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BBEJIEHUE

N3ydeHue 3JIEKTPOTEXHUKU M AJIECKTPOHUKU B COOTBETCTBUU C
dbenepanbHBIMU TOCYAAPCTBEHHBIMU 00pa30BaTEIbLHBIMU CTaHIapTa-
MU MPEyCMATPUBAET MPAKTUUECKOE OCBOCHUE CTYJCHTAMM JKCIIEPHU-
MEHTAJIBHBIX METOJIOB HMCCJIEAOBAHUS DJICKTPUUYECKUX LIENEH U DJEK-
TPOHHBIX CX€M, (POPMUPOBAHUE KOMIIETEHIIUM, YMEHUNW U HABBIKOB
pacuera dIEKTPUUYECKUX LENENU U DIIEKTPOHHBIX CXEM.

TpaauMOHHO B J1aDOPATOPHBIX MPAKTUKyMaX BY30B ISl KOM-
NBIOTEPHOI0 MOJETUPOBAHUS DJIEKTPUUECKUX LIENENH U DIEKTPOHHBIX
cxeMm nmpuMeHsroTcs nporpammel Electronics Workbench u Multisim,
B mocieanue roapl MOSBWINCH HOBBIE A(PPEKTHUBHBIE MPOrPAMMBI
KOMIIBIOTEPHOTO MOJICIUPOBAHUS, B 4aCTHOCTH, Iiporpamma T INA-8-
Industrial kommanuu Texas Instruments, kotopas sBIIeTCS pa3BUTHEM
nporpamm Micro-CAP u Design Lab u coaepXuT HHTErpHPOBAHHYIO
4acTh JJIs1 IPOEKTUPOBAHMS NIEYATHBIX IJIaT.

Ha xadenpe TteopeTHyecknx OCHOB djeKTpoTexHuku MUPOA
CO3/1aH KOMIUIEKCHBIN JTA0OPATOPHBIN MPAKTUKYM I10 SJIEKTPOTEXHUKE
U DJIEKTPOHUKE, B KOTOPOM COYETAIOTCA aHAJIOTOBbIE U KOMIIbIOTEP-
HBIE CPEJICTBA UCCIICIOBAHUS DJIEKTPUUECKUX U BJICKTPOHHBIX IEMEH,
a TaK)e MCIOJIb30BAHUE B PACUETHBIX 3aJAHUSX COBPEMEHHBIX KOM-
NBIOTEPHBIX MporpamMm (Hampumep, Mathcad). Ananorosas mabopato-
pus GopMUpYyeT HaBBIKM PabOTHI C peajbHBIMU MPUOOpaMH, COOPKHU
ANEKTPUUECKUX CXEM, UCCIETOBAHUS XapaKTEePUCTUK PEATIbHBIX JICK-
TPOHHBIX KOMIOHEHTOB. KoMIbIOTEpHBIE MpOrpaMMbl MOJEIUPOBA-
HUS M pacyera 3JIEKTPUUYECKUX Ieneil JaloT 00y4aronMMcsl MOIIHbBINA
COBPEMEHHBIN anmapaT UCCJIEAOBAHUS U MPOCKTUPOBAHUS DJIEKTPOH-
HBIX YCTPOMCTB.

KoMmnbroTepHbIii J1a00OpaTOpHBIN MPAKTUKYM B MPOTpaMMHOU
cpene TINA-8 coxepxxut Hanbosee BaKHbBIE pa3eibl dJIEKTPOTEXHU-
KM U DJICKTPOHUKHU U TIOMOXKET CTYJICHTaM 3aKpeNuTh 3HAHUSI TEOPHUH,
oBiaAeTh 3P(HEKTUBHON MPOrpaMMON MOJAECIUPOBAHUS U MOJTYUYUTh
MPaKTUYECKUE HABBIKM pacueTa W MCCICTOBAHMS DJICKTPUUYECKUX IIe-
Nel U 3JIEKTPOHHBIX CXeM. B KOMIIBIOTEPHBIX KJIaccax MPUMEHSIETCS
yrIpolneHHas u goctymnHas ctyaeHdeckas Bepcust TINA-9-TI, B koTo-



pOM OTCYTCTBYIOT HEKOTOPBIE PEXMMbI, HO OCHOBHBIE 3aJa4yd MOJIE-
JMPOBAHUS B HEM TAKXKE YCIEIITHO BBIMOJIHSIIOTCS.

JIist KaxkaoW CrenuanbHOCTH M (POpMBbI OOy4YEeHHUS] KOHKPETHBIN
IepeueHb MHUHMMYyMa Ja00OpaTOpPHBIX pPadOT YCTaHOBJIEH pabOYMMHU
nporpaMMaMM M COOOIIAeTCcsl CTyAeHTaM mpernoaaBaTeiasiMu. s
yTIyOJICHHOTO U3YYEHHS DJEKTPOTEXHUKHU U DJIEKTPOHUKUA MBI PEKO-
MEHJIyeM Ha JOMAalHEM KOMIIbIOTEPE BBHIMOJIHUTH BCE JTa0OpaTOpPHbIC
paboThl, ucnonb3ys nporpammy T INA-8.

YKka3zaHus MO BBHIMOJHEHUIO U 3aIIUTE
nabopaTopHBIX paboT

1. Tlepen BBIMOJHEHHEM IMKJIA JIAOOPATOPHBIX pabOT HEOOXO-
JTMMO BHUMATEJIBHO M3YUYUTh MpaBWIa TEXHUKH OE30MACHOCTH, MOJY-
YUTh OT MPENOAABATENd UHCTPYKTAXK MO 3TUM IPaBUIIaM M MpaBUIaM
MOBEJICHUS IIPU BBINOJHEHUU JIA0OPATOPHBIX PA0OT B KOMITBIOTEPHOM
kiacce. B nmanpHelimeM cTporo coOmro/aTh MpaBUiia TEXHUKH Oe3-
OMACHOCTH U MOBEACHUS B YUEOHOM TaO0OpaTopuu.

2. Tlepen BBITIOJTHEHUEM KaxkI0H 1aOOPaTOpHOUM pabOTHI CTYACHTY
CJIEJTy€T 3apaHee U3yUYUTh PEKOMEHIOBAHHBIN K JAHHOW TEME TEOpETHYE-
CKU MaTepuaJl, BBITIOJHUTE MPEIBAPUTEIBLHBIC PACUETHBIE U KOHTPOJIb-
HbIC 3a/IaHHd, MPEALIECTBYIONIUE JIA0OPATOPHOMY 3aJIaHUIO0, O3HAKO-
MUTBCSL C COAEPIKAHUEM JTAOOPATOPHOIO 3aJaHMUsI, POAYMaTh OTBETHI Ha
BOMPOCHI JIJIs1 CAMOIIPOBEPKH, IMOATOTOBUTH B paboyeM oTueTe OJaHK st
3aMoJHEHUsI MPOTOKOJIa HaOmoAeHu. biiaHk MmpoTokojia HaOJH0IeHUIM
JOJDKEH COJIEP’KaTh HAUMEHOBAaHUE PaOOThI, CXEMbI M TaOJIMIIbI JIJIS 3a-
MIUCH ONBITHBIX JaHHBIX. JIabopaTopHble pabOThI BBHITOIHSIOTCS OTACIb-
HBIMM OpHragamu U3 JBYX-TpeX 4deoBek. [[omyckaercs uMeTh OJuH pa-
00oumii oTueT Ha Opuraay. Paboune oT4eThl JOHKHBI OPOPMIIATHCS B OT-
JICIbHOM TeTpaju JUIsl BCETo 1MKJIIA JIJA0OpATOPHBIX padoT.

3. B Havasne naGopaTtopHOi pabOTHI TperojaBaTeslb IMPOBOIUT
OIPOC CTYJEHTOB, MPOBEPSIET BBHINOIHEHUE PACUETHBIX U KOHTPOJIbHBIX
3aJ]aHui, HAJTMYKEe TIPOTOKOJIOB M TOTOBHOCTH K paboTe.

4. BxiroueHue KOMITBIOTEpA MPOU3BOUTH, CICAYS] MHCTPYKITUSM
1o padore B cpeae Windows.

5. Ilpy KOMOBIOTEPHOM MOJECTUPOBAHUU SKCIEPHUMEHTAIbHbBIC
JAHHbIC ClIEyeT 3aHOCUTh B TaOJMUIbl. MOXHO JieiaTh CKPUHIIOTHI



CXeM U rpaUKoB.

6. PabGota cumTaeTcs BBIMOJHEHHOW MOCIE YTBEPXKIACHUS MPETO-
JaBaTesieM pabodero oTyera Opurasbl.

7. Hns 3ammuTel abopaTopHOM pabOThl KaXKIbIM CTYACHT IO
KaXJI0M paboTe COCTaBIISIET MHAUBUAYAIBHBIN OTYET, KOTOPBIA H0JI-
KEH COJEPKATh:

- 3aryiaBrMe (HOMEp U Ha3BaHUE JIa0OpaTOpPHOU paboOThI);

- PEIBaPUTEIbHBIE PACUETHBIE U KOHTPOJIbHBIE 3a/1aHNUS;

- CXE€MBbI UCCJIEJOBAHHBIX AJECKTPUUECKUX IICTIEH;

- pe3yabTaThl UCCIIeA0BaHUH (B BUIE TaOIHI, TPa(QUKOB);

- ITOrOBOE PAaCUETHOE 33JI1aHHUE;

- BBIBOJIBI 11O paboTe.

8. Pabora cuuTaercda 3anMIIEHHON TmOCie coleceloBaHus,
YTBEPKJICHUS UHAUBUAYAIBHOTO OTUETA MPENO/IaBATEIEM U PEIICHUS
KOHTPOJIBHOTO 3aJIJaHuA 110 padoTe.

Kpatkue cBenenusi o nporpamme TINA-8

TINA-8 sBasieTcst MOIITHBIM HHCTPYMEHTOM JIJISI MOJICTMPOBAHUS
aHAJIOTOBBIX M U(PPOBBIX CXEM, TTO3BOJISIET MTPOBOJIUTH UCCIICIOBAHUE
CXEM IpU HU3MEHEHUU MapameTpoB, ONTUMU3AIMIO, BBINOJHATH Ya-
CTOTHBIN U CHEKTPaJIbHBIN aHAIN3, UCCIIEAOBATh MEPEXOAHBIC XapaK-
TEPUCTHUKHU U T.1I. PaccMoTpum uHTEpdEiic mporpaMmel .

[To cpaBuenwuto ¢ Electronics Workbench u Multisim mporpamma
MMEET CJICAYIOIIME MPEUMYIIECTBA:

1. Pe3ynpTaThl Ha MOCTOSTHHOM W TIEPEMEHHOM TOKE JIErKO IO-
Jy4aroTcsl B BUJIE TAOJIMI] HANPSHKEHUS B y3JaX, HA BCEX AJIEMEHTAX,
TOKOB BO BCE€X d3JieMeHTax. [IpuueM Ha nepeMeHHOM TOKE BBIUMCIIS-
IOTCSl aMILTUTY 1Bl U (Da3bl.

2. Bo Bcex y3max MOXHO MOMEPUTH HAMPSHKEHUU CIICIIHAIbHBIM
I[yTIOM.

3. IIporpamma TINA-8 umeeT pekxuM MHOTOBApUAHTHOI'O aHa-
m3a (Parameter stepping mode), B KOTOpOM 3HaY€HHE TapaMEeTPOB
BBHIOpAaHHBIX KOMIIOHEHTOB BapbUPYETCA Ha Ka)KJIOM Illare BhIYHCIIC-
HUui. B pe3ynbpTare BRIUHUCISIETCS U CTPOUTCS HA0Op rpaduKoB, KOTO-
PBIN WILTIOCTPUPYET UYBCTBUTEIHHOCTD 1IETH K U3MEHEHHIO TTapaMeT-



pPOB KOMMIOHEHTOB. M3MeHseMoe 3HaueHHWE MmapaMeTpa KOMIIOHEHTA
MOYKET OBITh JT0OBIM YHCIICHHBIM MapaMeTPOM.

4. Jlerko TmMONAy4YarOTCAd AaMIUIUTYJAHO-4aCTOTHbIE u  (a3o-
YaCTOTHBIE XapaKTEPUCTUKHU LEenel. AHAIN3 NepeAaTOUHbIX XapaKTe-
puctuk mo3BoiisieT B pexxume AC Analysis-AC Transfer mosryunthb
aMIUTUTYIHO-4aCTOTHBIE XapakTepucTuku (AYX) u ¢azo-uyacTOTHBIC
xapakrepuctuku (OUX), a Taxxke, ucnoiaszys Symbolic Analysis, mo-
JYYUTh AaHATUTUYECKOE BBIPAKEHHUE TIEPEIATOUYHON (DYHKITUH.

5. Y1o6HO HcciienoBaTh NepexXoaHbIe XapaKTEPUCTUKU IeTeH U
nojy4daTh WX B BHJe rpadukoB. Beiopas B rimaBHoM MmeHto Analysis-
Transient Analysis, MO)XHO TpOBECTH aHAJIM3 IEPEXOMHBIX XapaKTe-
PHUCTHUK, PETUCTPUPOBATH rpadUKu U MOJTYUYUTh B PEAAKTOPE ypaBHE-
HUW aHAJIMTUYECKOE BBIPAXKEHUE OTKIIHUKA.

6. IlpenycMOTpeH peXHM ONTUMHU3ALUU, IMO3BOJISIIOUIUNA BbI-
OpaTh ONTUMAJIbHBIE MAPAMETPHI LENU ISl JOCTUKEHUS MOCTaBJICH-
HOM 1enu. LleneBoi OTKIMK 1Henu (HaNpsKeHUe, TOK, COMPOTUBIIEHUE
WIM MOIIHOCTb) AOJKHBI HAONIOJAThCAd M3MEPUTENAMH, IpeaBapu-
TEJbHO YCTAHOBJICHHBIMU Ha HY>KHBIX Mo3uluax. HenssecTHbie napa-
METpBI LENHu OyAyT ONpEeNesieHbl aBTOMAaTUYECKU TOTAA, KOrAa IEMb
BBIIACT LIEJIEBOM BBIXOJHOW PE3YJIbTAT.

/. B nmporpamMmme umeercst psifi BUPTyalIbHBIX MPUOOPOB (MYJib-
TUMETp, ocUUIIorpad, PyHKIHMOHATBHBINA reHepaTop, TpadonocTpou-
TEJIb U JIp.), HE YCTYMAIOUIUE IO BO3MOXXHOCTSIM MprOOpaM Mporpam-
MBI Multisim. Mcmonb3yst B r1aBHOM MeHIO moaMeHto T&M, MoxHO
MIOMECTUTh pealibHbIe MPUOOPHI Ha paboyee 1moJie, aBTOMATUYECKH 3a-
MEHSIsI TEHEPATOp U OKHA aHaju3a. BBIMOJIHUB yCTAaHOBKY apamMeTpoOB
puOOPOB, MOKHO HEMEJIEHHO YBUJIETh PE3YJIbTAThl KaK B PeaJbHON
J1a00paTOPHUH.

8. UToOBI TOCMOTPETh, KaK BBITVISIASAT AJIEKTPOHHBIE KOMITOHEH-
Thl CXEMBbI AJEKTPUUYECKUX M AJIEKTPOHHBIX IIEMEHd MOKHO MpeacTa-
BUTH B popmate 3D.

9. TINA-8 Britouaer B cebst CUMYISATOP 1Jis ITU(POBBIX CXEM,
COJICPXKUT B OMOIMOTEKE OOJNBIIOE YnCI0 MUKpOKOoHTposuiepoB (PIC,
AVR, 8051), koTopble MOKHO TECTUPOBATH, TPOTPAMMHUPOBATh U 3a-
MyCKaTh B HMHTEPAKTUBHOM pexuMe. BCTpOeHHBI mnporpaMmmaTop
M03BOJISIET MOAU(DHUIIMPOBATH IPOrPaMMBbI M HAOJIFOJATh PE3YIbTATHI.



10. Jnsa uccnenopannor nenu TINA-8 mo3BoiisieT cipoeKTUpo-
BaTh MEYATHYIO IJIATY U U3TOTOBUTHh MAKET PEAIbHOI'O YCTPOMCTBA.

NuTepdeiic nporpaMmel

Ha puc.B.1 noka3zaHo OKHO mporpaMmel.
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Puc. B.1 Oxno nporpammsr TINA-9

1. Cmpoka menio.

2. Kypcop, ykazarens (ctpenka). Kypcop MOXHO TBHUTaTh MbI-
IIBIO Y BBIMIOJIHATH CIEAYIOIIUE ONEPAIUH:

BBLACIISTH O0JIACTh CXEMBI;

IIEPEHOCUTH HA CXEMY CUMBOJIbI KOMIIOHEHTOB;

ONIPENEIIATh KOHELl POBOJHUKA U COCAUHATH KOMIIOHEHTHI;
U3MEHATh KOH(PUTYpaLUIO TPOBOIHUKOB;

U3MEHSTh KOHPUTYPALIUIO CXEM;

pa3pbiBaTb COCANMHCHUA B CXCMAX;



yBEJIUUMUBATh CXEMY, UCMOJIb3Ysl KHOTIKY MacIiTada.

3. OKHO CXEMBbI, B KOTOPOM COOMPAIOT CXEMY LIE€TH, BKIIOYAIOT
nprOOopkI, MpoBOAAT u3Mepenus u 1.1m. Onepanus View/Greed On/Off
CO3JacT WU yHalseT CeTKy ¢ pabouero okHa. Omnepamus View/Pin
Markers On/Off moka3piBacT HiIn yaasieT KOHTAKThl KOMIIOHEHTOB.

4. Ilanenv uncmpymenmos MO3BOISIECT BbIOpATh MHOTHME KOMAaH-
Ikl PeJaKTUPOBAHUS: BBIJICICHHUE, MacIITad, IPOBOJOYHOE COCIUHE-
HUe U T.1. PaccmoTrpum Hambosiee BakHbIE KOMaHIbl HAa TAHEIW WH-
cTpyMeHTOB. IlaHenh WHCTPYMEHTOB COJEPKUT MEHIO KOMAaH]I
Puc.B2.

| B ] B%] [v =]o]|T|r] Klo[a|+|[ ofomT=] §-

Puc. B.2. Menro koMmaH

| &nl0 2+%] 1|

Kpome oOb1uHbIX KOMaH (OTKpBITHE (haiisia, COXpaHEHHE U T.I1.)
B MEHIO KOMaH/]I BXOJIST:

IT. -PCKUM BBIACJIICHUA IMO3BOJIACT BBIACIIATL WM IICPCTACKHU-
BaTb KOMIIOHCHTBI KYPCOPOM IIPHU HaAXaTHUU JIEBOM KHOIIKHU MBIIIIH.
BI)II[CJICHHBIC KOMIIOHCHTBI OKpPAaIllMBArOTCs B KpaCHBIfI IOBCT. I{J’IH
CHATHA BBIACJIICHUA HAJIO0 IICIKHYTDH JICBOM KHOITIKOM MBIIIIA Ha CBO-
60I[HOM Y4aCTKE I10JI4. BBII[CJ'ICHHBIﬁ KOMIIOHCHT MOKHO YJIaJIAThb,
IIOBOpAYMBATh U T.II., HICJIKHYB npaBoﬁ KHONKOMN MBIIIH.

«| - BcTaBKa MocieaHEero KOMIIOHEHTA.
7] - cIy»uWT 1N BCTaBKU NPOBOJHMKOB B cXeMy (TTHINYILMH
KapaHjan).

|T|- BCTaBKa TCKCTAa WJIM KOMMCHTAPHUCB B CXCMbI U PC3YJIbTAThI
dHaJIn3a.

|’IZ;| - HO3BOJIACT PA3bCANHATL KOMIIOHCHTBLI HJIKM YAAJIATH COCIOU-
HAIOIMKUC TOYKHW MCKIY HPOBOJHHUKAMHU WU ITPOBOAHBIMHU COCIWMHCHU -
MHU.

2| 7| - MOBOPOTHI BEIIEEHHOTO KOMIIOHEHTA.

|+ - 3CPKAJIbHOC OTPAKCHUC BBIJICIICHHOI'O KOMIIOHCHTA.

Jm 11:'

| 0 2], rpyIa KHOIOK.




. BKJTIOUCHUE/BBIKIIIOUEHUE CETKHU.
Q. yBeJIMUCHUE MaciTaba BEIOpAaHHON 4acTH TEKYIIEro BUA.

o x| ycTanoBka maciitada ot 10% g0 200%.

HHTepaKTI/IBHOG MCHIO BK/IIOYAcCT:

%c- PEKHUM IIOCTOSAHHOI'O TOKA,

-
A - PEKHUM ICPEMCHHOT'O TOKA,

q.fi

— - HenmpepbIBHBINA MEPEXOTHON PEKUM,

& - OJTHOKPATHBIN MEPEXOTHON PEKUM C YCTAHOBJIECHHBIM Bpe-
MEHEM aHaJIu3a,

S - u(ppoBOH peKuM,

B PEXKUM pabOThl C KOMIIOHEHTAMU U BBIUYHUCIUTEIIHLHBIMU
orepaIusIMu.

. CIIMCOK PEXUMOB PaOOTBHI.

ﬁ - BI)I60p eI OIITUMHU3alIUU NI U3BMCHCHHUA YCTAHOBOK.

1K
L BBIOOpP YIPaBIISIEMOTO OOBEKTA JJIi U3BMEHEHUS MapaMerT-
POB WM ONITUMU3AITUH.

v

== - [IO3BOJIICT YCTAHOBHUTDH NIOI'PCIIHOCTH KOMITIOHCHTOB.

=
2 . IMO3BOJICT IMOKAa3aTb TPEXMCPHOC I’I306pa}KeHI/Ie KOMIIO-

HCHTA.

Iil - BBI3BIBACT JHAJIOT, KOTOpBIﬁ HHUOUUPYCT MOIACIIb ITPOCK-
THUPOBAHUSA IICHYATHBIX ILJIAT.

3| [Valiage Pi .
L] [Volege Pin = =& | [oMCK KOMIIOHEHTOB U3 OHOIMOTEKH.

5. Ilanenv komnonenmoas.

KOMIIOHEHTBI PacmoioKEeHbl B TPYyINIaX, MOMMECHOBAaHHBIX Ha
KHOTIKaX MaHeIu HHCTpyMeHTOB. CHavaa BEIOMPAIOT TPYIIy, a 3aTeM
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TpeOyembiii KoMMoHeHT. [llenkHyB Ha BRIOpAaHHOM KOMITIOHEHTE,
KypCOpPOM MEPEMECTUTE KOMIIOHEHT Ha pabouee MoJjie OKHa.

6. Ilouck komnonenmog. ITOT UHCTPYMEHT MO3BOJISICT HANUTH 110
MMEHHU JII000N KOMIIOHEHT U3 KaTajora.

7. Omkpvimue mabauywvl ¢hatinos. MOXHO HMETh HECKOJIBKO
pa3HbIX (aiisIoB U BHIOpATh HYKHBIN (pailin U3 TaOIHIIHL.

8. Brnrouenue u 8bikatoueHue pedaKkmopa cxem.

9. Jlunus nomowu. Jlaet KpaTkoe OmMMcaHUE BBIACICHHOTO KOM-
MTOHEHTA.

Co3pgaHue enu KOMIOOHEHTOB

KoMmoHeHThI BBIOUPAIOTCS U3 MAHEIH KOMIIOHEHTOB U UX CHM-
BOJIbI TIEPEMEIIAIOTCSI MBIIIBIO HAa TpeOyemble mo3uiiuu. KoMmnoHeHThI
MOYHO IMOBOPAYMUBAThH U 3€pKallbHO oTOOpaxath. [locie pazMelneHus
KOMIIOHEHTOB, JABOWHBIM IIETYKOM JI€BOW KHOMKOW MBIIIN OTKPBIBA-
IOT OKHO JIJISI YCTAHOBKU NMAapaMETPOB M 3THUKETKM KOMIIOHEHTA. 3Ha-
YEHHUS MapaMeTPOB MOTYT JIEKATh B MpeIesiax 10— 10", [Iporpam-
Ma TINA aBTomMaTHyecku NPHUCBAMBAET ITUKETKY KaKIOMY KOMIIO-
HEHTY M OTOOpa)kaeT 4YMCIEHHOE 3HaueHue ero mapamerpa. Habop
KOMIIOHEHTOB BeChbMa OOLIUPHBIA M BKIFOYAET MACCUBHBIE KOMITOHEH-
Thl, ICTOYHUKUA CHUTHAJIOB, KJIOUM, MOJTYyIPOBOJHUKOBBIE SJIEMEHTHI,
U (PPOBBIE CXEMBI U T.J.

CoengMHeHUSI KOMIOHEHTOB

IIpOoBOAHUKN yCTAaHABIUBAIOT KOPOTKO3aMKHYTOE€ COCIMHEHUE
MEXK]ly IByMSI KOHTAKTaMH KOMIIOHEHTOB. J[J1s1 co31aHus MPOBOIHUKA
MO>KHO BOCTIOJIb30BaThCA KYpPCOPOM, MPOTSIHYB MPOBOJHUK OT OJHOTO
KOMITOHEHTa 10 Apyroro. Kypcop nencTByeTr kak NUIIyIIEE Iepo.
[TogBenute Kypcop K KOHTakTy KommoHeHTa. OH OTOOpa3uTCs Kak
NUIIyui kapanjaaml. HaxMure Ha JIeBYHO KHOIKY MBIIIU U TPOTSHU-
T€ HY)XHBIM TPOBOJHMUK. YAOOHEE MOJIb30BaThCA MUIIYIIUM KapaH-
naiioM. OH MO3BOJIIET HAUMHATH MPOBOJIHUK B JIIOOOM MecTe padoue-
o II0JIA. KOFJIa Brl HaMCPCHbI 3aBCPUINTL CO34AaHHUC IIPOBOIHHKA,
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Ha)XMUTE MPABYKO KHONKY MBIIIU. B OTKPBIBIIEMCA MEHIO MOXHO pe-
JAKTUPOBATh MOJIOKEHUS TPOBOTHUKA.

Bxoasl U BBIXOIEI

HexoTtopsie BHAbI aHamn3a (MNEPEXOJHBIE XAaPAKTEPUCTUKU Ha
MOCTOSIHHOM TOK€, boJie - nuarpamMMsbl U T.J1.) HE MOTYT BBIIOJIHITHCS,
IIOKa HE OMPEAEIEHBI BXOJIbl U BbIXOJbI Hermu. OHU ONpeAestoT, TAe
MPUJIAraeTCs BO3JACHUCTBUE M OTKyJa CHUMATh PEAKLIMIO LEenu. Brixo-
Il TAKXKE OMPEACINSIIOT, Kakue rpaduku OyayT oToOpa’kaTbCsi B BbI-
OpaHHOM pexuMe aHaiau3a. ICTOUHUKHM U TeHEepaTOphl IOKHBI ObITh
MOJKJIIOUYEHBI K BXOJIaM, & U3MEPUTENHN — K BbIxoaam. OIHAKO U3Me-
PUTENN MOTYT TaKXE€ CIYKUTh Uil ONPEAECIEHUS KOJIUYECTBEHHOTO
3HAYEHUS BXOJHBIX CUTHAJIOB, KOTOPhIE OYIYyT HCIOJb30BATHCSA MPU
BBIYMCJICHUU TIEPEXOIHBIX XapAKTEPUCTUK U (QYHKIMI B pEeKUME Tie-
peMeHHOoro Toka. [ Oomplieid TMOKOCTH BXOJIBl M BBIXOJBI MOKHO
yCTaHABJIMBATh Ha JIFOOOW MO3MIIMH, UCIIOJIB3YsI KoMaHabl Insert|Input
u Insert|Output. 3ametbTe, yTOo BBl MOXKETE ONPECIIUTh BXOIHBIC T1a-
paMeTphl I MapaMEeTPUYECKOTO CKAaHUPOBAHUS TOJBKO JJIsI KOMAaH-
ael Insert|Input. s ycTaHOBKM BXOJa WIIM BbIXOJa BBIOEpUTE KO-
maHael Bxon (1+) u wnm Beixon (O+) B MEHIO BCTaBOK W TIEPETAIINATE
CHUMBOJIBI BXOJa WJIM BbIXOJAa K TpeOyembIM y3iam cxembl. lllenxkaure
JIEBOM KHOIIKOM MBIIIU Ha y3Jie, YTOOBl yCTaHOBUTH Bxon wim Beixos.
[IporpamMmma HapuCyeT MPEPHIBUCTYIO JIMHUIO MEXKY ABYMS y3JIAMHU U
OCTaBUT €€ Ha cXeMe, Korjaa Bwl menkHute Ha BTOpoM y3ie. Ecim
YCTAHOBJICHO HECKOJIBKO BXOJIHBIX y3JIOB, BAXKHO MMOMHUTh, YTO TOJb-
KO OJIMH y3€J OJJTHOBPEMEHHO MOET OBITh ONIPEAEIICH B IEMH. AHAJO-
TUYHO, TOJBKO OJIMH BBIXOJHOM y3€Jl MOXKET OBbITh ONMPEACIICH B IIEMU
JJ1S1 UCTIOJTb30BAHMSL.

[Toapo6Ho u3yunts nporpammy TINA-8 Bel cMoxkeTe B mporiec-
C€ BBITIOJTHEHHMS JTaOOpaTOPHBIX paboT.
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YACTD 1. JIEKTPOTEXHUKA

I1asa 1. JUHEAHBIE JEKTPUUECKHUE LIETIN
HOCTOAHHOI'O TOKA

1.1. JjieMeHTBI, CTPYKTYPA U OCHOBHbIE 3aKOHBI
JICKTPUUYECKHUX Lernen

Hoeanvuvie naccuemvie snemenmvt 310 pesucrop R [Owm],
UHAYKTUBHOCTH L [['H], emkxocts C [D].

[TonsiTne «nocmosunoe HanpsiceHue (MOK)» O3HAYAET, YTO BO
BpPEMEHU 3HAYCHUE W HAMPABJICHUE HAMPSHKECHUS (TOKA) HE MEHSIOTCA.
MO’KHO CKa3aTh, YTO YAaCTOTa M3MECHEHHMS IIOCTOSHHOI'O HAIPSIKCHUS
(Toka) o = 0.

i i |
a a a
Uab R uab I— Uab C
b b _ Ib
i=Uqa/R Uap=L-di/dt I=C du/dt
Pesucrop NHAyKTUBHOCTH EMKOCTB
Ha mocrosaroM  Toke I=l=const momyuum  di/dt=0.

CnenoBareyibHO, HAIpSHKEHWE HAa HMHIYKTUBHOCTA PaBHO HYJIIO U
WHIYKTUBHOCTh ISl TOCTOSIHHOTO TOKa  SIBIISIETCA  KOPOTKUM
3aMBIKaHHUEM.

s emxoctu Ha moctosHHOM Toke du/dt=0. CnepoBartenbHO,
TOK 4Ye€pe3 €MKOCTb PaBE€H HYJI0 M E€MKOCTb Ha IOCTOSHHOM TOKE
AKBUBAJICHTHA Pa3phIBY.

JIluHEeWHbIE  TACCUBHBIC  JBJIEMEHTBI  WMEIOT  JIMHEWHBIC
3aBHCHUMOCTH MEXJy TOKOM M HampspKeHUeM (M X MPOU3BOIHBIMU
JUIS. MHIYKTUBHOCTH M eMKocTh). [l storo 3nauenus R, L, C He
JIOJKHBI 3aBUCETh OT TOKOB M HANPSIKEHUN Ha 3TUX dJIEMEHTaXx.

Hoeanvnvie axmusnvie sjemenmsl (UCMOYHUKU IHepeuu) 3TO
UJIeJIbHBIA UCTOYHUK HanpsiKeHus E 1 uaeanbHbI HCTOYHUK TOKa J.

Hoeanvnviii ucmounux nanpsowcenus E (MIH) umeer HyneBoe
BHyTpeHHee conpoTurieane (R,,=0) u HampspkeHHe Ha ero 3aKuMax
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HE 3aBUCUT OT TOKAa, KOTOPHIH OH OTJA€T BO BHEUIHIOKO IICIb.
BosibTaMnepHOr XapakTEpPUCTUKOW DIIEKTPUUYECKOW LIENMHA HA3bIBAKOT
3aBUCHUMOCThH TOKA, MPOXOJSIIEr0 Yepe3 JIEMEHT OT HANPSIKEHUS Ha
ero 3axumax. BonbTammepHas — XapaKTEpUCTHKAa  HCTOYHHUKA
HanpspbkeHus (BAX MH) ato ropuzoHTanbHas JIMHUSA HA OTMETKE £ Mo
OCH HaIlpsKEHUS.

Hoeanvuoiti ucmounux moxa J (MT) wunmeer OECKOHEUHO
Oosbioe BHyTpeHHee compotuBieHne (R, =00) M TOK, KOTOpPBIA OH
OTIAE€T BO BHELIHIOIO €I, HE 3aBUCHUT OT HAIPSDKEHUS HA 3KHUMax
UCTOYHMKA TOKa. BoibTaMrepHas XxapaKTEpUCTUKAa HMCTOYHHMKA
HanpspokeHus (BAX UT) sto BepTukanbHasl JUHUS HA OTMETKE J 1O
OCH TOKa.

Ua E _ Ua
1 Il
U|E —_— U —
0 | J o[ 3] i
_ BAX UH - BAX UT
WU neanbHbI HCTOUHUK WU neanbHbIM HICTOYHUK TOKA
HAIPSKCHUS

PeanbHbIC aKTUBHBIC 3JIEMEHTHI UMCIOT KOHCUHBIC BHYTPCHHUE
conpotuBienus (Puc. 1.1).

RHH
—_1#

E +<‘> b J CD Rur

—d

Puc. 1.1. 3ameHa ucTouHMKa HANPSKEHUSI U HICTOYHUKA TOKA

HcTounuk HaIIpsKCHUA € IIOCJIICAOBATCIIbHBIM  BHYTPCHHHUM
COIMPOTHUBJIICHUCM MOXHO 3aMCHUTbL Ha DKBUBAJCHTHBI HMCTOYHHUK
TOKa C HapaJuiCJIbHbIM BHYTPCHHHM COIIPOTHUBJIICHUCM IIPHU YCJIIOBUU,
qTo:
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RuH:Rum:ReH’E:‘]'ReH’J:%gH

JIlunerinbie MCTOYHUKHU DHEPruu MMEIOT  JIMHEHHBIC
BOJIbTAMIIEPHBIE XaPAKTEPUCTHUKHU.

DJeKTpruuecKkas LEeMb MOCTOSHHOIO TOKA SIBJISCTCS JIMHEMHOM,
€CIIM BCE€ DJJIEMEHTbl LENU UMEIT JIMHEHHBIE BOJbTAMIICPHBIE
XapaKTEPUCTUKHU.

Ha puc. 1.2 nokazana cxemMa JUHEHMHOW SJIEKTPUUECKOW LEHHU
IIOCTOSIHHOT'O TOKA.

Cmpykmypa s1ekmpuyeckou yenu OUPENECIACTCS B3aNMHBIM
pPACIIOJIOKEHUEM BETBEU, Y3JIOB U KOHTYPOB. Beméb 3TO y4acCTOK
LIETIM, Yepe3 KOTOPBIA MPOXOAUT OJUH M TOT K€ TOK. ¥3en — MeCcTo
COCIMHEHUS TpeX W Oonee BeTBed. Kouwmyp — 3aMKHYTBHI TYTh,
MOCJIEAOBATEIIBHOCTh BETBEW M Y3JIOB, B KOTOPOM KaxKJas BE€TBb U
KK y3€1 BXOAUT oJuH pa3. B cxeme puc. 1.2. 6 BerBeil (He
cUuTas pa3OMKHYTOW €MKOCTH), 4 y31a u 3 KoHTypa. OAUH U3 y3J10B
(aanpumep, T) 3a3emmsroT M cunTaOT OOIUM.

11 14

AN
NG

Puc. 1.2. Cxema JIMHENHON [IENU MMOCTOSIHHOTO TOKA

O0oOmenHbI 3ak0oH OMa AJs ydyacTKa IEeNu,
COJEepIKAMEero HCTOYHUK HAMPSIKCHUS

Tox 6 semsu pagen HANPANCEHUIO HA 3AACUMAX BEMEU, B3AMOMY
N0 HANPAGIeHUr0 MoKda, NIC (MUHYC) UCMOYHUKU HANPSIICeHUs, Oe-
JICHHOMY HA CYMM) CONPOMUBTIEHUL BEMEBLL.
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. Up +E
Tok B nepBoii BetBu |, = ————. 3Hak wioc 6epyT Juis uc-

RMH +R1

TOYHMKOB HAIPSDKEHHS, COBIAAAIONINX 10 HATIPABICHUIO C TOKOM.
[TepBoiit 3akoH Kupxrodga

Cymma moxos, cXo0auwuxcsi 8 ysie, pagHa HYa0 (Uiu Cymma
BXOOAUUX 8 V3€]l MOKOB PABHA CYMME BbIXOOAUSUX MOKOS).

Jusysma b: 1y =1, +1s.
BTopoii 3akon Kupxroda

B 3amkuymom xoumype aneebpauveckas Ccymma NaoeHull
HANPAXCEHUNl HA NACCUBHBIX IIEeMEHMAax PaeHa aleedpaudeckoi cym-
Me UCMOYHUK08 Hanpsicenus. IIpu smom co 3Hakom nioc bepym na-
OeHUsl HANPANCeHUs Ha MeX NACCUBHBIX INEeMEeHMax, 8 KOmopvlix MoKu
cosnaoarom ¢ Hanpaeienuem oobxooa konmypa. Co 3naxom niaroc be-
PYM UCMOYHUKU HANPAJICEeHUs, COBNAdaowue no HANpasieHuro ¢
HanpaeieHuem 06xo0a KOHmypa.

1.2. PacyeTt nenu MeToJI0M KOHTYpPHBIX TokOB (MKT)

PaccunTaTh KOHTYpHBIC TOKH B 1ienu (puc. 1.2).

HeszaBucumMbie KOHTYpBI U KOHTYpHBIE TOKU |11, 1o, l33 0003Ha-
YEHBI HA CXEME.

3anucbiBaeM KaHOHWYeckue ypaBHeHHs 1o merony MKT s
TPEXKOHTYpHOU cXembl (puc. 1.2):

1
l17] [Rin Rz R Eiy
lo [=[Ra1 Ry Rog| [Ex
l33) (Rs1 Rgy Ras Ess

JlnaroHajapHbIE CONPOTHUBJIIEHUS KOHTYPHOM MaTpHULbI COIpPO-
THUBJICHUN C OJMHAKOBBIMH MHJICKCAMHU HAXOJAUM KaK CyMMY BCEX CO-
IPOTHUBJIICHUN KOHTypa IpH MocienoBareabHoM oOxoxae. Henwmaro-
HaJIbHbIE CONTPOTUBIICHUS C PA3HBIMU UHJEKCAMH PAaBHBI COITPOTHUBIIE-
HUSIM CMEKHBIX BETBEU KOHTYpPOB, IPUYEM CO 3HAKOM ILIIOC OEPYT Te
CONPOTUBJICHUSI CMEXHBIX BETBEH, B KOTOPBIX KOHTYPHBIE TOKH
HarpaBiieHbl oguHakoBo. Kontypubeie DJIC paBHBI anredpanyueckoit
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cymme Beex DJIC kontypa. Co 3Hakom miroc 6epyTt DJ1C, coBnanaro-
IIMe TT0 HAMPaBJICHUIO ¢ 00X00M KOHTYpa.

1.3. PacueTt MmeToaoMm y3JoBbIx Hanpsizkenuii (MYH) B Mathcad

CocraBiisieM YpaBHEHUS IO METOJy Y3JIOBBIX HAIMPSKECHUM.

Hymepyem y3isl: b—1, c—2, e—3.

3anuchIBaeM ISl CXEMBbI C TPEMSI HE3aBUCHUMBIMH Y3JaMH KaHO-
HU4Yeckue ypaBHeHuss MYH B matpuuHoit dopme AJisl pacuera Hanps-

KECHUU B y3/ax:

~1
U, Gy Gp Gp Jig

U2 — GZl GZZ GZB ) ‘J22
U3 GSl GSZ G33 ‘J33
B Marpuiie y3710BBIX IPOBOJIUMOCTEH JUAroHAIBHBIC ITPOBOJIH-
MocTH Gy, Gy, G33 ¢ OTMHAKOBBIMHM MHJIEKCAMHU HaXOJAUM KaK CyMMY
IIPOBOAMMOCTEH BCEX BETBEH, MOJIKITIOUYCHHBIX K Y3IIy C TAKUM K€ HWH-
nekcoM. HemmaroHambHash MPOBOAMMOCTh C Pa3HBIMH HHIECKCAMH
(mampumep, G1,) paBHa B3ATO# CO 3HAKOM MHHYC ITPOBOJIMMOCTH BCEX
BETBEH, COCAMHSIOMINX y3JIbl 1 1 2.
VY350BbIe TOKU J11, Jop, J33 HAXOAMM Kak aireOpanvecKyro CyM-
My TIOJKITIOYEHHBIX K JIAHHOMY Y37y MCTOYHHMKOB HAINPSOKCHHS, Je-

JICHHBIX Ha COIIPOTHUBJICHUA BCTBCﬁ, B KOTOPbLIX OHHU HAXOOATCA, U UC-
TOYHUKOB ToKa. Co 3HAKOM ILIIOC 6epeM HNCTOYHUKH, HAIIPABJICHHBIC K

y3IIy.
IIpumep Nel. Cxema 37I€KTpUUYECKON 1IENMU U300paKeHa Ha pUC.
1.3. Haiitu Toku Bo Bcex BeTBAX U HanpsikeHUus: Upg 1 Uyg.

J
44

Puc. 1.3. Cxema k 3amanauro Nel
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Pexomenpanuu:

1. 3ameHnTE HCTOYHUK TOKA HA UCTOYHUK HANPSIKECHUS.

2. [TapamienbHO BKJIKOYEHHBIE cCONPOTUBIEHUS R3 u Ry 3amenure
SKBUBAJICHTHBIM.

3. B mosiy4eHHOM OJHOKOHTYPHOM LIENMK MO BTOPOMY 3aKOHY
Kupxroda paccuuraiite ToK l,.

4. Beruncnute HanpspbkeHus Uy u Upg o 3akony OMa.

5. Beruucnute Toku I3 u 14 mo 3akony Oma.

6. [1o nepBomy 3akony Kupxroda Beruuciaute Tok ;.

/. 3anuImMTe YUCICHHBIE OTBETHI JIJI1 TOKOB U HANPSKCHUH.

IIpumep 2. Cobepute cxemy moxaenupoBanus puc. 1.4. M3006-
PaXKEHHS DJIIEMEHTOB AJIEKTPUYECKOM LIEMU COOTBETCTBYIOT €BpOIIECHi-
CKMM CTaHJapTaM. DTO ycTaHaBiuBaeTcs B McHi0 View — Options.
BriGepute B mHTEpakTUBHOM MeHIO pexxuM DC u HaxxmMuTe KHOMKY
DC. Ha cxeme nosiBATCS MOKa3aHHs Bcex MpuOOpoB. YOenuTech, 4To
9THU TOKa3aHUs COBMaAaloT ¢ Baimm pacyeTom.

@ E [

14 oA
,l'\Aj o % 3A
J T@ Z .
1514 @ & X A
H'I AM3 2 AMA 1A @j‘-"~12 eV
A A .

WK1 BV

Lo} o
[ag] =
) : :
+ I I .
Puc. 1.4. Cxema MmonenupoBanus K 3aganuto Nel
N3MepeHne HaNpsHKEHUN B CXeME MOXKHO ITPOBECTH U O€3 BKITIO-
yeHus mpuoopos (puc. 1.5).

Jlist aToro B rinmaBHOM MeHIo HaOepute Analysis- DC Analysis —
Calculate nodal voltages. ITosButcs myn. Kacasce um 1r000ro mpo-
BOJIHMKA, BBl M3MepuTe HaNpsHyKEHUE OTHOCUTEIBHO 3EMJTH.

[TonHBIN OTUET O BCEX HAMPSIKCHUAX U TOKAX B CXEME MOXHO
NOJTy4uTh, HaOpaB B riaaBHOM MeHIO Analysis- DC Analysis — Table of
DC results (puc. 1.6).
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P
. Iiiyn
@ O N lE‘ Nedal Voltages/Meters P
7 o Modal patential e
= - x Cancel | ? Help ‘
1514 @ Hf * & H
e 1
] ] 2]

Puc. 1.5. N3mepenune HanpsiKEeHU! IyIIoM

E
@ O @ % Voltages/Currents I,&J
I_R1[1.0 14
o I_R2[2.3] et}
J = I_R3[0.2] 24
514 T@ lﬁlm 2 1I_R4[0.2] -1000m,
b 1_%51[3.1] Bty
W 151[0.1] B
W R11.0] 5%
Y R22.3] A2
Y _R30.2] -BY
@ Y _R4[0.2] -BY
W WS1[3,1] 129
WP_1 5%
WP_2 5%
£ WP_3 18
Shows
v ModalVaoltages [v Cuments
[ QOtherValtages [V Dutputs
x Cancel ? Help ‘ E
.

Puc. 1.6. Tabnuia pe3ynbTaToOB aHAIN3a CXEMbI Ha TOCTOSTHHOM TOKE

HamnpspbkeHust 1 TOKM Ha OTIEIBHBIX JJIEMEHTaX W3MEPEHBI O
HAIIPABJICHUIO y3JI0B, YKa3aHHBIX B CKOOKax. /[ononnumenvHoe 3a0a-
Hue: ona koumypa Ri-E-R,-R3 nposepums evinonnenue emopoco 3a-
kona Kupxzodga.

1.4. leauTennb HATIPSKEHU S

B uccnenoBanHoii cxeme Hampsbkenwe B y3ine B Up=18B, a
Harnpsbkenue B y3ne C U.=6B. ConporuBnenus R,, Rz, R o6paszyror
Oenumensv Hanpsicenus. 1lapanienbHOe COSTMHEHUE COMPOTUBIICHUN

R:; m R; ob6o3naunm R3||R4= 3%96:2 Om. Hampspkenne B y3ne C

HaxoJuM 1o popmyie:
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R3 ” R4 —18 2

C: b - —:6B-
R, tRy IR, 4+2

Tak Ha pe3nucTopax MOXKHO MOJYYUTh 4aCTh BXOAHOT'O HAIpsi-
KEHMUSL.

1.5. leanTtenanb TOKOB

K y3ny C u3 pesuctopa R, moaxoaur tok 1,=3 A u geautcs Ha
TOK |3 1 |4 mponopuroHaIbHO TPOBOAUMOCTSAM TPETHEWU U UETBEPTOMN
BeTBell. Tok |4 MOXXHO paccuuTaTh 1Mo popmysie:
G R 3
1, = I2—4: I2—3:3—:1A.
Gy +Gy R; + Ry 3+6

1.5. bagdanc molHoOCTH

B snextpuyueckoi 1enu MOCTOSSHHOTO TOKa CyMMa MOIIHOCTEH,
BBIJICTISIEMbIX MCTOYHHUKAMH SHEPrUU, PaBHA CYMME MOIIHOCTEH, MO-
TpeOJIsIeMBbIX B Harpy3kax (pesucropax). B nenu (puc. 1.3.) MOITHOCTH
HMCTOYHUKOB:

Prem =E-1p+3 Uy =12-3+4-6=60Bm ;

ucm

MOIITHOCTh MOTPEOUTEIICH:

Py = IR +15Ry + 12R; + 1ZR, = 6+36+12+6 = 60Bm

nomp
Kaxk BHUJIHUM, OayaHc MOIIIHOCTH BBIITOJIHACTCA.

MOoIHOCTE HCTOYHUKA TOKA, MOAKIIOUYCHHOTO BMeCTO E; k y3-
nam ad (puc. 1.3): P; =J -U,y (MCTOYHHK TOKa HAIPaBJIEH K Y31y a).

1.6. MeToa 3KBUBAJIEHTHOI0 TeHEePaTopa, CorjiacoBaHue
HATPY3KHM C TeHEPaTOPOM

B cxeme puc. 1.3 tpebyercss HAUTH TOK TOJIBKO B OJHOM BETRBH,
Harpumep, Tok |, B BerBu bc. Takoii pacder mpoiie caenarb menooom
9KBUBANEHMHO020 2eHepamopd. JIJIsl 3TOro OTKIFOYUM BPEMEHHO pe3HU-
cTtop R, u Haitnem HanpsikeHHe X0JI0CTOTro Xo/1a Uy MEXIY TOUKaMu
bc. 3aTeM HaligeM BXOJHOE CONMPOTUBICHUE Ry CXEMBbI OTHOCHTEIIb-
HO Touek bC. 3aMeHnM 1ienb ¢ Harpy3kol R, 5KBHBaJIEHTHBIM T'e€HEpa-
TopoM puc. 1.7, B koTopoM E, ;= Upexxs Roe= Rbcax-
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MoxHO pdokazaTh, 4TO B Harpy3ke R, OyAeT BBIACIATHCS
HanOOJIbINIasi aKTUBHASI MOIIHOCTh, €CIIU B8bINOJHAECMCS VCI08UE CO-
2NACOBAHUS. HAPY3KU C 2eHepamopom, a MMeHHO: R, =R, =R, .
[Ipu »TOM MakcuMmaiabHasi MOIIHOCTh B Harpy3ke OyJeT paBHa:

2
P — E3K6 ) Rumf
max 4 R

9K6

Puc. 1.7. Cxema 5KBUBaJICHTHOTO F€HEpaTOpa

IIpumep 3. B cxeme puc. 1.3 Hailtu TOoK Harpy3ku |, u
MOIITHOCTb B Harpy3Ke METOJ0M SKBHBAJICHTHOI'O T€HEpATOpA.

Pexomennaruu:

1. B pexxuMe XOJOCTOro XojJa TOK B cxeme puc. 1.3 Oymer
MPOXOJIUTh TOJIBKO B UCTOYHUKE TOKa W pe3uctope R;. Hampspkenue
xonocToro xona Hainem no popmyne: Uy, =U 4, +E=JIR +E.

2. Ilpu pacueTe BXOJHOTO CONMPOTUBIECHUS Ryx HCTOUHHK TOKA
SKBUBAJICHTEH pa3pblBy, & HMCTOYHHK HAMPSKECHUS HKBUBAJICHTCH
KOPOTKOMY 3aMBbIKAHUIO.

Hpumep 4. B cxemy puc. 1.8 BkmtoueHn Bartmetrp W s
U3MEpPEHUs] MOITHOCTU. B Tabnuile pe3yapTatoB HaXoauM ToK 1,=3A,
MOIIHOCTH B Harpy3ke P=PM1=36 Br.

abxx

. % Woltages/Currents =
P
@ I_R1[1.0] 14
- [ 3 [b] I_R212.4] 3
- }\__/ 1_R3[0.2] -2
N T I_R4[0.2] 1000ms,
= z = L WS1[31] 34
@ 1 2 [ﬁ & H PM1 36w
514 @ Y_IS1[01] Y
i W_R1.0] By
W Rz 4] Az
Y R3[0.2] =
W_R40.2] B
[y] w
@ 5 U 2 Y YS1[31] 12
i Shaowy
= v ModalValtages [v Currents
[w OtherVolkages [v Dutputs
X Eancell ? Hep ‘ E

Puc. 1.8. Cxema moaennpoBanus K 3agaHuto Neo2
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-

Optimization - Target Setting 2%
OptirizationdT arget O ptirizationd0 bject
DC Geal Functions... - — 3
DC Goal Functions Iﬁ

DC Table...

AC Goal Functionsz. .. C Value a
.":".E Table... { Miﬂimum

R Tal 5 [%]
_ " Magimu
Parameter Stepping O ptimization
v 0K | Femove o 0K X Cancel | ? Help |

Puc. 1.9. Oxna yCcTaHOBKHU LI€JI€N ONTUMHU3ALNU
Haiinem ontumanbHOe 3HaueHwe Harpy3ku R,. Jins 3Toro un-

CTPYMEHTOM BBIOOpA IICJIM ONTHMHU3AIHH @ BBIZICIISIEM BaTT™METp. B
oTkphIBIIeMCss okHe Optimization — Target Setting BeiOmpaem DC
Goal Function (puc. 1.9).

HHCTpyMEHTOM BBIOOpa yIPaBIsEMOro 3JIeMeHTa [ BBIJICTISICM
pesuctop R,. B oxHe R, BeiOMpaem Select — Optimization, ycranarim-
BaeM Start value=2, End value = 12, naxxumaem OK (puc. 1.10).

. =)

Optimization/T arget Optimization/Object

Ctart value 2

End walue |12—

Parameter Stepping | Optimization

o 0K Fiemave | X Cancel ?  Help |

L

Puc. 1.10. YcTaHoBka rpanui napaMeTpoB ONTUMH3ALUN

Jlaee B rimaBHOM MeHIo BbiOMpaem Analysis — Optimization —
DC Optimization. B noBom oxne Optimization settings (puc. 1.11)
BeIOMpaeM Simple Search u nmuueliHoe ckanupoBanue. Haxxumaem OK.
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Optimization settings I&
O ptimization method Settings
@ Bimple Search M. It Num. 100
(" Pattern Search Fel Ermror: Tu
Max. zearch interval subdivizon |5
Sweep hype
(* Linear (" Logarithric
.,/ (] 4 x Cancel ? Help

Puc. 1.11. OkHO yCTaHOBOK ONTUMH3ALUN

[Tocne BeIUMCIICHUH TTOTyYaeM Pe3yabTaT ONTUMAIBHOTO BBIOO-
pa conpoTuBiIcHHS Harpy3ku (puc. 1.12).

Optimization I&

Optimum value

‘HE - Reszigtance 8

o OK

—

Puc. 1.12. Pe3ynbpraT onTUMH3aLMU COTPOTUBIICHHS HArPy3KU

OnTuManbHOE  3HAYe€HHE pe3uctopa R;  aBTOMaTHM4ecKu
yCcTaHaBIHBaeTCs B cxeMe. [loBTopHO mipoBenem m3mepeHus u B Table
of DC results moixyuum 3Ha4ueHre MOIIHOCTH B Harpy3ke 40,5 Br.

MoxxHo mony4uTh rpaduK 3aBUCHMOCTH MOIIHOCTA OT
conpoTuBieHus Harpy3ku (puc. 1.14). JIis 3Toro B IIaBHOM MEHIO
BeiOupaeM Analysis — DC Analysis - DC Transfer Characteristic.
YcranaBnuBaeM B okHe (puc.1.13) usmensemorii mapametp Input - Ry,
HadaJbHBbIC U KOHEUHBIC 3HaueHUs R, u Haxkumaem OK. Pesymprarom
UCCJe0BaHUM OyIyT MOKa3aHUs U3MEPUTENS B cXeMe (BaTTMETPA).
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-

DC Transfer Characteristic

Start value 1] [ohrm]
End value a0 [ohm]
Murmber of poink: |1 ao 2 Hep

[ ript Rz -

| Enable hysteresiz run

Puc. 1.13. YcraHnoBka napamMeTpoB Il aHAJIN3a NEPEIATOUYHBIX
XapaKTEPUCTUK Ha MOCTOSTHHOM TOKE

Ha puc. 1.15 nmokasansl rpadku MOUIHOCTU B Harpyske mpu
n3MeHnenuu R, u E (VS1). Hanpsokenue E mensercs ot 8 B 1o 16 B ¢
maroMm 2 B u ycTaHaBiMBaeTCss HHCTPYMEHTOM BbIOOpaA YIpaBiIsieMO-

1K
ro dJICSMEHTa ‘M HN3meHeHne pe3ucropa yCTaHABIMBAETCA B PEXKUME
DC Transfer Characteristic.

: =7 Noname - DC result3 Elﬂl-g—h.l

File Edit View Process Help
=d Bl algl | TG~ O SN | (2

40.50—

20.25—

Power (W)

U. ﬂﬂ T I T I T I T I T I
0.00 10.00 20.00 30.00 40.00 50.00
Input resistance {ohms)

ﬁ,,. _—
Puc. 1.14. I'paduk 3aBUCUMOCTH MOIIIHOCTH OT CONPOTHUBJICHUS
Harpy3Ku
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--I'f-l- Noname - DC resultl3

Iilﬂh1

{

File Edit View Pr

ocess  Help

25.00—

Power (V)

0.00-f

2| B &gl | T~ Of st 2| »| 4 2
50.00—
16 B
12B]4B
10B
8B

\

0.00

J

I i I I
10.00 20.00 30.00
Input resistance (ohms)

I
40.00

50.00

|

Puc. 1.15. I'paduku MOITHOCTH B Harpy3ke npu u3menennu R, u E

Ipumep 5. Paccuurats u cMoAenupoBaTh TPEXKOHTYPHYIO LIETIb.

12mA

G

Rl R4

2k0Om 4kOm
E
Rs
6B 6KOm
)

R, Rs

4kOm 2k0m

Puc.

1.16. Cxema x mpumepy Neb

1. Paccuntath TOKH B BETBSIX cXeMbl puc. 1.16. Pekomennyercs
HCTIOJIb30BaTh METOJ KOHTYPHBIX TOKOB.

2. CoOpatb

KOMIIBIOTCPHYIO  MOJCJIb

cxeMbl. CpaBHUTH

pE3YyJIbTAaThl MOACITIUPOBAHUA C pC3yJIbTaTaAMH pacycTa.

3. Ucnonp3ys pexkxum DC Optimization, omnpeaenuts mpu Kakom
3HaueHuu E Tok B pesucrope Rz Oyaer MUHUMAIIBHBIM.

4. Ucnonw3ys pe
rpadKk 3aBUCUMOCTH

xum DC Transfer Characteristic, momxyunts
Toka B pesuctope Rz or BenuuuHbl E.

Pexomennyem meHsTh E B npenenax (-24B , +24B).
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1.7. Bonpocsl 1Ji CAMONIPOBEPKH M 33 JaHUA
JJIsl MOATOTOBKH K J1a0opaTopHOM padoTte

1. Kakue 35eMeHThl UCIOIB3YIOTCS B JIMHEHHBIX IMEMAX MOCTO-
sHHOro Toka? Hapucyiite BOJIbTaMIEPHBIE XAPAKTEPUCTHUKH STHUX
AJIEMEHTOB.

2. Kak mpeoOpa3oBaTh HCTOYHUK HAIPSOKCHUS B UCTOYHHUK TOKA
1 00paTHO?

3. Hapucylire 4eTBIPEXKOHTYPHYIO LIENb IIOCTOSTHHOTO TOKA C JIBY-
Ml ICTOYHUKAMHU HAMpPSHKEHUS U UCTOYHUKOM Toka. OO03HAaYbTE TOKH B
BETBAX U 3alMIINTE YPAaBHEHUS Uil pacyeTa TOKOB Mo 3akoHam Kupxro-
¢a, Mo METO Iy KOHTYPHBIX TOKOB U TI0O METO1y Y3JIOBBIX HaNPSHKEHUH.

4. Hapucyiite NBYXKOHTYPHYIO LI€Ilb C UCTOYHUKOM HaIpsKe-
HUSL 1 UCTOYHUKOM TOKa. 3aJaiiTe 3HAUYCHHS MapaMeTPOB BCEX IJie-
MEHTOB. PaccuuranTe TOK B OJTHOM U3 BETBEW METOAOM HAJIOKCHMUSI.
OrnpenenuTe OCTaIbHBIE TOKHU.

5. B nByxkoHTypHOU 1ienu (1. 4) paccuuTaiTe TOK B OJJHOM M3
COMPOTHUBJICHUN METOJ0M YKBUBAJICHTHOI'O T'€HEpaTopa.

6. Kakoe 3HaueHME JOHKHO HWMETh COINPOTUBICHUE BETBU
Harpys3ku (1.5), yToObl B HEM BBIZIEISIACH HAMOOIbIIAst MOITHOCTh?

7. Kak paccuutaTh 0ajiaHCc MOIIIHOCTH s nenu (puc. 1.16)?

O0s13aTeJIbHO 11 BCeX J1a0opaTOpHBbIX pador !

8. IIpounraiite BeCh TEKCT J1aDOPATOPHOI pabOTHI.

9. [TonroroBbTe B TETpaau s 1abopatopHbIx padot [IpoTokon
n3mepeHuil. [IpoTokon 1omkeH cogepkaTh CXEMbl HCCIEAYEMBIX LIE-
nel U TaOJIUIIBI 1T Pe3yJIbTaTOB U3MEPECHUM.

10. [ToaroToBETECH K BOIIPOCAM IO COACPKaHUIO JIaDOpaTOPHOI
paboTHI, METOAAM U3MEPEHUM, OKUIaEMBIM PE3YJIbTaTaAM.

1.8. JlabopaTopHas pa6ota Nel

HUccaenoBanue JUHEHHOH JIEKTPUYECCKON LEMU
IOCTOSTHHOI'0 TOKA

IHeab padoTHI - ONBITHOE HCCIEIOBAHME CBOMCTB JIMHEHHOM
AJIEKTPUYECKOM LENH, HAXOXKJICHUE TOKOB B BETBAX METOIAOM HalO-
)KeHUs W 1o 3akoHaM Kupxroda, ompejnesieHne MNOTEHIIMAIOB TOYEK
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BJICKTpI/I‘ICCKOﬁ LCIIN, UCCIICAOBAHUC TICpCAad DHCPTUU OT AKTHBHO-
ro ABYXITIOJIFOCHHUKA HArpy3KE U COIMOCTABJICHHUA OIIBITHBIX M TCOPCTHU-
YCCKHUX JaHHBIX.

PaboTa BBIMOTHIETCS KOMIBIOTEPHBIM MOJACIUPOBAHUEM BUPTY-
aNIbHOM 11eTH ¢ ucmnoJib3oBanueM nporpammsl TINA-8.

1. CoOpatb cxemy Ui KOMITBIOTEPHOTO MOJIIUpOBaHus puc. 1.17.

p

Puc. 1.17. Cxema aJisi KOMIIBIOTEPHOTO MOJIECTUPOBAHUS

JIy1st cOOpKM BUPTYaIbHOM IEMH TOCIEI0BATEIbHO MEePETAILUTE
Ha pabodyee IMoJIe BCE DIIEMEHTHI IIEMU C IMaHeu KOMITOHEHTOB Basic.
Pacmionoxure 371€MEHThI IENU B COOTBETCTBUH CO CXEMOM. DJIEMEHTHI
MO>KHO MMOBOPAYMBaTh, BBIJICIIUB UX IIETYKOM JICBOW KHOIKH U, BbI-
3BaB OKHO KOMAaHJ, p€AAKTUPOBAHUSA IICITUYKOM MMPABOW KHONKH. s
COEMHEHHS AJIEMEHTOB B IIEIb MOJBEAUTE CTPEIIKY yKa3aTels K BbI-
BOJy DJIEMEHTA, IOCJIE MOSBICHUS «ITUITYIIETO KapaHalla» HAXKMUTE
JIEBYK0 KHONKY MBIIIH, MPOTAIIATE MPOBOJHUK IO BBIBOJAA JIPYTrOrO
JJIEMEHTa U, JOOMBIIMCH COEIUHEHUS, OTIYCTUTE JIEBYIO KHOIIKY
MBIIIIH.

Jns u3MeHeHus 3HAaYEeHUM MapaMeTpa dJIEMEHTA BBIICIUTE €T0,
HIEJIKHYB JIEBOM KHOMKOW MBIIIHA. 3aTEM HAXMUTE MPaByl0 KHOIKY,
BeIOCpUTE Properties u ycraHoBuTe Hy>)KHOE 3HAUYCHUE TIapaMeTpa.

Jns u3mMepeHuss TOKOB HCHOJB3YIOTCA TpU amrepmerpa AMI-
AM3. Ux BXOaHBIE 3a)KUMbI, 0003HAYEHHBIC 3HAKOM +, HAJIO pacmo-
JIOKUTH corylacHo cxeme pu.l.17. IIpu 3TOM 3HaYEHHA TOKOB MO 3HAKY
OyAyT COOTBETCTBOBAThH MPUHSATHIM HAMPABJICHUSM CTPEIIOK.
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JlabopaTopHOE 3ajgaHue

1. YucneHHble 3HAYCHUS HANPSHKEHWM WCTOYHHKOB OIPEIESIs-
IOTCS 110 IBYM TOCJIEAHUM ITudpamM MN HOoMEpa CTyJAEeHYECKOTO Omie-
Ta M0 CJIEAYIOMUM (popmyaaM:

m | M+95, ecrum<5
E = (D)™

m, ecium>5

N+5, eciun<b
E,=(-1)"-
n, eciun>5

Ecnu paboTy BbINonHsET Opuraga CTyJIEHTOB, BO3bMHUTE HOMEP
CTYJEHYECKOro Ouiera Opuragupa.

YcraHoBUTE paccUUTaHHbIE TIO (POPMYJIaM WJIM 33JaHHBIC TPETIO-
JaBaTeyieM BEIMYMHBI HAMNPSOHKCHHUS] KaKIOTO M3 JBYX HMCTOYHHUKOB
HaMNpsDKEHMsI. 3HAUCHUS HANPSHKEHUM 3amuimute B pabouuid OTY4ET U
HOJIIEP>KUBATE HEU3MEHHBIMHU.

HomuHanbHble 3HaYeHUsI PE3UCTOPOB UISl KXKION Oprrajbl MOTYT
OBITh 33/1aHBI IPENOIABATEIIEM.

2. OnpenenuTe TOKU BO BCEX BETBSIX MPH JACHCTBUU TOJIBKO UC-
TOYHHMKA HanpspkeHus Ei. [ aToro ycranosute 3Hauenue E,=0.

3HaueHUs TOKOB MOKHO OMPEEIUTh HECKOJIBKUMHU CIIOCOOaMHU.

B rimaBHOM MeHro BeiOepuTe Interactive — DC u HaKMHUTE KHOII-
Ky DC. Paniom ¢ npubopamu Ha cxeme MOSBSITCS 3HAUCHUS U3Mepsie-
MBIX BEJIMYMH.

B rmaBaom menro Beioepute Analysis — DC Analysis — Calculate
nodal voltages. TlosBuTcs NIy v 3HAYEHUS TOKOB B aMIIEpPMETPaX.

B rimaBHOM Menro BeiOepute Analysis — DC Analysis — Table of
DC results. B Tabaure pe3ysibraToB Bel morydnTe Bce TOKH U HAIIpsI-
KEHUS Ha dJIEMEHTax 1enu u B y3nax. Kacasce urynom iro6oro sme-
MEHTA, B TAOJUIIE pe3yJTbTaTOB MOKHO BBIICITUTH IBETOM PEKUM €TI0
paboTHI.

Pe3ynbpTaThl U3MEpEeHHs TpeX TOKOB 3anuiinTe B Tadauiy 1.1.

Toku Haio 00s3aTENBHO OMPEILISITH C YIETOM 3HAKOB JJIS
"YCIIOBHO MOJOKUTENIbHBIX HAMpaBiIeHUN'", 0003HAUEHHBIX HA CXEME
(Puc. 1.17). 1ns1 3TOTO CTpEJIKA TOKA IOJAKHA OBITH HAapaBJieHa K
3HaKy "Turroc"” nmpudopa.
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3. Ompenenure TOKU BO BCEX BETBSIX NPHU JIEUCTBUMU TOJIBKO
MCTOYHMKA HanpspkeHus E,. [{ns atoro ycranosute 3Hauenue Eq=0.

Pesynbratsl 3anummTe B Tabnuiry 1.1.

4. BkirouuTe Ba UCTOUYHMKA HanpsbkeHus. Onpenenure TOku |
l,, |3 mpu gedicTBUM 00OMX HCTOYHHUKOB (C y4€TOM 3HAKOB TOKOB).
Pesynbratsl 3anummre B Tadbnuiy 1.1

Tabauma 1.1

E#0 E=0 E#0 E/#0

E,=0 E,#0 E,#0 E,#0

OIIBIT pacueT
I, MA
l,, MA
I3, MA
14, MA
Is, MA
lg, MA

5. 1o ONBITHBIM JTaHHBIM MYHKTOB 2 U 3 MOJCUUTANTE TOKH Iy,
l,, I3 Tpu nmelicTBUM OOOMX MCTOYHUKOB HANPSIKEHUS U CPABHUTE
pe3yJIbTaThl C SKCIIEPUMEHTOM 11.4.

6. B cxeme ¢ ogHMM HMCTOYHMKOM HampsbkeHus E;, Bmecto E,
MOJKJIIOUUTE BOJBTMETP U HM3MEPhTE HAIPSHKEHHE XO0JOCTOTO XO0ja
Usx ME&XIy pa30MKHYTBIMU TMPABBIMU 3KMMaMH. 3aT€M 3aKOPOTHUTE
BOJILTMETP MEPEMBIUKON M U3MEPhTE TOK KOPOTKOTO 3aMblKaHUs k3
IpY 3aMKHYTBIX 3akuMax. PaccuutailiTe BXOJHOE COMNPOTHUBIICHUE

U
LETI CO CTOPOHBI MPABBIX 3AKUMOB: Ry ="~/
K3

/. YcranoBute E; paBHbIM Hymro. MckimtounTte 1Ba MCTOYHHMKA
HanpspbkeHus. M3mepbre oMmmMeTpoM U3 rpynibsl KoMIoHeHToB Meters
BXOJIHOE€ COIIPOTUBIIEHHE CO CTOPOHBI MPAaBbIX 3aXUMOB. Ilpu
U3MEPEHUHU  BXOJHOIO  CONPOTUBIIEHUS  BMECTO  YIAJIEHHBIX
VCTOYHUKOB HANPSDKEHUS M TOKA HAJI0 OCTABUTh WX BHYTPEHHHUE
conpoTuBiieHusi. CpaBHUTE pe3yJIbTaThl, OJYYEHHBIE B II. 6.
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8. BkirounTe aBa MCTOYHMKA HANpsOKeHUs. B rimaBHOM MeEHIO
Bei0epuTe Analysis — DC Analysis — Table of DC results. 3anumure B
Tabauiy 1.2 3HaUYeHUs HANMPSHKEHUM B y371aX CXEMBI.

Tabmnuma 1.2
Pa Pp D¢ Pd De

9. BxiarouwTe  BMECTO  HMCTOYHMKA  HampsokeHus — Ep
conpoTuBieHUEe Harpy3ku R;. IlocrmemoBaTenbHO C amMIepMeTpoOM
AM?2 BkimrounTe BaTTMETp Kak IMoka3zaHo Ha puc. 1.8. TpeOyercs
HAaWTH ONTHUMAJbHOE 3HAYCHHUE COIMPOTUBJICHUSI HArpy3Kd, MpH
KOTOPOM B HEH BBIJEISAECTCA HauOOJIbIIasg MOIIHOCTh. MccneqoBanue
IIPOBOJIMM aHAJIOTUYHO MOASINPOBAHUIO 3adaHus No2.

WuCTpyMEHTOM BBIOOpa 1€  ONTHMH3ALMH ol BBIICIISIEM
BarT™MeTp. B oTkpeiBiieMcs okHe Optimization — Target Setting
BeiOupaecm DC Goal Function (puc. 1.9). MucTpymMeHTOM BBIOOpa

YIIPaBJISIEMOTO JJIEMEHTA ‘m BhIIEIsIeM pe3uctop R;. B okue R7 (puc.
1.10) BeiOupaem Select — Optimization, ycranaBimuBaem Start
value=0,5R,,, End value = 2R,,., naxxumaem OK. B rimaBHoM MeHIO
BeIOMpaeM Analysis — Optimization — DC Optimization. B HoBoM okHe
Optimization settings  (puc. 1.10) BeiOmpaem Simple Search u
TUHEHOe ckanupoBanue. Haxxumaem OK.

[locne BbIUMCIEHUN TOJy4aeM pe3yjiabTaT ONTHUMAJIbLHOIO
BbIOOpa comnpoTuBieHusT Harpy3ku (puc. 1.18). 3anmmure 3HaYeHHE
ONTUMAJIbHOW HArpy3KH M 3HaUYeHUE TOoKa l».

Optimization [&J

Optimum value

‘H? - Riesistance 44085

W 0K

L

Puc. 1.18. OnTumanbHOE COMPOTUBIIEHUE HATPY3KHU

10. Ilonyuuts rpaduK  3aBUCUMOCTH  MOUIHOCTH  OT
COMPOTHBJICHHUs] Harpy3ku. [[isi 3TOro ygaiuM U3 CXEMbl BCE
amnepmeTphl. B rmaBHOM MeHto BeiOupaem Analysis — DC Analysis -
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DC Transfer Characteristic. YcranaBnuBaem B okHe (puc. 1.13)
u3MeHsieMbli mapameTp Input - R;, HavanbHble 3HaueHue R7=0 u
KOoHeuHoe 3HadueHue R;=2R,, u Haxkxumaem Ok. Ilomyumm ucKOMBIH
rpaduk.

JlomaniHee pacyeTHOE 3aJlaHUE

1. ITo OonBITHBIM JIaHHBIM ITYHKTA 5 pabo4ero 3aJaHus Mo CYUTaTh
TOKH BO BCEX BETBSX MPHU ACHCTBUN 000MX NCTOYHUKOB HAIIPSKEHUS.

2. ITo pannbIM n3 Tabmunel 1.1 moacuuTaTh BXOJHBIC M B3aMM-
HbIE€ MPOBOAUMOCTH BETBEH {11, J12, Uo1, Jo» M 3amucaTh BBIPAXKCHUS
7151 TOKOB | 1 |y 10 mpuHIIUITY HAJIOXKEHMUS.

3. IloacuuraTh, OpU KaKOM 3HAYEHUM HampsiKeHus FE, TOK BO
BTOPOH BETBU OyACT paBECH HYIIIO.

4. Ilo nanHbIM TaOmUIB! 1.2 ¥ 3HAYEHUSIM TOKOB PacCUUTATh CO-
MPOTUBJICHUS BCEX BETBEH cxeMbl. CpaBHUTH PE3yJIbTAThl C 3a1aHHbI-
MH 110 CXEME.

5. Paccuutarh BXOZAHOE COIIPOTUBIIEHUE CXEMBI CO CTOPOHBI
npaBbIX 3KUMOB. CpaBHUTH C pe3ysibTaTaMH MPEIbIIYIUX U3MEpe-
HUH U pacyeToOB.

6. Ucnone3ys U . m R, 1ns npuHATOrO B cXeme 3HaueHusd £y n

ONTUMAJILHOTO COIPOTUBJICHUSI HArpy3ku R;onr METOIOM SKBUBAJICHT-
HOT'O FeHepaTopa pacCuuTaTh TOK |, M CPaBHUTH C ONBITHBIMU TaHHBIMHU.

7. Tloctpouth TpaduK 3aBUCUMOCTH MOIITHOCTH, BBIIEISIEMON B
Harpy3ke, OT BEJIMYMHBI COINPOTHUBJICHUS HArpy3ku. /s ontumanbHOU
Harpy3kd pacCyuTaTh M MOCTPOUTH rpadvK 3aBUCHUMOCTH MOIIIHOCTH B
Harpy3ke oT Toka B Heil. CyienaTh BBIBOJIBI 00 YCIOBUSIX BBIICTICHUS MaK-
CUMAJIbHOM MOIIIHOCTH B HArpy3Ke.

8. IlocTpouTh MOTEHIMATBHBIC TUAarpaMMbl JJIi KOHTypa C HC-
TOYHHUKOM HaIpsHKEHUS U 0€3 NCTOUYHMKA HaMPSIKESHUS.

9. CdopmynupoBaTh M 3alKcaTh BBIBOJABI MO pe3yJibTaTaM 3KC-
IIEPUMEHTOB U PACUYETOB.

I'nmaga 2. QJIEKTPUUYECKHUE HEIIN IIEPEMEHHOI'O TOKA
2.1. CuMBoOJIMUYECKHH MeTO/ pacyeTa

B snexkTpuyeckux Hemnsx nepeMeHHOro TOKa TOKH Y HAPSIAKCHUS
MEHSIFOTCSI BO BPEMEHM W MOTYT MMETh CHHYCOWJAIbHYIO
rapMOHUYECKYI0 (OpMYy WM MEPUOJUYECKYI0O HECHHYCOUJIAIBHYIO
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dbopmy. [TorTOMY PEKTpUUECKUE TIETTH IEPEMEHHOTO TOKa Pa3/IesatoT
Ha [IEMA CUHYCOUIAJIbHOT'O TOKA M 1IeMH HECUHYCOHUAaIbHOTO TOKA.

PacueT 3eKTPUUYECKOU LENMU NTPU CUHYCOUAAIBHOM
CUTHAJE

[Ipu rapMOHUYECKOM CHUHYCOUIaJIbHOM CUTHAaJe
e(t)=E,, - sin(wt +wg ) pacder snexrpuyeckux Lemnell NPOBOIAT
CUMBOJIMYECKH METOJOM C MCHOJb30BAHUEM KOMIUIEKCHBIX aMIUIUTY/T
TOKOB M HAIPSHKEHUN U KOMITJIEKCHBIX COMTPOTUBIICHUM.

PaccmoTrpum mpumep pacyera MpocTol LENU CUHYCOUIAIBHOIO
toka (Puc. 2.1.). Jlna pacuera CUMBOJIMYECKMM METOJIOM HCXOIHYIO
IENb JIJIi MTHOBEHHBIX 3HAYEHUM HampsiKeHU u TokoB puc. 2.1.a
3aMEHSAI0T CUMBOJIMYECKOW CXEMOM 3aMelIeHUs] I KOMIUIEKCHBIX
aMIUTATYJT HaANpsDKEHUH M TOKOB M KOMILJIEKCHBIX CONPOTHUBJICHUMN
puc. 2.1.b.

B cuMBONIMYECKON CXEME 3aMELICHUS KOMNAEKCHAA aMNaumyoa

BXOJHOro Hanpsbkenus Eq, = Ep, el

COHpOTI/IBHCHI/Ie Ka)KI[Oﬁ BCTBU O CIIn XAPaAKTCPU3YIOT
KOMHNJIEKCHbIM CONPOMUBTICHUEM.

Z=R+ jX =R+j(@|_—i)=z-ej‘p (2.1)
oC

rne Z=vR%+X?- MOOYIb  KOMNIEKCHO20 CONPOMUBTEHUSL,

X
([)Zarctg(E = APCYMEHNT KOMNJIEKCHO20 CONpPOmMuUBJIEHUA. B BeTBHM

0e3 nunayktuBHocTu L =0, a B BeTBU 6€3 emkocTu C = 0.
Komnnekcrnoii nposooumocmsro BETBH Ha3bIBACTCS BEIMYHHA,
oOpaTHasi KOMIUIEKCHOMY COTIPOTHUBJICHHUIO:

X:%:g—jb:Ye_W (2.2)

rie Y= \/ 92 +b? - MOOYIIb  KOMWJIEKCHOU — NPOBOOUMOCHID,

b .
@ = arctg(—) - apeymenm KOMNIEKCHOU RPOBOOUMOCIUL.



Yacte 1enu, cojepkamias OJHY WM HECKOJIbKO BETBEU U
MMEIOIIAasl [1Ba BXOJHBIX 3a)KMMa, HA3bIBACTCSA JIBYXIIOJIIOCHUKOM.

onOHoe IKeUueajilieHmHoe COﬂpOmueﬂeHue a@yanﬂfOCHuKa
paCCIII/ITLIBaIOT CBepTKOﬁ LICIIN.
i(t)

- i _L'?fzm
A«

a = 2 b

Puc. 2.1. Cxema mpocTor LENMU CUHYCOUAIBHOTO TOKA

Hampumep, mutst cxeMbl, n3o00paxéHHoi Ha puc 2.1b:

Zam :Z1 + Zz .Z3
Zy+Z15°
alVE .
BxomHoii Tox | Em — Ep-e — | (a))-ew’l (o)
Im

Iim = '
;BKB Z:—)KB ‘€ 19

31ech 3aBUCUMOCTh AMILUIATY/IBI TOKA OT YaCTOTHI |lm (a)) -

amMnaumyoOHoO-4acmomHuas xapakmepucmuka MmoKa (A4X),
w (o) =yg (w) —p(w)- ¢aso-uacmomnas xapaxmepucmuxa moxa
(@4X). Ecnu npunsts g =0, 10 Y (w)=—p(®w). B uenu c
UHAYKTUBHBIM  conpotuBicHueM [—@(w)] MeHbmie Hyas u

HalpsoKeHUE oOrepekaeT Tok 1o (asze. B 1enum ¢ eMKOCTHBIM
conporuBicHreM [—@(®)] OoJbllie HYJIA M HANPSKEHUE OTCTAET OT

TOKa 110 (paze. B 1enu ¢ YucTo akTUBHBIM COIIPOTUBIIEHUEM, a TAKXKE B
pE30HAaHCHBIX pexumax, korma X, =0, Tok coBmagaer c

HaIpsKeHUEM 1o Qase.
2.2. MouHOCTDH B LIeNH TAPMOHUYECKOT0 TOKA

MrHOBeHHOE HalpsDKEHUE Ha BXOJE JBYXIOJIOCHHKA (pwC.
2.la)u(t)=U, -sin(at+y, )=e(t)=E, -sin(at+yg).
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MrHOBEHHOE 3HAYEHHE TOKA HA BXOJC JBYXIIOIIOCHHKA PAaBHO
L(t)=ly, - Sin(at +y, ). Menosennaa mownocms Oynet paBHa:

p(t) = u(t) iy (t) = %cow - %cos(zwz + 2y, —0) (2.3)

CpeaH}Zﬂ MoOwWHOCmMb 3a NCpUOAd HIIM AKMUBHAA MOUWHOCNb

1t U I
=—|u-i-dt=Ulcose.3nece U =—2 u [ =L - deticmgyrowue
T, Y 2 T2 o

SHAY€eHUsA HaAnpAsCeHuA u moka Ha BXOAC ABYXIIOJTIOCHHUKA.
B pacucTtax CHMBOJMYCCKHUM MCTOIOM IIPUMCHAINOT KOMILICKC-

P

- . _ J
Hyto momHOocTh S=U-1 =P+ JQ, rme U - KoMIUIEKCHOE Jeii-
CTBYIOIIICE 3HAUCHUE HAIPSDHKCHUS Ha BXOJC MACCHBHOTO ABYXIIOIIOC-

*

HUKA, | - KOMIUIEKCHO-CONPSKEHHBIA TOK, P — akTMBHasi MOIIIHOCTb,
Q — peakTWBHas MOIMHOCTh. AKTHBHAs MOIIMHOCTH MOTPeOIIIeTCS B
nenu. PeakTuBHAsT MOITHOCTb OOMEHHUBAETCS MEXKAY HCTOYHUKAMU
SHEPTUHU U HAKONUTEIbHBIMU 3JIEMECHTAMU.

2.3. Pacuer nenu MeTo10M JABYX y3J10B

Metoa nByX y3JI0B SIBJSICTCS YaCTHBIM CIIydaeM METOJa y3J10-
BBIX HaMNpsKEHUH. DTOT METOJI 11eJIeCO00pa3HO MPUMEHSTh, KOT/ia B
cxeme puc. 2.2 Bcero aBa y3ia. OauH y3ell b MOKHO 3a3¢MIIHTh.

Puc. 2.2. Cxema nCXOIHOM LENU C ABYMS y3JIaMU U CXEMA 3aMEIICHUS
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B cxeme 3amemenus (cnpaBa) Z;,Z,,Z3 - KOMIUIEKCHBIE CO-
IPOTUBICHUA BeTBEH; E;, E,,, - pesyapTupyrommue KOMILIEKCHBIC
ammutyasl OJIC B BeTBaX; ljy, 1oy 13y - KOMIUIEKCHBIE aMIUIATYIbI

TOKOB B BeTBAX. HampspkeHue Mexay y3jIamMH a U D MOXKHO paccyu-
TaTh 10 PopmyIie memooda 08yx V3i08.

EimY 1+ EppY
L_Jabm —
Yi+Yo+Ys

(2.4)

ITocne pacuera HanpsokeHus U, TOKH B BETBSX MOXKHO HAUTH

1o 00001IeHHOMY 3akoHY OMa.

[IpocTyio  memb TapMOHMYECKOTO  TOKa  HaJ0  yMETh
pacCUUTHIBaTh «B PYYHYIO», HCIOJb3ysl KOMIUIEKCHBIE YHCIA H
KaJbKyJIATOp. PacueT ciaoHBIX Ieneid MoHO BhITOJIHUTH B Mathcad
WM UCCIIeI0BaTh, UCOJb3ys nporpammy T INA-8.

IIpumep Ne6. B uenu puc. 2.3 OEWCTBYET CHHYCOWIAIbHBIN

VCTOYHUK HAIPSKEHUS e(t) = 8sin1000t (f=159,15 I').

HomuHanbHble 3HAUEHUS MTACCUBHBIX AJIEMEHTOB LIENMU YKAa3aHbI
Ha cxeMe. HaTu TOK B Lenu, HAIpsHKEHUs Ha BCEX DIIEMEHTaXx.
[Toctpouth rpadguku HanpspkeHUd U Toka. [locTpouTh BEKTOPHYIO
IAarpaMmmy.

u(t) uc(t)
L=4ml'n —>» —>» (=500 Mx®

IRV ||
] l Ur(t)

[
Puc. 2.3. PacueTHas cxema K 3amaHuro Ne3

1

oD o o
SO

Pexomennarmu:

. BpryuciauTh  KOMIUIEKCHYK) — aMIUIMTYJly  MCTOYHHKA
HAIPSIKECHUS U KOMIUIEKCHBIE CONPOTUBIICHUS BCEX JIEMEHTOB.

2. BBIYHACINTH KOMIUIEKCHYIO aMIUIUTYy TOKA.
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3. BpUMCIUTH KOMILIEKCHBIE AaMIUIMTYAbl HaNpsOKCHUH Ha
AJIEMEHTaX IIEMH.

4. IloctpouTh  BEKTOPHYIO  JMarpaMMmy  HalpsOKCHUU,
COBMEIICHHYIO C BEKTOPHOW AUArpaMMOU TOKOB.

5. 3ammcaTh BBIPAXEHHS JUISI MIHOBEHHBIX  3HAYEHHM
HaNpsKEHUN U TOKOB.

IIpumep Ne7. BpIIOJTHUTE KOMIBIOTEPHOE MOJIEIUPOBAHUE
cxembl Ha puc. 2.4. Beigenum reneparop Hanpsokenus VG1, Beibepem
Properties . B okHe HacTpoek reHepaTopa Hajao BbIOparh Signal u
meaKkHyTh Mo kHomke =l B oknae Signal Editor ycranoBum dopmy
CUTHAJIA «CUHYCOMJAJIbHYIO», ammumTtyny 8B, wacrory 159,155 I'h,
¢azy 0°. B menro View-Options-Base function for AC ycranosutb
sine.

Tox w HampsokeHUs B LENMM MOXKHO HaWTH, HE HCIOIb3yA
npudoper VM1-VM4. Jlns sTtoro B TJIaBHOM MEHIO BBIOMpaeM
Analysis — AC Analysis — Table of AC results. Tabiuma pe3ynbraToB
nmokazaHa Ha puc. 2.6. B Tabnuie yka3zaHpl aMIDIUTYyAbl U (Da3bl
HampspKeHud u TokoB. CpaBHUTE ToOJNydeHHble Bamu pesyibTaThl
pacyeTa W KOMIBIOTEpPHOro MojaenupoBanus. OOpatuTe BHHMaHUE,
yto Hanpsxkenue V_R1[0,2] = 5,66/135° =-Ur Ha cxeme puc. 2.3 Tak
KaK HalpapjJIeHO MPOTUBOMONIOKHO. I[loaToMy mo pesynbpTaTam
MOJCIUPOBAHUS KOMILJICKCHAs aMILTUTY1a

Up, = 5,66ej(135°—1800 ) _ 5,66e_j450

Puc. 2.4. Cxema KOMIIBIOTEPHOTO MOJEIUPOBAHUS
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ITonkarodueHre BOJLTMETPOB K dJIeMeHTaM Iienu (puc. 2.4) mos-
BOJISIET TOJIYYUTh rpaduKu BCEX HaMpspkeHuil. [ 3Toro B riiaBHOM
meHio BeiOupaem Analysis — AC Analysis — Time Function. B okhe
Time Function (puc. 2.7) ycTaHaBiuBaeM BpeMsi HAOIIOACHUS C yde-
TOM 4YacCTOThI T€HEepaTopa TakK, 4ToObl Ha rpadukax ObLI0 2-3 mepuoa
xostiebanuii. Haxxumaem OK m monmydaem cemeiicTBo rpadukoB Harpsi-
xenuit (puc. 2.8). B okHe rpadukoB kHomkoi Legend Bri3biBacM Tao-
JUIYy LBETOBOM MAapKUPOBKM KaXXJIOro HamnpspkeHus. Mcmone3ys

KHOIIKY | , MOKHO MOJIIMCATh BCE IPAGUKH.

[ 2 signal Editor ) |

L P o B o] P P 72 @

[ &smplitude W] [4)] a
AT Frequency [Hz] [] 153,155
Phasze [deq] [F] 1]

Signal (]

T

L\

T =1/ =6284183m |

\/ k. x Cancel | ? Help

Puc. 2.5. OkHO pegakTopa CUTHAJIOB T€HEPATOPA

['padmku HanpspkeHME (prc. 2.8) MOKa3hIBAIOT, YTO HAIPSHKCHHE
Ha nHayktuBHOCTH U)| (t) omepekaer Hanpsbkenue Ha pesnucrope Ug(t)
(u, ciemoBarenbHO, TOK B uenu) Ha T1/4 (90°). Hanmpsokenue Ha
emrocTH Uc(t) orcraer ot Hanpsoxenns Ug(t) na 90°.

Bexmopuoui ouaepammoti Ha3BIBaIOT COBOKYITHOCTH BEKTOPOB
HANPSDKCHHWH W TOKOB, IIOCTPOCHHBIX M3 Hadaja KOMILICKCHOMN
MIJIOCKOCTH € COOJIIOACHUEM MacilTaba U B3aMMHOW OPHUEHTAITUH.

BekTopHyto nuarpaMmy HampsDKCHHE MOJYyYUM, BEIOpaB B TJIaB-
Hom meHio Analysis — AC Analysis- Phasor Diagram (puc. 2.9). Ha
BEKTOPHOM JMarpamMme, BBIJCIHB OCH, CJICIyCT YCTAHOBHTH CUMMET-
pUYHBIE Mpeeibl M0 OCsM. BbiienuB mt000i BEKTOP, MOXKHO Ha3Ha-
YHUTh I[BET, CTHJIb, HAPUCOBATH YTy JO APYroTro BEKTOpa ¢ yKa3aHHUEM



37

BEJIMUUHBI yTia. Mcnonb3yst KHONKY Legent, MoxkHO 0003HAUYUTh BEK-
TOpa U YKa3aTh UX JJIMHY.

% Voltages/Currents ﬁ
I_L1[1.3] 2834 /457
I_R1[0.2] 283 /1357
I_WG1[1.0] 283 /1357
W_C1[3.2] BEEY /-1357
W_L1[1.3] 11,310 /457
W_R1[0.2] BEBY /1357
W WGT[T1.0] a2 A B3Ef
W WhA1[1.0] a2 A B3Ef
WA 2[2.0] 566 / -45°
WA 3[3.2] BEEY /-1357
W WhA4[1,3] 11,31 / 45°
W1 a
Wb 2 5.EEY
Wb 3 5.EEY
"Wk 4 11,31V
WP _1 a2 A B3Ef
WP_2 566 / -45°
WP 3 & e

Show
[v ModalVoltages [w Currents
[w OtherYoltages [w Outputz
? e | o

Puc. 2.6. Tabnuia HanpsiKEHUN U TOKOB B cXeMe puc. 2.4

' .
| Time Function @

.................................

Start time |EI [z] W 0K

..................................

End time 110m (5] X Cancel

Number of paints |1 0o ? Help

[w Diraw excitation

Puc. 2.7. OkHO YCTaHOBKU BpEMEHU HAOIIOACHUS

st cxembl puc. 2.4 MOTy4YUM aMIUIUTYyAHO-YaCTOTHBIE (pHuC.
2.10) u dazo-uacrornsie (puc. 2.11) xapakrepuctuku. s 3Toro B
rimaBHoM MeHro Beiompaem Analysis — AC Analysis-AC Transfer Char-
acteristic. B okne AC Transfer Characteristic (puc. 2.10) ycranapiu-
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BacM HAYaJbHYIO YaCTOTY, KOHCUHYIO YaCTOTY, JTUHEUHYIO Pa3BEPTKY
u Buabl auarpamm. Haxar OK, momyunm AUX (puc. 2.11) u ®UX

(puc. 2.12) nanpspkennii B RLC-nientu. Knomnkoii Avto Lable % 060-
3Ha4YUM rpaduKu.

7 %

=% Moname - AC Time Function resultl = | B |-

File Edit View Process Help

=8| Bev el |THE~o[N ||| d2h

20.00—

L) Ve
/ et VMA
VM2
VM3 F
M4 |

N

Output

Puc. 2.8. I'paduku Hanpsokennid Ha 3memenTax RLC - menm

10.00—
- 11.31V
m
=N
= ]
2 000
™ 1 Y1 = 8.00V
m -0a
E
. WM3 = 5.66Y VM4 = 5.66Y
'TGCICI 1 | 1 | 1 | 1 |
-10.0 -5.0 0.0 5.0 10.0

Real part

Puc. 2.9. BekropHas quarpamma
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AC Transfer Characternistic ﬁ
Start frequency 10 [Hz] \/
End frequency 1k Hzl | 3 Cancel
Humber of points 100
- B | ¥  Help

£ h
Sweep lype
* Linear ™ Loaarithmic

Diagrarnm
[v Amplitude [ Nyquist

v Phaze [ Group Delay
[~ Amplitude & Phaze

Puc. 2.10. YcranoBka pexnmoB MmojaenupoBanuss AUX n ®UX

N3 rpadukoB AUX BuaHO, yTO Ha yacToTe okoJio 113 't B 1ienu
BO3HHUKAET MOCJIeNOBATEIbHbIA pe30HaHC. [Ipyu 3TOM HampsiKeHHE Ha
pesucrope VM4 cTaHOBUTCS MaKCUMaJbHBIM U PABHBIM BXOJHOMY
HanpsbkeHnro VM1, Makcumym HampsbkeHus: Ha KoHaeHcarope VM3
omepekaeT Mo YaCTOTe MAKCUMYM TOKa, & MAKCUMYM HampsHKEHUS Ha
UHIYKTUBHOCTH VM2 0TCTaeT 1Mo 4acToTre OT MaKCUMyMa TOKa.

[To ¢a3o-4acTOTHBIM XapaKTEpPUCTUKAM BUJHO, YTO MpPHU PE30-
HaHCE pa3HOCTh (a3 MEXKIy BXOJHBIM HANPSHKEHUEM M TOKOM paBHA
Hymo. Pa3a HaNpsHKEHHMs Ha WHIYKTMBHOCTH MeHsiercs oT +180° mo
00, a pa3a HanpsKeHus Ha eMKocTH MeHseTcs ot 0° 1o — 180°.

1.51—

Gain

W4

ﬂ. ﬂﬂ T | T | T % T |
] 250 500 750 1k
Freauency (Hz)

Puc. 2.11. AMmutygHO-4acTOTHBIE XapakTepuctuku RLC- nenu



40

176.38—
W4

‘™

L]

=,

8

(W
. W3

'-:r ?5 39 1 | 1 | = 1 I I |

0 250 500 a0 1k

Frequency (Hz)

Puc. 2.12. ®azo-yactoTHbie xapakrepuctuku RLC- nenu

IIpumep Ne8.

1. PaccuuTath cxemy puc. 2.2 METoA0M JBYX y3J0B. [lapameTpbl
CXEMBI: e,(t)=90sin6280t B, e,(t)=60sin(6280t —30° ) B,
Ly =wln, Ly =3mln,C =5mukD, R, =2000m, R, =250m.
OrnpenenuTh TOKK B BETBSIX, HANPSKEHUST HA dJieMeHTax. Paccuurath

KOMIUIEKCHYI0 MOUIIHOCTb B ILIENHU BaTTMETpaA. [I0OCTpOUTH BEKTOPHYIO
JAarpaMmy HamnpsKEHUH.

2. Cobpats Mozenb cxeMmbl (puc. 2.13). IlpoBecTn moaenupoBa-
HUE U TOJIYYUThb TaOJMIYy pe3yiabTaroB. [loAKIOUUTE KO BCEeM dJie-
MEHTaM CXE€MbI pHC. 2.13 BoibTMETpHI. BXOHBIE KIIEMMBI BOJIBTMET-
POB CO 3HAKOM + JOJDKHBI OBITh OPUEHTHPOBAHBI TaK, YTOOBI TOKH I10
CXeMe pucC. 2.2 BXOJWIH B KIIEMMBI .

CpaBHUTH pE3yIbTATHI pACUYETA U PE3YIbTATHI MOJACITUPOBAHHS.

3. BeiOpats B rmaBHoMm MeHro Analysis — AC Analysis- Phasor
Diagram u moctpouts BeKTOpHYIO auarpammy (puc. 2.14). Ha daso-
BOW AuarpaMMe OOO3HAUWTh BEKTOpPA HAINPSXKEHUUW U KOMIUICKCHOU
MOIIIHOCTH. [Ipoekiusa BEKTOpa KOMIUICKCHONW MOIIHOCTH Ha oCh +1
JacT aKTUBHYIO MoImmHOCTh P= 261,16 BTt. IIpoekuus BekTopa KoMm-
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TUICKCHOM MOIIHOCTH Ha OCh 1] JacT 3HAYCHUE PEAKTUBHOW MOIIHO-

ctu Q= - 133,93 BAP.

Wil ﬁ;’j E g

* VM2

i I’
Voltages/Currents &J
|_L1[2.5] h8a /59 -
|_LZ[1.4] 4,28 /1683
|_F1[4.E] 424 /1683
|_F2[3,E] 174 /171.2°
|_WG1[2.0] B8& /174"
0 |_WGE2[3.0] 1.7/ 88
5 H Vii4 PM1 2612w/
s W_C1[0,1] 134,30 /1.7
W_L1[2.5] 36,7V £ 95.9°
W_LZ[1.4] 795 /783
W_R1[4.6] 84.4v /1683
W_R2[3.6] 423 171,27
+ VG2 WOVGET[2.0] a0/ 4.5F°
(;E) V_VGZ[3.0] B0V / 30°
VG WOW1[2.5] 36,7V /9597
WOWRZ[1.4] 795 /783
WORAS[0,1] 134.3v /1017
WA 4[36] 423 /171,20
W_WVB[2.0] a0/ 4.5F°
W_WIE[3.0] ECh /307 2
Shiowr
[v Modal'Voltages [v Currents
[v OtherVoltages [v Outputs
? Hee |

Puc. 2.13. KoMnbioTepHas MOJEIb CXEMBI C TAOIUIIEH PE3yTbTaTOB

200.00—
: VM3 =124.31V
=
a
= VM4 4230V VM1 =36.66V
— M5 = 90.00V
% 0.00 —n.
© YME = 60.00V
E
PM1 = 293.50YA
VM2 = 79.54V
R B e
-100.00  0.00 100.00  200.00  300.00
Real part

Puc. 2.14. BekTropHas quarpaMma Hanps>KeHUW U MOIIHOCTH
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Hpumep Ne9. PaccuntaTh aMIIATYIHBIN CIIEKTP HETapMOHUYE-
CKOM TMOCJIEI0BATEIHLHOCTH MPSIMOYTOJIHHBIX UMITYJILCOB puC. 2.15,

u?!
1
t
0 >
-1
-
€ '

Puc. 2.15. ®opma nocneaoBaTeIbHOCTH UMITYJILCOB

[Tepuoauueckuii HerapMoHHYeCcKuii curHaia U(t) MokHO mpen-
CTaBUTH B BUAE psaga Oypee:

U(t)Z%JrZ(an cosnQt +b, sinnQt) =
n=1

%+ A sin(nQt + ¥, ) (2.15)
n=1

o T
rac: yrijoBad 4YacCToTa INCPBOU TI'apMOHHUKH Q:?, IIOCTOSAHHAas

tg+T
1 0
COCTaBIISAFOIIIAS % -7 f u(t)dt, aAMIUTUTYIbl ~ TAPMOHHK
b
KOCHHYCHBIX M  CHHYCHBIX  COCTaBIIIIOIIUX  psga  Dypbe
5 lofT 5 tofT
a, =— f u(t)cosnQutdt, b, =— f u(t)sinnQtdt, ammuTyae N-
T to T to
Ol TapMOHUKHU psna Pypee A, = aﬁ +b§ , aza N-oif TapMOHUKHU

b
psana @ypee ¥, = arctg —.
an



43

AMIUTMTYAHBIM CHEKTPOM Ha3bIBAIOT COBOKYIHOCTH AMIUIUTYJ
rapMoHuUK A,, OTHECEHHBIX K HX YacToTaMm (pacloJIOKEHHbIM Ha
4aCTOTHOM OCH).

@®a30BbIM CIEKTPOM HA3BIBAIOT COBOKYIHOCTH (a3 TapMOHUK
Y, OTHECEHHBIX K UX 4aCTOTaM.

Hnst 3amannoit ¢ynkuuu puc. 2.15 mpumure T=10 mMC wu
MPOBEJIUTE PACUETHl aMILIUTYJ] TapMOHUK criekTpa A; — As. OOpatute
BHUMAaHUE, YTO 3Ta PYHKIHUSI UMEET CUMMETPUIO OTHOCUTEIHLHO HYJIS.
[ToaTOMY aMIUIMTYIHBIN CHIEKTp OyIeT COAEpKaTh TOJBKO CHHYCHBIC
COCTABJIAIOIINAE C HEYETHBIMA HOMEPaMHU.

VF IIpumep Nel0. CoGepute cxemy puc. 2.16. B
' TeHepaTope YCTaHOBHUTE MPSIMOYTOIbHBIE HMITYIIbCHI C
ammuiutyou 1B n wacroroit 100 I'u. B rmaBHOM MeHO
BeiOepute Analysis — Fourier Analysis — Fourier
Spectrum.  Cpnenaiite  ycraHoBku  (puc.  2.17).
Puc.2.16 AMIUIMTYJIHBIM CHOEKTp  MHOKa3aH Ha puc. 2.18.
['apmonnku cniekrpa umeroT 9actoTel 100 ', 300 I,
500 I'u, 700 I'm, 900 I'y ... m ammumatyaer 1,27 B, 0,424 B, 0,255 B,
0,18 B, 0,14 B. CpaBHuTE pe3yabTaThl pacyeTa U MOAECIUPOBAHHUS.

Frequency Spectrum [&J

Sampling start time |0 Sampling end time 1
Mirirnurn frequency |0 M amirmm frequency |1k

Murnber of samples 0% - i ] -
Window function niform -

v Phase comection

fdode
(" Spectral denszity (* Spectum

Driagrams
[~ Complex Amplitude [ Beal part [~ Energy spectrum

[~ Phaze [ Imaginary part v Amplitude

Tranzient inital condition
¢ Calculate operating point " Zerainitial values

" Use initial conditions

W 0K | X Cancel

?  Heb |

Puc. 2.17. YcTaHOBKM 111 MOJICIMPOBAHUS AMIUIUTYTHOTO CIIEKTpa
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2.00—

1.00—

000 , l 1 n .

T ' [ ' T ' |
0 250 500 750 1k
Frequency (Hz)

Amplitude [W/Hz]

Puc. 2.18. AMIUTUTYHBIN CHIEKTP MPSAMOYTOIBHBIX UMITYJIHCOB

2.4. Bonpocekl /151 CAaMONIPOBEPKHU U MOATOTOBKH
K J1a0opaTopHOU padoTre

1. Kakue naccuBHBIE BJIEMEHTHI NPUMEHSIOTCS B JMHEWMHBIX
LENSAX MePEeMEHHOTO ToKa? i1 MTHOBEHHBIX 3HAYEHUM HaIMPSIKECHUN
M TOKOB B cxeme puc. 2.1. 3ammcaTe ypaBHEHUA IO IIEPBOMY U
BTOpOMY 3aKoHaM Kupxroda.

2. 3anucate nns uenu puc. 2.1. B cuMBoiIMYecKOM Qopme
YPaBHEHHUS IS pacueTa TOKOB 110 METOAY KOHTYPHBIX TOKOB.

3. 3anucare jis nenu puc. 2.1. B cuMBoimueckoud ¢dopme
YPaBHEHHUS 110 METOAY JABYX Y3JIOB.

4. Ing nenu puc. 2.4 paccuuTaTh BXOJHOE CONPOTUBIICHHUE, €CITU

R=20Mm=10° % ,L=3MI'H,C =200MKk®. ITocTpouTh BEKTOPHYIO

OyarpamMmy HalpsKEHUH, eclu TOK B nenu |, =2- e_J450 A.

5. Uro Ha3pIBalOT KOMIUIEKCHOW YAaCTOTHOM XapaKTEPUCTUKOU
uenu?

6. UTo Ha3bpIBAIOT aMIUIMTYAHO-4aCTOTHOM W (Pa30-4yacTOTHOMU
XapaKTepUCTUKAMU LETH?

7. CoctaButh BbipaxkeHus it AUX u ®UX Toka B RL — nenu u
MOCTPOUTH rpadUKU JIJIsi 3HAYEHUM, 3aJTaHHBIX B IIENU puc. 2.4.

8. CoctaButh ypaBHeHus mid AUX nu ®UX toka B RC — nenu u
MOCTPOUTH IpadUKHU JJIs1 3HAUCHUM, 3aJJaHHBIX B IIENU puc. 2.4.
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9. BBINOJHUTE MyHKTHI, 00s13aTEIbHbBIC VISl BCEX JTa00PaTOPHBIX
pabot (cM. 1aboparopHyto padboty Nel).

2.5. JlabopaTopnasi padora Ne 2
HccaenoBanue nemneii nepeMeHHOr0 TOKa

IHeab padoThl - UCcIeI0BaHUE AMIUTUTYIHBIX U (Da30BBIX COOT-
HOLICHUM B LEMNAX NEPEMEHHOI0 TOKA, YaCTOTHBIX XAPAKTEPUCTUK U
PE30HAHCHBIX SBJICHHUM, MOCTPOCHUE BEKTOPHBIX HArpaMM TOKOB H
HaNpPsKCHUU.

JlabopaTtopHOe 3ajaHue
A. IloarotoBka BUPTYadlbHOM MOJAENH

1. Cobpath cxemMy IJisi KOMIIBIOTEPHOTO MOJIEIMPOBAHUS PUC.
2.19. HomwuHanbpHbIE 3HAYEHUS WHAYKTUBHOCTEH U E€MKOCTEH B
Moaelngx mened  coctaBiusgioT:  Li=L;=10mI'm, L,=L,=6,8MmIH,
C1:C3:47Hq), C2:C4:47Hq), R1:100 Owm.

[Ipubopamu B cXxeme SBISIOTCS TEHEpaTop HaMpsKEHU
ocuuiuiorpad, 18a BOJIbTMETPA.

B reneparope namnpsbkenus VG1 yCcTaHOBUTH CHHYCOUIATIBHYIO
dbopmy curnana, gactory 5 k', ammuryny 1 B, dazy 0Oo.

Ha Bknagke Meters BeiOepure ocuwuiorpad ¢ Tpems
TEPMHUHAJIAMU U TOJKIOYUTE BXOJBI B COOTBETCTBUU ¢ puc. 2.19. Ha
BKJIajiKke riiaBHoro MeHio T&M Beioepute Oscilloscope.

0SC1 20m

Gnd Ch1 Ch2
] @ @

1

1A L1 10m 2A

NN -

+

@ ﬁ"jw_ﬂ @jwz

1B 2b

R1 100

Puc. 2.19. Cxema KOMIIBIOTEPHOTO MOJCIIUPOBAHMUS
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Ha nunepoit manenu ocumuiorpada (puc. 2.20) ycTaHOBUTE TO-
pu3oHTAIBHYIO pa3BepTKy 50 MkC, B kaHase Osc_Chl BepTukaibHYIO
qyBCTBUTENBHOCTL 1 B/men., B kanaie Osc_Ch2 BepTukanbHyO 4yB-
CTBUTEIBHOCTH 1 B/nen., pexkum cuHxpoHu3anuu Trigger ycraHoBUTE
Single. [Inst Toro, yToOBI 0TOOpa3UTh Ha dKpaHe ocHuuIorpada cur-
HaJbl U3 cXeMbl, Hag0 B okHe Channel BeiOpath curnai, B okHe Verti-
cal ycTaHOBHUTh HY)XKHYIO 4YBCTBUTEIIBHOCTh M B okHe Coupling ycra-

HoBuTh DC i AC (B 3aBHCHMOCTH OT (DOPMBI CUTHAJIA) U HAXKaTh

ON. Ecnu aj1s1 BBIOpAaHHOTO CUTHAJIa YCTAaHOBUTD J—— CUTHaJ He OyJeT

otoOpaxathcsi Ha ocuuuiorpade. Kaomnka Cursor mo3BosisieT BKIIO-
YUTh OJWH WJIM JIBa Kypcopa W MPOBOJUTH HU3MEPEHHUS 3HAUCHHM

HaIpsDKeHUs Ha octuiuiorpamMax. Ha Bkmanke Data kHomkoi ] Ex-
port curves MoxHo U300pa3uTh rpaduKu HAMIPSKEHU.

2. JIByXMHOJIOCHHUKH, KOTOPBIC JOJKHBI OBITh HCCIICIOBAaHBI B
pabote, moka3ansl Ha puc. 2.21. [Ipu uccnenoBaHusIX 3TU LEHH BKIIO-
4aroT Mexay Toukamu 1A m 2A cxemsl puc 2.19. 3HaueHusa WHAYK-
TuBHOCTEH L4, Ly 1 emkxocteit C,, Cy BEIOpaTh MO0 HOMEPY OpHUTaIBI U3
tabnuie! 2.1.

Jlns uccnemoBaHusl MOTYT OBITH 3aJIaHBI M IPYTUE BapUAHTHI IIe-
TICH.

[ ED Oscilloscope - Virtual I-Elﬂléjw
Trnigger Hornizontal
OSC1_Chi: 500mV OSC1_Ch2: 50dmV tode Source Time/Div
|Single EIRRRET =
Level Position
0 2o =
ITﬂ Mode
L Storage /1 M
= ¥ Source
Run Stop
Store | Erase 0SC1_Chi :|v
Yertical
Yoltz/Div
Coupling IW g
A HA: iB: D OC| = I A Position
B: TA: TE: oY Iﬂij
Cursor Data On =
ITﬂ M _|_|< 4 _th ¥ ﬂ @ @ Auto

% y

Puc. 2.20. JIuneBas naHenb BUPTyaIbHOTO ocHuiorpada
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Tab6mauna 2.1

NeNe 112|134 5 6 7 8 9 |10 | 11 12
Opurajipl

La L, | L || L] L 2L, |2 L, |2L;]2L,| L, Ly

Ly L, Ly | L[| Ly| Ly L, | L, | L L, 2L, |2, | L,

Ca Ci|C|C|C]05C,105C | C |05C | C | C |2C]0,5C,

Ch C.1C|C |G| G C, |G| C |C |C| G |05C

b. UccnengoBanue RL u RC ueneit

3. I[ogknrounTe Mexay Toukamu 1A u 2A UHIYKTUBHOCTH Ly 1
paccuMTaTh YaCTOTY CUTHAJIa TeHeparTopa fi, mpu KoTopoi peakTHBHOE
CONPOTHBIICHHE WHIYKTUBHOCTH PaBHO CONPOTHBIEHUIO Rji:
X =2nfL, = Ry.

4. Ycranoputh Hanpsikenue reaeparopa VG1 paBabeim 1B, a ya-
croty paBHoi 0,1 ;.

HabmonaTh Ha ocumsutorpade HanpsbkeHue Ha pesuctope Uy (1),
IPOIOPIIMOHATIBLHOE TOKY, M BXoaHoe Hanpsbkenue Uq(t) (puc. 2.22).
OOpatuTh BHUMaHHE Ha TO, YTO BXOJHOE HampsbkeHne B RL-merwm
OTIepe’KaeT TOK.

L, G
©_(WY‘|_© @
L, C,
O—"—0—0 ©

L, d C,
Ly
© @

Puc. 2.21. Cxembl JBYXIIOJIFOCHUKOB

BxarounTh Mapkep A B yCTaHOBUTH ero B Hyle rpaduka U (t) ¢
MOJIOKUTENBHON Mpon3BogHON. Mapkep B ycraHoBuTh B Hyne rpa-
duka Uy(t) ¢ monoxutenbHOM npousBogHOW. 3HaueHue DX=XB-
XA=T2-T1 ompenenser BpeMEHHON CABUT OCIHJIJIOTPAMMBbI CUTHAIIb-
HOT'O HANPSHKEHUS OTHOCHTEIIBHO OCIHIUTOrpaMMbl HanpskeHus: Uy(t),
IIPOTOPIIMOHATILHOTO TOKY 1 COBITQJIAIOIIETO ¢ HUM 110 (haze. PasHOCTh
¢a3 paccuntsiBaetcs o Gopmyne ¢ =2xaf (1, —1;).
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% Oscilloscope - Virtual l = | [=] |ﬁ]
Trigger Horizontal
O5C1_Chi: 500mV OSC1_ChZ: 500V [ Mode Source Time/Div
fors AN TS
Ul Level Position

A I o | o

e F
£ ﬂ Mode
Storage 11 M

/ \ \ \ = ¥ Source
Run Stop
||:|5|:'|_|:h'| T|

Store | Erase |

EH Yertical

0SC1ChT =] | yiore/Div

Coupling 00 g
A: OSCI_ChiA: 17330 XB: 693Mu DX 753N DC| <+ | AL Paosition

B: OSC1_Chia: -503,15m YEB: -25,2m O 477.25m li =
Curszor Data m J i J
Al Jon «|r| 2[=] | 4 @ A Auto

Puc. 2.22. U3mepenue pasznoctu (a3 no ocumwuiorpady

5. I[ToBTOpHUTH HccaeaoBanus 1m0 1.4 s gactot f; m 10f;.

Hcmone3yst pexkxum Analysis-AC Analysis-Table of AC results,
3anmcarth 3HaUYeHus HanpspkeHus u Gas3sl st Uq(t), Uo(t) u 1(t).

6. B pexxume Analysis-AC Analysis-Time function ycraHoBuTB
Start time=0, End time = 1m u moay4uTh rpaduKu HampsKECHHMI
U (t), Uy(t). CpaBHUTB X ¢ OCITUILIOTPAMMaMH.

7. B pexxume Analysis-AC Analysis- AC Transfer characteristic
B nuama3one yactor 0,1f; — 10f; ¢ nuHeHON pa3BepTKON MOTYYUTH
rpapukn AUYX n @YX (puc. 2.23). O6paTuTte BHUMaHHE HA TO, YTO
OYX mnoka3pIBa€T Pa3sHOCTh (a3 MEXKIY BBIXOJHBIM HaIpPSKEHHUEM,
IIPOITOPIIMOHATBLHBIM TOKY, " BXOJTHBIM HaNPSHKCHUEM
w(f)= WU, (f)- Wy, (f). Tak kak B RL-11ent TOK OTCTaeT OT BXOHO-

ro HanpsiokeHus, rpapuk @UX HaxoauTcst B OTpUIIATENbHOW 001acTu
¥ U3MeHseTcs oT Hyis 10 -90°.
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0.00+

-10.004

Gain (dB)

-20.004

-30.00

0.00
-15.004
-30.004
-45.00]
-60.00
-7 3.00

-80.00 T T " T T T T 1
] Sk 10k 15K 20K

Frequency (Hz}

Puc. 2.23. AUX n ®UX mis RL-tienn

8. Bxitounts Mexay Toukamu 1A u 2A emxocts C, u paccuu-
TaTh YacTOTy CUTHaja reHeparopa HampspkeHus f,, mpu kotopoii
pPEaKTUBHOE COIIPOTUBIICHUE EMKOCTH PAaBHO CONPOTHUBIICHUIO

R,;=100 Om:
Xe :%ﬂ'fzca =Ry’

[ToBTOPUTH MCCIETOBAHMS 10 I1.11. 4-7.

Fhase [deg]

B. UccnenoBanue RLC-menu

9. Brurounth Mexay Toukamu 1A m 2A mociaegoBaTelibHO
WHOYKTUBHOCTh L, m emkocth C,. WccrmemoBath amIiuTymaHO-
4acTOTHBIE U (Pa3o-yacToTHbIE xapakTepuctuku RLC- nenu nmo me-
Tonuke u3 npumepa Ne7. OnpenennTh 4acTOTy MOCIeA0BATEIHLHOTO
pE30HaHCa B LIEIH.

10. Cnenatp pesuctop R; ymnpaBisieMbIM MapaMeTpoOM U 3a-
nath emy 4etbipe 3HaueHus oT 100 Om g0 1600 Om ¢ marom 500
Owm. ITonyuuts rpadpuku AUD u ®YUYX (puc. 2.24) nng pa3HbIX MO-
Tepb B RLC-11enu. OO0BSICHUTH BIUSHUE CONPOTHUBIICHUS MOTEPH HA
dhopMy pe30HAaHCHBIX KPHUBBIX.

I'. UccnemoBaHue TPEXDIEMEHTHOTO ABYXIMOJKCHUKA

11. Tlopkmrounte k TOYKaM |A u 2A ogHYy u3 CcXeMm
TPEXJIEMEHTHBIX  PEAKTUBHBIX JIBYXIIOJIIOCHUKOB. bpuraael ¢
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HEYETHBIM HOMEPOM HCCIEAYIOT CXEMY C JIByMs HHJYKTUBHOCTSIMH.
bpurazel ¢ 4€THBIM HOMEPOM UCCIIEAYIOT CXEMY C ABYMSI €MKOCTSAMMU.
YcTaHOBUTh aMIUIMTYAy CHUTHaJla TeHeparopa HamnpsbkeHus [B.
UccaenoBate AUX n ®UX nByXIOJOCHUKA B IUANA30HE 4YaCTOT OT 2

10 20 kI'm. I'padukn BHECTH B TPOTOKOI.
1.00 - -

VMZ[4]. 1 6K0Nm]|

750, 00m-

VIZ[3]: 1, TKOhm]|

500.00m-
VMZ[Z]; 600[Ohm]

VMZ[1]: 100[Chm]

250 00m-

0.00E
100.00+

50.00—: [VMZ[4]: 1,6K[Ohm] |

= 0.00] -
T 50000 VNZ[1] 100[0hm] —
-100.00 : . : . - . - .
0 5k 10k 15k 20
Frequency (Hz)
Puc. 2.24. I'papuxku AUX u @YX nipu pa3HbIX TOTEPSIX
B RLC-1tenn
1.00-
750.00m ]
500.00m-]
250.00m-
0.00
100.00-
= 50.00] ]\
= 0.00]
T -50.00 \I \
-100.00 . . - i : . - .
10k 15k 20k

0 Sk
Freguency (Hz)

Puc. 2.25. AUX n @YX 15151 ABYXMOJTIOCHHUKA C ITapaMETPaAMU:
L,=10mI'H, L,=10MmI'H, C,=68HD
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12. Ucnoan3ys pexum Analysis-AC Analysis-Calculate nodal
voltages, B muamazone yactoT oT 2k['m g0 20 k[’ u3mMepuTh Hamps-

xeHus u ¢assl B y3nax 1A u 2A. PesynbTaThl 3anucath B TaOIUILy
2.2.

Tabnua 2.2

ZBx | |ZBx|

N |f,xlu| U 01 U, ¢

13. {5t cXeMbl ¢ TPEXAIEMEHTHBIM JIBYXITOJIFOCHUKOM Ha YacTOTe,
f =Ng+2 xI'u (Ng- HOMEp Opuranel), U3MEPUTH HaNpsLKEHUS U (a-
3bI B TOUKax cxeMbl 1A, 2A, d. Pesynbrarsl 3anucarh B Taduiry 2.3.

Tabmnua 2.3

Uia P1a Uza P2a Uqg Dd

14. TToaKIIOYUTH BOJBTMETPHI K 3JIEMEHTaM cXeMbl (puc. 2.26).
Bri0paB B ritaBHoM MeHio Analysis-AC Analysis-Phasor Diagram, mo-
JY4YUTh BEKTOPHYIO auarpammy (puc. 2.26) 1uisi 4aCTOThl CUTHajla U3
. 13.

e
W3

<

L110m C188n

;

fa
F10Q )

4+ VBT

@j‘u‘ Mz

W1

—

Puc. 2.26. Cxema uzmepeHus st CHATHS (a30BOM TUarpaMMbl

JI. [IpeoOpa3oBanue GopMbBl CUTHajJda B 4aCTOTHO -
3aBUCHUMBIX MEMAX

15. ITlepexsrounTh TEHEPATOP B PEXKUM MNPAMOYTOJIBHBIX HM-
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nyibcoB. [s HeueTHbIX Opuraja coopats RL-ienb u3 1.1, A1t 4eTHBIX
opuran cobopats RC-nenip u3 n.8. Habmonate Ha ocuwuiorpade us-
MEHEeHHE (POpPMBI MPSIMOYTOJBHBIX MMITYJIHLCOB Ha BBIXOJIE IEMU. 3a-
pUCOBATh OCUUIIIIOTPAMMBI.

1.00—
1 VM2 =314.47mV _
T ym1=1.00v
= 0004
m
=
= VM4 = 049.27mV
£ ] VM3 = 2.89V
m
I=
-1.00—
_Eﬂﬂ 1 I 1 I 1 | 1 | 1 I
-1.00 0.00 1.00 2.00 3.00 4.00

Real part

Puc. 2.277. BekTtopHas auarpaMmma JIByXIOJIIOCHUKA

16. IIpeacTaBuTh pe3ynbTaThl U3MEPECHHN MTPEMOAABATEIIO U T10-
CJIe €r0 MPOBEPKU U OJOOPEHHS BBIKIIOUWUTH MPUOOPHI U pa3zodpaTh
CXEMY.

I[OM&HIHCC PaCcdYCTHOC 3aaHUC

1. Ilo sKCEpUMEHTAIBHBIM JTaHHBIM MOCTPOUTH AMILIUTYIHO-
4acCTOTHBIE U ()a30-4aCTOTHBIE XapaKTEPUCTUKH HCCIETOBAHHBIX II€-
€M, BEKTOPHBIC IUarpamMMbl TOKOB U HAIIPS)KECHUM.

2. Ilo ’KciepUMEHTAIBHBIM JIAaHHBIM 1.8 U M. 9 JUIsi OJHOW U3
4acTOT B CEPEAMHE HCCIEHOBAHHOIO JWANA30HA PACCUUTATH COMPO-
TUBJICHUE MOTEPh KAaTYIIKA UHAYKTUBHOCTU R ¥ mpOBOJUMOCTH TO-
Tepb KoHaeHcaTopa G.. Jis 3Toro Hajgo paccuuTaTh KOMIUIEKCHOE
BXOJTHO€ COMPOTUBIICHUE PEAKTUBHOI'O JBYXITOIIOCHUKA, BKIHOUEHHO-
ro Mexay Toukamu 1A u 2A, o gpopmyie:
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7 :Ql_QZ :ul_QZ - R (ﬂ.eico_l)
1 U,

U HalTH akTUBHEIE cocTaBistronme R =R, nwin Gc=1/R,,. Haiitn 100-

POTHOCTb KaTymku Q, = % 1 koHaeHcatopa Q- = X -G
L

3. s neneit RL, RC u RLC ¢ yueroM moreps B KaTylIKe U
KOHJIeHCaTope paccuutath 1o popmynam 3HadeHus AUX u OUX ais
JIBYX YacCTOT BHYTPHU HMCCJIEJOBAHHOTO JWalla30Ha U CPAaBHUTH C pe-
3yJbTaTaMu SKCIIEPUMEHTA.

4, Ilns RLC menu paccuutaTh W MOCTPOUTH BEKTOPHYIO IHa-
rpaMMy TOKa ¥ HAIPsHKEHHMH 1718 3HaYeHuit (ha3oBoro yria ¢ = +45°u
¢ =-45°

5. Ilo mamubiM 1.11 g KaXXI0M 4YacTOTBHl PACCUUTATh KOM-
IJIEKCHOE BXOJHOE COIMPOTUBICHHE PEAKTUBHOIO ABYXIIOJIOCHHKA,
BKJIFOUEHHOTO MEXay ToukamMu 1A u 2A, U MOAYJIb BXOAHOT'O COMPO-
TUBNIeHUs. Pe3ynbrarsl 3anucarh B Tabnuiy 2.2. IlocTpouth 4acTot-
HYIO XapaKTEPUCTUKY MOJYJsl BXOAHOTO COINPOTHUBIICHHS TpeEXdJie-
MEHTHOTO PEaKTUBHOTO ABYXIOIIOCHUKA. OOBSICHUTH BUJ IPaUKOB.

6. [lo nanHBIM TabMUIBI 2.3 MOCTPOUTH BEKTOPHYIO THUArpaMMy
TOKOB M HamnpsDKEHW B 1enu. Mcmosib3yst Auarpammy, pacCuuTaTth
3HAQYEHHUS TOKOB B BETBSIX TPEXAJIEMEHTHOTO JIBYXIOtocHUKA. CpaB-
HUTH BEKTOPHYIO JUarpaMMy € MOJTyYE€HHON MOJICTUPOBAHUEM.

/. Ilo nanubM .15 pabouero 3a1anusi OObSICHUTH IPUYUHBI U3-
MeHeHus popmbl curnana B uensix RL u RC.

8. CpopmynupoBaTh U 3amucaTh BBIBOJABI MO pPE3yJibTaTaM JKC-
MEPUMEHTOB U PACUETOB.

I'nmasa 3. QJIEKTPUUYECKHUE HEIIN C MATHUTHO-
CBA3AHHBIMHU KATYHIKAMUA

3.1. KpaTKne TCOPETHUICCKHUEC CBCACHUA U PACUCT
HECPaA3BCTBJICHHBIX neneu

Kartymkn Ha3pIBalOT MarHUTHO-CBSI3AHHBIMU, €CIIM OHH HMEIOT
oOlllee MarHUTHOE TOJI€ U B3aMMHO BIMSIIOT JIpyr Ha npyra. [lpu us-
MEHEHHMH TOKa B OJJHOM KaTyIIKE 3a CUET U3MEHEHUsI OOIIEro MarHuT-
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HOTO TOJISi BO BTOPOM KaTylIKE HABOJUTCS HANPSHKEHUE B3aUMHOU
WHTYKIIUH.

Ha puc. 3.1 xarymku wungyktuBHoctd L; wm L, marHuTHO-
cBa3aHHble. Ha cxeme 310 0003HaYaeTcsl CTPEJIKOM ¢ yKa3aHUEM B3a-
MMHOW MHIYKTUBHOCTH Karyiiek My;. Bzaumuas uHaykTuBHOCTE M)q
ABJISIETCS. KOA(DPUIIMEHTOM MNPOMOPIMOHATIBHOCTA MEXKY HaIpsiKe-
HUEM B3aUMHOW MHAYKIIUM, HABOJUMBIM BO BTOPOM KaTyIIKE, U MPO-

. . di
M3BOJHOMN TOKA B IIEPBOU KATYIIKE: Uy, (1) = led—tl. 3HaK HaBOJAUMOIO

HanpsKEHUsI 3aBUCUT OT HANpPaBJICHWS HAMOTKHU KaTYIIEK W Hampas-
JICHUSI TOKOB B HUX. ECIIM MarHWTHEIC II0JIS, CO3JaBacMbIC TOKaMHU B
KaTyIIKax, CKIaJbIBAIOTCS, TAKOE BKIIOUCHHUE KATYIIEK Ha3bIBAIOT CO-
2/IACHBbIM W HAIPSIPKEHUSI CAMOMHAYKIIMA M B3AaMMHOM MHAYKIMHU CKJIa-
nbiBatoTCs. ECIM MarHUTHBIE MOJIS KaTyIIEK BBIYUTAIOTCS, BKIIIOUCHHE
KaTYIICK Ha3bIBAIOT GCMpPEeuHbIM W HAIPSHKCHUS CAMOUHAYKIUM U
B3aMMHOW MHIYKIIUM BBIYMTAIOTCI. B AlEKTpUUYECKHUX CXeMax y Mar-
HUTHO-CBSI3aHHBIX KaTylIeK 0003HadaroT «DOHOUMEHHbIE 3AXHCUMBLY,
MapKUpys UX 3BE€3/I0YKAMU W Kpyxoukamu. Eciii Toku B KaTymikax
OJIMHAKOBO HAaIpPaBJCHbl OTHOCUTEIBHO OJIHOMMEHHBIX 3aKHMOB,
BKJIIOYEHHUE SIBJISICTCS coenacHuim. ECIM TOKM B KaTylIKax Hampaslie-
HBI HEOJWHAKOBO OTHOCHTEIHLHO OJTHOMMEHHBIX 3a)KMMOB, BKIIIOUCHHE
ABJSICTCS 6cmpeyrbiM. B TUHEHHBIX 2JIEKTPUUYECKUX LEMSAX MO MPHUH-
UMY B3aUMHOCTH M5 =M1,=M. Koaddurment M Ha3bpIBalOT B3anM-
HOM MHIYKTUBHOCTBIO KaTYyIIEK.

M M
/\«4
*'Tl_\* I—2 * I—l I—2 *

¢1m *lm
0 0

Puc. 3.1a. Cornacnoe Puc. 3.16. Bctpeunoe
BKJIIOUCHHE KaTYIIIEK BKJIIOUCHHE KaTYIIIEK
B cxeme puc. 3.la karymku BKJIHOYEHBI corjlacHo. CocTaBUM
ypaBHEHUE 110 BTOpoMy 3akoHy Kupxroda:
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di di Ldl Mdl_

e(t):uLl +U, = L4 m +M a+ ZaJr T
L1%+ LZ%+2M% (3.1)
B cumBonnueckoit opme mosiyduM ypaBHEHUE:
Em — Ja)Lllm + Ja)LZlm +2]Mlm — ja)Lakelm’ (32)
ree: L, =L +L, +2M.
Jlns Bectpeunoro Biiatouenus (Puc. 3.10):
E, = joLl, + joL1,—-2jMIl, = joL, 1, (3.3)

unlL,.=L+L,—2M.
IIpumep Nell. B cxemax puc. 3.1a u puc. 3.16 L,=2 mI'H, L,=4

MI'H, M=2 wmlH. WcrouHnuk HampspkeHHss (OPMHUpPYET CHUTHAI
e(t)=1-sin1000t B. Paccuurath mo dopmynam (3.2) u (3.3) koM-

IJIEKCHYIO aMIUTATYAy TOKA MPU COTJIACHOM M BCTPEYHOM BKIIFOUCHUU
KaTylIeK.

Hpumep Nel2.
1. CoOpaTh MOJIeNIb CXEMbI C COTJIACHBIM BKJIFOUYCHHEM KaTYIIIEK

(puc. 3.2). B Moxmenu wmcmosib30BaHbl cBs3anHbie Katymku (Coupled
Inductors) u3 rpymnmsr Transformers.

b1 2m
W Hi %ig

Puc. 3.2. Moaens ¢ cOrnacHbIM BKIFOYEHHEM KATYIIECK

2. YcCTaHOBUTH TapaMeTphl CBsSI3aHHBIX Karymiek. [lepsas
KaTyIlIka ¢ 4YUCiIoM BUTKOB N; mMeeT WMHIYKTUBHOCTH L;:s=2 MI'H.
Bropas katymika ¢ ynucioM BUTKOB N, mMeeT MHIYKTUBHOCTh L,s=4
Ml 'H. B3anmuas naaykTHBHOCTE M;=1 M['H (puc. 3.3).

3. B reHepaTope HanpspKeHUs YCTAHOBUTH aMIUIUTYAY CUTHalIa
1B, wactory 159,155 T'm, 4TO COOTBETCTBYET YIJIOBOM YacCTOTE

@ :lOOO%(PHC. 3.4). Brmounts pexxum Analysis-AC Analysis —
Table of AC results. PesynsraTer moka3zansl Ha puc. 3.5.
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M1 - Coupled Inductors E|
1 Label k1
Footprint Mame HOFCE [M] ]
Parameters [Parameters]
| L1's Inductance [H] - [V =
L'z Inductance [H] dm ]
tuituial Inductance [H] Tm ] -
1 Fault MHaone -
20u
0K X Cancel | ? Help |

Puc. 3.3. [laHenb yCTaHOBKM MTapaMeTPOB CBSI3aHHBIX WHAYKTHBHO-
cTeun

Ba:knoe 3ameuanne: B nporpamme TINA-8 B Tabiune pe3yiib-
TaTOB aHaJIM3a Ha TIEPEMEHHOM TOKE YKa3bIBAIOTCA aMIUIUTYIHBIC
3HAYCHHS TOKOB U HAIIPSKEHUMN!

3HaYeHUE aMIUIMTYbl TOKa B amriepmerpe paBHo 125 MA. 3Ha-
YUT SKBUBAJICHTHOE COMPOTHUBJIEHHUE IBYX COTJIACHO BKIIFOUYCHHBIX Ka-
Tymek paBHO 8 OM. B Mozienu u3sMepeH TOK B T€HEpATOPE Hampsixe-

an0
Hus mexay ysnmamu [1-0] | VG1[1,0]= 125e 719" B ncxonmoit cxe-
ME TOK MMECT MPOTHUBOIOJOKHOE HAIpaBJICHHE M  paBeH

:anoO
1y, = 125¢ 190" yA. CpaBHHUTE pPe3yabTaThl MOAEIUPOBAHMS U pacye-

[ &mplitude [v] (&) 1
A Frequency [Hz] [f] 159,155
FPhaze [deg] (F] 0

Ta.

1

L\

T =1/f = 6.,283183m

J Ok | x Cancel ‘ ? Help |

Puc. 3.4. YcranoBka pexxrma reHepatopa HanpsiKCHUs




57

j Voltages/Currents |i"_7-|
{ [am1 125mé
LVGT[1.0] 125mé / 90°
Shiow
[~ Hodal Valtages ¥ Cunents
[ Other Yoltages v Outputs
X Corca | [2n= ] [

Puc. 3.5. Pe3ynbpTarsl MOAETUPOBAHUSA JISI COTJIACHO BKIIFOYEHHBIX
KaTylIeK

2. IlpoBecTn aHAIOTrMYHOE MOJECIMPOBAHUE JJIA KATyUIEK MPHU
BCTPEYHOM BKJIIFOUEHHHU. CPABHUTH PE3YJIbTAThl pACUETA U MOJEIUPO-
BAHUS.

3.2. CocTaB/ieHHe YPABHECHU U ISl CJI0KHBIX Lenei
C MATHUTHBIMM CBSI3SIMH

JInst pacyera CIOXKHBIX M€ C MAarHUTHBIMU CBSI3SIMH COCTaB-
JSIOT ypaBHEHUS 1Mo 3akoHaM Kupxroda uinu mo MeToay KOHTYPHBIX
TOKOB. MeTOJ| y3JIOBBIX HANPSIKEHU MEHee yA00€H, TaK KaK Harmps-
YKCHUSI B3aMMHOW MHAYKIIMW BbIpaKaroTca yepe3 Toku. Hemwsst mpu-
MEHSITh METOJI 3KBHUBAJIECHTHOTO T€HEPATOpa, €CJIM €CTh MarHUTHAs
CBSI3b BHYTPEHHUX M BHEIIHUX leneil. Henb3st npumeHsTs npeoOpa-
30BaHHUE TPEYTOJbHUK — 3B€3/1a B CXEMaxX C B3aMMHBIMH UHIAYKTHUBHO-
CTAMU.

IIpu cocraBieHUM ypaBHEHUNW MOXKHO IOJIb30BATHCS CIEAYIO-
IITUM TIPABUJIOM OIpeJe/IeHUs] 3HAKOB B HANPSKEHHUSIX B3aWUMHOM WH-
JTYKITUU:

Ilpasuno 3nakos:

Hampsokenune Uy , HaBoauMoe Ha seMeHT K, paBHO +]@Msls,
€CJIM HampaBJieHne 00Xoja aIeMeHTa K u Tok |s oqmHaKoBO Hampaiie-
HbI OTHOCUTEIBLHO OJJHOUMEHHBIX 3aKUMOB (pHC. 3.6).
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lg

Puc. 3.6. IIpaBuno 3HakoB
IIpumep Nel3. CocraBuTh ypaBHeHMs mo 3akoHaMm Kupxroda
1Sl pacyeTa uenu (puc. 3.7). BIYUCIUTh TOKU B BETBSIX.

06x00

b o KT DN

Puc. 3.7. Cxema pa3BeTBICHHOM LICNIH C B3aUMHOM
WHJIYKTUBHOCTBIO
CocTaBrUM B CUMBOJIMYECKOU (hopMe TPU YPaBHEHUS T10 TIEPBOMY
U BTOpoMy 3aKkoHy Kupxroda aisi KOHKpETHBIX YHCICHHBIX 3HAYCHUN
COIIPOTHBJICHUM JIEMEHTOB M BXOJHOT'O HAIMPSIKEHMUS.
HUcxonarie mannble: E,=16 B, R;1=2 Om, R,=2 OmM, R3=2 Owm,
X|_1:4 OM, X|_2:4 OM, XM:2 OM, XC1:2 OM, XCZZ4OM.

llm +12m +1 3m— 0
llle + JX Llllm + jXMLZm _l3m R3 - jxclllm — Em (3.4)

)X L212m + JXm by — JXC212m+12mR2 — 3Ry =0
lloschenus. 3HaK TUTIOC B HANPSHKCHWH B3aUMHOW WHIYKITHH
(JXpm 1 o) BO BTOpOM ypaBHeHHHU B3AT N0 [Ipasuny 3naxo8, Tak Kak

HanpaBiIeHHEe 00X0/1a MEPBOr0 KOHTYpa «BXOJMT» B 3aKHM CO 3BE3-
JIOYKOM, U TOK |, BO BTOPOI KaTyIIKE «BXOAUT» B 3aKUM CO 3BE30Y-
koul. Ilo ToW ke mpuuMHE B TPETHEM YPABHEHHH C IUIFOCOM B3ATO
Hanpsokenne B3aumHoi maayKmn ( JXp 1 1m).

PeuTh ypaBHEHHMS M HAWTH TOKH PEKOMEHIYETCS, MCIIOJIb3Ys
Mathcad. ITporpamma pacuera npuseaeHa B [1].
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Ipumep Nel4. Cobpats cxemy (puc. 3.8). YcTaHOBUTH 4aCTOTY
reseparopa cunycouganpHoro curHana f=159,155 I'm, ammumrtymy
curHana 16 B. IlapameTpsl MarHUTHO-CBS3aHHBIX KaTymek: L;-s=4
MI'H, Lys=4 wmI'n, M,;=2 wmlIH. Ilpu »oTOM yrioBas dyacToTa

@ =1000 % U pPEaKTUBHBIC CONPOTHUBIICHUS KAaTYIIEK U B3aUMHOM

WHJIYKTUBHOCTH COOTBETCTBYIOT MCXOJHBIM JaHHBIM. [lomy4uTh Ta0-
My pe3yiabTatoB (puc. 3.9).

R1 2 b1 dm

- 3
@
C1 SDDu
21

II
(5]
b2 22500
] I—E—

Puc. 3.8. Cxema KOMIIBIOTEPHOTO MOJAEIUPOBAHUS PA3BETBICHHOM
LMK C B3aUMHOW UHAYKTUBHOCTBIO

B Tabmune (puc. 3.9) HanpaBieHHs TOKOB B JJIEMEHTaxX IEMU
OIpeIeNsAeTCS MOCIEI0BATEIbHOCThI0 HyMEpallid Y3JIOB B KBaJpaT-
HBIX cKoOKax. Tak Tok reHeparopa |_VG1 nampasien ot y3na 1 x y3-
iy 0 u umeer ¢asy 180°. Tok |_R1 mampasien ot y31a 1 k y3ny 3 u
UMEET HYJIEBYIO (a3y.

CpaBHUTE pe3yJIbTaThl pACUETOB U MOJICTUPOBAHUS.

= Voltages/Currents @

1I_R1[1.3] A4 4 -20,490°
I_R2[25] 2,834 /1357
I_R3[2.4] 2,834 /1357
I_WG1[1.0] 44 /4180°

v Currents
[v Outputs

X Cancel | ? Hep | E

Puc. 3.9. Tabnuna pe3yabTaToB MOJCTUPOBAHUS PA3BETBICHHON ICTTH
C B3aMMHOM MHIYKTUBHOCTBIO

3.3. Pa3zBa3Ka MArHUTHO-CBA3AHHBIX LIeNel

Pa3Bs3koil Ha3pIBaeTCsl 3aMeHa MAarHUTHO-CBSI3aHHBIX IIENEH DK-
BUBAJICHTHBLIMU I[EIISIMHA O0€3 MarHUTHBIX CBSI3EH.
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[IpaBuiia pa3BsA3KHU

1. Ecriu oTHOMMEHHBIE 32KUMBI JIByX MarHUTHO-CBSI3aHHBIX WHIYK-
TUBHOCTEU OOUHAKOBO PACNONI0JCEeHbl OTHOCUTENBHO y3i1a (puc. 3.10.a),
TO 3TU JBE WMHAYKTUBHOCTU MOXXHO 3aMEHUTh SKBUBAJICHTHON CXEMOM
(puc. 3.10.6) ¢ TpeMs HHIYKTUBHOCTSIMHU 0€3 MarHUTHOM CBSI3H.

*m Li-M

L,-M

M

Puc. 3.10.a Puc. 3.10.6
2. Ecm omHOMMEHHBIE 32)KUMBI JIByX MarHUTHO-CBSI3aHHBIX WH-
IOYKTUBHOCTEN HEeoOUHaKo8o pacnoodicenbl OTHOCUTEIBHO y3ia (puc.
3.11.a), TO 3TH ABE MHAYKTUBHOCTH MOKHO 3aMEHHUTH SKBHUBAJICHTHOM
cxemoit (puc. 3.11.6) ¢ Tpemss UHIYKTUBHOCTSAMH 0€3 MarHUTHOU CBSI-
3u. UHIYKTUBHOCTh C OTpHUIATEIbHBIM 3HaueHueMm (—M) mMmeer pac-
YETHBIA XapakKTep.

Lo\ L

L} +M

Puc.3.11.a Puc. 3.11.6

IIpumep NelS. Brimonnum pacuetr cxemsl (puc. 3.7) MeTogom
Pa3BsI3KHU.

B cxeme (puc. 3.7) oJHOMMEHHBIE 3)KUMBI KaTyIIEK OJMHAKOBO
PacIoOkKEHbl OTHOCUTENBHO y3ia a. [loaToMy aJist pa3Bsi3Ku NMpUMe-



61

HseM dSKBHBaJieHTHYt0 cxemy puc. 3.10.0. IIpeoOpazoBanHas cxema
0€3 MarHMTHBIX CBs3€il MokazaHa Ha puc. 3.12.

Ha cxeme (puc. 3.12) y kaxaoro 3jeMEeHTa yKa3aHbl 3HAUCHUS
KOMIUIEKCHBIX comnpoTuBlieHMi B Owmax. KoMruiekcHasi aMIuivTyjia
VMCTOYHMKA HanpspkeHus paBHa 16 B. Pacuer cxemsbl JIeTko mpoBeCTH
BpyuHyl0. HaxoauM  SKBHUBAJIEHTHOE  CONPOTUBJICHUE  JBYX
napaJyICIbHBIX BETBEH MEXAY y3aamMu a-b:

_(24)2—-j4)-(2+)2)
“ab — . . .
24 ]2— 442+ )2

HaxoauM BX0OJIHOE CONPOTUBIICHUE 1IETIH:

Z,=2+]2+2—-)j2=40m.

E _16_
—6X 4
Haxoaum HanpsikeHne MEXTy y3/1aMu:
Uap =11-Zop =8B.

—20M.

Haxoaum nepseiid TOK: |; = 4A.

12m

Cy| 12 2 mz
|

Puc. 3.12. DxBuBaneHTHas CXeMa IETH MOCTE Pa3BI3KU

Haxonum TOKu BO BTOPOM U TPETHEN BETBMU:

— . _i1280

ly=———=—2—j2A=2,83¢7"%"
2— )2

242
I/ITaK, C MIOMOIOBIO PA3BA3KH MbI OUCHB IIPOCTO ITOJYYHIIU TC KC

pE3yJIbTaThI.

1 — 24 j2A=283¢1135°
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3.4. JIuneitnblii Tpancdopmarop

Tpancgopmamopom Ha3BIBACTCI YCTPOMCTBO MJIS Iepeadu
SHEPruu U3 OJHOM YaCTH LEMU B JPYTYIO MOCPEICTBOM AJIEKTpOMAT-
HUTHOM WHYKIIVH.

Cxema nuHenHoOro TpanchopmaTopa nokasana Ha puc. 3.13. B
NEPBUYHON OOMOTKE JIEUCTBYET UCTOYHUK MEPEMEHHOTO HAMPSIKEHUS
E,, nepBuuHasi oOMOTKa UMEET MHAYKTUBHOCTh L; U CONMPOTUBIIECHUE
R;. Bropuunasi 00MOTKa UMEET UHIYKTUBHOCTh L, U CONPOTUBIICHUE
R,.

Bo BTOpuuHO#il 00MOTKE TpaHChOopMaTopa BKIIOUEHA KOMILIEKC-
Has Harpy3ka Z, =R, + JX, .

CoctaBuM ypaBHEHHUsI TpaHchopMaTopa MO BTOPOMY 3aKOHY
Kupxroda. HanmpaBnenus 06xo0/1a KOHTYpPOB ITOKa3aHbl HA CXEME.

R + jolLl; — joMI, =E; ac

IRy + 1R, + X, 15+ jolyl, — JoMl; =0 59

[To 3TUM ypaBHEHUSM CTPOMM BEKTOPHYIO JAMArpamMmy TOKOB U
HanpspkeHui B Tpanchopmarope (puc. 3.7). luarpaMmmy cTpouM B Ta-
KO# mocienoBaTenbHOCTH: o, Ry 1o JXulo, jooLols, Rolo, -jooMl,.

[Ipu mocTpoeHnU auarpaMMbl MbI OyJIeM CUUTATh, YTO PEAKTHB-
HOE COMNPOTHUBJIEHWE HArpy3Kd MUMEET MHIYKTUBHBIN xapaktep. Ilo-
3TOMY Ha JHarpamMme BeKTOp HampspkeHus jX,l, omepexkaer Tok |, Ha
90°.

I R I
S R: Zp

v
U P L; X,

U,

% 2K I l_

)xo
a b T

[Mepeuanan Bropuunan
0OMOTKA 0OMOTEA

Puc. 3.13. Cxema nmuHEHOTO TpaHchopMaTopa
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jol,
Ezy

- joMI . K 1
y N ffﬂL_gIg

R:1L;
"'/‘/'LEI

.fXHiQ
0 RIIEF {2

'jﬂl.Mjg

+]

1;

Puc. 3.14. BekTopHas auarpaMmma Tpancpopmaropa

Bekrtop -jooM1, 3ambikaeT auarpamMmy HapssKeHUNH BTOPUUHOTO
KOHTYpa, B KOTOPOM HET UCTOYHUKOB HamnpspkeHus. [1o aTomy BekTo-
Py HaxoauM BEKTOp TOKa l; moBepHyThId Ha +90° M YMEHBIICHHBIN
no ayHe B oM pas. [anee ctpoum: jolqly, -jooMl,, Rily, Ej.
B cxeme nuneitHoTO Tpanchopmatopa (puc. 3.13) TOoku HE U3-
MEHSTCS, CCJIM COCIAMHUTL TOUYKH @ M b B y3en «aby». ITocne atoro
BOCIIOJIb3YEMCSI TPABUIIOM Pa3BsI3KM MAarHUTHO-CBSI3aHHBIX mened. K
y3i1y «aby karymku TpaHchopmaTopa MOIKIIOUEHBI OJMHAKOBO (3a-
KuMaMu 0e3 3Be3nouek). [loatomy nmpeodpazyeM TpaHncpopmatop mo
cxeme puc. 3.3.0 U MOJy4yuM CXEMy 3aMelIeHUs JIMHEWMHOro TpaHcC-
dbopmaropa (puc. 3.15) 6e3 MarHUTHBIX CBS3€H, B KOTOPOH KOHTYPHI
CBSI3aHbI AJIEKTPUYECKHU YEPE3 COMPOTUBIICHUE OOIIIEH BETBHU.
BakubIMU XapakTepUCTUKaMU TpaHcpopmaTopa SBISIOTCS: KO-
U, w

appuyuenm mpancgopmayuu no HANPANCEHUIO N, :_2sz (W, Wy
1 W

— YUCJIO BUTKOB BTOPUYHOM M MEPBUYHON OOMOTKHM), KOIGuyuenm

mpancgopmayuu no moxKy n, ::—1
2
Z, U,-l
:Z__ZZ |_2 U_1 =Ny -n.
2=

—6x

, Koagguyuenm mpancpopmayuu

no conpomusjeHuro n,
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: T

Puc. 3.15. Cxema 3amernieHust JHHEHHOTO TpaHChopMaTopa

B tpanchopmarope ¢ ogquHakoBEIMH 0OMOTKamMu (W,=W;) B CXe-
Me 3amenieHus (puc. 3.15) unayktuBHoctd Li-M, L,-M umeroT cMbici
WHIYKTUBHOCTEHN paccesiHus, MHAYKTUBHOCTh M — Ha3bpIBalOT MHAYK-
TUBHOCTHIO HAMArHUYUBAHUAL.

IIpumep Nel6. B cxeme nuneitHoro tpanchopmaropa (puc.
3.13) aMIUTATY 12 MCTOYHHKA HaIpsHKEHUS
En, =1008, Ly =200/ H,

L, =400mlH, M =200ml 1, Ry =R, =500m, R, =1000m,
L, =100m/ . Yacrora curnana renepatopa f=159,155 I'nm. Haiitu

Hanps»KEHUE Ha Harpys3Ke.

Pexomennmaruu:

MO>KHO BOCIIOJIb30BaThCsl YpaBHEHUSIMU TpaHchopmaTopa (3.5),
BBIYUCIINTB TOK |5, ¥ 3aTeM HalTH HANPSHKCHUE HA HATPY3Ke.

IIpumep Nel7. KommbroTepHOE MOAENIMPOBAHUE JIMHEWHOTO
TpaHcpopmaTopa.

B nporpamme TINA-8 nuneitabsie TpancpopMatopsl mpeacTaB-
JIEHBI TOJILKO ABYMS UJCAIbHBIMU MOJENSAMU. M ieanbHbI JIMHEUHBIN
TpaHchopMaToOp XapaKTEPU3yEeTCS TOJBKO OJHUM MHapaMeTpOM - KO-

appuyuenmom mpancghopmayuu no nanpadxicenuro Ny = —2 . Ha ma-
1
HEJIM KOMITOHEHTOB B rpymie Transformers ects aBe Mojenu uaealib-

Horo TpaHchopmaropa. Ha puc. 3.16 nmokazaHa cxema MoJieTUpOBa-
HUS UJeaJbHOro TpaHcopmaTopa ¢ KoddduureHToM Tpanchopma-
ou Ny = 2.
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% Voltages/Currents [&J
I_R1[2.0] 24 /907
I_WGE1[0.1] 44 /907
W_R1[2.0] 2000 /4 90°
W_WG1[01] 1000 /907
W_WM1[0,1] 1000 /507
W_WM2[0,2] 2000 /907
vz | [ ¥M1 100V

W2 2000
WP_1 100/ 90°
WP_2 2000 /4 90°

Show

v Nodal Voltages v Curents

Jv Otheroltages v Outputs

? Help e

Puc. 3.16. Moaens naeanbHoro TpanchopmMaropa

[IpoBeppTe, 4YTO B HACATHLHOM TpaHCHOPMATOPE BBIXOIHOE
HaIpsHKEHUE HE 3aBUCUT OT Harpy3ku R1.

Jluneinbii Tpanchopmatop ¢ morepsmu (puc. 3.13) MoxkHO
CMOJICJIUPOBATh, HWCIOJBL3Ys CBsA3aHHbe HHIykTUBHOCTH (Coupled
Inductors) u3 rpynmer Transformers. Cxema MojciIMpOBaHUS IICIH
(puc.3.12) mokazana Ha puc. 3.17. B cxeme ycranoButh f=159,155 I'li,
Eyn =1008,L; =200 M/ H,Ly, =400l 1, M =200ml =, R1=R,=100
Owm, R3=100 xOmMm, L3=100 mI'H.

% Voltages/Currents L—S__"hj
I_L3[2.0] 892.82us /116,37
I_R1[0.4] 445,86ma / -153,34°
I_R2[1.0] 892.82u8 / -B3 B3
R1100 RZ 100 _R3[32] 892,82uh / 116,37
(] M1200m - [LU = |_VG1[0.5] 446, 36me / 26,567
: = v_L3[2.0] 89.28mv / 153 6T
= W_R1[0.4] 44 B9 /153,347
- V_R2[1.0] 8928 / 353
B8 VT v _R3E.2) 89,28V / 116.37°
e, W_WGET[0.5] 1000 /307
W_WMA[0.3] 89,28V / £357
W1 89,280
] [v Curents
[ OtherYoltages [+ Cutputs
X Cancel ? Heln =

Puc. 3.17. Cxema moaenupoBaHus IMHEHHOTO TpaHchopMaTopa
3.5. DHepreTnyecKkue COOTHOILIEHHUS B TpaHchopMaTope

KoMmIuiekcHass MOIIHOCTh, TMepeaaBacMasl W3 NEPBUYHOU
OOMOTKH BO BTOPUYHYIO, PaBHA:

§:E2M l; = E2M '|2'COSW+ jEZM . |2-SinW: p2 + jQZ’
rae. Exy = 1 Xy = By -cosy + JEy, - siny — DJIC B3aumounnmyK-
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[[MY, HABOJMMAasi MarHUTHBIM MTOTOKOM BO BTOPUYHOW OOMOTKE (TIpH
BCTPEUHOM BKJIIOUEHUHU Karyiiek), l,=l, — TOk BTOpUYHOU IENHU
TpaHcopmaTopa, I - yrojl Mexay Bekropamu Eoy u 1o (puc 3.7).

Tak kak E;ycosy= IL,Ry+1,R, (cM. BekTOpHYIO IHarpamMmy), TO
aKTUBHAsT MOIMHOCTE P,=E,ml,C0S l//:(|22RH+|22R2). PeakTuBHas
MomHOocTh Qo= Eoy b sinwzlgzxg +I22X2H. AKTHBHaAsT MOIIHOCTb,
noTpedisieMas HarpyXKE€HHBIM TPaHC(HOPMATOPOM:

P=1,"Ry+P,= I;°Ry+ L,*(Ry+R2)=U11,C08 1.

3.6. Onpenesienne mapaMmeTpoB MArHUTHO-CBSA3AHHBIX KATYIIEK

PeanbHas kaTymika WHAIYKTUBHOCTH XapaKTepU3yeTcs CoO0-
CTBEHHOW WHIYKTUBHOCTHIO L; M COMpOTHBIICHHEM TOTEPh Ry, KOTO-
phl€ Ha KaXKJIOW 4acTOTE OMPEACNISAIOT KOMILJIEKCHOE COMPOTHUBIICHUE

Katymwku Zy(w)=R + joly =Z,co8¢ + JZ;Sing, = Zlej(Pl ,  THOe

X
21:«/R12+X12 :U%, (pl:arctgﬁlzgou — ¢, - yroa da3soBoro
1

CABUTA MEX Iy HampsikeHrueMm U; 1 TOKoM |;.

Ipumep 18. [Ins uzmepenus nmapameTpoB KaTymiku L, yctaHo-
BUTE B T'€HEPATOPE HANPSIKEHUSI CUHYCOUJIAIBHBIA CUTHAN C aMIUIH-
tynoi 1 B m wacroroun 159,155 I'un. YcranoBuTe MHAYKTUBHOCTH Ka-
Tymku 10 MI['H u compotusnenue noreppr RSer=10 Om. B pexume
Analysis-AC Analysis-Table of AC results monyuuTte Tabnuiy Hanpsi-
YKEHHUM ¥ TOKOB M pacCUUTANTE mapamMeTphl KaTymku Z;, Ry, X;.

% Valtages/Currents [&J
- |_L1[1.0] F0.7Tma /457
E |_WG1[1.0] F0.7md #1357
i WOL1[1.0] 1 /0
= WOVET[1.0] o
WP_1 1 /0
Shows
v Modalfoltages |v Currents
v Other Yoltages [v Outputz
K e 7 e | w

Puc. 3.18. U3mepenue napaMeTpoB KaTyIIKH HHIYKTHUBHOCTH
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3.7. A3mepeHue CONPOTUBJIEHUSI MATHUTHOW CBA3M

Jlns1 onipeniesieHus COMPOTUBIICHUS MarHUTHOM CBSI3U Xy CIIEAY-
eT Katymku L; u L, CoenuHuTh MocienoBaTesibHO U U3MEPUTh PEaAK-
TUBHOE COIPOTHUBJICHHUE IIPU COIVIACHOM BKJIOUEHHH X, M IIPU
BCTPEYHOM Xgerp. "OJHOMMEHHBIE 3aKMMBI' KaTylIEK OOO3HA4YEHBI
3BE3J0YKaAMMU.

PeakTuBHOE CONMPOTHUBIICHHE IIPHU COIJIACHOM BKIIOYEHHH Xcory

0OJIBIIIE, YEM IIPU BCTPEYHOM BKIFOYEHUU Xperp. CONMPOTHBICHUE Mar-
XCOFJ'I = XBCTp

HUTHOM CBsi3U Xy ompenensercs no dopmyne Xy=wM=

31ech ® - Kpyropasi 4acTOoTa HaNPsDKEHUS HCTOYHUKA.
ComnpoTHUBICHNE MAarHUTHON CBSI3W MOYKHO TaKXKe ONPEACIUTH B
cxeMme (puc. 3.17) apyrum cnocodom. JIj1st 5TOro Haji0 UBMEPUTH TOK B
nepBoi karymke |, m Hanpsbkenue U, Ha pa3oMKHYTOH BTOPOM Ka-
tymke L, (mpm orkimodeHHod Harpy3ke Rs; m L3) m moacumrarth
U2
M12 I 1
3Ha4YeHUA Toka |, m Hanpspkenus U; Ha pa30MKHYTOH 0OMOTKE TIEpBOU

U1

KaTymku L;, TO MOXXHO HOACYHUTATh Xypop =— OTH 3KCIEPUMEHTHI
|2

X . Eciin nmomeHsATH KaTyIIKn Ll n L2 MCCTaMHU U HU3MCPHUTD

JOJKHBI IOATBEPAUTD, YTO Xpm12=Xpm21=Xm-

3.8. Bonpochkl 111 cAaMONPOBEPKHU M NMOATO0TOBKHU
K JJa0opaTopHO padoTe

1. OOBbsicHUTE CMBIC OHSATUS B3aUMHOM MHIYKIIMU KaTYIIICK.

2. Kakoe BKIIFOUEHHE KATYIIEK HA3bIBAOT COTJIACHBIM, 4 KaKOE
BCTPEYHBIM?

3. Kakue npuOopsl HYKHBI JJISI ONPEJETICHUS] «OTHOUMEHHBIX)
3aKMMOB JBYX KaTymek? Kak nmpoBecT Takou 3KCIEPUMEHT?

4. 3anuiuTe ypaBHEHHUS B CUMBOJIMYECKON (hopMe MO BTOPOMY
3akoHy Kwmpxroda mis cxemsl puc. 3.2, eclid Ha BXOJIC JCHCTBYET
HanpspkeHue U. TlocTpoiiTe BEKTOpHYIO guarpaMmy HampsbKEHUW B
ATOU CXEME.

5. BeimonnuTe 3amanue m.4 i CXeMbl pUC. 3.2, €CJIM KaTyIIKH
OyJlyT BKJIFOUEHBI BCTPEYHO.

6. Kak paccunrtarh 3KBHBaJICHTHYIO MHAYKTUBHOCTb MPH IOCIIEC-
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JIOBAaTEILHOM COTJIACHOM BKJIFOYEHUM MAarHUTHO-CBSI3aHHBIX KATYIIICK?
7. Kak paccunrtarh 3KBHBAJICHTHYIO MHIYKTUBHOCTH NPH IOCIIE-
JIOBAaTEJIbHOM BCTPEYHOM BKJIFOUCHHHU MAarHUTHO-CBS3aHHBIX KaTylIEK?

XCOI‘J'I = XBCTp

4
9. Kakumu cnoco0amMu MOKHO MEHSITh B3aUMHYIO HHIYKTHB-

HOCTb JIBYX KaTylIeK?

10. Kak paboTaet nTuHEMHBINA TpaHCHOPMATOP U JIJIT YEr0 OH MC-
MOJIB3YETCS?

11. ITonw3ysich mpaBUIOM pa3BA3KU, HAPUCYUTE CXEMY 3aMeEIlle-
HUS JIMHEHHOTO TpaHchopMaTtopa 0€3 MarHUTHBIX CBSI3EH.

12. BBIMOTHUTD MYHKTHI, 00s513ameinbHble 01 8cex 1a00pamopHbIX
pabom (cM. TiaBy 1).

8. lokaxkute pacyeTHyI0 popMyiry Xp=

3.9. JIabopaTopHasi padoTra Ne3
HccnenoBanne 3J1eKTPUIECKHUX HeMNel, ComepKAIUX MATHUTHO-
CBsI3aHHbIE KATYIIKH
Hea» paGoTbl - omnpeneneHHe IapaMeTPOB MarHUTHO-
CBSI3aHHBIX KaTyIIeK, U3YUYCHHUE PACIPEACICHUS TOKOB, HANPSHKCHUUN
¥ MOIITHOCTEH B IEIISIX C B3AMMHOW WHAYKTHBHOCTBIO.

Yacte [. Onpenenenue napaMeTpoB KaTylIeK U
CONIPOTHUBJIECHUS B3AUMHOU MHIAYKIHUHU

[A]

E N
[ [E] \[\I

B

I4 I B

——
R110 M1 10m

. Ve, U—-—i: 1 F - i
@ @jw.ﬂ ]& Né §N2 RZ10 %UZ V2

AN

Puc. 3.19. Cxema MoJienupoBaHus MATHUTHO-CBSI3aHHBIX KATYIIEK
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1. CoOparb cxemy puc 3.19. VYcTaHOBUTH HaIpsHKEHUE
reHeparopa Ha mepBUYHOM oOmoTke mopsiaka 1B. Yacrory
reHeparopa YCTaHOBUTh MO HOMEPY Opuraabl B COOTBETCTBUHU C
dopmynoit: () =2,5+0,5-N, rae N — Homep Gpurazsl.

Ha maHenmm koMmmoHeHTOB BasiC  BwIOpaTh  CBS3aHHBIC
unaykruBHoctr  (Coupled Inductors). 3HaueHue WHIYKTHBHOCTH
Li=L, w3 tabmunsl 2.1 maboparopuoir paborsr Ne2, L,=L,, M=0,5L,
1u1st HeueTHbix Opuran, M=0,5L, nns yetHsix Opuran. Pesuctopsl Ry u
R, MoZienmupyroT NOTEPHU B KATyIIKAaX, TAK KAK KOMIIOHEHT «CBS3aHHbBIC
WHJIYKTUBHOCTHY SIBJIIETCS UJICAJIbHBIM U HE COAEPKUT MOTEPb.

Kiroun A, B, C, D noctaButh B 1eBoe moJiokenue, kirouu E, N
— BBepX. BwiOpaTh pexuM u3MepeHudd U 3amnucatb B Tabnuiy 3.1
pesynbrathl 3amepa 1 (Uy, 1y, @)1, U,). OOpaTuTe BHUMaHHE HA TO, YTO
Pi=% —h =AcL~ PRre

2. B monenu (puc. 3.19) NOAKIIOYHTE K TeHEPaTOPy KATYIIKY 2.
st sToro mocraButh kimoun: A, D — Brpaso, B, C — BneBo, E, N —

BBepX. Pesynbrare 3amepa 2 (Uy, 1y, @1, Uy) 3anucaTs B Tabmuiy 3.1.
Tabnuma 3.1

ODKCIIEpUMEHT Pacuer

Bamep 1 (U= [Ii= | = |Uy= | Z3= [Ri= X1= | Xmio=

3amep 2 | Uy= [ Ih= o= |Ui= |Z= |Ry= Xo= | Xmol =

3amep 3 (U= | Ii= | o@1= Z,= |R,= Xy= | Xmiz =

3aMep 4 U]_: |1: P11= 23: R3: X3 = XM12 =

Bamep 5 [Ui= [ 1= o= |Up=

3amep 6 (U= [ I1= o= |Uy=
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4. TlpousBecTH pacyeT MapaMeTpoOB OOCHX KAaTYIIEK M COIPO-
TUBJICHHS B3aMMOMHAYKIIMH. Pe3ynbpTaThl pacuera 3amucaTh B TaOJIH-
iy 3.1. Yoenutscs, 9to Xy1=Xpo1=Xum-

Yactp 2. [locnmenoBaTenbHOE COEJUHEHUE KATYIIEK

5. CoOpatb cxeMy ¢ ABYMsI IIOCJEI0OBATEIHHO COCIWHEHHBIMU
MAarHWTHO-CBSI3aHHBIMM KAaTylIKaMd. BKJIIOYMTh KaTYIIKH COTJIACHO.
Jns storo mocraButh kiroun A BieBo, B, D, C —sopaBo, E, N —
BBEPX. 3anucaTh pe3yJbTaThl U3MEPEHUN (3amep 3).

6. BKiIrouuTh KaTyIIku BCTpedyHO. JIJIsl 3TOTO MOCTaBUTh KITIOUH
A, C, D Bneso, B Bnpaso, E BHu3, N BBepx. 3anucaTh pe3yiabTaThl
u3MepeHun (3amep 4).

HUcnonws3yss nmanHble 3aMepoB 3 W 4, MNOICYUTATh ITOJHOE
COMPOTHUBJICHUE KATYyIIEK B 000UX CIydasXx U, OCHOBBIBASICh Ha ITHUX
JTAHHBIX, TOATBEPJANUTH, KAKOW U3 OMBITOB COOTBETCTBYET COTJIACHOMY,
Y KaKOW BCTPEYHOMY BKJIFOUCHUIO

/. Ucnionb3ys 3aMephl 3 U 4 U TTOJCYUTAHHBIC paHEe MapaMeTphl
KaTylIeK, HAa4YepTUTh B MacIITa0€ BEKTOPHBIC AMArpaMMbl TOKa U
HanpsKeHUH 1711 000UX CIIy4aeB UX COCIMHEHMUSI.

Yacte 3. UccnenoBanue paboTsl TpaHcPopmaTopa

8. Cobpath cxemy mMojenupoBaHus Tpanchopmatopa. s aToro
noctaBuTh Kitoun: A, B, C - BieBo, D - Bripaso, E — BBepx. st R, =
k04 N mocraButh BBEpX, i R,=R3 kimtou N mocTtaBuTh BHU3.

3Hauenue R; paccuurats mo gopmyne Rg(Om)=500-+200- N,
rae N — Homep Opuraisbl.

3anucath TOKa3aHWs  TPUOOPOB  JIsI  JABYX  PEXKHUMOB:
a)R,=0(x.x.); 6)R,=R3. PesynbTarsl (3amep 5 u 3amep 6) 3amucaTh B
tabmuiy 3.1.

JIOMaHIHeC paCcdC€THOC 3aaHHUC

1. Pe3ynbTarhl pacyeTa rnmapaMeTpoB 00€UX KaTyIIeK U COMpo-
TUBJICHUS B3aMMOWHIYKIIUY 3amycaTh B Ta0nuiy 3.1. YoeauTscs, 4To
Xm12=Xm21=Xm-

2. Ucnonb3ys 3amepsl 3 U 4 U NOACUYUTAHHBIC PAHEE TTapAMETPhI
KaTyIIIeK, HAYePTUTh B MacIITaOe BEKTOPHBIE AUATPaMMBbI JJIsi 000UX
CIy4aeB UX COCUHEHUS.
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3. Ilo nanHbIM 3amMepoB 5 U 6 TOCTPOUTH B MaciiTabe
BEKTOPHBIE IHArpaMMbl TOKOB W HAIpSHKEHUN ISl MEPBUYHOIO U
BTOPUYHOTO KOHTYPOB B pekumax “a” u “0”.

4. Tlo BeKTOpHOM AuarpaMme, COOTBETCTBYIOIIEH pexumy “07,
BBIYUCIIUTh AKTUBHYID MOIIHOCTh HAarpy3KH; aKTUBHYI) MOIIHOCTb,
MOTJIONIaeMy0 00eMMU 00MOTKaMu TpaHc(opmaropa; MOITHOCTH P2,
nepeaBaeMyl0 MarHUTHBIM TIOJIEM W3 TEPBUYHONM OOMOTKM B
BTOpUuHYI0. [loacunTaTs OanaHCc aKTUBHBIX MOIIHOCTEH: a) BO BCE
cxeme U 0) OTACIBHO JIJIi BTOPUYHOM IIETH.

5. Hcnonp3ysd HaWJAEHHBIE OSKCIECPUMEHTAIBHO MapamMeTphl
KaTYIIEK JIMHEHHOTrO TpaHc(popmaTopa U CONPOTUBICHUE MAarHUTHOU
CBSI3U, COCTaBUTh CXEMY 3aMeElIeHHUs JUHEHHOTOo TpaHchopMmaropa u
BBITIOJTHUTh TEOPETUYECKUI pacyeT TOKOB 1t R,=Rg3.

I'naea 4. JUHEMHBIE TIACCUBHBIE YETBIPEXIIOJIIOCHUKHN
4.1.KpaTKue TeopeTHYECKHE CBeIeHUA

llaccusnblii nuHeliHbIl YemblpexnoaoCHUK TPEACTABISIET co00M
AJIEMEHT UENH, HE COJIECpPKAIIUN MCTOYHUKOB PHEPTHUU U UMEIOUIUN
JIBa BXOJHBIX (NIEPBUYUHBIX) (2-D) 1 1Ba BRIXOAHBIX (BTOPUYHBIX) (M-N)
3akuMma (puc. 4.1)
OcCHOBHBIE YPaBHEHUS YETHIPEXIIOIIOCHIKA MOTYT OBITh 3aIuca-
HbI B IIECTH Pa3IUYHBIX (PopMax, UCMOIB3YIOMMUX MapaMeTpsl Y, Z,
A, B, H,G.
®opma Y Beipaxkaer Toku |, m |', depe3s mpoBomumocTu u
HaTPSKEHUS
h=Yy Uy +Ysp Uy
Iy =Y U +Yp U,
[TaccuBHBIC JTMHEHHBIE YETHIPEXTIOIIOCHUKU SIBJISTIOTCS 0Opamu-

mbimu. JIJIs HAX BBINOJIHSETCS TEOPEMa B3aUMHOCTH M B3aWMHbIE
IpOBOIUMOCTH Y15 =Y ;.

(4.1)

dopma A BeIpaxkaeT BXoaHoe HanpspkeHue U; u BXogHoM Tok |y
yepe3 BhIXOJHOE HamnpsbkeHue U, U BhIXOJHOU TOK |, A-mapameTpsl
MIPUMEHSIETCS TIPU aHAM3E MEPEJaur SHEPTUU OT BXOJHBIX 3aKHWMOB
K BBIXOJHBIM 32)KMMaM U TMOJPOOHO HCCIEAYIOTCS B Ja0OpaTOpHOU
pabote No8. [[nsi KOMIUIEKCHBIX JEUCTBYIOIINX 3HAYCHUN YpaBHEHUS
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YETBIPEXITOIIOCHUKA B POpME A UMEIOT BUI;
U, =AU, +Apl,

(4.2)
L =AY, + Axpl
ff fz
-— [ -— |,
. > —
g—o &
ul - lgm z
b | 2
n
ij Z—jl'|

Puc. 4.1. Cxema 4eThIpeXMnOJIOCHUKA

Kosduiinentsl ypaBHEHNN YETHIPEXITOIIOCHUKA HA3bIBAIOT €T0
napamMeTpamMu. A - mapaMeTpbl YeTHIPEXITOJIOCHIKA HHOT/1a UMEHYIOT
kak kodpdunuentsl A, B, C, D. Marpuna A - mapaMeTpoB HUMEET
BU/I;

A_|fu Aol |A B
Ay Ap| |C D

Omnpenenurens A - mapaMeTpoB MACCHBHOTO JIMHEHHOTO YEThI-

PEXTIOJIFOCHUKA PABEH CANHUIIE:

|A|:All'522—512'£‘21:1 (4.3)

DTO CBOWCTBO HAJAO HMCIOJIB30BaTh JJIsi MPOBEPKU pacuera A -
napaMeTpoB. Tak Kak 4eThIpe mapamMeTpa MacCUBHOTO JIMHEHHOTO Ye-
THIPEXTIOJIIOCHUKA CBSI3aHbl YpaBHEHHEM (4.3), TO HE3aBUCUMBIMU SIB-
JIIFOTCS TOJIBKO 3 mapamMmeTpa.

DOU3UYECKUUN CMBICI U HEMMOCPEACTBEHHOE ONPEIECICHUE
A - mapaMeTpoB

Ay=—mpu |, =0 (pexxum X0JIOCTOr0 XOJa Ha BBIXOAE —

XX2) -xoa¢ppuiueHT TpaHchopMaluu 1Mo HaMPsSKEHUIO;
I
A, = =L npu U, =0 (kxopotkoe 3amblkaHue Ha BbIxoge — K32)
I
—Kko3(ppunmeHT TpanchopMannu TOKa;



73

U, .
A,=—=—mpu U, =0 - Benuumna, oOpaTHas NepeNaTOYHOM

LD
npoBoaumocty npu K32;

I
AZl:Ui npu |, =0- BenuumHa, oOpaTHas IEepeAATOUHOMY
=2

CONPOTHUBJIEHUIO Ipu XX2.
B cummempuunom uemoipexnoniocnuxe (TOKA U HANPSXKEHUS BO

BHEIIHEW LIENIA HE MEHSIOTCS MPU NEPEMEHE MECTAMH IEPBUYHBIX U
BTOPUYHBIX 3aKMMOB) BBIIIOJIHAETCS PaBEHCTBO: Ay = A,,. IlooTomy

B CHMMETPUYHOM ITACCUBHOM JIMHEMHOM YETBIPEXIIOJIOCHUKE JIBA HE-
3aBHCUMBIX IMApaMeTpa.
BxoagHoe cCOMpOTUBIIEHHE YETHIPEXTOTIOCHUKA

BxomHOE CONMPOTHUBIEHNUE YETHIPEXITOIOCHUKA CO CTOPOHBI TEP-
BUYHBIX 32)KUMOB HaX0JuM 10 (opMyIIe:

U
AL =2+ A
Ql AU, + AL, 1, ZAMZZTLA&Z
L AU, + A0l A21L—JZ+A22 Ao1Z, + Ay

=2
BxonHoe CONMPOTHBIIEHHME CO CTOPOHBI BBIXOJHBIX 3aXKHWMOB
HaxOJUM I10 aHAJIOTUYHON popmyiie:

U, AU +ALL AnZi+ A
&2 - - -
Tl AU AL ANZ A,

N3 popmyn (4.2) u (4.3) caeayer, 4TO YETHIPEXIOJIIOCHUK TIpe-
o0OpazyeT (TpaHchOpMHUPYET) CONMPOTUBIICHUE HATPY3KH.
YacTHBIMH CITy4asiMU BXOJHBIX COMTPOTUBIICHUM SBIISIFOTCS

CONPOMUBAEHUS XOJIOCO20 X00A.:
JIpU Ly =00 U Ly, =1L, = o) npu Z, =

Ziw =21, = o}
Py Ao

Slex T =
COI’lpOI’I’lM@ﬂeHM}Z KOpOWlKOZO 3aMbIKAHUAL.
z, Ay

A1211p1/1 Z,=0uZ, =72 2 npu Z, =0.
02 1

(4.4)

Slex —

(4.5)

Z

Zlsx

_Zlk_
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B nanHOl paboTe A— mapaMeTphbl ONPENeIsSIOTCS MO BXOIHBIM
CONPOTHUBJICHUSIM, MOJYYEHHBIM OMNBITHBIM MYTEM B PEXUMAX XOJO-
CTOT0 X0J1a (X.X) ¥ KOPOTKOTO 3aMblKaHus (K.3) MO (hopMysam:

Z Z
A= 2 _1XZ v Ao = Aok Ay = 2'31;1 Ay = 51122—)( (4.6)
Loy =Lk Zix Lix

BriOop Harpy3ku u3 ycloBUS BBIJACICHUSA B HE
MaKCHMAaJbHON MOIIHOCTHU P, e

W13 Teopun U3BECTHO, YTO IPU MUTAHUM YETHIPEXIOIIOCHUKA OT
ucrounrka DJIC g toro, uroOwl B Harpyske Z, = Ry + JX BBI-
AeIuIach MaKCUMalIbHO BO3MOXKHAsl aKTHBHAsi MOLIHOCTb Py, HeoOxo-
AMMO, 4TOOBI COIPOTUBJIEHUE HATrPy3KH OBUIO KOMILIEKCHO COIps-
’KEHHBIM C BXOJHBIM COIPOTUBIIEHHEM YETHIPEXIONIOCHUKA CO CTO-
POHBI 3aKMMOB M-N IPU KOPOTKO3aMKHYTHIX 3axkumax a-—b. Ecmu
Z v = Rex + 1 Xpx TO JOJIKHO HMETb MECTO

u Xy=—Xgy. Ilpm o3ToM B Harpy3ske BBLICIACTCS

Phax :U22/ 4Ry , tne U, — HampsKeHUE XOJIOCTOTO XOJa Ha 3aXKH-
Max M-N u3 ombIta 1.

CxeMBbl 3aMCIICHHUSA YCTBIPCXITOJIOCHUKA

Ecnu Ha HekoTOpol (PUKCHUPOBAHHOW 4YAaCTOTE OMNPENEIICHbI A-
napaMeTphbl YETHIPEXITOIIOCHUKA, B pacueTax M AKCIEPHUMEHTaX JTOT
YETBIPEXIIOJIFOCHUK MOKHO TIPEJACTaBUTh CXEMOW 3aMEIICHHs, KOTO-
pas UMEeT Ty e MaTpuily A - mapaMeTpoB. [IpuMeHSIOT 1Be CXeMbl
3amemenus: T — oopasnas (puc. 4.2) u I1 — odpasnas (puc. 4.3).

4 )

in

Puc. 4.2. T-obpa3Has cxema Puc. 4.3. I1 - oOpa3nas cxema
Pacuet snemenToB T- 00pa3HOil cXembl 3aMellleHUsT Yepe3 A —
napameTphl YETHIPEXIOIIOCHUKA MPOBOAAT O PopMyiam:
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A:I.l_l AZZ_J'
)=, 7, =2

A (4.7)
Ay Ay Ay

Pacuet snemenToB II - oOpa3HOl cXeMBbl 3aMEIICHUST MPOBOJISIT
o popmysam:

A
Z, =P Zp=-22 7 - P2 (4.8)
Ay —1 Ay -1
XapaKTepUCTHYECKUE MapaMeTPhl YETHIP EXIMOIIOCHUKA

XapaKTepI/ICTI/I‘IeCKI/IMI/I mapamerpamu YCTBIPCXITOJIIOCHHUKA
Ha3bIBAKOT BA XdPAKTCPHUCTUYCCKHUX COIIPOTUBICHUA

A
=\Zik "Lix » Loc = 0By =2k Loy (4.9)

AZl ' All
U XapaKTepUCTUYECKYIO MMOCTOSHHYIO Mepenaun (Mepy nepeaadn)

g=IN({JA; - Ay +4A Ay )=a+ jb (4.10)

XapaKTepI/ICTI/IIIeCKI/IG COIMPOTUBJICHUA O6J'IaI[aIOT TaKUM CBOM-
CTBOM, 4YTO, C€CJIIM K BTOPHYHBIM 3a)KMMaM IIOAKIIIOYHUTbL B Ka4CCTBC
HarpyskKu ; 2C» TO BXOIAHOC COIIPOTHUBJICHUC CO CTOPOHbLI ICPBUYHBIX

3QKMMOB Oyner paBHO Z;-. M HaoOOpOT, €CM K NMEPBUYHBIM 3aXKH-
MaM IMOJKIIIOUUTL Zj~,TO BXOAHOE CONPOTHBJIEHHE CO CTOPOHBI BbI-

XOIHBIX 3a)KUMOB OyneT Z ¢ .

YembipexnontoCHUK, HASPYHCEHHbIU HA XAPAKMepUCmuUyecKoe
COnpomueeHue, Ha3vleaom co2naco8annvim ¢ Hazpyskou. Coriaco-
BaHHBIN PEKUM paOOTHI SIBISETCS BEChbMa BAXKHBIM U YaCcTO UCIOJb3Y-
eTcs Ha mnpakTtuke. Harpyska, paBHas XxapakTE€pUCTUUECKOMY COMPO-
TUBJICHUIO, TAK)KE HA3BIBACTCS CO2NACOBAHHOU.

B cornacoBaHHOM peKUMeE HAIpPsIKEHHs Ha BXOJIE M BBIXOJIC 4Ye-
THIPEXTIOJIFIOCHUKA BBIPAXKAIOTCS Yepe3 XapaKTePUCTUUECKUE Tapa-
MeTpHI 110 hopMmyIie:
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Z Z :
U, = i-Uz-egz i.gz.ea.er’ (4.11)

Zoc Zyc
rJe a — XapaKTEPUCTUUECKOE 3aTyXaHHe YETHIPEXIIONIOCHHKA, b — Xa-
pakrepucTuueckas asa.

Komnnexcnas nepedamounas (pynkyus uemulpexnoaitoCHUKa Bbl-
paxkaercs yepe3 A — mapaMeTphl U COMPOTHBJICHUE HArPy3KH CIETy-
ro1eit (popmynoi:

) U Z
Ky (jo)==2= =
Uy Ao +Ap

4.2. Bonpocsl 1Jisi CAMOINIPOBEPKHU M MOATOTOBKH
K JJadopaTopHoii padore

=Ky (@)-eI?®) (4.12)

1. Kakue 1nienu Ha3pIBatOT YETHIPEXMOJIOCHUKAMHU ?
2. Kakumu cBoiicTBamMu 00J1a/1at0T JIMHEMHbBIE TACCUBHBIE YETHIPEXIIO-
JIOCHUKH ?
3. Uto Takoe 0OpaTUMBbIC 1 CHMMETPUYHBIC YETHIPEXITOTIOCHUKNA?
4. Kak 3KCepUMEHTaIbHO HAUTH COMPOTUBJIEHUS XOJIOCTOr0 X0Ja U
KOPOTKOT'O 3aMbIKAHUS YETBIPEXITOTOCHUAKA?
5. Kakum cBoiicTBOM 00J1a1at0T A-TlapaMeTphl JUHEHHOTO MacCUBHO-
IO YETHIPEXMOIOCHUKA?
6. Kak paccuurars A-mapaMeTpbl JUHEWHOTO MACCHUBHOTO YETHIPEX-
MOJIFOCHUKA Yepe3 MapaMeTPhl XOJIOCTOrO X04a U KOPOTKOTO 3aMbIKA-
HUS?

7. Kak momoOparh Uisi YETHIPEXMOJIOCHUKA HAarpy3Ky, B
KOTOPOU OyJIEeT BBILACIATHCS HANOOIbIIasl aKTUBHAS MOIIIHOCTh?

8. UTo Takoe CXeMbl 3aMEMICHUS YEThIPEXTOIOCHUKA?

9. Kakue  xapakTepUCTHUYECKHUE napaMmeTphl UMEET
YETBIPEXITOIOCHHUK U KaK UX MOKHO PacCUATaTh?

10. YTto Takoe coriiacoBaHUE YETHIPEXITOIIOCHUKA C HATPY3KOM?
Kak MOXHO  paccuuMTarh  COIJIACOBAaHHBIA  PEXHUM  paOOTHI
YETBIPEXITOIFOCHUKA?

11. BpImonHuUTh  MOyHKTHI, oOs3aTenbHbIE  JUIi  BCEX
J1a00paTOPHBIX PadbOT (CM. TaBy 1).
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[IpeaBapuTenbHOE pacuyeTHOE 3aJaHUE

quBIpeXHOJ'HOCHI/IK HMCCT CIICAYIOIIHUC COIIPOTHBJIICHUA XOJIO-
CTOIo XoJa n KOPOTKOTO 3aMbIKaHW:

Tpedyercs:

1. Paccunrtars A — mapameTpsl YETBIPEXIOIKOCHUKA.

2. 3anucatb YpAaBHECHUS YETBHIPEXMOJIOCHUKA Yepe3 A —
IapamMeTpPBhL.

2. Paccuutath T — 00pa3Hyto cXeMy 3aMelICHUs.

3. [Io T — oOpa3Hoif cxeme HaWTH CONMPOTHUBJICHUS XOJIOCTOTO
X0J1a ¥ KOPOTKOT'O 3aMbIKaHHS.

4. Paccuurars XapaKTEPUCTUYECKUE apameTphl
YETHIPEXITOIIOCHUKA.

5. 3anucars ypaBHEHHS YETBIPEXIIOIOCHUKA B COTIIACOBAHHOM
PEKUME Yepe3 XapaKTEPUCTUUECKHUE TTapaMETPHI.

6. Jluist HaliieHHBIX A — MapaMeTpOB PACCUUTATh KOMIUIEKCHYIO
nepeaTouHy0 (PYHKIHMIO YETHIPEXMOJIOCHUKA TTPU COMPOTUBIICHUSIX
Harpy3ku R,= 200 Om u 500 Owm.

4.3. JlabopaTopHasi padora Ne 4
HccnenoBanme 4eThIPexXnoa0CHUKA

Hean pabdoTsl — onpeeneHue napaMmeTpoB JIMHEHHOro NacCuB-
HOT'O YETHIPEXITOIIOCHUKA IO BXOJAHBIM COMPOTUBIICHUSIM B PEKUMAX
XO0JIOCTOTO XOJ[a U KOPOTKOT'O 3aMbIKaHUs, a TAaKKE€ BHIOOpP COMPOTHUB-
JICHUSI Harpy3KH UYETBIPEXIIOIIOCHUKA M3 YCIOBHS BBIJCICHUS B HEM
MaKCUMaJIbHON aKTUBHOW MOIITHOCTH

Onucanue CXeMbl U3MEPEHUU

Cxema 111 KOMITBIOTEPHOTO MOJCIMPOBAHUS TIOKa3aHa Ha
puc.4.4. [Ipubopamu B cxeme sBISIFOTCA reHepaTop HanpsikeHus VG,
JIBa BOJIbTMETPA, JIBa aMIIepMETpa U BaTTMETD.

YeThIpeXnOIOCHUK C 3a)KUMaMU ab-mn cobupaeTcs Mo cxemam
puc.4.5 u I0DKEH COJep)KaTh TPU PEAKTUBHBIX demeHTa Ly, C,, Cy,.
Cxemy Haz0 BeIOpaTh MO yKa3aHUIO MpeErojiaBaTesis. 3Ha4eHHS] HOMU-
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HAJIOB PEAKTUBHBIX DJIEMEHTOB JJIsl KAKJIOH Opuraabl JaHbl B TaOIUIIE
2.1 (I'naBa 2).

[M] iy P
]
&+ VGBI E
1A i e
x [K] o
— rd
] 2N 1 47nF L1 6 BmH AMZ 1
— 4] ' Ml 1
H A )n+0~—| A :
1A La jfg 24
Cla s H R2 1
e + C C2 63nF I @j‘
= @jvr.nl U U:lv VN2
1B ) R 2000hm ) 7B
Puc. 4.4. Cxema KOMIIBIOTCPHOI'O MOACINPOBAHUA
YCTBIPCXIIOJIIOCHHUKA
a Ca La m a Ca Co m a La Ca m
———e - =
= Cp L, —
R1=200 Om R;=200 Om R;=200 Om
b n b n b n
& 3 @ 2z @ ]

Puc. 4.5. ITpumep cxeMbl YeThIPEXMOJTIOCHUKA
JlaGopaTtopHOe 3amaHue

1. CoOpate cxemy puc. 4.4. B reneparope VGl nanpsixeHus
YCTAHOBUTh CMHYCOUJIAJIBHBIN CUTHAM ¢ aMIUIATYy 10K | B u wactoroii
1 x['u. Curnan reneparopa kinroyoM A noaate Ha kiiemmy 1A, Kiroun
B, K, C pazoMkHyTb, Ki1t04 N 3aMKHYTb. ¥ CTAHOBUTH COIIPOTHUBJICHUE
Harpy3ku R,=1 Om. HUccnenoars AUX HanpsikeHHs HA KOHJIEHCATO-
pe Harpy3ku Cs. [l aToro B MeHto BeiOpaTh Analysis-AC Analysis -
AC Transfer Characteristic. Ycranosuts Start frequency 1k, End fre-
quency 20k u mosyunth Tpapuk AUX B TUHEHHBIX MacmTabax o
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ocsiM (puc. 4.6). YeenuuuB Macimitad mo ocu 9actot ot 8 g0 10 kI,
HallleM pEe30HaHCHYI0 4acToTy uersipexnomocHuka f,=9,75 kI'm.
anvheiiwue usmepenus Haoo npoeooums na yacmome f,

' —
AC Transfer Characteristic [i—h,l 5.00 J
Start frequency 1k [Hz] \/ 4 00__
End frequency 20k Hal | % Cancel ]
Mumber of paint 100 b
Mumber of paints | ? Hep 3.00-]
Sweep type :

f* Linear i Laogarithriic

. 2.00—
Diagram i

v Amplitude [~ Hyquist

[~ Phasze [~ Group Delay 1.00— /\
[ Ampitude & Phase ] _/,/ ¥

0.00 T T T T T T T 1
0 Sk 10k 15k 20k
Freauencv (Hz)

Puc. 4.6. UccnenoBanne AUX 4eThIpEeXIOTIOCHUKA

Ha pe3onancHoit yactore B pexkume Analysis-AC Analysis — Ta-
ble of AC results u3ameputh 1 3anucaTh HaIPsKCHUE Ha KOHACHCATOPE
Harpy3ku Cz W TOK B Harpyske, M3MEpeHHbI ammepmerpom AM2.
PaccunTaTh peakTUBHOE COIIPOTHUBIICHHE KOHJICHCATOpa HArpy3Ku Xca.

ONBITH X0J0CTOTO X0da U KOPOTKOIO 3aMblIKaHMH A

2. IIpoBecTH ONBIT IPSAMOTO XOJIOCTOTO0 X0Aa. st 3TOro B cxeme
puc. 4.4 xmouoM A monaath curHan Ha kiaemmy 1A, kmoun B, K, N
pazoMkHyTh (puc. 4.7). B pexume Analysis-AC Analysis — Table of
AC results ompemenutp TOk l;, m Hampsokenue U;. OOpartwure
BHUMaHHUE, YTO B TaOJHUIE PE3YJIbTATOB MPSIMOTO OMBITA XOJOCTOTO
xoga XX1 wm3mepeH Tok B reHeparope Hampspkenus |_VGI1[1))],
HaIpaBJIeHHbIA OT y3i1a |1 K y3imy 0, T.e. MPOTUBOMOJIOKHO TOKY ;.
[Tosromy k ¢aze Toka | VGI[1)] Hamo npubasuts 180°. B

: 0
pe3yibpTare MOIy4YUM _I1:1,61e+171’2 . Hanpsokenne U; paBHO
HanpsbkeHuto B niepBoM y3ie VP_1 u cocrasmsier 1 B. Cusur ¢a3

MEKy TOKOM M HalIPsDKEHUEM @ = ¢y — @ = — /1, 2°.

Pe3ynbpTaThl u3MepeHuit 3anucaTth B Ta0auity 4.1 (mpsMoi OmbIT
XX1).
ITo >TUM JTaHHBIM MOHO TTOACUUTATh Z;x:

U, /. ) .
ZlBX — % ’ RIX — ZIBX " COSPyx ’XIX — ZIBX SNy .
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X .
Zix = Rix + X{x » orx =arctg =X, 2, =7y -elx,

Rix

P11

1B

Vj\ﬂ.ﬂ l U

@j\f M2

2b

L16:8m AN

l © J2a
268 )
R1 200

-
N

i
[/

C3 B8R

|:| R2 1

Puc. 4.7. IIpsimoi1 onibIT X0JI0CTOTO X042 XX 1

% Voltages/Currents

=)

|_L1[E.4]
|_R1[0,2]
|_R2[0,3]
|_4G1[1.0]
YR
VP10
VP_2
YP_3
VP4
VP 5
VPG
VP_7
VP8
VP9

Show
[v ModalVYoltages
[~ Otheroltages

x Cahcel

B79.26pa /52,837
1.61mé /-108.8°
503 56p4 /1597
1.61ma /-108.8°
1000r A 3,186
120,88nV /63,777
322.33mV /71,27
503.56pY /217
1000 # 4,4F
503 56t /217
503.56my /217
12088/ -BB.77T
1000t # 9,76E-167
503.56my /217

[v Cuments

=

b

Puic. 4.8, Tabnuna pe3yabpTaToB MPSAMOTo onbiTa X X 1

3. 3amknyTh K04 K. [loBrOpuths M3Mepenus no m.2. 3anucarthb
pe3ysbTathl B Ta0uny 4.1 (npsamoii onsit K31). Paccuurars Z1K.
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4. B xomnbrotepHoit cxeme puc. 4.4 pazoMkHyTh Kiou K.
Kirouom A mopaTte curHan Ha kjaemmy 2A, HU3MEPUTh U 3alUcCaTh B

Tabnuity 4.1 nanpsoxenne U, Tox 1) 1 cisur $a3 ¢ (onmbIT 06paTHOro
xoJioctoro xoja XX2). Paccuurars Z2X.

5. 3amkHyTh K04 B. TloBTopuTth M3Mepenus no n.4. 3anucaTh
pe3yabpTathl B Tabnuily 4.1 (ooparusiii onbiT K32). Paccuntats Z2K.

Tabnuna 4.1
Ham(/)[:II;OleaHHe U, U, I, 1, 0 Vi
[Ipsimoit onbiT XX Zx=
ITpsimoii onbiT K3 2=
O6patnbIiit onbIT XX Zox=
O6patnsrii onbiT K3 Zox=

6.1lo JaHHBIM OIIBITOB 2-5 IMPOBCPUTH BBIIOJIHCHUC COOTHOILLICHMWA:

Zl/ _ ;A/
;1X ;2X .

HcnbiTaHre YETBIPEXIIONIOCHUKA O] HATPY3KOH

/. B komnbroTepHoi cxeme puc. 4.4 xiaouoM A MOJaTh CUTHAI
Ha 3axuM 1A, kimrou N 3amkHyTh, Kitoun B, K u C pa3oMKHYTb.

ConporuBnenue Harpy3ku R, uamMeHsith B mpeaenax ot 10 Om go
200 Om u B pexmme Analysis-AC Analysis — Table of AC results
U3MEPSITh MOIITHOCTH B Harpy3ke BaTTMETpOM. Pe3ynbTaThl 3anucarh B
tabnuny 4.2. HaliTu onTuManbHOE€ 3HA4Y€HUE HArpy3kud Ry,
COOTBETCTBYIOIIEE MAaKCUMallbHOM MOIIHOCTH, BBIJIEISIEMONA B

Harpyske.
Tao0muna 4.2
Cu Bk | Ry, OM 10 200

P,

MKBT

CH Ry, Om
BBIKJI P,

MKBT

8. 3aMkHyTh K04 C M 3aKOpPOTUTh KOHJAEHCATOP HATPY3KH.
[ToBTOpHUTH M3MEPEHUS] MOIIHOCTHU 110 M. 7. Pe3ynbTarsl 3amucarh B
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tabnuimy 4.2. s onTUMalbHON Harpy3KH 3alucaTh KOMIUIEKCHBIC
3HAUYCHUsI  HampsDKEHWST W TOKA HA  BXOJAE M BBIXOJE
YETHIPEXTIOIOCHUKA.

9. VYcTaHOBUTH ONTUMAIbHOE 3HAYCHHE AKTHBHOM Harpy3Ku
Roomr,  COOTBETCTBYIOIIEE MAaKCHMaJIbHOM AaKTMBHOM  MOIIHOCTH.
M3meHnsisi B HEOONMBIIMX TIpejeiax 4acTOTy reHepaTopa, yOeauThcs B
CHIDKECHUM MOIIHOCTH P, mpu OTKIOHEHMH 4acTOThl OT PE30HAHCHOM
Y HApYUICHUHU COTJIACOBAHMS PEAKTUBHBIX CONTPOTUBIICHUN.

Onpe):[eneHHe ONITUMAJTIBHOTO COMMPOTUBICHUNA
KOMIJEKCHOHU HAarpy3KHu

9. Ilo mamHpIM ombiTOB | ® 7 3amucarh OITHUMAJILHOE
CONPOTHUBJIEHUE KOMIUJIEKCHOW HArpy3ku: Z wonm — Rz onm. jXC3.

10. Ucnonw3ys pe3ynbTarhl U3 Tabauiel 1, NpoBEepUTh yCIOBHUE
COTJIACOBAHUE KOMIUJICKCHOW  Harpy3Ku 151 U3MEPUTEIILHOTO

*
CONPOTHUBIEHUS C YETHIPEXIOMOCHUKOM: Z = Z 1

NccnenqoBanue nepegaTodyHod PyHKIUH
YEeTHIPEXTOTCHHUKA

11. B xommbloTepHoil cxeme puc. 4.4 K  BBIXOILY
YEeTBHIPEXIIOIFOCHUKA ~ M-N  MOAKIIOYUTh  Harpy3ky R,  06e3
KOHJieHcaTopa. M3mensis compoTuBieHue Harpy3ku ot Hyns o 200
Owm, m3meputh B pexxume Analysis-AC Analysis — Table of AC results
Hanpskenus Ha Uy, U, 1 pazHocTts a3 o.

Tabmuna 4.3
R, U, U, (0) K1
0
Ryax
Pexum
XX

HpOBGCTI/I N3MCPCHUA TAKXKC JJIsI PCXKUMaA XOJOCTOI0 XOHIa4,
OTKJIFOYHUB COIIPOTHUBJIICHUC HAI'PY3KHU. Beruncnnth KOMIIJICKCHYTO
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. U, :
nepeAaTouHy0  (QYHKUHUIO 1O  HANpsHKEHUIo: K, = U—exp( jo) .
1

Pe3ynpTaThl 3anucath B Tabauity 4.3.

JlomMamHee 3aJaHueE

1. ITo nanubiM TabauIE! 4.1 paccuntath KO3IPOUITUEHTHI (POPMBI
A U 3aJaHHOU IIpEenoAaBaTesIeM dbopmbl YPaBHEHUM
YETHIPEXIIOIOCHUKA U CAETIATh TPOBEPKY MPABUIBHOCTH PACUETOB.

2. Hcnone3ys A-mapaMeTpbl, pPacCUUTaTh COMPOTUBICHUE
Harpy3ku, pu KOTOPOM B HEM BBIAEISIETCS HAUOOIbIIAS MOIIHOCTb.
CpaBHUTH C MOJYYEHHBIM 3KCIEPUMEHTAIIBHO.

3. IlocTpouth rpaduku 3aBuUcUMOCTe Ky M ¢ OT BeIMYHHBI
CONPOTHUBJIEHUS HArPY3KH R, .

4. HUcnonw3ys A-mapaMmeTpbl, pacCuuTaThb TEOPETHUUYECCKUE
3aBUCUMOCTH Ky, M @ OT BEJIMYMHBI CONMPOTUBJICHUS HArpy3ku R, .
[TocTpouts rpadvky U CPaBHUTH C IKCIIEPUMEHTOM.

5. Ucnonws3yst A- mapaMeTpbl M PE3yJbTaThl U3MEPEHUN 11.8,
paccuuTarh HANpPsSOKEHUE M TOK Ha BXOJIE€ YETHIPEXITOJIOCHHKA.
CpaBHUTB C ONBITHBIM 3HAYCHUEM.

6. Paccuutats u nHapucoBath T u Il - oOpa3Hble cXeMbl
3aMENIEHUS UCCIIETOBAHHOTO YETBIPEXTIOIFOCHHKA.

7. Paccunrarn XapaKTEePUCTHYECKHUE COIPOTUBIICHUSA
YETHIPEXIIOIIOCHUKA U XapAKTEPUCTUUECKYIO MOCTOSIHHYIO MEPEIayHu.
Paccuurare HamnpsoK€HHE W TOK Ha BBIXOJE YETBIPEXIIOIIOCHUKA B
COTJIACOBAHHOM pPEXHUME, €CIM HAa BXOAEC JCUCTBYET HAIPSIKECHHUE,
3aIaHHOE B DKCIIEPUMEHTAX.

I'nasa 5. MIEPEXO/IHBIE IMMPOLIECCHI B JIMHEMHBIX
AJIEKTPUYECKHUX HEINAX

5.1. 3akoHBI KOMMYTAIIUU

IlepexoOnvim npoyeccom Hasvléaemcs HeyCMaHOBUBUIUICS, He-
CMAaYUOHApPHbILL NPOYecc, BOSHUKUWIUL NPU nepexooe U3 00H020 Pedrcu-
Mma pabomsl Kk Opy2omy. Besakue U3MEHEHUS U MIEPEKITIOUEHUS B CXEME
Ha3bIBAIOT KoMMyTanuei. B cxeme puc. 5.1 B MoMeHT t=0 mpowucxo-
IUT KOMMYTalus (B JAaHHOM CJIydae 3amMbIKaHue Kitoua). Pexum pa-
OOTHI 1IETTH U3MEHSETCS U BO3HUKAET MEePEXOIHBIN MPOIIeCC.
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CuurtaeTcs, 4TO KOMMYmMAayus HPOUCXOOUM MEHOBEHHO B MO-
MeHT BpemeHu t=0. MoMeHT BpeMeHHU, MPEAIeCTBYIONUNA KOMMY-
Tanuu, obo3HaueH t =0_. MomeHT BpeMeHH, CICAYIOIUNA cpa3y Io-

cie KommyTanuu, ooosnauen t =0, . Ilpumem crenyromme 3HaYCHHS
napametpos nenu: E=1208,L =10ml#,C =68n®, Ry =R, =
1 kOm.

I[O KOMMYyTallUKl B MOMCHT t:O_ TOK B HWHAYKTHUBHOCTH

. E
h(0_)=———" B UHIYKTUBHOCTH HAKOIJICHA MarHUTHAS YHEPTHUS
1
L-i,2(0_)
Wy, (0_) = 1T .
i
—»
YT *

_if—"rr'
K “dt=0 f:ﬂ:_ ‘ :f=ﬂ

=

™
L0
\_/
=
—1
L
L}
| |

+

Puc. 5.1. Cxema 11enu ¢ KOMMYTHPYIOIIUM KIt04OM K

3H€pFI/I$[ HE MOXET U3BMCHUTHCA MI'HOBCHHO, TaK KaK MOIIIHOCTb

dw
Bcerma orpanuuena (P(t)= s = 00). [loaToMy B 3JIEKTPHUUECKUX

LETSAX C TOCTOSIHHOM UHAYKTUBHOCTBIO JIEMCTBYET
I[TepBBIMl 3aKOH KOMMYTAllUU:

Tox 6 UHOYKMUGHOCMU 00 KOMMYMAyuu paseH moxy 6 UHOVK-
MUBHOCMU 8 HAYANbHBIU MOMEH NOCTe KOMMYMAayuu':
iL(0_)=i (0, ).
Eciu npyu KoMMyTaluu U3MEHSETCS UHAYKTUBHOCTD, JEMCTBYET
0000 eH DL NepBblil 3AKOH KOMMYMAayuu 0l NOMOKOCYENna1eHUsl.
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Y(0_)="Y(0,)
Jlo koMMmyTanuu B MoMeHT t=0_ HampsikeHHEe Ha €MKOCTH
E-Ry
Uc (0_ ) =———=—. Ha eMKOCTH HaKOIUICHA 3JEKTPUUECKask SHEPTUs
R +R
1 2
2
C-u“:(0
W5(0_)= c( _). DnekTpuyeckasi YHEPrusi TakkKe HE MOXKET

U3MEHATHCS MTHOBEHHO. [103TOMY B 3JIEKTPUUYECKOW LIENH C MOCTOSIH-
HOW €EMKOCTBIO JIEUCTBYET

BTopo#l 3aKOH KOMMYTallUu:

Hanpsoicenue na emxocmu 00 KOMMymayuu pagHo HANpsdice-
HUIO HA eMKOCMU 8 HAUAIbHbIU MOMEHN NOCIe KOMMYMAYUU:
Uc(0_)=uc(0,).
Pacuer mepexoJHbIX MPOIECCOB OCHOBAH Ha HCHOJIb30BAaHUU
MEPBOr0 U BTOPOTO 3aKOHA KOMMYTAIIUHU.
Eciau npu KoMMyTanuu U3MEHSAETCS €eMKOCTh, JEUCTBYET 0600-
WeHHbILL 8MOPOU 3AKOH KOMMYmMayuu 0jisl 3apsi008.

q(0_)=a(0+).

TOKM B MHAYKTUBHOCTSIX W HANPSIKEHHUS HA €MKOCTIX HE U3MeE-
HSIOTCA BO BPEMsI KOMMYTAILMU, OIPEACISAIOT 3a11ac SJHEPTUU B LIENU U
HAa3bIBAIOTCA HE3AGUCUMBIMU HAYATbHBIMU ) CAOBUAMU.

[IepexonHbie TPOLECCHl B JIMHEMHBIX JJIEKTPUUECKUX LEIAX
OMUCHIBAIOTCS JTUHEUHBIMU TU(PdepeHIInaIbHbIMU ypaBHEHUAMU. {151
IIETH, TTIOKa3aHHOM Ha puc. 5.1 cucremy audpepeHnaIbHBIX ypaBHE-
HUM cocTaBuM 1o 3akoHaM Kupxroda:

=i, +i; (5.1): iy= ‘;{—C (5.2); ,—cd (53
1
L% +uc. =E (5.4)
Hcnons3ys ypaBuenus (5.1)-(5.3), mpeodpasyem (5.4) k Buay:
dZUC n 1 . dUC 1 E (55)

+——Uc =—
> CR dt LC ° LC
[Tonyunnu nuHelHOE, OAHOPOJHOE IUuPdepeHInaIbHOe ypaB-



86

HEHUE BTOPOTO IopsAakKa. Pacuer nepexoaHbIX NpoOLECCOB B JUHEMHON
AIEKTPUYECKOM LIEN MOKHO BBITIOJIHUTHh HECKOJIBKUMH METOIAMMU.

5.2. Knraccuyeckuii MeTo/1 pacyeTa nepexoaHbIX MPOIecCoB

B knaccuyeckoM METOJ€ MEPEXOJHOE HAMpPSKEHHE WIH TOK
UIIYT KaK CyMMY CBOOOJIHOM M MPUHYKJICHHOW cocTasistoie. [Ipu-
HYKJEHHYIO COCTAaBJISIIOIIYIO0 HaxXOJSAT pacueToOM MOCIEKOMMYTAllH-
OHHOM 1IeNM B YCTAHOBUBIIIEMCS MPUHYKJICHHOM pPEXKHUME, KOrja Io-
CJIe KOMMYTAaIlMM MPOILUIO MHOTO BpeMeHH. CBOOOIHYIO COCTaBIIsIO-
HIYIO UIYT Kak 00Ilee perieHrue OogHOPOIHOTO AuddepeHInaTbHOTO
ypaBHEHUS MPU HYJIEBOM BHEIIIHEM BO3CHCTBUU B BUJIE:

Uce ()= A -eP - Ay eP (5.6)

rje Pi, P2....- KOPHU XapaKTEPUCTUUECKOTO YpaBHEHUs, A1, Ao, ...

- HEU3BECTHBIC MOCTOSIHHBIE MHTETPUPOBaHUs. UMCIO KOpHEHN Xapak-

TEPUCTHUYECKOT0 YPABHEHUS W YMCJIO HEU3BECTHBIX MOCTOSHHBIX WH-

TErPUPOBAHUS PABHO MOPSIAKY IEMH, KOTOPBIA OMPEACISETCS YUCIOM
HE3aBHCUMBIX HAKOMUTEIbHBIX PEAKTUBHBIX AJIEMEHTOB.

/lna nunelinbix yeneu nepeo2o nopsaoka XapakTepUCTUUECKOE ypaB-
HEHHE HMMEET OJUH KOpEHb M CBOOOJHASI COCTABJISIONIAS MEPEXOTHOIO
TIpOIIeCcca BRIPAKACTCS OJJHOM AKCIIOHEHITHANbHON QyHKIweH n3 (5.6):

Ucee (1) = A e (5.7)
ITocTossHHOW BpEMEHM LENU IEPBOTO IMOPSAKA HA3BIBAIOT
t
1 U
7=—"IIpustom Uc,(t)=A-€ 7.
[
s nunetinvix yeneti 8mopoco NOpsOKd, KOTOPBIM COOTBET-
CTBYIOT nudepeHImaibable ypaBHEHUs BUA (9.5), XapakTepucTuue-
CKOE€ ypaBHEHUE UMEET CIICIYIOINNA BU:

Z(p)=p?+25p+w’y =0 (5.8)
Econ 6 > @)y, KOpHU XapaKTEPUCTHYECKOTO ypPaBHEHHs OTpHIIA-

TEJIbHBIE U pa3Hble. [lepexoIHbIi NPOLEecC ONMUCHIBAETCA IBYMs 3aTy-
XarIMMHU YKCIIOHEHTAMH U HAa3bIBAE€TCS allEpUOJUYECKUM.
Ecin 6 < @y, KOPHH XapaKTepUCTUYECKOIO YpaBHEHUS OyIyT

KOMIUJIEKCHO-CONPSIKEHHBIMUA C OTPULIATEIIbHON JEHCTBUTEIBHOU Ya-
cthito. Ilepexoanblii mpolecc UMeeT BUJ 3aTyXalroluX KojieOaHUl u
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Ha3bIBACTCS KOJIEOATEIILHBIM.

[IpyuMeHUM KIIACCUYECKUM METOJ ISl TEOPETHUYECKOIO aHAIN3a
MIEPEXOAHBIX IPOIECCOB, KOTOpPhIE OYyIyT HMCCIEAOBATHCS SKCIIEPH-
MEHTaJbHO B JJa00paToOpHOi padoTe.

IIpumep Nel9. B cxeme RL — nenu (puc. 5.2) kimou K 3aMbIKa-
ercs B MoMeHT {=0. HaiiTu TOK B MHIYKTMBHOCTH M HamNpsDKEHHUE Ha

MHIYKTUBHOCTH mocie koMmmyTauuu. Ilapamerper nemnm: E=12B,
L=Imln, Ri=R,=R3=2 Owm.

Puc. 5.2. [lepexonnotii porecc B RL — nenu

[TociienoBaTeIbHOCTh pacyeTa NEPEXOAHOTO
npouecca KIaCCHYEeCKUM METOA0OM
1. Pacuer pexxuma 1o kommyrtanuu (t =0_), onpenencHue He3a-
BUCHUMBIX HAYAJIbHBIX YCJIOBUWA. TOK B MHIYKTUBHOCTH JI0 KOMMYTa-

1107071 iL(O_):%R1+R3):3A:iL(O+), TaK KaK Ha IMOCTOSHHOM

TOKE UHAYKTUBHOCTb UMEET HYJIEBOE CONPOTUBJICHUE.
2. Pacuer npuHyX)JIeHHOTO pexuMa (t — co) mociie 3aMbIKaHUS
KJII0Ya U OKOHYAHUSI IEPEXOJHOTO Ipoliecca:

= E = 4A

ITo IMpaBuj1y ACJICHHUA TOKOB HAXOIUM HpHHY)KI[GHHBIﬁ TOK B
HHAYKTUBHOCTU!
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L JYY
3. CocraBisieM XapaKTepUCTUUECKOe ypaBHeHue. [l 3Toro B
HOCH@KOMMYT&HHOHHOﬁ CXCMC Pa3OMKHECM BCTBb C HHAYKTHBHOCTBIO

MEX Ty TOYKaMu ab 1 HaliieM KOMIUIEKCHOE BXOJHOE CONPOTUBIICHHE:
) ) RR
Z(jo)= joL +Rg +—12—,
R +R;

3aMeHUM @ Ha P ¥ MOJIYYUM XapPaKTEPUCTUICCKOE YpaBHEHUE:!

I Lnp

p|__|_R3_,_ﬂ:

KopeHp XapakTepuCTHYECKOro ypaBHEHH P = —3 % :

4. CBOOOJIHYIO COCTABIISIONIYIO0 TOKA B MHIYKTUBHOCTH UIIEM B

Bunge: I .. (t)=Ae Pl Heuseectnas mocrostHHAs WHTETPUPOBAHUS

5. HaxoauM mMOJHBIA TOK B MHAYKTHUBHOCTH KaK CyMMY MpH-
HYXJCHHON U CBOOOTHOM COCTaBJISIOIICH:

i (1) =iy, +i,(t)=2+1e" %A,

6. Haxoaum HampsikeHre Ha UHIYKTUBHOCTH:
u (t)= LI geap,
dt

Ipumep Ne2(). BBIIOJHUTE KOMIBIOTEPHOE MOJICIUPOBAHUE
RL- mermn. Cxema Mojienu mokaszaHa Ha puc. 9.3.

B Monenu ucnonab30BaH yrpaBiasieMblid 110 BpeMeHu kiatod SW1.
Jnst Toro, 4toObl HAOJIIOAATH JTOKOMMYTALIMOHHBIA PEXUM, MOMEHT
3aMbIKaHWA ~KiIroya mpumeM paBHeiM  tOn=10 c. MomeHT
nocinenyromiero pasmbikanns tOff=20 ¢ (Puc. 5.4). Pexum
Henepuoauueckuii. @opmanbHO TpeOyeTcsl 3alO0JHUTh BCE JJAHHBIE B
OKHE YCTaHOBKH.

Temepr B raBHOM MeHIO BbeiOupaem Analysis-Transient.
VYcranaBnMBaeM MapaMmeTphl aHAIN3a U OTOOPAXKEHUS MEPEXOHOTO
nporiecca. Havano oroOpaxkenus 9 c¢, koHel oroOpaxkeHus 12 c.
Wcnons3yem HavanbHbIE yciaoBus (puc. 5.5).
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I'paduku nmepexoansix mporeccos i3(t) u Uy (t) oroOpakaroTcs B
OKHE pe3yabTaToB (puc. 5.6) W COBMNAAAIOT C PACYETHBIMHU
GYHKIUSAMU.

i1(t) i2(t)
R 2 > +f’"’“‘f‘—)
1 - _}‘&J -
; 3 z _tlis(t) ¢
=112 i - llB(t)@vw

R332

7

Puc. 5.3. Cxema monenupoBanus RL-1iernmu

SW1 - Time-Ctld. Switch

Label Sl

Footprint Mame |
Parameters [Parameters)
[Hotkey m g
DC state OFF

tOn [=] 10 |
t Ol [5] 20 ]
Periodic MO

Period [2] 200 |
Roff  [Ohm] 1G ]
Ron [Okm] 0 |
¢ 0k | x Cancel | ? Help |

Puc. 5.4. YcraHoBka napaMeTpoB KJIroua

Transient Analysis [‘S__<|
Statdsplay 3 B | [V 0K |
End dizplay 12 (=] X Cancel

" Calculate operating paint ? Help

& sze initial conditions
" Zerainitial values

[w Diraw excitation

Puc. 5.5. YcraHoBKa nmapamMeTpoB NEPEXOJHOTO aHAIN3A
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4.00—

i3(t)

0.00

Qutput

UL(H)

-2.00—

-4.00

5.00 10.00

11.00 12.00
Time (s)

Puc. 5.6. I'paduku nepexoaHbIX MPOIECCOB
[To rpaduky i3(t) onmpeaenum MOCTOSHHYIO BpeMeHH Lienu. Jliis
ITOTO M3 Havasa rnepexomHoro mporecca i3(10) mpoBemeM kacatens-
Hyt0. Ha mepecedueHnn ¢ JUHUEH yCTaHOBHUBIIETOCS pekuma i13=2A
nostyuuM otpe3ok T = 1/3C.

5.3. OnepaTopHblii MeTO pacueTra nepexoaHbIX MPOIeccoB

Ipumep Ne21. Cxema RLC-nenm 3anana Ha puc. 4.7. L=4/3 I'x,
C=1/16®, R;=2 Owm, R,= 2 Om, E=12 B. Haiitn HanpspKeHHE HA €M-
KOCTH MOCJIE KOMMYTAIIUX OMEPATOPHBIM METOJIOM.

L M1,

Puc. 5.7. Cxema RLC-1ieniu

[TocnenoBaTenbHOCTh pacueTa MepexoHOro npolecca
OTNEPaTOPHBIM METOJIOM

1. Pacuer pexxuma 10 KOMMYyTaluH, ONPEAEICHUE HE3aBUCUMBIX
Ha4aJIbHbIX YCJIOBUM.
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JIo KOMMyTaIlMu TOK 4epe3 eMKocTh He nmpoxoauT (i3=0). Tok B
WHIYKTUBHOCTH

E =3A.

iL(O_):il(O_):iZ(O_):R R
1 TRy

Hamnpsoxenune Ha emxoctn U (0_)=625.

2. CocTaBiisieM OMEpPaTOPHYIO CXEMYy 3aMEIICHHs ¢ BHYTPEHHU-
My uctoyHukamMu DJIC, yYHTHIBAIOIIMMU HadalbHBIC YCIOBHS JUJIS
TOKAa B MHJIYKTUBHOCTH M HaIpPSXKEHUSA HAa €MKOCTH (puc. 5.8). BHyT-
pennuii ucrounuk DJIC Li(0) mampamieH coriiacHo Toky. BHyTpeH-
aui uctounuk DJIC Uc(0)/p HampaBiieH BCTPEYHO TOKY.

1(p) Li(0) 13(p)

—»NE),';\ ~ a —
~ (P) ueon

= (1) uab(e) | R || 1:(p)
—— 1/pC

b
Puc. 5.8. OneparopHas cxema 3aMeIIeHUs 1IeNu

3. PacueTr n300pakeHnil TOKOB U HAIPSKEHUI B ONEPaTOPHOM cXe-
Me 3aMmelleHus. Brraucnum Hanpsbkenue U, (p) MeTomom IBYX

y3JI0B:
12 4
E L Li(0) FRERE
=L p 3 1
p L Ug(0)-pC T
: 4
U ap(P)=—" P -
1_|_1_|_pC i_|_1_|_£
oL ' R, 4 "2 16
gp

_6p°+48p+144 _ A(p)
p(p?+8p+12) B(p)
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4. Beraucnum opuruHan Hampsbkenust U, (1) mo teopeme pasio-
*Kenus. s aToro:

HaXO0aUM KOPHH 3HAMCHATCIIA

B(p)= p(p?+8p+12)=0:

p1=O,p2:—2%,p3:—6%;

HaXO0JUM ITPOU3BOJHYIO 3HAMCHATCILA
B'(p)=3p° +16p+12;

BBIUNUCIIAACM
ACp) 19 APy ) _ 9 A(Pp;) 12
B'(py) B'(p,) B'(ps)

TeHepB 3aIIMCbIBACM 110 TCOPCMEC PA3JIOKCHUA:
C( ) A(pl) plt_+_A(p2) p2t+ (p3) p3t
B'(py) B'(p,) B(ps)
=12-9e % +3e%p

[TocTpoum rpaduk nepexoaHOIo Mporecca, ucmnoyb3ys Mathcad.

. -2t _ —6t
UC(t) = 12— 9 ~ + 3e

t=0,001.3

12 T T T

Puc. 5.9. I'paduk nepexomaHoro mpoiecca

Hpumep Ne22. Cxema KOMIIBIOTEPHOTO MOJAEIUPOBAHUA MOKA-
3aHa Ha puc. 5.10. Takxe kak B npuMepe Ne2() B MOJI€JIM UCTIOJIB30BaH
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yrnpasisgembiii 1o Bpemenu kiatod SW1. J[iist Toro, 4ToOsl HAOMI0IATh
JTIOKOMMYTAIIMOHHBIN PEXXUM, MOMEHT 3aMbIKaHUA KJTI0Ya YCTAaHOBJICH
tOn=10 c¢. MomenT nocneayroiiero pasmbikanus tOff=20 ¢ (Puc. 5.4).
Pexnm HEnmepruoauueCKuu.

L1133

iy - -

WE1 42 C

S
-
R12
——
fa
e
=

Puc. 5.10. CxemMa KOMITBIOTEPHOTO MOJEIUPOBAHUS

Tenepsr B m1aBHOM MeHIO BbeiOMpaem Analysis-Transient. Ycra-
HaBJIMBA€M TapaMeTpbl aHAIM3a U OTOOPAKEHUS MEPEXOTHOr0 IpPo-
necca. Hauano orobpaxkenus 9 c, konen oroopaxenus 15 c. Mcnons-
3yeM HadayibHbIe ycioBus (puc. 5.5). ['paduk nepexomnoro mpoiecca
noka3aH Ha puc. 5.11. Ha unrepBane Bpemenu ot 10 ¢ 1o 15 ¢ rpa-
(UK coBIagaeT ¢ pacyeTHIM (puc. 5.9).

MNoname - TR resultZ
File Edit Wiew Help

B By alg | TAAE 0] s e | 420

1200

10,00

“altage (V)

5,00

6,00 . : : | : |
Q.00 11.00 13.00 T5.004
Time (s)

TR resultl TR result2 ‘

Puc. 5.11. I'paduk nepexoaHoro npoiecca B KOMIbIOTEPHONH MOJIENN
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ITo rpaduky BUIHO, YTO MEPEXOJHOM MPOIECC B IENMU HUMEET
anepuoauueckuit xapakrtep. llepexomnoit mporecc Oyaer KoJeOa-
TEJIbHBIM, €CJIM KOPHHU XapaKTePUCTUUECKOTO YPaBHEHHS CTAaHYT KOM-
MJIEKCHO-cONpsiKEHHBbIMU. COCTaBUM JIJIsi OTIEPATOPHOUM CXEMBI 3aMe-
nieHus (puc. 5.8) XapakTepUCTHUYECKOE YPaBHEHUE:

Rllc R
Z(p)=pL+—P —pLy 2
1 pR,C +1
Ri+——
pC
_ P’RILC+pL+R 0
pR,C +1
[IpupaBHsIeEM HVYIIO YUCIUTED: 2 —+ + =0. [Tony-
pup Yy P 2R,C P LC y
1 1 o 1
yyuM JBa KOpPHS: =— + ———. llepexomHou
8 Pt P 2R,C \/(2Rlc) LC P

npoIecc KojeOaTeNbHbIM, €Cli MOAKOPEHHOE BBIPAXXEHHE OTpHIla-
TenbHOE. [Ipy mepexoae oT anmepruoaudecKoro pexkumMa K KoredaTenb-
HOMY HUMEET MECTO KPUTHYECKHU  PEXUM, B  KOTOPOM.

1 1 1
PL=Py = ( )> ——— =0. W3 NOCIeHETO ypaBHEHHUS

“2RCT2RC’ LC
IMOJIYYUM, YTO B KPUTHUYCCKOM PCIKUMC

4

c—_t 3 _ 1 _g3.0.

4R?  4.2% 12
IIpoBeneM MHOrOBapWAHTHBIM aHAIN3, B KOTOPOM €MKOCTh C
npuHumaet 3Hadenuss 60 m®, 80 MmdD, 100 mP, 120 mD. Jlna sToro

KHOIIKOM BBIOOpa YyNpaBisieMOro 0ObEKTa X Brinensem €MKOCTb, B
OTKpBIBIIIEMCsI OKHE BhIOMpaeMm Select, ycrtaHaBinBaeM HadaJlbHOE W
KOHEYHOE 3HAUYCHHWE EMKOCTH W YHCIIO UCTIbITaHul (puc. 5.12).

[Tocne aToro moBTopsiem Analysis-Transient. I'paduku nepexo-
HBIX MpoIreccoB npu n3MeHeHnu C Ha uaTepBaiie oT 11B no 13 B no-
Ka3aHbl Ha puc. 5.13. Buano, yto npu C=100 M® rpaduk nepexoHo-
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ro peXrMMa IPEBBINIACT YCTAHOBUBIIIEECS 3HAUYCHHUE, T.€. HAUMHACTCS
KoJIeOaTEeIbHBIN IPOIECC.

Parameter stepping
S k
Start value Bm HEEREE
0+ Linear
End value 120m " Logarithmic
O List |
Mumber of cazes 4

X

Parameter Stepping | Dptimization |

..................................

..................................

Remave | X Cancel | ?  Help |

Puc. 5.12. OkHO yCTaHOBKM MHOT'OBapHUaHTHOT'O aHalln3a

Moname - TR result13

B LIRS0

S[(=1ES

“oltage (V)
-,
Mo
[
T

11,50

11.00 T

File Edit ‘“iew Help
el BE g | TfE~ O
13,00+
: [VM1[2]_T20m[F]]
12,504

VW3], 100m[F]

8.00

T1.00 1300

Tirne (=)

TR resultf | TR resul? | TR result | TF resuld | TR resuld0 | TR result?l | TR resuli2 TR resul13 | « | »

I
15004

Puc. 5.13. I'paduku nepexoHbIX poIieccoB nmpu n3MeHenuu C.
Kputnueckuit pexum coorBeTcTByeT rpaduxy C=80 m®.

5.4. Bkawuenue rapmonnveckoii 3JC B RLC-uensn

Ipumep Ne23. Mogens RLC-mienu nmoka3zana Ha puc. 5.14. B
MoMmeHT t=10 C B 1enb BKJIIOYAETCS CUHYCOMJANbHBIA TeHepaTop ¢
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ammutyaor 1 B. Onpeaenuts XapakTep NEpPEexXOJHOrO Ipoliecca B
nenu. PaccumTaTh pe30HAHCHYIO YacTOTY BBIHYKIACHHBIX KOJICOaHUU
B LENM W TMPOBECTH MOJCIMPOBAHUE IMPU YACTOTE TEHEpaTopa

£20,9F e, 1 f1= Fes

w L1 10m WF1
IR - r

t LY
WE1D0 l
R110 T

l

Puc. 5.14. Moxens RLC-uenu
1. CocraBisieM XapaKTEepPUCTUIECKOE YpaBHEHHUE 1ICTIH:

=
.,
21 47nm

L +—+ R, =0 wiu +2|—|p+—=0..
Ph pC, ' P 2L P LC
jHﬂXOHHNIKOpHH}TmBHCHHH:
2
R R 1
P =—5 &E]LC
1 1 1“1

..(5.9)

(5.10)

N3 (5.10) naiinem 3Hayenue Ry, TIPU KOTOPOM NMOJKOPEHHOE
BBIDQKEHWE PABHO HYJII0 M BO3HUKAET KPUTHYECKUU TEPEXOTHOU

Iporecc.

Ll
thzzz Eg

(5.11)

[Toxcrasnsem B (5.10) urcneHHbIC 3HAYCHHS ITapaMETPOB U, HMC-

none3ys Mathcad, Haxonum KopHU:
R1:=10 L1:= 1IEJ_2 Cl = 4710

R1 R1 V1 oy
Ple= —— 4 = 500+ 4.612i x 10" 1/c

9

2.L1 2.1/ Li1-Cl

R1 R1 V1 o
P2i= —— _ - — 500 — 4.612i x 107 1/c
2L1) Li.Cl
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KopHH MoayYniIiCch KOMILIEKCHO-COIPSDKCHHBIC. 3HAYNT, TIEpe-
XOJHBIM mMporecc OyaeT MMeTh KojeOaTelbHBIM xapakTtep. Yactora
cBOOOIHBIX KOJIEOQHUM:

(4.612  10¥ 3
fce = =734 %100 Tu

2-T

BblunciauM pe3oHaHCHYIO YacTOTY BBIHYKICHHBIX KOJICOAHUN:

1
fpes:= ——  fpes=7341x10° Tn

2-m4/L1-C1

B cBsi3u ¢ ManbIMu MOTEPSAMU B KOHTYPE PE30OHAHCHASA YaCTOTA
BBIHYKJICHHBIX KOJICOAHUN MPAKTUYECKH COBIQJAET C YaCTOTOM CBO-
OOIHBIX KOJIEOAHUN.

Ha puc. 5.15 noka3ansl rpaduku nmepexoaHoro mporecca, momiy-
yeHHBIC B pexxume Analysis-Transient Ha BpeMeHHOM HHTEpBaje OT 9
mc 10 15 mc npu yactore reepatopa f1=0,9 f,.,;=6,6 kI'u. AMnuryna
NEPEMEHHOTO HampsKeHHs Ha koHaeHcatope VF1 umeer Buj 3aty-
xaromux ouenuid. Yactora OMeHui paBHa pa3HOCTH YaCTOT pe30HAHCa
u renepatopa fs=741 I'n. Takol pekuM Ha3BIBAIOT PEKHUMOM OHMEHUH.

10.00

n VF1T | Fvg=66 KL
5.00 |

!
Al

E i IHH il

'10 OO ] T I T I T I
9.00m 11.00m 13.00m 15.00m
Time (s)

Puc. 5.15. IlepexoaHoii nmpoliiecc B pexkuMe OMeHui
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Yoltage V)
o
]
]
|

'JIEI I:":I ] T | T | T |
900 T1.00m 13 00 1500k
Tirne (5]

Puc. 5.16. [lepexonnslii mpolecc B pexKUMe U30XPOHU3MA

Ecnu vactora reHeparopa COBIAJaeT ¢ PE3OHAHCHON YAaCTOTOM
KOHTYpa, MOJy4aeM peKuM u30xpoHusma (puc. 5.16). IIpu stom am-
IUTUTYAa IEPEXOAHBIX KOJIEOAHUN B KOHTYPE MOHOTOHHO BO3pacTaeT.

5.5. InddepeHnupyronmue 1 HHTErPUPYIONIHE HENH

JHuddepennupyronieid Ha3pIBaeTCs LI€Nb, B KOTOPOM BBIXOAHAS
BEJIMYMHA MPOMOPIIMOHAIBHA MTPOU3BOJIHOM MO BPEMEHU OT BXOAHOM
BenuuuHsbl. [Ipocteitmeit nuddepeHuupyronieii Henbo ¢ UCIoIb30Ba-
HueM sneMeHToB R u C sBnsercs cxema puc. 5.17, B KoTopoit mpu

R << el Ugpne =Ug . DIEKTPUUECKOE UHTETPUPOBAHUE MOKHO OCYIIIE-

1
CTBUTh TIPU TMOMOIIM CXeMbl puc. 5.18 mpu ycioBuu R>>—C, Ugprr

w
=U,.
c R
Uﬁxl R l U, Uﬂi C = lUm
O +—{) Cr 2

Puc. 5.17 Iudbdepennupyromas  Puc. 5.18. UnTterpupyromas RC-
RC- nemnn Lenb
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Juddepenumpyromas 1enb ¢ UCHO0JIb30BaHUEM dJIEMEHTOB R 1
L moka3zana Ha puc. 5.19 mpu R>>wL, U, =U;. DIEKTpUUYECKOE
UHTETPUPOBAHUE MOXHO OCYIIECTBUTH TaKXKE€ MPU MOMOIIU CXEMBbI
puc. 5.20 npu yciaoBun R<<wL, U, =Up.

R L
o—  }F—9—o0
stl LE iU&bu .gxl F l Ue::-z.x
O ] [ —

Puc. 5.19. luddepenuupyromass  Puc. 5.20. Uaterpupyromas RL -
RL - nens (113

5.6. IlepexoaHble © MMITYJIbCHbIE€ XaPAKTEPUCTUKHI

[lepexomHas xapaKTepUCTHKA OMPEIACIIICTCS KaK OTHOIICHHE
pCaKIUy IENH Ha CTYIEHYaTOe BO3JCHCTBUEC K BEIMYMHE 3TOTO BO3-
JICHCTBHSI TTPY HYJICBBIX HAaYaJbHBIX YCIOBUAX. [lepexomaHas xapakre-
PUCTHKA YHMCACHHO COBIAJAeT C peakiueid IENd Ha BO3JCHCTBHE B
Buae enuandHor (ynknuu 1(t). IMepexomnyro xapakrepuctuky h(t)
MOJKHO OIPEACIUTh, PACCUYUTAB MEPEXOTHBIN MPOIECC U HAUIA Uy, ()
IpY MOAKIIOYEHUH K IIEIM HCTOYHUKA MTOCTOSHHOM 3. 1. ¢. =1 B.

HmnynbcHas XapakTEPHCTHKA OMNPENCNIIeTCs KaK OTHOIICHHUE
peaKkIUu IIeNd Ha OCCKOHEYHO KOPOTKHUH HMITYJIBC OECKOHEYHO
OOJIBIIION BHICOTHI M KOHEYHOH ILIOMIAAN K IIOMAAN 3TOr0 UMITYJIbCa
NOpU HYJEBBIX HadadbHBIX YCIOBUAX. VIMITyJIbCHAs XapaKTepHCTHKA

YUCJICHHO COBIIAJacT C peaKuHeﬁ O Ha BOSI[CﬁCTBHG B BUJAC ICJIb-

Ta-(QyHKIIUU 5(t)=d(1£). B3aumocssa3p Mexay nepexomnoi h(t) n um-

nynscHOU hys(t) xapakTepucTukaMu OTpEeNIeTCs] U3BECTHBIME OIle-
PaTOPHBIMU BBIPAKCHUSIMMU:

t
hs(t)=h(0)-5(t)+h'(t) < K(p);h(t)= [hs(t)dt < H(p)= K(pp)
0

K(p):lfJgL((lf))- omneparopHas nepegaTounas QyHkous mernu, H(p)-

n300pakeHue NePEX0IHON XapaKTEPUCTUKH.
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[MoncraruB B K(P) BMECTO p KOMIUIEKCHYIO YacTOTy j@, IO-
JTYyYUM KOMIUICKCHYIO YacTOTHYIO XapakTepucTuky Ienu K( jw). Ya-
CTOTHBIC 3aBHCHUMOCTH Monysis K(m) u aprymeHta ¢(®) Ha3bIBarOT
aMIuTyiHo-4yacToTHoM (AUX) u (azo-uacrotHort (PUX) xapakre-
PUCTHUKAMHU TIETIH.

5.7. Boipocskl i1 caMOTNIPOBEPKH U 32 IaHUSA
JJISl MOATOTOBKHU K JIa00paTOpHOM padoTe

1. YUto Ha3bIBaOT NEPEXOAHBIMU MPOIIECCAMU U KOTJIa OHU TPO-
UCXOIAT?

2. O0bsicHuTe (HU3NUECKUM CMBICT MEPBOTO M BTOPOTO 3aKOHA
KOMMYTaIl1HU.

3. Kak ompenenuts NMOpSAIOK LENH HPU PACUYETE MEPEXOITHBIX
IIpOLIECCOB?

4. OOBACHUTE IMOCIEAOBATEILHOCTh pacyeTa MePeXoaHbIX MPOo-
LIECCOB KJIACCUYECKUM METOJIOM.

5. O0OBsAcCHUTE TOCIEA0BATEIBHOCTh pacyeTa MEPEXOIHBIX MPO-
1IECCOB OIEPATOPHBIM METO/IOM.

6. Kakoil BuJ MMEIOT NEPEXOAHBIE MPOLECCHI B LEMAX MEPBOTO
nopsiaka?

7. Kak u3MeHsieTcsi HanpsiKEHUE Ha KKJIOM U3 JBYX JIEMEHTOB
IPH TMOAKIFOYCHNUH MMOCTOSTHHOTO HanpshkeHus E k nemsm RC i RL?

8. Kak BBINVISAAT TpauKU BBIXOJHBIX HANPSKEHUN NpH Jeu-
CTBUM MPSIMOYTOJIbHOTO MMITYJIbCHOI'O CUTHaja Ha Bxoae auddepen-
HAPYIOLIETO U UHTETPUPYIOLIETO 3BEHA?

9. Kakoli BuJ MOTyT MMETh MEPEXOJHbIC MPOIIECCHI MPHU MOJ-
KIIFOUCHUH TOoCTOSTHHOTO HanpsixkeHnus £ k RLC -nenun?

10. Yto Takoe nepexoHbIE U UMITYJIbCHBIE XapaKTEPUCTUKH LIETIH?

11. Yto Takoe nepenarouHasi GyHKIMS [ENMU U KaK €€ HAUTH?

12. Kak cBA3aHbl NEPEXOTHBIC U UMITYJIbCHBIE XAPAKTEPUCTHUKH C
nepenaTouHon PyHKIMen nemnu?

5.8. JlabopaTtopHasi padoTa Ne5

HcciaenoBanue nepexoaHbIX MPOLECCOB B IENMAX
c cocpenoroyeHHbIMu napamerpamu R, L, C

Heab padorsl. B paboTte ncciemyroTcs mepexoHbie MpoIecChl B
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nernsix nepporo nopsiaka R,L u R,C , a Takxke B 1ienmu BTOporo nopsiika
R,L,C mpu aneprouyeckoM 1 KosieOaTeIbHOM XapaKTepax Mmpoliecca.

A. Cbopka cxeMbl MOJEIUPOBAHUS

1. Cobpath cxemy u3amepenuit puc. 5.21. HaGmronenue mepe-
XOJHBIX IPOILIECCOB 3aTPYJHEHO MX KPaTKOBPEMEHHOCTHIO. IloaTOMy
JIJIs1 UCCIIEIOBAHUS MIPUMEHSIETCSl BXOJHOM CUTHAJ B BUJE MEPUOIUY E-
CKOM IOCJIeI0BAaTEIbHOCTH MPSIMOYTOJbHBIX MMIYIbCOB. CXEMbI HC-
CIIETyEMBIX IIETIEH COOMPAIOTCS JJIS KaKIOTO 3adaHus M BKIFOYAIOTCS
Mexay kiemMamu 1A, 1b u 2A, 2b. HomuHanbHbIE 3HaYEHUSI COMPO-
THUBJICHUM, EMKOCTEH M MHIYKTUBHOCTEN YCTAHABJIMBAIOTCA B COOTBET-
CTBHH C 3aJJaHUSMU.

r% Oscilloscope - Virtual E@ér
Trigger Horizontal
OSC1_Chi: 1V WF1: 1V VF2: 1 Mode Source Time/Div
Single - 50u g
0sc1 fu Position
o =l
S ey o ’Tg Mode
[[ i | i :/ ) VAT
Gg:l Chi Cl ||J \ f Ilk i‘ « | Storage xsouf
A AN ! _Pun | Step o510 <]
Store | Erase 05C1_Ch iz
; : [:';'L_| Yertical
1A R1 100 15VF2 : 1| Volts/Div
— Coupling ,1— ﬂ
& VGBI - A HA: B Di: ’E + | AC Position
@ = B: YA YE: DY¥: ’D— j
3] T Cursor Data On =
[a 8] on| <[] 2]=]]| 25 B 2 e
J2a B3 |

Puc. 5.21. CxeMa KOMIIBIOTEPHOTO MOJICIMPOBAHUS MEPEXOTHBIX

IIPOIIECCOB

Y CTaHOBUTH NPSIMOYTOJIBHYIO (POpMY CUTHAJIA, YacTOTY reHepa-
topa Sk, aMIIuTy 1y NpSAMOYTOIBHBIX UMITYJIbCOB 1B.

b. Uccnenosauune RC-uenu

2. B cxeme unTerpupytomei RC-tienm puc. 5.21 BKIIOUHTH 331aH-
HYIO TIperoAaBareieM eMKOCTh U cornpotusieHne R; =100 Om. Bxox RC-
LENMM NOJAKIIIOUNTh K KiieMMaM 1A u 1b reneparopa curnamos. Beixon
RC-1ieru moAKmounTh K KiieMMaM 2A u 2b cxeMbl u3MepeHHi.

3. AnuTenbHOCTh pa3BepTKH ocuuuiorpadga yCTaHOBUTH TakKoM,
4yTOOBI HAa JKpaHe HaOII0JaTucCh HE OoJiee ABYX-TpEX MEPUOJOB HM-
MyJIbCHOTO CUTHAJIA.
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4. B unrerpupyronieit RC-mienu, cHuMasi BBIXOJHOW CHUTHAI C
eMKOCTH, Habmogath  Ha  ocuwuiorpadge W 3apuUCOBAThH
OCLMJIIOrPAMMbI HAIPSHKEHHUH Uy, U Uy =Uc(t), cobmromas macTaObl
HaIpsOKEHUS U BPEMEHH.,

5. BeiOpath B riaBHOM MeHio pexum Analysis-Transient,
ycTaHOBUTh Bpems HaOmogeHus or 0 mo 500 MxkC W TONMYYUTH
rpadky  TIepeXoJHOro  mporecca. M3meputh 1o  rpadukam
HanpspkeHust Uc(t) mocrosuubie BpemeHun RC-nenu npu  3apsiie
€MKOCTH T, ¥ Pa3psAJe EMKOCTH Ty,

6. YcranoButs R;=1 kOm. [loBTOpUTH HCCIE0BAaHUS 110 11.11.4,5.

7. CoOpars muddepenuupyromyo RC- memp (puc. 5.17),
BKJIIOUMB Ty K€ €MKOCTh Mexay kiemmamu lA-1b, a pesuctop R;
Mexay kinemmamu 1b-2b. BbIXOIHOW CUTHall CHUMATh C PE3UCTOpA.
[Tosry4nTh OCHUIOrPAMMBI U TPpa@UKU Uy, U Uy, =Ur(t) 1711 3HaueHUi
R.:=100 OMm u R;=1 xkOwm. IIpoBecTu ucciaenoBanus 1o 1.m.4,5.

B. UccnenoBanue RL-uuenu

8. CoOparp wmHTEerpHpyomyo RL-nmens mo cxeme pwuc. 5.20,
UCTIONB3Ysl  3aJlaHHYI0  MpEenojaBarelieM  WHIYKTUBHOCTH |
conpotuBiienne R;=100 Om. IlpoBectn uccinenoBanust no m.m.4,5,
CHUMAs BBIXOJHOM CUTHAJ C COMPOTUBIICHUSI.

11. YcranoButh R1=1 kOm. IToBTOpUTH HCCIenOBaHuUs 110 11.8.

12. Cobpars auddepennupyromyro RL-miens mo cxeme puc.
5.19, wucnonp3ys 3alaHHYIO TMpenojaBaTesieM WHIYKTUBHOCTh U
conpotuBiaenue R;=100 Om. [IpoBecTu uccienoBanus 1o 1.8, CHUMas
BBIXOJIHOM CHUTHAJ C HHIYKTUBHOCTH.

13. YcranoButs R1=1xkOwm. [ToBTOpUTH HccneqoBanms 1o 1m.12.

I'. UccnenoBauue RLC-nenun

14. Cob6pats RLC-mens (puc. 5.22), ucnons3yss €eMKOCTh M WH-
TYKTUBHOCTh M3 MPEIBIAYIINX MYHKTOB UCCIEIOBAHUS. Y CTAaHOBUTH
gacToTy redeparopa 500 I'm. ITo dopmyne (5.11) paccuurath KpuTH-
YecKOe 3HAaYy€HUE CONMPOTUBJICHUS MOTeph R, mpu kKotopom OyaeT
KPUTUYECKUN TIEPEXOTHON IPOLECC.

Cnenate R; ynmpaBisieMbIM OOBEKTOM M yCTAHOBUTH TPU 3HAYE-
HuA Ry,-500 OmM, Ry, Ript500 Om. BriOparts pesxxum Analysis-
Transient, yctanouts Start display 2 mC, End display 4 mC u momny-

Kp>
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YuTh rpaduku nepexoAHbIx mpoieccoB. [loanucars rpaduku U 00b-
SCHUTB UX (popMmy.

|
Cutput

WFA
-

R1767* L110m WF2

T
s
1 68n
|
I

\/ N -
T T T T
3.00m 3.50m 4.00m
Time (s)

.||_._

Puc. 5.22. Cxema monenupoBanus RLC-nienu

15. IToBTOpUTH MCCIIEAOBAHUS 110 M. 14, CHUMas BHIXOIHOM CHI-
Hai Ug(t) ¢ eMKoCTH.

16. IToBTOPUTH MICCIIEAOBAHUS 110 M. 14, CHUMas BBHIXOAHOM CHI-
Haut U, (t) ¢ MHAYKTHBHOCTH.

JI. UccnenoBaHnue nepexoaHbIX U UMITYJIbCHBIX
XapaKTEPUCTHUK

17. Tlo yka3zaHuo mpenoaaBarelisi coOpaTh OJIHY U3 CXEM pHC.
5.17-5.20, uccrnenoBaHHBIX B MPEIBIIYIIMX MyHKTaX. YCTaHOBUTH B
reHeparope HampsikeHus (opMy CUTHaJIa B BUAC €IUMHUYHOU (DYHK-
muu BkmtoueHust 1(t), pesucrop R;=1xkOm. Bwmomauts Analysis-
Transient, ycranosus Start display 0 mC, End display 2 mC. 3apuco-
BaTh I'paUK BBIXOJHOTO CHUTHAJA, COOTBETCTBYIOIIMHI MEPEeXOMTHON
XapaKTepHUCTUKE 1ienH (puc. 5.23).

18. YcraHOBUTH B reHepaTope HampsbkeHus popMy CUTHAla B
BUJIE OMHOYHOTO mMIyJbca (Pulse) ¢ ammmmrynoii 1 B u pmutenpHO-
creio 1 MxC, pesuctop R;=1000M. Bemomaute Analysis- Transient,
ycranoBuB Start display 0 mxC, End display 100 mxC. Ynmanmute u3
rpadrKOB BCcEe KpUBBIE, KpoMe BhIXoaHOTO curHana VF2. YcranoButh
BepXHUU mpenaen no BeptukanbHoi ocu 200 mB. 3apucoBath rpaduk
BBIXOJIHOTO CHTHaNA Uy, (t), COOTBETCTBYIONUI MMITYIbCHON Xapak-
TEPUCTHUKE EIH.
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1.00—

750.00m -

VFZ

Output

500.00m -]
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250.00m -]
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Puc. 5.23. HccnenoBanue nepexoaHON XapaKTepUCTUKH

[TpuOIM>XKEHHO MMITYJIbCHASI XapaKTEPUCTHKA IENU IpU Jeil-
CTBUHU KOPOTKOI'O MUMITYJIbCa €AUHUYHON aMIUTUTYAbI s t>t,,,, onpe-

1
JeJIsIeTCst COOTHOIIEeHueM: h;(t) = —u,, . (1).
umn
200.00m —
150.00m—
‘g_ ]
= 100.00m-]
o ]
; VF2
50.00m—
ﬂ. ﬂﬂ T | I | 1 | 1 |
0.00 25.00u 50.00u 75.00u 100.00u

Time (s)

Puc. 5.24. UmnynwscHas xapakrepuctrka RC-nernu
JloMmamHee 3aJaHuE

1. JIyis Bcex MCCIIEIOBAHHBIX IICTICH MEePBOTO MOPSJIKA 3aIucaTh
TeopeTndeckue (HOpPMyJbl W PACCUNUTATh TpadHKH MCCIICTOBAHHBIX
ICPEXOJAHBIX IPOICCCOB Il 3HAYCHUH IapaMETPOB JJIEMEHTOB,
UCIIOJIb30BaHHBIX B padote. ITocTpouTs BpeMeHHBIC quarpaMmsl i(t),
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uc(t), ug(t) wu pesynpbTaThl CpaBHUTb C  IOJYYCHHBIMU
AKCIIEPUMEHTAIBHO OCHUIUIOTPAMMAMU.

2. Jlng Oemew mnepBOro IOpPsAAKAa pPAacCYUTATh MOCTOSHHBIE
BPEMEHHM II0 MapaMeTpaM IeNed M CPaBHUTh C TMOJYYECHHBIMU
DKCIIEPUMEHTAJBHO.

3. Jlnga memer mEpBOTO IOPSAKA ONPEAECHUTH YCIOBHS, IPH
KOTOPBIX 3TH IENU MOTYT cuuTaTbesl AUGPEpeHIUPYIOMUMU WU
VHTETPUPYIOIIAMU.

4. Jlma uwened BTOPOrO IOPSAKA pPACCUATATh  yCIOBHUS
BO3HUKHOBEHMS alieprOJANYECKOr0, KPUTUYECKOTO U KOJIeOATEIHLHOTO
IIEPEXOAHOTO IIpolecca.

5. Jlns nener BTOPOro MopsijIka pacCUUTaTh NEPUO CBOOOTHBIX
KoJieOanuii u kod(uuueHT 3aryxaHus. CpaBHUTH C TMOJTYyUYCHHBIMU
sKcTIepuMeHTanbHO. [locTpouTh rpaduku MNEPEeXOAHBIX IPOIIECCOB
Uc(t), up(t), ur(t) mis koedaTeTPHOTO MEPEXOIHOTO MpoIiecca.

6. Paccuurath TEOpETHMYECKM TNIEPEXOJHBIE W HMIYJIbCHBIC
XapaKTEpUCTUKU HCCIENOBAHHBIX Lener. [locTpouTs TeopeTuyeckue
U SKCIIEpUMEHTaNbHbIE Tpaduku. CpaBHUTH PE3YJIbTATHI.

I'naBa 6. TPEX®A3HBIE SJIEKTPUYECKUE HEIU
6.1. KpaTkue TeopeTuyecKkue cBeleHUsI 1 METOAbI pacuera

TpexcbaBHLIe eI IICPCMCHHOI'0O TOKa ABJIAKOTCA OCHOBHBIM
HUCTOYHHUKOM SJIGKTpHIIeCKOfI SHCPIrun B IJCKTPHYCCKUX CCTIAX
IMPOMBIIIJICHHOTO U KOMMYHAJIBHOI'O HA3HAYCHUAI.

f{t} +30°
A ®B ©c

@it

120°120°

Ec

Puc. 6.1. Bpemennbie quarpammsl | Puc. 6.2. BekTopHas nuarpamMmma
Tpexdaznoi cucrembl J/[C.
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Tpexdasznas cucrema JJIC BbIpabaTbiBaeTCsi B Tpex(dazHbIX
CUHXPOHHBIX reHeparopax u mnpexactasiger Tpu IC ¢ paBHOUl aMm-
IUIATYI0M 1 (a30BEIM caBUroM 120°;
ep = Ep Sinat; eg = E, sin(at —120° ); ec = E,, sin( et +120°).

Ha puc. 6.1 mokazaHbl BpeMEHHBbIE auarpaMMbl TpexdazHbIX
OJIC. Ha puc. 6.2 nmoka3zaHa BEKTOpHasi JuarpaMma KOMIUIEKCHBIX
nevctByromux IJ1C B TpexdaszHoii nemnmu.

[IpuMEHSIIOT HECKOJBKO CIOCOOOB COEAMHEHUs TpexdazHoro
nctoynuka JJIC ¢ Harpy3kamu.

CoenuHeHue 3Be31a-3Be3]1a

CoenuneHue 3Be37a-3Be3/a MmokasaHo Ha puc. 6.3. Tpexdaszubie
ONC Ej,Eg Ec oObemunensr B ys3nge 0. @asHble Harpysku

Zp:Lg Lc oObenuHeHbl B y3ne 0'. IIpoBOJ, COCIMHSIOMINIA Y3IIbI

00", Ha3BIBAIOT HEHTPAIBLHBIM IPOBOAOM. B cilyyae CMMMETPHYHOI
Harpy3ku Z, =Zp =Zc NPUMEHAIOT TPEXIPOBOJHOE COCIAUHEHUE

3BE€3/1a-3B€3/1a 0€3 HEUTPAIbHOTO MPOBOAA (K04 K pa3OMKHYT).

A
EAH . ?_ da3HbIe
dazHble YICBOM  Upg| Uy Harpy3Ku
BI[C IIPpOBOJ I
IN K\
-~
-
Es  Uono -
C B c b
I \
Ic
—

\ i} =
JIunerHbie TpoBOIA

Puc. 6.3. Coequuenue 38e3/1a-38€3/1a

Toxu B nuHelHbIX npoBoaax 1, lg,lc B cxeme puc. 6.3 paBHsbI
COOTBETCTBCHHO (ha3HBIM TOKaM B Harpyskax I, .l g, 10

Ilpu cummempuuneix Hacpyskax (a3Hble HANPSHKEHUS Ha
Harpy3kax paBHbl ¢azHbiM IJ[C, a ¢a3Hble TOKM MOXKHO BBIYUCIUTH
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E Uopa .
no gopmye: Lpa= =A _ =94 B yrom clIy4ae TOK B HEUTPAJIbHOM

Zn  Za
npoBose |y =0 1 MOXHO IPUMEHSTH TPEXITPOBOIHYIO CETh.

llpu necummempuuHblX HA2Py3Kax U BKIIOUYEHHOM HEHUTpaJIbHOM
npoBojie (ha3HbIe TOKU HE PaBHBI U 8O3HUKAEM MOK 8 HeUmpaibHOM
nposooe: Iy =1, + 1,5 +14c.

Ecnu naepysku necummempuynl, a HeUMpaibHbulll NPO80O Om-
cymemeyem, To Mexny yznamu 0’ u 0 sosuuxaem nanpsocenue cme-
Wenus Hellmpanu, KOTOPOe PaCCUUTHIBAIOT 1O (HOpMyJIe:

Ea¥a +EgYs +EcYc
Ya+Yg +Y¥c
POBOAMMOCTH (pa3HbIX HArpy3ok. [Ipu aToMm TOkHM B ¢azax Harpy3ku

OTnpeenstoTCs o popMyiaM BHA:
1= Ea—UYoo
A e .
Zp

Upog = , Tne Ya,Yg,Yc - KOMIUIEKCHBIE

Hanpsbkenne Mexay JMHEWHBIMA NPOBOJAMHM HA3BIBAKOT JIU-
HEWHBIM HampspkeHueM. B cxeme puc. 6.3 jguHEWHOE HampsKeHHE

20
Ung =V3Eae" " (puc. 6.2).
CoenuHeHue 3B€3/1a — TPEYTOJbHUK

CoenuHeHue 3Be31a-TPEyroJbHUK MTOKa3aHo Ha puc. 6.4,

La
A —_—

\m
c

i

Puc. 6.4. Coenunenue 38e3/71a — TPEYTroJbHUK
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K ¢a3nbiM  Harpy3kam NOpWIOKEHBI pPaBHbIC JIMHEUHBIC
Hanpsokenus U :\/§E. [TosToMy (a3Hble HArpy3KUd MOTYT OBITh
HECUMMETpUYHbIMU. Da3Hble TOKH BBIUUCIAIOT MO (Gopmysie BUIA:

U o

Iag :Z—AB. JIluHeliHbIE TOKHW ompenenseM 1o (opMmynaM BHIA:
£AB

| _Yns

~AB — 7 '
<AB

MomHocTs B Tpexda3HoU 1enu
ITpu mo0OM COenMHEHNH U JII000H HArpy3Ke KOMILIEKCHAs MOLI-
HOCTh (hashl Harpy3KH paBHA: S = L_J(Dl(};. CyMMmapHast KOMIUICKCHas
MOILHOCTb Tpex (a3 §z =S AT §B + §C- Orcroga MOXHO IIOJIy4YUTh
BBIPKEHMA JUIA IOJHOM aKkTMBHOW MOIHOCTH P =P, +PB; +PF- u
NoJIHOM peakTHBHOM MoITHOCTH Qy = Q, +Qp + Q.
ITIpn cummerpuynol Harpyske P, =Pz =P, =P nomnas ak-

THBHas MomHOCTh R =3U 41, COS = J3uU gl 7C08S@, Tne ¢ — cuBur

¢da3bl Pa3zHOrO TOKAa OTHOCUTEIHLHO OJHOMMEHHOTO (ha3HOTO HarpshKe-
HUSL.

6.2. Bonpocel 1J151 cCaMONPOBEPKHU U MOATOTOBKY
K J1adopaTopHou padorte

1. Yro Ttakoe Tpexdasznas cucrema IC?

2. Ilpunuun paboThl Tpex(pa3zHOTO MAIIMHHOTO T€HEPATOPA.

3. OCHOBHBIE CXEMbI COEIMHEHUS TPeX(Pa3HbIX LIECHEH.

4. JlocTOMHCTBA U HEAOCTATKU COCIMHEHMS 3B€3/1a-3B€3/1a C HY-
JIEBBIM MPOBOAOM. BEKTOpHBIE THArpaMMbl TOKOB U HANIPSKEHUN TIPU
HECUMMETPUYHOM EMKOCTHOM HArpys3Ke.

5. JIOCTOMHCTBA U HEJIOCTAaTKU COSAMHEHUS 3Be3/1a-3Be3/1a 0e3 HyJie-
Boro nposoza. Ilonsarue cmeunieHus Hewrpanu. BEKTOpHBIE AuUarpaMmbl
TOKOB Y HAITPSDKEHUN [PU HECUMMETPUYHOM PE3UCTUBHOM HArpy3Ke.

6. JlocTomHCTBa M  HEIOCTAaTKH COCAWMHEHHS  3BE3Ja-
TPEYroJdbHUK. BEKTOpHBIE AMarpaMmbl TOKOB W HAIPSHKEHUU TIPU
KOMIUJICKCHOW PE3UCTUBHO-EMKOCTHOW CUMMETPUYHOM HArpy3Ke.

7. CooTHolIeHHUS] MEX1y (Pa3HbIMM W JIMHEHHBIMU TOKaMU U
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HaMpsHKEHUSMU B TpeX(a3HbIX HETsIX.
8. AKTHBHAs, peaKTUBHAS M TOJTHAS MOIIHOCTH B TpeX(ha3zHOU IICTIH.
9. 3mepenus akTUBHOM MOITHOCTH B TpeX(Pa3HOMU LIETIH.

6.3. JlaGopaTtopHasi padora Ne 6
HUccaenoBanue Tpex(pasHbIX 3JIEKTPUIECKHUX LeMen

Hean paGoThl: nccieqoBaHUE PEKUMOB PabOTHI TpeX(a3HBIX
Heneld MepeMEeHHOr0 TOKa MPU Pa3IMYHBIX CIIOC00aX COCTUHCHMUS
CUMMETPUYHBIX U HECUMMETPUYHBIX Harpy3ok. [loctpoeHue BeKTOp-
HBIX JUarpamMM TOKOB U HaNpsDKEHUM B TpeX(Pa3HbIX METsX.

Onucanue CXeMbl UBMEPEHUU

CxeMa KOMITBIOTEPHOTO MOJICIMPOBAHUS MMOKa3aHa Ha puc. 6.5.
HanpspkeHrss Ha aKTUBHBIX M €MKOCTHBIX HArpy3kax H3MEpSIOTCS
BoiabT™MeTpamMu VM1, VM2, VM3. Toku B JIHHEHHBIX IPOBOJAX
usMmepsitorest  ammnepmerpamu  AM1, AM2, AM3. Tok HeliTpanu
u3Mepsiercst amnepmerpoM AM4. HanpsbkeHue cMmelleHus: HelTpanu
uzmepsiercs BojbrMeTpoM VM4.. Bee nzmeputenbHble TpUOOPHI HAI0
yCTaHOBUTH B pexnM «AC». HeuTpampHbIl mPOBOJ NMOAKIFOYAETCS
kiroyom «K». [lmga co3maHus HECUMMMETPUYHBIX HArpy3oK Hajo
U3MEHSTh HOMUHAJIBI PE3UCTOPOB U €MKOCTEH.

JlabopaTtopHOe 3amaHue

1. CobOpatb cxemy HU3MEpeHui puc. 6.5 ¢ HEUTpaAIbHBIM MPOBO-
noM (ximrou K 3amkHyT). B reHeparopax HanpsykKeHHH yCTaHOBHUTH aM-
mutyny 120 B, wactory 50 ', =0, @g=-120°, ¢c=+120°.

2. B pexume Analysis- Transient na uatepBane 40 Mc MOJYYHTH
rpaduku (a3HbIX HANPSKCHUN U 3apucoBaTh uXx. [1o rpadukam u3me-
PUTH aMIUTUTYABI U (ha30BBIE CIABHTH €, ,€g,6c. 3alucaTh pe3yibTa-

THI.
A. UccnenqoBaHue coeJUHEHUS 3Be3ga-3Be31a

3. Hoaxnrounth K Tpex(}azHOMY TeHEPATOPY COECAMHEHHYIO
3BE€3J0M CHMMETPUYHYIO AKTUBHYK HArpy3Ky W3 COINPOTHUBICHUMN
R, R, R.. I 3TOro MOXHO yCTaHOBUTb OYE€Hb OOJIBIINE 3HAYECHUS

HOMHHAJIOB KOHJEeHCaTOpoB (HampuMmep, 10e+6, 94To COOTBETCTBYET
10*'®). B pexume Analysis-AC Analysis-Table of AC results mu3me-
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PUTH BOJBTMETPAMU HAIPSIKEHUS HA PE3UCTOPAX, HAMPSKEHUE CMeE-
LICHUSI HEUTPAIU M aMIIEPMETPOM TOK HEWTpayiu. Pe3ynbTarsl 3anu-
catb B Ta0ymity 6.1 (ombIT 1)

4. Pa3OMKHYTb HEWUTpPAIbHBIA NpoBOA. lloBTOpUTE HM3MEpEHUs
n.3. Pe3ynbpTaTel 3anucaTh B Tadauiy 6.1 (omsit 2).

5. VBeauuuTh MO yKa3aHWIO MPENOJABaTeNiss OJHO M3 (Pa3HBIX
CONPOTHBJIEHUN B JiBa pasa. [loBroputhk namepenus mn.m. 3 u 4. Pe-
3yJIbTaThI 3anucarh B Ta0nuily 6.1 (omsIT 3,4).

LA
AV
Ea
A AN Ra 2k CazZzu
f’q‘: @ — I |—»—u
VG VM2
{VF
Eb
N B aw
Ty AT Rogy . SEan )0
A ——|
NGE2
VM3
+l,r‘i}““r;'."'
Ec C  AM3 ~
R 2k CCEIQU
@+ +@ — I I
VG3 I
) AT N
~———(R}
A4
= T
1V
VN4 U ..
MNn

Puc. 6.5. Cxema KOMIbIOTEPHOTO MOJECIUPOBAHUS

6. [logxIIFOUUTh K TE€HEPATOPY COEAUHEHHYIO 3BE3/I0M CUMMET-
PUUYHYIO €MKOCTHYI Harpy3ky C, C, C.. HoMuHanel KOHIEHCATOPOB

YCTAHOBUTH MO YKAa3aHUIO MpernojaBaTens B npeaenax ot 2 Mkd no 5
MKO®. [ToBTOpuTh M3Mepenus m.1m.3-5. Pe3ynapTarsl 3anucath B Ta0JIH-

ny 6.1.
7. TlogkitouuTh K TEHEPATOPY COEAUHEHHYIO 3BE3J0M KOM-
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IJIEKCHYIO HArpy3Ky Z,, Zg,Zc . lloBroputs usmepenus m.a. 3-5. Pe-

3yJIBTATHI 3amMcaTh B Tadbmuiy 6.1 (ombiTer 9-12),

200.00+

100.00—

0.00

ea [VNM1]ep [VMZ]ec [VM3]

-100.00—

-200.00

0.00

I ' I ' I ' |
10.00m 20.00m 30.00m 40.00m
Time (s)

Puc. 6.6. I'paduku Ga3HbIX HATIPSKEHUN

Tabnuia 6.1
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b. Koporkoe 3ambikaHue (a3bl HAarpy3KH

8. IlomkmroounTh K TEHEPATOPY COCAUMHECHHYKO  3BE3/I0U
CUMMETPUYHYIO

KOMIUIEKCHYIO  Harpy3ky Za,Zg,Zc  0Oe3
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HEUTPAJIbHOTO IIPOBOJA. 3aKOPOTUTh IEPEMBIYKOM HArpy3ky Za.
[IpoBecTn u3MepeHus U 3amucaTh pe3yJbTarhl B Tadnuiy 6.1 (ombIT
13).
B. OOpbIB TMHEHHOTO MpOBOAA
9. IloAKIIOUUTE K T€HEPATOPY COCAUHEHHYIO 3BE3JI0M CHUMMET-
pPUYHYIO KOMIUIEKCHYIO HArpysky Za,Zg,Zc ©0€3 HEUTpaabHOIo
npoBoja. OTKIIOUUTE JTUHEHHBIN npoBoa (a3bl A. [IpoBecTu usmepe-
HUS U 3alUcaTh pe3yabTaThl B Tabnuily 6.1 (ombiT 14).
I'. UccnenoBanue COEAUHEHUS 3BE31a-TPEYTrOJIbHUK
10. Cxema wu3MepeHUM JIsi COCAMHEHUs 3BE3/1a-TPEYroJIbHUK
nokazaHa Ha puc. 6.7. Toku B ¢azax Harpy3ku 0003HAYCHBI

lab,lbc,lca'

Ia

—
Ea A A cl
Q—(AF— r
el +1 = E

s VIig Iy

— - i.“:\} -
o T5 e 1

+ ] o o
" + .}'\.\_\&-’f E] V)’IE ITI.'_':{
VG2 el o x —a

- Ic @ s el 7E o

Ec C  AM3 ﬁ
(D—AF 1=
s A ;

VG3
Puc. 6.7. Coenunenue 3Be37a-TPEyTrOJbHUK
10. UccnenoBath paboTy LENH MPU KOMILJIEKCHOH CUMMETPHUY-
HOW Harpyske Z,,, Zp.,Zcq, COCAMHCHHOH TpeyrojbHUKOM. M3me-

pUTH JIMHEHHBIC HaIIpsIZKCHU, JIMHEHMHBIC TOKU H HaIIPpsIZKCHUA HaA

BCEX JJIEMEHTaX Harpy3ku. Pe3ysbTaTel U3MEpeHH 3amucaTh B Tal-
ity 6.2,
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11. ITo yka3zanuto npemnojaBaTeisi 3aMKHYTb 00uH W3 DJIEMEHTOB
(R wim C, HO He 00a) B ofHOW U3 (ha3HBIX Harpy3ok. [loBTopuTh M3-
Mepenus 1o 1.10. Pe3ynbratsl n3mepenuit 3anucath B Tadnuity 6.2.

Ta6muma 6.2

CoeanHeHune 3B€3/1a-TPEYTrOJIbHUK

CumMeTpHuyHas Harpy3ka

Uab ch Uca IA IB IC URa UCa URb UCb URC UCc

HGCI/IMMeTpI/IIIHaﬂ Har'py3kKa

Uab ch Uca IA IB IC URa UCa URb UCb URC UCc

JlomainHee 3ag1anue

1. ITo pe3ympTaTam u3MepeHuit Tabauiiel 6.1 A1 Kak1oro BapuaH-
Ta HArpy30K IMOCTPOHUTH BEKTOPHBIC THArPAMMBbI HAPSYKEHUN W TOKOB B
Tpexdaznoii nenu. OOBICHUTh OCOOCHHOCTH PEKUMOB PabOTHI TPEXIPO-
BOIHOW U YETBHIPEXIIPOBOJHOM LIETIH IPY PA3ITUYHBIX HATPY3KaAX.

2. Jlns coenuHEeHUs 3BE3/1a — 3BE3/a PACCUNUTATh TEOPETUUECKU
IIPY HECUMMETPUYHBIX HATPYy3KaX B YETBIPEXMPOBOJHOU CHCTEME TOK
HEUTpaJI, @ B TPEXIPOBOJHON CHUCTEME HAIPSKECHUE CMEILICHUSA
HelTpand. CpaBHUTH PACYETHBIE U SKCIIEPUMEHTAJIbHBIEC PE3YJIbTATHI.

3. Jlns pexuMa KOPOTKOTO 3aMblKaHWs Harpy3ku ¢assl A B
TPEXIPOBOAHOM CHCTEME pPACCUNUTATh HANPSDIKEHUS HaA DJIEMEHTax
¢da3nbix Harpy3ok B u C.

4. Jlns pexuma oOpblBa JMHEWHOTO MPOBOJA PACCUUTATh
HaIpsDKeHUs U TOKU B pa3HbiX Harpy3kax B u C.

5. Tlo pe3ynbpTaTam uU3MEpeHUM TAONMIBI 6.2 IS COCAUHEHUS
3B€37la — TPEYTOJbHUK MOCTPOUTh BEKTOPHBIE TUATPAMMBI HaINpsKe-
HUM U TOKOB. [lo nuarpamMmam omnpeaenuTs CABUT (a3 MEXay JIMHEH-
HBIMM HaNpsHKEHUSIMU U TOKAaMHU B Harpyskax. PaccunTath akTUBHBIE
Y PEAKTHUBHBIE MOIIMHOCTH B Harpyskax. OmnpenenuTs KOMIUIEKCHBIC
3HAYECHUS TOKOB B Harpyskax I, lp. 1o, . Beraucnurs mo gpopmynam

NUHENHbIE TOKU |, ,lg , |- ¥ CPaBHUTB C SKCIIEpUMEHTAIBHBIMY 3HA-

YCHUSAMH 3THUX TOKOB.
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YACTD 2. DJIEKTPOHUKA

I'masa 7. HCCJIEAOBAHHUE ITOJYITPOBOJHUKOBBIX
ANOA0B, CTABUJIUMTPOHOB U TUPUCTOPOB

Heab padoTbl. MccnenoBanne BOJIbTAMIEPHBIX XAPAKTECPUCTHUK
Y TUTOBBIX CXEM BKJIFOUEHUS BBIIPSIMUTEIBHOIO UOMa, CTAOUIUTPO-
Ha U TUPUCTOPA.

7.1. TeopeTndeckue CBeJIeHUs

[TonynpoBOAHUKOBBIM JTMOJOM Ha3bIBAIOT MPHOOP, KOTOPHIN
MMEET JBa BBIBOJIA U COJACPKUT OAWH (MIJIM HECKOJBKO) 3JIEKTPOHHO-
JBIPOYHBIX TEPEXO0I0B. DIECKTPOHHO-IBIPOYHBIN MEPEX0]] 3TO TOHKUMA
CJIOM MEXAY JBYMS 4acTSAMH MOJYIPOBOJHUKOBOTO KpUCTaJIa, B KO-
TOPOM OJTHA YacCTh UMEET JIEKTPOHHYIO mpoBoauMocTh (N-obmacts),
a Jpyras 4acTb UMEET JBIPOUYHYIO MPOBOAUMOCTD (P-00acth). Diek-
TPOHHO-ABIPOYHBIN MEPEXO0]] HA3BIBAOT P-N —TMEPEXO0JIOM. DIEKTPOH-
HYIO TPOBOJUMOCTh UMEET, HAITPUMEDP, YETHIPEXBATEHTHBIA KPUCTAILI
KPEMHHUS C IpUMEChI0 NATHBajieHTHOTO (ocdopa. Takoil momaymnpo-
BOJTHUK HMMEET HEMOJABUKHBIE TOJIOKUTEIIbHBIE HOHBI, CBOOOJIHBIC
AJIEKTPOHBI, HA3bIBAECTCS MOJYIPOBOAHUKOM N-THUIA, & COOTBETCTBY-
IONYI0 MPUMECh HA3bIBAIOT JOHOPHOW. JIBIPOUHYIO MPOBOJAMMOCTH
MMEET KPUCTAIJI KPEMHUSI C MPUMECHIO TPEXBAJICHTHOTrO MHaus. Ta-
KOM KPUCTAJIJT UMEET HEIMOJBWKHBIC OTpUIlATEIbHbIC HOHBI, HEJIOCTA-
TOK 3JIEKTPOHOB, Ha3bIBACTCS MOJIYNIPOBOJHUKOM [P-THUIIA, a COOTBET-
CTBYIOIIYIO TPUMECH HA3bIBAIOT aKUEeNTOpHOU. JIpIpka siBisieTcs (pUk-
TUBHBIM HOCHUTEJIEM 3apsija, 00pa3yeTcsl B KpUCTAILJIe HA MECTE OTCYT-
CTBYIOIIETO DSJIEKTPOHA, MMEET IMOJOKUTEIbHBIA 3apsij, paBHBIA IO
BEJIMUUHE 3apsy 3JIEKTPOHA.

[Tpunnun padoThl P-N —mepexoda nokaszaH Ha puc. /.1. B kpu-
cTajle KpeMHUS, UMEIoIIeM N — 00JacTh U P- 00J1acTh, B pe3yJibTaTe
BCTPEUHOT'O JIBMXKECHHSI MPOTHBOIOJOXKHBIX 3apsiioB B 00JaCTH C
MEHBIIIEH UX KOHIICHTpAIlMeW Ha rpaHuIle 00sacTel BO3HHKAET Au-
(Gy3HBIN TOK U COOCTBEHHOE DJICKTPUUECKOE MoJie E o6, Ha Tpanuiie
paziena JBYX oOjacTeid MPOMCXOJUT CKAYKOOOpa3HOE€ H3MEHEHHE
3HaKa 00BEMHOTO 3apsjia, BO3HUKAET KOHTAKTHAsI Pa3HOCTh MOTCHIIH-
aJloB /.., HAIPSHKEHHOCTh COOCTBEHHOI'O JJIEKTPUYECKOTO MO MaK-
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CUMaJIbHa U CO3/1aeT MOTEHIUANIbHBIN Oapbep AU , mpensTCTBYIONIUNA
JTanbHEHIIEeMy TTPOXO0XKACHUIO Tu(Py3HOro TOKA.

Ecin k BHEIIHUM KOHTakTaM P-N nepexoga A u K moakiatouunThb
orpunaresbHoe Hanpsukenue Uz <0, To co3gaHHOe 5TUM HampsiKe-

HUEM BHEIIIHEE DJIEKTPUUECKOE MOJie B MOJTYNPOBOAHUKE OyAET CKia-
napIBaThes ¢ E, 5., P-N IEPEX0] OCTaHETCH 3aKPBLITHIM M BO BHEILI-

HeH nemnu 6YI[GT CylIcCTBOBATH HE3HAYHUTEIILHBIA O BEJIMYMHE 00-

patHblid TOK | 06p.> 00yCJIOBJICHHBIM TOKOM MPOBOJUMOCTH HEOCHOB-

HBIX HOCUTEJICH U Ha3bIBa€MbIN TOKOM HaCbIIICHUA IS

Uak

Y

I P - THII I N - TUII I

: CBoOoaHas AbIpKA CBOOOHBIH 3J1EKTPOH !

\ I / I

NOHDHD+
OO0
® O
@|@|@|
@|@|@|

QO
Qe
© O

Hel'IOJ:[BI/I)KHLIﬁ
MOJIOKUTENLHBIA NOH

/s

HenoaBu:KHBIN
OTpUIATEIbHbIA HOH

Ecoﬁcma.
-

P — N mepexon
UA

TAU X

o

Puc. 7.1. YcnoBHOe u300pakeHue P-n mepexoaa

Ecnu k BHemHUM KOHTakTaMm P-N nepexona A u K moakiouuThb
nonoxurenabHoe HanpsbkeHue U, >0, To cozpaHHOe 3TUM Hamps-
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KEHHEM BHEIIIHEE DJICKTPUYECKOE IMOJI€ B MOJYINPOBOJHUKE OYJIET

KOMIIEHCUpOBaTh E_ .. ., BBI3BIBATEL IPAMOE CMELIEHHE P-N IepeXo-

1a, pP-N mepexoa OTKPOETCS U BO BHEIIHEW Lenu nmosaButTcsa auddys3u-
OHHBII TOK |,,, , BBI3BaHHBIN Au(GYy3Hell OCHOBHBIX HOCUTENCH,

MPEOJ0JICBAIOIINX OTEHIIMAIbHBIN Oaphep. BenuunHa noTeHIuanb-
HOTO Oapbepa COCTaBIISIET A pa3HbIXx MatepualoB oT 0,6 B mo 1,2 B.
IIpu OoTKpBITOM P-N mepexone NpsMOM TOK BO BHELIHEW LIENU
kpoMe nuGp(Py3nMOHHOTO TOKA COJACPKUT TOK MPOBOAUMOCTHU, MPOTE-
KArOIIMK B MPOTHUBOIIOJIOXKHOM HamnpasieHuu. [1onHbIN TOK nipu nps-
MOM CMEIIEHHUU P-N Tepexojia ompenesnseTrcs ypaBHeHHEM O0epca-
Mouiuia:
7z
Inpzlduqb_ls:IS(e T _1) (71)
ITpu Temneparype 7 =300K TerioBoi moteHuuan @r = 25uB,
nostomy yxke npu U =0,1B dhopmyny (7.1) MOXHO YIPOCTUT:

| = Ise%T (7.2)

HuddepennmanpbHoe COMPOTHBICHUE P-N  TMepexoaa MOXKHO
onpeaenuTs o GopMyie:
1 = d = L (I'+1g), oTkyna nomy4um: 1y, —_fr (7.3)
bup AU o7 (1+1y)
BonpramnepHas xapakTepucTHKa P-N mepexoja IMOKa3aHa Ha
puc. 7.2a. IIpsimoe HampshKeHUE HE MPEBHINIAET KOHTAKTHON Pa3HOCTH

noTeHIuaNoB ... OOpaTHOe HANpPsIKEHUE OTPaHUYMBACTCA NMPOOOEM

P-N mepexona. B 3akpbITOM COCTOSHUM 4epe3 P-N mepexod NPOXOIUT
Manbli 110 BenuuuHe ToK |5, . Kak BHAHO, P-N mepexon mporyckaet

TOK B OJIHOM HAaIIPABJIECHUU U MOXET UCIOJIb30BaThCA I BBIIPSIMIIC-
HUS CHUHYCOWJAJBHBIX TOKOB. IIpu naBMHHOM NpoOO€ MPOUCXOAUT
pPE3KOE YBEIWYEHUE YMCila MOABUKHBIX HOCUTEIIEH 3apsI0oB, TOK ye-
pe3 P-N mepexox HEOTPaHUYEHHO BO3PACTaECT, a HaAIpPsKEHUE HA HEM
OCTAE€TCSI HEU3MEHHBIMH. OJTO HCIOJB3YETCS ISl CTa0MIN3aLMU
HanpsikeHus. JIaBuHHBIN poOoit 0OpaTumM, CBONCTBA MOJIYITPOBOIHU-
Ka BOCCTaHABIIMBAIOTCSA ITOCIE CHATHS HanpspkeHus. OHAKO BCIEX 3a
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JABUHHBIM TTPOOOEM MOXKET MPOU30MTH TEIUIOBOM MPOOOM, KOTOPHIH
pa3pyuiaeT noJiynpoBOJIHUK.

1lonynpo6oonuxovim O0uo0OM HA3BIBAETCSA MOIYIPOBOIHUKO-
BbIY pUOOp, UMEIOIIUH JIBa BHIBOJA U OJIMH BBINIPSAMIISIONINI P-N me-
pexon. CTpyKTypa MHOJIYNPOBOJHHMKOBOTO JIMOJA IOKa3aHa Ha pUC.
7.206, yciioBHOEe 0003HAYEHUE IMO/1a IOKA3aHO Ha puc. 7.2B.

a) I 4 ’ 0) 6) 2)
A
I A K
Ly P VD1 7“?\/D2
n K Ao
|06
[ A—8 u, U
06
AU, ¢ TngIOBOM
:‘\ npoboi
JIaBUHHBIN
poOoit

Puc. 7.2. BonpramnepHas XapakTepUCTHKa P-N epexoaa

DneKTpol, NOAKIIOUEHHBIM K 00JIaCTH P Ha3bIBAIOT aHOIOM, a
NIEKTPOJI, MOJIKIFOYEHHBIN K 00JIaCTH N, HA3bIBAIOT KaTOIOM. BhImps-
MUTEbHBIE TOJYNPOBOAHUKOBBIE TUOABI WCIOIB3YIOT UISI BBIIPSIM-
JI€HUS TOKOB, BEJIMYMHOM OT JECATKOB MUJUIMAMIIEP A0 HECATKOB aM-
nep. IIpu npotexkannu OOJBIIOTO TOKA yepe3 P-N mepexon B o0beMe
NOJIYIIPOBOJAHUKA I1aJ1a€T 3HAYUTENbHOE HanpspkeHue. C ydeToM 3To-
ro BOJIbTaMIIEpHAs XapaKTEPUCTUKA MPUOOPETAET BUJL;

(U—-IR /
I =1;-€ T rme R —Ha3pIBalOT MOCIEIOBATEIBHBIM CO-

IIPOTHUBJIEHUEM.

BricOkOYacTOTHBIE AUOIBI AECTEKTUPYIOT CUTHAJIBI HA 4acTOTax
10 JECATKOB Merarepu. BeImpsiMUTENbHbIE THOIbI NPU BBICOKUX 00-
paTHBIX HaNpPsHKEHUAX MMEIOT HeoOpaTUMbIA TEIUIOBOM MpoOoi
(TyHKTHpHAs TUHUS HA pUC. 1.2a).
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Cmabunumporom Ha3bIBAIOT MOJYIPOBOJIHUKOBBIN MO, pado-
TAlOIUK B PEKHUME JIABUHHOTO TIPO0O0S U MpeHa3HauYCHHBIC JI CTa-
OMNIM3auy TOCTOSTHHOTO HANPsKEHHS. Y CIOBHOE O00O3HAUYEHHE CTa-
OmnuTpoHa nmokaszaHo Ha puc. /.2.r. Ilo rpaduky BAX Ha yyacTke na-
BUHHOTO TIP000S MOXKHO HalThu AudPepeHIHaTBHOE COMPOTUBICHHE
CTaOWJIMTPOHA:

AU,
———m 7.4
N (7.4)

cm

R()ugb cm

MomHoCTh paccesiHus y CTaOMIUTPOHOB COCTABIISIET OT COTEH
MUJIJTMBATT 0 JIECSITH BATT.

Tupucmopom Ha3bIBAIOT MOJYIIPOBOJAHUKOBBINA MPUOOP C IBYMSI
YCTOMYMBBIMU COCTOSIHUSIMU M TpeMs WM OoJjiee MOCIeA0BATEIBHO
BKJIFOYEHHBIMU P-N  mepexomamu. Haubonee pacmpocTpaneHHas
CTPYKTypa YIPaBJISIEMOI0 TUPUCTOPA C YETHIPbMS YEPEAYOUUMUCS
CJIOSIMU TIOJIYTIPOBOJIHMKOB P- M N- THUMOB MoKa3aHa Ha puc. 7.3. Kpo-
M€ aHOJHOI'0 U KaTOJHOTO BBIBOJIOB YIPABISIEMbIA TUPUCTOP UMEET
€Ill€ BBIBOJ YIPABIIAIOUIETO JIEKTpoaa Y. YO MOKET NOAKIIOUATHCS
K Onmkaiien K Katoxy P- o0JgacTu (TUPUCTOP C KaTOTHBIM yIpaBJe-
HUEM) WK K Onrbkaiiend K aHogy N- o0iacTu (TUPUCTOP C aHOIHBIM
yIpPaBJICHUEM).

0 UemZ Uaml UsmO

Puc. 7.3. Cxema BkitoueHus (a), ctpykrypa (0) u BoiabTaMIiepHast
XapakTepUCTUKA (B) THPUCTOPA C KATOJAHBIM YIPABICHUEM

Ha puc. 7.3 nmoka3aHa cxeMa BKJIFOUEHHS] TUPUCTOPA C KATOAHBIM
ynpapiaenveM. Mcrounuk HanpsokeHus E,, 4Yepe3 CONPOTHBIICHUE
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R,ny CO3MAET B ynpasisiolmeM snekrpoge YO Tok ynpasienus l,. B
uenu a”Hona | mpu Bo3pacTaHuu aHoAHOTrO HampsbkeHus U octaercs
MaJlbIM J0 HampsbKeHus: BkiIroueHus U,,,, KOTOpoe 3aBUCUT OT TOKa
yrpaieHus. [lociie OTKpbIBaHUSI TUPUCTOPA AHOJHBIM TOK CKaYKOM
YBEIIMYMBAETCS U MEPEXOAUT HA y4acTOK BAX OTKPBITOrO COCTOSHUSL.
JIns1 BBIKIIFOUEHUS TUPUCTOPA HAJO0 YMEHBIIUTh aHOJHBINA TOK JI0 3Ha-
4eHHUs TOKa yAepKaHus |,, WIu IOMEHATH MOJIPHOCTH HANPSIKEHUSA
Ha aHOJE.

7.2. JlabopaTopHasi pabGota Ne/

UcciienoBanue moynpoBOJIHUKOBBIX 1HO0/I0B, CTAOMJIUTPOHOB 1
THPUCTOPOB

Heas padorsl: MccnenqoBanue BOIBTAMIIEPHBIX XAPAKTEPUCTHUK
(BAX) u TUNOBBIX CXE€M BKJIIOYEHHS MOJIYNPOBOJHUKOBOTO JHOJA,
CTAOMJIUTPOHA U TUPUCTOPA.

1. CoOpaTtb cxeMy  KOMIBIOTEPHOTO  MOJEIUPOBAHUS
MOJTYTPOBOTHUKOBOTO MO/ U CTAOUIIUTPOHA puc. 7.4,

SWLEPETS

SWLSPST4
F1 100
——{AT ] I >
ra

z

SM-SPET
SIW-SPST 2

FoUWEI 4

VT, v Vi

F2200
| S|

1M 2504

L AMT183

Puc. 7.4. Cxema KOMIIBIOTEPHOTO MOJEIUPOBAHUS AUOJA U
CTaOUIIUTPOHA
B cxeme uCMoONb30BaH HCTOYHHMK TOCTOSHHOTO HAMPSIKEHUS
VSI1, muox DI INI1183 (Mapky awoaa Haa0 B3SATh MO YKa3aHUIO
npenojasarens), craOwmutpoHn Z1 (Mapky B3sThb 1O YKa3aHUIO
npernojaBartens), OamnacTHeid pe3uctop R1, pesucrop Harpysku R2.
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N3meputenbHbIMU pubOpaMu ciry>kat BoiabT™MeTp VM1 u ammnepmetp

AMI1. IlepekntoueHust B CX€ME OCYIIECTBIISIIOTCS YETHIPbMSI KIIFOUaAMHU
SW.

A. WccnenoBaHue moJaynpoBOJHUKOBOTO JAHOAa

1. 3amMkHyTh Kitoud 1 u 3, pazoMkHyTh Kitouu 2 u 4. dns
W3MEHEHUSI COCTOSIHMSI KJII0Ya HaJ0 TNOABECTH K HEMY Kypcop,
MOJIYYUTh U300paKEHUE YEPHOU BEPTUKAIBHON CTPEIKHU U IICIKHYTh
JIEBOU KHOIIKOW MBIIIN.

2. YcraHoBUTHh HampsbkeHue ucrtounuka VS pasueiM 1B (310
HE BJIMSIET HA PE3yJIbTaThl MOCJICAYIONIET0 aHAIU3a).

3. Jns CcHATHUS  BO3MOXHBIX  MPEABIAYIIMX  yCTAaHOBOK
MHOTOBapHaHTHOTO  MapaMeTPUUYECKOTO  aHajiM3a Ha  MaHeH

WHCTPYMEHTOB KOMaHNIOW Bwlbop ynpasisiemoco o0Ovexma Jﬂl
BbIIeIUTE pe3ucTop Ry, B okHe Resistor R, maxxmure Select, B oxHe
Parameter Stepping naxxmute Remove.

4. B crpoke wmenro BbeiOepute Analysis-DC- Analysis-DC
Transfer Characteristicc. B  auamoroBom oOkKHE IEpPEXOJHBIX
Xapaktepuctuk Ha moctosHHoM Toke DC Transfer Characteristic
(puc. 7.5) ycraHoBuTe HavallbHOE 3HaUcHHE aHanm3a Start value —
200m, xomeunoe 3Hayenume ananu3za End value 800m, Bxoxnas
nepemenHnas Input VS1. Haxmute OK.

DE Transfer Characteristic @

Statwalie  [-200m Mo OK
End walue IBEIEIm— [+] X Cancel

Humber of points 100 -

| npLit W51 -

[ Enable hysteresis run

Puc. 7.5. Oxkno DC Transfer Characteristic mis quona

OTKpOETCSI OKHO PE3yJIBTATOB ¢ ABYyMs rpadukamu (puc. 7.6).
s unentudukanuu TpapuKOB B CTPOKE HHCTPYMEHTOB

el
BbIOepuTe Auto label =, mogBeauTe Kypcop cO 3HAYKOM CHHYCOHJIBI
K Tpaduky 10 TOSBICHUS KPECTHKA M IICJIKHUTE JIEBOM KHOIKOM
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mbimy. [TossBuTCS MeTka rpaduka. MokHO BbIOpaTh KHOMKy Legend

s - o
EE ¥ mOJTy4uTh TaOIUIYy rpadUKOB C IBETHOM MapKHUPOBKOM.

VY nanum u3 pe3ynabTaToB JUHEHHBIN rpaduk Hanpsokenus VML,
Hns storo moaBoaum Kypcop Kk rpadbuxy VMI, Beigensem ero,
IICJIKHYB JICBOM KHOIKOM, 1 HakuMmaem Delete,

5. U3menum Macmtab rpaduka mo BepTUKaTbHOW ocu. [ns
ATOTO MOJBOJUM KYpCOpP K BEPTHUKAJIBHON OCH, BBIJEISEM €€ JICBOMU
KHOMKOW (OCh CTAHOBUTCS KpACHOM), MpaBOMl KHOMKOW MBIIIN
OTKpbIBacM JIMAJIOrOBOC OKHO M BhIOMpaem Properties. B okne
YCTAHOBKU Oceil (puc. 7.7) ycTaHOBUM HWXHUM mipenen (0, BepXHUI
npeaen 6. Haxumaem OK wu momydaem kpacuBblii  rpaduk
BOJIbTAMIIEPHON XapaKTEPUCTUKU THOJA, KOTOPBIA MOXKHO MOKa3aTh
npenojaBarento u apy3bsim (puc. 7.8). Ilo rpaduky BUAHO, YTO AMO
HAYMHACT OTKPBIBATHCS MPU TOJIOKUTENbHBIX HampspkeHusx 0,6-0,7
B. Ilpu Hanpsbxkenun 0,8 B Tok nuona nocruraet 6,5 A.

Noname - DC resulté
File Edit View Help

=H B el | Tfd~ o] S e | (2D

5,53

Cutput

3474

-200.00m —_— T T T T T T T
-200. 00 .00 200. 00k 400.00m GO0, 00 800.00m

Input valtage ()

DC result] | DC result? | DC result3 | DC resultd | DC results DT results ]

Puc. 7.6. I'paduku pe3ynpraroB ananuza DC Transfer Characteristic
b. UccnenoBanue ctabunutpoHa

6. UccnenqyeM ctabuiauTpoH Oe3 Harpys3ku. J[Jist 3TOro B cxeme
puc. 7.4 3aMKHYTh KJItoud 2 U 3, pa3oMKHYTb Kitouu 1 u 4. B pexume
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Analysis-DC- Analysis-DC Transfer Characteristic ycranaBauBaeMm
HavajgbHOe 3HaucHUe -8B, koHeuHoe 3HaueHue 2B (puc. 7.9).

Set Axis
Label
Text: |Dut|:uut
Fant ... Mame: &nal Size: 10 Style: Mommal
Murnbers
Format: |Engineering: 1k ﬂ ? Help

Divide by factar, |1 Precizion: 2 =
Font ... Marme: Anal Size: 10 Style: ltalic

Scale

|Linear j Lower limit: |1
Ticks: 3 » |  Upper limit; l?‘i

| Force zize zettings when resize window

[~ Round axiz zcale

Puc. 7.7. OKHO yCTaHOBKH Ocel

7 00—
]
£ 3004
1
'.-Il'. I:":I 1 | 1 | 1 | T | 1 |
-200.00m 0.00 200.00m 400.00m 600.00m 800.00m,

Input voltage (%)
Puc. 7.8. BAX noaynpoBOJHUKOBOTO AMO/1a

[MpoBoanm ananmm3 u nonydaeM rpaduk BAX (puc. 7.10).
[Tpenensr o ocsiM rpaduka HaO BRICTaBUTH B okHE Set AXis. ITpaBas
BeTBb (U>0) aHanorunuyHa npsimoii BeTBu BAX momynpoBOJHUKOBOTO
muona. Ilpu nanpsskennn U>0,7B cTaOMIUTPOH OTKPBIBAETCSA Kak
oObruHbIi auon. Jlesast BetBb (U<0) mo HampsixeHus -6B ananornyHa
BETBU 00PATHOTO TOKA JUOA.
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IIpu 3TOM TOK uepe3 cTabmIUTpoH mpakTudecku paBeH 0. [Tpu
HarnpsokeHuu 6,8B B TaHHOM CTaOWMJIUTPOHE MPOUCXOAUT JIABUHHBIH
poOOH 1 HA MPAKTHYECKH BEPTUKAIBHOM MMaaroNe BETBU TOKA BbI-
MOJTHSIFOT CTA0MIIM3aIMs HATTPSIYKECHMUSL.

DC Transfer Characteristic [i_:?-y
e | [
End walue IE— [+] X Cancel
Murnber of poirts 100 ? Help
[t W51 -

[ Enable hysteresiz run

Puc. 7.9. Oxno DC Transfer Characteristic nis crabunurpoHna
200, 00m—

150, 00m -

100, 00rm -]

50.00m—]

0.00—
-50. 00— [

-0.10

Cutput

-150.00m—]

-EGD.GDW-----lll A I B I B I B I B
-8.00 -6.00 -4, 00 -2.00 .00 200

Puc. 7.10. BAX cTabuiutpoHna

7. Viccnenyem crabunn3aTop HampspbkeHus 6e3 Harpys3ku. Cxema
npocreiiiiero crabuinnzaropa 6e3 Harpy3ku mnokaszaHa Ha puc. 7.11.
CTaOWIUTPOH BKJIIOYEH B 3aKPHITOM COCTOSIHUU TOCIEIOBATEIBHO C
OaJlacTHBIM COMPOTHUBJICHUEM R;.

Breioupaem B menro pexkum Analysis-DC-Analysis-DC Transfer
Characteristic. M3mensem nampstbkenne VS1 ot -10B mo +10B. B
rpaduke BAX mo BepTUKAJIBHON OCH yCTaHaBIWBaeM Ipesessl -2B u
10B, uncio ormerok (ticks) paBuo 7.
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BAX crabunutpoHna 0e3 Harpy3ku nokasaHa Ha puc. /.12. [lpu
OTPULIATENIbHBIX BXOJHBIX HampsikeHusax U<-0,7B crabunutpoH

paboTaeT Kak OTKPBITHIN AUO/I.
SN-EPETS

"
SW-SPST4
R 100
—] |—u—1)—+‘<§{‘ - ",
[}
—
iyl
— [
é g
WE11 +

F2200
T

O ON ;

=71

I1 1M 2804

Puc. 7.11. Cxema crabunuzaTopa Ha CTaOUITUTPOHE
1000~

8 00

i RN
]

4.00

2.00

Chutput

006

-2.00

-{0.00 -5.00 0.00 500 10.00
Input voltage M)

Puc. 7.12. BAX crabunu3zaropa 6e3 Harpy3Ku

Hanpsbkenue Ha Hem cocrtaBisgeT -0,7B. [Ipu mosmoxutenpHbIX
HaIpPSOKEHUAX CTaOWJIUTPOH CHauajia 3aKphIT M HaNpsOKEHHE Ha HEM
MOBTOPSIET  BO3pacTarmouiee BxoaHoe Hampspkenne VS1.  Ilpm
HanpspokeHun U=6,8B mpoucxoauT JaBUHHBIN MPoO0Il CTaOUIUTPOHA
U HanpspKeHUEe cTabmm3upyeTcst Ha ypoBHe 6,8B.
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8. HccnenyeM craOuim3aTop HampsKeHUs C Harpys3koi. Jlis
sToro B cxeme puc. /.11 3amkuem kitou 4. Pesuctop R2 Hano craenarsb
ympasisieMbIM 00beKkTOM. HauanbHoe 3HaueHune comnpotuBneHus 100
OwMm, koHeuHoe 3HaueHue 400 Owm, uyucino BapuantoB 4. IIpoBoaum
Analysis-DC-Analysis-DC Transfer Characteristic, u3menssss VS1 B
npenenax ot -10B g0 20B. I'paduku BAX (puc. 7.13)nmoka3biBaior,
YTO C YMEHBIIEHUEM HArpy3Kd YBEIUYUBACTCS BXOJHOE HAINPSHKEHUE
VS1, npu xoTopoM HaumHaeTcs paboTa crabuiuzatopa. Paccuurars
MUHUMaJIbHOE TpeOyemoe HanpsbkeHue VS1 MOXKHO, HCHOJIb3Ys
METOJI JKBUBAJICHTHOTO TeHepaTtopa. Tak mpu  R,=1000Mm
MUHUMalIbHOE HamnpstkeHue VS1 pomkHo ObiTh 13,6B (B nBa pasza

BBIIIIE HAMPSHKEHUS CTAOMIN3aIMN CTAOMIIMTPOHA).
10.00—

8, Gﬂ—: [*/M1[3] 300[0hrm] |

6,00 [*/M1[4]. 400[Chm] |

4.00

2.00

Cutput

[/M1[1] 100[Chrn] |

[T [2]. 200[0hrm] |

000

-2.00

L L
10,00 .00 J0.0 2000

Input voltage )
Puc. 7.13. I'padpuxu BAX crabunuzatopa nmpu pa3HbIX Harpy3kax

B. UccnenoBanue tupucropa

9. Cobupaem cxemy mojaenupoBaHusi Tupuctopa (puc. 7.14). B
cxemMe mnpuMeHeH Ttupuctop 2N1595. AnHonm TupucTtOopa uepe3
aMIepMeTp MOAKIIOYEH K HICTOUHHUKY MOCTOSHHOTO HamnpsixkeHus VSI,
YOPABJISIOMINAN  3JIEKTPOJ TMOJKIIOYEH K MCTOYHHUKY TOkKa I[S1.
Beiensiem TupucTtop Ha pabodem Toje, OTKpeiBaem Properties, B
okae UL-Thyristor otkpeiBaem Type W wu3y4aeM [apamMeTphI
tupuctopa (puc. 7.15). Iloporosreiii Tok BkitoueHus (Gate trigger
current) cocraBiser 5 MA. Ilostomy MBI OyaeM Hcclie0BaTh
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XapaKTEPUCTUKU THUPUCTOPA ISl YIPABISIONMX TOKOB OT 1,8 MA 1o
2.4 MA.

I 2M1 595
|
r"“ﬂ

FowE1

o

I=1 Sm *

Puc. 7.14. MoaenupoBaHue TUPUCTOPA

LA - Thyristor r5_<|
Label 1

Faoatprint Mame MOPCE [(2M1595] ([

Parameters [FParameterz]

[ Type 21595 ||

Temperature Relative

Temperature [*C] ] O

/ OFk. x Eanu:el| ‘? Help |

-] Catalog Editor,

x)

Model todel Parameters
|Behaviural j [lzage: 2M1595 ”
T [Fwd. breakover volt. [V] a0
IEE?Z@__ Fev. breakdawn walt, ] 50 B
¥ 2
T = F'ealcf blocking current [4] 100
1557 Haolding current  [4] Bm
2M1599 Crit. wal. For ot ' /2] 1G
2M2573 Gate trigger current [A] 2m
2M2574 [zate trigger waltage V] F00m
2N2575 On-ztate voltage ] 1.1
%Hgg;? Or-gtate current [4] 1
el s Turk-on time [2] 200r b
1/215
J (0] x Cancel ? Help |

Puc. 7.15. OxnHa nmapamMeTpoB TUPHUCTOPOB
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10. Cnenaem ucrtoyHuk Toka IS1 mepeMeHHBIM TMapamMeTpoM U
YCTaHOBUM Ipenenbl u3MmeHenus 1,8MA — 2,.4MA, yuciio BapuaHToB 4.
IMposogum  Analysis-DC-Analysis-DC  Transfer  Characteristic,
u3menss VS1 B npenenax ot 0 qo 10B. ITonyuennsie BAX noka3anbl
Ha puc. 7.16. Kak BuaHO U3 rpauKOB MpU 3HAYECHUU yIIPABJISIONIETO
ToKa 1,8 MA TUPHUCTOpP OCTAETCA 3aKPBITBIM 0 HANPSKEHUS HA aHOJE
10 B. Yopasnsgtommii TOk 2 MA OTKpPBIBAET TUPUCTOP MPU AHOJHOM
HanpsbkeHun 3 B. Ynopasnsaromuid Tok 1,5 MA OTKpbhIBa€T TUPHUCTOP
npu Hampsbkenun 0,75 B. Ilocne otkpeiBanus rpadukun BAX

CIMBAKOTCA MW THPUCTOP MOKCT OBITH 3aMEHEH CTAaTHYECKUM

8B
conporusienueM R, ~ —=0,40m.

20,00+

ZM1595

ANMTE] 2 8m[A]|

ANT[A] 2 2m[A]]

[EMT[E] 2ZrmiA] | | AMIT[2]: 1 Bm[A]|

l:'. l:":' T I T | T | 1 |
0.00 2.80 5.00 .80 10.00
Input voltage &)

Puc. 7.16. BAX TupucTtopa rpu pa3anyHbIX 3HAUEHUSAX TOKA
yIpaBiIeHUs

JlomMamHee 3agaHueE

1. Ilo rpaduky BoJbTAMIEPHOM XapakTepUCTUKU auoja (1.6)
HalTU nuddepeHnaTbHOe U CTATUYECKOE COMTPOTUBJICHUE TUOAA IS
3HAYEHUU NPAMOTo ToKa I 1 MA u 5 MA.

2. Ilo BonpTaMIEpHOW XapaKTEPUCTUKE CTaOMIUTpoHa (11.7)

OIMpCACIUTb HaIIPSAXKCHUC CTa6HHHBaHI/IH, COOTBCTCTBYIOIIEC TOKY
IVD2:1OO MA.
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3. Paccuurats muddepeHnnanbHoe COINPOTHUBIICHUE
AU
crabuautpoHa Ry, ., =——"— H KOOQOUIMEHT CTaOHIN3ALHIH
Al
K« AU,
cm '
AU

cm
4. Ucrionb3yst nanHble 1.8 1ab0paTopHOro 3amanust U R,,4 .,

paccuutath s U, =10B BbIXOAHOE HaNpsIKEHUE HAa Harpyske
R,=200 Om u 100 Om cTabunuTpoHa mo dhopmyie:

U Y Rc)uqb cm R2 .
. . RZ( R()uqb em T Rl )_I_ R()ugb cm Rl
R R
+U 10 2 (7.5)

. RZ( R()uqb .cm + Rl )+ Rdugb cm Rl

CpaBHUTH pe3yabTaThl pacyeTa U SKCIEPHUMEHTA.

6. I1lo BoapTaMIIEpHBIM XapakTepucTukaM TupucTtopa (1m.10) mpu
pa3HBIX 3HAYCHUSX TOKA YIMPABJICHUS OMNPEACIUTh AHOJHBIA TOK
BKJItO4YEeHUs |4 1 aHOAHOE HanpsiKeHue BKIroueHus U .

I'nasa 8. HEJIMHEVHBIE IHETIA IOCTOSIHHOI'O TOKA

8.1. KpaTkue TeopeTnyeckue CBeJIeHUsI 1 MeTO/IbI pacueTa
HEJIMHEMHbIX Henei MoCTOSIHHOT0 TOKA

Pesuctopsl, BoapTamnepHbie xapaktepuctuku (BAX) koTopbix
HE SBJISIFOTCS MPSMBIMU JIMHUSIMH, HA3bIBAIOTCA HEJIMHEUHBIMU
pesuctopamu (HP), unu B 6osee ob01eM onpeiesieHUd HeJIMHEMHBIMU
anementamu (HD). BAX HD nonydaroT 3KCHepUMEHTAIBHO,
nofgkiounB HD k perynupyeMoMy HMCTOUYHHMKY IATAHUS U U3MEPSs
HanpspkeHue Ha 3axxuMax HO u Tok uepe3 HO.

Henunernbie 2JIEKTPUYECKHUE LIETTHN TTOCTOSHHOIO TOKA COAEpKaT
OJINH WJIM HECKOJIbKO HEMHEUHBIX 35ieMeHTOB (HD) ¢ HenuHelHbIMu
BOJIBT-aMIIEPHBIMH XAPaKTEPUCTUKAMMU.

HenuuelHbIMHU 37IEMEHTaMU B LEMSAX MOCTOSIHHOTO TOKAa MOTYT
OBITh TOJYNPOBOJHUKOBBIE JAUOJBI, CTAOMIUTPOHBI, TUPUCTOPHI,
TPaAH3UCTOPHI, JIAMIbl HAKaJdWBaHUs. B HEIMHEWHBIX MENAX HE
BBINOJIHSAETCS NPUHIMUIT HallokeHusA. [loaToMy Henb3si NTPUMEHATH
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METOJbI KOHTYPHBIX TOKOB, Y3JIOBBIX HampsbKEHUM WU T.1. PacueTsl
BeIyT Tpa@uiIecKMMU METOAaMHU C HCIIOJb30BAaHUEM HEITMHEHHBIX
XapaKTEPUCTHK.

Cratuueckoe u fupdepeHuraibHOEC CONPOTUBIICHUE
HEJIMHENHOTO pE3UCTOpA

A

\

U

Puc. 8.1. Pacuer cTratnueckoro u audpepeHIimaibHOro
COIIPOTHUBJICHUS

Cratnyeckoe conporuBiaenune R, :l%. B Touke «b»

My
HuddepenimanbHoe CONMPOTUBICHWE HAa MaJIOM JIMHEWHOM
du my
qactke ab: R, , =—=1tgf—.
y oug dl gﬂ m,

Ha manom yuyactke ab HeauHEHHBIA Pe3UCTOp MOKHO 3aMEHHUTH
JJMHEHHOM MOJCJIbI0 W MOJIb30BaThbCs JIMHEWMHBIMH  METOJaMU
pacyeToB.

ITocnenoBaTenbHOE COCAMHCHHUE JUHEUHOTO U
HEJIMHEUHOTO pe3ucrtopa

[Ipu mocnenoBaTeNbHOM COEIMHEHUHM ISl KAKJIOrO 3HAYEHUS
TOKa CYMMHUpPYIOTCSI HANpsDKEHUST Ha JIMHEHHOM U HEJIMHEHHOM
sneMeHTax. 3anaHsl BAX wHemuneitHoro snementa | =f(U, ) u
JuHEeWHoro  pesucropa. CymMHpys — HampsDKEHHUS,  HAXOJUM
pesynsrupytomyo BAX | = f(U,5 +Uy). Ha pesynsrupytromeit
BAX HaxoauMm TOYKY ( ¥ TOK B TOUKE M.



S
D e

Puc. 8.2. CxeMa 110c¢JI€/10BaTEILHOTO COEIMHEHUE TUHEMHOTO U HE-
JIMHEWHOTO PE3UCTOPA

I=U/R

I=f(Uy,)

m </ ( |:f(UH3+UR)

|

0 E U

Puc. 8.2. IToctpoenue pesynbTupyroniein BAX mocnenoBaTeabHOTO
COEJIMHECHUS

Btopoii cnoco0 pacuera cocrout B ciueayromeM. [lo cxeme
E

nmeeM ypasHenue: U,, =E—IR wm | = ———2

. OTO ypaBHEHHUE

JJIAd TOKA HA3BIBACTCA Harpy30tIHa${ HpﬂMaﬂ.
| 4

Pabouas I=f(Uy,)
E/R

TOYKa

/

|I=E/R-U,,,/R

>

0 UH3 UR E UH3

Puc. 8.3. Pacuer pabGoueil TOukH Ha HArPy304HOU NPSIMOit
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Crpoum rpaduxku BAX wu Harpy3ounyroo npsmyr. Touka
nepecedyeHus: Ha3bIBaeTcs paboyeit Toukoi. Haxoaum B Helt TOK TOK U
Hanpsokenue U .

Cnoxunyro uenb ¢ oguuM HD MOXXHO 3aMEHUTHh AKTUBHBIM
JIBYXITOJTFOCHUKOM W 3KBUBAJICHTHBIM I'€HEPATOPOM.

|
A
R@x

a PaGouas 1=f(Uy,)
o=l 1 % ERf roua
| |
A —_
y 0 H lu’” <) JH/HS I=E/Ry-U,/Re
4_‘ Es=Uabxx
b & Y .
| 2 O UH3 URex Eg UH3

RG}C

Puc. 8.4. 3amena ci10KHOU JIMHEITHON 1IENU DKBUBAJIEHTHBIM
TreHepaTOPOM

HOCHGHOB&TGHBHOC COCAMHCHHUC NBYX HEJIUHEUHBIX DJIEC-
MCHTOB

Puc. 8.5. IlocnenoBaTenbHOE COEMHEHNE IBYX HETMHEWHBIX
DJIEMEHTOB

B wmenm cximaneiBatoTcs  HampsDKeHMsT  Ha  AByx  HO:
E=U,,+U, .. Pemenue BBITIOJTHSIOT MTOCTPOEHUEM
pesyinbtupytomed BAX, cymmupysi HanpsskeHUs MO OCHM  aOCLHCC
(puc. 8.6), mmm ctposar rpadpuxk | =Tf,(E—-U, ), 3epkansHO
otoOpaxkass BAX BTroporo HD oTHOCHTENbHO BEpTUKAIBHON ocH E, 1
HAXOJAT TOUKy nepeceuenus BAX (puc. 8.7).
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| A H2 |4 HO1
H21
| / I |
HO1+HD2 :
|
|
|
. | .
E U UH31 | UH92 | E U

Puc. 8.6. CymmupoBanne BAX Puc. 8.7. Ilepeceuenne BAX
[TapannenpHoe coequHenue HO

Bxonnoii Toxk | paBeH cymMme TOKOB 4epe3 HEIUHEUHBIC
aneMeHThI. Pacuer MOXHO mpoBecTH, CyMMUpPYs TOKH 4yepe3 HO ms
KaXJOTO 3HAUYECHUSI HAMPSKEHUS U CTPOSI Pe3yJIbTUpYromy BAX.

1

Ay | 4
— HD1+HD?2
HO31
L 7 H2
(De H?2
» U

Puc. 8.8. IToctpoenue pesynbTupyronieii BAX mapauienbHoro
coequHenus HO

PacueT pa3BEeTBIEHHOMW I€ENU METOAOM JABYX y3JO0B

a
| A

Illé)wml IZ@TU:T f s |
e D= M

b

Cyvy

Puc. 8.9. Pa3BerBiiennas HelmHeHas NElb
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Henuneiinags nene uMeeT ABa y3i1a W Tpu BeTBU. BAX
HEJIMHEHHBIX 35ieMeHTOB (KpuBbie 1,2,3) 3amans (puc. 8.9).

ITpumem ns onpenenennoctu E; = 3E,.

ITo nepsomy 3akony Kupxroda: l; +1, + 13 =0.

[To BTOpOoMy 3akony Kupxroda:

Uab - El_UH31 y Uab :_EZ _UH32 ' Uab :_UH33 '

Bripa3um HanpsbKEHNUS HA HEJIMHEUHBIX DJIEMEHTAX:

UH91 — El _Uab’ UH32 — _EZ _Uab’ U _Uab'

IToctpoum rpadukyu TOKOB B HEJIMHEHHBIX dJeMeHTax oT U,
npeooOpa3ys BAX ¢ yueTroM UCTOUHMKOB HampsikeHus. Tak B mepBou
BetBu U,, = E; —U, , HanpsokeHHe Ha HENMHEHHOM  DIIEMEHTE
U,;=E—-U_, ©Oyger paBno Hymo, eciu U, =FE u Oyzner
Bo3pacrarth, ecnu U,y < E;. TTostomy rpagux BAX HOI cmecturcs
no ocu abcuucc B Touky E; m Oyner 3epakibHBIM OTOOpa)keHHEM
ucxoanoi BAX (puc. 8 10).

AHaJOTMYHO TIOCTPOUM TpaduKyd TOKOB IJisi BETBeH 2 u 3.
Cymmupyem rpadukyd TOKOB, TOJydyaeMm pe3yibTupylomyr BAX

(OyHKTHpHasT  JUHHS) W HAXOJUM  BBINIOJHEHHE  YCJIOBUSA
I, +1, + 153 =0 . B pe3ynprare nonydaem TOKH B BETBSIX.

3 —

A
I

1
3
2 l1 R
3 \
\\ |1+|2+|3:0
\
\ \
| >
I 3 o
\
-E2 |2 pl \ El Uab
I3[
\

Puc. 8.10. I'padpuueckuii pacyer pa3BeTBICHHOMN LIEITH
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8.2. Bonpocel 1u1si cCaMONIPOBEPKU M 3aJaHUS AJIA OATOTOBKHU
K JadopaTopHoil padoTre

1. YeM OTAMYAKOTCS HEMHEUHBIE JJIEMEHTBI JJIEKTPUUECKUX L1e-
e OT JTUHEUHBIX ?

2. Kakne CBOWCTBa MMEIOT BOJBTAMIIEPHBIE XaPAKTEPUCTUKHU
HEJIMHEWHBIX PE3UCTOPOB?

3. Kak onpenenuts CTaTUYECKOE U JUHAMHUYECKOE COMPOTHUBIIE-
HU€ HEJIMHEWHOrO pe3ucTopa’?

4. Kakue 3J1eKTpUUECKUE LENU HA3bIBAKOTCSI HEJTMHEUHBIMHA ?

5. UeM OTIAMYAIOTCS METOJIBl pacueTa HETUHEUHBIX U JIMHEUHBIX
ueneun?

7. Kak 3KCIEpUMEHTAIIBHO ONPENEISAIOT BOJIBTAMIIEPHBIEC XapaK-
TEPUCTUKU HEJIMHEUHBIX 3JIEMEHTOB?

8. Kak paccuurarps TOK B LieNH, COJEpKAIEA UCTOYHHUK HaIpsi-
YKEHUS U MOCJIENOBATENBHO COCAUHEHHBIC JTUHEUHBIA U HEJUHEUHBIN
PE3UCTOPHI?

9. Kak paccuurarte TOK B LIENU, COAEPKAIIECH UCTOYHHUK HaIps-
YKEHUS U MIapaJUyIeIbHO COCAMHEHHBIE IBA HEJIMHEWHBIX pe3ucTopa’

10. Kak MeToioM JIByX Y3J10B PacCUMTATh PA3BETBICHHYIO 1IEMb
C TpeMsl HEIIMHEWHBIMU BETBSIMH, COAECPKAIIMMHU WCTOYHUKU HAMPS-
YKEHUS U HEJIMHEHHBIE PE3UCTOPHI?

11. [loscHuTE, MOYEMY B CXE€M€ C TUPUCTOPOM (puc. 9.5a) B03-
MOHO BO3HUKHOBEHHUE KOJICOaHUA.

8.3. JlabopaTtopHasi padora Ne8

HUcciaenoBaHue HEJIMHEHMHBIX JIEKTPUYECKHUX LeTen
NMOCTOSIHHOI 0 TOKA

eab padoThI - onpeeieHne BOJIbTAMIIEPHBIX XapAKTEPUCTUK HE-
JMHEWHBIX 3J€MEHTOB, MCCIEIOBAaHUE PEXUMOB padOThl HEPa3BETBIICH-
HBIX ¥ Pa3BETBIICHHBIX HEJIMHEWHBIX AJIEKTPUUECKUX LICTICH.

OnucaHue cxeMbl MOACINPOBAHUA

Cxema MonenupoBaHusi IMokazaHa Ha puc. 8.11. Mopaenmu
HelMHenHbIX 35iemMenToB HO1, HD2, HO3, HD4 coaepxar auojsl,
CTAOMJIUTPOHBI, TPAH3UCTOPHI, PE3UCTOPHI U (HOPMHUPYIOT HECKOJIHKO
BUA0B HelnHEHbIX BAX. Moaenun HD nmoakmtodaroTcs K BHEIIHEMY
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UCTOYHUKY HampspkeHuss FEy kmodamu [1] — [4]. K HenuHEHHBIM
AIEMEHTaM NOAKIIOYECHBbI UICTOYHUKU HanpsbkeHus E; — Ey. Pesuctop
Ry sBiIsieTcs HAarpy3KOM HEJIUMHEWHBIX JJIEMEHTOB M  MOXET
oTkiouaThes KimouoM [5]. Kmrou [6] mosBomser Brarounth HO3 wu
HD4 nocnenoBarensno. Kimtou [7] oTKII09aeT HCTOUYHHUK HAMPSKCHHUS
EO or HD2-HD4. Pesuctopsl Ry, Rou, Riu, Ray cayxar s
HU3MEPCHMSI TOKOB B BETBSX IeK. KOHKPETHBIC MOJICIU U MapaMeTpPhI

9JICMCHTOB MOI'YT OBITH 3aJ1aHbI ITPCTIOAABATCIICM.
[5]

R1 800hm 7 a
+— . 2
—
Irﬂ 1r| ¢ Jrj ¢ If,. f"#
AM1 o A
(Aj‘ [1] /b g 12 /;5 (3} D2 1N1183 H34 & D3 1N1183
;  HOl g H22% HO3E £ _
R2 5000hm a . g 8 B
5 V& Usp 8 R7 100hm = 9
T TE g Hl :
T T22N2805 | &
+ Sz 5 T1 2N2657
Ey =Vi110V 2 ! v z )
= (]
= < - .
a Y Vg £
1 o g
= R31000hm RS 1000hm RE 500hm = 8
+ - ¥
Ey c=vav E: V3oV . "
S S b E3,=.""'1' oV E E:VSUV
= E e ‘C_'l‘
(4 (4 l =
= R31 10hm 5] 3

Pnc. 8.11. CxeMa MOJEIIMPOBAHUS HEJIMHENHBIX LIETIEH
JlaGopaTtopHOe 3amaHue

Yacte 1. OnbiTHOE monydeHnue BAX HelIHMHEWHBIX
pE3UCTOPOB, UCMOJIB3YEMBIX B paborTe

1. TloaknroouyuTh K HWCTOYHUKY HamnpsKeHUs Eg HelTnHENHbIN
anmeMeHT HO1 0e3 Harpysku, 3aMkHyB Kimtour [1] u [5]. OcranbHbie
KJIIOYU pa30MKHYThb. ICTOUHMKYU HanpshkeHus Ep-E4 yCTaHOBUTH paB-
HeIMU HYIRO. Kimtou [6] 3amkHyTh Ha 3eMiro. Mccnenmorats BAX HO1
B JuamnaszoHe Hanpspkenuid -20B - +20B. g storo B pexxume Analy-
sis — DC Analysis — DC Transfer Characteristic ycranoButs Start
value -20V, End value 20V (puc. 8.12) u nonyunts BAX (puc. 8.13).



136

3apeructpupoBath B mpotokosie rpaguk BAX.

2. Tlo Homepy Opwuranbl BbIOpaTh W3 TaOmMIbl 8.1 3HAUYCHUS
Harpy3ku R; u HampsbkeHust £y U paccuuTaTh KOOPJAUHATHI HArpy304-
HoM mpsimoii. Ucnonb3yst cpeactBa pucoBanusi nporpammbsl T INA-8,

IIOCTPOUTH HArPY30YHYIO NPSIMYIO M HAWTH TOK B LIENU IPU BKIIKOYE-
HUW Harpy3KH.

-

DC Transfer Characteristic Iéj )
Start value lzn— W] o 0K
End wvalue IEU— [+] X Cancel
MHurnber of points Iﬁ ? Help:
Input hd
| Enable hysteresiz run

Puc. 8.12. YcranoBka auana3zona mogenupoBanus BAX
200.00m —

BAX H31
\\-\"‘\..\

100.00m—

] 50 mA ~
131 MA Pabouad Touka

0. ﬂﬂ—z / h

] /108
. Harpysounas
- IpAMAad

Current [(A)

-100.00m ] T T T T T T T |
-20.00 -10.00 0.00 10.00 20.00
Input voltage (V)
Puc. 8.13. BAX HO1 ¢ Harpy3o4Hoi#l mpsiMoi

3. BxitouuTs Harpy3ky Rj;, ycTaHOBUTH 3alaHHOE B Tabiuie 8.1
3HaueHue Ey u B pexxume Analysis — DC Analysis-Table of DC results
onpeaeanuTh BXOAHOU TOK lg. CpaBHUTH C pe3yabTaTOM pacyeTa.

4. Jlns venuHenHbIxX neMenToB HO2-H24 noBToputh ucceno-
BaHwMs 10 11. 1-3.
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COCI[I/IHGHI/Iﬂ HEJIMHEUHBIX DJICMEHTOB

5. Jlnst kaxmgoit Opuransl B Tadnauie 8.1 3agaHbl HOMUHAJIBHBIC
3HAYEHUs WCTOYHHUKA HaNpsbkeHus Ey, JTUHEMHOro pe3uctopa R, u

mogenu (HD-A, HO-b) HeauHEHHBIX SJIEMEHTOB, BKJIIOYEHHBIX
napaiyiesibHO.

Tabmuna 8.1
1 2 3 4 5 6 7 8 9 10 | 11 | 12

EF, | 6 | 8 10| -6 | -8 |-10| 6 8 [ 10| -6 | -8 | -10
R, | 120|100 | 80 | 80 | 120 | 100 | 80 | 100 | 120 | 100 | 120 | 80
HD2-A|HD2 | H22 |HD22 | HO1 |HO3 | HB33 | HO1 | HO1 | HO4 | HB4 | H32 | HO3
HO-b|H21|H24 |H23 | H22 |HO1 | HB4 | HO3 | H24 | HO2 | HO1 | HO3 | HD2

Bxmtounth mapamnenbHo HenuHeinHblie Moaenu HO-A u HO-b.
[ToBTOpUTH HCCAeaOBaHuUs 110 1. 1-3.

6. Bxiarouuts mociemnoBaTeIbHO HEIWHEWHBIE Moxead HD3 u
H34. IlopTopuTh MccaenoBanus 1o 1. 1-3.

7. loaxmounts HI-A. BKIIOUYUTH COOTBETCTBYIOIIMI BhIOpaH-
HoMy HO ucrounuk nHanpsbxkenus (E; - E4) U cAenaTh €ro napameTpsl
nepeMeHHbIMH, HanpuMmep: Ez= -5B, 0B, +5B. B pexume Analysis —
DC Analysis — DC Transfer Characteristic 3apeructpupoBath cme-
nieane BAX 1o ocu Hanpsikerus (puc. 8.14).

NoNo

200.00m—
1 AMA[1]: -5[V]
100.00m ] /’/
< - AMA[2]: O[V]
=
g 1
5
[ ]
0 m_; AMA[3L: 5[V]
-100.00m ] T | T | T T T |
-20.00 -10.00 0.00 10.00 20.06
Input voltage (V)

Puc. 8.14. BAX H33 npu pa3HbIX 3HAUCHUAX HANIPSKEHUS] CMEIIICHUS
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OTMEHHUTH TTEPEMEHHBIN NTApaMETP UCTOUYHUKA HAIMPSKEHUS], UC-
nojb30BaB Remove Ha Bkiaake Parameter Stepping.

Yacte 3. UccienoBanue pa3BETBIEHHOM LENHU C TPEMA
HEJIVUHEUHBIMU 3JIEMEHTAMHU

| I
$£oa k
HD2 HD3 HD4
¢| Uab
3
E, E; E,
bL

Puc. 8.15. Cxema pa3BeTBICHHON HEIUHEHHOM IIEIIH

8. CobOpats 1ensb 10 puc. 8.15, pa3MecTHB B BETBAX HEIMHEHHBIC
anmementel HD2, HD3, HD4. Kirodom [7] OTKIHOYHMTE HCTOYHHK
HanpsbkeHus Ey. 3HaueHus £, Ez u E4 B BOJIbTax ¢ y4eTOM HX IOJISIP-
HOCTH JIJIs1 KaKI0M Opuraabl JaHbl B Tabmuie 8.2.

Taobmuma 8.2

NeNel v ol 3 4516|718 |9 101112
Opwr.

E, | 10 |10 | 6 | 10 | 10 | 10 |-10 |-10| -6 | -8 |-10]| 8
E.| 0 |-8/6|10/ 0|00 o0]|10]8]-10]0
E, 8|0 /0|0 6|6 6|10/ 0]0]0]10

TiaTenbHO 3apucOBaTh CXEMY C 3a/laHHBIMU MapaMeTpaMH HcC-
TOYHUKOB HaIPSHXKEHUS B TPOTOKOJ JIAOOPATOPHOUM PadOTHI.

9. Ucnonesys pexum Analysis — DC Analysis-Table of DC re-
sults ompenenuTh TOKH B H3MEPUTEILHBIX pe3ucTopax Roy, Riy, Ray u
3alicaTh TOKM BO BCEX BETBAX C YYE€TOM MX HampasiieHu. Haiitu
HanpspkeHue Uy, Mexay ysnamu. [IpoBepuTh BBIMOJHEHUE MEPBOTO
3akoHa Kupxroda.

10. KirrodoMm [7] mOAKITIOUATh HCTOYHUK HampsbkeHus Ey. B pe-
xume Analysis — DC Analysis — DC Transfer Characteristic mony4uts
BAX Tpex mapaiebHO BKJIIOUYEHHBIX HEIMHEWHBIX 3JIEMEHTOB W3
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1.8. B Touke BAX ¢ HysneBbIM 3HaueHUEM Toka HallTu Uy, U cpaBHUTH

C PE3yJIbTAaTOM M3 I1.9.
300.00m—

200.00m

100.00m —:

0 ﬂﬂ—:

-100.00m —

-200.00m —

-300.00m—
] Uab
-400.00m . | . | . | . |
-20.00 -10.00 0.00 10.00 20.00
Input voltage (V)
Puc. 8.16. BAX nmapamuiensHoro coequaenus tpex HO

Current (A)

I[OMaHIHee 3aJaHHUC

1. Tloctpoutrs rpadukun BAX wuccienoBaHHBIX HEIUHEHHBIX
AJIEMEHTOB U OOBSICHUTH MIPUHIUIIBI UX (OPMHUPOBAHHS.

2. Ins uccnenoBaHHbiX HD HalTH TOKM M HAIPSKEHUS B TIOCTIE-
noBaTenbHOM coenuHeHnu HD ¢ 3amanHpIM B TadOnuie 8.1 ucToyHu-
KOM HAIPsSHKEHUS U TUHEHHBIM PE3UCTOPOM.

3. IlocTpouts pesysbrupyronyto BAX nmns mapamienbHOTro co-
equHenus AByx HO mo n.5. ['paduuecku HalTU pexxuM Lienu 1S 3a-
JAHHBIX B Ta0Omnuile 8.1 mapaMeTpoB U CPAaBHUTH C IKCIIEPUMEHTOM.

4. IToctpouts pesynpTupytomyo BAX mist mociaeaoBaTeabHOTO
coeauHenus nByxX HO (11.6). /IBymMs MeTOogaMu paccUUTaTh PEXKUM B
LIETIH U CPABHUTH C pe3yIbTaTaMM YKCIIEPUMEHTA.

5. IlpousBectu rpaduueckuii pacueT TOKOB B Pa3BETBICHHOMU
uen# (1.8) METoIOM JBYX Y3JIOB U COMOCTABUThH PE3yJIbTaThl ONMbITA U
pacuera.

6. [Ipu odopmaeHurn oT4ETa PEKOMEHIYEM HCIIOIB30BaTh METO-
JIbl YUCIIEHHOTO pacueTa HEJIMHEHMHOMU IENU C UCHOJIb30BaHUEM IPO-
rpammMbl Mathcad [3].
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Inasa 9. BBINPSIMUATEJIA HA TOJTYIIPOBOTHUKOBBIX
JIMOJIAX

9.1. KpaTtkoe TeopeTudeckoe BBeJeHHE
BeinpsiMmiaeHue mepeMeHHOro Toka

B naHHOM r71aBE MPOBOAWTCS aHAIW3 CXEM OJHOIOJYEPUOIHO-
ro U JIBYXIOJYIEPUOIHOTO BBIMIPSMIICHUS MEPEMEHHOTO TOKAa C HC-
M0JIb30BAaHUEM TIOJIYIIPOBOAHUKOBBIX AM0/0B. BAX peanmbHOrO He-
ynpasisieMoro auonaa (kpusas 1, puc 9.1) umeeT BETBb IPsIMOTO TOKa
npu U>0 u BeTBb oOpaTHOro Toka npu U<0. OOpaTHbIH TOK i, ¥ Ka-
YECTBEHHBIX JIMOJIOB OYCHb HEBENIUK (CAMHHUIIBI MUKpoamriep). [Ips-
MOM TOK MOKET JOCTUTaTh Y MOIIHBIX JUOJOB JIECATKOB amiiep. [Ipu
TEOPETUYECKOM HCCJICIOBAHUHU TMPOIECCOB BBITIPSMIICHUS pEaTbHbIN
MO MBI 3aMEHSEM HJeaJbHbIM, MMEIOIUM IpsAMOYyToiabHyl0 BAX
(kpuBas 2, puc. 9.1).

Ha puc. 9.2a noka3zana npocteiinas cxema 00HONOAYnepuooOHo2o
guinpAMieHUs, paboTarolias Ha Pe3nCTOpHYI Harpysky. [Ipu Bxoj-
HOM HanpspkeHnH U(t)=U,, -Sinot Tok n HampspkeHue Ha R, nmerot

BUJI TOJOKUTEIbHBIX MOJYBOJH puc. 9.20. MOMEHTBI OTIHpaHUA U
3alMpaHus AUOAa OMPEACISIOTCS COOTBETCTBEHHO MOMEHTAMU MEpe-
XO0J1a HAPSKCHUS U TOKA Y€pe3 HYJIEBbIC 3HAUYCHUS.

B MocTOBOW cxeme 08yxnonynepuoonoz2o GwvinpsamieHusi, pPHUC.
9.3, mpu BxogHoM HampsbkeHHH U(t)=U -Sinot Tok B Harpysky

MOCTyMaeT B Kakapld nonynepuos (puc. 9.4), u umeetr GpopMmy IBYX

. U .
MOJIOKUTENBHBIX MOMYBOIH I, (t)="" R -|S|n a)t|. B mnonoxurens-
H

HbIE€ TOJIYNIEPUO/Ibl BXOHOTO HanpsikeHus quoasl VD, u VD, oTkpbI-
Tbl, a VD3 u VD, 3aKkpbIThl, B OTpUIIATEIbHBIC TTOTYIEPHUObI TUOIbI
VD, u VD, 3aneptsi, a VD3 u VD, OTKPHITHL.

Hampsoxenue Ha Harpyske R, pasno U, (t)=U_ -|Sin a)t| u Oy-
JIeT TIOBTOPSATH 110 (hopMe KPUBYIO TOKA.

®yukmum i,(t), u,(t) B 3TUX ciydasx COCTOAT U3 CYMMBI ITOCTO-
SHHOM COCTaBIIAIOLIEN U TADMOHHUK.

B cxeme OC)HOI’ZOJZyneleOOHOZO ebinpsAamierus 1MOCTOAHHBIC CO-
CTAaBJIAIOIIHUEC HAIIPSIKCHUA WIIN CPCAHUC 3a MICPUOA 3HAYCHUA HAIIPA-
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T T
1 1 .
xeaus U,=—[udt u toka l,=— |1 dt pasms: Uy=U,/7 ,
0 0
lo=I,\/z . TlepBas, BTOpas U dyeTBepTas rApMOHUKH HAIPSDKCHUS UMe-

a TCTBECHHO U”/ ZU”/ ZU”/
FOT AMIUTUTY bl COOTBE 5 3 157"

)

Y -

0 u

fl.l'fil..'l
Puc. 9.1. BonbrammiepHas xapakTepucTuka peaibHoro (1)
U ujeasibHoro (2) nuoaa

Aiu

u Ru Im
T_fﬂ_ e e mt
& i ! >
T 2n 3n

a) o)
Puc 9.2. Cxema 01HONIOTYTIEPUOTHOTO BBHITPSIMUTEIIS
A

in
J-2 o

[:I Ru

‘ l V)

Py
& &

Puc. 9.3. Cxema ABYyXMOTYyNEPUOTHOTO BHIMPSIMUTENS
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Aln

Im|

| 1 |
0 i 21 3t f
Puc. 9.4. luarpaMmma ToKa B Harpy3Kke ABYXIIOJIYIIEPUOJTHOTO
BBITIPSIMUTEISA

JleHcTBylOIlIEE 3HAUEHUE IIEPEMEHHOIO TOKAa B  HAarpyske

T

1 f 24

. I,dt. Jng cxembl JBYXIOMYIEPUOAHOIO  BBHIIPSIMIICHHS
0

"

J{nst cxeMbl OJTHOTIOJIYTIEPUOAHOTO BBIIPSAMIIEHUS IEMCTBYOIIEE

, TO €CTb TAKOC KC, KaK IJIsI CHHYCOUIAaJIbHOT'O TOKA.

3HAYCHHUC TOKA B \/2 pa3 MCHbBIIC, YCM B CXCMC JABYXIIOJJIYIICPHUOJIHOT'O
BBITIPAMIICHUA.

CrinaxuBaHue NMyJibCAallUN BBIOPSMIEHHOTO TOKA,
€EMKOCTHOU QUIBTP

[Ipoananu3upyeM pabOTy CXEMbl OJHONOJIYNEPUOTHOTO BBI-
IPSIMIICHHSI TIPY HAJIMYUKA eMKOCTHOTO (pritbTpa (puc. 9.5).
B oTkpbeITOM cocTosiHUM quoaa ot <wt<wt, (puc. 9.6) Hamnps-

xenne U=Upsinwt npunoxeHo k Harpyske R,,C. EMKOCTHBIN 1eMeHT
CXEMBbI B 3TH MOMEHTHI BPEMEHU 3apsiKaeTcs, TOK 4epe3 JIUOJI paBeH
CyYMME TOKOB 4Y€pE€3 PE3UCTUBHBIA U EMKOCTHOU 3JIEMEHThI. B MOMEHT
BpeMeHHU t, TOK uepe3 a0 paBeH HYJII0, MO 3aKphIBaeTCs. Yo 3a-
nUpaHus Auoja paBeH: wih=arctg(-oR,C)= n- arctg(wR,C), Tok uepe3
muon i(wty)=0, HanpsbkeHue Ha KoHAeHcaTope uc(wt)=Unsinwt,. Io-
cJi€ 3aKpbITUS AuoAa, HauuHasg oT t, go (T+t;), mpoucxoaut paspsn
koHzneHcaTopa C Ha pe3uctop Ry, MO 3KCIOHEHIMATbHOMY 3aKOHY
Ue=Upsinawne )R KpuBas Uc(t) mpuBenena Ha puc. 9.6. B Mo-
MEHT t; BXOJHOE HAmNpPsKEHWE CTAHOBUTCS PABHBIM HAIPSIKCHUIO HA
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CMKOCTHOM 3JICMCHTC, U0 OTKPBIBACTCA. J_-[J'IH onpeaACICHUA MOMCH-
Ta OTKPBLITHUA JUOOA tl 3aIlIMIICM PaBCHCTBO!

27+t —ot
U, sin(ot)=U, sin(at, e “RC (9.1)

Puc. 9.5. OnHonoyiepruogHbIN BRIMPSIMUTETL C EMKOCTHBIM
buabTpOM

u.f1)

U, sinwt;
o
U sinwt;

‘.‘Lill U.itz l U;tlll _'_2 T[ I I
T 21 in  4nm

Puc. 9.6. Hanpspkenue Ha eMKoCcTH QUiIbTpa

Benmumuuny émkoctu C MpakTUYECKH BHIOUPAIOT TaK, YTOOBI MPH
3aIaHHON Harpy3Kke BBIOJHSJIOCH COOTHomeHue wR,C>1, Torma
HAIPSIKEHUE HA EMKOCTH CNIaaeT OTHOCUTEIIBHO MEIJIEHHO.

CxeMa JABYXIOJYNEPUOAHOTO BBIOPSIMUTENA C E€MKOCTHBIM
buasTpOoM oTiMYaeTcs oT puc. 9.3 Tem, U4TO mapauieIbHO COMPOTUB-
JIEHUIO Harpy3ku R, Bkitodaetcst eMKkocTh C.

Pemenue ypaBHenus (9.1) MOXHO BBIIOJHUTH YHCIICHHO, HC-
nose3ys Mathcad.

[Ipu wR,C>10 (¢ morpemHocThi0 5%) MOXHO  TPHUHATH
wt, :%, st pacu€ta ot; mpurogHa upuOIMxKeHHas ¢dopmyna:
1574wty
sin(ot;)=e  “RnC
/2.

. IIpu 3TOM crneayer NpUHATH 3HAYCHUE i<
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3Has wth U ity HAWJIEM MOCTOSIHHYIO COCTABJISIOULYIO HampshKe-
HUs Ha Harpyske Up, Kak cpeiHee 3HaueHue 3a nepuoj 7, B yriioBOM
U3MEpPEHUN 3a 27 U1l OJHOMNOIYIEPHUOJHOTO BBITPSAMUTEIS U T - IS
JIBYXIIOJIYHIEPUOJHOT'O BBIIPSIMUTEIIS:

1 a)tz (27Z'+6')t1)
o = [Upsin(et)dot+ [ u(t)det|.
T (()tl a)t2

Paccuntannsie B Mathcad rpaduku hopmbl BEIIPSIMICHHOTO
HaIpsOHKEHUS Ha Harpy3Ke NMpuBeneHsbl Ha puc. 9.7. B pacuerax npuns-
TO, 4YTO AaMIUIMTyJa nepemMeHHoro Hampsbkeus U, =105,
m=wR C=5, UO0L UCl - nmocrosHHas cocrasustomas u ¢popma
HaIpSDKEHUST Ha Harpy3ke B OJIHOIOJIYTIEPUOTHOM BBIIPSMUTEIE,
U02,UC2- nocrosinHasi coctapistomias u ¢opMa HampsHKEHUS Ha
Harpy3Ke B JIBYXIOJIYTIEPUOAHOM BBIIPSIMUTETIE.

10 T

U0l = 6.662

02 = .35 5 | | | | I I
0 1 2 3 4 5 & 7

@t
Puc. 9.7. I'paduku HanpsHKEHUs Ha Harpy3Ke B OJTHOTIOTYTIEPUOTHOM
(UCYw¢)) n ayxmonynepruoaaoM (UC2(w¢) ) BRIIPAMUTENE TTPH
Mm=wR,C=5

Crenenb mynbCcallMy HANPSXKEHUS WM TOKAa B HAarpy3Ke MOKHO
orieHuTh Ko urmenTom myiabcarui K, =(Umax-Umin)/Uo.

Ecau m> 100-200, emxocte C He ycmeBaeT pa3psoKaThCs 3a
BpeMs Nepuoja | W HalpsHKEHHWE Ha Harpy3ke OyleT NpaKTUYECKU
paBHO aMmIuiuTyAe (muKy) BxoaHoro Hampstbkenus Up . Takoi
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BBINPSIMUTEb HA3bIBACTCA IMHKOBBIM JIETEKTOPOM M NMPUMEHSIETCS B
PaIMOTEXHUYECKUX YCTPOUCTBAX ISl AETEKTUPOBAHUS CUTHAJIOB.

[1-06pa3Hblii PUABTP HU3KUX YACTOT

IT-o0pa3uplii GUIBTP HU3KUX YACTOT BKIIIOYAIOT MEXK]Y BBIIPS-
MUTEJIEM U HArPY3KOM.

L

Cr2 I — C2
%, I >

Puc. 9.8. IT — oOpazubiit LC- QuibTp HU3KUX YACTOT

HauOonpiiee criaxuBaHue MyJdbCalMil MOMY4YalOT B CUMMET-

L
puaaoM ¢unsTpe. s dumerpa trma "K" mapamerp k = c =R,,
Z,=jolL, 2Z,=—] w—zc KoadduimeHnT nepeaadn no HampsHKEHUIO

TUIST TADMOHUYECKUX COCTABJISIONIUX ITyJIbCAIIMH MOYKHO BBIYHCIUTH
o opmyie:

R

Ky (@)= _ Z (9.2)

1+ =L 'R, +Z
22,

2
JLC
MpAMHATECIIA JOJIKHA OBITH B 2-3 pa3a MCHbIIC YaCTOThI HGpBOfI rapmo-

HUKH, a JJI IBYXIOJYIEPUOTHOTO BBIPSIMUTENSA B 2-3 pa3a MEHbIIE
4aCTOTHI BTOPOU TaPMOHHKH.

Yacrora cpesa PHY o, = UL OJHONOJYIEPUOJHOTO BBI-

9.2. Bonipochl I CAMONPOBEPKHU M NMOATOTOBKHU
K JJadopaTopHoi padorte

1. Hapucyiite BoJIbTaMIIEPHBIE XapaKTEPUCTUKHU HICATBHOTO U pe-
aJIBLHOTO JUO/IA.
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2. Hapucyiite cxeMy OJHONOJYNEPHUOJHOTO BBIIPSAMUTEI U
O0OBSICHUTE €r0 Ha3HAUYCHHE U PadoTYy.

3. Hapucymnrte cxeMy ABYXIIOJYIIEPHUONHOTO BBIIPSIMUTENS H
0OBSICHUTE €ro Ha3HauYeHHE U paboTy.

4. Kak paccunrarb IIOCTOSSHHOE HANPSDKEHUE B AKTUBHOU
Harpy3Ke OJHOIOIYIIEPUOTHOIO U ABYXIIOIYIIEPHUOIHOTO BBIIPSIMUTEIS
0e3 crinaxuparomero QuiabTpa? Ha CKOJBKO OTIMYAIOTCS ITH
HaIpPsHKEHUS ?

5. s 4ero MpUMEHSIIOT CIIaKUBAIOIIMN €MKOCTHOW (QUIBTP B
BBINPSIMUTENSAX ?

6. Kak MeHsEeTCAd HanpssKEHME Ha €MKOCTH CIVIAKHUBAKOLIETO
bunpTpa B OAHOMOIYTEPUOIHOM BBIIPSIMHUTEIIE?

7. Kak MeHsAETCAd HampshKeHME Ha €MKOCTH CIVIaKHBAIOIIETO
bunpTpa B ABYXMOJYIIEPUOTHOM BBIIIPSIMUTENE?

8. Kak paccuutate NOCTOSSHHOE HANPSKEHUE B AKTHUBHOU
Harpy3Ke OJTHOTIOTYTIEPHUOTHOTO 151 JIBYXIIOJIYIIEPUOHOTO
BBITIPSIMUTENA CO crytakuBaromuMm (uibtpom? Kakoe Haunbosbiiee
3HAYEHUE MOKET UMETh 3TO HANPSIKEHUE U MPU KAKUX YCIOBUSAX?

9. CpaBHUTE JOCTOMHCTBA U HEAOCTATKH OJIHOMOJIYTIEPUOTHOIO
U JBYXIIOJYTIEPUOHOTO BBHIMPSIMUTEIIA.

10. Kak ompegenutrb TpeOyeMyr0 MOJOCY MPOMYCKAHUS
criaxkuBaroniero LC-bunbrpa, paboTaromiero ¢ BRIMPIMUATEISIMA?

9.3. JlabopaTopnas paGora Ne9
HcciaenoBanue BoINPSAMUTE/IEH HA MOJYNPOBOAHMKOBBIX JU0AAX

Heanb padoTel 3akiaoyaeTcss B U3y4eHUU PadOThI OJJHO- U JIBYX-
NOJIYIIEPUOAHBIX CXEM BBIIPSIMIIEHUS, CIIQKUBAaHUS ITyJlbCallUd C
MOMOIIbIO MPOCTEUINX (PUIBTPOB, pacueTa TOKOB U HAINpPSKEHUH B
Harpy3Ke 1 CONOCTABJICHUH PE3yIbTATOB pacyeTa 1 SKCIEPUMEHTA.

JlabopaTopHOe 3agaHue

1. Cxema MonenupoBaHUS BBIIPSIMUTEIEH ITOKa3aHa Ha PHUC.
9.10. T'eneparop cunycounanpHoro Hanpsbkenus VG1 noakimodaeTcs
K nuogHoMmy MocTy u3 quonoB D1, D2, D3, D4. Kmrouamu [1] u [2]
MO>XHO YCTaHOBUTH PEXHUM OJHOMOJYNEPUOJAHOTO WUJIM JABYXIOIyTe-
puoaHoro Beinpsmienusd. Harpyska Ryj=1 kOm noakntouaercs K quo-
JaM HEIMOCPEICTBEHHO WJIM C MCIIOJIb30BAHUEM CIJIAKMBAOIINX
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¢unbTpoB (L;=10 MI'z, C;=C,=20 Mx®). BcromorareabHbIii pe3n-
ctop R,=1 Om Tpebyercs s KOPPEKTHOCTH PAacueToOB B IIporpaMmme
TINA-8 1 He BIMseT HA TOYHOCTHh MOJACITUPOBAHUSI.

A. UccnenoBaHue OHOMONYNEPUOTHOTO BBIMIPSIMUTEIIS

2. Cxema IS KOMITBIOTEPHOT'O MOJICTTHPOBAHUS
OJTHOTIOJTYTICPHOHOTO BBINPSAMUTEINS 0€3 CrIIAKUBAIOMIETO (PHIBTPa
nokazana Ha puc. 9.9. B meri xmou [1] pasomknyT, Kimou [2]
HAXOJUTCS B HIKHEM IoyioxkeHuu, kimou [L] 3amkuyT, kmoun [C1],
[C2] pazomkHyTHI. Beinpsimiienne BoimonHsercs auoaom D1.

D1 1N1183 D3 1N1183 [L]

~J |
Iy = NN
E— AML L1 10m R21
+KAY' IAAANAY |
N
/C1] /[C2]
- / l jum’ ] ] i
g @ [ ~) o S_L &1 2 *
\ N =T Py NT— V
D2 1N1183 D4 1N1183 v
AM2
N
L AR
4_

Puc. 9.9. Cxema KOMIBIOTEPHOTO MOJCIUPOBAHUS BBITIPSIMUTEIICH

3. YCTaHOBUTH Ha TEHEPATOPE YaCTOTY CHHYCOMJIATBHOTO CHT-
HaJla IO yKa3aHWIo npenojasatend B Auamnazone ot S0 mo 200 I'u, am-
mutyny 10 B.

4. B pexume Analysis-Transient momyuwnts rpaduku
HanpsbkeHuH Ha BbIxoje renepartopa (VG1) m Ha marpyske (VML)
(puc. 9.10). B okne pesynpTaToB ymanuth rpadukn VGl u VM1, B
MEHIO pe3yibTaToB BbIOpath Edit — Post-processor-AM2-Add-Ok.
[Tonyunm coBmaparommue no gpopme rpaduxu TokoB | u 1_.

5. 3meputh 3HaUCHUS] MOCTOSIHHON COCTaBISIONIEH W TEPBOM
rapMOHUKH  HAINpsOKEHUH W TOKOB B OJHOMOJYIIEPHUOTHOM
BBITIPSMUTETIE.

BaxHoe nosicHeHue.

B npoepamme TINA-8 uszmepumenvnvie npubopwl (6orbmmemp,
amnepmemp, MyJnbmumMemp) usmepsiom moabKo NOCMOAHHblE U 2ap-
MoHuYeckue moxu u nanpsxcenus. [loomomy 6 cxeme puc. 9.10 smu
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npubopvl nocmaeensvl 0l 0003HAUEHUS 8bIXOOHBIX UMEPSAEMbIX Na-
pamempos (OUtput) u ume moeym oOasamv npasuiibHvie 3HAYEHUS &
mabauyax pe3yrbmamos. Bce uzmepenus HecunycouoanbHuix 8eIuduH
HAo0o0 NPo8OOUMb C UCNOIb308aHuem ananuza Oypove.

10.00—
] VM
VGT
5.00-]
5 ]
= 0.00-
O 1
-5.00
'TGGG ] T | 1 | T | 1 |
0.00 10.00m 20.00m 30.00m 40.00m
Time (s)
Puc. 9.10. I'paduku HanpspKkeHUN OHOMIOTYTIEPUOTHOTO
BBITIPSIMUTES
10.00m—
] E'E'm—_ A2
: — AM1
6. 00m — — AMZ2
3 :
5 4.00m—
O -
2.00m—
0.00-]
-2 .00m i T T T | T T T |
0.00 10.00m 20.00m 30.00m 40.00m
Time (s)

Puc. 9.11. I'padyiku TOKOB OJJHOTIOJIYIIEPUOAHOTO BBIIPSIMUTES

Breiopats B rmaBHoM Mmerro Analysis- Fourier Analysis- Fourier
Series. B oxkue Format Beiopars Aeff, Beff. IIpu sTom OymyT BBIUMC-
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JATHCS JECUCTBYIOIME 3HAYEHUS MOCTOSIHHOM COCTaBJISIOLIEN U rap-
mouuK. B okne Output Beiopare VM1. Haxats Calculate. B Tabmuie
MOJTYYUM JICUCTBYIOIINE 3HAYCHUS IMMOCTOSHHOW cocTaBistomieii 2,94
B (k=0), nmepsoii rapmonuku — 3,31 B (k=1), Bropoii rapmonuku -1,48
B (k=2) u T.1. 3HaKM MHUHYC YYHUTHIBAIOT HadallbHbIC ()a3bl TAPMOHHUK
Y HECYILIECTBEHHBI JJI1 UCCIIEAOBAHUS BBIPSMUTEIS.

| % Fourier Series [_J-Zh ]

| ) i 5
Sampling start time 4.00
Base frequency i} 7.50

6.00

Mumber of zamples |4DEIE ﬂ { Caloulate 4.50

Amplitude A

_ Calculate byt R
Wumber of hamonics 16 = % Cancel 1.50 [ 25¢]
oood- - ) B R
Farmat |Aeft, Beft | 1.50 -14]
7 Help 3,003 . ; ; . .
Output ['h1 =]

7
a 2 4 [ & 10 12
Transient inital condition Draw Base frequency 50[Hz]

" Calculate operating point

+ Ilze initial conditions ;gg
™ Zern initial values o
-2.00
-3.00

k. Amplitude [4) Amplitude [E] . Z§j33

2,94 0 E.00
-470,08u 3,31 -7.004 7 T T T T T
-1.48 -263,74u g 10 12
-197.69u BE.Odm Base frequency S0[HzZ]
-288.17m 157 82u i J

Fourier coefficients

Amplitude B

Fe b ha =
=
ra
£
o

Harmonic distortion © 45,8662

Puc. 9.12. Cnextp @ypbe HanpsHKEHUST HA HArpy3Ke
OJTHOITOJTYTIEPUOHOTO BBITIPSIMUTEIIS
6. B okne Fourier Series — Output BeiOpats AM1. MccienoBaTth
CIIeKTp BXoaHoro toka l;. B cxeme puc. 9.9 onHomomynepuomHoro

BBITIPSMUTENISI C aKTUBHOM HArpy3kou 0e3 CriaKuBaroiero (QpuibTpa
BXOJHOM TOK COBIAJAET C BHIXOHOM.

7. 1loAKIIOUUTh MapajuieIbHO CONMPOTUBICHHUIO HArpy3KH KOH-
nencaropbel C; u C,. IloBroputh uccienoBanus mno m.4-6. AHamus
@ypbe MOKA3BIBAECT YBEIUUYECHUE MMOCTOSHHOW COCTaBJIsrONIEH 110 3,69 B

(puc. 9.16).

b. UccnenoBanue ABYXNOJNYNEPUOAHOTO BBINPAMUTENSA

8. B cxeme puc. 9.9 ycTaHOBUTH PEXKHUM JIBYXIOJIYIIEPHOTHOTO
BBINIPSIMIICHHST O€3 CriakuBaromero ¢uibTpa. (s 3Toro 3aMKHYTH
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kmoun [1] m [L], pasomknyte kmoum [Cl] m [C2], xmou [2]
NEPEKIIOYUTh B BEPXHEE MOJOKEHHUE.
IToBTOpUTH HccaenoBanus o m.4-7 nug VM1, AM1, AM2.
3aperucTpupoBath Bce TpadUKH M JSUTCBYIOIIUE 3HAYCHUS
HaNpsKEHUN U TOKOB.

10.00—
E f\
] VM
5.00
1 VG
0.00
5 Gﬂ— v \/ v v
10. ﬂﬂ
0.00 E‘ﬂ 00m 4'.'] 00m 5'.'3' 00m BL'J 00
Time (s}

Puc. 9.13. I'paduku HanpsHKEHUH 0HOTIOIYTIEPUOIHOTO
BBITIPAMUTENS C EMKOCTHBIM (DUIIBTPOM

200.00m~
100. Gﬂm—g AN
0.00
-100.00m ; | ; | ; | ; |
0.00 20.00m 40.00m 60.00m 80.00m

Time (s)

Puc. 9.14. I'paduku TOKa OTHOMOTYTIEPHUOTHOTO
BBITIPSMUTENISI C EMKOCTHBIM (PUITBTPOM
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% Fourier Series [&J
Sampling start time 0
Basze frequency 0
Number of samples 40%  >| ||| Caoulste :
Murnber of harmonics 16 & x Cancel
Farmnat Aeff, Beft -
: | E| |
Output |Vh-11 j —

Tranzient inital condition Dz

(" Calculate operating point
* Uze initial conditions
" Zera initial values

Founer coefficients
Arnplitude (&) Amplitude [B) -
3E4 1]

996,52 369
-831.04m -E53,8m
342, Eamn -BE5,58m
-145.15m 540 Bm

Harmanic distartion :— 41.043%

BaEEE A e

L

Puc. 9.15. Cnextp @ypbe HanpsHKEHUST HA HArpy3Ke
OJIHOTIOJIYTIEPUOTHOTO BBITTPSIMUTENS C EMKOCTHBIM (PUIBTPOM

9. loakmounth K emkocTsiM C; u C, MHAYKTUBHOCTH L; Tak,
yT0OBI 00OpazoBascs [I-oOpa3ubiii criaaxuBaromuiit ®HY. Paccuurath

1
gactoty cpeza ®HY no ¢popmyne f. =———. YcTaHOBUTH YacToTy
‘ N LC

CHUTHajla TeHeparopa f >1,5f.. IloBroputh uccregOBaHUSA

JIBYXTOIYNIEPHUOAHOTO BeITpsiMuTes ¢ [1-006pasubim LC- GunbTpom.

Jlns atoro B pexume Analysis-Transient nccienoBanust mpoe-
ctu B uHTepBasie 0-20 mc m 20-40Mc, korga nepexoaHble MPOLECCH
3aKOHYATCSI.

CoxpanuB B pexxume Analysis-Transient yctaHoBKy WHTepBajia
20-40 mc, uccnenosatrh crektp VM1, AM1, AM2 npu 3HaueHuu
Sampling start time 20 m. HaGironath Bo3pacTaHue MOCTOSHHOM CO-
CTaBIISIONIEH M YMEHBIIICHHE TTyJibcaruit (puc. 9.16).

JIOMaHIHee paCcdC€THOC 3aJaHUC

1. IlocTtpouts rpauky HaNpsSHKEHUS HA Harpys3ke I BCEX
ucciaenoBaHHbIX cxeM. OOBACHUTH (POPMY MOTYYEHHBIX IPAPUKOB.
2. Jlns uccleIOBaHHBIX CXEM BBINPAMUTENECH ONpeaeanuTh IO
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AKCIIEPUMEHTAIbHBIM JaHHBIM Upmax, Unin, TIOCTOSIHHBIE COCTaBIISIIO-
mue Uy, lp nepseie, BTOpble U TpeTbu TapMOHUKH U(1)- U3y, KoapPu-
IHUEHT MyJibcauii K; U CAEeIaTh BBIBOJBI O CBOWCTBAX BBINPSMUTEIEH
1 CrJIQXKUBAKOIIUX LICTICH.

% Fourier Series I,ﬁ,l
Sampling start timne 20m
Basze frequency 1.07k
Number of samples oz v || Caloulate |
Mumber of harmonics 16 % x Cancel
Format Aeff, Beff -
‘ | 3|
Qutput |\-"M'I ﬂ [—

Tranzient inital condition Draw

(" Calculate operating paint
* |ze intial conditions
(7 Zero initial values

Fourier coefficients
k. Armnplitude [4) Amplitude [B] -
a8.73 1]
-A74.21u 4.28m
-1.29m 1.71m
-4, 64u 1.1%m
-29 B2 974 521

Harrnonic digtartion © - 68,849%

Food 2 = e

L

Puc. 9.16. Cnextp @ypbe HanpsHKEHUST HA HArpy3Ke
JBYXTIONYIIEPUOHOTO BhIpsiMuTes ¢ LC- ¢puabTpom

3. Mcnonp3ys 4acTOTy W HampspKeHHE cUTHaia u3 1.9, paccuu-
TaThb U MOCTPOUTH CIEKTP HANPSIKEHHS HA BBIXOJIE JUOJHOTO MOCTa
JBYXITOIYTIEPUOTHOTO BBITIPSMUTENS C WJICaTbHBIMU JHojamMu. Pac-
cuuTaTh Ko3(duimeHt mnepenaun criaxuBarouiero I[I-oOpasHoro
®HY Ha MOCTOSHHOM HANPSKEHUU U BTOPOU TapMOHUKE CUTHAJIA.

I'masa 10. UCCJIEJOBAHUE XAPAKTEPUCTUK
BUITOJAPHOI'O TPAH3UCTOPA U YCUJIUTEJIA
HA BUITIOJIAPHOM TPAH3UCTOPE

10.1. TeopeTnueckue cBeAeHHSI

BunonspHeIM TPaH3UCTOPOM HA3BIBAIOT IOIYIIPOBOIHUKOBBIN
puoop, UMEIONTMNA JABa B3aUMOJICUCTBYIOIIMX MEXKIYy COO00M P-N me-
pexojna. B 3aBUCMMOCTH OT MOCIE0BATEILHOCTH YepeioBaHus o0Jia-
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CTEH C pa3IMYHBIM THUIIOM MPOBOAUMOCTU Pa3nyaroT N-P-N TpaH3U-
CTOpPBI U P-N-P TpaH3UCTOPHI. TpaH3UCTOP HA3bIBACTCS OUIOISPHBIM
MOTOMY, 4TO (PM3UYECKHUE MPOIIECChl B HEM CBSI3aHbI C IBUKEHUEM HO-
cuteneil o00Mx 3HAKOB (CBOOOAHBIX IBIPOK M JJIEKTPOHOB). Tpex-
CJIOWHAasi CTpyKTypa N-p-N TpaH3ucTtopa nokazana Ha puc. 10.1a. Ha
puc. 10.16 nokazano ycimoBHOe 0003HaueHHE N-P-N TpaH3UCTOpa, HA
puc. 10.1B — ycnmoBHOE 0003HaUeHUE P-N-P — TpaH3UCTOPA.

Cpennuii ciioi OHITOJSIPHOTO TPaH3UCTOpa Ha3bIBAOT 0azoil b,
OJVH KpaWHWM CJIOW Ha3bIBalOT KoyuiektopoMm K, npyrou kpavHuu
CJIOM Ha3bIBAIOT JMUTTEpPOM . B 3aBUCHUMOCTH OT MOJISAPHOCTU
HaNpsHKEHUN, NPUIOKEHHBIX K AJIEKTPOJIaM TPaH3UCTOpa pa3indaroT
CIEAYIOUIUE PEXKUMBI €ro padOThl: JUHEUHBIN (YyCUJIMTEIbHBIN),
HACBHIIIEHUS, OTCEUKH, UHBEPCHBIM. B JTHHEMHOM pexuMe 3IMUTTEp-
HBII MEepexo]] CMEIIECH B MPSMOM HAIpaBJICHUHU, & KOJUIEKTOPHBIN - B
oOpatHOM. B pexxumMe HachllieHUs: 00a Mmepexo/ia CMEIISHBI B MPSIMOM
HarnpaBiieHUU. B pexxnme oTceuku 00a mnepexoja CMENIeHbl B o0part-
HOM HalpaBJICHUU. B MHBEPCHOM pEXHMME KOJUICKTOPHBIM MEPeXo
CMEILICH B IPSIMOM HaIpaBJICHUU, & SMUTTEPHBIN B 00OpaTHOM.

l LmDL g

-t
K K
b b
n P n
“Q) : ()
] n-p-i p-n-p
b
6) 6)

Puc. 10.1. Ctpykrypa nN-p-n TpaH3ucTopa (a) u yclioBHbIE 0003HaYe-
HUA N-P-N Tpan3uctopa (0) u P-N-p — TpaH3UCTOpPA.

bunonspHbie  TpaH3UCTOPHI ~ NPUMEHSIOTCS B CXeMax
YCUJIUTENICH, TEeHepaTopoB U mpeolOpa3oBaTeyiel dAIEKTPUYECKHUX
CUTHAJIOB, M3rOTABJIMBAIOTCA W3 KPEMHHUs, T€pPMaHUsl WIM apCeHUIa
rajuivs v JeaATCsl Ha HU3Ko4acToTHbIe (10 3 MI'), cpeagHeyacToTHbBIE
(mo 30 MIn), BeicokoyactotHbie (mo 300 MIu) wu
cBepxBbIcOKO"acTOTHRIE (Oosmee 300 MIm). Ilo MomHOCTH
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TpaH3UCTOPhl ObIBalOT MajoMomHbie (1o 300 wmBT), cpennei
mortHocTd (710 1,5 BT) m 6onbpmioi momHOCTH (607€e 1,5 BT).

PaGotra TpaH3ucTOopa OCHOBaHAa Ha YNPABJICHUU TOKAMHU
JIEKTPOJIOB B 3aBUCHUMOCTH OT MPUJIOKEHHBIX K €ro IMepexoaam
HampspDkeHu. B nuHEiHOM  pexuMme NOpuiiokKeHHOe K - 0ase
HanpsokeHue Ug, (ms n-p-n tpansuctopa Ug, >0) oTkphiBaer
nepexoi 6aza-sMutTep. CBOOOHBIE AIEKTPOHBI MHKEKTUPYIOTCS W3
SMUTTEpa B 0azy, oOpaszys TOk smutrrepa |, B 1menu smurrepa.
bonbias yacth 3J€KTPOHOB, MHXKEKTUPOBAHHBIX U3 SMUTTEpa B 0asy,
BTSITMBAETCSl CUJIBHBIM JJICKTPUUECKUM TIOJIEM P-N mepexojia MExIy
0a30d M KOJUIEKTOPOM, 00pa3ys TOK Komektopa |;, B nenm

KoJuiekTopa. He3nauuTenpbHas YacTh CBOOOJHBIX  AJIEKTPOHOB,
WH)KEKTUPOBAHHBIX U3 AMUTTEPA B 0a3y, 00pa3yeT ToK |y

B cxeme puc. 10.1a 6a3a sBaseTcss 0OmmUM 3JIEKTPOIOM BXOTHOM
W BBIXOOHOM 1lemu. Takas cXxemMa BKIIOYCHHUS OHUIIOJISIPHOTO
TpaH3UCTOpa Ha3bIBaeTCs cxemoti ¢ oowet bazou (Ob). [lnsa ycunenus
CUTHQJIOB TIPUMEHSIOT TaKXX€ CXEMbl BKIIOYCHUS OWIIOJAPHBIX
TPaH3UCTOPOB ¢ obwum xonrekmopom (OK) m obwum smummepom
(09).

Cxema ¢ o0OmUM OHMUTTEPOM HamboOjee pacnpocTpaHEeHa,
uccieayercs B jgabopaTtopHoil paboTe u mokaszaHa Ha puc. 10.2. B
TOM HampsDKEHWE Ha HEJIMHEHHOM  mepexoje  0aza-sMUTTep
Ugy = Ep — IzR;. Hanpsikenne Ha mepexone KOJJIEKTOP-IMUTTED

I
Es () Us» lb

Puc. 10.2. Cxema BKIIIOUEHHS TPAH3UCTOPA C OOITUM SMUTTEPOM
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| A
| kmax
E R L,
1 %) B5
4 | 54
b — % A IB
I*K I\ ‘\IES—I E:

I g P xmax
i pe
ik 51 7y
T\ :

'''''''''''' —I---\----------X(------: -

0 f IU*BQ Es UZa 0 AU LLi* Ex Uxomax
Usno Bl K
a) 0)

Puc. 10.3. Bxoanas (a) u BRIXOAHBIE (0) XapaKTEPUCTUKH
OUMOJIIPHOTO TPAH3UCTOpA
Pacuer cratmyeckoro pexxuma TpaH3UCTOpaA JJId YCHICHUS Ma-
JIOTO cUTHaia mpoBoaAT rpaduyuecku. CHavana Ha BBIXOJHBIX Xapak-
Tepuctukax (puc. 10.3.0) mpoBOAAT HArpy304YHYIO MPSIMYIO IS 3a-

*
IOaHHbIX E. , Rz 1 HaxomsaT HOMUHANBHBIN TOK 0a3bl |, Ipu KOTOpOM

E .
Hanpspkeane U g mpuMepHO cocraBisier K 5 - 3aremM 1o BXOJHOU

XapaKTepUCTHKE Ul 3aJjaHHOr0 Ep Haxomar Ry.

B nuHEHOM pexuMe YCHIIEHUSI MaJIOrO0 CUTHajia OUMOJISIPHBIN
TPAH3UCTOP OMUCHIBAIOT CUCTEMOU YPABHEHUN YETHIPEXIIOJOCHUKA B
H- mapamerpax:

Ugs =My ip +hpp-Ugs

. _ (10.1)
g =hgy-ig + Ny -Ugy
AUy AUgs
rae hyy = Ai |uK3 _const+ M2 = AU | i5 =const »
b KO
Al Al

hoy ==L | eonets Moo =—2— |+ _onet - 10.2
21 AiB |uK9_const 22 AU[{Q ||5_const ( )

H — mapaMmeTpbl OMIIOJISIPHOTO TPAH3UCTOPA MOKHO PacCUMUTATh
II0 BOJBTAMIIEPHBIM XapaKTEPUCTUKAM M OIPEIEINUTh IKCIEPUMEH-
Ta’nbHO. VIX TUMOBBIE 3HAYEHUSI HAXOIATCS B MpEJIEIax:
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h,=10°-10*Om, h,=2.10"%*—-2.10"3,
hy, =20—200, h,, =10"°—10 °Cum.
IIpenebperast MagbIM 3HaUE€HHEM mapamerpa hy,, HoIxydum cxe-

MYy 3aMelIeHUs OUMOJIAPHOTO TPAH3UCTOPA, BKIIOUYEHHOI'O IO CXEME C
032, B pexume wMamoro curHana (puc. 10.4). B or1oif cxeme

h,=R,, %22 =R, - BXOIHOE M BBIXOJHOE COIPOTUBIICHHUS;

Ny, -1 - HCTOYHUK TOKa, yHpaBisieMblii TOkoM 0a3bl 1. Takum oOpa-

30M, OUTIOJSIPHBIA TPAH3UCTOP MPEACTABISET COOOM MCTOUHHUK TOKA,
YIIPaBJISIEMBIN TOKOM.

IB IK
K

g —> «—
haiis 2
Usal hig @ 1/hz, lul@
CN, 2 D

Puc. 10.4. Cxema 3amernieHust OMTIOISIPHOTO TPAH3UCTOPa
Ha IMOCTOSIHHOM TOKE M HM3KHX 4acTOTax

DTa cxeMma 3aMeIleHHUs] MCIOIb3YeTCs Ha TMOCTOSHHOM TOKE U
HU3KHX YacTOTaX, KOrJla HMHEPIMOHHOCTh TPAH3UCTOpPAa MOKHO HE
yYUTBIBaTh. B Ooiiee oOmeM ciaydae h- mapameTpsl TpaH3HMCTOpA
ABJISIFOTCSL KOMILUIEKCHBIMM ~ BEJIMYMHAMM, B CXEMYy 3aMEIICHUSA
N00aBIAIOTCA €MKOCTH MexAy 0a3oil u kosuiekropoM Cy U 0azoil u
smutTepoMm Cor.

Jnst  paboTel B JIMHEWHOM  pEXUME Ha  BBIXOJHBIX
xapaktepuctukax TpaHsuctopa (puc. 10.3.0) B pexumMe MOKOS
BBHIOMpAIOT pabouyr0 TOYKY A B IIEHTpe JMHUU Harpy3ku 1 menwu
KoJuleKTopa. B paboueld TOYKE MO BBIXOJHBIM XapaKTEPUCTHUKAM
HaxoJsAT TOK KoJuiektopa |*x m 1ok 0a3bl |*5. OOnacte paboumx
pexuMoB TpaHzuctopa Ha puc. 10.3.0 oTMedeHa NYHKTUPHBIMH
JUHUSIMA W OTPAHUYMBAETCS MAaKCHUMAJbHBIMH  JOMYCTUMBIMU
3HAYEHUAMU TOKa KoyutekTopa livax, HanpsokeHus Ugyax, MOIIHOCTH
paccessuust Pyyax = Ugslky U HEIMHEWHBIMU HUCKaXKEHUSIMU TIPU
MaJlbIX 3HAUYCHUSX TOKA KOJUIEKTOPA.
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Jlns ctabunuzanuu pabodyel TOYKU B JIMHEHHBIX YCHIMTEIbHBIX
KacKaJax 0OBIYHO MPUMEHSIIOT CXEMY C OOILIMM SMHUTTEPOM U OTpHIla-
TeabHOM oOpatHOM cBsizbio (puc. 10.5). Pesuctopsl R;, R, 3amarot
HOMMHAJIbHBIN TOK 0a3bl. Pe3uctop R, co3maer orpunarensHyo 00-
paTHYIO CBSI3b MO MOCTOSHHOMY TOKY W CIYKHUT JJisi CTaOWUIU3aIluu
pexuMa TpaHizuctopa. EMkocts C5 Ha3bpiBaeTcs OJIOKHPOBOYHOM,
YCTpaHSAET OTPUIIATEIBbHYI0 O0OpPaTHYIO CBA3b MO MEPEMEHHON COCTaB-
JSIOLIEW W YBEIIMYMBAECT YCUJIICHHE. BXOMHOM INEpEMEHHBIM CHUTHAI
yepe3 pasleauTeNbHy0 eMKOCTh C; mocTymnaeTr Ha 0a3y TpaH3ucTopa
U YCWIMBAETCS. Y CWJICHHBIN BBIXOJIHOM CUTHAJ ¢ pe3ucropa Ry uepes
pazaenuTenbHyl0 eMKocTh C, MOCTYyMaeT Ha Harpy3ky Ry, KoTtopoi
MOKET OBITh CIACAYIONINHN YCHINTEIbHBIA KacKaJl.

Puc. 10.5. Cxema yCUIUTEIHLHOTO TPAH3UCTOPHOT'O Kackaaa ¢ OOIIIM
AMUTTEPOM

Ecnu HanpsbkeHue BXOJHOTO cUTHajla Uy, HEBEJIMKO, TO padboTy
YCUJIUTEIIbHOTO TPAH3UCTOPHOTO KACKa/la MOKHO MPEJCTABUThH B BUJIC
HAJIOXKEHUSI PEKUMa MOKOS ¢ MOCTOSIHHBIM UCTOUHUKOM JJ[C Ey u ¢
MIOCTOSTHHBIMHM COCTABJISIIOIIMMM TOKa 0a3bl |*y , Toka kosekropa 1™k
U Toka 3mutrrepa |*5, cooTBeTcTByIOmMMU TOouke A Ha pabodei xa-
PaKTEPUCTUKE, U PEKUMA MaJIOTO CUTHaAja C NMEPEMEHHBIMU COCTaB-
JSFOIIAMA g, 1x ,Ugy, Ugyry

B pexume nokosi paboyass TOUYKa HAXOJUTCS HA MEPECECUECHUU
E-Ugy
Rrx + Ry
CTBYIOIIEH HOMUHAIBHOMY TOKY 0a3bl |*5.

HArpy304HOU MHpsMOU |, = ¢ BeixomHou BAX, coortBer-
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CxeMa 3aMeIIeHHs peXuMa MaJioro CMTHaja Ha HU3KUX YacTo-
Tax nokasaHa Ha puc. 10.6.

u 8blX

Puc. 10.6. Cxema 3aMelleHUs] YCUIIUTEIbHOTO TPAH3UCTOPHOTO
KacKaJa [ MaJoro NepeMEeHHOr0 CUrHalla

B cxeme 3amemenus puc. 10.6 comporuBinenus R; u R, cxembl
puc. 10.5 He yYHUTHIBAFOTCS, EMKOCTH JJIsl IEPEMEHHOTO CUTHAJIa CHa-
gaja CYUTAIOTCS KOPOTKO3aMKHYTHIMH.

Jlns cxembl 3aMernieHns 0e3 ydeTa eMKOCTeH Kod(PhUIMEHT yCcu-
JICHUS 10 HAIIPSKEHUIO B PEXKUME XOJIOCTOTO XO/1a:

u R
I _ K
lSUX _ _eblx __ - (103)
Ugx 2 + g6
25MmB
rae = . b depeHianbHOe CONPOTUBIIEHHE TIepexoa 0a-
3

34-OMUTTCD, | el IMOCTOSIHHBIN TOK OMHUTTEPA.

OtpuraTenbHOE 3HAUYEHHE KOMILIEKCHOTO KO3 (dUIMEHTa YCH-
JICHUSI HaMPsDKEHUsI OTpakaeT M3MEHEHHE (pa3 BBHIXOJHOTO HaIpsiKe-
aus Ha 180° OTHOCUTENBHO BXOIHOIO HAIIPSIKEHHUS.

Ecnu B cxeMe ydecTh eMKOCTh Cr, TO KOO(PHUIMEHT YCHIICHUS B
PEKHUME XOJIOCTOTO XOJ1a CTAHET PABHBIM:

Ky = —RR—K\/1+ (@Cs Ry ) (10.4)
CRal

BxonHoe cOnpoTUBIIEHUE 110 IEPEMEHHOMY TOKY OIPEACISAECTCS

KaKk MapajyieIbHOE COCAWHEHUE BXOJHOTO COMNPOTUBIICHUS TpPaH3U-
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cropa I55=hy;= fry u conporuBieHus Ry, KOTOpOe CITyKUT AJIs yCTa-
HOBKHM paboyeil TOUKU Kackaja.

B cxeme (pic. 10.5) Ry = — 2 g — _TB9R6(4g5)

Ry +R, 'sH +Rg
Bxonanas pazgenurensHas eMKocTh C; 00pa3yeT ¢ BXOJIHBIM CO-
NpOTUBIEHUEM R, nemurens HanpskeHus U koddduiueHT nepenadn

BXOJIHOM LIENHU COCTABUT
L Rex : a)Cl
BIl —
J1+ (R, -0C, )
C yuerom (10.4), (10.6) ko3P duriueHT yCHICHUS TPAaH3UCTOPHO-

ro Kackaja ¢ OOIIMM SMUTTEPOM Ha HU3KHX YacTOTaX MOXKHO PacCUH-
TaTh Mo GopmyIie:

K (10.6)

C y4eToM CONpOTHBIIEHUS HATPY3KU R, Ha BBICOKOM 4acTOTE

JJISL MAJIOTO MEPEMEHHOIO CHTHaja COOTBETCTBYET HArpy304Has Ips-
Mas 2, nokazanHas Ha puc. 10.3 myHKTUpHOUN JTUHUEH U Omperese-
Masi ypaBHEHUEM:

R Ry .
Ugrny =—————1I 10.8
O Ry +Re © 0.8
TOK B LIenU Harpy3Ku paBeH:
: R .
Iy =———I 10.9
B Ry +Re © (109)

Ha BBICOKMX YacTOTax NPUMEHSIIOT 00Jie€ TOYHbIE MOJEIH
TpaH3ucTopoB. Hanbonee pacnpocTaHEHHBIMH SIBJISAIOTCS MOJEIH,
OCHOBaHHBIE Ha cxeMme 3amemieHus J[xuakonerro (puc. 10.7), B
KOTOPOH COIIPOTUBIIEHUE [, - pacIpeelIeHHOE CONPOTUBICHHUE 0asbl,

g,u C, - oTpakaloT NOJIHYI0 IPOBOJUMOCTb SMUTTEPHOTO NEPEXOA,
g, u C, - yduTHIBalOT BIMSIHHME KOJUIEKTOPHOIO MeEPEeXoja,
IPOBOAUMOCTh  (J,, YYHMTBIBAET CBS3b MEXAY OMUTTEPOM U

KOJUIGKTOPOM. Y CHIINTEJIbHBIE CBOWCTBA TPAH3UCTOpPA  YYTCHBI
KPYTHU3HOU S.
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7 K

SU55

"/}

Puc. 10.7. Cxema 3aMeliieHHs] TPaH3UCTOPA Ha BHICOKOM 4acTOTe

10.2. Bonpochl AJisi caMOnpoOBePKH U NMOATOTOBKH
K JJadopaTopHoii padore

1. YcTpoiicTBO M IPUHIMI PaOOThI OUIOSPHBIX TPAH3UCTOPOB.

2. B yeM otnuuue p-N-p v n-p-n TpaH3ucTOpa?

3. CxeMbl BKJIIOUEHUS] OUTIOISPHBIX TPAH3UCTOPOB.

4. BxoaHble XapaKTEPUCTUKH OUIOJSIPHOIO TpaH3UCTOpa U
METO/IbI UX U3MEPEHUSI.

5. BbIXoaHBIE XapaKTEPUCTUKH OWIMOJAPHOTO TpaH3UCTOpa U
METO/IbI UX U3MEPEHUSI.

6. VYpaBHeHHs OUNOJAPHOrO TpaH3UcTOpa B cucteMe H-
apaMeTpoB.

7. OU3AYECKUN CMBICI M METOAbl u3MepeHus H-mapamerpos
OUMOJIIPHBIX TPAH3UCTOPOB.

8. Cxema 3amelleHHs OWMNOJSIPHOTO  TPAH3UCTOpPA  Ha
MOCTOSIHHOM TOKE€ W HU3KHUX YacTOTax.

9. Cxema yCHJIMTEIBHOTO TPAH3UCTOPHOrO Kackaja C OOIIUM
AMUTTEPOM.

10. Beibop paboyeidl TOYKH TPAH3UCTOPHOTO YCHUJIUTENS JIs
MaJIbIX CUTHAJIOB.

11. Yem oOecrnieunBaeTCsi peKUM TPAH3UCTOPHOTO YCUIUTENS MO
MOCTOSIHHOMY TOKY M CTaOMIu3aIus padoueid TOUKu?

12.  Pacuer koadduuueHTa yCUICHHUS  TPAH3UCTOPHOTO
YCUJIUTEIS B PEKUME XOJIOCTOrO XOa.

13. Pacuer koadduimenta mepegayd  BXOIAHOM  IIeMU
TPaH3UCTOPHOT'O YCUIIUTENS.
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14. Pacuer koadduiueHTa yCUICHHUS  TPAH3UCTOPHOIO
YCUJIUTENA HA HU3KHUX YACTOTaxX C yYETOM BXOJHOM LEIH.

10.3. JladopaTopHasi paG6ota NelQ

HccnenoBanue XapakTepucTUK OUMOJISPHOT0 TPAH3UCTOPA H
YCHJIUTEJISI HA OUIIOJIIPHOM TPaH3UCTOPeE

Heanb padorsi: VccienoBanue BOJIbTAMIIEPHBIX XAPAKTECPUCTUK
OUMOJIAPHOTO TPAH3UCTOPA U YCUIIUTEINS HA €T0 OCHOBE.

JlabopaTopHOE 3agaHue

A. UccnenoBanue BXOJHOW XapaKTEPUCTUKU OUTIOJISIPHOTO
TPaH3UCTOpPA B CXeME€ C OOIIUM SMUTTEPOM U ONpeaeIecHUE
CTaTUYECKOTO KodpduuueHTa nepegadu Toka

1. Cobpath cxemy, mokazannyto Ha puc. 10.8. B komnsroTepHoi
monenu (puc. 10.8) wucnonp3oBan Ttpansucrop BC140 (anamor
oreduecTBeHHOro TpaHzucrtopa KT630). Monenb TpaH3uCTOpa MOXKET
OBITh 3aJ]aHa TIPETIOJaBaATEIIeM.

Tpansuctop paboTaer B YCUIUTEILHOM PEKHUME: SMUTTEPHBIN
Nepexo/l CMEMIEH B IPSIMOM HAIPaBJICHUH, a KOJJISKTOPHBIN Mepexo/
B OOpaTHOM HAampaBJICHUH (HA SMHUTTEP MOCTYMAaeT OTPHUIATEIHHBIN
MOTEHIIMA, a Ha 0a3y W KOJUIGKTOpP TMOJOXKUTEIbHBIN). B »TOM
peXUME TPAH3UCTOP 00ECIeUunBaeT MAaKCHUMAaIIbHOE YCUIICHHE CUTHAIA
110 TOKY, HaNPSKEHUIO Y MOITHOCTH.

Jl7is pa3MenieHus: Ha CXeMe TPaH3UCToOpa BBIOEPETE BO BKIIAIKE

Semiconductors | NPN Bipolar Transistor.

T1 BC140

S AT—t
M

FoowEREs

D, F D

Puc. 10.8. Cxema KOMIBIOTEPHOTO MOJICIUPOBAHUS OUTIOTSPHOTO
TPaH3UCTOPA
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2. B cxeme yctanoButh VS1=VS2 =5 B. Tok 6a3bl TpaH3uCTOpa
uzmepsiercs amnepmerpom AM1.

3. JIns cHATHS BXOAHBIX XapaKTEPUCTUK TPAH3UCTOPA MPU pa3-
IMYHBIX 3HadueHusx U, Bocmoib3yiTech komanzou Select Control

Object IX Brimenure VS2 — Select — u ycmanosume napamempuoi Start
Value=5, End value=15, Number of cases =3.

' N
Control object selection @
Parameter stepping

Start value |5— Sweep bype

* Linear

End value |15 " Logarithmic
" List |
Number of cases 3

FParameter Stepping I

\/' (] A Remove | x Cancel

?  Hep |

Puc. 10.9 OkHO HACTPOWKH MHOTOBApHAHTHOTO aHAIN3a

4. B crpoke menro Beioepute Analysis — DC Analysis — DC
Transfer Characteristic. B auamoroBoMm okHe yCTaHOBHUTE HAa4aJIbHOE
3HaueHHe aHanm3a Start value=5B, End value=158, BxogHas mepe-
menHas Input VS1. Haxmute OK,

DC Transfer Characteristic I&1
Start value ID— [¥] o OK
End walue |'||— [+] X Cancel
Nurnber of paintz 100 ? Help
[ ript W51 -
[ Enable hysteresis run

Puc. 10.10. Oxuo DC Transfer Characteristic

5. OTKpOETCs OKHO PE3yJbTAaTOB C YEThIpbMs I'paduxamu. s
uacHTHUKanuu rpagukoB Beioepere Auto Label % u YKa)KUTE Ha
UHTEpECYIOIUN rpaduK.
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10.00m— |
{1x AMA[2]: 10[V]
1 Bxoowan xapaktepuctuka BC140
8. 00m —
1 AMA[1]: 5[V]
6.00m—]
< ]
S 400m-]
S ]
2.00m—
] AMA[3]: 15[V]
0.00-]
j Uss
-2.00m T T T T T T T |
0.00 250.00m 500.00m 750.00m 1.00

Input voltage (V)
Puc. 10.11. BxoaHblie BobTaMIEPHbIE XapaKTEPUCTUKHU TPaH3UCTOPA

b. UccnegoBanue BHIXOAHBIX XapaKTePUCTUK OUIIOISIPHOTO
TPAH3UCTOpPA B CXEME C OOIMUM IMHUTTEPOM

6. Cxema HJE CHATHUA BBIXOJIHBIX XAPAKTCPUCTHUK 6I/IHOJ'I$IpH01"O

TpaH3ucTopa nokazana Ha puc. 10.12. K 6a3e TpaH3ucTOpa IOIKIIO-
JaeTCsS ICTOYHUK TOKA.

z
AT
T1 BC140 3AK

b
ba

Cj W15
=1 10m * @T

Puc. 10.12. Cxema uccneoBaHus BHIXOAHBIX XapaKTEPUCTHUK
TPAH3UCTOpA

7. [uda CHATUSA BBIXOJAHOM XapaKTEPUCTUKU MPU PaA3IUYHBIX
3HAUEHHUSX TOKa 0a3bl HYXHO cHelaTb MCTOYHMK Toka [S1
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ynpaBisgeMbiM 00bekToM. HauvanbHoe 3HaueHue Toka 250MKA,
KOHEYHOE 3HaueHue 2 MA, uyrciio BapuanToB 8. Beimosasem Analysis—
DC Analysis — DC Transfer Characteristic, usmensiss VS1 or OB no
10B.

[Ipu yBeauueHUu ToKa 0a3bl TPAH3UCTOPA YMEHBIIAETCS BHICOTA
MTOTEHIUAIBHOTO Oapbepa SMUTTEPHOTO nepexoa, 4TO
oOyclaBiMBaeT yBEIWYECHHE WHXXEKIMM HOCUTENIeW 3apsija, a,
CIENOBATENBHO, U YBEJINUYCHUE TOKA Yepe3 KOJUIEKTOP.

Ix
200.00m Bhlx00HbIE ¥apaKkTepUCTHEN
' AR 2miA
BC140 | AMIIB] 2mIAl|
] ~TAMIEL 1 Bl
= ANTIA] 1A
 100.00m "‘i ALY
g ETT e
(]
r [AMT[2] 500u[A]|
1¥ [AMT[T] 2500[A] |
' P
.‘r'
_ Ugs
I:":ll:l_"l T | T | T | T |
0,00 250 5.00 7500 10.00

Input voltage &)

Puc. 10.13. I'paduxu BAX Tpanzuctopa npu pa3Hblil 3HaUEHUIX TOKA
0a3sl

B. BriOop paboueild TOUKU TPAH3UCTOPHOTO Kackajga ¢ 00-
UM SMUTTEPOM

8. CobOpath cxemy TpaH3UCTOpHOTO ycunutenas puc. 10.14.
YcranoButh Hanpsikenue nutanus VS1=10B. Hanpsokenue nuranus
VS1 1 HOMUHAIBI PE3UCTOPOB MOTYT OBITh 3a/IaHbl MTPENOAABATEIEM.
IlepeMeHHBIN BXOHOM CUTHAI HE MOAKIIIOYATh, KIIHOY 1 JTOJKEH OBITh
Pa30MKHYT.

9. U3meputh U 3anucaTh 3HAYCHUS MOCTOSIHHOM COCTaBJISIONICH
Toka kosutekropa | (AM1) n nanpspkerus U,,(VML).
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N3mepenune HanpsHKeHUH U TOKOB B CXEME MOYKHO BBITIOJTHUTH U
0€3 BKJIIOUEHHUS HM3MEPUTENbHBIX MPUOOPOB. UTOOKI MOIYyYUTH MOJI-
HBIM OTYET 000 BCEX HANPSIKEHUS U TOKAaX B CXeMe, BhIOepeTe B IJIaB-
HoMm MmeHro Analysis — DC Analysis — Table of DC results.

T1 BC140

NS

il
L

F1100
I | IS |

Puc. 10.14. CxeMa yCHJIUTEIHHOTO TPAH3UCTOPHOI'O Kackaja ¢ 00-
UM SMHUTTEPOM

% Voltages/Currents

28]

AM1

W1

YWP_1
YP_2
YP_3
YP_4
YP_5
YP_B
YP_7?

Show
[v ModalYaoltages
[ OtherYolages

X Cancel

B.74md,
5.8y
10
679.99n
o/

1.18Y
10
B.56Y
1.18Y

[ Curents

[vw Outputz

?  Help

L

L

Puc. 10.15. Tabnuma pe3yapTaToB aHAIK3a CXEMBI
Ha MMOCTOSTHHOM TOKE
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10. Perynmupys comnpoTuBieHHe Rz, MOXHO yCTaHOBHUTBH Hampsi-
xenue U ,=5B. [Iporpamma TINAS 1mo3BoJSIET BBINOIHUTH 3TO B aB-
TOMATUYECKOM pekume. J[Jig 3Toro HHCTpYMEHTOB BbIOOpa LI€NN OIl-
tumusanuu Select optimization target ¥, Bpiiensem BostbT™METp VML,
B ortkpeiBmiemcs okne Optimization — Target Settings Beioupaem DC
Goal Function. YcranaBnuBaem 3Hauenue Value =5.

Optimization - Target Setting @ '
Optimization/T arget Optimization/Object
DC Goal Functions. .. | DC Goal Functions @
Start value 0 .
DC Table... |
: o ’75
AC Goal Functions... | Erd vl | * Nalue
nd wvalue 1 i ..
= . " Minimum
AC Table... | : - To 5 %]
| ™ Magimum
Parameter Stepping  Optimization
W OK | X Cancel | ? Help ‘
o 0K ‘ Remave X Cancel ?  Help ‘

Puc. 10.16. OxkHO yCTaHOBKH IeJI€i ONTUMU3AINU

HNHcTpymMeHTOM BBIOOpA yIPABISIEMOTO JIEMEHTA I BBIOMpaeM
pesuctop Rs;. B oknme R;3; BwiOmpaem Select — Optimization,
ycranaBnuBaeM Start value=120k, End value =180k. B rnaBHoM MeHI0
BeiOmpaem Analysis — Optimization — DC Optimization. B oxkne
Optimization Settings (puc. 10.17) BeiOupaem Simple Search u nm-
HEMHOE CKaHUPOBAHUE.

Optimization settings &J
Optimization method Seftings
b & It Mun.: 100
" Pattern Search Fel. Ermar: Tu
b ax. zearch interval subdivizon 5
Sweep type
(* Linear " Logarithmic
o 0K x Cancel ? Help ‘

Puc 10.17. OkHO yCTaHOBOK ONTUMH3ALINH
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[Tocne BbIYKCICHHE IOJIy4aeM PE3yJIbTaT ONTHMAIbHOIO BBIOO-
pa Harpy3k# (puc. 10.18):

Optimization

Optimum wvalue

‘HE - Resistance 123,92k

 OK

Puc. 10.18. Pe3ynbraT onTUMU3ALUKN COMPOTUBICHUS R3

11. OnrumanpHOE 3HadyeHHe pe3uctopa R3 aBTOMaTHUYECKH
ycTaHaBiauBaeTcs B cxeme. [loBTopHO npoBeaéM namepenus. OT4€T o
HAIPSOKESHUS M TOKaX B cxeMe nocie ontumu3anuu (puc. 10.19).

i Voltages/Currents E|
A1 8.26md,
W_ak1[1.4] o
W_C1[0.2] -B25 53m
W_C203.0] I
W_R1[0.2] -325,53mv
W RZ2[6.4] -4, 17
W R35.4] -B.69
W_SWwW-SPST3[7.5] I
WOWGT[3.0] o
YW T[E.2] g
W_WS1[1.0] 10
Wb 1 o

Shiow

™ Nodal Vokages ™ Cuments

[w Other Woltages [w COutputs

X Cancel ? Help | g

Puc. 10.19. Toku u HanpspKEHUS B CXEMeE MOCIIe ONTUMU3AIUN

I'. UccnienoBanue paboOThl TPAH3UCTOPHOTO YCUIUTEIS C
O0IUM YMUTTEPOM B PEXKHME MAJOTO CUTHaja

12. Cobpats cxemy Ha pucyHke 10.21. [TogkrounTh HCTOYHUK
NIEPEMEHHOT0 CUTHAJIA, 3aMKHYB Kitou 1. AMrumntyna reaepatopa DC
Level = 0, mapamerp Signal ycranosute Sinusoidal ¢ ammuTy o
50MB 1 gactoroit 1kl m.
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AN

3123 59K

| p— |
T
4

C32u

T1 BCA4D
£2 1y [1] +
| .
! = VM1
£ Ve E g0
&) 5
=1 = [21
— (] /
i o ]—
' l

Puc. 10.20. Cxema uccieaoBaHusi TPAaH3UCTOPHOTO YCUIUTES
B PeKHUME MajioTo CHTHAIa

13. HccnenoBaTh aMIUIMTYAHO-YaCTOTHBIE M (ha30-4aCTOTHBIC
XapaKTePUCTUKH TPAH3HCTOPHOTO YCHJIMTEIS B PEXKUME XOJIOCTOIO
xona. Kirou 2 pazoMkHyTh. B rimaBHOM MeHio BeiOMpaeM Analysis —
AC Analysis — AC Transfer Characteristic. Yactota MeHSETCA OT
10I'm o 100KT'm, macmrab norapubmuyeckuii. B Mento Diagram
oTMmeTuTh ranoukoit Amplitude & Phase.

SO0
40,0804
30004

20,00

G ain (dB)

10004

.00

=g
.60

=100, 00

-2 00

Fhase [deg]

=St 0

=~ T — )
i 1o 1% Tk 100K [ 1o peler )

Frequency (Hz)

Puc. 10.21. AYX u ®UX TpaH3UCTOPHOTO YCUIUTEIIS B PEKUME
X0JIOCTOTO X0/1a
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14. [ToAKTIOUYUTH K TPAH3UCTOPHOMY YCUJIUTEIIO HATPY3KY
R;=2xOwm. [lsig 3TOro 3aMKHYTh HY>KHO Kito4 2. [loBTOpUTH H3-

Mepenus 1o 11.13.
50000+

40,00
3000

20.00

& ain (dB)

1000

000

-0
.00

-100.00

-200.00]

Phasze [deqg]

-300.00

0 00— R
0 W00 1% 0% 00k M 10M 1000

Freguency (Hz)

Puc. 10.22. AUX u @YX TpaH3UCTOPHOIO YCHIUTENS
C MOJIKIIFOYCHHOU Harpy3Kou

JI. UccaemoBaHuEe MCKAXECHUM BBIXOJHOTO CUTHAJa

15. B cxeme (puc. 10.20) ¢ mnoakiatOuYeHHOW Harpy3kou
YCTaHOBUTH 4acToTy curHama 20 «kln. Ammimryny cursana
reHeparopa VGI1 cnenatb ympasisieMbIM mapamMeTpoMm u 3anath 10
3Hayenuii or 10 MB go 100 mMB. B pexume Analysis-Transient
noJIy4uTh Tpaduky BeixogHoTO curHana Ha uHTepBaje 200-300 Mkc
(puc. 10.23).

16. OTkt0unTh yrpaBiaeHue aMIuuTyaou reaeparopa VGI1, ko-
MmaHzoi Remove B okae Parameter Stepping. YcraHOBUTh aMIUTUTYY
curaana 10 mB u BemomauTs Analysis- Fourier Analysis- Fourier Se-
ries mias JeWCTBYIOIIMX 3HAYCHHWM BBIXOJHOTO Hampsokenus VML,
Bpems Hauanma pacuera Sampling start time momkao ObITh 200 MKC,
4TOOBI MEPEXOJIHBIC MPOLECCHl YCHEIN 3aKOHUYUTHCS. 3amucaTh pac-
CUMTaHHbIE HeJIuHelHbIe uckaxkenus (Harmonic Distortion = 3,45%),
KOTOpBIE OMPEACSAIOTCS KaK OTHOIIEHUE JCHCTBYIOUIETO 3HAYCHUS
HaNpsOKEHUST WM TOKAa BCEX BBICHIMX TAPMOHUK K JEHCTBYIOIIEMY
3HAYCHUIO HATIPSHKEHUS WM TOKAa OCHOBHOW YaCTOTHI.
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) [VM1[10]: 100m[V]]

S ——— s
I I
200.00u 225.00u 250.00u 275.00u 300.00u
Time (s)

.|....|.—|—|—.|....|.

Puc. 10.23. I'paduku MCKa)K€HU BBIXOJJHOT'O CUTHAIa
17. 11oBTOpUTHP W3MEPEHHE HEIMHEWHBIX HCKAXKECHUW MO I1.16
17151 3HaueHud amraty sl 30 MB, 50 MB u 100 MB.

[ % Fourier Series ﬁ1

Sarmpling start tme 2000
Baze frequency 20k,

MNumber of zamples | 4098 ﬂ ...... L glculate
MHurnber of harmanics |1 B = x Cancel
Format | Aeff, Beff -
- | J ¥  Help
Output |R-"I'v11 ﬂ

Tranzient inital condition Lz

{* [Calculate operating paoint
" se initial conditions
" Zerainitial values

Fourier coefficients

k. Amnplitude [4] Amplitude [B] -
0. 317230 0 [
1. -324 B3m -355 59m
2 -5.3m -15,76m
K} -443 Eu -222 350
4, -2.3.890 218y i

Harmonic digtortion : 3,4544%

Puc. 10.24. ®ypre — aHaM3 HETMHEHHBIX NCKAKCHUH
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JlomamHee 3agaHueE

1. [lo maHHBIM SKCHEPUMEHTOB IMOCTPOUTH TpadUKU BXOJHOU
XapaKTEPUCTHUKH, CEMEICTBO BBIXO/IHBIX XapaKkTEePUCTUK
OMMOJIIPHOTO  TPAH3UCTOpPAa M 3aBUCHUMOCTh  CTaTHYECKOTO
koa(duimenHTa nepeaayu Toka S oT Toka 0asbl.

2. IlocTpouth myisi CXEMBI TPAH3UCTOPHOI'O YCHIIMTENS (pHuC.
10.20) nuHUM Harpy3Kd MO MOCTOSHHOMY TOKY U MO NEPEMEHHOMY
CUTHAJIy Ha BBICOKOM 4aCTOTE.

3. Jlius paGoueit Toukn A 1o rpadmKkaM BXOJHOW W BBIXOJTHBIX
Xapaktepuctuk HaiTh 1o dopmyaam (10.2) mapameTpbl hyq, Ny, ho.
HapucoBaTbe cxemy 3aMelleHusi TPaH3UCTOPA M0 MOCTOSTHHOMY TOKY C
H-napamerpamu (puc. 10.4).

4. Tlo ¢dopmynam (10.4) - (10.7) paccumrath KO3I()PHUIUCHTHI
YCWJIEHHSI TPAH3UCTOPHOrO Kackajga Ha 4acrtorax 200I'm, SkI'm um
20xI'n B pexxnme x0a0cToro xoaa. CpaBHUTH PE3yIbTATHI PACUETOB C
SKCIIEPUMEHTAIbHBIME JaHHbIMH (puc. 10.21).

5. Tlo rpadukam BXOAHOW XapaKTEPUCTUKA U BBIXOJIHBIX
XapaKTEPUCTUK MPOWLIIOCTPUPOBATH MPUYUHBI  BO3HUKHOBEHUS
HEJIMHEWMHBIX ~ HCKaKEHUH  BBIXOJHOTO  CHUTHajlda,  KOTOpbIC
HaOJII01ANIUCh B 1. 1 5.

6. I1o pe3ynbTaTaM uccinenoBanuii m.m. 16-17 noctpouts rpaduk
3aBUCUMOCTH HEJIIMHEHHBIX HWCKAXEHUM OT aMIUIUTYIbl BXOIHOTO
curHaia. OnpeaenuTs TMHAMUYECKAN JUara3oH BXOJIHOTO CUTHAJIA, B
KOTOPOM HEJIMHEHHbIE NCKAXXEHUS HE MPEeBBIMA0T 5%.

I'masa 11. UCCJIEJOBAHUE XAPAKTEPUCTUK
HOJIEBOI'O TPAH3UCTOPA U YCUJIUTEJIA
HA NIOJIEBOM TPAH3UCTOPE

11.1. TeopeTnueckoe BBeACHUE

[ToneBbIMU WJIM YHUTIOJSPHBIMU TPaH3UCTOPAMU Ha3bIBAIOTCS
TOJIYIIPOBOAHUKOBBIC MPUOOPHI, B KOTOPHIX H3MEHEHHE TOKa
IIPOM3BOJUTCS M3MEHECHHUEM IPOBOJMMOCTH ITPOBOJISAIICTO KaHaja ¢
MTOMOIIIBIO JIEKTPUIECKOTO TOJISI, IEPIEHIUKYJIIIPHOTO HANIPaBICHUIO
Toka. [IpoxoxkaeHne Toka B KaHaje TOJIBKO OJHHM THIIOM 3apsjoB.
DJICKTPOIbI, MOAKIIOUCHHBIC K KaHally, Ha3bIBaloTCsA cTokoM (Drain)
UCTOKOM (Source). Ympapistomui 3JIEKTPOJ Ha3bIBa€TCS 3aTBOPOM
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(Gate). Hanpspkenue ynpaBiaeHUs HPHKIAABIBACTCS MEXKIY 3aTBOPOM
Y UCTOKOM.

B 3aBucMMOCTH OT BBINOJHEHUS 3aTBOpPa YHUIOJISIPHBIE
TPAH3UCTOPHI JIENATCS HaA JBE TPYIIbl: C YOPaBISIOIUM P-N
NEPEXOJOM M C M30JIMPOBAHHBIM 3aTBOPOM Ha OCHOBE KOHCTPYKIUU
METAILT-AUAIEKTPUK-TIONYIPOBOAHUK  (Tak  HaszbiBaemble  MJIII-
TPaH3UCTOPHI).

YCTpOUCTBO MOJIEBOTO TPAH3UCTOpA C YIPABIAKOIIUM P-N
NepexoJ0M nokaszaHo Ha puc. 11.1.

Mexny ucrokom X u crokom C pacnoyioKeH N- KaHal U3
NOJYNPOBOJHUKA N — THUMA W BKIKYEH HMCTOYHUK HAIMPSKEHUS
MOJIOKUTENBHBIM TOJIOCOM K CTOKY. B N- KkaHalle ecTh TOK
MPOBOAUMOCTH |, 3HAYEHHWE KOTOPOIrO 3aBUCUT OT COINPOTHUBIICHUS
KaHaja, CBA3AHHOTO C ero umupuHoM. IllupuHy KaHalma MOXKHO
U3MEHATh, BKIIOYMB MEXIY 3aTBOPOM 3 U HUCTOKOM M HCTOYHHK
YIPaBJISIONIECTO HAMPSHKEHUS E3 OTPUIIATEIBHBIM MTOJIFOCOM K 3aTBOPY.
[lepenatouHble XapaKTEpPUCTUKU TOJEBBIX TPAH3UCTOPOB, KOTOPHIC
BBIPAXAIOT 3aBUCUMOCTh TOKa CTOKA OT HAIpPSIKEHUS 3aTBOP-UCTOK
| (Us3y), moka3ansl Ha puc. 11.4.

E;
(N
N

\
N-KaHain Ucr=Ec CD Ec

Puc. 11.1. YcTpoilcTBO MOJAEBOTO TPAaH3UCTOPA C YIPABISIOIIUM
p-n mepexoaom

YCTpOUCTBO IOJEBOTO TPAH3UCTOPA C MU3O0JIMPOBAHHBIM 3aTBO-
pom mokazaHo Ha puc. 11.2.
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Hcrox  3arBop  Crok
Hudnexrpuk SiO,

THoxynpoBogHuk
/Y poBOa

ITognoxxka

Puc. 11.2. YcTpoilcTBO MOJAEBOTO TPAH3UCTOPA C U30JIUPOBAHHBIM
3aTBOPOM

B mnoneBbIX TpaH3UCTOPAaxX C M30JMPOBAHHBIM 3aTBOPOM 3JIEK-
TPOJ 3aTBOpPA U30JUPOBAH OT IMOJYNPOBOJHUKOBOTO KaHaja ¢ MOMO-
IIBIO CJIOS AMAJICKTpHKa u3 AByokucu kKpemHus SiO,. Tok yreuku 3a-
TBOpa npeHeOpexumo mMai. [1oaynpoBOAHUKOBBIN KaHad MOXKET ObITh
o0eTHEH HOCHUTENAMHM 3apsiga i oborameH umu. [Ipu obenHeHHOM
KaHaJIe JIEKTPUYECKOE IMOJIe 3aTBOpa MOBBIIIAET €r0 MPOBOAUMOCT,
03TOMY KaHajl Ha3bIBaeTcs unoyyupoeannviM. Ecimu kanan obora-
IIEH HOCUTEJSIMU, TO OH Ha3bIBAETCS 6CMPOEHHbIM. DIIEKTPUUECKOE
10JIe B 3TOM CJIy4ae B 3aBUCHUMOCTHU OT MOJIsIipHOCTU HanpspkeHust Usy
MOKET MPUBOAUTH JIMOO K 0OEIHEHUIO KaHaja HOCUTENSIMU 3apsiioB,
100 K oOorameHuro ero. B pesynbrate u3MeHseTcs IPOBOAUMOCTD
KaHaa.

[IpoBOIMMOCTh KaHalla MOKET OBbITh 3JEKTPOHHON WU JBIPOY-
HOM. Ecniu kaHan uMeeT 3JeKTPOHHYIO TPOBOJUMOCTh, TO OH Ha3bIBa-
eTcs N - kaHasioM. KaHaibl ¢ IBIPOYHON MPOBOAMMOCTBIO HA3bIBAIOTCSI
p — xananamu. [loanoxka /7 siBIsieTCS MOJIYIPOBOJHUKOM, OTINYAIO-
IIMMCSI TI0O MPOBOJUMOCTH OT KaHama. Kak mpaBuio, MomjioxKy co-
SIMHSIIOT C HCTOKOM.

CxemaTuyeckue M300pa)K€HUsl TOJEBBIX TPAH3UCTOPOB IOKa3a-
HbI Ha puc. 11.3.

BaxxHoe 3HaueHHE MMEIOT MEepeIaToYHbIe XapaKTEPUCTUKHU TI0-
J€BBIX TPAH3UCTOPOB, MO3BOJISIIOIINE ONPEEIUTh MOJSIPHOCTh yIpPaB-
JISIIONIETO HAIPSOKEHUS, HAIIPABJICHHE TOKA B KaHAJle U JTUAIa3oH W3-
MEHCHWSI YITPABJIAIONIETO HanpspkeHus (puc. 11.4).

[TonieBble TPAH3UCTOPHI C KAHAJIOM N-TUIA UMEIOT MOJIOKHUTEIb-
HBIA TOK U pabOTalOT MPHU MOJOKHUTEILHOM HANpPsDKCHUH Ha CTOKE, a
MOJIEBBIE TPAH3UCTOPHI C KAHAJIOM P-THIA UMEIOT OTPUIIATEIHHBINA TOK
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U pabOTalOT MPU OTPUILIATEILHOM HaNpPsHKEHUU Ha CTOKE. XapaKTepHu-
CTHKHU TOJIEBBIX TPAH3UCTOPOB C YIPABISAKOIINM P-N MEPEXOAOM IPHU
HYJIEBOM HamnpspkeHud Usy MMEIOT MaKCUMaIbHOE 3HAYEHUE TOKa
lcuay. Ilpu yBenMUYE€HMHM 3amuparoliero HaNpsHKEHUS TOK CTOKa
YMEHBIIAETCS U MPU HANPSHKEHUU 0TCeUkd Ugpc CTAHOBUTCS OJIM3KUM
K HYJIIO.

1 2 3

s A D - A ) r A ~N

3 3 3 3 3 3
(e w7 T

4! CHUu CHu CHUu C CHUu C
N— N
I1 I1 I1 II
a) 0) a) 0) a) 0)

Puc. 11.3. CxemaTuueckue n300pake€HHs MOJEBBIX TPAH3UCTOPOB:
1 - ¢ ynpaBisOUMM p-n IEPEXoa0M; 2- ¢ UHAYITUPOBAHHBIM KaHAJIOM;
3 — CO BCTPOCHHBIM KaHAJIOM; a — JIJIT KaHaia n — Thma, 0 — JIJIsS KaHa-
Ja p — TUIA.

+lc

lcray
3a 2a
la lcray
UOTC:UH UHOP UOTC U3H
-Usy Yore Unop Uorc=Un
lewaud /10
20 36
lcray

'IC

Puc. 11.4. IlepenaTounble XapaKTE€pUCTUKH MOJIEBBIX
TPAH3UCTOPOB PA3HBIX THUIIOB

XapakTepUCTUKA TPAH3UCTOPOB C MHAYLIMPOBAHHBIM KaHAJIOM
IIpY HYJIEBOM HANPSHKEHUU HA 3aTBOPE UMEIOT HYJIEBOU TOK. TOK CTO-
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Ka TMOSIBJISECTCS MPU HANPSKEHUM Ha 3aTBOpPE OOJIbIIIE MOPOTOBOrO U
YBEIIMYUBAETCS C pOCTOM HanpsikeHus: Usy.

XapakTepUCTUKUA TPAH3UCTOPOB CO BCTPOCHHBIM KaHAJIOM MpPH
HYJIEBOM HAINpsSHKEHUM HA 3aTBOPE MMEIOT HAYaJIbHOE 3HAYEHHE TOKA
lcHay. OTH TpaH3UCTOPHI PabOTAIOT KaK MPU MOJOKUTEIbHBIX, TaK U
MIpU OTPUIATEIbHBIX HAMPSHKEHUSIX Ha 3aTBOPE.

Brixonnsie xapakrepuctuku M/III - Tpan3ucTopa ¢ MHIyIHPO-
BaHHBIM KaHaJI0M N — THIIa TOKa3aHbl Ha puc. 11.5.

B nuneitHOM o0nacTy MoOJjeBOM TPAH3UCTOP MCHOJB3YETCS Kak
COMPOTUBJICHUE, YIIPABISIEMOE HANIPSHXKEHUEM Ha 3aTBOpE, a B 001aCTH
HACBIIIECHHS — KaK YCUJIUTEIIbHBIN 3JIEMEHT. Y CUIIUTEIbHbIE CBOMCTBA
ONpPEACISIIOTCS  KPYTHU3HOW  BOJBTAMIEPHOM  XapaKTEPUCTHUKHU:

_|_dic

du ;,

VYropomieHHass cxema YCWIMTEIBHOIO KackaJa Ha I0JEBOM
TPAH3UCTOPE C 0OWUM UCMOKOM TIOKazaHa Ha puc. 11.6a. MctouHuk
HanpsokeHus FE3 co3gaeT TpeOdyemoe HampsiKeHHE CMEIIEHHUE Ha
3aTBOpe. McTOUHUK HampspkeHuss Ec  HanpspkeHWEe MUTaHUS Lenu
cToKa. VCTOYHUK TmepeMeHHOro curHajga Uc TOAKIIOYEH MEXIY
3aTBOpoM M ucTokoM. Ha puc. 11.60 mokazaHa cxemMa 3aMelleHUs
YCUJIUTENILHOTO KacKajla Ha MOJIEBOM TPAH3UCTOPE B 00JIaCTU HU3KUX
4acTOT JIJIsi MaJibIX CUTHAJIOB. [lepeMeHHOe BXOIHOE HamnpspbkeHue Usy
npeodpasyercsl yrnpaBiisieMbIM UCTOYHUKOM TOKa B MEPEMEHHBIM TOK
cToka Ic, KOTOPBII CO3/1aeT B HArpy3Ke BBIXOHOE HanpsukeHue Ucyy.

JIuueiinas O6mnacTb
001acTh HACBIIEHUI
lc, mA A i
I, Us33=5B
1007 Us,=4B
50 - U 3H1:3B
|U3k/nopI

»
) ) ) >

10 20 30 UgyB

Puc. 11.5. BeixoaHble XapaKTEPUCTHKH MOJIEBOTO TPAH3UCTOPA
KII1902
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Ry
1
| M|
lci
3 |H— UBLix O—
= EAC)
H Wl 2 RH
‘Dﬂnx M'm\ s Viaticn Vodigu| | []
Es Yi Ga | %)
) 3

a) 0)

Puc. 11.6. Cxema ycunuTens Ha MOJEBOM TPAH3UCTOPE (a) U cxema
3aMmellIeHuss B Y- mapamerpax

Otoit cxeme 3amenieHus (0e3 ydeTa Harpy3Ku) COOTBETCTBYIOT
ypaBHEHUS MOJIEBOT0 TpaH3UCTOpa B Y- MapameTpax:

i3 — y11u3u + y12ucu
iC - y21u3u + y22ucu

B sTuX ypaBHEHUAX Y11 - IPOBOAUMOCTh YTE€UKH 3aTBOpA TPaH-

(11.1)

3UCTOPA, Y25 - BHIXOAHAS IPOBOAMMOCTD, Y21=S - KPyTU3HA IOJIEBOrO
TpaH3UCTOpa (WJIM MPOBOJAMMOCTh MPSMON Tepenaun), Y12 - TpoBOAU-
MOCThL 0OpaTHOU mepenaun. Kak npasmio, cuuraror Y11= Y1,=0. BrI-

XOJHas IPOBOJUMOCTD Y,, = ——, nmpudeM R, . cocraBisger 30kOm

BbIX
BbIX

u Ooee.

CxeMa yCWIMTENIBHOTO KacKaa ¢ OOIIMM HCTOKOM, KOTOpasi Uc-
clelyeTcs B aHaJIOroBOM 1jabopaTopui, nokazana Ha puc. 11.7.

M cTOYHUK MOCTOSAHHOTO HANpPsDKEHUA £y CO34aeT PEXUM IO I10-
CTOSTHHOMY TOKY B LenH cToKa. McTouHuK £, cOo3MaeT CMEIIEHUE Ha
3aTBOpE, KOTOpOe peryiaupyercs aeiaurtenem u3 R; u Ry, Ycunurens-
HBIM Kackaa MOXXET paboTaTh KaK PE3UCTHUBHBIM ycWIUTENb. B 3TOM
Cllyyae UHAYKTUBHOCTb L; Clemyer 3aMKHYTh IEPEMBIUKON U Harpys3-
KO TpaH3MCTOpa B LENM CTOKa Oyaer compotuBieHue Ro. s
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YMCHBIICHUA HCKA)KECHUM B PE3UCTUBHOM YCHUIIHUTCIIC HAIIPAKCHHUC

E
CMEIIEHUS 3aTBOPA BBIOMPAIOT TAKMM, 4TOOBI Uy ~ 1

ol

C, >
> | \? Ucen Upsrx
A luBX RZ U31/1 !
ec(t)

Puc. 11.7. Cxema yCUIIUTENBHOI'O KacKaja Ha MOJIEBOM
TPaH3UCTOPE

BxomHoe compoTuBieHHE Kackadga 0e3 ydeTa pas3ieluTelIbHON
emkoctu C; paBHO:
R,-R
R,, ——1 2 (11.2)
BX "R o n
11T Ry
Koadduiment ycunenus kackaga 1o HaIPsHDKECHUIO IS MaJIOTO
MEPEMEHHOT0 CUTHAJIa B PEKUME X0JI0CTOro Xoja 0e3 yueta C; paBeH:

Ky = —SRc (BBIXOMHOE CONPOTUBJICHHE MOJEBOTO TPAH3UCTOPA
Rppix=30 kOM MHOro Oonblue, 4eM R M HE y4YHTBHIBACTCA B PE3H-

ctuBHOM ycunutene). C yueroM koddduivenTa nepegayd BXOTHOU
1eny KodQpUUUEeHT YCUIICHHUS 10 HANPS)KEHUE COCTABUT:

R,y - @oC
KUx:SRCKBU:SRC B

B pe3oHaHCHOM ycuiuTeNle Ha TMOJIEBOM TPAH3UCTOPE B LEMHU
CTOKa BKJIIOUEH MapajulesIbHbIM KoJieOaTeIbHbIH KOHTYp, 00pa3oBaH-

(11.3)
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HBIM HHIYKTUBHOCTHIO L1 1 eMkocthio Cy. Kongencarop Cy sBiseTcs
OJIOKMPOBOYHBIM M IIYHTUPYET Ha BBICOKOM YAaCTOTE HCTOYHUK

HanpspkeHus .

B pe30oHaHCHOM YCHIIMTEE Ha MMOJCBOM TPAH3UCTOPE HA Cpel-
HMX 9acTOTaX HAarpy3Kod YCHJIMTEIBHOIO KacKaaa sBJSETCS Iapal-
JebHOE COSAMHEHNE KOMITJIEKCHOTO COMPOTHBIICHUS MapajlieIbHOTO
KOHTYPa M BBIXOJHOI'O COIPOTHBIICHHMS [TOJIEBOTO TPAH3KCTOPA:

7 — LR (11.4)

=c
Z +R
IIo cxeme 3aMCIICHUS II0JICBOTIO TPAH3UCTOpPA BbBIYHMCINM BbI-
XOOHOC HAIIPAKCHUC HAa KOHTYPC:

BbIX

_SUBX R pes RBBIX
R, ..+ R
uBI)IX( f ): = BBIXf (11-5)
f
1+ Qo (=22 )
pes
,02
rie R, = ' PC30HAHCHOE CONPOTHUBJIICHHE KOHTYpa;
K
f = 1 pPE30HAHCHAs YacToTa KOHTYpa;, O = = XapakTe
Pe 2xLC ’ C

PUCTHUYCCKOC COIIPOTUBJIICHHUC KOHTYPA, RK_ COIMIPOTHUBJICHUC ITIOTCPH B

koHType (R .~10 Om); Q:ﬁ; Q.6 :LR - DKBHBAJICHTHAs
R 14 P
R

BbIX
I[O6p0THOCTB KOHTYpa € YUYCTOM IIOTCPb B KATYHIKaX W BHYTPCHHCIO

COIMPOTHUBIICHUA HCTOYHUKA CUI'HAJIA RBHX.

11.2. Bonpocsl AJ1si CaMONIPOBEPKHU U MOATOTOBKH
K JJa0opaTopHOi padore

1. YcTporcTBO M IpUHIKN AEHUCTBHUS MTOJIEBOTO TPAH3UCTOPA.

2. llepeuncnuTe TUIBI 3aTBOPOB IIOJIEBBIX TPAH3UCTOPOB U
HApPUCYHUTE CXEMAaTHUUYECKUE H300paKCHHUS TMOJIEBBIX TPAH3UCTOPOB
Pa3HBIX THUIIOB.
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3. MeTtobl U3MEPEHUs MEePENATOUHBIX XapaKTEPUCTUK MOJEBBIX
TPaH3UCTOPOB.

4. Kak BBINISIASAT MNEPENATOYHBIE XAPAKTEPUCTHKUA TOJIEBBIX
TPaH3UCTOPOB C YHPABISIOMIUM P-N -niepexoaom?

5. Kak BBIMIAOAT TEpPEeNaTOYHbIE XApPAKTEPUCTUKHU MOJIEBBIX
TPAH3UCTOPOB C MHIYLIHPOBAHHBIM KaHAJIOM?

6. Kak BBIMIAIAT TEpeaTOYHbIE XapaKTEPUCTUKHU IMOJEBBIX
TPAH3UCTOPOB CO BCTPOCHHBIM KaHAIOM?

7. MeTtoabl U3BMEPEHUS U BHUJ BBIXOJHBIX XapaKTEPUCTHK IMOJIE-
BBIX TPaH3UCTOPOB.

8. CxeMa 3aMeIlIeHUsI U YPABHEHUSI TIOJIEBOTO TPAH3UCTOPA B Y —
napamMmeTpax.

9. ®u3nyYecKui CMBICI U METOJIbI ONpeaeiaeHus: Y -mapaMeTpoB
MOJIEBBIX TPAH3UCTOPOB.

10. Cxema pe3UCTUBHOTO YCHIMTEIBHOIO KacKajla Ha MOJECBOM
TPaH3UCTOPE C OOIIUM UCTOKOM.

11. BeiOop paboueid TOYKH TPaH3UCTOPHOI'O YCHIIUTEIS 1JI1 Ma-
JIBIX CUTHAJIOB.

12. CxeMa pe30HAHCHOTO YCHJIMUTEJIBHOIO Kackajia Ha MOJEBOM
TPaH3UCTOPE C OOIIUM HCTOKOM.

13. Kak paccuutath KO3(h(UIIMEHT YCUIIEHUS PE3UCTHUBHOTO
YCUJINTENSA?

14. Kak paccuutath KO3(Q(UIMEHT YCUIEHUS PE30HAHCHOIO
YCUJINTENSA?

11.3. JlabopaTopHasi paGota NeS
HccnenoBanne XapakTepUCTHK MOJIEBOT0 TPAH3UCTOPA
U YCWIUTeJIeil Ha M0J1eBOM TPAH3UCTOPpe

A. UccnenoBaHnue mepeaaTodHONW XapaKTEPUCTUKHU
MOJIEBOTO TPAH3UCTOPaA C OOIMIUM HCTOKOM
1. BeiOpath mosieBoil TpaH3UCTOP O YKA3aHUIO MPETo aBaTes.
OTKpBITH CBOWMCTBA TpaH3ucTOopa Properties u BeIMUcaTh B IMPOTOKOJ
OCHOBHBIC TTapaMeTphl: moporooe Hampsbkenue (Threshold voltage),
MaKCHMaJIbHOE HampsbkeHrne ucTok-ctok (Max. drain-source), makcu-
MaJIbHOE HaIpspKeHUE MCToK-3aTBOp (Max. drain-gate), makcumalib-
HOoe oOpaTHoe HampsbkeHue 3aTBop-ucTok (Max. gate-drain), makcu-
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MaJlbHBIA TOK mMcToka (Max. drain current), MakCHMaJIbHBIN MPSMOM
Tok 3arBopa (Max. forward gate current), MmakcuMaJIbHasE MOIIIHOCTb
paccesuus (Max. power dissipation). Ha 3aknaake Help

Al

——®

o

Puc. 11.8. Cxema uccienoBaHus IMOJEBOT0 TPAH3UCTOPA.

2. CoOpatp cxemy puc. 11.8. B cxeme puc. 11.8 mepemeHHbIM
napaMeTpoM cliejaTh HampsbkeHue Ha ctoke VS2. Start value=5B,
End value =15B, Number of cases=3. IIposectu Analysis- DC Analy-
sis — DC Transfer Characteristic... Ycranasuts Input VS1. ITapamer-
pel Start value m End value BpIOpaTh ¢ yueToM THIa TpaH3UCTOpA U
TIepPEIaTOYHBIX XapakTepucTHK (puc. 11.4).

Ie
100.00m—

1MepenaToyHan xapakTepucTUKa
] 2N4091
75.00m—} [10pOroBoe HanpsukeHue - 5,74 B

AN 16[V]

ANA[Z] 10[V]

Current (A)

ANMA[T: 5[V]

| UBH
-6.00 -4£.00 -2.00 0.00
Input voltage (V)

Puc. 11.9. IlepenaTounas xapakTepUCTHUKA MOJEBOTO TPaH3UCTOPA

b. UccnenoBaHue BBIXOIHBIX XapaKTEPUCTUK MOJIEBOTO
TPaH3UCTOpa B CXeMe C OOIIUM UCTOKOM
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3. B cxeme puc. 11.8 mepeMeHHBIM MMapamMeTpoM BbIOpATH
Hanpsbkenue 3arBop-uctok VS1. ITposectu Analysis- DC Analysis —
DC Transfer Characteristic... Ycranosuts Start value u End value B
COOTBEeTCTBUHU ¢ THIOM Tpan3uctopa. Number of cases=6. IIpoBectu
Analysis- DC Analysis — DC Transfer Characteristic... YcraHoBUTS:
Input VS2. Start value=0B, End value o Tuny Tpan3ucropa.

Ic
100 rulﬂlm—E [AMAET 0[V]]|
?S.Qﬂ'm—: AMA[S]: -1[V]
T .
% EG.GDm—; AMA[4]: -2[V]
& ]
s mm_f AMA[3]: -3[V]

AMA[1]: -5[V] AM1[2]: 4[V]

I ' I ' I ' I UCH
0.00 2.50 5.00 7.50 10.00
Input voltage (V)

Puc. 11.10. BeixoHble XapaKTEPUCTUKH MOJEBOTO TPAH3UCTOPA

CemelicTBO  BBIXOJIHBIX  Xapaktepuctuk (puc. 11.10) B
nporpamme TINA-8 serko moayduTh ISl LIMPOKONM HOMEHKJIATYPHI
TPaH3UCTOPOB, UMEIONICICS B Karajore mporpamMmbl. B oTnuumm ot
nporpamm Electronics Workbench n Multisim 3tu xapakTepucTuKn
MOJIy4aroTCsl OUY€Hb OBICTPO.

B. UccinenoBanue pabOThl pE€3UCTUBHOTO TPAH3UCTOPHOTO
YCUIIUTENSA ¢ OOIUM UCTOKOM B PE€XKHUME MaJoro cCUrHajua

4. NUccnenoBath pe3WCTUBHBIN YCUINTENb. /{711 3TOro 3aMKHYTh
kmod SW1 u pazoMkuyTh Kiatoud SW2. AMIUIMTYly UCTOYHHKA Trap-
MOHUYECKOTro curHaia ycranoButh 200mMB, wactoty 0,2 kl'1, dhopma
CUTHAJIA — CUHYCOUTAJIbHBIN.
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03C1 1u

L1.10mH

|:::| R3 100hm
- |;| R2.5100hm

oy D

V1

SWISPSET
C32uF
t—

C2.68nF

S-SPET 2

R 100k Chm

Puc. 11.11. CxeMa ycuiuTens Ha MOJIEBOM TPAH3UCTOPE

5. [IpoBeem onTUMHU3AIMIO HAMpsKEHUsT Ha 3aTtBope VSI1, mpu
KOTOPOM HAIPSKEHUE HA CTOKE cOCTaBUT SB. [l 3TOro MHCTpyMEH-
TOM ONTUMMU3ALIHHA ol BeIZICIIsIeM BostbT™MeTp VM. B okue Optimiza-
tion-Target Setting Beiobupaem DC Goal Functions u ycranaBimBaem
Tpedyemoe 3HaueHue (Value) 5B. DiemeHTOM BBIOOpa YIPaBISIEMOTO
obmekra 14 BBIJICIIIEM HCTOYHMK Hanpspkenus VS1, Haxumaem Select
u B pexxume Optimization ycranaBnuaem Start value -4,8B u End
value -3,2 B. IIposommm Analysis-Optimization-DC Optimization,
HaxXoguM OINTHMajbHOe 3HaueHue VS1=-3,86B u, maxaB OK, ycra-
HABJIMBAEM JTO 3HAUCHHE B CXEME.

I'. UccnienqoBanue pabOTHl PE3UCTUBHOTO TPAH3UCTOPHOTO
YCUIIUTENSA ¢ OOIKUM UCTOKOM B PE€XKHUME MaJoro cCUrHaia

6. Uccnenyem BeixoaHou curHai B pexxume Analysis — AC Anal-
ysis — Time function... YcranasmuBaem: Start value = Oc, End value
= 20mc.

ITo rpadukaM BUIHO, YTO YCHUJIEHHE COCTABJISECT OKOJIO 5, BHI-
XOJHOW CUTHAJ UHBEPTUPOBAH OTHOCUTEIIBHO BXOJHOTO.
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| Optimization settings lﬁ1
Optimization method Settings
b It Hum.: 100
i~ Pattern Search Rel. Errar: I'lui
bax. zearch interval subdivizon |57 ( Cptimization @1
Sweep tupe Optimum wvalue
f# Linear (" Logarithmic |'-.,.-'51 “alags [V 3,85
o OK
\
o 0K X Cancel ? Help |

Puc. 11.12. OnTuMuzanus HanpsoKeHUsS Ha 3aTBOPE.

2.00—

A SVAAWY

1.00]

“oltage W)
=
=
T

'2. t:lt:l I I 1 | 1 I I I
0.00 5.00m 10.00m 15.00m 20.00m
Time (s)

Puc. 11.13. OcrumniaorpaMmMbl BXOJHOTO U BBIXOJHOT'O CUTHAJIOB

/. Paccuutath KOIQDUIMEHT YCUJIEHUS TIO HAMPSIKEHUIO

U
K, — —6bx
Ux U

6X
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. UccnenoBanue paboThl pe30HAHCHOTO TPAH3UCTOPHOTO
YyCUJUTENA ¢ OO0IIUM UCTOKOM B pE€XKHUME MajJoTro CUTHAJa

8. 3amkuem ko4 SW2 u pazomknem kimou SW1. Ycranosum
aMIuuTyay reaeparopa S0mMB u wactorty 1klm.

9. [Iposenem anamu3z AUX: AC Analysis — AC Transfer Charac-
teristic. YcranoBuTh mpeneinsl u3MeHeHUs 4acToThl oT 1KI' 10 10kI 1y
U jjorapupMuUecKuii Macrao.

40.00-
30.00{

20.00-:

Gain (dB)

fD.ﬂD—:

0.00-:

~10.00-
0.00

_100.00-

Fhasze [deg]

_200.00-

_300.00- . . . . . —
1k 10K

Frequency (Hz)
Puc. 11.14. AXY tpaH3ucTopHOro pe3oHaHcHoro ycunurens ¢ OU

10. bosnee TouHO OmNpeneaIuM Pe30HAHCHYIO 4acToTy. JJist aToro
npeaeabl ycTaHoBUM OT 5 10 7 kIl v BeiOepeM JnHelnyto mkany. [lo
rpapuky AUYX (puc. 11.15) BuIHO, YTO PE30HAHC HACTYIAET HA Ya-
ctote 6,1 kl'1. JIu"eliHOe ycuieHHne COCTaBIISIET Ha PE30HAHCE TPHU-
MepHOo 37. CnBur ¢a3 BBIXOJHOI'O CUT'HAja OTHOCHUTEIHLHO BXOJIHOTO
curHaia pases 180°.

11. YcranoBum B reHeparope vyactoty 6,1 xl'u. IIpoBenem ana-
JIU3 TIOCTOSIHHBIX HANpsKEHWl M TOKOB B cxeme. Kak BuaHO, npu
CMEIIICHUH Ha 3aTBOpe —3,86B B pexxuMe pe30HAHCHOTO YCUIIUTEIS 3a
CYET MAJIOTO CONpOTUBIIEHUS NoTeph R3=10 OM HamnpsbkeHue Ha uc-
TOKE yBeInuuBaercs 1o 9,9 B.



185

40.00
30.00]

20.004

Gain (dB)

10.001

0.00
0.00

-100.00

-200.001 \

-300.00 v T T T v T v 1
5k 6k 6k 7k 7k

Frequency (Hz)

Phase [deg)

Puc 11.15. Onpenenenue pe3oHaHCHON YaCTOThI

% Voltages/Currents @
I_L1[E.3] 10,31 mé,
I_R1[2.1] -18.03pd,
|_R2[A.7] [,
|_R3[7.E] 10,31 mé,
I_WGE1[4.00 [,
I_WS1[2.0] 18.03pa,
|_WS2[3.0] 10,31 mé,
Whd 1 3.9v
WP _1 -3.86Y
WP _2 -3.86Y
WP _3 10
WP _4 "
WP _5 9.9v
WP _E 10
WP _7 9.9v

Show

v Modalvolages [v Eurrentﬁ

[ Other Yoltages [vw Outputz

X Cancel ?  Help | E

Puc. 11.16. Tabnuiia moCcTOSHHBIX HAPSHKEHUH U TOKOB B CXEME

YcranosuMm ammiutyny reaeparopa 200mB. Uccnenyem BbIxo-
HOM cuUrHaJ ¢ moMoisio ocumniorpada. B mento T&M — Oscilloscope
BBITIOJTHUM HACTpoMKy ociuiuiorpada. Pazseptka 50 Mkc/nen, ycuie-
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Hue nepBoro kaHaima 200 mB, ycunenue BTOporo kanama 5B, Bxoj
Coupling—AC. Kanansl nepekiouarorcs B 01oke Channel. Ocuumio-
rpaMMy HaJi0 HAOJFOJaTh B YCTAaHOBUBIIIEMCS pekuMme, BbDKIaB 5-10
CEKYH]I ITOCJIE€ BBIITOJIHECHHUS KOMaHA6I Run.

r% Cscilloscope - Virtual l — | = |ﬁl1
Trigger Haorizontal
OSC1_Chi: 20dmV OS5C1_Ch2: 5 Mode Source Time/Div
|.-'1'-.ut|:| j |5IJu g
Level Pozition

[ 2o =

k- /’\\ Mode
NV AN LR -

- H Storage X Source
\_/ \/ Fiun stap O5C1_Chi
Ik\_‘l\'\_/illll - B
Yertical
Yoltz/Div
5 =
A Ha: XB: D pc| + I &C Position
B: TA: YEB: oy Iﬂi j
Cursor Data | On J =

[w 8] oo «|o] 2ls]| | 3l 2
Puc. 11.17. OcuuniorpaMmsbl B PE30HAHCHOM PEXUME (BXOIHOU
cur"an Chl, Beixoanoii curnan Ch2)

[To ocrunmorpaMme aMIUIMTY1a HAMIPSDKEHUST Ha KOHType 8 B.

Ecin na manenu Data ocuummnorpada naxkars Export Curve,
IOJIyYHM pe3yiIbTaThl B rpaduueckoit popme (puc. 11.18).

12. PacyeT aMIIIUTY bl HANPSHKEHHUS HA KOHTYPE B PE30HAHCHOM

U, LS
pexume: Uy, =U_, R, .S :%, rae S — kpytuzHa BAX. [ns

smauennii L =10"27u,C =681®,R=100m,S =2,66-10° M%

nonyuum U,=7,824B.

Kax BuaHO 13 rpadMKoB, aMIUIUTY1a BEIXOJHOTO CUTHAJa OKOJIO
8B. Bxonnoii curnan mmeer ammummtyay 200MB. Takum oOpazowm,
YCUJICHUE B PE30OHAHCHOM pexume coctaBiisieT 40.
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10.00~
. 0OSC1_Ch2
5.00
1 OSC1_Ch
0.00
-5.00-
= T f.-ll EIIEI ] T | T | T | T | T |
0.00 100.00u 200.00u 300.00u 400.00u 500.00u

Puc. 11.18. I'paduku u3 ocumiorpada nocie Haxatus Export Curve

I'. HCCHGI{OB&HI/IC HUCKaXEeHUU BBEIXOOJHOI'O CUT'HAJIa
B PE3UCTUBHOM YCHUIIHUTCIIC

13. BoccTaHOBUM CXEMY PE3UCTUBHOTO YCUIIUTENSA. Y CTAHOBUM
4acToTy BXojaHoro curHana 20 kl'1. Ammauryny OylaeMm ycTaHaBIIH-
BaTh paBHou 200 MB. B pexxmme Analysis-Transient Ha uHTepBae
500 Mxc — 1 Mc monydum rpaduKyd BXOJHOTO M BBIXOJHOT'O CHUTHAja
(puc. 11.19).

[IpoBenem Pypbe — aHAIM3 BBIXOAHOIO CUTHAJA. [[JIst 3TOrO BBI-
oupaem Analysis- Fourier Analysis- Fourier Series st 1elicTBYOIIHAX
3HaueHui BbIxogHoro curuaga OSC1 Ch2. Bpems Hauama pacuera
Sampling start time gomxHo O6bITE 500 MKC, YTOOBI ITEPEXOTHBIC TTPO-
I[ECChl yCIeNId 3aKOHUMThCA. 3amucaTh PacCYMTAHHBIC HEJIMHEWHBIC
uckaxenus (Harmonic Distortion = 2,086%) (puc. 11.20).

14. IToBTOpUTH UCCIeAOBaHUS IO 1.14 I aMIIATYAbl BBIXO-
Horo curnaia 500mB, 1B u 2B.

JloMmamHee 3aJaHuE

1. Tlo pe3ynbTaTaM »SKCIEPUMEHTOB TMOCTPOUTH Trpaduku
NepeaaTOYHON XapaKTEePUCTUKHU, CEMENCTBO BBIXOHBIX
XapaKTEePUCTUK  TOJIEBOTO TPAH3UCTOpAa W  HAUTU  KPYTU3HY
XapaKTePUCTUKU S TIPU HANPSHKEHWU Ha CTOKE UM TOKE CTOKa,
COOTBECTBYIOIIUM pabouei TOUKeE.
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2. IlocTtpouTh Jyisi CXE€Mbl TPAH3UCTOPHOIO YCHIUTENS (pHuC.
11.11) Ha BBIXOJHBIX XapaKTCPUCTUKAX JIMHHIO HArpy3Kd IO
MOCTOSTHHOMY TOKY U OTMETUTD MOJ0KEHUE paboyeil TOUKH 110 11.6.

3. Iloctpouts rpaduk aMIIUTYyAHO-4aCTOTHON XapaKTEPUCTUKU
pesuctuBHOro ycuiurens. [To dopmynam (11.2) - (11.3) paccumrars
K02 PUIIMEHTH! YCUJICHUSI TPAH3UCTOPHOIO Kackajaa Ha yactorax 200
Im, 5 xlu wm 20 klIu. CpaBHUTH pe3yabTaThl pPacyE€TOB C
HKCIEPUMEHTATbHBIMU JTAHHBIMU.

4. IToctpouTh rpauk aMITUTYAHO-YACTOTHON XapaKTEPUCTUKU
pE30HAaHCHOTO TpaH3ucTtopHoro ycwiutens. Ilo rpaduxy AUX
ONpPENCIINTh PE30HAHCHYIO YacTOTy M IIOJOCY MPOMYCKaHHS

YCUJTUTEIIA. Paccuurath AKCIIEPUMEHTATBHOE 3HAYEHUE
o pes
AKBHUBAJICHTHOM T0OPOTHOCTHU Qe = 7 JTOOPOTHOCTH
napasuiesibHOro KoHtypa Q = Py ero PE30HAHCHOE COMPOTUBIICHUE
RK
2
Ryes =—. U3 dbopMynbl  JUIsT  DKBUBAJEHTHOHW  JTOOPOTHOCTH
RK
Qe = —R  BBIYHCINTE BEIXOJHOE CONPOTHBICHKE TPAH3HCTOPa
es3
1+ -7
RBBIX
Ry W3 ¢opmynsr (11.5) BeMuUCIATE 3Ha4Y€HHE KPYTH3HBI

TpaH3HUCTOpa S.
6.00—

5.00-

4.00—

] OSC1_Ch2
3.00— =

2.00-

1.00- VG1

0.00

-7.00 . : : : :
I I I I 1
500.00u 600.00u F00.00u 800.00u S00.00u 1.00m
Time (s)

Puc. 11.19. lnarpammsl BeixogHoro curaana jis U, =200 mB
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% Fourier Series Livj-,l
Sampling start time A00u
Baze frequency 20k,
Number of samples |4EIE|E j ...... C glculate
Murnber of harmonics 16 ¢| x Cancel
Faormat Aeff, Beff -
; | =l o=
Output |D5C1_Ch2 £ I

Tranzient inital condition Dpey

v Calculate operating point
" Use initial conditions
" Zeroinitial values

Fourier coefficients

k Armnplitude [A] Amplitude [B] -
0. 497 1]

1. VB12u -A10,2m

2 14.82m 509U

3 -228.53n -179.87u

4 932 28n -21.41n Y

Harmonic distortion : 2 08663

L.

Puc. 11.20. Oxno ®yphe-aHann3a BBIXOJHOTO CUTHAJIA

5. Ilo rpadgukam mepenaTtoyHON XapaKTEPUCTUKU U BBIXOJHBIX
XapaKTEPUCTUK MPOUJUTIOCTPUPOBATh MPUYMHBI  BO3HUKHOBEHHS
HEJIMHEHWHBIX  WCKaXEHUM  BBIXOJHOTO  CHTHalla,  KOTOpBIE
HaOmoganuck B 1.14 u 15. OTMETUTh Ha HArpy304HOM HPSIMOM IO
NOCTOSIHHOMY TOKY IepeMelleHne pabodyeil TOUKH, COOTBETCTBYIOIIEH
MaKCUMaJbHOMY BXOJIHOMY CUTHAIYy.

6. [TocTpouTh rpaduk 3aBUCUMOCTH HETMHEUHBIX UCKAKEHUN OT
aMIUTUTYIbl BXOJIHOI'O CUTHala W OINPEIEIUTh IHANa30H BXOJHBIX
CUTHAJIOB, JIJIS1 KOTOPBIX HETMHEHHBIE UCKAKEHUS HE TPEBBIIAIOT 5%.

I'naBa 12. QJIEKTPUYECKHUE LEIIN C
OINIEPAHUMOHHBIMH YCUJIUTEJISIMHA

12.1. TeopeTnueckoe BBeAeHUE

OHepaHHOHHBIe YCHUIIUTCIN B HCIHAX MMOCTOAHHOTI O
H IICPpECMCHHOTO TOKaA

Onepanmonnslie yeunuteau (OY) BBIOTHSIIOTCS. B BUJIE HHTEIPAIb-
HBIX MHUKPOCXEM M UMEIOT B MOJIOCE 4acToT OT 0 A0 JECATKOB KUJIOTEpIl
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(coBpemennbie OY 110 COTEH Merarepil) COOCTBEHHbIN K0d(h(DUIIUEHT yCu-
nmeans K|, He menee Heckombkux ThIcsd. OOo3HaueHne OY Ha cxemax

nokazaHo Ha puc. 12.1. Bxox 1, 0603Ha4eHHBIN 3HAKOM (-), HA3BIBAIOT
MHBEpTUpYIOM. Bxon 2, 0003HaueHHBIM 3HAKOM (+), Ha3bIBalOT HEHH-
BepTUpYIOIMM. Bxonpl nmutanust +E;, 1 —FE,; Ha CXeMax JIEKTPUUIECKUX
Hene  4acto  He  0003HAYaloT. BeixomHOE — HampspKEHHE

. /
U,.. =Ky (U, —U;) B 0bmacTu HU3KUX 4acTOT coBHaaaeT no (ase ¢

pasnocteio U, —U; . Tlockomnbky K|; Becbma Bemnk, a U, OrpaHnveHo

6blX

(|qux|<|En ), To pasHocte U, —U; :Uy — 0. DTy pa3HOCTh Ha3bI-
BaroT JuddepeHInaTbHBIM BXOAHBIM HAIPSDKEHUEM WM BUPTYaJTbHBIM
HYJIEM.

CgoiictBa uneanbHoro OY 0e3 BHENIHUX OOpaTHBIX CBsA3EH
npeacTaBieHbl Ha puc. 12.1. DTu cBOMCTBA MCIONB3YIOT TIPH pacye-
Tax cxem ¢ OY.

Texaudeckne XapakTepUCTUKU pealibHBIX OY OTIMUaroTCs OT Hje-
albHbIX. Jupgepenyuanvuoiti xosgpuyuenm ycurenus

AU

/
Ky = X yMeeT KOHEUHYIO BEJIMUKHY, KOTOpAs JICXKHT B IIpe-

A(U, —-U,)

nenax 10%-10°. Bxodnoe conpomuenenue R

COCTaBJICT OT €U~

Huir KOwm g0 1000 MOM. BsixoO0Hoe conpomuesnernue Réblx JIEKAT

B Mpejiesiax OT eAuHHUIL 10 coteH OM. Yacmoma eounuunozo ycu-
JleHus OT COTEH Kuiorepu 10 coteH merarepu. Cxopocmbs Hapac-
manusn Hanpadcenusn (B/Mkc), onpenensromnias nepexoaHble Xapak-
TepucTuky OV, MOKET COCTaBIISATh OT JIeCATKOB MB/MKC 110 coTen B/MKc.
Brennue sneMeHThl 00pa3yroT BHemHUEe oopatHeie cBsa3u (OC) ome-
pauuonHoro ycunurensa. OY ¢ OC umeer nepeaarounyto QyHKIHIO,
KOTOpasi ONpeAessieTcsl mapaMmeTpamMu 3JE€MEHTOB U CXEMOW BKIIIOYE-
Hus OC.

[Ipu cootBercTBytOIIEM BhiOOpe OC omnepalvoOHHbIN YCUIIUTENh
MO>KHO UCITIOJI30BATh IS CJIOKEHMUS, BBIUUTAHUS,
mupPepeHMpOBaHUs, HUHTETPUPOBAHUS CHUTHAJIOB, a TaKXKe IS
MOJIyYEHUs  PaA3JIMUHBIX  (PYHKIMOHAIBHBIX  3aBUCUMOCTEH. 3a
CIIOCOOHOCTD BBINOJIHATH pa3iinyHble MaremaTudyeckue GpyHkuuu OY
Y TIOJIYYMJI HA3BAHUE «OIEPALMOHHBIN YCUIUTENbY.
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Tadonuma 12.1

R15

I 1
—

Z2

R14
a 2
Z1
l Uex
bo Jj

KL/J :u8blx :_E’

gex I:214
KL/J( p): Uebzx( p) :_ZZ( p)
U, (p) Z,(p)

Puc. 12.1. O0o3HaueHue U CBOMU-
cTBa uaeaiaprHoro OY

Puc. 12.2. UuBeptupyroumii OY

R15

|
| SE—

-—

L Blix

U

K / — —6blX

U

—6X

_ Ryt R
Riq

R21
—

U

R R R
21 Ul + 21 U2 + 21 U3 )
R15 R].4 R16

goix (

Puc. 12.3. HeunBeptupytomuii OY

Puc. 12.4. NuBepTupyromumii
CyMMaTop
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R R R
U, =|[1+=2|/|1+ 2| 22U,
R R
22 14 )| N4
R21
TRy ¥
22

ITpu paBHBIX
I:Q14 = R15 = R21 = R22
U = U2 _Ul

6blX

Puc. 12.5. Beryurarouuii OY

B Ta6mumax 12.1, 12.2 u 12.3 noka3ansl npuMmepsl cxeM ¢ OV,
KOTOpbIE€ UCCIEAYIOTCS B JaOOpaTOpHOM padoTe, U OCHOBHBIE pacyeT-
Hble ¢hopmybl. HyMepaiius macCUBHBIX 3JIEMEHTOB OOpaTHBIX CBs3EH
COOTBETCTBYET aHAJIOTOBOMY cTeH 1y MOJI.

YacTOTHO-3aBUCHUMBbBIEC 3BCHbS C ONcpamnMOHHBIMHU
YCHUIIUTCIAMHU

[IpocTeiime 4acTOTHO-3aBUCUMBIE 3BEHBSI C OINEpPAIlMOHHBIMU
YCUIIUTEIIIMU TTOKa3aHbI B Ta0mwmIe 12.2.

Yerblpe  mepBbIE  CXEMbl  COOTBETCTBYIOT  OOOOIIEHHOMY
MHBEPTUPYIOIIEMY YCUIUTENEO (puc. 12.2) ¢ omeparopHbM Ko PuIpieHToM

repeiadn
, U,.(P)  Zy(p)
Ky (p)=—82—"~=- 12.1
VIR T R AT (124)

Ioxncrasmsst B (12.1) xommekcHele compotuBneHus Zq( jo)u

Z,(jo), MO>KHO BBIYUCITUTH aMILTUTYAHO-YaCTOTHYIO
XapaKTEepUCTUKY  3BEHA (‘ K| (jo )‘ ) u (ha304acTOTHYIO

xapaktepuckuky 3sena (Arg( K/, (jo)).
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TadOnuma 12.2

Puc. 12.6. luddepenuupyroiiee
3BEHO C KOPPEKLUEU

Puc. 12.7. UnTerpupytoiiee
3BEHO

|| C8&

R14

Puc. 12.8. AKTUBHBIN (QUIBTP HU3-
KHUX 4acCTOT MEPBOro NOpsi/iKa

Puc. 12.9. AktuBHbII (GUIBTP BbI-
COKHX YacTOT IIEPBOr'o MOpsIJIKa

14 R21

. 1- JoRC
K (joo) = - A28
1+ JO()RCg
K{ (jo)| =1,

¢ =—2arctg(wRCy)

Puc. 12.10. dazospariarens




194

L) & G
"

E2

pa—l

C8 R15

Puc. 12.11. T'eneparop Buna

Tak, nanpumep, mis aktuBHoro ®HY nepBoro mopsinka (puc.
12.7) AUX Oynet onpenenstbest GopMyiou:

R
K ,rzxeK:ﬂ,a) _ 1

[ R P R:C
1+(£)2 14 158
a)l?

Hns dazospamarens (puc. 12.10) cocraBuMm ypaBHEHUS C yde-
TOM CBOWCTB HaeaibHoro OVY:

Kj (@)=

(12.2)

1
Up(P)—
L (ng( p)_Ugbzx( p))R21 L L “ pC9
Uy(p)= =Uy(p)= 2
Rig + Ry R+
PCy
OTtcro/1a mpu paBHBIX PE3UCTOPAX MOTYUUM:
Uex( p)_Uebzx( p): 1 " U6blx( p)zl_ pRCQ (123)
2U,.(p) 1+ pRCy U, (p) 1+ pRG
s KOMILIEKCHOU YaCTOTHOMU XapaKTEepUCTUKHU

. 1- JoRC

Ky (joo) = 71222
1+ JC()RCQ

daza ¢ =—-2arctg(wRCy). V3MeHss conpoTuBieHre R Wi eMKOCTh

MOAYJIb ABJECTCA IMOCTOAHHBIM M PaBHBIM 1, a

Co, MOKHO yCTAaHOBUTH (ha30BBIN cABUT B quanazone ot 0° mo -180°.
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B renepartope Buna (puc. 12.11) npu paBHbIX CONPOTUBICHUSIX
R,1=Ri5=R u emxocrax (C7=Cg Ha KBa3sMPE30HAHCHON YACTOTE

1
fp =——
27RCq
netieBol kodpduuuent nepenauu P=1/3. Jnga camoBO30YKIeHUS
ko3 duimeHT ycuieHus: ycunurens K JokeH ObITh Oosbine 3. OTo
JIOCTUTACTCS PEryIupoBKOM pesucropa R,. JlMog M HCTOYHMK
HanpskeHus £, TpeOyroTcs A1l cCTabMIn3aly pexkxuMa reHepaluu.

AKTUBHBIE (QUIBLTPBI BTOPOTO MOPSIKA

AKTUBHBIE (DHIBTPBI BTOPOTO TMOPSAKA COAEPXKAT OJIUH WU
HeckoJibko OV ¢ 4acTOTHO-3aBUCHMBIMU OOpaTHBIMH CBsI3sIMU. B
nersax OC npuMEHSIOT pe3uCTOphl U KOoHAeHcaTophl. [loaToMy Takue
¢bunsTpel HaszwpiBatoT akTuBHbIE RC-menu (ARC-mienn). AKTUBHBIC
GUABTPHl  MO3BOJSIOT  MOJYYUTh  PA3HOOOpA3HbIE  YaCTOTHBIC
XapaKTEPUCTUKH KO (HUIIMEHTA TIEpeaadyd B JIUaAra30HE YacTOT OT
HYJsI 70 HecKoJbkux Merarepr. OnHu 0Oojee KOMMIAKTHBI |
TEXHOJIOTUYHBI 1O cpaBHeHUI0 ¢ LC — ¢unabTpamu, HEe TpeOYIOT
PUMEHCHUSI HHIYKTUBHOCTEH.

[lopsimok  akTHMBHOTO  (QuiIbTpa ONpEAETseTCs  HauOOJbIICH
CTEIICHBIO TIEPEMEHHOM P B 3HAMEHATENE €ro MnepeaToyHor (DYHKIUU.
OUIbTpel  BBICOKOTO  TMOPSAAKA  HUMCIOT  JIyYIIHE  YacCTOTHBIC
XapaKTEPUCTHKU.

[lepenaTounple (YHKIMU aKTUBHBIX (UIBTPOB PACCUUTHIBAIOT
10 ypaBHEHUSIM Il OIEPATOPHOM CXEMBbI 3aMEIICHUS C YYCTOM
CBOWCTB OMNEparMOHHOTO ycwinuTens. KOMIUIEKCHYI0 YacTOTHYIO
XapaKTepUCTUKY IIOJyYaroT 3aMEHOM P Ha jw B IEPEIaTOYHOM

(a30BbBIi CABUT B LIETIH OOPATHOW CBA3W PaBEH HYJIIO, a

byHKIMH. AMITTUTYAHO-4aCTOTHBIE XapaKTEPUCTUKHU PABHBI MOIYJIIIO
KOMIIJICKCHOM 4aCTOTHOM XapaKTEPUCTHKHU.

B naGopatopHoii paboTe HCCIEAYIOTCS aKTUBHBIE (UIBTPHI
BTOporo mnopsjaka ¢ ogHoM OVY. Cxembl (GWIBTPOB U pacyETHbHIC
dbopmybl mokazanbl B Tabmuie 12.3.

12.2. Bonnpochl 1jisi caMONIPOBEPKH M MOATOTOBKH
K JJadopaTopHoi padorte

1. Hapucyiite cxemy OINepalniiOHHOTO YCHJIUTENsSA, OOBSICHUTE
Ha3HA4YE€HUE BHIBOJIOB.
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Tadonuma 12.3

R21 ng

T? \/(wz _wg)z +w2(w%)2
B \} Ry -C Ris

Puc. 12.12. AKTUBHBIN PUIBTP HUZKUX YACTOT

Ka)2
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Puc. 12.13. AxTuBHBII QUIBTP BBICOKUX YacCTOT
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Puc. 12.14. AXTUBHBII TT0JIOCOBOM QUTBTP
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K‘a)z—a)g‘
K (o) =
() 2 2\2 2 2 2
(0" —wg)” +4o wy(2-K)
_ 1 K:1+@
R2Cs Rl

Puc. 12.15. AKTUBHBIN 3arpaxaatomuil GuiabTp

2. Kakumu cBoiicTBamMu 00J1aaeT HACATBHBIA OIEPAIIMOHHBIN
YCUINTEND?

3. Kakue mapaMeTpbl BXOAST B TEXHUYECKHE XaAPAKTEPUCTUKHU
pealbHBIX OMIEPALIMOHHBIX YCUIIUTEIICH?

4. Yto Takoe «oOpaTHasi CBsI3b» M KaK OHA BIMSET Ha CBONCTBA
ONEPALMOHHOTO YCUIIUTENA?

5. BeiBegute ¢opmyny auddepeHuHaIbHOTO Ko3(pduireHTa
ycuiieHus naBeprupytomero OV (puc. 12.2).

6. BeiBegute ¢opmyny auddepeHuHaAIbHOTO Ko3(pduireHTa
ycuiieHus: HemHBepTupytomero OV (puc. 12.3).

7. BeiBenute Qopmyny Uit onepatopHOro KoddduimeHTta
nepenayn HHTerpupyromero 38eHa ¢ OV (puc. 12.7).

8. Hapucyiite cxemy dazoppamarens ¢ OY. Onpenenutb, Ha
Kakoi uactore (QaszoBpamiarens gact casur ¢asel -90°, ecnm Bce
conporuieHus paBHbl 10 kOwm, a emkocTh paBHa 22 HO.

9. Hna dero mpumenstoTr reHepatop Buna? Kakue ycrnoBus
JOJKHBI BBIMIOJIHATHCS JIJII CAaMOBO30Y KJICHUS 3TOTO reHeparopa’?

10. UYem o0OycnoBiI€HO Ha3BaHUE «AKTUBHBIC (DUIBTPHI»?
[loscHuTe uUX JOCTOMHCTBA M HEAOCTaTKHM MO CPAaBHEHHUIO C
peaktuBHbIMU LC- QpunapTpamu.

11. Yem ompenensiercss MOPSAOK aKTUBHOTO (PUiIbTpa U Kak
BIIMSICT TIOPSIIOK HAa YaCTOTHBIE CBOMCTBA (DHIIbTpaA?
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12. N3obpazute oxugaembie rpadhuku AUX yeTbIpex aKTUBHBIX
(bUIBTPOB, KOTOPHIC MOKa3aHbI B Tabauie 12.3.

12.3. JIaGopaTopHas padora Ne6
DJIeKTPpHYeCcKHe HeNu ¢ ONePAUOHHBIMH YCHJINTEISIMH

Heabr padoThl: W3y4YEHUE THUIIOBBIX CXEM BKIIOYEHUS
onepanMoHHbIX ycunutened (OY) u u3yueHne ux CBOMCTB, U3yUCHUE
TUMOBBIX YAaCTOTHO-3aBUCHUMBIX 3BEHbEB ¢ OY, mepBOro u BTOPOTO
MOPSJIKA.

JlabopaTopHOe 3ajaHue

A. UccnenoBaHue OonepamuOHHBIX YCHJIUTEIEH B ENAX
MOCTOSSHHOTO U MEPEMEHHOTO TOKa

1. Cobpars cxemy unBeptupytomero OV (puc. 12.16), BeiOpaB
10 yKa3aHWIO MperojaBaTes ONEPAllMOHHBIA YCHIUTEIb U3 ITaHEIN
Semiconductors-Operational Amplifier. OtkpeiTh MeHt0 Parameters-
Type-Catalog Editor u BeImucaTh OCHOBHBIC MapaMETPhl YCHIIATEIS:
Open loop gain (ycumenue 0e3 oOparHoW cBs3H), Input resistance
(BxoaHOE compoTuBieHue), Output resistance (BbIXOJHOE CONPOTHB-
nenne), Maximum slew rate (ckopocTh HapacTaHHs BBIXOJIHOTO
Hanpspkerus ), Maximum Supply Voltage (makcumaibHOE HanpsHKEHHE
nuTtanus), Maximum Input Current (MakcHMaJIbHBI BXOIHOM TOK),
Maximum Output Current (MakcuMaIbHBIA BBIXOIHOH TOK).

XL

=

V2 12

R1 10kOhm

CP1-LM301A
R2 10kChm B
| - ‘3‘\

- VF1
2]

e

4 VBT

O
|
M

W12

Puc. 12.16. Cxema uaBeptupytomero OY



2. YcranoButh B rereparope VGl ammutyny 1B um gactoty
100I'u. MccnenoBarh aMIIUTYIHO-4aCTOTHYIO U (Pa304acTOTHYIO Xa-
pakTepuctukn uHBeptupytomero OY B pexume Analysis-AC
Analysis- AC Transfer Characteristic (Start Frequency 10 Hz, End

199

Frequency 10 MHz, Sweep Type —Logarithmic).

0.00-
-10.00

-20.00

Gain (dB)

-30.00

-40.00

-50.00-
200.00-

150.00

100.00

FPhase [deg]

50.00

0.004
10

100

Puc. 12.17. AUX u ®UX ycunurens va OY

1k 10k

Frequency (Hz)

100K

1 7
il

|
10M

3. CoOpaTh cxeMy MHBEpPTUPYIOIIEro cymmaropa puc. 12.18.

R4 30kOhm K3

Vi W

RZ210kOhm

R3 10k0hm

K2

R110kOhm

Puc. 12.18. Cxema uHBepTHpYIOIIETOo cymMmmaTopa Ha OY
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B cxeme puc. 12.18 o6o3naunts kmoun K1, K2, K3, pazo-
MKHYTh K2 ¥ noaxirounTh K MHBEpTUpYIOIIEMY BXoay OY HCTOYHUK
HanpsbkeHus: V3, paBrbii 2B. Ucnonbssys pesxxum Analysis-DC Analy-
sis- Table of DC results, nalitn u 3anucaTh HANPSHKCHUE HA BBIXOZC
VF1.

4. 3amkHyTh K104 K2, MOIKIIOUNTE K MHBEPTUPYIOIIEMY BXOJY
UCTOYHUK HamnpspkeHus V4, pasubeii 1B. W3mepute u 3anucath
HanpsikeHue Ha Beixoae VF1L.

5. YcranoButs B reneparope VG1 ammnutyny 1B, wactoty 100
I'n. B reneparope VG2 ycranoBuTh ammutyay 1B, gactory 1kIm.
Kirou K2 3amMkHyTh ¥ moakmtouuthk K Bxoay OV renepatopel VGI1 u
VG1. B pexume Analysis-Time Functions monyuuts rpaduku
BXOJHBIX HaNpsbKeHUN W HanpsbkeHus Ha Bbixoje VF1. OObsacHUTH
dhopMy BBIXOJHOTO HAMPSHKEHUS.

2.00—+

Voltage (V)
-
=
T

0.00 2.50m 5.00m 7.50m 10.00m
Time (s)

Puc. 12.19. I'paduku curranoB B uHBepTupytomem OY

6. CoOpatb cxemy HemnBeptupyroiero OV (puc. 12.20). Ycra-
HOBUTH B reHeparope VGl CHHYCOWTAIBHBIN CHUTHAI C aMIUIMTYIOU
1B u gacroroit 100 I't. B pexxmme Analysis-Time Functions moixy4uuts
rpaguku curHajioB Ha BxoAe U Bbixoje OVY. OOBSICHUTH XapakTep
rpaUKoB.



“oltage W)
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WF1

12.20. Cxema HemnBepTHpyromiero OY

Puc.
00—
1.00—
0.00—
-1.00—
'l?. ':lﬂ T | T I T I T |
2.50m 5.00m 7.50m 10.00m
Time (s)

0.00
Puc. 12.21. I'padukn curaaiaoB B HemHBepTHpYIOIeM OY

7. CobOpath cxeMy BoruuTaromiero OV (puc. 12.22). YcTaHOBUTH

VG1:1V, 100 Hz; VG2: 500mV, 100 Hz. IIposectn Analysis-Time
Functions n nony4yuTh rpaduku CHUTHAJIOB Ha Bxone M Bbixozae OV.

OOBSCHUTD XapakTep rpaduKoB.
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-
. .
= Viiv
R110kOhn
1
OR1-LM301A
R2 10kOh[m .

Lal

1 Sk V1
R3 10kOhm ~ - ;>—‘H—':
[

R4 10k hm

Puc. 12.22. Beruuraronmmii OY

1.00—

500.00m—

Yoltage W)
[}
=]
T

'TGIG ] T | T | T | T I
0.00 2 .50m 5.00m 7.50m 10.00m
Time (s)

Puc. 12.23. I'padviky cUTHAJIOB B BHIYUTAIONIEM YCUIIUTEIIE

b. UccnenoBanue 4aCcTOTHO-3aBUCUMBIX 3BEHbLEB
C OHepaHHOHHBIMI/I YCI/IJ'II/ITGJIHMI/I

8. CoOparp cxemy ambdepeHnHaIbHOr0 3BeHa (puc. 12.24).
[TpoBectn ananm3 Analysis-AC Analysis- AC Transfer Characteristic

B nuamnasone oT 10 I'ir no 10 x['m.
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WFA1

OP1 LM301A

VG o BNy
v = V112V

Puc. 12.24. luddepeHnupyommil yCuimTe b

10.004

0.00

-10.00

Gain (dB)

-20.00

-30.001

-40.00

-90.00
_105.00
-120.00
-135.00-
-150.00
-165.00

-180.00 — 1 R R e e —
10 100 1k 10K

Frequency (Hz)

Phase [deg]

Puc. 12.25. YacToTHbIe XapakTepUCTUKH UG PEPESHIIUPYIOIIETO
YCUJTUTENA

9. YcranoButh B reHeparope VGl curnHan npsamMoyroiapHOU
dopmel ¢ amrmuTynoit 100 MB 1 gacrotoii 50 I'i. B pexxume Transi-
ent uccinenosath BeixogHOM curHan VF1. Iloscaute dopmy rpadu-
KOB.
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400.00m —
-f
200.00m -
= |
(k]
o 0.00—
I | (
-200.00m—
-400.00m ] T T T T T T T |
0.00 10.00m 20.00m 30.00m 40.00m

Time (s)

Puc. 12.26. BxoaHoit 1 BEIXOAHOM CUTHAJBI TG PEPEHITUPYIOIIETO
YCHUITUTEIISI
10. CoGpaTh cxemy HHTETpUpPYIOIIEro 3BeHa puc. 12.27,

oS

o b

1
+ -
__—__ W2 12N
C2 Z2nF
|
[
R1 10kOhm I
! = W1
"“"-..\ :
A
= OP1 LM301A
’ * +
el @ == i i3V

Puc. 12.27. CxeMa UHTETpUPYIOIIETO 3BEHA
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[Tpoeectn anamu3 Analysis-AC Analysis- AC Transfer Charac-

teristic B muanaszone ot 10 'y mo 10 I
1.00+

750.00mA

Gain

S00.00m+

250.00m

0.00
108,80+

75.00+

S0.00+

Phase [deg]

25.00+

I:II:ID' M 1 M 1 v 1 M 1 M 1 v 1
1K 3k 4K il 7K K 10k

Freguency (Hz)
Puc. 12.28. YacTtoTHBIE XapaKTEPUCTUKN HHTETPHUPYIOIIETO 3BEHA

B JMHEWHOM MaciITaoe.

B cootBerctBuu ¢ dopmymnoit 12.1 koMriekcHas 4acTOTHas Xa-

PaKTEPUCTHKA MHTETPUPYIOIIETO 3BE€HA PaBHA!
.1
Ja)C2 .1 1 _ 123

—5 =] = ] = ]
R, oRC, " 27f10%.22.107° f
AMHJII/ITyI[HO-IIaCTOTHaSI XapaKTepI/ICTI/IKa HAa 4YacCTOTEC 4 KFH
paBHa:

K(jo)=—

123 018
4000

da304acTOTHAs XapaKTEPUCTUKA HAa BCeX yacToTax pasHa +90°.

YacToTHBIE XapaKTEPUCTUKU B JIOrapu(MHUUYECKOM MaciiTade
noKaszaHbl Ha puc. 12.29.

11. VYcranoButrs B renepatope VGl curHaim mpsMOyroibHOR
dbopmbl ¢ ammmuty o 100 MmB 1 yactotoit 50 I'u. Jist 3aganHoro OY
tuna LM301A B Mmenro Properties ycTaHOBUTH CMEIICHUE BXOJIHOTO
Hanpspkerus Input offset voltage = — 1mV. Dro cMmenieHne KOMITCH-
cupyer «yxon Hyns» OV B unrterparope. ns apyrux tunos OV Tpe-

K(o)=|K(jo)=
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Oyercs noabop HampsbkeHHs cMeleHus. B pexume Transient uccie-
noBath BeixoaHou curdan VF1. [Toscauts popmy rpadukos.

.00+

- 10,00

Gain (dE)

-20.00

-30.00
100.00+

75.00

Fhase [deg]

50.00

25.00

0.00- ; ; ; ; ; ; —
1k 10k

Freguency (Hz)
Puc. 12.29. YacTtoTHBIC XapaKTEPUCTUKH HHTETPUPYIOIIECTO 3BE-

Ha B JIorapu(MUIECKOM MaciTade

1.00—
1 | Cmeuenre BxoaHoro HanpsixeHna OY -1wmB |

0.00 1 I 1 |

-1.00-]

-2.00-]

Qutput

-3.00]

-4.00-]

'5. ﬂﬂ | T | T | T | T
0.00 10.00m 20.00m 30.00m 40.00m
Bpema (s)

Puc. 12.30. BerxoaHo# curaan uHTErpaTopa

HabmtonaTe rpaduku BBIXOAHOTO HAIpPsDKEHUS HA OCIMILIOrpa-
¢de, ycTaHOBUB JIUTENbHOCTH pa3BepTku 10 MC.
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0S5C1_Ch1:500mV  OSCA1_Ch2: 2V

Puc. 12.31. OcruminorpaMmbl BEIXOIHOTO CUTHAJIA HHTETpaTopa

12. CobpaTh cxemy aKTUBHOTO (DHIIbTpa HMXKHUX YaCTOT MEPBO-
ro nopsijka (puc. 12.32).

F110kOhm

| p—

| Ea WF1
| >
2]

=1 OP1 LM301A

+

VG @ Loy

s

| p———

Puc. 12.32. AxtuBnbsiii ®HY nepporo nopsaka

[Tpoectn anamu3 Analysis-AC Analysis- AC Transfer Charac-
teristic B nmanaszone ot 10 'y 1o 10 k1.
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0.00

- 1000

Gain (dE)

-20.00

-30.00
180.00-
165.007
150.007
135.00
120.00-
105.00
90.00 — A S — e

Fhase [deg]

10 100 1% 10k
Frequency (Hz)
Puc. 12.33. YactoTHble xapakTepuctuku aktuBHoro ®HY nepsoro
nopsiiKa

13. VYcranoButh B reHepatope VGl curHam mpsMOyroyibHOM
dopmel ¢ amrmutynoit 100 MB 1 gacrotoii 50 I'i. B pexxume Transi-
ent uccnenoBath BbixonHou curHan VF1. [loscauts dopmy rpadu-
KOB.

200.00m —
100.00m -
)
&
= 0.004
S _'
-100.00m —
-200.00m ] T T T T T T T |
0.00 1.00m 2.00m 3.00m 4.00m
Time (s)

Puc. 12.34. TIpoxoxaeHre npsMOyToJIbHBIX UMITYJILCOB Yepe3
aktuBHbIM OHY nepBoro nopsaka
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14. CobpaTh cxeMy aKTHUBHOTO (pUIIbTPa BBICOKUX 4YacTOT (puC.
12.35).

C1.22nF pq q0kOhm

Puc. 12.35. AxtuBnbiii ®BY nepsoro nopsaka

HccnenoBare 4acTOTHBIE XapaKTEPUCTUKUA akTUBHOTO PBY u
MOSICHUTH UX (HOpMy.

15. VYcranoButh B reHepatope VGI1 curnam mpsiMoyroibHOM
dbopmbl ¢ ammmutygoir 100 MB um wactotoit 50 I'm. B pexume
Transient uccnemoBare BbIxogHOUW curHan VF1. TlosicHuts ¢opmy
rpauKoB.

16. Cobpats cxemy ¢azoBparmiatens (puc. 12.38). MccnenoBath
YaCTOTHBIE XapaKTEePUCTHUKH. YOemuTbcss B ToMm, uTo AUX
(asoBpamarens nocrosHHa u pasHa 1, a ®UX uzmensercs ot 0° 10 -

180°.
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0.00+

-10.00]

-20.00-

Gain (dB)

30,001

-40.00
-80.00

-105.00-

-130.00]

Phesae [deg]

-155.001

_180.004 . . ;
10 100 1% 10k

Frequency (Hz)

Puc. 12.36. YacTtoTHbIEC XapaKTepUCTUKU akTuBHOro ®BY

300.00m —
‘Z
150.00m ]
- - I .
=
5 0.00
O
-150.00m
'SCICI ﬂﬂm | T | T | T | T I
0.00 10.00m 20.00m 30.00m 40.00m

Time (s)

Puc. 12.37. IIpoxoxxaeHue npsiMOYTOIbHBIX UMITYJIbCOB
yepe3 aktuBHbIM @BY nepBoro nopsiaka

17. Cobpath cxemy reneparopy Buna puc. 12.40. YcTaHoBUTH
3HAYEHUs UCTOYHUKOB HAIPSKEHUH, MMOKa3aHHbIE Ha cxeme. [ 3Ha-
YCHHH yCTaHOBKH IIEPEMEHHOro pesucropa Setting, paBHbIx 50%,
60%, 70%, 80%, npoBectu Analysis — Transient. 3apucoBath U 00b-
SICHUTb JUarpaMMbl BBIXOJIHOTO HAIIPSIKCHUSI.



Gain

Phase [deg]
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10K
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= W2 12\
R2Z 10kOhm R3 10kChm
1 1
b . VF1
R 10kOhm, ;>—"—"—(
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& I
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@ = W1 12V
Puc. 12.38. ®a3oBpamarens
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750.00m-
S00.00m-
250.00m-
0.00
0.00+
VF1
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-100.007
-150.004
-200.00 i T q T 1
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Puc. 12.39. YacToTHbIE XapaKTepUCTUKHU (ha30BpaIiaTess

Frequency (Hz)
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g s . ‘-.-’F{‘I
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N f E 1 OP1LM30IA N7 D1 11183
s 1 - Sviiv m=vav o
i = T
Puc. 12.40. I'enepatop Buna
8.00—
] Sefting P170%
6.00 [VFA[3]: 2.4k[0hm] |
VAR
S 2,00
@ ]
& 0.00
= 2,00
-4.00- b
-6.00 d U “ u u ll
'8':":' ] T | T | T | T |
0.00 5.00m 10.00m 15.00m 20.00m

Time (s)
Puc. 12.41. Konebanus B reHepaTope Buna

18. Cobpate cxemy @HY BTOporo mopsiaka (puc. 12.42). Ilpo-
Bectu Analysis-AC Analysis- AC Transfer Characteristic B nuamnasone
or 10 I'm mo 10 kI'm. OOBsicauts Bua AUYX u ®UX (puc. 12.43).
CpaBuuth yactoTHble xapakrtepuctukn @HY nepBoro u BTOporo mo-
pslKa.
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g W2 12
B3 10kOhm
| I |
£z 22nF
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RZ 10kOhm R
e =N VF1
R1-10kDhm >-IH-(
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ol ~1 OP1 LM301A
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+
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@ = V112V

Puc. 12.42. Axtunbiit ®HY BTOpOTO Mopsiaka

0.004

-10.00

-20.001

Gain (dB)

-30.00

-40.00-:

-50.00
200.00+

150.00

100.00

Phase [deg)]

50.00]

.00 . . .
10 100 1k 10k

Frequency (Hz)

Puc. 12.43. AUX u ®UYX aktuBHoro ®HY BTOpOro mopsiaka

19. CoGpats cxemy ®BY BTOporo mopsaka (puc. 12.44). IIpose-
ctu Analysis-AC Analysis- AC Transfer Characteristic B quanazone
or 10 I'm mo 10 kI'm. OOBsicauts Bua AUYX u ®UX (puc. 12.45).
CpaBHuTth 4actoTHble Xapakrepuctukun @BY nmepBoro u BTOpOro mo-

psiaka.
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Puc. 12.44. Axtusnsiii ®BY BTOpOro nopsaka
0.00+

-20.00]

_40.00-

Gain (dB)

-60.001

_50.00-
200.00-

150.00

100.00

Phase [deg)]

50.00

0.00] — — —
10 100 1k 10k
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Puc. 12.45. AUX n ®UX aktuBHOoro ®BY BTOpOTO MOpsiKa
JloMmamHee 3aJaHuE

1. Tlo SKCIICPUMCHTAJIbHBIM JTAHHBIM IMOCTPOHUTH aAMIUIUTYIHO-
JaCTOTHBIE XapaKTEPUCTUKHU WHBEPTUPYIOIIETO oy u
HenHBepTHpytomero OY H onpeneiauTh IOJIOCY MPONMYCKaHHUS IIPH
c1aboM cHUTHaJIe 10 YPOBHIO 3 0.
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2. Paccuurarh npenenbHy0 MOJ0CY YCHICHUS TaPMOHUYECKOTO
curHasa ¢ ammntygoun 200 MmB gyt OV co ckopocTero Hapactanus S0
MB/MKc.

3. Hus neunBeptupyromero OY ¢ conporuBieHuneM R15=10
kKOM paccuutath conpotuBiiecHue R14, npu koTtopoM ycuieHue
COCTaBUT 3.

4. Bce Bxoasl HHBepTHpylomero cymmaropa (puc. 12.4)
OoOBEIMHEHBl M TOAKIIOUEHbl K HampsbkeHuto 1 B. Paccuurtath
BBIXOJIHOE HanpspkeHue OY.

5. Jlns Berautaroniero OY HalTH COOTHOIIEHMSI COPOTUBIICHUM,

1

IPU KOTOPBIX BBIXOJIHOW CUTHaN Oyzer paseH: U, = EU o —2U;.

6. BeiBecTu TeopeTHYECKHE BBIPAKEHUS JII KOMIUIEKCHBIX
K02 HUITUEHTOB nepeayu, aMIUIUTYTHO-4aCTOTHBIX U
($ha309acTOTHBIX XapaKTePUCTUK 3BEHBEB puc. 12.5 - 12.9.

/. Paccuutatb u moctpoutTh Tteoperndeckne AUX m DOUX
3BeHbeB puc. 12.6 - 12.9.

8. Iloctpouth skcmepumenTanbHble rpadpukun AUYX u OUX
3BeHbEeB puC. 12.6 - 12.9 u CpaBHUTH C COOTBETCTBYIOIIUMH
TEOPETUUYECCKUMH 3aBUCUMOCTSIMH.

9. Jlna akTUBHBIX (QWIBTPOB BTOPOTO  TOPSAKA IO
AKCIepuMeHTaIbHBIM AUX HalTH 4acToOTy cpesa.

10. Ilo dopmynam AUX onpeaenuTb, Kakue DJIEMEHTHI
ompenensaroT 4dactory cpesda  aktuBHbix OHY u ®BY BTOporo
nopsiIKa.

11. Tlo dopmynam AUX onpeaenuTb, Kakue DJIEMEHTHI
ONPEEISIIOT PE30HAHCHYI0 YacTOTy U JIOOPOTHOCTH IOJIOCOBOrO U
3arpakJIaroIIero akTUBHLIX (PUIBTPOB BTOPOTO MOPSIKA.

I'aasa 13. ABTOITEHEPATOPBI TAPMOHMNYECKHNX
KOJIEBAHUM

13.1. TeopeTuueckoe BBe/IeHUE

Aemocenepamopom Ha3vLl8AOM YCMPOUCME0, KOMOpoe npeoob-
pasyem dHep2uio UCMOYHUKA NOCMOAHHO20 HANPANCEHUS WU MOKA 6
9HEPUIO 2APMOHUYECKUX Koebanuu. ABTOT€HEpAaTOp rapMOHHYECKHUX
KoJieOaHUM SIBISICTCA HEJIMHEHHBIM YCTPOMCTBOM C MOJIOKHUTEIBHON
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oOpaTHOM CBSI3bI0 U COACPIKHUT, KaK IPaBUJIO, KOJIeOATeIbHBIA KOH-
Typ. O00O0IIEHHasT CTPYKTypHasi CXeMa aBTOreHepaTopa C BHEIIHEH
oOpaTHOH CBsI3bI0 TTOKa3aHa Ha puc. 13.1. OHa cOAEpPKUT YCUIUTEIb C
KOMIUTIEKCHBIM  Kod(puiimentom ycunenuss K(jw) H 4YaCTOTHO-

n30UpaTEIbHYIO IENb MOJOKUTEIbHOW 00paTHOM CBSI3M C KOMILIEKC-
HBIM KO3 PuimeHToM nepeaadu S(jw) .

pljw) e—

Puc. 13.1. CtpykTypHas cxema aBToreHepaTopa ¢ OOpaTHOU CBS3BIO

Paboty aBTOreHeparopa MOXHO pa3JeiauTh Ha JBa ATala: dTaml
BO30YKJIEHUSI KOJEOAHUI M 3Tal CTalMOHapHOro pexuma. Ha srame
BO30Y’KJICHUSI B aBTOT€HEPATOPE BCIIEICTBUE HAYAIbHBIX (PIIYKTyaIuii
BXOJIHOT'O HAIpPSKEHUS B YCUJIUTENE U HAIMYKS YaCTOTHO-3aBUCUMOM
MOJIOKUTENBHON 0OpaTHOM CBSI3M BO3HUKAIOT KOJIEOAHUS U UX aMILIH-
TyJda TOCTENEHHO Hapactaer. [lo mepe HapacTaHUs aMIUIUTYbI
yMEHbIIaeTca KO3(QPUUHUEHT YCUIEHHUS YCHINTENS, aMIUIUTYla KoJie-
OaHuil CTAOMIIM3UPYETCS W aBTOT€HEPATOP MEPEXOJUT B CTAlMOHAP-
HBIU PEKUM.

PaccMoTpuMm ycioBHe BO3HUKHOBEHUsS KojieOanui. Ha Bxope
yeunutenst (puc. 13.1) AeicTByeT CUTHAJI C KOMIUJIEKCHBIM JEHCTBY-
tomuM 3HayeHneMU . . IIpu 3ToM Ha BBIXOZE yCHIIUTENS OYyIET CHT-

HanU, =U_ -K(jw). C Bbixoga ycunurens KoieOaHHS uepes

IIETh TMOJIOKUTEIbHOM OOpaTHOW CBSI3M BHOBH MOCTYMHAlOT Ha BXOJ
YCUJIUTENSA, TIOITOMY:

Uge =V - flI0)n U, (1-K(J@)- f(j@) ) =0 (13.1)
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N3 ypaBuenus (13.1) cieayeT, 4To HAMPSHKEHUE HA BBIXOJIE YCU-

JINTCIIA L_J g MOKCT OBITH OTJIUYHBIM OT HYJIA TOJIBKO ITPU BBIITIOJIHC-

HHH YyCJIIOBUS:

1-K(jw)-p(jo)=0 (13.2)
OTtcroa oTy4aeM yciosue 603HUKHOBEHUS KONeOAHU.
K(jw)-p(jo)=1, (13.3)

rie K( jo)- f( jw) Ha3bIBarOT METICBBIM YCHICHUEM YCHIIUTE-

JI51 ¢ 0OpaTHOM CBS3BIO.
YcnoBue Bo3HuKHOBeHU Kosebanuit (13.3) pacnagaercs Ha 1Ba
YCJIOBHSI, KOTOPBIE HA3bIBAIOT YCIOBUSMHU OajaHCa aMIUTATYA U (a3:

K(jo)-p(jo) =1
arg(K(jo)- B( @)= ¢ + ¢ =271,

rjae N- Ir0oe 1e10e YUCIIO.

ITepBoe ycnoBue (13.4) 6anaHca aMIUIUTY/T O3HAYAET, YTO B CTa-
UOHAPHOM PEXUME MOJHOE METIECBOE YCUIICHHE Ha paboyveil yacToTe
aBTOTeHEpaTopa JIOJDKHO OBITh paBHO eauHUIle. B kadecTBe sieMeH-
TOB, PETYJIUPYIONIUX METIEBOE YCUJICHUE, UCTIONB3YIOT WM MACCUB-
HbIC HEJIIMHCHHBIC 3JIEMEHTHI (TEPMHUCTOPBI, BAPUCTOPHI U Jp.) HIH
TPAH3UCTOPHI B PEKUME PETYITUPYEMOTO YCUIICHHUS.

Bropoe ycnosue (13.4) 6ananca ¢a3 o3Hayaer, 4To MOJIHBIN (da-
30BBII CABUT B 3aMKHYTOM KOHTYpE aBTOT€HEpaTopa JOKEH OBITH
paBeH 27N, Tae N- aro0oe 1enoe yuciao. Yciaopue Oananca ¢as mo3Bo-
JSIET OMpPEACNUTh YacTOTy TeHEepPUpPYyeMbIX aBTOKoJeOaHuil. Ecmu
ycioBHe OanaHca (pa3 BBIMOTHAETCS TOJBKO Ha OJTHOM 4acTOTe, TO KO-
nebaHust Oy1yT rapMOHUYECKUMU.

Haubomnee pacrpocTpaHeHHBIMH aBTOT€HEPATOPAMU TapMOHHYE-
CKUX KOJeOaHU SIBISIIOTCS T€HEPATOPhl, B KOTOPBIX IEMb MOJIOXKHU-
TeJILHON 0OpaTHOM CBS3U BBHIMIOJIHEHA HA MOCEA0BATEIBHBIX UIIN Ta-
paJIIIETBHBIX PE30HAHCHBIX KOHTYpaX. [[pUMEHSIOT aBTOT€HEPaTOPHI C
TpaHCHOPMATOPHON OOpPATHOM CBSA3BIO, TPEXTOUYCUHBIE TEHEPATOPHI C
WHJYKTUBHOW U €MKOCTHOW OOpaTHOU CBsI3bI0. B maHHOW paboTe uc-
CJIelyeTCs aBTOre€HepaTop Ha IMOJIEBOM TPAH3UCTOPE C PE30HAHCHBIM
KOHTYpPOM B IIEMA CTOKa U TpaHCHOpPMATOPHON OOpaTHOM CBSI3bIO.

(13.4)
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VYmpoleHHasi cxeMa reHepaTopa Ha MOJIEBOM TPAH3UCTOPE U €ro cxXe-
Ma 3aMeIIeHus MoKa3aHbl Ha puc. 13.2.

Pexxum paboThl CXeMbI aBTOT€HEpaTOpa MO MOCTOSSHHOMY TOKY
YCTaHaBJIMBAETCSl C MOMOIIBbIO MCTOYHMKA NMUTaHUS cToka E. u uc-

TOYHMKA cMelleHus 3arBopa E,. B cxeme ucnonb3oBaH mapaiiens-
HbIi konebarenbHbId KOHTYp L, C,.. Conporusnenue norepp R, yun-

ThIBACT IIOTCPH HaA JJICMCHTAX KOHTYpA B MHAYKTUBHOCTHU U CMKOCTH.
Ycunurenab r CHCpAaTOpa BLIIIOJIHCH Ha IMOJICBOM TPAH3HUCTOPC C MHAY-
OUPOBAHHBIM KaHaJIOM N-THIIA. [TonoxurenabHas 06paTHa51 CBiA3b B

IICIIb 3aTBOPA OCYLICCTBJIIACTCA YCPEC3 O6MOTKy CBA3HU LC , ATHAYKTUBHO

cB3aHHYIO ¢ Karymkoii L, konTtypa. ITpu 3TOM BakHOE 3HAYCHHE
UMeeT TMPaBWIbHOE BKJIIOYEHHUE KATYIIKH CBS3H, KOTOpas JOJHKHA
obecrieunBaTh MOBOPOT (Pa3bl IPUMEPHO HA 7 M BBHITIOJIHEHHUE YCIOBHUS
Ooamanca ¢da3. Cxema 3amernieHus aBtoreHeparopa (puc. 13.26) co-
CTaBJIEHA JIJI1 MAJIOTO0 TIEPEMEHHOTO CHTHaJla U UCTOYHHUKHU MOCTOSH-
HOTO MTUTAaHUS ¥ CMEIICHUS B HEH HE YIUTHIBAIOTCSI.

Lor e

Sie,

ra
N

0)

Puc. 13.2. Cxema aBTOreHepaTopa Ha MOJEBOM TPAH3UCTOPE ()
U ero cxema zamernieHus (0)

ITo cxeme 3amemenus (puc. 13.26) coctaBUM OCHOBHBIE ypaB-
HEHHUs aBTOTeHepaTopa:

iCT:SUS" UBZME, iCT:SM %,
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rae i..- TOK CTOKa, S - KpyTH3HA IIOJIEBOTO TPAaH3UCTOpa, U,-

HaIpspKeHUe Ha 3aTBope, M — B3auMHasi MHYKTUBHOCTb.
Jlanee BbIpazuM:

: di
HaNpsDKECHUE HAa KOHACHcAaTope KoHTypa U, = R 1; + L, d—’I[_ ,
_ duc dip di,
TOK B KOHJeHcaTope I =C, it =R.C,— it +L.C, e
di d’i di
ToK croka i, =i +ic =i +RC,—=+LC, L—SM —L
CT L C L K dt dt dt
[IpeoOpa3zyem nocienHee ypaBHEHUE K BUY:
2. .
R | 1 .
ST a1 o (13.5)
da> (L. LC.|Jdt LC,
1
Beenem o6o3HaueHus: @y = \/ﬁ - PpEe30HaHCHas 4YacToTa
K
1{R., SM
KOHTypa 0e3 moTeph; a = —|— — ——| - koahPuiueHT 3aTyxanus
2L, LC,
KOHTYpa.
[Ipeobpazyem ypaBuenue (13.5) k Buny:
dZi, di,
— L 420t + @l =0. 13.6
2 g o (13.6)
Pewenne ypaBuenus (13.6) umeet BUI:
i, =1, e “sinaot, (13.7)

rae = «/a)g — a? - 4acToTa Kone6aHuil B KOHTYPpE.

N3 ypauenns (13.7) cmemyer, uro ecimu « >0 konebaHus B
KOHTYype 3aryxatoT, eci « <0 - HapactatoT. [Ipyu o =0 B KoHTYype
YCTAHABJIUBACTCS PEXXUM CTAIlMOHAPHBIX KOJICOAHWU, OMpeaesieMbli
hopMyIOH: I yor = Iy SiNL.

Takum oOpa3oM, yciioBHe BO30YXIEHUSI KOJIeOAHUN B KOHTYpE
MOYHO 3aIucaTh B BUJE:
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RKCK
3nadenue KodhPuImenHTa 3aTyxaHusi MOKHO 3aucaTh B BUJIE:
1 R _ SM 1

— K — RK - RGH (13.9)
2L, C.| 2L

K

S

o

SM
rae R, = —— - oTpunarenbHOe BHOCUMOE COIIPOTUBIICHHUE.

K
Takum 00pa3oM, MOJOKUTENbHAsT 0OpaTHAas CBS3b MPUBOJUT K

CO3/IAHUI0 OTPUULATENBHOIO BHOCUMOIO COIIPOTHUBIEHUS, KOTOPOE
MOKET KOMIIEHCHUPOBATh COMPOTHUBIICHUE IMOTEPh KOHTYpa U CO37a-
BaTh He3aTyxarolue KoJjiebanus. PeryiupoBars OTpHUIIaTeIbHOE BHO-
CUMO€ COIPOTHUBICHUE MOXHO M3MEHCHUEM MArHUTHOW CBsI3U M u
M3MEHEHHEM KPYTH3HBI IOJIEBOIO TPAH3UCTOpA MYyTEM HW3MEHEHHUS
HanpsHKEHUS Ha 3aTBOPE MOJIEBOro TpaHzucropa Ei. [Ipu yBennuenuun
HaIpPSKEHUS Ha 3aTBOPE KPYTU3HA S YMEHBIIIAETCS.

B craunonapHoM pexxume paboThl aBTOre€HepaTopa yCTaHOBIIE-
HUE aMIUIUTYIbl KOJIEOAHUI MPOUCXOJIUT 3a CUET U3MEHEHUS KPYTHU3-
HBbl TPAH3UCTOPA C POCTOM aMIUTUTYAbI KosieObanuit. [TpubnmxenHas
3aBHCUMOCTh KPYTU3HBI OT HaNpsHKEHUs KoJieOaHU Ha 3aTBOpE TpaH-
3UCTOPA UMEET BUJL:

S(u,)=S, —bu?, (13.10)
rae S, - KpyTh3Ha Ipu HyJICBOM HaIIPSDKEHUU Ha 3aTBOPE.

['paduk wm3MeHeHUs KPYTU3HBI MO MNPUOIMKEHHOU (dopmylie
(13.10) mokazan Ha puc. 13.3 crutomHol auHUeH. C pocTOM Hampsi-
KEHUS KoieOaHU Ha 3aTBOPE KPyTU3HA CHUKACTCS 0 3HAUCHUS S

pab ’

KOTOPOC ONpPCACIIICT HAIIPAKCHUC KoJIeOaHuil Ha 3aTBOPC B CTAllUO-
) o S0 o Spa6 H

HapHOM pEeXRUME: Uy oy = 5 anpsDKeHHE Ha KOHType

HalizeM ¢ yaeToM koddduimerTa tpancopmarum N = —:

u. ~—=u (13.11)
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Puc. 13.3. 3aBUCUMOCTb KPYTU3HBI OT HAMPSKEHUS KOJIeOaHU
Ha 3aTBOPE TPaH3UCTOPA

B aBTOreHeparope nmpoucxXxoauT MITKUM PEXKUM BO30YKIACHUS C
IJIABHBIM YBEJIMYEHUEM aMIUIATY/bl KOJICOAHU U C OJHUM YCTOWYH-
BBIM COCTOSIHUEM B TOYKE 1.

Ecnu xkpyTu3Ha TpaH3UCTOpa U3MEHSETCS HEMOHOTOHHO (ITyHK-
TUpHas KpuBas Ha puc. 13.3), MPOUCXOAUT KECTKUU PEKUM BO30YK-
JIEHUsI, BBIXOJIHBIC KOJIe0aHUsI BOZHUKAIOT PE3KO, CKAYKOM U COOTBET-
CTBYIOT yCTOMYMBOM Touke 3. Touka 2 BISETCS HEYCTONYMBOM.

PacueTr aBTOTeHEepatopa B Mathcad

di
[ToacraBum B ypaBHenue (13.10) u, =M d—’lt_ Torma noyyum:

S(ug):So—sz(%L)Z (13.12)
B ypaBuenun (13.5) o603HauuM:
: d
=i (1), S=y, (13.13)
3anumiem ypaBHeHue (13.10) B Buse ypaBHEHUN COCTOSHUS:
 _
a Y2
(13.14)
@ _

e [S0-BM2(y2)2|My, ~R.Coy2 11
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Henuneitnbie quddepennmnansubie ypaBuenus (13.14) pemarot-
csa B Mathcad ¢ ucnons3oBanuem ¢yukumu rkfixed(y,x1,x2,m,F), ko-
Topas peanuzyeT meroj Pynre-Kyrra ueTBeproro nopsigka. ApryMmeH-
TaMU (PYHKIIUH SBJISIOTCS: Y — BEKTOP HAYaJIBHBIX YCIOBUH pa3MepHO-
ctu N (N — mopsaoK auddepeHInaIbLHOr0 ypaBHeHus); x1 u x2 — rpa-
HUYHBIC TOYKW WHTEpPBaja, Ha KOTOPOM HIIETCS pereHne auddepen-
IIMaJBLHOTO ypaBHEHUs (HadalbHBIC YCIOBHS, 3aJaHHBIC B BEKTOpE Y
COOTBETCTBYIOT 3HAUEHHUIO PEIICHUs B TOUYKE x1; M — 4KCI0 TOYEK, B
KOTOPBIX HILETCA MPUOIMKEHHOE pellieHne; F — BeKTop, KOTOPHIM 3a-
JaHbI POU3BOAHBIC MU (hepeHITaTEHOTO YPaBHCHMUS.

IIporpamma pacuera

ORIGIN = 1
L=10"% C=6310" R=10 M=5x10""
1 4
- o= 3.835 % 10
JLC
T=2% T_i63x10

i)

4

S0=10%b=210"%=001.5 Sl =-50-bu

["padus: kpyTHIHE TPAHIACTORA
| |
0.00s - 1
()
0.006 - 1
0.004 ' '
0 2 4 &
u
(o)
=l
¥2
Flt.y)

o[ 50 -6 02 (3) | My, -RCyp- 3]

7. = thfized v.0,5.107° 1001 F)
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I'paduk Toka B MHAYKTUBHOCTH

| | | |
0.2 IntiIm
0.1 N
-0.1 -
sl M ]
03 | | | ]
0 0.001 0.002 0.003 0.004
AL
Pa30BbIN MOPTPET
110" — T
2000 — -
A3 ok -
-5000 .
_1_104 | | | | |

N3 02 01 0 01 02
Z'(z}

Puc. 13.4. I'padpuk u ¢a3oBbIii TOPTPET BOSHUKHOBEHUS KOJICOAHUIM

B pesynbrare pacderoB B Mathcad momyden rpaduk Toka B MH-

Z<2>

ayktuBHOCTH 1| (t)= , TTIOKa3bIBAIOIIHMKA IPOIECC BO3HUKHOBE-

HUS KOJICOAHUH U MEepeXo]l B YCTAHOBUBIIUNCS PEXKUM C aMILUIUTY 10U
TOKa B MHIAYKTUBHOCTH KOHTypa 0,2 A. Ilo ocu abcuucc OTIOXKEHO

1
BpeMs t =Z . Ha (a30BOM MopTpeTe Mo 0CH abCIUCC OTI0KEH TOK

Z<2>

B MHIYKTHBHOCTH 1| (1) = , @ TI0 OCH OpJIMHAT OTJIOKCHA TIPOM3-
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dl —7 <3>

dt '
HAOJII0TaeTCsd MATKHM PEXXUM CcamMOBO30YKIeHHs, (Ha30BBId MOPTPET
MMEET BHJI PACKPYUYHBAIOIICHCS CIIUPAIN C YCTOMIUBBIM IPEACIbHBIM
IIUKJIOM.

BOJAHAsA TOKa B HCCIICAOBAHHOM aABTOI'CHEPATOPC

13.2. Bonipochl 1jisi caMONIPOBEPKH M MOATOTOBKH K Jiadopa-
TOPHOHU padoTe

1. Onpenenenne U Ha3HAYEHUE ABTONCHEPATOPOB TapMOHHUYE-
CKHX KOJICOQHUH.

2. O06o0011IeHHasE cXeMa U MPUHITUTT (QYHKIIMOHUPOBAHUS aBTOTe-
HepaTopa ¢ 0OpaTHOU CBA3bIO.

3. UTo Takoe MeTyIeBOe yCUICHUE?

4. Kakue yclIOBUSI JIOJKHBI BBITIOJHATHCS 11 BO3ZHUKHOBEHUS
KoJieOaHui B aBTOreHeparope?

5. Uto o3HavaeT OanaHC aMIUTMTY U OanaHc ¢a3 B aBTOreHepa-
Tope?

6. HapucyliTe cxemMbl aBTOr€HEPATOPOB € KOJIEOATEIbHBIMUA KOH-
TypaMu.

7. OOBsicHUTE PabOTy aBTOrE€HEpaTOpa C PE3OHAHCHBIM KOHTY-
poM U TpaHCHOPMATOPHON 0OPATHOI CBSI3BIO.

8. IIpu kakoM 3HAYEHUM KPYTU3HBI MOJIEBOTO TPAH3UCTOPA B aB-
TOT€HEPATOpPE BOZHUKAIOT KoeOaHus?

9. Kak HaiTH OTpULIATETBHOE BHOCUMOE COMPOTUBIICHUE B aBTO-
reHepaTope Ha MOJEBOM TPAH3UCTOpPE C TpaHchHOpMATOpHOU OOpaT-
HOM CBSI3bI0?

10. YUto Takoe MATKUH U KECTKUN PEKUM BO30YKICHUS KoJieOa-
HUN?

11. Yto Takoe (a30oBbIi MOPTPET aBTOKOJICOAHMIT?

13.3. JIabopaTopHasi pabota Nel3
HcciaenoBanue aBTOreHepaTOpa rapMOHNYECKUX KoJIeOaHu il

Heab padorsl. lcciienoBanue ycioBUM BOZHUKHOBEHUSA KOJIE-
OaHU ¥ PEKUMOB T'€HEPAIlMU B aBTOT€HEpAaTOpe Ha MOJICBOM TPaH3H-
CTOpE ¢ TpaHC(HOPMATOPHOU CBSA3BIO.
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JlabopaTopHOE 3amaHue

1. CobpaTh cxemy KOMIIBIOTEPHOTO MojelupoBaHus puc. 13.5.
B Monenu aBTOoreHepatopa HCHOJIb30BaH MOJEBOM TPAH3UCTOP C
YIPaBJISAIONMIMM P-N -TIepexX0J0M B KaHajioM N-Tuma. Beibupats HaIO
TaKWe TPAH3UCTOPHI, Y KOTOPHIX HampspkeHue otcedku (Threshold
voltage) Mexay 3aTBOpPOM M HUCTOKOM COCTaBisieT oT -6 mo -4B. K
TakUM TpaH3ucTopaM B OuOauotreke mnporpammbl TINA-8 oTtHOCAT-
csa, Hampumep, 2N3970, 2N4091, 2N4391, 2N4392, 2N4856,
2N4859, 2N4861 . UuayktuBHO cBs3anubie KaTymku M1 (Coupled
Inductors) u3 menro Basic umeror uHAyKTHBHOCTH Li+s M1 Ly>s IO 10
MI'H (MOTyT OBITH 3aJIaHBI TIpENIOAaBaTeNIeM). B3auMHYI0 WHTyKTHB-
HOCTh M yctanoBuTh paBHOU 1 MI'H (puc. 13.6). Pesuctopsl R, u R3
MOJISITUPYIOT TTOTEepH B Karymkax. MHIykTuBHOCTD Ly 1 eMKkocTh C)
o0pa3yloT mapajjiebHbIM KoJeOaTeNbHbI KOHTYp. WcTouHUMK
Hanpsokenus E; (VS1) cospmaer oTpunateabHOE CMEIIEHHWE Ha 3a-
TBOpe TpaH3ucTopa. Mcrounuk Hanpsokenus E, (VS2) cosmaer
HanpsHKEHWe MUTaHus cToka. [lepBwii KaHan ocHusuiorpada usMme-
pSAET HampsiKEHUE Ha 3aTBOPE TPAH3UCTOPA, BTOPOU KaHAI U3MEPSAET

HaIIPsAKCHUC HAa CTOKC.
031

j Ie
= - -~ .
I m' U, | c268n
lu:‘”"l L T c3 m_L
g — (_3 _____ -
Ti 2r:439|i Ue-
*=VS1 4 ' . , o vsze
D, & Q@

Puc. 13.5. Cxema MoaenrMpoBaHus aBTOT€HEpAaTOpa
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i

M1 - Coupled Inductors

Label 1
Foatprint Mame FMOPCE [k] ]
FParameters [Farameterz)
[L1's Inductance [H] o ] | - |
L2's Inductance [H] 10rm ]
Mutual [nductance [H] 1 L] -
Fault M are -
| - |

1000

,/' k. x Cancel ‘ ? Help

Puc. 13.6. OkHO yCTaHOBKHM MapaMeTPOB KaTyIIEK

2. PaccunTaTh pe30HAHCHYIO YAaCTOTY KOJ€OATEIbHOTO KOHTYpa

1

27 JL,Cy

3. OTKpbITh JHIEBYIO MMaHeNb ocuuiorpadga B MeHio &M,
YcTaHoBuTh B ocuusuiorpade JIMTENbHOCTh pa3BepTku S0 MKc/aen,
ycuienue no kanainy 1 — 500 mB/nen, ycunenue no kanHainy 2 — 5
B/nen. BxitounTs Ba KaHana 1o BXoAy nepemeHHoro curnana AC.

reHepatopa mo dopmyne: fy=

HMccnenoBanue 3aBUCUMPCTH IMapaMCTPOB aBTOIrcHCpPATOpPAa
OT HAIPAKCHHUA 3aTBOP UCTOK

B Tabnuiie mapamMeTpoB TpaH3UCTOpa OMPENCTUTh HAMPSKEHUE
orceuku (Threshold voltage) u ycraHoBUTH HanpspKeHHE Ha 3aTBOPE
U,, =U,_,.. Brmounts ociumorpad B pexxuM Run u ybeaurtscs B
OTCYTCTBUHM KoJIcOaHM. YCTAaHOBUTH HAINPSIKCHHE Ha 3aTBOPE
U, =U 40,58 u HaOMI01aTh OCIUJUIOrPAMMbI KOJICOaAHHUH.

4. Nzmeputh ocrumiorpadgom U

omc

iUy, . C IIOMOILBIO MapKeTa

u3MepuTh nepuon konedanuit 7. Tok |, m U, , u3Mepurs B pexume
Analysis — DC Analysis-Table of DC results. 3anucats 3T n3mMepeHus
B Tabnuiy 13.1. Paccumrarh 4dacroTy koyiebanuii f m 3ammcarh B
Tabnuiy 13.1.
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r% Cscillozcope - Virtual E@g
| —Trigger —Horizontal
OSC1_Ch1: 500mVv J&C1_ChZ: 8V I Mode S-:uuru:el Time/Div
I.-’-'-.utu:u TI a0u =
Level Pozition
7, : 7Y [0 SO
\ [F 3| || Mode
|:+:_L ~Storage—— XY;T ﬁl
I B -ITcnp ource
\ / ! / / Store | Eraze I II:ISI:'I_I:h'I jv
, e
— —Wertical
e Volts/Div
Coupling IEEIEIm E
A: OSC1_Chea: 18773 HE: O = ih
= A ’ YE: o: @ DPDS“'D" —
—Cursor Data I On /l =
[asllen lv] 2ls]| #iml 2

Puc. 13.7. YcTanoBka pexxuMoB ocimuiorpada
Ucnonszys Exprot curves B wmenwo Data ocowmorpada,

3aperucTpupoBaTh rpaduku Koyiedanui (puc. 13.8).

20.00—
1 Uan=-53B, M=1 mIH

0.00-F

oSC1_Ch

_EG_GG-----.----| A I s

— e
0.0 100.00u 200.00u 300.00u

400

]
. 00u 500.00u

Puc. 13.8. I'paduku konedbanumit npu U,,= - 5,3B, M=1 mMI'n



228

Taomuna 13.1
E;=10B, L;=L,=10mI'5, M=1mMmI'H

U,.-, B
Ue, B
Us,—, MB
l., MA
Ie~, MKA
T yer, MC
T, Mxc
f, x['u
K%

B: Usy~/ Uk~
M=pL,
Spa@:CKR ’K/M

5. HccnenoBaTh MEPEeXOHOM MPOIECC BO3HUKHOBEPHUsS KoyeOa-
Huit. s sToro BeIOpath pexxuM Analysis-Transient, yctanoButh Start
display 0, End display 2 m. [TonyunTs rpaduku HanpsHKSHUH Ha 3a-
TBOpPE W Ha CTOKe aBTOorcHeparopa (puc. 13.9). 3amucath B TaOIHITY
13.1 Bpems ycranoBiieHus kosebaHui (t yer) 10 ypoBHS 0,9 U,y

30.00—
Uan=-523B' M=1mlH 0SCT Ch2
zﬂ.ﬂﬂ—f
s ]
5 10.00
') ]
ﬂ.ﬂﬂ—f
: A
5 OSC1_Chl
'Tﬂﬂﬂ 1 | T | 1 | T |
0.00 2. 50m 5.00m 7.50m 10.00m

Time (sl

Puc. 13.9. I'paduku BOSHUKHOBEHUS KOJICOAHUM
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6. VccnemoBaTh yCTaHOBMBIIMICS Tpoliecc KoieOanui. B
pexume Analysis-Transient, ycranosursr Start display 10m, End
display 15m. 3apeructpuposars rpaduku koiaedanuii (puc. 13.10).

30,00

1 Usan=-53B M=1mlH
z

UMM

10.00-

RIS
iNWWWV\ANW\A/\J,WSé‘\C/\1—_/C\P/1\‘/\IVV\AAN

'.:rt:l Elt:l ] T I T I T I I T I
10.00m 11.00m 12.00m 13.00m 14.00m 15.00m
Time (s)

Output

Puc. 13.10. I'paduky ycTaHOBUBIIMXCS KOJIEOAHMI

/. VccnenoBath HEIMHEWHBIC UCKaKeHUsI KojiebaHuil. B pexxume
Analysis- Fourier ycranoButs Sampling start time 10m, Base frequen-
cy (npuHHMMaercs paBHOM uvacTtoTe KojieOanwmit), Format Aeff, Beff
(neficTByromue 3HaueHus Hampspkenuii), Output OSC1 _Ch2 (pwuc.
13.11). BeruncieHnbie HENMMHEHHBIC HCKakeHUsT K% 3amucath B Ta0-
ouny 13.1.

8. VBemmumBas Hampsbkenue U, Ha 0,5 B, moBTOpsATh HCCle-

NOBaHUA IO M.0. 4-7 10 Te€X MOp, NOKAa HEIMHEHHBIE MCKAKECHUS HE
npeBbicsAT 30%. 3apeructpupoBarh (opMmy KojaeOaHUW MpPU MaKCH-
MaJIbHBIX UCKaKECHHUSIX.

NccrnenoBanue 3aBUCUMOCTH ITapaMeTPOB aBTOTeHepaTopa
oT Kod(pdhunuenta o6paTrHol CBI3H

9. Tlo manupiM Tabmuner 13.1 gaiitn U [P KOTOPOM

3u=(min) !

BO3HHUKAIOT aBTOKOyeOanus, u U pu KOTOPOM KO3 DUITMEHT

3u=(max) »

HEJIMHEWMHBIX ~ UCKaxeHuid  npeBbimaer  30%.  Berauciauth
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U 3u=(max) +U 3u=(min)

Usiep) = >

N YCTAHOBHUTH IOTO HAIIPAKCHUC Ha

3aTBOpE TPAH3ZUCTOPA.

IIpoBecTn ucciienoBaHUE aBTOTEHEPATOPA 1O M. 4-7, yMEHbIas
3HAYCHUE B3aUMHOW WHIAYKTUBHOCTU M 1Jis 3HaueHUN U3 TaOJUIIbI
13.2. Pe3ynbTaThl 3anucath B Tabnuiy 13.2.

[ Fourier Series [&J\

Sampling ztart tirme |'I O
Baze frequency |E,1 05k

Murnber of zamples |4I:IEIE j i Calculate

..................................

Mumber of harmonics |'I E = | x Canicel

FEarmat |.f1‘-.eff, Beff

= ? Hep
= =

Cutput | 05C1_Ch2

Tranzient inital condition

" Calculate operating paint
7 Use initial conditions

& Zeroinitial values

Fourier coefficients

k Armplitude [4) Amplitude [B] -
0 10,2 1]

1. -7.25 -1.19

2 103,31 m 55,33m

3 -33.25m 125.14m

4, -42m 72.54m i

Harmonic distartion ;.  2.7927%

e

Puc. 13.11. YcranoBku @ypbe-aHanu3a HEIIMHEUHBIX UCKAXKCHUN

NccnenoBaHue 3aBUCUMOCTU MapaMeTpPOB aBTOTeHeparopa
OT HampsXKEHUS Ha CTOKE

10. YcTaHoBUTh Ha 3aTBOPE TpaH3uUCTOpa HampsikeHue U

3u=(cp) *
3Ha4YeHUE B3aMMHOW MHIYKTUBHOCTH YCTAaHOBUTH paBHbIM | MI H.
HpOBCCTI/I HUCCIICIOBAHUA 3aBUCUMOCTHU HapaMeTPOB

ABTOI'CHECpPATOPAa OT ITOCTOAHHOI'O HAIIPS)KCHUA HaAa CTOKC UC: JJISL

3HAYeHUM, yKa3aHHbIX B TaOmune 13.3. PesynpTarel 3amnucath B
Tabnuiy 13.3.
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Tabnuma 13.2
E]_:lOB, USI/I: :USI/IZ(Cp)’ L1:L2:10MFH

M, M'H 2 1 0,8 0,6 0,4 0,2

Ug-, B

Uy, MB

l., MA

Ie~, MKA

T, Mkc

f, k'

t yer, MC

K%

B: U3M~/ U~

M=5L,

Spa@:CKR ’K/M

Taomuna 13.3
E=10B, U, _ :U3n=(cp)1 L;=L,=10MmI'H, M=1MI"H

U.,B 10 8 6 4 2 0

Ue-, B

Uy, MB

l., MA

Ic~, MKA

T, Mxc

f, k'

t yer, MC

K%

B: Uspy Ugew

M=BL,

Spa6.: CKR JK/ M

10. PaccunTats B Tabnuue 3 3Hauenus ¢, B, M, Sys.
JloMmamHee 3aJaHuE

1. MHUcnons3ys mapameTpbl KOHTYypa, pacCUUTaTbh  €ro
1

~2nL.C,

PE30HAHCHYIO YacTOTy fo 51 CpaBHUTH C
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AKCIICPUMCHTATBHBIMU 3HAYCHUSIMH, OTIPEACIICHHBIMU B
nabopatopHoil paboTe. OOBSCHUTH OTIMYHME YacTOThI KOJICOAHUH OT
PE30HAHCHOM.

2. PaccuuTtath C Y4CTOM BBIXOJHOI'O COIMPOTHUBIICHUSA

Tpan3ucropa R ~30kOM DOIHOE COOPOTUBJIIEHHE IIOTEPh B
BbIX

koutype R, =R_+ Ryo6> TAER 05 = L%?KRB

3. PaccunmTarh SKBUBAJCHTHOE PE30HAHCHOE COMPOTHUBIICHUE
KOHTypa C YYE€TOM BBIXOJHOTO CONPOTHUBIICHUS TPaH3UCTOPA

/3
~ . _ K
Ry ~ 30kOM mo ¢opmyne: R, =-——. Ha
RK
MapajuIeIbHOIO0 PE30HAHCA CONPOTHBIIEHUE KOHTYpa aKTUBHO M PaBHO
SKBUBAJICHTHOMY PE30HAHCHOMY COIIPOTHBIICHHIO.
4. Ilo nanHbiM Tabauns! 13.1 paccuuraTs U 3aHECTH B TAaOIUILY

bIX

HacCTOTC

B= Usys Uxo, M=PLy, Spas =C R IMn i, = U~ . [TocTpouts rpaduku
R3K

3aBUCHUMOCTEN OT HAaNPsHKEHUs 3aTBOP-UCTOK Uy, JUIA Uy, Usye, tyer, T,

K%, B, M, Sys6.

5. Ilo pganupiM  Tabmuuel  13.2  moctpouTh  rpaduku
3aBUCUMOCTEN OT B3aMMHOW MHAYKTUBHOCTH M st U, Uy, tyer f,
K%, B, M, Sys6.

6. Ilo opgamaepiM  Tabmuiel  13.3  moctpouTh  rpaduku
3aBUCUMOCTEN OT HaNpsHKEHUS MUTaHUSA CcTOKa Ep Is Uy, Uy, lo, B,
M, Spas-

7. Ha ocHOBaHMM TOJNYYEHHBIX JAHHBIX TOJITBEPAUTH
BBITIOJTHEHHE YCIIOBUs OallaHca aMIUIUTYJA U ycioBusa OanaHca (a3 B
aBToreneparope. ChopMyIupoBaTh BBIBOIBI MO pabOTE B IEJIOM.

I'masa 14. HU®POBBIE MUKPOCXEMbI
14.1. KpaTkue TeopeTHYeCKHe CBeIeHHUS
[HudppoBbie TOTUYECKUE BTEMEHTHI

[udpoBbie JOTUYECKHUE SIEMEHTHI, BBINOJHEHHBIE Ha HWHTE-
rpasibHBIX MuKpocxeMax (MMC), npenHazHadeHsl Jjis TpeoOpa3oBa-
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HUS 1 00paOOTKU TUCKPETHBIX CUTHAJIOB M BBITIOJIHSIOT OCHOBHBIC JIO-
rudeckue (GyHKIIUH, IpeIcTaBIeHHbIC B Ta0muie 14.1.

Tabomuna 14.1

DJIeMEHT O6o3HaueHue Brinonnsiemas ¢yHk-
1Ys U CXeMa
V=X
HE JIH X )
(oTpunanue)
X | &
%1 JIN ¥Y=XT1-X2
X
(Jloru4eckoe yMHO- =
YKEHHE)
X; 1 V=X, +X,=
I/IHI/I J-[J-[ XX
X
(Jloru4yeckoe Cioxe- —
HUE)
z‘u.,r &
N-HE JIA V=X1-X2
(mormyeckoe yMHO- X;
YKEHHE C OTPUIIAHU-
eM)
x|,
- Y=X/+X;
NJIN-HE JIE LY=X
(Jloru4yeckoe Cioxe- X;
HUE C OTPULIAHUEM )
)‘rf =1 F=.§1'X3+Ar; '.’?:=
Uckntouaromee NJIA JII

=X, X,
X

B Tabmune 14.1 ucnonb3oBaHbl 00O3HAYCHHUSA: X - OTPHUIIAHHE

3HAYEeHUSA  X;

YMHOXEHHE

(KOHBIOHKITHUA);

X, + X, = X; v X, - JOTHYECKOE CIIOKEHNE (AU3BIOHKIINSA).
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Haubonbiiiee npuMeHeHue noaydmin cepuu jJorudeckux MMC,
BbINIoJIHEHHbIE 110 TTJI (TpaH3ucTopHO-TpaH3ucTopHas joruka), ICJI
(amuttepHo-cBsizaHHas joruka) 1 KMOII (kommiemenTtapuas MOII
JIOTHKA) TEXHOJIOTUSIM.

B UMC, BemoaneHHbix mo texHonoruu TTJI, B kauecTBe 0a3o-
BOIO DJJIEMEHTA HCIOJb3YyETCd MHOTO3MUTTEPHBIA  TPAH3UCTOP.
YnopouieHHas cxema jgorudeckoro snemenra M-HE ¢ mHOrosmurrep-
HbIM TpaH3uctopoMm VT1 mpuBenena Ha puc. 14.1. Eciu xoTs Ol Ha
onuH smuttep VT1 mogan Hu3kuid ypoBeHb, VT1 Oyner OTKpHIT, a
BTOpO# Tpan3uctop VT2, paboTtaromiyii UHBEPTOPOM CHUTHaja U BbI-
nonusitomuid pynkuuio HE, 6yner 3akpwit. Ha Beixoae 6azoBoro aie-
MEeHTa OyJeT BBICOKHMU ypOBEHBb curHamia. J[Jis Toro 4ToObl Hampsxe-
HUE€ Ha BBIXOJIE UMEJIO HU3KHUI YpOBEHB, HA Bce dMUTTEpHl V11 Hamo
M0/IaTh BHICOKUM YpOBEHb. TakuMm oOpazoM, peanusyercs ¢pyHkuus -
HE.

Ep=t35B
O

O

Y=Xjf:

Puc. 14.1. YopomenHnas cxema jioruueckoro snementa 2M-HE (TTJI)

B UMC, BeimonHeHHBIX 10 TexHoyorun KMOII, B xauecTBe Oa-
30BOT0 3JIEMEHTA UCIOJIB3YIOTCS KIIFOUEBBIE CXEMbI, IOCTPOCHHBIE HA
komruieMeHTapHbeix MOII-Ttpan3ucropax. Ha puc. 14.2 npuBeneHa
cxema jorudeckoro snemMenta 21-HE, BBIMOJIHEHHOTO MO TEXHOJIOTHUU
KMOII. Cxema cOCTOUT UX IBYX IPYNIT KIFOYEH HA TOJIEBBIX TPAH3U-
cropax VT1, VT3 u VT2, VT4. Kaxnaas rpynna ynpaJisieTcsi OJIHUM
curHasioM X; win X,. [Ipu nogaue curnanoB X;= X,= «1» kiaoum Ha
Tpanzucropax VT1, VT2 pa3mbIkaroTcs, a KIOUYM HA TPaH3UCTOpax
VT3, VT4 3ambikatotcs. B pe3ynbTaTe Ha BBIXOJI€ OYI€T CUTHAJ HU3-

KOro ypoBHs Y = X, - X,.
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[IprMeHeHrE TONEBBIX TPAH3UCTOPOB C M30JUPOBAHHBIM 3aTBO-
poM obOecreyuBaeT OOJIBIIOE BXOJHOE COMPOTHUBICHUE MHUKPOCXEM
KMOII. Opnako mukpocxembl KMOII yyBCTBUTENBHBI K CTaTHYE-
CKOMY DJIEKTPMYECTBY M TPeOYIOT cHeluaibHOM 3amuThl. Ilutanue
takux UMC nipou3BoauTCA OT UCTOYHHMKA HanpsikeHus +5...+15 B.

YPpOBHM BBIXOJHBIX CUTHAJIOB 3aBUCAT OT HAIpPSHKEHUS IUTA-
HUS. YPOBEHb JIOTUYECKON enuHUIbI «1» paBeH npumepHO 0,8F, ., a
ypPOBEHbB Jiornyeckoro HyJist «0» cocrasiser ot 0,3 o 2,5B.

VTl @
] ] VT2
Y=X ;xY;r
¥ O
O L] VT4
X
o1 1 vrs
O O

Puc. 14.2. YopomenHnas cxema jgorudeckoro 3mementa 2M-HE
(KMOII)

MynbpTUNAEKCOPHI U AEMYIbTUNIEKCOPBI

MyJbTUIIIEKCOPOM Ha3bIBAIOT (DYHKIIMOHAJIBHBINA y3€l, KOTO-
phIi 0OecrieurBaeT nepenady uuppoBoil HHPopMalru, MOCTYNAIOIIEH
110 HECKOJILKUM BXOJIHBIM JIMHUSIM CBSI3U Ha OJIHY BBIXOJIHYIO JIMHUIO.
MyJIbTUIIEKCOP MOXHO MNPEACTAaBUTh B BHUJE KOMMYTATOpa, yIpaB-
JIIEMOTr0 BXOJHOM JOTMYECKOM cxeMou. BXogHbIe TOrHYeCKue CUrHa-
761 Xj MOCTYIAOT Ha BXObl KOMMYTAaTOpa U Yepe3 KOMMYTATOp mepe-
naroTcst Ha BbIxoJ Y. Ha BXoJ Jormdeckoil cxeMbl MOCTYHalT ajpec-
HbIe CUTHaJbl Ay, onpeeNarolne, KaKoll BXOJTHOW CHUTHAJI B JJAHHBIN
MOMEHT TIepEeHAr0TCs HA BbIXOJI. HEKOTOpBIE MYIBTUILIEKCOPHI MOTYT
MMETh BBIXOJ C TPEMSI COCTOSHUSAMM: aBa coctosiHus 0 u 1 u Tperbe
COCTOSIHUE — OTKJIFOUEHHBIN BBIXOJ (BBIXOJIHOE CONPOTHUBJICHUE PABHO
OCCKOHEUYHOCTH).

Ha puc. 14.3 nokaszana cxema mynibTHILIEKCOpa (4— 1), BBITION-
HeHHas Ha aneMeHTax 1M u NJIN. PaboTta MylbTHILIEKCOpa 0TOOpaXxa-
eTcs Tadiuneil uctuuaoctu 14.2.
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Tabmanma 14.2
Ay Ay Y
0 0 X
0 1 X4
1 0 X
1 1 X3

Hcnons3ysa TaOMUIly MCTUHHOCTH, 3alMIIEM BBIPAKECHHUE JIs
BBIXOJHOUM ()YHKIIMU MYJIBTUILIEKCOPA:

Y = Xo(AA)+ X (AA )+ Xo(AA )+ X3(AA)  (141)

I'paduueckoe mzoOpakeHue mynbTUILIEKcopa (8—1) mokaszaHo
Ha puc. 14.4. BxogaMu SIBASIIOTCS BBIBOABI MHKpocxembl Dy....D-,
BeIxOogaMu Q uQ, ampecHbie BXonwl Ag, A1, Ao, BXOI paspelicHHs
padoTsl E.

Hemynptumiekcop (DMX)  BemmonHsier  mpeoOpa3oBaHUE,
0o0paTHOE MYJIBTUIUIEKCUPOBAHUIO: BXOJHOW cUTHai X MOCTYIMAaeT Ha
BXOJl JEMYJbTHUIUIEKCOpAa M IiepeaaeTcss Ha BbIXOABI Yi, Yo...Y.
AgnpecHble curHaibl Ay ...Ay UMEIOT TakKo€ K€ 3HAYCHHE, KaK U Y
MyJbTUILIEKCOpa. ['paduyeckoe wu300paxkeHue IeMYJIbTUILIEKCOpA
(1—-4) mnokazano nHa puc. 14.5. Ha cxeme o0o3HaueHwl: D-
uH@opmanmonusli Bxon, A0, Al —angpecHble BXoabl, E— Bxon
paspemenus, Qy,Qy...Q3,Q3-1psiMBIEC M UHBEPCHBIE BBIXOIBL.

Hemudpatopsl

JemmdparopoM Ha3bIBAIOT IpeoOpa3oBaTeab JIBOMYHOTO N-
Pa3psAAHOro Koja B YHUTapHbIHA 2"- paspsHblii Ko, Bce pa3psaibl Ko-
TOPOTO 3a UCKJIIOUEHUEM OJHOTO paBHbI HYIO. Jlemmudparopsl ObiBa-
I0T TMOJIHbIE U HemodHbIe. JIJIs mosHOTO Jemudparopa BbIMOJHAETCS
YCJIOBUE N=2", rze n — gmcno Bxoa0B, N — uncio BEIX0H0B. B Hemo-
HBIX JlelndpaTopax uMeercs N — BX0J0B, HO BbIxo0B N <2,

Ha puc. 14.6 noka3ana cxema aemudparopa 3 x 8, mpeobpasy-
IOLIEr0 JBOMYHBIN TPEXPa3psAHbIA KOJ B YHUTAPHBIA BOCBMUPA3P -
HbII, B KOTOPOM, Hampumep, BxogHoe ABonyHoe yucio 100 cooTBeT-
ctByeT BeixogHomy koay 00010000.
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Xo O > & MUX (4—>1)
X; O > &
1 ¥
_O
X}? G > &
X; O > &
1
Ay O o—
1
A1 o oS

Puc. 14.3. Mynptumnnexkcop (4—1) na snementax N-HE

Dy f o
D, MUX | =

A (:'E

LI

—— D |DMX ga —
gj |

Ay Qi1O—

g; | I

—1 Ay 0: 05—
% |

Q.;Q—

Puc. 14.4. YcnoBHoe rpaduueckoe

N300paKEeHUE MYJIbTHUILICKCOPA
(8—1)

Puc. 14.5. YcnoBHoe rpaduueckoe

M300paKeHUE JIeMYJIbTUILIEKCOpA
(1—4)
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X I DC 0 — ¥,
X, 2 I — ¥
. 2 —— L
X 3 kN N A
N Y,
A I R
6 f— ¥;
L ¥

Puc. 14.6. YcnoBHoe rpaduueckoe nzoopaxkenue aemudparopa 3 x 8

B 1mudpoBoii TeXHHKE MNPUMEHSIOT TakKXe IpeoOpa3zoBaTesu
KOJOB Ui  yOPAaBIEHUS  CETMEHTHBIMM W MaTPUYHBIMHU
UHIUKaTopaMu, Mmudpatopsl, mpeoOpasyroliue, Hanpumep, 8-
pa3psAIHBIM  €IWHUYHBIA KOJ B JBOMYHBIA KOJA, W JIpyrue
KOMOWHAIIMOHHBIE  yCTPOMCTBA, TOCTPOCHHBIE Ha  IU(POBBIX
JIOTUYECKUX  DJIEMEHTAX. Oco0eHHOCTBI0O ~ KOMOMHAITMOHHBIX
YCTPOMCTB  SIBJISIETCSI TO, YTO MX BBIXOJHBIE CUTHAJIBI OJHO3HAYHO
ONPENEIAOTCS TOJIBKO JIEUCTBYIONIEH B HACTOSIINI MOMEHT Ha BXOJE
KOMOMHAIUEN IEPEMEHHBIX U HE 3aBUCAT OT 3HAYEHHI NEPEMEHHBIX,
JICMCTBOBABIIIMX HA BXOJIE PaHEE.

Tpurrepsl

Tpurrepom Ha3bIBa€TCsl YCTPOMUCTBO, CIOCOOHOE (OPMUPOBATH
JBa YCTOMYMBBIX 3HAYEHMS BBIXOJHOI'O0 CHUTHAja M CKAa4yKoOOpa3HO
U3MEHSATh 3TH 3HAYEHUS MOJ JIEMCTBUEM BHEIIHErO YMHPaBIISIONIETO
CUTHaJa.

Tpurrepsl OTHOCATCS K TUPPOBBIM CXEMaM MOCIEI0BATEILHOTO
tuna. COCTOSIHUE BBIXOJA MOCIEN0BATEIbHON cXeMbl (1Iu(poBOTO
aBTOMaTa) 3aBUCUT OT TEKYIIEro COCTOsSiHMS BXxoma X ©  OT
BHYTPEHHETO COCTOSIHUS cXeMbl Q:

Y=F(X,Q).

Takum o0pazom, TpUrrep ABJISECTCS XpaHUTEJIEM
MPEIIIeCTBYIONICH U MCTOYHUKOM TeKyller mHpopmanuu. Tpurrep
HA3bIBAIOT OUCTAOWJIBLHOW CXEMOW, OH SBJSETCS 3JIEMEHTApHOUI
AYEUKOW mamMsiITh. J[Ba  yCTOMYMBBIX  COCTOSIHUS  TpUITEpa
o6o3navarorcsa: Q=1 u Q=0.
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OCHOBHBIE THUIIBI TPUTTEPOB B UHTErPAJIBLHOM HCIOJHEHUU TO-
Ay4usu cienyromue HazaHus: RS -tpurrep, JK- tpurrep, D - Tpur-
rep, - Tpurrep.

AcuHXpoHHBIA RS — Tpurrep coaepX uT OJHY SYCHKYy mams-
TH, MOKET OBITh BhINOJHEH Ha nBYX AteMmeHntax MJIM-HE (puc. 14.7)
Y UMEET JIBa MPSAMbBIX HHPOPMAIMOHHBIX BXO0/1a:

R — pa3nmenbHbIii BXoa cOpoca tpurrepa (Q=0);

S — pa3nenpHBIN BX0) ycTaHOBKH Tpurrepa (Q=1).

R__|q
o2
— R T |Q—
1 _ —® o
o+2
s
Puc. 14.7. Acuaxponnsiii RS- Puc. 14.8. YcaoBHoe rpadude-
TPUTTEP CKO€ M300paXeHNe aCUHXPOHHO-
ro RS-tpurrepa

Tpurrep Has3bIBaeTCS ACHHXPOHHBIM, €CIIM TEPEKIIOUCHHUE €ro
MPOUCXOJUT Cpa3y MpU U3MEHEHUU WH(POPMAIMOHHBIX CUTHAJIOB. Pa-
6ota acuaxpoHHOorO RS — Tpurrepa Ha snementax MJIM-HE otoGpa-
KaeTcs Tabnuien nepexo1os 14.3.

Taomuna 14.3
R S Qn+1
0 0 Qn
0 1 1
1 0 0
1 1 -

OyHKIIMOHATBHOE COCTOsIHUE RS- Tpurrepa omnpeaensercs ypas-
HECHUEM:

Qi1 = RnSn +RyQy (14.2)
rae Q, m Qp 4 - COOTBETCTBEHHO NPEBIAYIIEE U HOBOE COCTOS-

HUE TPUTTEPA.
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B CHHXpOHHBIX TpHUTTEpax MMEETCS CHHXPOHH3UPYIONUH BXOJ
C ¥ TepeKNIIoYeHUE MPOUCXOIUT TMPHU TMOCTYIUICHHH Ha 3TOT BXO/I
CUHXPOHU3UPYIOMIETO HUMIyJibca. [IpudeM MOMEHT mNepeKIroUYeHus
MOXXET COOTBETCTBOBATh IEpEeaHEMY WM 3amHeMy  (pOHTY
CUHXPOUMITYJIbCA.

D- tpurrep (puc. 14.9) mmeer mHbpopmanuoHusli Bxom D
(data — mannbie). Mudopmanus co Bxoma D 3aHocuTCs B TpUrrep mo
MOJIOKUTEILHOMY Tepernaay Ha cueTHoM Bxonae C tpurrepa. [lomumo
cuetHoro C u wuHpopMmanmoHHOTO D — BXOJ0B, TpPUITEP HMEET
ACHHXPOHHBIE YCTAHOBOYHbIE R M S BXOABI. YCTaHOBOYHBIC BXOJBI
npuoputeTHbl. OHHM  yCTaHABIMBAIOT TPUITEP HE3aBUCHMO OT

curHaioB Ha Bxojgax C u D. YpaBuenue D- Tpurrepa umeer Bunu:
Qn:1=|CQ, +CD+S|R (14.3)

JK  —tpurrep (puc. 14.10) sBasercs  HaumOosiee
YHUBEpCAIbHBIM, TaK KaK Ha €r0 OCHOBE MOTYT OBITb MOCTPOCHBI
T00bIe U3 PACCMOTPEHHBIX BbIIE TpUrrepoB. JK- Tpurrep mmeer:
Bxoapl J m K ycranoBku tpurrepa B coctrosHus Q=1 u Q=0
COOTBETCTBEHHO; CHHXpOHHU3Upytomuid Bxod C; pa3leabHbId BXOH S
acMHXpOHHOM ycTtaHoBku Tpurrepa (Q=1); pasgensHbiii Bxoa R
acuaxpoHHoro copoca tpurrepa (Q=0). B cxeme (puc. 14.10) Bxoasr S
U R UMEIOT HU3KUM aKTUBHBIM ypoBeHb. [Ipuuem, Bxoasl S 1 R umerot
MPUOPUTETHOE 3HAUCHHUE.

OyHkiMoHaabHOe cocTosiHne JK- Tpurrepa ompeaensieTcs

ypaBHeHUEM: Q4 = [C( J@n +KQ, )+C_2Qn + §] R (14.4)
—os| T je— —Os| T ol —
_ —1v
S
] —K
—OQR 0 —OR ol—
Puc. 14.9. Cuaxponnsriit D- Puc. 14.10. JK - Tpurrep
TPHUTTED

CYeTYUKU MMNOYJIbCOB U PETUCTPHI

CueTuMKOM Ha3bIBAIOT HUGPPOBOE YCTPOUCTBO, MpeAHa3Ha-
YEHHOE I MOACYETA YHCIIA UMITYJIbCOB. C MOCTYIUIEHHEM Ka)KI0TO
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UMIyJibca Ha BXOJ C CUETUYHK MEHSIET CBOE COCTOSIHUE HA CIUHUILY.
CdeTynKk MOXKHO peain30BaTh HAa HECKOJBKUX TPUITEpAX, MPHU 3TOM
COCTOSIHME CYETYMKA OYyJIeT ONMpEeNeNsTbCsl COCTOSTHUEM €ro TpUrre-
pOB. B CyMMHUpYIOIINX CYETUMKAX KAXKIbIA BXOJIHOW UMITYJIbC YBEIH-
YUBAET €r0 COCTOSHUE HA €IWHUIY. B BBIUMTAIOIIHUX CUETUYMKAX CO-
CTOSIHUE YMEHBIIAETCA HA €IUHUIY KAXbIM BXOJAHBIM HUMITYJIbCOM.

Hanbonee mpocThiMU SBJISIOTCS JABOUYHBIE CUETUUKH, B KOTO-
PBIX COCTOSIHUE CUETYMKA OIPENEISIETCS ABOWYHBIM KOJAOM Ha €T0
BbIXOJIax. CxeMa aCHHXPOHHOTO YETBHIPEXPAZPSIAHOTO CYMMUPYIOLIETO
cyeTynka Ha D — Tpurrepax nokasana Ha puc. 14.11.

S o o@: o 2,
T
—os| T [oH|| —es| T |o|| Les| T [oH]| Las| T @
C D D D D
! + C; i Cs i Cs i
O—— C C C
CueTHbIe T ﬁ. ﬁ. Q T Q

R el [

[

Puc. 14.11. AcunxpoHHsbiii cueTuuk Ha D- Tpurrepax

R Ycranonka wyna

B nadasie cyera Bce TPUITEPHI YCTAHABIMBAIOTCS B HYJb U C
BXOZOB R M S cHUMArOTCS akTHBHBIE ypoBHHU. Ha cuerHsiii Bxon Ci
MIEPBOTO TPUITEPA MOCTYNAIOT CYETHBIE UMITYIbChI. KaKIblii UMITYJIBC
U3MEHSCT COCTOSTHHE TPUITEPOB Tak, 4To Ha Bbixomax Ql — Q4 dop-
MHPYETCS JBOWYHBIN KOJ, COOTBETCTBYIOIIMN YHUCITY CYETHBIX HM-
myabCcoB. JJIMHA cMCKa pa3pelIeHHBIX COCTOSHUN CUETYMKA Ha3bIBA-
eTcsa moxayJiem cueta Kg,. Uucao pa3peiieHHbIX COCTOSIHUI Onpeens-

eTCs KOoJaudecTBoM TpurrepoB. Jlns cuerumka (puc. 14.11)

Key, = 2* =16. Mocxe 16 UMITYJIbCOB BCE TPUITEPHl OOHYJISIIOTCS U

HAYMHAECTCS HOBBIM LUK cyeTa. CUETUYHKM MOKHO MCIOJIb30BaTh B
KadyecTBe AeiuTeseld 4acToThl ¢ Kodddunmentom aenenus K., Bse-
JNEHUEM JIOTIOJIHUTEIbHBIX OOpATHBIX CBA3EH MEXIYy TpUITEpaMU
MOYHO MPOM3BOJIBHO W3MEHSITh MOAYJIb CUETA B CTOPOHY yMEHBIIIE-
Hus. Tak BBezeHue B oOpaTHble CBsI3U ABYX 3iemeHToB 2M-HE ycra-

HaBiuBaeT B cuerunke (puc. 14.11) Moxyns cuera paBHbId 9 (puc.
14.12).
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B undpoBbIx ycTpoiicTBax MPUMEHSIIOT pa3HOOOpa3HbIE CUCTUH-
k. OHM KJIaCCUPUITUPYIOTCS CIAEAYIOITUM 00pa3oMm:

[To mMomynto cuera: JBOWYHBIC, JIBOMYHO-IECSATUYHBIE (IEKal-
HbIE) WIK C JPYTMM OCHOBAHHEM CYETa; C MPOU3BOJILHBIM MOCTOSH-
HBIM MOJTyJIEM; C IEPEMEHHBIM MOAYJIEM.

ITo HampaBlIEHUIO CYETA: CYMMUPYIOIINE; BBIUUTAIOIIUE; PEBEP-
CUBHBIE.

.; [ QJ’ [} Q.‘ O Q_i O QJ
O
—as[ 1 [eH || es| T (o || bos| T (o | eS| T |@
C D D D fa]
o——C ¢ ¢ & e S e
CYaeTHEIE =1 - = — - -
AMIY BCED R O I—QR I—QR 0 R o—

O = o
R Ycramoeka Hyas

[
|

“—I —

Puc. 14.12. AcuHXpOHHBIN cyeTyuK ¢ MofayJsiem cyeta K., =9

[To crocoOy opraHu3zanuu BHYTPEHHUX CBSI3€i: C MOCIEI0Ba-
TEJbHBIM MIEPEHOCOM (TPUTTEPHI MEPEKIIOUAIOTCS TOCIEA0BATEIBHO);
C TapajuieIbHBIM MEPEHOCOM (TPUTTEPHI MEPEKITIOYAIOTCI CUHXPOHHO
0 (PpOHTY CUETHBIX MUMITYJIbCOB); C KOMOMHUPOBAHHBIM MEPEHOCOM;
KOJIbIIEBbIE (Ha OCHOBE CABUTOBBIX PETUCTPOB).

PeructpoM Has3bIBaeTcs YCTPOMCTBO IM(PPOBON TEXHUKH,
NpeJHa3HAYEHHOE JJIsl 3alUCHU, XpaHeHus U (Win) ciaura uHdopMma-
IIWU, IPEJICTABJICHHON B BUJI€ MHOTOPA3PSIIHOTO IBOMYHOTO KOJIA.

ITo criocoOy mpueMa nHboOpMaIi PETUCTPHI MOIPA3ACISIIOT Ha!

nocJjeoBaTe/bHbIC (CABUTAIOIINE), B KOTOPHIX HHGOpMAIUS 3a-
MACHIBACTCS U CUMTHIBACTCS TOJIBKO B MOCIIEI0OBATEIbHON (DopMe;

napajuieJbHble (CTaTUYECKUE), B KOTOPBIX HMH(OpMAILUS 3allu-
CHIBAETCSI U CYUTHIBACTCS TOJIBKO B MapajuiesibHOUN dhopme;

nocjea0BaTebHO-MMapaJieSIbHbIe, B KOTOPHIX MHGOpPMaLUs 3a-
MACHIBACTCSA WJIM CUMTBHIBACTCS KaK B MOCJIE€IOBAaTEILHOM, TaKk U B Ta-
pamiensHol hopMmax.
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IIpocreiinie perucTpel BBIMOJIHAIOT HAa Tpurrepax. Cxema ro-
CJIEZIOBATENIHOTO CIBUTAIONIETO perucTpa Ha JK- Tpurrepax mokasa-
Ha Ha puc. 14.13.

. & 0 Qs Q.
s -
i Llﬁ T LJ,; T Lé,s T LL; T|o
D g |2 7l |e 7| @ J |

cl | cl | cl | C

K| |@ K| |[Qg—K| [Q9—K] i

R R R Rl |0
[ [P B

Puc. 14.13. YeTbipexpa3psaHblid CABUTAIOIINI PETUCTP C TIOCJIEIOBA-
TEJIbHBIM BBOJIOM
ChaBurarommuii peructp padoTaer cieayromuM oopasoMm. Brauda-
Jie pabOThl YIPABJISIONIMMH CUTHAJIaMU S U R Bce Tpurrepsl ycTaHaB-
JIMBAIOTCSI B HYJICBOE COCTOSIHUE, aKTUBHBIN YPOBEHb CUTHAJIOB S U R
cCHUMaeTcs, Ha BXoJ D (maHHbBIE) MOJaeTcs NepBbIi UMIYJIbC IUdpo-
BOro koja (Hampumep, eaunuia kojaa 1101 wa puc. 14.13). C nepBbiM
TaKTOBBIM UMITYJIbCOM, MOCTYMAarOUM Ha BXoJl C, B MepBbIi TpUrrep
OyJlleT 3amucaHa euHuIa Miaamero paspsaaa. Co clienyronmM TakTo-
BBIM MMITYJILCOM 9Ta €AUHUIIA OyJeT 3amucaHa BO BTOPOU TPUTTEP U
OKa)KeTCsl Ha ero Beixojie. OMHOBPEMEHHO B IMEPBBIM TPUTTEP MOCTY-
NUT HYJb (caeayromuii pa3psaa koaa). [locae yeTbipex TaKTOBBIX UM-
nyJabCcOB koA Ha Bbixogax Q4-Q; OyneTr COOTBETCTBOBATH BXOJIHOMY
KOJIy ¥ MOKET OBITh CYUTAH BHEIIHUM yCTpoiicTBOM. Takum oOpazom,
perucTp mpeoOpaszyeT mHociaeaoBaTeIbHBIN KOJ B IapajjielbHbIN. B
COBPEMEHHBIX MUKPOIJICKTPOHHBIX YCTPONCTBaX OTOOpaKEHUS U pe-
TUCTpallui MHPOPMAIUA KOJUYECTBO MapaJIJIEIbHBIX BBIXOJIOB PETH-
CTPOB MOXET JOCTUTATh HECKOJIBKUX THICSY.

14.2. Bonpocsl AJ1s1 CaMONPOBEPKH U NMOATOTOBKH
K JJa0opaTopHOU padore

1. Tlepeuncaute OCHOBHBIE HU(MPOBBIE AIEMEHTHI M IMOSCHUTE
BBITIOJTHSIEMBIE MU JIOTHYECKHUE OTepaInu.

2. Tosicuute paboTy 0a30BOr0 JIOTHYECKOTO 3JIEMEHTa WHTE-
rpajgbHbIX MUKpocxem TTJIL.



244

3. IlosicauTe paboTy 0a30BOI0 JIOTMYECKOTO 3JIEMEHTa MHUKPO-
cxem KMOII.

4. Kakue uudpoBble yCTpPOMCTBA HAa3bIBAIOTCS KOMOMHAIIMOH-
HBIMU U B Y€M MPUHLMI UX pabOTHI?

5. KakoBbl Ha3Hau€HHUE U CTPYKTYpPHAS CXE€Ma MYJbTHUIUIEKCOPA
U JeMyJIbTUILIEKCcOpa?

6. KakoBbl Ha3HaUEHWE U PUHIUI pabOThI Aemudparopa’?

7. HazHauenue u nmpuHIUI padoThl IU(PPOBBIX TPUTTEPOB.

8. [losicHuTe 1Mo Tabnuile MEPEXOJ0B U CXEME MPHUHIUIT PabOThI
acuHxpoHHoOro RS-tpurrepa Ha snementrax MJIN-HE.

9. B uem oTiIM4Me CUHXPOHHBIX TPUITEPOB OT ACHHXPOHHBIX ?

10. ITosicaute npuniun padotel D-Tpurrepa u cocraBbTe AJIs
HEro TalJauIly NepexoI0B.

11. Tlosicaure npunuun padbotsl JK- Tpurrepa u cocraBbte MJid
HEro TaOJIUILy IEePEX0/I0B.

12. KakoBbl Ha3HaueHUE W Kiaccuukaius MudpoBbIX CUCTUH-
KOB?

13. TosicauTe mpuHIKIT PabOTHl ACHHXPOHHOTO cueTynka Ha D-
TpUTTEpaXx.

14. YUto Ha3pIBaIOT MOAYJIEM CUETA U KaK €r0 MOYKHO WU3MEHUTH B
U (PPOBBIX CUETUUKAX ?

15. KakoBbl Ha3HaYeHUE U KJIACCU(PHUKAIIUSI PETUCTPOB?

16. [losgcauTe mpuHUIUN PabOTHI MOCIEIOBATEILHOIO CIIBUTAIO-
niero perucrpa Ha JK — Tpurrepax.

14.3. JIabopaTopHas paGora Nel4.
HUccaenopanue unppoBbIX MUKPOCXEM

Hean pa6otbl. M3ydyeHre OCHOBHBIX KJIACCOB LU(POBBIX MUK-
POCXEM M METOJOB MX MCCIEAOBAHUSA C UCIIOIB30BAHUEM IIPOTPAMMBI
TINA 8.

A. HMccrnenoBaHue JOTHYECKUX IIEMEHTOB H
KOMOMHAIIUOHHBIX MUKPOCXEM

1. Jlornueckue »>aeMeHTHl 0003HA4YEHBI IO EBPOMNEHCKOMY
ctangapty DIN u umeroT rpadudeckue nzoOpakeHus1, MoKa3aHHbIE B
tabnuue 14.4.
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Tab6mauma 14.4

2N 2NJIN HE 2U-HE 2NJIN-HE

2

1 1
] 3| 1| 2 |7 31 7] 1
2| -1 K 1 p* 2 & pr |5 =21

i

& K

1
a

2.  CoOpaTh cXeMy  KOMIIBIOTEPHOTO  MOJCIUPOBAHUS
JIOTUYECKUX DJIEMEHTOB, MOKa3aHHyio Ha puc. 14.14. Dnement 21
HaxoguTcsa Bo Bkiagke Gates. Ha Bkmagke Sources BwIOpaTh
1u(poBbIe NCTOYHHUKH BbICOKOTO (H) 1 HU3koro (L) ypoBHs.

BreiOpate pexkum Interactive — DC u Haxats Start. M3menss
nojoxxenus kimouer [1] u [2], coznaBate Ha BXogax A u B cocrosiHus
B cooTBeTcTBUH ¢ TabOaunen 14.5. CocrosHue Ha Beixoae Q 3amucaTh
B TaOmmiyy uctuaHOCTH 14.5. [locme oKoOHYaHWS OMBITOB Ha BKIIQJIKE
Interactive naxxats Stop.

U15 L1
IE [1]
uz20 DD1 SN7408
. 1
.| & B

U45
B [2]
Uso  —.

B

Puc. 14.14. Cxema mozaenupoBaHus 3yementa 21
Tabnuua 14.5

Q

i =ll=1D>
=1 =]lsy
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3. BEBITOJIHATE aHAJIOTUYHBIE HCCIIEAOBAHUA W 3allOJIHUTH Ta0-
JIMObI UCTUHHOCTHU IJIsI APYTUX JTOTHYCCKUX IJJICMCHTOB M3 Ta6J'II/II_H>I

14.4.

4, CoOpatb KOMOMHAIIMOHHYI0 CXEMYy C JBYMS JIOTUYECKHUMHU
3JIEMEHTAMU, COEIMHEHHBIMHU B COOTBETCTBUHU C puc. 14.15. Jlna kax-
noit Opuraasl Jorumdeckue dnmemMeHTsl DD1 u DD2 3aganbr B Tabnuiie

14.6.

U1 SN7408

& 3

L1

U2 SN7400

1

2

8 3

Puc. 14.15. KomOuHanmoHHas cxema ¢ JByMs JOTHY€CKUMU

AJIEMEHTAMU
Tabnuia 14.6
Bap.Ne 1 2 3 4 3) 6 7 8
DD1 |2UJIU-| 21U | 21 [2U-HE|2U-HE | 21JIA | 21UJIN [2NJIU-
HE HE
DD2 |2UJIA |2UJIA | 2U- | 2WJIN | 2WJIU [2U-HE| 2U [2U-HE

5. Co3gaBast Bce BO3MOKHBIC KOMOMHAITUHM BXOAHBIX CUTHAJIOB, B
pexume Interactive — DC peructpupoBaTh BBIXOJHOW CHTHAT U
3aMOJIHUTh TaOJUIy UCTUHHOCTH KOMOWHAITMOHHON CXEeMBbI (TabiuIia

14.7). KoMOMHaAIIUM BXOJHBIX CUTHAJIOB COOTBETCTBYET 3HAYCHHSIM
TPEX3HAYHOTO JTBOUYHOTO KOJa.
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Tabnuua 14.7
A B C Q
0 0 0
0 0 1
0 1 0
0 1 1
1 0 0
1 0 1
1 1 0
1 1 1

6. Uccnenosarey aemmdparop Ha mukpocxeme 74159 (oreue-
ctBeHHbI K155 /13). Cxema skcniepuMeHTa nokasaHa Ha puc. 14.16.
Hemmdpatop umeer aapecusie Bxoasl A, B, C, D, nBa Bxoma paspe-
menust G1, G2 u mectHaanate BeixonoB 0...15. Ha agpecHbie BXOIbI
nogaetrcs koA B quanazone 0000... 1111.

YtoOBl ynpoCTUTh HCCIEAOBaHUE IemudpaTopa UCIOIb3YyETCS
reaeparop uncen Data Generator 4-bit. OkHo HacTpoliku TeHepaTopa
noka3ano Ha pucyHke 14.18. Ycranosum Step time=1u, Affected ad-
dress(low)=00, Affected address(high)=0F, 3srauenus ans aapecoB OT
0000 mo 000F ycranaBnuBaroTCsi IBOMYHBIMU 3HaYeHUsIMU OT 0 70 15.
UToObI MOCIIEeOBATENIBHOCTh IMUKIUYHO MOBTOPSJIACh, OTMETUM Ta-
noukoi Repeat Pattern.

7. BemosHuM momaroBbiii ananu3 cxembl Analysis — Digital
Step-by-Step. B atom pexkwmMe KpacHBIM OTMEUEHBI YPOBHU JIOTHYE-
CKOW €IMHUIIBI, CHHUM — YPOBHH JIorH4deckoro Hyss. Knonkamu Step
Forward u Step Back nanenu ynpasnenus (puc. 14.17) mepexiroda-
I0TCSI CIEAYIONTUN WM TPEIbIIYIIMNA CUTHAIBI TeHepaTopa. 3arol-
HUTH Tabmuiy 14.8 mist 3nadenuit ot 0000 o 1111.
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U1

U2 74159

P
ol @l

o O m F

— N 0 =

0
1
2
3
PSR
3
6
7
8

g 10 E
10—
[ A
12—
13—
14He——(
15—

VEOO

VFO1
VFO2
VFO03

VFO4
VFO5
VFO6

VEO7
VFO8
VEO9

VE10
VE11
VE12

VE13
VF14
VE15

Puc. 14.16.Cxema uccienoBanus Aemudparopa

-

.

Data Generator

==

Address  / Data
Addrezs  Value
[ DODD

ooo1 oo
oonz2 ooio
0003 0011
o004 0100
0005 oo
0006 0110
ooo7 omn
0oog 1000
0003 1001
00DA 1010
000B 1011
oooC 1100
000D 110
Mode

{+ Bin

" Hex

o Ok

x Cancel

Patterry
Affected address [low):
|00
Affected address (highk s e
|DF Current event u
Mext event 100

= Previous event Su

Simulation > ll u | I“| ..I‘ +| -‘
Step time: |Tu 7

Start addresz: |00 x Cancel ? Help ‘
Stop address: |OF :

¥ Fepeat pattemn

?  Help ‘

Puc. 14.17. OxHa HaCTpONKM TeHepaTOpa YKCEN U MOIIaroBoro

yIIPaBJICHUS
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Tab6mauma 14.8.
ABCD [ Q0| Q1][0Q2]0Q3]0Q4] Q5] Q6] Q7 Q14| Q15
0000 0 1 1 1 1 1 1 1 1 1

1111

b. UccnenoBanue TPUTTEPHBIX CXEM

8. CoOpatp cxemy RS - Tpurrepa Ha JOTHYECKHX 3JIEMEHTax
2UJIN-HE (puc. 14.18). Ko Bxogam Tpurrepa noakmouatorcs High-
Low Switches.

R
SW-HL1
E_"\ 2 U1 SN7402

i U2 SN7402
SW-HL2 s NQ

E_'-\- 3 =1 D;I'_.—"_(

Puc. 14.18. RS-tpurrep Ha sanementax 21NJIN-HE

9. Jlnsa nccnenoBanms MUQPPOBBIX CXEM B HHTEPAKTHUBHOM PEXKH-
Me OTMETHTH rajoukoii Interactive — Digital u BeiOpats Start. ITepe-
KJTI0Yasi CUTHAITBI Ha BXOJaX R 1 S B COOTBETCTBUU ¢ TabiuIel mepe-

xo0110B RS - Tpurrepa 14.9, 3anucaTh noiydeHHbBIE COCTOSIHUS BBIXO/I-
HBIX CUTHAJIOB.

Tabnuma 14.9

Qn Qn+1
0 0

o)

OlrrOoWw;

O Of:
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[Tpumeuanwe: 3HakoM (-) 0003HAUCHBI O€3pa3IMUHbIC 3HAYCHUS
BXOJIHBIX CUTHAJIOB.

10. CoOpate cxemy D -tpurrepa (puc. 14.19). Hcnonas3oBath
Mmoens Tpurrepa D-tpurrepa u3 nanemu Flip-flops.

11. 3amycTuth MHTEpaKTUBHBIA pexxkum Interactive — Digital —
Start. IloctaButh k04 E B BepxHee monoxenue. VI3MeHsIsi cUTHATIBI

Ha Bxogax R, S, D m C B cooTBeTCTBHM C TaOJHWIIEH MEPEXOJI0B
14.10, 3anucaTh MOJy4YEHHBIE COCTOSHUS BBIXOIHBIX CUTHAJIOB.

] L1
E U1 SN7474

. 2 2
Dl g

C >
o 5k
L

L2

Puc. 14.19. Cxema D-tpurrepa

Taomuna 14.10

D C Qn Qn+l
- - 0 1

0 I
! I
Ecmu BXO/JbI R u S HaxoaATCsd B HCAKTHBHOM COCTOAHHU

(R=S =1), To no nepenHeMy (GpOHTY TAaKTOBBIX UMITYJIbCOB Ha BXO-

ne C mpoucxoIuT 3amuch B TPUITEP CUTHAJA C BX0/a TaHHbIX D.

12. Tlepexntouuth kou E B HukHee nonoxkenue. [Ipu sTom Ha
BXx0J D-Tpurrepa noctymaetr WHBEPCHBIA CUTHAJ C BBIXOJA. Y CTaHO-
Buth R=1S =1. [lepexmtouas kimou C, yOeIUTHCS B TOM, YTO KaxkK-
IbI TAKTOBBIA UMITYJIBC IEPEAHUM (PPOHTOM MEPEKITIOYAET TPUTTED B
IPOTUBONOJIOKHOE cocTossHUE. [Ipu 3Tom D-tpurrep BbImONIHSET Ae-

R PO |
R PR O|W,)
1
1
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JICHUE TaKTOBBIX UMMYJbCOB Ha 2. Takoi pexxum paboTsl D-Tpurrepa
HAa3bIBAIOT CUETHBIM.

13. CoOpatb cxemy JK- Tpurrepa (puc. 14.20).

U1 SN7476

= 15

19 14

L3 L°

Ers
[®]

Puc. 14.20. Cxema JK-Tpurrepa

N3MeHsis o10KeHre KITI0Ue, 3aM0IHUTh TaOJIHUITy TIEPEX010B
JK - tpurrepa 14.11.
Tabnuna 14.11

ﬁ S_ J K C Qn Qn+1
1 0 - - -
0 1 - - -
1 1 1 0 _I_
1 1 0 1 _I_
1 1 1 1 _I_

OOparuTe BHUMaHHUE HA TO, YTO IPHU R=S=J=K=1 3aJHUN
(GPOHT KaXJ0ro TAaKTOBOTO MMITyJibca mNepekitouaer JK - Tpurrep B
MIPOTUBOIIOJI0KHOE COCTOSTHUE M TPUITEP padOTaeT B CUYCTHOM PEKHU-
Me. 910 ocHOBHOE oTinnuue JK-tpurrepa ot RS-tpurrepa.
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B. UccnenoBaHue IBOUYHOTO CUETUHUKA

14. Cobpath cxemy ABOMYHOrO cueTunka Ha D - Tpurrepax (puc.
14.21). Ha cueTHBII BXOJ MOKHO MMOJIaBaTh UMITYJIbCHI OT Kitoua C.
15.3anycTuth WMHTEpAKTUBHBIN pexum Interactive —Digital-

Start. Ilepexmtounts karou C B BepxHee nmojoxeHue. Kirouamu S u
R ycTaHOBHUTH HyJIeBbIe COCTOSHHS Ha BCEX BBIXOJAX TpHITepoB. ITo-

ClIe ITOTO MePeKIIOUNTh KModl S u R K yposuo H. MHOrokparHo
nepekitouarh kiod C, GopMHUpPys BXOJIHBIE CUETHBIE UMIYJbCHI, pe-

TUCTPUPOBATH COCTOSIHUE BBIXOJOB TPUTTEPOB. 3alOJHUTHh TaAOIHILY
14.12.

Q1 ~]J Q2 Y Q3 k]J Q4 ~14
B
L1 e L2 $—e L3 O——n L4 O—e
' [ | Y o s Y e e | R
G Dlo af— 4510 af— Hoa af— 4510 af—
O —% By i A
1o Qi 1o Qi 1o o 1o i
C1 - - - -
—( U1 SN7474 U2 SN7474 U3 SN7474 U4 SN7474
[lusion 7

Puc. 14.21. Cxema nBonyHOTO cueT4ynka Ha D- Tpurrepax
Taomuna 14.12

N 7w, Q1 Q2 Q3 Q4
0 0 0 0 0
15

IIpoBepuTh COOTBETCTBHME JBOMYHBIX KOJOB Ha BBIXOJaX
TPUTTEPOB HOMEPY CUETHBIX UMITYJIHCOB.

16. Kimrouom G coeaMHUTL CUETHBIM BXOJ CUETYMKA C UCTOYHU-
KoM muMmITysibcoB Pulse source. YcranoButk Rise time = 10n, Output
Voltage =5. OtkpbeITh OKHO Pattern u ycTaHOBHTH YPOBHH U MOMCH-
ThI IEPEKITFOYEHUS] UMITYJILCOB B MOCIIEIOBATEILHOCTH 1MC, 2MC | T.J.
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1o 16mc (puc. 14.22). D1oT 111abI0H UMITYJILCHOM ITOCIIEI0BATEIBHO-
CTH MOYKHO COXPaHSTh U 3arpy>kaTh U3 NaMITH KOMIIBIOTEPA.

U6 - Pulse source B Set Moments 8 Levels &
Label UE
Faatprint Mame 1 Usage Values i Add New
Parameters [Paraneters] [Defaut Lo
FRize time 10n Moment #1 1 1m Bemove Last
[Pattern Pattem | Lavel #1 Hidh
Dutput Vol 5 2 &
SR IR O Moment #2 | 2m
Level #2 Law Clear
Moment #3 | 3m
Level #3 High Load
Moment #4  4m
Level #4 Lo Save bz
Moment #5  Bm
o 0K | X Carcel ‘ P Hep Level #5  |High W Fepeat
A Moment #6  Em -
x Cancel ? Help |

Puc. 14.22. OxHa yCTaHOBKH MapaMeTPOB UCTOYHUKA UMITYJIb-
COB

Briopats pesxxum Analysis — Transient, ycranosuts Start display
= 0, End display = 40 m u mnoayduTh BpEMEHHBIC JHArpaMMBbI
BXOJIHBIX HMITYJIbCOB M CHTHAJIOB Ha BBIXOJaX cueTdrka (puc. 14.23).

5.00— —
Ct ]

0.00—
4.00—

Q1 R

0.00—— =
4.00—

Q2 ]

0.00— —
4.00—

Q3

0.00
4.00—

Q4

e e e LI R I

0.00 10.00m 20.00m 30.00m 40.00m
Time (5)

Puc. 14.23. BpeMeHHbIE JuarpaMMbl IBOMYHOTO CUETYMKA
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JlomamHee 3agaHueE

1. HapucoBaThb BCE€ CXEMbl HCCIEAOBAHHBIX JIOTHYECKHUX
AJIEMEHTOB.  3amucaTh  JIOTUYECKHE  BBIPAKEHHS, TaOJINIIBI
WCTUHHOCTH, IIOJIYYEHHBIE OKCIECPUMEHTAJIbHO, W MPOBEPUTH UX
B3aMMHOE COOTBETCTBHE.

2. HapucoBarh uCCieIOBaHHYIO B ILI. 4 U 5 KOMOMHAIIMOHHYIO
CXEMY, 3aIlicaTh TaOJIUIly HICTUHHOCTH 1 JIOTHYECKOE BhIPAKCHHE.

3. Ommcarp npwHIUAN pabOTBl W METOJWKY HCCICIOBAHUS
nemudpaTopa Ha MUKpocxeme 74159.

4. HapucoBarb BC€ HCCIEIOBAHHBIE CXEMbl TPHUITEPOB,
OOBSICHUTh Ha3HAYCHHWE BXOJIOB, MPHHIIAI pabOThl, COCTaBHUTh
JIOTUYECKUE YpPaBHECHUS (G YHKITMOHUPOBAHUS, MMOCTPOUTH
AKCIIEpUMEHTAabHbIC TAONHMIIBI IIEPEXOJIOB W  IIPOBEPUTh  HX
COOTBETCTBHE YPAaBHCHUSAM (PyHKITHOHUPOBAHUSI.

5. HapucoBars cxemy HCCIEIOBAHHOTO JIBOMYHOTO CUETYMKA,
OnucaTh MPUHLUMUI PadOThl U METOJMKY HCCJICIOBAHUS, MOCTPOUTH
OCHMJJIOTPaMMBbI BBIXOJHBIX CUTHAJIOB.
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