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[Mpeancnosue

3a Bpems Gosee 9eM 25-IeTHErO MPEo aBaHAs SIEKTPOHUAKY CTY AeHTaM, 06y-
YAIIUIMCA HA CTENeHb MarucTpa Hayk B Mupmiickom Texmomormueckom Un-
craryre (IIT) B leau (Hoio-[lean), a1 3aMeTmsI, 9TO CTYAEHTHI, IPUXOJAIINE
3 JPYTHX YHMBEPCHTETOB, MCHBITHIBAIA TPYJHOCTH H3-33 PA3HOI'0 yPOBHA
HAYAJIBHEIX 3HAHWU B DJIEKTPOHMKE. Y HUX He OBLIO 9eTKUX NPEACTABICHUA
B TE€OPETUYECKON YACTH, 3aTPYAHEHNA OLUIM W NPU peuieHuu 3a1a4. lannas
KHUT'3, NPEACTABIACT COOOM MONBITKY YAEINThL BHUMAHWE 3TUM IpoGieMaM.
Yuebuas nporpamma Kypca 1o snekTponuke B [IT gis marmcrpos paccaura-
HA Ha OAuH ceMecTp. HempocTo npuHATE pemenne, KAKOH BHIOPATH MaTEPUAT
Ui 0cBOeHus npuMepHO 3a 40 gacos. S BEIGpaI TEMEI, OCHOBBIBAACH HA OIBITE
TpeNoAaBaHusa X OOIIEHNA CO CTYLEHTAMH.

Marepuan npeacrapieH B yA0OHON 4 NOHMMAHWA M CXATOH popme, mo-
JIarasg, 9TO y CTYAEHTOB OTCYTCTBYIOT NIYOOKWE HAYAILHELIE 3HAHUA IO DIEK-
Tpouumke. Tam, rie HeOOXOAMMO, AAHEL BCe TPeGyeMEBIE COOTHOINEHMS, HO MX
NMPOCTPAHHBIA BHIBOA B OONLIIMHCTBE CIy4daeB cokpamteH. Heckonbko rias
MOCBANICHO M3JIOXKEHUIO GU3NIECKAX ABICHAN, MIPOUCXOJAIIAX B MOIYIPOBO-
HUKAaX ¥ IOIYIPOBOAHUKOBLIX IPpHOOpax, 9TOOLL Jerde 6bLI0 pa3obpaThca B UX
pabore B pealbHbIX cxeMax. OHM He CIOXHEIE [/ IOHEMAHUA U TIOJE3HbIe A
aHaIM3a cxeM. IIpu aHanumse w paspaboTKe CXEM CTYAEHTAM OIPEIeJICeHHO HO-
MOXeT GOIbIIoe KOMMIECTBO 33434 (MHOTME C PEIIEHMAMM) B KaXI0U IIaBe.

Kaura paccanTana Ha CTYJEHTOB YHHBEPCHTETOB, OOy UAIOIMXCA HA CTE-
neHy 6aKaIaBpa ¥ MACHCTPA, U A CTYNEHTOB APYTAX TEXHUIECKUAX HHCTHU-
TyToB. KHura Takxe GyJeT mMOJE3HA CTYAEHTaM (haKy/IbTETOB, CIELUAATU3N-
DYIOIIHXCS 10 BIEKTPOHUKE.

BnarogapHoctu

Bor gan mMEe BAOXHOBEHME M BO3MOXHOCTDL IPUHATHCA 33 HAMUCAHHE 3TOU
kHUrH. fI moTpsacen ero 6e3aMepHOM HIEAPOCTHIO, HO OIarOrOBEeHHBIN CTPax
He MO3BOJAECT MHe 6IaroJapuTh ero.

A mpusnarenen npog. M. C. Coaxa, 3aBegyiomemy kadbeapor GU3HKHA, KO-
TODPHIA B Hadaste Moed paboTsl B IIT B [emn npemioXmi, ITOOLI A MPUHAICA
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34, BAIKCKY JEKIUH 110 DIeKTPOHUKE HA CTeIeHb MAaruCTPa HayK. DTHU MEepBO-
HaYaJbHBIE YCHIUA [ONYYWIA PAa3sBUTHE B JAaHHOU KHUre. B mocieanme rogsr
A TaKXe OLYIIAI0 ero MOAAEPXKY U CONEHCTBHE.

A 6narogapen mpod. Axxen K. 'arak 3a ero pekoMeHAaIUN U COBETHI
H3 PasHBIX DTAmax HammcaHuaA KHuru. S Takxe Grarozapen npod. A. K. My-
xepaxu (Ilentp sueprerudeckux uccrnenosanuit, IIT, Jemn) u npod. C. H. Tan-
non (lentp 6uomeamuuackux TexHoxorud, IIT, Meau) 3a MHOXeCTBO moIes-
HBIX PEKOMEHIalUN.

Mowu uckpenuwue brarozapaocTH MomM koureraMm npod. JI. K. ManxoTpa,
mpod. C. Yompa, mpod. X. C. I'yura, mpodp. P.I'. MenauparTa u npod. C. K. Ma-
TYP 3a IPOABIEHHLIN HHTEPEC € MO AEPKKY BO BPEMs HAIIUCAHUA DTOU KHATH.

W1 makonem, s 6rarofapeH MoeHn ceMbe, 0COGEHHO Moen xeHe muccuc Hu-
auma [Ip106 3a ee TepneHne: MHE IPUXOAWIOCH OJOArY OTCYyTCTBOBATD JOMA,
TAK KaK A ObUI 3aHAT HAIMCAHHEM 3TOU KHUTH.

Bce sameuanus u npemiaoxenus GyayT ¢ 6JarogapHOCTHIO IPUHATHL.

Juuem C. [Ip106
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BBEZIEHUE
B MOYMPOBOAHUKU

[na moruMaHwua DpUHNUNA pabOTHL HOILYIPOBO JHUKOBBIX IIPUGOPOB U UX DIEK-
TPUYECKUX CBOUCTB HEOOXOAMMO MMETH IPENCTABICHHE 00 DHEPreTHICCKUX
30HaX B MOJIYIPOBOJHUKAX. DJIEKTPUIECKAE CBOMCTBA MATEpPHAJIOB, BOOOIIE
COBODA, B OOIBIION CTENEHH ONPEAENAIOTCA CTPYKTYPOU SHEPreTHIECKHX 30H.
Pasnntme s1ekTpudeCKUX CBOMCTB METAJLIOB, AUAJIEKTPUKOB U MOIYIPOBOJHIA-
KOB OOBACHAETCA PA3NNINeM B CTPYKTYpPe X JHEPreTHIECKUX 30H.

TeMbl, paccMOTpeHHble B 3TOiA rnase:

— o6pa3oBaHHMe DHEPreTUYECKUX 30H B TBEPbIX TEIaX;
— CTPYKTYpa 30H IOIyIPOBOTHUKOB;

JIETMPOBAHHEIE TIOIYIPOBOIHUKY;

— pacdYeT KOHLIEHTDAIXU HOCUTEIEN;

MPOBOJUMOCTD U €€ 3aBUCHMOCTb OT TE€MIEPATYPHL

I.1. SHepreTnyeckune 30HbI B TBEpABIX TENAX

Crpoenne aToMa CeM9ac [JOBOJIHHO XOPOLIO M3BECTHO. B menTpe pacmooxe-
HO IOJOXHKTEILHO 3apAXKEHHOE ALPO, BOKPYT KOTOPOI'O BPAINAIOTCA DIEKTPO-
HBI, KOTOPBIE MMEIOT OIpeeJeHHbIe DHepreTuIecKue cocroauus. Ha puc. 1.1
B YNPOLIEHHOM BH[E MOKA3aHO CTpoeHwe aToma. OpOHTHI BIEKTPOHOB CO-
OTBETCTBYIOT DHEPIeTUIECKUM COCTOAHUAM Fy, Fy, ..., 9TO 03HA4YaeT, ITO
BIEKTPOHLI MOI'y T MIMETH TOJIBKO OTH AUCKPETHbIE 3HadeHns bHepruu. Puc. 1.1
MOXHO II€PEPUCOBATH B BHjEe puc. 1.2 — 5T0 yxpoOHEe AjId HAIIWX MMOCIENyIO-
WX PACCYyXJEHUU. DIEKTPOHAM HE Pa3pELIeHO MMEeThb KaKyio-1u6o dHEpruio
MexXay AuCKpeTHbIMu ypoBHAMmEu. Hanmpumep, Ha puc. 1.1 Hu oauH sreKTpOH
HE MOXET CyIIeCTBOBATH C dHEPruew, Jexamen mexny Fy u Fs.
IIpuBesenHbIE PUCYHKY CHPABEAIUBEL JANIL JIA ATOMA, KOTOPBIA PACCMa-
TPHBAETCA M30JINPOBAHHO, T. €. KAK HE3ABICHMBIN OOHEKT — CBOGOAHBIA OT B3a-
MMOJEVCTBHUA C NOJAMH APYTHX aTOMOB. B TBepAbIx Tenax aTOMBI PacIofo-
xeHbl 6uma3ko (oxomo 10?2 B ky6uveckoM CaHTMMETDE) W OHH HeCBOOOJHBI
OT BO3/IEUCTBUA COCEAHUX ATOMOB. /13-3a JeHCTBUA BHENIHAX MOJEH HMEET Me-
cTo o6MeH dHeprusamu. B pesyabraTe YeTkue s3HepreTUIeCKUe yPOBHY (TaKue,
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KaK IIOKAa3aHO Ha PUC. 1.2) paCumpsIOTCA U CTAHOBATCA SHEPreTUIECKUMHE 30-
HaMH, KaK m3o00paxeno Ha puc. 1.3. Pacumpenue TeMm Goibiie, deM gaibine
DTOT SHEPreTH4eCKWH yPOBEHb PACHONOXEH OT Agpa. Mexny paspemeHHEBI-
MU DHEPreTUIeCKNMI 30HaMK HaX0JATCA 3alIpemeHHbIe DHEPreTUIECKUE 30HbL
(pumc. 1.3).

Es
E2 OHeprusi
anekTpoHa
=]
Ez
Ey
Puc. 1.1. YupomeHHBIT BUS aTO- Puc. 1.2. Boree yno6uoe npeficrasieHue
va. Ei, E>, u F3 — guckpeTHbIE JHEPreTUIeCKUX YPOBHEHN aTOMa
SHEpreTu4ecKne ypOBHM, KOTODBIE
MOI'yT 3aHUMATDH DJIEKTDPOHEL
Puc. 1.3. B TeepAsx Temax dHEPTeTH- Sueprus f
4YeCKHe YDPOBHM U30JMPOBAHHBIX ATOMOB
PacHpPAIOTCA ¥ CTAHOBATCA 30HaMu. Fgi,
E42 — 3ampemeHHbIe 30HBI Es
Egq
E>
Egy
Ey

Mo2xxHO mpuBeCTH MHTEPECHYIO AHAJIOIMIO MEX /Y PACUMPEHNEM SHEPreTHIeC-
KWX YPOBHEU B TBEP/BLIX TEIAX U B3AUMOJEACTBHEM OIIBKO PACIONOKEHHEIX KOJE-
6arersubx LC-kouTypoB. PaccMoTpuMm konebarenbasm kouTyp (puc. 1.4, a),
MOJKIIOYEHHBIA K TEHEpPATOpy IepeMeHHOM dacToThl. Ha puc. 1.4, 6 upen-
CTaBlIeHa XapaKTEPUCTUKA KOHTYpa (Hampumep, W3MeHEHUE TOKa B KOHTYDE,
KaK pyHKusa 9acToTh). Tenepb, eciim paCIOIOXHUTE OIM3KO ABA OZMHAKOBLIX
Kone6aTenbHBIX KOHTypa (puc. 1.5, @), TO B pe3yabTaTe B3aHMOAEHCTBUA UX
9NEKTPOMATHUTHEIX MOJEU NOILYyIATCA PE3OHAHCHAA KPUBAA, NOKA3aHHAA HA
puc. 1.5, 6. Ha Helt pacmosoXeHBI ABa MUK BMECTO OJHOrO, W Pa3/eleHUe
MeXJy HHMH 3aBHCAT OT TOI'O, HACKOJALKO CHIBHO dJIEKTPOMATHWTHOE IOJe
OJHOTO KOHTYpa [JeNCTByeT Ha APYrod kOHTYp. Ecim pacmomoxuTh OJIM3KO
IeThIpe KOHTYPa, TO YBUAUM HUETHIPE PE3OHAHCHBLIX MUKA.



@ T'aasa 1. Beedenue 6 noaynposodnuxu

© Puc. 1.4. Kone6aTersHen
E xoHTYp (@); JacTOTHAA Xa-
5 PaKTEPUCTHKS, KOeGaTelb-
Q
g HOro KoHTYypa (6)
s g
QT
CRel
c X ¥
|
FoI Yactora
a) t 6)
g
=
=
[&]
s
Q
C (o] 8 8
s
% I
- X8
L L Yacrora
a) 6)

Puc. 1.5. [Isa 61u3k0 PaCHOJIOXEHHEIX KOIe6aTeIbHBIX KOHTYPa (a); IacTOTHAA Xa-
DPAXTEpUCTHUKA JBYX B3aMMOJENCTBYIOIMMX KOJeGaTeIbHBIX KOHTYpPOB (6).
IToaBnenne nBYx MUKOB

KpuCTawLt coaepX uT OrpoOMHOE KOTHIECTBO B3ANMO/IeHCTBYIOMUX ATOMOB
(oxomo 10?2 B xy6mieckom canTumerpe). COOTBETCTBEHHO, BHEPreTHIECKan
30H3, COJEPKUT MHOTO GJIM3KO DACIOIOXKEHHBIX yPOBHEH, IPHYeM, PACIOJO-
KEHHBIX TaK OIM3KO, ITO MPAKTHIECKA BO BCEX CIy9YadX OHM O6pasyioT [JHa-
TTa30H HempephIBHLIX 3HadeHmd. OHAKO MOXHO OTMETHTDH, ITO B TBED/bIX
TeJaxX dHepreTHYecKhe 30HbI PA3/IeleHEl 3aNpENIeHHBIME 30HAMME, ITO ABJIA-
eTCA OCHOBHBIM CBOMCTBOM DHEpPreTHHeCKHX ypOBHe# aroma (cm. puc. 1.3).

KBanTOBasg MexaHWKa TOADOGHO M3y9mia O6PA3OBAHWE DHEPreTHYeCKUX
30H B TBEpABIX TeiaX. [10Ka3aHO, YTO MEPEKPLIBAHME ATOMHDLIX BOJHOBBIX
(JyHKIMI B KPUCTAJLIE BEI3BIBAET PACIPEHNE SHEPTeTHIECKUX YPOBHEH u 06y-
CIIABIMBAET TOABJIEHWE DHEPreTHIECKHUX 30H.

|.2. SHepreTnieckue 30HbI M NEpeHOC 3apAaja
B NOJTyNPOBOAHMKAX

Kpemunit — mosynpoBofHUK, U3 JaBHA IAPOKO IPUMEHAEMBI [[JIA H3TOTOBJIE-
Hua npubopos. KpaTko paccmorpuM 06pa3soBaHNe 3HEPIETUYECKUX YPOBHER
B KPDEMHUH.

Aromuri HOMep Kpemuusa — 14. Huxe Gyger mokasano, kak 14 saekTpo-
HOB KPEMHUA pacCIpejeleHbl B Pa3HBIX 000J09KaX M MOJ000J0IKaX.
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1s? 25%2p%  3s5%3p?

TmaBuOe xBamTOBOE YMCIO T =1 n=2 n=3

Yucno ameKTPOHOB 2 8 4

BcmomaMM, 9TO Ha YpOBHE S MOXET PasMENIATHCA 2 IEKTPOHA C MPOTH-
BOMOJOXHBIME cnmHaMu (opuHuun Ilaynu), a Ha ypoBHE p — 8 BIEKTPOHOB.
TaxuMm 00pa3oM, ypPOBEHb, COOTBETCTBYIOIINY [NIABHOMY KBAHTOBOMY IHUCIY 3,
MOXET BMELIATEH 8 DHEPreTHIECKUX YPOBHEH, OMHAKO ¥ KDEMHUA 3MECH TOIBKO
4 >1eKTPOHA.

Puc. 1.6. Pacumpenue coctos- 4 4
Huit 3p 1 35 B KpUCTaLIe KpeM- é
mua (cxemarwyeckn). E. u By, co- 2
OTBETCTBYIOT HAadaly SHEpreTw- O b
aspeLueHHble
H IPOBOJUMOCTH U Ba-
YeCKUX 30H HPOBOJUMOC a; VPOBHY aHEprYIM
aerTHOCTH. By — 3anpemensas
30Ha (30HA 3aIpeIleHHBIX SHep-
reTUYeCKUX yPOBHEN) 3p
3s
Pa3spelueHHblie
| YPOBHW 3HEPrum
|
LWar |
KPUCTaNIN4eCcKon |
pelueTku I
———-—3aop 1
|

MexaTtomHoe paccTosHue

Ha puc. 1.6 mokazaHO, KaK PaCIIUPAIOTCA U PACUICILLIIOTCA BHELIHNE YDOBHU
3s 1 3p npm 06pa3OBAHME TBEPAOTEIHHOIO KPEMHHUA BCIEACTBHE CONMKEHHA
€ro aTOMOB. YPOBHH 38 ¥ 3p y3KHUe U 9eTKO OIpeeleHbl, KOrJa aTOMEI PACIO-
JIOXEHEI JaJeKO ApYT OT Apyra (mpasas gacTb puc. 1.6). Pacmupenune suepre-
TUYIECKUX 30H HAYMHAETCA, KOI/Ja ATOMBI HA4MHAIOT cOmmxaThea. CTpyKTypa
30H, 06pa30BAHHAA DX MEXATOMHOM PAaCCTOAHMM, PABHOM IIAry KPUCTAJLIHN-
9€CKOM DEIIeTKH, Haubomee BaXHa U IPEACTABIAET JEHCTBYIONIYI0 CTPYKTYPY 30H
B TBep/ioM Tele. Tpu oCHOBHBIE 30HBI Ha puc. 1.6 o603nagensr kak V, C u E,.

MoxHo ckazaTh, 9TO y3Kue (MeHee paCUIMPEHHbIE) YHEPreTUICCKUE 30HbI
00pa3yioTca Takke U A HYXKHAX YPOBHEH 25 M 2p, OJHAKO DJIEKTPUIECKHUe
CBOMCTBA ONpEAEIATCA TOILKO BHEITHAME HEPTeTHIeCKAMH 30HAMU ¥ TI09TO-
My JWIIHWE B TOM CMBICIE YPOBHHU HAa pHC. 1.6 IpOmyIieHsL.

Bcmomanm, 4To r3HavaIsH0 y KaX 10r0 aTOMa 8 SHEPreTHIeCKUX yPOBHEH
(2 gns yposusa 3s m 6 m1a ypoBHs 3p). B kpucramne xpemuna ¢ N aroma-
M Oyger mepepacunpegeneno 8N sHeprerumdeckux yposHeid. C TOYKE 3pe-
HUA KBaHTOBOM MexaHWKZ 4N ypoBHe: mOmaayT B 30HY, 0003HadYeHHYIO V
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u 4N yposreir — B 30Hy C (cm. puc. 1.6). Coorsercreenno, 4N 31eKTPOHOB
(mo 4 BaneHTHBIX 2IEKTPOHA HA aTOM KpeMHU:) 3amoxHaT Bce 4N ypoBHeR
HUXKHeH DHepreTu4ecKon 308561 V. HuxHaa sHEpreTnieckas 30Ha HA3BIBAETCA
«BAJIEHTHOW»Y, TaK KaK COJEPXKUT BAJIEHTHBHIE DIEKTPOHBL B 30HE, 0603Ha49€H-
HOoU Eg4, He CymecTByeT DHEPreTHYeCKHX YPOBHEW, I OHA Ha3BIBAETCA «3a-
IpeLIeHHOM 30HOWY. DJIEKTPOHAM 3alpeIeH0 MMEeTh JHEPrHUIiOo, HAaXOAULYIOCA
B 3ampeIneHHON 30He. BepxHaa 30HAa HA3BLIBAETCA «30HOU MPOBOAMMOCTHY. Ec-
JI¥ 5J€KTPOHBI Oy Ay T BEITOIKHYTHI B Ty 30HY (KaK 9TO MOXET CIyIATbCA —
MBI YBUJUM [JaJee), OHE MOT'YT JBUCATHCA BHYTPH KPHCTAJLIA X BHOCATH CBOK
BKJIA/| B JJIEKTPOIPOBOJHOCTH IPY IPUJIOKEHUN BHEITHET'O JIEKTPUIECKOr0 IO,
Boo6ie mpusbIdHEE NPEACTABIATE SHED-
A reTHYeCKNe 30HbI [ GUKCAPOBAHHOIO MEX-
3owa npoBoAMMOCTH Pi%%ig::::le aTOMHOT'O DACCTOAHWSA, PABHOI'O IIAry KpH-
‘ CTAJIMIECKON pelleTK, KaK Ha puc. 1.7. 3a-
. npemerHas 30Ha Fy paBHa pasHOCTH dHepre-
A e 2% TEYecKnX ypOBHEH MeX/Ay HUXHeH rpaHunelt
E, ———_——- 30OHBLI IPOBOJUMOCTY U BEPXHEH IPAHULEH Ba-
PaapeIEHHue JeHTHOU 30HHI (cM. puc. 1.7). Takoit pucyHOK
coctosHus  mporue u yao0Hee [ paCCMOTPEHUA CBOUCTB
\ OJIyIPOBOJHUKA.

Puc. 1.7. Dmeprerumseckue 30mH Bbiie 66110 ckazaHo, <ITO BCE DHEpreTH-
B MOAYIPOBOHIKE JeCKre YPOBHY B BAJICHTHON 30HE 3aI0MHEHEI,
a 30HA MPOBOAMMOCTH IIyCTa U HE COAEPXKUT
BIEKTPOHOB. DTO yTBEPXJEHAE UCTUHHO TOIBKO MJA MAEAILHOrO KPUCTAJLIA
IpH TeMmIepaTypax BOIM3M abComioTHOrO Hylaa. B Takmx ycroBuax mpep-
IOJAraeTCA, 9TO DIEKTPONPOBOJHOCTH OTCYTCTBYeT. DTO TaK, MOTOMY 4TO
B PacCMATPHBAEMOM CIydae HET IEKTPOHOB IPOBOJUMOCTH, a DJICKTDPOHBI

B BaJCHTHOU 30HE HE MEPEABUIAIOTCA.

Ee ___Y_ __

30Ha BaneHTHOCTU

3amoMHMM, 4YTO NPH HH3KAX TEMIEPATYPax
SNeKTPOHELI NPOBOAMMOCTU MOJIYNPOBOJHUKU BeAyT cebd KaK IVDIEKTPUKH.
o o IIpu moBBIIIEHUU TEMIIEPATYPHI HOLYIPOBOJHAKA,

== = Ec

HEKOTOpPBIE DIEKTPOHBI MPHOGPETAIOT NOCTATOY-
Ceo6oaHble HO DHeprumu [Aja TOro, YTOOBI 0CBOGOAUTHCA OT
dHepreTnyeckue CoCctosiHus v Y
KOBAJICHTHOU CBA3M U IEPEUTH B 30HY TIPOBOAUMO-
% E,
teeoo00eses ™ CTH, OCTaBIAA TocHe ce0s BAKAHTHBIE DHEPLeTH-

YeCKHE yPOBHU B BAJICHTHOW 30HE. JTa CUTYAIUA
Puc. 1.8. DnexTponst mposo-  pokaszana Ha puc. 1.8. Ecim Temeps kx mmacru-
AUMOCTH OCTaBAAOT CBOOOA-  po poymhoROAHEKA TPHIOKHUTD IEKTPHIECKOR
HBIE DHEPreTUIECKHE yPOBHU
B BATEHTHOMN 30He moJe, TOSABUTCA MPOBOAUMOCTD, ¥ HO IO HOTe-
49eT TOK. B 3TOM mpOBOAMMOCTY IPUMYT yIacTHe
BIEKTPOHBI HPOBOAUMOCTHY (TaKXe Ha3hLIBAEMbIE
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cBOGOJHBIME JIEKTPOHAMH, KOTOPBIE MOT'YT MEPEABUTATHCA BHYTPH KPUCTAI-
Ja, HAIpUMEP, OT OJHOT'O dIEKTPOAA K Apyromy). Huxe Gymer mokasano, 9To

B IPOBOAMMOCTH TaKXe NPUMYT yYacTHe X BAKAHTHLIC YPOBHHU BAJICHTHOHN
30HBI — TAaK HA3bIBaEMBIE (JBIDKU».

[rIpo4Has IPOBOAUMOCTE WLIIOCTPHpPYyeTcA puc. 1.9, a, HA KOTOpOM A
OpPOCTOTHI NOKa3aHa TOILKO OJHA ABIpKa, o6o3madvenHas Oyksou «H». Ecam
K TIOXYTIPOBOJHUKY IPWIOXHUTH IEKTPUIECKOE MOJE, DIEKTPOH U3 IO3UIUK
A MOXeT IepeCKOYMThb B NMO3MIUIO ABIDKKM H, HMEIIylo MOYTH TaKylo Xe
M HE3HAYUTENLHO OTIMYAIONyocs dHepruio oT mosuumm A. Tak kak pas-
HHIIA DHEPTrUM B YPOBHAX OY€Hb Mala, TO TaKHe IePEeXOAbl BECbMa BEPOATHLI
u cay4aroTca 9acTo. Takum 06pa3oM, ABIPKA MEPEMEIAeTCA Ha OIHy IO3UIHIO
Bpaso (puc. 1.9, 6).

<) HABC e P AHBC e
I ceccsccecss I I::::::::?:: |

a) 0)

Puc. 1.9. IlonynpoBoAHUK IPY NPUIOKEHAN BHEIIHETO MOCTOSHHOI'O 3IEKTPUYECKOro
nouns (a). Byxsout H o603HaMeHa JbIpKa; ABMXKeHue nuipku H moj geficTBreM
3MeKTpUdecKoro mouas (6)

Teneps snexTpoH U3 nosuuun B MOXeT 3aHATH MeCTO AbIpku H. [[puxe-
HU€ [BIDKH K NPaBOH CTOPOHE (CTOPOHY OTPULATENLHOrO IOMIOCa 6aTapen),
a DJIEKTPOHA — K JEBOM CTOPOHE NPOJOIXKHUTCA 4O TeX IOp, NOKA ALIPKA
He DEKOMOMHMpPYeT C dIeKTPOHOM Y OTPHUIIATEILHOI'0 DIEKTPOA, 8 AOMOJHMU-
TEJIbHBIN DIEKTPOH He MOKWHET KPUCTALI 9epe3 APYTO#l dMEKTPOJ, CO3TaBad
TOK BO BHENIHEN Henu. BoT Taxk ABIDKH COAEMCTBYIOT CO3JaHMIO JOHOJIHHU-
TEIbHOM MPOBOAAMOCTH. 3AIOMHEM, YTO ABUXEHWE dJeKTPOHA B BAJCHTHOM
30HE, OTBETCTBEHHOE 33 [BUXEHWE NLIPKM, OTINYAETCA OT ABUKEHHS DIEK-
TPOHa B 30He npoBoguMocTH. HeTpysHO yka3aTh TOYHO HEKOTOpEIE OTINYIHUA.
Hanpumep, pemxenme sieKTPOHOB B BANEHTHOH 30HE CHIBHO OIPAHMIEHO,
TaK KaK OHHU JBUXYTCA B Cpefie, Ile CMeXHbIE dSHepreTUIeCKNe yPOBHM MOJ-
HOCTBIO 3amonHeHbl. CoBceM JApyrad CATYaIMd CKIAJBIBAETCA A DIEKTPO-
HOB 30HBI IPOBOAUMOCTH. 30HA IPOBOAUMOCTH 3AIONHEH C1a60, 1 GOMLIINH-
CTBO SHepPreTUIeCKUX ypOoBHeH cBOGOAHBL. KpoMme TOro, BaleHTHbIE DIEKTPO-
HBI IMEIOT MEHBIIIYIO SHEPIUIO, €M DJIEKTPOHBI IPOBOANMOCTH, ITO OYEBHIHO
u3 puc. 1.8.

BoamoxHE! ABa MeTOMA [ aHAIN3A ABHIPOIHON IPOBOAAMOCTH. ITepBoit —
YCTAHOBUTD /A DIEKTPOHOB BAJEHTHOM 30HBI, OTBETCTBEHHBIX 33 IEpeMele-
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HEe IBIPOK, HAGOp MapaMeTpOB, OTIMYAIOMHAXCA OT HaPAMETPOB dJIeKTPOHOB
30HBI IPOBOAUMOCTH (IPUYUHBI 3TOM PASHALBI MBI OTMETWIN BBIIIE).

Y106 KaXABI Pa3 HE YTOYHATH: JIEKTPOH
< B BAJEHTHOW 30HE W DJICKTPOH B 30HE IPOBOAEMO-
CTH, Jydllle IPAHATH, 9TO (ABIPKA» — DTO OTAeNb-
HBIM OOBLEKT, W [JA PACCMOTDEHUA €€ IWHAMUKN
Ha3HAYATH eMy (06BEKTY) COOTBETCTBYIOIIAU Ha-

A 60p mapamMeTpoOB, TaKHX KaK 3apajn, addexTuBHAA
C') Macca, HOABMXKHOCTh U T. . Takasa MeToquKa uMeeT
Myasipek BCEMHPHO€ IpU3HAHWE. MBI BHEIN BBILIE, YTO ABIP-

Ka B JJeKTPHYECKOM IIONe ABUXKETCA B HaIpaBle-
HUY, OOpDATHOM HANPABIEHUIO JBHXEHUA DIEKTPO-
Ha. CrenoBaTensHO, 3TO MOXET OBLITH OCHOBAHHEM
[JIS TOT'0, ITOOBI HAJEINTD MBIPKY IMOJOXUTEIbHBIM
Puc. 1.10. Ilyaripex — 310  3apAAOM, DABHBIM II0 BeJUWYUHE 3aPALY IIEKTPOHA.
mycroTa (OTCyTCTBHE XHJ- Konuennusa gbIpku mMeeT MHTEDECHYIO aHAJIO-
xoctu). [lswxenne mystips- [ Bapranen ma BO3IymMHDI Iy3bIPEK, IOJHIMA-
Ka BBEpPX B JEUCTBUTEILHO- . "
i — memxenye xugkoctn OUWMHCA B XUAKOCTH, HAINTON B CTEKIAHHYIO KOOy
BHm3, B mycroe mpocrpan- (puc. 1.10). Yto Takoe mysnipek? ITO OTCyTCTBHE
CTBO XKHUAKOCTH, IyCTOTA, ABLIPKA.

Kax.-moxet peurarbca mycrota’? Korga myssi-
DPEK MOAHNUMAETCA, XUIKOCTD YyCTPEMIAETCA BHA3, YTOOBL 3aII0JHATD IIyCTOTY
(xak DIEKTPOH 3aHUMAET MeCTO AbIPKH). Ecan paccMaTpuBaTh «Iy3bIpEK» KaK
pPeANbHBIM OGBEKT, TOTA €r0 ABMXKEHNE MOXET ObITH OMUCAHO W IIPOAHAJIM-
3MPOBAHO C IOMOIIBIO NIPUMKUCAHHBLIX €My COOTBETCTBYIOUINX AWHAMHUYECKUX
napaMeTpoB. TOT ke MOAX0A NPUMEHEH U A «ABIPKW» B MOJYIPOBOJHUKE.

|.3. MpoBoanMocTb NonynpoBoaHUKOB

B MeTramiax 3apaj MEpEHOCAT TOJIBKO JJIEKTPOHBI, IO3TOMY yACIbLHAA JJIEK-
TpUIecKas IPOBOJUMOCTD MeTalla o uMeeT pasMepHocTh (Om - cm) ™! u BEI-
paxaeTtca GpopMyJIon

0=q-n"fin, (1.1)
Tie ¢ — 3apAj SIEKTPOHA; N — KOHLIEHTPAIWSA SJIEKTPOHOB (ILIOTHOCTD DJIEK-
TPOHOB); Ly, — MOJBIKHOCTD DIEKTPOHOB.

[as moxrynpOBOJHAKOB BCIEACTBAE TOr'O, YTO B JIEKTPUIECKOM IPOBO/IH-
MOCTH TaKXe yIaCTBYIOT U ALIPKH, ypasHeHue (1.1) Z0MXHO HMETDH AOTIOJHE-
TeJbHBLIN 4IeH:

C=q-n-fin+q-p-pp, (1.2)
r/ie p — IUIOTHOCTH ABIPOK; [ip — MOJBIXHOCTH JBIPOK.



1.4. Memaaabl, dussexmpury u noaynpoeoonuxy

Ypasaerue (1.2) MOXET NPEMEHATHCA [JIA BHIYUCICHUA YAETHHOHU IIPO-
BOAUMOCTH O, WIH yJAeIbHOIO CONPOTWBICHHA p = 1/0 HOXympoBOAHUKA.
[anee MbI yBHAMM, UTO s IPOU3BOACTBA MPHOOPOB OOBIYHO HCIOIB3YIOT-
Cs TOJXYNPOBOJHUKY, B KOTOPHIX INIOTHOCTH HOCHTENEH 3apAAa OJHOTO THIA
(31K TPOHOB MIN ABIPOK) HAMHOI'O IPEBHIUIAET IUIOTHOCTL HOCATEIEH 3apAaa
apyroro tuma. B TakoMm ciydae BKIaJ B IPOBOAEMOCTL OJHOTO W3 ICHOB
B ypasHeHuH (1.2) CTAHOBHTCA HE3HAYUTENLHBIM M DTOT WIEH MOXET OBITH
OLyILIEH.

Hanpumep, ecim n > p (cupaBeAInBoO JiIA DOXyIPOBOAHUKA N-THNA) YPAB-
menwve (1.2) Gyger umeTsb BUA:

O=q- N lin- (1.3)
A ecam p > n (mn1a noxynposoguuKa p-Tuna) ypasHenue (1.2) npumer Bu:
O=q-p- fip. (L.4)

Ypasrenns (1.3) u (1.4) npUMEHAIOTCA AIA BLIYUCICHUA TPOBOAEMOCTEH
[OJIYIIPOBOAHUKOB N~ U P-THUMA.

|.4. MeTannsl, AUaNEKTPUKU U NONYNPOBOAHUKM

Pacumpenne sHepreTuueckux ypoBHEHR U 00pa3OBaHME DHEPreTHIECKHX 30H,
pacCMOTpEHHOe paHee, — (PpyHIAMEHTAILHOE CBOUCTBO TBEpAbIX Tel. CTpyk-
Typa SHEPreTHIECKHUX 30H TBEPAOrO Tela OIpegeiseT, OyAeT JM OHO BECTH
cebd KaK MeTall, KaK [UAIEKTPUK WIM KaK moaymposogHuk. Ha pmc. 1.11
NpeJCTABICHA 30HHAA AWArpaMMma B OOIEM BHUAe. Y AHIIEKTPHKOB 3alpe-
IIeHHAA 30Ha [F, BeamKa, OHa COCTABIAET HECKOIbKO BIEKTPOHBONLT (5B).
Hanpuwmep, y anmasa, n3BecTHOro Kak caMmblit Jy<dmmit AmsnekTpuk By ~ 6 5B.

Jna GonpIMHCTBA AMAIEKTPUKOB 3alpelueHHaa 30Ha Goxee 3 aB. B mo-
AOOHBIX CIydasx DIEKTPOHBI M3 BAJIEHTHON 30HBI HE MOI'YT IEPECKOYHUTD B 30-
HY IPOBOAMMOCTH JaXKe IPHU IOBBIIEHHBIX TeMIepaTypax. Takum oGpasom,
B 30HE IPOBOAMMOCTH HET HOJABHXHBIX DJIEKTPOHOB (B HAeale — HU OJHOTO,
IPAKTUYECKN — YPE3BEIYaMHO MAJO), & B 30HE BAICHTHOCTH HET ALIPOK. Ilo-
9TOMY NIPH OPWIOKEHHUA He CIAMIIKOM GOJBLUINX DIEKTPHIECKUX MOJEH IEPEeHOC
3apAga HEBO3MOXEH W MATEPUAT BeJeT Ce0f KaK IEKTPUIECKHN H3O0JIATOP
(AusnexTpUK).

[as moTypOBOAHAKOB IMPUHA 3aIIPELIeHHOM 30HE g — mopazKa 0fHOro
SNIEKTPOHBOIbTA, & JUATPAMMA SHEPreTHIECKUX 30H TAKAsA XK€, KAK Y JUdJeK-
TPHUKOB.

Ws-3a Manoll mmpHHBI 3aIpelieHHOM 30HH Fy B wmcToM (Herermposa-
HOM) MOIYNPOBOJHUKE [aXe HpW KOMHATHOH TEMIEpaType GOibIIoe HGHCIO
SIEKTPOHOB HAXOAUTCA B 30HE MPOBOAUMOCTH U CTOJBKO XK€ JABIPOK — B Ba-
JEHTHOH 30HE.
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C meramwiamu curyanusa uHad. [[lupuHa 3anpeirenHol 30051 METALIOB HY-
nesas min Gauskas K Hymo (E, = 0). Takas cuTyalusa BO3HMKAeT WIN U3-3a
MEPEeKPBLITAA 30H IPOBOAUMOCTH U BAJEHTHOCTH, KaK MOKA3aHO Ha puc. 1.12,
WA ¥W3-33 JACTUYIHO 3aIOJHEHHOW BAaJEHTHOM 30HHL. B obomx caydaax <mc-
J0 CBOOOAHBIX DHEPreTUIECKUX YPOBHEN IPEBHINAET KOINIECTBO IEKTPOHOB
B 30HeE.

i

PaspelueHHble
3oHa nposBoaANMOCTH COCTOSHUS
E 3anpetleHHas I
g
30Ha 30Ha
Y NPOBOAMMOCTH
KX
PaspelueHHble 3oHa
30Ha BaNeHTHOCTU COCTORHIS BANGHTHOCTU
¢ Eg=0
Puc. 1.11. [umarpaMma >HEpreTudec- Puc. 1.12. IlepexpriTie 30H IPOBOLUMO-
KuX 30H TBepAoro rexa (obuee mpen- CTH U BaJleHTHOCTU B METAJLIaX

craBieHue). Bepxuas 30Ha — 30Ha mpo-
BOJVIMOCTH, HYDKHAA — 30HA BAJICHTHOCTH

IIpuBemeM B mpuMep MeTAWI C ATOMHBIM 4uciaoM 11 — HaTpui. 11 arek-
TPOHOB ATOMa HATPWUA PACHOIOXKEHEI B PA3MAYIHEIX YPOBHAX M MOAYPOBHAX
B kondurypammu 1s? 252 2p8 3sl. Ha yporme 3s HaxogmTca TOIBKO OAUH
DIEKTPOH, XOTA KaK HaM U3BECTHO, yDOBEHb 3S MOTYT 3aHAMATD 2 3IEKTPOHA
C MPOTHUBONONOXHBIME cauHAMYU. OYeBHAHO, YTO HMOCIEAHAA SHEPTreTHIECKAT
30HA, 3allOJHEHA HAIOJIOBHUHY, 8 HAIOJOBHHY cBoGoaHa u Ey; = 0.

MeTamnsl — XOpolire TPOBOJHUKH, IOTOMY YTO IPH IPIIOXEHUN DJIEK-
TPHUYECKOTO IOJIA DJIEKTPOHBI HAYUHAIOT OBICTPO HEPEABHrATHCA K CIEAYIO-
@M, HEIOCPEACTBEHHO JOCTYIHBIM CBOOOIHEIM YPOBHAM.

Temnepamypras 3a6UCUMOCTL NPOBOOUMOCTNU Y MEMAALOB

U NOAYNPOBOIHUKOS
Ypasuenwue (1.1) ompenenser 3aBUCAMOCTD DJIEKTPONPOBOZHOCTH OT ILIOTHO-
CTH ¥ TOABUXHOCTYU HOCUTENEH 3apAja. UTOOHI IOKAa3aTh TEeMNEpPaTypHYIO
3aBHCUMOCTH IapaMeTpoB ypasHeHus (1.1), BpeMEHHO OrPAHUYHBIINCH TOJb-
KO SJIEKTPOHHOM NPOBOJMMOCTBHIO, MBI MOXeM IepenucaTh ypasHenue (1.1)
B BHJE

o(T) = qn(T)u(T).
IIpoBoguMocTs 0 — (PYHKIUA TEMIEPATYDHI, TAK KAaK W ILIOTHOCTH HOCHTE-
JIet 3aPAJA ¥ UX TOABUKHOCTD 3aBUCAT OT TeMnepaTypbl. OGbIIHO MIOTHOCTD



1.5. Hoaynposodnukuy ¢ dpyeotd mouky 3penus @)

HOCHTENIEH 7 YBEIAIUBAETCS, & MOLBUKHOCTD [ YMEHBIIAETCSA C POCTOM TEM-
nepaTypsl. Byzer au pacTu mwin y6eIBATH MPOBOJAMMOCTD IIPH POCTE TeMIIe-
paTypHI OLPEAeIAeTCA BEINIMHAME TPOTUBOMIONOKHO MEHAOIMXCA 1 U [i.

IToCKOMBKY y METAIOB IIOTHOCTE CBOGOAHBIX SIEKTPOHOB BEIUKA, (IIOPAL-
ka 1022 cm™3), JacTHYHOE yBeNMueHNE TIOTHOCTU HOCUTENEH C YBEIMIeHIEM
TeMIepaTyphl He3HAINTeNbHO. CHUXEeHNe NOABUKHOCTY HOCUTENEH, OqHAKO,
3HAYMTENIbHO U3-33 YBEINYEHUA PACCEAHN CTAIKABAIOIINAXCA HOCUTENEH 3aps-
[ BO BPEMsA IBMXKEHUA. JTUM OOBACHAESTCA CHUXKEHUE IPOBOLAMOCTH METAI-
JIOB IIPH TIOBBLIIIEHNN TEMIEPATYPHI.

B monynpoBogHAKE IIOTHOCTD HOCHTENEN (KAK SIEKTPOHOB, TaK U ALIPOK)
PE3KO yBEIMYUBAETCA C TeMmepaTypou. Bce Goabiie u Gombiie SIeKTPOHOB
HMEIOT BO3MOXHOCTh MEPECKOIUTD U3 BAICHTHOU 30HBI B 30HY TPOBOJAMOCTHI
(puc. 1.8), MOCKOIBKY C TEMIEPATyPOM PACTET UX SHEPrUA. 110 1BUKHOCTE HO-
CUTENed B MOAYIPOBOJHUKE, TAK XK€ KAaK ¥ B METAJIAX, CHUXKAETCA, HO POCT
YuCiIa HOCATENEH ¢ U3GBITKOM KOMIIEHCUPYET CHMXKEHUE TIOABUXHOCTH. B pe-
3yJbTaTe MPOBOJUMOCTDL TOMYIPOBOLHUKA YBEIWYUBAETCA IPHU MOBHIIIECHUN
TEMIIEPATY PbL.

|.5. MonynpoBoaHWku ¢ apyroi Touku 3peHus

Brime mbr paccMmoTpenu, Kak 14 5IeKTPOHOB aTOMa KPEMHHUA pacIpegese-
HBbI 110 Pa3HBIM YPOBHAM WM TOAYypOBHAM. KpeMHUM — <eThIpexXBaJeHTHEHIR
aTOM, IODTOMY KAXJbIM aTOM OTHAET IeThIPE DIEKTPOHA A1 06Pa30BAHUA
KOBAJEHTHBIX CBA3€M. B KPUCTa/WIe KPEMHUA U€THIPE BAJEHTHBIX DIEKTPOHA
KaX[JOr0 aToMa O0pasyoT KOBAJEHTHHIE CBA3M C YETHIPbMS COCEJHUMHU ATO-
MaMM KPEMHMUA.

Yrupowennbin aByMepubI puc. 1.13 mokassiBaeT 06pasoBaHMe KOBAJEHT-
HBIX CBA3€ed B KPUCTALIe KPEeMHUA. 31eCh HeT CBOOOLHBIX DIEKTPOHOB (3/eK-
TPOHOB IPOBOAMMOCTH), BCE BaJEHTHBIE JIEKTPOHBI HETPOHYTHI (ClIeZ0BATEND-
HO — JBIDKH OTCYTCTBYIOT). Takoe Xe cocTosHue GbUIO paHee H306DPAKEHO
Ha puc. 1.7. [IpumepHOo Takoe xe COCTOAHME HAGMIOAAETCA y KPUCTALIA BbI-
COKOM CTeneHwn 9MCTOTHL (OUTH 6€31edeKTHEIN KPUCTAILT) TP CBEPXHU3KAX
TeMIIepaTypax.

[lockonpky Bce BaJleHTHbIE 2MEKTPOHLI 3aHATH B KOBAJEHTHON CBA3M, OHA
HE MOI'YT JBHIaThCS [IPY MPIIOXKEHNA JIEKTPHIECKOr0 OJIA U He OyayT y4acT-
BOBAaTb B NPOBOAMMOCTH.

HomycTum Teneps, 9To TeMIepaTypa KPACTAJLIA TOBLICIIACH U HEKOTODbIE
SIEKTPOHBI NPUOGPENH JOCTATOYHO TEIIOBOM DHEPIHUH, YTOOBI BHIPBATHCA
U3 KOBAJIEHTHOH CBA3U. ITO CIyIMTCA C DIEKTPOHOM, KOTOPHIA yIIeN OT BIIAA-
HHA KOBaJeHTHOM cBA3u! OH mepeMecTHTCA B 30HY MPOBOAMUMOCTH M GyneT
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CBOBGOJHO TEPENBArATHLCA [0 KPUCTANIYy M BHECET CBOM BKIAJ B DIEKTPO-
IPOBOJHOCTL KpucTarrna. KpoMe TOro 5TOT SIEKTPOH OCTABMI TOCHE CEOs
cBO6OIHBIN SHEPTeTHIECKUN yPOBeHb — AHIPKY (puc. 1.14). lockonbky saek-
Tporbl A, B unu C Ha puc. 1.14 061a1310T TPpUMEPHO TAKOH XK€ SHEPTrUEH, KaK
¥ ABIPKA, OOWH M3 HUX MOXET IePEMEeCTUTHCA HA IO3UIUI0 NBIPKH, OCTABIAL
mocie cebd HOBYIO ABIDKY. lakoe ABMXeHHe OLIDKH A0OABISET CBOW BKIAL
B IPOBOJMMOCTD KPUCTAJIA, 9T0 ObLIO paHee MOKa3aHO Ha puc. 1.9, 6.

BaneHTHbie 3NEKTPOHbI

Atom S
1 4 ero Ban€HTHbIX
3neKkTpoHa

ONEeKTPOHbI NPOBOAUMOCTH

Puc. 1.14. Tlepememienne 31eKTpO-
Ha, BAJIEHTHOW 30HHI B 30HY IPOBO-
AUMOCTH TaKXe CO34aeT OEIPKY

Puc. 1.13. Pacmpegenenue smekTpo-
HOB MEXJy COCeAHMMM aTOMaMHu IIpu-
BOAMT K 06Pa30BaHMIO KOBAJEHTHBIX
CBﬂ'SefI B KpucCTajjle KpeMHUA

Ckonbko sHEprum TpebyeTcs Nid CO3aa-
HUA TApBl DJIEKTPOH— ABIPKA, WIA AJA pPas-
DyLIEeHWs KOBAJIEHTHOW CBA3M B KpeMHUU?
Tpebyercs 1,1 5B, 9T0 paBHO mIUpHUHE 3aIIpe-
meHHOM 30HHEI Kpemuua E;. [l1a repmanns
ona, paBHa npumepHo 0,7 5B.

Korga anekTpon mepeMemaeTca u3 30HBI
BAJEHTHOCTM B 30HY NPOBOAMMOCTH, O6pa-
3yeTcsA mapa dJIeKTPOH— AbIpka. Vmeer Me-
cTO ¥ 0GPaTHLIA MPOLECC, HABHIBAEMBIN «pe-
KOMOMHAIMeN», KOrga oHu 06a (K BIEKTPOH,
7 geipka) ucvesaoT. OIuH U3 BUJOB PEKOM-
6uHanuy HabIIO[AeTCA, eClIN dJIEKTPOH U3 30-
Hbl TPOBOAUMOCTH TI€PECKAKHBAET HA CBO-
60HBI SHEPreTHYECKUN YPOBEHb 30HBI Ba-
JEeHTHOCTH. BO3MOXHBEI ¥ Apyrue IpOneCCHI
pexoMmbuHanuu. 'enepanud U pekoMOGUHAIMA



1.6. Jlezuposanmnbie noaynpoeodwuKy

HOABUAKHBIX HOCATENEH 3aPALa UAET B KPUCTAJLIE HEIPEPLIBHO C IOCTOAHHOU
CKOPOCTBIO, 3aBUCAIIEH OT IapaMeTPOB MaTepuala M TeMIepaTypbl KpH-
cranla. Bpems, mpomenuiee 0T FeHepanuu (IOPOXIEHHs) HOCHTENSA OO €ro
peKOMOUHAIMN, HA3bIBAETCA «(BPEMEHEM XU3HM». BpeMa XU3HU HOCUTENeH 3a-
paga cocrasnser nopagka 10713 cexynmpr.

Ilpu maHHOM TeMuepaType, HAIPDUMED, NPX KOMHATHOM, M3-33 TOLO 4UTO
CKOPOCTH T'€HEPAINH ¥ PEeKOMOMHAIIMK XOTA M HOCTOAHHEI, HO HE OJWHAKO-
BbI, B TIONYIPOBOJHUKE CYIIECTBYeT KOHEYHOE IHUCJIO MOABMXXHBLIX HOCHTEIEH
3apaga. JTa KOHIEHTPAIUA Ha3bIBaeTCA COGCTBEHHON.

KonmenTpamusa COGCTBEHHBIX HOCATENEH 7; B 3HAYATEILHON CTEIEHM 3a-
BUCHT OT IIMPUHBI 3aIpeIeHHon 300k Fy u or Temmeparypsl T' (B rpajgycax
KenbBuHa) 1 MOXET GBITH 3AMMCAHO BHIPAXKEHUEM

n? = K K,T® exp(—E,q/kT), (1.5)
rae
K, =2(2rm.k/h2)%% K, = 2(2rmak/h2)¥?;

k — mocrosunas Borbumana; h — nocroannas Ilnanka, me u mp — adpdex-
THUBHbIE MACCHI DJIEKTPOHA U JBIPKH COOTBeTCTBEeHHO. F g B BhIpaxennu (1.5)
TIpeACTaBIAeT COOOM BEIUYUHY DHEPTUHA B IXKOYIAX, HEOOXOAUMYIO IJIA Pas-
PYLIEHNA KOBAJIEHTHOU CBA3U.

Mna xpemuma (Si) mpu*300 K n; ~ 1,6 - 1010 cm™3 u gna repmanus (Ge)
npu 300 K n; ~ 3,6 - 103 cm~3.

3allOMHEM, 9TO y YACTOr0 MePMAHHUA IPU KOMHATHON TEMIEPATYPEe THC-
JIO HOABMXHBIX HOCUTENEH 3apsfa HA TPHU MOPALKA GOJIbIIE, I€M Y KPEMHUA.
Ho 0 He noBoa ans Toro, 9T066I CIMTATL TE€PMAHHAN JyIMIAM TIOLYIIPOBO/I-
HHKOM. DTO HPOCTO TOKA3LIBAET, 9TO HPHOOPHI W3 repMaHuA GyayT Gomee
9yBCTBUTEILHBL K TEMIIEPATYPE MO CPABHEHUIO C KPEMHUEBLIMHA MPUGOPAMH.
Apyruvu croBamm, mapaMeTphl ¥ XapaKTEPUCTUKH NPUGOPOB M3 T'epMAHMUA
MEHAIOTCA ¢ TEMIEPATYyPON CUIbHEE, YeM y KPEMHHUEBLIX TPUOOPOB — & DTO
HexenaTenbHOE cBOUCTBO. Kak GyneT moka3saHo HUXeE, KOHIEHTPAIWA HOCATE-
Jell B OMyTIPOBOJHMKAX YIIPABIACTCA COOTBETCTBYIOMUM €ro JerMpOBAHIEM
U KOHIEHTPAIUA COOCTBEHHBIX HOCUTENEH 7; HE CTOMb BaXKHa.

|.6. JlerpoBaHHble nonynpoBoAHUKM

“uCTE cOfCTBEHHEIN TOMYIPOBOAHNK, B KOTOPOM KOHHIEHTDAIMA HIEKTPO-
HOB paBHa KOHIEHTPALUM AHIPOK (HOCKOMBKY KaXJbIH DIEKTPOH, MEPEXOs-
Wy B 30HY TPOBOAMMOCTHM, OCTABJIAET AbIPKY B 30HE BAJEHTHOCTH), — 3TO
HCXOAHBIM MaTepuaa. [liad M3rOTOBIEHHA NPUOGOPOB Gojee TMPUTOTHLI JEru-
POBaHHBIE HNOIYNPOBOSHWKH, B KOTODPHIX KOIMYECTBO OLHOIO M3 HOCHTENEN
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(sseKTPOHOB MM ABIPOK) mpeobiaaaet. IlorynpoBOAgHUK p- WK N-THUIa 06pa-
3yeTCs, KOr'4a B YUCTOM MAaTepUale HEKOTOPBIE aTOMBI 3aMEHEHBI TPEX- WX
MATUBAJEHTHEIMA aToMaMu. [Ipomecc no6aBieHns Majoro KoI@decTBa (Hec-
KOJIbKO MUUIMOHHBIX 9aCTeH) U3BECTHOU MPUMECH B IMCTHIA MaTEPUAT HA3HI-
BaeTCA JErupoBaHueM. VsydeHue NpOIECCOB JETHPOBAHMA HMOKA3EIBAET, ITO
STH IATUBAJEHTHLIE WIK TPEXBAJIEHTHBIE ATOMBI O6BIMHO MPOHUKAKOT B TOLY-
TIPOBOAHUK, 3aMEHAIOT €0 aTOM U 3aHUMAIOT MPOTHOE TIONOXKEHNE B KPUCTAI-
JAYECKOU PelieTKe.

Ioaynposodnux n-muna

HomycTumM, 9T0 aTOM KpeMHHUA Si 3aMEHEH MATUBAJIEHTHBIM aToMOM docdo-
pa P. Yernipe u3 naTH BaNeHTHHIX JIEKTPOHA aToma (ocdopa o6pasyoT
KOBAJICHTHBIE CBA3H C IeTHIPHMA cocegqunmm aroMamu Si. [ATwIA snekTpon —
[NOMOMHUTEIbHEIA, HA HEr0 AEACTBYET MPHUTAXKEHUE OJHOI'O IOMOXATENLHO-
ro 3apAga aToMa npuMmecd. CUTyanua B 9eM-TO MOX0XKa HA aTOM BOAOPOAA,
3a OJJHMM BaXXHBIM HCKIIOYEHWEM. B Hamled CUTyauuy IATHIA DAEKTPOH IBU-
KeTCA B CPefie MOMYIPOBOLHUKA C NUIIEKTPUIECKON MOCTOAHHOM €, (mua Si
er ~ 11), a e B BakyyMme (¢, = 1), xkak B ciy4ae Bogopoja. B pesyabrare
CHUIIa, CBA3BIBAIONMIAA MATHIM DIEKTPOH, 3HAIAUTEIHHO YMEHbIIAETCA.

. . o Puc. 1.15. 3amena aToma
KpeMHus aToMoM docdopa

ATtom dpocdopa
(NATUBANEHTHBII)

NaTbiit 3NeKTPoH
aroma ¢dochopa
(DOMONHUTENLHBINA 3NEKTPOH)

Y9T0 CIydATCA, €CHIH MATHIN JIEKTPOH MOy YAT JOCTATOIHO DHEPTUH, 9TO-
651 BEIPBATHCA U3 aToMa dhocdopa? DIeKTpoH Oy AeT ABUCATHCA B 30HE MPOBO-
ouMoCTH. 3apAn aroMma ¢pocdopa CTAHET MEHbIIEe HA OLUH 3aPAJ DIEKTPOHE,
U OCTAHETCA B KPUCTAIMIECKOM DelIeTKe KaK HENOJBUXHBIV MONOXKATEb-
HBIA UOH.

DHEPI A NOEM3ANMN ATOMA TPUMECH MOXET GBITh IPUMEPHO OIeHEeHa, C TIO-
MoIplo Mogean Bopa, HO € JOMyIIEHHEM, ITO MBI UMEEM [0 C 3aPALAMHA
B TBEPJAOM Tejle C AUDIEKTPUIECKOU MOCTOAHHOM £,. JHEPrud HOHAIAIIAN
aTomapHoro BogZopoxa B cucreme CU pasma —q*m/2(dmegh)?. Maa momy-
IPOBOJHUKA MBI 3aMEHUM £ HA €, - €9 U MACCy DIEKTPOHA M d3PPEKTUBHOUR



1.6. Jlecupoeannbie noaynposoonury \\\)D

MACCOH M, W TOMYYAM SHEPTUI0O MOHM3ANXU noHOpa B cucTeme CU:

_ g*me

"~ 2(4ney - goh)?’

rge £y — AMDIEKTPUYECKAd MOCTOAHHAA CBOGOLHOIO IPOCTPAHCTBA (paBHA
8,85 10714 & . cm~2). [lna xpemnusa E; mpumepso pasaa 0,05 oB.

Ecnu 6b1 IAIIHAN IEKTPOH OBLT MOJIHOCTBIO CBOGOIEH OT CWIbI IPATAKE-
HuA aToMa, docdopa, ero sHeprus 6bL1a 6bI I'fe-TO HA YPOBHE 30HBI IPOBOIU-
MOCTH ¥ OH MOT' 6bI IOTIACTH B 3Ty 30HY. [loCKONbKY DHEPrUA CBA3M SIEKTPOHA
mpumepno pasHa 0,05 5B, aToro HegocTaToIHO, 9TOOHI MONIACTE B 30HY IIPOBO-
gumocTu. [losToMy bHeprerudeckue ypOBHHE JOHODA JEXAT NPUOIU3ATETHHO
Ha 0,05 5B HEXe HUXHEH! IPAHAILI 30HBI TPOBOAUMOCTH, KAK H300PaXKeHO Ha,
puc. 1.16, a. U3 pucynka BUAHO, ITO €CIH HATHIU JIEKTPOH IOLYIUT SHEPTHIO
B 0,05 5B, on mepecko4uT B 30HY IPOBOAUMOCTH.

Ey

OHepreTuyeckne yposHM,

30Ha NPoBOAMMOCTH 3anofHeHHbLIe 3N1eKTpoHaMy aToOMOB 0HOPa
Ec + ' - o Q'i T ;
________________ L _iglos 3B o oo E.
\ ------------------- OHepreTnyeckue
OHepreTuyeckue YPOBHU AoHOpa
E, YPOBHUW AoHOpa
E,

30Ha BafieHTHOCTH

a) 6)

Puc. 1.16. DHepreruyeckue ypOBHHU JOHODA JEXKAT YyTh HIKE 30HBI IPOBOAUMOCTHU
(a); mepexon NOMOTHUTEILHOTO BJIEKTPOHA U3 YPOBHA JOHOPA B 30HY IIPO-
BogmmocTu. Ilpm 3ToM geIpka He o6pasyerca (6)

IIpn ouens mHuskmx Temmepatypax (ckaxem, Huxe 100 K) sueprus nonw-
samuu B 0,05 5B cTaHOBHTCA HEZOCTYNHOU U GOILIIMHCTBO ATOMOB IPUMECH
AOHODA, COXPAHAIOT CBOM MATHIE 3IEKTPOHLI, B 30HE IPOBOAMMOCTH Gy AT MAJIO
2neKTpOHOB. [Ipw TakuWx yCIOBHAX MOIYIPOBOAHUK BeAeT Ce6A KAK JUDIEK-
Tpuk. O gHako npu komHaTHOU TemuepaType (300 K), npu mauwyaun gocraTod-
HOI'O KOIMYeCTBA TEIIOBOW DHEPIUE MOXHO MPEATOIOXHUTD, ITO BCE ATOMBI
npumecu 6y 4y T noausuposansl. Kax bt arom npumecu (aTom ¢pocdopa B Ha-
IeM CIy4Yae) OTAACT OAUH SJIEKTPOH B 30HY mpoBogmMocTu. OTMeTHM, 9TO
B OTJMYHE OT COGCTBEHHBIX MOJYNPOBOLHUKOB 3/€CH HET COOTBETCTBYIOIIEN
9TOMYy 2IeKTpPOHY abipk# (cM.puc. 1.16, 6). U3-3a aToMOB mpuMecH KOHIEH-
TPaIMs 3J€KTPOHOB MPOBOAUMOCTH (T.€. UUCIO DIEKTPOHOB NPOBOAMMOCTH
B efuHUNeE 06beMa) OGBIYHO MHOTOKPATHO IPEBHINAET KOHIEHTPALMIO HIEK-
TPOHOB IPOBOAMMOCTH B HEJETMPOBAHHBIX HMOAYNPOBOSHUKAX. TakoB n-mory-
TPOBOJHUK, B KOTOPOM KOHIEHTPALS HIEKTPOHOB MHOI'O 60JblIIe KOHIIEHTDA-
ouu abIpok. [loaToMy roBopAT, 9TO B M-HOLYIPOBOSHAKE IEKTPOHbI ABIAIOT-



@ Taaea 1. Beedenue 6 noaynposodwuxy

CA OCHOBHBIMHA HOCHTEIAMM, & AHIPKA — HEOCHOBHBIME HocuTexamu. Kpome
dochopa B KadecTBe NATUBAIEHTHBIX HPUMeCed OOBIYHO NPMMEHAT Mbl-
mbax (As) u cypsmy (Sb).

IToaynposodwur p-muna
Ecin 9acTh aTOMOB KPEMHHUA 3aMEHATH BMECTO IATMBAJICHTHLIX (KaK B Ipe-
IOBIIYLIEM CIydae) TPeXBaJeHTHLIMY, HanpuMmep aroMamu 6opa (B), To o6pa-
syerca noaynposBogauk p-tuna. Ha puc. 1.17 gas npocToTH NOKa3aH TOJIBKO
OAMH aTOM Si, 3aMEHEHHBIA aTOMOM 6opa.

o . ° Puc. 1.17. 3ameHa aToMa KpEeMHHUA
aTomoM 6opa

ATom 60pa
(TpexsaneHTHbIl)

CB0o60aHbIV
9HEpPreTUYecKuin
YPOBEHb

Tpu BaleHTHBIX 2IeKTPOHA 60pa 00pa3ylT KOBAJEHTHBIE CBA3W C TPeM:A
COCEIHUMH ATOMAMHU Si, OCTaBIAA ONWH DHEPreTHUECKUU YPOBEHbL CBOOOA-
HBIM. DJIEKTPOHAM M3 COCeJHHX aTOMOB Si, TAKMM Kak a, b umu ¢, Tpebyerca
oduennr HemHoro sHepruum (< 0,05 5B, kak OBLIO HMOKa3aHO B CIydae nN-IO-
JIyIPOBOAHUKA), ITOGHI MEPECKOYATH HA ITOT CBOOOLHBIM DHEPreTHIECKUN
ypoBenb. [[pUHAB JOMOIHUTENILHEIN SIEKTPOH (aKIENTUPOBAB €ro), aToMm 6o-
Pa IprO6pPeTaeT SONOIHATEILHBIA OTPUAIATEILHLIN 3apA s (BEINIMHON B OLUH
SJIEKTPOH), IPEBPAIAETCA B OTPUAIATEIbHBIN HOoH. [JonycTuM, 21eKTpoH (Ha-
npuMep, daeKTpoH b Ha puc. 1.17) nepemecTwics B CBOGOLHBIM SHEPreTHAIe-
CKHUH YPOBEHb aTOMa 60pa — TOr4a HA MeCTe NEKTPOHA, b MOABIAETCA JHIPKA,
(puc. 1.18) OmepreTuuecKue ypoBHYU aKLENTOPA JeXAT BOMM3M BEpXHEH I'pa-
HUIEL BAJEHTHOM 30HBL, KAK IOKa3aHO Ha puc. 1.19.

TIpu xoMHATHOU TeMmepaType AOCTATOYHO TEIIOBOM SHEPTuH, YTOOHI Ba-
JIEHTHBIN DJIEKTPOH MEPECKOYN] HA DHEPreTHIeCKNY YPOBEHDb akienTopa. Ta-
KHM 06pa3oM TOMy9aroTCa AHPKU. MOXHO TPEeANOJOXUTh, 9TO IPA KOMHAT-
Hol TemmnepaType (300 K) Bce aTomer 6opa GyxyT norusuposansl. Korga B ge-
THIPEXBAJEHTHOM KPEMHUY WIX TePMAaHUY TPEXBAJCHTHAA IPUMECH 06pasyeT
[OBIPKY, COOTBETCTBYIOIIMAN SJEKTPOH He IEPEMECTUTCA B 30HY IIPOBOJUMOCTH.
B monynpoBoguuke p-Tuna anIpku npeobragaroT (OCHOBHEIE HOCHTENN 3aps-
7a), & DIEKTPOHOB — MeHbIIe (HeOCHOBHbIE HOCHTENN 3apAa). KonmenTparms
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IBIPOK B IIOIYIPOBOHUKE P-THUMA HA 2—3 MOPALKA MPEBLIIAET KOHIEHTPAIINIO
3IEKTPOHOB IPOBOJUMOCTH.

Puc. 1.18. Arom 6opa akmenTmpyer L o o
5IEKTPOH COCELHETO ATOMA, CTAHOBHUT-
ca oTpunarersHsM uoHoM. O6pasyer-

CA ABIPKA

JliA #M3roTOBIEHWA TOMYNIPOBOLHU-
KOB p-THIA BMeCTO 60pa B KadeCTBe
TPEXBAJEHTHBIX MMPUMECEN K KPEMHUIO
¥ FepMAaHWI0O 9aCTO IPUMEHAIOTCA WH-
guit (In) u rammmu (Ga). §~0,05 3B

et O P OHepreTnyeckui
. YTo UpOMCXOAUT C KOHIIEHTDAIH- E, T VDOBEHb aKLENTOpa
el AbIPOK B TOAYNPOBOJHWKE N-TUMA!
Ocraerca au ee 3HAYEHWE TPH TEIUIO- 3oHa BasleHTHOCTH
BO -
M DAaBHOBECHM DABHBIM KOHHEHTDA- po. 19, DHepreTUYeCKUe yPOBHH aTO-

OUHA JBIPOK COOCTBEHHOTO MOAYNIPOBOJA- \oB aKIENTODHOH IPUAMECH J€XAT dUyThb
#nka? Her. KonneaTpamusa guIpok B mo- (< 0,05 5B) Bbimie 30HE BATCHTHOCTH

JIyIPOBOIHUKE N-THUNA TOHNKAETCA. Ta-

CTHUYHO 3TO MPOUCXOAUT M3-33 POCTa CKOPOCTH pekoMbumHamuu. [lockombKy
N-TIOIYTIPOBOSHUK COAEPKUT GOIbIIEE KOIUIECTBO DIEKTPOHOB, BEPOATHOCTD
PeKOMOuHALMY TIAp 2MEKTPOH — ABIPKA yBeanuuBaeTcsa. KonnenTpanus gHIPOK
TaKXe CHHXKAETCA BCAEACTBUE TOr'O, YTO GOJBLUIMHCTBO DHEPrE€TUYECKUX CO-
CTOAHMH BOIWM3Y BEpXHEH MPAHMIIEI 30HBI TPOBOAMMOCTH 3aHATA DIEKTPOHAMHA
aToMoB nouopa (cm.puc. 1.16, 6). DaekTpoHAM BAaJEHTHOW 30HHI BCE TPYyLHEE
HeperTH Ha 6olee BLICOKHE CBOGONHBIE DHEPTeTUYECKAE YPOBHY B 30HE IPO-
BogumocTu. CymmapHoe nercTBue STHUX (PAKTOPOB IPHUBOAUT K TOMY, UITO
KOHUEHTPaIMA ALIPOK MAJAeT HUXKE €€ 3HAYEHUA B COOCTBEHHOM MOJYIPO-
BOJHUKE IIDH TOU Xe TeMIepaType.

Hopxo6ub1e apryMeHTH TPUMERIME TPU 06 ACHEHNN YMEHbIIEH!A KOHICH-
TPALUY 3eKTPOHOB B P-MIOLYNIPOBOJHUKE [I0 CPABHEHNUIO C KOHIEHTPALIMEH UX
B COGCTBEHHOM NONYTIIPOBOJHUKE TIPK TOM Xe Temmneparype. [lozxe GygeT mo-
ApoGHEe PacCMOTPeH TOT 3aKOH IPUPO/Ibl, YTBEPX JAIOMHUN ONpeLeJeHHbIE
COOTHONIEHN MEXJY KOHIEHTPAIAAME JIEKTPOHOB U ABIPOK B BEIECTBE.
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ITonbITKa yBEIMYIATH KOHIEHTPAIMIO OZHOI'O TUMA HOCATENER 3apAsa, KAk
MBI BHIE/H BBIIE, IPUBOAUT K CHUXKEHUIO KOHIEHTPALUN HOCUTENEH APYTOro
tumna. JercTBuTenbHo, 66LI0 06HAPYKEHO, YTO IPOM3BEAEHNE KOHIIEHTDAINNI
DIeKTPOHOB (n) M ALIPOK (P) MOCTOAHHO M DPABHO KBAAPATY KOHIEHTDAIMK
cO6CTBEHHBIX HOCHTEIEH 7;. DTOT 3aKOH MHOTA HA3bIBAETCA 3AKOHOM Jed-
crByromux Macc. OH nMeer BUA:

n-p=n. (1.6)
[as n-nonynpoBosumkoB ypasHenue (1.6) MOXHO mepenucaTs B BAJE:
- = 1, a7
a A P-TOJIYTIPOBOSHAKOB!
Np - Pp = "7'12’ (1.8)

Tle Ny, Pp — KOHIEHTPAIUU 3JEKTPOHOB M NBIPOK B N-TIOXYyIPOBOJHUKE; Ty,
Pp — KOHIIEHTDAIIUM DJIEKTPOHOB W JLIPOK B P-TIOIyTIPOBOHUKE.

Cmenenu 4e2upo8anus noaynposodHuKos
Crenenb JerupoOBaHUA TOXYTPOBOAHUKS ONPEAENIeTCI TapAMETPAME U CBOH-
cTBaMHU Ipub0pa, KOTOPHA Oy JeT U3roTaBInBaTLCA Ha >ToM MaTepuaie. Cre-
IIeHW JermpoBaHma Bapbupyiorca or 10% aTomos momymposogmuka mHa omuwe
aTom mpumecu o 1010 aromoB Ha aTom mpmmecu. COOTBETCTBEHHO MOXHO
KJIACCU(PUIUPOBATD CTEINEHN JETHPOBAHUS.

Caaboe aecuposanue
Cra6oaerupoBaHHBIME HA3BIBAIOT MATEPUAJIbI, COAEPKAIINE OAUH aTOM TIPH-
mecu Ha 100 wim Goabmre aToMOB mOMYIpPOBOZHMKA. B Takmx MOMyIPOBOJ-
HUKAX M3-33 PA3PEXEHHOCTH TMOLBUXKHBIX 3apPAN0B CKOPOCTb PEKOMOMHAIU
HEBBLICOKA U AuPy3nOHHAA JIVHA HEOCHOBHBIX HOCATEIEN BEIUKA. DTOT MOJ-
X0 TPUMEHHMM [JIA pa3pabOoTKW TPaAH3UCTOPOB, B KOTOPBHIX 061acTh 6a3bl
cr1aboJerupoBaHa.

Ymepennoe ae2uposarue
Oguu arom mpumecn Ha 106-1010 aTomor momympoBogmuka gemaer MarTepn-
aJl YMEPEHHO JEruPOBAHHBIM. JTOT [UANA30H IPAMECEH MUPOKO IPUHAT IJIA
IPOM3BOACTBA MPUOOPOB C P-n-IepexofoM 00Iero Ha3HAYEHUs.

Cuabhnoe ae2uposanue
MaTepuai cuIbHO IETUPOBAH, €CIU HA OAWH ATOM IIPUMECH IPUXOAUTCI MEHEe
108 aromos MOy TIPOBO fHUKA. CHILHOIErIPOBAHHBIE MOLYTIPOBOAHUKA OG6O-
3HAYAI0TCA ¢ J06aBIEHUEM 3HAKA ILIIOC K THUILY TIPOBOAUMOCTH, 3 O9€HDb CHIb-
HOJErUPOBaHHBIe — gobaBleHumeM aByX mmocos: nt, nt+ pt pt+,
CunibHONErMpOBAHHEBIE TONYIPOBOJHUKHA TPUMEHAIOTCA IJA TIPOA3BOICTBA
TYHHEJIbHBIX IUOLOB M MHOTHMX APYTHMX IPHGOPOB.
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|.7. PacyeT KOHUEHTpaLuum Hocutenen B NosyrnpoBoAHNKaX

Kax umcTeiit (COGCTBEHHDBIN), TaK M JETMPOBAHHBIN (C IPAMECAMH) IOLYIPOBOJ-
HUK MO IEePXKUBAET DIEKTPUIECKYI0 HEUTPAILHOCTD, M KOIXIECTBO OTPUIA-
TeJIbHBIX 3aPANOB KPUCTAILIA PABHO KOINIECTBY IOMOXUTEIbHBIX. B 0600mmenHOM
ciydae, CIATAdA, 9TO B MOIYIPOBOJHHEKE €CTh M JOHODHBIE M AKIENTODHBIE
IIpUMecH, Jid HEUTPAILHOCTH 3apAna TPeGyeTca BHIIOIHEHWE CJEeLYIOMEro
YCIOBHA:

CyMMApHbIH TTOJOXUTEIbHBIN 3aPA] = CyMMapPHBI OTPUIATEILHBIN 3aPAL
i
Np+p= Ny +n. (1.9)

3aece Np u Ng — KOHUEHTDPAIUM aTOMOB JOHOPA M akmenTopa (mpegno-
JaraeM, 9TO OHH BCe MOHM3WPOBAHBI), N U P — KOHIEHTPAIMM DIEKTPOHOB
MIPOBOJUMOCTH U IBIPOK.

Cayuati 1. Cpedne- U CULbHOAC2UPOBAHHBIE TLOAYNPOBOOHUKY

A. Hoaynposoduuk n-muna
[TockonbKy mOMympOBOAHUK N-TUIA OOLITHO HE COAEPXHUT aKIENTOPHBIX aTo-
MOB, ciegoBaTenbno, N4 = 0, u paBernctso (1.9) umeer Bujg

n=Np+p, (1.10)
HO [VIA N-TIOAYNPOBOSHUKA 1 > P, ClIELOBATEIbHO, . ~ Np uin
nn, =~ Np. (1.11)

ITO 0YeHb BaXHbLIM PE3yIbTAT. SAIIOMHUM, UTO B CPEHE- WIA CAILHO-
JETHPOBAHHOM 7-TIOMYTPOBOJHAKE KOHIIEHTPALAA SIEKTPOHOB DABHA KOHIIEH-
TPAlX ATOMOB JOHODA.

KonrmenTpanmo A5IpOK B N-IOTYTPOBOHUKE (Dy, ) MOXKHO BBIMUCTATD U3 YPAB-

Henns (1.7), a umenso,
D - Ny = 12
Hockonsky ny, = Np, nonydaem
n2
= (1.12)
[ns pacdera KOHIEHTDAIMY TIOBUKHBIX HOCHTEIEH 3aPAa B N-TIOLYTIPO-
BOJHMKAX UCHONb3yoTcA ypasHenua (1.11) u (1.12).

Pn

B. IMoaynposoonux p-muna

B sToM ciywae Np = 0. Tak kak B MaTepuale HET AOHODHBIX IIPHMECEH,
ypaBHenne (1.9) umeer Bug:

p=Ng+n,
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HO B p-TIOXYNIPOBOJHUKE P > 71, CAELOBATEIBHO,
Pp = Na. (1.13)

[lpyramu CIOBaMH, B CPefHe- M CHIbHOIECMPOBAHHBIX P-IOIYIPOBOLHUAKAX
KOHIIEHTPALUA AHIPOK PABHA KOHIIEHTPAIMK AKIEITOPHBIX aTOMOB. KoHIeH-
TPAI7IO IEKTPOHOB MOXHO MOLYIATH, UCTIOAb3YA ypasuenue (1.8),
_n
np = 7 (1.14)
3aBUCHMOCTH, BhIpaxeHHble ypaBHennamu (1.11) u (1.14), neficTBATEILHED
TONBKO [Jd KOMHATHBIX (M BBIIE) TEMIEPATYP, B HPEAIONOXEHUA, ITO IPH
STHX TeMIePaTypPax BCEe aTOMBI IPHMMECH MOHM3WPOBaHLIL. [Ipn 6onee HU3KMX
TEeMIIEPATYPaX, KOTfa HOHA3UPYeTCA TOIbKO JaCcTh IPUMECH, CIeLyeT IPUMe-

HATH 0oJlee CIOXHbBIE BHIPAXKEHUA.

Cayuati 2. Caab0ae2uposannble NOAYNPosooHUKY
IMockoabky B C1a60IETMPOBAHHBIX NOLYIPOBOAHUKAX KOHIEHTDAIMY DIEKTPO-
HOB M JBLIPOK OTJIMIAIOTCS HE3HAMUTENILHO, YCIOBHUE 7 3> P, IPUMEHEHHOE [
pemtenus ypasaenui (1.11) u (1.13), megeiicTBurensno, u ypasuenue (1.10)
OOMXKHO OBITH MPUMEHEHO 6e3 m3MeHeHuU. [{na caaborerupoBaHHBIX N-TIOLY-
MPOBOJHUKOB TIOLY9aeM

n, = Np+p
nin
Np + 15
= 1.1
n2
~ = 1.1
Dn Np ( 6)
Agmanormano, [ CIab0JeripOBAHHLIX P-TIONYIPOBOJHAKOB
2
n.
=N - 1.1
Pp A+ Ny (1.17)
2
ni
N =, 1.1
Tp NA ( 8)

Bce Brunenpusegennbie npoCThle ypaBHEHNA NPUMEHHAMBI [ PACYeTOB KOH-
HEeHTPAINH IEKTPOHOB M ABIPOK B MOIYIIPOBOJHUKAX.

1.8. YpoeeHb ®epMy B nonynpoBoAHMKax

Yposers Pepmu B MOTyIPOBOJHAKAX — DTO TAKOW SHEPTETUIECKUN YPOBEHb,
KOTODBIN 3BAHUMAETCA C BEPOATHOCTHIO 1/2 (mo onpegenennto). Janee ysugum,
9TO YyPOBEHDL CDele?I B HOJIprOBOAHI/IKaX C O6H‘1HBII\/I JIel"PIpOBaHPIeM JEXUT
B 3aIIpemeHHON 30He. IIOCKOIbKY DIEKTPOHAM HE MO3BOJEHO 33HMMATDH DHEP-
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reTHIecKuil ypOBeHb, JEXAIINA B 3alpeneHHoN 30He, ypoBenb Depmu dax-
TH9ecKy CBOOOIeH, Ha HEM HET DJIEKTPOHOB. 3aHUMAEMOCTDb DHEPTeTHIECKOTO
yPOBHSA 33aBUCHT OT HPOM3BENEHMS IBYyX COMHOXHTEIEW — ILIOTHOCTH DHEp-
reTHYECKNX YPOBHEU M BEDOATHOCTH 3aHATHUA ypOBHA. ILIOTHOCTH ypoBHEH
B 3aIIpelIeHHON 30He MOIYNPOBOJHUKA PAaBHA HYJIO, CIE€OBATEIbHO, 3AHATHIE
ypPOBHE He MOTYT CyHIeCTBOBATb. Tem He MeHee, ypoBeHb DepMu B HOXyIpO-
BOJHUKAX — DTO IOJE3HBIN CIPABOYHBIN YHEPreTHIECKUN YPOBEHb, KOTOPBIX
UTPAeT BaXHYIO POJb B Pa3BUTUHN TEOPHUH NOLYIPOBOIHUKOB.

Yposeus Pepmu 3aBUCUT OT KOHIEHTPAIMY IPUMECH U TeMHepaTypm. ITo-
noxenune yposas Depmu (Ey;) onpegensercs gopMyron

E.+FE
B = et B gy ( ) + (KT/2)In ( ) (1.19)
2 Me p
roe Ec n E’U — COOTBETCTBEHHO SHGPPHH HIL[)KHeIL[ TPaHUIBbI 30HBI IIPDOBO-

[OUMOCTH ¥ BepXHEU I'DAHUNBI 30HH BateHTHOCTH (puc. 1.20), me u my —
3¢ dexTUBHBIE MACCH DIEKTPOHA U OBIPKH, N ¥ P — KOHIIEHTDAIMH 3JIEKTPO-
HOB U JBIPOK.
MEer 3HaEM, 9TO y COGCTBEHHOrO (HEIErMPOBAH-

HOT'0) HOIYHNPOBOJHMKA KOHNEHTPAIMY DJIEKTPOHOB 0"'3 NpoBOAVUMOCTY |

¥ IHIDOK paBHBL, T.€. n = p. Ecau, xpome Toro,
MBI IIPEMEM, ITO Mp = Mg, TO AAI COOCTBEHHOrO
nofynpoBogHuka ypasrernue (1.20) ompenemuT mo-
JoxeHue yposHa Depmu Ey; cregyiomum o6pa3om:

E.+E,) E
(Ee . o) _ _2.2, (1.20) 30Ha BaneHTHOCTM

E¢; =

Apyrumu crosamu, yposers epMu COGCTBEHHOTO Pyc. 1.20. Ila cobeTBen-
NOXYIPOBOJHUKA JEXUT B CEPEJUHE 3AIPEIIEHHOM HOro NOXyNPOBOSHUKA SHED-

30HHI, KaK u306paxeHo Ha puc. 1.20. reTmieckuit yposenn Dep-
MM JEeXHUT IOCEpPeJUHEe 3a-

M -TI0- .,
BI 3HaEM, YTO IJIA cpe,qu.ner‘ngOBa,Hnoro n-1o IIPeIIeHHO 30HEL

JaynpoBogauka n = Np u p, = —*— (cM. ypaBHeHUA
(1.11) u (1.12)).

Hosromy, ucnombays ypasaerus (1.19) u (1.20) ana yporrs Pepmu n-mo-
TynpoBoaruka Ef,, MoxeMm HanucaThb

Etn = yposenn co6crsennoro momynposogauka + kT In (Np/n;).  (1.21)

AHAIOTHYHO, A4 CPE/HENErNPOBAHHOrO P-TIOMYIPOBOJHAKA, HCIOIb3YA yPAB-
Herus (1.13) = (1.14), T.e.

2
p=Ng u n=n;/Na,
MOXeM HalMCaTh BbIpaxeHus jisa yposus Pepmu p-norynpososruka Frp kak

Efp = yposens co6crsennoro momymposogauka — kT'In (Na/n;).  (1.22)
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VYpasuenue (1.21) nmokasbiBaeT, 9TO A N-NOLYIPOBOAHNKA ypoBeHs Dep-
MM CABMTae€TCA B HAIPABICHUH 30HBI IPOBOJUMOCTH ¥ CABHUI' PACTET C yBe-
JM9eHVeM KOHIeHTpanuu npuMecu. A ypasaenwe (1.22) osmagaer, 4To pis
P-TIONYyIPOBOAHUKA ypoBeHh DepMU CABUTACTCA B HAIPABICHMH BAJICHTHOR
30HBI, X CABUI PacTeT C KOHUEeHTpaluen npumecu. [lomoxenus yposas Dep-
MU Jd - ¥ P-IIOIYNIPOBOIHIKOB IIOKa3aHbI Ha puc. 1.21.

Puc. 1.21. ITomoxenwe sHepreru-
geckoro yposua Pepmu (Efy) gua
N-TIOJXYNPOBOAHUKA (a); MOIOXKeHWE
yposua Pepmu (Efp) gas p-moxy-
nmpoBOAHUKA, (6)

30Ha BaneHTHOCTU 30Ha BaNeHTHOCTU
6)

a)

B n-noaynposogHuKe NEpBHIE S9HEPreTHIeCKUEe YPOBHY 30HBI IPOBOJUMO-
CTH 3aHATH daeKTpoHaMu (cM. puc. 1.16, 6). W gusa BaseHTHBIX 3IEKTPOHOB,
9TOGH IEPEMECTUTCA B 30HY IPOBOAMMOCTH, SHEPreTUIECKAE YPOBHM BOJIHU-
3M HYXKHEH I'DaHUIB HeAOCTYNHBL Clef0BATENIBHO, DIEKTPOHAM BAJECHTHOU
30HEI TPy/AHEE NEPEUTH B 30HY NPOBOAUMOCTH ¥ B PE3YJIbTATE B MATEPUAIE
CyLIeCTBYeT MeHbIIee IucIo ALIpOK. VI yposers DepMu y n-mOIyIpOBOLHUKA,
(YpOBeHB € BEPOATHOCTHIO 3aMOMHEHHA 1/2) CABUHYT K 30HE MPOBOAUMOCTH,
[IOKA3BIBasg, YTO MHOTO DHEPreTHYECKUX YPOBHEH yXe 3aHATO (3AIOIHEHO)
DIEKTPOHAMH JOHOPOB, ¥ MeHbIee HYUCIO ABIPOK OGPa3’0BaHO B BAJIEHTHOU
30He.

To4HO Tak Xe€ U B ClIydae p-NOLYNPOBOJAHUKA DJIEKTPOHBI M3 BAJCHTHOM
30HBI BANOJHAIOT AKIENTOpHbIe ypoBHU. VI B pesyibTaTe B MaTepuaie Ma-
JIO BIEKTPOHOB B 30He NpoBoguMOCTH. Cleq0BATEIBHO, B P-IIOIYIPOBOIHUKAX
yposenb PepMu CABMHYT K BaleHTHOH 30He (cMm. puc. 1.12, 6).

Kak yposens PepMu 3aBHCHT OT TEMIEPATYDPHI B - U P-IOLYIPOBOJHU-
kax? Korga TeMnepaTypa mOIynpOBOAHHUKA yBEIMIABACTCA, TUCIO AP dJeK-
TPOH — IBIPKA, 00OPa30BaHHBIX 33 CYET TEILIOBOM SHeprum, OyaeT pacTu. Ilpu
JaJbHEAIIEM IOBBIIEHNY TEMIIEPATYPHI, TUCJIO TAKUX DIEKTPOHHO- ILIPOIHBIX
nap eme 60J1ee yBEIMIUTCA M MAXOPUTAPHAA CYIHOCTD DJIEKTPOHOB (B N-I0-
IyIpPOBOJHUKE) ¥ ALIPOK (B P-IIOIYIPOBOAHMKE) HAYHET MCUE3ATH, T. €. JETU-
POBAaHHBIV IOLYIPOBOJHUK HAYHET CMEUIATHCA B CTOPOHY COOCTBEHHOI'O OJLY-
npoBogHuKa. Clef0BATENbHO, IPY IOBHILIEHUH TEMIEPATYPBI ypoBeHb Pepmu
6yJeT CABHIaTbCA K CEPeJUHE 3alpeleHHOM 30HBI (K I[ONOXKEHWIO ypPOBHA
®DepMu B COGCTBEHHOM NOLYNPOBOAHUKE). DTO CIPABELINBO KAK MJIA N-, TAK



1.9. 3axamouenue 2)}

¥ [ p-IOAyNpOBOAHMKOB. Pazymeercs, TemmepaTypa He MMeET 3HATATENb-
HOPO BIMAHEA Ha ypoBeHb PepMu B 4uCTOM (COGCTBEHHOM) HOJLYIPOBOLHUKE
1 OH OyleT OCTABaTLCA B CEpPeJUHE 3AIPEeIIeHHOM 30HBL

1.9. 3akntoueHue

KBaHTOBAaHHEIE DHEPTEeTHIECKUE YPOBHH W3OAMPOBAHHEIX ATOMOB IPUBOIAT
K 30HHOM CTPYKTYPE€ B TBEPIBIX TeJlaX. JOHHAA CTPYKTYPa — K04 K TOHUMA-
HUIO DIEKTPUYECKUX CBOUCTB BEIIECTBA, ¥ MMEHHO PA3HMUIA B 30HHBIX CTPYK-
Typax MeTAaLIOB, IOJIyIPOBOAHUKOB I IUSIEKTPUKOB OOYCIOBIMBAET PA3JINd-
HBIe BEIMYIMHBI €K TPOIPOBOIHOCTH.

30HHAA CTPYKTYPAa MOLYyIPOBOJHUKOB OLPE[EINAETCA CYLIECTBOBAHUEM IBYX
THUIIOB HOCUTEJEH 3aPALa — ABIPOK U DIEKTPOHOB. Jlerupys morynpoBoaHuKY,
MOXHO YIIPaBIATH KOHIEHTPAINER DIEKTPOHOB U ABIPOK. Jleruposamune — 310
noGaBieHre PACCIATAHHOrO KOAMYECTBa, U3BECTHOM IPUMECH (JETHPYIOIEn
106GABKY) B KPUCTALT YACTOrO HNOLYIPOBOAHUKA.

Jlerupys TpexBaJeHTHBHIME aTomaMu (Hampumep, 60pa), MOXHO CO3aTh
JONOIHUTEIbHBIE JHIPKU B KDEMHUY WIN FePMAHUH, KOTOPHIE IMEIOT II0 I€Thi-
pe BaJeHTHBIX DIEKTPOHA. ATOMBI IPUMECH BHEADPAIOTCS B KPUCTALIMIECKYIO
pelleTKy, CTAHOBATCA OTPUNATEILHBIMU MOHAMHU M OCTAIOTCA B y3JIaX KpU-
CTAJIMIECKON DEeIIETKM KCXOJHOT'0 MaTepuala. JlermpoBaHue He HADYIIAET
BIEKTPUIECKON HEHTPAILHOCTY KPUCTAILIA.

AHanoru4Ho, Ipy JETEPOBAHUYA KPEMHUA ATOMAME C IATHIO SIEKTPOHAMHE
BaJEHTHOCTH (HampuMep 6GOp) CO3JAIOTCS NOMOIHUTEIbHBIE SIEKTPOHBL. ATO-
MbI IPEMECH 3aMEHAIOT HEKOTOPHIE ATOMBI KPDEMHUA, KaX IbIH aTOM IPUMeCH
OTJaeT OAWH JONOJHUTEIbHBIN SIEKTPOH U OCTAETCA B BUE MOJOXUTEIHHOI'O
MOHA B y3JIe KPUCTALINIECKON PEIIETKY IIOAYIPOBOIHUKA.

Ypoeenpr depmu ABIAETCA BaXKHBIM TAPAMETPOM M XapAKTEPU3YeT KOH-
LEHTPANUIO HOCKTeNe! 3apALa B KpucTawLte. B qucTom (COGCTBEHHOM) MOILy-
IpOBOAHMKE ypoBeHb PepMu JEXKUT B CepeAuHe 3anpelneHaon 30uer. OH cMe-
IAETCA, OCTABAACH B 3ANPEIEHHON 30HE IPU OOLIYHOM JerMpOBaHUU (HE BBI-
POX JafolIeM IIOLYIPOBOTHUEK).

Hox BusEEEeM CIa6OT0 U CPEHETO MEKTPHIECKOTO MOMA B IOMYIIPOBOHAKE
CBOGOJHBIE HOCHTEM ABMXYTCA C IOCTOAHHOM CKOPOCTHIO Apeida. [[puxenue
HOCHTENe! MOJ BO3AEHCTBUEM BJIEKTPAIECKOrO MOMA BBIPAXKAETCA TEPMUHOM
¢TIOJBUXHOCTHY, 0603HATAEMON L U OIpeLeIseMOd KakK CKOPOCTH HA eIMHU-
Iy 3IeKTPUIeCcKOoro mois. Ha moaBMXHOCTD BINIET PACCEMBAHME IOJBMKHBIX
3apAJ0B IPK WX B3aMMOJEUACTBUM C KPUCTALINIECKON PEUIeTKOH.

2--2890
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MNpumepsl

IIpumep 1.1. Cobersennoe yaensnoe conporuienue repmanus npu 300 K pas-
HO 50 OM - cm. Ha#Tu KOHIIEHTpAuMo CO6CTBEHHLIX HOCUTEIEN B IIOLYIPOBOJHUKE.
[IOABMXHOCTH MEKTPOHA U IBLIPDKM COOTBETCTBEHHO DABHHI Uy, = 3900 cM2/(B - c),
pp = 1900 em? /(B - ¢).

Pemenne. Y jelbHas IPOBOJUMOCTS (0) WIN YIIbHOE CONPOTUBIEHNE (p) MOIYIPO-
BOJHUKA, BEIPAXKAIOTCA KaK

o =1/p = qnpn + qpuy.
B co6cTBennoM mosynposoguuke n = p = n;. CiegoBaTeILHO,
oi = 1/p; = qni(pn + 1p)

niu

1 1
™M= X g X (fim + ) 50 x 1,6 x 10-1°(3900 + 1900)

=2,1x 10" cn~3.

IIpumep 1.2. Yemy paBHA KOHUEHTPALUUSA LOHOPOB B N-I'€PMAHUU C CONPOTUBIE-
mnem 2 Oum - em? TlogemxHOCTS 2MeKTPOHOB pasHa 4000 cm?/B - c.

Pemenue. /[y n-mo/LynpoOBOJHUKA yAEILHOE COPOTUBIEHNE P HAMIEM U3 PABEHCTBA

1
; =0 =(qNpnp.

Tak KaK KOHIEHTPAIMS IEKTPOHOB N PABHA KOHUEHTpauuu IoHOPOoB Np, uMeeM

_ o 1 1 .
T qun papn (2 x 1,6 x 10~19 x 4000)’
Np = 7,8 x 10** aromos/cnm®.

Np

IIpumep 1.3. HaiiTu KOHIEHTPALUUIO OLIPOK U HIEKTPOHOB B P-KPEMHUH C yIeIb-
HeiM conpotuBiaeHneM 120 Owm - cMm. IlogBUXHOCTE ALIPOK ¥ DJIEKTPOHOB KPEMHIUS
tp = 500 cM?/B - ¢ u pp, = 1300 cm? /B - ¢, a KOHIEHTpaIUsA COGCTBEHHEIX HOCUTENeH
n; = 1,5-10'° cm~3.

Pemenue. [a p-Si yaensHOe CONPOTUBIEHNE BHIPAXAETCA KaK

-
p i

OTciona
1 1

P= oapp) ~ (120 x 1,6 x 1010 x 500)

wm p =~ 1014 cm—3.



IIpumepuvr i\S)

KoHIeHTpama 3JeKTPOHOB B p-Si

[

n= % = (1,5 x 101°)2/10* = 2,2 x 10° cm~2;

.

n=22x10% cm73.

IIpumep 1.4. B kpucramre n-Si (mmpusa sanpemenzon 30uer = 1,1 5B) ypo-
pers Pepmu gomxken 6uTh Ha 0,1 9B Hinke gHA 30HBI npoBoguMocTH. KoHuEHTpamus
co6cTBeHHEX HOcuTenern n; = 1,5 - 1010 cm~3. Haiitu xommenTpammo goHOpa. dd-
(beKTUBHBIE MACCH OHIPKY U JIEKTPOHA IPUHATH PABHEIMU.

Pemenwne. [ns1 n-norynpoBojHuka moaoxkenue yposua depmu (Ey,) BepaxkaeTcs

KaK By = _(__Ec_‘lz'_Ev_)_ + (3/4)kTn (%:) + (%Z) o (%) .

Ecin m, = m,, umeem

N,
E¢, = ypoBerr ®@epMu cO6CTBEHHOr0 NOXyNpoBosHUKa + kT In (n—D)
i
(B cepenuue 3ampemeHHOM 30HH, Fy;).
N nanee umeem:

Efn— B = kTln (%) ,  (BE,/2—-0,15B) = kTIn (ZD> .

i i

Tax xax mmpuna 3anpemerHol 308K Kpemuusa pasHa 1,1 3B, umeem

045 = kTln (ND) )

1

Hoacrapasas kT = 41—0 3B npu 300 K, monywaem

Np =6,5x10" x 1,5 x 10'° = 9,7 x 10" ~ 10'8 cm~3.

IIpumep 1.5. IloxazaTs, 4TO ecau s MOIYIPOBOSHWKA MPU JAHHOU TEMIEPa-
Type KOHIIEHTPAINA dIEKTPOHOB 1 6y AeT paBHa 1;(fip/ pin)t/?, TO ero mpoBogEMOCTS
OyseT MuHuMaTLHA. 3ech N; — ILIOTHOCTb COGCTBEHHBIX HOCHTENEH, Hp U iy —
COOTBETCTBEHHO IOABUXHOCTh AEIPOK U JJIEKTPOHOB.

Pemenne. B o6mem BH € IPOBOAMMOCTD IIOJIYIIPOBOIHUKA BEIPAXKAETCA KaK

o = q(npn + pp).

Hopcrasnan p = n?/n, noryaem

0 = glnpm + (nf /1) pn).
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HMuddepeHuupys 3TO PaBEHCTBO, MOLYIaeM
do/dn = qlun + nZup(—1/n?)).

IIposogumocts Gyger mMunuMmaiabHa npu ycaosuu do/dn = 0. IpupaBHuBas BH-
pakeHue HyJII0, [OJLy1aeM UCKOMBIY Pe3yJIbTAaT:

n = n(up/pn) /.

IIpumep 1.6. B xpeMuumu KoHIEHTpaIuUA COOCTBEHHLIX HocuTexel n; = 101 cm~3

U KOHIEHTpalua JoHopHo# mpmMecu Np = 1020 cm~3. ITocpescTsoM MEKeKIUH
B IIOIYTIPOBOJHUKE O6PA30BAHEI JOIOJIHUTEILHEE HOCUTEIN. BEMICINTS OTHOmE e
KOHLIEHTPAIUY JHIPOK (p) K KOHIEHTPALWH SIEKTPOHOB (1) B TOUKE, B KOTOPOH ILIOT-
HOCTH KOHIIEHTPAINK TOMOMHATEILHEX HocuTenel papaa 1018 cm~3. Takxe oneunts
BEI3BAHHOE MHXXEKIIMEH YBEIMYeHNe P i N B IPOIEHTAX.

Pemenwue. [laa n-moaymporogauka ¢ Np = 1020 cm~% papHOBecHas KOHumeHTpamus
aekTpoHoB Ny = 10%° cm~3 (moTomy ¥ro Np = n). PapHOBecHaA KOHIEHTpAIma
IHIPOK paBHa po = n?/ng = 10%2/1020 = 10'2 cm~3. B ycnosum 3agadu gamo, 4TO
KOHLIEHTDAIMA IOMOMHUTEILHHX HOCUTeNel (Kak 9JEeKTPOHOB, TAaK M OBIPOK) B pe-
3yabTaTe mExexnmu crana pasmon 108 cv3. CuemoBaTennbHO, B TOUKe MHMKEKIIH
CyMMAapHAA KOHLIEHTPALMA IEKTPOHOB CTAHOBUTCA

n =102 + 10'® = 101 x 10'® cm 3.
AHaJOru4HO NI KOHLIEHTPAIMH IHIPOK,
p=10"2410'% = 10'® cm3.

Toay«sum oraomernue p/n = 0,01.
IIpoueHT yBeaMIeHNsA KOHUEHTPAIMA AHPOK (HEOCHOBHBIX HOCHTEJEH)

(P _ po) (1018 _ 1012) 1018
[—-@0—)— x 100 = o x 100 = 105 x 100 = 10% %,

a MPOLEHT yBEJIXYEHUs KOHUEHTPALUY JIEKTPOHOB (OCHOBHEIX HOCHTEJICH)

(n —no) [ (101 x 108 — 10*)
[ _” x 100 = 0%

x 100 = 0,01 x 100 = 1 %.

HononHutensHaa nutepartypa no teme

1. Seeger R. Semiconductor Physics, Springer, 1982.

Sze S.M. Physics of Semiconductor Devices, Wiley, 1981.

3. David K. Ferry and Jonathan P. Bird, Electronic Material and Devices,
Academic Press, 2001.

4. Smith R.A. Semiconductors, Cambridge, 1978.
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3adauu 3\\7)

Bonpocsi

Kax JbIpKa IPOBOAUT IEKTPUIECKUN TOK?

Kaxkue CBOHMCTBa HOMyIPOBOSHUKOB CTABAT UX B KJIACC BaXKHEHIIINX MATEPUATIOB
IJIA TPOM3BOACTBA SIEKTPOHHEIX IPHOGOPOB?

Kakve pa3iuuus B 30HHEIX CTPYKTYPaxX METALIOB, TUIEKTPUKOB U MOJYIPO-
BOJHUKOB?

YeM OOBACHAECTCA YMEHBIIEHNE Y ISIEHOM IIPOBOAUMOCTHY TIOTYIPOBOJHIKA, U Y I€Mb-
HOT'O CONPOTHMBJIEHUA METALIA C POCTOM TEMIEPATYDHI?

Kax 060CHOBaTE, YTO JOHODHEIE YPOBHU B IOMYIPOBOJIHUKE N-THUIA PACIIOJIO-
JKEHEI Ha, JOJIU DJIEKTPOHBOIBLTA HUXKE 30HEL IPOBOAUMOCTH?

Hapucyire rpaduk 3aBucumocTu ypoBus PepMu B HOIYNPOBOLHUKE D-TUIA
oT TemnepaTypH. lIpoananusupyire rpadux.

KonnenTpanusa HeOCHOBHEIX HOCATEJIEH B P-TIOLYIPOBOAHUKE MALAET HAXKE KOH-
HeHTpanuu COGCTBEHHEIX HOCUTEJEH Ipu Tok xe Temmeparype. O6cyauTe.

XapakTepuCTUKA pP- WIA N-IOIYyIPOBOIHUKOB IIPU MOBLIMIEHHHX TEMIIEPATY-
pax (ckaxem, okono 400K) GIu3Ku K XapaKTEePUCTUKAM HEIETHPOBAHHOTO IO~
amynpoBoguuka. O6bacHUTE, MOYEMY.

3afaum

Ha 10® aTomoB mcX0JHOrO MaTepuana — repMaHuA — JOGABIIM OIMH ATOM
MBIIBAKA. CKOIBKO ALIPOK ¥ 3JEKTPOHOB CTAJIO JOCTYITHO IS IPOBOIUMOCTH
npu 300K? KoruenTpanus co6cTeenusrx HocuTenen repmanus npu 300 K pas-
Ha 2,5 x 1013 M3 (y Ge — 4,41 x 1022 aromos B cM~3).

Omeem: n = 4,41 x 10" cm~3, p = 1,42 x 102 cm~3.

Yemy paBHa koHmeHTpanua JOHOPOB B n-Ge ¢ YIEIbHEIM COMPOTUBICHUAEM
4 Om - cm mpu 300 K? ToaemxeocTH HOCUTENel 3apaga i, = 4000 cm?/B - c,
up = 2000 cM?/B - c.

Omeem: Np = 3,9 x 101 cm~3.

Haiiaure xonnenTpanny ILIPOK ¥ SJIEKTPOHOB B P-KPEMHMUM C yIIbHEIM COIPO-
TuBaerneM 240 OM - cM. KonnenTpamnun Hocutenent 3apsaja fip, = 500 cm? /B-c
1 f, = 1300 cm? /B - ¢, KOHLIEHTpAIlUA COGCTBEHHBIX HOCHTENEH 1; = 1,5 X
%1010 ¢p—3,

-3 3

Omeem: p=5x10"2 ecMm™® mn = 4,5 x 10° cm~3.

YnenbHOe conpoTupienve o6pasua kpemunsa 50 Oum - M mpu 300 K. Paccun-
TalTe KOHLEHTPALMIO JLIPOK, €CIM KPEMHUI P-THIA, U KOHIEHTDAIMIO DJIeK-
TPOHOB, eC/in KPeMHuUi n-Tumna. f, = 500 cm?/B - ¢ u p, = 1300 cM?/B - c.
Omeem: KoHUeHTpamma ALIPOK = 2,5 x 10'* cm™?;
KOHI[EHTPAIHA IeKTPOHOB = ~ 10 em ™3,
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IokaxuTe, 9TO IPU 33 JAHHOU TEMIIEPATYDE, €CJIU KOHIEHTPAIMA THPOK PABHA

1/2
pP="n (&> )
Bp

TO MPOBOAMMOCTD MOIYIPOBOAHUKA Oy €T MUHUMAILHA.

TpebyeTcs, 4TOGH B KPUCTALIE P-KpeMHUA ypoBeHs Depmu GBI PACIIOIOXKEH
Ha 0,2 5B Bhime BaseHTHOU 30HH. PaccuutaliTe Tpe6yeMylo KOHIIEHTDPAIUIO
axkuenTopa B MaTepuane. Kounenrpanus co6cTBeHHEIX HOcUTEREH 1, = 1,5 X
x10'0 cm~? u mupuna sanpemensoi 3oun E, = 1,1 5B. IIpumuTe addexTus-
HEIE MACCHL JIEKTPOHA ¥ IBIPKY PABHEIMU.

Omeem: Na =1,8 x 10'% cm=3.

K pucrasu repMaHus MMeeT KOHIEHTPAINIO COGCTBEHHbIX HocuTenen n; = 1013 em—3

1 KoHmIeHTpamuo akuenTopos N4 = 1016 cm—3. Ilpomeccom umxexmuu B mouIy-
IIPOBOHUKE 06PA30BAHKI JONOIHNTENbHEIE HocuTen. ONmpeIenTs OTHOMIEHNE
KOHIIEHTPAIMY JIEKTPOHOB (1) K KOHIEHTDAIMYU AHIPOK (p) B TOUKE, B KOTO-
POl INIOTHOCTH TOTIOMHUTENLHEIX HocuTenel pasua 1014 cm~3. Taxxe onennre
B NIPOIEHTAX YBeJIWYEHNe KOHIEHTDAIWHA DJIEKTPOHOB 1 ¥ JHIPOK P B PE3YJIhb-
TaTe WHXEKITIH.

Omeem: n/p ~ 0,01, yseauaenne n = 10° %, yseuuenue p ~ 1 %.

YneabHas npoBoguMocTh p-noaynposoguuka 100 Oum - cm. [Ipyrue mapameTprt
noxynposoguuka: n; = 10° em™3, u, = 500 cM?/B - ¢, p, = 1200 cM?/B - c.
BriqucianThb, CKOIBLKO 2IEKTPOHOB MIPUXOJUATCS B IOLYIPOBOAHUKE HA, OLUH MU~
Juapa SHIPOK.

Omeem: 6,4 31eKTPOHA.

Y monympoBogHuKa n-Tuna yaeasHoe conporusienne 40 Om - cm. O nomken
6LITL TTPEO6PA3OBaH B P-NOLYNPOBOAHUK. PaccuuraiiTe TpeGyeMyro KOHIEH-
TPALUIO AKIENTOPHOU puMecH. I10IBUNKHOCTH 2IEKTPOHOB U ALIPOK COOTBET-
creenno pasus 500 cm?/B - ¢ u 1200 cm? /B - c.

Omeem: Na = 6,2 x 104 cm~3.

Y o6pastia KpeMHNA KOHIEHTpanus JoHopoB 2 x 101¢ cv~3 u komnemtparmsa
aknenTopos 3 x 10'® cm~3. Kaxos Tun norynposoguuka, p win n? Yemy pasua
KOHLIEHTDPAINA OCHOBHEIX HOCHTEJIeH?

Omeem: p-tuma, konuenTpamms abpok (Na — Np) pasna 10 cm~3.



FMABA 2
P-N-TEPEXO[

Kpome TOTO, YTO p-n-IEpexof caM MO cebe BaXKHBIA DIEMEHT BJEKTPOHHBIX
CXeM, OH ABJIAETCS OCHOBOM GOMBUIOTO YHCIa APYTHX HOIYIPOBOAHUKOBBIX TIPH-
6opos. Tema >ToM rraBbl — 06pa3OBaHEE P-N-EPEXOJa, PACCMOTDEHME €ro
comcTs. O6CyXIaeTCA NOBEEHNE P-N-IeEPEX0Ja B YCIOBUAX IPAMOrO ¥ 06paT-
HOTO CMeIIEHNUA, HIEKTPUIeCKUN TOK depe3 p-n-nepexos. KpaTko npexacrasie-
HBI IPONECCHI, OTBETCTBEHHbBIE 33 MIPOGOM MEPEXOAa.

TeMbl, paCcCMOTpEHHbIE B 3TOW rnase:

I PYy3UOHHBIN U APEUPOBBIM TOKY B IOIYIPOBOJHUKE;

— 06pa30oBaHME pP-N-IEPEXOna;

CBOUCTBA MIEPEXOAHOU O6IACTH;

— P-n-TIepexol B YCIOBUAX O0OPATHOrO M MPAMOrO CMELICHUS,

— JABWHHBIA ¥ 3€HEPOBCKUM IPOGOL.

2.1. OuddpysnoHHbIit Tok u Tok apelicda

Aupdysuonnbiti mox
Huddysus s3apagnos, Bo3bIBaroman Anddy3MOHHBI TOK, MMEET MECTO KaK
€CTEeCTBEHHBIM Ipomecc B JIOGOU CHCTEME, TJ€ CyUIeCTBYyeT IDaJUEeHT KOH-
UeHTpanuu 3apsanos. [JuddysuoHHE TOK Jyif(e), BEISBAHHBIA SJIEKTPOHAME
C TPaJMeHTOM KoHIeHTpanwu dn/dz (puc. 2.1, @), MOXHO 3aIMCaTh KaK

dn
Jaifi(e) = qDe— - (2.1)
Ananorn4so, nuddy3roHHELl TOK IRPOK (puc. 2.1, 6) pasen
d
Jaif(n) = —thﬁ- (2.2)

3necs D, u Dy, — oagppunuenTH 1udby3uH dIEKTPOHA U JHIPKH. Y PaB-
HeHuA (2.1) u (2.2) 3ammcans ¢ y4eToM 3HaKa HOCHTENS 3apana. CyMMapHEIA
AU DY3NOHHBIN TOK:

Jaife(totat) = Jaiff(e) + Jaifi(n)

dn dp
Jdifi(total) = 4De — qDh -
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KoHueHTpauus
ALIPOK (p)

J -
dift (€) Jaitt ()

KoHueHTpauus
3NEKTPOHOB (n)

P; AHUE X o
accTosHue PaccrosiHue x

a) 6)

Puc. 2.1. Konuenrpauusa smexTpOHOB Kak ¢yHkuusa paccrosuusa. Crpeika NOKa-
3BIBAET HAIpaBlIeHHEe NOTOKA Auddy3un (IPOTHUBOMOIOKHO HANPABICHUIO
auddy3uoHHOro TOKa) (a); KOHUEHTPAUMA ABIPOK KaK (GYHKLUUA PACCTO-
auua. CTpelka IOKa3HIBAET HAIPaBIEHHE NMOTOKA Auddysmu (CoBmajaeT
¢ HanmpasieHueM audy3uonHOro Toka) (6)

Tox dpetiga
[lBHXeHMe HOCUTENEN 3apAa MOJ NEUCTBUEM DIEKTPUIECKOrO HOMA CO3AaeT
TOK, Ha3bLIBAEMBIM TOKOM aperda. Ilo sakony OMa IIOTHOCTE TOKa Aperda
Jdrift TOJ JeHCTBHEM DIEKTPUYECKOTO Ioas F MOXHO 3aIMCaTh KaK
Jarift = 0B,

rlie 0 — yAelbHas OPOBOAMMOCTL. [na smexTpoHoB ¢ = qnu,. Cregosa-
TEJIbHO, INIOTHOCTh TOKA Apenda AIA 3MEKTPOHOB U AIA ABIPOK MOXET GBITH
BHIPAXEHa CAeAYIOUMM 06pa3oM:

Jarifite) = —qnpnE, (2.3)

Jarifi(h) = qPipE. (2.4)
31ech fin ¥ [ip — HOABMXHOCTHU JNEKTPOHOB ¥ AbIPOK. CyMMapHEI#i TOK Ape-
da
Jarifitotal) = Jarifi(e) T Jarifi(h)

Jdrift(total) = —qnunE + qpu,E.
[AuddysmoHHBI TOK U TOK Apedda WrpaloT BaXHY POIb B 06pa3soBaHUR
p-n-Tiepexofa 1 B GyHKIUOHAPOBAHUYU IPUOGOPOB.

2.2. O6pasoBaHue p-n-epexoa

PaccmoTpuM HEGOMBIION KPUCTALI HOAYIPOBOAHMKA (HAIPHEMEP, KDEMHHUA).
OfHa CTOpOHA 3TOr0 HOJIYIPOBOAHMKA JErHPOBAaHA TaK, YTOOLI OHA MMETa
p-THI IPOBOAUMOCTH, 3 APYrad — N-TUI HPpOoBOAAMOCTH. CXEMATHIECKH 3TO
u306paxkeHo Ha puc. 2.2.



2.2. Obpaszosanue p-n-nepexoda @

PaccMOTpAM CBOMCTBA ITOI'0 KPUCTALIA, KOTOPLIE PACYIINA TaKXe U pe-
anpHBIM p-n-nipubopam. OHE cregyromme:

A. O6nacTa n- 1 P-THUIA OOLIYHO UMEIOT OZHOPOAHOE (HO HE PABHOE) JErH-
poBaHHe.

B. Pasmepni o6xacTen n- 1 p-Tuna 6omaslue, YeM Anddy3noHHbIe JIXHEL HO-
curenen 3apaga. Juddys3uoHHas JInHA 3MeKTPOHA OOBIYHO COCTABIAET
JIOIM MAILIAMETPA. Y ABIPOK OHA elle MeHBbIIe,

C. KonnenTpamus npuMecei p- 1 n-o6aacTeir B0O MHOTO pa3 (Ha 2-3 mopsj-
Ka KaK MAHEMYM) IPEBLIIIAeT KOHIEHTPALUIO COGCTBEHHBIX HOCUTENEN
n; marepuana. To ectb, ecim N4 u Np — KOHIIEHTDAIU#N aKIENTOPa
U JOHOPa COOTBETCTBEHHO B P- U N-00JACTAX MOLYNPOBOJHUKA, JKeIa-
TembHO, 9T00B p(= Ny4) > n;, n(= Np) > n;. Ilpegnonaraercs, 4ro
BCE 4TOMBEI IIPUMECH MOHU3UPOBAHBL, P U N MPEACTABIIAIOT KOHIEHTDA-
MO JLIPOK M BJIEKTPOHOB IIPOBOJAMMOCTH B P- U N-00MaCTAX.

D. B zaBucumocTm oT crocoba marorosaenus nepexon ot N4 x Np Moxer
IPOUCXOAUTH MOCTENEHHO WK pe3ko. COOTBETCTBEHHO, ORIBAIOT ABA TH-
na nepexogoB — (i) peskuit p-n-mepexon u (ii) MWIABHBEIA P-N-LEPEXOL.

ITockombKy peskuit p-n-mepexos aHATU3UPYETCA npole, 6y AeM paccMaTpH-
BaThb TaKou mepexos. [anpuie yBUAMM, 9TO HEPEXOAbI, NOLYyIEHHBIE TEXHOJO-
I'Mel CIUIABIEHUA, OTHOCATCA K MEPeX0aM PEe3KOro THIIA.

MeTannypruyeckuit nepexon

|
|
|
|
|
|
PR PR _——b—
- 7

e
- //

// e
7 p-06nactb | .~ n-o6nacto

Puc. 2.2. Kpucraw: nonynposoguuka. Oa-  Puc. 2.3. [[BymMepHO€ IPEACTABIEHNE TIO-

Ha CTOPOHA JIErupOBaHa, YTOOBI MOLY4YNTH  JIyNPOBOSHUKA Iepea o6pa3oBaHUEM Ie-

7-TUI TPOBOAUMOCTH, APYrasd — pP-THUIL pexona (cxemaruwueckum). @, © 0603Ha-
Y4I0T MOHU3UPOBAHHEIE ATOMBI JOHOPHOU
¥ aKLENTOPHOM ImpuMecH, +, — 0603Hada-
10T OBIPDKU ¥ JJI€KTPOHBI

Ha puc. 2.3 uso6paxeno [OBYMepHOe IpenCcTaBlIeHne KPUCTAJLIA IOLyIpo-
BogHUKa. [loka3zaHbI OCHOBHBIE HOCHTEIN — OBIPKHA 1 OTPUILIATENBbHO 3aPAXKEH-
HBIE HEMOABUXHEIC ATOMBI AKIENITOPA HA, P-CTOPOHE ¥ BJIEKTPOHBI U IIOJOXKH-
TEIBHO 3apsAXKEeHHbIe HEHOABUXHBIE ATOMBI JOHOPA HA N-CTOPOHE KPUCTAJLIA.
Ans scHocTn Ha cxeMe He 0GO3HAMEHBI HEOCHOBHBIE HOCHTEINH (smexTpoHBI
Ha p-CTOPOHE M JABLIPKM HA N-CTOPOHE).
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TouHo Tak Xe, KaK UMeeT MeCTO AuddPy3us ra3oB OpH yIaTeHUN IEPErO-
POJKM MeXIy ABYMdA 3aIOJHEHHBLIMU I'a30M KaMepaM#, eCTeCTBEHHBIM CIef-
CTBHEM 6OJBIIOrO I'PAAMEHTa KOHIEHTPAIINA MOJBUXHLIX HOCATEIEH 3apaia
B 06enX CTOPOHAX MOJYIPOBOAHUKA CTAHET AUPPY3UA 3apAA0OB depe3 mepe-
xox. Ilepecekas mepexon w3 OQHOM OOJACTH B APYTYIO, SIEKTPOHHI M AHIPKH
B3aMMO/IEACTBYIOT, PEKOMOMHUPYIOT U MEePecTaioT ObTh akTuBHLIMHE. (Bcmo-
MHHTE TPOIEeCC PeKOMOMHALNA B €ro MpOCTeHIeM BAJe — DIEKTPOH IPOBO-
OUMOCTH TAJaeT B CBOGOJHOE MECTO B 30HE BAJEHTHOCTH (ABIPKY) ¥ B pe-
3yabTaTe 003 MOABUKHBIX HOCUTEIS TEPAIT CIOCOOHOCTD K IE€PeIBUKEHMUIO.
CrenoBaTenbHO, y3Kad 06IaCTb, MapajUIeJbHAA Mepexony, hOpMAPYETCS Ta-
KM 06pa30oM, 9TO HE MMEeT ALIPOK B P-CTOPOHE M HEe MMeeT SIEKTDPOHOB
B N-CTOPOHE mepexofa. B aTon y3kou 061acTH, HA3BAHHOU «00eJHeHHOU 06aa-
CTBIOY, KOMMYECTBO MOABAXHBIX HOCATENEH PE3KO YMEHbUIAETCA.

a) SnekTpu4eckoe none 6) SnekTpudeckoe none
p ~ p
1
.0, 000}
E Apeiic
+©4+ 000 9NEeKTPOHOB
i
+O+ :.@ eo JIudpdy3noHHbIin
] TOK
[}
Andodyaus
Pesynstupytowmii Pe3ynbTupylowmii AbIpOK

OTpUUATESbHBIA 3aPSA NONOXMTENbHBIN 3apsaa

O6epHeHHas 06nacTb

Puc. 2.4. IIpocTpaHCTBEHHL 3apA B 06EIHEHHOU OGIACTH CO3JAET DICKTPUYECKOE
none (a); HanpaBaeHua apeida 1 Juddysur ILIPOK U IEKTPOHOB U PE3YIb-
TUDPYIONHE dIeKTpUIecKue Toku (6)

OTcyTCcTBEE NOJBMXHBEIX HOCWTENEH HAPYUAeT HEMTPAIbHOCTH 3apAJa,
¥ HENoJBUXHLIE MOHW3UPOBAHHBIE aTOMBI JOHOPa M akIenTopa B obenHeH-
HOM 06JaCTH BLIBHIBAIOT MOABJICHUE B 3TOU 06IACTU PE3YILTUPYIOLWIEro 3aps-
xa. Taxnm o6pasoM, o6enHeHHaA 06JIACTh MMeeT MPOCTPAHCTBEHHBIN 3apAf,
MONOXUTEILHLIA Ha 7-CTOPOHE, W PABHBIA [0 BEINYMHE OTPUIATEILHBIA —
Ha p-cTopoHe mepexoga (puc. 2.4, a). OTm 3apajgsl B obefHeHHOH 006/acTH
CO3AaroT aIeKTpudeckoe more. Ilo mepe Toro, kak npojonxaerca Auddysunsa
OCHOBHBIX HOCHTEJIEeH 4Yepe3 mnepexof, Bce Ooabliiee IHCIO MOHU3UPOBAHHBIX
aTOMOB TIPEMECH CTAHOBHTCS AKTHUBHEIM, ITO YCHUINBAET JMEKTPUIECKOE II0JIe
B 06egHEeHHON OOJIACTH.

Hanpasnenne 06pa30oBaHHOrO B 00 JHEHHOM 001aCTH (BCTPOEHHOrO B oben-
HEeHHYI0 00JaCTh) MO/ TAKOBO, ITO OHO HPENATCTBYeT Auddy3uu OCHOBHBIX
3apagos (puc. 2.4, a), HO cnocO6CTBYET Apeidpy HEOCHOBHHIX 3apALOB, T.e.



2.8. Konyenmpayus 36pA0a u 34eKMpudeckoe nose 8 o6ednennod obaacmu @

2IEKTPOHOB U3 P-CTOPOHBI B HANPABIEHWH K 7-004aCTH U ABIPOK C NM-CTOPO-
HBL K P-06JaCTH HOIYHPOBOAHAKA. JTO IPUBOANT K MOABIEHUIO TOKA Apeida
B JOMOJHEHNe K AudPy3uOHHOMY TOKY.

BcrnoMHEM, 9TO JBMXKEHME SJIEKTPOHOB U AHIPOK B IPOTUBONOJOXKHBIX HA-
IPABIEHUAX CO3JAET IEKTPUIECKMHA TOK B OJHOM HANIPABICHAN W3-33 MX Pa3-
HOMMEHHLIX 3apsiI0B, X HAIIpaBlIeHUe JBUXKEHU IBIPOK COBIAAET C HAIPABJIE-
HUEM dIeKTpudeckoro Toka. Ha puc. 2.4, 6 mokasanbl HampaBieHus Apeunda
u quddy3un Pa3HbIX 3aPALOB B Pe3yIbTHPYIONIMX SIeKTPHIeCKIX TOKOB.

NMudpdysusa u gpend 3apsagoB Yepe3 mepexo] IPOAOLKAIOT PA3BUBATHCA 10
Tex Iop, HoKa, AuPPY3UOHHBIA TOK HE CTAHET PaBHBIM TOKy apenda. Toraa
HOJHBIA TOK CTAHOBUTCA PABHBLIM HYJIO, JOCTHI'AETCSA PAaBHOBECHE ! 3aBEPIIa-
erca oOpasoBaHue p-n-niepexona. Hampsxenme Vp, co3ganHOe paBHOBECHBIM
BCTPOEHHBIM DIEKTPUIECKUM IO0NEM B O6€AHEHHON 00MaCTH, UMEET BEIHIAHY
okomo 500 MB ams xpemuumeBoro p-n-nepexona u okosao 200 MB ams repmanu-
esoro. Hanpsxenue Vp mHOrga Ha3LIBAETCA KOHTAKTHON PA3HOCTBHIO MOTEH-
IUaIoB Win 6apbepHBIM MTOTEHINAIOM.

BaxHO oTMeTHTEH, YTO P-n-Iepexo] HEBO3MOXHO 00pa30BaTh, €CIN B3ATH
p- U T-TIOTYIPOBOJHMKY II0 OTAENLHOCTH M IPWIOXUTH UX APYT K APYrY.
Hapymenne ¢pusuueckon HenpepbBHOCTH OyA€T HPENATCTBOBATH IPOLECCAM
(nanpumep, auddys3un 3apALOB), OTBETCTBEHHBIM 33 06pa30BaHMe II€PEX0a.
Cnoco6b1 m3roTosaenus p-n-nepexona 6yayT PacCMOTPEHH TO3XKe.

2.3. KoHueHTpauus 3apafa 1 aneKTpUyeckoe norse
B obeaHeHHOM obnacTu

Kaxk 6bu10 nokasano Beime, ofegHeRHAA 06IACTb B P-N-IIPUO6Ope — BTO 06IACTh
C IPOCTPAHCTBEHHBLIM 3apaAgoM. Bramm oT mepexoaa B 060ux 06JACTAX KpH-
CTaJlIa MO/ JepPXKUBAETCA HEUTPAILHOCTD 3aPAAa. DTO O3HAYAET HAJIAYINE PaB-
HOI'0 KOJMYECTBA NOMOXKATEILHBIX ¥ OTPUIATEIbHBIX 3aPA 0B B JI000M KOHEY-
HOM IPOCTPaHCTBe BAaa! OT mepexoga. Hampumep, B obracTu Ha CTOpOHE P
BAAIM OT mepexofa HOMOXKATENLHBLIN 3apsil, 00pasOBAHHBLIM ABIPKAME, U OT-
PUIATeNbHbIN 3aps ], 06pa30BAHHLIA MOHU3UPOBAHHBLIMHA ATOMAMHE AKIENTOPA,
o6ecnevnBaOT HEATPAIHLHOCTD.

Ha puc. 2.5 nmokasano MPUCYTCTBUE HEMOJBUXHBIX 3aPAL0B B 00€JHEHHON
O6mactu. KonmaecTBo mOMOKATENBHBIX 3aPAI0B B 06€HEHHON 06IACTH PABHO
KOINIeCTBY OTPUIATENLHBIX, HO PACHIOMATAI0TCA 3TH 3aPAALL II0 JBYM CTOPO-
HaM nepexofia Ha pasHoM paccrosumu. [pyrumu caoBamu, 0W, # 0W,. o
IPOUCXOAUT M3-32 TOTO, YTO OAHA O6IACTDL P-N-NPUOOPA JErUpOBaHa, CUIbHEE,
€M npyras. [IpmamHbI TAKOr0 aCCHMETPUYHOTO JErHPOBAHUA CTAHYT SCHEe
I03Xe, OHO 09€HDb XKeJaTeIbHO, B YACTHOCTH, JIA OUIOMAPHBEIX TPAH3NCTOPOB.



@ TI'aasa 2. p-n-nepexod

SnekTpuyeckoe none Puc. 2.5. O6racts o6enue-
aua B p-n-guoge. OO6BIaHO
OW,, # OW, (accumerpud-
HOE JIerUPOBAHUE)

ONONORO;

T s b

|
=

PaccrosHue x
—_——

Ha pwuc. 2.6 mokasaHo m3aMeHeHHE IO KO-
KoHueHTpaums 4 OpJAMHATE I HPOCTPAHCTBEHHOI'O 3apALa Pe3-
3apspa (p) KOrO P-N-TIEPeXola C KOHIEHTpPAIuel TOHO-
Np poB u akuentTopoB Np u N4 COOTBETCTBEHHO
@ B n- u p-obaactax. Ecim A — mromags mo-
) W, ¥ TepevHOr0 CeYeHUs KPHUCTAJLIA IOXYIPOBOJ-
HOKAa, TO BeJIMYAHA OTPHUUATEILHOTO 3aps-
na, 06pa3s0BAaHHOIO MOHAMH aKIENTOpa, PaB-
~Ny Ha ¢NAW,A m oHa paBHA NOJIOXUTENHHOMY
3apsagy qNpW, A, o6paszoBaHHOMY JOHOpaMHA

Puc. 2.6. Kommentpamms sapa- B 7-CTOPOEE, T.e€.

-W,

©

JA\Z rf Jsgop,qm{a're T Oad coydas q NAWp A= gNpW, A

AN
_Wfll — EQ (2 5)
W, Nj )

Ypasrenne (2.5) yTBepX gaeT, 9TO pACHPOCTPAHEHWE 06eIHEHHON 06MaCTy
6oabIe B MEHEE JEerMPOBAHHON 06IacTH.

BripaxeHue /i BEIMYUHEL M€K TPUIECKOT'O IIOJA, CO3AAHHOIO DIEKTPO-
CTATUYECKUME 33PALaMA B 06€JHEHHOU OOJACTH, MOXHO IONYYATH, UCIOIb-
3y 3akoH [aycca. s IPOCTOTH pACCMOTPUM CIy<adl C OJHOA KOOPJUHATOM.
3akon 'aycca gma 5TOro Cirydas mMeeT BHUA:

dE _p ,
&L (2.6)
dr €

rme E — HANOPAXEHHOCTDb JJIEKTPHUIECKOI'O IIOJ, p — IINIOTHOCTBb 3apa;1;a;

€ — JWDIeKTPUYeCKas MPOHMUIAEeMOCThb cpeanl. V3 ypasuenus (2.6) moxuo
HOMYYATh BHIPAXKEHWE I DJIEKTPUUECKOT'O IOJA B ABYX 06IACTAX DPAAOM
C P-N-TEPEXOJOM.



2.3. Konuyenmpayus 3apada u s34exmpuuecroe noae 6 o6ednennots obaacmu @

Insa obnactu —Wp < 7 < 0 HANPAXKEHHOCTDH JMEKTPAIECKOTO HOMA PABHA

E= qNA(WZ—”). 2.7)
Ina obnactu 0 < x < W), HANpAXKEHHOCTH paBHA
E= qND(W—"'s_i), (2.8)

rae qN4, gNp — KOHIIEHTPAIIUK 33pAJO0B C ABYX CTOPOH P-N-TIEPeX0oJa.
3aBUCAMOCTh HAIIPSKEHHOCTH DMEKTPUAIECKOrO HOJA OT PACCTOSHUA I U30-
6paxeHa HA puC. 2.7.

E, 0z — MaKCUMYM JJ€KTPUIECKOrO IIOJA
B Touke nepexofa. Ilogcrapmas r = 0 B ypas- E
uerue (2.7) u (2.8), moxydaem -w, o W,
W, W, x
Emaz = qNA?p = qND—6 . (2.9)
Iockonbky dVp/dx = E, HampsxeHue me-
pexoga Vp ecTh MHTErpas 0O & BEIWYUHBI IIO- Emax

JIs1 BAOMb 0BIACTH MPOCTPAHCTBEHHOI'O 3aPALA.

CxnagerBas unrerpan moas or —W)p, go 0, uc- Tpuseckoro mons B some 06ea-
nons3ys ypasHenwme (2.7), m umHTerpat oT 0 yenys E. . — vaxcumammas
no Wy, ucnonssys (ypasuenue (2.8)), HOIyInM seruduna mons ma mepexoge
Clleyiolliee BLIPAXKEHUE:

Puc. 2.7. HanpaxeHHOCTS dIeK-

NAW2+ NpW?
Vg = a(Na 2y pWs). (2.10)
Ypaprenus (2.5) u (2.10) MoryT 6bITH pemeHbl OTHOCHTEILHO W)y 1 Wi,

Taxum o6pasom, momyanm:

1/2
_ 2_6 VBN 4
SIREPOE

1/2
_ _2_(2 VBNp
Wy, = [( 7 ) ———————-(Nfl n NAND)} . (2.12)

Teneps, 3amenan Wp unm W, B ypasrenun (2.5), moIy<9uM BeINUUHY MaK-
CHUMAaTbHOM HAIPAXEHHOCTHA Hoia F,,,,; Ha mepexoje:

2qN4Np 1% _1j0
B = | —22 = . 2.13
nes = |t v (213)
Cymmapnas mupuHa obaactu obenuenna W

2¢ (N4 + Np) ]1/2
W=W,+W, W= |=227 "Dy,
P [q (NaNp) °
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. 1/2
2¢e 1 1

ITO 0YeHb BAXKHOE BHIPAXKEHHE, HO3BOMAIOIIEE ONPEeIUTh IMNPUHY 06IacTH
o6eHeHNA Jepe3 U3MepsAeMEle aPaMEeTPHL.

Iupwuaa obracTn obexnenus HeOONbIIAA, €€ TUIUYHBIE PAa3MepPHI JEXAT
B npegerax or 1074 1o 1078 cm. Ypasmenus (2.13) u (2.14) MoxHO mpuMe-
HATH A PACYeTa MAKCUMAJILHOT'O DJIEKTPUAIECKOr0 HOMA U WINPUHLL 00IaCTH
o6efHEHNs P-N-TIEPEX0Ja IPY U3BECTHHX OCTAILHBIX NAPAMETPaX.

KakoBa BenuunHa MaKCAMAILHOTO JIEKTPHIECKOrO moas gy B p-n-upu-
6ope? Ecitr W ~ 1076 m (1 mumxporn) u Vp ~ 200 MB, TO HampsaXeHHOCTSH
anekTpudeckoro nous Gyger 200 kB/m mim 2 kB/cm.

2.4. p-n-nepexoy, ¢ SHEPreTUHECKON TOYKU 3PEHUA:
BbIpaXKeHUe AnA noteumana nepexoda V p

IocMoTpuM Ha, P-n-THiepexon ¢ APYrou cTOpoHBL B 1-# rumase Mbl 06CyX ganm
CTPYKTYPHI DHEPreTHIECKUX 30H P- U N-NOAyHpOBOAHUKOB. OHM n306paxeHtl
Ha puc. 2.8, a u 6.

Puc. 2.8. [Juarpamma pacupenenesus
NOTEHINAJILHON SHEPrUM nepen o6pa-
30BaHMEM IEePEX0Aa B P-TIOLyHPOBOJ-
HUKe (@) ¥ B N-NOLYIPOBOAHUKE (6)

a) 6)

IIpn OZHOBpEMEHHOM HPUCYTCTBUM B MOIYNPOBOJHUKE P- U M-06macTent
€CTeCTBEHHBIM CIIeJCTBUEM I'DAJUEeHTA KOHIIEHTpAIUH 3apaoB Oyger ux aud-
dysua gepes nepexo. Ilpomnecc 6yxeT mpoJoIXKaThCa, IOKA CACTEMa, HE IpH-
IeT B paBHOBecHme. BcereAcTBme mepeHOCa 3apANOB Uepe3 MEPEXo] YpPOBEHb
Depmu BLOIL TOTYNIPOBOAHUKA BHIPOBHUTCA. CUTyalus MOX0Xa, Ha, BHIDABHHU-
BaHNIE YPOBHE! BOAHL B ABYX COEIMHEHHBIX eMKOCTAX, KOTOpPHIC IEepe] COequ-
HEHNeM WMMed Pa3sHHHU ypoBeHb. COOTBETCTBEHHO, YPOBHU MOTEHIMAIbHEBIX
SHepPrui 060MX CTOPOH MOJYNPOBOAHUKA OTPETYIUPYIOTCA, W HA MEPexoje
obpasyeTcs mOTeHIUAIbHBIM Oapbep. M3-3a HELOCTATKA SHEPruM OOJbIIHH-
CTBY DJI€KTPOHOB IIPOBOAMMOCTH — OCHOBHBIM HOCHTENAM N-CTOPOHBI — Oy-



2.4. p-n-neperod ¢ InepzemuuecKot MouKy 3penus 4\1)

KeT 3aTPYAHEH IepexoA B p-CTOpoHy. BemommmM, 9T0 aHeprus AwbIpox mpo-
THBOIIOJOXHA, TI0 HAIIPABIEHUIO SHePIuK 31eKTPoHOB. COOTBETCTBEHHO, 601b-
IIMHCTBO OCHOBHBIX JBIPOK P-CTOPOHBI HE MOT'YyT HepeUTH Ha n-cTopoHy. Ho He-
OCHOBHBIE DI€KTPOHH P-CTOPOHHEI M ALIPKH 7N-CTOPOHBI, HECOMHEHHO, MOL'YT
IPOBATATHCAY depe3 TOTeHNNATbHEIA 6apbep U MepedTH Ha JPYTYH CTOPO-
Hy TepexoAa. OTH HeOCHOBHBIE HOCHTENH CO3MAi0T TOK apenda. Kak 6euio
CKAa33HO paHblIe, DX PABHOBECHM CyMMAapHasA APerddOBasd JaCThb TOKA PABHA
cymMapHOR AudPY3NOHHON JaCTH TOKA. II0CKOIBKY 5TH TOKM TeKyT B Pa3HbIe
CTODOHEHI, B IIEIOM TOK depe3 Iepexoj] PaBeH Hy.IO.

BripasauBanue yposHen Pepmm
B p-n-cucreMme (cMm. puc. 2.8), MOXHO p
MCIIOJb30BATh [JIA MOXYYeHHA BHIPA-
XEHUsI BCTPOEHHOI'O MOTEHIINANa Iie-
pexoga Vp. Ypasuenns (1.21) m (1.22) - oo E
u3 1. 1 JAaloT HONOXEHNe YpPOBHA
®epvu Ef, u Ef, COOTBETCTBEHHO m
A M- ¥ P-IOIYyHIPOBOAHMKOB. Korzga E
ypoBHE Pepmu BHIPOBHAOTCSH, 6yaeM

BaHaTble aHepreTuyeckue ypoBHu

HMETb
Efn—Efy = qVp = kT In(NoNp/n?)

Puc. 2.9. [uarpamMma pacupeneieHus Io-
Wi

TEHIWAILHON DHEPIMU P-N-TEPEXOAA B DaB-
HoBecuu (6€3 NMPUJIOXKEHUA BHEIIHEr0 Halps-

kT
_ 2
Vg = (7) In (N AND/ nz) B. wenus). IloTeHNMATLHEIE DHEPTUM OJIA P- U
(2.1 5) N-CTOPOH OTINYAIOTCA Ha Beaudury qVp
Bripaxenue (2.15) npmMenseTcsa Jia ONEHKM IMOTEHIMATA JIOGOTO P-n-Tepe-
xoxa. [laa repmammeBoro p-n-mepexoxa Vg ~ 200 mB. [las xpeMHEEBOrO
p-n-nepexoga Vp ~ 500 MB.

Ilpumep 2.1. B xpemmmesom gumoje KoHmeHTpamus mpuvecu Np = 1018 cm—3
u Ng =10'7 cm3. Brrumeants noresnmal p-n-nepexoga Vp Ipu KOMHATHON TeMITe-
parype. [[Jaxo: n; = 1,5 x 10'° u kT'/q npn 300 K pasuo 0,026 B].

Pemenue. W3 ypasrenna (2.15) norenuuman nepexoga Vp:
kT
VB = (T) In (NDNA/TL?) .

HOIICT&BJI}I)I AAHHBI€ YUACJOBEIE 3HAYECHNA, IOy IUM:

Ve = 0,026 In[(10™® x 10'7)/2,25 x 10%°] = 0,87 B.

1_Ili’MuMep 2.2. BHMECTINTL NOTEHIHMAT P-N-TIEPEXOa ¢ CHILHOTEMMPOBAHHOM N-CTO-
pOH?Ig (Np) m G1mskoit Kk COGCTBEHHOMY NONYIPOBOJHAKY P-CTOpoHO. Np = 4,5 X
x10™ em™® mn; = 2 x 1013 cm~3, kT /q = 0,026 B.
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Pemenue. 3HadeHne MOTEHIMAA TI€PEXONa, OpeneiseTca B ypasHennu (2.15), cie-

OBATEILHO
VB = (E) In (—NA .2ND> .
q L

Mockoneky N4 = n;, nmeeM

ng

Ve = (%) In (N D) =0,0261n(4,5 x 10'9/2 x 10'3) = 0,38 B.

2.5. p-n-nepexop, Npy NpUNOXKEHUN BHELLHErO HanpsXeHus

Ilepexon p-n Ha3BIBAE€TCA CMENIEHHBIM, €CIA K HeMYy IPMJIOXEHO BHEHIHee Ha-
npsaxenue. Ecan p-cTOpoHA CoefUHEHA C HOMOXUTEILHBIM BHIBOLOM baTapen,
a M-CTOPOHA — C OTPUUATEIbHBIM, IEPeX0] Ha3BIBAIOT IPAMOCMENICHHBIM
(pmc. 2.10, a). IIpu o6paTHOM CMeIeHUN P-CTOPOHA AMOJ3 COEUHEHA C OTPULA-
TeIbHBIM BHIBOJIOM 6aTapeH, a n-CTOPOHa — ¢ moaoxuTeasHbM (puc. 2.10, 6).

HanpasneHune npunoXxeHHOro nons Hanpasnenne npunoXeHHOro nonsa
— B —————
-~«—— [one nepexopa -—— [lone nepexopa
s DT T ATV R

3 R

2 %

a) 6)

Puc. 2.10. IIpavocmemenusin p-n-uepexon. Ilome mepexoga u mose IPMIOKEHHOI'O
HANpAXKEHUA HAIPABIEHH B IPOTUBONOIOXHEE CTOPOHEL (a); 06paTHOCMe-
LIeHHbIH p-n-nepexos. Hanpasnenns npumoXeHHOro OIS U HOJMA HePexosa
onuHaxoBH (6)

Hanpasnenue mons, BO3HUKINETO OT MPUIOXEHNA HAIPAKEHNA B CIydae Ip:a-
MOT'O CMEUICHM, TPOTUBOMOMOXKHO HAIIPABJIEHWIO Hois nepexoga (pmc. 2.10, a),
B TO BpeMsa KakK npu o0paTHOM cMemeHuy 063 moad MMEIOT OJMHAKOBOEC Ha-
npasiaenue (cM. puc. 2.10, 6). B obmeM ciaydae fas CyMMapHOT'O HAIPAXKEHHUA
Ha Ilepexojie V7 MOXHO 3aIUCaTh

Vi=Vg—V. (2.16)

B ypaBaenun (2.16) npuioxenHOe HampsxeHne V mMeeT 3HAK MHUHYC DA
006paTHOM CMeIeHUHU NEePexoja ! ILIIOC — IIPHU HIPAMOM.



2.5. p-n-neperod nPu NPULONCEHUY BHEULHKE20 HANDANCEHUL @

BaXHO OTMeTHTh, YTO CyMMAapHOe HampsxeHwe Vp B ypasrennu (2.16)
BCEra IOM0KATENHHO, HE3ABIUCHMO OT BEIMYHHAL ¥ IIOIAPHOCTH HPIIOXKEHHO-
ro Hampsaxenus V. IIpu o6paTaoM cmemennu V orpunarensro u Vp = Vg4V,
T. €. IPUIOKEHHOE HAIPMKeHHe N06ABIACTCA K HAIPAXKEHUIO IIEPEXOJA.

Ilns cry4das HpAMOTO CMENIEHHA, eCIU IPUIOKEHHOe HAIPAXKEHNEe IPEeBbI-
maet Vg, TOK BEJNK, CIELOBATEILHO, NaeHIE HANPSKEHUA HA aKTUBHOM CO-
IPOTHUBICHUY IPHGOPA TOXKe BenKo. B aToi curyamun Hanpsaxerue V B ypas-
Hernu (2.16) JOIXHO PACCMATPUBATHCA KAK IPUIOKEHHOE HAIPKEHNE MAHYC
oMEYecKoe NajeHue HanpsaxeHus Ha npubope u unen (Vp — V) B ypasue-
umu (2.16) Bcerga GyfeT MOMOXATENLHBIM.

JlercTBYE BHENTHETO IIPIJIOXKEHHOT'0 HAIIPSKEHUA V Ha, MaKCUMAJbHOE DJIEK-
Tpuieckoe mnoie nepexona Epgg, ¥ mumpuny obemnmenHon obmactu W MOXHO
Tenepb y4ecTh, 3aMeHUB B ypaBHeHUAX (2.13) u (2.14) Vp na (Vg — V). Ypas-
HeHUA UMEIOT BUL:

ooz = [%} P e vy, (2.17)
W= [(gqf) (NLA * NLD)] - (2.18)

IIpumep 2.3. Y xpemumeBoro p-n-mos mupusa o6aacTy obeqHenns 20 MKM IpH
obpaTaoM Hanpsikenun 16 B. Haitu mumpuny o6eHeHnA, €Ca1 0GPATHOE HAIIPAXKEHIe
Oynet yBemmdeno no 25 B.

Pemenne. [lockonbky mupuua o6racTn o6eguenns W mponopmumonaisa V1/2, to

W, 25\'* 5 5 5
(25 B
WGB; = <E) =7 Wiss B) = 1 X W6 B) = 1 x 20 MEUKPOH = 25 MUKPOH.

upuna o6ractu o6ennenns npu 25 B paBHa 25 MKM.

Ipumep 2.4. Pesxmi CEPMAHUEBHN (AUDIEKTPUIECKAA IPOHHIAEMOCTE = 16)
P-n-mepexon uMeeT yAeNbHOE CONPOTUBICHHE HA n-cTopore 3 OM - CM 1 Ha p-CTOpOHE
1 Om - em. Boramennrs:

a) GapbepHHI MoTeHnuaT (HanpsAKeHne mepexoaa Vg) u

0) WMpUHY 06 HEHHON! 30HEL.
ni = 1,5 x 10" cm™® u p,, = 4000 ecm®B~ ¢t p, = 2000 eM®B~lc! u kT/q =
= 0,026 B.
Pemenue. Yaenrsuoe ConpoTuBJIeHME P-CTOPOHH p = 3 OM - cM, HmMeeM p =
Wi p =

1
N (g°pp)
(¢ppp)> I
_ 1

(3 x 1,6 x 10~19 x 2000)
¥ nanee p = N4 (kOHUEHTpAIUsA TIpUMECH AKIENTOPA, MPEINOIaraeTCs, ITO BCE ATO-
MBI IPNMeECH MOHU3UPOBAHE).

=1,04x 10" cu™?

p
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Ananornano
1
(1,6 x 1019 x 4000)

Wcnonnays ypasaenne (2.15), onpesennM 6apbepHBIN IO TEHIMAL

n=Np= = 1,56 x 10*® cm~2.

Vg = (%) In (NpN4/n?)
i

Vg = 0,026 1n(1,04 x 1,56 x 10%/(1,5 x 1013)2) = 0,026 1n(1,62 x 104/2,25) =0,23B.

W3 ypasuenns (2.18) mmpuna o6ractu obefHeHns

2\ /1 1 \\"*
W = o= - i 1/2
() Grm)) v
rae e =g, €9 = 16 x 8,85 x 10714 ®/cm = 141,6 x 10~* d/cm. Taxum o6pazom,

W =[(2 x 141,6 x 10714)/1,6 x
x 10719{(1,04 + 1,56) /1,04 x 1,56 x 10'°}]'/2(0,23)"/% ~ 8 x 10™° cm = 0,8 mxm.

Toku uwepe3 Npamocmewernbit p-n-neperood
B npsmocMemneHHOM p-n-nepexone, Kak ObLIO IOKa3aHO BHINE, HAIIDABICHUE
TOJA, CO3AAHHOI'0 HMPIIOXEHHBLIM HANpAXeHWeM, HAIpPaBJIeHO B IPOTUBOIO-
JIOXHYIO CTOPOHY OT HOJAA P-N-TEePEXOa, CO3JaHHOTO MOTEHIIMAIOM IIEPeXona
VB (cm. puc. 2.10, a). Kak 5T0 Hone gedcTByeT Ha CTPYKTYPy 30H IIOTEHIIH-
albHEIX DHEPTHUH P-T-liepexona, m3obpaxeHHoro Ha puc. 2.97 IIpmioxennoe
HaIpsAXeHue, IPOTUBOIOIOKHOE VB, YMEHBIIAeT BEICOTY MOTEHINAILHOr0 6a-
pbepa. DIEKTPOHBI IPOBOAUMOCTH M3 N-CTOPOHH AubIYHIUPYIOT B p-CTO-
PpOHY, ABIDKA — U3 P- B n-CTOpoHY. B obaactn obeqHeHMA HOABIAIOTCA IIO-
OBUXHLIE 3aPAALI X MIMDPHUHA €€ yMeHblaeTcsa. YpoBHu PepMu HA CTOpOHAX
mepexona mepecTpansaoTca. Pasuuna yposaer epmu B 3TOM ciydae paBHS-
eTCs BeJIMIMHEe IPUIOKEHHOIO HAIpsKeHHus V', yMHOXeHHOR Ha ¢ (puc. 2.11).

Puc. 2.11. [JuarpamMMa HOTEH-
UUAILHON JHEPIHM IIPAMOCME-
menHOro nepexoga. Ilpu npuo-
JKEHUU HAIpAXeHua V ypoOBHU
DepMu CMEMAIOTCA U UX DA3HU-
ua pasHa gV 3B

OHeprus
anekTpoHa



2.5. p-n-nepewo& NPU NPUAOHCEHUU BHEWHESO HANPAHCEHUA \))

CuuxeHnne 6apbepa BhIBBIBaeT AUdPDY3uio 60ILIIOrO IUCIa OCHOBHBLIX HO-
cuTesell depe3 mepexoi. B oTinyme OT HeCMEIEeHHOrO Imepexofia TOK Apenda
u auddY3NOHHBIN TOK HEe PaBHBI MEX Ty COGOM.

U3 puc. 2.12, 6 MOXHO Jydmnle MOHATb, KaK Te4eT TOK Yepe3 IIPAMOCMe-
meHHBE mepexof (cMm. puc. 2.12, a). Panee ymoMmHAIOCH, 9TO y GOIBIIMH-
cTBa MpUGOPOB JETMPOBAHME N- M P-CTOPOH — accumeTpuydHoe. Hampumep,
B paccMaTpuBaeMoM ciydae, N4 > Np, T.e. y p-obmacTu HaMHOro 6oable
KOHIIEHTPAIMA IPUMECH IO CPABHEHHIO C N-06JIaCThIO.

CymmMapHbIi
_____ P n - ToK
DbIPOYHbIA TOK ~~~~~]_ 77 Tox

Cwuna Toka /  9neKTpoHoB
Tok
Tok anddyaum / anbodyaun
3NEeKTPOHOB — AbIPOK

PaccTtosHue —>

6)

Puc. 2.12. IIpavocmemmennsi p-n-nepexos (a); TOK, IePEHOCHMEI JHIPKAMU U SJIeK-
TDOHAMH, I€P€3 IPAMOCMEIIEHHbIA P-N-Nepexot, B kKoTopoMm N4 > Np (6)

Bosbimo# noTok guipok AudbdyHAupyeT B N-061aCTh, TaK KAK IPIAMOE CMe-
LIEHKE CHIXAeT NOTeHnual 6aprepa nepexoa. Ilepexoas B n-CTOPOHY, ABIDKA
BCTPEYAIOTCA C IEKTPOHAME ¥ DPeKOMOMHHpYIOT. BeaescTBue sToi pekom-
OMHaIu¥ BeIW4YMHA ALIPOYHOTO TOKA JKCIOHEHIMAMLHO CHUXAETCA MO Mepe
OTJaJeHUs OT mepexofa. B MTore KOHIEHTpanus ABIPOK CTAHOBHTCSA DABHOU
KOHIIEHTPAINK IHPOK, 00Pa30BAHHBIX 33 CYET TEIUIOBOM DHEPIUH B N-MaTe-
puare. B pesyabraTe pekoMOMHAIIMN KOHIEHTPAINA NOBAXHBIX 3JIEKTPOHOB
B 06J1aCTH PEKOMOUHAIIAN TOXE YMEHBIIAETCA, U, YTO6bI KOMIIEHCUPOBATH 3TO
YMEHBILIEHNE, JIeKTPOHLI IO BO3AEACTBUEM IPUIOKEHHOI'O OIS APeddyoT
CIIpaBa HAJEBO IO HALIPABJEHHUIO K mepexoay (puc. 2.12, 6).

Taxum 06pasom, TOk 5IEKTPOHOB B N-CTOPOHE B GOIbIIEH CTeleH: GyaeT
TOKOM npeitda. He6oabimoe IuCIO 3IeKTPOHOB CIIOCOGHO Tepecedsh MepPexo
U NEPEATH HA P-CTOPOHY, T'ie OHH, IPOAOIXKag AudPy3uio, pEKOMOUHUDYIOT
C Ablpkamu. Bosbinoe KoamdgecTBO ABIPOK ApeidyeT B HAIPABICHWA K 061a-
CTH pekombunanuu. CrenoBaTersHO, TOK ALIPOK HA, P-CTOPOHE — YaCTHIHO
ADPeAbOBEIA, YaCTHIHO Ou(OY3UOHHBINA, HO OH MOYTH MOJHOCTBIO Auddysu-
OHHBIA Ha N-CTOPOHE. AHAIOIIIHO, TOK DIEKTPOHOB HA 1-CTOPOHE B GObIIe
CTenenu ppeidoseilt, a Ha p-cTOpoHEe — AuddysuonHb. Q6NN TOK eCTh
CYMMa TOKOB 5IeKTPOHOB M AHIPOK, KAK ITOKA3aHO Ha puc. 2.12, 6.
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Toxu uepe3 06paMHOCMeUWentbil neperod

B cnydae obpaTrHOoCMemeHHOr0 nepexoga (puc. 2.13, ¢) momApHOCTH HpPMIO-
XEHHOT'0 HANPAXEHUA TAKOBA, YTO OHO YBEJUIUBAET BBICOTY MOTEHIIMAJIb-
HOro Gapwepa p-n-mepexona. IloaBmxHbie HOCHTEMH 3apAfa N0 06€ CTOPOHH
Iepexoja yXOAAT TPOdYb OT Hero. BOoMbIIoe KOMMYeCTBO HETOABUXHEIX 3a-
PAMOB OCTaeTCA HECKOMIEHCHPOBAHHBIM, M 0061acTh 0OeqHEHUs pacIIXpAeT-
cA. OTO COCTOSHUE C IOMOIIBIO SHEPreTHYECKMX 30H IPOMLIIOCTPUDOBAHO
Ha puc. 2.13, 6. Ypoau PepMu p- U N-CTOPOH CMEINAIOTCA OTHOCUTETIHLHO
OpyT APyra Ha BEIWYUHY, DKBUBAIEHTHYIO HIPHIOKEHHOMY OGpPaTHOMY Ha-
npsxeHuio. B 06paTHOCMEIIEHHOM MEPEXO/ie C MOBBIIIEHHBIM HOTEHINAILHBIM
6apbepOM OCHOBHBIE HOCHATENHN 3apAAa HE MOryT AAPDYHIAPOBATEL Y€pe3 me-
PeXon U MOTOMY HE BHOCAT CBOU BKJAJ B TOK Yepe3 MEePEexo[.

3aHsATbIE SHEpreTU4eckne yposHu

6)

Puc. 2.13. @) — o6paTHOCMeLIeHHbIT p-n-niepexoq; 6) — IlopoxAeHHbIe TEIIOBOM
SHEPruey >IEKTPOHEL ¥ AHIDKYU B 06eJHEeHHO 061acTy U BOIU3A Hee CO3a-
10T «OGPATHEIN TOK HACHIIEHUA» Yepe3 00PATHOCMEIEHHbINA Iepexos

HeocuoBHEIE M€K TPOHBI U3 P-00JaCTH CTPEMATCA MEPEMECTUTHCA IO IO-
TEHIUAILHOMY CKJIOHY K Ni-CTOpOHe. A HEOCHOBHBIE JLIPKH U3 N-00IACTH CTpe-
MATCA MOAHATHCA BBEDX (Uje SHEPrufA ABIPOK MeHbIle) K p-cropone. Crexo-
BATENLHO, HEOCHOBHBIE BULI HOCHTEIEN CO3/JA0T TOK B HANPABICHUN CIIPABA
HAJIEBO, T. €. IPOTUBOIIONOXHOM HAIIPABIEHUIO IPIMOI'0 TOKA. DTOT TOK HA3bI-
BaeTCA OOPATHBIM TOKOM HACHIIEHUA ig. YBeIWIeHHe 0OPATHOrO HAIPAXKEHHU
6y meT IPOCTO YBEIMYUBATE BHICOTY 6apbepa, HO OHO He BIANAET Ha KOAUIeCTBO
HEOCHOBHBIX DIEKTPOHOB M ABIPOK, MAJAIOUMX MO CKIOHY, CIEHOBATEILHO,
15 C1ab0 3aBUCUT OT NPUIOKEHHOrO OOPATHOrO Hampsaxenus. HeoCHOBHEIE
HOCHTENN 3aPAAA, T. €. BIEKTPOHLI HA, P-CTOPOHE X ALIPKY Ha, N-CTOPOHE, 00pa-
3YIOTCA B CaMOM MaTepuaje (BKIKO4Yad OOeJHEHHBIH CIOK) 33 CYET TEIIOBOK
sHepruu. OJHAKO HEOCHOBHBIE HOCHUTE/H, IOABUBLUINECA BJAJIHA OT HEPEXO]A,
UMEIOT MAJIyI0 BEPOSTHOCTDH NOCTHYL MEPEXOAa W3-33 GOJBIIER BEPOATHOCTH
pekoMbuHanun. ITo6bI IPOWLIIOCTPUPOBATE HTO, LOLMYCTHM, YTO HA P-CTO-
POHE POAMIACH NAPa dAeKTPOH — AbIpKa. O qHA NONOIHUTENbHAA ABIPKA CPENH
BBICOKOM KOHIEHTDAIWA ALIPOK pP-MATEPUANa He NACT HUKAKOTO 3(PQeKTa.



2.6. Boabm-amnepras Tapaxmepucmura p-n-duoda 5\3)

A 2IeKTpPOH, ABUTaACH IO CPeje, MONHOU ABIPOK, C GOJBIION BEPOATHOCTHIO
PEKOMOMHEPYeT, 4eM JOCTUrHeT nepexosa. Takaa xe cyapba y ABIPOK, IOPO-
X JeHHBIX BJAIM OT Tlepexoa Ha p-cTopoHe. CleJoBaTeNbHO, TOMLKO JIEKTPO-
HbI ¥ JBIPKH, 06pasoBaBimecs BOIM3Y WIM B 30He 0OeHeHNA, MOTYT BHECTH
BKkIaj B OOpaTHHIM TOK Hachemmenusa. Puc. 2.14 mumocTpupyeT apeid siek-
TPOHOB ¥ JBIPOK B OOPATHOCMEIEHHOM D-7-IIEPEXOJE.

Puc. 2.14. O6paTHOCMEIIEH- v, Il
HBI Tepexod (BBEPXY), TOK N
HEOCHOBHBIX HOCHTEIE (BHU3Y)

P
CyMMapHbI
P n . ToK openda
T ~<—  [bipku \\'"\ ONeKTpoHbl —>

Tok

/‘A ~o

06n1acTb o6eaHeHUs —/Paccrosmme —

O6paTHbI TOK HACHLINEHUA 5 yBeIATMBACTCA C TEMIEPATYPOU TaK Xe,
KaK yBEIMYMBAETCA CKOPOCTH I'eHEPAalWM HEOCHOBHBIX HocuTened. [Ipubam-
3UTENbHO OBLIO MOACYMTAHO, YTO iy yABamBaeTCA Ha Kaxjble 10 rpagycos
YBEINYEHUA TeMIepATypPhl. DTO BaXHO 3anOMHUTEH. Boree moapobuo obpaT-
HBIY TOK HaCHIIEHUs GyAeT PACCMOTPEH B CleJyIOIIeM pa3jere.

2.6. BonbT-aMnepHas xapaKTepucTvka p-n-guoga

COOTHOI.[IeHI/Ie MeX Ay TOKOM AuOoAa C p-n-nepexoaoM U NPUTOXEHHLIM K HEMY
HalnpsaxeHuneMm BBIDAXAETCA CAeAYIOIINM ypDaBHEHHUEM:

I=1, [exp {(V = Vg)q/kT} — 1], (2.19)
A€ Iy -— TOK HEOCHOBHBIX HOCHTENEH, KOTOPHIH MOXHO BHIPA3HUTh depe3 ma-
PaMEeTDBI HEOCHOBHBIX HOCHTENEl HOXYIPOBOJHNKA CAEAYIOMAM 00pa3oM’:

Dypno Denpo
I, =qA . 2.2
s=4q ( I, tTL (220)

1
Bomox opumymer (2.20) zax B padore [1].
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3mecs A — mwIomwagh MONEPEYHOro cedeHusd mepexoga, Dy — koadpdunumenT
nudPysun gupok, Ly, — amuna guddysuu qbIpoK, Pnp, — PABHOBECHAS KOH-
MEHTPAUA JHIPOK B N-NONynpoBofHUKe U D, Lo, ppo — COOTBETCTBYIOIIKE
napaMeTpHI IEKTPOHOB B p-HoaynpoBoguuke (puc. 2.15).

B ypaBrennu (2.19) V nosoxuTensHO AiA NPAMOTO CMEMIEHUS X OTPUIA-
TENBHO JId 06PATHOrO CMEIIeHu.

IIpu Temneparypax, 6muskux k komuaTueM (~ 300 K), korga kT/q =
= 0,026 B, u npunoxeHHBIX HANPAKEHAAX, IPEBHILIAIOIINAX VB, MEPBRIA IIEH
B IOKAa3aTele YKCIIOHEHTHI HAMHOr0 Gonbiue eqununsl. Torga ypasHenue (2.19)
MOXHO IE€PENHUCATh TAK:

I = I;exp((V — VB)g/kT)]. (2.21)

W3 sToro ypaBHeHus CregyeT, YTO CHAYAIA A0 ONPENENeHHBIX 3HAICHUAX
MPUNOXKEHHOT'O HANPAXKEHUA NPAMOM TOK OCTAETCA HE3HAIATENbHBIM, 3aTEeM
NPY YBEIWYEHUN IPUIOKEHHOIO HANPAXKEHUA OH PACTET SKCIOHEHIUAIBHO.
Ha puc. 2.16 npuBezgen rpaduk 3aBUCEMOCTH TOKA OT HAIPAXKEHHSA IIPAMOCME-
IEeHHOT'0 p-n-nepexoga. IIoporosoe HampsaxeHue, MOCIEe KOTOPOrO TOK HAYH-
HaeT PACTH SKCIOHEHIWAILHO, HA3bIBAETCA HAIPSXKEHNEM BKJIIOYeHHA. Benn-
9UHA HAIPSXKEHUA BKIIOYEHUA IJs FepMaHueBbIX npu6opos pasua 0,2 B, misa
kpemuuesbix — 0,6 B.

I
(MA)
Vil 51
1 II
3--
n P 1+
De, Le, Npo Dy, Lp, Pro 0 t ' >
0,4 0,8 B
Puc. 2.15. CBouCTBa HEOCHOBHBIX HOCH- Puc. 2.16. DKCIOHEHIMATBHBIA DPOCT
Tene 3apaja — HABIPOK (Ha N-CTOPOHE) TOKA B IPAMOCMEIIEHHOM p-N-INHOZE.
¥ 1eKTPOHOB (Ha P-CTOPOHE) ITokasaHo BIMAHVE TEMIEPATYDHI HA Xa-
PaKTEepUCTUKY

ITpu pa6oTe Ha 60lee BHICOKMX TeMIEpPATypaX, B COOTBETCTBHY C ypaBHe-

HueM (2.17), BonbT-aMIepHas XapaKTEPUCTHUKA CABATraeTca Bieso (puc. 2.16).

IIpm o6paTHOM cMemmenun nepexosa V' B ypasHeHun (2.19) orpunarensHo

7 QA HampsokeHuH, 6oabmux (mo abcomorHoMy 3Hadenmio) 1 B, skcnomen-

IUAIBHBI WieH ypaBHEHHs CTAHOBATHLCSI MHOrO MeHbine 1. Ypasuenue (2.19)
NPUHUMAET BUL;

I=—I;. (2.22)



2.7. Emxocmbv nepexoda Q)

Jlpyruvu CI0BaMH, OGPATHEIA TOK He 3aBUCHT OT IPUIOXKEHHOIO HANPAXKEHN
¥ yBeIMIMBAETCA IO TOCTOAHHOU BewIuHEL K TOMY Xe BBIBOAY MBI IPAXO/H-
a1, Koraa o6cyxaami o6paTHEIM TOK Yepe3 dHepreTmieckue 30HbL OgHaKo,
B A€MCTBUTEILHOCTH, HAOIIONAeTCA HEGOMbLIAA 3aBUCEMOCTD O6PATHOrO TOKA
HACBILIEHNUA OT HAIPSAXKEHUA. DTO BOSHUKAET U3-33 TOKA YyTEUKH, KOTOPHIA 32~
pucuT OT Hampsxenua. OTMETUM, 9TO B ypaBHeHHUH (2.22) HApABIEHNE TOKA
[IPOTUBOMOJOXHO IPAMOMY TOKY. Iy Ha3BIBaeTCA «OOPATHBIM TOKOM HACHIIIE-
Hud», TpAQUK ero npuBejeH Ha puc. 2.17.

3aBUCHMOCTb OOPATHOrO TOKA HACHIIEHUSA

OT ITapaMeTPOB MOXYIPOBOAHUKA ObLIA JaHA BbI- ObnacTs !
me B ypasHenuu (2.20). KoHnenTpanun HeOCHOB- o6patHoro,
HBEIX HOCHTEJIEH 3aBUCAT OT TeMIIEPATYDHI, U Clle-  CMELUeHns <]
JIOBAaTENbHO, OGPATHBIA TOK HACHILEHHA TOXE | Vs
3aBMCHAT OT TeMIepaTyprl. Kak yxe oTMedanocs
paHee, OH yaBamBaeTca Ha kaxjble 10 rpagycos
NOBHILIEHUA TEMIEPATYPHL.

[Ipy KOMHATHOM TeMIepaType KOHIEHTDA-
IuA COGCTBEHHBIX HOCHTENEH OOIBIIE y TePMA~ pyc. 2.17. Tox wepes obpat-
HUA, CIEAOBATEIBHO, Oﬁp&THHﬁ TOK HACBIIEHUA HOCMEMEHHBIN p-n-auoi. Bemm-
Yy IepMaHUEBLIX MPUOOPOB IMPUMEPHO B MU/IM- IuHA TOKa I 0GBIMHO B Anama-
OH pa3 Gonblue, 4eM y KpeMHueBEIX. O6paTHbINA ;;Zig:plgxpoamnepos A0 ML
TOK HACBILIEHNUs He ABISAETCA MONE3HBIM TOKOM.

On cosgaer momexm B cxemax. UeM MeHbINe ero 3HaveHue, TeM Jygme. [lo-
9TOMYy KPEeMHHeBbIe IPUOOPHL MIPEBOCXOAAT F€PMAHMEBEIE.

2.7. EMkocTb nepexogda

BH,I[ €MKOCTH 3aBHCHUT OT COCTOAHUSA P-N-TEpexXona — MPAMOro U O6pa’I‘HOI‘O
CMeEellIeHns.

Emxocmyv obednennoti obaacmu

¥ obenHenHO# 06nacTH eCTH IPOCTPAHCTBEHHEN 3apa]. Korga mepexon cme-
IeH B 06paTHOM HampapieHWH, OOeqHEHHAA OGIACTH PACIIMPAETCA U MPO-
CTPaHCTBEHHBIN 3P yBeAnIuBaeTCA. [l0CKONBKY B 06 AHEHHOH 06IaCTH HET
HOABMXHEBIX HOCHTENEH 3apafa, ee CBOMCTBA NOXOXM HA CBOMCTBA IUIIEK-
TPUMKa. O6e cTopons: obeqHeHHON OOJACTH, JETHPOBAHHBIE N- U P-06IACTH,
ACUCTBYIOT KaK MPOBOJHUKY. Takum o6pa3om, epexos MOXHO IpPeACTaBUTH
KaK KOH/IEHCATOD C HapaLIeTbHBIMK OOK/IA KAMM.

Emkocts Cr o6paTHOCMemenHoro nepexoja Ha eAMHMALY IIOMALK MOXHO
BBIDA3UTE KaK

Cr=¢/W. (2.23)
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Wcnonbsysa ypasHenue (2.18), sameHseM mupuHy OGefHEHHOU OGIACTH X IO-
Jy9uM )
egNaNp '/? ~1/2 A
Cr= {2 (Na+ ND)} (Vg =V) . (2.24)
CT Ha3bIBaeTCA 0aPHEPHOM €MKOCTBIO, MHOT/[A €€ HA3hIBAIOT eMKOCTBIO 00e-
HEHHOM O0JaCTH, eMKOCTHIO IPOCTPAHCTBEHHOT'O 33PALA WK IPOCTO €MKO-
CTBIO IEPEXOA.

W3 ypaBuenus (2.24) cmegyer, 9TO CWIbHOE JErMpPOBaHWE p- W n-06aa-
CTel NPUBOAUT K GONBLION eMKOCTH mepexoxa. Ilpumenss ypasHenus (2.23)
u (2.24), moxuo onenntsd Cr.

Hampumep, /1 KPeMHREBOTO [UOa C IMAPUHOM obeguerma W = 2 x 1077 w,
er ~ 11,0 (yuuTsBag, 9T0 € = £ - &y, £9 = 8,85 x 10712 d/M — nuonexTpu-
9ecKasd MPOHHUIAEMOCTH CBOGOLHOIO MPOCTPAHCTBA), MOXHO 3alUCATh, B CO-
OTBETCTBUHU C ypaBHeHueM (2.23)

11 x 8,85 x 10712
Cr =
(2 x1077)
Ecau mromanu mepexoga 1078 M2, o O = 485 ud.
Ypasuenue (2.24) cOOTBETCTBYEeT EMKOCTH PE3KOT'O IEPEXOJa.

~ 485 Mx®D/m?.

Cr=a- (-—V)"l/2 (peskun mepexopn).
[ TIaBHOTO pP-n-IEPEX0Aa, MOLYYEHHOro MO AuddY3MOHHOU TEXHOJIOTUX
(paccMOTpEM mO3XeE), 5Ty 3aBUCHMOCTH MOXHO IPEACTABUTHL KaK

Cr = a- (=V)™'/® (nnapusni nepexox).

Cue0BaTEIBHO, TOYHO 3HAA 3aBUCAMOCTDH EMKOCTY OT NIPWIOXEHHOr0 00paT-
HOI'0 HAIIPSAXEHUA, MOXHO Y3HATH O THUIE HEpexona mpubopa.
Tenepb JOMXHO OBLITH OYEBUHBIM, IYTO JUOM OKA-

R 3bIBaeT O4eHb Goubuoe couporusieHne (~MOwm)
AW TOKy OpH OGDATHOM CMEHIEHUW U OYEHb MAJEeHb-

] — koe (Heckonbk0 OM) IpW IPAMOM CMEUIEHHH. JTO
/H/ CBOMCTBO p-N-AUOJ3 JEXAT B OCHOBE IMPOIECCa BhI-
Cr IPAMIEHUA.

EmkocTh nmepexoga BauseT Ha 3pPEKTUBHOCTH

Puc. 2.18. OxeuBatenTHad  nuopa Ha BBEICOKOW 4dacToTe. O6paTHOCMEINEHHBIN

cXema OGpATHOCMEMEHHOTO  y, ) nyron MOXHO IPELCTABATH B BH/E SKBABAJICHT-
mepexoga: Cr — eMKOCThb o ) o

nepexoga, R, — compors- HOH CXEMBI (puc. 2.18). Ha nusko# 9acToTe peak-

Brenme (~MOwm) mepexoza THBHOE CONPOTHBIeHME KOHAeHCaTOpa (T BEIUKo,

IpA 06PATHOM CMeINeHNY OHO HE BIUAET HA COIMPOTHBIEHUE 00PATHOCMEIEH-

HOro nepexona R,, u [uoj mpoJomxaeT OKa3bIBATD

OY€Hb BHICOKOE COmpOoTuBiIeHUWE. Ha OmpeAenseHHON 4aCTOTE PEaKTHUBHOE CO-

npoTusierne C CTAHOBUTCA CPABHUMEIM C R, 3pdeKTUBHOCTL MO MALA-

€T W3-3a CHIDKeHN:A OGPATHOrO MMIEAAHCA (IIOMHOTO COIPOTUBIEHWA) AUOLA.
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Ilpumep 2.5. BrruCIMTb €MKOCTH MePMAHHEBOrO P-N-NEPEXOA3 C INIOMIAABIO
(1 x 1) Mym? 1 IMpHHO# 0Ge HEHHOR 061acTH 5 X 1075 cM. [uaneKTpUIECKas IPOHH-
paemocTs Ge pasa 16 1 go = 8,85 x 1071 ®/cm.
Pemenne. Vcnomsayem ypaeuetne (2.23): Cr = /Wy, rge € = €, -€9; € — OTHOCH-
TelbHAA AUIIEKTPUIECKAs IPOHALAEMOCTD, £9 — JUIIEKTPUIECKas IPOHUIAEMOCTE
¢BOBOJHOTO IPOCTPAHCTBA, PaBHas 8,85 x 1071 d/cm.

Crie10BATEIbHO,

Cr = (16 x 8,85 x 1071)/5 x 1075 = 28,3 x 107°.
Mockoasky miomaab nepexoga (1 x 1) mm? = 1072 cm?, o6mas emMxocTE mepexoia
Cr=283x%x10"? x 1072,
T.e. Cr = 283 nD.

AupPysuonnas emrocmo
Broar mpaMocMelieHHOT0 mepexojia HaKalInBaeTCA O0AbIIOe KOTMIeCTBO He-
OCHOBHBIX 3apAA0B (Hampumep, 60iblIad KOHIEHTPALAA IHIPOK HA N-CTOPOHE
nepexopga, puc. 2.12, 6). Ilepexon mMoxeT ObITH MpeACTABIEH Audpdy3UMOHHOU
emxoctrio Cp. Ilpu pa6ore npubopa Ha Hu3Kux gacToTax Cp MOXHO Npef-
CTaBUTb 4Yepe3 OTHOCAIIAECT K HEOCHOBHBIM HOCHTENAM IapaMeTphl (Takwme
KaK Inddy3uoHHas AauHA, Judy3UOHHAA IOCTOAHHASA) B CAEAYIOIEM Buge’:

Cp = (¢/kT) [<ng ") + (‘-’L';“”")] exp(q/kT).  (2.25)

[TapameTper ypasuenusa (2.25) yxe 6bL1u 06bACHEHBI TP PACCMOTPEHUY yPaB-
Henna (2.20). Bermuuna Cp MuOro 60mbine, vem Cr, ¥ OHa TOXe OTPAHUYH-
BaeT 3(HeKTUBHOCTD AUOAOB U TPAH3UCTOPOB HA BHICOKAX YACTOTAX.

2.8. Mpoboii nepexoaa

O6Er1H0 9epes 06paTHOCMEIEHHBU TIEPEXO TEeKyT MaJeHbKHe TOKH (MUKDPO-
aMIepEl WM HaHOaMIephl). IIpu JanbHeHeM pocTe OGPATHOrO HAmpsAXe-
HUS C HEKOTOPOT'O €ro 3HAYeHUA OOPATHHIM TOK HAYMHAET PACTU 3HAIUTENb-
HO. JTO fBNeHWe HA3LIBaeTCA mpoGoeM mepexoga. Ha pmc. 2.19 mpescrame-
Ha BOJBT-aMIIEDHAA XAPAKTEPUCTUKA P-N-AWOAA, BKIOYaA 061acTh mpobod.
y P-1-1u0K0B obmero HasHa4YeHHA OOPATHHIA TOK PacTeT OOBLIYHO MeJTeHHO
(xax ma rpaduke), a y CTAGWIXTPOHOB — OYEHb PE3KO (PACCMOTDUM HUXE).
Asnenve mpo6os obpaTmmo, T.e. mpubop BO3BpamaeTcA B pabodee COCTOA-
HUE TIOC/Ie CHATHA MPUIOKEHHOTO 06paTHOTO HANpAXeHuA. [JMoj HE BHIXOAUT

U3 CTPO4, ecan 06pATHBIN TOK HE MNPEBBICUT 3HAYMEHNA MAKCUMAJIBHO JOMYyCTH-~
MOro 06paTHOro TOKa.

2 u
Bemog aroit dopmyner gan B pabore [1].
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CyiecTByOT ABa PasHBIX MEXaHM3Ma IPo6oA mepexofa:

— JIABUHHBIA NPO6OIL;

— 3€HEPOBCKUH IPOOOH.

KpaTko pacCMOTPHM MEXaHU3MBI 3TUX IPOOOEB.

Jasunnvili npobot

O6nactb

npo6os | KT~
I O6nacTb
| o6partHoro
1 Is cMeLLeHns

Puc. 2.19. IIpo6Gour p-n-nepexo-
La npu OOpaTHOM HAIPAXEHUH,
NPEBHINAIONIEM KPUTHIECKOE 3HaA~
JeHUe

B o6parnocmemensoM p-n-guoge (puc. 2.10, 6)
JMEKTPOHBI, OGPA30BAHHEIE 33 CYEeT TEIIOBOX
SHepruu, ApeurdyoT D01 BO34eUCTBIHEM IPUIO-
XEHHOT'O IO/ U3 p-00JaCTH B CTOPOHY Nn-061a-
ctr u mpuobperaioT dHepruio. Ecau mpuio-
XEHHOE HANPAXKEHHUE MPEBHIUACT HAIPIKEHNE
npo6osi, SHEPrUsA SJIEKTPOHA CTAHOBUTCA IO~
CTaTOYHOM, YTOGHLI BLIGUTE APYTHE DJIEKTPOHBI
npu cronkaosenuu (puc. 2.20). Ilpomecc Ha-
YUHAETCA C HeGOMBIIOr0 KOANIECTBA DIEKTPO-
HOB, OHU YMHOXAIOTCS, UX CTAHOBUTCA MHOIL'O,
¥ O06paTHBIM TOK OBICTPO pacTeT. AHamorud-
HEIX MEXAaHW3M HAOMOMAETCA M I Aperudy-
OIMUX U3 n-061acTd B p-06JaCTh HEOCHOBHBIX

IbIpOK. Takum 06pa3oM, HOCUTENR 3aPALA YMHOXAIOTCA, X OGPATHHIA TOK GBI-
CTPO pacTeT. DTOT IPOIECC N3BECTEH KAK WIABHHHBIN IPOGOMY, OH OOBACHAET
BHE3AMHBIM POCT OGPATHOrO TOKA.

[na peatbHBIX AMOLOB IPOGOH

ﬂgﬁzg'gﬂm:e BuiGuTbIe MOXeT HACTYIUTh IIPH HAIPAXKeE-

C BLICOKO BHEprYei 3NEKTPOHbI Huax B guamasone 5-500 B wim
e . /\*. 6onee. [lasa Toro aTo6sI 06pa3oBa-

.e ; .e s.u .e ;i .e JaCh JABUHA, DIEKTPOH WM IBID-

° ° BaneuTHele Ka 33 OINHY CBOOOZHOro mpobera

. . O s A TIOA mefCTBUeM TOMA JOMKHBL

nprobpecTy JOCTATOIHO SHEPIUH.

Puc. 2.20. Duexrpuieckoe more Ha mepexoge J[apumHBIN TPO6OA MMeeT MeCTO,

IOCTHUTaeT KPUTWIECKOTO 3HaYeHUA (moad mpo-
60s), npeudyronme dIEKTPOHEI C BHICOKOM JHED-
I"I'Ieﬁ BEIOMBAIOT BAaJEHTHBIE QNEKTPOHEI U TAaKUM

KOrJa IoJe B Iepexole HOCTUTHET
KPATAYIECKOrO 3HadeHus Ep, T.e.

006pa30M YMHOXAIOT CBOE KOJIMIECTBO TaKoro, 9TO0BI
qg-Er-A=E,
nin
Er =E,/q- ), (2.26)

rae B, — mupuHa 3ampelneHHOR 30HBI HOMyNpOBOAHUKA. MakcumanibHad Ha-
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pAXEHHOCTDb DIEKTPUIECKOrO MO ONPEAENAeTCA yPABHEHHEM (2.17):

2gNaNp 1'/2 12
Emaz [8 Nt ND)] (Vg — V)12, (2.27)

rae IPHIOXKEHHOe HampsAxeHne V OTPHIATENLHO JIA OGPATHOTO CMEIICHHA.
Otr6pocus Manoe HanpsxeHue Vp B ypaBHenuu (2.27) u mpupaBHaB Epnq,
u3 ypapaerus (2.27) x Er, B ypaBHennn (2.26), moxy<mm

e-Eg (N4 - Np)
2.-¢3X2| (Ng+ Np)’

Suadenue IAHB cBOOOgHOrO mpobera A y Si u Ge npu KOMHATHOU TeM-
neparype pasHo ~ 107° cm. U3 ypapuenus (2.28) BMIHO, ITO HAIPMKEHHE
JABAHHOT'O MPO6GOS BEIMKO A HOIYIPOBOAHUKOB C LIXPOKOW 3aIIpeleHHOU
30HOM. JTO ypaBHEHHWE MOXHO NPUMEHATDH A PACYeTa HAIPAXKEHUA JABUH-
HOro NpoGOos P-N-MEPEXOIA.

V=

(2.28)

3eneposcruti npobot
Bricokas HAIPAXEHHOCTH IEKTPUIECKOO HOMA B Y3KOU 0OIACTH OGeaHEeHNA
MOXeT MHUIMUPOBATH NPOOOK MOCPEACTBOM MPAMOrO Pa3phbiBa, KOBAJIEHTHHIX
CBA3edl. DTOT IPOLECC He TpeGyeT CTONKHOBEHU] 31eKTPOHOB. CHIbHOE DIIeK-
TPUIECKOE TIONe HeUCTBYET C GONBUION CHANOU HA, 3AEKTPOHEI CBA3M, OHU OTPLI-
BAIOTCA OT KOBAJIEHTHBIX CBA3ed. Co34al0TCAa HOBBIE MapPH 3IEKTPOH — AbIPKA,
CIOCOOHBIE YBEAMYUTh OGpPATHLIM TOK Ipu paboTe Auoia B 06macTd mpo6os.

Bruo ycramosmeno, 4TO A1a 3eHEPOBCKOTO
npo6osA TpefyeTCs HANPAXEHHOCTb BSIeKTpHYe- !
ckoro mona ~ 2 x 107 B - m~!. B cuabaOMEr®pO-

BaHHBIX 71- B P-06IaCTAX MOJe ¢ TAKOU HAIIPAXKEH-

HOCTBIO MOXHO CO3JaTh IPHU 00PaTHBIX HAIPAXKE- v

HUAX HuXke 6 B, mockoabky o6macTh o6enHeHUsa z v
OYEeHbL y3Kad.

Takum 06pasom, 1aBUHHBINL npo6Gou Gosee Be-
POATeH y mepexogoB, 06pa3OBaHHBIX CJAAOOIETH-
POBaHHBIMK 7- U P-O6IACTAMH, B TO BpPeMA Kak
3C€HEPOBCKMIA MPOGON — B TepexoAax, o6pa3opan- Puc. 2.21. Bombr-amnepnas

HBEIX CUIbHOJEIHPOBAHHBIMA OGJACTAMU. XapaKTepucTuka (upearuas)
Hp06 0¥ epexoIa CTa0WIMTPOHA IPH O6PATHOM
Pexoa MOXHO IPUMEHATD AJId CTa- cvemenym. Vi, — mampsxenue

bnnmsamum HAIIPAXKEHAA B DIEKTPOHHBIX CXEMAX. crabmmsammm

lpuvenas NOAXOAAIINE MATEPUANBI W IIPUMECH,

MOXHO CremmalbHO CKOHCTPYHPOBATH AMOJ, YTOGHI HAUAIO0 TPO6OA GHLIO
0Y€Hb TOYHHEIM WM PE3KUM, 3 HANpAXKEHHe OpO6OA — BIOIHE OIPeLeIeHHBIM
(pmc. 2.21). Muogwr, mMeromue Takue XapaKTepPUCTUKHU, HA3HIBAIOT CTAOMIN-
TPOHAMH, HE3ABHUCUMO OT THIIA MPOGOA — 3€HEPOBCKUH W JIABAHHBIM.
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3aIlOMHUTE, YTO CTAOMIUTPOHHE PabOTAIOT TOILKO B pexuMe 06paTHOrO
CMeEIeHWA U IPUIOXKEHHOe O6paTHOE HAIPSIXEHHUE MAOMKHO ObITH BBIIE, €M
HanpsokeHue crabunusanuu Vz.

Ha puc. 2.22, o moka3aHa IPOCTas CXeMa, JeMOHCTPUDYIOIIAA CIOCOOHOCTE
CTAOWINTPOHA CTAOWIN3NPOBATH HANpAXKeHUe. IlyCTh HaIpAXEHNe UCTOIHU-
ka Vy = Vi (> Vz), HanuieM ypaBHeHWE Ui HAIPAXKEHUN CXEMbl, IPUABELEH-
HOU Ha puc. 2.22, a:

Vi=I1I;1R+ V3. (2.29)
Teneps, ecau Hanpsaxenue V ysemmdurca go Vo (> Vz), umeem:
Va = IzR+ Vy. (2.30)

O6parumca k puc. 2.22, 6. Ilpy usMeHeHUY OPUTOXEHHOIO HANPAXKEHUA HUC-
TOIHUKA OT V] 10 V3 TOK 4epes cTabuanTpoH MeHAeTCa OT Iz1 A0 Izo u cooT-
BETCTBEHHO MEHsAETCA MajieHue HAIPAXeHuA Ha pesuctope R (cm. puc. 2.22, a),
KaK NOKAa3hIBAIOT ypaBHeHua (2.29) u (2.30), HO majeHWe Ha AUOKE OCTAETCA
TNOCTOSHHBIM ¥ (PUKCHPOBAHHBIM Ha YPOBHE V.

CTabWIXTPOHBI IUNPOKO NPUMEHATCA NI O0eCHedeHHsa B cxeMaxX (DUKCH-
POBAHHOT'O ONOpPHOro HampaxeHusa. [IpuMeneHue ux B cTabUIM3ATOpAX Ha-
NPAXEHAA — DTO TOJBKO OAUH u3 npuMepoB. CTaOUIATPOHBI BHITYCKAIOTCA
Ha HampsaxeHua npobos ot 4 go 500 B.

14

v, Vz

R Vo
ﬁF v
N ~N
N N
~N N
~N ~N
Vs ‘[ /ZZ%VZ %RL AN S

N Iz1

Iz2
a) 6)

Puc. 2.22. Cxema LI MLIIOCTPALNK CTA0NIN3ANNAN HANDAKEHUA IPU HOMOIIA CTAbH-
smatpona (a). smenenue manpsxkenus uctogsuka oT Vi go Vo npusoguT
K U3MEHEHUWIO TOKAa depe3 CTabmmuTpoH oT Iz, 1o Iz2, a manpaxenue
Ha CTa0MINTPOHE ¥ HAI'DY30YHOM PE3UCTOPE OCTAETCA NOCTOSHHBEIM U PaB-
HO Vz (6)

IIpnmep 2.6. B cxeme na puc. 2.22, a npuMenen crabuinTpoH Ha 10 B. IIpu xaxoM
MAKCHMAJBLHOM CONPOTHBIEHAN De3ncTopa R GymeT monaepXuBaThCa HANPAXKEHHE
10 B na marpyske Ry = 1 kOM, ecin Hampsokenwne nctouanuka Vs = 30 B?

Pemenne. Iloka cTabuinTpoH 6yaeT OCTABATHCA OOPATHOCMEIICHHEIM HANPAXKEHH-
eM, COMBbUINM HIM DAaBHHIM HANPAXKEHUIO cTabmiumsanuy Vyz, najeHue HAIPAXEHUA
Ha Harpyske Ry, 6yneT MOCTOSHHLIM U CTAOWILHEIM.
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I1a,1eHve HAMPAXEHUA Ha peaucTope R:
R-I1=Vs-Vyg,

rge I — Tox depe3 R. MEHUMaIbHEIA TOK Yepe3 HAarpy3O4HEHIH pesucTop Ry, Tpe-
OyeMmbril 41 O] A€PXKAHUA HANpsKeHuA Vz Ha HArpysKe, pased Vyz /Rr. B npenere,
rakon xe Tok I mporekaer depe3 pesucrtop R. 3amenss I = Vz/RL B ypaBHeHun
BBILIE, TOLYIHM

R= (Vs —Vz) (Rr/Vz).

MoACcTaBIAA JaHHBIE 3HAEHNA, NMEEM:
R=(30-10)B- (1 xOm/10 B) = 2 xOm.

Crle10BATEILHO, MAKCAMAJILHOE COpOTUBIeHUE pesucTopa Ry = 2 kOwm.

IIpumep 2.7. VY crabuwmrpona Np = 1020 m—3 u Ny = 10?® m~3. Jlapunnbnt
npo6oil y AMO 13 HAYMHAETCA MDY HANPAKEHHOCTH dIeKTpudeckoro nons 107 B-m~L.
BhruucauTs Hanpsxenue npo6os. punate e(= ¢, - g9) = 10710 & . M1
Pemenne. Ypasuenue (2.17) gaeT MakCHMaJIbHYIO HAIDPAXEHHOCTD DJICKTPUIECKOTO
T10J14:

2gN4Np
£ (N A+ N, D)

Or6paciBast Maoe HaNpsKeHwe Tepexoa Vp ¥ yINTHBAs, 9TO HaNpsxKeHue V B 06/1a-
CTH IPOGOA OTPUIATENLHO, DTO YPABHEHME MOXKHO IEPENuCaTh CIeIyoumM 06pa3oM:

1/2
Emas [ ] (Vg — V)2,

5 _ [ 2aNaNpV 1
win
107)% x 10~19 x 1020 (1001
V=E3m~e(NA+ND)=( ) X 107(1001) _ 4155
2gNoNp (2 x 1,6 x 10719 x 10%3)

HPHMep 2.8. BumcImTb HANpXKEHHE JABUHHOIO MPO6GOS TePMAHMEBOrO JUOAA
C pe3kuM p-n-mepexonom, y xoroporo Np > N4, Ny = 102! m—3 u xpuTudeckas
HaIPAXKEHHOCTD MEKTPUIecKoro noaa papHa 2 X 107 B-m~1. JusaexTpudeckas mpo-
HHIaeMOCTE repmanusa €, = 16.

Pemenwe. Kpurnueckasn HANPSKEHHOCTD JIEKTPIIECKOro novi (PaBHAA MaKCAMAJIL-

HOM HANPAKEHHOCTH DIEKTPUIECKOTO NMOMA Fpmaz) B COOTBETCTBHY C yDaBHEHHEM
(2.17) nmeer Bu:

1/2
Eerig = Eppgy | —23NaND 2 _(g. _ Na
cri maz e (NA T ND) |4 s Emaz (2 qV/e) (1 T NA/ND) .

Hockomxky Np > Ny, Ny /Np < 1, cregosaTensuo, Besmdnuoit Na/Np MOXKHO
nperebpeys. Torga

E72na:c = 2Q‘ V. NA/‘S
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i

V=E%, €/(2q-Na)=E2, . -e--€/(2-q-Na)=
=(2x107)® x 16 x 8,85 x 10712/(2 x 1,6 x 107*° x 10?!) = 177 B.

ITpumep 2.9. Tpebyercs CIpOEKTUPOBATE KPEMHUEBLIH U0 C HATPAXKEHIEM TIPO-
605 500 B. IIpusaATE, 9TO JaBUHHBIN NPOGOK HAUMHAETCA IIPU HANPAXEHHOCTH IO
107 B-m~!. Kaxas n0omxHa 6BITH KOHIEHTPAIMA AKIENTOPOB N 4, €ClIM KOHIEHTDAIHS
mornopos Np pasra 102 M ~3? OrHocHTenbHAA AMAIEKTPUIECKASs MPOHUIAEMOCTD
MaTepuaia (IOJIyIPOBOLHAKA) paBHa 11,5, a aGCOMIOTHAS AUDIEKTPUIECKAsS IPOHH-
naemocTh 8,85 x 10712 D .M~ L,

Pemenne. Kpurnieckas HanpaKkeHHOCTb 3MEKTPUIECKOTO IIOJA, IPU KOTOPOH Ha-
4quHaeTcsA npoboit (To xe, 9T0 U Epqy), AaHa B ypasHennu (2.17).

[ 2gN4Np 1/2 > _J2v1 1\
Ema,a: - [S (NA +ND) V WIn Emam = c NA + ND ,

nian
1,1 _ 2V
NA ND - E?nam . 6'
Hanee
e=¢r-€=11,5x885x1071% =1,01 x 1071 ®/m.
CrefoBaTensHO,

1/Na+1/Np =2 x 1,6 x 1071° x 500/10™ x 1,01 x 1070,
Tak Kak Np > N4 MBI uMeeM

N4 =6,3 x10' m~3,

2.9. 3akniouyeHue

P-N-AUOJ IPAMEHUEM IIPU Pa3pabOTKe KaK aHANOTOBBIX, TaK ¥ NU(POBLIX CXEM.
P-N-TIEPEXO] TaK¥Xe ABIAETCI OCHOBHOM 9aCThIO OMIOISIPHOTO TPAH3UCTOPA.
O gHOBpEMEHHOE CYyIECTBOBAHNE B CTPYKTYPHO-HEIPEPLIBHOM IIOLy IPOBO AHU-
Ke n- u p-obaacTer NpuBOANT K 00pasoBaHmio nepexona. Juddysus cso6os-
HBIX HOCHUTEJIEN — DIEKTPOHOB M AHIPOK — IIPOUCXOAUT KAaK €CTECTBEHHOE
ClleJCTBHEe I'PAIUEeHTA KOHIEHTPAINY 3TUX 3apanoB. Pexkombunanus quddys-
AAPOBABIIVX IEKTPOHOB M JBIPOK CO34aeT GapbepHylo (o6enHeHHy0) o6aacTh
6e3 moaBIKHBIX HOCcUTexen. HemoqBnxxHbIE HOHU3MPOBAHHBIE ATOMBI IPAUMECH
B o6macTu 6apbepa CO3JAI0T IPOCTPAHCTBEHHEBIN 3aPAL M COOTBETCTBYIOIIEE
BIEKTPUYECKOe Tose B 3Tod o6mactu. OHO BEI3BIBAET TOK gpeiida, KOTOPHI



2.9. 3axaouenue Q)

reveT B HAIpaBIeHUH, 06paTHOM auddy3noHHOMY TOKY. 1'0BOpAT, UTO mMepe-
XOJ PABHOBECHEIN, €CJIM CyMMApHEIA 11ddY3NOHHBIA TOK PaBeH CyMMapHOMY
TOKy Apeida 1 obumii TOK 9epe3 NePexo] PaBeH Hyllo.

B CcOCTOSHMM TEILIOBOTO paBHOBeCHs YpoBHU DepMu p- U N-CTOPOH me-
pexosa BepaBEuBatoTCA. Ha nepexone dbopmupyeTcs noTeHIMaTbHEIA Gapbep
(~ 200 MB pns repMaHMEBEIX H ~ 500 MB aas xpeMHEEBBIX pP-n-AMOAOB),
IPenATCTBYIOIMA TBAXEHAIO HOCATENEH Iepe3 Mepexo.

[IpunoxeHHOE K p-n-THOMY BHENIHee HalDAXeHWe HapyUIaeT U mepeornpe-
LenseT paBHOBecHe. B cOOTBeTCTBIM C MPUIOXKEHHEIM HaIPXKeHreM Ha 06enx
cTopoHax mepexoaa yposau Pdepmu casuraioTcs.

IIpm mpAMOM CMeELIEHWH HOTEHIUAIbHBIM 6apbep, Pa3JeqAIOmMN OCHOB-
Hble JBEIDKA H3 DP-CTOPDOHE U DJAEKTDOHEI HA NM-CTOPOHE, CHUXAETCH, W, KaK
ClIefCTBHE, NLIPKM U DIEKTPOHH HauumHAIOT auddyHampoBarb. Hebonbime
npaMule Hanpsxeraus (HemuaoruM 6oxnee 0,3 B nas repmanuesoro auoga u 0,7 B
A KDEMHHMEBOI'0) BEI3BIBAIOT SKCIOHEHIMAIBHEIA POCT TOKA, COPOTHUBIICHNE
U0/ HUBKOE — TOIBKO HECKONBKO AECATHIX JOJEH OMA.

IIpu 06paTHOM CMemEHUU NPUIOKEHHOE HAIIPAXKEHWE A0OABIAETCA K BhHI-
core 6apnepa, geraa audy3uio OCHOBHBIX HOCATEIEH HEBO3MOXHON. 3apaabl
(HeocHOBHEIE HOCUTENH), 06PA3OBAHHEIE 3a CIET TEILIOBOM JDHEPTUM, BOIM3K
0061aCTH MOTEHNUANLHOrO 6apbepa APERPYIOT MOJ AEACTBUEM MPUIOKEHHO-
FO NOJA ¥ BHIBHIBAIOT HEGOJBIION OGpATHEIM TOK Hachimenus (~ 1 MkA win
meHee). He6onbmoit Tok npu 6016110M 06paTHOM HANPAXKEHAH 03HAUAET 6OMb-
woe conporusiaerne (MOwm u Gonee) auona B COCTOAHUN 0OPATHOI'O CMEIIECHHUA.

O6paTHBI TOK HACHIIEHHA — HEXeIATeIbHHIN, DAPAa3UTHHEH TOK. Ero
BEIMYINHY MBITAIOTCA YMEHBUINTE, COBEPIIEHCTBYS TEXHOJIOIHUIO IIPOU3BOCTBA
AMOJOB ¥ MOATOTOBKHM MAaTEPHUAJOB.

EmkocTts nepexona npejgcrasiseT co6oii, HapuMmep B CIydae o6PaTHOTO
CMemeHus, m3oaaTop (o6exHEHHAA 06IACTB), C ABYX CTOPOH OrDaHWIEHHBINA
OTHOCHTEILHO XOpOIo npoBoasmmuMu obaactamu. EMkocTs mepexoga (muko-
bapasz1) orparmumBaeT 3¢ dexTUBHOCTE pabOTH IPUOOPOB C P-N-IEePEXOIOM
Ha BBICOKMX YaCTOTaX.

IIpo6oir mepexona BosHmKaeT mOJ AeHCTBEEM GOIBIIOro OGPATHOrO IO,
KOTja HOCHTemM TOKa BHIGMBAIOTCS JMEKTPOHAMM C BHICOKOM dHepruen (na-
BUHHEIA IPOGOM) WM M3-33 IPAMOTO Pa3pHIBA BATCHTHBIX CBA3€H B IOLYIPO-
BOAHMKe (3eHEpOBCKHE mpo6oit). B 060Mx CIyYadx, IpH yBeINYeHNN HANPS-
XCHNA BBHIIe OIpeeJeHHOrO 3HAYEHNsA, HA3KIBAEMOr0 HAIPMXKeHreM Ipo6od,
TOK HaYMHAET PE3KO yBeIMUMBATHCA. SIBIEHHE IMPO6Os HCIONB3YeTCA B CTa~
6“”“TP0He, MUPOKO IPUMEHAIOMEMCA [ CTAOMIN3aITAN HAIDAXKEHNA U KaK
AIEMEHT OMOPHOI'0 HAIIPAXKEHNA.
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HononHutenbHas nuTepatypa no TemMe

. Sze S. M. Physics of Semiconductor Devices, Wiley International, 1969.
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tional ed. 1987.

. David H. Ferry and Jonathan P. Bird, Electronic Materials and Devices,

Academic Press, 2001.

John D. Knyder, Electronic Fundamentals and Applications, Prentice-
Hall, 1971.

Bonpocsl

Yo Takoe nuddy3noHHBIN TOK?

Yro Takoe TOK gpenda?

Kaxoro nopsaaka BeIudnHa CONPOTUBIEHNA OGPATHOCMEIIEHHOTO P-n-riepexona’
Kakoro nopsagka BeIAIMHA CONMPOTUBICHUA MPAMOCMENIEHHOI'O P-N-nepexoaa’

3apaAIb1 KAKOrO THIIA IPUCYTCTBYIOT B 06€IHEHHON 30HE HECMELIEHHOI'O p-N-Tie-
pexoaa?

Hapucyite guarpaMMy DOTEHUMAILHOM SHEPIHA IPAMOCMEIIEHHOT0 IEPEXOAA
1 OOBACHATE MPOTEKAIOMINE TOKH.

Yo Taxoe HANpsXKeHne BKIoIeHnsa? KakoBEl ero 3Ha9eHNA 1A MePMaHNEBOI0
¥ KPEMHHEBOr0 JUOLOB?

O6mbacauTe, noyeMy O6PATHBIA TOK HACHIIIEHUA B M€PMaHUM HAMHOIO 6ojb1e,
YeM B KpEeMHWHU IIPK TOW XK€ TeMIepaType.

Y10 Takoe eMKOCTs nepexoga? Kak OHa 3aBHCAT OT KOHIEHTDAIIMN IPUMeCcen’

YeM OTINI8ETCA BOJLT-AMIEPHASA XaPAKTEPUCTUKA CTAOMIMTPOHS OT BOJBT-
aMIEPHON XapaKTEPUCTUKK OOBIYHOI'O AUOA IPU OGPATHOM CMerneHuu?

Ha opumepe mpocTon cxeMbl OObACHUTE CIIOCOOHOCTD CTAOWINTPOHS CTAOUIN-
3HPOBATH HAIPAXKEHUE.

B deM pasHuia MEXAaHM3MOB JABAHHOIO M 3€HEPOBCKOrO Ipo6oen?

Mpy Kakwx IUANA30HAX HAMPKEHWA BOHUKAIOT 3€HEPOBCKUH ¥ JABMHHBIA
mpoGou?

IIpo6oin nepexoaa — obpaTumerir mpouecc. [IpokoMmmenTupyuTe.

3agaum

Wmeem peskuil nmepexo] B repmannu. Konnenrpanus gonopos Np = 1017 em™3

Ha N-CTOPOHE ¥ KOHIEHTPAIMA aKIenTopoB N4 = 10'% cm~3 Ha p-cTopone. Bui-
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YUCIMTB BHICOTY NOTEHIUATLHOrO 6aphepa Ha Mepexoe, eI KOHIEHTDAIHL
COGCTBEHHBIX HOCHTeNel n; paBHa 2 x 103 cm~3. Ilpunare kT /q = 0,026 B.
Omseem: 0,26 B.

9.2. Y p-n-auofa KOHIEHTPaUus JOHOPOB Np Ha N-CTOPOHE B AB3 pa3a Godblle,

yeM KOHIEHTpaIa COOCTBEHHBIX HOCHTENEN N;, N KOHIEHTPAIKUA aKIEenTOPOB

N4 Ha p-CTOpDOHE Ha TDH MOPAIKA HIPEBLINAET 7;. leMy PaBHO HaIpPAXKEHWE
nepexoga? [puuats kT/q = 0,026 B.

Omeem: ~ 200 B.

2.3. Tpebyerca M3roTOBHTH KPEMHMEBHI AMOJ C HampsmxeHueMm nepexoxa 0,6 B.
Ecan xoHnenTpamua gosopos Np = 1016 cv™3, xakas momxna 6BITH KOH-
nenTpamua akuenTopos N 7 KonmenTpanms cOGCTBEHHBIX HOCHTENEH N; =
=10 cm2 u kT/q = 1/40 B.

Omeem: Na = 2,65 x 10'* cm™2.

2.4. Y repmanueBoro amona mupuHa obiacTu obeqHeHusa paBHA 8 MKM mpu o6paT-
HOoM Hanpsukennn 9 B. BerducanTs npubnusurensno, yemy 6ygeT paBHA MINPH-

Ha, obmacTu o6eqHeHnA NpU yMeHbImIeHn 06paTHOro HanpsxkeHus 10 4 B.
Omeem: 5,33 x 107% M .

2.5. Peskuit KpEMHUEBBIN P-N-IEPEXO] UMEET yIeIbHOE CONPOTHBIEHHE Ha P-CTO-
pore 5 OM - cm u 20 OM - cM Ha n-cTopoHe. Brrancants:

a) moTeHnuaa 6apLepa;
6) mupuHy 06macTH 06eIHEeHNA.

Ucxopubie gammeie: n; = 2x10%° ecm™3, p,, = 1300 cm?/B-c, pp, = 500 cm?/B-c,
kT/q=0,026 B u e(= g,0) = 10712 D /cm.
Omeem: Vg = 0,61 B, W = 3,48 x 10™* cm.
2.6. Y repmanmesoro guoxa ¢ peskuM mepexozoM Np > Ny u Na = 106 em—3.
Hanpsxenue nepexona pasuo 200 MB. BerancanTs mmpuHy 06€IHEHHOM 30HEL
¥ €MKOCTH [I€PEX0/Ia, €CIy IIOmA b Hepexogs pasua 1074 cm?. JuamrexTpmde-
CKasl MPOHMIAEMOCTL repMaHua papHa 16, u g9 = 8,85 x 10714 ®/cm.
Omeem: W = 3,5 x 107% em, Cy = 7,5 nd.

2.7. B sagade 2.5 BErHCIHTE EMKOCTD repexoja B CHTyalluy, KOrJa ero ILIOma b

paBHa 1,25 x 104 cm2.
Omsem: Cj ~ 66 nd.

28. Y repmanuesoro AMONa KOHIEHTPAIMA NOHOPHOM mpuMecu Np = 1015 cm—3

1 axuentopraoin N4 = 10'® cm~23. Korja Hanpa:xeHHOCTD 3IeKTPUYECKOr0 OJIA
Rocturaer 200000 B - cM~!, y amogs BO3HMKAET JABMHHEIN Mpo6oi. Boram-
CIMTH HanpsxeHne npoGos. [uaieKTpudeckas NPOHHIAEMOCTL MOJYIPOBOI-

HUKa €(= ¢, - &9) papHa 10712 & . cm L.
Omeem: V ~ 137 B.

3—2890



2.10.

2.11.

2.12.

2.13.
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BrruncanTes HampsKeHue JaBHHHOIO IPO6OS ¥ KPEMHHEBOr'O AMOAA C PE3KUM
mepexomoM, y Koroporo Na 3> Np, u Np = 2 x 10'4 cm~2. TIpo6oit Bosnukaer
[Op¥ KPUTHIECKOM TOJIE C HANpaxenHocTso 2 X 10° B-cm™!. MuonexTpudeckas
NPOHMIAEMOCTE KpeMuusa €(= &, - £9) papxa 10712 & . cm~ 1.

Omeem: Vpposos = 625 B.

TpebyeTca M3roTOBATH I'€PMAHUEBEIN CTAOWIATPOH C HAIPMXKEHUEM Npo6os
100 B. JlaBuuuemr npo6oy BO3HMKAET IPU HANPAKEHHOCTH SJIEKTPUIECKOr0
noasa 107 B/m. Ecan xonnenTpanus aknenTopro# npumecu N4 pasua 1022 m~3
KaKas JOKHA OBITH KOHIEHTpalus JoHopHOU npumecu Np? JusnexTpudeckas
KOHCTaHTa repMaHus paBHa 16, aGCOMIOTHAA JUIEKTPUIECKAS IPOHUIAEMOCTh
8,85 x 10712 ® . m~ 1.

Omeem: Np ~ 46 x 10 m~3,

B cxeme (puc. 2.23) pesucrop R = 4 xOwm, zarpysounsi1 pesucrop R =
= 3,6 xOm u HanpsukeHnue crabunmsanuu crabmiutpona 9 B. Hackonbko ma-
MEHAETCA TOK CTAOWINTDPOHA [IPY M3MEHEHWM HAIPAXKEHUA NCTOYHMKA OT 25
xo 50 B?

Omeem: (8,75 — 1,5) = 7,25 MA.

Vs "l‘ Iz Vz R

Puc. 2.23.

BrraucanTs MakCHMAIBHOE COPOTHUBIEHNE Pe3ncTopa R, HeoOxoauMmoe 4t mMOJA-
nepxkauna Hanpsxenus B 10 B wa varpyske Ry, B cxeme puc. 2.23 Hanpsxenne
ucroynuka — 30 B, nanpmxenne crabmiusamnuu crabmintposa — 10 B.

Omeem: 4 xOM.

O6pasen kpemuns Jeruposad Np = 60-10'% cm™3 u Ny = 20-10'° cm~3. Ecm
npu 300 K mwroTHOCTE TOKA Apeiida parHa 60 A-cM ™2, Hall TUTE HAIPAKEHHOCTD
aIeKTpuIeckoro mons (f, = 1300 cm?(B - ¢) 71, pu, = 500 cm?(B - ¢)71).

[ITodcxaska: n-NOLYIPOBOAHUK MOXKET OHITH KOHBEPTHPOBAH B P-THII (MK HAO-
60pOT) MOCPEACTBOM KOMIIEHCALUY [EPBOHAYAILHOIO JErPOBaHNSA 06PATHEIM
THUIOM IPUMECH — DTO HA3LIBAETCA KOMIEHCAIHEH. DTOT METO ] IPAMEHACTCH
[P N3rOTOBIEHEN IOy IPOBOJHEKOBLIX Ip6OpoB. Bouabmee 3uadenne npume
CH JAaeT CyMMAPHYI0 KOHLIEHTPALKXIO IPUMECH U THII NOJTYIPOBOSHUKA.

1

Omeem: E~T72B-cM™ -



rMABA3

BEMUMONAPHbLIN
TPAH3NCTOP

BunonsapHLI TPAH3UCTOP, Ha NEPBHIA B3TUAJ, BHIMIALAT, KAK HEKOTOPOE JO-
noxsenne p-n-auona. Ho ato He coBceM To4HO. XOTA TPAH3UCTOD U COAEPKUT
ABa P-N-TIEPEXOJA, HO €r0 PYHKIMOHUPOBAHNE, U CIeI0BATEIHHO, IPUMEHEHNE
B CXEMaX COBEPIIEHHO OTINYAETCA OT JUOAA. TPAH3MCTOP — 3TO HOAYIPOBOL-
HUKOBBLIM MPUOOD C TPeMs BHIBOJAMH, CHOCOGHBIM YCHIUBATDH, MEPEKIIOYATH
U yIpaBIATH CUTHaIaMu. TPaH3UCTOD HA3HIBAETCA OUMOSAPHEIM, IIOTOMY 9TO
B €r0 TOKAX IPUCYTCTBYIOT KaK JIEKTPOHHBIE, TAK M JHIPOYHEIE COCTABILIOLIIE.
[ToneBo#t TpaH3UCTOpP pabOTaeT HAa MHBIX IPUHOMNAX, YeM OUIIOIAPHEIN.
IToneBble TPaH3UCTOPE — YHUNOAAPHBIE IPUOOPHI, HIOTOMY YTO MMEIOT TOIb-
KO 3JeXTPOHHHIA WIN TOJBKO NHIDOYHHIA TOK. B IM@POBHIX MHTErpAIbLHBIX
CXeMax IOJ€EBHIE TPAH3UCTODPHL 60jee PaCIpPOCTPAHEHEL, YeM GUIONADHEIE.
Mso6peTenne TpaH3UCTOPa — 3TO PEBOMIONMA B daeKTpoHuke. Ee Bausa-
HUe Ha XU3Hb JI0Jed u OOIIECTBA HAKTO HE MOT MPEANOIOKUTh, BKIIOYAA
u3obperaTenelt Tpansucropa — Ilokmu, Bapauna n BparTeitna B 1948 rl.

TeMbl, paccMOTpeHHbie B 3TOM rnase:

— CTPYKTypa X paboTa TPaH3UCTOPA;

~— TOKH B YCIOBUAX OTCYTCTBUA CMEIIEHUA, IIPU IPAMOM U 0OpaTHOM CMe-
IEeHWAX;

~— XapaKTePUCTUKM TPAH3UCTOPA U KO3 DUIIMEHT yCUICHHUA IO TOKY;

~ BOJbT-aMIIEPHBIE XaPAKTEPUCTUKY;

MEXaHU3MEI IP060s MEPEXOJ0B B TPAH3UCTOPAX;

CIIOCOOEI MPOM3BOACTBA TPAH3UCTOPOB.

3.1. CywHocTs 6unonapHoro TpaHsucTopa

Tpananc"rop MONy9aeTCs Mpu NOGABIEHUN Y3KOU P-O6IACTH MEXKIY ABYM:
N-061acTaAMM, KaK 3TO OKA3AHO HA puc. 3.1, a. 10 n-p-n-rpausucrop. Kon-
KPeTHas dopma 3aecs gana TOIBKO s mpocrorsl. Puc. 3.1, 6 — aBymeproe

1

Ha rexnuu 5 Hemu, oprammsosannon B 1970-x rogax Mucruryrom Mmxenepos DiexTpo-

::::oz(gjﬂeKOMMy HUKaumi1, npod. Bapaun ameTmi, 1To OH 7 €r0 KOILIErH, PaccMaTpuBas

xon onpeCTn TI€PBOT'0 TPAH3UCTOPA, IIOJATAIN, YTO HOBEIM IPUGOP — TPAH3UCTOP — CMO-

Kateom f{znem—ro 3aMEHUTL DPaJUONAMIy TOILKO B HEKOTOPHIX CXeMax (BBUAY ILIOXOTO
Iy IPOBOJHUKOBLIX MaTePUAJIOB B TO BpeMs U GOJBIIMX LIyMOB B Ipubope).
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m306paxerHne 3TOro npubopa. AHAJOTHYIHO, €CIH MEXY ABYMA P-061aCTAMA
6yaeT n-061acThb, MOILYyIUM pP-n-p-rparsuctop (puc. 3.2). Tpansucrop uMeer
TpH 06IaCTH — 3MATTED, 6a3y U KOWIEKTOD; Y KaXKAOH €CTh OMUIECKUE KOH-
TaKThI JJi IPUCOECANHEHNA BHEUIHUX BHIBOJOB.

a) 6)

Konnektop ~ Omwurrep Konnektop

ImntTep

basa

Bbasa

Puc. 3.1. CxemaTuveckoe u306paxenue p-n-p-TpansucTopa (a); AByXMEepPHEIHA BUJ IT0-
ro Tpansuctopa (6)

Puc. 3.2. p-n-p-rpansucrop

Amuttep Konnektop

Bbasa

Mz 6y geM paccMaTpUBATE N-P-N-TPAH3UCTOP. P-N-P-TPAHIUCTOP AHAJIOLH-
4€H N-p-n-TpaH3ucTopy. Bce ckasaHHOE O N-p-n-TPaH3UCTOPAaX PACIPOCTPa-
HAETCA M HA P-N-P-TPAH3UCTODPHI, €CIN MHBEPTHUPOBATL HAIIPABICHUA TOKOB
¥ IOJIAPHOCTY BHELIHWX MCTOYHUKOB HAIPSKEHWsA. B fansHeimeM 6y 1yT paccMOoT-
PEHBI PA3INIAsa MEXIY N-P-N- U P-N-p-TpaH3ucTopaMmu. JuckperHbie TpaH3n-
CTOPH O6IIEr0 MPUMEHEHUS NeNAl0T U3 KPEMHHUA U I'epMaHUA.

b B
a) 6)

Puc. 3.3. YciaoBHoe rpadmyueckoe 0603HAUYEHHE N-P-N- U P-N-P-TPAH3UCTOPOB B CX€
max. Crpeika SMUTTEpa IOKA3BIBaET HANpaBIeHUe ToKa. Hampasienue TOK3
NIPUHATO CINTATH OT ILTIOCA K MUHYCY, T. €. IPOTUBOIIOIOXHOE HAIIPABICHUD
JBUXEHUA DJIEKTPOHOB U COBIAJAIONIee C HAIPABICHUEM [BIXEHHUA JHIPOK

Cmenenu 4e2upoBaHUA U OMHOCUMEIbHBIE PA3MEPLL MpeT obaacmel
MPAH3UCTNOPA
IMurTep — HamboJee JErMPOBAHHLEIM M3 Tpex obmacteir. Baza merupopaHd
ciab0, a KO/LIEKTOP JEFHPOBaH B CPEAHEH CTENneHd. YPOBEHb mpuMecer KOI
JIEKTOpA BHIIIE, YeM 6a3bl, HO HAMHOI'O MEHBIE, YeM B YMUTTEPHON 061acTHh-



3.2. Tpanducmop 6e3 NPUAIOHCEHUA BHEWHUT Noael \9)

U3 Tpex o6aacTel HaMOOIBIINA Pa3Mep y KOLIEKTOPa, [0 CPABHEHHIO ¢ Ga-
s0it ¥ SMHTTepoM. Basa — yskaa (TOHKag) o61acTb, a PasMep BMUTTEPA
MeHbIIIe 9eM KOLIEKTOpA, HO Goiblle 4eM pa3mep 6asbl.

[Io Mepe M3IOXKEeHNA TeOPHH TPAH3UCTOPA CTAHY T ACHBIMY PA3INdUA B YPOB-
HiAX 00IaCTel JErMpOBAHMA M PAa3MeEpPax O0IACTEN SMATTEDPA, 6335l M KOLIEKTOPA.

Y AUCKpETHHIX TPAaH3UCTOPOB OOBIYHO pa3Mepel MeHee 1 MM IO MIMpHUHE
u MeHee 3 MM B QIuHY. Y TPaH3UCTOPOB, C(POPMUPOBAHHEIX B KPUCTAJLIE KAaK
4aCTh MHTErPAILHON CXEMBI, pa3Mephl HAMHOT'O MEHBIIIE.

3.2. TpaHsuctop 6e3 NpMNOXXeHMA BHELLIHUX Nonei
(HecMeLLleHHbI TPaH3UCTOP)

Ha puc. 3.4 noka3aHBI OCHOBHEIE HOCUTEIN

3apiafa B Tpex OOIacTAX N-p-n-TPaH3U- _n P N
cropa. Ectm mo BceMy mOMympOBOTHUMKY [GSie ' g
obecriedeHa CTPYKTYPHAasA HEIIPEPHIBHOCTD,
auddysus sapagos Mexay 6a3od @ SMHUT-
TEPOM, a TaK XKe MeXy 6a301 1 KOLIEKTO-
POM BO3HHKaeT Kak Hauboaee eCTeCTBEH-
Hbl usmueckuit mponecc. [pu mepecede-
HUM TAK HA3EIBAEMBIX METAIyPIUIECKHX Pyc. 3.4. YciosHbe rpadurieckue 0603-
FPaHHI, JEKTPOHEI U ABIDKU PDEKOMOWHU- Hadenus: n-p-n-Tpansuctop (a);
pyor. Kak 6eu10 paccMorpeso B ru. 2, P-n-p-rpamsucrop (6)
HEUTPAILHOCTL 3apAjfa B OGJACTAX Iepe-

XOJI0B HaPYIIAETCA.

OmutTep Basza Konnektop

n epexo.u.v Mepexon
Gasa-amuTTep 6a3a-KoNNeKkTop

3anupaiowme cnou
a) 6)

Puc. 3.5. Pexom6rmamia ocrosHEIX 3apAa0B BOMM3M rpaHm 6apkepa co34aeT gBe oben-

Henuste o6aactu (a). B Tpamsucrope o6paszoBamuce aBa p-n-nepexona (6)

Kax BUAHO U3 puc. 3.5, a, 06pa3yioTcsa ABE 30HHI O6eaHEeHNA 6e3 MOaBIXK-
H
bIX 33pAZ0B, & TONBKO C HEIOABHKHEIMU (dpukcupoBaHHBIMH) 3apAKAMEA HO-
HU 4
SUDOBAHHBIX ATOMOB [JOHODHBIX M AKIENTOPHHIX IpEMeceil. B pesyabra-
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Te o6pa3yioTcsa gBa p-n-nepexoga. OauH 3 HUX — nepexox 6a3a—d>MHUTTEp
(06BI9HO HA3BIBAEMBIM DMUTTEPHBIM IIEPEXOOM), APYToM — mepexon 6Gasa-—
KOWEKTOP (OGBIMHO HA3HIBAEMEIN KOLIEKTOPHEIM nepexoaoM). Mupuna asyx
o6eqHEeHHBIX 00JaCTed Pa3Had M3-33 PA3IAYIUA B CTEIEHAX JEerupPOBaHUA 001a-
CTell SMUTTEpPa X KOWIEKTODPA. BCIOMHMM, 9TO 4eM BHIIE CTENEHb JErHpo-
BaHUsA, TeM yXe 30Ha obGemuenmusa. IlooToMy OKOIO DMUTTEDPHOrO IEPEXOAa
obmacTh 06eqHEHNA — Y3Kad, 3 OKOJO KOWIEKTOPHOrO — 061acTh 06exHeHus
OTHOCHATEILHO NIMPOKAA. Y KaX/JOU 0OeJHEHHOM OGIACTH €CTh KOHTAKTHAA
Pa3HOCTH MOTEHIMAJOB X COOTBETCTBYIOIMHA IOTEHIHAI Gaphepa.

Bricora moreHmuanbHOrO 6apbepa Y KPEMHMEBHIX TPAH3UCTOPOB OKOJO
0,5 B gaa o6omx nepexoxos u ~ 0,2 B y repMaHneBEIX TPaH3UCTOPOB.

Ha puc. 3.6 mzo6paxena guarpaMMa MOTEHIUAILHON SHEPIAU HECMEILEH-
HO'O N-p-n-TPaH3ucTopa. OCHOBHEIE BIEKTPOHH SMUTTEDHOM OGIACTH, TaK
Xe KaK M DIEKTPOHBI KOIIEKTOPHOM O6JaCTH HE MMEIOT NOCTATOYHOM B3HEp-
rum, 9706 mepenTu 6aphep, U, CICAOBATENLHO, MM 3aIPEIIeH BX0a B 6a30Byi0
o6macts. TouHO TaK Xe AbIpKaM u3 o6macTu 6a3bl 3allpeleH nepexon B obia-
CTH 5MUTTEPa U KOLIEKTODPA M3-33 HEJOCTATKA DHEPIUU, IMOCKOILKY ITOTEH-
IUaIBHAA SHEPIUs JLIPOK YBeIMIMBAETCA B OODATHOM HAIIPABJIEHHM TIO CDaB-
HEHWIO C BJAEKTPOHaMM (Ha PHC. 3.6 BUAHO, 9TO CIYCK A DIEKTPOHOB €CTh
HOABEM MU ABIPOK). TakuMm 06pa3soM, y HECMELIEHHOr'O0 TPAH3UCTOPa OTCYT-
CTBYIOT CyMMapHEIE TOKH.

OHeprus n p n
anextpoHa| Omwuttep  bBasa Konnektop
- - - - - - g
- - - --- 51 n p n
c %——Gravn'rep Basza Konnektop
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®
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0
+ + + J| Ji
OHeprusa Ey 3 E ¢
AbIPKN 5
3
5
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Puc. 3.6. [IluarpaMMa NOTEHIHAILHON Puc. 3.7. Ynpomwennasa guarpamma
3HEPr'UY HeCMELIEHHOT'0 TPAH3MUCTOPA IOTEHIAAILHON DHEPTUHU N-P-N-TPAH-

suctopa; Vs 1 V4 — moTennmarbuuIe
6apbepHI ABYX IIePexooB

[lmarpaMMy DOTEHUMATLHOM SHEPruu Ha puc. 3.6 MOXHO mepepmcoBaTh
B ynpowensoM suze (puc. 3.7). Byksamu Jg u Jo COOTBETCTBEHHO 0603HATS
0T SMATTEPHEIA ¥ KOLIEKTOPHLIN Nepexoasl. M3-3a pasaudHON KOHIEHTpaIud
IpPUMECER B SMUTTEPHOMA M KOMIEKTOPHOM O6JACTAX BEINIMHEI IOTEHIINAIb
HBIX 6apbepOB ABYX MEPEXOJOB MOTYT HE3HAYATEILHO OTINIATHCH.
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3.3. CMelLeHHbIN TPaH3UCTOP

Y p-n-guoAa TOIBKO OFWH HEPEXOJ, TaK ITO y HET'O TOIBKO /Ba BO3SMOXKHBIX
CMemeHrA — TIPAMOe Wiy 06paTHOe. Y GMIOIAPHOTO TPAH3MCTOPA JBa Iepe-
X0Aa, OTOMy Gonbine BapEaHTOB cMemerusa. HanGoree pacnpocrpanennsie

cleyIolmuye CXeMBbIL:

1) o6a mepexoja CMEIEHbI B HPAMOM HAIPABICHUH;

2) o6a mepexojia CMeIIeHBEl B OGPATHOM HAIIPABIECHWH,

3) SMETTEPHBIA MEPexXo] CMelleH IPAMO, KOLIEKTOPHBIA Mepexo] CMelleH
o6paTHO.

Pa,CCMOTpI/IM IIPOOECCH B TPAH3UCTOPE IIPU 3TUX BapUMaHTAaX CMEIICHNUA.

Tpanaucmop ¢ 08YMA NPAMOCMEUEHHBIMY NEPELOIAMY

Ha puc. 3.8 npezicraBieHa CxeMy, B KOTOPOM KAK SMUTTEPHBIA, TAaK U KOJI-
JEeKTOPDHHIU IEPEXOABI N-P-N-TPaH3UCTOPa CMemeHsl mpaMo. Kak 6Guuio mo-
Ka3aHO B TU. 2, OPY MOIAPHOCTE HPWIOKEHHOT'O HAIPAXKEHWS, CMENIAIOmen
epexos B MPAMOM HAIPABIEHUZ, 6apbep MOTEHIUAILHON SHEPrUM Hepexona
cumxaercda. IIpu nmonuxenun Gapbepa SMETTEPHOrO Hepexona GOIbIIME MO-
TOK 3JIEKTPOHOB M3 CWILHOJIETMPOBAHHOI'O 3MUTTEpa AupdyHAUPYyeT B 6asy
K MaJoe UUCI0 M3 CIaGoJerupoBaHHOM 6asel mpoxoxuT B smuTTep. Caeno-
BaTENIbHO, B HMUTTEPHON IeMM GOJMBIION SMUTTEPHBIN TOK g mpexcTapiageT
€060, rIaBHEIM 06pa30M, IOTOK 3JIEKTPOHOB.

Amnanormano, mepexos; 6a3a — KOILIEKTOP CMeINeH IpAMO, Goabmol Tok Ig
(cOCTOAMMIA B OCHOBHOM U3 I€KTPOHOB, IOCTYNAIOIAX B a3y 13 KOLIEKTOPA,
¥ HE3HAYUTENHHON KOMIOHEHTH TOKA ABIPOK, BXOAAIIAX U3 6a3EI B KOIIEKTOP)
TEYEeT B KONIEKTOPHON IEIH.

Puc. 3.8. Ipamocmemennsie smu- E
TEPHLIA U KOLIEKTODHEIN MEPEXOZbL 3

n-p-n-Tpan3ucropa. Toxm Iz u I¢
6omenme u we 3apucaT Apyr OT Apyra

Canxenme BorcOTHI 6apbepa SMETTEPHOIO M KOLIEKTOPHOI'O MEPEX0L0B
BGIencTBMe mpmioxeHus HAOPAXEHUA MOXHO m300pa3uTh B BUJE 3HEPreTHU-
HeCKux 301 (pumc. 3.9).

Taxum 06pa3oM, Ipu ABOKHOM IPAMOM CMENIEHNM GOJBIIMEe TOKYM TEKyT
Kak B sMuTTEpHOI, Tax U B KOILIEKTOPHON enaX. MOXHO OTMeTUTH, OJHA-
KO, 9T0 5TH TokM mouTm He 3aBucaT apyr ot gpyra. Hampumep, eciu Tok
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sMETTepa (BXOAHON TOK) GyfeT OTKIIOYeH, TOK KOLIEKTOPa (BBIXOAHOM TOK)
HOYTH He M3MEHUTCA. SICHO, 9YTO A TPAH3UCTOPA B YCUIATEILHON CXeMe
Takad CXeMa CMeLIeHWA HenpuMmeHuMa. HasHadeHwe yCHIUTeNs — yCHINTH
BXOJHOU CUTHAJ, & JJIA 3TOTO HEOOGX0AMMO, YTOGH BBIXOZHOM TOK (M, CIefo-
BATEIBHO, BEIXOAHOE HAIPAXKEHAE) MEHAETCA COTMIACHO M3MEHEHUAM BXOLHOTO
TOKA.

Tpan3ucmop ¢ 06Ymsa 00PAMHOCMEWEHKBIMY TLEPELOIAMU
Ha puc. 3.10 npezxcrasieHa cxema, B Ko-

3Heprwﬂa TOpoR 06a mepexoga TpaH3ucTopa — Oa-
ANEKTPOH:
3a—5MHUTTep U 6333 —KOLIEKTOP — CMe-
/L p p
Ves / \_Ves weHsl B 06paTHOM HampasiaeHuu. CHadva-
-5 TR

JIa, pacCMOTpHUM BMHTTeprII;’I nepexon.
ITockonbky mepexon cMmemeH B 06paTt-
Puc. 3.9. IIpamoe cMemenne o6oux me- - . S AdH o
pexosoB CHmXaeT 00a NOTEHIHMAIbHBIX OM HAIpaBlle » "IPE3BEITANHO iua‘n T
6aprepa. IlynxTupunas muuua o6osnava- TOK — HECKOIBKO AECATHIX [OJEW MWI-
er 6apbepbl IPH OTCYTCTBMM CMEIIEHHA JHAMIIEPAa — TeYeT 4Yepe3 Hepexon, Kak
yXke ObLIO pACCMOTPEHO B CIydae ¢ 06paT-
HOCMEIIEHHBIM P-N-IUOA0M. DTOT TEMIIEPATYPHO-3aBUCUMBIN «OOPATHLIA TOK
HACHIMIEHUA» ONPEAEIAETCA APeNYIOMUME O/ BO3IeACTBAEM HOIA HOCHTE-
JAMH 3apAga, 06Pa30BAHHBIME 33 CYET TEILIOBOX SHEPrUM.
Ilasa mepexona 6a3a — KOLIEK-

E B C TOp CHTyanus aHaxoruyuag. He-

e, P PLE OCHOBHBIE JBIDKHM #3 N-06IaCTH
. Pl L KOLTEKTODA, BOIM3H TIEpeXoa, Apei-

. dyIoT ok feHCTBUEM IOIA U IO

VfB VfB manaloT B 6asy. Takxe apew

| IVBB Vee =| l{ GyI0T B HanpaBJIeHUH KOJLIEKTO-

Pa ¥ HEOCHOBHHIE JEKTPOHEI ¥3
Puc. 3.10. TpamsmcTop ¢ o6parHOCMemeHHEIME P-00JaCTH 6a3BL. DTU KOMIIOHEH-
SMHUTTEPHBIM U KOJJICKTOPHEIM IIePeXoJaMu Tl TOKa (TOKH fpedda 3mrek-

TPOHOB ¥ IBIPOK) 06pa3yioT TOK
xomtextopa I¢ (puc. 3.10).

PaccMoTpuM cirydayt ¢ IBOMHBIM OGPATHBIM CMEIEHUEM TPAH3UCTOPa, I€-
pe3 AmarpamMmy HOTeHIMaJIbHOU sHeprum (pumc. 3.11).

IIpnroxennoe HanpsaxeHue [06ABIAETCA K BeIXIMHAM HOTEHINAJIBHBIX 0ar
DPBEPOB NEPEX0OA0B, YTO AEIAeT COBCEM HEBO3MOXHEBIM IepeMenicHue B 0623y
OCHOBHBIX 3JEKTPOHOB M3 3MUTTEPHON WIN KOJIEKTOPHOU obaacTrei. Taxxe
TPYAHO HEepeMeCTHTBHCS OCHOBHBIM JBIPKaM u3 p-obmacT 6a3el B 06macTH
SMUTTEDPA WU KOLIEKTOpa. TakuM 06pa3oM, mpu ABOMHOM OOPATHOM CMeNIe
HUYZ TPAH3UCTOPA OCHOBHBIE HOCHTEIA He CO34ai0T TOKOB. Co3qaHHEIE 33 cIeT
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TeILIOBOM SHEPTUY HEOCHOBHBIE 3apA bl BOIM3M 061acTa nepexosa Oy Ay T Cka-
THIBATHCA BHE3 B NOTEHIMAILHYIO AMY. [[pei¢ 5IeKTPOHOB ¥ ABIPOK B KOI-
JEKTOPHOM Hepexofie moJ JercTBUeM HOJaA m306paxeH Ha puc. 3.11. DTu xe
sapaAsl 06pasyloT KOLIEKTOPHEI TOK (puc. 3.10). Amarormimo o6pasyercs
HE3HAYUTEIBHBIN TOK SMUTTEPA.

Puc. 3.11. [uarpaMMa NOTEHIMAILHOM 5HeP-  JHeprus
rUA N-p-N-TPAH3UCTOPA C 06PATHOCMEIIECHHEI- ANeKTpoHa e-—;
mu nepexofamu. IIyHKTWpHaA JuHHUA IIOKa- 1
3LIBa€T COCTOAHME J0 MOAAYM HAIPAXEHUA
06paTHOrO CMEIEHNs

Oueprus
BAbIPKK

O ToKax B TPAH3UCTOpE C AByMA 0OPATHO CMENMIEHHEIMY IePeX0faMi MOX-
HO CKa3aTh CJAEeAYIOLIEe.

1. B sMETTEpHBIX M KOJIIEKTOPHBIX UEIAX TEKYT OY€Hb CIabble HeOCHOBHBIE
Toku [1078 A (MKA) wrm Menee).

2. HampaBneHusa TOKOB IPOTHBONOJOXHO HANPABICHUIO TOKOB MPAMOCME-
IEHHOT'0 TPAH3UCTOPA.

3. Beamununr I¢ u g moITH He 3aBUCAT ADYT OT ApYTa.

4. Tokm HEOCHOBHEIX HOCHUTEIEH 3aBHCAT OT TEeMIEPATYPHI I MX BEJIUYH-
HBI IPAMEPHO yABAUBAIOTCA IPU YBEIXUECHUH TEMIECPATYPHl HEPEXoa
Ha 10 rpazgycos.

5. OTM HEOCHOBHbIE TOKY NOYTH HE 33BHCAT OT HPIIOKEHHOIO HAIPAXKe-

HUA. YBeaudenue o6paTHOTO HAIPAXEHUA MPOCTO AelaeT 6apuep Golee
KDY TBIM.

Tpamsucrop ¢ gBymMs mpaAMOCMeIIEHHEIME ¥ ¢ AByMA 06PATHOCMEIEHHE-
MU niepexogamu npeacrasiager coctogaua BKJIIOYEHO z BBIKJIFOYEHO.
Takoi TPaH3UCTOP ABIAETCA OCHOBOM A MAPPOBLIX CXEM, B KOTOPHIX TPaH-
SHCTOp paboTaeT Kak mepekmiodaTens. Ho Ais TUHERHEIX cxeM (TaKHX Kak
ycunmTens) mogo6HBIe KOMOMHAIIMY CMeIeHH HEIPYMEHMMBI.

3.4. Tokm TpaHaucTOpa ¢ NPAMOCMELLIEHHBIM SMUTTEPHBIM
nepexofoM U obpaTHOCMeLLeHHbIM KOMIEKTOPHbIM
nepexozom

H .
a puc. 3.12 m306paxeHa cxeMma, B KOTOpOM mepexof 6a3a—3MuUTTep CMe-
WeH B mpamom HaNpaBIeHUH, a mepexon 6a3a—KOIIEKTOPD — B 06paTHOM.
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[laa TpaH3ECTOpA, NIPUMEHAEMOr0 B Ka4eCTBE yCAIATEILHOI'O IpuU6Opa, Ta-
KOe COYeTaHMe CMELIeHNI UCIOIb3yeT A Hauboee 9acTo. Bolee TOro, MoxHo
CKa3aTh, YTO TAKOE BKIIOYEHHE TPAH3UCTOPA ONPEAENAET €ro yHUKAJbHEE
CBOMCTBa IpH paboTe B DIEKTPHYECKHX CXeMaxX. B HIPeABIAYLIEX CIydadx,
a MMEHHO IIPX ABOKHOM IIPAMOM I ABOMHOM OGDATHOM CMEILIEHUIX, BXOAHOH
3MATTEPHBIZ TOK M BBHIXOJHOM KOJICKTODHBIA TOK OBLIM IIOYTH HE33BHCHMEL
OpyT OT Apyra. BrIkiodeHwe OZHOrO TOKa He BIMAIO Ha APYCOH, U ABA Ie-
PEX0/a MOXHO OBbLIO HPEANOIOXUTEL HE3ABUCUMBLIME. B HOBOW CHTYyaIluH, IpH
CMEIEHNY 3METTEPHOrO MEPEX0a IPAMO, KOLIEKTOPHOTO — 0OpaTHO, pe-
3yJAbTAT COBEPUIEHHO APYTOH.

Ry Puc. 3.12. n-p-n-rpaH3ucTop ¢ ups-

AAN MOCMeIIEHHEIM YMUTTEPOM M 06par-
HOCMEIIEHHLIM KOJLIEKTOPOM

-_-'6-__-_
]

Yepes sMETTEPHEIN HEPEXOJ, HOCKOIbKY OH CMEIEH B IPAMOM HAIPaBJe-
HEH, Te9eT GOIBIION TOK. IMATTEPHLIM TOK B OCHOBHOM CO3/aH 3JIeKTDOHAMH,
IupGyHANPOBABIINMY U3 CUILHOJIETXPOBAHHOr0 3MUTTEPA B 6a3y. Tox sMut-
Tepa TaKXe MMeeT MAJIyI0 COCTABHYI0 4aCTh, COCTOAIIYIO M3 TOKA IBLIPOK,
TMOABIAIINXCAB PE3YIbTATE HE3HAYNTENLHON fuddy3un u3 craboierupoBas-
HOM 6a3bl B DMATTED.

Kaxoit Tok 6yaeT mpoTeKaTh Iepe3 06PaTHOCMEMEHHbIH KOLIEKTOPHEH
nepexox? IIpeamonaraem ciabeIl TOK, KOTOPHIA paBeH OOPATHOMY TOKY Ha-
crimenua p-n-nepexofa 6asa— kowekTop. OOHAKO B JeMCTBATEILHOCTH TOK
kommekTopa ¢ 60abmon 1 mouTu paBeH ToKy smutTepa Ig: Io = Ig.

Kax smo npouczodum

Tak KaK 3MATTEPHBIM IEPEX0] CMEIIEH MPAMO, GOIBIIOE YUCIO 3JIEKTDOHOB
npuxoguT B 6a3y u3 smurTepa. B obmacTy 6asbl Majad aCTh 3JIEKTPOHOB
peKoMOUHUDYyeT C ABIDKAaMH, 3 OCTABUIAiACA GOJbIIAd YacTh DJIEKTPOHOB II€-
PEXOAUT B KOLIEKTOPHYIO 06IaCTh. DTU WHXEKTUPOBAHHLIE B KOLLIEKTOPHYWO
061aCTh MEKTPOHEL IPEeRdYOT oL AEHCTBHEM NPUIOXEHHOI'0 0OPATHOCME
IIAIOMIETO HIEKTPUIECKOTO HOAA ¥ JAIOT B PE3yAbTaTe GOIBIION KOLIEKTOP-
HEI TOK. [lepeMenienye HEOCHOBHBIX HOCHTEEH depe3 6asy ABIAETCA OCHOBOR
paboTHl TPAaH3UCTOPA. BCIOMHEM, 4TO 3I€KTPOHHI B p-6a3e — HEOCHOBHHE
HOCHTENH.

BasoBas o61acTh TOHKAA U JETHPOBaHA, C1a60, HOITOMY BEPOATHOCTD 3/1€K”
TPOHHO- ILIPOYHON PeKOMOMHAINMY Majaa. HEIME CI0BaMH, IPOXOAAIIne D€k
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TpOHBL EMEIOT GOIBIIOe BpEMA XKU3HH U, KK CIeJCTBUE, GOMBIIMHCTBO U3 HAX
JOXOAHUT JIO KOILIEKTOPHOM 00JaCTH. Y IPABUILHO CIPOEKTUDOBAHHBEIX TPaH-
auctopoB MeHee 1 % 2IeKTPOHOB, BBEIEHHBIX U3 SMUTTEPA, PeKOMOMHUDPYIOT
B o6aacTH 6a3bl, a octaBmuecs (6oxee 99 %) cioCcOGHBI OCTHYL KOLIEKTOPA.
D70 06BACHAET, I0YEMY TOK KOLIEKTOPa HOYTH PaBeH TOKY HMUTTEPA, T.Ee.
IC ~1 E-

Mannit 6a30BBIM TOK HA BHENIHEM BHIBOJIE TPAH3UCTOPA OGBACHAETCA pe-
KOMOMHAIMER IEKTPOHOB B p-061acTu 6a3nl. Ba3oBell TOK M Apyrue TOKH
6yAyT PacCMATPUBATHCA MO3XKE.

[luarpaMma HOTEHIUATILHON SHEPTHM TPAH3UCTOPA C IPAMOCMENIEHHBIM
SMHUTTEPHBIM TIEPEXOJOM ¥ O6PATHOCMENIEHHBIM KOJUIEKTODHBIM IIEPEX0I0M
[OMOTAIOT JIydIlle HOHATH NPOIECCH, IPONUCXOAAIINE B 06IACTAX TPAH3UCTOPA.

[Ipsmoe cMmelneHwe Ha SMUTTEPHOM
nepexoje CHHXaeT NOTEHIUAILHLIT Oa- 3‘325%2: a‘ n ) n
pbep, MO3BOJIAA OCHOBHEIM 3JIEKTPOHAM
B GOIILIIOM KOIXYECTBE (HOCKOILKY IMAT-
Tep JIerNpOBaH CHIbHO) AuddyHIUDO-
BaTb B OOmacTh Gaspl. Mamasa wacTh
9THUX 3JNEKTPOHOB TepAeTCA U3-33 pe-
KOMOUWHAIINY C JHIPDKAMH B y3Kou 06ia-
ctu 6a3pl. OcTaBmneCa 3JeKTPOHEI Ma- ,

Puc. 3.13. [ImarpamMma DOTEHIMAILHOR
AAIOT B HOTEHIUATLHYIO AMY Y KOIIEK- SHEPrUm N-p-n-TpaHsucropa. [loreHnuans-
TOPHOro nepexoga (puc. 3.13), BXOAAT nemt Gaphep y NpAMOCMENIEHHOTO 3>MAT-
B KOJUIeKTOpHyIO 06JIa,CT]‘:, M CKaIlJn- TEpHOro mnepexoja CHMXEH Ha BEINYHHY
BAIOTCA y BBIBOJA KOMIEKTOPA, COELH- Hanpaxenna Vpp. Baprep koarexTopHOro

HEHHOTrO ¢ nepexona IIOBBIIIEH B COOTBETCTBHH C Ha-
NOIOXUTETEHBIM  HOJIOCOM npaxeHneM o6paTHOro cMmemerus Vop
GaTapen.

He6onbmoe wmeno guIpok u3 c1aGoIermpoBaHHON OGIACTH 6a3bl TaKke
AUDPYHAMPYIOT B 061aCTH SMUTTEPA, OFHAKO B JAHHBEIM MOMEHT MOXHO HeE y4H-
THIBATE 3Ty ABLIPOYHYIO KOMHOOHEHTY TOKA.

Kak BuaHO U3 BBImeCKa3AHHOTO, HOYTH BECh TOK GBI IIEPEHECEH U3 Iemn
C HU3KUM COnpOTUBIEHNEM (HPAMOCMENMIEHHEIH SMUTTEPHbIH IEPEX0T) B Temb
€ BEICOKUM compoTUBIeHHEM (0GPATHOCMEIIEHHEIH KOLIEKTODHEIR IEPEXOf).
9IT0 — Benmkoe BOCTHXKEHNe, ¥ IMEHHO OTCIO3 IPOUCXOUT HA3BAHHUE (TPAH-

SUCTOD» (C10BO OT JBYX AHIIMICKHEX CIOB (IIEPEHOC COIPOTHBIEHUM = «trans-
fer-resistors — transistor).

Aaavuetiwee paccmompenue moxos mpanaucmopa
Kaxasrit ma TPeX TOKOB TPaH3MCTOPA, & IMEHHO — TOK aMuTTepa (Ig), Tok
6asst (Ig) u rox KostekTopa (Ig) — wmrpaeT Goabuiyio pois B paboTe TPaH-
SHCTOpa. Basp B kadecTBe Hamedr Mo e N-P-N-TPAH3UCTOD, 06CYAUM >TH
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Toku Oonee JeTaabHO. BymeM paccMaTpuBaTL TOIBKO OJUH CIyYad — IIPA-
MO€ CMeIleHre YMUTTEPHOT'O IEPEXOa X 00paTHOE CMEIeHNe KOLIEKTOPHOT0
nepexofa. Takoe coueTaHme CMEIEHAN UMEET O9eHb GOBIIOe 3HAYEHNeE.,

Tox amummepa

Puc. 3.14 noscHaeT IpOLECCH B N-P-N-TPAH3UCTOPE C IPAMOCMEIIEHHEIM SMUIT-
TEPHBIM HEepPeX0NOM ¥ O0OPATHOCMENEHHBIM KOWIEKTOPHBIM mepexofoM. Kax
MBI BIJEIH BBIIIE, TOK 3MUTTEPA TPAH3UCTOPA C IPAMOCMEIIEHHBIM SMATTED-
HBIM HEPEXOZOM UMeeT ABe cocTapisionme. OgHa Co34aHa GOILIIAM MOTOKOM
3IeKTPOHOB, MHXEKTUPOBAHHAIX U3 CAILHOJIETMPOBAHHOI'O 3MATTEPa B 6asy.
Jlpyras cocTaBidoOmas ONPEAEIIeTCA MAJBIM YMCIOM ALIPOK, KOTOPEIE BXO-
OAT B BMUTTED U3 craborerupoBanHon 6a3bl. ClrenoBaTensHO,

Ig = I, + Iy,
(cymmapHz1it (smexTponnas (apipounas (3.1)
TOK 3MATTEPA) COCTABIIAIOMIAA) COCTABJIAIOIAA)

OHAKO SMETTEPHBIM TOK N-p-N-TPAH3UCTOPA CO3JAETCA NPEHMYILECTBEHHO
2MEKTPOHAMHU. Bojlee TOro, OTMETHM BaXHBLIM MOMEHT, 9TO ALIPOYHEIA TOK
He ABIAETCS MOJIE3HBIM TOKOM, IOCKOIBKY OH HE y4aCTBYyeT B 0Opa3OBaHUM
TOJIE3HOT'0 KOLIEKTOPHOT'O TOKA.

OJEKTPOHBI B 3MUTTED IHOCTOAHHO NOCTYHAOT 13 GaTapen Vpp (puc. 3.14).

3Amutrep (n) ba3a (p) Konnektop (n)

Bonbwoe
yucno
3NeKTPOHOB

bkl

"z Zn

1| 1]
VBBr Vee
Puc. 3.14. Cocrapisionme 3MATTEPHOI'0 TOKA IPH IPAMOM CMEIIECHUN IEPEX0La
amMuTTEp —6a3a

Tok 3MuTTEpA ABAAETCA PYHKIMEN OT MPUIOKEHHOT'O BXOLHOTO HATIPSIKE-
Hua Vpp v pacTeT 3KCHOHEHIZAJILHO IPH YBEIMIEHUN HAIPXEHUA, KaK IT0
6BLIO ¥ IPAMOCMEIIEHHOTO P-N-THOA.

Tox 6a3vi
ITockonsky 6asa JerupoBaHa CIab0, TO HEOCHOBHBLIE HOCUTENH, IIPOXOAIAIINE
4Yepes Hee, UMeIOT GOJbIIoe BpeMs XKU3HU. B cryyae paccMaTpuBaeMoro n-p-mn-



3.4. Toxu MPAH3UCTNOPAE C NPAMOCMEUEHNLLM SMUMMEPHOLM NEPETOIOM \\))

TpAH3UCTOPA, HIEKTPOHbI, MHKEKTUPOBAHHEIE M3 SMATTEPA, UMEIOT TOXe 60b-
moe BpeMA KU3HH. 3aTeM, IOCKOIbKy 6a30Basg 061aCTb TOHKAs, SJEKTPOHBIL
He peKOMOMHUDYIOT U JOCTUTAIOT NEPEXOA KOLIEKTOp —aMuTTep. Toabko He-
GoMbIIasd 9ACTh DTUX SJIEKTPOHOB PEKOMOMHEPYIOT B 6a3e ¢ ApIpkaMu. PexoM-
GUHAIAA CO3JaeT HEKOTOPHIN AedHUXT ABIPOK B obmacTm 6aswl. [laa Toro,
4TOOBI KOMIEHCHDOBATE MOTEPIO AHIPOK KaK U3-32 PeKOMOMHANIWM, TaK U M3-
3a Auddy3un AEIPOK B BMATTEP [cOCTaBIsiomas Toka I, B ypauennn (3.1)],
IBIDKA KAaK-TO HAJO (33TONKaTh» B 6asy. [laa aroro caemaTs, Hafo yopaTh
u3 6a3bl IEKTPOHBI IS HOJAEPXKAHUAA HOCTOAHHOM KOHIEHTDPAUUH JBIPOK
B npefgenax 6azoBou obractu. Curyamnua nokasaHa Ha puc. 3.15: nmeeT MecTo
auddysua AHIPOK U peKoMOuHaIYA B 6a3e, pe3yIpTHPyomul Tok 6a3sl Ip.

SmutTep (n) Ba3za (p) Konnextop (n)

Pekomb6ut

2e

l Manoe uucno
3N1eKTPOHOB

Puc. 3.15. Tloreps aspok B 06aacTy 6asbl m3-3a fuddysun 1 peKOMGHHAIAN, PE3y.Ib-
TUpYyWmMi TOK 6a3u Ip

Y3 gByx cocTaBasoomux 6a30BOro TOKa GOIBIINM [0 BeJIMIMHE I JOMUAHH-
PyIolM ABisgeTCA TOK, CO34AHHBIM PEKOMOXHAIIMEH, a TOK Auddy3ur THIPOK

B N-3MUTTED — HE3HAYUTENLHBIM. [[03TOMYy rOBOPAT, 9YTO TOK 6a3bl — 3TO
TOK peKoMbuHaImy.

Tox xosaexmopa
Y Tpamsucropa ¢ NIPAMOCMEIIEHHBIM SMUTTEPHLIM EPEXOJOM U 06paTHOCME-
IUEHHBIM KOJLIEKTOPHBIM MEPEXOAOM TOK KOLIEKTOpa I COCTOMT W3 ABYX
COCTaBIAIONIX:

1. Bonemas wacrs 3JeKTPOHOB, WHXEKTUPOBAHHEIX U3 SMUTTEpPa B 6a3y,
¥ npamocmemennoro T-p-N-TPAH3UCTOPa HE PEKOMOMHUPYIOT B obmacTu 6a-
S M jocTUraloT mepexoja 6a3a— KOLIEKTOP. 34ECh dTH 2IEKTPOHBI CHAYAILA.
Apeidyior IO/ JefCTBHEM IPUIOKEHHOT0 06PATHOrO MOIA ¥ TaKuM 06pa3oM
BXOAAT B 061acTh KowtekTopa. OcTaBmuitcs OyTh KO BIEKTPOLA KOLIEKTODA
OHH IPOXo AT 3a cer quddysma (puc. 3.16).
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Omurtrep (n) i Konnextop (n)

Bonbloe OcHoBHas Bonbloe
uncno N L1009 3NEKTPOHOB uucno
3NEKTPOHOB 3NeKTPOHOB
—_— -

: § A2
Marnoe uncno
I 3MEKTPOHOB
1 1
Veg vee! ' T

Puc. 3.16. Boabmas JacTh 31€KTPOHOB, NHXEKTHPOBAHHEIX U3 DMUTTEPA, JOCTUIAET
KOJLUIEKTOPa M 06pa3yeT OCHOBHYIO YaCTh TOKA KOJLIEKTOPA

R1§

[lons TOKa sMUTTEpa, KOTOPas MPOABIAETCA KAaK KOLIEKTOPHHIN TOK I¢,
samuceiBaeTca Kak alg, rge a — koncranTa npubopa (onpegererue Gyger
npaHo no3xe). Ilo Berwunne o 6:1M3KA K eIUHUALE.

2. Tak xe, Kak ¥ y 06paTHOCMEMIEHHOI'O P-N-IX0Ja, Y TOKa o6paTHOCME-
MIEHHOT'O THepexoga 6a3a—KOLIEKTOP €CTh COCTABIAIONIAas OOpPATHOr'O TOKA
HacemieHna. O6pa3OoBaHHBIE 33 CYET TEILIOBOM DHEPrUH 3IEKTPOHHLI B p-6a-
3e (HeGOIBIIOE 9HMCIO) CKATHIBAIOTCA IO MOTEHOUAILHOMY CKIOHY M IOIa-
NaloT B sMETTEp. TakuM ke 06pa3oM ABIPKE U3 N-KOWLIEKTOPA ABUKYTCA
B HAIIPABJEHHHU 6a3bl, 06PA3YIOT JONOIHUTEILHYIO COCTABIAIOMIYIO TOKA, 060~
sHadaeMyio Iocpo. Tak Kak 3TOT TOK COCTaBIEH U3 MOPOXAEHHBIX TEILIOTON
HEOCHOBHBLIX HOCHTEIEW, OH 3aBHCAT OT TeMuepaTypel. OH TE€4eT B TOM Xe
HAIIPaBJIEHUM, YTO X COCTABIAIOMAA alf.

CxiapiBas JBe COCTABIAIONIYE, MOLYIAEM CyMMAPHBIR TOK KOIIEKTOPA

Ic =alg + Icpo. (3.2)

O6paTubii TOK Iopo ¥3MEPAETCA HPA PA3OMKHYTOM 3MATTEDE, IOITOMY
B HHJIEKCE IPUCY TCTBYeT OyKBa «0» (Open — pa3soMKHYTHI). Iopo HO CpaBHE-
muio ¢ I HeBenuk (Ha 2-3 mopsajgka MeHsbie). [Ipu HeM3MeHHOH TeMIepaType
IcBo — HOCTOAHHBIN TOK, HE 3aBUCAIIAA OT BXOAHOI'O TOKA (TOKA SMATTEPA),
HO3TOMYy HE ABIAETCA HONE3HBIM. Iopo — MCTOYHHK IOMEX B TPAH3UCTOPE.

IIpakTuIecKy AIA BCEX CIy9YaeB TPH TOKA TPAH3UCTOPA COOTHOCATCA KAK

Ip =1c + Ip. (33)
JTo crepyer u3 3akoHa Kupxroga o cymme Tokos. Toku Ip u I BTekaioT
B npubop, a Tok Ig BerTekaer (puc. 3.17).

Jlo cux mop MBI roBOpMIE O N-p-n-TpaH3ucTope. PaccMoTpuM Teneps p-n-p-
TPAH3UCTOP.
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IloTOKM 3apsagOB MOXHO NPEICTABATDH, 3aMEHUB JJIeKTPOHBI Ha NHIPDKU
B BHIIIENPUBEIEHHOM PaCCMOTPEHUH N-P-N-TPAH3UCTOPA.

7 T Ve

—r

VBBT

Puc. 3.17. Hanpasrenus TOkoB Puc. 3.18. p-n-p-TpausucTop C ups-
y N-p-n-TPaH3UCTOPA C IPAMOCME- MOCMEIIIEHHBIM 3MUTTEPOM U 06paT-
MIEHHBIM 3MUTTEPHLHIM M 0GpaT- HOCMELIEHHBIM KOJLIEKTOPOM M Ha-
HOCMEIIEHHEIM KQ/UIEKTOPHEIM [Ie-  IIPABJEHNA €r0 TOKOB

pexogamu. OrmeTuM, uTo Ip =

=Ic+ 1

TpaHsucTOpp-n-p ¢ IPAMOCMENIEHHBIM SYMATTEPHEIM IIEPEX0J0M # 06paTHO
CMeIIEHHBIM KOLJIEKTOPHBIM MEPeX0oA0oM IOKa3aH Ha puc. 3.18 MoxHo oTMme-
TUTH, YTO N0 CPABHEHUIO C N-P-N-TPAH3UCTOPOM 3eCh HOIAPHOCTH HUCTOY-
HUKOB, MOAKJIIOYEHHbIE K SMUTTEDPY U KOJIEKTOPY, 06paTHbIE U HAIIPABICHUS
TOKOB TOXe oOpaTHele. [IpaMoe cMenieHre HA 3MUTTEPHOM HEPEXOJE CHUXKA-
€T BBICOTY NOTEHIUAILHOrO 6apbepa # cnocobcTByeT Auddy3uu GOILIIOrO
9YUCIa ABIPOK U3 CHIBHOJIETMPOBAHHOTO p-3MHETTEPA B 6a3y. Ilockoasky 6asa
JerupoBaHa caabo, TO HebGOJBIIOE YHUCIO 3JEKTPOHOB M3 6a3bl TOXe Iud-
dyngupyer B smurTep. TakuMm o6pasoM, guddys3ua ALIPOK ¥ 3JIEKTPOHOB
obpasyeT Tok smuTTepa. Ho B p-n-p-TpansmcTope BKIA 3IEKTPOHOB B DMHAT-
TEPHBIN TOK HUYTOXHO MAJ, ¥ €r'0 BeIMINHA IIPEeAMYIIeCTBEHHO ONpeAeIaeTCa
OBIDKaAMH.

BoasmmacTBO ABIPpOK, HODaBmmX B 061aCTh 6a3bl, CIOCOGHO AOCTHYD KO-
JIEKTOPHOT'O IEPEXO0A, 33 NCKII0YeHNEM HEOOIBIION aCTH, KOTOPas peKoMOu-
HHUDYyeT C 3aeKTPOHaMu B 6a30Bo# 06aacT. ITOOBI CKOMIIEHCHPOBATE HOTEPIO
NEKTPOHOB M3-33 PEKOMOWHAIIMY ¥ ¥3-3a AUddy3un sIeKTPOHOB B 061aCTh
SMUTTepa (3Ta 9acTh HAMHOI'O MEHBIIE), X3 BHENIHErO BEIBOAA 6a3bl B Hee Io-
CTYHAIOT 2JEKTPOHBL ¥ CO3JAI0T TOK 6a3bl /g. DTOT NOTOK 3IEKTPOHOB 06ec-
[I€YMBAET HOCTOAHCTBO KOHIIEHTPAIMHA 3JIEKTPOHOB B 00JaCTU Ga3bl 7-THUIA.
Ormernm, gTo ToK 6a3bI — TOK pexoMOmuanwy. [IBIPKH, JOCTHUIIINE KOLIEK-
TOPHOT'O Hepexofa, APerudyIoT IOL AEUCTBUEM NOJIA HA IIEPEXOJie X BHITAJ-
KUBAIOTCA B 0GIACTH KOMLIEKTOPA. JTH ABIPKU, HHXEKTAPOBAHHLIE B KOJLIEK-
TOPHYI0 00JaCTh, AUPPYHAUPYIOT B HANPABICHAN KOLICKTOPHOTO 3JIEKTPO-
Aa. Ha xoHTakTe monynmpoBoJHMK-METALI (3AEKTPOJ) ABIPKA BCTPEYAIOTCA
C aneKTpoHaMu U pekoMO6uumpyioT. [loTok s1exkTpOHOB M3 GaTaper BO BHeLI-
HHJ BBIBOJ] KOJLIGKTOPA 06€CIHeYMBAET HENPEPLIBHOCTE IPOIECCA JBIKEHUA
3apagoB. B pesyabTaTe co3faeTcs IiaBHAA COCTABIAIOMIAA KOLIEKTOPHO'O TO-
Ka, paBHaA alg, T.e. TaK Xe, KaK X B CIyYae C N-p-N-TPAH3UCTOPOM.
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ITocKOABKY KOIIEKTODHBIA HEpeX0J CMemeH B OGPATHOM HANPABJICHUH,
B JonoaHeHVe K ol CymecTByeT u HeGOJBIION TOK 0OPATHOTO HACHIEHHA.
CyMMapHBIZ TOK KOIIEKTOPa COOTBETCTBYET ypaBHeHHIO (3.2).

OG6GpaTHBEIZ TOK HACBHIIEHAA KOLIEKTOPA ABIAETCA MAPA3UTHBIM. DT COC-
TABIIOIAA TOKA MEHEMU3UPYETCA IPABUILHEIM BEIOOPOM JErAPYIOIAX IPH-
Meceq.

3SmutTep (n) basa (p) Konnektop (n)
) OchosHas Bonbluoe
S— A0ns AbIPoK ynueno
AbIPOK
-~

2n

Ig | OnekTpoHbI

il iy

| AR
VBB Vee
Puc. 3.19. B p-n-p-Tpansucrope 60JILIMHECTBO JLIPOK, MHXEKTHPOBAHHBIX U3 SMUTTE-
pa, JOCTUTAIOT KOJJIEKTOpa ¥ 06pa3yioT I'IaBHYIO COCTABIAIOILYIO KOJLIEK-
TOpPHOro Toka. HeGoubmas 4acTh ALIPOK PEKOMOHHUDPYET B 061aCTH Ga3HL.
Jlnsa nogaepxaHus HEUTPAILHOCTH 3aPALa GA3HI IEKTPOHEI BTEKAIOT B 6a-
3y [4J1a KOMIIEHCAIIMH MOTEPH 3JEeKTPOHOB M3-33 PEeKOMOMHAIMMI

3.5. KoHdurypauum cxem c obueir 6asoit (OB),
o6wwmm smutTepom (O3) n obwmm konnektopom (OK)

B 3aBmCEMOCTH OT TOr0, KaK HOAKIIOYEHBI K TPAH3UCTOPY BXOLHEIE H BHI-
XOJHBIE CUTHAJBI, €[0 MOXHO MCIOIB30BATh B TPEX PA3HBIX KOHMUIYDAIHAX.
Ha puc. 3.20 nokasaHsI TpZ BO3MOXHBIE cxeMbl — ¢ 06men 6a3ou (OB), ¢ 06-
muM smuTTepoM (03I), ¢ 06muMm komrekropoM (OK).

Puc. 3.20. Tpu cxemn BkIiOde-
HuA OMIIOIAPHOI'0 TPAH3MCTODPA:
a) — cxeMa ¢ o6mett 6azoit (OB);
6) — cxeMa C O6LMM SMATTEPOM
(03); 8) — cxema ¢ o6mmM KO-
azexropoM (OK)




3.6. KosagPuyuenmot nepedaun no moxy o u B, ux coommowenue @

B cxeme ¢ o6umen 6azoir (OB) BXOZHOU CUTHAN MOAKIIOYEH K DMUTTEPY
TPaH3UCTOPA. BEIXO[HOM CUIHAJ CHEMAETCS C KOLIeKTopa. Jpyrumu crosammu,
6a3a — 06IIaA TOYIKA AJIA BXOJZHOT'O M BHIXOJHOT'O IIOPTOB.

B cxeme ¢ o6muM smurTepoM (0D) BXOZHOM CHTHAN MOAKIIOYEH K 6ase
TPAH3UCTOPA, & BEIXOAHOW CHT'HAJ TaK Xe, KaK B CxeMe ¢ obuien 6a301, CHU-
MaETCA C KOJUIEKTOPA. IMUTTED ABAACTCA OGIIUM [JIA BXOJHOTO M BHIXOJHOTO
HOpTAa.

Cxema ¢ 06mum komrekTopoM (OK) oTamdaercsa TeMm, 9TO BHIXOAHOM CHr-
HaJ CHUMAETCSA C DMUTTEPA, B TO BpEMA KaK BXOHOM IOJaeTca B 6a3y TPaH-
suctopa. KomwrekTop — O6mEE Ajia BXOAA W BBIXOAA. JTa CX€Ma TaK Xe
HA3LIBAETCA DMATTEPHEIM OBTOpUTEIEM (H03Xe OyAeT Pas3bIACHEHO HIOYeMYy).

3.6. KoaddpuumeHTbl nepeaaymn no Toky o u 3,
MX COOTHOLLIEHWE

Koagpuyuenm nepedauu no moxy o
Ilo onpenenennio, ko3 PuUIMEHT HEPEAAIM IO TOKY — DTO OTHOILIEHWE BHIXO-
HOI'0 TOKA KO BXOJZHOMY TOKY.
B cxeme c o6men 6a3ou BXOJHBEIM TOKOM ABIAETCA TOK sMuTTepa Ig,
a BBIXOJHBEIM — TOK KOILTeKTOpa Ic. Koaddunuent nepeaadn no Toky TpaH-
3UCTOpPA (@ MOXeT OHITH 3aIIMCAH KaK
_Ic
o = E
Ecin npupamenne smurTeprOoro Toka Alp BHI3LIBaeT MPUPAIIEHHE KOJIEK-
TopHOro TokKa Alp, TO IpHHAMAA, 9TO TPAH3UCTOP paboTaeT B JHHEHMHON
obracTu, umeeM

(3.4a)

_Alg
TockonpKy KOMLIEKTOPHBIN TOK GIM30K 10 BeAMYNHE K SMUTTEPHOMY TOKY,
(ayTn MeHbIIIe), BeInInHa KOd(pGhuInenTa nepesadn mno TOKy « TaKxe OIn3Ka
K efuHWIE, HO BCEr[a MEHbIIe eAWHUIEL [lJA XOpOINO CIPOEKTHDPOBAHHEIX
TPaH3UCTOPOB @ MOXeT uMeTh 3Hadenud 0,995 nmm Goabime.

(3.46)

Kosggpuyuenm ycusenus no moxy B
BxoguriM TOKOM TpaH3MCTOpA, BKIIOYEHHOTO MO CXeMe C OGUIIM IMUTTEPOM
(cxema ¢ 0D, pme. 3.20, 6), aBisercs TOk 6a3H Ip, a BEIXOHBIM TOKOM —
TOK KosuiekTopa I¢. B aTon cxeme K03bGUIIEHT NEPEAATN IO TOKY:

_Ic
IB = E (3.5&)
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Ecmn npupamenue 6a3oBoro Toka Alp BHIBLIBAET IPHUpAIIEHUE KOIIEK-
Topuoro Toka Alc, TO, IpUHAMAsA, ITO TPAH3UCTOP PAGOTAET B JINHEHHON

obsacTu,
Ale
g=—C. (3.56)
Alp
Hanpuwmep, ecin naMmeHenuwe Toka Gaswl Ha 0,02 MA BBI3BAIO W3MEHEHUE
KOJUIGKTODHOI'O TOKa Ha, 2 MA, mMmeeM
8 2 MA
0,02 MA
Baxuo 3anoMuATE, 9T0 § — KO(PPUIMEHT HepeJa T TOKA TPAH3UCTOPA
B cxeme ¢ 0.

= 100.

Caa3v mexncdy Koapuyuenmanu nepedauy moxa o u
Tpu ToKa CBA3aHBL MeXAy co601 ypasHenueM (3.3)

Ig=Ic+1Ip (3.6)
WIn
Igp =1Ig —Ic.
B TepMmHAX MAJBIX IPHPANIEHUH MOXHO 3aIlMCATD
Alp = AIg — Al¢. (3.7

Tax xak Algp = Alc/o n3 ypasuenns (3.4), To 3amenns Alg B ypaBHeHAM
(3.7), mmeem

_ Ale  «
N o
Tak xkak @ = 1, TO
1
B = U=a) (3.9)

TaxuM 06pa3oM, ecin u3BECTEH JI0001 13 KO3(PPUIMEHTOB Hepefadn TOo-
Ka, APYrO#M MOXHO BEIMMCINTH, NpuMeHuB ypasuenus (3.8) z (3.9). B ru. 6
O6yayT BBOAMTHCA h-mapamerpsl. MHOrue nmpomsBoAMTENN TPAH3UCTOPOB [a-
10T KO>(pdUINEHTH Mepefadr TOKa TOIBKO B h-mapaMeTpax.

3anomunte, 3 = hgp!

OrMernM, 9T0O XOTA KO>hPUIMEHTH Nepeaatn TOka [ JIA IOCTOAHHO-
r0 ¥ IEPEMEHHOr'0 TOKA HE3HAYUTENHHO OTIWYAIOTCA, B JalbHenmeM GyaeM
WrHOPHPOBATH DTy MAILYIO PA3HUIY ¥ IPUMEHATH TOJIBKO OJHO 3HAYEHME [3.



3.7, Cymmapnbiii MoK KOALEKMOPA 6 CTeMe C OOUUM IMUMMEPOM 8\\9

IIpumep 3.1. Ecan xooddummenT nepegaan Toka o = 0,995, yeMy paBHEI TOYHOE
1 npubIKEeHHOe 3HaYeHns KoadduuurenTa nepegadn Toka A7 Kakosa pasanua aTux
IBYX 3HaveHuH B poienTax? IlepecunTalite oy pasunny S gia o = 0,98 n HasiguTe
npoueHT ommbku. CenaiiTe BEIBOL.

Pemenne. Touno: § = W = 0995 = 199. Ilpu6amxkenno: f = Tlai = 0,305 =

= 200. Ommbka 0,5 %.
Ecm a = 0,98. Towmo: § = § 0— = 49. [Ipu6mnxenno: f = 002 = 50. Omm6ka, 2 %.
Omnbka npn6.1m3n're.nbnon pMmeI TeM BHIIIe, YeM MeHbIIe KOd(hGUIMEHT Ie-
pelad’ TOKa.

3.7. CyMMapHbIit TOK KONNEKTOpa B CXeMe
¢ obwum sMuTTepomM

IockombKy cxeMa ¢ OGIMM SMUTTEPOM IPUMEHSETCA Hamboxee 9acTo, BaXkK-
HO 3HATH, KAKOBBI COCTABIAIOLINE TOKA KOWIEKTOPA STOW CXEMBI IIPH IPAMOM
CMEIEHNH SMUTTEPHOrO IEPeX0sa 1 06PATHOM CMeLIeHNN KOJIEKTOPHOrO TIe-
pexoja.

Tok xomrekTopa miasa cxeMmbl ¢ OB npm KoMGuHAIMM CMeELIeHUH IPAMON-
obpaTHbIF JaH Buime B ypasHenunu (3.2). IloBropum ero:

Ioc =alg + Ico. (3.10)
Brisenem cooTHOmEHne MeX [y BEIXOAHEIM TOKOM Ic u BXOZHBIM TOKOM Ip
aaa cxemsel ¢ 09.
U3 ypasnenns (3.6), umeem Ig = Ic+ Ip. 3amenss Ig B ypaBuennu (3.10),
0Ly 9mM
Ic =a(lc + Ig) + Icso

nim
Ic= (if—o) Ip+ ﬁICBO =pBIp+ (B+1)Iceo
wm
Ic = pIg + Icko, (3.11)
rre
Icpo = (B+1)IcBo 2 B Ico- (3.12)

OtmeTnM, ¥TO 06pATHBIM TOK HACBIOLEHHA dMUTTePa [cpo B ypaBHeHUM
(3.12) B cxeme ¢ O3 Bo MmHoro pas (~ 8 pas) Goabme, 1em B cxeme c¢ OB.
Apyruvn croBamu, B cxeme ¢ OO 06GPaTHEIH TOK HACHIIEHUA (HEXeTIATEb-
HEIF TOK) Takxe ycuimBaerca B 3 pa3. Byksa «O» B mugekce Icgo o3Hadaer,
9TO 06paTHBIN TOK M3MepeH IIpu PasOMKHyTOH (open) xogsou memm (¢ Gec-
KOHEYHLIM CONMPOTHUBICHUEM). SAOMHATE, ITO OOPATHHIN TOK HACHIEHHA —
HeXenaTeabHbIN, IAPA3UTHEIA TOK.
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3.8. BHyTpeHHUe ¢akTopbl 3¢ PEKTMBHOCTU TPaH3UCTOPa

Koadduiment nepesadn TOKa TPAH3UCTOPA (¢ 3aBUCHT OT Tpex HaKTOPOB,
a IMEHHO

a=v-B-§ (3.13)

rpe v — kodpdunmeHT dpdekTuBHOCTH DMUTTEPA; B — K03(pPpuimnenT nepe-
HOCA 6a3el; § — k0> UUEEHT dPHEKTNBHOCTH KOLIEKTOPA.

Y spdeKTMBHOr0 TPAH3UCTOPA & ~ 1, T.e. KaXABLIA M3 COMHOXWUTENCH
ypasaenus (3.13) gomxeH GbITH IO BEIMYMHE KAK MOXHO OJMXe K CQUHMIE.
PaccmoTpum sTu GaxTOpEHL

Kosdpdumnument 5ppekTrBHOCTH SMUTTEDPA OIPeIeIeH KAK 0L CyMMAapPHO-
o0 TOKA BMUTTEDA, IEPEHECEHHOr0 DIEKTPOHAMHE B N-p-N-TPAH3UCTOpE (mim
OBIDKaMU B P-N-pP-TPAH3UCTODE).

W3 ypasuenns (3.1) u3BecTHO, 9TO TOK 3MATTEPA COCTOUT 3 ABYX COCTA-
pisomux. CreqoBaTensHO, II1 N-P-N-TPAH3UCTOPA

I 1
BRI (S /AR A (3.14)

Benwnuanny I}, /I, MOXHO MUHUMU3HPOBATD, €CIH AEIATH SMATTED CAILHOJET -
POBAHHBIM, a 6a3y — CI1a60JIerupOBAHHON.

v

Koadpumment nepenoca B qis n-p-n-TPaH3UCTOPA MOXKHO OIPEASINTD KAK
ToK 3JIeKTPOHOB, AOCTHUIIIAX KOLIEKTOPA

(n'pn) CyMMapHEIE TOK 3IEKTPOHOB, BTEKAOIMil B 6a3y

Scuo, uTo B MeHbIine eMHUNBL, IOTOMY YTO B 6a30BOM OGIACTH INCIO DIEK-
TPOHOB yMEHBIIAETCA U3-3a PeKoMGuHAIMA. MOXHO MOKA3aTh, IT02

st (3) (1) 619

Yro6b1 KoddPpuumenT nepeHoca B 6bim kak MoXHO OiMXe K eIMHMHIE,
Heo6x0 M0, IT06H mupnHa 6a3bl W 6puia Menbme Auddy3MOHHON AJIWHB
ssekTpoHa L. B 6a3e.

Kosppunuent 3¢ ek TRBHOCTH KOLIEKTOPa § OnpeaenieTcs KaK
Yucno 51eKTPOHOB, COGPAHHLIX B KOJUIGKTOPE

(n-p-n) Yucao 3MeKTPOHOB, IOMABIINMX B KOIEKTOD

Pa3mep kommexkTopa OOBIYHO fAenaeTcda OoabomM, TaK 9TO 3PPHEeKTUBHOCTD
KOJLIeKTOpa 6imska K 100 % u

§=1. (3.16)

2Cwm. manpumep, Electronics Fundamentals and Applications — John Ryder, (cTp. 143)
4-e¢ m3g. Prentice Hall of India Pvt Ltd.



3.9. Cmamuuecxue 60AbM-AMNEPHDIE TAPAKMEPUCTIUKU J}

Moocno meneps CyMmuposams KORCMPYKMUBHbIE 0COOEHHOCTNU
afPexmuenozo mpar3ucmopa
DMITTED NOMXKEH OBITH cuiabHO JermposaH. [llupuna 6a3w gomkHA GHITH He-
3HAUMTEIbHON ¥ 6a3a MOMXKHA, OBITL JermpoBaHa Caa6o, ITOGHI 06eCIeInTh
6oablnyio audPy3nOHHYIO AIMHY WHXEKTHDOBAHHBIM HEOCHOBHBIM HOCHTE-
asm. KomrekTop gomxen GBITH JErnpOBaH B CpeJHEN CTENEHH U TI0 pPasMepaM
6BITL O0JbIe, YeM 6a3a 1 SMHTTED.

3.9. Cratnyeckue BONbT-aMMepHble XapaKTepUCTUKK

BoapT-amuepnbie xapakrepuctuku (BAX) moscusior, kak paGoraer mpu6op
Hox AEMCTBMEM DPa3jWYHBLIX NPWIOKEHHBIX HAIpAXeHuH. Tak Kak Hamboiee
IIMPOKO IIPUMEHAEMAA CXeMa BKJIIOUYEHHA TPAH3UCTOPAa — C OOLIMM BMUTTE-
pom (O3), MBI KpaTKO paccMOTpuM xapakTepuctuku cxeMsl ¢ 0. Ha puc. 3.21
OpUBEEHA MPOCTAA CXeMa, KOTOpad MOXeT GLITh MCNOJb30BaHA B Ja60paTo-
pud A M3ydYeH’WA BXOAHBIX W BHIXOAHBIX BAX Tpansucropa.

Ig

(MkA)

50

20
06 1,0 Ve
Puc. 3.21. IIpocTas TpaH3UCTOPHAA Puc. 3.22. Bxoguasa BoIbT-aMIep-
cxema ¢ NIPAMOCMEIUEHHBIM JMUTTE- HaA XapPaKTEePUCTUNKA KPEMHUEBOT'O

PoM z o6paTHOCMeIeHHOR Gazon. Us- TPAH3UCTOPA

meHas Vpp m Voo MOXHO ycraHa-
BIMBATEL Pa3HBbIE TOKW 1 HANIPAXKEHUAA
TPaH3UCTOPA

Bzoodnvie zapaxmepucmury
I'padux msmenenma 6asosoro Toka Ip oT Hampsxenusa 6a3a—>MuTTep Vg
[IPY HEM3MEHHOM HANPAXKEHUN KOLIEKTOD —OMUTTED Vg Ha3bIBaOT 6a30BOA
WIm BXOAHOM XapakTepucTukou. Ha puc. 3.22 mpuBegeHEl TUNHYIHEIE KPH-
BEIE KDEMHMEBOT'O TPAH3UCTOPA A ABYX Pa3HBIX HANpAXeHun Vog. ITU
BXOJHBIE XaPAKTEPUCTUKA HATIOMAHAIOT KPUBbIE MPAMOCMELICHHOTO pP-T-AH-
04a. OTmeTnM, 9TO IIpK yBeTMYCHNN HANPAKEHNS KOLIEKTOP —3MUTTep VOE,
Ip camxaercs IIPY HEM3MEHHOM HANpsXeHnu Vpg. JTO IPOUCXOZUT IOTO-
My, 4ro npm yBenwyenmm o6paTHOro cMmemenus (yseawdenumu Vog) 061acThb
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ob6eHeRNa KOLIEKTOPA PACIINPAETCA B CTOPOHY CJIaGOJernpOBAHHON 6a30BOM
06MacTH. DTO yMEHbINEHWe MIMPUHEI 6a3bl IPUBOAUT K CHUKEHHIO CKOPOCTH
PEKOMOMHALIMY TP DJIEKTPOH — AHIPKA B 6a30BOW OGIACTH W, CJEI0BATEILHO,
K yMeHbIIeHEnI0 3Ha9eHus Ip (KOTOpEIM npeAcTaBisieT cOG0M, B OCHOBHOM, TOK
PEKOMOGUHALINY, KAK MBI BBIACHWIN DaHee).

‘

Buzoduvie raparxmepucmury
B o6mem Buge BHIXOJHBIE XapPAKTEPUCTHKMA MOXHO BBIPA3UTDH CIEIYIOHMIMM
obpasoMm:
Ic = f(Vcg, I). (3.17)
I'paduk KOIEKTOPHOrO TOKA CTPOMTCA KaK (PyHKumsa oT Vog npu PpUKCAPO-
BaHHBLIX 3HadeHusax Ip (pue. 3.23).

Ic Puc. 3.23. Tunuunsie koJLIeK-
(MA) TOpHBIE (BBHIXOZHEIE) XapaKTe-
50 PUCTHKY KPEMHEEBOI'O TPaH3U-
cTopa B cxeMe C OOLIM >MHUT-
40 Is  Tepom
(mA)
5
30
O6nactb \4
HaCbILLEHNS
3 20
2 10
1 O6nacTb OTCEYKN
' IB =0
5 10 Veev)

I'paduxm Ha puc. 3.23 NOKA3EIBAIOT, ITO MpM yBeIwdeHuwn TOKA 6a3vl Ip
TOK KOJLIEKTOPA TOXE YBEeIMIMBAETCA. JTO IOHATHO, TAK KAaK IIPH IMOBHI-
[IeHUN IWIOTHOCTY MHXEKTHPOBAHHEIX DJIEKTPOHOB TOK 0a3bl yBEIXINBACTCA.
Y1068 NOHATL U3MeHeHne TOKa I oT Hampsxenus Vog, paccMoTpum Godee
moApo6GHO OAHy M3 KpHMBBIX, cKaxeM, upu Ip = 30 MxA. [las Vog B auamna-
3ome 0 + 0,2 B xpyrusna 601bmas u TOK KOWIEKTOPA PE3KO MEHIeTCS IIPHU
M3MEHEHWH HAIPAXEHuA Vopg, HO IHOCIe JOCTHXEHWSA HEKOTODOW TOYKH, W3-
Mmenenue I¢ mpu pocTe HanpsXeHusa Vog BECbMa HE3HAYUTEIHHOE.

Jpyruvu croBamu, nocie «3aruba» XapaKTEPUCTUKY HE NOKHO OBITH HUKA-
Koro maMenenus I npm uaMmeHeHuu Vog, TaK Kak HaUpsAxeHue Vog He ynpa-
BISIET IMCIOM HOCHTeNeH 3apAfa (SIeKTPOHOB — B HAIllEM CIydae), ZOCTHT-
X KOWIEKTOPA. B IeMCTBATEILHOCTH IPONUCXOIAT CACAYIOIIee: IPH YBeIMICHAN
Ver (yBeawdenun 06paTHOrO CMeIIeHns) mMuAPHHA 6apbepa y KOIEKTOPa yBe-
JUYNBAETCA, OH PACIPOCTPAHAETCA B CTOPOHY 6oiee ciaborerupoBaHHOU 6a-
3p1. Takum o6pasoM, >ddexTnBHAA mupUHA 6a3BI YMEHBINAETCA, BHIBLIBAA
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yBerudenne Koddduiuenta neperoca B B cooTsercTsun ¢ ypapHenueMm (3.15).
DTO ABJIEHNE N3MEHEHN INUPUHEI 6a3EI OT 06PATHOrO HAIPAXKEHNA HA3LIBAET-
ca modysayued wupurbt 6a3vl. Mogyramusa mupuHEL 6a3E1 — HEXEIATeILHOe
ceoicTBo. OHA MOXeT GBHITH YMEHBINEHA, IPY CHUXEHUN YPOBHA JErMPOBAHUA
06IaCTH KOJIEKTOPa, IT00b 061acTs 0benHeHnsa GOJbINe PAacIPOCTPAHAIACH
B CTOPOHY KOJIeKTOpa. Ilpm ganbHeimeM yBeandeHunm OODATHOIO HAIIPAXKE-
gua Vo pacmmpenne 6apbepHON OGIACTH IIPOJONXKATCA, IIOKA, HE JOUAET N0
SMUTTEPHOr0 IEPEXOa. ITO ABJIEHNE, BLI3LIBAIOMEE IPOGOK MEePEX0aa, Ha3bl-
BAETCA MPOKOJOM 6a3bI WIN CMEIKAHUEM.

Boxogubie XapaKTEPUCTAKA MOXKHO Pa3IeMTh HA TPpU 061acT — O6IACTD
HACBHIIEHN, 06JIaCTh OTCEYKN M AKTUBHAA 00JACTD.

Obaacmov nacolwenus
JleByio dacTh rpaduka, rie ToK Io MeHAeTCS JUHENHO IPU HEOOBIIAX HAIIPSI-
xenuax Vog (0-0,2 B), naszBanm o6aactoio Hacbmenus. U3 puc. 3.21 suamo,
YTO KONIEKTODHBIM IIE€PEXO] B JAEHCTBATEALHOCTH CMEMIAeTCA HAIPIKEHH-
em (Voo — Vgp). Y npu manex manpsaxenusx Voo (u cregosarensuo Vo)
KOJUIGK TOPHEIN IIEPEXO0I HOMyIaeT IPAMOe CMEIleHNe OT SMATTEPHOI'0 UCTO9-
suka Vpp. CiaenoBaTenbHo, 06IACTH HACHILIEHUA HA IPAPUKE OTPAKAET CATY-
aluio, KOT/[a U 3MUTTEDPHEIN, ¥ KOLIEKTOPHLIM IIePEXOAEI CMENIeHE B IPAMOM
HampaBiaeHnu. Pa6oTa TpaH3uCTOpa B 06IACTH HACHIIEHUA XaPAKTEPU3YeTCA
CIEAYIOIIMY 3HAYEHUAMH [IaPAMETDOB.
MunnManbHBEIN TOK 6a3bl, TPEOYIOMUACS A HACHIIEHNA, PABEH

IB(mz'n) = %’ (3'18)
rae f — ko3 duUnueHT Nepesadn ToKa (To Xe, 9T0 hpE, BHIPAXeHHOe B h-1a-
pamerpax). M3yuenne 5KCIIepMMEHTANBHBIX KPABEIX BOJbT-AMIIEPHBIX XapaK-
TEPUCTUK B OOJACTH HACHIIICHUA HAET CIEAYIOLINe BeIWIWHEL:

VCE(sat) =02B = VBE(sat) =08 B.
Hanpsxenusa machmeHus A1 repMaHMEBOIO TPAH3UCTOPA,

VCE(sa,t) =0,lB = VBE(sa,t) =0,3B.

Obaacmb omceuky

YacTh BEIXOAHBIX XapPaKTEPUCTHK, Jexamas Huxe Ig = 0 (puc. 3.23), Haswl-
Baerca ob6macThio orcedku. IIpum Ip = 0 u3 ypasmenns (3.11) Ic = Icgo.
Y1o6e1 I cTan MeHbIne Hyas, TPEGYETCA M3MEHHUTDH HOIAPHOCTL MCTOYHHUKA,
B cxeme (pmc. 3.21) Ha BXOAE. DTO CHEIAET SMUTTEPHBLIA Iepexox o6par-
HOoCcMemeHHEIM. TakuM 06pa3oM, B 06IacTH OTCedkn 00a IepexoAa CMeIeHBL
B 06paTHOM HAIIPABJIEHNHM (TaKOe COYeTaHNe CMELIeHnH GbLIO yXKe PacCMOTpe-
HO pamee).
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Y cioBre 0TCEYKHY A KPEMHMEBOr0 TPAH3UCTOPA, JOCTUIAeTCA P 3HAYCHAN
VBE(cutoff) = 0,0 B, B repmarmesom Tpamsucrope — 1pu Vpg(cutof) = —0,1 B.

Axmuenas 06aacmo
Y4acTOK XapaKTEepPUCTUK TPAH3UCTOPA, PACIOIOXKEHHLIN IpaBee 06JacTh Ha-
CHIIEHNUA U BHIIE OGIACTH OTCEYKH, HA3BIBAETCA AKTUBHOW 06JaCTHIO.

B axTuBHOU 06GIACTN SMATTEDPHBINA EPEXO] TPAH3UCTOPA CMEIIEH MIPAMO,
KOJLIEKTOPHBIN TEPEX0] — 06paTHO.

CBOMCTBA XapPaKTEPUCTAK CJIEIYOIINe:

Brxoanon Tok I cnabHO 3aBuCHT OT BxoAHOrO TOKa (Ig). Manbie uzme-
HeHusa 6a30BOr0 TOKA BHIBHIBAIOT GOJBIINE N3MEHEHHA KOWIEKTOPHOTO TOKA, —
CBOWCTBO, OY€Hb XKEIATEALHOE A YCTPOUCTB, GyHKIMOHNPYIOINX KAK yCH-
JIUTEIbHEA Ipu6op. DT0 NOHATHO u3 ypasHenus (3.56) Algo = BAIg. Ecan
661 KO>ddunmenT nepegadm « (u caegosarensuo () 6bum OB AEACTBUTEND-
HO KoHcTauTamu, rpaduk Io or Vop 6bLI 6L POBHBIM M OPU3OHTAIBLHEIM.
IIpakTriecku TOK KOLIEKTODPA CIab0 3aBUCUT OT HAIPAXKEHUA Vo, ITO MOX-
HO OOBACHATH PACCMOTPEHHOM paHee MOy IAnuer InpuHb 6a3bl. Takxke HA M0
IPWHATHL BO BHUMAHME, UTO MAJEIE N3MEHEHUA ¢ 6y Iy T MHOTOKPATHO YCAJIEHBI
nasa B, tak kak B = 1/(1 — o). NuBepcusa nakioHa rpaduka B aKTUBHOM 06714~
CTH JaeT BLIXOJHOE COIMPOTUBICHHE TPAH3UCTOPA. XaPAKTEPUCTUKH OIpeje-
IAI0T CPeJHee 3HAYEeHNe BEIXOJHOr'O COIPOTUBICHUA (HECKOIBKO KHAIOOM) AL
Tpam3ucTopa B cxeme ¢ 03.

OTMmernM TakXe, 9TO XapPAKTEPUCTHKHI
s OOILIIMX 3HAYEHWH BEIXOLHOTO TOKA I¢
pacmonaraioTca Gaumxke APYyr K APyry. IJTO
CBA3aHO C yMEHbIIeHHEeM KoddduimeHTa IIe-
P€Aa[n ( IPU BHICOKOW IIOTHOCTH WHXEKIINH,
CBABAHHEIX C IPOTEKaHWEM OOJIBIINX TOKOB.

ITpumep 3.2. Burunciure Tok 6aser Ig, TOK
amurTepa I[p m TOK komiekTopa [c OJA CXeMBl,
Puc. 3.24. MMOKa3aHHOM Ha pUC. 3.24, IPUHUMAA, YTO TPAH3U-
cTOp paboTaeT B akTUBHOM obiacTu.  TpaH3u-
cropa 50, Vg = 0,7 B.

Pemenwue. [Ipumensasa 3akon Kupxroda nia HanpaxeHnit K 6a30801 MU, UMeeM
—-5B+43kOmlp+ Vg =0 mm Ip=4,3B/43 kxOm = 0,1 mA.

Toayuuwm Ic = BIg = 50 x 0,1 = 5 mMA. Teneps Ig = Ic + Ip wm Ig = 5+ 0,1 =
= 5,1 MA. (Ommemum: Ic ~ Ig.)

IIpnmep 3.3. Y xpeumnmeBoro TpamsmcTopa (cxema Ha puc. 3.25) xoabduruent
nepegaqu Toka § = 80. BerancauTs compoTusienne 6a30BOro pesuctopa Rp, Tpeby-
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eMOr0 JJIA HOIXOLAIIEr0 CMEINEeH)s SMUTTEPHOr0 epexona. KomwmekTopHei nepexos
cMereH 00paTHO Tak, 4T0 Vog =4 B, u Vgg = 0,7 B.

10V
100 k
+
; Vee
Vee _
4
Puc. 3.25. Puc. 3.26.

Pemenne. IIpumensem sakon Kupxroda s HampsxeHun B KOJUIEKTOPHOU IieNnu

—-9B+25x0m I +4B =0, Ic =5 B/2,5 kxOm = 2 MA.
_ Ic _ 2 MA

I — = —— =0,025 MA =2 A.
B 3 30 0,025 m 5 MK

Mpumensas 3axon Knpxroba 41a HaNpsKeHuH NI 6230BOH ey, MMeeM
—6 B+ Rp-0,025 MA + Vg = 0.

IIpz pabore B axTmMBHOH O6JaCTH AIA KpeMHHeBOro Tpamsucropa Vg = 0,7 B,
CIeJOBATEILHO, IMEEM

p._ (6B-07B)  53B
B~ 70,025 MA 0,025 MA

= 212 xOwm,
Rp =212 xOwm.

IIpumep 3.4. OnpegemnTs MEHEMATBEHOE 3HAYEHME KOd(duIMeHTa nepexadn [,
9TOGH TPAH3UCTOP PaboTal B 061acTH Hackimenus (puc. 3.26). [pyrue napaMeTprr:
VBE(sat) =08Bn VCE(sat) =0,2B.

Pemenne. Cymmupys Hanmps:xeHus B 6a30BOM IIENH, MMeeM
—10B+100kOm-Ig+ Vg =0
_ (10-Vgg) _ (10-08) B

T = {00 %0m ~ 100 xOm
Ig =0,092 MA wmwmm 92 MxA.

= 0,092 mMA,

Cymmupyem Hanpskenns B 6a30BOM e

3k0M-Ic+02B=10B wm Ic = 3,26 mA.
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Ycaosue (3.18) HaCHIIIEHNA U3 ypaBHEHUA

1
Ig > FC
Cie10BaTEABHO,
_Ic 3,26 MA _
%M—IB—Oﬁ%MA—ﬁaQ

T.e.  momxkeH OHITL He MeHee 36.

IIpumep 3.5. Omnpegenure, B Kakoit 061aCTH — OTCEYKH, HACHIIEHNUS WIN AKTUB-
HOM — pPabOTaeT repMaHNeBHl TPAH3UCTOD, N300PAKEHHEIN Ha puc. 3.27. Y TpaH-
3ucTopa koabduiuent nepefadu toka S = 120, Vpgp repMaHueBOro TPaH3UCTOPA
B akTuBHOM o6macTu pasuo 0,2 B. HanTu Brixoamoe HampsxeHue V.

Pemenue. IIpegnonoxumM, 4T0 TPaH3NCTOP PAGOTAET B AKTUBHOU OGJIACTH, KO,
OPEANONaraeTCa, ITO Iepexo] 3MUTTep —0a3a CMemeH NPAMO, & KOWLIEKTOPHE Ie-
pexop cMelieH 06paTHO.

CyMMupys HAIPSKEHUS BO BXOJHOM I, UMeeM

—4B+10kOm-Ip+ Vg +1xk0OM-Ig =0 (4)
wIm
Ig _ . 38B
—4B+10KOM'E6+0,2+1KOM'IE—O AN IE_1,0833K0M_3’5MA'
Tox 6a3n1 paBex
Ic Ig 35
Ip=-CnE_ 22 _ )
B 3 3 120 0,03 MA

[oxcranoska anavenuit Ip u Ip ynosrersopser ypapnenuo (A). Tak xak B ypas-
sHenwmn (A) npegnonaranocs, 4to Vg = 0,2 B, cie1oBaTenbHO SMATTEPHBIN HEPEXOL
CMeIIeH IPAMO.

CyMMHEDYA HANPAXEHUA B KOLIEKTOPHOM KOHTYDE, IMeeM

12B=R¢c-Ic+Vee + Rg - Ig.
Tak kak Ic ~ Ig, TO
12B=2x0m x 3,5 MA + Vog +1xk0Om x 3,5 MA

uVog =+1,5B.

CiezoBaTeIBHO, B 9TOM CXe€Me KOLIEKTODPHBIY IEePEX0] CMelneH 06paTHO Hanps-
xenmem 1,5 B.

BrixoaHoe HampsxxeHne:

Vot =Vece+ Re-Ig =15B+1k0m x 3,5 MA =5 B.
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+4V +12v +9V —TJ——
Ry il‘
2K 12K§ I
12K Vout .
Vin Ve
Bk, oF -
84K Ra ? 2
-9v — Qv -
Puc. 3.27 Puc. 3.28 Puc. 3.29

IIpumep 3.6. Y xpemHueBOro Tpan3ucropa (cxeMma Ha puc. 3.28) caexyromue napa-
metper: B = 50, VBE(sat) = 0,8 B 1 VoE(saty = 0,2 B. HaliTu BhIXOHEIE HANpSAXKEHNA,
COOTBETCTBYIONME BXOZHBIM HampsxenusaMm or 0 go 9 B. Caemairte BHIBOL O CBOM-
CTBaX CXEMBL.

Pemenue. Cayuat 1: IIpu Bxoguom Hampsokenun Vi, = 0, nanpaxenue Vpg 6yger

_ R, - (-VEgEg)

BTk, MM VeE=—9Bx12x0m/(12xOx +84x0n) = ~1,125 B

VBE

CuenoBaTebHO, TPAH3UCTOP PABOTaeT B 061acT OTcedkn. UTo6bI KpeMHUEBHIN TPaH-
3ucTOp 6BLT B OTCEYKe, JOCTATOYHO, 4T00kl Vg = 0.

IIpu orceuxe Ip = 0, cregosarensuo, Ic = 0(Ic = BIg). IIpn orcyTcrBum ToKa
4epe3 pesuctop 2 KOM Ha HeM HET HaJeHNs HAIPKEHUs, CIeL0BATEIbHO, Vyy: = 9 B.

Cayuat 2: Bxognoe nanpsaxenne V;, = 9 B.

IIpoBepuM, HE HAXOOWTCA JM TPAH3UCTOP IIPM TAKOM HAIPIXKEHUH B 06JaCTH
HaCHImMeHuA. Ecim TpaH3UCTOp B HACHIMIEHUH, TO

Vee = Veg 9B-02B
Ic = =

Ro = 2xom  _ AMA

Ycaosue HachIIEeHNA

IB(min) = %C = 4,4 MA /50 = 0,088-MA-"

Ecm I B(min) = 0,0088 MA, Torsa Tpan3ucTop 6yeT B HACHIICHUH.
Ilpn nacemmenun Vpg = 0,8 B. U3 cxemer puc. 3.29 Ig = I, — I,. Teneps

Vin—Veeg _9B-08B
Ry T 12 xOm

I = = 0,68 MA

I = Ve — (-9 B)
PP -2 220 e’
R,
Cremopareasno, Ip = I; — I, = 0,68 — 0,112 ~ 0,56 MA.
Ig > Ip(min), CI€IOBATEILHO TPAH3UCTOD, MEHCTBUTEILHO, B HaCHIMeHuH. Ecau
KPEeMHHUEBHIA TPAaH3UCTOP B HachmeHun, Vo = Vop = 0,2 B 0 B.

= 9,8 B/84 xOmM = 0,116 MA.
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Buvi600: Tlpu BxoauHOM Hanpsxenun Vi, = 0 (nu3koe), BEIXOLHOE HanpaxkeHue Vi,
6blCOKo€, IPY BXOAHOM HampsikeHuu Vi, = 9 B (ebicokxoe) BrIxogHOE HampsxeHHe
Vout = 0,2 B = 0 B (nu3xoe), cnienoBaTensno sra cxeMa paGoraer kak seHTuib «HE»
WX MHBEPTOP.

3.10. HekoTopebie apyrie nonesHbie NnapaMeTpbl U ABNEHUA

Ippexm cmbikanus (npoxos 6asvi)

Ecii mpogo/mkuTs BOIBT-aMIIEPHBIE XADAKTEPUCTHKY, IIOKA3aHHbIE HA PHUC. 3.23,
B CTOPOHY 0O/€€ BEICOKMX HANPSXKEHWH KOMLIEKTOPHOT'O MEPEXOMa, TO IPH
HEKOTODOM HANpAXEHWM TOK KOLIEKTODA HAYHET PACTH 3HAYUTEIBbHO. JTO
Hadaao obuactu npobosa (ma puc. 3.23 He mokasano). EcTb aBa BO3MOXHBIX
MeXaHu3Ma 3Toro npobos. OfuH U3 HAX — JABUHHEIA TPOGOU KOLIEKTOPHO-
IO Mmepexoja IOJ BO3IZEWCTBUEM BEICOKOI'O OOPATHOCMEINAIOIIErO HOMA. DTO
ABJeHNE GBLIO PACCMOTPEHO B ruase 2 (Ipo6ou p-n-mepexona).

Jpyroul THOUIHEIA A TPAH3UCTOPOB MEXAHU3M IPO6OA HAHLIBAETCA (-
exToM cMBIKaHuMA Ui TpoKoaoM 6a3el. O6paTHOE CMEIeHNe KOIEKTOPHOI'O
nepexoja yBeamauBaeT o6aacTh obenuenua. Ilockoasky 6asa crabomeruposa-
Ha, paclImpeHue cIog 06efHeHNs TPOUCXOZUT 60JblIe B CTOPOHY Ga3HI.

Basza odens Tomkas. Ilpu mpoboe Vog Tak Beamko, 9TO IPOHUKHOBEHHE
obmacTu oGeIHEHUsA MPOUCXOAUAT HA BCIO MUPUHY Oa3bl 10 APyrou obmacTu
obegHenus y sMuUTTEpHOrO nepexoxa. Korga sTo ciydaeTcs, sIeK TPOHLI SMAT-
Tepa HAPAMYIO HHXEKTUDPYIOTCI B KOLLIEKTOP, TOK KOLIEKTOPA PE3KO BO3Pa-
CTaeT U MOXET, B KOHEYHOM CYeTe, PAa3PYIIATh TPAH3UCTOP.

IIpo6ou nepexoga HexenaTeneH qia paboTs cxeMel. OH MoxeT OHITH Ipe-
JOTBPAILEH, €CIN HE MPEBHINATH NPEeIbHbIE HANPAKEHUA, QIPEIEICHHEE
IPOU3BOJUTENEM TPAH3UCTOPA.

Ob6vemmnoe conpomusaenue 06a3vl
Baza — ysxas o6ractb. OHa ele yMeHbUIAETCA U3-3a MPOHUKHOBEHHUA 061a-
cTu 0beqHEHUA KOJNIEKTODHOTO mepexona B 6asy. Pacumpenue o6egHeHHOR
06JacTH IPUBOJUT K TOMY, ITO HEIOIBIXKHEIE HOCATEIN OCTAIOTCA, TaK KaK
CHUXAETCS BEPOATHOCTh PEKOMOMHAIINY C OABUXKHBIMY 33D IaMH.

IIpu sTOM mporiecce 6a3a TepsieT MHOI'O ALIPOK, a MOABUKHOCTH OCTABIIAXCA
OBIDOK Telephb orpaHmdeHa MeHbIM 00BemoM. IloaTomy 6a3oBas 061acTs OKa-
3LIBaeT OOJblllee COMMPOTUBIEHYE ITPOTEKAIOIEMY TOKY IO CPABHEHUIO C OOIACTS-
MU 3METTEPA WK KOLIEKTOPA. DTO CONMPOTHBICHNE 6a3bl HA3BEIBAETCA 00HLEMHLIM
ConpoTuBIeHNeM ¥ 0003HaIaeTCa 1p. Ero Tunmynoe suaderne npuMepuo 100 Om.

B 6oapmunCcTBE Cly4daes, IPU YOPOLUIEHHOM AHAIW3E, TAJEHUEM HaAIPAKe-
HMA BIOJH 6a3bl MOXHO mpeHebpedb. B HEKOTOPBHIX Ciaydasx mia Goablnen
TOYHOCTH 3TO COIPOTUBJICHUE HENb3s HE YIUTHIBATD.
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3asucumocmsb KodPPuyuenma ycusenus no moxy

om memnepamypbl ¥ moxa 6a3vi
KosddumuenT ycuneHus no Toky (wium koddduIueHT nepesadu Toka)  —
OJMH #3 OCHOBHBIX IapaMeTpoB GumonApHOro Tpaxsucropa. [loaTomy BaxHO
3HATD, KAK OH MEHAETCA OT YCIOBUYU OKDY XKAIOWIEH CPEIBI X BKIIOYECHMUA CXEMEL
[Ipu HEW3MeHHOU TemmepaType [3 pacTeT C yBeIMdYeHWEM TOKa KONLIEKTODA,
JOCTUTaeT MAKCHMAILHOIO 3HAYeHNA (KOTOpPOe MOXeT OBITh B JBa Pa3a BhIIIe
HAYATLHOI'O 3HAYEHUA), 3 IOTOM IPH GOJBIIMX TOKAX KOMIEKTODA yMEHbIIA-
erca. Ilagenue 3hdeKTUBHOCTH TPUOOPa IpH GOJLIIMX YPOBHAX HHKEKIIAH
HOCHTEJEW CBA33aHO C GONBIIAM KOLIEKTOPHBIM TOKOM. Tak Kak HEKOTODHIE
IapaMETPHI MOLYIPOBOJHUKA U3MEHAIOTCA C TEMIEPATYPOH, TO U BeanduHa
3aBUCAT OT TEMIEPATypHL. B 3aBUCHMMOCTHM OT THHOA TPAH3UCTOPA M MATEDH-
axa, mpu TemuepaType okoao 100 °C 3nadenune [ MOXET yABOUTHCA.

3nauenue Vpg, €20 306UCUMOCTIL OM HANPANCEHUA U MEMNEPAMYPbY
Kak 6buio mokasaHo Ha puc. 3.22, (BoabT-aMmepHBIE XapaKTEPUCTHUKY), Ha-
[PAXEHNE Ha TPAMOCMEIIEHHOM SMUTTEDHOM nepexoae Vg MMeeT He3HAYIW-
TEJbHYIO 3aBUCUMOCTb OT HANPAXKEHWA KOWIEKTOpa Vog. JTa 3aBECUMOCTD
06BIYHO Ha TpakTuke WrHopupyerca. CUMTaeTcsa, 9To OpM KOMHATHOM TEM-
nepatype Vpp NpUHAMAET CIEYIOMNE 3HAYCHUS:

VBE (xpemunit) = 0,7 B, VBE (repmanmit) = 0,3 B.
TemmepaTypHas 3aBuUCUMOCTb VBE, OAHAKO, 3HAIATEIbHA.

Ha puc. 2.16 (cTp. 54) moka3aH COBUI BXOJHOU XapaKTEPUCTUKH P-N-IIe-
pexona mpu u3MeHeHuu TeMnepaTyprl. I'paduk ABUXETCA K MEHBIINM 3HAYe-
HUAM VB g IpHU MOBHIIEHUH TEMIEPATYPHL. DTOT CABUT OOYCIOBIEH C HECKOIb-
KIMY T€MIOEPATYPHO-3aBUCUMBIMY IapaMeTPAMHU IOJYIPOBOLHUKA.

OKCIEPUMEHTAIBHO GBLIO yCTAHOBIEHO, 9TO VBE CHHXAETCA HPUMEDHO
Ha 0,2 B ma xaxasie 10 rpagyCcoB NOBLIIEHNS TEMIEPATYPHL.

3.11. DkeuBaneHTHaA cxeMa TpPaH3UCTOpa
No nepeMeHHOMY TOKY

TpassucTOpEI IMPOKO MPUMEHAIOTCA B YCHIATEILHLIX cxeMmaX. CBoMCTBa TpaH-
3UCTOpa A MEPEMEHHBIX TOKOB M HAMPAXEHUH OTJINIAIOTCA OT CBOUCTB TPaH-
3UCTOPOB A MOCTOAHHOI'O TOKA W HANpsXeHuA. I[Ipuauna 5TON pasHUILBI —
€MKOCTH JMUTTEPHOI'0 X KOJIEKTOPHOI'O IEPEX00B. BcnoMuuM, 9T0 eMKOCTh
AJA IOCTOAHHOI'O TOKA, BHINIALUT KAaK PAa3pPhIB (6€CKOHEIHOE COMPOTUBICHUE),
HO Ha mepeMeHHOM TOKE €MKOCTh BemeT cela mo-apyromy. Ilpm yBenwdeHum
YaCTOTHI CHI'HAJIA MEPEMEHHOI0 TOKA PEAKTUBHOE COIMPOTUBIEHUE KOHIEHCA-
TOpa mafaeT W BhHIIE HEKOTOPOHW TOYKHU (HA30BEM €€ IDAHMIHOM 9aCTOTOM)
€MKOCTb HAYMHAET BIMATH Ha paboTy TpansucTopa. KpoMme emkocTu mepexosa
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CyIIeCTBYIOT €MKOCTU U WHAYKTUBHOCTHU BBIBOJOB TPaH3UCTODPA. Ha wgacto-

TaX J0 HECKOIbKUX Merarepl] peak TUBHOCTH BEIBOJOB HE3HAYUTENBLHO BIUAET
Ha TPOW3BOJAUTEILHOCTD YCUINTENA, IODTOMY €10 MOXHO npeHeOpeub. Panee
6BLIO OTMEYEHO, 9TO MOCTOAHHBIM TOK SMUTTEPA [r pasjenseTca Ha TOK Ga-
3bl Ip u Goabmas ero dacth (paBHas alg) TedeT kax TOK xomwrekTopa Ic.
Taxum xe 06pa30OM IHEPEMEHHLIM TOK 3MHUTTEPA i, Pa3JeaAeTCca Ha Ga30BHIA
TOK ip ¥ TOK KOWIEKTODPA i¢(= aie).

HuskowacToTnas Mogensb (3KBUBa-
JEHTHas CXeMe) TPAHSUCTOpa MpeJ-
crasirena Ha puc. 3.30. 3gecs C) u C,,
ABIAIOTCA €MKOCTAMYA SMUTTEPHOIO I

KOJLIEKTODHOI'O IIEPEXOJOB; Tg, Tf M

T}, — CONPOTWMBIEHNUs, OKA3HIBAEMBIE
mepeMeHHOMY TOKY OOHaCTAMY SMUT-
Tepa, 6a3sbl M KOLIEKTOpa. DTy MO-
[IeJb MOXHO JaJlee YIPOCTUTE. EMKo-
Puc. 3.30. OxBuBaseHTHaa cxeMma Tpamsm- CTH O{; u Cé UMEIOT 3HAYCHUE TOJbKO
CTOpa AN MATOTO CAT'HAIA Ha BBICOKMX YaCTOTAaX, MOITOMY WX
MOXHO HE yIUTHIBATH IpH paboTe HA
9aCTOTAX HYXE BepXHEW IpaHuvHOM 9acToTH. (Mbl GyzeM paccMaTpuBaTh
STOT CIy4a#l B pasjele O JaCTOTHOM XapakTepucruke ycwimreren). O6b-
€MHOe COmpOTHBJIeHNE Gasbl (PACCMOTPEHHOE B NPEALIAYIIEM Da3fele) TOXe
MOXHO OTGPOCHATH, TAK KaK IPOTEKAIOUMN Yepe3 HEr'0 TOK OYEHb CIaOBIA.
CompoTuBI€eHUE T, OKA3BIBAEMOE 06PATHOCMEMEHHBIM KOLIEKTOPOM, COCTa-
BJISET MEraOMBI, ¥ €0 MOXHO YBEPEHHO yOpaTh U3 cxeMHl Ha puc. 3.30.

YuuTHIBasg 9TY TPUOIUAXKEHUA, UAEATb-

e Ie® g HaA MOJeNb TPAH3UCTOPA AJs IePEMEHHO-

e 'W - @ ® 0 TOKa CTAHOBUTCS TAKOW, KAK MOKA3AHO

G Vo Ha puc. 3.31. Hanpasnenus TOKOB B cxeme

OEUCTBUTEIbHEL JIA P-N-p-TPAH3UCTOPA.

[as n-p-n-TpaH3ucTOpa HAIPABJICHAS TO-

Puc. 3.31. Ugeamnan vogers tpamsn- KOB o6paTHtie, o,u;liaxo 3TO HE BIWIET
CTOpa [JA MaJOro CUrHAIA Ha XOJ pacCyxaeHUM.

[as Toro 4To6BI 3Ty MOZEAb MOXHO
6bLIO OPUMEHATH JJA AHAAW3a DPAOOTHI TPAH3UCTOPA HA MAJBIX CUCHAJAX,
HEOOXO[UMO ONPEEIUTH 3HAUYEHUE CONDPOTHUBIEHUS SMUTTEDA HEPEMEHHOMY
TOKy 7., (ZIpyroe Ha3BaHWEe — JUHAMUYIECKOE CONPOTUBIEHAE SMATTEDA).

BoabT-amnepHas xapaxTEpUCTHKA, MIPAMOCMEIIEHHOI'0 SMUTTEPHOI'O IEPe-
X0Ja IOMOT'aeT MOHATH, ITO TAKOE T, ¥ AaeT CHocob ero OLEHKH.

IMocToannoOe HAIpsXEeHWE HA SMUTTEPHOM MEePEX0ae PUKCUPYET BEIUIUHY
TOKa SMHUTTEDPA, U, CIEJOBATEILHO, €ro pabodyio Touky @ (puc. 3.32). Hamo-
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JXeHHe MAJOr0 IePEMEHHOI0 HaNpsXeHusa (HAIPAXKEHAS CU'HATA) Ha DMUTTED
MeHseT Halpsxenue Vpp Ha Bemuauny AVpp, paBHYIO TepEeMEHHOMY HAIpPH-
KEHUIO Upe, M COOTBETCTBEHHO M3MeHaeTca g Ha Alp, KOTOpPOE PaBHO i.

Puc. 3.32. [JlunaMudeckoe CONPOTUBICHNE DMUT- Ie
Tepa MOXHO BHIYMCINTL U3 BOJABTAMIEPHON Xa-
PaKTEPUCTUKU TPAMOCMEIIEHHOT0 DMUTTEPHOrO
nepexoga. 1o = AVpr/Alg

AIE = ie Q

CaenoBaTenbHO, JTUHAMWYIECKOE CONPOTHUBIEHUE OyaeT
'[‘é — AVBE
Alg
OTmeTwmM, 9TO T, 3aBHCHT OT HAkJOHA rpaduka B pabodel TOUKe. JHade-
HUE T, MOXHO HAWTH T€M Xe CI0CO60M, 9TO M JUHAMAIECKOE CONPOTHBICHHE
p-n-guoga. llupoko npunasTOe IpUOIUKEHTE JAET BHIPAXKEHUE:
, 25 wvB
Te=—7—
E
ITO 0YeHD MONE3HOE COOTHOUIEHNE [UIA ONEHKH CONMPOTUBICHASA SMUTTEDA, IIe-
PeMeHHOMY TOKY.

Ve = 'Ube/":e~

ITpumep 3.7. Ouennrts gMHAMUYECKOE COMPOTHUBICHAE DMUTTEPA T, TPAHZUCTOPA
B cxeMe Ha puc. 3.33. [Ipunars Vg = 0,7 B.

Pemenne. ,[[HH&MH‘-IQCKOQ COIIpOTHUBJIEHNE OMUTTEPA 'I"é JaHO COOTHOIICHNEM
o= 25 MmB
e IE Y
rie Ip — mOCTOAHHEIN TOK SMHUTTEPA B CXEMe.

Eciu npere6pedub ManbiM 6a30BEIM TOKOM, TO TIaI€HUE HATIPAXKEHNA HA PE3UCTOPE
3 xOwm paeno 3 B (puc. 3.34).

_ 9B
~ (6 xOm + 3 xOm)

Cregosarensno, Vs xom = I x 3 kOM = 1 MA x 3 kOm = 3 B. Cymmupopanue
HaIpAXEHNN B KOHType 6a3a—OMUTTED HAET

-3B+0,7B+15xk0OMmxIg=0

I =1 MA.
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wm Ig = 2,3 B/1,5 xOm = 1,53 B. CregoBaTeinnHo,
, _25uB _ 25uB

r = = 16,3 Owm.
e~ Iy 153mA M
r, =16,3 Om.
+9B
2 kOm
+9B
6 kOm *I
1,5 kOm
3 kOMm
Puc. 3.33. Puc. 3.34.

3.12. lNpousBoacTBO TPaH3UCTOPOB

VcxoaHB MaTepHal i MPOU3BOACTBA TPAH3UCTOPOB AOJIXKEH GHITH OYeHBb
gucTeM (> 99,999 %). Cnoco6bl 09MCTKA NOLYIPOBOLHUKA W BHIDAIIMBAHMAS
KpucTaLia OyLyT mogpO6HO PACCMOTPEHH! B INIaBe, OCBAIIEHHON TEXHOJIOI NI
npomsBogcTBa MIC. Huxe paccMoTpeHbI cmOCOOBI M3TOTOBIEHUS TPAH3UCTO-
POB Ha KDEMHUEBHIX WIA MePMAHUEBHIX TOHKUX (TOMmMHA ~ 1 MM win MeHee)
IIACTUHAX BHICOKOM CTEIEHY YUCTOTHI.

Buipawusanue neperoda uau KOMNEHCAYUOHHBIY MemOo0
KpucTalib BLIDAMAIBAIOTCA W3 PACIUIaBa KDEMHUA WIU epMaHusa. B ompege-
JIeHHbIC MHTEPBAIL BPEMEHM B PACILUIaB BBOAATCA HOHODHBIE ¥ AKIIEITODHBIE
mpuMecH. BrIpameHHB TakuM 06pa3oM (METOLOM BBITAIMBAHUA) KPHUCTALI
COJIEPXWUT HECKOIbKO HNPUMEIKAIOMMX APYr K ADPYry n- u p-obmacren. Ws-
MeHEHHe MPOBOJUMOCTH IOIYIPOBOAHUKA (7N-MOXYNPOBOJHUKA B P-THI WIH
P-TIONYIPOBOAHAKA B N-THI) N0GABICHWEM COOTBETCTBYIOMINX HPUMECEH U3-
BECTHO KaK KOMNENCAyuonnbiti memod. Hanpumep, HadHeM ¢ pacmwiaBa n-Tu-
nma. BripammBaeTca He6Gombluas 9acTh KPUCTALIa N-THOA. B ompemeseHHbIR
pacCINTAHHBIA MOMEHT BPEMEHM B DACILIaB HOGABIAETCA OIPENEIECHHOE KO-
JMYECTBO IPUMECH P-THIA (HAIDPUMED, HHAUA), ¥ KPUCTALI IPOJOLKAET BHI-
palmBaThCA. Uepes OmpejeJeHHOEe BPeMa B PACILIaB JO0ABIAETCA IPUMECH
p-Tuna (HampuMep, Gocdop), ¥ KPUCTAII ONATH HPOJONXKAOT BHIPAIMBATD.
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TakuM 06pa3oM, Ha KpPUCTaJLIe 06pa3yioTcas 06macTu n-p-n- Win p-n-p, T.e.
[Ip¥ BHIPAIIMBAHUM TOXyIAETCA TPAH3UCTOP.

DTOT cIoco6 OAWH W3 CAMEBIX IEPBHIX. B HacTosAmee BpeMs AUCKPETHEHIE
pUGOPHL U3TOTABIUBAIOT MO APYTUM, yJIydIIeHHbIM TexHosoruaM. Ho npu us-
roToBireEIH HHTErpaabHEX cxeM (VC) B 60abIIMHCTBE ClIydaeB NpEBpAILEHIEe
KPEMHHsA U3 N-THIa B p-TUI ¥ HA060POT BHIMONHAIOTCA TOJBKO KOMIEHCAIA-
OHHBEIM METOJOM.

Ternoao2usa cnaasaerHua

[IpescTaBbTe, YTO N-P-N-TPAH3UCTOP Oy T U3TOTOBIIEH IO CIEAYIOMEN TEXHO-
agorun. BepeTcsa ciabomrerupoBaHHaA KPEMHUEBAA ILIACTHHA P-TUHa. Heckoabko
MateHbKUX (~ 1 MM) rpaHyx ZoHOpa (HampUMEp, CyPbMEI) KJIAAyT Ha ILIa-
CTHUHY C OLpEAeIeHHBIME IpOoMexyTKamu (Ha puc. 3.35, ¢ mokas3aHa OfHA rpa-
uyxa). [loaynpoBogHUKOBaA MIACTHMHA C TPAHyJAMM HAI'DEBAETCS BBILIE TEM-
nepaTypHl IVIABJIEHUA CYPHMBI, HO HUXKE TEMIEPATYPHL ILNIABICHUS KDPEMHUA.
CypbMa miaBUTCs, ¥ DOIYyOPOBOAHUMK IOJ Hel pacTBopserca (puc. 3.35, 6).
IIpn oxmaxeHNn PaCIIaB PEKPUCTALIUSUPYETCA U 06pa3yeT SMUTTED N-TH-
na. KomrexkTop o6pasyercsa Ha Apyro¥ CTOPOHE IIACTUHBI AHAJIOMMIHBIM CIIO-
co6oM ¢ MCmoAb30BaHueM Gonee KPYHHBIX rpanylt (2-3 mm). Iocae miactuna
paspes3aeTCsa yAbTPA3BYKOM, B PE3YALTATE MOIYIAETCA OOJBIIOE YMCIO TPAH-
aucTopos (puc. 3.35, 8).

F'paHyna anemeHTa AOHOPa Basa

Ip-nnacmna |

a)

OmuTTep ’ Konnextop

n
n-tmn

L1}
& >
p-nnacruHa | 20-30 mm

6) B)

]

Puc. 3.35. IIpousBoACTBO 7-p-n-TPaHBMCTOPA IO TEXHOJNOIWMH CILIaBIeHMA. [pamy-
Ja [NOHODHOM NpUMeECH IPM KOMHATHOM Temmeparype (a); o6pa3oBanme
IIpU TOBLIIEHHON TEMIEPATyPe NOIYIPOBOJHUKA T-THUIA CILIABICHUEM
IIPUMECH C HOLYyNPOBOAHUKOM (6); 06pa30oBaHuMe N-p-n-TPAH3UCTOPA C OMU-
JeCKuMM KOHTaxTaMu (6)

MuaMeTp mpuMenseMBIX MIACTHH OGBIMHO OT 4 10 8 HI0HMOB (~ 10-20 cMm).
Taxmy 06pa3oM, w3 OJHOW ILUIACTUHBI IPOU3BOLATCA COTHU TPAH3UCTOPOB.
9Ta Texnonorus MIXPOKO IPUMEHAETCS IPU MIPOU3BOACTBE JUCKPETHBIX IPHU-
Gopon

4—2890
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LupPysuonnas merrnoaozus
Ilpu 5To¥ TexHOJOrMM A OOPa30BaHUA p- U N-06JaCTEN UCIOAb3yeTca Aud-
(ysua OpU NOBHILEHHOM TEMIEPATYDPE NOHODHBIX WIM AKIENTODHBIX IIDH-
Mecell B razoobpasuoM Buje. CrenuaibHOM MaCcKOW BHIOMpaloTca o6aacTy,
KOTOpEIE JOMXHEI IOABEPrHYThCA Audpdysun. TeMuepaTypa UCXOLHOH p-Ilia-
CTHHEBI MOBLIMAETCA ¥ MOABepraeTca auddysun B razoo6pasHon armocdepe,
cojepxainel xenaTerbuble npuMecH (hocdop, CypbMy WA MBIUbIK) ¥ B HEX
o6pasyroTcsa aBe 06IaCTH — OXHA M DMUTTEPA, APYyrad JIf KOJIEKTODA.
AupPysuonnas mernoaoeus 6oaee nodpobro 6ydem paccmompena 8 2aase
0 mexnoaozuu npouszsodcmea HUC.
Caenyromuit mar — (OPMHPOBAHWME MPOBOJAMMX BJIEKTPOAOB (OOGBITHO
73 AMOMUHEA) K TpeM 061acTAM TPaH3UCTOPA.

3.13. 3akmoyeHne

BunonspHbie TPaH3UCTOPHL MOT'YT MMETH CTPYKTYDY KaK pP-n-p, TaK U N-p-n.
B n-p-n-TpaHsucTopax nepeHOC 3apAga OT UCTOYHUKA K CTOKY, T.€. OT 3MUT-
Tepa K KOJIEKTOPY, IPOU3BOJUTCA DIEKTPOHAMH, a B N-p-N-TPAH3UCTOPAX —
aerpKamu. 110 ABMXHOCTD 3MEKTPOHOB BHIIE (y KDEMHUA fie 2 3up), B pE3yb-
TaTe HA BBICOKMX YaCTOTAX XaPAKTEPUCTHUKU N-P-N-TPAH3UCTOPOB JIydINe,
¥ OHE MMEIOT MPEUMYIIECTBO MePe] p-N-p-TPAaH3UCTOPAMI.

U3 Tpex o6racTell TPAH3UCTOPA HAMOOIEE CIILHO JIETAPOBAH DMUTTED, cl1alee
Bcex — Gaza. CpeHeIerupOBAHELI KOLIEKTOD UMEeT GOJbIINe, I€M OCTAIb-
Hble 061aCcTH, pa3Mephl. TakOBHI KOHCTDYKTUBHBEIE 0COOeHHOCTH 3¢ deKTHs-
HOI'0 TPAH3UCTOPA, KOTOPHIA MOXHO OIPEAEIUTh KaK TPAH3UCTOD C 6OIbIIIM
K03(hPUIAEHTOM MEPEJAIM TOKA M C MAIbIM O6paTHBIM TokOM. O6paTHEIH
TOK TPAH3UCTOPA HE ABIAETCA OJE3HBIM TOKOM, €I'0 MOXHO MUHVMU3UPOBATh
HOAXOAANIAM BLIOODOM JIETMPYIOIIUX MPUMECEH, HO HEBO3MOXHO YMEHBIINTh
[0 HyJA W3-3a OPUPOJAHEIX OCOGEHHOCTEH caMux moaymnpoBoguukoB. CiaGoe
JerupoBanue 6a3bl 06yciraBIuMBaeT 60OJBIIYI0 AIUHY Audy3un IpOXOIAIIIM
HEOCHOBHBIM HOCHTENAM. [laIbHeNIIee CHIXEHNE CKOPOCTH PEKOMOUHAIINH [0-
CTUraeTCsa YMEHbIIEHNEM IIMPUHEL 6a3EL.

TpausucTop, B 3aBUCAMOCTH OT TOr'0, Ky/Aa MOJABATH BXOZHOM CHUIHAJI
¥ OTKy/Ja CHUMATL BHEIXOJHOW CHIHAJ, MOXHO BKIIOYATh II0 TPEM Da3HBIM
CXeMaM, a UMEHHO — HO cxeMe ¢ obmen Gasor (OB), obmmMm samMuTTEpOM
(09) u ¢ 06mum komnexTopoM (OK). Tak kax cxema ¢ OD uMeeT HaWLy TIIAe
XapPAKTEPUCTUKHA — CPEJHEe U BHICOKOE BXOJTHOE COIPOTHBIEHWE, OOMLIINE
K03 IUINEHTH TEPEJATN TOKA U HANDPAXEHWS — OHA IPUMeHdgeTCa Haubo-
aee dacto. Hambomee pegko mpumMeHseTcsa cxema ¢ obmen 6a30i u3-3a 04€Hb
HU3KOI'0 BXOAHOrO compoTrusienua. CxeMa ¢ 06IMM KOLIEKTOPOM MMeeT HaH-
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GoabIIee W3 TPEX CXEM BXOJHOE CONPOTHBICHUE M HAXOAUT OIPAHHICHHOE
IpUMEHEeHHe.

B auHeHHEIX cxeMax (TakWX, KAK YCHIWTENb), TPAH3UCTOD MCIOIL3yeT-
¢A C IPAMOCMEIEHHBEIM SMUTTEPHBIM IIEPEXOAOM M 06PATHOCMEIEHHBIM KOJI-
JeKTOPHEIM. 1IpY TaKOM CMEIIeHNY SMUTTEPHHIN TOK, B OCHOBHOM, COCTOHT
13 OCHOBHBIX HOCHTENEH, MHXEKTUPOBAHHEIX U3 HMUTTEPA B 6a3y (01 OCHOB-
HBIX HOCATEJEH 6a3bl, MHXEKTUPOBAHHBIX B OMUTTED IPEHEOPEXKUMO MAJIA).

Ba30BBI TOK 0 BeIWduHE HA ABA-Tpu mopagka (100-1000 pas) mensbie,
geM Tok amMuETTepa. OH 06pasyeTcsa 3a CIeT PEKOMOMHAIINY, MMEOIIER MECTO
B 6230BOM OGJIACTH.

Mouru 99 % 3apaA10B, HHAXEKTUPOBAHHLIX M3 YMUTTEPA B 623y, JOCTUTAIOT
KOJLIEKTOPA M CO3[AI0T KOJIEKTOPHEIU TOK. B 00I1eM, Tpu TOKa COOTHOCATCA KaK

Ig =1Ic + Ip.
A B GOILIIMHCTBE PACIETOB W3-3a MAJOCTA Ip MOXHO MPUHATH
Ic =~ Ig.

Tok Ko/weK TOpa IPUMEPHO PABEH TOKY SMUTTEDPA. DTOT PE3YIbTAT yIPOIIAET
AHAIN3 CXEM.

TpaH3UCTOp B JIOrWYECKUX CXEMaX HMPAMEHAETCI KAK K09, C ABYMs IPAMO-
CMeIeHHEIME WU 00PATHOCMEIIEHHEIMY IEPEX0JAMHY, IPECTABIAA JOINTIECKIE
cocroaama cxemsl BKJIFOYEHO u BBIKJ/IFOYEHO (EAVMHUIIA u HOJIB).
Cocrosare BKJIIOYEHO — npoBoasmee COCTOAHNE TPAaH3UCTOPA, Ha BEIXO-
Ae Hu3Koe Hanpsxkenue — Oamskoe k Hymo. Cocrosnwe BBIKJIIOYEHO —
HEIIPOBOJLIEe COCTOAHNUE, ¥ Ha BRIXOJE TPAH3UCTOPA — BHICOKOE HANIPSAXKEHNE
(~Vee).

Bxognas BombTa-MmepHas XapaKTEepUCTUKA TPAH3UCTOpa Goxee wid Me-
Hee MOZ06HA XapAKTEPUCTUKE P-T-AUOALA, 33 MCKIIOICHHEM HE3HAYUTEILHOU
3aBUCEMOCTY TOKA 3MUTTEPA OT HANPAKEHUA KOWIEKTOPDHOI'O IEPEX0La.

BoixogHble XapaKTepUCTUKM MMEIOT TDH Da3JIMYHBIX O6JIacTH: 061acThb
HACBIIEHVA, aKTUBHYIO 061aCTh U 06IaCTh 0OTCedkn. TOIbKO B aKTUBHOM 0613~
CTH CymeCTBYeT MOYTH JUHENHAA 3aBUCAMOCTD TOKA, KOWLIEKTOPA (BBIXOLHOI'O
TOKa) OT BXOAHOIO TOKA. B JMHEHHEIX cxeMax (yCHIMTeIb) TPAH3MCTOD pa-
60TaeT TOMEKO B AKTHBHON O6GIACTHL.

B cnemmduxammax, mpesocTaBIseMEIX IPOM3BOAUTENEM A KAk OTO TPaH-
SHCTOpa, cofepxkaTca 6e30NaCHBIE MPELeNbl U3MEHEH BXOAHEIX TOKOB U BBI-
XOIHBIX HampsxeHud. 11 OrpaHWYEHNA BXOJHOI'O TOKA BCErJa MCIOIL3yeT-
C4 pesucrop. UpesmepHBIN TOK MOXET HAHECTH HEOOpATHMOE IOBDEX/CHHe
TPaH3ucTOpy w3-3a Hmeperpesa.

Komnexropusni mepexos MoxeT NPOGUTHCH, €CIM HAIPIKEHUE IEPEXOA
IPeBbIIaeT MaKCUMAILHO JOMyCTHMOE 3Hadenne. Takoi mpo6oi TPaH3UCTOPa
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O06GBIYHO 06GPATHM ¥ TPAH3UCTODP BO3BPAMIAETCA K HOPMAJILHOM PaboTe mOCTe
TOr'0, KaK HAIPAXKEHUE YMEHBIIATCA JO 3HAYUEHUS HUXKE JOILYCTUMOIO.
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Bonpocs!

TpansucTop ¢ p-n-nepexonamm — Gunouaapusin npu6op. O60cHyUTE 5TO yTBEp-
XKJIEHUe.

Kaxas pasuuna Mex 1y xosddunuenramu nepejaun ¢ u 37
Yemy paBeH K02 PUIUEHT mepesadn 3 OTHOCATEIBLHO af

KoncrpykTuaiie ocobeHHOCTY 633K, Hanbojee KpUTUIHBIE A1 3PGHEKTUBHO-
ro Tpauauctopa. llepeuncianre nx u obcynure.

HanmoMuuTe u 060CHYATE OTHOCUTEIbHEIE PAa3MEPHL SMUTTEPA, 6a3bl M KOJLIEK-
TOpA.

HanomuuTe OTHOCUTENBHBIE YPOBHU JETMPOBAHUA OGIAaCTEN DMUTTEPA, GA3H
¥ KOJLIEKTOPA, KAKUe IPUIMHLL 9TuX 0coGenHocren?

O6BsacHUTE TPOUCXOX AeHNE 6a30BOr0 TOKA, TPAH3UCTOPA.

Tox KOmIEKTOpa NPU NPAMOM CMEIIEHUH DMUTTEPHOIO Iepexona u 06paTHOM
CMEIIEHUN KOLTEKTOPHOI'O IIEPEXO3 COCTOUT U3 IBYX KOMIIOHEHTOB. dTO 5TO
3a cocTasigomue?

BoaMoxHBIE HPaKTOPHI IOMEX B TPAH3UCTOPE.

Kakue coderanua mpaMoro m o6paTHOrO CMEIIEHUS SMUTTEPHOIO M KOJLIEK-
TOPHOT'O MepPEXOJ[0B IPUMEHAIOTCA IJIA YCIINTEILHEX MePeKI0OuaIoNIX CXeM!

O6bacunre addekT MOLyIauMyN WUpNHbL 6a3el. Kak OH gercTByeT Ha Xapak-
TEPUCTUKY TPAH3UCTODPA?

Yro Takoe npokoa 6a3ei?

IToyeMy 06paTHEI TOK TPAH3UCTOPA, — HEXEJIATEJIHHOE ABICHUE MJIA TPAaH3U-
cropa?
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3.14. HapucyiTe BOJBT-aMIEPHYI0 XapPaKTEPUCTHUKY HPAMOCMEIIEHHOO 3MUTTED-
poro mepexoga mpu Vog = 0 u Vogg = —10 B. Kak 06bsAcHUTE m3MeHe-
aue/cMelienne rpaduka’

3.15. Kak BHI IOHMMaeTe BHICKA3EIBAHUE (TPAH3UCTOP Pab0TaeT B 06IaCTH HACHIIIE-
mum? ['ne MOXeT HalTH NPUMEHEHNE TAKOU PeXUM?

3.16. YTO mMpOUCXOAUT C TPAH3UCTOPOM B COCTOAHMM OTCeYkn?! B kakux cxemax
noJOOHbIE YCIOBUA PAOOTHI HEOILYCTAMEI!

3.17. Yemy paBHo Vpp KPEMHUEBOrO TPAH3UCTOPA, PAGOTAIOWIErO B yCUINTEILHON
cxeme?

3.18. TemmeparypHaa nomexa B cxeme ¢ OO mamuoro Bmime, 4yem B cxeme ¢ OB.
O6BacuuTe.

3.19. Omnpegenure Hampsixkenue Ha Bbxone cxeMel ¢ QD mpu paGoTe TpaH3UCTODPA

B 06IacT! OTCEYKN?
Omeem: Vout = Vor = Vee.

3.20. Kakoe Hampsxenue Ha Bbxoje cxeMsl ¢ QD mpu paboTe TpaH3UCTOpa B 061a-

CTY HACHIIEHUA?
Omeem: Vout = Vo = 0,2 B= 0 B.

3agaum

3.1. Y Tpamsucropa B cxeme ¢ OB xoaddunnent nepegayun Toxa pasen 0,995. Kaxon

y Hero xoadGuIMeHT nepegayn Toka B cxeme ¢ 037
Omeem: 8 =~ 200 (To1noe 3uavenue 199).

3.2. B cxeme Ha puc. 3.36 BerauciuTe Bce Tpu Toka (I, Ic, Ig). Ha cxonpko mpo-
nenros oTin4aercsa Ic ot Ig? Ilpunarte, yro y tpamsuctopa Vpg = 0,6 B,

B8 = 100.
Omeem: Ip =0,2 MA, Ic = 20,0 MA, I = 20,2 MA.

Pasauna mexay Ig u Ic — 1 %.

3.3.  Haptu manpskenue Vop TPaH3NCTOpPA B CXEME C OOIIeH 6a30i, rae KpeMHue-

BEIE TPaH3UCTOP PaboTaeT B akTUBHON oGracTu (puc. 3.37).
Omeem: Vgp =3 B.

+12V
+5V
22k lIC 0.6k
+
+ Vee
— Vee -|”
Is
2k

Puc. 3.36 Puc. 3.37 Puc. 3.38
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3.4.

3.5.

3.6.

3.7.

3.8.

HaiiTy HampsXeHusa CMEIIEHNs SMATTEPHOO ¥ KOLUIEKTOPHOIO MEPEXOI0B U YKa-
3aTb, B KAKOH 00JaCTH PAbOTAET TPAH3UCTOP — OTCEYKM, HACHIIIECHUS N

akTuBHOH (cM. puc. 3.38). Omsem: Vg =0,7B, Vor = 3,0 B,
(TpamsmcTOp B aKTHBHOU 061aCTH).

BrraucanTs mpubiamXeHHOe 3HAYEHNe CONPOTUBRIeHNA 6a30B0oro peauctopa Rp,
TpefyeMOro MJif IPAMOrO CMEIIEHWA SMATTEPHOIO IEPEXO N3 KPEMHUEBOI'O TPaH-
sucropa ¢ f = 200. KomiekTopubin mepexon cmemen obpatao Vog = 2 B

(puc. 3.39).
Omeem: Rp = 660 xOm.

+5V
+5V
Rs 4k
+ Ve
Vee +5V r 430k 0
Puc. 3.39 Puc. 3.40
+oV -5V -10V
4k
80k +

Puc. 3.41 Puc. 3.42

BuruncanTs BeXOgHOE Hampsxenue V, B cxeme (puc. 3.40), xoraa BXoJ mepe-
kmountcsa o 0 B go +5 B. IlpunsaTs, 4TO TpaH3UCTOP KPEMHUEBLIN, UMEET

B =120. Omeem: Vo = Vog = 0,2 B = Vog(sat)-

OnpefenuTs MUHIMAIBHEY TpeOyeMuIn KoodgdpuinenT nepesadu Toka, [, 4To-
Ovl mpyn HampsxeHun Vi, = +5 B Tpamsucrop Bomen B 061aCTh HACHIIEHNA
(puc. 3.41). MpuasaTs VBE(sat) =08B, VCE(sat) =02B.

Omeem: Bmin ~ 42.

OLeHUT, MUHUMAJIBLHYIO BEINYNHY COIPOTUBICHUA pe3ucTtopa Ro And cxembl
Ha pHuC. 3.42, 4TOOLI BBECTH P-N-P-TPAH3UCTOD B 00JACTH HACHILEHNS. Y TPaH-
suctopa Vpg(sat) = —0,8 B, VoE(sat) = —0,2 B u xoadpdunuent nepenan Toxa

B = 100.
Omeem: Rc = 2,33 xOMm.
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MPOEKTUPOBAHUE
N AHAJTIN3 CXEM
HA NOCTOAHHOM TOKE

ITa raBa MOCBALICHA IPOEKTUPOBAHUIO U AHAMU3Y JUHEMHBIX CXEM, HAIIPH-
Mep, Ha OUIIOIAPHEIX TPAH3UCTOPAX, MAJIOCUTHAIBHBIX YCHINTENAX.

Kax 6BLI0 TmOKa3aHO B IMI. 3, BEIXOZHAA XAPAKTEPUCTUKA GHIOIAPHOrO
TPAH3UCTOPa MOXeT OBITL pasjeleHa Ha Tpu obmacTu — 061acTh OTCET-
KM, O6JIACTh HACHIIECHUA U AKTUBHYIO 061acTh. [lna obecrneveHns JUHEHHON
pabOTHI TPAH3UCTOPA B CXEME YCHIUTENA HEOOXOAUMO MMETL HA IEPEX0Jax
aMuTTEp — 6233 M KOWLIEKTOP-6a33 NOCTOSHHBIE HANPIXKEHUSI COOTBETCTBYIO-
e} NOJAAPHOCTH ¥ BEIMYMHEL, 9YTOOHI B IPUCYTCTBUM CUTHAJA, I€PEMEHHOTO
HANIPAXEHWUA TPAH3UCTOP PaboTaI TOIBLKO B aKTUBHOM obiacTu. B cxeme ycu-
JIUTeNA, AJIA BEIMOJHEHUA GYHKINN yCUWICHU, IEPEX0] SMUTTEDP —6a3a Tpeby-
€TCA CMECTUTD IIPAMO, & KOLIEKTOPHBIA IepPexos — O06GpPaTHO.

Cxema ¢ 06mmm smuTTepoM (0OD) — Hambonee MUPOKO IPUMEHAEMAA CXE-
Ma. [losToMy GONBIIMHCTBO NMPUMEPOB MPOEKTUPOBAHUA PACCMATPUBAIOTCA
Ha cxeme ¢ 09, XOTA NpUBELEHHBIE METOAVKY MPUMEHUMEI ¥ K ADYTHM CXEMaM.

O6mee npasuiao Aia aHAIN3a JIO00M CXEMBI HA IOCTOAHHOM TOKE — BCE
burpTpyIOmMe U pa3geauTeNbHEE KOHIEHCATOPHl PACCMATPUBAIOTCA KaK 006-
PHIB Henu (OTOMY 9TO OHM OKA3BLIBAIOT IIOCTOAHHOMY TOKY G€CKOHEYHO 6Onb-
moe conporusieHue). YTOGH NOACHUTH HTO NPABUIO, PACCMOTPUM CXEMY yCH-
JIUTEN, ToKa3aHHyo Ha puc. 4.0, a. [u1 ananiusa Ha TOCTOAHHOM TOKE, KO3
KOHJIEHCATOPHLI PACCMATPUBAIOTCA KaK GECKOHEYHO OGONBLIIOE COMPOTUBICHUE,
CXeMa COKpAIIAeTCa A0 BUAA, IOKA3aHHOrO Ha puc. 4.0, 6.

TeMbl, paccMOTpEHHbIE B 3TOM rnase:

~ NOHATHE HATPY309IHOM JUHUU;
~ BBIOOp pab0odYen TOYUKY;

|

CTabmimsarmsa pabodedl TOYKY ¥ KaK €€ JOCTUYh IIPY MPOEKTUPOBAHUN
CXEMEL;

~— Pa3IuMYHbIE METOIUKY IPOEKTHPOBAHUA CXEM CMEIICHUS,;
~ AHAJIM3 CXeM yCHIUTEIEH Ha MOCTOAHHOM TOKe.
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+Vee +Vge Pmc. 4.0. Cxema
L4 yCuIITeNs
Re
RIS
Vs Rz Re

4.1. HarpysoyHas nuHua n paboyas Touka

IIpexge 4eM B3ATHCA 33 IPOEKTUPOBAHUE, IMOJE3HO OyneT y3HATL O HArpy-
309HOM JUHUY U BLIGOpE IPaBWIHHOM Pab0duen TOYKH, T.€. KK BHIGPATH Ipa-
BIIBHBIE BEIMYUHBI IIOCTOAHHOI'O TOKa KOLIEKTOPa (I¢) ¥ MOCTOAHHOE HATIDA-
XEHUe KOLIEKTOD —OMUTTEDP B TPAH3UCTOPHOU CXEME.
PaccmoTpum nporotun cxemsr ycuureras ¢ O (puc. 4.1).
CyMMa HAIPAXKEHHHA B KOLIEKTOPHOM
Ac nenu (BBIXOZHOM KOHTYD) AaeT HPOCTOE

BhIpaXeHne (3aKOH HampsxeHmi Kupxro-
RB + T/C .
Vee da):
| - L Vee = IcRe + Vee. (4.1)
Ves -|— T Vee B cxeme (cm. puc. 4.1) Voo 1 Ro ume-
10T (UKCHPOBAHHBIE B3HAYEHHMA (KOHCTAH-

Putc. 4.1, Yoummrers ¢ o6mmM SMaT- THl), & TOK Ic ® Hampsxenwe Vop Me-
repom (OD), ncnoasaysommit gea me- HAIOTCA DM HAJOXEHWHM MAIOTO NEPEMEH-
TOYHMKA IIOCTOAHHOTO TOKa (6aTapen) HOI'O HAIPAXEHUA CUTHAIA HA HOCTOSHHOE

Hanpskenue Ha Bxoxe. IIpeo6pasosanue ypas-
menus (4.1) maeT ciefyromee BLIpaXeHUeE:

—Vor | Yoo (4.2)
Rco Rc ' )
JTO ypaBHEHHE NPAMOM JUHHHU (CPABHUTE CO CTAHAAPTHBHIM YDABHEHUEM
y = az + b). Ee rpaduk npuseger Ha puc. 4.2. O6paTuTe BHUMaHUE HA TOIKH
IIEPECEYeHNA JUHUK C OCAMU T U Y.

[Ipamas, BoIpaxerHas ypaBHeHUeM (4.2), HaJoXeHHasa Ha IPadUK KOJLIEK-

TOPHBIX KPUBHIX TPAaH3UCTOPA (pUC. 4.3), HA3LIBAETCA HATPY30YHOU JUHUEH.

Ic =



4.1. Ha2pysounas aunus v pabowas mouxa IQED

Ha HArpy3OdYHOM JMHUM MOXHO Ich
OTMETHUTEH OOJACTH OTCEYKH K HACHI-
mwennda. JTH 06macTH 06CyXIarTuch P——
B 1. 3. BcmomuuM, uTOo B 06emx Re
061aCTAX BLIXOAHOM TOK Ic modTm
He 3aBUCHT OT BXOZHOT'O TOKA, UTO

Haknon = -1/R¢
ABIACTCA HEXENATEAbHEIM [ JH-
HeMHBIX cxeMm. Hampmmep, mis ycu-
JUTENsd, MBI CTPEMUMCA K TOYHOMY
BOCIIPOM3BEAEHUIO BXOJZHOIO CHIHA- -
Vee Vee

13, Ha BhIxoAe (TOdUHee, yCHJIEHHOTO
CACHANIA). DTO BO3MOXHO, €CIH TOIb- Puc. 4.2. Hax1on HarpysouHoit IMHMM I TOY-
k0 I MeHAeTCA COrIaCHO BXOAHOMY KM ee mepecedeHud C 0CAMM

curHaay. [losToMy B ycmamTeabHBIX

cxeMax paboTa TPAH3UCTOPA B OOJACTAX OTCEYKYU M HACHIIEHUA 3aIPEIIeHA.
Pa6ogelt TOIKOM MOXeT OHITE JII06asA TOYKA, PACIOJIOXKEHHAA MEX Ay 06IaCTA-
MH OTCEYKY M HACHIMIECHUA.

Puc. 4.3. Cunycoupaus- Ic A
HEle m3MeHeHusa Toka Ic (max)
¥ HaIpsXeHuda Vog BO3ae
TOYKH () Ha HArpy304HOU
JIUHAA

lc(max) | O6nacTb HacbiweHns

60 TIB (MKA)

N[ - 40
- /t N 20 O6nacTb oTceuku
leq

Is=0

T Ve Voe(V)
|

IIpeamonoxum, 9T0 TOUKa () BHIOpaHa KaK pab6odad Touka. ITo 3To 03Ha-
YaeT? JTO 03HAYAET, ITO MBI BLIOpAIN HANPAXEHUE HCTOYHHUKA IOCTOAHHOTO
TOKa ¥ CONPOTHMBIEHUS DPE3UCTOPOB Ha cxeme (cM. puc. 4.1) Tak, 9T0 mpm
OTCYTCTBHM IIEPEMEHHOrO CHATHAJA MOCTOAHHBIM TOK KOMIEKTOpa paBeH Icg
1 mocToauHOe Hampaxenue Vo paBHO Vogg, 3To mokasaHo Ha puc. 4.3. Icg
1 VopQ HAasBIBAIOTCA COOTBETCTBEHHO TOKOM IIOKOS X HAIPXKEHHEM IOKOA.
Korga curman mepeMeHHOro TOKa OZAETCA HA yCAIATENb, KOJLIEKTOPHBIH TOK
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kone6aeTca BOKPYT TOUKH Icg. Tak Kak KOMIEKTOPHBIM TOK MEHAETCS, HAIIPA-
XeHHe KOMLIEKTOD —dMHUTTEP Vop B COOTBETCTBHM C ypaBHeHHEM (4.2) Toxe
MeHAeTCA BOMU3Y TOYKM VopQ. OTH M3MEHEHMA MOKa3aHBI Ha pHC. 4.3.

Tlocxonbky pabodas TOYKA MO PALY HPUYMH MOXET CMECTUTHCA C IEPBO-
HAYAJILHO BHIODAHHOW MO3UINH, MPHU BEIGOpE PaGovIed TOYKU NOMXKHEI OLIThH
COBJIIOIEHEI ONIPEEJIEeHHbIE KpUTEePHH. VI3BeCTHO, 9TO KOWIEKTOPHEIU TOK I,
no ypasaenuaMm (3.11) u (3.12), npusenenubiv B ri. 3, paBeH

Ic = BIp + Blceo,
rae B (Takoit xe, Kak u (4.) — KoadduunuenT nepegadu Toka, Icpo — obpat-
HEIX TOK TPAH3UCTOPA B cXeMe ¢ o6men 6a3omu.

Ecin 6yayT memaTbcs [ (Opu 3aMeHe TPAH3UCTOPA MIM B DPe3yJbTaTe
cTapeHua npubopa HpH HIPOAOIKUTENbHON dKcmiyaTanuu) win Icpo (B co-
OTBETCTBUHM C BBHIIEIPUBEICHHBIM YPABHEHHEM), H3MEHATCA TOK KO/UIEKTOPA
¥ pabodasg TOIKA CMECTHUTCH.

ITpusegem npumep. Ilpegmonoxum, 9TO BEIGPAH TOK KOMIEKTOpa Icg =
= 1 MA npm xomHaTHOM Temmnepartype (25 °C) u obparuwit Tok Icpo =
=1 mxA. ['me oxaxercs pabodas Touka npu Temueparype 75 °C? Becnomuum,
uaro Iopo yasausaercs uHa kaxasie 10 °C, u pu 75 °C Iopo ~ 30 MxA. IlycTs
B = 100 He MeHAeTCA OT TEMIEPATYPHI U BPEMEHH — 3HAYUT, B BHINEIIPUBeE-
neHHOM ypaBsHeHuu wieH $Ip nmocrosnen. [Janee umeem

Alc = B - Algpo = I¢(75 °C) — I¢(25 °C) = 100(30 MxA — 1 MxA) ~
~ 100 x 30 MxA = 3 MA.

CaepoBarensHo, mpu 75 °C Icg = 1+ 3 = 4 MA, 4TO0 yKa3wiBaeT Ha 3Ha-
quTenbHoe cMemenne. OHO MOXET IePeMeCTUTh Pabodylo TOYKy B CTODOHY
obaactu Haceimenus (puc. 4.4, a). [Ipu apyrux ycroBuax Todka () MOXeT cMe-
CTUTLCA B HampabieHuM o6aactu orceuku (puc. 4.4, 6). Ha o6oux pucyHkax
HAbIIOAAIOTCS MCKaXeHua (HOPMBI CUTHANA KOLIEKTODHOI'O TOKA. DTH CHL-
HaJbl TOKA CO34aAyT MCKaXXeHHEIe (ODPMBI HANPAXKEHUA Ha Harpyske. ScHO,
4YT0 B 000MX CIy4YasX CACHAJI HA BHIXOLE yCcuauTelrsa 6yzeT uckaxeH. [losTomy
ObLIO OBl MPABUIHHLIM IPH NPOEKTUPOBAHUY CXEMBI BHIOPATL M IO JEPXKU-
BATh 3HAYEHWA TOKA W HAIDPAXKEHHA TOKOA TJE-TO B CEPEAUHE HATPY30IHOM
auHuu. Bosee TOro, IpU MEHAIOUIUXCA COCTOAHUAX BXOTHOT'O CUT'HAJIA pabodad
TOYKa AOMXKHA OCTaBATHLCA TOALKO B aKTMBHOW obmacTu. Touka () HE mOmX-
Ha CMeWATHCA B 00JACTL HACHIIEHWS WIX OTCEIKU B TEUEHUE BCET'O IEPUOLA
CHUrHAIa. XOTA DTO YCIOBUE AJNA CX€M MAaJOr'0 CHUI'HAJIa MEHee CTDPOroe.

MoXHO Ju M3MEPUTh CTAOWJIBHOCTH cMematomen uenu? [la, ecanm 3HATDH
K03(pPUIUEHT CTAGUILHOCTH CXEMbI, KOTOPBIA MBI PACCMOTPUM HUXE.



4.2. Koagduyuewm cmabuabnocmu IO\ZD

lc
A )
Ic (max) Touka HacbiWweHus 90
80
, :\—\:]— _Z 60 T Ig (MKA)
—— == / 40
fea 20
IB =0 N
N Voe(V)
| i Veea
| |
|
ey 1
c/ .
o ()
Ic (max) O6nacTb HacbleHus :g
60 TlB (MKA)
feo 40
_{ \_ _J_Z&\: i 20 O6nacTb OTCeYKU
—_— —— = ____;__L_ = /5=0
1
1 Ve Voe(V)

Puc. 4.4. o) — pa6oTa BOIM3U TOYKH HACHIIEHUA J2ET UCKAXECHHBIN BBIXOJHOH CHT-
Ham, 6) — pa6oTa BOIM3M TOYKM OTCEYKH JAeT MCKAXKEHHBIN BBIXOIHOM
CHUT'HaJI

4.2. KoadpuumeHT crabunsHocty

Nns onpesenenya CTAGMILHOCTH CXEMBI MOXHO BOCHOJIB30OBATLCA HE3ABUCH-
MOCTBIO 3Ha4YeHMH TOKa M Hampaxenns nokod (Icg u Vogg) or mameneHns
TeMIepaTyps! WIK 0T KodddunuenTa nepesadn Toka J, win ot Vpg (nagenne
Hanpsxenuns Ha nmepexofe 6a3a —amuTTep). KoadpdunmenTs: crabmibaocTH S,
S" u " moxmo 3ammcaTs Kak

S = 3]0/31030, S, = 3[0/3,3, S” = aIc/OVBE.
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CymecTByeT 06Iee IpaBWIO: CXEMBI, CTACHILHEIE IO OZHOMY THITYy OTKJIO-
HeHuA (CkaxeM, 1o ), TakXke MOKA3BIBAIOT CTAOMILHOCTD | II0 APYTMM THIIAM
orkiaoneHuy. [03TOMy ZOCTATOYHO PACCMOTPETH TOJBKO OAMH U3 DTUX TPEX
K03(ppUnUEeHTOB CTAOUIHEHOCTH.

Tax xax

Ic = BIg + Blcao, (4.3)
TO auddepeHnupya 3T0 ypasHerue o Io, mmeem

_ 29I ,0Icpo _ ,0Ip B
V=P51c TP, ~Paricts
NIu ﬂ
Sz—l—ﬁBIB/BIC' (4.4)

Ypasuenne (4.4) gaet xkoaddunmeHT CTAOMILHOCTH Aia cxeMbl ¢ 0. Has
K02 PUIMEHT NEPELAINM TOKA [ TPAH3UCTOPA M 3aBUCUMOCTH BXOZHOL'O TO-
ka I g ot BeXOZHOrO TOKA I [T. €. 3HAvenwe wieHa O1p/0I¢ B ypasHenuu (4.4)],
MOXHO OIEHUTEH K03 PUIMeHT CTAOMILHOCTH CXeMBL. BaXXHO OTMETUTDH, UTO
BXOAHOM TOK MOXET 3aBHCETH OT BLIXOJHOI'O TOKA TOALKO IPHU YCJIOBUU BBE-
JEHUA B CXEMy OTPHIATEILHON OGpaTHOU CBA3M. Takke 3aOMHUTE, 9T0 IeM
6ombire k0addUIEEHT CTAOWILHOCTH, TeM HecTabmwibHee cxema. Hampricmasn
CTa0MIBHOCTD JOCTUrAETCA mpHU S = 1, TeOpeTHYECKN MUHUMAILHOM 3HAYe-
mun S. s Xopomen cTabuibHOCTH KO3dpduuumenT S noaxeH OLITL B JAAa-
3ome ot 1 mo 10.

IIpumep 4.1. Kosddunuent cTabunsHOCTH A1 110607 cxeMel ¢ OO MOXHO HOJLy-
4uTh B 06mem Buge S = B/[1 — B(0Ip/0Ic)]. MokazaTs, 4To Aua cxemsl (puc. 4.5)
€r0 MOXHO BBIPA3UTh KaK
g - B(Be + Rp)

BRg +Rp

Pemenue. IIpuMmeHuB BO BXOZHOM KOHTYPE CXEMBI 3aKOH
+Vge  Kupxroda mia HampskeHwdl, T.e. IPOCYyMMUDPOBAB HAIPIKE-
HUS, TIOJLYy UM

llc Vec = Rplp + Relg + Vg,
Rg

rae Vpg — HampsxeHne mepexona 6a3a—3MUTTED (KOTOPLIA
+ MOXHO IPUHATDL HOCTOAHHBIM) U Ip — TOK 4epes Rg. anee
Ig = I¢ + Ip, cienoBaTenbHO, YPABHEHNE IPUHUMAET BUX:

Vec = Ig(Rp + Rg) + IcRE + VBE.

= NudpdepennupoBanne no I gaer

O0Ip —Rg

O0lp
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TozcTasias 910 cooTHomenue B popmyay S = /(1 — f(01p/0I¢)], monydaem ucko-
MBIl PE3YJIBTAT, & MMEHHO:

S = B(REe + Rp)
- BRg+Rp

4.3. PacyeT cxeM cMeLleHns

PaccMmoTpuM cxeMbl GUKCHPOBAHHOI'O CMEIIEHU.

DUKCUPOBAHHOE CMEWEHUE

Ha puc. 4.6, a msobpaxena cxema ycmmarens ¢ o6umm svurrepoM (09) u mura-
queM OT ABYX GaTapei (AByX MCTOYHHMKOB HOCTOAHHOrO TOKa). Ha puc. 4.6, 6
NpUBENEHA BUIOM3MEHEHHAA CXEMa, Ha KOTOPOW MOKA33aHO TOJBKO MO OHO-
My BHIBOAY OT Kaxjgou GaTapeum. CUMTaeTCA, 9TO BTOPOM BHIBOJ 3a3E€MJEH.
Ha mpakTuke mocTaTodHo oguou 6aTaped, a B IBYX OTAEIbHLIX 6aTapedx HeT
HeobxommmocTu. Takas cxema mokasaHa Ha puc. 4.6, 6. fIcHo, 9TO B TakoM
cry4ae VB B = VCC-

+Vag +Vee
+Vee
Rc Rs Rc
Re
Rg + Rg
F VCE +
Vae £ Vee N ~ T Vee
Vag - — Vee Vee N\ ~
L e
a) 6) 8)

Puc. 4.6. Cxema c O c nuranmem ot aByx 6aTapet (a). Ta xe cxema, HO C OJHMM BBI-
BOZOM OT GaTapein (cuuTaeTcsa, 9TO BTOPOU BHIBOA GaTapem 3asemiueH) (6).
O6brur0 npumenseMas cxema ¢ OO ¢ nuranmeMm OoT ofHOM GaTapeu. 3IeCh
Vee = Vee (e)

1A marmagEOCTM MpMMeEHEHMA 3aKOHa HANpAxXeHWi Kupxroda BXOJHYIO
dacTe cxems! ( puc. 4.6, 8) nmpeacraBuMm Kak Ha puc. 4.7. Umeem
Vec = IpRp + VBE
iy
IB = (VCC — VBE)/RB ~ VCC/RB~ (4.5)
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Tlo cpasrenmio ¢ Voo Vg mano (0,7 B y xpemun- +Vee
eBrIX TpausucTopoB u 0,3 B y repmaHueBnIX), 1 UM
9aCTO MOXHO mpeHe6peds. YpasHenue (4.5) mokaswr-

Re *’c
BaeT, 9YTO TOK (Ga3bl MOCTOAHEH M HE 3aBUCUT OT Io.
Acuo, uro B ypasuennu (4.4) wnen dlg/dIc pasen Rs ;
Hymaio. B pesyasraTe S = 3, a Bemuunna S 06BIYHO i JcE
BE _

6osapmiasg. JTO O3HAYAET, YTO CXEMHI ¢ PMKCHPOBAH-
HBEIM CMEIIEHHEM HMMEIOT ILIOXYI0 CTabMIbHOCTL. TOk
KOJIEKTOPA B TAKOHM CXEME MEHAETCA NpH JI060M
u3MeHeHMH Kak (3, Tak um oGpaTHOro Toka Icpo.
CyMMupOBaHUE HANPAKEHUH KOMIEKTOPHOT'O KOHTY- Puc. 4.7. Bxogsas mems
pa B puc. 4.6, 6 win 4.7 1aeT claeLyolee BEIPAXKEHNE: CXeMbl, 1300paXeHHOH Ha

puc. 4.6, 8
Vee = Vee — IcRe. (4.6)

Ypasrenue (4.6) onpegenser s3asucumocts Vog ot Ip, Tak kax Voo —
nocroaHHO. Ecau Io Mmenserca, Vop ToXe MeHAeTCAa m TOYKA () CMEIIAETCA.
CxeMma MOXeT Ha4aTh PabOTy B pabodel TOYKE, HAXOAAIMIEHCA IOCEpeIuHe
HATPY309YHOM JMHUH, 3 3aKOHIUTL B TOUKE (), CMEIIEHHOM WK K 06JacTH Ha-
CHILEHNs, €CIU TOK KOJIEKTOPA YBEIUIUTCS, WIM K OGJACTH OTCEIKH, €CIn
TOK KOWLIEKTOPa yMeHbIUTCA. VlameHenue TemnepaTypsl Ha 50-60 °C — me-
peaxui caydan. Takxe u3-3a Pa3INMIHBIX JONYCKOB DU U3TOTOBICHUN BO3MO-
xeH pas6poc B ot 50 go 100 % y mpu6opos u3 0gHOU ynakoBKM. B 1ogo6HBIX
CIy4asaxX CXeMBI C (PUKCUPOBAHHEIM CMELIEHUEM HE JAOT YAOBIETBOPUTEILHEIX
XapakTepuCTuK. V mo3ToMy CXeMBI C (PUKCHPOBAHHBIM CMELIEHUEM OUIIOoLAp-
HBIX TPAH3UCTOPOB NOYTH HEe MPUMEHAIOTCA.

Vee

IIpumep 4.2. B cxeme nHa puc. 4.8 Voe = 12 B, R¢ = 800 Om, 8 = 100. Hai-
Tu TpeGyeMoe CONPOTURIEHNE pe3ncTopa Rp, mpu KOTOPOM HANpPsXKEHNEe CMELIEHNA
Ve = 4 B. Vg xpemuaneBoro Tpausucropa pasuo 0,7 B.

Pemenune. CyMMa HaOpsXeHWN HA BHIXOAHOU CTOPOHE

+V
CC Vo(=Veg) = Voo — IcRe
R (Ve — 9T0 HampsaXeHUe Ha KOLIEKTOPE OTHOCATEILHO 3EeMJIH.
Rg € Tak xax B JAHHOM CJIydae SMUTTep 3a3eMieH, To Vo = Vo).
+ Tak xak Rc = 800 Om, Vo = 4 B, u Voo = 12 B, nonyyum
Vee
F
Vee N ~ (Vec —Vo) _ (12B-4B)

- Ic = =10 MA.

Rc ~ 800 Om

= Manee nmeem Ip = %1 = 10 A — 0,1 MA. Cymma Hanpsxe-

Puc. 4.8. Cxema HUI BO BXOJHOU LENHN PaBHA
omonma 6 05 Voo =IsRp + Vs wm Rp = (Voo - Ver)/Ip.
CuenoBatensuo, Rg = (12 B — 0,7 B)/0,1 MA = 113 xOm.
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Ha IIPAKTUKE IIPAMEHAOTCA TPU THIIA CX€M CMEILICHUA:

1. BazoBoe cmemenwne. Hambosee momynsapHOe, Tak KakK OHO BBICOKOCTA-
6mIBHOE.

2. OvmrTepHOe cMemenue. Meer Takyio ke cTabMILHOCTH, Kak @ 6a30-
BO€, HO TpebyeT OTAeNbHOr0 NCTOYHNKA IHTAHUA.

3. ApTomaTm9eckoe cMeweHne (C KOLIEKTOPHOU 06paTHOM CBA3bI0). MeHee
CcTabUILHOE IO CPABHEHMIO C Ga30BHIM W SMUTTEDPHBIM, HO IPHUBIEKA-
TEeAbHOE C TOYKW 3PEHUs IPOCTOTHI CXeMHbI. [lId pealn3anumy CXeMbI
TpebyeTca MEHbIIIE PE3UCTOPOB.

O6¢cyauM OAPOGHO 5TH CXEMBI CMELICHNN.

Bazosoe cmewenue
Ha puc. 4.9 moxasas npuMep 6azoBoro cMmemenns. O6paTure BHIMaHKE HA [10-
NOJMHATENLHBIE pe3ucTop Rp B menm smuTTepa Tpamsmcropa. Hampsaxenwe
Vee cMemaet sMuTTEpHEIR IEpexo/] Yepe3 pe3sucTop Rp B IPAMOM HEIPABIe-
HUH, 3 9epe3 Pe3sucTop Reo — KowekTopHbIR nepexos B 06peTHoM. [Ipumenus
3akoH Kupxrodda k BXOJHOMY KOHTYDPY, IOJSYINM

IgRp + Ve + IgRg = Vce. (4.7)

Teneps, snas, aro Ig =~ Ic, B = I¢/Ip win Ig = Ic/B = Ig/B, ypaBHeHne
(4.7) MOXHO mepenmcaThL CIEAYIOMAM 06Pa3OM: _

(Vec — VBE)
(Re + Rp/B)’

W3 ypasmenus (4.8) scmo, uro, ecim Rg > Rp/p,
MOXHO nosiyanth I (u ciegoBaTensHo I¢) He3aBECUMBIM +Vee
ot . CrenoBaTeNbHO, IO KAKUM Obl IPAYIMHAM HE H3Me-
Hanca (3, >Tm m3MeHeHus GYLyT EMETHh HE3HAYATEILHOE
BIUAHNE H3 BEIUYINHY KOJJIEKTODHOI'O TOKA, T.€. OH CTa-
HOBUTCA CTAaGWILHBIM, TO4Yka Q Toxe crabmibua. IToxa
Rp /B mpene6pexnmo Mano no cpasrenmio ¢ Rp, ypaBHe-
Hue (4.8) coxpamaercsa 10

(Ig/B) -Rp + Vg + IgRg =Voc mmm Ig(=Ic) = (4.8)

(Vec — VBE)
Rg
Ha npaxrtuxe wren Rp/B MOXHO yBepeHHO OTGpO-
curs, ecmn Rp/f < (1/10)RE, wim, pyruMu CIOBaMHu, ;‘g&ﬁ&mi gaé'
ecmm Rg > 10Rp/f. Ypasnenne (4.9) IMPOKO IPEMEHA-  (Ogparure pHmamme
€TCA A pacdeTa TOKA KOJUIEKTOPA. Ha pesuctop Rg B ue-
3anomnure, ecim Rp = 0, To cxema, m3o6paxeHHas U¥ dMUTTEpa
Ha puc. 4.9, BepHeTCA K KpallHe HECTAOUILHOR CXeMe ¢ GUKCHPOBAHHEIM CMe-
InerHuwem (cMm. puc. 4.6, 6).

Ig (= Ic) = . (4.9)
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CrabuibHOCTH B cXeMe 6a30BOT'0 CMENEeH:mA NOCTHUTHYTA BCICICTBUE OT-
puIaTeILHON 06paTHON CBA3M depe3 pesucTop Rp. Ilo xakuMm Gul mpwamHAM
He yBeamuwica I, najeHne Hanpsaxenus Ha Ry yBerudnTcs, a 5T0 yMEHBUIAT
TOK 6a3bl (cM. ypasHeHue (4.7)), yMeHbIIeHEE TOKA 6a3bl BEI30BET yMEHbIIE-
HEE TOKA KOLIEKTODA.

Bonee umpoko npuMenseTcs cxeMa 6a30BOro CMeIlleHus, HA3bIBAEMAad «CMe-
LIeHEE [eIrTeNeM HANPAXKEHUs», KOTOpad moKasaHa Ha puc. 4.10. ATy cxemy
MOXHO Hpeo6pa3oBaTh A MPOCTOTHI AHAIN33 B cxeMy Ha puc. 4.11, npm-
MeHsAA TeopeMmy TeBenmma—[erbmroabua 06 aKTUBHOM [BYXIOJMIOCHHUKE, I'/€
HAIIPAXEHNE SKBUBAJICHTHOI'O MCTOYHEKA VT,

Vi = [—-—-——(Rl n RZ)] Vee. (4.10)

+Vee +Vm +Vee

Rc Rc

R4 é Rm

R Re Re
Puc. 4.10. Cxema cmeweHus Puc. 4.11. IIpeoGpasoBanuas >xBu-
JeIATeNeM HAIDAXKEHUA BaJeHTHaA cxema puc. 4.10. Vrp, u
Rrp — 3JKBUBaJEHTHOE HaIIpAXe-

HVEe U OKBHUBaJEHTHOE COIpOTUBIE-
HIEe COOTBETCTBEHHO
Ry}, paBeH CONPOTHBICHUIO MAPAIEILHO COeAUHEHHBX R u Ry (06bI14HO
3T0 3ammcHBaIOT Tak: Ryp = Ri||Re), T.e.

Ri Ry
(R1+ Ry)
s cxembl Ha puc. 4.11 ypaBueHme g1 Ip, COOTBETCTBYIOIIEE yDPABHEHUIO
(4.8), MOXHO 3ammMCATH TAK:

Rrp = (4.11)

(Vrr —0,7)
Ip=—on——"+- 27 | 4.12
F = (Rg + Rrn/B) (4.12)
Ipu Rg > Rrh/fB, ypasrerne (4.12) ynpomaercsa fo
Vi —
g = Wan = 07) (4.13)
Rg

CxeMa ¢ geamreneM Hampsxkenus (puc. 4.10) mMeeT ABa IpemMyIecTBa
TI0 CPABHEHMIO CO CXeMou Ha puc. 4.9:
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1. Rrp = Rp = R;||R2 MeHbme, yeM R; mim Ry. IapamiensHoe coepmme-
HIe JBYX PE3UCTOPOB AaeT o0liee CONPOTHUBICHUE, IO BEIMIUHE MEHb-
mee, 9€M y JIOGOr0o m3 HuX (3TO CBOMCTBO 9YACTO WCIONL3YETCA TPH
anammse cxeM). CuegoBaTensHo, yciaosue crabuisaoctu (Rg > Rrp/B)
yOOBIETBOPAETCA B 3TOH CXeMe JIydllle.

2. CompoTuBIeHNE NCTOYHUKY OUTAHUA Voo Teneps paBHO R; + Ra, ato
6oablre O CpaBHEHWIO ¢ Rp. OTo yMeHbmaeT HArpy3Ky HA MCTOYHHMK
¥ yBeJIWINBAET BpeMA pabOTHl 6aTaper B 6ATApENHEIX CXEMAX.

IIpumep 4.3. Ouenure NPHOIMKEHHO N TOYHO 3HAYEHUA TOKA KoutekTopa Io
n Hanpskenusa Vo g B cxeme Ha puc. 4.12. IIpunats, yro y Tpausucropa Vpg = 0,7 B
n B = 100.

Pemenue. Ecin nperebpeds MaabM TOKOM 6a3el B cxeme Ha puc. 4.12, To Hampsaxe-
HHe MEeXIy 6a30U U 3eMJed U CONPOTHUBIEHNE RT) MOXHO 3aIMCATH KAK

=285 B = Vgp

[ Ry ] 5 kOm20 B
Vrn = Voo = —F—F+—

R + R> 35 kOMm

# Ry, = Ri||Ry = (2% = 30 KOM x 5 kOM/(30 xOm + 5 kOm) = 4,28 kOm.
Bcnomunu, uto Ig ~ Ic, Torga ypasuenne (4.12) gaer

I (VTh — 0a7) (2a 85 — 0’7) B
5= —

= (Bo+ Ern/Bog) (@ xOm 1 4,28 xOnyi00) ~ V0% MA (Towmo).

llpumenssa 3axona Kupxroda k BLIXOTHOH 30He, HOTy<daeM

Vec = IgRc + IgRE + VoE

Ve = Voo — Ig(Re + Rg) = 20 — 3,15 = 16,85 B (Touno).

Crenosarensro, Tounsie 3navenus Io u Vor — 1,05 MA
1 16,85 B cooTBETCTBEHHO. +20B
10681 mOMyUMTE TPUOIMKEHHEI 3HAYEHNA (KOTO-

PEIe IDUMEHMME! B GOJBIIMHCTBE CIydYaeB), OIMyCTHM
el Rrp, /(3 B Beipaxenun mia Ig. Torga ms ypasae-
Hua (4.13) umeem g
’ 30 kOm
Vrn, —0,7)  (2,85—-0,7) B
Ip = ( Th ) — ) ) =1 A
E Rs 2 %On ,075 MA.
R
Y3 ypasrenns Vog = Voo — I e(Rc + RE) monyyaum: 5 kOm

V(;'E =20B — 1,075 MA X 3 kOMm

Puc. 4.12. Cxema cMenieHns
JequTereM HAIPAXKEHAA

Vor = 16,77 B.
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Urak, npubamxerHoe (C OTOPOIIEHHEIM WIEHOM () U TOYHOe 3Havenus I HaxonsaTcs
B mpegenax 2,5 % u suavenua Vop — 1 %. Ognako, ecan ko>ddunuenT nepenasm
Toka 3 Man mim Rp oYeHs BeNMKO, HOrPEMHOCTL MOXET OHITHL 60JbINe, YeM B pac-
CMaTPUBaEMOM IIPUMEpE.

IIpumep 4.4. Ouernute B cxeme Ha puc. 4.13 conpoTusnenne peaucropa Ro, Tpeby-
eMoe I YCTAHOBKHU HAIPAXEHUA KOWIeKTop —omurTep Vor = 4,5 B. Kosddunment
B xpemumeBoro Tpausucropa paser 200, Vgg = 0,7 B.

Pemenne. BuuncainM Hanpsxenue Mex a1y semued u 6a3oi (To xe, 9TO U HaIeHAE
HanpsxkeHus Ha pesucrope 3 kKOm)

3 kOm
= B =3B
Vrn (6 xOm + 3 KOM)] x9 3
! (Von —Veg) (3B —0,7 B)
_ (Vrn = VBE) _ =0, _
Ie = RE T 23kOMm 1mA.

CyMMa, HaIpsXKEHUI HA BLIXOHOM CTODPOHE PaBHA,
IgRc + Vor + IgRE = Voo

nIn
1MA x Ro+4,5B+1uMA x2,3x0m =9 B.

Tlonyvaem Re = 2,2 kOm.

+ VCC

RS Re

Rz Re

Puc. 4.13. Puc. 4.14.

ITpumep 4.5. Beuucaurs comporusieHue pesuctopa Rp B cxeme Ha puc. 4.14
HeobxomuMmoe, 4T06kl ycTaHoBUTL Vor = 3,0 B. Buruucauts Tok KomiekTopa. Voo =
=10B, Rc =2 xkOm, Ry = R; =5 xOwMm, 8 =100 u Vgg = 0,7 B.

Pewmenne. [lagenne Hanpskenus ua pesucrope Ry(= Vrp)

_ Ry _ 5 xOm .
Va2 = [R1 +R2] Voo = [5 xkOMm + 5 KOM] 10B=58.
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W3 ypasuerus (4.13) moxygaem

_ (Vpr—=0,)B _(5-0,7) 43B
B Rg ~ Rg ~ Rg’

[pumenuB 3akoH Knpxroga k KOLIEKTOPHOR IeNH, UMeeM

Ig

Ig-2kOM+3B+IgRg=10B wm (2xOm+ Rg)lg =7B.

[logcraBuB B 310 ypasHenue Bmecto Ig — Ig = 4,3 B/RE, Haxogum TpeGyemoe
smadenve Rg: Rp = 3,2 kOMm, u tak kak Ig = 4,3 B/Rp, nonyanm Io(= Ig) =
=143 mMA.

IToanas memodura pacuema cremvl CMEUEHUA

¢ deaumenem HANPANCEHUA
3ajgaga — [aa mo60# cxeMsl ¢ o6muM smuTTepoM (Hampumep 4.10 mim 4.14)
pPacCYUTATH BCE CONMPOTHUBIEHNA pe3ucTopoB R, Ry, Rc m Rg.

Cragasa Ha CEMEUCTBE KOJUIEKTODHEIX XaPAKTEPUCTUAK TPAH3UCTOPA, BBI-
6pas moaxoAamue BeMAIMHEL Voo ¥ I¢(mag), HAPACYeM HATPY30THYIO JUHUIO
1 BeIGEpEM Ijle-TO HA CepeAVHE XaPAKTEPUCTHK paboduyo Touky (). Ompene-
auM o rpacduky sHaderns Icg u Vogg (puc. 4.15).

Puc. 4.15. Harpyso4naa JmHusA Ic
TI0 TOCTOAHHOMY TOKY Ha CEMEUCT-
BE KOLIEKTOPHBIX XapaKTePUCTHK [
Tpamsucropa. SHasenua Icq, Vorg,
4 Ig(mag) ONPEAENAIOTCA U3 I'Da-
duxka, TIB (MKA)
log | fr==8
|
|
N\
1 AN >
Veea Vee Vee(V)

3atem mmeeM Ig(maz) = Voco/Rc. Onpenenus m3 rpaduka puc. (4.15)
16(mag), MOXem monyImTE conmpoTmBieHme pesucropa Re(= Vee/ Ic(maz))-

Ecin BrrxogHbIX XapaKTEPUCTHK TPAH3UCTODA B HAIIEM DPACIODPAXKEHAN
HE OKaXeTCsd, TOrZa MOXHO B3AThH IapaMeTPhl pabodel TOUKH

Icq = (1/2)I0(ma:c) n Vepg = (1/2)Vcc.
ITOT KpUTepuil BaXeH W 9aCTO IPAMEHAETCA Ha IMPAKTHKe. 3aKOH Kmpx-
Todba s BEIXOLHOM Ienm cxeMsl 4.14:

Vee = IcRe + Veog + IgRE. (4.14)
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Tak xak Ig =~ I¢c = Icq, B ypasHerun (4.14) Bce mapameTpsl, kpome Rg,
M3BECTHBI, TO MOXHO BHIYHCIUTHL Rp. Anamorwuno, ypaBrenwe (4.12) mocie
OTOGPACHIBAHUA HE3HAUMTEILHOR Apobu Rrp /S mMeeT Buj

g = Vrn =07 (4.15)
Rg
W3 ypasuenns (4.15) maxoaum Vry, (ocTaabHbIE TapaMeTpPhl U3BECTHHI).

B cooTseTcTBuE ¢ ypasuenma (4.10)

Vrn = [(R1 +R2)] Vee.

Ects gBa BapmanTa BHIGODA CONPOTHMBICHAN Pe3uCTOPOB R m Rs.

Bapuanm 1. BeibpaTh COnpoTuBIeHTE OJHOIO U3 Pe3NCTOPOB, R mmm Ra,
paBubIM 3 kKOM, 10 kOM mwim 20 xkOM, a COIPOTHBIEHNE APYTOr0 BHIYUCIATH
u3 ypasrerns (4.10).

Bapuanwm 2. IlpuMmennTs KOHIenumio crabmisHOCTH. KoaddummenT cra-
6mibHOCTH Aus cxeMbI 4.11 MOXHO BBIPa3UTh KaK

_ B(Rg+ Rryp)
5= BRs + Rn) (4.16)

(mpomcxox nenve ypasrenus (4.16) cMm. B mpumepe 4.1).
Honyctum, nas npuMepa, S = 10, Rg u [ yXe U3BeCTHBL, U3 yPaBHEHUA
(4.16) Berumcaserca Rrp. BemomummM, uTo

Rrh = RiRy/(R1 + Ry), (4)
a m3 ypasrerusa (4.10)
Vra Ry
= . B
Vee Ri+ Ry (B)

W3 cucrems! aByx ypasHenmit (A) u (B) HaxoguMm HemsBecTHbIE R m Ro.

dmummeproe cmewerue

IIpu HaIM9IAH B CXeMe ABYX OTAEILHBEIX NCTOYHUKOB IIOCTOAHHOTO TOKA, 06ec-
MEeYABAOMIAX MONOXUTEIHLHOE U OTPUIATEILHOE HAIPAKEHNE 110 OTHOMICHUIO
K 3eMJle, IMIPOKO IPUMEHAETCA APYras CXeMa cMelieHumsa. Bo MHOrmx omepa-
maonHbIX ycmimreasx (OY, Hanpumep, 741 cepuu) um APYrux COBPEMEHHBIX
CXeMaxX HMCIOIb3YeTCA BMUTTEPHOE cMemmeHume. [I0 XapaKTepUCTUKAM 3MUT-
TEpPHOE CMEILIEHWE HE YCTYmAaeT CXeMe C [JeInTeNeM HanpaxeHwus. basosad
CXeMa, SMATTEPHOr0 CMelleHus npuBeaeHa Ha puc. 4.16. Yepes pesuctop Rg
WMCTOYHUK OTPHUIATEIHLHOrO HAPAXeHus VEp CMeIaeT SMATTEPHBIA TEPEXO]
B IPAMOM HampasieHnu. KO/LIeKTOPHEIN ePeX0] CMEIAETCA 0OPATHO UCTOY-
HAKOM TIOJIOXUTENLHOrO Hanpsaxedns Voc. HanpsaxeHuwsa uCTOYHMKOB 9acTO
VEE u Voo paBHBI IO BeqmyuHE, XOTA 3TO U HE CYIIECTBEHHO.
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CyMMa. HaIIPAXeHUI BO BXOAHOM menn (6a3a — 5MUTTEp): +Vee
IgRp + Vg + IgRg = VgE. (4.17)

Hockonvky Ip = I¢/B ~ Ig/B u Vg = 0,7 B, ypas-
menme (4.17) mprmoGpeTraer Buz:
7. — VEE—0.7)
E=— T = T,.-
(Re + Rp/B)
[na crabmisHOCTH paboduen Touku [g (caegoBa-
TenbHO,  Ic) JOMXKEH OCTaBATHCA HEH3MEHHBIM BO
BCeM [UANAa30HE M3MEHEHHH KO3(DPUIMEHTa mePesadn ~Vee
Toka 3. CienoBaTenbHO, 4A CTAOWILHOCTH TpebyeTca Puc. 4.16. Cxena svut-
(cm. ypasuenme (4.18)) TEPHOTO CMeNIeH:sA
Rg > Rp/B.

Hpa.KTIZ[‘-IeCKOG IIpaBUJIO — XOpouiad CTaOUIBLHOCTHL UMEeT MeCTO opu
20
Rg ~ (F) -Rp. (4.19)

Wraxk, eciu caenars wieH Rp/f npeHe6pexumo MaibiM, ypasaenue (4.18)
IpUMET BHJ:

(4.18)

Vg —0,7
=%

O6a snavenns — Ig(=~ I¢) n Vop — Ha BbIOpaHHOM PAaGOYed TOYKE MO-
TYT GBITH MOMYYeHBI W3 BEMXHHHBI I (mag), PACCMOTDEHHOTO B TPEBLIIYIeM
pasgene; T.e. Icq = (1/2)Ic(mez) & Verq = (1/2)Veo, tae Ic(maz) 1 Voo
0epyTca m3 TeXHWIECKMX XAPAKTEPUCTHK TPAHIHCTOpa. pyrom cmoco6 —
B3ATH uX m3 rpacdumkoB, N0L06HBIX m300paxeHHBIM Ha puc. 4.15. R MOXHO
PaccumTaTs n3 ypasuenus (4.20), a Rp — u3 ypasuenns (4.19). ConpoTusie-
Hue Ro monyumm m3 ypaBHeHus (4.22) (gaHo Huxe).

CyMMa, HanpsAXeHnN Ha BBIXOJHOW memm cxeMbl 4.16:

—Vec + IcRc + Veg + IgRg — Vg = 0. (4.21)

Teneps, Vgg ~ IgRg (oT6pocms manoe mampsxenme 0,7 B m3 ypasmerma
(4.20)), Torga ypasuenue (4.21) mpumeT Buj

Vee(= Veeq) = Vee — IcRe. (4.22)

TaaKI/IM 06p330M MOXHO BBIYUCJINTHL HOMHMHAJBI BCEX KOMIIOHEHTOB CXEMBI HA
puc. 4.16.

Ip (4.20)

Hpnmep 4.6. B cxeme ¢ smuTTepHEIM cMemenveM (puc. 4.17) Voo = 25BuVgg =
= —20 B. Kakoe 10mXxHO 6EITH COIPOTHBIEHNE pe3ncTopa Rc, 4TOOLI yCTaHOBUTH
Vor mpuMepHO paBHEIM 8 B? Vg MOXHO npene6peds.
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+25B Pemenne. Or6pocus Manoe Hanpsikenve Vpg, U3 ypaBHEHUS
(4.20) mony9nM TOK KOLIEKTODA:
Re
+ Ig(=1Ic) = Ver —Vee _ 20B _ 14 0
v Rg 2 kOMm
'ce
- OTO HPOCTOE ypAaBHEHWE. B3rifHNTE HA HOTEHLIUAIEL IBYX
10 KOMm 2¢Oy KOHIIOB De3NCTOpa Rp. 3ech 3HAK HANDSAXKEHUs HE MMEET
L 3HAaUeHMs, OH OIpejelseT TOJALKO HampasieHue Toka. Ha og-
- _20B HOM KoHIe Rp HanpsxeHue paBHO VEg, HA ApDYrOM KOHIE —
VeE =~ 0. 3akor OMa [is y9aCTKa LEIM OmpeeseT CAILy TO-
Puc. 4.17. ka uepes pesucrop: Ig = Vgg/Rp = 20 B/2 xOM = 10 MA.

Teneps, Rolc + Vor = Voo, wmm

_Voc—Veg _25B-8B
- Ig - 10 MA

R¢ =1,7 kOm.

IIpumep 4.7. B cxeme Ha puc. 4.17 Tpansucrop ¢ # = 100 6bu1 3aMeHeH TPaH3R-
cropom ¢ 3 = 180. Ha CKOIBKO CMECTUINCHL KOOPAUHATE paboden Touku? CupenanTe
BeBOAEL. [lpunate Ro = 1,7 kOm.
Pemenne. Koopaunatar pabodenn Touku — 910 I u Vog. Us ypasuenus (4.18)
"axoaum Io:

VEE

Io=——"7"7-——.
¢ RE-(—RB/,B

IIpu § = 100 umeem

_ 20 B
" 2 xOwm + 10 kOm/100

Iot =20 B/2,1 xOm = 9,52 MA.

[na Tpamsucropa ¢ § = 180

20B

Ios = 2 %Om + 10 €Ow/180 =20 B/2,05 kOm = 9,75 MA.

Taxum 06pa3oM, U3MEHEHNE KOLIEKTOPHOT'O TOKa, paBHO Io = Igs — Ig; = 0,23 MA,
49T0 cocTaBiAeT ~ 2,5 %. Bexoa: cxema MMeeT BEICOKYIO CTaOWILHOCTD.
AnHanoruYHo NOACYMTAEM A ABYX Ciy4aeB Vop, UCHOAL3YsA COOTHOILIEHUE

Vee = Voo — IgRg.
Tonyunm

Vori=25B —9,52 MA -1,7kOm = 8,82 B

Vors =25 B — 9,75 MA - 1,7 xOum = 8,42 B.

Crenosarensro, nusmenenne Vog Menpme 5 %. Tax xak uamenerns Ig u Vop Malbl,
CXeMy MOXHO CYATAThL yCTONYMBOU.



4.8. Pacuem cxem cmewenus | |\9)

CTema CMEWEHUA C KOALEKMOPHOT 00PaAMHOT C6A3bI0
(CxeMa CMEIIEHNsA C KOLIEKTOPHOR OODATHON CBA3LIO HE TaK yCTOMYMBA, KAK
cxeMBbI C GA30BLIM WM SMUTTEDHBIM CMEIIEHHWEM, HO 00€CIeYmBaeT IpUeM-
neMyi0 cTabmibHOCTh. CxeMa mpocTa, TpebyeT Malo Pe3HCTOPOB — H 3TO
CBOMCTBO ABJAETCSA MPUBJIEKATEIBHBIM [IJIA KOHCTPYHMPOBAHUSA GOJIBIIOT0 IACIA
cxeM, T'/lé YCTOHYMBOCTD He ABIAETCA MMIABHBIM (paxTopoM. Cxema ¢ KOJLIeK-
TOpHOU OGPATHOM CBA3BIO MIXPOKO IPUMEHAETCA B JOTHIECKHAX CXEMAX.
dTa cxema ma3obpaxena Ha puc. 4.18. Ogmu KoHely

6a30BOTO PE3MCTOPA COETWHEH C 6a30# TPAH3UCTOPA, A +Vee
ApPYTOif — He C HCTOYHUKOM IATAHMSA, & C KOJLIEKTOPOM
(obpaTWTe BHEMAHWE Ha 3Ty PA3HUILY IO CPABHEHHIO CO Ae Rez|lc

cxeMou ¢ GUKCHPOBAHHBIM CMemeHueM). Takoe coenm-
HEHUe 3HAYUTENLHO YIyIliaeT XaPAK TEPACTUKHA CXEMBL s l
Ha cxeme (puc. 4.18) BuguMm, 9TO He GUKCHPOBAH-
HO€ HampsxeHwe Voo, Kak 3T0 GBLIO B CIydae ¢ Guk-
CHPOBAHHBIM CMeEIeHNEM, 3 HAIPAXEHWE KOJIEKTODA
Vo mocrymaer Ha 6a3y depes pesmcrop Rp. B gem- =
CTBUTEILHOCTH, TAKUM CIIOCOG0OM B CXeMY BBOAUTCA Pyc. 4.18. Cxemsa c OD
o6paTHAA CBA3b, MIOMOT'AIOMIAA CHU3UTL BIUAHAE M3Me- CO CMEMEHMEM KOIICK-
Henus KO3 pUIMEHTA Tlepe[auy TOKa, Ha pabotylo TouKy. TOPHOH OGpaTHOH cBa-
CyMMa HaIpsXeHUN B KOJUIEKTODHOU IeNn 30

Vec = IcRec + Ve wnmm Ve =Vee — IcRc. (4.23)

Ecin Ic ysenmumrcs (mo npmumee, HampuMmep yBeamdeHus (3; B JEUCTBH-
TeNPHOCTH IPUYIWHA W3MEHEHHA HeCyLUIeCTBEHHA), HAIpsXeHWe Vi COrIacHO
ypaBrermio (4.24) ywmenbmaerca. Crmxenume Vo, B CBOIO OdYepefb, IpuBe-
JeT X ymenbuienmto Ip, 9T0 ocTanoBuT pocT Io. TakuMm 06paszoM gocTUraeTcs
YCTOMYMBOCTH CXeMbl. YBenamdenwe [o (w3-332 m3MeHeHWMA [ wid [0 APYIEM
IpAYMHAM) U3MeHeHneM Ip KOMIEHCHPYETCS TOJBKO YaCTHYIHO, YTO JEJIAeT
CXeMy yCTOMYMBOM B CPEJHEN CTENCHH.

BriBenem BhIpaxeHme IS TOKa KOLIEKTOPA TPaH3EHCTOPa B cxeme 4.18.
Cymma mampsxeHuit B cxeme:

Vo = Rplg + VBg.
Ho Ip = I/, Torga a0 ypaBHEHREe IPHOGPETAET BUA:
Ve = (Ic/B)Rp + VBE. (4.24)

[locne npmpapumBas ypaaennit (4.23) u (4.24) m COOTBETCTBYIOmMEX Ipe-
06pa3oBanmit MOLY9IMM CJeAYIOIee COOTHONIEHNE:

Ve

Vee — V;
= Yoc —VeE (4.25)
Rc + Rp / ,3
Omo mpumenserca [JIA PAcIeTa KOJIEKTOPHOI'O TOKA.



@0 Taasa 4. IIpoexmuposanue U GHAAU3 CTEM HA NOCMOARHOM MOKE

IIpocmvie coomuowenus 0aa PACYEMA CMEUEHUA
¢ KoateKmoproti 06pammoti cea3vio
CyiecTByIOT IPOCTHIE COOTHOIEHNA A BEIOOPa PE3UCTOPOB, YTOGH TPAH-
3UCTOP B CXe€Me CMEIIEeHNA ¢ KOLIEKTOPHON OGPATHOHM CBA3BLIO PaboTal B Ce-
pexuHe paboyunX XapaKTEPUCTHK.
BcmomuauM, 9TO TOUKA HEpecedeHns Harpy309HOU JUHUK II0 IIOCTOSHHOMY
TOKY C OCbIO OpAZHAT (CM. puC. 4.2) XapakTepusyeTcs

IC(ma.x) = @
Rc
[TpmemieMbIi TOK KOJLIEKTOPA AOJKEH GHITH PaBeH I (mag) /2, 91068 3a¢puK-
CupOoBaTh PabOYyI0 TOUKY IPHMEDPHO IOCEPEANHE AKTUBHOM 061aCTH (TaKOU
moaxoj Toxe 6bul paHee o60cHOBaH). Torga

1 Vee ‘
IC = EIC(max) = % (4.26)
OT6pocus manoe Hanpsaxernune Vpg(~ 0,7 B) B ypaBuenun (4.25) u npupasHss
ero x ypasrenuio (4.26), morydaem

Rp =8 Re¢. (4.27)

[pyramn cioBamm, ecan BeIOpaTh Rp B [ pa3 GoasmmM, 9eM R¢, TO B cxeme
CMeIIeHuA C KOJLIEKTOPHOR 00paTHO# cBasbio rapantupyerca Ic = (1/2)I¢(mag)
H, CIE0BATEILHO, HAleXXKHAA paboTa B cepequHe AKTUBHOM 06IaCTH. JTO BaX-
HO€ COOTHOIIEHHE MIXPOKO WUCIONL3YETCA B IMPOMEINLIEHHOCTA. PaccMoTpum
A IpuMepa. cxemy Ha puc. 4.19, a. ITockoapky 8 = 80 m Re = 5 xOm, co-
nporusieHne pesucTopa Rp = 80 x 5 xOm = 400 xOm rapaaTupyeT paGoTy
cxeMHI B cpegHen Touke. CxeMa, ¢ COOTBETCTBYIOIIUMHA PE3UCTOPAME H306pa-
xeHa Ha pumc. 4.19, 6.

a) +10B 6) +10B +15B
% 5 kKOm % 5 kOm % 1,5 kOm
Rg Rg 150 kOm
400 kOMm N
p=80 Vee= Ve
Puc. 4.19. Puc. 4.20.

IIpumep 4.8. B cxeme co cMemenneM KOLIEKTOPHON 06paTHOM cBA3bio (puc. 4.20)
nauntu Ic u Vog. llpunars, 4To koadduimenT nepeaadn Toka § = 100.



4.3. Pacuem czem cmewenus IZ\I\)

Pemenne. CyMMa HaIpAXKEHAN Ha, BXOJE
Vo =IgRp + VBg.
CyMMa HaIpAXKEHWH B BEIXOSHOH IIEIH
Vo = Vee — IcRc.
IIpupaBHUBaeM IpaBHIE YaCTH U, YUYUTHBaA, 4T0 Ip = Ic /3, MOXHO 3amucaTs:

I = Veec — VBE
Rc + Rp/B’

HO,L'[CT&BM}I [AAHHBIC 3HAYCHUA, IIOJIYIaeM

_ 1507 B _143B
"~ 15 kOMm + 150 kOm/100 ~ 3 kOm

Ic = 4,76 B.

Ucnons3yem sTo 3Hadenue I B ypaBuenuu Vo = Voo — Io Ro u nonyunm
Vep(= Vo) =15—4,76 MA - 1,5 xOm = 7,86 B.

CaegosaTensHo, Ic = 4,76 MA u Vog = 7,86 B.
MoxH0 0606HATh PACCMOTPEHHBIE CXEMBI CMEIICHUA:

— Cxema PpUKCHPOBAHHOTO CMEIIEHUA IPOCTa, HO HEAOCTATOIHO CTAOMIb-
ga. [Ipu m3Menenun TemmepaTypel miu [ pabodas TOIKA CMEIAETCA.
B ycTponcTBax Ha GUIONADHBIX TPAH3UCTOPAX HE PACIPOCTDAHEHA.

— CxeMa CMEMIEHUA C JEIUTEIEM HANPAXEHUS NEMOHCTPHUDPYET XOPOIIyIO
CTabMIBHOCTD U 9aCTO IPUMEHAETCA B YCHINTEAAX OOIEr0 HASHAYCHUA
¥ IPYTHX JUHENHBIX U TUQPPOBLIX CXEMAX, XOTA €€ Pealn3anus Tpedyer
60aBIIOT0 YKCIa PE3UCTOPOB.

— CxeMa SMHUTTEDHOrO CMEINEHWA MOKA3BIBAET XOPOIIYI0 YCTOUYMBOCTH
pU U3MEHEHUW OKDPYXAIWOIIEN TEMNEpaTypHl u Koaddummenta 3, HO
TpeGyeT AByX UCTOYHMKOB NUTAHUA. JTA CXEMA LIMPOKO NPUMEHIETCI
TIpY HATAINN PA3JeJbHBIX NCTOYHUKOB MTUTAHUA.

~ Cxema cMemeHNs ¢ KOMIEKTODHON 06PATHOM CBA3BIO MMEET IPUEMIEMYIO
ycTon4mBOCThL padodenn Touku. IIpocToTa CXeMBI U MOTPEGHOCTH B HE-
60IBIIOM YUCIE PE3UCTOPOB JEIAET €€ MOMYIAPHOR B TAPPOBLIX CXEMAX
7 B TeX JMHENHBIX CXEMaX, Tie BOIPOC CTA0WILHOCTY He SBIAETCA INIABHBIM.
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4.4. CMelueHne p-n-p-TpaH3UCTOPOB
(ocobeHHo Npu UCNONbL30BaHUN OJHOBPEMEHHO
C M~P-N-TPaH3UCTOPaMM)

P-N-P-TPAH3UCTOPHI KOMIUIEMEHTAPHBL N-P-N-TPAH3UCTOPAM, T.€. UX HAIpf-
XKEHUs ¥ TOKY HAITPaBJIEeHH MPOTUBONOI0XHO. Hanpumep, Ha puc. 4.21, o npex-
CTABJIEHA CXEMa, CO CMEIIEHNEM KOLIEKTOPHOR OOPATHOMN CBA3BIO HA P-Ti-P-TPAH-
sucrope. B aToit cxeme, 94TOGHI CMECTUTH NEPEXOX KOLIEKTOD —3MUTTED
B 00paTHOM HampaBieHUH, TPEOYEeTCA OTPUIATEILHOE HAIIPAKEHNE HA KOJLIEK-
Tope. He umeeT 3madenns, Kakou MOMIOC KCTOYHUKA TUTAHNUA IPOBECTH IO JIH-
gnu Voo, €CIU B CUCTEME IPUMEHEHBI TOMBKO 7i-P-Ti- WIKM TOABLKO P-T-p-TPaH-
aucTopsl. Ho 9acTo B 0ZHOM cxeme MPHMEHAIOTCA 003 THUIA TPAH3UCTODOB.
Ha sToT caygyay npuBefeM HECKOILKO IPOCTHIX MOJE3HHIX COBETOB.

Cxemy Ha pumc. 4.21, a MOXHO HEpepHCOBaTb, Kak Ha puc. 4.21, 6, ecim
OTPUIATENbHEIN BHIBOJ MCTOYHWKA NMHTAHUA COEIMHUTHL ¢ 3emied. U 3arem
MOXHO OPMEHTHDOBATH CXEMY TaK, KaK TMOKa3aHO Ha puc. 4.21, 6.

IlepeBopaunBanme CXEMEBI O9€HD TIOJE3HO U 3HAYMTEILHO 00JEr4aeT coenu-
HEHUA, €CJIU B OAHON CXEME MPUMEHAIOTCA TPAH3UCTOPHI PA3INIHON IIPOBOIH-
moctu. Ilogo6Has cxema mpuBegeHa Ha puc. 4.22.

+
—Vee Vee

Rc Rg
Rg Rs

e +Vee —L
a) 6) B)

Puc. 4.21. CxemMa Ha p-n-p-TPAH3UCTOPE CO CMEIIEHWEM KOLIEKTOPHOHM O06paTHOU
CBA3BIO (a); Ta Xe CXeMa C M3MEHEHHOH TOYKOM 3a3emiueHua (6); mepeso-
paduBaHUe CxeMbl 00JerYuT NpeCcTaBlIeHue Ha PUCYHKE MHOI'OKACKa HOU
cxeMmsl (6)

IIpumep 4.9. Ha puc. 4.23 nokazana cxeMa JBYXKaCKaJHOTO YCATATENs. BHI-
uucanth 3Hadenun Ic n Vog xaxpgoro Tpassucropa. punars Voo = 10 B, Vg
Kaxjoro Tpausucropa 0,7 B.

Pemenue. Tak kak KOHIEHCATOP U30AMPYET KACKAILI MEX Y COGOH MO MOCTOAHHOMY
TOKY (OKa3hBas GECKOHEYHOE CONPOTHUBICHWE Ha HYJAEBOH 9acTOTE — T.e. Ha IO-
CTOAHHOM TOKE), TO MO IOCTOAHHOMY TOKY KaCKaJbl MHOIOKACKATHOT'O YCUTATENA
¢ RC-cBazaMu MOXHO aHAIM3UPOBATH 10 OTAEILHOCTH.



4.4. Cmewenue p-n-p-mpan3ucmopos |£3)>

Puc. 4.22. MuorokackagHaa cxeMma +Veo
Ha N-p-N- K P-N-p-TPAHIUCTOPAX

%Fh Rs 234

=R, Ra F’s? Rc

1-1 xacxad: llagenne Hanpsxenus Ha pesuctope 5 kOm paBHO:

5 kOm

= 0 xOm+ 50w 0B=2B

Vsk

Hanee
Ig(~ Ic) = (Vs — 0,7 B)/2 xOm = 1,3/2 xOm = 0,65 MA.

CyMMa, HaNpAXEHUN B BHIXOTHOK LIEIN

Ver = Voo — Io (3 xOm + 2 kOm) = (10 — 3,25) = 6,75 B.

+Vee

Puc. 4.23.

2-1 xacxad: Magenve Hanpsxenus Ha pesucrope 10 kOM paBHO

10 xOm
Viok = 10 kOm + 10 kOM 10B = 5B.
Hanee
_ V'lOk - 0a7 B _
IE(~ IC) = 3 KOM = 1,43 MA
u

Vo = Voe—Iox(Ro+RE) = 10B — 1,43 MA x (1 kOm + 3 xOm) = Vop = 4,28 B.
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Czemvt ¢ obweti 6a30t (OB) u obuwum xoasexmopom (OK)
B magamre 6610 yIOMAHYTO, 9TO cXeMHI ¢ 06mumM smuTTepoM (0D) mpumens-
10TCA Hanbojee MUPOKO, ¥ IO3TOMY BCE CXEMBI CMEIEHUA OBLTH PACCMOTDEHH
ona cxeM ¢ 0. OTu ke MEeTOILI MOXHO JIErKO IPUMEHUTh U K cxemaM ¢ OB
u OK. OgHako HaO OTMETUTD, ITO CXeMA C 00IIer 62301 IPUMEHAETCA PETKO.
A cxema 5MUTTEpPHOr0 MOBTOPUTENA (B KOTODOM CHTHAJ IEPEMEHHOTO TOKa
CHHMAETCA C 3MATTEPA) [0 CMENICHUIO Ha, MOCTOAHHOM TOKE MACHTUIHA CXEMe

c 09.

4.5. CxeMa c obuieit 6ason

Cxema ycmnuTens ¢ obumein 6a301, B KOTODOH SMUTTEPHHN TOK [p ABIfeTCH
BXOJHBIM TOKOM, IOKa3aHa Ha puc. 4.24. Ucrounuk VEg cMmemaeTr sMuTTep-
HHIA TIepexo] IpaMo, Voo — KOJUIEKTOPHBIX Hepexo] o6paTao. OTMeTnM, 9To
B oramune oT cxeMm ¢ 0D u OK, B KOTOPBIX MOXHO Ha 0063 IEPEX0Ja MOAATh
HAIpAXEHNE ¢ OJHOr0 UCTOIHHKA, cxeMa, ¢ OB TpebyeT aBa MCTOIHMKA.

~Vee +Vee
Re Rc
Vln Vout
—i | e
Vee + - Ves
Puc. 4.24. Cxema ¢ obmeit 6a3oh Puc. 4.25. Yemmrens ¢ o6uieit 6a30i
CyMMa HampsAxeHUH B menu 6a3a — 3MUTTED
~Veg+ Ve + IgRg =0
Vi Vi
EE — VBE
Ip = —————. (4.28)
Rg

[lna XpeMHMEBOI'0 TPAH3UCTOPA C MAJEHUEM HANPIKEHWUA B IEPEXOJE SMHT-
Tep—6asa Vpg = 0,7 B moxygaem

Veg — 0,7
Igp=——.
Rg
CyMMa HaImpsXeHUH! B IENHN KOWIEKTOPa ¢ yieToM [g = Ic paBHa
—Vec+ IcRec+Vep =0 wmm Vep =Vee — IcRe.
Hampsxenue 06paTHOTO CMENIEHUA HA KOMIEKTOPHOM NEPEXOAE

Ve = Vee — IERc. (4.30)

(4.29)



4.6. 3axaouenue I@

Ypasuenna (4.29) u (4.30) MOXHO MCHIONB30BATH [ANA AHATH3A M PACcIeTa ycu-
gurers ¢ OB.

IIpumep 4.10. Onpenemre Touky cmemenusa ycwmrensi ¢ OB no cxeme na puc. 4.25,
B KOTOPOM IIPUMEHEH KpeMHueBblil Tpausuctop. Vg = —5 B, Voo = +10 B, Rg =
=4,3xk0Om u Rc = 6 xOm.

Pemenne. lpuvenss ypasuenue (4.29), noxyunm
_Veg—-07 5B-07B  43B
- Rg T 43kOMm ~ 4,3 kOm
[Ipumenus ypasrenue (4.30), umeem

Vep = Voo —IgRc =10 B—0,1 x 1072 x 6 x 10® = Vopg = 4 B.

Ig =1MA u Igwlc=Icg.

KoopauHaTh TOYKM CMeIeHNA

Icg=1MA mn Vgpg=4B.

4.6. 3aknmoueHune

Tok xonnekTOpa GUNOAAPHOrO TPAH3UCTOPA UI'DAET BAXHYIO POIb, U AJA aHA-
Jm3a cXeMbl TpeGyeTca 3HATH €ro BeIwduHy. B GONbIINHCTBE IPAKTHYECKUX
crydaeB, I¢ = Ig, moTromy 4T0 TOK 6a3bl Ip OGBIYHO BO MHOTO Da3 MEHb-
le, 9eM TOK SMWUTTEPA WIN KONIEKTODa. Ip Mo BeqwdmHe OOLIYHO HE MeHee
9eM Ha JBa MOPAAKA HUXe, 9eM [¢. Boablime IOILyCKH COMPOTUBICHUA DE3N-
CTOpPOB ¥ JPYT'UX IEMEHTOB, IPUMEHAEMBIX B CXEMaX, TAKXKe II0JTBEPXK JAI0T
pasercTBo I¢o = Ig. Ilo TeM Xe mpuwumHaM Majoe Hanpsxesue Vpp MOXHO
HEe yYNTHIBATH B BEHIDAXEHWAX, JAHHBIX B 3TOU IJIABE.

Bruto pacemorpeno 3madenme mpaBmibHOrO BEI60pa pabodent TOYKH (TOY-
ki Q), 0TMedeHO, 9TO HOMYIPOBOIHUKYE MMEIOT HECKOIbKO IIApPAMETPOB, TyB-
CTBUTENBHBIX K TeMmuepaType. MeoTca 6oabinme OTKIOHEHHA B aPaMeTPax
IpEGOPOB OAHOTO ¥ TOTO Xe TuHa. Ha NpakThKe IpOM3BOAUTENN YKA3HIBAIOT
WM nuana3oH, B KOTOPHIU yKIAIHIBAETCA HapaMeTD, WIN €r0 MUHUMAJIbLHOE,
MakcumanpHOe n THnuIHOE 3HaYeHne. Hampumep, fua xosddunuenTta nepesa-
M Toka TpamsucTopa 2N2222 nano Tpu 3Ha9eHUA — SBmin = 100, Brominal =
=173 1 Bz = 300 (o6bIYHO HaMXyAIINE YCIOBHA AIA NIPOEKTUPOBAHUA IPHU-
6opa CYIECTBYIOT IPH Pmin, 1 UMEHHO 3TO 3HAYEHNUE JOMXKHO UCHOIb30BATHCA
Al pacyeTos).

Acno, uTo akuenT geraerca Ha IpaBMILHOM BHIGOpE PAGOUEN TOUKH K ee
YeToirtmBoM cocroannn. PUKCHPOBAHHOE CMEMIEHNE IPUBOAT K IUIOXOM CTa-
OrsHOCTI IpM M3MEHEHWH TEMINEPATypHl W APYTUX IapaMeTpPOB W HE IpH-
MEHSIETCA ¢ GUMONAPHBIME TPAH3UCTOPAMH. BBLIM PACCMOTDEHHI TPH CXEMED
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CMEIIEeHUA U JaHbI METOAUKY UX pacieToB. O6IENnpUHATOR IPAKTUKOHN B Ipo-
€KTUPOBAHNY SIEKTPOHHBIX CXEM ABJIAETCA IPOU3BOILHLIN BHIGOD HEKOTOPKIX
PE3UCTOPOB (B KMIOOMaX, TaK KaK MBI MMEEM [HeI0 CO CXEMAMHU C MAJbIMK
CUTHAJIAMH), 3 ADYTHE MaPAMETDPHI PACCIMTHIBAIOTCA C IPUMEHEHUEM HOIXO-
IANIAX COOTHOUIEHUA s JOCTUREHUA TPEeOyEMBIX XapaKTEPUCTHK.
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4.3.
4.4.
4.5.

4.6.

4.7.

4.8.
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Circuits and Systems, McGraw-Hill Book Company, 1972.

. Bogart T. F. Electronics Devices and Circuits, Universal Book Stall, New

Delhi, 1988.

. Albert Paul Malvino, Electronic Principles, Tata McGraw-Hill Publish-

ing Co. Ltd, New Delhi, 1982.

Bonpocsl

Yro Takoe Harpy304HAA JUHUA!

Tlouemy Ha0 CMEMATL TPAH3UCTODP?

Yro Takoe pabovas Touka? Kakue GakTOpLl U yCIOBUA €€ CMELIAI0OT?
HazoBuTe n3BeCTHBIE CXEMEI CMEILIEHUS.

Eciz B cxeme ¢ MKCHPOBAaHHBIM CMEIIEHUEM OIVWH KOHEI| PE3UCTOPA COElH-
HUTH BMECTO BLIBOJA MUTAHAA € KOLIEKTOPOM TPAH3UCTOPA, N3MEHEHHAS CXEMa
(co cmemenveM KOILIEKTOPHON OGPATHON CBA3BIO) MOKAXKET JYUNIYI0 yCTONH-
BoCcTh. OGBACHATE, IOYEMY.

CxeMa CMeImeHna ¢ KOWIEKTOPHOU OOPATHON CBA3BIO YACTO MPUMEHAETCA B LUQ-
POBEIX W JPYIUX YCTPOMCTBAX, XOTA IOKA3HBAET CPEIHIOD YCTOWIUBOCTD
IIpoxomMeHTHDYHTE.

[anTe onpenenenne koadduiuenty cradbuwibHocTu. Kakne 3Havenns xoaddu-
IHEHTa CTAOWILHOCTHA MOXHO CYATATH MPUEMIEMBIMU JJIA HaIEXKHOU yCTOU-
gnBocTH?

CMemenne JernTeneM HANPAXKEHNWA 0OeCIEYMBAET I'MOKOe KOHCTPYHMpPOBAHHE
u xyumue xapakTepuctuku. OO6bacHUTE.

3agaum
B cxeme ¢ dukcupoBaHHEIM cmemeHueM (puc. 4.26) mpumenen KpeMHneBsll
Tpansuctop. B cxeme Voo = 12 B, Rp = 50 kOm, Rc = 800 Owm.

a) HaiiTu 3HadeHus Toka Kowiektopa I n Hampmkenns Vog, ecan f = 40
(Vee = 0,7 B).



4.2.

4.3.

44.

4.5.

4.6.

4.7

3adanu | 2\\7)

6) Hairtu npouenT usmenenns Ic u Vo, ecu $ craner pasHemM 60.

Omeem: a) Ic =9 MA, Vog =4,8 B,
6) Ic wamenurcs wa 50 %, Vo Ha 76 %.

+Vee *SB +Vee

Rc
1 kOm

Rs Ae Rg +
+ + Vee

- Vee ¥ Vee -

Vae _ Vee _ .
2 kOm E

Puc. 4.26 Puc. 4.27 Puc. 4.28

Brrunciuts conporusienue pesucropa Rp (puc. 4.27), TpeGyemoe mis ycra-
uoeku Vog = 5 B. Vg = 0,7 B, 8 = 50.
Omeem: Rp = 115 xOm.

B cxeme ma puc. 4.28 conpoTubierua pe3uctopos Ry = 10 kOMm, Ry = 5 kOwM,
Rc =2 xOm, Rg = 4,3 xOum. Eciz Vo = 15 B, nanTu 3navenus Io u Vog.

Omeem: I =1 MA, Vor = 8,7 B.

Ecin B cxeme ma puc. 4.28 Ry = Ry = 5 kOm, Rc = 2 kOwm, BHYBCIUTD

Tpebyemoe compoTusieHne peaucropa Ry, 4To6s ycranoButs Vo = 3 B mpn

Voo = 10 B. Yemy B cxeme pased Tok kowtektopa? Veg = 0,7 B, 8 = 160.
Omeem: Rg = 3,2 xOm, Ic = 1,43 MA.

Ouenuts conporusnenue peancropa Rc, YTOGH yCTaHOBUTE HAPAKEHUE CMe-
INeHnA KouiekTop—amutrep Vor = 1,5 B (puc. 4.28) npu Ry = 3 kOm, Re =
=1xO0wm u Voo = 6 B. lIpuaars Vg = 0,7 B, 8 = 100.

Omeem: Rc = 4,6 kOm.

BBI‘-II/ICJII/ITB COIIPOTHUBJIEHUE PE3UCTOPA R2 (pnc. 429), Tpe6yeMoe oJIst ycTa-
HOBKN VC’E‘ = 5,5 B.

Omeem: R = 5 xOwm.

Koopaunatr paGoueit Touku Tpansmcropa ¢ 8 = 100 B cxeme Ha puc. 4.30
PaesH Iog = 0,99 MA n Vogg = 4,7 B. Tpansucrop Gel1 3aMeHeH Ha pyron
¢ B = 200. Ha cKoIBKO CABMHETCA PaGOYasA TOUKA, T.e. HACKOMLKO M3MEHATCH
ICQ u VCEQ? Ve = 0,7 B.

Omeem: uamenenna Icq u VopqQ MOYTH PABHEI HYJIIO.
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4.8.

15 kOm 102 kOMm 6 KOMé

4.9.

4.10.

4.11.

4.12.

4.13.

T'aasa 4. IIpoexmuposanue U awaAU3 CTEM KO NOCIMOAHHOM TMOKE

BrIuncianTh 3HAYEHUA TOKA KOJIEKTOPaS U HAIPAXKEHUs Vop B paboden Touke
B cxeMme Ha puc. 4.31

Omeem: Ic = 1,93 MA, Vo = 5,14 B,

+Vee -9B

Rc
2 kOm
+

Vee

Re
Re 43K0m 3 KOm f 2,3 kOMm

— — — +9B
Puc. 4.29 Puc. 4.30 Puc. 4.31

B cxeme ¢ smaTTepHEIM cMemenuem (puc. 4.32) Voo = 16 B, Vgg = —20 B,
Rp = 10 xOMm, Rc = 5 kOMm, Rg = 10 kOm u Vg = 0,7 B. Boraucauts
Ic n Vog upu koapdunmenTe nepegaun Toka 3 = 100. Ha ckoubko mpores-
ToB mamenarca Io u Vog, ecin B 6yger pasuo 2007 Kaxowu BriBojg u3 oTHX
pPe3yIbTaTOB?
Omeem: Ici1 =1,91 MA, Vop1 = 6,45 B,
Ios =1,92 MA, Vog2 = 6,40 B, Al ~ 0,5 %, AVer <1 %.
CxeMa UMeeT BRICOKYIO CTaGUILHOCTD.

Haiitu conporusienue pe3uctopa Rp, 4TOOH TOK KomtekTopa Io Gbl1 paBeH
2 MA. (cxema Ha puc. 4.32) Yemy pasHo Vop? Hanpaxenue Gasa—smuTTep
Veg = 0,7 B. [Ipyrue gassbie B cxeme: Rp = 20 kOm, Roc = 3 xOm, Voo =
=12BHVEE=—12B.

Omeem: Rg = 5,6 xOm, Vorp = 6 B.

KpeMHZEBRIVI TPAH3UCTOP B CXEME CMENIEHUA C KOLIEKTOPHOU 00paTHOM CBSA-
3p10 (puc. 4.33) umeer koaddurmenT nepefadu Toka 3 = 60 u HanpAKEHHE
6aza—smurrep Vg = 0,7 B. Yemy paBum 3Hauenusa Toka o u HanpsxeHus
Vege?

Omeem: Ic = 0,75 MA, Vog = 4,5 B.

Ecan B npeasiayimen 3agade TpaH3UCTOP 3aMeHeH Ha apyrou ¢ 3 = 100, kaxu-
Mu GyayT HoBbIE 3Hadenusa Io u Vog?
Omeem: Hosele 3nauenns Ic = 0,92 MA, Vop = 3,48 B.

Omnpefenure TOYKY CMeIEHHs B cxeme ¢ obmen 6azou (puc. 4.34) ¢ kpemHy-
epoiv TpamaucropoM (Vg = 0,7 B). Hanmo: Vgg = —5 B, Voo = +5 B,
Rg =8,6 kxOM u Ro = 3 xOwm.

Omeem: Icg = 0,5 MA, Vop = 3,5 B.



+Vee

+Vee

3adavu I@
Y
. Ro ilc (=3

+Vee
Re  Rec
I Vin

Vout
+——e
Vee + - Ves
Ve == ‘l' =
Puc. 4.32 Puc. 4.33 Puc. 4.34
4.14. BurumcamTe conpoTuBIeHVE pe3aucTopa Ro B cxeme (puc. 4.34), HeoGxoaumoro
s ycraHoBku Vog paBHEIM 5 B. B cxeme gano Vgg = —12 B, Voo = +12 B
u Rg = 5,5 xOMm.

Omeem: Roc = 3 xOm.
4.15. Ha puc. 4.35 — aByxKacKagHBN yewiuTeab. OnpenenuTs KOOpAUHATHL pabo-
Vee = 0,7 B mus kaxIoro TpaH3uCTOpa.

9MX TOYEK KaxJoro kackana (smadenus Ic u Vpg). lpumare Voo = 9 B,

Omeem: y 1-ro xackaga Ic = 0,75 B,Vog = 4 B;

y 2-ro xackana Ic = 0,99 MA, Vog = 4,7 B.

+Vee

300 kOm =

2,3 xOm

Puc. 4.35./IByxKackaIHE yCHIATEID

5—289¢
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AHAIN3 YCUINUTENEN

MAJ10IO CUTHAJTA

HA BUMOJTIAPHbLIX TPAH3NCTOPAX
C MOMOLUBIO r-MNMAPAMETPOB

TpaH3UCTOPHL WUPOKO NPUMEHAIOTCA B CXEMAX YCWIEHHA MAJIOr0 CHATHAJA.
MaJrbie CHUTHAJIEL — STO TAKUE CATHAJIBL, KOTOPLIE BHIBLIBAIOT M3MEHEHWA Ha-
NPAXKEHUAA ¥ TOKA, HAMHOI'O MEHBIINE, Y€M MOCTOAHHLIA TOK U ITOCTOSHHEIE
HANPAXEHUA PAb0OYEedl TOYKH. YCUIATEIA MAJIOTO CATHAJIS — MAJIOMOLIHEIE
YCHINTENN, UX MOLIHOCTH DacceaHusa (OOBIYHO Takas Xke, Kak ¥ moTpebise-
Mas MOIIHOCTH) He IPEBHINIAET HECKOIBKO COTEH MULIMBATT.

OTa [VIaBa MOCBSALIEHA IPOEKTAPOBAHMIO U AHAIN3Y CXEM YCIIUTETER C LIpH-
MEHEHHEM T-IapaMeTPOB (IapaMeTPOB, HMEIIUX PA3MEPHOCTH COMPOTHBIE
mua). MoXHO CKa3aTh, YTO TAKOW AHAIN3 IIUPOKO IPUMEHAETCA, M IaCTO
6rLIBaeT MpeANOYTUTENbHEE ADYTHUX CIIOCOO0B NPEACTABIEHUA CXEM, BKIOYAd
h-mapaMeTpHI.

TeMbl, pacCMOTpeHHbIe B 3TOM rnase:

rpa¢puIeCKuil aHAIN3 yCIWINTEEN;

COIPOTHBIEHUA UCTOYHNKS U HAT'DY3KU;

T-IIAPAMETDHI;
cpaBHEHUE T- U h-IapaMeTpOB;
ananus cxeM ycurarenen ¢ 09, OB u OK ¢ moMompbio r-mapaMeTpoB.

5.1. OcHoBbl ycunuteneii Manoro curHana

Hasnavyenue ycumurens — yCWIATb CIabblii cUrHAN (HAIPUAMED, CUTHAI MH-
KpodOHA ayAMOCUCTEMEI), YTOGHL €r0 MOXHO ObLIO UCIOAB30OBATH IJs yIpa-
BIeHHUA TPeOyeMON HArPy3Kou (HAaIpUMep, IPOMKOTOBOPUTENEM).

B 4-i1 rnaBe ObimM PACCMOTPEHHI BEALI CMEMICHUA TPAH3UCTOPA M XapaK-
TEPUCTUKYU CXEM Ha IOCTOAHHOM TOKE, TaHBI DEKOMEH AN 110 BEIOODY BeJH-
YUHBI HAIDAXKEHUN MOCTOAHHOT'0 TOKA, TOKOB M COIDOTHUBICHUA PE3UCTOPOB.
Hanwave Ha BXOJ€e CXeMBI YCHIWTEIA CUTHAJIA NEPEMEHHOI'O TOKA IPUBOLHT



5.1. Ocnosbl ycuaumenet, MaL020 CUSHAAG I:ﬂ))

K E3MEHEHNIO BEIXOAHOT'0 HANPSXEHU U BHIXOJHOTO TOKa. VI3aMeHeHUA BO BXO-
JAIIEH IIeNH WILTIOCTPUPYIOTCA BXOAHBIMY BOJBT-aMIEPHEIMY XapaKTEPUCTH-
xamu. VI3MeHeHus BEIXOZHOT'O HAIPAXKEHNA ¥ TOKA, BEI3BaHHbIE IPUCY TCTBUAEM
CUTHAIA, IEPEMEHHOr'0 TOKA, OTPAXEHEI HA HAPY30YHOU JWHWUY, HAJIOXEHHOH
Ha BHIXOJHBIE XaPAKTEPUCTUKA TPAH3UCTOPA. JTOT, TAK HABLIBAEMEBIN («I'Da-
(UIeCKUH aHAIN3», 00JerIaeT NOHMMAHIE PAGOTHL CXEMbI YCHIUTENS.

I'paguueckuti anasu3

PaccMOoTpEM CXeMy YCWIMTENA ¢ OOIMMM SMUTTEPOM, IPeACTaBIeHHYIO Ha puc. 5.1.
Ba30BLI TOK TPAH3UCTOPA B 9TOM CXeMe

Ip = Vee — VBE

= (15-0,7)/576 xOm = 25 MKA.
Rp

Vs
+0,05

-0,05}--

Puc. 5.1. Cxema npocToro ycmamreni ¢ O6IIUM SMUTTEPOM

Y1061 MCCIEOBATL M3MEHEHNE TOKA 6a3bl, BLI3BAHHOE MCTOYHMKOM CHT-
Haza, (IpUMeM, YTO CHTHAJ CHHYCORJanbEE) ammauTysoi 0,05 B, Bocnoanay-
€MCA BXOHOU XaPAKTePUCTUKOM, IPUBEEHHON HA PHUC. 5.2, MAILIM HeHCTBIEM
00paTHOM CBA3M HAIIPAKEHUA KOLIEKTOPa VoE A1 IPOCTOTH MpeHe6peraeM.
[Ipuaas, 4T0 SMUTTEpHBIA mEPEX0] CMeINeH MPAMO HANpAXeHHeM Vg, PaB-
HeM 0,7 B, MoxHO BugeTs (CM. prc. 5.2), 9TO BXOAHOM CUrHAL w3MeHseT Vpp
ot 0,65 1o 0,75 B. B pesyibTaTe 6a30BLI TOK TOXe MEHAETCA 110 CHHYCOH/IE,
OT Murumyma 20 MxA g0 makcumyma 30 MxA. fAcHo, 9TO mpu yBeawIeHUH
BXOJHOrO HAIPAXEHWA BXOJAHOM TOK yBeIUduBaeTcA. TOK KOLIEKTOpa H3Me-
HieTcs B [ pa3 6oabmre, 4eM TOK 6a3bl (IO OmpegeseHmIo KOdhpUIMEHTa,
lepenayn Toka [ = i./ip Wik ic = O - ip).

Eciu B Tpamsucropa pasen 100, To

Alo =i, =BAIg = -1 =100 x 10 mxA = 1 MA.

Vrax, BHIXOJHOM NIE€PEMEHHEIN TOK KOLIEKTOpa u3MeHseTca Ha 1 MA. Vame-

HeHMe TOKa BEI3LIBAET IOABICHUE IIEPEMEHHOT0 HAIPAXEHHA HA BEIXOAE (Uce),
PaBHoro 3 B.
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Ig, MKA Puc. 5.2. CHHyCOMJAIBHBIL TOK
6a3bl, BEI3BAHHBIM CUHYCOMJAIbHBIM
BXOJHBIM CHTHAJIOM

Vee , B
0,65

lc
(MA)

5] I (MKA)
4..

-

Vce (B)

Puc. 5.8. Harpysousas 1uHusa HA CEMENCTBE BBIXOHBIX XaPAKTEPUCTAK TPAH3IUCTOPA

Ha puc. 5.3 usobpaxeHa HArpy30YHAI JUHUA HA BHIXOJHBIX XapaKTepU-
cTuKax TpaHsucropa. [aa cxemsl 5.1 Harpy3odHad IMHEA ImepecekaeT ocu X

u Y B TOukax:
Veo 15 B
X=Vec=15B Y =] = - =——=3MA.
cc ) C(maxz) Rc 3 kO
Bce ToUKHM HA HArPY309YHOM JUHNM OLLIM PACCMOTPEHEL B II. 4.
O6paTuM BHUMAHUE, YTO IPH yBeaudeHWM TOKA 6asbl Ip TOK KOLIEKTO-
pa Ic Toxe yBeqmumBaeTCa, ofHAKO Vop yMenbmaerca (cMm. puc. 5.3). Ilpu

yseaudenuu Ig ot 20 go 30 MxA Ic yBeawumsaercs oT 2 go 3 MA, a mamps-
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xenye ymensmaercs ot 9,0 go 6,0 B. [Ipyrumu croBaMu, KOrja BXOJHOM TOK
yBEIMTMBAETCA, BHIXOJHOE HAIPAXEHHe NMajaeT. JTO MHBepCHA (asbl, pas-
gocThb (a3 MeXJy BXOAHBIM M BBHIXOJHBIM HampsxeHueM pasHa 180°. Korza
HAIPSXKEHNE BXOAHOIO CUTHAJIA MAKCHMAJBHO IIOIOKNTEILHO (BHI3HIBAET MaK-
CAMATLHBIA TOK [p), BLIXOAHOE HANPXEHWE NMeeT Haubolee OTPUIATEILHOE
HanpAXKeHNe.

Bce BaxHbIe TAPAMETPHI YCHINTENA MOXHO OLIEHATH U3 STUX I'PAPUKOB —
K03 PUIMEHTH YCHIEHNA IO TOKY U HAIPAXKEHWIO, BXONHEIE M BBIXOJHBIE
MMIIeAHCH (AMIEJAHC — IOMHOE CONPOTHUBIEHNE, COCTOAIIEe U3 AKTHBHOI'O
I PEAKTHUBHOI'O cOIpOTHBIeHNA). CHaYaIa ONpeennM BeININHEI IEPEMEHHBIX
TOKOB 1 HAIIPSAXKEHUH [0 XaPAKTEPUCTHUKAM, IIPEACTABICHHLIM Ha puc. 5.3.

Buxoguon Tok i, = Al =3 MA —2 MA = 1 MA.

Bxogmon Tok iy = Alg = 30 MxA — 20 mxA = 10 MxA.
Brxoanoe mampaxenune v, = AVop =6 B—9B = -3 B.
Bxoanoe manpsxenue vy = AVpr = 0,75 B — 0,65 B = 0,1 B.

TaxuM 06pa3oM, K0abPUAIMEHT ycuiIeHua 1m0 TOKy A; (mpenebperaeM Maion
[OTEPed BXOLHOI'O TOKA, BEI3BAHHOM IIYHTHPOBAHUEM MCTOTHUKA CUTHAIA, Ga-
30BBIM Pe3UCTOPOM compoTuBrenueM 576 xOM) pasen

BBIXOJHOHN TIEPEMEHHBIA TOK i 1 MA
i = =

= 100.

BXO/JHOW II€PEMEHHBIA TOK i 10 MkA
KospdpunuenT ycunenns no sampsaxenuto A,
. _ BBIXOAHOE NEDEMEHHOE HANPAKEHME _ Vo _ -3B
v BXOJIHO€ IIePEMEHHOE HANPMXEHHe ;1;,; - 0,1 B -
OTpunaTerbHEI 3HAK IOKA3LIBAET, 9YTO PA3HOCTL a3 MeXIy BXOTHBLIM
4 BHIXOHLIM HanpaxenueM y yemwiuTeas ¢ O pasua 180°, kak 6BLIO CKa3aHO
Briie. PopMBI CHT'HAJIOB BXOAHOr'O TOKA, ¥ HAIPAXKEHUA I0KA3aHEL HA puC. 5.4.
A6comoTroe 3navenue ycmienns pasao 30, T. e. BRIXOgHOE Hampsxenue B 30 pas
Goabire BXOAHOTO.
Koo dummenT ycuaenusa mo MOmHOCTH PaBeH IPOM3BEACHHIO KOdbduim-
€HTOB yCHJIeHMA 110 TOKY U HAIIPAXEHUIO:

A, =A;- A, =100 x 30 = 3000.

ockomky k03 UIUEHT yCHICHNS IO MOIHOCTH BCETA OIOXATEIEH, YIu-
THIBAIOTCA TOJALKO a0COMIOTHBIE 3HAYEHUA KO PUINEHTOB YCHIEHUS IO TOKY
¥ HaIIpsSXEeHwuIo.

Bxogno#t mmmeganc ycummaTens

7, = BXO/JJHOE NIEPEMEHHOe HAUPAKEHNe _ Upe _ 0,1B

BXOJHOU IE€pEMEHHBIA TOK ip 10 mxA

i Z; = 10 kOM. DTo 3HaYeHHEe BXOLHOT'O MMIIEJAHCA He yIMTHLIBACT PE3U-
¢Top Rp (= 576 xOmM). B geiicreurensaocTs (6yAeT MOKA3aHO MO3XKe) HMEEM

-30.

= 10000 Om
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crefyiomee: BxogHOM mMmueganc = Rpl||Z; = 576 xOwm||10 xOm ~ 10 xOwm.
W, naxonerl, BEIXOAHON MUMIIEAAHC Z,:
BBIXO/IHOE MePEMEeHHOe HAIPAKEHNE  Uge 3B

= = — = —— =3 xOm.
BBIXOJHOHN MEPEMEHHBIA TOK ic 1 MA

Z, =

VBE,
(B)
0,75

0.7

0,65

o—t

r)

Puc. 5.4. OopMBI CUTHAIOB TOKA M HaupmxeHua B ycumamureae ¢ O3. ¢ — pabodad
TOYka. BeTWvuMHEl HANPAXEHNWA U TOKA B TOYKe () — BEIMIMHEL, KOTODPHIE
NPHUCYTCTBYIOT IIPU OTCYTCTBUM CUT'HAIA NEPEMEHHOr0 Toka. OTMeTuM, 94T0
HA, PACYHKAaX 6) M 2) BHIXOJHOE HAIPAXKEHWE MUHHMAJILHO, KOT'Ja BXOJHOe
HaIIpsXeHue MakcuMaabHo. To ecTs, yemmurens ¢ O nmepesopaumsaeT dasy

U3 BrunenpuBeeHHBIX PACUYeTOB BUAHO, 9TO ycumauTeas ¢ OO ycuampaeT
KaK II0 TOKy, TaK ¥ [0 HAIPAXEHUIO. JTO CIPABENINBO TOILKO NIA yCH-
marens ¢ 0. [Janree 6yfeT MOKa3aHO, ITO yCHrIuTedb ¢ obmeir 6azon (OB)
He ycummBaeT TOK (A; ~ 1), a ycuanreab ¢ obmum xomrexkTopoM (OK) me
ycunuBaeT Hampaxenwe (A, ~ 1). Y ycumureas ¢ OO BeawYMHBI BXOJHOIO
U BBIXOJHOT'O MMIEJAHCA OTINIAIOTCA HE3HAMHTENLHO (OGLIYHO OHM OJHOTO
HOPAZAKA). DTO OYeHb BAXHO 3HATH, €CIAM B WIA TPU yCWIHTeNs TpelyeT-
CS COGAMHUTH MOCIeNOBATENbLHO. DinM3kue 3HAYEHMA BXOLHOTO M BBIXOJHOIO
MMIIEJAHCOB U36ABIAIOT OT NONOJIHUTENbHHX KACKAJOB, COTMACYIONMX M-
nepancs. Hampumep, y ycumurens ¢ OB BXOAHOM M BLIXOJHOU HMIIELAHCH
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OTAHIAIOTCA 3HAYUTENLHO; OOBIYHO Z; HECKOJBbKO AECATKOB OM, & oyt —
HECKOJIBKO KuiIooM. Bce 9T cBomcTBa BHIBOAAT ycwiauTeab ¢ 0D Ha mepsoe
MECTO, ¥ IMEHHO 9Ta CXeMa MMeeT Hanboibllee IpUMeHeHHe.

I'paduyueckuil aHAIN3 YCUINTES JaeT XOpollee HalIA HOe IPeACTABICHNe
nporecca ycuienns. Ha mpaxTuke cxeMbl Ha TPaH3MCTOPAX AHATU3UPYIOTCA
arre6pamdecku. B 3To# riaBe mpeAcTaBleH aHAIN3 C MCIOIL30BAHUEM T-IIa-
pamMeTpoB, B CIeJyIONIell TaBe — IIPH MOMOmY h-T1apaMeTpoB.

Conpomuenenwz UCMOYHUKG U HA2PY3KU

PaccMOTPHM COPOTHBRIEHVE NCTOTHUKA ¥ COIPOTUBIEHNE HAT'PY3KH, TOCKOIb-
Ky UX BEJUYHHBI BIAAIOT HA X3aPAKTEPUCTHUKHU CXEMBEI.

Conpomusaenue UCmouruKra
Kax aplfi MICTOYHEK CHCHAJIA UMEET CBOe BHyTpeHHee conporusnenue. [Ipu co-
eMHEHNN UCTOIHUKA CUTHAIA K BXOJY YCHINTES CONPOTUBICHNE UCTOTHIKA
Rg 0Ka3bIBae@TCA BKIIOYEHHBLIM MOCJEIOBATEILHO C BXOJHEIM MMIETAHCOM Z;
ycumurens (puc. 5.5). ConpoTuBIeHNe NCTOYHUKA U BXOZHOM MMIELAHC yCH-
IUTENsa 06PasyIoT NEeIUTENb HAIPAXEHUI.
Tok 0T HAIPAKEHUSI UCTOTHUKA

Vs paBeH VWV
. Vs RS *
] = —. Vin Z
Rs + Zz Vs _
Hanpsxenwne ma Bxome ycmamrers
. NcTouHUK
Vip =1+ Zi = ournana — Ycunutenb
HiIn
Puc. 5.5. Ha mocaegoBaTerbHO BKIIOTEHHOM
Vi = Zi v ( 5 1) COIPOTUBJIECHUN UCTOYHMKA R, TepaeTca JIacTb
m R, + Z; 8 ’ CUCHAIA, IEPEMEHHOTO TOKA

Ypasrenwe (5.1) moxasmBaer, 4TO
CHTHAJI, TIOCTyHAMOIMAIA HA BXOA ycwiarens, ociabien B Z;/(Rs + Z;) pas.
CooTBeTcTBeHHO BO CTOMLKO XKe Pa3 yMeHbIIaeTCA KOIGMDPUINEHT yCHICHUA
[0 HANpAXEHUIO U, /Vs. UTOOBI MUHMMH3NPOBATH IOTEPI KOd(PGhHUIIEHT
YCUIeHNs 10 HANPAXEHUIO U3-33 COINPOTHUBIECHNI NCTOYHNKA, COIPOTUBICHNE
ucrognmka R, NOMXHO GEITH BO MHOT'O pa3 MeHbIe 4eM Z;. [lpyruMu cioBa-
MU, 119 ONTHMHE3AINN yCAIATEI HAIPIKEHNA XKeIATEIbHL HI3KUH IMIIEJAHC
UCTOYHVKA M BLICOKMM BXOJAHOW MMIIEJAHC YCHINTENA.

XKenareapHo, 9TO6LI YCHINTENb HAIPAXEHHAA UMEI BHICOKOE BXOJHOE Ha-
Opsaxenne.

Anajorn4mbiM 06pa3oM, 3aMEHUB MCTOYHMK CHTHAJIA HA PHUC. 5.5 HCTOY-
HEKOM TOKa, MOAKIIOUYEHHEM K YCHINTET0 TOKA, MOXHO IOKa3aTh, YTO TOK,
BTeKajomuit B yCuInTenb, CauxaeTca B Ry /(R + Z;) pas.
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JIa MUHMMU3AINY CHUXEHUA KOI(PPUIINEHTA YCUICHNA IO TOKY BXOTHOH
VMIIeJAHC YCHINTENA TOKA Z; NOAXeH OLITHL BO MHOT'O pa3 Goabiie R,.

Conpomusaenue Haz2py3xu
Brxox ycmauTensa DOAKIIOYAETCA UIK K ADY-

Zy rou cxeMe (A1 KanabHeimer 06paboTKu Cur-

W HAJA), WIK K YyCTPOUCTBY (Tak¥M KaK TPOM-
R + ) Yy

Yo loacLl VL KOTOBODHTEIb, aHTEHHA ¥ T.1.). VMmezxanc

(mmm conmporuBirenue)!, oOKasLIBaeMBIA Har-
L PY3KOM BEIXOJHOMY CHUT'HAJIy CXeMEl HAa3bl-
BaeTCA COmMpOTHMBIeHHMeM Harpysku. Compo-
Puc. 5.6. Burxoamos uvmenanc ycu- TUBICHHE HATDY3KM, KaK ¥ CONPOTHBICHHE
JATENA HANPAXKEHHA BKIIOYEH IO0- HNCTOYHUKA CUI'HAJAA, OPUBOAUT K JACJICHUIO
CIEAOBATENBHO € HAIPY3KOd. “IeM  panpaxenma HADPY3KH MeX Iy BBIXOJHEIM CO-
HUXe Z,, TeM OINTHMAIbHEE XapaK- .
IPOTUBIEHUEM YCUINTENI ¥ HATPY3KOM.
TEPUCTUKH yCIIATENA
Brixog ycwimTens MOXHO HpPeACTABUTH
SKBHUBAJEHTHOU CXEMOH -— HMCTOYHUKOM BBIXOJHOT'O HANPAXKEHHA C MOCHE0-
BATEJIbHO BKIIOYEHHBIM BHEIXOAHBIM compoTuBieHweM (puc. 5.6). Brixommoe
HaIPSIXEHNe

— RL
B ycuimrene HanpAXeHHMA AIA MAaKCHMAIbHOU 3>(PpdexkTuBHOCTH (ITOGH
v, = v,) Tpebyercs, 94Tobu Z, K Ryp. [pyruMu cioBamMu, BEIXOZHOM M-
[IeJAHC YCUINTENS HAIPIXKEHHA JOMXKEH GLITHL HAMHOI'O MeHbIe, 9eM Ry .
OTOT BHIBOJ MOXHO 00600IUTH — BEIXOAHOM UMIIEAAHC YCHINTEIA HAIDSI-
XKEHUA KOMXeH OLITH KAK MOXHO MEHBIINM, B Ujeajle — HyJEeBLIM.

(5.2)

5.2. r-napamertpsbl

B mocneanee BpeMs MOMYJIAPHOCTDH 7-IMAPAMETPOB PACTeT M BCe GOMIbIIe CXeM
AHAJIM3UPYETCA C UX IOMOUIBIO.

B cuegyromeir rmaBe 6ygeT paccCMaTpPHUBATHCA, deM h-IapaMeTphsl IPeBOC-
xogat Z- u Y-napamerpel. MOXHO CKa3aTh, 9YTO AHAIM3 CXEM C IIOMOIIBIO
r-IapaMeTPOB HPeANOITUTEIbHEE, YeM aHAIN3 C IOMOMLI0 h-IapaMeTpOB:

1. Anpanus r-napaMeTpaMy IPOCTOM U TPAMOH.

2. 3nadenus h-mapaMeTpOB 3aBUCAT OT TOKA U HANPIXKEHUA (T.e. X 3HA
9eHUA MEHAIOTCA IPY U3MEeHEHUH paboder TOUKH). [I11 TOIHOrO aHAIN3a

' MoxHO 0TMETHTD, 9TO Ha HUBKIX YACTOTAX B GOILIIMHCTRE CIyIaeB MMIIEAHC (COCTOMIHN
¥3 aKTVWBHOI'O ¥ PEAKTHUBHOTO CONPOTHUBIEHWI) M COMPOTHBIEHME (COGCTBEHHO aKTHUBHOE)
TIOYTH HE OTIUIAIOTCA.
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TpebyeTcs uMeThb h-IapaMeTphl, BHIYHCIEHHEBIE LA TOKA ¥ HAIPAXEHUA
B paboder TOUKe CxeMbl. IIpu aHaIM3e ¢ IOMONIBIO r-IIAPAMETPOB Tpe-
OyeTcs, ITOOLI OBLI BLIYUCICH TOALKO OJMH IapaMeTp — AUHAMHAIECKOe
COIPOTUBIEHNE SMUTTEPA, ¥ BHIYUCINTE €I0 HECIOXKHO.

3. YpaBHeHUA XapaKTEPUCTHK CXeMbI IPOIe, IeM B CIydae ¢ h-mapame-
TpaMu, TaK ITO MX JEeTKO IPUMEHATH U JerKO 3aIOMUHATD.

4. Ilpn r-anaanse XapaKTEPUCTUKH CXEMELI MOTYT OBITH BU3YaJU3UPOBAHEL,
9TO CHOCOGCTBYET MPOCTON mepefeike U MOLUDUKAINN YCTPONCTBA.

5. I camoe BaxHOe — r-mapaMeTphl OJAM3KE K JeUCTBUTEILHBIM U3Mepe-
HUAM.

OpHako r-aHaIN3 He NPUHUMAET B PACUeT HEKOTODhIe YaCTHOCTH, TaKue,
KaK 3aBHCUMOCTb TOKa SMHUTTepa OT HANPAXEHHUA KOJIEKTOPHOTO Mmepexofa
(3¢pdexTrr o6paTHON cBa3u B mpubope). Ho Takme TomkocTu BooGmE MOryT
OLITH HE3HAYMTEIbHBLIMA U3-33 HOTPENIHOCTeR APYTUX KOMIOHEHTOB CXEMEL

r-NaPaMempsl
Anamus r-mapameTpaMu IeIaeTCA HA OCHOBE KO3(PUIMEHTA yCUICHUSI TOKA
TPAH3UCTOPA [ ¥ AUHAMUYECKOI'O CONPOTHUBIEHUS Pe3ucTopa r,. Mcnoasay-
eTCA NPOCTasA DKBUBAJEHTHAA CxeMa (MOJENb) TPAH3MCTOPA, KOTOPasA, HPU
HEOOXOJUMOCTH MOXET 3aMEHUTH TPAH3UCTOP.

B ri. 3 6ewi0 o6cyxpeno comporusienue 7, (MHOrAa 0GO3HAYAETCS T¢)
H JaHO IPOCTOE COOTHOLIEHNE M €r'0 HPUOIU3NTEILHOTO PACIeTa LI TPaH-
3UCTOpa B JM060M CxeMe. DTO COOTHOIICHNE UMEET BHI:

, _ 25mB
Ty = I
rae I — nocToaHHBIN TOK sMuUTTEpa B cxeme. Hanpumep, ecin m3aMepeHHBIA
Ig = 1 MA, Torga cornacao ypasmenuo (5.3) r, = 25 Om, u ecim I = 0,5 MA,
T0 7, = 50 Om.

JHadYeHMe TOKA 3MUTTEDA B CXeMe NOIKHO OLITH OIEHEHO [0 METOAUKAM,
AaHHeIM B r. 4. Kpome 8 u r, B HacToAmeM aHaIm3e HCIOIL3YETCA MPH-
Oimxennas MoJeqb TPAH3UCTOPA, BEIBeIeHHAA B TiI. 3. Jlaa yao6CcTBa MoJelhb
N-p-n-TPaH3UCTOpa NpUBEIEHA 31eCh Ha puc. 5.7.

(5.3)

l-II)MMep 5.1. BuIMHCINTEH CONIPOTHUBJIEHNE SMATTEPS NIEPEMEHHOMY TOKY T, B CXe-
Me, mpuBeaennon Ha puc. 5.8. lIpunare Vpg = 0,7 B.

Pemenue. B cxeme WCIONB3yeTCA SMUTTEPHOE cMelenne. IIOCTOAHHEIN TOK dMUT-
Tepa mo ypasuenuo (4.20) paBex

Ig = (10 B—0,7 B)/3 xOm = 9,3 B/3 xOu = 3,1 A

ur, =25 vB/Ig = 25 MB/3,1 MA = 8 Om.
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+10B
2 kOm

SmutTep

3 kOm

Ba3a -10B

Puc. 5.7. IIpocras mogens n-p-n-TpaH3mUCTOPA Puc. 5.8.
[OJA HU3KOM IacTOTHI

5.3. AHanus ycunurensa c o6wmm smurtepom O3

[Ipumennm r-ananus k cxeme ycmaurera ¢ 0D, usobpaxenHoir Ha puc. 5.9.
CramgapTHas NPAKTUKA aHAIN3A JIOOOUW CXEMbI HA IEPEMEHHOM TOKE HAYH-
HAeTCA CO CIeAYIOAX IIAroB.

+Vce Puc. 5.9. Ycumurens ¢ o6-
umm smurTepoM, C1 u Cr —
pa3jleTuTeILHBIE  KOHEHCa-

A Topbl, C3 — 6J0KMPOBOIHEIN
Ry é ¢ C KOHJIEHCATOP
Crpy
11
R,
WcTouHUK curHana Re é t
nepemMeHHoro Toka Ry é
Re —|— Cs3

1. Bce MCTOYHMKY TIOCTOSHHOT'O HAIPAXEHUsA U TOKAa CBOJATCA K HYJIO
1o JOCTHUTaeTCA KOPOTKVM 33MbIKAHWEM MCTOYHUAKOB HAIIDAXKEHWUA U pa3b-
eINHEeHNEeM NCTOYHUKOB TOKAa.

2. Jlas Taxoro aHAJIW3a HE yIATHLIBAETCA BIUIHUE Pa3/eJNTeNbHbLIX 1 6J0-
KHPOBOYHBIX KOHAeHcaTopoB. [Ipeamomaraercs, 9To eMKOCTH KOHZIEH-
CaTOpPOB TAKOBBI, YTO OHU OKA3BLIBAIOT HE3HAUMTEIbHOE COIPOTUBICHNE
MepEeMEHHOMY CUTHAIY, TaK YTO BCE KOHAEHCATOPHI MOXHO CIUTATDH 33
MKHYTBIMH.
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[IpuMenus >Tu paccyxgenus (marm 1 u 2) K BHIIEIPUBEJEHHOH CXeMme
puc. 5.9, HOTyIMM SKBMBATEHTHYIO CXeMy [MJsA [EPEMEHHOTO TOKA, MOKa3aH-
Hy10 Ha puc. 5.10.

JI106y10 peaIbHyIo CXxeMy MOXHO IpH-

pecTH K Bugy 5.10, npuMmenus maru 1 u 2 i
u TeopeMy TeBenusna. e %,/

AV ; é T

IIpu cpaBuenuu cxem 5.9 u 5.10 Ha- Is ¢ Ic
o moHmMAaTh, 9T0 Rp = Ry||R; (ma- .
Vs re */e

paLIeIbHOE COeAUHEHNEe Pe3UCTOpPOoB Ry
u Ry) — pmencrByomee 6a30Boe cOIpO-

rusnerwe. I r. = R¢||Rp — compo-
THBJEHUE IIEPEMEHHOMY TOKY, BUAUMOE Pyc, 5.10. DKpuBaJeHTHAA CXEMA, TI0 TIe-
¢ KOLIEKTOpPa TpaH3ucTOopa. VI rp — pemeHHOMy TOKy ycuawTels Ha pHC. 5.9

CONPOTUBIEHNE IEPEMEHHOMY TOKY, BU-
JUMOe C SMHUTTepa TpaHsucropa. [lna ycuinmrens Ha puc. 5.9, mOCKOIbKy
korzercaTop C3 myHTHpyeT pesucTop R}, 10 HepeMeHHOMY TOKY, IepeMeH-
HEIM TOK TedYeT U3 BLIBOJA DMHUTTEPA B 3eMIi0 depe3 Rp, CIeZ0BATEIbHO,
TE = RE

BcnomunM, 4o u3 amanmsa CXeMbl MbI [TOLY 9HIN:

e & i, (5.4)

T. €. IEPEMEHHBLIN TOK KONLIEKTOPA i MOYTH PABEH MEePEMEHHOMY TOKY 3MHUT-
Tepa (YTO MOIHOCTHIO MOATBEPXKAaeTCA HA npakTuke). [losTomy

Wb =1tc/B mam iy = ie/P. (5.5)
KoaspdumuenT ycurenns 3 06LI9HO NPUBOJATCA B CIIENHMUKAIAHE IPOM3BO-
aaTens. [lockoabKy Ko3pGUIUeHT 10 IOCTOSHHOMY TOKY (4. U HEePEMEHHOMY
TOKY [4c HOCTATOYHO GAM3KHU, MH He OyJeM OeJaTh MeXAy HUMM Pa3andui
u 6y ieM NOAB30BATHCS OZHUM KOddPuimenToM, o603uavas ero 3. B repmunax
h-napamerpos — B = hpp nin hye.

Y10 ozmauator ypasuenus (5.4) u (5.5)7 Ecau usBecTeH nepeMeHHBIN TOK
SMHUTTEpPA, OCTAILHEIE IBA MEPEMEHHBIX TOKA TPAH3UCTOP3 MOI'YT OBITH BhI-
9HCIeHbl, 160 KO3 PUINEHT YCHISHUA TOKA YK€ M3BECTEH.

Temeps samenuMm TpausucTop B cxeme 5.10 ero mogensio w3 puc. 5.7, pe-
3yapTaT mpeAcTaBieH Ha puc. 5.11.

W3 paccyx nennit, npuBegeHHBIX BHIIIE, JOIKHO OBLITH ACHO, 9TO JJIA AHAJIN-
33 GMNONAPHOrO TPAH3UCTOPA HaubOoNIEe BaXHLIM ABIAETCA BLIYUCICHAE TOKA
SMUTTEpA, MOTOMY 4UTO ¢ ~ fe.

CyMMmupysa mampsxeHus BO BXOAHOM KOHType 6a3a —3MUTTEp IO YaCOBOM
CTpenke, moLyIuM

—vpp + 676 + te(re + TE) = 0.
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ToacranoBka iy = ie/ KaeT ciaegyromee COOTHOLIECHHUE:
_ Ubh
Crl+rg+re/B
Jlerko 3anucarh nepeMeHHLIE HATIPAXEHUA 63351, SMATTEPA ¥ KOLIEKTOPA de-
pe3 TOK BDMUTTEPA. ie:

e

(5.6)

Vp = ie(ré + ’I'E), (5.7)
Ve = feTh, (5.8)
Ve = GeTe. (5.9)

Wcnonssysa ypasuenus (5.6)—(5.9), mpoJOMXuM BHIBOJ BHIPAXEHUH NapaMe-
TPOB yCHIATEJA.

Kosdpuyuenm ycuaenus no wanpascenuio ycvavmeas ¢ 039

Koo dpunuenT ycuaenus no Hanps-
XeHuto A, yCUIATENs OmpeIeis-
eTci KaK OTHOIIEHWE BBIXOJHOT'O
[IePEMEHHOT'0 HANPAXEHUI K BXO[-
HOMY ME€PEMEHHOMY HAIPIXEHUIO.
Han cxemur Ha puc. 5.11 BEIXOgHOE
HAIIPAXKEHUE PABHO U, BXOLHOE Ha-
OpAXEHNE — Up.

CirenoBaTeabHO,

v,
Ay =2
Vb

(5.10)

Ioacrasnsas vy U v, U3 ypaBHEHUH

Puc. 5.11. B, C u E — 6a3a, KOWLIEKTOP (5.7) u (5.9), noxyuum

¥ BMATTEpP TPAH3UCTOPA .
%eTc

te(rl + rg)

v =
niamn
Tc

(re +7m)
OTO0 OYeHb BaXHOE€ W NOJEe3HOE COOTHOIIEHWE, IIO3BOJAIOIIEE BLIYACINTD KO-
3¢ PUINEHT YCUICHHS IO HAUPAXEHWIO JIOOOr0 YCHIMTENI MAJILIX CHTHAJIOB
C OOIIMM SMHTTEpOM HA OCHOBE CONPOTHBICHUM T, T, W Tp. Bcnommum,
4710 7. — 3$PEKTUBHOE CONPOTHUBIEHNE IePEeMEHHOMY TOKY, BEAUMOE C KOJI-
JIEKTOpa, TPAH3UCTOpa (MHAYE 3TO CONPOTHBICHNE HA3LIBACTCA 3bdEKTUBHOX
KOILIEKTOPHOM HATrPY3KOH). r, — AUHAMHUYECKOE CONPOTHBICHHE SMUTTEPA.
W rg — sdpdexTrBHOE CONPOTHUBRICHNE IePEMEHHOMY TOKY, BUAUMOE CUTHALY
C SMUTTEPHOT'0 BHIBOJA TPAH3UCTOPA.

(5.11)

,U=

PaccMoTpuM HECKOIBKO MHTEPECHBIX TPAKTUIECKHX CIydaeB U OMpe/iequM
HasHaYeHue GIOKMPOBOYHOI'0 KOHIEHCATOPa B CX€MaX yCHINTeJ.
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Ha cxeme ycunurens, npusenenton Ha puc. 5.12, rg = Rp. Ha mpakTuxe

B cxeMax Rg > rl, Torga cormacuo ypasaermo (5.11)
Ay = r./RE. (5.12)

Boapmoe 3uadenune R o6ecnedmBaeT XOpOUIy0 CTabMIBLHOCTE CMEIeHNns
10 TIOCTOAHHOMY TOKY (pPacCMaTPWBAJIOCh B . 4) M TakXke CTa0MIM3UPYET
k0o PuIMEHT ycuieHus o Hanpsaxennio. KoaddunueHT ycuiesna no Hamps-
XEHUIO TOYTH He 3aBHUCAT OT T, KOTOPOE 3aBACAT OT Temueparyphl. [loaTo-
My RE Ha3sBIBaeTCi TEPMOKOMIIEHCHDYIOIIMM DE3UCTOPOM, SMHUTTEDP TepPMO-
KOMTIEHCHPOBaH BHO0OpoM g (= RE), HAMHOrO NPEBHILIAOIIAM 7.

CTabuabHOCTE KO3(PPULIMEHTa YCUICHUA [0 HAMPSIXKEHUI0 — DPe3yJbTaT
OTPHUIATEILHON OGPATHON CBSI3W, BBEJEHHOU B cxeMy pesucropoM Rg. Boxee
HoApo6HO oTpuLaTeNbHAA 00paTHAA CBA3b OyJeT pacCMOTPEHA B TI. 7.

KoaddunuenTt ycurenus no nanpsxenuio (~ r./Rg) B cxemax Tuna 5.12
HAMHOT'O MEHbINe, 9eM OH Obul Obl, eciu 661 Ry = 0 [cM. ypaBrenue (5.11)].
Oxmako cxeMma ¢ Rp = 0 kpaiHe HEXelaTelbHa, TaK KaK YMEHBIIAeTCA BXO[-
Hot mmvmeganc — ot B(r,+ RE) 1o B v, u cHAXaeTcs yCTOMIMBOCTD CMELIEHHA
II0 TIOCTOAHHOMY TOKY.

Puc. 5.12. Cxema ycurmrens +Vee

6e3 GIOKMPOBOYHOIO KOHJEH-
caropa aua Rg
R,
Ry é ¢
| |
|

=
AL

NcTouHuk curHana R R

NepeMEHHOro ToKa 2 f E

Cxemy 5.12 MOXHO MOZMPUIMPOBATH, BBEAA OIOKMPOBOYHBIA KOHJIEHCA-
TOP mapaLiebHO 3MUTTEPHOMY comporusienuio Rp (puc. 5.13). EmxocTs
KOHJEHCATOPa [JONXKHa OBITH JOCTATOYHA, YTOOBI €r0 CONPOTHBJICHHE Iepe-
MeHHOMY TOKY OBLIO HAMHOT'O MEHBIIE, 9eM Pe3ucTopa Rp. DMnupmdeckoe
HPaBWIO, IIXPOKO IMPUMEHAEMOE I PACIETa eMKOCTU OJIOKMPOBOIHOIO KOH-
AEHCAaTOpa, MOXHO 3aIMCATH TaK:

suibupatime emrocmy Kondencamopa maxot, umobbl €20 CONPOMUBAEHUE
NEPEMEHHOMY MOKY KA CaMOl Hu3Kkot pabouet uacmome 0biL0 PABHO 00-
not decamoti wacmu Rg.

Takum 06pa3oM, 6I0KIPOBOYHBIN KOHIEHCATOD MOYTH HAKOPOTKO 3aMBIKAET
SMuTTEpHOE compoTuBienue R curnany nepementoro Toka. OH addexTnBHO
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CaXxaeT SMHUTTED Ha 3€MII0 II0 EPEMEHHOMY TOKY, T.e. rg = 0. Umeem
Te
T
e
ITpucyTcTBHe 6J0KMPOBOIHOTO KOHIEHCATOPA HE MEHAET XapAKTEPUCTUK CXe-
MBI Ha TOCTOAHHOM TOKE, TaK KaK KOHJEHCATOD He IpomycKaeT (6IokupyeT)
MOCTOAHHLIN TOK. [[oCTOAHHLIE TOK mpoXoauT depe3 Rp M cxeMa COXpaHAeT

MPENMYIIECTBO YCTONINBOCTH CMEIUECHUA.

+Vee Puc. 5.13. Ycumremn ¢ 09,
C 3MHTTepOM, 3ab0JOKMPOBAH-
HBIM KOHAEHCATOPOM

Ry é Re

WcToyHuk curHana Ro Re
NepemMeHHOro Toka

Ypasrenue (5.13) npegnonaraer 6oabmon kK03(pGUIUEHT YCUIEHNUS TI0 Ha-
NPAXKEHAIO, IOTOMY 9TO T OOGBIYHO HECKOIBKO KHIOOM, & T, — HECKOJIBKO
Aecatkos oM. Ho 1o mpudmHaM TeMnepaTypHOU 3aBUCAMOCTH T, K0adbduiy-
€HT YCWJIEHUA 110 HANPAXKEHWIO HEJOCTATOYHO CTabMIeH.

Ecnu co3paTh IpoMEXYTOYIHYIO CXeMy MeX[Iy CXeMOH C T€PMOKOMIIEHCH-
POBaHHBIM 3MUTTEPOM (puc. 5.12) 1 3a6I0KAPOBAHHEIM SMUTTEPOM, TO CXEMA
ycwinTelda 6yieT onTuMusupoBaHa. Ha cxeme puc. 5.14 smutTep 3abmokupo-
BaH TONBKO YaCTUIHO. TakoW CIydal 4acTO NMPHMEHAETCA Ha MPAKTHUKE.

Puc. 5.14. Ycumrers ¢ 09 +Vee
C 9aCTUIHO TE€PMOKOMIIEHCH-
POBAHHBLIM DMEATTEPOM
Re
R é
| |
[
R
McTOYHUK curHana Req
NepemMeHHOro Toka
RS
e C
=T
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IIpumep 5.2. Y ycuawrens, uzobpaxkennoro Ha puc. 5.15, a, r, = 10 Om. Borun-
cauTe TOK dmMuTTepa. Kakoe HanpskeHue nepeMeHHOr0 TOKA Ha SMUTTEpE IO OTHO-
mennio K 3emiae? Yemy paBeH KOo(pPULIMEHT YCUICHNUS 110 HAMPIKEHUIO?

+15B

Vs
3 kO
5 mB M =12 kOm |
Ans 3KBUBANEHTHOIO
= = —  COMNpPOTUBNEHUNA

6)
Puc. 5.15. 6) YUTo6b1 HaTH SKBUBAICHTHOE CONPOTHBICHAE, TPeOyeTCA NPUPABHATD
Vs BHymo. rp mpu 3aMBIKQHEU PaBHO Vs
Pemenne. Tot smuTTepa

Ubb — Ubb
(re+r1,+rg/B) (re+rh)
ie = 5 x 107%/(20 + 10) ~ 0,166 MA.

TB

B

e =

[moromy uTO =0, cm. puc. 5.15, 6]
[lorenunan nepeMeHHOr0 HANPAXKEHUA HA, DMUTTEDE Ve
ve =i -TE = 0,166 MA x 20 Om = 3,22 MB.
s ouenky KO3(PPUIUEHTS YCUICHNUS 10 HAIPSKEHUIO
re = Rc||RL = 2 xOm||2 kOm = 1 xOm

AT _ 1000 N
"T (re+7) (20 0M+10 Om)

33.

Ipumep 5.3. s cxemsr ycmmrens ¢ O3 Ha puc. 5.16 omennTe K03(PUIMEHT
yCunenusa no Hanpsokenuto. [Ipunsats Vg = 0.

Pemenwe. Koodppunuent ycunenus no nanpsxenuo A, (u3 ypasrenus (5.13))
A, =178, re = 4 kOm||4 xOm = 2 xOm
¥ COMpOTHBJEHNE SMUATTEPA NEPEMEHHOMY TOKY T,

v, =25 mB/Ig.
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ITOCTOAHHBIM TOK SMUTTEPA
Ig = (Vso o — VBE)/RE.

3necs Vso xom — MajgeHue Hampsxeuus Ha peaucTope 50 kOm. Umeem

_(8—0)B_ , _25MB
Ig = 8 %On =1MA, Te= T4 =25 Om.
CaenoBaTenbHO, KOOMPUIUEHT YCHICHUA [0 HAIPIKEHUIO
2000
A, = 5 = 80.
+15B
+24 B

4 kOm

Puc. 5.17.

IIpumep 5.4. Y Tpamauctopa B cxeme ycmiurens (puc. 5.17) v, = 10 Om.

1. BoruucauTs KO3ppUIUEHT YCUIEHUSA 110 HAIPIKEHUIO YCUINTEA.

2. Ecau BEIBOA GIOKMPOBOYHOI'O KOHIEHCATOPA NEPEHECTH U3 TOYKU A B TOUKY
B, xaxum 6yneT KO>PPUIMEHT yCUICHUS [0 HAIPIIKEHUIO!

Pemenmne. 1. KoopdpuuuenT ycuneHus mo HanpsAxKeHuo faH ypasHenuem (5.11)
Ay =r1c/(rE+TL).

Y0651 MOTYyIUTh B 3TOM CXeMe 3Ha4YeHue 7., BeiBog + Voo (+15 B) 3azemusem u pas-
JeIUTeabHEIN KoHgeHcaTop C) 3ambikaeMm. Torga ¢ KOMIEKTOPa BUAUM MapaJIelLHOe
COeVHEHNE KOMIEKTOPHO'O ¥ HATPY304HOr'0 CONPOTUBJICHUH.

re = R¢||R2 = 3 xOuMm||6 kOm = 2 xOm.

! =10 Om (gamno). ¥ rg (3¢ddexTUBHOE CONPOTHUBIEHNE IEPEMEHHOMY TOKY HA 3MUT-
Tepe) = 400 Om (xougercaTop C» NOYTH He OKA3LIBAET CONPOTUBICHHUS IEPEMEHHOMY
TOKY, T.e. peauctop 1 kOwm zamynTuposan). CregoBaTensHO,

r
A, = —5— =2000/(400 + 10) = 5.
YT (vl +rTE) /(400 +10)
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2. Eciu nepenectr BuiBog koHgeHcaTopa Cy w3 Touku A B Touky B, mul Gygem
umeThb g = 0. CregoBaTenbHO,

A, = £ =2000/10 = 200.

/
Te

Bzoonoe conpomusaerue

BxojHOE COMPOTUBIeHNE (AMIEJAHC) ABIACTCA BaXHBIM APAMETPOM 060U
cxeMHl. Majioe iepeMenHOe HAIPSAXKEHNE Ha BXO/Ie BHI3EIBAET IIEPEMEHHEBIN TOK.
Hx oTHOLIEHNE 7 €CTh BeAN4MHA BXOJHOrO mMueganca (3axon Oma). O6erano
XeJaTelbHO MMETDb BLICOKHAN BXOHOM MUMTIEJAHC, ITOOBL CXeMa, He IOTPEeOIina
6ONBUION TOK OT MCTOYHWKA, 4 B TOM CIydae, €ClIM BXOJ COEIWHEH K IPYrou
3IEKTPOHHOM CXeMe, OH He CHUXAJ Obl 00yl MMIefaHC IBYX KacKajoB (mM-
MeJaHCH 6y T BKIIOYEHEI IAPALIEILHO), 9TO6 He ObLIO HEGIATONPUATHOTO
BIUSAHASA HA XaPAKTEPUCTHUKH IPEILIIYIIErO KacKaga, CHUXEHuI ero sddex-
THBHOTO T, U, CIeJOBATEILHO, KOahduuueHTa ycwienns [ypasaerue (5.11)].

Ha puc. 5.18 mzobpaxena cxeMa YCHIATENA. Z; HIPEACTABIAET BXOTHOU
AMITEAHC YCHIATENI. Y ZO6HO BLIYUCIATL Z;, UMes SKBUBAICHTHYIO CXeMY
i1 IEPEMEHHOr'O TOKA. BCOMHUM, ITO AJA 3TOr0 HAJO 3a3€MINTH BBHIBO/BI
HCTOYHUKOB TOCTOAHHOI'O TOKA, T.€. BEIBOA +Voc momkeHn ObITHL 3a3eMieH,
H KOHIEHCATOPHI JOJXKHEI OBITh 3aKOopoUIeHbl. [lonydennas skBUBaJCeHTHAS CXe-
Ma mpuBefeHa Ha puc. 5.19, a, 6.

+Vee

é Ry RC Co

oW

VICTOUHUK R é
curkana Re
nepeMeHHoro é Ra>

TOKa —

Z; Zj (base)

Puc. 5.18. Yeumrem ¢ 0. Z;pase) — BXOHOM MMIeanc, HabmogaeMblil Ha Gase
(on me BxmovaeT Bmuarme Ry u Ry), Z; — BXOLHOM MMIIEJAHC yCHIMTELI
uZz; = R1||R2” Zi(base)
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[Tpu 3a3emmenHoM BeIBOAE + V(¢ JA€rK0 BUIETDH, ITO

Rp = R;||Ra, (5.14)
re = Re||ReL, (5.15)
7‘E = RE‘ (5-16)

OTmeTuM, 9TO TOK MCTOYHMKA IMPOTEKAET KakK depe3 6a3y, Tak u Uepes pe-
3UCTOPHI CMEIEHNA. BXOJHON TOK [EeIWTCA Ha JBE JaCTH, & UMEHHO, ip U ip

[puc. 5.19, 6].
/

Vi R1 Ro Re

a)

iy J -

= Rs Z; (base)

6) B) Z;= Rg||Zi (base)

Puc. 5.19. Pasinunbie skBuBaleHTH nMnejanca. Ormeruym, uro: Rp = Ril||R;;
rc = Rc||RL; re = RE

BxogHON MMIEgaHC CXeMbI PaBeH
Vi
7z, =Y.
1
Yno6Hee BHITUCIATE BXOJHON NMIIEIAHC, PA3AEINB €r0 HA [BE IaCTH, NpPHA-
BefieHHble Ha puc. 5.18 u 5.19, 6. [lonyanm Z;pese) m Rp. Toraa BXO/THOH

UMIEJAHC yCHAUTeIs [cM. puc. 5.19, 6]
Zi = RBHZi(base)° (517)

O6bLI4HO B CXeMaX MAJIOCHTHAIBHEIX yCHIATENeN cornpoTusienus R u Rg
MOXHO BHIGMDPATH B MINPOKUX HPEAeIax [CIef0BaTelbHO U conpoTusienue Rp
B ypaBHenuu (5.14)] m Rp momxeH ObITH BBICOKAM. IT0GBI Z; ObLI BHICO-
KHM, Zj(pgse) TOKE BOMKEH OBITH BHICOKAM. Tak Kak Rp U Zj(pqse) BKIIOIEHSL
MapaIEIbHO, TO €CIH JI060H U3 DTUX UMIEAAHCOB OymeT Hu3kuM, TO u Z; Oy-
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JeT HU3KMM. BCmoMHMM, 9TO IpH Iapa/LIeTbHOM COeJUHEHHH BEICOKOOMHOT'O
¥ HE3KOOMHOT'O PE3UCTOPOB PE3YIbTUPYIOIIEE CONPOTUBICHUE OyneT Ommxe
K COIPOTUBJIECHNIO HU3KOOMHOTO pesucropa. Hampumep, ecium R; = 1 xOwm,
Ry = 100 xOwm, Toraa

1 kOm x 100 kOm 100

= =—= =1 .
RillRz = 1 50 1100 x0m — 101 — 220 O~ 1 xOm
i~
Caal
ibz_ie»/ﬁ
’—> rcé 4 ’cé
re
zi(base) —T_ " iel
= - = -_ re =
Zi(base)
a) ~ 6)

Puc. 5.20. Omnpegenenne Z;(pqse)

Y1068l BEIYMCIATL BXOJHOM WMMIEAaHC Z;, HaM HEOOXOMUMBI 3HAYEHUA
OKBHBAJIEHTHOTO CONMPOTHUBIEHUA Rp u compoTusienue Zjpes) (ypaBHeHme
(5.17)). Rp moay«um, npuvenns (ypasuenue (5.14)), a conporusirenue Z;pqse)
MOXHO BBIYHCIHTL CJIELYIOIAM Crmoco60oM. 3aMeHAeM TPAaH3WCTOP B CXeMe
Ha puc. 5.20, ¢ ero uiealbHOM MOAEIbI0 U moay4duM cxeMy (puc. 5.20, 6).

Nmnenanc 6a3bt

Zi(base) = Vb/ib- (5.18)
Hanpsxenne vy (Mex 1y 6a30# TpaH3mcTOpa U 3eMiei) B cxeme Ha puc. 5.20, 6
B COOTBeTCTBUH C ypaBHeHueM (5.7) paBHO:
Vp = ie('l‘é +7rE). (5.19)
Benomumm, uto i = % mwm i, = Bip.
[oacrasus snadenue i, B ypasuenue (5.19), noryumm
. /
vy =1p - B(Te + TE)
wim
Vp /
Z'i(base) = I_b =4- (Te + TE) .
Urak, Bxogroit mvmesanc 6asst Gy e

Zi(pase) = B+ (T + TE). (5.20)
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Ypasuenne (5.20) npeacTaBiaseT BaXHOE COOTHOUIEHWE, IaCTO HCIOIb3Y-
eMoe JJA BHYUCICHHA BXOAHOTO mMmnenaHca. U3 pumc. 5.20, 6 MoXeT MmOKa-
3aThbCA, 9TO BXOAHOM MMIEJAHC PaBeH MPOCTO (T, + Tg), ITO HEMPAaBWIBHO,
HOTOMY 9TO TOYKAa 6a3bl B PACCMATPUBAEMON CXeMe — He MPOCTOe OTBETBIeE-
uue. Tok i, Tekymui depes (r, + rg) HE BeCh NPUXOAUT U3 6a3sl. Baza gaer
TOIBKO MHOT'O MEHBUIN TOK ip(= ic/[).

fsa cayuas uz npaxmuxu
Cayuat 1. Smummep 3a3eMmaer N0 NEPEMEHHOMY MOKY
OMUTTEP MOXET ORITH 3a3€MIEH IO Tie-
+Vee +Vee PeMEHHOMY TOKY AByMsa crocobamm —
puc. 5.21, a, 6.
B gamnom ciygae rg = 0 u u3 ypas-
nernus (5.20) umeeM

Zi(base) =B "'é' (5'21)
Hanpumep, ecin xoadpdbuuueHT 116
pemadu TOka TpamsucTopa [ pasen 80
Re U OUHAMUIECKOE COIIPOTHUBJCHUE 3MUT-
Tepa 5, = 20 Om, TO
= Zi(base) = 80 x 20 Om = 1,6 xOm.

a) 6) OfHako OTMETHM, H9TO Zj(phese) 3MECH
HeCTaOWIeH, TaK KaK T, 3aBUCAT OT TeM-
nepaTypsl.

Rc Rc

I

Puc. 5.21. 3azemienne sMuTTEpPa IO Ie-
pemernoMy Toky: Rg = 0 (a), mynTupo-
Banue Rg xougencaTopom (6)

Cayuati 2. Tepmorxomnencuposarrviti samummep

[l TepMOKOMIIEHCHPOBAHHOT'O 3MATTEPA TE >> T, 1 u3 ypasuenus (5.20)

Zi(base) =B-TE. (5.22)
AcHO, 9T0Z;(pgs¢) CXEMBI OyI€T BHICOKUM H3-33 TE 3> T
Ypasrerue (5.22) odens BaxHO. OHO HMOKA3BIBAET, YTO MMIELAHC, BUAU-
M Ha 6a3e cxemel ¢ 09 (u ¢ OK), npocTo pasen npoussenenuio koagouun-
€HTa TepeJadd TOKa [ U JeHCTBYIOMErO CONPOTUBICHNUA IEPEMEHHOMY TOKY
Ha BMHUTTEPE.
IIycts B = 80 u rg = 500 Om, aT0 Haet

Zi(base) = 80 X 500 = 40 xOm.

Bugno, 910 Zj(pgs¢) CXEMBI C TEPMOKOMIIEHCHPOBAHHEIM SMUTTEPOM HAMHOT'O
BBIIIE, 9EM CXEMEI ¢ 333€MICHHEIM 3MUTTEPOM.

YT06b1 BLIYUCIATL Z; ycuamTels 1o ypasHenuio (5.17), 3Haa BeawawHY
Zi(base), HAKO B3ATH B PACIET CONPOTUBICHHS CMEIAIONIIX PE3NCTOPOB (ypas-
menne (5.14)).



5.8. Anaaus ycuaumeas ¢ o6wum smummepon 03 I@

IIpumep 5.5. Borauciuts BXOJHON MMIIEJAHC yCUINTENs, #300paXXeHHOr O Ha PH-
cynke 5.22. KoaduruenT nepesayn TOka TPaH3UCTOPA B pasen 80.

Pemenne. Bxoguoit umnenancZ; pasen Z; = B(rg +r,). Tax xax Rg > rl, TO T,
MoxHO 0T6pocuTs. W1 Torga umeeM

Z; = B-Rg =80 x 5 xOm = 400 xOm.

+9B
+5B 2

2 kOMm 20 KOMS

1 2 kKOMm I_—.o
p— ~W— |-

Vs
10 KOM f |
5 O 2wvB 2,3 kOM Ic

5B Z; Z; (base)
Puc. 5.22. Puc. 5.23.

IIpumep 5.6. [Iunamudeckoe CONPOTHUBIEHHE SMUTTEPa TPAH3UCTOPA !, paBHO
25 Om u B = 80. [laa ycuurens, u306paXXeHHOr0 Ha puC. 5.23, BEMUCIUTD KOIPdU-
IVEHT YCUJEHHU 10 HAIPAKEHNIO ¥ BEIXOAHOE HAIPAXKEHUE Uo. Ipunasts Vg = 0,7 B.

Pemenne. U3 cxemer puc. 5.23 umeeM
Zi(base) = ,BT; =80 x 25 = 2 xOm, Z; = RB”Zi(base)a

rge Rp = R;||R2 = 20 xOm||10 kOm = 6,66 xOm.

CregoraTensro, Z; = 6,66 kOm||2 kOm = 1,54 kOm.

MpeamonaraeTcs, YTO Ha NEPEMEHHOM TOKe KOHJEHCATOPH! 3aKOPOYEHHI, TOT /3
mBa ummeganca Rs(= 2 xOm) u Z; o6pa3yioT geluTenb HANPIKEHUT (puc. 5.23).
Hanpsxenne curnana vs(= 2 MB) geautTcs, ¥ Ha BXOJe yCWIMTENS JEACTBYET HAIDA-
xenne v;. U Torga umeem

v = [ L54KOM | " 0435 x 2 mB = 0,87 uB.

2 xOum + 1,54 xOm

CremoBaTenbHO, OT HANDSKEHUA CATHAIA MCTOYHMKA 2 MB B ycmamTenb momanaer
Tomsko 0,87 MB. OcrambHoe Hampskenme curana (2 mB — 0,87 MB = 1,13 MB)
Najaer (TepaeTcs) HA CONPOTUBJICHMH ucTOuHMKA s = 2 KOMm.

Teneps zanumem A, = {—% = %)g_o = 120. CregoBaTeasHO,

v, = Ay - v; = 120 x 0,87 MB ~ 104 MB.
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Buizodwnot umnedanc ycuaumean ¢ O3

BrIxogHO MMNIEIaHC YCHIMTEIA — 3TO HOIHBIM SKBUBAJCHTHBHIA MMIIECIAHC
Ha €r0 BBIXOJHBIX 3aXuMaX. ECIu m3BECTHBI BLIXOJHOE MEPEMEHHOE HAMPS-
XeHWe U BBHIXOJHOW MEPEMEHHBIN TOK, BHIXOJHOM MMIIEJAHC IPOCTO PABEH UMX
orrOmenuo (no 3akoHy Oma). BMecTo BBIBOJja COOTHOIIEHUA [/ BHIXOJHOTO
WMIENAHCa UCTONAb3YEeM APYTON MOMXOL.

Panee Mu1 Bujienu, 9To BXOAHON uMmneganc yeuwmrena ¢ 09 mexny 6a3on
¥ 3emielt paBer Zjpose) = B(re+7E). Y ecru sMuTTep 3a3emien (T.e. 7g = 0),
BXO/HOM MMIIEJAHC CTAHOBUTCA PaBHBIM .. BcmomuuwM, 9To v, — BxogHOMK
nMmneanc ycwiarens ¢ obuen 6azon (OB). Takum 06pa3oM, MBI BUAUM, 9TO
y yemaurens ¢ O Bxoguoun umuenasc B S pas 6oabuie, dem y yemrutens ¢ OB.

Bexoguon mmneganc yemaureas ¢ OO mMoxeT OHITH BHIYUCICH mpeobpa-
30BaHMEM B DKBHUBAJEHTHYIO CXEMY IO Teopeme TeBeHWHA, HO TAKOW AHAIN3
clIoxeH. B nencTBATENLHOCTH, TaK KaK BXOJHOW mMmenaHc ycuaureas ¢ 0D
B [ pa3 6ombme BxoguHOro mmreganca ¢ OB, TO BLIXOLHOM MMIIETAHC YCH-
autens ¢ O pasen 1/ Brixoguoro mMmnenanca ycmaurens ¢ OB. Herpyano
YBHIETb, 9TO BEIXOAHON uMnenanc ycuwmmrena ¢ OB pasen r., apdpexTurOMY
HMIEJAHCY, HAOM0ZaeMOMY C KOLIEKTOpa TpausucTopa. CienoBaTerbHo, MBI
MOXEM CJEJaTh BEIBOJ, ITO BHIXOJHOM nMmesanc ycuanrers ¢ 0D pasen r./f.

O6o6waem:

Cxema c o6weit 6asor Cxema ¢ 06IIMM 3MATTEPOM
Bxoamo mMmenanc Zi=rl, Zi=p-r.
BoxogHOM MMIIEgaHC Zo R Te Z,=rc/B

ToaHbIA BEIBOJ COOTHOIIEHNA /A BEIXOAHOI'O UMmesanca yemmarena ¢ 09
MOXHO HauTu B quTepaType [1] u [3], KoTOpas npuBejeHa B KOHIE TTABEHL

5.4. DMuTTEpHbIN NOBTOpPUTEND

Yemmurens ¢ o6mmmM komtekropom (OK) 6onee usBecTeH kKak SMUTTEPHEIH 110-
BTOPUTENb. DMUTTEPHHEIN NOBTOPUTENb N300paxed Ha puc. 5.24. Hekoroprie
CBOMCTBA 3TOU CXeMHBI AHAJOTWIHEL cBoMcTBaM ycmruteis ¢ 0. Hanpumep,
BXOJHOM curHAI, kak u B ycumutene ¢ O, npuioxen k 6ase. Opnaxo BH-
XOJZHOW CHUTHAI CHHUMAETCSI C SMUTTEPA — DTO OTIAYATENbHAA OCOOEHHOCTD
aMuTTEPHOro noBroputeia. Y ycuiureren ¢ O3 u OB BuXoqHON CUTHAI CHH-
MaeTcsa ¢ KOIIEKTODA.

3aMeHMB B CXeM€ Ha pHC. 5.24 TPaH3HUCTOP €ro MAJIOCHTHAJILHBIM JKBH-
BaJEHTOM, IOIY4YAM CXeMY, NPUBEIAEHHYIO HA puc. 5.25. 31ech KOHIEHCATOP
HPeNCTaBIeH KOPOTKO3AMKHYTHIM ¥ MCTOYHUK IOCTOSHHOTO TOKA 3a3EMJEH,
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KakK 9TO OBLIO CAeJqaHo u mpu aHaamse ycumurers ¢ O (Boobue, 310 Tpedo-
BAHMA AHAIW33 HA IEPEMEHHOM TOKE).

<~
C
+Vee
® . . —
Rs ip = ie/B =
Rs —> B
Rs T A
* e v io| 9 E
—e
A + i +
Re é Yo = = = Re=Ve=vou
I Z; (base)

Puc. 5.24. Cxema ycwmrens — smur-  Puc. 5.25. OxBuBajeHTHaA CXeMa IO HepeMeH-
TEPHOr'0 MOBTOPUTENA HOMY TOKY CXEMBI HA puC. 5.24 ¢ TpaH3UCTODPOM,
3aMEHEHHBIM €r'0 MOAEIBIO

[ IepeMEHHOr0 TOKa KOWIEKTOP MMEeT 3a3€MICHHBIN MOTEHIWAN, II0-
9TOMY 3Ty CX€My €ll€ HA3BLIBAIOT YCWIATEIEM C 333€MIEHHBIM KOLIEKTOPOM
W ycmmareaeM ¢ oomuM KomekTopoM. CpasamB cxemy 5.25 co cxemoun 5.20, 6,
BUJWM, 9TO BXOAHBIE Henu (6a3a—5MUTTEpP) UACHTUIHHL B OOOMX CIydasX,
u ypasuenua (5.7) u (5.8) HAIPAMYIO NPUMEHHMEBI K SMUTTEPHOMY IOBTODH-
Teao. Bocmonbayemca ABYMs, BHIBEJEHHBIME pPaHee yPAaBHEHUAMM, 3 MMEHHO
(5.7) u (5.8), nua monydeHns KoapPUNUMEHTa yCAICHAA 110 HAIPAKEHUIO

vp = te(rh + TE), (5.23a)
Ve = 1eTE- (5.236)

CregoBarensso, K03DGUIIEHT YCUIEHS IO HATPAXEHNIO PABEH
Ay=2e=_TE N1, (5.24)

v (ri+7E)

KoaddunuenT ycunenns no HAIPAKEHAIO SMUTTEPHOTO IOBTOPUATENA MEHb-
le eqMHWILI, HO OIM30K K HeH, moToMmy 49T0 Tg > r,. Takum o6pasoM,
B OMATTEPHOM IOBTOPHTEIE HET YCWICHHA [0 HANPAXKEHMIO, T.€. BHIXOJHOE
HANPsKeHNe TOYTH PABHO BXOAHOMY HAIIPAXKEHUIO.

[anee mpu yBenmaeHun vs BXOAHOR TOK i YBEIMIUBAETCA, TAK XKe yBEIU-
IMBAETCA U BLIXOAHOM TOK % (= [ip), BHI3bIBAA YBEINIEHUE BBIXOAHOT'O HAIIPA-
XeHusa. CiefoBaTerbHO, BEIXOJHOE HANIPIXKEHHE COBIAJaeT MO dasze C BXO.-
HEIM HampsxeHueM (34eCb HET IepeBopoTa ¢asbl). Ecim BXogHOM cHrHAIX
Cunycompanbubil (puc. 5.4, 6), To GpopMa BHIXOJHOI'O HAIPAXEHUA MOJ06HA
u306paxkennolt Ha puc. 5.4, a 4ua ic (IOTOMY 9TO i & 4e).
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Ecau BcnoMuERTE TOT pakxT, 9T0 KOdIUIUEHT yeraeHNA OIN30K K eINHA-
Ile, TO BUAMUM, 9TO BEIXOJHOE HAIIPAXKEHNE IMATTEPHOI'O TOBTOPUTENA CIEAYeT
3a BXOJHHEIM KakK TI0 ¢dase, Tak u 1o ammaunTyne. [lo 3Toi npuyanue 3Ta cxeMa,
HA3BbIBAETCA SMUTTEPHBIM IIOBTOPUTEIEM.
W3 cxeMbl SMITTEPHOr'O IOBTOPUTEII BAAUM, ITO BXOJHOM TOK PABEH ip,
a BBIXOJZHOUN — i. CllefoBaTenbHO, KOD(PPUINEHT YCHICHA IO TOKY, IIOCKOIE-
KY ie = tc + 1 = (8 + 1)ip, 6yneT pasen
Ai=ifiv~= B+ 1)ip/is=B+1~p. (5.25)
Taxmnm o6pasoM, K03hDOUIUEHT YCUICHNA IO TOKY Y9MATTEPHOT'O IIOBTOPUTEIA

BBICOK.
KoadppuumenT ycuienus mo MOUTHOCTH, PABHBINA

Ap = AiAv ~ A, = ,3, (526)

TOX€ BBHICOK.
J1a BXOOHOrO MMIENaHCa SMUTTEPHOTO HOBTOPUTENI MOXHO B3ATH Ha-
NpAMYIO BCe ypaBHeHuA N ycmmureda ¢ OI.
Taxnm 06pa3oM, BXOLJHON UMIIEAAHC CO CTOPOHH 6a3H TPAH3UCTOPA PaBEH

Zz'(ba.se) = IB(Té + TE)- (527)
Bzoonoti umnedanc B B pas 6oxbmre

COIPOTUBIEHNUA SMATTEPHOI'O PE3UCTO-

v l:— Pa, X SMUTTEPHBIA IOBTOPUTEID JEMOH-
CTPUPYET BBHICOKAU BXOJHOU HMIIEIAHC.
Bxogmol mMIenanc yCMIMTeIBLHOTO Kac-

Kafa Zi(stage) HOLYIUM, yIATHIBaA 6230~
v BB pesuctop Rp:

Zi(stage) = RBI |Zi(ba.se) . (5-28)

= Buizodnoti umnedanc Z, sMATTEPHO-
Puc. 5.26. Onpegerenue sexoguoro um- 1O MOBTOPUTEIA MOXHO M3MEPUTD, €CIN
NeJAHCa Z, DMUTTEPHOI'O MOBTOPUTELA NIPUATOXKUTH K OMATTEPY (BbIXO,l],’HOMy 3a-

XKHUMy) MaJO€ MEPEMEHHOE HAIIPAKEHUE

vr (TECTOBHIM CATHAN) W U3MEPHTH MO-
Jy9eHHBIA MEPEMEHHBIM TOK i7. BXOJHOM MCTOYHMK CHTHAIA Vg MPA 3TOM
TOIXeH OBITH 3a3emieH. TakuM 06pa3oM, SKBUBAJEHTHAA CXE€Ma, CTAHOBHATCA
TaKoU, Kak n300paxena Ha puc. 5.26.

B TpamsucTopHOU cXeMe BXOJHOM ¥ BBIXOJHOW IOPTHI CBA3AHLI, B PE3yJb-
TaTe Y€ro BHIXOLHON UMIIENAHC CTAHOBUTCA (hyHKIIAEH HMIIEIAHCA, BHOCHMOTO
u3 6a30BOM Lenu, BKI0Yas CONPOTHUBIeHNE UCTOYHUKA Rs. Mul unenn panee,
9TO IO TEM Xe MPUYAHAM BXOJHOM MMIIEJAHC yCUINTEN ABIACTCA dYyHKIMEH
COIIPOTHUBIEHUA HATPY3KH.

oY

2h 2h ”

Re

J— — P —_—
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Moxno moka3aTh (II0fpPOGHEII BEIBOJ COOTHOIIEHAR CM. B auTepaType [1],
[PHUBEJEHHON B KOHIE TNIABEHI), 9TO

Rp||R
Z, ~ Rg|| {r;+%}. (5.29)
Ha mpakTuke Ry < Rp, koadbdunuenT nepesa<au ToKa [ 6orbmon u Rg >> 7.
IIpu oTux ycaosuax, wier (Rp||R;s)/B = Rs/ Man n MoxeT GHITH OTGPOLIEH.
Torga MBI IMEEM

Zo, = Rgl|r..
U nockonrky Rgl||re = r¢ noxywmm
Zy =1, (5.30)

JTo ypaBHEHHE MTOKA3EIBAET, ITO ¥ SMUTTEPHOrO IOBTOPUTEILA O9€Hb HU3KAA
BBHIXOJHOM MMIIEJAHC, IO3TOMY OH MMeET GOJIBIIYI0 NPAKTHIECKYIO IEHHOCTb.
OMHATTEPHLIN IOBTOPUTENDL HMEET K03h-
unUeHT yCuIeHNsA MO HANIPAXKEHUIO MEHbIIE +12B
eIVHUNBI, HO y HEro GOJBIION k03(dunu-
€HT yCHIEHWs [0 TOKY, 9YTO HOBBILAET yPO-
BEHb MOIIHOCTY BXOAHOT'O CHTHAJIA. Y HETO
6OIBIION BXOJAHOUM MMIeENaHC (HAMOOIBIIAN
m3 cxeM ¢ 09, OB, OK) u 04eHb HU3KUH BhI-
XOJHOM WMIEJAHC. DTH YPOBHU MMIIEJAHCA,
JeNaloT €ro IMWPOKO MPUMEHHMBIM B Ka-
4eCTBE MPOMEXYTOIHOT'O yCHIUTeNd (06BId-
HO HAa3BIBAEMOM («Oy(epHBIM YyCIIMTEIEM)) Puc. 5.27.
MEXJY yCHIATEIEM ¥ GONbIIOW HACPY3KOU.
Boapmas marpyska (Hu3KOOMHAs), €CIM €€ BKIIOYATH K YCHIMTENO HANPA-
My10, CHIXKAET KO3DOUINEHT YCHISHUS [0 HAPAXKEHNIO, IOTOMY ITO B 3TOM
ciydae T, majaeT, u Takxe magaer u A, (= r./rg). Ho 6orbmou sxomuOR
UMIIeJaHC SMUATTEPHOI'0 IOBTOPUTENI HE HATPYXAET yCHIATENb. A HU3KUN
BEIXOZHOM MMIIEJAHC MOXET YIPABIATH GOJNBIION HATPY3KOM H 06€CIIeYnTh
TpeGyeMBIl TOK.

Hpnmep 5.7. Boruncauts BXogHON uMnenanc ycuwmurena ¢ OK (smurTeproro mo-
BTOpHTENA), H306PaKEHHOro Ha puc. 5.27. KpeMHUEBEIN TPAH3UCTOD B CXEME HMEEeT
B = 100. Yemy paBen BHIXOIHOH MMIeNaHC, ecia 1, = 4 Oma?

Pemenwme. /Tna mo6oro ycumrens ¢ 6a30BBIM BXOZOM BXOJHOM NMIIEJAHC Zi(base)
PaBen

Zi(base) = :8("'(,3 + "'E‘)-
Tax xax rg > rl, nmeem

Zi(base) ~B-rg.
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Teneps g = Rg||Rr = 2 xOMm||3 xOm = 1,2 kOm. CiegoBaTensHo,
Zibasey = 100 x 1,2 kOm = 120 xOm.
BxoHOI UMNIEAaHC YCUIATENS
Z; = RB||Zi(base) = 400 kOm||120 kOmapprox92 xOwm.
BrIXogHON UMIIEAAHC SMUTTEPHOrO NOBTOpUTENA (U3 ypasHenus (5.29))
o~ Rg||{r. + (Rsl|Rs)/B}-
Tenepn

(RB||Rs)/B = (400 xOMm||0,5 kOm) /100 = 500 Om/100 = 5 Owm;
Z, = Rg||(4 OM + 5 Om) = 2 kOMm]||9 Om; = 9 Om.
MoXHO OTMETHTL OYEHb BHICOKME BXOAHOM ummenasc (92 xkOM) M OdYeHbL HUBKUH
BexogHOU nmuetanc (9 Om) smuTrepHOro nosropureni. Jlalee, eciiu CONpOTUBIEHNE

uctousnka Ry = 0, TO BEIXOAHOU UMIIEAAHC SMUTTEPHOrO MOBTOPUTENS CTAHOBUTCS
PaBHEIM JUHAMUYECKOMY COIPOTHBIECHUIO SMUTTEDPA. To ecTh, Z, = 7.

+Vee +Vee

Puc. 5.28.

ITpumep 5.8. Haiitu koodpPUnMEHT YCUTIEHUA 10 HAIPAKEHUIO A, YCHUIATENS, U30-
6GpakeHHOro Ha puc. 5.28. Y KaxXA0ro TPAH3UCTOPA NUHAMHUIECKOE COMPOTUBJICHUE
smutTepa paBuo 20 Om u 8 = 50.

Pemrenue. [Ipu paccMOTpeHNN MHOI'OKACKA,MHEIX YCWINTEIEH OOEIYHO CIEAyeT HAIH-
HATB ¢ mocjeanero kackaaa. Ormerum, yro ()1 obpasyer ycumureas ¢ 03, a Q2 —
3MUTTEPHLIA OBTOPUTEb.

Teneps us puc. 5.28, a umeem

Zis = - Rg =50 x 1 xOm = 50 xOm.
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DpdhexTUBHAI HAIPY3KA. T'c1, HAOIIOAAEMAA C KOIIEKTOPA (1, PaBHA
re1 = Re||Zi2 = 10 xOM]||50 kOm = 8,3 kOMm.
C1eJOBATENBHO, KOhMUIMEHT yCUIEHNUA TI0 HAIPAXKEHUIO DABeH

Te1 8,3 kOMm
A = = = ]. .
" (re+r.)  (0+20)Om 415

O6umit K0apPUIUEHT YCUIEHUA ABYX KaCKaJOB TaKOU Xe, IOTOMY 4TO (Q2 — sMuT-
TEepHEI OBTOPUTENL, Y KoToporo A, =~ 1.

(IIpu HocIeOBATEILHOM COeUMHEHNM JBYX KaCKaJOB C KOahduuueETaMu ycuie-
HOA [0 Hanpsaxenuio A, u Az, obumi koadpduiment ycuwrenua Ao 6ygeT paBeH
npou3BeaeHuIo Ay1o = Ay Aye)

5.5. Yeunurens mManoro curdana c obuieir 6asoit (Ob)

Ha puc. 5.29, a usobpaxen ycu-
aurens ¢ obmein 6aszon (OB), xo- ~Vee +Voc
TOPHIZ MOXHO II€PEPUCOBATH KaK
Ha puc. 5.29, 6. UcrounukoMm VEg
SMUTTEPHBINA HEPEXO] TPAH3UCTO- ||

|
pa CMeIeH B IIPAMOM HAIIPaBIe-
HWH, a UCTOYHUKOM Voo — mepe- P

Re Rc

Vs Vout
X0& KownekTop-6a3a B o6paTHOM -
HATIPABJICHNAMN.

Bxogmou curuax vg, KOTOPHIN
HAaJO YCWINTH, 9epe3 KOHIEHCA-
TOp MOJAETCA HA DMUTTEDP, BhHI-
XONHOM CHTHAJ CHAMAETCA C CO-

a)

VBE +

Vout

-IS
—_

HOpoTuBieHusa Harpysku Rj, mon- Re % R %

KIIO9€HHOTO K KOJUIEKTOPY depe3

APYrof KOHIEHCATOP. Vee =
Ha puc. 5.30 npeacTaBneHa sKBI- _I_ l

BAIGHTHAA CXeMa MO IIePeMEHHO- - 6

My TOKy (3a3€MIAOTCA MCTOYHH-
KM TOCTOAHHOTO TOKA M 3akopa- Puc. 5.29. Ycmmrem ¢ obmeit 6a30i (a), Ta xe
MBAIOTCA KOHJEHCATODHI). 3aMe- CXeM?, Ipeo0pasoBanyan (6)
HUB Tpam3ucTOp Ha puc. 5.30 ero
YIPOmEHHOR MOZENBIO, MOJYIUM SKBUBAJICHTHYIO CXEMYy YCAIUTENs C OOLien
6azon gua mepemennoro Toka. Ona npusenena Ha puc. 5.31.

Jia 6ombineil TOYHOCTH COOTHOIIEHNWS MEXIY BXOAHBIM M BBIXOZHBIM TO-
Kamu, MBI He OyeM CIATATh, 9TO O = 1, ¥ KOLIEKTOPHBLIM TOK 3aIlMINeM KaK
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ic = ode. OTMETHM, 9TO KO2(pGUIUEHT NEepPefadn TOKA B CXEM€e YyCHINTeNs
¢ obmieit 630U (@ — BaXKHBIN NTAPAMETP.
W3 puc. 5.31 BxogHom mMmeganc

YCUTATENA
Z; = -
Vg RE RC RL ¢ REl |Te
U, nockoneky i, < RE, nmeeM

Zi=rl. (5.31)

Puc. 5.30. DKBUBATEHTHAA CXeMa A TI€pe- Bcnomunm, 9To 7, OGBIYHO paBeH

MeHHOTO ToKa cxemsl ¢ OB, mpegcrasrennoit  geckonrpkuM gecarkaM oM. Ciegopa-

ua puc. 5.29 TeIbHO, y ycWImTens c obmen Ga-

301 O9Y€Hb HW3KHM BXOJHOU MMIEJAHC, YTO OTPAHMYMBAET €r0 IpUMEHeHne
Ha [IPaKTUKE.

BrIxoqHOM IMOEAAHC PABEH Zgyt = T4||re win
Tt X Te, (5.32)
HOTOMY 9TO T), — COIPOTHBIEHNE OGPATHOCMELIEHHOTO KOLIEKTOPHOTO TIepe-

X0[4a 1 OOBLIYHO PABHO HECKOJBLKUM MEraoMaM.
BxogHoe mepeMennoe HaIpsXxeHue B cxeMe Ha puc. 5.31 paBHO

I .—‘ !/
Vin =1eds =1¢ - Tg

Vout = ¢ " Te = QieTe. (5.33)

Orcrofa MOXeM MOIYyIATh KOI(pPUIUEHT yCHICHHA [0 HANPSKEHHo A,, OH

paBeH
Vout QleTc

/!
A, = = —F =1¢/T, (5.34)
Vin ieT)
(moTomy 4TO @@ & 1).

[} i
€, C

+

. o ,
Vs Re Te e re % re=Vo
Zip, Zout

Puc. 5.31. ManocurnansHas SkBuUBaJenTHaA cxema ycmmrens ¢ OB Ha puc. 5.29, B Ko-
TOPOY TPAH3UCTOD 3aMEHEH €ro Mogeabio. OTmernm, 9T0 1. = Re||RL

OO6LIYHO T B HECKOMBKO COTEH pa3 6oabire, 1eM .. CregoBaTeabHo, yCuin-
Telb ¢ 00mer 6a301 JEMOHCTPUPYET GOIbIIor KOd(GUINEHT yCUICHNA IO Ha-
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npaxenmo. Hakonen, oTHomenue BerxogHOro TOKa I, K BXOgHOMY TOKY I,
gacT kKoaduimenT ycmrenua mo Toky A; = ic/ie = o (mo ompegerenmio).
Ho ic/ie = ic/(ip + te) < 1, crenoBaTensHo,

a<l. (5.35)

7 o Bcerfa Menblne euHANEL. TakuM 06pa3oM, KOhPUAIUEHT yCAIEHNA 10 TO-
ky yemmurens ¢ OB Bcerga menbine 1 (xoTa u 6rm3ok K 1).

Corunacuo ypasuenuio (5.31) Bxoguou umneganc ycuuurens ¢ OB ogenb
Hu3kmi. Hu3Kuil BXOJHOM MMIIEJAHC NEPErpyXaeT MCTOYHUK CUrHAJa (mo-
Tpebusa GOIBIION TOK), TaKXe HeOIATONPUATHO BIAAET HA XAPAKTEPUCTUKHI
NPEeABIAYINErO YCAIATENd, K KOTOPOMY MIOJKIIOYEH. [109TOMYy €CTh TOIBKO
HECKOJIBKO BO3MOXHEIX Ipumenenuy ycunarend ¢ OB. Ouu ngorga ucnoab3y-

I0TCA KAK MPOMEXYTOYIHEIE KACKAJBL IIA COIIACOBAHUA MCTOYHUKOB C OYEHb
HE3KUM UMIIEJAHCOM C KaCKaJfaMu, UMEIOMIME GOMBIION BXOJHON MMIIEIAHC.
Ilogo6HbIe cuTyanuy MHOT A BOSHUKAIOT B MOIIHBIX CACTEMAX.

Y ycunmrens ¢ O3, paccMoTpen-
HOT'O paHee, CyLIECTBYET IEPEBOPOT E c Vout
da3er, T.e. ¢asza BBIXOTHOTO IIEpe- e
MEHHOT'O HANPAXEHUA OTINIAETCA + ¢B
ot ¢a3ul Bxoguoro Ha 180°. B omut- Vs Vin Fe Re
TePHOM IIOBTOPHUTEIE BHIXOJHOH CHUI- - Vee Vee
HaJI MO ¢da3e COBIAJAET C BXOJHBIM. T T
B ycmmrene ¢ obmieir 6a30i Takxe
HeT mepeBopoOTa (asbl, U BHIXOTHOU
CHCHAJI COBHAJaeT IO das3e C BXOA- Puc. 5.32. Yewmrens ¢ OB ¢ mepeMenHbIMM
HEIM CUT'HAJIOM. UTOOEI HOHATH 3TO, | MOCTOAHHBIMYU HANPAKECHHAMU
paccmoTpuMm cxemy ycmimrenas ¢ OB
Ha puc. 5.32, rae HOKA3aHbI U MEPEMEHHEIE W IOCTOAHHBIe Hampsaxkenusa. [lo-
JOXWUTENHHOE YBEINYEHNE BXOJHOT'O CUTHAIA Us YMEHBHIAET AEHCTBYIOLIEE
HaIpsKeHue dMUTTEP —06a3a u3-3a MOJAPHOCTA Vpg. DTO yMEHBLIIAET 3MUT-
TepHBI TOK. U, B pe3yibTaTe, KOWIEKTOPHBIN TOK Toxe majgaeT (I, = al,).
Teneps paccmoTpuM cooTHOmEHME

Vo = Voo — IcRe. (5.36)

CHmXeHre TOKa KOIIEKTOPA YMEHBINAET MAJEHHE HAIDAKEHUA Ha Pe3n-
CTope R¢, X yBeIW4MBAET HamIpaxenue KoanekTopa Vop. Takum ob6pasoMm,
YBelmYyeHne HAIPAXKEHUA HA DMUTTEDE BBI3LIBACT yBEAUYEHWUE HAIIPAKEHUS
Ha kojyurekTope. CirefqoBaTelbHO, BXOAHOE U BHIXOJHOE HAIIPAXEHWE COBIAJA-
0T no dase, u mepeBopoTa (pa3bl HET.

Hpumep 5.9. Y xpeMHMEBOrO TPaH3HUCTOpA B yCUIMTENE, N300PAKEHHOM HA PU-
Cyuke 5.33, « = 0,99 u conporusieHne kowekTopa r, = 3 MOm. Haitn
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1) BXoZHOU MMIEAAHC YCUINTEIS,

2) BLIXOQHOU MMIIEJAHC,

3) x03bOUIUEHT YCUICHHUA TI0 HAIPSIKEHUIO,
4) K03 GUMUEHT YCUIEHUA IO TOKY.

-12B +15B

Vs 6 KOM

Puc. 5.33.

Pemenue. Tok smMuTTEpa

_(Vgg—VBg) _12-0,7 _
I = B TBEL - o nl = 2,26 wA.

[luraMuYecKoe CONPOTUBIECHUE IMUTTEPS
r, =25 MmB/Ig = 25 uB/2,26 MA =~ 11 Om.

BxoaHou uMneganc
Z; = Rg||r, = r, =11 Om.

OpPeKTUBHEIN UMIENAHC KOJIEKTOPA,
re = R.||Rr = 3 xOMm]||6 kOM = 2 kOm.

KoadpdummenT ycunesus mo HaPAKEHUIO

=180

A = ic BrixogHon nmneganc (R.||Rr) ar. _ 0,99 x 2000
Y e BXOJHOH MMIIEJaHC Tz, 11

1 xoapduuuenT yCuIeHus N0 TOKY YCUWINTENA PaBeH O, KOTOphsl pasex 0,99.

ITpumep 5.10. ¥ ycmmmrens ¢ 03: Re = 1,5 xOM, k03 PUIMEHT yCUICHAS TIO Har
IPAXKEHNIO PaBeH 75 NpH XOJOCTOM XO/e Ha BhIXoAe (IIpM OTCYTCTBUM Harpy3KH).
Beraucmuts K03hGUUNEHT YCUICHUA YCUIMTENA IO HAUPIXKEHUIO IOCIe IOIKIIoYe-
HUA HU3KOOMHOU Harpysku 30 OM (Takas cuTyanus HaOGIIOAAEeTCA IPY TOLKII0YCHIN
K koatekropy ycumrens ¢ O3 kackaga ¢ OB).

Pemenune. Kospdunuent ycurenusa no Hanpsxenuto ycunurens ¢ 0D pasen

Ay=r./(r. +rE) =71./X, tae X =(r,+rg).
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Korga R, = 1,5 kOM, Ry = 00, cOOTHOIIIEHNE IPUHUMAET BUA:
75 =15x0mM/X wmm X =200m
(koTOpHIM He 33BUCUT OT Harpy3ku). Temeps, korga Ry = 30 Oum, umeem
re = Re||Rr = 1500 Om||30 Om = 29,4 Om.

Ce10BaTENBHO,

Te_ B4, 4y

X 20 .

KospunuenT ycuneHus yMmeHbmmiIcsa ¢ 75 o 1,47. To moKa3HBaeT, IOYEMY YCUIHU-
requ ¢ OB 06BIYHO He UCTIOMB3YIOTCS.

Ay =

5.6. BaxHbie coicTsa ycunureneii ¢ O3, OK n Ob

Yeuaumeav ¢ 00uuM IMUMIMEPOM

1. Nmeer Gosnbinre KoabPUIUEHTH YCUICHAA 10 TOKY U HANPAXKECHWUIO W,
CJIEJOBATEIBHO, 3TOT YCAINTENb HANOOIBIINK 10 MOIIHOCTH CPEIN BCEX
TPEX CXEM.

2. BxoaHou mMmegaHC HOCTATOYHO BHICOKMA (HAMHOT'O BHILIE, Y€M Y yCH-
autens ¢ OB, HO HUXe, YeM y SMUTTEPHOrO IOBTOPUTEILA).

3. BeixogHOU MMIIEAaHC CpeAHUN (HAMHOTO BHILE, YEM Y SMATTEPHOrO IIO-
BTOpHTENA, HO MeHblIe, 4eM y ycmmmrens ¢ OB).

Cpenaue 3HAYEHNA BXOAHOT'O U BEIXOIHOI'0 MMIIEJAHCOB IEIAI0T yCUIATENb
¢ OO mamboree MOAXOAAIMM A HNOCTPOEHWA MHOTOKACKAIHBIX yCAIATE-
zeir. Heckombko kackanoB ycmmtenein ¢ OO MoOryT ObITL BKIIOYEHE! ADYT
33 apyrom 6e3 JOIOIHWTEIbHBIX coriacyiommx (6ydepHBIX) KacKagoB, UTO
SKOHOMUT 3HEPIHUIO, IPOCTPAHCTBO U CTOMMOCTD cucTeM. Cpeau cxeM Ha Gurio-
JIAPHBIX TPaH3uCcTOpax ycwmreru ¢ OO — Hanbosee MIMPOKO MPUMEHAIOTCA.

Imummepnwiti nosmopumeas (ycuaumeasr ¢ OK)
¥ sroro yemmrens 60abmoi KoahdumuenT ycmieHnsa Mo ToKy (MOITH TaKom
Xe, kak y ycmmarens ¢ 09), HO k0>pPUNMEHT yCHICHHA HO HAIPAXKEHHIO
MEHBIIEe €IUHAIIEL.

Cpenn Bcex Tpex cxeM MMeeT HamOGOMBINWIA BXOZHOM M HAMMEHBLIIH BhI-
XOJHOU WMIIENAHC. DTO CBOUCTBO CHOCOGCTBYET NMPUMEHEHWUIO SMUTTEPHOIO
IOBTOpUTEN B KadecTBe OGydepHOro (IPOMEXYTOYHOr0) yCHIATENA MEXIY
HCTOYHUKOM C BHICOKMM MMIIENAHCOM U HU3KOOMHOW HATPY3KOU.
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Yeuaumeaw ¢ obwet 6asot

Y mero xodpPUNUEHT YCUICHNA IO TOKY MEHBIIE €IUHUIBI, 3 K03 UINEeHT
YCILIEHWA IO HATIPAXEHMIO GOMBIION (IIOYTH TaKoM Xe, Kak y ycumanrent ¢ 09).
W3-3a HM3KOr0 BXOAHOT'O COMPOTHBICHUA yemmmTenb ¢ OB npuMmenaeTca pejko.

Wuorga o nmpuMeHAETCA KaK COIVIACYIOIIMA KAaCKa MEXIY MCTOTHUKOM
CUT'HAJA C OYE€Hb MAJbIM UMIEIAHCOM U BEICOKOOMHOU HAT'DY3KOW, MHOL'A, —
KK HEMHBEPTUPYIOMWHA yCIWIATEIb ¢ GOMBIIMM KOMDMUIMERTOM YCHICHUA TI0 Ha-
TIPS XK EHUIO.

5.7. 3aknio4yenue

CxeMBbl yCmIMTeIed MOXHO AHAIM3UPOBATL rpadmiecku. ['paduiecknit aHa-
am3 — yno6HOe W HATVALHOE CPEACTBO, MO3BOJAIOIIEE TOLYIATH TAKWUE IIa-
PaMeTphI CXEMBI, KAK BXOJHOU UMIENAHC, KO3GPUIAEHTHI YCUICHAA IO TOKY
¥ HATIPAXKEHUIO, Ta€T BO3MOXHOCTD OIEHUTh PaboToCmoCOOHOCTD cxeMbl. Of-
HAKO aHAJIUTHIECKUHN HOAXO0H OOBIYHO IPEANOYTUTEIbHEE, TaK KAaK OH O3B0~
ageT 6omee rub6ko 1 ObICTPEE IPOEKTUPOBATDH M MOINMPHUITIPOBATH CXEMBI.

Amanus cxeM ¢ MOMOIIBIO T-MAPAMETPOB MPOCT M TOYEH. JTOT METOJ
HCHOAb3yeTcA O4YeHb 4acTo. [lapaMeTphl ycmamTens BHIpaXeHBI B HPOCTHIX
dopMyrax, UCIOIL3YIOMXX KOod(pPUIUEHT Nepeqadin TPAH3UCTOpa [ U auHa-
MUYECKO€ COIPOTHUBIECHHE SMUTTEPA TPAH3UCTOPaA T,. COOTHOWIEHWA TaKXe
BECbMa TIPOCTEHL.

ﬂOI’IOJ’lHMTeHbHaﬂ mTepaTtypa no teMe

1. Muhammad H. Rashid, Microelectronics Circuits: Analysis and Design,
PWS Publishing Co. USA, 1999.

2. Advert Paul Malvino, Electronic Principles, Tata — McGraw Hill, Pub.
Co. Lrd.

3. Theodore F. Bogart, Electronic Devices and Circuits, Universal Book
Stall, New Delhi, (1998).

Bonpocsl

5.1.  OcHoBHBIE 3TanBl rPAPUIECKOr0 AHAIU3E, MAJIOCUTHATLHEIX YCUIUTEIEN.
5.2. IlpemMymecTBa U HEZOCTATKU I'PAPUIECKOrO AHAIN3A.
5.3. Ha xakue nmapaMeTpHl yCUIMTEJA BIMAET CONPOTUBIEHNE UCTOYHNKS, CATHATA!

5.4. Ha xakue napaMeTphl YCWINTENA BIUAET CONPOTUBJICHUE HATPY3KMUT
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5.5. IlpemMymecTBa aHAIN3a CXEM C HOMOLILIO T-IAPDAMETPOB 10 CPABHEHUIO C h-11a-
paMeTpaMu.

5.6. Kaxk nomy4uTs 3Ha4YeHNe OJHOTO U3 T-IaPAMETPOB AHAIN33, CXeM YCHINTENI —
MUHAMEYECKOE CONPOTHUBJIEHNE SMATTEPA 7,7

7. CIX B CXeM WIAT TMOCTOSHHEI TOK aMUTTepa I ex 1 MA, geMm
57. E cxeMme yc. eJiA TTOCTO 1) Ip pasen 1 MA, ue
DaBHO JWHAMMYECKOE CONPOTHBIEHNE SMUTTEpa 7,7
Omeem: r, = 25 uB/Ig, r, = 25 Owm.

5.8. B ycwmrere ¢ 09 sdpdextnsuoe conporusienue rg = 100 OM, Rg = 5 kOwm,
Ry, = co. HajiTn k03dduinesT yCUIeHNA [0 HAIPAKEHUIO.

Omsem: A, =rc/rE, Tc = Rc||RL =5 xOm.
CuepoBaTenbHo, KOdQPUIMEHT YCUIEHASA
o Hanpsxenmio A, = 50.

5.9. B ycmmnrene ¢ OO HezamyHTUpOBaHHEIA KOHIeHCATOPOM RE = 2 xOMm. Ecin
B Tpamsuctopa pasen 100, yveMy paBeH uMmegaHC Mexay 6a30M U 3eMiIen?

Omeem: Zi(ba,ee) = ,BRE, Zi(baae) = 200 xOm.

5.10. Ilouemy ycmimrens ¢ obmenr 6a307 He HAXOAUT GONBLIIOTO IPUMEHEHUA?

5.11. Ilouemy cpeam ycwinTesnell Ha GUIOIAPHEIX TPAH3UCTOPAX JIaIle BCErO IpUMe-
HaeTca yewmreas ¢ 097

5.12. IoweMy ycmmTens ¢ 06OMM KOLIEKTOPOM HA3BAMA SMUTTEDHEIM [OBTOPUTEIEM?

9.13. T'me mpuMeHAETCA SMUTTEPHEIA OBTOPUTEH?

5.14. Kax BEI IOHMMaeTe TePMUH (T€PMOKOMIEHCHPOBAHHEIH DMUTTED)?

9.15. Kaxoit K0appuIMeHT YCUICHUA O MOITHOCTY ¥ YCWIHTENA, €I KOIhDUINeHT
ycuienus no Toky pased 100, mo Hampsxeruio pasen 407

Omeem: KoadpdunueHT yCHIEHAA IO MOIIHOCTH =
= K03bIHUIMEHT yCHICHUA 110 TOKY X
X K03ddunueHT ycuaenus mo Hampskernuo = 100 x 40 = 4000.
Curnaa momnocteio 1 MBT, nogaunst na Bxon,
ycuruTca Ha BeIxoge no 4 Br.

3agaum
5.1. Brramcmmrts OUHAMIYECKOe COIPOTHUBJEHNE 3MUTTEPA KPEMHUEBOI'O TPAH3M-
cropa ¢ Vpg = 0,7 B B cxeme Ha puc. 5.34.

Omesem: rl, = 50 Owm.

5.2.  Brramcurs COIPOTYBIEHNE IEDEMEHHOMY TOKY T4 B cxeme Ha puc. 5.35. IIpu-
Hate Vg = 0,7 B.

Omeem: ., = 26,3 Oma.

6—289¢
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+5B +9B
3 kOm
1 kOm
5 kOm i
+
VBe _
10 kOm
8,6 kOm 5 KOM? 4 kOM
-5B = —
Puc. 5.34 Puc. 5.35

5.3. B cxeme (puc. 5.36) uHAMIYECKOe CONPOTHUBICHNE >MUTTEpa 7 ~ 4 OM. Brr-
YUCINTE IEPEMEHHBIM TOK SMUTTEPA, IEPEMEHHOEe HANPAKEHIE DMUATTEDA.

Omeem: i, = 0,26 MA, v. = 3,9 MB.

+15B

3KOM§ 3 kOm

5mB
(neper;ﬂenm '__

TOK)

2KOM§

0,015 kOm $1.5 «Om

Puc. 5.36.

5.4. BoruucauTb K03hUIIMEHT YCUTEHNA MO HANPAKEHNIO B CXeMe Ha puc. 5.36.

Omeem: A, = 52.

5.5. Ilpm xaxom conporusieHuy pesucropa R ycunnrenb Ha puc. 5.37 GygeT umeTh
KO2(uImeHT ycmieHus no Hanpsaxeruio 1007 TpausucTop xpemuuessi, Vpg =

=0,7B.

Omeem: Rc =~ 375 OM.
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1 kO

V
BE - 1,5 kOm
5mB 5 kOm
M

Puc. 5.37.

5.6. IIpu kakOM MUHMMAJBLHOM CONPOTHBJIECHUM HArpy3ku R B ycuaurene, u306pa-
JKEHHOM Ha puc. 5.38 xoapduument ycunenusa 6yner e mensme 607 [Ipunars
Veeg = 0.

Omeem: Ry = 3 xOm.

+12B
150 kOM S 3 kOm
| L
11
5 mB 50 kKOm
4 kOm
Puc. 5.38.

5.7.  OueHnTb BXOJHON UMIEJAHC Z; YCHIUTEAS HA puc. 5.39, B KOTOPOM HpUMEHeH
KPEMHNEBLIN TPAH3UCTOP C Kodpduuuentom nepenaqn Toka [ = 100.
Omeem: Z; = 3 MOwm.

5.8. IumamMweckoe COMPOTHMBIEHUE SMUTTEpa TpaH3ucTopa r, = 25 Om, B = 80.

a) Yemy paBeH k03 PUIMEHT yCUJIEHHUS IO HANPSKEHUIO YCUINTENIS ¥ BHIXO-
HOE HaIpsSKeHUe v, (cxeMa Ha puc. 5.40)?

6) BorancanTs Ko>pUUUEHT yCUIEHNs IO HANPSKEHWIO M BEIXOLHOE HANPs-
JKEHHe, ec/ld CopoTuienne sMurTepa 2,3 kKOM 3alIyHTUPOBATH KOHIEHCA-
TOPOM [IOCTATOYHOM €MKOCTH?

Omeem: a) A, = 1,74, v, = 2,44 MB
6) A, = 160, v, = 166,4 MB.
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5.9.

5.10.

5.11.

5.12.

500 KOM= Vo

Yéh +158

3 kOm
I_ .v° 12 KOM% 8 KOm
. I 1 KOMm
l_ +
Ve
10 kOm 2 mMB 3 kOm 8 kOm
2,3 kOm

-12B
Puc. 5.39 Puc. 5.40

Ha puc. 5.41 npeacrapieH ycuiuTenas ¢ 06muM sMUTTEPOM. TpaH3uCTOP UMEET
B =100, Vgg =0, r, = 20. IIpn xaxoM MaKCHMAaJIbHOM HAIPXKEHUN BXOJHOI0
CHTHAJIA ¥; MOXHO HOIYYNTH HEMCKAXKEHHOE BLIXOJHOE HANDAKEHUE?

Omeem: 100 MB.

BrraucamTs BXOMHOM MMIENAHC Z; W BLIXOOHOM MMIENAHC Z, SMHUTTEPHOTO
MOBTOpUTENs, U300pakeHHoro Ha puc. 5.42. KpeMuuesmii TpanancTop uMeer
B=150u7r, =5 Om.

Omeem: Z; = 100 xOm, Z, = 8 Om.

+15B

+10B
300 kom?

2 kKOm 0,45 kOm

Vs — 4_‘
Re é R

vi (’\/) r 1,5 KOM 3KOm z,

Puc. 5.41 Puc. 5.42

Ecmu B cxeme 5.42 conpoTuBienve nCTOIHUKS BMecTO 450 OMm Gy geT Hy/eBBIM,
KakuM Oy[eT BHIXOJZHOM MMIETAHC YCWINTENA?
Omseem: Z, ~ 5 Om. O6paTuTe BHEMaHMUE, YTO IPU HYIEBOM
COIIPOTUBICHUM UCTOYHHUKA BEIXOJHOU MMIEAAHC IPUMEPHO
PaBeH IMHAMHU4YE€CKOMY COIIPOTUBJICHUIO SMHUTTEPA.

BHYMCIHNTE BXOJHON MMIELAHC DMATTEPHOro nosropureis (puc. 5.43). Tpas-
3ucTop umeet [ = 100.

Omeem: 14,5 xOm.
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5.13. B cxeme ycuaurena ¢ obuent 6asou (puc. 5.44) Tpamsucrop umeer a = 0,98
¥ KOJUIEKTOPHOE conpoTusienue i, = 2,5 MOu. HaiTu:

a) BXOJHOW MMIIEJAHC yCUINTELS;

6) BHIXOZHOH MMIIELAHC YCUINTEIL;

B) KO3 (PUUUEHT YyCUICHNA [0 HAIPIKEHUIO;
r) K0opPUUUEHT YCUICHNUS IO MOIIHOCTH.

Omeem: a) Bxoguou mmmeganc ~ 15 Owm;
6) BeIxOxHOM UMIeAaHC ~ 5 KOM
B) KO3 PULNEHT yCUICHU IO HAPAXKEHUIO ~ 163
r) koo unuenT ycureHus mo MOMmHOCTH ~ 160.

-12B
75 kOMm é 3 kOm
Vin .—-| |——— I I ! I
22 kOm 2KkOm| 4+ 5,6 kOm 5 kOm
2 kOm v, v\ 5 KOMT
— L L 1 -10B — +10B —
Puc. 5.43 Puc. 5.44

5.14. Yemwmrens ¢ 0 umeeT ko3 duimenT ycmnenna no Hanpsxenunio 100 npu R, =
= 1xOM u Ry = 00. Buuncints K03pIUIUEHT YCUIEHNA O HAPAXKEHUIO,
€CIM K KOLIEKTOPHOMY BHIXOLY HONKJIIOYEHa Harpyska B 50 Om.

Omeem: Harpyska 50 OM ymenbmaeT k03bdUIUECHT yCUTCHAL
1o manpsxenuio co 100 go 4,7.



FMABA 6

YCUITTE I MAJTOTO
CUTHATIAUN Z-,Y -
N h—-NAPAMETPbI

IIpucyTcTrBue curHata mepeMEeHHOI'0 TOKA HA BXOJHHIX KJIEMMAaX YCHIATENA
H3MEHAET TOK KOLIEKTODA U HANPAXKEHWA HA IEePeX0ojaX TpaH3ucTopa. B ma-
JIOCUTHAJILHOM yCHIATENE STH N3MEHEHNA MAJIBI 10 CPABHEHHUIO C OCTOAHHBIME
TOKAMH M HAIPAKEHUAMH, IO AEPKUBAOMMUME PAGOIYI0 TOUYKY TPAH3ACTOPA
B aKTHBHOHN 06IaCcTH.

CBOMCTBA MAJOCHTHAILHOI'O YCHAIATENA XaPAKTEPU3YIOTCA €0 BXOIHBIM
MMIEJAHCOM, KO3GhDPUINEHTOM YCHIEHUA [0 HAIPIKEHUIO, KoM PUIAEHTOM
YCHJIEHHA [0 TOKY ¥ BEIXOAHEIM EMIeLaHCOM. POpMYJII [ BEIIUCIEHAA 3THX
apaMeTPOB MOXHO HOJIY4UTh, B3AB 33 UCXOLHEIE JaHHHIE Z-, Y- mwin h-mapa-
METPHL.

TeMbl, paccMOTpeHHbIe B 3TOM rnaBe:

ompeaenenue Z-, Y- u h-mapamMeTpos;

— TPYZHOCTH TOYHOT'O U3MEPEHUA Z- U Y -apaMeTpoB OUIONIPHOrO TPaH-
3HUCTODA;

h-mapameTpur;

— QHAUM3 CXE€M TpU ImoMOUM h-TIapaMeTPOB W BHIPAXKEHUA NI PacCIeTa
k03hPUNNEHTOB YCUICHUA W NMIELAHCOB.

6.1. Z-n Y -napametpsl

B sToMm pasgene 6yayT pACCMOTPEHBI Y€ THIPEXTOMIOCHAKH MM JBYXIOPTOBEIE
cxeMHl (IOPT — 5TO HA0OP KJEMM BBOJA WX BHIBOJA) — BXOZHOM MOPT ¥ BE
xogHOM mOPT. [[Be KIEMMHI UCTOYHMKA CATHAJIA MOAKIIOYAIOTCA K BXOLY, ABE
KIEMMBbl HArPY3KH MOAKIIOYAIOTCA K Bhxony (puc. 6.1).

PaccMoTpuM yCHIATENb KAK «9EPHBIN AMAKY . DTO 3HAYAT, YTO HAC He OY-
OYT WHTEPECOBATH AETANN BHYTPH JETHIDEXTIONIOCHUKA. XaPAKTEPACTUAKA CXe-
MBI GyIyT OLEHMBATLCA W AHAIA3MPOBATHCA HAa OCHOBE TOKOB KiaemM [; u I,
u Hanpsaxenuu Vy, u Vo, rae I, I u Vi, V5 npencTapisioT MrHOBEHHEIE 3HAIE-
HuA [T. €. OCTOAHHEIE (0GYCIOBICHHBIX CMeINEeHueM) + mmepeMeHHbIe (BhHI3BaH-
Hble CUC'HAJIOM)).
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|
|
10/

h I
—> —— |
BxopHoh aneKkTpuyeckas| BbixogHon a_vd
nopT Ty uenb [ Vg MopT
>V
Puc. 6.1. [ByxnopToBas Wiz 4eTHIPEX- Puc. 6.2. Jlunennas BOIbT-
TIOJIOCHAA 1IeIb aMIepHas XapaKTEePUCTHKA

IIpefraraeMel aHAIN3 OPUMEHWM K JAHEMHHM WIM XOTSA ObI K KyCOY-
Ho-amHenHBIM nemaM. Ha puc. 6.2 mpueeneH nmpumep JMHEMHOM XapaKTepH-
cruku. [JoHATHE KyCOYHO-TMHEMHON XaPaKTEPUCTAKY OOBACHEHO HA puc. 6.3.
Ha puc. 6.3, a mpuBeaeHa HEMMHENHAA BOJbT-AMIEPHAA XaPAKTEPUCTAKS, IPHA-
60pa. JTa Xe XapaKTEePHMCTHKA, MPUOIMXEHHO IIepEePUCOBaHA Ha puc. 6.3, 6,
B BUe ABYX JuHenHEX o6xacten I u II. Tlockonbky HakIOHBL rpaduka pasimd-
HBI, OTINYIAIOTCA U 3Ha4YeHnUA napaMeTpoB B obaactax I u II. Paccmorperubie
HIXe METOJH AHAIN33 IMPH COOTBETCTBYIOMEM BHIOOpE IAPAaMETPOB IIpHMe-
HEMH Kak K o6ixactu I, Tak u x obxactm II.

Puc. 6.3. BoxbT-ammepurie | 1A
XapPaKTEePUCTUKY: HeINHEeH-
Haa (pearbHAA) XapaKkTeph-
ctaka (@), KyCOYHO-THEH-
Hule o6mactu I u IT (6)

a) 6)

ITOT MeTO He MPUMEHAETCA [JA M3ydeHHA yCHIATEIed MomHocTh. W3-
33 GoubInmx KOMEOGAHMH TOKOB M HAIIPMAXEHAN, BCTPEYAIOMINXCA B YCHUIATEIAX
MOITHOCTH, aHAIA3 PAGOTHI CXEMBI HE MOXET OBITh OTPAHUYEH TOJBKO JUHEH-
HBIM y4aCTKOM, M B TAKOM CIydae OH OyJeT HETOYHHIM.

Eme orMeTnM, 9T0 3TOT aHAIN3 IPEMEHMM KaK K IMACCABHBIM HEmAM (Ha-
IpuMep, COCTOAMM TOJILKO U3 PE3UCTOPOB), TAK M K AKTUBHBIM CX€MaM THUIIA
ycunurens.

Jli06bie nBE M3 YeTHIpEX NepeMEHHbIe BeandnHul kaiemMm Vi, Vo, ) u Iz Mo-
TYT 6bITH BHIOpAHEI HE3ABUCUMEIMY IIEPEMEHHBIM, 3, APYTHe MOT'YT OHITH BHI-
PaXxeHw yepes 5TH HE3aBHCUMBIE U IAPAMETPHI Y€ THIPEXIOMIOCHUKA. Tpu BO3-
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MOXHEIX HaGOpa HE3aBUCHMEIX IEPEMEHHBIX IDUBOAAT K Z-, Y- u h-mapa-
MerpaMm. OLHAKO CHAYAIa BCOOMHUM CTAaHIADTHYIO METONUKY AHAIN3A CXeM
YCHIATENEN Ha MEPEMEHHOM TOKeE.

Cmandapmuas Memooura anasu3a ycuiumedet
(HekoTopsle w3 >TUX MyHKTOB GbLIA IPUBEAEHHI B IMI. 5, OQHAKO, yUATHIBAA
AX BaXHOCTb, €I Pa3 AaHbI U B 3TOM IJIABeE.)
CrangapTHad NPAKTHKA AHAJIU33 CXE€M YCHIATEIEHd BKIIOYAET B cebs Cie-
IYIOIIKE STAIHL.

1. Bce NCTOYHUKY OCTOAHHOTO HANIPAXKEHNUA U TOKA MPUBOAATCA K HYJIO.
McTOYHAKA HAIPAXKEHUA 3AMBIKAIOTCA HAKOPOTKO (T. €. 3a3€MIAIOTCA),
BCE€ KJIEMME UCTOYHUKOB TOKA Pa3PHIBAIOTCA.

2. Ilpu amanuse Ha MEPEMEHHOM TOKE AECACTBHUE MEPEXOAHBIX M GIOKUPO-
BOYHEIX KOHJEHCATODOB He y4unmThiBaeTcia. KoHAeHCATODHI paccMaTpH-
BAIOTCA MAEAILHBIME U IPEJIOIAraloTCA 3aMKHYTHIMH.

3. IIpn amamuw3e Ha HOCTOAHHOM TOKE BCe MCTOYHWKH IIEPEMEHHOTO Ha-
IpAXEHUA W TOKA IPUBOAATCA K HyJIO, IEPEXOJHbIE U GIOKMPOBOYIHbIE
KOH/IEHCATOPHEl PACCMATPUBAIOTCA KaK OOpHIB (6€CKOHEYHOE CONPOTH-
BJICHUE).

4. Ecim pua mo6Goi nemn TpebyeTcsa 3HATH HNOMHBIE 3HAYEHAA TOKA WM Ha-
IpAXEHWs, IPUMEHAETCA IPUHINI CYyIIEPIO3MANAH, T. €. CINTAETCA, ITO
anre6pamdecKas CyMMa IEPEMEHHOrO M IOCTOAHHOT'O TOKA (Hampsaxe-
HUA) Ja€T MOIHHIM TOK (HAIPAXKEHHWE) HA y4ACTKe LIeIn.

Z-napamempul
Ecan B3aTs Tokm [1 u Is B Ka4eCTBe HE3ABUCUMHIX IIEPEMEHHBIX, TO HAIIPAXE-
Hnsa V) u Vo MoryT OBITH BHIPaXEHH 4epe3 (hyHKIUOHAILHBIE COOTHOIIECHUA:

Vi = fill, Iy); (6.1)
Va2 = fo(l1, I2), (6.2)
rae fi 1 fo — HEKOTOpHIE IIPOU3BOJILHEIE (DYHKITUN.

T'naBHOE HA3HAYEHUE YCHINTENS — 3TO YCHIMBATH MEHAIOUMICA CUTHAL
(curman mepemenHOro TOkKa). Ilpm paGoTe Ha mEPEMEHHOM TOKE TOKHM M H3
OpAXEHUA HA KIEMMAX MEHAIOTCA. JTH U3MEHEHHUA MOXHO BHIPA3ATH MATEM3~
TUYECKHU dYepe3 MOJHbIe quddepeHnualnl, T. €. MOXKHO HAIMCATD:

oy o
= .3
dvy (8I ) dl + (8I ) dI; (6.3)
Vy oVy
= . '4
dVa (311> dh + (8I ) dl,. (6.4)

YpaBrerne (6.1) ycraHaBIMBaeT, YTO HAIpAXKEHHE V] 3aBUCHT OT TO
koB I, u I,. YpaBuenue (6.3) mokasmBaer oru 3asucumoctn. Lren 9V; /0l
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HOKA3BIBAET, KaK Hampsxenue V) sapucut ot [1, m eciu I, m3MEeHHTCA Ha, Be-
quauHy OI;, mepBeiA wieH ypaBHeHua (6.3) naer maMeHeHme Benm4mHH V)
ot m3MereHns dI;. YacTraa npoussoguas 0V, /0, B inHEHHON 06IACTH IPEX-
cTaBiAeT cO60M HAKJIOH rpaduka (puc. 6.3) u ABIAETCA KOHCTAHTOM, U B JaH-
HOM CJIy9ae MMeeT PAa3MEPHOCTH MMIIEHAHCA.

HagaibHbIE HANPAXKEHUA W TOKM IIPEICTABIEHH MCHOBEHHBIMU 3HAYCHMA-
Mz (kK GBLIO yIOMAHYTO BHIIE) ¢ (PUKCAPOBAHHON IOCTOAHHOM COCTABIAIO-
mei (BCIEACTBYE CMELICHNA) A IEPEMEHHON COCTABIAIOMEN (U3-33 MEHAIOIIETO
curgana). Temeps, eciu cumraTs nmepemenusie sacta 1, I, u Vi, V, canyco-
HJATPHBIMA, U3MEHEHHAA MI'HOBEHHBIX 3HAYEHUM MOXKHO IIPEJCTABAThL UX Aei-

creyrommMu 3HadeHuaMu. Cregosarensro, dVi = vy, ... W T.n. YpaBHEHHAsS
(6.3) m (6.4) Torga MOXHO mEpENUCATH KAK
vy = 21101 + Z19i9; (6.5)
ve = Zg111 + Zagia. (6.6)

W3 ypasuenn#n (6.5) u (6.6) MOXHO ONpeAeNNTH YETHIPE AMIEJAHCHEIX [IAPa-
metpa. [logcrasus i3 = 0 B ypaBHeHme (6.5) moaydmm
Z11 =Z2; = ?:—1 . (67)
12=0
CregoBaTenbHO, Z11 IpeACTABIAET BXOAHOM MMIIEAAHC IPH PA30MKHY THIX LA
IepeMEHHOI'0 TOKA BRIXOAHHIX KJeMMax (i = 0).
Ananormano

U1
Zig =2y = T
2 11=0
Z13 — nmmeganc 06PATHOM IIepefayuy HMpH PA30OMKHYTOM [JA II€PEMEHHOI'O

TOKa, BXOOHOM IIOpTE.
U2
Zn =2Z5= =
1 i2=0
Z5] — MMIeAHC OPAMON Hepeadn mpH ig = 0

(%]
Zog = Ly = —
12

11=0
Z27 — BEIXOLHOM MMIeaHC npu i = 0.

Tak xak g1a Bcex 4geThpex Z-mapaMeTpoB mim i, = 0, mia i3 = 0, TO
Zﬂapame'rpu TaKXe Ha3BIBAIOT MaPAMETPAMM XOJOCTOI'0 XOJa.

Y -napamempri (napamempur nposodumocmu)
CIn u3 yeThHIpex BenuyImH HA puc. 6.1 HesaBucuMmbiMu BuIOpaTs V) 1 Vo, TOrMa
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obuiee (pyHKIMOHAILHOE COOTHOIIEHUE IIPUMET BH
= f3(V1,V2); L2 = fa(W1,Va).
U 5370 MOXHO BHIPA3UTH Yepe3 moiHbie AudPepeHTuainl KaK

o6 o6
dI, = ( o ) avi + ( ot ) dVh; (68)
_[or, oI,
dl; = ( e ) dvi + ( 7 ) dvs. (6.9)

Yacrrsie npouseogusie (011 /0V) u T. 11.) IMEIOT Pa3MEPHOCTH IPOBOAUMOCTH.
YpaBrerns (6.8) u (6.9) MoxHO 3ammCaTh Kak

11 = Y1101 + Yi2v9; (6.10)
i2 = Yo1u1 + Yaous. (6.11)

Ilogcrasus B ypaBHerue (6.10) v, = 0, MoxHO onpegenuts Y7;. Tak xe aHa-
JOTHUYHO U Apyrue Y -IapaMeTpHI.

11
Yin=Y=—
0
v2=0
Y11 — BXoHAA IPOBOAUMOCTE IPU KOPOTKOM 3AMEIKAHUM BHIXOAHOI'O IIOPTA

(T.e. v2 =0).

1
Yio=Y, = —
U2

v1=0
Y12 — mpoBoaMMOCTHL OGPATHOM HEPEAAYH IPA KOPOTKOM 3aMBIKAHMHM BXOI3
(’01 = 0).

]
Y21=Yf=v_2

v2=0
Y51 — npoBoAMMOCTD MPAMOM NEPEASM NPU KOPOTKOM 3aMBIKAHUM BHIXO[3
(’U2 = 0)

i
Yoo =Y, = —
U2

v1=0

Y292 — BBIXOJHAA OPOBOAMMOCTH IPH 3aMKHYTOM JJI IEPEMEHHOTO TOKA BXOJe-
Y-nmapaMeTpsl TakXe HA3HIBAIOT MNapaMETPAMM 3aMKHYTOM CXEMBI, TaK

KaK OHHM OIIpeneasaioTCd U3 yCJIOBUA 3aMBIKAHWUA IIOPTOB.

IIpumep 6.1. Brunciure Y-nmapameTpr cxeMbl Ha puc. 6.4, a.

Pemenne. Ha puc. 6.4, 6 10Kka3aHO, KaK BHIIOIHAIOTCA TPEOOBAHUA YCIOBUY OIPe-
nenenus Yi1(Y;) u Y21 (Yy). Y13 — mpoBoguMocTs, HabmogaeMas Ha BXOge, T. e.

1
Y=Y =—
U1

v9=0
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B cxeme Ha, puc. 6.4, 6 v; =4 xkOwm - ;. CregoBaTenbHo,

1 1
Y=— =—Om ' =
"= Txom ~ 4000 O™ 4000 Civerc
wma Y; = 2,5 x 10~* Cumenc.
[OTMeTuM, uTO egununa nposogumocty Cumenc osnaaer Om~!l. Coxpamernro
mamerca Cwm]

(2}
Yp=Yp=—
(4}
v2=0
OTmernuM, 9T0 Ha, puc. 6.4, 6i; = —is uv; = 4 kOM-i; = —4 kOm-i2. CregoBaTennHO,
1 -1

-2,5x 107 Cm.

bm=-ron * Y= 00"

Y, (Yi2) n Y, (Y22) TpebytoT ycnosusa v; = 0 (cM. puc. 6.4, 6).

ny 4 kOm <L 4 4 kOm Lo 4 xOm <&

° * @ VW ° °

+ + o+ +

v 2 kOM Vo vy 2 KOM va=0 |vy=0 2 kOm Vo
a) 6) B)

Puc. 6.4. a) — cxeMa; §) — cXeMa € 3aMKHYTBIM BBIXOJOM,
8) — CxeMa C 3aMKHYTBIM BXOZOM

Torga umeem

%1

Y. (=Yi2) =
’01=0
B 5701t cxeme i; = —vy/4 kOM, Torga noy4aem
1 —4 1/2
Y, =— CM=-25%x10""Cm u Y,=Yy=—=
4 xOm V2

v1=0

B 5Toit cxeme vy = i3 (4 kOM||2 kOM) = 13335, Torga

- -4
Y, = 1333 Cm=17,5x10"" Cm.
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6.2. 3apaHne ycnoBuii XONOCTOro XoAa U KOPOTKOro
3aMbIKaHUA Ha BXOZE U BbIXOZE TPaH3UCTOPHOWM CXEMbI

Tounoe oupeaenenne Z- wiu Y -napamMeTpoB TpeGyeT YCIOBHH XOIOCTOTO XOJ3,
WIM KOPOTKOT'O 3aMBIKAHWA A TOT'0 WM WHOT'O IOPTa CXeMbl. W geanbHbrn
XOIOCTOM X0 (MMIEAAHC = 00) WIA KOPOTKOE 3aMBIKAHUE HA IPAKTHUKE HEJo-
cTUXUMEL IIepBhIl ciiygai (XOIOCTOro X04a) MOAPa3yMeBaeT, ITO UCTOTHUK
CUTHAJIA HE MMEET CBA3HM CO CXeMOW. B ciydae KOPOTKOro 3aMEBIKaHWSA, €CIH
CXeMa, 3aKOPO9€HA, HCTOIHUK HE MOXET CO3/IaTh HUKAKOI'O CATHAJIA B 3aMKHY-
TOW CXeMe.

IIpubau3uTensHO YCIOBHE XOAOCTOr'O X043, A CUT'HAIA, IIEPEMEHHOI'0 TOK4,
MOXHO CO3[jaTh, BKIIOYMB IOCIEAOBATEIbHO KATYNIKY WHAYKTABHOCTH (IOA-
xXoAamer BeauduHel) (puC. 6.5, a), a yCIoBHEe KODOTKOIO 3aMBIKAHWA — 3a-
IIyHTHPOBAB IIeUb KOHJAEHCATOPOM (Hmoaxofsamen emkoctu) (puc. 6.5, 6).

+Vee
+Vee
Rc
Rc McTouHMK % Rs
Re= L curHana
NepemMeHHoro
ToKa
NcTouHMK
curiana c
nepeMeHHoro T
ToKa
a) 6)

Puc. 6.5. OxcrepuMeHTAIbHEIE YCTAHOBKH /A CO3J3aHUA yCIOBAA XOJIOCTOTO X043 A
NepEeMEeHHOr0 TOKA Ha BBIXOAHOM IOpTe (@) M AL yCIOBHA KOPOTKOIO 3a-
MBIKQHMA Ha BXogHOM mopTe (6)

Ha mpaxTuke, ecim KaTymka L 0Ka3bBaeT CONPOTHUBICHUE IIEPEMEHHOMY
TOKy Ha, 9aCTOTe CArHAIa mpuMepHO B 10 pas Goabnre, €M BBIXOJHOU WM-
meflagC TPAH3UCTOPA, MOXHO CIMTATh, YTO YCIOBHE XOJOCTOr'O XO/a B CXEMe
BumonseHo (puc. 6.5, a). Ananormdno, ecan xoupgeHcatop C OKasBIBaeT CO-
OPOTHUBICHAE IEPEMEHHOMY TOKY HA 9aCTOTE CATHANA IpuMepHO pasuoe 1/10
BXOJIHOTO MMIIEJAaHCA TPAH3UCTOPA, MOXHO CIATATL BBHINOAHEHHBLIM YCJIOBHE
KOPOTKOr0 3aMbIKaHUA (puc. 6.5, 6). BcmomumM, 9TO y IPAMOCMEIEHHOrO
SMETTEPHOI'O IEePEXOAa BXOTHOU MMIIEJAHC MaJ, BCE'O HECKOIBLKO NeCATKOB
HIA COTE€H OM. DTO OOGCTOATENLCTBO TPeOyeT Ipe3BEIMAWHO GOMLIION €MKO-
CTH KOHJEHCATOpPA, 9TOGHI JOCTUYHb HMIEAAHCA B HECKOIBKO HECATKOB OM
Ha, 9aCTOTe m3MepeHus (OOBIIHO HECKOMBKO Kuaorep). Touno Takxe, pasmep
KATYWIKY AHAYKTABHOCTU HA BHIXOJE CXEMHI JONXKEH OBITH OYeHb (OMBbIIMM,
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qT00BI CO3/JATH MMIEIAHC HECKOALKO MEraoM, TaK KakK OOpaTHOCMEUIEHHLIN
KOJLIEKTOPHBIN TIEPEX0]] UMEET OUeHb GOBIION MMITEAAHC.

W3-3a TPyAHOCTEN TOYHOr'O M3MEpeHWA Z- ¥ Y-IapaMeTpoB, OHH PEIKO
IPUMEHAIOTCA DY aHAIN3€ CXeM Ha OUIOIAPHBIX TpaHaucTopax. CosgaHue
Xe YCIOBAH XOIOCTOr'O XOJa Ha HU3KOOMHOM BXOJHOM IOPTE C IPUMEHEHHEM
KaTYIIKA UHIYKTUBHOCTH W YCJIOBUU KOPOTKOI'O 3aMEIKAHUA C IPAMEHEHUEM
IMYHTHPYIOWEro KOHJEHCATOPa Ha BHICOKOOMHOM BEIXOJHOM IOPTE HE BBI3BI-
BAeT OCOGBLIX TPYJHOCTEW.

TlosToMy u Geun pa3paGoTaHH h-mapaMeTprl (ruGpugHEE TaPAMETPEL —
oT CI0Ba, «hybrid»), KOTOPHIE CTAIN MIXPOKO IPUMEHATHCA DY AHAIN3€E TPAH-
BUCTOPHEIX CXEM.

6.3. h-napameTps!

[IpuHAB B KaueCTBE HE3aBUCUMEIX MIaPAMETPOB BXOAHOW TOK [| M BEIXOAHOE
Hanpaxenue Va, QyHKIIMOHAILHEIE COOTHOLIEHUA I 3aBUCUMEIX IIaPaMeTPOB
MOXHO BHIPA3UTh KakK

= fs5(I1, V2); (6.12)
= fe(I1, V2). (6.13)

IIpu paboTe ¢ ManbMu curHatamMu u3MeHeHus Vi u [y MOXKHO BHIPa3UTH depe3
noJHble AuddepeHnrannl

o vy

vy = <6I1 ) Iy + (avz) dVa; (6.14)
_ (0], oI,

dl, = ( 5 Il) dl + < o ) dva. (6.15)

YacrHbie nmpomsBoHEIe B ypasHeHUsX (6.14) u (6.15) nMeroT pasHyIo pa3sMepHOCTb,
Tax HanpuMmep, (0V; /011) mmeer pazmepHOCTD UMIeaHCa, & (01 /1) — coot-
HOIIeHEe JBYX TOKOB, II03TOMY IPEACTABIAET CO60I0 KoadIUINEeHT nepesadn
Toka. [0 3TOi NpUIMHE IX HA3LIBAIOT IUOPH JHEIMY IapaMeTpaMu (CMech pas-
HBIX DapaMeTpoB — K02hUIUEHT mepeadn TOKa, KOdhHUIMEeHT nepesadn
HanpsxeHwa u T. 4.). IIpu paboTe ¢ CHHYCOMAATLHEIMA MAJBIMEA CATHAIAMY,
ypaBuerus (6.14) (6.15) MOXHO BHIDA3UThL Yepe3 AEUCTBYIOUINE 3HATEHUA Ha-
OPAXEHNA ¥ CWILI TOKA DTUX CATHAJIOB:

v1 = hi1iy + higvo (6.16)
12 = ho1%1 + hoovs. (6.17)
Ypapnenus (6.16) u (6.17) — oGmue ypapHeHus, IPUMEHAMEIE K JIOGOH CXeMe

NOAKIIOUEHNA TPAH3MCTOPA, KAK K ycmmmaTeraM ¢ obmum amurTepoMm (0I),
Tak u ¢ o6men 6a3on (OB) mim (OK). B ypaBuennu (6.16) hj; MoxHO ompe-
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JernThb, MOACTaBUB vy = 0 (KOPOTKOE 3aMBIKaHWE HA BBIXO4E), a hiz — moa-
ctaBuB i = 0 (Pa3OMKHYTEIA BXOJ).

Anamornyno mMoxHO u3 ypaBHenus (6.17) ompegeantsb ho; u hoe. Takum
o6pa3om,

hi1 = h; = -':—1 , (6.18a)

vo=0
rae h; — BXOJHOW MMIEJAHC, M3MEPEHHLIM IPU KOPOTKOM 3aMBLIKAHUYA BhI-
X04a AJdA CUI'HaJa IIEPEeMEHHOI'0 TOKa, OH TaKXe HAa3bIBaeTCA AMHAMNYIECKUM
BXOOHBIM MMII€AaHCOM.

hip = hy = £| | (6.186)
v2
31=0

rae h, — xosddunueHT 06PATHON HEPEAAIN HANPAKEHNUA, H3MEPEHHEIN IIPU
Pa30OMKHYTOM BXO[J€.

hoy=hy =2 | (6.188)
71
ve=0
rae h ¢y — ko PUIUEHT IPAMON IIEPeAaIn TOKA, H3MEPEHHLIN IPK 3aMKHY TOM
ne ny b y

[IA IePEMEHHOr0 TOKa Beixoge. U, Hakowner,

hoy = ho = 2| (6.18r)
V2

i1=0
rae h, — BBHIXOJHAA IPOBOAMMOCTD, U3MEPEHHAA IIPH PA3OMKHYTOM I/ IIe-
PEMEHHOT'O TOKa BXOJe€.
Huxuwe nugexce i, 7, f u 0 B h-mapaMeTpax CTaBATCA COOTBETCTBEHHO
[ TIAPAMETPOB BXOJHBIX, OOPATHON IEPEAA™N, IPAMON MEPEJady X BEIXOJHEIX.
YpaBuerus (6.16) u (6.17) 1erko MoxHO TPaHCHOPMHUPOBATH AIA TPAHIH-
cTOpa B JEoOOU cxeMe BKIiodeHus. Hampumep, B ciIydae TpaH3UCTOPA, BKIIOYIECH-
HOrO B cxeMe ¢ o6mmM smuTTepoM (0I), momy<amm
Vp = hieib + h,«e’vc; (6.19)
ic = hfelp + Roete. (6.20)
3mech iy — TOK 0a3bl, BLI3BAHHEIM HampsxeHweM Ha Gasze vp. A i, — TOK
koimrekTopa. Ha puc. 6.6, ¢ moka3ano cocrosume KieMM, Tpebyemoe [aa u3-
Mmepenus h;e u hfe, a Ha puc. 6.6, 6 — 111 uamepenua hye u hoe.
[oGasnenne HuXHErO MHAEKCA € B h-mapaMeTprl (Hanpumep h;.) o3Ha9a-
eT, 9T0 5T0 mapamerpsl auas cxeMel ¢ 0. [laa cxeMm ¢ obumen Gazou (OB)
n (OK) h-mapameTpsl OHUIIYyTCA C JONOIHATEILHBIM HAXHAM UAEKCOM b 1 C,
cooTBeTcTBeHHO. Hampumep, h;, OpefcTaBiieT BXOJHOW UMIEAAHC TPAH3U-
CTOpa, BKIIOYEHHOrO B cxeMe C obmen Gasou, a h;. — BXOJHOU HMMIICJAHC
CXeMBbI ¢ O0IIIM KOJLIEKTOPOM.
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ip
3aMKHYTO Ve
(Ve=0) Pa3oMKHYTO
Vs 330NK
(ip=0)
a) 6)

Puc. 6.6. Koneunsie ycropnsa Ains u3mepenus hie 1 hy. (a), gna u3mepenns hre u hoe (6)

h-mapameTpH OJHOT'O ¥ TOrO Xe TPAH3UCTOPA, N3MEPEHHEIe B PA3HEIX CXe-
MaX BK/IIOYEHHsA, OTIMYAI0TCa MexAay coboin. To ecTs, hyy # hie, hyp # hje
7 Takx gajnee. IIpomsBoauTenn TPAH3UCTOPOB OOEIYHO YKA3HIBAIOT A-mapame-
TPHL TPAH3UCTOPA TOILKO MJIA cXeMBI ¢ obmuM smuTTepoMm. Ecim Tpeby-
0TCA h-IapaMeTpHl I cXeMbl ¢ o0men 6a30d WIn ¢ OOIUM KOJLIEKTOPOM,
MX MOXHO BEIMCINTb, HCIIOAB3Ysa GOpMYJH! HpeobpasoBanus (6oree mogpo6-
HO 06 5TOM MOXHO y3HATh U3 IUTEPATYDHI [2], IPUBEJEHHON B KOHIIE IVIABHI).

Hexomopuvie gopmyavt npeobpasosanuti:

hie

hip = ITE? (6.21)
hie

hip = ——; .22

ib 1+ hfe’ (6 )

hie = (14 hge). (6.24)

YT06bI MMETL mpeACcTaBIeHUe O BeAWYUHAX h-mapaMeTpoB, B Taba. 6.1 mpm-
BE/IEHBl MX 3HAYEHUSA [JIA 9acTO IPUMEHAEMbIX TPAH3UCTOPOB 06IIero Ha3Ha-
JeHus.

Ta6auua 6.1. Tunwmynsie 3HaYeHNA h-MapaMeTPOB TPAH3UCTOPA
[JIA TPEX CXeM BKJIIOYEHUA

ITapamerp 03 OK OB
Bxoanou umneganc, h; 2,5 kOm | 2,5 xOm| 20 Om
Kosdpdunment ycurennsa no Toxy, hy 100 101 0,99
Koaddunpent o6paTHoil nepesayuy Hanpsxenus, h. |2 x 1074 ~1 [2,2x107*
Brxoanon nmneaanc, 1/h, 30 kOm | 30 kOMm | 2 MOwm

IIpumep 6.2. HaiiTu h-mapameTphl CXeMEI, TOKa3aHHOM Ha puc. 6.7, a.

Pemenne. Tpe6yemoe s uamepenns hyi(h;) u hoy(hy) cocrosHme cxeMer ¢ KOPOT-
KO3aMKHYTHIM BEIXOTOM, (T.e€. ycioBue vs = () mpuBegeHo Ha puc. 6.7, 6.
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Taxk xak pesuctop 40 kOM 3aMKHYT, TO

hiy=h; = n = 60 xkOm.

%1

v2=0

ITpu 3ameikanum pesucropa 40 kOM Bech TOK i1 6yAeT Tedb uepes 3ambikanue. Tor-

[1a, 3HAYEHNUS TOKOB i1 W i PABHBL MEXAY COGOM, & HAIPABJIEHUA NMPOTUBOMIOJIOXKHEL
CaenosaTenbHO, ©MeEeM

i2

h21 = hf ==

= —i1 /i1 = —1.
i ’Ll/’Ll

vo=0

Omnpegenenue 3uadenuit hys(hy) 1 hoo(h,) TpeGyeT pa3OMKHYTOrO COCTOAHMAA Ha BXO-
ge (puc. 6.7, ).

LN 60KkOm <2 Oy 60 KOM L hF0 o om &2
——W . ° W\ °
+ + +
Vq 40 kOm Vo=0 v 40 kOMm Vs
. 2 . 5 ' & 5 H

Puc. 6.7. a) — cxema; 6) — cxeMa € 3aMKHYTBIM BEIXOJOM; 6) — CX€Ma C Pa30MKHY-
TBEIM BX0J0M

Tax xak %1 = 0, cregoBaTenbHO, MajJeHNe HaOpsXKeHuna Ha pesuctope 60 xkOm
paBHO Hyu0. fIcHo, 9TO V1 = V3 M

U1
hi2 = hy = —
V2

=1

11=0

h22 — BBIXOQHAA IIPOBOJUMOCTD, T.€. BEIUYIUHA, OOPATHAA CONPOTUBICHNIO, HAGIIO-

JaeMOMY CO CTODOHEI BEHIXOAHBIX KJeMM. BXOAHOW MOPT Pa3OMKHYT, BBIXOJHOE CO-
npotuenenaue pasuo 40 kOM u

23

hag = ho = =

” = 1/40 xOm = 25 MxCwm.
2

i1=0

Taxum 06pa3om, h-mapaMeTpsl UMEIOT crenyiomue 3Hadenus: h; = 60 xOwm, h, = 1,
hy = —1, ho = 25 MxCm.

6.4. [n6puaHas mogenb GunonapHoro TpaH3ucTopa

TlocTpouM Teneps ruGpuAHY0 MOAETH TPAH3UCTOPA. DTO JErKO CACIATE Ha, OCHO-
Be ypaBHenn# (6.16) m (6.17). T'uGpuanas MOAEIbL TPAH3UCTOPA, C UCIOIL30BA-
HueM o6Go3Haxenuu h;, hy, hy u h, mpegcrariena Ha puc. 6.8.
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—_— AL
=

+ hdy

v hvo @ <¢> 1/ho 7]

®
@

®

Puc. 6.8. DxBuBaIeHTHAA CXeMa TPAH3UCTOPA C OGLIAM DMATTEPOM Ai1a h-TapaMeTpoB

Ha puc. 6.8 h,v; — MCTOYHMK HaNpAXeHUA u hji; — MCTOIHUK TOKa; h;
u 1/h, — BXOJHOM M BEIXOJAHOW MMIEJAHC TPAH3UCTOPA (B OMAX).
YpaBuenwe (6.16) — ypaBHeHwWe Hampsxe-

mmn. CieBa HampsxeHwe v, COpaBa — JBeE x 2
cocrasnaioume HanpsaxeHua. CyMMmupoBaHue — 1 .
HaIPAXEHUN JEeBOI'0 KOHTYpa CXeMhl 6.8 maeT hi f2a ii"’b .
ypasuenze (6.16). ’“CD eV

Amnanormuno, ypasuenuze (6.17) — ypasme- °
Hue TokOB. [Ipumennm sakon Kupxroda o cym- .

Me TOKOB B To4ke z (puc. 6.9), koTopas asis-
TCs IeBOM JaCThIO CXeMEHI 6.8. Pmé g~9' Berxoanoi nOP’l‘CI’K‘ cxe-
. . . MeI 6.8 (mpeo6pa3oBaH). MU-
U3 puc. 6.9 mmeem: i9 = iy, + i95. Tak xax (mpeotp )- Cym
. . . POBaHHE TOKOB B TOYKE I IIPDUBO-
i9q = hyi1, & i2p = hoU2, CIEAOBATEILHO auT K ypasuernmo (6.17)
19 = hf’il + hova,

a 3To ¥ ecTh ypasrenue (6.17).

6.5. AHanu3z ManocurHanbHoOro ycunurens
npu nomowm h-napamMeTpos

O6er9H0 K BHIXOJHOMY HOPTY YCHINTENS HOAKIIOUAIOT HAIPY3KY Zr, Ha KO-
TOPOM MOABIAETCA YCAIEHHEIN BLIXOAHON curHalL. Takxe y yCuauTena JomxeH
OLITH MCTOYHUK CUTHAIA Us Ha BXOAHOM nOpTe. VCTOYHMKOM CHTHAIA MOXET
OBITH mpeABIAYIMA KACKaJ yCHINTENIA WIA Npeo0pa3oBaTelb CArHaua (Ha-
IpuMep, MEKPOGOH) WIK IPOCTO I'eHepaTop. B mo6oM ciydae mpuMmeM, 9TO
COIIPOTHBIEHNE UCTOYHUKA PAaBHO Z,;. Taxum 06pa3oM, MOXHO IOLYIATE DJIe-
MenTapHyIo cxeMy ycuaurensa (puc. 6.10).

I'n6puanas cxeMa ycHIaTeIA ¢ IPUCOEIUHEHHBIME K IOPTAM HCTOIHUKOM
CMI'HaJla ¥ HATPY3KOW IMOKa3aHa Ha puc. 6.11.

Cxemy, nokaszaaHy0 Ha puC. 6.11, Tenmeps MOXHO MCIONB30BATH /A IIOLY-
9€HUA COOTHOIIEHHWH MMApaMEeTPOB YCWINTEIA, TAKAX KAK BXOJHOM MMIIEAAHC
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Z; = v1 /11, K02 DUIUEHT yCUIeHN 10 HAUPaxKeHuio A, = ve/v; u T.1. 9epes
h-mapaMeTpsl TPAH3UCTOPA.

AR i Puc. 6.10. OieMeHTapHBI yCHIATEN:

Py ~ C HMIOEJaHCOM MCTOYHEKA Zs (Takxe

+ + o603HavaeMbli Rs) M HMIEJAaHCOM Ha-

Vs vi | Tpanauctop |, Z. rpysku Zp (Taxxe o6o3HavaeMsli Ry )

hyﬁ +

(D 1/he V2 z

Puc. 6.11. ManocurHaibHas JKBUBAJIEHTHAsA CXE€Ma C TPAH3UCTOPOM, 3aMEHEHHEIM
ruGpuAHON Mogensio. IlpuMevanne: I8 IPOCTOTHI HE YKA3AHBI LEMU CMe-
LIEHUA TPAH3UCTOPA U JPYTHe PEe3UCTOPHI

Ypapuenns (6.16) u (6.17) c npumenennem o6GosHadennit h;, hy, hy u hy
AMEIOT BUJ:

v1 = hjtp + hpvo; (6.25)
19 = hfil + hovs. (6.26)
Tok Ha BeIXOAE cxeMHI 6.11 pasen
. —U2
= —=. .27
= (6.27)

3HAaK MHUHYC MOABIAETCA W3-33 BHIODAHHOU HOJAPHOCTH Uy ¥ HAIPABJICHUA TO-
Ka i9. CregoBaTensHo, ypaBHeHue (6.26) MOoXHO mepenucaTs Kak

0=hyiy + (ho +1/ZL)vs. (6.28)

KosfPuyuenm ycuaenus no wanparicenuio
Iloacrasisaa 3sHadeHue 11 u3 ypaBaenusa (6.28) B (6.25) moryamm:

["‘hi (1 + hoZL)}
vV, = || U2

h f Z L+ h'r
CuegoBaTensHO, KO3(DPUIMEHT YCUIEHAA [0 HAIPAKCHUIO yCuauTer1A, pases
—hsZ
A, =vyfv; = il (6.29)

[hi (1 + hOZL) — hrhfZL]~

Kosdpuyuenm ycuaenus no moxy
W3 ypaBuennsa (6.27) nmeem

Vg = —ZLiz. (6.30)
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[loacTasuAn 3Ha4eHNE Vo U3 ypaBHeHma (6.30) B ypaBueHue (6.26) momyuamm
k03(pPUIMEHT ycuneHus mo ToKy A;
A= ig hy

L 1] B (1 +hoZL).
BcnomEEM, 4TO hf mpeAcTapigeT CO60M KOIGGUIMEHT yCHIEHHA IO TOKY
mpu Z1, = 0 (mpm KOPOTKOM 3aMBIKAHMH BHIXOJa — HYJEBOM COIPOTHUBIIE-
HOZ HAUPY3KH), IOITOMY KO3Gh@UIMEHT YCHICHHA [0 TOKY CHUXACTCA W3-3a
KOHEYHOI'0 MMIIEJAHCA HATPY3KHU.

(6.31)

Bzodnoti umnedanc
IloacraBuB v, w3 ypasHeHusa (6.28) B ypasmeHue (6.25), moxydum BxoZHOU
IMOEIAHC YCHINTEAA Z;:

V1 hrhf
T4 ' (ho+1/Z1)
! hrhiZ
Z; = h; [(1 +hoZL)] . (6.32)

O6paTuTe BEUMaHWE, YTO MMIIEAAHC HATPY3KA 7], BIAAET HA BXOJHOW MMITE-
JAHC yCWINTENsA. DTO MPOUCXOAUT W3-33, BHYTPEHHEN OOPATHON CBA3M, IPUCY-
mew TpamsucTopy. /[Ba ero mepexoga He MOryT paGOTAaTL HE3ABUCHAMO APYT

OT ApyTa.

Buizodnot umnedanc
Y1066 BLIYMCANTL BEIXOJHOM WMIIEAAHC, HAZO
ycTaHoBUTb U; = 0 M OCTaBUTH BKIIOYEHHBLIM S
BXOJHOM MMIIEJAHC Zg, 9TOGHI yIeCTh €r0 BIH- hy
fHVE Ha BLIXOJHOW mMIOeJaHc. Takoe COCTOAHME
BXOJZHOT'0 mopTa m3o6paxeHo Ha puc. 6.12.

YT0 ABIAETCA IPAIMHOM TOKA, 11 1p; v; = 07 Vi hrve @
[lpuaunon asnserca manpsxenne vo (370 Gyaer
Noka3aHO B ypaBHennu (6.34)).

B cxeme Ha puc. 6.12 Z i) +v; =0 minm
(6.33) Puc. 6.912. Bxoanas uens ru-

6puguou cxeMsl 6.11 ¢ Hanpsaxe-
llocre mopcramoskm v; w3 ypaBHemma (6.33) muem vy =0
B ypasueHue (6.25) 1 COOTBETCTBYIOMUX IPe06PA30BAHUN [IOLYIAEM

v = —ilzs.

. —hrvo
1] = —FT—. 6.34
V= 2) (634
HNoacranoska i; u3 ypasuenna (6.34) B ypasrenne (6.26) B pesyabTaTe gaeT
Zo = 22— = (hl + Zs) nin Zo = ! (635)

12 {(hi =+ Zs) ho - hrhf} {ho - hrhf/ (hz' + Zs)} '
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Kosgpuyuenm ycuaenus no mownocmu
KoadpduimenT ycnreHua IO MOIIHOCTH — 3TO IpOu3BeJeHue K03h OUIMEHTOB
VCWICHWS [0 HAIPSAXKEHWIO M TOKY. Ero MOXHO BHIYMCIAWTDH, €CIN HOCTEIHUEe
W3BECTHEL.
Baxno 06paTuTh BHUMAaHWE, 9TO B DKBUBAJEHTHOM cxeme 6.11 me yum-
THIBAETCA BIAMAHWE PE3UCTOPOB CMENICHWA. DTOT CIydau GyAeT pacCMOTDEH
B mpumepe 6.3.

Kosfuyuenm ycuaenua no HaNPA*CEHUIO C YUEMOM BAUAHUA
UMNEANCa UCMOUHUKA Ly
Baxuem mapamerp Ja:060ro ycmimTela — KoddPHUIUEHT ycwieHuWA IO Ha-
npaXeHnio. Brillle MBI HOMYYHWIN BBIPaXKEHUE MIA KOI(MDGPUIMEHTA YCHICHUA
no manpaxermio A, (= ve/v1) [ypasuenme (6.29)]. Ho B geircTBuTEIBHOCTH
BXO/IHO€ HAIIPAXEHWe yCHIuTelrs — vUs a He v (puc. 6.10). CaegosarensHo,
KO3(pHUIMEHT yCUICHUA 110 HANPAXEHWIO, IPHHUMAasA BO BHUMAHUE MMIIENAHC

UCTOYHUKA, Zg, PABEH
V9 V2 V1
Ug U1 Ug

naIn
U1
Apys = Ay - —. (6.36)
Us
[lenenne HANPAXEHWA BO BXOJHOW IENU yCH-
Zs AMTENA MeXJy MMIENAHCOM HMCTOYHUKA Zs (Tak-
VA + xe o6o3HagaeMoM R;) m BXOAHBIM wMIeZaHCOM
y ySz YyommTens Z; MPOMILIIOCTPUPOBAaHO Ha puc. 6.13.
s B B pesyarTaTe mmeem
v Z;
A (6.37)
Vs Zs + Z;

Puc. 6.13. [erenne BXOZHO-
O HAIPAKEHEA MEXLY MMITe- CuenoBaTenbHo, KO3(pOUIUEHT yCWICHAA IO Ha-

AAHCOM WCTOYHUKA Zs W UM- IIPAXKEHUIO JI000I'0 YyCUMINTEIA C yIeTOM BIMAHUA
TefAHCOM yCmmTens Z; MMIeJaHCa (CONPOTHBIEHAA) WCTOYHMKA MOXKHO
paccUIMTaTh, UCHOAB3ysA ypaBHeHue (6.36) m ypaBHeHWe [eruTens HaIpAKe-
Hus (6.37).

YpaBHeHUA [IAA PAcIeTOB KOI(PPUIMEHTOB YCHICHUA U MMIIEJAHCOB yCH-
marens ¢ 0D Ha ocHOBe h-TapaMeTPOB TPAH3UCTOPA IPUBEAEHLI HAXKE.

KoaddumuenT ycunerns mo HanpAXKeHHIO

A = —h;Z1,

Y {hie (1 + herL) - hreherL}.
3uax MunHyC B ypasHeHun (6.38) o3HavaeT mepeBopoT Ghasbl Ha BHIXOAE, T.e€-

daza HAIPAXKEHUA HA BEIXOJE OTIAMYACTCA OT ashl HANPAXKEHHA HA BXOJE
Ha 180°.

(6.38)



6.5. ANGAU3 MAAOCUSHAALHOZ0 YCUAUMEL NPU NOMOWL h-napamempos I®

KoaddunuenT ycuierns mo ToKy

h/fe
A= ———. 6.39
t (1 + herL) ( )
BxoZHOM MMIIEZAHC
h’reherL
Zi = hje — ————. 6.40
(] e (1 + herL) ( )
BLIXOAHOM HMIIETAHC
1

Z, (6.41)

- {hoe - hrehfe/(hie + Zs)}.

IIpumep 6.3. Tpamsuctop Ha puc. 6.14 umeer cregyromme h-napamerpsr: h;e =
= 1,5x0m, hge = 120, hye = 2,5%107%, by = 20 MmxCu. HaitTu Zi(base)s Zi YCHIATENA
(0603HABETCS Zi(amp)), Av, Ai W BEIXOJHON MMIIENAHC YCHIATEINA.

+15 B

10 kOm

Z, (amp) Zi(base)
Puc. 6.14.
Pemenne. 1. Bxoamon nMneanc:

Z1, = R¢||Rr = 2,2 xOM||10 xOm = 1,8 xOwm;

Zr 2,5 x 1074 x 120 x 1800 _
Zivase) = Bie = hre - hye - (14 hoeZ1) 1500 - (1+20 x 106 x 1800)
54
= 1500 — To%6 = 1500 — 52,1 = 1448 Om = 1,448 xOwm.

W nanee nmeem:
Rp = Ri||R2 = 33 kxOm||12 xOm = 8,8 xOm.
CaegoparensHo,

Zi(amp) = 8,8 kOM||1,448 xOm = 12,74/10,248 = 1,24 xOm.
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2. KoodpuuueHT ycuneHns 00 HAIPAKEHUIO

_ -herL _
B {hie (1 + herL) - hre N herL} h
—120 x 1,8 x 10°
~ {1500 (1 + 20 x 1076 x 1,8 x 10%) — 2,5 x 10~2 x 80 x 1,8 x 103} _
—216 x 103 —216 x 10°

= = = —142 .
[1500 (1 + 0,036) — 36] 1518 A

Ay

3HAK MEHYC 03HAYAET OOBIYHEIN IepeBopoT ¢asul ycmmreda ¢ 0.
KosdduunnenT ycuieHus N0 HANPAKEHUIO OT HCTOYHUKA, N0 KOJLUIEKTODA,

A, 7;
Vo _ _Avfilamn) _ _ (_1493) x 1,24 kOm/(0,5 xOm + 1,24 xOn) = —101 4.

Vs (Rs + Zi(amp))
3. KoaddpuuueHT ycuneHus 0o TOKY

hie 120 120

Ai = (1+hoeZz) {1+20x10-6x 18 x 10} _ 1,036

=115,8.

4. BHIXOAHOU UMIENAHC YCUINTENA
Zo(amp) = Relll(hie + Rs||RB)/{hoe(hic + Rs||RB) — hre - hfe}]

(Rs — mMIIeIaHC HCTOYHUKA)

Zo(amp) =
= 2200/|[(1500 + 500||8800)/{20 x 10~5(1500 + 500||8800) — 2,5 x 10~* x 120}] =
= 2200]|[(1500 + 473,1) /(20 x 1075 x 1973 — 2,5 x 10~ x 120)] =
= 2200(|[1973/(0,03946 — 0,03)] = 2200||208562 = 2177 Om = 2,17 kOwm.

6.6. MNpubnuanTensHble COOTHOLLEHUA
AnA rmbpuaHoii Mogenu

CooTHolneHns, nmpuBeeHHbIe B ypaBHeHUsX ¢ (6.38) mo (6.41), ama xosdpdu-
LIHAEHTOB YCWJIEHHS ¥ WMIIEJAHCOB YCWIMTELA MOXHO 6e3 GONBIION MOTEpH
TOYHOCTH YIPOCTATH. DTO ONPABABIBAETCA U T€M (HAKTOM, 9TO h-IapaMeTpHL
TPaH3UCTOPOB, AaXe B3ATHIX W3 ONHOM MAPTHUH, UMEIT GOJBLIION pasbpoc.
IIpuGau3uTeNbHbIE PACIETHI OTINIAIOTCA OT TOYHEIX He Gosee, vem Ha 10%,
9TO BIOJIHE IPAEMIEMO HA IPAKTHUKE JIA GONbIINHCTBA PACIETOB YCHINTEIEH.

Mg Hagana MOXHO OT6pOCHTH U3 hopMyn KOabdHUIHeHT 06paTHOU Hepe-
[[a9U HANPAXKEHUA Rpe, KOTOPLIM YIUTHIBAET BIUAHUE OOPATHON CBA3M HA BHI-
XoxHOe Hampsaxenue. Ero Bemmanna nespaumTensHa (~ 10™4) u mo mepe cosep-
IIEeHCTBOBAHUA TEXHOJIOTHY M3TOTOBJICHHA TPAH3UCTOPOB OHA YMEHBINAETCA.
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[IpnbauXKeHHOe BHIDAXEHHE NIA KO3(pDUIMEHTa yCHICHHA MO HAIPAXEHUIO

uMeeT BULI:
_herL

U ~ .
[hie (1 + herL)]
IIpuBeeEAOE BHIpAKEHNE MOXHO €Il YIPOCTUTD. TaK KaK BeIudIuHa, hoe 27,
HAaMHOT'O MEHbIIIE €IUHUIBI, HMEEM

A

(6.42)

A n —hreZL
v ~ T
hie
IIpubaukeHHEIE BHIPAXKEHUA C YI€TOM AONYNIEHHBIX BHINE YIPOIMEHUM LA
cxemsel ¢ 09:

Ay = "‘herL/hie; (643)
A; = hye; (6.44)

Zin = hie; (6.45)
Zout = 1/hge. (6.46)

Kax 6pu10 mokaszaHO, 3TH DpUOIMKEHHBIE (POPMYJIBI AAIOT JOCTATOIHO
TO4HBIE pe3yabTaTH (B mpederax 10 %-non norpemnoctn). [lorpemnocts npu
BBEIYMCJIEHUN BBIXOAHOI'O MMIIEJAHCa O ypaBHeHu:o (6.46) MoxeT GHITH 6OJIb-
me, 0COGEHHO, €CIM COMPOTUBIEHHAE UCTOUYHUAKA MAI0. DTO MPOUCXOAUT U3-33
TOrO, YTO WIEHHI 3HAMEHATENA hoe U hrehye/(hie + Zs) B ypaBHenun (6.41)
MOTYT OKa3aThCA OAM3KUAMU IO 3HAMEHUIO.

Caedyem ob6pamump SHUMAHUE HA HEKOMOPHIE BANCHLIE MOMEHMbL NPU
uccaedosanuy svipadcenuli ¢ h-napamempany 0as pacuema Tapaxmepucmuk
YCUAUMEAA.

BcmoMawTe, 9T0 K02(pPUOHEHT YyCUIEHUS O HAIPAKEHHUIO JIOG0T0 yCHIn-
Telsa 33aBUCAT OT TOr'O, PABHO JH HYJIIO COIPOTHUBIEHWE DMUTTEDHOTO DPE3H-
cropa Rp (w1 OH 3alIyHTHUPOBAH KOHJEHCATOPOM) WIH HET.

Hanpumep, ypaBHeHEA A1 KO3DPUOIMEHTS YCUICHUA [0 HAIPAKEHUIO WK
BxogHOro mmmeaanca ((6.43) u (6.45)) neHCTBUTENBHBI TOJIBKO A CIydad,
korga Rp = 0 mam Ry samyBETHpOBaH KoHgencaTopoMm. Eciu xe Ry He paBen
HyII0 ¥ He 3aIMyHTHPOBAH, CIEAYyeT COOTBETCTBEHHO MOAU(DUIMDOBATH 3TH
YDaBHEHHA.

Moxno mokazaTrb, 9TO Korga Rp # 0, Bbpaxenwe gii KOdppUIUEHTA,
ycuneHus mo HampsxeHmio A, m3MeHseTcs caegyommM o6paszoM (moxpobree
M3JI0XEHO B JATEPATYPE AIA JOMOIHUTEIBHOTO M3y IE€HUA B KOHIE IJIABHI)

_ —hseZy
[hie + (1 + hie) RE] )
Ecmu (1+ hfe)Rg > hie, BHIIENDHEBEIeHHOE yPaBHEHHE IPHOGPETACT BUA:

—h erL
[(1+hse) Re]

Ay

A, =
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M nockonbky hfe > 1, TO norydum
Ay = Ry (6.47)
B caydgae, ecim SMATTEDHBIN PE3UCTOP LIyHTHUPYETCA YACTUIHO, CIEAYET
HCIIONB30BATH 3(pdEKTUBHOE 3HAYECHUE SMATTEPHOrO COPOTHUBIeHUA. B ypas-
Henusx (6.47) u (6.48) Rg caenyeT 3aMeHUTH Ha TE.
B cayuae, ecin Rg # 0, BXOAHON UMIOENAHC PABEH

Zi = hie + (1 + hfe)RE. (6.48)

Z; He IPUHUAMAET B PACcIeT CONPOTUBICHNA PE3UCTOPOB CMEIIEHUS [B JEUCTBY-
TeNbHOCTH Z; = Zi(pase)]- BXOZHON HMIIEAAHC C yI€TOM PE3UCTOPOB CMEIICHNS

Z’i(amp) = Zi“Ra (649)

rae R = R;||Ry Ana CXeMBI CMEIIEHUS C AeIuTeNeM Hampsaxenus u R = Rp
IS PEKCUPOBAHHOT'O CMEUICHUA.

6.7. h-napametpbl ycunureneit c OK u Ob

Jlo cux mOp MEI BEIBOAWIM YPaBHEHUA C h-mapaMerpaMu s ycmrarens ¢ 09,
KOTOPHI ABIACTCA HamboIee MMPOKO NPEMEHAEMON CXeMON. AHAJOIITIHO MOX-
HO BbIBeCTH Bhipaxenus u 1ug ycuaurener ¢ OK u OB, 3amenus B ypaBHeHUAX
(6.38)—(6.41) h-mapamerpsi cxemsl DO Ha h-mapaMeTpPLI COOTBETCTBYIOMEN
CXeMbl BKJIIOYEeHWA, He 3a0bIBad O TOM, 9TO B oTamume oT ycmaarers 09I,
B ycwmremrix ¢ OK u OB me 6yger uepesopoTa daswul. Huxe npusemeHsl
npubauxennsie popmyasl yia yemmareaer ¢ OK m OB, gocraToYso TOYHbIE
JiA GONBIIMHCTBA, MPAKTUICCKUX CIYIaeB.

Ycuaumenv ¢ 06WuUM KOLIEKMOPOM

Zi(base) & hreZy, rtRe Z1= RE”RL- (6-50)
3xech Z; — 3ddeKTUBHAL HArPY3Ka yCUaaTend. [ad yCUIuTera mMeeM:
Zi(amp) = R”Zi(base)a (6-51)

rge R = R;||R2 aasa cMemenus ¢ geawreneM Hampsxenuai u R = Rp pua
($UKCHPOBAHHOT'O CMEMIEHNA.

“hchl
Ay = A 6.52
Y (hic — hgeZy) (6.52)

notoMy 9T0 hfcZi > hic.

. m— h c
I/I A1 - 1+hocZ; i

Ai ~ hfc- (653)
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1
[hoc - {hfchTC/ (hic + RSHR)}]’
rie R = Ri||R2 pns cmemerusa c geruTeneM Hanpsaxenwa u R = Rp gna
(UKCHPOBAHHOT'O CMEIIEHHS.
1 eme oxHO ypaBHeHme:

Zo

Zo(a,mp) = Zo“RE- (6.54)

Yeuaumeav ¢ obweti 6a3ot

Zi = hgp; (6.55)

Zi(amp) = RE||hi = hip; (6.56)

Ay =Zr/hip, tme Z = R.||Ryr; (6.57)
Ai=hp a1 (6.58)

Zo = 1/hat; (6.59)

Zo(amp) = Zo||Re = Re. (6.60)

Tax xakx 06BIYHO IPOM3BOJUTENN NAIOT h-MApPaMETPHI TOJBKO MJIA CXEMBI

¢ 03, To gas monydenusa mapamerpoB OK u OB mpumMEHAIOTCA BLIPAXKEHHUI
(6.21)—(6.24).

IIpumep 6.4. B ycmmmTene Ha puc. 6.15, ¢ IpIMeHeH TPAHIUCTOP CO CJIEIYIOMIM-
vu h-napamerpamm: h;e = 1 xOm, hge = 100, hre = 0,8 x 1074, h,e = 10 MxCwm.
BrruncauTs TOYHEIE W NPUGIMKEHHLIE 3HAYEHUA KO3GMGUIHEHTOB yCAICHHUA IO Ha-
OPSXKEHUIO ¥ TOKY, BXOQHOI'O ¥ BEIXOAHOI'O MMIIEIAHCOB YCHINTEJIS.

Pemenne. 1. Koopduunent ycunenus mo HanpaxeHuoo. TOYHOE 3HAYECHUE: B DTOU
cxeme 71, = R, = 2 kOMm

—hteZs _

{hie (]- + herL) - hre N herL} h
3 —100 x 2000 3
~ {1000 (1 + 10 x 10— x 2000) — 0,8 x 10~% x 100 x 2000} _

A, =

—199,2.

Kaxk 61110 yxe ckasaHo, 3HaK MUHYC O3HAYAET, 9TO PA3HOCTE a3 MeXTy BLIXOJHEIM
¥ BXOJHEIM CUTHajaMu paBHa 180°.
Ipubamxkennoe 3uadenne A,:

Ay = —hge - Z1,/hie = —100 x 2000/1000 = —200.
2. Koo puuumenT ycunerua no Toky. Tounoe 3HaueHmE:

hie 100 100

A= 0T, Z0) - T+10x10-6x2000) ~ 1,02

98.

lpu6musurensuo: A; ~ hys. ~ 100.
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+20 B

a) +20 B 6)
2 kOm

2 kOMm

l Vo '_l
5 kOm

v
—]
20 kOm 20 kOm
IERA RS

Z; (amp) Z; (base)

20 kOm || 20 kOm

B)
Z; (base)

Zi(amp)
Puc. 6.15.
3. Bxoanoi mmmenanc. Ypasrerue (6.40) naeT Zj(pqse) 6€3 yU€Ta BINAHUA DPE3U-
CTOPOB CMEIIEHHA (CM. CXeMy HIXKe)
0,8 x 10~ x 100 x 2000

_ h,-e X hfe X Zr, _
Zipase) = hie = <375 = 1000 = 25557076 x 2000)

i Zpase) = 1000 — (16/1,02) = 984 Om.
U3 cxeMnl Ha, puc. 6.15, 6 umeem sddexTuBHOE conpoTuBicHuE cMemmenus Ry
Rp = R;||Rs = 20 xOMm||20 xOm = 10 xOm.

BxoHol mMIeaHC yCHIHTENA Zi(amp) (CXeMma Ha puc. 6.15, 6)
Zi(amp) = RB“Zi(ba,se) =10 KOM”O,984 xkOm

nin Zi(amp) = 895 Om.
Zi(ba,se) ~ hze = 1000 OM =1 KOM.

CuienoBaTesHO,
Zi(amp) = BBl Zi(base) = 10 xkOmM||1 xOm

Wit Ziamp) = 909 Om.

4. BerxogHOI nMIeAaHC. BHIX0O IHOUM NMIELAHC HA BHIBOJE KOMLIEKTODA, (IPUHAMAA
HAMIEJAHC UCTOYHNUKA, HYJEBEIM) PABEH
1000
= 500 kOm (To4HO).

Z = hie =
®" (hie - hoe — hre * hge) (1000 x 105 — 0,8 x 10— x 100)



6.7. h-napamempvr ycuavmeaei ¢ OK v OF I8\\7)

BCmoMHEEM, 9TO BHPAXKEHHE LIS BHIXOLHOI'O MMIENAHCA 7, 4epe3 h-IapaMeTphl
ge BkIO4aeT Bauanue R,. CrefoBaTenbHO, NiA yCUIATENA

Zo(amp) = Re||Z, = 2 xOm||500 kOm ~ 1,99 kOm.
Zo m 1[hoe = 1/1075.
Wm Z, =~ 100 xOM. CrenoBaTensHO, BHIXOJHOM UMIEIAHC YCUIUTEINA
Zo(amp) = Bel|Zo = 2 xOM]||100 kOm = 1,96 kOm.

[IprauHO#A 60MBIION PA3HUIIEI MEX Ty TOYHEIM ¥ HPUOIMKEHHEIM 3HAYCHUAMHA Zo(qmp)
ABIAETCA TOT (PaKT, YTO B cxeMe Ha puc. 6.15 comporusieHne ucrounnka R; paBHO
HYJIIO.

IIpumep 6.5. BrrumcauTs BXOAHON UMIELaHC Z; 1 KO3GGOUUUEHT yCUIEHNA [0 HA-
npsxkenuio A, ycuinTens, #306paxxeHHoro ua, puc. 6.16. h-napaMeTps TPaH3UCTODA:
hie = 3,0 kOm, hfe = 100 (BamanmeMm napameTpoB hre # h,e Ha Z; u A, MOXHO
npeneGpeds ).
Pemenne. 3 ypasuenus (6.48)

Z; = hie + (1 + hfe)"'E-

IApdexTuBHOE CONPOTUBIEHNE IEPEMEHHOMY TOKY B 9T0H cxeme pasHO 200 Om. Cue-

JIOBATENLHO,
Z; ~ 3 kOM + 100 x 0,2 xOm = 23 xOwm.

W u3 ypasuenus (6.47)

_ Zr _ 4xOm||6 xOm

Ao re 0,2 x0m

= 2400/200 = 12.

IIpumep 6.6. Y Tpamsucropa B ycwmmTene ¢ o6mmM KOLieKTOpoM (puc. 6.17)
crepyromue h-napamerpsr: hie = 4 xOm, hy. = 100. Hcmonsays npubinsnTeabHEIe
BHIDAXKEHNS, BEIYUCIATE KOBG(MUIMEHT YCUICHUS 0 HANDPIKEHUIO W BXOJIHOU MMIIe-
HBAHC YCHIUTEJNA.

Pemenwne. U3 ypasuenns (6.23) umeem

hic = hie = 4 kO™, hygc = (1 + hge) ~ 100.
U3 ypasuenns (6.52) numeem

Ay = —hge- Zr[(hic — hfcZL),

rie 7 — addexTusHas HAIPY3Ka IPU SMUTTEDE, T. €.

Z1, = Rg||RL = 2,5 xOMm||10 xOm = 2 kOm.
CregoBaTensHo,

A, =100 x 2 kOm/(4 xOm + 200 kOm) = 200 kOm/204 xkOm = 0,98.

Y smuTTEpHOrO MOBTOPUTEN KO3(DGUINEHT yCUICHNA 1y Th Merbme euanipl. OH mo-
JOXUTETLHBIN, YTO 3HAYNT, YTO OMUTTEPHEBIM IOBTOPATENDL He IEePEBOPAYNBALT (Ga3y.
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+12B

+12B

-12B
Puc. 6.16.

Bxognon uMnenasc, HabOIOIaeMbIN Ha 6ase
Zi(base) ~ —hfc . Ze =100 x 2 xOMm = 200 KOM,

KOTOPBI BECHMA, BEICOK.
BxoaHO! MMIEIaHC YCWINTENA

Z; = R||Zjpase), rme R = Ry||Ry =80 kOm|[40 xOm =
= 26,6 xOm = 26,6 kOm||200 xOm ~ 23,5 xOm.

6.8. 3aknioveHue

ManocurHajabHBIE YCHIATENIN YaCTO AHAIMIUPYIOTCA IPHU HOMOITH h-Iapame-
TPOB, IPX TOM TOYHBIE BHIPAXKEHHUA AOCTATOYHO CIOXHEL [lockonbKy h-mapa-
METDHI MEHAIOTCA, HAIPEMED, OT TOKa KOJWIEKTOPa, B cxeme ¢ O u oT mpubopa
K npubopy Jaxe y HpuGOPOB W3 OSHOU HAPTHUH, OOBIYHO AOCTATOYHO IOXLY-
9UTH XaPAKTEPUCTUKY YCHIATENA, HCIOAL3YS NPUOIN3UTEIbHBIE (HPOPMYJIBL.

YHacTo Opou3BOAUTENN TPAH3UCTOPOB IPEJOCTABIAIOT h-IapaMeTpHl TPaH-
3UCTOPa TOMBKO masa cxembl ¢ OJ. Mcmoassys ¢popMyanl mpeoGpa3oBaHuA,
MOXHO HOXYy9IUTh HapaMeTpsl TparsucTopa miia cxem ¢ OK u OB gepes ma-
pameTpsl cxemul ¢ 0.

YpaBuenus ¢ h-mapaMmeTpaMu He BCerja [IAlOT IONHBIE XaPAKTEPUCTH-
KM YCHIUTENA, ¥ MO3TOMY HEJOCTAIOUINE XAPAKTEPUCTUKY MOXHO MOJLYIUTh,
POBeAA OmpeneqeHHble paccyxpaenua. Hampumep, ¢HopMyna mifs BXOAHOTO
nMnenanca cxemul ¢ O ¢ h-mapaMeTpaMu JAOT TOJIHKO UMIIEIAHC, HAGIIO Kae-
MBIY Ha 6a3€ Zj(pgse)- [/ BHITUCICHUA OMHOTO UMIEAAHCA CIEAYET OT JEeNbHO
y4eCThb BIAAHNE PE3UCTOPOB CMEIEHUA. AHAIOrUYIHO, DY BHIYUCIEHUA KO3b-
GUIMEHTa YCHIEHHUA 0 HANPAXEHUIO, CAeAYeT OTAEIbHO BHIIOJHUTHL PacieT
€ro M3MEHEHWs, YIUTHIBAA KOHEIHOE 3HAYEHWE CONPOTHUBIEHWA WUCTOYHUKA
CHUTHAJA.
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6.5. [laiTe ompegeneHusa U Pa3MEPHOCTH h-TIapaMeTpPOB.
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TPOB, HO OHU HE PABHHL APYT APyry. O6bacHUTE, moYeMy.

6.9. HaszoeuTe XapaKTEPUCTHKY yCUIUTEI.

6.10. Kakwue XapaKTEpUCTUKHA ¥ YCAIATEA C OOIUAM SMATTEPOM?

6.11. Kakxwe XapaKTepUCTUKA ¥ YCHIATEIA C OOLUMM KOLIEKTOPOM?

6.12. [laiiTe HEKOTOpPHIE THNHYHEIE IPEMEHEHUA YCUIATEA C OOMIEM KOLIEKTOPOM.

6.13. Ycumrens ¢ obmelt 6a30# uMeeT HaUMeHbINee mpuMeHerne. O6BACHATE NpH-
YUHEL.

3apaum

6.1. Brrameants Y-mapaMeTpPhl CXeMBI, IPEICTABICHHON Ha, puc. 6.18.

Omeem: Y11 = 0,15 Cm, Y12 = —0,05 Cm, Y21 = —0,05 Cm, Y22 = 0,1 Cum.

6.2. Omnpegernts h-mapaMeTpHl cXeMbI Ha puc. 6.19.

Omeem: h; = RiR2/(R1 + R2), h, = R1/(R1 + R>),
hy = —R1/(R1+ Rz), ho = R1 + R2 + R3s/Rs(R; + R2).
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A, 20 OMm <2 L R, £
+ W + + VY +
10 Om
V. V; V. R R V;
1 é 20 OM 2 1 1 3 2
Puc. 6.18 Puc. 6.19

6.3. Yewmy paBun h-mapaMeTpsl cxeMsI HA puc. 6.207
Omeem: h1y =10 xOm, ho1 =1, ho1 = —1, hao = 0,2 X 1073 Cum.

6.4. Omnpegenuts h-napaMeTpsl cxeMhl Ha puc. 6.21.
Omeem: h; = 3 xOm, h, =1/2, hy = —1/2, h, = 1/6 MCwm.

it ip

j» 10 kKOMm 41—2 — 6 kOm -
h W~ Y i W 4
6 kOm
V; 5 kO V. V; V-
! KoM 2 ! 2 2on 2
Puc. 6.21

Puc. 6.20

6.5. HaifiTu x03pPULueHT yCuIeHus N0 HAIPAKEHNIO A, U BXOAHOU UMIEIAHC yCH-
anrens Z;, n306paxkeHHOr0 Ha puc. 6.22. h-mapameTpsl TpaH3ucTopa: hije =

= 4,6 xOwm, hy, = 140. Bauanuem h; u h,. Ha A, ¥ Z; MOXHO IpeHeOpeys.
Omeem: A, =70, Z; = 4,12 xOwm.

6.6. B cneuudukauum Ha TPAH3UCTOD NPUBEIEHHI CICAYIOIUIAE 3HAYEHUA h-mapaMe-
tpos: h;e = 4 xkOwm, hy, = 100, hye = 2 x 107 u h,, = 8 MxCum. DTOT
TPaH3UCTOP PaboTaeT B cxeMe Ha puc. 6.23. Brrumcaute npubausuTenbHbE
3Ha4YeHHA KOO PUIUEHTOB yCUICHUA N0 HAIPIKEHNIO U TOKY, BXOJAHON U BH-

" XOJHOW MMIIEIAHC yCHAUTENA (MONb3YACH NPUOIN3UTEILHEIME GOPMYIaMH).
Omeem: Av = 50, A; = 100, Zi(base) =4 KOM,
Zi(amp) = 3,16 KOM, Zo(collectar) =125 KOM, Zo(amp) = 1,97 xOm.

+10B
2 kOm
+12B 40 kOM
1 Mk | *V,
|
|
24 kOm
Vs 1 kOm :1 mKkdD
Puc. 6.22 Puc. 6.23
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6.7. B crenudukanuyu Ha TPAH3UCTOP NPUBEIEHE CJIeIYIONIe 3HAMEHNA h-apame-
TpoB: hie = 2 KOM, hfe = 80, hye = 2 x 107* u h,e = 8 MxCm. Brraucauts
3HAMEHNA KO(QUINEHTOB IepeIayy TOKS & i [ ¥ JUHAMUYECKOe COIPOTHBIE-
HIe SMUTTEDA, Te.

Omeem: B =hf =80, @ = hse/(1+ hfe) = 0,988, re = hie/hse =25 Om.

6.8. BrrducauTh BXOAHOU UMIENAHC Z; U KOX(PPUIUEHT yCUJICHUA [0 HAIPAKESHUIO
ycwiauTens Ha puc. 6.24. h-mapamMeTphl KPEMHHUEBOI'O TPaH3UCTOPa B CXeMe:
hie =4 kOm, hp, = 120 (BmusanueM h,. u h,e Ha A, U Z; MOXHO peHe6pes).

Omeem: Z; = 16 xOm, A, = 20.

+9B

+12B

2,5 kOm

Vi o—]|
6 kOm 10kOMS
4,5 kOm
-9B — -12B &
Puc. 6.24 Puc. 6.25

6.9. TpamszucTtop B cxeMme ycuiuTens Ha puc. 6.25 umeer crepyroomue h-miapame-
Tpel: hje = 4 kXOM, hfe = 120, hre = 2,5 x 107* u hoe = 10 MxCum. Kakum
OOMKHO GHITH COMPOTHUBACHUE pe3ucTtopa R, 9ToObI KO2(PUIUEHT yCUICHUA
o Hanpskenuto A, 6ew1 oxkoso 107 Kakum crawer A,, ecin pesuctop R Toxe
3alIyHTUPOBATEL KOHIEHCATOPOM?

Omeem: R = 200 Om, A, = 30.

6.10. Tpauauctop B cxeme sMuTTEpHOr0 nosropuTens (yeuaurens ¢ OK (puc. 6.26))
uMeeT cilexyromue napamerpsr: hie = 5 kOMm, hp. = 80. Iloapaysce npubin-
KEHHBIMU (POPMYJIAMHU, BEINUCIATH KOS(PMUIUEHT YCWICHUA 10 HAIDPAKEHUIO
¥ BXOJHOW MMIIEIAHC YCUINTENA [HOACKA3KA: YTOOBI NOLY4UTh ;e U Ay, ycu-
murens ¢ OK, Bocnonsayirecs ypasHenuamu (5.23) u (5.24)].

Omeem: Ay = 0,97, Zipase) = 160 KOM, Zi(amp) = 7,6 kOm.

6.11. TpamsucTop, MOKA3aHHLIA Ha CXeMe ¢ ofmel 6a3on puc. 6.27, umeeT Clrenyio-
mwe h-mapamerpsi: h;,e = 2 kOM, hy. = 100. Hautu xoadduunent ycuienus
TI0 HAIIPAXKEHUIO0 U BXOJHOU umnenauc ycumurens ¢ OB.

Omeem: Au = 187,5, Zi(amp) =20 Om.
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+15B
-10B +10 B

12,5 kKOm 6 KOm

Vs§ 50 kOm 3 kOm 6kOM vg 5 %10 B

Puc. 6.26 Puc. 6.27
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OBPATHAA
CBA3b
B YCUTIUTHEIIAX

Hanm4ame oTpunaTeabHOR OOGDATHOR CBA3M B yCHIMTELAX AT JOIOIHATENb-
Hble BO3MOXHOCTH [JA NPOEKTHPOBAHMA CXEM, YIYIIEHUA WX XaPAKTEPH-
cruk. OTpuuarensHas oOpaTHAf CBA3b O6JErYaeT MOACTPOMKY CXEMBI YCH-
InTeNs Mo KOHKPEeTHBIe TpeGOBaHUA.

TeMbl, paccMOTpEHHbIE B 3TOi1 rnase:

|

OTPHUIATENbHAA U MOMOXATENbHAA 00paTHAA CBA3D;

OTPHUIATENbHAA OOPATHAA CBA3D B YCHIATENAX;

— VIy9IIeHVE XapaKTEPACTUK YCWIATEA IIPH TIOMOIIM OTPHIATEILHOR 06paT-
HOH CBA3M;

cXeMBl ¢ OOPATHOU CBA3BIO M UX AHAJIM3.

7.1. Beeaenne

Cxempbl, B KOTODHIX BXOZHOW CHTHAJI HE 3a-

BHCUT OT BEIXONHOI'O, T.€. BXOJ HE CBA3AH e—— VYowwrens |——e
C BRIXOJOM, HA3BIBAIOT cxemMaMmu 6e3 ob6paTt- Vs Koadpduument Vo
HO#t cpasm. Hampmmep, Ha puc. 7.1 msobpa- L LyowrewaA [——49
XeH ycmanTenb 6e3 06GpaTHOH CBA3U C KO-

3 dUIIEeHTOM yCHIEHNA IO HANPAXEHUIO A,
BXOAHEIM W BBIXOJHBIM HAIDAKEHUAMHA Vs
1 v,. U3 onpegenenna xoaddunmenTa ycuie-

HUA o HanpaxeHumio A = v,/v, mim
vo = A - ;. (7.1)

Paykryanun koddPUAINEHTa YCUICHAS II0 HANPAXKEHUI0O A B 3IeKTPOH-
HBIX cxeMax BIIOJHE eCTeCTBeHHH. K0adduumenT ycurenua MoxeT MEHATHCA,
HanpmMmep, M3-3a TEMNEPATYPHI, CTAPEHAA JIEMEHTOB, 3aMEHBI TPAH3UCTOPA,
baykTyanui nuTaromero HanpAxeHud @ T. 4. [Ipm mamenennu koapdumnen-
Ta yCWIeHUsA, IO KaKOW ObI MpUYNHE 3TO HE CIYYUIOCh, OHO CPa3y OTDPA3UTCA

Puc. 7.1. Ycumrens 6e3 06paTHOR
cBasu. A — KO3GhUIUEHT yCHIeHNs
ycuurens 6e3 0GpaTHON CBA3U

7—2890
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Ha BLIXOJHOM HAIPAXEHUH v,. Y cormacro ypasuenuio (7.1),
Av, = AA - v,. (7.2)

ITO TaK, IOTOMY YTO BXOAHOE HANPAXKEHWE Ug HE 3ABUCAT OT U, WK OT A.
OrkioHeHns mOoAOOHOrO pOAa HEXeTATeNbHBI, W ycuruTern 6e3 o6part-
HOW CBA3H B PEANbHBIX CATYAUHMAX HEIpUMeHWMEI. [lid mpmmepa MEL B3sim
YCHIATENb HAUpAXEHUA. B aeicTBuTensHOCTH A MOXET GHITL B K03(pduun-
€HTOM YCHJIEHHA IO TOKY Wix K03(dduuneHToM NIpeo6pa30oBaHua HAIDAXKEHUA
B TOK — B 3aBHCHMOCTH OT KOMOMHAIWH BXOJHOI'O M BHIXOJHOI'O CHTHAJIOB.
Cxemy, koTopas cogaepxuT obpaTHyio cBa3b (OC), Ha3BIBAIOT «CXEMOR
¢ o6paTHO#l cBA3bIOY. B memm o6paTHOM CBA3M YaCTh BHIXOAHOI'O CHIHAJA,
Ha3bIBaEMasd CHTHAJIOM OGDATHOW CBA3M Uf, CMENIMBAETCA C BXOJHLIM CHIHA-
JOM Vs TaK, 9TO BXOJ YCHINATENS CTAHOBATCA 3AaBACHMBIM OT BhIX0OZa. [IBa
BapHaHTa KOMOMHAIMA CATHAIA U C Us JAIOT [ABa THIA OODATHON CBA3M.

a) Ompuyameavras obpamnas césasv (00C): npu OOC curnan o6paTHOR
CBA3SM Uf BEIYATAETCA M3 BXOJHOTO CUTHAJIA Vs, T.€. MOIADHOCTD CHI'HA-
Ja vf TMPOTHBONOJOKHA MOIAPHOCTH BXOJHOTO CHI'HAJIS (pa3HOCTDL a3
180°). Pasnuua mexay HuME (vs — vf) Ha3HIBAETCA CHIHAIOM OMING-
KW, KOTOPBIA YCHIABAETCA U OKA3LIBAET KOPPEKTHUPYIOLIEE BO3AEHCTBIE
g yerasoBaernsa ctabwibHocTr. OOC ucmonb3yeTcsa B yCWINTENAX Al
yayumenus ux xapakrepuctuk. OOC 6ygeT manblie pacCMaTpUBATHCA
noapobHo.

6) Iosoxcumeavrnas obpamuas ceasv (IIOC): npn IIOC curran o6paTHOR
CBA3M Vf M BXOJHOW CHTHAT VU, COBIJAIOT HO ¢ase — OHU CKJIAJbIBA-
I0TCA U CHrHAJ OmmOKY paBeH (vs + vf). BoIxogHON u BXOAHOM CHrHATH
B DTOM CIy4Yae YBEINYABAIOTCA, NPUBOAA K HECTAOWILHOW CHTYAIWH,
KOTOpasg MOXeT BhI3BaTh Koaebanmusa. IlomoxmurensHas obpaTHas CBA3Db
[IPUMEHAETCA B CXEMaX I'EHEPATOPOB DIEKTPHYECKUX KoaeOaumu (Koue-
6aHEA — 3TO YCTAHOBUBLIMECA NMEPUOAUIECKUE U3MEHEHWA TOKA WIH
HAIPAXKEHUA). B JIMHENHBIX YCHINTENIAX BO BCEM [MANa30HE DaOOTH
ITOC me gomyckaeTcd, YTOOH MOAYUATH YCTOUIMBHIE HEDIYKTYHUPYIO-
IIAA BHIXOJHON CHTHAJL.

Tax Kak HaC MHTEPECyeT O0paTHAaig CBA3b B YCWIATENIAX, MBI OrDAHMIAMCA
oTpHIaTeasHON 06paTHOR CBia3bi0. OOC MMPOKO MPUMEHAETCA B YCHIMTELIX I

a) crabmimsanuyu 06mero xoabUIMEHTa YCUICHUA, 3alUTHI €r0 OT BIHA-
HEA XaPAKTEPACTHK AKTABHBIX U MACCUBHBIX 3JIEMEHTOB;

6) CHIXEHHA HeINHEHMHBIX MCKAXKEHUH;

B) PaCIIMPEHAA YACTOTHOIO AUANA30HA;

r) MoguduKanuyu (yBEIWUEHAS WIA YMEHBIIEHUA) BXOAHOIO M BBIXOJHOTO
WMIIEJaHCOB.



7.2. Ocnosnoe ypasnenue 06pammoti ceasu |9\\5)

OcHOBHBIE HEOCTATKA OTPANATEILHON OOPATHOU CBA3M:

— OHA YMEHBIIAET OOINE K03(DPUUAEHT YCHANTENA. DTO UHOT A3, IPABO AT
K HeOOXOUMOCTH NONOMHUTEIbHBIX KACKaA0B yCHJICHU;

— cxemsl ¢ OOC cxmoHHE K CaM0B036Y X ACHUIO. DTO WHOT4a TpebyeT mpu-
MEHEHNA JONOJHUTEIHLHBIX MED 3aIIUTH IpuIbopa.

7.2. OcHoBHOe ypaBHeHUe 06paTHOI CBA3N

O6mas 6a0K-cxeMa 0GPaTHON CBA3M IPHBEAEHA HA PHC. 7.2. 3[eCh ABE IEIN:
OfHa — YCHIUTENb, Apyrad — menb 00paTHOU cBasu. PaccMoTpuM Ha BXOAE
7 BBIXO[€ CHT'HAJH HAIIPAXKEHNA, XOTA MOryT OBITH W TOKH U JI0OBIe KOMOH-
HAIIMW TOKAa W HAaIpsAxeHWd. B cxeme Ha pumc. 7.2 caepyiommue nepeMeHHEIE:

A = xoapdunuenT ycunenuna ycunarens 6es OC;

B = xoa¢pdumuenT 06paTHON CBA3N WIA KO3(PQPUIIUEHT Mepefadn Iemn
06paTHOH CBA3W;

Uy = BBIXOJHOE HAIDSIKEHUE;

Ve = HANPAXKEHWE CUTHAJA OIMOKM;

Vf = HaImpAxKeHue OOPATHOH CBA3M.

N

Puc. 7.2. dynxunonatsHas cxeMa s Yeunutens ¢ 06paTHO CBA3LIO
yeumrena ¢ 06paTHOX CBA3BIO :‘ TTTTTTT T T T T T T T T T T T T :
| |
: Ve =Vs— Vs Yeunutens :
Vs KoadpuumeHt > Vo
| ycuneHvs A |
| |
| |
| |
] CurHan !
I oGpaTHoi Uenb !
; ceaan Y | oGpatHoii :
| cBa3n |
| B = vy, :
|
|
Hanmmem cooTHOmEHNsS MeXAy HEMA:
Vo = Avg; (7.3)
Ve = Vs — Vf; (7.4)
vf = Bu,. (7.5)

lIpn sanmcn ypasrenna (7.4) y9TeH 3HAK OTPUIATEILHOM OGDATHOM CBA3H.
Nogcrasus v us ypasmenns (7.5) B ypasrenne (7.4) moxy<um

Ve = vs — Bu,. (7.6)
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IoacTaBnas BerwauHy ve B ypasHenue (7.3) moaydaem
v, = A(vs — B,). (7.7

KoaddunuenT ycuienusa ycuiurens ¢ 06paTHOR CBA3bIO Af (: Z—'-;), ¥3 ypas-
Henus (7.7) moaydaem
Vo _ A
vs  (1+ BA)’
Ypasuenne (7.8) maeT BhIpakeHme AIA KO3(POPUIMEHTa yCHICHUS yCUIH-
Tena ¢ 06paTHOR cBA3bI0 App 1epes koadduimenT ycmiaeHnsa 6e3 o6paTHOM
cea3u A n xoaddunmenT o6paTHOH cBasu B. Beanuuny BA wacTo Ha3HIBAIOT
K02 PUIIEHTOM yCHICHAA 3aMKHYTOH [IEIIH.
Jl1a u3y9eHna pasIuIHBIX CBOUCTE YCHWINTENA C OTPUIATEILHON OOpaTHOM
CBA3BIO OyAeM MPUMEHATH ypasHenue (7.8).

App = (7.8)

7.3. CrabunbHocTb k03 dULMEHTa yCuneHus

Koaddumuent ycunerus yemmrens ¢ OC — A(pp) — MOXHO C/le1aTh HEITYBCT-
BHTENbHLIM K H3MEHEHUAM K0d(pduunenTa ycurenns ycmmmrens 6es OC — A.
JleticTBUTENBHO, €CIA KO3DQUIAEHT YCANICHUA 3aMKHY TOH renu B A HaMHOrO
6oapme equuunpl, T.€. BA > 1, T0 A(pp) ~ A/(BA) nm

1

A(FB) =~ -E (7.9)
ITOT pe3yabTaT MOKA3LIBAET, 9TO K0ddduuuenT ycmiaenua ycmmmreas ¢ OC
HE 33aBUCAT OT K03pdunuenTta ycmienus ycmaurens 6e3 OC. 1o oznauaer,
a10 paykTyanun koadduuenTa ycurenua ycnantens 6e3 OC A, no xkaxmm O
OpUYMHAM OHM HE IPOUCXOANIN, He OTPAKAIOTCA HA KOI(PPUIHAEHTE yCUICHAS
yemmurens ¢ OC A(pp). XoTa mobrie usMeneHusa KodpduUIuenTa 06paTHOR
ceasu B npusexyT x mamenenmo A(ppy. Ho mens o6paTHo# cBa3m, Kax MBI
YBAAWM I03X€, OOBITHO COCTOXT TOJABKO W3 OHOTO WIH ABYX PE3HCTOPOB,
KOTOPBIE IMEIOT BHICOKYIO CTaOMIBLHOCTE. Ycaosue BA > 1 na npakTuke Jer-
KO BBHINOJHATSH, ecau Ko3ddunuent ycmrenusa 6e3 OC A cpenaTs goCTaTOYHO
60ibIITM.

Kaxum o6pasom 1epes peicresue OOC gocturaerca crabmibaocts? [Iped-
cTaBuM cebe, ITO U3-33 KAKOW-TO HECTAOMILHOCTH BHIXOJHOE HANPAXKEHHUE Vo
yBemmramiock. ITockoabky curaan omubkn ve paBes vs—Bv, (ypasrenue (7.6)),
OH YMEHBUIAETCA, YTO M OTPAHUYNBAET YBEAWYIEHHE VU, (= A - vg).

ITpumep 7.1. Brraucaunts koappuuuent yeunenus 6ea OC A, xoapdumuent yer-
merns ¢ OC App u koadduiuenT o6paTHON cBa3u B B cxeMe, mpesCTABICHHOR
Ha puc. 7.3.



7.4. Cnuocenue neaunelinbir ucrasrcenu |9\7))

Penrenme. Koopduument ycunenua 6es OC A = %j = 237% = 105. Koadpdumu-
enT o6paTHOH cB3w B = vs/v, = 2 MB/0,2 B =~ 10~2. KoadpunuenTt ycurenus
yCUIATeNA ¢ OOPATHON CBA3BIO

A A 10°
(FB) = (14 AB) — (1+10° x 10-2)

~ 10°/1000 = 100.

2 MkB | Koadpdpuument| Vo (0,2 B)

% ycuneHus A 110 kOm

Vi

Re
R4

(] _[ 10 kOm Vo

~2 mMB | KoadpdpuumenT =
ycuneHus B

Vi
Puc. 7.3. Puc. 7.4.

IIpumep 7.2. Hautun ko>pPUIUMEHT yCWIEHMA YCHIATEIA C OGDATHOU CBA3BIO
(Arp) ua puc. 7.4. KoodppuuneHT yCUIeHUs ONEPALUOHHOrO ycwiuTena (koaddu-
UHeHT ycunenus 6e3 o6paTHOM cBA3u) paser 10°.

Pemennme. OcHoBHOE ypaBueHue o6paTHO CBasu App = ﬁ mpu AB > 1,

HMeeT BUJ:

AFB ~ A/AB ~ 1

|

B cxeme (puc. 7.4)
(R1+ RF)

Creposarensno, Apg = 1/B = 12.

B =10/120 = 1/12.

7.4. CHwKeHMe HeNMMHEMHbIX UCKAXKEHWI

TpamsucTop mMeeT HeTMHEHHBIE XapAaKTEPHCTHKA, YTO MOXET BLI3BATb HC-
KaxeHwe GHOpMEI BEIXOAHOTO curHata. Hampumep, rpaduk 3aBUCEMOCTH Ha-
IDAXEHUA BHIXOJHOIO IOPTA OT HANPAXEHUA BXOJHOI'O NMOPTA HEAWHEWHBIN
1 mMeeT MEHAIOMUNACA HAKJIOH, 9YTO 03HaYAeT U3MEHEHUe qu(depeHInaTEHOTO
KOahpUIMenTa yCWIEHnA. JTO U3MEHEHNUE M BLI3HIBAET HEIMHEHHBIE MCKAXKEHIUS.

Bananue memmaenrocren B yemmareae ¢ OOC MeHee cmibHOE IO CpaBHE-
HEIo ¢ ycmmTeaeM 6e3 0OpaTHOR CBA3M.

Uckaxenne D B ycunurene 6e3 OC MOXHO ompeaenuTh Tak:

D = mamenenne xoadbdunuenTta ycunenns/kosdbunnenT ycurenus = AA/A.



7.4. Cnuocenue neaunelinbir ucrasrcenu |9\7))

Penrenme. Koopduument ycunenus 6es OC A = %j = 237% = 105. Koadpdumu-
enT o6paTHOH cB3m B = vs/v, = 2 MB/0,2 B =~ 1072. KoapuuuenTt ycurenus
yCUINTeNA ¢ OOPATHON CBA3BIO

A A 10°
(FB) = (1 AB) ~ (1+10° x 10-2)

~ 10°/1000 = 100.

2 MkB | Koadpdpuument| Vo(0,2 B)

% ycuneHus A 110 kOm

Vi

Re
R4

(] _[ 10 kOm Vo

~2 mMB | KoadpdpuumenT =
ycuneHus B

Vi
Puc. 7.3. Puc. 7.4.

IIpumep 7.2. Hautun ko>pPUIUMEHT yCWIEHMA YCHIATEIA C OGDATHOU CBA3BIO
(Arp) ua puc. 7.4. KoodppuuneHT yCUIeHUs ONEPALUOHHOrO ycwiuTena (koaddu-
UHeHT ycunenus 6e3 o6paTHOM cBA3u) paser 10°.

Pemennme. OcHoBHOE ypaBueHue o6paTHOun CBasu App = ﬁ mpu AB > 1,

HMeeT BUJ:

AFB ~ A/AB ~ 1

|

B cxeme (puc. 7.4)
(R1+ RF)

Crenosarensno, Apg = 1/B = 12.

B =10/120 = 1/12.

7.4. CHwKeHMe HeNMMHEMHbIX UCKAXKEHWI

TpamsucTop mMeeT HeTMHEHHBIE XapAaKTEPHCTHKA, YTO MOXET BLI3BATb HC-
KaxeHwe GHOpMEI BEIXOAHOTO curHata. Hampumep, rpaduk 3aBUCEMOCTH Ha-
IDAXEHUA BHIXOJHOIO IOPTA OT HANPAXEHUA BXOJHOI'O NMOPTA HEAWHEWHBIN
1 mMeeT MEHAIOMUNACA HAKJIOH, 9YTO 03HaYAeT U3MEHEHUe qu(depeHInaTEHOTO
KOahpUIMenTa yCWIEHnA. JTO U3MEHEHNUE M BLI3HIBAET HEIMHEHHBIE MCKAXKEHIUS.

Bananue memmaenrocren B yemmareae ¢ OOC MeHee cmibHOE IO CpaBHE-
HEIo ¢ ycmmTeaeM 6e3 0OpaTHOR CBA3M.

Uckaxenne D B ycunurene 6e3 OC MOXHO ompeaenuTh Tak:

D = mamenenne xoadbdunuenTta ycunenns/kosdpbunuenT ycurenus = AA/A.
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Ilpumem AA/A = dA/A n nonyaum

dA
D= e (7.10a)
Ananoruuno, 3anumem uckaxenne B ycwiarere ¢ O0OC
dA(rp)
D = . 7.106
FB)= L rm (7.106)

YT06BI NONYYRTH YpAaBHEHUE MCKAXEHHA B ycuauTene, npoaunddepeHy-
pyem ypaererue (7.8) no A u moxyanm

[(1+ BA)dA — BAdA]

4A(re) = (1+ BA)?
nin
dA
dApg) = — . 7.11

YT06b NpUBECTH ITO ypaBHEHUE K O6urHOM ¢opme dA(rp)/A(Fp), HCIOML-
syeMm ypasuenme (7.8) Bmecre ¢ ypasHenueM (7.11)

dAwrs) _ [1 + BA] ‘ [ dA

] =dA/A-(1/(1 + BA)).

AFB) A (1+ BA)?
Teneps, ucnoab3ysa ypasaenme (7.10), momxyanm
D

OTO ypaBHEHUE NOKA3HIBAET, ITO NCkaxeHnd B ycaantene ¢ OOC D ppy cae-
xatorca B (1 + BA) pa3 mo CpaBHEHHIO C NCKAXEHWAME B ycmauTene 6e3
00paTHOH CBA3M.

IIpumep 7.3. Ycunurens npu BxogHoM curHame 2 MB BrigaeT BLIXOAHOE HAIpsXKe-
mne 5 B ¢ uckaxernuamu 10 %. Tpebyercsa orpaunauts uckaxeuus 10 1 % sbegenneM
obpaTHOl cBa3u. KakuMm ZOMKHO GHITH BXOAHOE HANPAXKEHHME, U9TOOHI ¢ O6paTHOMN
CBA3BIO TOLYYIUATH Te Xke 5 BY

Pemenue. Uckaxenus c o6paTHOU CBasbio Dy p cBA3aHH ¢ uCKaxXeHuAMH 6e3 06paT-
sou cemsu D ypasuenuem (7.12).

D
Dirs) = (1+ BA)

Drp 1% 1
D "~ 10% (1+A4B)’

Hanee (1+ AB) =10 u App = (1+‘+B). ITO ypaBHEHME MOXHO MEPEeNucaTh TaK:

A= (1+AB)Arp; 2 =(1+AB)—2,
V; Viy(FB)




7.5. Pacwupenue nosocs nponycranua |9\\9)

pMeeM
‘ vyrB) = (1+ AB)v;,

moactasus (1 + AB) = 10,

vyFB) = 10 X v; =10 x 2 MmB = 20 MB.

7.5. Paclumpenue nonocbl nponyckaHus

OTpunaTenbHas o6paTHAA CBA3b MPENATCTBYET BCAKAM M3MEHEHHAM, B TOM
9UCie ¥ YMEHBIIEHNIO KO3 PUIAEHTA YCUICHNA BOIM3N FPAHAIHON JaCTOTHI
(sacToThr cpesa). B pesyasrare OOC pacumpseT moaocy mpOmyCKaHHS YCH-
JATEN.

Huxnaa rpanwynas gacrota ycmanrenas ¢ OOC casuraerca B CTOPOHY
6onee HU3KEX 9acTOT ¢ MHOXHUTeReM (1 + BA), T.e. mpu OOC

fire) = (1—4_&51—45, (7.13)

rae fi(rp) — HEXHAA rpaHmIHad JacToTa ycmmmrens ¢ OO0C, fi — mmxHas
IPaHAYHAA 9aCTOTa ycuanTens 6e3 06paTHOU CBA3H.

Ilo Tonm xe npmumne BepxXHAA IPAHMYHAA IACTOTA fo YBEIAIMBAECTCA B
(1+ BA) pas, T.e. ¢ OOC ona CTaHOBUTCA PaBHOM

farB) = (1 + BA)fo. (7.14)

Puc. 7.5. Yacrornas xapakTepucTuka KoadpduumeHT
ONEpalMOHHOr0 yCUIHTENd, fr — 4a- yeunewus
CTOTa, IPH KOTOPOH KOIPPUIMEHT yCH- A
IeHUs CHAXAeTCA 40 efwHMUEL (fr pa- 0,707A ===~
BEH IIPOM3BEAEHUIO KO3 PUIIUEHTa yCH-
IEHUs Ha HNOJIOCY TPOIYCKAHVS YCIIATEINT)

_————

fo fxre) fr YacroTa

Y 6oapmmHCTBA ycHanATeleH (3ByKOBOM M BHAEOYACTOT) BEPXHAA IDAHUY-
Hajd 9acTOTa HAMHOTO BBHINIE HUXHEH IDAHWYHOHA YacCTOTHL, T.€. fypp) >
> firp)- Cregosaremsro, noroca nponyckanus BW = fyrp) — furp) =
N fg( FB)- A onepanuoOHHBIE yCHINTEIN yCAIMBAIOT NaXe MNOCTOAHHBIN TOK,
T.e. fj = 0 mw BW = f, (puc. 7.5). I3aMeHenne rpaHWYHEIX 9aCTOT OTDH-
HaTenrsHOM O6PATHOM CBA3LIO O3HAYAET PACIIAPEHHE MOJOCH! IPOIYCKAHWA.
9T0 MOXHO O6BACHATH creayommuM 06pazom. [lna Hadada 3alIOMHEM, YTO
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nponsBefeHne KodhOUIREHTa YCUICHUA Ha HOJI0CY NPOILyCKaHWA A JH060ro
YCATATENA ABIACTCA TMOCTOAHHOM BEINIMHOM.

IIycTs fr — BepxHAA 9acTOTA, IPU KOTOPOH KO3(pUITNEHT YCUICHHUA CHHA-
XKaeTca f0 eanmHUNE. B TakoMm ciaydae npousBegeHne k03GGUIEEHTa yCAICHAS
HA MOJOCY IPONMyCKAHUA PaBHO fr. MOXHO HamMCaTh 5TO NPOU3BENCHAE I/
mo6on gacToTel. Takum obpasom, mia ycmrutens 6es OC ¢ koadpdpunumeaTom
ycuiaeHua A u BepxXHeW TDAHUYHON JaCTOTOU fo MMeeM

A-fa= fr. (7.15)

Amagorwuno, gaa ycmwmarens ¢ O0C
Ay forB) = fr, (7.16)
rae fyrp) — BepxHaA rpanmdHai dactora ycuwmmTers ¢ OOC. Ioacrasuaa

A(rp) m3 ypasuenus (7.8)

A/(1+ BA)- forp) = fT- (7.17)

W3 ypaprenun (7.15) u (7.17) moxyanm
forp)y = (1+ BA)f. (7.18)

Pagerctro mokasemaer, aro OOC pacumpser monocy npomyckanus 8 (1 + BA)
pa3. TakXke 3allOMHHTE, 9YTO MPOU3BEACHNUE KODGDMUIMEHTA YCUICHUA HA IO
JI0CY MPOIyCKAHWA ABIAETCA KOHCTAHTOM u aaa ycmiarens ¢ OOC. Bozmox-
HOCTb PACIIMPEHHA MOJOCH nponyckanus, npumeteruem OOC gacTo ucmons-
3yeTCA B PEAIbHBIX UIMPOKOMOJIOCHBIX YCHINTEIAX.

7.6. PazHoBugHocTH cxem obpaTHOit cBA3M

Cxema O6paTHOU CBA3M Ha pHC. 7.2 ObLIa HyXHA Aud OOLIEr0 paccMOTpe-
HAA HANPAXEHWA HA BXOJHBIX M BBIXOJHBIX KIeMMaX. B [eHCTBHTENLHOCTH
HA, BXOJHBIX/BHIXOJHBIX KIEMMAaX MOT'YT OBITH KaK TOKH, TaK W HAIIDAXKEHAA,
AN JIO6BIE UX COYETAHUA. DTH COYETAHUA ALY T YETHIPE BIAA CXeM OOpATHOH
CBA3W:

1) mocrenoBaTenbHas 06pPaTHAA CBA3H MO HAIPAXEHMIO;
) mocnenoBaTeNbHAA 00PATHAA CBA3D IO TOKY;

3) mapamrensHas o6paTHAA CBA3DL IO TOKY;
) mapajrenbHas 00paTHAA CBA3b IO HAIIPAXKEHUIO.

Iocaedosameavras OC no wanparcenuro
B oToit cxeme cuTHaIOM OGDATHOW CBA3SH ABIACTCA HANPAXKEHHE Uf, KOTO-
pO€ MEHAETCA HPONOPIMOHAILHO BLIXOAHOMY HAIIPAXKEHWIO U,. Haupsaxenue
06pATHOM CBA3M MOJAETCA HA BXOJ MOCJENOBATEILHO ¥ CPABHUBAETCA C BXOJ-
HBIM CHTHAJOM Vs, KaK M300paxeHo Ha puc. 7.6, a. Takol Tunm o6paTHOR
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ceasm HasnBaeTca «[locaemoBarensras OC mo HANPAXEHUION, IOTOMY ITO OHA,
[POMOPIMOHATLHA BHIXOAHOMY HAIPAXKEHHIO M MOKAETCA HA BXOJ IOCIEAOBA-
TeIbHO C BXOAHBIM HampaxeHueM. OTMETHM MOCIENOBATEILHOE COENUHEHHUE
Ha BXOJi€ W Iapa/UIebHOE COeJUHEHNE Ha BEIXOE.

ij—> —>

io
‘;’ KoaddpuumeHt R "/" y F| Koaddpuument
‘e ycunexus A LZVo Ve ycunenus A
+ +
Vs Lenb Ve Llenb §F7L
obpaTHoit CBA3n obpaTHoit cBSA3n
T Koapdpu- T Koapopu-
Vi LIMEHT yCu-|<—/, LMEHT ycu-
T~ nexwvsa B 2 \ nexvsa B
a) 6)
iy gy —o i io
Koaddpuument == Koaddpuument +
ycuneHus A ycunenus A Rr \@
Vf U.el:b é AL yf Uenb
06paTHo CBA3N 06paTHOii CBA3M
Koadpodpu- Koadpdu-
l'fT UMEeHT ych- ,-,T uueu??fcu-
nexwvsa B nexus B
B) r)
Puc. 7.6. Yernipe ocHOBHBIE CxXeMbI OOpaTHOM CBsA3m: a) — mocregosarensras OC

o HampsukeHuio; 6) — mocaegosarersras OC 1o Toxy; 6) — mapareabHASL
OC o Toxy; ¢) — napamiersras OC 10 HAIPAXEHWIO

ITIocaedosameavnas OC no moxy

dror g OC mokasanm Ha puc. 7.6, 6. B aTol cxeme curHaT 06paTHON CBAZM
ABIAETCA HAIPIXKEHHEM Vs, KOTOPO€ MEHAETCA IPOIOPIMOHAILHO BEIXOJHOMY
TOKY yCHINTENA %,. Hanpsaxenue 0OpATHOR CBA3M HOHAETCA HA BXOJ MOCIELO0-
BATEIbHO W CPABHUBAETCA C BXOAHLIM HAMPAXEHUEM Ug. DTOT TUI OOPATHOM
CBa3m Takxke HaswBaeTca «IlocaegoBarensras OC mo Toky», HOTOMY 4TO Ha-
IpaxeHne 0OPATHOM CBASK Vj ABIAETCA (GyHKIMER OT BHIXOZHOrO TOKa. Or-
MeTHM MOCIefOBATENLHOE COeIUHEHNE HA 000RX MOPTAaX yCUINTENA.

Ilapaaseavras OC no moxy
Ilpu >0t cxeme cHrHAIOM OGPATHOM CBA3M ABIACTCA TOKOBBIA CHTHAI 4 Fr
KOTOPHIM MEHAETCA MPOMOPIMOHAILHO BEIXOJHOMY TOKY YCHIMTENA 4,. TOK
06paTHOM CBA3M if OJAETCA MAPALIENLHO BXOAY M CDABHUBAETCA C BXOJHBIM
TOKOM 45. OTMETUM mapaLieIbHOe COeTUHEHNE Ha, BXOAe U MOCAEA0BATEILHOE
CoefuHenme Ha BHIXOAE Ha puc. 7.6, 6.
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Hapaaseavnas OC no nanpajcenuio
dTa cxeMa 06paTHON CBiA3u m306paxeHa Ha puc. 7.6, e. 3gecs curaan o6pat-
HOM CBA3M — % IPONOPIMOHAIEH BHIXOZHOMY HAIIPAXKEHHIO Uo, & TOK 00parT-
HOM CBA3M %f CTAHOBATCA IAPALIEILHEIM BXOAY ycminTens (cm. puc. 7.6, 2).

7.7. Bnuanve otpuuaTenbHoit obpaTHoi ceA3M Ha
MMMeAaHCbl yCUnuTens

Beenenne OOC B ycmrnrens TpaHCHOPMHUPYET €r0 BXOAHOMW W BBHIXOAHOW MM-
nefaHcH. B 3aBucuMocTm OT TOro, kakaa cxema OC mpuMeHeHa, UMIETAHCH
YCHIATENA yBEAMIUBAOTCA Wik ymenbmaorcea B (1 + BA) pas.

B xagecTse mpumepa ONPEACIAM BXOAHOM M BBHIXOJHOW MMIIEAAHCHI [
CIy9as MOCJAEAOBATEILHON O6DATHOM CBA3M MO HAampsaxeHWio (puc. 7.7).

Bzoodwnot umnedanc
O6paTuTe BHUMAHWE, ITO HA CXe-

Z; Me puc. 7.7 Z; — BXOZHOH HMM-
g)| nefaHc ycuauTena 6e3 o6paTHon
f + v e +  CBA3W, a Z; — BXOJHOU MM-
L v, cun:T nb AL % v ) i(FB) A
= - mepganc ycmwamreas ¢ OOC. Mox-
+ HO 3amMCaTh
Ziirg, Ve
vs@ e 7= (7.19)
Liens v *
+ o6parHoi . _Ys
Vi cBa3n Zz(F B) = 4. (7’20)
A - B (3
W3 ypasrerns (7.6) umeem
Puc. 7.7. Cxema nocaegosarenrsnon OC mo Hanps- Ve = Vs — B,

XEHUIO0 OJA pacdeTa BXOJHOI'O MMIIeNaHCa
niIn

Vs = Ve + By, = ve + BAv,

(moTomy uro A = v,/v.). CiegoBarensuo, vs; = ve(l + BA). Pasgenus o6e
JaCTH ypaBHEHWA HA %;, [OLYIMIM

’Us/ii = (’Ue/ii)(l + BA). (7.21)
Ipumenus ypasuerus (7.19) u (7.20) x ypaBrerumio (7.21), moxyumm

JIpyruME CIOBAMH, BXOAHOM MMIEIAHC yCHIMTeda ¢ mocaegosaremsaon OC
110 HanpaxeHuo yBeamamica B (14 BA) pas. Ilocregosarersras OC, ¢ kako#
6bI CTOPOHEI OHA HH OBLIA (BXOJa WIN BHIXOAA), BCETJa YBEINIUBAET COOTBET-
crByoumi nmnesanc B (1 + BA) pas.
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Buizodnot umnedanc
OnpeaenrnM BEIXOAHOW UMIIEAAHC YCIIN-

rens ¢ 00C — Z,pp) — 1€pes BhIXOA- Ix<
o o +
HOM MMIIEAAHC yCUIUTENI 6€3 06paTHON v, VC"":TG"" @ Vy
cBa3d Z,. UTO6HI 3TO cpenaTb, TOA- =
KJIIOYMM T€CTOBOE HAIIPAXKEHUE Vg, by —
TOK B PE3yJAbTATE HPWIOXKEHUA ITOrO
Hanpaxenuda. U Torga nmeem Lens
+ ~
Vg ob6patHoit
Zo(FB) = - (7.23) Ve cBAaM

IloBTopuM O6BITHYIO CTaHZAPTHYIO
opoueaypy. To ecThb, oTkiaiounM Har- Puc. 7.8. Brruucienume BXOJHOTO HMIte-
py3Ky R OT BHIXOJa YCHIHTENA W 3a- AdHCa. iz — TOK B pe3yJbTaTe TeCTOBOrO

KOPOTHUM BXOJHOU MCTOYHMK V. Torga, CUTHAIA, Vs
Ve = Vs — VUf = —Uf
(moromy uTo v; = 0) mam
Ve = —Bus, (7.24)

(moTomy uTo B = %ﬁ)
zv
U3 5KBUBAIEHTHOM CXEMBI BEIXOJHOIO IIOPTa, AIA PaC-
weTa Zopp) (puc. 7.9, cama cxema npusesiera Ha puc. 7.8) Z,

mMeeM:
(vy — Ave) + *

ip = =2 (7.25) (v, (%)
loacrasus B ypasuenne (7.25) v, u3 ypaBHenus (7.24),

IOy 9laM
{'uz — A (_B’Uz)} Puc. 7.9. DxBuBaieHT-
g = Z, Haf CXeMa BLIXOA;O81“0
IIopTa CxeMBI pucC. (.
WA f, = -Q%& W Zy(FB) = % = ﬁm. B peayJILTa,TIe)z nMeeM "
Zo
ZoFB) = AL BA)

Buayum, 9T0 BLIXOAHOR MMIIEaHC yewmTens ¢ nociegosarensuoin OC no Ha-
npsxernio ymeabimmwica B (1 + BA) pas. Boo6me, OOC no mampsaxeHuio
HE3aBHCHMO OT TOT'0, MAPALIEILHO WIN MOCIENOBATEILHO BKII0IeHa memb OC
K BXOAy, BCEIja yMEHbIIAET BhIXOAHOM mMmuenasc B (1 + BA) pas.

OrmerumMm, gTo Bcerga mociegoBarersHas OOC ysermyuBaeT HMIEAAHC,
a napamrensaas OOC ymensiaeT ero B (1+ BA) pas. PeayasTaTs, moryes-

HEle B ypapHenmax (7.22) u (7.26), MOXHO PaCOIPOCTPAHWTD I OCTABIIMXCA
Tpex cxem OOC (Tabm. 7.1).

(7.26)
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Ta6auna 7.1. dopmyns: ars umnegancos ycmmrerern ¢ O0C

Bug OOC Bxoguou umneganc | Bexoguon mmmenanc
Bes o6paTHOl CBA3M Z; Z,
Mocnegosaremsuas OC no manpaxenwo | Zyrpy = Zi(1 + BA)| Z,(rp) = TIIZ%B

Ilocnenosarersuas OC mo Toky

Zi(FB) = Z;(]. + BA)

ZO(FB) = Zo(]- + BA)

TTapamrersras OC mo Toky ZyrB) = il—f‘—BA)- Zo(rB) = Zo(1 + BA)

Mapamremsaas OC no HampAXeHUIO ZyrB)y = TITZé?j Zo(FB) = ZI—J%;T)

7.8. Peanvzauma cxeM c obpatHoit cBA3bIO

MHoro npuMepoB, MILTIOCTPUPYOMKAX OOPATHYIO CBA3b B YyCHIMTEIAX, MOXHO
HAlTH B CXeMaX C IpUMeHeHueM onepanuonubix yeuaureneir (OY). IlogpobHo
QY 6yayT paccmorpersl B ri. 13 u 14, a noka 6yAeT 4OCTATOYHEIM KPATKOe
3HAKOMCTBO C HUMHU.

OY — »T0 ycumuTenw mOCTOAHHOTO TO-

e e e Ka C OOMbIIM KOS((UIMEHTOM yCHICHNH,
exon e— -
BbixOA BBICOKMM BXOAHBIM HMIERAHCOM, HMEIOIINE
Heunnseptupytoumii _ L
gxogyo— + ABa BXO4a Hleeanponmnn (=) u me-
uaseprupyomui (+). O6oznagenne OY Ha

cxemax mnpusBegeHo Ha puc. 7.10. Omnepa-
IMOHHEBIE YCUIATEIN BLITACIAIOT DA3HOCTD
OBYX BXOAHBIX CHTHAJOB. B ycmamremix
Ha OMIOIAPHEIX M TOJEBHIX TPAH3WCTOPAX LENb OGDATHOM CBA3H ABIIETCA
COCTaBHOM YaCTBLIO CXeMBI, ¥ KO3(hIUIMEHT ycwieHusa 6e3 oOpaTHOW CBA3M
7 K03(hdUIIEeHT 06paTHOM CBA3M 3aBUCAT APYT OT Apyra. B cxemax ¢ OY
nens OGpATHOM CBA3YM ABIACTCA BHEUIHEH W He BIMAET Ha KOdbUIUEHT ycHu-
aenus 6e3 o6parHou cBas3n A. B cxemax ¢ OY o4eHb Jerko nAeHTAGALIMPOBATD
TUO 0GpATHOM CBA3K. B mOATBEpXAEHWE STOr0 IPHUBEAEM HECKOILKO LIpHMe-
pos cxem ¢ OY.

Puc. 7.11, a — 1o cxema Ha OY c nocregosarensuaorn OC mo mampsxe-
Hmo. 1lens 06paTHOM CBA3M OTAEILHO MOKa3aHa Ha puc. 7.11, 6. Hanpaxenns
cmemenna +Veoo 1 —VEgp MOJAaOTCA OT HUCTOYHWKA IUTAHUA C 3a3eMIeH-
HOM cpegmen To4ukou. [ yno6cTBa 9acTO He m300paXalT B cXeMax IemH
+Voo u —VeEg. BXxogEbIM cHTHAIOM A menn OGPATHOM CBA3M ABJIAETCA HA-
HpAXEHWE V,. HampaxeHne o6paTHOM CBA3M Uf BKIIOYEHO IIOC/IEJOBATEIHHO
C BXOJHBIM HampsxkeHueM vgs. Ha puc. 7.12 npuBejeH mpumep nocaefoBaTelb-
gor OC mo Toky. Ilembio o6paTHON CBA3KM ABIAETCA pe3ucTop Rp, Ha BXOH
KOTOPOH MOJaH TOK i,. Hampsaxenue, manatolee Ha pesucrope R, mpomop-

Puc. 7.10. Cxemarmieckoe 0603Ha-
verme OY
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IMOHAIBLHO TOKY ¢, M BKIIOYEHO MOCIEOBATEILHO C HANPAXKEHUEM BXOLHOT'O
CUTHAJIA Us.

+Veo

W
+ Re +
Ve R1 Zo
) ¥
6)

Puc. 7.11. OY c nocaegosaremsuaonn OC no mampsxenuio (@), menb 06paTHON CBA3M
CxeMbl, IpUBELEHHOM Ha puc. 7.11; a (6)

+Vee
Rc
Vs
1 "
+
R, e
v F
Puc. 7.12. IIpumep nocrenosa- Puc. 7.13. Ilpumep mocaego-
remsaor OC mo Toxy. Hampsa- saTemsHon OC no Toky Ha 6u-
XeHUe CUrHAla OGPaTHOM CBf- moaspuom Tpassuctope. Cur-
3H Us MPOMOPLUUOHAIBHO BEIXOH- HaJT O6PATHON CBA3M — HAIPA-
HOMY TOKY %o XeHne Ha pesuctope Rg, mpo-

MIOPIAOHATIBLHOE TOKY fe

CxeMa, Ha GUIOIAPHOM TpaH3ucTope (puc. 7.13) — mpyro# mpumep mocie-
noBarexpuol OC no Toky. CurHam o6paTHOM CBA3M — HANPAXKEHHE, MAJA0-
mee ma pesucrope Rg. 3gecs B =~ Rg/r., rae r. — 3ppeKTUBHOE CONPOTH-
BIIeHHE TIEPEMEHHOMY TOKY Ha KOJLIEKTODE.

Ha puc. 7.14 — cxema ycmmTens ¢ napawuersaoi OC no Toky. PesucTopst
R) u Ry o6pasytor nems o6paTHON cBasu. Tok 06pPATHOM CBA3M %f MEHAETCA
IPONOPIMOHATLHO BEIXOJHOMY TOKY .

ig =1if +le WM Gp =15 —1if.
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B pesyabrTare nmeem

B = (Ri1||R2)/(RL + Ry||Ra). (7.27)

[Ipn mapa/LTeabHOM O6PATHOM CBA3M IO TOKY CXeMa, AEUCTBYeT KaK yCHIR-
Teb TOKA, C KO3 GUIMEHTOM yCuIeHus: 10 TOKy A;, pasubiM A; = (Rz/R;)+1.

|

Puc. 7.14. Ipumep napamremsuou OC
1m0 ToKy. Tox OOpaTHOM CBA3M if MeHs-
eTCsA NMPOIOPIHUOHAIBHO o

—>0

o

@<
|

|||—

Puc. 7.16. IIpumep ycummTena ¢ mapad-
aensuor OC mo mampsxenuio Ha OY

+Vee

L.

Rg

+
Vo
Vs

+ Ll:

Puc. 7.15. [Ipumep cxembr Ha 61-
[ONAPHOM TPAH3UCTOPE B Kade-
CTBe YCWIHTEIA C HapaJlIeIbHOU
OC 1o HanpsaxeHu:o

Ha puc. 7.15 — cxema Ha Gumomsap-
HOM TPAH3UCTOPE, ABJIAIOIAACA yCUIU-
Tenem ¢ napawiensaon OC mo Hamps-
xemnio. Kak OOC nogaepxuBaeT cTa-
6MIBLHOCTD 2TOI'0 yCHINTeNA, OBLIO pac-
CMOTPEHO B I'I. 4.

Pesncrop Rp o6pasyeT nenb 06pat-
HOY CBA3M, JIA KOTOPOM BXOJHBIM CHUI-
HAJIOM ABIAETCA HAIPAXEHWE V,. lIpm
6ombmnx 3HaYEHWAX Rp

B =1/Rg. (7.28)

Wuseprupyromuii ycmmrens (puc. 7.16)
Ha OY — [gpyro# mpuMmep mapajiieib-
HOoM OC 1m0 HANpAXEHUIO.

IIpumep 7.4. B ycummurene ¢ o6paTHon cBasbio (puc. 7.17) npumenen OY ¢ koad-
dunuenTom yemnesna A = 2x 10* u exogubv umnegarcom Z; = 300 kOm. PeaucTops!
ob6patnon cszu R; = 1 kOm, Ry = 100 xOMm. Brrunciants ko3ddunnesT ycuaeHuA
¢ 06paTHOU CBA3bIO A(Fp) U Zi(Fp) TOTO ycmiuTens ¢ nociegosarensaoin OC o Ha-

HOPAXKEHUIO.

Pemenue. Koadpduuuent o6paTHOU CBA3M

B L

]. KOM _ 10_2‘

- (R1 + Ry)

~ 100 xOm
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KoadpduiyeHT ycuaenus ¢ 0OpaTHON CBAIBIO

4 _ A 2 x 10% N
FB) = 1+BA) (1+2x101x10-2)

BxoAuou uMneganc npu nocienosarenbuoi OC 1Mo HANPAXKEHUIO

Zyrpy=(1+AB)Z; u (1+AB)~ AB =2x10* x 1072 = 200.

100.

CuegoBarentro, Zyrpy = 200 X 300 kOm = 60 Mowm.

+Vee
Re
Vo R
1 l_. Vo
V,
s R, v ._{
— Ry i
R E
Z;

Puc. 7.17. Puc. 7.18.

IIpumep 7.5. Ycuwiureas ¢ o6mmM 3MUTTEPOM, n306paKEHHLN Ha, puc. 7.18, —
npumep nociegosarensron OC no Toky, cursan 06paTHON CBA3U CO31a6TCS 3, [eHUEM
HANPAXKEHAA Ha pe3ucTope Rp, BH3BaHHEIM DMATTEPHEIM TOKOM.

IIycts R, = r. = 5 kOM. Kosdpdunment nepegadu Toxa Tpamsuctopa § = 100,
AMHAMUYECKOE COMPOTHMBIeHUE dMuTTepa 1, = 25 OM. CHauana Rp = 0 (o6paTHOR
cBa3u met). Yemy pasunl A u Z;7

O6parnas cBA3b BBOAUTCA moakaodenueM Ry = 1 kOm. BoraucauTs 3Hadenns
ApB u Z; pp) UCXOAa U3 T€OpUYU OGPATHOM CBA3M.

Pemenmne. 1. Bes o6pammnoti ceasu: (Rg = 0). IlpuMenseM aHatu3 ¢ HOMOIIBLIO T-Ha-

paMeTpoB
Te =7‘_c=5KOM=200
(rt+R;) 1. 250m
u Z; = Br, =100 x 25 Om = 2,5 xOm.
2. C obpamunoti ceasvio: (Rg = 1 kOm). KoopdunuenT nepenaxu nermu o6paTHOR

A= A,) =

c B
B _Rg _1xOm _ 0.2
- Re T 5kOm
u (1+ AB) = (1 + 200 x 0,2) = 40. CregoBaTensHo,
A 200
ArB =GB = 10 =

ZyrB) = (1+ AB)Z; = 40 x 2,5 kOm = 100 xOm.
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Ecnu 681 MEI aHATH3XPOBAIY CXEMY, UCIIOABL3YA r-napameTpsl nipu Rp = 1 kOwm, 6b1im
6bi MOy ieHbl Te XKe 3Havenua App) 4 Zi(Fp)-

IIpumep 7.6. Ycwiurent ma puc. 7.19 umeeT npouwssenenue KoahuIneHTa YCu-
nenms 6e3 OC Ha nonocy npomyckanus, passoe 2 X 108, Hafitu rpasmynyio qacToTy
CXeMbl ¢ 0O6paTHON CBA3BIO.

Pemenue. Humxuas rpaum4Has 4acToTa

190 kOMm OOBIMHO PAaBHA HYJIO WIKX OYEHL MaJa, TaK

YTO BEPXHAS CPAHUYHAA YACTOTA DABHY

0JIOCE TIPOIYCKAHUA. Bepxusas rpaHnuysas

Ry yacToTa f, M ycuauTens 6e3 oO6paTHOM

_|_ "’)\/\/(; - CBA3M C KodddunmenToM ycuieHns A pas-
KUM

Re

——®V, Ha nouoce nponyckauusa 6e3 OC, T.e. = f,.
o+ s yeunurens ¢ OC nomoca npomyckanus
V; pasHa f.rp) = f.(1+AB) =~ f.AB. Mox-
HO 3alucCaTh

BW ) = fourB) = fr- B,

Puc. 7.19.

rae fr = A- f.. B namen cxeme

_ Ry _ 10xOm
" (Ri+Ry) 200 xOm

B =1/20.

Cuenosarensso, BW(rp) = 2 x 108 x (1/20) = 100 xI'n. omoca nponyckasus ycu-
JATeNs ¢ 06paTHOM CBA3LI0 paBHa 100 kI,

7.9. 3akntoyerue

B cxemax Ge3 o6paTHOM CBA3M BXOJHOW CUI'HAM HE 3aBUCAT OT BBIXOLHOTO.
Cxemel 6€3 06paTHOM CBA3M HECTAOWILHBL M MO3TOMY MMEIOT OI'DAHHYCHHOE
IpUMEHEHKe Ha MpaKTHuke. ECIu 9acTh BHIXOJHOT'O CUT'HAJIA IOAATH HA BXO[,
B CXeMy BBOAMTCA OOpaTHas CBa3b. Ecau 0O6paTHYIO CBA3L BBECTH TakK, 4TO-
6Bl curHAI OGPATHOW CBA3M COBHAJAN IO (Pa3€ C BXOAHBIM CATHAJIOM -— 3TO
MOJOXUTENbHAI 0OpaTHAS CBA3L.

ITonoxwuTenbHas OGpaTHAL CBA3b yBEANIABACT KOMPUIIAEHT YCUICHNA, HO
3HAYMTETHHO CHIXAET CTaOMIBHOCTh CXeMbl. BEIXOZHOM CUT'HAI B TAKOH CxeMe
konebaerca (aykryupyer). Ecin mpu 5ToM cxemMa yAOBIETBOPAET HEKOTO-
PBIM JOMOJHATENLHEIM yCIOBUAM, (QIYKTYAIAu MOT'Y T IPEBPATATLCA B yCTOM-
4uBLIe mepuoandeckue korebanua. Ha sTom npuHIune paboTaoT reHepaTopsl
curaaigoB. Ho B cxemax ycwiwTened mOMOXUTENbHAA OOpATHAA CBA3L MOYTH
HE€ IIPUMEHAETCA.

OrpuunarensHas o6paTHas CBA3L AOOABIAET B yCAINTEIb 3aMEYaTEIbLHLIE
cBoiCTBa. KoabumenT ycuaeHnsa CTAaHOBAUTCA CTA0WILHBEIM M IOYTH HE 3a-
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BUCHT OT M3MEHEHMH! OKDYXAIOWER CPEAbl ¥ HapaMeTpoB anemeHTos. OTpu-
nmaTeapHad OC, BBeIeHHAA B yCIINTEIb, MHOTOKPATHO MOBHIIAET YaCTOTHBINA
JUAa30H 1 MOAUGUIAPYET YPOBHH BXOJHOTO M BHIXOJHOT'O MMIIEJAHCOB.

OOC maet xoHCTpyKumu Goaslryio rubkocTs. llena 3a npenmymecTsa —
yMeHbllIeHEe K03 dunmenTa ycurerua B yemmrenax ¢ OOC. Ilorepa ycmme-
HEA, KAK OPABWIO, KOMIEHCAPYETCA JOMOJIHATEILHBIM KACKa 0M MIN KaCKa-
JAMHA yCUICHUA.

Mepou usMeHeHna Tex uin uHeIX cBoucTs yemanrerd ¢ OOC cayxut qncio
(1+ AB), rge A — xoadppunuent ycnnenna ycnmrens 6es OC, a B — xoad-
bunueHET nepefadn nenu o6paTHon ceasu. Hanpumep, koadpUIUeHT yCuIeHna
yemmreas ¢ OOC cumxkaerca m cocrasiser 1/(1 + AB) gacTb oT KOd(-
dummenTa ycurenua ycuwaureaa 6e3 OC, a BXOAHOM HMIEZAHC MOBLIMIAETCA
B (1 + AB) pas, eciu CHrHAI OGPATHOM CBA3HM IOJAETCA MOCAEHOBATENLHO
co BXOAHBIM curHaIOM. MuoxuTens (1 + BA) npucyTCTByeT HOYTH BO BCEX
ypaBHeHmAX mapameTpos ycwrareas ¢ O0C.

ﬂ,OI’IOﬂHVITeﬂbHaﬂ wuTepaTypa no Teme

1. Theodore F. Bogart, Electronics Devices and Circuits, Universal Book
Stall, New Delhi 1988 [original publication: Bell & Howell Company
(1986)].

2. M. H. Rashid, Microelectronic Circuits: Analysis and Design, PWS Pub-
lishing Company (1999).

Bonpocs!

7.1. Yro Takoe cxema 6€3 06PATHOU CBA3U?

7.2.  Yro Takoe HOJOXUTEIbHAA 06PATHAA CBA3LT
7.3. Kax mser nonoxurersnai OC Ha ycmmrens?
74. Yro Takoe OTPHUIATEILHASA O6PATHAA CBA3L?

7.5. Orpunarersnas OC crabuinsupyer ko>hdUINEHT yCUICHAS yCHIATEIA. 11O
9TO 3HAYUT?

7.6. Hasosure Bugsr OOC.
7.7.  Kakue napamerptr ycmintens meuser OOC? 3a cuer wero?

7.8.  Bo CKOIBKO Pa3 MEHAIOTCA TAPAMETPH YCIINTENA C OTPUIATETLHON 06PATHONR
CBA3LIOT

7.9. KakoBa OCHOBHAA Pa3HMIA LeTell 06PaTHOM CBA3M YCAINTENS Ha GHUIOIADHOM
Tpas3ucTope u ycmiuTeis Ha OY7?
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7.10. IIpm nmocaegosareasHor OC HO HAIPAXKEHMIO, BXOLHOM MMIICTAHC BHIIIE Wiy
HIKE, 4eM y ycmaareas 6e3 OC?

7.11. IIpmn nocaegosareasron OC M0 HANPAXKEHUIO, BBIXOJHON MMIICAAHC BHIIE WX
Huxe, yeM y yemaurens 6es OC?

7.12. OOC pacmuzpset nojocy nponyckanus ycunureni. O6bacHure, modemy.

3apgaum

7.1. Ha puc. 7.20 — cxema ycuauTeasa ¢ nocaegosarersbaor OC mo HanpsXeHwm:o.
Brruncinre xoappunments ycunenus A u App. Ecim BexogHON mMmemaHc
yemnnrens 6e3 OC pasen 75 Om, kakum oH ctanet mocie seeaenus OOC?

Omeem: A=5 X 105, AFB = 100, Zo(FB) = 0,015 Om.

7.2. KakuM gomxHO OBITH CONPOTHBICHME DPe3UCTOpPa Rp, 94TOOBI KOd(pdUIUEHT
yemnenusa ycmaurens (puc. 7.21) ¢ OOC 6win pasen 20?7 Kosdpdunuent ycune-

HUA yCHINTeds 6e3 06paTHON cBa3M pasen 5 x 104,
Omeem: Rp = 190 xOm.

¥ + Rr
2 MKB] A % 1B AN
, 10 kKOm
vi(y,
C) li 99 kOm
ANN L —ev,
H1 R2 -
1 kOm Vi
Puc. 7.20 Puc. 7.21

7.3. B ycmaurene ¢ OOC (puc. 7.22) npumerner OY c¢ koddpduumeHTOM yCHieHnA
A = 2 x 10*. Ecan peauctopsr ob6paTtson cBasu By = 1 kOMm, Ry = 100 xOwm,
a Ry, = 10 xOMm, kakoe HanpsxeHne 6yIeT HA BBIXOJE YCUIATEIA U, IPHU BXOJ-

HOM curHaje v; = 2 MB?
Omeem: v, = 200 MB.

7.4. B cxewme (puc. 7.22) xoapdunuent ycunenna OY pasen 2x 10°. Jas npumenennsd

€e B HEKOM yCTAaHOBKe TPeOyeTcsa, YTOOH BBIXOJHOE HANPMXKEHWE CXEMEBI OBLIO

1 B. Kaxoe Hanpsxenune npu >ToM TpebyeTca mogarTh Ha Bxoa?! Hommuamw!
KOMIIOHEHTOB cxeMbl: R; = 1 xOwMm, Ry = 49 xOmM, Ry, = 10 kOm.

Omeem: v, = 20 MB.

7.5. Ycwmmrens uckaxaer curnai Ha ~ 10 %. Tpebyercsa yMeHbIIATL iy KTyalus
10 0,5 %. Beenennem OOC. Ecau xenaTensHelil pe3yabTUPYOmmi Koaghuun-
eut ycmwieHua — 200, kakuM JOMIXKeH OBITH KOD(pGUIUEHT YCUICHNA YCATUTENI
6e3 OOC n kakuMm Ho/KeH OBITH KO3 uuueHT 06paTHON CBA3n B?

Omeem: A = 4000, B ~ 5 x 107°.
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7.6. KoasdduumenT ycurenns no Hampaxermio ycuwiutens ¢ O3 (puc. 7.23) ~ 300
npu R = 0. Tpebyerca NMOBHICUTH CTAOMIBHOCTH KOI(PGMUUMEHTS YCUICHUA
BBejeHIEeM OOPATHOM CBA3M, IpreMIeMsil kodpguuuenT ycunenwnsi ¢ OC (Arpg)
~ 100. Ha ocuose Teopun OC BhrumcianTs conporusieHune Rg.

Omeem: Rg = 40 Om.

+ VCC

6 KOM

F—evo

Re

Puc. 7.22 Puc. 7.23

7.7.  Koodpdumument ycmrenna OY A = 10°, ero sxoguon umneganc Z; = 120 kOm.

a) BEIYMCINTH BXOJHOM MMIENAHC ycmauTeaa Z;pg) ¢ mocresosarersaonr OC
o Hampsxkeruio (puc. 7.24, a),

6) xaxum 6yger Zyrp), ecmu By =1 xOm, Ry = 99 xOm B cxeme 7.24, 67
Omeem: a) Z;rp) = 48 MOM, 6) Z;(rp) = 120 MOm.

Vi + Vi——8 — +

48,2 kOM

10 kKOm 99 kOm

j/\/\/
=

200w L 1 kOm 10 kKOm

a) 6)

Puc. 7.24.

7.8.  BBIXOJHOM MMIIEJAHC ONEPAUMOHHOrO ycmimtens (puc. 7.24) Z, = 1,2 xOm.
KakuM 6ymeT BEIXOIHON HMIENaHC ¢ mocaegoBarenbHon OC mo HANpAXKEHUIO:

1) cxemst Ha puc. 7.24, @ u 2) cXeMHL Ha puc. 7.24, 67
Omeem: 1) Zyrpy =3 OM, 2) Z,(rp) = 1,2 OMm.
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7.9. IIpoussezenue xoadbduuenta ycuienus 6e3 OC Ha OIOCY IPOIMYCKAHUA B CXe-
Me prc. 7.25 pasro 1x10°. Berancauts momocy npomyckanns yemmurensa ¢ OOC,

Omeem: BW rp) = 50 xI'n,

38 kOMm
AN

AN
_I_ —e Vo
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NMnPOUN3BOACTBO
MHTEMPAJT1bHbBIX
CXEM

Upen Oxexa Kun6u (Jack Kilby B 2000 roay 6s11 ygocroen HoGenesckon mpe-
muz 10 ¢usuke) B Havare 1960-x rogoB mpuBeau K paspaboTKe HPOTOTHUIA
MHTErPaIbHON cxeMul. IlepBasg MHTErpalbHAA CXeMa B IMOMHOM CMEICHE DTOTO
cioBa — 6unoaapHu BeHTHIb VWJIWM — 6vut marorosaen B 1961 rogy PoGep-
tom Homicom (Robert Noyce) u ero xoareramu Bo BpeMs ux paboTHL B dupme
Fairchild Semiconductors, CIIIA. Texmomorua msrorosienus MC c¢ Tex mop
NPOLLIA, AOJATKY My Th W HBIHE MPEB30ULIa BCe oxuaanua. Ceroqss MUWLIAOHEI
3JIEMEHTOB Ha, KDPHUCTALIE KPEMHMA CO3HAl0TCA B ILIAHOBOM mopsagke. Bec-
IpEneAeHTHEIA MOABeM DIEKTPOHHON MPOMBIILIEHHOCTH B HEMAJOW CTEIeHN
064A3aH JOCTUXEHUAM TexHoJaoruu mpoussoactsa VC.

TeMbI, paccMOTpEHHbIE B 3TOM rnase:

— IMOJYyIPOBOAHUKOBBIE MaTEPHAIE, 06pab0TKa MaTEPHAJIOB, OUNCTKA, BHI-
paluBaHNE KPUCTAJLIOB;

— TEXHOJOTMYeCKMe IPOIECCH Audpdy3uy u OKUCICHNS,

— OCHOBHEI€ 3Tallbl IPOM3BOACTBA (MackupoBaHue, doToruTorpadus, TPas-
JeHwe).

8.1. Beeaenwe

CymecTByeT aBa THWOA SIEKTPOHHBIX CXEM — CXEMBI HA AUCKDETHBHIX de-
MenTax u mHTerpaibHbie cxeMbl (MC). CxeMmbl Ha AMCKPETHBIX BJIEMEHTAX
COGMPAIOTCA M3 OTJAEIbHBEIX JIEMEHTOB — TPAH3MCTOPOB, AMOJOB, PE3UCTO-
POB, KOHJEHCATOPOB, KATYIIEK HHAYKTABHOCTH. DTH SJIEMEHTH COeUHAIOTCA
Mex 1y co60# MPOBOJAMU WIN IPOBOJALIMMIE JOPOXKAMY MEYATHOM ILIATEL.
Y mETErpalbHOM CXEMBI BCE DIEMEHTEHI CXEMEL U COeAWHATEILHEIE IPOBOJ-
HVKY CO3JaHBLI Ha MAJEHEKOM KDUCTAJLIE MOLYyIPOBOAHUKA. KpucTamn MoxeT
COZlepXaTh OTPOMHOE KOIWYECTBO TPAH3UCTOPOB, AUOMAOB, & TaK XK€ DE3U-
CTOPOB 1 KOHEHCATOPOB, COEUHEHHEIX MeX 1y 0601 B TpeGyeMOM MOpPSIKE.
Karymxn nagykTusHOCTEH OGEIYHO HE CO3JAIOTCA KAK YACTh WHTErDAIbLHOM
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CXeMbl, IOTOMY 9YTO UX H3rOTOBIEHWE TpebyeT APyroro Habopa TEXHOIO-
CHYECKUX OMEepalil — TaK 9TO WHAYKTUBHOCTEH B HHTEIDAIbHBIX CXEMax
mo BosmoxHocTu m3beraior. Kaxgas VIC uMeeT BHemHWE KOHTAKTHI, HA3H-
BaeMbI€ BEIBOJAAMY, K KOTOPLIM MOAKIIOYAIOTCA HAPAXEHNE TUTAHNA, 3EMIIA,
mOJAX0TCA BXOAHBIE CUTHANHI ¥ CHUMAIOTCA BBIXOJHEIE.

Kaaccugurayus UC
N C M0XHO TOAPA3AeIATL Ha JUHENHEE U mudposBbie. JInnelHbIe HHTErDaIb-
HBIE CXeMBI PAGOTAIOT B JMHENHBIX (AKTUBHBIX ) 06IACTAX XapAKTEPUCTHK. JIn-
unernnie VIC, Takke Ha3HIBAEMEIE AHAJOTOBEIMU, PAGOTAIOT B ayNOCHCTEMAX,
YCHIATENAX BBICOKOM YaCTOTHI, YCHINTENIX MOITHOCTY, B Ka4eCTBE OIepany-
ornbx yemmarenen (OY), MOAYIITOPOB, CTAOMIN3ATOPOB HANDKEHNA U T. II.

B oramume or qmuennbx VC, nudpoBbie MHTErPAILHEIE CXEMEBI COIED-
XaT y3Jbl, KOTOPHE MMEIOT B3 COCTOAHWA U HEPEKIOYAIOTCA U3 OJHOrO0
cocrosuua B apyroe (cocrosuua 0 u 1). Iudposrie UC mpumensioTcsa Bo
BCEX THIAX JOTMYECKUX CXEM, HaMATH, HudPOBLEIX U3MEDEHUAX, HudPOBHX
KOMMYHUKAIMOHHEIX cucTeMax. [as obecredenus COBMECTUMOCTY IWHEHHEIX
u rudposuix UC, CymecTBYIOT MHTErPAILHEIE CXEMEL CONPAXEHNA, CONEPKA-
e Kak JuHenHble, Tak u uudpoBee menu. IIprMepH MHTErDAILHBEIX CXEM
conpsaxenusa (MHTEPGENCHBIX CXEM) — aHAIOrO-UU(PPOBHIE U UUDPO-AHAIOT0-
Brie ipeoGpazosaTenu (AIIIL u ITAIT).

UaTerpatbible CXeMbI, MOTHOCTBHIO W3TOTOBICHHBIE HA, OJHOM KPHCTAT-
Je, Ha3HIBAIOT MOHOIWTHLIMEA. Ecau ofHa miv HeCKoabko MonomuTHbX WC
COEIUMHAIOTCA ¢ PE3UCTOPAME U KOHAEHCATOPAMM, U3TOTOBJIEHHEIME IO TOH-
KOILIEHOYHON WX TOJCTOILICHOYHOM TEXHOJOTHM, W Pa3MEINAOTCA B OJHOM
KOPILyCe, OHM HA3LIBAIOTCA MUOPUIHEIMY HHTEIDAILHEIMYU CXEMAMH.

Tlo crenenn maTerpamm MC moapasaenmoTes sa MAC, CUC, BUC, CBUC
¥ T.J. B 3aBACUMOCTH OT 4YKCJIa 3JIEMEHTOB B OJHOM KpucTamie. Ilpubiu3n-
TeIbHbIE MPAHMILI 3TOUM KIACCADUKAIMN CJIeLYIONMe:

Maurere maTerpambueie cxeMer (SSI) j5o 10 s1eMeHTOB Ha KPHCTAJLI
Cpenuue uaTerpammuble cxeMul (MST) no 100 51eMeHTOB Ha KPHUCTAJLI
Boasume nuTerpaabasie cxeMbl — BUC (LSI)jzo 10 000 s1eMeHTOB Ha KPHCTAJLI
Ceepx6oasume IC — CBUC (VLSI) ino 100 000 5aeMeHTOB Ha KPUCTAMNI

[HECKOJIBKO COTEH THICAT JJIEMEHTOB]
(VVLSI) Ha, KPUCTALI

8.2. MNonynpoBoHWKOBbIE MaTepuanbl

IlepBoni TpaEsucTop ObLT M3roTosIed Bapauusm, Bparreirom u [Mokm B 1947 ro-
ay u3 repMmanuA. [[py H3rOTOBIEHUE WHTErDATLHBIX CXEM I'€DMAHUIA, OJHAKO,
HE TPUMEHAETCA 10 CACAYIOMMUM IBYM HPWYXHAM:
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1. TpyAHO HOXYyYWTH OKUCh MepPMAaHKA HA MOBEPXHOCTH KPHUCTALIA. B 3Tok
riaBe OyfeT DOKa3aHO, 9T0 06pPA30BaHUE CIOA OKUCH Ha, HOXYIIPOBOJHY-
Ke — OJVH W3 INIABHBIX TAIO0B B GOILIIUHCTBE TEXHOJOTHH IIPOM3BO/I-
crea UC;

2. W3-3a manon mumpuHbI 3ampemenHod 30uH (Ey = 0,67 5B) repmanun
EMeEeT HU3KYI0 YCTOMYMBOCTH K TEMIEpPAType M paboTaeT TOMBKO A0
~ 70 °C. Kpemuuir Gojee MOAXOAAMUEA MaTepHald AJdA IPOU3BOACTBA
ncC.

[logasnsromee GOIBIIMHCTBO MHTEIPAILHBIX CXE€M U3TOTOBICHO U3 Hero. Kpem-
HUY UMEEeT CIEAYIONME AOCTOMHCTBA!

— Ha HOBEPXHOCTHU Si Jerko 06pa3yeTcs OKUCh KPEMHMUI,

— IOCKOJbKY IIXPWHA 3aIpPeleHHon 308 Kpemuus 1,12 5B, kpemunesse
npubOpH MeHee YYBCTBHUTENBHEI K TeMiepaType u paboraioT go 6oiee
BHICOKUX TEMIEPATYD, 9€M I'€PMaHUEBHIE;

— KPEMHHUU BXOAUT B COCTaB OGLIKHOBEHHOI'O CTPOMTEILHOrO IMECKA, T. €.
B #300MIMK BCTPEYIAETCA B IPUPOJE, IO3TOMY 5TO HEAOPOTOY MATEPUAL.

Eme ogumm mMaTepuman, OIPUMEHAEMHIA HIPU IPOW3BOACTBE WHTECPAILHBIX
cXeM, — MOJYIPOBOAHMKOBOE coeguuenwe apcennf rawmusa (GaAs). Y GaAs
MUPUHA 3aIpemenHon 308 1,42 5B, a mOABUXHOCTD 3IEKTPOHOB B JECATKH
pa3 Goiple, 94eM y KPEMHHUA. BBICOKAs MOABUXKHOCTL BJIEKTDPOHOB IO3BOJIA-
eT mpu6opam u3 GaAs paGoraThs Ha rurarepnoBux gacroTax. [lamee, GaAs
B OTIIMYNM OT KPEMHWS — IOLYIPOBOJHVK, MMEIOIUM 33MPELICHHYO 30HY
C IPAMBIME MEPEX0JaMM, 3TO BaXHOE CBOMCTBO A HEKOTODPHX IPUOOPOB,
HAIIpUMeEP AJIA COMHEYIHEBIX 31eMeHTOB. OQHAKO U3-33 TAKUX TEXHOIOTHIECKHX
TPYAHOCTEH, KaK TPYAHOCTH OOPa30BaHUA OKMUCH ¥ OOIBIIASA IWIOTHOCTL je-
¢bekToB, npuMenenue GaAs OrpaHWYEHO BBLICOKOYACTOTHHIMA BBHICOKOIIPOM3-
BOAUTEILHBIME IPUOOpPaMU.

B 3T0it raaBe 6yAyT PacCMaTpPUBATLCA TOABKO KPEMHMEBBLIE MHTETPAIb-
HbIE CXEMBI, XOTA OOJBIIMHCTBO TEXHOJOTUYECKMX 3TamloB KpemumeBbx VIC
IpeACTABIAIOT OOIMUE MHTEDEC M TaKXkKe IPUMEHMMEI npu mpoussogcTae VIC
U3 [PYruxX MaTepPHAaIOB.

8.3. Ouuncrka mMatepuana

M1 mpou3BoACTBA HETErPATLHBIX CXeM TPe6yeTCa KPEMHMI BRICOYAMIIeH ar-
CTOTEL, T. €. KDEMHHEH JOMXKEH ObITH CBOOOIEH OT HEXEIATEAbHBIX DICKTPUYe-
CKM aK TUBHBIX IIPUMeCER BO BCeM 00beMe, 9TOOhI €ro CBOMCTBA, O eIeIATUC
TOJIBKO JIETHDPYIOIMMMHE IPUMECAMH. JlId 5TOro KOHIEHTPAIAsS HeXeIaTelb-
HBEIX mpuMeced JOJKHA OBITL He MEHee 9eM Ha J[Ba MOPAAKA MEHbIIe, YeM
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MUHAMAJIbHAA KOHIIEHTPAIMA JErNPYOMUX IpuMecer. TUNHYHLIN yPOBEHD Je-
THEPOBaHUA NJIA PAa3HBIX NPUOODPOB JEXHUT OT 10%% 10 10?° aTomoB Ha em3,
a Tak kKak aToMoB kpemuma B 1 cM3 okomo 1022, sTo gaer MumEMMATBHYIO
KOHIEHTDAIMIO JeTHPYIoledt mpuMecH — ofuH aToMm Ha ~ 107 (10 mmumm-
OHOB) aTOMOB KpeMHUsi. B mrTore, KpeMHUI «IPUGOPHON YMCTOTHD JONKEH
cofiepXaTh He 60mee oaHOro aroma 3arpasmenus Ha 10° (1 Mmumapx) cBomx
aToMoB. IuCTOTY mOLyIPOBOAHUKA YaCTO O003HATAIOT UMUCIOM JEBATOK, Ha-
IpPUMED «9UCTOTA 6 AeBATOK» O3HAYAET, 9TO YmcTOTa MaTepuana 99,9999 %.

KpeMmuuit mony4aioT u3 AMOKCHAa KPeMHWA (KOTOPEIA COAEPXUTCA B OOBIY-
HOM Iecke). MeTamryprudeckuit 9ucThiil kpemani (auctora ~ 90 %) noxy4a-
0T OYMCTKOM OT yIVIEPOJa B JYrOBOW meuM mpu TemmepaType okoao 2000 °C,
3aTeM OH mpeBpamaerca B Tpexxiopuctsiil kpemuunit (SiHCl3) u ounmaerca
Janpmie. YuCTHA TPEXXIOPUCTHI KDEMHUM OTAEIACTCA OT APYTHX COEMH-
HEHWM XJ0pa (PPAKIVMOHHOW MEPErOHKOW. V3 OYMINEHHOrO TPEXXJIOPHUCTOro
KDEMHWA TOP¥ HOMOIMY BOAOPOJA BHIAEIAETCA MOIUKPUCTALIAIECKAN KPEM-
HEY HOIYIPOBOSHUKOBOY YACTOTEI, COCTOAIINYN U3 MEIKUX CIyYalHO OPUEHTH-
POBaHHBIX KpuCTawIoB. CyIECTBYIOMME TEXHOJOTHA MO3BOIAIOT BHIPACTHTD
MOYTH HOPaBWILHLIA 6e3MedeKTHLHE MOHOKPHUCTALI B (GOpPME IMIXHADA AU-
ameTpoMm 20-30 ¢M ® BBICOTOM A0 MeTpPa. JTO AOCTUIAETCA IPU IIOMOIIM
TEXHOJIOT' MM, ONUCAHHLIX JaJee.

Buipawusanue xpucmania
MoHOKpHCTALI KDEMHVA BHIDAIIIBAETCA U3 HOMAKPUCTALINIECKOTO KPEMHHUA
(TaxXe HA3EIBAEMOr0 MOIMKPEMHUEM) IO OJHOMY M3 IBYX METOHOB:

— Merox Yoxpauanckoro;
— MeTO/]| ILIABAOIEH 30HbL.

Memod Yozpaavcrozo
TonukpeMan PacIIaBIACTCA B KBAaPLUEBOM THLIE B aTMOChepe MHEPTHOrO
rasa (o6eramo aprouna). TemmepaTypa paciuiaBa MO AEPKUBAETCA Iy Th BBIILE
1412° (TemumepaTypa IIaBIEHUA KPEMHUA).

BRICOKOKa9eCTBEeHHBIM KPUCTALT-3aTPABKa, ¢ TpeGyeMOoll KPUCTALIMIeCKOT
OpHeHTALKeN BBOAUTCA B pacwias. Kpucrair-3aTpaBka BpaliaeTcsa, Kak MOKa-
3aH0 Ha puC. 8.1. /lna Iydmrero CMEMUBAHUA ¥ HOAAEPXAHUA TEMIIEPATyPHOU
OMHOPOAHOCTY, TUTEIbL MENICHHO BPAL[aeTCA B OOPAaTHYIO CTOpPOHY. JacThb
KPUCTAJLIA-3aTPABKY ILIABATCA B DACILIaBe KPEMHUA A CHATUA AedopMmu-
POBAHHOM 4YACTH MMOBEPXHOCTH. IlOCHe 3TOr0 KpHUCTALI-33TPABKa MeAJeHHO
BBITATMBAETCA U3 pacmwiaBa. 1o Mepe BHITArMBaHWA KPUCTAJIA, OH 3aTBED-
naeBaeT u o6pasyeTcs GOMbIMION KPUCTAJLL.

B Tedenme BCero mpolECCa BHIPDAIMWBAHMUA KPUCTALIA TINATENLHO MOJ-
JEPXUBAIOTCA HEOOXOAUMBIE YCIOBUA, KOTOPHIE IOCTOAHHO KOHTP OJIUPYIOTCA.



8.3. Ouucmxa mamepuaaa @

[To3TOMy KPHCTAJLI B PE3YIbTATE HUMEET TY XK€ OPMEHTALMIO, 9TO ¥ KPUCTAILI-
3aTPaBKa. YIPABIAA CKODOCTHIO BEITATUBAHKA ¥ TEMIIEDATY DO, MOXHO TOXy-
yuTE TpeOyeMuit fuaMeTp KpucTamia. COBpeMEHHbBIE TEXHOIOTMH IO3BOLIIOT
BHIpAIIZBAaTh KpucTadibl guamerpoM oT 20 go 30 cm. Takum obpasom dop-
MEPYETCA LMIINHIDAIECKAS KPEMHUEBAA MOHOKPUCTALINIECKAA «GOMBAHKAY.

epxartenb 3aTpaBKn
o — Per P

Kpuctann-sarpaska

S — /

O ~— L1~ O

o) - / 0 _—Karyika Harpesarens
o | [T 4O// KBapueBbiit TUrenb
O PacnnaBneHHbIi KpeMHUiA 0O

@) O

Puc. 8.1. Cxema yCTaHOBKY /A BHIPAIIMBAHWUA KPUACTALIOB IO MeTOAY H0XpamscKoro

MeTtox YoxpaabCKOro MOXHO HCIOJB30BATHL AJA BLIPAIIMBAHUA KaK COO-
CTBEHHBIX, TaK ¥ JECUPOBAHHBIX MOMYIPOBOAHAKOB. B pacmwiaB KpeMHUS MOXHO
A06aBUTH CTPOrO KOHTPOIUPYEMOE KOIUIECTBO (OIM MULIUTDAMMA HA KW-
JOrDaMM KDEMHHUsA) JETHPYIOWEro daeMenTa. [l JLydimero KOHTPOIA HpPO-
Iecca mpeAmodYTATENbHEe NOOABIATH BMECTO JETHPYIOMIErO DJIEMEHTa MAJOe
KOIMYECTBO CHIBHOJIETMPOBAHHOTO KpeMuua. OIHAKO B BEITAHYTOM KPUCTAI-
Je KOHIIEHTPAUUA JerupyIolierd IpuMecH OOBIMHO MEHBIIE, 9EM B PacILIaBe.
ITO MPOUCXOANT U3-3a BHIOPACEIBAHKA JETUPYIOMXX SJIEMEHTOB U3 KPUCTAJLIA
06paTHO B pacIlIaB, IO3TOMY B DACILIaBe, IO MEPE POCTa KPUCTAJLIA, YBEIN M-
BaeTcA KOHmNeHTparua npuMmecu. CleqoBaTelbHO, BEDXHUN KOHEI KPUCTAJLIA,
(rme xpuCTaLI-3aIIpaBKa) MMEET MEHBLIIYI0 KOHIIEHTDAIIMIO MPUMECEeH, deM
HuxaNi. [Ipu 3ToM MeTone, HEGOABIUION TPAJAMEHT KOHIEHTDAIMN OPUMECH
HMeeTCA ¥ BAOJb PAJUyCca KPUCTaLIa. PacTBOpeHne TUIIA B PACILIABICHHOM
KPEMHWIM BEI3LIBAET 3arPA3HEHNE KPUCTALIA KUCIOPOA0M, T03TOMY MeTox Yo-
XPaIbCKOT'O He IPUMEHAETCA JJIA IOy YeHua BEICOKOOMHOro (20-100 Om - cm)
KDEMHUA.

Memood naasaroweti 30mbl
B Meroge miaBaiomest 30HBI CTEPXEHb U3 MOIMKPUCTALINYECKOTO KDPEMHUA
3aKPEILIAETCA BEPTUKATLHO ¥ BpaImaeTcs (41a 0gHOPOAHOCTHE mpomuecca). He-
Goabmas 9acTh CTEPXKHA (BBHICOTOM 2-3 CM) OKOJO KPUCTAJLIA-3aTPABKHU Pac-
IIABIAETCA BBICOKOYACTOTHHIM WHIYKUWOHHBIM HATDEBOM. DTO HHUIWEDY-
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eT KpUCTaLIM3amuo. Il1aBaoman 30Ha 3aTeM MeJIEHHO IOJHAMAETCA BCIe[
33 MOAHMMAIOIIENCS BHICOKOYACTOTHOM KaTyIkou cHu3y BBepx (puc. 8.2) Ilpn
IBUXEHUY ILIABAIOIAA 30HA MOAHUMAET C COG0M 3arpA3HEHUA. JTO MPOUCXO-
OUT DOTOMY, 9TO 3arpA3HEHN GOJbIle B XUIKOU dase, 9eM B TBepaou daze.
TaxyM co10co60M TPOM3BOAUTCA XOPOIIO OYUINEHHBIN, BEICOKOKAYECTBEHHEIN
MOHOKPHUCTAJLI KDEMHHUA.

BpapieHue Puc. 8.2. Cxema ycTaHOBKHI
JJIA MPOLIECCA MIABAOLIEN 30HEL

-—— [lepxartens

X! — CrepxeHb
X

ABnxeHune NOAUKPEMHUA

MHAayKunoHHas B )/r <

Karyluka v
K
PacnnasnexHas b, 'd———— MoHokpuctann
1

30Ha L

Kpucrtann-sarpaska

«—— Hepxarens

3aTpaBku
Q}%;:tau.l.emae

MeTo miaBaomen 30HH He TpeOyeT TUIVIA, TaK KaK PACILIaBICHHAS 30HA
YAEPXKUBAECTCA CUIAMY MOBEPXHOCTHOT'O HATAXKEHNA. TakuM 06pa3oM, 3arpas-
HEHHe OT THMIA uckmodaeTca. ClefoBaTeIbHO, IPY TAKOM METO/e 3arpA3He-
HUE KHCIOpoAoM HaMmHOro Mmenbine (~ 1 %), gem npu metoge Yoxparsckoro,
I MOXHO HOJY<UTh KPEMHUI C yAeIbHBIM conpoTusierueM 104 Om - oM u BEI-
11e, MPOIYCKasA IIABAIOILYI0 30Hy HECKOILKO pa3. Ho sTa Texmomorua gopoxe
U JaeT MOHOKPHUCTAJLIEI MEHBIIET0 Pa3Mepa.

Iodzomoeka naacmumn

Cuadgana 601IBaHKa MOHOKPHUCTAJLIA KPEMHUA PACTAYMBACTCA 0 TOIHOI'O U4~
MeTpa. IloToMm oHa paspesaeTca aJMa3HON MUIOW HA TOHKWE KPYIVIBIE ILIACTH-
wol. Kaxnas mractuna numdgyeTca 1 XUMUYECK) TPABATCA IIA yIAJCHAA 16
dexToB KpucTaLIa, 06Pa30BAHHBIX DU PE3KE. 3aTeM ILIACTUHLI OJAUPYHOTCA
TOIUPYIOMKUME a0pa3uBaMy 1A YMEHBIIEHWA IIEPOXOBATOCTH, U 06pabaThl-
BAIOTCA B TPABWIBHOM PAaCTBOPE, MOKA He MOJLyIuTCa CBOOOAHAA OT AedeKTOB
3epkanbHas (6AeCTAmAA) TOBEPXHOCTD.
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Ilepes paspesaHueM ILIACTUHEI MHAEKCUPYIOTCA, OT HEAX OTPE3AETCA He-
GOMBIION KyCOUeK W ONpEReNAeTCA OPMEHTAUWs KpucTauira. [las uETerpain-
HBIX CXeM OUIOJAPHON TEXHOJOTHMH BLIPAIIUBAETCS CIa00NeruPOBAHHEI (OKO-
a0 10'® cm~3) kpmerann p-Tuma, mmerommit opmerTammo (111) mmz (100).
Ilocae 5TOr0 IIACTUHBL TOTOBH K MPOU3BOJACTBY MHTETPAIBLHBIX CXEM.

8.4. MNnaHapHas TexHonorua ¢popmmposaHua NC

Ilpu mpowmssogcTBe UC nambonee MUPOKO IPUMEHAETCA IUIAHADHAA TEXHO-
JIOT'HA, KOTa BCE DIEMEHTHI CXeMBI (POPMHUPYIOTCA HA MOBEPXHOCTH HMOJIYIIPO-
BOJHUKA Wiy BOMu3® Hee. Takum 06pa3oM, BCA CXeMa COAEPXKUTCA B IpeJeaax
HECKOILKIX MUKDOH' OT TIOBEPXHOCTH ILIACTHHEL. OCHOBHEIE STAIIBI TEXHOJIO-
rU9eCKOr0 IpoIecca:

1) okucrenue;

2) doroauTorpadus;

3) Tpasuenue;

4) nuddysus mpuMecer/HOHHAL UMILIAHTALWS;
5) MeTawIH3ays.

OTH 3TamObl TEXHOIOIMM MOBTOPAIOTCA MOCIEIOBATEILHO C PA3HBEIMU IIPH-
MecAMM, ITOKa Ha KpUCTajuie He OyayT cOpMUDOBAHEI BCE aKTUBHLIE ¥ MAaC-
CEUBHBIE DIEMEHTHL. JTANbl TEXHOIOTMY MOTYT BHIIOAHATHCA OJHOBDEMEHHO
Ha BCEH IIACTHHE, IO3TOMY GOJIBIIOE KOIUYECTBO SIEMEHTOB ¥ UX COEJUHEHAN
MOXHO BBHIIOIHMTE C BEICOKOM TOYHOCTBIO, ITO ABIAETCA IVIABHEIM IIPEUMY-
IMECTBOM ILIAHAPHOT'O IPOLECCA.

8.5. Mnmioctpauma npouecca

Kparxo paccmorpum momasii muka npoussoicTsa YIC na mpuMepe popMupo-
BaHWA T-P-N-TPAH3UCTOPA. YIOMSHYTEHIE BHILE TEXHOJIOTWYECKUE MPOIECCHI
nogpo6HEE PACCMOTPEHH B CIELYIOMIAX DA3Aelax >TOW INIABHL

Bunonapseiz TpausucTop TpefyeT MaKCMMAIbLHOI'O YMCIa TEXHOJOTHYe-
ckux sranos. OgroBpeMeHHO MOXHO PopMupoBaTh 1 Apyrue snements UG,
TaKWe KaK Pe3UCTOPBI, KOHJEHCATODPHI ¥ AUOABI, TOXE MOXET BBINOJIHATHCA
Ha PaCCMOTPEHHBIX HEXE DTalax.

1. Tlpu mramapHOM IPOLECCE HA MOBEPXHOCTH IIOIYIPOBOAHUKOBOM ILIA-
cTunbl GOPMEUPYETCA OKUCHEIR cioit (puc. 8.3, a).

1MHKpOH — ApPYTroe Ha3BaHMe €IMHUIEI JIUHEI (MEKPOMETD», 1 MKM = 10°8M=10"%cm =
=10° mm.
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[anee ypanaeTcsas OKCHIHBIA CJIOW C IOBEPXHOCTH B TE€X MECTAaX, I'Ae
GyzeT ¢hopMEPOBATHECA TpaHsucTop (puc. 8.3, 6). ITo JocTUraeTca He-
CKOMBKMME dTanamu ¢pororarorpadun. CHAYANa OKCAIHBINA CJIOU METO-
IIOM LEHTPHPYTHPOBAHUA IOKPHIBAETCA TOHKUM ClioeM ¢HOTOIyBCTBH-
TeILHOTO MATEPHaNa, Ha3hBaeMoro «poropesuctom (puc. 8.3, 6). Us-
FOTABIMBALTCA MACKa C MPO3PAYHBIMEU ¥ HENPO3PAYHEIME 00IaCTAME,
HEIPO3padHLIE YACTH — ILUTOUIAJKY, C KOTOPHIX TpebyeTca yJaJuThb Clou
Si09. Macka ¢ GONBLION TOYHOCTHIO MPUKJIAALIBACTCA HA HMOKPHITYIO
cnoeM pOTOPE3UCTa MIACTHHY U 06IydaeTcsa (SKCIOHUPYETCs) YALTDa-
dmoneroeivu aydamu. HeobmydenHbie qacTu dhOTOpPE3UCTA CMBIBAIOT-
ca. TpeGyeMbril pucyHOK ocTaeTcsa Ha maactaHe (puc. 8.3, d). Caon SiO,
¢ IVIOWAJZOK, e OTCYyTCTBYeT (OTOPE3UCT, yHANACTCA MOKDHIM WIH
cyxuMm TpapieHueM. TakmMm 006pa3oM, Ha clI0€ LBYOKUCH KPEMHHUA CO-
3[aeTca OKHO, KaK IIOKa3aHO Ha puc. 8.3, e.

B aTmocdepe rasa, cogepXamer COOTBETCTBYIOUIYIO IIPUMEChH, IIPOBO-
oaTca sxkcnonmpoBanue mwiactuael. Hanpumep, eciu Tpebyerca obmacts
C N-IPOBOAMMOCTHIO, INIACTAHA SKCIOHUPYETCA B aTMOCdepe, HaChIIeH-
HoM docdopom (pmc. 8.3, o).

ATomer mpumecn (B gaHHOM ciaydae docdopa) auddyHIUPYIOT B IO-
JIyIPOBOAHUK IOJ OKHOM M IPeoOpasyioT ero HpOBOAUMOCTHL B N-THI

(pmc. 8.3, e). Oxcuannii cioit mpegorpamaet auddysuo dochopa B Apy-
I'vie 9aCTHU ILIaCTUHEL.

. Brmnenepeuunciennnie sTansl noBTOPAOTCA. OuaTh GOPMEDPYETCI OKHAC-

HBIH CJIOU Ha IOBEPXHOCTH ILIACTHHLI, OHA HOKPEIBACTCA HOTOPE3UCTOM,
M MacKa C MeHbIIeH HEempO3DPavHOM 061acThi0 (418 OKHA IIOMEHbIIE)
TOYHO HAKIAABIBAETCA HAa (POTOPE3UCT Ha ILIACTHHE, ILIACTUHA DKCIO-
HAPYeTCA YJAbTPahMOJeTOM, HEIKCIOHAPOBAHHAA YaCTh (POTOPE3UCTA
ynanserca (puc. 8.3, u).

Iocne sroro ypanserca ¢oropesuct (puc. 8.3, %).

IlnacTHHA SKCIOHAPYETCA B aTMOCdepe, HACHILEHHON 60pOM, A/ mpe-
06pa30BaHMA MAJIEHbKOM TOHKOM O6JIAaCTH n-Tuma B p-Tmi (puc. 8.3, 4).

. TloBTOpEHMeM >TUX IpoUeAyp MOXHO COPMUPOBATEL HA ILIACTHUHE N-P-Tb-

TpamsucTop (puc. 8.3, x).

B o6racTax, mpeqHAa3HAYEHHBLIX A KOHTAKTOB, caou SiOg yaamseT-
¢ ¥ HPOPMHUPYIOTCSI KOHTAKTHL. MeTaLIn3anuio IoIy4al0T PacCMOTpeH-
HEME Beune npoueccamu (puc. 8.3, #). KOHTaKTH M MeXdIeMeHTHEIE
COeJUHEHMA 0 BCEH ILIACTHHE, IO BO3MOXHOCTH, (POPMHUPYIOTCA OLHO-
BPEMEHHO.
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Puc. 8.3 (mpogomxenne).

8.6. DopMupoBaHMe ANOL 0B, PE3UCTOPOB M KOHAEHCAaTOpOB

Auode
JuoAbI C p-n-IEPEX0A0M M3TOTABIMBAIOTCA HA KPUCTALIE TOYHO TaK Xe, KaK

TpaH3uCTOpH. Ha mpakTuke [UOAHI 9aCTO (POPMHUDPYIOT, 3aMKHYB KOJLIEKTOP
TpaH3UCTOPa, ¢ ero 6a30M, KaK IIOKa3aHO Ha puc. 8.4.

Pesucmopur
Pe3ucTopsl B MHTErPAJBHLIX CXEMAX MOy T OBITH COOPMUPOBAHEI HECKOIBKA-

MH CIIOCOOaMH.
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NC-pe3ucTop 9YacTO H3ITOTABIMBAECTCA B
onmpefAeJeHHEX OKHax Ha cioe Si0g, pacmono- eo—| = >}
KEHHEIM Ha OJHOPOJHOJETMPOBAHHOM KpEM-

HIEBOM IIacTuHe. Jlerupyonmye IpIMeCH IIpo-

THBOIIOIOXHON IPOBOAMMOCTM BBOIATCA de-

pe3 OKHO A IIONydeHUusA TpebyeMoro yzeian- Puc. 8.4. duoasr popmupyroTcs
HOTO CONPOTHMBJEHHA B OOIACTHM DPE3UCTOpa UPH COXpaHeHun 0GIacTed 6aswl 1
¥ Ha JBYX €ro KOHIIAX PA3MEWIAIOTCA KOHTAK- o< 0P

Tel (puc. 8.5). CuibHONErMpOBaHHEBIE 06IACTH

pT 06eceInBalOT XOPOMKE KOHTAKT MEXJY METALINYeCKAMH dIeKTPOJAMHI
1 PE3UCTUBHOA 06IACTHIO P~ .

Puc. 8.5. ®opmuposanue pe- MeTtannmuyeckue KOHTaKThl
sucropa. W, L, u t — umpusna,
AMIHA ¥ TOMIMIHA PEIUCTHBHO- H ” f Si0,
ro clIod p / ¥ n T \
\ p p )

\_n-noanoxka

Conporusnenne udPy3HOHHOTO PESUCTOPA ONPEASIACTCA €0 TeOMETPH-
9ECKEMH Pa3MepPaM# ¥ CTENEHbIO JeruPOBAHHUA.

BcnomunM, 9T0 yAerbHad DPOBOAUMOCTL o (BeJAM<IMHA, OGpATHAA yAelb-
HOMY CONIPOTHBJEHMIO ) IOJIYNPOBOAHAKA PaBHA (6BLIO PACCMOTPEHO B TiL. 1)

1
0= 2 = Qi+ qplip. (8.1)
Conporusnenne R TpexmMepHOro Gpycka paBHO
L
R= ”7, (8.2)

rge L m A — [qumHa ¥ WIOmMR@Ab IONEPedYHOro cevenus 6pycka. Ha pwuc. 8.6
W u t npescTaBIAIOT COOTBETCTBEHHO NIMPHHY ¥ TOMIHHY AubdY3HOHHOIO
pesucTopa, TOrAa ypasHeHue (8.2) MOXHO mepenmcaTh Kak
- rL (8.3)
W-t
Hanee, mycte W = L, T.e. paccMaTpuBaeMad JaCTh CJIOA HMEET KBa-
ApaTHy0 QOpMYy, TOrja MOIYIMM BeIWUMHY, HA3LIBAEMYIO MOBEPXHOCTHEIM
ConporuBaeHNEM R,

R, = p/t Om/xBagpar (JacTo o6osraIaeTca kax Om/0O). (8.4)

lonraTre mOBEpXHOCTHOrO CONPOTHMBIEHMA MUPOKO IPAMEHAETCA IPH PAas-
PaboTKe PE3UCTOPOB B MHTEIPAIBLHBIX CXEMaX, HOTOMY 4TO Ji000u mabioH
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PE3UCTOpPa B MAacKe MOXHO HOJAEINTH HAa KBagpaTH (puc. 8.6). OrHomenne
L/W gaet gucno kBagparos B mabaone. Ecan L/W = z, To

R=z-R,. (8.5)
TaxuM 06pa3oM, IpH HOCTOSHHOM 3HAYEHUH [IOBEPXHOCTHOT'O COIIPOTUBICHU,
TpefyeMoe COIPOTUBJEHHE PE3UCTOPA MOXHO TIOLY YATh, YCTAHOBUB YUCIO €0
KBaApPaTOB I.

IIpn paccMoTpeHMM MEI OPEANOIATAIA OFHOPOJHOE JETHPDOBAHUE DE3W-
CTMBHOTO CJOS. B [eMCTBATENLHOCTH KOHIEHTDAIWMA NPEMECH BHILE Y IIO-
BEPXHOCTH, ¥ TOYHOE BHIYMCJICHHE OOMmEr0o COMPOTHUBICHUA TPeGyeT y4IuTH-
BaTb TO HEOJHOPOLHOE Jeruposanue. [Juddysus npumecen qia 06pa3oBaHuA
BCEX PE3UCTOPOB MPOBOLUTCA OJHOBPEMEHHO ¢ (POPMHPOBAHAEM TPAH3UCTO-
POB. DTO MCKIIOYAET NOMOJIHUTEILHBIE DTANlEI MACKUPOBaHUA u Auddysnu,
YTO BBITOAHO € TOYKY 3PEHUA CTOMMOCTH IPOU3BOLCTBA.

L L | Puc. 8.6. [Jlerenne pe3aucTUBHOrO CJI0A
! Ha KBaAPaTHl (IIOBEPXHOCTHOE COMPOTH-
BIEHME MOXHO ONIPeJeIUTh depe3 KBa-

ApaTHI)

e

Kpome auddysun npuMecedt B MIACTHHY, PE3UCTOPLI TaKXke MOryT ¢op-
MMPOBATHLCA 0CaX AEHMEM PE3MCTHBHOM ILTEHKY Ha M3OIUPYIONIAN ILIACTHHY CJIOX
Si09, yXe mMemuuca Ha mracTaHe. TakuM cmoco6oM 4acTo ¢GopMEpPyOTCE
BBICOKOOMHBIE PE3MCTOPHI, B YaCTHOCTH, AJad cxeM Ha nojeBeix MOII-Tpan3u-
CTOpax.

IIpumep 8.1. [IuddysuoHHBEIH PE3UCTOP C N-CIOEM MMEET IIOBEPXHOCTHOE CO-
npotuenerne 500 Om/0. Ecimu ygensras nposoguMocTts n-caoa 20 Cm - em™1, kakad
TOJIIUHA CJIOS B MUKPOHAX?

Pemennre. CoriacHo ypasHeruio (8.4) noBepxHoCTHOE conpoTusienune R, ynemrsHoe
COTPOTHBJICHNE p U TOMIHMHA CJI0A t COOTHOCATCA MEXIY COO0M Kak

R3=§’

a Jepes NpoBOZUMOCTE (0 = 1/p):

R3=;1—t wit t=1/0-R,=1/(20x500) cv mm1 t=1x 107 mxm.
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Hnmeepaavubie Kondencamopot
O6LIMHO B MHTErPAILHBIX CXEMaX MPUMEHSIOTCA JABE OCHOBHEBIE CTPYKTYDEI
KOHJIEHCATOPOB:

1) KOHJEHCATOPEHI CO CTPYKTYPOH MeTaI-okcuA-noaynpoBogauk (MOII);
2) KOHJEHCATODPHI C P-N-IIEPEXOLOM.

Komgencaroper MOII ¢opMupyoTCa ¢ UCIOIL30BAHMEM CHILHOJETMPOBAH-
Hol o6macTu (moZOGHO O6AACTH BMETTEPA), KOTOPAad NEUCTBYeT KaK OJHA
m3 OOKIAJOK KOHAEHCATOPAa, APyras OOKIaAKa — BEPXHHH METALIAIECKUN
21eKTpoA. Mex gy HUMHA — CIOM AUaaeKTpuKa, o6sraa0 SiOg (amamexTpude-
cKasg OPOHUNAEMOCTH £p ~ 3,9) (pumc. 8.7). EMkocTh Ha efuHULIy mwIOWAIH
paBHa,

C =¢p/t,

rae t — TOMIWHA CIOA NU3IeKTpuKa. [lasa yseawdenus eMkocTa BMecTo SiOg
MOT'YT IPAMEHATHCA IVIEHKH U3 MATEPUAIOB € GOIBIIEN MK TPUIECKOH IPO-
HUIIAEMOCTBIO, Takue Kak SigNy (ep ~ 7) mmm TagOs (ep ~ 25).

Kak 6buI0 paccMOTpeHO B T 2,
y 06paTHOCMEIIEHHOI'O THO/3 MUMEEeTCA MeTannu4eckue KOHTaKTbI
€MKOCTBL. JDTO yX€ APYrOM BUJ KOH-
AeHcaTopa, GOPMAPYEMOT'0 B KPACTA-
1e IC. O6macTu p u 1 ZEUCTBYIOT KaK
OPOBOJHUKH, 3 MEXAY HUME — w30im- \
pytommit o6exrennsi cioit. Ecan 8 UC | p-nognoxxa
TpebyeTcad KOHJAEHCATOP B KaKOM-TO b
ompeneneHHOM MecTe, TaM (opMupy- Puc. 8.7. Crpyxrypa MOII xonzgencaTopa
eTcsA 06PATHOCMEIIEHHBIN P-1-TIEPEXO
1 OXy4aeTCsa HeGOMBIION KOHAEHCATOP eMKOCTEIO oKomo 20 nd.

"" SiOo

,’(p,uaneKprK)
(

\
|

8.7. OcHoBHble TeXHONOrM4eck/e NpoLecchl

Ocaxcdenue oxuchold naenxy
llepBonaqaabHBIA OKUCHBIA CTOM (TOMIUHOM ~ 2 HM) 06pa3yeTcsa Ha IOBEPX-
HOCTM KPEeMHHMEeBOM ILIACTHHEL P KOMHATHOM TEMIIEPATypPe IIPU IEPBOM ee
KOHTaKTe ¢ aTMOC(EPHLIM KHCIOPOLOM. DTOT OKUCHEIN CIOM HE MMEeT IPaK-
THYEeCKOro IIpUMEHEeHH .

ITpm npowmssogcTae IC gacTo TpebyeTcs 0cax AeHNE OKUCHOU IUIEHKHE TOJI-
HWWHOM OKOJO MHUKDOHA WiM MeHbIle. TakoW OKHCHBIA Cio#, GyAydm XOpo-
UM H30J9TOPOM, H30AUPYET PA3HBIE METAIMIECKHE CTPYKTYPH (31eKTPo-
Abl) Ha KPHCTAJLIe, 3 TaKXe IPEJOXPAHAET IIOMYIPOBOLHUK OT 3aTrDA3HEHHN
Opu gupdy3uu WId HOHHON UMILIAHTAIINH.

82890
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g ocaxaeHus OBYOKMCOM KPEMHWS KDEMHUEBHIE ILIACTUHEL OKHCIIIOT-
CA4 B COOTBETCTBYIOWIEM aTMOCHEPE, KOTOPAA MPOIMYCKAETCA [0 KBAPLEBOH
Tpy6e, MOMEIIEHHON B HJIEKTPUYECKYIO Iedb. TeMuepaTypa oA AepXUBACTCA
B amamasore oT 850 mo 1100 °C. Caou SiOz MOXHO MOIYyYIMTH, MPOIYCKas
Yepe3 KBapIeBylo TPyOy OYMINEHHBIA CyXOM KHCIOPOX (CyxoH mpouecc) mim
BOAHBIE maphl (MOKpHIA mponecc). Mokpsii nporecc TpebyeT 0co6ou 0CTo-
POXHOCTH, TaK KaK BHIAEIAETCA B3PHIBOOMACHHIN I'a3 — BOJOPOJ.

IIpu cyxom mpomecce

Si(t) + O2(ras) — SiOy(T).
IIpu Mmoxpom mponecce
Si(t) + 2H20(ra3) — SiOz(T) + 2Ha(ras).

B cpeze napa npoucxogut Gojiee GHICTPHIM POCT, ¥ MOKPHIU IIPOIECC IPU-
MEHAETCA A8 (POPMUPOBAHMA TOACTHIX 3AIUUTHLIX ILIEHOK JBYOKWCH KDEM-
HuA. [aa co3sgamHus TOHKOM CTPYKTYpH Si0g mcmomssyeTcs CyXo# Iporecc,
JAOIINA YIy9IIIeHHBIE XaPDAKTePUCTUKY IPAaHUIL pasgena Si-Si0g. Oxwucre-
Hue uMeeT MecTo Ha rparune Si-Si0s. ToamuHa OKUCHON MIEHKN — (QyHKIAL
oT BpeMeHu um TeMmneparypul. IIpoumecc pocra camos SiOs BkmIOUaeT B cebd
TaKWe IPOIECChl, KaK IMEPEHOC ATOMOB KWCIOPOJ3 M3 ra30BOM (Pasbl K Me-
CTy pPOCTa, ABMXKEHWE >TUX ATOMOB depe3 yxke CPOPMHUPOBAHHEIM OKHCET,
3aTEM yXe INPOMCXOLUT XUMHEYECKAA Peakuus Ha rpaHure. Bee sTu mpouec-
CBI M3Y9I€HEl JOCTATOYTHO HOAPOOHO, TAK ITO OCAXEHAE OKHCIA C TpeGyeMon
TONIMHON — MPOLECC YIPABIACMBIA.

Domoaumozpadua
PoTomuTorpadpuas — 5TO TEXHOJOTHS, IPAMEHAIIIAACT NI BHIGOPOTHOTO
yAAJEHUA yIaCTKOB OKCHUJAHOM ILUIEHKHW, 9TOOBI Uepe3 3TU YIACTKM BBOJUTH
B HOBEPXHOCTD IOIYIPOBOAHAKA JETAPYIOIAE IPUMECH.

IIpu npoussoacTee UC mpuMmeHsaeTcs onTHYecKad TATOrpadms, HCIOAL3Y-
fomasa yasTpaduonserosse (YD) ayau (A = 0,2 — 0,4 5M).

Tocre dpopmuposanus cros SiOg, WIACTHHA NOKPHBAETCA GOTOPE3UCTOM —
MaTEepPHAIOM, JIyBCTBATEILHEIM K Y D-1y4uam (puc. 8.3, 6).

DoTopesncT — 3TO HOAMMEDHASA SMYJLCHUs, HAHECEHHAA H3 [OBEPXHOCTD
IIACTHHEL METOJOM LEHTPUQPYTHPOBAHUA HA BEICOKOCKODOCTHOM HEeHTPHDY-
re. Ilnactuna ¢ moxpriTEeM crnekaerca npu Temneparype 60 mwim 100 °C gig
YAAJIEHUA OPTaHUYIECKOT'0 PACTBOPUTENA U A NOBLIIIEHUA CUEILICHUA GOTO-
pesucTa C IIaCTHHOM.

IMoarorasmmBaeTca crexknonogobHad MacKa, COAEPXKAIAA TpebyeMble Ma-
GJIOHEL B BAJIe IPO3PAYHEIX M HEMPOo3padHeix obaacten. Ilocae Tournoro mosu-
UMOHHPOBAHUA MACKH HAJ ILIACTHHOU MPOMCXOAUT SKCIOHMpOoBaHme Y D-1y-
gamu (puc. 8.3, 2). B Tex wacTax ¢poTopesucTa, Ha KOTOpPLIE Yepe3 nmpo3pad
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HBIE YIACTKH MACKH MOmagalnT Y D-ayyud, IPOUCXOAUT XUMHUIECKAA PEaKIHs
1 doTopesuct noauMepusyercs. [lommMepr3oBaHHEE JaCTH GOTOPEIUCTA IPH
cleqyIOIEM DTalle IPOoLecca He YAAIATCA,  HeDKCIIOHUPOBAaHHLIE YaCTH (0~
[aBIIKE [OJ HENPO3PAYHBIE yIACTKM MACKM) PACTBOPAIOTCA B TPABHILHOM
pacTBOpe U cMuiBatoTcsa (puc. 8.3, d). IlnacTuHa eme pa3 mojBepraeTca Ha-
rpeBanmio mpu Temneparype ot 120° go 180 °C B Tedyenme 20 MmHYT Aas
HOBLINIEHAA CTOUKOCTH (HPOTOPE3UCTA K TPABICHUIO HA IOCIELYIOIAX HTAIAX
mrorosienus VC.

TpaBAwxM peareHToOM [Jid YAAJICHUS HE3AIUUIEHHEX (POTOPE3UCTOM Ua-
creir SiOy sBnserca maasmkoBas kucaora (HF) (pumc. 8.3, €). OcraTku do-
TOPE3UCTA MOCHE ITOTO YAAIAIOTCA XAMAIECKAME PACTBOPUTEIAME WIK IDY-
rumu, Gojee COBPEMEHHBIME METOJAMM, HAIPAMED B KUCIODOLHOM ILIa3Me.
TakuMm 06pa3oM CO3AAIOTCA yIACTKH 0e3 OKCHIa KPEeMHHA (OKOIIKH), KaK
Ha puc. 8.3, . BriGpaHHbIe yIaCTKH IIACTHHEL JETUPYIOTCA Auddy3uer niu
HOHHOM WMILIAHTAIIAeH, 9TOOBl CHETATh MX MPOBOAMMOCTL p- WM 7-THIA,
A TaKuM CIOCO60M (POPMHUPYIOTCA BCE DIEMEHTHI CXEMEI (DPE3MCTOPHI, KOH-
JEHCATOPHBI, JUOALL, TPAH3UCTODHI).

IIpenMymecTBa OOTHIECKON AUTOrpadun:

- 60abIION BEIXOJ (GOJBINOE KOAXIECTBO 0OPabOTaHHKEIX ILIACTHH B 4ac),
Xopollee pa3pelleHre, HU3KaA LIEHa X IPOCTa IPOLECCa,;

- 1 60see COBPEMEHHOX HAHOMETPOBOM TEXHOJOI' MY MCIOAB3YeTCA dJeK-
TPOHHO-Ty4eBad JuTOrpadua, oHa 6yfeT PacCMOTPEHa JaJbiIe.

Macxa
Macku m3roTaBIMBAIOTCA HA OCHOBE TOIOXKKY U3 IUIABACHOIO KBApI@A, IO-
KDHITOrO caoeM xpoMa. CTaHIapTHbIH pa3Mep Macku — 15 x 15 cm?, Tommumaa
6 M. IlnapneHEI KBapH NOAXOAUT A/ MACKH IO CAEAYIOIMM IDUIHHAM:

1) mmeeT ManeHbKHE KO3hGUUAEHT TEMIEPATYPHOT'O PACIIAPEHNA;
2) XOpOIIO MPOIyCKaeT yIbTPadUOIEeTOBLIA CBET,;
3) mMeeT XOPOLIyI0 MEXaHUYECKYIO MPOIHOCTD.

MacKu B3roTaBIMBaIOTCA C IPUMEHEHNEM KOMIBIOTEPHEIX aBTOMATH3UPO-
BauHbx cucTeM npoexktuposarus (CAD). Mausrie CAD mcnoassyorcs s -
yIpaBieHMa TeHEepPaTOPOM LIAOJOHOB BJIEKTPOHHO-IYYEBOM JIATOrPAdHIECKOR
CUCTeMBI, KOTOpaA TMEPEHOCUT LIAGIOHBI HAPAMYIO H3 IyBCTBATEILHYIO K DJIEK-
TPOHAM MaCKy. 1yBCTBATEIbHAA K DIEKTPOHAM MAaCKa — JTO IOIUMED, XU-
Mugeckue Wi GU3WIECKHE CBOMCTBA KOTOPOrO MEHAIOTCA HOJ AEACTBHEM
SIEKTPOHHOTO Jyda. DTH WAalIOHBI IepeHocATCA Ha ciod xpoma. Ilornaa UC
Pa3fengeTca HA HECKOALKO YPOBHEH MAaCOK B COOTBETCTBHH C IIOCIAEOBATENb-
HocThio Texrodoruy MIC. O6LIMHO i moaHOro mukiaa TexHogoruu VIC Tpe-
Oyerca ot 15 10 20 pasHBIX MACOK.
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Domopesucm
PoTopesrcT — 3TO YYBCTBUTENILHHIA K OOLyYeHMIO MaTepual u3 HOTOUYB-
CTBATEIHHOTO KOMIIAYH/A, IOIAMEDHON OCHOBEL ¥ OPTAHAYECKOT'0 PACTBOPUTEI,
®doTopesucT OHBAET ABYyX TUIOB: NO3ATHUBHLIM ¥ HETATUBHBIH.

Y nmosuTuBHOTO PoTOPE3UCTA OOIYyYEeHHBIE YUYACTKN CTAHOBATCA PACTBO-
PUMBIMH ¥ IIOTOM JIETKO YJAIAIOTCA B IPOIECCe IPOABIEHNHA. PacTBOPUMOCTE —
pPe3yIbTAT CTPYKTYPHEIX H3MEHEHWH, IPOU30meNuuX B (HOTOIYBCTBATEND-
HOM MaTepuaje npu obaydernn. Takum 06pa3oM, pUCYHOK, CHOPMHUPOBAHHEIN
Ha macTuHe, OyJeT TakKMM XKe, KaK 1M Ha MacKe.

Y meraTuBHOTO HOTOpPE3UCTA HA OOGIYyIEHHHIX yHaCTKaX MHUIUHDPYETCA
peakuusa 06pa30BaHUA IOIAMEPHEIX CBA3ed. [loMMMepr30BaHHEIN COCTAB MMe-
€T MOJIEKYJHI C GOJbIIE MacCOM M CTAHOBUTCS HEPACTBODMMEIM B PAaCTBODE
mposBuTensa. [[03uTHBHEIN GOTOPE3UCT MMEET Jydllee Da3pelIeHue, IeM He-
TaTHUBHBIN.

AEKMPOHHO-AYUEBAA aumozpadua

B nepBoe BpeMs M€K TPOHHO-IY YeBad IUTOrPadusa IPUMEHAIACH AJIA U3COTO-
BJIeHNA HPOTOMACOK.

TenepupyeTca 3I€KTPOHHEIA Iy, KOTOPHIHN (POKYCHUPYETCA KOHIEHCOPOM
1o pasmepa ot 10 o 25 MM B guaMeTpe. DTOT Jyd MOXHO HAIIPABUTH Ha JEOG0e
MECTO TIOJA PA3BEPTKH, UCIOABL3YA YIPABIAEMBIN KOMILIOTEPOM MEXAHA3M.

B oTmmuwme ot poTommTorpadum, rie Bech Ha6Op mMAGIOHOB SKCIOHUPY-
€TCA OJHOBPEMEHHO, B BJIEKTPOHHO-IY I€BOU JUTOrPapuH Sy MPOXOJUAT Iy Th
otT mabnoHa K mabaoHy noodepenHo. Ilpum sroMm mponecce He TpebyeTcsa ma-
6s0HA, Tak KaK #HOODPMALHUA O TTOJOXEHUY MAOI0OHOB COXPAHACTCA B KOMIIBIO-
TepHOM damie. X0Td MOCICHOBATEILHOE DKCIOHUPOBAHNWE 3aHEMAET GOJbIIe
BPEMEHH, HO JOCTHUraeMasd IEKTPOHHO-IYYeBOn JuTorpaduen 60apman mwioT-
HOCTb CXEMEL JACTHYIHO KOMIIEHCHDPYET IOTEPIO BPEMEHH.

IIpenMyiiecTBa 2IEKTPOHHO-IYY€BOY JIUTOTrPadUIM:

1) cosgaer reoMeTpui0 CyOMUKPOHHEIX DJIEMEHTOB;

2) DOMHOCTBHIO HOAJAETCS ABTOMATHU3ALMY, IPEHUA3NOHHOMY YIIPABJICHHUIO
¥ KOHTDOIIIO;

3) maeT GombuIyio IyGMHY PE3KOCTH, YeM ONTHYECKAd IATOrPAdus;

4) HampaMyo paboTaeT Ha IOBEPXHOCTH IOJYIPOBOJHUKOBOM ILIACTUHE!
6e3 IpUMeHEHNA MaCKH.

Hedocmamxu: HW3KAA IPOMU3BOJATEIBHOCTL — OKOAO 10 mracTum B 49ac
npu paspemennu ~ 0,25 MUKPOH.

Tpasaenue
B npornecce TpapneHusa CEIEKTABHO YAAIAIOTCA YIACTKA N30MUPYIOWETO CI0s,
He 3aKpHLITHIe MAGIOHAMY, IEPEHECEHHBIMA OT MACKH.
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Baaacrnoe mpasaenue
IIpm BraxHOM TpasieHmu cioit SiOg crpaBruBaerca (yxargeTca) pa3babieH-
geiM pactBopoM HF, mHOrzAa ¢ moGaBrenuem ¢ropupa ammonusa (NH4F), xo-
TOpLIN IPAMEHAETCA [JIA yOpaBaeHus ypoBHeM PH, 4T0O6L! yIydinuTh peXuMbI
rpaBieH#sA. VIMeeT MECTO CIeAyIomas XAMUYECKAA PEAKIAA:

SiO9 + 6HF — HsSiFg + 2H50.

CKOpOCTb TPABIEHUS YIPABIAETCA KOHIEHTPALUEHN TPABSAIIET0 PACTBOPA, TEM-
IepaTypO, KPOME TOr'0, 33BUCAT OT IVIOTHOCTH, IIOPACTOCTH M MAKPOCTPYK-
Typsl caoa SiOs.

IIpo6GaeMor MOKPOrO TPABIEHUS ABIAETCA 3HAYMTEILHOE IO ATPABIMBAHNAE
[OJ CJI0OEM MACKH, IOTOMY 9YTO TPABJIECHAE — IPOLECC U30TPOIHLIA U IPOHC-
XOOWUT BO BCex HampasieHwsx (puc. 8.8, a).

Cyzoe mpasaenue (naasmennoe mpasienue)
dTo 6osee mepefoBasd TEXHOIOTHA TpaBieHus. [l1azma cocTouT u3 Bo36y X AeH-
HBIX HEUTPAILHEIX YaCTHII, 3 TaKXKe M3 MOHOB ¥ DJIEKTPOHOB.

[as cyxoro TpasieHUs BLIOMPAETCA r'a3, KOTOPLIA BCTYHAET B PEAKIUIO
C MOAJIEXAIMM YAAICHAIO MaTepraIoM. [liis KDeMHUA U er0 COeJMHEHUH, TPa-
BAIWHA T'a3 COAEPXAT GTOp. AOMUHMI yIANA€TCA XIOPOM H €0 COETUHEHMAMY.

IIpu cyxoMm TpaBieHUWM, MAaCKAPOBAHHAA IUIACTUHA MOJBEPraeTCA BO3AEH-
CTBHIO ILIA3MEL. B030yX/JeHHBIE HEETPAJbHbLIE YACTUNLI XAMUYECKA B3aUMO-
JEACTBYIOT C MaTEPHUAJOM, KOTOPHIU TpebyeTca yAalIuTh B OOIACTH BO3IEH-
CTBUA, 3 MOHEHI ILIA3MBI 60MOAD JUPYIOT MOBEPXHOCTh M (PU3WIECKH YAJIAIOT
06paGOTaHHLI MATEPHAL.

ITOT HPOIECC AHE3OTPOIHOI'0 TPABICHWA HAET YUCTHIE BEPTHKAILHBIC
cpeswl (puc. 8.8, 6). Juddysna m MOHHAA MMIIAHTAUMA — [ABA OCHOBHEIX
ME€TO/ja JETMPOBAHUA MOIYIPOBOJHUKOB IIPH NPOU3BOACTBE KAK JACKPETHBIX
IpUOOPOB, TaK W MHTErPAILHEIX CXEM.

mnB IV

Puc. 8.8. [logrpasmmuBanue IpH M30TPONHOM TpaBieHuM (BIaXHOEe Tpasiaenue) (a),
9eTKO CTPABICHHEIE BEPTUKAILHEIE CPE3bI (CyX0e TPaBIeHnE — ILIA3MEHHOe
Tpasnenue) (6)

-~
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Auppyszua
IIpumecu guddyHAUPYIOT B KDEMHUU Y€Pe3 OTBEPCTUA (OKOIIKK) B CIOE OK-
cuja. s 5Toro MaCKEpOBaHHAA ILIACTUHA, IOABEPraeTCA BO3/JEUCTBUIO IPH-
MeCH BBICOKOW KOHIIEHTPAIAU, X UMEeT MeCTO TBepaaa auddy3us.

Juddysua npumecern B HOIYITPOBOJHUKOBYIO IULIACTUHY MPOXOAUT IPH TOY-
HO IOJIEeDXUBAEMOM BHICOKOW TEMIEPAType B KBApIEBOU TPybe, Uepe3 Ko-
TODPYI0O HPOXOJUT CMECH raza, colgepxkamero TpebGyemule mpuMmecu. Iloxnep-
xwuBaemas Temmeparypa — oT 800 mo 1200 °C. Ymcno aTromoB mpumecw,
1ubPYHIUPYIOUMX B MOAYIPOBOAHWK, 3aBUCUT OT MAPIUAILHOTO JABICHUA
[PUMECH B T'a30BOU CMECH.

HaumGosee mpeamovuuTaeMoi IPUMECHI0 B KPEMHEA A CO3IaHUA IIPOBO-
OUMOCTH D-THIA, ABIAETCA 6GOp, a IPAMECHIO N-THUIA — (HOCHOD X MEIIBIAK.
DTy NpUMecH UMEIOT XOPOIIYI0 PACTBOPHMOCTS B Kpemumu (> 5 x 1020 cm~3)
BO BCeM quamna3oHe TemuepaTyp auddysun. [Ipumecu moxHO BBEeCTH U3 TBEp-
[Or0 UCTOYHWKA, U3 XUIKOU WIK Ia3000pa3HON CPEIEL.

BN, Asy03, PoOs — TBepabie MCTOYHWKM COOTBETCTBEHHO GOpa, MEIL-
umbAka 1 pocdopa. [ag Tex xe NpuMecer XUIKAMA UCTOIHAKAMHA ABIAIOTCA
BBr3, AsCls u POCI3, razoo6pasasimu — BoHg, AsHz, PH3. HauGonee mmu-
POKO MCIOIL3YIOTCA XUJKUAE UCTOIHUKY.

Ha puc. 8.9 u3o6paxena cxeMa 5KCIEPUMEHTAILHON YCTAHOBKY VI BBEIE-
HUA IPUMECER M3 XUIKOr'0 MCTOYHUKA. Hampumep, Iia XUIKOrO MCTOIHUKA
docdhopa xumuaeckas peakiysa GyAeT CaefyIOmen:

4POCl3 + 302 — 2P205 + 6Cl3 1.

OnekTponeyb
O0000O000O0

2 200000 [p)-owe

Q00000000

Nz

02

Knpxnin NCTOHHMK npumecun

Puc. 8.9. Cxema auddysun npuMecu U3 XKUAKOr0 UCTOIHUKA,
P05 ocaxpgaerca Ha KpeMHHEBOU ILIACTHHE MONOGHO CTEKIOBUIHOW IO
BEPXHOCTH ¥ IIPU BOCCTAHOBIEHUYN KpeMHUEM 00pasyeT docdop:
2P205 + 5Si — 4P + 55i0s.

Docpop auddyHIUpyET B KDEMHUU U [JEIAET €r0 NPOBOAUMOCTDL 7-THU-
ma, XJOp YHOCHTCA 4depes Beixon. [uddysus npuMecu B OCHOBHOM TaKOU XK€
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mpolecc, Kak marobad dusrdeckas wiv XuMudeckas Auddys3ud, Takou xe, Kak
nporecc nuddysun HOcuTelxen 3apafa B noxynpoBogauke. CkopocTs aud-
¢ysum aTOMOB — GYHKIUA IDAJUEHTa KOHIeHTpanuu. Eciu KOHIeHTpanua
npumecu C Mala, TO mpouecc aud@y3uu MOXHO BHPa3uTh 3akoHoM Puka (B
OHOM H3MEDEHUM), 3 EMEHHO

dC /8t = D(8°C/0z?),
rixe D — xoadpdpunment ngupdysum.

Honnasa umnaanmayus

HonHas wMILIaHTaIMa — APYrou IPOLECC JerupoBaHusA. llpu sermpoBanuu
MOHHOY IMILIAHTAIVEN 3aPAXKEHHLIE NOHE TPUMECH UMILIAHTUPYIOTCA B TIOJLY-
IPOBOJHUK B BH/€ IIyIKa BHICOKO3HEpreTuieckux noHoB (puc. 8.10). Kornen-
Tpalui ¥ pacupefeleHre MPUMECK B INOLYNPOBOLHUKE ONPENEIACTCA MaCcCOU
1 SHepPruey MOHOB.

OO6BIYHO WCHONL3YEMEIE DHEPIUN
UMIUIQHTAIAM JEeXaT B AWANa30HE High energy dopant ions
or 1 KoB g0 1 MaB, u B pesyias- lllllll
TaTe MAKCHMAJIbHAS KOHIEHTPALAA
HAXOQWTCA B CPEJHEM HA DACCTOA-
Hrm oT 10 BM 10 10 MKM OT moBepx- |
HocTu. KoHIeETpanusa nOHOB MOXET
meraTsea ot 1012 go 10'8 wom/em?.  / \

BHeApAsAch B HOJIOXKY HOHEI Te- | Semiconductor !
PAIOT CBOIO DHEPrHI0 MDY CTOXKHO-
BEHMAX C AJpaMH U dIeKTpoHaMu. Puc. 8.10. Jlernpopanme MOHHOM HMILTAHTAIMN
ITOT NPOIECC MOXET BLI3BATH HEKO-
TOpHIE Pa3PYIIEHNUA B CTPYKTYP€ KPUCTANLIA U U3MEHUTH HEKOTODHIE TapaMe-
TPH MaTepuaaa. 1J0ABMXHOCTEL U APYyrHe NapaMeTPH MaTepuaia B Goiblien
CTemeHn MOXHO BOCCTAHOBHTBH IIPOIECCOM, KOTODBIM HA3LIBAETCA OHICTPHIM
TEPMUYECKUAM OTKUTOM.

OcHOBHBIE TPEMMYLIECTBA METONa MOHHOW MMILIAHTAIAA IEpPe] MPOLEC-
CoM mudpdys3un ciaemyIomme:

1) 6onee ToIHOE yIpaBleHUE IIPOIECCOM;
2) 6ombImas BOCIPOM3BOLUMOCTD;
3) 6omee Hu3Kme TeMIEPATYPHI IPOLECCA.

8.8. MeTtannusauua

Hocae 3aBepmerEns quddgy3un Wi HOHHON MMILIAHTAINA TPeGyeTcs u3roTo-
BATH OMHYECKME KOHTAKTHI M MEXDIEMEHTHBIC COEIMHEHUA. DTOT IPOIECC
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HA3HIBAETCA MeTarum3anuein. MeTalindeckue IIEHKHA MOT'YT 0CaXIATHCA Ba-
KYYMHBEIM HaIBUIEHWEM, U Haubo/lee MOAXOMANIAY METAJ [JIA STOr0 — AMIOMH-
uui (ygeasHoe conporusienue 2,7 MKOM:CM) Wiz €ro CILIABEL, T. €. ATIOMUHHAMN
¢ HeGONbIIAM TIPOLEHTOM KpeMHusA win MeAu (yerbHOoe COMPOTHBICHVE 0
3,5 MxkOm - cm).

IIpu mmpoxo mpuMeHAEMOM CyOTPAKTUBHOM IPOLECCE CHAYANIA C ILIOIIa-
IOK, rae TpebyeTca MeTalIu3anna, yaaaierca ciaon Si0g. 3aTeM Ha BCIO ILIo-
MAab INIACTHHBLI OCAX JAETCA METALIAIECKAN CJIOM BAKYYMHBIM HAIILLICHUEM,
WcTounuk MeTawia ucuapiaeTca uid 60MGap JEPOBKOM DIEKTPOHHBIM Iy YKOM
B BaKyyMHOU KaMepe wiu GoMOGApAMPOBKOW MOHAMY NPW HU3KOM [JABJCHAR
(pacnbuiAeTcs). ATOMBI WCHAPEHHOIO METAIA OCAXKAAIOTCA, 06pasys OfHO-
poauyio mienky Ha miacture. [locie 5Toro HenyXHbBIE yIaCTKU METALIA yaa-
JIAIOTCA IIPH IMOMOIIY H3BECTHHIX METO/IOB JUTOrpachuy U TPABICHUA. IUCTHIMA
AMIOMEHAHN CO34AeT HMPOOIEMEI, CBA3AHHHIE C DIEKTPOMUTDAIMEHN, IIPU KOTO-
PO# aTOMBI AMIOMUHWA MEPEHOCATCA TOKOM BHICOKOW ILIOTHOCTH. lIpm 5TOM
B METALIMIECKAX JOPOXKAX MOryT 00pa3oBAaThCA PA3PHIBEL, HAPYIIAIOUIUE
paboTOCIOCOGHOCTE CXEMEBL. JTa MPOGJIEMa PELIaeTCA UCHOAL30BAHUEM CILTA-
BOB IIOMWHUA, YIOMAHYTEIX BEHIIIE.

8.9. SnuTakcuanbHbli Crion

IIpu sIMTAKCHAILHON TEXHOJIOTMW STANE, PACCMOTPEHHEIE BHIIIE, HAIPAMYIO
K TIOIYIPOBOJHAKOBON ILIACTHHE HE NPUMEHATCA. Ha moaympoBOgHMKOBOR
ILTACTHUHE, CLyXAIle Wb IMOANOXKKON, IO TEXHOMOTUN OCAXKIEHUA U3 ra3o-
06pas3Hou (POPMHBI BHIPAILUBAETCA CIOH, HA3LIBAEMBIN SIUTAKCUATLHEIM CIOEM.
Ina ¢popmuposanua VIC n-p-n-TpaH3ucTOPOB HA MIACTUHE P-THUNOA BHIPALIU-
BaeTCA SMUTAKCHATLHLIA CJIOH 71-THIIA 0 METOLY XUMUYIECKOI'0 OCAX NeHU I3
napoBoi (ra3oBoir) Gaswl. JMUTAKCAAILHEI CJI0K GOPMEPYETCA HOCPELCTBOM
XMMWYIECKOM DeakIuy Mex gy ra3o00pasHbIMu coefuneHuamu (puc. 8.11).

BY-HarpeBatens

000000000

-
[N /

Bbixop,

Si2l4 fervpyiouas O O/ OO O OOOO KpemHuesble MNACTUHDI
+Ho npuMech

+Hy [paduToBLIN pepxaTens NOAN0XEK

Puc. 8.11. CxeMa BHIpAIIMBaHUSA SNMUTAKCAAILHOTO CIOA IO METOAY XAMUIECKOT'O 0C3-
X JeHUS
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JLna BHIDAIIUBAHWA KPEMHUEBOr0 SIUTAKCUAILHOIO CIIOSA IPUMEHAIOTCA [e-
reipexxaopucteiil kpemuni (SiCly), cuman (SiHg) u T.m. B pesyasTare peak-
puu, npoxogamen npu 1200 °C, BelpammBaeTca CI0M KPEMHUAA:

SiCly + SiH4 — Si+ 4HCI.

O6paTHBEIA X0 PEaKIMA NPENOTBPAIAETCA 10/ JEPKUBAHUEM KOHIIEHTDAINA
4eTHIPEXXJIOPUCTOr0 KPEMHMA HA MUHUMAILHO HEOGXOAUMOM A TpebyeMon
CKOPOCTH BBLIDAIVBAHUA yPOBHE.

Jlerupytomue npuMecu BBOIATCA
BMECTE C YETHIPDEXXJOPUCTHIM YIJIe- 3nm§§g:ingaﬂ
pPOZIOM BO BPEMsA SIUTAKCUAILHOIO : \

BHIpAIIZBAHMA. ['a3006pasHbIl AuGO- | T /| (~25 MK TonumHbI)
par (ByHg) mpumenserca kxak mpm- ! ~300 Mkm N
Mech p-Tuma, a dochur (PHz) mma | l Kggz:‘:;:;\ﬂ !
apcun (AsH3) — xak npumecs n-tm- /
na. Bogopoa B 9TuX XuMuecKux co- Puc. 8.12. PopMupOBaHUe SMUTAKCUAILHOR
eIUHEHUAX [EUCTBYeT KaK Pa30aBH- mremku Ha MOTOKKE

Telb AJMA JydIIero yIpaBleHUA KOH-

IEHTpAIMEd IPUMECH B IIOTOKE.

B mTore BrpammBaeTca ~ 25 MKM IUIeHKa Ha p-moauoxke (puc. 8.12).
Nurerparsnas cxeMa NOMHOCTHIO GOPMHUDPYETCA B IPEAEIaX STOMO CIOA TOM-
IUHOX ~ 25 MKM IO JTalaM, KOTOpPHIE MEI PaCcCMOTDPEIN B OPEIBIAYIIAX
pasienax.

8.10. UcnibiTanne n MoHTaX B KOpMyC

lonympoBogEMKOBasA ILIACTHHA COAECPXUT GOMBLIOE KOMMIECTBO U ICHTHIHEIX
HC. Yro6m oTo6paTh paboTamomue IPABIILHO U OTGPAKOBATL HEDYHKITHO-
HEpyIOm@e, TPOBOAATCA diekTpudeckue ucnbiTanus xaxgou VC. IlnacTtuna
paspesaeTcAs Ha OT[AEIbHBIE KPUCTALIEI WHCTPYMEHTOM C AJIMA3HBIM HAKO-
HEYHMKOM (€CTh METOABI Pa3pPe3K! Ja3epHbIM Jyd4oM). Kaxabi Kpucramr
cogepxut oguy MC.

IIpu npocToMm croco6e MOHTaXa KaXJABIM KPUCTAMI OGPATHOM CTOPOHOR
IpUNAMBAETCA K KOPIyCy. I[pOBONHUKY COENUHAIOT KOBTAKTEI Ha KPUCTAJLIE
C BHIBOJaMH KOPIIyCa, KaK IIOKa3aHO Ha pmc. 8.13.

Baxmo oTMeTHTh, YTO COPHMHKHM WIN OBLIH MOL'YT BHIBECTH KPUCTAJLI W3
crposa. IloaToMy mpomecc MPOMCXOAUT B YHUCTHIX INOMEMEHUAX, TAKHX KaK
4ucThIe moMemnenusa knacca 10, 9To o3HadaeT, 4To Toapko 10 udacTun (uHO-
POJHEIX MaTEPHAJIOB, YACTHI] IILUIX) MOTYT GBITH B OJHOM Ky6HYecKoM ¢yTe
B IIOMEIIEHNH.
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Te] 7
MpoBoAHUKN
Kpucrann UC
S 9 0 e

—
| /Y )/

7 . -

o Ol

Kopnyc :
BHeLwHWe BbIBOAbI

Puc. 8.13. MorTax xpucramia IC ¢ npoBogHUKAaMY, HOACOCAUHEHHBIMY K BHEIIHIAM
BBIBOJaM

8.11. 3akntoyenne

[nsa npoussoncrea VIC B HacTOAmEe BpeMsa UCHONL3YIOTCA JBA MATEPUAIA, —
xpemuny # GaAs. GaAs — NOIynpPOBOAHWK C MPAMEBIME IEPEXOSAMYA U UMEET
HOABUXHOCTD BIEKTPOHOB Bhime (~ 3 pas), yem kpemumii. Ho B HacToamee
BpeMsa TexHoaorua ¢ GaAs JOpPOroCTOoANIAs W €0 UCHOAL30BAHUE OIPAHMIEHO
TONBKO I'MI'arepliOBEIME IpubopaMu.

B 5TOR riaBe OCHOBHOE BHMMAHWE OBLLIO yAENEHO KPEMHMEBOW TEXHOMIO-
ruy, XOTA GOJBIINHCTBO PACCMOTPEHHEIX MPOIIECCOB MOT'YyT OBITH MIPUMEHEHE
¥ K OPYyrEM MaTEPHAIAM.

PaccMOTpeHEI TEXHOIOr MY OINCTKY KPEMHNA U BRIPAIIUBAHUA KPUCTAJIOB
o MeToay JoxpaabCKOro u mIaBaiomen 30H0M. TeXHOMOTUA MIABAIOMIEN 30HE
He Tpe6yeT TUreld, PACILIABIEHHYIO 30HY YA€PAKUBAIOT CUILI IOBEPXHOCTHOI'0
HATAXEHUA. JTO MO3BOJAAET METOJOM ILIABAIOIIEN 30HBI MOLYIATH 0CO00 TH-
CThie KpUCTAWIHL. [l COBpEMEHHEIX IPUGOPOB TPEOYIOTCA MOLYIIPOBOJHUKH
C BBICOKHM y/edbHbIM compoTubieaueM (10 Oum - cm).

Onwucano GOMBIIKHCTBO STANOB, IPUMEHAEMBIX 1A npousBoacTsa MG, Ta-
Kre Kak GOPMEPOBAHAE OKCUIHOTO CJI0s, GOTONUTOrpahuIeCcKu METO, IPO-
IIeCCHI TPABIEHUA U T. J.

Ha mpumepe w3roToBieHHA TPAH3UCTOPA IPOMLIIOCTPUPOBAHEI Pa3HEIE
oTansl TexHomoruu. [as FuoIOB, PE3UCTOPOB M KOHAEHCATOPOB HEKOTODHIE
STalbl HPOMYCKAOTCA. TaMm, rae 6BLI0 HEO6XOAMMO, TakKXKe ObLIN NaHBI BME-
CTe C TEXHOJOTMEN U CBEIEHUA O MATEPUAIAX.

B paccmoTpenune Geuim BKIIOYEHBI HauGolee COBDEMEHHEIE U IPOrDECCHB-
HBIE TeXHOoJOruu. Hampumep, KpaTKO PaCCMOTDEHH ILIA3MEHHOE TpPAaBJIEHAC
¥ 2JEKTPOHHO-IYI€Basg JUTOrpadus.



3adavu 23\5)

HononnutenbHasa nurepatypa no teme

1. Gary S May and Simon M. Sze, Fundamentals of Semiconductors Fab-
rication, John Wiley & Sons, Inc. (2004).

2. Richard S. Muller, Theodore I. Kamins and Mansun Chan, Device Elec-
tronics for Integrated Circuits, John Wiley & Sons (2003).

3. Theodore F. Bogart, Electronics Devices and Circuits, Universal Book
Stall, New Delhi, 1988 [original publication: Bell & Howell Company
(1986)].

Bonpocel

8.1. Yo ofmero u B YeM pasuuiEa Mexgy npoussoacteom VC u mpomssonacTsoM
OUCKPETHBIX Ipu6opos?

8.2. Ilouemy mas npomsBogcTBa MC He ncnoansyioT repMasun?

8.3. Kaxue napamerpsl GaAs NpuBIEKATEIHHE] IJIs IPOM3BOACTBA coBpeMenubx C?
8.4. Ilouemy pasa npouwssBogcTsa MC maubosee MUPOKO NIPUMEHAETCA KPEMHUI?
8.5. Ilouemy pus mpomwssoacrsa IC TpeSyercsa KpeMHUA YUCTOTHL 7 JEBATOK ¥ BEOLE?
8.6. Kaxk momyyaroT kpeMHUA TPUGOPHOU IACTOTHI?

8.7. CpaBHUTE METOALI BEIDAIIMBAHUA KPUCTAMLIOB: 0XPATbCKOr0 X ILIABAIOLIEN
3O0HHL.

8.8. Uro Takoe mIaHapHAA TEXHOJOrUA mpousBoacTsa UC?

8.9. HaszosuTe mponeccel, NnpuMeHsaeMele mpu mpoussoactse UC.

8.10. Kaxosa poub okucuOro caos (cnos SiOsz) mpu mpoussogcrse UC?
8.11. Yro Taxoe MOII-kougencaTop?

8.12. Kaxk p-n-nepexox B UC ucnoabayercs Kak KOHIEHCATOD?

8.13. Kakumu cnocob6aMyu MOXHO Ha KPUCTAJLIe CPOPMUPOBATE PE3UCTOD?
8.14. KpaTko pacckaxxute 06 2JIEKTPOHHO-Iy9eBOH JUTOrDadMM.

8.15. KpaTKO PacCKaXuTe O MPOLECCE IIA3MEHHOT'O TPABICHYA.

3apaum

8.1. TloBepxHOCTHOE COMPOTUBIEHUE AuddHY3UOHHOrO p-ciog cocTariger 200 Om/O.
BBI“II/ICJIPITB TOJNIINHY CJI0A B MUKDOHAX, €CJHU yAeJbHAA IMIPOBOJUMOCTL p-Ma-

Tepuana 25 Cm - cm~ 1.

Omeem: Tomumaa 2 MKM.
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8.2.
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[liuHa mOJOCKN DPE3uCTOpa, P-TUNA MEXIY ABYMA KOHTAKTHBIMU D-yIaCTKa-
MU C XOpOIIeH NPOBOAUMOCTHIO PaBHA 5 MKM. IllupuHa pe3uCcTUBHOUN MOIOCKH
1 MM, Tommuua 1 MxM. Tpebyemoe conporurienne 2 kOm. OnpeaenruTsb, Kaku-
MU JOJKHEL GEITH IOBEPXHOCTHOE CONPOTHBIEHUE U yAETHHOE COINPOTUBICHAE
MaTepUaIa [PYU ITUX YCIOBHUAX.

Omeem: mnosepxHOCTHOe compoTusrenue 400 Om/0O,
yaeabHoe conporusrenue 0,04 Om - cm.
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MOJIEBbIE
TPAH3NCTOPDI

IToreBbie TPaH3KWCTODHI ABIAIOTCA BTOPHIM IHOKOJEHUEM TPAH3UCTOPOB IOCTE
GUIOIAPHBIX TPAH3UCTOPOB. IIpUHIUN NeUCTBUA STUX TPAH3UCTOPOB Pa3/IH-
geH. B OunomapHOM TpaH3ucTOpe, KaK GLLIO MOKAa3aHO B L. 3, GYHKIMOHH-
pOBaHME 3aBUCHT OT IIEPEHOCA HEOCHOBHBIX HOCUTENEH Ie€Pe3 Y3KYI 06JacThb
6a3bl. A [nercTBHE MONEBBIX TPAH3MCTOPOB OCHOBAHO HA YIPABICHHH OCHOB-
HEIMY HOCHTENAMY B KaHAJE MPWIOXEHHBIM HAPAXKEHNEM WX IPUIOXECHHLIM
noneM. TakuMm 06pa3oM, MOJeBbIe TPAH3UCTOPH — YIIPABIAEMEIE HAIIPAXECHU-
€M YHUOOJAPHEIE TPHOOPHI, UMEIINe HAMHOI'O OOJBIIN BXOJHON MMIIEIAHC,
9eM OUIONADHBIE TPAH3UCTOPHI.
CymecTByeT ABa THUIIA HOJEBBLIX TPAH3UCTOPOB:

— IOJE€BhIE TPAH3UCTOPHI C P-N-IEPEXOJOM;
— [OJIEBHIE TPAH3UCTOPHL CO CTPYKTYPOU METAJLI — OKUCEJ — IOIYTIPOBOJ-
uuk wix MOII-TpansucTops.

Bosmoxmurl u gpyrue cTpykTypel. 06a TUna MOMEBLIX TPAH3UCTOPOB IPO-
M3BOIATCA KAaK NUCKPETHERIE IPUOODEL, TaK U B COCTABE MHTEI'DAILHELIX CXEM.
B nacrosmee Bpema MOII-Tpar3ucTOpE! HanboI€e UPOKO IPIMEHAIOTCA B 1t~
POBBLIX WHTETPATLHEIX CXEMAX, IOTOMY YTO OHH MOT'YT QYHKIMOHEPOBATE KaK
KOHI€HCATOPHI, KAK PE3UCTOPHI WM KAK NEPEKII0YATENN, He CINTAA TOr0, 9T0
OHM JEUCTBYIOT ¥ KaK yCHIHTEJIH.

TeMbl, paccMOTpeHHble B 3TO rnase:

~ CTDPYKTypa M TPWHIVII JEUCTBUA NOIEBLIX TPAH3UCTOPOB C P-N-IEPEXOI0M;

— crpykrypa MOII-TpaH3ucTOpPOB 1 06pa30BaHUE KAHAIA;

— o6ennenubin MOII-TPaH3UCTOD, €r0 CTOKOBBIE U IMEPENATOIHEIE XaPaK-
TEPUCTUKU;

— o6oramenasin MOII-TpaH3nCTOD, €ro CTOKOBBIE M IEPEATOYHEIE Xa-
PAKTEPUCTHUKH;

— CpaBHEHME GUIOMAPHBIX U MOJEBLIX TPAH3UCTOPOB.
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9.1. Monesbie TpaH3nCTOPbLI C P-1iHiepexoaoM

IloneBrbie TpPaH3HCTODPHL C P-N-OEPEXO-
3arsop O6nactb 06eaHeHns oM OBIBAIOT IBYX THUIIOB — C N-Ka-
HaJoM u C p-KamajgoM. CHaYamIa MBI
6yeM W3y4aTh HOJEBBIE TPAH3UCTOPEL
- ; ¢ n-xaHajioM. PacmpocTpaHenwe KoH-
VicTox &— o n-kanaj % Crox LEHIUA Ha IOJEBOM TPAH3UCTOP C p-
kanajaoM npocTto. CTpyKTypa moaeBoro
TPAH3UCTOPA C P-N-IEPEXOAOM IIOKa-
3ana Ha puc. 9.1. Ha aByx cropomax
MOJXYNPOBOJHUKOBOM ILUIACTHHLI 71-TH-
Puc. 9.1. CTpyKTypa n-KaHAILHOTO HOXe- 114 com JAHBI BE CHIbHOJEMPOBAHHDIX
BOTO TPAHHCTOPA € prn-HepexoAom p-o61acTu. ATH ABE P-06JIACTH BHYTDH

COEMHEHE BMeCTe M O0pasyloT OmuH
BBIBOJ[, HA3LIBAEMEI 3aTBOPOM. [IBa ODPYruwX BHIBOAA, KAK IOKA3AaHO HA PU-
CyHKe, 06Da30BaHLI Ha ABYX KOHIIAX IIOJIYIPOBOJHUKOBOM ILIACTHUHEI.

Mexay aByma p-obmacTaMu 3a-

Vas | - TBOPa HaXOAUTCA N-00JacTh, HA3B-
! BaeMasa KaHajoMm. Ha pwmc. 9.1 wuso-
6paxeH n-kazHail. EcTecTBeHHEBIE TIPO-
meccel apenda um aubdysum 3apa-
OB Ha, p-n-nepexoje o6pasyioT o6ia-
cTu 0GeIHEHUA Ha 'PAHMIIE P-3aTBOPA
u n-nognoxku. Ha pucymke mokasa-
HBI 00€ 9Tux obaacTu. [las HOpMaIb-
HOU pabGOTHI N-KAHAJILHOI'O IOJEBOT'0
TPAH3UCTOPA C P-N-TEPEXOAOM BHEMI-
| HUY MCTOYHUK HANDPAXKEHAA IPUKIA-
IBIBA€TCA TAaK, YTOOBI CTOK OBLLI IIO-
JIOXUTENEH 10 OTHOLIEHUIO K MCTOKY-
OTO HAIIPAXKEHWE BLI3LIBACT TOK, HA-
3BIBAEMBIZ TOKOM CTOKa, I, KOTOPHIHA
OPOTEKAET MEXIY CTOKOM W MCTOKOM. TOK CTOKa B 7N-KaHAJILHOM HOJEBOM
TPAaH3UCTOPE COCTOMT TOJHKO U3 DIEKTPOHOB, MCXOAALIMX U3 WCTOKA (OT-
CIO/ja HA3BAHWE (MCTOK»). [Ipyro#l MCTOYHWK HAIDSXEHWA, MOJKJIIOYeHHBIA
MEeX [y 3aTBOPOM M UCTOKOM, OTPUIATEILHEIM MOMIOCOM K 3aTBOPY, CMEIAeT
P-n-TIePeXObl Ha, KaX 0o CTOpOHe KaHaia. Cxema m3obpaxena Ha puc. 9.2.
IMTupuna ob6racTen oGeNHEHUA 3ABUCAT OT BEAUYUHBI OOPATHO CMENIAIOIIE-
ro HanpaxeHus Vgs. Eciu Vgg crameTr oTpunarensuee, o6ractu o6enHeHnAd
DPACIIMPAIOTCA W MPOHUKAIOT BHYTPhL OOGAACTH KaHAIA, MOTOMY 49TO 06JaCTh

|||—

Vbs

Puc. 9.2. CramgapTHOE CMeuleHWe 7-Ka-
HAJLHOT'O OJAEBOr0 TPAH3UCTOPA C p-n-mepe-
X010M
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KaHa/la JerHPOBaHA HAMHOrO ciaabee, ¥eM pT 3aTBOPHL B pesyrsTaTe KaHal
CTaHOBUTCA yXe€.

Uccnenyem, xak 6ygeT MEHATHCA TOK CTOKA [p IpU yBeIWYEHUW HAIIDA-
XeHuA CTOK—ucTOK Vpg. IlpenmomoxmM, 4TO 3aTBOP HAKOPOTKO COEIUHEH
¢ ucToKoM, Tak 470 Vs = 0. IIpu yBenruyuenun Vps Tok cTOKa Oy IeT IUHETHO
BO3PACTaTh, KAK 3TO U OHIBAET C MOJYIPOBOAHWKOM IIPY MAJBIX MPUIOXEH-
HHIX HanpsaxeHusx. Tok cToka caenyer sakony Oma u Ip = Vps/Rps, rae
Rps — compoTuBienue xkaHajda. Jepe3 mapaMeTpnl KaHala Rpg MOXHO BbI-
pPas3uTh caenyiomuM o6pa3omM

L
cA’
rage L — pioumHa KaHala, 0 — Y[OeIbHAS MPOBOAMMOCTDH 7-HOJYIPOBOIHUAKA
u A — cpenuaa WIOMALb NONEPEIHOr0 CedeHua KaHana. OTMeTuM, 9To pac-
npocTpasenue 061acTu 0O0eJHEHUA B KAHAJE YBEIUINBAETCA NPYU yBEIUIeHUN
Vps. lllupuna o6eguennon obnacTu Goabiie (a KaHAL yXe) BO3IEe CTOKA, 9€M
BO3JIE 3a3€MJIEHHOrO ucToKa (puc. 9.3) (6ygeT 0GBACHEHO HUXE).

IIpoduns obracTu obenuHeHmMs Ha
puc. 9.3 MOXHO OOGBACHUTL IaJEHU- Ves=0
€M HaIpAXEHWs BIOJIL KaHAJNA, BHI-
3BAaHHBIM NPOTEKAHWEM TOKA CTOKA.
Hanpsxenwe y BRIBOJa CTOKA paB-
#H0 +Vps IO OTHOLIEHWIO K WCTOKY,
a BBIBOJ WMCTOKA WMeEET IOTEHIIWAJI
semnu. Hanpaxenwe Ha KaHaile 6ouee
OO ATENLHO BOIMU3U cTOKa. IloaTo-
My HaIpsXeHue 06paTHOrO CMENICHUA
MeX Iy P-3aTBOPOM M N-KaHAJIOM 601b-
nre BOIM3U CTOKA, ITO 00yCIAaBIUBACT
Goee MUPOKYIO OGIACTS O6EHEHH 1l_:'Ixam. 9.3. Ceuenme obGmacTu obejHeHHUA.

p¥ yBeauwdeHuu Vpg UIMpUHA KaHAIA BOIU-
BozJle cToKa. HampskeHue KaHaNa 0a- sy sarsopa ymensmaeTcs
JaeT o Mepe IpUONMXEHNA K UCTOKY
U, CIefOBATEILHO, 00JACTh O0eHEHNA CTAHOBUTCA IMUPE Yy MCTOKA, KAK 3TO
m3o6paxeno Ha puc. 9.3. Eciu nanee yBernuuBats Vpg, ABe o6macTtu o6ente-
HUA KOCHYTCA ODYr Apyra BO3Jle CTOKa, KaK HOKa3aHO Ha puc. 9.4, a. IT1O
CocTodgHME HasbIBaeTCA oTceukon. Hampaxerme cTtoka Vpg, Ipm KOTOPOM
IPOMCXOAUT OTCEYKa, HA3HIBACTCA HAIpMXeHumeM oTcedkm V. CiegoBarems-
HO, npu oTcedke |Vpg| = |Vp| 1 mepexoan 3aTBOp-KaHA! CMELIEHH 06PATHO
HampsXeHueM, paBHEIM —V,. Hampsaxenwe oTceukm — BaxHBIE IapameTp
IOJIEBOT0 TPAH3WCTOPA, C P-n-IepexofoM. Ero Bermumma 3aBUCAT OT ypOB-
Hell JerupOBAHUA U I€OMETPUIECKUX DPa3MepOB IpuGopa. V, OTpHIATEIbHO
Y TONEBEIX TPAH3WCTOPOB C N-KAHAIOM ¥ IIOJOXWUTEILHO y TPAH3UCTOPOB
¢ p-kanaaoM (Tabu. 9.1).

Rps = (9.1)

v 3aTBop
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3arBop

NcTok Crok

Ipss

'l [Vol Vpsmax)  Vps
a) 6)

Puc. 9.4. TIpu onpenenennoMm Hampsxenuu Vps ABe 30HBI 06eJHEHUA CONPUKACAIOTCA
B6mu3u cToka (a). Crokosas xapakTepuctuka npu Vgs = 0. OTrmeruM, 4To
Bee Vpg(maz) TPOACXOANT IPOGOIL (6)

Tab6auua 9.1.
Turn moseBoro TPaH3UCTOpa 3HaK HAIPAXEHUA OTCEIKU
T-KaHAJbHBIA C P-N-II€PEX0I0M Ve
P-KaHAJBHLIA C P-N-1IEPEX0I0M +Vp

BcenomuuMm, aTo 06:1acTE 066 fHEENA — 06JACTD C BHICOKAM CONPOTHUBICHN-
em. DTu 061acTH Hanboree mupoKue (1 cyxaioT Kanax) upu |Vps| > |Vp|. ITo
BEIBEIBAET YBEIWYEHUE CONPOTHBICHUSI KAaHAIA. [I09TOMYy TOK CTOKA mepecTa-
€T PacTHd MPONOPIUOHAILHO Vg M HATNHAET BLIDABHUBATECA. TOK JOCTUraeT
MakcuMyMa npu oTcedke. OH 0CTaeTCa moYTH nocTosHHEbM pH |Vps| > |Vp
M3-33 caMOynpaBigiomerocsa mpomnecca. Ecam 6m1 Ip HAYamI0 pacTH BMECTE
¢ Vps, TO majeHue HANPAKEHWS BAOIb KAHANA TOXE GBI yBEIAYUIOCH. JTO
BLI3BaJO OBl AajbHedIIee pacmupeHne OOeJHEHHOH 30HHI (ABe 06GeQHEHHEBIC
061aCTH CMBIKAJIKCEH GBI HA GOIBINEN JINHE BAOIL KAHAIA), YTO IPEIATCTBYET
YBEIMYICHHIO TOKA. B pe3yibTaTe TOro, N0 KAHAILY TeYeT MOCTOAHHBLIA TOK.
ITo HaCHIIEHHOE (NOCTOAHHOE) 3HAYCHWE TOKa CTOKa oGo3Havaerca Ipss,
(puc. 9.4, 6). Ipss upencTaBiIsgeT MAKCHMAIBLHEIA TOK II0JEBOI'0 TPAH3UCTOPA
C P-N-NEePEXOHOM.

Broue onpepeneHHOr0 HAIPSAXKEHWA, €CIA NPOJOIXKATEH YBEIMYMBATHL Har
IPAXEHWE CTOK —MCTOK, TOK CTOKA HAYMHAET PE3KO YBEIWIUBATHLCH, M DTO
03Ha4aeT Mpo6od MpuOOpa IO MEXAHW3MY JABHHHOTO IPOo60s, paccMOTpeH-
HOrO mpu OGCYX[eHWH pP-n-Au0Aa. MaKCMMaIbHO JOIYCTHMOE HANPAXKEHHE
CTOK —MCTOK 0603Ha18eTCA VDS(mag) W OHO YKa3bIBAETCA IPOM3BOAUTEIEM
TPAH3UCTOPA B TEXHUIECKAX XAPAKTEpUCTUKAX. [lIA PasHBEIX TPaH3MCTOPOB
VDS(mae) BaxoauTea B guanazone ot 30 go 100 B.
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Ha pwuc. 9.5 mokasaHa CTPYKTypa pP-KaHAJILHOTO IIOJEBOTO TPAH3UCTOPA
¢ p-n-nepexonoM. Tak Kak 3[4ech KaHAJI U3 P-NOIyIPOBOJHEKA, TOK CTOKA
MeX Iy CTOKOM ¥ MCTOKOM IIE€PEHOCUTCA OhIpKamu. Bce moaspHOCTH Hampsaxe-
HU# B P-KAHAJIBHOM II0JEBOM TPAH3UCTOPE OOPATHEI HOMAPHOCTAM N-KaHAIL-
HOT'0 IIOJEBOT'0 TPAH3HUCTOPA, YTO OYEBULHO NIPH CpaBHEHMu puc. 9.5 m 9.2.

Ves |
H

I

"n n
a) 6)
Puc. 9.5. Crpykrypa p-kanairsHOro noie- Puc. 9.6. YcaoBHbie rpadudeckue
BO'0 TPAH3UCTOPA C P-N-TIEPEXOJOM U IO-  0003HAYEHWA IOJEBBHIX TPAH3UCTO-
JIADHOCTH NPWIOXKEHHBLIX HAIPAXEHHH JIA  POB C P-n-liepexomoM: g) — Ioue-
YCHIMTEILHOTO PeXnMa BOM TPAH3UCTOP C P-N-TIEPEXOLOM
C N-KaHAJOM; §) — IIOJEBON TPaH-
3UCTOP C P-T-TIEPEX0J0M C p-KaHa-
JIOM

Ha pwuc. 9.6 npuBenensr yciuoBHEIe rpaduiecKue 0603HAUCHAS 7-KAHAIB-
HOTO M P-KAHAJIBHOT'O TIOJEBHIX TPAH3UCTOPOB ¢ p-n-nepexofoMm. OGparmre
BHMMAHUE HA Pa3HBIC HAIPABICHWUSA CTPEIOK Y N-KAHANBHBIX U P-KaHAIbHBIX
opu6opos.

Boavm-amnepras v nepedamounas Taparmepucmury noiesozo

MPAHZUCTNOPA C P-N-NEPETOIOM
B npexpipymem pasgene MBI pacCMOTPENR H3MEHEHHE TOKA CTOKA KaK (yHK-
OMI0 OT HANPAXEHHA HA CTOKE IPH ycioBud, 410 Vgs = 0, T.e. npm 3a3em-
JEHHOM IO OTHOIIEHMIO K MCTOKY 3aTBOpe. Teneps moLy<uuM BOALT-AMIEPHLIE
XapaKTEePUCTHUKH, IOJABAA Pa3HbIE OTPHUATEILHLIE HAIPAKEHNA, ITO6EI CMe-
WaTh 3aTBOP O6PATHO IO OTHOIEHNIO K NCTOKy. CxeMa yCTaHOBKH IOKA33aHA
Ha puc. 9.7. [JomycTuM, 9T0 XapaKTEPUCTUKH HOJEBOT0 TPAH3UCTOPA C P-1i-1Ie-
Pexozom, m306paxkenHoro Ha puc. 9.7, Takopwl, 4T0 V, = —4 B, m Ipss =
= 10 MA, Torga Vgs 6ymem ycramasmmsaTh: —1 B, —2 B u 7. 1. Usmene-
HHe TOKa CTOKA OT HAIPAXEHWS CTOKa OyAeM OTMeYaTh nai Vps B [Oua-
lazone 0 < Vps < Vps(maz), HaIHAA ¢ Vpg = 0. Puc. 9.8 mpencrabaseT
CeMEerCTBO TAKNX KPHBBIX. OTO — CTOKOBLIE XapPaKTEPUCTHKUA. BuAHO, ITO
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npu Vgs = —1 B pacnopocTpanerne o6efHEHHOIO CJIod BEYTPH KaHAJIA 60Jb-
me, uem npu Vgs = 0 B. Ysemmuenwe Vpg oxono 0 Takxke yBeIHIABAET
TOK CTOKAa, OJHAKO OTCEYKa MPOMCXOJAT NPA MEHbIIEM HANPAXKEHUH Vpg =
= —3 B. 9T0 OPOMCXOAUAT HOTOMY, ITO yXKe€ €CTh OJUH BOILT HANPAKECHUS
00paTHOrO CMeIleHWs Ha 3aTBope m3-3a Vgs = —1 B. [pyrume xpusnie, npu
Ves = —2 B u —3 B, moxHO 06bsicauTS anamoruddo. [Ipu Vgg = —4 B, T.e.
Vs = Vp, o6ennenHbIe 30HEI CMBEIKAIOTCA BHYTDH KaHAJIa M TOK CTOKA OTCe-
kaercd, Ip ~ 0. Beruuuna Vg, npu KOTOPOM TOK CTOKA CHUXKAETCA JO HyJd,
0603HaTATCA Vgs(cutoff) ® 9TO HANPsKEHHE 0GO3HATCHO HA TOPA3OHTAIBHOR
ocu Ha puc. 9.8. Nmeem

VGS(cutoff) =Vp. (9:2)

Y 8 a0 Vpg=ves-V
MA| ¥E Vbs=Ves-Vp
R
€ § =
g 8 Ves=0
— 1B
- 10 -
-2B
54
-3B
M . +~—4B
Vos - T' 0 [Vel=4B Vbs
Puc. 9.7. Cxema f1a CHATUA CTOKOBBIX Puc. 9.8. CTOKOBBIE XaPAKTEPUCTUKHA 1-Ka-
XapaKTePUCTUK N-KAHAILHOT'O IIOJEBOTO HAJIBLHOI'O IIOJEBOr'0 TPAH3UCTOPA C pP-n-Iepe-
TPAH3UCTOPA C P-N-TIePEX00M xogoM (Ormerum, ato Ip = 0 mpu Vgs = V3)

CoenuHeHne BCex TOYEK, HA KOTOPLIX HAYMHAETCA OTCEYKA, NAaeT mapabo-
JMYECKYI0 JUHMIO, n306paxenHyio Ha puc. 9.8 nynkTupHou aunuen. Vs pucys-
K2 TaK¥ke BAJHO, YTO HACLIIEHVE TOKA CTOKA HAYMHAETCA MPHA HANPAKEHAR
CTOK — HCTOK, PABHOM

Vps = Vgs — Vp. (9.3)

CTOKOBBIE XaPAKTEPUCTHAKH IOJIEBOI0 TPAH3UCTOPA, C P-KAHAJIOM UICHTHAIHE
XapAKTEePUCTHKAM TPAH3MCTOPA C N-KAHAIOM IIPH M3MEHEHWH HOJAPHOCTEH
Beex Hanpsokerwmit. ClefOBATENbHO, B XaPAKTEPHCTUKAX MOJIEBOI0 TPAH3UCTO
pa ¢ p-n-nepexonoM M P-KaHAIOM Vpg OTPHUNATEILHO, & Vg MOM0XATEILHO.

CTOKOBBIE XaPAKTEPHUCTHAKHA MOXHO Pa3eluTh HA TPH 06JacTH:

— oMmuecKkas 06JacTh;

— 06JaCTh HACHIIEHUS;

— 061acTh OTCEeIKH.
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Omuueckan 064aCmMb
JTa 061aCTh yHPABIAEMOrO HANPAKEHHEM CONPOTHUBIEHUS (CIEBA OT IyHK-
TUpHOM Hapabonmdeckon auann Ha puc. 9.8). ConpoTusieHne MEX Ay CTOKOM
1 MCTOKOM YIPaBIAETCS HANPSKEHNEM CTOK—HMCTOKVgs. B HekoTOpHIX cxe-
Max OT HIOJEBOI'O TPAH3UCTOPA C p-n-mepexoioM Tpebyercsa paboTa MMEHHO
B OMHYECKOM O0JACTH, KOU/a HANPSXKEHWEe CTOK—HCTOK Vpgs Malo W KaHal
He BXOAUT B PEXHUM OTCEYKH. TOK CTOKA MOXKHO BBHIPA3UThL KaK

Ip = K[2(VGS — V;,)VDS — Vgs] pis 0<Vps < (Vgs — V},)VD,S'. (9.4)
Mns manbx Hanpsxkenmi Vpg (T.e. Vpg < V,) 5TO ypaBHEHZE MOXHO
YyOPOCTUTH TaK
Ip = 2K (Vas — Vy), (9.5)
rae
K = Ipss/V2. (9.6)

B omuueckon 061aCTH CONPOTHUBICHUE CTOK —MCTOK OOBIYHO JIEXHUT B AHUAIIA-
3ome oT 100 Om g0 10 xOm.

O6aacmy HacblWEeHUA

[Ipu ucnons30BaHMHA TOIEBOT'O TPAHBUCTOPA C P-N-NEPEXOJOM B KAUECTBE YCHIA-
TeJIS MAJOr0 CATHAMA OH OOHIIHO paGoTaeT B aTou obinactu. Kak MoxHO yBu-
IeThb M3 CTOKOBBIX XapaKTepHCTHK, B o6nacTu Hackmerusa Vps = (Vgs — V3).
Hanpsixenune cTok — ucTOK 60/bIIe HANPSXKEHUA OTCEIKH, X TOK CTOKa Ip mo-
9TH HE 3aBUCHUT OT Vpg.

CooTHOIIEHNE MEX [y BEIXOAHBIM TOKOM Ip M BXOAHBIM HAIIPSAKEHNUEM, T. €.
HampsXeHneM CTOK — 33TBOP Vs, MOXHO HOJIY4YHTH, 3aMEHUB B ypPAaBHEHUH
(9-4) Vps = (Vas — Vp)

Ip = K[2(Vas — Vp)(Vas — Vp) — (Vas — Vp)?]

Ip = K(Vos — V;)? (9.7)

(nnz Vps = (Vgs — Vp) 1 Vp < Vgs < 0 414 n-KaHATLHOT'O ONEBOTO TPAH3H-
cTopa ¢ p-n-nepexogoMm). Korcranra K 6bu1a onpegenena ypasaenueM (9.6).

Ypasrerne (9.7) MOXHO UCHOAB3OBATH [JIA MOLYICHHA MEPEAATOTHOM Xa-
paxTepuctuxu (rpaduk Ip kak byEknus Vgg, T. €. BBIXOAHOTO TOKA OT BXOJ-
HOT'0 HANIPAXXEHUA — OTCIOa Ha3BaHNE [IePELATOYHA XaPAKTEPUCTHUKA,) [IPU-
6opa. DTm rpadwku mokasaHH Ha puc. 9.9, a — 119 N-KaHAILHOTO MOJEBOT'O
TPaH3UCTOPA C P-T-IepexoioM, Ha puc. 9.9, 6 — miaa p-kamaasHOro. I'paduku
IepeAaTOYHOM XaPaKTEePUCTUKY IIOCTPOEHEI i OJHOr0 (GUKCHPOBAHHOTO Ha-
IPAXEHMA CTOK —UCTOK B OGIACTH HACHIIEHUA. DTH IpadUKHA O4€Hb BAaKHBI
A4 TOJEBOT'O TPAH3UCTOPA, TAK KAK M3 HUX MOXHO BEHIYUCIATE IAPAMET]P yCH-
JCHNsA, HA3BIBAEMBIN KPYTU3HOM XaPAKTEPHUCTUKH IPAMOU NEPENadh g, AHa-
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JU3 CXEeM Ha IIOJEBBEIX TPAH3MCTOPAX C P-N-IIEPEX0JOM OCHOBHIBAETCS HA DTOM
mapaMeTpe gp,.

Alp Alp
Ipss Ipss t
Monesoi TpaH3UCTOP MNonesoi TpaH3UCTOP
C p-n-nepexoaom C p-n-nepexoaom
C N-KaHanom C p-KaHaIOM
—Vp 0 VGS 0 Vp VGS
a) 6)

Puc. 9.9. IlepegaTounsie XxapaKTepPUCTUKN pP-KAHAIHHOI'O M N-KAHAILHOI'O IIOJEBOI0
TPaH3uCTOpa C p-n-uepexonoMm. Hampsaxenuwe Vgs B 06MacTH HACHIIEHAA
dukcuposano. U3 5Tux rpaduKoB MOXHO IOLYIUTh BeIuduHel V, u Ipss

Obaacmb omceuruy
B obaacTi oTceukm HANpSXKEHWE 33aTBOP—CTOK V(s MEHbIIE HAIPAXKEHHA
oTcedky, T. e. Vgs < Vj 414 n-KaHAIBHOT'O IIOJEBOT0 TPAH3UCTOPA, C P-n-IIepe-
xogom u Vgs >V, A4 p-KaHATBLHOTO MOJEBOTO TPAH3UCTOPA, C P-N-TIEPEXOJO0M.
Toxk cToka Ip paBeH HyJIIO, TPAH3UCTOD BHIKIIOYEH.

ITpumep 9.1. Y n-xaHAIBLHOIO MOIEBOr'0 TPAH3UCTOPA C P-N-IEPEXOIOM HAIPIKe-
Hue orceuku paBHo —4,0 B u Ipss = 8 MA.

1. Yemy pasrO 3Hauenue Vps(sqr) mpu Ip = 4 MA?

2. Kakoe Hanpaxenne Vgg B 061aCTH OTCEYKHN BEI3OBET TOK CTOKA, PaBHLIN 4 MA?

Pemenwue. 1. U3 ypasnenus (9.7), nockoneky Vps(sat) = (Vas — Vp), momyaum

Ipss
Ip= =75~ - VDS (sat)-
¥4

CaeoBaTenbHO,

Ip 42 x 4 MA
— 2 = —— | = .
VDs(sat) = \/(VP IDSS) - \/( 16 MA ) 2B

2. U3 ypasuerus (9.7) umeem

I
Ip=K(Vgs —V,)? = %(VGS —Vp)2.
P

Ip-V2 ix1
Vas — Vp = (?DSSP)=,/ >;6:2,8213

u VGS =2,82+Vp =2,82—4= *1,18 B.

CaegoBaTennbHO,
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9.2. MNMoneBble TpaH3UCTOPbI CTPYKTYPbI
MeTan—okucen—nonynposogHuk (MOIM)

Y moneBBIX TPAH3UCTOPOB METAJLI — OKHCE — IOLYIPOBOAHUK JIEKTPOJ 3aTBO-
pa OTAEIEH OT IOJIYIPOBOAHUKOBOI'O KAHAIA CIOEM M3OJIUPYIOLEro OKCHIHO-
ro caosa. Ilo sron mpmwamae MOII-TpaHsucTOpH WHOT3 HA3LIBAIOT MOJEBHI-
MH TPAH3UCTOPAMH C M3O0IMPOBAHHLEIM 33TBOPOM. XapPAKTEPUCTUKA KAHAIA
MOII-TpaE3ucTOpa YOPABIAIOTCS SIEKTPHISCKAM IOJEM, CO3JAHHEBIM IPHIO-
KEHUEM HANDIXKEHUS MEXIY 3aTBOPOM U NMOLYNPOBOZHMKOM, M DTO IIOJE Ie-
penaeTcs 4epe3 CIou OKCHAA. B 3aBUCEMOCTH OT TOr0, KAKUM CIoco60M n3Mme-
HAETCA HpOoBOAUMOCTE KaHauda, MOII-TpaE3ucTOpsl mogpa3fensioTcs HA LBa
BHJA:

1) o6earernsie MOII-TpaH3BCTOPEL;
2) o6oramenasie MOII-Tpar3uCcTOpHL.

Kax et w3 5Tux BEJOB MOXET OBITH 71~ WIK P-THANA.

MOII-mpan3ucmop ¢ 06ednennbim caoem

CrpyxTypa o6earerroro 1-MOII-Tpamsucropa mokazana Ha puc. 9.10. Ha moa-
NOXKe P-THUIIA CO3/IHBI [Ba CIILHOIETHPOBAHHEIX YYaCTKa, 0603HadeHALIX Nt
OfMH W3 HAX CIyXHT HCTOKOM, APYTOM — CTOKOM. MeXny CTOKOM M HMCTO-
KOM MMILIAHTAPOBAH Ni-KAHAI, CIEOBATEILHO, B KAHAIE UMEIOTCS MOBHAKHLIE
JIEKTPOHBI TPOBOAMMOCTH. VI30JMpYIOIME CJIOM ABYOKHCH KpeMHHs (moa3a-
TBODHBIN OKCHJ) CHOPMEPOBAH OKUCJICHAEM KPEMHNS B BEPXHEH JaCTH P-TIOJ-
JOXKKH.

[ua co3fanus BEIBOJOB MCTOKA ¥ CTOKA Uepe3 OKHA, OTKPHITHIE B M30/IH-
PYIOIEM CJI0€ HAJ YIaCTKAMU MCTOKA M CTOKA, OCAXKIAETCA aJlOMUHAU. BhI-
BOJ 3aTBOpa O0Opa30BaH OCAaXIeHMEM alioMuHuA HA cior SiO9 HaJ KaHAIOM.
O6paTuTe BEMMaHHWE, 9TO ABYOKHCh KPEMHHS M3OIUPYeT 3aTBOP OT KaHa-
Ta ¥ HEKAKAX P-N-TIEPEXOJ0B HE popMupyeTcs (KaK B MOJEBOM TPAH3ACTODE
¢ p-n-nepexogom). Ha puc. 9.10 mognoxka mMeeT BBIBOJ, 0603HAYEHHBIA OyK-
Bou II.

n-kanan ob6egaernoro MOII-TparsucTopa 06LIYHO PaGOTAET C IOJOXKH-
TeJILHBEIM HAIPAXKEHHEM MEXY CTOKOM M MCTOKOM. I10AM0XKa, KaK MPABWIO,
EMeeT BHyTpEHHEE COeJMHEHME C MCTOKOM. HampsikeHwe MeXay 3aTBOPOM
¥ ucTokoM Vs MOXeT OLITH NMOJOXUTENIbHBIM, HYJEBHIM WIN OTPUIATENb-
HEIM. DTO ewe 00HO OMAUUUE O NOAEB020 MPAHIUCTIOPA C P-TL-NEPeLodoM,
Y xoToporo Vgs OTpHIATENHHO, €CIN KAHAN 7-THUIA, W TOJOXHTEILHO, €C-
11 KaHaa p-tuna. Ha puc. 9.11, a n306paXxeH TPaH3UCTOP C OTPUIATEIHHBIM
HanpaxenneMm Vgg. [as magana npumeM, 410 Vgs = 0 B. Ecam yseamum-
BaTk Vpg OT Hyad, TOK CTOKA OyJeT yBeINIMBATHLCA JUHEMHO Mo 3aKoHy OMa
[ypasrerme (9.5)] #o Tex mop, moka Vps MeHbIe HANDAKERHA OTCEIKH Ka-
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HaJa (QHAJOTUYHASA CHUTYal#s B IOJEBOM TPAH3UCTOPE C P-N-IIE€PEXOAOM IIpu
nanpsaxennn |Vp|). IIpu ysemuderun Vpg Bbmue |Vp| Tox cToka GyaeT yBein-
9UBATHCA HE3HAIUTEILHO. TOK CTOKA mpu 5TOM CIa60 3aBUCHT OT Vpg, U upu
Vps > |Vp| rpaduk 3aBuCHMOCTH TOKA CTOKa OT Vpg CTaHET TOPH30HTANb-
geM. O6IaCTD BBIIE OTCEYKM HA3LIBACTCA 0044CMbI0 HAcbiweHus. TOK CTOKa
npu Vps = |Vp| 1 Vgs = 0 HasbIBaeTCa TOKOM HACHINEHMA CTOK—HMCTOK —
Ipss.

Metannuueckune Uctox  3ateop Crok Puc. 9.10. Crpykrypa n-xa-

KOHTaKTbI \ HaapHOro o6eguennoro MOII-

,,\ Tpansucropa. O6paTure BHE-

MaHVe Ha H30JUDPYIOLWMU CI0H

SiO2 Mexnay 3aTBOPOM M Ka-
HAJIOM

Cnoit SiO;

Moanoxka p-tuna

n

(Mopnoxka)

Korga nanpsaxeHwe Ha 3aTBOpe IO OTHOMIEHHWIO K UCTOKY Vg Oyaer OT-
PHIATEIBHBIM, DJeKTpHIecKoe note OyreT MHAYOUPOBATH B KaHAJME HOJIOXH-
TelbHBIE 3apAafbl. IIpomecc MHAYKIUY HONOXUTEILHBIX 3aPAA0OB B 7-KaHAale
Yepes M30ANPYIONTHHA CJIOM CXeMaTH4decku u3obpaxeH Ha puc. 9.11, a.

0O6eaHeHHasn 4acTb kaHana

Moanoxka p-tuna NMognoxka p-tuna
06nacTb C O4eHb L=
60oNbLUMM yaEeNbHbIM B
COMPOTUBNEHUEM
a) 6)

Puc. 9.11. Orpunarersuoe Hanpsaxenne Vgs UHAYIUPYET OJOXUTEILHBIE 3apAbl B
p-kanare (a). OGeqHenue KaHama B Pe3yIbTaTe UHAYIAPOBAHUA 3aPAL0B:
BHI3BAHHEIX OTpHuaTersHEIM Vs (6)
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Tax Kak HEKOTODHIE JJIEKTPOHBI PEKOMOWHHDYIOT C MHAYHHDOBAHHLIMHA
MOJOXHATEILHLIMA 3aPSAaMU U TEPAIOTCA, TO IOA OKCHIAHLIM CIOEM CO3[a-
eTcs 061acTh 06eqHEeHMsA, KaK MOKas3aHo Ha puc. 9.11, 6. B pesyasTaTe xaman
CTaHOBUTCA yXe, er0 CONMPOTHUBICHUE BO3PACTAET HM3-33 NOTEPH HOJBUAHBIX
3MEKTPOHOB M TOK CTOKa majgaeT. [Ipu 6osee oTpUIATEILHOM HAIPSXKEHAN 33~
TBOPa 06JaCTh 0O0ETHEHNS YBEININBASTCS W, HAKOHEIl, BCE DIEKTPOHLI MOT'YT
BEPTYAJILHO MCYE3HYTH U KAaHAJ JUKBHAUpPyeTcsa. B Takom ciydae TOK CTOKa
najaeT go HyaId.

Haumensbiiee oTpunaTensHOE HANPAXKEHAE 33TBOP — UICTOK Vi g, IPH KOTO-
POM B KAHAJE MOAHOCTBHIO OTCYTCTBYIOT IOABUXHEBIE HOCUTEIN, HA3HLIBACTCH
nopozosvim Hanpaxcenuem Vr (Tak Xe, KaK HAIPAXKEHHE OTCEUKH V, y mo-
JEBOTO TPAH3UCTOPa C p-n-mepexonom). Kamam oTcekaeTcs 1o BCe IJMEHE,
KOT'Ia, OTPHUNATEIbHOE HAIpaAXerue Vs paBHo mwin 6ouasine, em V. Tok cTo-
Ka OyZeT paBeH HYJIIO Ipu JOOLIX Hanpsxkerusax Vpg. Ilpu oTpunareabHBIX
HAIIpAXKEHUAX Vs MeXJy HylIeM u Vr CTOKOBBbIEe XapaKTEPUCTUKH, IIPUBE-
JenHble Ha puC. 9.12, aHATOrMIHBI XaPAKTEPUCTUKAM 71-KAHAJIBHOT'O II0JEBOT'O
TPAH3UCTOPA C P-N-IIEPEXOIOM.

- Ob6nacTtb —_
, = HaChbILLEHUs
b (B = -
wa| ZB Vps=Ves - Vr
<28 > =2B
s
500 T g kS =1,5B Pexum
oborawenus
=1B
VGS =0B
Ipss 1
=-1B
Pexnm
=-2B (" o6eanenus
=-3B
0o 2 4 6 8 Vos (B)

Puc. 9.12. CrokoBrie xapakTepucTuku n-kKanaabaoro MOII-TpadsucTopa B pexmmMax
o6oramennsa u o6egHeHUs

OrcyrcTeme p%—nepexo,qa MeXJay 3aTBOpoM u obaacTsio KaHama y MOII-Tpas-
3UCTOPOB [OIyCKaeT NPWIOXKEHNE HOMOXKATEILHOI'0 HAIPAXKEHNA 33TBOP — HC-
Tok gaaa o6egmerHoro n-MOII-Tpamsuctopa. IloroxuTensHoe HampsikeHHe
Vs cosgaer nose, mEaymupyolee B KaHaje G0JIbIIE MOABAXHEIX OTPUIIATENb-
HBEIX 33pA/0B (SJIEKTPOHOB). DTO IOBHIIIAET IPOBOJUMOCTH KAHAIA U YBEIH-
YUBaeT TOK cTOKa. ['0BOpAT, YTO IPH HOMOXHTEILHOM Vs Tpar3mcTOp pabo-
TaeT B pexcume obozauenus. Crenosarenbno, o6eguenusn MOII-TparsucTop
MoxeT paGoTaTh KaK B pexume 0OeHeHNA, TaK U B peXuMe 000ralneHns, 1 OH
HaznBaeTcsa ob6egrerHO-o60rameHEsIM MOII-TparsucTopoM.
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Cmoxosas u nepedamounas TAPaKMEPUCMUKY 00eOHEHH020
MOII-mpansucmopa
Ha puc. 9.12 moka3aHO NOIHOE CEeMEMCTBO CTOKOBHIX XapaKTEPUCTHUK 06ex-
menaoro n-MOII-TpamsucTOpa H1a BCEX BO3MOXHBIX HANPSIXKEHAN 33TBOP—
ucToK Vgs.
Ha xapakTepuCTHKaX MOXHO BHIIEIUTH TPH 00IaCTH:

1) ommyeckas o6IacTb;

2) 06macTh HACHILICHNAS;

3) ob6macTs OTCEUKH.

Omuueckas 064acmob
IIpm pabore B oMutueCcKOU 06IACTH HAMPAXEHAE CTOK — MCTOK MAJIO ¥ HEJOCTa-
TOYHO JJI1 OTCEYKH KaHaua. TOK CTOKa IWHEMHO 3aBUCAT OT HAIPAXKeHUs Vg,
9TO MOXET OBITH BHIPAXKEHO KaK

Ip=K[2(Vas — Vr)Vps — Vis] mmxs 0<Vps < (Vas—Vr).  (9.8)

[as manerx Hanpsxerud Vpg, T.e. npu Vps < |Vr|, 5T0 BEIpaxkenue MOXHO
YIPOCTHTD

Ip = K[2(Vgs — Vr)Vbs], (9.9)
rae
Ipss
K = . .10

Coruaacao ypasaenuio (9.9) Tok croka Ip nponopumonaier HATPAXERTIO Vg,
9TO NOATBEPXJACTCA SKCIEPUMEHTAIBHO.

Obaacmo HaCOIUWEHUS
IIpm pabore B o6nactu nackimenus Vps > (Vs — V). Tok croka He 3aBmcAT
ot Vpg. 3amenus B ypasaeruu (9.9) Vpg va (Vgs — Vi) mony<mm cooTrOmEHNE
s Ip
Ip = K(Vgs — Vr)?, (9.11)

KOTOpOe HPEACTABIAET HepPeJaTOYHyI0 XapakTepucTuky (puc. 9.13, a) ant
o6eqaennoro n-MOII-rpamsucropa. [Jaa o6egrerroro p-MOII-TpansmcTopa
(y xoroporo Vr monoXuTeabHO) mepefaTOvHAs XapPaKTEePUCTWKA NpuBEAeHd
Ha puc. 9.13, 6)

I'pamunent Mexny oMuIecKOr 06IaCTHIO U 06IACTHIO HACHINEHWA ABIACTCA
reoMeTPHIEeCKOe MECTO TOUeK OTCEYKHU, ¥ B IIPefele MOXET OBITh Moy IeHO
u3 ycaosus Vps = (Vs — Vr) Vps = (Vgs — Vr) mim

Ves = (Vps + Vr). (9.12)
IogcranoBka B ypasaenwe (9.11) gaet coorromernue Ip = K(Vpgs +VT—VT)2
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IR
‘ Ip = KVis. (9.13)

Ypasrerne (9.13) — sT0 ypaBHeHUEe 1apaboIbl, OHO OLPEAEIAET FeOMEeTPUIe-
CKO€ MECTO TOYEK OTCEYUKH.

Ip Ip
Pexum Pexunm Pexxum Pexum
o6enHeHus o6oraieHus oboratieHuna obegHeHna
-Vr 0 Vas 0 -Vr Vas
a) 6)

Puc. 9.13. TlepexaTounas XapakTepHUCTHKa n-KaHaabHOro obeanennoro MOII-rpas-
sucTopa (a), nepejaToIHas XapaKTEPUCTUKA P-KAHAILHOTO 0GeJHEeHHOr'0
MOII-Tpamsucropa (6)

Obaacmb omceury
B o6mactu orceuxu Vg < Vr mna o6egmernoro n-MOII-Tpansucropa u Vgg >
> Vr mas o6egrernoro p-MOII-rpamsucropa. Ilpu sTmx ycrnoBmsax KaHAI
HOTHOCTBIO 06eqHEeH W TOK CTOKAa yMeHbimaeTca a0 Hyas, MOII-TparsmcTop
BBIK/TIOYAETCS.

Ycaosroe rpaguyueckoe o6o3radenmne o6earennoro n-MOII-TparsucTopa
nokasaHo Ha puc. 9.14. MOXHO OTMETHTH, UTO JIEKTPOJ 3aTBOPA OT[EJIeH
OT OCTAJbHOM JaCTHU M300PaKEHHOTO TPAH3UCTOpa. IIpuMeHseTcsa Takxke u yIpo-
meHHOe 0603HaeHme (puc. 9.14, 6).

O6enrennni p-MOTI-TpamsucTop m3rorasimBaeTcs Ha n-noftoxke. Ka-
HAT p-Tuna GOPMEUPYETCI MEXAY CHILHOIETMPOBAHHEIMU CTOKOM M HCTOKOM
P-THna, TPOBOAMMOCTE KaHalaa 06ecnednBaeTCa NLIPKAMI.

Crokosbie xapakTepuctuku o6eguennoro p-MOII-TpansucTopa aHAJIOrHY-
HHl XapaKTEPHUCTUKAM 7-KAHAILHOTO TPAH3UCTOPA C TOU PA3HHLEH, UTO A
pexuma o6emmeHms TpebyeTcs HOJOXHTEILHOe Vg, a Aad pexuma obora-
WieHus — oTpupaTelbHoe Vgs. YCIOBHOe rpadudueckoe ob6o3HadeHME 06el-
Heruoro p-MOII-TpamsucTopa nokasano Ha puc. 9.15. Tak Kak MOABUXKHOCTD
SIEKTPOHOB B ABa 1 60iee pa3 6ojble, IeM NOABIKHOCTE ABIPOK, MOII-Tpag-
BHCTOPEI ¢ N-KaHAJIOM HMeIoT 6oublee OLICTPOJENCTBHE U Y IOBIETBOPHTENb-
HO pa6oTaioT Ha BHICOKHX JaCTOTaX.

MOII-mpan3ucmop ¢ 0602aUWEeHHbBIM Ca0eM
CrpykTypa n-xamamsroro o6oramerroro MOII-TpaE3ucTOpa IpeACTaBICHA
Ha puc. 9.16. YeTpoicTso 3TOro npu6opa aHAIOTMYHO YCTPOUCTBY OGeJHEH-
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woro MOII-Tpan3ucTopa 33 UCKIIOUYEHWEM TOI'0, ITO N-KAHAJ HE UMILIAHTH-
PYETCA U He CO3JaeTCs JernpoBanueM. B geicTeuTensHocTH, B 060rameraoM
MOII-Tpan3ucTope MEXAY CTOKOM M HECTOKOM OTCYTCTByeT n-kauat. Kamax
Co3/aeTca 3apAfaMu, HHAYIUDPOBAHHBIMY [TOJEM, HABEJEHHBIM HAIIPIXKEHUEM
3aTBODA.

|- - J% -

a) n 6) n
Puc. 9.14. YcaosHoe rpadmuieckoe 060- Puc. 9.15. YcaoBrHoe rpagpuueckoe 060-
3HavYenue n-kanaasHoro MOII-TpansucTo- 3Ha4eHue p-kanaasHOro MOII-rpansucro-
pa: @) — M-KaHAJLHBIN; §) — YIPOLIEH- Pa: a) — p-KaHAILHBIM; 6) — YIPOIIEH-
HOe 0G03HAYEHHE N-KaHAILHOrO (ymoTrpe- HOe 06G03HAYEeHNe P-KAHAILHOrO (ymoTpe-
GurensHOE) 6uTensHOE)

MeTtannuue Kve UcTok 3arsop Crok

Cnon SiO,
(v3onupyowmii cnoii)

O6nacTb kaHana

Moanoxka p-tuna

T

(Nopnoxkay)

Puc. 9.16. CrpykTypa n-kanarsHoro oboramessoro MOII-TpansucTopa

Ha puc. 9.17 msobpaxen oboramenubin MOII-Tpan3ucTop, y KOTOpOro
HCTOK ¥ TOMJOXKA COEJUHEHBI BMECTE W 333€MJEHBI, & HANPAXKEHNWE CTOK—
ucToK Vpg yCTaHOBIEHO HYJIEBHIM. MeTaIIn9eCKUil 3aTBOP U P-IIOLYIPOBOA-
HUK BMECTE€ C W3OIMPYIOMUM OKCHIHEIM CIOEM MEXJy HUMH B 06JacTé Ka-
HaJa 06pa3yioT KOHJEHCATOP C HapalIeIbHBEIMA OOKIaAKaMu. MoxHO mpeji-
CTaBHUTb, ITO MOJOXUTEIbHOE HAIPAXEHAE 33TBOPA CO3JAET DICKTPAIECKOE
[IOJIE YePEe3 OKCHIHBIA CJIOM, KOTOPOE OTTAIKNBACT ALIPKH U3 06IaCTH KaHAIa-
[LroTHOCTE ABLIPOK B 061acTH KaHama maaeT (ckaxeMm, Ha 10 %), mo cpasHeE-
HUIO C PAaBHOBECHOM ILIOTHOCTBIO B P-IIOJIOXKKE, KaK TOKa3aHo Ha puc. 9.18, a,
u TakuM ob6pa3oM cozgaeTrca obenmenHas o6aacTb. B cooreeTcTBMEM ¢ COOT-
HOWIEHHEM Py - Mg = N2 ILIOTHOCTDH DIEKTPOHOB ) YBEIMIHBAETCA (3TO GHLIO
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PacCMOTPEHO B I 1). JanbHeimee MOBLIIIEHAE HANPAKEHAA 33TBOD — HCTOK
. ZHAYLUPYET eme Gouablle SJIEKTPOHOB B 00JacTH KaHAJA. [Ipu mpesbimenun
HanpsAxeHueM Vs HEKOTOPOro 3HaYeHus Vi 9UCIO DIEKTPOHOB CTAHOBUTCA
JOCTATOYHBIM, ITO0B 06Pa30BaTh MHBEPCUOHHBIN (OGPAIEHHBIN) CIOM HEIO-
CPEACTBEHHO MOJ OKCHAHBIM CJIOEM, KaK HoKa3aHo Ha puc. 9.18, 6. Caon mpu
rPAaHUIE IOJIYIPOBOJHUK — OKCHUJ HACHIIIEH JIEKTPOHAMHU, XOTS OH B 06IaCTH
P-TIONYTIPOBOAHUKA (mOAM0XKHY). [pyraMu cioBamu, p-ciaoy (M3HAYAIBHO 6O-
raThlil JBIPKaMu) Opeo6pa3oBaics, «oO6paTuUicsay B n-cioin (Temeps 60raThiit
DIEKPOHAMY). JTO TAK HA3HIBAEMBIN «OOPAIECHHBIN) WIX WHBEPCUOHHBIN CIOM.

3(+)

MoBepxHOCTL
cnos SiOz

T

||}—

Puc. 9.17. B o6oramennom MOII-Tpansucrope nose, BeisBanHoe Vs, BEITAIKABAET
OBIPKE 13 06IacTH KaHAIA MOJ CJOEM OKCHIA

MnotHocTk MnoTtHOCTL A
Hocm_esneﬁ HocuTenen
(cm™) Q6nactb obeaHeHns (cv™)
/ Po
14 |
1014 +<—> 10
/’—— Cnoii o6egHeHus
1073 1
O6palLieHHbli cnoit
X X
0 0
a) 6)

Puc. 9.18. O6paszoBanue 061acTH 06€JHEHUA U3-33 CHUXEHHA INIOTHOCTHU AHIPOK (a),
o6pasoBanue o6palieHHOro cios npu Vas = Vr (6)

WuBepcuonnbin cioi pOpMHEPYETCA TOABKO TOr4a, KOrja Hanpsaxenue Vgs
IpessnnaeT noporosoe Hampsaxernue Vr. Takum 06pa3oM, HABEIECHHLIE 3aPAbL
00pasy1oT n-KaHal HEMOCPEACTBEHHO NOJX OKCUAHBIM ciaoeM (pzc. 9.19). Ecan
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HaIIpAXEHNE 3aTBOPA IPEBBLICAT VT, B KaHAlIEe HABOAUTCA O0IblIee KOINIECTBO
3apAJIOB ¥ YBEAUIABAETCA MPOBOAUMOCTD KaHAIa. ECiu IpUIOKUTH MOMOXHA-
TeJIbHOE HAIIPAKEHNE MEXAY CTOKOM ¥ WCTOKOM, TO YePe3 MHIYIUDOBAHHEM
KaHaJ OyeT IPOTEKATH TOK. [00XUTEILHBIN TOTEHIMAN 33TBOpa 06orama-
€T KaHal WHIYIAPOBAHHLIMU 33PAJAMH, IOITOMY TAKOM HPUGOD HA3BIBAETCA
o6oramersabiM MOII-Tpar3ucTopoM.

Kanan B o6oramenrom MOII-TpaH3ucTOpe pacupoCTPAHAETCI B KDEMHHAT
Ha raybmay ot 30 mo 300 aErcrpeM OT rpaHWUbI OKCHJ —IIOJIYIPOBOJHUK.
IIpoBOAMMOCTE BOBHUKAET IVIABHBIM 00pa3oM m3-3a Apenda mojJ SeUCTBUEM
AMEKTPUIECKOTO HOJIA, CO3AAHHOI0 HANPAXKEHNEM CTOK —UCTOK Vpg.

PaccmoTpuM, KaK MEHAETCS TOK CTOKA DY M3MEHEHWY MTOJOXUTEIHHOIO
HAIIPAXKEHUA CTOK—UCTOK Vpg. IIpy MajbIXx HAIPAXKEHUAX 3aTBOPA, MEHB-
mmx Vp, T.e. Vgs < Vr, kaman me obpasyercsd, U mpu J0OBIX Pa3yMHBIX
Hanpaxenwax Vpg ToOk croka orcyrcreyer, T.e. Ip = 0. Ilpu Vgs > Vr
u npu MaIEIX Vpg, Takux, 410 Vps < Vgs — Vr, TOK CTOKa 3aBUCHUT OT Ha-
npaxenua Vpg Jaunenno. TpansucTop padoraeT B omudeckon obaactu. [Ipu
JAIbHEUIIEM YBeaudeHuu Vpg HEUCTBYIONIEE HANPAXKEHWE MEXIY 3aTBOPOM
u crokoM Vgp (= Vigs — Vps) cranoBuTcsa HuXE. DIEKTPAIECKOE HOJTE BO3-
Je CTOKa MOHWXKAETCA W KaHal BOIU3U CTOKa cTaHoBUTCA yxke (puc. 9.20),
BCJIEACTBUE HYE€r0 COMPOTHUBIEHUE KAHAIA, HAIAHAET BO3PACTATH M TOK CTOKA
nepecraeT pactu. [Ipu manpsaxenuu Vpg, npumepHo pasaoM Vr, kaHaua B6an-
3 CTOKA YMEHBIIAETCA MOYTH 0 Hyils (HAYAHAET MPOABIATHCA OTCEIKA),
¥ TPHU AAJbHEUIIEM YBEIWYIeHWH Vps TOK CTOKA MEHAETCA HE3HAMUTENHHO.
3mech TpaH3UCTOP PabOTaeT B PEeXMMEe HACHIIEHWs. KOHETHO, HACBHIIIEHUE
3aBUCHT OT HAIIPAXEHUS] 33aTBOD — CTOK Vs (npeswimatomero Vr), u 6oabume
3HaUeHUA Vg yBEIWINBAIOT TOK HachiueHus Ip.

O6nactb
obepHeHns

O6nactb
obegHeHus

Puc. 9.19. Ilpu Vgs > Vr uagynupoBanusie Puc. 9.20. B6mi3n cToka kKaHal CTaHOBHAT-
3apagsl (3/eCh 2MeKTPOHEI) 00pasyIoT n-ka- c¢a y3kum npa Vps > Vgs — Vp m mpH
HAJI Vas > Vr

Ha pmc. 9.21 msobpaxena crpykrypa p-kamaisHoro MOII-TpamsucTopa
U TIONAPHOCTH Hampsxenuit Vgg u Vpg, IpUMeHAeMbIe JIi €ro HOPMAIbHOR
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paboTwi. Kanan ¢popmupyerca B pes3yapTaTe HEAYIVPOBAHAA MOJOKATEIHHBIX
3apAg0B — ABIPOK. IToporosoe Hampsxernme oboramenuoro p-MOII-Tpansu-
CTOPa OTPHUIATENLHO, Vs 1 Vpg UMEIOT HOMAPHOCTH, 06paTHEIE MOMAPHOCTAM
sTux Hanpsaxenuu y n-MOII-TparsucTopa.

Puc. 9.21. CrpykTypa 060rameHHoro V,

p-xkaHaapHOro MOII-Tpan3ucTopa m mo-
JAPHOCTH NPUKJIAIBIBAEMBbIX Ha.IIp}I)KeHKﬁ

Usonupyowmin
cnoi SiOp

L

Mopgnoxka n-tuna

O6eguennnin MOII-TpamsucTop paboTaeT Kak B OOEJHEHHOM, TaK W B
o6oramernroM pexume. OpHako oboramenunin MOII-TpansucTop paboTaer
TOILKO B oGoramenHoM pexume. OOlmee HA3BAHUE DTUX TPAH3UCTOPOB —
p-MOII- u n-MOII-Tpansucropsl (B anrmossbranon aureparype — PMOS-
FET u NMOSFET, wiz PMOS u NMOS ). n-MOII-Tpar3ucTopsl uMeT
ayqmue napaMeTpsl, 1eM p-MOII-Tpan3ucToOpE, B OCHOBHOM BCJIELCTBHE TO-
r0, 9YTO y HAX KaHaI opMupyercsa Goree MOABAKHBIMY JIEKTPOHAMU.

Yeaoeuvie epaguueckue 0603HGUEHUS 00020 UEHHBIT
MOII-mpan3ucmopos
Ycnosrbie rpadudeckue 0603HAEHAA IPUBEAEHH Ha, puc. 9.22.

I—j o] j C
oy

Puc. 9.22. Ycroeubie rpadmieckue 0603uayenusn oboramenusrx MOII-TpanaucTopos:
n-MOII (a); p-MOII (6)

B ympomenssx 0603HaIEHIAX TOAPA3YMEBAETCA, ITO HOIOXKKA, I0TKII0YUe-
H3, WM K BHIBOAY UCTOKA, WM K 3€MIE.

PaspeiBbl B cuMBoJe KaHAIa B 0003HAYEHWH MOKA3HIBAIOT, YTO 3TO 060-
TAIIeHHBI TPAH3uCTOp. Takxke 06paTuTe BHUMAHUE HA PA3HOE HAIPABICHHE
crpenok y n-MOII- u p-MOII-TpamsucTopos.
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Tak kKak 3aTBOP 3THX TPAH3UCTOPOB OTJEIEH OT MOJYIPOBOAHUKA CIOEM
M30JUPYIOMET0 OKCUAA, TOK 3aTBOPA ¥ HUX IPE3BEIYANHO Maw; T.e. Ig ~ 0.

Cmoxkosbie u nepedamounblie LaPAKMEPUCTRUKY 0602aUEHHO20

MOII-mpan3ucmopa
B npegpiayuiem pasgene MbI 06CY JIUIM IOABIEHUE KAHANA, MEXKIY CTOKOM U MCTO-
xoMm npu Vgg > Vp. [lpoBogumMocThs KaHada, W, CIAEIOBATEILHO, TOK CTO-
Ka YOPaBIAETCA HampsxeHweM 3aTBop —ucTOK (Vigg), korga oHo Boime Vi,
u HampsaxenuweM crok—uctok (Vpg), moka Vps < (Vgs — V). Ha Brxog-
HEIX (CTOKOBBIX) xapakTepucrukax n-MOII-Tpansuctopa (puc. 9.23) orme-
9eHbI OMUIeCKad 06JaCTh, 06ACTh HACBHIEHUS 1 00JACTHL OTCEIKH.

Ip Puc. 9.23. Crokosrie xapaxTepy-
MA cruxu oboramernoro -MOII-Tpas-
3UCTOpa
5 £VDS=VGS" Vp
88 I Ob6nactb
RE z5 I hackiwerus Ves=1B
31
10+
I
i
2B
51 /
/
v
7 3B O6nactb
— 0TCEHKM
0 Ves Vi /' Vos (B)

Omuuecras obaacmo
B ommieckon 06aacTd MPOBOAMMOCTDL KAaHANA, U CAEIOBATEILHO, TOK CTOKA
yupasigercsa HampsxkenueM Vpg mpu Vgs > Vr. 3aBECEMOCTH TOKa CTOKa
uMeeT BUI:

Ip = K[2(Vgs — Vr)Vps — Vlz,s]. (9.14)
3aeck koHcTaHTa K paBHa,
K = p,Cuy (%) , (9.15)

roe L — pauua kazama, obbramo 10 mxMm, W — mupuna kanaga, O06BITHO
100 mxm (puc. 9.24), u, B ypaBreHuu (9.15) — HOBEPXHOCTHAS MOJBUKHOCTD
5IEKTPOHOB B 06aacTd Kanata. O6bIHO fiy, ~ 600 cM?/B- ¢, ¥r0 cymecTBeHHO
MeHBIIE 3HAYEHUA OGHLEMHOH TOABUXHOCTH fin (1500 cM?/B - c). TlpuwausH
CHEXEHWS HOJBUAXHOCTA — DACCEMBAHUE OT MOBEPXHOCTH U OT 3aXBAIEHHBIX
3apsAJOB B CJIOE OKCHJA.
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Ilepemernas C)s B ypaBraernuu (9.15) — em- s L

' KOCTh 3aTBOpA HA €IWHWUILY ILIONIA A, PABHAIL
EE
tO:c

rie € — JUDIEKTPUYECKasA MOCTOAHHAA OKCHA- o~

goro cios, Koropasa mua SiOs pasma 4. A6- >l |

COMIOTHAA AVDJIEKTPUICCKAA MOCTOAHHAA £9 =

8,85 10714 D/cMm tog. Puc. 9.24. Kanan o60rameHHOro
MOII-rpaunsucropa: L — pmamuna

0baacmv HacCLIUYEHUA kanan, W — umpuna xanana

B omugeckou obnactu Vpg > (Vgs—Vr) u Tok
CTOKa, B UJeajle IOCTOSHEH U He 3aBUCHT OT Vpg. [loacrasus Vgs — Vr BMecTo
Vps B ypasuenze (9.14), noxyanm Ip

Ip = K(Vgg — V7)2. (9.17)

Ypasrerue (9.17) zaeT nepesaTOYHYIO XapPaKTEPUCTHAKY — 3aBACAMOCTH
Ip ot Vgg npu nocroauuoMm Vpg gaa MOII-tparsucTopa. Ha puc. 9.25 mpn-
BeleHA EepPEeJaTOYHAsI XapakTepucTuka. [loporosoe mampsxenme Vp mpas co-
BpeMeHHBIX KpemuueBbix MOII-TpamsucTopos He npepbumaeT 2 B.

ITommas wesasucumocts Ip ot Vpg, Kak
IOKa3aHO Ha puc. 9.23 — 5T0 Tombko upge- /o
aIbHOE MpPEeNCTaBIeHnEe. B [eiicTBUTENRHO- Vbs =const
¢t Ip HE3HAYNTENBHO YBEIUINBAETCA IPU
yBeamdenuu Vpg. Ilo amamoruum ¢ MongyJs-
O¥er MUPUHBI 0a3Bl, PACCMOTPEHHOU A
OMIOMAPHBIX TPAH3UCTOPOB, 3TOT 3PdheKT
HAa3BIBAETCSA MOIYJLALMEN JIMHBI KAHAJA.
Ecau paxTueckne rpadmkn 0pogOIKATE,
Kak mokasaHO Ha puc. 9.26, oHm mepece-

KyTca B ofHOM TO4ke mpu Vps = —1/A. v 4 10 Vas(B)
Benwuuna 1/ HasbiBaeTCA PAaHHEM HAIpPs-

XeHyeM. 3Had9eHne \ OOLIYHO JEeXUT B gua- Fuc. 9.25. Ilepeparounas xapakre-
Da30He 0,01_0,03 B_l- BJIHﬂHHe a(b(beKTa PUCTHUKA N-KaHAJIBHOI'O OﬁOl"&HIQHHOFO

MOII-rpansucTopa

MOAYAAIAN JJIWHB KAHAI MOXHO YI€CTh,

eciu mpeobpasosaTh ypasuenue (9.17) ta-

KuM o6pa3om:

Ip =K(Vgs — VT)2(1 + AVps). (9.18)

B nudposex cxemax MOXHO mpere6peds BausaueM wiena (1 + AVpg), vo
B QHAJOrOBBIX CXEMAaX €ro 3HAYEHWE MOXET OLITH BaKHBIM.
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06aacmsb omceuruy
B o6aacTu oTcedkm HAMpPSAXEHWE 3aTBOP —UCTOK V(g MEHBIIE IIOPOT'OBOTO
ranpsxenusa V. Kanan ne o6pa3osan u TOK cToka pasen nyaio. MOII-tpan-
3UCTOP BHIKJIIOYEH.

Ipj

T Vas

>

Vbs

Puc. 9.26. Brixogusie xapakrepuctuku n-MOII-TpansucTopa (JONOIHEHE! NI WILIIO-
crpanun 3¢deKTa MOy IANNY [IAHH KAHAIA)

9.3. Cummetpua MOI-TpaHsucTopos

MOII-TpaH3sucTOp UMEET CUMMETPHIHYIO KOHCTDYKIIUIO, ITO MO3BOIAET Me-
HATH MEXJY COGOM BHIBOABI CTOKA Y MCTOKA, €CJIH MOJIOXKKA BHYTPU TPAH3H-
CTOpa He MOAKIIOYEHA HU K OJHOMY KOHIY KaHana (puc. 9.27).

Bobicokwii Huskwuii noteHuvan  Puc. 9.27. OmnpegeneHne CTOKa
noTeHuman (cTok) (uctok) M HMCTOK3 10 MX OTHOCHTEIHHO-
C n MYy NOTEHIHAIY, €COU MOAJOXKA
- ___ He COeQuHEHa C OJHUM K3 BBIBO-
+ - OB KaHAJI3
| fe— Vout Vout
3 >—l n _ 3 )—l +
n C
Huskunii noteHuman Bbicokuii
(ucToK) noteHumnan (CTok)

B sToM ciydae CTOK ¥ MCTOK TEDPSIOT CBOIO WHAWBHAyAIbHOCTH. Ompene-
JATH, T'A€ CTOK, & I'le UCTOK MOXHO [0 UX OTHOCHUTEILHBIM OTEHIIUAIaM.
Hampumep, y n-MOII-TpansucTopa cTOK HoakeH GHITH Opu 6ojee BBICOKOM
[OTEeHNHAle O OTHOMEHNH K MCTOKY. CleJOBATEIbHO, TOT BBIBOJ, KOTODHIA
VMEET BHICOKWU MOTEHUUA, ABIAETCA BHIBOJOM CTOKA, HE3ABUCAMO OT TOTO,
KaK OPMEHTUPOBaH TPaH3ucTop. Puc. 9.27 wurocTpupyer 3ToT MOMEHT. DTO
MOSCHEHUE OKA3BIBAETCA yA0OHBEIM mpu paspaborke UC, comepxammx Gomab-
moe koamdecTBo MOII-TpansucTopos.
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9.4. Cnocobbl cHMXKeHUA NOporoBoro Hanpsxenna V

Yro6b1 cxeMbl Ha, MOII-Tpam3ucTopax GBLIA COBMECTHMEL CO CXEMaMu Ha, G-
HOMAPHBIX TPAH3WCTOPAX, UMEIOMAX HanpsxeHnue nuranud 5 B, Haxo, 9T06E
y HuX Toxe ObLio mutamme 5 B. Mlia sToro Tpebyerca, ITO6HI moporosoe
ganpsaxenue Vr 6bumo okoio 2 B. B mepseix MOII-TpansucTopax 3T0oro Gui-
0 OOCTUrHYTh TPyAHO. Teneps Vr ~ 2 B moaydeno Gaarogaps ciregyomym
MepaM:

TpaH3uCTOPBI, U3rOTOBIEHHBIE W3 KPUACTAWLIOB ¢ opumeHTammen (111), me-
moacTpupyioT Vr = 4 B, a fu4 TpaH3UCTOPOB U3 KPUCTAIOB C OPUEHTAIIEN
(100) Vr cmmxaercs go 2 B.

[IpnMenenue m30aMpYIOWEro CI0s w3 HUTpuAa Kpemuma (SizNy) BMecTO
cioa SiOy gaer B pesynbrare Vi ~ 2 B. [lusaekTpudeckas MOCTOAHHAA HU-
TpHAa KPEMHUA B TPH pa3a 6oibie, 1eM y Auokcua kpemuni. Kak SiOg, Tak
u SigNy COBMECTHUM C TEXHOJOIHIECKHUM IIPOIECCOM.

[IpnMeneHue IpPU U3TOTOBIEHNN 33 TBOPA, MOIUKPUCTALIA KPEMHUA, JErH-
POBaHHOI'0 60POM, BMECTO AMIOMUHUA, CHUKAET V U3-33 CHUKEHUI KOHTAKT-
HOU Pa3HOCTY MOTEHIIAAJIOB MEXAY 3aTBOPOM M M30AATOPOM 3aTBOPA.

9.5. CpaBHeHue nonesbix 1 GUNONAPHBLIX TPaH3UCTOPOB

Y moneBbIX TPaH3UCTOPOB UMEETCA HECKOMLKO IMPEUMYINECTB Hepes OUmopap-
HEIMY.

1. Y moseBLIX TPaH3UCTOPOB IPE3BLITANHO BHICOKOE BXOAHOE COMPOTUBIE-
HEE, OOBIIHO JecATKA wiun COTHH MeroM. COOTBETCTBEHHO, MOIEBHIM
TPaH3UCTOPAM I PAOOTH TPEOYIOTCA IPE3BLIYANHO MAJbie TOKH, ITO
YBEIMIWBAET BPEMA UX PAaOOTHL OT OaTapen.

2. B pa6GoTe 6UIOIAPHBIX TPAH3UCTOPOB AOMUHUPYIOT Aucdy3HLIE TOKH,
a B paboTe moiaeBbIXx — apendosoie. Ipend zapanos Gogee GHICTPHIT
nporecce, 1eM Auddysua 3apsagos; mojdeBbie TPAH3UCTOPHL Y0BIETBOPH-
TeIbHO PAbOTAIOT 0 OYEHBb BLICOKHX IaCTOT.

3. B mmTerpanbHbIX cxeMax Aii (pOPMEUPOBAHUA MOJEBHIX TPAH3UCTOPOB
TpebyeTcsa MeHbIIee YMCIO STAMNOB, TaK KaK X CTPYKTYpa mpome. Onu
3aHUMAIOT B AECATH Pa3 MEHbBIIE MECTA, 9eM OWIIOAPHBLIE TPAH3UCTO-
PBI, 9TO MO3BOJAET HMOIYIUTH 60jiee BHICOKYIO IUNIOTHOCTDH Pa3MEIICHUA
MIOJIEBLIX TPAH3UCTOPOB.

4. TloneBrle TPAH3UCTOPHI MEHEE YYBCTBUTENbHLI K MOHU3UPYIOIIAM W3-
Jy4eHusM. BumonspHbIE TPaH3UCTOPHI IYBCTBUTEIBHBI K W3IY4eHUIO,
y HEX MeHAeTcA KoadpuuueHT nepegaydu [.

9—2890
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5. Ilpu paGoTe B KadecTBE KIIOYa Y MOJIEBHIX TPAH3UCTOPOB OTCYTCTBY-
eT cMemeHve. BUNoOAIpHLIM TPAaH3UCTOpPaM, KaK MUHMMYM, Tpebyercs
Hanpsaxenue 6a3a—smutTep, Vg ~ 0,6 B.

6. TemneparypHasd cTaOWIHLHOCTE HOJEBBHIX TPAH3UCTOPOB Jydlle, deM 6u-
noJsipHbIX. [loeBbie TPAH3UCTOPEL MEHEE Yy BCTBUTEIbHEL K U3MEHEHUAM
TEMIEPATYPHI.

7. Y DONeBBIX TPAH3UCTOPOB MeHbIIE KO3hPUIueHT uryma, IeM y 6umosp-
HEBIX. [loneBble TPaH3UCTOPHI MUPOKO IpUMEHAIOTCA B IM-npueMHIKax
¥ BXOJHBIX KaCKaJaX YCWIATEIEH MAJbIX CATHAJIOB.

OgHaxo KO3(PPUIUEHT YCIWIEHUA HIONEBOr0 TPAH3UCTOPA MEHbIIe, deM 6u-
nonspuoro. CrefyeT 3aMeTHTH, YTO IOJIEBHIE TPAH3UCTOPHI CKJIOHHHI K IIO-
BpeXxJeHuaM npu obpameHun. VI3-3a BBICOKOrO BXOZHOI'O MMIIENAHCA, MAJLIE
TOKW IPOU3BOAAT OOJBINVE HAIPAXKEHU.

9.6. 3akniouyeHue

Brutz paccMOTPEHEL ABE OCHOBHEIE CTPYKTYPHI IOAEBEIX TPAH3UCTOPOB — IO
JIEBLIE TPAH3UCTOPHI ¢ p-n-nepexogoMm u MOII-TparaucTopsL.

Y mOKeBHIX TPAH3UCTOPOB C P-N-IEPEXOAOM YIPABICHNE Pa3MepaMu U CO-
IPOTHUBICHUEM KAHAIA OCYIIECTBIACTCA HAPIKEHAEM MEXIY 3aTBOPOM U UCTO-
KOM. DTOT TPAH3UCTOP LEMOHCTPUDPYET OTIAWYHBLIE XaPAKTEPUCTUKHU Ha IO
CTOAHHOM TOKE.

Y MOII-Tpas3ucTOpOB 3aTBODP W30JAPOBAH OT MOMIOXKH. Y oboraies-
BeIX MOII-TpaH3ucTOpPOB HET CHENUAILHO CHOPMUPOBAHHOrO KaHauna. Bme-
CTO 3TOr0, HAMPAXEHWE MeXAy 3aTBopoM U cTokoM (Vpg) o6pasyeT kaHal
MEX Y CTOKOM W MCTOKOM, CO3JaBas obpamenubit cion. O6pasosanme KaHAIA
MIPOUCXOAUT TOJHKO TOrJa, KOTJa HANDAXKEHWE 33TBOPA JOCTHArAET HOPOro-
Boro Hampaxenus Vp. IIpu HaOpsAXeHUW 3aTBOP —CTOK, IpEBLINAIOMEM VT,
MPOBOAUMOCTD KAHAJA, IOBBIIIAETCA.

Y o6eZHEHHLIX TPAH3WUCTOPOB KAHAJ CYLIECTBYET, HAIPSIXKEHWE 33TBOP ~
WMCTOK YIPABIAET IPOBOAUMOCTEIO KAHAIA, YMEHBIIAA IUCIO HOCUTEIEH B K3~
Haje. MOXHO JaXke HOMHOCTHIO MCKIOYATH HOCUTENA U3 KAHANA. DTU TPAH-
3UCTOPHI TAKXKE MOT'YT PAOOTATh B PEXUME MOBLIIEHWUS IPOBOAUMOCTH KAHA
JI3, IPA PEBEPCUPOBAHNY HOIAPHOCTY HAIPAXKEHUA 33TBOP — MCTOK. TakuM
06pa3oM, 06eJHEHHEIE TPAH3UCTOPHL MO3BOJSIOT BHIOPATH JI060M U3 peKAMOB
o6eqHEHNA WIKX OOOTAIICHMA.

Bricokut BXOJHOU MMIIEAAHC, BHICOKYE paboune Hanpsxkenus (y AUCKPeT
HBIX NPUOOPOB) ¥ HEBOCIPUAMYUBOCTE K U3MEHEHUAAM TEMIEPATYDH U K B0
HU3UPYIOMAM U3JIy<IEHUAM — BCE 9TH KQIECTBA HEIAIOT IOJEBBIE TPAH3UCTO
PBI IIMPOKO IPUMEHAEMBbIMH YHUBEPCAIbHBIMY U MOMYJIADHBIMA B HuGPOBEX
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7 amanoroBeix cxemax. IIpu mpomssogcTee MIC moseBbie TPaH3WCTODHI 3aHU-
MalOT ILIOALbL B JECATH Pa3 MEHbINE, 9eM OUIOMADHEIE, X (POpMUPYIOTCA
3a MEHBIIIee 9HCIO STaNoB. [lojeBbie TPaH3UCTOPHI TAKXE MOXHO IPUMEHATD
B KAYECTBE HArDY30K, PE3UCTOPOB 1 KougeHcaTopos. JacTto MC ma MOII ge-
aarorca noasocTeio Ha MOII, Bce pe3ucTOPBL ¥ KOHAEHCATOPHL 3aMEHAIOTCS
nogxogammmu MOII-ctpykrypamu. He yausureasno, aro MOII-Tpar3ucro-
pH — HauboJee MIPOKO MPUMEHIEMbIe CTPYKTYPH B HUGPOBLIX CXEMaX, IeM
mo6oi APYrod OAMHOYHBIN IPUGOP.

[ononHutenbHaa nureparypa no TeMe

1. Rashid M. H. Microelectronic Circuits: Analysis and Design, PWS Pub-
lishing Company (1999).

2. Jacob Millman and Christos C. Halkias, Integrated Electronics, McGraw-
Hill International Edition.

3. Theodore F. Bogart, Electronic Devices and Circuits, Universal Book
Stall, New Delhi, 1988 [original publication: Bell & Howell Company
(1986)].
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9.1. Kaxkas cTpyKTypa y IOIEBOTO TPaH3uCTOpa ¢ p-n-nepexogom? Kak on paboraer?
9.2. Kakwe THOHL €CTb y HOJEBLIX TPAH3ACTOPOB C P-N-TIEPEX0A0M?

9.3. PacckaxmuTe PO OTCEYKY B TMOJEBOM TPAH3HCTOPE.

94. Kak 5KCIepIMEHTAILHO ONpPEIEIUTh BeINUNHY HAIIPAKEHHAE OTCEIKNAT

9.5. Yro mpeicTaBiseT B MOJEBOM TPAH3MCTOpE C p-n-nepexogoM Tok Ipss? Ero
3HaueHne?

9.6. HapucyiiTe CTOKOBLIE XADAKTEPUCTUKY NIONEBOT'O TPAH3UCTOPA C P-N-TIEPEXOIOM.

9.7. Tlouemy mOMEBOH TPAHZMCTOP C P-N-NEPEXOJOM N-THIIA HE PAGOTAET C MONOKHT-
TeNTbHBIM HANPAXEHUEM 33TBOPa?

9.8.  Yro Taxoe ommieckas 061acTh?

9.9. Yro Taxoe 06IACTH HACHIIEHUA?

9.10. Yem MOII-TpaH3nCTOp OTIMYAETCA OT HOIEBOI0 TPAHIUCTOPA, C P-N-Iepexonom?
9.11. Kaxue Tunsi 6smBator y MOII-TpansucTopos?

9.12. CrpyxTypa n npunmun paboTer o6eguennoro MOII-rpamsucTopa.

9.13. CrpykTypa u npuamun paboTs oboramenunoro MOII-Tpansucropa.

9.14. Kax o6eamennsni MOII-TpaH31CTOp MOXHO HCIOIB30BATH B KAUECTBE 060ra-
IMEHHOr 07
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YTo Taxoe 0GpaIeHHLIN CA0KT
Kaxk o6pasoBriBaeTca kKaHaa B o6oramennoM MOII-rparaucrope?

IToyemy xapakrepuctuku n-MOII-rpan3ucropa ay4me, yem y p-MOII-Tpan-
3ucropa?

Hapucynre nepegarounsie xapakrepucruku n-MOII- u p-MOII-Tpansucropa.
Kakue mapamMeTpsl TPaH3UCTOPA MOXKHO IOJYIUTh U3 dTUX I'Padukon?

Yro Takoe noporosoe Hanpsxkenwne Vr? Ero suauenue?

Kakumu crioco6amMu CHUXKAETCS IOPOr'oBOE Hanpsukenue Vp?

Moxno jau B MOII-TpagsucTopax MEHATHL MECTAMM CTOK U MCTOK?
CpaBuuTe MeX Iy COG0U MapPaMETPHL IOJEBEIX U OUIIONADPHBIX TPAH3UCTOPOB?

Kax MOII-rpausucrop UCHOAL30BATL B KAUECTBE HATPY3KHU?!

3apaum

¥ n-kaHATLHOTO IONEBOT0 TPAH3UCTOPA C P-N-NEPEX00M HANPAKEHUE OTCEIKHA
—4 B u Ipss =12 MA.

a) Yemy paBHO Hampskerue Vpg(sar) Tpu Ip = 3 MA?

6) Kakoe nanpsxenue Vgs B 06IaCTH OTCEYKH BHBOBET TOK CTOKa 3 MA?
Omseem: a) Vpg(saty =2 B, 6) Vas = -2 B.

Y n-MOIl-rparsucropa K = 15 mxA/B? u Vr = 2 B. Hcnoasays Kax JuHe#-
HBIE BLIDAXEHNA, TaK U BEIPAXKEHNA JJIA TOKA CTOKA, HAMTH TOK CTOKA, Ha, KPalo
Hacwunenus mpu Vgs = 4 B.

Omsem: Ip(saty = 60 MKA, Ip(sunean) = 60 MKA.
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CXEMbI
HA MNOJIEBbIX
TPAH3NCTOPAX

PaccmoTpeB ¢usmyeckne IPpUHIUIILL M IIPOIECCH, OTHOCAIHMECS K padoTe mo-
JEBHIX TPAH3UCTOPOB ¢ p-n-niepexonoM u MOII-TpaH3NCTOPOB, MOCMOTPHM,
KAaK OHU NIPUMEHAIOTCA B PAa3iIMYHEIX cxeMaXx. IloneBrie TPaH3HCTODEL, TAK Xe
Kak u OmmonspHele, TpebyoT nmoaxoasamee cmemenue. COOTBETCTBEHHO, KO-
1e6aHMA IIEPEMEHHOr0 TOKAa IPOMCXOAAT IPH TOKE M HAIPAXEHNH paboyen
Touku. B 5TOH raBe aHANM3 PA3AMYHLIX CIIOCOG0B CMEMIEHNA Oy I€T NPOBEAEH
Ha MIpAMepE CXEM YCHINTEIEH C NCIOIB30BAHMEM COOTBETCTBYIOMIMX MOJEIEH
TpaH3ucTopa. Takxke 6yIeT IpoAeMOHCTPHIPOBAHO IIPHMEHEHNE TIOJNEBEIX TPAH-
3UCTOPOB B Ka4eCTBE PE3NCTOPOB, KOHAEHCATOPOB M MG POBLIX KIIOYEH A T. II.

TeMbl, paccMOTpeHHbIE B 3TOM rnase:

— Croco6bI CMEIIEHVA TIONEBBIX TPAH3UCTOPOB C p-n-nepexonoM u MOII-Tpan-
3HCTOPOB;

— CTOKOBBIE M IEePENATOIHEIE XaDAKTEPHACTHUKHY;

— MaJIOCATHAJbHbIE IADAMETPHL X SKBUBAJIEHTHHIE CXeMBI (MOJenn);

— aHAJN3 YCHINTENIeH;

— MOII-Tpa#3uCTOPH B Ka4€CTBE PE3UCTOPOB M KOHIEHCATOPOB;

— npumep KMOII-cxeMEl ¢ aKTHBHON HArpy3KOH U APYrUe CXEMEL.

10.1. CmelueHne nonesbix TPaH3UCTOPOB

llapameTprr TpamsmcTOpa, Takme Kak TOK HachlmeHus Ipgs, HAIDAXeHHe
orceykn Vp, KpyTH3HA XaPaKTEPUCTUKH NMPAMOY NePEIAYHA Gy, MOTYT BapbHU-
POBaTH B IIMPOKMX IpeAeNax y MOJEBHIX TPAH3NUCTOPOB JaXe OJNHOT'O THIA.
B cxeme ¢ ¢puKCHpOBAHHBIM CMEIIEHEEM M3MEHEHHA MapaMeTPOB MOTYT CMe-
CTUTL Pabo4uy0 TOYKY, M CXEMa MOXET OKa3aTbCi B HEPabOTOCIOCOGHOM
CocToaHMM WIN PaboTaTh HEYIOBIETBODHTEIbHO. II0 3TOM NpWYMHE CXEMBL
C pUKCHPOBAHHLIM CMEIIEHNEM IIOYTH HE NPUMEHAIOTCA. CXeMul ¢ (pUKCHDO-
BaHHBIM CMEIIEHAEM HOKa3aHHl Ha puc. 10.1.
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O6paTuTe BHAMAaHUE, YTO 3TH CXEMH TPeGYIOT ABYX HCTOYHHKOB ITMTA-
HHs, OJHOI'O JJIA CMEINEHNS IENN 3aTBOD — UCTOK, APYrOro JAJIA CMEIIEHUA Ienn
CTOK — MICTOK, 9YTO BO MHOI'MX CXeMaX HeymOoOHO.

s cMeleHus MOJeBHIX TPAH3UCTOPOB YaCTO NPUMEHAETCS ABTOMATHYe-
CKO€ CMenieHre. B KadecTBe yCHINTENA MONeBOR TPAH3UCTOP C P-N-IIEPEX00M
Yale BCEro MCIOIb3yeTcsa B cxeMe ¢ o6umM ucTokoMm. Ha puc. 10.2 mpuBeaena,
CX€Ma, aBTOMATHIECKOI'0 CMEIIEHN.

a) +Vpp 0) -Voo +Vpp
Ao % lID Ao % l/o Ao l/o
D D
+ +
G G - lo=0
Vbs Vpbs S Vpbs
- + V. -
S s Gs
VGSI VGS:|; Rg Rs
Puc. 10.1. CxeMbl ¢ GUKCHPOBAHHBIM CMeELIe- Puc. 10.2. Cxema aBTO-
HUEM: 4) — M-KaHaig; 6) — p-KaHad MATHIECKOT'O CMELICHUA

Toxk cToka Ip TedeT depes pe3ucToprl Rp u Rg 1 BHI3BLIBAET HANDIKEHUE
cToK —ucToK Vpg. [IpocyMMupyem HampsxeHnsa BBIXOAHOM Lenu (IPAMEHEM
sakoH Kupxrodda):

Vop = Vps + Ip(Rp + Rs)
nin
Vbs = Vpp — Ip(Rp + Rs). (10.1)

g nenm 3aTBOp — HCTOK 3akoH Kupxrodda gaer: Vgs + IpRs — IgRg = 0.
P-N-TIEPEXO] IMOJEBOr0 TPAH3WCTOPA CMENIAETCI 00PAaTHO, CIEJOBATEILHO,
TOK 3aTBOpa mpexebpexumo maa Ig = 0, Torga 3To ypaBHeHHe IpUMET BUA:

Vaes = —IpRgs. (10.2)

Taxum o6pasomM, majeHNe HANPAXKEHNA Ha pe3ucTope Rg obecneumBaeT cMe-
menne Vgs. Cxema Ha puc. 10.2 m3BecTHaA KaK aBTOMATHYECKOE CMELIEHHE,
TaK KakK [JId 3aTBOpA HE TpeOyeTcsa OTAeNLHOr0 MCTOYHAKA IATAHMS.

AsToMaTHYecKoe CMenieHEe TaKXe CTabmImsupyeT paGodyio TOYKy IPH
M3MEHEHWH MAaPAaMEeTPOB IOJEBOr0 TPAH3UCTOPa ¢ p-n-nepexogom. IIpexcra-
BAM, 9TO TOK CTOKa Ip yBeawumics (Hampmmep, IPH 3aMeHEe TPAH3HCTOP2
Ha APYroH, C GOJbIINM gy, ), TOrAa NaleHue HAIpAXeHWs Ha Rg Takxe yBe
auunrca. B pesyasTare, Gonee orpumaTenbHOe Hampsxenue Vg (ypaBHe:
mue (10.2)) OrpaHHYET POCT TOKA CTOKA M BEPHET €ro K IEPBOHAYAILHOMY
3HAYEHUIO TOKA, IIOKOS.
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BriBoj 3aTBOpa ¢ HyIeBHIM TOKOM (I = 0) AeHCTBYeT KakK JaTYNK HAIpi-
XeHNs, IO3TOMY COIPOTHUBIEHNE Pe3UCTOPa RG 06bI4HO BEIOMPAETCA BHICOKMM
(50 kOm, 100 xOm).

Tok mokos croka Ipg m BXogHOE HampsxeHme mokoi Vgsg B paboden
TOYKe () MOXHO OLEHUTH CleAyomnM 06pa3oM. Ypasrenue (10.2) MOXHO mpe-
00pa30BaTh CIEAYIOINM 06pa3oM:

Ip = . (10.3)

JTO ypaBHEHHE NDAMOH JIWHNY, HA3LIBAEMOW JMHWEA CMEIMEHHA C HAKIO-
moM 1/Rg. Ee MoxHO HanoXuTh Ha rpaduk 3asacumocTd Ip ot Vg, Kak 3T0
caerano Ha puc. 10.3. Ilepecevenne muHum cMemeHAs ¢ rPApUKOM IPIMOH IIe-
pefjady ompejenseT pabodyo TO4Ky M 3HadeHHa nokoda Ipg m Vgsg. Haxmon
IUHWK CMELIeHUA JaeT CONpOoTHBIeHMe pesmcropa Rg. Hampsaxenme cTok-—
HCTOK Ha pabogeit Touke Vpgg MOxHO HaiTn m3 popmyis (10.1), noscrasus
Ipg m gpyrme mapameTphbI CXeMBbI.

+Vpp
Alp
JInHns cmeleHna
H |
HaknoH = -1/Rg bss
QX---1 Ipa
i
H
Y% Vasa Vas
Puc. 10.3. Touka nepeceuenns au- Puc. 10.4. Cxema aBTOMA-
HUM CMELIEHUA C rPpabuKOM NPAMOK THYECKOr0 CMEIIeHus C Je-
nepegady AaeT paboduyio TOuKy @ JMTeNeM HaIpPAXKEeHUA

[na ynpomenus IpOeKTHPOBAHNA CXeM CMEIIEHNA PEKOMEHIYIOTCA Cleny-
Hlre NTpaKTHIeCKHe IPaBUiIa BEIGOpa moaxoaamux 3Hadennt Ipg 1 Vgsg:

Ipg = —ID;S; (10.4)
1%
Vbsg = % (10.5)

Bonee nmpoxuit 8b160p BApHAaHTOB IPH KOHCTPYUPOBAHAH CXEM €T U30-
Opaxennas Ha puc. 10.4 cxeMa aBTOMATHYIECKOTO CMENIECHHA C JeIHTEIeM Ha-
Ipaxenua. Ero Jerko MoamduIrpoBaTh BEIGOPOM CONPOTHBICHHHA DE3NCTO-
POB, 4TOGHI MOLYYUTDH MOIOKATETbHOE WIH OTPHULIATEILHOE HAMPAKEHHE 3a-
TBopa. CiefoBaTEIbHO, 3Ty CXeMY MOXHO IDHMEHHTDb [JJIA CMELEHHA 1~ WIN
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P-KaHAJILHBIX TIOJEBBIX TPAH3UCTODPOB ¢ p-n-nepexogoMm # MOII-Tpausucro-
poB. MoxHo mpeo6pa30BaTh BXOAHYIO Ilenb cxeMbl 10.4 B 5KBHBAICHTHEIN Bij
(pmc. 10.5). IIpumenenne 3akona Kupxrodda x menu 3aTBOp — HCTOK JaeT:

Ves + IpRs — Vg + IgRg =0, (10.6)
rxe
R¢ = Ry||R2 = R1R2/(R1 + R2) (10.7)
n
Ve = Ry -Vpp/(R1 + R2) = Vpp/(1 + Ri/Ry). (10.8)
IMockoabky I =~ 0, ypasuenne (10.6) gaeT paBeHCTBO
Ves = Vg — IpRs. (10.9)

ITO ypaBHEHWe HArPY30<HON JWHWUY /IMHAY cMemmenns. IIpu HaIoOXeHHn Ha rpa-
UK mepefaTOYHOM XaPAKTEPUCTHKM MX HepecedeHre JaeT Paboduyio TOUKY
(pmc. 10.6).

+Vop
Rp l/o Ip}
Jiunua cmeleHus
Ve/Rs-
Q
= Vr Ve Ves
Puc. 10.5. OxBuBajenT- Puc. 10.6. Ilepeceyenne mmumm cMmemeHus
HaA CXeMa, BXOZHOU aCTU ¥ XapPaKTEPUCTUKX IPAMOM MEPERAIN AAET
cxeMsl Ha puc. 10.4 pabouyo TouKy @

Ypasuenne (10.9) yTBepk JaeT, YTO HAPAXKEHAE 3aTBOP — HCTOK Vg MOX-
HO yCTAHOBATH OTPUUATEILHEIM WA MOJIOXATEILHHIM (B 3aBUCAMOCTH OT TH-
TIa, TIOJIEBOT'0 TPAH3UCTOPA), HoAGUpas HanpsaxkeHue Vg 1 najeHue HapsKeHnd
Ha MCTOKOBOM pesmcTope, T.e. IpRg.

s n-MOII-tpamsucropa Ip u Vgs — 06a nomoxurenbubl. ITo6wI 10
JIy4dTh NOJOXHTENbHOEe Vg, coraacuo ypasrenmo (10.9), Vg > IpRg ni,
noacrasus Vi u3 ypasuenus (10.8)

Vbp
m > IpRg. (1010)
OTO HEPABEHCTBO yAOBIETBOPSAETCA, €CIH BHOPATh compoTnsieHne Ry o4ueHP
Gombmmm, T.e. R MOXHO BoBCe yaammTh (Ry = 00) M3 CXeMsl, IpUBEeHHON
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ga puc. 10.4. IIpu sToM moay4aercs cxema aus cmemenus n-MOII-Tpansucro-
pa, KOTOpas m3o6paxena Ha puc. 10.7.
Y n-xaHAILHOT'O TPAH3UCTOPA C P-N-LIEPEXO-

JOM TOK CTOKa Ip TONOXWTEIbHBIA, 3 HANPA- +Vop
XeHne 3aTBOD —CTOK Vgs orpunareabHoe. [lisa
HOMyYEHNA OTPHUATEIRHOr0 Vs W3 ypaBHEHHA
(10.9) mmeem: Vg < IpRg mmm R Ro
V; D
(I—H% < IpRs. (10.11) R
DTO HEPaBEHCTBO BHIMONHAETCA, eCid y Ry +VGs S
o4eHb Goablnoe compoTusieHme. B npexersHOM Ve “=hfs

crydae Ry — 0o m R; MOXHO yJalIuTb M3 CXe-

mul 10.4. PesyabpTupyiomas cxema A1 n-KaHAIb- =

HOFO MONEBOTO TPAHBUCTOPA C P-M-HEPEXOJOM  f o v oo e e
6eu1a m306paxena Ha puc. 10.2 (rae B2 = Rg). auammoro MOII-Tpamsucropa
Brmonuas o6a mepasencrsa (10.10) m (10.11), (n-MOII)

MOXHO HOJYYHATH HOMOXKATEILHOE WIN OTPUUATENHHOE HAPAXKEHNE 3aTBOD —
ucTok Vgg, KOTOpOEe MPUMEHHMO A N-KAaHAJILHOT'O IIOJEBOr0 TPAH3UCTOPA
¢ p-n-nepexonom mwin guas n-MOII-TpassucTopa. Ilpu npaBrIbHO BEIOpAHHEIX
HaIPAXKEHUAX Vpp M COINPOTHBIEHHAX PE3UCTOPOB 3TOT CHOCOO IPHMMEHHM
U i1 CMEIIECHAA p-KaHAJbHBIX TpaHsucropoe. B Taba. 10.1 naHBI copaBod-
HHIE [aHHEBIE 3HAKOB HANDAXEHWA PA3HBIX TPAH3UCTOPOB.

Ta6muna 10.1. 3Haxu HANPSKEHUN MOJEBLIX TPAH3UCTOPOB

n-KaHal p-KaHaa

s & & s & &

Q KRR ] Q o S S|

g & gm 28 g §m B8
3 2 3 55 2 g5 8 55
: | EE| §B| ¥ | BB | &&
& ge«

w ] oo 1 ) oo [
& e = g = € =5 [ =)
8 & | o | &9 & | 82| 89
o &) o= o= &) o= o=
Ve nm Vp - - + + + -
Vas > W >V > Vr <Vp <V > Vr
Vbs + + + + + +
Voo + + + - - -

Boime 6bLI0 0TMEYEHO, ITO CXeMa CMeHIeHWA cTabmriusumpyeT pabodyio
TOYKy, 6J1arofapsa OTPUNATEILHOR 06PATHOM CBA3M 4Yepe3 MCTOKOBBIA PE3UC-
T0p Rg. CTabmIbHOCTE paBGoyuell TOYKA —— BaXKHEUIIee YCAOBHE JJIsI TNHENHbBIX
CxeM, Hampumep ycmiauTeldsa. B mmdpoBbIX cXeMax, 0AHAKO, CTAOHIBHOCTD —
He caMoe rJaBHOE, M CXeMBI CMEMIEHNA MOXHO 3HAYUTEIBHO YIPOCTUTD, Y43~
I8 w3 Hee 6OJbINEe PE3UCTOPOB. OTa CTAHAAPTHAA NPAKTUKA [IPUMEHAETCA
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B mudposbix UC, mpu 5TOM COKPAIAETCA Pa3MeP CXEMBI M 3HAYAT — ILIO-
wa s kpuctaiia UC.

IIpumep 10.1. n-xkaHAILHLIA DOJEBOM TPAH3UCTOD C p-n-MEpexonoM B cxeme 10.8
umeer Ipss = 4 MA. Yemy pasuo Vgsg B cepenuue paGounx pexumon? emy pap-
HO Vgs?

Pemenue. [uasa cepegunsl pabounx pexkuMOB

I 4 MA
IDQ=DTSS=%=2MA.

CyMMupOBaH¥E HAIPSXEHUN B LENU CTOK —UCTOK (mo 3akoHy Kupxrodda) maer
Vop = IpRp + Vps + IpRs
wiu
Vbsg = Vps = Vpop — Ip(Rp + Rs) = 15— 2 MA (2 kOm + 3 kOm) =5 B.
CregoBarensHo, Vpsg = 5 B. Tak kak B cxeme aBTOMATHYECKOE CMELIEHUE, TO

Vas = —IpRs = —2 MmA x 3 xOm = —6 B.

Vop
+15B +Vop
+15 B
Rp l In
2 kOm R4 Ro
M 2K
Q
+ +
—> Vbs Vbs
Re Rs Ro Ves _
10 KOMf 3 kOm M
Q
Puc. 10.8. Puc. 10.9.

IIpumep 10.2. Y n-MOII-rpansucropa B cxeme Ha puc. 10.9 npuGopuas KOHCTAH-
ra K = 500 vxA/B? u V- = 2 B. Haittu yposens Vps.

Pemenne. B cxeme Ig = 0, creoBaTenbHO, U3 JeIUTENA HANPIXKEHAT

VG.S':{ Ry }VDD={ 1 MOw )}XISB

(R1 + R2) (2 MOMm + 1 MOwMm
uwm Vgs = 5 B. [lanee

Ip = K(Vgs — Vr)? =500 x 107(5 — 2)* = 4500 mxA wmu 4,5 MA.
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CyMMUpOBaHU€e HAIPSXEHNN B IeNu CTOK — UCTOK (1o 3akoHy Kupxrodpda) gaer pe-
3yJbTAT

10.2. ManocurHanbHble napaMeTpbl NONEBbLIX TPAH3UCTOPOB

Kpymusna zapaxmepucmury npamot nepedaut gm

B cxeMax Ha GHIOJAPHBEIX TPAH3MCTOPAX BaXHEAIINM MapaMeTpoM mpubopa
ABnAEeTCA KO3GhPUIHAEHT yCWICHUS MO TOKY [, PABHBEIM OTHOIIEHUIO BHIXOJHO-
ro (KO/IEKTOPHOr0) TOKa K BXOJAHOMY TOKy (Toky Gasmi). Kak Takosom, [
HOABIAETCA BO BCEX AHAIMTUIECKAX BHIDAXKEHUAX MAPAMETPOB CXEMBI, TAKHX
KaK KO3 PUUNEHT YCAICHNUS 10 HAIIPAXKEHUIO, BXOJHON AMIEIaHC i T. 1. I 3To
HOHATHO, HOTOMY 9YTO GHIONAPHEIN TPAH3UCTOP — HpHGOp, PAGOTAIIIAR
¢ Tokamu. [IJIA MONEBOr0 TPAH3MCTOPA, BAXHEHUIAM IIAPAMETPOM SBISIETCA
KPYTH3HA XaPaKTEPHUCTHKA MPAMOH MEPENAYIHA §y,. DTO TAK, MOCKOILKY BHI-
XOAHOM TOK YIPaBIAETCA HANPAXKEHNEM 3aTBOD — MCTOK (BxogHBIM). IlosTomy
VIS TIOJEBOT'O TPAH3UCTOPA gy, CTAHOBUTCA Hambonee yZOOHBIM IapamMeTpOM
mpubopa.

KpyTu3sHa XapakTePACTHAKHA MIPAMON IEPENATIA gy, OHPENeNAeTCA KaK OT-
HOMIEHHWE MAJIOCUTHAILHOT'O BBIXOJHOI'O TOKA K MAJOCHATHAJILHOMY BXOJHOMY
HAIIPAXKEHUIO [IPA MOCTOAHHOM HANIPAXEHWM CTOK —HCTOK. Takmm o6pasom,
L7 TIONIEBOT'0 TPAH3UCTOPA, BKIIOYEHHOT'O IO CXEME «C 0GLIIM ICTOKOM», AMEEM

g ATp

9m = U_gs = AVes ,
Vbs

e iq ¥ Vg; — COOTBETCTBEHHO NEPEMEHHBIN TOK CTOKA U IIEDEMEHHOE HalpsA-
XeHue 3aTBop — HCTOK. W3 ypasuenns (10.12) BugHO, 9TO gy, MOXHO SKCIIEPH-
MEHTAJIBHO ONPENEIATh, Y3HAB HAKIOH KACATEALHON K MEePefaTOIHOM XapaK-
TepucTHKE B paboduen TO4YKe, KaK MokasaHo Ha puc. 10.10. Uz sToro pucyska
TaKXe BHJHO, [€ 3HAUYEHNE ¢, MEHAETCA IPHU COBAre PabodYed TOYKM BIOJIb
rpadwmka nepesaToIHON XapaKTepUCTUKA. MakcuManbHOe 3HAYEHHE gy, 060-
SHaYEHHOE gm0, HabmOgaeTca B okpecTHOCTH Ipg, rae upu Vgs = 0 u Ha-
KIOH CaMBIX KPyTOH. B TEeXHHYeCKMX XapaKTepPUCTHKAX IOJEBOTO TPAaH3H-
CTOpa MPOU3BOAUTENN OOBIYHO IPABOIAT grmo- A 3HaUYEHME KPYTU3HEL XapPaK-
TEPUCTHKHY [PAMOM Mepesady A JIO0ro HampaXeHWsa 3aTBOP —HUCTOK Vgs
MOXHO MOJIYYATH U3 CIELYIOMET0 COOTHOIIEHMS:

Gm = gm0 [1 - ('T/ﬁ')] , (10.13)

(10.12)
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a caMO 3HAYEHUE G0 MOXHO BHIYMCIHATD U3 PABEHCTBA,
gmo = 2{;;75 (10.14)
P
Cmocob6 ompefenenns g, U3 nepeaaToYHOR XapaKTePUCTAKH, PACCMOTDEH-
HBIZ BhIIIE, Tak Xe npuMenuM 1 Kk MOII-rpansucTopaM. DT0 TPOMLIIOCTDH-
posano Ha puc. 10.11 gua oboramennoro n-MOII-TpansucTopa.

Ip Ip
T Ipss Ipss
Q I Alp
— Q
AVgs iAlD
+ > ==
VYo Ves AVgs
Vr Ves
Puc. 10.10. Haxnon nepegarounon Puc. 10.11. IToxyyenne g, B paboyen ToIKe
XapaKTEPUCTAKA Ha pabodedr TOIKe () mepeAaTOYHON XaPaKTEPUCTUKY OGO alleH-
Jaet 3Hadenune gm = (Alp/AVgs) Horo MOII-rpansucropa. gm = Alp/AVgs

Buizodnoe conpomusaenue 044 Man020 CuSHAAG T
BeixoHO€ COIpOTHBIEHNE A1 MAIOr0 (IEPEMEHHOr0) CHI'HAJA ONPENeIaeTCa
KaK OTHOLIEHNE NIePEMEHHOr'0 BBHIXOJHOI'O HANPAXKEHHA (T. €. U4s) K IepeMeH-
HOMY TOKy (T.e. igs), T.e.

rq = vgs/igs = AVps/Alp . (10.15)
V(GS)=const

OTO COIPOTHBICHHE TAKXE€ HA3LIBAETCA CONPOTHUBJICHHEM CTOKa M 0603Ha-
4aeTCA T'gs. Bro MOXHO rpaduIecKn ONPEeNeInTh U3 CTOKOBBIX XapaKTepuc-
THK, KaK N0Ka3aHo Ha puc. 10.21. ry — 5T0 HaKIOH rpaduKa 3aBUCHMOCTH
Ip ot Vps B 06nacTH HACHIIIEHWA. 3HAUEHHE 7y A HOJEBOr'0 TPAH3UCTO-
pa ¢ p-n-mepexogoM JexuT B nuanasoHe or 50 kOM 40 HECKOJIBKMX COTEH
xmwiooM, a giags MOII-rpansucropos g0 100 xkOm. Bausane r4 Ha xapakTeps-
CTHKHM CXE€MBI OOGBIYHO MPEHEeOPEXNMO MAJO, IOTOMY YTO BHEIIHUE PE3UCTOPH
C MEHBIIMM CONPOTUBIECHUEM TOAKJIIOYCHEI MAPALIEALHO K T'y.

10.3. AHanus ManocurHasbHoOM MoAenu
MONEBOro TpaH3ncTopa

Tenepb, WCTOML3YyA HAPAMETPHI TPAH3UCTOPA g YU Tg, TOCTPOMM 3KBHUBA-
JEHTHYI0 cxeMy (Wl MOJENb), IPAMEHUMYIO KaK K I[OJEBOMY TPAaH3UCTODPY
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¢ p-n-nepexogoM, Tak u K MOII-rpansuctopy. Ecin 3amMeHnTs nojesoit Tpas-

3UCTOP €0 MOJENBIO, HAIIPNIMED, B CXEME YCIIMTENA, MOXHO OyIeT HAIMCATh aHa-

IATAIECKNE BHIDAXEHNA NI KO3GhDUIUEHTa YCATECHAA 10 HANIPAXKEHHIIO U T. I1.
Ha pmc. 10.12 n3o6paxena HMU3KOYACTOT-

Had MAJOCHTHAJIbHAA DKBHUBAJIEHTHAA CXEMa g c
HOJIEBOTO TPAH3UCTOPA, B KOTOPOX BXOAHOH

HMIIEJAHC Tgs MEXJY 3aTBOPOM M MCTOKOM Ygs Gm-Vgs Fas
ONyIIeH, MOTOMY 4YTO Tgs COCTABIAET COTHH J__ ;

KWJIOOM JJIS TIOJNEBOr'0 TPAH3UCTOPA C P-n-Ie-
pexoOM M Ha [Ba-TPH IOPAAKA OOJbIIE Y
MOII-Tpansucropa. Emxoctn Cys m Cyq TO-
X€e ONYIIEHBbI, TaK KaK OHU MMEIOT BLICOKUHT
UMIIEJAHC ¥ HE3HAUNTEILHOE BINAHUE HA Pac-
CMATPHUBAEMBIX YaCTOTAX.

Ha pmc. 10.12 gp,vys — MCTOYHMK TOKA, yOPABIAEMbIA BXOJHBIM HAIPA-
XeHneM Vgs. OTMETHM, 9TO gmUys MMEeT Pa3MEPHOCTh TOK3 — BCIOMHHTE
Im = z'd/vgs # g - Vgs = tq. CONPOTUBICHNE yBEINYINBAETCA OT MOXY/IALMAN
MUPUHBL KAHAIA. DTa MOJAEIb IPOCTa, HO JAeT XOPOLINEe Pe3yIbTaTEL, OIu3Kne
K IeACTBATEILHBIM.

Puc. 10.12. HuzkovacToTHAA Ma-
JIOCUTHAIBLHAA JKBUBAJIECHTHAA CXE-
Ma MOJEBOr'0 TPAH3UCTOPA

AHaAu3 cTembl YCUAUMERS KA NOJEEOM MPAHUCTOPE
IoneBort TpaH3MCTOP CHOCOGEH yCHMIMBATL DIEKTPUYECKAE CATHAILI B €r0
MOXHO NPUMEHATD II0 OJHOM M3 TPEX BO3MOXHBIX CXEM. OTH CXEMBbL:

— ycmnrens ¢ o6muM ucrokom (ON);
— ycmmarens ¢ o6mmm croxkoM (OC);
- ycmrurens ¢ o6muM 3aTBopoM (03).

HamGonee pactpocTpaHeHHas CXeMa — YCHIATENb ¢ O0IMM ACTOKOM (10106~
HO cxeme ¢ OO y GUIONADHBIX TPAH3UCTOPOB). YCHIATENb C OOMIAM CTOKOM
UCTIONB3YeTCA KaK GydepHBIA yCWINTEIb M3-33 €ro GOJbIIOro BXOJHOTO CO-
IPOTHUBIEHNA ¥ HU3KOI'O BBIXOZHOT'O COIPOTUBIEHNS, KAK B CIy9ae C SMATTEP-
HBIM IOBTOPWTENEM Ha GHIONIPHOM TpamsucTope. Pexe Bcero mpuMensercs
ycunurens ¢ oOM@M 3aTBOPOM HM3-33 CBOEI'0 HU3KOT'O BXOJHOI'O M BEICOKOT'O
BBIXOJHOIO CONPOTHBICHUA, aHAJOIMYHO CxeMe ¢ obumen 6a3on y Gumomap-
HBIX TpaH3uCTOPOB. IIpefcTaBieHHBIN HIXKE AHAIN3 IIPUMEHUM KaK [JIA CXeM
C HOJEBBHIM TPAaH3UCTOPOM C p-n-uepexogoMm, Tak u misa cxem ¢ MOII-rpan-
sucropom. [lns aHanm3a Ha IepeMEHHOM TOke cxema Ha puc. 10.13 moxer
ObiTL ynpomena 1o cxeMbl, m306paxenson Ha puc. 10.14, mo mpaBmIaM, KOTO-
Phle GbLIN M3I0XKEHBI IPY PACCMOTPEHUH CXeM Ha, GUIOIAPHOM TPaH3HUCTOPE.
Ms HamoMuHAHMA TOBTOPMM, 9TO JJIA [OLYYeHNA SKBABATCHTHOM CXEMBI AL
llepeMeHHOr0 TOKa UCTOYHUKY IUTAHUA 3a3E€MIAIOTCA, OJOKAPOBOYHEIE U TI€-
PeXoiHBIE KOHIEHCATOPH 3aKOPAMUBAIOTCA.
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+Vop
Rp

P_—’[ Vout
Vin Re2 e ?—_l_ G ReS
— 1

Puc. 10.13. Ycwmrens ¢ o6umM uctokom  Puc. 10.14. OxBUBaJeHTHaA CXeMa yCH-
H3 IOJEeBOM TPAH3UCTOPE C P-N-IEPEXOZOM  JHTEIA C OOMM MCTOKOM /JA aHAIN3a
C aBTOMATUYECKUM CMEIIEHIEM HA IIEPEMEHHOM TOKe

T L
+

Tenepr mosesoil TpaH3W-
ctop Ha cxeme 10.14 3amernM

3 ~L c .
+ €7'0 MAJIOCUT'HAJIbHOM MOENBIO,
Vin Rg Om Vin ras Rp=V,; TWOCTPOEHHOU B MPEABIAYIIEM
: : : : : - pasgene (puc. 10.12). Ilomy-
Ly

4YeHHasA CxeMa M300paxeHa Ha

puc. 10.15, tae mo gByM CO-
Puc. 10.15. ManocurHamsHaA DKBUBAIEHTHAA cxema OOpaXXEHWAM IIPOU3BENCHA 3a-
YCHIMTENA ¢ 06ImM ucToxkoM u3 puc. 10.14 MEHa Vj, BMECTO Ugs. ep-

Boe — 4T0 y RG 04eHb 60ib-
I0€ CONPOTHUBJIEHNE, BTOPOE — TOK 3aTBOPa MOYTH PABEH HY IO, CIEJ0OBATENb
HO, ¥epe3 R mpakTH4ecKu He IpoTekaeT ToK. CompoTusiIeHne epeMEeHHOMY
TOKy T4 TOXE O4€Hb BEIUKO, KaK OBLIO CKa3aHO paHee, M €r0 MOXHO yOpaTb
u3 cxemsl Ha puc. 10.15. Hampuwmep, eciu r4 > Rp, To 14||Rp =~ Rp. Conpo-
TUBJCHNAE, BHENIHE MOIKIIOYEHHOE MEXJY NCTOKOM B CTOKOM, 0O03HAYEHO T'D
BMecTO0 Rp, 9T0o6bI MOXHO 6b110 6paTh B pacdeT APYTrHe CONPOTUBICHUA,
TaKWe, KaK COMPOTUBICHNE HATPY3ku R miIm BXOZHOE COIPOTHBICHHE CJE-
AYIOIIEro yCHMIMTEIBHOI'O KacCKahda, KOrJa OH €CThb. Wrak, rp npeacraBaieT
5 PEKTUBHOE COIPOTUBIECHUE IEPEMEHHOMY TOKY Ha BBIBOJI€ CTOKa. [Ipm oTHX
YCIOBHAAX MAJOCUTHAIbHAA DKBUBAJIEHTHAA cxeMa Ha puc. 10.15 cokpammena A0
cxemsl Ha, puc. 10.16.

C Puc. 10.16. YnpouieHHaA >KBUBAJIEHTHAA

+ cxeMa ndJIKTeJIﬂ C 06]mIM NCTOKOM
9m*Vin o ’d Vout
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WcTounuk TOKa paBeH gmVin, TOTAA

id = gmVin- (10.16)
BEIXOJHOE HAIIPAXEHHUE Uyt HA cxeMme Ha puc. 10.16 paBHO
Uout = &4 - TD- (10.17)
[loxcTaBuB BMECTO iq ero 3HadueHHe u3 ypabHeHua (10.16), umeem
VUout = gmVinTD- (10.18)
KospdpuupenT ycuaeHns mo HAPAXKEHUIO
Ay =22 — g rp. (10.19)
Vin

O6paTvuTe BHUMaHWE HA HAIPABICHNE TOKA UM 3HAK Vgy Ha puc. 10.15. fAc-
HO, YTO YCWINTENIh ¢ OGIIMM KMCTOKOM IEpEeBOpaduBaeT dasy. DTO 3HAYUT,
9TO B MOMEHT, KOT'[]a Ui, MAKCAMAJILHO IMOMOXHATEIBHO, Vgt HamboIee OTPUIA-
TenbHO. B geiicrBuTensHocTH, B ypaBHennu (10.18) crenoBano mucaTs — g, Vip
U TOMYImIOCh GBI Ay = —gmTp-

Ecnmu BHyTpeHHEe CONPOTHUBIEHWE CTOKA Tjs TOXE CIELyeT YUUTHIBATH,
TOrza, Kak moxasano Ha puc. 10.15, sddexTusHoe 3HaYeHUE Tp = T4s||RD, U

B cay4ae eciu uctokoBuiit pesuctop Rg B cxeme Ha puc. 10.13 He 3amys-
THPOBAaH KOHJEHCATOPOM (aHAJOIMYHO HE3AIIYHTUPOBAHHOMY SMUTTEDHOMY

Pe3’uCcTOpy GUIOLAPHOrO TPAH3UCTOPA), KO(PPUIMEHT yCHICHAA IO HAMPA-
XEHUI0 MOXHO BBIDA3HUTH KaK

9mTD
Av = ————. 10.21
1+ 9nFs) 1021
Bxoguon mMmnenanc Z;, yCHIATENA O4Y€Hb BHICOKUHA U DABEH
Zin = Rg. (10.22)

Bce BrenpuBereHHbIE METOE AHAIN33, M COOTHOIIEHUA IPAMEHUMHEL TaK-
Xe ¥ K ycwnuremo ¢ o6mum uctokom uHa MOII-Tpamsucrope.
Bagcnvie ocobennocmu ycuaumens ¢ 00WUM UCTIOKOM:

— Gonbion KO>POIUIMEHT ycuneHna o HanpAxeHuio (A, = —gmrD);
— B ycmwmTese ¢ OOIIAM MCTOKOM NEPEBOpaMMBaeTCA dasa;
~ 60IBIION BXOJHOW MMIIEIAHC.

Ycuaumenb G NOAEEOM MPAHIUCTOPE C OOUUM CTILOKOM
Ycumurens ¢ o6mmM CTOKOM Ha 7N-KAHATHHOM IIOJEBOM TPAH3METODE C P-M-
nepexogoM m3o6paxen Ha puc. 10.17. O6parure BHUMaHME, 9YTO BEIBOJ CTO-
Ka HaOpAMYI MOOAKIIOYEH K WCTOYHWUKY HANpAXEHUA Vpp, TaK 4TO CTOK
10 IepEeMEHHOMY TOKY Ha IOTEHHuajte 3eMmiau. Takke OTMETHM, 9TO BBIXOJ
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II0 IEPEMEHHOMY TOKY 6epeTcd ¢ BEIBOJA MCTOKA. B cxeMy Takxke BKIIOYEHO
BHyTpEHHEE COMPOTUBJICHUE NCTOYHUKA CUTHAIA T's ¥ BXOLHBIX KIEMM.

CHauana MOIydIuM SKBUBAJIECHTHYIO

+Vop CxeMy Ha IIEDEMEHHOM TOKE€ — 3a3eM-

ageM Vpp, TlepexofHbIE KOHIEHCATODhI

Ci CUATaeM Ha MHTEPECYIOIINX HaC dac-

, T + TOTaX 3aMKHY THIMH, 3aMEHAEM IIOJEBOK
Ves - Cs TPAH3UCTOP €r0 MAJOCATCHAIBLHOU MO-
s R
—

Vo ReS a + Jgensio. Cxema mpusefera Ha puc. 10.18.
Vout W3 puc. 10.17 mmeeM iy = Vgs+Vout

WIn

'Ugs = vq:n - vout. (10.23)
Puc. 10.17. Ycmmnrens ¢ o6mmM CTOKOM
Tpu pesucrtopa 4, Rs u Ry, BKIO4YEHB

[IapaJLIebHO, IPEACTABAM UX OIHUM

L = r4s||Rs||RL, (10.24)
TOT/A
Vout = 9mYUgs " TL- (10.25)
Is 3 " Puc. 10.18. Maxocur-
HATBHAA DKBUBAJCHTHAL
*  cxema A mepeMeHHOrO
Vs Vin  Re Im* Vin Tds Rs Ri=Vout roxa ycmmarens 10.17

dec

[ogcTaBuB BMECTO Vg (= Vin — Vout) B3 ypaBHerua (10.23), momyuum
Vout = Im(Vin — Vout) 7L B Vout(1 + gmTL) = GmTL * Vin.

CaenoBaTenbHO, KO3DMUIMEHRT YCUIEHNA IO HAMPAXEHUIo A, ycurarena ¢ 06-
LIAM CTOKOM

Vout gmTL
Ay = = 10.26)
Vin (14 9gmrr) (

O6b149HO, g > 1u A, = 1.

KoaddummenT ycmneHua mo HaNPAXEHUIO YCHINTENA ¢ O6muUM CTOKOM
49y Tb MEHBbIIE €[MHUIBL. BXogHON NMIefanc Z;, yCUIATeNr O49eHb BEICOK U Pa-
BeH R¢ (pume. 10.18), T.e.

Zin ~ Rg (049€HD BLICOKHM). (10.27)

Boixoguou uMnenanc Zq,; Huskui. [lockoabky B ypaBHernunu (10.24) 74, 601
mon, a Ry, gonxeH 6bITh UCKmoYeH (0ObIYHAA IPAKTUKA — MIPH OIPEeJIeHAN
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BBIXOJHOI'O MMIIEJAHCA CXEMBI HATPY30IHEIN PE3NCTOD ACKIIOYAIOT U3 CXEMHI).
Torga
Z oyt = Rs (uu3kuir), (10.28)

a COIIPOTHUBJIEHUE PE3UCTOPA UCTOKA OOBIYHO HECKOIBKO COTEH OM.
YemnuTens ¢ o6IEM CTOKOM He IepeBopadnBaeT a3y (mogo6HO SMATTED-
HOMY NOBTOPHUTEIIO), BBIXOAHOM CUTHAI IEPEMEHHOr0 TOKA COBHAJAET IO a-
3€ C BXOJHBIM CHTHAJIOM.
Ocnosnbie c60tCMEa YCUAUMERE C 06UUM CTNOKOM:

~ KO3 ODUIMEHT yCHUIeHUA IO HANPAXKEHUIO YyTh MEHbIIe eIUHUIIDL;
— BXOJHOHW HMIIEJAHC OYEHb BHICOKUH;

— BBIXOJHOU MMIEJAHC JOCTATOYHO HU3KUM.

10.4. Nonesoit TpaH3UCTOP Kak UCTOYHUK CTaBMNBHOrO TOKa

[loneBont TpaH3mCTOP C P-N-IEPEXOOM KK
MOII-TpaH3ucTOp MOXHO HCIOJb30BATHL B +Vpp
KaleCTBE UCTOYHHKA TOKAa, 9TOOBI MMUTATDH
CTAa0UIBHBIM TOKOM MEHAIOILYIOCA HAarpy3-
Ky. Ha pmc. 10.19, o wsobpaxen moaesou R
TPAH3UCTOP C P-N-IEPEXOAOM, Y KOTOPOTO

3aTBOP HEMOCPEACTBEHHO COENUHEH C WCTO- I:
koM. OH 6yIeT CIyXUTh HCTOYHUKOM TOKA,
eciu paboTaeT B OGIACTH HACHIIEHHA (OT-
ceukn). [lia n-KaHAIBHOrO MOJIEBOO TPAH- = L
3UCTOpA, C P-N-IIEPEXOIOM YCIOBUEM OTCEY- a) 6)
ku aBiaserca |Vps| > |Vp| —|Vps|. B mamem

cryqae Vgg = 0, # ycaoBuEe OTCEIKU COKPa- Puc. 10.19. Vcroynuk Toka Ha IO-
maeTca 1o Z1eBOM TpaH3mCTOpE: cxema (a), IKBH-
BaneHTHaA cxeMa (6)

Rp *+Voo

|Vps| > |Vp|. (10.29)

U3 cToxoBBIX XapaKTEPUCTHK IOJIEBOTO TPAH3UCTOPA C P-N-MEPEXOI0M
HaM M3BECTHO, YTO TOK cToKa npu Vgs = 0 paser Ip = Ipgs u rpadmk, co-
oTeercrByromun Vgs = 0, mpeAcTaBageT co60H MOYTH HPAMYIO JUHUIO, YTO
O3HavaeT MOCTOAHCTBO Ipgs BO Bcenm obmacTu Hacwimenua. Puc. 10.19, 6 —
S9KBUBAJEHTHAA CXEMa, UCTOYHUKA IIOCTOAHHOTO TOKA. 11 BCEX 3HAYEHUH CO-
Oporueinenusa Rp, Ipu KOTOPBHIX TPAH3UCTOP OCTAETCA paboTaTh B obGracTu
HaChImeHnsa, TOK OCTAETCA PABHBIM Ipgs. YPOBEHE HMOCTOAHHOI'O TOKa MOX-
HO BRIGpaTh MeHbIIE 4eM [pss, €CIM COOTBETCTBYMIOWMM 006pa3oM BBHIOPATH
CMelresue 110I€BOr0 TPAH3UCTODA.
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Brnuenpuseznenssie paccy X AeHUA ¥ COOTHOIIEHUA IPUMEHUMBI ¥ K UCTOY-
HUKY CTabmIsHOro TOKa Ha p-kanaabHOM u MOII-Tpansumcrope.

10.5. MOTl-rpaHsucTop B kayecTse pesucropa

MOII-Tpas3ucTOpH MOXHO IPAMEHATE KaK PE3UCTOPHL. B MHTErpalbHBIX cxe-
MaX Jierde ¥ 3KOHOMUYHEE CKOHCTPYUPOBaTh gonoaanTeasubie MOII-Tpansnc-
TODSHI 414 IPUMEHEHNA UX B KAYECTBE PE3UCTOPOB, Y€M CAETATH CTAHIAPTHEIM
TPaIUUUOHESIA pe3ucTop. IlosTomy mpu mpoektuposanun UC MOII-rpan-
3UCTOPHI 4aCTO HMOJKIIOYAIOTCA B KAYECTBE PE3UCTOPOB M KOHIEHCATOPOB,
a He TOJBHKO KaK YCIIATEIbHEIN mpubop.

Puc. 10.20 unrocTpupyeT O4HY U3 BO3MOXHBIX KOHGMUTYpauil 060ralies-
moro MOII-Tpan3sucTopa, BKIIOYEHHOTO A PaGOTH B POIM PE3UCTOPa. Tak
KaK 3aTBOp COeJWHEH CO CTOKOM, TO Vps = Vgg, u ycaoBue mua paboTh
B ob6nactu Hacsimerusa Vps > (Vgs — Vr) Gyger Boimonneno.

ID A
c (MKA)
_ — Ves=10B

+ + 200
/88

Ves 3 l Vbs 100

B
—_— —_ /: + + ;—2 B oy
7] (Vr=)2 4 6 8 Vbs
Puc. 10.20. O6oramenssm n-MOII- Puc. 10.21. T'eomeTpuyeckoe MECTO TOYEK, B KO-
TPAH3UCTOP, BKIIOYEHHEIA KaK Pe3u- Topeix Vgs = Vps Aaer rpaduk CONpOTHUBICHAL
crop. 3xecs Vps = Vgs MOII-TpaH3nucTOpa, BKIYEHHOTO AJa PaGOTH

B Ka4Y€CTBE PE3UCTOpPA

Ha cemeiicTse cTOKOBBIX XapakTepucTuk (puc. 10.21) oTmedensI Bce TOIKH,
i KoTopeix Vs = Vps. Namenenne HakmoHa rpaduka B Toukax Vgg = VDS
osHauaeT, 4ro comporusienune MOII-TpaHsmcTOpa, BKIIOYEHHOT'O PE3UCTO-
pOM, ecTb GYHKIMA OT HANPAKEHWA CTOK—HCcTOK Vpg. Ipm Vgg = Vr
(= 2 B), nmonyuaercs, aro Vps = Vgs — Vr u Vpgs = 0. CregosaTenbso,
Ip = 0, gro Harnaguo BugHO w3 puc. 10.21. Conporusrenwne mpuGopa 3aBA
CHT OT €ro reoMeTpudeckor ¢popmsl. [IuHHbIE ¥ y3KUe KaHAIH (¢ GOMBIIIM
ornomenneM W/L) ume0T GoIbIINe CONPOTUBICHNAA.

Ilycts Vps = Vgs = V. Moxuo moka3aTh, YTO A HEIMHEAHOT'O PE3’-
cropa Tok uepes MOII-Tpamsucrop 6ymer (cM. ypasmenma (9.11) m (9.15))
paBeH

I=K(V-Vr)? gua V> Vp (10.30)
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Peums ypasuerne (10.30), HaiifeM CONPOTUBIEHNE OCTOAHHEOMY TOKY Ry,
OHO PaBHO

/1
V/I = Ry4. = Vdi + ? qia V> V. (10.31)

[Muddepennmposanne ypapaenns (10.31) gaer mMajocursaIbHOE COMPOTH-
BJIEHUE Tg. A JI060r0 3Ha4eHuA TOKa [

Toe =1/VKI paa V > Vr. (10.32)

Hawbomee mmpoKo B Ka4eCTBE PE3UCTOPOB IPUMEHAIOTCA OGOTAIlEHHBIE
MOII-rpansuctopsi. O6ennenusie MOII-TpaH3uCTOPHI TOXE MOXHO UCIIOIb-
30BaTh B KaJIECTBE PE3UCTOPA, €CIN COCAWHHUTDH BHIBOAHI 33TBOPA M MCTOKA.
Ha pwmc. 10.22, ¢ mokazano mogkmoodenue obGegmemnoro MOII-TpamsmcTopa
mas Vgs = 0, a ma puc. 10.22, 6 — xapaKTEepUCTHKH COOpOTHUBIeHMA. Ta-
KUM CIOCOG0M MOXHO HOAYYWTh OOJNbLINE BEIMYMHBI COMPOTUBIECHMA, IMOKA
MOII-TparsucTop paboTaeT B 06JACTH HACHILEHHUA.

Ip
(MKA
Vop +2B
c 200
+1B
100 =
3 7 oo =0
/ -2B
-1B
/
" =2 a4/ 6 8 Vos
HenuHeiiHbiit pe3ucTop
a) 6)

Puc. 10.22. O6eguentrm p-MOII-TpansucTop B kavecTBe aKTHMBHOM Harpys3kué (a);
HEIUHENHOEe COIPOTHMBIEHNE yCTPOMCTBA Ha puc. 10.20, a moxasaso rpa-
duxom npu Vgs = 0 (6)

10.6. MOI' -koHaeHcaTop

Panee paccmarpmsamucs MOIL-cTpykTypst u 06pasoBanue KaHam€a (061acTH,
IPOBOAAMNIEH DIEKTPAIECKUN TOK) HA IPAHMUIIE OKCHJHOTO CIOA C IOIYIPOBOI-
HukoM. Takmm 06pa3oM, 3aTBOD, M3OMAPYIOUMHA CIOW M MPOBOIAIIAN KAHAT
06pasyioT KOHAEHCATOP C HapaLIeNbHBIMA OOKIAZKaMU. IIOCKONIBbKY OKCH-
HBIY CJIOM HepeKpPHIBAETCA C APYTUMHU O6IaCTAMEM TPAH3MCTOPA, TO IOy da-
I0Tca Tpm KOHJEHCATOpa: MEXIY 3aTBOPOM 1 MCTOKOM Cgs, MEX Ty 3aTBOPOM
1 crokom Cyq u MeXJy 3aTBOPOM U moxmoxkoi Cg,. IIperebperas BamsHU-
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€M KPaeBOr'o MOJA, CYMMa, EMKOCTER DTUX TPEX KOHEHCATOPOB PaBHA 0Ol
€MKOCTH 33 TBOPA:

rge W n L — CcOOTBETCTBEHHO IIMPHMHA U [JIWHA KaHamda, a Cpz — eMKOCThb
3aTBOPA HA €IWHUILY [LIOWAAN JUSIEKTPHKA (OKCHA), KOTOPYIO MOXHO 3alH-
CaTh TaK:

Cog = 2252 (10.34)

tox

31ecs €op — AWdIEKTpUYecKas nmpoHunaeMocTs 3i0s (=3,9), £g — abcomoT-
HAA IUDIEKTPUYECKas IPOHUNIAeMOCTd (= 8,85 X 1071* @ /cm), t oy — TOMIHMHA
OKCHHOI'O CJIOA B CAHTUMETPAX.

MOII-xonzgencaropst Yacto npumensiored B VIC wa ocaose MOII-cTpyxTyp.
Y 0HOTO THUIIA KOHJEHCATOPOB BEIBOABI CTOKA, M KCTOKA, COEJUHAIOTCA BMECTE,
U HCIONBE3yeTCA KOHJIEHCATOD MexJy 3aTBopoM u ucTokoM Cg,. CymecTsyer
¥ IPYTO#l THUI KOHJEHCATOPOB, Y KOTOPBIX OHA CTOPOHA, COeJUHEHA, C 3EMIIEH.
ITO eMKOCTh MeXJIy 3aTBOPOM ¥ moAaoxkod Cgp, J1d KOTOPOH He Tpeby-
€TCA UCTOK U CTOK, IODTOMY JIETHPOBAHUE DTOM OGJACTH HE IPOU3BOIUTCA,
4To fenaeT cxemy mpoire. CymecTByOT U ApyTride BO3MOXHOCTA MIPAMEHEHUS
kougencaropos Ha MOII-crpykTypax.

10.7. CxemMbl Ha nonesbix TpaHsuctopax ¢ MOI-Harpyakamu

Yucroe (IMHEHHOE) CONPOTHMBIECHWE B KAYECTBE HATPY3KHA CXeMHI (T.e. yCH-
auTens) mOTpebIieT MOIHOCTH. Pe3aucTop 06pa3oBBIBAET TaK HA3BIBAEMYIO
TACCHUBHYIO HArpy3Ky. lloseBrie TpaH3UCTOPHI TOXE MOT'YT (PYHKIIMOHUDPOBATD
KaK Harpy3Kd, ToTpebidd Ipu 5TOM HyJIeBYIO UK OIU3KYI0 K HyJII0 MOLUIHOCTD.
Harpyska Ha3LIBAETCA AKTUBHOM, KOT/[a B KA9ECTBE Hee BLICTYIAET aK THBHBIA
npu6Gop — HOJEBOW Wi GUIOIAPHLIM TPAH3UCTODP. B MHTErpaibHBIX cXeMaX,
msrorosienabix o0 MOII-rexunomoruaM, yno6HO W SKOHOMHYHO HPUMEHATDH
MOII-TpaH3uCcTOPH B KadIeCTBE HATPY3KH, M TOT[3 CXE€Ma COJEPXHUT TOJb-
KO ompefeneHHBIM 00pasoMm coegunenusie MOII-npubopsr. Huxe mpuseseH:
IIPUMEDHL.

MOII-ycuaumeav ¢ obozawennvin MOII-mpanaucmopom

8 Kauecmee HaepyaKu
Ha puc. 10.23 nokasan ycmiarens ¢ o6mum uctokoM (OW) ¢ ycumurensHBM
n-MOII-rpausucropom T3 (gpaitBepom) u n-MOII-TpansucTopom B Ka1eCTBE
Harpysku To. O6a TpamsmcTopa ofGorameHHoro Tumna. Busox 3aTsopa 12 HY
npAMyio coefuHes co cTokoM. Iloka Ty paboraeT B 061acTH HACHIIEHHA, OH
(YyHKIMOHUPYET KaK HeAWHEHHH pesucTop (pasger 10.5).
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Huxe 6ymeT moka3aHO, 4TO yCIOBHEM /14 HaxOoXxJeHuda 1o B ob1acTu Ha-
conmenus aAsagerca v, < (Vpp — V). Ecim BxonHOe Hampsaxenwe v; MeHblIe,
yeM TTOPOTOBOE HaIpaXeHuwe Vr, TpaH3ucTop 17 BHIKIIOYEH M TOK IIO CXEMe
ge npoTekaeT. Ecim BxogHOoe HampsaXeHwe v; HpeBbicUT Vr, TpausucTop 1)
BKIIOYUTCA, 00a TpaH3ucTopa O6yZyT B 006macTM HaceImeHWA U cxeMa OyzeTr
paboTaTh KaK yCUIATENb.

+Vpp
Ip
+ k2 (Viop - V7)?
HarpysouHas nuHus
3 4 To Vbs2
+ H
Vesz _ -
+
5 Ves2
HqT Vo = Vpsi Ip
*—
V= VGSI ;
K3 — -
= = Vbs1 Vop - Vr Vbs1= Vo
Puc. 10.23. Ycwmrens ¢ 06- Puc. 10.24. Hanoxenuwe ypasuenus (10.36)
mmmM ucrokom. T1 (n-MOII) — Ha CTOKOBBIE XaPaKTE€PUCTUKN NaeT TOK U Ha-
yeumarens, Ts (n-MOII) — Ha- IpsXeHue paboyent TOYKA yCIMTEeNLHOIO TPaH-
rpy3ka suctopa T
Teneps 3anumem
VGS2 = Ups2 = VDD — Vo (10.35)

¥ MOXHO COOTHECTH TOK CTOKA §p ¥ BHIXOJHOE HAIIPAXKEHHUE v, Kak (10 ypas-
rermio (10.30)): ip = Ka(vgse — Vr)? wm

ip = Ko(Vpp — v — V). (10.36)

Ecan manoxuTs rpaduk 3aBUCUMOCTH ip OT U, (= Upg) U3 ypaBHEHUA
(10.36) Ha BBIXOJHBIE XaPaKTEPUCTHUKHU TPAH3UCTOPa 1), moay<IuMm pabodyro
TouKy () TpamsucTopa 17 (pmc. 10.24).

Ypasrenne (10.36) mepecekaer ock ip = 0 npu v, = Vpp — Vr mip =
= K(VDD — VT)2 npu v, = 0.

Teneps 3aMenEMM TPaH3UCTOPHI B cxeMe puc. 10.23 mx MaJOCHTHAILHBIMHI
Mogenamu. IlosyvyeHHas SKBUBAJEHTHAA CXEMA i NEPEMEHHOI'0 TOKA HM30-
6paxena ma puc. 10.25.

CyMmupoBanme TOKOB Ha BBIXOHOM y3I€ JA€T CJELYIOUIEe COOTHOMEHNA:

'Uo 'Uo
+gm2 - Vgs2 — —— — gm1 " Vgs1 — — = 0;
g To2 g Tol

v, v,
—gm2 " Vo — r_o_ — gm1 - Vgs1 — — =0 (10.37)

02 Tol
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(TaK KaK vgs2 = —v,). KoadbdunumenT ycnienna npu xonocrom xoge (Rr = co)
u3 ypasuerus (10.37)

v —9m1

A =2 = . 10.38
Y Vgs1 (gm2 =+ 1/7'01 + 1/"'02) ( )
1

T
Tak KaK gmg > ;- 4 7 —;

A, = —9m1 _ [_I&] v
Y 9m2 KZ

co[E)/ )]

rpe Ky u Ky — KOHCTpYKTHUBHBIE TAPAMETPHI, OTHOCAUINECA K TPAH3IUCTOPAM
Ha puc. 10.23 T; u T5 cOOTBETCTBEHHO.

i

Puc. 10.25. OxBuBajJeHTHaA CXeMa IJLA Iie-

Co
3 l 1 PEMEHHOr0 ToKa cxeMul Ha puc. 10.23 ¢ Tpas-
2 V) gma2v, = 3UCTOpPaMHU, 3aMEHEHHBIMHM MAaJOCHUTHAIbHEI-
'm2 -Vgs2 o2
Vgs2 MH MOJEIAMHI
2

n
34 Cq
+ +
Vgst + gm1-Vgsit To1 Vo
° 7

IIpakTuyeckue KOHCTPYKTHUBHBIE HAPAMETPHI OTPAHUYMBAIOT KO3 IHIH-
€HT YCHJICHUA IO HApAXKEHUIO B Auamna3oHe ot 10 mo 20.

MOII-ycuaumeav ¢ obednennvinm MOII-mpansucmopom

8 Kauecmee HA2PY3IKU
JuekTpuueckue xapakTepucTuku obeguennoro MOII-TpansmcTopa MOXOXE
HA, XaPAaKTEPUCTUKH IOIEBOT0 TPAH3UCTOPA C p-n-mepexonom. Ilpm paboTe
B 00JaCTH HACHILEHUA y OGOMX BBICOKOE BLIXOJHOE CONPOTHUBICHHE. 3aMBL
Kasg 3aTBOp M ucToK BMecTe (puc. 10.19, a), o6eguennsit MOII-Tpar3ucTOP
MOXHO KCIOIb30BATH B KAYECTBE MCTOYHMKA TOKA AJA 00eCIedeHnsa BEICOKO-
T'O COIIPOTUBJIECHNA HArpy3KH, KOTOpoe TpebyeTcd, YTOObI oIy YuTh 60.1BION
KODODUIUEHT yCUWICHUA 10 HAIPAXEHHIO.

Ha puc. 10.26, a mokasan ycwimaTenb ¢ oOIMM HCTOKOM ¢ o6oraiieHHEM
n-MOII-TpansucTopoM B KadecTBe ycunuTena u obenuennsim n-MOII-Tpaf
3UCTOPOM B Ka4E€CTBE HAUDY3KH.

O6a Tpansuctopa 17 u Ty paboTaioT B 06IaCTH HACHIIICHNA.
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+Vop
Ip
T2
Ipss
Vasi
Ves2=0 + Ip
—
e,
_HT _
- - ‘o
= = Vost
a) 6)
. L
Vgs2=0 T ¥) 9mz2-Vgs2 o2
34
—e
+ +
Vg = Vgs1 (T) Im1 -Vgs1 To1 Vo

B)

Puc. 10.26. Ycmmrens ¢ o6mmM HCTOKOM C aKTUBHOM Harpyskon T2 (oGegHeHHBIN
p-MOII-rpansucrop) (a). Onpeaenenne paGouell TOYKA JIA YCAIATEIb-
sHoro MOII-rpansucropa T (6). MarocurHaabHasA SKBUBAJICHTHAA CXEM3
yewmmrens (6)

Tak xak vgse = 0 U BHIXOJHOE HANPAXEHHUE, UV, = Vpp — Ups2, TOK CTOKA,

paBeH
iD = Kz(’UGSQ - ‘UT)2 = K2'U%.

Ha BrIxogHBIE XapaKTEPUCTHKY TPAH3UCTOPa T HATOXHM TpadyK 33BUCHMO-
CTH ip OT v,, KaK NOKa3aHo Ha puc. 10.26, 6. Pa6oune napameTpst (Ip 1 vpgy)
TOIy4afoTCA Ha TOYKE IEPECeYeHMs BYX TPaPUKOB. DKBUBAJICHTHAA CXEMa,
M1 IepeMeHHOr0 TOKa gaHa Ha puc. 10.26, 6. MoxHO mokasaTb, 9TO KO3(d-
bunyenT yeumeHns M0 HAIPAKEHUIO IPA XOJIOCTOM XOJ€ YCAIUTENA DABEH:

Ay = —gmi(ro1||ro2), (10.40)

T€ Tp] U Ty — BBIXOJHBIE CONIPOTUBIEHNUA IEPEMEHHOMY TOKY TPAaH3UCTOPOB
TinT
2.
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10.8. Cxembl KMOI

Kommementapasie MOII (KMOII) uaTerpaibHbie CXeMBI COAEPKAT B OHOM
xpuctaie kak n-MOII-, rak u p-MOII-rpansuctoper. B HacTosmee Bpems
KMOII-cxeMsl 09€Hb IMMPOKO NPUMEHAIOTCA B HUGPPOBBHIX CXEMaX, IOTOMY
4T0 OHU 60osee GBICTPOAENCTBYIONINE M PACCEUBAIOT MEHBINYIO MOIMIHOCTD, YeM
p-MOII- 1 n-MOII-cxeMmsr.

BasoBon cxemol Aist BCeX JOrMIECKHX CXeM, Takux Kak Bentuiu WJIN-HE,
U-HE, sBnseTcsa MHBEPTOP.

Yro6sr MBI MoOrIz 10 ZocToMHCTBY oueHuTh mapamerpul KMOII-ungep-
TOpa, CHAYAIa O3HAKOMUMCH ¢ uaBepTopoM Ha n-MOII Tpansucrope, Harpy-
KEHHOM Ha, PE3UCTOP.

Tako# uHBEPTOD HpEACTABIEH HA puc. 10.27.

Bxoanoe nanpsaxenue V; IpMiIoXeHO MeX-

+Vpp [y 3aTBOPOM U CTOKOM, & BBIXOJHOE HAIPAXKE-
HEe V, CHUMaeTCA MeX Yy UCTOKOM M CTOKOM.
IDl R, CireoBaTenbHO,
c — Vi = Vgs; (10.41)
| —
3 IH_ n-MOH Vo = Vps. (10.42)
(o y Vo= Vs B nmudposeix cxemax Bxo4 ¥ BHIXOJ OBbIBAET
Vi= Vas HU3KUM WIA BHICOKMM, TaK 9TO JJIfA HAC MHTE-
PECHBI 5TH [Ba, CIydas.
; —Tr Caywat 1: Ilycrs V; = HUBKUU =~ 0.

Caeposarenbno, Vgs < Vi, TpaH3ucTop B BH-
Puc. 10.27. Unseprop ua "'}"IOH' KJIIOYEHHOM COCTOAHMM U TOK cToka Ip = 0.
Tp:zggcmpe ¢ pesucTuBHON Har- Ilo 3axony Kupxrodda B BHIXOAHOM HENH
Y cxeMmsbl Ha puc. 10.27 umeem:

Vps =V, =Vpp — IpRy, (10.43)

Tak kak Ip = 0, V, = Vpp. CaenqoBareibHo, OpA HU3KOM COCTOAHHH BXOJ3
BBIXOJ B BHICOKOM COCTOSHWH, T.€. CUTHAJ MHBEPTUPOBAJCAH.

Cayuati 2:

Iycts V; = BBICOKUM (oHO momxHO 6bITH Bhime, 9eM Vi n-MOII-Tpas-
sucropa). To ects, Vgs > Vi, TpaH3uCTOp MPOBOAAT TOK, U Vps = Vas — Vr
EPEBOJUT TPAH3UCTOP B 06GracTh HACHIIEeHMA. TOK CTOKa AOCTHraer Ha-
chlmeHus, najenne Hanpsxenus Ha Ry (= IpRp) Goabmoe. U3 ypapreHus
(10.43) umeem

V, = HU3KUN ~ 0.
CremoBaTenbHO, HU3KAY CUTHAT HA, BXO€E IPUBEI K BHICOKOMY CHUT'HANY HA BBl

xoge. Kax ¥ oxmaajiocb oT CXeMbl MHBEPTOPA, B OGOMX CIydIadX BBIXOJHOU
CUrHAJ TPOUHBEPTUPOBAJIC.
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KMOII-uneepmop .
KMOII-uaBeprop m3obpaxen Ha puc. 10.28 n-
MOII-gpasieepom u p-MOII-narpyskou. Ber- +Vop
BOABI 33TBOPOB O0GOMX TPAH3UCTOPOB COENHU-
HEHBI BMeCcTe U OOGPa3yOT BXOJHYIO KJIEMMY
HHBEPTODa. AHanormdmo, CTOKM OGOUX TpaH-
3HCTOPOB COEAMHEHEI BMECTE X 06Pa3yioT BHI-
xoguyio kmemmy. O6paTrure BHEHMaHWE, UTO
p-MOII-rpansucrop TpebyeT OTpHIATEIbHOE O
HanpsxeHue Ha croke (—Vpp) mo oTHOmeHMO vi

3|
[
K MCTOKY, W 3TO OGeCHeIMBAETCA COEIMHE- 3| n-Mon
.

mueM +Vpp x ucroxy p-MOII-rpamsucropa

(pumc. 10.28). Taxum 06pa3oM, OFHO HAIPSIXKE- 7
mue Vpp MCHOAB30BAHO AJMA CMemeHus o6omx L
TPaH3UCTOPOB. -

B cxeme Ha puc. 10.28 Bxoamoe Hampsxe- FHC. 10.28. KMOIl-ureeprop

HHUE paBHO:
Vi=Vas.n = Vpp — Vsa.p. (10.44)

O6o3HaeHNe HUXHUM HHIEKCOM 7 B P OTHOCATCS COOTBeTCTBeHHO K n-MOII-
u p-MOII-rpamsucropy. U BeIXOAHOE HampsKeHUE

Vo =Vps.n = Vpp — Vsp.p- (10.45)
Cayuai 1: V; = HU3KUN = 0. T n-MOII-TpassucTopa mveem
Vasn =Vi=0<Vrn,

n-MOII-Tpas3ucTOp HAXOAUTCA B COCTOSHAN OTCEYKH, TOK CTOKA PABEH HYJIIO
Ip n(off) = 0. [dna p-MOII-rpamsucropa ypasuerne (10.44) MoxHO 3ammcaTs Kak

Vse.p =Vpp —V;
opu V; =0
Vsg.p = Vpp > —-Vr.p. (10.46)
Cregosarennno, p-MOII-TpansucTop HaXOAUTCA B TPOBOAAIIEM COCTOS-
smu. Ogmaxo, Ip p = Ip N (Tak xak 06a TPAaH3MCTOPA BKIIOYEHHI MOCAEAO-

BatensHO) u Ip p = 0, a aT0 mepesogur p-MOII-Tpas3ucTop B JIMHEHHYIO
(ommaeckyro) obnacts. Ilpupasnss Ip, P(ommunecut) = 0, TOLYIIM

Vz_%s.p] _

ID.O(o.MM,’u,%ecnuil) =K |:(VSG.P + VT.P) Vsp.p — 2

V2
=K [(VDD +Vr.p) VDs.p — Dzs'P] =0

(moromy ro Vsg.p = Vpp).
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Pemenwue sroro ypasuenus Vgp p = 0. llogcrasus Vpgs.p = 0 B ypaBHeHHE
(10.45), mmeem
Vo = Vbp. (10.47)

Dro 03HAadaeT, 9TO BBXOA HHBepTOpa B cocrosmmn BBICOKUM. Huskwmi
BXOJHOM CHTrHAJ IPEBPAIIAETCA B BHICOKMM HA BBIXOJE.

Cayuat 2: V; = BBICOKUM = Vpp. IIpu V; = Vpp (1 Vpp > Vi)
n-MOII-rpamsucTop paboraer B JmHeMHOM (oMumdeckoM) pexume. A p-MOII-Tpas-
3HCTOD B COCTOSHUE OTCEYKH, IOTOMy 49TO B ypaBHeHuu (10.44)

Vse.p =Vpp —Vi=Vpp —Vpp =0.

lpupasnusas Ip ploumuueckut) = ID.P(of) = 0, TOMyTUM ypaBHEHWE JJIL TOKa
CTOKa B OMHYECKOU OGJACTH B BUIE:

V2
Ipn=Kn [(VGS.N +Vr.n)Vsp.y — %] ,

Tak kak V; = Vpp,

V2
Ipn =Kn [(VDD + VT.N) Vsp.N + %} =0.

Pemenwue sroro ypasuenus Vpsy =0 u
Vo =Vpsn =0. (10.48)

ITO TMOKA3HIBAET, 9TO BhIXOA mHBEpPTOpa B cocTosnmu HU3KUW. Bricoxuu
BXO/HOM CHTHAJ MPEBPATWICA B HU3KHAW BBIXOJHOU CUTHAIL.

dTu gBa pe3yabraTa, BHpaxeHHble ypasHeHusamu (10.47) u (10.48), moa-
TBepxgaoT, 4ro KMOII-cxema paGoTaeT HHBEPTOPOM.

Pacceusaeman mownocmv 6 KMOIT UC
B KMOII-cxemMax pasim9aioT CTATHYECKOE PACCEMBAHUE MOIIHOCTH U JWHA
MUYIECKOE.

CraTudyeckas MOIHOCTH PACCEUBAETCA, KOTJA TPAH3UCTOPHL HE MEHAIT
cBoe cocrogame. MEI BEINE BUAEIH, 9TO IpH cocTosamu Bhixoga BBICO-
KWW, n-MOII-Tpas3ucTop BHKIIOUEH X TOK CTOKA 9€PE3 TPAH3MCTOPHL PABeH
HyJ 0. AHAJOIAIHO, IPU COCTOSHUY BEIXOAA HU3KUA, p-MOII-TpansucTop
BHIKJIIOYEH, ¥ TOK CTOKA depe3 TPAH3UCTOPHL OmATH paBeH Hyuo. CienoBa-
TeIbHO, CPEAHAA CTATAIECKAA PACCEMBAEMASI MOUIHOCTD

P D(static) = [ID(BLICOKm? BFIXO0O1) + ID(HHBKHI? BBIXO,J)]VDD/ 2
wmt Pp(static) = 0. B AeficTBUTENbHOCTH, TOKM yTEUKH CYMECTBYIOT W PaBHB!
npumepso 10718 A,

ITpu mamenenun cocrosaus KMOII-cxemel, ckaxeM, U3 COCTOSHUAA ¢ HU3"
KHUM BBIXOJOM B COCTOSHHE C BBHICOKMM BHIXOZOM (wIu HaoGOpOT), B MOMEHT
nepexofa 06a TPaH3UCTOPA OKA3BIBAIOTCS IPOBOJAIIAME M B TedeHHE KO-
POTKOT'0 BPEMEHU NPOTEKAET HEGOJBIION TOK CTOKA. JTa MOTEpsS MOUHOCTHE
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HA3LIBAETCA AMHAMHUYECKOH MommHoCTbio paccesuus. [lags KMOII-cxemsr (mmm
B JEUCTBUTEILHOCTH, Aus J100brx MOII-mpu6opoB) MOXHO MOKa3aThb, ITO
_ 2
PD(dynamic) = CvVpp,
rae C — €MKOCTb HArpy3KH, ¥ — 9acTOTa IepeKkIodeHus. IIpakTuyiecku,

y KMOII-npr6opo HabmogaeTcs AMHAMAYIECKAA MONIHOCTb PACCESHUA B He-
CKOJIBKO IECATOK MUKPOBATT.

IIpumep 10.3. B cxeme ma puc. 10.29 y MOII-Tpamsucropa K = 500 mxA /B2
n Vr = 2 B. Hairtn conporusnenue pesucropa Rg, npu kotopoM V,,,: 6yneT pasubM 5 B.
Pemeune. Tox croka I 1 Tok uctoka I; paBHEI Mex 1y cobou. B oGnactu crabmis-
HOT'O TOK3 MMEeM

I, =K(WVgs—Vr)!=K(Vg—-Vs —Vr)? =K(Vg -V, —Vr)?

noromy uto Vs = V,. Taxxe I, = %. Cl1eOBATEIBHO,

3 500 x 109(12 — 5 — 2)2 = 125 x 10~4
Rs

R, =5/(125 x 10™%) = 400 Om.

IIpumep 10.4. Yemy pasen k0ahdUIUMEHT yCHJEHMA NO HANPAKEHUIO CXEMBL Ha
puc. 10.307 KpyTusna xapakrepuctuku npsamon nepegadu passa 4000 mxCm. Kakum
6y et koo GUITMEHT yCUICHNA [0 HANPAKEHNIO, €CIM PE3UCTOP B Hemu uctoka 500 Om
33LIyHTUPOBATL KOHIEHCATOPOM HOCTATOYHON €MKOCTH?

Pemenne. Tak kax R, He 3a3eMI€H [0 IEPEMEHHOMY TOKY, KOI(D(DUIMEHT YCUICHAL
10 HANIPAKEHUIO BEYHUCILLETCS o dopmyae (10.21):

gmTD
Ay = ———.
Y (14 gmrs)

B sroit cxeme
Rp = 10 xOm||10 xOm = 5 kOwm, rs = 500 kOm.

CaegoraTensHo,

4x10°3 x5x103

Av = T X 2% 107 x 500 Owm)

=6,6.

Eciu R(=500) 3a3emruTh 0O NEPEMEHHOMy TOKY, TO Ts = 0.
CrenoBaTensHo, Ay = gmrp = 4 X 1073 x 5 x 10° wm A, = 20.
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Voo +18 B
+12B +158B
10 kOm
R

_— | g _{ :

Vv,
Vout s

Isi RS vin 5M 0,5 KOm 10 KOm
Puc. 10.29 Puc. 10.30 Puc. 10.31

IIpumep 10.5. Y nosneBoro Tpamsucropa ¢ p-n-nepexogom B cxeme puc. 10.31
Vp = —4 B u Ipss = 12 MA. o KaKOr0 MaKCHMAJIBLHOI'O COIPOTHUBIEHNUS PE3NCTOPA
R cxeMy MOXHO NPUMEHATH KAK UCTOYHUK CTAOHILHOT'O TOKA?

Pemenne. IloneBoit TPaH3UCTOP C P-N-NEPEXOAOM PaAGOTAET KAK MCTOYHUK CTa-
6GUWILHOrO TOKa B OGIACTU HACHINEHUA (OTCEYKH). YCJIOBHE OTCEYKH [JA MOJEBHIX
TPAH3UCTOPOB C P-N-MEPEXOIOM

[Vbs| > [Vp| — |Vas.

Tax Kak B 3TOU CXeMe 3aTBOP U NCTOK COELUHEHEL BMecTe, TO Vg = 0. Torga ycmopne
OTCEYKU COKPAIDAETCA [0
[Vps| > [V

CyMMupoBaHUe HaNPsXEHUN B BEIXOLHOU uenu gaet Vpp = Vps + Ip R win

R= (Vop —Vps)/Ip,  ID(mas) = IDss = 12 MA,

R(maz) = (Vbp ~ |VDS(max)|)/Ip = (VDD — |V3|)/ID =
= (15—4)/12 MA = 916 Om = 0,91 xOm.

10.9. 3aknoyeHue

CMelenne mOJEBbIX TPAH3UCTOPOB MPOMIE, YeM OWIOMAPHBLIX. JacTo g Ho-
JeBHIX TPAH3UCTOPOB C P-7-IEPEXOJOM AOCTATOYHO IPUMEHUTEH CXEMY aBTO-
MaTHIECKOI'0 CMEIIEHNS, XOTS CYyNEeCTBYIOT U APYTHUe CXeMbI. B GoabiuHCTBE
CXEeMHBIX peajm3amuil nmapaMmerpsl o6eguennsrx MOII-TparsucTopos Gau3kKE
K TapaMeTpaM MOJEBHIX TPAH3UCTOPOB C P-N-TIEPEXOOM.

Ycunurenn Ha HOJEBBIX TPAH3UCTOPAX ¢ p-n-nepexoiom m MOII-Tpansd-
CTOpaX aHAIM3MPYIOTCS HA OCHOBE KPYTH3HHL XapPAKTEPHUCTHKHA TMPAMOU IE-
pefady gp,. OKBUBAJIEHTHBIE CXEMBI 3TUX IPHOOPOB mPOCTHL. B gomomHeHHE
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K IIPOCTOTE MOJIEIN 1 ITPOEKTUPOBAHUY CXEMEIL, ¥ HUX, ocoberro y MOII-Tpansuc-
TOPOB, IPE3BEITANHO BLICOKUI BXOJHOM MMIEAAHC (JECATKYA M COTHA METaoM).

BosMoxnocTs mpuMenenusa oGoramennsrx MOII-rpansucTopoB B kade-
CTBE PE3UCTOPA MPAMEBIM COEIMHEHHEM 3aTBOPA K CTOKY (WIN MCTOKY, B CIy-
gae o6egurennoro MOII-Tpansucropa) Takxe f00aBIseT UM yHUBEPCAILHO-
CTH TIPY IPOEKTUPOBAHUM CXEM.

Ha mpoMexyToYHBIX 5Tamax TEXHOJOTHIECKOro nuKia npoussogcrsa NC
MoxHO cpopmupoBaTs MOII-konAeHCATOPEL. DTH KOHAEHCATOPHI IPE3BHITAM-
HO PACIpPOCTDPAHEHH! U MUPOKO IPUMEHSIOTCA B MUPOBEIX CXEMAX.

MOII-Tpa#3sucTOpsl 9aCTO OPUMEHSIOTCA B KA4eCTBE HATPY3KH (AKTHB-
HOU) BMECTO PE3UCTOPa (IAaCCHBHOM HATDY3KHM), IOIHOCTHIO BEITECHAL U3 MH-
TerpalbHBIX CXeM OOLIYHEIE PE3UCTOPHL. Takme peleHna 06eceMBaloT GOIbIIe
OPERMYIIECTBA, IOTOMY 4TO IPOINE M JEIIEBIe CASJATH MHOT'O OJMHAKOBBIX
2JEMEHTOB HA KPUCTAJLIE, YeM (HOPMIPOBATH MHOI'O DA3HBIX.

KMOII-rexnonorus upumenser u n-MOII- u p-MOII-npu6oper B ogH0K
cxeMe, TaK KaK X JErKO MOXHO M3rOTOBATH B 0H0M Kpucraiwie. KMOII-cxe-
MBI PaCCEMBAIOT (MOTPEOIAIOT) SHEPIUH MEHBINE, 9eM CXEMbl, U3TOTOBICHHEIE
o 060X APYrod M3BECTHOM B HAcTOsmee BpeMa TexHojormu. CraTHyeckue
norepu GJIM3KA K HYJIO, & JUHAMAYECKWE MOTEpH (T.€. MOTEpU IpHU Iepe-
KIIOYEHHA COCTOSHUM) TAKXKe HU3KME (MAKPOBATTHI) — 3TO MOBBIIAET CPOK
cryx6pl GaTapen B cuCcTeMaX ¢ OATapEAHEIM NUTAHUEM.

,D,ononHmeanaa MtepaTtypa no Teme

1. Rashid M. H. Microelectronic Circuits: Analysis and Design, PWS Pub-
lishing Company (1999).

2. Horenstein M. N. Microelectronic Circuits and Devices, Englewood Cliffs,
NJ Prentice Hall Inc. (1996).

3. Thomas A., DeMassa and Zak Ciccone, Digital Integrated Circuits, John
Willey & sons (1996).
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10.1. Y7o Taxoe aBTOMATHYECKOE CMemeHue?

10.2. HapucyiiTe cxeMy aBTOMATUYIECKOTO CMELIEHNS TIVNIEBOT'O TPAH3MUCTOPA C P-Nn-Tie-
pexojaoM U OOBACHUTE, KAK OHA paboTaeT.

10.3. Cwmemenne nOMEBBX TPAH3UCTOPOB MPOLIE, deM GUIOIAPHBIX. IIPOKOMMeHTH-
pyuTe.

104. O6mscunTe, MOYEMY CXEMBI HA IOIEBBIX TPAH3UCTOPAX MPEANOYTHTETLHO aHA~
JIMBUPOBATE Ha OCHOBE g7
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Kak nomy4uwnTs 3Hadenne g, MOJEBOr0 TPAH3UCTOPA?!
HapucyitTe mpoCTyo MaIOCUTHAJILHYIO SKBUBAJIEHTHYIO cxeMy (MOZeNIs) mo-
JIEBOT'O TPAH3UCTOPA.
Kaxoi nopsigok BXOZHOrO MMIENAHCA Y MOIEBOr0 TPAH3UCTOPA C P-N-TIEPEXO-
aom?
Kaxk monesou TpaH3UCTOP C p-N-MEPEXOLOM UCIOIL30BATEL B KAUECTBE UCTOY-
Huka crabmibHoro Toka? HapucyiTe cxeMy 1 ero SKBUBAJIEHT.
Kax nogxmounts o6oramennsit MOII-TpansucTop, 4To6H OH paboTal Kak
pesucrop?
Kax noaxmounts o6eamenusin MOII-TpansucTop, 4To6el OH paboTal Kak
peaucrop?
Kakue eMkoCTH IpUCYINY OJEBOMY TPAaH3UCTOPY?
Hapucyire cxemy ycmizrens ¢ ON ¢ n-MOII-gpaisepom u p-MOII-sHarpyskon
u obbsacHUTE ero pabdory.
Kaxue ¢axkTophl OrpaHUYMBAOT KOIMODUIMEHT YCUIEHUSA [0 HANPIKEHUIO
yemmrenen Ha MOII-Tpansucrope?
Kaxue ocroBHEIE napaMeTpH! y yemiureten ¢ OU?
Kakue ocHOBHBIE TapaMeTPEL ¥ CTOKOBBLIX IOBTOPUTEIEH?
Kak pa6oraer n-MOII-uaBepTOP C PE3UCTUBHON HATPY3KOU?
Hapucyure u kparko o6bacaure padory KMOII-unsepTopa.
O6mbsacuure, nogemy y KMOII-npun6opoB auHaMudeckas MOIIHOCTE PACCEAHMA
BHIIIIE, Y€M CTATUIECKASA MOIIHOCTE PACCESHU.
3apaum

Y p-KaHAJILHOTO TIOJIEBOrO TPAH3UCTOPA, C P-N-IepexosoM B cxeme Ha, puc. 10.32
Ipss = 2 MA. Yemy pasuo Vpsg B cepesure pabodero pexuma? Jemy pas-
"o Vgs?

Omesem: Vpsqg =6 B, Vgs =45 B.
Y n-MOII-rpansucTopa B cxeme Ha puc. 10.33 KOHCTPYKTUBHAA KOHCTAHTA
K =200 mxA/B? u Vp = 2 B. Haittu yposess Vpg.

Omsem: Vps =~ 7 B.

Y noseBoro TpaH3MCTOPA C p-n-LIEPexXosoM B cxeMe Ha puc. 10.34 V, =5 B

u Ipss = 10 MA. Tlpu kakoM MakCHMaJIbHOM compoTusieHun R cxema GyaeT
JIefCTBOBATEL KaK MCTOYHUK CTAGMILHOTO TOKA?!

Omeem: Rmqz) = 1,5 kOM.
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-20B

-18B +188B

6 MOm 2,2 kOm R%

Vbs [:

Puc. 10.32 Puc. 10.33 Puc. 10.34

3 MOm

10.4. TlomeBou TpamaucTop ¢ p-n-nepexogoM Ha puc. 10.35 HauuHAET NPOGUBATHCA
npu Hanpsxerna Vps = 18 B. Ecm V, = —3 B u Ipss = 10 MA, xakoit
[IMANA30H CONPOTHUBICHUA R 1mo3BoIfeT HAJEXKHO WCIOIB30BATHL CXEMY KaK
HUCTOYHUK CTAGUILHOIO TOKA?

Omsgem: 700 OM < R < 2,2 xOm.

10.5. Ilpm mameHeHum HampsKeHus 3aTeopa ot —3,2 B 10 —2,8 B B cxeme 10.36 Tok
cToka MeHsgeTcsa or 4 go 6 MA. Yemy pasma g, TpamsucTopa’ Brramcanre
KO2((PUIUEHT yCUIEHNA IO HAIIPAXKEHUIO 3TOI'0 YCUIATEIS.

Omeem: gm = 5000 MxCm, A, = 12.

10.6. MOII-TpamsucTop B cxeme Ha puc. 10.37 umeer K = 500 MxA/B? u Vp =
= 2,0 B. Hasitu Tok cTOKa Iy 1 BEIXOAHOE HATIPAXKEHUE Vyyt.
Omsem: I, = 0,928 MxA, Vot = 4,64.

+10B Vaa Voo

+25 B % +8 B +6 B
4 kOM
R%
o F{
Vout

6 kOMm

q

6 KOM= Rg

0,5 kOm

|||——|

Puc. 10.35 Puc. 10.3 Puc. 10.37

10.7. Y MOII-TpamsucTopa B cxeme Ha puc. 10.38 K = 200 mxA/B? u Vp = 1,5 B.
Haiitu conpoTusienue Rg, IPU KOTOPOM BBIXOJHOE HAMpPSKEHUE Viyu: Oy-

ger 4 B.
Omeem: Rs ~ 222 Om.
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10.8. Ha pmuc. 10.39 mokasan o6oramenusit MOII-TpansucTop, BKIIOYEHHBINA Kak
peauctop. Y Tpamsucropa K = 500 mxA/B? u Vr = 2 B.

a) Kaxon Tok mporekaer vepes MOII-Tpansucrop?
6) Yemy paBHO COMPOTHUBJIECHUE IOCTOAHHOMY TOKY Tg. MOII-Tpansucropa?

B) Yemy paBHO CONPOTUBIEHNE NEPEMEHHOMY TOKY T, MOII-TpamsucTopa?
Omseem: a) I = 2,25 MA, 6) T4 = 2,0 KOM B) Toc = 666 Om.

10.9. Y o6eguennoro MOII-rpansucropa Ha puc. 10.40 K = 1,0 MA/B2 u Vp =
= —2 B. Hanru V,; u Vps.
Omeem: V,out =8 B, Vps =4 B.

Voo
+15|3 +12B +12B -12B

[ gL C

Vout I Vout Vout

Rs 2kOMZ=R 2kOM=R

J
J

Puc. 10.38 Puc. 10.39 Puc. 10.40 Puc. 10.41

10.10. ¥ o6oramenroro MOII-Tpansucropa Ha puc. 10.41 K = —1,0 MA/B2 u Vp =
=—-4B.
a) Iloxaxure, uTo npym MOOLX 3HaYeHUAX R TpamaucTop OGyjeT B pexume
HACHIIEHUS.
6) Yemy paBHO Vpy; npu R = 007
Omeem: a) B cxeme Vgs = Vps, ClIej0BATEIBHO YCIOBUE HACHIIICHUA,

a umenno Vps > Vgs — Vr 6yaer yzoeaeTBopero npu Jobbix R,
6) Vout = —8 B.
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YCUNUTENU
MOLLIHOCTU

B npegpIAymux raasax ML 06CY X JATH MAJIOCUTHAJILHBIE YCUINTENN. DTH YCH-
aurenn paGoTAlOT B AKTUBHOM OGJACTM M YCWIMBAIOT TOK W HAIDPXKEHUE
6e3 MCKaXXeHUH, OHM Takxke 00ecmedmBaioT TpeGyeMble YPOBHH HMIEAAHCA
IpX KCHONb30BAHUM B KadecTBe OydepHEIX ycmamrenen. B mMamocuraanrbHbIX
yCHIATeNAX KONeOGaHUA TOKA U HAIDPAXKEHUS MAJbI, ¥ TPAH3UCTOPHI OGEIYHO
PaCCENBAIOT MOIIHOCTH J0 HECKOJbKUX COT MWLIMBATT. Teneps paccMOTpUM
yCHINTEIM MOIIHOCTHM, KOTODHIE OMXHEI BHIZABATH B HArPy3Ky OOJIbIIyIO
momsocTs (> 0,5 Br).

TeMbl, paccMOTpeHHble B 3TOM rnase:

— rpadUIeCKUE AHAIN3 YCUWINTEIEH MOITHOCTH;

— KJIACCH(PUKALUA YCAIATENEN MOIHOCTH;

— NPOEKTHUPOBAHUE U AHAIM3 YCHIATEIEH KiIacca A;

— MCKAXEHWd B YCWIATENIX KIacca B, MX aHaIN3 ¥ MepHl 0 CHUXEHMIO;
— OPOEKTMPOBAHWE U aHAIWM3 ycwidTeaen kiacca AB.

I1.1. Beegenne

[lepBrie kackaabl GOMBIIMHCTBA MEKTPOHHEIX CHCTEM NPEJHA3HAYCHBI [JIA
06paGOTKA CUTHAJIOB, '€ UCIOAb3YIOTCA PA3HBIE BO3MOXHOCTH MaJOCATHAJIb-
HBEIX yCHIHTENed. BBIXOAHOW KAaCKa[d, KaK IIPABHIO, MONIHBIM KAaCKal MOJ-
XeH BHIAATH U 06ecnednTsh Ha HArpPy3Ke Goiablryio MomHocTs. K ycmmarenam
MOIIHOCTH ¥ IPUMEHAEMBLIM B HUX TPAH3UCTOPAM MPEABABIAIOTCA DPa3IWd-
Hele TpeGoBanusa. MOMIHEI TPAH3UCTOP, KOTOPLIA BXOJAT B CXEMY, HOIXKEH
PaccemBaTh GOJBIIOE KOIUIECTBO Temwna. [[jis >TOro y TPaH3UCTOPA AOMXK-
HEl OEITHL GOJBINAsA HOBEPXHOCTDH MOIYIPOBOLHAKOBOI'O KPHUCTAWIA U META-
IAYECKAR KOpIyc. MOIIHEIE TPAH3UCTOPHL Pa3MEmAiOT B CXeMe TaK, ITOObI
MaKCHMAaJIbHO ObLI 06ecnedeH OTBO TEILIA, 33 CYeT KOHBEHIINHA WM TEILIOIPO-
BognocTH. JacTo B cucTeMax ¢ GOJBIION MOIIHOCTHIO MOXHO YBHAETH OXJa-
XJeHue BEHTWIATOpaMZ. K ADYTEM BaXXHBIM XapaKTEPUCTUKAM yCHIATEICH
MOIMIHOCTH OTHOCATCA CTENEHb MCKAXKEHUS BHIXOAHOI'O CHTHAIA U KOdhduimm-
€HT npeo6pa3soBaHUA MOUTHOCTH.

10—289¢



@0 Taasa 11. Ycuaumeau mowmnocmuy

I 1.2. Knaceudpukauma ycunureneit MOLLIHOCTH

MasocurHaJIbLHEIE YCATUTEMN Ha OUNOMAPHBIX TPAH3UCTOPAX MO CXeMe BKIIOYe-
HuA OBLIN MOAPa3JejieHbl Ha, CXEMBI C OOIIMM 3MUTTEPOM, C OOHMIMM KOJLIEK-
TOpOM M O0men 6ason. AHATOrMYHO, YCHINTENIN Ha IOJEBHIX TPAH3UCTOPaxX
NOAPAa3eNAI0TCA Ha CXeMbI ¢ OOIIMM MCTOKOM, OOHIAM CTOKOM M T. I.

Ycunurenn MOMHOCTH KIACCH(UINPYIOT IO HEPHUOLY CATHANA, B TEUCHHE
KOTODPOr'0 BBIXOJHEIE TPAH3MCTOPHLI BKIIOYUEHHI M NPOBOAAT TOK. IIpexmomna-
rasg, 9TO BXOJHOW CUTHAJ CHHYCOWJAJLHBIM, BPEMA NPOTEKAHNA TOKA MOXHO
CIMTATE IO yriy IpoBoAAMOCTH. OOBIYHO YCHANTENN MOIHOCTY NOAPA3AENs-
I0TCA Ha YeTHIpe Kiaacca: Kiace A, kiacc B, kracc AB un xaace C.

B ycmamrensx kaacca A pabodas TOUKa TPAH3UCTOPA BHIOPAHA TaK, YTO
TPAH3NCTOP OCTAETCA B AKTUBHOM OGJIACTH U MPOBOJUT TOK B TE€YEHWE BCETO Iie-
PpHUO/ia BXOAHOrO cUrHaMa. Takum o6pazoM, yroa mposogumocTn 6 = wt = 360°.
dopma BLIXOLHOrO TOKa MOKa3aHa Ha puc. 11.1, a.

Pa6o4as Touka TpaH3MCTOpa yCHIUTEIA Kiacca B cmemeHna B TOUKy 0T-
ceukn (Icg = 0) m 3T0 O3HATAET, ITO IOKA BXOJHOI'O CATHAJIA HET, IPOBOAR-
MOCTB HE MOABIAETCA. 110M0XUNTEIbHEIE IOJOBAHLI BXOJHOI'0 CUTHAIA, CMENIa-
10T 3MHATTEPHLIA IEPEX0] N-p-n-Tpausucropa opsamo. OH ocTaeTca B aKTHB-
HOM 00JaCTH M IPOBOAUT TOK TOIBLKO B TEYEHUE MOJOBUAHLI IIEPHOa BXOJHOTO
curaana. To ecTsb, yroa nposogumoctu § paser 180°. dopma BEIXOLHOIO me-
PEMEHHOr'0 TOKa IpeACTaBleHa Ha puc. 11.1, 6. OTpunareibHble TOIOBUHE!
BXOJHOT'O CHHYCOMAJLHOTO CUT'HAMA, CMEIAIOT IPIMO P-N-P-TPAH3HCTOP, ¥ OH
mepexoauT B mpoBogdmee cocroauue. Ha obmen fusa AByX TPaH3UCTOPOB HA-
rpy3Ke MOABIAETCA MOIHAA BOIHA CUTHAIA. [lasee MBI yBUAMM, YTO YCHINTENb,
paboTaroumu B Kracce B, co3aeT uCKaXeHHYIO BOIHY CUTHAJIA B Pe3yabTaTe
MCKaXeHWH, MOABJIAIOMMXCA IIPHA Mepexo/ie CUTHaMa Iepe3 Hoab. B kaacce AB
NPUHATHL MEPHL IPOTUB TAKAX UCKaxeHwn. B ycmaurene knacca AB pabodgad
TOYKa TPAH3UCTOPA CMEIIEHa B TOUKY, B KOTopo# Icg # 0, HO BermunHa TOK3
Maja, OHa cocTaBageT 1-2 % OT MUKOBOM BETMYMHBLI BEIXOJHOTO TOKA, CXEMBL.
Yrox npoeogumocTn 4y Th 60asuie 180°. PopMbI BHIXOLHOrO TOKA IMpuBeJeHb
Ha puc. 11.1, 6.

TpamsucTop ycumaurens kiacca C cMemeH Tak, 9TO KOLIEKTODHEIA TOK
TedeT B mepmoh Mmemee 180°, peansno § < 180°. dopma BrIXOZHOrO TO-
Ka IIOKa3aHa Ha puc. 11.1, 2, oHa mMeeT BMJ OTJEILHLIX MMIIYJbCOB. KO-
Iia 9T KOPOTKHUE HMILYIbCHL BO36YKAAIOT BHICOKOZOGPOTHBIA pPe30HAHCHEH
LC-kouTyp, cuayconAaabHaa (POPMa CUTHAMA BOCCTAHABIMBaeTCA. Hanmane
PE30HAHCHOI'O KOHTYPA 3HAYMTENIHHO CYXKAET MOJOCY IPOILYCKAHUA yCHIATELA
knacca C. Y ycmamrenen kimacca C mamboabmmy KoddgdunmeHT npeobpas3o-
BaHuA (YaCTh MOIJHOCTM HOCTOAHHOI'O TOKA, IPe0o6pa30BaHHASL B MOIHOCTP
HepeMeHHOr'0 TOKa) II0 CPABHEHMIO C YCHIMTENAMA APyrux Kiaccos. Omu 00-
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nee IOAXOAAT A NIPUMeHEeHNUA B PaJA0IACTOTAX, HAIPAMeP B MePeJaTINKaAX,
7 MBI Jlajlee UX PACCMATpPUBATL He OyaeM.

. /\
NV

0 T 2n 3n 4n é} 0 . 2n 3n 4n ot
180"
a) 6)
ic ic

AN VANEEWAN

0 T on &VSn 4 wt 0 T 2n { Sn. 4n ot
>180° <180

B) r)

Puc. 11.1. DOpMBI CHrHAIOB BEIXOZHOI'O TOKA PA3IMIHLIX KIACCOB YCHIUTENSH: a) —
xmacc A; 6) — kaacc B; ) — xnacc AB; 2) — kaacc C

Hago orMeTnTh, 9T0 Goablnme KOAeGaHWA TOKOB M HAIPAXKECHUN B yCAJIH-
TeIAX MOIIHOCTA M HEIMHEMHOCTH XaPAKTEPUCTHK TPAH3MCTODPA COBMECTHO
BIAAIOT HA NapaMeTPhl ycumauTeldi. Y MaJoCHrHANLHBIA AHAIN3, HPEAlOJa-
TAIOIIMKA JAHEAHOCTh PAOOTHI TPAH3UCTOPA, CTAHOBUTCA HEAEUCTBATEILHBIM.
CrepoBaTensHo, B ycmamTenax GOIBIIOrO CUTHANS dallle IPUMEHAIOTCA T'pa-
bugeckme METOLBI AHAIN3A.

11.3. Yeunurenu knacca A

Kak 6B110 CkasaHO BBINE, YCHIMTENb KIacCa A paboTaeT ¢ TPAH3MCTOPOM,
CMENIEeHHBIM TaK, YTOOLI IPOBOAUTHL TOK B T€YEHME BCEr'0 MEPUOLA, CUT'HAIA.
Taxum 06pa3om, Bce MaJIOCATHATLHBIE YCHIATEN PAOOTAIOT B PEXUMe KIac-
ca A. Ho, xkax MBI yBHAUM [aj€e, XaPDAKTEPACTHKYA | 330a9M YCUINTENA MOLI-
HocTu masie. CxeMa IpOCTOro yCUIATEI Kiacca A mokasana Ha puc. 11.2, a.
IdTa cxeMa ¢ OOGIMM SMATTEPOM, €€ SKBUBAJEHT /1A IePEMEHHOr0 TOKA HpH-
Befen Ha, puc. 11.2, 6. Cragyana HapuCcyeM HArpy309IHYIO JUMHUIO IEPEMEHHOI 0
TOKa, KOTOPadA BA3YaIbHO IIOMOr'AaeT HPOBOJUTE AHAIN3 YCAIATENEH GOXBLIIOTO
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currana. Harpysodnas IuHUA MEPEMEHHOr'0 TOKA OTAMYAETCA OT HArPY304-
HOM JWHEHM IOCTOAHHOTO TOKA, IOTOMY 9TO 3(@PEKTUBHOE COIPOTUBICHHE
(ammeganc), HabIOgaeMoOe C KOMIEKTOpa, A4d HuX pasHoe (cMm. puc. 11.2).

+Vee
R i i
g &
| 0 J7
Vee
Vs R - rc
Re L Vs re
a) 6)

Puc. 11.2. Tunwynem ycumaTers k1acca A (a); SKBUBAJIEHTHAA CXeMa JIA IEPEMeH-
HOrO TOKa (6)

CyMMEpOBaHMe HAIPAKEHAN B KOLIEKTOPHOU menu (mo 3akony Kupxrod-
¢a) OpUBOAAT K yPaBHEHMIO:

Vee + ie'rE + ic’r‘c = 0-

OTmeTuM, 9TO Bce CTPOYHBIE GYKBEL B OGO3HAMEHMAX TOKOB M HAIIPAKEHAR
OTHOCATCA K BEIMIMHAM IEPEMEHHOr0 TOKA M HAIpsXeHud. BcmomumM, 9TO
TE ¥ rc — CONPOTHUB/IECHNA (MMIELAHCH) IePEMEHHOMY TOKY, BUAUMEIE COOT-
BETCTBEHHO C SMATTEPA U KOIIEKTOPA.

Tak Kak i, ~ 1., ypaBHeHHE MPAMET BHUJ
—Uce
(re +rE)’

IlepeMeHHBIA CATHA BHIBEIBAET M3MEHEHMA KOJIEKTOPHOT'O TOKA W HAIPA-
xeHund. VIX BeM4mHBL IO IOCTOAHHOMY TOKY B Touke (Q paBuH Icg u VeEQ:
MrHoBeHHbIE 3HA9EHMA (MOCTOAHHBIM TOK (HAIPAXKEHUE) + IepeMeHHbIH TOK
(mampsxenue)) TOKa ic U HAIPAXKEHWA UCE MOXHO BHIDA3UTh KakK ic = ict
+Icq nn

(11.1)

e =

ic =1ic —Icq (11.2)

U UCE = Vee + VoEQ WM
Vee = VcE — VCEQ- (11.3)
IoacTaBus i, u v w3 ypasuenuu (11.2) u (11.3) B ypaBaenue (11.1), moxyaM

—Uce VCEQ
(rc+rg)  (rc+rE)

ic—IcQ =
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Ve

. —Uce CEQ

ic=———7"—11¢ +———}. 114
oty e e (9
[ua ic m vcg — 9TO JuHenHOe ypaBHeHwe. OHO DPEACTABIAETCA MPAMOH

JUHUER Y = M + ¢, KOTOPaA EMeeT KPYTH3HY M U TOUKY IepecedeHus ¢ Bep-
TEKAJIbHOU OCBIO C.
B ypaBrennu (11.4) KpyTu3Ha U TOUKa OepeCedeHNA C BEPTUKATLHOMR OCBIO
Clefyromue:
kpyTusHa = —1/(r¢ + rg), (11.5)
HepecedeHne ¢ BePTUKaIbHOM ockio = Icg + Verg/(rc + TE). (11.6)

I'padux ypasuenusa (11.4) HA3HLIBAETCA HAZPY30UHAA AUHUA 1O NEPEMEH-
nomy moxy. [aa scHOCTM OH OTAeanHO m300paxeHn Ha puc. 11.3. O6paTuTe
BHUMAHAE HA TOYKY HACHILEHHUA TOKA i¢(sq¢) M TOUKY HANPAKEHAS OTCEIKH
VCE(cutoff): LaKEM 00pa3oM, EMeeM:

) Vceq
ic(sat) = Icq + rotrm) "'E); (11.7)
VCE(cutoff) = Veeq + Icq(rc + k). (11.8)
Puc. 11.8. Cocrasursio- ic
M€ HArPy30IHOM JIMHUN H
i achilueHve
IO MepeMEHHOMY TOKY Icq+ (Vega)/Nre + 1e) HEPEMOHHOIO TOKA
leg f-mm— ==
! Otceuka
" NEepeMeHHOro Toka
I
|
L

} Vee
Veea Veea + lcalre + re)

[Ipm npoeKTMpPOBAHUM yCHIMTENEM MOIIHOCTH IPUMEHAIOTCA ypPaBHEHNA
(11.7) = (11.8). Ha rpacwxe BEIXOHBIX XapaKTEPUCTUK TPaH3ucTOpa (puc. 11.4)
TaKXXe HAPUCOBAHA HArPY30IHAA JMHUA HepeMeHHoro Toka. Ha pucynke Tak-
Xe MOKa3aH IeJb mepuo] KOJeOaHUN TOKA M HAIPAXKEHUA 0 HATPY30IHON
JIHUM IIePEMEHHOI'0 TOKA. YCHINTENM GOJLIIOrO CATHAAA WCIOIL3YIOT IIO-
9ITH BCIO aKTHBHYIO 061acTh. Jlydme Bcero BeIOpaTh pabodyio TOUKY () At
ycunmTeneir kaacca A B cepeAuwHe HATPY304YHOM JuHMEM — OyAeM Ha3LIBATH
€€ HEeHTPUPOBAHHON (). DTO MO3BOJAET HOJYINTH MAKCAMAILHYIO MOUTHOCTE
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6e3 nckaxennn. Touka (), CMeIIEHHAS OT CEPeMHBI B CTOPOHY TOYKM HACHIIE-
HUs, OIPUBOAUT K OrPAHMICHUAM U3-33 HACHIIEHHUA, & CMEIIEHHAd B CTOPOHY
TOYKM OTCEIKM, — OrPDAaHMYEHMAM M3-33 oTcedkw. [ua mpumepa >Tm mcka-
XeHHbIe (POPMBI CUI'HAJ3 M300paxeHEl Ha puc. 11.5.

B

ic (min) Ig=0
] Vee Vee
VCE(+in) Vqso VCF(max)

| | |
: 0 : > Vee

|

|
| |
| |
| |
|
| |
| |

ot

Puc. 11.4. ®opMHI CHIHAIOB TOKA X HANPMXKEHNA B YCUIATENE KIacca A

ic 4 ic

>

t ot
a) 6)

lcq £ . /\
\/ \/ fea N/ N\ 7/
@
Puc. 11.5. Orpaumyenne GpopMbI CHIHATA TOKA M3-33 HachmueHus (a). OrpanmieHne

$opMEI curHagda TOKa M3-3a oTcedkm (6)

Maxcumaavras svixodnas mownocmo u KII/J ycuaumean xaacca A
YT0o6EI MOXYYMTH BEIPAXKEHME AJd MAKCAMAILHOM BRIXOZHOHM MommocTH Fo
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(w1 MOIIHOCTH HA HArpy3Ke), BBEAEM HECKOAbKO ympomeHmi. I[IpmmeM, aro

B rpadukax Ha puc. 11.4:
ic(min) =0;
Z‘c(mazl:) = 2ICQ-
Awnanorugso,
UCE(min) = 0;
VCE(maz) = 2Veeq-

OTH JOMyIIEHUA O3HAYAIOT, ITO Tenepb pabodas 06IacTh YCUINTENA Ha, Ie-
peMeHHOM TOKe OyJeT HAaXOLUTHCA B JAANA30HE OT TOYKMA HACHILEHHAA HA, Ha-
PY30YHON JMHWM TIEPEMEHHOTO TOKA 4O TOYKHM OTCEUKH, KAK 3TO IMOKA3AHO
Ha puc. 11.6 (koTOpHIM ABIAETCA MEpepucoBaHHBIM puc. 11.4). DTo mpegens-
HO€ PaCIIupeHne peaarbHou paboden 06macTy, IOKa3aHuou Ha puc. 11.4. lomy-
[IEHWA YOPOIAIOT AHAAW3, HO JAai0T PE3yALTATHL C IPUEMIEMON TOYHOCTHIO.
IIpu cuHYCOMAATLHEIX TOKAX U HAIPIXKEHAAX BEIXOJHYI0 MOLUIHOCTEL IEPEMEH-
HOr0 TOKa P, MOXHO BEHIDa3HTL Uepe3 AeUCTBYIOUIVE 3HAYCHNA TOKA M HAIPI-

XEHNA

ic4

Py = VymsIyms. (11.9)

\

«— TO4Ka HacblLLeHUs

Tou4ka oTCeukun

>VCE

\ '

Puc. 11.6. Pacumpenne 061acT pab0oTHl OT TOYKM HACHILEHWA A0 TOYKH OTCEIKH
no3poasaeT ysexmantsb I, 10 Icq, a V, — 10 Vogg

W3 puc. 11.5 ammmmryzga Toka Ip = Icq, m amminTysa Hanpaxerns Vp, =
= VeoEgq A4 neHTpupOBaHHOM paboten Toukn. Ecin ypasrenue (11.9) BbIpa-
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3UThH Yepe3 aMILIATYJHbLIE 3HAYEHAA, OHO OyJeT MMeTh BUL:

_ Yerq Icq
V2 V2
CEQ * 1C

Pymaz) = %. (11.10)

Ypasrenne (11.10) gaeT MaKCUMAIBLHYIO MOIHOCTD NEPEMEHHOI'0 TOK4, IOa-
BaeMOro B HArPY3KYy. DTO MAKCAMAJIbHAA MOITHOCTD, IOTOMY 4TO IIPH BEIBOJE
ypasuenusa (11.10) npeamosaraauch ONTAMAIBLHLIE YCJIOBAA PaGOTEHL

Kosdpuyuenm npeobpazosanus MouHocmy ycuiumedas 1

Cpefuss MOIIHOCTE CATHANA, OTHAHHAA B HAI'DY3KY
Cpeanaa MOIIHOCTD, MOTPEOIEHHAA OT UCTOIHUKA MTUTAHAA

N = (11.11)
B snamenarene ypasuenus (11.11) s mpoCTOTHI OrPAHMYMMCA MOUIHOCTBIO
HCTOYHHUKA IIOCTOAHHOI'O TOKA, OTJABAEMOr0 TOJILKO B BEIXOLHYIO IIEIb, IIPOMT-
HODHPOBAB MaJyi0 MOMHOCTD, HOTPEOIEHHYI0 CXEMOU CMEIEeHUsA (GAa30BOM eI

Tak Kak HaIpAXKEHWEe UCTOYHUKA MOCTOAHHOI'O TOKA, HUTAIONIEE CXEMY,
paBHO V¢, a mocToAHHBI TOK — IcQ, TO MOIIHOCTH, OTPE6IEHHAS IIENbIO
KOJULIEKTOP —aMHUTTED, paBHa Py, = Voclcg mmm

Py =2Vegglcq (11.12)

(moTomy uro Voc = 2VeEgg). Ucnonszopas ypasrenus (11.10) u (11.11), mo-
IyauM K03 PUIueHT IpeoO6pa3oBaHui (B MPOLEHTAX):

n= [(VCEQ'—ICQM] x 100 % = 25 %. (11.13)
(2Veeqlcq)

IIpun ugeaIbHBIX YCIOBUAX MAKCUMAILHEIN KOahdUImenT mpeobpasoBaHus
yemmaTens knacca A ¢ RC-ceazamu pased 25 %. Ha mpaxTuke oH HECKOIBKO
menbire. Koaddumuent npeobpasosanua 25 % osHadaeT, ITO MOTPeOGHOCTD
B IOCTOSHHOM TOKE KaK MUHUMYM B Y€THIPE Pa3a MPEBLIIaeT MOIHOCTD, 0T
AaBaeMyIo B Harpy3kKy. ITo6sl oTgaTh B Harpysky 20 Bt mommocTa (P,), ycu-
auTenio kiacca A Tpebyercs 80 Bt mommocTu mocToaanoro Toka. BeonoMuRM,
<TO COOTHOIIEHHS MOIHOCTH curaata [ypasaenume (11.10)] u xoadpunuenTa
npeobpasoBanus [ypasHenue (11.13)] gafoT MakcuMaIbHOE 3HAYEHME ITHX 18-
paMeTpoB. /1 oHE mMOAPA3yMEBAIOT, YTO CXEMA, CIPOEKTUPOBAHA, ONTHMAJIBHO,
T.e. C IEeHTPUPOBAHHOUN paboder TOIKOM (). MOXHO AeACTBHTEILHO IPOBE
PUTEH, B CEPEAUHE HAXOAUTCA Pab0dad TOYKa YCUINTELI WIA HET, CJIeAyomuM
cmoco6oM.

3uadeHre TOKa KOLIEKTOPa B TOUKe Hachmuerud (puc 11.6) pasuo 2Icqg, T- ¢
Ue(sat) = 2Icq. (11.14)
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Cpasuenne ypasaennit (11.7) u (11.14) gaeT ycaoBme LeHTPEPOBAHHOM Q)

Veeqg
Hea=loat Gt
HIn V
rc +Trg = IC:;Q (11.15)

Ycunurens nMeeT NEHTPUPOBAHHYIO () TOILKO TOrAa, KOILa ee CXeMa, y0-
sireTBOpAeT ycaosuio (11.15).

Ypasuenne (11.15) MoxeT GBITH MOXYYEHO W MOACTAHOBKOM KOODAWHATHL
ToKM OoTceuku w3 puc. 11.6, T.e. Vog(cutof) = 2VoEQ, B ypasrenne (11.8).

Ycuaumeav xKaacca A ¢ mpancPopmamopnoti c643vi0
[Ipn BKIIOYEeHNN HATPY3KM Y€pe3 Pa3ieldTedbHBIN TpaHchopMaTop koaddu-
IEeHT Ipeo6pasoBaHmMa MOXeT ObITh nosbmeH 10 50 %.
Kakxum o6pasom moxydaercsa 310 yiayumenue?! [las madaia paccMOoTpuM
HATPY309HYIO IMHUIO IEPEMEHHOr0 TOKa, ycmanrens ¢ RC-ceaspio (puc. 11.7).

Puc. 11.7. Cocrasnaiomme Harpy3od- ic
HOW JIMHUY TIEPEMEHHOr0 TOKa [ LEeH-
TpEpOBaHHOM Q 2lcq -

\/.

f »Vee
0 Veea Vee

IIpn oTcyTcTBUN CUrHATA TEPEMEHHOI'0 TOKa KOMLIEKTOPHBIR TOK Icg Te-
H9eT IO cxXeMe, MOKa Hampsxenume Vopg obecnmedmBaeT cMelleHNe TPaH3UCTO-
Pa. DTO 3HAYMT, YTO MOIHOCTL IIOCTOAHHOTO TOKa, paBHaiA Vorqg X Icqg
(paBHAZ mOIOBHHE MOIIHOCTH OT MCTOYHMKA MUTAHAA, yPaBHEHHE (11.12))
TepdgeTcs Ha KOWIEKTOPHOM pesucTope R (Mbl moka GyneM MrHOPUPOBATH
pesuctop Rg). DTy MOTEPI0 MOIHOCTH MOXHO CHH3WTH HOYTH [0 HyJId 3a-
MeHOM pesucTopa R mEpPBUYHOM O0OMOTKOM TPaHCGOPMATOpa ¢ IpeHe6pe-
XUMO MaJbIM CONPOTHUBIECHHEM HMOCTOAHHOMY TOKy. Ha mepBumdamoM 06MOTKE
TpaHCchHOpPMATOPa HOYTH He OyAeT NaJeHNus NOCTOAHHOT'O HampsaxkeHua. U ko-
3¢ dbunmenT npeobpazoBaHuA yCHIATENA HoBbIcHTCA 10 ~ 50 %. Ha puc. 11.18
u306paxen yCHAMTENb K1acca A ¢ TPaHCHOPMATOPHOM CBA3BIO C HATPY3KOM.
31ech KomIeKTOpHEI pe3ucTop R¢ 3aMeHeH mepBAYHOM 06MOTKOM TPAHCHOD-
MaTopa ¢ 04eHb MaJbIM CONPOTHUBJICHUEM IIOCTOIHHOMY TOKY. D¢ PeKTHBHOE
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COIPOTHMBICHME HArpy3ku R; Ha HDEpPBUIHOM OOMOTKe U3 6a30BOM TEOpPHM
TpaHCcdOpMaATOPa PaBHO

2
R = (;2) Rr, (11.16)

TAe Ny U Ny — GUCIO0 BUTKOB COOTBETCTBEHHO MEPBUYHOM M BTOPHUIHOM 06-
MOTOK TpauchopMaTopa. Rj onmpezaenser KpyTU3HY HAIDY30YHOM JIWHUM IIe-
PeMeHHOr0 TOKa. KpyTmsHa HArPY30YHOW JMHUU IO HOCTOAHHOMY TOKY —
MOYTH BEPTUKAJbHAA JUHUA U3-33 OUE€HL MAJOr'0 COINPOTHUBICHUSA MEPBHAIHOMN
o6moTku Tpancdopmaropa (kpyrusaa = —1/Rp = —o0). OrcyTcTBue pesn-
cropa Rc mossoaser mcmoan3oBaTh paBeHCTBO Voc = Vepg. Ha pmc. 11.9
MOKa3aHbl 00e HArpy3O4YHble JuHUA. HanpskeHue BLIXOTHOr'O CHHAIA KOJe-
6aeTcsa B 06e CTOPOHBL OT TOYKH () C aMILIATY A0, paBHOU Voo, ITO moaaep-
KWBAET TPAH3UCTOP B IMPOBOIAIMIEM cCOCTOAHUU Bce 360° BXOAHOrO CHrHAIA
7 ycmiuTedab GyHKIMOHAPYET B PeXuMe Kiaacca A.

+Vee Puc. 11.8. Ycwmrens kracca A ¢ TpaHc-
$OpPMATOPHOHI CBA3BIO

np ” RL

c Vie
|
]

|||—-

Temeps
Veeg = Vee.- (11.17)

W3 ypasmenma (11.10) mMakcuMaibHAA BBHIXOAHAS MOMIHOCTB, OTAAaBaeMad
B Harpy3Ky, paBHa

Po(max) = %. (11.18)
Tak kak
Ieg = Y€, (11.19)
nMeeM BBIXOAHYIO MOIITHOCTDH r
Vo

(11.20)
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lIpu Verq = Ve cpepnsas MomHOCTS, moTpebiseMas OT MCTOYHUKA, T TAHMA,
paBHA

Vig
Ry
CuaefoBaTensHo, Ko3(pduimenT Tpeo6pa3s0BaHMI CXEMEL C TPAHCHOPMATOPHON
CBA3BIO C HAT'DY3KOU

(11.21)

Pic=Vec - Icq =

P, 100 V2 R,
= Zomax X 7 _ 1260« | L] x 100
nin
n =50 %. (11.22)
Puc. 11.9. Y ycumurens ¢ Tpaucdop- . HarpysouHasi iMHUA NepeMeHHOoro Toka

MaTOPHOM CBA3BIO HAUPY30YHAA JTUHIA
MOCTOAHHOTO TOKA IOYTH BEPTHKAIb-
Ha (U3-33 IPEHEGPEXMMO MAIOTO CO-
MPOTUBIEHUA NEPBUIHON OGMOTKH II0-
CTOAHHOMY TOKY)

HarpysouHas iMHus NOCTOSIHHOIO Toka

lcq

IIpm orcyTcTBUE B Ienu KOMLIEKTOPA CONPOTHUBIEHUA MOCTOSHHOMY TOKY,
TEOpeTHIeCKN Ipefena MOBBIIEHMI0 KOLIEKTOPHOI'O TOKa HeT. B memcTBm-
TEILHOCTH TOK JOMXeH ObITh orpanumed A0 2/cg, Kak moka3aHo Ha puc. 11.9,
BHIGOpOM HampsaxkeHus IuTaHuA Voo Tok KommekTopa B 1060M CiIydIae He JOJ-
XeH MPeBHIIATH JOIMYCTUMBIA IPEACILHEIA TOK TPAH3MCTOPA M HE JOJKEH
BBOJWUTE CepAeIHMK TPaHCGHOPMATOpa B HachIIeHne. HachuueHHb cepjeaHnK
(HACHLIIEHHBI MAHATHLIY HOTOK) BEI3LIBAET MCKAXEHNA BHIXOJHOTO CHTHATA.

Y TpancgOpMATOPHOM CBA3M €CTh U APYrHue MPEenMyHIeCTBa. I n6K0oCTh Co-
OTHOILIEHUA YUCIa BUTKOB IIO3BOJAET COMNMIACOBATHL MMIIEAAHC [JA HOJyIeHUA
MAaKCHMAaJbHOM BhIXOAHOU MomHOCTH. OHa TakXke He MPOMYCKAaeT B HArDY3-
Ky MNOCTOAHHBIA TOK, MCKIIOYIaA HEOOXOAMMOCTL IPHMEHEHHA HEePEXOJHOrO
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KOHJeHcaTopa. HecMoTps Ha 3T IpeuMyIecTBa, TPAHCHOPMATOPHAA CBA3L
NPUIMEHAECTCA OrPAHNYCHHO, IOTOMY 9TO TPaHCHOPMATOp uMeeT HGOJbIINE r'a-
6apUTH ¥ 3aHMMAECT MHOI'O MECTa, yBEIMYUBAA BeC yCmiImTelds. Boaee Toro,
TpaHCPOPMaTOPEL HEIL3d (POPMUDPOBATH B KPUCTAJLIE — OHHM HE MOTYT OBITH
HM3TOTOBJIEHBI METOLOM UHTETrDAJIbHBIX CXEM.

Pacceusaemas mowrocmv u dobpomuocmo

IloxynpoBoHUKOBEIE IPUGOPEHL Y JOBIETBOPUTEILHO PAGOTAIOT TOMLKO A0 OIpe-
JeIeHHOH TeMIIepaTypHL. JI1060e u3iuiiHee TewIo OMKHO PACCEUBATHCA B OKPY-
KAy cpeay. MakCUMaJbHO AOMYyCTHMAsA MOIIHOCTH PACCEAHMA KaXKAOTO
npu6opa, 0603Ha9aeMast Pp(;mqz), yKasbBaeTcs npoussogureneM. Ecau Temo,
o6pasyemoe nipu paboTe npubopa, o BeauduHe 60abIIe, YeM OH MOXET pacce-
ATH, TEMIIEPATYPa OIPUGOPA PACTET, ¥ B KOHIE KOHIIOB OHA MOXET Pa3pyIIATh
pubop.

Taxxe cregyer 3HATH, YTO BHYTPEHHUHN UCTOYHUK TEILIA IOHUKAET DHEP-
reTuYecKuu 6aphep >ACKTPOHOB IPOBOAMMOCTH Yy KONUIEKTOPA TPAH3UCTOPA.
Pa3nocTs sHepruu, yepe3 KOTOPYO NPOXOAAT IEKTPOHLI, OABIIETCA B BUJE
Temna. Haupsaxkenue ¥ TOK KOILIEKTOPa KOIEOIIOTCA BO BpEMS IEPUOJA IIEpe-
MEHHOT'O CHUTHAJIa, HO B CpeJHEM IOpOXAaeTci (PUKCUPOBAHHOE KOJIMIECTBO
TEIIa, X OHO He JOMXKHO HPEBBINATb Pp(igg). MOXHO mokasaTs, 9TO pac-
cesHNE KOLIEKTOPa MAaKCUMAJILHO IIPU OTCYTCTBUM CUTHAJA, T.€. B TOYKe ().
Torga npu paboTe B Ki1acce A umeem

Pp(maez) = Ppq = Veeq - Icq- (11.23)

YacTo A OLEHKH KA49eCTBA YCHIATENA MOAL3YIOTCA NOOPOTHOCTHIO Opy,
KOTOpasA OMPEREIIeTCA KaK

MaxcumaIbHas MOIHOCTD paccestns  PD(max)

Om =
MakcumanbHas BHIXOAHAA MOIMHOCTE  Py(ray)

(11.24)

IIpumenus ypasuenns (10.10) u (11.2) x ypasaenumio (11.24), moxy<wum

2(Vorq - Icq)
Om = 7 =2 11.25
™ (Vogq - Icq) (11.29)
Jpyrumu crosamu,
Pp(maz) = 2 X Popmaz)- (11.26)

To ecTh, pabOTAIOKYE B KIaCCEe A TPAH3UCTOD AOMKEH PACCENBATH MOUIHOCTD,
B [Ba pa3a GOJBLIyIO, 9eM MAKCHMAJIbLHAA BHIXOAHAA MOIIHOCTH. Hampmmep,
9TO6HI BHIAATH BEIXOJHYIO MOIIHOCTSH 25 BT, caM TPaH3UCTOp JOMXEH pacce-
a1s 50 BT. 9TO CUIBHO OrpaHUYUBAET IPAMEHEHNE PEXUMa PaboTH B KJIaC-
ce A B ycumaTenax 60IbIION MOIIHOCTH.

IIpu TpanChHOPMATOPHOU CBA3U C HATPY3KOH, JOGPOTHOCTH, MOMyIeHHAA
npumvenenueM ypaprenmii (11.20) u (11.21) B ypasaenue (11.24) Toxe pasHna 2,
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_ Poemay _ Vic 2Ry _
B Po(ma.x) B R,L ch'C -
Taxum 06pa3oM, TpaHCHOPMATOPHAA CBA3L HE NAET YCUINTEM0 HUKAKUX IIpe-
HMYIIECTB.

Om

2. (11.27)

Ocnosnbie ceoticmea ycuaumeaet xaacca A

1. Ycunurens kiaacca A gaeT BBIXOJHOU CHTHAJI ¢ MEHUMAJILHBIMA UCKAXKE-
HAAMH.

2. Jaxe mpu OTCyTCTBUU CATHAJA NEPEMEHHOT'O TOKA TPAH3UCTOP IPOBO-
[OUT MOCTOAHHLIM TOK CMeLleHuA. B pesyipTaTe MakCUMAILHBIA KO3d-
ummMenT moIe3sHOro AercTBHUA TOALKO 25 %.

3. MomuocCTh, paccesHHas TPAH3UCTOPOM, B B3 Pa3a GOIbIIe MOIITHOCTH
MOJIE3HOT'0 CUTHAJA, IEPEMEHHOT'0 TOKA.

4. KospdurnumenT DOXE3HOrO NEUCTBUA YCHINTEIA ¢ TPAaHCHOPMATOPHOU
CBA3BI0 MOXeT 6uITh yBenuden 1o 50 %. Ho ucnonszosanue Tpancdop-
MATOPOB OI'PAHMIMBAETCA UX FabapUTaMU A BLICOKOU IEHOU TPAHCHOP-
MATOPOB C IMKUPOKOU MOIOCOU IPOIYCKAHUA.

Ic |
+20 B WA
Harpy3ouHas anHus
NePEMEHHOro Toka

100 Om

50 Om
HarpysouHas avHus

NOCTOAAHHOIO TOKa

5B 7,58 20B Vee
6)

Puc. 11.10.

IIpumep 11.1. Brrawmcauts Tok pabouein Touxu Icq u Hanpaxenue Vopg ycumu-
Tens, uzobpaxennoro Ha puc. 11.10, a. (Ilpuuats Vg = 0).

Pemenue. o onpeaeneHnio, TOK U HaIpAXKEHWE MPU OTCYTCTBUAM CUTHAIA OynyT
HaxomuThcA B Touke (). Hanpsxenue Vpp Mexny 6ason u semien pasuo 10 B. Cue-
IOBATENLHO,

(Vee — VBE) 10B
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CyMMupOBaHUe HANPAXKEHUH B HENH KOWIEKTOP—3MHUTTep mo 3akoHy Kupxrodbda
gaet Voo = Veogg + Ie(Re + Rg) (moTomy uro Ic = Ig);

20 B = Vopg + 50 x 1073(100 + 200); Voeg =5 B.
KoopauaaTe Touku Q):

Icg =50 MA; Veeg =5 B.

Ilpumep 11.2. BrruucanTh KOOPAUHATH HATPY30UHBIX JUHUN 1O TOCTOAHHOMY
U TIEpEMEHHOMY TOKY ycwiauTens Ha puc. 11.10, a.

Pemenne. Vs mpegrigymero npumepa Icg = 50 MA, Vogg = 5 B. Harpysounas
XapPaKTEPUCTHUKA, [I0 IEPEMEHHOMY TOKY:

_ Veeq 5B ‘
Ic(saty = IcEQ + o +r5) — 50 MA + v 150 MA;

VeE(cutof) = VoE + Icq(rc +7E) =5 B+ (50 MA x 50 Om) =5 B+ 2,5 B

Wi VCEQ =7,58B.
HarpysouHas JuHusA [0 NOCTOAHHOMY TOKY:

Touka Haceumenns Ig(mqaq) = Voo /(Re + Re) =
= 20/(100 + 200) Om = 66,6 MA.

Touka orceuku: Voo = 20 B.
Kor,qa HaHeCeM Harpy3O4YHEbIE JUHUU [IOCTOAHHOI'O U MIEPEMEHHOI'0 TOKa Ha I'pa-
uk, yBULUM, 9TO OHU MEPECEKAIOTCA B TOYKe (), Kak mokasaHo Ha puc. 11.10, 6.

IIpumep 11.3.
1. Kakas BEIXOJHAs MOLIHOCTD [IEPEMEHHOr0 TOKA ycwiaTens Ha puc. 11.10, a?
2. CnpoexTUpOBaHa JK CXeMa I ONTUMAIBLHEIX XaPAKTEPUCTUK?

Pemenue. 1. B npegrigymmx npuMepax Mbl BEYUCININ 3HAYCHAS PAGOIEH TOUKH

as aTon cxemel — Icg = 50 MA u Vogpg = 5 B ypasuenme (11.1). Crezosa-

TEIBHO, BEIXOAHAA MOIIHOCTDL 0 NEPEMEHHOMY TOKy FP,, BLIaBaeMas yCHIATENEM
» = (Yezalea) — 5 B 50 MA/2 = 125 MB1.

2. Yennurens fust ONTUMAIBHEIX XaPAKTEPUCTHUK He CIPOEKTUPOBad. [[na momye-
HVA ONTUMAIbLHEIX XapAKTEPUCTHUK yCUINTEIO Knacca A Tpebyerca, aTobr Touka @
6eLra LeHTPUpOBaHa. Jlpyrumu croBamu, Tpebyercs, 4To6e Vogpg = Voo /2. IO
JaeT:

Py(max) = VCEQ2' Ieq _ Yec ‘;ICQ =20 B x 50 MA/4 = 250 MB1.

Ho B gercTBUTENLHOCTH, CXEMA, BEIIAET TOJILKO TIOJOBUAHY 3TOM MOITHOCTH. JIji1 OIITH-
MAaJbHBIX XapaKTEPUCTUK CXeMa JO/KHA yIOBJIETBOPATL KPUTEPHUIO (CM. ypaBHEHHE
(11.15)), T.e.

v
(r¢ +rg) = ICEQ.
cQ
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B mameMm caydae
(50 + 0) = 5B/50 MA = 100 Om.

TaxuMm 06pa3oM, yCIOBUE HE YAOBIETBOPEHO.

IIpumep 11.4. BoraucgaTs MAKCUMAILHYIO BHIXOAHYEO MOITHOCTD U KOG EGUIUEHT
npeo6pa3oBaHuA yCUINTENA Ha cxeMme puc. 11.11.

Pemenne. Pa6ouue TOk u HAPSXKEHUA CXEMEL CIACLYIO-

mye: +10B
Veg| _ 20B
Ico = =—""=2A, Vegg=Vec=10B
°@T"Rg 10 Ou cEQ = Yoo
u
- I 1 2 A 100 10 O
Pomay = 222 Too _10BX24 _ 155, M M
2 2 1
- -20B
Taxxe
Puc. 11.11.

Ppc = (|Veel| + |VeE|) X Icg = 30 x 2 = 60 Br.

CrenosaTenbso, KoahGUIUEHT Npeobpa3oBaHusa

_ (10Br
—\ 760

) x 100 = 16,7 %.

I 1.4. [pyxTakTHbie ycunurenu knacca B

IIpu pabore B knacce B TpansucTOp CMEIIEH B TOYKY OTCEYKHM, TAK ITO TOK
KOJLIEKTOPA B TOYKE () paBeH Hyuio. [Ioka BXOJHOrO CUTHANIA HET, TOK OCTAET-
CA PABHHIM HYJII0. DMUTTEPHEIN IEPEXO] CMEIIACTCA IPAMO YaCTHIO BXOLHOTO
CHT'HANIA, TAK 4YTO TPAH3UCTOD HAXOAUTCA B AKTUBHON OGIACTU U MPOBOSUT
TOK TOALKO B TedeHHe HOJOoBWHHI mepuoja. Ha puc. 11.12 u3zobpaxeHsl Ha-
TDy304HAas JWHHAA NEPEMEHHOr0 TOKa, pabodasa TO4Ka () ¥4 QOPMBI CUTHAIA
pexuma kaacca B.

OT 5TuX NOMyBOJH BHIIPAMIEHHOTO CUTHAJA KAK TAKOBBIX MPAKTUIECKOU
noas361 HeT. CUrHAT MOXHO CHEIATH MOJE3HBIM, €CIHU OT APYTOr0 TPAH3UCTO-
Pa HOIyYATH APYTHe NOLYBOMIHHL ¥ HOAAThH UX B OOIIYIO I ABYX TPAH3UCTO-
poB Harpysky. Takasa cxema ¢ AByMs TPAH3UCTOPAMHU HA3HIBAETCA J8YIMAKM-
HblM YCHIUTETEM.
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ic ic Puc. 11.12. ®opmul TOKA ¥ Ha-

4~ TOUKa HACHILIGHYS IpAXEHNA yCWIATEIA Kiacca B
¥ €ro Harpy30IHasA JMHHUA TI0 Te-
PEMEHHOMY TOKY

Touka oTCeuKu,
OHa xe Touka Q

Vee

—— e

ot

' +Vee
Vo
Qn
Vi
Vo
t VI ? QP RL t
a) 6)

Puc. 11.18. Cxema asyxraxtroro ycuwmrens (a). llommas dbopma curmara Ha obmen
HArpy3Ke B pe3yJbTaTe COBMECTHON paboTHI TparaucTopoB @y 1 Qp (6)

B AByXTaKTHBIX yCHIMTENAX KIACCA B IPUMEHAOTCA ABA TPAH3UCTOPA
C UAEHTUYHEIMUA XaPAKTEPUCTAKAMHY, OLUH U3 KOTOPHIX MMEET N-pP-Nn-CTPYK-
TYPHL, & APYTrou — p-n-p (Takasd mapa Ha3HIBAETCS KOMILIEMEHTapHOu). JacTo
¥ BECh YCWIATENb HAa3bIBAIOT KOMILVIEMEHTADHBLIM ABYXTAKTHLIM YCUIATEICM.
B ycunurensx MOIIHOCTH OY€Hb YaCTO IPUMEHAIOTCA JBYXTAKTHBIC SMATTED-
Hble noBTopuTean. CXeMaTHIHO TAKOUW yCWIWTENL MOKa3aH Ha puc. 11.13, a
(meransHas cxema Gyner mosxe). Vicrounuk Hampsixenusa Voo cMemaer KOI-
JEKTOPHBIE IIEPEXOAEI 000UX TPAH3UCTOPOB B 0OPATHOM HANPABICHUHA. OMHT-
TEep N-P-N-TPAH3UCTOPA (TPAH3UCTOP () MPOBOAUT, KOT4A OH CMEIAeTCA
OpAMO OT MOJOXUTETHHEIX IIOXYBOMH BXOAHOI'O CUTHAAA (3alITpUXOBAHHAA
9aCTh), & B 9TO XK€ BPeMs SMUTTEDP P-N-p-TPAH3UCTOPA @Qp cMemaeTcs o6paT-
HO JTHUMHM NOJOXWTEILHBIMA WMMILyJIbCAME, TaK 9TO (Qp 3aKphBaeTcsa. 13-
KuM 06pa3oM, (Jy TPOBOAUT TOK TONLKO NPHU MOIOXKUTEILHHIX IMOMYBOJHAX
¥ BHIPa0ATHIBAET HA BHIXOJE BepXHUE MOJIyBOIHHL. OTpUIATEIbHBEIE MOXYBOI-
HBI BXOJIHOT'O CHT'HAJA CMEIMIAIOT IPAMO SMUTTED TPAH3UCTOPa (Qp, U B 5TO X€
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BpeMsa 06paTHO CMEmAIOT SMHUTTED (N, TakuM 06pa3oM, () 3aKpHIT, a Qp
npoBofuT TOK. Takum o6pa3om, Ha 06mer HArpy3ke Ry moaBigeTcsa momHad
ycuneHHaA BoxHa (puc. 11.13, 6). OT0 U eCTh OCHOBHOM IPHHIUI ABYXTaKT-
HOH pabOTHI.

Hcxancenus cuenaaa npu pabome e xaacce B
B ycuiuTensx kiaacca B BO3HUKAIOT B3 BHIA UCKAXKEHUH, 8 UMEHHO:

— HeJIUHEUHEIE UCKAXKEHWS;
— MCKaXEHUsA MEPEX0/ia Yepe3 Hylb.

Huxe pacCMOTpPEHBI IPUIMHEI BOSHUKHOBEHUA DTUX UCKAXKEHMU, CIOCOOBI X
yCTPAHEHUs B NPAKTUIECKUX CXEMAX NBYXTAKTHHIX yCHIUTEIAX KiIacca B.

Heaunetinvie uckasrcerus
YT06H1 OT yCHIUTENSI TOLYYUThH ONTAMAILHEIE XaPAKTEPUCTUKY, CXEMA, JOMK-
Ha MCIIOJIL30BATh MOYTH BCIO 00/1aCTh XapaKTEPUCTUK TPAH3UCTOPA, JOIMyCcKas
GoJbIITe KOTeOAHUA HAIPAXKEHAA U TOKA. TaK KaK XapaKTEPUCTUKY HETUHEH-
HEI, OHU [JAIOT UCKAXKEHHEIV BHIXOLHOM CUTHAI.

Puc. 11.14. Tumransni rpaduk ic
JAMHAMAIECKOU IePEAaTOIHOM Xa-
PaKTEpUCTUKY TpaH3ucTopa. Mc-
KaXX€HHbIE (bOPMBI CUT'HAJIA, TOKa,
BEI3BAHBI HEIMHEMHOCTBIO Xapak- ~ A~ /N~~~ [~~~ ~~———~
TePUCTAKA

NI W S R

NckakeHHbIV
BbIXOAHOW TOK

VBE

| CvHyconpanbHbIA
| | BXOQHOM curHan
|

Ha puc. 11.14 npuBeseHa TUINYHAA UHAMUYECKAA [I€PENATOYHAA XaPaK-
TepucTuKa (3aBUCEMOCTD BHIXOLHOI'O TOKA OT BXOAHOTO HATPSKEHUA) TPaH-
3ucropa. CuHYCOMZAILHOE BXOJHOE HAMPSXKEHWE BHI3BIBAET BLIXOJZHOU TOK
HecuHyCcougarsEOM POpMEL. Takol HECUHYCOMAANLHEIN CUTHAI MOXHO HCCIE-
AOBATH NpW MOMOLIM I'APMOHMYECKOTO AHAIW33. BCIOMHEMM, YTO JTIOOOH Iie-
PuogMUecKkuit CHTHAI MOXHO IPEACTABUATH KaK CyMMy GECKOHEYHOr'O HHCIA
CHHyCOMAanbHBIX (MMM KOCHHYCOMJATLHBIX) BOIH C PA3HBIMH AMILIATYAAMU
7 qacToTamu. JacToTa COCTABIAIIIEN C CAaMOU HU3KOU YaCTOTOU COBIIAJACT
C YacToToh curmama (CKaxeM, w) U OHA HA3LIBAETCA (OCHOBHOW (mepBOil)
Fapmonukoi. O6BIYHO 3Ta COCTABIAIOUAA HUMEET HAMOOMBIIYI0 AMILIUTYRY
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IO CPAaBHEHUWIO C OCTANbHBIMU. OCTANBLHBEIE YaCTOTHBIE COCTABIAIOLINE C Ya-
croTamu 2w, 3w, ... Ha3BIBAIOTCA — BTOPAsA FapMOHMKA, TPEThA I'apPMOHUKA,
u T. A. Yem 6oabime HOMEp FapMOHUKHY, TEM MEHLIIE €€ AMILIUTYAA.

IIpu momoIu MPOCTOrO aHAINW3A MOXHO OOGHAPYXKHUTbH, YTO BTOPAA rap-
MOHMKA (9aCTOTa = 2w) ABIAETCA [NIABHOM YaCTHIO UCKAXKEHWSA, BHI3BAHHOTO
HEIUHETHON NepeiaTOIHON XapaKTEepUCTUKON, H300paXxeHHou Ha puc. 11.14.

IIpu auHEHON HEPEAATOYHON XaPAKTEPUCTH-

ic ke (puc. 11.15) KOLIEKTOPHEIN TOK ic M BXOAHOE
HAIPAXEHWE UBE CBA3AHEI JUHEMHBIM COOTHOIIe-
HueM ic = Kvpg, rae K — xpyrtusna mnepe-
NATOYHON XaPaKTEPUCTUKHU TpaHsucTopa. Oaumn

u3 CIoco60B yIeCTh HEAUHENHOCTD IE€PENATOIHOMN
XapaKTEPUCTHUKA — DTO PACCMATPUBATDH IEpe/ia-

VBE TOYHYIO XapaKTEPUCTUKY KAK Mapaboly OTHOCH-
TeJbHO TOYKU IOKOoA. TOorga tc MOXHO BBIPa3UTh

Puc. 11.15. Jluneiinaa nepe-
JATOYHAA XapaKTEPUCTUKA KaK

ic = Kivpg + Kavgp, (11.28)
rae K; u K9 — xoucranTsl. [IycTh CHHYCOUAMILHBIA BXOLHOU CATHAJ BHIDa-
KaeTcs Kak

UBE = Upm, COS Wi. (11.29)

HopacraBusas ypasrenne (11.29) B ypasuenue (11.28), noxygaem
ic = Kivm cos wt + Kyv2, cos? wt. (11.30)
Vcnonbays TPUrOHOMETPUYECKOE COOTHOMIEHNE Cos wt = & + & cos 2wt, ypas-
menve (11.30) MOXHO 3ammcaTh Kak
ic = Ic + Yo + y1 cos wt + 72 cos 2wt, (11.31)

rae Yo, Y1, Y2 — KOHCTaHTHL, Ic — IOCTOAHHAA COCTABJIAIMAA TOKA.
Ynen +; cos wt mpeacTaBaieT cOG0U NEPBOHAYAILHBIA CUTHAI C 9aCTOTOH W,
a wieH 2wt ABIAETCA CyMMAPHBIM MCKAXEHUEM. DTO yPaBHEHUE MOKA3LIBAeT,
9T0 MCKAXEHUE BBIXOLHOI'O TOK3, BHI3BAHO BTOPOU I'apMOHHUKOM.

B ciyuae qByXTaKTHOW CXEMBI TOK T€YeT B PA3HBIX HANPABICHUAX II0 JBYM
qacTam cxeMmsul. Ecau ypasuenwe (11.31) mpezcraBiseT BHIXOZHOU TOK BEpX-
HEHU 9aCTH, TO MOXHO MOMYYATH YPABHEHUE NIA TOKA BTOPOU YaCTH, CINTAd,
9TO BXOJHOU CUTHAJI B ABYX 9acTAX oTiAmvaeTca no ¢dase Ha yroa w. Caeno-
BATEILHO, APYTOM BXOJHOW CHATHAI

UBE2 = Unm cos(wt + 7('). (11.32)
Ilogcrasus B ypasuenwue (11.33) (wt + ), noxy<uum
ice = Iog + yowt — 1 cos wt + 7o cos 2wt. (11.33)

CyMMapHBIZ TOK B OOIEH HarpysKe NPONOPIHOHAJEH Pa3HOCTH TOKOB iCl
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(ypaemerue (11.31)) u ico (ypaBuenue (11.33)), T.e.,
i = X(ic1 —tc2) = 2X (71 coswt + 73 cos Jwt), (11.34)

rae X — KOHCTaHTa (K03(PuIMEHT) IPONOPIHOHAILHOCTH.

Ynen cos3wt u Apyrue BLICIIWE TapMOHWKY IOABIAIOTCA B ypPaBHEHUU
(11.34), eciu B ypaBuenuu (11.28) yureHs wieHsl Boicmux crenenen. Kak ymo-
MHHAJOCH PaHEe, AMIUIATYAEl FAPMOHUK YMEHbLIIAIOTCA IIPU YBEIAYEHUU UX
goMepa. ['apMOHMKY BEICIINX MOPALKOB MMEIOT MEHBINYI0 AMIUIUTYLY ¥ MEHb-
IIe MCKAXAIOT BEIXOJHOU CUATHAI.

IIpu BrBOAe ypasuenus (11.34) npexnoxaranocs, uro Iy = Igg, 9TO uc-
THUHHO IPY IIOJHOM CHMMETDPHH ABYXTaKTHOIO yCHIATeNsd. YpasHeHue (11.34)
BELABIJIO OTCYTCTBHUE BTOPOM F'apPMOHWKHU B MCKAXEHUAX. B AeNCTBHTEILHO-
CTH B IBYXTAKTHLIX CX€MaX OTCYTCTBYIOT BCE YETHHIE BHICIIME TAPMOHUKH.

Hcexaxcenus npu nepexode uepes nyab

IIpm paboTe B knacce B ycmoBue orceuku B paboueil TOYKEe MOXHO NOCTHYL
IpU CMEMIEHUH Tepexona 6a3a—3MUTTED HyJeBHIM HOCTOAHHBIM TOKOM. Ha
puc. 11.16, a u306paxeH AByXTAaKTHEIV yCAIATENb. BCIOMANM, 4TO B 623080
Ienu TOK HE TEe4YeT, NOKa mepexo] 6a3a—dMuTTeD (KPEMHUEBOTO TPAH3UCTO-
pa) He mmeet npsamoro cmemenud B 0,7 B, T.e. Vgg = 0,7 B. Cregosarensho,
9epe3 TPAH3UCTOP ()1 HE TedUeT CYMIECTBEHHOI'O TOKA, MOKS BXOLHOW CUTHAJ
(puc. 11.16, 6) me npesricat 0,7 B. Ananoruvnas CHTyamus u AJis TPAH3UCTO-
pa ()2 TpH OTPUIATEILHOU IIOLYBOIHE CUTHANY. BBHIXOAHOU CUTHAI B TAKOM
crydae GyaeT WCKaXkKeH, KaK IOKA3aHO B HECKOILKO MPEYBEIAIEHHOM BHE
Ha puc. 11.16, 6 u peanbHee Ha puc. 11.16, 2. ITO u ecTb Tak HA3LIBAEMELIE
UCKANCEHUA NPU NEPETOTE UEPES HYlb.

MoxHO mo-ApyromMy mocMOTpeTh Ha DTH uCKaxenws. Ha puc. 11.17 mo-
Ka3aH rpadguK 3aBUCAMOCTY BLIXOJHOT'O HANPAXKEHWUA U, OT BXOFHOTO v; [JIA
ABYX TPaH3UCTOPOB. «MepTBasd 30HA», B KOTOPOou 06a TpaHsucTopa Q1 u (o
3aKPHITHL, BRIBLIBAET UCKAXKEHUA IPU HEePEXO]e 9epe3 HyIb.

Ecan 661 MepTBYIO 30HY MOXHO ObLTO GBI YMEHBLIIATDL A0 HYJA, HCKAKEHUA
OpH mepexoje depes3 HyJdb MOXHO Ovuio OBl ycTpanuTh. OQHA U3 BO3ZMOXHBIX
CxeM ¢ npuMeHeHueM o0paTHOU cBsa3u 4epe3 OY ¢ €IMHUYHBIM yCHICHUEM
(c mocreoBaTENBHO-TIAPALIENLHOM OGPATHOM CBA3BIO) TOKa3aHa Ha puc. 11.18.
Moxmo npeacTaBuTh, 9TO OAUH U3 TPAH3UCTOPOB @ wiu Q2 6yAeT OTKPHIT,
€CIIM BXOAHOE U BHIXOAHOE€ HANIPAXEHUA (v; U U,) OTAMYAIOTCA HA

+Ve/(1 + BA) =~ +VBE/A

(moTomy uro B = 1). A — K03hDUIMEHT yCHIEeHNS ONEPAIMONHOTO YCATHTEL
C Pa3OMKHYTOU 06paTHOM CBA3bI0. MepTBas 30HA Gy1eT 3HAYUTEILHO CyXKEHA,
noromy uTo Koadbumuent ycurerus A ogens 6ombmoi (~ 105 wru 6oxsme).
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+Vee
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Puc. 11.16. NimocTpauus NCKaXeHWH: IByXTaKTHaA cxeMa (ympomerHas) (a); Tpas-
3KMCTOp He MPOBOJUT TOK, moka Vg < 0,7 B m o603HadeHHBle y9acTKH
Ha BbIXOZe GYAYT OTCYTCTBOBATH (6); MCKAXEHHBIA BBIXOLHOM CHTHAIL
(mpeyBemryennbi) (6); NCKAXKEHHBIA CUIHaI (pearbHEI) (2)

Vo
Q1 OTKPbLIT
Q2 33KpHIT
o | o
[ B
[ B
>V
Q1 3aKpLIT :4— |
Q2 OTKpL!
MepTBas 30Ha,
Q1 v Q2 3aKPbITbI

Puc. 11.17. MeprBasa 30Ha B mepeja-
TOIHOM XaPAKTEPUCTUKE BHI3LIBAET MC-
KaXXeHUs [IpU IIepexoe Yepe3 HylIb

+Vee

e}
‘/i_

> +

Q2

R

Vo

Puc. 11.18. IlocregoBaTensHo-mapaJierbHal
o6paTHasa CBA3bL Y€pe3 ONEePALMOHHBIA yCAIA
Tellb 3HAYATEIbHO YMEHBIIAET UCKAXEHUA IPH

mepexofe depe3 Hyab

[pyrou cmoco6, KOTOPHIM OYEHL IMUPOKO NPUMEHAETCA Ha IPaKTUKE —
3TO TMOJada Ha TPAH3UCTOPH () ¥ Qo mpsamoro cMemerus (~ 0,7 B), aT00H
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oy OBLIM B COCTOSHUHM I'OTOBHOCTH HNPOBOJUTEL TOK. DTO HE6GOIbIIOE CMe-
ImeHWe U3BECTHO KAK «CMEIIEHHE MOKOAy. IIpAMOoe cMelienre HAPAXEHUs II0-
crosHHOro Toka B 0,7 B moxmepxmBaeT TpaH3UCTOPHI B COCTOSHUHU T'OTOB-
HOCTH K BKJIIOYeHMIO. Tenepr He3HAYUTENIbHOE NONOXWTEILHOE HAIPSXeHue
Ha BXOJle BEI30BET IPOBOAUMOCTS ()1, 8 OTPUIIATEILHOE — MPOBOAUMOCTS (2.
O6paTuTe BHEMaHUE, 9TO HA BOILT-AMIEDHOU XaPAKTEPUCTUKE SMATTEPHOTO
nepexoga (puc. 11.19, a), npu Vg = 0,7 B Igg # 0. Maustz Tox Ipg BH-
3oBeT KowteKTopHbI Icg = f - Ipg (8 — x0aduImenT yCuIeHns 0O TOKY
tpamsucropa) (puc. 11.19, 6). O6rraso Icq cocrasmser ot 1 10 5 % Ig(sar)-
BcnomauM, 4TO AMa mpeanbHOM paboTh B kiaacce B Iog = 0. Ilpucyrcraue

MaJIOTO TOKA B TOYKE IOKOA MEPEBOJUT TPAHIUCTOP B PEHCUM PAOOMbL 6 KAGC~
ce AB.

Is lc

Touka HacblWeHUs

legle = - ———— =

Vee

VBe Vceg
a) 6)

Puc. 11.19. Boxpr-aMmepHas XapaKTepPUCTUKA (KPEMHUEBOI'0) SMUTTEPHOIO Iepe-
xoga (a). HesHaunmreabusni TOK m0kos Icg yCTpaHAeT MCKAXEHHA IpA
mepexoge depe3 HyJb (6)

Cuewenue 08yrmaxmuvis ycusumedeti kaacca AB

Cuewenue deaumednem HANPANCEHUS
UT068I AByXTAKTHBIH yemauTedb Kiacca AB pa6oran adhdexTusno u 6e3 uc-
KaxeHU#, TpebyeTcs yCTAaHOBUTH MOAXOAANICE 3HAUECHUE HANPAKEHUA IMOKOA
Veeg m Toka mOKOA. DTOrO MOXHO AOCTWYb IIPU TIOMOIIA CMEIEHHA me-
JmTenem Hampsxenus (puc. 11.20). Toxu KOLIEKTOPOB 060MX TPAaH3UCTOPOB
OJMHAKOBEIE, IOTOMY YTO OHU BKJIOYEHEI IOCJAENOBATEILHO, T. €.

Icr = Ic2 = I, (11.35)
Verr + Vegs = Voo 1 Verr + Vors = Ver. CiregoBaTelnbHO,
Vee = Vee/2. (11.36)

(3% KaxJOro TPaH3MCTOPA).
Conporusnenue pesucTopa Ry MOXHO BHIOpAThL Tak, ITO6HI MafeHAE HA-
Ipsxenus na HeM 6u110 0,7 B. OT0 06ecneunT TpebyeMuIl TOK MOKOS, ITOOBI
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n36eXaTh UCKAXCHUN IIPH IIePEX0e Yepe3 HyJdb. BCIOMHMM, 9TO HAIPAXEHe
6a3a — SMHATTEDP 3aBUCAT OT TEMIIEPATYPHI, OHO HagaeT Ha ~ 2,5 MB Ha kax-
[OBIA I'PaLyC POCTa TeMnepaTypsl. [laree, mepeqaTodHas XapaKTEePUCTUKA, 6u-
MOJIAPHOI'O TPAH3MCTOPa O4YeHb KPyTad B OKPECTHOCTH TOYKM BKJIOYEHH:,
II03TOMY IIPH OYE€Hb MAJBIX M3MEHEHUAX VBE TOK KOWIEKTODPA MEHAETCA 3Ha-
yuTensHO. [0 3TuM npuamHaM, cMelnenne JeauTeleM HAIPAXEHuA He 00ecie-
4uBaeT CTAOMILHOIO CMEIEHWs, U OHO He ABIACTCS JyYIINM BAPHAHTOM g
CMEIIEHUA JBYXTAKTHOr'O YCIIATES.

Juodnoe cmewernue
B ycunrrrenax knacca AB mupoko nmpuMenseTcs

*Vee mumoguoe cmemnenume. Ilpm sToir cxeme cmeme-
%1 HUA pe3ucTOphl R Ha pumc. 11.20 3amensiorcs
OHOAMM, UMEIOIIMMY TAKHUE XK€ XaPAKTEPUCTH-
Q‘IV . KH, 9TO ¥ OMUTTEPHBIA [I€PEX0] TPAH3UCTODPOB

CE1
. Q1 1 Q2. CxeMa ycmaaTeNs C AMOMHBIM CMEIIe-
HEeM mpuBefeHa uHa puc. 11.21. Tok mokos I¢
Vee Ylc2 (= Icg) MOXHO HalTH, PACCMATPHBAA TOIBKO
_Kog IVCE p, UOJIOBHMHY CXeMBI Ha PHC. 11.21, BBU Y €ee cumMme-
TPUIHOCTHY. BepxHaAsa 9acTh CXeMbI H300paXEHa

Ha puc. 11.22, rae Tok I, mpoTekarouui Jepes
= pesucTop R, OaMH KOHEN KOTOPOrO HAXOZUTCSA
upu +Veoe/2, a gpyroin — upu +VpE, paBeH

Puc. 11.20. Cmemenune genure-

M HAIPAXEHWA ABYXTAKTHO- I= (VC c /2 S /N E) / R. (11.37)
0 KOMILIEMEHTAPHOI'O YCHIMTE- .
na xnacca AB Ham myxHO HaiiTh 3Hadenume Toka Io. Kak

9TO caenaTh! Yjao0Hee BCEro BOCHOIL30BATHLCA MOHATHEM 3€PKAJN0 TOKA.
B cxeme 3epkana TOKa BBIXOAHOW TOK 3€DPKAJLHO HOBTOPAET BXOLHOU TOK.
Tora MOXHO MOKa3aTh, 4To Ic paseH I (sepkamnmbii Tok). Ha pmc. 11.22
JIeTKO IPeACTaBUTh, uT0 Ip = Ig, moTomy 4To Kommencupyiommii guog D
¥MeeT TAaKH’e Xe XapaKTEePUCTHUKY, KK U Iepexo] SMATTEP — 6a3a, TPaH3UCTO-
pa Q1. U, ecim yaecTs, 9T0 Ig ~ I¢ BCiaeacTBHE peHEGPEXKUIMO MAJIOr0 TOKA
6a3bl, TO UMeeM

Ip=1Ig=1Ic. (11.38)
Takxe, cyMMupysa TOKH B y3ae, o6o3HadenHoM 1, nonyuum I = Ip + Ig ik
I=1Ip (11.39)

(moromy uTo I ~ 0).
Kom6unupys ypasuenus (11.38) u (11.39), Bugum, aTo

Ic=1. (11.40)
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+Vee

Q
D, ji
D>

E—
i

Puc. 11.21. [ByXTakTHBIA KOM- Puc. 11.22. BepxHaa nomosuHa

ILIEMEHTAPHBIM yCIUINTEIb KIacca cxemsel puc. 11.21. Bermcrerue To-

AB ¢ guogHBEIM CMeleHUEM xa I (= I¢, ucnombsya 3epkaiuo
TOKA)

Cxema ma puc. 11.23 mumocTpupyeT 3epKaja TOKa.
OHO mMPOKO NPUMEHAETCA B HMHTErPATLHBIX CXEMaX. +ch/2 +Vee/2
B mux 6unoaspabie TPaH3UCTOPHL YaCTO paboOTaIOT B Ka- l Ic
9eCTBEe MCTOYHHUKOB CTAOMILHOI'O TOKA TOJBKO IIO 3TOI'Z[ */
cxeMe, HOTOMY 9TO MX XaPaKTEPUCTUKA OJUHAKOBEL, TAK
4TO IPHHINNLI 3€PKaJa TOKA MIPUMEHUMEL. ‘ Q

Wcnonvays ypasuenns (11.37) u (11.40), noxydum

(Voc —2VBE) _ Voo
~ . 11.41
2R 2R ( ) e —
Taxum cmoco60M TOK CMeIeHHA CTAGUIM3MPYETCA U He

3aBucuT ot VBE. Puc. 11.23. Cxema
3epKaia TOKa

Mowmocmo u xosdpuyuenm npeobpasosanua

(noaeanozo deticmeus)

YT06L1 creraTh aHATM3 TPOCTHIM, HO 6€3 GOJBINON NMOTEPH TOYHOCTH, MBI
He OyaeM yIMTHIBATDH MAJIble TOKM NMOKOA Icg, M PACCMOTPHM HJCAIbHYIO Ha-
I'py304Hyo JuHM0. II0OCMOTpHM Ha HATPY304YHYIO JUHHAIO IEPEMEHHOT'O TOKA,
u306paxennyio Ha puc. 11.23. [lna maeanpHOro ciyvas pabodas TOYKA yCH-
InTens mpu paboTe B Kiracce B HaxoamTca B TOYKE OTCEYKH NEPEMEHHOrO
Toka, rge Icg = 0. Harpysoumas ameMA mepeMeHHOrO TOKa HM300paeHa
Ha puc. 11.24 ¢ ykasaHueM 3HAYCHUA TOKA B TOYKE HACLIIICHUSA ¥ HAIPIKECHAA
B Touke oTcedkd. Ha pmCyHKe TakXke IMOKa3aHBI MAKCAMAJbLHEIE aMILIATY I
KoneGaHWE TOKa M HampsxeHud. [[yHKTMpHOW JEHMEH MOKA3aH CHTHAJ, BhI-
PaboTaHHbIA APYT¥M TPAH3MCTOPOM AByXTaKTHOro ycmaurend. [Ipu Icg =0
B ypaBrenuax (11.17) u (11.18) moxy4mm
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. Veeq
i =__Z=% 114
C(sat) (TC’ +RE) ( 2)
"
VeE(cutof) = VCEQ- (11.43)
Taxxe
_Vee
Verg = 5 (B cxeMe ¢ OZHMM MCTOYHEKOM NATAHWA) (11.44)
nin
Veeq = Vec (B cxeme ¢ gByma ucrounnkamu murtasus +Veoe, —ViE).
(11.45)
ic ic Puc. 11.24. HauGoasume xo-
———e e ——— ae6aHMA TOKA ¥ HANPAXEHUA
fe (sat) (mpeansuble) AIA BEIMUCICHAA

MaKCHMAJILHOA MOUIHOCTH IIe-
PEMEHHOT'0 TOKa

Ha pumc. 11.24 BuguMm, 9TO aMIIATYJa NEPEMEHHOT'O BBIXOZHOI'O HAIpA-
XeHud paBHa VCEQ, & aMILIMTYA3 BBIXOZHOTO TOKA PABHA i((sqf)- LOTAR:
u3 ypasHeHus (11.9) MakcuMaabHas BHIXOLHASA MOIIHOCTD

Vi 10(sa
P0=V'rms' 'rms=( f'/EiQ).(C\(/sit))

nIu v .
p, = Yore ot (11.46)

nIn i
_ Vee -ic(sat

P,
¢ 4

(11.47)

(moTomy uro Verg = Vee/2).

MakcumanbHad BBIXOAHAA MOLJHOCTH IIE€PEMEHHOI'0 TOKA JBYXTaKTHOIO
YCHIRTENS MOXET GBITH OLCHEHA BBIMUCICHHEM IC(sqt) U3 yDABHEHHA (11.42)
u Vcpg u3 ypaprenus (11.44) (miu 3 ypasuenus (11.45)).
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Kosppuyuenwm npeobpazosanus (noaesnozo deticmeus)
Yro6bl OUCHUTL KOd(dduimenT mpeoOpa3oBaHM, HAAO 3HATH, KakKad MOII-
HOCTH IOCTYNAeT Ha TPAH3UCTOPHI OT MCTOYHUKA MOCTOSHHOrO ToKa. Kax-
JAOMY TPaH3UCTODPY (J1 X (J2 OT MCTOIHUKA MATAHUA HOCTYHIAET

Pie = Verq - Tae, (11.48)

rae Ij. — TOK Yepe3 TPAH3HUCTOP, YCPEJHEHHBIN 33 MOJIOBUHY IEPHUOa, B Tede-
HVE KOTOPOr'0 TpaHsucTop mpoBoauT. OTMeTnM, 9T0 mpu pabore B kiacce B
Iiec = Icg = 0 B Touke ). Ho MCTOYHMK IOCTOAHHOIO TOK3 JaeT KO-
JEKTODHEIM TOK BO BpeMdA BCEH IMOJOBWHBLI IEPHOJA, KOTLa SMUTTEDPHBI ()
w (Yo mepexon cMmemer mpsamo. [IpuaEMas curycOMpanbHOE KoMeOaHwe To-
Ka KOILIEKTOPA KaK I((sqt) SIN Wi, (rme 1C(sat) — AMILIETYAHOE 3HAUEHHE TOKA
KOLIEKTOPA), CPESHUIA TOK KOILIEKTOPAa MOXET ObITh OLpeJeleH TeM Xe€ CIO-
co60M, UYTO M B CXeMe OJHONOXYIIEPHOAHOIO BHIIPAMUTELL. 10 €CThb

Ky
1 . .
I = <ﬂ> /lc(sat) sinwt d(wt).
0

Torga morydum
(11.49)

CrenoBaTenbHO, CPEAHAA MOIIHOCTD, IOAy9eHHAA OT UCTOYHAKA MATAHAI Ka-
X/BIM TPAH3UCTOPOM paBHA (u3 ypaBuenmit (11.48) u (11.49))

VCEQ * ic(sat)

B —

Cpeanas MOUHOCTD, HOXyYeHHAA OT MCTOYHUKA IMUTAHUAA IBYyMsS TDAH3H-
CTOpaMu, paBHA

Picr) = Veeq  lac =

2VeEQ  ic(sat)

Py = 2Pdc(l) == -

Ho Voo = 2Vegg, cregoBaTensHo,

_ Vee iC(sat)

Py (11.50)

Torga xoaddunmuenT mMpeo6pa3OBaHMA YCHIMTENA KIacca B w3 ypaBHeHHM
(11.47) u (11.50) pasen
_ P _ [VOC‘iO(sat)] y [ T
4 Vee - 7:C'(sar,t)

Pas ] =m/4 =0,785
una n = 78,5%.

Jdpyrumu cioBaMu, MAKCIMAIBHBIA KO3¢PUIMEHT TPe0Opa30OBaHAIL ABYX-
TaKTHOIO yCAJIMTENA KJIaCCa HaMHOro 6oabure, deM ycmamnTens knacca A. Ko-
dbdunuent npeobpazopanua 78,5 % EMEOT ycmrnTenn, paboTaoNmue CTPOro
B knacce B, u o HeMHOro 6ombine, 9eM y ycuauTens kaacca AB, moroMmy 4To
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BIMAHAE TOKA MOKOA HE GBLIO y4TEHO. Y PEaJbHBIX XOPOLIO CIPOEKTHPOBAH-
HEIX yCHIMTeNeH KoahdumuenT npeobpasosanus gocturaet ~ 70 %.

IIpumep 11.5. BoramcanTs MaKCHMATBLHYIO MOITHOCTH IIEPEMEHHOTO TOKA, KOTO-
pyto ycwrturens (puc. 11.25) MoxeT passuTh Ha Harpyske B 4 Oma (Vg = 0,7 B).
Yemy paBeH TOK IOKOS CXEMEI?

Pemenne. MakcumanbHas MOIIHOCTB Iiepe-

+30 B MEHHOI'0 TOKa PaBHa,
VCEQ " iC(sat
Po(max) = 2 (eat) :
100 Om
- o VeEeqQ kKaxzoro Tpansucropa @1 u Q2 pasHO
15 B, moTomy uTo
V4 Yo Vopgr + Vorge =30B u Vepqr = Vesge-
|_ EQZ 4 OM KoOWIeKTOPHBIM TOK HACHIIEHUSA PABEH
100 Om = 3 VC EQ
= E 1 i ==
— — C(sat) (TC n RE)
Puc. 11.25. OrmeruMm, uro rg = 0 1 Ro = 4 Om, caego-
BaTEeIBHO,
15 B

io(sat) = m = 3,75 A.
Toacrapnas suavenns VoEQ U iC(sqt) B YPaBHEHHE NI Py (rq7), AMeEM

Pimax) = (15+375—) = 28,12 Br.

Tok mokos paBeH

_ (Vec—2Vgg) _ (30—-14) B

2R =500 O 3 MA-

ICQ
OTMeTHM, 9TO TOK MOKOA cocTapiaeT Menee 4 % ot iC(sat)-

Pacceusaemas mowHocmo
MorsocTb, paccerBaeMas HA TPAH3UCTOPAX YCHIHTEIS MOMIHOCTH MMeeT He-
MAaJOBaXHOE 3HA4YeHNE. B oTamane OT ycuamTenen Kiacca A ycuanTenn Kiaccd
B He paccemBaloT MOIIHOCTH HAa TPAH3UCTOPAXx IPH OTCYTCTBHH CHUIHAI3
MOTOMY 9TO 6€3 BXOJHOT'0 CATHAJIA, TPAH3UCTOPHI yCHIATENA Kiaacca B 3axph-
To1. [ToaHas MOIHOCTD, pACCeAHHAA HA TPAH3UCTOPAX, PABHA pasHUIe MEXAY
mOTPEOIEHHOR MOITHOCTBIO OT MCTOYHUKA MMOCTOSHHOTO HANIPAXKEHHUS 1 MOIK
HOCTBIO, OTZAHHOM B HArpy3Ky. VCmoib3ys BBIYMCICHWA, MOXHO IIOKa33aTh
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9TO0 MaKCUMAaJbHad MOIIHOCTb, PacCeAHHAA HA KaxJIOM TpaHsucrope Py, co-
craBageT npuMepHo 1/5 dacts (mam 20 %) oT MakcmmanrbHOR MomHOCTH P,,
OTAAHHOM B HArpy3Ky, T.e. Py = (1/5) - P, min
P, =5P;. (11.51)

CaepoBaTensHo, cornacHo ypasreHmO (11.51), ecim TpaH3mCTOD pacced-
BaeT MomHOCTE 10 BT, TO yemmmrens knacca B cnocob6en oTgaThk B HArpyskKy
50 Bt. BcnoMaEM, 94TO TOT X€ TPAaH3UCTOD, PAOOTAIOUMY B YCAIATENE KIAC-
ca A, MOXeT OTIaTh B HArPY3Ky TOAbKO 40 5 Br. [Ipmanae: mmmpoxoro npumMe-
HeHUs ABYXTAKTHBIX YCHINTEIEH B CACTEMAX BHICOKOW MOITHOCTH O9YE€BHIHEL
A nmenHo:

— BBICOKHH KoadhduimeHT npeobpasosanua (mpubrmsureasao 70 %);

- TpebGyeMaa MOIIHOCTL PACCesHHA TpaHamcTopa — Bcero 20 % oT mak-
CHMAJIbHON BBEIXOIHOM MOILTHOCTH.

Hsyzmaxmubtl ycuaumead xaacca B ¢ mpancdopmamoprot ceasvio

Ic1

+ @
_ T +Vee T2
L o 418
Vs ||§ 1] g
) + %HB J
Q
e

Puc. 11.26. [IsyxTakTHbII ycmmTeas Kiacca AB ¢ TpaHcdOpMaTOpHOHR CBA3BIO

.

KosdppurmmenT npeobpasoBanua (MOSE3HOTO AEHCTBHA) ABYXTAKTHOT'O yCHIH-
TeXd MOXHO IIOBBICHTbH, IPEMEHUB TPAHCHOPMATOPHYIO cBa3b. Ha puc. 11.26
1306paxeH yCHIATENb C TPAHCHOPMATOPHON CBA3LI0. B HEM mpuMeHEHEI 4B,
TparCcOpMATOPa € KATYIMIKAMHI C OTBOLOM OT CEPEJWHEI, OLUH HA BXOJHOU
CTopome, Apyrod Ha Bexoge. O6paTuTe BHUMaHME, YTO 062 TPAH3UCTOPA —
Q1 1 Q2 MeT CTPYKTYPHL N-p-n (AI OHE 068, JOIKHLL GBITH p-n-p). IT06H
TPaH3UCTOpHI paboTanu B pexuMme Kracca AB, mocrosammoe cMmemeHue, pas-
Hoe Vg, mogaeTca oT ucToIHNKA Voo depes pesuctopsl Rp. Acrounuk Voo
Takxe o6ecreuanBaeT 06paTHOE CMEIIEHNE KOLIEKTOPOB 000X TPaH3UCTOPOB.
HMonopury nepmosa 6asa TpaH3HCTOPa Q1 MONOXUTEILHA, a 6233 TPAHBUCTO-
Pa Qg orpuiarensHa. To eCTh N-P-N-TPAH3UCTOD ()1 STy HOIOBHHY IEPHOA3
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NPOBOANT TOK, 8 TPAH3UCTOP (J2 3aKPHIT. B Apyrymo moaoBuHY mepuona Ga-
3a TPaH3UCTOpa (J; OTpHIATEIbHA, 3 6a3a TPAH3UCTOPA (Y2 MOMOXUTENLH],
CrenoBaTenbHO, BO BTOPOY IIOJOBHHE IEPHOJA CHATHAIA (2 yCHIMBAeT, a
ocTaeTca 3akpHTHIM. Ha Harpyske mosBigeTca MOTHAA BOJTHA CHTHAIA depe3
TpaucdopmaTop Ts.

O6paTuTe BHAMAaHUE, 9YTO A OTAEIEHNS IOCTOSHHOTO HAIIPSAXEHWI He Tpe-
6yI0TCa KOHIEHCATOPHI, 9TO geraloT TpaHcdopmaTopsl 11 u Tp. Yaydimenue
k03ddunnenTa nmpeodbpa3oBaHua 00yCIOBIEHO T€M, YTO B CXeMe IPUMEHEHO
MEHBIIIE PE3UCTOPOB, X OGMOTKY TPaHCGHOPMATOPA OKABLIBAIOT HESHATUTENb-
HOE CONPOTHUBIEHNE MOCTOAHHOMY TOKY. TakuMm 06pa3oM, MOTEPH MOIIHOCTH
B TOM CXeMe MMWHHMAJbHEL. IIpu pacgeTe TparCchHOPMATOPOB ONTUMAILHO CO-
MIACYIOTCA MMIIEAAHCH KaK Ha BXOJe, Tak u Ha Bbxoge. Ho ciaexzyer mmers
B BAY, 9TO TPAHCHPOPMATOPHL JOPOT'H ¥ FPOMO3JKY, ¥ IPHMEHATE UX CIELYET
BHIOODOYHO.

I1.5. Yeunurenn MowHoctn Ha MOIM-rpansmncTopax

+Vpp
®
— +Vop
=
—
*—— Vout
Vin A *— Vout
| ] y Vin
> L R,
. 1
[ ]
=Vop Voo
Puc. 11.27. [ByXTaKTHEIA yCAIUTEIb Puc. 11.28. YcwmTeas MOMHOCTHA
Ha kommiaemenTapusrx MOII-Tpansn- ua KMOII-rpan3ucropax ¢ 3ammT-
cropax HBIMM JAMOJaMU Ha 33TBOPAX

s KOHCTPYHMPOBAHUA ABYXTAKTHLIX YCWINTEIeH Kiaacca B mamm AB Taxkxe
MoxHO npuMmeHaTb 1 MOII-rpapsucToprl. [la1 Takux yCHIMTEIEH MOAXOAAT
cymecTylomue komiremeHnTapHble mapsl n-MOII- u p-MOII-Tpam3ucTopOB:
Ha puc. 11.27 n306paxen kommiemeRTapHEN MOII-ycmmmrers momuocTa. OH
paboTaeT Tak Xe, KaK M OunoaApHbM aHajgor. Jlyumme MOII-TpamsucTopb
MMEIOT 3aTBODPHI C 3alMTHRIME guogamu (puc. 11.28).
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IIpenmymecTsa MOII-ycuiuTenenn — iydmiee 6LICTPOAEACTBAE M MEHBIIASL
N0JBEPXEHHOCTh TEILIOBOMY IPOGOI0, YaCTO CIyJaromeMycd y OUIONAPHBIX
TPAH3UCTOPOB.

| 1.6. 3akntoyeHue

YemnuTenu MOLIHOCTHM PACCUATAHLI MJA BHIAAYHM OOJBIIOM MOIMHOCTA B Ha-
rpy3Ky. B MalOCHUrHANBHEIX YCHIXATENAX YCUIATEILHLIA DIEMEHT IMPOBOJUT
B TedeHWE BCEro mepuona curHaia, T.e. 360°. Ecam aTu xe MeTognl mpume-
HATH K YCAUIATENAM MOLIHOCTH, KaK 5TO CAEIAHO B YCHIATENAX KiIacca A,
koadduunenT npeobpasosanua (= KILA) 6yaer Bcero 25 %. [lna morydenns
6oxee Bricokoro KIIJl 6wurm paspaGoTaHul 0ocobnie cxembl ycmmmTenen. Cxe-
Ma M3 ABYX TPAH3UCTOPOB, CMEIIEHHLIX TAKUM 00pa30M, ITO KaXIbIM U3 HUX
npoBoauT TOK 180°, mocTuraeTr kKoapduimenta mpeobpasosanus 10 78,5 %.
HenmueiHOCTE XapaKTEPHCTUK TPAH3UCTOPOB BEI3LIBAIOT MCKAXEHMA CATHAIA
NpH TIEPEX0oe 9€Pe3 HyJb, KOTOPHIE MOXHO YCTPAHUTD, MOJABAA HA, KaX JLIA
KPEMHUEBLIN TPAH3UCTOP HadaabHoe cMmemenue 0,7 B. Takue ycmimrenun oTHO-
caTca K kaaccy AB, oum npoBogaT Toka Goabie 180°, HO HAMHOrO MeEHBIIE,
gem 360°. Ilo cpaBHeHHIO ¢ ycmanTelraMu Kiacca B, ycmimrenn kmacca AB
paccenBaioT HeMHOro 6aubine MomHocTH ¥ X KII/T Ha HECKOIFKO OPOLEHTOB HIDKE.

CMeenve genuTeneM HAIPAKEHAA — HE JIyIIIMA BADUAHT CMEINEHAA I
yemnurenen kiaacca AB, npeanouruTenbuee 60mee MUAPOKO MPAMEHAEMOE M-
OZHOE CMelneHre, 06ecrednBalollee XOpOIUIyio TEPMOCTAOMILHOCTD YCHIATEN,
YTO ABIAETCA BAXHLIM CBOMCTBOM JJA YCAIUTENEH MOUIHOCTH.

Ycmnnrenu kinacca B win ux Mogudukamy, ycwmTeas Kiaacca AB, mupo-
KO IPUMEHAIOTCA B CHCTEMAaX MECTHOrO BEIIAHWA, MOIIHBEIX CTEPEOCHCTEMAX
M BO MHOT'HX APYT'HX CHCTEMAX

HononHurenbHana nuTepatypa no teme

1. Rashid M. H. Microelectronic Circuits: Analysis and Design, PWS Pub-
lishing Company (1999).

Bonpocel

11.1. HasoBuTe YeThIpE PA3HEIX THUIA YCHIMTENeH MOITHOCTH, JAHTe WX XapaKTe-
PHUCTHUKH.

11.2. Yro Takoe HArpy304YHAs JMHAA HOCTOSHHOT'O TOKS, M HATDY30YHAA IVHHAA Te-
PEMEHHOr'0 TOKa?
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Taasa 11. Ycuaumeau mownocmuy

Kakue COCTABJIAOIINE TOK3 U HAINPAXEHUA Y HATPY3OYHBIX JIAHUY IIOCTOSAH-
HOI'0 1 MEpEMEHHOI'0 TOKa?

Kaxwe npaBmia CymecTBYOT IJis MONY Y€HNAA MAKCHMAILHOT'0 BEIXOJHOT'O CHT-
HaJa 6e3 OrpaHMYeHHH OT yCWIMTENeH Kiacca A7

Kaxue 0cOGEHHOCTH yCHIuTeNell MOLIHOCTA OTIMYAIOT UX OT MAIOCHTHATL-
HEIX yCHIATENEH?

MaxcuMaJIbLHO JOMYyCTHMAasA MOIMHOCTSL Tpau3ucTopa 10 Br. Kakyio MommocTs
[IEPEMEHHOT'0 TOKA MOXHO HOJYYUTEH OT YCHIATEN KJIACCa A ¢ 9TUM TPaH3u-
cropom?

Kaxoll MaxCHMaIbHEIN KO3 GUIUEHT MPeoOpa3oBaHua yCUINTENA Kiacca A?

HapucyiiTe cxemy ycuamTels Ki1acca A ¢ TpaHChHOPMATOPHON paspaskoi. Ye-
My paBeH ero K03dpduineHT npeobpa3soBaHus?

KpaTko 00BbACHUTE MPUYMHLI MOBHINEHUA KO3GMGHUIUEHTa IPeoOpa3oBaHuA
YCAIMTENA KIacca A ¢ TPaHCchHOPMATOPHON Pa3BA3KOM.

O6bacuuTe, KaK pab0TaeT NBYXTAKTHBIN yCHINTENb.

Yo Taxoe HeNMHENHEBIe HCKaKeHna? Kak OHM BO3HUKAIOT B yCUINTENAX KIac-
ca B?

O6BbAcCHUTE, TOYEMY B CUTHAJE JBYXTAKTHEIX YCUINTENEH YCTPAHAIOTCA BTO-
) ycTp
pas u Ipyrue 4eTHLIE MapMOHUKH.

YT0 TaKoe NCKAXKEHWS MEPEX0Ja Iepe3 HyJb?
Kax yCTpaHHTEL CKaXKeHUS NePexo[a Yepe3 HyJb Ipu padoTe B kiaacce B?
YTo Taxoe TOK MOKOAT

O6BacHUTe, TOYEMy CMENIEHNE C IeTATEJNEM HANPIKEHAS — He JydIIud Ba-
PHAHT CMEIIEHUA B NBYXTAKTHBIX YCAINUTENAX.

Yro Takoe AHOLHOE CMeIeHue?
Yemy paBeHn koodduimenT npeobpa3oBaHusa y ycuanTenen knacca B?

Ilo xaxkum npwumHaM KO03(hOUIIMEHT Npeo6Pa3OBAHMA YCHINTENI KJIACCA B
BB, YeM Kiaacca, A?

Yo Takoe KOMILIEMEHTapHAA paboTa B ycuuuTenax knacca AB?

B 1ByXTaxTHOM yCHINTeNe MAKCHUMAJIBHO JOMYCTHMAas MOIIHOCTH PacCesHnd
Kaxaoro Tpausuctopa pasua 20 Br. Kakyro MomuOCTE cioco6eH oTAaTh yCU-
JuTens?

YeMy paBeH MakCUMATBHEIM KOXDODUIMEHT TPeoOPa30BaHus y yCHINTENA KIac-
ca C? O6bacHuTe IPUYMHLI BEICOKOT'O KO2GM(UIIKEHTS, MPe0Opa30BaHMA.

Kak B ycumresne kiaacca C BOCCTaHABIMBAETCA MOJNE3HbIH curHaa? I'ne mpa-
MEHAITCA ycwmrenn kiaacca C?
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3apaum

11.1. Ha#itu Tok nokosa Icg u Hampsxkenne Vogg ycmanrels Ha cxeme puc. 11.29.
(Ve =0,7 B).

Omeem: Icqg =~ 23 MA, Vopg = 4,4 B.

+9B

50 Om

Puc. 11.29.

11.2. Ha#TH KOOPAMHATHL HArPY30YHLIX JXHUAN INOCTOAHHOIO U IEPEMEHHOI0 TOKa,
ycunurens ua cxeme puc. 11.30. HapucoBats ux BMecTe B ogHOM Macurrabe.

Omeem: Harpy3odYHas JIMHUA 110 NIEPEMEHHOMY TOKY:
iC(sat) =27 MA, VCE(cutoﬂ') =11,25 B,
Harpy304Has JIUHUA 10 MOCTOAHHOMY TOKY:
TOYKa HACBIIEHVA 10 (maz) = 12 MA,

TOYKa oTceuku Voo = 18 B.

11.3. Ha#iTe COCTABIAOIINE HATPY3OYHKIX JUHUM TOCTOSHHOI'O ¥ IIEPEMEHHOTO TO-
Ka ®MUTTEpHOro nosropurels (puc. 11.31) u HapHCOBATEL UX BMECTE B OLHOM
macmrabe (mpuuats Vg = 0)

Omeem: HArpy304YHAA JMHUA IO IEPEMEHHOMY TOKY:
i (sat) = 30 MA, Vop(cutosr) = 15 B
HArpy309YHas JUHUA 10 MOCTOAHHOMY TOKY:
TOYKA HACBIIEHUA ¢ (mas) = 20 MA,

TOo4YKa oTceyku Voo = 20 B.

114. Kakyo MOmHOCTEL IEPEMEHHOTO TOK3 BHIZAET YCIINTETh KIacca A, cxema
KOTOPOTr'0 IpeACTaBIeHa Ha puc. 11.327

Omseem: B ngeane 67,5 MBr.
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+18 B
100 Om
Puc. 11.30.
+20 B
50 Om
1 kOm
Puc. 11.31

500 Om

+12 B

Puc. 11.32

11.5. BrYucIuTL MAKCHMAIBLHEIN KOGDGUINEHT IIOJE3HOT'O AEHCTBUA yCUIMTEIA

¢ o6muM >MUTTEpOM Ha puc. 11.33.

Omeem: Nmaz = 15 %-

11.6. Hamnpsxenve Ha rpoMKoOrosoputene conporusierueM 8 Om pasro 8 B. B
YUCINTE MOIIHOCTD, TOMydaeMyIo rpoMkorosoputeneM. Eciu rpoMkoroBop-
TEJb MONYIAeT CUCHAM OT YCWINTENA KIACCa A, KAaKON MUHUMATILHOU MOIIHO-
CTHU JNOMKHEL GEITL TPAH3UCTOPHL AIA HALEXKHON PabOTEI?

Omeem: MakcuMaibHAA MOIWIHOCTE = 8 BT,
MEHMMaJbHAsA MOIIHOCTH TpaH3ucTopa 16 BT

11.7. BrramcanTh TOK KOMIEKTOPA B cxeMe Ha puc. 11.34. Ilonynposo aHukoBEIe IPH-

6OpEL U3 KPEMHUA.

Omeem: Ic = 96,5 MA.
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+40 B
'Y
+5B
500 OM =R,
+20 B —(
/A R
Vi
R
—r\( 8 Om
5
Om 200 OMm lc 500 Om flﬁ -
= -5B == = - —=
Puc. 11.33 Puc. 11.34 Punc. 11.35

11.8. HauTu compoTuBiIeHne pe3ucTopa Ry mia obecrnedeHns MOIXONAMIEr0 TOKa,
MOKOsA, YTOOH MUHAMU3UPOBATDL NCKAXKEHUS IIPU HEPEXOe YepPe3 HYIb ABYX-
TAaKTHOrO ycunurens Ha puc. 11.35. Vpg xaxmgoro Tpansucropa 0,7 B.

Omeem: Rz ~ 18 Om.

11.9. BruCINTL MAaKCUMAJbHYIO BBIXOJHYIO MOIIHOCTBH ITEPEMEHHOT'O TOKA ABYX-
TaKTHOT'O ycuauTelds Ha puc. 11.36 1 MUHMMAaIBbHYI0 MOIIHOCTH €r'0 TPAH3U-
CTOpOB.

Omeem: Maxcumanbnas momuocTs = 50 BT B ngeane,
MUHUMAJbHAA MOLIHOCTEH Tpausuctopa = 10 B.

11.10. BrramcanThb CONpOTMBIEHME PE3UCTOPA R B cxeMe yCuiIuTers MOIMHOCTY, U30-
OpaxkenHon Ha puc. 11.37, nmpu xoropoM Vopg Kaxgoro BBEIXOZHOTO TPaH-
suctopa paBHO 20 B. IlapgeHuwe HampsiKeHWs HA KOMIIEHCUDYIOIINX LUOLAX,
a TakxKe sMUTTEpPHOM nepexone passo 0,7 B.

Omeem: R = 74 Om.

+40 B +40 B

700 Om
1 kO é
KoM ; $1 kOm

ve—| -
e

Puc. 11.36 Punc. 11.37

11—2890



MNMABA 12

YACTOTHAA XAPAKTEPUCTUKA,
CMNOCOBbbI CBA3,
MHOIOKACKAAHbIE YCUTTATE TN

YacToTHad XapaKTEPUCTUKA IPUOOPA UIM CXEMEI IPEACTABIACT U3MEHEHHUE
VX CBOWCTB IIPY W3MEHEHWM JaCTOTHI BXOJHOrO CUrHalda. Hampumep, namene-
Hue K02(hGUIMEHTa YCUICHUA WM a3kl BEIXOZHOT'O CUTHAIA, YCUIUTENA IIPU
U3MEHEHNHU JaCTOTHI BXOJHOI'O CUI'HAJNA NMPEACTABIAET JACTOTHYIO XapaKTe-
pUCTUKY ycumTend. Pemaromyio poasr B OIpemeieHAM IUAIA30HI, pabodmx
Y4CTOT YCUIUTENSI UIPAIOT €EMKOCTH KOHJEHCATOPOB CXEMBI U €MKOCTH, IIPU-
cymue OUIONAPHLIM U IOJEBBIM TPAH3UCTOPAM.

TeMbl, paccMOTpeHHble B 3TOi1 rnase:

— JaCTOTHAA XaPAKTEPUCTUKA, YCUINTENEH Ha, GUIOMLAPHBIX TPAH3UCTOPAX
¢ RC-cBasbio;

— POJIb Pa3AeTUTENbHEIX U GIOKAPOBOYHELIX KOHIEHCATOPOB;

— HOBHIIEHHOe BauAHUEe eMkocTu Mumwrepa,

— 9YaCTOTHASA XAPAKTEPUCTUKA YCUWIATENEH HA IOJEBHIX TPAH3UCTOPAX;

— CHOCOOHI CBA3M;

— MHOI'OKACKATHBLIE YCUIUTENd; cxeMa [lapiuHrToHa.

12.1. HacroTHaa xapakrepucTuka

PaccmoTpuMm cxemy ycmiuTens, IpeACTABICHHYIO Ha puc. 12.1.

Bymem MeHATH B HIMPOKUX NIpPEAeIaX JaCTOTY BXOAHOI'O CUI'HAIY, Vg, HA-
9UHAA C 09€Hb HU3KUX YACTOT, U 3AMUCHIBATEH MPH STOM 3HAYEHMA KOIDPH-
OWeHTa YCUIEHNUA Mo HaupaxeHuto. IlomaraeMm, 9To aMIInTyqa v MOCTOAHHAA
¥ He MeHAeTCA ¢ YacToTou. Ha puc. 12.2 npusenena 4aCcTOTHAA XapaKTePUCTH-
Ka YCHINTENA — IrpaduK 3aBUCUMOCTHU KO3(hDUIUEHT YCUIEHUA OT IaCTOTH
BXOJHOro curHaia. I'paduk Ha puc. 12.2 MOXHO pa3geauTsr Ha TPU IACTOT-
HBIX [UAIa30HA. JaCTOTHHIM AMANA30H, B KOTOPOM K03(pUIUeHT yCuIeHH!
ocTaeTca 6onee WM MeHee NOCTOAHHEIM, BOMU3N A,y,, ILIOCKAA 9aCTh, HA3EIBA
€TCA CPEIHEYACTOTHRIM AuAINa30HOM. ['Opm3oHTanbHAA JUMHUA, IPOBEseHHAL
Ha yposue 70,7 % ot A,, (umu 0,707A,,) nepecekaer rpadpuk Ha IacTOTAX



12.1. 9acmommnasa rapaxmepucmuxa 323))

fi 7 f2 (puc. 12.2). YacToTa f; HA3LIBAETCS HUXHEU TPAHUIHON JACTOTOM.
Ha uacTroTax HuXe f; KO3PUIUMEHT yCWIEHUS HENPEPHLIBHO yMEHBIIAETCA.
YacToTa fo HA3BIBaeTCA BEpXHEW IpaHWIHOM dacToToi. Ha wacToTax BEI-
me fo KO3(pGUIUEHT yCWIEHUA yCAIUTENA TOXE HEIPEPHIBHO YMEHBINAETCA.
Pa3HOCTD MeXIy BEpXHEU W HUXHEU I'PAHUYIHEIMU JACTOTAMU HA3BIBAETCA
IOJIOCOM MPOIYCKAHUA YCHIATENA.

IMonoca npomyckanus ycwiurenas = fo — fi.

Puc. 12.1. Cxema ycumurens ¢ 09 +Vee
Rc
Rs
Ry
Vs

Puc. 12.2. Yacror- KospduumeHt \

Hasg XapaKTepUCTHKI ycunenunsi
c patmep MO HaMNPSKEHNIO | Hvanasou |
ycmurens | cpeaHux 4acToT — >
Apl L __ |
|
0707Ap | —— —ff——— ]
! |
| I
| |
| |
i L

f fa YacroTa
HwxuHsas BepxHss
rpaHu4Has YacroTa rpaHuyHas YacTorta

I'pamutdnbie 9aCTOTH f1 U fo MHOrAA HA3BIBAIOT YACTOTAMH IOJOBUHHOU
MOIHOCTH, 8 TPAHUYIHEIE TOYKY — TOYKAMU MOJOBUHHOU MOITHOCTHY, IOTOMY
110 Touka 0,707 A (= V2/2Am) Ha puc. 12.2 — TOYKA NOIOBUHBI MOIHOCTH
10 OTHOUIEHWIO K MOIIHOCTU CPEIHEYaCTOTHOIO AMANA30HA. TaK KaK MOm-
HOCTh IPONOPLUMOHANLHA KBAIPATY HANDSXKEHUsA, TO OTHOIIEHUE BHIXOLHBIX
MOITHOCTEH 9epe3 BLIXOAHbIE HANPXEHNUA UMEEeT BUL:

2
3

P(cutom/P(midband) = TV /V2 =1/2. (12.1)
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MNugekc cutoff 3mecy u galee 0OTHOCUTCA K IPAHUYHOU TO4UKe, a midband —
K CPeIHEYACTOTHOMY Auamna3oHy. Miu umeem

1
P(cutom = 2 X P(midband)‘ (12-2)

CpaBHeHme ABYX YPOBHEN MOITHOCTHU yA00HEE IPOU3BOAUTE IIPYU IIOMOIIY €U~
HUWII, Ha3HIBAEMEIX Jgenubenamu, coxpamenao mumetcs gb. Ilockomsky srTa
HIKaaa, JorapudMuiecKas, TO genubes — HeINHENHAA eIUHHUIA. JTa €IUHUIA
MIXPOKO MPUMEHACTCSA IIPU CPABHEHUM ABYX MONIHOCTEM JIOGHIX CHCTEM.

12.2. Oeunbensi

Ilo ompegereHuIo, OTHOLIEHWE BEIXOJHOW MOMHOCTA P» K BXOJHOR MOUIHO-
ctu P, gepe3 1B pasHO
aB = 101g(Ps/ Py). (12.3)

Ecma P, = Py, To a0 0 1B. Eciim P, > P;, To ypasuenue (12.3) npaer
1B xax momoxurensHoe ducao. A eciu P, < P), pe3yanbTar ypaBHEHUA OT-
punatenen. [pyrumu cioBaMu, HMOJOXUTEILHOE 3HAUYeHHME 1D O3HAaUaeT, ITO
BHIXOJHAA MOITHOCTH GOJbBINE, 9eM BXOAHAA. A oTpumarersHoe 3HadeHue 1B
03HAYAET CHUXEHUE MOIIHOCTH.

Ecmu P, = 2P;, To ypasuenue (12.3) naeT BhpaxeHue

101g(2) ~ 3 b,
T.€. €CJHM BEIXOAHASI MOIIHOCTH B [IBa Pa3a GOJblle BXOAHOU, KO3(@UIUEHT
YCWIEHUS IO MOLIHOCTH paBeH 3 ab.
Ecma P, = 8P; (BEIXO/HAsA MOIHOCTEH B 8 pa3 6oJblie BXOAHOU), TO B Je-
mubennax (gB) sTo GygeT
101g(8) = 9 xB.
Awnanoruyno, eciu P, = (1/10)P;, Torga ypasaenue (12.3) gact orpunarenb
HOE IUCIO
101g(1/10) = 101g(0,1) = —1 aB.
CooTHomIeHNEe MOITHOCTEN DU IPAHUIHOM TOUKE Peyiof U B CPEIHEIACTOT-

HOU 061aCTH P(rmighand) HA TPaduKe JACTOTHOU XAPAKTEPUCTUKHU (PHC. 12.2)
MOXHO BHIDA3UThH B Aenubenrax, HOACTaBUB ypasHeHue (12.1) B ypaBHeHHe

(12.3). Ioxy4um
10 logw (——Pcutoﬁ )

P(midband)
NI

101g(1/2) ~ —3 #b.
DTO 3HAYUT, YTO BEIXOZHAS MOIIHOCTH IIPU MPAHMYHBIX JACTOTaX f1 4 f2
magaeT Ha 3 1D mo cCpaBHEHUIO C MOITHOCTBHIO HA CPEIHUX JACTOTAX.
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ITOT GaKT HAeT APYrod CIoco6 NI ONpeAeTeHUA MPAHWYHOM YACTOTHL
['pPaHUYHYIO YACTOTY MOXHO ONPENEIUTh KAK JaCTOTY, HA KOTOPOU Koddhdu-
[UEHT yCuJeHuA Ha 3 AD MeHble, YeM HA CPEJHUX YaCTOTaX. |'paHMIHEIE
9aCTOTHL f1 U fo MHOrAA HABEIBAIOT 3-X menubeabHBIME acTOTamu. OTHOLIE-
HUe JIBYX HAIPAXEHUU TOXE MOXHO BEHIDA3UTH B Aemubeiniax.

Tak KaK MOUIHOCTS MIPONOPIUOHAILHA KBAIPATY HANPAKEHHA, COOTHOLIE-
HVE MOIMHOCTEN B ypaBHeHUH (12.3) Yepes HAIPAKEHUA MOXHO HAMUCATH KaK

AB = 101g(vz/v1)?
nin
;[B =20 lg(’ug/vl). (12.4)

CrenoBaTensHO, €CIU HAPAXKEHWE B HEKOTOPOU TO4YKe cTaHoBuTcA B 10 pas
6omeme (v2 = 10v;), To cormacHo ypasHeHuio (12.4) OHO yBeIUYUBAETCA HA
20 sB. Eciu nanpsxeHue cHuxkaeTcs Basoe (v = 0,5v1), To B enubemrax
aTo 6ymeT

aB = 201g(0,5v1 /v1) = 201g(0,5) = —6 4B,
T.e. cHUXeHue Ha, 6 1b.

KoadpdunuenTs ycmieHus MO HANPAXEHUIO WIA MOIMHOCTA MOXHO BEI-
9UCIATH, TPUMEHAA MPOCTHIE NpaBmia. KoshduruenT ycwieHns mo Hamps-
xeruio 2 (T.e. vo/v; = 2) cooreercreyer 6 xB. Kosddunuent ycurenns
no nanpsxenuio 4 (= 2 x 2) coorsercrayer 6 + 6 = 12 1b.

KoappunmenTt ycumenus no manpsxenuio 10 pasen 20 gB. Torga xoad-
¢bunuenT ycunenus no Hampsxenuio 40 (= 2 x 2 x 10) coorsercrsyeT 32 a1B
(=6+6+10).

AmnanoruyHo u Ipu CHUXeHUU HanpsxkeHus. Hampumep, ecriu yposeHs Ha-
npsxkeHus noHusmics o 1/1000, T.e. vz/v; = 0,001, Torga 1/1000 (= 1/10 x
x1/10 x 1/10) coorsercrByer (—20) + (—20) + (—20) = —60 zB. D70 MILITIO-
CTPUPYET MOJE3HOCTh ¥ MPAKTAYHOCTH AeMUOEIBHON IIKAJIHL.

12.3. PaspenutenbHbiii KOHAEHCaTOp M YacTOTHaA
XapaKTePUCTUKA Ha HWKHUX HacTOTax

KonaercaTops! 9aCTO MOAKIIOIAIOTCA KaK K BXOHOM CTOPOHE yYCUINTENs, TaK
¥ K BREIXOJHOM, 9TOGHI HPOIyCTUTH CUTCHAJ M3 OJHOW CXEMEBI B APYLYIO WJIU
B Ipu6op. JTU KOHAEHCATOPHl HA3BIBAIOTCA PA3AeIATEIbHLIMA.
PasaenurensHeil KOHIEHCATODP BHIIOAHAET aBe ¢yHkiuu. OH npomycka-
€T curHaj NEePeMEeHHOrO TOKa U3 OJHOW TOYKHU B ADPYTYIO, U, B TO Xe BPeM,
IpPenaTCTBYeT IPOXOXAEHWA IMOCTOAHHOIO TOKa. PasjgeneHHBIE KOHZEHCATO-
POM menu M3OMMPOBAHEI U A MOCTOAHHBIX TOKOB JEMCTBYIOT HE3aBUCHMO.
Pazdequmeavnviti kxondencamop omeeuwaem 3a waACmMOMHKYIO TAPAKMEPUCTIUKY
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YCUAUMEAA HA HUNCHUT 4aCMOMaz. PeakTUBHOE COIpPOTHUBICHNE KOHIEHCATO-
Pa Ha HU3KUX YaCTOTAX CTAHOBUTCA GOJBIIVM, ¥ HA HEM I3, JAET 3HAYUTEILHOE
IEepPEMEHHOE HANPKEHNE CUTHAIA. JTO MAJEHUE HANPAXEHWA HA, KOHIEHCA-
TOpe ABIAETCA IIOTEPEH CUIHANA ¥ OHO CHIDKAET BXOJZHOW CUIHAJI YCUIUTEN,
BBI3BIBaA O0mIee yMeHbIeHNE KO3(DDUINEHT YCUIEHUA YCAIUTENA.

Jna panpHeHInero aHaIu3a pacCMOTPUM YCUIMTEIb Ha puc. 12.3.

+Vee

PaspenvrenbHbli
KkoHpgeHcaTop C

Rs C
R )
Vs o
Vs Tin VInE
= 3
>
x
Tin == =
Puc. 12.3. Ycwmrens ¢ O ¢ pasgemmrens- Puc. 12.4. Mogers RC-ue-
HEIM KOHgAeHcaTopoMm C . Tip — BXOJHOM UMIENAHC
yCcuamTeNs
C — pasJeruTenbHBI KOHAEHCATOD, MPOIYCKAIOIMI CUTHAI vg B YCH-
JUTENb, U Tip — SKBUBAIEHTHOE BXOAHOE CONPOTHUBICHWE (MMM MMIIEAHC)

ycwmrens. Cxemy ua puc. 12.3 MoxHO 1peo6pa3oBaTh B MOAEIbL PE3UCTUBHO-
emrocTaou (RC) menu ¢ pasgeruTeasHbiM KOHAeHCATOPOM C' M BXOJHBIM CO-
OPOTUBICHUEM YCAIATENA Tiy. DTA MOJAENb U306paxena Ha puc. 12.4. ITo aroi
pUYuHe, YCUIATENs Ha, puc. 12.3 orHOCUTCA K ycunmuTenam ¢ RC-CBA3BIO.

O6paTuTe BHUMaHUE, 9TO HA pucC. 12.4 Rg, T, 1 PEAKTUBHOE COIPOTUBIE
Hue X, COeIUHEHHI MOCAEA0BATEILHO. BXOMHON TOK CXeMBLI PaBeH

I= Y

(Rs + 1in — 3 X¢)
rae X, = 1/wC (B Omax) u w = 27 f (paguan/c). Toraa BXogHOE HALIPAKEHLE
YCUIUTENsS Vs, PABHO

Vin =1 - Tin
nin
Vin = [ Tin " ] Vs.
(Rs + rin — 5 X)
3HaYEHUE Uy, B BUAE PYHKIUY OT JACTOTHI W MOXET GBITH MPEACTABIEHO TakK:

(12.5)

e
lvinl = = 2 |'U5|’ (126)
V(R +1in)? + X2
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a $a30BBI yrox 6 MeXIY Vip, U Vs —
X
0 = arctg [—CJ . 12.7
(Rs + ?‘m) ( )
B cpeaHedacTOTHOM AMANIA30HE PEAKTUBHOE COMPOTURICHUE KOHIEHCATO-
pa npere6pexuMo Malo 1o cpasHeHuo C (Rg + i), T. €.

X: < (Rs + 7in)-

[lagenune HampsAXeHWA HA KOHAEHCATOPE MOXHO HE YYUTHIBATH, T.€. X, = 0.
U3 ypaBuenus (12.6)

|vin| = [(—R-:_:_"—W] |vs| (cpearme gacToTsI) (12.8a)

u u3 ypaBHeHus (12.7)
6 — 0° (cpesHue 4aCTOTHI). (12.86)

Ypasuenue (12.8a) mokaseiBaeT, 9TO HA CPEAHHX JACTOTAX XAPAKTEPH-
CTUKY YCWINTENA HA 3aBUCAT OT YACTOTHL. EcCiam B ycmiuTene HET APYTrUX
4aCTOTHO-3aBUCUMEIX JJEMEHTOB, JaCTOTHAA HE3ABUCUMOCTDH Vi, MIPEANOIa-
raeT JaCTOTHYIO HE3ABUCHMOCTEL KOdGh(PUIUEHTA YCUWICHUA [0 HANPSKEHUIO
yewmTelrs. DTO OBLIO MTOKA3aHO Ha puc. 12.2 B CpeHEYACTOTHOM AUAIA30HE.

Jpyrou xpaiauit crydail — w = 0 (mocrosuubi Tok). Toraa peakTusHOE
conpoTusieHue X, CTAHOBUTCA GECKOHEYHHBIM U Vjy, MALAET A0 Hyu1A (K0addu-
IUEHT yCHJIEHWA TOXE NAAeT A0 HyJd), ¥ (Ha3oBh yrox § nputimxkaercs k 90°.

CremosarensHo, npu w — 0 (IpU HOCTOAHHOM TOKe)

X, — oo (12.9a)
vin — 0; (12.96)
6 — 90°. (12.98)

IIpene6pexumo manoe peaxTusHoe comporusienue (X, — 0) B cpexne-
9aCTOTHOM AMAIa30He u X, — OO0 IPU 9aCTOTaX w — ( IPEICTABIAIOT ABA
NpefeNbHBIX 3HAYEHUA PEAKTUBHOIO COINPOTUBICHUA PAa3JeIUTEILHOr0 KOH-
HeHCATOPA.

PaccmoTpuMm ciaydail, KOrZa PEAKTUBHOE COMPOTUBICHUE Pa3IeluTeNbHO-
T'0 KOHIEHCATOPa TOYHO PABHO O6IIEMY AKTHUBHOMY CONPOTUBIEHUIO B CXeMe
Ha puc. 12.4, T.e.

X, = Ry + rin. (12.10)
IIpu sToMm ycnosuu ypasHenue (12.7) maet 6 = arctg(l) wium
0 = 45°. (12.11)

Honcrasnas X, = R, + i, B ypasuenue (12.6), moxyuum

|vin| = (%) {(R’;r—"rn)} o). (12.12)
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Cpasuus ypasrerus (12.12) u (12.8a), Bugum

1
|’Uin| = (ﬁ) |'Uin|midband ~ 0,707|'Uinmidbandl- (12.13)

OTOT Pe3yIbTAT NOKA3BIBAET, ITO IPHU JacTOTE, KOraa X, = Rs + Tipn, BX0g-
Hoe Hanpsaxenue nagaeT B 0,707 pa3 oT cBOEro CpeaHedIaCTOTHOTO 3HAYCHNL,
W, xax GBLIO0 CKAa3aHO paHee, €CIU B CX€Me HET APYT'UX YaCTOTHO-3aBUCHMEIX
3/IEMEHTOB, IaJeHUE BXOJHOI'O HAIIPAXKEHUA JAeT B PE3Y/IbTATE CHUXEHUE 06-
mero ko3gpunrenTa yCuJIeHNsa OT UCTOIHUKA CUrHAIA 40 Beixoxa B 0,707 pas.
Koadpdunuent ycunenus ymensmaeTcs Ha 3 1B 0T cpeqHedaCcTOTHOrO 3Hade-
HuA. Ycaosue X, = Rg + i, OnpefeinseT HUXHIOD I'PAHUYHYIO YaCTOTY fi,
TaK KaK
Xe = Rs + Tin, 1/2nf1C = R; + i

nim

_ 1
h= BT C
YpaBHenue (12.14) MOXHO WCNOIB30BATH AJIA BHIYMCIAEHUA HVXHEU Ipa-
HUIHOU YaCTOTHI Ji060ro ycmaurena ¢ RC-ceassio. OTmeTuM, 9T0 a3oBHM
YrOI MEXAY Us U Ujp (M TaKXKe MEXAY Voyt) MeHseTca oT ~ 90° mpu 0 I'm
10 45° mpu rpaHUYHOU JacTOTe fi.

(12.14)

12.4. HacTroTHaa xapaKkTepucTuka ycunurens
Ha GMNONAPHOM TPaH3MUCTOPE Ha HU3KUX YacToTax

B mpegpigymem pasgene 6bLI PACCMOTPEH OGN IOAXO0 ], MO3BOJAIOIMIMYA U3Y-
YUTH YaCTOTHYIO XaPAKTEPUCTUKY JIOG0U MOCIEIOBATEILHO COeTUHEHHOU Pe-
3UCTUBHO-€MKOCTHOU KOoMOuHaIuu. JI106y10 cxeMy C pasJequTeabHEIM KOHACH-
caTopoMm C' MOXHO IIPeCTABUTE B B/ SKBUBAJICHTHOM CXeMbI, IPUBeJeHHON
Ha puc. 12.4. [leiicTByIouee COMPOTUBICHNE T'(eff) MOXHO BBITMCIUTD IO MOJX0-
IAIel SKBUBAICHTHOM CXeMe. 3aTeM, MpUMeHHuB yciosue ypasuernus (12.10),
MOXHO OIPENeIUTh MPAHUIHYIO JaCTOTy fo.

Xc = T(eﬁf) (12.15)

nmm 1
= 12.16
¢ 27 (e C ( )

Paccmorpum ycunutens ¢ O, nuzobpaxenurni Ha puc. 12.5. B cxeme eCTh
[ABa Pa3geauTenbHEX KOHAeHCaTopa. C) CoequHAeT MCTOYHUK CUTHAIA C YOI~
auteneM, a Cy — CUrHAL C KOLIEKTOPA C Harpyskou Ry. [Ise HmxHUX DY
HUYHBIX 9aCTOTHL OT TUX KOHIEHCATOPOB 0603HadmM kak f1(Ch) u fl(Cz)’
KOTOpbIe MOXHO BHIDAa3UTh, IPUMEHUB OCHOBHOe ypaBHenue (12.16), crexyo-
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muM o6pa3om:
1
= ; 12.1
(6 27 (Rs + 1in) C1 ’ ( 7
1
Cs) = . 12.18
fl ( 2) 2 (rout + RL) 02 ( )

B ypaBHenuu (12.17) r;, — SKBHUBAJIEHTHOE BXOJHOE€ COIPOTUBJIECHUE yCUIU-
rensa. B ypasuernun (12.18) ryy; — SKBUBAIEHTHOE BEIXOZHOE CONPOTHUBIECHUE
yCUINTENA.

Puc. 12.5. Yecwmrens ¢ O3 ¢ pasge- +Vee
JuTerbHEIMU KOoH geHcaTopamu Ch u Cz,
¥ 6I0KkUpPOBOYHEIM KoHgencaTopoMm Cg.
Tin — BXOJHOM MMIENAHC yCAIMTENI

PaspenutenbHbI
KoHgeHcaTtop Co

L‘%

Tout

PaspenutenbHblii
KoHgeHcaTop Cy

B 3aBucmMocCTH 0T KOHCTPYKIUM yCHIWTENA IpaHudHbEe 9acTOTH f1(Ch)
1 f1(C2) MoryT GBITH GIM3KA APYT K APYTY WIM HE3HAYATENLHO OTIMIATHCA.

B sT0om cxeme, KpoMe 3TUX OBYX, €CTh eme OqHA IPAHUIHAA YacTOTa. Tpe-
Tha rpanudHas 94acToTa fi(Cg) B ycumurene ¢ OO moABaseTCA U3-3a, JEUCTBUA
6mokuposounoro kougeucaTopa Cg. Paccmorpes ysen T ma puc. 12.5, Mbl
MOXeM NPpUOGIU3UTENIbHO 3aMUCATh (IpeHeOGperas MAaJbIM BIUAHUEM APYTUX
pesucropos, Haupumep Ry 1 Ry): eff ~ Rg||r,. CregosaTensHo,

1

Taxum 06pasom, B cxeme ycumurensa ¢ 0D MBI HACIUTAIM TPU HUXKHIE I'DAHIY-
Hble 9aCTOTHL. Ta U3 HUX, KOTOPasA HAMGOJbIIAA, U Oy €T HUXHEA TPAHUTHON
49acTOTOM, 0603HaYeHHON HU pHC. 12.2 Kak fi.

(12.19)

Mpumep 12.1. BrryucauTb €MKOCTH GIOKMPOBOYHOrO KOHZeHcaTopa C B cxeme
Ha puc. 12.6, @, 9T06H moJI0Ca NMponyckanus ycuaureis 6swia or 100 I'm go 20 kI,
Nunavueckoe conmpoTusreHne SMUTTEPA TPAH3UCTOPA T, pasHO 20 OM.

Pemenwne. Huxusas rpanuynas 9acToTa fi gaHa ypapuenmem 2nf, = 1/RC, rue
R — >kBuBanentHoe conporusnenue B Touke T (puc. 12.6, 6), Bugumoe B nemu 6a3a—
amurTep. R paBHO

R =252 xOm|[4,3 kOm = 1,588 xOm.
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W3 ypaBHEHUsA IDaHUYHON YaCTOTH HAXOAUM eMKOCTb KOHnercaTopa C':

C=1/2rfiR=1/2x 3,14 x 100 x 1,588 x 10° = 1 mMxd.

+9B
a)
—ev,
0)
5 kOm 4,3 kOm = 2,52 kO 4,3 kOm = 1,588 kOm

Puc. 12.6.

12.5. Teopema Munnepa

Ha puc. 12.7 uso6paxkeHa cxema, B KOTOPOM OJWH KOHEI MMIEJAHCA Z MOA-
KIIOYeH K BXOTHOMY, a JDYTOM — K BHIXOJHOMY BBIBOAY YCWIATEIA. Mmefanc
Z obecnedmBaeT Uenb OOPATHON CBA3M yCHIATEIA. Takoe HOAKIOYeHue MM-
[EJAHCA BCTPEIAETCA BO MHOTMX CXEMAX yCHIUTEIEH.

V4
L= Vin Yeunutens Vout
A
® Yeunurens * /
‘o/in— Av= Vour/Vin _____V_ozz Zingmiter) = Z/(1 = Av) Zoutimiten = (Z ANAy— 1)
Puc. 12.7. Nmneganc Z B cxeme Puc. 12.8. IIpeo6pazoBaunbie BXOJHOUN
Muanepa ¥ BBIXOAHOW MMIENaHCH Mmirepa

IlpucyrcrBue Z BimseT U Ha BXOAHOW, M HA BHIXOJHOM MMIIEAAHCHL YCH-
aurens. Teopema Mutepa m03BOJsSeT BBIYUACIUTD ZEUCTBYOIME (Uil DKBA-
BaJEHTHBIN) uMnesanc Z o6oux nopros. Ha puc. 12.8 gano mpeoGpasoBaHH®
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Muwuiiepa BXOJHOM M BBEIXOJHOW 9aCTEH CXeMbl. JKBHUBAJEHTHLIA WUMIIEIAHC Z
BXOJ3 PaBeH

Z
Zin(miller) = m (12.20)
v
W BEIXOZHOM MMIEIAHC PABEH
Z - A
Zout(mille'r) = (A _i) . (12.21)
v

3pecs Ay, — KO2DPUIMEHT YCHICHMA 10 HANPAXKEHHIO ycmauTenas. Tak Kak
TeopemMa Mmuiiepa NPUMEHNMa ¥ K HHBEPTUDPYOIMM yCHIATEIAM (B KOTO-
PHIX BXOJHO€ ¥ BHIXOJHOE€ HAIpsXeHWe oTamdanTcad mo dase Ha 180°), m k
HEMHBEPTHUPYIOWMM (IIOZOGHBIX SMUTTEPHOMY HOBTOPATEIIO), TO K0ahduiu-
eHT yCuieHus 1o HampsxkeHmio A, B ypasmenumsax (12.20) u (12.21) momxen
OPUMEHATHCA C IPABWILHBIM 3HAKOM.

C mpaxTu4ecKOM TOYKHU 3DEHUsA, HHTEPECHBI OB CIy4ad — IEPBBIN, KO-
rga Z — 4YUCTOE aKTUBHOE COIPOTHUBIEHWE, M BTOPOM, KOUAa 4 — YUCTaA
€MKOCTb.

Cayuati 1. Peaucmop emecmo Z
IIycTe B cxemy Ha puc. 12.7 noakmogeno conporusienue R. Torga ypasuenns
(12.20) m (12.21) MoxHO 3amucaTh Kak

R

Tin(miller) = =4, (12.22)
v
u
R-A
Tout(miller) = (A—_’ﬁ. (12.23)
U
[as ycunmurens ¢ O3 A, = —A, us-3a mepeBopoTa Gasbi, TOrAa
R
Tin(miller) = '(l_m (12.24)
v
u
R-(-A
Tout(miller) = —(—A(——Q:)l)) ~ R. (12.25)
v

B ycumurene ¢ O3 pesucrop Mumuiepa R geiicTByeT Kak HOHMXEHHOE CO-
nporusierne (~ R/A,) Ha Bxoje, a BHIXOJHOM MMIEJAHC OCTACTCA OIM3KUM
K R. Ot conpoTuBIeHHA dpdekTa MuLIepa Tin(miler) X Tout(miller) MOTYT
SHAYUTENLHO HOBIUATH HA XaPAKTEPUCTUKA yCATATENLA.

Cayuati 2. Kondencamop e creme Muaasepa

Ha pmc. 12.9, a m3o6paxena cxema Mmunepa ¢ komgencaropom. Ilycts X,
IpegcTaBiseT cOO0M PeaKTUBHOE CONPOTHBICHMWE KOHIEHCATOPA MPH 9aCTO-

e f (I'm).
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Ha BXOe yCHINTENA NMEEM

Xef(1— Ay) = et :

[27fC (1 — Ay)] N 27rf01ln(miller) ,

rae
Cin(millcr) =C(1 - Ay). (12.26)

Ha Bexoge ycwimremns

1 A, ] _ 1
XeAv/(Ay— 1) = [%fo] [(A,, — 1)] 27 f Cout(mitter)

C(4, -1
Cout(mz’ller) = ( A_’v_ "'_—) (12.27)
v

rae

[uaa ycuiurens ¢ O3 emxocTu Muiiepa, BhIpaxeHuble ypasHeHusamu (12.26)
u (12.27), pasun puc. 12.9, 6), T.e.

C’1l'n,(m7lller) = 0(1 + A'v)7 (12-28)
C(~4y 1)
Cout(miller) = W nm C’out(miller) ~C.
v
C
= T
Y Yeunnutenb V.
in c 02 out
Cin (milter) Yennurens Cout (mitler)
Cln( ‘miller) = C-A, Cout (miller) ¥ c
a) 6)

Puc. 12.9. Kongencarop B cxeme Munnepa (a). DxBuBaIeHTHBIE eMKOCTH Muiiepa BO
BXOZHOM M BBIXOZHOM mOpTax ycumrrens (6)

Ypasrenue (12.28) npezacrasiaser ocobbi nHTEpec. OHO MOKA3HIBAET, ITO
B pesyabTare dddexkTa Mmiiepa Mantas eMKOCTb yBermdusaercai B A, pas
¥ MOABJIAETCA KAK IIYHTUPYIONAA €MKOCTh Ha BXOJHEIX BBHIBOJAX YCHIUTENA.
OTa yBeIMYEHHAA BClencTBuUe Haamaus 3ddexTa Muirepa eMKOCTh Ha3hIBA-
eTcs eMKOCTbIo Munepa.

ITH Malble EMKOCTH, HAIOZO6Me eMKOCTH IePEX0a MOLyIPOBOAHIKOBOI'0
npubopa, yBEIWIMBAIOTCA U HOABISAIOTCA KAK GOMBINON IIyHTUDPYIOWMH KOH-
npercarop. CUrHAI IepeMeHHOr0 TOKA YXOAUT depe3 3TH €MKOCTH, ITO 0K~
3HIBAET 3HAUMUTEJbLHOE BIMAHWE HA XAaPAKTEDUCTHKU CXEMBI Ha BBICOKHX 93~
CTOTaX.

TIpnmep 12.2. Ha puc. 12.10 n306paxeHa CxeMa SMATTEPHOI'O IOBTOPUTEIA € KOM-
TIEHCAIIMOHHON 006paTHOM CBA3LI0. KO3h(MUUUEHT yCWIeHNA MO HANPAXKEHUIO yCHIH-
Tena A, = 0,99. Yemy paBed BXoaHOU uMnenanc Z;?
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Pemenne. CxeMa yCUInTeNA UMEET KOMIEHCA- +12B
IMOHHYIO OOpATHYIO CBA3L. B3ruaHuTe Ha pe-
auctop 10 kOm. Ecin eMKOCTH KOHAEHCATODA,
C BrIOpaHa TaK, YTOOHI OKA3HIBATH nperz6pe- $6 Om 3 KOM
XKUMO MAJOE CONPOTHUBJIEHUE HA HIXKHEN Da-

604ert 9acTOTe, TOrNa OOUH KOHEIl PE3UCTODA Ve
o | ®
10 xOM OKAa3HIBaETCA BKIIOYEHHBIM K BXOJHON %

KIEMME, a BTOPOH — K BEIXOJHOU KJIEMME YCH- 10 kOm C
JIUTENs. DTO MISATbHBIN CIyUail IPHMEHEeHUs —— Vout
Teopemsl Munepa. Toraa ’_> %6 «Om 2 OM
Zimiltery = R/ (1 — Ay) = z L -
=10 x/(1 - 0,99) = 1 Mowm. B
Puc. 12.10.

JeicTByOmui BXOJHOM MMIEIAHC YCHILTENIA
paser 1 MOwm.

12.6. HacToTHaA XapakTepucTuka ycunurenen
Ha GUNONAPHBIX TPAH3MCTOPaX Ha BbICOKUX HaCTOTaxX

CumxeHne K03ppUIMeHTa YCUICHUA HA IACTOTAX, MEHBIINX HUKHEHA MPAHNTY-
HOM 9YaCTOTHI, BHI3BAHO BIUSHUEM IIOCIEZOBATEIBLHO BKIOYEHHBIX Da3jeiu-
TeJIBHBIX WIA NIyHTUPYIOIIEX GIOKUPOBOYHBIX KOHAEHCATOpPOB. Kak TOmbKO
pabodas 9acTOTa TaK XK€ KAK M 9aCTOTA BXOZHOI'O CUTHAIA YCUINTENA [IOBHI-
AeTCA, MAJEHUE IePEMEHHOr0 HAPAKEHUA HA DTUX KOHIEHCATODAX CTAHO-
BHTCA AOCTATOYHO MAIbIM, YTOGH He YIATHIBATE €r0, U KOHIEHCATOPHI MOXHO
CYATATH 3aMKHYTHIMA HAKODOTKO. BHewrnne pasaenurensueie u GIOKUDPOBOT-
HBIE KOHJIEHCATOPH! HEe MMEIOT BIMAHUA HA XaPAKTEPUCTUKY YCIUINTEIA HA BbI-
COKHX JaCTOTAaX.

CymecTBy10oT COGCTBEHHEIE (HE [OAKIIOYEHHEIE CHADYXKH) eMKOCTH TDaH-
sucropa. Hampumep, y TPaH3UCTODPA €CTH €MKOCTH mepexonoB. EcTe um apy-
I'Me MCTOYHUKYA €MKOCTU HAIOJOOUME MEXIIEKTDOSHBIX €MKOCTEN M €MKOCTH
MOHTAaXHEIX IPOBOSHUKOB. HexkoTophie m3 5THX €MKOCTEN MOI'YyT yBEIWIATH-
ca Bcaeacrsue >hdexTa Muitepa u nogBuUThHCA KAaK UIYHTHPYIOUYE EMKOCTH
Ha BXOJ€ M BHIXOAE YCWINTENA. IIpM yBeIMYeHUH 9aCTOTH PEAKTUBHOE CO-
TIPOTHUBIEHUE MIYHTHUPYIOMUX eMKocTen majgaer. Ha Bxome ycmnmrens gepes
MIYHTUPYIOUIYIO eMKOCTb JaCTh CUIHAIA YXOAUT Ha 3€MIIO0, ¥ BXOJHOM CUTHA
3aMeTHO CHMXaeTcsa. Ha BBIXOJe NIyHTUPYIOmasd €MKOCTh yMeHbITaeT pdek-
TUBHYI0 Harpy3Ky (Ay = T¢/Te). O6a crydas mpUBOAAT K TOMY, 9T0 C POCTOM
YaCTOTHL MagaeT KO3 @PUIueHT ycuneHus ycwiureiasa. Ha puc. 12.11 mzobpa-
XKeHa, KBUBAJEHTHAA cxema ycuautens ¢ O3, koropas 6bura faHa Ha puc. 12.5.
Kongencaropsr Ci, Co m Cg NOKa3aHHI 3aKOPOYEHHBIMM, HOTOMY YTO MBI
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Temeph IMEEM JEI0 ¢ BHICOKAMU JacToTamu. Ha cxeme Tpu COGCTBEHHBIX eM-
koct TPAH3UCTOPa — Che, Cpe U Cee. Tak Kak C, HEe mMeET OTHOIICHHUS
K TeMe Halero o6CyXIeHus, MBI €r0 OILyCTUM.

Tin
—— A\
Cve == —=Chc (1 +A))
Puc. 12.11. OxBuBaleHTHaA CXEMa LA II€- Puc. 12.12. [leicTByomme eMKo-
pemenHoro toka ycwmrerni ¢ 09, npeacra- cTH! Ha Bxoge ycumreni. O6parTu-
BIEHHOrO Ha, puc. 12.5. O6parure BHUMaHIE Te BHUMAaHUE Ha eMKOCTs Mmirepa
Ha, eMKOCTHU MEPEX0n0B GUIIOIAPHOIO TPaH- Cuc(1+ Ay)

3UCTODA

Ha puc. 12.11 usobpaxent aBa kougeHcaTopa — Cpe U Che. Cpe — mud-
dysuonHas eMKOCTE Hepexona 6asza—smurTep u Cp, — MEPEXOTHAA €MKOCTh
06paTHOCMENIEHHOr'0 MePEX0a KOLIeKTop-6a3a. VX Tunmunnie snadenus 50
u 5 o®. Mu 31ech He paccMaTPUBAEM €MKOCTH MOHTAXKA M €MKOCTH 6OJb-
LIOr'0 9UCIIa, IPOBOAAIIUX OGIACTEN, PA3JEIEHHEIX B CXeMe H30IATOPAMH, UX
HA3HIBAIOT MAPas3UTHEIME eMKOocTAME. KongencaTop Cp. BKIIOYEH IO CXEME
Munnepa (OZMH KOHel MOAKJIIOYEH K BXOAY, a APYrOM — K BHIXoAy). Ero
MUJLIEPOBCKAM SKBUBAJICHT, BKIIOYCHHBIM MeX 1y 6a30i u 3emren (puc. 12.12),
paBeH

Cin(mitter) = Che(1 + Ay). (12.29)
W obmas emkocTs C7 Mexay Ga3ol U 3eMjed CTAHOBUTCA PABHOM
C1 = Cpe + Che(1 + Ay). (12.30)

Ecun r;, — obiiee conpoTuBIeHNe TIEpEMEHHOMY TOKY, BUAUMOE C 6a3bI B CTO-
POHY HCTOYHHKA, T. €.
Ry = R;||(R1]|Rel|Bre), (12.31)

TO, IPUMEHAA OCHOBHOE YCJIOBHE I'DAHIIHON JACTOTHI, MOXKHO [IOLyYUTH BEPXHIOK0
FPaHUYHYIO 9aCTOTY fo(r), HOMYIMBIIYIOCA B Pe3ybTaTe noasierus RC-uend

6a3a —dMUTTED
1

fony = ROy
rge Cr u Ry pamwr ypasrenmamu (12.30) u (12.31).
[lo cux mop MBI IpeHe6perain BAMAHAEM O0HEMHOTO CONMpOTUBIeHUS 63
3Bl Tp. Uepe3 7y MOXET IPOTEeKATh 3HAYUTENbHHIN TOK U3-33 [IPUCYTCTBAL

(12.32)



12.6. Yacmommuaa Tapaxmepucmura ycuaumenet 33\\5)

IIyHTHPYIOMWER eMKOCTH, KOTOPAsA HA BHICOKOM 9aCTOTE MMeeT MAJIOe Deax-
THUBHOE conpoTusieHue. B aTom ciyuae ypaaenue (12.31) usmenuT cBou Buz:

R = (Rs + rp)||(Ru| Rzl|Bre)- (12.33)

IIpn HEU3KEX 9YacTOTAX BAMAHUE T} CIa60e, IOTOMY 9UTO IIYHTUPYIOLIIH
KOH/JIEHCATOD MMEET BHICOKOE PEAKTWBHOE COINPOTUBICHUE X BEIHMIMHA TOKA
HE3HAUWTENbHA. | paHMYHAA JaCTOTA, BHIBBAHHAA BBIXOJHOW IIYHTUPYIOIIEH
€MKOCTBIO, DABHA

Fyun = m, (12.34)
rae
Ry =~ 7.~ R.||RL (12.35)
u
Co = Che. (12.36)

Che [= Cpe(1+A)/A = Cp] — emxocTs Muminepa Ha BHIXOJHEX KiemMax. Jlo-
6as gpyrad MIyHTHPYOMNAA €EMKOCTh — €MKOCTb NDYTHX Ielel, IOLKIIOIeH-
HBIX K BBIXOJY, WIM €MKOCTb MOHTAXHBIX IIPOBOJHUKOB JOMXKHA OHITH Ipuba-
BiaeHa K Cj.

Kpome BI#AHAA IIyHTUPYIOMAX EMKOCTEN MEPEXOJO0B, BHICOKWE YaCTOTHI
MOI'yT OI'DAaHUYMBATHCA U HaJeHNeM KOdhPUIMEeHTa YCUIEHNAI II0 TOKY TPaH-
3UCTOpAa [ HA BRICOKMX 9aCTOTaX. /3-33 BHYTpEHHEN CTPYKTY DB TPAH3UCTODA
¥ BIMAHUA IPOLECCOB MEPEHOCA 3apAga [ cHmxkaerca co ckopocTbio 20 b
Ha OeKajy BbIlle IPAHMIHOM JaCTOTHI A1a (3, o6osnadaemon fg. OGo3HaIHM
ﬂ( M B) KOOOOUINEHT yCUIEHNA IO TOKY Ha CPEJHUX JACTOTAX. Toraa rpanug-
Had 9acTOTa fg €CTh JACTOTA, (II0 OIPEJENEeHMIO), Ha KOTOPOH [ CHIXKAeTCA 0
snagenua 0,70753p). IIpomssoguTenn TpaH3MCTOPOB yKa3bIBAIOT 3HAUEHME
OTCeIKH ﬁ( MB)> o603HAMaeMOe f1; 3TO Ta 4aCTOTA, HA KOTOPOU KOohdunueHT
yCUIEHUA TAJAET IO €IUHUIIHI (;6( MB) = 1). CregoBaTensHO, fr OpeACTABIAET
coGon mpom3sBeneHue KOd(DOIUIMEHTa YCUIEHNUS 10 TOKY ¥ IIOJOCHL IPOIyCKa-
Hud. fg, B(mp) B fr MOXHO NPEACTABATL CIEAYIOMUM COOTHOIICHUEM:

fs = fr/Buum)- (12.37)

ITO COOTHOLIEHNE MOXHO IPUMEHUTDH Aud Bbraucienna fg. Takmm o6pa-
30M, IIpy oMoy ypasaenui (12.32), (12.34) u (12.37) MOXHO BEIMUCIATD TPU
IpaHWYIHBIE YaCTOTHI, CAMOE HHU3KOe 3HAYeHWEe M JACT BEPXHIOK I'DAHMYIHYIO
gacrory fa (pmc. 12.2).
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12.7. HYactoTHaa xapakTepucTuKa ycunurenen
Ha MoNeBbIX TPaH3UCTOPaX

[IpUHEIMNLL, U3J0XKEHHBIE A BEIYACICHNS] HIKHEN 1 BeDXHEH IPAHUIHBIX 9aC-
TOT yCHWINTEIEN HA GUIOMAPHEIX TPAH3UCTOPAX, MOXHO IPUMEHUTD U K Y CIIK-
TeIAM Ha HOJEBHIX TPaH3UCTOpaX. BHeurHune pa3ieruTenbHEIe B OJOKUPOBOY-
Hble KOHIEHCATOPH! ONPEAEIAIOT HUXHIO I'DAHWYHYI0 YacTOTY YCIIHTENd,
a MeXDIeKTPOJHbIE EMKOCTH (COGCTBEHHEIE €MKOCTH) BIMAIOT HA XaPaKTepH-
CTUKU yCHINTENII Ha BHICOKHAX JaCTOTAX.

Yacmomuas TapaKmepucmuka o HuU3KUL 4acmomar
Ha puc. 12.13 msobpaxen ycmiuTelrb
+Vop ua MOII-TpansucTope ¢ 06muM uCTO-
KOM. MOXHO BEIMUCINTE HIDKHIOIO I'Da-
Rp HUYHYIO 9aCTOTY, OOPEAEIAEMYIO Pa3-

R Cz JeInTeIbHbBIME KoHgeHcaTopamu Cp u
Cy Cs. Ilpumenus ypasmenusa (12.17) u
R m (12.18), momyuum
V. Cs| = 1
si = 12.38
= I_> |* fl(CI) 27 (Rs +Tin) cy’ ( )
fin  1i

rze rin = R||r; = R, noTomy 9T0 BXOA-

HOM HMIIEJAHC, HAOMIOZAEeMBIA HA 33-
Puc. 12.13. Ycmmrens ¢ o0IuM HCTOKOM — TBOpE T; (pnc. 12.13), 9pe3BLEIYANHO
ua MOII-rpansucrope BHICOK. U

1
fi(C2) = o (Ro 170Gy’ (12.39)
rie COONPOTHUBJIEHNE MEPEMEHHOMY TOKY, HaOMI0ZaeMOe Ha CTOKE, PABHO To =
=r4||Rp = Rp (ecmn rq > Rp).

VICTOYHNK TpeThbed I'DAHWYHON YaCTOTH — OJIOKMPOBOYHBIN KOHJEHCA-
Top Cs. Yacrora f1(Cs), npu koTopou peakTusHOe conpoTusienue C; paBHO
UMIIeJaHCy, BAUMOMY B TOuke coefmuenusa R u C; y KieMMbl ncToKa (TOYI-
ka A Ha puc. 12.13), naerca amagoru4no ypasuenumo (12.19):

1
IO = ar Bulligm) O

W3 5Tux Tpex rpaHWYHBIX 9acTOT 06BIgHO camas Goabmas — f1(C;), u 0Ha
JaeT HIXHIOK IDaHMYHYIO 9acToTy ycwmarensd. Jacrora fi(Cp) o6bdEO Ca~
Mad HHU3Kag, DOTOMY 9ITO B CXeMaX C IOJeBbIMEH TpamsmcTopamu R u RL
(pmc. 12.13) 0o6bI4HO OveHb Goablume, M eMKOCTh KoHAeHcaTopa (7 MoxeT
OBITH MAJEHBKOMU.

Te e IPUHIAIE IPAMEHUMBI [ YCUJIMTEIEH Ha [OJEBbIX TPAHIUCTOPAX
¢ p-n-nepexogoM 1 Ha MOII-Tpan3ucTOpax Npu BKIIOYEHUN C OOIM CTOKOM.

(12.40)
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HQacmommnas TaPAKMEPUCTIUKG HG BbICOKUL 4ACMOMAT
YacToTHaA XapPaKTEPUCTUKA YCAINTEIS HA IIOJEBOM TPAH3UCTODE HA BEICOKHUX
4aCTOTAaX ONpeAeIIeTCa MEXDICKTPOSHEIMY EMKOCTIMY, HEKOTOPHIE U3 KOTO-
PBIX YBEINYIHBAIOTCA 3a cieT addexkTa Mumrepa.
Ha pmc. 12.14 m3obpaxeH ycumin-

Telb ¢ OOMIMM MCTOKOM BMECTE C MeX- +Vpp
DIEKTPOIHBIME eMKocTAMHU. W3-3a 6110-
KHPOBAHUA UCTOKOBOI'O pesucTopa R,
BXOJ] ¥ BBIXOJ HIYHTUPOBAHEI HA 3€MJIIO

emxocTamu Cgs m Cgs. ['panmanyio gac- Rs
TOTY MOXHO IOJIYy9YUATh, KaK 3TO OBLIO A
B CIydae C OMUIOIADHBIMEA TPAH3UCTO- Vs t
paMu, u3 ypaBHEHUA
]. — —
f2(Ca) (12.41)

- 271- (Rsllrzn) Ox ’ rin rg
rje

Puc. 12.14. MexsnaekTpoaHble €MKOCTHU
B YCHIIMTENE C MOJEBBIM TPAH3UCTOPOM

Cy = C’gs + Chilter =

B cxeme 7, & R;||R2, moTOMY 4TO MMIeaHC, HaOMIOfaeMBI Ha 3aTBODE,
T4 IPE3BbIYANHO BHICOK (puc. 12.14). BepxHaAa rpaHMYHAA YaCTOTA HA CTOPOHE

BBIXOZa OyJeT paBHaA
1
2(Cy) =57
2= miraG,
rae C, = Cys u 1o = r4||Rp-
U3 gByx rparmdsbx actoT fo(Cy) u fo(Cy), Ta, KOTOpas HuXe, I JaCT
HIDKHIOW FPaHHMYHYIO 9acToTy ycuiurend. Jame 6uiBaer fo(Cy) < f2(Cy).

(12.43)

12.8. MHorokackagHble ycunurenu

Penxo B xakoM nmpubope ycuierus oqHOro Kackaja 6EIBaeT gocTaTodHo. B 3a-
BHCHMOCTH OT CBOWICTB YCTPOMCTBA, HMOJKIIOYEHHOI'O K BHIXOAY YCHIATENA,
9TO ycmjeHHe MOXeT OBITh YCHWIECHWEeM TOKA, HAIDAXKEHWUA WIN MOITHOCTH.
Ecmu Tpebyrorca Gombmme Koap@UIUEHTH yCAIEHWA, TO MPAMEHAIOT MHO-
FOKaCKaJHEE yCHUANTEIN. B MHOIOKaCKaHEIX YCHINTEIAX HOCIEZOBATEILHO
COEMHAIOTCA ABa Wiam 6osee KaCKaJoB. DT KACKAAbI MOI'YT OBITH OJAMHAKO-
BHIMM WM PA3HBIMH, Jalle OHH OBIBAIOT PAa3sHHIMU. BHIX0OJ OZHOrO yCHIMTEJ
COeIUMHAETCA CO BXOJOM CIEAYIOLIEro I TaK Jajee, TAK OCYIIECTBIAETCA CBA3b
Mex 1y ycmamTeraMu. PacCMOTPHMM [BYXKACKaAHBI ycwiurenb (puc. 12.15),
9TO6BI U3YyUUTH HEKOTOPHIE XaPAKTEPUCTUKY MHOIOKACKALHBIX YCHIATEIEH.
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IIycts Ay u Ayy — K02DPUIMEHTH yCUICHUS 0 HAIPSKEHUIO yCATATENs 1
¥ ycuIuTens 2, BKIIOYEHHBIX DOCIEJOBATEIbHO. BXomHoe HaIpsikeHue mep-
BOrO YCHIWTENA PABHO Vin(1). OHO ycmimBaeTcs B Ay pas, ClIefOBATENbHO
Vour(1l) = Avl * Vin(1)- TaK KaK Vpyy(1) TOAKIIOYEHO K BXOAY YCHIAMTENL 2, TO
Vout(1) = Vin(2)-

O6ummit koahpunmenT ycureHns AByXKaCKaFHOTO yCHIUTeNd Ay(12) MOXHO
BHIDA3UTh KaK

Av(12) = Vout(2) /vin(l) = Vout(1) /vin(l) X Voyt(2) /vin(2) (12'44)
(mOTOMY ITO Vout(1) = Vin(2)) B
Ay12) = Av1 - Ava. (12.45)

OTOT DEe3yabTAT MOKA3HIBA-

‘;m_ YCWl;lTeﬂb‘l Vo;‘ ==Vin2 chnznenb 2 _Vo:t2 eT, 9TO KO3(pUINEHT yCHICeHAH

- | vi P v2 | e IO HAIPMXEHWIO IBYXKACKA,JHO-

IO yCHINTeld PaBHO IIpOU3Bere-

Puc. 12.15. Brok-cxema 2-KaCKa HOTO YCHIUTENA e K03 (PUIIEHTOR yCUICHHA

OTAEJIbHBIX KACKA,MOB. JTO CIIPa-

BEJIMBO IJd JIO60T0 4YKCIa KACKaJOB M KOI(p(PUIMEHTOB yCHICHUS TIO TOKY
¥ MOITHOCTH.

Ecin aBa ycmamTeabHBIX KacKaga ¢ K03bIUINEHTAME YCUIEHUS IO HAIPA-
xenumio 20 u 30 COCTaBIAIOT MHOI'OKACKAJHBIN YCUIATENb, TO 00mmi koaddu-
uueHT ycuiaenus o Hanpaxeruio 6yzet 20 x 30 = 600. Eciu Ha Bxox mepBoro
YCUIUTEN NOLATH CUrHAJI HampsxkenueM 1 MB, To Ha BRIXOZE BTOpDOro ycu-
JUTeJ TOJSyduM CUrHaJ Hanpsaxeruem 600 mB.

Ecnn xosdpuiuenTs yCUIeHnsa 10 HAIPAKEHWIO JaHH B genubesiax, 06-
i Ko3(PUIMEHT YCUICHUA IO HAUPAXKEHUIO MHOIOKACKAJHOTO YCHINTENLA
paBeH cyMMe KO3((PUIMEHTOB YCIIEHNU OTAEIbHBIX KACKA OB, BHIPAXXEHHBIX
B genubeinax, HE3aBUCUMO OT 3HaKa KOdhODUINEHTa YCUICHUA KaX JOr0 Kac-
KaJa. DTOT BHIBOJ MOXHO IIOLYYUTH IPOCTHIM IIyTEM.

PaccmoTpes ypasrenue (12.44), MOXHO 3ammcaTh:

201g(Vout(2) /Vin(1)) = 2018[(Vout(1) /Vin(1)) X Vout(2)/Vin(2)] = 201g(Av1 - Av2);
Ay12) (8B) = Ay (aB) + Ay2 (8B). (12.46)

Hampumep, mycTh MHOrOKACKA,JHEIY yCHUINTENIL 06PAa30oBaH TpeMsa KaCKa-
JaM¥, KaXJBM U3 KOTOPHIX UMeeT KO3(hDUIMEHT YCUICHNUA 10 HAIPAKEHHAIO
20 1B. KoaddummenT ycuneHns MOroKacKa HOrO ycuaurens pased 20 xb +
+20 1B+ 20 1B = 60 zB. Yemy paBen o6muit ciBur Ghasbl MeXIy BBIXOFHBM
¥ BXOJHLIM CATHAJIAMHA Y MHOI'OKACKATHOI'O YCHIUTEI !

Da30BHIT YrOMl MHOTOKACKAJHOrO YCUIUTES PABEH aareGpanmdecKon CyM-
Me (a30BHIX YIVIOB, BHECEHHHIX OTIEILHBIMHU KACKaZaMé. JTO JErkKo IpeA
craBuTh. TakuMm 06pa3oM, ABa MHBEPTHUDPYIOIINX KacKajga JaLyT BLIXO;[HOﬁ
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curHaJ CHHG)A3HBIN C BXOAHBIM CUCHAIOM. Eciu OfuH yCuIuTelb NHBEPTHUDY-
JOLUA, & APYrOM HEMHBEPTUPYIOUMA, TO BHIXOAHOM CHrHAI OyaeT mo dase
IPOTHUBOINOJOXHEIM BXOAHOMY (pasHocTh da3 180°).

IIpumep 12.3. [Ipa ycuwmrens ¢ xoabdunuenTaMn ycuieHnsa no mMomuoctu 100
u 400 06pa3yoT ABYXKACKAJHEN YCHWINTEIL. JeMy paBeH o6mmit K03hGUIUEHT yCu-
JIEHUA 110 MOILTHOCTH ABYXKACKAIHOTO ycuanTesia? Pe3yabTaT Takxke BHIDA3UTh B Je-
nubesiax.

Pemenne. Kosdpduuuent ycurenus nepsoro ycumnurend G; pasen 100 u Gy BTO-
poro ycuiurrensa paseH 400. CrenoBaTensHo, KOIGOOUIUEHT YCUIECHUS [0 MOIIHOCTH
IBYXKACKa,qHOrO ycmnuteaa (G2 paBeH:

G2 =G1 x G2 =100 x 400 mmm G2 = 40000.
B npenubenax
G1 (8 1B) = 101g(100) = 20 zb; G2 (B n1B) = 101g(400) = 26 nb.
CaenoBaTeNbBHO,

Gi2=G1+G2 =20 16+26 1B wm G5 = 46 ab.

Hacmomnaa ZapaxmepucmuKres MHO20KACKAOHBIT Ycuaumened

O6was vacToTHAA XapaKTEPUCTHKA MHOIOKACKAJHOI'O YCHIATENS 33aBUCHT
OT JaCTOTHHIX XapPAKTEPUCTUK OTAENbHEIX YCUINTEILHBIX KaCKaA0B. B 06mem
Cllydae, OJOCA IPOIYCKAHWSA B MHOI'OKACKATHOM CHCTEME CyXaeTci. B gByx
CIy9asX ONEeHKA, HIKHEH U BEPXHEH IPAHUYHLIX YaCTOT OTHOCHTEILHO IIPOCTA.

IlepBriz cny4ait — KOrga BCe KaCKaJbl MHOI'OKACKAJHOTO YCHINTEIS UMe-
0T OJWHAKOBYIO HIXKHIOI I'DAHUYHYIO JaCTOTY WIN OJUHAKOBYIO BEPXHIOIO
FPAHHYHYIO 9acTOTy. B TakoMm ciydae ofuiue IpaHUYHBIE 9ACTOTHL MOXHO
BBIIACIUATD IO CJAEJYIOIIUM BBHIPAXKEHUAM:

fl(system) = _fl_" (12.47)

Ven =1
f2(system) = fav 21/m — 1. (12-48)

31eCh f1(system) MPEACTABIACT HUXHIOI PAHMIHYIO JACTOTY MHOTOKACKAa-
AHOTO YCHIATENA ® fo(system) — BEPXHIO TDAHUIHYIO JaCTOTY, 1 — HHCIO
KaCKa/JOB MHOTOKACKa,JHOT'0 YCUIUTEJI C OAMHAKOBOM HIDKHEN U/ WIu BeDXHeN
FPAHWYHOM 9ACTOTOH. Y JBYX ONUHAKOBEIX KACKAJOB C HYWXXHEA IDAHMIHOH
9acTOTOM fi M BepXHEHW I'DAHWIHOM YACTOTOM fy IPU COEAUHEHUM B ABYX-
KAaCKaJHbIA yCAIUTENb HIXKHAA MPaHUYHAA 9aCTOTA HOBHImaeTcs xo 1,55f,
a BepxXHAA IpaHMIHAA dacToTa moHmxaerca no 0,64f;. To ecTs, uMeeT me-
CTO CyXeHue moJoCH nponyckanus. [Ipn yBeIndenun ducia KackagoB [oJI0Ca
OpomycKaHuA emne OoJblne CyXaeTcs.
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IIpomwmrocTpupyem sroT MoMeHT npuMepoM. IlycTs ycwmrens nMeeT Huwx-
HIOIO rpaHu4Hyo JacToTy f; = 20 I'm ¥ BepXHIOIO IDAaHUYHYIO JACTOTY fo =
= 20 k['u. CregoBaTennsHO, ero mosoca mpouyckanusa fo — f1 =~ 20 x['m. Ec-
I JBa TAKAX YCHIATENSI COEJUHUTEH MOCIEJOBATEILHO, TOTAA W3 yDaBHEHHH
(12.47) u (12.48) rpanWYHbBIE 9ACTOTHL ABYXKACKAJHOTO yCHIATENLT f{(z stage)

¥ fo(stage) OVAYT
Fl(astagey = 1,551 = 1,55 x 20 Ty = 31 I'm;
Fhastagey = 0:64f2 = 0,64 x 20 xT'y = 12,8 T,
1 momnoca mpomyckaHusa

f{(2stage) - f£(2stage) ~ 18,2 kI'n.

Eciz xe ycmaurens GyJeT COCTOATH U3 TPEX TAKHAX OJMHAKOBHIX KACKAIOB,
00Ias moI0Ca MPOITYyCKAHUA MHOT'OKACKa,fHOro ycwimrensa cysurcsa o 10,2 xI'n.

Jpyro# He O4€HBb CIOXHBIM CIyYad AJIA ONEHKH OOIMUX IPAHWYHBIX Iac-
TOT — 3TO KOT/ia TPAHHYHBIE YACTOTHI OTAEIbHBIX KACKAJOB CHIBHO OTJIA-
gaioTca Mexay coboir. Torga kKackaj ¢ CaMOM BBICOKOM HUXHEW T'DAHUYIHOA
YaCTOTOHR OIPENeNUT MPUMEPHYIO HUXHIOK TPAHAYHYIO 9aCTOTY MHOTOKAC-
KaJHOT'0 YyCHIATENA. A KackKajg C CaMOU HU3KOU BEPXHEW I'DAHUYHOU IacTO-
TOU JaCT ONPUGIU3UTENBHYIO BEPXHIOK MPAHUYIHYIO JACTOTY MHOT'OKACKAJHO-
O yCHIHTEIS.

12.9. Cnocobbi MexxKackagHOM cBA3U

llBa yCcuamTeNA CBA3AHBI MEX Y COGOM, KOT'Na BBIXOK ONHOI'O YCHIMTENT IOJ-
KII0O9eH K BXOAy Apyroro. CxeMmsl, nenu, IPUMEHAEeMbIe A COSTUHEHUA Pas-
HBIX YCHUIATENbHBIX KACKA 0B, HA3hIBAIOTCA criocobamu cBsa3u. EcTs Tpu cio-
co6a cBA3M:

— RC-cBs3b;
— HEMOCPEACTBEHHAA CBA3L;
— TpaHCHOPMATOPHAA CBA3L.

Yeuaumeau ¢ RC-ceasvio
Tlepsoiir coco6 CBA3M, KOTOPHIM HAYAA IMPUMEHATHCA — DTO PE3UCTHBHO-
emkocTHaA cBa3b (RC-casw). Hampumep, ma puc. 12.1 ucrodnux curzazd
MOAKJIIOUEH K 6a3e TPAH3NCTOPA, 9ePe3 KOH JEHCATOD — Pa3feJuTelbHbIN KOH
mercaTop. Kax orMeganocs paHee, pasednTelbHBI KOHIEHCATOP IPesoTBPa~
maeT MPOXOXAeHAE B CXEMYy IOCTOAHHOT'O TOKA X JETKO MPOIMyCKAeT CUrHA!
MEPEMEHHOT0 TOKa. ECIN eMKOCTb Pa3fequTelbHOr0 KOHISHCATOPa BHIOpaHd
BEPHO, MAJEHUE IEPEMEHHOr0 HAMPAXKEHWA Ha HEM HUYITOXHO Majo. Pa3fe
JMUTEIbHBIA KOHJEHCATOP BMECTE C COMPOTUBICHUEM Ga30BOM menu o06pasyeT
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RC-uenb, 10 5TON IpPUYMHE TAKYIO CBA3b U HasuBalOT RC-cBaspio. Kak 65110
o6cyxeno panee, RC-uenb medcTByeT KaK GUILTD HUKHUX HaCTOT.

Cnoco6HOCTH KOHIEHCATOPA, OIOKMPOBATEL MOCTOSHHEBI TOK SBIAETCA GOXb-
muM yRo6CTBOM i MHOTOKACKAJHBEIX CHCTEM. Takas W3OJALUA IOCTOSHHO-
0 TOKA O3HAYAET, ITO CBA3b HE HAPYIUAET CMEIIEHWE CBA3AHHBIX KAaCKaJOB
¥ IO3BOJIAET NPOBOAUTEH HE3ABACUMBIA AHAIU3 ITO IOCTOAHHOMY TOKY Pa3HBIX
YCHTATENbHBIX KacKagoB. RC-cBA3b MIUPOKO MPUMEHAETCA B CXeMax Ha JUC-
KPETHBIX dieMeHTaX. EnuHcTBeHHEIM HegocTaTtkoM RC-cBa3u aBugeTcsa To,
9TO OHA HAKJIAILIBAET OUDAHWYEHNE Ha paboume JacTOTH. EMKOCTH M COOT-
BETCTBEHHO Pa3MepHl KOHJFEHCATOPa MHOT'AA IS HU3KAX 9ACTOT MOLYIAIOTCA
ouenb Gompmmmu. RC-CBA3b, OJHAKO, PEAKO IPUMEHAETCA B UHTErDAIBHBIX
cXeMax, TaK KaK TPYJAHO X HEBHIIOZHO (POPMUPOBATH KOHIEHCATODPHL HA KPH-
cramwie (06ABIAIOTCA JONOIHUTENbHBIE TEXHOJIOTMYIECKE OLIEPAINN).

Mur yxe ananmsuposand ycuaurenu ¢ RC-cBasaMu B mpegbIaymux pas-
Jenax, KOrjga KOHJAEHCATOP MCIOAL30OBAJICA A CBA3U C MCTOYHUKOM CUTHAIA
WIW A CBA3K BHEIXOJHOT'O CUTHAJNA, C HArpy3kou. Te xke caMble IPUHIUIIBL
OPUMEHVMSBI U I MHOT'OKACKATHEIX ycuaureneid ¢ RC-casamu.

Henocpedemeennas cesasvp

ITpu memocpeCTBEHHON CBA3U BLIXO OFHOI'0 KACKA[3 DIEKTPUIECKHA COETUHA-
€TCA MPOBOJAILIEH JOPOXKOU WIM IPOBOAOM C BXOJOM CIEIYIOUIEr0 KAacKaja.
O4eBHAHO, YTO CBABBIBAIOTCA KAaK CHTHAJILI IEPEMEHHOT'O TOKAa, TaK ¥ IO-
CTOAHHBIE HANPSIXEHUA. B pe3yibTaTe MOCTOAHHBIE HAIIPAXEHUA HA BHIXOJE
OpegBIIYLIEr0 KacKaka W BXOJAe CISAYIOIEro KacKaka CTAHOBATCA OZUHAKO-
BBIMH. Tak KakK 3[eCh HeT Da3JelUuTeJbHBIX KOHIEHCATOPOB, HU3KOYAaCTOT-
Hadg 9aCTh YACTOTHOU XAPAKTEPUCTUKH IPH HENOCPEICTBEHHOU CBA3HU ILIOC-
Kagd — 3JeCh HET HU3KOYaCTOTHOIrO 6aphbepa, M MOCTOAHHBIE HANDPAXEHUA
U TOKY TaKXe€ MOT'YyT YyCHAMBATHCA. PacueTh HOCTOAHHBIX HAIPAXEHUN U TO-
KOB IIp¥ HENOCPEICTBEHHOU CBA3M TPebyioT GOJbIIed 0CTOPOXHOCTH, AHAIN3
cxeM ToXe caoxkHee. [IpyruM HEZOCTATKOM HEIOCDEACTBEHHOU CBA3M ABIAET-
€A TO, YTO HU3KOYACTOTHBIE IIYMKEI TaKXe IepefaloTca U3 Kackaaa B KacKa[
¥ yCWIMBAIOTCA. JTa Ipo6leMa 9acTO CHUMAETCA HpUMeHeHumeM Oorxee Co-
BEPIIEHHBIX CXeM Hamogobue AudpepeHIUaIbHBIX yCUIUTeNeH (KOTOPBIE MbI
OyzeM usy9aTh B CleAyioled raase). HemocpencTBeHHas CBA3b NPUMEHAETCA
B MHTErPaJbHBIX CXeMaX, ONEPAIlMOHHbIX YCHINTENAX U AuddepeHnualbabIX
yemmmrenax. IIpuBeeHHBIH IPUMED OCBEIIAET HEKOTOPHIE MOMEHTHI AHAJIU3A,
HEIOCPEICTBeHHOM CBA3H.

IIpumep 12.4. Ha puc. 12.16 — IBYXKaCKaIHEIA yCHIUTENb C HEIIOCPEICTBEHHON
CBA3BI0. KakuM JOMKHO GLITH COIPOTUBIEHNE pe3ucTopa Re, 94TOGH Ha KOJIEKTOPE
TpaH3ncTOpa (2 66110 HampaxeHue +5 B oTHOCHTENBHO 3eMin. Y 060UX TPAH3UCTO-
pos Vgg = 0,7 B u § = 100.
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Pemenne. Tox sMuTTepa TpaHsucTopa (); paseH

Igy = (Ve — Vg)/Re = (2,1 — 0,7)/700 Om = 2 MA.

Hanpsxenne Ha konntekTope () (wim Ha Gase ()2), T.e. Ha Touke A Ha puc. 12.16.

Va=12B- (4xOm x 2 MA) =12B -8 B=4B.

CaegoBaTeabHO0, TOK SMUTTEPA TPAH3UCTOPA, (Qo:

Igs = (4B —0,7B)/3,3 kO =1 MA.

IIpumensas 3axon Kupxrogda K BHIXOTHON LIENN, UMEEM

12B=(5B+I52-Rc)

Rc =(12B—5B)/Ig; = 7B/1 MA = 7 xOm.

NiIn
+12B
Vo(= + 5 B)
Q
A 2
v218 @ 3,3 KOMm

700 Om

Puc. 12.16. [IByxKackaJHbIN yCAINTEIb
C HEIOCPEACTBEHHOM CBA3BIO

Tpancopmamopnas ceasv

+Vee
=n
Re
=
Re
? Hg RE é RZ

|||—

Puc. 12.17. Ycmmrens ¢ Tpascdop-
MaTODHOU CBA3BIO

Jlpyro# cmoco6 CBf3W, MO3BOJAIIIAY NEPENATh CUTHAI IEPEMEHHOTO TOK3
¥3 OJHOT'0 KaCKaJga B APYTOH, B TO Xe BpeMA 06eclednBas M30MALUI0 MEXAY
HUMH II0 TOCTOAHHOMY TOKY, — DTO TpaHChOpMaTOpHAA CBa3b. [lepsuinat
06MOTKa, TpaHChOPMATODPa 3aHAMAET MECTO KOWEKTOpHOro pesuctopa R,
a ero BTopmIHaA 06MOTKA MOJKIIOYAETCA K BXOLY CIeAYIOUEro Kackaaa. 1Ipo-
cTas cxema, Ha, puc. 12.17 pasbacHAET NOAKIIOYEHEE TpaHCchopMaTopa. deped
TpaHC(HOPMATODP CUTHAJI IEPEMEHHOT'O TOKa MOCTYHAaeT M3 OJHOTO KacKald
B CJIEIYIOUWH, 8 MOCTOAHHBIA TOK MEXJIY KaCcKaJaMH OTCYyTCTBYET.

IIpeumymecTBoM TpaHCHOPMATOPHOHR CBA3HM ABIAETCA CHUXKEHHE HIOTEPP

MOIITHOCTH B IIENMH KOJUIEKTOPA.



12.10. Czema dapaunemona (cocmasnol mpanaucmop) 3@

Hedocmamxu:

— HepasHoMepHas 9acTOTHas XapaKTepHCTUKA (U3-33 MHAYKTUBHOCTEH
KaTyIIeK ¥ eMKOCTH MexAy 06MOTKaMu), TPaHCHOPMATOPHL IPOMO3J-
KM, He NOAJAI0TCA HHTerPAyy (I0YTH HEBO3MOXHO C(HOPMUPOBATE B KPH-
craue).

— TpauchOopMaTOpHAs CBA3L IPUMEHAETCA B BHICOKOYACTOTHBIX yCUIATE-
aax Ha gacrorax Bemue 20 k[, B paguonprueMHIKAX, TEIEBU30PAX.

12.10. CxeMa fapnuHIToHa (COCTaBHOM TPaH3UCTOP)

KosddunuenT ycunenus no TOKy S OAUHOYHOrO TPAH3UCTOPA B JyUlIeM CIY-
4a€ MOXET AOCTHYh HECKOJBKWX COTeH. UTO6GHI momydwTh GOJbIIZE 3HAYE-
HuA 3, Hy XHBI CXeMEI U3 HECKOJAbKUX TpaH3ucTopos. Cxema JapaunrTona uiu
COCTABHOM TPAH3UCTOP — B BBLICIIEN CTENEHW MOJEe3HAs KOMOUHAIWA U3 IBYX
TPaH3HUCTOPOB. B COCTaBHOM TPAH3UCTOPE KOMIEKTOPHI ABYX GHUIONADHBIX
TPaH3UCTOPOB COEAMHEHBI BMECTE, 8 DMHTTED ONHOT'O0 TPAH3UCTOPA HAIDIA-
MyI0 COefuHeH ¢ 6a30i APyroro, Kak 5To MOKa3aHo Ha puc. 12.18. O6o3navum
4yepes 51 4 o KOd(PPUIUEHTHI YCWICHAA 0 TOKY TPAH3UCTOPOB (1 U (2 cO-
OTBETCTBEHHO.

Ha puc. 12.18 Toxu TpausucTopos ()1 u (2 cregyiomue: Ip; — TOK 6a3bl
EPBOrO TPAH3UCTOPA (Q1, M TO ONPENENEHUIO, OH paBeH: i¢1 = P1ip1.

Tak xax >MUTTEp ()1 HAIPAMYIO coefuHeH ¢ Gaszod TpaH3ucTopa (J2, TO
b =t B

tea = Poivy = Potcr = P2Piib1- (12.49)
1 06muit K03 PUIEEHT YCHICHUSA IO TOKY COCTABHOT'O TPAH3UCTOPA PABEH
1
B=-2=pips. (12.50)
231

CaenoBaTensho, ecan 1 = B2 = 200, TO K03(pPUNUEHT YCUIEHAA COCTAB-
HOro Tpansucropa 200 x 200 = 4000.

®daxTuyecku, cxeMma JapauHrTona npeacTaBiseT COO0H [Ba KACKA,Ia DMUT-
TEPHBLIX IIOBTOPUTENER C HENOCPEACTBEHHOM CBA3BIO ¢ GECKOHEIHBIM SMUATTED-
HBIM COITPOTHUBJIEHUEM TPaH3ucTOpa (). [lrs unmocTpanuu sToro puc. 12.18
MOXHO IE€pPEPHUCOBATH B BUAe puc. 12.19, rae Takxke mokasaHa Harpyska Ry,
coegmHEHHAA K dMATTEPY (2. KoaddpumenTs! ycuneHusa mo TOKy OTZEeIbHBIX
SMETTEPHBIX MOBTOPUTENEN PaBHEI B u B2, T eCTh

B = B152.

MOXHO BLINHCINTEL BXOJHOM UMIIETAHC Z;;, COCTABHOrO TPaH3HCTOpPa. Bemo-
MHMM 30J0TO€ IMIPABIIO: BXOJHOM MMIIEIAaHC, HAGIIOIaeMbIi Ha, 6a3e SMATTED-
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HOTO noBTopuTens B  pas 60iblle CONPOTUBICHUA Ha sMuTTEpe. [Ipenebpe-
rasg MajJbiM COGCTBEHHEIM COLMPOTHUBICHUEM SMATTEDA T',, MOLYIAM

Zina = B2RL.
Zin2 ABIAETCA HATPY3KOU MEPBOT'0 SMUTTEPHOI'0 MOBTOPUTENA Ha puc. 12.19,

IOTOMY 4TO APYyToe, MapaLIeIbHOe Zjno CONPOTHBIEHHE — Ry (6ecKoHEUHO
60IbIIOE COIPOTUBIEHNE).

—

3 Zin2
Puc. 12.18. Cxema [Japauerrona Puc. 12.19.
(cocraBrOM TPaH3MCTOD)

BxogHOU MMOENaHC COCTABHOI'O TPAH3UCTOPA PaBeH Zip = P1Zine WIHK
Zin = P1B2RL. (12.51)
Ypasuenue (12.51) npegmoraraer ZOCTATOYHO BHICOKMU BXOJHOM WMIIe-
panc cxemsl Japmwnarrona. Ilycts By = B2 = 100, a Ry, = 500 OmM, Torga
Zin = 5 MOwm. UTak, cCOCTaBHOM TPAH3UCTOP MOXHO MPAMEHUTH IJA MOIYIe-
HAsA BHICOKOTO BXOJHOI'O MMIeAaHCa. IIpousBoguTenu 9acTo popMupyoT 062
TPaH3UCTOPA CXeMHI [apAMHITOHA B €IUHOM KPHUCTAJUIE U IPOJAIOT WX B Of-
HOM KOpIIyCce KakK oauH dieMeHT. COCTaBHOU TPAH3UCTOP XOTA H MOXET OHITh
[IPVMEHEH, KaK ¥ J060H APYrod TPAH3UCTOP, B APYTHX CxeMmax (HaIpuMep
¢ 09), HO JaIue BCEro OH UCIONB3YETCA KAK SMATTEPHBIA MOBTOPHATEND.
CocTaBHOM TPAH3UCTOD TAKKe MOXHO 06Pa3s0BaTh U U3 P-N-p-TPAH3UCTOPOB.

12.11. 3aknoyeHune

YacToTHAL XaPaKTEPUCTAKA — BAXKHBIA IADAMETD 3BYKOBBIX, BEICOKOIACTOT-
HBIX U BUAEOYCHIAATENEH. VICIONb3yeMBIl YaCTOTHRY JUANA3O0H JEXKUT MEXIY
HUDKHER ¥ BepXHEH IPAHMYHBIME JacTOTaMu. HUXHIOO IpaHHYHYIO 9acTOTY
OLpEeJeIA0T EMKOCTY BHEIIHUAX KOHJEHCATOPOB — Da3[JelNTeIbHBIX 1 GI0KH-
PYIOIIUX, 8 BEPXHIOK IPAHUYHYIO YaCTOTY — BHYTPEHHHE eMKOCTH GUTIOLAD-
HBIX U IOJEBBIX TPaH3UCTOPOB. Hambomree mupoOKo mpuMeHaeMblil ClI0CO0 CBA3R



MCTOYHUKA BXOZHOI'O CHTHAJIA C BXOJOM YCUIUTENA ¥ HATPY3KHU C BHIXOJOM —
370 RC-cBa3b. Jas paboTsl ¢ CHrHAIAMY C O9€Hb HU3KOHM YacToTod RC-cBass
HE CaMBbIH Jydmui crocob CBA3M, a Aaf paboThI C CUCHAJIOM TOCTOAHHOTO TO-
Ka 1 BoBce HempumenuM. [[udpoBbie cxeMBl 9acTO pabOTAT C CUTHAJIAMMU
OY€Hb HU3KOU JaCTOTHI MY C CUTHAJIAME HOCTOAHHOT'O TOKA, IIO3TOMY HauGo-
Jiee IO IXOJAINM CITOCOO0M CBA3Y JJiA HUX ABIAETCA HENOCPENCTBEHHAS CBA3b.

B MHOrOKaCKaTHBIX yCUARTENIX MEX Y COO0U COETUHAIOTCA ABa, Uid Gonee
OJVHAKOBHIX WM Da3HBIX Kackanga. KoadduunueHT ycuneHWs MHOTOKACKAJI-
HOT'O YyCUIUTENA PABEH IPOU3BEAEHUIO KO(DDUINEHTOB YCUICHUA OTAEIbHBIX
KAaCKa 0B, & CyMMAapHBIZ (pa30BHIH CABUT PABEH CyMMe (Pa30BBIX CIBUTOB, BHO-
CAMBIX KaXABIM KaCKa,JOM.

JacToTHAA XapPaKTEPUCTUKA MHOTOKACKATHOT'O YCHIATENS TOXE II0ABED-
raerca n3Mmenenuio. Ilonoca mpomyckanus cyXaeTcd, U DTO CyXKEHUe 3aBUCUT
KaK OT YUCJIa COEIMHEHHBIX KACKAI0B, TAK U OT YaCTOTHBIX XaPaKTEPUCTUK
OTIEIbLHBIX KACKa,JOB.

B pasHBIX AMCKPETHBIX ¥ MHTErPAIbHBIX CXEMAX IPUMEHSIOTCA Y3JIbI C HE-
CKOMbKUMHA Tpauzucropamu. OauH U3 Hux — cxema [JapIuHrTOHA HA IBYX
TPAH3UCTOPAX, TAKXKE M3BECTHAA KAK COCTABHOM Tpau3ucTop. COCTaBHOU TpaH-
3ICTOP MMEET O4YeHb BHICOKHE 3HAUYCHUA KOD(DPUIMEHT] YCHICHUSI U BXOTHOT'O
uMIefaHca. Tak Kak COCTABHOM TPAH3UCTOP 06pa3yeTca HEemoCPeICTBEHHLIM
COeIMHEHNEM TPAH3UCTOPOB, OH YaCTO PACCMATPUBACTCA KAK OJUH Y3€I C Xa-
PAKTEPUCTHKAMM MPUGOPA C OYeHb GOJBIINM yCUICHUEM.

[ononHutenbHas nuTepatypa no tTeme

1. Rashid M. H. Microelectronic Circuits: Analysis and Design, PWS Pub-
lishing Company (1999).

2. Theodore F. Bogart, Electronic Devices and Circuits, Universal Book
Stall, New Delhi, 1988 [original publication: Bell & Howell Company
(1986)].

Bonpocol

12.1. Yo Takoe 4aCTOTHAA XAPAKTEPUCTUKY, YCUIATEA!

12.2. YTo0 orpaHHYMBAET HIXKHIOK 9aCTOTy PaBoTH ycwiureri ¢ RC-ceasbio?
12.3. YTo0 orpaHMYMBAET BEPXHIOID YACTOTY XaPAKTEPUCTUKY yCUIUTELA!
12.4. Kaxue goctouncTsa u Hegocrarkn RC-cBasu?

12.5. Kakne 10CTOMHCTBA U HEJOCTATKY HENOCPEACTBEHHOU CBA3U?

12.6. Kaxme oCTOMHCTBA M HELOCTATKH TPAHCHOPMATOPHON CBA3UT
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12.7.

12.8.

12.9.

12.10.

12.11.
12.12.
12.13.

12.14.

12.1.

12.2.

12.3.

Naorga u3-3a 3¢ dexTa, U3BECTHOTO Kak dbdexkT Muwrepa, eMKOCTH BO3pa-
crator. O6bacHnTE.

MHOroxackaHe yCHINTEIb 00PA30BaH U3 IBYX OSMHAKOBHIX KACKA,IOB, KaX-
BN ¢ K02 dummenToM ycuienus no Hanpskenmio 40. Eciu BxoxHON curaan
paser 1 MB, xakuM 6yJeT BEIXOLHOW CHTHAJI?

Yro Takoe cocTapHOn Tpausuctop? Hapucyire cxemy.

lIsa TpansucTopa ¢ kodpdunrenTamu ycmieHusa mo Toky 60 u 80 obpasyror
cxemy Jlapmunrrona. Kaxoi o6mmit K0o(hPUIMEHT yCUIEHUS IO TOKY?

B gyeMm cMBICK fT, 9ACTOTH €IUHUYHOT'O YCWICHUS TPAH3UCTOPA?
Bripasute x03dduimenT ycwieHusa no Hampsaxennio 80 B genubesmiax.

[Ba yCUIATEIbHEIX KACKa1a ¢ KOIMD(PUINEHTAMN YCIIEHUA 0 HAIPSXKEHUO
32 1B u 20 1B 06pasyoT OBYXKaCKaJHEIN yCWIATEIb. UeMy paBeH O6Imui
ko> duumenT ycurenusa B 17

YT0 Takoe yCWIATEIb ¢ KOMIEHCAIIMOHHON OOPATHOR CBA3BIO?

3apauu

Tpamsuctop B cxeme 12.20 uMeer crepyromue napamerpe: hpg (= 3) = 100,

rl, = 25 Om. HaiiTn 3Ha4€HNE BXOJHOrO MMIENAHCA Z; yCHIATENIA.
Omeem: Z; = 1,06 xOm.

TpebyeTcsa CIPOEKTUPOBATH YCUINTENb 3BYKOBOM 9aCTOTHL U3 JBYX OXUHAKO-
BEIX KaCKag0B. Kaxumu [O/KHEI GBITH HUKHSASA M BEPXHAA PAHNYHBIE JaCTO-
THL KaXJOT'0 KACKa,1a, €CJHU OOmue HUXKHAA U BEPXHAS TDAHUYHEIE JaCTOTH
IOKHBL 6bITh cooTBeTcTBeHHO 20 I'm 1 20 xTu?
Omeem: fi =~ 13 I'u, f = 31,25 xI'y
(T. e. monOCa mpOmMyCKaHUA KaXOTO
ycmmarens KomxHa 661Ts ~ 31 k).

500 Om 1mf
WA I I Yeunutens
e 1

Z;j= 3,5 kOm

1

Puc. 12.20 Puc. 12.21

Ncrounnk curuana ¢ BayTpenHunM conporusierneM 500 OM moakirodeH K yCH-
JATETIO Yepe3 KOHAeHCATop eMKOCTh 1 Mx®P. Eciu BxogHon uMneanc yCuis-

Teas Z; pasel 3,5 kOM, yeMy paBHA HIKHAA PPAHUYHAS YACTOTA, ycmlnTellﬂ?
(puc. 12.21).



12.4.

12.5.

12.6.

3adauu 3@

Omeem: fi1 ~ 40 I'm.

Kaxon noxHa GHITH €MKOCTb GJIOKMPOBOYHOTO KOHAeHcaTopa C, 9TOOH 3a-
semmnTb TOuKy A (puc. 12.22) mo mepemenHoMy ToKy Ha gacrore 100 I'g
(pumc. 12.22)7

Omeem: C =~ 1,5 Mx® (3Ta eMKOCTH KOHJEHCATOpa 0becredInBaeT
HIDKHIOIO I'DAHMYHYIO YacTOTy ycuamrers ~ 100 I'm).

B nByxkackangsoM ycmiuTene Ha puc. 12.23 06a TpansucTopa (1 u ()3 NMEIOT
k03 dunneHT ycureHus 0o ToKy = 50 u y 060ux IMHAMAYIECKOE CONPOTH-
BJICHNUE SMUTTEPA ré = 20. Hantu o6umin k03ppuuuenT ycuienus 0o Hamps-
XKEHUIO YCUINTENA.

Omeem: Ay = 415.

+9B

+15B

500 Om Vo
4 kOm

=<

Puc. 12.22 Puc. 12.23

B 1Byxxacka HOM yCIIATEJE C HEOCPEACTBEHHON CBA3bIo (puc. 12.24) HaiiTn
CONpOTHBICHNE pe3ncTOpa Reco, YTOGH HANPAXKEHWE HA BHIBOJE KOJUIEKTO-
pa Cy 68wto 6 B mo orHOmenunio k 3emie. IIpuHATE, 9TO ¥ KaXJOr0 TPAH3U-
cropa Veg = 0,7 B u 8 = 100.

Omeem: Roz = 1,5 xOm.

+10B
®

Qq

Puc. 12.24 Puc. 12.25
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12.7.

12.8.

Yemy paBHO HampsxeHue Vo, B cxeme [JapauerTona Ha puc. 12.257 Koag-
unmenTH [ TpaH3UCTOPOB (1 u (Y2 coorBeTcTBenHO 80 u 60.

Omeem: Vout = 7,2 B.

Ha puc. 12.26 — 5MUTTEPHBEIA HOBTOPUTENb ¢ KOMIEHCAIMOHHON OBGDATHON
cBa3bio. Ecim y yeuwmaTens ko3pPUIMEHT yCUICHASA [0 HANPAXKeHUuo A, =
= 0,995, ueMy paBeH BXOLHOW MMIEJAHC Z;?

Omeem: Z; = 3 MOwm.

+Vee

4 kOm

§4 KOm
Ve
1,5 kOm %

Vo
"_’ % KOm 1 kOm

Puc. 12.26.



NMABA I3

OUNDOEPEHLIMATLHBIE
1 OMEPALMOHHBIE
YCUNMUTENW

[uddepeHnnaibHbI YCHIATEIb — TO YCTPOUCTBO M3 HECKOIBKUX TPAH3U-
CTOPOB, UIKPOKO MPUMEHAEMOE B JUHEUHEIX HHTErPaIbHEX cxemax. On o6pa-
3yeT BXOJHOW KAaCKa[ ONEPAIUOHHLIX ycumiuTeired. Bo MHOrMX OTHOIIEHMAX
9TO OCOOBIM yCWIHTENb. Y HEro €CThb IBa BXOJa, W OH YCHIMBAET Pa3HOCTH
IABYX BXOMHBIX CUTHAJOB. JII060M CHUTHAJ, MOJAHHHU CHH(AIHO HA 00a BXOL3
(HampuMep, HU3KOYACTOTHBIE HABOAKM), OTGWILTPOBRIBAETCA. Y HETO MHOT'O
NPEAMYINECTB, HPOABIAIOMIAXCI B PEATLHLIX YCAOBUAX.

TeMbl, paccMOTpeHHbIE B 3TOM rnase:

— YCTPOUCTBO M HPWHIAL PAGOTH U PepeHIuaIbHBIX yCAIATENEH;

— Ppa3Hble KOHGUTYDAIUN U PEeXUML PabOTHI;

— aHaJIW3 pabOTHI HA IIOCTOAHHOM TOKE;

— aHaJIW3 PabOTHI Ha MEPEMEHHOM TOKE C MCIOAL30BAHUEM T-IIaPAMETPOB;

OII€pAUOHHEIC YCUIUTEIN U UX IIapaMeTPHI.

13.1. OudPpepeHumanbHbiii ycunurtens

Ha pmc. 13.1 npuseaena 6asoBas cxema muddepermuambaoro ycwmreas. O co-
CTOMT W3 JABYX OJWHAKOBBIX CXEM C DMUTTEDHHIM CMEIIeHWEM, Y KOTOPBIX
aMuUTTEepH UMeoT 06mul pesuctop Rg. ¥Y Hero xBa Bxoga. Juddepenumans-
HBIH YCHIATENb WHOTJA HA3BIBAIOT (PA3HOCTHHIM) YCHAIATENEM, MOTOMY 9TO
OH yCHUIWBaeT Pa3sHOCTb ABYX BXOTHLIX HAIPXKEHHU ¥;] U V;. BXOIHEIE Ha-
IpAXeHUa MOryT ObITb KaK IepeMEHHbIE, TaK ¥ MOCTOAHHBIE, IOTOMY YTO
YCHAMTENb KCIOMb3YET HENOCPEACTBEHHYIO CBA3D.

[ns Toro, 9To6nl XapakKTEPUCTUKY AUPPHEPEHIRAIHLHOTO YCUIATENA Obl-
JI¥ HAWIYYIIAMHY, [BE MOJOBUHKH CXEMEL JOJXKHBI GBITH CAMMETPUIHBIMHE, DTO
O3HAYAET, UYTO MAPaMETPHl TPAH3UCTOPOB (Y1 U (Qo MOMXHEI OHITH WACHTHY-
HBIMKM ¥ COIPOTHBIEHUA PE3UCTOPOB, Hampumep Ro1 u Roo KOMXHEL TOTHO
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+Vee coBmagarh. IIpm COBpEMEHHBIX TEXHOJOTHAX
npomsBoacTBa VIC 3T0 HOCTHXMMO, IIOCKOID-
KY BCA CX€Ma M3rOTABINBAETCA Ha OJHOM KpH-
CTallie OJHOBDEMEHHO, BCE aKTWBHEIE U MAac-
Ci—eV,—C; CHUBHEBIE DJJIEMEHTH (POPMUDYIOTCA DA IIOMO-

Rc Rc

B B
e a G Ve mu mappyoum

Kak Bugum u3 puc. 13.1, y qudpdepenmn-
AJIBHOT'0 YyCUIUTENA NBA BEIXOAHBIX KOHTAKTa
Ha KomtekTopax Cy, Ca, U [ AByX BXOIHBIX
curaajoB o6eciedensl KOHTAKTH Ha 0a3ax B
¥ Bs. EcTb HECKOIBKO CIIOCOGOB IPUMEHEHUS
nuddepeHInaIbHbIX yCuIaTelen. B 3aBucy-

Re

~Vee

Puc. 13.1. Cxema guddepernn- MOCTH OT HUMCIa BXOJOB M CIIoco6a MOIKII09e-
AIBHOIO YCHINTENA HUA BXOJHOT'O CHUTHAJA M CHOCO6a CHEMa, BhI-

XOOHOr'o0 CHIrHaJjJa, MOXHO Ha3BaTh YE€THIPE

npuMeHAeMbie KOHGUrypanun guddepernraisbHoro ycunurenia. OHE caeny-
omye:

1.

Auddepenyuasonvlli ycuaumentdb ¢ CUMMEMPUUHBIM 6TO0OM U CUMME-
MPuunbIM 8bIL000M. B Takol KOHPUIrypauum ABa BXOJHBIX CATHANIA, (IIe-
PEMEHHOTO WIM HOCTOAHHOT'O TOKA) MOAKIIOYAIOTCA K ABYM Ga30BBIM
KOHTaKTaM, 8 BBEIXOJ CHUMAETCA C KOLIEKTOPOB ABYX TPAH3HCTOPOB.
Auddepenyuaspnvlti ycuaumens ¢ CUMMEMPUUHBIM 6ZOOOM U HECUMME-
MPUYHBIM BLIZO0OM. DTa KOHGUTYDAIUA UCIOAL3YET IBA BXOAHBIX KOH-
TaKTa 6a3kl, a BHIXOJ CHIMAETCA CO BTOpOro Komwrektopa (Cs Ha puc. 13.1)
OTHOCHUTENHHO 3EMJIH.

AudPepenyuasvnoitl ycuaumead ¢ HECUMMEMPUUNBIM BLO0OM U CUMME-
mpuunblm 6z0dom. B 3TOR KOEUIrypanum OAMH BXOJ 3a3€MIAETCA, & HA
OPYrO# BXOJ MOAAETCA CUATHAJ. BBIXOAHOW CHUT'HAJ CHEMAETCA C ABYX
KOILTEKTOPOB.

Luddepenyuasprolti Yycuaumeadb ¢ HECUMMEMPUUHBIM BL000M U HECUM-
MEMPUUHLIM 6bIZ000M. B 3TOH KOHPUTypaumu OAUH BXOJ 3a3€MIAETCH,
a Ha, APYyroM BXOJ HOJAEeTCA CArHAJI. BEIXOA CHUMaeTCa cO BTOPOro KOI-
nektopa (Co Ha puc. 13.1) oTHOCHTENBLHO 3€MIn.

13.2. AnddepeHumanbHbIit ycunutenb ¢ CMMMETPUYHBIM
BXOZOM M CUMMETPUYHBIM BbIXOZOM

Ha puc. 13.2 nokasaHa cxema 3TOro ycuimreid. B Hedl mpumensercsa sMET-
TepHOE cMemeHue. Rg — COmpoTHBIeHEE NCTOYHUKA Hanpaxenne. Kak 6510
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CKa3aHO, [Ba BXOAHBIX CHTHAJA V;] M U;y HNOJaHHI Ha 6Gasel By u By Tpan-
3uCTOpoB (1 m Q2. Buxon v, cumMmaerca Mexay aByMa KowtekTopamu Cf
uz C3. OTMeTnM, 9TO IO MOCTOAHHOMY TOKY MOTEHIHAJI 060UX KOLIEKTOPOB
Cy m (3 OAMHAKOBHIM, IOCKOILKY BO BCEX AU(PPEPEHIUAILHBIX YCHINTEIAX
TOAPa3yMeBaeTCA (M OCYIIECTBIAETCA B IPAKTHUKE) IOIHAA CUMMETDHA.

+Veo +Vee

Re Rc
Ci[—®Vo&—C,
B4 By
Q Q
Rs Rs
Vi Viz
Re
_VE ‘VEE

Puc. 13.2. JuddepeHnualbHE ycu- Puc. 13.3. OxBuBaseHTHaA CXeMa LIA IO-
JATENb C CAMMETPUYHBIM BXOJOM M CTOSHHOT'O TOK3

CIMMETPUYHBIM BEIXOJOM

Brixon B Tako# KOHpUIypanuu HA3BBAETCA CUMMETPUIHBIM, IOTOMY 9TO
00a KOILIEKTOPa, 10 OTHOLIEHHUIO K 3eMJE MMEIOT OJUHAKOBBIA MOTEHIUAI IO II0-
CTOAHHOMY TOKY. ¥ CHIUTENb YCUINBAET TOIHKO PA3HOCTH BXOJHEIX HAIPAKE-
Hﬂﬁ, T. €. (’U,;l - ’Uz’z).

AHAAU3 HA NOCMOAHKOM MOKE

llpr amanwse Ha MOCTOAHHOM TOKe HAalla Ledb — HalTh TOK [oQ ¥ Hamps-
Xenne VopQ MOKOA TPaH3MCTOPOB CXeMEL. BBHAY CHMMETPHYHOCTH CXEMBEI,
HOCTATOIHO ONPEJENUTH ITH 3HAYEHUA JIA OJHOT'O TPAH3UCTOPA.

Kax npaswumno, npu aHaIN3€e Ha IOCTOSHHOM TOKE MBI 333€MIISEM UCTOIHU-
KI IEPEMEHHOr0 TOKA (YMEHBIIAEM UX HANPAXEHUE 10 HyJA). JKBUBAICHTHAIL
CXeMa IO MOCTOAHHOMY TOKYy IpuBeAeHa Ha, puc. 13.3. Ormermm, 9TO Ha-
IpMXEeHNe Ha TOYKe COeJUHEHHA >MUTTepoB (Touka A B pumc. 13.3), ecunm
opere6peysr MaJbIM TaJeHUEM HaIpsaXeHws Ha pesucrope Rg, pasmo Vg,
a ge 2VpE, mOTOMYy 9TO TPAH3UCTOPHI COEAMHEHE! MapPaLICIbHO. Takxke, TOK
1epe3 pesucTop Rp paseH 2/, Tak Kak SMATTEPHH TOK [p 060MX TpaH3HU-
CTopoB npoTekaeT depe3 pesuctop Rg. [Ipumenns saxon Kupxrodda x nenn
6aza —smuTTeEp TpaH3UCTOPA (1, HOIYIUM

RsIp + Vpg + Rg(2Ig) — Vgg = 0. (13.1)
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Ioacrasus Ip = I¢/B ~ Ig/B B ypasuenue (13.1), umeem

(Vee — VBE)
Ip= —22 =27 13.2
¥~ 2(Re + Rs/B) (132)
O6er4r0 Rg/f < 2REg u Ip = Icq. CrenoBaTennbHo,
(Vee — VBE)
Ig~Ipcp = ——F——=. .
E cQ Rg (13.3)

Ypasuenzme (13.3) mokasbiBaeT, 9TO pe3smcTop Rp yCTaHABIMBAET SMUTTEp-
HBIZ TOK TpaH3ucTopa. llpu saganaom Hanpaxeanu Vpg BEIOOPOM COIPOTH-
BieHUA RE MOXHO yCTAHOBUTH 000N TpeGyeMu TOK [p, M COOTBETCTBEH-
HO, Icq. Tok gepes pesucrop Rp Takke Ha3BIBAE€TCA CyMMapHBIM TOKOM Ir.
Nmeem

It = 21g, (13.4)
1
Is = SIr. (13.5)

[pyrasa cocrasigiomas paboder To9ku — Hanpsaxenue Veogg. Ero onpeze-
JIMM M3 CXeMH Ha puc. 13.3, apaaomencsa 9acTrio cxems! puc. 13.4. IIpumenus
3akoH Kupxrodda, nmeem

Vee = Rele + Veog + Va,

rae V4 — nampaxenne Ha Touke A, 1 0HO paBHO — VB g, KaK GLLIO OOpeAeneHo
pamee. YpaBHeHVE IPUHUMAET BHUL:

Ver(= Verq) = Voo + Vee — IcRc. (13.6)

Ypasuenue (13.6) MOXHO IPUMEHUTDH AJd BEITH-
cleHEsA HaupsxeHus Vopg Ha pabodein Touke. [Ipu
paspaboTke uPPHEPEHUMATLHEIX YCUIATEIEH MOXHO
PYKOBOACTBOBATHCA ypaBHeHuamH ¢ (13.3)—(13.6). O1-
MeTHM, YTO Ha cxeme pmc. 13.3 06a xomrekTopa Ci
u C2 UMEIOT OJUHAKOBLIN IOTEHIMAJ [0 IIOCTOAHHOMY
TOKy BBUAY cuMmMeTpuu. CleqoBaTeabHO, IOCTOAHHOE
BHIXOMHOE HANPAXEHHE, CHUMAEMOE C ABYyX KOJIEK-
TOpoB 6yfeT OCTAaBATLCA DABHBIM HyJIO, IIOKa 002
Puc. 13.4. Yacrs cxe- BXO/a DAaBHBI HyJIO IIM HMEIOT TOYHO OJMHAKOBOE Ha-
MBI, IpeACTaBIeHHON Ha MpAXeHUe. Baxicno ommemums, 4mo nockoavbky cTe-
puc. 13.3 Ma CMeuenus ecex Konguaypayul dugdepenyuasohbll

ycuaumenets 00unaKro6a, npusedennblli anaaud no no-
CMOANHOMY MOKY NPUMENUM U Oad 0py2uz Konduaypayud.

ARAAU3 KA NEPEMERHOM MOKE
Yro6s1 napamMeTpsl AuddHEPEHNUATLHOTO YCUINTENA OBLIN Y A0BI€ TBOPUTEID
HEIME, TpefyeTcd, 9T00B CyMMAPHBIY TOK SMUTTEPOB ObLT CTaOMILHBIM. IIpu
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STOM YCJIOBHY MOXHO CYMTaTh, 9TO0 Vg u Rg (puc. 13.2) maior crabmib-
HBIA TOK CMELIEHWA ¥ DU aHAJIM3€ WX MOXHO 3aMEHUTH MCTOYHUKOM TOKA.
Ilosguee B auddepeHIMaAILHBIA YCUINTENs MBI BMECTO HUX BBeleM 6ogee
COBepIIeHHbIE MCTOYHUKYA TOKa. [lalee, M ympomeHws aHauIu3a 0TOpPOCHM
COIPOTUBJIEHAEe MCTOYHHMKA Rg, 00bIvHO Rg M Tak gocrarodno mamno. [las
yao6CcTBa aHanm3a cxeMy Ha puc. 13.2 mepepucyeM B BHae cxeMsl puc. 13.5.
[lna aHanm3a Ha NEPEMEHHOM TOKE UCTOYHUKY MOCTOAHHOT'O TOKA, 333EMILAIOT-
A, a UCTOYHHKY MOCTOSHHOIO TOKa Pa3pHBAIOTCA (MMEIT 6€CKOHEYHOE CO-
nporusienne). COOTBETCTBEHHO, DU 3TOM aHAIU3E, UCTOYHUK Voo cIuTaeM
PABHBIM HYJII0O ¥ UCTOYHHK MOCTOAHHOT'O TOKA PACCMATPUBAEM PA30OPBAHHBIM
(4epe3 Ty HaCTh HEPEMEHHEIN TOK HE TEYET).

Y06l HAWTH BHIXOJHOE HANPIKEHUE,
BBI3BAHHOE JBYMfA BXOJHEIMU [EPEMEHHBEIMHA +Vee
HAIPAXKEHUAMH V;) U V;2, MOXHO IPUMEHUTH
OPWHOWI cynmepno3unuu — OyneM paccMa- Re Re
TPUBATH TOILKO OJHO BXOJHOE HaIpAXKe-
HUs, CIUTAsA APYroe 3a3€MJIEHHEIM (yMeHb-
HIEHHEIM O Hyls), HOTOM IOBTODHM 3TY Q Q;
IponeAypy C APYTHM BXOJHBIM CHT'HAJOM.

Ci—e®V,&—C

3aTeM anre6GpamvecKud CyMMUDYIOTCA HHAW- Vi . Ve

BUyaJbHBIE BKIAIbI KaX OO BXOa, HA BEI-

XOJHOE IEPEMEHHOE HAIIPIXKEHUE. = ACTONHIC =
Puc. 13.6, ¢ npeacrasuger crygai C 3a- nocTosHHOro

o TOKa
3eMJIEHHBIM V9. Tpam3ucTop (7 obOpasyer

yemanrens ¢ OO u BEIJAET YCUICHHLIN WH- Puc. 13.5. Ilepepucopanmas cxema
BEPTHPOBAHHLIA CHTHAI Ha CBOEM KOmIeK- Puc. 13.2 ¢ ynpomenwmuu (mer Rs).
TOpE 0 OTHOLUEHUIO K 3eMie. Tak KaK uCToq- l?:(f; a(:g;rzﬁ:me Ha MCTORHEK
HUK TOKa I7 AJs mepeMeHHOr'0 TOKa pas3o-

PBaH, SMATTEPHLIN IEPEMEHHBIA TOK TDAaH-

3ucTopa ()1 TedeT uepes SMUTTEP TpaH3uCTOpa (Jo. CremoBaTenbHO, TpaH-
suctop Q2 Bemer ceba kKak ycuaurenb ¢ OB, u Ha KOMIEKTOpPE TPAH3UCTOPA
Q2 mosBIAETCA CHH(A3HHIM yCUICHHBIM curHal. OTMeTHM, 9TO CHTHAM, CHA-
THI MEX/[y ABYMS TPAH3UCTOPDAMM YCHIEH ABaXAHI; OAWH Pa3 YCHINTEIEM
¢ 03 (Q1) = Bropoi pas — ycmureneM ¢ OB (Q2). Curuan, noaBigOUMICA
Ha sMuTTEpe (1, EMeeT Ty ke dasy U aMILIATYAY, 9TO U V;] (SIMUTTEPHBIX
noBropuTeis). CleA0BaTEIbHO, OTAEILHEIN BKIA OJHOTO EPBOT'0 UCTOTHAKA

Vo1 = Avj1. (13.7)
Kospdpunuent ycurenns no Hampsixenuto A pasen
A=A, +4,=Bc  Bc_Ec (13.8)

/ / /0
2r,  2rf rl,

12—2890
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rae A; — xoapdunuenT ycmienus mo HanpsaxeHuio ycuaurreias ¢ 09 @1, ko-
TOPHIA DABEH
_ Re _ Rc

(Rg+71h) 2r,

Ay

Rc
Ci
e
AV 01 AN ,,
Vi V=0 Vj
He nponycheT -
—L_ nepemeHHsI ToK
Vo1
a) 6)

8)

Puc. 13.6. PopMeI curHala, KOIAa TOIBKO OFUH BXOZL (V;1) BKJIIOYEH, a APYTOM BXOJ
3a3emueH (a). YacTs cxemsl puc. 13.6, ¢ mumocTpupyoman, 4T0 SMUATTEP-
HeOt peaucTop () paseH T, TpamHsmcTopa Q2 (6). [lepemennoe BEIXOAHOE
HaIpAXeHWe, X3MEPEHHOe MeX Ly ABYMA KOJIeKTopamu (6)

ITO TaK, IOTOMY 9TO AiA ()1 SMATTEPHHIM COnpoTuBIcHneM Ry apigeTcd
r!, Tpansucropa Q2 (puc. 13.6, 6). Ananormuno, gus yemrurens ¢ OB Qq, A2 =
= Rc/2r,. 910 Tak, HOTOMYy 4TO 3@ EKTHBHEIM KOMIEKTODHEIM K SMHT-
TEPHHEIM COIPOTHUBICHUAMY M1 TPAH3UCTOPA (2 ABIAIOTCS, COOTBETCTBEHHO,
Rc/2(= Rcl||Rc) u r,. llepemenHOe HanpsKeHUe, CHATOE MEXAY ABYMA KOI-
JIEKTOPaMH, PABHO ANre6pamvecKodl PA3HOCTH ABYX CHUCHAJIOB, ero ¢opMa,
npeacrasieHHas Ha puc. 13.6, 6. OrmeruMm, yro Ha puc. 13.6, 6 v, uMeET
Ty X€e $a3y, 9TO | V;).

Jlanee mOBTOpAEM BEILIEOMNCAHHYIO MPOLEAYDPY, COEIAB BXOL V;o AKTHB"
HEIM, a ¥;] — 3a3eMiaeHHbIM (puc. 13.7, a). Q2 paboTaer Kak ycuauTens C 09,
Q1 — xak ycwmrens ¢ OB. CungasHbli yCUIEHHB CHT'HA IOABIACTCA Ha, KO-
JEKTOPE TPAH3UCTOPA (Q1, a MHBEPTUPOBAHHEIN YCUICHHBIN CUTHAI — Ha KO-
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IeKTOpe (Y2, KaK IOKa3aHO Ha puc. 13.7, a. BrIxogHOU CUrHAI IEepeMEHHOro
TOKa — aIre6pamdeckas PasHOCTh DTHUX [ABYX KOLIEKTODHBLIX HAIIPAXCHWM,
ero ¢popma nzobpaxeHa Ha puc. 13.7, 6. B coorsercTBum ¢ ypasuenuem (13.7)
BKIaJ B IIEPEMEHHOE BEIXOJHOE HANPAXKEHNE OT BXOJHOT'O UCTOYHUKA, V2, IOJ-
KJIIO9YEHHOI'O DK OTCYyTCTBUM CHTHAJIA OT ADPYTOr'0 BXOAA, PABEH

Vo2 = —Avig, (13.9)
rae A= Rc/r..

Vii=0

" /\
t

UcTounnk —
NOCTOAHHOrO
— TOKa

a) 6)

Puc. 13.7. dopma curnamra, KOrja BKIIOYEH TONBKO OZUH Bxoh (vi2), a Apyrou
3a3emieH (a). CurHau IepeMerHOro TOKa, M3MEPEHHbI MEX LY ABYMA KO-
aexTopamu (6)

OTMmeTuM, 9TO BRIXOAHOE NepeMeHHOe HampsxeHue (puc. 13.7, 6), oTau-
JaeTcs mo ¢as3e OT BXOAHOrO vy Ha 7. Ecau ogHOBpEeMeHHO mOAKIIO4UEHE 063
BXOJHBIX MCTOIHHKA Vi) ¥ Vj2, TO IO NPHHININY CYNEPHO3ULIKAN BEIXOLHOE Ha-
mpsxenue Oyaer airebpandeckor CyMMOH ABYX OTAEIBLHBEIX BKIAJOB, T.e€.

Vo = Vo1 + Vo2 = Avi1 — Avio

Vo = A(’Uil - ’U,;g). (13.10)

Ypasuenune (13.10) mpexcraBiser K03(pPUIMEHT yCUICHHA [0 HAIPAXKE-
HUI0 audppepeHuaiIbHOTO YCATUTENA ¢ CAMMETPAYHEIM BEIXOJOM. Y DaBHEHTE
(13.10) cnpasegmBO AnA MIOOBIX COOTHOMEHWE aMILIATYA u da3 ABYX BXOA-
HEIX CHTHAJOB v;] M ;3. TakXe OTMETHMM, YTO BBIXOAHBLIE HAMPAXEHUA Up)
" vy BCerja IpOTUBOGhA3HEIE.

Ecnu B ypasuenun (13.10) 0603HaIHMTD v;1 — Vi = Vi4, TOrAa Kodddumu-
€HT ycuiaeHHA A, 9aCTO HA3BIBaEMBI AnddepeHnualsHEM Ko3¢hPUIUEeHTOM
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ycunenus u o603HadaeMbin Ay, GyeT paBeH

Ag= 2. (13.11)
Vid

IIpumep 13.1. Kakoé NOCTOAHHEIM SMUTTEPHBIA TOK Y KaXIOTO TPAH3UCTODA
B AubdEpEeHnInATEHOM yCuInTeNe Ha puc. 13.87 BruncanTs n0CTOAHHOE HApsDKeHne
H3 KaX/[OM KOJLIEKTOPE IO OTHOIIEHUIO K 3eMie. demy paBHO Voy:?

Pemtenue. Cymmapue Tok It 1epes peauctop 3 kOM pasen
(IVeE| — VBE)

IT = = VEE/RE =12 B/3K =4 MA.
Rg

OMUTTEPHEN TOK Ip Kaxnoro TpaH3UCTODa,
1

Vori =Voo —IcRc =12B—2x10"% x4 x 10° =4 B.

Bcaegcreue cuvmmerpnn Vops Tak xe pasuo 4 B, r.e. V,p = (Vog2 — Vor1) =0 B.

AupPepenyuatvnoe exodnoe conpomusaenue
JuddepeHumanrbHoe BXOJHOE COMPOTHUBJICHTE
+12B (wmm mMmenaHc) ompenenAeTca KaK SKBUBA-
JEHTHOE CONPOTHBICHUE KAXAOrO BXOAa MPH
4 «OMm 4 KOM 3a3€MIEHAN APYTOro BXOAA.
BxogHoun wMnesaHc Z; MaJOCHTHAIBLHOTO
yemaurens ¢ O (paccMoTpeH B ru. 4) paBeH

Vi Ve ra = Z = B(rg +1.), (13.12)
rge f — Kod(pPUIUEHT yCHIEHUSI TPaH3H-
CTOpa IO TOKY, U 'E — CONPOTHUBICHEE Ie-
3 kOMm PEMEHHOMY TOKY, HaOII0OJaeMOe C 3MHUTTe-
pa. rg = r, (puc. 13.6, 6), Torga ypasHeHHE
-12B (13.12) maer r; = B(r, + r,) mm
Puc. 13.8. ri = 2Br.. (13.13)

Ypasuenne (13.13) Takke OTHOCHTCA ¥ K BXOJHOMY COIDPOTHUBICHHIO APY-
rOro BXOZa. 3/€eCh CIEAyeT YHOMAHYTb, 9TO 7, B ypasHenuu (13.13) mocra-
TOYHO BHICOKOE (~ KOM), HOTOMY 9TO CyMMapHBIE TOK SMUTTEPOB B audde-
PEHNMAIBHEIX YCHINTENAX IPE3BHIYalHO MaX (~ MKA).

Tax xak r, = 25 MB/Ig, To npu Toke smurTepa 10 MKA r, = 2,5 kOM
z 3 = 100 ypasuenue (13.12) gaeT 3HavYeHME BXOAHOI'O COMPOTHBIEHHA AAP-
depennuansaoro ycuaurens 0,5 MOwm.
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Buizodnoe conpomusaenue (umnedanc)
BrixogHO€ compoTuBIeHNE ONpeAENIeTCs KaK CONPOTUBIEHNE, HI3MEPEHHOE Ha,
KaX/IOM BBIXOJ€ II0 OTHOLICHWIO K 3€MJE.

O4eBUAHO, 9YTO IPY M3MEDPEHWUH BHIXOLHOTO CONMPOTHUBICHUA To] YCUIATE-
1A Mexny komiekropom C); u 3emmeir oo Gyger pasHo Re. U BciemcTsume
CUMMeTPHH

Tol = To2 = Rc. (13.14)

Ypaprenus (13.13) u (13.14) — yxo6HO IPUMEHATH HA MPAKTHUKE A MPOEK-
TUPOBaHUA AUdPEPEHINAILHLIX YCUINTEIEH.

13.3. ViHBepTUpYIOLLMIA M HEMHBEPTUPYIOLLWIA BXObI

Puc. 13.6, ¢ moxasniBaeT M3MEHEHWE BBIXOAHOI'O NMEPEMEHHOT'O HaIpAXKe-
HUA, COBHAJAIOIIETO N0 (a3e C BXOAHEBIM CUTHAIOM ¥Ui1. JTO 3HAYAT, ITO
CUTHAJ, IPWIOXKEHHLIN K 6ase ()1, JaeT BEIXOAHOM CUTrHAJ 6€3 MHBEPCUH a3k
CrenoBaTenbHO, BXOA V1 — HemHBepTHpylommi sxoa. Hao6opoT, cpasnenue
BBIXOJHOI'O IIEPEMEHHOr0 HanpsaxeHusa (puc. 13.7, 6) ¢ BXOAHBEIM HANDIXEHU-
eM vjo (puc. 13.7, a) mokasbiBaeT MX Pa3HOCTHL NO da3e Ha 7. ITO 3HAYMT,
9TO CHTHAJN, IPWIOKEHHBIM Ha BXOJ TPAH3UCTOPa ()2, IPOM3BOAUT WHBEPTH-
POBAHHEIN BEIXOAHON CUTHAI. BX0A v;9 HA3HIBAETCA MHBEPTHUPYIOIIAM BXOAOM.

Taxmm o6pasoM, Bce gudpdepeHnualbHbE yCHINTEIR UMEIOT ABA BXOIA,
FHBEDPTUPYIOLMI BXOA (OOBIYHO 0603HAYAETCA KAK «—») U HEMHBEPTHPYIOIIMI
BX0/ (OGBIYHO 0603HAYAETCA «+).

13.4. KoappuumeHt ocnabnenms cundasHoro curHana

BaxHBIM CBOMCTBOM yCHINTENA C CAMMETPAYIHBIM BXOJAOM U BBHIXOJOM SBJAET-
€S €ro CIOCOOGHOCTD HOJABIAATE JIO0OU IOCTOSHHBIA MIX II€PEMEHHBIA CUTHA,
KOTOPHIA HOABIAETCA HA €ro BxoAax CWHG)A3HO. B mieaisbHOM Ciydae, mpu
J1060M OJMHAKOBOM IIO BEJMYWHE CUTCHAJNE, OJHOBPEMEHHO MPUCYTCTBYIOIMIEM
Ha 060MX BXOAaX, 6BLIO OBI HyJEBOE BLIXOAHOE HAIpsXEHHE. B pealbHOCTH,
O/IHAKO, M3-33a HEKOTOPOI'0 HECOBIAJEHUA JIEMEHTOB ABYX Kackagos ¢ OJ, mo-
JaBieHue CuH(DA3HOTO cUrHaaa nenonauoe. Cnoco6HOCTh AuddepeHnuaILHOTO
YCRIATENA IOJaBIATE CUMHMA3HEIE CUT'HAJIGI BEIPAKAETCA €r0 K0P PUIuIeHETOM
ocaabnenus cuadasHoro curtana (KOCC).

KOCC onpepgenserca Kak OTHOLUEHME 3Ha9eHUA qudPepeHINaTILHOr0 KO-
addunmenta ycurenus Ag K K0abPUUMEHTY yCHIEHUA CUHGMA3HOTO CHUTHA-
1a Aoy To ects

KOCC = 124l (13.15)
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HYacro KOCC BrlpaxaeTca B genm- +Vee
6eqax. MoxHO 3anmcaTs
A
KOCC = 201g = ,lx—dl' (13.16) - R Ao
I C'Ml Vo = Vo (cm)
Nuddepennmancueii k0>dPunmeHT —e *—

ycuneHus Ag MOXHO JETKO M3MEPHUTH ._‘[io‘ 02:'—

(cM. ypaBmenme (13.11)). Acgpy MoxuO Vis = Viomy
ONPEJENUTD, NOJKIIOIUB U3BECTHO® Ha- ¢
IPAXEHUE Vj(cy) K OOOMM BXOJaAM, Kak =
9TO NMOKa3aHO Ha puc. 13.9, m msmepus

BBIXOJHO€ HAIPAKEHNUE Uy (cm)- LOTAA KO- R
E
a¢ddunreHT ycuieHuda CUH(MA3HOI'O CHI- ?
Hana Acp paBeH —Vee
Vo(cem)
Acm = vy )- (13.17)  pyc. 13.9. JubdepernuarbHeni ycum-
ncm

Telb B CMH(MA3HOM BK.IIOYEHUN
B mpeanvHOM Ciy9ae vo(em) Oyaer

paBEeM Hymo u Aoy = 0, a KOCC 6eckonedno 6ompmon. Ha npaxTuke,
UL Iy 9OIero MOAABICHHA CHHGMA3HEIX CUTHAJIOB GOMbIIE MPEMMYINECTB IpH
npuMeHeHnu guddepeHnuansrHoro ycwurea ¢ Goasmum KOCC.

KOCC aBrserca nokasareneM KadecTBa uddepeHnuATLHOTO YCAIATELA.
Tak KaK IEPBHIM BXOAHOM KACKaJ ONEPANMOHHOTO yCAIUTeNA — auddepes-
OHAJBHBIM yCHINTEIb, MOXHO OCO3HATHL 3HaumMocTh KOCC.

13.5. AnddepeHumanbHbiit ycunutenb ¢ CUMMETPUYHBIM
BXOZIOM 1 HECMMMETPUYHBIM BbIXOAOM

OTa KOHPUrypanus UCIOIb3YEeT ABAa BXOA, a BHIXOJHOM CUTHAJI CHHMAETCA
TOJBHKO C OJHOI'O KOMIEKTOPa IO OTHoIIeHwIo K 3emne. Ha puc. 3.10 npeacra-
BIIEHA CX€Ma C BBIXOA0M ¢ KomwrekTopa Cy. OTMeTuM, 9TO BHIXOLHOM CUTHAM,
HE3aBUCHUMO OT BXOJHOT'O CUT'HAJIA, BCETAa COAEPKUT IOCTOAHHYIO COCTABIAIO-
myo. BcmomanM, 9T0 KOrja BEIXOAHOM CUT'HAJI CHEMAETCA C ABYX KOJLUIEKTOPOB
(¢ ciMMeTPUYIHOrO BBIXOa), IOCTOAHHbIE HAIPAKEHIS HEUTPATU3YIOTCA 1 10
CTOSAHHAA COCTABJIAIOMIAA PABHA HYJIIO.

ANaau3 Ha NOCMOANHOM MOKE
Tak KaK CXeMBI CMELIEHNS YCUINTENEN C CUMMETPIIHBIM BEIXOAOM U C HECHM-
METPHYHEIM BBIXOAOM OJWHAKOBEI, MX AHAIW3 [0 HOCTOAHHOMY TOKY OyaeT
OJMHAKOBBIM.
[aa ycuniuTena ¢ CUMMETPUYHBIM BXOAOM M HECHMMETDHYHLIM BHIXOA0M
BBIPaXEHUA U TOKa Hokoa Icq, Hapsaxkenus nokos Vo g, BHIBEJEHHEIE P&
Hee ypaBHeHus, a uMeHHO (13.3) u (13.6) MOXHO NPEMEHUTEL HAIPAMYIO.
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Anaaus na nepemennom moxe
[Ipu aHanU3€ Ha IEPEMEHHOM TOKE yCAIATENA

C CHMMETPUIHEIM BXOJIOM ¥ CUMMETPUIHBIM +Vee
BBIXOZOM BBIXOJHOE HANpsAXeHne ObLIO BHIDa-
XKeHO T.e. ypasuenumeM (13.10) v, = A4vi4. Re Rc
U, tak xak Ay = %, nMeeM _zo
Vo = —M, Q4 Q2
TE
rli€ V;jg — PasHOCTb ABYX BXOAHBLIX HAIIPDKEHAN.  Vjp Vio

BcnomuuM, 9TO B yCcmimTenre ¢ CuMMe-
TPUYHBIM BBIXOJOM BLIXOJHOW CUTHAJ CHH-
MaeTCA C ABYX KOWIEKTODPOB, HA KOTODPHIX
IepEMEHHEBIE CUTHAILI C OJUHAKOBOM aMILIM-
TYyAOU OTIMYAIOTCA 1O (ase Ha 7. B gammoin Puc. 13.10. Tuddepenumarsneni
X€ KOH(UIyDAaIid, BBIXOJ CHAMAETCA € of- JCWHTeIs € CHMMETPMTHEIM BXO-
HOTO KOLIEKTOPA IO OTHONEHMIO K 3eMae ' o o oo METPIHEN BEoRoM
(x HymeBomy morenmmarny). CaenoBaTeIpHO, BHIXOAHOE HANDSXKEHUE U, yCH-
JATENA C CAMMETPHAYHBIM BXOJOM ¥ HECHMMETDPUIHBIM BEIXOJOM DPAaBHO

e RE e

—Vee

1 Re
Vo = 5 r‘/E * Vid
" R
Vo C
A = — = —, 1 .18
d Vid 27‘55- ( 3 )

Jpyrumu croBamu, KO3(pDUNUEHT YCUACHUAA YCUIUTEIA C CHMMETPUIHLIM
BXO/JOM M HECUMMETPHUYHBEIM BBEIXOJOM COCTABIAET IOJOBHHY KO2(pQPUIMEHTA
YCUIEHUA IPEABIAYINER CXEMEL.

OTMeTHuM, 9TO IPUCYTCTBUE B BEIXOAHOM CUTHAJE YCUINTENA IOCTOAHHOTO
HAIPAXEHNA HEXeIATeIbHO. UTOOB CMECTUTh 3TO HOCTOAHHOE HAIPSIXKEHUE
[0 HyJs, BEIXO[ YCUINTENI MOAKIIOYAETCA K IPYTOM TPAH3UCTOPHOU CXEMe,
K CXeMe CABUTA YPOBHA.

Bxogmoe compoTuBIEHVWE YCHIATENA HE 3aBHCAT OT CIOCO6a CHEMa BhI-
XOJHOTrO CHTHAIA, HOITOMY €T0 MOXHO ONpPEAEINTH IO ypaBHeHmio (13.13).
Exmacreennoe oTimane ycuiurenen, mokasaHHbIX Ha puc. 13.5 1 13.10 — a0
CTI0c00, KOTOPHIM CHUMAETCA BHIXOJHOW CATHAJI. BXOOHOE COMpOTHBIEHUE PABHO

ri1T = 2,37‘0.

Brxoanoe compoTusnenue r,, ¥3MEPEHHOE Ha, KOLIeKTOpe C3, IO OTHONICHHIO
K 3emne paBHO R¢ (puc. 13.10): 7, = Re.
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13.6. duddepeHumanbHbiit ycunuresb ¢ HECUMMETPUYHBIM
BXOAOM U CUMMETPUYHBIM BbIXOZOM

B 5Tol KOHUrypauy BXOAHOU CUTHAI IPUKIAABIBAETCA K 6a3e TPAaH3UCTO-
pa Q1, a IPyrou BXO 3a3eMJIAeTCA. BLIXOTHOM CUTHAI CHEMAETCA C ABYX KOJ-
JIeKTOpPOB. BerencTsue cUMMETPUYHOCTH CXeMBI 003 KOJLIEKTOPA HAXOAATCA
[0Ji OAMHAKOBEIM MOCTOSHHBIM IOTEHIXAIOM — CIeLOBATENIBHO, B BHIXOZHOM
CUTHAJE OTCYTCTBYET MOCTOAHHAA COCTABIAIONIAA.

Ycunntens usobpaxes Ha puc. 13.11.

Ananus 5TOro ycuinTesns Ha MOCTOAHHOM TOKE TaKOM Xe, KaK U A Apy-
rux guddepennuanbabx yeuaurened. ClefoBaTeIbHO, 4TS DTOTO YCUINTENL
IEACTBYIOT YPABHEHUA TOKA MOKOA ¥ Hanpsxenus mokos (13.3) u (13.6). Otu
YDABHEHHsA CIeAyIOIIne:

(Vee — VBE)
Ip=1Icqg = T; Vee = Veeg = Vec + Vee — IcRc.
+Vee
o4
Re Rc s
%
Vot 2 Voz - Vei = V,
g c2-Ve1=VW
. /
Vi — >
n = Bpems
—_ HE
—Vee
Puc. 13.11. [ludpdepernmnaibHbi yCu- Puc. 13.12. ®opmsl BXOLHOT'0 U BB
JUTeNs ¢ HECUMMETPHUIHLIM BXOAOM X XOLHOIO HaupsaxeEmi nupdepenim-
CAMMETDPHIHBIM BHIXOJZOM AJIBHOI'0 YCHJIATENA C HECHMMETPHI-
HBIM BXOJOM ¥ CUMMETDHYHBIM BBIXO-
oM

KoaddurumenT ycunenus no HanpskeHuio A Toxe MOXHO 3allACATH U3 yPaB-
uenu# (13.7) u (13.8), onucriBarOIINX aHAIN3 HA IEPEMEHHOM TOKE, NeHCTBH-
TEILHHI A JAHHOM KoHdurypanuu. Umeem

/

A =v,/v; = Rc/Te.
Puc. 13.12 nzo6paxaer ¢OpMBI BXOAHOI'O ¥ BEIXOJHOr'0O curHaJuos. [laree,
BEIPAXXEHUA [JIf BXOJHOT'O COMPOTUBJIECHAS U BLIXOJHOTO CONPOTUBICHUA (M-

mefaHca) Te Xe, 9To U 1ua AubdepeHnuaIbHOr0 YCUIATENA C CUMMEeTPIIHEM
BXOJOM M CUMMETPUYIHBLIM BEIXOJOM.
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13.7. QuddepeHupanbHbiii ycunurenb ¢ HECUMMETPUYHBIM
BXO/OM U HECMMMETPUYHBIM BbIXOLOM

IIpu Taxol KOHPUIypaIuyu BXOTHOH CUTHAJ
NPUKIaAEIBaETCA K 6a3e 1000r0 TPaH3UCTO- +Vee

pPa, a C KOMIEKTOpa Ji060ro TPaH3UCTOPA

cauMaerca curHad. Ha pumc. 13.13 mokasa- R R
Ha OJHA M3 BO3MOXHBEIX cxeMm. Koadgduiu-
€HT YCWJIEeHHS TAKOrO YCHINTeNA COBIAJAeT
¢ k03 dunuenToM AuddepeHnNaILHOIO YCH-
JUTENA C CAMMETPHUYIHBIM BXOOM U HECHMMe-

Ci—e Co—eV,

TPHUYHBIM BEIXOJAOM, T. €. Vi =
_ /
A = Rc/2r,. — Re
Bce ocranbHEIE mapaMeTPH AHAJOTMYHEI 11a-
pamerpaM KoHpurypaumin auddepeHnuain- —Vee

HEIX YCIINTEIEH, N3y IeHHBIX paHee. .
Y » 13y P Puc. 13.13. [Tuddepenmuarsubmi

B auddepennmaisaom ycmmrene ¢ He- YCHIMTENE ¢ HECUMMETPUIHBIM BXO-
CIMMETPUIHBIM BXONOM M HECUMMETPUYIHBIM 10M ¥ HECHMMETPUIHBIM BEIX0LOM

BHIXOJIOM MPUMEHEHO GOJbIIe AeTajey, IeM
B OJHOTPAH3UCTOPHOM ycmauTere ¢ 0D, HO HUKAKWUX IPEAMYIIECTB 110 CPAB-
HeHuIo co cxemon ¢ O He uMeeT, IO3TOMY OH IPAKTUIECKN HE TPUMEHACTCA.

13.8. OdudPpepeHumanbHbiii ycunurens
C KOMIMEHCUPYIOLLMMU PE3UCTOPaMU

KauecTBo gudpdepeHnnanbHOro yCuInTens 3aBUCAT OT TOI'0, HACKOILKO UI€H-
TUYHBL €0 TPAH3UCTOPHL. [lapaMeTpsl TPAH3UCTOPOB W X M3MEHEHUA (CKa-
K€M, OT TEeMIEePATyPhl) AOWKHEI OHITH OJMHAKOBLIMA. XOTA HEpPeJoBas Tex-
Hostorusa pousBoAcTBa VC mo3BoafeT MOLYyYATH FOCTATOYHO COBIAJAOIIAE
3lIeMEHTHI, XK AATh IOIHOU MAEHTUIHOCTH He CleAyeT. 3aBUCHMOCTH K0addu-
UueHTa ycmieHus AudpdepeHInaIbHOr0 YCUIUTeNId OT W3MEHEeHUA IUHAMU-
JECKOIrO CONPOTHUBJIECHHA DMHUTTEPA T, MOXHO CHU3UTH, NOGABUAB B KaX bl
SMHUTTED JOMOJHUTENIbHOE BHellHee conporunienue Rp. [o6GaBienue Tepmo-
KOMIIEHCHPYIOIIETrO PE3UCTOpa B ycumaurens ¢ OO 6BLIO pACCMOTPEHO B L. 5.

Cxema qudpdepeHInaIbHOr0 YCAIATENA C CAMMETPUIHEIM BXOJOM U CHM-
METPUYHEIM BEIXOJOM C KOMIIEHCHDYIOINMI SMUTTEPHEIME pe3ucropamu Ry
nokazana Ha puc. 13.14. [aa moboi KOHGUTYparmn KO3POUIUEHT yCUICHNA
110 HAIIPAKEHUIO ¥ BXOJHOE CONPOTUBJICHNE MOXHO [IOIY IUTh, 3aMEHUB B GHOp-
mynax r, Ha (r, + Rg). B xadecrBe npumepa, B Tabu1. 13.1 npuseseHsr HEKO-
TOpBIE PE3YJAbTATH LIA AUDGEPEHINATEHOIO YCUINTEIA, IPEeACTABIEHHOIO
Ha puc. 13.4.
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+Vee

+Vop

Rp Rp

Vo

Vi1._|" T Tz"l_.Vrz

Rs
~Vss
Puc. 13.14. [Juddepennnammanit Puc. 13.15. [uddepernuanbubit
ycmmTexs ¢ pesucropamu Ry nma ycwmrens #a MOII-Tparsucropax

KOMIIEHCalu SMUATTEPOB

Bximodyenue Rp HOBHIIIaeT BXOJHOE CONPOTHUBICHNE U YIyIMIAeT CTAORIbL-
HOCTB, HO CHIXAaeT KO3(pPUIIUEeHT yCUIeHN.

Ta6auua 13.1.
Cxema
ITapameTp Cxema 6e3 KOMIIEHCAIAT C KOMIIEHCHPYIOIMU
pesucTopaMu
KosdppunuerT ycmaenus , ,
[0 Hanpsxeauio Ag Ro/re Re/(re + Re)
Bxoanoe conporusrerne
AROE COmPO 2Br. 26(r, + Rg)
Ti1 = T2
Brxogmon nMmnenanc
bt * A Re Rc¢
Tol = T02

13.9. AuddepeHumanbHble ycunutenu
Ha NONeBbIX TPAH3UCTOPaX

Bo mHOrmx cxemax, Takux, KaK ONEDAlMOHHEIE U MHCTPYMEHTAIbHEIE yCUIH-
Tenu, TpebyeTca OUeHb BHICOKOE (HECKOIBKO MEraoM) BXOAHOE COIpPOTHBIE
Hue. [Ipu xoHCTpyUpOoBaHUM TAKUX Au(PEPEHIMATLHEIX YCAIATEIEH BMECTO
6UIONAPHBIX TPAH3UCTOPOB IPUMEHAIOTCA TIOJEBHIE.

Ounddepenmmansarit ycuaurens Ha MOII-Tpansucropax m3obpaxeH Ha
puc. 13.15. Ilpexmomaraercsa, uTo TpansucTopu 17 u T 6yayT B obmacTu Ha
celmenus. Pesuctop Rg cHa6XkaeT 6IU3KHUM K IOCTOAHHOMY TOKOM CMeNeHAA
TpaH3ucTopsl 11 u Tb. ITOT cyMMapHBIN TOK I; AeIuTCA POBHO IOIOIAM
MeXJy ABYMA TPAH3UCTOPAMY C OJUHAKOBHIMHU IapaMeTPaMH.
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Tak xax V; = —Vg, cymmapuuii Tok I; paBen
7 - —Yes = (=Vss),
Rg !
Is = Vss = Vas (13.19)
Rg
n
I
Ipi =1Ip2 = 5 (13.20)

YpasHeHUA KO>(PPUIUEHTA YCHICHUA 10 HANPAKEHUIO, MOJYIEHHEIE IJII
Pa3IMYHLIX KOHGUIypalui Ha OUIOMAPHLIX TPAH3UCTOPAaX, MOXHO IIpUMe-
HUTD 4 1A aund@epeHnuaIbHbX YCWINTeIe Ha, MOJAEeBhX TPAH3NCTOPOB 3a-
menou R¢ wa Rp, arl, 5a 1/gp,.

Hanpumep, koadpdurmenT ycmneaus gudp¢pepeHIualbHOr0 YCUINTELI C CUM-
MEeTPUYHBEIM BXOJOM U CUMMETPHUYHLIM BEIXOA0M, IOKA3aHHOrO HA puc. 13.15,
paBeH

Vo RD
A = — = —
¢ Vid (1/gm)
nin
Ag=Rp - gm. (13.21)

AuddepeHnuanrbable yCUANTEIN HA MOAEBHIX TPAH3UCTOpPax OOBIYHO Je-
JAIOT B COCTABE JUHEMHBIX MHTEIPAILHBEIX CXeM. B MHOI'OKAaCKaHBIX yCHJIHA-
TelIAX ¢ 6OALIEM KO PUIMEHTOM yeuienus aud¢epeHnuaIbHbIN YCATATENb
HA, HOJIEBEIX TPAH3UCTOPAX OOBIYHO UCIOAL3YETCA KAK EePBLIA Kackan. A mma
KOMIIEHCAIMX MAaJoro K03(p@UIMEHTa YCHUICHUs IOJEBHIX TPaH3UCTOPOB He-
CKOJIBKO CJIeLyIOIIX KacKal0B KOHCTPYMPYIOTCA Ha OMIONAPHBIX TPAH3UCTOPAX.

13.10. CxeMbl ¢ UCTOYHUKAMU MOCTOAHHOrO TOKa

IlepBrie guddepeHnnAILHEIE YCUANTEIN, TOA00HEE N300paKEeHHOMY HA, DH-
cyuke 13.1, ana obecrnedeHNsA MOCTOAHHOT'O SMUTTEDPHOI'O TOKA TIPUMEHSIIN
coueranue Vg 1 Rp. BcoMHMM, 9TO MCTOYHMK MOCTOAHHOTO TOKA NOIXKEH
EMeTb O4YeHb OOubllioe, B maeate OECKOHEYHOE BHYTPEHHEE CONPOTHUBJICHUE.
JKBHUBaJEHTHAA CXEMa, C ICTOYHMKOM TOKa codeTanus Vgg u RE B KadecTse
BHYTpPeHHero compoTubleHus gaet Rgp. Eciu ero Beibpars odeHb GoabImM,
TO TOK SMUTTEpa CTAHET HENPUIOJHO MAJBIM. B HOBBIX nmpubopax, B JaCTHO-
CTH, B HHTErPAJIBHBEIX CXEMAaX YCHINTENeH, IPUMEHAETCA UCTOYHUK CTaOUIb-
HOTr'0 TOKa C MCIOAb30BaHMEM TpaH3ucrtopa. Ha puc. 13.16 mokazama oxna
u3 Takux cxeM. TpamsucTop (3 AEMOHCTPUPYET BHICOKOE BEIXOHOE COMPOTH-
BJIeHPIe, u, CiIeqoBaTEIbHO, ABJIACTCA IPEBOCXOAHBIM HCTOYHUKOM CTaOMIBLHOI'O
Toka. CyMMapHBI TOK 3MATTEPOB PaBeH TOKY KowrekTopa Ic3(~ Igs) Tpan-
sucropa (3.
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Cunras ToK 6asel Q3 IpeHeGpeRKUMO MAJIBIM, SKBUBAJICHTHOE HAIIPAKCHIE

Vrn (puc. 13.16) pasHO
R,
Vrh =9 ———5~
Th { (R1 + R»)
a ToK sMuTTepa Ip3 paBeH

} - |VeEl, (13.22)

Vrn — V,

Ips = VT —VBE) (13.23)
Rg
Toku sMUTTEPA TPAH3UCTOPOB QY1 U Q2
1

Ipy = Ip2 = 51ps. (13.24)

+Vee +Vee
Rc Re

~Vee

Puc. 13.16. [Iudbdepennmarsanm
YCIIATENb C ACTOYHAKOM TOCTOAH-
HOTO TOKa

Cil—e vV, —{C,

Vin 4[: Q4 Q2 Via

Puc. 13.17. Komnencupyoume u-
oAbl B CTa0MIN3ATOPE TOKA

TeMmuepaTypHy CTAOWILHOCTD UCTOYHUKA CTAOWILHOI'O TOKA OT TPAH3W-
cTopa 3 Ha puc. 13.16 MOXHO yay<ImuTh 3aMeHoM pesucropa Ry guogamu Di
u Doy, xak 570 nokasaHo Ha puc. 13.17. Tok smurTepa I3 MOXHO onpeeanThk
Tak. [Iycts guonet Dy u Dy — ofHOTO THUNA, U Y KAXKAOTO MPAMOE I1a,JeHAC
Hanpaxenud, o6o3uadennoe Vp. Hanpsaxenue Ha 6asze TpamsucTopa Q3 paBHO

Vs = —Veg + 2Vp,

a HampsKeHWe Ha sMuTTepe Vs

Ves = VBs — Vg = —Vgg +2Vp — VBE.

CaenoBaTenbHO,

(2Vp — VBE)

s = [Ves — (=VEE)]

I
E Rz

Rg
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Ecin xapaxTepucTuku nepexoga sMUTTEP —0a3a TPAH3UCTOpA (Y3 Taxme
xe, Kak y aguonoB Dy u Dy, To umeem Vg =~ Vp n

Ips = Vp/Rg. (13.25)

BcemomunM, 9TO nafeHre HATIPAXKEHUA HA JUO/e eCTh PYHKIUA TOKA Jepes
guoA. dto Baxuo. Torga B puc. 13.17 Iy = Ip + Ip wm

I ~ Ip. (13.26)

TakuMm 06pa3zoM, MBI JOMXKHEL UMETH COOTBETCTBYIOIMUM TOK Iz, ITOGHI
3adukcupoBaTh Hanpsaxenue Vp. Eciau Ml BhiGepeM 3Hadenue Toka g3 1 npu-
mem Vp = 0,7 B, conporusienue Ry MOXHO BLIYUCIATE U3 ypaBHeHus (13.25).

YT0o6w noxyuuTsh 3Hadenue Toka Ip (= Ip), koropoe gaer Vp = 0,7 B, Mu
olpeaeauM COIpoTuBIeHne Ro. ITO MOXHO CAEIATH, TpUuHUMAL, 9TO I2 = IEg3.
Torpga moxygaem
(Vee — 1,4 B)

R =
2 Igs3

(13.27)

IIpumep 13.2. [daa guddepeHIMAIBHOIO YCAIATEL, H300DaKEHHOr0 Ha, puc. 13.18
BEIYUCJIUTEL CONPOTUBIEHUS Pe3ucTopos Ro, RE, u Ry, 4T06H nuddepeHnuaIbHbIR
koapdunmenT ycunenus 6wt okoao 30. Tok, monyv4aeMblil OT UCTOYHUKA CTAOUIBHOTO
TOKa, paBeH 2 MA.

HOuoast D1 u Dy uMEIOT TaKuUe Xe€ XapaKTEPUCTUKY, KAK ¥ DMATTEPHEIA IEPEX0]
Tpau3ucTopa @3, u Vg = 0,7 B.
Pemenne. Ilo ycnoBuio cyMMapHbI TOK SMUTTE-
poB I = 2 MA. Onpe,ueJmB Pa3HOCTH NOTEHIINAJIOB +10 B
Ha KoHNaxX R u Tok I, KOTOPHIA IPOXOIUT depe3
HEro, UMeeM

R = (2Vee — VBE) _ (14 B-10,7 B)
E= Ir T 2vA
wim
Rg = 350 Om.

W3-3a 3epkansuoro sddexra Ip = Ir. Nanee, I, =
= Ig+1Ip, Ip — ouens maux, To umeeM Ip =~ 2 MA.
U, npumenus ypasrenue (13.27)

_(10B-14B) )
Ry = A =4,3 Om;
25 MB
» 25mMB 25 M — 95 Oum -10B

e~ @/2Ir)  1wmA

(&na TpamsucTopoB Q1 u Q2).
KoaddunuenTt ycurenus no Hampaxenumo A = Re /r) win

Puc. 13.18.

Rc=A-r'=30x250m wmm Rc =750 Om.
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+Vop
4 kOM 4 kOMm
oV, 0—|
Qq Q2
Rg
6)
Puc. 13.19.

IIpumep 13.3. B gudbdepeHunaibHOM yCUIATENE HA MONEBEIX TPAH3UCTOPAX (CXe-
Ma Ha puc. 13.19, a) npuMeHEHO CMEINEHNe CTAOMILHBIM TOKOM DY IOMOIIY CTa0H-
muTpoHa. [lapameTprl ameMenToB cxeMel: Rp = 4 kOMm, Rg = 1 MOwm, Rg = 1,2 kOw,
Ry = 80 OMm, Vpp = +10 B, u —Vgg = —10 B. O6a DoseBEIX TpaH3UCTODPA MAEH-
TUYHEI ¥ UMEIOT gp, = 6000 MCwm. ¥ 6unomsproro Tpamsucropa (Q3) Veg = 0,7 B,
B8 = 100. ¥ crabummrpona D mampmxenue crabummanuu Vz = 5 B u Iz = 50 MA.
Hazu:

1) TOK SMUTTEpa TPAH3UCTOPA (J3;

2) KO(GUIMEHT yCHIeHNsA AubGDEPEHIMATEHOIO YCUIUTELS;

3) BxOaHOE COMPOTURIEHUE AUGMBEPEHIUATLHOTO YCATUTENLA.
Pemenue. YacThb cxeMbl, CIyXalasg UCTOYHUKOM CTAOWIBLHOI'O TOKA, HOKA3aHa HA
puc. 13.19, 6. Vz — HanpskeHue CTaOWIN3aUuX CTAOWINTPOHA. Ero MOXHO mpel-
CTaBUTH KaK

Vz—V,
Vz =VBg + Ig3- R wum 1E3=%;
E
_(5B-07B) _
Igs = 15 %Om = 3,6 MA,

T.e. Igs = 3,6 MA. Baxso 0TMETUTH, 9TO CONPOTUBJICHUE PE3UCTOPa Rg HOIXKHA
6BITL BHIODAHO TaK, YTOOBI
I2 ~ 1’2 : IZta
rae Iz; — MUHMMAJBLHEI TOK, YTOOGEI CTAOMIMTDPOH OLLT B COCTOAHME OGPaTHOrO
cvemenns. Ero 3HadeHme NpUBOAMTCA B TEXHUYECKUX XAPAKTEPUCTUKAX HA CTAOH
auTpoH. [ia Hamen cxeMeL
_ (VEg —Vg)

VEe=LLRy+Vy; mnmm Ry = —I_
2
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IIpu conporusiaennu Ry = 80 OM 5T0 ycia0oBUE yIOBIETBOPAETCA.
2. KooddurmenT ycmnenusa no HaOpAXEHUIO

A4 = gm - Rp = 6000 MCum x 4 xOm = 24.

3. Bxoguoe compoTtusaenue paBuo Rg naa 060ux BXOAOB, CIefOBATEIBHO, Ry =
= .Riz =1 MOm.

13.11. OnepaunonHbiit ycunurenb

Onepanuonnsit yemautens (OY) — 5To, m0 CymecTBy, yCWIATEIb IOCTOAH-
HOrO TOKa C GoabmmM Ko3dpduuueHTOM ycuaeHus. [1a BHITOJIHEHUS CBOUX
0CO6BIX DYHKIUN OH COCTOUT U3 HECKOJIBKAX KACKAIOB M MOXET BBHIIOIHATH
HECKOJBHKO MAaTEMATUYIECCKUX oneparmﬁ, TAaKNX KaK CYMMWDOBaHUE, UHTEI'PDU-
POBaHUE U T.I. — OTCIOAA HA3BAHUE «OMEPAIMOHHbINY. BaxHenne CBONCTBA
OY crenyromue:

1. Boabmon k03 pUIMEHT yCUIeHNU IO HANPAKEHUIO (B naeare — 6ecko-

HEYHBIH).

2. BricoKOe BXOAHOE COMpOTHBICHUE (B Haeale — GECKOHETHOe).

3. MaJbiil BEIXOAHOYM MMOeAaHC (B ujeale — PABHBIM HYJIIO).

4. Mupoxkas noaoca UPOIyCKAaHuA (B maeate — GECKOHETHAA).

5. BrixogHoe HampAXeHWE PABHO HYIIO, Korjaa o6a BX0Ja TOIHO PABHHI
APYT ApyTy.

6. Boasmon KOCC (B npeane — GeCKOHEYHBIN).

7. Bonbias CKOPOCTb HAPACTAHWA BHIXOAHOr'O HampsaxeHusa (06 aToMm Gy-
JeT CKa3aHo B pasgene 13.12).

IlepBrin kagecTBeHHER HHTErpatbHb OY pA709 65u1 BEINyIIEH dUpMON
Fairchild Semiconductors (CIHA) B 1965 roxy. OY pA709 umen memoctat-
KI: BO3MOXHOE 3alICIKUBAHUE BHIXOJA (BHIXOAHOE HANPAXKEHWE HPUHUMAET
bukcnpoBaHHOE 3HAUEHUE U IEPECTAEeT PearupoBaTh HA BXOJHOM CHUTHAJ)
H OTCYTCTBHE 3AIMATHI BEIXOA3 OT KOPOTKMX 3aMuikauui. QY TpeGoBal HAIN-
4UA BHEIIHeH Ieny YacTOTHOM KoMueHcanuu (2 koHAeHcaTopa u 1 pesucTop)
a8 mpemoTBpamteHusa caMoBo30yxaenua. Hecmorpsa Ha 310, #AT709 BomIen
B MICTOPUIO ¥ HAYAI PEBOIONMIO ONEPANUOHHBIX yeuauTenen. Tpu roga coycrs
Fairchild semycTuia yay4aumernyio sepcuto OY B Buge uA741, KoTOpHIA 6BLT
csobogern ot HemgocTaTkoB, mpucymmmx uA709. Oaun kougencatop B 30 nd
YeTpaHan HexenaTeabHbe Kojdebarusa. OY 741 cTad momyaapHBIM ONEePaIluOH-
HEIM yCHIATEIEM OOmero Ha3HAYEHUs, U MBI 6y1eM MCIOIL30BATE €r0 B 3TON
InaBe B KadecrBe Mmogenu. Kpome dupmer Fairchild, om mpomseoguTca me-
CKOILKUMU APYTMMHU KOMIAHWAMHU TIOJ KX COGCTBEHHOUM MAapKOW, HAIIPUMED,
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National Semiconductors (LM741), Motorola (MC741) u T.x. Teneps cyme-

crByeT 6oabinoe MHOXeCTBO QY CaMEBIX PasHBIX BUJOB, CO CHEIUGMUICCKAMY
XapaKTEPUCTUKAMI, IOAXOAAUNMY IS PAIAIHEIX CXEM.

IIpocToTa npVMeHEHNA W HU3KAA IIEH3,

+Vee OY gmobGasaamoT uM eme GOIbIIe TPUBIEKA-

TeasbHOCTH. OY, KaK yIOMUHANIOCE PaHee, —

MHOI'OKACKAJHHY YCUIATEIb. B IelCTBH-

A TEILHOCTH, €ro CXeMa HAMHOI'O CJIOXHee

(MBI ykIOHMMCA OT HOAPOGHOrO M3yIEHWA

cxemsl OY). Ero nepsuiit kacka g — audie-

CurHan —*Vo  peHmmAILHEIN yCHINTEIb C CHMMETPHIHbIM

¢ "p:a%‘i‘a”'z:"em BXOJIOM W CHMMETPHUYIHLIM BEIXOJOM, O6ec-

[EeYUBAOIINAY  ONEPALVOHHOMY YCUIATENIO
R BBICOKO€ BXOJHOE CONPOTHUBICHWE U GOJb-
IO KO3((PUIMEHT YCWICHUS [0 HAIPIKE-
Huto. [IpoMexyTo4uHbIE KACKALE MOTYT CO-
IepXaTh APYrou AuddepeHnnaIbHb yCu-
Puc. 13.20. Yupouennas cxemMa Be-  JIUTeb (C CAMMETPUAYIHEIM BXOJOM U HECHAM-
XOZHOTO KACKa/a (ABYXTAKTHI OMUT-  \ orrprerpry vy BBIXO/IOM), 38 KOTODPBIM CJIEeY-
TepHBIM MOBTOPUTEIb KIAcCa B)
€T KaCKaJ SMUTTEPHOr0 MOBTOPUTEIA. DTH
CXeMBI yBeIN4YNBAIOT KOdd(PUOUEHT ycuie-
HUA 10 HANPAXKEHUI0 ¥ MOBBIIAIOT BXOAHOE CONPOTHUBIECHUE YCUIATENIA.
BrixoaHou Kackaj, KaK MPABWIO, ABYXTAKTHHIM KOMILIEMEHTAPHBLIA SMUT-
TepHBLIA HOBTOpUTENb (M306paxeH Ha puc. 13.20). On yBeauuusaeT pasMax
BEIXOHOI'0 HampsxkeHus u cnocobuocts OY cHAGXATH HATPY3KY GOMLIINM
TokoM. B peamsaeix OY, BMecTo pesuctopos R, mokasanubx Ha puc. 13.20,
TPUMEHAITCA AKTUBHEIE HATPY3KY, 06Pa30BaHHbLIE TPAH3UCTOPAM.

~Vee

Ycaosnoe epaguuecroe 0603nanenue

Ha pmc. 13.21, a npuseneno yciosuoe rpadgudeckoe obosuagenme OY. it
MPOCTOTHI BHIBOBI MUTAHAA U HEKOTOPHIE APYTHE B CXeMaX He M306paxkaioT.
Bxoauou kackan OY — nuddepeHunaIbHbl yCWINTeIb, U uddepeHnuanb-
HEIE BXOJHI 0603Ha4aoT 3Hakamu (+) u (—) (puc. 13.21, 6). Bxog (+) Ha3b-
BAETCA HEVHBEPTUPYIOMMH BXoJ4. IlepeMeHHEIH BXOJHOW CHUIHAJM, IIOZAHHBIA
HA 3TOT BXOJ, NPOU3BOJUT COBIAIAIOUMNA 1O (ase BHIXOAHOU curHal. Ecax
HA 5TOT CATHAJ MOJATH NOCTOAHHOE HAIPAXKEHNE, OHO MOABIACTCA HA BHIXOAE
C TaKOH Xe MOJAAPHOCTHI0. Bxok, 0603HaYeHHEIN (—) HA3BIBAETCA UHBEPTHPY-
IOIIUA BXOJ, ¥ TIEPEMEHHBIA BXOTHON CUATHAMN, TPUIOKEHHEN K 3TOMY BXOAY,
OTIAYIAETCA OT CUTHAIa HA Bhixoge Ha 180°. IIpunoxkeHHBIN CUTHAT MOCTOAH-
HOI'0 TOKA, MOABJIAETCA HA, BEIXO[E C OOPATHOM HOMLAPHOCTHIO.
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. ® +V
WnBepTupylowmi ce VIHBEPTUDYIOLLWMIA
BXO[, BXOA,
vi1 —_— V“ —_—
Vo A Vo
Vi + Buixoa Vo + Buixog
HeuHsepTupyioLwmin HevHBepTupylowmii
BXOQ, BXOA,
® Ve
a) 6)

Puc. 13.21. YcaoBroe rpadudeckoe o6ozmadenue QY. Bce mampsxeHusa IOKa3aHbLI
10 OTHOLICHMIO K 3eMie. «A» — 6onbIIon KO3bGHUINERT yCUIeHAA C Pa3o-
MKHyTOH meTaei o6parHon cBasu (a). O6osmatenne OY, ucnomssyemoe
vame. Voo u VeEg BCerga mogKIIOYEHBI, HO B CXeMaX OOBIYHO HE ITOKa3bl-
BatoT (6)

Crembl noJKANOUENUA

Pacnonoxenue BriBogo OY 741 B Hambosree MIMPOKO MPUMEHAEMOM KOPILY-
ce — DIP! u B KpyriioM MeTaLIMIecKOM kopuyce u3obpaxeHo Ha puc. 13.22.
BriBogbI 2 1 3 — MHBEPTUPYIOUWY U HEMHBEPTUPYIOMWE BXOAEL. BEIX0 CHE-
MaeTca ¢ BeIBoga 6. Bce aTu BXoAHEBIE M BHIXOJHBIE HANPAKEHUA — 10 OTHO-
meHUIO K 3emie. [lomoxuTrensHoe HanpAXeHNe MUTAHUA Vo TOAKIIOYAETCS
K BHIBOAY 7, a OTPHIATEIbHOE HAIpAXKeHWe NUTaHuA Vgg — K BeIBOAY 4.
BriBogbr cmemenus Hyns — 1 u 5 6ygyT 06Cy XK eHEL TIO3XKeE.

Hemounuru numanus das 0Y
Kax mu1 sameTmau npu o6cyxaeanu quddepeHInalIbHbX YCUIATENed U Ipu
paccMoTpenun cxeMsl Ha puc. 13.20, OY 741 (u 6oapmoe ducno apyrux OY)
TPeOyIOT A1 PaOOTH ABA UCTOYHUKAS TATAHUAA — OJUH [JIA MOJOKUTEIHLHOT0
(mo oTHOWIEHWIO K 3eMie) HAUPAXKEHUAA Voo W APYTOHM ANA OTPULATEIHHO-
ro Hanpaxenus Vgg. Bemnunnel Voo u Vg 06BI9HO 0MHAKOBEI, HAIIPUMED,
Vec = +15 B u Vgg = —15 B.

BMmecTo mpumeHeHMs IBYX OTHEIBLHBIX HCTOYHHMKOB, Voo M VEgp MOXHO
TIOJIYYUTH OT OJHOT'O UCTOYHUKA MUTAHUA Uy, KAK MMOKa3aHO Ha puc. 13.23, a.
ConpoTusnenne pesucTopoB R BriGupaeTcs JOCTATOTHO 6OABUIMM (HECKOTb-
k0 KOM), 94TOOH M3IHWIIHE HE HArPYXKAaThb MCTOYHUK murTamui. [womer D
7 Dy samumator OY oT 06paTHOr0 BKIIOYEHNA UCTOYHUKA Ugs U IPEIOTBPa-
MA0T NPOTEKAHNE B cxeMe OOPATHBIX TOKOB. KOHIEHCATOPHI Pa3BA3BLIBAIOT
HCTOYHWK OUTAHUA OT [I€PEMEHHBEIX TOKOB. BMECTO ABYX PE3UCTOPOB TaK¥kKe

1 . .

DIP — a66peBuaTypa anrmmickoro HasBanua «Dual In-line Package», o3rataoman kKOpIyc
€ IBYyXPAZHBIM PacHOJOXeHWEM BHIBOJOB, YAOGHBIM 1A MOHTAXa ¥ HEAOPOrOM THI KOPILYCa
U3 IIACTMACCHI WX KEPAMUKH.

13—2890
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MOXHO IPUMEHUTDH IMOTEHIIMOMETD, ITOOB yaoOHee 6BLIO PEryaupOBaThH pa-
Berctso Voo | = |Ver |, kKak sT0 nokasano Ha puc. 13.23, 6. Puc. 13.23, 6
WLTIOCTPUAPYET IPUMEHeH”e CTAOKINTPOHOB MU MOJYIEHUA CHMMETPUIHEIX
nuTapomyx Hanpaxeani. ConpoTusienune pesuctopa Ry J0/KHO GBITEH JOCTa-
TOYHO MAJBIM, YTOGH 06€CIIEYATE AOCTATOYHRN TOK CTAOMINTPOHAM Z1 ¥ Zo
A paboTHl B PeXuMe Ipo6od.

1 U 8
= - MerTka
2 7
+Bxop, [ I+(V)
3 6
+Bxon [] —1Bbix04
4 5
-v O ]+ Cmelueruve BbiBog, 2
R BuiBopg, 1
Kopnyc DIP
a) 6)
NC
(-) Cmeuienne
HYNs (3 V) Kpyrnbiit
MeTannm4eckui
Kopnyc
+Bxop Q) O Brixop,
+Bxop (+) Cmewenme
Hyns
V) Y
B)

Puc. 13.22. Pacnonoxenue BeBogo OY 741: xopmyc DIP (a) u (6); xpyrism MeTal-
mraeckuit xopmyc (6)

IKEUBAAEHNHAAL CTEMA OTEPAYUOHHKOZO YCUAUMEAA
Ha pwuc. 13.24 npencrapiaena skBuBajdeHTHas cxema OY. Bxoanoe compoT-
BieHne R; paBHO SKBUBAJEHTHOMY COINPOTUBIECHUIO MEXAY ABYMs BXOLHBIMA
KneMMaMu. BxogHoe comporuBnenve R; y GUIOAAPHOrO BXOAHOI'O KacKajd
OY o6sras0 ~ 2 MOM (kak y OY 741). OY ¢ BXOZHBEIM KaCKaOM Ha, IOXEBBX
Tpamsucropax (mampumep, LM351) mmeeT ropasmo Gombiuee BXOLHOE COMPO-
tusnenne (~ 10'2 Om) u odyens maneri BxogHOR TOK (~ 107° A). BrxogHOe
comporusieHne R, — SKBUBaJEeHTHOE CONPOTHUBICHNE HA BLIXOAE, HAOMIOLAE
Moe Ha, BEIXOJHO! KJieMMe BHyTpb. OHO 061180 B guamazoxe oT 10 go 100 O,
¥ yMeHbIIaeTCA Opu ucnoab3oBanuu OY ¢ 06paTHOM CBA3bIO (KaK HTO TacTo
U JelaeTcs).
Brxoanoe manpsxenue v, OY ( puc. 13.24) pasro

v, = Avg = A(vy — vg). (13.28)



13.11. Onepayuornvil ycuiumenv 37\9

rage A — x03pPUIUEHT yCHICHMA IO HAMIPAXKEHWIO C PDA3OMKHYTOUW HeTJeH
0C; vy — puddepennuaibEOe BXOAHOE HANPAxKeHue (Pa3sHOCTH BXOAHBIX Ha-
NPAXKEHWH); U] — HANPIXKEHUe HA HEMHBEPTUPYIOMEM Bxoje (IO OTHOIIEHMIO
K 3eMJIe); Uy — HAIpPsKeHue Ha, MHBEPTUPYIOEM BXOZ€ (0 OTHOLIEHWIO K 3eMI€).

+Vee (= + Ve/2) D, +Vee

R= c
Ve— * Vo=
_DK]__l__. 5 m o
2 ~Vee (= - Ve/2) 2 ~Vee
a) 6)
Diny s +Vee (= + Vzi)
K °
D™ ~Vee (= - Vz2)

B)

Puc. 13.23. Tlony4yeHune mOJOXHATEILHOI'0 M OTPHUUATENHLHOrO HANPAXEHUA OT OTHO-
ro ucrounuxka (a) u (6). IlomoxurensHoe ¥ OTPULATEILHOE HAIIPAXKEHNE,
TIOXyIeHHOE OT ABYX CTafmmaTpoHOB (6). Vz1 u Vzo — Hampskenus cra-
6uam3auyy CTabHIMTPOHOB

Puc. 13.24. OxsusanenTHas
CxeMa, OMEPaIMOHHOI'0 YCILIA-

TeJs
MHBepTUpyowuin 2
BxonA, Vs, -
Vg Vo Bbixog,

HevHBepTupyiowuit |
Bxon 3

Ypasrerne (13.28) mokaseiBaet, yro OY ycmamBaeT pa3sHOCTDH ABYX BXOJ-
HBIX HAIPAXEHWH, & MOJAPHOCTD BHIXOAHOIO HAMPIXKEHUA 3ABUCUT OT IIOJAD-
HOCTH PasHOCTY HALDSXKEHUH.

Ecmu B ypasmerunm (13.28) va = 0, To v, = Av;, u OY paboraeT kak
HEMHBEPTUPYIONMYA yCuInTelb, ecia v; = 0, To v, = —Av;, ¥ OH paboTaeT
KaK WHBEPTHUPYIOINH yCAINTEb.
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«A» — K03)PUIMEHT yCUIEHNA C PA3OMKHYTOM O6PATHOU CBA3LIO, T. €. 6€3
o6paruaon cBa3u. KoadppunuenT yCuneHusa ¢ pasOMKHYTOU OOPATHOM CBA3BIO
O4eHb GONBIION U OGBLIYHO JeXUT B Auamasone or 10* go 106,

13.12. XapakrepucTvku 1 napaMeTpbl OnepauyoHHOro
ycunurens

Ilepedamounas TapaxmepucmuKra no HANPANCEHUIO

OcHOBHOE ypaBHEHME ONEPAIMOHHOTO
Yo ycmiuTens — 310 ypasaenue (13.28).
T'pa¢duk 3aBHCHMOCTH BHIXOAHOI'O Ha-
NpAXEHNA v, OT AuddepeHnnaIbHO-
'O BXOJIHOT'O HAIIPAXEHUSA Vjg COLIAC-
HO ypaBHenmio (13.28) maer mepena-
TOYHYI0 XaPAKTEPUCTHKY IO HAIDA-
XeHWI0, MpUBEJEHHYIO Ha puc. 3.25.
Haxnom rpaduxa pasen xoadduiy-
enTy ycwienua A, KoTopuiu OyaeMm
CYMTATDH MOCTOAHHBIM.

Baxroe CBOMCTBO, 3aCIy KMBAIOIIEE
BHuMaHUA (pmc. 13.25) — BoxogHOE
HANIPAXEHHE IPOHOPIUOHAILHO BXO-
HOMY ¥ MEHAETCA JUHEeWHO, MOK3 HE JOCTUTHET HACHLINICHUA MDY 3HAYCHUIX
+Vsqt WIA —Vgqp. DTO O3HATAET, 9TO 6biZoOHOEe Hanpaxcenue OY wuxoeda
He npesviwaem 3nauenuti tvsgr. SHAYCHUA HANPAKEHUN HACBHILEHUA ~+Usat
—Usqt HE3HAUMTENLHO MeHbine (~ 1 B) nuraromux sanpsxenu# cxemsr +Vee
7 —Vgg. Hanpsaxenua HACHIIEHUA OPUBOAATCA B TEXHWIECKUX XaPaKTEPH-
crukax OY. KoapdunmenT ycunenus A 06bI9HO0 0YEHD BIMK, TaK 9TO Ipaduk
MEepefaTOYHON XaPAKTEPUCTUKY 110 HANPAXKEHAIO HOYTH BEPTUKAILHBINA.

A

—Vig Hig

=== o Veat

Puc. 13.25. Ilepegarounas XapakTepUCTH-
xa 1o Hampsxenumio QY

Hacmomnaa Tapakmepucmuke u npouseedenue koddPuyuenma

YCUACHUA NG WUDPURY NOAOCHL NPONYCKAHUA
KosdduumenT ycurenus no HanpsaxeHuio ¢ pasoMkayTon netien OC 3apucuT
OT 9acTOTHI. TunuyHkIN rpaduK 3TOM 3aBUCAMOCTH, U3BECTHLIA KaK IacTOT-
HAA XaPAKTEPUCTHKA, m300paxeH Ha puc. 13.26. [lna 6oasmmucTea OY KO-
s dunmenT yewienna ¢ pasoMkuyTon nerien OC mocTosseH TOMBKO B 09E€HD
y3kom aumanazone — 5—10 I'm. ITo aroi nmpuanre OY B auHeHHBIX cxemax 0€3
06paTHOM CBA3YM MPUMEHIOTCA PEAKO. UTOOH yIyduuThL paspenmenune rpadi-
K3 B IIMPOKOHA ITOJOCE YACTOT, KO3GMPUIMEHT YCUIEHHA OOBIYHO BHIPAXKaioT
B memmbenax, a JaCTOTY OTKJIAJLIBAIOT TO JOTapupMudeckon mKare. 1P
YBEIMYEHUHN JACTOTHI KO3 IUINEHT yCUICHUA NaAaeT.
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Puc. 13.26. Tunuynas xapakTepucTu- YcuneHue
K3 3aBHCHMOCTH K03ddunuenTta ycure- € Pa3OMKHYTON

HHA OT 4aCTOTHI nen:eu ocC

A

1 10 102 108 10* 105 106 “acrora (Tu)
Y 6ompmmacTBa OY K03 PUIUEHT yCHIeHUS TanaeT cO cKopocTsio 20 1B
Ha Kaxgoe 10-kpaTHoe m3menenue qacToThl (—20 a1B/mexana). [Ipoussenenne
K02(h(PUIIUEHT, YCANCHAA Ha, TOAOCY IPOMYCKAHUA (ITO PABHO 9aCTOTE, HA KO-
TOPOU KO2(h(GUINEHT yCUICHUA PABEH €JUHUIE) ¥ ONEPANUOHHBIX yCHUINTeIeH
0061980 paBHO ~ 1 M@,
PealbHbIN Y4CTOTHBIA AMAIA30H MOXET OBITH 3HAYUTEILHO PACIIMPEH IIPU
npuMmenennu B cxeme ¢ OY orpumarersnor o6paTHOM CBA3uM, O deM GyneT
noAPOGHO M3NOKEHO Jajee.

Cxopocmb HAPACMAHUA BBIZOOHO20 CUSHAAG

CxopoCTh HAPACTAHWSA BLIXOAHOT'O CHCHAJNA OTHOCHTCA K YACTOTHBHIM Iapa-
merpam OY. Korga BxogHOoe HampsAXeHWE MEHAET CBO€ COCTOAHWE OT HU3-
KOr0 K BBICOKOMY WIH HA060pPOT, COOTBETCTBYIOIIEEe M3MEHEHUE BLIXOJHOI'O
HANIPAXKEHUA MPONCXOAUT HE OFJHOBpeMeHHO. [lpyruMu croBaMu, BHEIXOZHOMY
HANPAXKEHHIO TPpeOyeTcsa KOHEYHOEe BpeMsdA, ITOOHEI MEHATHCA B COOTBETCTBUH
¢ M3MeHeHuAMH BXOAHOr0. CKOPOCTH HAPACTAHUA BHIXOAHOI'O CHTHAIA SBIA-
€TCA MEePOH TOro, Kak GhICTPO BeIxXOAHOe Hanpsxkeame QY MoxeT MEHATHCA
B OTBET HA M3MEHEHWE YaCTOTHI ¥ AMILIUTYALI Ha Bxoge. MakcuMaIbHasA CKO-
POCTB, C KOTOPOM BLIXOJHOE HAMPAXKEHNE MOXET MEHATHCA, HA3BIBAETCA CKO-
POCTH HAPACTaHWA BXOAHOI'O CHTHAJIA, OHA m3MepsaeTca B B/mxc. CkopocTs
HAPACTAHUA HAKIAJLIBAET APYTHEe OTDAHUYCHUA Ha MAPAMETDPHI YCATATENA.

YeM BLI3BaHA KOHEYHAA CKOPOCTH HAPACTAHUA BLIXOAHOrO curaata’ B cxe-
Max OY O6GHIYHO HPHUCYTCTBYIOT KOHJEHCATODHI (Takme, KaK KOHJEHCATOD
emkocTeio 30 m® B OY 741) KaK 9acTh YaCTOTHO-KOMIEHCUPYIOMEN HEeNH A1
obecnedenns CTaOMILHOCTH ¥ YIyYIIAIOMKE MAJOCUTHAJILHLIE YaCTOTHBIE Xa-
PAKTEPUCTUKY yCAIUTENI. BHyTPDEHHIM eMKOCTAM TpebyeTca BpeMs, ITOOH
3aPAAUTHCA 40 YPOBHS BHIXOJHOTO HAIDAKEHNUA, ClIe/IOBATENbHO, BHYTPEHHHE
€MKOCTH OTPAHMIMBAIOT BO3MOXHOCTH BBIXOJHOI'O HAIDAXKEHUA HEMEIJICHHO
ClIeI0BATH OLICTPLIM M3MEHEHNAM BXOJHOTO HAIDAXEHUA.

U3 Teopum saeKTPUYECKUX ILeTled M3BECTHO, 9TO CKOPOCTH HAPACTAHUA
HAMPAXKEHNUA Ha KOHJCHCATOPE MOXHO BEIDA3UTh, CIEAYIONMM 06Da3oM:

dve/dt = I/C.
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Korma usmenenme Toka I JOCTHUraeT CBOEr0 MAaKCHMAJILHOI'O 3HAYEHUA, CKO-
POCTb HAPACTAHWA HANPAXKEHWUA CTAHOBATCA MOCTOAHHOK. Ecam B3ATL HAIPa-
XEHVE Ha KOHJEHCATODE KAK BLIXOAHOE HAMPSXKEHWe, 3apPANHBIA TOK HAKIa-
OBbIBaET OTPAHUYEHNE Ha CKOPOCTEH M3MEHEHMA BHIXOJHOrO Hanpsaxkenua. Eciu
MaKCHMAJBLHBEIA TOK 3apaaa 6yaer, manpumep 60 MKA, Torga MakCMMalbHas
CKOPOCTH M3MEHEHWS HANDSXKeHuA Ha kougencarope 30 od

dv./dt = dv,/dt = 60 MxA /30 nd = 2 B/mxc.

CunenoBaTensHO, YTOOH! BRIXOAHOE HalpsaxeHue yBeawumwnock 1o 10 B, Tpe6y-
eTCda BpeMd 5 MKC.

B Texmm4eckumX XapaKTEPUCTUKAX OGLIYHO YKa3HIBAETCA CKOPOCTH Hapa-
CTaHWMA BHIXOJHOI'O CUTHAJIA DU €AVHMIHOM yCHIEHUH (T. €. KOTAa BEIXOAHOE
HaIpPAXeHWe = BXoAHOe Hampskenue). [[pumeM, 9T0 BXOAHOE HANPSIKEHUE U;
¥ BHIXOHOE HAIPIXKEHUE U, — CUHYCOMAAIBHEIE KOAeOAHUA C AMILTUTY A0 Vi
¥ 9aCTOTOM W, TOr'[[a X MOXHO BHIPA3UTDH KaK

v; = Vpsinwt u v, = Vi sinwt.
CKOpOCTH M3MEHEHUS BHIXOJHOTI'O HANPAXKEHUA PABHA
dv,/dt = Vipw cos wt.

Ona MakcuMaiabHa Ipu €oS wt = 1, TOrAa CKOPOCTh HAPACTAHHUA BXOLHOTO
curnana (SR ) paBHa

dvo/dt| =SR=Vpw
max

NJIHA

SR = 21 fVy, (13.29)

rae f — 9acTOTa BXOAHOTO CUCHAJA, Vi, — aMILIATYLHOE 3HAIEHWE BXOLHO-
ro curnana. Ecau manaraemoe ypasHeHueM (13.29) orpanwdenue Ha BXOAHYIO
9aCTOTY W MAaKCHMAJIBLHOE BLIXOJHOE HANPSXKEHWE MPEBBIIASTCA, KOHEYHAd
CKOPOCThb HaPACTaHUA BHIXOJHOTO CATHAJIA BHI3OBET €r'0 MCKAXKEHWE. Y PaBHe-
mme (13.29) gaeT MAKCHMATBHYIO YACTOTY PAGOTHI Ipu TPeGyeMOou aMILIATY e
CUTHAIA KaK

_ SR
f mar — m'

IIpm gacToTax f > fiae CUHYCOMAANLHOE BXOAHOE Haupsakenwe OyneT
IPEeBPAIIATLCA HA, BLIXOAE B TPEYTOJbHYIO (pOPMy — DTO HCKaXKeHHe OT KO-
HEYHOM CKODOCTHU HApPACTAHUA BLIXOAHOrO CATrHANA. [lia mo6bIx 9acTOT HHA-
Xe fmar ypaBHenme (13.29) ompegenseT MaKCMMAIbHOE HEUCKAKEHHOE KOJIE-

6anue BBIXOTHOT'O HAIIDAXECHUA.

Bzoonot mox cmeuwenus
B ugeansaom OY, Korga MHBEPTUPYIOIIMA MIM HEMHBEDTHPYIOIMY BXOS 33
semred (K J060My M3 BXOZOB He NMPHJIOXKEHO HUKAKOI'O BHEIIHEr'O HAIPAXKE
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HUA), OPEANONATAETCA, YTO IOCTOAHHBIE TOKM cMemmleHusa Ig; u Ipy, BTeka-
Iolye B MHBEPTUPYIOUXY UI¥ HEUHBEPTUPYIOUMHA BX04, OyAyT PABHEI HYJIO
(pmc. 13.27). B peanbrrrx QY 6a3osrie Toku Ip; u I[gs HE PaBHBI HyIO. DTO
TIPOUCXOAUT MOTOMY, 9TO XOTS BCE DIEMEHTHI CXeMBI IIPOW3BEJEHBI B OJHOM
KDHCTallle M IPU OAMHAKOBLIX TEXHOJIOTMYECKUX MPOIECCAX, XAPAKTEPUCTH-
KM ABYX TPaH3MCTOPOB KacKaja AuddepeHnualbHOr0 YCUIUTeRd He BO BCEM
MACHTUIHEL
B xapaxTepuctukax OY mpmBoAMTCA BXOA-

HOU TOK cMemieHus g, KOTOPHIN PaBeH CpeaHeMy +Vee
3HAYEHUIO TOKOB Ig; u Ips, T.e.
Ipp+1
1 = Yot le) (13.30) >

3HadYeHne BXOAHOTO TOKa, CMeleHna /g o4eHs
MaJIo, OHO MOXeT OBITh B JMANA30HE OT HECKOIb-
KUX HAHOAMIIED [0 HECKOALKUX COTEH HAHOAMIIED.
Hampuwmep, y omepanmonnoro ycummrens pAT741
Ip = 500 HA npu MAKCHMAILHOM HANPAXKEHUH
mutanud (Voo u VEg) = £15 B. Y 60nee nosaaux ~Vee
coppeMerHbIx QY BXOAHOM TOK CMENIEHUA €INE puc 13.27. Heconmaserme
6osee CHIDKeH. JeM MeHBbIIe BXOAHOM TOK CMEINE- 1Byx MONOBHHOK AndbepeHIn-
Hua, TeMm aydme OY. Beawumna BXOAHOrO TOKa aIbHOTO YCHIHTENA BEISHIBAET
CMEIIEHAA OTPAKAET CTENEHb HECOBIAJCHHA He- HEHYJEBHe 6a30nbie TOKM mpH
MEHTOB Npu6opa. XOTA BXOJHOM TOK M MaJ, OH HYIGROM BXOHOM HANpK ORI
MOXET BBLI3LIBATEH BHIXOAHOE HANPAXKEHNUE (HA3HIBAEMOE BHIXOJHBIM HAIDIKE-
HUEM CMELIEHWs), IPY HANPAKEHNM 060MX BXO/J0B, PABHBIX HYIIO.

[Ipun n3yJennn KOHKPETHLIX CXEM MEI PACCMOTDPHM CIOCOGH MEUHAMU3AIUAA
BIMAHWA KOHEYHOrO (HEHYJIEBOI'0) 3HAYEHHSA BXOJHOIO TOKA CMEIIECHU.

Vo

'”_‘ke‘ "jw

Pasnocme 6xodnviz moxos
B peanbabix OY u3-3a BHyTpDEHHWX HECOBIAJEHUM 3IEMEHTOB B cxemax OY
roku Ip; m Ipy (puc. 13.27) He paBHH Mexay co6ou. PasHOCTL BXOZHBIX
TOKOB I;,, yKa3bIBaeMas B TEXHUIECKUX XAPAKTEPUCTUKAX, MOKA3LIBAET, Ha-
CKOIBLKO MAaKCHMAJIBHO DTHM TOKY MOT'YT OTJAMYATHECA. 10 eCTh,
Iio = |Ip1 — Ipa|.

OY 741 umeer makcumaubHbA I;,, paBaem 200 HA, 9TO 03HAMAET, YTO
TOK 6a3bl Ip; MoxeT GHITH Goablne wiw Menbme Ipy MakcumyM Ha 200 HA.
Y omepanuMOHHLIX yCHAXTENEN C BXOAHBIM KaCKaJOM Ha, MOJEBLIX TPAH3UCTO-
pax s3madenne [;, Ipe3BBIYAMHO Malo, ~1 HA mim MeHbIIe.

PasnocTs Bxogaubrx TOKOB Ij, BEIBEIBACT Pa3HOCTL NOTEHIMAIOB MEXIY
AByma Bxogamu OQY, 9TO DPUBOAUT K CMEIIEHUIO BLIXOJHOT'O HANDAXECHUA.
Ognako B gmedicTBUTeabHOCTH [;; HAMHOTO MeHBINE, 4eM BXOJHOM TOK CMe-
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wenus Ip (ypasuenue (13.30)). CregoBaTenbHo, ZOCTATOYHO NPUHATH MEDHI
TONBKO A YCTPAHEHWA BAMAHUA Ip U MTHOPMPOBATL MEHBIIEE BIUAHUE Pa3-
HOCTY BXOJHEIX TOKOB.

Bzoodnoe nanpasicenue cmeujenus

Bxoguoe HanpsaxeHume CMeleHUA v;, — AuddepeHnuaIbHoe BXOJHOE HApa-
XKeHue, CyHmecTBymomee, korga Bxoasl OY HUKyAa He TOAKIIOYEHBL. Y Hje-
anpaoro QY BXOAHOE HANPAXKEHWE CMEIIEHWA PABHO Hym0. B peamsabix OY
HEBO3MOXHOCTDH MOJYYeHUsA TOYHO OJMHAKOBEIX IMAPAMETPOB Yy ABYX TPAH3MU-
CTOPOB BXOAHOrO (mepBoro) augp@depeHnraILHOr0 yCATUTEILHOIO KACKa I
NPUBOAUT K HEHYJIEBOMY 3HAYEHUIO Ujp. OHO yCHMIMBAETCA IOCIEAYIOLIAMHI
kackagamu OY ¥ OPUBOAUT K NOSBICHUIO BEIXOAHOTO HAIPAKCHUA CMelle-
HEA Voo (puc. 13.28). BrixoaHO€E HANPAKEHUE CMELIEHNA Upo ABIACTCA OMIAOKON
¥ JONXKHO OBITH MUHMMM3UPOBAHO. [lanee v,, ABIAETCA MOCTOSHHBIM HATPS-
XKEeHNeM, KOTOPOe MOXET OBITH MOJOXWTEIHHO WIM OTPHUIATENLHO, B 33BH-
CIMOCTH OT 3HAKa Uj,. UTOOBI YMEHBIIUTH Uy, A0 HYHIA, TPEOYETCA MEXIY
pxogamu OY OPUIOKUTHL HALIPIKEHWE COOTBETCTBYIOUIEH IOIIPHOCTH, PAB-
HOE IO AMILIUTYAE BXOAHOMY Hampsxenwio cMmemenwms. Hampumep, OY 741
uMeeT v;, = 6 MB, 94T0 03HaYaeT, YTO MAKCHMAJILHAA PA3HOCThL MOTEHIMA-
JIOB MEXAY BXOAaMH MOXeT OHTh g0 6 MB. OTo manpsaxenwe moxer GHTbH
TMONOXUTENbHBIM Wiu oTpunaTedbHeiM y OY opmoro Tuma (gaxe u3 ofHOR
YIAKOBKM) ¥ MOXET OTIMYATHhCA OT mpubopa K mpubopy, HO Bcerga GyzeT
He Goabie 6 MB (y omepanmonHbx ycmamrenen 741).

+15
(+Vee)

+Vee

+Vee 10 kOM
Puc. 13.28. Bxoanoe HanpaxeHne Puc. 13.29. Peryimposxka BxogHO-
CMELIEHNsA CO3J3aeT BBIXOZHOE Ha- IO HAIPAXEHUA CMEIIEHUA

npaXeHne CMEUEHUA Uoo

OY 741 uMmeeT BCTPOEHHYIO [ENh, HA3LIBAEMYIO IENbI0 KOMIEHCAIMY BXO/-
HOI'O HANPAXEHUSA CMENIEHUA, ITOOR yCTAHOBUTE V;, C TPeGyeMou moapHO-
CTBHIO ¥ 3Ha4eHmeM. [[ng 5TOro ciegyeT K BHIBOJAM PEryJUPOBAHHUA CMELIE-
Hua 1 v 5 mogkmounTs moTennmoMeTp conporusieHueM 10 kOM, aBUKOK KO-
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TOPOr0 MOAKMOYAETCA K HCTOYHUKY OTPUIATEILHOrO HAIPAXKEHUA (BBIBOA 4),
KaK DTO IOKa3aHO Ha puc. 13.29. PeryiupoBKod HOTEHIMOMETDA BBIXOZHOE
HANPAXKEHUE CHUXKAETCA WIM AOBOAUTCA 0 Hyksa. Ha puc. 13.30 msobpaxen
€coco6 KOMITEHCAIIMM HAIPAXKEHWA CMEIIEHUA BHEMmHeH cxemou. IloTenmmo-
METD PEryJIupyeTca TaK, YTOOLI BXOJHOE HAIPIKEHNE CMEIIEHUA U, BEI3BAH-
HOE MM, yAAJAN0 BLHIXOJHOE HANPAXKEHUE CMENIeHMA. DJeMEHTH cxeMbl R, R4
¥ Rp moabupaioTca Tak, 9TOOHI He HAPYIINTH HOPMAJILHYIO PabOTy CXEMBI

ycunuTes.
+
+VCC I
= VO —
R/2 P
Soem | YN
R/Z(—l

R
Ve B
= Rt (max)
a) 6)
+Vee
+Vee
~ R
P P
R
~Vee
VeE v (max) = Vee Vin(max) = ~Vee
() 8) ()
Rm p Ra
Vm Rz V= Vlo
=
r)

Puc. 13.30. KoMmencanua CMEIMEHNA BHEIIHEH CXEMOMR

CxeMy KOMIeHCAIEY MOXKHO NPOAHAIN3NPOBATEH [TPY IIOMOIIY 3KBABAJICHT-
HOM CXeMbI IpaBou JacTa OT Touku P (puc. 13.30, a). MakcumanrHoe skBu-
BaJleHTHOE CONPOTHUBICHNE Frp(1mqy) MOMyIaeTCA, KOT/IA ABMKOK IOTEHIMO-
MeTpa POBHO mocepefuHe NoTeHnuomerpa. 13 puc. 13.30, 6 moxygaem

R _R R R
Thmax) = 5 1l5 = 7

MaxcrmanbHOe 9KBUBAICHTHOE HAIPAKEHUE Vrp(meg) PaBrO Voo wm —Vgg
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OpHU IBYX KPaWHUX MOJOXKEHWAX ABUKKA MOTEHIMOMETDPA, KAK M300DaXKeHo
Ha puc. 13.30, 6.

C nomom10 Vrp(mer) ¥ Rrn(maer) CXeMy kommnencamwwm ma puc. 13.30, o
MOXHO IIpeACTaBUTEH B Buge puc. 13.30, 6, Torga umeem

Rp
(RTh(max) +Ra+ Rp
Crenyer BeibpaTh R4 > Rrp, 9T06BI R4 HE3HAYMTENLHO BIMAT HA, V.
Tax xe u Ry > Rp, 9T06b1 Gonbias 9acTh TOKa cMemenna OY mpoTekaia

gepesRp. A Rp o6wrauo Buibupaercsa menee 100 Owm. Ilpu ycaosum Ry >
> Rrp, > Rp ypasuenme (13.31) MOXHO NpHOAM3ATENLHO 3a0MCATD KAk

vio = Rp - V/Rua,

V= Vio = ) VTh(ma.x)' (1331)

rae
V =Vrn = |Vec!| = |VeEl- (13.32)

13.13. 3akno4yeHme

Cpeau MHOT'OTPAH3UCTOPHBEIX CXEM OCOOLIM MHTEpeC mpeAacTapigeT audde-
PeHIMAILHBIA YCWINTEIb. B HEM IPUMEHEHHI COBIAJAIOIIAE IO XaPaKTEPH-
CTHKaM TPAH3UCTOPHI, YTOOH OHM MO YCUINBATH PA3HOCTD ABYX CUT'HAJOB,
NPUIOKEHHBIX K ABYM €ro BXOZAaM M B TO K€ BpeMs HOJABIATH CuHpa3-
HBIe CUTHAJIBL. Tpe6oBanu K cuMMeTpuy quddepeRnraILHOr0 KacKaja Jerko
YAOBIETBOPAIOTCA B GOJBIIEN CTENEHY B (JOPMATE MHTErPAILHOM CXEMBI. Xa-
PaKTepuCTUKA AuddepeHInalbLHOr0 YCUIATEAI MOXHO YIyIlnTh IPAMeHe-
HHEM CMEIIEHUA UCTOYHUKOM CTAOWILHOrO TOKa. [l 3TOro ecTh HeCKOMbKO
CII0CO60B, TAKUX KAK CMEIIEHNE NOCTOAHHBIM TOKOM C AMOJHOU KOMIIEHCAIH-
€11 WI¥ PIMEHEHUEe GUIIOIAPHOr0 TPAH3UCTOPA B PEXUME CTAGUILHOrO TOKA.
MoOXHO TaKXe IPUMEHATH CMeleHrne CTabUIBLHEIM TOKOM H3 OCHOBe CTaOmIA-
TPOHA.

Jpyro BaxHBEIN mapamMeTp AuMPDEPEHIUATHLHONO YCHINTEAI — 3TO €ro
BBICOKMM BXOJHOW MMIIEJAHC. Bunonaspuee ycminTern OGBIMHO UMEIOT BXOJ-
HOU MMIIEJAHC B COTHH KAJIOOM, a AuddepeHnualbabe KaCKAIE Ha, MOJeBbX
TPAH3UCTOPAX — HECKOJBKO COTEH MeraoM.

OnepallmOHHBIE YCHIMTEINA UPE3BHIYANHO YAOOHBI, M CTAHOBATCA IOYITH
06A3aTeIbHBIMEA I 0607 aHaIoroBo cxemel. OHE TakXe IMPOKO IPUME-
HAIOTCA U B 1w POBLIX CXEMAX.

OnepannoHHBIA yCUIATEND 0 CYIIECTBY ABIACTCA MHOI'OKACKAJHEIM yCH
JIATENEM C HEIOCPEACTBEHHOU CBA3BIO, ¢ GONBIMM KO3 dUnmeaToM ycuneHn s,
¢ asyma sxogamu. [lepsrin kackag OY — muddepeHImaIbHEIT BXOSHOU KaCKak:
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[HononnntensHas nurepatypa no temMe

1. Ramakant A. Gayakwad, Op-Amps and Linear Integrated Circuits, Pren-
tice-Hall of India Pvt. Lrd. (1997).

Bonpocbi

13.1. Yro Takoe auddepeHIUAILHEN YCUTUTEND !

13.2. Yewm crpykTypa gudbepeHIMaAILHOrO yCIWINTEIL OTINIALTC, CKaXeM, OT yCH-
autens ¢ RC-cBaswio?

13.3. HazoBure UeTHIpe pasINIHLIX KOHGUTYpanuy IudepeHInaIbHEX yCUIHTENEH.

13.4. Tlouemy BaxxHO, YTOGH! y nudPEPEHIMATLHOTO yCUINTeNd ObL1a OJM3Kast K CO-
BEPIIEHHON CUMMETDHA?!

13.5. OO0wbacuute, MOYeMy OLUH BXOJ AU depeHIHAILHON0 yCWINTEIA UHBEPTUPY-
0L, 8 APYTOM — HEMHBEPTUPYIOUMA?

13.6. Kosddunment ycuneHus AuddepeHnuaibHOro yCHIATENA ¢ HECUMMETPUd-
HBIM BBIXOJOM PaBeH IOJOBUHE KOI(D(GUIUEHTA YCUIECHUS YCUIUTENA C CUM-
MEeTPUYHLIM BuIX0A0M. O6BACHUTE.

13.7. YeM BHI3BaHHI BXOQHOM TOK CMEILIEHHUA ¥ BBEIXOJHOE HAIIPAXEHUE CMEIICHUA?!
Yemy paBHBI UX 3Ha4YeHHA B ugeanbHoM OY7

13.8. Bxoguoit umnenanc gud@dEPEHIUAILHLIX YCHIATEICH HAMHOrO O0MbIne, IeM
y obrranbx ycwinrener ¢ 0. Ilogemy? O6wacuuTe.

13.9. Yewm mapameTps! AudepeHINATbHEIX YCUINTENEH Ha, IOJEBBIX TPAH3UCTOPAX
OTAMYAIOTCA OT HapaMeTpoB AudepeHUNaIbHEIX yCHINTENeH Ha OUIOp-
HBIX TPaH3UCTOPAX?

13.10. Hapucynre cxeMy guddepeHIMAILHOIO YCHINTEA Ha, TOJEBLIX TPAH3UCTOPAX.

13.11. B uem 3Ha4eHNE CTAGMIBLHOI'O SYMUTTEPHOrO (MIM UCTOKOBOIO) TOKa B Aud-
(depeHIMAILHOM ycmanTene?

13.12. HapucyuTte cxeMy CMEIUEHNA CTaOUILHEIM TOKOM C IPUMEHEHHEM TDAH3NUCTOPA.

13.13. HapucyuTe CXeMy CMEIIEHUA CTAOUIBHBIM TOKOM C JMOJHOM KOMIIEHCAIIUER
uamererni Vpg. OGLACHATE NPUHIAIT pAGOTHL.

13.14. HapucyirTe CxeMy CMELIEHUsA CTAOUILHBIM TOKOM C HCIOIL30BAHUEM CTA0UIHA-
TpoHa. O6bACHUTE IPHHIUI PAGOTEHL

13.15. [atite onpenenenne KoadbuieRTy octabiesus cuagasHoro curtana (KOCC).
Ecau KOCC pasen 80 gB, 4T0 3T0 3Ha9MT?

13.16. YTo Taxoe CKOPOCTH HAPACTAHUA BRIXOLHOIO curuaia? Kakoso ee sHadenue?
13.17. Kaxwue xapaxTepucTuku y uiearssHoro QY7

13.18. Yro Takoe HampsxeHWA HACBHIIECHNA ONEPAIVIOHHOrO YCUIATENA?
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13.19. Kaxou Tun cmemenus npumensercsa B OY? O6ocuyire BHIGOD.

13.20. Yto nozpasyMeBanoCh mo K03hPUIMEHTOM YCUIEHNAA C PA30MKHY TOU HeTJen

13.1.

13.2.

13.3.

OC u k03¢ PunmenToM ycuneHus ¢ 3aMkuyToi nerieir OC?

3agaum

BrruucinTe nOCTOAHHBIA TOK DMUTTEPA KX OO TPAH3UCTOPa B Auddepen-
OUAILHOM ycunuTene Ha puc. 13.31. YeMy paBHO HOCTOSHHOE HAIIPSIKEHHE
Ha KaXJOM KOJUIEKTOpe MO OTHOueHmo K 3emiue? Yemy pasHO V,y:? Ilapa-
meTphl cxemul: Voo = +10 B, Vg = —10 B, Rg = 10 xOM, Rc = 6 xOwm,
Mpuuare Vg = 0.

Omeem: Ig ~ 0,5 MA, Vo1 =Veo2 =78,
Vout = Ver—-Vee = 0 B.

Haiitu Bxoguou mMnemanc Z; (Wi Z;p) WAeaIbHOTO nuddepeHIuaIbHOrO
yewmrens Ha puc. 13.32. Kosdpdunuent ycmienus no Toky hre (= B) xax-
Joro Tpasasucropa pasex 100.

Omeem: Z;1 = Z;2 = 100 xOm.

+Vee

Rc Rc

Vit Vio

Re

~Vee

Puc. 13.31.

B cxeme auddepernuansaoro yemiurend (puc. 13.31) ¢ cuMMeTpUYHEIM BXO-
noM u cumMeTpuaHEM BeiXogoM Reo = 3,3 xOM, Rg = 4,7 xOm, Rs1 =
= Rgy = 75 OM, Voo = 12 B, Vgg = —12 B, kax st Tpansuctop ¢ 3 = 100
u Vg = 0,7 B.
a) Hanru ICQ u VC’EQ-
6) Omnpegemnts k03PPUUMEHT YCUICHNA II0 HAIPAKEHUIO.
B) OnpenemuTs BXOAHOM U BEIXOAHOM MMIEJAHCHL.
Omsem: a) Icg = 1,1 MA, Vopg = 9,04 B;
6) Ag = 146,6;
B) Z; = 4,5 xOwm, Z, = 3,3 kOm.



13.4.

3adavu 3@

+Vee

80 KOM% % 80 kOm

—® V, 06—

’—l Q Q2 I_‘
Zpp
-

Zj
ému MKA

L
Puc. 13.32.

Pemmts 3anagy 13.3 paa a) guddepeHIraibHOrO YCWIATEIA ¢ CAMMETDUY-
HEIM BXOJOM ¥ HECHMMETDUYHEIM BHIXOAOM; 6) Au¢(epeHunaibHoro yeuin-
Tend C HeCUMMETPUYHLIM BXOJOM ¥ CUMMETDHYHBIM BBIXOJOM.

Omeem: a) Icqg = 1,1 MA, Verg = 9,04 B, Ag = 73,3, Z; = 4,5 xOm, Z, = 3,3 xOwm;

13.5.

13.6.

13.7.

6) Icq = 1,1 MA, Vogg = 9,04 B, Ag = 146,6, Z; = 4,5 xOm, Z, = 3,3 xOm.

B ycunurene Ha puc. 13.33 BRIXOAHOE HampsxkeHUe GIU3KO K HYIIO, KOT'A3
IBIXOK IOTEHUHOMETDa p HaxoquTcsa nocepeiute. Hantu npubnusurensHoe
3HadeHne Kod(pPuuuenTa ycunenus no Hanpsokenuto. [punate Vg = 0.

Omeem: A, = 400.

Hanitu y nuddepeHnuaibHOoro yCuimTens C CAMMETPIYHLIM BX0I0M U CUMMe-
TPUYIHBIM BHX040M (puc. 13.31) conporusnenus pesucropos Ro u Rg, 94T06H
BxoaHoR ummenanc 6t 50 kOMm, a BeIxogHON UMnenanc O6bu1 5 kKOM. Yemy pa-
BeH KO>(QQUIUVEHT YCWICHNA [0 HAIPMAKEHUNIO, €Cau [ KaXI0r0 TPaH3UCTODA
pasen 100. B cxeme Voo = +10 B, —Vgg = —10 B.

Omeem: Rc =5 xOm, Rg = 46,5 xOm, A, = 20.

Ha puc. 13.34 Tpansucrop ()3 o6pasyeT cxemy CTaSHIBHOI'O TOKa B Audde-
peHmuaILHOM yeuauTenae. deMy paBeH cyMMapHBIM TOK sMuTTepoB IT? Yemy
PABHEI TOKM SMUTTEDPA KaX OO U3 TPAH3UCTOPOB (1 u Q27 Ilpuuars, 4To
y kaxgoro Tpausucropa Ve = 0,7 B.

Omeem: It =1 MA, Ig = (1/2) - It = 500 MxA.
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+VCC
*20B 3 kOM 3 kOM
P —eo V, —
KOM ’
9 KOM 9 KOM Q2
Viz
_. VO .—

Qs
2,3 kOm
10 xOm
-20B -5B
Puc. 13.33 Puc. 13.34

13.8. CrabwiuTpoH B cxeMe Jub(PEPEeHIUNATLHOTO YCWINTENA Ha, [OJEBBIX TPAH3N-
cropax (puc. 13.35) umeer crenyrommue napameTps: Vz = 54 B Iz; = 55 MA:

a) OmpeleInTh CONPOTUBICHUE PE3UCTOPa Ry, 9TO6H CTaGMIXTPOH paboTal
B pexumMme o6paTHOro npobos;

6) onpejemuTh CONPOTHUBICHUE Pe3UCTOpa RE, 9TOOH TOK 3MUTTEpa TDaH-
3uctopa Q3 61 2 MA.

Omesem: a) Ry = 70 Om; 6) Rp = 2,4 xOm.

+Vop

4 kOM 4 kOm

—e V, —|
Vi
1,5 MOmMm

-Vee

Puc. 13.35.



13.9.

13.10.

13.11.

3adauu 38\3\\))

B cxeme guddepenmuanrsroro yemwtuTens (puc. 13.35) y moeBoro TpaH3ucTo-
pa gm = 8000 MxCwm. Onpeneants:

a) k03P PULUEHT yCUIEHNA [0 HAPAKEHUIO. ;
6) BXOAHOM MMIEIAHC KaXJOr'0 BXOJA.
Omeem: a) Aq = 32; 6) Zi1 = Zi2 = Rg = 1,5 MOwm.

Nmerorca gBa HaGOpa BXOAHLIX CUTHAMOB IuddepeHINAIbLHOT0 YCUTATE.
Ilepsent HAGOD: v;1 = +75 MKB u v = —25 mMxB. Bropon naGop: v =
= 1100 MxB u v;2 = 1000 MxB. BrranciauTb, Ha CKOJIBKO MPOIEHTOB OTIMYa-
I0TCA BEIXOJHBIE HANDSXKEHUs, BLLJaBaeMble YCIINTENEM Ha OTH ABa HabOpa
curHanios, ecau a) KOCC = 40 1B; 6) KOCC = 80 ab

Omsem: a) =~ 10 %; 6) = 1 %.

CkopocTs HapacTauua BeixogHoro curHama OY 0,5 B/mkc. Ecinm nuxosoe
3HAYEHNEe BEIXONHOTO HAmpsxkeHus 15 B, npu xaxoll MaKCUMAJIBbHOU 9aCcTOTE
BBIXOJHOM CUTHAJT HE OyAeT MCKaxeH?

Omseem: 5,3 xI'u.
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NMPUMEHEHWE
OMNEPALUMNOHHDbIX
YCUIMUTENEN

OmnepaluosHbLIN yCHINTENb — HEAOPOrod, HO YHUBEPCAIbHBIA Tpu6op. ITo6H
OMKCATH BCE €r0 MIPUMEHEHUA, He XBATUT MECTa U B HECKOJbKIX KHUAraX. Juc-
50 pasubrx TunoB QY Tax BEIUKO, YTO MOXHO HAUTH MPUGOD, OTBEIAIOIIAN
TPe6GOBAHUAM HOYTH JIOGOU CXEMEL.

B sTo1 rmaBe 06CyX 1aI0TCA HEKOTOPHIE O6IIKE CXeMBI, B KOTOPLIX IpUMe-
uaorca OY, 1 OCHOBHBIE IIPUHIANLI KX IPUMEHEHU.

TeMbl, pacCMOTpPEHHbIE B 3TOM rMaBe:

OY B KadecTBe KOMIAPATOPOB;

Tpurrep lmura;

— HEMHBEPTUPYIOUMY, UHBEPTHPYOWY i i dhepeHINATHEI YCAINTENH;
— CyMMEpYIOIIZe, MACIITAOUPYIOWINE U YCPEIHAIOINNE yCAIUTENH;
MHTErpaTopsl U guddepeHnnaTop.I;

aXTUBHBIE QUILTPHI.

14.1. Komnapatops!

OmnepanuoHHbIE YCAIATENN, TPUMEHAIOIAECA ¢ OTKPLITOM IeTIeH 06paTHOM
cBasu (T.e. 63 OGPATHOM CBA3M), AIA MPOCTOTHI YACTO KIACCHPUIMPYIOTCA
KaK KOMIIapaTOPEIL.

KommapaTop cpaBHHMBaeT HaIpAXeHHEe HA OJHOM BXOJHOM KOHTAKTe Us
C M3BECTHAIM HAIPAXKEHUEM Vref, HA3BIBAEMBIM OIIOPHALIM, IIOJAHHBIM HA APY-
ro# Bxoa. Ha puc. 14.1 u306paxeHbl HHBEPTUPYIOIIUA 1 HEMHBEP THPYOMIMA
KOMIIAPATOPHL. Vs M Uref — AHAJOTOBLIE BXOJIHBIE HAIIDAXEHHA, & Uy — LH-
¢$bPOBOE BHIXOAHOE HAPAXEHUE (IPUHUMAOLICE TOIBKO AB3, AUCKPETHBIX CO-
CTOAHUA — BBICOKOE WM HU3KOe). BrIxoqHOEe HANPAXEHME MOXET DaBHATH
Cs MOJOXUTENbHOMY HANPAKEHUIO HACHIUEHUA (+Vsqt) WIM OTpPUUATEIHOMY
HAIPAXKEHAIO HACHIIEHUA (—Vsq¢) B 3ABECHMOCTH OT TOr0, KAKOE BXOJHOE Ha~
npsaxenue 6onpire 1o aGCOMOTHOMY 3HadeHMIO. IIpy v; > Vref v = —Viat)



14.1. Komnapamopur 385
=

8 IPH Vs < Uref Vo = +Vq¢, €CIM PACCMATPUBAEM MHBEPTUPYIOIINH KOMIIAPA-
Top (pmc. 14.2).

Vo

+Vee +Vee Veat
Vs Vs
v v Vref
(] (] Vs
Vref Vref
~Vsat 4+
—Vee ~Vee
a) 6)
Puc. 14.1. UnsepTupyommit koMoapaTop (a); Puc. 14.2. Ugeamsnas nepeja-
HEMHBEPTUPYOWMI KoMIapaTop (6) TOYHAA XAPAKTEPUCTUKA KOM-
mapaTopa

KoMnapaTopsl IAPOKO MPUMEHAIOTCA B (OPMUPOBATENAX CACHAIA, TPUL-
repax [IIMuTTa, KeTEKTOPaX yPOBHSA HANPIKEHWA, EHEPATOPAX M B CXEMAX
undpPOBHIX HHTEPGEHCOB.

femexmop nepexoda wepes wyav

OfHO U3 IPUMEHEHNH KOMIAPATOPa — AETEKTOD HePEX0a 9epe3 HyJIb, MHOr-
[ HA3BIBAEMBIN [IPeoOPA30BATENEM CUHYCOMAATHHOIO CATHAM, B IPAMOYT'OIBHEIA.

KommapaTop MOXHO IPDUMEHHTL B
9TOM DE€XHMe, €CIH YCTaHOBUTBH OIOD- +Vee
HO€ HAIpMXKEHHe DABHLIM HYIO, T.e€.
vref = 0. mBepTwpyrommi#t kommapa- -
TOp B PeXHME IeTEeKTOpAa Iepexoia de- Vi ( E) % % 41 Vo
pes Hymb m306paxen Ha puc. 14.3. Ju- + A,
ogsl D; m Dy sammmator OY ot pas- %v,ef 0
pylleHua mpu GONBIINX 3HAYEHUIX Uj. e
Tax Kax Ha AUOAAX MANAET HAIPAKEHUE -
~0,7 B, TO pa3HOCTb BXOJHEIX HAIIDA- Puc. 14.3. UnsepTuUpyOmMI KOMIapa-
KeHuit vy QuKCHpyeTes ( OrpaHEIHBA- z;i: peXuMe JeTEKTOPa MEePExoa Yepe3
forca) Ha ypoewe 0,7 B mm —0,7 B.
IlosToMy IHOABI HA3BIBAIOTCA HUKCUPYIOUVME KX OrPaHWIHBAOIIME. Pesn-
cTop R, BKIIOYEHHBIN TOCIEJOBATEILHO € U; OCDAHUYNBAET TOK 9€Pe3 JUOILL.
[pyroit pesucTop R y HeMHBEPTHpPYIOIEro BxoAa 6alaHCHPyeT HeCOBIaeHue
AMIETAHCOB U yCTPAHAET HANPXEHUE CMEINEeHNA.

Ha puc. 14.4 u3o6paxeHsl THIXYHBIE (HOPMBI BXOJHOI'O ¥ BHIXOJHOIO Ha-
IPAXKEHAA.
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Vi Puc. 14.4. Tunuysrie GpOpMBI BXOAHOT'O U BLI-
e T —> XOJHOT'O HANPXKEHUA JETEKTOPA IEPEX0Aa de-

VoT /\ pe3 HyIb
0 >t

<

+Vsar 1 —

~Vsat

IIpumep 14.1. IlocTosAHHBIE HANPAXKEHUA Ha BXOaX AUG(EPEHIUAILHOrO yCUIn-
Tens v;; = 1,1 Bu vy = 1,0 B. Onpegennts BEIXO[HOE HAaNpAXeHUE U,. Ko duiment
yeunerus OY ¢ oTkprTol meieit A = 2 X 10°. MakCuMaJIbHO BO3MOXHBIN Pa3Max
HampsxeHus Ha Bexoge OY +14 B.

Pemenne. Pasuocts curnanos vy paBHa vg = (1,1 B—1,0B) =0,1Buv, = Axvg =
= 200000 x 0,1 B = 20000 B. Ho MakcuMaibHOE BEIXOJAHOE HANDSKEHUE HEe MOXeT
OPEBLIIATL MAKCUMAJBHEIM Da3Mmax BeIxogHoro Hampsixenus QY. CuegoBaTenbHO,
v, =+14 B

Tpueeep Hlmumma
Tpurrep lIMurTa cCpaBHMBaEeT MEPUOAWIECKHNE WM HEIEPHUOAWICCKHE KOJE-
6aHUA C OMOPHBIM CUT'HAJIOM T MPeo6pasyeT uX B IPAMOYIOIbHEIE MMITYIbCHL
Tpurrepom IIMuTTa HA3BIBAETCA MHBEPTUPYIOIIAN KOMIIAPATOP C MOJOXKH-
TeabHOM 06paTHOM cBasbio (puc. 14.5).

31ech K MHBEPTHUPYIOMEMY BXOAY HOAKIIOYEHO BXOJHOE HAIPAXKEHHUE Uj,
a K HEMHBEPTHUPYIOIEMY BXOAY — JAeInTenb Hanpaxenud. Pesucrop Ry obec-
mevrnBaeT O6paTHYIO CBA3b. BxoAHOE HampAXeHMe V; IEPEKIIOYaeT COCTOIHIE
BBIXOJHOI'0 HANPAXEHNE U, B MOMEHTHI, KOI'Ia BXOJHOE HAIPIAXKEHUE v; IPe-
BBHIIIAET YPOBHM, HA3HIBAEMbIE BEDXHUM IIOPOI'OBLIM HAIIPAXKEHUEM Vi U HEX-
HMM TIOPOrOBHIM HampsxenueMm Vi (puc. 14.6).

Hanpsaxenue Ha pesucTope R; — 5T0 HampsxeHne 0OpaTHOU CBA3M, IPU-
JOXEHHOe K HEMHBEPTHUPYIOIEMY BXOAY, HO OHO MEHAETCA B 3aBHCHUMOCTH
OT BEJMYUHEI ¥ AMILTATYIbI BHIXOAHOrO HAIPAXKEHUA v,. Korga v, = +Vsats
HampsxeHue Ha R; paBHO BepxHeMy mOpOroBoMy HampaxeHuio V. Ilepe-
KJIOYEHUE BBIXOAHOr'O HAIDPAXKEHUA OT + Vg K —Vio cayumrea cpasy, Kak
TONBKO BXOJHOE HAIPSKEHNE CTAHET Iy Th moJoxurenasuee Vi, (puc. 14.7, a)-
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W3 cBoiicTBa gequMTENs HANPAXKEHAA CAEAYET

Ry
Vi =4 —5——=~ ¢ (+Vsat) - 14.1
( Rl + R‘Z) ( sat) ( )
v
Ve L\ —— — ]/_\_ -
1 I
+Vee or | !
L e e e

| I l I
v | | |

i oV, | | | :

! I ! I

— Vo Al | | |

- | I l I
Vee +Vigar | |

0 > t
Ry Rz ~Vsat H L
Puc. 14.5. Tpurrep IlImurTa Puc. 14.6. PopMeI BXOHOrO U BHEIXOLHO-
ro Hanpaxenun Tpurrepa lmurra
Ananormano, xorga v, = —V,q;, Hanpsaxenue Ha K] paBHO HEXHEMY LO-

POrOBOMy HAIpAXeHUIO V;. BbIXogqHOE HaMpAXeHUe MEPEKIIOUATCA OT — Vsgy
K +Vsqt, KAK TOIBKO ¥; CTAHET 4yTh oTpuuareabuee Vi (puc. 14.7, 6). Bor-
paxenme miaa Vi ciregyrommee:

R,
Vit =49 =——= ¢ (—Vsaz) - 14.2
Rl + R2 ( Sa ) ( )
Puc. 14.7. 3amenenue cocToaHus Yo Vo
Beixo#a mpu v; > Vay (a). Us-
MEHEHMEe COCTOAHUA BBIXOJA NIPHU +Vat | +Viar
v; < Ve (6) > |
0 Vit Y Vit 0 4
~Vsat 1 L—>— ~Vsat
a) 6)

Eciaz ycTaHOBETH MOPOrOBOE HAaIpAXeHHE OOJIbIIe, YeM HaIpAXEHWe IIy-
MOB Ha BXOJ€, TO NOJOXHTEIbHAaA OOpaTHAas CBA3b YCTPAHHUT JOXHBIE CDa-
6aTHIBAHMA KOMIIAPATOPA OT BO3JAeHCTBUA myMoB. IlomoxurensHas o6paTHasA
CBA3D M3-38 OPUCYIIEH €M PereHePATHBHOCTH YCKOPAET MEPEKIIOIEHNE CXEMEL

Jljia MUHUMUA3AIME HAOPAXKEHNA CMELIEHUA, MOXHO HOCICI0OBATEIBHO C VU;
BKII04ATH pe3uctop R (= Ri||Ra).



@8 I'aasa 1. Ilpumenenue onepoyuoOHKRLIT ycuaumenet

% Tpurrep IIMuTTa AEMOHCTPUPYET TECTEpE-
3UC (MIM COCTOAHWE MEDPTBOM 30HBI), 06paso-
o Vear | BAHHBIA [OJOXATENbHOR 06paTHOM cBA3bIo. [log

CUCTEPE3NCOM MOHMMAETCA CBOMCTBO CXEMBI Pe-
arupoBaTh HA, YBEIMYEHHE BXOJHOI'O HAIIPAKE-
Ye| O Vie I Hms uHAYe, 9eM HA yMeHbIIEHHE. DTO CTAHET
ACHO, ecIH OOBEAMHHTL [BE DEAKIUH CXEMH,
sat u3o6paxeHHbIe Ha puc. 14.7 B ogHOM rpaduxke.
Takoll HONHLIA IPadUK EPEAAITOIHON XAPAKTE-
pucTuku npuBeneH Ha puc. 14.8. Korga BxoaHou
Puc. 14.8. Tpadux sasucmvo- CUTHAI IPEBBIMAET V¢, BHIXOAHOE HANPAKEHTE
CTH U, OT U; AEMOHCTpHpyeT ru- IHEPEKTIUaeTcaA OT +Vigr K —Vier. A ob6pat-
cTepesuc HOE IEePEKJI0YeHNEe B IEePBOHAYAILHOE COCTOs-

HHME IPOWM30MAET, KOrJa BXOJIHOE HAIIPAXKEHHUE
craner Huxe Vi;. Pasnocts mexay Vg u Vi Ha3bIBaeTCA HANPAKEHUEM ['d-
cTepesuca Vp, paBHOE

Vh=VHt_VLt={

R

(R1+—R2)} [+Vsat — (=Viat)] - (14.3)

Aeticmeue nowoxcumenvbnoti 06pamnoti cea3u

Kak 6Buto ckasano Bouue, pesuctop Ry (pmc. 14.6) obecnedmBaeT IIOJOXKH-
TEIbHYI0 00paTHYIO CBa3b. IlomoxuTenbHas 06paTHASA CBA3H PEreHepaTUBHA,
T. €. KK TOIbKO BBIXOJHOE HAINPIXEHNE HAYHET U3MEHATHCS, MOJOXKUTEILHAL
OC yeeam4uBaeT pa3sHOCTHOE HAIPAKEHUE Vg U eme GOJIbIIe H3MEHACT BEIXO-
HOe Hampskenne. Kak TOIBKO W3MeHEHNE COCTOSHUA MHAAMDPOBAHO BXOJHBIM
CUr'HAJIOM v;, nonoxuTenbias OC ¢opcupyeT mepexo KOMIapaTopa U3 OLHO-
ro cocroauua B gpyroe. Illomoxurensnas OC Takxke yBeInmumBaeT CKOPOCThb
9TUX MEPEXOLOB.

14.2. Ycunurenu

CymecTByioT Tpu KoHGUrypauun ycuiurenen Ha OY:

— HEMHBEPTHUPYIOIUHN yCUINTENb;
— MHBEPTUPYIOUINH yCHIATEND,
— nuddepeHInaIbHbIY yCUINTENb.

Bce sTu Tpu ycuwamrens MOXHO peanrmsoBaTbh Ha OV, BKIOYeHHBIX 06€3
06paTHOH CBA3M, KAaK MOKA3aHO Ha puc. 14.9. B HemHBepTUpPYyIOmEM yCcHIATEIE
BXOJZHOHM CHUTHAJ HPUKIAJLIBAETCA K HEWMHBEDTHUPYIOWEMY BXOAy, a HHBED-
TUpyOWEE BxoA 3asemugerca (puc. 14.9, a). B muBepTEpylomeM ycmamTere
HEMHBEPTHUPYIOWIAA BXOJ 3a3€MIACTCA, & BXOJHOW CUCHAJI IPUKJIAILIBACTCA
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K MHBepTHpYoIeMy BxoAy (puc. 14.9, 6). B auddepenuumaibHOM yCrInTENE
(pmc. 14.9, 6), BXOAHBIE CHTHAIBI V] M ¥y NPHUKIAJLIBAIOTCA K HEMHBEPTHUDY-
I0IleMy U MHBEPTHPYIOIEMY BXOAM, a UX Pa3HOCTH (Vy — v1) yCHIMBAETCA.
3amoMHHTE, YTO HANPAXKEHWA U] M Uy M3MEPAIOTCA IO OTHOMEHHIO K 3€M-
ne. BrixogHoe (ycmienHO€) HAIPAKEHUE KAXKAOI0 U3 DTHX YCUIUTENEH MOXKHO
noxyyunTh U3 ocHoHoro ypasuenusa OY (13.28), koropoe mia yao6cTsa BOC-
NPOU3BEIEHO HUXKE:

Vo = Avig = A(vl - 'UZ)a (14'4)

rie A — KO3pPUUMEHT yCHICHHA OMEPALMOHHOIO YCWIMTEIA IO HAIpaKe-
Huo 6e3 06paTHOM CBA3M, Vi — AUPPEPEHINAILHOE BXOAHOE HAIPAXECHUE
(pasHOCTD MeXIy v; H Vs), ¥V} — Majoe HANPAXKEHHWE CATHAIA HA HEHHBED-
THUPYIOIIEM BXOJ€ II0 OTHOIICHUIO K 3eMIe, Uy — MAaJO€e HAIpPAXEHUE CUTHAJIA,
Ha WHBEPTHUPYIOLIEM BXOJ€e MO OTHOUEHMO K 3emie. CrefoBaTeNbHO, M He-
MHBEPTHUPYIOIIErO YCUINTEA

Vo = A (14.5)

(moTomy uTo vy = 0).

+Vee +Vee

A N
v=o [ ]

Vi

A Vo = Avq = A Vo = —Ar2
L—— - R, V: - R
Vo = 0_ / L 2 L
-Vee -Vee
a) 6)

+Vee

Vi
Vid

P

Vo = AVig = A(vq — Vo)

—Vee
B)

Puc. 14.9. Koudurypanun ycmmrener Ha OY 6e3 06paTHON CBA3M: HEMHBEPTHUPYIO-
MM yCIInTeIs (6); THBEPTUPYOLME yCuInTeldb (6); auddepennnars b
ycmmrens (6)
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HevnBepTuUpyoOIMUT yCHINTENL BEAAET HA BBHIXOJAE HANPXKEHHE, CEH(DA3-
HOE C BXOJHBIM HANpsXeHUeM v1. [ljig WHBepTHPYIOWEro yCuinTens

Vo = —Avy (14.6)

(moromy uro v; = 0). To ecTh, NHBEPTUPYIOIMA YCAIATENb BbIAAET yCUICH-
HBI BXOJHOW CUT'HAJ, OTIMYAIOMMNACA 0 dase oT Bxoguoro Ha 180°, Ha wTo
yKa3bIBaeT 3HAK MUHYC B ypaBuenuu (14.6).
JudpdepeHnnaIbHbI yCHIATENb YCAIUBAET PA3HOCTD [JBYX BXOJHBIX Ha-
NPAXEHAH, T. €.
vo = A(v1 — v2) = Avg, (14.7)

a 3HAK BBLIXOJHOT'O HANPAXEHUA 3aBUCUT OT TOr'0, HA KAKOM BXOjI€ BEJIWINHA,
Hampsxenus 6oiabine. Hampumep, ecan vg > v1, BEIXOAHOE HANpsxeHue OyaeT
OTPHUIATENHHBIM.

Tax Kax KodddumuenT ycmienus A odgems Gomsmon (~ 10°), me6ous-
o€ OTPHLATEILHOE WK MMOJOXUTENbHOE HAIPAXEHNE HA BXOAE BBOAUT BH-
X04 B HachueHwe. TaxuM 06pa30M, CHHYCOMJAJbHBIA BXOJHOU CUTHAI [Ja-
XK€ aMILIATYOU B JOMY MALIABOJbTA BBHI30BET CHIBHO MCKAXEHHOE (OrpaHu-
YeHHOE CBEPXY U CHE3Y) BBIXOJHOE HAIPSKEHWE, [EePEKII0YAIomeecs MeXAy
+Vsat 1 —Viqs. [damee, momoca mponyckanus 6e3 06paTHON CBA3M OY€HDb Y3Kad
(~ 10 Ty y OY 741), a k03¢ PUIMEHT YyCHICHNUS IO HAIPAKEHUIO TyBCTBATE-
JIeH K TEMIIEPATYPE U U3MEHEHIAM Hanpsaxkennsa nurauns. [lo stam npuyansamMm
xoHurypanun ycuaarenaen Ha, OY 6e3 00paTHOM CBA3M B JIMHEMHBIX CXEMAX,
HANPUMED YCHIATENAX, [IOYTH HAKOTAA He IPUMEHIIOTCA.

14.3. HenHBeptupytowumit ycunutenb ¢ obpaTHOit CBA3bLIO

Ha pmc. 14.10 noka3aHa cxeMa yCHAUTENA C IO
CIeOBATENbLHON OOPATHOM CBA3BLIO IO HAIIPA-
xenmo. Pesucropst R; u Rp o6pa3yror nemb
o6paTHOU CBA3u. Hampsxenme o6paTHOU CBS-

31 Uf, IPONOPIVOHAILHOE BBIXOJHOMY HAIPA-
XKEHUIO Uy, MOAKIIOYEHO K WHBEPTUPYIOMIEMY

vo Bxoay OVY. Ilogrexamuyi yCHIEHHIO CUTHAT U
MPUIOXKEH K BEHIBOJY HEMHBEPTUPYIOMIET'O BXO-

l 1a. OCHOBHOE ypaBHEHHE ONEPAIMOHHOT0 yCH-
murens — ypapuerme (14.4) v, = A(vy —v2) B,

__IT KakK MOKa3aHo Ha puc. 14.10, nmeem

. V1 = ;. (14.8)
Puc. 14.10. HeunsepTupyommi
ycumTers ¢ 06paTHOM CBA3BIO HQII&I‘&JI, 9TO0 BXOJHOU MMIIEJAHC & orepaty-

OHHOT'O YCWIUTENA O¥eHb BBICOK, T.e. R; > Ris

Vi

o8
[
%D
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npuMeHIM 3ak0oH Kupxroddga k umenu o6paTHON CBAZK M IIOLYIUM

R,
=vp={——1_ 1.4, 14.
ve = vy {(R1+RF)} Vo (14.9)
IoacraBus vy u vo w3 ypasrenny (14.8) u (14.9) B ypasuenne (14.4), noxyaam
Ry
=A|v;— ———1,] .
* [Uz (R1+ RF)vO]
TTocre mpeobpasoBanui
_ , vi
vo = A(R1 + Rr) (Rl + Rp + ARl)
i
A(Ry + RF)
;= . 14.10
Uo/vi (R1+ Rr + ARy) ( )
Ho, o onpenenennto,
Ap = % (14.11)
7
Kom6unupys ypasuenus (14.10) u (14.11), monyamm
A(R R
F (B + Rr) (TouHOE 3HAUEHHE). (14.12)

(R1+ Rr + AR,)
IT0 — To4HAA POPMYIa KOIDPUAIMEHTA yCUICHNA HEMHBEPTUPYIOIIErO YCH-
JIUTEeNA C OOPATHOU CBA3BIO.

Tax kax xosddunment ycurenns 6es OC A ovenms Bemukx (> 10%), To
AR; > (R1 + RF). Toraa uner (R; + Rr) B 3HaMenaTene ypasaenus (14.12)
MOXHO OTOPOCHTH W3-33 MAJOCTH 10 OTHOmeHmi0 K AR;. YpaBHenue Koa¢-
¢dunmenta ycurenns (14.12) npumer Bua:

A = A(R; + Rp)
F AR,
AIn R
F
Ap =14+ —). 14.13
F < + Rl) ( )

Ypaprenune (14.13) mpeacTaBiseT O4YeHb IOJE3HOE COOTHOUICHHE JIA HE-
MHBEPTUPYIOWEr0 YCAIATENA. XOTSA OHO M MOAYy9eHO MJA HACAIBLHOTO CIy-
9as, HO OHO MO3BOJAET PACCINTATH YCAIATEND C TPeOyeMBIM KO3 hUIAEeHTOM
YCHJIEHHMA IPOCTHIM BHIOODOM CONPOTHBIECHME PE3UCTOPOB cxeMbl R; m Rp
(pmc. 14.10). Hampmvep, 9TO6BI HOTY IATh KOahGHUIMEHT yeuaerna pasabi 10,
Ry m Rp MoxHuO BBIOpaTH coOTBeTcTBeHHO KakK 20 k m 180 k. Ypasmenue
(14.13) mmpoko mpuMeHsETCA IPH PacdeTax yCWIATEICH, I B GOMLITMHCTBE
CIy4Ya€B, MPABOJUT K PE3YJAbTATY C IPAEMIEMOM TOIHOCTBIO.

Wurepecno, uro ypasHeHma Koddduunenta ycunenusa (14.12) m (14.13)
MOryT OBITH 3aIUCAHLI B CTAHAAPTHON (POpME, IPUMEHAEMOU A yCUIHTe-
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Jeil ¢ oOpaTHON CBa3bio. KosdduuuenT nepeaadm memm OOGpaTHOM CBA3M B
(pmc. 14.10) mo ompeaeneHuo paBeH

B="2L
Vo
W, npumenns ypaprerue (14.9), moxyanm
vf R,
B=—“+=_—""_, 14.14
Vo (Rl + RF) ( )
O6benunss ypasaenus (14.14) u (13.13), sammmem
Ap =1/B. (14.15)

Bcnomunm 3 npegbigymux o6cyxaennu ycmrurenen ¢ OC (pasgen 7.3),
uaro ypasrenue (14.15) mpeacraBiaseT UACAIbHLIA YCHIXTENb C O9E€Hb BBHICO-
KON CTa0MIBLHOCTBIO K0d(duumenTa ycmienns. Kosdpdunuent ycunenus Ap
MOJHOCTBIO HE 3aBUCHT OT M3MeHeHu: koadunmenta ycunenus 6es OC A.

[anee, ypasuenne koadpduumenta ycurienus [ypasuenne (14.12)] gepes B
MOXHO IIpeo6pa30BaTh CleqyomuM 06pa3oM:

A
rae Arp — xosdpunument ycmaenus ¢ OC; A — xoapdunment ycuienma 6e3
0OC; B — koapdunmenT nepegasm uenu o6paTHOn cBasu u AB — koadpdu-
[OHEHT IeTJeBOr0 yCUICHMUA. _

Ypasuenne (14.16) — crampaprrOoe ypasmenme ycmmurenas ¢ OC. Omno
03HAYAET, YTO HEMHBEPTUPYIOIMY YCAINTENb C 0OPATHON CBA3BI0 MMEET BCE
JOCTOMHCTBA, KOTOpbie 00EeCIeYnBAIOTCA OGPATHON CBA3BIO. DTOT yCAIATEIb
OpeACTaBIAET COGOM OTIMYHBIN YCHIATENb HAIDAXKECHHAA.

Taxum 06pa3oM, MapaMeTPhl YCUIATENA C 3AMKHYTON OOPATHOM CBA3BIO
MPUMEHNMEI K YCHIATENI0, u306paxennomy Ha puc. 14.10, a uMeHHO:

1) moBBIIIEHHOE BXOJHOE CONPOTUBICHUE (AMIEAAHC)

R;r = Ri(1 + AB); (14.17)
2) TIOHEXEHHOE BBIXO/HOE CONPOTUBICHNUE (AMIIEIAHC)
R,
= 14.18
Ror (1+ AB)’ (14.18)
3) pacmMpeHHas MOJOCA IPOILYCKAHMA
fr = fo(l + AB); (14.19)
4) NOHMXEHHOE HANPAKEHUAE CMEIIEHAA
Vsat
=452 .20

B ycmaurene ¢ OC xosdpdunuent ycurenus nagaer B (1 + AB) pas, BO
CTOIBKO XK€ Pa3 YMEHbIIAETCA obluee HAPAXKEHNe CMelenHus Voo (ypaBHEHHE
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(14.20)). HekoToprle m3 pe3yanTaToB, BhIpaxeHHBe ypasHenmama (14.16)-
(14.20), 6su1r Oy deHbI U 60JEe JETATbHO MPOAHAIA3NPOBAHE B TL. 7.

Iosmopumens nanpaxrcenus
HemuBepTupyoomun ycuamrenb, pa3spabOTaHHBIN 1A €JAHAIHOrO yCHJICHMA,
HA3BIBAETCA NOBTOPUTENEM HANPAKEHNs, IOTOMY 9TO BEIXOJHOE HAIPAXKECHUE
PaBHO BXOJHOMY IIO BEIWYIMHE K COBIALAET IIO (a3e.

IToBropuTens Hampsaxenusa Ha OY DPEBOCXOAUT SMUTTEPHLIM IOBTODH-
Telb, IOTOMY 9YTO HMeeT OojJee BHICOKMHM BXOAHOM WMMIIEAAHC, 8 BBIXOJHOE
HAaIPsXKEHNe TOYHO PABHO BXOJHOMY.

CxeMy MOBTOPHUTENA HANPAKEHHAA MOXHO MOIYyIATH U3 CXEMEI HEHHBEPTH-
pytomero ycuaurens Ha puc. 14.10, pasopsae pesucrop R; (R; = 00) u 3a-
koporus Rp (Rp = 0), tak uyto Ap = (1 + Rp/R;) = 1. Hosropurens
HANPAXEHWUs MpeacTaBieH Ha puc. 14.11.

Puc. 14.11. Ilopropurens HanpAXeHUA +Vee

Vi

Vo= V)

in

~Vee

Tak Kak Bce BHIXOJHOE HAIPAXKEHWE IOJaeTCA OOPATHO HA MHBEPTHPYIO-
muit Bxox OV, k0opdUIMenT yCuIeHnsa cXeMbl ¢ 0OPaTHOR CBA3BIO paBeH 1.

500 Om

400
mB

Puc. 14.12.

IIpumep 14.2. PaccunTantTe HOMIHAJIBI CXEMEL, IOKa3aHHON Ha puc. 14.12, urobbl
K03 dunuent ycunenua mo HampsxkeHuio ¢ OC 6sw1 Ap = 100. Taxxe onpegemmuTe
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BBLIXOJHOE HANPsXKEHWE VU, NMPH moxade Ha Bxon Hampsxkenus 400 mMB ¢ ucrounm-
Ka CUr'HAJNA ¢ BHyTpeHHuM compoTunieHneM R; = 500 Om. Hanpsokenue mutanms
Oy +15 B.

Pemenne. Cuauana Bribepem compoTubieHue pesucropa Ri. Ilycts Ry = 5 xOwm.

Torga

Rp
Ap =1+ —.
F + i

st Toro, arobur Ap = 100

Rr/R1 =99, Rr =99R; =99 x 5 xOm
win Rp = 495 xOum. BrxogHoe HampsikeHue
v, = Ap - v; = 100 x 400 mB = 40 B.

BrixogHoe HampsxkeHue He MOXET NPEBHICUTH Hampsxeuue nuTanus Voc = 15 B.
CiezoBaTennHO, BEIXOLHOE HANpsKeHue OyxeT

v, = Voo = 15 B.

Tak kax R, BKJIIOYEH MOCIELOBATENIBHO C OYeHEL GOJBIIMM BHYTPEHHUM MMITEIAHCOM
OY Z;, To R; He OKa3EIBAET HUKAKOI'O BJIUAHUA HA BHIXOJHOE HampsxeHue R,.

[4.4. NHBepTupYytowmit ycunutens ¢ ob6paTtHoli CBA3bIO

JlOBOIBHO YaCTO ONEPAIMOHHLIE YCUINTEIN PAOOTAIT B MHBEPTUPYIOWEM De-
xume (puc. 14.13, a). B cxeme nmpuMeHeHa mapaLtebHas 06paTHAIL CBA3B [0 Ha-
npaxenuo. HemasepTupyomui BXxoa 3a3emieH. VICTOYHUK BXOJHOTO CHT'HA-
I3 V;, BHYTPEHHee CONPOTHUBICHIE KOTOPOTO IIOKa 6yJeM CIATaTh mpeHebpe-
XMMO MaJIBIM, IOAKIIOYEH K NHBepTHUpYIomeMy Bxony. Pesuctop R o6pasyeT
menb 06paTHON CBA3U. HBEpTUPYIOMUY yCAIATENb ¢ OOGPATHON CBA3BIO GoJee
yI06GHO MOXHO TIPEACTABATH KaK Ha puC. 14.13, KOTOPEIN HAEHTUIEH CXEME
Ha puc. 14.13, a. Teneps MOXHO HAYUHATH pacyeT K03hPUIHEHTa yCHICHAL
¢ 06paTHOM CBA3BIO M HMIIEJAHCHBIX IADAMETPOB DTOr0 YCUIATEL.

Kosgpduyuenm ycuaenus no Hanpa’icenuo
KoadpdpunuenT ycuaeHus 1o HANpAXeHuIo Ap yCHInTels ¢ napaieisHon o6-
PATHOU CBA3bI0 IO HampskeHuio (puc. 14.13, ) MOXHO MOIYIUTH CyMMHPO-
BaHMEM TOKOB HA BXOJHOM Y3J€ U2:

i =14 +1ip. (14.21)
Tax Kak BXOJHOM MMIIEJaHC YCHIUTENA O9eHb Beank (= 2 MOwm), BxoqHO#
TOK CMelIeHud i g nperebpexnmo mar CaegoBaTenbHO,

i R Af (14.22)
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o (v —va) _ (02— v,)
vl — V2 V2 — Vo
= . 14.23
7 Rr (14.23)
KoadduupenT ycunenmsa mo mampskenmio 6e3 OC A
=% _ um (v1 —w9) = %
('U1 + 2)2) ! 2 A
Tak kak v; = 0 B (sToT Bx0A 3a3emien), nMeeM
Vo
=——. 14.24
vy = -7 (14.24)

IoacraBus vy B ypasrerue (14.23), moxyuum

(4 3)/ e ={(=3) ~ve} /2

+Vee Ry Re
* vi t—W ——W
ii If

Re * vi=0 _
W -:t: Yo
+
- L
a) 6)

Puc. 14.13. VHBepTUPYOLME yCAINTEIb C 06paTHON CBA3LIO (a). VHBepTUpyOOIMEA
ycumTens ¢ 06paTHOR CBA3bI0 (mepepucoBan) (6)

IIpeo6pa3oBaB 3TO ypaBHEHHE, MOXHO IOJIYYIUTh KO(MDUIUEHT yCUICHUA
10 HAIIPAXEHUIO C 0OPATHOU CBA3bI0 Afp:
Vo _ —ARF
v; (R1+ Rr+ ARy)
3mak munyc B ypasHenun (14.25) ykassiBaeT, 9T0 Ha BbIXO/e ycuraTers $hasa
IepeBOPaIABACTCA, ITO O3HATAET, YTO BHIXOJHOM CATHAJ OTIXIAETCA 1O dase
oT BxoaHOro Ha 180° (mIz mMeeT 06PATHYIO MOAAPHOCTD B CIY9ae MOCTOAHHEIX
HANPSIKEHAN).

YpaBHenme k03(pGUUIMEHTA yCHIeHAA Mo Hampaxenuio ycumamreas ¢ OC
(14.25) moxHO moayunTh B cTagapTHOM dopmare cxem ¢ OC. [laa sToro
pa3eM TUCIATe s U 3HAMeHaTenb ypasrernd(14.25) va (R; + Rp), noxydam

{-ARp/ (R1 + RF)}
{1 + AR1/ (R1 + RF)}
—AX
(1+AB)’

Ap =

(Tounoe 3HAUEHHE). (14.25)

Ap

wim Ap = (14.26)
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rage X = Rp/(R1 + Rr) — K02buiuenT ocralbleHus HaOpsXeHus u B =
= R;/(R; + Rp) — x0>(puiuenT nepenadn uenu 06paTHON CBA3M.

Tenepb, Tak Kak coOCTBeHHbIN KoadduimenT ycmrenns OY A dpes3Buriaii-
HO ek (~ 105 mmm 6oxpine), MOXHO 3amuCATD

AR > (Rl + RF),

Torga ypasuenme (14.25) cokpamaercs @ npuoGpeTaeT BUA:

-R
AF = 'UO/’Ui = R_IF
Ap = —Rfp/R; (ugeansusi OY). (14.27)

Ypasuenne (14.27) mpocToe u ABIAETCA OCHOBHEIM A PACIETA UHBEDPTH-
pylomero ycunurens. U3 570ro ypaBHEeHHS BHHO, YTO MOXHO YCTAHOBHTD JIIO-
60e 3HaYeHWE KOXMDDUIMEHTA YCHICHUA 0 HANPSIKEHUIO MPOCTHIM BHIGOPOM
OTHOIIEHNS CONPOTUBICHUA PE3UCTOPA OGPATHON CBA3U R K COMPOTHUBICHUIO
BxoaHOTO pesucTopa R;. Hanpumep, 9r06m1 ycTanoButs Ap = 10, MoXHO uc-
moab30BaTh Rp = 50 kOM 1 R; = 5 xOwm, Takxe BO3MOXHBI MHOTHE JpPYyTHe
KOMOWHAIINH.

Bupmyaabhas 3emas npu uneepmupylouem 6xode
PaccMoTpuM MHBEPTHDYIOIIAN yCHIATENb, W300paXeHHb Ha puc. 14.13, 6.
HeunBeprupytommit Bxox 3a3emieH (T. e. v; = (), a K ”HBEPTHEPYOWEMY BXOAY
MPUIOKEH BXOJAHOW CUTHAJI depe3 pesuctop R;.

Tak kak Koapduiment ycmaerns A odenb 6oabmon (B maeane 6eCKOHEd-
HBIIT), TO PA3HOCTH CUI'HAIOB (V2 —v1) CTPEMATCA K Hyaxto. To ecTs, (vo—v1) =
= vo/A, A — odeHs Goabmas Beam4mua, (v2 — v;) & 0 win vy = v; (mOTEH-
nuan 3emun) wid vy = 0, T.e. MOXHO CKa3aTh, YTO BHIBOJ MHBEPTHUDPYIOLIETO
HAIIPAXEHUA Vo MPUOIM3ATENLHO HAXOJUTCA IIPH IIOTeHualte 3eman. I1lo aToi
OpUYVHE HHBEPTUPYIOIIAN BHIBOJ HA3BIBAIOT BUPTYAIbHOM 3emied. BupTy-
ANBHOM — IOTOMY 9UTO PEATbHAA 3€MIA MOXET TNPOIYCKATh OYeHb OGOMBIINE
Toku (B mjeate — 6eCKOHedHbIe), a mHBepTHpYlomuit xox OY me moxer, OY
BOOOIIIe MOXeT MPOIYCKATh TOJBKO CJIAa0bIe TOKM.

Konmennusa oxa3mBaeTcsA OYeHb YOOOHOU IIPH AHAIUA3E HHBEPTUPYIOMAX
ycunmTene ¢ o6paTHOU cBa3bio. Hampmmep, 3amena vy = (0 B ypaBHeHHH
(14.23) menocpeaCTBEHHO AAeT KO>(PPHUIMEHT yCHIEHHs ¢ O6PATHOU CBA3BIO
(14.27), a mmenHO:

Kak 6yzer BugHO Hanee, HCIOIbL30BaHUE KOHIEIINHM BUPTYAIbHON 3€MIU I10-
JIE3HO TIPU AHAMU3€ MHOTHX APYTHX CXEM.
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Bzoduot umnedarc ycusumens ¢ 06pammoti c643v10
BxopgHout mMneaanc maBepTmpyomero ycuaareri ¢ OC MOXHO ompeienuTs,
OpuMeHuB TeopeMy Mmmurepa K cxeme Ha puc. 4.13, 6. Pesmcrop ob6paTHOR
cBA3M Rp MOXHO pa3jenuTh B Pe3UCTOPHI MuLiepa Ha BXOAHBIX U BBIXOJHBIX
KOHTAKTaX YCHINTENd, KAK IOKAa3aHO Ha puc. 14.14.

+Vee
n f \h\

R

Vid
i y
= —= = ~Vee —

Puc. 14.14.

BxoaaoN MMIIEaHC CXeMEI ¢ OGPATHOM CBA3BIO PABEH
Rp
Zir =R+ {—— i
Tax xax R; m A 09eHb BEIMKH, TO HMEEM

(Re/(1+ A}[Rs ~ —2F ~ 0 Om.

(1+4)
CuaegoBaTenbHO,

Zir = R; (upeanvunin OY). (14.28)
ITO OYeHb BaXHEIM PE3yIbTAT. BXOAHOM MMIEJAHC YCHIMTENA ¢ 0OpaTHON
CBA3BIO paBeH R;.

Ypaprerna (14.27) u (14.28) npeacTaBiAioT ABAa BAXHBIX KOHCTDYKTHB-
HBIX CBOMCTBa, MHBepTUpPYyomero ycuanreis ¢ OC.

Y1068 MOy YU Th MHBEPTUPYIOUIAN YCAIATEND ¢ Ko3dpuiuenTom Ap = 20
¥ BXOJHBIM mMIEeqaHcoM Z;r = 5 kOwm, MEI mpocTo BeiGupaeM R; = 5 kOwm
(ypasrenme (14.28)) m Rp = 100 xOwm (ypasmerme (14.27)), moay4mBiuascsa
cxeMma moka3ana Ha puc. 14.15.

5 kOMm Rr= 100 kKOM Puc. 14.15. UasepTupylonmy ycwmrenrsb. Bxoa-
vi —Wh MW sou ummenanc (R1) = 5 xOm, xoaddunuenT ycu-
Ry +Vee Jenus pasen 20
e v,
N +
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IIpumep 14.3. Yemy paBHBI BXOJHON MMIENAHC ¥ KOI(DOUIMEHT YCUICHAS TIO Ha-
MPAXEHUIO NHBEPTUPYIOLIETO YCUINTENs, B300PakeHHoro Ha, puc. 14.167 Kaxoe momx-
HO OHITH compoTuBieHue pesucropa Ropys mns pesucrusuou xommnencamuu OY? Ha-
npsaxenne nutanusa OY +15 B.

10 KOm 200 kOm
vi —W\W MW n x lo
+15B
_ 2 +
e v, Vo
+ hr—at
R
oM 158
— zof
Puc. 14.16. Puc. 14.17.

Pemenmne. Uz ypasuenns (14.28) BxogHOM uMmEeIaHC cXeMHl Z; paBeH Z;p = 10 kOwm.
1 xosdpunuenT ycuienus u3 ypapuenus (14.27)

Ar = Rp/R; = 200 xOm/10 kOm = 20.
ConpoTuBIeHne KOMIEHCHPYIOLIEro pe3uctopa Ron

Rowm = 10 xOm]||200 xOm ~ 10 xOm.

Buizodnoti umnedanc ¢ 06pamuoti c643v10
BrxogHou mMmenanc ycuanTenas ¢ OGPATHOM CBA3BI0 Z,r MOXHO H3MEPHUTD,
OPWIOXKWB MAaJOe HAIPAKEHUE VU, K BHIXOLHBIM KJIEMMaM YCHIATEN, H306pa-
XeHHOro Ha puc. 14.17.
BrIxogHOM BMIIEaHC CXEMBI ¢ OGPATHOM CBA3LIO OMPENENAETCA KaK

ZoF = ’Uo/io

Cymma TokoB Ha y3ae X (puc. 14.17) naet: 4, = %1 + 92.
Brixognoe conporusnenne R, Mano

[(RF + R1)]||Ri > R,,

MOTOMY MOXKHO 3aIllACATE: 11 > ig. CleqoBaTensHo, i = 11.
Tok i, MOXHO TOXYyYINTH, CYMMHUDYS HAIPSKEHWA B BEIXOJHOM KOHTYPE:
Vo — Rpio — A - Vg = 0 mm
i = (vo — A-'Uid).
R,
Hanee nmeem:
Vg = v1 —v2 =0 — vy,
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IIpnmenus ypasrenns (14.9) u (14.11), noxyamm

Ioacrasus %, B ypasuenue (14.28)

_ Vo _ R,

- {v,(1+A4B)/R,} (1+AB)’
BeixogHOR MMIIEAaHC yCUINTEN C 0OPATHOM CBA3BIO CHUXaeTcd B (1+AB)

Pa3, 9TO COrIACyeTCs C Teopuel OOPATHOX CBA3M, PACCMOTDPEHHOM B II. 7.

Zop (14.29)

Ioaoca nponycrarusa ¢ 06pamuoti cea3vio

IIpomsBenenne KO>(pPUIUEHTS YyCWICHHS HA LIXPUHY IOJOCH IPOIYCKAHUSA
JJIA ONMEPAIAOHHOT0 YCUINTENA C OAHOM dacToTod maaoma AYX — seawunm-
HA NOCTOAHHAA. TaK Kak Koo PUINEHT YCWICHHAA C OTPANATEIbHON 06GPATHOMN
CBA3BIO BCETa MEHbBINE, YeM K03(pGuuuenT ycurenus 6e3 06paTHON CBA3H, TO
MOJIOCA, MPOMYCKAHAA YCHIRTELI ¢ OOPATHOR CBA3BIO fp JOMXKHO yBEIAIATHCA
IO HOBOI'O 3HAYEHMSA

fr=fo(1+AB), (14.30)

rae f, — dJacrora maoma OY 6e3 oOpaTHOU CBa3Wm mUid f, — 9acTOTA €AH-
HIYHOrO ycuneHus |/ koadduument ycmaenus 6e3 OC. To ects,

fo= {11, (14.31)
rAe fr — 4acToTa eAMHIYHOTO yCHIeHNA (JacTOTa, Ha KOTOPOU KOd(hhHITEeHT
YCWIEHWs CHIXAETCA A0 €AUHUIIBI).

Ilogcrasus f, B ypasuernue (14.30), moxyaum

o= (%T) (1+ AB). (14.32)
Ecim m3BecTHA 9acTOTA M3AOMA fo, IOIOCY IPOMYCKAHUSA MOXHO BEIYACIATH
no popmye (14.30). Ecin gana gacrora fr, npumensercs ypasuenne (14.32).

IIpeobpazosamens moxa 6 HanpaKcenue
Bripaxenme (14.27) pas upeanbHOrO K03h(PUIAEHTa WHBEPTHEPYIOMWETO YCH-
IWTENs IMeeT BHA:

Yo~ —Br W v, = — (&) Rp.

V; Ry Ry
Teneps cumraem vg9 = 0, IOTOMY 9TO 3TO BUPTYAIbHAA 3€MIA, TOr/ MMEEM
__(vl—'vz) =i; mm L=
R]_ ¢ R1 -
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CaemoBaTenbHO,

Vo = —iiRF.
Jpyrumm croBamu, 3aMEHHB B CXeM€ MHBEDTUDYIOUIEr0 YCUIUTEN KOMOWHA-
muio v; u R; uctounukom TOKa %; (puc. 14.13, 6), MOXHO cO3aaTh IPeo6pa-
30BaTeJb TOKA B HaIpsAXeHWe, KaK II0Ka3aHO Ha puc. 14.18, rae Boxommoe
HAIPAKEHNE MEHACTCS MPOIOPIUAOHATLHO BXOJHOMY TOKY.

Ha puc. 14.18 mpeacraBnena mpocTas cxeMa UCTOYHUKA HAIPAKEHAA, YIIPa-
BIIEMOrO TOKOM. TaK KaK B WHBEDTHUPYIOIIUA BXOJ HE BTEKAET HUKAKOI'O TO-
Ka, TO TOK 4epe3 pe3ucTop Rp TOIHO TaxoW ke, KaK | BXOAHOW TOK i;. [lanee,
TaK KaK BHIXO/[HOU MMIIEAHC YCHIUTENA IPE3BLITANHO MaJ, TO O3HAYAET, UTO
BBIXOJHOE HANDXKEHUE HE 33BUCKAT OT CONPOTUBJICHUSI HATPY3Ku Ry .

IIpeo6pasoBaTenu TOKa B HANPAKEHWE IMUPOKO NPUMEHAIOTCA I M3ME-
peHua TOKOB GHOTONETEKTOPOB, & TaKXe B CX€MaX IUPPOAHAIOIOBHIX IIpe-
o6pasoBaTenen.

_ diy,  Re Puc. 14.18. Cxema npeoGpasoBaTers TOKa
ii - WA B HampAXeEHue
l ib2=0 Ve
Vo = —i;-RF
y R,
ib‘T ~Vee ‘

Hneepmop uau crema nepemenst 3naxa
WNuBepTupyomuil ycuiaTenb MOXHO IPEACTABUTH LI €JUHHIHOTO K03pdu-
nuenTa ycuienus, ycranosuB R; = Rp, u Torga om OymeT paboTaTh Kak
WHBEPTOD WK CXEM3 U3MEHEHWA 3HAKa. Y MHBEDTOPA BHIXOLHOE HANIPAXKEHUE
[I0 BeIWYWHE PABHO BXOZHOMY, HO IPOTHUBOIOJOXKHO IO (ase.
CooTHOImEHNS, BHIBEJEHHBIE I WHBEDTUPYIOUErO YCHWINTELA, IPUMEHU-
MBI ¥ K CX€M€ WHBEDTODA.

14.5. OnddepeHumanbHbiii ycunurens

[uddepenmuansasie (pa3HOCTHEIE) YCAIUTEMM YCAIABAIOT Pa3HOCTE ABYX BXOA-
HBIX CUT'HAJOB ¥ IMUPOKO MPUMEHAIOTCSI B IPUOOPOCTPOECHUN U B IPOMBIILICH-
HOU saekTponuke. OHU MMEIOT IPEUMYLIECTBA Epe] APYTUMHE YCUINTENAMH,
TaK KaK MOJABIAIOT CUCHAILI, cuHbasHbie 411 060UX BXO0B, KOTOPBIE 9aCTO
IPEJCTABIAIOT COO0U UIyMOBBIE HABOJKH.
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Ha pmc. 14.19 — mpocras cxema AuddepeHnualsHoro ycuauTend. Beau
¥3 JBYX BXOJHBIX HCTOYHHKOB Vg ¥ Up, Up = 0, TO cxema paboTaeT Kak
UHBEPTHPYIOIUHA ycumuTenrsb. A ecimu v, = 0, Torga oma paboTaeT Kak He-
WHBEPTUPYIOMUA YCUIATEIb.

Tenepr npoaHamu3upyeM 3Ty cxeMy Ha npeAMeT K03 IUIUEHT] yCHICHUA
¥ BXOJHOT'O MMII€AHCA.

Puc. 14.19. JnddepeHumaisHent Ry, R
ycmmTens AN AN
+
Va +Vee
e Vo
Ro vy
+ HL
+ Ve
Vb Rs —

Kosgduyuenm ycuaenus no wanparcenuio

CooTHomeHre MeX Ay BXOAHEIM ¥ BEIXOAHBIM HAIPAXKECHUAMHA YCUIATENs, u300-
paxeHHOro Ha puc. 14.19 MOXHO IOXYyYUTH, UCIONL3YA IPHUHIUIN CYIEpIO-
3WIUY OTAEIBHBIX BKIAJOB BXOJOB Vg ¥ Up. llycTh v = 0 B, Torga cxema
CTaHOBHUTCA WHBEPTUPYIOUMM YCUIATEIEM, U BHIXOJHOE HANPAXEHHE OT Of-
HOT'0 BXOJHOT'O Vo OyA€T PaBHO:

Vou = — (ﬁ) Ve (14.33)

Ry

Taxum xe o6pasom mpu v, = 0 B cxema cTaHOBHTCA HEMHBEPTHPYOUIUM
yCHINTEIEM C AeIUTeNeM HAINDIKEHWS, COCTOAIMM U3 pe3ucTopoB Re u Rj.
Torga

7 BBIXOJHOE HANDIXEHUEe OT OJHOT'O BXOJHOI'O Uy PABHO

_ Rp _ [(R1+RF) R3
vob—<1+R1>v1 W vob_{ R }{(R2+R3)}vb'

Teneps, nyctes Ry = Ry u Rp = R3, Torga

Vop = (%f) b, (14.34)

14—2890
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u K03(pPUIUEHT yCuiIeHua MO HANPAXKEHUIO AuddepeHHualbHOr0 yCuanTesa
paBeH

v (Voa — Vob)
Ap = 0 2% 9% — _Rr/R:. 14.35
b (Ua - 'Ub) ('Ua - 'Ub) F/ ! ( a)
To ects,
Rp
Ap = ——, (14.356)
R

9TO COBHAJAET C KO PUINEHTOM YCHIEHN HHBEDTUPYIOMErO yCUIUTELA.

Bzodnoti umnedanc
Y muddepeHnuaasHOro yCHIATENA B3, PAa3HBIX BXOAHBIX UMIIEAAHCA — OIUH
y MHBEPTUPYIOLWIETO BXOa, APYTOd Y HEMHBEP TUPYIOMIErO BXOAA.

IIpu vy = 0 B cxema mHa puc. 14.19 cTaHOBUTCA WHBEPTUDPYIOUIUM YyCHAIN-
Teqaem. ClegoBaTENBHO, BXOAHON MMIIEIAHC WHBEPTUPYIOUIEr0 BXOAa, IO OTHO-
IIEHNIO K 3eMJe:

Rj) ~ Ry. (14.36)

AmanornyHo MOXeM 3aIMCATEH BXOJHON MMIIEJAHC HENHBED TUPYIOIIErO yCh-
JUTENA:

Ry = (R2 + Rs). (14.37)

OueBuano, 9T0 AuddepeHnuaIbHN yCUINTEIb UMEET DA3HbIE BXOTHEIE UM-
[eJJaHCH UHBEPTUPYIOWIET0 ¥ HEMHBED TUPYIOMIETO BXOAA.

14.6. Cymmupytowme, maclutabupyrome
U yCpeaHsioLme yCunuTenu

CyMmmupyronme, MacIITabupyonme ¥ yCpeJHAOINE YCAIATEI MOTyT ObITE
BHIMTOJHEHEBI KaK B MHBEPTUPYIOMIEH, TaK U B HEMHBEP TUPYIOIICH KOHPUIYDa-
Uy OLMEPANMOHHOI0 yCUINTEA.

Husepmupyrowaa crema
Ha puc. 14.20 npeacTaBiena cxema, KOTOpas HCIOIL3YETCA HIA CyMMUPOBA-
HUA, MACIITAOMPOBAHMUA WIM yCDeJHEHWA Tpex ([dA mpuMepa) BXOAHBIX Ha-
NPAXEHUN vy, U U V3.

Pesuctop R, (paBHBII Hapa/LteabHOMY coequueHnio Ry, Ry, R3, RF) ymeHb-
IHAET HANPIXKEHUE CMEIICHUA.

Byanem paccmaTpusars OY Ha puc. 14.20 ugeansaeiv, ¢ 6eCKOHEUHO 60OIb-
UMY 3HAYEHUAME BXOJHOTO MMIENAHCa U KodddunuenTa ycuienus A. ITO
03HAYAET, 4TO

Vg=Us—p =0 mw vp=1v,=0.
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Puc. 14.20. NHBep THPYOMMI CyMMUPY IOLIHR ﬁ) Ry Vo Rr
ycuamTens Vi W > W
lh Ry i
V2_2> +Vee
s o -
V3 Vo
Vg —eo
- Va +
—Vee

Rx=(R1||Rz]|Ra)

9T06BI HAUTH BHIXOAHOE HANPIXEHWE, CAEIAEM Te Xe PacdeTHl, 4TO U B
clydae WHBEDTUPYIOMIEr0 YCUIUTENA C OAHAM BXOAOM.
Uz ypasrennsa Toxor Kupxrodda ars yana v, (puc. 14.20) umeem

L+ L+ 13 =1Ip.
Janee zanuimem
Ir = (vpb — v,)/RF.
Taxxe, Tak Kak vp = 0 (BupTyanbnas semusn), Iy = v; /Ry ... u T.1., crego-

BaTeIbHO,
v v U3 U,

R, R2+R3_RF

Vo = — { (%f) v + (%Z) ve + (%’;) ’U3} . (14.38)

JTO OCHOBHOE€ ypaBHEHHWE M PaspabOTKM CyMMHPYOIMX W APYTHX IOA06-
HBIX YCHIUTENEH.

Cymmupyrowut ycuaumend
[Tonoxum B yparenun (14.38) Ry = Ry = R3 = R, TorAa OHO COKpamaeT-
I )

R
re Rr /R — k032 dunueHT yCuieHusa yCUuIuTeNd, ero MOXHO yCTaHOBUTD PaB-
HbIM efivHuLE, Bei6paB Rp = R, Toraa
Vo = —(v1 + v2 + v3), (14.39)
T. €. BHIXOJHOE HaIpAXeHNe DABHO CyMMe BCEX BXOHBIX HAMPAXKEHNUH, B3ATHIX
¢ o6paTHBIM 3HAKOM. II00TOMY Takoll yCHINTEIb HA3LIBAIOT CYyMMHUDYIOIIHM.

R
Vo = — (—F> (’l)l+’l]2 + v3),

Macwmabupyrowuti (836ewusaiowuti) ycusumens
YcumuTenb HA3BHIBAIOT MACIITAOHDYIOIMM KIM B3BEIIVBAIONMM yCHIUTENEM,
ecIi KaX/I0e BXOJHO€ HAPXKEHNe YCUINBACTCA IO-PasHOMY. DTO MOXET IOo-
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Tpe60oBaTHCA, HAIIPAMED, €CIX MBI XOTUM IIOLYYATH BHIXOAHOE HAIDIXKEHUE,
paBuoe 4v; 4+ 0,5v3 4+ 1,5v3. Takum o6pasom, pesuctopsl Ri, Ry u R3 Ha cxeme
puc. 14.20 umeroT pasasie conpoTusnenus, T.e. Ry # Ry # Ry u

Vo = — { (%) v+ (%) vy + (%) 03} . (14.40)

IIycts Rp = 12 xOwm, Torga ana peanusanuu coornomenus 4v; + 0,5v9 +
+1,5v3 cOnpOTUBIEHNS PE3UCTOPOB FOMKHE ObITH R = 3 kOm, Ry = 24 xOwm,
R3 = 8 xOwm, Torga msl GyfeM uMmeTh Tpebyommucsa pesyabTaT (IpaBia,
HHBEDTUPOBAHHEIN )

v, = —[4v1 + 0,502 + 1,5v3].

Yepednaowut ycuaumend
B ycpeausiomem ycuwmTene BEIXOAHOE HAIPAXKEHUE PABHO CPEJHEMY BCEX BXOJA-
HEIX Hampsxenun. a1 sToro B cxeme Ha puc. 14.20, COIpOTHBIEHHA BCEX
PE3HUCTOPOB JOJXHEL OBLITH OAMHAKOBEIME, T.€. R = Ry = R3 = R.
[anee, x03ppunyenT ycuneHus Kaxaoro Bxona AomkeH 6wurte 1/N, rae
N — uumcao Bxog0B. JIpyrumu croBamu,
Rg 1
‘R N
[as Tpex BxogoB umeem Rp/R = 1/3 u us ypasuenunsa (14.38) npu ycaoBuu
R; = Ry = R3 = R umeem
(v1 + vz 4 v3)
Vg = ————————,
3
BuxoqHOE HAIPAXKEHNE PABHO CPEHEMY 3HAYEHUIO BCEX BXO/HBLIX HAIDAKEHHUM.

(14.41)

Heunsepmupyowas czema

CyMmupyromnme u yCpeJHAION#e YCHINTEINA TaAKXe MOXHO BEIIOIHATE B HEUH-
BEPTUPYIOIEH KOHGMUTYPAIMH, TOAKIOYMB NCTOTHUKH BXOJHLIX HAIDAXKEHAHR
H PE3WCTOPH K HEMHBEDPTUDPYIOIIEMY BHIBOAY, KaK MOKa3aHO Ha puc. 14.21
¥ BBIGpAB MOAXOAANIE COIPOTUBIeHUA pe3ucTopoB Ry u Ry, Re u T. 1.

Hampsxenue v, Ha HEMHBEPTUPYIOUIEM BLIBOAE MOXHO HAWTH, UCIONB3YL
npuHnUI cyneprno3unuu. Hanpumep, BKIal HAIDAXKEHUS U, B HAIPAKEHUE Uz
MOXHO HAWTH, €CIH CYATATH APYrde MCTOYHUKHA Up U U, HyJeBbLIMH. DTOT
DPEe3yJbTAT yUTEH B [IEPBOM WIEHE BHIDAXKEHUA MJIA Uz, PABHO'O

Ry Ry Ry
_ (&N - - 4.42
(Ra)va+(Rb>vb+(Rc)vc, (1 )

Ry = (Rl RslIR.)- (14.43)

e
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Ra v
Va — WA
Rp
Vo —MWN—
Re
Vo — AN—]

—o Vv,

Puc. 14.21. HennBepTupyomas cXxeMa CyMMHDYIOWEr0o yCUINTENA

[Ipumenus ypasHeHue K03pPUIUERTa yCUIeHRA ¢ 06paTHOM CBA3bIO (ypaB-
nenwe (14.13)), maigem BeIXOAHOE HanpsaxkeHue cxemsl (puc. 14.21):

(14 B o — (10 B LB g (B gy 4 (B
vo—(1+RB>vz—(1+RB){(RG)UG+(Rb)vb+<Rc)vc}.

Ilpu R, = Ry = R. = R, ypaeuenune (14.43) naer Ry = R/3 u ypaBHueHue

uMeeT BUA:
Vo = (1 + g—z) {("“”—3””0)} (14.44)

Cymmupyrowsuti ycuaumeas
Ecau xoadpdunuent ycunenuns (1 + Rp/Rp) B ypasaenun (14.44) ycTaHOBHTH
PABHBLIM YHCIY BXOJAOB, TO BEIXOJHOE HAIIPAXKEHAE CTAHET DABHEIM CyMMe BCEX
BXO/JHLIX HampskKeHwml. B mameMm crydae, AiA Tpex BXOAOB, €CIM YCTAHOBATH
(1+ Rrp/Rp) = 3, ypasuenue (14.44) maeT BHIXOAHOE HaIpAXEHHE, KOTOPOE
PABHO CyMMe BCEX BXOJHBLIX HAIPAXEHUN

Vo = Vg + Vp + Ve. (14.45)

CuenoBaTeIbHO, 9Ta CX€Ma HA3BIBAETCA HEMHBEPTUDYIOUUMM CyMMUDYIOUMM
yCUIuTeIeM.

Yepeonaowutl ycuaumedns
Ecau paccmoTpers ypapHeHue (14.44), MOXHO yBHAETBH, 9TO BBHIXOJHOE HA-
IpSXeHNe PABHO CpeJHEMY BCEX BXOJHBIX HAIPAXEHWH, YMHOXEHHEIX HA KO-
addumment ycurenus (1 + Rrp/Rp) cxemsl ¢ 06paTHOR cBA3bi0. Ecau B cxeme
Ha puc. 14.21 Rp = 0, Rp = 00, Torjga oHa paboTaeT KaK IIOBTOPHTEID,



@6 Taasa 14. IIpumenenue onepayuonKbly ycusumenes

H TOT/a BLIXOJHOE HANPAXEHNE PABHO CpeJHEMY 3HAYEHUIO BCeX BXOTHBIX Ha-
npsaxerui. To ecTs
vy = (va+vb+vc)'
3
YcuauTens B TaKOW KOHPUIYDALWK HA3BIBAETCA YCPEAHAIOIMIM YCUINTEIEM,

(14.46)

IIpumep 14.4. Paccuurars ycmmrens ¢ OY, KOTOPHIl BHIAAET BBHIXOJHOE Ha-
npsaxenne, pasaoe —(5v; + 3vs + vz + 0,2v4). Kakum 10mxHO GBITH ONTHMAJBHOE
CONPOTUBJIEHNE KOMIIEHCUPYIOIIErO pe3ucTopa Roa?

Pemrenue. IIpousBonbHO BEOepeM conpotueienne R = 60 kOum. Torga

Rp/R; = 5; R; =60 xOMm/5 = 12 kOwm,
Rp/Ry = 3; R = 60 xkOMm/3 = 20 xOwm,
Rp/Rs=1; Rs = Rr = 60 xOwm,
Rp/Ry=5; R4 =60 xOMm/0,2 = 300 xOm.

OnTuMaTbHOE COMPOTHUBIEHAE KOMIIEHCUPYIOMEro pesuctopa Roy paBHO
Ron = Rr||R:1||Rz||Rs||Rs = 60 kOM]||12 kOm||20 kOm||60 kOm]||300 xOm

unm Roy = 5,8 kOm. Ilonnas cxema npusegena Ha puc. 14.22.

R4 (12 kKOM) RE (60 kOMm)
Vi—AW AW
R (20 kOm +Veo
Vo —AN—
R3 (60 kOm -
V3
R4 (300 kOM) —*%
Vg —AMN— +
_VEE
HOM= 5,8 kOM
Puc. 14.22.

14.7. CxeMa BbluMTaHUA

YcunuTenb, BHIXOAHOE HAIIpAXeHWEe KOTOPOTO PABHO DAa3HOCTH ABYX BXOA-
HBIX CHT'HAJIOB, HA3HLIBAETCA CXEeMOM BhrduTaHuA. [l 5ToM omepamum MOXHO
npuMeHUTHL 6a30ByI0 cxemy Aud@epeHnuaIsHOr0 yCINTENs, KaK I0Ka3aHo
Ha puc. 14.23. O6GpaTuTe BHUMaHNE, UTO Y BCEX BHEIIHUX PE3UCTOPOB B CXeMe
OJWHAKOBOE CONPOTUBJIECHHUE.



14.8. Uwmeepamopvr u duddepenyuamopvy 40\7\)

W3 ocuoBrOu Teopuu auddepenmuansaoro ycwmrens (ypasuenue (14.356))
uMeeM:

vo = Rr/Ri(vp — va),
Teneps npu Rp = Ry u (vp — v,) = (v2 — v1) momy4aem: v, = (R/R)(v2 — v1)
wim
Vo = (vg — v1). (14.47)
BrixoaHoe HAIIpAXeHne 5TOr0 yCUINTENA PABHO HAPAKEHUIO, IPIIOKEHHOMY
K HEMHBEDPTUPYIOMEMy Bx0Ay (V) MEHYC HAIpSIXeHWe, IPUIOXKEHHOE K MHBED-
TEpyIOIEMy BXOAY (V2), HODTOMY 5Ta CXeMa HAa3bIBAETCA CXEMOW BHIYMTAHNA.

Puc. 14.23. [JuddepeHnmaibHeil yCUWINTEIb R
B Ka9€CTBE CXEMbl BHIYATAHUA vo —W AN

Vv,

~Vee

14.8. Nuterpatopsl 1 ancpPpepeHumaTops!

Cxembl unTErpaTopa u Aud@EpeHIuaTopa MOXHO DPa3paboTaTh MPU COOT-
BETCTBYIOLIEN MOAUPUKAIAY WHBEDTUPYIOWEro ycurureni. Kpome BrIone-
HUA MATEMATHYECKUX OIEPalyil, DTH CXE€MbI MOXHO IPUMEHWUTDH JJA reHe-
pamuy Ha, BRIXOJAe Pa3iwdHbIX ¢popM Hanpsaxenus. Hampuwmep, mpu momoum
DTHUX CXEM TPEYroJbHOE HAIPAXEHWEe MOXET IPOU3BOAUTH IIPAMOYTOJLHBIE
uMIyabChl. iy npaMoyrofibHbIe UMITyABCH MOI'yT IPOUW3BOAUTH IOCIEN0BA~
TEIBLHOCTH Y3KWX MMIIYJIbCOB M TaK fajtee. MeToabl (pOpMUPOBAHUA UMIIYdb-
COB IIMPOKO MPUMEHAIOTCA B (MDYHKIHUOHAILHLIX I'€HEPATODPAaX, CHHTE3ATOPAX
YaCTOTHL H T. A.

Humeepamop
Y umTerpaTopa (TakXe Ha3BIBAEMbIA MHTETPUPYIOLIAM yCHIATEIEM) GOpMA
BLIXOJHOTO HAIPAXEHWS DABHA HHTErpaly (POPMBI BXOJHOT'O HAIDAXKEHUS.
HaTerpaTop moly4aeTcs, €ClIu Pe3ucTOp o6paTHOR cBA3u Rp B 6asoBou cxe-
Me MHBEPTHPYIOUIETO yCUINTENA 3aMEHNTh KOHAeHCATOPOM CF, KaK IOKa3aHO
Ha puc. 14.24.
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R4 Cr
v2 I
vi—W, 11
it it +Vee
ibg = Ol

o0

-V
ip1=0 T R4 EE jHL

Puc. 14.24. Npeansuemt uarerparop va OY

Tak KaK TOK, BTEKAMOUINH B WHBEDTUDYIONMA BEIBOJ, PABEH HYJIO, 3aKOH
ToK0B Kupxrodda Ha yane vy gaeT i; ~ if, rie 4; — BXOJHOU TOK.

BcenomHEM U3 OCHOB T€OpUE KOHAEHCATODPOB, YTO TOK 3aPANA 4c W HAIDA-
XeHWe Ha KOHJEHCATOPE CBA3AHEI COOTHOIIECHNEM

ic = C - dv/dt.
CaepoBaTenbHO, B HalleM CIy4ae, Tak Kak i, = (v; — v2)/Ry,

(vi —v2) _ CFd(Uz ~ )

R, dt
Ho v = 0 (BupTyaubHas 3emis), CIeAOBATEILHO
v; d(—v,)
L op2i o)
R P dt

WIn

dvo _ _(_L Y,
dt RiCr) “

NuTerpupysa obe yacTu ypaBHEHUA IO BPEMEHH, ITOMYIHM:
t
vo = — (1/RiCh) / vidt +C, (14.48)
0
rge C — KOHCTaHTA MHTETPUPOBAHUA, IPEACTABIAOIIAA HAYAILHOE HAIPA-
XeHue KOHJEHCATOPA, Usp B MOMEHT Bpemenu ¢ = (.

YpaBuenne (14.48) moxaswiBaeT, 9TO BHIXOAHOE HANDAXKEHWE PABHO WH-
Terpajiy BXOJHOTO HAIPSXEHHA W OGDATHO MPONOPIMOHAILHO IIOCTOSHHOU
Bpemenn R)Cr. Taxum 06pa3omM, eCiu BXOJHOE HAIPAKEHHE — IIPAMOYIOIb-
HbI€ HMITYJIBCHL, OHO BBI30BET HA BBIXOJE TPEYTOMbHEIE MMITYIbCHE (puc. 14.25)-
A ecau BXoAHOE HanpsxeHWe CHHYCOUJAIBHO, T.€., €ClIu

v; = Asinwt, (14.49)
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BBHIXO/HOe HampsxeHve (npuaumas kouctanTy C B ypapuenuu (14.48) paBHou
HYJIIO) PaBHO

Vo = —1/R10F/Asinwt dt = (A/wR,CF) cos wt. (14.50)
v
X
0 >t (sec)
Y
VoA :
Xy~ > t(sec)
Vsat + L
Pnc. 14.25.

CuaefoBaTenbHO, BHIXOJHOE HANIPsAXeHue OyJeT KOCHUHYCOM, aMILIUTY A, KO-
TOPOrO 3aBUCHT OT YaCTOTH (06paTUTE BHUMAHWE HA W B 3HAMEHATENE aM-
muTyAsl). Takum 06pa3oM, eciiu BXOAHOE CHHYCOUAAIBLHOE HAIDAKEHUE 4Ya-
croroir 100 'y mpousBOANT BLIXOAHOE HAIIpAXEHHE ¢ ammuTygou 12 B, To,
IpY IPOYNX PABHBIX YCJAOBHUAX, BXOZHOW CUHYCOMJAILHBIA CHUTHAJI IACTOTON
200 'y gacT BBIXOAHOE HANDSXKEHHWE aMILIATyno0u 6 B.

Ha Brixoge uaTErpaTOpa 6y €T MOCTOSHHOE HANIPAXKEHIE, TaXKe €ClIU BXO-
HOe Hampsaxenwe OyleT paBHO Hymo. [Ipm v; = 0 wHTErpaTop AEUCTByeT
KxaK ycunurens 6e3 o6paTaou cBaA3u. Tak Kak KOHAEHCATOD AJA IOCTOSHHOTO
TOKa NPEACTABIACT PA3pHIB LElH, JI0O0MYy IOCTOIHHOMY TOKY OH 3aKPhIBa-
eT myTh OGpPATHOW CBA3M K BXOJy yCHIuTend. B pesyapTaTe KOHIEHCATOD
BCE BpeMs 3apAXKAETCA MAJILIMM, HO HEHYJEBHIMUA TOKAaMU Apenda u cMelre-
HUA — ¥ TaKuM 06pa3oM HA BHIXOJE YCHIUTENA CO3LAeT YCUIEHHOE HAIIPAXKe-
Hue onmbku. B cxemax peajbHBIX MHTErDATOPOB IAPAJLIEIHHO KOHIEHCATOPY
o6paTHou cBa3u Cr mogkI09aeTcsa pe3ucTop Ry, Kax mokaszano Ha puc. 14.26.
Pesuctop Rf npefocTaBifeT IyTh OGPATHOU CBA3H [ IHOCTOAHHOTO TOKA
7 MUHUMU3UDyeT HanpskeHue omubku. Pesuctop RF Takxke OrpaHHIHBAET
K02 PUIUEHT yCUICHUA HA HU3KKAX JACTOTAX M TAKUM IyTeM OrDaHUYIMBAET
HeXeIaTelbHbIe U3MEHEHN BHIXOJHOI'0 HaIpsaXenusa. Teneps B3TIAHEM Ha, 9a-
CTOTHYIO XapPaKTEPUCTUKY HHTErDATOPA.

AGcomoTHoe 3HaueHNEe KOI(D(DUIIEEHTa yCUICHUS PABHO OTHOIICHUIO aM-
IUIATY AbI BEIXOJHOTI'O HAIIDAXEHUA K aMILINTY 1€ BXOJHOrO HAIIDAXKEHNA, U €T0
MOXHO 3aIlUCATD, HOAL3yAch ypaBHeHuAMu (14.49) u (14.50). Umeem

lvo/vi| = AJAwR;Cr = 1/wR;Cp, (14.51)
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9TO MOKA3BIBAET, ITO KO3 DUIUEHT yCUuIeHNA 0OpPaTHO MIPOIIOPUMOHAJEH 9aC-
rore. I'paduk 3aBucHMOCTH K03 DUOMEHTa YCUICHAS OT YaCTOTHL [IPUBEJEH
Ha, puc. 14.27.

R
A
R Cr
i |
+Vee
p—o Vo [Vo/vil
Vi B Ob -20 nb/pexapa

+

~Vee R f; = 1/2nR{CF
R
L - 0 f, f
Puc. 14.26. PeamHaa cxema HHTErpaTopa Puc. 14.27. JacToTHad XapaKTepUCTH-

Ka UJ€eaJbHOr0 HHTErpaTopa

B peaxbroM muTerpaTope (puc. 14.26) Ha 9acTOTaX, NP KOTOPHIX Peak-
THBHOE CONPOTUBIeHNE KOHAeHCaTOpa CF CPaBHUMO C compoTuBieHueM Rp,
o6IITN EMIIEAaHC OOPATHON CBA3M HE ABIAETCA MPEAMYIIECTBEHHO EMKOCTHBIM
¥ TOYHOTI'O MHTEIPUPOBAHUA HE NPOU3BOAUTCA. Boobie roBopsA, MOXHO CIM-
TaTbh, 9TO YAOBIETBOPUTEILHOE UHTEIPUPOBAHAE HAYNHAETCA [IPA IaCTOTAX,
HAMHOI'0 60JbIIMX YacTOTHI, mpu KoTopon X¢c = Rp. To ecTs, s TOYHOTO
WHTETPUPOBAHNA HEOOXOAMMO

Xc < Rp, 1/nfCr < RFp

I
f>1/2nRpCF. (14.52a)
MoXHO onpeernTs KPUTHIECKYIO 4acToTy f., npu koropon X¢ = Rp, T.e.
1
= —. 14.526
fe 2nRrCr ( )

OHa ompefieiseT YacTOTY W3JIOM3 B YaCTOTHOM XaPAKTEPUCTHUKE PealbHOT'O
HHETErpaTopa. I'paduKk 9aCTOTHOM XapAKTEPUCTUKYA PEAIHHOI'0 MHTEIPATOPA
MoKa3aH Ha puc. 14.28.

Ha pumc. 14.28 MOXHO BMAETH, YTO HA YACTOTAX HUXKE f, KOahPuIueHT
ycmIeHns nocTosHeH u paseH Rp/R;. B sToM nmanma3one cxema He BHITOIHA-
eT GyHKOUE WHTErpaTopa. Bome 9acToTH f, KoabduuneHT ycuileHns CHA-
xaeTca co ckopoctbio 20 nB/mekana, m cxema paboTaeT Kak MHTErpaTop
Ha 9acTOTax oT f. 4o fi.
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Koadodnument
nepenaiv
(nB) -20 nb/nexapa

Re/Ry

Puc. 14.28. YacToTHaA XapaKTEPUCTUKA PEAILHOT'0 MHTETPATOPA

OO6BIYHO CcOMpPOTHMBIEHNUS Pe3uCcTOPOB R; m Rp BHIOMPaioTCA Tak, 4TOGHI
fe < f1. Hanpumep, ecmmn f. = f1/10, To Rp = 10R;.

NuTerparopbt 0GBIYHO UCIOAL3YIOTCA B CXeMaX AHAJIOT'OBHIX BHIUMCICHUH,
cxeMax (POPMHUPOBATENEH MMITYJIbCOB, B AHAJOI'O-MUMPOBEIX IpPe0o6pa3oBaTe-
JIAX.

IIpumep 14.5. Paccumrarh cxeMy peajbHOrO MHTErpPaTOpa, KOTOPHM MHTErpu-
pyet Ha gactorax 200 I'u u Brime, u BergaeT curnaa ammwmrygon 0,2 B mpu Bxoguom
CUHyCcOUIaIbHOM curHate ¢ ammmutygon 10 B npu vacrore 10 k.

Pemenne. B cxeme peansnoro uarerparopa (puc. 14.26) Ml JOMKHLL BEIGPATH CO-
OTBETCTBYIOIINE YCIOBUAM 338344 HOMUHAIH Rp, Cr u R;.

Yro6s1 naTerpupoBarh Ha Yacrorax ot 200 I'y u Brune, Tpebyercs, YTOOH Kpu-
Tudeckas dacrora f. < 200 I'i. Bribepem f. Ha oguy gexaay mmxke 200 I'u, T.e.
fe = 20 T'. Toraa, us ypaeuenus (14.526) umeem f. = 20 = 1/27rRpCFr.

Bri6epem Cp = 0,01 mx®D, Toraa

1
~ 27Rp(0,01 x 10-9)

20 wim Rp =795 xOMm =~ 800 xOm.

Teneps uyxuo BHOpaTh R; Takum, 9T06H Ha vacrore 10 k'
|vo/v;| = 0,2/10 = 0,02.

Biusuuem Rp Ha gacroTe 10 kI'n (koTOpas Bo MHOTO pa3 Berne 20 ') MOXHO mpeHe-
6peyn, 1 ypaBHeHUE KO3 PUIMEHTA YCUIEHNA UAeAILHOT0 UHTErPATOPA IPUMEHNMO.
Torza

|’Uo/’U,;| = l/lecF = 0,02

wim

_ 1 _ 10* _ 10t
T (2w x 104 x 0,02 x 10-8) (2 x 3,14x0,02) ~ 0,125

R, = 80 xOm.

Ha puc. 14.29 npuBeseHa nonHaA CXeMa.
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795 kOm
AN
80 kOM 0,01uF
Vl——’W‘—"——-| |_
+Vee
R T i}_ Cr
L_ev, 10B Vi —MW————— ———
+Vee
+
-V B v,
72 kOM & 0 e
= = ~Vee
Puc. 14.29. Puc. 14.30.

ITpumep 14.6. Cxemy Ha puc. 14.30 uHOrAa HA3HIBAIOT MHTErpaTopoM Mumie-
Pa, ¥ OHA UCIOAL3YETCA [JIA TOJYYeHHA JUHENHO MEHAIOMErocs Hampsxkeraus. Eciu
R =5 x0OMu C = 1 Mx®d, a BXOJHOU CUT'HAJ CUTHAI — CKAYOK Hanpskenus B +10 B,
C KaKOM CKOPOCTBIO MEHSETCS BLIXOJHOU CUTHAJ?

Pemenwne. Ha rouke T puc. 14.30 — BupryauasHas 3emis. IloaTomy umeem i; = v;/R.
ITOT BXOZHOM TOK TEYeT B KOHACHCATOD W BHI3LIBAET HU3MEHEHWE HAIIPAXKEHHUs CO
CKOPOCTBIO

dv, —i; dv, —u;

i@ ¢ ™ &% T RC

YT06bl DOXYYNTH JUHENHO MEHAIOIIEeCs HAIpsxeHWe, TpeGyeTcs Ha BXOJ IOJATh
cka4ok Hampsnxenus (puc. 14.30).

Iloacrapus 3uadvenus R u C, nomxy4dum

dv, 10B B
dt  (5x10% x 10-6) 2 B/uc.

Taxum 06pa3oM, BLIXOAHOE HATIPSXKEHUE MEHAETCA CO CKOPOCThIO 2 B B MumncexkyHAy
(2 B/wmc).

Audpepenyuamop
[MudbdepennmaTop (FuddepeHnupyonmil yCHInTelb) IPON3BOAUT HA CBOEM
BBIXO/I€ HaIpAXeHWe, KOTOPOe B 3TOT MOMEHT PAaBHO CKOPOCTH M3MEHEHHA
BxogHOro Hanpaxerua. Onepanusa auddepeHIrPOBAHIA MPOTABOIOIOXKHA 01e-
pauum MHTErPUPOBAHUI. ECIM B cxeMe MHBEDTHUDYIOIIEr0 YCWIMTEIA 3aME-
HATH BXOAHOM pesucTop R; komgencaropom C], Kak moka3aHo Ha puc. 14.31,
noxy4uTcsa guddepeHnuaTop.
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Puc. 14.31. Basosas cxema nuddepern- Cy
aTopa +v,~,,_| }

- —_
Ic I

Vi
%

Tak kak TOK, BTeKalomui B nEBepTHpYyomuu Bxog OY, paBen Hymo (KO-
s¢ddunmenT ycunenns A O4eHb BEIUK, HANPIXKEHUE OMUOKA CTPEMATCA K HY-
a10), TO i, = ip. Tenepb MOXHO 3amMCATH:

_ Cld(vi —’02) _ C1dvi

i

dt dt
Tak xak vy = 0, cregoBaTEILHO,
I — (1)2 '—"Uo) — _'Uo
F Rr Ry’
Hanee nmeem
Cirdv; —Uo
dt = Rr
nin d
Vo = —Rpclﬁ. (14.53)

IJTO ypaBHeHHE IOKA3BIBAET, YTO BBIXOAHOE HaIpsAxenme IuddepeHnmaTo-
Pa MPONOPIMOHAIBHO CKOPOCTY M3MEHEHUA BXOJHOI'O HANIPIXKEHUA V;. TaKuM
06pa3oM, CMHYCOMAAIbHOE BXOZHOE HAMNPAXKEHNE HA BHIXOJE MOABUTCA KakK
KOCHHYCOUJATHHOE HAMPAXEHNE, 3 TPEYIOAbHOE HANPAXKEHNE — KaK MPIMO-
yTOJBHOE.

OTMmeTnM, 0fHAKO, ITO KOadbdunuenT ycmieaua cxemsl (puc. 14.31) pas-
e Rp/Xc, rae X¢ — WMIefaHC KOHAEHCATOPA, YBEINIABAETCA NP yBE-
JAMYEeHNN 9acTOTHI cO ckopocThio 20 n1B/mexana, u 3TO AelaeT Cxemy HECTa-
6mabHOM. TakXe mpy BEICOKMX JaCTOTAX BXOAHOM MMIEAAHC HAJAET IO Mepe
yMenbinenus X ¢, MOACOTABINBAA IOYBY BHICOKOIACTOTHBIM IIyMaM. DTH ILy-
MBI YCWINBAIOTCA W Ha BBIXOJE AuddepeHnuaTopa 3a4acTyio IpeobiIasaioT
HaJ TIONE3HBIM CATHAJOM. Ecim cxeMy MOAuUIMDOBATD, 5Ty CATYAINIO MOXK-
HO IpPEeJOTBpaTHTH. B pearsHOM cxeme auddepenmuaropa (puc. 14.32, a),
[JIA orpaHndenns KoadpdpunueHTa yCUIEHNA Ha, BLICOKMX YaCTOTaX, MOCIeA0Ba-
TEeJIBHO C KOHAEHCATOPOM BKJIIOYAIOT PE3UCTOD C HEGOIBIINM COMPOTUBRICHAEM
(R1 < RF).
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R G Re Koadpdpuument
) nepepaun s
Hie—M—y] b———W— P &as) 1 Wneanshbiii 7
+Vee il
~Re/R4 PeanbHbiii
- 20 nb/nekapa lnmpcpepenuuarop
p—oV, :
0 | >

+ fi f» YacrtoTa

_VEE HL
R= RF
a) 6)

Puc. 14.32. Peamsunm auddepenumarop. [Jaa yMeHbIIEHUA CMEILIEHUA K HEXHBEDTHU-
PyIomeMy BXOAY HOAKIIOYEH PE3UCTOP, PABHBIM IO CONPOTHBICHWIO Rp
(@). HacToTHEIE XapaKTEPUCTUKU HIEAJILHOIO U pealbHOro auddgepen-

mmatopa (6)

YacToTHaA XapakTepUCTHKA 6a30BOM CXeMEL AnddepeHnmaTopa NoKa3aHa
Ha puc. 14.32, 6. YacToTa, Ha KOTOpPON KOI(MDGIUIMEHT YCUIEHUSA CTAHOBUTCA

pasueim 0 1B, paBHa
1

h= 2rRpCy’
Bregenne pesucropa R; orpaHn<unBaeT BEPXHIOI0 4acTOTy AuddepeHnunaTopa

3HaYEHUEM fo
1

o= 2rR1Cy°
dTa 4acToTa Ha puc. 14.32, 6 ToXe oTMEYeHA.
IIpn paspaboTke peanbHOro AudpEPEHNNATOPA JACTOTY fo YCTAHABIMBA-
0T HAMHOT'O BBHIIIE YaCTOT, HA KOTOPHIX TpebyeTcsa TouHOe nuddepeHnupo-
BaHWME.

(14.54)

IIpumep 14.7. Ompegennts momuuansl Ry, Rp u C; B cxeme AudepermmaTopa
(puc. 14.32, a), KOTOpLIE yIOBJETBOPAIOT TpeboBaruaM: fo = 2 k1, MaKCuMaNbHEIR
KO3 HUIMEHT YCUIEHUs ¢ OOpATHOU CBs3bi0 Ap = 5.

Pemenne. Bubepem emxocTs xongencaropa Ci. lycrs C; = 0,1 Mx®. ConpoTa-
BJIEHNE PE3UCTOPA K] MOXHO OnpeieuTs U3 BHIPAKEHUS IJisA YACTOTH U3ruba:

1 1
fo= e ™™ M wmpor
Nmeem
1 6
Ry = S =796 Om.

(2x3.14x2x10%x0,1x10-%) 1,256 x 108
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13 ypasuenus xoadpdunmenTa, ycuieHns

Ar = Rp/Ry; Rp = Ap - R1 =5 x 796 Om = 3,98 xOwm.

14.9. AkTVBHbIE PUNLTPSI

DubTp — 3TO YaCTOTHO-M36MpaTenbHasd Hens. Hanpumep, curuaas onpese-
JIEHHOM 9aCTOTHI MOT'YT MPOXOAUTD Yepe3 (MILTD, a CATHAIBI APYTHX YaCTOT
OPOUAYT Yepe3 PUIbTP CUILHO OCIAGIeHHBIMY.

Db TP MOXHO Pa3AeIuTh HA MaCCUBHLIE  akTuBHEIE. [laccuBHbIe dDnab-
TPHI COCTOAT W3 PE3UCTOPOB, KOHAEHCATOPOB M KATYIIEK WHIYKTUBHOCTH,
a B aKTWBHBIX (PMILTPAX, KPOME Ielned C Pe3UCTOPaMU M KOHAEHCATOPAMHU
MOT'YT NPUMEHATHCA U AKTUBHLIE DIEMEHTH — TPAH3UCTOPHL WIN OLNEPAINOH-
Hble ycmanTend. KaTymku MHAYKTUBHOCTH OOBIYHO B HUX HE [PAMEHAIOTCA
M3-33 UX BeCa, raGapuToB, HEHLI U OTeph MomHOCTH. OHN HE HHTETPUPYIOTCA
B C u w31y9aioT 21eKTPOMArHUTHBIE TIOMNA.

OO6BIYHO TPUMEHAIOTCA YETHIPE THUNA (PUILTPOB:

1) ¢mapTp EMxHEX 9acTor (PHY);
2) ¢uabTp BepxHEX dacror (PBY);
3) momocoBou GUILTP.

Hosocosott pearcexmopnbili Puavbmp uau dusbmp-npobra
Ha pwuc. 14.33 npuBegeHb! nieatbHEbIE U DEAIbLHBIE YACTOTHBIE XapaKTePUCTH-
K¥ 9TUX THUIOB PUIBTPOB.

Y uaeansHOro GUILTPA B MOJOCE MPOITYCKAHNA IOTEPH OTCYTCTBYIOT, a B IO~
J0Ce 3arpaXkAeHus MOTepu GECKOHEYHO BEIUKYW. J1acTOTHAS XapaKTEePUCTUKA
HAEATLHOr0 GUILTPA HA MPAKTWKE HENOCTUXUMA, TAK KaK JUHEHHBIE CXe-
MBI HE MOI'yT OCyUIECTBATH TpebyeMble pasphiBbI xapakTepucTuku. OgHa-
KO XapaKTEPUCTUKA PEATbHBIX (PUIHTPOB MOXET HPUOIMXKATHCA K HACATb-
HOHM XapaKTEPUCTUKE P MPUMEHEHHMH BBICOKOCKOpPOCTHBIX OY ¢ mpemmsm-
OHHBIMM TIACCUBHBIMM dJIEMEHTAMM B crenuduyHbix nprbopax, paspaboTaH-
HBIX Iia uiabTpoB Hamofobwe durbrpos BarrepeopTa m Yebrnunera. [lauee
u3 puc. 14.33 Buano, 9TO KO3bIUIIMEHT NepeJadn B Pa3HbIX GUIBTPAX B IO-
Joce 3arpaXjIeHuA MY YBEIMIEHUN JACTOTH MOHOTOHHO YMEHBUIAETCH, MIN
yBeIMYMBAETCA, WIA X TO U Apyroe (yBermumsaercsa u ymenbmmaercs). Cko-
POCTB, C KOTOPOU MeHAETCA KOd(h(MUIUEHT Nepefadn B MOJ0Ce 3arPaXAeHnd,
ompejeseT NOpAAoK puiabTpa. Ecin koaddunnenT nepefa<n B moaoce 3arpa-
XeHUA yMeHbIaeTcsa co ckopocThio 20 1B/ aekana — T0 370 GuabTp HUXHAX
9YaCTOT MEPBOr0 MOPAAKA. AHAIOIMYHO, B PUIBTPAX BEPXHAX 4ACTOT BTOPO-
IO MOPALKA B MOJOCE 3arpaX JeHNA IPHCYTCTBYET yBeIndeHne Koo dbunueHTa
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nepegaam co ckopocthio 40 1B/gekana. Mbl paccMaTpuBaeM pa3HBIE DUIL-
Tpel BaTTepBopTa.

-
- \ WpeanbHas 5 < WpeanbHas
z yacToTHas 5z 4acToTHan
s 3 XapakrepucTuka H % xapakrepucTuka
§ g &5
Q ®C
Q
& [ MNonoca Monoca ¥ Monoca n
N nponyc- 3arpaxaeHus 3arpax- onoca
KaHus [eHns nponycKkaHus
! f f
! |
H Peanbnas ! PeanbHaq
. ! yacTothas £ ' yacToTHas
z i os | XapakTepuctuka
Qs | XapakKTepucTuka 53 1
e : s g :
¥ L g2 !
g Q ! <90 ;
® 2 8c !
< 4 :
1
1
)
'
f : > f
]
fL
6)
= =
< WUneanbHas 5= WpeanbHaa
Sz 4yacToTHan S35 yacToTHas
3 % XapakrepucTuka 3% XapakTepucTmka
a
&3 &3
[oR =t [ =
=] o
V4 Monoca| Monoca| Monoca ¥  [Monoca| Nonoca | Monoca
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fin R/ fi1 i fio
| :
1 ) 1
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s X '
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Puc. 14.33. YacTOTHEIE XapAKTEPUCTHKN UACATBHBIX U PEAIbHBIX GUILTPOB: ) —
PWILTP HIKAUX 9aCTOT;6) — QUILTP BEPXHUX YaCTOT; 6) — MOJOCOBOX
$uasTp; 2) -— PUALTP-HPOGKA MIHM MOJOCOBOU PEXEKTOPHBIN (IIBLTD
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DusbmP HUNCHUT YACMOM NEPEO2O NOPAIKA
Ha puc. 14.34, o m306paxen GuIbTp HUXKHUX 4aCTOT DaTTEPBOPTA IIEPBOIO
nopaaka. B mem npumenern OY B HemABepTUPYIOMEM BKIOUYeHNH 1 RC-1ensb.
Koadbdunuent ycurenusa dpuabTpa onpefeaer orHomenneM Ry /R .

Ry vy 3&
ﬁ Koaddpuument
- +Vee nepenaum 4
_ Ar
Vo O0707Apf—————————-— 20 ;B/.qeka,ua
1
R :
|« TMonoca
= nponyckaHua |« MNMonoca —
]
fy Yacrtota
0)

Puc. 14.34. OweTp HmxHUX 9acTOT nepsoro mopaaka (a). JacToTHas xapakTepu-
CTHKS GUILTPA HIKHUX TaCTOT NEPBOro nopaska (6)

W3 cBomCcTB AeanTels HAIPAXKEHWUS, HANIPAXKEHWE Ha KOHJEHCATOpE PaBHO

v = {m—‘ji%)} vi, (14.55)

1
j-2nfC’
Ypasuenne (14.55) ynpomjaeTca 40 ClIeAyIOMEro BUAA:
_ vi
~ (1+3-2nfRC)’
BoIxoiHOe HANIPAXEHUE UV, HEMHBEP TUPYIOMIErO yCAINTEAS PABHO

Vo = 1+ Rr V] WA U, = 1+£€ Yi

°~\ "R, ! °= R, )1+j 2nfRC

Ap

L+ (f/fm)]
rie v,/v; — 9YaCTOTHO-3aBUCUMBIA KO3bduuuenT ycuienus dmibrpa; Ap =
= (1 + Rp/R;) — k03 pUnueHT yCHIEHUA B MOJOCe IPOMycKanmsd; f — 4a-
croTa BxogHOro curaana; fg = 1/2mnRC — BepxHAA 4acTOTA CPE3a GUIBTPA.

W3 ypaprenns (14.56) MoAy1b KoabbUIUEHTa yCHICHAA PaBEH

A
= F (14.57a)

i+ umr]

rmge

_ch =

U1

nJIn

Vo v; = (14.56)

Vo
(%
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7 $Ha30BBIM YOI (0 PaBEH

o = —arctg(f/fr)- (14.576)

N3 ypaBueHua Moayia KoddduoreHTa nepesadu GuibTpa HUIXKHAX 9aCTOT
(14.57a) MOXHO MOXYYUTH AEUCTBHE PUILTPA B TPEX OTIMYAIOUINXCA AAATIA-
30HaX.

1. O4enp HE3KWe YacTOTHL, T.€. f < fg, [Vo/v;| = Ap. D10 3HAUMT, YTO
y ®HY nocrosuubit koaddunuent ycuienns (= Ap) B guanasome ot 0 I'm
0 BEPXHEM 9aCTOTHI OTCEUKM.

2. llpn f = fu

’Uo AF
Yol _ £F _ 0707 4p.
Ui‘ V2 F

Nuabivu cniosamm, mpm dacToTe fr KOo(pOUNUEHT YCUICHNUA MAJAET 4O 3HAYE-
uus 0,707AF (3TO SKBMBaJEHTHO CHMXeHMIO Ha 34B).

3. llpm f > f H,
Vo

< Ap.

V3
IIpn pocre 9acTOTH! KO3(IUIMEHT YCUIEHUA CHHXAETCA C MOCTOAHHOM
ckopocTsio. IIpm gecarmkparaoM (Ha OfHY [eKaly) YBEIHICHWA IaCTOTHL
K02 UIUEHT yCUICHNS 10 HAIPXKeHnto cHrxkaeTcsa Ko 1/10. Ipyrumu ciosa-
M, k03dpuoueHT ycuaenusa ymenbmaercd Ha 20 1B npu kaxA0M moBBIIEHNH
qacToTH B 10 pas. IlosTomMy mociie 9acToTh oTcedkn fr K0ahPUOUEHT yCH-
JIEHUA CHUXAETCH co ckopocthio 20 A6/ nekaga. YacToTHAA XapakTEPUCTUKA
PuIbTpPa HMXKXHUX YaCTOT MEPBOrO MOPAKA MOKa3aHa Ha puc. 14.34, 6.

Duabmp HUNCHUT YACTMOM 6MOPO20 NOPAIKA
®HY nepsoro mopsaaka MOxHO npeob6pasoBatrs B @HY BTOpOro mopaska,
OONOMHAB ero eme oanon RC-menbio, Kak NoKa3aHOo Ha puc. 14.35, a.
KoadbdpunmenT ycnnenns OHY Broporo mopsgka ycTaHaBINBAETCA OTHO-
menneM Rp/R;, Kak 7 B cIydae ¢ GUIBTPOM [EPBOTO HOpsAgka. HoMuHAIE
anemMeHTOB Ry, Cy, R3 n C3 onpemensoT BEPXHIOK YaCTOTY OTCEYKHA COrIACHO

COOTHOILIEHHUIO 1

I = VRl
YpaBuenne moayis koadpdunmenTta ycureans PHY sroporo nopsaka
Af

]

rge Ar = (1 + Rp/R;) — xoaddunmenT ycuieHus GUILTPa B HOJIOCE MPO-
myckauus; f — 4YacTOTa BXOZHOTO CHTHANA; fy — BEPXHAA 4acTOTa CPe3d
¢uisTpa, fanHag ypaBHeHnmeM (14.58). I'pacdmk gacTOTHON XapaKTE€PUCTHKA

(14.58)

Vo
V4
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dursTpa npusefer Ha puc. 14.35, 6. KoadpdunuenT ycmienusa nocie 4acTOTHI
OTCedKH majaeT co ckopocrsio 40 1B/ mexana.

Ry Re
IW AN
+Vee
= Koadduumenr,
ycuneHus
- Af

Vo  0,707Apf————————— -40 nb/nexana

fy  Yacrota

a) 6)

Puc. 14.35. ®HY sroporo nopazka (a). Jacrornas xapakrepuctuka ®HY sToporo
nopagka (6)

Duabmp BEPTHUT UACTNOM NEPBO20 NOPATKG
Mox#o nmonyunTts GUALTP BepxHUX YacToT, ecan B PHY momenaTs mecTamu
9aCTOTO033JAI0IINE DIEMEHTHI — PE3UCTOPHL M KOHAEHCATOPE. DUIbTp BEpX-
HEX 9acTOT BaTTepBopTa nepsoro nopagka, n3o6paxeHnsd Ha, puc. 14.36, a,
noayder u3 PHY nepecranoskon R u C.

R, Re
"
= +Vee Koadppuumeny
ycuneHus
- 20 nb/nekana
Vo AF —_—
¢ 0,707A¢
+ RL
+ ~Vee
VI H =
— = Yactota
a) 0)
Puc. 14.36. dursTp BepXHUX JaCTOT HEepBOro mopazka (a). YacroTHas xapakrepu-
cruka (6)

Boixognoe nanpsxenune GUIbTPa

(. R\ j-2nfRC
Vo = (” R1> 1+ 2rfRC "
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Wi

vo/vi = AF [——j (.f/fL) ] ’
1+5(f/f1)
rae Ar = (1 4+ Rr/R;) — k03bUUAEHT YCHUIEHAS B MOJOCE MPOIYCKAHMU;
fo = 1/2rRC — HuxHsaa 9acToTa cpe3a GuiabTpa; f — 9acTOTa BXOLHOTO
CUTHAJIA.
Cre0BaTENbHO, MOLYIb KOX(MDMUIMEHTa YCUIEHAA 0 HAPAKEHIIO

_ (f/f1)
)

HacToTHad XapaKTepuCTUKA GUILTPA IpUBEAeHA Ha puc. 14.366.

(14.59)

Vo
[Z

(14.60)

IIpumep 14.8. PaccuuraiiTe GuibTp BEPXHAX 9aCTOT C JACTOTOM cpesa 2 KIN
¥ K03(pdDUNUEeHTOM epefaydu B OJOCe IPOIYCKAHUA 2.

Pemenune. Br6epem emxocts kougencaropa. [lycts C = 0,01 Mx®. CregosaTesbHo,
R ana gactors orcedkn 2 kI us coornomenus fr, = 1/2nRC Gyger
1

R = G x 2% 10° x 0,01 x 10-9)

= 7,96 xOm.

(MOXHO IPUMEHNUTH NOTEHUHUOMETD cOmpoTuBIeHneM 8 KOM 1/ BO3MOXHOCTH TOJ-
CTPOUKH.)

[ xoadpdunurenTa ycuieHua B oaoce nponyckanug 2, Ry u Ry nomxuHbl OEITH
onunakoseMu (Ap = 1+ Rp/R;). llycts Ry = Rp = 10 xOum. Tonmas cxema npes-
craBiieHa Ha puc. 14.37.

Ry (10 kOM) Rg (10 KOMm)
AW

+15B

Vo

R.= 10 kOm

-15B

Puc. 14.37.

DBY emopozo nopadka
To4HO TakK Xe, MOMEHAB MECTAMU Pe3UCTOPHL U KoHgencaToper B GHY BTO-
pOr'o MOPAAKA, MOXHO CKOHCTPYWPOBATH (PHILTD BEPXHUX YaCTOT BTODPOIO
nopagka. [lonyamsmasca cxema nokasana Ha puc. 14.38, a.
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B Re
—[—’\N AN
— Koadduument
+tVee ycunexms/
- 40 pB/nexapa
& ¢ L eV, Al ———_
5
+ 07074 ————-
|
+ ~Vee I Monoca
v R R - Nonofa +: :ponycxaum;
L 3arp I N
= 'L YacroTa
a) 6)

Puc. 14.38. OuisTp BepxXHUX IaCTOT BTOPOro mopanka (a). Yacrornas xapakrepu-
cruxa ®BY sroporo mopaaxa (6)

Mopgyas k03hPULMEHTa YCUIEHUA IO HAIPAXEHWIO DTOr0 PpuiabTpa:

A
% = 2 , (14.61)
o gunt
rae Ar — K03QpPUUUEHT YCUIEHHA B MOJOCE TPOILYCKAHUA; f; — HUXHAA

9aCTOTA OTCEYKH; f — YACTOTA BXOJHOI'O CHIHAJIA.

T'padux wacrormou xapakrepuctuku PBY BTOporo mopsagka mpusegeH
Ha puc. 14.38, 6. B HU3K09aCTOTHOM JUANA30HE 4O YACTOTHI [, K03 punmenT
ycuierus pacrer co ckopoctsio 40 15/ nekaaa.

Iosocosoti guavmp

Y monocoBoro ¢puiabTpa €CTh YACTOTHRA AUANA30H MEXIY ABYMA YaCTOTAMA
orceuk® fr u fg, Takmx, 90 fg > fI B KOTOPOM OH HPOIyCKAET CUTHAI.
JIz06bie 4aCTOTH BHE 3TOT'0 AMAIA30HA OCIAbAA0TCA. [lomocoBbie PHIBLTPEL
6BIBAIOT OBYX BUIOB:

— IIXPOKOMIOJOCHHIH (HUIBLTD,

— Y3KOMOJOCHBIY (PUILT.

~

[ocnenoBaTerbHO BKIIOYUB (KaCKaAHPOBAaB) ABa GUILTPA, OAUH U3 KOTO-
peix OHY, apyrom ®BY, MoxHO 06pa30BaTL MIUPOKOIOIOCHLIA HOJOCOBOM
¢unsTp. Ecau xackagmposanbl PHY u @BY nmepsoro nopagka, ¢uisTp 6y-
OeT AeMOHCTpupoBaTh cmaj +20 n1B/gexana. AHAIOMMYHO, A IOJOCOBOTO
dunsTpa co cnagoMm +40 15/ nexaga TpeGyerca kackaguposars PHY u PBY
BTOPOr'0 MOPAAKA. JTA XK€ IPONeAypa IPUMEHUMA U A GUILTPOB BBHICIINX
HOPALKOB.



@/22 Taasa 14. Ipumenenue onepayuonwble ycuaumeset

R Re

a)
Koadpuumnent
ycvnenmns 1

+20 nB/nexana -20 nb/nexapa

Apl—— 3227
0,707A¢ — ——j& ______________ j

> YacTtoTa
fL T

0)

Puc. 14.39. Ilupoxonorocusmt ¢pursTp ¢ 3aryxanuem +20 5B/ sexana (a). Yacrorras
XapaKTEePUCTHUKA MIMPOKOMOIOCHOr0 duabTpa (6)

Ha puc. 14.39, a u306paxkeH MEPOKONOIOCHEIA TOIOCOBOY (PUIBTP CO CIIa-
nom +20 1B/ nexkazna. Ou cocrout u3 PBY nepsoro nopaaxa u PHY nepsoro
nopaaka. ITo6bI HOMYYUTH JACTOTHYIO XaPAKTEPUCTHUKY MOJOCOBOrO (hIIb-
Tpa, fyg AomxeH GuIThL Goabine, YeM fr. I'paduk 4aCTOTHOH XapPaKTEPUCTUKH
npusegeH Ha puc. 14.39, 6.

Y3K0mONMOCHEIE TTOJI0COBBIE (GHIBTPHL OGBLITHO CTPOAT TOMBKO Ha ogHoM OY),
HO C IPEMEHEHUEM HECKOIBKUX Iened 06paTHOU CBA3H.

Iosocosoti pescexmoprviti Pusbmp
TTonocoBOM PEXEKTOPHBIN GUILTD OCIA0MAET CArHAN B IOJOCE 3arPaX JeHUA
¥ IPOMYCKAeT YaCTOTHI BHE DTOI'0 JUANa3oHa. Ero Takxe MHOIJa HA3BIBAIOT
GIILTPOM-TTPOOKOM.

Ha puc. 14.40, a n306paxeH mOIOCOBOM PEXEKTOPHLIN GUILTP, B KOTOPOM
Brixoasl ®BY 1 ®HY nogaoTca B CyMMUPYIOIIAY YCUINTENb.

Yro6b1 MOMYYATH YACTOTHYIO XaPAKTEPUCTUKY IIOJOCOBOI'0 PEXEKTOPHO-
ro BUJa, HIXKHAA 9acTOTa oTceuknu f;, PBY gomxHa 6LITH BHIIE BepXHEH
gacToTel orceuku fry PHY. I'paduk 9acTOTHOA XaPAKTEPUCTUKH IPUBELEH
Ha puc. 14.40, 6.
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Puc. 14.40. Iloxocosou pexexTopHb1 GpuibTp, cocrosmuin u3 OGBY, OHY u cymmn-
pyowei cexuuu (a). JacToTHAA XapaKTEPUCTHUKA HOJOCOBOIO PEXEKTOP-
HOro ¢uibTpa (6)

14.10. 3akntoyeHne

O6nacts npamerenns OY BecbMa mupoka. CymecTsyeT GOABIION BHIGOD pas-
mraabx TENoB OY. OnepanuoHHEN ycumTens 741 cepun y10BI€TBOPHTEILHO
paboTaeT BO MHOTMX CxeMax O0LIero IpuMeHEeHH.

HemmpepTupyrowas CXeMa, yCUINTENA JAeT XapaKTePUCTHKY, GIU3Kre K mje-
amrpEbEM. OHAKO, B MHBEPTUPYIOUIEH CXeMe BHIBOJ HHBEPTUPYIOLIETO BXOIA
ABNAETCA BUPTyaJibHON 3eMied. KoHIenmua BEPTyaIbHOM 3€MIM JaeT BO3-
MOXHOCTb AHAJIU3UPOBATE CXEMEI IIPOCTO B IIPAMO.

CyMMupyOUEe U yCPEAHAIONINE YCIIATEIN MOXHO IOCTPOUTH KaK B MH-
BEPTHPYIOLWIEH, TAK U B HEMHBEPTUDYIoWeH KoHGurypaumu. CxeMy BBIYATA-
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HUA MOXHO Pealn30BaATh B AU dEPEHIHATEHOM PEXUME.

HaTerpaTop u auddepeHnupyOnui yCUINTENb, KPOME BHITIOMHEHHAA Ma-
TeMaTHIeCKUX (HYHKIUN HA AHAIOIOBEIM CUI'HAJIOM, MOXHO IIPAMEHATE B OP-
MUPOBATEIIX U MEHEPATOPAX UMILYJILCOB PA3AMIHON (POPMEL.

AxTusnbie GuabTPEL A€rde, 3ddeKTUBHEE M JEMOHCTPHEPYIOT JIydIlNe Xa-
PAKTEPUCTUKY, Y€M HACCUBHEIE. DUIBTPHI BHICHINX TOPAIKOB EMEIOT Gomee
KpyThie JACTOTHBIE XapaKTEPUCTUKHA, PUILTP BTOPOrO MOpALKA, HAIPEMED,
B GOJBIIAHCTBE CIYYaeB IPEANOYTHTEILHEN, YeM PIWILTD HEePBOr0 MOPAIKA.

ﬂOnOﬂHMTeﬂbHaﬂ nutepartypa no Teme

1. Ramakant A. Gayakwad, Op-amps and Linear Integrated Circuits, Pren-
tice-Hall of India, Pvt. Ltd. (1997).

Bonpocebi

14.1. Yro Taxoe KomMmapaTop?
14.2. Yro takoe Tpurrep IlImurra?

14.3. Yo monmmaerca noj rucrepesucom B rpurrepe lllmurra? Kak ox ceba npo-
ABAAET?

14.4. OY c oTKpuiTOM HeT/er O6GPATHON CBA3Y HE MOAXOAUT AJA AHAJOIOBEIX CXEM.
O6ocuyure.

14.5. Kak BBejgenue oTpuuaTeasHOM O6PATHON CBA3YM CKA3HIBAETCA HA IAapaMeTPax
yCuIuTeNns?

14.6. B uHBepTUDPYIOLIEM yCUIUTENE UHBEDTUPYIOIINI BEIBOJ ABIAETCA BUPTYAIb-
HOM 3emuent. UTo 370 3mauuT? YeM ya106HA KOHUENNUA BUPTYAILHOM 3eMIu?

14.7. Yrto Takoe NOBTOPHUTENL HANpsAXeHua? [IpuBequTe IPYMEPH! IPUMEHEHUA 0~
BTOPHUTEJIA.

14.8. Kax pabotaeT cxeMa npeobpasoBaTeis TOKa B Hanpskenue? Hapucyure ero
cxemy.

14.9. Kaxou u3 gByx ycumurenen — AHBEPTUPYIOIIKUN U HEMHBEPTUPYOmmUA — 60~
Jee GIU30K K UACATLHOMY YCUIATENTIO?!

14.10. Hapucyire cxemy rorumranus. Kak ona pa6oraer?
14.11. Kaxume HEJOCTATKM y CXEMEI HAEATLHOI'0 HHTEIPATOpa?

14.12. Yro Takoe peaibHhir uHTerpaTop? HapucyiTe ero 9acTOTHYIO XapakTepu-
CTUKY.

14.13. Yro Taxoe ugeanbHu guddeperuuaTop?

14.14. Yrto Takoe peanbueir guddepennuarop? IloscHuTe ero YaCTOTHYIO Xapak-
TEPUCTHUKY .
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14.15. IlpuBeawTe npuMepH IPUMEHEHUA UHTETPATOPa 1 JUMDEPEHIUATOPA.
14.16. Yro Takoe aKTWBHBIN GUILTD?
14.17. KaxoBHI IIPenMyIIECTBa AKTUBHLIX (PUILTPOB HAI NACCABHBIMU?

14.18. B ueM xapakTepucTuka GUIbTPA HEPBOrO HOPAAKA OTIUIAETCA OT XaPaKTe-
pucTuky GWILTPa BTOPOrO HOPALKA?

3apaum

14.1. Ha Bxox xomnapaTtopa (puc. 14.41) nogaeTcs CUHYCOMAAIBHEINA cUrHaL. Eciu
koo puumenT ycuienus 6e3 o6paruou ceasu pased 100000, a V,,; = +£14 B,
KaKOe 3HAYeHUe V; BRI30OBET MOJOXUTEILHOE HACHIIEHUE?

Omeem: 140 mxB.

14.2. Omnpegenure BHXOAHOE HAIpsAXKeHWe MHBepTHUpyomero ycumureas 6es OC,
ecau v; = —100 MxB cuHycOougaIBEHOE HAIDAXKEHUE.

Omeem: 10 B.

14.3. QY =a cxeme (puc. 14.42) umeer koacbdunuent ycunenns 6e3 OC A = 2 x 10°
u Bxoauou umueganc 2 MOwum. Ecau pazmax Brxoanoro mampsaxenus +10 B,
onpeneInTe BEIXOAHOE Hanmpskenue miaa v1 = —40 MxB u vo = 60 mxB.

Omeem: v, = 10 B.

+158B

\ +12B

Vi + Vi _

v,

° A

| P R. =5 kOm Vo +
= -15B = -12B

Puc. 14.41 Puc. 14.42

14.4. YeMy paBHO BHIXOJHOE HaIpMXKEHUE VU, B cxeme Ha, puc. 14.43?

Omeem: v, = v; = 20 MB.
OTa CXeMa — MOBTODPUTEIL HAMDAXKCHHA.

14.5. OY ma cxeme (puc. 14.44) umeer xoaddunuent ycunenua 6es OC A = 10°
u Bxoguou umnenanc Z; = 1,5 MOwm. Kakoe pasHocTHOe Hampsxenue vig
BBEJeT yCUIUTENb B HackuneHne! Kaxou BxonHon Tok GyaeT mpu sTom?

Omeem: v;q = £150 MxB, i; = £0,1 HA.



@6 T'aasa 14. IIpumenenue onepoyuoHKLIT ycuaumesned

+15B
+10B . s
Vit Va
Vo
+ L .
2mB() 5 KOm via 5B
-10B
Puc. 14.43 Puc. 14.44

14.6. Paccuurainre peansunn guddepenuunaTop, KoTopuii 6yger guddepeHuupo-
BaTh curHajus! 10 9actorsl 100 I'n. Ha yacrore 10 I'u koadduuuenT ycunenns
JoyKeH OpITH paBHEM 0,1.

Omeem: cwm. puc. 14.45 R; = 1,59 xOm,
Rr = 15,9 xOmM, Cr = 0,1 MxD.

1,59 kOm 0,1 puF 15,9 kOm
Vi &—MW— ———W—
+Vee

LoV,
+
~Vee
R = (1,59 kOm| 15,9 KOMm)
= 1,44 kOM

Puc. 14.45.
14.7. Ha puc. 14.46 moxazana cxema ¢orogerekropa. OH HOKEH JATh BHIXOJHOE
nanpsoxerme —100 MB npu mwiotHOCTH MommocTH Matyserus Dp = 400 uBt/cm?.

TokoBas IyBCTBUTEIBHOCTH poTopuoga D; = 1 A/Bt, axTusHas mromatb
20 mm2. Kaxum nomxen 6uTh Rp? Kakoit Tok BHpabaTeBaeT poroznox?

Omeem: Rrp = 1,25 MOwm, i; = 80 HA.

14.8. Ha puc. 14.47 nso6paxen ®HY. Haiitu wacrory orceuku u xosdpdpunueHT
YCHJIEHHIA Ha HOJOCE MPOIYCKAHUA.

Omeem: f. =795 'u, xoadpdunuent ycurenus = 2.



3adauu 4@

R

+15B

Is

o
% + Vo
®doToavog, R=Rr_15B J_

(~Vee) B

~Vee

Puc. 14.46.

14.9. Yemy paBen TOk Harpysku B cxeme HA puc. 14.48, eciv R = 10 xOum. Kakum
JOXXHO GEITH compoTuBienue R, 9To6uHl TOK HArpysku OeLT 2 MA

Omeem: Tok Harpysku = 1,5 MA. [na Toxa marpysku 2 MA, R = 7,5 xOm.

Ry =10kOm Rg= 10 kOm
AN R Harpyska
=| +158 +15B—\W 1
+15B
LoV, -
R =20 KOm ° e,
Vi AN +
l +
C -158B
Io,m uF -158
Puc. 14.47 Puc. 14.48

14.10. B cxeme Ha puc. 14.49 onpegeauTs CKOPOCTh U3MEHEHMA BEIXOAHOI'O HAIDA-

JKEHUA.
Omeem: —50 B/mc mam —0,05 B/mxc.
2 KOm 0,1 uF
108 l* —W 1t
+12B
0
—Z
-12B

Puc. 14.49.
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14.11.

14.12.

14.13.

Vi

Va

V3

14.14.

B cxeme memueepTupymomero ycwinrens (puc. 14.50) Ry = 2 kxOm u Rp =
= 20 kOwm, napamerpet OY: A = 10°%, Z; = 2 MOwm, Z, = 50 OwM, f, (mosoca
npomyckanus ¢ orkpurron netiein OC) = 10 I'n. Hanpsxenue nutanua +12 B.
Buraucauts Ap, Zir, Zop 1 00JOCY OpOnycKanus ¢ 3amkayTou neriei OC fr.

Omseem: Ar =11, Z;r =182 I'OM, Z,r = 5,5 MOm, fr = 90,9 xT'm.

Yo

- R, = 10 xOm

Ry
o

Puc. 14.50.

B cxeme cymmupoBamus (puc. 14.51) xkakuMu JOMKHBEL GHTH CONPOTHBICHNAS
pe3uctopoB Ry, Ra, n R3, 9TOGH BHIXOAHOE HANpsAXKeHue GbL10 paBHO — (201 +
+vy + 0,1v3)? YeMy paBHO COIPOTHUBIECHUE KOMICHCUPYIOMEro pe3nucTopa R?

Omeem: R; = 20 xOMm, Rz = 40 xOwMm, Rz = 400 xOMm, R = 9,75 xOm.

HaiiTy BepxXHU 1 HUXXHUW YPOBHU NEPEKIIOUCHUA ¥ HATIPAXKEHNE TUCTEPE3n-
ca tpurrepa llImurra (puc. 14.52). Hapucyure netmo rucrepesuca. Pasmax
BBIXOHOT'O HanpsaxkeHus +12 B.

Omeem: Hwxuuu npeaen nepexmodennua = —4 B,
BepxHEU npefea nepekmoienua = +4 B, rucrepesuc = 8 B.

R4 Re (40 KOM)
—W AN
Ra +Vee +Vee
R3 vi -
eV, %V
+
- -V
Vee 10 kO EE
R VAVAV
L L 20 kOm
Puc. 14.51 Puc. 14.52
Ecau B cxeme uHa puc. 14.53 v, = —2 B, vp = +2 B, 9emy pasHO 0,7

Omeem: vo = (vo — ) =4 B.



3adauu 42\9\\)}

14.15. B cxeme Ha puc. 14.54 v, = +3 B, v, = -1 B, v, = +4 B, R = R} =
=2 kOM u Rp = 4 xOum. Onpenenuts HanpsXxeHWe v, Ha HEMHBEPTUPYIOMEM
BBIBOJE M BHIXOJHOE HAIpsXKEHue v,. [lpunare, avo OY nepBoHa4aIbHO OBLI
ycranosieH B 0 B.

Omeem: v1 = +2 B, v, = +6 B.

5 KOMm 5 KOMm v2 Re

Va —AM AN w
+15B R, +Vee

Vo - eV,
5k A v
Vb + Vg — W +
e . 5 KOm 2 L
5kOM vo B EE
ve P

Puc. 14.53 Puc. 14.54



®Dusnyeckne KOHCTaHTbI

[Dusnmyeckas BEIMIMHA IOGo3nauenue 3uauenue
Tocroaunas Boabnmana ® 1,38066 x 10723 MIx/K
B3apan 3AeKTpOoHa q 1,60218 x107° Kux
Macca moKos 3IeKTpOHa, Me 9,1095 x 103! xr

D IeK TPOH-BOIBLT »B 1 5B = 1,60218 x 107!° dx
fﬁfﬁﬁfiﬂ? ceoGoaroro €0 8,85418 x 10714 d/cm
TTocroannas Ilnanxa h 6,62617 x 1073 MIx - ¢
TenmoBoe HAIpAXEHUE kT /q 0,0259 B

CBOHCTBA, KPUCTALIMNIECKOT'O KDEMHUA, PTEPMAHAA ¥ APCEHUA, TAJLIUA

Croiictso (mpu 300 °K) erMHm'FII Tlepmanyia Apcenng rammsa
ATOMHOE 4HCIO0 14 32 Tammmr: 31, Memmbak: 33
ucro aToMoB B CM® 5 x10%2 4,41 x10%* 4,42 x10*
OTHOCHTEIbHAA AUDICKTPHIEC 11,8 15,8 13,1
[Kasg TPOHUIAEMOCTD, £y
[[lupuaa 3aMpEIIeHHON 30HED

’ 1,1
E, (oB) 12 0,66 1,42
I'Io,zgnmxnoc'rb 3JeKTPOHOB, 1500 3900 8500
(cm*/B - ¢)
I[IoABMXXHOCTE ABIPOK,
(cu? /B - ¢) 480 1900 400

TemnepaTypa naasiaenus, °C 1420 936 1238
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Toprosbivi oM "Bubnuo-rnobyc", m. Nly6siHka, yn. MscHuukas, 6
Ten.: 928-35-67, 924-46-80

Toprosebiit fom kHurn "Mocksa", M. Teepckas, yn. Teepckas, 8
Ten.: 229-64-83

"MockoBckuii gom kHurn, M. Apbarckas, yn. Hoebii Ap6ar, 8
Ten.: 789-35-91

“[lomM TeXHNYeCcKon KHUrn", M. JIeHMHCKMiA NpocnekT, JIeHnHCKui npocnekT, 40
(BeCb aCCOPTUMEHT nuTepaTypbl)
Ten.:137-60-19

“Monopas reapaus”, M. lMonsHka, yn. b. MNonsiHka, 28
Ten.: 238-50-01

“[lom kHuru Ha lapgoxckoii”, M. baymaHxckas, yn. llagoxckas, a. 8, cp. 1

B ropogax Poccnu

Ml . Cauxr-Netepbypr

"CaHkT-Metepbyprckuii gom kHurn', Hesckuii np., g. 62
"[lom TexHnueckom KHurun®, MywkuHckas nn., g. 2
"HoBasi TexHu4eckas kHura“, ismainosckuii np., 4.29
Ml . Hosocubupck

ceTb marasuHos "Ton kHura" www.top-kniga.ru

Ml . Boponex

"KHUXHBI Mup cembu”, np. Pesontouuu, a. 58

yn. lepoes Cubupskos, g. 33/2
yn. MnexaHosckas, A. 22

yn. JinsiokoBa, A. 38a

Ha/I0)XEeHHbIM NNaTeXom
(3akasbl npuHMMaloTcs no e-mail, no noyte)

no 6e3Hann4HoMy pacyery
(3aka3bl npuHUMatoTCs No e-mail, No akcy ¢ ykazaHMeM NOMHbIX PEKBU3UTOB
I0pPMANYECKOro Nnua)

" MHOOPMALIMS O HOBUHKAX: www.technospHeranet
-~ 3AKA3 KHWUT: sales@technosphera.ru -

Ten.: (495) 234-0110, thakc: (495) 956-3346

KHWIV M3NATENbCTBA "TEXHOC®EPA" MOXHO MPVOBPECTY B FOPOAX:




3asgBKM Ha KHUTH IIPUCHUIaliTE 110 afpecy:
125319 Mocxksa, a/s 91
WsnparenscTBo «TexHochepa»
e-mail: knigi@technosphera.ru
sales@technosphera.ru
daxc: (495) 956 33 46

B 3asBKe 00513aTeIbHO YKa3biBaiiTe
CBOIi ITOYTOBHIM aapec!

ITonpo6Has uHpopMalys 0 KHUTaX Ha caiiTe
http://www.technosphera.ru

Junem C. [Ip100
DIIeKTPOHHKA: CXEMBI H AHAIN3

Penaktop — M.B. KokopeBa
KowmmrbiorepHas Bepctka — C.A. Kynemos
KoppekTop — H.HU. KoHOHEHKO
Hu3aitH kHuXHEIX cepuit — C.JO. bupuues
Hu3aitn — U.A. Kykonesa
Brinyckaromuit penakrop — O.H. Kynemosa
OTtBeTcTBeHHEIH 32 BhIMyck — C.B. 3uHiok

®opmar 70x100/16. ITeuats odceTHas.
Tapautypa Computer modern LaTeX
ITeu.s. 27. Tupax 1500 3k3. 3ak. Ne 2890.

Bymara otbcer Nel, mwroTHocTs 651/M .

H3narenbcTBo «TexHocdhepar»
125319, Mockea, yi. KpacHomponerapckas, a.16, ctp.2

Juamno3utuBsl u3rorosiieHsl 000 «EBponomurpadux»

OTmeyaTaHoO C TOTOBHIX AMANO3UTHBOB
B 000 I1® «ITonurpad-Kuura»
160001, r. Bosioraa, yi. YenoCcKUHIEB, 1.3
Ten.: (8172) 72-55-31, 72-61-75
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