113BecTust TOMCKOrO NONUTEXHUYECKOTO YHUBEpCUTETa. HXMHMPKHI reopecypcos. 2021. T. 332. Ne 3. 197-209
KysbmuH P.C. n ap. BninsHne komneHcawmm peakTMBHON MOLLHOCTM Ha BENWYMHY NEpeHanpsKeHA Npy KOMMYTaLMN CUMOBBIX ...

YK 621.316.91; 621.316.727

BJIMAHUE KOMMNEHCALMW PEAKTUBHOW MOLLHOCTU HA BENIMYUHY NEPEHANPS)KEHWUN
NMPU KOMMYTALIUM CUNOBbLIX TPAHCO®OPMATOPOB

KysbmuH PomaH CepreeBuy’,
pomanich2013@mail.ru

3aBanoB Aptem AnekcaHgpoBuy’,
zavalovartem@mail.ru

MaiiHaraweB PomaH AnekcaHapoBuy?,
majnagashev@yandex.ru

MeHblumkoB Butanuin AnekceeBuy!,
menshikov_va@mail.ru

KysbmuH Unbsi CepreeBuy?,
rimi@inbox.ru

1 Cubupckuin hepepanbHblil yHUBEPCUTET,
Poccus, 660025, r. KpacHosipck, nep. Bysosckuit, 3.

2 000 «K “PyTac’»,
Poccus, 660064, r. KpacHosipek, yn. Akagemuka Basunosa, 2x, og. 2-09.

AxkmyanbHocmb uccredosaHusi 0bycrogneHa Heobxodumocmeto paspabomku bonee 3gheheKmuBHbIX MEXHUYECKUX peweHull no oepa-
HUYEHUI0 NepeHanpsixeHul, NOS8NSIoWUXCs npu kKommymauuu mpaHcghopmamopos 6 (10)/0,4 kB.

Lenb: usyyeHue enusHUSi KOMNEHCALUUU peakmueHOU MOWHOCMU Ha BEMUYUHY KOMMYMAUUOHHbIX NepeHanpskeHuli npu KoMMymauyuu
cunoebix mpaHcghopmamopos 6 (10)/0,4 kKB u 06ocHogaHue Haubonee aghgpekmugHbIX cpedcme 3alumbi mpaHCEHopMamopos om KoM-
MYMayUOHHbIX nepeHanpsikenud.

06BekmbI: mpaHcgopmamopb! MowHocmeto 250, 400, 630 u 1000 KBA, sakyyMHble 8bIKOYamenu, peaynupyemble KOHOEHCamMopHbIe
yCmaHo8Ku.

Memodbi: uHcmpymeHmanbHo-ocyusnoepaghuyeckuli, uMumayUoHHoe ModenuposaHue NePexodHbIX NPOUECCO8 hasHbIX HaNPXeHUl
ebinonHsanock 8 MultiSim.

Pe3ynbmambl. [posedeH aHanu3 aghehekmusHOCMU Cywecmayiowux cpedcms 3awumel om KOMMYymayuUOHHbIX NEPEHanPSIXeHU(, 803HU-
Katowux npu Kommymauyuu cunosbix mpaHcghopmamopos 6 (10)/0,4 kB. BbinoiHeHO KoMnbiomepHoe MoOenuposaHue 8nusiHUS KOMNeHcayuu
PEeaKmusHOU MOUWHOCMU Ha 8EUYUHY KOMMYMaUUOHHbIX nepeHanpskeHul. [lns nodmeepxOeHus pesynbmamos ModenupogaHusi bbiu
8bINOITHEHbI 3KCNEPUMEHMasTbHble UcCre008aHUs, NokasaHs! 0CYUTozpaMMbl KOMMYMAaUUOHHbIX NepeHanpsxeHuUll, BO3HUKaIoWUX npu om-
KIYeHuU cumosoeo mpaHcghopmamopa mowHocmsko 250 kBA. YemaHosneHo, ¥mo yecmpoticmea, ocyuiecmensioujue KOMneHcayuto peak-
musHoU MowHoCMU, 3GheheKmUBHO 02paHU4UBAIOM NEPEHANPSKEHUS, NOSIBNIIOLUECS NPU OMKIToYeHUU mpaHcghopmamopos 6 (10)/0,4 kB,
ecru OaHHble ycmpolicmea ces3aHb! ¢ 06MOMKOL HU3K020 HanpskeHusi. B 20podckux amekmpudeckux cemsx 0n1st agbcheKkmusHOU KOMNeH-
cayuu peakmueHol MOWHOCMU NPedNIoKeHO UCNOMb308amb KOHOEHCamOpHbIe yCmaHOo8KU ¢ noghasHol KomneHcayuel u pacnonazame UxX
Ha 8800ax MyHULUNasbHbIX U XUMbIX 30aHul, a Onsi 02paHUYeHUs KOMMYMaUUOHHbIX NepeHanpskeHul eHeOpsmb Ha mpaHcEhOopMamopHbIX
nodcmaHyusix Hepezgysupyemyto KOHOEHCaMOPHYH0 YCMaHoBKY ¢ CUMMEMPUYHOL KoMneHcayued.

Knioueenie cnoea:
PeakmugHasi MOWHOCMb, K03(hEULUEHM MOUWHOCMU, KOMMYMAULOHHbIE NEPEHANPSKEHUS, 8aKYYMHbIe 8bIKITOYamenu,
nogbasHasi KOMneHcayusi, cpea moka, koHdeHcamopHasi Gamapes, CLIogoU NOHUXaKWULT mpaHchopMamop.

BeepneHue tuBHOM MomHocTH (PM) B cersix 0,4 kB Ha Benmumny

COBpEMEHHBIE CHCTEMbI MIEKTPOCHaOkKeHus 610 kB~ NEPCHANIPLKCHHUI, BOSHUKAOLIMX B [IEPBUYHOH 0OMOTKe
XapakTepu3yloTcs IHPOKHM NPUMEHEHHeM ObicTpojieii-  CHIIOBOro Tpancopmaropa 10 (6)/0,4 kB.
CTBYIOIMX KOMMYTAIIHOHHBIX aIapaToB: BaKyyMHBIC 1
9Jera3oBble BBIKIIOYATEIH. J(aHHbIC BBIKIIOYATETN HPH
KOMMYTAIlM! CHJIOBBIX TPAHC(OPMATOPOB M SNEKTpUde-
CKMX JIBHTaTeNel co3zaroT 3¢eKT cpesa Toka, 4To MpH-
BOJWT K BO3HHKHOBEHHIO ONACHBIX MEPEHANPSIKCHUH I
M30JIAIMH 00MOTOK TPaHC(HOPMATOPOB M SNMEKTPHUCCKHX
JABUTaTeNedl ¥, Kak CNEACTBUE, K CHIDKEHHIO YPOBHS
HaJIeKHOCTH M 0€30TacHOCTH CHCTEMBI dMEKTPOCHa0Xe-
HUA B uenoM. Jis orpaHMYeHHs NepeHanpsiKeHUH B
HACTOSIIEE BPEMs HCTIONB3YIOTCS OTPAaHUIUTENN TIepeHa-
npsokennit Henuueiinsie (OITH), RC-orpanmumtenn u
RC-racurenn. PaccMoTpuM BIHSAHIE KOMIIEHCALNH Peak-

Bo3peiicTBUe KOMMEHCaLMM TOKa XONOCTOro XoAa

TpaHcdopmaTopa Ha nepeHanpsiKeHus

NpU OTKNIOYEHUN TPaHCGOpMaTopa OT ceT

Wzyuenne kommyTaunoHHbix nepeHanpsokenui (KIT)
B NPOMBINIICHHBIX M TOPOJCKUX AJIEKTPHUCCKUX CETAX
6-10 xB moxasano, 4TO MepeHANpPSIKCHUS HETaTHBHO
BIUAIOT HA M30JIAIMIO OOMOTOK CHIIOBBIX TpaHcdopma-
TOPOB, €CIIM OHU KOMMYTHPYIOTCS B PEXUME XOJIOCTOrO
xo/1a uid 6u3koM k Hemy [1-6].

IIpu usyuenuu KII yuutsiBanuch ciemyromue ssie-
HUS: Cpe3 TOKA, JUANEKTPHUECKas MPOYHOCTH MEKKOH-
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TAKTHOTO TPOMEXYTKA M TPOIECC TalleHHs Ayrd, o0y-
CIIOBJICHHBIH BBICOKOYACTOTHBIM TOKOM B TIEPEXOTHOM
npomecce [7-12].

Cpe3 Toka — 3TO BENMYMHA OCTATOYHOTO TOKAa B 00-
MOTKE CHJIOBOTO TpaHcopmaropa IpH yCIOBUH, YTO TOK
B JIMHUM 32 BBIKIIOYATENeM OTCYTCTBYET. JTO 00yCIOB-
JICHO BO3HHKHOBEHHEM BBICOKOYACTOTHBIX KOJIeOaHHMit
TOKA, HECTAOWIBHOCTBIO JYTOBOW IUTa3Mbl M OONBINON
CKOPOCTBIO BOCCTAHOBIEHHS JHINECKTPHUECKOH MPOTHO-
CTH MEXJIY KOHTaKTaMH BBIKIHOYATENS TOCNE MPEephIBa-
HUS TOKA.

JITUTENbHOCTh  CYIIECTBOBAHMS — TIEpPEHAIPSKEHHH
o0ycioBleHa BpEeMEHEM MPeoOpa3oBaHMsA BIEKTPOMAr-
HUTHOW OJHEPIUH, 3alaceHHOH B OOMOTKAaX CHIOBOTO
TpaHcdopMaTopa, B TEIUIOBYIO JHEPIHIO TOCNE ero OT-
KIIOYEHHS OT CETH.

TeroBas JHEprus cBf3aHA C HArpeBOM OOMOTOK H
MarHUTOIIPOBOJA TPaHC(HOPMATOPA.

OueBH/IHO, YTO VISl COKPAIEHNs INTEIBHOCTH Iepe-
HaTpsDKEHHI 1 A (HEKTUBHOTO OTPAHUICHHUS UX BETHIMHbI
HEO0XOJMMO HCIIONB30BaTh UCKYCCTBEHHBIH TOTJIOTHTENb
9Hepruu. B KadecTBe HCKYCCTBEHHOTO MOTJIOTHTENS SHEp-
THM MOJKHO HCIIONB30BATh aKTHBHOE COTIPOTUBIEHHE, KO-
TOpoe 00pasyeT MOCIEeN0BaTEIbHOE COCMHEHHE C 0OMOT-
Koil TpaHc(opMaTopa M JONONHHUTENBHON EMKOCTBIO 110
OTHOIICHMIO K 3eMJIE IUTH MOJKTIOYAETCS MapalIebHO
€MKOCTH CETH [0 OTHOILEHHUIO K 3emiie. B nmepBoM ciydae
aKTHBHOE COIPOTHBJICHNE IODKHO HMETh MOCTOSHHYO
BEJIMYHHY, @ BO BTOPOM CITy4ae IlepeMEeHHYIO.

[TosToMy B COBpPEMEHHBIX CHCTEMax 3IIEKTpOCHa0Xe-
uust s orpanndeHnst KII mpuMeHsIoT ycTporcTBa, Ko-
TOpbIC YBEINYHMBAIOT EMKOCTh Ha BBOJAX NEPBHYHON 00-
MOTKH TpaHc(hopmaropa 1o otHomenno K 3emne (RC-
OTPAHMYHUTENN) MM MCIONB3YIOT YCTPOHCTBA C PE3KUM
U3MCHCHUEM TIPOBOAUMOCTH H30JIALIUNA HCpBI/I‘IHOﬂ 06-
MOTKH TpaHc(hopMmaTopa 1o otTHonreHuo k 3emie (OITH).

[upoxoe ucnonp3oBanre RC-orpannunteneid TuMu-
THPOBAHO JOMYCTHMON BENMYHHON TOKa OAHO(A3HOTrO
3ampIkaHus Ha 3emiio (O33) B ceTsax ¢ M30JIMPOBAHHBIM
pexumMomM HeﬁTpaJ'[H, a B CCTAX C KOMIICHCMPOBAHHBIM
POKAMOM  HeWTpatn mumpokoe npumeHenne RC-
OTPaHIYHTENEH MOXKET IPUBECTH K YBENMICHAIO MOII[HO-
CTH JIyTOTACAIIEr0 peakTopa. IT0 00yCIOBIECHO TEM, YTO
UCKYCCTBCHHOC YBCIMYCHUEC €MKOCTH Ha BBOJZIC MEPBUY-
HOI1 0OMOTKH TpaHC(OpMaTopa MO OTHOLICHUIO K 3eMIIe
npuBen€T Kk pocty Toka 033 [13, 14].

RC-racurenu u OIIH He BIMSIOT Ha BEIMYMHY TOKA
033, no3roMy He UMEIOT OrPaHUYEHUH 10 KOIUYECTBEH-
HOMY (axTopy.

MrHoBeHHOE 3HAUYEHHE BETMYHHEI KOMMYTallHOHHOTO
MMITYJIbCa OIPEIEIACTCS CIEAYIOMIM BEIPKECHIEM

U(t) = io(t) ﬁ

e ip () — cpes Toka, L — MHAYKTHBHOCTH OOMOTKH
tpanchopmaropa, C — EMKOCTh MEPBHYHOH OOMOTKH
TpaHc(opMaTopa 1Mo OTHOWIEHHIO K 3eMiie. TakuM o0pa-
30M, S(Q(EKTUBHOTO OTPAHMYCHHS BEIMYMHBI TEpPEHA-
Hpﬂ)l(eHPIﬁ MOJXHO JOCTHYb 3a CUET YMCHBIICHUS BEIIH-
YHHBI CPE3a TOKA MOCPEICTBOM KOMIICHCAIINH UHIYKTHB-
HOM COCTAaBIIAIONIEH Cpe3a TOKa.
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VCTaHOBIIEHO, YTO MaKCHMAIbHbIE IepEeHANpsKeHUS
BOSHHKAIOT TPH OTKIIOUCHAH CHIOBBIX TpaHC(opMaTo-
POB B pexkumMe xomocToro xoxa [15-18].

B pexume xomoctoro xoja TOK, MPOTEKAIONHMI 1O
MEPBUYHOA 0OMOTKE TpaHc(opMaropa, UMEET B OCHOB-
HOM MHAYKTHBHBIA XapakTep, MOITOMY H Cpe3 Toka 0y-
JeT WMETh aHANOTWUYHBIA Xapaktep. Mcxoms w3 3toro,
CHIDKEHHUS BEIMYMHBI CPe3a TOKA MOKHO JOCTHYb 33 CUET
NPOTEKAHUs TI0 TIEPBMYHON OOMOTKE TpaHchopmartopa
UCKYCCTBEHHO CO3aHHOTO €MKOCTHOTO TOKa, TO €CTh
HCIIONB30BaTh MPHUHIKI KoMrencaruu PM [19].

KoMmneHcaius HHAYKTHBHBIX TOKOB Harpy3kH B CETIX
6-10 kB ocymecTBiseTcs B OCHOBHOM 3a CUET UCTIONB30-
BaHUS KOHJIEHCATOPHBIX ycTaHOBOK (KY).

B cnyuae moaxmroueHns KY x nepBuuHO# 00MOTKe
TpaHc(opMaTOpa EMKOCTHOM TOK KOMIIGHCAIMH Oyner
npotekath 1o nenu: KY — kabenbHast TMHHS — BHIKITI0YA-
Tenb. JTO NPUBEIET K CHIKEHUIO Cpe3a TOKa B BBIKIIO-
yarene. BennunHa MHIYKTUBHOTO TOKA, MPOTEKAIOMIETO B
TIEPBUYHOM 0OMOTKE CUJIIOBOTO TpaHC(opmaropa, He u3-
MEHHUTCH, TaK Kak eMkocTHoW Tok KY He mporekaeT mo
TIEpBUYHOKM 00MOTKe TpaHcdopmaropa. ITO TpUBEIET K
BO3HMKHOBEHUIO MEpEHANPKEHUI pH OTKIIOYEHUU CH-
JI0BOTO TpaHC(HopMaTopa OT CETH.

Ecmu KY moaxmrounTth K BTOPHYHON 00MOTKE CHIIOBO-
ro TpaHc(hopMmaropa, eMKOCTHOH TOK, co3maBaeMmblid KV,
OyneT TpoTeKaTh MO TEPBUYHOM M BTOPUIHOH 0OMOTKaM
TpaHc(hopMaTopa, KaOCNbHOW JIMHHM M BBIKITIOYATEIHO.
370 MpUBEIET K CHIDKEHUIO CPe3a TOKA B BHIKIIOUATENE U
TOKa XOJIOCTOT0 X0/Ia B IEPBUYHON 00MOTKe TpaHcdopma-
TOpa, 4TO TOBJIEYET 3a cO00H CHmKeHHWe Benuuunbl KII
TIPH OTKITIOYCHAN TPAHC(OPMATOPa OT CETH.

KommnetoTepHoe MozennpoBanue, a B JanbHeleM u
SKCIICPUMCHTAJIbHBIC HMCCICAOBaHUA TIOATBEPAUINA IO-
CTOBEPHOCTH BLIHICyKaSaHHOﬁ THUIIOTE3HI.

OcHOBHbIe pe3ynbTaTbl KOMNbLIOTEPHOrO MOAENIUPOBaAHNA

MogenupoBanue BO3JEHCTBHS KOMIIEHCALMH TOKA
CHIIOBOTO TpaHC(opMaTopa B pexHUMe X0JI0CTOT0 X0/1a Ha
BENIMYKHY IEPEHANPSKEHNH, BOBHUKAOIMX TIPH OTKITIO-
YeHHH TpaHC(popMaTopa OT CETH, NMPOHU3BOAMIOCH TPH-
MEHHTENBHO K CHIOBBIM TPaHC(HOPMATOPaM MOIIHOCTHIO
ot 250 mo 1000 xBA BximrounTensHO.

I[Tpu MoJenUpOBaHNY OLEHUBAIUCH NEPEHANPSIKEHNUS
KaK B [EPBUYHOI, TaK ¥ BO BTOPUYHON 0OMOTKAX TpaHC-
(opmaTtopa Ha ocHOBE MX KpaTHOCTH. KpaTHocTb mepe-
HaTpsDKEHUH B MEPBUYHOM 0OMOTKe TpaHcdopmaTtopa
paccuuTHIBaNach Mo (hopMyIIe

K1 — U1 (t)max
Uin
e Uy (t) max — MaKCHUMaIbHOE 3HAYCHHE KOMMYTAIHOH-
HOTO MMITYIIbCa B TIEPBHYHON 0OMOTKE TpaHchopMaTopa;
Uiy — HOMHUHAQIBHOE HATIPSHKCHHE MEPBHYHOM OOMOTKH
TpaHc(opMaTopa.

KparHocTs nepeHanpspkeHuil BO BTOPHYHONH 00MOTKE

TpaHc(hopMaTopa pacCIUTHIBANIACK TIO (hopMyIe

1

1

Uy(t
KZ = 2( )max

UzH
e Uy (t) max — MaKCUMAIBHOE 3HAYCHHE KOMMYTAIIHOH-
HOTO MMITyJIbCa BO BTOPHYHOM 00MOTKe TpaHcdopmaro-
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pa; U,y — HOMHHANBHOE HATIPSDKEHUE BTOPUUHOM 0OMOT-
KU TpaHcdopmaropa.

Ha ocHoBe MojenupoBaHus ObUTH MOJNYYEHbI 3aBHCH-
MOCTH
I

K = f( ),
K, = f( ),

rae I, — emxoctHol Tok KV, moaximoueHHON K BTOpHY-
HOM 00MOTKe TpaHchopMaropa; I, — TOK XOJNOCTOr0 XO-
Jia B IEPBUMHON 06MOTKe Tpanchopmaropa; Ky, — koad-
(uimeHT TpancopMaruu. JlaHHBIE 3aBUCHMOCTH IOKa-
3aHbI Ha puC. 1, 2.
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) for transformers with

M3yueHne 3aBUCUMOCTEH, MOKa3aHHBIX Ha pHC. 1, 2,
yKa3bIBaeT Ha TO, YTO NPU CHIDKEHHHM BEIMYMHBI TOKA
XonocToro xoza Tpanchopmaropa B 3 pasa u 6onee KII B
NIEPBUYHON M BTOPHYHOM OOMOTKax HE BO3HMKAIOT, TO

e <11,

€cTb Korja BeinosHsercs yciosue: 0,7 <

TP /XX
B kauectBe npuMeEpa Ha puc. 3 ITOKa3aHbl OCHHJIJIO-
TpaMMBbl, OTpaXaromKE€ PEIYJIbTATBI MOJACIUPOBAHUA

Bo3HHKHOBeHHS KII mpu OTKIIIOYEHHH CHIOBOTO TPAHC-
dopmaropa 6 (10)/0,4 mouHocThi0 250 KBA mpu yco-
BHUH, YTO BEIUYHHA TOKA XOJNOCTOTO X0[a CKOMIIEHCHPO-
BaHa B TPH pasa.
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19,6

9,8

-9.8

-19,6

0,01 002 0035 004 005 006
ala

0 ,,,;H:f,f.,;,,-%_%\ﬁ;\ﬁf \:\;H,.;:;:;%;c.;_,c;‘

0,01 002 003 004 005 006 007 008 009

ofb

Puc. 3. Ocyunioepammol KOMMYMAYUOHHBIX NePeHAnpsIdiCce-
HMIZ, B03HUKAawwue 6 nepeulmoﬁ O6M0ml(€ mpanc-
¢opmamopa mownocmoro 250 kBA npu eco omxiio-
Yenuu: a) MoK X0I0CMo20 X004 paseH NACNOPMHOL
eenuuune, Ky = 3,8 ; 6) mok xonocmozo xoda
mpancgopmamopa cKomnencuposarn 6 3 pasa,
K, = 0,98

Fig. 3. Oscillograms of switching overvoltages arising in
primary winding of a transformer with rated power
of 250 kVA when it is disconnected: a) no-load cur-
rent is equal to rated value, K; = 3,8; b) no-load
current is 3 times less than rated value, K; = 0,98

t,c

U, kB
19,6

9.8

0,01 0,02 003 0,04 005 006 007 008 0,09

t,c

Puc. 4. Ocyunnozpamma KOMMYMAyuoHHbIX NepeHanpsice-
Huﬁ, BO3HUKAIOWUX 6 nepeuw—toﬁ obmomke mpamnc-
¢opmamopa mowrnocmoro 250 kBA npu eco omxiro-
UeHuu, npu ycioeuu nepexomneHcayuu mokxa xojo-
cmozo xo0a Ha 30 %, K; = 2,13

Fig. 4. Oscillogram of switching overvoltages arising in
primary winding of a transformer with rated power
of 250 kVA when it is disconnected. No-load current
is overcompensated by 30 %, K; = 2,13
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W3 ocumorpaMM BHIHO, YTO B EPEXOTHOM PEKIME
aMIUTUTY /Bl HanpshkeHuid B hazax A, B, C mocne oTkito-
9eHns TpaHCc)OpMaTopa COM3MEPHMBI C AMIUIATYIAMH
(ha3HBIX HApPsHKEHHH 10 OTKIIOYEHHUs TpaHc(opMmaropa,
to ecth KII He BO3HUKAIOT.

[lepexomIeHcanys TOKa X0JIOCTOr0 Xoja TpaHcop-
Maropa npuBoautT K BosHukHOBeHuo KIT [20], uto moa-
TBEPKIACTCA OCHUUIOTPAMMAMHE, TIPEACTABICHHEIME Ha
puc. 4, roe TepeKOMIICHCAlMs TOKa XOJOCTOTO XOfa
tpancgopmaropa gocturaet 30 %. B maHHBIX ycrmoBHIX
KpPaTHOCTb MepeHANpsIKeHuil cocTasiser 2,4.

OCHOBHble pe3ynbTaTbl 3KCNEPUMEHTaNbHbIX

uccnenoBaHuii

Pesynpratsl MomenmpoBaHMS OBUTH IIOATBEPIKICHEI
9KCIIEPUMEHTAILHBIMA UCCIEIOBAHUSMH, KOTOPBIE MpO-
M3BOJIINCh Ha CHIOBBIX TpaHcopmaropax 6/0,4 kB
motHocThIo 250 1 630 kBA.

B sxcreprMeHTax HCmop30BaICcs MPUOOP KOMILIEKC-
Horo tuna [1IKK-57 mns m3mepenus Toka B MepBUYHON
00MOTKe TpaHchopMaTopa U KO3 HUIMEHTa MOIIHOCTH.
s pukcarmu KII B nepBUYHOM U BTOPHYHOH 0OMOTKaX
TpaHchopMaTopa UCTOIB30BAICS IEIUTENb HAPSKEHHS
JHEK-10 u ocummtorpacd Tektronix TDS. Jlnst komrieH-
CaIliil TOKAa XOJOCTOTO XOJa BHIMIEYKA3aHHBIX TpPaHC-
¢opmaropoB mcrmonp3oBatack KY Tima YKM®-58-04-
25-1Y3. MourHocTh ycTaHOBKH cocTaBwia 25 xBap, a
IIar peryampoBanus 061 paBeH 1 kBap.

O0paboTka pe3yIbTaToB IKCIEPUMEHTAILHBIX UCCIENO-
BaHHIT TO3BOJIMIIA TIONYYHTE 3aBucuMOCTh K; = f(cos ).
JlaHHas 3aBHCHMOCTb, KOTOpas MOKA3bIBACT, UTO MpPH

3Ha4eHUU «C0Spy Oombue 0,8 KII He BO3HUKAIOT, TaK Kak
kparHocTh KII MeHbmie 1, mpencraBiena Ha puc. 5.

N I
0 g1 02 03 04 05 06 07 08 09 10
cos §

Puc. 5. 3asucumocmo K; = f(cos @)
Fig. 5. Dependence K; = f(cos ¢)

Ha puc. 6.1-6.4 mpuBeneHb! OCIMILIOTPAMMBI MaKCH-
MAJBHBIX MepeHANPSIKEHHH, 3aQHKCHPOBAHHBIE TIPH OT-
KIIFOYCHUH CHIIOBOTO TpaHchopmaropa 6/0,4 kB MomiHo-
crbro 250 kBA npu pa3nuuHbIX 3HaYEHHX Koo(uumeH-
Ta MOIIHOCTH B [IEPBUYHOI 00MOTKE.

AHanuW3  OCHIULIOTPAaMM,  TPEICTABICHHBIX  HA
puc. 6.1-6.4, moaTBepIKIACT XapaKTep M3MEHEHHS Mepe-
XOJHBIX MPOLECCOB B MIEPBUYHOM W BTOPHIHON 0OMOTKAX
cutoBoro Ttpancpopmaropa 6/0,4 kB  MomHOCTBIO
250 kBA, monydyeHHBIX B pe3ylbTaTe MOAETHPOBAHUS
OTKJIIOUEHHS TPAHC(OPMATOPA OT CETH.
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Puc. 6.1. Ocyuniozpammvl MAKCUMATbHLIX NEPEHANPAICEHUN, 3APUKCUPOBAHNbIE NPU OMKIIOUEHUU CUTLO0B020 MPAHCHOp-
mamopa 6/0,4 kB mownocmeio 250 kBA. cosp=0,3; K;=3,2; K,=35
Fig. 6.1. Oscillograms of maximum overvoltages recorded when 6/0,4 kV power transformer with a rated power of 250 kVA

is disconnected. cosp=0,3; K;=3,2; K,=35
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primary winding

0 002 004 006 008 01 02 014 0i6 018 020 02 024
Time (s)

secondary winding

0 0.02 0.04 0.06 0.08 0.1 0,12 0,14 0,16

Time (s)
Puc. 6.2. Ocyunnozpammol MaKCUMATILHBIX NEPEHANPINCEHUT, 3APUKCUPOSGAHHbIE NPU OMKIIOUEHUU CUL08020 MPAHCHOP-
mamopa 6/0,4 kB mownocmoio 250 kBA. cosp=0,5; K;=2,05; K,=17

Fig. 6.2. Oscillograms of maximum overvoltages recorded when 6/0,4 kV power transformer with a rated power of 250 kVA
is disconnected. cosp=0,5; K1=2,05; K,=17
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Puc. 6.3. Ocyunnozpammvl MAKCUMAILHBIX NEPEHANPAICEHUL, 3ADUKCUPOBANHbIE NPU OMKIIOYEHUU CUTOB020 MPAHCHOP-
mamopa 6/0,4 kB mownocmoio 250 kBA. cosp=0,75; K1=1,3; K,=1,5

Puc. 6.3. Oscillograms of maximum overvoltages recorded when 6/0,4 kV power transformer with a rated power of 250 kVA
is disconnected. cosp=0,75; K1=1,3; K,=1,5
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Puc. 6.4. Ocyuniozpammvpl MaKCUMANbHLIX NEPEHANPANCEHUN, 3APUKCUPOBAHHbIE NPU OMKIIOYEHUU CUNO0B020 MPAaHCHOop-

mamopa 6/0,4 kB mownocmeio 250 kBA. cosp=0,92-0,96; K;=0,75; K,=0,75
Fig. 6.4. Oscillograms of maximum overvoltages recorded when 6/0,4 kV power transformer with a rated power of 250 kVA

is disconnected. cosp=0,92-0,96; K;=0,75; K,=0,75

CrnenoBarenbHO, TIOATBEPKAACTCS THIIOTE3a BIHSHHS
KoMIeHcaud PM Ha BenuuuHy nepeHanpsKeHui, Bo3-
HHKAIOIMX TIpH OTKIIOYEHWH TpaHcdopmatopa 0Oe3
Harpy3ku. MUcxoas u3 atoro, KV, noaxitoueHHsle K BTO-
pUYHOH OOMOTKE CHIIOBBIX TPaHC(HOPMATOPOB, MOXKHO
HCIIOIH30BaTh KaK g KoMIeHcanuu PM, Tak u s 3a-
muTH Tparcdopmatopos ot KIL.

OpHoBpeMeHHas komneHcauus PM n nogasnetue KI

B CETSX NPOMbIILMEHHbIX NPeanpUsTHiA

Paccmotpum mpuMeHeHHe MeTona OJHOBPEMEHHOM
xkomnencaia PM u nmogasnenus KIT na 6ase KVY B aek-
TPUYECKUX CETSIX MPOMBIIIICHHBIX TPEIMPUATHI.

Harpys3ku osnektpuyeckux ceteil IPOMBILIIEHHBIX
TpEeIIPUATHI B OCHOBHOM COCTOAT M3 TPeX()as3HBIX dJIeK-
TPONpPHEMHHKOB. TakuMm  00pasoM, pacHpeneneHue
Harpy3kd OTHOCHTENIBHO (ha3 CeTH B AIEKTPHYECKUX Ce-
TSAX TIPOMBIIUIEHHBIX TMPEANPUATUA MPOMCXOMUT CHUM-
METPUYHO (PaBHOMEPHO).

Haubornee pacnpocTpaHeHHBIMA CPECTBAME KOMITCH-
caru PM B ceTsIX TIPOMBIIUICHHBIX MPEANPUITHN SBIS-
10TCsl aBTOMaruuecky perymupyemsie KY ¢ cummerpuy-
HOM KOMTICHCAIMen Mo (a3aM CeTH W KOMIICHCATOPhI Ha
OCHOBE IIMPOTHO-MMITYJIbCHOM MOJIYJIALMH, H3BECTHDbIE
KaKk akTHBHBIC (IbTpel. OIHAKO AKTHBHBIE (UIBTPEHI
UMeIoT OoTbInyo cebecTouMocTh B cpaBHeHMH ¢ KY u
ABIAI0TCA McToyHuKamu BI, uto memaer ux meHee npen-
MOYTHTENBHBIMU B MPUMEHEHHH NS 3aJaudl KOMIEHCa-

nmu PM.
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CymwecTBytoue BbicokoBOnbTHbE KV  sBisiorcs
HIBKO3((EKTUBHBIMH TI0 CIEAYIONINM IPHIHHAM:
¢ KOIMYECTBO CTYNEHEH peryanupoBaHus He Oojee Tpex
(Tpu CTYMEHYATOM PETyIHPOBAHHUN);
® BBICOKAas CTOMMOCTb BBICOKOBOJNBTHBIX KOHIEHCATO-
POB U BBICOKOBOJIBTHBIX BAaKyYMHBIX KOHTaKTOPOB;
® IpexeBpeMeHHbl Bbixoa u3 ctpos KY u3-3a Bius-
Hus BT (TIpu THPHCTOPHOM peryNHpOBaHAH).
bbuto ycTaHOBIEHO, YTO CHJIOBOH TpaHc(opMarop
nepenaét eMKOCTHYI0 cocTasisionrylo PM B cerp BH
npu noakmoueHnn KY x oomorke HH, Tem cambiM mpo-
M3BOUTCS KoMmieHcaust PM B 310l cetn u koadduiiy-
€HT MOLIHOCTH JJOBOAUTCS 10 YCTAQHOBJEHHBIX AOIYCTHU-
MBIX 3HayeHUH. B pesynbrare 4ero cTaHOBUTCA BO3MOX-
HBIM HCTIOJI30BaHKNE HU3KOBOJBTHBIX KOHAEHCATOPOB U
HaJIeKHBIX HU3KOBOIBTHBIX OBICTPOASHCTBYIOIIMX Malo-
rabapuTHBIX KOHTAKTOPOB I KoMImeHcaun PM B BbI-
COKOBOJIbTHBIX ceTsiX. Mcmonb3oBaHWE HU3KOBOJIBTHOM
anmapatypbl B3aMeH BbICOKOBOJIBTHOM I103BOJIAET 3HAYHU-
TENBHO CHU3UTb 3aTpaThl HA KoMneHcauuo PM B cersx
HPOMBIIIIEHHBIX IPEATPUATHH.

OcHOBHOI NpuuKHOM Bhixoja U3 ctpos KY sBusercs
TePMUYECKOE Pa3pyllieHHe KOHIEHCATOPOB H3-3a MPOTe-
KaHHs TOKOB BBICLIMX FapMOHUK. MccieioBanus mokasa-
JIH, YTO CUJIOBBIC TPAHC(HOPMATOPHI, MOITHOCTh KOTOPBIX
He mpesbimaer 3HaueHue B 1000 kBA, oOnagatot BICO-
KOM creneHbro nmojasnenus BI'. B pesynprare mpu non-
kmrouenun KY k oomotke HH cunosoro tpancdopmaro-
pa momHocThio 10 1000 kBA moBbITIaeTcs Hae:KHOCTh
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skcruryarannu KY, 3a cuér momasnenus BI' tpancdop-
MaTOpOM.

Taxoxke mpuHIMn KommeHcain PM B BBICOKOBOIBT-
Hoit cet 3a cuér KV, mogkmouenHoi k oomorke HH cu-
JIOBOTO TpaHc(opMaTopa, COOTBETCTBYET YCIOBUIO 3(-
¢exruBHoro mopasnenus KII 3a cuér cHmkeHus cpesa
TOKa B BBHIKIrOUarene u oomotke BH Tpanchopmatopa.
Jlnst uckmouenns ycnouid BozaukHoBeHHs KIT Heob6xo-
JIMMO MIMETh MOCTOSHHO BKIoueHHyro KV, moakmodeH-
Hylo k oomotke HH Tpanchopmaropa, xotopas Oyner
obecreunBarh «COSQ» B MEPBUUHON 0OMOTKE TpaHchop-
maropa Oodbire 3HaueHus 0,92.

Ha puc. 7 mpencraBnena mopepuusupoBannas KY,
KoTopas OyZeT OCYIIECTBIATh OJHOBPEMEHHYIO d(hdek-
THBHYI0 KoMneHcanuo PM u nopasnenne KII B BeIcOKO-
BOJIbTHBIX CETAX MPOMBIIUIEHHBIX HPeINpUATHIl MPH 0]-
HOBPEMEHHOM 00€CIeUeH!H BBICOKOI HajexHocTH KY 1
CHIKEHMH €€ ce0eCTOMMOCTH.

HOJI

0,4 (0,69; 1,14) kB
, | |
_____YKPM | Yy ___
| G |
| |
i Co Co i Harpy3ka Harpyska
1 Co }
| Co |
| |
| |
i FCo i
l I |

Puc. 7. Cxema mM0oOepHu3UpoOBaAHHOU A8MOMAMudecKu pecy-
aupyemoti KY 0ns ucnonvzoeanus 6 cemsx npo-
MBIUIEHHBIX NPeOnpuamutl, NpeoHA3HAYEHHOU O
xomnencayuu PM u nodaenenus KII, 20e C, — peay-
nupyemas émxocmy, Co — NOCMOAHHASL EMKOCTb

Fig. 7. Scheme of modernized automatic capacitor unit for
use in networks of industrial enterprises, designed to
compensate the reactive power and suppress switch-
ing overvoltage, where C, — regulate capacity, Cy —
constant capacity

OpHoBpemeHHas komneHcaums PM u nogasnenue KN

B FOPOACKUX CETAX

PaccMoTpyM npuHIMI 0OTHOBPEMEHHON KOMIIEHCALIUH
PM wu nopasnenns KII npumeHHTENnpHO K TOPOICKUM
JEKTPUYECKHM CETSM.

Toponckue cetu HanpsokenueM g0 1000 B sxcrya-
TUPYIOTCS C IJyX03a3eMJIEHHBIM PEXUMOM HEHUTpailu.
BonbIIMHCTBO 3MEKTPONPUEMHUKOB B TAKHX CETAX — Ofi-
HO(a3HbIC HArpy3KW, B CBS3H C ITHM paclpeleieHue
3MEKTPUUECKUX HArpy30K MPOUCXOAUT HECUMMETPHYHO
WM HEPaBHOMEPHO OTHOCUTEINBHO (pa3 CeTH.

B mannpix ycnousx ucnonbioBanue KV ¢ cummer-
PUYHOM KOMITCHCAINEH 1o (hazaM CeTH OKa3bIBaeTcs He-
3(eKTHBHBIM BBy TOTO, YTO Ha OJHOW M3 (ha3 MOXkeT
OBITh JOCTHTHYTA TIONHAs KoMmeHcamusd PM, a Ha AByx
JPYTHX TMOSBATCA PEKUMBI «HETOKOMIICHCAIIMID W/
«TIEPEKOMIICHCAIINID) M3-32 Pa3HOH BENMYMHBI MOTpedIe-
Hust PM ¢azamu cetw.

B [21] Obln npeanoxeH METOA U YCTPOHCTBO HE3aBH-
cumMoii modasHoit KoMmreHcauu PM, 3axnmoyaromuiics B
IeNeHanpasIeHHoNl komieHcauuu PM B oTenbHbIX ¢a-
3ax ceT 6e3 BO3IeHCTBHS HA APYTHE.

VerpoiicTBO He3aBUCHMMON Mo(a3HOH KOMIIEHCAIINH
PM copepXuT aBTOMATHYECKU PETYIHpyeMble KOHCHCa-
TOPBI, MOJKIIOYCHHbIE MApalIeNbHO B Kax10ii daze cetu
U COEMHEHHBIE 0 CXEME «3BE37a» C HYJEBBIM IPOBO-
oM. Hcxons w3 3aMepoB Kod(@HUIMEHTa MONIHOCTH,
TPOM3BOAMMBIX OTHENBHO U KaXHoH (assl ceTw, KOH-
JICHCAaTOpBl TeHepUpYyIOT HeobxoauMyio PM B kaxayro
(azy ceTH MHAUBUYAIBHO.

U3-3a HEpaBHOMEPHOTO paclpeieNieHus Harpy3ku 10
(ha3aM ceTH MOSABISAIOTCS HecOaTaHCUPOBAHHBIE COCTaB-
TS0 TOKa 00paTHOH U HyIEBO! MOCIIEIOBATEIBHOCTH,
B pe3yNbTaTe Yero BENMYHHA TOKA B HEHTpambHOM Ipo-
BOJIE MOXKET NPEBBINIATH BENMYMHY TOKOB B (ha3ax ceTH,
YTO MOXKET IIPUBECTH K TEPMHUYECKOMY Ppa3pyLICHHIO
HEUTPaIbHOTO MPOBOAA. TepMHYecKoe pa3pyLIeHHe
HEUTpaIbHOro NPOBOJA B CBOIO 0YEpe/b MPUBOIUT K Tie-
pekocy (asHBIX HANpPSKEHHH, KOTOPOE OKAa3bIBACT
KpaiiHe HeraTHBHOE BIHSHME HA NEKTPONPHOOPHI, MOA-
KIIFOUYEHHBIE K JIEKTPOCETH, B YACTHOCTH MOXET IpUBE-
CTU K BBIXOY W3 CTPOS Pa3iMYHOTO dEKTPOoOOpyHOBa-
HUS, CTIONB3YEMOTO B OBITY.

Bnaronaps >¢ddexTHBHON HE3aBUCUMON KOMIIEHCAIIUH
PM no ¢azam HH3KOBONBTHOM CETH CHMKAETCS TOK B
HEUTpaTbHOM MPOBOJIE, TAK KaK CHUIKAKOTCA TOKU HYJIEBOM
1 00paTHOM TmocnenoBaTebHOCTH. TakuM 00pa3oM, TpH
BHepeHnH nodasHoi kommeHcanun PM Hapsgy ¢ HOBHI-
meHueM 3(QQEeKTHBHOCTH HCTIONb30BAHMS SIEKTPOIHEPIUH
TAKKE MOBBIMIACTCS HAJIEKHOCTh AEKTPUIECKOH CETH.

Hannyummii pesynsrar komnencanuu PM nocturaet-
cs mpu pacronoxkennu KY B HemocpencTBeHHON Onm3o-
CTH OT SIEKTPONPHUEMHHUKOB C HM3KUM K03(HIIEHTOM
MOIIHOCTH. ParmoHanbHBIM pemeHneM U1 TOPOACKHUX
MEKTPUUECKUX CETEH HU3KOrO KIacca HaNpshKCHHS SB-
nsetcst pacnonoxernne KY Ha BBogax jKMIIbIX U MyHHILH-
MAIBHBIX 3JaHHUH.

ITpOTsKEHHOCTD JIMHUM 3IEKTPOCETH OT NIEKTPONPHU-
eMHHKOB JI0 TpaHc(opmaTopHoii moactanuuu (TII) B ro-
POJICKOH cpejie MOXKET OBITh 3HAUNTENBHOH. B cBA3M ¢ ueM
11 o0ecredeHns OXHOBPEMEHHOH 3()()eKTHBHOI KOMIIEH-
cauui PM u nogasnenus KIT Moxer ObITh MCIIONB30BaH
HPUHLMI, IPOWILIIOCTPUPOBAHHBIN Ha puc. §, rae 1 — He-
perynupyemas nocrosHso BkmoueHsas KV, 2 - KV c as-
TOMATHYECKH DETylTupyeMoll EMKOCTBIO I TohasHOH
KoMrneHcauuu PM, 3 — peryasropbl-usMepuTen.
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Puc. 8. Ipunyun oonoepemennou xomnencayuu PM u nooasnenuss KII 6 copoockux snekmpuueckux cemsx Ha 6aze

yempoticms noghazHou KoMneHcayuy

Fig. 8. Principle of simultaneous compensation of reactive power and suppression of switching overvoltage in residential
electric networks based on devices for individual phase compensation of reactive power

Janupiii npuHIMN mpexanonaraer BHeapeHne KY c
no¢a3Hoil He3aBUCUMOW KoMmeHcamued PM Ha BBOJBI
KIIBIX U MYHHIUNANBHBIX 30aHUN s d(QeKTUBHOM
komreHcauud PM B ropoackoil cpene W TOBBIMICHUS
HAJIC)KHOCTH HJIEKTPUUECKON CeTH 3a CUET CHUIKEHHS TO-
Ka B HelTpansHOM TpoBoze. Kpome Toro, Ha TII co cro-
ponsl obmotkn HH cumoBoro TtpaHcdopmaropa s
obecneuenus sdpexruBroro mopasnenus KII, Bo3HuKa-
IOIMX [PU KOMMYTAIMA TpaHcopMaTopa, mpemnosara-
€TCsl BHE/IPEHUE HEPEeryaupyeMoil MOCTOSHHO BKIIOUEH-
Hoit KY ¢ cumMerpridHO#l KoMIIeHcanuei o pa3am, EM-
KOCTh KOTOpOW BBIOMpaeTcss UCXOAS W3 HEOOXOAMMOro
CHIDKCHHS BETMYMHBI TOKA XOJOCTOTO X0J1a TpaHchopMa-
TOpA.

Takum 00pa3oM, B TOPOACKHX JNEKTPHYCCKUX CETIX
HanpspkenreM 1o 1000 B Oyner obecneunBathes 0JHO-
BpeMeHHas 3¢ ¢exTnBHas Kommnencamus PM u mopasie-
uue KII npu KoMMyTamuu cUioBoro tpancgopmaropa, B
cIy4ae MepeKII0ueHNs IMHAY Ha muTanue oT apyroi TII
BO BpPEMs aBapPUHHOMN CUTYALNH, IPH NPOBEICHNUH TIAHO-
BO-MPEAYIPEAUTENBHOTO PEMOHTA ¥ TIPOYUX CIyYaes,
IPU KOTOPBIX TpeOyeTcss KOMMYTAIUs CUIOBOTO TPaHC-
dbopmaropa.

204

CpaBHUTENbHbIA aHaNU3 YCTPOIHCTB OrpaHMyeHMs

nepeHanpsKeHui, BO3HUKatoLWnX

NP1 KOMMYTaLMK CUNOBLIX TPaHChopPMaTopoB

Jns BeuBneHns Hambonee QQEKTHBHOTO CpeECTBA
s 3aIIUTH CHIOBBIX TpaHchopMatopos oT KII, Bo3nu-
KalomUX TP KOMMYTAIlMM CHJIOBOTO TpaHc(opmaropa,
MPOBEJIEM aHAJIU3 M CPABHEHME CYIIECTBYIOLIUX CPE/ICTB
samuthl oT KII ¢ npennaraeMbIM B IaHHOI cTaThe pelue-
HUeM, 3aKioyaromemcs B ucnois3oBanun KY, npenna-
3HAaUeHHBIX 71 KoMmTmeHcauuu PM, B kayecTBe cpeacTBa
anst orpannuenus KII. CTouT oTMETUTh YTO BCTpEYaroTCs
cilyyad, KOrJa CHJIOBBIE TPaHC(HOPMATOPHI JKCILTyaTH-
pytoTcst Boce Oe3 3amuthl oT KI1.

B Hacrosmiee Bpemst A 3aIMTHl CHJIOBBIX TpaHC-
¢opmaropos ot KII mmpoko ucnonszytorcs OITH. OITH
oKa3bBaeTcsa He Bcerna sddextuueM. B pabdore OITH
TIpY OTIPEENEHHOM YacTOTe KOMMYTAIHOHHOTO UMITYJIb-
ca HaOmozaercs 30Ha 3amupanus, B kotopoir OITH ne
paboraer. Taxxe OITH obmamator HE3KOH TepMUUIECKOH
ycToi4YnBOCTHIO B pexume 033, 3T0 MOXKET MPUBECTH K
UX TEPMHUYECKOMY pa3pYIICHHIO U BBIXOJY U3 CTPOS.
OIIH He BnuAIOT Ha BENUYUHY U XapakTep Toka 033.
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Takxe B MeHblLIEH CTENEHU UCIONB3YIOTCA YCTPOU-
ctBa Ha 0a3e RC-meneii, Takue kak RC-orpanuuuTeny u
RC-racurenu [22].

RC-orpanuuuTen® — 3TO YCTPOHCTBA, B KOHCTPYKIIHH
KOTOPBIX Mcnofb3yroTcs RC-uenu, coOpaHHble M0 cxeme
3Be3fa C 3a3eMIICHHOW HelTpanpHOW Toukoi. RC-
OTPAHMYHUTENN OKA3BIBAIOT BIMSHME HA BENMUMHY TOKA
033, 9T0 MOKET MPHUBECTH K YXYAIICHHIO YCIOBHUH JMEK-
TPo0E30MaCHOCTH, a TaK¥kKe, BO3MOXKHO, TTOTpedyeTcs n3-
MEHeHHe pexxuma HeiTpamu cetn. B pabore RC-
OTpaHUYMTENSA 30HbI 3aMUPaHUs He HAaOMoiaeTcs.

RC-racurenu — 310 ycTpoicTBa, B KOHCTPYKIHH KO-
TOphIX Hcmonb3ytotes RC-miemu, coOpaHHBIE MO CXeMe
3B€3/]a C U30JMPOBAHHOM HEHTPAIbHOM TOYKOM MM IO
cxeMme TpeyronbHuk. [IpeumymectBo RC-racureneit Han
RC-orpanuauTensIMu 3aKIHOYaETCA B OTCYTCTBHH BIIHS-
HUsI Ha BENMUYMHY U Xapaktep Toka 033.

VCeTpoiicTBa KOMIIEHCALIMM PEAKTHBHOW MOIIHOCTH
(YKPM) Ha 6a3e KOHIEHCATOPHBIX YCTAHOBOK, MOMIKIIO-
YEeHHBIE K HU3KOBOJBTHOH 0OMOTKE CHJIOBOTO TpaHc(op-
MaTopa, UCKJII0YaloT ycnoBus s Bo3HUKHOBeHHs KII B
0OMOTKE BBICOKOTO HAIPSUKEHHS H3-33 CHUKCHHS BEIH-
YIHEI Cpe3a TOKA MPH OTKITIOYEHHH TPAHCHOPMATOPOB.
Jauneiii 3¢dext Habmomaercs, ecau KodQ@UIMEHT
MOIITHOCTH B JI000M pexumMe paboTsl TpaHchopmaropa
npesbimaer 3HadeHne 0,92. Kpome storo, YKPM He
BIUSIIOT Ha BenmuuHy U xapakrep Toka 033 B cetu 10 kB,
TaK KaK KOHJIEHCATOPHI TTOAKIF0Yat0Tcs K 00MoTke HH.

O peKTUBHOCTD YCTPOMCTB, MpeAHA3HAYEHHBIX A
3alUTHl CHIOBBIX TpaHcdopmatopo oT KII, onenusa-
J1ach Ha OCHOBE METO/a OTHOCHTENBHBIX KpuTepHeB [23].

KonmyectBo aHANMM3UpyeMBIX yCTPOUCTB OMPEEIIET
TIpenepHOE 3HAUCHIE KaXKI0ro KpuTepus. B cratbe pac-
CMAaTpPUBACTCS YETHIPE YCTPOHCTBA, CIEAOBATENBHO, MAK-
CUMalbHas BEMMUMHA KpuTepus OyzieT paBHa 4, a MUHH-
manbHas 1. [lpu oTpumarenbHOM BO3EHCTBUH OTIpere-
JICHHBIX YCIIOBHH Ha pabOTy yCTPOWCTB 3HAUCHUE KPHTE-
pust Oyner MuHMManbHBIM. [IpH OTCYTCTBUM BIHSHHS
OTIpEZIEICHHBIX YCIOBUI Ha paboTy yCTPOHCTB BETMIMHA
KpuTepus OyJIeT UMeTh MaKCHMallbHOE 3HauYeHHe, a 4Ya-
CTUYHOE BIHSHHE OLCHMBACTCS BENHIMHOH KPUTEPHS,
paBHoi¥1 0T 2 110 3.

PesynbTHpyroniee 3HaUCHHE OTHOCHTENBHON BETHYH-
HBl PacCMaTPUBAEMBIX KPUTEPUEB PACCYUTHIBAETCSA CO-

TJIACHO BBIPAIKEHHUIO
n
bu=] |5
i=1

rie K; — BenuuuHa pacCMaTpUBAEMOTO KPHTEPUS.
OTmeruM, UTO HE BCE KPUTEPUM OKA3bIBAIOT BIMSHUE
Ha (YHKIMOHHPOBAHME YCTPOHCTBA, a MMEHHO Macca U
BEC YCTPOICTBA.
Hcxons u3 3T0r0 KOHEYHas BENMYMHA (QYHKIHOHAIb-
HOTO KPHTEPHS PACCUMTHIBAETCA 110 (popMyJIe

n
o=] [ e
i=1

rae Kj, — BenuduHa KOHKDPETHOTO (YHKIMOHATBHOTO
KPHUTEPHSL.

3HAYCHHUE OTHOCHTEIBHOrO KpUTEPHs 3PHEKTHBHOCTH
HaX0JMTCA 10 hopmyJie
_K
Ky
VerpoiictBa ¢ HAMOOJNBIINM 3HAYEHHEM OTHOCHTEINb-
Horo Kputepus ddexTHBHOCTH OyayT Hambonee sddexk-
THBHO OCYIIECTBJITH 3alINTy CIVIOBEIX TpaHc(opMaTo-
poB ot KII. DddekTHBHOCTS OJHOTO YCTPOUCTBA TI0 OT-
HOIIIEHHIO K IPYrOMY OI[EHUBAIIACH COTJIACHO hopMmyIie
o=t
- )
K,y
rne K,; u K,y — oTHOCUTENbHbIE KpUTEPUH P (EKTHBHO-
CTH KaXJIOTO M3 PACCMOTPEHHBIX YCTPOUCTB B CPABHECHHUH

ApYT € APYTOM.

Ky

B tabx. 1, 2 npuBeneHs! pe3ynbTaThl aHamu3a ddQex-
THBHOCTH BBIIIETIEPEUNCICHHBIX cpeacTB 3amuThl oT KII.

OrernM 3(HEKTUBHOCTh KaXIOTO YCTPOMCTBA OTHO-
CUTEIIbHO OCTAJIBHBIX, TPOHYMEPOBAB MX CIEIYIOLIUM
obpazom: 1 — OIIH, 2 — RC-orpanmuurens, 3 — RC-
racutens, 4 — YKPM.

&, 5 =0,333/0,25 = 1,33; ®;_, =0,25/0,33 = 0,75;

®,_, = 0,333/0,1667 = 2; ®s5_, = 0,25/0,1667 = 1,5;

®,_, = 0,333/0,0625 = 5,33; 05, = 0,25/0,0625 = 4;

®,_, = 0,1667/0,333 = 0,5, d,_, = 0,0625/0,33 = 0,19;
®,_ 5 =0,1667/0,25 = 0,67; ¢,_3 = 0,0625/0,25 = 0,25;
®,_, = 0,1667/0,0625 = 2,67;®,_, = 0,0625/0,1667 = 0,37.

[IpoaHanu3upoBaB 3HAYCHUS OTHOCUTEIBHBIX KpHTE-
pueB 3QPEKTUBHOCTH KAXIIOTO YCTPOMCTBA M COMOCTABUB
MX MEXIy 000, MOJKHO IPHITH K BEIBOY, YTO HAMEHEE
s dexTuBHBIM cpencTBoM s orpanndeHns KII, Bo3Hu-
KaloIUX MPH KOMMYTAlUM CHJIOBOTO TpaHchopMmaTopa,
oyner OIIH, a naubonee >dpdextusabiM — YKPM. Tak,
spdexruHOCcTs YKPM Oyner Oompme Ha 33 % addex-
tuBHOCTH RC-racurens, Ha 100 % sddexrusroctn RC-
orpanuyurens, Ha 433 % s¢dexrusroctn OITH. Crout
OTMETUTb, YTO OTHOCHTeNbHas 3(¢extuBHOCTs YKPM
OyJeT BBIIE OCTANBHBIX YCTPOMCTB Naxe MPU TOM, UTO
3Ha4YeHHE 3PPEKTUBHOCTH €r0 MaccoradapuTHOTO ITOKa3a-
TeJ OyIeT HIDKE, YeM Y OCTATBHEIX YCTPOHCTB.

Takum 06pa3zoM, MOKHO czieTaTh BBIBOJ, YTO AN 3¢-
(extuBHOTO OrpannyeHus KII, Bo3HMKAIOMUX MPU KOM-
MYTallM{ CHIOBBIX TpaHc(opMaTopoB, Hanbonee pauuo-
HallbHO OyJeT ucnoip3oBaTh YKPM, KOTOpble MOIKIIO-
qaloTCs K OOMOTKE HM3KOTO HAIMPSIKEHHUS CHJIOBOTO
Tpancdopmaropa.

BbiBoAbl

1. B pocrartouHoii Mepe COBMAJAIONINE pPE3yJIbTaThI
KOMIIBIOTEPHOTO MOJICTTUPOBAHUS M JKCIEPUMEH-
TaJbHBIX WCCIIENOBAHMI MOKA3BIBAIOT, YTO JIS JIMK-
BUJIAIIMH YCIIOBUH BO3HUKHOBEHUS TIEpEHANPSKCHUI
npu komMmyTarmu tpanchopmaropos 6 (10)/0,4 kB
MOTYT OBITH HCIIOJNb30BAHBl KOHICHCATOPHBIE YCTa-
HOBKH, 3TO TO3BOJUT MOBBICUTH HAJEKHOCTh U (-
(DEeKTHBHOCTB CHCTEMBI DJIEKTPOCHAOKEHHS B LIETIOM.

205



113BecTnst TOMCKOrO NONUTEXHUYECKOrO YHUBEpCUTETa. MHXMHMPKHI reopecypcos. 2021. T. 332. Ne 3. 197-209
Kyabmun P.C. v ap. BnnsHre koMneHcaLmm peakTMBHOM MOLLHOCTI Ha BENWUMHY NEPEHaNPSHKEHUIA NMPU KOMMYTaLK CUMOBBIX ...

Taonuya 1. Dpgexmusnocmov ycmpoiicme sawumor om KI1 (OI1H, RC-oepanuuuments)
Surge protection devices efficiency (Surge arrester, Snubber circuit with grounded neutral point)

Table 1.

Tun ycrpoiicra/Device type

RC-orpannuurens (2)
OIIH (1)/surge arresters (1) Snubber circuit with grounded neutral
o point (2)
Kpurepuii/Criterion Benuuuna xputepus OBK! Benuunna xputepus O0BK!
Criterion value RV.C! Criterion value RV.C!
YposeHb orpannuenus KIT
Rgstriction I}?evel of switching overvoltage (24-32) Uy 1 (1,6-1.8) Uy 2
TepMuuecku ycTOHYMB IpU
Tepmuyeckast yCTOHYMBOCTb B HOPMAIBHOM PEXUME TepMuuecku ycToi4yus orcyrctBun BI'
Thermal stability in normal operation Thermally stable 2 Thermally stable in absence of 1
higher current harmonics
Beicokast BEpOSATHOCTB TEp- TepMuuecku ycToiuuB npu
Tepmuueckas ycToitunBocTs B pexxume 033 MUYECKOTO pa3pr_ICHI/[$IZ orcyrctBun BI' Toka
Thermal stability in single-phase ground fault mode High probability of ther- 1 Thermally stable in absence of 2
mal failure? higher current harmonics
Bmustane gactotst KU Ha paboTy ycTpolicTBa lIpu fi > 45T
Influence of frequency of switching impulse on de- (30Ha SAMMPAHHA) 1 He smzer 2
vice At fi; >_45kHz Does not affect
non-working zone
Bimsane BT Toka Ha paboty ycrpoiicTa Mo:KeT BbI3bIBaTh TEPMUYE-
. . . He Bauser
Influence of higher current harmonics on operation CKO€ pa3pylleHue 1
; Does not affect :
of device Can cause thermal failure
Brusiaue ycrpoffcma Ha BEJIMYUHY TOKA Q33 He susier eﬁgg&zg:gzggﬁ anfzg;ez
Influence of device on current value of a single- 4 S L 1
phase ground fault Does not affect Device increases capacitive
current
Macca 0CHOBHOTO DJIEMCHTA, KI'
Base weight, kg (1-12) 4 12 2
Beicorta, [vHa, MIMpUHA, JHAMETP, MM h=150 mm;
Height, length, Widtﬁ, diameter, rTnpm width=(80-100) 4 240~x160x120 8
3uauenne Ky/Ky value 512 48
3uauenne Ky,/Kg value 32 8
3nauenue K;y/K; value 0,0625 0,1667

HpuMeanue: 1 — omnocumenvras eenuyuna Kpumepusi.

Note: 1 — relative value of criterion.

Taonuya 2. Dppexmusnocms yempoiicms sawumot om KI1 (RC-eacumens, ycmpoticmsa ons komnencayuu PM)

Table 2.
active power)

Surge protection devices efficiency (Snubber circuit with isolated neutral point, Devices for compensation of re-

Kputepuii/Criterion

Tun ycrpoiicta/Device type

RC-racurens (3)
Snubber circuit with isolated neutral
point (3)

VKPM (4)

Devices for reactive power

compensation (4)

Bemmuuna xpurepus O.BK! Bennuuna kpuTepust O.BK!
Criterion value RV.C! Criterion value RV.C!

Yposens orpanndenus KI1
Rre)striction IIz)aveI of switching overvoltage (1L5-1,75) Uy 3 (L5-1.75) Uy 3
Tepmuueckast yCTOHUNBOCTh B HOPMAJILHOM PEXUME Tepmuuecku ycToiuus Tepmuuecku ycToiiuus
Thermal stability in normal operation Thermally stable 4 Thermally stable 4
Tepmuueckas ycToiH4uBOCTb B peskume 033 TepMuuecku yCTOH4YHB TepMUYECKH yCTOHYHB
Thermal stability in single-phase ground fault mode Thermally stable 3 Thermally stable 3
Bimstane gactotsl KU Ha paboty ycrpolicTBa
Influence of switching impulse frequency on device He smser 3 He smzer 3

- Does not affect Does not affect
operation
Bnmsane BT Toka Ha paboty yerpoiicTa Mo2XeT BbI3bIBATh TEPMHU- Mo>eT BbI3bIBaTh TEPMHU-
Influence of higher current harmonics on device op- YECKOe paspyIlcHIe 3 YeCKOe paspylieHne 3
eration Can cause thermal failure Can cause thermal failure
Bnusuue Ha BenmmuuHy Toka 033 He Bimuser 4 He Bnser 4
Influence of a single-phase ground fault on current value Does not affect Does not affect
Macca O_CHOBHOFO 3JICMCHTA, KI' 12 2 12 2
Base weight, kg
BricoTa, nnyHa, mimpuHa, uaMeTp, MM
Height, length, widtﬁ, diameter, ;pm 270x180~x120 2 270~180x120 2
3nauenne K, /Ky value 5184 4608
3nauenne Kqo/Kg value 1296 1536
3navenne Ky/K, value 0,25 0,333

HpuMeanue.' 1 — omHocumenvHas eeruyuna Kpumepus.

Note: 1 — relative value of criterion.
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10.

11

[TpUMEHUTENBHO K ANMEKTPHYCCKUM CETSM TPOMBIILICH-
HBIX TpenpuaThil s d3ddextuHoro mopasnenus K1
HEOOXOIMMO HICTIONB30BATh ABTOMATUIECKH PETyIUPY-
eMble KOHICHCATOPHBIE YCTAHOBKH C HEPETyIHpPyeMOn
TepBOi CTYIeHbH0. EMKOCT KOHJIEHCATOPOB HEperyiu-
pyeMoii mepBoil cTymeHu BeIOUpaeTcst U3 ycnoBus odec-
neveHnst Kod(h)HIEeHTa MOIHOCTH B TIEPBHYHON 00-
motke 0,92 u 6oiee MPU OTCYTCTBUM HATPY3KH.

B TOpozcKuX 3MeKTpHYecKHX CceTAX i d(QEKTHBHONK
KOMITEHCAIlMH PEaKTHBHOH MOIIHOCTH HEOOXOHMMO HC-
TONB30BaTh  KOH/IEHCATOPHBIE YCTAHOBKU C TO(hasHOH
KOMIICHCAITIEH ¥ PacTioNiararh UX Ha BBOIAX MyHHITTIATb-
HBIX ¥ KWIBIX 31aani. [ orpanraenus KIT Heobxomimo
Ha TpaHC(OPMATOPHOIT TIO/ICTAHIIMK pacTionararh Hepery-
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INFLUENCE OF REACTIVE POWER COMPENSATION ON OVERVOLTAGES VALUE
WHEN SWITCHING POWER TRANSFORMERS
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The relevance of the research arises from the need to develop technical solutions to limit switching overvoltages that occur when switch-
ing power transformers and effective compensation of reactive power.

The main aim of the research is to study the influence of reactive power compensation on value of switching overvoltages when switching
power transformers 6 (10)/0,4 kV and substantiation of the most effective means of protecting power transformers from switching overvoltages.

Objects: transformers with a rated power of 250, 400, 630 and 1000 kVA; vacuum circuit-breaker; individual phase compensation devices.

Methods. Instrumental-oscillographic, simulation of transient processes of phase voltages was performed in MultiSim.

Results. The authors have analyzed the efficiency of existing protection equipment against switching overvoltages arising during switching
of power transformers 6 (10)/0,4 kV. Computer simulation of influence of reactive power compensation on switching overvoltage value was
performed. To confirm the simulation results, experimental studies were performed. The oscillograms of switching overvoltages that occur
when a power transformer with rated power of 250 kVA is disconnected are shown. It was established that devices designed for reactive
power compensation can be successfully used to suppress switching overvoltages when switching power transformers, provided that,
these devices are connected to the low voltage winding of the transformer. In residential electric networks for effective compensation of re-
active power it is proposed to use capacitor units with individual phase compensation and to place them on the input bus of municipal and
residential buildings. For suppression of switching overvoltages in residential electric networks, it is necessary to introduce a capacitor unit
with symmetrical unregulated compensation at transformer substations.

Key words:
Reactive power, power factor, switching overvoltages, vacuum circuit breaker, individual phase compensation,
chopping current, capacitor unit, power reducing transformer.
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