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AKTYanbHOCTb paboTbl 00y CIIOBIEHa M3MEHUBLLEVCS CTPYKTYPOU 371EKTPONOTPEbIeHNS, CBA3AHHOM C POCTOM 0N HENMHENHBIX Harpy-
30K ¥ HEObXOAMMOCTbIO JOCTOBEPHOIO OMPEAeseHNs UCTOYHMKOB rapMOHMK B PACTPEAENUTENbHON CETY [N1S 3hEKTUBHOMO yHKLMO-
HUPOBAaHWS CUCTEMbI LLUTPAGHOB 1 CaHKLMN.

Llenb paboTbi: 1CCieq0BaHys 10 ONPENENeHII0 BUHOBHUKOB UCKaXeHWS KPUBOV HaNpPSXXEHWS B TOYKe 0OLLEro noaK/oYeH s Ha npu-
Mepe ynpoLLEeHHOV MOAESM CUCTEMbI 31eKTPOCHAOXeHUS.

MeTopabl uccnegoBaHus. PexviMbl paboTsl MOAEM PACCHUTBIBAIOTCS C MOMOLLbIO MpunoxeHns Simulink, BXoAsiLLero B naket nporpamm
Matlab 2014a. [ns MogenvpoBaHus cronb3oBanace bubvoreka SimPowerSystem, B COCTaB KOTOPOU BXOAAT MaTeMaTdyeckime Moge-
I OTAESbHbIX INEMEHTOB 3IKTPOIHEPreTUHeckoro obopynoBaHus. oy BbIboOpe napaMeTpoB MOAEIM PachpeneUTEIbHON CETU UC-
M071b30BanNCh akTUBHbIE COMPOTUBICHNS, MOACMPYIOLLME KabesbHbIE IMHMN U HAarpy3Kku, NS yrpoLLeHns pacyeTos. [ns onpeaene-
HUS BENIMYMHBI Y 3HaKa MOLUHOCTY FapMOHYIK MPUMEHSIOCh npeobpa3osaHme Pypbe.

Pe3ynbTatbl uccnegoBaHus. [poBeneH 0630p CyLLeCTBYOLMX METOLOB ONPEAENEHNS BUHOBHUKOB HaPYLIEHVS CUHYCOMAANbHOCTY
KPUBOW HAMPSIXXeHWs B TOYKE 0DOLLEro MoAKIOYEHS PaCcipeaennTensHON CeTH, OrpenesneHbl 1x JOCTOMHCTBA 1 HEAOCTaTKu. Ha npume-
pe ynpoLYeHHOM MOAEM CUCTEMbI ITEKTPOCHAOXEHWS POBEAEHbI U3MEPEHIS 3HaKa 1 BEMYMHBI MOLLHOCTY rapPMOHUK B TO4Ke 0bLLe-
o NOAKIIOYEHVS Y Ha KIeMMax noTpebutenevi Ans MCKaxaroLmx v HeMckaxaloLwmx Harpy3ok. 1o pesynibTataMm u3MepeHuii onpeaene-
Hbl OT/INYUS B 3HAYEHMSX M3MEPEHHBIX MOLLHOCTEV FapMOHVK B TOYKE OOLLEro MoAKMOYEHS v Ha Kinemmax notpeburenen. Onpeaene-
Hbl HEKOTOPbIE MPU3HAKIM HaNNYKs MCTOYHUKOB BbICLLIMX FAPMOHMK B Harpy3ke notpebuteneii. [pennoxeH HoBbIV NOAXO0A K onpenesne-
HUIO MCTOYHVKOB rapMOHWK B PacrpenennTesisHou Cety no MeTody, OCHOBAHHOMY Ha M3MEPEHUM 3HaKa 1 BENYUMHBI UCKaxatoLyen
MOLLHOCTY, COrIacHO KOTOPOMY PEKOMEHAYETCS NEPEHECTY TOYKY M3MEPEHIS MOLLHOCTY rapMOHUK 13 TOYKM OBLLEro MOAKMOYEHNS Ha
K/ieMMbl noTpebuTens.

Knio4eBble cnoBa:
KayecTBo 31eKTpO3HePrm, rapMOHMKM, MOLYHOCTb UCKaXeHWS, KOS OULUNEHT rapMOHMK, CTOYHUK MCKaXEHWS.

BeeaeHune 2. Biuanue Ha cuCTeMBI Iepefaur JAHHBIX IO CHLIO-
Hanwuwne HeTMHENHBIX HATPY30K U POCT YHMCJIA CH- BBIM CETAM. F{PMOHHRH TPEAICTaBIAIT COOOM 10-
CTEM pAacCIpeieIeHHON TeHepauy 3JeKTPOIHEPTUN Mexy Hecyller YacToTe amnmapaTypbl Iepefain
IPUBOJAT K MCKAKEHUIO (I)OpMI)I KPUBBIX HampsiKe- JAHHBIX 110 CLJIOBBIM CETAM, UYTO BEISBIBAET IIOTEPIO
HUS ¥ TOKA B cucreMax dnerrpocHadxenus (CIC), To AAHHBIX U HEKOPPEKTHYIO paboTy yAaIeHHOTO 00o-
€CTh K IIOABJIEHUIO MaPMOHUK TOKA M HANPAKeHUd. Pyn0BaHKA, NCIOJIB3YIOIIETO TAKOU TUII CBASH.
ITpu sTOM sHeprocucrTeMa 00sI3aHa IOCTABIATD JJIEK- 3. BoubIne noTepy u eperpes CHHXPOHHBIX 1 ACHH-
TPOIHEPTHUIO TOJIBKO O0CHOBHOHI uacToThl 50 I'm ¢ mo- XPOHHBIX MallNH. .
CTOAHHOM aMILTHTYLOM. 4. YBenmueHVe HANIPSKEHUN U TOKOB TADMOHUK B Ce-
ITpo6aema rapmorux B CIC me HoBa. Eme B 30-x TH U3-3a MOCJIeJ0BATENbHOT0 WA IapaJlIeIbHOr0
rr. XX B. B reHepaTopax HaOJIOJaNINCh MCKAMKEHUS PE30HAHCOB.
KPUBBIX TOKA U HaNpsKeHuA. BosmeiicTBue rapmo- 5. IlpoGoii ugonsum Iga6eJH)HI>IX JIHWUHA B PE3YJIbTa-
HUK UpeBaTO HapyIleHueM paboThl SHEPreTUUYECKOTr0 Te IIePeHAlIPAKEHNN, BISBAHHBIX TADMOHNKAMU.
060pY/IOBAHNS ¥ BPEAHBIM BOSAEICTBIEM Ha dJIEKTPO- 6. Ilomexwu, co3maBaeMble T€JIEKOMMYHUKAIIMOHHBIM
IpUeMHUKY ToTpeduTens. HexkoTopsle mocaeqcTBus CUCTEMaM.
BOBJIEMCTBUA rapMOHUK BKJIOUAIOT B ce0s [1, 2]: 7. BuusHne Ha TOYHOCTH IPUGOPOB yUETA AIEKTPO-
1. Beixox m3 crTpos OGaTapeil KoHIeHcaTOpoB. Ilpm onepruu [3]. .
TIPEBHINNIEHUY TapPMOHUKAMHU TOKA JOITYCTUMBIX 8. Hapymenue pabOTBl yCTPOUCTB BAIUTHI WJIH
ypOBHell KOHJeHCATODHEIe OaTaped He MeHIOT yXyAuleHue ux xapaxrepuctuk. OcobeHHO UyB-
CBOMX XapaKTEPUCTHK, HO OBICTPO BBIXOAAT W3 CTBUTEJBHBI K TADMOHUKAM IIOJYIIPOBOJHIUKOBEIE
CTPOSL. 7 MUKPOTIPOIIECCOPHBIE CHCTEMEI.
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9. BiusaHue Ha 4aCTOTHO-PETYJIUPYeMble IPUBOIBI U
CHCTEMBI BO30YIKIEHUS TeHepaTOPOB dJEKTPO-
CTaHIIHH.

10.Bubpanuu Bana aCHHXPOHHBIX ¥ CHHXPOHHBIX Ma-
IIIHH.

11.HecrabuabHas paboTa mu(pOBBIX pejie, UCIOJIb-
3YIOLTUX B CBOEH paboTe aJrOpUTMbI, OCHOBAHHbIE
Ha aHajM3e BBIOOPKHU JAHHBIX WU OIPeIeIeHUN
TOUKH TepeceueHus HYJsS CATHAJIAMHU HATIPSKe-
HUS WK TOKA.

ITocnencTBus BO3melCTBMS TapMOHUK TaKiKe 3a-
BUCAT OT HUCTOYHUKA TAPMOHUK, €70 PACIIONOKEHHS B
C3C u xapakrepucTtuk cetu [1]. Oxuu u Te ke rapmo-
HUKY OT Pa3jINYHBIX HCTOYHUKOB MOI'YT IIPOU3BOLUTE
pasnuuHBIA 5()PeKT B 3aBUCUMOCTH OT UX (ha3oBOTO
yTJa 10 OTHOIIEHUIO K OCHOBHO¥ rapMoHUKe [2].

ITo omeHKe €BPOMENCKMX HAYYHO-MCCJIETOBATEND-
CKUX YUPEXKAeHHUI, B Pesy/JbTaTe HU3KOIO KauecTBa
SJIEKTPUYECKON SHEPIUHU B IPOMBIILIEHHOCTH IPOKCXO-
qut motepst 6osee 150 mupx eBpo B rog. W3 HuX Ha 100
rapMoHuK mpuxoautcs 1,3 mipx espo[4]. Ho eciu B3ATH
BO BHUMAHe BO3/IEHICTBIIE TAPMOHUK Ha aTnapaTypy pe-
JIEWHOH 3aIIUTHI ¥ CBA3AHHBIE C OTUM BO3MOXKHEIE OT-
KJIIOUeHNs MOTPeOuTeNel, To yIrepd MOXKeT COCTAaBUTh
cyMMEI 6oJ1bItIero mopsaka — 10 100 mupz espo [4].

OHeprocHabKaIINe OPraHU3anuy OOBIYHO CHH-
MaioT ¢ cebs 0TBETCTBEHHOCTD 32 TPUUYMHBI BOSHUKHO-
BeHUsA TapMOHUK, BBOJSA CTaHAAPTH UM PEKOMEH -
I[MX 10 OTPAHWYEHUIO YPOBHEH rapMOHMYECKHX CO-
CTaBJAIONINX B TOUKAX OOIETr0 MPUCOeTUHEHHUs II0-
Tpebutesei [2]. 9TM TOKYMEHTHI HE YUMTHIBAIOT CO-
craB obopygoBanusg CIC 1, COOTBETCTBEHHO, YIIepoO,
KOTOPBI MOT'YT HAHECTY TAPMOHUKH CETEBOMY 000Dy -
TOBAHUIO ¥ 000PYIOBAHUIO IIOTPEOUTENS.

VYOBITKY, KOTOPBIE HECYT CYO'BEKTHI TIPOIiecca pa-
CcIIpe/ieJieHns dJIeKTPIUUECKON SHEPTUH OT YXYALIeHNS
ee KauecTBa CBepPX AOMYCTUMBIX HOPM [5, 6], JOTKHBI
OILIAUMBATHCA BUHOBHUKAMY HAPYIIEHUS KAauecTBa.
Ilns aTOr0 HEOOXOAMMO OIIPEeNUTh UCTOUHUKY Iap-
MOHUK ¥ OIIeHUTH CTeIeHb YUACTUSA KaKJOTO B HAPY-
IIIEHWY CUHYCOUJANTBHOCTH, UTOOBI C TIOMOIIBIO CHCTE-
MBI IITPad)oB U CAHKIUI CTUMYIHPOBATEL IIOTPeOUTe-
Jisg, MCKAMKAIIero mapaMeTphl KauecTBa SJEKTPO-
9HEPIUHU, YCTAHABJIMBATL Yy Ce0S KOMIIEHCHPYIOIee
obopynoBauue.

AHanus JinTepaTypHbIX UCTOYHMUKOB

Ha cerogusimnnii 1eHpb HeT OOIIEIPUHATOr0 METO-
na 1y o0HAapYyKeHWsS BUHOBHUKOB HADYIIEHUA CH-
HYCOUJAJTbHOCTY HANpsKeHud [7].

B nureparypubix ncrounukax [8—12] MoKHO BBI-
JIeJIUTH JIBE TPYIIIEI TOAXO0O0B K OTPEIeIeHUI0 UCTOY-
HUKOB HCKAKEHUI KPUBON HANPSAKEHU B TOUKe 00-
mero moakarouenus (TOIT) [13]:

1. T'pymma, ocHoBanHas Ha usmepenusax B TOII ¢ us-

BECTHBIM WJIM HEM3BECTHLIM COIPOTHUBJIEHUEM Ce-

THU U TIOTPeOUTEINA.

2. Tpymma, ocHOBaHHAA HA W3MEPEHUAX, B3ATHIX B

Da3IMYHBIX TOUKAX CHCTEMBI 3JIEKTPOCHAOKEHNH,

C WCIIOJb30BAHUEM METOAUK OIIEHKM COCTOSHUSA

cucteMsl [14].

Bropas rpymnmna mogxo/j0B 0 OIPeAeTeHUI0 HCTOY-
HUKA FapMOHUK MCIIOJIb3YETCA JJIs CHCTEMO00pas3yIo-
KX CeTell U mpe/Ioaraer CJI0KHbIE aJTOPUTMBI OII-
TUMUBAINN Pa3MeIeHns JaTYNKOB 10 BCell cucTeMe
9HEProCHAOKEHN I OLeHKY UCTOUHUKOB UCKaKe-
Hui (Hampumep, [15]).

Hac :xe mHTepecyeT pacupejenuTesNbHAsd CETh,
IPeBOBUAHAS CTPYKTypa KOTOPOH C eJUHCTBEHHBIM
MCTOUHUKOM MUTAHUSA OTIUYAET WX OT CJIOKHO3AM-
KHYTBIX CHCTEMOOODPA3YIONIUX CeTel W IpefoIpe/e-
JIFIeT HAaIIPaBJIeHNe IOTOKA MOIHOCTY II€PBOi rapMo-
Huku [16]. Bompoc 00 onTuMusanuy pasMeIneHus To-
YeK KOHTPOJIA He CTOUT, TaK KaK HAJ0 KOHTPOJUPO-
BaTh Kaxaoro cyorexrra CIC (o aHAIOTMM C YUETOM
TOTPe0IeHNS 3JIEKTPOIHEPTUN ).

PaccmoTpuM MeTofbI OTpeieIeH s ICTOYHUKA HC-
KayKeHUdA, OTHOCAIIVECH K II€PBOH IpymIe:

1. Merogsl, OCHOBaHHBIE HA OMpPEENEHNN 3HAKA U
3HAUEHWA MOIIHOCTU TAPMOHUKH, TeHEPUPYeMOi

MCTOYHWKOM BBICIIUX rapMOHUEK [17]:

U.l,.+U.l U, L, —U 1

F)i: ICI[12 ISIS;Q:%,

rae P, Q, — akTUBHAS ¥ peaKTUBHAS MOIIHOCTH i-i

rapmonuky; U, U, — KOCHHYCHASA ¥ CUHYCHAs COCTa-

BJISIONIAS AMILIATYAbl HAMPSKEHUA i-if TADMOHUKHY;

I, I, — KocUHYCHAS U CUHYCHAS COCTABJIAIONIAA aM-

IJIATYABI TOKA i-i TADMOHWKH.

2. Merox medopmupyiolneir u He Ae(OpMUPYIOIIEH
marpysku (deforming and non-deforming load)
[18], corsacHo KOTOPOMY M3MEPEHHBIH TOK i(t) AB-
JgeTcsa cyMMo# He gedopmupyoriero i(t) u me-
(opmupyromero i,(t) TOKOB:

i () :i ! V2U, sin(kot + 6, +k(e, —6))),

Ul
Iy (1) =1(t) i, (1),

rae U,, I, — meficTByIoIIre 3HAUCHNUS HATPAKEHUA 1

TOKa IIePBOM TapMOHUKH; 0, ¢, — (a3sl TOKA 1 HATIPA-

JKeHUA TePBO rapMOHUKY; 6, — dasa k-1t TapMOHUKN

HATIPAKEHN.

3. Merox mckaKamwInero M He MCKA)KAMIIET0 TOKa
(distorted and non-distorted current) [19]. Ha-
IPy3Ka IPEJCTABISIETCA B BUJE SKBUBAJIEHTHOTO
JIMHEHHOTO COIPOTUBIIEHNS IEPBO FAPDMOHUKE:

U
‘Zl‘:*l'

Il
rae U,, I, — pelicTByromiue 3HaUeHUA HANPAKEHUA U
TOKA IIepBOoii rapMouuKu, usmepenusie B TOIL.
Torga

R=|Z,|cosp,, X,=|Zsing, L= le ,
rf,

roe R - akTuBHaA COCTaBJIAIOIIAA COIIPOTHUBJIEHNA Ha-
rpysku; X, — peaKTHBHOE COINPOTUBIEHUE HATPY3KU
IIePBOIl FapMOHUKeE; (), — PA3HOCTh (ha3 MeKIY BEKTO-
paMy HampsKeHWs ¥ TOKA IIepBOil rapMoHuKM; f, —
gacrora cetu (50 I'm); L — pacueTHAA WHIYKTUBHOCTD
HArpysKH.
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PacueTHoe CONpOTHBIEHNE HATPY3KM TapMOHH-
KaMm:

X, =27k L,

rae K — mopsAgox rapMOHUKH.
IIpexmnonaras, uTo R He 3aBUCUT OT YACTOTHI 1 03
yueTa IOBEPXHOCTHOTO apderTa:

_ 2 2
Z,|=R*+ X,
a2 X,

R

Tok, moTpebiseMblii HIeanbHON JHHEHHONW Ha-
I'PYy3KOI:

n
i (t) = Ziﬁsin(znkflt +(6 -q)),

=z,
rae 0, — Gasa BeKTOpa HANPAXKEHU K-il rapMOHUKMY;
¢, — PA3HOCTH (ha3 MeK Ay BEKTOPAMYU HANPAXKEeHUA U
TOKA k-1 TapMOHUKH.

PasHuma mMexny M3MepeHHBIM TOKOM M Pacyer-

HBIM MJ1€aJIbHBIM TOKOM Ha3bIBA€TCA HeJUHENHBIM TO-
KOM:

0. =1

(O =10 -k ),
rue i(t) — ©BMepeHHBIN TOK.

CpaBHUTEIHHBIN aHAJIN3 STUX METO/IOB OIIpe/ieie-
HUA NCTOYHWKA MCKaKeHN puBeseH B [13].

B BBIIIIEOTIICAHHBIX METOAX ONPeieJIeHUA UCTOU-
HUKA FapMOHUK BCE MBMEPEHUS MPOBOAATCA B TOUKE
0011er0 MoK II0UeHNA. BTOPOii 1 TpeTuil u3 mepeun-
CJIEHHBIX METOJIOB OIpe/ie/IeHIs BUHOBHUKA UCKaKe-
Hua KpuBoi Hanpsxerua B TOII ucxopar us mpepro-
JIO:KEeHUSA JUHEHHOCTH COMPOTHBICHUS HATPYSKU HA
BCEX YACTOTAX, UTO ABJAETCA HE COBCEM KOPPEKTHBIM.
Hanmpumep, Hamnume QUIBTPOB BBICIIMX TApMOHUK
CBOJMT Ha HET 3TO IIPeAmoJoKeHre. Bosee yHUBED-
CaJbHBIM IIPEJICTABJAETCS METOJ OTIpe/ieJieH s 3HAKa
U 3HAUEHWS MOIIHOCTM TapMOHWKMW, TeHepHpyeMoit
MCTOUHUKOM raPMOHUK, TIOCKOJIBKY TaM HCIOJb3YIOT-
Cs TONBKO M3MEpPEeHHble BeJMYMHBI 0e3 KaKuX-I1u00
mpennosokenuii. HemocraTkoM MeToa onpeneieHnsa
HCTOYHWKA UCKAMKEHUA 110 3HAKY U BeJINYNHE MOIIHO-
CTM TapMOHUKU SBJISETCS OTCYTCTBHE ydueTa B3auM-
HBIX MOTOKOB MCKAaKaloIieil MOITHOCTH, BO3HUKA-
IONTUX MPY HAJIUYMY HECKONbKUX MCTOYHUKOB MCKa-
serusa B COC [20]. B camom gmeste, 9IC uCTOUHUKOB
TapMOHUEK MOXKET MMETb Pa3HYI0 BEJIWYMHY U BHY-
TpeHHee comnpoTuBienue. [Ipu usMepeHuu Koahhu-
I[MeHTOB rapMouuK HampaxeHusa B TOII mbr moyua-
eM KaKyi0-TO CYMMAapHYI0 BeJINUMHY — Pe3yIbTUPYIO-
Iee 3HAUEHWE BCeX MCTOUHMKOB UCKAKEHNS B CETH.

Ilo amammay nuUTEPATYPHBIX MCTOYHUKOB MOKHO
cliesaTh BBIBOJ, UTO HU OJUH U3 METOJOB OIIPefese-
HUA UCTOYHUKOB rapMoHuK B CIC He m03BOJIAET JI0-
CTOBEPHO OMpPEeJEeNUTh BCEX YUACTHUKOB MCKAMKEHUS
kpuBoit Hampsukenusa B TOII. CremoBarenbHo, s
TIOTHOTIEHHOTO (DYHKITMOHUPOBAHUSA CUCTEMBI IITPA-
(hOB U CAHKITWI 3a HAPYIIIEHNe II0Kas3aTe/ell KauecTBa
9JIEKTPOIHEPTUHU OCTAeTCA aKTYaJIbHOH mpodJema Jio-

CTOBEPHOTO OIpefieJieHNs HCTOYHUKOB TapMOHHUK B
CaC.

116

Llenu 1 3apaun nccnenosaHus

[Menpio maHHOW PAbOTHI ABMAIOTCSA MCCIEIOBAHUA
II0 OIpeJeJeHNI0 BUHOBHHKOB MCKAMEHUSI KPUBOI
HAIPIKEHNUI B TOUKE 00IIero MoK II0UeHNA.
Ilna peanusanyuy MOCTABIEHHOHN IIeJU HEOOXOH-
MO PeLIuTh CIeIYIOIINe 3aaumn:
+ cosgath ynpoireHHyio cxemy CIC ¢ HeCKOJIbKUMHI
HMCTOYHMKAMMU FaPMOHUK;
*+ IPOBECTH M3MEPEHUS BeJINUYMHBLI U 3HAKA MOIIHO-
ctu rapMoHuK, B TOII 1 Ha KiIeMMax mOTpeOuTes;
* 110 pesyJabTaTaM M3MePeHUH CAeNaTh BRIBOALI.

OHPEHEHEHVIG NCTOYHMKOB rapMOHUK Ha npumMmepe
yl1p0LI.I,EHHOI7I Mopenu cmctembl BHEKTPOCHaG)KEHMﬂ

PaccMoTpuM YIpPOILIEHHYI0 CXEMY pacIpejesu-
TEJBHOU CETH C MCKJIUUTETBHO aKTUBHBIMU COIIPO-
TUBJIEHUAMY JUHUHU 1 HATPy3Ku (puc. 1).

9IIC E1, E2 u comporunenus narpysku R1, R2
00pasyIoT NCTOUHUK MCKaKeHud, B KoTopom R1 u R2
UTPAIOT POJIb BHYTPEHHETO COMPOTUBAeHUA. [ IpH-
Mepa B3ATa 3-I TapMOHHUKA, KaK HauboJee pacipo-
CTPaHEHHAS ¥ BHAUMMA 110 BeJIUUKHE.

Bri0 mIpoBeieHo ABa IUKJIA U3MEPeHUI Beluun-
HBI ¥ 3HAKA MOITHOCTH 3-if TapMOHUKY 1 KO3 DHUIu-
€HTOB 3-11 TaDMOHVKY TOKA W HAIPAKEHNA. B obonx
cryuaax 9IC umcraxenus El sapuxcupoBana Ha
yposHe 3kB ¢ dasoii 0° (coBmagaer ¢ dasoir IIC mep-
Boii rapmMoHuKu). B mepBom nukie OIIC uckaxeHus
E2 usmenserca or Hyna no 3kB ¢ dasoit 0° (E1 u
E2 cundasusr). Bo Bropom — I[IC uckamennsa E2 rak-
JKe M3MeHsieTcs oT Hyas g0 3xB, mHo ¢ (dasoir 180
(E1 u E2 mporuBo(asusl). M3aMepenus mMpOBOSUINCH
B TOII (touku 1, 2, p) U Ha KJeMMax IOTPeOUTENI
(roukm 1°, 2°, p’). PesysibTaThl I€PBOTO MIUKJIA IIPUBE-
JeHBI Ha puc. 2 u B Ta0J. 1. PeayabTaThl BTOPOro — Ha
puc. 3 u B TadJ. 2.

Tabnuya 1. 3aBUCUMOCTb KOI(HUUMEHTOB 3-11 rapPMOHUKM TOKA 1
HarpsxxeHnsa oT Benn4uHbl E2 rpu cuHpasHbix E1u E2

Table 1.  Dependence of the coefficients of the third current
and voltage harmonic on the value E2 at in-phase
ETand E2

g | | Ko | K | K | K | Ky | Ky

%

3000 | 1,76 2,42 130,88 | 2,42 |30,88| 1,76 1,76

2000 | 1,47 2,12 | 3118 | 1,91 | 20,29 | 1,47 1,47

1500 | 1,32 1,98 | 31,32 | 1,65 | 15,00 | 1,32 1,32

1000 | 1,18 1,83 | 31,47 | 1,39 9,7 1,18 1,18

750 1,10 1,76 | 31,54 | 1,27 | 7,06 1,10 1,10

500 | 1,03 | 1,68 | 31,62 | 114 | 4,41 | 1,03 | 1,03
250 | 0,9 | 161 | 31,69 | 1,01 1,76 | 0,96 | 0,96
200 | 0,94 | 1,59 | 31,71 | 0,98 | 1,24 | 0,94 | 0,94
150 | 0,93 | 158 | 31,72 | 09 | 0,71 | 0,93 | 0,93
100 | 0,91 | 1,56 | 31,74 | 0,93 | 0,18 | 0,91 | 0,91
75 0,90 | 1,56 | 31,74 | 092 | 0,09 | 0,90 | 0,90
50 0,90 | 1,55 | 31,75 | 0,91 | 0,35 | 0,90 | 0,90
0 0,88 | 154 | 31,76 | 0,88 | 0,88 | 0,88 | 0,88

IIo pesysnbraTam mepBOro IUKJIa M3MEPEHIH MOKHO
3aMETUTH CYIECTBEHHYIO DASHUIY B BEJIUUYMHAX BTO-
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Puc. 1. YrpolueHHas cxema pacripeneniTenibHov CeTv ¢ ABYMS UCTOYHVKamMi uckaxenus ETu E2, rae Rsys — conpoTuBreHme cuctembl, R,
R2, Rp — conpotvieHus Harpy3ku 1, Harpy3ku 2 v naccuHou Harpy3sku, RI1, RI2, Rlp — conportviBneHyie ivHv, nataloLmx Harpy3-
Ky 1, Harpy3ky 2 v naccvsHyio Harpy3ky, E1, E2 = 3/1C 3-11 rapMOHVKI, reHepupyemoun B Harpyske 11 Harpyske 2, COOTBETCTBEHHO

Fig. 1. Simplified diagram of a distribution network with two distortion sources E1 and E2, where Rsys is the system resistance; R1, R2,
Rp are the resistances of the load 1, load 2 and passive load, RI1, RI2, Rlp are the resistances of the line supplying the load 1, lo-

ad 2 and passive load, E1, E2 are the EMF of the third harmonic generated in the load 1 and the load 2, respectively
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Puc. 2. 3aBUCMMOCTb MOLLHOCTY 3-11 raPMOHWMKY OT BennymHbl E2 mpu cuHgpasHbix E1 v E2, rae Py — MOLYHOCTb 3-1i rapMOHVIKM, 13Me-
peHHas B Toyke 1; Py = MOLYHOCTb 3-11 rapMOHWMKM, M3MEPEHHas B Touke 1 P, = MOLHOCTb 3-V FapMOHUKM, U3MEPEHHAs B TOY-
ke 2; P — MOLHOCTb 3-11 rapMOHVMKW, N3MepeHHas B Todke 2'; Py, — MOLYHOCTb 3-11 raDMOHVMKY, M3MePEeHHas B To4ke p, P3, =

MOLLHOCTb 3-1 FapMOHVKM, M3MEPEHHas B TouKe p’

Fig. 2.  Dependence of the third harmonic power on value E2 at in-phase E1and E2, where Py, is the power of the third harmonic me-
asured in the point 1; Py is the power of the third harmonic measured in the point 1°; Py, is the power of the third harmonic me-
asured in the point 2; P;, is the power of the third harmonic measured in the point 2'; Py, is the power of the third harmonic me-
asured in the point p; Ps, is the power of the third harmonic measured in the point p’
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Puc. 3. 3aBUCMMOCTb MOLYHOCTU 3-11 FaPMOHUKM OT Bein4mnHbl E2 npwm npotvBogasHbix E1u E2, rae Py — MOLHOCTL 3-11 rapMOHUKY,

Fig. 3.

M3MepeHHas B Touke 1, Py — MOLYHOCTb 3-11 rapMOHWKM, M3MepeHHas B Toyke 1, Ps, = MOLUHOCTb 311 rapMOHWKM, N3MEPEHHas
B TO4Ke 2, Pi; ~ MOLYHOCTb 3-11 rapMOHVIKM, N3MEPEHHas B ToYKe 2°; Py, — MOLHOCTb 3-11 FaPMOHVKW, M3MEPeHHas B TOYKe p;
P}, — MOLYHOCTb 3-11 rapMOHUKM, U3MEPEHHas B To4ke p’

Dependence of the third harmonic power on the value E2 at antiphase E1 v E2, where Py, is the power of the third harmonic me-
asured in the point 1; Py is the power of the third harmonic measured in the point 1°; Py, is the power of the third harmonic me-
asured in the point 2, P, is the power of the third harmonic measured in the point 2'; Py, is the power of the third harmonic me-

asured in the point p; Py, is the power of the third harmonic measured in the point p’

DPUYHBIX MOIHOCTEH 3-ii TapMOHWKY, M3MEPEHHBIX B
TOII u Ha KIeMMax IMOTpeduTes A, ITO CBI3AHO C IOTe-
PAMYU HA CONPOTHBJIEHUAX MUTAIOMUX JuHUN. Takxe
cTouT o0paTUTh BHUMAaHWE Ha COOTHOIIeHud P, /P, u
P}, /P;,. I3 rpadura BUAHO, C yMEHBIIEHNEM BeINUMHbL
ucraxaroreit II[C E2 moseBoe yuacTue nckaKaromnei
Harpysku 1 mo pesysbraTaM M3MepeHWH Ha KJIeMMax
norpeduTens (Touku 1’ 1 2’) cyIecTBeHHO BhIIIe, YeM
o uameperusam B TOII (touku 1 u 2). B ciryuae cundas-
HBIX nckaxxaromux IJ1C KoahunueHTs! 3-i rapMOHY-
KU Hamps:KeHUA HA KJIeMMaX MCKaKAIONINX MOTPeOH-
teneit Ky, u Ky, OyAyT Beerga Bbile KoadpunnerTa 3-
it rapmoruky Hanpaxernnus B TOII Ky, . Koahdumuen-
ThI 3-f TADMOHUKY TOKA ¥ HATPSAMKEHUA HA KJIEMMax
naccuBHO# HarpysKHu (K, Ky ) paBHBL KOahuuenty
3-11 rapmonuky Hanps:kerud B TOIL Ky, . Ilo nanHBIM
Tabs. 1 MOKHO cJielaTh BBIBOJ, UTO B CJydae cuH(as-
ueix nckaxxaromux /IC E1 u E2 mpusnakom Hammumsa
MCTOYHWKA MCKAKEHUSI B HATPY3Ke SABJAETCH IPEBHI-
IeHre KoapuinreHTamMu 3-i TapMOHUKY HATIPSMKEHMS
Ha KJeMMax norpeburensd K, u Ky;,, 3HaueHUe K03()-
¢unuenTa 3-it rapmonuku Hanpaskenusa B TOIL Ky .
KoahdunmenT 3-i rapMOHUKY TOKA Ha KJIEMMaX MCKa-
JKATOIIETO TTOTPEOMTEINA A CIydas CUH(A3HBIX MCKA-
skarorux IIC E1 u E2 mosxer ObITh HIKe K03(huIu-
enra 3-ii rapmonunku Hampskenus B TOII (Bbigesen-
HBIN ()parMeHT B Tal. 1).

118

Tabnuya 2. 3aB1CUMOCTb KOIPPULIMEHTOB 3-11 rapMOHUKM TOKa
M HarpsXXeHWs oT Be/n4nHbl E2 rpu npotnsogasHbix
ElnE2

Table 2.  Dependence of the coefficients of the third current
and voltage harmonic on the value E2 at antiphase
ETand E2
g | Ko | Ko | K | Ku | K [ Ky | Ky
%
3000 | 0,00 | 0,65 |32,65| 0,65 | 3265 0,00 | 0,00
2500 | 0,55 | 0,80 | 3250 0,40 | 27,35 | 0,55 | 0,15
2000 | 0,29 | 0,95 |3235| 0,74 | 22,06 | 0,29 | 0,29
1800 | 0,35 | 1,01 | 32,29 | 0,04 | 19,94 | 0,35 | 0,35
1750 | 0,37 | 1,02 | 32,28 | 0,01 | 19,41 | 0,37 | 0,37
1500 | 0,44 | 1,09 | 32,21 011 | 16,76 | 0,44 | 0,44
1000 | 0,59 | 1,24 |32,06| 0,37 | 1,47 | 0,59 | 0,59
750 | 0,66 | 1,31 |[3199| 0,550 | 8,82 | 0,66 | 0,66
500 | 0,74 | 1,39 | 31,91 | 0,63 | 6,18 | 0,74 | 0,74
250 0,81 | 146 | 31,84 | 0,75 | 353 | 0,81 | 0,81
100 | 0,85 | 151 | 31,79 | 0,83 | 1,94 | 0,85 | 0,85
0 0,88 | 1,54 | 31,76 | 0,88 | 0,88 | 0,88 | 0,88

Cayuaii ¢ mporuBoasHeIME HcKaxkaomumu JIC
El1 u E2 npencrasnsercsa 6osee mHTepecHBIM. IIpy nx
paBeHCTBe KOd()PHUIMEHT 3-I FapMOHUKHU HAIPIKEHUI
B TOII paBen mysr0. CoOTBETCTBEHHO, MOIITHOCTH MCKa-
JKeHus motpebuteneit mpu usmeperusx B TOII Toxke
paBHa HyJ10. TO €CTh MCKAMKAIOIIE TOKU TEKYT OT Of-
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HOTO MCKa’yKalollero MCTOUYHWKA K APYroMy, a HCKa-
JKAIOIIas MOIITHOCTB OTCYTCTBYeT. TaKiKe MHTEPECHO 3a-
METHUTb, UTO IIPY HE3HAUUTETbHOM yMeHbIeHuu JJ1C
E2, uckakaroras Harpyska 2, CyAs II0 U3MEPEHUIM B
TOII, mpespairiaeTcs B IOTpeOUTENs, IPUTOM 00JIee
«CTPAJAIOIIEr0» OT UCKAMKEHM s, YeM IIPOCTO aCCUBHAS
Harpyska. B ciyuae IpoTMBO(ASHBIX HCKAKAIOIINX
9/IC xKoaduimenTs 3-# TapMOHUKY TOKA MCKayKaro-
mux notpebureneit Ky, u Ky, 6yayT Bbline Koaddumnu-
enTa rapMoHukn Hampaxenud B TOII Ky . Koaddu-
IIMEHTHI 3-F TADMOHWKY TOKA M HATPSIKEHUA HA KJIEM-
Max accuBHOU HArpysku (K, Ky ) paBHBI KOahpuiu-
enTy 3-if rapmonuknu HampsxeHusa B TOII Ky, . Ilo
JAHHBIM Ta0J. 2 MOXKHO CeJaTh BBIBOJ, UTO B CIydae
nporuBodasubix uckakaiomux IJC E1 u E2 npusna-
KOM HaJIMYUSA UCTOYHMKA NCKAKEHNA B HATPY3Ke ABJIA-
eTCcs TpeBbImeHne Kod(hunuentaMu 3- TapMOHUKHN
TOKa Ha KJIeMMax norpeburena Ky, u K, 3HaueHme KO-
sdduiuenTa 3-ii rapmoHnku Hampsskenus B TOII
K,y .. Roadpdunuent 3-i rapMOHUKY HANPAKEHU I
ciyuasd mporuBodasubix mckaxkatouux 9JC El m
E2 Ha ®JeMMax WCKAKAIOMEro MOTPeOUTeNIs MOKET
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ON THE ISSUE OF DISTORTION SOURCE IDENTIFICATION ON THE EXAMPLE
OF A SIMPLIFIED MODEL OF ELECTRIC POWER SYSTEM

Anatoly V. Voloshko,
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The relevance of the research is caused the changed structure of energy consumption associated with the increase in the proportion of
non-linear loads and the need to reliable determination of distortion sources in the distribution network for the effective functioning of
the system of penalties and sanctions.

The main aim of the study is to determine the sources of stress curve distortion in the point of common coupling on the example of a
simplified model of electric power system.

The methods used in the study. The operating modes of the model are calculated using the Simulink application, included in the
software package Matlab 2014a. To build the model the authors used a simulation library SimPowerSystem, which includes mathemati-
cal models of individual elements of power equipment. When selecting the model parameters of the distribution network the active re-
sistances that simulate cable line and load, were used to simplify the calculations. To determine the magnitude and sign of harmonic
power flux the Fourier transform was applied.

The results. The authors carried out the review of the existing methods for identification of distortion sources in the point of common
coupling of the distribution network; their advantages and disadvantages were defined. On the example of a simplified model of elec-
tric power system the authors measured the sign and magnitude of the power of distortion sources in the point of common coupling and
at the terminals of consumers with non-distortion and distortion loads. According to the results of the measurements the differences in
the values of secondary harmonic power in the point of common coupling and at the terminals of consumers were defined. The authors
identified some features of the distortion sources presence in the load and proposed a new approach to identify the sources of harmo-
nics by using a harmonic power flux sense method, according to which it is recommended to move the point of measuring of the secon-
dary harmonic power from the point of common coupling to terminals of consumers.

Key words:
Power quality, harmonics, distortion power, total harmonic distortion, distortion source.

REFERENCES 7. IEEE Std 1459-2010. Definitions for the measurement of electric

1. Power Quality Harmonics Analysis and Real Measurements Data. power quantities under sinusoidal, nonsinusoidal, balanced, or un-

; e balanced conditions. March 2010. IEEE Standard 1459. 40 p.
Ed. by Prof. G. Romero. InTech. 2011. 290 p. Available at: http:// ; : )
www.intechopen.com /books /power-quality-harmonics-analysis- 8. TerreroA., Menchetti A., Sasdelli R. Measurement of the Electric

and-real-measurements-data (accessed 05 February 2015). Power Quality and Related Problems. European Transactions on

2. Kharlov N.N. Elektomagnitnaya sovmestimost v elektroenergeti- Electric Power, 1996, vol. 6, no. 6, pp. 401-406.

ke [Electromagnetic compatibility in power industry]. Tomsk, 9. ngrnecki L..S.? Swietlick? T. Power in nonsinusoidal networks,
TPU Publ. House, 2007. 207 p. their analysis, interpretation and measurement. IEEE Trans. In-

strum. Measur., 1990, vol. 39, no. 2, pp. 340-345.
10. Emanuel A. E.: On the Assessment of Harmonic Pollution. IEEE

[The impact of power quality on the accuracy of meter reading: a Transaction on Power Delivery, 1995, vol. 10, no. 3,

: . s . 1693-1698.
review of study]. Transactions of Kremenchuk Mikhailo Os- pp . Lo
trohradskyi National University, 2014, vol. 4 (87), pp. 38-43. 11. RensP.J., Swart P.H. On Techniques for the Localization of Mul-

4. Manson J., Targosz R. European Power Quality Survey Report. tiple Distortion Sources in Three-Phase Networks: Time Domain

November 2008. Available at: http://www.leonardo-ener- Verification. ETEP, 2001, vol. 11, no. 5, pp. 317-322. _
gy.org sites/leonardo-energy /files/root /pdf/2009/PQSur- 12. Swa}rt P.H., Case M.J., Van Wyk JD Op Teqhmques ff)r Locali-
vey.pdf (accessed 12 November 2014). zation of Sources Producing Distortion in Electric Power
5. GOST 13109-97. Normy kachestva elektricheskoy energii v siste- Networks. ETEP,’ 1994, vol. 4, 10. 6, pp.r485—490. o
makh ekektrosnabzheniya obshchego naznacheniya [State Stan- 13. Herrera R.S., Pérez A., Salmeron P., Vdzquez J.R., Litrén S.P.
dard 13109-97. Quality standards of electrical energy in power Dlstgrtlon Sources Identification in Electric Power‘ Systems.
systems for general use]. Minsk, 1999. 30 p. Avallalé)le gt: http: / /www.uhu.es/geyer/Congresos_inter/con-
6. GOST R 54149-2010. Electricheskaya energiya. Sovmestimost gresos% 20internacionales/CI_61.pdf (accessed 13 November
tekhnicheskikh sredstv elektromagnitnaya. Normy kachestva 2014). o . .
elektricheskoy energii v sistemakh ekektrosnabzheniya obshchego 14. Heydt G.T. Identification of Harmonic Sources by a State Estima-
naznacheniya [State Standard 13109-97. Electric energy. Elec- tion Technique. IEEE Trans. On Power Delivery, 1989, vol. 4,

tromagnetic compatibility of technical equipment. Power quality 1o. 1, pp. 569-576. ) ) .
limits in the public power supply systems]. Moscow, 2012. 16 p. 15. Bg1tes LF, Alvarez M., D1a? A Sensqr f)ptl_mum locat19n algo-
rithm for estimating harmonic sources injection in electrical net-

3. Voloshko A.V., Filyanin D.V. Vliyanie kachestva elektroenergii
na tochnost pokazaniy elektroschetchikov: obzor issledovaniy

120



13BecTg TOMCKOro NOIMTEXHUYECKOro YHMBepcuTeTa. IHXUHMPKWHT reopecypcos. 2015. T. 326. N2 6

16.

17.

works. International Conference on Renewable Energies and
Power Quality (ICREPQ’14). Cordoba, Spain, 8-10 April, 2014.
Available at: http://www.icrepq.com/icrepq’14/315.14-Bei-
tes.pdf (accessed 13 November 2014).

Stepanov A.S., Marugin V.I. O nablyudaemosti raspredelitelnykh
elektricheskikh setey [On the observability of electricity distribu-
tion networks]. Energetika, ekologiya, nadezhnost, bezopasnost:
materialy XVI vserossiyskoy naucho-tekhnicheskoy konferentsii
[Power engineering, ecology, reliability, safety: Proc. of the VII
All-Russian Scientific and Technical Conference]. Tomsk, 2010.
pp. 46-48.

Zykin F.A. Opredelenie stepeni uchastiya nagruzok v snizhenii
kachestva elektricheskoy energii [Determining of impact consu-
mers in the power quality distortion]. Electrichestvo, 1992,
vol. 11, pp. 13-19.

18.

19.

20.

Srinivasan K. On Separating Customer and Supply Side Harmonic
Contributions. IEEE Transaction on Power Delivery, 1996,
vol. 11, no. 2, pp. 1003-1012.

Dell'Aquila A., Marinelli M., Monopoli V.G., Zanchetta P. New
Power-Quality Assessment Criteria for Supply under Unbalanced
and Nonsinusoidal Conditions. IEEE Transactions on Power Deli-
very, 2004, vol. 19, no. 3, pp. 1284-1290.

Senderovich G.A. Opredelenie dolevogo uchastiya subektov v ot-
vetstvennosti za narushenie simmetrii napryazheniy [Determina-
tion of share participation of subjects in responsible in making
unbalanced condition]. Naukovi pratsi Donetskogo Natsionalnogo
Tekhnichnogo Universytetu, 2011, vol. 11 (186), pp. 330-335.

Received: 10 February 2015.

121



