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NMPOLLECCbl ®OPMHUPOBAHUA U MO ABJIEHUA
AETEPMUHUPOBAHHbBLIX NMPOBAJIOB HAMNMPAXXEHUA
B ABTOHOMHbBIX CUCTEMAX DJIEKTPOCHABXXEHUA

FO. H. CMmbikoB, C. B. FTopenos

CuBUPCKMI roCyapCTBEHHbIM YHUBEPCUTET BOQHOrO TPaHCnopTa,
Poccus, 630099, r. Hosocubupck, yn. LeTtuHkuna, 33

B ctatbe paccmoTpeHbl npoueccbl POPMUPOBaHMS [ETEPMUHUPOBAHHbBIX MPOBANIOB HAMPSXKEHWsl B aBTO-
HOMHbBIX CMCTEMAX 3MIEKTPOCHABXKEHMS, B TOM HMCIIE NPU INEKTPOCHABKEHUM NNABYUMX MHIKEHEPHBIX COOPY-
»eHui ¢ Bepera. B kayecTBe aBTOHOMHOM CUCTEMBbI 3NEKTPOCHabKeHUs NpeacTaBneHa cxeMa CyJoBOM 3MeK-
TPO3HEPreTMHECKOM cMcTeMbI. M3r0eHbl pe3ynbTaTthl CCENOBaHUS Npeanaraemoro cnocoba ynpasneHus,
nony4YeHHble B MPOLLECCE MMMTALMOHHOTO MORJENUPOBAHUS AETEPMMUHUPOBAHHBIX MPOBANOB HAaMPSXEHMs
NpPY aBTOHOMHOM FeHepauun 3neKTpuyeckon aHeprum B cpege SiminTech. MNpouseenéH aHanuz npoueccos
POPMHPOBaHUST KOHBYKTMBHONM HM3KOYACTOTHOM AETEPMMHUMPOBAHHONM 3MEKTPOMArHUMTHOM MOMEXM B CETSX
C HU3KMMM MHTErparbHbIMM NMoKasaTensimu (Manoe 3HauyeHMe TOKOB KOPOTKOrO 3aMbIKaHMs) 3MEKTPUHECKMX
CeTeN MMNaByuMX MHIKEHEPHbIX COOPYXKeHuH. [prBeaeHbl cpaBHeHHs mexay TpeboBaHUsIMM, NPeabsBsSeMbl-
MM K MOKa3aTensm KauyecTBa 3MEKTPMUECKON 3HEepPrum, BbipabaTbiBaeMOM Ha NNaByYeM MHIKEHEPHOM COOPY-
»eHun u BbipabatbiBaemol GeperosbiMM 3HeproycTaHoBkamu. [NpepnoxeH cnocob nosbileHus KavecTsa
SMNEKTPUYECKON SHEPTMM 3a CHET NPERBAPUTENBHOrO PErynMPOBaHUS M NMOAFOTOBKM 3MEKTPO3HEPreTMHECKOM
CUCTEMBI K MPUEMY COM3MEPHMON (MOLLHOM) HarpysKu.

KnioueBble CNOBa: cuctemMa 3neKTPOCHaBMKEHMs, 3apTa OT MMHMMAMNBHOIO HAaMPSHKEHUs, CUCTEMA
yrpaBrieHus, NpoBan Hanps»eHWs, aBTOHOMHasi 3HEProCMCTEMA, MEKTPOMArHUTHas COBMECTUMOCTb, Kade-
CTBO 3NEKTPUHECKOM 3HEPTMM.
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PROCESSES OF FORMATION AND SUPPRESSION
OF DETERMINISTIC VOLTAGE FAILURES
IN AUTONOMOUS POWER SUPPLY SYSTEMS

Yu. N. Smykov, S. V. Gorelov
Siberian State University of Water Transport, Russia, Novosibirsk, Schetinkina St., 33, 630099

The processes of formation of deterministic voltage failures in autonomous power supply systems,
including the power supply of floating engineering structures from the shore, are considered. The scheme of
the ship's electric power system is presented as an autonomous power supply system. The results of
the study of the proposed control method obtained in the process of simulation of deterministic voltage
failures during autonomous generation of electrical energy in the SiminTech environment are considered.
The analysis of the processes of formation of conductive low-frequency deterministic electromagnetic
interference in networks with low integral indicators (low value of short circuit currents) of electrical networks
of floating engineering structures is carried out. Comparisons are provided between the requirements for
quality indicators of electrical energy generated on a floating engineering structure and generated by onshore
power plants. A method has been proposed to improve the quality of electrical energy through preliminary
regulation and preparation of the electrical power system to receive a commensurate (powerful) load.

Keywords: power supply system, minimum voltage protection, control system, voltage drop, autonomous
power system, electromagnetic compatibility, quality of electrical energy.
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BBepeHue

PacmpepeanTeAbHBIE  CETH  TAABYYMX HMHIKEHep-
HBIX COOPYKEHUU WMEIOT CAOKHYIO Pa3BETBAEHHYIO
CTPYKTYPY C OOABIIMM KOAWYECTBOM IIOTpeOuTeAel,
OT KauyeCTBEHHOI pabOThl KOTOPHIX 3aBUCUT BO3MOJK-
HOCTBb 0e30IIaCHO U B HEOOXOAUMBIE CPOKU OOeCIeunThb
UAU CIIOCOOCTBOBATHL OOeCIIeUeHHIO IIePeBO3KU I'Py30B
¥ IIacCca’kMpoOB, a TaK’Ke BBLIIIOAHEHHUIO MHBIX IOCYyAap-
CTBEHHBIX 3aAad.

OCHOBHBIMH ~ OTAUYUTEABHBIMU ~ OCOOEHHOCTSMU
SAEKTPOCHAOKeHUs ITAaBYUUX MHKEeHEePHBIX COOpYyrKe-
HUU SBASIETCS MaAas UHePIMOHHOCThH TeHepUPYIOIINUX
MOIIHOCTEH, COU3MEPUMOCTb MOIIHOCTH HCTOYHUKOB
SAEKTPUYECKOM DHEPTUM U MNPUEMHUKOB JAEKTPHU-
YeCKOU JHEepruy, IINPOKOe IpUMeHeHWe acCHUHXPOH-
HBIX 3A€KTPOABUTATEAeN B KadeCTBe IIPUBOAA MAIWH
U MeXaHM3MOB. YKa3aHHble OTAMYUTEAbHBIE OCOOEH-
HOCTHU SIBASIIOTCSI IIPEAIOCBIAKAMU K BO3HUKHOBEHUIO
NIPOBaAOB HAIPSKeHMUsI KakK IIPU aBTOHOMHOM padoTe,
TaK U IPU HOAKAIOUYEHHUH DAEKTPOIHEPTeTUIeCKOU CH-
CTEeMBI IIAABYYEro MH>KEHEePHOI'O COOPY’KeHHUs (CyAHa)
K OeperoBoli nurarolel ceTu. /3-3a BO3HUKHOBEHUSA
NPOBAAOB HAINPSIKeHUs MPOUCXOAUT YBeAWYeHHe TO-
KOB NOTPeOAeHUSI SAeKTPUUYECKUX MAIIWH U IleperpeB
TIOCAEAHUX, UYTO IPUBOAUT K CHUJKEHHUIO JHeproad-
(hEeKTUBHOCTH, CHUIKEHHIO CPOKa CAY>KOBI WAW OTKa-
3y, c605IM aBTOMATU3UPOBAHHLIX IIPOIIECCOB U ITUKAOB
paboTH 3AeKTPOOOOPYAOBaHNS, HapYIIEeHUAM PaOOTEI
3alIUTHl M aBTOMATHKH, cOOAM B paboTe MHKPOIPO-
[ECCOPHOM TEeXHUKU. AONOAHUTEABHBIM (aKTOPOM
SIBASIETCSI CAOSKHOCTb PEMOHTA M/MAM 3aMeHBI B YCAO-
BUSX OJKCIAyaTalluW CYAOBOTO 3AEKTPOOOOPYAOBAHMUS,
BBI3BaHHASI YAAAEHHBIM MECTOHAXOKACHHUEM CYAHA,
CIIEeIIMaAU3NPOBAHHBIM HCIIOAHEHHEM 3AeKTPOoOOopy-
AOBaHUs, OTPaHUYEHUAMU II0 MOHTaKy U yCTaHOBKE.
Takum o6pasoM, TeMa HCCAEAOBAHUS 0OAaAdeT BBICO-
KOM aKTYaAbHOCTBIO, @ C Y4ETOM BO3PACTAIOIeN II0-
TPeOHOCTH B HOBBIX YHEPTOBOOPYKEHHEBIX CYAAX, B TOM
YUCAe AAS OCBOEHMSI APKTHKU U pasButuss CeBepHO-
TO MOPCKOTO MYTH, aKTyaAbHa B AOATOCPOYHOM Ilepc-
MeKTUBe.

CoraracHO HOPMATUBHBIM AOKYMeHTaM, IIPU pac-
CMOTPEHUM HAAMYUSA KOHAYKTHUBHOM HH3KOYACTOTHOU
SAEKTPOMArHUTHOM ITOMEXH IO IIPOBAaAy HaIIPSKEHUS,
B TOM YHCAE AeTEPMUHHUPOBAHHON, HEOOXOAUMO OOpa-
TUTh BHUMaHHEe Ha CAeAyIOlllMe IOKa3aTeAd KadecTBa
9AEKTpUYecKou sHepruu [1]:

1. Ocrarounoe Hampsikenue U, % — HmxKe 90 %
OIIOPHOTO HaNPSIKEHUS.

2. AAMTEeABHOCTH MpOBaAa HampsokeHus A (, —
A0 1 MuH.

[Ipu 3TOM OIIOPHOE Halps’KeHHue (IPHU OIleHKe IIPOo-
BAAOB, IPePLIBAaHUN HANPSKeHUS U IlepeHalpsyKeHn)
CUUTAIOT PAaBHBIM HOMUHAABHOMY UAU COTAACOBAHHOMY
HAINPSKeHUIO 9AeKTPOIUTAHUS.

HaTepec mpeaCTaBAsIeT NPOIECC BO3HUKHOBEHWUS
DAHHOU TIOMEXUW B CAy4Yae COpa3MepHON HarpysKH,
MOAKAIOYEHHEe KOTOPOUW BO3MOJKHO CIPOTHO3MPOBATh
(AeTepMHUHUPOBATh) B @BTOHOMHBIX CUCTEMaX 3AEeKTPO-
CHaO>KeHUs, C TOCAEAYIOIIUM aHAAM30M 3HAUMMBIX
(haKTOPOB U BHIPAOOTKE METOAOB IIOAABAEHUS IIOMEXU.
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Llearp 1 00'BEKT NCCAEAOBAHUS

Lleab — mOpoBecTH aHaAW3 MOPOIECCOB (opMUPO-
BaHUSA KOHAYKTHUBHOM HU3KOYAaCTOTHOM AETEPMUHUPO-
BAHHOM 3A€KTPOMArHUTHOU IIOMeXHU B CeTIX C HU3KU-
MU HHTErpaAbHBIMM IIOKa3aTeAsIMHU (MaAOe 3HaueHue
TOKOB KOPOTKOTO 3aMBbIKaHMS) SAEKTPUUYECKUX ceTel
MAABYUMX HH’KEHEpHBIX coopy>keHuMH. OCHOBHasl 3a-
Adda MCCAEAOBAHUSA — C(POPMUPOBATE U OIPEAEAUTH
IyTU TOAABAEHMS YKa3aHHOM IIOMeXM IPHU aBTOHOM-
HOM 5AeKTPOCHAO>KeHUU CYAOB, @ TaKKe IIPU SAEKTPO-
cHaO>KeHUM OT 6eperoBON AEKTPUUYECKOU CeTH.

B ychoBuAX YAAAGHHEBEIX CEBEPHBIX TEePPUTOPUN,
a TakKe IPHU OOYCTPOMCTBE HOBHIX IIOPTOB U TEPMHU-
HAAOB B KadyecTBe OeperoBOro MCTOYHMKA JAEKTpUYE-
CKOU 3HEePIuU MOJKeT BBICTYIaTh aBTOHOMHAs CHUCTeMa
5AeKTPOCHAaOKeHUsA. Kak IpaBUAO, UCIOAB3YeTCS AU-
3eAbHasi WAM Ta30IOpIIHeBasg 3HEeProycTaHOBKa, YTO
HeCc€T B cebe AOMOAHUTEAbHBIE (DAKTOPLI CHU>KEHUS
KauecTBa JAEKTPUUECKOW JHEPTUM B YaCTU BO3HUK-
HOBEHHUS U IIPOHUKHOBEHHSA B CYAOBYIO CEThb KOHAYK-
THUBHOM HU3KOYACTOTHOM 3AEKTPOMArHUTHOM IIOMEXH,
B TOM UYHCA€e IO IIPOBAAY HaNpsKeHUs. N\OIMOAHUTEAb-
Hble (PaKTOpBEl CHUJKEHHS KadeCTBa JAeKTPUUeCKOM
SHEpPTUM CBSI3aHBl CO CHUJKEHHEM BpeMeHU peaKIIUu
Ha W3MeHEeHUs JAEKTPOIHepTreTHYeCKUX IlapaMeTpOB
(ra3omopIiIHeBble 3HEPrOYCTAHOBKU) M OTHOCHUTEAb-
HO OOAee 3HAQUYUTEABHOE BAWSHUE HaOpoca Harpys3ky,
B CPaBHEHUU C IIeHTPAAU30BaHHON CUCTEMOU SAEKTPO-
cHabxeHusd. CxeMa CyAOBOM 3AeKTPO3HepPreTUdecKomn
CHCTeMHBI IpeACTaBAeHa Ha puc. 1.

B mpomecce wuccaepOBaHUS NIPOAHAAN3UPOBAHEI
pasAndmug MeKAY TPeOOBAHUSAMU K KAueCTBY SAEKTPHU-
YeCKOM 3Hepruy, BblpaOaThIBaeMOM Ha IIAABy4YeM HH-
KeHepPHOM COODPY’KeHHH, U OeperoBbIMM YCTaHOBKAMU.
CpaBHenue Tpe6oBanut 'OCT 32144 —2013 u tpebo-
BAHUM IIPABUA KAACCHM(UKALMU U IIOCTPOUKHU CYAOB
BHYTPEHHEro IIAABaHUA POCCHIUCKOIO pPEYHOrO peru-
crpa ([TCBIT PPP) Kk mokasaTeasM KadecTBa 3AEKTPO-
3HEPruu IPeACTaBAECHEL B TaOA. 1.

Tak Kak B 00IeM CAy4ae BepOATHOCTh BO3HHKHO-
BeHMsI KOHAYKTHBHOM HH3KOYaCTOTHOM 3SAeKTpoMar-
HUTHOU IIOMeXM IO IIPOBaAy HAIPSKeHUs BCACACTBUE
TIOAKAIOUEHUS AeTePMUHUPOBAHHON HATPY3KU 3aBUCUT
OT COOTHOIIIEHUS MOIIJHOCTENM KOPOTKOI'O 3aMBIKQHUSA
B NIPUEMHOU U IepeAarollleil CUCTeMax, TO OIPeAeAs-
IOIIUM (PAaKTOPOM BO3HUKHOBEHHUS YKa3aHHOM ITOMeXH
SBAsIeTCSI He aOCOAIOTHOe 3HayeHHe MOIITHOCTH AeTep-
MUHUPOBAHHOTO IIOTPEOUTEAs], @ COOTHOIIEeHNEe

(1)

rae SXHP, 80X — KOHAYKTHMBHAs HU3KOYAaCTOTHAs AEK-
TPOMarHWTHAas IIoMeXa B IPUEMHOU U IlepeAaroleli Cu-
creme, %; Sm, SK, p — TIOAHBIE MOILIHOCTH TpEéxda3HbIX
KOpPOTKUX 3aMbIKaHui (K3) B aTux cucremax, KBA.
[Tpe>xpe Bcero OTMETHM, YTO JAEKTPOMArHUTHASA
OOCTaHOBKa OIIpeAeAseTcd N-bBIM KOAMYECTBOM CTa-
IIMOHAPHBIX CAYYaWHBIX NPOIECCOB, OOYCAOBA€HHBIX
HeCTaHAAPTHBIMU ITOKa3aTeAsIMU KadecTBa dAeKTpuue-
CKOU 3Hepruu. Bce aTU cAydaliHble IIPOLECCH (hOpMU-
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Puc. 1. Cxema cy10Boii 2JIeKTPOIHEPreTHUECKON CHCTEMBI:
1-8 — moTpeduTe M 31eKTPoIHeprun: 1 — 0CHOBHbIE; 2 — pe3epBHbBIE;
3 — ObITOBBIE CHCTEMbI BeHTH/ISIIINN, KOHIAMIIHOHHPOBAHMS BO3yXa H T. I.;
4 — noapyJuBaIIMe YCTPoiicTBa; S — ocBenienne; 6, 7 — 0cod0 0TBETCTBEHHbBIE;
8 — 3apsHbIe yeTpoiicTBa aKKYMYJISTOPHBIX OaTapeii

Fig. 1. Ship's electrical system diagram: 1-8 — power consumers:

1 — primary; 2 — backup; 3 — domestic ventilation, air conditioning, etc.;
4 — thrusters; 5 — lighting; 6, 7 — critical; 8 — battery chargers

Ta6auna 1. CpaBHenue Tpe6osanuii TOCT 32144—-2013 u Tpe6oBanuii IICBIT PPP kK noka3aTeAsiM KayeCTBa SAE€KTPOIHEPTUu
Table 1. Comparison of the requirements of GOST 32144—2013 and the requirements of PSVP RRR for power quality indicators

Tpeb6oBanus 'OCT
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SUm(+)
MepaneHHBIe U3MeHeHUs HalpsKeHus 5Um(—) — +=10 % +6 %..—10 % +15%...—30 % 1,5
[Nepenanps>keHue - - caoltre 110 % - - -
KpaTtkoBpeMeHHast pA03a (hAUKepa PSt — 1,38 % — — -
AauTeabHast A03a parKepa PLt - 1% - - -
KoaddunneHT ncka’keHNnss CHHYCOUAAABHOCTH
dbun yeoua KU 8% 12 9% - 10 % -
KPUBOM HANPSI)KEHUsT
KoaddunuentT HecuMMeTpun HalpsyKeHUH K2U:
1o 06pPaTHOM M HECUMMETPUM HaIPSKeHUH KOU' 2% 4 % - - -
110 HyA€BOU IIOCAEAOBATEABHOCTH
OTKAOHEHHE 9aCTOTHI of 0,2 I'mg 04 I'm 5% 10 % 5
IMTpoBaa Hanps>KeHUst — HIKe 90 % — HIDKe 75 % —
AAUTEABHOCTB IPOBAAA HAIPSKEHUs Stup - 60 c - - 1,5
PYIOT €AUHBIM CAOKHBINM 3AEKTPOMArHUTHBIM IIPOIIECC. BAHHOIO BO3AEMCTBUSA yKa3aHHBEIX IIOKa3aTeArel Kade-

B Tom uymcae HecTaHAAPTHBIE IIOKa3aTeAM KadecTBa
SAEKTPUYECKOU 3HEePIruu OKa3bIBalOT KOHCOAMAUPOBAH-
HOe AeMICTBHe Ha NPUEMHUKMU dAeKTPUUECKOU dHEePruu.
Hanpumep, KOHCOAMAUMPOBAHHOE BO3AEMCTBHE IIPOBA-
AOB HAIPSJKEHUSI M HEeCUMMETPUM IUTAIONIETO HAIlps-
JKeHUs Ha aCMHXPOHHBIE SA€KTPOABUTATEAU IIPUBOAUT
K 3HAQUUTEABHOMY CHMJKEHHIO KO3(HIlMeHTa MoAe3-
HOTO AEUCTBUSI M OOAee 3HAUUTEABHOMY IIeperpeBy
SAEKTPOABUTaTeAeM OTHOCUTEABHO HEKOHCOAUAUPO-

CTBa 5AeKTPUYECKOU IHEPIHuu.

HcyepneiBatoniasi ©HPOPMAIUS O TAKOM CAOKHOM
CAyYalHOM IIpollecce COAEPIKUTCS B er0 MHOTOMEpPHOM!
UHTErparbHOU (DYHKIUU PACIPEACACHUS

F (X0 Xpeows Xyooor X by ooy Ly 1) =

n

= P(X, < X, Xpos Xyoor X, < X ).
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YkazaHHasi (QyHKIUS XapaKTepu3yeT BePOSITHOCTH
TOTO, YTO B MOMEHT BPEeMeHHU f; CAyYaiHasg BeAUYrHA Xl.
He IIPEBBICUT ONIPEAEAEHHOTO CBOETr0 3HAYEHUS.

Mmnuoromepras pAuddepeHnarbHasg QYHKIUS pac-
IpeAeAeHUs BEPOSITHOCTH OIIpeAeAdeTcs II0 hopMyAe

Po(X,, X Xproons X ity by b 1) =
_ o"F, )
0X,, 0X,,..., 0X,,..., 0X,,

AAsT  HOpMaAM3allUM  CAOJKHOTO 3AEKTPOMAarHuT-
HOTO IpoIlecca B ABTOHOMHBIX 3AeKTPO3IHepreTHue-
CKMX CHCTeMaX HeOOXOAMMO IOA@BUTH KOHAYKTHBHEIE
sAeKkTpoMarHuTHele noMmexu (OMII), pacnpocrpans-
omuecd 10 ceTtaM. OCyLIeCTBUTH 3TO MOJKHO ITYTEM
TIPUMEHEHUsT CIIeIIMaAbHBIX Mep II0 IOBBIIIEHHUIO II0-
MeXO3alIUIeHHOCTU U IOMEeXOyCTOMYMBOCTU aBTO-
HOMHOMN CHCTeMBI dAeKTpocHaOkeHuss (ACOC). Iloa
TIOMeXO03alllUIeHHOCTbIO ITOHUMAaeTCss CIOCOOHOCTH
OCAQOAATE AEUCTBUSA KOHAYKTHUBHEIX OMIT 3a cuér
CIleIMaAbHBIX — HoMexo3aluTHbIX  cpepcTs  ([13C),
HEe OTHOCSIINXCSI K IPUHIUITY AEHUCTBUSI UAW IIOCTPO-
ennss ACOC. TllomexoycronuusocTs (I1Y) o3Hauaer
CIIOCOOHOCTb 3AEKTPUUECKON CEeTH HUAU CUCTEMBI CO-
XPaHAThb 3aAaHHOE KauecTBO (PyHKIMOHUPOBAHUS IIPHU
BO3AEMCTBUU KOHAYKTHUBHBEIX OMII omnpeperéHHOrO
YPOBHA U B oTcyTcTBUEe clenuanrbHbIX [13C. IToBbiIe-
"ue 1Y apocTuraeTcss mapaMeTpUYeCKUMM M3MeHEeHU-
SIMM HEKOTODPBIX 3AeMEeHTOB (PYHKIMOHAABHBIX Y3AOB
ACOC pag Toro, 4ToOBI, IOMUMO BHIITIOAHEHUST pabouux
(YHKIIUM, 3TU 3AeMEHTBl OAHOBPEMEHHO BBIMOAHSIAU
OBl 3aIUTHBIE PYHKIIWMN.

C OeAblO0 OIIpepeAeHUsT BO3MOJKHOCTU IlapaMeTpH-
YeCcKOro M3MeHeHUs NPU (POPMHUPOBAHUU AETEPMUHMU-
POBAHHBIX IPOBAAOB HAIPs’KeHMUs PAaCCMOTPUM pPHUC. 2,
rAe NPEeACTaBA€H IIPOIeCC B YCAOBUSAX IOAKAIOUEHUS
COpPAa3MepHOM HArpy3kKu. Tak Kak MOMEHTY IIOAKAIOUe-
HHSI MOIITHOTO TOTPeOUTeAs], KaK IIPaBUAO, COITYTCTBYET
IIPOLIeCC IIOATOTOBKM (HAIIlpUMep, 3allpoC Ha paspelle-
HUe 3allyCcka WAW [IpeABapUTeAbHas IIPOAYBKa IOMe-
LIeHUs Ilepep IOAKAIOUeHHeM MOIIHOTO I'Py30BOTO Ha-
coca U T.A.), TO BOBHUKHOBEeHHe IIPOBaAd HaANPsKeHUS
B AQHHOM CAydYae CAepyeT CUMTaThb ACTepMUHHPOBAH-
HBIM, & He CAYYaWHBIM. APYyIUM IPUMEPOM SBASETCSA
MIOAKAIOYEHHE MOIIHOTO 3AeKTPOIPUBOAQ, paboraro-
1Iero B IIOBTOPHO KPaTKOBPEMEHHOM pe’KuMe, Halpu-
Mep, IOPTAABHOTO KpaHa OOABIION I'PY30IOABEMHOCTH
UAU 3A€KTPOIPUBOAA ITAABKPaHa OOABIION I'PY30IOAH-
eMHOCTH NIPU SAeKTPOCHAOKeHUN OT aBTOHOMHBIX Oe-
PEroBBIX CHUCTeM, IPU 3TOM paboTa yKaszaHHOTO IIpU-
€MHUKA 3A€KTPUYECKOU SHEePIuU Tak>Ke UMeeT IMKABL
U 3aKOHOMEPHOCTH.

Hawaro OMIT mo mpoBany HaIpsisKeHHS U BpeMs
AAUTEABHOCTU AQHHOU IIOMEeXU PacCMOTPEeHO Ha puc. 2.

YpaBHeHHEe AN ONpeAeAeHUs MUHHUMaAbHOTO 3Ha-
JeHUsl HalpsKeHUsl TeHepaTopa IIpU IIycKe aCUHXPOH-
HOTO ABUTAQTEASI UMEeT CACAYIOIIUH BUA!

Umin = Uyc'r + (Uﬂaq - UycT ) ! eitmm/Tdy +
+ K, Kt ~ Tyt e =],

X, +x!
T) =T, —2 "%, (4)
XAB +Xd

rae T; — IIOCTOSIHHASI BpeMeHU OOMOTKY BO3OY KACHUS
reHepaTopa IIpU 3aMKHYTONM OOMOTKe cTaropa Ha Co-
IIPOTUBACHHE X, T, — TOCTOsSIHHAsA BPEMEeHU OOMOTKHU
BO30Y>KAEHHUSA IIPU PA30MKHYTOM OOMOTKE cTaropa re-

A%HJF \§/3

9

U
Unin

=
: N
Imin 3
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Puc. 2. Binsinue HaGpoca HATpy3KH:

1 — XapakTepuCTHKA CHHXPOHHOI'0 I'eHepaTopa,
COOTBETCTBYIOLIAsI MOHM/KEHUI0 HATPSIZKeHH ST
6e3 BO3/1eliCTBHSI PEryJ/IsiTopa HaNpPsKeHusl;

2 — noBBIIIeHHE BBIXOAHOT0 HANPSIKEHHSI
32 CYET peryJIsiTopa HaNpsiKeHusl;

3 — pesyJbTHPYIOIAs KPHBast
Fig. 2. Effect of load surge:

1 — synchronous generator characteristic
corresponding to voltage drop without voltage
regulator intervention; 2 — output voltage increase
due to voltage regulator; 3 — resulting curve

Heparopa, ¢; K — Kod(PULHEHT, XapaKTepU3YIOLINi
CKOPOCTBb HApaCTaHUs HALPSKEHU BO3OYKACHUS (AN
reHepaTopoB ¢ caMoBO30yRaenuem K = 15—20; —
BpeMd, IIpU KOTOPOM HallpsiKeHUe reHeparopa UMeeT
MUHUMaAbHOE 3HaueHue.

BpeMms, mpu KOTOpOM HalpsyKeHUe TreHepaTopa
nMeeT MUHUMAABHOE 3HAa4UYeHUe, OIIPEAEAdeTCsI CAEAY-
IOIUM 00pa3oM:

U —
tom = TolIn| 20— 11| )
K, K-T,

[Tpy MOAKAIOUEHHH MONIIHOTO HAarpy’>KeHHOI'O JA€K-
TPOIIPUBOAQ, HMeEIOIero aCHMHXPOHHBIM 3AEKTPOABHU-
raTeAb B KadeCTBe ABUJKUTEAs, IIPOBaA HaNPSKeHUS
(cam>kenue HampsbkeHus Hmwke 90 %) HabaopaeTcs
IIPUA MOIIHOCTU 3AEKTPOABHUTATEAS 5 % OT CyMMapHOU
MOIITHOCTY PabOTAIONINX B ITapaAAeAb FeHepaTopOB.

C meABIO CHUJKEHHSI KOAWUYeCTBa IPOBAAOB HaIps-
JKeHUs U MOBBIIIeHNs KadyecTBa 3AeKTPUYECKOMN 3Hep-
MU NPEACTaBAsieT MHTepec 3abAaroBpeMeHHOe ITOBBI-
IIeHre YacTOThl IUTAIOIero HaNpsKeHUs: U yPOBHSA
HAIpPsUKEHUSA B IIPEAeAdX AOIYCTHMBIX 3HAYeHUU. OTO
BO3MOJKHO, B TOM YHCA€, H3-3a OOABIIEro KOPHAOPa
peryAMpoBaHus YKa3aHHBIX IIapaMeTpOB IO CpaBHe-
HUIO C 0OeperoBo¥ I[eHTPAAN30BAHHOUW JHEProCHCTe-
MoM (TabAa. 1).

MopaeaupoBaHue U aHaAU3 Pe3yAbTaTOB

C y4é€TOM YyKa3aHHBIX IIPEAIIOCBIAOK IIPOM3BEAEHO
MopeAupoBaHue B cpepe SimInTech.

SimInTech (Simulation In Technic) — cpeaa pa3spa-
OOTKH MaTeMaTHYeCKUX MOAEAel, aATOPUTMOB yIIpaB-
AeHUs, UHTep(EUCOB yIIPaBACHUSA W aBTOMATHYECKOU
reHepalun KoAa AN KOHTPOAAEPOB YIIPaBA€HUS U T'pa-
(pUUeCKUX AUCIIAEEB.

Ha puc. 3 u 4 npeacTaBA€HO MOAEAMpPOBaHUE IIPO-
Iecca BO3HMKHOBEHHUS IIpOBara HaIpsKeHusa Oe3
IpeABApPUTEABHOM IIOATOTOBKHU CHUCTEMBl 3AEKTPO-
cHabKeHUsT K Habpocy Harpy3ku. COOTBETCTBEHHO,
YPOBEHDb HaNPSPKEHUsI BEIXOAUT 3a HIDKHIOIO TPAHUITY
HOPMaABHO AONYyCTUMOro 3HaueHUs 90 %, 4TO rOBOPUT
O HAAWYUK KOHAYKTUBHOW HU3KOYACTOTHON IIOMEXU
B CeTU IPHU MOAKAIOUEHUM HArpy3Ku U TpeOyeT mopa-
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Puc. 3. CTpykTypHasi cxeMa CHCTeMbl PeryJIHpOBaHUs HANPSKeHHUs 0e3 NPeBEeHTHBHOIO PeryJIHpoBaHUs
Fig. 3. Structural diagram of a voltage regulation system without preventive regulation
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Puc. 4. Peakuusi Ha Bo3Mylalolee Bo3/ieiicTBHE CHCTeMbI PeryIMPOBaHMs HANPsiZKeHHs1 0e3 NPEeBEeHTHBHOIO PeryJupoBaHus
Fig. 4. Response to disturbance of a voltage regulation system without preventive regulation

'YCTABKA HABPOC HATPY3HH

;

TPA®HK BOIMYILAIOIIEE BO3AEACTEHE
1A

TPAPHK HATIPAXKEHHE

OC H2MEPHTENb HANPAXEHRHA

Puc. 5. CTpyKTypHasi cxeMa CHCTEeMbI Pery/JIMPOBAHUS HANPSZKEHUS € NPEBEHTHBHBIM PeryJIMpoBaHueM
Fig. 5. Structural diagram of a voltage regulation system with preventive regulation

BAeHUd [2—4]. Bo BTopoM cAydae, yKa3aHHOM Ha PUC.
5 1 6, cucrema BAEKTPOCHAOKeHUsI 3apaHee, 3a 2 C
MO TIOAKAIOUEHHS MOIIHOTO IOTPeOUTeAs, IOAydaeT
BO3MOJKHOCTb IIPEABAPUTEABHOU IMTOATOTOBKU K IIPHUE-
My Harpy3KH 3a CUE€T YBeAUUEeHUs] YPOBHS HaPSKeHUs
B IIpeAeAax HOPMAABHO AOIYCTUMBIX 3HaUYeHUH.

CnaomHOM AMHUENM 0003HaueHO H3MeHeHue Ha-
NIPSKEHUsI CeTH B OTHOCUTEABHBIX €AMHUIAX, a IITPU-
XOBOM — BBIXOAHOE HAIIps’KeHHe peryasiTopa Hamps-
SKEeHUS.

AcneKTbl BAUSIHUSI ITPOBaAa HAIPS)KEHUs, a TakykKe
CpeACTBa U CHOCOOBI CHU>KEHHS YPOBHSI U BpeMeHU
IIpoBaAa HaIps>KeHUs MPeACTaBAeHBI B paboTax [4—
9]. M3BecTHO, YTO IPEUMYIIEeCTBO NPUHIUIA CUCTEM
PEryAupOBaHUSA «II0 BO3MYIIEHHUIO» B TOM, YTO PEryAs-
TOp HaAuMHAeT AEUCTBOBATH Ha OOAee paHHEU CTapUuH,
KOTAQ TOSIBUAACh TOABKO AUWIIL NMPUYMHA PacCOTAAco-
BaHUS, @ OTKAOHEHUe PeryAupyeMoro IapameTpa elé
He HauyaAOCh. B aAeKTposHepreTuke Iporecchl ObICTPO-
TeUHBI, TO3TOMY 3(P(EKTUBHOCTb CUCTEMBI PETyAUPO-
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Puc. 6. Peakuusi Ha Bo3Mylialouiee Bo3AeiicTBHE CHCTeMbI PEryJIMPOBAHHS HANIPSI’KEHHUs! ¢ IPEBEHTHBHBLIM PeryJiMpPOBaHHeM
Fig. 6. Response to disturbance of a voltage regulation system with preventive regulation

BaHMUsSI «IIO0 BO3MYIIEHHIO» CHI)KaeTcs. AeHUCTBHUTEAb-
HO, BpeMsi BO3HMKHOBEHUS BO3MYIIEHUS (YBEeAMUYEHHE
TOKA HAarpy3KU) U BpeMs Hauard IPOBaAd HAIPSI KeHUS
OT YKa3aHHOTO BO3MYILleHUSI IpPAKTUYeCKH OAHOBpe-
MeHHBI, TIO3TOMY OKa3aTh CYIeCTBeHHOe BO3AEUCTBUE
Ha W3MeHeHUe HAEKTPOIHEepPreTHYeCcKUX IapaMeTpoB
ACOC KpaliHe 3arpypHUTEABHO. OAHAKO BO3MOJKHO
TIpUMeHeHNe TPUHIANA OllepesKalollero peryAnpoBa-
HU4, 0a3UPYIOLUIerocs Ha AeTePMUHUPOBAHHOCTHU (0060-
CHOBAHHOCTH) BEPOATHOCTH BO3MYIIAIONIETO BO3AEU-
CTBUSL.

PaccmorpumM mpumep: cylecTByeT >KECTKO IIPOIIU-
CAHHBLIM aATOPUTM 3allycKa JAEKTPOIPUBOAQ, BKAIOUA-
omuk B cebe MPOAYBKY IIOMeIeHHs,, B KOTOPOM OH
YCTaHOBAEH (rpy3oBod Hacoc). COOTBeTCTBEHHO, 3a-
IycK OyAEeT OCYIIECTBAEH C ONIPeAeAEHHON BBIAEPIKKOMN
BpeMeHU. TakuM 00pa3oM, MOSIBASIETCSI AeTE€PMUHUPO-
BaHHasg BEPOSITHOCTL IMOAKAIOUEHHUSI MOIITHOTO TMOTpe-
ouTeas. 3Has COOTHOIIEHHE MOITHOCTEeM MIOAKAIOUYae-
MOTO IAEKTPOABUTATEAS] IO OTHOUIEHWIO K MOIIHOCTH
CeTH, BBIUUCASEM OKUAAEMYIO KOHAYKTHUBHYIO HU3KO-
YaCTOTHYIO IIOMeXy IO IpOBaAy HaIpssKeHHA. Aaree
caepyeT 3abAarOBpeMeHHO YBEAUUUTH HalpsiKeHHe
(B mpeperax HOPMAABHO AOIIYCTHMBIX 3HAQUEHUM, yCTa-
"HoBAaeHHBIX ['OCTom 32133 —2013), BeIpabaTbiBaeMoe
TEHEepaToOPOM, C IEABLIO ITOBBHIIIEHHS KaUeCTBa IAEKTPU-
4yecKoM sHepruu B 3apanHor ACOC.

BepogaTHOCTE HOSIBA€HUSI BO3MYyIIAIOIEro BO3-
AEUCTBUS B AOKaAbHOU 2HEProcucTeMe IIpU DAEKTPO-
cHaO>XeHUM CyAHa C Oepera MAM HHOM CAydae, KOT-
M@ BO3MOJKHO M IIPEAYCMOTPEHO IIOAyYeHHe CHUTHaAd
O TpoIlecce TMOATOTOBKU ITOAKAIOUEHWS MOIIHOTO IIO-
TPeOUTEAS, OLIPEAEAIeTCS KakK

1-e™, x>0

P |[x]|= 1 (6)
e [X] N <0
rAe X — KO3(PUITMEHT AeTepMUuHaIuu. Toraa
u.-U 20P,
Einopn = Ty 10— 4 |- 2L, (7)
K, K-T, K

TakuMm 00pasoM, CHUXKAETCS KOAMYECTBO IIPOBA-
AOB HAIPSOKEHUS B IIEAOM, YBEAMUYUBAETCS OCTATOYHOE

HapsoKeHWe U CHUKAeTCd AAUTEABHOCTb AETEePMU-
HUPOBAHHLIX IIPOBAAOB HANPSKEHUS, YTO IIOBBINIAET
KaueCTBO SAeKTPUYECKOU 3HEePIuy MOOUABHBEIX U CTa-
nuoHapHbIX ACOC. Apyroil OpeAlOCBIAKON SBASETCS
y>Ke UCIOAb3yeMasl CUCTeMa IIOCAeAOBATEeABLHOTO 3ally-
cka (sequential start). Opnako paboTa OCyIIeCTBAsSIET-
Cs TI0 OTKAOHEHMIO, KOTAQ IIPOBAA HAIPSKEHUS yiKe
c(hopMUPOBaH, YTO B YCAOBUAX OBICTPOU3MEHSIOIIUX-
Csl BAeKTPO3HEePTreTUYeCKUX IapaMeTPOB SHePTrOCUCTe-
MBI @BTOHOMHBIX OOBEKTOB HEAOCTAaTOUHO.

3a MOCAeAHHe AeCSITUAeTHS OCOOEHHO OCTPO IIPOo-
SIBASIIOTCSI BOIIPOCHI Me>K(paKTOPHOI'O B3aUMOAENCTBUS
CHMJKEHHs TIOKa3aTeArell KaudecTBa JAeKTPUYeCKOMN
sHepru®. Tak, IpM HAAWYHUN TapMOHHYECKHUX COCTaB-
AMIOIIMX B CETH, a TaKKe BBICOKOTO YPOBHS HECHUM-
MeTpUH C OAHOBPEMeHHBIM BO3HUKHOBEHUEM AeTep-
MUHUPOBAHHOI'O IIPOBaAd HANPSIKEHUs], ITPOUCXOAUT
KOHCOAMAQIIMSI HEraTHBHOTO BO3AEMCTBUS. YBeAnue-
HUe 3arpy3Kd aCUHXPOHHBIX ABurateArei Ha 10 % npu
HECUMMETPUYHBIX IIPOBaAaX HAIPSIKEHUS IIPUBOAUT
K YBeAWYEHHIO HAIpPSIKeHUs CTaTAUYeCKON YCTOMNYHBO-
ctu B cpepHeM Ha 0,8 % U K yMeHBIIeHUIO AOITyCTUMOM
MAUTEABHOCTH IIPOBaAd HANPSKEHUs IO YCAOBHIO CO-
XpaHeHUs: AMHAMUYeCKOU YCTOMYUBOCTU B CPEAHEM Ha
5,8 % [10].

BrIiBOABI

Ilpu paccMOTpeHHM AMHAMUKU Pa3BUTHUS CYAOBBIX
u OeperoBbIX IAEKTPOIHEPreTUYECKUX CHUCTEM IIpO-
CAEKMBAETCs CHUCTEMHOE YBEeAWYeHue IIPUMEHEHUs
MUKPOIIPOIIECCOPHBIX CPEACTB, YACTOTHOTO BAEKTPO-
TIPUBOAQ, IIPOTPAMMHUPYEMBIX AOTHYECKUX KOHTPOA-
AEpPOB KaK B OTAEABHBIX ITOACHUCTEMaX, TaK WU B paM-
Kax CO3MaHMS Oe33KHUIIa)KHBIX CYAOB M IIPOM3BOACTB
C MUHUMaAbHBIM KOAWYECTBOM OOCAY’KHBAIOIIETro Iep-
COHaAa.

BrIcOKasi 9yBCTBUTEABHOCTh YKa3aHHBIX BBIIIE CH-
CTeM K HU3KMM IIOKa3aTeAssM KadeCTBa IAEKTpuUue-
CKOW 3HEpruu, B TOM YHCAE K ITPOBaAaM HATPSKEHUS,
AEMOHCTPHUPYET HeOOXOAUMOCTb yuéTa IIPOIEeCCOB
¢dopMUpOBaHUS U IOAABACHUS AECTEPMUHUPOBAHHBIX
MPOBAAOB HAMPSKEHUsT MPU MPOEKTUPOBAHUU CHU-
CTeM DAeKTPOCHAO’KeHUs B IIpoljecce JKCIAyaTalluu
U MOAEPHU3ALUY, YTO elllé pa3 MOAYEPKUBAET aKTyaAb-
HOCTh AQHHOTO HallpaBA€HUsT PabOTHI.



B ucchepoBaHUM OBIAU  pellleHBI
3apaumu:

1. I'lpepcTaBAeHBl TIPOIECCHl (POPMUPOBAHUS Ae-
TEePMUHUPOBAHHBIX KOHAYKTHUBHBIX HH3KOYaCTOTHBIX
SAEKTPOMArHUTHBIX ITIOMEX II0 ITPOBAAy HAIpsIKeHUs.

2. TlpeproskeH cioco0 MOBHIIIEHUS KauyecTBa SAEK-
TPUYECKOM 3HEPruu 3a CueT IIPeABAPUTEABHOIO pery-
AUPOBAHUS U MOATOTOBKU AEKTPOIHEPreTU4ecKou cu-
CTeMBl K IIPUEMY COMU3MEPUMOU (MOIIHOW) HArpy3KH,
a MMEHHO IIOBBIIIEHUs YPOBHS HAIPSKEHUS M YPOBHS
YacCTOTHI DAEKTPUYECKOU CETH (AAS CYAOBBIX DAEKTPO-
SHepreTHYeCKUX CHUCTeM) B IIpeAeAdaX HOPMAABHO AO-
MyCTUMBIX 3HaUYeHUMU.

3. Paspaborana mnporpamma aaga OBM «Cucrtema
YIPaBA€HUST KOMIIAEKCOM JAEKTPOCHAOKeHUsI CYAOB
c Oepera» [11], obecneuyuBaroiiasi NOBLIIIEHUE Kayde-
CTBa JAEKTPUYECKOM JIHEPTHM B YaCTU IIPOBAAOB Ha-
NPSKEeHUS NIPU TTOAKAIOUEHUHM CUAOBBIX IIOTpeOUTeAel
MOOUABHBIX OOBEKTOB UAU CYAOBOM aBTOMATU3MPOBaH-
HOM 3AEKTPOSHEPTeTUUYECKON CHUCTEeMBI K OeperoBou
ABTOHOMHOM CHCTEME IAEKTPOCHAOKEHUS.

Tax>ke OBIA BEIIIOAHEH AHAAW3 HAAUYMA KOHAYK-
THUBHOW HW3KOYaCTOTHOM JAEKTPOMArHWTHOMW ITOMEXHU
U CHUJKEHUSI BePOATHOCTH TOSIBA€HUSI yKa3aHHOM IIO-
MeXH, B TOM UYHCAe 3@ CUET NPEeAUMKTHUBHOrO (3abaaro-
BPEMEeHHOI'0) PeryAupoBaHus HANPSKeHUs U 4aCTOTH
aBTOHOMHBIX JHeprocucTeM. [IpepAMKTHBHOE peTryAu-
poBaHMe HANPSKEeHUsI ¥ 9aCTOTHl ITO3BOASIET CHU3UTH
TIeperpy3Ky 3AeKTPUYEeCKUX MaIIWH, MOBBICUTH AWHAa-
MHYEeCKyI0 YCTOMYMBOCTH AQCHUHXPOHHBIX U CHHXPOH-
HBIX 3AeKTpOABUTATeAel [12], TOBBICUTh YCTONYMBOCTD
YaCTHOTO 3A€KTPOIPUBOAA K OOAee AAUTEABHBIM IIPO-
BanaM HaNpPSDKEHUsT 3a CUYET HaKOIAGHUsI JHEepruu
B MarHUTHOM IIOA€ DAEKTPUYECKUX MalllMH U WHePIU-
OHHOTO BpAIIEHUsI BCEX IAEKTPOIPUBOAOB BO BpeMs
npoBara HamnpsikeHus. [loBBIIeHHe KadecTBa 3JAeK-
TPUYECKOM 3HePTUM 3a CUYET IPHUMEeHeHMs YKa3aHHOTO
BBIIIE CIIOCOOa PEeryAMPOBaAHUS MO3BOASIET 3HAUHUTEAb-
HO YMEHBIIUTb KOAMYECTBO TAYOOKHX U IIPOAOAKU-
TEABHBIX AeTEPMUHUPOBAHHLIX IPOBAAOB HAIIPSIKEHUS,
KOTOpPBIE BBI3BIBAIOT BBIXOA M3 CTPOSI 060PYAOBAHWUS;
CHUJKeHUe IPOM3BOAUTEABHOCTH; CHUJKEHHEe YPOBHS
5HeprodMMOEeKTUBHOCTU U 3AEKTPOOE30MacHOCTH; IO-
Tepio BpeMeHU Ha IOBTOPHOEe BKAIOUEHUe YaCTOTHOTO
SAEKTPOIIPUBOA]; ITOTEPIO BPEMEHHU U dIAEKTPOIHEPTUH
Ha BOCCTAHOBAEHHE HAEKTPOIHEPTeTHYECKUX Ilapame-
TpoB ACOC; CHU)XEeHHEe CPOKaA CAY’KOBI 9A€KTPOOOOPY-
AOBaHUS U T. A.

[lpuMeHeHUe NPEAUMKTHBHOTO PEeryAupOBaHUs Ha-
npsbreHuss U 4acToTel ACOC B yCAOBHAX BO3HUKHO-
BeHUsI AETePMHHUPOBAHHBIX IIPOBAAOB HANPSKEHUS
UMeeT BBICOKOEe IIpaKTHYeCcKoe 3HaueHHe, UTO CBs3a-
HO HE TOABKO C OOABIINM KOAWYECTBOM MOOWABLHBIX
U CTAlMOHAPHBIX OOBEKTOB C ABTOHOMHBIMU CHCTe-
MaMU 3AeKTPOCHaO’KeHHUs, HO U C IOBHIIIeHHeM BOC-
TpeOOBAaHHOCTH NPUMEHEHUs (C IeAbl0 O0ecleueHUus
MEHBIIIero HeTaTUBHOTO BAMSHUS Ha YKOAOTHUIO U OTHO-
CUTEABHO HM3KOW CTOMMOCTH BbIpabaTbIBaeMOU 3HEep-
TMY) ra30MOPIIHEBLIX YHEProyCTaHOBOK. ['a3omopiirHe-
Bble 3HEProyCTaHOBKH, B CBOIO OUepeAb, IIPU PEe3KOM
U3MeHeHUU Harpy3KU UMelOT OOAee AUTEABHBIN Iepe-
XOAHBIY IIPOIleCC MO CPaBHEHUIO C AU3eAb-TeHepaTop-
HBIMU yCTaHOBKaMHU.
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