kak crnencrBue, pa3HOCTh TOKOB B y37I€ «A» IPHU €ro KOPOTKOM 3aMbIKa-
HUM Ha SKBUIIOTCHIIMATBHYIO OOMIYIO IITHHY
I =1, Iz -1, ~0, (4.7)
rae Iy =2, —Tok 6a3bl n-p-n TpauzucrTopa 9 dydpepHoro ycuurens 8.

[ToaTomy niist cxemel (puc. 4.2):
I
UCM zz_pgDT zO’ (48)
IO
rae ¢, =26 MB — TeMIiepaTypHblii HOTEHIIUAI.
B uszBectHom OV TOK Ip # (0, mo3TOMy 37€Ch CUCTEMAaTHYEeCKasi COCTaB-

asromast Uy, OTydaeTcst Ha MOPAI0K O0JbIle, YEM B IIPEAJIAraeMoil cxeme.

Oco0eHHocTh cxeMbl (puc. 4.23) — BBeJIeHUE HEMHBEPTUPYIOUIETO MOBTO-
puteins TokoB 16. [Ipu 3TOM OoTnagaeT HEOOXOAUMOCTh BKJIIOUEHHUS LIETH CMe-
LIEHUA MOTEHINAJIOB.

v
QL

VD11—

Brix

110

114 @
o)

Puc. 4.23. YacTHsli cinyyait noctpoenus KJ[Y

Ha puc. 4.24 noka3zansl TeMnepaTypHbl€ 3aBUCUMOCTH HANPSHKEHUST CMe-
nieHus Hyls cpaBHHBaeMbIx K/[V.
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Puc. 4.24. TemnepaTypHbl€ 3aBUCUMOCTH HAIIPSIKEHUS CMEILLICHUS HYJIs
cpaBHUBaemMbix K[V

ToxoBas acummerpusi B OY Ha OCHOBE KJIACCMYECKHUX KAaCKOJIOB MOXKET
peaTu30BBIBATHCA 32 CUET HETPATUIIMOHHOTO TTOCTPOCHMS BBIXOAHOM MOJACXEMBI
Kackopa [44].
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Puc. 4.25. Cxema KJ1Y, peanuzoBanHast Ha p-n-p TpaH3ucTOpax [44]

Kak cnencteue, U, B JaHHOH cXeMe yMEHbLIaeTcss Oojee 4eM Ha
MOPSIAOK.

B Hauajo x orjiaBJIeHUIO
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4.6. NMpeunsnoHHbin OY ¢ uenbro KomneHcauum U, bopmupyemon
MHOrokaHanbHbIM UCTOYHUKOM OMOPHOIro TOKAa

Kackongnas apxutekTypa onepanroHHbIX ycunureneid (OY) oTHocUTCs K
4uclly HanboJiee MIUPOKOMOIOCHBIX U MOATOMY YaCTO MCIOJIb3YETCSI B MUKPO-
AJIEKTPOHHBIX ycTporcTBax [24]. Ins komnencauuu U, OY nanHoro kiacca B
cxeme (puc. 4.26) npejuiaraercs UCMOJIb30BaTh CyMMapHbIE TOKH 0a3bl TpEXKa-
HaJIBHOTO UCTOYHHMKA OTIOPHOIO TOKa [24].

O +
R1 m ﬁRz
Tt
L _lsp LI
2 2| lsp flsp
| 2
v | + VI3 VT4
I »
VTI VT2 tleo /L Lo | N
Bx."1 \/. Bx. 2 Ty Lo 1o
—> +E6 : AN
<« | \\

167'1’ I L C) VT11 A NTP:—K VT8~ Beix.
2 - L |y
N N e o SO L B i B

VT9 T R S e R
VTS Topd| VTG bl V7
SR e :
Is, Is, | TTl Is,
s P Ki=-1 t b

Puc. 4.26. Cxema npemsiaraemoro Y

CraTuyeckuid pexuM BCIIOMOraTelbHbIX TpaH3uctopoB VTS, VT6 u VT7
YCTAHABJIMBAETCS TOKOCTAOUIIU3UPYIOIIUM JBYXIOJIIOCHUKOM [}, a Takxke pe3u-
ctopamu R3, R4 u R5. Ecnu conpoTuBiIeHUsI OTMHAKOBBI, TO 3MUTTEPHBIE TOKH
tpan3ucrtopoB VTS, VT6 u VT7 paBHbl HEKOTOpoM BeiauuuHe ly, a Toku 0a3
3TUX TPAH3UCTOPOB OJMHAKOBBI W COOTBETCTBYIOT 3HaueHuro Is,, 1€
I, =1, / B, (By — xoodduimenT ycunenus mno Toky 0asel Tpansuctopos VTS,

VT6 u VT7. Kak ciieacTsue, TOKH B 3JI€MEHTaX CXEMBI
_ _ _ *
IK9 - leo - Ixz =1 IK4 = Io

b

*

0

K3

-1

0.p
>

I I

6.p

5
rae I, — KOJUIEKTOpHBIe TOKH TpaH3uctopoB VI3 u VT4 B cxeme KilacCHYECKO-
ro OV.
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Taxkum oOpa3om, pa3HOCTHBIN TOK I, 1J1 BEICOKOMMIIEJAHCHOTO Yy3J1a «A»
CXEMBI MPU €T0 3aMbIKAaHWW Ha SKBUIOTEHIIUAIBHYIO OOIIYIO IIUHY:
Ip = IK4 - IBBIX,]'IT] - I6,8 =0 4

* (V3
=K,,I =1, —1;, — BBIXOmHOW TOK TOKOBOro 3epkama IITI;

BBIX.MNTI 112 7 Bx.mTl

rae I
Iss =15, =1, / B, — Tok 6a3sbl Tpanzuctopa VT8; Ki; =1 — koaddunmenr ycu-

JIEHUA MO TOKY TOKOBOro 3epkaina [1T1.
B kmaccuaeckom OV 1ok I #0, mosTomy 31€Ch CHCTeMaruyeckas co-

crasiiitomas U, NOJIydaeTcst Ha HECKOJIBKO NMopsaakoB 6ombuie (U =-712 MxB),
4yeM B npeaiaraeMoit cxeme (U, = -15,2 HB) [24].
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Puc. 4.27. TemnepatypHbl€ 3aBUCUMOCTH HAIIPSHKEHUS CMEILICHUS HYJIS
CpPaBHUBAEMBIX CXEM

B Hauajo x orjiaBjIeHUIO




3AKINKOYEHUE

Pa3pabotan MeToA MHMHUMHU3ALMK JOMUHHUPYIOIIEH COCTaBJISIOLIEH
HanpspkeHus: cmenieHuss Hyns OV, o0yclOBIEHHOrOo paJuallMOHHOM Jerpa-
nanuei kodddunreHTa ycuieHus mo TOKy 0a3bl (3) OHIONSPHBIX TpaH3H-
CTOPOB M €0 TEMIEPATYPHBIMU U3MEHEHUSIMHU JIJISl IIMPOKO PACTIPOCTPAHEHHOTO
noaknacca OY — cxeM C BBICOKOMMIEAAHCHBIM y370M. OH 3akiroydaercs B
dbopmupoBaHUM CUCTeMbl TpeOoBaHUN K KodhduimeHTaMm ciaadoil TOKOBOM
acUMMeTpUM 0a30BBIX (DYHKIIMOHAJIBHBIX Y3JI0B, 00pasyromux cTpykrypy OY
(K, IIT, BY, UOT). IlokazaHo, uro munumainbHoe U, peanu3yeTcsi TOJIbKO B
ToM caydae, eciiu OV «cobupaercs» U3 (PYyHKIUMOHAIBHBIX Y3JI0B CO CTPOTO
ornpejieieHHbIMU Kod(dpuieHTamu ciaboil TOKOBOW aCHMMETPHH.

Pa3pabGoTansl MeTOAbl omuMcaHus U (GOPMHUPOBAHUS 3aJaHHBIX KOd(PPu-
LUEHTOB CJIa00il TOKOBOM aCUMMETPHUU TUIOBBIX (YHKIIMOHATBHBIX Y3JIOB OIle-
PAIMOHHBIX YCUJIMTENIeH (TOKOBBIX 3€pKajl, BXOAHBIX NU(DPepeHIInalIbHbIX Ka-
CKaJioB, Oy(depHbIX ycuimuTenae, ICTOUHUKOB OMOPHOTO TOKa). DTO MO3BOJSET
YIPOCTUTh CUHTE3 MPAKTHYECKUX CXEeM Npeun3uoHHbix OV 1o npeayiaraeMomy
NTOPUTMY.

[IpennaraeTcst anrOPUTM CHHTE3a CXEMOTEXHUYECKUX PEILICHUI orepanu-
OHHBIX YCWIHTENEH C PEryJsipHOH  apXUTEKTypod, oOecrneyuBarouuii
npakTuyeckyro peanuzannio OY ¢ ManbiM HanmpspDKEHUEM CMEUICHUS HYJSl TIpU
BO3/ICHCTBUM TEMIIEPATYPhl U paualnu.

[Tony4yeHsl aHAJIUTUYECKHUE OLICHKM YHUCICHHBIX 3HAYEHHH aBTOHOMHBIX
napamMeTpoB TPAH3UCTOPOB PATUAIUOHHOCTOMKOro ©0a30BOr0 MAaTPUYHOTO
kpuctasmia ABMK 1 3 u ux peXuMHBIE 3aBUCHMOCTH C YYE€TOM BIIMSHUS
TeMIlepaTypsl U pagualuy. JTO YNPOIIAeT OLEHOYHbIE PAaCUYeThl KOHKPETHBIX
cxem OV.

CoznanHblii B MOHOTpauK KOMIUIEKC apXUTEKTYPHBIX U CXEMOTEXHHU-
YECKUX PELICHUN CITOCOOCTBYET PACIIMPEHUIO 3HAHUN CIIEUATIUCTOB O METOAX
ontuManibHOro mocrpoenuss OV obmiero mpuMeHeHUss Ha 0aze CXeM-IpoTo-
TUIIOB NPHU BBICOKUX TPEOOBAHUSAX K UX HYJIEBOMY YPOBHIO B YCIOBHUSIX HU3Me-
HEHUs TeMIIepaTyphl U pagualim.

[Tony4yeHHble pe3yabTaThl MO3BOJSIOT C HOBBIX MO3HUIIMN paccMaTpUBaTh
npo0eMy MPOEKTUPOBAHMS IIUPOKOTO KiIacca aHAJIOTOBBIX (DYHKIIMOHAJIBbHBIX
y3JI0OB JUIsl aBTOMATHKU M CHCTEM YIPABJICHHUS C MajbIMU 3HAYEHHUSIMHU CTATH-
YECKUX MOrPEIIHOCTEH.
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Pa3Butne oOmiedt Teopun COOCTBEHHOM M B3aUMHOM KOMIIEHCAIIMHU TPH-
MEHUTENBbHO K OY OCHOBHBIX KJIACCOB MO3BOJISIET MEPECMOTPETH CI0KUBIIUECA
MIpEeCTaBICHUS Pa3pabOTYMKOB AJIEKTPOHHBIX YCTPOUCTB aBTOMATHUKH O METO-
Jax MOCTPOEHUS Npeu3uoHHbIX OV 00111eT0 TPUMEHEHHS.

Pa3paboTanHble CXEeMOTEXHMYECKHE MPUEMBbI KOMIICHCAIIUU BIUSHUSA [3
TPAH3UCTOPOB HAa CTATUYECKUE MOTPEITHOCTH MOTYT OBITh HCIIOJIb30BaHBI U B
JIPYTUX KJIaccax aHaJOTOBBIX M aHAJIOTOBO-IIM(PPOBBIX YCTPONCTB, HANPUMED -
HETMPEPBHIBHBIX CTaOUIM3aTOpaX HAIPSHKCHUS, BXOJHBIX AHAJIOTOBBIX CEKIUSIX
cBepxObIcTpoaciicTBYOMMX Napawienbubix AL [124, 126, 99, 100] u mHOTHX
JIPYTUX U3MEPUTEIBHBIX MPE0oOpa3oBaTENsIX U YCTPOUCTB aBTOMATUKHU U BBIYKC-
JIUTEJIbHON TEXHUKHU.

[IpencraBnennble B MOHOTpaduu pa3zpabOTKU pagualiMOHHOCTORKUX OY
JUIs UHTeP(ENCHBIX YCTPOMCTB aBTOMATUKHU SIBJISIIOTCS OCHOBOM JJIsI OpraHu3a-
LIMU BBIITYCKa JOCTATOYHO IMIMPOKOTrO Kjlacca UMIIOPTO3aMEILAOINX U3AETUM.
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