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Pedepar. B MuKponporieccopHbIX 3alUTax NPUMEHSIOTCS W3MEPUTEIbHBIE OpraHbl, pearupyo-
Imye Ha OTAENbHbIE CHMMETPHYHBIE COCTABIISIOIINE CUTHAJIOB WM X KOMOMHAIMIO. DTO TO3BO-
JISIET BBITIONHSTH COOTBETCTBYIOLINE YCTPOICTBA 3alIUTHI OoJiee YyBCTBUTENBHBIMU. M3 Beex pas-
HOBUJTHOCTEH IU(POBEIX (GUIBTPOB CHMMETPHIHBIX COCTABIIIONINX MPEHMYIIECTBEHHO HCIIONb-
3y10Tcs QWIBTpEl 00paTHOM M HyJeBOH mocienoBaTenbHOCTEH. V3 M3BECTHBIX aIrOPHUTMOB UX
HPOrpaMMHON peasTu3aliy [eJIeco00pa3sHo HCIOIB30BaTh QIIBTPEL, (POPMUPYIONIHE OPTOrOHATb-
HbIE COCTABJIAIOIINE TPEOYEMOH MOCIIEJOBATEIFHOCTH M3 OPTOTOHAJIBHBIX COCTABJIAIOIINX (Da3HBIX
WIN My }a3HBIX BEIMYNH CHTHANOB. B kadecTBe opMHupoBaTeneil MOCISIHNUX IPUMEHSIIOTCS
mudpossie GuIbTPEl Pyphe, oOTIHUarOmuecs HHEPIHOHHOCTEIO. [1o 3Tol mpudnHEe nx mepexon-
HBIE PEXKUMBI COMPOBOXKIAIOTCS BOZHUKHOBEHUEM JTUHAMHUYECKOI MOTPEIIHOCTH, KOTOpask MOXET
CYIIECTBEHHO BJIHATH Ha (DYHKIHOHHPOBAHHE (QUIBTPOB CHMMETPHUYHBIX COCTAaBILIOMINX, YXYHA-
miasi UX CBOWCTBA. 3HAUMTENBHOE CHIDKCHHE YKa3aHHOTO BIIMSIHHS MOXET OBITh JOCTUTHYTO
3a CYeT NMPUMEHEHUs JUIS BBIIEIEHHS OPTOTOHATHHBIX COCTABIISIONINX BXOIHBIX CHUTHAJIOB (oOp-
MHpOBaTeliei ¢ KOppeKIyeil AMHaMHIeCKUX NorperHocTeil. FIX OCHOBOM SIBISIIOTCS HEPEKYpPCHB-
HBle nU(poBbe GIBTPE! Dyphe, OPTOTOHATBHBIE COCTABISIONINE KOTOPHIX MOJBEPraloTCs Mpo-
rpaMMHON KOppeKTHpyrolleii 00paboTKe C IENbI0 MONY4YEeHHs SKBUBAJICHTHBIX COCTABIISIO-
MUX, OTINYAIONIUXCS OBICTPO3aTYXAIOMIMMH JTHHAMHYECKHMH aMIUTHTYJHBIMH ITOTPEITHOCTSIMU.
Koppekuust auHamMuueckoit (a3oBoil MOTPEIIHOCTH Peanu3yeTcst B MPOLecce MOIYYEHUs Pe3ylib-
THPYIOIUX OPTOTOHAIBHBIX COCTABJIAIOMINX, SIBISIOMNXCS KoMOMHammel cocrapisomux Oypoe
Y BBIYMCIICHHBIX 110 HUM pacyeTHbIX. Ha ocHoBe nH(pOpMaiuy 06 aMIIMTyiax ¥ TeKymux (aszax
CHUTHAJIOB, CO/EP)KAIEHCsI COOTBETCTBEHHO B HKBHBAJICHTHBIX M PE3YJHTHUPYIOIINX COCTABISIO-
muX, GOPMHUPYIOTCS UTOTOBBIE OPTOTOHATBHBIE COCTABIISIONINE, OTIMYAIOIIUECS MUHUMAIbHBIMU
aMIUTUTYAHBIMH ¥ ()a30BBIMH NOTPEIIHOCTSIMH B TIEPEXOJHBIX pexxnMax. [10 3TUM coCTaBISIONINM
PacCUUTHIBAIOTCSI OPTOTOHAIBHBIE COCTABILIONINE CHIHAIA 0OpaTHOH M HyJIeBOH IOCIen0BaTeb-
HOCTEH B COOTBEeTCTByMoIeM GmibTpe. B cpeme muHamuueckoro mopenupoBanus MATLAB-
Simulink-SimPowerSystems peanuzoBana uugpoBas MoJeb, B COCTaB KOTOPOW BXOISAT IHEPro-
cucreMa, TpexdasHas Tpynna TpaHcopMaTOpoB TOKa, HArpys3ka, OJIOK KOPOTKOTO 3aMBIKaHHS,
a Tarke MoJeH (IIETPOB OOpaTHOH M HyJIEBOH mocienoBaTenbHocTel. VcenenoBanne QyHKIMOHM-
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POBaHUS YKa3aHHBIX (DHIIBTPOB BBIIOIHSIIOCH C CIIOIb30BAHUEM JIBYX BHIOB TECTOBBIX BO3JCHCTBUIA:
Tpexda3Hoi CHCTEMBI CHHYCOMAAIBHBIX CHTHAJIOB U TpeX(]a3HO#i CHCTEMBI CHTHAJIOB, IPUOJIMKEHHBIX
K peaJbHbIM BTOPHYHBIM TOKaM IPH KOPOTKHMX 3aMBIKaHMSIX. Pe3ynbraThl MCCIenoBaHMH MOKa3aiy,
4TO paspaboTaHHble HH(POBbIC HHILTPBI 00PATHOM U HYJIEBOIT IOCIENI0BATEIBHOCTEN O CPABHEHUIO
¢ aHanornyHeIMU puibTpamu Dypee, MPUHATHIMU 32 3TaIOHBL, UMeoT B 1,1-1,4 pasa Gosee Bricokoe
OBICTPOJICHCTBHE U OTINYAOTCS YIIYUIIEHHBIMU IUHAMHYECKUMH NOKa3aTeIIMH.
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KOppEeKIHs aMILTUTYAHOM u (a30Boi mnorpemrHocrei, moxenb, MATLAB-Simulink, recrosoe
BO3JCHCTBHUE, OBICTPOICHCTBIE, TUHAMUYIECKHE TOKa3aTeIH
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Symmetrical Components Digital Filters
for Microprocessor-Based Protection Input Signals
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YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. In microprocessor protections, measuring bodies are used that react to individual sym-
metrical components of signals or a combination of them. This makes the corresponding protection
devices more sensitive. Of all the varieties of digital filters of symmetrical components, filters
of the negative and zero sequences are mainly used. As for the known algorithms of their software
implementation, it is advisable to use filters that form orthogonal components of the required se-
quence from orthogonal components of phase or phase-to-phase values of signals. Digital Fourier
filters, characterized by inertia, are used as formers of the latter. For this reason, their transient
modes are accompanied by the appearance of a dynamic error, which can significantly affect
the functioning of filters of symmetrical components, worsening their properties. A significant
reduction in this effect can be achieved by using shapers with correction of dynamic errors to iso-
late the orthogonal components of the input signals. They are based on non-recursive digital Fou-
rier filters, the orthogonal components of which are subjected to software correction processing
in order to obtain equivalent components characterized by fast-fading dynamic amplitude errors.
Correction of the dynamic phase error is realized in the process of obtaining the resulting orthogo-
nal components, which are a combination of Fourier components and calculated ones that have
been estimated according to them. Based on the information about the amplitudes and current
phases of the signals contained in the equivalent and resultant components, respectively, the resul-
ting orthogonal components are formed, differing in minimal amplitude and phase errors in tran-
sient modes. According to these components, the orthogonal components of the signal of the nega-
tive and zero sequences in the corresponding filter are calculated. In the dynamic modeling envi-
ronment of MATLAB-Simulink-SimPowerSystems, a digital model is implemented, which
includes a power system, a three-phase group of current transformers, a load, a short-circuit block,
as well as models of negative and zero sequence filters. The study of the functioning of these
filters was carried out using two types of test actions, viz. a three-phase system of sinusoidal sig-
nals and a three-phase system of signals close to real secondary currents in short circuits.
The results of the research have demonstrated that the developed digital filters of the negative and
zero sequences have 1.1-1.4 times higher performance as compared with similar Fourier filters
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accepted as reference and that they are distinguished by improved magnitudes of dynamic indi-
cators.

Keywords: digital filters of symmetric components, filters of negative and zero sequences,
orthogonal components, dynamic error, correction of amplitude and phase errors, model,
MATLAB-Simulink, test action, performance, dynamic indicators
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BBenenune

B cymecTByromux MHKpONPOIECCOPHBIX 3aIUTaX 3JIEKTPOYCTAaHOBOK IIH-
POKO IPHUMEHSIOTCS WM3MEPHUTENIbHBIE OpraHbl, pearupyromde Ha OTAEJbHbIC
CUMMETPUYHBIE COCTABJISIOIINE BXOAHBIX CUTHAJIOB WM MX KoMOuHauuio [1].
OT0, MOMUMO APYTUX MPEUMYIIECTB, IO3BOJISIET BBIIOIHATH COOTBETCTBYIOIIHUE
YCTPOMCTBA 3aIIuThl 00siee YyBCTBUTEIbHBIMU. Heo0XxoanmMo OTMETUTh, YTO U3
BCEX pPa3sHOBUAHOCTEH NHMQPOBBIX (WIBTPOB CHMMETPUYHBIX COCTaBJISIO-
mmx (OCC) mpenMylIecTBEHHO HCHONB3YIOTCS (PUIBTPBI OOpaTHOM W HYJEBOM
nocnegoBatenbHoctedl [2]. [Ipu HagoOHOCTH QUIBTP MPSIMOIl MOCIEAOBATEb-
HOCTH MOXET OBITh OpPraHW30BaH IyTEM MEPEMEHbl MECTaMH JBYX BXOJOB
B (QuiabTpe 0OpaTHOM HOCIIEAOBATEIBHOCTH, YTO AETAET BIIOJHE JOCTATOYHBIM
nogpoOHOE pacCCMOTPEHUE TOJIBKO 3TOT0 QUIIbTpA.

TeopeTqucRne NpeanoChblIKA

B MukpompomeccopHbIX 3amuTax U3 U3BECTHBIX aJTOPUTMOB MPOTPaMMHON
peammzaunu @CC nenecoobpa3zHO HCHOIB30BaTh QUIBTPEL, POPMUPYIOIINE Op-
ToroHaibHBIe cocTaBisrone (OC) COOTBETCTBYIONMICH MOCIEOBATEIILHOCTH U3
OC ¢a3aplx WM MeXIy(ha3HbIX BEIMYHH BXOTHBIX cUTHAIOB [3]. Ilpu sTom
B mudpposom OCC BHauane popmupytorcsi OC KOHTPOIUPYEMBIX BXOAHBIX CHT-
HaJIOB, 10 KOTOPBIM B TOcJenyromeM Bbraucisgiores 3HadeHuss OC Heobxo-
IuMoll mocnenoBaTenbHOCTU. ['naBHbIM 31eMeHTOM Takoro ®CC sBusercs
¢dopmupoBatens OC BXOAHBIX CUTHAJIOB, OCHOBHBIE CBOMCTBAa KOTOPOTO OIpe-
JIENSIOT TUHAMUYECKUE MoKa3aTenu (OpMHPOBATEISl COOTBETCTBYIOMNIEH MOCIIe-
JIOBAaTEJIbHOCTH B 1IeJI0OM [4].

B kauectBe ¢opmupoBateneii OC B COBpEeMEHHBIX MHKPOIPOLIECCOPHBIX
3alIUTax TJIaBHBIM 00pa3oM ucmoib3yioTces nnudpossie Gpuinstpel (LID) Dypoe
pa3IMYHBIX MOTUPUKAINH ¢ IPUCYIIeH UM WHEpUHOHHOCTHIO [5]. [1o aToit npu-
YyiHEe nepexoHble pexxuMbl LD conpoBoxaatoTcsi BOSHUKHOBEHHEM JUHAMUYe-
CKOHl IMOTPEIIHOCTH, BKIIIOYAIOMIEH aMIUTUTYJHYI0 U (Da30BYIO COCTaBISIOLIHE,
KOTOpbIE MOTYT CYIIECTBEHHO BIUATH Ha QyHKIHoHHpoBaHne DPCC, yxyamas
UX CBOWCTBA.

3aMeTHOE CHMKEHHE TAaKOTO BIHMSHHASA MOXKET OBITh MOJYYEHO 3a CYET IMpH-
MeHeHwust 111 BeiaeneHuss OC BXOIHBIX CUTHAJIOB MPEUIOKEHHBIX B [6, 7] dop-
MHUpPOBATENIE C KOPPEKLUEN AUHAMUYECKON NOrpelHoCTy. X OCHOBOH SIBIS-
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forcst HepekypeuHbie LI Dypbe [8], BBIICSIONNE KOCHHYCHBIE Xo, W CHHYC-

n

HbIE X, (j =@, b, €) OC OCHOBHO¥ rapMOHMKH BXOJIHBIX CHTHANIOB Xj,.

jsn
OpTOFOHaJ'ILHBIe COCTaBJIAOIINC CI)pre IMOABEPIrarOTCsA CHeHHaHBHOP'I Ipo-
FpaMMHOﬁ KOPPEKIMU, B PE3YJIbTATEC YCTO (I)OpMPIpyIOTCH OKBHUBAJICHTHBIC

OC x X C 6LICTp03aTyXaIOH_II/IMI/I AMHAMHUYCCKUMU aMIUNIMTYAHBIMHU I10-

TPCIIHOCTAMMU.
Koppekins qmuHaMudeckoi (pa30BOi MOTPEITHOCTH OCYIIECTBISACTCS B IPO-
necce moiydeHus: pesyasTHpyrommx OC Xjqn, Xjgn, SBISIOLINXCS KOMOHHA-

jeqen ! jeqgsn

nueit OC dypbe U BBIYUCIEHHBIX 110 HUM pacueTHbIX OC 1o MeTonauke, mpea-
craByieHHol B [7]. Ha ocHoBe mH(poOpManuu 00 aMIUIMTyIaX U TEKyIIUX (azax
CUTHAJIOB, CONEPIKAIIECNCsS COOTBETCTBEHHO B SKBHUBAICHTHBIX M PE3YIBTHPYIO-
umx OC, ¢popmupytorest utorossie OC Xy, Xjon, Y KOTOPBIX aMIUIATYIHBIC

1 (a30BbIC MOTPEITHOCTH B TIEPEXOIHBIX PEXKUMAX 3aMETHO MEHBIIIE [0 CpaBHE-
Huto ¢ OC Dypoe X, Xjg, [9]-

jen?
oC

CUTHAJIOB (a3 ¢ HMCIONBb30BaHNWEM IpHuBeAeHHBIX B [10] BhIpaskeHUI BBIYUCIIS-
I0TCA KOCUHYCHAasl X,., U CHHYCHas X,, OPTOIOHAJbHBIE COCTABJIAIOILUE CUT-

ITo UTOrOBEIM KOCHHYCHOM Xcyn s Xpoun » Xeovn M CHHYCHOH Xogun s Xpsun » Xesun

Halla O6paTHOI71 IOCJICA0BATCIIBHOCTHU !

1 1 V3 1 V3

Xoen = g Xacvn _Exbcvn + 2 Xpsvn _Exccvn - 2 Xeswn |3 (1)

1 1 J3 1 V3

Xosn = 5| X - X — Xoovn ~ 5 Xesn T X

3 asvn E bsvn 2 2 2 cevn |
a TaK¥XeE HyHeBOﬁ TIOCJIECA0BATCIBLHOCTHU.
1 .
Xoen = _(Xacvn + Xoewn T Xeevn )’ (2)

3
1
XOsn = é(xasvn + szvn + Xcsvn )

Heobxomumo oOpaTuTh BHHMaHWE, YTO NPUHIMITHAIHHO BO3MOXKEH Jpy-
roif BapuaHT peanu3anuu L{® HyneBoi mociaenoBarensHocTH. OH Mpeaoaract
BBIYHCJICHUEC II0 BLI60pKaM AJI1 OAHOTr0O MOMCHTA BPEMCHHU BXOJHBIX CUTHAJIOB
a3 X;, cocrapistoLICi HyICBO! IOCIE/I0BATEIBHOCTH

1
XOn = §(Xan + an + ch )! (3)

U3 KOTOPOU (hOpMHUpPOBATENIEM ¢ KOPPEKIUEeH TUHAMUYECKONW MOTPEITHOCTH BbI-
JETSAI0TCS KOCUHYCHAs Xy, U CUHyCHas X, OC.

[IpencraBieHHbIe TEOpETHUECKUE TPEATNIOCHIIKH TIOJIOXKEHBI B OCHOBY pas-
pabotannbix 1{® TokOB 00paTHOU U HYJIEBOH MOCIEAOBATEILHOCTEH. AHATN3 UX
paboTOCIOCOOHOCTH ¥ 3P(PEKTUBHOCTH BHIMONHSJICS C HWCIHOJIh30BAHHEM pe-
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3yJbTaTOB BBIYMCIUTENBLHOTO SKCIEPUMEHTa IMYyTEM CpPaBHUTEIBHON OLIEHKH
KJIIOUEBBIX IIOKas3aTelell C aHAJOTMYHBIMHM NapaMeTpaMu TakuxX Xe (QHIbT-
poB, Tme B kadectBe (opmupoBarencii OC BXOTHBIX TOKOB 3aJIeHCTBOBAHBI
[® Odypne, Ha3piBaeMble B JabHEWIIEM HUPPOBBIMH (UIBTPaMU COOTBET-
CTBYIOILEN IOCIeA0BaTENbHOCTH Dyphe.

MopenupoBanue

BrerancnutensHBIN 3KCTIEPUMEHT MPOBOAMIICS C HCIONB30BaHUEM pa3pado-
TaHHOM MOJEINIM, peanu30BaHHOW B cpele AUHAMUYECKOTrO MOJAEIUPOBAHMS
MATLAB-Simulink-SimPowerSystems [11]. B ctpykType 3Toi Monenu couep-
JKaTcsl SHeprocucrema, TpexdasHas rpymmna TpaHchopMaTOpOB TOKAa C BO3MOXKHO-
CTBIO BOCHPOM3BOJINTE HACHIIIEHHE UX MAarHUTHBIX CUCTEM ISl MOJIETHPOBAHUS
BO3JICHCTBUMN, MPUOIMKEHHBIX K PEaJbHBIM BTOPUYHBIM TOKaM (a3, Harpyska,
OJIOK KOPOTKOTO 3aMBIKaHUs, & TaKKe MOJETH IMU(PPOBBIX AIIEMEHTOB, 00eCIIeUH-
BaIOITHE pear3annio QYHKIMN pa3paboTaHHBIX (PHIBTPOB TOKa OOpaTHOU 1 HyJIe-
BOH IMOCJIE0BATEILHOCTEH M aHANOTU4YHBIX (QuiabTpoB Dypre. Bocnpoussese-
HHUE Mojejel OJOKOB M 3JIEMEHTOB CTPYKTYPHI BHIIIOJTHEHO C IPUMEHEHHEM T10-
JOXeHuH, cogepkammxcs B [12].

Pe3yabTarhl ncejiegoBanuii

OCHOBHBIMH JUHAMHYECKUMH MokazaTermsiMu udpoBeix ®CC, crnocoOHBIMU
OKa3bIBaTh BIMAHUE Ha MOBEJECHUE U3MEPUTENBHBIX OPraHOB, CO3/aBasi yCIOBU
JUTST M3THUINHUX cpabaTeiBaHuil npu BHemHuX K3 u 3amensenus cpabaTbiBa-
HUs 1pu BHyTpeHHuX K3, a Takke MpensaTcTBYIOMIUMHU JOCTH)KEHUIO BBICOKOU
YYBCTBUTEIBHOCTH, SIBJIAIOTCSI OBICTPOACHCTBHE, NUHAMHYECKAs IOIPEIIHOCTb
Y BBIXOJHOM cuTHaN Hebamanca [10].

BrictponeiictBue ®CC MOXKHO OLICHUTh BPEMEHHBIM MHTEPBAJIOM C MOMEH-
Ta MOJA4X Ha BXOJ COOTBETCTBYIOIIEH CHCTEMBI CUTHAJIOB 10 MOMEHTa JIOCTHU-
YKEHHS BBIXO/IHBIM CUTHAJIOM 33JJaHHOTO 3HAYECHHS.

Junamudeckast (as3oBasi MOTPEIIHOCTb SBISETCS (QYHKIMEH BpeMEHH WU
IpezcTaBiseT coOOl pa3sHOCTh TEKYIIUX 3HAUCHUH (a3 BBIXOAHOTO M BXOAHOTO
curHanoB @CC, nocieaHuii U3 KOTOPBIX CYOPMUPOBAH IO MIEPBLIM FAPMOHHKAM
CHCTEMBI BXOAHBIX CUT'HaJ0B. CpaBHUTENbHYIO OleHKY PCC 1o JaHHOMY MOKa-
3aTeN0 MOXHO IPOBOJAUTH IIyTEM COIOCTABJIEHMS YPOBHEH UM XapakTepa H3Me-
HEHUH yKa3aHHOMN IOTPEIIHOCTH.

BrixonHo# curHan HebanaHca nmpeacTaBiseT cobolt curHan Ha Bexone ©CC
IIpY 110/1a4€ Ha €ro BXOJl CUCTEMBI CUI'HAJIOB, HE COJEpKallell BBIACIIEMON I10-
cnepoBatenbHocTd. CpaBHuTh PCC 1O 3TOMY IOKa3aTENI0 MOXHO, OLIEHHBAs
YPOBHHU U XapaKTep U3MEHEHUS BBIXOAHBIX CUTHAJIOB HeOalaHca.

Ha puc. 1 npencraBneHs! 3aBUCUMOCTH, OTpa)Karollie JUHAMUYECKHE MOKa-
3aTenu  pa3paboTaHHOTO (GWIBTpAa TOKOB OOpaTHOH TOCIIEA0BaTEIbHO-
ctu (OTOII) u ananornuHoro ¢puibtpa Oypbe npu AByxdazHom K3 ¢ BXogHbIM
BO3/IEICTBHEM, TPUOIMIKEHHBIM K CHHYCOUIaJIbHOMY CHUTHAITY.

B moment Bpemenu 0,04 ¢ (puc. 1a) Boznukaet neyxdaznoe K3, npu xoro-

pPOM BTOPHUYHBIE TOKHU I, |, I, SBIAIOTCSA CHHYCOMIaNbHBIMHU. [Ipu 5TOM B pas-

C
paboranHOM (prutbTpe U GrIbTpe Dyphe MOABIAETCS TOK OOPATHOHN IMOCIeI0Ba-
tenbHOCTH (pHcC. 1D).
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Puc. 1. lunamuka GuIIbTpa TOKOB OOpaTHOM MOCIIEAOBATEIBHOCTH P IBYX(Pa3HOM KOPOTKOM
3aMBIKaHUH C BXOJHBIM BO3/I€HCTBHEM, IPHOJIIDKEHHBIM K CHHYCOUAANEHOMY CHUTHAIY:
a — BTOPUYHBIE CHHYCOUIANIbHBIE TOKU (a3 iy, i, I¢; b — TOK 00paTHOI 10CIIe10BaTENBHOCTH
B QuIbTpe; ¢ — AMHaMu4Yeckas (a3oBasi MOrpeIHoCTh; 1 — B pa3paboTaHHOM (QHIBTPE TOKOB
00paTHOH MocIe0BaTeNFHOCTH; 2 — B (PHIIbTpe TOKOB 00paTHOI mocnenoBaTeabHOCTH Dyphe;
3 — 3a/1aHHBII TOK

Fig. 1. Dynamics of the negative sequence current filter in case of a two-phase short circuit
with an input effect close to a sinusoidal signal:
a — secondary sinusoidal currents of iy, iy, i phases; b — negative sequence current in the filter;
¢ — dynamic phase error; 1 — in the negative sequence current filter that has been developed;
2 — in the negative sequence current Fourier filter; 3 — set current
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OueBuaHo, uto B paspaboranHoM DTOII ykazanubii Tok (puc. 1b, kpu-
Bas 1) Hapactaet ObicTpee, yeM B @TOII Dypoe (puc. 1b, kpusas 2): B mepBom
cllyyae OH JIOCTUTaeT 3Ha4eHUs 3aJaHHOro Toka (puc. 1b, kpuBas 3) B MOMEHT
Bpemenu 0,042 c, a Bo BropoM — 0,05 c. [Tocne otkmtouenus asyxdasznoro K3
B MoMeHT Bpemenu 0,13 ¢ (puc. 1a) Tok 00paTHOI MociIe0BaTENFHOCTH B pas-
paborannom OTOII (puc. 1b, kpuBas 1) cnamaer Obictpee, yem B @TOIT Oypoe
(puc. 1b, kpuBas 2).

[IpencraBnenHble Ha puc. 1C 3aBHCHMOCTH TOKa3bIBalOT, YTO B pa3pado-
taHHOM ®TOII nmunamuueckas ¢azoBas morpemHocTs (puc. 1C, kpusas 1) cy-
LIECTBYET B TE€UEHHE TOIrO e MpoMexyTka BpeMmeHH, uTo U B OTOII dypse
(puc. 1c, xpuBas 2), oIHaKO €€ ypOBEHb Ha HadanbHOM d3Tane K3 3Haumnrtens-
HO MEHBIIIE.

AHanu3 pesynbraroB ucciaenosanus noseaeHus OTOII B npyrux Hecum-
METPUYHBIX PEXKHMaxX INPH CHHYCOMAAIBHBIX BXOJHBIX BO3AECHUCTBUSAX CBHJE-
TEJNBCTBYET, YTO pa3paboTaHHbIH QUIbTp B cpaBHeHUH ¢ HunbTpoM Dypre ume-
er Oosee BBICOKOE OBICTponeiicTBME M OONamaeT NyYIIUMH JUHAMHYECKUMH
CBOMCTBaMH.

Ha puc. 2 npeacrtaBieHbl 3aBUCUMOCTH, AHAJOTHYHBIE MPUBEIACHHBIM
Ha puc. 1, mpu BXOJHOM BO3/AEHCTBHHU, NPUOIMKCHHOM K PEaJbHOMY BTOPHY-
HOMY TOKY.

IMocne BozuukHOBeHHs AByX(asHoro K3 B Moment Bpemenu 0,04 ¢ (puc. 2a)
TpaHC(OPMATOPBI TOKA MOBPEXKIEHHBIX (a3 BXOAAT B PEXKUM HACHILIEHUS Cep-
JE€YHHUKOB I10]1 BO3ACHCTBUEM COIEPIKALIMXCS B TOKAX arneproOIUIECKUX COCTaB-
JSIOIUX. AHAIU3 M3MEHEHUH TOKOB 00paTHOU mocienoBaTensHocTH (puc. 2b)
1 TuHaMudeckux (a3oBBIX morpenrHocteil (puc. 2c¢) B pazpaborannom OTOII
u OTOII Oypre npu HecumMeTpuuHbIX K3 ¢ pearbHbIMU BTOPUYHBIMUA TOKaMHU
JaeT OCHOBaHMA AJIS BBIBOJA O Ooiee BBICOKHMX AMHAMHUYECKHX CBOMCTBax mep-
BOT0 ()MIIBTpPA 1O CPABHEHMIO C BTOPBIM B ATHUX pexumMax. Pasmuuune B ObicTpo-
neticteun uccnexyeMbix @TOII Bo3pacTaeT ¢ yBenIndeHHEM CTEIIEHH HACHIIIIE-
HUS CEepICUYHUKOB TpaHChopMaTopoB Toka (puc. 2b).

Ha puc. 3 mokaszano m3meHenue TokoB HeOamanca B @TOII mpu Tpexdas-
HoM K3 c BxomHeIM BoO3AeHCTBHEM, NPUOIMKCHHBIM K CHHYCOHIAJIBHOMY
CUTHAILy.

B momenT Bpemenn 0,04 ¢ Bozaukaet tpexdasznoe K3 (puc. 3a), B pesyibTa-
te uero B ®TOII mosBaseTcst Tok Hebamanca (puc. 3b), KoTopsrit H3MeHsIETCS BO
BPEMEHH M IIOCJIE 3aBEPLICHUS IEPEXOJHOro mpolecca ucdesaer. Makcumaib-
HOe 3HaueHHWe TOoKa HebamaHca B paspaboranHom DTOII (puc. 3b, xpuBas 1)
Heckobko Ooubie, uem B @TOIT Dypwe (puc. 3b, kpusas 2). [Ipu sTom yka-
3aHHBIM TOK B pa3paboTaHHOM (MIBTpPE 3aTyXaeT 0ojiee WHTEHCHBHO, YeM
B (umstpe Dypne. [locme orkmodenus tpexdaznoro K3 B mMomeHT Bpeme-
uu 0,125 ¢ (puc. 3a) Takke mosBIAETCS TOK Hebamanca (puc. 3b), xapaxrep
WM3MEHEHUS U BPEeMs CYLIECTBOBAHUS KOTOPOTO MPUMEPHO TAKHE K€, KaK U MPH
BozHUKHOBeHMH K3.
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Puc. 2. Tnnamuika QUIbTpa TOKOB 00paTHOI HOCIIE0BATEIBHOCTH TIPU BYX()a3HOM KOPOTKOM
3aMbIKaHUH C BXO/IHBIM BO3JCHCTBHEM, IPHOIMKCHHBIM K PEalbHOMY BTOPHYHOMY TOKY:

a — peasbHble BTOPHYHBIC TOKH (a3 ig, iy, Ig; b — TOK 06paTHOI MoC/Ie0BATENEHOCTH B (DHIIBTPE;
¢ — IuHaMu4eckas (pazoBasi MOrPEITHOCTE; | — B pa3paOOTaHHOM (QHIBTPE TOKOB 0OpaTHOMH
[OCJIEI0BATENILHOCTH; 2 — B (pUIIBTpE TOKOB 00paTHOH mocinenoBatensHocTu Oypbe;

3 — 3a/1aHHBII TOK

Fig. 2. Dynamics of the negative sequence current filter in case of a two-phase short circuit
with an input effect close to a real secondary current:
a — real secondary currents of iy, iy, ic phases; b — negative sequence current in the filter;
¢ — dynamic phase error; 1 — in the negative sequence current filter that has been developed;
2 — in the negative sequence current Fourier filter;
3 —set current
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Puc. 3. Tok HebanaHca GUIBTPa TOKOB 0OPATHON MOCIEI0BATEIILEHOCTH IPH TPeX(Pa3HOM
KOPOTKOM 3aMBIKaHHH C BXOIHBIM BO3ZEiCTBUEM, IPUOIMIKEHHBIM K CHHYCOHIAIbHOMY CUTHAILY:
a — BTOPUYHbIEC CHHYCOHIAIBHBIC TOKH (a3 iy, Ip, ic; b — TOk HeOananca B GpuibTpe;

1 — B pa3paboTaHHOM (QHUIIBTPE TOKOB 0OPATHOM MOCIICI0BATCIBHOCTH;

2 — B huiIbTpe TOKOB 00paTHOH mocieoBaTensHocTH Pyphe

Fig. 3. The unbalance current of the negative sequence current filter in case of a three-phase
short circuit with an input effect close to a sinusoidal signal takes place:
a — secondary sinusoidal currents of i,, iy, ic phases; b — unbalance current in the filter;
1 —in the negative sequence current filter that has been developed;
2 — in the negative sequence current Fourier filter

Ipu tpexdaznom K3 co cioxkHbIM BXOAHBIM BO3/ICHCTBUEM, TPHOIHKEHHBIM
K peaTbHOMY BTOPHYHOMY TOKY, B 00oux DTOII Tok HebamaHca MeeT ITOUTH OfH-
HAKOBBIA CJIOJKHBIN XapaKTep M3MEHEHHS, a JUIUTEIHHOCTh €ro CyIIEeCTBOBAHUA
3aBUCHT OT CTEIIEHU HACKIIICHUS CepICTHIUKOB TPAHC(HOPMATOPOB TOKA.

PestoMupyst M3M0KEHHOE BBIIIE, CIEAYeT OTMETHTb, YTO pa3pabOTaHHBIN
OTOII umeert B 1,2-1,4 paza Gosnee BEICOKOE OBICTPOACHCTBUE U JIyUIlIne AUHA-
MHUYECKHE MOKa3aTelIn 110 CPABHEHUIO C aHAJIOTMUHbIMU (GuiibTpamMmu Dyphe.

W3 mpennokeHHBIX BBIIIE BAPUAHTOB peau3aluil (GUIbTpa TOKOB HYJIEBOH
nocienoBatenbHOCTH (D THII) Gosee mpeAnOYTHTEIBHBIM MPEACTABISIETCS] BTO-
pOii, B OCHOBE KOTOPOTO JISKUT BeIpakeHue (3). OueBUAHO, YTO 3TOT BapUAHT
CYLIECTBEHHO TPOILIE B aITOPUTMHYECKOM OTHOLIEHUH M OTJIMYaeTcsa 0ojiee BbI-
COKUMH TUHAMHYECKUMH CBOHCTBAMH.

Ha puc. 4 mpuBeneHbl 3aBHCHMOCTH, XapakKTepU3YIOIINE IMHAMHUYECKHE
cBotictea @THII mpu K3 Ha 3eMITI0 ¢ BXOJHBIM BO3IEHCTBHEM, PHOIMIKEHHBIM
K BTOPUYHOMY TOKY HYJICBOM IOCiemoBaTenbHOCTH (puc. 43). AHAIN3 N3MEHe-
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HUM TOKOB B (uubTpax (puc. 4b, xpuBbie 1, 2), a Takke TUHAMHYECKHX (a-
30BBIX TIOTPENIHOCTEH (prc. 4C, KpuBBIe 1, 2) maeT OCHOBaHUS IS BBIBOJA O 00-
JIlee BBICOKHMX THHAMHUYECKHUX CBOHcTBax paspaboranHoro ®THII B cpaBHeHUH
¢ ®THII ®ypre. D10 MOATBEPKIAETCS pe3ybTaTaMu HcclieqoBaHuil u mpu K3
Ha 3€MJII0 C CUHYCOUJAJIBHBIM BXO/JHBIM BOS)Z[GI‘/'ICTBI/ICM.
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Puc. 4. lnnamuka QuibTpa TOKOB HyJI€BOH IOCIIEA0BATENbHOCTH IPU KOPOTKOM 3aMbIKAHUHI
Ha 3eMJIIO C BXOIHBIM BO3JIEHCTBHEM, PUOIIKCHHBIM K peaIbHOMY BTOPHIHOMY TOKY:
a — peabHbII BTOPHYHBII TOK HyJIEBOI MOCIIEIOBATEILHOCTH; b — TOK HYJIEBOH IOCIEI0BATEIBHOCTH
B QuibTpe; ¢ — AMHaMu4Yeckas (a3oBasi MOrperHoCTh; 1 — B pa3paboTaHHOM (QHIBTPE TOKOB
HyJICBOH IIOCIIEZIOBATENILHOCTH; 2 — B (DUIIBTPE TOKOB HYJIEBOH mociieoBatensHocTd Pypbe

Fig. 4. Dynamics of the zero sequence current filter in case of a short circuit
to the ground with an input effect close to the real secondary current:

a—real secondary current of the zero sequence; b — zero sequence current in the filter;
¢ —dynamic phase error; 1 — in the zero sequence current filter that has been developed;
2 —in the zero sequence current Fourier filter
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Ha puc. 5 npuBeneHs! 3aBUCUMOCTH, OTpaXkarolllie M3MEHEHHE TOKa Heba-
nanca B ®THII npu tpexdaznom K3. Ilpu cuHycOMTaIbHOM BXOIHOM BO3-
nerictBun Toku HebOamanca B paspadoranHoM OTHII u ®THIT dypre umeroT
CXOXKMH XapakTep M3MEHEHHUsS MPU OTJIMYAIOIIMXCS MaKCHMANbHBIX 3HAYCHU-
sax (puc. 5a). B ciydae CIIOKHOTO BXOJIHOTO BO3ICHCTBHUS TMOSBIAIOTCS Oojiee
BBICOKHE 3HAauCHUs TOKOB HebOamanca (puc. 5b). OCHOBHOE OTIHYHE COCTOWT
B TOM, 4TO B paspaboranHoM DPTHII Tok Hebamamca 3aryxaer ObICTpee, YeM
B OTHII ®ypse.
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Puc. 5. Tok HebanaHca (HUIBTPa TOKOB HYJIEBOH TOCIIEAOBATEIBHOCTH MIPU TPeX(Pa3HOM KOPOTKOM
3aMbIKaHUU: a — C BXOAHBIM CHUHYCOUJaJIbHBIM BOS}IeﬁCTBHeM; b — o CIIOXHBIM BOSZ[eﬁCTBHeM,
MPUONMKEHHBIM K PeabHOMY BTOPHYHOMY TOKY; | — B pa3paboTaHHOM (GHIBTPE TOKOB HYJIEBOI
MOCJIeJOBATENHLHOCTH; 2 — B (PHIIBTpE TOKOB HYJIEBOI MOciIenoBaTeIbHOCTH Pyphe
Fig. 5. The unbalance current of the zero sequence current filter in case of a three-phase short
circuit with an input effect close to a sinusoidal signal: a — with an input sinusoidal effect;

b — with a complex effect, close to the real secondary current; 1 — in the zero sequence current
filter that has been developed; 2 — in the zero sequence current Fourier filter

PestoMupyst BBIIEU3TOKEHHOE, MOXXHO OTMETHTh, YTO pa3paboTaHHBII
OTHIT B cpaBaenun ¢ ®THII dypre mmeer B 1,1-1,5 paza Gomnee BbIco-
KO€ OBICTPOJECHCTBHE M OTJIMYACTCS YIIyYIICHHBIMH ITUHAMHYECKUMH IOKa3a-
TCISIMU.
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BbIBO/IbI

1. Peanuzanuio nudpoBeIX QUIBTPOB CHMMETPUYHBIX COCTABISIONINX BXOI-
HBIX CHI'HAJIOB MHKPOIPOLIECCOPHBIX 3aIIUT MPENNOYTUTENHFHO OCYIIECTBISThH
C HUCTONBb30BaHHEM (HOpMHUpOBATENICH OPTOTOHAIBHBIX COCTaBISIIOIIUX C KOp-
peKnuell TMHAMUYEeCKOH MOTPEIIHOCTH.

2. Pazpaborannbie 1uQpoBbie QUIBTPHI TOKa OOpPaTHOW W HYJNEBOW MoCie-
JIOBAaTEJIbHOCTEN € KOPPEKUMEH AMHAMUYECKOW MOTPEIIHOCTH MO CPABHEHUIO
C aHAJIOTMYHBIMH Ha OCHOBE OPTOTOHANBHBIX cocTaBisitomnx Dypre uUMEOT
B 1,1-1,5 pa3a Gonee BbICOKOE OBICTPOJCHCTBUE U OTJIMYAIOTCS YIIyYICHHBIMH
JMHAMUYECKUMH NTOKa3aTeIISIMU.
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