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HEPEXIJTHI KOMIIVIEKCHI CXEMMH, 3AKOHHU KIPXT'O®A TA
KOMITIOHEHTHI CIIBBIJTHOIIEHHSA B KOMILIEKCHO-YACOBII
®OPMI BIIOBPAXKEHHSA

Y pobomi 3anponorosaro i po3pobieHo nOHAMMA NEPexiOHOi KOMNIEKCHOI cxeMu eNeKmpPUuiHo20 Kold
ma susHaveno ii icmomui enacmusocmi — saxonu Kipxeogha i komnonenmui cnie8ioHoOueHHS 8 KOMNJIEKCHO-
4acogiti ghopmi 8i000Opadicents, AKi Y C80ill €OHOCMI € OCHOBHUMU eleMeHmamMu MeopemuyHozo 6azucy
CUMBOIbHO-KIACUYHO20 Memooa po38 a3yeanus 3adaui Kowi, chopmyrvoeanoi 6 mepminax Mmummegux
KOMNJIEKCHUX CMPYyMi6 1 Hanpye Oas pPO3PAXYHKY NepeXiOHux npoyecié y JIHIUHUX eNeKmpPUdHUX KOax
CUHYCOIOH020 Ma NepioOUtHO20 HeCUHYCOIOH020 CIMPYMIE.

Knrouoei cnosa: erekmpuune koo, nepexionutl npoyec, 3adava Kowii, KoMnieKCHO-CUMBOLIUHUL MemOO,
Mummesi KOMHAeKCHi cmpymu U Hanpyeu, 3axkonu Kipxeoga, xomnonmenmui  cniggiOHOUIEHHS,
oucghepenyianvhi piHAHHA PYXY, 3aKOHU KOMYMAYii 8 KOMIIEKCHIU (opMi.

Beryn

Po3poOka Ta BIOCKOHAJCHHS METOAIB PO3PAXyHKY U aHami3y NEpPeXiHUX MPOIECIB B
EJIEKTPUYHUX KOJaX CHUHYCOiJHOTO CTpyMy W JOTerlep 3ajMIIAIOThCA BAKIMBOIO M aKTyallbHOIO
3aJa4uero i1 9ac JOCHIPKEHHS eNEeKTPOTEXHIYHUX CUCTEM 3 nepioouiHolo POpMOIO pyxy.

Takuit cratyc 3amayi 3yMOBJICHHI HasSBHICTIO MOTPEO MPAKTUYHOIO MOXOJKEHHS — Y CBOEMY
MPOsIBI PI3HOMAHITHUX SK 3a TJIMOMHOI NMPOHMKHEHHS, Tak 1 3a oOcsrom oxorwieHHs [1]. Lle
MOSICHIOETHCS, 3 OJHOTO OOKY, MiJBUIICHOI, a TMOJSKYAH HAaBiTh 1 HEIOMYCTUMO KPUTHYHOIO,
YYTJIMBICTIO POOOYMX TapaMeTpiB 1 XapaKTePUCTHUK 3a3HAUEHUX TEXHIYHUX CHCTEM, HAIPUKIIAJ,
00’€KTIB CHJIOBOI €JIEKTPOEHEPreTUKU a00 eNeKTPOMEXaHIKH, 10 PEKUMIB MEepeXiTHOrO IMpoLEeCy,
KM HEOJTHOPA30BO MOKHA CIIOCTEPIraTH B HUX HaBiTh MPOTATOM OJIHOTO BUPOOHMYOTO LIUKITY, a 3
1HIIOTO — OOCSITOM apeajly TaKMX CHUCTEM Ta X 3arajlbHUM CYKYHMHHM YIUIMBOM Ha TE€XHOT€HHY
cdepy 3arajiom.

BoaHouac BaJIMBHM 3aJIMIIAETHCS W CYTO TEOPETUYHHMN CKIIATHUK 3a3HA4eHOi 3amadi [2],

. o 2n )
OCKUTBKM CHUCTEMa TPUTOHOMETPUYHHMX (DYHKIINA 3 KpAaTHUMH YaCTOTAMH BUIY cos(m7t 1

; 2 . . )
s1n[m7t , e m= (1, 2,...), € OJHUM 13 (yHIAMEHTAIbHUX Ta HAWYKUBAHIIINX OPTOrOHAIBHUX

HOPMOBaHUX 0a3UCIB TUILOEPTOBOTO MPOCTOPY MHUTTEBUX HAMPYT 1 CTPYMIB, €JIEMEHTH SKOTO B
3MO031 BU3HAYaTH €BOJIIOLIHHUIA PyX KOXKHOI 13 3asBJICHHUX BHIIEC TEXHIYHHUX CHUCTEM HE TUIBKU B
YCTaJeHOMY pEeXHMi poOOTH, aje ¥ mij dYac mepeximHoro mporecy. B ocTaHHbOMY BHITAAKY
G13nYHUN TepexiAHUN TMpOLEeC y CHCTEMI Ma€ CYNPOBOXKYBATHUCS OJIHOYACHOK 3MIHOIO BCIX
KoedilieHTiB TpuronomerpuyHoro psny dyp’e B yaci, a 32 yMOBHU cTajocTi nepiony 7 — HaBiTh
3mMaTeH TiepeOyBaTH y BIAHOLIEHHI ekgigaieHmHocmi 10 Takoi 3MiHW. Jlimsg miHIMHHMX abo
JIHEapU30BAHUX E€JIEKTPOTEXHIYHUX CHUCTEM 13 NMEPIOANYHOI0 (POPMOIO PyXYy Lie O3HAYAE, 110 3374y
Komi, sika, Sk BiIoMO, € MAaTEMAaTHYHOKO HTEPIIPETAIi€0 3a/1a4ui aHAII3Y MEePEeXiTHOTO MPOIECY B
G13MYHUX Ta TEXHIYHHUX CHUCTeMaX 13 30CEepeIKeHMMH IapamMeTpaMu, MOXKHa chOopMyItoBaTH I
PO3B’A3aTH BIIHOCHO KOXKHOTO I'aPMOHIYHOTO CKJIAJHHUKA 3 TPUTOHOMETPUYHOTO Psly OKpeMo, a
MOTOMY OCTaTOYHUH ii PO3B’A30K BIJIIYKaTH, CKOPUCTABIIMCH MPHUHIUIIOM HakJIagaHHsA (a0o
iHaKmie — TPUHIOMIIOM cynepro3ulii). Boanodac, ockinbku koedimienTn @Dyp’e KoXHOI 3
NEPEeXiIHUX TapMOHIK, HAIIPUKIIAA, CTPYMY, IPSIMO BU3HAUYAIOTh il aMIUTITYy Ta MOYaTKOBY a3y,
YHACJIJIOK 4Oro Ta Ha0yBa€ BUIIISILY
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i"e)=1(0)sinlmo -4y (7)), M

camy 3ana4y Kol goninbHo (opMyIroBaTH HE B TEpMiHAX MUTTEBUX CTPYMIB i) (t) (4u HAmpyT),

ajie B TepPMiHaxX IX KOMIUIEKCHUX 300paXeHb, TOOTO MUMMEBUX KOMNAEKCHUX CIPYMIB

10 = 10 ), @
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i"(r) = Im{l(m)(t)ej'”“’} . 3)

3a Takoro migxoy, SK 1€ MoKa3aHo B poOoTi [3], 06uaBi MHOXHHMA QYyHKIIH [ (m) (t) 1y (m) (t) ,

m i
a B pasi 3MiHH ITiJ] Yac MepexiaHoro mporecy nepiomy ' (t) — e ¥ GyHKmil m(»(t), ix mepmri Ta

BUIII TMOXIJHI, IHTErpaiy, IHTErpajbHI MEPETBOPEHHS K OKPEMO, TaK 1 B PI3HUX CIOIYYEHHSX
3/1aTHI OMHUCYBAaTH ¥ BUSIBISITH HE TUTBKH BUAMMI, ale ¥ TIHOWHHI, MPUXOBaHI Ta aHOMAIbHI
BJIACTUBOCTI Nepediry nepexiiHuX MporeciB B €JIEKTPUUHOMY KOJIi 1 B IKICHIN (opMi, 1 aHATIITHYHO.

BapTo 3ayBakuTH, 110 TEOpPETHYHA EJEKTPOTEXHIKAa 3a7ady aHali3y MepexXiJHUX MpPOIEeCiB B
€JIEKTPUYHUX KOJIAX CHHYCOIHOTO CTPYMy Ha CbOTOJHI 3[aTHa CHUCTEMHO 1 pe3yJIbTaTUBHO
PO3B’A3yBaTH MPAKTUYHO B YCiX ii nmposBax. /s 1boro npornoHyo0Ts YUMaIo METOAIB PO3PAXYHKY,
cepen SIKUX — KJIIACUYHUHN, ONIEpaTOPHUH, CIIEKTPaIbHUN METO I, METO/1 iHTerpasna Jlroamens ToIo.
CyTHICTh HaBeIEHMX METOIB I'PYHTOBHO PO3KPUBAIOTh Y YMCICHHUX HAayKOBHMX Ta HAaBYAJIbHHUX
JTepaTypHUX JDKepenax, Hanpukian, [4 — 13]. BoxHouac, sk CBiIYAThH TOCHIHKCHHS OUTBIIOCTI 13
3a3HaYCHHUX BHWINE BHIAHb, (QyHIAMEHTalbHY 3amady Komri (GopMysroOTh Y HHX BHHATKOBO B
TEepMiHAX MHUTTEBUX CTPyMIB 1 Hampyr. Takuil miaxig AOMIHYe 1 B THX BHIQJKaX, KOJIU 3 METOIO
pO3B’A3yBaHHS 3a3HAu€HOi 3aJa4yli BHKOPHCTOBYIOTH IHTErpayibHi TEPETBOPEHHS, 30KpeMa
inTerpaym @yp’e, Jlamnaca abo Kapcona. Ha npeBenukuii yxaib, MOKIUBICTE GOPMYBaHHS 3a/1a4i
Ko BiTHOCHO (yHKIIH MUTTEBUX KOMMIEKCHUX CTPyMiB BUAy (2) B 3a3HadeHiil 6i0miorpadii He
TUIBKM HE PO3KPUTO, MPO Hel HaBiTh 1 He 3raayerbes. IleBHe, came 1ie i mosicHIoEe TOM (akT, 1o
METOAUYHHI CYIPOBIJ IIOTO MiIXO0dy, MOMPH 3aTpeOyBaHICTh Y HbOMY, Mepe0yBa€e Ha ChOTOJIHI B
HE/I0CTaTHBO PO3pPOOJIEHOMY I HE3a10BUIBHO PO3TOPHYTOMY CTaH.

OTtox, memoro 1i€i pobOTH € po3poOka Ha OCHOBI (YHKIIH BUAy (2) MOHATTSA MepexiTHOi
KOMIUIEKCHOI CXEMH €JEeKTPUYHOro KOJa, BHU3HAYEHHS ICTOTHMX O3HAaK 1 (yHAaMEeHTaJIbHHUX
BJIACTUBOCTEH Takoi cxemH, 30Kpema 3akoHiB Kipxroga i KOMIIOHEHTHUX CIIIBBITHOLIEHb Y
KOMILIEKCHO-4aCOBiil opmi BitoOpa>keHHs, po3poOKa OCHOBHUX MPUHIIMIIIB 1 MPaBMI ii OOYIOBH.
VY CBOill CYKYITHOCTI pO3pO0JICHI TEOPETHYHI IMOHATTS 1 CIIBBITHOIIECHHS MAIOTh CTAaTH BaXJINBHUMH
€JIEMEHTaMU TEOPETUYHOI0 0a3UCy CUMBONbHO-KIACUYHOSO MemOodd — OJHOTO 13 1HPOPMATUBHUX
METOJIIB pO3paxyHKy Ta aHaji3y NepexiHUX NPOIECiB y JIHIMHUX KOJIaX CUHYCOITHOTO cTpyMy [3].

1 IndepenniajibHe pIBHAHHA NEPeXiHOr0 Mpouecy B KOMILICKCHiN ¢Gopmi

Hacammnepen 3ayBakumo, IO 3apa3 1 Hajall pe3yibTaTd JOCHIIKEHHS OyIyTh HaBeleHI
BUHSTKOBO IIOJ0 MepIoi (TOOTO OCHOBHOI) FapMOHIKH TPUTOHOMETPUYHOTO psiny Dyp’e, olHAK
BUMUCAHI JJIsl Hel CHiBBIOHOIICHHS 3 ypaxyBaHHSIM HOPSJIKY KpPaTHOCTI 30epiraTUMyTh CBOIO
YUHHICTB 1 JUIsI BUIIIUX TaPMOHIK.

Binomo, mo nepexigHui mpolec y JiHIMHOMY €JeKTpUYHOMY KOJII 3 JEKUIbKOMa JKeperaaMu
CHUHYCOIJJHOI Hallpyryu OAHAKOBOI 4YaCTOTH

u=U, sin((ot+\|/ul ) s u,=U,, sin(cot+\|1uv)

MOJKHA OTMCATH JIIHIHHUM 3BUYaiHUM AudepeHLiaTbHUM PIBHIHHIM /1-TO TOPSAKY, CKIaJICHUM
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BiTHOCHO, HANPUKJIAJ, JESIKOTO MHUTTEBOTO CTPyMY I (t) Buay (1) Ha ocHoBi 3akoHiB Kipxroda i

KOMIIOHEHTHHUX CITIBBIIHOIIEHb,

Ya ZZ v 4)

k=0 g=1 s=0

dz'(0+) d""i(0,)

dt 77 4t

Bopanouac, ypaxyBaBmu criBBinHomeHHS (3), Bu3HaueHy B crocid (4) 3amgauy Ko gomycrumo,
a B 0araThbOX BHUIAJKaX 1 IOIIHHO, (POPMYIIIOBATH 1HAKIIE — y TEPMIHAX MUTTEBUX KOMILIEKCHHUX
CTpyMiB Ta Hampyr. 3a Takoi IHTeprpeTauii NepexigHUW IMpouec y KOJi BioOpakaTUMEThCs
nudepeHLiaJbHUM PIBHSAHHAM y KOMIUIEKCHIH (opMi, JOTMOBHEHMM 7 MOYaTKOBUMH YMOBaMH

dr,(0,) d""L,(0,
BUY: lm(0+), d(t ),_,., dt"—g )

3 n TIOYATKOBUMH yMOBaMHU: I (0 +) ,

. Came X pIBHSIHHSI MaTUM€ BHUTJISI;

; d](t

) LUy ©)
k=0 q ny

KommekcHi koedinieHTH B piBHAHHI (5) MOXKYTh OyTH BH3HAuY€HI B Pi3HUI c11ocil.

Hampuxnan, ix MoxHa po3paxyBaTH uepe3 KoediieHTH TudepeHIiabHOTO piBHIHHS (4), aje 3a
YMOBH, SKIIO TIIbKM TaKe PIBHSAHHSA JJIS 33J1aHOr0 Koja Oyze OTpUMaHo 3a3aaneriib. Tomi, [k 1e
MoKa3aHo B poOoTi [3], AN eIeKTPUUHOro Kojla 006il1bHO20 TOPSIKY (3 Hamepel He 3aJaHuM
YUCJIOM CTYIEHIB BUIBHOCTI) 3aKOH NEPETBOPEHHS Koe(ilieHTIB piBHSAHHA (4) y BiANOBiIHI
KoedilieHTH piBHAHHA (5) nepeOyBaTuMe B MIANOPAIKYyBaHHI 10 OiHOMY HbloTOHaA 1 Matume Takuii
BUTJISI:

Z[ k+p) (jo) - akﬂ,}, §0q=i(j0))sbqs’ (6)

p=0 k! p/ s=0
OCKIJIbKH, TIO-TIEpIIIe, KOYKHA k-Ta TOXiJIHA MUTTEBOTO CTPyMY i(t) B JTiBiH YacTuHi (4) Moxe OyTn

3alMcaHa 4Yepe3 MUTTEBUM KOMIUIEKCHUM CTpyM [, (t) 1 loro moxiHi sK

. k-p
d*i k k! o Ad7TL ()|
dt p=0 p'(k_p)' dt P
10 JTO3BOJISIE B MOAAJIBIIOMY 31IHCHUTH MEPErpyIyBaHHs Ta MPUBECTH OTPUMAHUNA BUpA3 10 BUIY
niBoi yacTuHU hopmynu (5):

N 1 O] el 1,0
D L),'(jw)p‘Tk_'Z =» Z[%'(jﬂ))p'%p] [

k=0 p=0 p/(k—p : k=0 | p=0

1, MO-J]pyre, KOKHA S-Ta TOX1JIHA BXKE B MpaBiii YaCTHHI PIBHAHHA (4) TakoX Moke OyTH 3amucaHa
MOXIOHUM YMHOM 1 Ha IIiii OCHOBI 3 ypaxyBaHHJIM HE3MIHHOCTI B 4aci aMILUTITY[, OYaTKOBUX (a3 i
94acTOTH 30BHINIHIX JPKEpes eHeprii mepenvcaHa B KOMIUIEKCHIH (opMi, IpUBeneH i 10 BUAY BXKe
paBoi yacTHHU GopmyiH (5):

S

5q
s=0 d q:] s=0
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BonHowac BapTO 3a3HauYMTH, 110, OKPIM HABEJICHOT'O OMOCEPEIKOBAHOTO CIOCO0Y, KOehIIi€EHTH
piBHsAHHSA (5), BIacHe, SIK 1 caMe piBHSHHS, MOXKYTh OyTH OTpUMaHi 6e3MocepeIHbO 3a TOTIOMOT 00
nepexiiHoi KOMITIEKCHOI CXeMH JIOCIHIKYBaHOTO Koyia Ta 3akoHiB Kipxroda B KOMIUIEKCHO-
yacoBii Gopmi BimoOpakeHHs, 10 J03BOJUTh YHUKHYTH HEOOXiTHOCTI MOMEPEIHBOTO CKIIaIaHHS
piBHSAHHS (4) Ta BU3HAUYEHHS HOro Koe(ili€eHTIB i3 MOAAIBIINM IEpepaxyBaHHAM 3a (opMyIaMu

(6).

2 Ilepexinni koMIuIeKcHI cxemHu, 3akoHN Kipxroga Ta KOMIOHeHTHI cliBBiTHOIICHHS B
KOMILJIEKCHO-4YacoBiil opMi BigoOpaxkeHHsA

MWUTTEBI KOMIUIEKCHI CTPYMH Ta HANpyrd € CaMOAOCTATHIMH aHAIITUYHUMHU 00’ €KTaMH,
YHACNIiOK 4Yoro naudepeHIiiaibHe pIBHAHHSA MepexifHoro mpouecy Buay (5) Moxe OyTH
noOy/ioBaHEe 3a €IMHUMHU TMpaBWJIaMH B 3pY4YHHH 1 3arajJbHONPUUHATHH Yy TEOpEeTUUHIN
€JIEKTPOTEXHINI cmocid, TOOTO 3a JIOMOMOrOK TOMOJIOTIYHO CTPYKTYpOBaHMX Ta IMIEPAaTHBHO
MIAMTOPSIAKOBAHUX 00’ EKTIB.

VYBeneMo TOHSATTA nepexioHoi KOMNIeKCHOI cxeMu, SKOK HA3UBATUMEMO CXEMaTH4YHO 1
TOTIOJIOTIYHO CTPYKTYPOBAHHI JBOMOJIOCHUMH €JIEMEHTaMHU 00’ €KT 13 MHUTTEBUMH KOMILIEKCHUMH
CTPyMaMH y BITKaX Ta HampyramMu Ha HOTO IUISHKaX, MaTeMaTHYHO 3B’S3aHUMHU TMOMIX CO00I0
3akoHamu Kipxroga ta KOMIIOHEHTHUMH CITiBBIIHOIIEHHSIMHM, BUITMCAHUMHU B KOMILJICKCHO-4ACOBIN
¢dopmi BimoOpaskeHHS.

3axonu Kipxroga B KOMIIJIEKCHO-4acOBii opMi € OCHOBOIO AJisl (GOPMYBaHHSI CUCTEMH 1HTETPO-
nudepeHiagbHUX PiBHAHb, CKJIAJEHUX BITHOCHO MHUTTEBUX KOMIUIEKCHHX CTPYMIB y BIiTKax abo
Hampyr Ha HHX, SIKI HaJall MOXXHa BUKOPHUCTOBYBATH 1 JUIsl MOOYNOBU AU(EpeHLiaIbHIX PIBHAHb
Buay (5) abo (4), 1 B caMOCTiHHUN crnocid — mjisg OUThIl rTMOOKOTO Ta YTOYHEHOTO JIOCIIIKSHHS
NEPEeXiIHUX NPOIECIB B €IEKTPUYHOMY KOJI.

Cdhopmymroemo 3a3Ha4CHI 3aKOHH.

Iepwuii 3axon Kipxeogha B KOMITIEKCHO-4acoBiii ¢GopMi CTBEpIKYyeE, 10 anreOpaiuHa cyma
MUTTEBUX KOMIUIEKCHUX CTPYMIB BITOK, SIKI CXOJATBCA y BY3Ji HEepeXiJTHOI KOMIUIEKCHOI CXEMHU B
Oyab-KUIi MOMEHT 4acy JIOPiBHIOE HYIIO:

h
Zlm, (1) =0. (8)
I=1

Jlpyeuii 3axon Kipxeogha B KOMIUIEKCHO-4acOBi (opMi, y CBOIO 4Yepry, BCTAHOBIIIOE, IO
anreOpaiyHa CyMa MMTTEBUX KOMIUIEKCHMX HAmpyr Ha OKPEMHUX eJIeMEHTax JOBUIbHOTO
3aMKHYTOT'O KOHTYPY MEpeXiTHOT KOMIUIEKCHOI CXeMH B Oy/Ib-SIKUi MOMEHT Yacy JIOPIBHIOE HYIIIO:

YU ()=0. ©)

Meroauka CKJIaJaHHS CUCTEMHU PiBHSIHB 3a 3akoHamH Kipxroda B KOMIUIEKCHO-4acoBid (opmi
HE BIJPI3HAETHCS BT yCTAIEHOT.

Bapro 3a3naunty, mo oOujBa HaBeAeHHX 3akoHU Kipxroga B KOMIUIEKCHO-4acoBid ¢opMi €
Ounbllie nocmynamamu, OCKUIBKH ITUM 3aKOHAM BJIACTMBHI OUIBIINN CTYIHB y3arajJbHEHOCTI, iX
HEMOXJIMBO aHl BBECTH, aHl OOIpyHTyBaTH uepe3 3akoHu Kipxroda, BunucaHi BiTHOCHO MUTTEBUX
Hanpyr i cTpyMiB (TOOTO B KiacuuHiit (popmi). BogHowac Taka y3arainbHEHICTh CHOPiIHIOE OOHIIBI
dbopMu 1 YHEMOXKJIMBIIIOE BUHUKHEHHSI MPOTUpiuus MK HUMHU. YuHHICTH 3akoHIB Kipxroda B
KOMIUICKCHO-9acoBiii ¢GopMi HE TUIbKH 3ajWIlae B CHII, ajle W mnepeadadae Mi€3MaTHICThH 1
CIIPOMOXKHICTh 1X KJIACHYHUX aHanoriB. Takuii XapakTrep BiIHOWIEHHA MDK BIJOMUMH Ta
IHAYKTUBHO BBeJeHUMH (popmamu 3akoHiB Kipxroda € Han3BruuaifHO BaXKIMBUM, OCKUJIBKU CIYTYE
HEOOXITHOIO YMOBOIO ICTMHHOCTI OCTaHHiX. BojHouac miATBEpAWTH W 3aTBEpAMTH TAKUH CTaTyC
abo X, 110 HE BUKIIOYEHO, 1 MPOTHIEKHE — CHPOCTYBAaTH HOTO, 3BHYAHHO K, Ma€ TMPaKTUYHA
nepeBipka — BUMOIJIMBA, TpUBaJIa 1 BceOivHa.
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OnHuM 13 BOXIIMBHX HACIIIKIB BHINECKA3aHOTO € ¥ Te, mo 3akoHu Kipxroda B KOMILIEKCHO-
4acoBiil (opMi 3aBISIKM CBOTH y3araJbHEHOCTI MiANIOPSIIKOBYIOTh CO01 HE TUIBKH YCTaJICH] PeXKUMU
pOOOTH €IEeKTPUYHUX KiI CHHYCOIZHOTO CTpyMy, ajie i mepelir mepexiHuX MpoIeciB y HUX, Ha
BiaMiHYy Bin 3akoHiB Kipxroda B komrmekcHiit ¢opmi, iKi, SK BiJJOMO, BUOYJOBAaHO Ha OCHOBI
KJIACUYHHMX 3aKOHIB JJISI TEOPETHUYHOI'O CYMPOBOJY MOIIMPEHOTO METOAAa KOMIUICKCHUX aMILTITY]l
(CUMBOJIIYHOTO METO/a) 3 METOI0 PO3PaXyHKY YCTAJCHHX DPEXKHMIB Yy 3a3HAYCHUX EJCKTPUIHHX
KoJax.

s po3paxyHKy Ta aHallizy MepexiJHUX IMpoleciB, OKpiM 3akoHiB Kipxroda B KOMIUIEKCHO-
yacoBii (opmi BimoOpaxkenHs (8) Ta (9), MoTpiOHO BHUKOPUCTOBYBATH 1€ M CHELiaJbHI
MaTeMaTHYHI PIBHIHHS, SKI B TECOPETUYHIN €JECKTPOTEXHIIl CYKYITHO Ha3WBAIOTh KOMHOHEHMHUMU
cniggionowenHamy. KOMIOHEHTHI CHIBBIIHOIIEGHHS BHABISIOTh MaTeMaTH4HI 3B’SI3KM MK
MUTTEBUMHU HAllpyraMd Ta CTPyMaMH Ha OKPEMHX iJI€aJli30BaHMX TIACHBHUX E€JIEeMEHTax
€JIeKTPUYHOrO0 KOja. 3BICHO Yy HAIIOMY BHIIAQAKy Il 3B S3KM MalTh OyTH IIeperucaHi B
KOMIUIEKCHO-4acoBiil ¢opmi. BakmMBO HArojJoCuTH, 1O B TaKUX 3B’SI3KaX MDK MHUTTEBHUMHU
HampyraMM 1 CTpyMamH, Hapi3HO B3STHX OCHOBHUX TIACHBHUX JBOIIOJIOCHHX €JICMEHTIB
€JIEKTPUYHOTO KOJIa, 3HAXOJSTh CBOE BiJOOPa)KEHHS BAXKIIMBI 3aKOHH EJIEKTPOTEXHIKH, 30KpeMa
3akoHM OMa Ta eJeKTpoMarHiTHoi iHaykuii dapajes, TOMy KOMIIOHEHTHI CIiBBi1JHOLICHHS,
MpeACTaBICHI KOMIUIEKCHO-4aCOBOIO (POPMOIO, TaKOXX MaroTh OyTH O€3MOCEpeHIM BUSBOM ITUX
3aKOHIB.

I3 cka3aHOTO BHINE BUIUIMBAE, IO JI0 CKIIAAy NEPeXiTHUX KOMIUIEKCHUX CXEM NMOBHUHHI BXOJUTH
€JIEMEHTH TUTBKH 3 TaKMMH BJIACTUBOCTSAMH, 32 SIKHX MHUTTEBI KOMMIEKCHI CTPyMH 1 HalpyTd
OlEKTMBHO BIAMOBIAATUMYTh MUTTEBUM CTPpyMaM 1 HampyraM Ha OKPEMHX €JIEMEHTaX pealbHUX
elekTpuyHuX Kil. Came Taka B3a€MHAa OJHO3HAUYHICTh 1 Ma€ CTaTH THUM CTPW)KHEM, SKHHA 3MOXKe
3a0e3neunTH HEOOXiTHY a/eKBAaTHICTh OTPUMAHUX PE3yJbTaTiB JOCTIDKEHHS pealisM BUXiTHOI
3a/ayi miJ1 4yac aHamizy JUHAMIYHHUX PEKUMIB HA OCHOBI MEPEXiTHUX KOMILIEKCHUX CXEM.

OTxe, /i1 OCHOBHUX IMAaCHUBHUX JIBOTOJIOCHHUX EJIEMEHTIB €JIEKTPUYHOIO KOJia: aKTUBHOIO
OTIOpY, IHIYKTUBHOCTI Ta €MHOCTI — KOMITOHEHTHI CITIBBITHOIICHHS B KOMIUJIEKCHO-9acoOBiil opmi
chopMyeMO Ha OCHOB1 KJJAaCUYHMX CITIBBITHOIIICHD, BUITMCAHUX JIJI1 MUTTEBUX CTPYMIB 1 HalpyT.

Pezucmusnuii enemenm. JIns 1pOro ABOIMOJIOCHOTO €JIEMEHTAa MaTeMaTHYHHHA 3B'S30K MIX
MUTTEBUMH HAIIPYTOIO 1 CTPYMOM BH3HA4al0Th 3akoHOM Oma [8]:

u(t)=Ri(t), (10)

ne u(t)=U,(¢t)sinfot+y,(t)], i(t)=1,(t)sin[ @t +y,(¢)], mo 3 ypaxysanusm (1) — (3) nossonse

OTPUMATH CIIBBIIHOMICHHS IS 1X KOMIUICKCHUX 300pa)keHb y BUIIISIII 3aKOHY OMa B KOMIUIEKCHO-
yacoBi hopmi:

U (t):R{m(z). (11)

- m

Inoykmuenuil enemenm. MaTeMaTHYHHHA 3B’SI30K MK MUTTEBUMH HANpyror i CTPyMOM Ha
LbOMY JBOIIOJIIOCHOMY €JI€MEHTI 3yMOBJIEHMI 3aKOHOM €JIeKTPOMarHiTHoi iHaykuii ®apanes, Ha
OCHOBI SIKOT'O BBOJIATH BIATIOBIJHE KOMIIOHEHTHE CIIBBITHOIICHHS [8]:

u(t):L%i(t). (12)

3 ypaxyBauuam (7), ge mna k=1 maemo L%i(t)zlm L%Lm (1)+ joL L, (t)]-€™" ¢,

HaBe/IeHe KOMIIOHEHTHE CITIBBITHOLIEHHS J03BOJI€ BUSBUTH XapaKTep MaTeMaTHUHUX 3B SA3KIB MIXK
MUTTEBUMHU KOMIUIEKCHUMH HAIIPYToI0 Ta CTPYMOM Ha iHAYKTUBHOCTI, a came:
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d :
U (1)=L 1 (t)+ joL I (¢). (13)
- m {—-m
Emnicnui  enemenm. SIk BimoMo [8], Ha 1BOMY €JIEMEHTI MUTTEBI Hampyra i CTpyM IOB’si3aHi
KOMITOHEHTHUM CIiBB1{HOIIECHHIM:

. d
i(t)=C—u(t), (14)
dit
yepe3 I¢ MaTeMaTHYHUH 3B’S30K MIXK BIANMOBIIHMMH MHUTTEBUMH KOMIUIEKCHUMH HAINpPYrow 1

CTPYMOM MAaTHUMC BUTJIA:

gm(t):c%gm(z)ﬂmcgm(z), (15)

OCKIJIBKH BifmosiaHo 10 (7) C%u (£)=1Im C%Qm (1)+joCU, (1) -el®!

KoMIioHeHTHI CHiBBIIHONICHHST B KOMIUIEKCHO-4acoBiii ¢opmi, 30kpema (11), (13), (15), ne
TIBKH PO3KPUBAIOTH 3aKOHOMIPHOCTI y 3B’SI3KaX MK MHUTTEBHUMH KOMIUIEKCHUMH HAIlpyramu i
CTpyMaMH Ha OKpPEMO B3STHX €JIEMEHTaX eJCKTPUYHOTO KOJia, BOHH BOJHOYAC JIO3BOJISIOThH
BCTAHOBUTH OIEKTUBHY BIAMOBIAHICT MK IIMMH €IEMEHTaMH Ta eJIeMEHTaMH NepexiaHoi
KOMIDICKCHOI CXEMH, BHU3HAYMBINY BXKJIMBI TMPUHIIUIN Ta TMpaBuia MOOYJOBH OCTaHHBOI. JIJis
OCHOBHMX TACMBHHMX €JIEMCHTIB €JICKTPHUYHOIO KoOja IIi TpaBuia IpeAcTaBiICHI Tabn. 1, me
MOYJICHHO B KO)KHOMY CTOBITYUKY, PO3TAllIOBAHOMY JIIBOPYY, HABEJCHO BIACHE CJIEMEHT BHUXIIHOTO
KOJIa, a IPaBOPyd — BIANOBIMHUN HOMY (parMeHT MepexigHOI KOMIUIEKCHOT CXeMH, KU 32 YMOBHU
BUKOHaHHS 3aKoHIB Kipxroda 31aTeH 3a0e3neunt MoMi>K MUTTEBUMH KOMIUIEKCHUMU HAINPyTaMH 1
CTpyMaMHu HEOOXiIHE 3 BHUIICBUIHCAHUX KOMIIOHCHTHE CITIBBIIHOIICHHS B KOMIUIEKCHO-4aCOBIH

dopwmi.

Taomums 1
Ta6uuus BiInoBiTHOCTI MiXk eJleMeHTaMHU eJIeKTPHYHOTO KoJIa i mepexigHoi KOMIIEKCHOI cXxeMH
PesncTnBHMII eJ1IEMEHT THAYKTHBHIIT eJIeMeHT €MHiCHIII e/leMeHT
1
i Lt : Lt 4 jol. it ~ joC
L e SN = N O T Ll R
— . C
—_— —_— _
u(r) (_]m([) u(t) Q»r(f) u(r)
E—
QI”(’)
di A du i
u=Ri Us=RI; U= = U, =k _;1+JOJL£m i= ar L= € —;” + joCU,,

3 Ilpukiaax noctaHoBKH 3aaa4i Komri Ha 0cHOBI mepexigHoi KOMIUIEKCHOI CXeMH, 3aKOHIB
Kipxroga i KoOMIIOHEeHTHHX CIIBBiIHOLIEHb Y KOMILJIEKCHO-4acOBiil (popmi

HaBenemo mpukiaa moctaHoBkM 3ajadi Komri B TepMiHaX MUTTEBUX KOMIUIEKCHUX CTPYMIB 1
Hanpyr 3a JIOTMIOMOTOI0 3alPOIIOHOBAHOI MEPEXijHOI KOMIUIEKCHOI cxeMu Ta 3akoHiB Kipxroda i
KOMIIOHCHTHHUX CIiBBIIHOIIIEHb Y KOMIUIEKCHO-4acoBii (popmi BimoOpakeHHsa. BogHodac 3pooumo
YaCTKOBY IMEPEBIPKY aJIeKBAaTHOCTI 3a3HAYeHUX Oa3UCHUX €JIEMEHTIB (PI3UYHOMY MPOTIKAHHIO
MEPEXiTHOTO TPOIeCy B KOJI CHHYCOIIHOTO CTPYyMY, ONMCYBAHOMY MHTTEBHMH CTpyMaMHu abo
Hanpyramu. /[s Iboro CKOpUCTaEMOCS OAHHMM 13 TOTOJIOTIYHO HIMPOKOBXKUBAHUX Y TEOPETUUHIN
€JIEKTPOTEXHII MPUKJIIAIIB eEKTPUYHOTO KoJia 2-Tr0 MOPSAJKY, CXeMy SKOro Moka3aHo Ha puc. 1, a.
[opsin, Ha puc. 1, 6, 32 BU3HAUEHUMH BUIIE NpaBWiIaMu (IuB. Tabn. 1) moOymoBaHO mepexigHy
Haykosi npaui BHTY, 2015, Ne 1 6
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KOMINJICKCHY CXEMY LbOI'0 KOJa.

iy(?) p i3(?) L JjoL L,s(0)
F—= VY, o — G—Y Y YN —>
. Ill
C 112(1) . 1 l" 2(0)
u(f) - K [] U, joc | |C [:I R;
R, L. R, .
o—{] o ] ‘
a) 0)

Puc. 1. EnextpudHe Koo 2-ro MOpsIIKy Ta HOro repexiHa KOMIUIEKCHA CXeMa

Cucrema piBHSIHb, SIKY B 3arajlbHOTNIPUHHATHI CIOCIO CKIAACHO M MEepeXiHOT KOMILIEKCHOT
cxemu Ha mizacrtasi 3akoHiB Kipxroda (8), (9) Ta kommonenTHux criBBigHomieHs (11), (13), (15) B
KOMIUIEKCHO-4acoBii (opMi BIAHOCHO MUTTEBUX KOMIUIEKCHHUX CTPYMIB y BITKax Ta Halpyrd Ha
€MHICHOMY €JICMEHTI1, Ma€ BUTJISIL;

L, (1)=1,, (t)=1,,(?)

0;

d .
L, (1)-C Eg’"c (1)-joCU, (t)=0;
4 (16)
L1, (1)+(R +joL)L, (1)+U, (1)=U,;

R, 1, (1)-U, (2)=0,

ne U =U, e =const.
-m
PiBHSIHHS mepeXxiTHOTO TPOIleCyY B KO HECKIATHO OTPUMATH, SKIIO NepernucaTi cucreMy (16)
BIJIHOCHO OJIHI€1 3 IIyKaHUX (DYHKUIN, HAPUKIIAJ, MUTTEBOIO KOMIUIEKCHOTO CTpymMy [ m (t) Toni
mrdepenmiaabae piBHSIHHS HaOyne BUTIILY piBHSHHS (5) 32 yMOBH 7 = 2, a caMe:

d
4, g2 (1)+4, ﬁlml(f)"‘éolml (£)=Bo U, 7

ne koediuienty 4 =LCR,; A =L+CRR, + j20LCR,; A =R, + R, —0’LCR, + jo(L + CRR,);
-2 -1 -0
B, =1+ jo CR,
[TouaTtkoBi x ymoBu 3amaui Komii B 3a3HauyeHiil MOCTaHOBII HEOOXiHO PpO3paxoByBAaTU 3a

JIOTIOMOTOF0 KOMIUIEKCHOI CXEMH JIOKOMYTAIlIfHOTO KOJIa HA OCHOBI HE3aJIS)KHHUX MTOYATKOBUX YMOB
Ta 3aKOHIB KOMYTallii, MpeIcTaBIeHUX KOMIUIEKCHOIO hopmoto [3]:

Ly, (0)=L,, (0)=L,,(%). 1 0)=v ()= ().

- ¢ ~mc - mc

Y HamoMmy BUIAAKy JBOMa MOYaTKOBUMH yMOBaMH ImykaHoi 3amgadi  Komri  OymyTsb
CIIBB1/IHOIIIEHHS:
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U
1 (0.)= -
‘ Rl+j((oL—j
®C (18)
d1 (0,)
o
dt

JpyTe 3 SKUX HECKJIaJIHO OTPUMATH, CKOPUCTABIIUCH TPETIM PIBHSHHAM cHCTeMH (16).
[3 MeTor TmepeBipKM OTPUMAHOTO pe3ylnbTaTy CKiIaaeMo JudepeHiiaabHe pPIBHSHHS

nepexi):[Horo mnponoecy Bi,Z[HOCHO MUTTEBOTO CTPyMYy il(t ) . Z[J'IH ObOro, CKOpPHUCTABIIUCH

CXEMOIOBUXIJTHOTO €JIEKTPUYHOr0 Koja (AuB. puc. 1, a), cnoyatky noOyayeMo CUCTEMY PIBHSIHb Ha
ocHoBi 3akoHiB Kipxroda i xommonentHux cmiBBizHomens (10), (12), (14), Bumucanux y
KJIacH4Hii popmi,

) (19)
L El}(l‘)+Rl il(t)+uc(t)=u(t),'

R, ii(t)-uc(t)=0,

ne u(t)=Um sin(mtﬂyu), a motiM mepenumemo (19) BiZHOCHO CTpymy il(t). VY pesynbrari

OTpUMY€EMO NH(epeHIlialibHe PIBHSIHHS 2-T0 NOPSAKY BULY (4)
d’ d d
ay— i (t)+a,—i (¢t)+ayi(t)=b—u(t)+u(t 20
0+ i (1) i ()= A ule) ) )
3 koedinientamu a, = LCR,; a,=L+CRR,; ay,=R +R,; b,=CR,; b, =1.

3a Takoi mocraHoBku 3amadi Komi piBHsHHSA (20) mOTpiOHO JOMOBHUTH BiAIOBIIHUMU
MOYaTKOBUMHU YMOBaMHU, 3BUYAIHO Xk, BiIMiHHUMU Bif (18):

U ok~ 1C
i1(0+)= 2 =siny, —arcth(D ;
1 1
R +| wL——— 21
: [ oC J @)
dil(0+)= I/l(0+)— uC(O+)_ Rl ll(o+)
dt L ’
1
oL —-———
0,)=U, si _
e u( +) msm\VM; u-(0,)= U cos wu—arctg—wc
1
oC.|R’ +((DL—1J
oC
BapTto 3BepHyTH yBary Ha Te, 1[0 B KOXKHOMY OKPEMOMY BHITAJIKy ITOX1Ha MUTTEBOTO CTPyMY Ha

dil(OJr)

MOMEHT KOMYyTaIlii 3a3BUYail He Ha0yBa€ TUX CaMUX 3HAYEHb, a 3aJICKUTH BiJl TOYATKOBOT
da3u BXiAHOI HANpPyTH Ta CIHIBBIAHONICHh IMOMDK MapamMeTpaMu eJeMEHTIB 3aJaHoro Koua.
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d1 (0,)
BonHouac 3Ha4eHHS MOXITHOI d—l € IHBApI1aHTHUM III0JI0 BKAa3aHUX MHapaMETPIB 1 3aBXKIU
t

JIOPIBHIOE HYJIIO.
[TopiBHIotOuM KoedimieHTH 000X AudepeHuianbHux piBHAHB (17) 1 (20), HECKIaAHO TMOMITHUTH,
10!

. ; . 2 . . 2 .
z_‘lzzaz, {ll:a1+]2ma2, {10:%_(’3 a,+ joa; {iozbo—m b, + jo b,

1l B OCTAHHBOMY CIIIBBIJHOIIEHH] b, =0 .

Omxe, sl 3aaHOTO 32 YMOBOIO TPHKIANy BUNAAKY, KoM n=2 1 g=1 (omHe Kepeno

KUBJICHHS), BIJHOIICHHS MDK TpyHaMd BIANOBITHUX KoeQilieHTIB AudepeHIialbHUX PiBHAHD
BINOBiaIOTh popmMyam (6), yepes 1o i po3B’ 3K HUX PIBHIH 32 3a3HAYCHUX BUIIE TTOYATKOBUX
ymoB (18) 1 (21) He cynepeuntumyTth popmyi (3)

ii(1)=1m{1, (t)ej"”}'

Ile o3Hauae, SKIIO TUTBKK aJeKBATHUM 00’ €KTHBHO CyYacHil JIMCHOCTI BUSIBUTHCS PO3B 30K
A (t) 3amaui Komi, moOyoBaHOI Ul 3aaHOTO €JIEKTPHUYHOTO KOJIa Ha OCHOBI KACUYHUX 3aKOHIB

Kipxroda i KOMIIOHCHTHHX CIIiBBIJHOIICHb, TO PO3B’SI30K [, (t) 3amaui Komri, sky MoxHa

chopMyBaTH 1 B IHIIUI CIOCIO — HA OCHOBI 3aNPONOHOB8AHOI TIEPEXiTHOT KOMIICKCHOI CXeMH Ta 3a
nonoMororo 3akoHiB Kipxroga i KOMIIOHEHTHHUX CITiBBiTHOIIEHb y KOMILIEKCHO-4acOBii Gopmi, 3a
3a3HAYEHOIO SAKICTIO HE MOCTYNAaTHMEThCS MEPIIOMY PO3B’SI3Ky i TaKoX Oyze aJeKBaTHHM peajlisiM
MEPEXiTHOTO MPOIIECY B LIbOMY €JIEKTPUYHOMY KOJIi 32 1HIIUX PIBHUX YMOB.

IIpukiHueBa 4acTMHA, BACHOBKH

Jlng npukiany Ha puc. 2 noOyA0BaHO JABa rpadiku, Kl OKpeMo i nepeaycim y sKicHiil ¢opmi
BioOpaxkatoTb TOM camuil mepexiguuii mpouec. Ilepmmii rpagik (puc. 2, a) — 1e nepexiaHa

XBWJIbOBA JllarpaMa MHTTEBOTO CTPyMY il(l), npyruit (puc. 2,6) — uvacoBuii romgorpad [3],

100y J0BaHNH Ha OCHOBI MUTTEBOIO KOMIUIEKCHOTO CTpYMY [, (t) Ha KOMIUIEKCHIH TTOIIHHI.

li@), A o, (1) +

T 1] IR AR NAY

T HAEANS= %/

LS 2 25

"4

/|
> 4
g

\ \\ ) ,l/l

Puc. 2. TlepexifiHa XBUJIbOBA liarpaMa MUTTEBOTO CTPYMY [ (l‘ ) Ta YacoBHH rojorpad MUTTEBOTO KOMIUIEKCHOTO

ctpymy 1 (t )

-m,
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SIK BUIIHO 3 PHCYHKIB, OOM/IBI MaTeMaTU4YHI MOJIENl € CaMOAOCTaTHIMHU. 30KpeMa BOHHU SBHO U
OJTHO3HAYHO BiJJOOPaKarOTh J[BI XapaKTEpHI PHCH MOTOYHOTO IEPEXiAHOTO MPOIECy: TMO-TIepIle,
icTOTHE, 4u HEe BTpUYi (!), 3pOCTaHHS MEPEXiTHOTO CTPYMY B 3aJaHOMY KOJII Ta paJIUKAIbHY 3MIHY
XapakTepy BXiTHOTO iIMIIEIaHCYy KoJia 3 EMHICHOTO Ha 1HyKTUBHUH, TO-Apyre. BogHovac, OCKiTbKU
KO’KHa 3 MOJieJiel BUSIBIISIE€ MIPUTaMaHHI il MOXKIIMBOCTI y CBO€EPIAHUH cIoCi0 1 PI3HOSKICHO, BapTO
i 00MABI MaTeMaTHUYHI MOJENi, a BIAMOBIAHO — 1 00uaBi Gopmu 3amaui Komri, cipuiiMatu He B
MPOTUCTABJICHHI OJHA OJHIM 3a KUIbKICTIO MMOBIPHO BJIACTUBHUX iM Baj, alié B MPUPOJHOMY
JIOTIOBHEHI MOJKJIMBHMH TI€peBaraMu, BJIACTUBUMHU JIMIIEC KOXHIM 3 HUX, HE3aJIE)KHO Bij YMCIa Ta
TJIMOMHY OCTaHHIX.

Tinmepky 3a TaKoOro MigXOMy TEOpis MEPEeXiHOTO MpoIecy B KOJAX CHHYCOINHOTO CTPyMYy
MOCTYNOBO HaOyBaTHME HEOOXITHOi 3aBEPUICHOCTI Ta MOBHOTH. | TIIBKM 3a Takoro MiJIXOAy
BUKJIaJICH] B 111l pOOOTI HAYKOBI Pe3yIbTaTH 3MOXKYTh HAMITOBHIILIE PO3KPUTH CBOIO CYTHICTb.

Binrak yBenene ta po3poOiieHe MOHATTS MEPeXiTHOT KOMIUIEKCHOI CXEMH €JIeKTPHYHOTO KOJa,
BUSIBJICHI ¥ ONMHMCaHi iCTOTHI BIACTUBOCTI Ta OCHOBHI NMPHHIUMHM 1i CKJIaJaHHs, CPOPMYITbOBaHI B
KOMIUIEKCHO-4acoBii (popmi Ta oOrpyHTOBaH1 00MaBa 3akoHH Kipxroda Ta 0OCHOBHI KOMIIOHEHTHI
CHIBBIHOIIECHHS — yCE I Pa3oM 1 y CBOill €JHOCTI CTBOPIOE TEOPETHYHHI 0a3uc CHMBOJBHO-
KJIACHYHOTO METOJa, SKMH J03BOJISIE Oe3IMOCepeHhO CTAaBUTH M pO3B’A3yBaTd (yHAAMEHTAIBHY
3amady Komri BiIMIHHO Bii y3BH4YaeHOI ()OpMHU B TEPMiHAX MUTTEBUX KOMIUICKCHHX CTPYMIB 1
HAIpYT, YUM PO3IIMPIOE i MOCHIIIOE aHATITHYHI MOKIIMBOCTI ITiJ] 9aC PO3PAaXyHKY Ta JOCIHIIKEHHS
NEPeXiIHUX TMPOLECIB Yy JHIHHUX EJIEKTPUYHUX KOJAaX CHHYCOiJHOTO Ta MEpioAUYHOro
HECHHYCOiJJHOTO CTPYMiB.
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POWER ENGENEERING AND ELECTRICAL ENGINEERING

Yu. G. Vedmitskiy, Cand. Sc. (Eng.); V. V. Kukharchuk, Dc. Sc. (Eng.), Prof.

TRANSIENT COMPLEX CIRCUITS, KIRCHHOFF’S LAWS AND THE
COMPONENT RELATIONS IN COMPLEX-TEMPORAL FORM OF
REPRESENTATION

Notion of transient complex scheme of electric circuit is suggested and developed in the paper, its basic
properties — Kirchhoff’s laws and component relations in complex-temporal form of representation are
determined. They in their unity are principle elements of theoretical basis of symbol-classic method of
Cauchy problem solution, formulated in terms of instantaneous complex currents and voltages for
calculation of transient processes in linear electric circuits of sinusoidal and periodic non- sinusoidal
currents.

Key words: electric circuit, transient process, Cauchy problem, complex—symbolic method, instantaneous
complex currents and voltages, Kirchhoff’s laws, component relations, differential equations of motion,
switching laws in complex form.

Introduction

Development and improvement of the methods of calculation and analysis of transient processes
in electric circuits of sinusoidal current still remains important and urgent problem while
investigating electric engineering systems with periodic form of motion.

Such status of the problem is stipulated by needs of practical origin — these needs are various
both by the depth of penetration and by the volume of scope[1]. This is explained, on one hand, by
the increased and even critical sensitivity of operating parameters and characteristics of the above-
mentioned engineering systems, for instance, objects of electric power engineering or
electromechanics, to transient process modes, that can be observed in them even during one
production cycle, and on the other hand — by the volume of the region of such systems and their
total impact to technogenic sphere on the whole.

At the same time purely theoretical component of the above-mentioned problem [2] remains

cos (m — tj
important, as the system of trigonometric functions with even frequencies of the form

sin(m—tj —(1.2

and r , Where " _( ’ ’"'), is one of the fundamental and most frequently used
orthogonal normalized basis of Hilbert space of instantaneous voltages and currents, elements of
which are able to determine evolution motion of each of the above-mentioned engineering systems
not only in steady-state operation mode but also during transient process. In the latter case physical
transient process in the system should be accompanied by simultaneous change of all the
coefficients of trigonometric Fourier series in time, and on condition of period I stability — even is
able to be in relation of equivalence to such change. For linear or linearized electric engineering
systems with periodic form of motion, this means, that Cauchy problem, that, as it is known, is
mathematical interpretation of the problem of transient process analysis in physical and engineering
systems with concentrated parameters, may be formulated and solved relatively each harmonic
component from trigonometric series separately, then find solution, applying the principle of
superposition. At the same time, as Fourier coefficients of each of transient harmonics, for instance,
current, directly determine its amplitude and initial phase, as a result, the harmonic has the form

i"(e)=1"(¢)sinlm ot +y"(7)), (1)
it is expedient to formulate Cauchey problem not in terms of instantaneous currents i) (t) (or

voltages), but in terms of their complex images, i.e. instantaneous complex currents
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I(m)(t):](m)(t) e./'l//l(m)(’), (2)

m
- m

where

i(0)= {1 ()™ | 3)

-m

Using such an approach, as it is shown in [3], both sets of functions / (,,',") (¢) and ") (¢), and in

l
case of change during transient process period 7’ (t) — these are functions ma)(t), their first and

higher derivatives, integrals, integral transformations both separately and in different combinations
are able to describe and reveal not only visible, but also hidden and abnormal properties of transient
processs in electric circuit both in qualitative form and analytically.

It is worth mentioning that theoretical electric engineering the problem of analysis of transient
processes in electric circuits of sinusoidal current nowadays is able to solve systematically and
efficiently solve practically in all its manifestations. For this purpose various calculation methods
are proposed, namely--- classical, operator, spectral, method of Duhamel integral, etc. The essence
of these methods is revealed in numerous scientific and educational sources, for instance [4 - 13].
At the same time, as research described in these sources, shows, fundamental Cauchy problem is
formed in them mainly in terms of instantaneous currents and voltages. Such an approach prevails
in cases when, in order to solve this problem, integral transformations, namely, integrals of Fourier,
Laplace or Karson, are used. Unfortunately, the possibility of Cauchy problem formation relatively
functions of instantaneous complex currents of the form (2) in the given reference is not revealed,
and is not even mentioned. This, probably, explains the fact that methodical support of such an
approach at present is not sufficiently studied.

The aim of the given research is development on the base of the function of the form (2), the
notion of transient complex scheme of electric circuit, determination of characteristics features and
fundamental properties of such circuit, in particular, Kirchhoff’s laws and component relations in
complex-temporal from of representation, development of basis principles and rules of its
construction. The developed theoretical notions and relations in their total, must become important
elements of theoretical basis of symbolic-classical method — one of information methods of
calculation and analysis of transient processes in linear circuits of sinusoidal current [3].

1 Differential equation of transient process in complex form

It should be noted, that now and further the results of research will be given only regarding the
first (that is, basic) harmonics of Fourier trigonometric series, however, relations, written for it,
taking into account the order of multiplicity, will maintain its validity also for higher harmonics.

It is known, that transient process in linear electric circuit with several sources of sinusoidal
voltage of the same frequency

u=U, sin(a)t +y,, ) v u, =U, sin(a)t + ‘//u,,)
can be described by ordinary linear differential equation of n-th order composed relatively certain
instantaneous current i (t) of the form (1), on the base of Kirchhoff’s laws and component

relations,

n v 5

Z “dit Z(; * dt @

di(0,) d""i(0,)
PR =

q=1

with » initial conditions: (0, ),
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At the same time, taking into account the relation (3), Cauchy problem, determined in the
method (4), is admissible, and in many cases — is expedient, to formulate in another way — in terms
of instantaneous complex currents and voltages. In such interpretation transient process in the
circuit will be presented by differential equations in complex form, added by » initial conditions of

dr1,(0.) d"'I,(0,)

the form: lm((L), dr T g
t

. The equation itself will have the form:

B U ] (5)

Complex coefficients in the equation (5) may be determined in different ways.

For instance, they can be calculated by means of coefficients of differential equation (4) but on
condition that such equation for the given circuit would be obtained in advance. As it is shown in
[3], for electric circuit of random order (without preset number of degrees of freedom) the law of
transformation of equation coefficients (4) in corresponding coefficients of equation (5) will be in
subordination to binomial theorem and will have the following form:

K (k + p p .\
ZO|: k/ p/ ) 'ak+[7:|’ Boq_g(‘]a)) bC[S’ (6)
because, firstly, each k-th derivative of instantaneous current i (t) in the left part (4) may be written
through instantaneous complex current /, (7) and its derivatives as

d*rr (¢)

L T = BT TR S PLo I I

that creates the possibility for the next rearrangement and reduction of the obtained expression to
the form of the left part of the formula (5):

d“r 1 (r) d“1 (r)

n k k! . —m L 4 k‘f—p/ . -m
3 3 > Z[(k/ p.’) '(Ja))p'akw]T ,

k=0 =0 P/(k—]?)/ k=0 | p=0

and, secondly, each s-th derivative in the right part of the equation (4) also may be written in the
similar manner and on this base, taking into account the invariability in time of the amplitudes,
initial phases and frequency of external sources of energy may be rewritten in complex form,
reduced to the form of the right part of the formula (5):

852 g e Joomflne )]

At the same time, it is worth mentioning, that besides the given indirect method, the coefficients
of the equation (5), as the equation itself, may be obtained directly by means of transient complex
scheme of the investigated circuit and Kirchhoff’s laws in complex — temporal form of
representation, that enables to avoid the necessity of anterior composing of equation (4) and
determination of its coefficients with further recalculation by the formulas (6).
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2 Transient complex circuits, Kirchhoff’s laws and component relations in complex —
temporal form of representation

Instantaneous complex currents and voltages are independent analytical objects, that is why,
differential equation of transient process of the form (5) may be built by single rules in convenient
and generally accepted in theoretical engineering method, that is, by means of topologically
structured and imperatively subordinate objects.

Let us introduce the notion of transient complex scheme, we will use this notion to denote
topologically structured by two terminal elements object with instantaneous complex currents in the
branches and voltages at its sections, mathematically interconnected by Kirchhoff’s laws and
component relations, presented in complex — temporal form of representation.

Kirchhoff’s laws in complex-temporal are the base for formation of the system of integral-
differential equations, composed relatively instantaneous complex currents in branches or voltages
on them, that further could be used for construction of differential equations of the form (5) or (4),
and in independent manner — for more profound and accurate study of transient processes in electric
circuits.

Let us formulate these laws. First Kirchhoff’s law in complex — temporal form states, that
algebraic sum of instantaneous complex currents of branches, that coincide in the nodes of transient
complex scheme at any moment of time equals zero:

h
1 (1) =0. (8)
=1 =™
Second Kirchhoff’s law in complex-temporal form, in its turn, states, that algebraic sum of
instantaneous complex voltages at separate elements of random closed contour of transient complex
scheme always and constantly equals zero:

U (t)=0. (9)
=1~ M

The technique of composition of equation system by Kirchhoff’s laws in complex — temporal
form does not differ from the fixed one.

It is worth mentioning that these Kirchhoff’s laws in complex — temporal form are postulates: as
these laws are characterized by greater degree of generalization, it is impossible neither to introduce
them nor substantiate by means of Kirchhoff’s laws, written relatively instantaneous voltages and
currents (that is — in classic form). At the same time such generalization connects both forms and
makes impossible the emergence of contradictions between them. Validity of Kirchhoff’s laws in
complex — temporal form not only remain valid but provides capacity to function and ability of their
classical analogues. Such character of relation between known and inductivity introduced forms of
Kirchhoff’s laws is very important because it serves necessary condition of truth of the latter.
Simultaneously, confirm and approve such status, or on the contrary — refute it, this is to be done by
practical verification, strict, durable and detailed.

One of important consequences of the above — mentioned is that Kirchhoff’s laws in complex-
temporal form due to its generalization subordinate not only steady-state modes of electric circuits
of sinusoidal current operation, but also the course of transient processes unlike Kirchhoff’s laws in
complex form, which, as it is known are built on the base of classic laws for theoretical support of
widely-spread method of complex amplitudes (symbolic method) in order to calculate steady-state
modes in these electric circuits.

For calculation and analysis of transient processes besides Kirchhoff’s laws in complex —
temporal form of representation (8) and (9) it is necessary to use special mathematical equations,
which in theoretical electric engineering are called component relations. Component relations
establish mathematical connections between instantaneous voltages and currents at separate
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idealized passive elements of electric circuit.

It is natural, that in our case these connections must be rewritten in complex temporal form. It is
important to underline, that in such connections between instantaneous voltages and currents of
separately taken main passive two-terminal elements of electric circuit important laws of electric
engineering, namely, Ohm’s law and Farraday’s law of induction, find their reflection. That is why,
component relations, represented by complex-temporal form also must be direct manifastation of
these laws.

It follows from the above-mentioned that transient complex schemes must include the elements
with such properties, at which instantaneous complex currents and voltages will correspond to
instantaneous currents and voltages at separate elements of real electric circuits. Such mutual single
—valuedness must become the element that will be able to provide necessary adequacy of the
obtained results of the research to the realities of the output problem during the analysis of dynamic
modes on the base of transient complex schemes.

Thus, for main passive two-terminal elements of electric circuit, namely, - active resistance,
inductance and capacitance, we form the component relations in complex-temporal form on the
base of classic relations, written for instantaneous currents and voltages.

Resistive element. For the given two-terminal element mathematical connection between
instantaneous voltage and current is determined by Ohm’s law [8]:

u(t)=Rilz), (10)
where u(t)=U,, (t)sin[a)tﬂ//u (t)], i(1)=1, (t)sin[a)tﬂ//i(t)], that, taking into account (1) —

(3) allows to obtain relation for their complex images in the form of Ohm’s law in complex —
temporal form:

U, (t)=RL,(t). (11)

Inductive element. Mathematical connection between instantaneous voltage and current at this
two-terminal element is stipulated by Faraday’s law of induction, on the base of this law
corresponding component relation is introduced [8]

u(t)=L%i(t). (12)

Taking into account (7), where for £ =1 we have L%i(t)= Im{L dil (t)+ joLI (Z)} . e-’“”} ,

the given component relation allows to determine the character of mathematic connections between
instantaneous complex voltages and current on the inductance, namely:

U (t):L%I ()+joL1 (1), (13)

Capacitance element. As it is known [8], on this element instantaneous voltage and current are
interconnected by component relation:

(1)=c 4
l(t)—Cdtu(t), (14)

as a result, mathematical connection between corresponding instantaneous complex voltage and
current will have the form:

1,()=cLu, ()+jocu, (), (15)

Haykosi npaui BHTY, 2015, Ne 1 5



POWER ENGENEERING AND ELECTRICAL ENGINEERING

since according to (7) C%u(z):]m{[ci(] (t)+ joCU (Z):|_ejwt}.

Component relations in complex-temporal form, in particular (11), (13), (15) not only reveal
regularities in connections between instantaneous complex voltages and currents on separately
taken elements of electric circuit, they allow to establish mutual and single-valued correspondence
among these elements and elements of transient complex scheme, having determined important
principles and rules of construction the latter.

For basic passive elements of electric circuit these rules are shown in Table 1, where in each
row, located on the left, the element of output circuit is presented and on the right — corresponding
fragment of transient complex scheme, which, on condition of Kirchhoff’s laws realization, is able
to provide between instantaneous complex voltages and currents necessary component relation in
complex-temporal form.

Table 1

Table of correspondence between elements of electric circuit and transient complex scheme

Resistive element Inductive element Capacitance element

i(r) R Lu(ﬂ R i(r) L L:rm I j.(Uf, I_(Q g 1,(t) JoC
—_—

—_— —
—_— —_— ——

. b (
u(t) U(1) u(f) U,() u(f) _I I_

L‘fmu}

dl diu dU
u=2Ri (_,'m=R£m u=L— I —L—-f—}j{,)Li f-TC‘_j L”—C;’“+ijL_-'m
1

df _":‘J'H U dr d!’

3 The example of Cauchy problem setting on the base of transient complex scheme,
Kirchhoff’s laws and component relations in complex-temporal form

Let us consider the example of Cauchy problem setting in terms of instantaneous complex
currents and voltages by means of suggested transient complex scheme, Kirchhoff’s laws and
component relations in complex-temporal form of representation.

Simultaneously we will perform partial test on adequacy of the basic elements to physical course
of transient process in the circuit of sinusoidal current, described by instantaneous currents or
voltages. For this purpose we will make use of one of topologically widely used in theoretical
engineering examples of electric circuit of the 2-nd order, diagram of which is shown in Fig. 1, a.
Near, in Fig. 1, b, according to the rules, defined above (see Table 1) transient complex scheme of
this circuit is built.

iy L X i5(f) L JoL L.5(?)
Gt YN o—" YV YN —
. !mZt
C |22 e | 2=
u(f) - Rz[] U joC_L L€ [] =
R, La( R, .
& L & 1 l
a) b)

Fig. 1. Electric circuit of the 2-nd order and its transient complex scheme
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System of equations, that in generally accepted method is composed for transient complex
scheme on the base of Kirchhoff’s laws (8), (9) and component relations (11), (13), (15) in
complex-temporal form relatively instantaneous complex currents in branches and voltage in
capacitance element, has the form:

I (t)-1 (t)-1 (e)=0;

- my —my m3

Il
A

I 0-cLu ()-jocu ()
2 t me me (16)
Ldiz )+ (R, + jol)l  ()+U ()=U ;

t—my - my - mg -m

R, I (t)-U ()=0,

3 - nc

where U =U,, e’ =const.

It is not difficult to obtain the equation of transient process if we rewrite the system (16)
relatively one of the functions to be found, for instance, instantaneous complex current [ - (t)

Then differential equation will have the form of the equations (5) on condition that  7n=2 pamely:

A

d
22 W—ml(t)—i_‘ill Eiml(l‘)+40£ml(l‘):§0 (_]m’ (17)

where coefficients
A, =LCRy; A, = L+ CRR, + j20LCRy; Ay = R + R, —@*LCR, + jo(L+CRR, ); By =1+ jo CR,.

Initial conditions of Cauchy problem in the given set up should be calculated by means of
complex scheme of precommunication circuit on the base of independent initial conditions and
communication laws, presented by complex formula [3]:

1, (0.)=1,, (0)=L, (0.). Uy, (0,)=U, (0)=U, (0.)

2

In our case, two initial conditions of the desired Cauchy problem will be relations:
U a1 (0,)

- m

10) e = a
| R1+j(a)L—j

oC

the second of which is easy to obtain, making use of the third equation of the system (16).
In order to check the result obtained we will compose differential equation of transient process
relatively instantaneous current i (l‘) . Making use of the scheme of output electric circuit (see Fig.

1, a), first we will compose the system of equations on the base of Kirchhoff’s laws and component
relations (10), (12), (14), written in classical form
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; (19)
L Eil(t)+Rl i (2)+up(t)=ulr):

R, ii(t)-uc(t)=0,

where u(t)=U, sin(wt+y,), and then we will rewrite (19) relatively current i (). As a result

we obtain differential equation of the 2-nd order of the form (4)
2

a —
2dr
with coefficients a, =LCR,; a,=L+CRR,; a,=R +R,; b, =CR,; b, =1.

At such setting of Cauchy problem, equation (20) must be completed by corresponding initial
conditions, certainly, different from (18):

il(t)+al%il(t)+a0il(t)=bl%u(t)+u(t) (20)

ol —
U oC

I (0+ ) = sin| v, —arctg——— |,

2 LY & 21
R +(wL—ij @1

dil (0+)_ u(0+)_uc(0+)_R1 il (O+)

- ’

dt L

where u(0,)=U, siny,; u.(0,)= U cos t//u—arctg—wc :

1Y Ry
2
oC R +(a)L—j

oC

We should pay attention to the fact, that in each separate case, the derivative of instantaneous
di (0,)

current at the moment of communication as a rule, does not obtain the same values but

depends on initial phase of input voltage and relations between parameters of the elements of the
a1 (0,)

my

given circuit. Simultaneously, the value of the derivative is invariant to the given

dt
parameters and always equals zero.
Comparing the coefficients of both differential equations (17) and (20) it is easy to note, that

— . — ; . _ 2 . . _ 2 .
1_42—a2, 1_41—al+]20)a2, {lo—ao—a) a,+jowa; l}o—bo—w b,+jwb,,

where in the last relation b, =0.

Then, for the set, by the conditions of the example of the case, when n=2 and g=1 (one

source of supply) relations between the groups of corresponding coefficients of differential
equations correspond to formulas (6), that is why, the solutions of these equations, taking into
consideration the above-mentioned initial conditions (18) and (21) will not contredict to the formula

3)
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i(t)= Im{l (t)e-f”f}.

- m,

This means, that if the solution i (t) of Cauchy problem, built for the given electric circuit on
the base of classic Kirchhoff’s laws and component relations is adequate to objectively existing

reality, then solution 7, (t) of Cauchy problem, that can be formulated in another way — on the

base of the suggested transient complex scheme and by means of Kirchhoff’s laws and component
relations in complex-temporal from, by its quality will not concede the first solution and will be
adequate to realities of transient process in the given electric circuit on another equal conditions.

Closing part, conclusions

For the example in Fig. 2 two graphs, which separately and qualitative form represent the
transient process. The first graph (Fig, 2, a) — it is transient wave diagram of instantaneous current

il(t) the second graph (Fig. 2, b) — time locus [3], built on the base of instantaneous complex

current /,, (¢) on complex plane.

i(f), A

Fig. 2. Transient wave diagram of instantaneous current [; (l‘ ) and time locus of instantaneous complex current

L, (1)

As it is seen from the figures, both mathematical models are adequately able to function and self-
contained. In particular, they obviously and definitely represent two characteristic features of the
current transient process: firstly, almost three times (!),growth of transient current in the given
circuit and secondly radical change of the character of the input impedance of the circuit from
capacitive into inductive. Simultaneously, as each model shows its possibilities in the manner,
inherent to it, it is worth to apprehend these models and, correspondingly, both forms of Cauchy
problem, not in opposition by the number of possibility inherent drawbacks but in natural addition
of possible advantages, immanent only to each of them, irrespective of the number and depth of the
latter.

Only applying such an approach the theory of transient process in the circuits of sinusoidal
current gradually will obtain the necessary completeness and absoluteness. Such an approach will
promote to reveal the essence of scientific results, obtained in this research.

Then, notion of transient complex scheme of electric circuit is introduced and developed, basic
characteristics an main principles of its composition are described, both Kirchhoff’s laws and basic
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component relations are formulated in complex-temporal form and substantiated. All this, taken
together creates theoretical basis of symbolic-classic method, that enables to set directly and solve
fundamental Cauchy problem not in conventional form in terms of instantaneous complex currents
and voltages, the method broadens and increases analytical possibilities in the process of calculation
and study of transient process in linear electric circuits of sinusoidal and periodic non-sinusoidal.
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