ISSN 1607-6761 (Print) «EJJEKTPOTEXHIKA TA EJIEKTPOEHEPT'ETHUKA» Ne 2 (2020)
ISSN 2521-6244 (Online) Po3nin «Enexrporexnika

YK 621.316.13

METOJA PACYHETA YCTAHOBUBHIUXCS ITPOLOECCOB B
AJIEKTPUYECKHUX HEIIAX

ITATAJIAX JI.T". AcrmpanT HamMoHambHOTO YHHBEpCUTETa <«3amopi3bka MOINTEXHiKa», 3alopokKbe,
VYkpauna, e-mail: patalakh.dmytro@gmail.com

TUXOBOA C. M.  arm, mou HanumoHambHOTO yHHBEpCHTETa «3aropi3bka IONITEXHIKa», 3amopoXkbe,
VYkpauna, e-mail: stikhovod@gmail.com.

Llenv pabomwi. Paspabomra memooa pacuema ycmanosuswuxcs nepuoduyecKux npoyeccos CoxHol hopmel.

Memoowr uccredosanus. Hcnonb3o6ana noruHOMUAIbHASL ANRPOKCUMAYUST (DYHKYUL, YUCTEHHbIe MemOoObl peuie-
HUSL UHMe2PO-OuphepenyuanbHbIX YPAGHEeHUTl, MAMeMamu4ecKuil annapam MAampuyHol aneebpvl, KOMNbIOMepHOe
NPOSPAMMUPOBAHUE U MEMOObL MEOPUU INEKMPULECKUX Yenell.

ITonyuennvie pesynomamul. B pesynomame mooudurayuu uzgecmnozo memooa paciema nepexooHvix npoyeccos
paspaboman mMemoo, KOMopulil NO380Jsem HeNnoCPeOCmEeHHO GbINOIHAMb Pacyem YCHAHOBUSUIUXCS NePUOOUYECKUX
npoyeccos. Imo cokpawjaem epemsi KOMNbIOMEPHO2O MOOETUPOSAHUsT YCMAHOBUBWUXCA MepuoOuU4ecKuX diekmpuye-
CKUX NPOYECCco8 8 TUHEUHbIX deKkmpudeckux yensx. [lokazan npumep npumenenus npeonodcenno2o memooda. Ha ocno-
8aHUU pazpabomanHo20 Memood cOCMABIeHA KOMNbIOMEPHASL NPO2pamMMa OJis pacyema yCmaHo8UBWEe20CA npoyecca
6 MOOENbHOU Yenu. JJanuviil npumep noKazal COKpaueHue npoyeccopro2o epemenu na 45% no cpagnenuio ¢ npumene-
HUEM U3BECHHbIX MEMOO08.

Hayuna nosusna. Ilpoyeccvl 8 91eKmpuyeckux yensix Onucbl8aromcst unmeepo-oudpepeHyuaivuvimu ypagHe-
Husimu. TIpu ux pewenuu UCnoIb308aHA ANIPOKCUMAYUS (DYHKYULL NPOU3BOOHBIX MOKOE OM BPEMEHU PAOAMU HO OPMO-
20HanbHbIM noaunomam Yebvuuesa. Ilpu annpoxcumayuu ynkyuti nonunomamu Yebviuesa umeem mecmo c6oucmseo
PABHOMEPHOCIU ROZPEWHOCIU 80 8CeM OUANA30He USMEHEHUs apeyMeHma. Jmo 6bic00HO 8blOesiem ux u3 paoa opy-
2UX OPMOLOHANbHBIX QYHKYUL. B npednodceHHom memooe UCnoib306aHa NOTUHOMUATLHAS ANNPOKCUMAYUS HE CAMOU
Qyuryuu pewenus, a ee npouzsoonol. Cama QyHKyus HaX0OUmcs onepayuell UHMezpuposanus. Ima onepayus umeem
MARYIo NOZPEWHOCMb RO CPAGHEeHUI0 ¢ onepayueil ouddepenyuposanus. Henocpedcmeennviii pacuem ycmanoguguie-
20C51 NEPUOOUYECKO20 NPOYECCA OOCMULACMCS MEM, YMO HAYAIbHble YCI08UsL /s MOKO08 U UX NPOU3BOOHBIX 8 HAYATLe
nepuoda bOepymcs KAK 3HAYEHUst 3Mux dce QyHKyuli 6 Konye nepuodd. B npednoswennom memode unmezpo-
oupepenyuanvivle ypagHenus: COCMosiHUsL nPeodpasyiomcst 6 unelinvie aneedpauveckue ypashenus. Ipednoscena
MemoouKa cocmasgieHusi eOUHOU CUCmembl TUHelHbIX aneedpaudeckux ypasHenuil. Pewenue smoii cucmemul no3eonis-
em HenocpeoCmeeHHO 6bINOIHANb PACYHEm YCMAHOBUSUUXCS NEPUOOULECKUX NPOYECCO8.

Ilpaxmuueckas yennocms. Pazpabomannviil Memoo OmKpbleaen HO8YI0 BO3MONCHOCHb UCHOIb308AHUSL MHO2000-
PAa3Ho20 annapama meopuu dAEeKMpudeckux yeneu oast pabomsi ¢ uzodpasicenusimu moxkog. Ha ocnoseanuu smozo me-
moda paspabamuvleaemcs YHUBEPCATbHLLIL NPOSPAMMHBLIL KOMIAEKC Ol pacyema YCMAHOBUSUXCS NEPUOOULECKUX
npoYeccos 8 INeKMPULECKUX YeNnsax NPou360IbHOU CLOHCHOCTU. DMO NO3BOIUM COKPAMUMb NPOYECCOPHOE 8PEMA MO-
O0eNUPOBaHUsL CLONCHBIX YEeNell.

Kniouesvle cnosa: ycmanosusumuticss npoyecc, YucieHHble Memoobl, CXEMHAS MOOENb, NOAUHOMUANLHASL ANNPOK-
cumayus; noruHomvl Yebvluesa

MEPEeXOAHBIX TpoIeccax 3TOT crmocod TpedyeT 3Ha4YH-
TEJILHOTO BpPEMEHHW pacuera, YTO MOXET MpPUBECTH K
B KOHCTPYKTOPCKOM MpakTUKE BO3HUKAET MOTpeO-  OOJIBIION HaKaIIMBaeMOMH OIIMOKeE.
HOCTh pacyeTa YyCTaHOBHUBIIMXCS nepno;[unquKMx PO~ 11 AHAJIM3 UCCJIE JTOBAHMIA Ml TYBJIMK AHI/Iﬁ
neccoB. M3BecTHO [1], yTO ycTaHOBUBLIMICS Mpolecc —
9TO YacTh MEPEXOHOTO MPOIIECcca, paccMaTpuBaeMast Ipu B nureparype mHpPOKO U3BECTEH METO/1 pacyeTa yc-
MIOJTHOM 3aTyXaHWW CBOOOJHOW cocraBisitomiedl. Teope-  TaHOBHMBIIMXCS HECHHYCOMJAIBHBIX IIPOLECCOB B 3JIEK-
TUYECKH TIOJHOE 3aTyXaHUE IMEPEeXOJHOTO IMpoIecca Ha-  TPUYECKUX LEMSIX, OCHOBAHHBIN Ha Pa3lIOKCHHH HECHHY-
CTyIaeT U TEKYIIeM BPEMEHHU t—oo (pakTudecku t>3-  commanbHBIX QyHKIMA J/IC B TPUTOHOMETPUIESCKHN P
X TIOCTOSTHHBIX BPEMEHH IepexoqHoro mporecca). Mcxonas  @ypbe. Pacder BRIMOTHIETCS MOCIEIOBATEIBHO IS BCEX
W3 3TOT0, YCTAaHOBHUBIIHMHCS MPOIECC MOXKET OBITh MOoMy-  TapMoHHK JJ[C KOMIUIEKCHBIM (CHMBOIHYECKHM) METO-
YeH YMCIEeHHBIM MeTomoM [2], [3] myTem pacuera mepe-  JOM H, 3aTeM, HCIIONB3YeTCS MPHUHIUI HaloxeHus [1]
XOJHOTO TIpoIiecca 0 ero MoJHOro 3aTyxaHus. [lepexon- Ay MONMy4eHUs pe3yNbTUPYIOINX KPUBHIX. B 3TOM ciy-
HBIE TIPOLECCHI B AJIEKTPOTEXHUYECKUX YCTPOWCTBAX MO-  Yae HECHHYCOWJAIbHbIE TOKU U HANPSDKEHHS BBIPAKAIOT-
IyT OBITh JJIUTEIbHBIMH. [IpH MEUICHHO 3aTyXaroIluX Cs CyMMaMH TPUTOHOMETPUUYCCKUX psimoB [4]. Meron
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Tpe6yeT HCIOJIb30BaHUA 3HAYUTCIIBHOTIO YHCJIa TrapMo-
HUK, YTO HC I'apaHTUPYECT OT 3HAYUTEIIBHOMN MOTpEIIHOCTHU
pacyeTra.

Pacuery ycTaHOBUBILIErocs MEPUOIUIECKOTO PEXKH-
Ma B aBTOHOMHBIX [5] 1 HEaBTOHOMHBIX CHCTEMaX, MUHYS
MEePEeXOAHBIM NpOoIecc, MOCBIIICHO 3HAYUTEIbHOE YHCIIO
pabot, Hanpumep, [6], [7].

B cucremax, koraa nepuoj KonebaHU onpenenser-
cst mepuogoM OJIC UCTOYHUKOB, pelIeHUE Ul YCTAHO-
BHBIIIETOCS PEXKAMa MOXET OBITh MOJIYIEHO IPOCTO.

B pabore [8] mepmon mMomenmpoBaHUsT pa30OHMBACS
Ha N ydacTkoB. Kaxmpri ydacTok paccMaTpuBaiCs Kak
mar HWHTETPUPOBAaHMSA KAaKOTO-TO YHCICHHOTO METOAa
pacuera muddepeHInANbHEIX ypaBHEHHNA. Y paBHEHUS
COCTOSIHUS 3alMCHIBAIMCH IS Kakaoro mrara. Ha kax-
JIOM IIIare HayalbHBIE YCIIOBHSI HCIIOJIB30BAIUCH KakK pe-
3ylbTaThl pacdyeTa Ha mpeabaymeM mare. Ha mepBom
11are HadajbHBIE YCJIOBHS HCIIOJIB30BANUCh KaK pe3yiib-
TaTbl pacueTa Ha HOCIeAHEeM Iare. Meron OTIMYaeTcs
MIPOCTOTOH, HO TPeOyeT 3HAYUTENILHOM OIepaTHBHON Ia-
MSTH KOMITBIOTEPA a)Ke JUI HE OYCHB CIIOXKHBIX IIETIeH.

B pabore [9] pemeHue mpencTaBiIeHO B BHAC paz-
JIOKEHHSA B PSIJ 110 anredpandeckuM noianHomaM. Ilepron
T pa3buBaeTca Ha n PaBHBIX IIAroB W IS KaXIOW TOUKH
pa3OueHns cocTaBisAeTCcs ypaBHEHHE COCTOSIHHUSA Iienu. B
pe3ynbTaTe MoiydaeTcs CHCTeMa alreOpanuecKux ypas-
HEHUH, Ul KOTOPOH 3alMChIBAETCSl YCIOBHUE NEPHOANY-
HOCTH. Y CJIOBHE NEPUOTUYHOCTH 3aKITI0UAETCSA B TOM, UTO
HayaJIbHBIE YCJIOBHS IIPUPAaBHUBAIOTCS K YCIOBHAM B
KOHIIEe repuoja. Pemenne cucremsl naeT K03(hGUINSHTHI
MTOJIMHOMA, MO0 KOTOPBIM OIPEAENsIeTcs TOK B JI000H Mo-
MEHT BpeMEHH B TedeHHe nepuona. JlaHHbBIH MeTon uc-
TIOJIb30BAH JUIA OJHOTO YPaBHEHHS COCTOSHHS OTHOKOH-
TYPHOH LTI, HO MOXET OBITh Pa3BUT IS CIOXKHBIX Iie-
nei.

B pabote [10] mokazaHo pa3BuTHe W MOAU(DHUKAITISL
yrcaerHoro merona B.1O. JlomoHOCOBa, HCHIOTB3YIOMIETO
aNMpoOKCHMAIMIO PEUICHUs] aureOpanvyecKuMy MOJIHHO-
MaMH, JUIS pacdeTa yCTAaHOBUBIIMXCS HEPUOTUUYECKUX
HECHHYCOHMJIANbHBIX TOKOB M HANPSXKEHUH B AJIEKTpHUUe-
ckux Hemsax. [Ipou3BoaHyr0 pelieHHs MPEJIOKEHO afl-
MIPOKCUMHUPOBATh TOJIMHOMOM p(t)  (N-1)-0if cremeHw.
WntepBan m3MeHeHUsl apryMmeHTa pasOuBaercs Ha N-/
OTPE3KOB TOUKAMH ?}, 5, ... ty. I alIIpoOKCUMHUPYIOIIETo
MOJIMHOMA 337aeTcs JIONOJHUTEIBHOE YCIOBHE TaKoe,
YTOOBI B TOUKAX f; JICJICHNUSI MHTEpBalla N3MCHEHHS apry-
MEHTA BBINOJIHIOCH PABEHCTBO:

i(ty)=p(t ),
rne k=1, 2,..., N— HoMepa ONOPHBIX TOYCK.

B pesymbrate sTOoro moxywaercs cucrema u3z 3N
YpaBHEHUH C KOJHMYECTBOM HEH3BECTHBIX, PaBHBIM 3N.
IIpu yBenuuenuu N 10 45 HNOTpeIIHOCTh pacueTa yMEHb-
I1aeTCsl, OHAKO MpU N> 45 MorpenHocTh HaunHaeT BO3-
pacTarb. OTO CBA3aHO C MOTEpEeil TOUHOCTH aNIpPOKCHMa-
LMY pEIICHUs MOJMHOMaMHU BBICOKOTO MOpsaka. Ycra-
HOBJIEHO, uTO ecn DJIC UCTOYHUKA COAEPIKUT FapMOHU-
KH BBIIIE TPETbEH, TO MPUEMIIEMON MOTPEIIHOCTU HENbB3sI
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JOOMTBhCS HU TpU Kakux 3HaueHWsX N. Takxum oOpaszom,
BOCTPEOOBAHHBIMH TTPAKTUKOH SIBIISIETCS pa3paboTka yco-
BEPIICHCTBOBAHHOTO KOMITBIOTEPHOTO METO/a pacyera
YCTaHOBUBIIMXCS NEPHOIMYECKHX IPOLECCOB CIOKHOM
(hopMBL.

I11. HEJb PABOTbI

Hemnpro pabotsl sBisieTcs: Moampukaius paspabdo-
TaHHOTO METOJIa pacyeTa MepexOoAHbIX IPOLIECCOB B AIIEK-
Tpudeckux nemnsx [11] Takum oOpazom, 4TOOBI cpasy He-
MOCPEACTBECHHO BBINOJHAJICA pacdeT YCTAaHOBUBIIUXCS
nponeccoB. IIpu 3ToM HEOOXOAMMO COKPATHTh IMpoLec-
COpHOE BpEMsI pacueTa U MOBBICHTh TOYHOCTh pacyera.

IV. I3JIOKEHUE OCHOBHOI'O MATEPHUAJIA 1
AHAJIM3 ITOJIYYEHHBIX PE3YJIbTATOB

Jnist mpoCTOThI M3IOXKEHUsI, TAKXKE KaKk U B pabote
[11], paccmoTpuM CHavaiga OAHOKOHTYPHYIO SJIEKTpHYE-
CKYIO II€Ib, COJICPIKAIIYIO BKIIOYCHHBIC MMOCICI0BATEIb-
HO DJIEMEHTHI: PE3UCTHBHBINA (R), WHAYKTUBHBINA (L) ©
emkoctHbI (C) (puc. 1).

e(t) _
] S T Y I

Pucynok 1. Mogenupyemas 3yieKTpuuecKast LeTb

WnTerpo-muddepeHmaabHoe  ypaBHEHHE COCTOS-
Hus nenu R-L-C-e umeet Bup [1]:

Jt.i(t)dtﬁ-uc(to):e(t)-

toy

Ly
dt

()

Ri+—
C

OYHKIMIO UIsI TPOU3BOJHOW TOKAa IO BPEMEHHU arl-
MPOKCUMHPYEM TOIMHOMOM p(Xx) N-I-oii crenenu [12],
[13]:

di;;“) =i'(x)= p(x)=coTo(x)+c1Ti(x)+

tealp(x)+ ey Ty (x)

@)

BpemeHHOW WHTEpBaa MOACTUPOBAHUSA [a,b] BHI-
oepem paBubiM mepuony IDJIC ucrounuka. Bribepem B
WHTEpBaJle MOJENUpoBaHus [ € [a,b] panm N y3I0BBIX
touek. [lonoxkum, uro as Bcex N y3710BbIX TOUEK CO 3Ha-

YeHHEM apryMeHTa f, (X,) COOTBETCTBYIOT CIEIyIOIIHE
3HaueHus pyHkuuu [11]

i,(xm):p(xm) >

m= 0, 1,2, +N-1.

Boruncnenue marpun V, D, W BBIIOJIHSAETCS € MO-
Moursio moanporpammel VDW mo dopmynam [11] .
(25,10,44). Ot matpunsl QUTYpPHPYIOT B YpaBHEHHH
BTOporo 3akoHa Kupxroda mis m300paXeHHH TOKOB B
LENy 3aMeIICHHS:
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(L-D+R-V+B-W)-C=

, : 3)
:e—R'A'Io'—R'IO—L'IO—BQ—MCO

B nenu 3amenieHus nporekaeT HE UCTUHHBIA TOK, a
mpoxoaut ero m3oOpaxenune C. M3obpaxenne C — 310
BEKTOp KOX(PPHUIMECHTOB Pa3I0KEHUS TOKA i(?) TO IOIH-
HoMmaM YeOrrmeBa. Bektop I 3Hauenwnii Toka i(?) B y3io-
BBIX TOYKax ompenensercs ypasHerueM [11] ¢. (25):

I=(S—S8y-A4-Ty)) - C+A-I, +1y= @
:V'C‘FA'IO' +IO

DTOT BEKTOp 3aJacT 3HAUCHUS TOKa i(?) B 3alaHHBIX
Y3JIOBBIX TOUKaxX B TE€UEHHE MEPEeXORHOro mponecca. [
€ro OAHO3HAYHOTO OIpPEJCNCHUSI HEOOXOANMO HMETh
3HAYEHUS TOKA U €ro MPOU3BOJHON B HaUalbHOU TOouke. B
ypaBHeHHH (4) HadambHBIC 3HAUYEHHUS — 3TO BEKTOPHI Ij 1
I Bexkrop I conepKUT BCE 3JIEMEHTBI, UMEIOIUE OJUHA-
KOBBIC 3HAYCHHS, paBHbIC i(7y). Bextop I, comepxur Bce
OJICMCHTBI, UMCIOIINE OAWHAKOBBIC 3HAYCHUSA, PaBHLIC l"
(t0).

Yrobbl ypaBHeHue (3) ONMUCHIBAJIO HE MEPEXOIHbBII
IpoLecc B DJIEKTPUYECKOH LeNH, a YCTaHOBUBIUMKCA
npotecc, Heo0X0IMMO, YTOObI HaYaIbHbIE 3HAYCHUS TOKa
U €ro MPOM3BOIHOW OBUTH paBHBI 3HAYEHHUSIM TOKA U €ro
IIPOM3BOIHON B KOHIIE TIEPHOJIA.

B ypaBmenmm (3) Takxe (QUIYpHPYIOT 3HAYCHUS
BekTopoB Q, Iy, IO' W 3HA4YE€HUE Uy, KOTOPHIE BHIYUCIIS-
IOTCS TIPU MCIOIb30BaHUM 3HAUCHHU i(7)) , i (tg), Ucp. TN
3HA4YCHUA HeO6XOZ[I/IMO MOJIYUYUTb HCXOOd U3 3HAYCHUH
COOTBETCTBYIONIUX (DYHKIUH B KOHIIC TEPUOJIA.

B pabore [11] pacduer mepexomHOro mporecca o
MIPEIJIOKEHHOMY METOAY 3aKIOYacTCsl B BBINOJIHEHUU
ITyHKTOB:

o OmnpeencHre 4eObIIICBCKAX Y3JI0B HHTEPIIOIAIUH
Hax €[-1,1]:

Xy = —cos[

e dopmuposanue marpul V, D, W.
o Bruucnenne QyHKINA:

2k +1

ﬂj| , k=0,1,+ N-1.

Ja(x)=iy-(x*/2+xy-X);
Js(x)=ip-x

JUISL 4eTO UCIIOJB3YIOTCS HavYabHbIC 3HAYCHUS TOKA iy U
TIPOU3BOIHOM TOKA i ).

e Bruncnenne GyHKINH
q(x)=Ja(x)+Js(x),
KOTOpast UCIOJIb3yeTcs st (GOpMUPOBaHUS MaTPHLI Q.

Yro0Obl ypaBHeHHE (3) ONMKMCHIBANIO YCTaHOBUBIIUICS
poriece, Heo0X0AUMO, YTOOBI HAYAIFHBIC 3HAYCHUS TOKA
U €ro MPOW3BOJHON OBUIM PaBHBI ATHM JXC 3HAUCHUSIM B
kon1e nepuozna. [Ipu satom Bextopsr C, I, I', U, nomxHbI
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BBIUHCIIATHCS OJJHIM MaTeMaTUYEeCKUM JIEHCTBHEM. DTHM
JK€ JEHCTBHEM HEOOXOIMMO BEIYMCIISATH 3HAUCHUS BEKTO-
poB: Iy, Ij', Uyp. B aTHX BekTopax Bce 3HAUCHUS PaB-
HBI 3HAYCHUSAM IIOCIEIHUX DIIEMEHTOB BekTtopoB I , I',
U

Ilokaxem, Kak 3TO BBIIIOJHUTH OJHUM ACHCTBHEM.

[lycth nana marpuiia-cronlell, cojepikaiias BCEero
TPH 3HAYCHUSA:

®)

Tpebyetcst moryuuTh MaTpuity-cToiber Iy, Bce ameMeHTsI
KoTOpo# Obwii OB paBHBI I(3). DTO MOXXHO BBHIITOIHUTH
peLIeHHeM CIIEAYIONIEr0 yPaBHEHUS:

M-X=F, 6)
DI (]
1
X=|1,| (7
ip
E Nul s,
M=|Nul E -E,
N, N, -1 : ®)
I
0
F=|0
0
o; ©)
0
E= 0 (10)
001
000
Nul=|0 0 0| (11)
000
No=[0 0 0]; (12)
Ny=[0 0 1]; (13)
.
E,=|1); (14)
1_
S0 = (15)
0_
Pewenue ypaBHeHust
X=M'.F (16)
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naer Bektop X pasmepa (7*1). IlepBble Tpu 3HaueHHs
BekTopa X cogepxat 3HaueHus: Bekropa L. [Tocnenyromue
Tpu 3HaueHUs BekTopa X coxepxkar 3HaueHue I(3): To
€CThb:

Ip=X(4:6).

OTOT TpHEeM UCTONB3yeM Uit (OPMHUPOBAHUS €IH-
HOW CHCTEMBI ypaBHEHUI A peuieHus 3agauu (1). Oty
CHCTEMY MOYKHO CBECTH B MaTpH4HYIO (hopMmy.

CucreMy COCTaBUM U3 CIIEAYIOIINX YPaBHEHUH.

VYpaBrenue (3) mocie mepeHoca BCEX ClIaracMbIX B
JIEBYIO YaCTh UMEET BUI:

Z-C-U+R-A-Iy+R-Ig+L- 14 +BQ +u.y=0,17)

(18)

VYpaBraenue (4) mocie mepeHoca BCEX CIaracMbIX B
JICBYIO YaCTh:

Z=L-D+R-V+B-W.

V-C-T+A4-1, +1,=0. (19)

VYpasrenue [11] ¢. (44) mocne mepeHoca Bcex cla-
raeMbiX B JIEBYIO YaCTh HMEET BH/I:

BWC +Q]-U¢ +u, =0. (20)
Ucnone3ys [11] ¢. (40) 3anumem:
q(x)=Jy(x)+Js(x)=iy-(x>/2+xp-x)+iy-x. (21)

B ypaBuenunu (17) dpurypupyer MatpudHas nepe-
MEHHasi, KOTOpasi UMEeT BUJL:

O=1I)-((x*/2+xy-X)— (x> /2+X0 X )+ A1y,
1501058
0=1Iy-4+4-1,, (22)
rue
4y =(x3—x30) - (23)

C yderoM NmpHHATHIX 0003Ha4deHHH ypaBHeHue (17)
MpUMET BUA!
Z-C-U+Zy 1y+(B-A4+R)-Iy+U, =0, (24)
rie
Zy=R-A+L+B 4. (25)

C yderoM mpHHATHIX 00o03Ha4deHHH ypaBHeHHe (20)

TIPpUMET BUI:
BWC+BA10+BA216—Uc+UCO =0. (26)

O6o03HaunM X — BEKTOp, COCTOSILUA M3 BOCHMH
MIOJIBEKTOPOB, UMeronux pasmep (N-1)* 1, u moxBekTopa
pasmepa (3*1), cogeprkallero Tpu CKaIsIpHBIX 3HAYCHHS:

X:[C I I U I

10, UCO U i() lé) MC0Y3(27)

27

(28)

I, I - BeKkTOpHI 3HAUEHUI TOKa M €ro IPOU3BOIHON B
Y3JIOBBIX TOUKaX B ypaBHeHuUsX (17, 19).

ucy

Uc = ufz ; (29)
”C].V—l
.

1= (30)
"

1|0 (31)
[ucy

Uey =| " (32)
ey

Bektop U couepkuT 3HaueHUs HaNpsHKEHUs Bcel
BETBU B Y3JIOBBIX TOUKAX:

U

v=| 2 (33)

UN-1

VYpasHenus (24), (19), (26), (2.38-2.40) cocraBsT nepBbie
4eTsipe cTpoku Matpuisl My [locnennue Tpu cTpoku
HOCSIT BCIIOMOTaTelIbHBIN XapakTep, Kak B MaTpuue (7).
[locnenuue Tpu CKaNSpHBIX 3JIEMEHTa BEKTOpa X TAKXKE
HOCSIT BCIIOMOTaTeNIbHBIN XapakTep, kak B MaTpuue (7).

leC I I' Uc

Io Io’ UCo U io lb LICoJ
z 0 0 0 Bd+R Z, E -E s Sy sg

Vv -E 0 0 E 4 0 0 s S9 s (34)
BW 0 0 -E BA B4, E 0 s Sg Sg
My=| D 0 -E 0 0 E 0 0 s Sg Sp
0 o 0 0 E 0 0 0 -E, s Sg
0 o 0 0 0 E 0 0 sy -E, s
0 o 0 0 0 0 E 0 s sg -E;

(OKupHbIME HYJISIMH 0003HAUEHBI HYJIEBbIE MaTPHLIBI
pasmepa (N-1)* (N-1)).

[Ipucoenuanm k Matpure (34) BcroMoOraTenbHYIO
Matpuiy (35).
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No Ny No Nog No Ny
S=|Ny Ny Ny Ny Ny N,
No No No Ny Ny Ny

B pesynbrare noiayunm marpuny:

o]

Marpuiia M; umeer pasmep (N-1)*7+3, a Bekrop X

umeet pasmep (N-1)*8+3.

UYro6s! ypaBHEHHE M-X=F HMeJIO €JUHCTBEHHOE
pemenne, Kk Matpune M; HEOOXOOUMO NPHCOECIUHUTH

MOJMAaTPHILY:

u=[o o o

B pesynbrare nosryuum MaTpuUIly:

[Hoamatpuna U cooTBETCTBYET YpaBHEHUIO

U=e,

0 0 0 0

TOB Ka)KZ[OfI BCTBU:

L1=0.01; RI=I1; CI=0.0001; L2=0.001;
C2=0.0002; L3=0.006; R3=3; C3=0.0003,

3radenne nepuona I =0.02, ¢ynkmus D/IC mcrounmka

Ny Ny Ny Ny N,

Ny Ny Nog Ny Ny (35
No Nog No No Ny

R2=2;

(36)

M0:| Ha OJTHOM NEPHUOAEC, COCTOAIIAA U3 IBYX TAPMOHHUK.

e(t)=E, sin2nf +@ )+ E,, sin(2nf -5+ ¢5),

roe  E,=100; f=50; ¢,=0; ¢s=0,
KOJIMYECTBO Y3JIOBBIX TOUeK N=120.

2. OmpeneneHue 4eOBIIICBCKUX
uHTEepnosiinuu Ha x € [-1,1].
3. Boruncnenue marpunr V,D,W ¢ momompo moj-

y3JI0B

E sy s SO]' 37 mporpammel VDW [11].
4. Brpruucnenue 3nauenuid 9/IC uctounuka B y3io-
BBIX TOYKAaX - BEKTOP €.
M 5. Ha ocroBe moamporpammel MatrM dopmupoBa-
-0 Hue matputl M, M, ... My 115 ka0l BETBU
s |- (38) I b ’
v 6. ®dopmuposanue MaTpUIEl M.

7. 3amuch B MaTpuyHON (hopMe ypaBHEHHUI BTOPOTO
3akoHa Kupxroda. B nenu mmeercs aBa Hesa-
BUCHMBIX KOHTypa. CoriacHo (37) Hampsike-
HUE OJITHOU BETBU PaBHO:

(39)

rae e — BekTop 3HaueHud DJIC uCTOYHUKA B Y3JIOBBIX

TOYKax.

B pesynbrare ypaBHEHUE
M-X=F

HMeeT eIMHCTBEHHOE perieHne — BeKTop X (4.21).

Bekrop X coxepxur noasektopsl pasmepa (N-1)*1
3HaYeHnd ko3¢ duimentor nommHomMa C, 3HAUCHHUNA TOKA
1 €T0 MPOU3BOTHON B y3JOBHIX Toukax I, I', 3HaueHmit
HaIpsDKeHUST Ha KOHAEGHCATOPE B Y3JI0BBIX Toukax Uc.

Ilpumep pacuema yCTAaHOBHBILIETOCS IpolLecca B

CJIOKHOM 3JICKTPUYCCKOM IIEMH Ha OCHOBE Pa3pabOTaHHO-
ro merona. [IycTh 3amana anekTpudeckas 1nenb (puc.2).

R1 L1

u=[o o 0 0 00 0 E sp sp sp]-

Cymma HanpspkeHu# 1 u 2-1 BeTBe# paBHa:
U2=[U,U,MR];
CymMa HanpsDKeHUH 2-# 1 3-i BeTBel paBHa:
Ux;=[Mg,-U,U],
riae Mr=[000000 00 sg sy So] — pabouas maTpura.
8. 3amuch ypaBHeHHii mepBoro 3akoHa Kupxroda.
3HaueHus B Y3JI0BBIX TOYKAaX TOKa OI[HOﬂ BCTBH,
a TaK)Ke ero MPOM3BOJHAS ONPENEISIOTCs MO-
MaTpuULEi:
MEEEEEE EEO0sss;

13 B uenu umeercs nBa y3na. HesaBucumblil TOJIBKO
i1 onuH y3en. J{ns Hero ypaBHEHUE UMEeT BH:

LT

e(t)

@

1

Ci=[-M¢,M¢,Mc].

9. IlpucoeanHeHne MaTpHI, MOIYYECHHBIX HA OCHO-

R2 D R3 BaHMH 3aKOHOB Kupxroda, k marpurie M:

—_— C3 I312

Cc
L]
ml
Pucynok 2. Mogenupyemas
JIIEKTPHUYECKasl LeNb

[Mopsimok pacueTa MOKHO (HOPMAITU30BATEH CIEIYIO-
IIEH ITOCIEN0BATEIILHOCTBIO IENCTBUIL:

1.3amanne MCXOOHBIX HAHHBIX. €3HAYECHUS DIIEMEH-

10.®opmupoBanue BeKTOpa mpasbix yacteil F.

JIByXKOHTYpHAas IIpaBbie yacTH ypaBHEHHH, COOTBETCTBYIOIINX MaT-
puue M umeroT HyseBble 3HaueHus; ciaeayromue N-1
3HaYEHUI — ATO BEKTOP €, TO €CTh CyMMa HampsDKEHUH
nepBoii 1 BTopoit BetBel paBHa DJIC. ; cieayromue N-1
3HAYCHUH - HYJIEBBIE, TO €CTh CyMMa HaNpsHKEHUH BTOPOI
U TpeThell BeTBei paBHa Hyr0. COrTacHO epBOMY 3aKO-
Hy Kupxroga, anrebpandeckas cymma TOKOB B y3JIe paB-

Ha Hymo. Takum obpa3om, cinenyromue N-/ 3HAYEHUH —
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HYJIEBBIE.

11. Pemenne ypaBHEHUS

X=M".F

12. Tloctpoenue rpaduKoB i;(2), ir(?)...

BekTop 3Ha4YeHmit TOKa 1; B y3JIOBBIX TOYKaxX OIpe-
JIETISIETCSI KaK:

L=X(N:2*N-2).

Ha ocHoBanuu u310XEHHOrO MOpsAKa AEHCTBUIA
pa3paboTaHa KOMITbIOTEpHAs porpamMma B cucteme GNU
Octave [14], coBmecTuMOl ¢ cucreMoit Matlab [15].
Marpuiia M uMeeT 3HaUMTEIbHBIE Pa3Mephl, HO OHA SIB-
nsietcsi  paspexxeHHoi. B cucreme Matlab ectp ammapar
paboTHI ¢ pa3peKeHHBIME MaTpuIlaMu - sparse [16]. Hc-
IIOJIb30BaHME 3TOTO almapaTa CHHUMaeT NpolieMy Hc-
IMOJIb30BaHUA 6OJ'II)I_HI/IX MaTpHuIl.

3aBHCHMOCTH TOKa i;(?) IpuBeeHa Ha puc. 3. Pac-
4eT YCTaHOBHUBILETOCS MPOLECCA TOUHBIM KOMITIIEKCHBIM
METOJIOM, COTJIACHO YCIIOBHUSIM 3TOW 3aJaud, JaeT KpH-
BYI0, KOTOpasi IMEET XOpOIIee COBIAZCHHE C KPHUBOH,
MOKa3aHHOM Ha puc. 3. DTO 3HAYMUT, YTO B TOYKAX JIO-
KaJIbHBIX 3KCTPEMYMOB IOTPEIIHOCTh pacueTa Mpeio-
JKEHHBIM METOJIOM COCTaBJISIET MEHBIIIE OJHOTO MPOLICH-
Ta.

nal s

? WEr AEm AEm mEm Am Aer A A mem m
te

Pucynok 3. 3aBucumocTh TOKa i1(t)

V. BBIBO/IbI

PazpabotanHBIil METO/ TTO3BOIISIET BEITIONHATH pac-
YeT YCTaHOBHBILETOCS MEPHOTUUYECKOTO 3JIEKTPHIECKOTO
mporecca CIoXHON (HOpMBI, MUHYS NEPEXOTHBIN Ipo-
necc. Ilpu 3ToM cokparmaeTcst mpoIeccopHoe BpeMs pac-
YeTa U TMOBBIIIAETCS €ro TOYHOCTh MO CPaBHEHHUIO C HC-
II0JIb30BAHHUEM U3BCCTHBIX MCTOI0B.
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METO/ PO3PAXYHKY YCTAJIEHUX ITPOLECIB B EJIEKTPUYHUX
KOJIAX

IMATAJIAX JI.T. Acnipanm Hayionanvnozo ynisepcumemy «3anopizoka noiimexuikay, 3anopisncoics,
Yrpaina, e-mail: patalakh.dmytro@gmail.com;

TUXOBOA C.M. 0-p mexn. nayk, Ooyenm, 3agioyéau KageOpu meopemuunoi ma 3a2aibHOL
eneKmpomexHiKy 3anopizbk020 HaAyioOHANbHO20 MEXHIYHO020 YHigepcumemy, 3anopisrcoics,
Yrpaina, e-mail: stikhovod@gmail.com.;

Mema pobomu. Po3pobra memoody po3paxyHKy yCmManienux nepioOudHUX npoyecie ckiaonoi gopmu.

Memoou oocnidscennn. Buxopucmana noninomianvha anpoxcumayis QyHKyitl, wuca08i memoou po3e's3anus iH-
meepo-ougepenyianbHux pieHAHb, MAMEMAMUYHULL anapam MampuyHoi aneebpu, Komn'romephe npoepamyeants i me-
moou meopii eneKmpuyHux Kis.

Ompumani pesynemamu. B pesynomami moougixayii 8idomoeo memoody po3paxyHKy nepexionux npoyecie pospo-
Onenuti Memoo, AKUl 0036015€ be3nocepeOHbO BUKOHY8amu PO3PAXYHOK ycmaneHux nepioouyHux npoyecis. Lle 00360-
UMb CKOPOMUMU Y4AC KOMN'TOMEPHO20 MOOENOBAHHA YCMANEHUX eIeKMPUUHUX NPOYECi8 8 JIHIIHUX eNeKMPUUHUX KO-
nax. Tlokazanuili npuxkiad 3acmocyéarnisi 3anPonoHo8aHo20 memody. Ha niocmasi pospobienozo memody ckiadena
KOMN'tomepHa npozpama Ost po3PAaxyHKy YCMAaieHo20 npoyecy 8 MOOenbHOMY KoAi. [lanutl npukiad noxkasas cKopo-
YeHHs NpoYyecopHozo dacy Ha 45% 6 nopieHAHHI 3 3ACMOCYBAHHAM BI0OMUX MemOOI8.

Hayxoea nosusna. [Ipoyecu 6 enekmpudnux Koaax onucyromuscs inmeepo-ougepenyianohumu pisuaunamu. Ipu ix
BUDIUIEHHT BUKOPUCMAHA ANPOKCUMAYISL (PYHKYIL ROXIOHUX CIPYMIG 810 YACy PSIOAMU HO OPMOLOHANLHUX
noninomax Yebuwosa. Ilpu anpokcumayii ¢pynxyii noninomu Yebuuiosa maromes piBHOMIpHICMb NOXUOKU 8 YCbOMY
dianazoni 3minu apeymenmy. Lle 6uciono eudinse ix 3 psdy iHWUX OPMO2OHANbHUX YHKYIU. V 3anpononosanomy me-
MoOi 8UKOPUCMAHA NONIHOMIAbHA anpoxcumayis He camiti (yuryii piwenns, a it noxionoi. Cama @ynkyis 3naxo-
oumbcs onepayiero inmeepysanns. L{a onepayis mae many noxubky 6 nopieHsanHi 3 onepayiero ougepenyirosanns. bes-
nocepeoHill Po3paxXyHOK YCMALeH020 NEPIOOUYHO20 NPOYECY O0CALAEMbCI UM, WO NOYAMKOGI YMOBU 05l CIPYMIG 1 ix
NOXIOHUX HA NOYAmMKY nepiody bepymuvcsa AK 3HAYEHHs Yux dce YHKYiU 6 KiHyi nepiody. V 3anponoHosanomy memooi
iHmezpo-ougepenyianvHi piGHAHHA CMAHY NepPemeoPOIOMbCs 8 NIHIlHI aneedpaiuHi pigHAHHA. 3anponoHosano memo-
OUKY CKIAOAHHs €OUHOL cucmemu NiHIUHUX aleeOpaiunux pisHsaHb. Bupiwenns yiei cucmemu 0038015€ 6€3n0cepeorbo
BUKOHYBAMU PO3PAXYHOK YCMALEHUX NEPIOOUYHUX NPOYECIE.

Ipaxmuuna yinnicme. Po3pobrenuii memoo 8i0KpUBac HOBY MOICIUBICIb GUKOPUCTNANHS DIZHOMAHIMHO20 and-
pamy meopii elekmpuuHux Kin ons pobomu 3 3006pascenusmu cmpymie. Ha niocmasi yvo2o memoody pospobnsemvcs
VHIBEpCAanbHULl NPOSPAMHULL KOMIIEKC 071 PO3PAXYHKY YCMAIEHUX NePioOUUHUX NPOYeCi8 8 eleKMPUYHUX KOaax 006i-
IbHOI ckaadnocmi. Lle 0o3601ums ckopomumu nPoYecoOpHUll 4ac MOOeIO8AHHS CKIAOHUX Kifl.

Kmouosi crosa: ycmaneHuii npoyec, Yucsa08i memoou, cxemMHa Mooeib, NOATHOMIATIbHA ANPOKCUMAYis; NOIIHOMU
Yebuuwiosa.

METHOD OF CALCULATION OF STEADY-STATE PROCESSES IN

ELECTRICAL CIRCUITS
PATALAKH D. Postgraduate student of National University "Zaporizka politekhnika", Zaporizhzhia ,
Ukraine, e-mail: patalakh.dmytro@gmail.com,
TYKHOVOD S. Doctor technical sciences, Assoc. Prof., Chief of the department of the Theoretical and
general electronics, National University "Zaporizka politekhnika", Ukraine, e-mail:
stikhovod@gmail.com

Purpose. Development of a method for calculating established periodic processes of complex shape

Methodology. Polynomial approximation of functions, numerical methods for solving integro-differential equa-
tions, mathematical apparatus of matrix algebra, computer programming and methods of electric circuit theory are
used.

Findings. As a result of modification of the known method for calculating transient processes, a method has been
developed that allows you to directly perform the calculation of steady-state periodic processes. This will reduce the
time of computer simulation of electrical processes in linear electrical circuits. An example of using the proposed
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method is shown. Based on the developed method, a computer program for calculating the steady-state process in the
model circuit is worked out. This example shows a 45% reduction in CPU time compared to the use of known methods.

Originality. Processes in electrical circuits are described by integro-differential equations. The approximation of
functions of current derivatives to time by series on orthogonal Tchebyshev’s polynomials is used in their solution. When
approximating functions, Chebyshev polynomials have uniform error in the whole range of argument change. It is ad-
vantageous stand out them from a number of other orthogonal functions. The proposed method uses a polynomial ap-
proximation not of the solution function itself, but of its derivative. The function itself is obtained with the help of inte-
gration operation. This operation has a small margin of error compared to the differentiation operation. The direct
calculation of the steady-state periodic process is achieved by taking the initial conditions for currents and their deriva-
tives at the beginning of the period as the values of the same functions at the end of the period. In the proposed method,
integro-differential equations of state are transformed into linear algebraic equations. A method for creating a unified
system of linear algebraic equations is proposed. The solution of this system allows you to perform directly the calcula-
tion of steady-state periodic processes.

Practical value The developed method opens a new possibility of using a diverse apparatus of the electric circuits
theory to work with images of currents. Based on this method, a universal software package is developed for calculat-
ing steady-state periodic processes in electrical circuits of arbitrary complexity. This will reduce the CPU time for
modeling complex circuits.

Keywords: steady-state process, numerical methods, circuit model, polynomial approximation, Tchebyshev’s
polynomial.
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