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Jlexkuus 1

OBIIASA XAPAKTEPUCTHUKA ITPOI'PAMM KOMIIBIOTEPHOI'O
MOJEJUPOBAHUS SJIEKTPOHHBIX IENEN

Il1an

1. Beeneunune

2. O011ast XapaKTepUCTHKA MTPOTPAMM CXEMOTEXHHUYECKOT'O MOJICTUPOBAHUSI
3. I'pad snexrpuueckoit enu. Tonmogorn4eckre MaTPHUILhI

5. BeiBoabl

1. Beeaenue

KomMmnproTrepHoe MoOJENIMpOBaHHE SIBIIIETCS B HACTOAIIEE BPEMs BayKHEWILIEH
COCTaBHOM YaCThIO NpOILlECCa MPOEKTUPOBAHUS JIIEKTPOHHBIX YCTPOMCTB. ITO
OOBSCHSETCS CIIEIYIOIIMMHI O0CTOSITEIbCTBAMMU.

1. Heo6xoaMMoOCTbIO COKpalIeHUsI CPOKOB pPa3pabOTKU HOBBIX 3JIEKTPOHHBIX
YCTPOKCTB. B mepByro odyepenb 3TO KacaeTcs MHTErPAIBHBIX CXEM, TOCKOJIBKY
¢usuueckoe monenupoBanre WNC cBg3aHo ¢ OONbIIMMHU MaTepHAIbHBIMU
3aTpaTamH.

2. Hamuuuem 53¢ EKTUBHBIX aNrOPUTMOB U NPOrpaMM  KOMIBIOTEPHOTO
MOJEIUPOBAHUS INEKTPUUECKUX LIETIEN.

3. PasButoifi Teopueil MaTEMaTUYECKOTO  MOJEIUPOBAHUS  DIIEKTPOHHBIX
KOMIIOHEHTOB.

CoBpeMeHHBIE MPOTrpaMMbl  MOJEIIUPOBAHMS  AIEKTPOHHBIX uernei
MPEICTABIIAIOT BUPTYaJIbHbIE TAOOPATOPUHU, BKIIOUYAIOIIKE OOIIUPHBIE OMOIMOTEKH
ANEKTPOHHBIX KOMIOHEHTOB. OHM JAOT BO3MOKXHOCTb WHXXEHEPY MPOBEPUTH,
YIIOBJIETBOPSIET JIM CIPOCKTUPOBAHHOE YCTPOMCTBO TPEOOBAHUSM TEXHUYECKOTO
3alaHusA, KOIJa HCHOJB3YIOTCS pealbHble KOMIIOHEHTBI C XapaKTEPUCTUKAMH,
OTIIMYAKOIIUMUCA  OT  HACAIbHBIX.  MHOIME  MpPOrpaMMmbl  MO3BOJISIIOT
aBTOMAaTU3UPOBAaTh BCE CTAaAUU MPOEKTHUPOBAHUS JJIEKTPOHHBIX YCTPOMCTB,
BKJIIOYAsl IMOATOTOBKY HPHUHIMIIMAIBHBIX CXEM, MOJEIHPOBAHHUE IPOLECCOB B
aHAJOTOBBIX W IM(POBBIX LEMSIX, KOMIOHOBKY M TPAaCCHUPOBKY IEYaTHBIX ILIAT,
peAaKTUPOBaHUE U paclIupeHre OUOIMOTEK KOMIIOHEHTOB.

HeobOxonumbiM YCIIOBUEM TUIst 3¢ (HEeKTUBHOTO UCIIOIb30BaHUS
MOJEIUPYIOIINX POrpaMM SIBJIIETCS OHUMAHUE aJIrOPUTMOB, PEAIM30BAHHBIX B
porpaMMe€ W 3HAaHUE MPUHUUIIOB TIOCTPOEHUS MOJENEN  AIEKTPOHHBIX
KOMIIOHEHTOB. HenpaBuibHOE NMpUMEHEHNE MOJENEN KOMIOHEHTOB, HACTPOWKA U
WCIIOJb30BAHUE BBIYMCIUTENBHBIX AJTOPUTMOB MOTYT IPHUBECTH K MOJYYEHHUIO
OLIMOOYHBIX PE3YIBTATOB MOJEIUPOBAHUS.
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B kypce nekumii mno paucummuiuHe «KoMmbroTepHOE MOJEIMpPOBAHUE
ANEKTPOHHBIX LEMEe M YCTPOMCTB» M3ydalOTCS BONPOCHI aBTOMAaTU3ALUU
CXEMOTEXHUYECKOTO MPOEKTHUPOBAaHUSA DJEKTPOHHBIX I1ened. PaccMoTpensl
OCHOBHBIE  QJIFOPUTMBI,  HUCIOJB3yEMble B  COBPEMEHHBIX  MpOrpaMmmax
CXEMOTEXHUYECKOTO MOJIETUPOBAHUS: METOAbl (OPMHUPOBAHUS U  PEUICHUS
YpaBHEHH JIMHEHWHBIX Ienei, omnpeaeneHne paboynmx TOYEK HEITUHEHHBIX
PE3UCTUBHBIX IIeMeil, aHauu3 B YacTOTHOM O0OJacTH, aHaJU3 HEJIUHEWHBIX
JUHAMUYECKUX Ilened Mpu JACHCTBUU CUTHAJIOB IMPOU3BOJIBHOM (OpMBI, pacuer
YYBCTBUTEJIBHOCTEN, CTATUCTUYECKHUM aHaIu3 MpU 3aJaHHOM 3aKOHE HW3MEHEHUS
napameTpoB. PaccmoTpen IrOpuT™M  (PYHKIIMOHHPOBAHUS  MPOTPAMMBI
cxeMoTexHuueckoro moaenuponanus SPICE.

HeorpemneMol cOCTaBHOM 4acCThIO Kypca SBISAIOTCA LUK IPAKTUYECKUX
3aHATHH U KypcoBas pabora. B xoie mpakTHyecKuX 3aHSITHI U MPHU BHIOJHEHUU
KypcoBOi  paOOThl  CTYINEHThl  NPHOOPETAIOT  MPAKTUYECKHE  HABBIKH
KOMITBIOTEPHOT'O MOJICITUpOBaHus B cpeze PSpice.

Bri6op PSpice B kauecTBe OCHOBHOM MPOrpaMMbl 00YCIIOBJICH CJICAYIOIUMU
npuyrHamMu. Bo-miepBbix, PSpice B TedeHuwe psga JIET CUMTACTCS OSTAJIOHHOM
MPOrpaMMOM CXEMOTEXHUYECKOI0 MOJICIMPOBAHUS U IIUPOKO UCIOJIB3YETCS KaK B
MPOMBIIIIEHHOCTH, TaK W B Y4Y4EOHOM IMpoOIecce BEAyIIUX YHHBEPCHUTETOB. Bo-
BTOpbIX, aiaroputmMbl SPICE wucnonb3yroTcss mnpakTHUeCKHM BO BCEX APYrUX
nporpaMmax CXeMOTEXHHYECKOro MOJENUpOBaHus. HemanoBakHBIM SIBISETCS U
TOT (akT, 4YTO UMEIOTCS CBOOOIHO pACIpOCTpPaHSEMblE CTYIEHUECKHE BEPCHH
IPOrPaMMBI.

B wmarepuan Kypca BKIIOYEHBI B KauyeCTBE MPUIOKEHUNW ONUCAHUSA
HECKOJIBKUX MPOrpaMM aHallu3a JIEKTPOHHBIX 1enei — PSpice, Multisim, Circuit
Maker. B kadecTBe WMHCTPYMEHTa, WUCIOIB3YEeMOrO0 B XOJ¢ IPOBEICHUS
MPAKTUYECKUX 3aHIATHH, MOXET ObITh BbIOpaHa Jt00as U3 NEPEUUCICHHBIX
nporpaMm. BpiOop TOM wiaM MHOW HporpaMMbl OIpeAeNseTcs MpernojaaBaTesieM,
BEYIINM 3aHATHS.

Pexomenayemasi jaureparypa. [[ns yrinyOGrneHHOro M3y4eHHUs] OTIEIbHBIX
paszesioB Kypca MOXXHO PEKOMEHJI0BaTh Kiaccuueckue yueOnuku JI. Uya u I1.-M.
Jluna, M. Bnaxa m K. Cumarxama [12, 13]. Xopommum pyKOBOJACTBOM IS
HAYMHAIOIIUX 10 mporpamme Pspice siensercs kaura P. Xaiinemana [2]. Cuctemsl
Pspice u Micro-CAP noapo6Ho paccmotpensl B kuurax B. JI. Paszesura [1, 3]. s
MEPBOHAYAJILHOTO 3HAKOMCTBA C aJIrOpUTMaMHU aHalu3a OJIIEKTPOHHBIX Leneu
MO’KHO PEKOMEH/I0BaTh yucOHOe mocodue [7].

2. OOmasi XapaKTepHUCTHKAa MPoOrpamMmm CXeMOTEeXHHYECKOI 0
MO/ EeJIUPOBAHUA

B HaCTOALICC BpCMA Ha PBIHKC nporpaMMHOTO O6CCHC‘ICHI/IH,
NpCAHA3HAYCHHOI'O JII TIPOCKTUPOBAHHUA JSJICKTPOHHBIX ueneﬁ u YCTpOﬁCTB,



MOXHO HACUHUTAThb HOCCATKH CIICHUAJIHU3UPOBAHHLIX ITAKCTOB. HCpCLII/ICJII/IM
HCKOTOPBIC HanboJiee U3BECTHBIC IIporpaMMal.

IIporpamma Pspice. Ilporpamma sBisieTcs MOAMQUKAIMEH MPOrPaMMbI
aHanu3a sekrponnbixX 1eneit SPICE (Simulation Program with | ntegrated Circuit
Emphasis). B Hacrosiiiee BpeMs €€ CYMTAIOT ATAJIOHHON MPOrpammoi
MOJICJIUPOBAHUS BJEKTPOHHBIX Leneil M ycTpolcTB. Mopenu 3JIeKTPOHHBIX
KoMIioHEHTOB B popmate SPICE ucnosnb3ytoTcsi 60JbIIMHCTBOM APYTUX MPOTpaMM
CXEMOTEXHUYECKOTO MOJICIMPOBAHMUS.

B mepBeix Bepcusix PSpice ucxomHble TaHHBIE O 1N TOTOBWIHCH B
TekcToBo  (opme B Buue coucka coeauHeHui  (netlist).  PesymbraTh
MOJICJIUPOBAHUS TAKXKe MPEJCTaBIsUIMCh B TeKCTOBOU (opme. [lo3aHee nmosBuiuCh
rpaduueckue penakropel Schematics u Capture, mo3BossIONIMe CO37aBaTh |
pEelaKTUPOBATh  YEPTEXKHM TMPUHIMIUAIBHBIX cxeM. Schematics — siBisiercs
OJTHOBPEMEHHO YIPABISIONICH 000J0YKOW JJIs 3ammycka JApyrux Mmoayned PSpice.
JUis  mpencraBieHuss pe3yJbTaTOB pacyeToB B yIAOoOHOH dopme ClayKuT
rpadudeckuii nocruporieccop Probe. On BbIBOAMT Ha SKpaH TpauKH pe3yIbTaTOB
MO/ICJIMPOBAHUS U BBIMOJHSAET UX MAaTEMaTHYECKyI0 00paboTKYy.

ba3oBbiii HaboOp 3j7eMEHTOB PSPICe BKIIOUACT PE3UCTOPBI, KOHIICHCATOPHI,
WHAYKTUBHBIC  KAaTyIIKW, JAHOABI, OWIIONSIPHBIE  TPAH3UCTOPHI,  IOJEBBIC
TPaH3UCTOPHl C YIOPABIAIOMIMM P-N NEPEXOAOM M HM30JHPOBAHHBIM 3aTBOPOM,
JUTMHHBIC JTMHUH, ICTOYHUKH HAMIPSDKCHUS U TOKa pa3NIndHON (OpMBI. AHAIOTOBBIC
MHTErpajbHbIE CXEMbl, a TaK)K€ HEKOTOpble KOMIIOHEHTHI, TAKUE KAaK TUPHUCTOPHI,
MPEICTABIIAIOTCS MOJCXEMAMU, MTApaMETPbl KOTOPBIX 3a/1a€T MOJIb30BATENb.

[TepeunciarM OCHOBHBIC BUJIBI aHAIM3A, peair3yeMbie PSpice.

- pacyeT pexxuma 1o MOCTOSTHHOMY TOKY;

- pacyeT MepexoHBIX MPOLIECCOB U CIIEKTPOB CUTHAJIOB,;

- pacyeT YaCTOTHBIX XapaKTEPUCTHK U CIIEKTPAIbHBIX IMIIOTHOCTEH 1IyMa;

- MHOTOBAPHUAHTHBIA aHAJIU3 MPU HW3MEHEHUHU JIOOBIX MapaMeTPOB CXEMbI U
TEeMIIepaTyphl,

- CTaTUCTUYECKUH aHamu3 1o Mmetonay Monrte-Kapio u pacueT Haumxyauiero
ciryyJasi.

baszoBelii  HaOop oayemMeHTOB PSpice  comepkur Takke UUPPOBBIC
(byHKUMOHANBHBIE OJIOKM, BBIMOJHAIOMIKE Jorudyeckue onepanuu. Ludpossie
AJIIEMEHTBl MOTYT PEaJIM30BBIBATHCS IMOIH30BATEIEM HA OCHOBE (DYHKIIMOHAIBHBIX
oimokoB. Kpome Toro, CymecTByloT OOHIMpHBIE OWOJMOTEKH  CEPUIMHO
BBIITYCKAaEeMbIX ITU(POBBIX KOMIIOHEHTOB.

Pa3zpaboTansl oOmupHbie O6MOIMOTEKH KoMmoHeHTOB B (opmare SPICE,
BBIIIYCKAEMBbIX ~ BEAYIIMMH  MHUPOBBIMH  IPOU3BOJUTEISIMU  BJIEKTPOHHOIO
000py10BaHUS.

JUiss ~ HEeKOMMEpPYECKOro  HUCIOJIb30BaHUA B Y4E€OHBIX  3aBEACHUSX
npeaocTaBisiioTes OecruiatHo Bepcun Pspice 8.0 u Pspice 9.x.
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Iporpamma Micro-CAP paspaborana d¢upmoii Spectrum  Software.
[Iporpamma umeet yno0HBIN rpadUUecKuil peakTop, MO3BOJISIONIUNN CO3/1aBaTh U
pPEAaKTUPOBATh MPUHIUIHAIBHBIE CXEMbl AHAJIOTOBBIX U LHU(POBBIX YCTPOUCTB.
OcHOBHBIE BU/IbI AaHAJIN3A!
- pacyer CTaTUYECKOro peXumMa Mo NOCTOSTHHOMY TOKY;
- pacyer 4YaCTOTHBIX XapaKTEPUCTHUK JUHEAPU30BAaHHOM LIETIH;
- pacyeT peakIMu BO BPEMEHHOM 00JIaCTH MpU MPOU3BOIBHBIX BXOIHBIX
BO3JICHUCTBUIX,

- aHAJIN3 UIyMOB M apaMETPUYECKOW YyBCTBUTENBHOCTH,

- MHOTOBAapUaHTHBIA aHaln3, BKJIIOYas CTATUCTHUYECKUW aHAJIU3 METOJ0M
Mounre-Kapio;

[Iporpamma umeeT OOMIMPHYIO OMOIMOTEKY MOeNel KOMITIOHEHTOB BEAYLIUX
¢upm CIIA, EBponsl u Anonuu.

IMporpamma Multissm (pupma National Instruments Corporation). IlepBbic
BepcUU TporpaMMbl uMenun HasBanue Electronics Workbench u paspabarsiBanucs
bupmoOil ¢ OJHOMMEHHBIM Ha3BaHueM. lIporpamma wuMena oyeHb MNPOCTOM U
MHTYUTHBHO TOHATHBIN Tpaduueckuit unrepdeiic. B Hacrosmee Bpems dupma
Electronics Workbench sBnsercs modepHeli KoMIaHHEH, KOTOPOH IMOJHOCTHIO
Bianeer ¢pupma National Instruments Corporation.

[locnenqnue BepcuM MpOrpamMMbl HMCMOJIB3YIOT MAaTeMAaTHYECKHE MOIYIH H
monenu kommoHeHToB SPICE. OcobOeHHocThio mporpammbl MultiSim siBnsieTcs
HAJIMYUE BHUPTYATbHBIX HW3MEPHUTEIBHBIX NPUOOPOB, UMUTHUPYIOUINX peabHbIC
aHamord. B coctaB Multisim Bxomar sddexTuBHBIE cpeacTBa rpapuuecKon
00paboTKU pe3yTbTaTOB MOJICTIUPOBAHHUS.

Jlpyrasi BaxkHasi 0COOCHHOCTh MPOrpaMMbl 3aKiIrodaeTcst B ToM, uyro Multisim
NOJICP)KUBAaET  B3auMoOjeWcTBHE ¢ rpaduueckorr  cpemoit  LabVIEW,
MpeaHa3HAaYeHHOU ISl pa3pabOTKU MPOrpaMMHO-ANIMAPATHBIX CPEACTB U3MEPEHUs
U YIIPaBJICHUS.

IMporpamma Circuit M aker (bupma Protel International) npennaznadena s
MOJICJIMPOBAHUS AHAJIOTOBBIX, IMGPOBBIX M CMEHIAaHHBIX aHaIOro-uUu(pPOBbIX
ycTpoiicTB. OHa uMeeT yaoOHbIN rpaduueckuii mHTepdeiic, mo3BOISIONINI OBICTPO
MOJATOTOBUTH JJEKTPUUYECKUE CXEMbl AHAJIOTOBBIX U IU(PPOBBIX YCTPOUCTB.
Pe3ynpTaThl MoOmeNnUpoBaHUS BBIBOJATCS B rpaduueckod Qopme, B BHIE
OCLIMJUUIOTPAaMM M IpaUKOB YaCTOTHBIX XapakTepuctuk. [Iporpamma numeer Habop
BUPTYaJIbHBIX ~U3MEPUTENBHBIX MpuOOpoB  (ocumwmiorpadoB, MOCTPOUTEICH
YaCTOTHBIX XapaKTePUCTHUK, TUPPOBBIX MYJIbTUMETPOB, aHATU3ATOPOB JIOTHUECKUX
CUTHAJIOB).

Hcnonb3yroTcs MOJIeNIN 31EKTPOHHBIX KOMIIOHEHTOB B popmate SPICE.

WNmeercst cryaeHdeckass Bepcus MpPOrpaMMBbl, pacrpocTpaHsemas OecIuIaTHO.
Pa3pemeno ucnoap30BaHKue 3TON BEPCUM HA JIOMAITHUX KOMIIbIOTEPAX CTYACHTOB.
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[lepeuncnenHbple MporpaMMbl UCTIONB3YIOT MOAYJIM aHajau3a, pa3paboTaHHbIC
st mporpammbl SPICE. OH npenycmaTpuBaet cieayronme BUbl aHalu3a.

1. Pacuer paGoyeil TOUKM HETMHEHHOW PE3UCTUBHOM LEMHU MOCTOSIHHOTO TOKA
(pexxuM OOJBIIIOTO CUTHATIA);

2. AHanu3 pE3UCTHBHBIX IEMeH TMOCTOSHHOTO ToKa (pacueT y3JI0BBIX
HANPSHKCHUH, TOKOB U HANPSHKCHUH BETBEH);

3. PacueT 4YacTOTHBIX XapaKTEPUCTHK JHMHEWHBIX Ienei (PekuM Majoro
CUTHAJIa, AaHAJM3UPYETCs JINHEHHAS 1IETIb);

4. AHanu3 BpEeMEHHBIX XapaKTEPUCTUK HEJIMHEWHBIX Ienedl npu AeHCTBUM
CUTHAJIOB MPOU3BOJIBHOM (HOpMBI (PeKUM OOJIBIIIOTO CUTHATIA);

5. Pacuer xapakTepucCTUK 4yBCTBUTEIBHOCTH JUHEHHBIX IENEH K BapHalusam
[1apaMeTPOB KOMIIOHEHTOB B PEKMMaX ITIOCTOSHHOTO U IEPEMEHHOTO TOKA,

6. AHanu3 B YaCTOTHOM M BpeMEHHOW 00JACTSAX MpPU BapUalUAX MapaMeTpoB
CXEMBI;

7. AHanu3 IIyMOBBIX XapaKTEPUCTUK MOJECIUPYEMOM LIETIH;

8. CratucTHYecKUil aHaMW3 Ui OLEHKU BIMUSHUS CIy4alHOTO W3MEHEHUS
[1apaMETPOB LIENU HA €€ YACTOTHBIE U BPEMEHHbBIE XapaKTEPUCTUKU.

9. AHanu3 YyBCTBUTEIbHOCTH.

10. Pacuer ciekTpaibHOIo cocTaBa KOJEOAHUH.

2. I'pa¢ 3n1exTpuyeckoii nenu

VYpaBHeHus1, cocTaBlieHHbIEe MO 3aKoHaM Kupxroda, onpeaenstorcsi TOIbKO
CXEMOW COEIMHEHHUM BETBEH, T.€. T'€OMETPUYECKOW CTpPYKTypod nenu. OHM He
3aBUCAT OT BHJAA M XapaKTEPUCTHUK »3ieMeHTOB. [losToMy npu cocCTaBiIeHUH
ypaBHeHMI 10 3akoHamM Kupxroga ynoOHO OTBi€dbCs OT BHJIa U XapaKTEPUCTHK
BETBEM, W 3aMEHUTb HX JIMHUAMH, COCIUHAIONIMMHU Y3ibl. B pe3ynprare Mbl
MOJIy4UM rpad 3MeKTPUUECKON LETH.

I'eomeTpuueckue CBOKWCTBA LENEW U3ydaeT pas3feil TEOPUU LENEH, KOTOPBIN
HAa3bIBAIOT TOMNOJIOTMEN. DJTO OJHO W3 HAIpPaBJICHHN MaTEMAaTHUKH, HA3bIBAEMOE
teopueit rpados. [ToapoOHBI pa3d6op BOMPOCOB TOMOJOTHH IJIEKTPUUSCKUX TIeTIeH
HE SABJISIETCA LEJIbK JEKUMU. MBbl JIMIIb pPAacCMOTPUM OCHOBHBIE TOHSTHA,
KACaroILKECs TOMOJIOTUH JIEKTPUUYECKUX LIETEM.

[Iyts rpada — HempepbIBHASI MOCIEIOBATEILHOCTh BETBEH, COEIUHSAIOMIMX
napy BbIOPAHHBIX Y3JIOB;

[loarpad — yacth rpada, mojsydeHHass MyTeM yAaleHUsT HEKOTOPBIX BeTBEU
HCXOJIHOTO Tpada,

KoHTyp — 3aMKHYTBII yTh, NPOXOISIINI Yepe3 psi BETBEU U Y3JIOB;

HepeBo rpada — mnoarpad, coaepxkaumuii Bce y3iabl rpada, HO He
cozepKallui KOHTYPOB,;

BeTBu cBsizu (XOpabl) — BETBH UCXOIHOTO rpada, He BOIICAIINE B JIEPEBO.
[IpucoenquHeHne KaxaoW BETBH CBSA3M K JEpPEBY MAA€T KOHTYpP, Ha3bIBa€MbIi
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riaBHbIM. Kaxmas BeTBb CBSA3M BXOAMT TOJBKO B OAMH KOHTYp. IlosTomy
ypaBHEHHsI 1O BTOpoMy 3akoHy Kupxroda mjisg TIIaBHBIX KOHTYpPOB OyAyT
HE3aBUCUMBIMH.

Ceuenue — cuctema BETBEH, yJajJeHHE KOTOPbIX pa3OuBaeT rpad Ha aBe
HecBsA3HbIe yacTu. CeueHne paccMaTpuBaloT Kak 0000IEHNE MTOHATHUS «Yy3elI».

B kayecTBe WLIIOCTpAallUd PACCMOTPEHHBIX TOMOJOTUYECKUX MMOHATUI
pPaccMOTpPUM PE3UCTUBHYIO 1IeTh, MOKa3aHHYIo Ha puc. 1.1.

I R
) 1
R] [1 ©) [3 R3 ©)

Puc. 1.1

I'pad nenu mokazan Ha puc. 1.2. Ha puc. 1. mokaszaHo aepeBo rpada,
oOpazoBanHoe BetBsiMu 1, 2, 3. BerBu, mokazanHble Ha puc. 1. MyHKTHpOM,
SIBJISIIOTCSL XOpAaMHU.

1,

Puc. 1.2



Puc. 1.3

4. TonoJsiornyeckne MaTpUIlbI

Nudopmanuro o rpade yno6HO MpeACTaBISITh B BUJE TBYMEPHBIX MaCCHBOB,
HAa3bIBAEMBIX TOMOJIOTUYECKUMU MATPUIIAMH.

ManI/II_[a MHIOWACHII N [A] - Ta6JII/II_Ia, KOTOpas COACPIKUT ny CTPOK H nB

cTosionoB. Kaxnas cTpoka COOTBETCTBYET Y371y, a KaXKIblil cToyIOe1 — BeTBU rpada.
Ecnu BeTBb ¢ HOMEpPOM | HaIpaBieHA OT y3J1a | TO B | -l CTPOKE M | - M CTOJIOLE
3anuceiBaeMm +1. Eciou | - s1 BeTBb HampasjieHa K y37y |, TO B | -ii CTpOKe B | - M

CTOJI6I_IC 3anmuceiBaeM — 1. Bce ocTanbHBIE 3JIEMEHTBI MaTpHUIbI I/IHI_II/IﬂeHL[I/Iﬁ
PaBHbI HYJILO.

Marpuila MHUMACHIIMN JaeT MOJIHOE OMMCaHue HamparieHHoro rpada. C

MOMOIIBIO MATPULIbl MHUUIAEHIUNA yAOOHO 3alMChIBATh YpaBHEHUS MO MEPBOMY
3akoHy Kupxroda B MmaTpuyHOM BUje€:

[All*]=0.

[Ipennonoxum, 4To Mbl 3HAEM HAIPSKEHUS BCEX Y3JI0B LEMH OTHOCUTEIILHO
0aszucHoro yszna. Torma HampsKEHUs BETBEH IENMM MOKHO HAWTH C TTOMOIIBIO
MATPHUIbI MHIIAICHIAN

lu]=[A] [w].
Marpuiia MHIUACHITUN JJ1s 1IeTH, IOKa3aHHOU Ha puc. 1.1, umeeT BU:

&1 1 0 0 1 0
[Al=0 -11 1 0 o0
g0 0 0 -1 -11

oo\
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Martpuna riaaBHBIX KOHTYpPOB [B] ONMUCBHIBAET COEOUHEHUS BETBEH,
BXOJISIIMX B HE3aBHCHUMBIC KOHTYpbI. OHa MmpecTaBisieT Tadbaumy pasmepa N~ N .

Kaxngas  crpoka  COOTBETCTBYET  IJIaBHOMY  KOHTYpY, 0OOpa30BaHHOMY
NPUCOSTMHEHNEM K JIepeBY BETBU CBS3M, a cTonOen — BeTBU. Ecnu |- s BEeTBb
BXOOMT B |- i KOHTYp, To snemeHT D, =+1. OcranbHble 3IE€MEHTHl MATPHUIIbI

IJIABHBIX KOHTYPOB PaBHbBI HYJIIO.

Matpuiia rJIaBHBIX KOHTYPOB SIBJISIETCS MaTpUlield KO3 (ULIUEHTOB CUCTEMBI
YpaBHEHH, 3alMCaHHBIX B COOTBETCTBUM C BTOPBHIM 3akoHOM Kupxroda s
IJIaBHBIX KOHTYpOB. [loaTOMy cucteMa ypaBHeHUI no BTopoMy 3akoHy Kupxroda
B MaTpU4HOU (hopMe UMEET BUJ

[B][u“] =0.
Martpuiia riaBHbIX KOHTYpPOB, COOTBETCTBYMOIIas rpady, MoKa3aHHOMY Ha
puc. 1.3, umeeT Bu:

& 1 1 0 00
[B]=0 -1 0 -1 10
@0 0 -1 1 01

[coxy any ey and

Cronbel, COOTBETCTBYIOIINI BETBU CBSA3H, COJAEPKUT TOJIBKO OJUH HEHYJIEBOU
aneMeHT, paBHbI +1. Kaxmas BeTBb JepeBa BXOJWUT B JIBa CMEXHBIX KOHTYpA.
[ToaTOMy CTONOIIBI, COOTBETCTBYIOUINE BETBSIM JEPEBa, COJAEPKAT JIBa HEHYJIEBBIX
AJIEMEHTa, paBHbIX +1 1 - 1.

Tomnonoruyeckue MaTpuIlbl MNO3BOJIAIOT (hOPMaATU30BaTh 3aMKUCh YPABHEHU 110
3akoHaM Kupxroda, 4To O4YeHb Ba)KHO C TOYKH 3PEHHUS MAIIMHHBIX PacyeToB.
PaccmoTpum anroput™m (opMUpOBaHMS MaTPULIBI MHIUAEHIUH.

Ucxonnas wuHbopMamuss O LeNd MpeACTaBiIsSeTcss B  BUJE Ta6JII/II_IBI
coeauHenuii. Mudopmaius o KaxIoi BETBU XpaHUTCS B Buae Tpuruiera K, i, |.
3necs K — HOMep BeTBM I, | — HOMEpa Y3JIOB TMOAKJIHOUYCHHUS. CDOpMI/IpOBaHI/Ie
MaTpUIIbl MHUUJIEHIIUNA BBIIIOJIHAETCS B CJIEIYIOIIEM TOPSIKE.

Ha nepBowm miare Bce 311€MEHTBI MaTPUIIBI [10JIATal0TCS PABHBIMU HYIIIO!

[A]=0.

3areM mpocMmaTpuBaeTcs Tabauia coequHenuii. Ecim K —1 BeTBb BKITIOUCHA
MEK]y y3laMu ¢ Homepamu BetBu | u j, 10 @, =+1, @, =-1.

DopMUPOBAHME MATPULBl HMHUUACHUWN 3aKaHUYMBACTCS, KOTJAa JIOCTUTHYT
KOHEI[ CITUCKAa BETBEMH.
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Anroput™M (GopMHUpOBaHUS MATPHUIBI MHIUACHIMI OKa3blBaeTcs Hauboiee
npocteiM. Ilponeaypa monyudeHus MaTpulbl TJIABHBIX KOHTYPOB OKa3bIBaeTCsA
CJIO’KHEE, IOCKOJIBKY CHayasla He0OOXOUMO BBIOpATh 1€peBO rpada.

5. BbIBOABI

1. KomMmmproTepHOE MOJEIUPOBAHUE SBISETCS B HACTOSIIEE BpeMsl BaKHEHIeH
COCTAaBHOM YacCThIO MIPOLIECCA MPOEKTUPOBAHHUS JICKTPOHHBIX YCTPOMCTB.

2. CoBpeMeHHOE MporpaMMHOE 0OOecreueHre MO3BOJIsIeT aBTOMAaTU3UPOBATh BCE
CTauU TMPOCKTUPOBAHUS DJIEKTPOHHBIX YCTPOMCTB, BKIIIOYAS TMOJITOTOBKY
NPUHUIUANUAAIBHBIX CXEM, MOJECIMPOBAHUE IMPOLIECCOB B AHAJIOTOBBIX H
UPPOBBIX  LEMsIX, KOMIIOHOBKY U  TPacCUpPOBKY TE€YaTHBIX  IUIAT,
peIaKTUPOBAHUE U pacIIUpeHUue OMOIMOTEK KOMIIOHEHTOB.

3. VYpaBHeHus, cocCTaBleHHbIe MO 3akoHaMm Kupxroda, ompenenstorcs TOJIbKO
CXEMOM COECIMHEHUN BETBEM M HE 3aBUCAT OT BUIA WU XaPAKTEPUCTUK
anemMeHToB. [loaToMy mpu cocTaBlieHMHM ypaBHEHUM 1O 3akoHam Kupxroda
yIOOHO OTBJIEYLCS OT BHJAA M XapaKTEPUCTUK BETBEH, W 3aMEHUTh WX
JUHUSAMH, COCIUHSIONIUMHU Y3Jbl. B pesyaprare Mbl mojdyduMm Tpad
BJIEKTPUYECKOU LETIH.

4. OCHOBHBIMH TOTOJIOTUYECKUMHU TOHATHSIMH, XapaKTepU3ylolmuMu rpad
BJIEKTPUYECKOM LETH, SABIAIOTCSA KOHTYP, IEPEBO U CEUCHUE.

5. MHudopmanuio o rpade NOpeACTABISIOT B BHUAE JIBYMEPHBIX MaCCHBOB,
Ha3bIBAEMBIX TOMIOJIOTHYECKUMH MATPULIAMU.



