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HECTEPOBA
0.10.

Mema pobomu. Po3pobka cxemHo2o piuieHHAs ma OOIDYHMYSAHHA NAPAMempi8 CUCMEeMU KePYS8aHHA I CUio80i
YACMUHU  Nepemeoplosaua Hanpyeu JICUGLEeHHS, 3d YMOGU U020 eKchiyamayii 3 nioguwenum Koe@iyicnmom
NOMYJICHOCMI I N1A8H020 aD0 CMyNnenego2o Cnocodie pecyo8anis enepeoepheKmueHoOCmi ACUHXPOHHO20 NPUBOOY.

Memoou oocnioxcens. /[ns npogedents 00caioxHcenb GUKOPUCTNAHT NONONHCEHHS TeOpii eleKMPUYHUX MAWUUH, Me-
MOOU CXeMOMEXHIYHO20 NPOEKMYBAHHSI AGMOMAMUYHUX cucmem y Komnonenmi Multisim i3 cknady erexmponnol
aabopamopii National Instruments, mamemamuune mooenosanus y nakemi Matlab.

Ompumani pesynomamu. Pospobneno ma nobyoosano yugposi mooeni cucmemu iMnyrsCHO-QA3068020 KepyBaHHs
O/l CIMYNenego2o i NIAGHO20 Pe2YNO8AHHA HANPY2U HCUGNEHHS O8USYHA 13 3ATYUEHHAM CHOCO0Y WUPOMHO-IMIYIbCHOT
MOOYIAYIT MepedrcHOI Hanpyau, HAOAHO peKoMeHOayii wooo pieHs NPOCIOAHHS HABAHMANCEHHS, 3d SIKO20 NOMPIOHO
SMEHWUMU HANPY2Y HCUGNEHHA, T ii eUuUna npu peneiuHoMy KepyeamHi, a maxodic eunpobysano cucmemy niagHo20
Kepy8awHs 3 KOOPOUHAMHO-(HA306UM  YNPAGNIHHAM — WNAPYEAMOCMi — 011  OOCACHEHHA  pPayiOHANbHOT
eHepaoepexmusHoCmi npueood.

Haykosa nosusna. O6rpynmosano eubip medxci nepemMukants peneiinozo pesyiamopa ma pigeHs payionansHoi ee-
JUYUHU BUXTOHOT HANPY2U NEPemeopIosaia 3a AKOi 00CA2AEMbCA PaAYiOHANbHO-eHepeoedeKmugHe Kepysant npugoooM,
3anponoOHOBAHO aneopumm suznadenns napamempie RC ginbmpyrouozo kona 3a01s 00HOYACHO20 3a0e3neueHHs HaAlK-
Pawux ymMoe KoMymayii Cuniosux Kuouie nepemeoprosayd ma 30illCHeHHs 0e3nepepeHoi KomneHcayii peakmusHoOl
NOMYAHCHOCMI 08USYHA 3A YMOBU eKCHILYamayii nepemeopiosaud i3 nioguiyeHUM KoepiyicHmom nOmy#CHOCMI.

Ilpakmuuna yinnicmo. Bnpoeaooicennsi cnpowjenoi cucmemu  nepemeopeHHs i3 niosuujeHum Koegiyienmom
ROMYACHOCHI 00360IUMb CIMBOPUMYU AGMOMAMUYHY CUCIEMY ACUHXPOHHO20 NPUB0Od, 3A605KU AKIU MONCIUBO 00CHA2-
mu 36epedicents eHep2opecypcy Ha NAHKAX O6USYHA, Nepemeoplosaid ma eHepeoCUCmeMu, 3a YMOGU MIHIMATbHUX

KaHJI. TIe]l. HayK, JOLEHT, MOUeHT Kadenpu nepexinany Hamionansaoro TY «/lHinpoBchKa
noJiTexHikay, J{Hinpo, Ykpaina, e-mail: olnesteroval @rambler.ru.

KanimanbHux 6K1a0eHs Ha ii 6U20MmoeGIeHHA.

Kmiouoei cnosa: mpueanuii pesicum pobomu; mano-3minnutl 2paghix Hasanmasicenus; eHepzoeghekmueHe ynpas-
JIIHHSL NPUBOOOM; CRPOWEeHA CXema Nepemeopiosaia MepejiCHoi Hanpyau; niosuweHul koegpiyicnm nomydx*cHOCHI.

I. BCTYII

Bimomo, 110 mepeBaxkHa OUTBIIICTH iICHYFOUHX TIPO-
MHCIIOBUX E€JIEKTPONPHUBOMAIB OyIyrOThCs Ha 0a3i Tpamu-
HifHIX aCHHXPOHHUX ABHUTYHIB (AJ]), sIKi 3aBISIKH BiTHO-
CHO TIPOCTii KOHCTPYKIii MalOTh JOCTATHIO HAIIHHICTh 3a
O/THOYACHOI HEBUCOKOI EHEeproeeKTHBHOCTI y MOpiB-
HSHHI 13 IHIINMH eJeKTPOMEXaHIYHHMH CHUCTEMaMH.
3a3Buyaii ix HoMmiHaibHUI enexTpuunuii KK]I konuBa-
erbesi y Mexax 70-92 % mnpu KoedilieHTi MOTYKHOCTI
0,8-0,92, a #toro eneprerrunnii KK/ He nepesuirye 82 %
[1]. SIx macminok, no 44 % cnoXuBHOI eHeprii BUTpaya-
€TBCSI Ha PO3IrpiB 0OMOTOK, €JIEMEHTIB OCHOBHOI KOHC-
TPYKIUIi Ta PO3CIFOBaHHs y HaBKOJIMIIHE CEPEIOBHIIE T10-
TOKIB, 1[0 CTBOPIOIOTHCSI €JIEKTPOMArHiTHOIO CHCTEMOIO
ACHHXPOHHOTO JIBUTYHA.

Metoau cy4acHOTO TIiABHINCHHA €(QEKTHBHOCTI
ACHHXPOHHUX €JICKTPOTIPHBOMIB Iepe10avaroTh CTBOPEH-
HS CHCTEM «IIEPETBOPIOBAY YaCTOTH — ACHHXPOHHUII JIBU-
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ryn» (ITY-A/T) abo «TUpUCTOPHUN PETYIATOP HANPYTH —
acuaxpoHHuit aeuryn» (TPH-AJT). OctanHs cucrema, 3a
BiJICYTHOCTI BUMOTH PETYIIOBAHHS MIBUAKOCTI 1 3 TOYKH
30py KamiTaIbHUX BKJIAJCHb Ha Kepyroue oOiagHaHHSA,
Mae€ 3HauHy MepeBary. Xoua CIij MiIKPEeCcIUTH, 10 BUKO-
puctaHHs ($a30BOTO CIIOCOOY YIPABIiHHSI MEPEKHOIO
HAIpYyTOI0 3MEHIIye KOe(]ili€eHT MOTYKHOCTI THPUCTOP-
HOTO MEPeTBOPIOBAYA 1 BIAIIOBIJHO NOAA€ BUTpPAT eHEpril
Ha JIaHI[l IEPETBOPEHHSI, L0 € HETIPUILYCTHMHM.

AXTHBHO-IHIyKTUBHHH  XapaKkTep HaBaHTAKEHHS
JIBUTYHa Tiepe/i0avyae TeHepyBaHHs Y MEPEXy PeakTUBHOI
MOTYXHOCTI, IO CTAa€ MPUYMHOIO 11 MepeBaHTAXEHHS 1
BiJITIOBIJTHO 3pOCTaHHS BUTPAT 1 HA Iid JaHI EHEProCH-
CTEMH.

TakuMm YHHOM, OCHOBHI MPOOIEMH Ha SKi CIij
CHpsIMYBaTH JIOCIIDKEHHS, — [1e Oe3lepepBHa KOMIICHCA-
i peaKTHBHOTO OMOPY JABHTYHA, MOMIYK OUIBII JOCKO-
HAJIOTO CXEMHOTO PIlIeHHS Ta CIIoco0y KepyBaHHS Iepe-
TBOpIOBAaYa HANpyTH, KU BOJIOJi€ BUCOKOI E€HEPIreTH-
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KOIO 3a YMOBH IIPHHHSTHOI BapTOCTI Ha Kepyroue oOian-
HaHHS.

I1. AHAJII3 TOCJIJIZKEHD TA ITYBJIKAIIA

CBiTOBa CHEpreTHMYHa CTpATerisi OCTaHHIX pOKIB
CIpPSIMOBYB&JIaCh ~ Ha  BIIPOBA/DKEHHA  TEXHOJOTIH
OIIATHOCTI, Y TOMY YHCIIi # B enekTpoMexaHimi [2]-[4].
3Ba)kalo4M Ha 1€, PO3POOHUKAMH E€JIEKTPUIHOTO IIPUBOJA
3aCTOCOBYIOTHCSI PI3HOMAaHITHI crmocobm peaiizamii Takux
nparuesb. Jo HUX cIlifl BiJHECTH:

- BHKOPHCTaHHS METOJIB MIATPUMKHA CEKOHOMIUHOL
po0OTH MeXaHi3MiB TPUBAJIOTO PEXUMY POOOTH LUISIXOM
crabimizanii cepeaHboro KoeQillieHTa HaBaHTaKCHHS
JIBUTYHA HA piBHI He MeHIe (0,6 BiTHOCHUX OAMHUI [5],
[0 332 XaOTHYHOI 3MiHH BUPOOHWYOI 3a7aui HE 3aBXKIH
MOXITHBO;

- 3aJly4eHHS ABWTYHIB i3 MiJABHIICHAM BMIiCTOM aK-
TUBHUX MaTepianis [6], mo go3Bose migsumut ix KK/
He MeHIe, K Ha 3-5 %. Xo4a y [[bOMy BHUNAAKY po3pa-
XYHKOBa €KOHOMisi MaTHM€ Miclle TUIBKH y pasi Majo-
3MIHHOTO HAaBAHTAXKEHHS 1 NPABUIBHO HAJArOIKEHOTO
CHJIOBOTO KaHaly;

- BHIDKEHHS MEPEKHHMX BHUTPAT IEHTPAIi30BaHUMHU
¢binpTpo-KOMIIEHCYIOUMMH TIprcTposiMu. [Ipote cmix 3a-
YB@XHTH, 110 TAKMM CIIOCOOOM 3a0€3MeUNTH Cy4acHi BH-
MOTH JI0 TOYHOCTI BiATIpaIlfOBaHHS IOCTaBJICHOI 3a/adi
GbinpTparii JOCUTH CKIAIHO;

- MEpEeMUKaHHSA CXEMH BKIIIOUEHHS JIBUTYHA 3 TpH-
KyTHHKa Ha 3ipKy Ha TEpMiH PEXHMIB XOJOCTOTO XOIY
a0o0 He3HayHOTO 3aBaHTaxeHHS [7]. Cmoci6 xoua i nmae
MO3UTHBHUI pe3ynbTaT, ajle HE JI03BOJIIE BUKOHATH
panioHaNbHY HaJaIKy CHCTEMH Ul CTBOPEHHS HaiKkpa-
IIUX YMOB €HEpro30epeKeHHs;

- CrocoOM peryJIroBaHHs eJIEKTPOIPHBO/A 32 JIOIO-
MOTOI0 CWJIOBHX mepeTBoproBauiB [8]-[10] BBaxkaroThCs
HAWOLIBII TIEBUMH 3 TOYKH 30py €HEPrOOMIaTHOCTI. AJie
Oepyuu /10 yBaru Te, 0 JJIsl MEXaHi3MiB TPHUBAJIOTO pe-
xkumy pobotu [11], [12] BHKOpHUCTaHHS YaCTOTHOTO ITe-
peTBOpIOBaya JAOCUTH OPOTe, € JIOTIYHIM BIIPOBADKCHHS
Ha HOro Mmicue THPHCTOPHUX PETYJSATOPIB HANpyTH, SK
MIPUHHATHOT aJbTePHATHUBH;

- BUKOPUCTaHHI  KOMOIHOBAaHOTO crocoly
T IBUIICHHS eHeproeeKTUBHOCTI, HaIpUKIIa,
peamizarlisi CHCTeMH BEHTIUIAMII nokomoTmBa [13], me
YaCcTOTHE KepyBaHHS NPUBOJY BEHTUIIATOPA
JIOTIOBHIOETBCS MiI00POM JIBUTYHA 13 3HMIKEHHM 3HAueH-
HSIM aKTUBHO-PEAKTHBHOTO OIIOPY POTOpa, aJlaliToOBaHa JI0
JIOKOMOTHBHOI €HEPrOCHCTEMH 1 HE 3aBXKIU MOXe OyTH

3aCTOCOBaHa JI0 THIIIX TIPOMHCIIOBUX
CJICKTPOMEXaHIYHUX CHCTEM;
- 3aJIyYeHHS IHANBITyaTbHUX higpTpO-

KOMIICHCYIOUMX MPUCTPOIB JIOKanbHOTO THIy [1], mo
JO3BOJISIIOTE PO3BAHTAKUTH MEPEXKY 1 YacTKOBO 3aolla-
IUTH TOTY)XHICTh JKUBJICHHS Yy JBHTYHi, YOro 3a
HUHIIIHIX YMOB TOCTIOIaPIOBAHHS HEIOCTAaTHEO;

- pO3pOOKY Cy4acHHX aJITrOpPUTMIB KEepPyBaHHS dac-
TOTHHUX €JIEKTPOIIPUBOIIB NPOBIJHUX  CBITOBUX
BUpoOHMKiB [14], [15], mo BupimyioTh npobieMy
€HeproomaaHocTi ajge He 3HIMAlOTh NHUTaHHS 3HAYHUX

MOYAaTKOBUX KalliTAIbHUX BUTpAT Ha Kepyroue o0naaHaH-
S,

- CHUHTE3  peryJsiTopiB Uil BUpIIICHHSA
pamioHaNFHOTO KHUBIICHHS IPHBOAA B 3aJIC)KHOCTI Bif
piBHsA HaBaHTakeHHs [16]. Ha sxanp, BHKOpHCTaHHS B
CHCTEeMI KepyBaHHS HAIPYTOK THPHCTOPHOTO PEryJIaTopa
HE JT03BOJISIE 3HU3UTH BUTPATH €HEPrii y mepeTBoproBadi,
1110 € HETIPUHHATHUM HEIOTIKOM;

- 3AJIy4YECHHs] CHCTEM MEePETBOPEHHS 13 IMiJBUIICHUM
KK, sxi 0a3yroTbcsi Ha MNPHHIMIIAX  LIMPOTHO-
IMITyJIbCHOT Monynsuii kepytodoro curHaiy [17]. Taka
cHUCTEMa Ma€ JOCHTh CKJAJHE CXEMHE pIlIeHHs, M0
BIJIMOBI/THO CTaHe MPUYHHOIO i1 BUCOKOI BapTOCTI, a KpiM
IBOrO y poOOOTH HEZOCTATHBO TPHUIUISETHCS YyBaru
KOMYTalil KJIFOYiB Ha aKTUBHO-PCAKTHBHE HABAHTa)KCHHS.

I3 orsimy MOXIMBO 3pOOMTH HACTYIHHI BHCHOBOK,
o s pearizamii OUTbIN Ji€eBOi Ta AOCTYHHOI CHCTEMH
KEepyBaHHS EJEKTPOMEXAaHIYHOI CHCTEMH i3 TPHUBAJINM
peXUMOM poOOTH, CIiJ] 3aTy9daTH PETYISATOPH HANPYTH i3
CIIPOILEHOIO CXeMOIO KepyBaHHS 1 NPUHIUIIOM IIUPOTHO-
IMIyJIbCHOT ~ MOAYJNAIii 3 ypaxyBaHHSIM  IIMTaHb
OTHOYACHOT ~ JIOKAJIBHOI ~ KOMIIGHCAllil  peakTUBHOI
MOTYXHOCTI Ta BUPILICHHsI MUTaHb KOMYTallii KEPYIOUUX
KJIFOYiB.

III. META POBOTH

Po3pobka cxemHOro pimeHHs Ta OOIpYHTYBaHHS
napaMeTpiB CHCTEMH KepyBaHHsI i CHIIOBOT YaCTHHH Tiepe-
TBOpPIOBayYa HAIIPYTH JKUBICHHS 32 YMOBH HOI'O €KCIUIya-
Talii 3 MiJBUIICHUM KOE(Iilli€EHTOM MOTYXHOCTI 1 IJIaB-
HOTO a0 CTYIIEHEBOI'O CIIOCODIB pEeryNItOBaHHS €HEeproe-
(heKTUBHOCTI aCHHXPOHHOTO IIPUBOTY.

IV. BUKJIAJI TOJIOBHOT'O MATEPIAJTY M
AHAJII3 OTPUMAHMUX PE3VJIBTATIB

OOrpyHTyBaHHSI IIapaMeTpiB peryJlOBaHHs Ha-
npyru. Buxoasun i3 momnepeaHbOoro BHCHOBKY BHTIKA€,
10 TOJIOBHA 3ajaya JlaHoi poOOTH IOJsira€ y po3pooii
CHCTEMH aBTOMATHYHOTO PETYJIOBAaHHS, SKa y PEXHUMI
peanpHOrO yacy 3abe3nednTs Ha kiaemax A/l KHUBWIBHY
MOTY>KHICTh PiBHSA, HEOOXITHOTO AJIS MMONOJIAHHA MOTOY-
HOTO HaBaHTAXEHHs [BUTYHA. [3 aHami3y miTepaTypHHUX
JoKepen 1 3a yMOBH (DiHAHCOBOi JOCTYITHOCTI CHCTEMHU
BUIUIMBAE, 10 peatizallis MOCTAaBICHO! METH MOXJINBA y
BUIAJKYy  BUKOPHCTaHHS  CTYNIEHEBOIO  CHOCOOY
YIPaBIIiHHS €JIEKTPOIPUBOIOM.

ABTOpamH IIPONOHYETHCS pO3pO0Ka ABOXCTYIIEHEBOT
CHCTEMH, sIKa Mpalioe a00 y HOMIHAIFHOMY PEXUMI, a00
y pexuMi eHepro30oepekeHHS. Crinyroun
€BpOIEHCHKOMY JTOCBIJTY, J€ MPUBOJI CICKTPOMEXaHITHUX
CHCTEM TPHUBAJIOTO PEXHMY POOOTH EKCIUTYaTyIOTh IpH
HaBaHTa)XeHHI, 1110 He MeHme 3a 60 % BiJg HOMIHAIBHOTO
3HAUEHHS, CIIiJ 00paTé MeXy INepeMHKaHHS peleHHOTro
perymsaTopa came Ha npoMmy piBHi. To0To, B iHTepBami
HaBaHTaxeHb |..0,6 HOMIHATBFHOTO HANpyra >KUBJICHHA
CTaHOBUTh HOMIHAJN, a SIKIIO BOHO 3HMXYETHCS MEHIIE
Hix 0,6, cucreMa nMpuOUpae HAMPYTy IO BEIMYHMHU, IO
3a0e3ne4nTh palioHabHy edekTuBHICTh AJl.
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Jns  BU3HAYEHHS  palliOHAIBHOTO  3HAYEHHS
BHXIJJHOT Halpyru y peXHMi NEPEeMUKaHHS IEPETBOPIO-
Baya CKOPHCTaEMOCH MarepiasioM jpkepena [16]. Tak, mis
meuryHa 4A132M8Y3 BcraHOBIEHOI TOTYXKHOCTI 5,5
kBT, HOMiIHamBHOI mIBUAKOCTI obepTanHsa 750 00/xB, Ha-
npyru xuBieHHS 220 B otpumano 3anexHocTi (puc.1), 3
SIKHX

1,10 10,00
P*, B.O. Uz, B

8,00
090
/ T 800
0,80 -
/ + 400
0,70

\
k

0,60 + 2,00
Mc*, B.0.
0,50 T 0,00
0,50 0,60 0,70 0,80 0,90 1,00

—&—-P* o —0—UzB

P*— mex. nomyscnicmos, Mc* — Hasanmagicenus, 6.0.;
Uz — nanpyaa 3ae0anus, B

Pucynoxk 1. Jlo Bu3HauCHHsI paioHaIbHOI BUXITHOT
HAIpYyTH MePETBOPIOBaYa

Clifye, IO MpU HaBaHTaXeHHI y 60 % HOMiHaJIbHOTO
3aBJ]aHHS Ha BXO[l MEPETBOPIOBaYa CTAHOBUTH 7,2 BOJIb-
ta. ToOTO, Hanpyra NepeTBOPEHHS, y I[bOMY BHIIJIKY,
MMOBMHHA CTAaHOBUTHU 72 % BHXiZHOI HOMIHAJILHOI, SKIIO
NPUHHATE MAaKCUMajJbHE BXiJHE 3HAUCHHS HANpyru
YIpaBIiHHS KONUBaeThes y Mexxax + 10 BonbT. Excriepu-
MEHTaJIbHA IIepeBipKa Mpale3JaTHOCTI 3aIpoIIOHOBAHOTO
HANAIITYBaHHA TUHAMIYHOI MOJENI NEeMOHCTpye (puc.2)
3HIDKEHHSI aKTHBHOI MOTYXHOCTI Ha 44 %, a peakTUBHOI
Ha 49 % 3a He3MiHHOTO HaBaHTaXkeHHS B 0,6 HOMiHATY.

10000

R000

-5000 B
0

P — akmuena ma Q — peakmuena nomyxcHocmi,
— Kymoga wieuoxicmuv,; k=15 — macuumabnuil koeghiyicnm

Pucynok 2. JlocnmimkeHns cramoro pexumy A/l 3a
HOMiHaJIbHOT — 1 Ta 3HMKEHOT — 2 HaNpyTu

Minxin 10 modyaoBU cxeMHu mepeTBOpeHHsA. Sk Bi-
JIOMO, CYTTEBUM HEIOJIKOM THPUCTOPHUX PETYISATOPIiB
HaTpyTH i3 (a30BUM pETyIIOBaHHSAM € HU3BKUH KOoedilli-
eHT notyxkHocTi. Ha Biqminy Bix aux, [IIIM neperBopro-
Bavi MAIOTh Kpallli eHepreTUYHI TOKa3HUKH, ajie iX CyTTe-
Ba KOHCTPYKTHBHA CKJIAIHICTh 1 BIATIOBITHO BHCOKA Bap-
TICTb CTPUMYE PO3BUTOK LIHOTO HANPSIMKY CHCTEM EJIEKT-
porpuBoy. ToMy TOOBHOIO 3a/1aueio poOOTH € Po3poo-
Ka crpomieHoro cxemHoro pimenns [IIM meperBoproBa-
Ya 33U PETYJIOBAHHS C€HEpProe()eKTUBHOCTI NPHUBOLY Y
3aJIEKHOCTI BiJ TTAJIHHSI HABAHTAKEHHS.

Jlns TOsSICHEHHST CTPYKTYpH 1 POOOTH CXEMHOTO pi-
LIEHHS CKOPHCTAaEMOCH (DYHKIIOHAJIBHOIO CXEMOIO puc.3.
Curnan 3 1aBaya Harpyru IIpOMHCIIOBOT Mepexi (ikcy-

JIH
VT1 \‘21
bC+ BMC |11+ Ry Gl
3
BC- || BMC | —»|I1I1- VD2
2 VT2 l'>l
A &7

JITH — 0asay mepesrcnoi nanpyeu;, 5C — 6noxu cunxponizayii; I'PLL —
2enepamop pezynbo8anol wnapysamocmi,
BMC — 6nox mooynayii cuenany; I111 — nonepeoniti niocuniosau,; Rn —
nasaumasicenns,; VT, VD — knoui ma eenmuii

Pucynok 3. ®dynkuionansHa cxema IIIM
MepEeTBOPIOBAaYA HANPYTU

eTbcst Onokamu cuaxpoHizamii BC+ mosutmeHOI i BC-
HETaTUBHOI HANiBXBHWJII Ta YTPUMYETHCA y OJUHHIHOMY
CTaHI IPOTATOM yCi€l MPOTHKHOCTI HAIIIBIICPiOiB HAIPYTH
swuBieHHs. [lynbeyioda gopma cUTHAIIB KepyBaHHS yTBO-
proeThest 3aBasku Ookam Monyrriii BMC, Buxomu 3 sSIKHx
BIITIOBIZTHO MOJAIOThCS Ha Tomniepe Hi mincwmiroBadi [T+ ta
III1- migTATHEHHS TTOTYXKHOCTI KepyBaHHS 10 PIBHS IOCTa-
THBOTO JUIS YIPABIiHHSA CHJIOBHMH Kimtodamu VT1, VT2.
3aBasku HEoMHaKOBi mpoBimHOCTI Kirouie VT1, VT2 Tta
moavi KepyBaHHS Y TpoTH(da3i CTpyM depe3 HaBaHTAKCH-
HI Ru Mae CHHycOimaigbHy (opMy, a HOTO pEryrOBaHHS
3IHCHIOETHCS IULIXOM 3MIHM IIIIApYyBaTOCTI TeHEpaTopa
I'PILL. V HamoMy BHNAAKy, 3a CTyIIEHEBOTO PETYIIOBAHHS,
IINIapyBaTICTh OJHOPA30BO HAJATOJUKYEThCS 10 IIOYATKY
poOoTH NPUBOIY Ha HANpYTy, IO BU3HAYEHa y MOIMepe-
JTHBOMY TIIITYHKTI, a IaJli KOPUCTYIOUHCH PEJICHHIM pery-
nsitopoM K 371IMCHIOIOTH TTEPEeMHUKAHHS HOMIHAJIBHOTO pe-
KMy B TIOJIOJKeHHS TipueaHano a0 G2 abo eneproedexTn-
BHOro npuensHano o I'PHI. IMpuximmnoBa cxema cucCTEMH
IMITyTTECHO-()a30BOTO KEpYBaHHS, peajli3oBaHa 3acobammu
eneKTpoHHOi Jaboparopii National Instruments ckmamoBoi
Multisim, 300paxkeHa Ha puc. 4. [loka3aHa cxema BMIIILye
onvH KaHal. [IoBHMI KOMIUIEKT y Tpruda3zHOMY BUKOHAHHI
TaKMX KaHaJiB OBHHEH MaTH TPH, a IX CHHXPOHI3aIisI My-
CHTb 3AIHCHATHCH 32 KOXHOIO (pa3oro okpemo.
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Pucynok 4. Monens IIIIM cucremu ctyrneHeBOro kepyBaHHs eHeproedekTHBHICTIO Al

BusnauenHss mapaMeTpiB Koja KOMIIeHcalii Ha-
BaHTa:keHHs1. [loriepeiHe BUNIPOOYBaHHS CUCTEMH TIepe-
TBOpEHHs (pHc.4) Ha akTUBHE HAaBAaHTAKCHHS Akl JI0-
CHUTB XOpOIIi pe3yJbTaTH. PeryntoBaHHs Harpyru Blajo-
s 3MIMCHUTH TUIAaBHO ¥ y MIMPOKOMY Jiana3oHi. Y BUTa-
JKy poOOTH IepeTBOpIOBavYa Ha aKTUBHO-PEAKTHUBHE Ha-
BaHTaKEHHS, JIe ¥ AKOCTI CHOXHBada 0OpaHO cXeMy 3a-
MimieHHs (puc.5) acuaxponnoro asuryHa 4A100L4Y3

6mH

11mH

1.716Q 1.358Q

195.671mH 26Q

Pucynoxk 5. Cxema 3amimenss AJ] 4A100L4Y3 cranoro
pexumy

motyxHocTi 4 kBT mmBuakocti obepranas 1000 o6/xB i
HOMIHAJTBHOI Hampyru XuBIECHHS 220 BOJBT, BUSABHIIO
MOBHY WOTO Hempare3laTHICTh, m0 (iKCyBaloch y BH-
ISl 3HAYHUX KHIKIB HANpyTd MPH KOXXHOMY IEpPEMH-
KaHHI CHJIOBHX KitouiB. [Ipyu pOMy eKCIIepuMeHT 3ikic-
HIOBABCS /IS CTAJIOTO PEXXHUMY 3a HOMIHAIBHOTO KOB3aH-
HA s=0,05, ne omip poTOpy PO3paxOBAHO 3a PIBHIHHIM
ry"%(1-s)/s= 26 Om. 3po3ymiIno, mo aBapiifHa poOoTa Ire-

11

PEeTBOpIOBaYa IMOB’s13aHa 3 BUHUKHEHHAM BUKUIIB €HEprii,
K4 HAKONWYYETHCS HA IHIYKTUBHOCTSX EJIEKTPUYHOI
MaIIiHY.

KommiencyBarn HacliKu Takoro CTaHy poOOTH Iie-
peTBOpIOBaya MPONOHYy€EThCS 3aBIskH RC Kona, Mo HpH-
€IHYETHCS y Tapaliellb [0 KJIEM XXHMBJICHHS CXEMH 3aMi-
meHHA. Bu3HadeHHS mapaMmeTpy JaHKd KOMIICHCAIii
NPOIMOHYETHCS 32 TAKOIO MOCIIIIOBHICTIO:

- 3TOPTaHHSI OIOPY CXEMH 3aMILEHHS Y KOMIIIEKCHOMY
BUTJIISAIL
Z; =20.826+12.047} , Om,

e j =v-1;

-IPUPIBHIOBAHHA X; = X~ 1 BU3HAYEHHS 3 IbOTO DiB-
HSIHHSI EMHOCTI, Jie aKTUBHHH OITip 3aJIMIIAEThCS HA PiB-
Hi 20,826 Om. [Ipu TakoMy po3paxyHKy €MHICTh KOM-
neHcarii gopisatoe 228,5 Mx®d Ha ¢a3y JBUryHA.
-BH3HAYCHA €MHICTH 3a0e3reuye KoedilieHT MOTyXKHO-
CTi piBHMI Maibke 1, 0 MpH 3MiHaX HaBaHTAXKEHHS
MOXe TPHU3BECTH IO NepeKoMIleHcalii cucreMu. Tomy
Ha [IbOMY eTalli OyAy€eThCs 3aJIeXKHICTh KoedilieHTa 1o-
TYXHOCTI BiJl BEJINYMHH KOMIIEHCYIOUOT0 KOHJ/IEHCATO-
pa, EMHICTD SIKOTO 3HMXKYIOTh BiJl BU3HAUYEHOI PO3paxy-
HKOBOI JI0 piBHA MiHIMaJbHO NPUIHATOI, A€ cos(@)=
0,88;

-naii 3a rpadikoM 3aJeKHOCTI OOUPAETHCS MiHIMAIbHA
€MHICTh KOHJICHCATOPA 3a PalliOHAILHO 0OPaHOTO CoS(().
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Pucynoxk 6. ExciepumenTanpHa 3aJ1€KHICTh 10
BH3HAYCHHS PAIliOHATBHOI EMHOCTI

3a 3amporOHOBAaHUM AITOPHUTMOM OTpUMaHa 3a-
JIGKHICTh PHUC.0, 3 SIKOi palfioHaIbHA €MHICTh CTAHOBUTH
60 Mx®. [Ipu mepeBipili poOOTH TIEPETBOPIOBAYA MOYKITH-
BO CIIOCTEpIraTy, U0 y pexknuMax HOMiHaIbHUK (puc.7, a)
KUJKA Hanpyrd B MOMEHTH IIepeXoJy 3 MO3UTUBHOIO
HariBrepioza y HEraTUBHUN MalOTh JAOIYCTUMHUMN PIBEHB,
a epextuBHUit (puc.7, 0) - MUPOTHO-IMITYIILCHA MOIYJISI-
Iis1 Ma€e BUIJISI MaiKe TaKui, SK 1 Ipu poOOTi MepeTBo-
proBaya Ha aKTHBHE HABAaHTaXKCHHS.

OTKe, OTpUMaHi 3aJeKHOCTI pHUC. 7 HAMJISAIHO
JEMOHCTPYIOTh CTIHiKy po0OTy CHCTEMH 32 YMOBHU
HAAIHHOT KOMYyTallii CHJIOBHX KIIIOYIB Ta MiATPUMKH
cos(¢) cucteMu Ha piBHI He Tipmomy 3a 0,987.
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1 — suxiona nanpyea, macwma6 100 B/oinenns;
2 — cmpym Hasanmadicenus, macuma6b 10 A/Oinenns;
pedNcUMU a — HOMIHAIbHULL, 6 — eHepeoepekmuHuil

Pucynok 7. ExcepuMeHTanbHa 3aJI€KHICTE poO0TH
MepeTBOpIOBayUa Ha PEaKTUBHE HABAHTAKEHHS

CxemHe pilleHHSl IIOI0 TJIABHOTO KepPyBaHHS.
[IpopoOka MUTaHHS 1010 OLTBII TOYHOTO
BIINIPAITIOBAHHS  PETYIIOBAaHHA  €HEProeeKTHBHOCTI
ACHMHXPOHHOTO eJISKTPONPUBO/ia IOKa3ajia, IO IUIaBHE
VIPaBIiHHSA Ma€ NepeBark, Xoya y bOMY BHIAIKY CIIiJ
MOTOUTHCh HA CKJIAIHICTh, MEHIIY HAMIHHICTh, a
HANTOIOBHIIIE MiABUINCHY TII0YaTKOBY BapTICTh
nepeTBoproBava. ToMy JIsl MPOMHCIIOBIIIB, SIKi 3rO/IHI Ha
Taki YMOBH MOXKe OyTH 3alpollOHOBaHAa CHCTeMa i3
KOOPJMHATHO-()a30BUM  PETYJIIOBaHHSM  ILIIapyBaTOCTI
[18] i nmomaTkoBEMM  iHOWBIZyalbHUM  (LIBTPO-
KOMIICHCYIOUUM TPHUCTPOEM, MIO PO3POOJICHUN y IIiid
pobori. CxemMHe pilIeHHA, IO peati3ye TaKy CHCTEMY,
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ALTI; 2 — ¢azosi maiimepu, 3 — mepedcHa cuHXponizayis, 4 — mooyaamopu, 5 — cunosuti 610K, 6 - HABAHMANHCEHHS

Pucynok 8. Moiens nepeTBoproBaya i3 IiIaBHAM PETYITIOBAHHIM
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HaBeJCHE Ha pHC.8, a HOro 3aBepIICHICTh Oyae 3a
HasBHOCTI B CHCTEMI HEJIHIHHOTO peryisitopa KOpeKii
e(eKTHBHOCTI [ 16] B 3aI€)KHOCTI BiJl HABAaHTAXKCHHS.
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— nanpyea, macwuma6 100 B/oinenns;
— cmpym, macuwma6 10 A/oinenns;
Peowcumu a — pezynioganisi; 6 — HOMIHANbHULL

PucyHoxk 9. Pe3ynpraTi MOIenIOBaHHS 32 IJIABHOTO
peryaroBaHHs

Pesynbryroui 3anexsocti (puc.9) BuIpoOyBaHHS
cxemu (puc.8) HE BIAPI3HAIOTHCS BiJ 3aJICKHOCTEH, SKi
MoKa3aHi Ha puc.7, O Aa€ MiJCTaBH CTBEP/XKYBaTH, IO
cHcTeMa IUIaBHOTO KEpYBaHHS MpAIfo€ TAaKOXK CTIHKO 1
6e3 npobsieM KoMyTalii i3 Oe3mepepBHOI0 KOMIICHCAIIIEI0
peaktuBHOI moTryxHocTi. [lpm 1mpoMy KoediuieHT
MOTYXXHOCTI B 000X BHIIaJIKaX 3aJIMIIAETHCS HAa PiBHI He
ripmre 0,987.

V.BUCHOBKH

YMOBH TenepilrHboro 4acy BUMaraloTh MaKCUMallb-
Hoi edexTuBHOCTI A/l TpHBO/a, sSiIKa MOXKE OyTH JOCATHY-
Ta 32 CTBOPEHHS YMOB MHTTEBOI HO/a4i B JBUTYH TaKOi
KUTBKOCTI €Heprii, ska He MEepeBHUINye HEOOXiMHOT yIs
MOJONIaHHS IOTOYHOTO HABAHTA)XKCHHS, BHUKOPHCTAHHS
neuryHiB i3 minBumennM KKJI, kommeHcamii peakTHBHOT
MTOTY>KHOCTI 1HAWBITyadTbHUMH (DITBTPO-KOMIIEHCYIOUNMH
MPUCTPOSIMH Ta 3aCTOCYBAaHHS IEPETBOPIOBAUIB i3 BHCO-
KHM KOe(iIlieHTOM HOTY>KHOCTI.

Hapixxanii mprHINT PO3POOKH - HU3BKI KaIliTaNbHI
BKJIQJICHHS, SIKi 3[[IICHEHH] 32 YMOBH MIPOCTOTH CXEMHOTO
PIILICHHSI CUCTEM MEPETBOPEHHS MEPEXKHOI Hanpyru. Pea-
JTi3ailisg [Oro MOXKJIMBA y BHUMAJIKY CTYNEHEBOI CUCTEMHU
KepyBaHH IEePETBOPIOBAYA.

3a cyyacHOTO PO3BUTKY NEPETBOPIOBAILHOT TEXHIKN
JTOCTaTHIN KOe(iIlieHT MOTYKHOCTI 3a0e31euye came CHc-
TeMa 3 IOUPOTHO-IMITYJIECHOIO MOMYJISLIEI0 MEPEXHOI
HAaIpyTH.

HominanpHUM iHTEpBaJlOM BapifoBaHHS HaBaHTa-
’K€HHsI ciij BBaxkatu Bij 1...0,6 HOMIHAJIBHOIO, IO Bij-
noBijjae €BporeiickkoMy J1ocBinxy. A Mexa MeHie 3a 60
% HOMIHAJIEHOTO HABAaHTAXXEHHS € MPUHHATHOIO JUIS TIe-
PEMUKaHHS TIEPETBOPIOBAYA Y PEKHUM SHEPro30eperKeHHsL.

13

IIpn upomy Halikpama eHeproe(eKTHBHICTh JABHUTYHA
JIOCSITAETHCS 332 BHMXIJTHOI HANpyrW IepeTBoproBada B 72
% HOMIHAIBLHOTO.

BusnaaueHHs1 mapaMeTpiB JTAHIIOra KOMIICHCAIIIT CIIij
3MiHCHIOBATH y MTOCTITOBHOCTI:

- 3TOPTAaHHS OIIOPY CXEMH 3aMillleHHs BUI'YHA;
-BU3HAYCHHS €MHOCTI KOHJICHCATOpa i3 PEaKTHBHOI
CKJIQJIOBOi 3TOPHYTOTO OIIOPY CXEMHM 3aMillleHHs, a aK-
THBHY CKJIaJIOBY IIPH LEOMY 3JIUIIAIOTh HE3MIHHOIO;
-mo0yzoBa 3aJIeKHOCTI KoedillieHTa MOTYKHOCTI CHC-
TEMH BiJl €MHOCTI KOHIEHCATOpa 3a JAHUMH EKCIIepH-
MEHTY, JI¢ BapiloBaHHS OCTaHHBOI 3MIMCHIOETHCA y Me-
JKaxX BiJl pO3PaxyHKOBOi IO MiHIMaabHO HPUAHATOI 3a
cos(¢)=0,88;

-3 rpadiky 3aJeKHOCTI BCTAHOBJICHHS palliOHAIbHOI
emHocTi RC naHIfora, sika BigmoBigae oOpaHOMY
cos(@).

ExcniepuMeHTaIbHUM YHHOM JIOBEIEHO CTIHKICTh
000X cHCTEeM KepyBaHHS 3a Kpamux yMOB KOMYyTarii CH-
JIOBUX KIIIOYiB Ta OTPHUMaHHS KOeQillieHTa MOTYXXHOCTI
piBHs He Tipme 3a 0,987.
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Llenv pabomui. Paspabomxa cxeMHo20 peuteHus u 0O0CHOSAHUE NAPAMEMPOS8 CUCEMbL YNPABIEHUS U CULOBOT
yacmu npeobpazoeames HANPANCEHUs NUMAHUA NPU YCIOBUU €20 IKCHIYAMAYUL ¢ NOBbIUEHHbIM KOIQDUyuenmom
MOWHOCIU U NAABHO20 UNU CIYNEHYAMO20 CROCOO08 Pe2yIupo8anus IHeP203IPPEKMUEHOCMU ACUHXPOHHO20 NPUBOOA.

Memoowr uccaedosanus. /[na npogedenusn uccied08anull UCHOIbI0BAHBI NOIOHCEHUS MEOPULU INEKMPULECKUX Ma-
WUH, MeMOObl CXEMOMEXHUYECKO20 NPOEKMUPOBAHUS AGMOMAMUYECKUX cucmem @ komnonenme Multisim u3 cocmaea
anekmponnot rabopamopuu National Instruments, mamemamuueckoe mooenuposanue 6 nakeme MatLab.
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ITonyuennvie pesynomamul. Pazpabomanvl u nocmpoenvl yugposvie MoOenu Cucmem UMRYIbCHO-A308020
ynpasnenust OJis CMynenyamozo u niaeHo20 pecyiupo8aniis HanPsdiCeHUs. NUManus dgueamenei ¢ NPUMeHeHuem Cnoco-
6a WUPOMHO-UMNYTLCHOU MOOVISIYUU CENMeB020 HANPSICEHUs], OaHbl PEKOMEHOAYUL K YPOGHIO NPOCUOAHUSL HAZPY3KU,
npU KOMOPOM HeOOXOOUMO YMEHbULUND HANPSIJICEHUEe NUMAHUSL U €20 GEelUYUHbL NPU PENeHOM YAPAGIEHUU, A TAKICE
UCHbIMAHA CUCIeMA NAABHO20 Pe2YTIUPOSAHUSL C KOOPOUHAMHO-(A308bIM YAPABIEHUEM CKBANCHOCHIU OJisl O0OCHUNCEHUS
PAYUOHATLHOU dHEP20IPhexmusHocmu npusooq.

Hayyna nosusna. Obocrnosan 6bi60p npeoena nepekiiouenus peieiHozo pe2yisimopa u ypoeeHb payuoHaIbHOU
BENIUYUHBL BLIXOOHO20 HANPSJCEHUsI NPeoOpa308amest, NPu KOMOPOM 00CMULAEMC sl PAYUOHATLHO-IOHEP2OIPekmusHoe
YHpasnenue npueooOM, NPeodaodceH ancopumm onpedenenus napamempos RC purompyloweli yenu 01s 00HO8peMeH-
HO20 0becnedeHus: Hauay4yuux YCioeull KOMMYmMayuu CUl08bIX Kaouell npeobpazoeameis u 0Cyuecmeienus Henpepule-
HOU KOMNEHCayuy peakmusHoOl MOWHOCMU 08U2ameis, Npu YCI08UU IKCRIYAMAYUL npeoopazoeamelis ¢ HOGbIUEHHbIM
K03 uyuenmom mowHocmu.

Ilpaxmuueckas yennocms. Buedpenue ynpoujeHHol cucmemvl npeodpa308anus ¢ NOBbIUEHHbIM KOIPDuyeHmom
MOWHOCIU NO360AUM CO30AMb AGMOMAMUYECKYI0 CUCMEM) ACUHXPOHHO20 Npueodd, 61a200aps KOMOPOU B03MOICHO
docmuyb cOepedcerss IHEP2oPecypca Ha YYacmKkax o0susames, npeoopazoeamess u d3HEP2OCUCMEMbL, NPU  VYCI08UU
MUHUMATLHBIX KANUMATbHBIX 6LOACEHULL HA €€ U320MOGIeHUe.

Kniouesvle cnosa: onumenvublii pedcum pabomvl; MAn0 MEHAIOWUUCA 2PAUK Hazpy3Ku; SHep2o3ghdexmuenoe
VHpaenenue ACUHXPOHHLIM NPUBOOOM; YNPOWEHHAA CXeMA NPeobpasoeamenss Cemeso20 HANPAN’CEHUs; YEeTUeHHbIl
K03 duyuenm mowgpocmu.

PARAMETRIC CONTROL OF EFFICIENCY OF ASYNCHRONOUS DRIVE
BY MEANS OF CONVERTER WITH THE INCREASED POWER FACTOR

BORODAI V .A. Cand. Sci. (Tech.), Associate Professor, Associate Professor of the Department of Electric
Drive, Dnipro University of Technology, Dnipro, Ukraine, e-mail: Boroday va2@ukr.net;

KOVALOV O.R. Engineer, Senior Lecturer of the Department of Power Engineering, Dnipro University of
Technology, Dnipro, Ukraine, e-mail: kovalov.o.r@nmu.one;

NESTEROVA PhD, Associate Professor of the Translation Department, Dnipro University of
0O.YU. Technology, Dnipro, Ukraine, e-mail: olnesteroval @rambler.ru.

Purpose. Development of circuit solution and substantiation of parameters of control system and power part of
power supply converter, provided its operation with high power factor and smooth or stepwise methods of energy effi-
ciency control of asynchronous drive.

Methodology . The provisions of the theory of electric machines, methods of circuit design of automatic systems
in the Multisim component of the National Instruments electronic laboratory, mathematical modeling in the Matlab
package were used for research .

Findings. Digital models of pulse-phase control systems for stepwise and smooth regulation of the supply voltage
of motors using the method of pulse-width modulation of the mains voltage have been developed and built, recommen-
dations are given for the level of load sagging, at which it is necessary to reduce the supply voltage and its magnitude
with relay control, and also tested a smooth control system with coordinate-phase duty cycle control to achieve ra-
tional energy efficiency of the drive.

Originality. The choice of the switching limit of the relay regulator and the level of rational value of the converter
output voltage is substantiated, at which rational and energy-efficient control of the drive is achieved, the algorithm for
determining the RC filtering circuit parameters is proposed to ensure simultaneously the best conditions for switching
the converter power switches and the implementation of continuous compensation of the engine reactive power, pro-
vided that the converter is operated with an increased power factor.

Practical value. The introduction of a simplified conversion system with a high power factor will create an auto-
matic asynchronous drive system, through which it is possible to achieve energy conservation at the engine, converter
and power system, with minimal capital investment in its production.

Keywords: Long operating mode; slightly changing load schedule; energy-efficient asynchronous drive control;
simplified circuit of the mains voltage converter; increased power factor.
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Purpose. To establish quantitative indicators of the influence of non-sinusoidal loads on the parameters and oper-
ability of contacts of voltage control devices of transformers of power-consuming electrical installations

Methodology. In our research, we used the probabilistic-statistical methods to analyze the experimental findings.
Experimental studies were carried out applying advanced software-based methods for processing, systematizing and
visualizing the findings derived.

Findings. The analysis of the accident rate of transformers for power-consuming technological installations
showed that adjustable transformers, in particular, on-load tap-changers, are in many cases the cause of failure in the
operation of electrical installations. On the example of a switching device of the RNOA-110/1250 type, it was experi-
mentally established that the non-sinusoidality of the current caused by abruptly alternating loads, in combination with
an increase in the number of switchings, leads to an increase in the contact resistance, which significantly reduces the
reliability and serviceability of contacts.

Originality. The dependence of the transient resistance of the contacts of the voltage control device under the load
of the transformer on the degree of non-sinusoidality of the load current is obtained.

Practical value. The results of the work can be used in the development of new designs of on-load tap-changers
for special purpose operation under conditions of load fluctuations. In particular, the work is aimed to increase the
reliability of on-load tap changers contact systems, as well as in the study of the operating conditions of network and
furnace transformers in power supply systems of energy-intensive technological installations.

Keywords: transformer equipment; load fluctuations; on-load tap-changers; contacts; contact resistance; non-
sinusoidal current; reliability.

I. INTRODUTION

Reliable functioning of power supply systems for
energy-intensive technological electrical installations,
such as arc steel-melting furnaces, rolling mills, transmis-
sion lines and back-to-back stations, rectifier and inverter
substations, as well as facilities for converting the AC
frequency 50 Hz to 60 Hz (Vyborg HVDC scheme), is an
important technical problem [6]-[8], [10]-[12]. It is
known that the key and most critical element of such sys-
tems are power (furnace) on-load tap-changing transform-

ers, the reliability of which is largely determined by the
reliability of the on-load tap-changers (OLTC), in particu-
lar of their contact systems [2], [6]. This is due to the fact
that the maintenance of the directive task of the techno-
logical process is achieved by permanent voltage regula-
tion using tap-changing devices and is confirmed by the
data on the damageability of transformer equipment in the
power supply systems of energy-intensive industries, pre-
sented in Table 1.

Table 1. Emergency rate of transformer equipment by its components and voltage ratings

Voltage ratings, kV
Component 35 110 220 330 500 Aggregate
N % N % N % IN| % | N| % N %
Windings 61 30 43 13 | 10 7 1 8 0 0 115 | 16
On-load tap changers 4 2 61 18 | 26 19 |1 8 5 24 | 97 [ 135
Bushings 27 13 77 23 | 44 32 | 3] 23 7 34 | 158 | 22
Other components and causes | 81/31 | 40/15 | 126/31 | 37/9 | 55/1 | 41/1 |8/0| 61/0 | 9/0 | 42/0 {279/0|39,5/9
Total 204 100 338 | 100 | 136 | 100 | 13| 100 | 21 | 100 | 712 | 100
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The data presented in Table 1 show that the acci-
dent rate of transformer equipment due to failures of
OLTC is relatively low compared to other components.
However, a more detailed analysis shows that defects
in OLTC, which are often latent in behavior, are the
cause of failures on bushings, windings, other compo-
nents of transformer equipment and the system as a
whole [6].

II.ANALYSIS OF RECENT RESEARCHES

An essential feature of the OLTC operation is
that, in the tap-changing process, they carry out multi-
ple tap-changing operations under conditions of load
fluctuations [2], [7], [10]-[12] and a significant incom-
pliance of the power quality characteristics with stan-
dardized ones [16]. In the process, non-stationary elec-
tromagnetic processes and, accordingly, more severe
operating conditions are initiated, which are usually not
taken into account when developing OLTC contact
systems [1], [2], [4], [5], [9]- In the given case we are
dealing with higher harmonics and current unbalance,
which, as it is well known, significantly affect the op-
erability of the OLTC contacts, in particular, the con-
tact resistance and switching wear resistance [4], [5],
[13], [14]. Therefore, they are imposed by increased
requirements.

A significant number of publications are devoted
to the study of the effect of load fluctuations on trans-
former equipment [7], [10]-[12], [15]. Such kind of
research has also been carried out for OLTC [10]; how-
ever, they require further development due to the spe-
cific functioning of their contact systems. In particular,
the influence of higher harmonics and unbalance in the
current on the parameters of electrical contacts and
their reliability has been insufficiently studied.

III. FORMULATION OF THE WORK PURPOSE

The purpose of this work is to analyze the operat-
ing conditions, to determine the cause-and-effect fac-
tors that lead to a decrease in the reliability of OLTC
contact systems. The main task of the study is, first and
foremost, to determine quantitative characteristics of
the influence of load fluctuations on the parameters of
the OLTC contacts. The task of the research is also the
use of the derived scientific findings for the purpose to
modernize operable devices and to develop new engi-
neering and technical solutions.

IV. PRESENTATION OF THE BASIC
MATERIAL AND ANALYSIS OF THE
OBTAINED RESULTS

The object of the study was the contact system of
the contactor of the switching device of the RNOA-
110/1250 type, the appearance of which is shown in
Fig. 1, and its electrical characteristics are given in
Table. 2.

Figure 1. Appearance of the PHOA-110/1250 type
OLTC

The following designations are accepted in Figure
1: 1 and 2 are arcing and main contacts, respectively; 3
and 4 are spring and hinge mechanisms, respectively.

To execute the experimental research, a special-
ized installation has been developed. Its structural dia-
gram is shown in Figure 2.

The following designations are accepted in Figure
2: 1 — switch; 2 — non-sine waveform generator; 3 —
current THD regulator; 4,5,6 — measuring transducers
of power, voltage and current, respectively; 7 — test
object (arcing contacts); 8 — transformer; 9 — electric
drive of the OLTC; 10 — load; 11 — movie camera; 12 —
movie camera drive; 13 — block for coordination of
starting the all mechanisms drives; 14 — short-circuiter;
15 — chromel-copel thermocouples; 16 — thermal imag-
ing camera.

Table 2. Technical parameters of the investigated switching device of the RNOA-110/1250 type

No. Parameter name, measurement unit Value
1 | Rated voltage, kV 110
2 | Rated current, A 1250
3 | Mechanical life, thousand switching operations (not less) 500
4 | Switching life of arcing contacts, thousand switching operations (not less) 50
5 | Time of changing over operation from one fixed position to another one, seconds 3,8+20%
6 | Number of switching operations before oil change in the contactor, thousand (not less) 50
7 | Mass of the on-load tap changer without oil, kg 1300
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Figure 2.Block diagram of a specialized device for experimental study of electrothermal processes in the contacts of
switching devices.

The research were performed using a single-phase
model of the on-load tap-changer contactor, which was
connected to phase A of the physical model of an elec-
tric furnace transformer. Supply voltage was applied to
the installation from an AC power source using a
switch 1. The current THD was adjusted using a shaper
2 controlled by unit 3. The parameters to be researched
were measured with devices 4, 5, 6, 15. A movie cam-
era 11 made filming to visualize the contact opening
process and further analysis. The contact heating tem-
perature was measured using chromel-copel thermo-
couples 15 and thermal imaging camera 16. Unit 13
was used to coordinate the operation of short-circuiter
14, movie camera 11, thermocouples 15 and the trans-
former physical model 8. After each series of tap-
changing operations, the contact resistance of the con-
tacts being investigated was measured. The experimen-
tal research findings for six values of the THD current
are shown in Table 3.

It is known that the contact resistance is a random
variable [1], [4], [5], therefore, Table 3 presents the
mathematical expectations of the contact conductance,
derived from the probabilistic-statistical analysis of
several parallel measurements [3]. The mathematical
expectation of the contact conductance at certain values
of the number of tap-changing operations is selected as
the arithmetic mean of the results of parallel measure-
ments:

ey = (1
n

where i is the serial number of the measurement;
n is the number of parallel measurements; o; is the con-
tact conductance at the i-th measurement.

The sample values of the general variance and the
root-mean-square error of a single measurement of the
contact conductance were calculated using the follow-
ing formula:

Table 3. Findings of the contact conductance
measurements in relative units

THD, %

40 | 63 | 9,5 | 13,5 22,0 31,7

o | Number of switching
operations,-10*

1,00 | 1,00 | 1,00 | 1,00 | 1,00 | 1,00
0,99 10,99 10,97 10,97 | 0,97
0,96 | 0,94 | 0,92 | 0,90 | 0,88
0,92 1 0,88 | 0,84 | 0,80 | 0,76
0,88 | 0,83 | 0,77 | 0,72 | 0,66
0,85 10,79 1 0,73 | 0,66 | 0,60
0,80 | 0,73 | 0,65 | 0,58 | 0,50
0,77 1 0,68 | 0,60 | 0,51 | 0,42
0,71 | 0,64 | 0,56 | 0,49 | 0,41
0,68 | 0,62 | 0,54 | 0,48 | 0,41
0,65 | 0,59 | 0,53 | 0,47 | 0,41
0,64 | 0,58 | 0,52 | 0,46 | 0,41
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The correlation function of the contact conduc-
tance, depending on the conditional numbers of the
measurement series and the number of tap-changing
operations, was determined in accordance with the fol-
lowing relationship:

%(01—1 -5,-1 )Xo, —5)

_1=2
kW= 2.m+1 S

where 1 is the serial number of the measurement
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series corresponding to the number of tap-changing
operations; m is the number of experiments in a series
of studies.

The probability densities of the contact conduc-
tance values (in the form of discrete values of the prob-
ability of their falling into the given intervals) were
determined according to the expression:

kj
f_j(Gi)Zna “)

where £; is the number of conductance values fal-
ling into the interval 6, , <o, <o, kis the total num-

ber of conductance values obtained in the experiments;
h is the interval width 2=0, -0, ;.

The mathematical expectation and variance of the
contact conductance, calculated from experimental
findings, depending on the number of tap-changing
operations, are shown in Figure 3.

o s
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ihousand 1ap-changing operations

Figure 3. Experimental dependency the contact con-
ductance vs the number of tap-changing operations:
e — mathematical expectation; X — variance

An analysis of the invariance indicates that the
largest deviations in the contact conductance occur in
the range of 10 to 24 thousand tap-changing operations
(region II, Figure 3). This can be explained as follows.
In the initial stage of testing (region I, Figure 3), the
contacts surfaces wear in less degree due to erosion
processes. As the number of tap-changing operations
increases, the contact wear effect due to arc erosion
increases significantly (region 1I, Figure 3). However,
when a certain level of wear is reached, their influence
begins to decrease (region 111, Figure 3).

Figure 4 shows the graphical dependence of the
correlation function depending on the serial number of
the series of experiments It is indication of the relation-
ship between the conductance values in adjacent series
of experiments at the corresponding values of the num-
ber of tap-changing operations (i.e. the influence of
values in the previous series of experiments that char-
acterize the degree of wear of the contact surfaces).
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Figure 4. Correlation function of the contact conductance

Figure 5 shows the probability distribution den-
sity of the contact conductance, which in this case
complies with a uniform law. The presented depend-
ence makes it possible to estimate the number of con-
ductance values that fall into the corresponding inter-
vals.
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Figure 5. Density of the probability distribution of con-
tact conductance

The analysis of the findings derived made it pos-
sible to establish certain regularities of decreasing the
reliability of the OLTC in systems with load fluctua-
tions in comparison with general-purpose systems. This
can be explained by the fact that, due to electric arc
erosion, the alloy structure of the metals used for mak-
ing the contacts of the OLTC is partially destroyed. In
the process, the contact resistance after each series of
tap-changing operation increases resulted from a
change in the state of the contact surfaces. Ultimately,
the contact surfaces take a shape that is significantly
different from the initial one.

From 40% to 80% of the contact surface is de-
structed, depending on the duration of the arc discharge
during the tap-changing process. Contacts are de-
stroyed most intensively at small distances between
them. A significant role plays the cumulative effect
when the contact surfaces are repetitively exposed by
an electric arc discharge. It is well-known that the
shorter the arc during the switching process, the less
wear and the higher the reliability of the contact system
and the tap-changer as a whole [1], [2], [4], [5]. As an
example, Figure 6 shows the contact surfaces exposed



ISSN 1607-6761 (Print)
ISSN 2521-6244 (Online)

«EJIEKTPOTEXHIKA TA EJIEKTPOEHEPTETHUKA» Ne 2 (2020)

Po3nin «Enxekrporexnika

by arcing after 10,000 tap-changing operations.

Figure 6. Photographs of the contact surfaces of the
OLTC after experimental studies

The results of the studies of the contacts make it
possible to formulate technical requirements and tech-
nical specifications for the design of new standard ver-
sions of OLTC for special purposes and the reconstruc-
tion of general-purpose developments.

IV. CONCLUSION

1. Based on the analysis of the accident rate of
transformer equipment in the power supply systems of
energy-intensive industrial enterprises, it was found that
one of the possible root causes of the development of
accidents is damage to switching devices. At the same
time, they refer to hidden factors, since when investigat-
ing accidents, primary attention is paid to obvious con-
sequences, such as failures bushings, systems for excit-
ing a magnetic field, magnetic circuits, electrodynamic
effects, etc.

2. Indicators of accident rates of transformer
equipment due to OLTC failures in power supply sys-
tems of energy-intensive industries, especially at load
fluctuations, are 52% higher compared to general-
purpose systems. However, if the hidden behavior of
the OLTC failures is taken into account, then the given
indicator can increase significantly.

3. In the existing literary sources, there are practi-
cally no investigations of switching processes in OLTC
for the purpose to determine the cause-and-effect fac-
tors of reducing their functional reliability in systems,
where the power quality characteristics do not comply
with the standard requirements.

4. A specialized device was proposed and a tech-
nique was developed for the experimental study of
switching processes in tap-changers at variable THD of
the exciting current, which made it possible to obtain
specific results that explain the cause-and-effect factors
of contact damage.

5. The contact resistance directly increases with
the increase in the number of tap-changing operations,
as well as the THD of the exciting current. It is shown
that the largest dispersion in the contact resistance oc-
curs in the range from 10 to 24 thousand tap-changing
operations.
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JOCJIJKEHHS BILITUBY HECUHYCOIJAJTIBHUX HABAHTAKEHD HA
POBOTOCIPOMOKHICTHh KOHTAKTIB IPUCTPOIB PITH

3IHOBKIH B.B. 0-p mexn. Hayx, npogecop, npogpecop xapedpu «Erekmponpusod ma aemomamusayis
NPOMUCTIOBUX YCMAHOBOKY HAYIOHAIbHO20 YHigepcumemy «3anopizeka NOAIMexHikay,
3anopisicoics, Vipaina, super _znvw(@ukr.net;

BJIM3HSKOB O.B.  kawo. mexn. nayx, doyenm, doyenm kaghedpu «Enexkmpuuni ma enekmpouui anapamuy
HayioHanbHo20 YHIgepcumemy «3anopizeka noaimexsikay, 3anopixcocs, Yxpaiua,
blizn1953@gmail.com,

Mema pobomu. Bcmanosumu KinbKicHi NOKA3HUKY 8NAUBY HECUHYCOIOANbHUX HABAHMANCEHb HA NApAMempU i po-
0OOMOCHPOMONCHICIE KOHMAKMIE NPUCMPOI8 pecyO8aHHA HANpYau MpaHchopmamopis nio HA6AHMAXdCEHHAM (Npu-
cmpoig PIIH) Ons enep2oeMHUX MEXHON0IUHUX YCHIAHOBOK.

Memoou oOocniodxcennss. Y pobomi euxopucmani memoou iMOBIPHICHO-CIAMUCMUYHO20 AHANIZY Pe3yibmamie
eKCHepUMEHMANbHUX 00CNiodceHb. Excnepumenmanshi 00CHiONHCeHHA GUKOHAHT 3 8UKOPUCIMAHHAM CYYACHUX NPOSPAM-
HUX Memodie 06poOKu, cucmemamu3ayii ma 8izyanizayii OmpuMaHux pe3yiomamis.

Ompumani pesynomamu. Ananiz asapitinocmi mpancghopmamopis 0jis eHep2OEMHUX MEXHON02IUHUX YCIMAHOBOK NO-
Kasas, wo npucmpoi PIIH € ¢ bazambox sunaokax npudunoro 30010 6 pobomi mexHono2iyHux ycmanosok. Ha npuxknaoi
npucmpoiro PIIH muny PHOA-110/1250 excnepumenmanbHo 8CMAHOBIEHO, WO HECUHYCOIOANbHICIb CIMPYyMY, WO € HAC-
7NIOKOM Pi3KO3MIHHO20 HABAHMANMCEHHS, Y NOEOHAHHI 3i 3DOCMAHHAM KiIbKOCHI NEPEeMUKAHb NPU3800Ums 00 30i1bUleHH s
nepexiono2o onopy KOHMAKmis, w0 iCMOMHO 3HUNCYE NOKAZHUKU HAOIIUHOCMI I pabomocnocoOHOCHb KOHMAKMIG.

Hayxoea nosusna. 3a oanumu excnepumenmy i ix cmamucmuynoi 00pooKu ompumana 3a1exiCHicmy nepexiono2o
onopy koumaxmie npucmporo PITH 6i0 koeghiyienma necunycoioanbnocmi cmpymy Ha8AHMANCEHHA NPU PIZHUX KITbKO-
CMSIX NepeMUKanb nio HABaAHMANCEHHSM.

Ilpaxmuuna yinnicme. Pezynemamu pobomu modicyms 8UKOPUCMO8Y8AMUCL npu po3podyi HOBUX MUNIE Npu-
cmpois PIIH cneyianvrnozo npusnauents 01a pobomu npu pizKO3MIHHUX HABAHMAICEHHAX, 30KpeMd, NIOGUWEHHS Ha-
OIUHOCMI IX KOHMAKMHUX CUCHEM, d MAKONC NPU O0CTIONCEHHI MONCIUBUX PEHCUMIE HAOIIHOT pobomu Mepercesux i
NIYHUX MPAHCHOPMATMOPIE 8 CUCEMAX eIeKMPONOCMAYAHHA eHEPLOEMHUX MEXHON0IUHUX KOMNIEKCI8.

Kmouoei cnosa: mpancgopmamopne obnaonanms; piskoaminni naeanwmaoicents, npucmpoi PITH; konmaxmuuii
onip; HecuHycoioanvHull cmpym,; HAOTHICM®b.

NCCIIEAOBAHUE BJIMAHUA HECUHYCOUJAJIBHBIX HAI'PY30K HA
PABOTOCHOCOBHOCTH KOHTAKTOB YCTPOUCTB PITH

3MHOBKIMH B.B. 0-p mexn. nayk, npogheccop, npogheccop xapedpvr « INeKmponpusood u aemoMamu3ayus
NPOMBIUNEHHBIX — YCMAHOBOKY» — HAWUOHAIbHO20 — YHUGEDpCUMemAa  «3anopoiccKkasn
noaumexHuxay, 3anopoaicse, Ykpauna, super_znvw@ukr.net;

BIIM3HSKOB A.B.  kauo.mexn. nayk, Ooyenm, Odoyenm xapedpvr «neKkmpuueckue u 31eKmpOoHHbLE

22



ISSN 1607-6761 (Print) «EJEKTPOTEXHIKA TA EJIEKTPOEHEPTETUKA» Ne 2 (2020)
ISSN 2521-6244 (Online) Po3nin «Enxekrporexnika

annapamoi» HAYUOHANLHO20 YHUGepCcUumema «3anoposicckas nOIUmexHukay, 3anopooicoe,
Yxkpauna, e-mail: blizn1953@gmail.com,

Llenv pabomui. Ycmanosums KonuvecmeenHvle NOKA3AMenU 6IUAHUA HECUHYCOUOATbHBIX HASPY30K HA napamem-
bl U pabomocnocoOHOCb KOHMAKIMO8 YCMPOUCMS pe2yIuposanus HanpAXCeHus mpac@opmamopos noo Hazpy3Koil
(vempoticme PITH) 0ns sHepeoeMKux mexHoni0euieckux yCmanogox.

Memoovwt uccredosanus. B pabome ucnonv306ansvi Memoobl 8eposmMHOCINHO-CINAMUCTIUYECKO20 AHATU3A Pe3Yilb-
mamog SKCNepUMeHmManbHulX UCCIe008aHull. DKCNepUMEeHManbHyle UCCIe008aHUs 6bINOTHEHbL C UCNONb308AHUEM CO-
BDEMEHHBIX NPOSPAMMHBIX MEMOO08 06PAOOMKU, CUCIEMAMU3AYUY U BU3YATU3AYUYU NOTYYEHHBIX PE3YIbINAMOS.

Tonyyennvie pesynomamol. Ananus asapuiinocmu mpanc@hopmamopos Ojia IHeP2OeMKUX MEXHOI02UYECKUX YCma-
HOBOK nokasai, umo ycmpoucmea PIIH sisomcs 60 MHOSUX CIyuasx NPuyuHou cOos @ pabome mexHoni02uueckux yc-
manoeox. Ha npumepe ycmpoticmea PIIH muna PHOA-110/1250 sxcnepumeHmansHo yCMaHo81eHo, Y4mo HeCuHycou-
0anbHOCMb MOKA, 8bI3bI6AEMAS PE3KONEPEMEHHBIMU HASPYIKAMU, 8 COYEMAHUU ¢ POCINOM KOIUYECMEd NEPEeKIOUeHull
NPUBOOUM K YBETUUEHUI) NEPEXOOH020 CONPOMUBTEHUS KOHMAKIMOS, YMO CYWECMEEeHHO CHUXCAem NOKA3amenu Hd-
0exCHOCIU U paboOmMOCHOCOHOCMU KOHMAKINOS.

Hayyna noeusna. 1o 0aHHbIM 3KCriepumeHma u ux cmamucmuyeckoli 06pabomku noxyuena 3a8UcUMocms nepe-
X00H020 conpomusnenus koumaxmos ycmpoticmea PIIH om kos@guyuenma necunycouoanvHocmuy moxa HazpysKu
NpU Pa3TUYHbIX KOAUYECMEax nepekuioueull no0 Hazpy3Kou.

Ilpaxmuueckas yennocms. Pe3ynomamul pabomuvl Mo2ym UCHONb306aMbCs NPU pa3pabomKe HOBbIX MUNO8 yCm-
poticme PIIH cneyuanvnoz2o nasHauenus 015 padomvl npu pe3sKonepemMeHHblX HAZPY3KaX, 6 YACHHOCU, NOSbIUUEHU
HAOEINCHOCMU UX KOHMAKMHBIX CUCEM, a MAKdHCe NPU UCCTE008AHUU 03MOICHBIX PENCUMOB HAOEICHOU pOOOmbL ce-
MeGbIX U NeYHBIX MPAHCHOPMAMOPOS 8 CUCEMAX INEKMPOCHAOICEHUSL IHEPLOCMKUX MEXHOIOSUYECKUX KOMNIEKCOB.

Kmiouesvle cnoea: mpaucgopmamopnoe obopyoosanue; pesxonepemenmvie nazpysku; ycmpoiicmea PIIH;
KOHmMAaKmmuoe conpomueéienue; HeCUHYCoOuOanbHblil MOK; HA0EHCHOCHD.
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METO/JA PACYHETA YCTAHOBUBHIUXCS ITPOLOECCOB B
AJIEKTPUYECKHUX LEIIAX

IMATAJIAX JI.T". AcrnmpanT HamuoHambHOTO YHHBEpCUTETa <«3amopi3bka MOINTEXHiKa», 3alopokKbe,
VYkpauna, e-mail: patalakh.dmytro@gmail.com

TUXOBOJA C. M.  arm, mou HanmoHamrbHOTO YHHBEpCHTETa «3amopi3bka IONITEXHIKa», 3amopoxkbe,
VYkpauna, e-mail: stikhovod@gmail.com.

Llenv pabomwi. Paspabomra memooa pacuema ycmanosusuuxcs nepuoduyecKkux npoyeccos CoxHol hopmel.

Memoowr uccredosanus. Hcnonb3o6ana noruHOMUAIbHASL ANRPOKCUMAYUST (DYHKYUL, YUCTEHHble MemOoObl peuie-
HUSL UHMe2PO-OUpPepenyuanbHbIX YPAGHEeHUIl, MAMeMamu4ecKuil annapam MAampuyHol aneebpvl, KOMNbIOMEpHOe
NPOSPAMMUPOBAHUE U MEMOObL MEOPUU INEKMPULECKUX Yenell.

ITonyuennvie pesynomamul. B pesynomame mooudurayuu uzgecmnozo memooa paciema nepexooHvix npoyeccos
paspaboman mMemoo, KOMopulil NO380Jsem HeNoCPeOCMEEeHHO GbINOIHAMb PAcyem YCHAHOBUSUIUXCS NePUOOUYECKUX
npoyeccos. Imo coxpawjaem epemsi KOMNbIOMEPHO20 MOOETUPOSAHUsST YCMAHOBUBWUXCA MepuoOuU4ecKuX dekmpuye-
CKUX NPOYECCo8 8 TUHEUHbIX dekmpudeckux yensx. [lokazan npumep npumenenus npeonodcenno2o memoda. Ha ocno-
8aHUU pazpabomanHo20 Memood COCMABICHA KOMNbIOMEPHASL NPO2pamMMa 0Jis pacyema yCmaHo8UBWEe20CA npoyeccd
6 MOOENbHOU yenu. JJanuvliil npumep noKazal COKpaueHue npoyeccopro2o epemenu na 45% no cpagnenuio ¢ npumene-
HUEM U3BECHHbIX MEMOO08.

Hayuna nosusna. Ilpoyeccvl 8 91eKmpuyeckux yensix Onucbl8aromest unmezpo-oudpepeHyuaibuvimu ypagHe-
Husimu. TIpu ux pewenuu UCnoIb308aHA ANIPOKCUMAYUS (DYHKYULL NPOU3BOOHBIX MOKOE OM BPEMEHU PAOAMU HO OPMO-
20HanbHbIM noaunomam Yeovuuesa. Ilpu annpoxcumayuu ynkyuti nonunomamu Yebviuesa umeem mecmo c6oucmseo
PABHOMEPHOCIU ROZPEWHOCIU 80 8CeM OUANA30He USMEHEHUs apeyMeHma. Jmo 6bic00HO 8blOesiem ux u3 paoa opy-
2UX OPMOSOHANbHBIX QYHKYUL. B npednodceHHom memooe UCnoib306anHa NOTUHOMUANLHAS ANNPOKCUMAYUS HE CAMOU
Qyuryuu pewenus, a ee npouzsoonol. Cama QyHKyus HaxX0OUmcs onepayuell UHMezpuposanus. Ima onepayus umeem
MARYI0 NOZPEWHOCMb NO CPAGHEHUI0 ¢ onepayueil oudpepenyuposanus. Henocpedcmeennviii pacuem ycmanoguguie-
20C51 NEPUOOUYECKO20 NPOYECCA OOCMULACMC MEM, YMO HAYAIbHble YCI08UsL /s MOKO8 U UX NPOU3BOOHBIX 8 HAYATLe
nepuoda Oepymcs. KAK 3HAYEHUst 3Mux dce QyHKyuli 6 Konye nepuodd. B npednoswennom memode unmezpo-
ouhepenyuanvivle ypagHenus: COCMOsiHUsL nPeodpasyiomcst 6 unelinvle aneedpauveckue ypashenus. IlIpednoscena
MemoouKa cocmasgieHusi eOUHOU CUCmeMbl TUHelHbIX anzedpaudecKux ypasHenuil. Pewenue smoii cucmemul no3eo.is-
em HenocpeoCmeeHHO 6bINOIHANDb PACYEm YCMAHOBUBUUXCS NEPUOOULECKUX NPOYECCO8.

Ilpaxmuueckas yennocms. Pazpabomannviil Memoo OmKpbleaen HO8YI0 BO3MONCHOCHb UCHOIb308AHUS MHO2000-
PAa3Ho20 annapama meopuu dNEeKMpudeckux yeneu oast pabomsi ¢ uzodpasicenusimu moxog. Ha ocnosanuu smozo me-
moda paspabamuleaemcs YHUBEPCATbHBLIL NPOSPAMMHBIIL KOMAAEKC Ol pacyema YCMAaHOBUSUXCS NEPUOOULECKUX
npoYeccos 8 INeKMPULECKUX YeNnsax NPouU360IbHOU CLOHCHOCTU. DMO NO3BOIUN COKPAMUMb NPOYECCOPHOE 8PEMA MO-
0eNUPOBaHUsL CLONCHBIX YeNnell.

Kniouesvle cnosa: ycmanosusumuticss npoyecc, YucieHHble Memoobl, CXEMHAS MOOENb, NOAUHOMUATLHASL ANNPOK-
cumayus; noruHomvl Yebvluesa

MEPEeXOAHBIX TpoIeccax 3TOT crmocod TpedyeT 3Ha4YH-
TEJILHOrO BpPEMEHHW pacuera, YTO MOXET MpPUBECTH K
B KOHCTPYKTOPCKOM MpaKTUKE BO3HUKAET MOTpeO-  OOJIBIION HaKaIIMBaeMOMH OIIMOKeE.
HOCTh pacyeTa yCTaHOBHUBIIMXCS nepno;[unquKMx PO~ 11 AHAJIM3 UCCJIE JTOBAHMIA Ml TYBJIMK AHI/Iﬁ
neccoB. M3BecTHO [1], yTO ycTaHOBUBLIMIICS Mpolecc —
9TO YacTh MEPEXOHOTO MIPOIIECcca, paccMaTpuBaeMast Ipu B nureparype mHpPOKO U3BECTEH METO/I pacyeTa yc-
MIOJTHOM 3aTyXaHWM CBOOOJHOW cocraBisitomiedl. Teope-  TaHOBHMBIIMXCS HECHHYCOMJAIBHBIX IIPOLIECCOB B 3JIEK-
TUYECKH TIOJHOE 3aTyXaHHE IMEPEeXOJHOTO IMpoIecca Ha-  TPUYECKUX LEMSIX, OCHOBAHHBIN Ha pas3lIOKCHUH HECHHY-
CTyIaeT P TEKYIIEeM BPEMEHHU t—oo (pakTudecku t>3-  commanbHBIX QyHKIMA J/IC B TPUTOHOMETPUICCKHN P
X TIOCTOSTHHBIX BPEMEHH MepeXxoqHoro mporecca). Mcxoas  @ypbe. Pacder BRIMOTHIETCS MOCIEIOBATEIBHO IS BCEX
W3 3TOT0, YCTAaHOBHUBIIHMHCS MPOIECC MOXKET OBITh MOMy-  TapMOHHK JJIC KOMIUIEKCHBIM (CHMBOIHMYECKHM) METO-
YeH YHCIEeHHBIM MeTomoM [2], [3] myTem pacuera mepe-  AOM H, 3aTeM, HCIIONB3YeTCS MPHUHIUI HaloxeHus [1]
XOJHOTO TIpoIiecca 0 ero MoJHOro 3aTyxaHus. [lepexon- A7 MONMy4eHUs pe3yNbTUPYIOMNX KPUBHIX. B aToM ciy-
HBIE TIPOLECCHI B AIIEKTPOTEXHUYECKUX YCTPOWCTBAX MO-  Yae HECHHYCOWJAIbHbIE TOKU U HAIPSDKEHHS BBIPAKAIOT-
IyT OBITh JJIUTEIbHBIMH. [IpM MEUICHHO 3aTyXaroIuX Cs CyMMaMd TPUTOHOMETPUUCCKUX psimoB [4]. Meron

I. BBEAEHUE
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Tpe6yeT HCIOJIb30BaHUA 3HAYUTCIIBHOIO YHCJIa TrapMo-
HUK, YTO HC I'apaHTUPYECT OT 3HAYUTEIIBHOMN MOTpeIIHOCTHU
pacyeTra.

Pacuery ycTaHOBUBIIErocsi MEPUOIUIECKOTO PEXKH-
Ma B aBTOHOMHBIX [5] 1 HEaBTOHOMHBIX CHCTEMaX, MUHYS
MEPEeXOAHBIM NpOoIecc, MOCBIIICHO 3HAYUTEIHHOE YHCIIO
pabot, Hanpumep, [6], [7].

B cucremax, xoraa nepuoj KonebaHUH onpenenser-
cst nepuogoM OJIC UCTOYHUKOB, peIIeHUE Ul YCTAHO-
BHBIIIETOCS PEXKAMa MOXET OBITh MOJIYIEHO IPOCTO.

B pabore [8] mepmon mMomenmpoBaHUsT pa30OHWBACs
Ha N ydacTkoB. Kampri ydacTok paccMaTpuBaics Kak
mar HWHTETPUPOBAaHMSA KAaKOTO-TO YHCIEHHOTO METOAa
pacuera muddepeHInANbHEIX ypaBHEHHHA. Y paBHEHUS
COCTOSIHUS 3alMCHIBAINCH IS Kakaoro mrara. Ha kax-
JIOM IIIare HayalbHbIE YCIIOBHSI HCIIOJIB30BAINCH KakK pe-
3ylbTaThl pacdyeTa Ha mpeabaymeM mare. Ha mepBom
1Iare HadajbHBIE YCJIOBHS HCIIOJIB30BAIUCh KaK pe3yJib-
TaTbl pacueTa Ha HOCIEAHEM Iuare. Meron OTIMYaeTcs
MIPOCTOTOH, HO TPeOyeT 3HAYUTENILHOM OIepaTHBHOM Ia-
MSTH KOMITBIOTEPA aKe JUIS HE OYCHB CIIOXKHBIX IIETIeH.

B pabore [9] pemieHue mpencTaBIeHO B BHAC paz-
JOXKEHHS B PSIJ 110 anredpandeckuM noianHoMmaM. Ilepron
T pa3buBaeTca Ha n PAaBHBIX IIAroB W IS KaXIOW TOUKH
pa3OueHns cocTaBisAeTCs ypaBHEHHE COCTOSIHUSA Iienu. B
pe3ynbTaTe MoiydaeTcs CHCTeMa alreOpanuecKux ypas-
HEHUH, Ul KOTOPOH 3alMChIBAETCSl YCIOBHE NEPHOAMY-
HOCTH. Y CJIOBHE NEPUOTUYHOCTH 3aKITI0UAETCSA B TOM, UTO
HayaJIbHBIE YCJIOBHS IIPUPAaBHHUBAIOTCS K YCIOBHAM B
KoHIIe nepuoja. Pemenne cucremMsl naeT K03 (GUINSHTHI
MTOJIMHOMA, MO0 KOTOPBIM OIpEAENsIeTcs TOK B JI000H Mo-
MEHT BpEMEHH B TedeHHe nepuona. JlaHHbBIH MeTon uc-
MIOJI30BAH JUIA OJHOTO YPaBHEHHS COCTOSHHS OTHOKOH-
TYPHOH LTI, HO MOXET OBITh Pa3BUT IS CIOXKHBIX Iie-
nei.

B pabote [10] mokazaHo pa3BuTHe W MOAU(DHUKAITISL
yrcnernHoro merona B.1O. JlomoHOCOBa, HCHIOTB3YIOMIETO
aNMpoOKCHMAIMIO PEUICHUs] aNreOpanvyecKuMy MOJIHHO-
MaMH, JUIS pacdeTa YCTAaHOBUBIIMXCS HEPUOTUUYECKUX
HECHHYCOHMJIANbHBIX TOKOB M HANPSXKEHUH B AJIEKTpHUUe-
ckux Hemsx. [IpousBoaHyr0 pelIeHHs MPEUIOKEHO afl-
MIPOKCUMHUPOBATh TOJIMHOMOM p(t)  (N-1)-0if cremeHH.
WutepBan m3MeHeHUs: aprymeHTa pasOuBaercs Ha N-/
OTPE3KOB TOUKAMH ?,, 5, ... Iy. I alIIpoKCUMHUPYIOIIEro
MOJIMHOMA 337aeTcs JIONOJHUTEIBHOE YCIOBHE TaKoe,
YTOOBI B TOUKAX f; JICJICHNUSI MHTEpPBalla N3MECHEHHS apry-
MEHTA BBINOJIHIOCH PABEHCTBO:

i(ty)=p(t ),
rne k=1, 2,..., N— HOMepa ONOPHBIX TOYCK.

B pesymbrate sTOro moxywaercs cucrema uz 3N
YpaBHEHUH C KOJHMYECTBOM HEH3BECTHBIX, PaBHBIM 3N.
IIpu yBenuuenuu N 10 45 HOTpeIIHOCTh pacueTa yMEHb-
IIaeTCsl, OHAKO MPpU N> 45 MorpenHocTh HaunHAeT BO3-
pacTars. OTO CBA3aHO C MOTEpeil TOUHOCTH aNIpPOKCHMa-
LMY pElICHUs MOJIMHOMaMHU BBICOKOIO MOpsiaka. Ycra-
HOBJIEHO, uTO eci DJ[C UCTOYHUKA COAEPKUT FapMOHU-
KH BBIIIE TPETbEH, TO MPUEMIIEMON MOTPEITHOCTU HENbB3sI
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JOOMTBCS HU NpU Kakux 3HaueHHsX N. Takxum oOpazom,
BOCTPeOOBaHHBIMH NTPAKTUKOH SIBISIETCS pa3paboTka yco-
BEPIICHCTBOBAHHOTO KOMITBIOTEPHOTO METO/a pacyera
YCTaHOBUBIIMXCS NEPHOJMYECKHX IPOLECCOB CIIOKHOM
(hopMBL.

I11. HEJb PABOTbI

Hemnpro pabotsl sBisieTrcs: Moampukaus paspabdo-
TaHHOTO METOJIa pacyeTa MepexXOAHbIX IIPOLIECCOB B AIIEK-
Tprdeckux nemnsx [11] Takum obpazom, 4TOOBI cpasy He-
MOCPEACTBECHHO BBINOJHAJICA pacd€T YCTAaHOBUBIIUXCS
nporueccoB. IIpy 3ToM HEOOXOAMMO COKPATHTh IpoLECc-
COpHOE BpEMsI pacyeTa U MOBBICHTh TOYHOCTh pacyera.

IV. B13JIOKEHUE OCHOBHOI'O MATEPHUAJIA 1
AHAJIM3 ITOJIYYEHHBIX PE3YJIbTATOB

Jlnist mpoCTOThI M3MOXKEHUsI, TAKXKE Kak U B pabote
[11], paccMoTpuM CHavaiga OAHOKOHTYPHYIO SJIEKTpHYC-
CKYIO II€Ib, COJICPIKAIIYI0 BKIIOYCHHBIC MOCIIEI0BATEIb-
HO DJIEMEHTHI: PE3UCTHBHBIA (R), WHAYKTUBHBIN (L) ©
emkoctHbI (C) (puc. 1).

e(t) _
] S T Y I

Pucynok 1. Mogenupyemas 3yieKTpuuecKast Lerb

WnTerpo-muddepeHnmaibHoe  ypaBHEHHE COCTOS-
Hus nenu R-L-C-e umeet Bup [1]:

Jitt)dt-+uc(ty)=e(t):

ty

Ly
dt

(1)

Ri+—
C

OYHKIMIO UIsI TPOU3BOJHON TOKAa IO BPEMEHHU arl-
MPOKCUMHPYEM TOIMHOMOM p(x) N-I-oii crenenu [12],
[13]:

di;;“) =i'(x)= p(x)=coTo(x)+c1Ti(x)+

teaTp(x)+ ey Ty (x)

@)

BpemeHHOW WHTEpBad MOACTUPOBAHUSA [a,b] BHI-
oepem paBubiM mepuony IDJIC ucrounuka. Bribepem B
WHTEpBae MOJenupoBanus [ € [a,b] panm N y3IoBBIX
touek. [lonoxkum, uro ans Bcex N y3710BbIX TOUYEK CO 3Ha-

YeHHEM apryMeHTa f, (X,) COOTBETCTBYIOT CIEIyIOIIHE
3HaueHus pyHkuuu [11]

i,(xm):p(xm) >

m=0,1,2,+N-1.

Boruncnenue marpun V, D, W BBIIOJIHSAETCS € MO-
Momrsio moanporpammel VDW mo dopmynam [11] .
(25,10,44). Ot matpunsl GUTYpHPYIOT B YpaBHEHHH
BTOpOro 3akoHa Kupxroda mis m300paXeHHH TOKOB B
LENU 3aMeIICHHS:
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(L-D+R-V+B-W)-C=

, : 3)
:e—R'A'Io'—R'IO—L'IO—BQ—MCO

B uemnu 3amenieHus nporekaeT HE UCTUHHBIA TOK, a
mpoxoaut ero m3oOpaxenune C. M3obpaxenne C — 310
BEKTOp KOX(PPHUIMECHTOB Pa3I0KEHUS TOKA i(?) TO IOIH-
HoMmaM YeOrrmeBa. Bektop I 3Hauennit Toka i(?) B y3mo-
BBIX TOYKax ompenensercs ypasHerueM [11] ¢. (25):

I=(S—S8y-A4-Ty)) - C+A-I, +1y= @
:V'C‘FA'IO' +IO

DTOT BEKTOP 3aJacT 3HAUCHUS TOKa i(?) B 3alaHHBIX
Y3JIOBBIX TOUKaxX B TE€UCHHE MEPEeXONHOro mponecca. [
€ro OJHO3HAYHOTO OIpPEJCNCHUSI HEOOXOANMO HMETh
3HAUEHUS TOKA U €ro MPOU3BOIHON B HaUalIbHOHU Touke. B
ypaBHeHHUH (4) HadambHBIC 3HAYEHHS — 3TO BEKTOPHI Ij 1
I Bexkrop Iy conepKUT BCE 3JIEMEHTBI, UMEIOLUE OJUHA-
KOBBIC 3HAYCHHS, paBHbIC i(7y). Bextop I, comepxur Bce
OJICMCHTBI, UMCIOIINE OAWHAKOBBIC 3HAYCHUSA, PAaBHLIC l"
(t0).

Yrobbl ypaBHeHue (3) ONMUCHIBAJIO HE MEPEXOIHbBII
IpoLecc B JJIEKTPUYECKOH LEeNH, a YCTaHOBUBIUMKCA
npotecc, Heo0X0IMMO, YTOObI HaYaIbHbIE 3HAYCHUS TOKa
U €ro MPOM3BOIHOW OBUTH paBHBI 3HAYEHHUSIM TOKA U €ro
IIPOM3BOIHON B KOHIIE TIEPHOJIA.

B ypaBmenmm (3) Takxe (QUIYpHPYIOT 3HAYCHUS
BektopoB Q, I, IO' W 3HA4YE€HUE Uy, KOTOPHIE BHIYUCIIS-
IOTCS TIPU MCIOIb30BaHUM 3HAUCHHUM i(%)) , i (tg), Ucp. TN
3HA4YCHUA HeO6XOZ[I/IMO MOJIYYUTb HUCXOOd U3 3HAYCHUH
COOTBETCTBYIONIUX (DYHKIUH B KOHIIC TEPUOJIA.

B pabore [11] pacuer mepexomHOro mporecca o
MIPEIJIOKEHHOMY METOAY 3aKIIOYacTCsl B BBINOJIHEHUN
ITyHKTOB:

o OmnpejeneHre YeObIIICBCKUAX Y3JI0B HHTEPIIOIAIUH
Hax €[-1,1]:

Xy = —cos[

e dopmuposanue marpul V, D, W.
e Bruucnenne GyHKINA:

2k +1

ﬂj| , k=0,1,+ N-1.

Ja(x)=iy-(x*/2+xy-X);
Js(x)=ip-x

JUISL 4eTO UCIIOJB3YIOTCS HAa4YajbHbIC 3HAYCHUS TOKA iy U
TIPOU3BOIHOM TOKA i ).

o Bruncnenne GyHKINH
q(x)=Ja(x)+Js(x),
KOTOpast UCIob3yeTcs st (GOpMUPOBaHUS MaTPHLBI Q.

YroObl ypaBHeHHUE (3) ONMKMCHIBANIO YCTaHOBUBIIUICS
poriece, Heo0X0AUMO, YTOOBI HAYAIFHBIC 3HAYCHUS TOKA
U €ro MPOU3BOJHON OBUIM PaBHBI ATHM JXC 3HAUCHUSIM B
koH1e nepuona. [Ipu atom Bextopsr C, I, I', U, nomxHbI

26

BBIUHCIIATHCS OJJHIM MaTeMaTUYEeCKUM JIEHCTBHEM. DTHM
JK€ JEHCTBHEM HEOOXOIMMO BEIYMCIISATH 3HAUCHUS BEKTO-
poB: Iy, Ij', Uyp. B aTHX BekTopax Bce 3HAUEHUS PaB-
HBI 3HAYCHUSAM IIOCIEIHUX DIIEMEHTOB BektopoB I , I',
U

Ilokaxxem, Kak 3TO BBIIIOJHUTH OJHUM ACHCTBHEM.

[lycth nana marpuia-cronlerl, cojepikaiias BCEero
TPH 3HAYCHUSA:

®)

Tpebyetcst moryduTh MaTpuity-ctoiber Iy, Bce ameMeHTsI
KoTopo# Obwti OB paBHBI I(3). DTO MOXXHO BBHIITOIHUTH
peLIeHHeM CIEAYIONIEr0 yPaBHEHUS:

M-X=F, 6)
DI (]
1
X=|1,| (7
ip
E Nul s,
M=|Nul E -E,
N, N, -1 : ®)
I
0
F=|0
0
o; ©)
0
E= 0l (10)
001
000
Nul=|0 0 0| (11)
000
Ny=[0 0 0]; (12)
Ny=[0 0 1]; (13)
.
E,=|1); (14)
1_
5o = (15)
0_
Pewenue ypaBHeHUst
X=M'F (16)
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naer Bektop X pasmepa (7*1). IlepBble Tpu 3HaueHHs
BekTopa X cogepxart 3HaueHus: Bekropa L. [Tocnenyrommue
Tpu 3HaueHUs BekTropa X coxepxkar 3HadeHue I(3): To
€CThb:

I)=X(4:6).

OTOT IpUEeM HCTONB3yeM Uit (OPMHUPOBAHUS €IH-
HOW CHCTEeMBI ypaBHEHUI A pemieHus 3agauu (1). Oty
CHCTEMY MOYKHO CBECTH B MaTpH4HYIO (opMmy.

CucreMy COCTaBUM U3 CIEAYIOIINX YPaBHEHUH.

VYpaBrenue (3) mocie mepeHoca BCeX ClIaracMbIX B
JIEBYIO YaCTh UMEET BUI:

Z-C-U+R-A-Iy+R-Ig+L-Ij+BQ +u.y=0,17)

(18)

VYpaBraenue (4) mocie mepeHoca BCEX CIaracMbIX B
JICBYIO YaCTh:

Z=L-D+R-V+B-W.

V-C-T+A4-1, +1,=0. (19)

VYpasrenue [11] ¢. (44) mocne mepeHoca Bcex cla-
raeMbiX B JIEBYIO YaCTh HMEET BH/I:

BWC +Q]-U¢ +u, =0. (20)
Ucnone3ys [11] ¢. (40) 3anumem:
q(x)=Jy(x)+Js(x)=iy-(x>/2+xp-x)+iy-x. (21)

B ypaBuennu (17) dpurypupyer Matpu4Has nepe-
MEHHasi, KOTOpasi UMEeT BUJL:

O=1I)-((x*/2+xy-X)— (x> /2+X0 X )+ A1,
501058
0=1Iy-4+4-1,, (22)
rue
4y =(x3—x30) - (23)

C yderoM NmpHHATHIX 00o03Ha4deHH# ypaBHeHue (17)
MpUMET BUI!
Z-C-U+Zy 1y+(B-4+R)-Iy+U, =0, (24)
rie
Zy=R-A+L+B - 4,. (25)

C yderoM mpHHATHIX 00o03Ha4deHHH ypaBHeHHe (20)

TIPUMET BUI:
BWC+BA10+BA216—Uc+UCO =0. (26)

O6o03HaunM X — BEKTOp, COCTOSILUA M3 BOCHMH
MIOJIBEKTOPOB, UMeronmx pasmep (N-1)* 1, u moxsekTopa
pasmepa (3*1), cogeprkallero Tpu CKaIsIpHBIX 3HAYCHHS:

X:[C I I U I

10, UCO U i() lé) MC0Y3(27)

27

(28)

I, I - BeKkTOpHI 3HAUEHUI TOKa U €ro IPOU3BOIHON B
Y3JIOBBIX TOUKaX B ypaBHeHUsX (17, 19).

ucy

Uc = ufz ; (29)
”C].V—l
.

1= (30)
"

1=|0: (31)
[ucy

Uy =| " (32)
ey

Bektop U couepkuT 3HaueHUs HaNpsHKEHUsS Bcel
BETBU B Y3JIOBBIX TOUKAX:

U

v=| " (33)

UN-1

YpasHenus (24), (19), (26), (2.38-2.40) cocraBsT nepBbie
geTsipe cTpoku Matpuisl My [locnennue Tpu ctpoku
HOCSIT BCIIOMOTaTeNIbHBIN XapakTep, kak B MaTpuue (7).
[locnenuue Tpu CKalSpHBIX 3JIEMEHTa BEKTOpa X TAKXKE
HOCSIT BCIIOMOTaTeNIbHBIN XapakTep, Kak B MaTpuue (7).

leC I I' Uc

Io Io’ UCo U io lb MCoJ
z 0 0 0 Bd+R Z, E -E s Sy sg

Vv -E 0 0 E 4 0 0 s S9 s (34)
BW 0 0 -E BA Bd, E 0 s Sg sg
My=| D 0 -E 0 0 E 0 0 s Sp Sg
0 o 0 0 E 0 0 0 -E, s Sg
0 o 0 0 0 E 0 0 sy -E, s
0 o 0 0 0 0 E 0 s s9g -E;

(OKupHbIME HYJISIMH 0003HAUEHBI HYJIEBbIE MaTPHLIBI
pasmepa (N-1)* (N-1)).

[Ipucoenuanm k Matpure (34) BcroMoraTenbHYIO
Matpuiy (35).
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Ny Ny No Nog No Ny
S=|Ny Ny Ny Ny Ny N,
No No No Ny Ny Ny

B pesynbrare noiayuum marpuny:

o]

Marpuria M; umeer pasmep (N-1)*7+3, a Bekrop X

umeet pasmep (N-1)*8+3.

UYro6s! ypaBHEHHE M-X=F HMEJIO €JUHCTBEHHOE
pemenne, k Matpune M; HEOOXOOWMO NPHCOECIUHUTH

MOJMAaTPHILY:

u=[o o o

B pesynbrare nosryuum MaTpuily:

[Moamatpunia U cooTBETCTBYET YpaBHEHUIO

U=e,

0 0 0 0

TOB Ka)KZ[OfI BCTBU:

L1=0.01; RI=I1; CI=0.0001; L2=0.001;
C2=0.0002; L3=0.006; R3=3; C3=0.0003,

3radenne nepuona I =0.02, ¢ynxmus D/IC mcrounmka

Ny Ny Ny Ny N,

Ny Ny Nog Ny Ny (35
No  Nog No Ny Ny

R2=2;

(36)

M0:| Ha OJTHOM NIEPUOAEC, COCTOAIIAA U3 IBYX TApMOHHUK.

e(t)=E, sin2nf +@ )+ E,, sin(2nf -5+ ¢5),

roe  E,=100; f=50; ¢,=0; ¢s=0,
KOJIMYECTBO Y3JIOBBIX TOUeK N=120.

2. OmpeneneHue YeOBIIICBCKUX
MHTEepnosinuu Ha x € [-1,1].
3. Boruncnenue matpun; V,D,W ¢ momompo moj-

y3JI0B

E sy s SO]' 37 mporpammel VDW [11].
4. Brpruucnenue 3nauenuid D/IC nctounuka B y3io-
BBIX TOYKAaX - BEKTOP e.
M 5. Ha ocroBe moamporpammel MatrM dopmupoBa-
il Hue Matputl M, M, ... My 115 ka0l BETBU
s |- (38) I b ’
v 6. ®dopmuposanue MaTpUIEl M.

7. 3amuce B MaTpuyHON (hopMe ypaBHEHUI BTOPOTO
3akoHa Kupxroda. B nenu mmeercs jaBa Hesa-
BUCHUMBIX KOHTYypa. CoriacHo (37) Hampsike-
HUE OJITHOM BETBU PaBHO:

(39)

rae e — BekTop 3HaueHud DJIC uCTOYHUKA B Y3JIOBBIX

TOYKax.

B pesynbrare ypaBHEHUE
M-X=F

HUMeeT eIMHCTBEHHOE perieHne — BeKkTop X (4.21).

Bekrop X coxepxur noasektopsl pasmepa (N-1)*1
3HaYeHn ko3 duimentor nommaoma C, 3HAUCHHUNA TOKA
1 €T0 MPOU3BOTHON B Y3JOBHIX Toukax I, I', 3HaueHmit
HalpsDKeHUST Ha KOHAEGHCATOPE B y3JI0BBIX Toukax Uc.

Ilpumep pacuema yCTAaHOBHBILETOCS IpolLecca B

CJIOKHOW 3JICKTPUYCCKON [IEMH Ha OCHOBE Pa3pabOTaHHO-
ro merona. [IycTh 3amana anekTpudeckas 1nenb (puc.2).

R L7

- - SN

e(f)

. T/

o))

Pucynok 2. Mogenupyemas
JNIEKTPUYECKasl LeNb

[Mopsimok pacueTa MOKHO (HOPMAITU30BATH CIEIYIO-
IIEH ITOCIEN0BATEILHOCTLIO IENCTBUIL:

1.3amanne MCXOOHBIX HAHHBIX. €3HAYEHUS DIIEMEH-

u=[o o0 0 0 00 0 E sp sp sp]-

Cymma HanpspkeHu# 1 u 2-1 BeTBel paBHa:
U2=[U,U,MR];
CymMa HanpspDKeHUH 2-# 1 3-if BeTBel paBHa:
Ux;=[Mg,-U,U],
rae Mg=[000000 00 sg sy So] — pabouas maTpuna.
8. 3amuch ypaBHeHHii mepBoro 3akoHa Kwupxroda.
3Ha’{eHI/Iﬂ B Y3JIOBBIX TOYKaxX TOKa OI[HOﬂ BCTBH,
a TaK)Ke ero MPOW3BOJHAS OMPEACISIOTCS MO~
MaTpuULEei:
MEEEEEE EEO0sss;
B uenu umeercs nBa y3na. HesaBucumblil TOJIBKO
i1 5 onuH y3en. J{ns Hero ypaBHEHUE UMEeT BH:
S C=[-McMcMcl-
R L 9. IlpucoennHeHNe MaTPUII, TIOJyYESHHBIX HA OCHO-
[ R3 BaHHMM 3aKOHOB Kupxroda, k marpurie M:
C2 MIB

10.®opmupoBanue BeKTOpa mpasbix yacteil F.

JIByXKOHTYpHAas IIpaBbie yacTH ypaBHEHHH, COOTBETCTBYIOIINX MaT-
puue M umeroT HyseBble 3HaudeHus; ciaeayromue N-1
3HaYEHUIl — ATO BEKTOP €, TO €CTh CyMMa HampsDKEHUH
nepBoii 1 BTopoit BetBer paBHa DJIC. ; cieayromue N-1
3HAYCHUH - HYJIEBBIE, TO €CTh CyMMa HaNpsHKEHUH BTOPOt
U TpeThell BeTBel paBHa Hyr0. CorracHO IepBOMY 3aKO-
Hy Kupxroga, anrebpandeckas cymma TOKOB B y3JIe paB-

Ha Hymo. Takum obpa3om, cinenyromue N-/ 3HAYSHUH —

28
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HYJIEBBIE.

11. Pemenne ypaBHEHUS

X=M".F

12. Tloctpoenue rpaduKoB i;(2), ir(?)...

BekTop 3Ha4YeHmii TOKa 1; B y3JIOBBIX TOYKaX OIpe-
JIETISIETCSI KaK:

L=X(N:2*N-2).

Ha ocHoBanuM H310XEHHOrO MOpsAKa AEHCTBUIA
pa3paboTaHa KOMITbIOTEpHAs iporpamMma B cucteme GNU
Octave [14], coBmecTuMOl ¢ cucteMoit Matlab [15].
Marpuiia M uMeeT 3HaUMTEIbHBIE Pa3Mephl, HO OHA SIB-
nsietcsi  paspexxeHHoi. B cucreme Matlab ectp ammapar
paboTHI ¢ pa3peKeHHBIME MaTpUIlaMu - sparse [16]. Hc-
IIOJIb30BaHME 3TOTO almnapaTa CHHUMaeT MpolieMy Hc-
IMOJIb30BaHUA 6OJ'II)I_HI/IX MaTpHuIl.

3aBHCHMOCTH TOKa i;(?) IpuBeeHa Ha puc. 3. Pac-
YeT YCTaHOBHUBILETOCS MPOLECCA TOUHBIM KOMITIIEKCHBIM
METOJIOM, COTJIACHO YCIIOBHUSIM 3TOH 3aJaud, JaeT KpH-
BYI0, KOTOpasi IMEET XOpOIIee COBMAZCHHE C KPHUBOH,
MOKa3aHHOM Ha puc. 3. DTO 3HAYMUT, YTO B TOYKAX JIO-
KaJIbHBIX 3KCTPEMYMOB IOTPEIIHOCTh pacueTa Mpeio-
JKEHHBIM METOJIOM COCTaBJISIET MEHBIIIE OJHOTO MPOLICH-
Ta.

nal s

? WEr AEm AEm mEm Am Aer A A mem m
te

Pucynok 3. 3aBucumMocTh TOKa i1(t)

V. BBIBO/IbI

PazpabotaHHBIil METOJ MO3BOIISIET BEITIONHATH pac-
YeT YCTaHOBHBILETOCS MEPHOTUYECKOTO 3JIEKTPHIECKOTO
mporecca CIoXHONH (HOpMBI, MUHYS NEPEXOTHBIN Ipo-
necc. Ilpu 3ToM cokparmaeTcst mpoIeccopHoe BpeMs pac-
YyeTa U TMOBBIIIAETCS €ro TOYHOCTh MO CPaBHEHHUIO C HC-
TIOJIb30BAHUECM U3BCCTHBIX MCTOI0B.
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meepo-ougepeHyianbHux pieHAHb, MAMEMAMUYHULL anapam MampuyHoi aneebpu, Komn'romephe npoepamyeants i me-
moou meopii eneKmpuyHux Kis.

Ompumani pesynemamu. B pesynomami moougixayii i0omoeo memoody po3paxyHKy nepexionux npoyecie pospo-
OneHui Memoo, AKUl 0036015€ be3nocepeOHbO BUKOHY8amu PO3PAXYHOK ycmaneHux nepioouyHux npoyecis. Lle 00360-
UMb CKOPOMUMU 4AC KOMN'TOMEPHO20 MOOENOBAHHS YCMANEHUX eIeKMPUUHUX NPOYeCia 8 JIHIIHUX eNeKMPUUHUX KO-
nax. Tlokasanuii npuxkiad 3acmocyéanisi 3anPonoHo8aHo20 memody. Ha niocmasi pospobienozo memody ckiadena
KOMN'tomepHa npozpama Oist po3pAaxyHKy YCMaieHo2o npoyecy 8 MoOenbHOMY KoAi. [lanutl npukiad noxkasas cKopo-
YeHHs NpoYyecopHozo dacy Ha 45% 6 nopieHAHHI 3 3ACMOCYBAHHAM BI0OMUX MemOOI8.

Hayxoea nosusna. [Ipoyecu 6 enekmpudnux Koaax onucyromuscs inmezpo-ougepenyianohumu pisuaunamu. Ipu ix
BUPIUEHHT BUKOPUCMAHA ANPOKCUMAYISL (PYHKYIL ROXIOHUX CIPYMIB 810 YACy pSIOAMU HO OPMOLOHANLHUX
noninomax Yebuwosa. Ilpu anpoxcumayii ¢hynxyii noninomu Yebuwiosa maroms piBHOMIpHICMb NOXUOKU 8 YCbOMY
dianazoni 3minu apeymenmy. Lle 6uciono eudinse ix 3 psdy iHWUX OPMO2OHANLHUX YHKYIU. V 3anpononosanomy me-
MoOoI 8UKOPUCMAHA NONIHOMIAIbHA anpoxcumayis He camiti (yuryii piwenns, a it noxionoi. Cama @yukyis 3naxo-
oumbcs onepayiero inmeepysanns. L{a onepayis mae many noxubky 6 nopieHsanHi 3 onepayiero ougepenyirosanns. bes-
nocepeoHill Po3paAXyHOK YCMALeH020 NePIOOUYHO20 NPOYECY O0CALAEMbCI UM, WO NOYAMKOBI YMOBU 05l CIPYMIG 1 ix
NOXIOHUX HA NOYAMKY nepiody Oepymuvca AK 3HAYEeHHs Yux dce YHKYIU 6 KiHyi nepiody. V 3anpononosanomy memooi
iHmezpo-ougepeHyianvHi piGHAHHA CMAH)Y NepPemseopPOIOmMbCs 8 NiHIlHI aneedpaiuni piGHAHHA. 3anponoHosano memo-
OUKY CKIAOAHHs €OUHOL cucmemu JNiHIUHUX aleeOpaiunux pisHsHb. Bupiwenns yiei cucmemu 0038015€ 6€3n0cepeonbo
BUKOHYBAMU PO3PAXYHOK YCMALEHUX NEPIOOUYHUX NPOYECIE.

Ipaxmuuna yinnicme. Po3pobrenuii memoo 8iOKpUBac HOBY MOICIUBICIL GUKOPUCTNANHS DIZHOMAHIMHO20 and-
pamy meopii elekmpuuHux Kin ons pobomu 3 300pascenusmu cmpymie. Ha niocmasi ybo2o memoody pospobnsemvcs
VHIBEPCANbHULL NPOSPAMHULL KOMIIEKC OJi PO3PAXYHKY YCMAIEHUX NePiOOUUHUX NPOYECi8 8 eleKMPUYHUX KOaax 006i-
IbHOI ckaadnocmi. Lle 0o3601ums ckopomumu nPoYecoOpHUll 4ac MOOeIO8AHHS CKIAOHUX Kifl.

Kmrouosi crosa: ycmaneHuii npoyec, Yucsa08i memoou, cxemMHa Mooeib, NOJHOMIATIbHA ANPOKCUMAYis; NOIIHOMU
Yebuwiosa.

METHOD OF CALCULATION OF STEADY-STATE PROCESSES IN

ELECTRICAL CIRCUITS
PATALAKH D. Postgraduate student of National University "Zaporizka politekhnika", Zaporizhzhia ,
Ukraine, e-mail: patalakh.dmytro@gmail.com,
TYKHOVOD S. Doctor technical sciences, Assoc. Prof., Chief of the department of the Theoretical and
general electronics, National University "Zaporizka politekhnika", Ukraine, e-mail:
stikhovod@gmail.com

Purpose. Development of a method for calculating established periodic processes of complex shape

Methodology. Polynomial approximation of functions, numerical methods for solving integro-differential equa-
tions, mathematical apparatus of matrix algebra, computer programming and methods of electric circuit theory are
used.

Findings. As a result of modification of the known method for calculating transient processes, a method has been
developed that allows you to directly perform the calculation of steady-state periodic processes. This will reduce the
time of computer simulation of electrical processes in linear electrical circuits. An example of using the proposed
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method is shown. Based on the developed method, a computer program for calculating the steady-state process in the
model circuit is worked out. This example shows a 45% reduction in CPU time compared to the use of known methods.

Originality. Processes in electrical circuits are described by integro-differential equations. The approximation of
functions of current derivatives to time by series on orthogonal Tchebyshev’s polynomials is used in their solution. When
approximating functions, Chebyshev polynomials have uniform error in the whole range of argument change. It is ad-
vantageous stand out them from a number of other orthogonal functions. The proposed method uses a polynomial ap-
proximation not of the solution function itself, but of its derivative. The function itself is obtained with the help of inte-
gration operation. This operation has a small margin of error compared to the differentiation operation. The direct
calculation of the steady-state periodic process is achieved by taking the initial conditions for currents and their deriva-
tives at the beginning of the period as the values of the same functions at the end of the period. In the proposed method,
integro-differential equations of state are transformed into linear algebraic equations. A method for creating a unified
system of linear algebraic equations is proposed. The solution of this system allows you to perform directly the calcula-
tion of steady-state periodic processes.

Practical value The developed method opens a new possibility of using a diverse apparatus of the electric circuits
theory to work with images of currents. Based on this method, a universal software package is developed for calculat-
ing steady-state periodic processes in electrical circuits of arbitrary complexity. This will reduce the CPU time for
modeling complex circuits.

Keywords: steady-state process, numerical methods, circuit model, polynomial approximation, Tchebyshev’s
polynomial.
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IMPROVEMENT OF THE EVALUATION METHOD OF CALCULATION
OF POWER LOSSES IN POWER TRANSFORMER

PIDLISNIY O.S. Student of the Faculty of Electrical Engineering of the National University ”Zaporizhzhia
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LUSHCHIN S.P. Ph.D, Associate professor, Associate professor of the department of physics of the
National University “Zaporizhzhia Polytechnic”, Zaporizhzhia, Ukraine, e-mail:
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Purpose. The purpose of the work is to perform analytical analysis of methods for calculating power losses of a
power transformer and to improve the estimation method of calculation to increase the accuracy of calculating power
losses on the example of an industrial power transformer.

Methodology. Analytical and calculation method was used to determine power losses in the power transformer.

Findings. Analysis of the main power losses of power transformers is an important task to determine the optimal
conditions for their operation. Analytical analysis of transformer power loss calculation methods is carried out. The
relative contribution of different types of power losses is shown. The calculation of energy losses of the power trans-
former TM 1000/10/0.4 is performed. The losses of active and reactive energy of the transformer are determined. The
efficiency of the power transformer is calculated. A generalizing formula for determining the efficiency of the trans-
former is proposed.

Originality. On the basis of the analytical analysis of methods of calculation of power losses of the power trans-
former the estimation technique is improved and calculation of losses of active and reactive energy of the industrial
power transformer TM 1000/10/0.4 is carried out. A new generalizing formula for determining the efficiency of a power
transformer, which takes into account the operating time of the transformer at maximum load, is proposed.

Practical value. The estimation method for calculating the power losses of an industrial power transformer under
load is improved, in which a generalizing formula for determining the efficiency of a transformer is applied. The pro-
posed technique simplifies the calculations, reduces the estimated time to determine the operating parameters of the
power transformer with the required accuracy. The proposed technique was tested on the example of the power trans-
former TM 1000/10/0.4. It is shown that with increasing maximum load time, the efficiency of the transformer increases
and asymptotically approaches the maximum value.

Keywords: power losses; power transformer; efficiency; analytical and calculation method, transformer effi-
ciency.

I. INTRODUTION ern needs in terms of accuracy and computational effi-

. . . L ciency of its parameters is an urgent task.
A transformer is a static electromagnetic device in Y P g

which there are no rotating parts and, consequently, no . This prqblem can be SOIV?d by improving the esti-
mechanical losses. All losses in the transformer are losses ~ Mmation .techmque for calculating the power 10§S Of a
of active power that occur in the magnetic system, wind- ~ Power industrial transformer for practical engineering

ings and other parts of the transformer in different modes applications, which will increase the accuracy of calculat-
of its operation. ing the operating parameters of the power unit as a com-

. . . t of the electrical network.
Today there is a reduction in industrial load, the in- ponent of the electrical networ

troduction of generation through alternative (renewable) II.ANALYSIS OF RECENT RESEARCHES
power sources, the emergence of powerful agricultural
consumers of electricity. As a result, there is a need to
design new or upgrade existing power networks, which
must meet modern requirements for energy efficiency and
reliability. This requires the application of new improved
methods for calculating the parameters of power net-
works, one of the main elements of which are distribution
power transformers. The accuracy of calculating the oper-
ating parameters of transformers will depend on the accu-
racy of calculating the parameters of power networks and
the efficiency and reliability of their operation. Therefore, In [6] the information on the electromagnetic field of
determining the optimal method for calculating the power transformers and reactors, methods of calculation of pa-
loss of the power transformer and its adaptation to mod- ~ rameters in the operating mode, experiments with idle

Based on the analysis of works on methods of calcu-
lating power losses of power transformers, we can iden-
tify the main works of foreign [1] - [3] and domestic au-
thors [4] - [5]. It is shown that when the transformer oper-
ates at idle or under load, in the magnetic circuit of the
device, electrically insulated windings and other structural
elements of the device, part of the active power of the
transformer decreases. Losses are variable, so the effi-
ciency of the devices is different and never reaches 100%.
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load and short circuit, classification, measurement meth-
ods and ways to reduce additional losses are given.

In [7] the main theoretical provisions and principles
for determining and analyzing electricity losses in electri-
cal networks by the criterion of minimum cost of electric-
ity transmission are developed. The methodology and
practice of calculations of electricity losses in 6-20 kV
distribution networks are given.

In the article [8] the review of analytical and empiri-
cal methods of calculation of losses and heating of ele-
ments of a design of the power transformer equipment
with oil cooling is resulted, the basic simplifying assump-
tions are specified.

In the article [9] the calculation of losses in struc-
tural elements of power transformers and reactors by the
finite element method with boundary conditions of im-
pedance type is carried out. A mathematical model based
on the application of the finite element method is pro-
posed, which allows to more efficiently models eddy cur-
rents and losses caused by field scattering in the tank of
power transformers and reactors and elements of their
structures.

In the article [10] the analytical calculation of mag-
netization current is applied. Analytical and numerical
calculations of the magnetic field and losses, as well as
computational and empirical methods for estimating tem-
perature rise are used. For a five-rod transformer with a
power of 630 MVA under the action of geomagnetic cur-
rents, increased losses and heating of structural elements
on the rods of the magnetic system, reservoir and in-
creased sound level are determined.

The article [11] presents an overview of current re-
searches on the problem of transformer losses, especially
in terms of practical engineering applications. This re-
veals that the problem of transformer losses remains an
active area of research. The article classifies the problems
of transformer losses into three main groups: losses of the
tank due to the power currents of the bushings, losses in
the connections of the transformer core and losses in the
transformer tank.

The article [12] considers the subject of distribution
transformers no-load losses and the factors that influence
these losses. This paper reviews methods to correct errors
in no-load loss measurement caused by excitation voltage
distortion and temperature. These methods depend on the
ability to separate no-load losses into its hysteresis and
eddy current loss components. Accordingly, methods used
to separate the no-load losses into its constituent parts are
also reviewed.

The article [13] discusses the theoretical issues un-
derlying the calculation of active, reactive power and en-
ergy losses in medium / low voltage transformers. Main-
taining a balance of active and reactive power is of key
importance for the flawless functioning of the power sys-
tem and the receipt of high-quality electricity. Based on
the parameters of transformers and data from consumers
measuring active and reactive power, active and reactive
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power and energy losses were obtained in order to assess
the efficiency of transferring active power and energy
through medium / low voltage transformers.

The article [14] considers the problems of increasing
the power losses of the magnetic cores of power trans-
formers that have been operating for a long time. The
degree of influence of service life and repair of power
transformer cores on the increase of idle losses without
idling and analytical dependence of change of dynamics
in time of magnitude of power losses in cores of energy
transformers of 150 kV is found. Recommendations for
refinement of calculation of power losses without load in
distribution network transformers are developed.

The article [15] is devoted to the development and
research of a universal mathematical model of the 0.38
kV electric network for calculations of power losses and
electric energy on the basis of information on voltage
losses in power lines.

The article [16] is devoted to the main methods of
estimating additional power losses in the basic elements
of power consumption and power supply systems caused
by the presence of voltage and current asymmetry. An
analysis of existing methods for determining additional
power losses in the main elements of power supply sys-
tems is carried out. It is shown that the presence of ampli-
tude and angular asymmetry in the network leads to an
increase in additional power losses in comparison with the
symmetric mode.

Today, methodological recommendations are used to
determine the technological costs of electricity in trans-
formers and transmission lines [17], which are recom-
mended by the Ministry of Energy and Coal of Ukraine to
determine the technological costs of electricity in power
network elements - power transformers, transmission
lines and reactors. In these guidelines, the technological
costs of electricity include energy losses due to electro-
magnetic processes in the conductive parts of the electri-
cal network and the cores of the devices during its trans-
mission, as well as climatic losses and energy losses in
the insulation of network elements.

The analysis of previous studies presented in the
above works shows that many methods of calculating
power losses of power transformers are based on analyti-
cal methods of calculation using mathematical modeling
of electromagnetic processes in a power transformer. The
choice for the practical engineering application of a
method of calculating losses is often complicated by the
cumbersomeness of mathematical calculations, which are
not always justified in the conditions of industrial opera-
tion of power units. Therefore, there is a need to improve
calculation methods in terms of practical engineering ap-
plications.

III. FORMULATION OF THE WORK PURPOSE

The purpose of the work is to perform an analytical
analysis of methods for calculating power losses of the
power transformer and improve the evaluation method of
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calculation to perfect the accuracy of calculating power
losses on the example of an industrial transformer.

IV. PRESENTATION OF THE MAIN MATERIAL
AND ANALYSIS OF THE RESULTS

The power transformer is designed to convert and
transmit electrical energy without changing its power.
During the operation of the transformer, energy losses
occur, which are associated with the conversion of part of
the electrical energy into heat, which is heated by the de-
vice and dissipated in the surrounding space. The loss of
electrical energy in the transformer consists of the main
components: electrical losses in the electrical windings of
the transformer, magnetic losses in the magnetic circuit
and additional losses.

4.1. Electrical losses

Heating of the transformer coils during the passage
of current causes electrical losses and reduced power.
Such losses on average on the network account for 5% of
the total amount of energy consumed.

When the load is applied to the transformer, the
electromagnetic energy from the primary winding is
transferred to the secondary coil. Electrical losses are
equal to the sum of losses in the transformer windings.
Electrical losses in the primary and secondary windings of
the transformer are determined in proportion to the
squares of the currents of both coils and their resistances

[1]:
AP, =I'rn +1L;r,
where [, and [, are the load currents of the primary and

secondary windings of the transformer; », and r, are the
resistances of the winding conductors.

Thus, there is a dependence of APg; losses on the
required amount of power to the final consumer. There
are fluctuations in load costs in a specific time interval, so
the electrical losses in the windings are different within a
day, are variable and "tied" to the load modes.

To reduce electrical losses, the windings of trans-
formers are made mainly of copper, and the cross section
of the wires of the coils is increased.

4.2. Magnetic losses

Magnetic losses are associated with processes in the
magnetic circuit of the transformer under the action of an
alternating magnetic field. The causes of losses are mag-
netization reversal of the transformer core due to hystere-
sis and eddy currents (Foucault currents).

The magnetization reversal of the transformer core
due to hysteresis is due to the fact that in ferromagnets
there are zones of spontaneous magnetization-domains.
The magnetic moments of the core domains are character-
ized by a chaotic orientation, so outside the influence of
the external field of magnetization, the final magnetic
moment of the ferromagnet is close to zero. Under the
action of a magnetic field, domains change the direction
of their own magnetization in the direction of the mag-
netization field. As a result, the domains are reoriented,
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their size increases and the ferromagnet is magnetized.
With each reversal cycle, some work is expended, the
magnitude of which is proportional to the area of the hys-
teresis loop. Work contributes to the thermal heating of
the core and causes additional energy consumption.

The occurrence of eddy currents (Foucault currents)
in the core of the transformer occurs under the action of
an alternating magnetic field, which generates an alternat-
ing eddy electric field. Eddy currents also cause heating.

The magnitude of magnetic losses is determined by
the properties of the ferromagnetic material of the core
and depends on the magnitude of the magnetic flux and its
frequency. At a constant magnitude of the magnetic flux,
the magnetic losses remain unchanged when changing the
mode of the transformer operation (load change). In the
nominal mode of operation, their value is the same as in
the idle mode and they are determined by the idle power
of the transformer.

To reduce power losses in the core, use a magneti-
cally soft material with high magnetic permeability and
low coercive force. To compensate for the action of eddy
currents, the magnetic circuit is made of electrically insu-
lated plates, and the steel is specially alloyed with silicon
[3], [18]-[19].

4.3. Additional losses

In addition to the main losses in the coils and mag-
netic circuit of the transformer, there are additional losses.
They occur in other steel elements of the transformer
structure - in the walls of the cooling tank for heat loss,
yoke beams, pressing rings. Additional losses account for
up to 10% of total losses and can often be ignored.

Additional losses of active power of static electro-
magnetic equipment also occur as a result of asymmetry
of currents, which is caused by the inclusion in the power
supply system of consumers, which reduces the quality of
electricity [16]. In multiphase transformers, the nature of
the processes is not affected by the order of phase shift,
but asymmetric loads lead to losses of active power. The
asymmetry of the input voltages causes the asymmetry of
the output voltages, which is due to the flow of currents in
the reverse sequence.

On the basis of magnetic, electric and additional
losses determine the total energy loss of the power trans-
former.

4.4. Efficiency

Efficiency is calculated as the ratio of useful energy
and energy consumption [20]. The reduction of energy in
the power unit consists of magnetic losses occurring in
the magnetic circuit and electrical losses generated in the
transformer windings. The following values are used for
calculations:

* active power P; obtained from the power supply;
* active power P, transferred to the final consumer;

* electrical losses APg; occurring in the transformer
windings;
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» magnetic losses AP, which are formed in the
core;

« additional power losses AP,pp arising in other
structural elements and components on average up to 10%
of all losses.

To calculate APg; use the formula [21]:
APy = APELNOMBZ’

where APz vou - €lectrical losses at nominal current of
the transformer, B - load factor. Nominal electrical losses
are determined based on passport data, or experimentally
based on the test results of the transformer.

The value of APy, is calculated by the formula [21]:
AP, = AP, + AP,

EC>

where APy - hysteresis losses; APgc - losses due to eddy
currents.

The efficiency of the transformer is calculated by the
formula [21]:
b

‘1:;1

b
(P2+APM +APEL)’

where 1) is assumed to be zero when the transformer is not
operating, and its power is used to compensate for mag-
netic losses.

For a more accurate calculation of efficiency, addi-
tional energy consumption is taken into account, which
occurs not in the magnetic circuit and winding, but in
other elements of the power unit.

4.5. Methodical principles of calculation of energy
losses of elements of electric networks

The main methodological principles for calculating
energy losses of electrical network elements are devel-
oped in detail and set out in [7]. For a single network
element with active resistance R, load losses of electricity
are determined by the relationship [7]:

T
AW, =3R j I*(t)dt.
0

The analytical function that describes the law of cur-
rent change over time is often unknown, so in practice
various methods are used to integrate this relationship
numerically, which determine the main methodological
approaches to calculating the load losses of electricity in
the elements of electrical networks.

The most widely used method in practice is the
method of average loads. According to this method, the
load losses of electricity are determined by the formula
[7]:

Wi+w;
—4_—L Rk;,

av

AW, =3RI’ kT =

where I, is the average value of the current, U,, is the
average value of the voltage, kr is the coefficient of the
form of the graph, T is the calculated time period, W, is
the active electricity, Wy is the reactive electricity.

Electricity losses in the elements of the electrical
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network are determined by the results of measurements as
the difference between the volumes of electrical energy
calculated from the simultaneously taken readings of me-
ters installed at the input and output elements of the elec-
trical network. In case of technical impossibility or eco-
nomic inexpediency of loss measurement, they are deter-
mined by calculation in accordance with the methodo-
logical recommendations for determining the technologi-
cal costs of electricity in transformers and power lines
[17]. According to this method, the losses of active and
reactive energy in transformers are calculated by a for-
mula that takes into account electrical and magnetic
losses.

4.6. Calculation of energy losses in the transformer
T™M 1000/10/0.4

The power transformer with a nominal power of
1000 kVA and a nominal voltage of 10 kV is involved in
the work. The initial data for calculating the energy losses
in the transformer are shown in Table 1.

Table 1. Initial data

Indicator Expression Value
Nominal power, kVA S vom 1,000
The voltage is rated U you 10
based on the parame-
ters of the network 10 /
0.4,kV
Transmitted active W 4 53,954
electricity, kWh
Transmitted reactive W g 39,062
electricity, kvarh
Short-circuit P 10.5
losses, kW
Costs in idle mode, kW Py 1.4
Time worked under T uw 1,000
load, h
Maximum load time, h Ty 900
Time of greatest t 100
losses, h
Power factor CoS @ 0.81

The device worked for 1000 hours in operating
mode, and part of the time the transformer operated at
maximum load, and part of the time converted electricity
with the greatest losses. We apply the method of calculat-
ing the power losses in the power transformer [22], which
is based on the methodology of [7] and allows you to es-
timate the power losses depending on the operating modes
of the transformer. The following condition is used to
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calculate the consumption of the maximum possible en-
ergy of the transformer during 7, [22]:

W,, <098, cose-T,.

AM —
From this value of the condition W, is equal to:

W, =656,100kWh.

Accordingly, the time of maximum load of T),is 900
h, and the time of the largest losses ¢ will be 100 h. The
power factor is found by the formula:

w
—4___ =0.81.
N

Constant energy losses depend on the idling costs
and are [22]:

cosQ =

AW, , = RT,, =1400kWh,
AW, = AQ, T}, = 20,953 2kvarh,
where AQ, is losses of reactive power at idling cost:
1,%
AQ, =.[| 2=
O \/[ 100

where I, =2.1% is coefficient of current at idling cost.

2
SNOMJ — P? =20.953kvar,

To calculate the variable losses of active energy in the
calculation period, the formula [22] is used:

Wi+Ww;
AW 4 = PM(W] =5.75kWh,
M~ NOM
reactive energy [22]:
2 2
AW = AQSC{WJ =23.97kvarh,
M~ NOM

where AQgc is short-circuit losses of power [22]:

!

where Usc =4.5% is coefficient of short-circuit losses of
voltage.

Uy %
100

2
AQq. SNOMJ — P2 =43.757kvar,

Active energy losses in the calculation period are:

AW, = AW, , + AW, =1,405.75kWh.

Reactive energy losses in the calculation period are:

AW, =AW,  + AW , =20,97Tkvarh,
So, calculation results of active and reactive energy
losses in the calculation period are:
- active energy losses are 1,405.75 kWh,
- reactive energy losses are 20,977 kvarh.
General energy losses in the calculation period are:

AW = AW, + AW,
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Converting reactive energy losses to units of kWh:
AW, (kWh) = AW, (kWArh)-cos@ =16,991.37kWh.

Thus, the general energy losses in the calculation period
are:

AW = AW, + AW, =18,397.12kWh.

Then we can calculate the efficiency of the trans-
former by the formula:

W, —AW

n= =0.972.

AM

Thus, the efficiency of the transformer is = 97.2%.

The given method of calculation allows to derive
the generalized formula of dependence of efficiency on
time of the maximum loading and time of the greatest
losses of the transformer. The resulting formula is as fol-
lows:

TM TM

where the coefficients 4 and B are equal to:
- (B80T,
0.9S 0y, "COSQ’
B= (Psc +AQSC)'(W,42 +WR2)‘
0.9S o) - COS®

The numerical values of the coefficients 4 and B
for the conditions of this example are equal to: 4 =25.2 h,
B =1246.5 h’. Then the generalized formula for calculating
the efficiency for this example will be written as follows:

n=1-252 2465
T, T

To compare the results, the efficiency was calcu-
lated according to the method of calculating electricity
consumption according to the normative document of the
Ministry of Energy and Coal of Ukraine "Methodological
recommendations for determining the technological con-
sumption of electricity in transformers and transmission
lines" [17]. The calculation according to this method
showed that for the transformer TM 1000/10/0.4 the effi-
ciency is equal to 1 = 97.1%. This result almost coincides
with the value of efficiency, which was obtained by us in
the applied method using a generalizing formula to de-
termine the efficiency of the transformer TM 1000/10/0.4.

The graph of relationship of efficiency on time of
the maximum loading at the set time of the greatest losses
of the transformer has the following view:
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Figure 1. Graph of efficiency relationship on the time of
maximum load at a given time of the largest losses of the
transformer

The analysis of the obtained results allows us to state
that the relationship of efficiency on the time of maxi-
mum load of the transformer at a given time of the great-
est losses of the transformer has the form of a function
that asymptotically approaches the maximum value with
increasing 7T), value.

V.CONCLUSIONS

1. Analytical analysis of methods for calculating
power losses in the power transformer is carried out. It is
established that many methods are based on analytical
calculation methods using mathematical modeling of elec-
tromagnetic processes in a power transformer. The choice
for the practical engineering application of a method of
calculating losses is often complicated by the cumber-
someness of mathematical calculations, which are not
always justified in the conditions of industrial operation
of power units.

2. Improved estimation technique for calculating
power losses of the power transformer, which allows to
estimate power losses depending on the operating modes
of the transformer and find the value of the efficiency. A
generalizing formula for determining the efficiency of the
transformer is proposed. It is shown that with increasing
maximum load time, the efficiency of the transformer
increases and asymptotically approaches the maximum
value.

3. The calculation of energy losses of the industrial
power transformer TM 1000/10/0.4 is performed. The
losses of active and reactive energy of the power trans-
former are determined. The efficiency of the transformer
at a maximum load time of 900 hours and a time of
maximum losses of 100 hours is 97.2%. This value of
efficiency almost coincides with the efficiency obtained
by the method of calculating electricity consumption ac-
cording to the normative document of the Ministry of
Energy and Coal of Ukraine.
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BJIOCKOHAJIEHHS OLIHOYHOI METOJUKHU PO3PAXYHKY BTPAT
HOTYXHOCTI CUJIOBOI'O TPAHC®OPMATOPA

HI]_—[.HICHI/IP'I O.C. cmyoenm enexmpomexniunozo gaxynememy Hayiananvnozo ynisepcumemy «3anopizvka
noaimexuixay, 3anopioxcoics, Yrpaina, e-mail: opodlesny14@gmail.com;

JIVIIIWH C.II. Kano. ¢hiz.-mamem. nayx, Ooyemm kagedpu isuxu Hayionanvrozo yHisepcumemy
«3anopisvra nonimexwixay, 3anopixcycs, Vrpaina, e-mail: luschin@zntu.edu.ua;

Mema pobomu. Memoio pobomu € npogedents anarimuyHo20 anaiizy MemoOuK po3pPAxyHKy 6mpam HOmYyICHOC-
mi cuno8020 Mpancgopmamopa i 00CKOHANIEHHsL OYIHOYHOT MEMOOUKU PO3PAXYHKY 0I5l NIOGUWEHHS IMOYHOCMI 004UC-
JIeHHS 6MPAM NOMYIHCHOCMI HA NPUKAAOT NPOMUCTOB020 CUL0B020 MPAHCHOpMamopa.

Memoou Oocnidocentn. AHanimuko-po3paxyHKo8i Memoou O 6UHAYEHHS 6Mpam HOMYAHCHOCHI CUT0B020
mparncgopmamopa.

Ompumani pezynomamu. Ananiz 0CHOGHUX GMPAM NOMYIUCHOCMI CULOBUX MPAHCHOPMAMOPIE € BANCTUBUM 3a-
B0AHHAM OJiA BUSHAYEHHS ONMUMATILHUX YMO8 ix pobomu. IIposedeHo ananimuyHull ananiz Memooie po3paxyHKy empam
nomyarcnocmi mpancgopmamopa. Ilokazano iOHOCHUIL 8HECOK PIZHUX MUNIE 6MPAm NOMYsHCHocmi. Buxonano pospa-
XYHOK smpam enepeii cunosozo mpancgopmamopa TM 1000/10/0,4. Busnaueno empamu akmueroi ma peaxmueHol
enepeii mpancgopmamopa. Pospaxosano xoeghiyienm xopuchoi 0ii cunosoeo mpancgopmamopa. 3anponoHo8ana y3a-
2aIbHIOIYA Popmyna OJis BUSHAYEHHs Koeiyienmy KopucHoi 0ii mpancgopmamopa.

Hayxosa nosusna. Ha ocnosi amanimuynoco amanizy memooié po3paxyHKy Gmpam HOMYAHCHOCMI CUN0BO20
mpancghopmamopa 600CKOHANEHO OYIHOUHY MeMOOUKY i NPO8eOeHO PO3PAXYHOK 6Mpam aKmueHoi ma peakxmusHoi ete-
peii npomucnosoeo cunogozo mpancgopmamopa TM 1000/10/0,4. 3anpononosano Ho8y y3azanvhiowuy gopmyny 0is
BUBHAUEHHSL KOeDIYIEHMY KOPUCHOT Oii CU08020 MPAHCHOPMAMOopa, KA 6pAX08YE Yac pobomu mpauchopmamopa npu
MAKCUMATBHOMY HABAHMAICEHHI.

Ipaxmuuna yinnicms. Boockonanena oyinoyHa MemoOouKd po3paxyHKy Gmpam HOMYICHOCI NPOMUCTOB8020 CU-
J108020 MPAHCHOPMAMOpa nio HABGAHMANCEHHSM, 8 SKIU 3ACTOCOBANA Y3A2anbHIOIOYa hopmyla eusHaueHHs Koeiyie-
Hma KopucHoi 0ii mpancghopmamopa. 3anpononosana MemoouKa cnpouye po3paxyHKku, CKOpouye po3paxyHKosull yac
BUBHAYEHHS eKCNIYAMAYIUHUX Napamempis Cuno8020 mpancgopmamopa 3 HeoOXiOHOW MouHiCmIO. 3anponoHoeana
Memoouka byna eunpobyeana Ha npukiadi pobomu cunosoco mpancgopmamopa TM 1000/10/0,4. Iloxasano, wo npu
30LIbUIEHH] 4aACY MAKCUMATIbHO2O HABAHMAMNCEHHS, Koeghiyienm KopucHoi 0ii mpancgopmamopa 30inbuyemvcs i acum-
NMOMUYHO HAOIUNHCAEMBCA 00 MAKCUMATLHO20 3HAUEHHSL.

Kniouoei cnosa: empamu nomyscnocmi; cunosuii mpancghopmamop; ananimuino-po3paxyHKoeuii Memoo,
Koeghiyienm Kopuchoi 0ii mpancgopmamopa.

YCOBEPHIEHCTBOBAHHME OLIEHOYHOM METOJIUKHU PACUETA
INIOTEPH MOIIHOCTHU CHJIOBOI'O TPAHC®OPMATOPA

HHHHHCHBIﬁ cmydenm  onexkmpomexnuveckozo — Qaxyremema — Hayuonanonozo — ynusepcumema
0O.C. «3anoposcckas norumexuuxay, 3anopooicve, Ykpauna, e-mail: opodlesny 14@gmail.com;,
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JIVIIIWH C.II. Kano. uz.-mamem. nayx, ooyewm kagpeopvl usuxu Hayuonanwnozo ynueepcumema
«3anoposcckas norumexuuxay, 3anopooicve, Ykpauna, e-mail: luschin@zntu.edu.ua;

Llenv pabomwi. Llenvio pabomvl sA61semca npogedeHue AHATUMUYECKO20 AHAU3A MeMOOUK pacyema nomepb
MOWHOCMU CULOB020 MPAHCHOPMAMOPA U YCOBEPUIEHCIMBOBAHUE OYEHOUHOU MemoOuKu paciema O NOGblUleHUs
MOYHOCIU 8LIYUCTIEHUA NOMEPL MOWHOCTNU HA NPUMEPE NPOMBIUIEHHO20 CUT08020 MPAHCHOPMATOPA.

Memoowr uccredosanusn. Anarumuxo-paciemuvie Memoovl 01 OnpedeneHus Nomepb MOWHOCMU CULOBO20
mpancgopmamopa.

Ilonyyennvie pesynomamol. Anaius nomeps MOWHOCMU CUTOBBIX MPAHCHOPMAMOPOS ABIACMCA 8AHCHOU 3a0auel
0J151 onpeoeneHus ONMUMANLHBIX Yeaosull ux pabomol. I[Iposeden ananumuueckuti aHaius mMemooos pacuema nomeps
mowHocmu mpancgpopmamopa. Ilokazan omuocumenvHwill 6K1A0 PAIUYHLIX MUNOE NOMEPL MOWHOCMU. Bvinonnen
pacuem nomeps dHepauu cuno6o2o mpancgopmamopa TM 1000/10/0,4. Onpedenenvt nomepu akmusHou U peakmuHou
snepeuu mpaucgopmamopa. Paccuuman xosgpuyuenm nonesnoeo oeticmeus cunosoeo mparcgopmamopa. Ilpeono-
arcena obobwarowasn opmyna 0 onpedeneHuss KO3 puyuenma noie3Ho2o Oelicmsus mpancgopmamopa.

Hayyna nosusna. Ha ocnose ananumuieckozo anaiusza mMemooog paciema nomepb MOWHOCMU CUIO08020 MPANC-
Gopmamopa ycogepuieHcmeosana OYeHOUHAA MemoOUKa U nposedeH paciem nomepb aKMUeHoU U peakmugHoll SHep-
2UlU NPOMBIUIEHHO20 cu08020 mparcgopmamopa TM 1000/10/0,4. Tpeonoxcena nosas obodbwarowas gopmyna s
onpedenenus KoIQPpuyuenma noie3Ho2o Oeiucmsus Cul08020 Mpanchopmamopa, Komopas yuumsvleaem epems paoo-
mbl mpancghopmamopa npu MaKxcuMaibHou Hazpy3Ke.

Ilpaxmuueckas yennocmo. Ycosepuiencmeosana oyeHouHas MemMoOUKa paciema nomepb MOWHOCMU NPOMbIUL-
JIEHHO20 CUI08020 MPAHCGHOPMAMOpa OO HAZPY3KOU, 8 KOMOPOU npumeHeHa obodwarowas Gopmyia onpedeneHus
K03 uyuenma nonesnozo devicmsusa mpauncgopmamopa. Ilpeonoscennas memoouka ynpowaem paciemsl, COKpawa-
em paciuemuoe epems onpedeneHus IKCHIYAMaAYyUoHHbIX NAPamMempos Cuio8020 Mpancgopmamopa ¢ mpedyemou moy-
Hocmbio. Ilpednosicennas memoouxka Oviia onpobosana Ha npumepe pabomuvl cuiogoeo mparcgopmamopa TM
1000/10/0,4. Ioxazano, umo npu yeeruueHuy 6pemMeHu MaKCUMAIbHOU HASPY3KU, KOIMOuyuenm noiesHo2o 0etucmeus
MPancoopmMamopa yeeaudusaemcs u aCUMnmomu4ecky NPUOIUNCAemcs K MakCUMAIbHOMY 3HAYEHUIO.

Knrouesvie cnosa: nomepu mownocmu,; Cuno8ow mpancoopmamop,; aHaIumuKo-paciemusli Memoo, ko3¢ guyu-
€Hm none3Ho20 Oelicmeus mpancgopmamopa.
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BILIVB HEJITHIHHOTI'O HABAHTAKEHHSI HA ABTOHOMHY
EJJEKTPUYHY MEPEXYIIPU MMAPAJIEJBHIA POEOTI CHLJIOBOI'O
AKTHUBHOI'O ®IJIBTPA

BJIACEHKO P.B. ACHMCTEHT, AaCHUCTEHT Ka(eapu CHCTEM EJEKTPOCIIORKUBAHHSA Ta €HEPreTHYHOrO
MEHEKMEHTY  3alopi3bKOro  HallilOHAJIBHOTO  yHiBepcuTeTy  iMeHi  Muxaiina
Octporpazncekoro, Kpemeruyk, Ykpaina, e-mail: ruslan.vlasenko@i.ua,

BAJTOBPXKXECBKMM kamx. Texn. Hayk, MOONEHT, IOIEHT KaQeIph CHCTEM €JIEKTPOCIOKHUBAHHI —Ta
0O.B. €HEepPreTUYHOr0 MEHE/KMEHTY KpemMeHYylbKOro HalliOHAIBHOTO YHIBEpCHTETY iMeHi
Muxaiina Ocrporpajacekoro, Kpemenuyk, Ykpaina, e-mail: seemal@kdu.edu.ua;

Mema pobomu. Memoio cmammi € 00CTIOHNCEHHA PercuMie pOOOMU MPUPDAZHO2O CUTOBO20 AKMUBHO20 PiTbmpa y
CKa0I A8MOHOMHOI eleKMPUUHOi Mepedci npu RIOKIOYeHHi 00 Mepedici mpughazHo2o HeNiHIUHO20 HABAHMANCEHHS Pi3-
HO20 CNeKmpanbHO20 Xapaxkmepy.

Memoou oocnidxcenns. /s nposedents 00CHIONCEHb BUKOPUCMOBYBANUCS NOJIONCEHHSL PG-Meopii NOMYAHCHOCMI,
Meopis eneKmpuyHUX Kijl, meopis agmomMamuyHo20 Ynpasninis, mamemamuine mooenosanns é nakemi Matlab.

Ompumani pesynomamu. Ompumani epaghixu i cnekmpanbHutl CKIA0 HAnpyeu Mepeici, Cmpymy HaA8aAHMANCEHHS,
Wo 003805€ OYIHUMU epeKMUBHICIb 3ACMOCYBAHHS CUN08020 AKMUBHO20 inbmpa y pedcumi inempayii y ckiadi
ABMOHOMHOI eNeKMPULHOL MepedCi, o Npedcmaesisic coboio CUHXPOHHUL 2eHepamop.

Hayxoea nosusna. JJosedeno egpexmugnicmes napaneibHoi pobomu cuiogoco akmusHoz2o @itempa y pesjcumi Qi-
AbMpayii 3 CUHXPOHHUM 2eHepamopoM NPU Pi3KO 3MIHHOMY HELIHIIHOMY HABAHMAMCEHHI.

Ilpakmuuna yinnicme. Buxkopucmanus 3anponoHo8anoi Memoouxu 003604Ums CMeopumu mpugasnull cunoguil
AKMueHUl Qinemp OnA 3ACMOCYBAHHA 1020 Y ABMOHOMHUX EIeKMPUYHUX MEPedCcax, Wo npeocmasieni CUHXPOHHUM
2enepamopom 3 A8MOMAMUUHUM Pe2YTIO8AHHAM HANPY2u 30Y0X4CEHH.

Knrouosi crosa: cunoeuti akmusnuii ginomp, pq-meopia nomyxncHocmi, CUHXPOHHUIL 2eHepamop, AKICMb eneK-
mpuunoi enepeii, HeniniiiHe HABAHMAIICEHNA.

Kae psg mpooireM i3 3a0e3IeYeHHAM SIKOCTI eIEKTPOCHEep-
rii y camiii enextpuuHiii wmamwHi. [lpn akxTHBHO-
VY sKoCTi JKeperna KUBICHHS 3MIHHOTO CTPyMy Ui~ €MHICHOMY  HABaHTa)K€HHI 3MiHAa  Hanpyru  Oyne
ABTOHOMHHUX EJIEKTPHYIHUX Mepek abo pe3epBHOTO jKe-  BIJ'€EMHOIO BEJIMYMHOI. 3MiHAa HalpyI'd CHHXPOHHHUX
peJa >KMBJIEHHS TOLIMPEHHS OTPMMAJIM CUHXPOHHI TeHe-  TEHEpaTOpiB JOCTaTHBO BENHKA, IO YCKIAIHIOE POOOTY
paropu (CI'). CI' TakoX BUKOPHCTOBYIOTh Ha TOTY)KHUX  CIIOXKMBauiB. B maHmii yac JOCKOHaJI MIBUIKOAIIOUI pery-
TEIJIOBHX, TiAPO i ATOMHHX €JIEKTPOCTaHLisX. Alle po6o-  JIATOpH 30y/KCHHS AO03BOJIAIOTH MiATPUMYBAaTH 33JaHUI
ta CI" npu renepanii eHeprii y ckiaji eJeKTPUYHKMX cTa-  PIBEHb HANmpyru. 3 iX JOMOMOION0 3a HEOOXiTHUM 3aKO-
HINN BiIpi3HSAETHCS Bil pOOOTH y CKIai TEXHOJNOTTYHUX  HOM 3MIHIOETHCS CTPYM 30YHXKEHHS, a 3HAUUTb 1 MarHit-
KOMIUIEKCIB UM CHCTEM MiAnpueMcTB. JlocTaTHho BHCOKI ~ HuM moTik. Ilpy dHCcTO aKTMBHOMY 1 aKTHBHO-
BUMOTH JIO SIKOCTI €JEKTPHYHOI €Heprii, ski BimOWTi y  IHIyKTUBHOMY HAaBaHTa)XEHHAX HaIpyra reHeparopa 3i
HOPMATHBHUX JOKYMEHTaX, Ta BHMAralOTh BIiMMNOBIAHMX  3POCTaHHAM CTPyMy 3MEHIIYETHCSA, a IPH aAKTHBHO-
3aXO/iB 0 TIATPUMKH IOKA3HHWKIB SIKOCTI B Mepekax  €MHICHOMY HaBaHTaXeHHI — 3pocrae. Lle moscHIO€ThCs
3aTaIbHOTO TPU3HAYEHHS 3a0e3MeuyioTh TeHepylouMM  THUM, 110 B OCTaHHbOMY BMIAIKy Ji€ II03/10BXKHBO-
YCTAHOBKAM EJICKTPUYHMX CTaHIii CIOPUSATIMBI yMOBH  HaMarHiuyBallbHa pEaKllis sKOps, L0 301IbIy€e MAardir-
¢dyukmionyBanus. Ha BigMiHy Big reHepylOuYMX ycTaHO- HHM IOTIK, a y [JBOX HEpPIIMX — IOB3J0BXKHbO-
BOK IJNPHUEMCTB JIE, 3BAKAIOYM HA BiICYTHICTH XOpCT-  PO3MAarHidyBalbHa, IO 3MEHIIYe MOTiK. IIpu uncro akTu-
KOI'0 KOHTPOJIIO JI0 SKOCTi €eKTPUYHOI €Heprii y By3iax  BHOMY HaBaHTaXEHHI OOMOTKa CTaTOpa BOJIOJI€ 3HAYHOIO
LEXOBUX MEPEXK, UM PO3MOJIIBYMX Ta TMOHWKYIOUMX IMiA-  IHAYKTUBHICTIO. Perymioroun Hampyry 30ymxenHs CI
CTaHIif, CUHXPOHHI TeHepaTOpu TEHEPYIOYM YCTAaHOBOK  KOMIICHCYIOTb PEAaKTHBHY HOTY>KHICTb HaBAHTA)KCHHS Ta
MPAIOIOTh Ha HECHMETPUYHE Ta HElliHIHE HaBaHTaXeH-  MIATpuMyroTh Hanpyry CI' Ha 3amaHoMy piBHi [2].

I. BCTYII

Hs [1]. AJte TipH 1IbOMY, KOJIM aKTHBHO-iHAyKTHBHE ab0 aK-
L. AHAJII3 TOCJUIKEHD I ITYBJITKALTI TUBHO-EMHICHE HABAHTAKCHHS 31 3MIHHMM CIIEKTPaJIbHUM
CKJIaZIoM, TO BiZIOYBa€ThCsS JONATKOBUH BIUIMB Ha CIIO-

Hpu poGoti CI' Ha HeniHIiiHE HABAHTAXCHHS BHHU-  TROpEHHs CHHYCOINalbHOCTI (popmu kpuBoi Hampyru. CT
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HE 3JaTeH BIUIMBAaTH Ha 3HIDKEHHS BHMIIMX TapMOHIK 1
norpedye J0AaTKOBOI YCTaHOBKH (IBTPYIOUYMX 3ac00iB
[3]-[5].

Jlns koMmieHcalii peakTUBHOI MOTYKHOCTI 3aCTOCO-
BYIOTh 1 (ibTpalii BUIIUX TapMOHIK CTPyMy 3aCTOCOBY-
10Th citoBi aktuBHI QinbTpu (CAD), mo 3aaTHI 3HUKY-
BaTH JiaHi BEJTMYUHU TIPH 3MiHI aMIUTITYyu abo CIeKTpa-
JBHOTO CKJIQJly HABaHTAXXCHHS, a TaKOX BPaxOBYBaTH
CIIOTBOPEHY HANPYTy MEpeXi )KUBIICHHS IIPH CBOTil pobo-
1i. Takoxx CAD Mae MOXKIMBICTH, SIK OJHOYACHO TaK 1
OKpPEMO TIPAIFOBATH Y peXKUMi KOMITEHCaii-(QinbTpamnii au
Tineku Qinprpauii. Moro mepepara momsrae y Tomy, 1o
IPH 3MiHiI CIIEKTPaIbHOIO CKJIALy CTPYMY HaBaHTA)KCHHS
CA® ypaxoBye AaHi HIOKa3HAKH y peaJbHOMY 4daci [6].

III. META POBOTH

Mertoro pobOTH € NOCIiIKEHHS BILIMBY HENIHIHHOTO
HaBaHTAXXCHHA Ha IapaMeTpu peKUMY CUHXPOHHOI'O TI'e-
HepaTopa 3 PeryJIIOBaHHIM Hanpyru 30y/DKEHHS y CKIIai
ABTOHOMHOI €JIEKTPUYHOI MEpeXi 3 Ta 0e3 mapajiensHOro
CAD.

IV. BUKJIAJEHHS OCHOBHOI'Y MATEPHUAJLY 1
AHAJII3 OTPUMAHHUX PE3YJIBTATIB

Crporena cxema elIeKTPpUIHOI Mepesi MiATPHEMCT-
Ba, AKy 0OpaHO IS TOCHIIPKEHHSI HaBeleHa Ha pHc. 1, ne
H1 — RL naBantaxxennst, H2 — RC naBantaxkenns, B1, B2,
B3 — Bumukaui, CI' — cuaxponHuii reHeparop, 31" — 30y-
JUKyBad CHHXPOHHOTO TeHeparopa, B — Bunpsamisty, [IB3-
Al — mmsens renepatop, CAD — cuinoBui aKTHBHUIT
(GITBTp pe3ynbTaTiB.

Joel ]

H2

CAD

Pucynok 1. Cxema cucTeMM €JIEKTPUYHOI Mepexi Mij-
npuemctBa 3 CAD

VY CI' cucrema 30y pKeHHS 3a0€31eUy€eThCsl HEBEIH-
KOI0 CHMHXPOHHOI MamuHOW0 3I7, 3’€1HaHOI0 HAa OJHOMY
Baly. BUNpsIMIEHHS BUKOHYETHCS IIOJHUM MOCTOM B,
BCTaHOBJICHUM Ha CHHXPOHHOMY MAIIMHHOMY Bally, IO
JI03BOJISIE YHUKHYTH KOB3AIOUMX KiJelb U 3a0e3redeH-
HS TIOCTIITHOTO CTPYMY Ha TOJIi CHHXPOHHOTO T€Heparopa.
Mexaniune 3uernrerns CI 1 317 3a1iicHIOETECS 32 TOIIOMO-
roto am3ens reHepatopa [AB3-JI. 31 € cuHxpoHHa Ma-
mMHa HeBenHnkoi noTyxHocTi. CI' € cuHXpoHHa MalnHa
BEJIMKOI TOTYXKHOCTI, KEPOBaHA AW3EIbHUM JIBUTYHOM.
PerymioBanHs1 Hanpyry reHepaTopa 371HCHIOEThCS 3a J0-
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MOMOT0!0 KOHTpouto Hanpyru noiss 3. [IusensHuil qBU-
ryH 3a0e3neuye 3arajibHy MEXaHi4Hy MOTY>KHICTh, HE00-
XigHY UIs OCHOBHOI cuHXpoHHOI Mamman CI' ta 3I [7]-
[9].

IIpencraBiieHHsl CKJIAA0BHX MOTYKHOCTI 3a J10-
MOMOT0I0 pg-Teopii MuUTTEBOI MOTYy:kHOCTi. EdhexTnn-
HicTe pobotn CAD 3anexXuTh Biff BU3HAYEHOI KOMIICH-
camifHOi XapaKTepUCTUKH, IO MiIUIArae KOMIICHCAIIii.
Jlyisl BU3HAUCHHSI HEAKTHBHUX CKJIAJIOBHX 3aCTOCOBYIOTh
pi3Hi Teopii notyxkHocti [10]-[12]. [TonymsipHicTs cepen
3aCTOCOBYBAaHHMX TEOpii MOTYXKHOCTeH Ha 0a3l SKuX
CTBOPIOETHCSl AJITOPUTM BU3HAYEHHS 33JaHOTO CTPYyMY
CA® Haiibinpme oTpuMana — pg-Teopiss MOTYKHOCTI
[13], [14].

3acTocoByOUH pg-Teopiro motyxHocti [10], BuKo-
HYIOTh [E€PETBOPEHHS MHTTEBOi HAIPyr'W MeEpexi Ta
MUTTEBOTO CTPYMY HaBaHTa)KEHHS B KOOPAMHATH 03

11
] 2l 2 2|
“l=4F X, | (D
X, 3 BB
O A A x(‘,
2 2

JI€ X4y Xp, X, — 3HAUCHHS MUTTEBOI HAIIPYTH MEpexi abo
MUTTEBOTO CTPYMY HABaHTKEHHS B KOOpAWHATAX abc.

MutteBy peanpHy i ysABHY NOTYXXHICTb HaBaHTa-
JKCHHS 3HAXOJATh!
b

g, s hip
J€ U,, Uy — MUTTEBA HATIpyra Mepexi B KOOpAMHATaX afl;
ijg> Uy — MATTEBUI CTPYM HaBAHTaKEHHS B KOOPJAMHATaX

ap.

u, uy |4

—Uu

(24

o

; @

u

MuUTTEBY pealibHy 1 YSIBHY HOTYXHICTh NPEICTaB-
JISIIOTh JIBOMA CKJIAJIOBUMU: TIOCTIiiHOIO P;, O, Ta 3MIHHOIO

P> 4

p,:PZ+p,. 3)

q,=0,+q,
[ocrifiny peanpHy i ySIBHY HOTY>KHICTb BU3HAYAIOTh
IHTETpYBaHHSIM:

£ = Q)

1 j ; j
Ty Ty
ne T — nepioj Harpyru Mepexi:

3pryaitno Ha CA® moknamaroTs QYHKIiI0 KOMICH-

canii p, i g, TOOTO KOMIIEHCAllisl PEAKTUBHOI MOTYXKHOC-

Ti 32 OCHOBHOIO FapMOHIKO0 1 QUIbTpaLlisi BUILUX IapMO-
HIK CTpyMy, AJie MOXJIMBO 3aCTOCOBYIOYH aJITOPUTM BH-
3HaveHHs 3a1aHoro ctpymy CA® Ha ocHOBI pg-Teopii

~

HOTYXHOCTI MOKIAacTH (QYHKIi0 KoMmneHcauwii p, 1 ¢,

~

T00TO poboTa CAD y peskuMi QinbTpariii BUIIUX TapMo-
Hik ctpymy. Toxi 3amammii ctpym CAD B xoopamHaTax
o BINNOBIZHO ISl TIEPIIOTO 1 Ipyroro BapiaHTy Oyje:
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Busnauenns 3aganoro ctpymy CA® B xoopauHaTax
abc BUKOHYIOTH IUITXOM 3BOPOTHOTO mepeTBopeHHs (1)
[10].

MonemoBanHsl y BizyaiabHoMmy cepemoBumui. J{is
JIOCITIJPKEHHS BIUIMBY TpU(a3HOro HeJiHIHHOro HaBaHTa-
KEHHsI Ha IPOLIECH PO3MOJUTYy EJIEKTPUYHOI eHeprii y
BY3Jli CHCTEMH EJeKTPOCIIOKMBaHHS (puc. 1) B maxeri
Bi3yaILHOTO MPOTrpaMyBaHHS 3a aHAIOTIE0 3 [7] ckiame-
Ha MOJeINb (puc. 2) 3 MapallelbHUM MiIKITIOYeHHSIM TpH-
¢asnoro CAD.

Mogens puc. 2 Bimouae: Synchronous Generator
2MVA 400V — CT, Field Connection — cucrema peryJito-
BaHHs Hanpyru 30ymxenus CI, Rectifier — Bunpsimisy,
Transformer 10kVA 400V/12V — tpanchopmarop mnory-
xHicTio 10 xkBA, Exciter System 8,1kVA 400V — 3T,
500W — axtuBHe HaBaHTaxxeHHs y xoii 3I°, S00kW Load
— aktuBHe HaBaHTaxeHHs y koii CI', Voltage Regulator —
perymoBannst Hanpyru 3I°, Diesel Engine & Speed
Regulator — au3enpHUI OBUIYH 1 cHCTeMa PETyJIOBAHHS
mBuakocTi, Reference Speed(pu) — onmopHa mBHAKICTS Y
B.0., Reference Voltage(pu) — omopna Hampyra y 6.0.,
BSM, BExc — mmHu a7 BUMipIOBaHHS HAIIPYTH 1 CTPYMY
y xomi CI'1i 3T

HeniniiiHe HaBaHTa)XeHHsI MpeJACTaBlIeHe — Tpudas-
HUM giogauM MocTtoM (Universal Bridge) 3 akTHBHO-
IHAYKTUBHUM HaBaHTaxeHHsAM (RL load) Ry = 2 Owm;
Liyy = 0,0116 I'n, 1m0 MiIKIIOYAETHCA 10 MEPEXKi depes
BuMuKad (Breakerl) B 4ac t = 1 ¢; Ta TpudazHUM ITi0J-
HuM MoctoM (Universal Bridgel) 3 aKTUBHO-€MHICHUM
HaBaHTaxeHHIM (RC load) Rip =2 Om; Cip = 0,0116 @,
10 TiAKITIOYAE€THCS 10 MEepekKi uepe3 BUMuKad (Breaker?)
BUact=2c.

Tpudazauit CAD migkiarodaeTbes MapajeabHo 10
Mepexi B uac ¢ = 1,5 ¢. Uepes G1ok TpuazHOro peakropy
(Reactor) migxmroueHwni TpruazHUil TPAaH3UCTOPHUNA Tie-
peTBoproBau 3i0paHuii o MocToBi cxemi Ha IGBT-
MOJYJISIX Ta 3HAXOAUTHCS B migcucTeMi 0noky (Transistor
converter). JIo cTOpoHHM TIOCTIHHOTO CTPyMy OJIOKY TpaH-
3HCTOPHOTO TiepeTBoproBava (Transistor converter) mif-
kimrouennit konaencarop (C). st kepyBaHHs TprupazHUM
CA® BHKOPHCTOBYIOTHCS J1BAa OJOKH: OJIOK BH3HAYCHHS
3amanoro crpymy CA® (Current generation block) Tta
0moKk (opMyBaHHS IMITyJBCIB YHPAaBIiHHSA KIFOUYOBHMU
eJleMeHTaMu TiepeTBoproBaua (Pulse shaping block). biok
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BuU3HaUeHHs 3amaHoro ctpymy CA® (Current generation
block) peanizye nBa anroput™u: 1) pexxum QiabTpanii Ha
OCHOBI pg-Teopii MUTTEBOT MOTYXKHOCTI — popmyna (5); 2)
PEeXUM KoMITeHcamii-(hiIpTpamnii Ha OCHOBI pg-Teopii MHT-
T€BOI MOTYXHOCTI — ¢opmyna (6), oOHIBA AITOPHUTMHU
BH3HauYeHHS 3amaHoro crpymy CA® poskputi B poboti
[10]. Bmox ¢opmyBaHHS IMITyJIBCIB YIPaBIiHHS KIIFOYO-
BHMHU eJIeMEHTaMu TiepeTBopioBaua (Pulse shaping block)
peanizye cUCTeMy peNeHHOro peryiioBaHHS CTPYMY BH-
kopucrany B po6orti [13]. I[Tapamerpu moneni CAD pos-
paxoBaHi BiAnoBigHo 10 [15], 3 ypaxyBaHHAM OCOOJIHMBO-
cTell perymoBaHHs [16]: IHIYKTHBHICTH peakTopa L =
0,0054 I'n; xonpeHcarop emuictio C = 0,04 @; Hampyra
koHaeHncaropy Uc = 4000 B. 3HaueHHs 30HH TiCTEpe3nCy
JUISL PeTyJIIOBaHHS MOXHOKM CTPyMy B METOJII pesIeHHOTO
peryIoBaHHS cTpyMy AopiBHIOE HB = 15.

JociipkeHHs] BUKOHAaHO TIPH PO3MOJIUI Yy Yaci cTany
KOMYTaI[IfHOrO 00JIafHaHHs HACTYITHUM YHMHOM: CIIOYaT-
Ky 3amyckaetbcst CIT (Synchronous Generator 2MVA
400V), y wac t = 1 ¢ BKIIIOYa€eThCS HEINiHIITHEC HaBaHTa-
JKCHHSI TIpEICTaBlieHe TpU(Aa3HUM JIOJHAM MOCTOM
(Universal Bridgel) 3 aKTHBHO-IHIYKTUBHHM HaBaHTa-
xkeHHsaM (RL load), y gac t = 1,5 ¢ BrimodaeTses Tpudasz-
uuii CA® 3 anropurmoM y pexumi Qinprpanii, y yac ¢ =
2 ¢ BKITIOYA€THCS HENiHIfHE HaBaHTA)KCHHS MIPEICTABIICHE
tpudazaum piogaum moctoMm (Universal Bridgel) 3 ax-
TUBHO-€MHICHUM HaBaHTaxeHHsIM (RC load), y yac t =
2,5 ¢ Bkirouaerbes Tpudaznuii CAD 3 anropur™MoM y
pexxuMi KomrneHcanii-inprpamii. TlepeMukanHs 3 pexu-
My (inpTparii y pexxnm KoMrneHcanii-QpinbTpanii BUKOHY-
€ThCs KittoueM (Switchl).

Y Xoxi MpoBeAEHOTO MOCTIHKEHHS OTPUMaHi OCITH-
norpamu Hanpyru i ctpymy CI' i HaBaHTaXeHHS y Pi3HI
MOMEHTH 4Yacy i peXHMH pOOOTH aBTOHOMHOI CHCTEMH
€JIEKTPOIIOCTAYaHHS.

Ha puc. 3 mpuBeneHa ocuuiaorpaMa Hampyru u, i
cTpymy i, CI” 3a Bech IPOMIKOK po3paxyHKy (3 ¢).

3 3arajbHOi OCLMIJIOTPAMH PHUC. 3 CIIOCTEPIraeThes y
TIEBHI MOMEHTH 4acy peTyJoBaHHS Hampyru u, CI' mpu
3pocTaHHI aMILIiTyau ctpymy i, CI'. Ilpn minkmrodyeHHi
CA® i 3MmiHI #Horo pexumy 3 QuIbTpalii Ha KOMIEHCa-
1it0-QIIBTPaIliI0 CIIOCTEPIracThCsl 3pOCTaHHS AMILTITYAN
CTpyMY I,. JInd NMoAanslIoro JOCHI/UKEHHsS BHPIILEHO Y
MIEBHI MOMEHTH Yacy JeTalli3yBaTH OCIFIIOrpamMy puc. 3 i
MPECTaBUTH X y BUTIAAI TpadikiB 3 CIIEKTPabHAM
CKJIAJIOM.

Ha puc. 4 naBenenmii rpadik i cieKTpajbHAN CKIIaja
HanpyTH u, (puc. 4, a) i ctpymy i, (puc. 4, 6) CI' y pe-
KuMi xoa0cToro xoxny (XX).
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PucyHnok 2. Mojiesib cCXeMH By3J1a CUCTEMH €JIEKTPOCHOKUBaHHs mianpuemcrsa 3 CAD
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Pucynoxk 4. I'padix i cnextpansuuii cknajg CI' 'y pexumi XX: a) Hanpyru u, i 6) cTpymy iy

npeacrasieHe TpudazHuM aiogHuM moctoM (Universal
Bridgel) 3 akTHBHO-IHIYKTUBHUM HaBaHTaKCHHSAM (RL
load)yaact=1c.

Sk 6aummo 3 puc. 4 Hanpyra i ctpym CI' MaroThb cu-
HyCOIMambHUI XapakTep 6e3 rapMOHIHHUX CIIOTBOPEHb.

Ha puc. 5 HaBenena ocuuiiorpama Hampyru i cTpy-
My CI' npu BKIIOYEHHI HENiHIHHOTO HaBaHTAXEHHS, IO
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Pucynox 5. I'padix i cnexrpaneuuii CI' py aKTUBHO-iHAYKTUBHOMY HABaHTAKEHHI: @) HANIPYTH U, i 6) CTPyMY iy
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Sx BugHo, mo mnpu pobotri CI' Ha akTUBHO-
IHAYKTUBHE HaBaHTaxxeHHs Harpyra i ctpym CI' coTtso-
PIOIOTHCS BUIIMMU TapMOHIKaMH Hanpyru i ctpymy. Koe-
(IIiEHT CTIOTBOPEHHS CHHYCOINATBHOCTI KPUBOI HANIPYTH
i cTpyMy BignoBigHo ckianae — THDy = 7,42 % i THD,; =
14,35 %.

Signal

FFT window: 1 of 150 cycles of selected signal
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FFT analysis
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0.4

Mag (% of Fundamental)

200

400 800 800 1000
a)

Ha puc. 6 HaBenena ociiorpamMa HarpyTrH i cTpy-
My CI' npu BkimtouerHi CA®D, 1o npartioe y pexumi Qiib-
Tpamii B wac £ = 1,5 c.
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Pucynoxk 6. I'padix i cnextpansnuii CI' npu podoti CAD y pexumi QinbTpauii: @) HaNpyru ugi 6) cTpyMmy i,

ITpu poboti CI' Ha aKTHBHO-IHIYKTUBHE HaBaHTa-
xeHHs 3 CAD y pexumi QirbTpanii MoKHa BIAMITHTH Jie-
sIKI 0COOJIMBOCTI — KOE(Qili€HT CIIOTBOPEHHS CHHYCOINa-
JTBHOCTI KpuBOi Hanpyru i ctpymy CI' 3HM3HWBCA BiIIOBi-
nHO Ha 55,26 %, 81,18 % i cknamae THDy = 7,42 % 1
THD;= 14,35 %.

B gac ¢ = 2 ¢ BKiIIOYa€eThCS aKTHMBHO-EMHICHE HAaBaH-
Ta)XKEHHs 3 NapajeabHo0 pobororo CAD y pexxumi Qutb-
Tpauii. Ha puc. 7 mpuBeneHa rpadik i cCreKTpanbHHNA
CKJIaz CTpyMy HaBaHTaxeHHs (puc. 7, @) i CI (puc. 7, 6).

[Tpn aKTHMBHO-EMHICHOMY HaBaHTa)XEHHI KOE(ili€HT
CHOTBOPEHHS CHHYCOINaJbHOCTI KPUBOI CTPyMy HaBaH-
TaxkeHHs cknagae THD; = 16,56 %, toni sk CI' — THD; =
2,98 %. TobT0 y x0xi cBoei podotn CAD 3HMKYE piBEHD
BUINMX TapMOHIK cTpyMy Ha 82 %.
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VY yac ¢ = 2,5 ¢ BrimovaeTbest y poboty CAD y pe-
KUMi  KomreHcarii-¢inprpanii. Ha puc. 8 npusenena
rpadik 1 CHEKTpaJbHUH CKJIaJ CTPyMy HaBaHTa>KCHHS
(puc. 8, @) i CT (puc. 8, 0).

[pu upomy pexumi podori CAD 3HMKye Koediri-
€HT CIIOTBOPEHHSI CUHYCOIaIbHOCTI KpUBOi cTpymy CI'y
NOPIBHSHHI 710 HaBaHTaxeHHA Ha 57,18 %. Koediuient
CI' cxnapmae THD; = 7,09 %. lle ripmi nMoka3HUKH NpH
po6oti CA® y pexumi ¢urbTpaiii, Y4uM y pesxuMi KOM-
neHcarii-piuTbTparii.

Takoxk 10JaTKOBO OLIHEHI €HEepPreTU4Hi MOKa3HUKH
Taki sK: akTHBHA 1oTyxHicTh CI' 1 HaBaHTa)keHHS Ta pe-
aktuBHA notyxHicTh CI' 1 HaBanTaxeHHs1. [lani 3aHeceHi
Jo Tabi. 1. YMOBHI MO3HAYEHHS 110 aHAJOTII 3 puc. 3.
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Tadauua 1. IToka3HUKHM MOTYXHOCTI aBTOHOMHOL
CHCTEMHU €JIEKTPOIIOCTA4YaHHsI 3 IapajeNbHUM ITiJIKIT0-
ueHHAM CAD

IIpu t=1,4 ¢ CT'+RL
(1)3321 P[d, Bm Qld: BAp P,Q, Bm Q,Q, BAp
A 211600 -98800 -211600 98800
B 206300 -97990 -206300 97990
C 207900 -97590 -207900 97590
ITpu 1 = 1,8 ¢ CT+RL+CAD-q
Gaza | Py, Bm | O, BAp | Pg, Bm 0., BAp
A 207900 | -103200 | -208800 103500
B 205400 | -103400 | -210200 103200
C 208900 | -103500 | -210200 103500
Tlpw £ = 2,4 ¢ CT+RL-RC+CA®D-q
Gaza | Py, Bm | O, BAp | Pg, Bm 0., BAp
A 220200 | -109300 | -221500 108000
B 220700 | -109000 | -221800 108000
C 221200 | -109200 | -221200 108000
ITpu t =2,8 ¢ CT+RL-RC+CAD-Q
daza | Py, Bm | O, BAp | P, Bm Q., BAp
A 256300 | -128000 | -261500 -11370
B 256100 | -127900 | -259000 -11140
C 252400 | -128700 | -267500 -11030

Cain BiIMITHTH, 110 y NEpIINX BapiaHTax eKcIepH-
MEHTY JOTPUMYEThCS OajlaHC aKTUBHOI 1 pEaKTUBHOI I10-
tykHocTi Mix: CI' — HeuniHiliHe HaBanTaxeHHs, CI' — He-
JiHIfHEe HAaBaHTaXXCHHS — CWJIOBUI aKTUBHUH QiITbTp. Ane
ciin BimMmitaTH, o CA® mparroe y pexxnmi QimbTpamii
BHIIMX TAPMOHIK CTpyMy. Y YETBEpTOMY BapiaHTi eKcIie-
PUMEHTY TOpYIIY€ThCS OaJaHC aKTUBHOI i PEaKTHBHOI
MOTY>KHOCTI TIpH 11 mepetikanHi Mk CI' — HeniHiliHEe Ha-
BaHTa)XEHHsI — CWIIOBHI akTUBHUH (inbTp. Lle mos’s3aHo
3 tuM, 110 CAD (y pexumi komneHcauii-piaprpanii) i CI
OJIHOYAaCHO BIUIMBAIOTh HA OCHOBHY TapMOHIKY CKJIaJo-
BOI PEaKkTHBHOI MOTYXHOCTI (BU3HAYAETHCSI METOJOM iH-
TErpyBaHHs).

V.BUCHOBKH

IIpu poGori CI' 3 perymoBaHHAM Hanpyru 30y-
JDKCHHS Ha HeNiHiiHe HaBaHTa)KCHHS HOTIPIIYIOThCS IO-
Ka3HHKH SIKOCTI eNIeKTPOSHEprii, 30KpeMa CIIOTBOPIOETHCS
cunycoinansHicTs Hanpyru (THDy = 7,42 %) 1 pouiis-
HUM € 3actocyBaHHI CA®D, mo moKpamrye MOKa3HHKH
Hanpyru i ctpymy CI' Ha 55,26 %, 81,18 %.

Tak sIK 3 aBTOMAaTHYHUM PETYIIOBaHHIM HAIPYTH
30ymxenHss CI' BUKOHYETHCS BIATIOBITHE PETYIIOBAHHSI
PEaKTHBHOI TOTYXHOCTI IO OCHOBHIH TapMOHII, TOMY
Oinpm eexTUBHUM € 3acTocyBaHHSI CAD TITBKU Y pexH-
Mi ¢impTpamii BUmKX TrapMmoHIK cTpymy. Lle mokparmye
Horo po0oTy 1 pu oMy 3HMKyeTbest THD Ha 25,74 %,
a THD; na 24 %.
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BJIUSAHUE HEJTUHEHHOM HAI'PY3KU HA ABTOHOMHBIE
SJEKTPUUYECKUE CETHU IPU NAPAJLJIEJABHOM PABOTE CUJIOBOI'O
AKTHUBHOI'O ®UJIbTPA

BJIACEHKO P.B.  accucrent, accucrenr kadelpbl CHCTEM BIEKTPOHNOTPEOIEHHS M DHEPreTUYECKOro
MCHEDKMEHTa KpeMeHIyrckoro HaIlMOHANBHOTO YHHBEPCHUTETa HMEHH Muxauia
Ocrtporpanckoro, Kpemenuyr, Ykpanna, e-mail: ruslan.vlasenko@i.ua,

BAJIOBPXKECKHWM k-r Texn. Hayk, MOUEHT, J1OUEHT KaQeapbl CHCTEM OJJEKTPONOTPEONEHUs |
A.B. SHEPTETUYECKOTO MEHEPKMEHTa KpeMEeHIyrckoro HaAMOHAIBHOTO YHUBEPCHTETA UMEHH
Muxawnna Ocrtporpasckoro, Kpemenuyr, Ykpanna, e-mail: seemal@kdu.edu.ua;

Lenv pabomul. Llenvro cmambvu uccie008anue pexcumos pabomvl mpexgasHoco cuio8020 aKmueHo2o Guibmpa 6
cocmase agMOHOMHOU NeKMPUYECKOU cemu npu NOOKTIOYEHUU K cemu mpex@hasHoll HeTUHEUHOU HA2PY3KU PA3TUYHO20
CHEKMPAIbHO20 Xapaxkmepd.

Memoowt uccnedosanus. /{na npogedenus uccie008aHull UCNOIb306ANUCL NOJIONCEHUA PG-Meopuu MOWHOCHU,
meopus 1eKmpUdeckux yenei, meopus asMOMaAmu4ecKo20 YnpasieHus, Mamemamuyeckoe Mooenuposanue 6 naxKeme
Matlab.

Ionyyennvie pesynomamer. [lonyueno epaguxu u cnekmpanbHulii COCMAE HANPAICEHUS Cemu, MoKa HAZpY3KU,
umo no3eonsAem OyeHums IPPeKMUsHOCMb NPUMEHEHUS CUT08020 AKMUBHO20 QUILMPA 6 pedcume QuUIbmpayuu 6
cocmase a8MOHOMHOU NEKMPULECKOL cemu, KOmopas npedcmagisiem co60u CUHXPOHHDBIL 2eHepamop.

Hayyna noeusna. /Jloxasana s¢pgpexmusnocms napanienbHol pabomsi cuiogoco akmugHo20 QUibmpa 6 pejcume
Qunempayuu ¢ CUHXPOHHBIM 2EHEPAMOPOM NPU PE3KONEPEMEHHOT HeTUHENHOU Haspy3Ke.

Ilpaxmuueckas yennocmo. Hcnonvzosanue npeonodicenHot Memoouky no3601uUm co30ames mpexasuviil cuiogou
aKmueHbLil Purbmp 0N NpUMeHeHUs e20 8 A8MOHOMHBIX INEKMPULECKUX CeMAX, NPeOCMABNIEHHbIX CUNXPOHHBIM 2eHe-
DamopoM € a8mMoMaAMuUIecKum pecyaupo8anuem Hanpaicenus 6030YHCOeHUs.

Kniouesvle cnosa: cunoeou axmuenulii uiemp, pg-meopus MOWHOCMU, CUHXPOHHBIU 2eHepamop, Kaiecmso
INEKMPUYeCcKoU SHepeulU, HeruHelHas Hazpy3Ka.
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THE INFLUENCE OF NONLINEAR LOAD ON THE AUTONOMOUS
ELECTRICAL NETWORK AT PARALLEL WORK OF THE ACTIVE
POWER FILTER

VLASENKO R.V. Assistant department of the Kremenchuk Mykhailo Ostrohradskyi National University,
Kremenchuk, Ukraine, e-mail: ruslan.vlasenko@i.ua;

BIALOBRZHESKYI Ph.D, Associate professor, Associate professor of the technical science department of the
O.V. Kremenchuk Mykhailo Ostrohradskyi National University, Kremenchuk, Ukraine, e-mail:
seemal@kdu.edu.ua;

Purpose. The purpose of the article is to investigate the modes of operation of a three-phase active power filter in
the composition of an autonomous electrical network when connected to a network of three-phase nonlinear load of
different spectral character.

Methodology. For the research, the provisions of the pg-theory of power, the theory of electrical circuits, the the-
ory of automatic control, mathematical modeling in the Matlab package were used.

Findings. The graphs and spectral composition of the mains voltage and load current have been obtained, which
makes it possible to evaluate the effectiveness of using a power active filter in the filtration mode as part of an autono-
mous electrical network, which is a synchronous generator.

Originality. The efficiency of the parallel operation of a power active filter in the filtration mode with a synchro-
nous generator at an abruptly variable nonlinear load is proved.

Practical value. The use of the proposed technique will make it possible to create a three-phase power active filter
for its use in autonomous electrical networks, represented by a synchronous generator with automatic regulation of the
excitation voltage.

Keywords: active power filter, pg-theory power, synchronous generator, electrical energy quality, non-linear load.
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