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OIIEHKA IMOTEPH JIEKTPUUECKOM SHEPI' MU, BBI3BAHHBIX
CHUXKEHHUEM EE KAYECTBA

Bovinonnen cpagnumenvhvlil aHAIU3 U36ECMHBIX MEmMOOUK paciemos OONOJHUMETbHbLX
nomepv SNEKMPUYECKOU IHEPeUU, BbI36AHHBIX CHUdCeHUuem ee kauecmea. Ilokazao,
Umo u3gecmHovle MemoOUKU OYeHKU OONOTHUMENbHbIX NOMEPb INEKMPULECKOU IHEPeUU
npeononasaiom UCnoab308anue DOIbLUI020 00beMa UCXOOHOU UHPOPMAYUU O napaMem-
Pax 21eKkmpoodopyO0SaAHUsL U PeNCUMY INEKMPUYECKol cemu, 4mo Oelndaen Heonpas-
OQHHO CNIOJNCHBIM U MPYOOEMKUM UX NPUMEHEHUEe 8 3HAYUMeIbHOM yucie ciyyaes. Ha
OCHOBE NPOBEOEHHO20 AHANU3A PA3PAOOMAHA KAACCUDUKAYUS U ONpedeNeHbl 803MONC-
Hble 00acmu NPUMEHEHUs. IMUX MemMOOUK, CHOPMYIUPOBAHbL NPedbssiiemble K HUM
mpebosanus.

Kniouesvie cnosa: kawecmso snekmpuieckou sHepeuu, nomepu 21eKmpuieckoll SHepeull,
UCKAJICEHUsL (POPM KPUBLIX HANPAICEHUS. U MOKA, 6bICULAS 2APMOHUKA, CREeKMPAlbHbllL
cocmae moka, mpamcgopmamop.

Keaxcenenxo 1.B., Hecmeposuu B.B. Ouinka empam enexmpuunoi enepeii, uio euxiu-
KaHi 3HUMCEHHAM T AKOCMI. BUKonano nopisHANbHUL aHali3 8i00MUX MEMOOUK po3pa-
XYHKI8 000AmMKOBUX 6MPAM eleKMpPUYHOL eHepeii, W0 GUKAUKAHI 3HUINICCHHSAM il AKOCMI.
Tokazano, wo 6i0omi MemoOuKu OYiHKU 000AMKOBUX 8Mpam eleKmpuyHoi enepaii ne-
pedbauaiomsb BUKOPUCMARHS 8EIUKO20 00CsA2Y 6UXIOHOT iHhopmayii npo napamempu ene-
KIMPOOOIAOHAHHS A PEXCUMY eIeKMPUYHOL Mepedici, o podums HesUnpagoaHo cKiao-
HUM T mMPYOOMICMKUM IX 3ACMOCY8AHHS 8 3HAUHIU Kiibkocmi eunaodkise. Ha ocrhosi npoge-
0enoeo ananizy po3podaeHo Kiacupixayiio ma U3HAYEHO MOICIUBL chepu 3aCMOCy8aHHsL
YUX MeMoOuK, chopmyrbo8ani UMO2U 00 HUX.

Knrouosi cnoea: sxicmv enexmpuunoi emepeii, empamu eleKmpuyHoi enepeii, cnomeo-
PeHHsL (popM Kpusux Hanpyau ma cmpymy, eUua 2apMOHIiKa, CHeKMpPATbHUL CKAA0 cmpy-
My, mpancgopmamop.

LYV. Zhezhelenko, V.V. Nesterovych. Evaluation of power losses due to reduced power
quality. A comparative analysis of the known methods of calculating additional power
losses caused by a decrease in its quality has been performed. It has been shown that the
known methods of estimating additional power losses assume the use of a large amount of
initial information as to the parameters of electrical equipment and the electric network
regime, which makes their application unnecessarily complex and time-consuming in a
significant number of cases. Based on the analysis, a classification has been developed
and possible areas of applying these methods have been defined, and the requirements for
them have been formulated. Using the example of determining the additional power
losses caused by distortion of the shapes of the current and voltage curves, it has been
shown that the known techniques assume the use of data on the values of higher
harmonics of currents in individual branches of the electric network as the initial
information. It is suggested, in the future, to consider the possibility of using as the initial
data of this calculation the values of the higher harmonics of the voltages at the network
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nodes, which will simplify the calculation. At the same time, the resulting underestimation
of losses can be eliminated by introducing correction factors that take into account the
increase in the currents of higher harmonics in individual branches.

Keywords: power quality, power losses, voltage and current waveform distortion, higher
harmonic, spectral composition of the current, transformer.

IHocTanoBka mpodiaembl. B Hacrosmiee BpeMs psiioM OTEYECTBEHHBIX M MEXIYHApPOIHBIX
CTaHIApPTOB YCTaHOBJIEHbI HOPMAaTHMBHbIE 3HAYEHMs TMOKas3aTenel kadecTBa 3iekTposHepruu (IIKD).
Otknonenuie BenuunH [TKD oT HOpMATHBHBIX 3HAYEHUI MOXET NMPUBOAUTH K BOSHUKHOBEHHUIO OTPH-
LATEeNbHBIX TOCIEICTBHI:

— aBapuil B cHcTeMax Mepeaaydu U paclpeneneHns dIeKTpuieckoit anepruu (29);

— JIOXHBIX CpabaThIBAHUI YCTPOWUCTB PENCHHOM 3alUThl 1 aBTOMATHKH;

— YCKOPEHHOI'O CTapeHHs 3JEKTPUYECKON M3O0JSAINHN U MPEKIEBPEMEHHOr0 BBIXO/A U3 CTPOA
AJIEKTPOIHEPTETUIECKOr0 000PYIOBAHHS,

— CHW)KEHHSI TPOM3BOIUTEIILHOCTH TEXHOJIOTHYECKOTO 000pYIOBAHUS;

— yBeIM4YEHHs ToTeps 3.

Jiist 000CHOBaHUS IPUHUMAEMbIX HOpMaTHUBHBIX 3HaueHUH [1KD B pa3Hoe Bpems Jienanuck mo-
MBITKA OI[EHKA KOHOMHYECKOr'o yiepOa, BBI3BAHHOTO CHMKEHHEM KadecTBa 0. MeTOIUKHN OLEHKH
TaKoro yiiepba HeoOXOAUMBI TaKKe JUIi 0OOCHOBAHHOTO BBHIOOpA CPEACTB HOPMAHM3AIMKA KayecTBa
33. B pamkax naHHo# paboThl OyAyT paccMOTPEHBI METOJMKH OIICHKH OJHOH M3 COCTaBJISIOIICH
yiep6a — TOMOTHUTENBHBIX MTOTeph D3, BOZHUKAIOIINX 3a CUET CHIIKCHUS €€ KaueCTBa.

AHaIU3 NOCIeHUX HCCIeN0BaHUIl U myOankanmii. Bormpocy OlleHKH TOMONMHUTENbHBIX TMO0-
Tepb 33, BHI3BAaHHBIX CHIKCHUEM €€ KaueCTBa, MOCBSIIECHO 3HAYUTEIbHOE YCIo myonukanuit [1-21].
Cpenu HUX MOXKHO BBIIENUTH MyONUKAIllMK, MOCBSIICHHBIC OIEHKE MOTEePh B DJIEMEHTaX dJIEKTpHYe-
CKUX CeTeil: BO3AYIIHBIX M KaOeIbHBIX JIMHUAX [1-8], cunoBbIX TpaHcdopmaropax [1-3, 5, 6, 9-19],
Oarapesx konaeHcatopos [10], pubTpo-KOMITEHCHPYIOMHX ycTpoiicTBax [10], acHHXpOHHBIX U CHH-
XpOHHBIX aBHratersix [2, 9, 10, 20]. C npyroii cTOpOHBI, MOXXHO BBIJICITUTH MyOJIHKAIIMH, PACCMATPH-
Barolue BrusiHUE oTnenbHbIX [IKD Ha BenmuunHy notepb 33: HcKaxeHWH (opMbl KPUBBIX HaIpsiKe-
HUH ¥ TOKOB [1-5, 7-22], HecuMMeTpruH TOKOB | Hanpspkenuid [1, 5, 6, 10, 20, 22], konebanuii [10] n
OTKJIOHEHUH Hampspkenus [5, 10, 20].

AHanmu3 UMEIONIHUXCS MyOJIMKalui, MOCBAICHHBIX JaHHOMY BOIPOCY, IOKa3ad, YTO B OOJb-
IIMHCTBE CIy4aeB pacCMaTpPUBAaETCs OlleHKa MoTepb D3O B OTAENBHBIX 3JIEMEHTAX JJIEKTPHUECKUX Ce-
teit [1-3, 9-11, 13, 20]. M3BecTen Takxke ps HCCIENOBAHUM, B KOTOPBIX MPUBOIATCS OIEHKH MOTEPh
9D B IENIOM JJIs1 CUCTEMBI 3JICKTPOCHAOKCEHMSI MPSAIPUITHS WK SJICKTPUICCKON CETH 3JICKTPOCHA0-
xaromiel opranuzanuu [1, 3, 9, 13]. Kak npaBuio, B 3TOM cilydae MPUMEHSIOTCA MaTeMaTU4YecKHue
MOJIETT ¥ METOJJMKH pacueTa, pa3padoTaHHBIC ISl OIEHOK BEJIMYMH ITOTEPh B OTMIEIBHBIX DIIEMEHTAX,
YTO MPUBOAUT K HEOOOCHOBAHHO TPOMO3JIKMM pacyeraM. PaboThl, B KOTOPHIX pPacCMaTPHUBAIKNCh Obl
YIPOILIEHHBIE METOIUKN OIIEHKH JTaHHBIX MOTEPh MPUMEHUTENBHO K CIOXKHBIM 3JIEKTPHUYECKUM CETSM,
OTCYTCTBYIOT. OTCYTCTBYET Takke 000CHOBaHHE PUMEHUMOCTH M3BECTHBIX METOJHMK OI[EHKH JIOMOJI-
HUTENBHBIX TOTeph D2 I KOHKPETHBIX KaTeropuil AIEKTPUUECKUX CETEH.

Heasto nanHoii padoThl sBisieTcs pa3paboTka KIacCH(PUKAIMA METOAUK pacyera JOMOTHH-
TENbHBIX NMOTeph D3, BBI3BAaHHBIX CHIDKEHHEM €€ KauecTBa, ONpe/ielieHne BO3MOXKHBIX 00J1acTel mpu-
MEHEHUS 3TUX METOJVK B (POpMYITHpOBAHUE MIPEABSIBIAEMBIX K HUM TPEOOBaHHIA.

H3ao:xeHue ocHOBHOro Marepuaja. OmnucaHHbIE B JHUTEPAType METOIUKU M PE3yJIbTaThl
OLIEHKH JOTIOJHUTENBHBIX TOTeph DD BO MHOTHX CIIy4asX HOCAT YaCTHBIM XapakTep U UMEIOT orpa-
HUYEHHBIE cepbl MpUMEHeHUs. [ TOro 4ToOBI OIIEHUTh BO3MOKHOCTB MX MCIIONIb30BAHUS B TEX MU
WHBIX CIIydasix HEoOXO0ANMO MPEABAPUTENBHO PACCMOTPETh KIACCH(DUKAIIUIO 3THX METOIHK.

Ornenka moteps 33 MOXET BBINTOIHATHCS HA Pa3IUYHBIX YPOBHSIX:

— MPUMEHUTENTFHO K OT/ICTIBHOMY 3JIEMEHTY JJIEKTPUUECKON ceT (TpaHchopMaTop, BO3IyIIHAS WA
KaOeNbHAs JIMHUS U T. T1.) WK 3JIEKTPOINPUEMHUKY (aCHHXPOHHBIH WUITH CHHXPOHHBIH JIBUTATEIb U . );

— JUISL CHUCTEMBI DIIEKTPOCHAOKEHUST KaKOT0-TM00 00beKTa (IPESANPHSTHS) WIH ONPEAEICHHOT 0
Ki1acca 0OBEKTOB;

— JUTS AIIEKTPUYECKOI CEeTH OMpeAeNIeHHOr0 YPOBHS HaNpsDKEHHs (MM ONpeeIeHHONW TOIOoJO-
T'HH) SHEPTOCHAOKAIOMIET O MPENPHUSITHS;

— 7151 SHEPTOXO035IICTBa CTPaHbI B IIEJIOM (MJITH JK€ OIPEeIeNeHHOM OTPaciin).
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B 3Tux ciy4asx BO3MOXKHBI pa3IMYHbIE TOAXOABI K OLIEHKE JOMOTHUTENBHBIX TOTEph DI:

1) pa3paboTka METOIUK pacyera morepb IO ¢ Y4eTOM MaKCHMMAaJbHO MOJHOM HMCXOIHON HH-
(dhopmaruu (CBEACHHUS O Iapamerpax 000pyI0BaHMS, PSKUMaX JICKTPUUECKOM ceTH, 3HaueHusax [1KD)
JUTS TIOJTyYEHMSI OIIEHOK AOMOMHUTENBHBIX OTEPh C MAKCUMAJIbHOW TOYHOCTBIO;

2) pa3paboTka npuOIKEHHBIX (WHXKEHEPHBIX) METOJHMK OIICHKHU JOMOIHUTEIBHBIX IOTEPh D0

3) npuOIMKEHHAst OI[eHKa JIOTIOTHUTEIBLHBIX TIOTEPh DD JIsl ONPEeNICHHBIX KIIACCOB 3JIEKTPH-
YECKUX CETEeH MM CUCTEM DJIEKTPOCHAOKCHUS;

4) npubnrKeHHas OIEHKA JIOMOMHUTENBHBIX MoTeph DD /sl OTAENBHBIX OTpacield MPOMBIII-
JICHHOCTH, TPAHCIIOPTA WIIM HEPTOX03sIMCTBA CTPAHBI B LIEIOM.

Bbe160p TOro miM MHOrO MOAXOJa K OIICHKE JOMOJHUTEIBHBIX MOTEph DD ompeaeisercs pe-
maeMoi 3agadeil. MeTOMMKY OIEHKH JOMOHUTEIBHBIX MoTepsh [1-3, 5, 9, 13], ocHOBaHHBIC Ha pacde-
T€ MOTEPh B KAXKIOM U3 DJIEMEHTOB AJIEKTPUUYCCKON CETH (MM CHCTEMBI DIIEKTPOCHAOKEHNUS), UMEIOT
OTpaHUYCHHYIO 00J1aCTh MPUMEHECHUS:

— IIpOBe/IeHNE HaYYHbIX UCCIIEIOBaHUM,

— MpOBEpKa aJIeKBaTHOCTH pa3pabaThIBaeMbIX HHKEHEPHBIX METOIMK pacyera,

— IIPOBEPOUYHBIEC PACUETHI AJIS ONPEAEIEHHBIX THIIOBBIX CXEM,

— pacdeTsl, BBINOJIHSAEMBIE TPY MPOSKTHUPOBAHUH 3JIEMEHTOB JIEKTPHUECKOM CETH WM 3JeK-
TPOIIPUEMHHUKOB.

3TO CBSI3aHO C TEM, YTO MX HCIIOIb30BaHUE TPeOYyeT OONBIIOro 00beMa HCXOIHOM H(MOpMAaIHU
KaK B OTHOIIEHWU TapaMeTPOB 3JIEMEHTOB CETH, TaK M peKHMa ee padoThl (BEMUIMHBI TOKOB BO BCEX
BeTBsAX cetu, 3HadeHud [IKD B yz3max u T. m.). Ha cragum npoexkTupoBaHUs 3NEKTPUUECKUX CeTeil U
CHCTEM 3JIEKTPOCHAOXKEHHUST He0OX0IMMast KCXOIHAsT HH(POPMAIIUS YacTO OTCYTCTBYET WIJIM UMEETCS B
HEJIOCTATOYHOM 00BheMe, a B IIPOIIECCe IKCILTyaTallMH AIEKTPUIECKUX CETeH UCIIONb30BaHUE ITHX Me-
TOIMK BO3MOXXHO TOJIBKO MPU HAJUYUM aBTOMATH3MPOBAHHBIX CHCTEM KOHTPOJS COOTBETCTBYIOIIMX
napaMeTpoB pexxuma. [Ipu HermomHoTe UCXOAHOW WH(POPMAIMK UCIIOIBL30BAHUE TAHHBIX METOIUK HE
OIIpaBIaHO, T. K. IPUBOIUT K YBEJIWYEHUIO CIOKHOCTH PAcueToOB (UM COOTBETCTBYIOIIMX MaTeMaTH-
YecKnuX Mojieneii) 6e3 o0ecreueHus! MOBBIIICHHOH TOYHOCTH.

NnxeHepHble METOTUKN OIL[EHKH JOMOIHUTENBHBIX MOTEPh D3, BHI3BAHHBIX CHHIKEHHUEM €€ Ka-
4ecTBa, JOJDKHBI 00€CIIeUunBaTh MONYUEHHS Pe3yIbTaTa ¢ MPUEMIIEMOM MOTPEITHOCTHI0 TPU MUHUMH-
3UPOBAHHOM 00beMe MCXOAHOW WHpopManuu. OCHOBHBIE 3aJjauu, peliaeMble ¢ TIOMOIIBIO JJAHHBIX
METOJIHK:

— OLICHKA JIOTOJIHUTEIBHBIX MOTEPh, KaK OJHOW M3 COCTABISIOMIMX yIlepOa OT CHHKEHHUS Kade-
ctBa D0, NPH BHITOTHEHUHN TEXHUKO-YKOHOMHYECKOT'O CPaBHEHHS BAPUAHTOB M OOOCHOBAHMSI TIPHHU-
MaeMbIX penieHuil ¢ nenpio HopManuzanuu [IKD Ha ctanuu npoekTupoBaHus;

— OLIeHKa HEOOXOMMOCTH MIPHHATHUS JOTOJHUTEIbHBIX TEXHUYSCKUX PEIICHHA 10 HOpMali3a-
uu [TKD B mpoliecce aKCIIyaTanyuy CHCTEM AJIEKTPOCHA0KEHHS OTIENbHBIX MPEIIPUATHNA WX dJIeK-
TPHUYECKUX CETeH IHEProcHAOKAIOIINX OpraHU3aIlUii.

O1eHKH JOMOTHUTENBHBIX MOTePh D2, BBINOIHAEMBIE IS ONMPEACTICHHBIX KIacCOB 3JIeKTpUYe-
CKHMX CETe, TpeOYIOTCs s pelieHHs CICAYIOIINX 3a1au:

— OLIEHKH T'paHHUI, IPH BBIXOZE 332 KOTOpbIE JOMONHUTENbHBIE TTOTepH DD BO3pacTaloT /0 3Ha-
YeHUH, TPeOYIOINX WX y4eTa, WM pa3paboTKu MEPOIPHATHH 110 X CHHIKEHUIO;

— 000CHOBaHUE SKOHOMHUYECKOH 3 PeKTHBHOCTH MeponpusTHiA 1m0 HopMaiu3auud KD mist Tv-
MTOBBIX CXEM.

OreHka AOMOTHUTENBHBIX TTOTEPh D3 I OTAEIBHBIX OTpaciei MPOMBIIIIIEHHOCTH, TPaHCIIOP-
Ta WIK SHEPrOX034KWCTBA CTPAHBI B LIEIOM MOXKET MCIOIB30BATHCS ISl 0OOCHOBAHUSA MPUHUMAEMBIX
HOPMATHUBHBIX JOKYMEHTOB B 00JIACTH KauecTBa DIIEKTPOIHEPTHU U OLEHKH BO3MOXKHOM 3 dekTuBHO-
CTH MeponpusTuil o npusenenuio [IKD B cooTBeTcTBHE C HOpMaMHU.

K nHexocraTkaM OONBIIMHCTBA METOIUK OMpPENENeHHs JTOMOIHUTEIBHBIX MOTeph D0, BBI3BAH-
HbIX oTkiIoHeHHeM [IKD or HopMaTHBHBIX 3HAYEHHIl, ClIeAyeT TakKe OTHECTH TO, YTO MX aBTOPHI HE
MPHUBOJISAT aHAIN3 BO3MOXKHBIX IMOTPEIIHOCTEH U HE OTOBAPHBAIOT 00JIACTH MX MPUMEHEHHSI.

Jl7ist mpaBUIIBHOTO BEIOOpA METOMK OIEHKHU JONONHUTENBHBIX MOTEPh D0, BI3BAHHBIX CHUXKE-
HUEM ee Ka4ueCTBa, B KaXKJOH M3 YKa3aHHBIX 00JacTeil MpUMEHEHHUs CIeqyeT MpeaBapuTenbHo chop-
MYJIMpOBaTh TPeOOBaHM K HEOOXOMUMOH TOYHOCTH pacueToB. OYEBHAHO, YTO MaKCUMallbHasl TOY-
HOCTH TpeOyeTcsi (M MOXKET OBITh JOCTHTHYTA) JIUIsl METOIMK TepBOW Tpynibl. B 3aBucHMOCTH OT pe-
[IaeMoi 3aZjaui OTHOCUTENIbHAsA TMOTPEIIHOCTh ONpENeNeHUs TOMOIHUTENbHBIX MoTeph O3 B 3TOM
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cllydae MOXET JieKaTh B mpeaenax 5...15%. dns meroauk 2-4 rpynn JomycTUMO Oofblliee 3HaYCHUE
OTHOCHUTENBHON morpenrHocTd — 110 20...25%.

OreHka JOMOTHUTENBHBIX TOTEPh C UCIOIB30BAHUEM METOJMK MEPBOM TPYIIIBI IPUMEHHUTEIb-
HO K CHCTEME DIICKTPOCHAOKEHHS MPEATIPUATHS WITH AJIEKTPUUECKOM CETH DIIEKTPOCHAOKAIOIIEeH op-
raHu3alul TpedyeT MCIIONb30BaHUs OONBIIOr0 KOMUYecTBa MH(OpMAIMKM O TapamMeTpax COOTBETCT-
BYIOIIETO 00OPYIOBAHUS U PEKHUME IIEKTPUUECKON CeTH. B CBS3M ¢ 3TUM Ipe/cTaBIsieTcs 1enecoo0-
pasHBIM MPH pa3paboTKe WHKEHEPHBIX METOAMK BTOPOH TPYIIIBI YIPOCTUTH PENIAEMYIO0 3a/lady MyTeM
OTpaHMYCHHS YWCIIA DJIIEMEHTOB, TIOTEPH B KOTOPHIX HEOOXOAMMO OLICHHMBAThH, YHMCIA YUUTHIBAEMBIX
napamerpoB pexxuma u [IKD. Ananuz cTpykrypsl noteps 93 (Hanpumep, [23]) B cucremMax 3JeKTpo-
cHa0>KEeHHsI TOPOIOB M MTPOMBIIIICHHBIX MPEINPUATHI TOKA3bIBAET, YTO B OONBIINHCTBE CITyYaeB Mmpe-
obnagarommMu OyayT rmorepu OO B TpaHchopMaTopax (Harpy304HbIC U Ha XOJIOCTON XOJ) W JIMHHUAX
(Harpy3ounbie). Bo MHOTHX clTydasix TakyKe JOJDKHBI YYUTBIBATHCS MOTEPH B AIMEKTPONPHEMHUKAX.

B03MOKHOCTh OrpaHHYEHUs] YHCIA YYUTHIBAEMBIX MApaMETPOB PEXHUMA PACCMOTPHM Ha TPH-
Mepe OIpe/eNieHus JIOMOMHUTENBHBIX TOoTeph D3 B TpaHcdopmaTopax, BHI3BAHHBIX HCKaKEHHSIMHU
KPHUBBIX TOKOB M HAIPSHKEHHI.

JlomomHUTENBHEBIE TIOTEPH D3 B DIIEMEHTAX JJICKTPUUECKOU CETH, 00YCIOBIEHHBIC HCKAXECHUEM
(opM KPUBBIX TOKOB M HAIIPSDKEHUH, B IEPBYIO OYEpE/Ib CBSI3aHbI C IPOTEKAHUEM 110 3TUM dJIeMEHTaM
HECHHYCOUANIBHBIX TOKOB, COJIEPIKAIMX HAPSLy C COCTABIISIONIEH MPOMBIIIIEHHON YacToThl (50 min
60 I't) BBICOKOYACTOTHBIE COCTABIISIONIME ¢ YyacToTaMu BbIcIMX rapmonuk (BI). Ilpu yBennuenun
YacTOTBI TOKA MPOSIBIISICTCS JEWCTBHE HECKOIBKUX CBS3aHHBIX APYT ¢ Ipyrom 3¢dekroB [1, 24]: mo-
BEPXHOCTHOrO 3¢ dekTa, 3 dexra OJIM30CTH COCECAHUX MPOBOTHUKOB M BO3JCHCTBHS Ha HapaMeTphI
LIEMH OKPYXKAIOIIMX METaUIMYeCKHX Macc (Kopriyca, dKpaHa, OpoHM M T. I.). Bo3neiicTBue 3TuX 3¢-
(eKTOB Ha 3HAUCHHS TOTEPh I MOXKET OBbITh YUTCHO YBEIUYEHHEM aKTUBHOTO COTPOTUBIICHUS dIie-
MeHTa ceT Ha 4yactore BI' o cpaBHEHHIO ¢ COMPOTHBIICHUEM DJIEMEHTa JIJIsl TOCTOSHHOTO TOKa MIIH
AKTHUBHBIM CONPOTHBJICHUEM Ha TPOMBINUICHHOW YacToTe. B 3aBHCMMOCTH OT BHIa dJeMeHTa (BO3-
JylIHas WK KaOenmbHas JTMHUS, ITUHOIPOBOI, TPAaHC(HOPMATOP | T. I1.) BIUSHHE TOTO WIH WHOTO W3
nepedrciieHHbIX A (EeKTOB OyIeT pa3IUYHbIM U 3aBHCETh OT PACCTOSHUS MEXKIY TOKOBEIYIIMMHU Yac-
TSAMH B UX (HOPMOH.

[orepu akTuBHOI D3 B TpaHchopMaTopax MOKHO Pa3[elUTh HA MATHUTHBIC U HATPy30YHBIC.
MarHuTHbIE TIOTEPH CKIIAJBIBAIOTCS M3 TUCTEPE3UCHBIX TOTEPh M IIOTEPh OT BUXPEBBIX TOKOB. Harpy-
304YHBIC TIOTEPH MPEICTABISIOT COO0H CyMMY TOTEPh B MeJI 0OMOTOK (OCHOBHBIX U JIOTIOJTHUTEILHBIX
M3-3a TIOBEPXHOCTHOTO 3 )eKTa M BUXPEBBIX TOKOB B IPOBOJIE) M JJOMOJHHUTEIBHBIX MIOTEPh B CTEHKAX
0aKa U IpyruX METaNTNYECKHX YaCTSX, BEI3BIBAEMBIX TIOTOKOM PaCCEsHUSI.

JlomonHUTENbHBIE TTOTEPH aKTUBHOW MOIMHOCTU B TpaHC(HOpPMATOpax BBI3BIBAIOTCS KaK HMCKa-
XKeHueM (OpM KPUBBIX TOKOB, MPOTEKAIOIIUX MO 0OMOTKaM TPaHCPOPMATOPOB, TaK M UCKAKEHHEM
(OopM KpUBBIX HaIpsDKEHHH, TPHIIOKEHHBIX K 3TUM oOMoTKaMm [1, 5]. B obmem cinydae st morepu
BKITIOYAIOT COCTABJISAIONINE, 00YCIOBICHHBIE N3MEHEHUEM MAarHUTHBIX TIOTEPh M MOTEPh paccesHus, a
TaKXKe yBEITMYCHHUEM TTOTEPh B MEJIH.

B pa6orax [1, 5] npemnaraercsi onpeaensaTh CyMMapHbIe ITOTEpH B TpaHcopmaTopax Mpu Uc-
Ka)XKeHUU (OpM KPUBBIX TOKOB U HAIIPSDKEHUH Kak

2 2 2
1 N(1 2 N(1 0.8
APTp = AP, I—ll‘ + ARB.T.(I) Z I—n n- |+ (APp(l) + API[.B.T.(l) Z I—n n’ |, (1)

rae APy, — CyMMapHbie [IOTepH aKTHBHOH MOIIHOCTH B TpaHC(popMmatope, Br; AP, — obuwme
HOTEpH aKTHBHOM MOIIHOCTU B MeZH (IIpU CHHYCOUIAIBHOM TOKe), BT; /; — melicTByrolnee 3HaUCHHE
TOKa B 0OMOTKaX TpaHcopMaTopa, OTH. ell.; [} — neiicTBylomee 3HaueHNe epBOil FTAapPMOHUKH TOKa B
oOMoTKax TpaHcdopMmaTopa, OTH. €Il.; APB.T.(l) — MOTEepH aKTUBHOW MOIIHOCTH M3-32 BUXPEBBIX TO-

KOB IIPH ITOJIHOM 3arpy3ke TpaHchopMaTopa U CHHYCOMIAIbHOM TOKE U HAIPSHKSHUH ITPOMBIIIICHHOM
gacToThl, Br; /,, — neficTByromee 3Ha4eHNE /n-if TApDMOHUKU TOKa B 0OMOTKaX TpaHC(opMaTopa, OTH.

1.; APp(l) — TOTEpH paccesHus B KOHCTPYKIIMOHHBIX YacTSX MPH MOJTHOM 3arpy3ke TpancdopmaTopa
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U CUHYCOMUJAJIBHOM TOKE U HANpPsKEHWH MPOMBIIUICHHONW 4acTOTHI, BT; AP)I.B.T.(l) — JIOIOJHUTEINb-

HbIC TIOTEPH aKTHBHOW MOIIHOCTH HM3-32 BHUXPEBBIX TOKOB IPH IOJHOH 3arpy3ke TpaHcdopmaTopa u
CHHYCOHJIAJTBHOM TOKE M HANPsDKEHUH MTPOMBIIIUIEHHON Y4acToThl, BT.

Ananu3 BelpakeHus (1) mokaspIBaer, YTO OHO HE YUHTHIBAeT M3MEHEHHE MArHUTHBIX MOTEPb,
BBI3BAHHOE UCKa)KEHHEM (POpPMbI KPUBOH HAIPSDKEHUS. DTO MOXKET OBITh ONpaBJaHHBIM B OOJIBIINH-
cTBe cirydaeB (Ipu ycnoBud, 4To [TK3D coOTBETCTBYIOT TpeOOBaHHSM JICHCTBYIOIINX CTAHIAPTOB).

[Mpumenenue Beipaxxenus (1) mpennonaraer HCNOIB30BaHKE OONBIIOrO 00beMa HHPOPMAITUH O
napamerpax Tpanchopmaropa 1 mapamerpax pexxuma (BeITHYHMHAaX TOKOB OTAENbHbBIX BI).

B pa6ore [1] npeasiokeHo yNPOIIEHHO OIICHUBATh YBEJIUYCHHBIC CYMMapHbIE TIOTEPHU B TPaHC-
(dbopmaTopax mpH UCKaKEHUH (HOPM KPUBBIX TOKOB M HATIPSKCHUH KaK

APy, =3KI{R, )

rae K — ko3 puIueHT, yYUTHIBAIOIINI MOBBIIICHHYIO 3arpy3Ky TpaHc(opMaTopa, BEI3BAHHYIO
tokamu BI'; R — akTHBHOE comnpoTHBIIEHHE TpaHCPopMaTopa, OM.
Koagduiment K B crpanax EBporibl MPUHSTO OIICHUBATH KaK

2 N 2
I I
K= 1+ L nd| 2| 3)

1vel1) 20\

I/Ie ¢ — OTHOILIEHHE TIOTEePh aKTUBHON MOIIHOCTH M3-32 BUXPEBBIX TOKOB IPH MPOTEKAaHUHU TOKa
OCHOBHOM YaCTOTHI K MOTEPsIM, BHI3BAHHBIM MPOTEKAHUEM MOCTOSHHOT'O TOKA, PABHOTO 10 BETUYHHE
JEMCTBYIOIIEMY 3HaUYEHHUIO IEPEMEHHOr0 ToKa; [ — neiicTBylolIee 3HaYeHne epeMeHHOro Toka, mpo-
TeKaroliero no ooMorkam tpanchopmaropa, ¢ yuerom BI', A; g — KoHCTaHTa, KOTOpasi 3aBHCUT OT
KOHCTPYKIIH OT 0OMOTOK TpaHC(OpMaTOpa U YacTOThI TOKA.

[To MHeHMIO aBTOPOB PabOTHI [ 1], McoNb30BaHKUE BhIpaKEHHS (2) MO3BOJISIET YIIPOCTUTH METO-
MKy onpeaeaeHus noreps 23 B TpaHchopmaTopax.

B pabore [11] s oieHKH AONOIHUTEIBHBIX TIOTEPh AKTHBHOM MOITHOCTH B TpaHCQOpMaTOpax
Ha yactorax BI' mpeasaraercst HCOIb30BaTh BBIPAXKECHUE

N
APy e =3 S IRk 4)
TP.HUCK nMpt >
n=2

rae k,, — kKo3QGUIHEHT, yUHTHIBAIOMMI yBEIMYCHNE CONPOTHBICHHS TpaHchopMaTopa Ha
4acToTe 7-i TApMOHUKH TOKA BCIIEACTBUE TOBEPXHOCTHOrO A exTa (il CHIIOBBIX TpaHChOpMaTo-
POB MOXHO NPHHATE: K5 =21, k7, =25, ky1p =32 u kj3,. =3,7).

Pacuer ¢ mpumeHeHreM BbIpaxkeHUus (4) mperncrapisieTcsi Hanboee MPOCTHIM, OIHAKO TaKkKe
TpeOyeT yueTa CeKTPalbHOr0 COCTaBa TOKa, MPOTEKAOUIEro Yepe3 TpaHchopMaTop.

B ciydae cnmoxHO# DIIEKTpUUECKOl CeTH, BKITIOUAIONIel psii TpaHchopMaTopoB, BO3AYIIHEIX U
KaOeIbHBIX JIMHHUN, TpUMeHeHre BbipaxeHui (1)-(4) U aHAIOrMYHBIM UM TpeOyeT MpeaBapUTEIbHOTO
OIpE/IeTICHUs] CIIEKTPOB BCEX TOKOB, MPOTEKAMIIMX Yepe3 TPaHc(OpMATOPhl U JIMHHU, YTO 3HAYH-
TENbHO YCIOXKHSIET 3a/1ady.

W3 3TOr0 BHITEKaET HEOOXOIUMOCTh ONPEICICHHS MHHUMAJIBHOTO 00beMa MCXOMHOW HH(OP-
Mallii, KOTopas MO3BOJISIET C JOMYCTHMOM MOTPEIIHOCThIO OIEHHTh BO3HMKAIOIIKE HoTepu D3, H
pa3pabOTKH COOTBETCTBYIOMIMX YIIPOIIEHHBIX METOIUK OIICHKH.

[IpenBapuTenbHbIA aHAN3 TIOKA3BIBAET, YTO B OOJNBITMHCTBE BETBEH IIEKTPUUECKOW CETH Be-
nnyuHbl BI' TOKOB B 3HAUWTENBHON MeEpEe ONpEAeNstoTcs BenuunHamu BI' HanpspbkeHuid ysinos. Hc-
KIIIOYEHHEM U3 3TOro OyIyT TOJIBKO BETBH, C KOTOPHIMH HENIOCPEACTBEHHO CBSI3aHBI HEIMHEHHBIC Ha-
rpy3ku. B cBs3HM ¢ 3TUM TpencTaBIsieTcs 1eNeco00pa3HbIMU pa3paboTka METOMUK ONpeNeleHHst J10-
MOJTHUTENBHBIX TOTeps D3, OCHOBAaHHBIX HA MCMOIb30BAHUM JAaHHBIX 0 Bl HampshkeHuii B y3nax cerw,
a He BI' TOKOB B BETBSIX, UTO 3HAYUTEIBHO YIPOCTUT UX NpUMeHeHue. [Ipyu 3ToM BO3HUKarouee 3a-

123



BICHUK IMTPUA3ZOBCBKOT'O JEP)KABHOTI'O TEXHIYHOI'O YHIBEPCUTETY
2017p. Cepis: TexniuHi Haykn Bun. 34
ISSN 2225-6733

HWKEHHE MOTEPh MOXKET OBITh YCTPAHEHO BBEIICHHEM IMOMPABOYHBIX KO(D(PUIIMEHTOB, YIUTHIBAIOIINX
yBenmuueHne TokoB Bl B OTienbHBIX BETBAX. 3HAYEHUS 3THX KO3(PPHUIMEHTOB JOJKHBI OBITH MONTyde-
HBI TIPEIBAPUTEILHO JJISl TUTIOBBIX CXEM AJIEKTPOCHAOKEHHUS U TUTIOBBIX 3JICKTPHUYECKUX HATPY30K.

BriBoabI

1. TlokazaHo, YTO M3BECTHBIE METOJUKH OLIEHKH JIOTMOJHUTENBHBIX MMOTeph D3, BHI3BAHHBIX OTKIIO-
HenneM 3HaueHudd [IKD oT HOpMaNbHBIX, MPEMONATalOT UCTIONL30BaHHE OONBIIOr0 00beMa UC-
XOIHOW MH(OPMAIIMHK O MapaMerpax dJIeKTPOOoOOPYAOBaHUS U PEXUMA dIEKTPHUECKOIN CeTH, U4To
JIeJIaeT HEOMPAaBJaHHO CIOXKHBIM U TPYAOEMKUM UX PUMEHEHUE B 3HAUUTEIIBHOM YHUCIIE CIIYy4aceB.

2. Ha ocHOBe mpoBeAEHHOro aHaiM3a pa3paboraHa KiaccHM(UKaiMs METOIUK pacuera OMOJIHH-
TENbHBIX MOTeph OO, BBI3BAHHBIX CHIDKEHHEM €€ KadyecTBa, OIpeeleHbl BO3MOXKHBIE 00JIacTH
MPUMEHEHUS 3TUX METOJMK U CHOPMYITUPOBAHBI TPEABABISIEMbIC K HUIM TPEOOBaHHS.

3. [IlpencraBisercs 1enecoo0pa3HbIMH pa3pabOTKa METOIUK ONPECICHNUS AOMOTHUTENbHBIX TOTEPh
3D, OCHOBaHHBIX Ha MCIIONb30BaHUM JMaHHBIX 0 BI' Hampspkenuit B y3max cetu, a He BI' TokoB B
BETBSAX, YTO 3HAYUTEIHHO YIIPOCTHUT UX IMPUMEHEHHE.

4. 3apnaueil majdpHEHIINX MCCIEOBAHUN SBISIETCS pa3paboTKa YIMPOIEHHBIX HHKEHEPHBIX METOIHK
OIpe/IeTIeHUs JOTOJIHUTEIBHBIX TIOTeph D3 I MPUOIMKEHHOH OIleHKa JOMOIHUTEIBHBIX TIOTEPh
33 s onpeeNeHHbIX KIIACCOB AIEKTPHUYECKAX CETeH MM CUCTEM DJIEKTPOCHAOMKEHHUSI, a TaKKe
OTJENBHBIX OTPaCIIed MPOMBILUIEHHOCTH, TPAHCIIOPTA WIIM SHEPrOX03iCTBA CTPAHBI B LIEJIOM.

CHnmcok HCIoJIb30BaHHBIX HCTOYHUKOB:

1. Estimation and classification of power losses due to reduced power quality / T. Bantras [et al.] //
2012 IEEE Power and Energy Society General Meeting (22-26 July 2012, San Diego, Califor-
nia). — IEEE, 2012. — P. 1-6.

2. Yazdani-Asrami M. Harmonic Study for MDF industries: a case study / M. Yazdani-Asrami,
S.M.B. Sadati, E. Samadaei // 2011 IEEE Applied Power Electronics Colloquium (18-19 April
2011, Johor Bharu, Malaysia). — IEEE, 2011. — P. 149-154.

3. Analysis of losses in cables and transformers under power quality related issues / F.L. Tofoli [et
al.] // Nineteenth Annual IEEE Applied Power Electronics Conference and Exposition (22-26 Feb.
2004). — IEEE: 2004. — Vol. 3. — P. 1521-1526.

4. Modelling and sensitivity analysis of the thermal behaviour of LV-cables for different current
conditions / J.J. Desmet [et al.] // 2004 11th International Conference on Harmonics and Quality of
Power. — IEEE, 2004. — P. 471-476.

5. Cobben J.F.G. Increasing energy efficiency by improving power quality / J.F.G. Cobben, V. Cuk,
W.L. Kling // 15 WSEAS International Conference on Systems: Proceedings (14-16 July 2011,
Corfu, Greece). — Wisconsin : WSEAS Press, 2011. — P. 298-301.

6. Bina M.T. Three-phase unbalance of distribution systems: complementary analysis and experi-
mental case study / M.T. Bina, A. Kashefi // International Journal of Electrical Power and Energy
Systems. —2011. — Vol. 33. — Ne. 4, — P. 817-826.

7. Bhattacharyya S. Power quality requirements and responsibilities at the point of connection: Ph.D.
dissertation / S. Bhattacharyya. — Eindhoven: Technische Universiteit Eindhoven, 2011. — 268 p.

8. Hagh M.T. Investigation of harmonic current source effects on distribution and transmission lines
capacity and losses: case study / M.T. Hagh, A.R. Milani, M.R. Azimizadeh // International Jour-
nal on Technical and Physical Problems of Engineering (IITPE). — 2011. — Iss. 8. — Vol. 3. —
Ne 3. —P. 81-85.

9. An analysis of costs related to the loss of power quality / F.C. Pereira [et al.] // 8th International
Conference on Harmonics and Quality of Power: Proceedings (14-16 Oct. 1998). — IEEE, 1998. —
Vol. 2. —P. 777-782.

10. XKexenenko M.B. DnekrpoMarHuTHass COBMECTUMOCTD motpebutened : Mmonorpadus / U.B. XKe-
JKeNneHko [u ap.]. — M. : Mammnoctpoenune, 2012. — 349 c.

11. Derating of transformers under non-sinusoidal loads / S.M.B. Sadati [et al.] // 11th International
Conference on Optimization of Electrical and Electronic Equipment (22-24 May 2008). — IEEE,
2008. — P. 263-268.

12. Evaluation of distribution transformer losses and remaining life considering network harmonic,
based on analytical and simulation methods / S.M.B. Sadati [et al.] // Australian Journal of Basic

124



BICHUK ITPUA30OBCBHKOI'O JEP)KABHOI'O TEXHIYHOI'O YHIBEPCUTETY

2017p. Cepis: TexniuHi Haykn Bun. 34

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

ISSN 2225-6733

and Applied Sciences. — 2010. — Vol. 4. — Ne 10. — P. 5291-5299.

Key T.S. Costs and benefits of harmonic current reduction for switch-mode power supplies in a
commercial office building / T.S. Key, J.-S. Lai / IEEE Transactions on Industry Applications. —
1996. — Vol. 32. — Ne 5. — P. 1017-1025.

The effects of harmonic components on transformer losses of sinusoidal source supplying non-
linear loads / 1. Daut [et al.] / American Journal of Applied Sciences. — 2006. —Vol. 3. — Ne 12. —
P.2131-2133.

Biricik S. A method for power losses evaluation in single phase transformers under linear and non-
linear load conditions / S. Biricik, O.C. Ozerdem // Przeglad Elektrotechniczny (Journal of Elec-
trical Review). —2011. — Vol. 87. — Ne 12a. — P. 74-77.

Biricik S. Experimental study and comparative analysis of transformer harmonic behaviour under
linear and nonlinear load conditions / S. Biricik, O.C. Ozerdem // 10th International Conference on
Environment and Electrical Engineering (8-11 May 2011). — IEEE, 2011. — P. 1-4.

Kefalas T.D. Harmonic impact on distribution transformer no-load loss / T.D. Kefalas, A.G. Kla-
das // IEEE Transactions on Industrial Electronics. — 2010. — Vol. 57. — Ne 1. — P. 193-200.
Analysis based on improved method for transformer harmonic losses / C. Pan [et al.] // Energy
Procedia. —2012. — Vol. 16. — P. 1845-1851.

Said D.M. Analysis of distribution transformer losses and life expectancy using measured har-
monic data / D.M. Said, K.M. Nor, M.S. Majid // Proceedings of 14th International Conference on
Harmonics and Quality of Power (26-29 Sept. 2010, Bergamo). — IEEE, 2010. — P. 1-6.

Power quality impact on performance and associated costs of three-phase induction motors /
O.C.N. Souto [et al.] / 8th International Conference on Harmonics and Quality of Power: Pro-
ceedings (14-16 Oct. 1998). — IEEE, 1998. — Vol. 2. — P. 791-797.

Analysis of K-rated transformer to make it suitable to handle the harmonics generated by solid
state devices on the load side / M.K. Verma [et al.] //International Journal of Emerging Technol-
ogy and Advanced Engineering. — 2014. — Vol. 4. —Iss. 9. — P. 508-514.

Evaluation of distribution system losses due to load unbalance / L.F. Ochoa [et al.] / 15th Power
Systems Computation Conference (22-26 Aug 2005, Li¢ge). — 2005. — P. 1-4.

TommrakoB A.B. AHajau3 moTeph B CETAX AJICKTPOCHAOKAIOIIUX OpraHu3aluil Y AMypTCKOH pec-
MyOJIMKK ¥ MyTH MX CHIDKEHHA. HOpMUpOBaHME TEXHOJOTHMYECKHUX MOTEPh DIIEKTPUUECKON dHEp-
run / A.B. Tommakos // [Ipomeinuiennast sHepreruka. — 2012. — Ne 8. — C. 2-5.

Kexenenko N.B. AMIITUTYIHO-4aCTOTHBIE XapaKTEPUCTHKH deKTprueckux cerert / M.B. XKexe-
nenko, FO.JI. Caenko. — Mapuymons : [II'TY, 1998. — 99 c.

References:
Bantras T., Cuk V., Cobben J.F.G., Kling W.L. Estimation and classification of power losses due
to reduced power quality. Abstracts of IEEE Power and Energy Society General Meeting, 2012,
pp. 1-6. (Eng.)
Yazdani-Asrami M., Sadati S.M.B., Samadaei E. Harmonic study for MDF industries: a case
study. Abstracts of IEEE Applied Power Electronics Colloguium, 2011, pp. 149-154. (Eng.)
Tofoli F.L., Morais A.S., Gallo C.A., Sanhueza S.M.R., De Oliveira A. Analysis of losses in ca-
bles and transformers under power quality related issues. Abstracts of 19th Annual IEEE Applied
Power Electronics Conference and Exposition, 2004, vol. 3, pp. 1521-1526. (Eng.)
Desmet J.J., Putman D.J., Vanalme G.M., Belmans R.J. Modelling and sensitivity analysis of the
thermal behaviour of LV-cables for different current conditions. Abstracts of 11th International
Conference on Harmonics and Quality of Power, 2004, pp. 471-476. (Eng.)
Cobben J.F.G., Cuk V., Kling W.L. Increasing energy efficiency by improving power quality. 4b-
stracts of 15th WSEAS International Conference on Systems, 2011, pp. 298-301. (Eng.)
Bina M.T., Kashefi A. Three-phase unbalance of distribution systems: Complementary analysis
and experimental case study. International Journal of Electrical Power and Energy Systems, 2011,
vol. 33, no. 4, pp. 817-826. (Eng.)
Bhattacharyya S. Power quality requirements and responsibilities at the point of connection. Ph.
D. diss. Eindhoven, 2011. 268 p. (Eng.)
Hagh M.T., Milani A.R., Azimizadeh M.R. Investigation of harmonic current source effects on
distribution and transmission lines capacity and losses: case study. International Journal on Tech-

125



BICHUK ITPUA30OBCBHKOI'O JEP)KABHOI'O TEXHIYHOI'O YHIBEPCUTETY

2017p. Cepis: TexniuHi Haykn Bun. 34

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

ISSN 2225-6733

nical and Physical Problems of Engineering (IJTPE), 2011, iss. 8, vol. 3, no. 3, pp. 81-85. (Eng.)
Pereira F.C., Souto O.C.N., De Oliveira J.C., Vilaca A.L.A., Ribeiro P.F. An analysis of costs re-
lated to the loss of power quality. Abstracts of 8th International Conference on Harmonics and
Quality of Power, 1998, vol. 2, pp. 777-782. (Eng.)

Zhezhelenko 1.V., Shidlovskii A.K., Pivniak G.G., Saenko Iu.L., Noiberger N.A. Elektromagnit-
naia sovmestimost' potrebitelei [Electromagnetic compatibility of consumers]. Moscow, Mashi-
nostroenie Publ., 2012. 349 p. (Rus.)

Sadati S.M.B., Tahani A., Jafari M., Dargahi M. Derating of transformers under non-sinusoidal
loads. Abstracts of 11th International Conference on Optimization of Electrical and Electronic
Equipment, 2008, pp. 263-268. (Eng.)

Sadati S.M.B., Motevali B.D., Dargahi M., Yazdani-Asrami M. Evaluation of distribution trans-
former losses and remaining life considering network harmonic, based on analytical and simulation
methods. Australian Journal of Basic and Applied Sciences, 2010, vol. 4, no. 10, pp. 5291-5299.
(Eng.)

Key T.S., Lai J.-S. Costs and benefits of harmonic current reduction for switch-mode power sup-
plies in a commercial office building. /[EEE Transactions on Industry Applications, 1996, vol. 32,
no. 5, pp. 1017-1025. (Eng.)

Daut 1., Syafruddin H.S., Ali R., Samila M., Haziah H. The effects of harmonic components on
transformer losses of sinusoidal source supplying non-linear loads. American Journal of Applied
Sciences, 2006, vol. 3, no. 12, pp. 2131-2133. (Eng.)

Biricik S., Ozerdem O.C. A method for power losses evaluation in single phase transformers under
linear and nonlinear load conditions. Przeglad Elektrotechniczny — Journal of Electrical Review,
2011, vol. 87, no. 12a, pp. 74-77. (Eng.)

Biricik S., Ozerdem O.C. Experimental study and comparative analysis of transformer harmonic
behaviour under linear and nonlinear load conditions. Abstracts of 10th International Conference
on Environment and Electrical Engineering, 2011, pp. 1-4. (Eng.)

Kefalas T.D., Kladas A.G. Harmonic impact on distribution transformer no-load loss. /EEE
Transactions on Industrial Electronics, 2010, vol. 57, no. 1, pp. 193-200. (Eng.)

Pan C., Kong L., Zhenxin L., Zheng Q., Wang Z. Analysis based on improved method for trans-
former harmonic losses. Energy Procedia, 2012, vol. 16, pp. 1845-1851. (Eng.)

Said D.M., Nor K.M., Majid M.S. Analysis of distribution transformer losses and life expectancy
using measured harmonic data. Proceedings of 14th International Conference on Harmonics and
Quality of Power, 2010, pp. 1-6. (Eng.)

Souto O.C.N., De Oliveira J.C., Neto L.M., Ribeiro P.F. Power quality impact on performance and
associated costs of three-phase induction motors. Abstracts of 8th International Conference on
Harmonics and Quality of Power, 1998, vol. 2, pp. 791-797. (Eng.)

Verma M. K., Kaushik R., Prabhakar P., Sengupta M. K. Analysis of K-rated transformer to make
it suitable to handle the harmonics generated by solid state devices on the load side. International
Journal of Emerging Technology and Advanced Engineering, 2014, vol. 4, iss. 9, pp. 508-514.
(Eng.)

Ochoa L.F., Ciric R.M., Padilha-Feltrin A., Harrison G.P. Evaluation of distribution system losses
due to load unbalance. Abstracts of 15th Power Systems Computation Conference, 2005, pp. 1-4.
(Eng.)

Tolshakov A.V. Analiz poter' v setiakh elektrosnabzhaiushchikh organizatsii Udmurtskoi respub-
liki i puti ikh snizheniia. Normirovanie tekhnologicheskikh poter' elektricheskoi energii [ Analysis
of losses in the networks of power supply organizations of the Udmurt Republic and ways to re-
duce them. Normalization of technological losses of electrical energy]. Promyshlennaia ener-
getika — Industrial power engineering, 2012, no. 8, pp. 2-5. (Rus.)

Zhezhelenko 1.V., Saenko Iu.L. Amplitudno-chastotnye kharakteristiki elektricheskikh setei [ Am-
plitude-frequency characteristics of electrical networks]. Mariupol, PSTU Publ., 1998. 99 p. (Rus.)

Penensent: B.A. Posnos
I-p TeXH. HayK, npod., FBY3 «III'TY»

Crates noctynmna 15.03.2017

126



