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B cpene pa3paboTunkoB M mccienoBaresield B Pa3NYHBIX HAINPABICHUAX HAYKH M TEXHUKH IIHMPOKO
MPUMEHSIOTCS. CPECTBA MOJIEITHPOBAHMSA, CIIOCOOHBIE OTPaXaTh M JIOTHKY C OIIMOKaMH U MPEACTaBIsTh aHa-
JIOTOBBIE W IM(POBBIE yCTPONCTBA, a TAK)KE YJacTBOBATh B OC30IIMOOYHOM MNPOEKTUPOBAHWH KPYIHBIX U
coxHBIX cucteM. [npoko BHeAPsrOTCS 3((EKTUBHBIE METOBI aBTOMATH3UPOBAHHOTO MOZIEIMPOBaHus [ 1].

[TporpaMMBI-UMHTATOPB! CTaIW HE3aMEHHMBIM WHCTPYMEHTOM B paboTe mpo()eCCHOHANBHBIX JIEK-
TPOHIIUKOB. B HacTosimee Bpemst CyIIeCTBYeT HENbIH P MOACTHUPYIONMX MIPOTPaMM, M IPAKTHIECKH BCE
onu co3nansl Ha ocHOBe SPICE, koTopast 6pi1a pa3paboTaHa criennaincTaMi YHuBepcuTera bepkimm [2].

SPICE sBisieTcst mporpaMMOi I CXEMOTEXHUYECKOTO MOJCIHPOBAHUSA C OpPHEHTAIMeH Ha HWHTe-
TpaJbHBIE CXEMEI, BIIEPBBIC BHITYIIICHHBIN U3 yHUBepcuTeTa Kamdopranu B bepkiu B Hagane 1970-x ronos.
Ho cymectBoBanust SPICE wmmxeneps! pa3padboTaiu cXeMbl BpYYHYIO, BO3MOXKHO, C TIOMOIIBIO JOTapu(Mu-
YECKOW JTMHEHKHU U KabKymsaTopa. [IpoToTun ObLUT HOCTPOCH ¢ OPUTHHAIBHBIM AU3aHHOM, a €T0 MPOU3BOIH-
TEIBHOCTb OLICHUBAETCA LENeN qu3aiHepa.

Pa3paboTka MHOTHX U3 cXeM ceromgHs Opu1o 061 HeBo3MOXkHO Oe3 momomm SPICE. Yacto anamoro-
BBIE CXEMBI COIEPKAT COTHH WM THICSYM YCTPOHCTB. [IpoekTnpoBaHue M aHAIW3 BKIIOYAIOT HOMCK pelle-
HUH ypaBHEHHH. DTH ypaBHEHHUS MOTYT OBITh IIPOCTHIE anreOpandeckue GopMy WIH IPUBICKATH HEITHHEH-
HBIX An(epeHINaIbHbIX ypaBHEHUH. [IpOTOTHIIBI ele MOCTPOCHBI, YTOOBI M3MEPHUTH IPOU3BOJHUTEIb-
HOCTb, HO, YYUTHIBAsI 3aTPaThl pabOTAET B COTHU THICSY JOJIIAPOB, UCTIOJHEHUE JOIDKHO OBITH BO MHOTOM
MIPEABOCXHUTHIIA Yepe3 KOMITBIOTEPHOTO MOJIETTMPOBAHMS 10 M3TOTOBIICHNMS IPOTOTHIIA HAaunHaeTces [3].

CXeMOTeXHHYECKOe MOJIETTMPOBAaHNE Pa30MBACTCs Ha JTAIlbl, BBIMOJHEHNE KOTOPBIX HANPABICHO Ha
pemrenue chopMyIHpoBaHHON 3amaun[4].

PaccMoTpum conepikaHue 3TarnoB noapooHee.

1. Pa30ueHue 3JIeKTpHYecKOil cxeMbl Ha (PYHKIHOHATbHBIE Y3Jbl. [IpoekTHpOBaHMHE CXeM, Kak
NpaBWiio, BeleTcsl 10  (YHKIMOHAIBHO-Y3JIOBOMY NPUHIMITY, TOITOMY U CXEMOTEXHHYECKOE
MOJICTIMPOBaHKE JIOTUYHO IIOCTPOMTH TakUM ke oOpazoM. Ilpm 3TOM snekTpuyeckas cxemMa Kakaoro
(DYHKIMOHAJIBHOTO y371a JIOTOJHSETCSl UCTOYHHKaMHM BXOJHBIX CHTHAJIOB W COINPOTHBIICHHEM Harpy3KH.
31ech He0OX0AUMMO TIOMHHUTB, YTO TAKOH MOIXO0J K MOJICIIMPOBAHUIO aBTOMATHIECKH ITPUBOIUT K IPUHSTHIO
JIOTYIIEHHsI 00 OTHOHAINPABJICHHOCTH PACTIPOCTPAHEHHUS SJIEKTPUIECKUX CUTHAJIOB B cXeMe [4].

B npakTryeckoM CMBICIIE 3TO O3HAa4aeT, YTO0 (PyHKIMOHAIBHBIE Y3JIbl CXEMBI HE BIMSIOT Ha paboTy
ApyT Apyra.

2. IoaroroBka MCXOAHBIX JAHHBIX JUIsl pacdera. [loAroToBKa MCXOMHBIX JAHHBIX IJISI pacdeTra
MIPOM3BOANTCS B COOTBETCTBUH C TOKYMEHTAMEH HA CHCTEMY CXEMOTEXHUIECKOTO MOCINPOBAHUS.

Kaxk npaBuiio, ncxogHbple JaHHbBIE AT pacdeTa ACJSITCS Ha [Ba pasjena:

-onHcatenbHas nHpopManus 00 3IEMEHTaX U UX MEKCOSINHEHHSIX B JJISKTPHUECKO cXeMe;

-3aJIJaHNE Ha pacdeT, BKIIOYAIOIIEee BU/I pacyeTa U OIMCHIBAIOIIEE €r0 MapaMeTphI.

K ocHOBHBIM BHaM pacuyeTa OTHOCSATCS:

-pacuer B cratmueckoM pexume (DC), T.e. onpenenenne HaNpsHKEHUH, TOKOB, MOIITHOCTEH B MOMEHT,
KOTZIa BCE IEPEXOAHBIE IPOIIECCH B CHCTEME YCTaHOBHIINCH;

-pacdet nepexonHbIX mporeccoB (Transient), T.e. onpeneneHne HAIPSHKEHNH, TOKOB, MOIITHOCTEH KaK
(hyHKIMI BpeMeHH B quana3zoHe ot t=0 mo t=TkoH;

-pacuet gactoTHbIX (AC), T.e. onpenencane AUX, ®UX, JIAUX B muamazoHe ot f=ma4 no f=KxoH.
[Tpu 3TOM cxema MOJENUPYeTCs B PEXKIME MaJIoTo CUTHaA [4].

Bornpiryro posb mpH BBITOJIHEHUH 3TOTO 3Talla UTPAeT MPaBHIIbHAs TIOCTAHOBKA 33Ja4M pacdera, KO-
TOpast OTpaXKaeT KOMIIPOMICC MEXITy KETaHHEM pa3pabdoTUNKa U BOSMOXHOCTSIMH CHCTEMbI CXEMOTEXHHIE-
CKOTO MOJICINPOBAHUSL.

3. Pacyer 3JjieKTPHYECKHX XaPaKTePUCTHK (YHKIMOHAJIBLHOIO Yy3Ja. DTOT 3Tal MHOJHOCTHIO
BhITONHAETCSI DBM, KOHTpONHpYETCs OIepaTopoM.

B ocHOBe BBITIOTHEHHS 3TOTO 3Tala JEXHUT MAaTeMaTH4ecKas TOMOJOTHYECKas MOJAENb JJIEKTpHde-
CKOM cXeMBbl, COpMHUPOBAHHAS HAa OCHOBE MOJENEH 3JIEMEHTOB U CXeMbI X coeanHeHus. Ha ocHoBe Tomo-
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JIOTHYIECKOW MOJENHN y371a CTPOMTCS] €r0 aHATMTHYECKas MOEb, KOTOpas MPEJCTaBIsAeT co00i cuctemMy
ypaBHeHHUH. CyIecTByeT ABa OCHOBHBIX METOZA MEpexo/ia OT TONOJIOTHUECKON MOAENN CXEMBI K €€ aHaJH-
THUYECKON MOJENHN — 3TO METO/] IIEPEMEHHBIX COCTOSHUS U METO]] Y3JI0BBIX NMOTeHINaN0B. OCHOBHBIE 0CTO-
WHCTBA W HEIOCTATKU 3THX METOJIOB TOAPOOHO pacCMOTpPEHBI B JUTEpaType. MBI XKe JINIIb KOHCTAaTHPYEM,
YTO B OOJBIIMHCTBE MCIIONB3YEMbBIX Ha CETONHSALIHMI JICHb MOACHUCTEMAaX CXEMOTEXHHYECKOTO MOJEIHPO-
BaHU, B TOM YHCIIE B CHCTEME Spice, IPUMEHSIETCSI METOI Y3JIOBBIX TIOTEHIIMAIOB U ero Moaudukanuu [4].

B mporecce BRIOTHEHUS 3TOTO 3Tala BO3MOXKHO TOIYYeHUI cooOmeHunit 00 ommbKkax, KOTOPBIE Je-
JSITCS Ha 1B€ OOJBIINE TPYIITBI: CHHTAKCHYECKHE OLUIMOKH U JIOTHIECKUE OIITHOKH.

K cuHTaKCHUeCKHM — OTHOCSTCS OLIMOKH, MOSABUBIINECS W3-3a HAPYIICHHS MPABUII SI3bIKA OMMCAHHS
CXEMBI WM 3aJaHus Ha pacdeT. K JIOrHIecknM — OTHOCSTCS OIIMOKH, MOSBUBINNECS M3-332 HAPYIICHUS JIO-
THKH OITUCAHUS JICKTPHUUECKOI CXEMBI, HapuMep HEMPaBIIbHAS HyMEPALHsI y3/I0B JIEKTPHUECKOM CXEMBI.

B pesynbrare BBINOIHEHHS 3TOTO 3Tana MOJIB30BATENb MONYyYaeT PAcUETHHIE 3HAUECHHS XapaKTepH-
CTHK B BHJIE TaOIHI U TPaQHKOB.

4. AHAJIM3 MOJYy4YeHHBIX Pe3yJabTATOB pacyeTa JIEKTPHUYECKHX XapAKTEPHUCTHK.

AHanu3 NMoJy4eHHBIX Pe3yJIbTaToOB paciyeTa MPOBOAUTCS 110 IBYM IO3HIIUSIM:

1. KadecTBeHHas OlLICHKA aIeKBATHOCTH MaTeMaTH4ECKON MOJIENTN CXEMBI IPOEKTUPYEMOI CXeMe.
2. KonuuecTBeHHas OICHKA MOJTYYEHHBIX PE3YJIbTaTOB pacyeTa U COOTBETCTBUE UX TPEOOBaHUIM TEXHUYE-
CKOTO 3a/1aHMS.

B pesysprare aHanM3a Mo MepBOH MO3ULHMHU pa3pabOTUUK JODKEH BBIICHUTD, IPABUIILHO JIM MaTeMa-
TUYECKask MOJIENIb CXEMBI OTPa)KaeT €ro MPEeACTaBICHUS O MPOSKTUPYEMOH cxeMme. M eciin HelpaBUWIbHO, TO
pas3obpatbcs, moueMy 310 npousouuto. OCHOBHBIE IPUUUHBI HEMPABUIBHOTO MOBEACHHUS MaTeMaTH4ecKOH
MOJIEIIH, PACTIOIOKEHHbIE M0 YOBIBAHUIO YaCTOTHI HX MOSBIICHUS, CIIEIyOLIHE:

-HaJIM4ue JJIOTMYECKUX OMINOOK B ONMCAHUH MOJIETTHPYEMOM CXEMBI;

-HENpaBUIbHOE IPUMEHEHUE MOJIENIEH KOMIIOHEHTOB 3JIEKTPHUYECKOM CXEMBI;

-MaTeMaTHYecKoe 00eCIIeueHNE CUCTEMBI He IPUTOHO [T MOJIETTUPOBAHMS PACCMATPUBAEMON CXEMBI.

B pesynbrare aHanu3a 1o BTOPOH MO3ULMHU, HEOOXOANMO IOJyYEHHBIE BBIXOIHBIE XapaKTEPHCTHKH
IPOBEPUTH Ha COOTBETCTBHE TPEOOBAHUSM, PETIAMEHTUPOBAHHBIM B TEXHHYECKOM 3aJaHMU Ha MPOEKTH-
pyeMylo cXxeMy U B TEXHHUYECKHX YCIOBHAX Ha MPUMEHSIEMYIO dJIeMEHTHYyIo 0a3y. B ciyqae HeynoierBo-
peHHs XOTs OBl OTHOTO M3 3TUX TPeOOBaHUMN, HEOOXOIUMO CKOPPEKTHPOBATH AIEKTPUIECKYIO CXeMy (M3Me-
HUTb 3HAYECHUs NIapaMETPOB €€ JJIEMEHTOB WM CHENaTh CTPYKTYPHbIE U3MEHEHUs CXEMbI) U MPOBECTH IIO-
BTOpPHOE MOJETUpOBaHue [4].

KoHcTpyHnpoBaHue, M3rOTOBJICHHE M HajaJKa MCTOYHUKOB ITMTaHUS MMeEET CBOM cHeuuduueckue
ocobenHocty. Harmpumep, aBapus HCTOYHUKA M BBIXOJ U3 CTPOSI €0 JIEMEHTOB IPOMCXOIUT 32 THICSYHBIE
JIOJIM CEKYH/JIbI, YTO MIPAKTHUECKH HE AaeT IIaHCa PACCMOTPETh €€ IIPUUMHBI U TOCIEI0BATENbHOCTb.

B sToM ciyyae MHOTHX IPoOIeM MOXKHO M30€XkKaTh, €CIIU MPEABAPUTEILHO CMOJEIHPOBATh PadboTy
CXEMBbI HCTOYHHUKA. MoIenpoBaHie 03BOJISIET:

-IIPOBEPATH PAabOTY IEMEHTOB MCTOYHHUKA MUTAHUS B KPUTUUECKUX PEKHMaX;

-TIPOU3BOAMTH 3aMEpbl, KOTOpble OOBIYHO MPOOIEMATHYHBI MM J1a)ke HEBO3MOXKHBI Ha pPEabHOM
YCTPOMCTBE;

-YyTOYHSTH ¥ ONTUMHU3HPOBATh Pe3yibTa-

Thl NPEABapUTEIbHBIX PACUYETOB, a MOPOM 3KC-
MEPUMEHTAIBHO MNOAOHpaTh IapaMeTphl 3Je-
i MEHTOB U PEKHMBI pabOThI CXeMbl [S].
B J Ho nmpu MopenupoBaHuM cXeM CBapoy-
KFJ Wy H HBIX MCTOYHHUKOB MHUTAaHWUS BO3HMKAET P 3a-
N u ' nau. Tleppas 3a1a4a — MOJIETMPOBAHUE TIOBEJIE-
fi HUs Ayru. JIJs perieHus 3TOi 3aJauu UCIIONb-
3YIOT CXEMBI 3aMEILEHHUS TyTH.

CrenaHo  TpeaIooXKeHHe, 4YTOCBapKa
MPOU3BOAUTCS IUIABSIIUMCS  SIEKTPOIOM, 4YTO
Jlyra TOpUT CTallMOHAPHOU 3aMbIKaHUH ITyrOBOTO
MpOMEXyTKa Karuied He mpoucxomut. Ha puc. |
NpHUBEJCHA OJJIEKTPUYECKasi CXeMa 3aMeIleHHs
SHEPreTHYECKON CUCTEMBI «HCTOYHHMKIUTAHUS -
Iyra». MICTOYHMK NMHUTAaHUS HE MMEET KOPPEKTH-
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Puc. 1. Cxema 3amerieHns SHEPreTHIeCKOW CUCTEMbI
«UCTOYHMK MUTaHUA — ayra». RO - BHyTpeHHEee co-
MPOTUBIIEHUE reHepaTopa; R - pesuctuBHOE compo-
TUBJICHHE CBAPOYHOTO KOHTYPA, BKIFOYAIOIIEE U CO-
MIPOTHUBIICHHUE BBIIETA ANIEKTPOAa; L— MHIyKTHBHOCTD

CBapoOYHOTO KOHTYpa [7]
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pyIoIHX oOpaTHbIXCBs3eil. Jlyra 3amMellieHa HelMHEHHBIM PE3UCTUBHBIM CONpOTUBIEHHEM Ry[6].
VYci1o)KHEeHHas cXeMa, 3T0 100aBIeHne K CONPOTHBICHUIO KaTYIIKH HHAYKTUBHOCTH, KOTOpas BHOCUT
WHEPITMOHHBIC CBOMCTBA (puUC. 2).
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o

Puc. 2. Cxema 3amemeHus AYTU COMMPOTUBJICHUCM U KaTyIHKOﬁ HWHAYKTUBHOCTH

Taxxe, ecTh cxema 3amerneHus nyru 1o crmocody C.U. TenpHOTO, IPH KOTOPOM JIyTa MPeJCTaBIsICT-
cs B BHJIE TIPOTUBOJ/IC, HE OKA3BIBAIOIINM BO3ICHCTBUS HA OONIYIO Hemb (puc.3).
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Puc. 3. Cxema 3amemmenus xyru mo criocody C.1. TensHOTO

Bropas 3amaya — 3TO HEMMHENHOCTH MOBEACHUS PA3IMYHBIX KOMIIOHEHTOB CXEMBI, K IPUMEpY HEIH-
HEWHOCTH MoBesieHusI B pabote TpaHchopmaropa (puc.4 a). Ho nmporpamma LTSpice no3Bossier 3anarh Heln-
HEeWHYIO MHIYKTHBHOCTB 1 OOJIee peasTICTUIHO CMOJICITMPOBATh IIOBEACHUE NCTOYHHKA ITUTaHUs (puc.4 0).
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Puc. 4. MogenupoBaHue MaJOMOIITHOTO HCTOYHHKA MOCTOSIHHOTO TOKA C JINHEHHBIM
(a) m HeMMHEHHBIM TpaHchopMaTopoM (0)

HpOl’“paMMLI CXEMOTCXHUYCCKOI0 MOJCIUPOBAHNA MOTYT HMCIOJb30BATHCA MIPHU PACUCTEC UCTOUYHUKOB
MUTaHUA AJI1 UMITYJIbCHO Z[yFOBOﬁ CBApKHU, KOTOPBIC BCC OoJIblIe Haxo4dAT MPpUMCHCHUA B IMPOU3BOACTBE
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CBapHBIX KOHCTPYKLMH. MMITyIbCHO-IyroBasi cBapKa MO3BOJISET YIPABIATH IEPEHOCOM SJIEKTPOIHOTO Me-
Tajula BO BCEX NMPOCTPAHCTBEHHBIX ITOJIOKEHMAX [8], CBapMBATh TOJICTOJIHMCTOBBIE KOHCTPYKIHU B Y3KYHO
paszenky [9,10]. IIpu 3TOM BO3pacTaroT MeXaHHYECKHE CBONCTBA CBAPHBIX COCAWHEHHUHN MIPH IKCIDTyaTalluH
WX TIpH HU3KUX TeMIIepaTypax npu Hem3MeHHOM KadecTtBe[11].

[Tpy IpOEKTUPOBAaHNH MCTOYHUKOB MTUTAHUS U UMITYJIbCHO-IYTOBOW CBapKH MMeeTcs psif 0coOeH-
HOCTei. VICTOUHHMKM MUTaHMS U1 MMITYJIBCHO-IYTOBOI CBapKH IOJDKHBI OOecIieyrBaTh KaK CTaOHIBHOCTH
camoro mporecca cBapki [12], Tak popMupoBaHue mBa TpeOyeMbIX mapameTpos [13].

B mporpamme LTSpicelV Opia mocTpoeHa cxema YCTPOWCTBA ISl HMITyJIECHO-IYTOBOH CBapKH Ha
0a3e MOIYISATOpa, MCIIONB3YIOMIETO BBUICT AJIEKTPOJHOW MPOBOJOKH IJIsi OOECIeYeHUs] TOKa may3sl [14].
brumn paccunTaHbl HEOOXOOUMBIE KOMIIOHEHTHI JJIsl 0OecriedeHust TpedyeMoil GOpMBI U IITUTEBHOCTH UM-
mymnbea (puc.5).

mice IV [mocdelaw]
L Ble EoR Hersrchy View Simuiate Jooks Window Help NI
2@ B RFOROQARIEGERE S RRM OB/ LB+ I ZDBOD G

Puc. 5. Cxema ycrpoiicTBa Ha 6a3e MOAYJIATOPA, UCTIONB3YIOIIAs BBUIET AJIEKTPOAHOM IPOBOIOKH
JUisl 00eCTIeYeHUsI TOKa T1ay3bl

B nanbHeiimem cam mporecc O0bu1 cMonenupoBad B iporpamme MathCAD, onpenenieHbl paioHab-
HBIE PEXUMBI U paccYMTaHa’Heprodp(eKTHBHOCT MpeIoKEeHHOro ycTpoiictBa [15]. YcTpoiictBo ObLIO
co3zaHo u arpobupoBaHo B naboparopun IOTU TITY [16].

[TpuMeHeHne nporpamm, CUMYJIHPYIOLIMX paboOTy 3JIEKTPOHHBIX CXeM, O3BOJIET 0e3 OONbIINX Ma-
TepUaJIbHBIX ¥ BPEMEHHBIX 3aTpaT MOAEINPOBATh UCTOYHUKU NMUTAHUS U JPYrHe YCTPOWUCTBA AJISI CBAPKH,
obecrieynBaroye HeoOX0UMbIe IIapaMeTpsl poLuecca.
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TomcKo20 nOIUMEXHUECKO20 YHUBEPCUNEnd
Kemeposckas o6x., 2. FOpea, ya. Jlenunepaockas, 26
E-mail: egor83@list.ru
3D-npuHTEp - YCTPOICTBO, UCHOMB3YIOMIEe METO] IIOCIIOMHOTO CO3MaHUS (PH3MIECKOro 0OBEKTa IO
mudposort 3D-monenu. 3D-meyaTe MOXKET OCYIIECTBIATHCS PAa3HBIMHU CIIOCOOAMH U C UCIIONB30BAaHUEM pa3-
JIMYHBIX MaTEPHAIOB, HO B OCHOBE JIFOOOTO M3 HUX JISKUT IPHHIMI ITOCTIOHHOTO CO3IaHus (BBIPAIIMBAHNS)
TBEPIOTO 00BeKTa. TEXHOJIOTHH, TPUMEHSIEMBIE U CO3IaHUS CIIOCB:
e JlazepHas:
1. Jlazepnas cmepeonumoepaghuss — ynbTPpa(UOICTOBBIN JIa3ep MOCTECIICHHO, IHKCEIh 32
MUKCEJEeM, 3aCBEUMBACT XXUAKUN (oTomonmmep, b0 GOTOnoNMMep 3aCBEUMBACTCS YIIbTpa-
(hroseToBOI JIaMmIoN Yepe3 (OoTomAa0I0H, MCHSFOIIUICS C HOBBIM CJI0eM. [Ipu 3TOM KUAKHUN
MOJIMMEp 3aTBEPIEBACT U MPEBPAIIAETCS B TOCTATOYHO NMPOYHBIH IUTACTHK.

2. Jlazepnoe cnnasnenue — TPU ITOM JIa3ep CIUIABISCT MTOPOIIOK M3 METaJlIa MIIH TUIACTHKA,
CIIOH 3a cJI0eM, B KOHTYp OyAyIleH aeraim.
3. Jlamunuposanue — neTanp co3gaéres w3 OOJBIIOrO KOMUYECTBAa CIOEB pabodero mare-

pHana, KOTOPbIC NOCTENICHHO HAKIIAABIBAIOTCA APYT Ha ApyTra W CKICHBAOTCA, IPH 3TOM J1a3€p
BBIPE3AET B Ka)XKJJOM KOHTYpE CeueHHs Oy IyIieit neranu.

e CrpyiiHas:

1. Crkreusanue unu cnexauue nopomkoo6pa3H020 Mamepuana — IIOX0KE Ha JIa3€PHOEC CIIEKaHUuE,
TOJIbKO NOPOHIKOBass OCHOBa (noz[qac Ha OCHOBE HM3MEJIbUYEHHOU 6yMaFI/I HJn HeJ’IJ’IIOJ'IO3I>I)
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