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CBOMCTBO CETM NO CAMOKOMMNEHCALMA
PEAKTUBHOM MOLLHOCTU

PeakTuBHasi MOLLHOCTb B CETU SIBMSIETCA HexenaTtesnbHbiM sSBneHneM. Ee umpkynsumus no nposo-
[aM BbI3bIBaeT TenmnoBble notepu B 06beme npumMepHo 10 % OT ee BeNWUMHbL. [ns ee CHUXKEHWS UCMOoSb-
3ylOT [JOpOrocTosilMe cTaTudeckve M AMHaMU4eckue KomneHcatopbl. Llenb uccnepoBaHuMsA: oueHka
BNUSIHUST Kackafda TpaHC(OPMAaTOpPOB Ha PEaKTUBHYH MOLLHOCTb B CETM MPY CUMMETPUYHOWN Harpyske.
MeToabl: B HacTosiLLen paboTe NPUMEHSIIOTCS AMNEeKTPOTEXHNYECKe pacyeTbl. PaccmaTtpmBaeTcs cylue-
CTBEHHO MOeann3npoBaHHas CxeMa MOAKIYEeHUs1 BTOPUYHBLIX 0BMOTOK TpaHcdopMaTtopa K CUMMETpUY-
HOW MHOYKTMBHOW Harpyske. AKTUBHbIE COCTaBnsiOLLME COMPOTUBNEHUIA HE paccmaTpuBatoTcsl. Bpalato-
Leecss MarHWTHoe Morne cos3gaeTcsl NepBUMYHbIMU 0BMOTKaMM (He MokasaHbl). PeakTuBHash MOLLHOCTb
B CETb He nepepaertcs (rvnotetuyeckn). Pe3ynbTaTbl: YCTaHOBIEHO, YTO MPU OrOBOPEHHbBIX YCIOBUSIX
nobas asa ABNAETCA UCTOYHUKOM PEaKTMBHOW MOLLHOCTW ABYX Apyrnx dpas. N HaobopoT, niobblie ase
a3kl ABMSATCA UCTOYHUKOM PEaKTUBHOWM MOLLHOCTW Ans TpeTben asbl. Takum obpasom, Anst paccmoT-
PEHHON CXeMbl (BHELLHSIS CETb OTKIOYEHA) NPV CUMMETPUYHOW Harpy3ke NPOUCXOAUT CaMOKOMMEHcaLmst
peakTuBHOM MoLLHOCTM. Kackag TpaHccopmaTopoB NpeacTaBneH X YNPOLLEHHBIMU CXeMaMU 3amMeLLeHUst
(6e3 yyeTta paccesiHvn). AKTVMBHbIE COMPOTUBIIEHWS HE paccMaTpuBaloTcs. Vaeanusaums 9TOM CXeMmbl
MEHbLLE, YeM NEePBON, MOCKOMbKY peakTUBHAs MOLLHOCTb BTOPOro U TPETbero TpaHcopMaTopoB nepeaa-
eTcsa B NepBuYHY0 06MOTKy. Ecnn TpaHcdopmaTopbl MOAEHTUYHBI, TO MOTOK PEAKTUBHOW MOLLHOCTU OT
Harpyskv OenuTcst Mexay HUMK Ha paBHble YacTu. Mo3ToMy NOTOK PeaKTUBHOM MOLLHOCTM Ha BHELLHEM
yyacTke B Tpu pa3a MeHbLUe, YeM Ha BHyTPeHHeM. B COOTBETCTBUMM C 3TWM B pearbHOW CETU C POCTOM
yncna TpaHcgOopMaTOPHbIX NOACTaHUMIA NOTOK PeaKTVBHOW MOLLHOCTM MO Mepe YAAneHUs OT Harpysku
CyLLEeCTBEHHO yMeHbluaeTcsl. MpakTuyeckas 3HaYMMOCTb: pe3yribTaTbl MOryT ObiTb MONE3Hbl MpU pas-
paboTke cpeacTB KOMMNEHcALUUN PEAKTUBHOW MOLLHOCTY B CETSX.

KnioyeBble cnoBa: peakTMBHas MOLLHOCTb, CaMOKOMMEHcaLUus, CUMMETPUYHAsH Harpyaka, Kac-
KaZ TpaHCHOpPMaTOpPOB.

I.P. Popov
Kurgan State University, Kurgan, Russian Federation

PROPERTIES OF THE NETWORK FOR SELF-COMPENSATION
OF THE REACTIVE POWER

Reactive power in the network is an undesirable phenomenon. Its circulation through the wires
causes heat losses in the volume of about 10 % of its value. To reduce it, expensive static and dynamic
compensators are used. Purpose of the study: to assess the effect of a cascade of transformers on
reactive power in the network with a symmetrical load. Methods: in this work, electrical calculations are
used. A substantially idealized circuit for connecting the secondary windings of a transformer to a sym-
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metrical inductive load is considered. Active components of resistances are not considered. The rotating
magnetic field is generated by primary windings (not shown). Reactive power is not transmitted to the
network (hypothetically). Results: It was found that under the specified conditions, any phase is a
source of reactive power of the other two phases. Conversely, any two phases are the source of the
third phase reactive power. Thus, for the considered circuit (the external network is disconnected) with a
symmetrical load, reactive power self-compensation occurs. A cascade of transformers is represented
by their simplified equivalent circuits (excluding scattering). Active resistances are not considered. The
idealization of this circuit is less than the first, since the reactive power of the second and third trans-
formers is transferred to the primary winding. If the transformers are identical, then the reactive power
flow from the load is divided between them into equal parts. Therefore, the flow of reactive power in the
outer section is three times less than in the inner section. In accordance with this, in a real network, with
an increase in the number of transformer substations, the flow of reactive power decreases significantly
with distance from the load. Practical significance: the results can be useful in the development of
means for reactive power compensation in networks.
Keywords: reactive power, self-compensation, symmetrical load, transformer cascade.

PeakTuBHAs MOIIHOCTH B CETH SIBJSIETCS HEXKENATEIBHBIM SIBICHUEM
[1-5]. Ee uupkysiius 10 MpoBOJIaM BhI3bIBACT TEIUIOBBIC MIOTEPU B 00BEME,
npumepHo, 10 % ee BenMuuHBI. ITO B COBOKYIHOCTH C TE€M, YTO HaJlU4ue
PEAaKTUBHOM MOIIHOCTH B CETH NPUBOAMUT K CHHKEHHIO Ko3((uimeHra
MOIIHOCTH, CO3/Ia€T CEPbE3HYIO HAYUHYIO NpOOaEMY.

B kauecTBe aHanm3a CyIIECTBYIOUIMX pEIICHHH B JAHHOW 00JacTH
MOXHO yKa3aTh TPOJOJBHYIO M TONEPEYHYIO KOMIICHCAIIMIO PEaKTUBHOU
MOIIHOCTH C HCIIOJIb30BAHUEM CTAaTUYECKUX M JUHAMHUYECKUX KOMIIEHCATO-
POB, BKJIFOUasi OaTaper KOHACHCATOPOB ¥ CHHXPOHHbIE KOMITEHCATOPBbI [6—9)].

HenocraTtkamu CyIIecTBYIOIIMX MEPONPHUATUN MO CHMXKEHHMIO Peak-
TUBHOW MOIIHOCTH SIBJISIFOTCS UX UCKYCCTBEHHOCTH M BHICOKAsi CTOMMOCTb.

Lenvio pabomul SBISIETCS OLEHKA BIMSHUS KacKaaa TpaHCPOpMaTOpoB
Ha PEaKTHUBHYIO MOIIHOCTh B CETH NPU CUMMETPUYHOH Harpyske. [Ipu sTom
peub uaeT 00 MMEIoIUXCcsl B CeTH TpaHC(HOPMATOpax, a He CHeUaIbHO (Uc-
KYCCTBEHHO) YCTAQHOBJIEHHBIX JJIs1 OOpbOBI C pEaKTHBHOW MOIIHOCTBIO, YTO
HE TIPEAIOJaraeT JOTOHUTEIBHBIX PACXOA0B JUIS JOCTH)KEHHSI ATOM EeITH.

3adauu uccnedoéanusi cOCTOST B Ka4ECTBEHHOM U aHAJIUTHYECKOM
OTIMCAaHWH TPOIECCOB CAMOKOMIICHCAIIMH PEaKTHBHON MOITHOCTH B KaCKaJIe
TpaHc(hOpMaTOpOB.

Memooul uccnedosanus. B Hacrosieil paboTe NPUMEHSIOTCS BIIEK-
TPOTEXHUYECKUE PACUETHI.

CamoKoMmneHcaumnsa peakTUBHOW MOLLHOCTHU
npyY CUMMETPUYHOMN Harpyske

Ha puc. 1 mpencraBieHa CyIIeCTBEHHO HIICAIM3UPOBAHHAS CXeMa
MOJIKJIIOUEHUS! BTOPUYHBIX OOMOTOK TpaHchopMaTopa K CHUMMETPUUYHOU
UHAYKTUBHOM Harpy3ke. CompoTuBiieHUsI paccesiHus He mnokasanbl [10].
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AKTHUBHBIE COCTaBJISIIOIINE COMPOTUBIICHUI HE paccMaTpuBaroTcs. Maruur-
HOE TI0JIE CO3/JaeTCs MePBUYHBIMU OOMOTKaMU (HE TOKa3aHbl). PeakTuBHas
MOIIHOCTb B CETh HE MepeaaeTcs (TUMOTETUYECKH).

A

Y

e N s L’\|

Puc. 1. CamoxoMneHcanust peakTUBHON MOIIHOCTU

B dacTi MarHMTHOTO MOJIA M OMOCPEIOBAHHOTO B3aMMOEWUCTBUS €r0
C Harpy3koil cxema He OTJIMYuMMa OT paccMoTpeHHou B [11, 12], B koTopoit
BMECTO TpaHC(OpMaTopa MCIOJIb30BaHA CHHXPOHHAS SIBHOIOIIOCHAS Malllu-
Ha [13—16] u B KOTOPOI1 HICTOUHUKOM BO30YX/IE€HUS KOJIeOaHUH TOKa (MHIYK-
TUBHOTO) B JII000H (aze aBisitoTcs apyrue (apyras) ¢assl (pasza) Harpy3ku.

[lonobHoe sBIEHME CaMOKOMIIEHCALUHM PEAKTHMBHOW MOILIHOCTU W3-
BECTHO U B MeXaHH4YeCKuX cucremax [17-19].

MrHOBEHHBIC TOKH, HAIIPSDKCHUS U MOITHOCTH (PEaKTUBHBIC) (a3 co-
OTBETCTBEHHO PABHBI:

1
iAzlsin@t,uA:IwLCOSmt,qA=|20)LSin0)tCOS(Dt=—|(DLSin260t,
2
) ( 21 ) ( 2m ) 1 ( 41
ig=1Isinjot-—1, U, =loLcos| ot- y 4y = — 1 ‘oLsin| 2ot — —
Sy SN R )
( 27 ) ( 2m ) 1 ( 41
ic='5'”Lwt+_J1Uc='03'-C°SL0”+ J q. = —|I mLsinLZmH—J
3 3

rae L — cymmapHas MHAYKTUBHOCTH (pa3bl TpaHchopmaTopa (BKIrOYas pac-
CesiHHE) U Harpy3KH.
Cymma mourHocTtel ¢a3 B u C onpenensercs Kak

1 o 4n) 1 o 4r
Ogc =0z +d. = —lolLsin| 20t - — |+ —lolLsin| 2o0t+ —|=
2 T )
1 _ 20t-4n/3+20t+4n/3  20t-4n/3-20t-47/3
=2—lolLsin cos =
2 2 2
1 . ( 4n) 1 .
=2—lolLsin20tcos| —-— |=-—lolLsin2nt.
2 L SJ 2

82



Ceoticmeo cemu no CaAMOKoMneHcayuu peaKmueHod MOWHOCMU

OTa BeIMYMHA IPOTUBOMOI0KHA MOIIHOCTH Ba3bl 4: q, +q, = —q, .

DTO 03HAYAET, YTO MPU OrOBOPEHHBIX YCIOBHSX JIH00ast (asza sIBIsSETCS
HUCTOYHUKOM PEaKTUBHOW MOIHOCTH JIBYX Apyrux (a3, u, Ha000poT, JIt0-
Oble B¢ (ha3bl SBJIAIOTCS HCTOYHUKOM PEAKTHBHOW MOIIHOCTH TPEThel (a-
3pl. Takum 00pa3om, il JAHHOW CXEMbI MPH CHMMETPHYHON Harpyske
MMPOUCXOAUT CAMOKOMIICHCAIUA peaKTI/IBHOf/’I MOIIHOCTH.

3ame4yaHue o MmolHocTAX a3

Jiist Toro utoOsI ocaeHssA popMylia He Co3/1aBaja BIIEYATICHUS, YTO
MOIIHOCTh B JIIOOOM cllyyae YAOBJIETBOPSIET AHAJIOTY MEpPBOro 3aKOHA
Kupxroda, HmKe TPUBOAATCS BBIPAKEHUS JJIi MIHOBEHHBIX AKTHBHBIX
MOIIIHOCTEH (ha3 U UX COOTHOIICHUE:

) ) ) 1+cos2mt 1, )
p,=1l"olLcos" ot=1"oL—————==—1"0oL+—1 olLcos2ont,
2 2 2
1 ( 47
p,=—1l"oL+—1"wlLcos| 20t — — |,
2 2 L BJ
1 1 ( 41
p. =—1'oL+—1"0Lcos| 20t+—,
2 2 k 3}
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pB+pc:—Isz+—Iszcos(th——\+—I2mL+
2 2 L 3J 2
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+—I2mLcos(2cot+—\=
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=1"oL+—1I Q)LLCOSZ(DICOS—+SIHthSIn—J-i-

2 3 3
1, Am 4
+—1"owL| cos2otcos——-sin2otsin — | =
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2 1 2 1 1 2 1 2 l 2
=l oL-—1"oL—cos20t—- —1"wL —cos2wt=1"oL-—1"woLcos2wt,
2 2 2 2 2

pB + pc - pA *
MoTokn peakTMUBHOM MOLLHOCTU B Kackage TpaHccopmaTopoB

Kackag TpancgopmaropoB Ha pHc. 2 MPeICTaBIeH UX YIPOIIEHHBIMU
cxeMamH 3amenieHus (0e3 yueta paccessHuil). AKTUBHBIE COPOTUBIICHUS HE
paccMaTpUBAIOTCSL.
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Nneanu3anust 3TOM CXeMbl MEHBIIE, YEM IIEPBOM, IIOCKOJIBKY pEak-
TUBHAsT MOIIHOCTH BTOPOTO M TPETHEro TpaHCcHOPMATOPOB nepedaemcs
B IICPBUYHYIO OOMOTKY.

/“'E‘ " /?ﬂ‘\l cz‘i‘\B WL‘\,

Puc. 2. Kackan TparchopmaTopoB

Ecnmu tpancdopmaTopsl MIEHTHYHBI, TO MOTOK PEAaKTHBHONW MOIIHO-
CTH OT Harpy3KH JI€JIUTCS MEXAY HUIMHU Ha paBHbIE YaCTH.

IIo3TOMy MOTOK pEeaKkTUBHOM MOIIHOCTH Ha y4acTke 1-2 B Tpu pasa
MEHbIIIe, YeM Ha ydacTke 3—4.

n peanoCbIJIKN HacTosLWwero nccnegoBaHus

W3BecTHBI 1Ba OCHOBHBIX BHJa Kojebanuid. [lepBoe 00ycCIOBICHO
B3aMMHBIM MPEOOpPa30BaHHE KUHETUYCCKON YHEPIUU rpy3a B IMOTCHIIUATb-
HYIO SHEPTHI0 TPYXUHBI, BTOPO€ — SHEPIMHU MArHUTHOTO IOJI KAaTYIIKH
B DHEPTHIO AICKTPUICCKOTO TOJIST KOHACHCATOPA.

OTHOCHTENBHO HEIABHO OIMMCAHBI OCIMILIATOPHI C B3aUMHBIM MPE00-
pa3oBaHUEM KHHETHYECKOW SHEPTHUU Ipy3a B DHEPTHI0 MAarHUTHOTO MOJIS
[20] ¢ cobcTBeHHO# YacToi KoneOaHwmid;

r7ie y — mapameTpuueckuii KodOPUIMEHT Uin ¢ B3aUMHBIM MPEe0Opa3oBaHU-
€M KMHETUYECKOW PHEpPIUU Ipy3a B DHEPrHI0 AJEKTpUyeckoro mois [21]
¢ cOOCTBEHHOM yacToil KojeOaHmii:
y
O, = 4[—,

mC
a TaKXkKe OCHWIUIATOPHI C B3aHMMHBIM IpeoOpa3oBaHUEM MOTEHIMATIBHON
SHEPTUU MPYXKUHBI B SHEPTUIO JIEKTpUdeckoro nois [22] ¢ coOCTBEeHHOU
4yacTol KoyiebaHmi:
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WIA C B3aWMHBIM TPe0Opa30BaHUEM TMOTEHIIMAIBHON SHEPTUU TPYKHHBI
B DHEPTHUI0 MArHUTHOTO 1MOJIs [23] ¢ COOCTBEHHOM YacToii KoJIeOaHuiA:

[TouTtu cpa3y BO3HHMK BOIIPOC, a HEJB3S JIU CO3/1aTh OCLIWJUIATOPHI C B3a-
MMHBIM MPeoO0pa30BaHUEM KUHETUUYECKOM SHEPIUU B KWHETUYECKYIO JKe DHEp-
ruio Jpyroro rpy3a? Wnu konebanus ¢ B3aMMHBIM IpeoOpa3oBaHUEM dHEPTHU
MarHUTHOTO TOJISE B SHEPTHIO MATHUTHOTO K€ TIOJISl IPYrod KaTylku?

Takue permenust Obumu Havigensl [11, 12, 17-19]. B wactHocTH, mmns
MOHOPEAKTUBHOM MHIYKTUBHOW CUCTEMBI CXeMa IpeICTaBlIeHa Ha puc. 3.

Puc. 3. Mogens LLL-ocummmsatopa

Onektpuueckue ypaBHeHus LLL-ociunnsTopa:

d di d 2 di
B|nR—(PCOS(p=L—1,B|nR—(pCOS(—Tt—(p\=L—2,
dt dt dt t3 J dt
d 2 di
BInR—(pcos(——n—q)\:L—3.
dt L 3 dt
Orcrona
BInR ) BInR (2 A BInR ([ 2 A
ilz_ sing , 1, = sinj —m—-o |, I, = sin| ——m -0 |,
L L 3 L 3
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MexaHn4eCKHil MOMEHT PaBEH

: _ (2 ) : (2 )
BIni,R cos¢ + BIni,R cosL—n—q)JJr BIni,R COSL__TE_(pJ:
3 3
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B ORI A U
2 2 2
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=—-—sin2¢p+——sin| —t-2¢ |+ —sin| —-—n - 2¢ | =
2L 2L t3 J 2L L 3 J
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2L 2L L 3 3 J
2
(BInR) (. 4 4
+——| —-sin—ncos2¢ —-cos—=nsin2¢ |[=0.
2L L 3 3 J
[TosTOomy
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CnenoBartenbHO,
BInR . BInR (2 ) . BInR (2 )
i, =- sinot, I, = sin| —t—-—o,t], I, = sin| ——n—-o,t|.
) CET) C e

Takum obpazom, B LLL-ocimmasitope npoucxoasar cBoOOAHbIE KoJe-
OaHus Toka (0e3 MUTaHUS W3BHE). DTO 3HAYMT, YTO Jro0as (aza sBiseTcs
MCTOYHUKOM PEaKTHBHON MOIIHOCTHU ABYX APyrux (as.

OT0 00CTOATENBCTBO CO3JAET MPEANOCHUIKY CHH)KEHUS MMOTOKA peak-
TUBHOW MOIIHOCTH B CETH 3a CYET B3aWMHOW KOMIIEHCALlUU PEaKTUBHOU
MourHocTH (a3. pyrumu cinoBamu, ¢azbl CHMMETPUYHONW HArpy3ku MOTYT
0OMEHHMBATHCS PEAKTUBHOU MOIITHOCTHIO MEXIY COOOM, a HE C CETHIO.

B kauecTBe TEXHHUYECKUX CPENICTB, OOECIIEYMBAIONINX ITOT PEAKTHB-
HBIA HEpProoOMeH, MOTYT BBICTYNATh YK€ MMEIOLIUECS B CETH KacKabl
TpaHchOpMaTOPOB U IIYHTUPYIOIIMX PEAKTOpoB. B 3ToM cmbicine a0CTH-
raeMoe TakuM 00pa3oM CHIKEHHE TIOTOKA PEaKTHBHOM MOIIIHOCTH SIBJISIETCS
€CTEeCTBEHHBIM, T.€. HE CIIEIIHAIFHO OPTaHM30BAHHBIM, KaK B CIIydae C CHH-
XPOHHBIMH KOMITIEHCATOPaMHU M KOHAEHCATOPAMHU.
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3aknroyeHue

B cootBeTrcTBUM € M3JI0KEHHBIM B PEAJbHOM CETU C POCTOM YHCIIA
TpaHc(hOPMATOPHBIX MOACTAHIHH [24, 25] MOTOK PEaKTUBHOM MOIIHOCTH 110
Mepe yAaJIeHUsl OT Harpy3Ku CyIIECTBEHHO YMEHBILAETCS 34 CUET B3AUMHOMN
KOMIICHCAIIMM PEaKTUBHOW MOLITHOCTH (a3.

Hayunas noeusna 3akito4aeTcst B TOM, UYTO Kackajbl TpaHchopmaTo-
POB M LIYHTUPYIOLIMX PEAKTOPOB CYILIECTBEHHO BIMAIOT HA PEAKTUBHYIO
MOIITHOCTh B CETH IPU CUMMETPUYHOM Harpyske, 00yCIOBIMBAs €€ eCTeCT-
BEHHOE CHUKCHHUE.

B peanbHbIX yclOBHAX Harpys3ka B O0IEM Cily4yae HeE SIBISIETCS CHUM-
MeTpuyHOU. [Ipu 3TOM B COOTBETCTBUU C MPHUHILIUIIOM CYNEPIIO3ULIUN yMe-
PEHHO HECHMMETPHUUYHYIO Harpy3Ky MOKHO IPEICTaBUTh B BUJIE KOMIIO3U-
LIMY CUMMETPUYHOHN U CYHIECTBEHHO HECUMMETPUYHOU. B aTOM ciyuae ec-
TECTBEHHAs! CAMOKOMIIEH AU peaKTUBHON MOILTHOCTH OyJeT MPOUCXOUTh
JUIsL CHMMETPUYHOM COCTABJIAIOIIEH HATPYy3KH.

Ilpaxmuueckas 3Hauumocms CTaTbU COCTOUT B TOM, YTO €€ PE3yJIbTa-
TBI MOTYT OBITH TIOJIE3HBI TPU pa3pabOTKe CPEICTB KOMIICHCAIINH PEaKTHB-
HOM MOIIHOCTH B CETSX.
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