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HaBeneno pe3yabTaTH aHali3y pe;KUMiB po0OTH CHHXPOHHOIO T'eHEpaTopa B €JIeKTpO-
TeXHiYHiil cucTeMi 3 IIHMPOTHO-IMIYJIBCHUM PeryJIOBAHHAM CTPyMy 30ym:xkeHHA. JocaimxenHs
BHKOHAHI 32 JI0NOMOT0I0 METOYy MATEMATHYHOT0 MO/IeJIIOBAHHS.

Knwuogi cnosa. enexmpomexuiuna cucmema, Cmamuyna cUcmema 30y0X4ceHHA, CUHXPOH-
HUIl 2eHepamop, WUPOMHO-IMNYIbHUIL NEPEMEopIosay, agmMoMamudHuil pezyiamop 30y0xuceHHs,
WUPOMHO-IMARYTIbCHA MOOYTIAYIA, MUPUCMOPHUIL REPemaopIosay, 4acmoma Mooynauii.

The article presents an analysis of modes of synchronous generator in the electrical
system of the pulse-width control excitation current of synchronous generator. Resear ches are
performed by the method of mathematical modelling.

Key words. dectrotechnical system, static excitation system, synchronous generator, full
bridge DC/DC converter, automatic voltage regulator, pulse width modulation, semiconductor
controlled rectifier, frequency modulation.

IocTtanoBKka NpodaeMu. AHAJI3 OCTAHHIX T0CTIIKEHb

Jlist peryntoBaHHs cTpyMy 30y pKeHHs1 cHHXpoHHUX reHeparopis (CI') moryxkuictio 10 300 MBT Ha
SNEKTPOCTAHINAX YKpalHW IIUPOKO BHKOPHUCTOBYIOTH CTAaTHYHI CHCTEMH 30Y/DKEHHS, B SKHX CTPyM
30ymkeHHsT CI' perysoeTbcss THPUCTOPHUM TEPETBOPIOBaUeM, 310paHUM 3a TpHU(a3HOI MOCTOBOIO CXe-
Mmoto [4, 5]. Taki cucremu 30y/DKeHHS 3a0€3MEUyIOTh BHCOKY HIBUIKOIIIO pEryJIIOBaHHS HANPYTrH
30ymxenns CI'. ¥V cratnunmnx cucremax 30ymwkenns CIT (moryxnictio 1o 7,2 MBA) dipmu Siemens, 1o
BHUKOPUCTOBYIOThCS 32 KOPJIOHOM, JJIsi >KWUBJIEHHS oOMoTkH 30ymkeHHs CI' 3aCTOCOBYIOTH HIMPOTHO-
immynecHi meperBoproBaui (IIIIIT), wa 6a3i Tpansucropie Insulated Gate Bipolar Transistor (IGBT), ski
npairoTh 3 dactotoro komytaiii 1-10 kI'm [6, 8]. Taki cucremu € MPOCTIIMMHU Yy BUKOHAHHI i
3a0e3MeuyIOTh Kpallly SIKiCTh peryatoBaHHs 30y/KECHHS.

3aBaaHHsT PO3pOOJICHHST HOBHMX cHCTeM 30y/pKkeHHs 3 BukopucTanusMm LI Ta monepHizamii HasBHHUX
cucteM 30ymkeHHss CIT i3 caM030y/DKEHHsIM, SIKi eKCIUTyaTYIOThCS Ha TepeHaX YKpaiHu, BUMarae aHaizy
peXUMIB POOOTH CHCTEM T'eHEpyBaHHS €IEKTPOSHEPTil Y BCIX pekuMax poOOTH, SIKMH JIOIITBHO MPOBOJUTH
METOIOM MAaTEMaTHYHOrO MOJIETIOBaHHSA. 3aCTOCYBaHHS B IIbOMY BHIIAJIKy CIPOIICHHUX JIHEAPU30BAHUX
marematnaHux monenei CIT i3 cuctemoro 30yKeHHs, 30KpemMa ornucaHux B [5], He 3a0e3mneuye oTpUMaHHS
QJICKBATHOI'O PE3yJbTaTy JUId PEKHMMIB, 10 XapaKTEPU3YIOThCS 3HAYHUM JIialla30HOM 3MIHM KOOpPIHHAT.
HatomicTb Taki JOCTIHKEHHS JOLIIBHO BUKOHYBATH 32 JJOIIOMOIOK MAaTEMAaTUYHUX MOJICIICH, 1110 BPaXOBYIOTh
HETIHIHHICTh CHHXPOHHOT MaIlIMHH, BILUTHB JAEMII(EpPHIX KOHTYPIB, a TAKO)K HECUMETPUYHI CTaHH.

3aBaaHHs KOCTITKEHHS
3aBaHHsIM JOCIIKEHHS € aHalli3 PeKUMIB pOOOTH CHCTEMHU TeHEpyBaHHs €IEKTPOCHEPTii CHHXPOH-
HUM TEHEpaTOpPOM 3 caMO030y/DKEHHSIM 3 BHKOPUCTAHHSIM IIMPOTHO-IMIYJIBCHOTO PETYNIOBAHHS CTPYMY
30y/PKEHHS Ta OOTpYHTYBaHHS AOIUILHOCTI BUKOPUCTAHHS TAKOI CHCTEMH PETryJTIOBaHHS 30YIXKCHHSI.
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CratuuHi cucremu 30y1xeHnsi CI' 3 LIMpOTHO-IMIYJILCHUM pPeryJIi0BaHHAM

VY cucremi reHepyBanHs enekrpoeneprii 3 CI' (puc. 1, a) Ta CTaTUYHOI CHCTEMOIO i3 camo-
30ymxeHHsIM ctpyM 30ymkenHs: CI' popMyeThest MHUPOTHO-iMITYIbCHUM mieperBoptoBauem (ILIIT), sikuii
OTPUMYE€ JKHBIICHHS Bill HekepoBanoro Bumpsimiisida (HB) Ta BximHoro tpancdopmaropa nanpyru (TH),
MepBMHHA 00MOTKa sikoro min eqHaHa jgo cratopa CI'. HB 3i0panuii 3a Tpu(a3HOH MOCTOBOI CXEMOIO
(puc.1, 6). LIIIT BUKOHAHUI 32 MOCTOBOIO CXEMOIO 3 CHMETPUYHUM KepyBaHHSAM Ha 0a3i yoTupbox |GBT
(puc. 1, 6), wactora komyTarii sskux ctanoBuTh 1 KI'11. Po6ota |GBT 3mificHioeThes y dyHKIIT KoeditieHTa
3allOBHEHHS IMIIYJIbCY Y, SIKHHA € MPONOpHiiiHuiA 10 Hampyrn Ha Buxomi AP3. 3a Takoro kepyBaHHS
Hanpyra Ha Buxoni 11ITTa, To6To Hanpyra 30ymkenns CI', € ABONOISPHOIO.

Jnst 3a0e3nedeHHs MOTPiOHOT SKOCTI PeryiOBaHHS HAalpyTH Ha BUXOJIi TeHepaTopa B Il CUCTEMI MTPoIo-
HYETBCSI BUKOPHCTATH aBTOMATHYHHI peryisitop 30ymkeHnst (AP3), skuii peatizye mponopiiiHO-iHTerpabHHit
ab0 TPOMOpPLIHHO-IHTErpaATbHO-TU(EPEHITIMHNI 3aKOH PEryiIlOBaHHS HANpyrd TeHepaTopa 3 30BHINIHIM
KOHTYpOM peryittoBanHst Harpyru ctatopa CI' Ta BHYTpILHIM — perymoBaHHst ctpymy 30ymkents CI [7].
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Puc. 1. Cucmema 2enepysanns enexmpoenepeii CUHXPOHHUM 2eHePamopom
3 LIIIM pezymiosannsm cmpymy 36y0xcenns. pynkyionanrvia cxema (@),
eleKmMpUYHA cxema CUN080i Yacmunu cmamuynol cucmemu 36yooicenns 3 LTI (6)

MaremaTH4Ha MOJeJIb

Jnst aHamizy HOpMallbHHX PEXHMMIB B ONKCaHI cHUCTeMi po3polieHO MaTeMaTHYHYy MOJENb Ha
OCHOBI TeOpil MaTeMaTHYHOTO MOJICIIOBAHHS EICKTPOMAIIMHOBEHTHIIBHUX cucTeM [3] 3 3aCTOCYyBaHHSIM
00’ ekTHO-OpieHTOBaHOr0 MeToay [1]. MaTemaTnyHa MOIENb BPaXOBY€E HENIHIHHICTE CHHXPOHHOI MAIITHHH,
B3a€MHI BIUIMBH MK T€HEpaTOpPOM, HOro CHCTEMOIO 30yIDKEHHS Ta enekTpoMepexero. Jlo ckiiany momeni
3TIiZHO 3 PO3PaxXyHKOBOIO CXeMOI0 (pucC. 2) BXOIATh 00’ €KTHO-OPIEHTOBAHI MOMEN OKPEMHX €IEMEHTIB!
cuaxponHoi Matmuau CM, mepexxi MEP, RL-nanok 3 EPC, cucremn kepyBanHs. Ha po3paxyHkoBiii cxemi
(puc. 2) mO3HAYCHO: ig ... i11 - CTPYMH EIEKTPUYHUX BITOK CTPYKTYPHUX €IEMEHTIB, | 1 ... | 5 — MIOTEHIIAIH
HE3aJISKHUX BY3JIIB CHCTEMHU.
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BimzHauumo, 10 y BUKOpPUCTaHii MatemMaTuuHid mMomeni CI' oOMOTKa craTtopa onvcaHa y (asHuX
KOOpJIMHATAaX, a BIUIMB AEMII(EpPHOI CHCTEMH POTOpa BpPaxOBaHO JBOMAa KOpOTKo3aMkHeHHUMH RL-nan-
KaMH, 30pieHTOBaHUMH 110 ocsix d i q[2].

CTpyKTypHa cXeMa CHCTEMH aBTOMAaTHYHOIO PErylOBaHHS BUXIJHOI HANPYTH T'eHEpaTopa, B sIKiH
BHYTPIIIHIA KOHTYpP PErylltOBaHHS CTpyMy 30Y/KEHHS TeHepaTopa MiANOpsSAKOBAHUA KOHTYPY PEryiro-
BaHHS HAIlpyTH, TOKa3zaHa Ha puc. 3. Cucrema peryiroBaHHS, TaKOX, 3a0e3ledye OOMEKEHHS CTPyMY
30ymkeHHs CI' B mepexiiHuX peKuMax.
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Puc.3. CmpykmypHa cxema cucmemu agmomamuino2o pecynosanns 30yoocenns. Uy g Uy —3a0ane
[ NOMOYHE 3HAYEHHsL HANPY2U CMAMOPA CUHXPOHHO20 2eHepamopa, g, |t —3adane i nomoune 3navenus cmpymy
36y00icents cunxponnozo 2enepamopa, Ky, Tiu— koegiyicnm niocunenns ma cmana vacy Il-peeynsamopa nanpyau,
Kpe, Tic—xoeiyienm niocunenns ma cmana uacy Il-pecynamopa cmpymy 36y0icenns, Uayr —Hanpyea na 6uxooi
ABMOMAMUYHO20 PESYASIMOPa 30Y0HCeHHS

Y matematuunii moneni LI npeacraBnenuii RL-nankoro 3 EPC, MUTTEBE 3HAUYCHHS AKOI Ha
nepioai podotu kirouis [IIa T Bu3HavaeThes 3riqHo 3 BUpa3oM (1) Ta HaBeneHUM Ha puc. 4.
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MaKCHMajbHa Halpyra Ha BUXOJI HEKEPOBAHOTO BUIPSIMIIAYA, BUKOHAHOTO 3a TPHU(PA3HOI MOCTOBOIO

CXEMOK BUIIPSIMJICHHS.
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Puc. 4. Hanpyea 30y0xcenns CI 3a nepiod, wjo eéionosioae uacmomi sminnoi nanpyeu 50 I'y (@),
i 3a 08a nepioou pobomu mpansucmopis LI 1a (0)

Koeoiuient 3anoBHenHs immyibey LT Ta Bu3HavaeTses 3riqHo 3 Gopmysioro (2).
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1€ Uarmax — MAKCHMAJIbHE 3HAYEHHS HAIPYTH HA BUXOJIi aBTOMATHYHOIO PETYJIATOPa 30yIKECHHS.
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MakcuManbHa Hampyra Ha BHUXOJI HEKEPOBAHOTO BHUIPSIMIIsiYa, BHKOHAHOIO 3a TpH(]a3HOO
MOCTOBOIO CXEMOI0 BHIIPSIMIICHHSI, BU3HAYAETHCS 3r1HO 3 BUpa3oM (3).

AUZ+UZ+UD)

U= , ®)

ne U, Uy, U — dasui manpyru cratopa CI', Kc — koedirtienT, mo BpaxoBye koedimieHT TpaHchopmarrii
Tpanchopmaropa Hanpyru TH ta xoedimient cxemu Bunpsmitenns HB (puc.l, a).

Pe3yabTaTtu 1ocaixkeHb

[Mapamerpu cucTeMu TeHepyBaHHS €JIEKTPOCHEPTii, BUKOPUCTAHI S MaTEeMaTHYHOI'O MOJCIIO-
BaHHJ, € TakuMu. [l cuaxponHoro reveparopa (tuny CI'JI-16-69-6Y XJ14): Py, = 3500 kBT; HOMiHAaIbHI
Hampyra 1a ctpyM Uy, = 6300 B, Loy =400 A; ctpyM 30y/DKCHHS HEPOOOYOro Xofay irx. = 180 A; Ho-
MiHAJIBHUN CTPYM 30ymKeHHS if, = 300 A; akTHBHI OMOpHU OOMOTOK cTaTopa Ta 30y/pKeHHs I, = 0.47 Owm,
re = 0.3 Owm; inayktuBHi onopu Xy= 1.23 B.0., Xgq = 0.709 B.0o. KinbkicTs map moimtociB pg = 3. MoMeHT
imepmii arperaty 8500 krt”. HamarryBaHHS CHCTEMH aBTOMATHYHOTO PEryTIOBAHHS 30Y/IKCHHS BUKOHA-
HO EKCIIEPHUMEHTAIILHO 3 YMOBH 3a0e3eueHHsI HaJeKHNX AKICHUX TIOKa3HUKIB perymtoBaHHs Hanpyru CI .

Ha puc. 58 nHaBemeHi pe3ysibTaTH IOCTIKEHHS POKUMIB modyaTkoBoro 30ymkeHHs CIT Ta
3aBaHTa)KEHHS aKTHBHOIO MOTYXHICTIO.

VY pexumi moyarkoBoro 30ymkeHHs CIT cuctema perymoBaHHS 30yIDKEHHSI 3a0e3levye IIBUIKE
(mpu makcumanbHOMY (OpCYBaHHI 3a HANpyrow 30ymkeHHs) HapocTaHHs BuxigHoi Hampyru CIT mo
3aJ]aHOT0 HOMIHAJIBHOTO 3HAaueHHs Oe3 mepeperyiroBanHs (puc. 5, 6). 3ayBakuMO, 1O MEPEryTIOBAHHS
CTpyMy 30yIDKEHHS, B IbOMY BHUIAJKY, CTAHOBUThH O1m3bko 17% (puc. 5, @). BincyrtHicts mepeperyo-
BaHHS 32 HAMPYTOIO TIOSICHIOETHCS BIUIMBOM JeMII(epHOi crucTeMu renepatopa (puc.6, a).
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Puc. 6. Cmpym no oci d oemngpepnoi cucmemu CI” (a) ma xoegiyicnm 3anosuenns imnynscy LI a (6)
y pearcumi nowamro6o2o 30yocents CI°

VY pexuMi BMHKaHHS TeHepaTopa B Mepexy 3 ioro 100 % miaBHUM 3aBaHTaKEHHSIM AKTHBHOIO
MOTY)KHICTIO BiIOYBa€ThCsl 3pOCTaHHSI CTPyMY CTaTtopa reHeparopa 3 Kilbkoma mysbcallismu (puc. 7, 0).
Junamiuna noxuOka perymtoBaHHs Hanpyrd Ha Buxomi CI' cranoButh Onusbko 1,5 %, a cratuuna
noXuOKa perysroBaHHs JOPIBHIOE HYIIO (puc. 7, a).
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Puc. 7. Hanpyea cmamopa (@) ma cmpym cmamopa (6) CI™ y pesicumi 3a8anmasicenns
axmugnoro nomyaicnicmio CI”

KyT HABAaHTAXEHHs TEHEPATOPA B PSKUMI 3aBAHTAXKCHHS AKTHBHOIO IOTYXHICTIO 3pocTae 10 52°

(puc. 8, 0).
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VY pexumi 3aBantaxeHHs CIT peaktuBHOW mOTyXHicTIO (puc. 10, ), skuii 3a0e3medyeThes
30UIbIIeHHIM 3aBaanHs Hanpyru ctatopa CIT (puc. 11, 6) Ta BiANMOBiAHO 30UIBIICHHSIM CTPYMY 30YyDKEHHS
(puc. 11, @) (3 20 c), BinOyBaeThcsi 3pocTaHHs CTpyMy TreHepartopa (puc. 9, a) , sike MoB’si3aHO 3 30iMIb-
IICHHS PEaKTUBHOI CKJIQJOBOI CTPyMy. AKTHBHA TOTYXXHICTh B IIbOMY BHUIIAJKy B YCTaJICHOMY PEKHMI

- | ' | | ‘ |
3 12 16 t,C » 8 12 16 t5 C o
a) 6)
Puc. 8. Cmpym 36yooicenns (@) ma xym nasanmascenns (6) CI"y pescumi 3a6anmasicenisi
axmugnoro nomysicnicmio CI”

3aJIMIIAETHCS He3MiHHOKO (puc. 9, 6).

400

-400

-800

BpaxoByrouu migBuUIleHI BUMOTH J10 SKOCTI BUXigHoi Hanpyru CIT, cuctema 30y/PKeHHS MOBHHHA
MIiHIMI3yBaTH MyJibcamii CTpyMy 30y/DKeHHsS, OOyMOBJICHI JKHBICHHSM OOMOTKH 30yIDKEHHS Bin
HAITIBIPOBITHUKOBUX TEPETBOPIOBAYiB. Pe3ynbTaTh MOCHIIKEHb MOKa3ald, M0 MPH BUKOPUCTAHHI
IIIMa 3 gacrororo komyrauii TpausuctopiB 1 k[ abcomoTHa mynbcanis ctpymy 30ymkeHHs CI
cranouTh 1,15 A, mo Biamosizae 0,64 % (puc. 12, a), a B pa3i pobortu IIIIIa 3 gacToTOI0 KOMYyTaIii
tpansucropie 10 k['11 ammutityna myascamnii crpymy 30ymxenns CI' cranosuth 0,15 A, mo Biamosigae

P, MBr

Puc. 9. Cmpym cmamopa (@) ma akmusna nomyacuicms (6) CI y pesrcumi 3a6anmaicenHs
DPeaKmusHOI0 NOMYHCHICIIO

0,08 % (puc. 12, 6).
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Puc. 11. Cmpym 36y0xcennsn (a) ma nanpyea cmamopa (6) CI' y pesicumi 3a6anmasicenHs,
peaxmugnoio nomyacuicmio CI”

1804 —

g A

180 —

A

T IMAAMAAAMANAAAMNAAAN

1782 —

1785 | | I | |
t,C 4

49885 4989 49895 t: C 499 4988 4.9885 4989 49895
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Puc. 12. Cmpym 36y0oicenns CI” 6 ycmanenomy pesxcumi npu uacmomi Komymayii
mpansucmopie LlITa 1xl'y (a) ma 10 k['y (6)

BucHoBku

Pe3ynbTaTi AOCTIIKEHHS! CHCTEMH MIMPOTHO-IMITYJIBLCHOTO PETYIIOBaHHA cTpyMy 30ymkenHs CIT 3
[I-perynsaropomM HANpPyTH CBiT4ATH, IO s CUCTeMa 3a0e3neuye SKiCHI MOKa3HUKH PEryJIOBaHHS HAPYTH

reHepaTopa, 30KpeMa BiJCYTHICTh MEpeperyaioBaHHs HANpyrd B PEKHUMI MOYATKOBOTO 30Y/KEHHS,

BIJICYTHICTh CTATHYHOI MOXMOKM Ta He3HauyHy (10 1,5 %) nuuamiuHy MOXMOKY perysroBaHHS HANpyrd B

peXHMMax 3aBaHTaXKEHHs reHeparopa. KpiM Toro, BUKOpUCTaHHS BUCOKOI YacToTH MomyJisiii (o 10 kI'i)

3abe3neuye MiHIMaabHI mynbcallii crpymy 30ymkenus (1o 0,08 %). Taki mysbcaltii cTpyMy 30yIKEHHS €

MEHIIMMH, HIK Y pa3i BHKOPUCTAHHS ISl peryaroBaHHs 30y/HKEHHS IECTUITYIBCHOI CXEMU THPUCTOPHOT'O

MepeTBOPIOBaYa, SIKUil I 3a0e3MeueHHs] HeoOX1IHUX PIBHIB HANPYTH 30y/UKCHHS IPALIOE B YCTAJICHOMY

HOMIHAJILHOMY PEXHUMI 31 30UIbIICHUMH KyTaMU BiIKDUBAHHS TUPUCTOPIB. Y 3B’ A3KY 3 IIUM, TaKi CHCTEMH
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peryiroBaHHs 30y/DKEHHS € TEPCHEKTHBHHMH JUISi BUKOPHCTAaHHS B CHCTEMax TEHEPYBaHHS EIeKTpo-
eHeprii CHHXpOHHUMH T'€HepaTopaMy MOPIBHSIHO HEBEIHKHUX MOTyXHOCTEH (10 10 MBT).
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Otpumano emmipuyHy (opmyiy Ajis eKcnmpec-OHiHKH Pe30HAHCHUX MepeHanpyr npu
HemoBHO(a3HOMY pe:kuMMi NOBITPAHOI JIiHII Ta CKJIaJeHO 3aCTYNHY CXeMY Pe30HAHCHOIO
KOHTYPpY JiHil eJekTponepenayi.

Knrouosi cnoea: pe3oHaHCHI NepeHANPYTrd, AHOPMAJIbLHI PEXKUMH, PE30HAHCHA IOBKMHA.

The empirical formula for rapid assessment of resonance overvltages was received over
open-phase mode and equivalent resonant cir cuit was compaosed of transmission line.
Key words: resonant overvoltage, abnor mal modes, resonance line.

IHocTanoBka mpo0JseMH i ii 3B' A30K 3 BaKJIMBHMHM HAYKOBMMM 3aBAaHHAMH

MarictpaiibHi JiiHii enekrpornepenadi Hanpyrow 330—750 kB € oCHOBHMMH CHCTEMOYTBOPIOIOYHNMHU
ninismu B OO0’ eiHaHIN eHeprocucTeMi YKpaiHu Ta 3a0e3MeuyroTh BUAauy eleKTPUYHOI eHepril Bil MOTyX-
HUX OJIOKIB aTOMHHUX EIIEKTPOCTaHIlH, a TaKoX HEOOXiMHUI OOMiH MK OKpEMHMH EHEpProCHCTEeMaMH.
Kpim Toro, ix po3BHTOK Ta e(eKTHBHA EKCIUTyaTallisi — Ba)kKIMBa IepeayMoBa MaiiOyTHBOI iHTerparii
OO0’ eqnanoi eHeprocucTeMu YKpaiHu B €Bporeicbky eHeprocucreMy. CaMe TOMY IMOIIKOKEHHST TaKHX
TiHIA 41 00JaHaHHSA, IO 3a0e3meuye iX MPUEJHAHHS JI0 CHEPrOCHCTEMH, € BaXKKOI CHCTEMHOIO aBapie€lo,
BOHO MOYK€ BUKJIMKATH PO3IaJ]l 00’ €JHAHOI CHCTEMH Ha OKpPEeMIi YaCTHHH, B IKUX OyJe HassBHHUM Ae(IlUT YU
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