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BIIMSAHUE PEXXUMOB CUHXPOHU3ALIMKA N HECUH®A3HBIX BKITIOYEHUN FTEHEPATOPOB
ABTOHOMHbIX CUCTEM 3NIEKTPOCHABXEHUA HA NMEPEHAMPAXEHUA
B OBMOTKAX BO3BYXAEHU!A

INFLUENCE OF SYNCHRONIZATION MODES AND OUT-OF-PHASE GENERATOR SWITCHING
ON IN INDEPENDENT POWER SYSTEMS ON THE OVERVOLTAGES IN EXCITATION WINDINGS

Knioyesbie cnoea: a8moHOMHbIe cUCMeMb! 3eK-
MPOCHabXEHUSI, CUHXPOHHbIE 2€Hepamopbl, MOoYHas
CUHXPOHU3aUUsi, CaMOCUHXPOHU3ayus, 2pybas CUHXpo-
HU3ayus, nepeHanpsikeHusi, 0bmomka e036yXAeHUs.

OpHuM 13 crnocoboB MOBbILLEHNS HAAEXHOCTW nek-
TPOCHabXeHUs SBNSETCH NPUMEHEHUE HECKOMbKMX, Na-
pannenbHO BKMKOYEHHBIX, PA3NNYHbLIX UCTOYHUKOB SMNEK-
TponuTaHus. [pUMepoM MOryT CRyXuTb TMOpUaHbIE
CUCTEMbI 3NEKTPOCHAOXEHMS, B KOTOPbIX MCTOMHUKAMW
SNEKTPONUTaHNS MOXET SBNATLCS KOMOWUHAUMS Tpaau-
LIMOHHOA CUCTEMbI 3NEKTPOCHAGXKEHUS U Pa3NNYHbIX
BWOOB BO30DHOBMSEMbIX UCTOYHWKOB SHEPTMM. B Takux
cucTeMax npefycMaTpuBaeTcs napannenbHas pabota
CWMHXPOHHBIX reHepaTopoB. [Ins BKMKYEHWS Ha napan-
nenbHyto paboty ucnonbayloTes 3 cnocoba CUHXPOHU-
3aUMM: TOYHAsi CUMHXPOHM3ALWMSs, CaMOCUMHXPOHW3aLMS,
rpy6asi CMHXpOHU3aLws. BkntoueHne Ha napannenbHyto

paboTy cnocoboM TOYHOWN CUHXPOHW3ALMU MPOU3BOLAUT-
Cl B MOMEHT AOCTaTO4HO BI13KOro CoBnageHus amnnu-
Ty, 4acToT 1 (ha3 HanpsKEHU NOAKNIYAEMOro reHe-
patopa K ceTu. [pu cTporom coBnageHun aTux BeNNYmuH
CUHXPOHW3aLMsa MpoTekaeT uaeanbHO B TOM CMbICTE,
YTO B MOMEHT BKIHOYEHWSI TeHepaTopa COBEPLUEHHO
OTCYTCTBYIOT TONYKKM TOKa. OfHAKO B aBTOHOMHbIX CH-
CTEMax dNeKTPOCHabXeHus, rae BenuYMHa HanpshKeHUs
W 4YacToTa CeTU He SABMSKTCA CTPOro MOCTOSIHHbIMM,
OblBaeT TpygHO, @ MOPO HEBO3MOXHO BbINOMHUTD
YCIOBUSI TOYHON CUHXPOHM3auuW. C LOpyron CTOPOHbI,
Henb3s OTpuLaTb BO3MOXHOCTU BHECEHUS MOrpeLLHo-
CTeil B NPOLIECCe CUHXPOHM3ALMN KOHTPOSMbHBIMUA Mpu-
Bopamu, No3TOMy MpencTaBnseT MHTEpecC YCTaHoBIe-
HUS rpaHNL, AONYCTUMbIX OTKIOHEHUI OT YCOBUIA TOY-
HOM CUHXPOHU3ALMW, NPK KOTOPbIX HE BO3HWKAIOT nepe-
HanpskeHus B Lenu Bo3byxaeHns. Kak nokasbiBaet
npaKT1Kka MOCTaHOBKW rEHepaTopoB Ha napasnenbHyo
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paboTy, OAHOM M3 CaMbIX TPYAHbIX U ANUTEMbHbIX One-
pauuit IBNSETCH YCTAHOBNEHME PABEHCTBA HavasbHbIX
(ba3s HanpsKeHUn NOAKIHYaEMOro reHepaTtopa u ceTu.
HeBbINoNHEHWE YCNOBUM TOYHOW CUHXPOHM3ALMKM NO
HayanbHOMYy Yrny paccornacoBanus Gy npuBoguT K
nosiBNeHMI0 B 0OMOTKe CTaTopa ypaBHUTENBHOMO TOKa,
3aBucswero ot atoro yrna. Co3aaHHbIA ypaBHWTENb-
HbIM TOKOM MOTOK CTaTopa WMeeT anepuoanyeckyto co-
CTaBMSAIOLLYI0, KOTOPast MPW BPaLLEHUM poTopa MHOYKTU-
pyeT B ero koHTypax 30C ocHOBHOW 4acToTbl. B pe-
3ynbTate B 0OMOTKax BO3bYXaeHus u aemndepHom
BO3HWKAKT NepemeHHble TokW. [lepeMeHHas coctaens-
foLlas BbI3bIBAET MyNMbCaLuMto MOMHOrO TOKA, KOTOPbIM
npy ONpedeneHHbIX YCNOBUSIX MOXET CTaTb OTpuua-
TEMbHbIM.

Keywords: independent power systems, synchro-
nous alternators, accurate synchronization, automatic
synchronization, rough synchronization, overvoltages,
excitation winding.

One way to improve the reliability of power supply is
to use several, parallel connected, different power
sources. An example is hybrid power systems where the
power sources may be a combination of a conventional
power system and various types of renewable energy
sources. In such systems, parallel operation of synchro-
nous generators is provided. To enable parallel opera-
tion, the following three synchronization methods are
used: accurate synchronization; self-synchronization;
rough synchronization. Switching to parallel operation by

the method of accurate synchronization is performed at
the moment of sufficiently close coincidence of ampli-
tudes, frequencies and phases of voltages of the con-
nected generator to the network with strict coincidence
of these values; synchronization proceeds ideally in the
sense that at the moment of switching on the generator
there are absolutely no current shocks. However, in in-
dependent power supply systems where the voltage and
frequency of the network are not strictly constant, it is
difficult and sometimes impossible to fulfill the conditions
for accurate synchronization. On the other hand, it is
impossible to deny the possibility of introducing errors
during synchronization with control devices. Therefore, it
is of interest to establish the limits of permissible devia-
tions from the conditions of accurate synchronization
under which overvoltages in the excitation circuit do not
occur. As the practice of setting generators to parallel
operation shows, one of the most difficult and long-term
operations is to establish the equality of the initial phas-
es of the voltages of the connected generator and the
network. Failure to accurately synchronize the initial
mismatch angle leads to the appearance of equalizing
current in the stator winding depending on this angle.
The stator flow created by the equalizing current has an
aperiodic component which, when the rotor rotates, in-
duces electromotive force of the main frequency in its
circuits. As a result, alternating currents occur in the
excitation and damper windings. The variable compo-
nent causes pulsation of the total current which under
certain conditions may become negative.

Benbii Bnagumup BoOpMCOBMY, K.T.H., [JOLEHT,
Or60Y BO Anraitckuin TAY, r. bapHayn, Poccuiickas
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BeepeHue

B CTpykType arponpOMbILLNEHHOTO KOMMmeKca
[0CTaTO4HO MHOrO OOBEKTOB, rAe pe3epBHOE 3Nek-
TPOCHabXeHWe KpUTUYeckn BaxHO. [Mpumepamu
MOTYT CMYXMTb KPYMHble NTULEdEPMbI U XKUBOTHO-
BOAYECKME KOMMNEKChI, TEMMMYHble KOMMMEKCHI,
pbIOOBOAYECKME X035MCTBA (0COBEHHO C YCTaHOB-
KaMu 3aMKHyTOro BofocHabxeHws), nabopatopum
ANS CenekuMn Unu XpaHeHWsi TeHETUYECKNX maTe-
pnanos, roe cbon MOoXeT MpUBECTM K Mopye yHu-
KanbHoro Matepuana. Ha Takux obbektax pac-
CTPOWCTBO TEXHOMOMNYECKOTO LMKNa MOXeT Bbl-
3BaTb HE TOMbKO MpEeKpalleHWe nogaym SnekTpo-
9HEprum, HO ¥ ee, YTO BaxHO, Aedmunt. B Takmx
CNyvyasx MWHAMWU3UPOBATbL OTpULATENbHbIE MO-
CNeACTBMS MOXHO 3a CYET BBOAA PE3EPBHOMO nu-
TaHWS, B YaCTHOCTM, CUHXPOHHOTO reHepaTopa.

OpHum 13 Hanbonee BCTpeYalowmxcs B aKkcnny-
aTauum CUHXPOHHBLIX FEHEPATOPOB aBTOHOMHBIX U

pe3epBHbIX CUCTEM 3MIEKTPOCHABXEHNS ABNSETCS
PEXWUM BKITIOYEHMS Ha napannenbHyo paboty [1].
CamocuHxpoHusaumns v rpybas  CUHXPOHW3aUms
NO3BOMAKT 3@ KOPOTKOE BPEMS BBECTU PE3EPBHbIN
WCTOYHWK SNEKTPOIHEPTUM U, TEM CaMbIM, CBECTU K
MWHUMYMY BPEMSI NepepbiBa JNEeKTPOCHAOXEHUS 1
TexHonornyeckme notepu. Ho B npouecce Takou
CUHXPOHM3aLMM [OMYCKAOTCA OTKIOHEHWUS KaK Mo
(hase, Tak U Mo YacTOTE HaMPSHKEHWA NOAKMKYae-
MOro reHepaTtopa, TO MOXHO OXugaTb NOsIBMEHWe
nepeHanpsikeHuin B Lenn Bo3byxaeHus. Hecosna-
AeHne No (hase BKMKYEHNS reHepaTopa 1 BHELLHEN
cetn (yron paccornacoaHus € = 0 npuBOAMT K
BO3HWKHOBEHUIO YPaBHWUTENBHOMO TOKa B SKOPHOW
obwmotke [2, 3]. B uenu Bo3byxaeHus u gemndep-
HbIX KOHTypax BO3HWKAKT NepemeHHble COCTaBfs-
tOLLMe TOKOB, KOTOPbIE NPY ONpeaeneHHbIX YCoBu-
SIX NPUBOZAT K Nepexody Toka BO3BYxXAeHUs i ye-
pe3 HoMb. BKIoYeHne CUHXPOHHOTO reHepaTopa Ha
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napannenbHylo paboTy nmpu CKOPOCTW BpaLLeHus
OTIMYHOM OT CUHXPOHHOM (So # 0) BbI3bIBAET NOSIB-
neHue B 06MoTkax potopa S[JC YacToTbl CKOMbXe-
HWS, KOTOpas MOXET SBNSATHCS MPUYMHON BO3HMK-
HOBEHWSI OTPULLATENBHOTO TOKa BO3BYXKOEHWS .
OnucaHHble SBMEHWS XapakTepHbl AN PexuMoB
CaMOCMHXPOHM3aLM 1 rpyboi  CUHXPOHM3ALMK,
MO3TOMY B TakuX CNy4yasx BaXHO 3HaTb NapameTpbl
CUHXPOHM3ALMK,  OrpaHWYMBAIOLLME  BO3MOXHbIE
aBapuiHble cuTyauum.

Llenblo uccnenoBaHus  SBNSETCA  pa3BuTHe
aHaNMMUTUYECKUX METOZOB, MO3BOMSIOLMX OLEHUTH
BO3MOXHble 06facT nepeHanpsikeHWn npu CUH-
XPOHU3aLUMN TEeHepaTopoB aBTOHOMHBIX CUCTEM
ANeKTPOCHabXeHus.

3apaum: COBEPLUEHCTBOBAHIE MaTeMaTUYECKO
MOZENN CUHXPOHHOIO reHepaTopa C CUCTEMON BEH-
TUINbHOrO BO30YX/AEHWS; BbINOMNHEHWE Ha Ha3e Mo-

[ENn aHanusa BO3MOXHOCTM BO3HWKHOBEHWSI 0O-
paTHbIX TOKOB BO3DYXOEHUS W OnpeaeneHue BO3-
MOXHbIX 0bnacTei nepeHanpskeHUn Npu CUHXPO-
HW3aLuMKn reHepaTopa.

OOBbekT 1ccnenoBaHus — PEXMMbI CUHXPOHM3a-
UAN CUHXPOHHBIX TEHEPaTOPOB aBTOHOMHbIX CH-
CTEM 3MEKTPOCHAOXEHMS.

MeToq wccnefoBaHWs — TEOpUSt MEpPexomHbIX
MPOLECCOB CUHXPOHHBIX MaLUMH, MaTeMaTU4ecKoe
MOZennpoBaHue.

PesynbTaThbl ucCcneaoBaHus
MapameTpbl uccregyemMoro CUHXPOHHOTO reHe-
paTtopa npuBefeHbl B Tabnuue.
VccnenoBaHus npoBOAUNUCL Ha OCHOBE Marte-
MaTU4ecKkon MOJENU CUHXPOHHOrO reHepartopa C
BEHTUIbHLIM BO30YXaeHWeM [4].

Tabnuua
Mapamempsb1 uccnedyemo20 CUHXPOHHO20 2eHepamopa
T Py Un Ur I Xad Xag Xof Xd Xd re NH
un
kBm B B A o.e. 0.e. o.e. o0.e. 0.e. 0.e. | 0b/MuH.

MCK 940-750 | 940 | 400 | 25 | 178 | 2,488

2,178 | 0,075 | 0,223 | 0,145 | 0,006 750

lMpoBefeHHble pacyeTbl C  WUCMOMb30BaHWEM
nporpammbl MathCad Prime 4.0 nokasamu, 4to
npefenbHbIM 3HAYeHWEM yrfa paccorfiacoBaHus
Orp, VCKMIOYAOLWMM MOSIBNIEHWE OTPULATENBHOMO
TOKa B Lienn Bo3byxaeHusi, aensetca 16-180. MMpu
9TOM CYMTaroCh, YTO OCTanbHble YCOBUS TOYHOM
CUHXPOHU3aLMN CTPOTO BbIMOMHEHDI.

Bmecte ¢ TemM HeobxoguMMO OTMETUTb, YTO
HapyLUEHWe YCOBUA TOYHOW CUHXPOHW3ALMKM MO
tase BknoyeHns go 20-30°0 (puc. 1 8) NpUBOAMT K
NOSIBIEHMI0 0BpaTHbIX HaNPSHKEHUA, He NpeacTas-
NAIWMX 3aMeTHOW omacHocTU. Hanpumep, Ans
nccnegyemoro reHepatopa npu 8, = 300 3admkcn-
poBaHbl 00paTHbIE HanpshkeHWs, pasHble 1,6 Uy,
4TO ABNAETCH NpefesibHO JONyCTUMON BENUYMHON
ONS BeHTUnen Bo30yauTens OaHHOrO reHepatopa
[5].

YcnelHas CUHXPOHM3aLUmMs B NepBOM LWKIE Ka-
YaHWi, KaK nokasbIBaKT pacyeThbl, obecneymBaeTcs
faxe npu Bornee rpybbiX HapyWeHUsX YCroBui
TOYHOM CUHXPOHM3ALWM MO (hase BKITHOHEHMS.

BBuay CnoxHOCTW npakTuyeckoro obecneyeHns
TOYHOM aBTOMATWMYECKOWM CUHXPOHU3aLMW Heobxo-
AMMO [0MyCTUTb HEeCOBMIOAEHNE OZHOMO YCOBMS,
a VIMEHHO: HEBbINONMHEHWE paBeHcTBa Sy = 0 [6].

Kak nokasanu pacyeTbl, npeferibHoi BEenNYMHOM
CKOTbXEHUS MpWU  CTPOTOM  BbIMOMHEHUN  MPOYMX
YCrOBUA  TOYHOM  CMHXPOHM3aUMU  SBNSETCA
Snp = 2%. lMpn atom Ha obMoTKe BO3BYXAEHUS
WHAYKTUPYIOTCSH NEpPeHanpsKeHUs, He npeBbiLlato-
e JONYCTUMbIX 3HAYEHUI MO Kaccy M3onsauum v
AONYCTUMbIX 3HAYEHUIA 0BpaTHBbIX HaMPSKEHWN
BEHTUNEN.

B SIBHOMOSIOCHBIX MaLLMHaX, rMaBHbIM 06pa3om,
BCNEACTBME MeHee 6naronpusTHbIX napameTpoB
AemndepHoil 06MOTKW, BeNMUMHA Spp OKa3blBaeT-
CSl HECKOJTbKO MeHbLLE [7].

[pakTnyeckuin WHTEPEC nNpeacTaBnseT npe-
AEenbHbIA AnanasoH U3MEHEHU He OTAEMNbHbIX Be-
MMYnH Gy 1 Sy, a nx covetanus. VccnepgosaHue
NpOLeCcCoB TOYHOW CUHXPOHU3ALIMM NO3BOSIUIO Bbl-
SBUTb 06/1aCTb JOMYCTUMBIX OTKMOHEHWUA By u S,
(puc. 2).

3pecb nepeHanpsikeHus Ha 0BmoTke BO30YX-
AEHWS1 BO3MOXHbI B MPaBOM YacTu rpadomka, oTkyaa
cnefyeT, YTO OQHOBPEMEHHOE OTKIOHEHWE Benu-
UMH By U Sy OT YCNOBWIA TOYHOM CUHXPOHM3ALNN
3aMETHO OrpaHW4MBalOT npefenl USMEHEHUS Kax-
[0W BEIYMHBI B OTAEMBHOCTM.
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Puc. 2. 3oHa donycmumbix omknoHeHuli By u S,
npu MoYyHoU CUHXPOHU3aYuU
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3aknoyeHune
1. B npouecce CUHXpOHM3aLMK reHepaTopa Ao-
nycKatoTCs OTKNOHEeHMs Kak no dase, Tak 1 no ya-
CTOTE HanpshKEHWUI MOAKII0YAEMOro reHepaTopa U
ceTu. TO MO3BONSET OXUAATb BO3HUKHOBEHWE Ne-
PEHanPSKEeHUA B Lienu BEHTUNBHOTO BO30YXaeHMS.
2. HecobniopeHve no ase BKkntodeHns (yron
paccornacoBaHust Sq # 0) NPUBOANT K BO3HUKHOBE-

HWKO YPaBHUTENLHOTO TOKa B SKOpHOW obmoTke. B
Lenn Bo30YXaeHNs U AeMndepHbIX KOHTYpax BO3-
HWKalOT NMEPEMEHHbIE COCTaBNSOLLLME TOKOB, KOTO-
pble NPV OnpeaeneHHbIX YCNOBUSAX MOTYT NPUBECTU

K nepexogy Toka if yepes HOoMb. BkroueHve rexe-

patopa Ha nmapannenbHyl paboTy npu CKopocTy,
OTIIMYHOM OT CUHXPOHHOM (So # 0), BbI3bIBAET B

obmoTkax potopa IC 4acTOTbl CKOMbXEHMS, KO-
TOpas Takke MOXET SABMATLCSA NPUYMHONA BOSHUKHO-
BEHWSI OTPULLATENBHOTO if.

3. lNpenenbHbIM 3Ha4YeHNEM yrna paccorfiaco-
BaHUs By, UCKMIOYAIOLWMM NOSBREHNE OTpULaTeNb-

HOro TOKa B Lienu Bo30yxaeHusi, sensetcs 16-180.

4. MpepenbHbIM CKONbXEHUEM, MPWU KOTOPOM B
0bmoTKe BO3OYXAEHWUS BO3HWKAKT NepeHanpsxe-
HWS, HE MpeBbIALLME LONYCTUMBIX MO Kraccy
N30MALUMM M BONYCTUMBIX 0BPaTHBLIX HaNPsKEeHWI
BeHTUNeEN, senseTca Syp = 1,6-2,5%.

5. BnusiHne coBMeCTHOro MamMeHeHusi By 1 Sy

No3BONUNO MOCTPOUTL (PYHKLMOHAMbHYIO 3aBUCK-
MOCTb Stp(frp), OrpaHnumMBatoLLyto obnacTb nepe-

HanPsXXeHUH.
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