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B I958 ro.JI.Y nnoHCKKD ~K3KK Reo 3caKH oOHapyXHn asnaRKe 

TYHHeAbHOrO 3~flKTd B TOHKHX fn. - nepeXO,!(&X CliJibHO 11erMpOB.'iH-

HOrO repMaHHR il Ha OCHOBe 3TOrO RBAeHHR pa3pa00TaA nepBHe 00-

pa3~H TYHHenbHNX .li.HO.li.OB. B H&CTOHmee BpeMR TYHReJibHHA .JI.iiO.ll. HB11R

erCH O.li.HHM H3 OCHOBHHX nonynpOBO.li.HHKOBHX llpHOOpOB , npHWeHR eMHX 

B pa)I.H 03JieKTpOHKKe, H 00JiaCTb B03WOXHHX ITpHMeHeHHA ero npO.li.OAX&

eT paCIDi!pRTbCR. HHrepeC K TYHHe11bHONY .li.HO.li.Y RB11ReTCR CJie.li.CT BHeM 

ero YHKKaJibHHX KaqeCTB: BHCOKOrO qa CTOTHOrO npe)l.eJia paOOTH, MaJIO· 

ro llOTpeO~eHKH MOmHOCTK, OpOCTOTH i13rOTOBJieHHR,MaJIHX raOapHTOB 

H Be ca, HH3K OrO ypOBHR wyMOB t CTOl!KO CTit K BHeWIIHM B03.ll.eA CTBHRM. 

ll ccne)l.oBaHKRM TYHHeJihHHX .li.HO.li.OB H cxeM c HX rrpHweHeRKeM nocBR

meHI-J COTRil paOOT, 11 qi!CJ!O HX npO.li.OJIXC\eT pa.CTH . B cynteCTBYDJlliiX 

0030pa.X no TYHHeJibHblll .li.KO)!.all, K CO:JaJieHKD1 OTCYTCTBYilT H11il 

He .li.6HH ll011HOCTbll pacqeTHHe COOTHOIDeHKn , HeOOXO.ll.i!WHe npK HCll011~-

30BaHHH TYHHeJihHHX .li.HO.li.OB B 3JieKrpoHHHX cxeuax. B npe.ll.naraeuou 

003ope C)l.eJiaHa llOllHTKd cOopa H oOoOmeHHR ReOOXO.li.HilHX pacqerHHX 

COOTHOWeHHA. 0030p BK]IDqaer B ceOa TpH qaC!M. B qaCTH I pac -

CMaTpHB&DTCR ¢H3HqeCKlle npHRUMllH paOOTU TYHHeAbBOrO .li.HOAa, H 

npHBO.li.RTCR HeKOTOpHe KBaHTOBOMeXaHHqecxae COOTHOWeHHR, OllBCY

BaD~e TYHRe11bHUI 3~eKT B TOHKKX pn- nepeXO)I.aX CK11bHO nerH

pOB&HHUX nonynpoBO.li.HHKOBHX se~ecrs. B qacrH 2 K3Aaravrca npHH

UHnN paOOTH TyHHe11bHOro ~HO.ll.a B peXH~e YCKneHHR, reHepaUHH K 

nepeKJI~~eHHR, .ll.dDTCR OCHOBRHe pacqeTH~e COOTHOWeRHR, H npH

BO.li.BTCR npHwepu cxew. qaCTb 3 nocsa~aerca npHNeHeHH~ ryHHeJib -
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BSX ~KO~OB B CXeKaX UK¢pOBOR TeXKKKK H R~epHO! 3ReKTpOHHKH. 0630p 

He npere~iT He DOBHOTYr B qa CTHOCTK, B 0630pe He OCBe~eTCB 

npKMeHeHBe TYHHeBhHYX A¥.0AOB B xaqe CTBe YCBAHTeneA CBq, OAHaKO 

npH He06XOAKKOCTK no~yqeBH~ ~ODOAHITe!aHSX CBe~eHMI KOrHO non•-

30BaTaC4 o6sopawx B.H.~xcryna H H.3.Dlaapna, D.H.BopoHnosa H 

K.C.PzeBKHHa, E.H.KoHoaoaa B A.C.CHAOpoaa, a rasze ~pyrzKH ~rx

poaaHHYHH nHreparypHHKH xcroqaaKaMH. 
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qacrb I. ~H3aqecKHe npHHnxns pa6ors TYHHenhHoro AHOAa 

l.l.TyHHenbHNA 3~eKT B TOHKHX pn-nepexo~ax CH!bHO nerKpOB6HHNX 
nonynpOBO~HKKOBNX Be~eCTB H BOAbTaMnepHaR xapaKTepHCTHKa TYHHenb
HOr O ~H O~a . 

~RH llOHHNaHHR paOOTY TYHHeBbHOro ~HOAa AOAXHY 6YTb pac

CWOTpeHH AHarpawKH aaeprerHqecKHX ypoaaea H o6pa3oaaHHe p-n 

nepexoAOB B Kpucran.nuqeCKHX ae~ecraax. ITponecc ~opwHpoBaHHH 

noreanHa.nbHoro Oapbepa Ha p-n nepexo~e woxer OYTb nyqwe noHRT 

c nowomhD ypOBHR ~epwH III. Pacnpe~eneHKe HKeD~HXCH a.neKrpoaoa 

B KpHCta.nne OllKCHBaeTCH ~YHKUHel ~epwK-~KpaKa: 

I f (t) = C.-E 
_F i e ~cr -+ (I) 

rAe C: - saeprHH aneKrpoHa, K- nocroaaaas Eo.nhnwaaa, ·r- a6-

conDrHaH rewneparypa, g- saeprHs, paccwarpHBaewaH KaK ypoBeHh 
'F 

~epwK. ~YHKnHH pacnpe~eneRHH CHMWetpHqHa OTHOCHTeAbHO CF 
ro-ectb aepoRtHOCTb aaxoz~eHHH s.neKrpoHa Ha ypoaHe 6 same 

ypOBHR C:jF HBnRetC! TOR ze cawoR, qyo H BepOHTHOCTh HaXOXAe-

HHH 3HeprerzqeCKOrO ypOBHH, He 3aHRTOrO 3AeKtpOHOK ( AHpKK), 

C HHZe ypOBHR C'I' npH nD6oA ,M.HHOA rewneparype. ITo 3TOM)' CBOA

CTBY ~YHKUHH pacnpeAe.neHMH MOZHO H6XOAHTb ypoBeHb ~epKM. B H30-

nRTOpe ( pHC.! a) H3-3a 60AbWOR WHpHHY 3anpemeHHOR 30HN ( nops~

Ka HeCKO!bKHX 3.neKTpOH-BO!hT) BepOHTHOCTb fiORB.neHHH 3ReKTpOHa 

Ha ypOBHRX 30HY llpOBO~HKOCTH paBHa Hy.nD, ll03TOKY ypoBeHb ~epwH 

pacnonoxeH nocpe~H aanpe~eHHoA 30HN. B npoBOAHKKe ( pHc.IO) Hwe

DTCR aanonaeaase s.neKrpoaawH 3HeprerHqecKKe ypoBHH a aoae npo

ao~HMOCTM, H ypoBeHh ~epKH H6XOAMTCR BCer~a B 3TOA 30He. B 4KC-
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3oHa npo8oau,.,ocmu 

':fpo811Hb ,P,pMU 

a 

0 

JOHQ npo8oauMOCmU 

'f_E£!eHb_ '!!_6pM::__ __ 

c 

PHc.I. nHarpawMa 3HepretH'Il6CKHX ypoBueR: 
a) H30JUITOpa 1 

6 ) llpOBO~HI4Ka 1 
B) 'IIHCToro noJiynpoBo~uJuta • 

6 

TOW nonynpOBO~HHKe ( pHC.lB), KOTOpHA OTJIH'IlaeTCR OT K30JIRTOpa 

ronhKO weuhweA WHpHHOA 3anpe~euuoA 30HH ( nopa~Ka I 3AeKtpou

BOJibta) ypoBeHL ~epKH uaxo~Hrca raKxe B neurpe npowexyrKa wex-
> 

~Y 3ouoA npoBo~HWOCTH H BaJieuruoA 30Hol. B noAynpoBO~HHKaX 

n- THna, r~e cy~eCTBYDT npKMeCHHe ~OHOpHHe ypOBHK B 3anpe~eH

HOA 30H e ( pHc.2 a), ypoBeHL ~epux pacnoJiaraerca nocpe~H wex~y 

~OHOpH~ yp OBHeW H OCHOBaHHSM 30HW DpOBO~HWOCTH. B llOJiynpoBO~

HHKOBHX Beme CTBaX p-THna, r~e HMeDTCR npHUeCHHS aRnenTOpHHe 

ypODHH B 38.Dpell{eHHOA 30He ( pHC.26), ypoBeRb ~epMH HRXO,IUiTCH 

nocpeAH npowexyrxa uex~y aaneuruoA 30HOI H npHNecuww aRnenrop

uww ypOBReM. BaXHHM ¢H3H'IleCKHM CBOICTBOW, CBH3aHBHU C DOHRTHeM 

ypOBHR ~epWH, RBJI88TCH TO, 'liTO npH KOHTaKte ~BYX TBep~X Ten, 

uaxo~nmHxcs B rennoBou paBHoBeCHH, Hx ypoBHH ~epwH pacnonaravr~ 

C8 B O~HY JIHHHD ( pHC.3 a H 6). YpoBeHb <l>epUH f- Be~eCTBa pac

llOJIOieH 6JIHZ:e K BaJieHTHOI 30He, a ~JUI n- BeJl1eCTBa-6JIHie K 30-

He DpOBO~HMOCTH, D03TOMJ npH COe~HHeHHH ~BYX KYCKOB DOJiynpOBO~-

HHKOBOrO BemeCTBa p- H 7t- THDOB 3JieKTpOHH H ~HpKH ~BHra-

DTC8 'llepe3 nepexo~ H o6pa3yDT CB060AHH8 3ll.pRAH, KOTOpHe BH~OH3-

U8HRIDT 3JieKtpH'IleCKHA DOTeHnHaJI ~BYX 06JiaCTel Tli.KHM 06pa30M, 'liTO 

JIHHMH paCllOJIO:I:8RH8 ~BYX ypOBHel <l>epMH COBDt~.AaDT H 06pa3yDT paB

HOB e CHHA ypoBeHb ~JIB HOBOA CHCTe~. Ha pHC.3 6 DOTeHnHaJI~HHA 

Oapbep ~JIB 3JI8KTpOHOB OT n- 06JIRCTH K f>- 06JiaCTl1 npe~CTaB

Jien DO~oeMOY ~Ha 30H~ npOBO~HMOCTH. lna ~HpOK, 0'118BH~HO, cy

~eCTByeT clapbep npH nepexo~e or p- oclnactH K n- oclnacrH.ilpH 

cuem,eHHH nepexo,!!.a B oclpaTHOM uanpaBneHHH BHCOTa clapbepa yBeJIH

'IIHBaercB,H 'llepe3 clapbep npOXO~HT TOJibKO MaJIHa OOpaTHHB TO K Ha-
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PHc.3. 06pa3oBaHMe 3HeprerHqecKoro 6apLepa B ;on-nepexoAe 
M BonLrawnepHaa xapaxrepHCTHKa o6~qHoro repwaHHeBoro 
~HO~a. 
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CHU.:€HHSI ~ S , llpH C!ll!elii€HMI& nepeX'O)~a B TipSIMOM HanpaBJieHHH 

Oapbep yMeHhillaeTCSIJH Ha4MHaCTCSI ~H¢¢Y3MOHHHK TOK, oOycnaBJIHBa

DliiHn npsuyn rrpoBOAHMOCTh AHO;J.a. BoJihTawnepHast xapaKrepKCTHKa 

repMaHKCBOfO ~HO;J,a )J.Jlll CJiyqaeR npstworo 11 oOpaTHOrO CWCI!ICHKit 

TipHBO;J.HTCSI Ha pHC.3 B. ECJIH KOH~eHTpaUHst TipMM€CC~ B TIOJiynpOBO;J.

HHKOBOM B€1l!CCTBe COCTaBJIHeT HCCKOJihKO C,.'l,HHH~ Ha Ictycu-3, TO 

TIOJiynpOBO;J.HHK HaqHHaeT HaTIOMHHaTh CTIJiaB H OOJiaCTH 3JI€KTpOHHOa 

H AHpOqHoA npOBO,.'l,HMOCTH 0Ka3HBaDTCR BHpO%~€HHHMK, TO eCTh ypo

B€Hh ¢ epMH B 00JiaCTH p- THna Oy~eT HaXO..'l.HTCH B BaJieHTHOU 30H€ 

!UU1 0JIH3KO K He~, a B 00JiaCTJIJ n- THila 0y)\€T JICJKaTb B 30H€ npo-
2 BO~HMOCTH I 1. JHeprerHqecKaR )J.HarpawMa, coorBercrnyDman 3TO-

MY Cll)'qaD, npHBOAHICH Ha pHc.4. IIpH OoJihmol.l KOJIHqecTBe npHMeceA 

nepeXOA 1 TOJIIIIMHa KOTOporo odpaTHO nponop~HOHaJibHa KOJIH4CCTBY 

TipH.WeCeA 1 OKa3hiBaeTCR 04€Hh TOHKMW, 110pR;J.Ka 100A, H Hanpn:eHHOCTh 

llOJIR Ha HeM AOCTHraeT dOJihillHX 3HaqeHHn, llOpH~Ka €AHHMU Ha 

105 BICM • B TaKHX TIOJIRX HMeer MeCTO RBJI€HHe 3eHepa HJIH XOJIO)J.

HaR 3MHCCKH 3JieKTpoHon I 3 I . linaro)J.apn ryHHeJihHOMY 3~eKTY , 

npH HyneBOM CMemeHMH 3JICKTpOHH Oy~yr npoxo~HTh qepe3 3anpe~eH

HYD 30HY B oOe CTOpOHbl OT Oaphepa M 3TH TOKH Oy;J.yT paBHH. llpH 
) 

no~aqe Ha nepexo;J. orpK~areJihHNx cwe111eHHA npeoona)J.aer TOK 113 

BaJICHTHOA 30HH f - B€llle CTBa B 30HY ilpOBO,I:;:II.MOCTil n. -BCUlCCTBa 

( pHC.5 a ) . C YB€JIHqeHHCM OTpY.~aTCJibHHX CMCIIICHHn 3TOT TOK Oy

,.'l,CT B03paCTaTh,K Al10~ OY~3HBaeTCH npOBO~SIIIIHM npH BCCX oOpaTHHX 

CMCI;{CHHllX ,IIO YOMeHTa TCllJIOBOrO pa3pyilleHHR. llpH TIOAatJe HeOOJihlllHX 

llO JI OXHTCJihHHX CMCIIICHHA HMCeT MCCTO TYHP.CJlbH~a TOKH3 30H~ TipO-

IO 

p n 

I JoHa npoEoav,..ocmu 

I VpolJeHo 
p=r=cznxr 

q>l1p1"1V 

PHC.4. 3HeprerHqeCKaH ~Harpawwa, COOTBeTC~BYD~H BHpO~eHROKy 
nonynpOBO~HHKOBOJolY Be~eCTBy. 

I I n p 
I I 

p I I n p 
I I 

I I 
I I 

I I 
n 

~~ ~ wt I I 

7//7~~::~ : / 

:71 

PHc.5. 

7774?777 
.71 jJ J 

a 0 8 

3HeprerHqeCKHe ~KarpaMMH ~AH pasnHqHNX C¥e.eHHA TYHHenb
HOfO ~HOAa H COOTBeTCTByD~He yqaCTKH ero BORbTa¥nepH02 
xapaKTepHCTHKM: 

\ 

B,l ' 

a) llpH 06p8THNX C¥e~eHHllX, 
6) npH He6onbmHx nonozHreJihHNX cwemeaHax, 

r ) npH AaRbRe2mew yBenHqeHHH nonozHrenbHHX cwe~eHH2. 

II 
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BO~HMOCTK n- Be~eCTBa Ha CB060AHHe ypOBHK BaneHTHOR 30HH 

jO - BelJieCTBa ( pHC. 5 11). 

IInorHo en ryHHen~>Horo ro Ka ,!(aer cSI BHpa:a:eHl-!eM /4 I : 

. jcfe (£) f" (c) [ :{_ (£)- f, {£)~ 
J=e ~d~ 

c, fc. ~ f" ( 2 ) 

rAe Gc K C v- rpaHI-tl.\bl 30H npOBO.D.HMOCTH H Ba,1eHT HOR , f.(c)H 
(_ 

1 \f{t:) - !flyHKUHK pacrrp eAeJieHV. .f! <l> epU:.!-](!ripaY..a ( Cl4 . Bh:pa:JteHHe 

( i) ), f {c)- l1JIOTHOCTH 3HepreTlri1WCKr!X ypOBHen B COOT B8TCTBYDlliHX 

30Hax: 

j([)Jc = 

., 

~ L L 
~~3 (:2m:•)~ c e J £. = ~ E ~)£ • 

( ~'JI:,h,) 3 

3)(e Ch 1n - 3¢ql8KTHDHall l!B.Cca 3JI8K!p0Hil 1 9 -Bblp0lt)(8HHe no 

cnHHy, pa BHoe 2. BenHqHHa ~ npe~crasnRer coOoA BepoRTHOCTh 

TJHH8JihHOrO 3!fl¢eKTa CKB03h Oapbep H paBHa: 

Z= 

1.. 

a..e [2)0 [- !L ~111: rAE:- Eu- E,.,y} 
!.., e,xf 3 ,{ e E 

-II 
B arou supa:t:eHHH a - nocroJIHHaR pewerKlri, 1n

1 
- npi'!Be.n.eH-

Hall uacca a.neKTpoHe., paBHax: ,;, .. ::. ~., + ~., , E -O)(HOpO)(Hoe 
I C. ~ 

none B oOnacrH 6aphepa, A C - lllHpuHa 3anpemeHHol 3oHu,E? -ypo-

neHh ryi'HenHpoBaHlriR, [)( == ll[- C11r- (..-(;X. IIonHuR roK pa-

BeH J = f1J , r .n.e A - nnoma.n.h nepexoAa. ITp!ri ;;,aJibHeaweM ysenH-

12 

qeHHM DOHOltiT8~bHOrO CMe~eHHR SOHa ITpOBO)(HMOCTH n - Be~eCTBa 

oKa3biBaerca HanpoTKB 3anpe~eHHOI 30HH f- se~ecrsa, r.n.e Her 

pa3pellleHHbiX ypOBHel )J.JIII 3JieKipOHOB 1 DOCTynaDlliHX H3 t.l-B8lli8CTBa 

( pHC.5 B). Ta~HM 00pa30K1 HeCVOipH Ha yseJIHqeHHe CKe~eHHR,TOK 

)(HO)(a na.n.aer. IIpH AaJI~>HeRwew ysenHqeHKH HanpaxeHHR Oapoep no

HHxaerca HaCTOJihK0 1qro HMeeT MeCTO OOHqH&R )(H!fJ¢Y3MOHHHI TOK 

)(lriOAa ( pKC.5 r). 

lH!fl¢Y3KOHHHI TOK AHO)J.a OllHCHBaeTCH 00HqHHK BHpalteHKew: 

ell 

J ::: ::; I<Ff s e . (3) 

Ha pHc.6 npKBeAeHa THnHqHall BOJihrawnepHaR xapaxrepHCTHKa repwaHxe

uoro TYHHeJihHOrO AHO,IJ.a. KHrepeCH0 1 qro TYHHeJioRHR TOK He na

,l(aer .1(0 HYJIH 1 a 06RapyXHBaeTCH HeKOTopHI H36GTQqHHI TOK, 

HcroqHMKaMH xs6uroqHoro roKa IIBJIHDTCR HeKoHrpo~HpyeKble 

npMwecH, KOropHe npHBO.IJ.RT K )(OnonHHTeJI~>HOMf ryaHenbaowy r oKy B 

Y3KHX f ~ - nepexo.u.ax / 5 '6 ' 7 ~ Ks6uroqHHA TOK on11 cssaeT CJI 

BHpa:&:eHHeM: 

[ 
~ Ill r. - EJ. ~ £F.. )! ,I 

j == ~·~ · ~ -* ~ ~(~£- E 1- i (PK-Lt)j (4) 
r,.. :1"c.. ' 

rAe 1J - l1llOTHOCTh 3neKTpOHHGX yposHelt B oOnacrH 3anpe111eHHOR 

30H!.i 1 C:Fv K {,F, - ypOBHK <liepMH B COOTB8TCTBYil!IIHX 30HaX1 

'::!~e. =.z. [ -+ E.~ +- E-c: - KOHTaKTHall pasHOCTb noreHnHanos , U.. - npH-
.... ""c. 
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Ma 

TyHHeftbHbllJ mOH 
JJu¢¢1JJUOHHbiU 

max . 

Us 

PKc.6. BonLraunepHas xapaKtepHCTKKa repuaHHeBoro TYHHeJJbHoro 
~HO~a. 

J 
Ma 

fO 

8 

6 

4 

2 

0,1 0,2 0, 3 v~ 

PH c. 7 • .l.i onuru.mepuaJI xapaKtepKCTHKa repMaHKesoro oelpameHHOro 
AHO.ll.8. . 
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1.. 

(-

K. .N"~ + .)1'-4) ~ 
JI OieHHOe Hanpn:eHHe, ~ == :ur; e. ~ •.A/4 • B Bblpa-

lreHHH ,II;Jlll Wo- I< -,II;H3.118KTpKqecKal! no CTOl!HHaB, ftt> - KOH~eHTpa-

~~~ ,II;OHOpOB B oOJiaCTH fn,- nepexo,~~;a, AlA - KOHil8Htpa~ll axnen-

TOpOB B o6JiaCT14 tn.- nep exo.n:a. 

Ha pHc.7 ~aHa BO.IILtawnepaall xapaKrepHCTHKa repwaHHeB:ro 

oOpa~eHHoro ,II;HOAa I 8 I. B 3TOM .n:Ho,~~;e HCnoJILayercl! no~ynpoBO!-
HHK, B Koropo~ He,~~;ocraroqHaa creneHL Bblpo~,~~;eHHB no OAHY cropoHy 

or Oapnepa ( HJIH no ooe cropoHbl) He noaBonaer nonyqKrL xapaxre

pHCTHKY TYHH eAbHOro ,II;HO,II;a npH npaMOM CMe~eHHH, O,II;HaKO npH OOpat

DOM CMe~eHHH OH OOHapyXHBaeT CHJibHbiA TYHH eJibHbiA TOR. 

12.PK3HqeCKHI qacrotHH~8eJI ryHHeJILHoro AHOAa 

CornacHo KJiaccxqecKoi reopHH,Bpeua , HeoOxo,II;HMoe ,II;Jill npo

xoxAeHHll T8llJIOBbiM 3JieKTpOHOM paCCTOliHHll nopn,II;Ka TOJI~HHbl 3Hepre

TMqtCKoro OapLepa, paBHO IO-I) CeK, O,II;HaKO Oonee BaXHOn xapaK

repHCTHKOA CJIYXHT npOH3B8,11;8HHe ,II;H3Jl8KTpHqecROI llOCTOBHHOa Ha 

y,~~;eJILHo e conpoTKBJieHHe nonynpoBO,II;HUKa, qrc onpe,~~;cnaer BpeMH pe-
' 

JlaKca~HH OCHOBHbiX HOCHTeJieA npH H3MeHeHHK npHJIOJ:eHHOrO HallpBX8F.Hll, 

3ro Bpewa .I.!OXHO yweHLniHTb npH0JIH3HTeilbHO ,11;0 ro-Il CeK I ~ I 

DpaKTHqeCKK qactOTHbiA rrpe,~~;eJI TYHHeJibHOro ,II;HO,II;a 38.BHCHT He OT noc

TOBHHOA Bpew:eHJt. !IJH3HqecKoro nponecca, a or rexHoJiorHqecxHX npo·c

new H3rOTOBJieHHll H CXeMHbiX BOllpOCOB npM B030y~,ll;eHHM KaKCrO-RHdO 

BH,II;a KOJieOaHHI. 

l3.BnHliHHe BH8WHHX XCJIOBH~ Ha paOory TYHHe~bHoro JHOAa 

ilonynpOBO~HHKOBble npHdOpbl CHJihHO 3aBHCS!T OT MOHH3YDmHX H3Jiyqe

HHA, T8K KaK no~ A8ACTBH8M pa~Ha~H yweHLwaetCll Bpew:a XH3HH Heoc

HOBH~X HOCHTeJieR. TI TYHHenbHOM ,II;HO~e HMe~T ,11;8Jl0 C OCHOBHbiYH 

15 



HOCHTenRKM , ll0 3TOMY OH oOna~aer Oonee B~CCY.OR y cron4MBOCTbD 

paOOT~ B ycnOBHRX KOHH3YDmMx M3ny4CHKR no CpaBHe HHD C TpaH3KCTO

paKK. Tyaaen bHUe ~Ho~~ cn ocoOH~ B~~epXHBaTh noroxH 4aCTKU 

1cf 6-1cf
7 

1/CK2 , 4TO Ha 3-4 nopR~Ka B~me, qeu y TpaH3MCTOpOBo 

ITpH H3MeHeHKM BHeWHHX napawerpoa, raxHx, xax rewneparypa,war

HMTH~e nons, KRK ~BReHHe , BeRH4HH~, BXO~RmHe B ¢opuyn~ (2,3 , 4), 

TaKXe K3WeHRDTCR. ITpH K3MeHe HHH T ewneparyp~ K3KCHReTCR pacnpe~e

RCHHC OCHOBH~X HOCHTeneR OKOR O yp OBHR ~epMH , WHpHHa 3anpemeHHOa 

30H~ H CBR3aHHaR C HeR BepORT HO CTb TYHHeRLROrO 3¢¢eKTa . O~HaKo, 

BBH~Y TOro, QTO OOnaCTH 3ReKTpOHH O~ H ~~p04HOR npOBO~MKOtTeB 

RBnRDTCR CHRbHO B~pOX~eHH~KM, TYHHeRbH~R 3¢¢eKT CoxpaHRe TCB B 

mHpoxow .~tHanaaoae rewneparyp ( pHc.8), B repwa HHH - or r ewneparyph r 

XK)tKOrO renKR ,ItO 250°C, B KpeKHKK - AO 400°C K B apCeHH,Ite ran -

RHB- ,ItO 600°C / 9/. ITOB~me HHe Tewneparyp~ npKBO)tHT K. YKeHbWCHHD 

HanpRXeHKR Ha yqaCTKaX xapaK TepHCTHKH, COOTBeTCTBYDmKX K30~TOQ

HONJ H ~H¢¢Y3KOHHOM] TOKy , yBeRHQeHHD K30~TOQHOrO H K3MeHeHKD OK

KOBOrO TOKa ,ItHO,Ita. B 3aBHCHMOCTH OT KOnH4eCTBa npHweceR Tewne

parypH~R K03¢¢H~eHT no TOKY MOXeT ONTb nonOXHTeRbH~M K OTpK~a

TenbH~M H KOXeT O~Tb CBe,IteH K KHRKMYNY COOTBeTCTBJDmiM B~OopoM 

xoHue a rpaUHK npxweceB II0, 111. Enn co3~HMB noporoB~x ycrpoBcra 

Ha TYHHenbHNX ~KO)taX H )tRR nOBNWeHKR Ha,IteXHOCTK paOOT~ CXeM 

HeOOXO)tMKO HMCTb paC4eTH~e COOTHOWeRKR,yQHTNBaDmKe 3aBHCKMOCTb 

flHKOBOrO TOKa )tHO)ta OT rewnepaTypH. 
':J 

3aBKCHMOCTb OTHOD!eHHB _ f )tnl! .l{KO~OB Ha 17._ - repwaHHK 
!Ja 

MOXHO C 5~R TOQHOCTbD B~pa3HTb COOTHOWeHHeM /12/: 
I 

~, {f)= ~, [ t - o,oo s{r- 2o")+ o, o fZ. (r-zo)J. 
G. 2 (-t.=lo 'c) 

( 5) 

16 

C~sxr n•xoaoro HarrpaxeHKR )tAR ~xo~oB He3aaqxreneH, a c~BKr 

HanpaxeHKH MMHHwyMa ~nR 3TKX ,ItKO~OB C 1~-J TOQHOCTbD B .nzana-
0 

aoNe 0-100 C onxawsaercs swpaxesxew: 

':1, 
U =(o,t5T-33)y+-it60-0,9T ,.,,., 
~ e. (6) 

lHO,I{I:i Ha f- repMaHHH lil apCeHK,lle raJIJIKH WeBee 4YBCT.IIHTenbHbl K 
':1, 

rewneparype. JiaweHeHxe oraomeHJI?. T NIB .I{KO,li;OB Ha t-repl!aHMK 
2. 

MOXHO C TOQHOCTbD HeCKORbKMX npo~eHTOB B~pa3KTb ¢opwynoQ: 

~ -¥ 
'=', (t) = -' 1-t=~·c) + ~·to (-t -.2.o•) . 
!::12. J'2. t ' l (7) 

B oO~ew paOorocnocoOHOCTb y ryaHeRLRI:ix .llKOAOB coxpaaserca 

B sHaQHTen bHO Oonee mHpoxow ,ItHanaaoae rewneparyp, qew y ,npyrKx 

noJiynpOBOARHKOBbiX npHOOpOB. 

4aCTb rr. AHaRK3 pa OOTH TYHHenhHOro )tMO,lla B YCKJIMTeRhH~X, 
reH eparopH~x H TpltrrepHHX cxewax 

c.{.AnnpOKCHMaUMH_]~bTaKnepHOR_!apaKT epH CTHKH TYHHeJihHOro 

..!I.!1.Q.M 

CooTHoileRHR ( c?.) H ( 4) , onx cuBa«JIIIKe yqaCTKIII BOnh!ra.Mne p!io.W: 

xapaKrepHCTHKIII TYHHenbHoro ,nHo.na, HenpHro.na~ .nns cxeMHNX pac4e!oB, 

fl03TOMY CiapaDTCH annpO KCKKlilp OBaTb XapaKTepKCTKKY ,llKO,I{OB npOCTbiMK 

KpKB~llH. TIO-BVl,ItVl!.!OMy ) HaHOO.Ii ee TOQHOA SIBJIReTCB annpOKCilMai.UUi xapaK

TtpHCTKKH CyMMol 3KCOOHeHT ll~lil TIORV!HOMaMVI, QTO fiO~TBep~aerca 
/ 13/ 

3KCnepHMe HTaJibHYKM HCCJie,ItOBa HK SillK , O,llHaKO OHa HBRRCTCH 
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~OCT8TOqHo CROXHOA ~nR pacqeTOB. 00uqHo ITORb3YDTCR KYCOqHo-nowaHOR 

- /I 4 ,I 5/, KYCOqHO-CTeneHHOn /I6,I 7/ HRH CW8IDaHHOA annpOKCKMa

UKRMK /1 8
/ . Ha pKC.9 ITOK838H~ X8p8KT8pHNe TOqKK BOR bT8UITepHOn 

X8p8.ltT8pKCTKKK! TOK M!l.KCIUi'JW8 .:Jf H COOTB8TCTB'JDIII88 euy H8ITpR

:1:8HKe Ui. , TOK KHHKK'JK8 Jl. K H8DpRX8HKe lj2. , Hanpu:eHKe 

H8 ~K~Y3HOHHOI B8TBH X8p8KTepKCTHKK , ITpH KOTOpOK TOK paBeH ITKKO

BOKY ,- () 3 H rrepena~ Hanpst:t:eRHM ~ 2L • KJ18CCH<f>HK8UI'IR ~HO~OB ITO 

rpynnaM Dp0H3BO~HTCSI ITO TOKY W8KC~K'JM8 , KOTOpNR B 38BKCHWOCTH OT 

rpyrrnN MOX8T M8HRTbCR OT COT8H YHKp08KDep ~0 A8CSITKOB awnep. OT-
!:1, 

HOilleHKe ----:;- 38BHCHT a CHJ!bHOlt CTerreHH OT Ya.TepHana H weHReTc.R z.. 
B npe~enax OT 4 ~o 25. HanpstxeHHR U

1 
, Zld K l/.J ~nR 

~aHHoro uaTepHaJia weH.RDTCR JIKWb a npe~enax IO-I5%. HeKOTopue yc

pe.nneHHHe 3HaqeHI'!R 3THX H8DpRX8HHI rrpHBe~eH~ B T80J!HU8 I ( ~8HHH8 

no jt_ H Ga. Je B3RT~ H3 paCOTH /1 9~. 

TaCJIHUa I 
-

MaTepHan u( Uz.. LIJ ~ 
::;,., 

Ge 60 210 480 5 -----
.5L 80 400 700 lj 

G-a..Q) IIO _ 480 ___ I050 _____ _2Q 

G-a. jg 35 230 500 20 

TipH Kyc oqno-rrapaCOJIHqecKOI annpOKCHK8UHK X8p8KT8pHCTHK8 

T'JHH8J!bHOro ~KOA8 38ITKCNB88TCR C ITOMOillbD CJ!8)l;YDIIIHX BNp8:1:8HHR: 

j:::!Jf[f-{1- ~~Jl ~J!R 
j {j,-~0/ ~J--~:~~~ ~nR 

18 

- u -< u ,< u 
1 ' 

u
1 

,< u .... < Lf 
J ) 

(8) 

(9) 

-160° c 
':J 

"'a 

fO 

O,J 0,2 0,3 V& 
Pxc.8. TeMDepaTypHwl c~axr xapaKTepxcT•KK TYHHeRLBoro ~xo~a. 

':1 

tiU . _ ---' 
I, 

u, u2 u3 v 

PKc.9. XapaKTepHue napaweTpu aonLTaMrrepHOH xapaKTe pHC THKH TyHeRb

Horo .1\HO~a. 
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r)(e ¥- BCRHqHaa , 0~H3KaH K 3 ~AR MHOrHX THllOB ~HO)(OB, 

u -ul 
:; =- 'j e --g;-

' 
~eT 

ZA ~ L/3 1 .lli\R 
(10) 

r)(e Y'T = c = 0,026 B. 

Ko3~H~HeHT 0 HaXO)(H!CR USTO)(O~ HaHM8HhillHX KBaJJ,paTOE no ycpe.ll,

HeHH~M 3KCnepHMeHTaRhH~M BOAhTaMrrepHNM xapaKTSpHCTHKaM, 

0)(HH H3 eapHaHroe KYCO'IHO-mfHeRaoR arrnpoKCH}!a.wm npHBO)(HT

CR Ha pHC,!O, COOTBeTCTBYKlll(He aHaJIHTH'leCKHe BNpaJB:eHnR 
I 

:; I I 
'j = --; U )J.]IR 0 -< U -<' U 1 u; 

I 
I II 

j=. 

J =-
~I I -··- \J, -< u ..$ ul 

) 

, . 'j-;)2. ( ") 
~ - .-!.--- u - !,..{ - ,, -

I I 1.4'1 I u,- I 

II I 
u, ~ u ~ uz. 

' 
I II 

Oy)(yT: 

'j ~ j2. _,,_ ~ ~v~ u, 
;.. ) 

':l== 
'J-"1z. u --u'' (u- ut..")+ j _,,_ 

~ 2. 2. 
'U~ -< U ~ U 3. (II) 

2.2. JK.!lli!l.€ll!.llli!..e,M~ TYHHSnhHOrO .ll,HOJ(a 

Ha p¥.c. II )(eUOHCTpHpyeTCR 3KBHBaneHTHaR cxewa TYHHennHoro 

)(HO)(a. Ha 3Ton cxewc L - HH~YKTHBHOCTh Koprryca H eeo~oe )(HO~a, 

C - CyMMapHOe COllpOTHBJ!E'HMe B B~BO)(ax, !~OHTaKTE' H Kp HCTaJIAC, 

pii.BHOe e~HRH~aM 0.1.!, C - e.loi.KO CTb pn- rrep eXO)(a, KOTOpaR )\0 C-

20 

T&TO'IHO BeAKKa, T&K KaK nepeXO)( B TYHHeR~HOM )(KO)(e O'leHL TOHKKI, 

K BeJ!HqKHa ee J!8XKT B rrpe.ll,eJI&X OT e)(HHH~ ITHK0¢6pa.ll, )(0 COTeH nK

::or1JB.pa,ll. . - R - 3TO oTpHU&TeJI.bHoe conporMeneHHe TYHHeJILHoro ,B;IIo

)(a)rrpHOJIHXeHHO paBHOe npH Kycoqao-AHHeiHOH annpO~CHMaqKM: 

-R = 
u,- Ua 

!JI- ji1. (12) 

ITpH noJJ,KAD'leHMH ryaaeALHoro .li.RO,ll.a K HCTO'IHXKY nHT&HHH B conpo

THBneHKe C BXO)(HT T&KXe K BHyTpeHHee COITpOTIIBJieHHe KCTQqHKK& 

nHTaHHR. ITonHoe KOMnJieKcaoe conporHBAeHxe ryaaenLaoro AHOAa oy
)(eT paBHO: 

z G.+ jwL + {j~c /1-R) 

HnH B BKAe,oonee yJJ,oOHow JJ,na aHaJIHsa: 

2:= 
cv '2. t 2 R ~'(., + 7..- - R. 
wzc ~R~ + 1. 

3L .2. .z.. L ~ (..) e-R+w-RwC 
+-j w~CR~- 1 --

(13) 

(14) 

2.J.0CHOBH&H CXeMa BKRD'leHHR H peXH~ pa60T~ TYHHeJILHOrO 

uo,n;a 

TyaaenhH~H AHOA aenRerca ~eynonDCHHXOM c aer.HReAH~M orpH

naren.~>auw conpoTKBJieHKew,ycroAqHBHM no HanpaxeHKD, raK KaK Hanpa

~eHHeM O)(Hosaaqao onpeJJ,enaerca paOoqaa TO'IKa npKOopa, a ecnK 

Sa,ll.aBaTLCH TOKOM, paOoqaa TOqKa onpe~enReTCR HeO~H03Ha'IHO, Ha 
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pHC.l2a ~eMOHCTpHpyeTCR OCHOBHaR CXeMa BKADQ6HHR. TYHH8AhHOrO 

~·o~a. B 3aBHCHMOCTK or BenHqHH~ conpoTHBAeHHR Harpy3KH c npH 

TaKOI CXeMe BKnDqeBH~ ~HO~ MOZeT paOOTaTL B KaqeCTBe YCHAHT8AR 1 

reHeparopa, ne~xncqac~ero 3neweHTa c o~HHM HAH c ~Bywa ycroR

qHB~MH COCTORBHRMH /20,21,22/. 

2.4. l!H»enLH~R AHO~ZHMe YCKneHHR 

llpHH~n paaor~ TYHHenLHoro ~·o~a B xaqecrBe ycHnHTena 

~eMOHCTpHpyeTCR Ha pHC.l2 C. KaK MOZHO cy~HTh no HaKAOHY Harpy3oq. 

HOI KpHBOI, COnpOTHBA8HKe Harpy3KH M8HL~e MO~yna KKHHMaALHOro 

conpoTKBneHHR TYHHenLuoro AHO~a . ITpH H3MeHeHHH Hanp~xeHH~ nHTaHHR 

Ha BenKqKHY 4[_ HanpazeHHe Ha caMOM ~HOA6 H3M8HR6TCR Ha B8AHqH-

HY .AU , 6oJILmyll A £ . QqeBH){HO, qro BenHqHHa ~lf He 

UOJ:eT npeBi>IUJaTL oOnaCTII OTpHI.laT6ALHOrO conpOTHBA6HKR TYHHeALRiiX 

AHO~OB (IOO,..a AU Ge- ). TaK!I ... o0pa3ow, Hweer ;_;ecro ycHAeHHe 

no HanpRxeHHI>. AHanH3Y pa6oTii TYHHenLHoro ~Ho~a nocBR~eH pa~ 

paoor /I9,23,24,25,26,27,28,29,30/. Cxewa pKc.II onHCWBaerc~ 

CHCTeuoR ~K~epeHQHaALHiiX ypaBH6HHI: 

L ~~ = £(t)- rz_i- u, 
c_ ~t ~ i - J ( ll) 

IlpH HCKnllqeHHH ~ CHCTeUa CBO)!.HTCR K ypaBH8HHI>: 
l I cJI.( j_ 
d.~' r- i.e [Jc+ L. J {l4)]Lt + LC [r.:I(~).-u-E{t)]=o.cr5) 

3TO ypaBH8HHe HCCA8AJ6TCR M6TO~aMH TeOpHH KOne6aHHI.EcnH CqHTaTL 1 

qro E He 3aBHCHT OT BpeweHH H nOJih30BaTbCR AHHeiHOI annpOKC~ -

wauKeR ( cw.ypaBHeHHe 11) Ha yqacrxe U +- Ll : t1 /24)-= ~ - u- Uo 
1 c2 v oR' 

22 

'J 

I" 

Jo 

0 

f 
, u,v" 

I II 
I 2. I 
I I 3 

'/.if. 

:" 
PIC.IO.BapHaHT JIHHeapH3a~H BOALTaunepHOI xapaKTepHCTHKH 

TYHHeJILHoro ~Ho~a. 

£ r--o---- -~ I I 
I C -R I p-n 

~ _ _ _ _ _ _ ___ J nepexoo 

G 

UJ V 
s 

PHc.II.3nexrpHqecxaa 3KBHBaAeHTHaH cxeua TYHHeJILHoro ~·o~a. 
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a 

J1 'J 

JluHUfl HQt!P.!/JKIJ no 

nocmORHHOM!f mOK!f 

... I I I' "'O ' 

AU llE 11 11 
lfo 

6 g 

j 

1J 71 

2 a 
PHc. I2 .a) 0CHOBH8fl cxewa BKnnqeHHH TYHHeBbHOfO AKOAa 1 

6) ITpHHqMn pa6orH ryaaenbaoro AKOAa B xaqecrBe ycHnKrena1 
s) PexHM pa6orH B xaqecrse reaepaxopa 1 

r) C>::eMa C OAHlnl H ,1\) .D.BY.W:H ycrolqHBH.w:M COCTOHHHHMH 
Ha ryaaenhHON .JJ.HO.JJ.e, 

24 

TO .n.na CXeMH MOXHO 380HcaTb )l.H~epeHUH8JbHOe ypaBHeHHe 2-ro 

nopa.n.xa: 

L ·"(L ) · ' 7-R.· I/; R.:Jl - L + R.C -7. i-t Or t=R..c lL!o-[+- ~,(I6) 

r.n.e ~o H L/
0 

- coor Ber cr seaao roK a aanpaxeHHe pa6oqel roqxH 

ryuaenhaor o .n.Ho.n.a. 06~Hw pemeaxew 3Toro ypaBHeHHH 6yAer : 

' f• t fL t 
L = .111 e- -r Jlz. e -+ 

E-u-R~ 0 • 

7..-R. J 

(I 7) 

r.n.e f t H fz. - )l.Be Cne.n.yD~HX BenHqHHH: 

f 
_ j_ 1 __1__ _ ~) + 

1
. I i_ It "£. _\ L f .1:-. _ L)z_ 

"
1 

z · - J.. l /(c. L - f i_.c l'- £) -it [ l. RC . 

(18) 

Orcn.n.a cne.n.yer,qro cxeMa 6y.n.er ycrolqHBOA , ecnM .n.elcrBHTen hHaH 

qa CTb BHpaxeHKI (13) (14) 6y.n.er OTpMnarenhHOI, TO eCTb: 

L < t R. . C h-.. 11 • 
(19) 

nna oneHKH 3Toro ycnOBHH ycroRqHBOCTH nonoXHM C=10 nK~, R =30 ow, 

~( COOpOTHBneHHe CMe~eHHH + conpOTHBReHHe KOHT8KTOB )l.HO)l.8)=20 OM, 

r or .n.a .n.na cra6HnbHOCTH pa6oqel roqxH ~ .n.onxao 6HTh MeHee 9 arH. 

0TCD)l.8 BH)l.HH xecrKHe rpe60BaHHH K MOHTaxy yCHnHTenel H8 TyHHenh-
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H~X ~"o~x. ECTeCTB6HHO, 'ITO YCKBHT6BbHYe CBOICTBa nponaAanr, 

KOr~a OTpKuarenhHOe conpOTHBB6HH6 TYHH6BbHOfO AHOAa OyAeT CKOM

neHCKpOBaHO conpoTKBneHxeM G , no3TOMY Bropwv ycnOBKeM paOorw 

ryHHenLHOro ~H o~a B Kat~e cTBe ycxnHrenR OyAeT: 

z < R (20) 

B peanhHHX cxevax ycxnKTenen napa3MTHan KH~YKTHBHOCTL ueneR 

nHTaRMR OOU'IRO illYH TKpyeTCR 6MKO CTLD, T&K 'ITO BHCOKO'I&CTOTHaR K 

RK3KO'IaCTOTHaH tlaCTK CX6MH pa3AeneHH. B 3aBHCHMOC!K OT cnocoOa 

BKnD'I6HHH Harpy3KH H OT ee pea KTHBHOA COCTaBnHD.eR JCKRHT6nH 

Ha TYHHenhHHX AMOAax voryr Owr~ napannenhH~MK K nocne~oBaTenhH~

MK, IDKpOKOnonOCHHMK K pe30HaHCHHMM. TipeXA6 '16M ~aTb xapaKT6pKc

TKKK Ka~~oro K3 TxnoB ycxnKTeneR, cne~eT BBeCTK ps~ onpeAeneHKn. 

Ko3¢¢KUK6HT BHOCKMOfO JCHA6HKR no YOmHOCTH onpe~enHeTCR K&K 

OTHOWeHKe MOmHOCTK CKrHana, BH~enHeMOR B Harpy3Ke npH BKRDti6HHOM 

AKO~e, K MOmHOCTK, BHAenReMOR B 3TOR Harpy3Ke 063 ~HOAa. 

TyHHenbHHR ~MO~ Tepser CBOK YCKAKT6AbHYe CBORCrBa Ha qac-

TOTe w,.P , npK KOTOpOR A6RCTBKTenbH8R '18CTb nOAHOrO KOM-

nneKCHOfO COnpOTKBneHHR ~HOA& CTaHOBHTCR nOAOXKT6RbHOA ( CM. 

BHpaxeHHe (13)) , T.e. rrponaAaer oTpKuarenbHOe conporHBneaxe ~Ko~a . 

3ra .qacroTa Ha3HBaeTCH npe~enhuoR qacroToA ~MOAa: 

w"~ = ~c / ~ -I (21) 

26 

HanpKMep , npH flOACT8HOBKe B 3TO BWpaXeHHe napaMeTpOB ~HOAa,~aH

HHX pauee,nonyqaeu, t!TO GJhp paBHa 2 fru. 

B napannenLHOM ycHnxrene (pHc.13 a) aarpy3Ka noAKADtlaercs 

napannenLHO BHBOA&M TYHH6AbHOrO AHOAa. KO~KqHeHT BBOCHYOfO 

ycHAeH KR no MO~OCTK AAB T&KOrO yCKAHTenR paBeH: 

{ z 

K= j R;: I j_+ _j_ 
Rh 2 

I 1 t -- -+-
r~e n - R. R . 

l(.h {. H 

(22) 

TIOACTaBnR~ BWpazeHHe (13) B 
f 

(21) H (22), nonyt!HM ARB ti&CTOT 

w .£. wo , rAt c..; :::. ..r;-;; , 
o rLC 

CtiHTa~, 'ITO 'Z << R : 

I 
K= + _g:_ (-E- )2 

z..R w,.f 

( (23) 
K~ I 

1<0 = 1- _&_ 
R.-c, 

B 3TOM BNpaxeHHH 

TionDca ycHnKBaeYHx qacror onpeAenseTCB no K03¢¢Huxeary HepaBHo
k. 

uepnocrH qacroraoa xapaKTepKCTHKH o = k . Cornacao (23), 
0 

w == 
~ 

f: -i 

-fK: -I. 
f 

f2C (24 ) 
~ 1 

HHrepecuo, qro I< =I Ha t~acrore wf = -./"i<;- 1. ·R.c<'-',., qro 

oOnHCHHercH wyarxpyD~HM AeAcrBxeu euxocrH pn- nepexo~a. 

nnft ycroRqHBOCTH pa0oqelt TO'IKH napaAR!BbHOfO JCKAHTeAH, 

COrAaCHO (19 ) H (20),He00XOAHMO BWDOAH6HHe ycnOBKA: 



a 8 

RH ..... u 

u8o//( , 

5 2 

Pwc.I3.a ) Bo3~0XH~e cxeMH ycKnHTeneA Ha TYHHenhH~X ~HOAax: 

a) mHpOKononocHoro napannen.r:.Horo THna, 
0) mupoKononocHoro nocne~osaren.r:.HoroJ 

B) pe3oHaHCHoro napanenhHoro H 
r ) pe3oHaHcHoro nocne~oBaren.r:.Hor o THnos. 
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L, 

i_r ~H /1/-'Z-1 L</ It c. Rlf 1- 7., I R.C . 
R· + f.!..H 

t 

Ann noC!e~osareA.r:.noro yca~mrena (pHc. I 3 0) X03~H~Henr 

BH OCHKOrO yCK19HMft paBeH: 

I I 1?.. + RH I !J. 
k == R·'+ R +1:. 

L U • 

ilpH no~CTaHOBKe B 3TO COOTHOmeHHe B~paKeH~H (14) 
R. w .a 

1 f + 7:" (-z;;) 
K = { R 

1 
( w )l. [ ~ 1 (w )z.]2. 

K
0

1 + T.-(R;+R
11

) (.,)'1' ~ L"{R;+-Rn) (.,)...,.. 

I { 

r,IJ.e Ko = (f-_-1!..--->t. )2 
R4-t-Ru 

1 R.' ((..J ' ~R. (.,.J 'Jl I1p11. - ..::...::. - + -k: t.(~;_ +Ru) w.._,) ?_{~i.+-Ru)( (..)..,) H 

R i +- ~H ~ R H R~ = R ) 

( 25) 

no.11yqH~ 

) (26) 

..!._..,. j_ <C<i ~.e. 
k' K I 

• 0 

B~pall:eHHe (26) cosna~aer c B~paxeHHe~ (23), TO ecTb np11. C)(enau-

nux npe~nonoKeHaax napannenhH~R H nocne)(oBaTenhH~a wHpoKononocH~e 

YCHJIKTenH HMenr 0,1\HHaKOB~e qacTOTH~e Y~paKrepaCTHKH. nna _nocne

.liOBaTOJibHOrO ycHnnen.R K03~H~HeHT ycHneHHl! no aanpa:m:eHaD paBeH: 

k~ 
H 

U ( .. , ::::= _ _:R~u~---
UI)( 'l.+ RH~I?,:. -R ( 27 ) 

~n.Fl oOecneqeHHH ycroAqHBOCTR paOoqeA TOQKH nocne,I\OBUTeJibHOfO 

YClinHrena .1\ 0JIXH.bl Bh:nonaar.r:.ca cne)(yDIItHe ycnoB H.R : 
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Ri +- Rl! + 't < I R I Ll L.<(Rc.~RH+'l)/R./C ~. 

cornaCHO BHpaXeH~HU (19) M ( 20). 

ilpH HCUOBh30BaHKH TYHHenhHUX ~~~O~OB B CXeMaX pe30H8HCHUX 

yCKHKTeneU y~aeTCH UOBHCKTD paOoqyD qaCTOTY yCKHHTeneA 38 cqeT 

roro,qro peaKTKBHHe aneMeHTU TYHH8JibHOrO ~HO~a BKR~qaDTCH B pe-

30H8HCHHD KOHTyp, a UOTepH B KOHType KOM06HCKpYDTCH OTpHnarenh

HHM COllpOTKBH8HH8M ~KO~a. ilocne,D;Hee 00CTOftT8HhCTBO ll03BORH8T 

ynyqmHT h H30Hp8T8HhHOCTh yCHHHTeneA. 

Cxewa napannen•Horo le3oHaHCHoro ycHnHrenn npHBe~eHa Ha 
Re 

pHc.13 B. EcnK L<< 1 ~(w!!c/ ( cw.BHpa:z:eHHe (15 ) ) , ro BHMJI

HKeY HHAYKTKBHOCTH )J;MO~a MOXHO npeHeOpeqh. Tor~a CyNKapHafl npo

BO)J;HMOCTh TYHHeHbHOrO ~MO~a M MH~YKTKBHOCTH KOHTypa Oy~eT paBHa: 

-1 
z, -

1 
jwL, 

( 
+- rz.- _te __ 

1-Jw !!C-

Ha pe30H8HCHOA qaCTOTe MHKMafl qaCTh KOMOHeKCHOA OpOBOAHMOCTK 
4 

( f- /!;#....) 
Oy~eT paBHa Hynv H npoBO~HMOCT.h ~ Oy~er paBHa lw¥ 

1 I /(_ • 

ITO~CTaBHJIH 3TO Bl>lpaxeHKe B ¢opyYHY (22) 1 nonyqHM K03¢¢KUKeHT 

BHOCMYOrO YCKH8HIU! pe30H8HCHOrO yCHH!tiT8JIJI: 

I }~ 
1<, " { 1- ~· [)- ('i:;:J'l (28) 

0TCilAa BK~Ho, qro no~OMpaH KH~YKTHBHOCTh L, M conpoTHBneHKe 

f(~ ) WOXHO AOCTKrHYTh K03¢¢HnKeHTa YCHJI8HKJI Oonhmero 

I Ha qacrore,OJIK3KOA K ~"t . O~HOBpeueHHO OyAeT coxpa~aThCJI 

noJioca ycKJIHBaeWNx qacror. 3KBKBaneHTHaa ~oOpoTHOCTa cxeMH paB-

30 

Ha: 

Q~d ~ 
Q 

f+- ~ 
If~ II R. . L 

) 

r~e 

a 

Q - ~oOporaocu KOHTypa L, C c oonpoTKBJieHHew noreph 2 ... 
i:f - pe30HaHCHoe conpoTKBneHxe KOHTypa. Tor~a noJioca ycHnH-

aaewux qacror paBHa: 

A w == _{_ {i- _&_ [1 - /!± )z} ( = 
Rh C R. {-c.;..,- f 

I 
I?,C 

ITOACT8BJIHR CIJ~a (28) 1 MOXHO nonyqxr•: 

2 

.( 
~~-.J K; = -~ R.,C 

{ -(?':;) 
L) ~c (f- tK; 

1 
ik;: 

(29) 

nnJI cnyqag, KOr~a 

npHHKMaeT BK)J;: 

K, >? 1 H (..,)r <'< (..,)..,.) COOTROmeHKe (29) 

ACA) fk; ~ I 
R..G ( 30) 

Ko3¢qltU:\KeHT BHOCHMOrO yCHJieHHJI llOCJI8)J;OB8T8HhHOrO pe30H8.H

CHOrO yCHJIMTeJIJI ( CW. pKC 13 r) paBeH: 

( ~ 

K;=/ (-1- _L [7.- R a] I 
t,-r~, 1+(t..:>!"I<.C) (31 ) 

l1H.B:YKTHBHocn L, ~onna y~oB.IIeraopan ycnoBMil pe3oHaHca Ha pa
c.; ~ .zc 

doqeA qacrore (..)! L, - r z. :::. 0/cw •. B!:ipa.&eEIHe (11tf 
{ +(w,.RC) 
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H ycnoBHD yctolqHBOCTH (19). H~o OTYeTHTL, qro pe3oHaHCHNU ycH

~mte~L napaA~enLHoro THna oOJa~aet nyq ~el qacrotHol xapaKrepHCTH

xoA, qey pe30HaHCHHI yCHHHTeRL noCJe~OBaTeHLHOrO THTia. 

B~~OKHI qaCTOTHWI npe~en yCHReHKH RBHReTCH O~HHM H3 OCHOB

HWX np~H»y~ecrB ryHHeHLHWX AHO~OB. B nHreparype ecrL cooO~eHHH 

0 pe30HaHCHOY yCHHHTene Ha TYHHeHLHWX ~HO~a~ B ·,B;Hana30He 85,8 fr~ 

{Jf/ • MaHHA ypOBeHL myMOB HBJHeTCS TaKXe Ba%HU~ npeKWJ~eCTBOM 

ycHnHrenel Ha TYHHenLHWX ~Ho,B;ax. 

ITpH HCTIORL30Ba!!lU'l nHHeJILHOro ~KO,B;a B ,B;Hana30He CB'll 3He

weHTW ycHnHtena HMevr pacnpe,B;eneHHHI xapaxrep, oOwqHo TYHHe~.r.awA 

AKOA BKRnqaerca B RHHK~. Bo3MO~HH cneAJnmKe rHnw ycHAHTenel CBq: 

npoxo,B;Haa cxeMa y~HHHTena, xor,B;a TyHHenLRU~ AHO~ sxnnqaerca B 

HHHHD wex,B;y Harpy3KOI H reHeparopow, orpaxaten.r.Haa cxewa, xor,B;a 

TYHHeJILHWit .J.HOA BKJinqeH nocne Harpy3KK, ycuue~.r. c noc~e.J.oBa

reA.r.HW» BKJinqeHYe~ TYHHe~LHOrO ,ll;HO,B;a B HHHHD. 

2.~ IDyMW YCKHKTenel Ha TYHHeHLHHX gHogax 

Kccne,~toBaHxm wy~oswx c~oiCTB ryHHenLHHX AHOAOB nocsa~eHW 

paOoru/23,32 ,33 ,34' 35 '30 '371. 

ITo · myMOBWM CBOICTBaY TYHHeRLHWe AHO,ll;H 3aH.MaDT npowexyroq

HOe TIOHOXeHHe YeX,Ity BaKyyMHHMH naMTiaMH H KBaHTOBUYH H napawetpKqe~ 

CKMMH YCH!HTeRHYH. KcroqHHKaUM myMOB B TYHHe~LHWX ,ll;HO,B;aX BBRHDTCH: 

l/,B;pOOOBOA myy, CBR3aHHHR C TOKOJl IIpOTeKalli(HM qcp~: fn- nepe

XO~ 2/ HH3I:Olt6CTOTHHS! myK, CBn3aHHH.It C yreqKo2 qepe3 rrepeXO.B;, 
' / cneupaJlbHaa IIJIOTHOCTL rtoroporo yOwBaer no saKOHY T , 3/TerrHo-

soR myy B COIIpOTBBJieHHH IIOTepb ,ll;HO.B;a, 4/TeiiJIOBO.It wyy B Harpy3Ke. 
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H»3KoqacrorH~K wywo» Ha qacrorax Burue I Kru oO~qH o npH 

pacqerax npeHeOperaDT. TerrnoBoA myw B corrpoTHBJieHHM rrorepb xapax

repH3yercR ruyMOBO.It ~nC: 

e; == 4~c 7;, rz,.Aj) 

a Ap00 0BOB myw-,B;pOOOBWM TOKOM qepe3 rn- rrepexo,B;: 

• .t - ..2 A,..l:; + tJ )6f 
t..,'df - e (($.. c-v v .... c. 

3.B;eCL T;,- rewrreparypa conpoTHBJieHHH rrorepL, .J~~lf - cpe,B;HHA 

TOK TYHH6JIHpyD~HX 3ReKTpOHOB M3 30HH IIpOBO,ll;HKOCTH ~- OOJiaCTH 

B f- oOnacn, tJ,. .. C - Cpe.B;HH! TOK TYHHenHpyDII{HX BaReHTHHX 3HeK
.L 

TpOHOB H3 f - OOJiaCTH B h. - OOJiaCTL, de - K03<fxPHIU!6HT cr na-

•HBaHM R , B~3~Baeuoro 00Jihllien BepOHTHOCTLD rrepeXOAa 3HeKTpOHOB 

H3 30H~ IIpOBOAifKOCTI! h.- oOnacn B f- oOnacn, KOTOpH.It 36BH-

CKT OT CTpyKTyp~ TYHHeRLHOrO ,li;MO,na. ilpH 'U < l../1 npeoona.n;aer 

TOK H3 30HH npOBO.ILHllOCTH ~ OO.'IaCTU,;l Cpe,nHeKBa.n;paTHtiHaH BeJIM-
• 2 a zJ 

t!HHa ApOOOBOrO TOKa paBHa /..,~ : <e~ • B oOnaCTH HaRHX CWell{eHHR 

AO BenHqHH IIOpH.n;Ka """ I{~ T ~CHOBHOS! BKJI~ BHOCHT TeiiJIOBble l!ly

UN, a TipH 00RLWHX HanpH76HMBX - .B;pOOOB~e myMH. 

K03<fxPKUHeHT myKa yCMJIHTeRH onpe,B;enHeTCH K6K OTHOWeHHe ~0~

HOCTH WJMOB Ha B~Xo.n;e peaJILHOrO YCMRHT6HH K MOII{HOCTH myMOB Ha 

BbiXO.n;e l~.n;eaHLHOro, He PHOCHJllero COdCTBeHH~X myuOB YCHRHT6JJH, paOo

Tal!lll{ero C Tel.! '-te 11CTOqHMKOM CHrHana. 

Kos<fxPHUHeHT ruyMa .n;nH WKpOKorronocHoro napannenLHoro ycHRHTe

Jill ~JIH qacror w <<c.;"'f paBeH: 

'F.:::. i.+ 7; 12~ +- e;J !? · + 
~ /(H .l.~c7; ' 
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) 
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a Ha. tiB.CTOTaX ~ v" G),., 

:F = f + TH Rr:. 
r,. RH 

e. ~ R. . + ?-;_ R~ 
+ - " ~KT,. T. ~R 

r 
(33) 

~a pe3oHaHCHoro napanneHLHoro yCKnHTena B~paxeaHe AHH K03~H~

eara myMa 6yAeT rew xe, ecn~ yt~ecrL, t~To napaAneHbHO B~BOAaM 

TYHHenLHoro ~~~~o~a no~KnDt~aerca eme pesoHaHcaoe conpoTHBneHHe 

KOHTypa. 

R . f EcnM B3HTb _~. <1:, , TO npH t~a crorax £.J«'w,.H ~ocraro-qHo 

RH R 
60Ji bWPIX K03~111UHeHT8X ycKneHHH /?.~ -R_ , a flOCKOHbKY 'l' << , 
nonyt~Hu: 

e':JR.. { +-F = !1. K Tr 

l(nft pe30HaHCHOT'O yCKnHTenH npH kf ~ 1. 
H K03~HUHeHT ruyMa paBeH: 

'F: 
':J R 

1 
+ ;kT, r1-(~r1 

R (34) 

RL :::::- 1-(':.f..,t > 

( 35) 

l(Jifl nocnP.~OBaTeHLHOrO pe30HaHCHOT'O yCHJ!IIITenH K03~H~eHT rnyMa 

onpe~enaerca BNpaxeaHeM: 

'F=i-+ 7;, RH + ~ t:1 {I +- RH + _!__)Rr 1;.·'2 ( 36 ) 

Tr ~l. :i~cT,. R;_ Ri T;. R, 

34 

jlJIH 'lB.CT OT 

noJI}'\1 aJJT: 

~ << (.::J ltJo , B311B R i. ">/ i 
RH 

e ~ R.. 
P=f+ r, 12 

H Ri.o:::::R.' 

(37) 

.lie. r ---- ~ 
EcnH yqecTL , t~ro npH Kp >> 1 R, 7 Rk ~ ( + (wR.C.f"- ) 

H OO,l(CTaBHTb BYpaxe!IHe )U!H R_i. B COOTHOWeHHe (36), TO, aHilJil<!-

3111PYii C0CITIIOWeHHH (3'5 ) H (36), lll XHO 38lle!ltl'b B03paCTIU!Ke WYUOB 

Ha 4aCTOTax, 6nH3K.iiX K npe)(P.HbHOil )(Jlii pesoHaHCHI:lX YCKJIKTer.eli. 

J-Jia wKpoxononocHNX ycKnKrene~ K03¢¢H~ear wyua Ha acex 4acrorax 

OCT aeTC.fl orpaHHtl eHHOli SeJ:WIK HO!i. l.f3 npHBe,l1;8HHNX DNpB.XeHHli ,ll;Hii 

K03q4JHnlfeHTOB Wywa BH,ll;HO, IJTO aeJIHtlmra Wywa 3aHV.C.IiT OT Bbl60pa pa-

6o4eli TOt:fKH. MHHHMB.JlLHaa aemlt:fH Ha K03<jxpHJ.~! eHTa myMa .l{H.fl T)'HHen:OHblX 

.JtHO,ll;OB rrpH KOMHB.THOR TeMneparype pasHa 2-3 ,n6. B J!UTeparype ,/38/ 

OOHC8H YCHHKrenL H~ TYHHenbHHX ,l{HO,ll;ax C K03~HUKeHTOW WyYa ?. .n;6. 

2.n. nKHeHHOCTL1Cra6HJ!bHOCTL,3aBHCIII~OCTL OT reMnepaTypbl H 

Q.Lpa6HJI.&HOCTH HCT04HKKOB miTaHH.FI K03dx!JHWf8HTa 

YCHJ!eHHft ycHmiTeJieli l!ll. TV'HHeJ!LHblX JU{Q.l@!_ 

YCKJIHTenL Ha ryaHenLHOM ,1{110.l{e HBJiileTcil, no CYilleCTBy ,yCHJIKTe

J!eM c nono:uren.r,»oli o6parHolt CBR3LD, nooroMy CJ! e.n;yer OJ:H,narb C>Im,

Holi 3aBUCKMOCTM K03¢¢H~eHTa YCHJieHHJi OT CTil.6HJ!.bHOCTH RCT0"4HHKOD 

lU'!TaHl-tH, HenHHe HllOCTH xapaKTepHCT HKH, pa36poca. xapfl.KtepHCTl1K, 

crapeUKil, reMneparypbl. PactiCTH noKa::Juaavr, 'ITO c T04!CH 3PCHHii no

Jiy"4e HH.FI !lHHHMaJibHI>X HeJIKHeHHblX HCKBJ:eHHH npH MaKCHMaJILHOl! B~XO,JtHOl! 

MOII!HOCTK p86 04Yil T04KY CJie.l(yeT BI>C1KpaTL npH Hanp.lll!ceHIUf, COOT !leT-

crayv!lleM MKHHMaJILHow:y 3Ha1JeHHJJ R rrpK uaKcKWaJILHOl! KPYTH3He. 
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B 3TOK CJiyqae npP.~e.llbHaa qacrora o,, H npoH3Be)leHHe Llf fi< 
Cy~T Hloletb MaKCKlola.llbHHe 3RaqeRHil. 3aBKCHMOCTb KpyTM3HH OT Ha n

pazeHMil B yCHJIHTeJ!bHHX CXeMaX npXBO~XT K TOMJ , qro XO ~HUHeHT 

y CKAeHHft CTaHOBBTCA ~HK~KeD HanpRZ8HHil CMe.eHHR H awn.II HTY~H 

nepeMeHROfO CHfHaAa. He.IIJIHeiHOCTb BOAbTaMI16pROI xapaKtepMCTHKH 

ryHR8.1!bHOrO AHOA8 H8KJI~HBaeT cy~eCTB6HHHe orpaHHqeHHil Ha aKnJIH

TYAY CHrHana. B ycxnHrensx Ha repxasxeBHX ryBHe.llbHHX ~Ho~ax npK 

JCHJI8HHH B 25 A6 CHfHa.ll Ha AHOAe He ~O.I!Z6H npeBHW8Tb 2 MB. TaK 

KaK aarpy3Ka o6uqao BKJ!Dqaerca napan~en»HO ~Ho~y H ee conporHB

neHae npaCnM3HtenbBO paBHO AK~epea~aJ!bHOMJ conpoTHBJ!eHHD r ya

aen~>Horo AHO~a B paCoqel roqxe, to xo~ocr~>, cKrHana B Harpy3xe 

MOZHO OUeHHTb BeJJ HqHHOI ~ z. , r~e U - aMilJIHTy~a CHfB8JI8. 

l!a THnHqaoro ryaaen~>aoro AHOAa c R =20 ow oaa paBaa 

( 2 MB )
2 

= 1 0-7 BT. Tpy~HOCTH, CBS3aBHHe C no~aB.I!8HHeM reaepaUHH, 
20 

OCecneqeBHelol HH3KOOUHHX BHBO~OB it HH3KOOKHOf0 HCTOqHHKa 11HT8HHR 

He no3BOJIRDT c~enar~> R AOCtaroqHO uanHK, n03TOKY KO~HOCTb BH

xo~Horo CH f Ha.lla npH OTcyTCTBHH H8JIHHeDHHX HCKaXeHHI B TYHHeJ!bHHX 

~XOAaX He npeBHmaet OAHOfO MHKpOBaTTa. MaKCHMa.llbHaR BHXO~HaH 

( u -ut xo~Hocn, oqeBH~Ho , paBHa ~ :::::: 5.1o-4 Br C ~.11a Ge.. rynaen~>-
/i! 

HHX ~HOAOB). lnH OO e cneqeHHH CT86H.I!bHOCTH K03~HllH8HTa yCHJieHHH 

HeOCXOAHMa AOCtaroqHaS BHCOK8ft CtaCH.IlbHOCTb H811pHXeHHH KCTOqHxKa 

DHT8HHH /J9/. nns CT80HJIH38llHH paCoqel TOqKH TYHHe.llbHOfO ~HO~a 
C rewneparypol CJ18AY8T CTa0KJIH30B8Tb TOK AHOAa, itdO BepOHTHOCTb 

TYHHenbHoro nepexo~a nponppUHOHa.llhHa TOKY qepe3 nepexoA. On

THMa.llbHas paCoqas roqKa 3HaqKre.l!bHO cxe~aeTCR c rewnepaTypol-1~ 

110 HanpaxeHHD B AH811830Re + 20 + 100° C AJIH AHOAOB Ha 

~ - repMaHHH. 3HaqHT8JibHO T8KXe M8HReTCH B8J!HqHH8 OT-
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pHUaTe .llbHOfO COilpOTHB.I!eHHR. 

TeMneparypHHe H3MeHeHHR ocoCeauo cy~ecrBeHHH A.IIR ~HOAOB 

aa n - repMaHHH H MeHee Cy~eCTBeHHH ~Jill p-repM8RHH H ap CeHHHAa 

ra.IIJJHH. 

2 .7. CornacoBaHHe ycznarenbHHX xacxa~oB Ha ryHHelbH~x 
AHO~X 

KaCKaAHpOBdHHe H cornaCOBdHHe YCHJIHTeJJel Ha TYHHe~•HYX 

~xo~x BH3HBaer 3HaqHre.llbHWe TPYAHOCTH , noCKO.I!bKY TYHHe.llbHHA 

AHOA ftBJ!HeTCR ABynOHDCHKKOM . 0~H8KO HKeerCH pH~ npeARO~eHH~ 

B 3TOM RanpaBneHHH, HanpHwep 1401. Ha pHc.14 npxBOAHTCH cxe~o~a 
H 3KBHBaJJeHTHaH CXexa OAHOfO KaCK~a YCHJIHT6Bil. BXOAHOe conpo

TKBBeHHe CXeMY paBHO: 

-R, (RH- R~) 
Rc., ==-

RH - R.2. - R.1 (38) 

ECJJH BHOpau - R 1 TaKHM, nocu Rt'x = RH , TO ecu Bxo.nRoe 

conpOTHBJ!eHHe CXeMH 0HJIO OH paBHO COilpOTHBReHHD Harpy3KM, TO 

CXe),(J' UOli:HO COe.l{KHRTb B K8CK8,1tH. IlpK 3TOM - R. f Onpe~eJ!ReTCH K8K ; 

- Rt = 
R_H (R.J( - Rc.) 

- R2. ( 39) 

Ko3~HUHeHr ycMneHHH xaxAoro xacKa,na no HanpHll:eHHD paBeH AC~ 
RH 

- 12H- R.!. • 
ITpHMeHeHHe TYHHenbHUX AHO~OB B xaqecrBe yCH.IIHTene~ HaHCO.I!ee 

nepcneKTHBHo B YKB H CBq AHana3oHax , r~e HX npeHwymecrBa nepe~ 

3.1! e KtpOBaKyyMH~MH H nonynpOBOAHKKOBHUH IlpHCopaUH - uanoe norpeC

.I! eHHe 3HeprHH /10-3 - l0-
11

BT / , BWCOKHI! qaCTOTH~l! npe.zten YCHReHHJ! 

- 200 rru, B03MOli:HOCTL C03AaHKH ManoraOapHTHOR annaparypu H 

RH3KHR ypoBeHh ruyKOB - npOHB.I!J!DTCJ! ~OCTaTOqHO RpKO. 
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B.xaa ) C ~ I 1 , BbJxoa 

Et 

E~ ~-•, 9. ~R, :• 

PKc.I4.Cxewa yCWIHTeJihHoro KaCKa,B;a ua TYHHeJihHHX ~HO)(ax . 

Lt L3 

v, BbJxoa 

PK c. I5 . TyHHeJihH~A ~Ko~ KaK cornacyv~KA npowezyroqu~R sneweur 
B . Kacxa~e ycHJIHTeJin Ha rpaHsKCTopax. 
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B ~Hana30He qaCT OT ,1(0 roo Mr~ npHWeHeHHe TYHH8JihH~X )(HO)(OB, Be

poRTHO, HeonpaBAaHHO, yqHT~BaB TPYAHOCTH KaCKaAHpOBaHHR TJHHeJIL

HUX )(HOAOB, H npeHWy~eCTBOW ~HO~OB no CpaBHeHHD C TpaH3HCTOpaMK 

3~ech RBJinercn JIHWh MaJI~A ypoBeHh mywoB. Ha 3THX qacrorax ryu

peJihHUA ~Ho~ npHMeHRDT B KaqecrBe cornacyvmero H ycHJIHBaD~ero 

npowexyroqHoro sneweHTa B ycHJIHTe!e c 3a3eK!eHHOA OasoA ua nony

npoBOAHHKOB~x rpwo~ax 141 1. Cxewa npHBO~HTCR Ha pHc. 15. CqHra-

ercSt , qro i ::: L. , Lt = Zl, . Ycueuxe no wo~HOCTH TpHo~ow paBHO: 
1 l. l " 

K = T 
f; 

~ 
- . 

ll, (..l 

-R. 
R -R fx 

.nn11 TYHHeJihHoro ~Ho~a K03¢qlM~eHT ycHJi eHHSI paBen: 

KTA 
p.l 

~ 
ltJ (._.1 :: 

u &2. z. 

:::. = 

ITon u~R Kos¢¢H~HeHT ycHneHHSt: 

k= I{T KTA:::. 
fJ 
?1 

- (· 
R€" 

- R. 
R1x - R 

R J 

(40) 

( 41) 

(42) 

r~e fe~~ - BXOAHOe conpOTHBJieHHe TpKO~a B CXeMe C OO~eR Oa3oA. 

EcnH Rcr ~nn nonynpoBO~HHKOBUX rp~OAOB nexwr B oOnacTK BenHqHH 

OTpH~aTeJi hH~X COnpOTHBJieHHR TJHH8JibR~X )(HO)(OB 1 TO MOXHO npOCTO 

BunoJIHHTh ycnoBHR craOHJihHOCTH (19) (20). YCKJIHTeJIL no)(o0Horo 

THna o~ nocrpoeH Ha qacrory IO Mr~ npH ycHJieHHH 60 )(0. OcuoBRaSI 

qacrora sroro ycHJIHTenn O~na orpnuHqeHa ewxoCThD TYHHeJILHoro 

~HO~a, paBHOA 500 n¢K. 
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c. 8.1'.YHReJII>RLlA ,l;;i!O,ll B peZJAl4~~TOpa 

,llJI.II llO.IICHeHH.A npHHUHna pael OT.bl TYHHeJibHOrO ,ll;J.:O,l{a B Kaqecr-

BC reHeparopa BOCllOJll>3YCllC.II p H C. 12 B. KaK BH,ll;HO .H3 pHCYHKa, TYH

HeJib!l blft AHO,l{ CUefJ1eH B OelJiaCTb OTpKUaTeJibHOrO COilpOTJABJieHH.II, npHqe)( 

conpOTHBJieHHe Harpy3KH no nOCTO.IIHHO.IlY TOKY MeHbme l40AYJI.II OTpH

nareJi bHOro ConpOTHBJieHH.II TYHHeJibHOrO AHO.D;a, COOT BCTCTBCHHO HaK

Jl&Ky Harpy304HOA KpHBOA no llOCTO.IIHHO.IlY TOKY. 0.l{HaKO COllpOTl1BJie

HHe Harpy3KH no nepe.lleHHOllY TOKY 3HaqHTCJibHO ClOJibWe KOAYJI .II OTpH

nareJibHOrO COllpOTHBJieHH.II, n03TOMY np H ~UJie~mea ¢JIYKTyaUHH CMefJ1e

HH .II ryHHeJibHHH AHOA nepeHAeT B roqKy B , a sareM qepes HeKoropoe 

BpeK.II CHOBa B03BpaTHT~fl B roqKy A. TaK B03HHKaDT He3aTyXaDfl1HC 

KOJieelaHH.II. AHaJIH3 B.blpaxeHHn {ff) H~~) llOKa3WBaer, qro TYHHCJib

HHA AHOA ClyAeT HaXOAHTC.II B pe~HMe reHepaUHH npH yCJIOBH.IIx: 

L / 'Z- RC ( 43) 

2. < R ( 44) 

,llJI.II 3KBHBaJieHTHon CXeMH pHC.II npH B03HHKHOBeHHH reHP.paUHH 

AOJI~HO BHllOJI H.IITbC.II yCJIOBHe: 

I Z = o 
TaK Kai< TOK IIBJI.IICTC.II BeJIV.qHHOA KOHC4HOA, TO BCJ!HqJAHa z )(OJllr

Ha paBH.IITbC.II 0 . ITpHpaBHHBa.ll K 0 )(eRcTBHTeJil>HYD qacrz, aupaxeHH.II 

( I 4))nonyqH:u r paHHqHyKJ qacrory, np1o1 :wropon cor.poTYJ:BJieHiie ryaHeJi h-

40 

aor o AHO~a ocraercs e~e orpKnareAbHHM; 3Ta Be~H4HHa Clwna HaAAeHa 

BWae I 0003H84eHa KaK ~~ • ilpHpaBHKBa.ll X HJBD llHH.IlJD 48CTb 

awpaxeHH.II (1 H)) aaA~eM aBrope3oHaHCHYD qacrory ryaHeJihHoro AHO,n;a: 

/]_- ' w, = 1' cL R.1C: 
( 45) 

.JlA.II ycroiqHBWX CKHJCOVA8AhHWX KOJie6aHKA AOJIZRO B~llOAHJITbC.II paBeHCT• 

80 CJ "r =- wf .. W • J!JIS repKaHHeBoro ryHHe.n&Horo .1\HO.lla, na.paMeTJlH 
/31/ 

~oroporo 6wn w npKBe~eBH paBee: ~,- 2 rrn. ~wemrc.11 cae~eHHR 

o reuepa nKR TYHHeJibRoro AHOAa, Ha6nDAaBmelcs aa qacroTe 103 rrn. 

Mo~HOCTh reseparopa Ha ryBHeJibHHX AHOAax , reaepxpyD~ero 
/42/ 

CIIHYCOH)J;a.JihBlie KOne08.HHJI 48CTOTOA 4.1 C aMll.IIIITYAOit U ) paBHa : 

[ 
':l, 1 Ll c -'Z.CU 

:: 9 L fwa. +- ~t_) 
l" c4 uz. 

2. p::: ~ RL 
( 46) 

MaKCHMBAhHaB llO~HOCTb 1 BH,l{eJI.IIeMaB CHHYCOH)\aJibHWK reHepaTOpOM Ha 

aKTKBHoD aarpysxe,wozer ClNTh onpe;s;~.lleHa no ¢opuy.11e: 

f = (U2.-U 1 ) 

,..,...... e 1 R.l 
Jlna repMa.HHeBHX TYHHC.IlbHHX .1\HOAOB oaa pasHa npxOnxsxrenz,ao 

0,5•Io-3 BT M 10-3 BT-.1\JIB .1\MO,l{OB M3 apCeHM)\a raJIJIHBo llpH yBe.IIH4e

HHH HHAJKTHBHOCTH, BKJID48HROA notne,l{OBaTeJibHO C TYHHC.IlbHMW .l{HO.l{Oll, 

~OpMa reaepxpyewux MUny.llbCOB npHCl.IIHXaeTCB K np.llllOJTOJibHOI. llepH-

0.1\ xoneelanxl T=Tr+ T2• Ha pHc.I6 noKasaH reaeparop Ha TYHHenz,aow 

.1\Mo;s;e,x .1\e WOHCTpxpyDTC.II xwnyn~:oc~, nonyqaewwe c reHeparopa B pe-
L. 

XH.Ile reHepaUHK npawoyroJibHHX H.lliTYJibCOB. OrHOllieHHe ~ MO~~ 

HCOOJib30BaTb )\JIB OUeHKH ,l{JIHTC.IlbHOCTH HMny.llbCOB reHepaTopa H nepH-

4 1 



(. L. 

E 

----+-- 1j t 

PMC.I6. llpMHqKfiHaALHaH cxewa H BHXO~HY8 CHrHaAY reHepaTOpa Ha 

TYHH SnLHOM ~HO~e . 
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oAa xo! eOaHHl. llpH KCfi0~ ~30BAHHH KJCOQHO-nOMaHOH annpOKCHUaqHH 

xapaxr epHCTKKK AKO~a A~R reHepa ropa npa~oyro~LHWX HMnYH LCOB Ha 

ryHRen»HOM AKO~e nonyqaor I 48 I ' I 44 1: 

r.= 1 

/_, 

'Z. +- ~ 
!J, 

e...[ <- "'· ("-<-~) ] 
£ - t1 (Z + ~) 

I 't1 ) 
I 

c 47) 

r == 

L. Vz. - E + tl1 ---;-;:;-: ( '1-~ -+ z) ] 
- - ~ [ v;.- f: .,_ "• (~ .-~) • ( 48) 2 
!J - ::J 

I .2. 

3TH ~OpyY!W ll03BORHDT O~eHXTL ABHT8BLHOCTL BWXOABOro HMTIYHLca 

x nepxo~ xoneOaHBI re~eparopa. ITOAXOA ~ pacqery coor HomeHHR, npx

BeAe RHHX BHme , x pacqer ~pOHTOB BWXOAHOrO CHr Hana Oy~er ~aH B pa3-

AeAe , r Ae paccwarpHBaerca AKOA B pexxMe nepeKRDQeHxa. 

Ha pxc. I7a AaHa cxewa wy~LTKBHOparopa Ha ryHHeHLHYX AHO

Aax. Cwe~eHxe raxoso, qro ooa ryHHenLHYX ~HOAa Haxo~arca B oonac

rx orpx~arenLHoro conporasneHHB. B uoueHr nepeKH DQ! HHH rox aa 

• HAYKTKBHOCTB He K3M8HH8TCR, a HanpaXeHHe Ha HHAYKTHB HO CTH COB

MeCTHO C K3 N8H8HH8M !ORa B TYHHen~BHX AHO~ax ynpaBnaer Ha npaBne

HH8N nepeKHDQeHxa. llponecc nepex~mqeHHfl cxeuw MOrRO npe~craBHTL 

CRe~yD~HM 00pa30M. B HaqanLHYI MOM8HT Tlr HaXOAHTCH B BNCOKOBOHLT

HOM COCTOBHHH. llpH nepexnmqeHHK ero B HK3KOBOHbTHOe COCTOHHHe C 

OO!LmHN TOKOM npOKCXOAHT nepepacnpeAeBeHHe HanpszeHHR M8%AY AHQ

AAMH1H Tl2 nepeKHDqaerCH B BHCOKOBOHbTHOe, MaHOToquoe COCTOHHHe. 

Pa3HH~a TOKOB nocrynHT Ha HHAJXTKBHOCTL,a Oy~er npOHCXOAHTL K3-
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PHc. I 7. 

Tll 1 

T 11. z 

a 

E 
I®OJb 
r 

s 
a)MynLTHBK~paTOp Ha TYHHeRhH NX ~HO~ax, 

O)reaepaTOp C KOp~TK03aYKHYTOR RKHHeR 3a.n;epZKK 
Ha TYHH8RhHOM ,IJ;KO,IJ;e. 
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weHeHHe TOKOB 1 npoTeKaD~KX qepe3 TYHH8RhHHe ,IJ;KO,IJ;W ,IJ;O MOW8HTa 

c~e~yn~ero nepexnnqe&Ha. reaeparopw B x.n;y~ew perMwe paccworpeaw 

B pa~orax /1 8, 451. 
B paOorax /46,47,48/ paccuarpHBanr ca reueparopw ua ryuuen&-

awx ~HO,IJ;aX H Ha RHHKHX C pacnpe.n;eneHHHMK fiOCTOHHHUMK. Cxewa Ta

xoro r eneparopa npKBOAKTCa aa pHc.I76. KoneOaHKH B03HHKaDT npx 

cwemeHHH AHO.n;a B o~nacrb orpanaren&aoro conporxsneuHa. C raxoro 

reHeparopa liOXHO nonyqHn aanpRxeuHe, MeHRD!IIeecSI cryneHLKaliK 

·~ reaeparop ne CTHHI\!i) x B03wono nonyqeaxe nepxo;u~qecxxx npawo

yronhHWX xwnynLCOB. 

On HtaHW CXeWW reRepaTOpOB Ra TYHH8RhHHX ,IJ;KO,IJ;ax, KORTpORKP1 

e~~He KBapuew 1491. 
TyHH8JbHHe ,IJ;KO,IJ;H KMeDT IDHpOKOe npP.W8H8HHe B pa,ll;HOT8XHKK8. 

Kax yxe orweqanoch swme, OHM xcnonh3ynrca B Kaqecrse wanoruywn!IIHl 

ycHnueneJt Bq K CBq ( cw.aanpxwep, 13I, 50,/5I/) , B r.aqe crse 

.n;enxreneR qacrorw, npeoOpa30BareneA qacrorw H aanpnxeHHH 1521, 
cwecHreneA ( cw.pxc.I8), ywaoxxreneR qacroru 1531. Bo3uoxuo xc

noJlh30BaHKe ryaaenhHoro .n;KOAa cpa3y KaK ycHnKrenRsrerepo,nKRa. 

H cwecKrenft B pa.n;Honpxeuaow ycrpoRcrse, reueparopa pa.n;Ho H 3BY

xosux qacror / 541. Pe3xaa aeJIHHeRuocrL xapaKrepKCTHK ryuaenLHWX 

I! OOpameHHHX ,li;HO,l{OB fi03BOJIH8T HCflOJlb30BaTb HX B KaqeCTBe orpaHKqK

TeneA H .n;ereKTOpOB wa!HX CHrHaJOB. AH8AK3Y 3TMX CBOACTB AKO,li;OB 

UOCBH!116HW paOOTH/55,56/. 

2. 9. TyHH~!ll!...A!Q.!L.!..~~M~.!!I!!L cxewax c O,!!,HHM 
~I]TOJ!qHBHWH COCTOftHHRWK 

Ha ryaaenhHiiX AHOAax woryr own pea~H30BaHH xwnyucuwe ycKRH· 

renx,nepexnmqan~e cxeww c OAHHW,ABYWR K MHorxwz ycroRquBHWH coc-
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Pmc.IB. Cxeua cweczteAa c HCnonLsosaazew TYHHeALHoro ~zo~a. 

413 

roi!HWlllll1 11 pasnw.mue KowcllmauKH arHx cxew. 

IT pH Clo!e~teHHH ryHHeJILHoro ,!l; HO,I!,a B oona en nonoxHren &Horo 

conpoTHBJi eHKll, KaK ~eYOHCTpKpyeTCll Ha p11 C.l2 r , ~110,1!, Be,l!,eT Ce

Oll xaK CHCTeMa C O,I!,HHM YCTO«'IHB~W COCTOliH I19Me llpH llO,I!,al!e Ha ~11-
7 

0~ cHrHana , npeauwan~ero nopor, c Hero CHKYaeT Cll KunynL c, c¢op-

Ml~poaaHHH~ no aMnJIHTY,I!,e, ,I!,JIHT9JlhHOCTh KOTOpOrO paBHa ,I!,JIHT9Jlh HOc

TI1 npeBLI!lJ8,IIl!l9&1 IlOpor liaCTH BHXO,l\HOrO HMnyJihca ( 8 CJIH ~JIHT9JlbHOCTh 
) 

BHXO,I!,HOfO CHfHaJia ~OCTaTO'IHO B8JJKKa, 4T00~ He YliHTHBa Tb ~JJKT9 Jl h-

HOCTb nepexo~HHX npoueccoB B cawou ~HOAe ). TaKHW oOpasow ,cxewa 

oy,~~:er paOoTaTb KaK TpHrrep illuHra. B Ka119CTBe npH!iepa paCCMa.TpK

BaeT ell ¢opMi'lpo:eaaHe ryHHeJ!hHHM ,n;Ho.u;ou CHHycoH.n:anhaoro Hanpn:eHHll 

(pKC. 19) , TO 9CTI> Cqi1T89TC!I, tJTO Hallp!!X8HI19 HCTOqHHKa llMTaHKll 

MeH!IeT C!I no CHHycoH,n;aJihHOyY 3aKoHy/57/ • Pa3JIH~avr ~Ba pexHwa 

pa60TLI Tp~rrepa Ha TYHH8JlhHOK ,ll;HO,D;e: peXHK nepeKJIDlj8HHll TOKa, 

KOr~a conpOTHBJJeHHe Harpy3KH no no CTOIIHl:OyY HJI K nepe.MeHHOWy TOKY 

- 2 ~.tHoro 6on1.me, q.eu cpe~Hee o:rpHWJ,TeJihHOe conpoTHB.ReHHe 

~110~a 1 H peX111l nepeKJIDq9HI1ll llO HallpliX9HHD, KOr,ll;a ~ cpaBHHMO no 

nopli~KY BeJJK'IHHH c / R / • B nepsow pexHwe rpHrrep OK8.3HBaercR 

4Y BCT BHT9JJLHHW K HMDYJihcaM TOKa,K C B~XO,ll;a ero CHHMaDTCll MaKCHManb• 

HO B03MOXHH9 KWllYJibCH Hallp11X9HHII. Bo BTOpOW peXHWe nepeKJIDqeHH!I 

TpHrr ep OK8.3HBa9TCll Oonee qyBCTBHT9JihHHM ItO BXO,ll;HOyY Banpu:eHHD. 

AMllJUITY,I!,a BHXO,I!,Ill:lX Ht.myJJb COB npH 3TO.M peXHMe paOOTH OKa3HBaeTCII 

weHhmea, qew npH paOore a nepBoM pexHMe. Ha pHc.I9 noKasaH HeKo

rop~a npoMeMyTO'IHHI peXHU nepeKJID'IeHHII. 

Or roqxH A Ha xapaxrepHCTHKe ryHHeJihHoro ,ll;HO,ll;a nposo~KTCH 

JIHHH!! Harpy3KH ~0 TOqKK B Ha OCH HanpliX9HHI H np08KTHpY8TCH Ha 

toqKY C aa KpHBOI npHnoxeHHoro HanpaxeHKH. TaK ycraHaBJIHBaercn 

Bpewa , KOr,ll;a Harrp!!XeHHe Ha TYHHeJibHOM ~HO~e ~OCTHraeT BeJIKljHHI:l On. 
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n 

7J 

t 
PKC.l9. ~OpMHp0BaHH8 CKHYCO~~~HOrO HanpaKeHKB TYHH8A~HHK ~HO~OM, 

Jg. 

P»c. 20 . 

t 

E 

L 
5 

lJ 

a ~ 
a)rpa~xqecKoe npe~ctaBneHKe rrpouecca nepeKADQeHKH 

O~BOBH0paropa Ha TYBHen~HOK ~HO~e H ~OpMR CHrH~a 

Ha BHXO~e) 

O)CXeKa O~HOBHjpatopa C HHAYKTKBBOCT~D H B) 

3aKKHYT02 AHHKel 3a~ep~KH. 
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fiOBfopeHH8 M ~aHHOU npone~ypH CTpOHTCR KpHBaH BanpHX8HMH Ha TYH

se~bHOM ~Ho~e. B o6paTHOM HanpaBneHHH ryHnenLHUU ~Ho~ KMeer He3-

aall lfT8-~ bHOe C011pOTHBJ!8HHe 7 H ClliHYCOH,IJ;a, UpK.I!OX8HH8 11 B 06paTHOM 

aanpa BJ!8 HHH,npaKTHqecKH He BHOCHT HHKaKOrO.BK!a~a B KpHBfD BNXO~

!IOf0 Hanpax eHHS! . ITepexo.n; or F K G npoHCXO,I!;HT co cxopocn11, on

pe.s:en SJewolt co6CTBeHHO.R eMrtoCTbll .n;Ho.n;a. MHHHMa.JihHan a.MfiJIHTy.n;a npH

~o%eHHoro Hanpu:eHHH Ollp8,ll;8JISI8T CH '2 II UHKOBNW 'l' OKO.M ~ I • Qqe

BMAHO , 'liTO llOpOr ~JIH nepeKJ!~'II8HHH B llpHWOM HanpaBJI8HHH 6JIH30K 

.K B8J! Hq HH8 .:11 't + U1 , a ,I!;JIH nepeKJ!Il'II8HHH B OdpaTHOM HanpaBJie-

!1141! - K B8JIHqHH8 'j 2. 'l, + Li2 B C.lly'tlae pa60TLI B peXHYe nepe KJ!Il'tl8HHH 

!11!.0pHI8HK.II. 

nna )J;aHHOrO~HanpHX8HH8 ,ll;OJIXHO 6UTL TaKHM, qT06H JIHHHH Ha~ 

r py3KH npOWJia Ha)J; TOqKOH ~ • O.n;HaKO, qroOH HCTIOJib30BaTL TIOJI

HOCT biJ OOnaCTb OTpH~aT8JILHOrO conpOTHBJI8HHH, MHHHMaJILHOe 3Ha

qeHH 8 ~ ~OJI~HO 0LITb paBHO~~~aKHM OOpaaou, npoeKTHpyH KaCaT8Jib· 
~-...,, 

Hyn K OOJiaCTM C OTpHnaT8JibHWY COnporXBJI8HH6M Ha OCb BanpS!XeHHA, 

llO!Y'IIHM WHHHMaJlbHOe BXO,ll;HOe HanpHX6HKP.. ]aHHaH CXeMa MOX8T 6N%b 

HCI1 0Ji b30BaHa )1;~11 ¢opMHpOBaHHH H BOCCT8HOBJI6HHH ¢opMW kwuy~LCOB. 

Ha ryHHeJILHOM .n;Ho.n;e woryr 6LITh aunonHeHLI npocrue cxeMH o.n;HOBH6-

paropos. Jln HT8JibHOCTJ> BLIXO~Horo HJ.IllyJ!bca li:OlreT 3a,naBaTbCH HJUYKTJU~ 
115 5A 5g/ / 5g 60/ 

HOCT bD 1 
' HJIH KOpOTK03aMKHYTOn JIHHM8~ 3a.n;epXKR 1 

• 

Ha pHc. 20 a AaerCR rpa¢H'IIecxoc npe.n;cTaBneH.He nponeccoB, npoH c

XOAH~Hx B CX8Y8 OAHOBH6patopa C KH,ll;YKTKBHOCThD ( pHC,20 0), flV.HKn 

Harpy 3rc l~ no no croSIHHo.wy roxy AC onpe.n;eJisercn HanpaxeRKeM KCTO'IIHHKE 
I 

llMTaH ~Sl £ . l1 COilpOTMBJI8HH8M Rarpy3KH ~ • :i!H.n;yxrKBHOCTh -:-J40C-c.,. 
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TaT04HO BeJIHKa, TaK 41'0 JJHHHJl Harpy3KK no ncpeMeHHOi.cy TOI~Y AB 

H.n.er napaJIJJeJibHO o eM rranpHlleHI1~ . I{or.n.a Ha BXO.I\ cxeuh! no crynaer 

cryneHbK8. TOKa A j pa604all T04K8. ,I\BMfB.eTCJl TIO JlHHI1H TIOCTORH-
. - ' 

HOfO TOKa, TIOKa3aHH02 Ha pHCYHKe
1

,I\O nepeCe4eHHH C xapaKTepHCTH-

K02 ,I\HO)l.a B T04Ke B. no wepe yweHbWeHHJl 3HeprHH, 3anaceHHO~ 

B HH.ll.YKTHBHOCTI1 L , pa0o4a.fl T04Ka c.n.BHraerc.fl B .n, npoHcxo.n.Hr 

OOpaTHb!A CKa40K HanplllleHHll
1

11 CXewa B03BpamaeTC~ BCKOpe B HCXO,ll.-
• 

HOe COCTOliHHe. BpeMJl HapaCTaHH.fl lfJpO!lTa l1 BpeMH Cna,l.\a HMTIYJibca 

Ha BHXO,ll.e O,ll.HOBH6paropa paCCWaTpHBaDTCJl HH.e. ]JII1TeJihHOCTb HW

nyJihca onpe.n.ennercJI BHpallteHae.u:: 

7: ... ,.= 

r.n.e 

!::_ ~ [i. + :J, - '12. ] 
R+~ j - ('!:7-tl \ > :1 I .z 

:J = J 

u.J.- u, 
R-+-'t. 

( 49) 

BHpaiteHHe (49) B3JlTO H3 
/15/ 

pa0QT~ , r,l\e ,ll.Jlfl paC4eTOD HCnOJih-

30BaJiaCb JIHHe2Hall annpOKCHWaqHJl BOJlbT8.MnepHoR xapaY.TepRCTRKH 

~Ho.n.a. ITpH annpoKCRWanHH napaOonoa .n.nHrenhHOCTb BHxo.n.Horo HYnynh

ca onpe;n:eJU!eTC.f! COOTHOllieHHeW: 

'J, -"Jz. ~ r .t /} ;: ) ] T..,.., = 3 L (1~ - U. t u2. L o,s-~0- ~0 + [M ( l1)jo ' 
(50) 

r,I\e 
.:= '/,(3- 'it, .3! ~~l< - '::1, 

~ o u2. -y ~,- :1z. 

50 

CxeMa pHC.20 0 00Jia,ll.aeT )l.OCT8.T04HO OOJibWKM wepTBHY BpeMeHeM. 

MeJ1b WHM uepTBHM ~peweHeM oOna.n.aer cxeua, H3oOpa~eHHall Ha pMc.20 a. 

3.n.eCh ,l\Jlfl BOOBpameHHJl .TyHHeJihHOfO ,l\HO,n:a B HCXO,ll.HOe COCTOJlHHe Hc

noJ!b 3yeTC.f! or palleHHH2 HW.TIYJJhC npOTHROnOJIOXH Ott ITOJJllpHOCTH. nJJH

TeJibHO CTh Bhlxo.n.Horo Hwnyn:hca onpe.n.ennercll .n.BonHo2 .I\JIHHOR sa,l\epll

KI1 B KaOene. DonHoBoe conpoTHBJieHHe KaOenn ~OJJXHO O~Tb MeHhWe 

woAJRR or pv.uar eni>Horo conpoTHBJieHHR ryHHenbHoro .I\HO.I\a • 

l{or.n.a conpOTJ.fBneHHe 2 BHOr,:paercJI 6oJJhiDHM / R./) ryaaen

Hl:i~ )l.HO.ll: .RBJISi eTCH CXel!OR C .I\BYllll YCT024HRh:MH COCTOJlHHJlMJ.f. 3TOT 

cny•!aM nplt!BO)(HTCH Ha pHC.l2 r. :11:3 rpex B031!0XHL!X pa004HX T04eK, 

onpe.n.enneM~X RHRHe~ Harpy3KH Ha pHc.I2 r J T04Ka, nexa~an B oO

nacTH OTpHnaTeRbHOfO COTipOTHBJJeHHJl, OKa3HBaeTCJl HeyCTOR4HBOR, 

noCKOJ!bKY npH lfJJJYKTyanKOHHOM yaeJJHqeHKltl HanpaxeHHJl Ha .I\RO,l\e npOK0-

XO.ll:HT yMeHhllieHHe TOKa 4epe3 ,l\HO.I\, a 3TO yMeHhilleHHe TOKa B CBOD 

oqepe.n.h npH BO.I\HT K .n.ani>He2rnewy yBeJJH4 eHHID HanpnxeHHR Ha ,n:Ro.n:e, 

TaR KaK yweH:blliaeTCR naAeHHe HanpHXeHHJl Ha COTipOTHBReHHK, BKRD

qeHHOM TIOCJJe~OBaTeJJbHO C )LHO)LOM. IJpH yMeHbilleRHH Hanpn:eHHJl Ha 

,l\!10~e npOHCXO.l\HT yBeJIH4eHHe TOKa 4ep3 .I\HO.I\ , CJJe)(OBaTeJibHO, yse

JIJt1qHBaeTCR na,n:eHHe Hanp.HEeHHJl Ha COTipOTHBJieHHI1 11CT04HHKa,H npOKC

XO,ll.lt!T .n:anhHenrnee yweHbllieHHe HanpnxeHHe Ha .n.Ho.n.e. ITpH no,n:aqe Ha CMe 

meHHhl!t TYHHP.JibHhl£1 .ll:lt!O)( HMTIYJ!b Ca TOKa D ~ ero pa6048.11 T04Ka 

nepeXO.D:HT !13 Ha4aJlbHOfi T04KH A B OOJiaCTH llaJIHX HanpHJB:eH.I1.2 B 

T04KY B H oOJJaCTH ,n:H¢4lY3HOHHon BeTBH xapaKrepHCTHKH. 

2.10. AHaJl~ paOOT!LlYHHeJibHoro ,lJ;HOJJ.a B pel!CHMe 

M.P.§ KJI !B llillil! 

YpaBHeHHe ( 15) , onHCL!Bai0!4ee paOory ryHHeJII>Horo .ll.!10)(a, 

B OO lJl eM BW,l(e pe'IlaeTCH 41/lCJieHHI.HUI MeTO,l.\aHH H TpeOyeT ,l{JI.ff aHaJJH3a 
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npHKeHeHMR suqecnHrenbH~x uamKH. EcnK paccwarpKBaTb paoory 

TYHHBnbHOrO AKOAa B peXHM8.X nepeKnmqeHHft TOKa K nepBKJIDqeHKH 

HanpaXBHKft OTABJibHO K nOJib30BaTbCH HBKOTOp~MK orpaHKqeHKRMK , KO

TOp~e sunonHamrca B peanhH~x cnyqaax paOoT~ cxex, a TaKxe an

npoxcKxauxea BOJibTaMnepHOA xapaxTepKCTKKH AKOAa, TO MOXHO nony

'lHTb pRA OTHOCKTBJibHO npOCT~X COOTHOIDBHHA, onHC~BaD~X peXKUH ne

pBKAD'IBHHR ~KO~a. 

a) .l'YBBBJibH!!.!LAJ!~e l!C llll.le nepeKJIJO'le H!tl:ll Hanp H:KeHlU! 

B pexHKe nepeKJIDqeHHR Hanpaxen Ka BJI HBHHe HHAYY.TKBHOCTH 

Ha nponecc nepeKJID'IBHHft AKO~a MaJIO, TaK KaK K&nO H3KBHBHKB TOKa 
,t)L{ L All 

Ajgv::: --;z:- , H, cne~OB8.TBJibHO, 3.~. C. caMOHH~KllHH e,_ = 7; .41: 

(KpKTBpHA npeHeOpe~eHHft KH~KTHBHOCTbL npHBO~HTCft HHXe). TOrAa 

B~paxeHHe (15) npespamaerca B 

C. ~ :::. j o + J lx - 'j ( 7.<.) ' ( 51) 

r~e ~0 - TOK Ha'l&nbHOrO CKe~eHHft AHO~a, a jf~ - BeJIH'IHHa 

KrHOBBHHOrO CK8.'1Ka TOKa 38.llYCK8.D~ero KMnynbca. BeJIH'IHHa 6YKOCTK 

ryssenhHOro ~Ho~a pasua C ~).:: {
0 

,) ~ • B AHana3oHe paOO'IHX l " ~ - u 
HanpaxeHHA ~KO~a ee MOXHO C'IKTaTb nOCTORHHOA, He 38.BKCS~eA OT 

HanpaxeHHR, c TO'IHOCTbD ~o 15~ 11 61. Tor~a npH xyco'IHOA annpox

CHYanKH xapaKTepKCTHKH ~KOAa !pewa, 3a KOTOpoe HanpaXeHMe Ha TYH

HeJibHOM AKOAe K3MeHKTC! OT BeAH'IHH~ Zf. AO llL. MOXHO llOJIY'IHTb <--1. 

HHTerpKpOBaHMeM B~paXeRKft (51 ) : 
Z-( · 

• Ju 

tl fi = tL.- t:i.-t. = C f :;o + ':Jfx- ~ {u) ( 52) 

u~-i 

52 

/15 I B paOOTe ,Jtl!Sl pellieHlW COOTHOlliBHHil (52 ) npHMBHil JI8.Cb 

~yCO'IHO-J!OMaHaS! annpOKCHM8.~KS! XapaKTepKCTKKH AH0~8./CY.B~pu~eHHS! 

(11) K p11c. 10/. XapaxrepHCTHKa JJ:IW,ll,a pa30l!IBaeTca Ha 5 yqacr

KOB. 3KBKB8.J!BHTHUe CXeY~ ,JtJ!Sl K8.X,ll,OrO K3 Y'IUCTKOB ,ll,BMOHCTpKpy~TCS! 

Ra pKC.21 . ITponecc nepeKJID'IBHHH TYHHBJ!bHOrO ,ll,KO,l\8. TOr,ll,a MOIHO 

npe,ll,CTaBHTb cne,ll.yD!llHM oOpa3oM. Ha yyacrxe I ( Hanpa:BCeH~e MeHRe'l'-

' Cfl OT 0 AO U, ) AUO,D: npO.IIBJ!HBT ceCIH KaK 8.KTKBHOB COllpOTHBJ!e -
u' 

HMB I( 1 :: Ft , paBHO€ no nopR,li.KY e,n;HllH!~aM OM. <l>K3WieCKH ::JTOT 
I 

yqaCTOK COOTBe TCTByer TYHHeJibHOMJ TOKY H3 30H~ DpOBO,li.~MOCTK 

n - MaTepHana B saneHTHY~ 30HY p - warepHana. JKB~BaJieRTHoa 
I 

cxeMo~ .n:na yqacTKa 2 oy~er reHeparop roxa ~, ( p»c. 2I 0). Ha 

yqacrKe 3 .n:v.o.n. oOHapyX11Baer orpH~arenhHOe conpoTHBneHHe - R ( pH c. 

21 s ) , a Ha yqacTKe 4 Be,n.eT ce0.11 CHOBa
1

KaK reHeparop roKa :J:t 

( pHc.2! r). TaKMM OCipa30M, !!a y'laCTK8.X 2, 3 K 4 BXO~Hon TOK, KO-

rophln Ha yqacrKe I CJie,n.oBan t~epes conporHBneHKe c , nepeKJID-

qaeTCH Ha 3apH.ll.KY eMKOCTH ,li.KO)J;8. C. ~H3H'leCKH 3TH yqaCTKH COOT

BBTCTBYDT YOMeHTy 1 KOrAa TYHHeJIHpOBaHHB K3 30Hhl npOBO)J;HMOCTH 

~- BemecrBa K~BT B 3anpe~eHHYD 30HY f - Be~eCTBa H TOK 'IB-

pes nepexo.n. na,ll,aer. Ha yyacrKe 5 ( pHc.2I .n: ) AK O~ HBJIHeTcH CHo~a 
L/3- ~ u 

conporHDJieHHeM 'Z.z= tf - !1 ~. Ha pHc.22 ,n.e.MoHCTpHpyercSJ HAeaJIHSH-
, .t 

poBaHHd.ll xapaKrepHCTHKa
1
H .n:aerca ~op.Ma Bhlxo.n.Horo CHrHana. AH~-

JIHTHqecxH nponecc nep eKJID1.16HHH B~rJIS!,D:HT CJIB,ll,JDmHM OCipa30M: Cl.IH

Taercn, 'ITO ~J!KTeJ!hHOCTb BXO,ll.HOrO HMllYJlhGa CIOJ!bllie BpeNe H~ nepeK-

J!Dl!BHH!l ,ll,Ho.n;a. EcnH nepe.JJ; npHxo.n:oM HMnynbca paO otJaSJ TOll«a Haxo.n.H

nach B fl , TO nocne npeKpa~eHHH ,ll,encTBH.II ~MTiynhca oHa nepeMe-

lil8.er en B F • CooTBeT crBeHHO 5 aKBHBaJieHTHhiJA cxeuaM pa3nHt~aJC'!' 

5 tflas nepexo,ll,Horo npo~ecca: 
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£: ~ ll ' ~~~ 11" 1, c I v, I l c I v, 
-=- "':"' ~ -=-

a 5 

- c 1 . c! t~· , 
~ 

":' -: 

8 2 

~-'Zz:l, l r t~ 
a 

PKC.2l. 3neKTpKqeCKKe 3KBHBaneHTHUe CXeWH, COOTBeTCTBYD~He pa3-

nHqHHW yqaCTKaM nHHeapK30BaHHOA BOAbTaMnepHOA xapaKTepKc- . 

TKKH TYHHeALHOrO ~KO~a. 

11 
J 

o~· 1 1 ·· 1·· .. ~ I lvl 1411 

.s-+-1 I ~ 

~r-------------------------------------------------~~ 

~ 

~ 
I 

PMc. 22 . H~eaHM3HpoBaHHan BOHhtawnepHaH xapaKtepHCTHKa TYHH&Hh
Horo ~Ho~a H rpa$HqecKoe nocrpoeHHe ~poRta BHXO~Horo 
HMllYHhca HarrpHXBHHH npH nepeKHDqeHMH ~HO~a HMllYHhCOK 
roxa. 



1 I Pa6oqa~~ T04Ra nepeMeD\aeTcll 1t1:a A B B. HanPJixeErne Ra 

~KO~e OTIKCtmae1'Cil Btip~eEilt1:eK! 

_ t 

U := 'r 1 ':J 0 -t- 7., ( 'J, I-t- .t. ~ - 'J o) (t - e ~) (53) 

3Ta cpa3a 3aKaH411BaeTCfl B l!OM8HT =t, 

e. -tl ::= 'Z 1 C e, [1 - !JI'- ~0] 
L> lj I 

( 54) 

,llH~epeHUHpOBaHH8M (SJ) nonyqueM 31Hl 'IeH!1e Kpynt3Hl:.! ijlpOHTa 

f I 'J HMnynhca: 
::l+L>'::J- 0 

~ olo =. 
I t=o . c 
Jl~' t;:; t, ~ ol, :: -' c.. 

2) PadoqalJ T04Ka nepeXOAHT H3 /3 B C. HanpsxeHMe ua 

,!!.HO,n:e paBHO: 

I 
I Jlt:J ( ) U== u +- -t-t 

I C. I 

BpeMll Haxor.,n.eHlHI AHOAa P no a ~ase: 

'' I 
D i = (U, - U, ) C 

.t ~'J' 

l{pyTH3Ha ~pORTa H!.IITJ.'Lbca: 

~ ~~ == 1~, ~ 
..1b' 

c 
3) Padoqag T04Ka nepeXOA¥IT H3 C B A 

I;:; -(;-t_.t) 
U = ~~~- Riltl l1- e -rc 

56 

( 5-5) 

• HanpR~eHHe paBHo: 

Bp eMH npedHBa~Kfl AHOAa B cpa3e 3: 

L! t3 = 

J 

Rc ~ (i r ~ - :J~) 
A tJ' 

(56) 

KpyTH3Ha ~poHTa HMnynhca onpeAennercH BHpa~eHHeM: 
I . ,._,I ,._, 

~ 
'j +A .J - ../-2. 

ol. = 
3 c. 

4) Pado'!ali roqKa rrep ewemaer en 113 .11. B £ • Hanp.RlleHHe 
I I . 

() = u2.1 + J, .+ ~c::;- ;;.2 (-t- "t..r). 

MoMeHT OKQHqaHHJi cpa3H-t 4 M BpeM.R npedHBaHH.R B Hell 

.l>t4 = 
II 

(.1 - U I 
z. z. 

'J,I I 
c 

'I- A":)- ':J !2 
) 

( 57) 

KpJTH3Ha 

~-<J; -t:g .~., == 

::J I I ,+L>t.J-':J ~ 
c. (58) 

5) Pado'!ali TO'!Ka cuelllaerc.II M3 £ B G • Hanpsxemte 
of, -t:., 

u = uz." +- ( v3 + z~ ~ ':J - ul.'') (1- e- ~) 
BpeuR Haxo~eHH.R B cpa3e 

p ts = z-2 c t, (1 + ~~- 72.) 
A:J • ( 59) 

KpyTH3Ha 

~eX~= 
':J +A ':J- !J.t 

I :::;::: 

e 

I M I !:J, + A J I - 'J 2. 

c. 
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Ha pHC. 23 fiO&a3aH ~pORT HKny~hca Hanps~eHHR TYHH8~hROro 

AHOAa H ero MAeaAK3anxs ~owanol. ~pour HKny~Lca pa3~Hsaercs aa 

2 yqacrxa - speMB 3a~epXKH - lt 3a~ x spews RapacraRHH ~pnRra 

t u - ll t ~ • Cor~acso pxcyRxy, spews RapacraHKR ~poHra pasuo _J ___ •~ • 

+. j-'J ~p " H3 COOTHOIIIeHHJ1(58) : oP= T 'ec~· npeBWaJ8HH8 ,j K8JIO 

B CpaBHeHHK C ~~ , OTKy~a no~yqaDT BpeKR HapacraHHJI ~pORTa: 

t 1-13- Z-11 
f = !J - '1 . c . (60 ) 

, i! 

Cor~acao pxc.22 H pac.23 BpeKJI 3a~epXKH cpa6arwBaRBft onpe-

.n:e.aReTCR KaK 

t3o..:o == t~-
I I 

liz.- Zl, C 
::; - '12. f 

(61) 

Hna, fiO,llCTaB~RJI (54 ) ,(55) ,(56 ) 

I 

t J a() = Z, C e, {:1 + :J, - : 0
) + 

~::J 

I I 
11 I t/ · l./ 

?J - ll /r 'J 1) - ..!_.j_c -' --' C ~~ct. I+ i2 C6if~ . 
.d ::J I .o:J' 

BH,llHO, qro Bpe¥! 3a~ep~KH 3aBHCHT 0! RaqaJhROrO CKe.eHKR ,llKO~a 

H npeBWWeHHR A ~ - qelf 6JUJXe HaqaJILHa.ll pa6oqas TOQKa K ::J, H 

qew 6o~Lme ~:>. 'J , reu uenhme BpeuJI 3a,llepxxx cpa6arwBaHHR. Bpe

us aapacraHHR onpe~e~sercn napauerpawa cauoro AHO,lla, a HMeRRO 
~ ~ OTROW8Hil8M -

1 
eCAH CqHran OTHOIIeHHe - 1 ,llOCTaTOQRO 60UIII~ 

::J t ::J ... 
H BeJI Hq HHOI 6 ~, KOTOpaa RBJIR8TC! fiOCTORHROI ~~! ,lldRROro uare-

pxana. TaKHM o6pa3ou, .n:xs oneRKK ~HRaMHQeCKKX csolcrs AHO~a 

MOXRO HCUO~h30Ba!h npocroe COOTHODleHHe: 

t~ = ~ ~u , ( 63) 
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u 

u, 

t 
tJO.~ I tq> 

PHc.23. H~eaJIH3anHa ~poRra HwnynLca RanpsxeHHH npH nepexnvqeHHK 
TYHRe~hROrO ,ll HO,lla HMllYJihCOW TO&a. 



~ 

HanpHYep, ,!!,Jill ,llKO)I.a Ha f- repyaRHIIl C eKKOCTbll 10 n<P, OKKOBbl!l. 

TOKOli 10 wa H t> U =420 MB, -tr =0,42 HCeK. 

PaccuoTpKM UHHHWaHbHYD A.IIHTeHbHOCTb npaMoyro.llbHoro KM-

nynbca TOKa, neoOXO,IlKYJil ,ll.IIR cpaOaTbiBaHHll TYHHe.llbHOfO ,llHO,Ila. 

EcTeCTBeHHO , QTO ecnz K YOMeHTY OKOHQaHHll HUny.llbca pa6o4all TOQ

Ka He npoA,IleT T04KH C, cpaOaTbiEaHKR TYHH9.11bHOf0 ,llHO,Ila ne npoK-

30U,IleT. To eCTb ,ll.llll ,ll.IIKTeJibHOCTH Kwnynhca,uenbmeR t2 , 

cpa6aTb1BaHKll He Oy,lleT. EC.IIH K YOY9HTY OKOH4aHHll HYTIYJibca paOo-

qall T04Ka OKa!teT Cll B .LJ_ , TO CpaOaTl:lBaRHe, HaBepH!IKa 1 npOH30lt,JJ:eT, 

TO e CTb .]!.Jill t
14
,.,,) ~. Ecm~ K YOM9HTY OKOH4aHHll tnmynbca ,pa6oqall 

T04Ka oKaKeTCSI na otpe3Ke C.Ll > TO ecn -t~ < t".,,< t3 , TO 

HarrpRlK9HHe Ha TYHHeJlbHON ,II,HO,Ile OOC.IIe npeKpal!leHHSI ,n.el.tCTD'~ll IIH!TIYJI:1-

ca OOHCHBaeTCll BNpalll:eRHeU: 

t - t~ l (,. J I ) {, tPc~) 
1/ I f.J u = u,- R.t>j c1-

e --rr-) + R ( :11 + L> 'J - 'Jo l1- e c /" 

1'\J!K - t2. -t t 
II [ I - - '""fJ 

U, - R c~:- ':!,) + R • ~ e "'-{'o, ~.~-~.)e je r: 
U= 

Cxewa cpaOoTaeT, ecnH BHpaxen~e B cKoOKax Oy,lleT Oonbme nyna, 

TO eCTb ,ll,.II SI 

( 

/ I - tw.M!J.. 

I 
.0 'J e. 

t.!. 
7fC / t:J,+AS'-~o)e t<c. 

CpaOaTHBaHKe Oy,lleT,naBepnaKa,npoHCXO.IlHTb ,ll.llll acex ,ll.IIKTe.llbHOCTeA 

60 

BXO,IlHbiX HMny.llbCOB : 
I 

-t~.~. ....... ) t .. ~ .. ....... ~ t-2 +-I<.C a, (t + ':J, - ?o) L>'j • 

(64) 

B paOoTax 
I 16, 61 , 62 I 

,11,.1111 anaqH3a paOoTH ,llKO.Ila B pexH

we nepeK.IIIl4eHall nanpn~P.HHn npHYenanacb Kycoqno-crenennaa annpo¥.-

CKMaqHSI xapaKTep11C TI1KH TYUHeJibHOfO ,ll,HO,Ila ( CM. BHpa%eHHB ( f' )J (9) 

H pHC. 9) C orpaHHqeHKliMM, KOTOp~e 0biHH HCllOJlb30BaHbl B !OJibKO 

4TO pacC.l.toTpennow ananH3e. B paoore I (' I HCC.IIe,lloBaJIKCb 4Jpo'I!Tbl 

npliUOfO H OOpaTHOfO nepeKJIDqeHKH ~HO~a B npe,lliTO.IIOXeHV.H, qTO 

CKOpOCTb HapaCTaHKll BXO~HOfO CUrHaJia llHOrO MeHbWe CROpOCTH ne

peXO~HhiX nponeccoa a TYHHeJibHOM .IlHO,Ile, TO ecn A~~ =0. CorJiac

HO BblpaJB:eHK!IM (i)
1 
~) H ( t;".,Z ),cOOTHOWeime ,l\.l!H ;llp'lF.TB. TIOJIO:XW~eJJ>

HOrO nepena~a KueeT BKA: 

Uz- o,-f (~; -~,) 

+ I clu -t(t# = c (::J,-':J-l)r1-;~ r] -
' lA1 -l..tz 

Ll, t o11(u3-u,) 

1n(-o) RC. 

( 65 ) 

l\JUI ,llHO~OB Ha Y1- H f- rep1!8.HHH BeJIHtU1H8. '(( paBHU npHCJ!K3ltl:

T9.11bHO 3 H COCTB9TCTB9HHO ~(1~2, OTKy~a: 

+ ul-w2. ~> 4 
tr ==- -<- R c ==- c. ':! _ ~ = c -;:;] 

I .Z. 

(66) 

R lll. -lA, tAr u, 
TaK KaK npK HCITOJib30BaHHO~ annpOKCHM8.UKK : ~ = ~/~ -~ ) 

I Z l , t ,.Z. 

0TCIO,IT,a BH~HO, '\ITO !IJpOHT ITO.IIO!n!T9HbHOfO nepenaAa DO ypOBHiUl 

O, I-0, 9 BbiXO~Horo rmnpa:r.eHHSJ, noJiy4eHI!LIR nplt1 KycoqHo- cxeneHHoR 
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annpOKCH~anHRt COBna~aeT C B~pa~eRRC~ ,D;JIR ~pORTa HapaCTaRHR B 

cnyqae xyco4Ro-nowaHoH annpoKCHManKH ( cw. ~puyn~ 60,63). 

~nR ~OHTa oTpHnaTen:&Horo nepena,D;a, HRTerpHpyR COOTHOIDeHHe 

(S.t) B npe,D;enax or 0, 9 U.z. AO O, I 'U.2. 1 nony4ru:JT B~pal[eHHe: 
(),11/:z. cj oil{ 

t- t;(1- (1- t )'j ) t = 
t 

u1 J'll 

! t( ,){ ~.t-C ('J,-1Jz)fu
2

-l-(.z. 
u, 

D''~-~.2. I ( 67) 

xoT opoe npH no,D;CTanosxe o ~ 3 ·H cpeAHHX napaMerpoB repMaHHes oro 

,ll;HO,D;a ,D;aeT: t~ e30 I((._ • 

Taxas 6on:&waH ,D;nHTeJlhHOCTh ~poRTa o6'DHCRHeTCR Me,D;neHHlUl HapacTa 

HHeM eMKOCTHOrO TOKa B Haqane ~pORTa B 06J1aCTH TOKa WHHKMy»a, 

r,D;e 36pH,D;K6 eMKOCTH npOHSBO,D;HTCH npaKTM4eCKR reRepaTOpOM TOKa, 

ECJIM OTC4HTNB6Tb ~pOHT no ypOBHRM 0,3-0,9, TO WOJ[HO BN,D;eJIMTh 

xpyToH yqacroK saARero ¢poRTa, paBRNA ReCKOJlhKKM e,D;MHKnaM RC 
a ocTan nHYD qacr:& ¢poRTa paccwarpHBaT:& Kax 3a,D;epxxy cpa6aTHBaHKH. 

B pa6ore 161 I nony4eHa ¢opwyna sa,D;epxKK cpa6aT~BaHHH B 3aBHCK

MO CTK OT BeJIK4HHH npeBNIDeHKR b tjf ,D;Jifl llaJIHX 3Ha4eHKi ~ t) 1 npH 

KyC04HO-CTeneHHOit annpOKCRManKK xapaKTepKCTHKK AHO,D;a: 

C ' AU % 

i3o.u = ~ -f;, ('Jt){- ~,) 
(68) 

( CM.~OpKjJIH (61), (62)), BMeCTe C BNpa~eRHeM (66 ) TOr,D;a MOXHO 

OOJIY4KTb MKRKMaJihRYD ,D;JlHTeJlbHOCTb sarryCKaD~ero BXO,D;ROrO npHMOY-

rOJibHOrO HWllYJl:&ca: 

-t := t -rt 
........ ,.,.,.. J r 

::: _g_ ft f !!- J 3-t--:; ) ll u 
!J, l J 6 'Jj)(- 'J, 

(69) 

jew. ( 64)/. 
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ilp KBe,D;eHHHe BHWe ¢opyYJIN COpaBe,D;HKB~ ,D;JIH H,D;eaJihRHX KMllYJlbCOB 

TOKa, PeanbR~e KMnyllhCN 06JiaAaDT KOHe4H~MK ¢pORTaMH HapactaHH& 

I~ cna,D;a. B 3TOM CJiyqae MMRHMaJibHaSI ,D;JlKTeJI:&HOCTb KMOYJI:&ca) Tpe6ye.ua 

AJIR 3arrycKa AKOAa, AOJI%Ha 6~Th ysenK4eHa. AHaJIH3 nepexo~HNX 

rrpou.eCCOB B 3TO~ CJiyqae 36Tpy,D;HS!eTCH B CBSISK C He06XO,D;KMOCTbD 

peruaTb ReJIHRenHoe ,D;H~epeHnKaJibHOe ypaBHeRKe C BNHy~aD-

n:e~ CKJioa, 36BMCRlllell OT BpeMeHK 1 U Tpe6yeT TipKMeReHl!SI Bl:l4KCJlHTen:&-
/59/ 

H~X MaWMH • 

B 3aKJID4eHHe paccuorpeHHH pa6orw ~KOAa B pP.XKNe nepeKnnqe

HH~ RaTipHXeHHH OUeHKM KpKTepKa rrpeHe6pexeHKH C06CTBeHHOA HHAYK

TY.B HOCTbD .1\KO.l\a L . llo3Bpan:aSJc:& K ~optzynal.' ( 63), (66)) Y.HTepecHo 
A':l 

OTMeTHTh, 4TO ~ npe,D;CTaBnHeT CO don MaKCKMaJihHY~ CKOpOCTh 

HapacraHKfl narrpflxeHHfl (~1 . TaKKM o6pasou,AJIKTenbHOCTh :ppoR-
r ~ U },...,..,._ 

Ta paBHa t,.= (~U.) , 3,,D;, C, ca?AOMH;J;Y KI~HH Bl:l3~BaeT 38.,llepl!I:Ky nOSIB-
7£/~•Kc e~.. L 

neHKH AaHHoro SHa4 eHKH HarrpaxeHKll Ra BpeM~ : (..,\.I ) = T . 
~t ,......_ 

Ilonaran :ny sa,D;ep:r;Ky ManoM no cpe.BHeH!UJ c ,D;nKrenr.nocniO ¢ponra, 

MMeeM yCJIOBHe: 

L 

R. 
<< .<. R C . 

o) Ananu3 pa60TU T1]HCJlbHOrO .I\H08a B peXHMe 
nepeKJIJOqeHKH TOKa 

( 70) 

Bo wwrKx cny4aHx , HanpHMep B nepe cqerHHX 11'Ie1ixax , neo6-

xor,uu o 6~saer HCITOJI:& SOBaTh ryHHen:&H~~ AHOA B pe~v.ue nepeKJID4e

HHH ToKa, Kor,D;a BeJIH4HHbl R H 'Z co t~swepKMbl H Hem>3 .R npeHe6peraT:& 

Bn H.FIHHeM noc.qe~ OB!l.TeJihHOll HH.I\Y.KTHRHOCTK L Ha rrpouecc nepeKJ!Il-

63 



qeHHH. Kpoue toro, c Y.opoCTb aapactaH~H ~poRTa 3anycKaD~ero HY

nyn&ca M ~poRT HwnyJI&ca c TYHHeJibHoro .~Mo.IIa woryT dl:l.Th s enH'Ul.

HaWH O)J.Hor o nopa,IJ;xa . B padoTe 114 1 paccMatpHBaetca npouecc 

nepeKJJD'leHMfl ,IJ;HO.IIa, KOr,IJ;a E= k t . JlJia aaanH3a npouecca HCnon~>-
3yetca JlHHeAHO- JIOVaRafl annpOKCHMa.UHH xapaKTepHCTHK!tl ,IJ;II!O,IJ;a, npH

qey C'lHTaeTCfl, 'ITO Ha yqaCTKe 0+ \! 4 (1-R yqaC!OK) TOK TYHHeJih-

3aKOHy : ~:: ~ l.J • 
I HOrO ,IIHO,IIa 3aBHCHT OT Ranpa~eHKfl no JlHHeiHOJiY , 

,IIO u~ . OCTaJihRI:l.e yqaCTKH onHC~Ba-2-n yqaCTOK H,IJ;eT OT f..l 1 
' 

DTCll Bllpa!:eHHllM11 (1 f) • Tor~a BpeWH npoxoz,IJ;eHMfl l.- - oA il>a3bl 

BOJibTaYnepHOn x apaKTepHCTHKH ,IIaeT CH ~pwyJioA: 
U · 

' oLu 
~ t,_ = ti- ti.- {:: c j o/-- J (u.) 

( 71) 
u · <-f 

MoYeHT OKOH'laHHH 

i 
paBeH t • : £ "--t. 

' 1tf::1 
i-on il>a3H 6y,IJ;eT 

Y'lHTbiBaa ycnoB;UI yctoA'lMBOCTH (1 8) 1t1 
~0) , ,li;JIH Ha,IJ;eiHOR 

padOTii CXeWI:l. BiidHpaDT OTHOI!IeHHe !_(01~ Tor ,na MOl!:HO npH aaaJIH3e 
L oz. 

orpaHH'lMTI>CH 3HatteHHHWH ?c. < 01 2. , TaK KaK odHllHO R"'"" 
B HeCKOJlbKO pll3 VeRbi!If' R. • B pe3yn:r.taTe BeJIM'lHHii /At{, MOXRO 

Bl:l.pa3MTb B BRAe CJie,IIyDmMX COOTHOWeHHA: 

t = oz. (~~-~o) +(u,-Ua) + osrzC 
.A 1 v I J ¥ ~ ~ 

&[ u '(1- y_)~ ] R c 
A t = .-.R.L ~ -r I 9 ~de u = - J 

:J. .., 1 - ~ K. I! c # I ' (/ 't. RC + L 
.( f I 1 

t 
.r- D U 0 - lA~, ~ L 

/:i - ~A 1\-c ·-3"1' f + :r;; ['G. u''Z+ At •K•/2 ~ J 
'Z. c Z. :t_Hf ( 72) -1 

o, 9(!+ ~)(::;o'~ a,;) 1 
t:J -'1 _ [U:-~cp-t,,;;-utz..,.+6t1 ..,.)1_) 

I .1. 'z. ) 

"l.~ c. 
b it,,.,~· 1+ ~ e,_[1-
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r.n.e 
u II I 

"2 = .3 - G/2 . "J Ll 
,z :1-':J ) 0 ) 0 

f z " TOK K Hanp .IIIeHMe 2-ro YCTOA'lHBOrO COCTOSIHII.II .IJ.HO,IJ;a, Jo - TOK 

nocne nepeKAD'leHKft npll! ,IJ;eiCTBHH BXO.IIHOrO HanpHieHI/lll , 

t ~ l l<. z.+oz.C,e cu U3 -u2 >~<zC-, 
~ -

J.r; U I { 

u -u' 

~ f 5 /u3
- z. + .!::__ ecnn u - u 1 < lc"~ C l I( 'z, ) 3 i! ) 

Ll ~ ~ At;: 
00 "f 

( 73 ) 

BeJIKQKHbl ll tl K A tit He UpHBO,ll.IIT CR BBH.D.Y HX YaJ!OrO BKJJa,n:a 
• ob" .r 

no cpaBHeHHD C OCTaJibHiiWK BpeMeHaWH, KpOMe Toro, yt~aCTOK 4 B 

pe:n.we nepeKJIDI.JeHKfl HanpallteHKif npaKTHtle CKH He H Cl10Jih3JeT C.ll. H3 

npHBe.l(eHHbiX Bblpallre!IKA MOJKHO 3aKJJA.l4HTh 1 4TO BJIHRHHe HH,llJKTHBHOCTH 

L 
Ha BpeYR nepeKJID'leHHfl HeBeJJHKO npH Bbll10nHeHHH HepaBeHCTBa 'l.LC(~~~ 

liTO odbl'lHO .n.o CTHraet ca coorseT crayvutHw woHTaJ~.:ow. YaeJIMtleHHe L 
11pHBO)l,I1T K OCUHJIJI.IIUHHW Ha BepiDHHe Bl:l.XO,l\HOro HWITJJibca. BHJJ.H0

1 
'ITO 

Bpewa np.11woro nepeKJID'leHH.II t, =- f!. f"' CJiado 3aBHCHT OT 1<
1 f n,::( "F 

ecnH 

' l/2. 'Z 

K < At R ( 74 ) 
i!..,p 

4TO Odbl4HO HweeT WeCTO B npaKTHtleCKHX CJiy'laRX. ECJIH CKOpOCTb k 
u' 

.wana /I< << 2. } .,. TYHHeJJbHI:l.R AHO.ll padoraer B pellHWe 

nep eKJID>:JeHH.II aa~p~xeHH.II / R't >""> 1/, TO ,llJJf! t~. -t.J nonyqavr: 
u -u' Y 

.t1 t .. ,.= C ':1_. _ 'j' , 'ITO corJiacyercR c BiipaJI(eHHew ( 66 ) . 
' a 

H3 COOTHOWeHHR ( 73 ) BH,llHO TaKXe, liTO Bpew.ll odpaTHOrO 

nepeKJJDtleHII.II CHJJhHO 3aBHCHT OT I< 1 QTO BnOJIHe 06'Ilfl CHHWO, TaK 

KaK Bpewa OdpaTHOrO nepeKJID'leHHSI ,lll/lO,IJ;a ,llOCTaTOt!HO BeJIHKO 
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H CKOpOCTh HapaCTaHHR 3anyCKaD~ero HanpRXeHHR BHOCHT OCHOBHOI 

BKAa~ B npo~ecc o6paraoro nepeKnvqeaHR. 

2.11. H3weo~napa~l]OB TYHHeAhHWX gHogoB H ocnHnnorpa$HpoBaHHe 
BO!hTaKnepKYX X~aKTepHCTHK 

H3 npHBe~eHHHX Bwme ~opwyn, onHCWBaD~X peZHKU pa6orw ~Ho

AOB, CAeAfeT, qro ~AR pacqera YCHAHTeJ!hHWX reaepaTOpHYX H nepe

gnvqareAhHYX cxew Ha TYHReRhHYX AHOAaX He06XO~HMO 3HaHHe TaKHX 

napaKerpoB, KaK ~ , ~ , {1, , ~ , U3 , KOTOpNe 

woryr npocro 6NTh K3Mepeaw c nowo~hD xapaKrepHorpa~oB. llpHHqKnH

anhHaa cxeua npocrelmero xapaKTepHorpa¢a npHBOAHTCR aa pHc.24a. 

3ror xapaKrepHorpa~ onHcaH B pa6ore IBI. HanpnzeHHe or cerH no

~aercn qepe3 noHHZaD~R rpaa~opwarop, ~ereKTHpyercn KpewHHeBHM 

cra6HAMTpOHOM, H aa ropH30HranhHHe nnacrHHW nocrynaer aanpaxeHHe, 

nponopnHOHa!hHOe HanpRZeHHD Ha TYHHeAhHOK ~HO~e, a Ha BepTHKalhHHe 

nnacrHHH nocrynaer HanpnxeaKe, nponopuKoaanhaoe TOKY qepes rya

aenhHHA AHO~. EcnH zenareJhHO Ha6nv~arh xapaKrepHCTHKY ~HOAa non

HOCThD, OTpHuareAhHOe conpOTHBJ!eHHe ~HOAa He ~OJIXHO 6HTh CKOKneH

CHpOBaHO conpoTHBneHHRKH R
1 

H /(e. , ~AR qero ayxao, qro6w 

cyoa conpoTHBneHHA R, + Rc. 6wJta we RhUle / R. / • O~HaKo, o6paiJI8.

ach K ycnoBHD ycroAqKBOCTH AHO~a, BKnoqeaaoro nocne~oBarenhHO 

c conpoTHBAeHHeM, BenHqHaa Koroporo weHhme orpKuarenhaoro conpo

THBneHKB AHO~a ( CY.BHpaZeHHe (20)), WOXHO BKAeTh, qro o6ecne

qeHHe cra6KJ!hHOCTH raKoA cxeww ae nsnnerca npocroA 3a~aqeA. 

IT03Towy aa npaKTHKe, noAh3yach raKKM xapaKrepHorp~ow, He 

Bcer~a y~aercn aa6JtDAaTb yqacroK xapaKrepHCTHKK c orpHuarenh

HNK COllpOTHBJ!eHKeW llOAHOCThD. qT06Y Ha6JID~aTb xapaK -

66 

PMc.24 . 

r-------C:J---- X 

-]:::· - I ~ l {~~ KYOCI..(, . 

a 

X 

y E 

s-
8 

a) rrpocrelmKI xapaKrepKorpa~ ~na ocqKnnorpa¢KpoBaHKH 
BOJibTaMnepHHX xapaKrepKCTKK TYHHenbHHX ~HO~OB 1 

6) wocrosan cxewa xapaKrepMorpa¢aJ 
B) CXewa H3WepeHHH eWKOCTK TYHHeRbHOrO ~KO~a. 
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TepHCTHKY AHOAa rronHOCTLD, HeOdXOAHYO rronL30BaTLCH YOCTOBOI CXe

YOA xapaKTepHOrp~, OITHcaHHOA B padOTaX / 63 , 64 , 65/. llpKHnHnHanL

HaH cxewa rrpHBOAHTCH ua pHc.24 d. YcnoBHe cradHnLHOCTH (20) 

awrroJIH.ReTCH 3AeCL rew, 4TO R2. < / R/ . YcnoBHe (19 ) BblnOJIH.ReT-

C.R npH de3HHAYKTHBHbiX BBO~ax OT TYHH6JILHOrO AHOAa H COnpOTHBJie

H~.R R~ . 3aBHCHMOCTI! TOKa :J qepes ryuueJILHbiA ,nHO){ or uarr

pnxeRK.R ua ,nHo~e LL ,l{aerc.R BblpaxeHKew: 

:; =- R.J +- Rlj 
R., Rlj 

u, 
rrpH YC~OBHH, qTo B OT~TCTBKe ,l{KG~a MOCT CdaJiaHCHpOBaH, TO eCTL: 

R., R.J 
R.z ::::. R~.t 

Be~HqHRA corrpoTHBJieaas ~2. rrop.R~Ka oua. 

B pa60Te / 66/ OITI!CWBaeTC.R cxewa ~~.II CHRTK.R CTaraqeCKHX 

xapaxrepHCTXK ~HO~tE. MOXHO BbiiTOJIHKTL rrpOCTOI TeCTep ~JIH H3Me

peHH.R ~pouros ryaue~Luoro AKOAa B pexKwe rrepeKJIDqeuHH /67/ 

6CJIH ~H~epeHnHpOBaTL BbiXOAHble HYITYJILCbl ~HO~a TaK, qro ITOCTO.RH

R&.R ~H~epeHnHpOBaHHR dy~eT MeHLIDe AJIHT6JILHOCTH ~pOHTOB BbiXO,l{

HbiX HMITYJILCOB, TO aMITJIHTyAa BbiXO~HbiX CHrHaJIOB 6yAeT OdpaiHO rrpo

rropQHOHaJILH8 BpeweuH rrepeKJID4eHH.R ~Ho.na. B JIHTeparype 1681 orrH

cau raxxe xapaxrepHorpa~ .nns CH.RTH.R BOJihTawrrepuoA xapaxrepHCTHKK, 

KpHBOY npOBOAHYOCTH B 3aBHCHMOCT~ OT Harrp.RX6HK.R, ITO,l{aHHOrO Ha 

~HO.I{ , H OTHOllieHHH· 3THX ABYX KpHBbiX. MeTOAHKa H3YepeHHH HH~YKTHB-

HOCTK ~ rrpHBO,l{HTCR B padOTe / 69{8 ITOCJI6~0BaTe~LHOrO COrrpOTHB-

JieH HH 2 - B padore /70/. 

EMKOCTL .I{HO,l{a C MOIHO H3MepY.Tb no K3BeCTHOA qacTOTHOA 

xapaKTepHCTHKe K03~HqH6HTa rrepeAa4H no Hanp.RXeHHD /I 6/. Bo3-

/7I/. HOXHO T&KXe H3MepeHHe C MeTO.I{OM, rrpe~JIOXeHHbiM B padoTe 
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Ha pHc . 24 B rrpv.r;o~HTCf! cxeMa Hsl!epeHHSI. 113Mepemfl.l npOBO.I{JlTCSI 

Ha OTHOCH T6Jl hHO H.I!3K0!1 411CTOTe, !TO:n'OMY rrpeHec5peravT BJIHilHll8l.l 

>~H.Il}~THBH OCTH .n;HO.I{a L . Trua: e rrpBHec5p eraDT corrpor.r::;reHHeM 

'2 , a co rrpoTHBIIeHHf! R, R~ depyrcll Mam.ntH, rropSI.I{Ka oMa. Con
) 

p or H!JJJ eH He R '"- am J.IpaercSI TaK nH , 4T Oc5 bl CKOMneHcHpoaarh oTpH-

4aTeJILHOe conpOTY!BJI6HH e .I{H O.I{a , a CaM .I{HOA CMemaerc.R 

3:roro yqac r Ka xapai<repHcruKH. Tor.n;a - R./1 Rw -.oo u. 

ITo K0 3rMJ114HeHr y .n; eneHI1SI llxP.I{HO I'C Hanpllli:6HHSI, W H 

B aidJiaCTb 
f 2 <>=- wC 

R2 onpe-

.P,e nsoo r C • .ll.JI.R H3MepeHHJl .JJ;¥1tfxllepeH411a JlbHoro orpHI.,\a reJI Lrrorn conpiJ

THBIIeHHa )J,HO.I{a H 11CKJIJOtteHYtJI 3aBI10HMOC TV! 6MKO CT!1 ,ll; l10.JJ:a OT HUrrpH

X6HI1SI, HarrpSJX6Hl1€ CH rHaJia Ha !JXO.I{e ~OJI:!I!O c5b1Tb MaJibiM (rrOp!VJ: Ka 

HecKOJILKI1'X MHKPIJBOJI.hr), v. rrosrov.y Ha BllXO.I{e cxeubl rpectyer csr 

yc l1nl1renL c 6oJI.DIUI1M K03c!xPUlllfCHTOM ycHneHHn . 

B padoTe/7 ;?/ ,!lJI.R K3MCp6Hl1'll 6MKOCT H C 11C!TOJib30lJ'l JICSI MOC

TODO;! xapA.KrepKorpacp ( pHC. ~46), B KO TOp OM ITO CJI6.lJ:OBareJibi!O C 

.I{I10.I{Ol! BKJ1E:>4a.'IHCL rrepeueHHaSI HH.I(JKTV.BHOCTb L. .,.._,. . ITpH yaem~-

tfeHHH KH.IlYKTHB!TOcTH L.,e.f npH HapymeHHY. ycJJOBKJI c rMHJibHO cTlf 

(I9), r.e. KOr.I{a Lnep craHOBHTCII pA.BH!i:ll z./R/C , R03HH

KaJJT KOJiedeHHJI, ttaCTOTa ~OTOpuX Ha MUJIIiX aMr.JJJ.!Ty.n;ax c5JIH3Ka K 

!1pe.I{eJILHOl1, orrpe.I{eJIJieM0!1 COOT!t0l!IP.HK6M (2I ) . ~! oM6HT 1303HHKHOBC

HHJI KOJiedaHHr\ or.pe.I{CJI.r.ercJI 11 0 TIOJlD.'IeH!Hl pa3pb1Ba Ha BOJ!bTUMIT6!1-

HOl1 xapaKTepKcr HKe na 3~aHe ocnHJIJlorpaQg.. BenwmHa / R / orrpe

.l(enHerc.R rcaK ra?.reHc yr na Hll.KJIOHa xacare JI.hHol1 K rqnraoa n ro '~KC 

renepauvr H, 'G raK:m:e orrpe)Ie.'llle ref! no HaqaJI.DHOMY y:racl'KY xapruc

repHcr:v.:af 'Tor~a c orrpe.I{eJI.SeTC!l H3 CO O!HOlll6HI'!Jl L,e.f = z/R/ c . 
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2.12. TIHHenhHHe-A!QAY B Kowoxaanasx c conporaBneaza~ 
~~~HHHMM lHOA6M! 

0AHO K3 OCHOBHWX npeawy~eCTB TYHHCJhHOrO AH0l6 - npOCTOT6. 

COBMCCTHOC HCOOJh30BaHH8 HCCKOBhKHX TYHHCBhHWX lHOAOB, KOM0HH6UHH 

TYHHeJhHWX AXOAOB, KOM6KH6UHH TYHH8JhHWX AP-OAOB C conpOTHBB eHHRMH 

H C o6pa~6HHWMH AHOA6~H 003BOJRDT OOJYQHTh npOCTWM nyTeM HOBWe 

cxevawe xapaxrepzcrxKa, ocy•ecrBneaae Koropwx aa nawnax ana rpaH-

3Hcropax BWJWB68T TPYAHOCTH. Haxe npHBOAKTCH HCCKO!hKO npavep OB 

T6KKX KOM0HH6UHI, B3BTWX K3 paOOT /B, 73/. llpH BKJDqeHKH ABYX 

TYHH6JhHHX AHO!OB H6BCTp~qy Apyr Apyry noJyqarcs CWMM8Tp•QHYA 

nepeKJDQ6TCih ( pac.25 a). llpX BKJDQ8RHH HCCKOJhKHX AKOAOB no~ 

Jie,lr;oBareJhHO noJiyqaercs nepeuDqare.llhaas cxewa co waoraMH cocros

BHHMK. Ha pac.250 no~asaaa raxas cxewa c 5-n ycroRqaswwa cocros

aaswa aa 4~x ryaaer>hRWX ,~r;ao,~r;ax. ~acno nocJieAOBarenhHO BKnnqeaawx 

TpHOAOB He orpaaaqeao, B6XHO TOJhKO, 1{T00W OHH COOTB8TCTBOB6nK 

,~r;pyr Apyry no naKOBWN roKav. 3ro nenoqxa cwe~aercs reaeparopow 

roKa, a ,~r;ns ee cryneaqaroro nepeKnnqeaas aa BXOA cneAfeT noAaBaTh 

,~r;o3aposaaawe awnynhcw aanpsxeaaR. Hanpsxeaae aa nenoqKe Aaercs 

BWpaXCHHeM: 

u == UB In + ( "h- h?) ll/1 ) 

(75) 

B xoropo~ LIA - aanpsxeaae aa AKO.II;e, Kor,~r;a oa aaxOAHTci B cocro

RRHH C MaJWM ypOBHCM H60pRXCHHH, ~B - HanpsXeHH8 H6 AHOAC, KOr

Aa ,lr;HOA CMe~eH H6 ,lr;K~Y3HOHHYD BeTBh xapaKTepHCTHKH,(~-~J- qzcno 
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l.f ' l.f 

I 7--w® 
u ] I 

J -- - GfX1)~~ 
u ]:=] 

lJ 

a S' 

J J 

l.f o,Ge 

I 

~I 
g 

'-

PHC.25. HeKOTOpHe KOWOHHfiUHH TYRHCBbHHX ~HO~OB : 

a) CXCMa CHMMCTpH4HOro nepeKRDQaTeRR 1 
0) CXewa C 5-D YCTO~QHBHWH COCTORHHRWH Ha 4-X TYR

HeRbHHX )l;HO,IJ;aX 7 
B) C,IJ;BKr XapaKTCpHCTHKH TYHHCRbHOrO )l;HO)l;a B CTOpORy 

00RbWHX paOOQHX RaDpRICHH~ npa DOMO~H oOpameHROrO 

~HO~a, BKRDQCHHOrO DOCBC)l;OBaTCRbHO, 

r) CHMMCTpHQRH~ nepeKRDtiaTCRb CO C,IJ;BMrOW HaDpRli:CHHR 

C DOMOmbD oOpameHHHX ,IJ;MO,IJ;OB. 

l.f 



~KO~OB, HaXOAB~HXCH B rrepBOM COCTOBHHH, ~ - ~KCHO ~KOAOB BO 
I ~ 'I 

BTOpOll COCTO.RHKH. ECJIB ~HO){Ill ITO){OOpaTb TaK, qtoOY ~,<j, ... ~:1, ; 
, , l. ( < 1 ... IL. 

U.; ,<z-li.J" ... ' T l.tJ , to cxeMa OyAet oO.Ila,llan 2 yctoltllKBliD 

O)CTOHIH.RKM / 74/. Taxoro TKITa CXeMY MOryt 0Ytb KCITOJib30BaKY 

~.ll.R aMIT.Ilaty~Horo aHa.IIHsa, nepecqeta, aHa.llora-ux~posoro npeoOpa-

30BaHx.R, ,llJIH 3aiTOIIHHaD=HX yctoBCtB. nns C){BHra xapaxtepKCTKXI 

TYHHe.llbHOrO ,llMO){a B CTOpOHY Oo.11ee BWCOKHX HanpHXeHIIt, ITOCJie,llO

Bate.llbHO C HKM BKJID~aDTCB OOpa~eHHYe KJIH 00YqHYe ,llKO.IlY, DO 

B ITOC.Ile){BeM CJlyqae OOpatBa.R BetBb XapaKtepKCTHKK TYH!e.llbHOrO 

.llKO.IlA Oy,llet HenpOBOA.R~elt. Ha pxc.25B npKEO.IlHtC.R xapaxtepxetxxa 

TYRHe.llbHOrO ){HO){a, C,llBHHyta.R B CTOpOBY OO.Ilee BNCOKHX aanpBXeHalt 

C ITOMO~bD ITOC.Ile,llOBaTe.llbHOrO BKJID~eHK.R OOpa.eRHOrO ,llKO){a. 

Ha pxe.25 r rroxa3aHa cxewa CKMWetpK~Horo rrepeXJDqate.IIB, paOota

m~ero rrpK Oonee BYCOKKX aanpsxeHH.RX, qew rrepex~mqate.llh, noxa-

3aHHYB Ha pMC. 25 a. 3TOT C){BKr TaKXe rrpOH3Be,lleR ITOCJie,llOBaTe.llb

HHM BKJIDqeRxew oOpa•eRHYX .llHO.IlOB c TYHHe.llhHiliMK ~ao,llaKB. Ecna rra

paJI.Ile.llbBO TYHHe.llbHOHJ ){HO){y BKJIDqKTb COITpOT~BJieBHe, npK0JIK3H

te.llhHO paBHOe MO~YJID OTpHnate.llbHOrO COrrpOTHB.IleHKH TYHHe.llbHOrO 

.llHO~a, TO MOXHO ITOJiyqKTb CXeyY TKITa reHepatopa TOKa ( pac.26a). 

Ha pHC.260 rrpHBO,IlHTC.R cxewa Ha ){BYX TYHHe.llbHHX ,llKO~aX C TOKOM 

KKHKMfMa, 38XBaTYBaD~HM OTpKU&Te.llbRYD OOJiaCTh. ilpH rrepex~D~e

HKH Ty&He.llbHOrO ~HO,Ila B 06.1laCTb ~H~Y3KOHHOlt BetBK xapaxtepBCTX

KK oOpanoe nepeumqeRlle .~Ko.na 3aT.RrHBaetCJI ( CM. BYpaXeRHe (67)), 

M, xpoMe TOro, rrpH nepeXJIDqeHKH B OO.IlaCTb 60JlbmHX ,llK~Y3XOHH~X 

TOKOB HaqHHaeTC.R CKa3WBaThCH 3~eKt HaKOfi.lleHXH ReOCHOBHWX HOCH

Te.ll e lt, KOTOpllllt B 0HCTpNX CXewax HaK.Ila){~Baet orpaHHQeHHe Ra OWCT

po,neR CtBH e CXew.~~.R orpaHHqeHK.R 3~exta HaKOITJieHH.R HeOCHOBHWX 
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l'HC . c6 . a/ • !IapaJIJieJibHOe BKJJilqeaKe TYHHe.llbHOrO .l{HO.l{a K COnpOTKB.IleH i! ll 1 

o6na.naD~ee yqacrKoM c BOJI&TaMrrepaon xapaKrepKCT KKon re
aeparopa TO Ka1 

6) E KJI~qeHKe TYHHeJlbHNX .l{KO.l{OB, yBeJIKqKBaDmee 
yqa croK orpHna r en&Horo conporKBJi eHKll> 

B) CXe!Ja orpaHi!qMTeJill Hanpi!IeHKll TYH HeJl bHOrO .l{KO.l{a 
Ha yqa ctKe .l{K~Y3i!OHHO~ BeTBK C i!Cfl0Jlb30BaHHeM 
o6pa~e nHoro .nHo.na , 

r ) rpa~i'JqecKoe noHcHeHKe K cxexe orpaHKQHteJIH . 
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ROCKTCJteA ReOOXO~MO orpaR~KTL o6naCTL pa60T~ ~HO~a Ha y~aCTKe 

,IJ;H~Y3HOHHOA BCTBH . 06~~H~e ~KO~~ He UO~XO~HT AnH 3TOA nenH, TaK 

KaK ca~ oOnaAaDT 3~exrow aaKonneRKH. YAaqa~u pemeRHew ,~~;na or

paaxqenHH HanpHXCRHH Ha yqaCTKC ~H~Y3HOHROA BCTBH HBnHeTCH 

npKMCHCHK6 o6pa~CHH~X AHOAOB / 75/. Ha pac.26 B npHBOAHTCH CXCMa 

orpanHqHrena c npHwenenHeM oOpa~eHH~x AHO~os, a aa pHc. 26 r Aaer

ca rpa¢H~CCKOC UOHCHCHHC. lna cpaBHCHKS Ha pHC.26 r UOK636H6 npa

WOA RHHHCA nHHKH aarpy3KH TYHHCRLHOro AKOA6 B cnyqae, KOrAa He 

KCUOJIL3YCTCH o6pa~eHH~I AHO~ . B cny~ae npHMCHCHHH o6pa~eHHOrO 

AHOA6 C UOCJICAOB6TCRLHOR MHAYKTHBHOCTLD ( AnH pa3BH3KH ero CMKOC

TH OT TYHHCRLHOrO AHO~a B HaqanLH~A MOWCHT nepeKnDqeHHH) Harpy3oq. 

aaa KpHBaH 6yACT HCnKHCAHOA. 06pa~eHH~A AKOA He o6naAaCT 3~CKTOM 

H6KOUJICHHH HCOCHOBHHX HOCHTeneA, TaK K6K B o6naCTH orpaHHqeHHH 

qepe3 Hero reqeT TYHHCnbHHA TOK OCHOBHHX HOCHTeneA. Cwe~eHHe E 
":1 

llOA6HpaDT TaK, llT06ii ysenHqHTL OTROWCHKC -
1 

COCTaBHOro 3nCMCR• 
:J, 

Ta H ¢~KCKpOB6TL 6MllJIHTYAY B~XOAHOrO KMnynLca. ~OpMHpoBaTeJIL T6KQ.. 

ro ran& o6ecneqasaer Oiicrpoe soccraaosneHHe, ¢HKCKpyer awnnKTYAY 

B~XOAHOro Carnana, ynyqmaeT OT0op. llpH BKnDqeHHH ABYX TYHHCnbH~X 

)J;HOAOB nocneAOBaTCnbHO H npK llHT6HHH KaX~OrO ~HOA6 HanpHXCRHCM, 

qyTL 6onLWHM HanpHXCHHH MHHHMYLf6 'roKa TYHHCnLHOro AHO,IJ;a, nonyqaDT 

CXCMJ C ,IJ;BYMH ycroRqMB~MH COCTOHHHHMM, llOA06HyD napawerpoay. 0KOH

qarenLHOe cocroaaxe cxe~ onpeAenaercs aanpasnenKeY roKa, no,~~;aa

noro Ha BXOA cxews ( pKC.27 a ). Cxewa HOCMT H63BaHHC "TBMH"/76/. 

TBKHOB~C CXC~ HBnHDTCH BCCLMa nepCnCKTMBB~MH npH C03A6HKM ne

peCilCTH~X ycTpOA CTB H norxqeCKHX 3RCMCHTOB Ha TJHHCnLH~X ,IJ;HO,IJ;ax. 

Pa60TY TBHHOBOI CXCMH MOXHO llOHHTL H6JIOXCHHCM xapaKTCpHCTIK 

,~~;syx TYHHCJILH~x AHOAOB ( pHC. 27 6 ) • H3 rpa¢Hqecxoro 

pemeHHH BKAHO, ~TO y TaKOI CXe~ B03MOXH~ JIKWL ABC yCTOA -
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PHC.27. a ) Cxewa IIOCRC,IJ;OB6TCJILHOro BKJIIJqCHHH ABYX TYHHCRLHUX 
~~O,IJ;OB, KOTOpas MOXCT OOJta,IJ;aTb ,IJ;BYMH ycroAqHBHMH 

COCTOHHHHWH ( TBHH ) , rpa¢H~CCKaH HJIRDCTpanHH cny~aeB 
CWCD{CHHH TBHHa: 

0 ) pe~HM paOOT!i C ,IJ;BYYH JCTOIIlHB~UH COCTOSHHH~) 
B) pClii:HM !!cyJILTHBlfOpaTOp~. 

7 5 



tU!BhiX pa.clo' tHX TO'lKH, nocKOJI:&Ky rper:&H oe!l!lall rot.IKa Haxo,n:HTC.R a 

0 ClnacTH :JTPHUaT eJI:&HOrO C onpOTHBJI tlHH.II H a eye T O~'lHBa . '3 O,!I)!OLI H3 

COC TOIIHH~ BhiXO)(H08 Hanp11.8HH8 C!JIK3KO R JlOT8Hoy.aJiy 38YJIK 1 B ,n:pyroM-

lt noreH~ aJiy !icrm HHKa mnaHHII + E . TipH no.n:KJIIl'leHHH RHemHero Hc

TO'lHHK.a, OT6Hpallll(8rO TOK 1 Hanpzyep, Harpy3KU Ha 3eMJ!Il 1 aepXHeL!y 

)tl10.ltY 6onee C!JiaronpH!iTCTBye T nepCKJ!!l'l8HHe B COC TOR I! He C ClOJ!bWHL! 

TOKOM 1 T8K K8K t.Iepes Hero npoXO.l{HT C!OJibWH!t TOK 1 'l8W qepe3 l!li:J:HHit 

)tHO)(. J!>t&:Hirflt )tHO ,It npH 3TOM OKa3biBaeTCH B COCTOHHHH C C!OJibWIDI: Han

pRK8HK8M. YnpaaneHHe nepeRJIIl'leHHeM OK83h!Baercll ocoe!eHHO 'lYBCTBK

renLHhiM npH OTltJ!D'l8H~H HCTO'lHHKa JlHTaHHH H BRJ!Il'leHHH BHOBb. B 

3TOM CJiyqae B BhiCOKOBQJibTH08 COCTOHHH8 CROpee nepe~eT T~!H8J!hHhl~ 

)tHO){ C MeHb!UHM miROBh!M TOKOM. !JpH O.l{HHaKOBhiX napaMerpax .l{HO.l{OB 

.n:ocrarnqHo wan oro ynpa'3 JH!lOII(ero roKa, t.ITOC!hl onpe.n:eJiitTD KO HeqHble 

COCTOHHHH ,ll;HO,ll;OB. HanpHE8HH8 CMell(eHHH .l{OJIXHO Y.ItOBJieTBOpf!Tb Hepa-

00 HCTBY: u2. < 2 E < u i -t- l/3 ' npHt.IeM ue necoooe!p8.3HO BhiClHpan 

ero a cepe.n:>'~IlC yKa3aHHoro .n:.rana3oHa: 

2 E = 
l./1 + liz + l./.3 

2. 
(76) 

TipH Hanpstw: eHHH Clo! ell(eHH.II 1 MeHDmell "18M onpe,n:eJIHeTCf! HepaaeHCTSO ll 1 

CXeMa MOXeT He HL!eTb ycTOit'lHBOrO COCTOHHHH ( pH~.27 B) H HBJIReTC$1 

MYJihT.IHIIC!paropCM ( CM. pHc.I?). 

2.I3. TyHHeJihHble J(HO.nhl B KOMClHHaUHliX C TD~H3HCTOpaMH 

ITa pHc.I'5 BHllle yxe npuao.n;HJICll npH:t.~ep pae!or~ TYHH8JibH oro 

.n:uo.n:a coaMecrHo c rpaH3H cropou B cxeMe ycHJilHeJ"tH, r.n;e o6cyx-

76 

~a~cf! aonpoc corJiacoaaHHR YCHJIMTeJI:&HhiX KaCKa~oa Ha TYHHeJibHhiX 

JI,HO,l',ax 11: rpaH3Hcropax. TyHHe.nbHhltl .nMo.n: RBJIReTCSI Clhlcrp~w :JJiewen

row, rpaHH'lHaR qaCT OTa COBp8.1o18HH~X JI,H¢$y3HOHH~X TpHO)tOB JI,OCTHraer 

2 Pru /??/, JlO:JTO.IoiY KOWClKHaUHR TYHHeJibHUtl JI,HOJ1,-TpaH3MCTOp J103BO

JIHeT ocymecTBHTb HunynhcHue cxeMhl HaHoceKyH~Horo .n;HanaJoHa. B 

we,n:JiellHUX CX8MaX TB.Kall KOll(h!HaUHSI 'lO.CTO npHBOJI,HT K 3HB.l.IKTeJI.hHO

)(J ynpo~eHHD cauHx cxew. Kpowe roro, HH3KHe pa6ot.IKe ypoBHK Han

pHJ:eHHSI He 1103BOJIRDT ocymecTBJJJ!Tb KaKyD-J!HdO KHJJ;KKaUHD C C8.1o1HX 

TYHH8JlhHhiX JI,HO)(OB H rpeClyllT BKJID'leHHSI B CXCllhl JlOJiynpOBO,ItHHROBUX 

TpHOJI,OB, KOTOpUe paCloTallT liB ypOBHSIX H811pRXeHHR 1 TI03BOJIRD~HX 

llpOH3BO.ItKTh HH.ItKKaUHll. 

XapaKrepHCTHKa ryHHeJihHoro JJ;HOJI,a B oClJiaCTH .n:H~Y3HOHHotl 

B8TBH COBTia.n;aeT C BXOJI,HOR xapaxrepHCTHKOtl ITOJiynpOBO)tHHKOBOl'O 

rpKo~a H3 roro xe uarepHaJia C cw.aupaxeHKe (IO)). TaKH.Iol oelpa3ow, 

eCJIH B HaqaJihH~tl .loiO.IoleHT paClot.IaSI TOl.!Ka TJHH8JlhHOro .ItKOJI,a Haxo.nH

JIB.Ch Ha HaqaJibHOll yqaCTKe xapaKTepHCTHKH ( yqaCTOK B OKpeCTHOCTK 

TOKa MaKCHWJMB. - 50+100 liB), rJI,e ITOJiynpOBO~HHKOBYR TpHO.lt He pa

OOTaeT, TO TIOCJie nepeKJID'leHHH Ha ,ll;K¢$Y3li:OHHYD BeTBh paClot.IaR TO'l

Ka TYHHeJihHOro ,ll;HO~a ORa3hiBaeTCR B OClJiaCTH HanpRJ:eHHtl paeloqero 

yqaCTRa BXO,ll;HOR xapaKtepKCTKKH TpHOJI,a. TyHHeJihHUtl ,ll;KO)J, MOJ:eT 

ClYTh BKJIDqeH napaJIJieJi hHO BXOJI,y rpaH3HCTOpa KaK B CXe.lole C OClmeR 

Cla3otl, T8K H B CXelle C OClillKY 3WKHTepO.Iol HJ!H KOJIJieKTOpOM. Ha pKC. 

28 a ITOK838HO BKJIDQeHKe repMaHHeBOrO TYHHeJihHOrO )J,HO)J,a H repwa

HHeBoro TpaH3HCTOpa B CXeMe C 001l{HU 3MMKTepOW 1 a Ha pKC. 28 6 

,naeTCII rpa~HqeCKOe TIORCHeHHe. MHJI,YKTHBHOCTb ~ CTaBKTCll JI, Jlll TO

re, qrOClH pa3BR3aThCR OT eNKOCTH 1 CBR3aHHOtl C TpHOJI,O.Iol 1 a TaKJ:e 

or conporHBJieHKll 6a3~ rpKo.n;a. Bxo.n;Hall xapaKrepHCTHKa KpeMHHeBoro 
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PHc. 28.a) H 0) BKnnqeHHe repMaHHeBoro ryHHenhHoro ~~o~a, 
KOfAa Harpy3KO~ RBnHeTCH nepeXOA 0a3a-3MHTTep 
repwaHKeBoro rpaHaHcropa: 

a) npHHUKnHanhHaa cxewa, 
0) rpa~KqecKoe noacHeHHe) 

0.~ 

B) K r) cnyqaA BKnDqeRHH C KpeMHHeBHM tpaH3KCTOpOY, KOf
A6 ARB CABHra xapaKTepHCTHKH TYHHeRhHOfO ~KOA8 B CTo
poHy 60P.hDIHX Hanpa~eHHR npHMeHaerca odpa~eRHHA AHOA. 
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nonynpOBO~HHKOBOrO TpHO~a HaqHHaeTCR npH CORee BNCOKMX HanpHXe

HHHX, qeu y repwaHHeBoro rpHo~a. Hnn cornacoaaHMR c KpewHHeBHw 

TpHO~OM nocne~OBaTeRbHO C TYHHeRhHUM ~HOAOM cneAyeT BKRDqMTb 

00NqHNA repMaHHeBNA ~MO~ HRH oOpa~eHHNR repwaHHeBHR ~HO~, qro 

B OTOM cnyqae OKa3NBaeTCH donee npe~noqTHTeRbHHM H3-3a pe3KOrO 

H3ROMa xapaKTepHCTHKH B TQqKe Haqana npOBO~HMOCTH H OTCYTCTBHH 

3~eKTa HfiKOnneHHR HOCMTeneR ( Ha pHC. 28 B H 28 r). TyHHenbHHR 

~HO~ H3 apceHH~ rannHH U01HO BY.nvqaTb C KpeUHHeBHM TpHO~OM 0e3 

~ononHMTenbHHX cornacyvmHx ~Ho~oB. B paCore I?B/ noncHnerca KaK 

MOfYT ONTb M3UeHeH~ pa00qHe TOKH TYHHeRbHHX AHOAOB npH BKnDqeHH~ 

COBMeCTHO C nonynpOBO~HHKOR~MK TpH0~6MH ( pHC.29 a,O H 2~ B,r ) . 

PHC.29 A,e AewOHCTpHpyDT, KaKHM o dpa30U MOXHO nonyqHib C TyHHenL 

HUM AHOAOM H IpaH3HCTOpOM xapaKTepHCIHKY C OTpH~aieRbHHM COllpOTM 

neHHeU, llOA00HyD xapaKiepHCTHKaM ra30pa3pRAHHX llpHCOpOB. 

TipHBeAeHHUMH surue npHuepauH He MCqepnuBaercn wHorooOpa3He 

CXeUHUX 3neweHTOB Ha KOU0HHa~HHX IYHHenhHHX ~HOAOB H TYHHenLHUX 

AHOAOB C TpaH3HCTOpaMH, OAHfiKO, 3TH llpHMepu RBRRDTCR HRRDCTpaQH

eA B03UOXHOCTea, KOTOpNe BweCTe C TaKHMH npeMuymeCTBaMH TYHHenh

HHX AHOAOB, KaK llpOCTOTa H3r OIOBReHHR, 0HCTpOAeRCTBKe, MaAHe ra

OapHIU, CTORKOCTb no OTHOWeHHD K H3MeHeHHD ycnOBHR OKpyxavmeR 

cpeAu, wanoe norpeCneHHe uomaoCIH, H aecuorpn aa TaKHe aeAocrar

KH, KaK 3arpyAHeHHR npH KaCK6AHpOBaHHH H3-3a ABYllORDCHOrO xapaKI 

pa npHCopa H pa30poc napauerpoB ( KoropNR uo~ei CurL 3HaQHienhHO 

yueHLIDell C pa3BHTHeM TeXHOROfHH H3rOIOBneHHR), AenaDT TYHHenh

HNe H OOpameHHNe AHOAU OAHMMH H3 OCHOBHHX nonynpOBOAHHKOBUX npH

CopoB, npHMeHneuux B coBpeueHHHX cxeuax cqera, norHKH, nauRTH, 

QH¢pOBHX ycTpORCIB H B cxeuax perHCTpaUHH qaCTH~ B RAepH OR 3ReK

TpOHHKe. 
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PHC.29. a) H 6) M3M8H8HHe IlHKOBUX TOKOB TYHH8~bHUX AKOAOB 
C ITOMOU(h!O rpaH3HCTOpOD 1 A) H r) HHBepCH$1 BO.R.bTaM
nepHOH xapaKTepHCTBKH TYHH8JI.bHOrO AHO~a C DOMO~.bD 
tpaH3JICTOpa. 
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