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B.®. bosox, I.C. Ilykin

BrnuiuB 00MekeHHSI TPUBAJIOCTi CTPYMY O0OMOTKH SIKOPSI HA Po00Yi MOKA3ZHUKHU
JIIHIHHOT0 iMIIYJILCHOI'O €J1eKTPOMEXaHIYHOI0 NepeTBOPBAaYa IHIYKIIHHOI0 THILY

Bcemyn. Jliniini imnynscui enekmpomexaniuni nepemeoprosaui inoykyitinoco muny (JIIEIIIT) euxopucmosgytomsbcs 8 6a2amvox 2any-
35X HAYKU I MEXHIKU K YOAPHO-CUNOSL NPUCMPOI MA eeKMPOMEXaniuHi NPUCKOPIO8ayl. Y Hux uepes (hazosuil 3¢ye Midxc cmpymom
30y0drceHHss 8 0OMomyi iHOYKmMopa i iHOYKOBAHUM CMPYMOM 8 0OMOomyi AKops Kpim nouamxosux erexkmpoounamiunux cun (E/[C)
siowmoexyeants eunuxaioms i nacmynui EJJC msocinns. Buacnioox yvoeo pob6oui noxazuwuku JIUEIIT 3uuocytomocs. Memoio
cmammi € NioUjeHHs: poOOYUX NOKAZHUKIG JIHIUHUX IMNYIbCHUX eleKMPOMEXAHIUHUX Nepemeopiosadis HOYKYIliHO20 muny npu
pobomi 8 AKOCMI YOAPHO-CUOB020 NPUCPOIO Md eNeKMPOMEXAHIYHO20 NPUCKOPIOBAYA 30 PAXYHOK OOMENCEHHs MPUBAIOCi iHOY-
KOBAH020 cmpyMy 8 06MOmyi AKOPs 00 3MiHU 1020 nonaprocmi. Memoouka. [{na ananizy enekmpomexaniunux xapaKxmepucmux ma
nokasuuxie JIIEIIIT euxopucmana mamemamuyna Mooetn, 6 sKill po38'sa3Ku PIGHIHb, W0 ONUCYIOMb 63AEMON08'A3AHI eNeKMPUYH,
MacHimHi, MeXaniuHi ma meniosi npoyecu, npeocmagieHi 6 pekypeHmuomy euenaoi. Pesynemamu. /{na ycynenns EJJC msaoicinmus
misie oomomxamu JIEIIT 3anpononosano obmediceHHss mpusaiocmi iIHOYKO8AHO20 CmMpymy 6 00Momuyi aKopsi 00 3MIiHU 11020 NOAAD-
HOCMI WIIAXOM NIOKIIOUeHHs 00 Hel unpsamHo2o 0ioda. Bcmanoeneno, uwjo npu pobomi nepemeoprosaia  aKoCmi y0apHo-cuio8o20
npucmpoio 6e3 oomedicenns cmpymy oomomxu axops eenununa imnyavcy EJJC nicia 0ocsaenenus MakxcumanbHo20 3HA4eHHs 3HUNCY-
€mubesi 00 KiHysl pobo1o2o yukny. 3a nasenocmi 0iooa 6 obmomuyi sikopsi Kpumepiil egpexmusnocmi, wo epaxogye imnyiavc EJC, cuny
8i00aui, cmpym i memnepamypy Haepieaunts oomomxu iHOykmopa, nioguwiyyemocs. Ilpu pobomi nepemsopiosaua ¢ sKoCmi eiekmpo-
MeXaHiuH020 npucKopiosaia 6e3 0oMediceHHs: CImpymy 0OMomKU AKops 8i00yeacmbcs 3meHutenns weuoxocmi i KK/, wo epaxoeye
KiHemuyHy eHepeilo i Hanpy2y €MHICHO20 HAKOnuuysaya emepzii 6 Kinyi pobouoco yuxiy. 3a masgnocmi 0ioda 6 06Momyi AKOps
Kpumepiil egpekmueHoCmi niO8UWYEMbCS, NepesulerHs meMnepamypu 0OMOMKU AKOPs 3MEHULYEMbCA, 6eIULUNA MAKCUMATLHO20
KKJ[ 36inbwyemocs, oocaeaiouu 16,16 %. Haykoea noeusna. Bcmanoeneno, wo 3a paxynox 00MedlceHHs MPUAIoCcmi cmpymy
o6 momKu sKops nioguuyromscs cunogi noxkasnuxu JIEIIT npu po6omi 6 axkocmi yoapHo-cuno8020 npucmpoio ma weuoKicHi nokas-
nuxu npu pobomi JIEIIIT 6 axocmi erekmpomexaniunozo npuckoprosaya. Ilpaxmuuna yinnicms. Bcmanoeneno, wo 3a 00nomo20io
BUNPAMHO20 0100a, NIOKNI0UEH020 00 6a2amoeumK080i 0OMOMKY AKOPA, 3a0e3neuyemuvcs 00HONONAPHICIG CINPYMY, WO 3YMOGII0E
yeynenns EJJC mascinna i niosuwjennsa poboyux noxasnuxie JIIEIIIT. Bion. 22, puc. 5.

Kniouosi cnoea: niHiiiHui iMIy/IbCHUIA e1eKTPOMeXaHIYHMII epeTBOPIOBAaY iHAYKIIIHOrO TUIIY, YIaPHO-CUJIOBHIi NPHUCTPIii,
eJleKTPpOMeXaHiYHMil NPHCKOPIOBaY, Po00oYi NOKA3HUKH, 00MeKeHHSI TPUBAJIOCTI CTPYMY 0OMOTKH SIKOPSI.

Beeoenue. Jluneiinvie umnynvcHuvle 1ekmpomexanuieckue npeoopasosament uHoykyuonnoeo muna (JIMSIIUT) ucnonvsyromes 60
MHO2UX OMPACTAX HAYKU U MEXHUKU 6 Kauecmee YOapHO-CUNOBbIX YCMPOUCME U INeKMPOMEXaHUYecKux yckopumenei. B nux us-3a
¢azosozo cosuea mexncoy moxkom 8030yxcoenus 6 0OMomKe UHOYKMopa u UHOYYUPOBAHHBIM MOKOM 8 0OMOMKe AKOPS NOMUMO nep-
60HAYANLHBIX dAeKmpoounamudeckux ycunuii (O4Y) ommankusanus gosuuxaiom u nocrneoyrowue IAY npumsicenus. Beneocmeue
amozo pabouue noxasamenu JIUIIIUT cnuscaromea. Llenvto cmamou s6nsemcs nosviuieHue pabouux nokasamenell TUHEUHbIX
UMRYTLCHBIX NeKMPOMEXAHUYECKUX npeobpazoeameneii UHOYKYUOHHO20 MUna npu pabome 8 Kauecmeae yOapHO-CUL08020 YCMPOU-
CMea u dNeKMPOMEXAHUYECKO20 YCKOPUMensa 3a cuem 02panuyerus OnumensHOCmu UHOYYUpOBaHHO20 MoKa 8 0OMomKe AKops 00
usmenenus e2o nonaprnocmu. Memoouka. /[na ananusa snekmpomexanuyeckux xapakmepucmuk u nokazameneu JINIIUT ucnono-
308aHa MameMamuieckdas Mooeib, 8 KOMOpou pewenus ypagHeHull, ONUCbIGAIOWUX 63AUMOCEA3AHHbLE dNeKMmPUYecKue, MasHummble,
Mexanuueckue u meniosvle npoyeccyl, npeocmasnensvi @ pekyppenmuom euoe. Pesynomamet. /[ns ycmpanenus 4V npumsicenus
medncdy oomomxamu JIMIITUT npednosiceno ocpanuienue OnumenbHOCMU UHOYYUPOBAHHO20 MOKA 8 0OMOMKe AKOPS 00 USMEHEHUS.
€20 NOAAPHOCMU NymeM NOOKIIOUEeHUs K Hell BLINPAMUMENbHO20 0uodd. Ycemanosneno, umo npu pabome npeobpasosamens 8 Kaye-
cmee y0apHo-cuil08020 Ycmpoticmea 6e3 ozpanuienus moka 00MomKu AKops eenuvuna umnyisca LAY nocie docmudicenus Makcu-
MaNbHO20 3HAYEHUsl CHUdCAemcsl K KOHYy paboueco wyuxna. Ilpu naruuuu ouoda 6 obmomie akops kpumepuil d@ghexmusnocmu,
yuumeisarowuii umnynoc AV, cuny omoauu, mox u memnepamypy nazpesa 00OMOmMKu uUHOYKmopa, nogsvluiaemcs. IIpu pabome
npeobpazosamerns 8 Kauecmee NeKMpoMexanuiecko2o ycKopumens oe3 ozpanuienus moxka 0OMomKU AKOPs. NPOUCXOOUM yMeHbule-
Hue ckopocmu u KT/, yuumeisaiowe2o KuHemu4eckylo SHepeuio U Hanpsicenue eMKOCHHO20 HaKONumens sHepauu 8 Konye paboye-
20 yukna. Ipu nanuuuu ouooa 8 ooMmomke aKops Kpumepuii 3QPHeKmuUsHOCMU NOBbIUAECMC, NPeGblUeHUe MEeMNEPamypbl 0OMOMKU
AKOpS yMeHbuaemcs, genuduna maxcumanvroeo KIIJ] yeenuuusaemcs, docmueasn 16,16 %. Hayunas nosusna. Ycmanosneno, umo
3a cuem ocpanudeHus OTUMenIbHOCMU MoKa 0OMOMKU KOs hosbluialomces cunogvie nokazamenu JIMIITUT npu pabome 6 kauecmae
YOapHO-CUN06020 YCmpolcmea u ckopocmuvle nokazamenu npu pabome JIMIIIUT 6 kauvecmse 91eKMPOMEXAHULECKO20 YCKOpUme-
na. Ilpakmuueckaa yennocms. Ycmanosneno, umo npu nomMowu ulNPAMUMENbHO20 OU00d, NOOKIIOYEHHO20 K MHO208UMKOBOL
0bMmomKe KOs, obecneuusaemcs 0OHONOIAPHOCH MOKA, YUMo npusooum K ycmpauenuio LAY npumsdicenus u nosvluenuto pabo-
yux noxazameneti JIMDITUT. bubn. 22, puc. 5.

Kniouesvie cnosa: NMHeiiHbI HMITYJILCHBII 3JIeKTPOMeXaHHYeCcKHii Npeo0pa3oBaTe/b HHAYKIHOHHOIO THIIA, yIAPHO-CHJI0BOE
YCTPOIiicTBO, 31eKTPOMEeXaHNYeCKHUii yCKOpHTeJb, padoune MOKa3aTeJIH, OrPAHNYeHHe JINTeJIbLHOCTH TOKAa 00MOTKH SIKOpS.

Beryn. JliHilHI IMITyJIbCHI €JIEKTPOMEXaHI4HI Iepe-
TBOptoBaui inaykuiiinoro tuny (JIIEIIT) mmpoko BuKo-
PHCTOBYIOTBCS SIK IS PO3TOHY BHKOHABUOT'O €JIEMEHTA JI0
BHCOKOI IIIBUJIKOCTI HA KOPOTKIH aKTHBHIN AUISHIN, TaK i
JUISL CTBOPEHHSI MOTY)KHHMX CHJIOBHX IMITYJIbCIB Ha 00'€KT
BIUIMBY IIpY HE3HAYHOMY IEPEMIIICHHI BUKOHABYOTO elie-
MeHTa [1-4]. Taki mepeTBOprOBadi MIMPOKO BHKOPHUCTOBY-

I0TbCSL B 0araThboX Trajly3siX HayKd 1 TEXHIKH SIK yIapHO-
CHJIOBI IPUCTPOI 1 €JIEKTPOMEXaHIuHI IPHUCKOPIOBaHi.

B sxocti ymapro-cunoBux mnpuctpoiB JIEIIT 3a-
CTOCOBYIOTBCS [UISl €JIEKTPOMAarHiTHUX MOJIOTIB 1 mepdo-
paropiB y OymiBHMUTBI, Juisi OyTo0OiB Ta BiOparTopiB y
TipCHKil TIPOMHCIOBOCTI, U yIAPHUX CEHCMIYHHX JDKe-
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pel y reooropo3Bifli, A MOJIOTIB 3 BEJTMKUM Iiara3o-
HOM €HEprii yapy Ta IpUCTPOIB A eNeKTPOIMHAMIYHOT
00poOKM 3BapHUX 3'€qHaHb y MAIIMHOOYJyBaHHi, IJIs
BiOpO3MillyBa4iB y XIMIuHIi Ta MequKo-0ioJoriyHii
NPOMUCIIOBOCTI, JUIS BHUIPOOYBAIBHUX HPHUCTPOIB, IO
3a0e3neuyroTh NepeBipKy BiANOBINANBHOI amapaTypy Ha
ylapHi HaBaHTAXEHHS, JUIS MarHiTHO-IMIYJIBCHHX HpH-
CTpPOiB, IO 3a0e3NeduyloTh IPECyBaHHS CIElialbHIX
MTOPOIIKIB KEePaMiKH, Ui MPUCTPOIB, IO 3a0e3MedyoTh
OYMIIECHHS TEXHOJIOTIYHMX €MHOCTEH BiJ HalIWIaHHS
CUITYYHX MaTepiaiiB, A MPHUCTPOIB, MO 3a0e3NeUyI0Th
3HUILIEHHA BaXJIHMBOI iH(OpManii Ha HaKOMHUYyBayax MpH
HECaHKI[IOHOBAaHOMY JIOCTYTI Ta iH. [5-9].

B skocTi  eneKTpoMeXaHIYHMX NPUCKOPIOBAdiB
JIETIIT 3acTocoByIOTbCS AJIsl LIBUIKOIFOYMX €JIEKTPHY-
HUX amapartiB, JUisi OaliCTHYHHX JIa3epHUX TIpaBIMETpIB,
JUTS CHCTEM, IO 3a0€3MeUyI0Th 3aIlyCK Oe3MIOTHHX JIiTa-
JIBHUX arapartis, 1J1si 00OPOHHHUX HPHUCTPOIB, 10 3abe3Iie-
YYIOTh 3aXUCT BIAMOBITaIbHUX OO'€KTIB BiJ| MPHCTPOIB,
IO IMiUTITAal0Th, JAJIS PO3TIHHUX MPUCTPOIB B a€POKOCMiU-
Hil TexHimi Ta iH. [10-15].

Y JIENIT B Hepyxowiii oOMOTII iHIYKTOpa HpH
MIKITIOYEHH] 10 €éMHICHOT0 HakonmyyBada eHeprii (€EHE)
MPOTIKa€ IMITYJIbCHUM CTPYM, SIKUI 32 JOMTOMOTOI0 MarHi-
THOTO TIOJIS IHAYKY€E CTPYM B 00MOTIi sikopsi. OCKUIBKH B
NOYAaTKOBUH MOMEHT 4acy CTPyMH B OOMOTKax MaroTh
NPOTWIEKHY MOJSPHICTh, TO MK HUIMH BUHHUKAIOTh €JIeK-
tpoaunamiusi cud (EJIC) BimmrosxyBanss [16].

[Ipu poboTi mepeTBOprOBada B SIKOCTI €JIEKTpOMEXa-
HIYHOTO IIPUCKOpIOBaya OOMOTKa SKOps, sIKa IepeMilly-
erbcs min giero EJIC BiamToBxyBaHHS, 3MiHCHIOE PO3TiH
BHKOHABYOTO €JeMeHTa. A Tpu poOOTi B AKOCTI yAapHO-
CHJIOBOTO TPHUCTPOI0 OOMOTKA SIKOpSI NMPH HE3HAYHOMY
MepeMilIeHHI 3a0e3neduye nepefady CHIOBOTO IMITyJIbCy
HA BUKOHABYMH €JIEMEHT.

YV JIEIIIT xopoTko3aMKHEHa OOMOTKA SIKOPST MOXKE
OyTH BUKOHaHa OJIHO-a00 OaraToBUTKOBOMN. IIpu omHO-
BUTKOBOMY BHKOHAaHHI OOMOTKA SIKOPS MPEICTABISE CO-
0010, SIK NPaBWIO, MAaCUBHHUU €JEKTPONPOBIAHUIT IHCK.
OpnHak 1HIYKOBaHUI CTPYM IO TaKOMY JIHCKY PO3MOiie-
HUH CyTTe€BO HepiBHOMIipHO. [Ipn OaraToBUTKOBOMY BH-
KOHAaHHI OOMOTKa SIKOpS ILIUIBHO HaMmOTaHa IPOBOJIOM
BITHOCHO MaJIOTO IIONEPEYHOro Iepepidy i mpocoueHa
KOMIAayH/IOM Ha OCHOBI €MOKCHAHOI cMoNd. Y Takiid 00-
MOTII IHIYKOBaHUH CTPYyM PO3MOIUIAETHCS PIBHOMIPHO
0 BCROMY IIepepisy, 1o 3a0e3mnedye OLTbIT piBHOMIpHUIT
CWJIOBUM BIUIMB HA BUKOHABUUI €JIEMEHT.

Sk moKa3yTh NOCHIIDKeHHs, Yepe3 (a3oBHid 3CYB
MIDX CTpyMOM 30Y/PKeHHsI B 0OMOTIII 1HAYKTOpa 1 IHAYKO-
BAaHMM CTPyMOM B KOPOTKO3aMKHEHIH OOMOTLI sKOps
kpiMm novatkoBux EJIC BiqITOBXyBaHHS BHHUKAIOThH 1
HactynHi EJIC Tsokinas [17]. Brachimok mporo po6odi
MOKAa3HUKHU INepeTBoproBadya 3HMKYThCs [18]. EJIC Ts-
JKIHHS BUHUKAIOTh Yepe3 3MiHy MOJISIPHOCTI iIHAYKOBAHOTO
CTpyMy B OOMOTII SIKOPS, TOMAI SIK TOJSPHICTH CTPyMY
30y[KeHHS B OOMOTII IHAYKTOpa MOXKE 3aJIUIIATHCS
HE3MIHHOIO.

Yceynytn EJIC TSOKiHHS MOXKHA HMUITXOM OOMEXESHHS
TPHUBAJIOCTI 1HAYKOBAHOTO CTPYMy B OOMOTII SKOPS IO
3MiHHA #oro mosspHOCTi. [y mboro B OOMOTKY SIKOPS
MOYKHA MIAKIIOYUTH BUNpsMHMA giox VD (puc. 1). O6-
MEXEHHSI CTPyMy B MarHiTHO-IMITyJIbCHIH yCTAHOBII IS

3mian BBy EJIC Ha BTOPMHHUH eNeKTPONpPOBiTHUI
€JIEMEHT 3 BHKOPHCTaHHSM KEpPOBAaHOTO BaKyyMHOIO
po3psiiHUKa onmcaHo B poborti [19]. Asne B Tomy mocii-
JoKeHHI MeToro Oyio 30imbieHHs EJIC TsokiHHS, TOMI SIK
quist JIIETTIT taki cuiin € HebaxxaHUMU.

My .
I’,EH oG
72
Uﬂli_c 3t o e
| R MrATY| PP

Puc. 1. Enexrpuuna cxema JIIEIIIT 3a BincytHocTi (O, O; —
CyLLITBHI JTiHIT) Ta HasiBHOCTI (0}, 0> — IITPUXOBI JiHii)
nioga VD B oOMOTII SIKOPSI

3abe3nedeHHsT OnHIE] MOJSAPHOCTI 1HAYKOBAHOTO
CTPYMY MOJKHA peaji3yBaTy HIISIXOM MIiJKIFOYEHHS Aioza
VD no 6GaraToBUTKOBOi OOMOTKH SIKOpS, TOMY B HOAJIb-
momy Oyzaemo came 1 posrisinaryd. OnHaK Ipy EOMY HE
JIOCTIKCHO TONUIBHICTE OOMEKEHHS TPUBAIOCTI IHMIY-
KOBAaHOTO CTPyMy B OOMOTIIi SIKOpS IO 3MiHU HOTO ITOJIs-
pHOcTi Tipu po6oTti JIEIIT B sSKOCTI yZapHO-CHIOBOTO
MIPUCTPOIO Ta EIEKTPOMEXAHIYHOTO IPUCKOPIOBaYa.

MeTo10 €TATTI € MIABUIIEHAS POOOYNX MMOKA3HUKIB
JMHIMHAX IMITyJIECHUX €JIEKTPOMEXaHI9HUX IEPEeTBOPIO-
BaYiB IHAYKUIHHOTO THITy IpH poOOTi B SIKOCTI yAapHO-
CHJIOBOTO TPHUCTPOIO 1 €NEKTPOMEXAHIYHOTO IMPHUCKOPIO-
Baya 3a paxyHOK OOMEXEHHsS TPHBAJIOCTI 1HIYKOBaHOTO
CTpYMY B OOMOTIII SIKOPSI 10 3MiHM HOTO MOJISPHOCTI.

Posrnsinemo matemarnuny mogens JIEIIIT, y saxii
BUKOPHCTOBYIOTHCSI 30CEPEIKEeHI ITapaMeTpu 0araToBUT-
KOBHX OOMOTOK iHIyKTOpa Ta sikops. [yl BpaxyBaHHs
B32€MOIIOB'SI3aHUX EJIEKTPUYHHX, MATHITHUX, MEXaHIYHUX
1 TEIUTOBUX TIPOLECIB, a TAKOXK PSIy HENMHIMHUX 3aiex-
HOCTEH pIlIeHHs PiBHSHB, IO OMUCYIOTh 3a3HAYeHi Mpo-
1iecH, MPeACTaBUMO B PEKYPEHTHOMY BHTTISII.

Bynemo BBaxkatw, mo mpu poboTi B SAKOCTI yaapHO-
CHJIOBOTO TIPUCTPOIO TEPEMIIICHHS] OOMOTKH SIKOpS 3
BUKOHABYMM €JIEMEHTOM BiJICYTHE, a IIpU POOOTi B IKOCTI
€JIEKTPOMEXaHIYHOTO MPUCKOPIOBaYa SIKIp MepeMillaeTh-
CA Ha 3HAYHY BiHCTaHb 3 BUKOHAaBYMM CJICMCHTOM, SIKAN
Ma€ BiJIHOCHO MaJly Macy.

Just 30ymxenns JIIEIIT Bin €HE BukoprcroByeMo
OJTHONOJISIPHUI IMITyJIbC CTpPyMy B OOMOTHI iHIYKTOpa,
mo (opMyeThes ITycKOBUM THpUCTOpoM VS (puc. 1). Le
nmo3Boisie 30epiratu yactuHy eHeprii B €HE 1o xiHIs
pobouoro mukiry. Jas 0OMeKeHHST TPHBAJIOCTI 1HIyKOBa-
HOTO CTPyMY B OOMOTIIi SIKOPS 10 3MiHH HOTO MOJIIPHOCTI
BUKOPHUCTOBYEMO BHIpAMHHUI mion VD. Baxaemo, 1mo
JUIS HAMiBIPOBITHUKOBUX mpwianiB VS i VD omopu B
NpsSIMOMY HalpsIMKY piBHI HYJIIO, 2 B 3BOPOTHOMY Harpsi-
MKY — HECKIHYE€HHO BEJIHKI.

Enexrpuuni npouecu B JIIEIIIT npu pobori B sskocTi
YIapHO-CHJIIOBOTO HPUCTPOI0 MOXKHA OIHCATH CHUCTEMOIO
PIBHSIHB!

. t .
R(T)i +Llﬂ+iji]dt+Mnﬂ=0, (1)
d C dt

00

4
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1 t
—\i,dt=U,, 2
Coll . @)

R,(T,)-i, + 1L, %JrMﬂ i

dt dt

ne n=1, 2 — inexcu 0OMOTOK 1HAYKTOpa Ta SIKOpPsI BiAIOBI-

nHO; R, L, T,, i, — aKTUBHUIA OIIip, IHAyKTUBHICTH, TEMIIC-

parypa i cTpyM 7-01 0OMOTKH BinnoBigHO; M|,=M,, — B3a-

€MHA IHIYKTUBHICTH MK oOMoTkamu;, Cy, Uy — EMHICTB Ta

rmoyatkoBa (3apsitHa) Hanpyra €HE.

ITpu po6orti JIIEIIIT B stkOCTI €IEKTPOMEXaHIYHOTO

npuckoproBaya piBHsiHH (1) 1 (3) HaOyBarOTh BUIIISAY:

=0, €)

. dii 1 ¢, di
Rl(Tl)zl+le—;+FIzldt+M12(z)7tz+
00

M
v, ()i, —2=0; “4)
) dz
, di dii . dM
RZ(T2)~12+L27;+M21(z)7t‘+zlv(t) dZ” =0. (5

Pimnenns piBHSHB Ui CTpyMiB B OOMOTKax Iepe-
TBOpIOBada B PEKypPEHTHOMY BUTJIAAI TPEICTABICHI B
podori [18]. [lepemimenHs /4, i MIBUAKICTE vV, OOMOTKH
SIKOPSI BITHOCHO OOMOTKH iHAYKTOpA, IO MPEACTaBICHI B
pexypertHoMy Bursidi [10], BpaxoByIOTh MHUTTEBE 3Ha-
yenHs akcianpHux EJ[C Mik 0OMOTKaMHu:

.20 =i (00 (0) d]j 2 (s, ©)
Z

MacH OOMOTKH SIKOpSI Ta BUKOHABUOT'O €JIEMEHTA, IIiIb-
HICTh CEpPEIOBHINA MEPEMIIIEHHS Ta KOS(II[IEHT aepoau-
HaMIiYHOTO OTIOpY.

IIpu pobGori JIIEIIT B sKocTi yIapHO-CHIOBOTO
NPUCTPOI0 MK OOMOTKAMHM ICHYE TEIUIOBHH KOHTaKT
yepe3 130JsLiiiHy Tpokianky. TemmepaTypu 0OMOTOK
Ipy [[bOMY MOJKHA OIMCaTH PEKYPEHTHUMH CITiBBiJIHO-
HmIeHHsIMH [4], sKi BpaXOBYIOTh KO€(DIl[iEHT TerIonpoBil-
HOCTI Ta TOBIIMHY NPOKJIAJIKH, KOe]ili€HTH TeIIoBiaadi
Ta TETIOEMHOCTI 0OMOTOK.

Hdns  po3paxyHKy XapakTepHUCTHK 1 ITOKa3HUKIB
JHEINT BUKOPHCTOBYEMO anropuTM ImKIigHOi mii [20],
IO J03BOJSIE BPaxyBaTH KOMIUIEKC B3a€MOIOB'SI3aHUX
eNeKTPUYHHX, MarHITHUX, MEXaHIYHHX 1 TEIJIOBUX IpoLe-
CiB 1 pi3HHMX HeNiHIHUX 3anexHocTel, Hanpuknang R,(7,),
M5(2). Tlpu po3paxyHKy poOOUHii MpoIeC po30HBAEMO Ha
PSI YMCENBHO MaJlMX IHTEPBAJIB 4acy Af = ty. — #;, B Me-
’Kax SKMX YCl BEJIMYMHH BBaKAEMO HE3MIHHMMHU. 3a
OTPUMAaHUMU B MOMEHT YacCy ;) 3HAYEHHAMU CTPyMY
po3paxoByeMo Temmeparypu ooMoTok 77 1 7T,, mepemi-
IICHHS /i, 1 IIBUIKICTh v, OOMOTKH SIKOpSI, B3a€EMOIHIYK-
TUBHICTh M1, Mixk oOMoTKamu. [Ipu Takomy migxomi st
BH3HAYCHHS CTPYMIB Ha PO3PaXyHKOBOMY IHTEpBaJli Yacy
At MOXXHa BHKOPHCTOBYBATH JIiHIHHI PIBHSIHHS Ta CITiB-
BifHOIICHHS. Benmnmunna Af BHOMpAEeTbCS TaKUM YHHOM,
100 BOHA ICTOTHO HE BIUIMBAJa Ha pe3yJbTaTH pO3paxy-
HKY, 3a0e3Meuyo4n NpH [bOMY HEOOXIHY TOYHICTb.

[TouaTkoOBi yMOBH MaTeMaTHYHOI MOZEIIi:

T,(0) = Ty, — Temmeparypa n-0i 0OMOTKH;

i,(0) = 0 — cTpyM n-0i 0OMOTKH;

h(0) = h,,— BincTaHp Mi’k 0OMOTKaMU;

u(0) = Uy — naripyra €HE;

v,(0) = 0 — mBHUAKICTE OOMOTKH SIKOPS B3JOBX OCI Z.

OcHoBHi mapamerpu JIIEIIIT. Posrmsiaemo
JIEIIT, y sxoro odmorka iHaykropa (n=1) i oOMoTKa
sKOpst (n=2) BUKOHAHI y BHUIJISII MOHOJITHUX ITHUCKOBHX
KOTYIIOK, IIJIbHO HAMOTAHUX MiJHHM IIPOBOJIOM KPYTJIO-
ro nepepizy aiamerpom dy=1,3 MM 1 IPOCOYEHUX ENOKCH-
THUM KOMIIAyHIOM. 3OBHIIIHIK HmiamMeTp 0OMOTOK
D,=100 MM, ix BHyTpimHiA giamerp D;,=10 mMm. Akcia-
JbHA BHCOTa OOMOTKH iHAyKTOpa H;=6 MM 1 0OMOTKH
skopst Hy=3 mMm. Yucno BHUTKIB OOMOTKH IHAyKTOpa
N=120 i obmotku sxopst N,=60. ITodaTkoBa BimCTaHB
Mix oomMoTKamu /=1 mm. €HE mae enepriro W,=500 JIx
i Hioro emHictb C) 3MiHIOETBCS B miana3oHi Big 0,5 1o 5 M®
Npd  BIANOBIAHIA ~ 3MiHI ~ TOYaTKOBOI  HAmpyru

U, =+/2W,C," . Tlpu poGori JIEIIT B sikocTi enekrpo-

MEXaHIYHOTO NPHUCKOPIOBaYa Maca BUKOHABUOTO €JIEMEH-
Ta m,;~0,5 Kr.

[TpoBenemo aHani3 eIEKTPOMEXaHIYHUX XapaKTepH-
ctuk i pobounx nokaszuukis JIIEIIT, y sikoro B 0OMOTIi
SIKOps1 3[1HCHIOETHCSI OOMEXEHHS TPHUBAJIOCTI 1HIyKOBa-
HOTO CTPyMYy JI0 3MiHH #oro nomnspHocti (Q; po3iMKHe-
HUH, O, 3amMKHeHuit), nopisusiHo 3 JIIEIIIT, y sxoro Bia-
CYTHE Take oOMexeHHs (O 3aMKHEHHH, ), PO3IMKHEHUI)
(puc. 1).

IMpu ananizi podoru JIEIIIT BpaxoByBaTHMEMO Ha-
CTyIHI po00Yi MOKA3HUKH: CTPYM 30YIKEHHS, TeMIepa-
Typy HarpiBaHHi OOMOTOK i cmiy Bimmadi. Makcumans-
HUH cTpyM 30yIKEHHS MPONOPHIHHUN aMIUTITYIi IIiih-
HOCTI CTpyMy B OOMOTII iHAYKTOpa ji,, TEMIIEpaTypa
HarpiBaHHs OOMOTKH IHJyKTOpa — MEPEBHUILEHHIO 11 TeM-
neparypu 0, a cuna Bignadi — ammiirtyni EJC f,,. Mak-
CUMaJIbHUI CTpyM 30Y/DKEHHS! BIUIMBAE€ Ha IMapamMerpu
EJIEKTPOHHOT'O JDKepelia, TeMIeparypa HarpiBaHHS - Ha
TPUBAIICTh POOOTH IEPETBOpIOBaYa B LUKIIYHOMY pe-
JKUMI, a CHJIa Bifjadi — Ha MEXaHiYHy HaJiiHicTh. Tak,
JUISl pyYHHX YIAApHUX IHCTPYMEHTIB 1 pi3HUX aBTOHOMHHUX
MyCKa4iB CHJa BiJJadli HETaTWBHO BIUIMBAE SIK HA CaM
MIPUCTPIiH, Tak 1 Ha 0OCIyTOBYIOUMiA mepcoHan. OcoOImuBo
HETaTHUBHO CHJIA BiJIadi MPOSBISETHCS Y BUMIPIOBATBHUX
npuctposix. Tak, y OanicTHYHOMY JIa3epHOMY IpaBiMeTpi,
NPU3HAYCHOMY JJIsl BUMIPIOBAHHS IIPUCKOPEHHS BUIBHOTO
HaJiHHs, BUKOPHUCTOBYETHCS EJICKTPOMEXaHi4Ha KaTalry-
JbTa, sIKa 3a0e3reuye BepTUKAIbHE MiJAKUIaHH KYTOBOTO
onTuyHOro BinouBaya [21]. Cuina Biigayl BUKIMKAE aBTO-
ceiiCMIuHI KOJIMBaHHS, IO 3HIKYIOTh TOYHICTH BHUMIpIO-
BaHHSA TpaBiMeTpy [22].

Ipu podori JIIEIIIT B sikocTi yiapHoO-cHI10BOr0
NMPUCTPOIO ioro edexkTHBHICTH OyJeMO OIIHIOBATH Haii-

t
6inbinoro BenmuuuHOw iMiyiscy EJIC P = I f.(t)dt npmn
0

MiHIMaNbHUX BeJIMYMHAX CWIM Bimgadi, crpymy 30y-
JOKEHHS Ta TEMIepaTypH HarpiBaHHsS OOMOTKH 1HIYKTOpa.

Ha puc. 2 mpezncraBieHi enekTpoMexaHidHI Xapak-
tepuctuku JIIEIIIT 3a BimcyTtHOCTI (CymimeHi JniHIT) Ta
HasBHOCTI (JTiHII 3 Kpy>KKaMH) OOMEXEHHS TpPUBAaJOCTi
IH/IyKOBAHOTO CTPYMYy B OOMOTII SIKOpS J0 3MiHH HOTO
MOJISIPHOCTI.

IMpu Bukopucranni €HE ewmuictio Ci=0,5 md
MaKCHMallbHa HIIBHICTH CTPyMy B OOMOTII iHIyKTOpa
CTaHOBUTH J1,=1,03 KA/MM?, a o6Mormi AKOPA — Jou=
= 1,41 kA/MM* (puc. 2,a). Ammmityaa EJC £.,=30,85 kH.

Enexmpomexnixa i Enexmpomexanixa, 2021, Ne 6



3a BIACYTHOCTI OOMEXEHHS iHIyKOBaHOTO CTPyMy B KO-
pOTKO3aMKHeHi# oOMoTi sikops (0e3 giona VD Ha puc. 1)
JI0 KiHI poOO0YOoro LUKy TEPEBUINEHHS TeMIIEpaTypu
oOMoTKH iHAyKTOpa cTaHoBUTh 0,=1,58 °C, a mepeBu-
meHHs obmoTku sikopsi 6,=2,87 °C. 3a paxyHok EJIC
TSDKIHHS BeJIMYMHA IMIIYJIBCY LIMX CHJI, JOCSTAal0YHd MaK-
cuMmanbHoOro 3HaueHnsa P,,=12,5 H-c, no ki poboyoro
LUKITY 3HUXKYEThCA 10 P.~12,19 H-c.
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Puc. 2. Enexkrpomexaniuni xapakrepuctuku JIEIIIT npu po6oti
SIK ypapHoO-cunoBuil mpuctpiit mpu Cy: 0,5 M® (a) ta 2,5 M (6)

[Ipu Buxopucranni €HE mnixBumenoi eMHOCTI
(Co=2,5 m®D), a 3HAUUTH i 3HWKEHOI Hanpyru Uy, MaKcH-
MaJlbHI 3HA4eHHS T'YCTHH CTPyMy B OOMOTII IHAyKTOpa
3HIXKYETBCA 10 j1,=0,67 KA/MM?%, B 06MOTII SIKOPSL — 10
Jon=0,78 KA/MMz, EJAC - no £.,=10,58 kH (puc. 2,6). Ane
JI0 KIHIS poOOYOro LUKy IEPEBUIICHHS TEMIIEpaTypH
0o0MOTKH iHIYKTOpa 30LIbIIyeThCs g0 01=2,15 °C, a me-
PEBHIIEHHS OOMOTKH SIKOps 3MeHIryeTsest 1o 6,=1,86 °C.
[pu mpomy Benmmumna imMmynecy EJIC, mocsraroum max-
cuMmainbHoro 3Hauenus P,,=9,61 H-c, no kinig poboyoro
LMKy 3HWKYeThea 10 P,~=7,94 H-c.

[pwu 36inemenni emHocti Cy €HE 1 HE3MiHHOT eHep-
rii Wy=500 JIx manpyra Uy 3MEHIIY€ETHCS, IO 3YMOBIIOE
3MiHy OCHOBHUX poOounx mokasuukis JIIEIIIT (puc. 3,a).

-}2!: k2T, Fp, Ns;0,°C
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Puc. 3. Banexuicts pobounx nokasuukis JIEIIT npu podoTi sik
ynapHo-cuioBuit npuctpiit Bin emuocti EHE npu Wy=500 Tx

Ipu 36imemenni Cy Bixg 0,5 go 5 M® amrmutityna
EJC f.,, 3MeHIyeThest npubin3Ho B 5 pasis (Big 30,85 no
6,06 xH), ane Benmnunaa MakcumaibHOro immynscy EJIC
P, 3menmyerscst mpubmmzao B 1,5 pasm (Bim 12,5 mo
7,7 H-c). 3a takoro 30unbmeHHs eMHOCTI C) TIEPEBHIICH-
HS TeMmIlepaTypu OOMOTKH iHAyKTOpa 6, 30iLIbHIyeThCS
Bix 1,58 mo 2,47 °C. 3a3Ha4eHi MOKa3HUKU NPAKTUIHO HE
3aJexarh Bl HAasBHOCTI ab0 BiJICYTHOCTI OOMEXEHHs
TPHUBAJIOCTI 1HAYKOBAHOTO CTPYMy B OOMOTIII SKOpPS IO
3MiHU Horo mossspHocTi. OmHAaK OOMEXKEHHS TPUBAJIOCTI
CTpYMY BILUIMBA€ Ha MEPEBUIICHHS TEMIIEPAaTypu OOMOTKH
sakopsi 0,. Y meperBoproBaui 0e3 OOMEXKEHHS CTPyMY
KOPOTKO3aMKHEHOT OOMOTKHM SIKOpsI BelW4MHa 0, 3MeH-
nryetbes Big 2,87 mo 1,27 °C. 3a HassBHOCTI 3a3HAYECHOTO
0OME)KEHHS 32 PaxyHOK MIiJKIIOYCHHS niona VD Benuuu-
Ha 0, HIKYe, HIK 3a HOTrO BIJACYTHOCTI, 1 3MCHIIYETHCS
Bix 2,24 10 0,96 °C.

Jns toro, moO oOWiHUTH e(QEeKTUBHICTH poOOTH
JIEIIT six ynapHO-CHIIOBHH NPHUCTPi B 3aJI€XKHOCTI BiX
Bexmunan eMHOCTi Cy €HE mpu Wy=500 [[x BUKOpHUCTO-

BYEMO BEJIMYUHY BiTHOCHOTO 3MeHIIeHHS imMmynbcy EJIC
AP, = IOO(sz —}’Z/.)IDZ;I,% i BinHOCHMIT KpuTepiil edek-

*

TUBHOCTI K; = 100.,‘;{*,% . SIk 6azoBuii BapiaHT aJist

jlnz-f;nze]
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K, BUKOPHCTOBYEMO MEPETBOPIOBAY, WO 30YIKYETHCS

Bix €HE emnictio Cy=0,5 Mm® 0e3 oOMexeHHs CTpyMy B
KOpPOTKO3aMKHeHiH oomotui sikops. [Ipu 36inbmenHi Cy
Big 0,5 1o 5 M® Ta BiACyTHOCTI OOMEXEHHS CTpPyMy B
OOMOTII AKOps BiJHOCHE 3MeHIIeHHS iMiynscy EPC AP,
3poctae Bix 2,5 mo 27,6 % (puc. 3,0). OgHaxk Kputepiit
edexrusnocti JIEIIT K,* npu npomy 30imbLIyeThCS B
2,78 pa3iB HacamIiepe]] 32 paXyHOK 3MCHIICHHS aMILIITY-
I LIUTBHOCTI CTPYMY B OOMOTII iHAYKTOPA jy, 1 aMILIi-
tymu EPC £,

3a HasBHOCTI OOMEKEHHS TPUBAJIOCTI CTPyMy B 00-
MOTI SIKOPsI 32 PaXyHOK HiIKJII0YeHHs giona VD uepes
BiZICYTHICTh 3MeHIIeHHs iMmynscy OJIC BemmumHa Kpu-
Tepito epekTuBHOCTI K,* migsuuyerscs (Ha 38,6 % npu
Cy=0,5 m®) Ile nokasye mepcreKTUBHICTh TAHOTO TEXHi-
4yHOTO pimenHs o0 ycyHnenns: E/IC TsokiHHS npu po6o-
i JIIETIIT B sikOoCTI y1apHO-CHIIOBOT'O IIPUCTPOIO.

IIpu po6oti JIEIIT B skocTi exekTpoMexaHiy-
HOTO MPHUCKOPIOBaYa Horo e(eKTUBHICTh OIIHIOBATH-
MeMO HaiOLbIo Bennyrnao KK

7 =100C," (m, +m, )" (U2 -U2) " %,

SIKAH BPaxOBY€E KIHETHYHY €HEPTito SKOPs pa3oM i3 BUKO-
HaBYUM €JIEMEHTOM Ta 3anuikoBy Harnpyry €HE B kiHmi
pobouoro nukny U;. Ha puc. 4 npeacraieHi enekTpoMe-
xaniuHi xapakrtepuctuku JIEIIT 3a BigcytHocti (Cy-
LIBHI JIiHIT) 1 HasIBHOCTI (JIIHIT 3 KPy>KKaMH) OOMEKEHHS
IHlyKOBaHOT'O CTPYMY B OOMOTIIi SIKOPSI.

[pu Buxopucranni €HE emuictio Cy=0,5 Mm® mak-
CHUMaJIbHa IIUIBHICTE CTPyMy B OOMOTILI IHAYKTOpa CTa-
HOBUTH j1,=0,87 KA/MMZ, a B SAKOpI OOMOTII — jp,~
= 1,19 kA/Mm> (puc. 4,a), ToOTO BOHU HIDKYE, HIK MPH
po6ori JIEIIIT six ymapHO-cHiIoBHi ycTpiid. BigmoBigHO
menmre i ammrityna EJIC £,=21,16 xH.

VY meperBoproBadi 6e3 0OMEXEHHS CTPyMy B KOPOT-
KO3aMKHEHIN OOMOTIIl SIKOPSI MaKCHMalbHa IIBHIAKICTH
v,=11,86 M/c 10 KiHII pOOOYOro IHUKIY MPAKTHYHO HE
3MEHIIYEThCs, 110 3a0e3neuye KK/ enekrpoMexaniuHOro
npuckoproBada 1=14,24 %. IlepeBuiieHHs TemnepaTypu
oOMOTKM iHmyKTOpa craHoBuTh 0,=1,84 °C, a mnepeBu-
meHHsT oOMoTKHu sikopst 0,=2,02 °C. Ilpu BUKOpHCTaHHI
€HE emnictio Cj=2,5 Mm® MakcuMajabHE 3HAYEHHS LIiIhb-
HOCTI CTpyMy B OOMOTIHI iHIYKTOpa 3HIDKYETHCS JIO
J1m=0,621 KA/MMZ, a B 0OOMOTHI SKOpS — IO jy,—
=0,69 kA/mMm’, EPC — 10 £.,,=7, 62 kH (puc. 4,6).

Jo KiHIg po060Y0oro IMUKITY TEpEBUIICHHS TeMIepa-
TypHu OOMOTKH 1HAYKTOpa 30iib1yeTses 1o 0,=2,6 °C, a B
00MOTKH sIKOps 3HMXKYeThes 10 0,=1,12 °C. IIBuakicte
OOMOTKH SIKOpSI, JOCSITal04d MAaKCUMAaJbHOTO 3HAYCHHS
Vor=1,97 M/c, 10 KiHIA pOOOYOTO HUKITY IMTOMITHO 3HIKY-
€ThCS, CKIIANAN0UH v,~6,69 M/c. B pesynsrari KK] nepe-

TBOPIOBaYa, [IOCATAIOYM  MAaKCHMAJbHOTO  3HAYCHHS
Nw=5,29 %, mo KiHOg poOOYOro NUKIY 3HHXKYETHCS 10
n7~3,65 %.

Hast Toro, mo6 ouinuty epexrusHicts JIEIIT npu
poOOTI B SIKOCTI €JEKTPOMEXaHIYHOTro IPUCKOpIOBaYa
BUKOPHCTOBYEMO BEJIMYMHH BIJHOCHOTO 3MEHILIECHHS

Av=100(v,, —v,)v,\% i  KK]

An = 100(77m —77_/)77,;1 ,% , TaKoX BIIHOCHUH KpHUTEpii

IIBAIKOCTI

5

edexruBHOCcTI K =100 ,% . Y sxocTi 6a30BOro

jlm zmel
Bapianty Bukopuctanuit €HE emuictio C=0,5 Mm® mpu
BIZICYTHOCTI OOMEXEHHsS CTPYMY B KOPOTKO3aMKHEHil
0OMOTIII STKOPSL.

g, Admrmd; fp, )M v, mis by, mm
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Puc. 4. Enexrpomexaniuni xapakrepuctuku JIIEIIT npu po6oTi

SIK eJISKTpoMexaHiuHui npuckoprosad npu Cop: 0,5 MO (a)
ta 2,5 MmO (6)

IIpu 30inpmenni emuocti Cy Bim 0,5 mo 5 m®
(Wy=500 1) Ta BincyTHOCTI OOMEKEHHS CTPyMY OOMOT-
K1 siKopst (Tiazki JiiHil Ha puc. 5), MakcuMaibHa HIBH-
KiCTh V., 3MeHmyeTbes Bix 11,86 mo 6,19 m/c, mo npu-
3BOAWTH O 3MeHIIeHHs MakcumanbHoro KKJ[ m, Bix
14,24 no 4,02 %, 30UIbIIEHHS NEPEBUIIEHHS TEMIIEpaTy-
pu obmoTkm iHmykropa 6, Big 1,84 mo 2,87 °C i 3meH-
IIICHHS aHAJIOTIYHOI BEIMYUHH TSI OOMOTKHU KOs 0, Big
2,02 mo 0,78 °C. BenumuwHa BiZHOCHOTO 3MECHIIICHHS
MIBUIKOCTI OOMOTKH sTKOpsi Av 301IbIIyeThes Big 5,9 mo
21,97 %. Benmuuna BimHocHoro 3meHmeHHS KK An
MPOSIBISIETHCSI JIMIIIE Ticis 301bIeHHs eMHOCTI Cy TOHA
1 m®. Bona 30inbmyerscst 1o An=57 % npu Ci=5 M.

. . o . .
BinnocHuil kputepiil e(peKkTHBHOCTI nepeTBoproBaya K

30UIBIIY€ThCST TPAKTHYHO BIBIUl HacaMIIepes 3a PaxyHOK
3MEHIIICHHS! aMIUITYAH WIIBHOCTI CTPyMy B OOMOTII
iHgyKTopa ji, Bim 870,1 mo 551,5 A i aMILTITy T
EAC £, Bix 21,16 mo 4,62 xH.

Enexmpomexnixa i Enexmpomexanixa, 2021, Ne 6



", %, 8,°C
0

0 | | | | | | | |

0o o - 2 4 t f
05 10 15 20 25 30 35

4.0 Cy, mF 5.0

Puc. 5. 3anexnicts pobounx nokasuukis JIIEIIT mpu pobori
SIK NIeKTpOMEeXaHiuHu# nprckopioBad Big emHocti EHE npu
Wy=500 JIx

3a HasBHOCTI OOMEKEHHS CTPyMy B OOMOTIII SKODS
3a paxyHOK MiJKI04YeHHs qiofa VD (iHii 3 KpyKKaMu Ha
puc. 5) kpurepiit epexTuBHOCTI K,* TiIBUILYETHCS, TPU-
YoMy OUIBIIOI MIPOIO MPH 30UIbIIEHHI EMHOCTI HAKOIH-
yyBaua eHeprii. Tak npu Cy=5 M® Ta BigcyTHOCTI nioxa
K,*=2,01, a 3a nasBHOCTI mioma — K,*=2,56. Benuuuna
BimHOCHOTO 3MeHIIeHHs KK]I A iCTOTHO 3MEHIITYEThCS.
Bona BuHMKae nmme miciist 30UIBIIEHHS €MHOCTI ITOHAL
Co=2,5 M® Ta 30imemryetbes g0 An=28,86 % mnpu
Co=5 Mm®. Makcumanbuuii KK/ 11, 30UIBIIY€ETHCS TIIBKA B
miamasoHi Cy Bix 0,5 mo 2,0 Mm®, cranosmsau ,=16,16 %
mpu Cy=0,5 m®. [lepeBurieHHsT TeMIepaTypu OOMOTKH
SIKOpST 0, 3MEHIITY€ThCSI, SMIHIOIOUUCH Y BKa3aHOMY Jiarma-
30Hi Big 1,48 10 0,61 °C.

TakuM 4MHOM, OOMEKEHHS TPUBAIOCTI 1HIYKOBaHO-
ro CTpyMy B OOMOTIIi SIKOpSI 10 3MIHHM HOTO MOJISIPHOCTI
LUTSIXOM ITIAKITIOUEHHS 10 Hel BUIPSIMHOTO Jioaa 3a0e3-
neyye TMiJBUILEHHS CWJIOBHX IIOKa3HHWKIB TpH pPOOOTI
JIEIIT B sIKOCTi yAapHO-CHJIOBOTO HPHUCTPOIO 1 301Ib-
IIEHHS IIBUIKICHUX ITOKAa3HUKIB MPH poOOTI MepeTBOpro-
Baya B SIKOCTI €JIEKTPOMEXaHIYHOTO IIPHUCKOPIOBAYA.

Buchnoskn.

1. Ins ycynenns EJIC TskiHHA MK 0OMOTKaMu
JIEIIIT 3amponoHOBaHO OOMEXYBAaTH TPUBANICTH IHAY-
KOBaHOTO CTPYMY B OOMOTIIi SKOPS 10 3MiHH HOTO TOJIS-
PHOCTI IUIAXOM TiAKITIOYEHHS 0 Hel BUMPSMHOTO JTi0/1a.

2. Ilpu po6oti JIIEIIT sik ymapHO-cHIIOBHH TIPUCTpiid
yepe3 EJIC TsOKiHHA BeNMUYMHA IMITYJIbCY IIMX CHII, JOCS-
ralo4d MakCHMalbHOTO 3HAuYeHHs, J0 KiHIS poOOoYoro
LUKy 3HIKY€EThCs. [Ipr 0OMeXeHHI TpHUBaNoCTi CTpyMy
B OOMOTII SIKOPSI BEJTMYMHA KPUTEPiI0 €(PeKTUBHOCTI, 110
BpaxoBye imnynsc EJIC, cumy Binmadi, cTpyM i Temmnepa-
Typy HarpiBaHHs OOMOTKH iHIYKTOpa, ITiJBHIIYETHCS (Ha
38,6 % mpu Cy=0,5 MmD).

3. IIpu po6oti JIEIIT sKx enexTpoMexaHIYHUN TpH-
CKOproBa4 0e3 0OMEXEHHS CTPyMy B KOPOTKO3aMKHEHiH
0oOMOTIII SIKOPS BiIOYBA€ThCS 3MEHIICHHS IIBUAKOCTI Ta
KK/, skuii BpaxoBye KiHETHYHY €HEpril0 Ta Hampyry
€HE B ki poboyoro nukiy. [Ipu oOMexeHH] 1HIyKO-
BaHOT'O CTPyMYy B OOMOTIII SIKOPSI 32 PaxyHOK ITiJAKITIOUEH-
HSl BUIIPSMHOTO Ji0f1a KPUTepiil eeKTUBHOCTI MiABUIILY-
€TBCS, a IIEPEBUILECHHS TEMIIEpaTypu OOMOTKH SIKOPS
3MmeHIryeTbess. Makcumanpanit KKJI 3011bITy€eThes TiTh-
ku B mianaszoHi Big 0,5 no 2 m®, cxmagaroun 16,16 % mpu
Co=0,5 m®. Bimnocue 3menmenns KKJ[ Bix MakcuMaib-
HOTO O KIiHIIEBOT'O 3HAYEHHS 3MCHIIYETHCS i BUHHUKAE
TINBKH micis 301apmenas eMHocTi Cy monan 2,5 Mm®.

Kondutikt inTepeciB. ABTOpPH CTaTTi 3asABISIOTH
PO BiZICYTHICTh KOH(IIKTY iHTEpECIB.
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Influence of limiting the duration of the armature winding
current on the operating indicators of a linear pulse elec-
tromechanical induction type converter.

Introduction. Linear pulse electromechanical converters of
induction type (LPECIT) are used in many branches of science
and technology as shock-power devices and electromechanical
accelerators. In them, due to the phase shift between the excita-
tion current in the inductor winding and the induced current in
the armature winding, in addition to the initial electrodynamic
forces (EDF) of repulsion, subsequent EDF of attraction also
arise. As a result, the operating indicators of LPECIT are re-
duced. The purpose of the article is to increase the performance
of linear pulse electromechanical induction-type converters
when operating as a shock-power device and an electrome-
chanical accelerator by limiting the duration of the induced
current in the armature winding until its polarity changes.
Methodology. To analyze the electromechanical characteristics
and indicators of LPECIT, a mathematical model was used, in
which the solutions of equations describing interrelated electri-
cal, magnetic, mechanical and thermal processes are presented
in a recurrent form. Results. To eliminate the EDF of attraction
between the LPIECIT windings, it is proposed to limit the dura-
tion of the induced current in the armature winding before
changing its polarity by connecting a rectifier diode to it. It was
found that when the converter operates as a shock-power device
without limiting the armature winding current, the magnitude of
the EDF pulse after reaching the maximum value decreases by
the end of the operating cycle. In the presence of a diode in the
armature winding, the efficiency criterion, taking into account
the EDF impulse, recoil force, current and heating temperature
of the inductor winding, increases. When the converter operates
as an electromechanical accelerator without limiting the arma-
ture winding current, the speed and efficiency decrease, taking
into account the kinetic energy and voltage of the capacitive
energy storage at the end of the operating cycle. In the presence
of a diode in the armature winding, the efficiency criterion
increases, the temperature rise of the armature winding de-
creases, the value of the maximum efficiency increases, reaching
16.16 %. Originality. It has been established that due to the
limitation of the duration of the armature winding current, the
power indicators of the LPECIT increase when operating as a
shock-power device and the speed indicators when the LPECIT
operates as an electromechanical accelerator. Practical value.
1t was found that with the help of a rectifier diode connected to
the multi-turn winding of the armature, unipolarity of the cur-
rent is ensured, which leads to the elimination of the EDF of
attraction and an increase in the performance of the LPECIT.
References 22, figures 5.

Key words: linear pulse electromechanical converter of in-
duction type, shock-power device, electromechanical accel-
erator, performance indicators, limiting the duration of the
armature winding current.
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Model of pulsating current traction motor taking into consideration magnetic losses in steel

The aim of the work is to develop a mathematical model of the traction motor of the pulsating current of an electric locomotive
taking into account the magnetic losses in the motor steel to determine the starting parameters depending on the voltage of the
armature winding. Methodology. Mathematical modeling of electromagnetic processes in a traction motor of pulsating current is
applied taking into account the nonlinear nature of the armature inductance, the inductance of the excitation winding and the
nonlinear nature of the universal magnetic characteristic. The magnetic losses in the steel of the traction motor were taken into
account by establishing the dependence of these losses on the frequency of reversal, the magnetic flux in the magnetic circuit of
the motor and the geometric dimensions of the motor. Results. The mathematical model of calculation of starting parameters of
the traction engine of the pulsating current of the traction drive of the electric locomotive of alternating current taking into
account the equation of instantaneous value of losses in engine steel is developed. The dynamic characteristics of the traction
motor with pulsating current are obtained. It allows to investigate starting parameters of the traction engine on the basis of the
received mathematical model and to design elements of the traction drive of the electric locomotive according to the
specification, to choose optimum design parameters. Originality. For the first time a comprehensive study of the pulsating
current traction motor was carried out taking into account the nonlinear nature of the armature inductance, excitation winding
inductance and nonlinear nature of the universal magnetic characteristic and taking into account the magnetic losses in the
motor steel. Practical significance. The model of the traction motor of pulsating current taking into account losses in steel of the
engine on the basis of the carried-out calculation is developed. Experimental studies have confirmed the adequacy of the model,
which allows to apply the obtained model to develop a mathematical model of an AC electric locomotive to study the
electrodynamic processes in it at different modes of operation of the electric locomotive. References 20, tables 2, figures 9.
Keywords: pulsating current traction motor, eddy currents, magnetic losses, magnetic circuit.

3anponorosano nioxio 00 iMimayitiHo20 MOOENIO8AHHS MAL0BUX eEeKMPOOBUSYHIE NYIbCYIOU020 CIPYMY, 3ACHO8AHULL HA 8PAXYBAHHI
HeNiHIliHO20 XapaKkmepy MAcHIMHOI Xapakmepucmuxy, HOYKMueHocmell AKopsi ma oomomxu 30yoicenus. Pospobieno moodens
MASHIMHUX 8MPAm y MAcHIMONPOBOOi AKOPSA eneKmpoOsUYHa Ma OOCHIONCEHO iX 6NAUE HA XapaKmep eleKMmpOoOMASHIMHUX NPoYecia
y enexmpoosuzyni. Ilokasano, wo ompumani npu yboMy pilleHHs Y3200ICYIOMbC 3 OMPUMAHUMY PaHiule pe3yibmamamu, dane
BIOKPUBAIOMBCA O0OAMKOBI MONCIUBOCE NPpU 00CTIONHCEHHI pobOmu 08USYHA 8 CKAAOI MA208020 eNIeKMPONPUBOOy eneKmpo8o3y
oonoghasno-nocmitinoeo cmpymy. bion. 20, tabn. 2, puc. 9.

Knrouoéi cnosa: TATOBUIL ABUTYH IYJIbCYHOUYOI0 CTPYMY, BHXPOBi CTPYMH, MATHITHi BTPaTH, MarHiTHe KO0.10.

Introduction. Development and modeling of control
algorithms for traction electric drives of single-phase DC
electric locomotives with pulsating current traction
motors require a reasonable choice of the model of
traction electric motors. Simulation of work performed by
pulsating current traction electric motors and systems
used to control these motors should give a possibility to
take into account a number of uncertainties. These
uncertainties are related to the nonlinear nature of motor
magnetization curve, occurrence of eddy currents in the
magnetic circuit, and magnetic losses in the motor
magnetic circuit caused by these currents. In addition,
traction electric motor can operate with both full and
attenuated excitation.

In this regard, one important circumstance can be
noted. Taking into account a large number of works
devoted to development of a model of pulsating current
traction electric motor demanded models are those that
take into account nonlinearity of magnetization
characteristics and occurrence of eddy currents and
magnetic losses in the motor magnetic circuit. This can be
confirmed by works on approximation of magnetization
characteristic [1, 2] and simulation of pulsating current
traction electric motors of pulsating current taking into
consideration influence of eddy currents on the nature of
the magnetization curve [3]. Simulation models obtained
in the result of applying these methods give an
opportunity to determine with high accuracy such traction
motor parameters as motor shaft speed at any load,

currents flowing in traction motor circuits, electromotive
force (EMF) generated by the motor, but taking into
account all power losses in traction motor. This indicates
that the subject of researches on development of a model
of a pulsating current traction motor taking into account
the nonlinear nature of the magnetization curve and the
magnetic system as well as power losses in the traction
motor is topical.

When modeling a direct current traction motor
(DCM) of series excitation the main problem is to
reproduce the dependence of magnetic flux on currents of
field winding and armature currents; and this implies
presence of load characteristics. In the work by [1] the
authors propose to use universal magnetization curve for
DCM of series excitation, and on the basis of universal
magnetic characteristic to calculate universal expressions
for the intrusive parameters of direct current traction
electric machines and those of pulsating current traction
motors. Since the universal magnetic characteristic is
built for machines working under load, in order to reduce
the error of approximation the author proposed to
approximate the universal magnetic characteristic by
means of two functions: magnetomotive force of the field
winding and magnetomotive force of the armature
reaction. For a particular rating of attenuation of
excitation, it is possible to convert this expression into a
function of one variable, such as armature current.
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With an obviously correct approach to modeling the
dependence of the magnetic flux on field winding currents
this approach is not very convenient for modeling. This is
due to the need to change the model parameters for each
excitation attenuation mode.

The solution of this problem is given in the work by
[2] where it is proposed to calculate the weber-ampere
characteristic at certain coefficients of field attenuation
based on  electromechanical and  mechanical
characteristics of DCM. Also this work proposes a model
for determining the dependence of magnetic flux on field
winding currents and the armature winding currents. The
transfer function with unknown parameters in this model
is considered as an adaptive model with coefficients
adapted to the experimental data.

Since DCM used for traction purposes have certain
peculiarities of design and magnetic system, the use of
universal magnetic characteristics is not always correct.
Motor magnetic circuits consist of electrical materials that
have both high magnetic conductivity and high electrical
conductivity. These materials are characterized by eddy
currents that occur during change of magnetic flux. These
processes significantly affect the change of magnetic flux
in the motor steel and, accordingly, the nature of
electromagnetic processes occurring in it. In works by
[1, 2] the influence caused by eddy currents in the motor
magnetic circuit on the change of magnetic flux is not
taken into account. Solution of this problem can be found
in the work by [3]. In this study the authors propose a
mathematical model of the pulsating current traction
motor taking into account influence of eddy currents on
the nature of electrodynamic processes occurring in the
electric motor.

Since DC motors of series excitation always operate
in the loaded mode, electrodynamic processes in the
electric motor should also be modeled taking into account
the load. This can be confirmed by studies presented in
works by [4-6]. The authors show relationship between
the nature of load and mechanical characteristics of DCM.

In addition, the works by [7-9] represent the effect
of load on motor magnetic characteristic, which, in turn
determine electromagnetic characteristics of DCM. But
the above works do not show the transition from
mathematical models to their implementation in
simulation models.

The study by [10] states that during electric
locomotive  operation movement parameters —are
constantly changing starting, traction mode, braking
mode, braking mode, skidding, etc.). As the operating
mode (rating) is changed the motor shaft speed also
changes. Magnetic losses in the magnetic circuit of the
traction motor depend on the motor shaft speed [11-13].

When calculating magnetic losses in magnetic
circuit of pulsating current traction electric motor certain
difficulties occur. These difficulties are associated with
the choice of loss calculation method. Different loss
calculation methods wuse different normalization
coefficients or ratios at the same approach to loss
determination in DCM. Moreover, in different methods,
the value of similar coefficients may differ significantly
from each other. This leads to discrepancies in the results
of loss calculations in DCM when applying different
methods [14-16].

The solution to this problem can be found in the
study by [17] where the authors based on the analysis of
existing methods have identified and proposed the most
accurate approach to calculation and modeling of instant
magnetic losses in steel of DC traction motor on the
example of NB-418K6 motor.

Therefore, the aim of the article is to develop a
mathematical model of a traction motor with pulsating
current taking into account magnetic losses to study
electrodynamic processes.

Simulation model of pulse current traction
motor. Simulation of electrodynamics processes in a
pulsating current traction motor was performed on the
example of the NB-418K6 traction motor. Rating data of
NB-418 K6 pulsating current traction motor is presented
in Table 1.

Table 1
Rating data of NB-418 K6 pulsating current traction motor

Parameter Designation| Units | Value
Nominal voltage U, \Y 950
Nominal power in the continuous rating P kW | 740
Nominal current in continuous rating 1, A 820
Nominal speed of the motor
shaft in continuous rating " pm | 913
Nominal torque on the motor shaft T N-m | 7727
/a%trtm:atlulrg Z\Sndmg resistance - o loots12
Resistance of additional poles
and field winding at 1 = 1p15 °C Vapren Q |0.01612
Resistance of main poles at £ =115 °C Pp Q 10.01064
Field winding resistance at t =115 °C 7y Q | 0.001
Number of pole pairs p - 3
Number of pairs of parallel
branches in armature winding 4 B 3
Number of armature winding conductors N - 696
Inertia moment of the motor rotor J kgm?| 73
Cross sectional area of the armature yoke Sy m’ | 0.0810
Cross sectional area of the armature teeth S. m’> | 0.0415

Electric scheme of the DC traction motor is
presented in Fig. 1.

Ly Vsh
—
+ Taw Low Taprew Laprew ¥mp  Lup £, Ty Ly _
1
. 2
’ L U ‘

Fig. 1. Electric scheme of the pulsating current traction motor
windings:

Taws Yap+ews Tmps Vs Ty — active resistances of armature winding,
additional poles and compensation winding, main poles, shunt,
field winding; Ly, Lap+cws Lups Ly - inductances of armature
winding, additional poles and compensation winding, main
poles, field winding; U, — armature voltage; £, — armature EMF;
1, 1y, I;— currents of armature, shunt and field winding

According to Kirchhoff’s laws equations of the
motor electrics for the circuit shown in Fig. 1 are as
follows:

dl,
Ud:Ea+ra'la+La'?+’fsh'lsh; (D
dl,
Tsn - Lgn =Lf'd—’+rf'1f; ()
t
Ia: sh +If’ (3)
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where E, is the armature electromotive force; r, L, are
the active resistance and inductance of armature circuit
respectively; r; Lyare the active resistance and inductance
of field winding respectively; ry, is the resistance of shunt
resistor; /, is the armature current; I, is the field winding
current; rg, is the resistance of shunt resistor; U, is the
armature voltage.

For convenience of modeling electrical scheme of
the pulsating current traction motor windings is shown in
the following form (Fig. 2).

Ish Vsh

-

L
+ Ta L, L Iy L _
] Y'Y \—@—r—{ Y Yl

—
—> If
1, U,

»

Fig. 2. Simplified electric scheme of the pulsating current
traction motor windings: r, - active resistance of armature;
L, - inductance of armature circuit

Armature resistance is defined as

Ty =TVaw T laptews “)

where r,, is the armature winding active resistance;
Faprew 15 the active resistance of additional poles and
compensation winding.
Armature inductance is defined as
L, =Ly, +Lap+cw’ (5)

where L, is the inductance of armature winding; L+, is
the inductance of additional poles and compensation
winding.
Electromotive force E, is calculated as
E,=Cp- Do, (6)
where Cjy is the constructive constant coefficient for
EMF; @ is the total magnetic flux of the motor.
Constructive constant coefficient for EMF for shaft
speed expressed in rpm is determined by the following
expression
Cp= Np (7
2-7r-a
where N is the number of armature winding conductors;
p is the number of pole pairs; a is the number of pairs of
parallel branches in armature winding.
Equation of motor mechanical equilibrium:
M-M.=J .d_a)’ (®)
dt
where M is the torque moment; M, is the load moment on
the motor shaft; J is the inertia moment of the motor
rotor; e is the angular motor shaft speed.

For modeling convenience expression (8) is
represented as a derivative of the angular velocity over time:
do 1
—=—(M-M,). 9
w7 ( c) ©)

Torque moment is determined according to the
following expression:
M=Cy -®-1, (10)
where Cy, is the constructive constant coefficient for the
moment.

Constructive constant coefficients for the EMF and
for the moment are equal (Cz = Cy).

In this research, the authors propose to implement
the model of pulsating current traction motor on the basis
of real magnetic characteristics of the motor.

Magnetic characteristics of NB-418 K6 traction
motor is presented in Fig. 3 [17].

01 2 Wb
0.08  —
0.06 - /
//
/
0.04+ |
/
0.02 1/
0 «"J I A
0 500 1000 1500 2000

Fig. 3. Dependence of the magnetic flux ® of the NB-418 K6
traction motor on the field current I,

Consideration of magnetic losses in traction motor
steel is performed according to the algorithm presented in
equations (11) — (20).

Specific power losses in electrical steel on eddy
currents and hysteresis, taking into account the
accumulation of magnetic energy at a given magnetic
permeability x. = 1, as a function of time, respectively
[17] can be presented by the following equations:

Ploss (t) = (HC +Kh)/St '|BP .Sin(w’” t)|)

-(Bp~a), -cos(a),-t))+

an
+K gy -BIZj @ -cos* (@, 1),

where p,, is the specific power losses, W/m®; H, is the
coercive force; Vi, is the induction amplitude of the
charge; w, is the frequency of alternating magnetization;
t is the time; K4, is the coefficient taking into account
specific losses on eddy currents; K, is the coefficient
taking into account the specific losses on hysteresis.

Frequency of alternating magnetization can be found
from the expression
12)
where p is the number of pole pairs; w is the rotation
frequency of electric motor shaft.

In order to implement the model of magnetic losses
in electrical steel, it is necessary to find the amplitudes of
inductions in the nodes made of electrical steel — yoke and
anchor teeth [17].

Magnetic induction in the armature yoke can be
calculated by means of the following expression

2-®
B, = S <, (13)

a

O =p-o,

where S, is the cross sectional area of the armature yoke
[17]; @, is the armature magnetic flux.

Magnetic induction in the armature teeth can be
calculated by means of the following expression

B, =—2, (14)

where S;, is the cross sectional area of the armature teeth [17].
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The armature magnetic flux is equal to the total
magnetic flux of the traction motor.

The total magnetic loss is the sum of magnetic losses
in the armature and armature teeth, i.e.

Plossz (t) = Plossy (t)+ Piossz (t)’ (15)
where Pj,s1(f), Pps(f) are the magnetic losses in the
armature core and armature teeth.

The given magnetic permeability of 2212 steel
differs from 1 [17]. That is, for the transition from a
generalized steel sheet with reduced magnetic
permeability 4, = 1, defined by means of equation (11), to
a 2212 steel sheet with permeability u,; equation (15)
should be multiplied by ;.

Coefficients H., Ky, and K4 in equation (11) were
determined for specific power losses expressed in W/kg.
For transition to losses expressed in watts, equation (11)
should be multiplied by the mass of steel of the
corresponding motor structural element. Mass of steel of
the structural element is determined by the following
expression
(16)
where V; is the volume of the structural element;
p = 7750 kg/m’ is the specific weight of 2212 electrical
steel.

Then the instantaneous values of losses in the yoke
and anchor teeth, taking into account equation (11) can be
expressed as follows:

[}OSSY (t):plossY (t)pV};ﬂrl’ (17)

Blossz (t) = Plossz (l)',O : sz “Hy1s (18)
where Vy, V, are the volumes of armature yoke steel and
steel of armature teeth respectively; x4 = 2400 is the
relative magnetic permeability of 2212 steel at frequency
of 50 Hz and inductance B=1.82 T [17].

Magnetic losses in the motor steel of the model are
taken into account as follows. Relationship between
active power and engine shaft speed is defined by the
following expression:

B

0SS

m;=p-V;,

=w-M, (19)
where M, is the static moment caused by magnetic
losses in the motor steel.

Hence the static moment caused by the magnetic
losses in the motor steel is s follows

loss >

M jpss = Hoss : (20)
w

The work by [18] shows that both armature circuit
inductance and inductance of field winding have a non-
linear dependence on armature current and field current
respectively. In this regard, the model of the electrical
part of the traction motor in the MATLAB software
environment was implemented in the Special Power
System section of the Simulink library. This gave an
opportunity to use real values of motor winding
resistances, and the nonlinear dependences of the
armature circuit inductance and field winding inductance
on the corresponding currents was substituted with units
of controlled current sources. Control signals for current
sources simulating armature circuit inductance and field
winding inductance were presented as the following

dependences

@n
(22)

I, = f(v,).

Ip=1(vy);
where vy, is the flux linkage of armature; vy, is the flux
linkage of field winding.

Flux linkages y, and v, were obtained based on
expressions (1) i (2) respectively.

With this end in view, based on the results for
dependences of the armature circuit inductance and field
winding inductance on the corresponding currents
presented in the work [18], dependence of the armature
current on the armature circuit flux linkage (Fig. 4) and
dependence of field winding current from field current
(Fig. 5) were calculated and constructed.

2000 o A

1500 | /
1000 | /

500 /

Ya, Wb

0 0.5 1 1.5 2 2.5
Fig. 4. Dependence of armature circuit current /, on flux linkage v,

I A

1000

800 1
600
400 |

200 e

// v, Wh|

0 2 4 6 8
Fig. 5. Dependence of field current /-on flux linkage of field
winding vy

All other structural elements of the traction motor
model were presented in form of structural diagrams.

Simulation model performed on the example of the
NB-418 K6 traction electric motor used on electric
locomotives of alternating current VL-80T, VL-80K (Fig. 6).

Implementation of the traction motor electrical part
in the MATLab software environment is shown in Fig. 6
in form of the «Engine currents determination unity.
Calculation of magnetic flux performed by approximation
of the magnetic characteristic (Fig. 3) based on the
arctangent function. In Fig. 6 implementation of Magnetic
Characteristic is presented in form of the «Magnetic flux
detection unit».

Electric motor mechanical part in Fig. 6 is
represented in form of the «Unit for calculating the
mechanical parameters of the engine» that implements
equations (9), (10). Calculation of instantaneous values of
magnetic losses in electric motor steel that implements
equations (11) — (20) is presented in the simulation model
in form of the «Unit for calculating the static moment
caused by magnetic losses» (Fig. 6).
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Fig. 6. Simulation model of a traction electric motor implemented in the MATLAB software environment

Simulation results. In order to determine starting

characteristics of pulsating current traction electric motor
a constant voltage U, of 950 V corresponding to the
nominal voltage value for NB-418 K6 traction motor. In
the «Unit for calculating the mechanical parameters of the
engine» a static moment 7, of 7727 N-m was created; and
in the «Engine currents determination unit» shunt
resistance ry, was accepted as 0.24 Q and these values
also correspond to the nominal mode of electric motor

operation.
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On the simulation model (Fig. 6) obtained are time

diagrams of armature current (Fig. 7), torque moment on the
electric motor shaft (Fig. 8) and motor shaft speed (Fig. 9).

For the steady-state rating a value of excitation flux @

was equal to 0.0819 Wb.

n, rpm

Fig. 8. Time diagram of torque moment 7" on the motor shaft
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Fig. 7. Time diagrams of armature current /,
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Fig. 9. Time diagram of motor shaft speed n

Values of armature circuit current, the torque
moment on the motor shaft, motor shaft speed and the
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magnetic flux for the steady-state rating obtained during
the simulation were used to calculate errors in
determining these values.

Error in determination of armature circuit current

1 1

anom_—_tamod

é‘]=

a

-100% =

anom
1820881
_‘ 820

where 1,,,, = 820 A is the armature nominal current (see

Table 1); 1,,,0 = 881 A is the armature current obtained in

the result of modeling for the steady-state rating.
Flux determination error

(23)
-100% = 6,93%,

S = Loom =P mod | 1009 =
nom (24)
[0.08-0.0819] o s
0,08

where @,,,, = 0.08 Wb is the nominal magnetic flux (see
Table 1); @,,,,¢ = 0.0819 Wb is the magnetic flux obtained in
the result of modeling for the steady-state rating.

Error in determination of torque moment on the
motor shaft:

5T _ Twom = Tmod -100% =
nom (25)
= w 100% = 3,4%,
7727

where T, = 7727 N-m is the nominal torque moment on
the motor shaft (see Table 1); Ty00 = 7990 N-m is the
torque moment on the motor shaft obtained in the result of
modeling for the steady-state rating.

Error in determination of torque moment on the
motor shaft:

5n _ "om — Mmod 100% =
Mnom (26)
_ 915-951,6 100% = 4%,
915

where 74, = 915 rpm is the rated motor shaft speed
(Table 1); nguma = 951.6 rpm is the motor shaft speed
obtained in the result of modeling for the steady-state rating.

Results of modeling and calculation of errors in
determination of controlled motor parameters are listed in
Table 2.

Table 2
Results of calculation of errors in determination of controlled parameters during modeling
Controlled parameter
Rating Armature current /,, A Static moment 7, N-m Motor shaft speed n, rpm Flux &, Wb

]a ]umod 61{1: % T Tmad 6Ts % n Mmod 671»% P djmod 6(15:%
U; =950V
Excitation 96% 820 881 6.93 7727 | 7990 3.4 915 951.6 4.0 0,08 | 0,0819 (2,375
T.=7727N-m
U,=1080 V
Excitation 96 % 840 | 885.3 5.39 7727 | 8030 3.9 1050 1088 3.5 (0,082]0,0839 2,317
T.=7727 N'm
U,=950 V
Excitation 43 % 1155 | 1212 4.93 7727 | 8174 5.78 1055 1091 341 | 0,11 [ 0,1127 | 2,45
T.,=7727N'm
U;=950 V
Excitation 96 % 665 | 691.8 4.03 5597 | 5859 4.68 965 996.2 3.23 0,065 | 0,0664 | 2,154
T.=5597 N'm

The results shown in Table 2 indicate a high reliability
of measuring controlled parameters. Thus, the armature
current measurement error for all measurement modes did
not exceed 7 %; torque measurement error was up to 6 %;
the error of measuring the motor shaft speed was not more
than 4 % and the error of measuring the magnetic flux did
not exceed 3 %. This indicates a high reliability of the
modeling results and increases the accuracy of calculations
of energy-intensive modes of rolling stock [19, 20].

Conclusions.

The use of the unit for determining the magnetic
losses in the motor armature of the motor made it possible
to clarify values of the controlled parameters during
modeling. Comparison of the controlled parameters in the
steady-state rating with the motor passport data showed a
high degree of reliability of the simulation results. Thus,
the armature current measurement error for all
measurement modes did not exceed 7 %; torque
measurement error was up to 6 %; the error of measuring

the motor shaft speed was not more than 4 %, the error of
measuring the magnetic flux did not exceed 3 %. Further
refinement of the mathematical model is related to taking
into account all types of losses in the motor components
when it is powered from a pulsating voltage source.

The proposed approach to modeling of a pulsating
current traction electric motor will give an opportunity to
apply this model for development of a mathematical
model of the traction electric drive of an -electric
locomotive aimed at studying electrodynamic processes
occurring in the electric drive.

The presence of the unit for determining magnetic
losses in the motor steel will give an opportunity to reliably
assess spectral composition of the traction current and
voltage in the secondary winding of the traction
transformer at various modes of electric locomotive
operation. This, in turn, will give an opportunity to evaluate
operation of reactive power compensators taking into
account various modes of electric locomotive operation.
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New application of artificial neural network-based direct power control
for permanent magnet synchronous generator

Purpose. This article proposes a new strategy for Direct Power Control (DPC) based on the use of Artificial Neural Networks
(ANN-DPC). The proposed ANN-DPC scheme is based on the replacement of Pl and hysteresis regulators by neural regulators.
Simulation results for a 1 kW system are provided to demonstrate the efficiency and robustness of the proposed control strategy
during variations in active and reactive power and in DC bus voltage. Methodology. Our strategy is based on direct control of
instant active and reactive powers. The voltage regulator and hysteresis are replaced by more efficient and robust artificial neuron
networks. The proposed control technique strategy is validated using MATLAB / Simulink software to analysis the working
performances. Results. The results obtained clearly show that neuronal regulators have good dynamic performances compared to
conventional regulators (minimum response time, without overshoots). Originality. Regulation of continuous bus voltage and
sinusoidal currents on the network side by using artificial neuron networks. Practical value. The work concerns the comparative
study and the application of DPC based on ANN techniques to achieve a good performance control system of the permanent
magnet synchronous generator. This article presents a comparative study between the conventional DPC control and the ANN-
DPC control. The first strategy based on the use of a PI controller for the control of the continuous bus voltage and hysteresis
regulators for the instantaneous powers control. In the second technique, the PI and hysteresis regulators are replaced by more
efficient neuronal controllers more robust for the system parameters variation. The study is validated by the simulation results
based on MATLAB / Simulink software. References 26, tables 5, figures 19.

Key words: artificial neural network, direct power control, permanent magnet synchronous generator, direct power control
based on the use of artificial neural networks.

Mema. Y cmammi npononyemocs Hosa cmpameeis npsamoeo kepysanns nomydchicmio (DPC), saxa 6a3yemvbcsi HA 8UKOPUCTAHHL
wmyunux Hevpounux mepedic (ANN-DPC). 3anpononosana cxema ANN-DPC 3acnosana na 3amini nponopyitino-inmeepanvrozo (I11)
ma 2icmepe3ucnozo pe2ynamopie na neliponni pecynamopu. Haseoeno pesynsmamu modemiosanns onsa cucmemu nomyosicnicmio 1 kBm
ona OemoHcmpayii eghpexmusHocmi ma HAOIIHOCMI 3aNPONOHOBAHOT cmpameii Kepy8anHs Npu 3MiHI AKMUGHOI ma peakmueHoi
NOMYHCHOCMI, @ MAKOJIC HANPY2U HA WUHi nocmitinozo cmpymy. Memoodonozia. 3anpononosana cmpamezia 6a3yemvcs Ha NPAMOMY
KepysaHHi MUMMmMeSUMY AKMUSHUMU MA PeakmueHuMU nomyxchocmamu. Peeynamop nanpyeu ma zicmepesuchuii pe2yisimop 3amineni
Oinvw eghexmuHUMU MA HAOTUHUMU WIMYYHUMU HEUPOHHUMU Mepedicami. 3anponoHosana MemoouKka KepyanHs nepesipenda 3
suxopucmannam npoepamuoeo 3abesnevenns MATLAB / Simulink ons ananizy pobouux xapaxmepucmux. Pesynemamu. Ompumani
pe3ynbmamuy  HOKA3ylomb, W0 HEUPOHHI pe2ylamopu Maiomb XOpoull OUHAMIYHI XApaKmepucmuky MNOPIGHAHO 3i 36UYAUHUMU
peayasimopamu  (MIiHIMATbHULL Yac 6io2yky, bOe3 euxudie). Opucinanvhicms. Pezymiosanns nocmitiHoi Hanpyeu Ha wiuHi ma
CUHYCOIOQNbHUX CMPYMIE HA CMOPOHI Mepedxci 34 O0ONOMO2010 WMYYHUX HelipoHHux mepedc. Ilpakmuuna winnicms. Poboma
CMOCYEMbCsL NOPIBHANLHO20 OOCTIOJNCEHHS. MA 3ACMOCY8aHHA NPAMOo20 Kepyeants nomyscricmio (DPC) na ocnogi memoois wimyunoi
neiponnoi mepeosici (ANN) Ona OocsenenHs XOopouwiux NOKA3HUKIE cucmeMu Kepy8auHs CUHXPOHHO20 2eHepamopa 3 NOCMIHUMU
MacHimamu. Y yiti cmammi npedcmagneno nopisHAnbHe 00CaioxdceHHs Mmixe 3sudatinum kepysanuam DPC ma xepyeannam ANN-DPC.
Tlepwa cmpameeia 3acnosana na euxopucmanni I1l-pecynamopa 01 Kepy8anHs NOCMINHOIO HANPY2OI0 HA WIUHI MA 2iCIEPe3UCHUX
pe2ynamopie O KepysaHHs MUmmegoro nomyoicnicmio. Y opyeomy memooi I1l- ma eicmepesuchi pecynamopu 3aminiolomecs Oinviu
eekmusHUMU  HEUPOHHUMY  KOHmMponepamu, Ol cmiikumu 00 3MiHU napamempie cucmemu. JJOCHiOdcenHs NiOMEepOHCeHO
Pe3VIbmamamu MoOent08anHsL Ha OCHOSI npoepamuozo 3abesneyennss MATLAB / Simulink. Bion. 26, Tabm. 5, puc. 19.

Kniouogi cnosa: mTydHa HeiipoHHAa Mepeka, NpsMe KepyBaHHsl NOTY:KHICTIO, CHHXPOHHMIi reHepaTop 3 NOCTiiHMMH
Marfiramm, mpsiMe KepyBaHHsI OTYKHICTIO Ha OCHOBI INTYYHHX HEHPOHHUX MeEpPeK.

Introduction. Electric machines are often known by
their windings and their own and complex geometry. In
electrical engineering laboratories, the study of
synchronous machines with permanent magnet generators
is currently a broad research topic. A permanent magnet
synchronous generator (PMSG) which obtains energy
from mechanical energy for generate an electric current
[1]. Synchronous machines with permanent magnets have
experienced a great boom in recent years. This is thanks
to the improvement of the qualities of permanent magnets
more precisely with the help of rare earths, the
development of power electronics and the evolution of
non-linear control techniques. The advantages of this type
of electric machine are numerous, among which we can
cite: robustness, low inertia, high mass torque, high
efficiency, higher maximum speed and low maintenance
cost. In addition, permanent magnets have undeniable
advantages: on the one hand, the inducing flux is created
without loss of excitation and on the other hand, the use
of these materials will make it possible to deviate

significantly from the usual sizing constraints. machines
and therefore increase the specific power significantly [2].
Several control strategies applied to PMSG, for example
vector control [3, 4], direct torque control [5, 6], direct
power control (DPC) and sliding mode control [7, 8]. In
[9] compared a conventional multi-network, in which the
supervision network is replaced by an expert system and a
conventional network. They obtained results similar to
those of authors in [10]. Their results are more effective
when the characteristics are more relevant. In [11] have
taken over the multi-networks used in [9] to assess the
detection of epileptic transients. The results obtained were
compared with those of 4 experts. Even if these results are
insufficient to be used in medical practice, they have
made it possible to demonstrate that it is possible to detect
epileptic transients and that the supervision network
eliminates certain bad decisions. In [10] compared several
multi-network architectures with a conventional neural
network. The neural networks wused are error
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backpropagation with an input range of 0 to 1. Each
neural network is trained 3 times to verify the repetition
of the results obtained and to avoid overtraining. The total
sum of the squared errors of the test set is used to evaluate
the training. The main qualities of neural networks are
their capacity for adaptability and self-organization and
the possibility of solving non-linear problems with a good
approximation [12, 13]. The reason for this trend is the
many advantages, which the architectures of artificial
neural network (ANN) have over traditional algorithmic
methods [14].

Related works. We cite a few articles in this area of
research. The article [4] presents a comparative study
between voltage oriented control and DPC. It has been
shown that best power quality features are given by vector
control techniques. On the other hand, direct control offers
the better dynamic response. The work [1] assessed the
performance of DPC, HYN-DPC (Neural hysteresis DPC)
and ANN-DPC. The results obtained confirm that the use
of neuron networks improves the total harmonic distortion
(THD) and minimizes power ripple. Works [15, 16]
proposed the design of sensorless induction motor drive
based on DPC technique. An effective sensorless strategy
based on ANN is developed to estimate rotor’s position
and speed of induction motor. Simulation results confirm
the performance of ANN based sensorless DPC induction
motor drive in various conditions. The article [17]
presents a study between HYN-DTC (Neural hysteresis
Direct Torque Control) and fuzzy logic PI controller
applied to an induction motor. The first method has less
THD. The work [18] proposed a new DPC strategy based
on a second order sliding mode controller of a doubly fed
induction generator (DFIG) integrated in a wind energy
conversion system. In the first step it proposed to use a
five-level inverter based on the neural space vector pulse
width modulation to supply the DFIG rotor side. The
results obtained confirm that the use of neural hysteresis
controller decrease the THD. The article [19] presents an
ANN based DPC of bidirectional 2-level pulse width
modulated (PWM) rectifier. Instead of the traditional PI
controller, ANN controller is used in this paper to reduce
the peak overshoot and ripple in active power. The work
[20] a direct power control strategy for a 2.25 kW DFIG
is proposed and implemented using a controller based on
an ANN with the multilayer perceptron (MLP) structure,
which allows the control of the coupled and nonlinear
system. All the PI controllers and rotor current estimation
block that generated the set of samples for training
process were replaced with success by a single MLP
controller with twenty hidden neurons. The results have
shown that the DPC approach combined with the MLP
controller maintain the features of the DPC and adds the
inherent characteristic of an ANN controller, more
specifically the capability of controlling the coupled and
nonlinear system and to generalize the performance to the
whole range of operation considered in the training data.

Aim. In this paper a DPC strategy for a PMSG is
proposed and implemented using a controller based on an
ANN structure. The ANN controller replaces the PI and
hysteresis controllers.

Research path followed in this article. The
flowchart (Fig. 1) shows the steps followed in this article.

The disadvantages of each technique are cited as well as
the solutions given in the literature. We always opt for a
simple and optimal solution.

Study of DPC

Major
Disadvartages

[0

Non-cortrolable
switching
frequency

very high
calculation
frequency

r
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regulator

Solution inthe
literature

Robust regulator Adaptative
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Fig. 1. Flowchart showing the research steps for this article

1]

PMSG modeling. The mathematical model of the

PMSG obeys certain essential assumptions simplifying:

o the absence of saturation in the magnetic circuit;

o the sinusoidal distribution of the FMM created by
the stator windings;

o hysteresis is neglected with eddy currents and skin
effect;

o the notching effect is negligible;

o the resistance of the windings does not vary with
temperature.

The structure of the PMSG has a three-phase stator
winding. The rotor excitation is created by permanent
magnets at the rotor. These magnets are assumed to be
rigid and of permeability similar to that of air [21, 22]:

d
Ugs =—Relys — Ly Elds +a)quSIqS s (D)

d
Ugs =Rl =Lq— Mg = Lalus + o, 0p 5 ()

where Uy, and U, are the stator voltage components; R; is
the stator resistance; L, and L, are the components of
stator inductances; /,; and I, are the components of stator
current; ¢y is the permanent magnet flux; o, is the electric
pulsation.
The electrical rotation speed is given by:

We =DpW, (3)
where p is the number of pairs of poles; w is the
mechanical speed.
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The electromagnetic torque C, represented by:

3
Ce:E'p'(Df'[qS' “4)
The power equations are provided by:
3
P:E'(UdS'ldS_UqS'IqS); (5)
3
Q=2 WUyslas =Vas 1gs) (6)

where P is the active power; Q is the reactive power.
Uncontrolled rectifier PWM. We have 3 phase line
voltages and the fundamental line currents in [22]:

U,=U,cos2amt ; (7
Uy,=U, cos(Za)t+2Tﬁ); (8)
Uu.=U, cos(Za)t—ZT”) ; 9

1,=1,cosCawt+¢); (10)
Ib:Imcos(Za)t+2Tﬁ+¢); (11)
I.=1, cos(2wt—2%+(p), (12)

where U, I, are the amplitudes of the phase voltage and
current respectively; @ is the rotational frequency; ¢ is the
phase difference [23].

Line to line input voltages of PWM rectifier can be
described as:

Uva = (Sa - Sh)'Udc; (13)
Usp = (S = S Uses (14)
ch = (Sc - Sa)' Udc; (15)

and phase voltages equations give by:
Usa:wljdw (16)
Usb=—2S”_(§“+SC)'UdC; (17)
Uy =25 (§“+Sb)'Udc, (18)

where S,, S;, S, are the switching states of the rectifier;
Uy, 1s voltage rectifier.

DPC of PMSG. DPC appeared to be competitive
with vector control technique. This control method was
proposed in [24]. The DPC control is based on the selection
of a voltage vector in such a way that the errors between
the measured and reference quantities are reduced and
maintained between the limits of the bands hysteresis
[23, 25]. On the other hand, DPC control is an active and
reactive power-based control technique with the advantages
of robustness and rapid control (see Fig. 2) it is possible to
express that of the reference power by [15]:

Pref: Udc'ldc,
where ;. represents the rectifier output current.

Artificial neural network-based DPC. Neural
networks have properties of learning, approximation and
generalization, so they are of interest for the synthesis of
such a command [17, 26]. ANN is a simplified
mathematical formulation of biological neurons. They
have the capacity of memorization, of generalization and
especially of learning which is the most important
phenomenon.

(19)

Q.70

Fig. 2. Block diagram of the DPC

Structure of a neuron. The neuron is the
fundamental cell of a network of artificial neurons. By
analogy with the biological neuron, the neuron must be
able to accomplish the following tasks: collect, process
the data coming from the sending neurons and transmit
the messages to the other neurons. The relation between
the input and the output of the neuron can be given by the
following equation:

S, = F(a); (20)
N

S; = > Wi, j)-x(j), @1
j=0

where the variables N, S;, F, x and W respectively denote
the number of inputs of the neural network, the output
vector of the network, the activation function, the vector
of the inputs of the neural network and the weight matrix.

We present in Fig. 3 the structure of a simple
neuron.

Eall—

Xo=+1

Fig. 3. Structure of a simple neuron

Structure of a single layered neural network.
Layered network is a network whose neurons are
organized in layers, the simplest form is the single layer
network. All input signals are propagated from the input
nodes to the output neural layer.

The number of input (nodes) and output neurons is
generally related to the problem to be solved. The inputs
will be propagated through the matrix of weights W to
then obtain the output response (Fig. 4). The equivalent
equation can be written in the form:

5= e,

where x(i) is the input vector; y(i) is the output vector;
Wi, j) is the weight of the neural network.

(22)

20
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Fig. 4. Structure of a single layered neural network

ANN activation functions. The activation functions
used in today's connection models are varied. We can
identify three main types of best known functions: Tansig,
Logsig and Pureline.

Artificial neural network (ANN) learning modes.
Learning can be defined as the ability to store information
that can be recalled later. The knowledge of a connection
network is stored in the connection weights which will be
determined during learning. The goal of learning for a
network is to find a set of mimic weights that will error
between the output of the network and the desired result.

Learning methods of neural networks.

e learning by backpropagation of the error;
e learning according to a gradient descent;
e learning according to the Quasi-Newton method.

Direct neural power control of PMSG. Figure 5
depicts the construction of the PMSG's direct neural power
control (ANN-DPC). The PI voltage regulator and the
active and reactive instantancous power hysteresis
regulators are replaced with neural controllers. To generate
the ANN controller by MATLAB / Simulink or we have
chosen 24 hidden layers for the voltage controller and 5
hidden layers for each hysteresis regulator. Figure 5 gives
the block diagram proposed of ANN-DPC.

Rectifier
PWM
U

[
1 ===
U,
iy b
: - s -
A ¢ i Ug
D : RL |
Ve i Tﬁ \_‘
S, 5| S
u e || Estimated instantaneous | TRANSFARALATON
deref power (P, ‘OF CONCORDIA

fallia

ESTIMATE OF LINE
VOLTAGE
Qrer =0

Fig. 5. Block diagram proposed of ANN-DPC

S i

=2

|| s

|

ANN
Regulator

Sa Sy, 5c)

SEC

The activation functions are respectively of the
«tansig» type for the hidden layers and «pureline» for the
output layers (see Table A.3 in Appendix of this article).
An algorithm of carries out the updating of the weights a
biases of this network retropropagation called the
Levenberg-Marquardt (LM) algorithm.

The representation of the internal structure of the
neural voltage controller is shown in Fig. 6.

Figure 7 and 8 illustrates the internal structure of
layers 1 and 2 of the neural voltage controller
respectively.

1l gl O

Input  Process Input 1 Layer 1 af1}
o
g ' Layer 2
O o1 ]

a{1} Process Output 1 Output

Fig. 6. Internal structure of the neural voltage controller

» 0 oW
>
{1} Delays 1 W{1,1} + ,/ >
»
b I netsum tansig a{1}
b{1}

Fig. 7. Internal structure of layer 1

Ol gy .

a(1}
Delays 1 (2,1}

= L

netsum purelin afz)

b{2}

Fig. 8. Internal structure of layer 2

The training performance of ANN-DPC is shown on
Fig. 9.
Best Validation Performance is 0.00023065 at epoch 1000

10°1
—Train

10
12 — Validation
e —Test
“ Best
105
1
78 760 762 764 766 768

Mean Squared Error (mse)

| | | | |
0 100 200 300 400 500 600 700 800 900 1000
1000 Epochs

Fig. 9 The training performance of ANN-DPC

The three curves are superimposed. This result is

justified in Fig. 10, where the training regression of ANN-

DPC also is shown.

Training: R=1 Validation: R=1
n <+
e O Data p O Data
7, 3500 2 3500
8 —Fit S Fit
30000 [ Y=T S 3000 [ ¥=T
+ +
B 2500 5 2500
= =]
I
o
r 2000 F 2000
T 1500 T 1800
T ]
g 1000 g 1000
g a
S 500 5 500
=] (=]
0 0
0 1000 2000 3000 0 1000 2000 3000
Target Target
Test: R=1 All: R=1
g ]
3 sso0( | O Date 3 3s00( | O Data
8 —Fit ] —Fit
o3 3000} [ Y=T 3000 [ Y=T
+ +
B 2500 g 2500
& ]
= 2000 d 2000
T 1500 T 1500
¥ 1
5 1000 5 1000
= £
S 500 S 500
o o
0 0
0 1000 2000 3000 0 1000 2000 3000
Target Target

Fig. 10 Training regression of ANN-DPC

Simulation and results of DPC. In Fig. 11 the
stator voltage and current of PMSG is shown.
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Fig. 11. The stator voltage and current of PMSG
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In Fig. 12 the rectified voltage DPC is shown.

u, V The rectified voltage DPC

1000 . ; . ; ==\/dc voltage
=Vdc reference

500 - b

s

o . . | | .
0 0.5 1 1.5 2 25 3
Fig. 12. The rectified voltage DPC
In Fig. 13 the active power DPC is shown.
4 «10* P, W The active power
\ —P reference

—P estimated <‘

=
3
F
i
i

Il L L Il L t’s
05 1 15 2 25 3 35

Fig. 13. The active power DPC

The results obtained when changing the DC bus
reference voltage for the twelve sector control are shown in
the next figures. Figure 14 shows a clear improvement in
THD (7.3 %) compared to conventional DPC (12.71 %).

10¢ O, VAR The reactive power
10 T T T T T

—Q reference
—Q estimated

.

5 I I I I I I
0 0.5 1 15 2 25 3 ts

Fig. 14. The reactive power DPC

In Fig. 15 the line current i, and its harmonic
spectrum are shown.

Signal
Selected signal: 150 cycles. FFT window (in red): 5 cycles
T T T
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T T T T T

& @
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S
T

IR AT
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Fig. 15. The line current i, and its harmonic spectrum

Simulation and results for ANN-DPC. Figure 16
shows that the DC bus voltage follows its reference
without overshoot with minimal retraining time and
allowable static error.

u, V The rectified voltage ANN-DPC
1000 T T ==\/dc voltage
=Vdc reference
800
600
400
200
ts
0 | 1 | I I |
0 0.5 1 1.5 2 25 3 3.5

Fig. 16. Rectified voltage ANN-DPC

Figure 17 shows that the active energy follows its
reference with the existence of peaks.

4% 10° AW The active power

—P reference
—P estimated

2 L 1 I L 1
0 0.5 1 15 2 25 3

Fig. 17. The active power ANN-DPC

Figure 18 shows that reactive energy follows its
reference with a peak passage at start-up.

104 O, VAR The reactive power
T

—Q reference
6 —Q estimated |

4 4
0

2 05 i 15 2 25 3
Fig. 18. The reactive power ANN-DPC
Figure 19 shows that the current is sinusoidal with a
start peak passage.
Signal

Selected signal: 150 cycles. FFT window (in red): 5 cycles

1] 0.5 1 15 2 25 3

FFT analysis
Fundamental (50Hz) = 92.51 , THD= 6.86%
3 T T T T
K]
=
@
£
@ 2
=
c
= |
[
5.1 ]
= 1
g | | |
ED al all I Jl u I.lIII-I.
0 200 400 600 800 1000

Fig. 19. The line current i, and its harmonic spectrum ANN-DPC

Study comparative between DPC and ANN-DPC is
shown on Table 1.

Table 1
Study comparative between DPC and ANN-DPC
Active | Reactive
THD power power
ripple ripple
Classical
Reference test DPC 1271 bad very good
ANN-DPC 7.3 very good| good
Classical
Robustness test DPC 9.34 bad bad
ANN-DPC| 6.86 |very good| very good
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As an example a comparative study with published
results are shown on Table 2.

Table 2
A comparative study with published results
Method TI;ID, Ripple of
% power
1. ANN-DPC (ANN replaces
PI controller) [19] 6.52 bad
2. HYN-DPC (ANN replaces
Hysteresis controller) [1] 3725 good
3. ANN-DPC (ANN replaces
switching table) [1] 31.95 | very good
4. Proposed method — ANN-DPC 6.86 |very eood
(combination of methods 1 and 2) ) Ve

Conclusions.

In this paper, a direct power control (DPC) is
proposed for controlling the PWM rectifier supplied by a
PMSG in terms of rapid control of active and reactive
power. Decoupled active and reactive power control is
achieved without the use of a decoupling system or a
change in coordinates. DC voltage is controlled to a
consistent incentive in all conditions. The application of a
new scheme by replacing the PI and hysteresis regulators
has been applied in order to minimize the THD and a
better control of the instantaneous powers in terms of
speed and ripple rate. The simulation results confirm the
effectiveness of the applied technique:

e the sinusoidal form of the line current;
the current must be in phase with the voltage;
reactive energy compensation
a low THD;
ripple rate of powers;
time response of DC voltage.
Finally, we prove that the method (ANN-DPC) is the
best compared to the classic DPC control.

APPENDIX
Table A.1
PMSG parameters
Parameter Value
Direct stator inductance L,;, H 0.012
Stator quadrature inductance L,, H | 0.0211
Permanent magnet flux ¢, Wb 0.9
Stator resistance Ry, Q 0.895
Inertia J, kg-m” 0.00141
Number of poles 7, 3
Friction force F, N-m/rad-s 0
Table A.2
Rectifier parameter
Parameter Value
Line resistance R;, 2 0.2
Line inductance L, H 0.011
Filtering capacity C, F 0.0047
DC voltage reference Ujyres V. | 600-800
Table A.3
Parameters of Levenberg-Marquardt (LM) algorithm
LM parameters V4 controller|H,, H*
Number of hidden layers 24 5
Learning rate 0.002 0.002
Number of iterations (epochs) 1000 200
Convergence acceleration rate 0.9 0.9
Goal 0 0
Activation function tansig tansig

*H,, H, are respectively hysteresis active and reactive power
controllers.
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In)xeHepHa entekmpodgbizuka. TexHika cunbHUX eJIeKmpPUYHUX ma Ma2HimHux rnoiJiie
YK 621.318 https://doi.org/10.20998/2074-272X.2021.6.04

10.B. Batwurin, C.O. llluagepyk, €.0. Yarumria

B3aemHumii BIVIMB CTPYMIB B IUIOCKi# iHAYKTOpPHIil cucTeMi 3 coJ1eHOIIOM
Mi2K IBOX MACMBHHMX NPOBiIHUKIB

B pobomi posenanyma naocka indykmopha cucmema 3 Kpyeo8umM COAEHOIO0M, pO3MAUIOBAHUM MINC MACUBHUMU 00Ope NPOGIOHUMU
06’ exkmamu. Taxa KOHCMPYKYIsL CRPAMOBARA He MINbKU HA NIOBUWYEHHST eeKMUSHOCTI IHCIMPYMEHMY MAZHIMHO-IMNYIbCHUX MEXHO-
JI02ill, Ma HA 3HUICEHHS eHePIeMUYHUX SUMPAM HA 6UKOHAHHS 3A0aHol 6upobnuuoi onepayii. Inmeepysannsam pisusano Maxceenna 3
BUKOPUCTAHHAM THMeSpanvHux nepemeaopers Jlannaca i @yp 'e-beccens 6 nabausicenni ioeanvHoi npogionocmi memanesux 06 ’€kmia,
wo nionsgearoms 00podYi, ananiMUYHO OMPUMAHO MAMEMAMUYHY MOOelb cucmemu. B pamkax nocmasnenoi memu ompumano pos-
DAXYHKOBI CNiBBIOHOUEHHS | NPOBEOEHO MeOpeMUUHULL AHANI3 eNeKMPOMASHIMHUX NPoYecie 8 NIOCKIl IHOYKMOPHIt cucmeMmi 3 Kpy-
208UM CONEHOIOOM, WO POIMIUEHUL MIdHC MACUBHUMU O0Ope NPOBIOHUMU 00 EKMAMU, a MAKONMC NPOBEOEHO YUCENbHI OYIHKU B3A€EM-
HO20 BNAUBY 30Y0ACYIOUUX | IHOYKOBAHUX cmpyMig. Pesynomamu ananizy enekmpomacHimuux npoyecie nokazau, wo 018 He3MIHHO-
Ccmi CUNOBUX NOKA3HUKIE 3ANPONOHOBAHO20 THCMPYMEHMY MACHIMHO-IMINYIbCHO20 WMAMNYE8AHHS HeOOXIOHA 8I0N0BIOHA KOpEeKyis
amnuimyou 30y0xcyrou020 cmpymy 6 00Momyi corenoioa — oxcepeina Oitouux erekmpomazHimuux nonis. bioin. 19, puc. 2.

Knrouosi cnosa: MarHiTHO-iMIyJIbCHE IITAMITYBAaHHS, JIUCTOBI MeTAJIH, €JIeKTPOMATHITHI MOJIsl, iHIYKTOPHi CMCTeMH, KPYro-
BHIi COJICHOI, MACMBHMII IPOBiIHUK.

B pabome paccmompena nnockas uHOyKmopHas cucmema ¢ Kpy208bim CONEHOUOOM, PACHOIONCEHHBIM MeNHCOY MACCUBHBIMU XOPOULO
npogoosuyumu obvekmamu. Taxas KOHCMPYKYUsi HANPABIEHA He MONbKO HA NOGblUIeHUe IPHEKMUBHOCIU UHCMPYMEHMA MACHUN-
HO-UMRYTbCHBIX MEXHON02UT, HO U CHUdICEHUEe DHEP2emMU4eckux 3ampam Ha GbINOAHeHUue 3a0aHHOU NPou3600CMEEHHON Onepayuiu.
Humezpuposanuem ypasnenuii Makceenna ¢ ucnonvb3osanuem unmezpanbubix npeobpaszosanuti Jlannaca u ®@ypve-beccens 6 npu-
OnudHCeHUU UOLANbHOU NPOBOOUMOCU NOONENHCAUUX 00PabOmKe MEMAIIUYECKUX 00bEKMO8 AHATUMUYECKY NOTYYEHO MAmeMamu-
uecKylo Mooenb cucmemvl. B pamkax nocmaenennou yenu noxyueHsl pacuémuvle COOMHOUWEHUs U NPOGedeH meopemudeckull aHanu-
30 21EKMPOMASHUMHBIX NPOYECCOB 8 NIOCKOLU UHOYKMOPHOU CUCEMe C KPY20BbIM CONEHOUOOM, PAZMEWENHBIM MedHCOY MACCUBHBIMU
XOpOuto nposoOAWUMU 0ObEKMAMY, A MAKIICe NPOBEOEHbl YUCICHHbIE OYEHKU 83AUMHO20 GNUAHUS B030YHCOAIOUUX U UHOYYUPOBAH-
HbIX MoKo6. Pe3ynomamul anaausa s1eKkmpomMazHumHelx Rpoyeccos8 noKa3aau, Ymo 0 HeUsMeHHOCIU CUNOBLIX noKasameneli npeo-
JIOJICEHHO20 UHCMPYMEHMA MAZHUMHO-UMNYIbCHOU WMAMNOBKU He00X00UMa cOOMEemcmeyowas KoppeKkyust amMnaumyosl 6030yic-
odaroue2o moxa 8 06MomKe CONeHOUOA — UCIMOYHUKA 0eliCMEYIoWUX d1eKkmpomazHumuelx noaeti. buomn. 19, puc. 2.

Kniouesvie cnoséa: MarHMTHO-UMIIYJbCHAsl IITAMIOBKA, JIMCTOBBbIC MeTAJLIbI, 3JEKTPOMATHMTHBIE MOJIS, HMHIYKTOPHbIE

CHCTEeMbl, KPYroBOii COJIEeHOU/, MACCUBHBII MPOBOIHMUK.

Beryn. IloctaHoBka mnpoJjeMH B 3arajibHOMY
BUTIsAAI. [HIYKTOpHI cucTeMH, K iHCTpyMeHTH 00poOKH
METaiB, 3HaXOATh IIHPOKE MOMINPEHHS B IPOMHUCIOBUX
TEXHOJIOTiSX 3 BUKOPHCTAaHHAM CHEPTii MOTY)KHUX IMITy-
JBCHUX EJIEKTPOMArHiTHUX 1oJiB. KoHCTpyKTHBHE BHKO-
HaHHSA IHIYKTOPHUX CHCTEM BU3HAYA€THCA BUIOM 33JaHOI
BUPOOHMYOI omepalii (Hampukiam, «po3daBaHHI», «00-
THCKaHHS», «IUIOCKE LITaMITyBaHHs» Ta iH.). BigzHauumo,
0lo iX yCmilllHa NpakTHYHA peaji3allis, sSK ONHCAaHO B
CyYacHil creuiajibHii JiTepaTypi, 3/1iHCHEHa B paMKax,
TaK 3BaHOI, «TPAAUIIIIHODY MAarHiTHO-IMIIYJIbCHOI 00pO0-
ku Mmetanie (MIOM) abo B 3axigniii Tepminonorii Elec-
tromagnetic Metals Forming (EMF). fIx noka3zana npak-
THKa, JI€BICTH I1€1 TEXHOIOTI] MOKJIMBA JIMIIIE B Iiala3o-
Hi JOCUTHh BHCOKHX POOOYHX YACTOT MIFOYUX IOJIB 1 BHU-
COKHX 3HA4eHb EJIEKTPOIPOBIAHOCTI 0OpPOOIIFOBaHNX
00’exTiB. 3 (Pi3MYHOT TOYKHU 30py TYT BUKOPHCTOBYETHCS
npupogHe JIopeHIiBChke BiAIITOBXYBAaHHS IPOBiTHHKA
BiJl IHCTPYMEHTY METO.Iy, III0 OTPHUMAJIO Ha3By «MAarHiT-
HOTO THCKY» [1-4].

P03BUTOK €JIEKTPOMATHITHUX TEXHOJOTIH 1 IiJBH-
HICHHS BUMOT JI0 1X e()eKTHBHOCTI MPU3BEJIO IO CTBOPEH-
HsS HOBUX THUIIB IHAYKTOPHUX CHCTeM. Tak, iIHHA psif
BUPOOHMYMX OIEpalliil iHIIIIOBaB HOBUH HAINpsIMOK Mar-
HITHO-IMITyJIbCHOT 0OpOOKM MeTalliB, 3aCHOBAaHMH Ha
TpaHchopmamii npupogHOro JIOPEHIIEBCHKOTO BiAIITOB-
XyBaHHS B IpUTATaHHS 00poOmoBaHoro 00’exra [5-9]. B
paMKax ke «TpamulliifHOD» MarHiTHO-IMIYJIBCHOI 00p00-
KM METaliB, SIK BUIAETHCS arpiopi, 30LIbIICHHS MTPOIYyK-
THUBHOCTI OIepariii MIOCKOro INTaMITyBaHHS BUPOOIB 3
JIUCTOBUX METaliB MOJJIMBO 32 JOMOMOTO0, TaK 3BaHUX

«JIBOCTOPOHHIX IHIYKTOPHHX CHUCTEM», JIe COJICHOI] po3-
MIIIEHUH MK 00’€KTaMH CHJIOBOTO BIUIUBY. P03poOku
HOBHX iHCTPYMEHTIB BHMArarOTh JOCIIIKEHHS MPOIECiB
€JIEKTPOMATHITHOTO BIUIMBY 30YIKYIOUUX 1 IHAYKOBaHUX
CTpyMiB. AKTyaJbHICTh TAaKAX POOIT HE BUKIIMKAE CYyMHi-
BiB. OTprMaHi pe3yNbTaTy JO3BOJIITH [0 HOBOMY IiTiHTH
JI0 Ipo0OJieM Ji€BOCTI, MiZABUIIECHHS €(eKTUBHOCTI 1HIyK-
TOPHUX CHCTEM 1 PO3UIMPEHHS HOMEHKIATypu 00poOITio-
BaHUX 00’ €KTIB.

Orasig JitepaTypu. AHAaJdi3 OCHOBHUX J0CJTi-
JIKeHb 1 myOJaikauiii Ta mocranoBka npoodaemu. [[Bo-
CTOPOHHE PO3TAllyBaHHS JIMCTOBHX METATIB IO BiIHO-
IIEHHIO JIO JPKepella MarHiTHOTO Mojisi (CoJieHoina) mae
MiCIle B iHIYKTOpPHUX CHCTeMax, e npupoaHe JlopeHIiB-
ChKE BINIITOBXYBaHHSA TPaHC(HOPMYETHCS B NPHUTSITAHHS
3aJaHol OUITHKA 0O0poOmroBaHOro 00’ekTa. KoHCTpyKTH-
BHO TaKi IHCTPYMEHTH CKJIa[al0ThCs 3 MIOCKUX MOIIApO-
BO pO3TAIIOBAHUX: NOMNOMDKHOIO €KpaHy, SIKUil HpPOBO-
JIUTh €NEKTPUYHUIN CTPYM, KPYrOBOI'O COJIEHOINA 1, Biac-
HE, JINCTOBOTO MeTaiy, 1o mimuirae aedopmariii. Ctpy-
MU, 1HIYKOBaHI B €KpaHi i MeTaji, 10 0O0poOIsSEThCS, €
OJTHOCTIPSIMOBAaHMMHU. BiamoBigHO 10 3akoHy Awmrepa,
NEeBHY IUISHKY JIICTOBOTO MeTaily OyJlie MPUTITHYTO 10
IUIOLIIMHU KOPCTKO (ikcoBaHoro expany [10]. Taxwmit
NPUHOUN Aii TaKOX BUKOPUCTAaHWH B CHCTEMax aBTOMa-
TH30BaHOI ITOAaYl aJIOMIHIEBHUX JHCTIB B pOOOYYy 30HY
IITaMIIyBaJbHOTO  OOJIQJHAHHS  aBTOMOOiIEOYMiBHUX
3aBoxiB CIIIA [11]. [Ipaktuusni acnektn po3Butky MIOM
B HANpsIMKy NPHUTSITAaHHA 3aTaHUX AUITHOK JINCTOBUX
METaJliB 1 CTBOPEHHA BIANOBIAHWX IHCTPYMEHTIB [UIA
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YCYHEHHSI BM ATHH OIIMCaHi aBTOpaMu po0OoT B [2, 3, 12].
Bim3HaunMo, 1m0, B OCHOBHOMY, MAarHiTHO-IMITyJIbCHE
NPUTATaHHS 3HAMIUIO 3aCTOCYBaHHS B MPOTPECHBHUX
TEXHOJIOTISAX BIJHOBJICHHS ITOIIKO/KCHUX IOKPHUTTIB
aBTOMOOLTBHUX Ky30BiB [9, 10, 12, 13].

O0’exkT mocaimkenHsa. PosrisHeMo iHIYKIiHHI
epeKTH B IHCTPYMEHTaX JJs IUIOCKOIO MAarHiTHO-
IMITyJILCHOTO IITAMITyBaHHsSI BUPOOIB 3 MacHBHHX JIUCTO-
BHUX METaJiB 3 BHCOKOIO IIUTOMOIO €JIEKTPOIPOBIIHICTIO,
JIe COJICHOI[ pO3MIIIY€ETHCS MK ABOMa 00’ €KTaMH CHIIO-
Boro BIUmBY. Di3udHa ifest Takoi KOHCTPYKIIII iIHAYKTOp-
HOI cucTeMH Tependadae KOHIICHTpALilo eHeprii 30y-
JOKYIOUOTO TOJISI B IPOCTOPI MK IBOMa HPOBiTHUKAMHU.
Ha BizMiHy Bif BiJOMHX IHCTPYMEHTIB JUIsl «TPaMLIiHO-
ro» IUIOCKOTO MAarHiTHO-IMIYJIBCHOTO LITAMITyBaHHS, Ji€
COJICHOI/I PO3MIIIYETHCS HAJX OAHUM 00’€KTOM CHIIOBOTO
BIUIMBY, JIJaHA MPONO3UILIisl JO3BOJISIE 3HU3UTH PO3CiIOBaH-
HS1 Heprii, [0 TeHEePYETHCS B HABKOJIMIIHII MPOCTIp.

3arajJpbHUM HEIOJIKOM BiIoMUX POOIT 31 CTBOpPEHHS
IHCTPYMEHTIB CHJIOBOTO MAaTHITHO-IMITyJIbCHOTO BILTHBY
Ha TIPOBiAHI 00’€KTH (SK MPUTATAHHA, TaK 1 BIAIMITOBXY-
BaHHS) € BUKOPUCTAHHS (Di3MKO-MaTEMAaTHIHUX MOJIEIEH,
B AKHX 30yIKyI0di CTPYMH NPHUHMAIOTBCS 3aTaHUMH 1
HE3aJIS)KHUMHU BiJI €JIEKTPOMArHiTHUX MPOIIECiB, IO MPO-
TikatoTh. Tak, B [9] B IHAYKTOpHHUX cHCTeMax Oymno po3-
[JSIHYTO MEXaHI4HI 3yCHJUISl Y BUTIISLAI CUJI NPUTSITAHHS Ta
X pO3MOIiI B CHCTEMI, IPOTE B3AEMHUI BILIMB CTPYMIB B
IHIYKTOPHIN CHCTEMI 3aJMIIMBCS HE JIOCIiKEHUM. Takox
Clij 3rajgatv 1 KiacuuHy asHanmituky [14, 15], i cydacHi
YHCeNbHI MOJIENT, HAIIPHUKJIIA[, B podoTax [16, 17].

3 (eHOMEHOIOTIYHUX MipKyBaHb, OYCBHIHO, 11O Ta-
Ke TPUITYIIEHHS B ITOCTAHOBI PO3B’S3YBaHHUX EIIEKTPO-
JMHAMIYHHX 3a/1ad CHOTBOPIOE KAPTHHY peajbHOI eHep-
TeTHKH B poO0Uiil 30HI IHAYKTOPHOI CHCTEMH.

MeTo10 CTATTi € OTPUMAHHS PO3PAXyHKOBUX CIIiB-
BiIHOIIEHh 1 TEOPETHUYHUN aHaji3 eJeKTPOMAarHiTHUX
NpOLECIB B IUIOCKIH IHAYKTOpPHIl cHUCTEMi 3 KPYroBHM
COJICHOIZIOM, PO3MIIIIEHUM MK MaCHBHHUMHU JOOpe MpoOBi-
IHAMM 00’€KTaMH, a TAaKOXK YUCEJILHI OILIHKU B3a€MHOIO
BIUIMBY 30Y/KYIOUMX i iHIyKoBaHUX cTpymiB. Iligkpec-
JIIMO aKTyaJbHICTh IOCTABJIEHOI METH sIKa CHpPsSMOBaHA
HE TUIBKM Ha IiJABHIIEHHA €(EeKTUBHOCTI IHCTPYMEHTY
MAarHiTHO-IMIYJIbCHUX TEXHOJIOTIH, aJie 1 3HIKEHHS eHep-
TeTHYHUX BHTpPAT Ha BHKOHAHHS 3aJaHOl BUPOOHUYOL
orreparii.

BukiageHHs1 OCHOBHOIO MaTepiany. AHAJITHYHI
3aJIeKHOCTI, uncebHi ominku. Topkarouwmch 3amad B
iHaykropHux cucteMax MIOM, po3risig movHeMo 3 Io-
CTAHOBKH 3aJ1a4, sIKa € OJHAKOBOIO IS BCIX JOCHIIKEHD
€JIEKTPOJJMHAMIYHHX MPOLIECIB, 110 MPOTIKaTh [2, §-12].

[MpunyuieHHs 10 BUPILIEHHS NOCTABJICHOI 3a/1a4i:

e (isuko-mMaremMaTn4Ha MOJEINb IHAYKTOPHOI CHCTEMH
€ CHMETPUYHOIO BiZIHOCHO IUIOLIMHU 30y KYyI0UOTr0 coje-
Hoina (puc. 1);

e TpUifHITa QIIHAPHYHA CHCTEMa KOOPIUHAT;

e IHIYKTOpPHAa CHCTeMa NPUHAMAETBCI AaKCialbHO-

0 .
CUMETPUYHOI0, TOOTO 20 0, e ¢ — a3uMyTaJIbHUI KyT;

® COJIEHOiJl MPUHMAETHCA HACTITLKA TOHKHAM, IO HOTO
METajl HE BIUIMBAE HA CJICKTPOMATHITHI MPOIECH, IO
MPOTIKAKTh B cuctemi (A—>0);

e B OOMOTII COJICHOIJ]a MPOTIKAE a3UMyTaJbHUII Tap-
MOHIUHHHA cTpyM J(f) = Jy-sin(wf), ne J, — ammityna,
 — NMKJIIYHA 9acTOoTa, { — 4Yac;

® JIMCTOBI MeTanu (IUIaCTHHH, IO MPOBOASATH €JIEKT-
PHUYHUI CTPYM) € TOCTaTHHO MACHBHMMH 1 MAIOTh BUCOKY
MTUTOMY €JIEKTPOIPOBIIHICTD;

e B cHcTeMi 30y/DKYIOTBCS a3UMyTalbHAa KOMITOHEHTA
HaIpy»KeHOCTI eNeKTPUYHOTO Moust Ey(t, 7, z) # 0, a Takox
pamiambHa 7 Ta HOPMaJIbHA z CKJIAJIOBI BEKTOPA HAIPYXKe-
HOCTI MarHiTHOTO moist H(t, r, z) # 0 ta H,(t, r, z) # 0
BiAMOBIIHO;

® CIICKTPOMATHITHI MPOIECH MPUHAMAIOTHCSA KBazicTa-
ioHapHUMH, Tak o (@ / ¢) << 1, ge ¢ — IBUAKICTH
CBITJIa y BakyyMi, / — HAWOUTbIIMIA XapaKTEpHUI po3Mip
CHCTEMH.

[]

7 mhl'r

d | td]
Puc. 1. Po3paxyHkoBa Mo/iesb IUIOCKOI iHAYKTOPHOT CHCTEMHU:
1 — kpyroBuii conenoin (A — ToBIMHA, R| ; — BHYTpiLUHIH
i 30BHILIHIN pajaiycn); 2 — mucTOBi MeTanu (d — TOBILIMHA,
¥ — IITOMA EJIEKTPONPOBIAHICTD)

O1iHKy XapaKTepHCTHK B3a€EMHOTO BIUIMBY 1HIYKO-
BaHMX 1 30y/UKYIOUMX CTPYMiB MOXKHA IIPOBECTH, BUXO/IS-
YU 3 pIBHOCTI CEepeHIX 3HAYCHb HOPMAIbHUX KOMIIOHEHT
IHAYKIii MarHiTHOTO MO y BHYTPIOTHHOMY BiKHI coJie-
HOiNla IPH Pi3HUX BIACTAHSIX M)XK HUM 1 IUTACTHHAMH.

Ha nopmatox 10 MpUAHATUX MPUIYIIEHb HEOOXIIHO
BIZI3HAYMTH, 110 HA MMPAKTHUIII MACHBHICTb 1 BUCOKA EJIEKT-
POTIPOBIAHICTE JMCTOBUX METAJiB 03Hadae poOOTy iHAYK-
TOPHOT CHCTEMH B BUCOKOYACTOTHOMY 4aCOBOMY PEXHMI,
KOJIM BIJICYTHE NPOHMKHEHHS MOJIB Kpi3b 0OpOOIIOBaHi
00’exTH. B Mex)ax 1uX JOCHTIHKEHb 1X MOYKHA PO3TIISIIATH
SIK 1/IealibHI MPOBITHUKH, I SKUX @7 >> 1, ne &7 —
«ETEKTPOIMHAMIYHAY TOBIIMHA (BBEICHHS TEPMiHY 00-
IpyHTOBaHO B poboTi [9, 10]), 7= s y:d’ — XapakTepHuii
Yac NPOHUKHEHHS IOJIsl B HEMAarHiTHUH map, 1o IpoBO-
JTh, [l — MarHiTHa MPOHUKHICTb BaKyyMmy, ¥ — IUTOMa
€JIEKTPOIIPOBIIHICTG 1 d — TEOMETPUYHA TOBIIHMHA.

Anpiopi 04eBUIHO, IO BIUIMB 1HAYKOBAaHHX CTPYMiB
Ha EJEKTPOMATHITHI TPOLECH TMOBHHEH 3MEHIIYBaTHChH
MpU BHUJAICHHI JHCTOBMX METANliB 1 3pOCTaTH TPH iX
HaOMIDKeHHI 10 30yIKYHOUoro cojieHoina. Y 3B’S3Ky 3
UM JUISL OTHCY JOCIIKYBAHOTO BILIMBY MOXHA BHILUIH-
TH 1 3aMPOIIOHYBATH B OCHOBHI XapaKTEPUCTUKHU EJIEKT-
POMArHiTHUX MPOIECIB, IO MPOTiKawTh. Ilepima — 1e
BIJIHOILIEHHS IHAYKTHBHOCTI CUCTEMH IIPH PI3HMX BifcTa-
HSAX MDK COJICHOIMIOM 1 JMCTOBHMMH METaJaMH 10 1HIyK-
TUBHOCTI IPY HECKIHUEHHOMY BiJJlaJieHH] ocTaHHIX. [py-
ra — e BiJIOBiHE BiHOLIEHHS PE3YJIbTYIOYOTO CTPYMY
B 0OMOTIII COJICHOINA A0 CTPYMy, IO 30YKy€e Mg yac
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BIJICYTHOCTI JINCTOBHX MeTalliB. Bif3Haunmo, 1110 octaH-
HIO XapaKTepUCTHUKY MOKHA MPUHUHATH B SIKOCTI KIJIbKiC-
HOTO MOKa3HUKA BIUIMBY IHAYKOBAaHHX CTPYMIB Ha CTPYM
B OOMOTIIi COJIEHOIA.

Buxonsun i3 NpUWHATOrO NPHITYLIEHHS TPO piB-
HICTh CEepE/IHIX 3HAUCHb HOPMAJIbHUX KOMITOHEHT iHIyK-
Lii Mar”iTHOTO IIOJI1 y BHYTPIIIHBOMY BIKHI COJIEHOIAa
MpH PIi3HIH BiJIaJICHOCTI JUCTOBUX METAJiB, MOXHA
OTPHMATH HACTYIIHI 3aJIeKHOCTI IJISl OLIHKHA B3a€EMHOTO
BIUIHBY 30YIKYFOUOTO 1 iHIYKOBaHOTO CTpyMiB [ 14]:

Eh = Ew;
l]h _ Loo . (l)
‘]w Lh ’

ne Bh, Ju, Ly — cepenHs BeMMYMHA HOPMaJIbHOI CKJIaJ0-
BOI IHIYKLII, CTpyMy B 0OMOTIII COJIEHOIa 1 IHIYKTHBHO-
CTi CHCTEMH TIpH KiHIIEBIH BiICTaHi # MK COICHOIIOM i
JIMCTOBUMH METajaMH, BIAMOBIAHO; Bew , J., L. — cepen-
Hsl BEJIMYMHA HOPMAJILHOI CKJIAJOBOI 1HIYKIIii, CTPyMy B
OOMOTIII COJICHOINa 1 IHIYKTHMBHOCTI CHCTEMHM IIiJ] 4ac
BiZICYyTHOCTI JIUCTOBUX METaJIB (IIpU /1 —> 0), BIAMOBITHO.

Cain 3a3Ha4YUTH, IO PE3YJIBTATUBHO CHIBBIIHOIICH-
Hs (1) y3ro/DKYIOTBCSI 3 BIJOMHUMH 3QJISKHOCTSIMHU [14].
JiiicHO, aMIUTiTYAn CTPyMiB B 0OMOTKaX OOEpHEHO ITpo-
MOPIIiiiHI iX 1HYKTUBHOCTI.

BinmoBimHO 10 MOCTaBIEHOI METH 3BEpHEMOCS IO
pO3paxyHKOBOi Mojedi Ha puc. 1, I SKOi 3ammIIeMo
cUcTeMy piBHSHb MakcBema B mpoctopi L-300paxeHs 3a
Jlarutacom [9, 10, 18, 19].

OE_ (p,r,z)
————=w,pH,(p,7,2);
0z
l-3.(r-E( r,2)) ==, pH,(p.r,2); )
r or (pp” WP, (p,7,2);
OH (p,r,z) OH (p,r,z) .
62 - 67‘ :jq)o(psrsz)s

ne E,(p.r.z)=L{E,(t,r,2)}, H, (p.r.z) = L{H,(t,r,2)},
jnpo(psraz) = {jgoo(tsrsz)}’ j(pO (t’r’Z) - FYCTPIHa CprMy

Joo(Psrs2) = ju-g(t) f(r)-8(z=h),
g(f) — gacoBa 3anexHicts, f{r) — paniaqbHa 3aJeKHICTB,
&(z — h) — dynkuis [dipaxa [18].

[HTerpyBanns cucremu piBHsAHB (1) mpoBeneMo aHa-
JIOT1YHO TOMY, SIK 11e OyJio 3pobiieHo pauninre B [2, 9, 10].

I'eomeTpist iHAYKTOPHOI CHCTEMH W NPHUHHATI TpH-
MYIICHHS JO3BOJLIIOTH 3aCTOCYBAaTH IHTEIPAIbHE Iepe-
tBOpeHHs Dyp’e-beccemns [18, 19].

Jns L-300paxkeHp Hampy>kKeHOCTi 30yKEHOTO eJIeK-
TPHYHOTO 1011 Ey(p, ¥, Z) 3aIMIIEMO, 1O

B coJIeHOI ],

E,(p.r,z) =J.E(p(p,7»,z)-7»-Jl(kr)d7»,
0

- €)
E,(p,h,z)= J‘E@(p,r,z)m-J1 (Xr) dr,

e Ey(p, A, z) — 300paxkeHHs €JEKTPUYHOI HAIPYKEHOCTI
B ipoctopi Dyp’e-beccens, A — mapameTp iHTETPaIbHOTO

Omnyckarouy NPOMIXKHI MaTeMaTH4HI TIePETBOPECHHS,
3 cucreMd (1) 3 BUKOPHUCTAHHSAM IHTEIPAIBHOTO 300pa-
xKeHHs (2) s3anumieMo audepeHLiabHe PIBHSAHHS VIS
a3UMYyTaJIbHOI KOMIIOHEHTH HAIPYXEHOCTI 30YKEHOTO
€JIEKTPUYHOTO NOJIS Y BHYTPIIIHII TOPOKHHUHI PO3TIISIHY-
Toi iHIyKTOpHOI cuctemu [18]

aEw;z’k’z)_}f-E¢(p,7»,2)=K(P’7\)’5(Z_h)’ 4
VA

J
xe K(p=hop-Ju-2(0) S 0 o =205

I'YCTHHA 30YDKYHOUOTO CTPYMY;
g(p) = L{g(t)}; f(k) = If(r)~r-J1 (Kr) dr.

3aranbHuil iHTErpal 3BUYaiHOr0 Au(EpeHIiaTbHOrO
piBHsHHSA (4) Mae Burisig [18]:
E,(p)z)= Ce"+Cy e+
K(p.2)

t— = m(z=h)sh(re(zh), )

ne Cy, , — HOBIMBHI cTalli IHTETrpyBaHH, M(z — /) — CTymi-
HuacTa QyHkis XeBicaiia.

[puiiHsTe nONMyLIEHHS NPO BiJCYTHICTh HPOHHUK-
HEHHS TI0JIIB KPi3b JIMCTOBI MeTalu, sIK Bke OyJo 3a3Ha-
YEHO, OIUCYETHCS HEepiBHICTIO — -7 >> 1 [2, 6], w0 Bif-
NOBiJlae X «ifeaNbHii» NPOBIAHOCTI. 3aJ0BOJBHSIOYN
IPaHUYHUM YMOBaM O€3MEepPEepPBHOCTI TaHTEHIiaTbHUX
KOMITOHEHT BEKTOpa HaIlpy>KEHOCTi eJIEKTPOMarHiTHOro
NOJIsL Ha TOBEPXHSX il€abHUX MPOBIIHMKIB mpu z = 0
(E,(pr,z=0)=0)1iz=2h (E ,(pr,z=2h)=0) [14],

3HaXOJIMMO YaCTUHHMHI po3B’s130K piBHsHHA (3). [ligcras-
JISIFOYM B OTPUMaHHMK BHpa3 KOOPIAUHATY z = /i, OTpUMYE-
MO 300pa)KeHHSI HAIIPYKEHOCTI 30y 1’KYBaHOTO BHCOKOYA-
CTOTHOTO EJISKTPUYHOIO IOJIsl Y BHYTPINIHBOMY BiKHI
IUIOCKOTO KPYT'OBOTO COJIEHOIa PO3TIISIHYTOT 1HIYyKTOPHOT
CHUCTEMH

Edp,k,zzh)z—%}:k)-th(kh). ()

Inrerpaneue 300pakeHHs (2) 3 ypaxyBanHsaM (5)
puiMae BUTIISA;

%

E (pr2)=-]

0

3B’s130K L-300paskeHHS] HOPMaIbHOI KOMITOHEHTH Ha-

HPYXEHOCTI 30y/KyBaHOI'O MarHiTHOTO MOJIA 3 (P-CKJIATOBOIO

HaIpy>XEHOCTI eJIEKTPUYHOTO I0JIsl Y BHYTPIIIHEOMY BiKHI

COJICHOiJa 3HaXOIUTHCS 32 JOIIOMOTOI0 JIPYTOro PiBHSH-
Hs 3 cuctemH (1) miacTaHOBKOKO z = /i

H(prz=h)=———: (r~E¢(p,r,z=h)). ®)

M-th(kh)u]l (Ar)dn. (7

[HTerpyBanHsaM BHpa3zy (8) 3a IDIOMIMHOIO BHYTPIMI-
HBOTO BiKHA COJICHOIZAa BH3HAYAEMO 3B 30K MAarHITHOTO
HOTOKY 3 Eo(p, 7,z = h)

Rl
D, (p)zZTcuO-sz(p,r,zzh)rdr =
0

meperBopeHss, Ji(Ar) — ¢yHkuis beccens meproro = _2rm, (r E,(pr,z= h))‘kl ©)
HOPSIIKY. p 0
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3 ypaxysanusm ¢opmyin (7) i (9) micns nepexony B
MIPOCTIp OPUTiHANIIB 3HAXOAWMO aMILTITYAHY 3aJIeXKHICTh
— @y, VIS MArHITHOTO TIOTOKY B BiKHI COJICHOINA IHAYK-
TopHOI cucteMu. OmnycKarouu HPOMIKHI TOTOXHI Tepe-
TBOPEHHSI, OTPUMYEMO, 1110

R, 7
@, =J. ~ﬁ-ff(x)~th(kh)~J1(le)dk. (10)
0

[HAYKTHBHICTH AHOT CHCTEMH 3HAXOANTHCS SIK BiJHO-
MIEHHS MarHiTHOTO TIOTOKY JI0 30y/IXKyrouoro ctpymy [14].

[Ticns BBenmeHHs HOBOI 3MIHHOI IHTETpyBaHHA
¥ =AR| i BUKOHaHHS HEOOXiJHUX TOTOXHUX MEPETBOPEHD
OTPUMYEMO 3pYUHY (QOPMYITY Ul PO3PAXYHKY IHTYKTHB-
HOCTI IIPY JIOBUTBHIN BiICTaHI Bi/I COJICHOINA 10 JINCTOBUX
MeTaiB

w,mR; *f(y,RLz)
= . -th(Ah)-J, (v)dy,
h (Rz_Rl)}[ yz ( ) 1( )

&
ae f(y,Rl’z) = I x-J, (x) dx.
5
I'pannunmii nepexig B (11) mpu 7 — oo nae Bupas
JUTS THAYKTHBHOCTI BJIaCHE OOMOTKH COJICHOIa 3a BifCY-
THOCTI JTUCTOBUX METAIIIB

W, R; .Tf(ysle,z).Jl(y) dy. (12)

(11

L,=1lmlL, =

hoe (Rz -R ) 0 y

B kiHIIEBOMY MiZICYMKY, BHKOPHCTaHHS CIIiBBIJHO-

mens (1), (11) i (12) go3Bossie epeiTH 10 YUCETFHAX OIli-

HOK BIUIMBY IHOYKIIHHAX e(DeKTiB HA XapaKTEPUCTHUKH elie-

KTPOMArHITHHX TIPOILIECiB B IOCTI/PKYBaHIN I1HIYKTOpHIi
cructeMi. PesynbraTti po3paxyHKiB IIpecTaBiIeHi Ha prc. 2.
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Puc. 2. BigHOocHa iHAYKTHBHICTS (@) 1 BITHOCHUH cTpyM (6)
B 00OMOTIIi COJICHOIa IHAYKTOPHOI CHCTEMH

OCHOBHI pe3yJbTaTH 00YHCIIEHb C(HOPMYIBOBaHI B
HIDKYEHABEACHHX TOJIOKEHHSIX
® BIUIMB IHAYKUIMHNX e]eKTiB Ha eJEeKTPOMAarHiTHi
MIPOLIECH B BHCOKOYACTOTHOMY PEXHMI JIOCHIKyBaHOI
IHIYKTOPHOI CHCTEMH IIOKa3ajy, M0 Ii IHIYyKTUBHICTH

3pOCTa€ MPHU BiAAAJICHHI MACUBHHX IPOBIIHHUKIB 1 3MEH-
HIYETHCS TIPH X HAOJIKEHHI JI0 COJICHOIIa, a TAKOXK MpU
301IBIIEHH] HOTO patiaiibHAX po3MipiB (puc. 2,a);

® 3a3HayeHEe 3HW)KEHHS IHIYKTUBHOCTI BUMarae 30i-
JIBIIICHHS CTPYMY B OOMOTIII COJICHOiZA JUIS MiATPUMKH
MOCTIHHOI BEJIMYMHM IHAYKI] MarHiTHOTO MOJIs, 10 30Y-
JUKYETBCS, 1 He3MIHHUX CIJIOBHX TTOKA3HUKIB (puc. 2,6);

e SK BUIUIMBA€E 3 PO3PAXYHKOBUX HAaHHX, MJIA MIITPH-
MaHHS XapaKTePHCTUK TOCIiHKYBaHOI 1HIYKTOPHOI CHC-
TEMH, B CEpPEeIHHOMY, MOTPIOHO MOKIHMBE 30UTBIICHHS
30yKyro4doro ctpymy B ~20 pasis (puc. 2,6).

BuCHOBKHM Ta mepcneKTHBH MOAAJIBIIOr0 PO3BH-
TKy. Brmepiie A mIOCKOTO MAarHiTHO-IMITYJIBCHOTO
IITaMITyBaHHsI 3alPONIOHOBaHa KOHCTPYKIIisl IHCTPYMEHTY
3 KPYTOBUM COJICHOIZJOM, PO3MIILIEHUM MiXX MacCHBHUMH
Jo0pe MPOBITHUMK METAJICBUMH 00’ €KTaMH, IO ITiJJIs-
TaroTh 00pOOII .

Y HabmKeHHI BHCOKOYACTOTHHX €JIEKTPOMArHIT-
HHUX MPOLECIB OTPUMaHi PO3PaxyHKOBI CITiBBiIHOIIECHHS,
3a JIOTIOMOTOI0 SKMX BHKOHAHO TEOPETHYHHUH aHami3 i
YUCETbHI OLIHKA XapaKTEePHCTHK IUIOCKOI iHIyKTOPHOI
CHCTEMH TIpH Bapiailii poOoYoro 3a3opy MiX COJIEHOIIOM
— JDKEPEeJIOM MOJIst 1 00’ €KTaMH, 1110 0OPOOIISIOTHCS.

[okazaHo, 110 IHIAYKTUBHICTH, SIK OCHOBHA XapaKTe-
pHCTHKA JOCIIKEHOI CHCTEMH, MaJae MpH HaOJMKeHHI
00po0:toBaHNX 00’€KTIB 10 COJIEHOIa 1 pocTe MpHU Bif-
JTAJICHHI BiJ] HHOTO, IO (PpI3UUHO, TOSCHIOETHCS B3AEMOIi-
€10 €JIEKTPOMATHITHHX IOJIB 30y/DKYIOUHX 1 IHIYKOBaHUX
CTpYMIB.

OTtpumMaHo, 1m0 A 30epe’KeHHs] HE3MIHHUMHU CHIIO-
BHX TIOKAa3HHKIB 3allPOTIOHOBAHOTO IHCTPYMEHTY MarHiT-
HO-IMIYJIBCHOTO INTaMITyBaHHS HEOOXiTHAa BIIMOBiAHA i
000B’SI3K0Ba KOPEKIIis aMILTITy i 30yHKYIOUOr0 CTPyMy
B OOMOTIII COJICHOINA — JpKepelia AIF0YMX eIeKTPOMAarHiT-
HUX TOJIB.

Ha 3akiHueHHs1 XOTl10Cs O BiJ3HAYUTH MipKyBaHHS,
IO PO3LIMPIOE 00JaCTh MPAaKTHYHOTO 3aCTOCYBaHHS pe-
3yJNbTaTiB BUKOHAHOI poboru. Sk BHIaeThcs ampiopi,
noii0He KOHCTPYKTHBHE BHKOHAHHS IIOCKOTO ITOBITpSI-
HOTO TpaHchopmaropa cTpyMy (Y3romKyBaIBHOTO IpH-
ctpoto B MIOM), ne 6araToBUTKOBHI KPYTOBHH COJIEHO-
im, MAKITIOYEHNH A0 pKepesa MOTYKHOCTI, CIiJl po3Mic-
TUTH MK OJHOBHTKOBHMH COJICHOITAMH 3 EJIEKTPUYHO
napajenbHIM BUXOJOM Ha HaBaHTAXXCHHS, YAM MOXKIUBO
ICTOTHO 3HU3UTH PO3CIIOBaHHS €HEprii B HaBKOJUIIHIN
npocrtip. Takuil mpucTpiii MoXke CTaTH eJIEeMEHTOM eHep-
ro30epirarouux TEXHOJIOTIH y CydacHiil IepeTBOpIOBalIb-
Hill TeXHiL.

Konduikr inTepeciB. ABTOpM cTarTi 3asBISAIOTH
PO BIZICYTHICTb KOH(IIIKTY iHTEpECiB.
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Mutual influence of currents in plane inductor system

with solenoid between two massive conductors.

Introduction. Inductor systems, as tools for metal processing,
widely used in industrial technologies using the energy of
powerful pulsed electromagnetic fields. Problem. A common
disadvantage of the known works on the creation of tools for
magnetic-pulse impact on conductive objects has the use of
physical and mathematical models, in which the exciting cur-
rents do not depend on the ongoing electromagnetic processes.
Such the assumption, have distorts the picture of the real energy
in the working area of the inductor system. Goal. To obtain
design ratios and numerical estimates of the mutual influence of
exciting and induced currents of a flat inductor system with a
circular solenoid located between massive well-conducting
objects, moreover to carry out a theoretical analysis of electro-
magnetic processes in this system. Methodology. Have applied
integrating Maxwell’s equations using the Laplace and Fourier-
Bessel integral transformations in the approximation of the
ideal conductivity of the metal objects to be processed. Results.
The calculated relations for the theoretical analysis of electro-
magnetic processes have obtained in the high-frequency ap-
proximation. It shown that the inductance of the studied system
decreases as the objects being processed approach the solenoid
and increases as they move away from it. It found that for the
invariability of the power indicators, of the proposed tool, a
corresponding correction of the amplitude (on average up to 20
times) of the exciting current has necessary in the solenoid
winding. Originality. For the first time, the tool design with a
circular solenoid located between the massive metal objects has
proposed for flat magnetic-pulse stamping. As a result of the
theoretical analysis, the influence of electromagnetic processes
on the currents flowing in the system has confirmed. Practical
significance. The use of the results obtained will allow to in-
crease the efficiency of the tool of magnetic-pulse technologies,
and to reduce the energy costs for performing the specified
production operations. References 19, figures 2.

Key words: magnetic-pulse stamping, sheet metals, electro-
magnetic fields, inductor systems, circular solenoid, massive
conductor.

30

Enexmpomexnixa i Enexmpomexanixa, 2021, Ne 6



EnekmpoizonsayiiiHa ma kabenbHa mexHika
YK 621.3.022: 621.315.2(3)

https://doi.org/10.20998/2074-272X.2021.6.05

M.U. bapanos, C.I'. Bypsikosckuii, B.B. Kus3es

JecTpyKuusi NOJMMEPHOH M30/MHU U MOPOroBble AMILUINTY/AbI HMILYJILCOB TOKA PA3JIMYHOM
BpeMeHHOM (opMBbI 1JIs1 3JIeKTPHYECKUX NPOBOI0OB M KaleJiel B ¢J1a00— M CHJIbHOTOYHBIX
HenfAX yCTPOiicTB MMITYJILCHOM IHEPreTHKHU, JJIeKTPOTEXHUKH U JJTeKTPOHUKHU

3anpononosana indicenepna mMemoouKa 3a pO3PAXyHKOGUM GUSHAYEHHAM NOPO206UX amniimyo I imnyavbcie cmpymy iy(t) pisnoi
4acogoi hopmu 0151 eNeKMPUUHUX NPOB00I6 1 Kaberig 3 NOAIeMULeH080K, NOMIGIHIIXIOPUOHOIO | 2YMOBOI0 I30AYIEI0, UWUPOKO BIICU-
BAHUX 8 2a1Y31 IMNYIbCHOI eHepeemuKU, UCOKOBOILIMHOI CUNLHOCMPYMOGOL MEXHIKU, GUMIPIOBANbHOI MEXHIKU | eeKMPOHIKU, a ma-
KOJIC 8 CUCEMAX IMIYIbCHO2O eNeKMPOACUBTIEHHS, KOHMPOIO, YAPAGLIHHA pobOmoIo i 0iazHOCMUKU CIAHy QYHKYIOHY8AHHA eNeKn-
POMEXHIYHUX NPUCIPOI8 PI3HO20 3A2AbHOZPOMAOAHCLKO20 I GilICbKOBO2O NpusHaueHHs. B sxocmi euxionozo kpumepianbnozo no-
70Jicenns npu 6uHOPi Nopo2osux amnainyo I, iMnynvcie cmpymy i,(t) 006inbHUX aMNAINYOHO-4ACOBUX NAPAMEMPIE 0N 6KAZAHUX
npoeodis i kabenie 6yia subpana mepmivHa cmilKicmy ix nosAcHol i301ayii, KA 8I0N0BIOAE SPAHUYHO OONYCIMUMUM KOPOMKOUACHUM
memnepamypam Haepiey MIOHUX (QIOMIHIEGUX) 1 30AYIIHUX YacmuH 00CHiONCY8aHux Kabenié (npoeodie) i wo He OONYCKAE Ha-
CMaHHA A6Uwa decmpykyii 8 i3013Yii danoi KabenbHO-NPosiOHUK060T npodykyii. [Ipueedeni npuKIaOU NPAKMUYHO20 SUKOPUCTIAHHS
3anponoHo6aHoi MemoOuKU 3a PO3PAXYHKOGUM BUSHAYEHHAM NOPO206UX AMATINYO L, cmanoapmuux anepiooudnux imnyrvcie
cmpymy iy(t) wacoeoi popmu 5 nc/200 uc, 10 mxc/350 mxc i 7 mc/160 mc ons padiouacnomnozo Koaxkcianrbho2o cepednbozabapum-
nozo xabento mapxu PK 50-4-11 3i cyyinoroio noniemunenogoio izonayieio. biomn. 20, Tabm. 2.

Knrouoei cnosa: ejekTpuuHi nposogu i kaleldi 3 mojiMepHOI0 [30/1f1i€10, eeKTpPOTepMiuHAa CTiliKicTh KalelbHO-
NPOBIAHUKOBOI NPOAYKIIi, JecTpyKLis i30J1sLii, TOPOroBi aMIIiTY U iMIIy/IbCIB CTPYMY 1151 IPOBOAIB i KadeJIiB.

IIpeonooicena umdiceHepHas MemoOuKa no pacuenHoMy onpeoeieHuio NOpo206blxX amMniumyo L, umnyibcos moka i,(t) paznuunoi
B8peMEeHHOT YopMblL OJisl DIEKMPULECKUX NPOBOO08 U Kabelell ¢ NOIUIMULCHOBOU, NOJUSUHUIXIOPUOHOT U PE3UHOBOU U30IAYUel,
WUPOKO NPUMEHSIeMBIX 8 00ACTIU UMNYIbCHOU DHEP2EeMUKU, 8bICOKOBOILIMHOU CUIbHONMOYHOU MEXHUKU, USMEPUMEeNbHOl MeXHU-
KU U 97eKMPOHUKYU, A MAKICEe 8 CUCMEMAX UMRYIbCHO20 JIeKMPONUMAanus, KOHMpOs, YnpasieHus pabomou u OuacHOCmuKu
COCMOAHUS (PYHKYUOHUPOBAHUSL INEKMPOMEXHUYECKUX YCMPOUCE PA3IUYHO20 00WecpanicOaHCKo20 U 60eHHO20 Ha3HayeHus. B
Kauecmee UcXo0H020 KpUmepuaibHo20 NOA0JNCeHUs NP 6b100pe ROPO206blX aAMIAUMYO I, uMny16co6 moka i,(t) npouseonbHbIX
amMnaumyOHO-8PEeMEHHbIX NAPAMempo8 OJisl YKA3AHHLIX NPOB0008 U Kabeneli Oblaa blOpana mepmMuiecKkas CmouKoCms Ux NOSICHOU
U30AAYUU, COOMEEMCMBYIOWAs NPEOETbHO OONYCIMUMbBIM KPAMKOBPEMEHHbIM MeMNepamypam Hazpeéa MeoHbIX (anoMUHUEBbIX) U
UBOIAYUOHHBIX yacmeli ucciedyemvix Kabeneii (npogooos) u He 0ONYCKAlOWas HACMYNIEHUs A61eHUs 0eCMPYKYuu 8 u30nayuu
paccmampusaemoll KabeabHo-npogoOHUKo8ol npodykyuu. IIpugedensl npumepsl NPAKMUYECKo20 UCNOIb306AHUSL NPeONa2aeMol
MemoouKy no pacuemnomy onpeoeneHuio nopo2oeblx amnaunyo I, CmaHoapmublx anepuoouyeckux uMnyabcos moxa iy(t) epe-
mennot popmut 5 1e/200 ue, 10 mre/350 mxc u 7 mc/160 mc 01 paououacmomno2o Koakcuaibho2o cpeone2abapummnozo Kabes
mapku PK 50-4-11 co cnnownoil nonusmunenogou uzonayuet. bubn. 20, Tadn. 2.

Knuoueewie cnosa: 3jekTpudecKne NpoBoAa M Kadeau ¢ NoJMMepHOil M30JIsiueii, 3JIeKTPOTepMHUYEeCcKasi CTOHKOCTH KafelbHO-
MPOBOIHUKOBOI MPOAYKIHH, IeCTPYKIUST H30ISIHE, IOPOroBbIe AMILTHTY/bI HMIYJbCOB TOKA /ISl IPOBOI0B U KafeJeii.

CocTosiHMe H aKTyaJbHOCTH 3aJa4d. B obnactu
TPaAUIIOHHOW 3JIEKTPOIHEPIeTUKN H3BECTEH 3JIEKTPO-
TEXHUYECKHUH IMOAXOJ] 10 WH)XEHEPHOMY BBIOOpY TMoOIIe-
PEeYHBIX ceueHHH S¢ AMEKTPUIECKUX IPOBOJIOB U Kabenei
C TOJIUMEPHON M30JIALUEH, NCIONb3YEMbIX KaK Ul JJIH-
TENIBHBIX, TAaK U KPATKOBPEMEHHBIX PEKHMOB MX pabOTHI
[1]. JaxubIit mogxon O6a3upyeTcs Ha TEPMUIECKOHN CTOM-
KOCTH TOZO0OHOH KaOenbHO-TIPOBOJHUKOBOM NPOXYKIMN
(KIIIT) B ycioBHSIX HPSMOTO BO3ICHCTBUS Ha HEE TOKa
kopoTkoro 3ambikanus (K3) ¢ 3amaHHBIME aMIUTUTYIHO-
BpeMeHHbIMU napamerpamu (ABIT). B atom ciyudae tep-
MHYECKass CTOWKOCTh JJIEKTPHUYECKHX Kabeneil (mpoBo-
JI0B) Jr000H KOHCTPYKUMH JIMMHUTHUPYETCS MpPEAEIbHO
JIOITYCTHMOH KpaTKOBPEMEHHOH Temnepartypoi §;s Harpe-
Ba UX METANIMYECKUX W M3O0JSIIMOHHBIX YacTed MpH pe-
KUME OIHO-, MBYX U TpexdazHoro K3 B anexTpuueckoit
cetH [1]. CormacHO 3JEKTPOTEXHUIECKUM JaHHBIM U3 [1]
yKa3aHHas Temreparypa O He IOJDKHA HPEBBIIIATh JUIs
HCIIOJIB3YEMbIX B CHJIOBBIX J3JICKTPOOHEPIrE€TUUCCKUX 1€~
nmax ¢ MCPEMCHHBIM TOKOM HpOMbIIJ.UIeHHOﬁ YaCTOTHI
50 I'i Hem30IMPOBaHHBIX (OTOJICHHBIX) MEAHBIX W aJio-
MHUHHEBBIX HIMH (1IpoB0JIOB) B pexxume K3 Hambombmero
yposas B 250 °C u 200 °C, a msa xabeneit (n3011upoBaH-
HBIX TPOBOJIOB) C MEIHBIMH (UIIOMHHUEBBIMH) KHUIAMH,

nosmBuHUIXIopuaHOK (IIBX), pesuHoBoit (P) u momnm-
striieHoBo (I19T) m3omsammeis — COOTBETCTBEHHO YPOBHSA
temnepatypsl B 150 °C u 120 °C. Kpome Toro, n3BeCTHO
U TO, YTO B 00JIACTH NMPOMBIIUIEHHOH 3JIEKTPOIHEPTeTHKU
JUTMTEJIHO JIOMyCTAMAsl TeMIieparypa 6 HarpeBa TOKO-
MPOBOJAIMINX (M30JSILMOHHBIX) YacTel pa3lUYHbIX 3JIeK-
TPUYECKUX TPOBOJOB M KaOeneill JIMMUTHPYETCS YCio-
BUSIMU HAQJICKHON PaOOTHI 3JICKTPUYCCKUX KOHTAKTOB H
KOHTAKTHBIX COCIMHCHHUU MX IICTICH, a TAKKEe YCIOBUSIMHU
pabotsl ux u3onsanu [1]. Ilpu 3TOM MakcuMaibHas UTH-
TENBHO JAOMYyCTUMas TeMIlepaTypa 8, HarpeBa I OCHOB-
HBIX BHJIOB OTOJICHHBIX MPOBOJOB (IIMH) U Kabenei (mpo-
BozoB) ¢ IIBX, P u I19T wuzomnsmueit, HaXOAAIMXCS O]
TOKOBOIl Harpy3koi B INPOMBIIUIEHHBIX 3JEKTPOIHEpre-
TUYECKHX IIETISAX, HE JOJDKHA YHCIIEHHO MPEBHIATh COOT-
BercTBeHHO YpoBHSA B 70 °C u 65 °C [1]. C yuetom u3ino-
KCHHBIX BBIIIE SJIEKTPOTEXHUYECKNX TAHHBIX M BBIMOJ-
HEHHS TE€X MCXOJHBIX yCJIOBHH, 4TO Kabenb (IpOBOMI) 10
JIEHCTBUS HA HErO IepeMeHHOro Toka K3 ObUT MOJHOCTHIO
AJIEKTPUUYCCKHU 3arPYKEH U UMEIl TeMIeparypy 0y, a mpu
HacTyruieHnH pexkuma K3 oH Harpelncs 10 Temreparypsl
65, B [1] 1t BEIOOpAa MHHUMAITEHO JOIYCTUMOT'O CEUCHUS
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Simin YMEKTPHYECKOTO MpoBoAa (Kabensi) peKOMEHIyeTCs
CIIEyIOIIee PACYeTHOE aHATTMTUIECKOE COOTHOIICHHUE:
Simin = Bt %/ C., (1)

I

rae B, = I i? (t)dr — mHTerpan Jukoys (metictBus) Toka K3
0

i(f) ¢ ero mmrenvsHOCTBIO #; mpoTtekanws B KIIII, Az-c;

C; — nocrostHubI Kod(dumment, A-c'?/m’.

VYkaxkeMm, 4TO WH)KEHEpHas MeToauka pacuera B (1)
unrerpaia /xoyns By, ¥ yucIeHHblE 3HAYCHUS KOIDHU-
mueHta Cj, COOTBETCTBYIOIIME YKa3aHHBIM YCIOBHSAM
paboThI MPOBOJIOB M Kabelnel B CHIIOBBIX JIEKTPOIHEPTe-
THYeckux 1ensx, st ocHoBHou KIIIT mpuBenens! B [1].
Haiinennsre mo (1) 3HaueHus ceweHuit S,;, KIII oyxyT
COOTBETCTBOBATH TOMY PEXHUMY pabOTHI B IIIEKTPOIHEP-
TeTHYECKHUX LEMNIX MPOBOAOB M KabeJe, Korua TeMiepa-
Typa HarpeBa WX TOKOBEIYIIMX W M3OJSAIHOHHBIX YacTeil
He OyIeT MpeBBIATh MPENEeBHO MOIYCTHMOHM KpaTKo-
BPEMEHHOU TeMIeparypsl 65 U Korma Oyaer obecreyu-
BaThCs TepMUUecKas cToiikocTs ykazanHou KIIIT.

ABII uMny6COB TOKA #,(f) HAHO-, MUKPO- ¥ MMJIJIH-
CEKYH/IHOTO BPEMEHHBIX JMAIla30HOB, T€HEPHPYEMBIX U
HCIIOJIb3yEMBIX B 00JIACTH BBICOKOBOJBTHON MMITYJIbCHON
texauku (BUT) [2] u B apyrux oOmacTsax coBpeMEHHOM
AMIYJIBCHOM c1a00- M CHIBHOTOYHOMN SHEPreTHUKH, DIICK-
TPOTEXHUKH U NEKTPOHUKH (HAIIpUMep, B 000pYIOBaHUHI
HMMIYJIBCHBIX 3JEKTPOTEXHOJIOTHI U YCKOPUTEIBHOHN TeX-
HUKHU [3]) A7 ZOCTWKEHHS Pa3IMYHBIX HAYYHBIX U TeX-
HOJIOTHYECKUX IeNed, 00bI9HO He cooTBETCTBYIOT ABII
nepeMeHHOro Toka K3 B MPOMBINUIEHHBIX 3JIEKTPO3HEP-
reTUYECKUX Lensx. B 3Toil cBA3M mpakTU4yeckoe Mnpume-
HEHHEe cooTHoueHus (1) I pacyeTHOro OmpeneieHUs
cedeHmit S¢ MpoBoIOB (kaberneil) B ¢nabo- U CHIBHOTOY-
HBIX DJISKTPHUUYECKHX LEISIX yKa3aHHOH MMITYyJIbCHOW TeX-
HUKH SIBJISE€TCS NPUHLIUIHAIGHO HEBO3MOXKHBIM ITyTEM.
Kpome Toro, ykasaHHBI 3JEKTPOTEXHHUYECKUN MOAXON
0 BBIOOPY B NPOMBINUICHHON AIEKTPOIHEPTETHKE ceue-
HUH S¢ NMEKTPUIECKUX MPOBOJOB (Kabeieil) He Mo3BOIs-
€T ONPEJEIUTH HOPOrOBBIE AMIIUTYIBI /,pr HMITYJILCHBIX
TOKOB i,(¢) ¢ pasnmuuHeiMH ABII, npu npeBeleHn KOTO-
peix B paccmaTtpuBaemoit KIIIT 6yaer HaunHaThCA MPOSB-
JIEHUE JIECTPYKTHBHBIX IPOLECCOB B €€ MOJIMMEPHOH H30-
nsiumu. Kak W3BecTHO, sIBJIEHHE NECTPYKIHMU TaKOW H30-
JSIAM, COTIPOBOXJAtoIieecs: HeoOpaTUMBIMH Hapylle-
HUSIMH €€ 3JIEKTPOM3O0JIALUOHHBIX CBOMCTB, MOXKET OBITh
BBI3BAHO BHEUIHUM (BHYTPEHHHMM) MOPAXAIONIUM HWIN
JeCTaOMITN3UPYIOMAM BO3ACHCTBIEM Ha MPOBOJA M Ka-
Oemn pa3nmuuHBIX (usmyeckux (akTopoB (HaIpUMeEp,
MIPOTEKAIOIIETO 0 MX TOKOBEAYIINM YacTsM MepeMeHHO-
ro (MMIyJIBCHOTO) TOKA, HOHU3UPYIOIIETO U 3JIEKTpoMar-
HUTHOTO m3nydeHnit) [1, 4, 5]. B pamkax pemraemoit Hamu
MIPHUKJIQAHOM 3a/1a4¥ pacCMaTPUBAETCS JINIIb OAWH JecTa-
OMTU3UPYIOIUi (hakTop, 00YCIOBICHHBIH MPOTEKAIOIIMM
N0 DJIEKTPUYECKHM MPOBOAAM M KaOelsiM UMITYJIbCHBIM
TOKOM I,(#) ¢ pasnuunbivu ABIIL. Ilpu ompeneneHHbIX
(TIOpOTOBBIX) 3HAYEHMSAX I, AMIUTUTYIBI 1,,, UIMITyJIHCOB
TOKa i,(f) TON MM MHON BpeMeHHOH (OpMBI, NpoTeKaro-
IIMX 110 TOKOBEIYIIMM 4YacTsM (BHYTPEHHEH >KWiie W Ha-
pyxHoit obomouke) KIII1, u3-3a HHTEHCHBHOTO KOYJIEBa
HarpeBa ATHX METAJUIMYECKUX dYacTeil mpoBomoB (kabe-
JIeif) MOTYT HACTyIaTh MPOIECChl TEPMUIECKOH IeCTpyK-

UM B WX MOSICHOM m3omsanui [1, 6, 7]. CnenyeT 3aMeTUTb,
4TO NPH 3HAYEHMAX AMIUIMTYH 1, MMIIyJbCHBIX TOKOB
i,(f) B COTHM KWJIOAMIIED JECTPYKTHBHBIE NPOLECCHI B
nosimMepHor m3odsiuu uccnenyemorr KIIIT moryt BO3-
HUKaTh TaKKe W OT JCHCTBUS Ha Kabenu (mpoBoja)
OonpmMX 3yeKTpoauHAMHUYecKuX ycwimi [2]. Ha mpak-
THKE BaXHO 3HATh TAaKUE MOPOTOBbIE 3HAYEHUS I, aM-
TIMTY X 1,,, UIMITyJIbCOB TOKA i,(f) pa3sIM4HON BpeMEHHOM
(hopMBI, IPUBOAAIINE K HAPYIICHHIO SJIEKTPOU3OIISIIHOH-
HBIX CBOWCTB IPOBOJOB (Kabeieil), MpUMEHIEMBIX B 00-
nactu BUT, uaMepuTenbHOM TEXHHUKH, JJIEKTPOHHUKH, B
CHUCTEMaX JJIEKTPONHUTAHUS, KOHTPOJS, YIpaBICHUS pa-
00TOIl M JMarHOCTHKH COCTOSIHUSI (DYHKUIMOHHPOBAHMS
AIIEKTPOTEXHUYECKUX YCTPOWCTB, U CHIDKEHHUIO MX CPOKa
CITYKOBL.

B Hacrosiniee Bpems npu pa3paboTke ¥ CO3JaHUH B
MHpPE HOBBIX MOJMMEPHBIX H30JSIMOHHBIX MAaTEPHAIIOB C
Pa3sHOOOpa3HbIM HAaHO- M MHUKPOCTPYKTYPHBIM IIOCTpOE-
HUEM 3JIEKTPOTEXHHYECKOTO X MHOTO (B TOM YHCIIE U Me-
JIMKO-OMOJIOTMYECKOr0) Ha3HAUCHHsI BOIPOCAM IIOBeJie-
HUS TOJMMEPHOH M30JIIMH B YCIOBUSAX JCHCTBUS Ha Hee
JiecTaOMIIM3UPYIOMKX (TIOpaKaroMMX) (PU3HIECKuX (ak-
TOPOB yAEJSIeTCS MOBBIIICHHOe BHUMaHue [8-11].

Leanio cTaThu SBISETCS pa3paboTKa MH)XEHEPHOM
METOJHMKH II0 PACYETY NOPOTOBBIX AMIUIMTYI I OIH-
HOYHBIX MMITYJIbCOB TOKa i,(f) Pa3lIMYHON BpEMEHHOM
(hOpMBI TS DJIEKTPUIECKUX MPOBOJIOB U Kabenel ¢ [10T,
[IBX u P nosicHo#l u3onsiiyen, UCIOIb3yeMbIX B COBpE-
MEHHOM WMILYJIbCHOH 3HEPreTHKE, JJIEKTPOTEXHUKE U
QJICKTPOHUKE B UX ¢l1a00- U CHJIbHOTOYHBIX nenax.

IMocranoBka 3agaun. PaccmoTpuM ucnonb3yemble
B AnekTprdeckux nemsx BUT u apyroii cmabo- u critbHO-
TOYHOU IEKTPOTEXHUKH (IJICKTPOHUKH) U30JIMPOBAHHBIE
MpoBoJia U Kabenn ¢ MeIHBIMU (TFOMUHUECBBIMH) BHYT-
peHErMHU OkmwiamMu (i=1) W HapyXHbBIMH 000JI0YKaMHU
(i=2), nmeromme II9T, IIBX u P mosicHyio wu30msmIMIO
[1, 12]. IlpuarMaeM, 9TO MO KPYIJIBIM CIUIOLIHBIM WU
paclieruieHHBIM MEIHBIM (aJJFOMUHHEBBIM) JKHJIaM M 000-
JIOYKaM YKa3aHHBIX MPOBOJIOB M KaOeJel 3JIeKTPUYECKUX
Lerneil UMIyJIbCHOM 3JIEKTPOTEXHUKH (JIEKTPOHUKH) B X
NIPOJIOJIBHOM HAINpaBJICHUH NPOTEKAIOT OJAWHOYHBIC WM-
MyJbChl TOKA i,(f), ABII KOTOPBIX MOTYT COOTBETCTBOBATh
HAHO-, MUKPO- ¥ MIJUTUCEKYHIHOMY BPEMEHHBIM JHama-
30HaM C aMIUIMTYAaMH I,,, U3MEHSAIOIMMCSA B IIMPOKOM
nmuamazose oT 1 A mo 1000 kA [2, 3]. ITomaraem, 9To mpo-
BO/Ia M KaOemu KOHEYHOW JJIMHOH /y pa3MenieHsl B OKpY-
JKaoUIeN UX BO3AYLIHOW Cpelle C TeMIIepaTypol, paBHOU
6y = 20 °C [13]. Bocmonms3yemMcst ycinoBueM ammadaTude-
CKOTO XapakTepa MPOTEKAIOIIUX IIPH BpeMeHaX JeHCTBHA
UMITyJIbCHOTO aKCHAaIIbHOTO TOKa i,(f) He Gonee 1000 mc B
MaTepuanax ki (obomouex) ucciexyemoit KIIIT amex-
TPOTCPMHUYCCKUX TIPOLCCCOB, MPHU KOTOPOM BJIIUAHUECM
TEIUIOOTAAYH C MOBEPXHOCTEH MX TOKOBEIYLIMX 4YacTeH,
HUMEIOLINX TEKYLIyIo Temiieparypy Oc¢=>6, u Temionpo-
BOJIHOCTH HMX DJICKTPOIIPOBOASALINX MaTEepUasIOB M HU30JIsI-
UM Ha JDKOYIIEB HATPEB METAJUIMYECKUX YacTeH KU
(obomouex) mpoBogoB (kabeneir) mpeHeOperaem. Cumra-
€M, YTO TepMHYecKas CTOHKOCTh IIPOBOAOB (KaOereit)
neneit BUT u npyroil yka3aHHO BbIIIE 3JIEKTPOTEXHUKU
(3MEKTPOHMUKH) TIPHU BO3ACHCTBUM HA HHUX HMITYJIBCHOTO
TOKa 1,(f) JUMUTUPYETCA WX IPENE]bHO JOIyCTHMOM
KpaTKOBPEMEHHOI Temmneparypoi HarpeBa 6cis, 3aBUCS-
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IEH OT CTENEHM CHUKEHUS MEXaHWYECKOW INPOYHOCTH
MaTepuana Xuibl (000JI0YKH) U TEIJIOBBIX YCIOBHU pa-
6otel m3ossauu KIIIT B pexxnme ee KpaTKOBPEMEHHOIO
HarpeBa UMITyJIbCaMH TOKa HaHO-, MUKPO- WJIN MUJUTHCE-
KyHIHOW JUINTENIBHOCTH, MPOTEKAIOIIUMHU MO UX TOKOBE-
nymuM yactsaM. Kak u B [14] npuHuMaeM, 4To 3Ha4€HUE
TEeMITEpaTyphl fc;s COOTBETCTBYET M3BeCcTHOM m3 [1] mpe-
JIETIbHO JIOIyCTUMOM KpaTKOBPEMEHHOH Temueparype Os
HarpeBa MpoBOJOB H KaOeneil Tokamum K3 mpomebrmuieH-
HOH 9acToThl. Toraa B COOTBETCTBHH C JaHHBIMH U3 [1] B
ANEKTPHUECKUX CITab0- M CHIIBHOTOYHBIX ILETSIX paccMar-
PHBAEMOIl MEKTPOTEXHHUKH JJISI UX U30JUPOBAHHBIX IIPO-
BOJIOB (KaOenel) ¢ METHBIMU M aJTIOMAHUEBBIMH KUJITAMU
(o6omoukamn) u I1BX (P) nzonsuumeit BennunHa Oc;s Oy-
JET YUCICHHO COCTABIATH MPUMEPHO Oc;s~150 °C, a mist
ux KIIII ¢ ykazanubiMu sxunamu (oOosoukamu) u [19T
nzossinmeit — Oc;s =~ 120 °C. TpeOyercst pacHeTHbIM MyTeM
B MPHUOJIMIKEHHOM BHJIE OINPEJCIHUTh IMOPOTOBbIE aMILIH-
TYZBI 1,,x ONUHOYHBIX UMITYJIbCOB TOKA i,(f) Pa3IHUHBIX
ABII u3 HaHO-, MUKPO- U MUJJIUCEKYHIHOTO BPEMEHHBIX
JMana3oHoB, MPOTEKAIOUIUX [0 3JIEKTPUYECKUM IIPOBO-
JaM W Ka0ellsiM C METHBIMH (QTFOMHHUCBBIMH) JKUIIAMHU
(o6omoukamu) u [19T, TIBX u P mosicHOH M30ISIIAEH.
DJIeKTPOTeXHUYEeCKHii MOAX0J K BBIOOpPY mpe-
JIeJbHO JAOMYCTHMBIX MHHHMAJbHBIX cedyeHHil Scy
NPOBO/AOB M Kalesell ¢ UMIYJIbCHBIM TOKOM Pa3JiH4-
HbIX ABII. /{15 npenenbHO AOMYCTUMBIX MMUHMMAJIbHBIX
ceueHU S¢; TOKOBEXyNINX XM (000JI0YeK) mcciemye-
MBIX 3JIEKTPUYECKHUX MPOBOIOB (Kabesei) ¢ MMITyIbCHBIM
TOKOM i,(#) npou3BonbHbIX ABII u3 ypaBHEHuUs UX TeIIO-
Boro OanaHca B aguabaruueckoM pexxume padotsl KIIIT B
c1ab0- ¥ CWIBHOTOYHBIX IIETMSX MOKHO MOJYYUTH Cie-
Jyrollee MPpUOIMKEHHOE pacueTHOE CooTHOMeHHE [ 14]:

Sea =Wa)'? ¢y, )

Iy

rae Jciy :J-i,z, (¢)dt —wHTeTpanm neHCTBUS OIMHOYHOTO

0

UMITyJIbCa TOKA i,(f) C JUIMTENBHOCTBIO f, €r0 NPOTEKAHHs
u 3amagaeivua ABII, A2~c; Cr=as — JC,,)” 2 — nocrosiH-
HBII K03 (OUIHEHT, A-cY 2/M2; Jeis, Joy — MHTETpalel TOKa
JUT TOKOBEAYIIHX XKW (000JI0YEK) IEKTPHUECKUX IIPO-
BOIOB (KaOemneil) clmabOTOYHBIX W CIJIOBBIX IIeTel pas-
JIUYHBIX JJIEKTPOTEXHHUYECKUX YCTPOWCTB, NPEACITHHO
JOITyCcTAMAsi KPaTKOBPEMEHHAS U JUTUTENIFHO OITyCTUMAs
Temnepatypsl HarpeBa Mmarepuaia KIIII xoTopsix coort-
BETCTBYIOT MPHUHATBIM BBINIC BelUYUHAM O = Ocis U
011, AZ'C/M4.

JI1st HaxOXKACHHUS YMCIIEHHBIX 3HAYEHUH BXOSIINX
B (2) uHTErpayioB ToKa Jeys ¥ Joi MOTYT OBITH MCIIOJIB30-
BaHBbI CIIEYIOIIME aHAIMTUYECKHE BbIpaskeHus [ 14]:

Jeis = 70iBoi nlcoi Boi (G5 —0) +1]; 3)

Jen = voioi Inleoi Boi By — ) +1], (4)
TI€ Yois Coi» Poi — COOTBETCTBEHHO yJeJbHAs dIEKTPOINpPO-
BOJHOCTb, YJEIbHAsi 00BEMHAasl TEIUNIOEMKOCTh U TEIUIO-
BOW KOX((UIMEHT yAeiIbHOW AJIEKTPOIPOBOAHOCTH Ma-
Tepuana )Xuibl (000JI0YKH) MPoBoa (Kabess) IJIeKTprye-
CKOM 1enu 10 Bo3aeHCTBHs Ha paccmarpuBaemyto KIIIT
UMITyJIbCHOTO TOKA i,(f) ¢ mpou3BoabHbIMU ABII.

B Tabn. 1 mpuBeneHbl YWCICHHBIE 3HAYCHHS DJICK-
TPOOHU3UIECKUX MApaMeTPoB Yy, Co; U fo, BXOAAMMX B
pacueTHble cooTHomeHUs (3) u (4), Ipu KOMHATHON TeM-
neparype OKpYIKaloIIEero paccMaTpUBAaeMBble DJIEKTpHYE-
CKHe NPOoBO/Ia U Kabenu Bo3ayxa, paBHoii 6y = 20 °C [13].

Tabmmma 1
OCHOBHBIE AIIEKTPOPHU3NIECKUE TapaMeTPhl MaTepraia
TOKOBEIYIIHX XKWI (000109eK) H30JIHMPOBAHHBIX IIPOBOIOB
n xabeel B c11abo- ¥ CHIIBHOTOYHBIX IIEIISIX COBPEMEHHOM
EKTPOTEXHUKH (NIeKTPOHUKH) 1ipH Gy = 20 °C [13]

Marepuain UucneHHoe 3HaueHHUe napamerpa

KUl (000-
JIOUKH) TIPOBO- ; Yoi> . . Coi> 3o 79,301'3,

12 (kaens) 10"-(Om-m) 10% x/(m™+°C) | 107 -m”/ Ik
Menp 5,81 3,92 1,31
AOMUHUI 3,61 2,70 2,14

B tabn. 2 mpuBeaensl paccuntanubie mo (2) — (4) ¢
y4eTOM KOJHMYECTBEHHBIX IAHHBIX Tabn. 1 ducieHHBIE
3HaueHus kodpduuuenta C; 11 N30JIUPOBAHHBIX IPOBO-
JIOB U Kabesnel ¢ MeIHbIMH (JTIOMMHUEBBIMHU) JKUJIAMU
(o6onoukamu) ¢ I[IBX, P u 19T wusonsauueit mist AByX
BO3MOXXHBIX B PpEaJbHOM IpaKTUKE WX OKCILTyaTaluu
Clly4yaeB: ciIydasl UX NpeABapuUTeIbHON TOKOBOW 3arpy3Ku
(Jcu # 0) 1 cirydas ux noHOro odecrounBanus (Joy = 0).

Tabnuna 2
Yuciennsie 3HaueHus kodduunenta C; Ui H30IMPOBAHHBIX
MIPOBOJIOB U Kabesel ¢ MeAHBIMH (IFOMHUHUEBBIMH) )KUIaMHU
(obomoukammu) B ¢1a00- U CHIIBHOTOYHBIX IETISIX COBPEMEHHOM
AIIEKTPOTEXHUKH (DIEKTPOHUKH) C HAHO-, MUKPO- M MIJLIHCE-
KYHIHBIMU HMITyJIbCAMH TOKA i,(f) pasnuunbix ABIT

Bun n3onsanuu B nposoge Marepuan YucnexnHoe
(xabene) cnabo- 1 cHIbHO- | KWIIBI (000- 3Hauenue Cj,
TOUHOI e HMeKTpoTeX- | nouku) mposo- | 10° Ac’ /v’
HHUKH H 3JIEKTPOHUKH na (xabens) | Jo=0 | Jo#0
Mens 1,506 | 1,160
TBX, P Amomunuit | 0,972 | 0,745
Menp 1,355 | 0,957
T ANIOMHHHUI 0,877 | 0,616

Urto KacaeTcs pacdeTHOTO ompeaeicHus B (2) UHTe-
rpana aeicTeusa Jey OJMHOYHOIO MMITyJIbCa TOKA i,(f) ¢
Temu Wi uHBIME ABII, TOo BHayane paccMOTpUM cirydait
M3MEHEHHS 3TOTO THIIA MIEKTPUIECKOTO TOKA BO BpEMEHH
{ IO alIepUOAMYECKOMY 3aKOHY cleytomiero Buaa [2,15]:

ip (1) = kpiLyplexp-ar) —exp(-azn)].  (5)
rae o = 0,76/7,, o, = 2,37/t — xoadburmentsr Gopmb
anepUOIUIECKOT0 UMITYJIbca TOKa ¢ 3amaHHbIMH ABII,
MPOTEKAIIIEro B c1abo- ¥ CHIBHOTOUHBIX Iensx BUT,
UMOYJIBCHOW  JJIGKTPOTEXHUKH M DJICKTPOHHKH;
kp = [(on/on)" — (o/an)"]" — HopMupyIowHit KO3bbUIH-
eHT; m = o/(0r—a); 1 = 0/ (0—0); T T, — COOTBETCTBEH-
HO JUIHTENBHOCTH (pponTa Ha yposre (0,1-0,9)/,, n amm-
TEJIBHOCTh MMIIyJbCa TOKa Ha yposHe 0,57, I,, — am-
IUTATY 1A IPOTEKAIOMIETO O MPOBOY (Kabelto) HMITyIbca
TOKa I,(%).

B nanHOM 3J€KTpOU3MYECKOM Cllydae BBIPAKCHUE
JUIsL MHTeTpajia AelcTBUs Jiy MPOTEKAoIEero B ciabo- u
CWIIBHOTOYHBIX MEMNSIX pPACCMATPHBAEMOW TEXHHUKH HM-
MyJbca TOKA I,(f) MPUHUMAET NpH £,=37, coriacHo (2) u
(5) cnemyromuii IPUOIMKCHHBIN aHATUTHYSCKUIA BHT;

i = ki1, 10,6587, —0,6337 /1. (6)
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Janee paccMoTpuM 3neKTpodu3nUecKuii ciyda,
KOTZ]a M3MEHEHUS BO BPEMEHM ! BO3ACHCTBYIOLIETO Ha
JJIEKTPUYECKUE TMpoBoJa (Kabeau) YKa3aHHBIX ICMei
3IIEKTPOTEXHUKH (37€KTPOHUKU) UMITYJIbCHOTO TOKa i,(f)
MPOHMCXOJAT 110 3aKOHY 3aTyxarolei cuaycounsl [2, 13]:

i, () = kol pp1 exp(=ot)sin(ar), 7
rae 0=A,/T, — ko3bduumnent 3atyxanus Toxa; w=2nr/T, —
KpyroBas yacToTa Kosnebanuil Toka; T, — nepuo kojeda-
Hui ToKa; A,=In(l,,1/1,p3) — norapudpMuyueckuii aekpe-
MEHT KOJI€OaHUH UMITyJIbCHOTO TOKA i,(f) ¢ NepBOH 1,1 1
Tperbell I,,; aMIUIMTYJaMH B LENAX DJIEKTPOTEXHUKH;
kp2=[exp(pr/27r-arcctgAp/z7t)sin(arcctgAp/27r)]’1 — HOp-
MUpPYIOIIUI KO3 QUIHEHT 115 TPOTEKAIOIIEro B IPOBO/IE
(xaberne) 3aTyXaroLIEro CHHYCONIATbHOTO TOKA iy(%).

Juist BpemenHoi Qopmbl (7) U3MEHEHHsT B TIPOBOJIE
(xabene) umIysbca Toka i,(f) npu ¢,=37, B (2) pacyeTHOE
BBEIpaKeHHUE JUISL HHTErpasia 1eHCcTBUsS Jc;y IPOTEKAIOIETO
B HCCIEIyeMbIX cllabo- M CHIIBHOTOYHBIX LIEMSIX COBpE-
MEHHOM 3JIEKTPOTEXHUKH UMITYJIbCA TOKA i,(f) IPUHUMAET
CIIEIYIOIIHHA MPUOTKEHHBIN aHATUTUIECKUH BHI;:

Jcia = kalmi[T, (40 ) = A T, (485, +167%) 711, (8)

3Hasi U3 HOPMATUBHBIX JOKYMEHTOB WJIM 3KCIIEpH-
MEHTAJIbHBIX JJAHHBIX YHCJICHHBIE 3HAUEHHS BEJIUYMH Iy,
Lyp1, T Ty, Ay 1 T, C yHETOM PACUETHOM OLCHKU 3HAYCHUM
HOPMHUPYIOIMX KO3()OUIMEHTOB k1 M Ky 171 yKa3aHHBIX
BPEMEHHBIX (POPM W3MEHEHHUs HUMITYJILCHOTO TOKa I,(f) 1O
(2) — (8) moryT OBITH B IPHUOIMKEHHOM BHIE (C MTOTPEI-
HOCTBIO He Oosee 5 %) paccunTaHbl IpeaeTbHO JOITyCTH-
Mbl€ MHHHUMAJIbHBIE CEUeHUs Scy KM (000J0UYeK) dIIeK-
TPUUYECKUX TMPOBOAOB M Kabenel, MPUMEHsIeMbIX B IETAX
BUT, cunoBoi 31€KTPOTEXHUKU U 3IIEKTPOHUKHU.

IIpumeHUTENBHO K penlacMol NPUKIAJHON 3anade
TOPOTOBBIE 3HAYEHMUS I, AMIUTHTYIBI 1, IMITYJIBCA TOKA
i,(t) 3amaHHON BpeMeHHOH (opMbl OyIyT COOTBETCTBO-
BaTh MpEAETbHO IOIMYCTHMOW KPAaTKOBPEMEHHOW TeMITe-
patype HarpeBa Oc;s = 05 9TUM MMITYJECHBIM TOKOM i,(f)
AIEKTPUYECKOTO MPOBOJa U Kabems ¢ BEIOpaHHOW M30JIs-
nueit. [Toatomy u3 (2) ¢ yaerom (6), (8) 1 maHHBIX TadI. 2
IIPY BBITIOJTHEHUH COOTHOMICHUS S¢; = Scy MOTYT OBITH B
paccMaTpuBaeMOM NPHOIMKEHUN ONpPEeNeHbl U pacdeT-
HBIE IIOPOTOBLIE 3HAYEHUS [y AMIIUTYA, 1y, U 1,1 UM-
IyJIbCOB aKCHAJILHOTO TOKa I,(?) Ul yKa3aHHBIX COITIacHO
(5) u (7) BpeMeHHBIX (hOPM, ITPOTEKAIOIINX 10 HCCIIEaye-
MBIM H30JIMPOBAaHHBIM ITPOBOAAM U KabeisiM B ciiabo- u
CHJIBHOTOUYHBIX IIETISIX 3JICKTPOTEXHUKHU U 3JICKTPOHHKH.

Pacuernasi omeHKa NOPOroOBbIX AMIVIMTYN 1,
HMITYJIbCOB TOKA i,(f) pasanunbix ABII pas snexrpn-
YeCcKHX NMPOBOIOB U Kadelieil. B cooTBeTcTBHH C MpHBe-
JIeHHBIMH BhIpakeHUsMH (2), (5) u (6) 11 TOpOroBOTO
3HAYEHHUS 1, AMILIATY DI 1, AIEPUOAUYECKOTO (YHHIIO-
JISIPHOTO) MMIIyJbCa aKCHAIbHOTO TOKa i,(?), BO3MEHCT-
BYIOIIETO Ha TOKOBEAYIIHE M H30JIALHMOHHBIE YaCcTH HC-
CJIe/lyeMBIX 3JIEKTPUYECKUX MPOBOJAOB (Kadesel), mpu
ycioBud S¢=Sc; MOXHO TOJYYUTh CICAYIOIIee MpHOIIn-
YKEHHOE pacyeTHOE aHATMTHYECKOE COOTHOIICHHUE:

Lk = SciCrk 10,6587, -0,6337 1712, (9)
W3 (9) BuaHO, YTO NMpH 33AaHHBIX BPEeMEHHBIX Mapa-
MeTpax (POHTA T, M ANUTENBHOCTH T, UMITYJIbCA TOKA i,(f),

W3BECTHBIX KOHCTPYKIMOHHBIX XapaKTEPUCTHUKAX MPOBO-
JIOB 1 KaOenel (3Ha4eHUIX UX CCUCHUH S¢;) M BRIOPAaHHOM

pexxume pabotsr KIIII ¢ mcciemyeMoil moIMMepHOH H30-
JSINMEH U yKa3aHHBIMH MaTepHalaMH €€ XKWI 1 000109eK
(M3BeCTHOM 3Ha4YeHUHU Kod(dunmenta C; COrIaCHO JaH-
HBIX Ta0JI. 2) HAXOXK/AEHHE NCKOMOI'O 3HAUEHHsI aMILIUTY-
Al 1, OyJIET CBOAUTECS K ONPEJEIEHHIO 110 (5) YuCiIeH-
HOT'O 3HaYEHHs1 HOpMHUpYIoLIero koadbuiyenTa k,>1.

U3 (2), (7) u (8) npu ycnoBuu S¢; = Scyy A1 TOPOTO-
BOTO 3HAYEHUS I, NEPBOM aMIIUTYABI 1, 3aTyXalole-
IO CHHYCOUJIAJEHOIO UMITYJIbCHOTO TOKa i,(f) B H30JIMPO-
BAaHHOM TIPOBOJIC M KaOeJe BBITEKAeT CIEIYIOIIee MpH-
OMIDKEHHOE PacueTHOE aHAUINTHIECKOE BBIPXKEHHE!

Lk = SciGll T, (4A,) ™ = A, T, (48 +167%) ' T2 (10)

Amnanornuno (9) naxoxnaenue mno (10) pacuerHoro
3HA4Y€HUs I, 1JIs TOTO MM MHOTO NpoBoja (kabeins) ¢
M3BECTHBIMHM XapakTepucTukamu Sc; u C; (cM. Tabm. 2)
NpY 33/1aHHBIX BPEMEHHBIX NapameTpax A, u T, Juist po-
texatoutero 1o KIIIT pa3psaaHoro nMIyJibCHOIO TOKa iy(f)
Oyzner (hakTH4eckd CBOTUTHCA K pacueTy 1o (7) duciieH-
HOT'O 3HAYEHHs1 HOPMHUPYIOLIEro Ko3dduuenTa k,H>1.

Cornacno (9) u (10) noporosble 3Ha4eHUS [y, aM-
WIMTY R [, aIepUOJMYECKHX M 3aTyXaroLMX CHHYCOM-
JAbHBIX UMITYJIbCOB TOKA 7,(f) IPAMO IIPONOPLHUOHANIBHBI
MOTIEPEYHBIM CEUSHUSIM S¢; METAIUIMYECKHX XKHJ (000I10-
YeK) MCCIIelyeMbIX 3JIEKTPUYECKUX MPOBOJIOB U Kabelne.
Kpome Toro, uckomsle 3Ha4eHUs 1, haKTHIeCKN 061%81-
HO NPONOPLHOHAIBHBI BPEMEHHBIM NapaMeTpaMm 7, ~ U
T p” * s npoTekarouux 1o KITIT uMIyiscoB Toka i(1).

OtMeTnM, uTO pacueTHble cootHomreHus (9) u (10)
JJIsL ONPENIENIEHNs] TIOPOTOBBIX 3HAYEHHH [,,r AMILTMTY]L
1,,, MIMITyJIbCOB AKCHAJBLHOIO TOKA i,(f), H3MEHAIOLINXCA
BO BpeMmeHH ¢ cormacHo (5) u (7) mo amepuoaudecKoi
3aBUCHMOCTH ¥ 3aKOHY 3KCIOHEHIMATIbHO 3aTyXarolen
CHHYCOH/bI, OXBaTHIBAIOT LIMPOKYIO HOMEHKJIATYpy Bpe-
MeHHBIX (hopMm U ABII npuMeHsieMbIX B 3JeKTpOhU3IUe-
CKOH IIPaKTHKE OJJMHOYHBIX UMITYJILCOB TOKA i)(f), IpOTE-
KaloIIMX MO TOKOBEAYIUM YacTsIM MIPOBOJIOB U Kabeneii ¢
[IBX, P u [19T nosicHoi n3onsiiyeld B COBPEMEHHON UM-
MYJIbCHOH SHEPTeTHKE, SIEKTPOTEXHHUKE U SIEKTPOHUKE.

B cnabo- 1 cHIbHOTOYHBIX LIEMSIX paccMaTpHBaeMOi
SHEPreTUKH, 3JIEKTPOTEXHUKH M 3JIEKTPOHUKU C HCIIOIb-
syembiMH 110 (5) u (7) BpeMEHHBIMH (OpMaMHU TIPOTeE-
karomux 1o ux KIIIT umnyascoB Toka i,(f) Tpu Lyp>lpk
TEIJIOBOW IEPErpeB TOKOBELYIIMX 4YacTed IPOBOAOB H
kabesell OyAeT MPUBOJAUTH K JECTPYKIHMH HUX H3OJIALUH,
CHIDKaIoMen pabounii pecypc ncnoip3dyemoirt B Hux KIIII.

PacyeTHasi omeHka Temmepatypbl HarpeBa ¢
3JIeKTPHYeCKHX MPOBOAOB H Kalejiell HMIyJbcamMu
ToKa i,(f) pasauunbix ABIIL. C nensio pacueTHoit Bepu-
¢ukannyu npuseneHHbIX Gopmyi (9) u (10) mis BeIOOpa B
paccmaTpuBaemoii KIIII noporobix aMmiuuryp 1, uM-
MYJbCHOTO TOKa BBINOJHUM OLIEHKY TEMIEpaTypbl 6Oc;
JOKOYyJIeBa HarpeBa TOKOBEAYIINX dacTei kabemned (Tpo-
BOJIOB), TI0 KOTOPBIM IIPOTEKAIOT OJMHOYHBIE MMILYJIBCHI
ToKa I,(¢f) ¢ 3amaHnHbiMU ABIIL. Jlng 3Toro ucmnosissyem
M3BECTHYIO HEIMHEWHYI 3aBHCHUMOCTb YIEJIBHOH 3JIEK-
TPOIIPOBOTHOCTH ); MaTepuaja >KWibl (000JI0YKH) TIPO-
Boja (kabers) OT ero TeKyIeH Temmneparypst O¢; [13]:

-1
Y0i = 720i[1+ €0 Boi (Oci = 0)] " an
TII€ Y20; — YACTbHAS 3JEKTPOIPOBOIHOCTE )o; IPOBOIHU-
KoBoro Matepuana TokoBexymmux gacteit KIIII mpu tem-
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mepatype OKpyskaromero ero Bosayxa 6¢=60,=20 °C (mis
MeIH U aTIOMUHAS 3TH 3HAYEHUS ),(; YKa3aHbI B Ta0I. 1).

Hns npumensiemsix B KIIIT ummynbcHOW SHEpreTu-
KU, DJICKTPOTECXHUKU U DJICKTPOHUKHU OCHOBHBIX METAJJIOB
¢dopmyna (11) onuceiBaeT TeMIIEpaTypHbIC H3MCHEHHUS UX
napameTpa y; C OTPEIIHOCThIO He Ootee +5 % [13].

C yuerom (11) n nannbIX u3 [13] pemenue HeoqHO-
pomHOro nuddepeHInaATEHOTO YPAaBHEHHS TEIUTIONPOBOI-
HOCTH TPUMCHHUTEIIFHO K METAJUIMYECKUM YacTsIM HCCIIe-
IyeMBIX Kabenell (pOBOMOB) MPUHATON IIMHOH /) ¢ UM-
MyJIbCHBIM TOKOM i,(f) pasmuunblx ABII s Texymiei
TeMIepaTyphl f¢; UX HKOyJeBa HarpeBa yKa3aHHBIM TO-
KOM TpH HAYadbHOM YCIOBHH [Oc—0~6o] = 0 Mmoxer
OBITH 3aIKCaHO B CIIEAYIOIIEM NPHOIMKESHHOM BHE:

Oci ~ 0y +(coiBor)” [exp(J ciara0ioi 1 SE) - 11 (12)
U3 (12) cnenyer, uto Tekymas temmeparypa O¢; Ha-
rpeBa UMITYJIbCHBIM TOKOM i,(f) paznuunbix ABII Tokose-
nyumx xui (o6onouek) paccmarpuaemoit KIIIT o6parHo
MIPONOPIIMOHATIFHA YASNBHOW OOBEMHON TEIUIOEMKOCTH
Co; (TETUTOEMKOCTH Ha eAMHUIY 00BbeMa MeTalia) ux mpo-
BOJHUKOBBIX MAaTCpUAJIOB, KOTOpas IJid 6OHbHJl/lHCTBa
METAJJIOB B TBEPO (aze n3MeHsieTcs: B 3aBUCHMOCTH OT
ux TemmepaTrypsl B mpeaenax £10 % oT cBoero ycpen-
HEHHOTO 4YMCIeHHOro 3HaueHust [13]. Ykaxem, uro as
TEII0(U3NYECKOTO TTapaMeTpa Co; BBIITOJIHIETCS PaBEHCT-
BO BUJa [13]: co=c,ipi, THE C,; — TEIIIOEMKOCTh Ha €/U-
HUITy Macchl OJHOPOJHOTO TPOBOJHUKOBOTO MaTepmaja
KIIIT (JIx/kr-°C) ¢ ero mioTHOCThIo p; (kr/m’). TTosTomy
B HCCIEIyeMOM 3JIEKTPO(PHU3MUECKOM CIydae MOXKHO TO-
BOPHUTH O TOM, uTo rabapurtHsie moka3aTenu KIIIT (kpome
ceueHnus Sc; ee w1 M o0osodek) mpu 3amaHHbix ABIIT
MIPOTEKAIOIINX TI0 €€ METAIUTMYECKUM YacTsIM HMITYJIbCOB
TOKa I,(f) Ha HarpeB kaOenel (IPOBOJNOB) HE BIMUAIOT.
B »tom TemnoBoM nponecce IMpUHUMAIOT Yy4YacTUe
cornacHo (12) B OCHOBHOM YyJieNibHbIE TEIIO(U3NUECKHE
napametpsl KITIT (yo;, co; 1 fo;) 1 ABIT ummynecHOTO TOKa
ip(t) [13]. Jlnst KopoTKuX (¢ KpaiiHe MajbIMH 3HAYEHUAMU
7, 1 T,) UIMIyIbCcOB TOKa #,(f) 30Ha Harpesa KIIII Gyner
JIOKAJIM30BEIBATECS B OY€Hb TOHKHX CIIOAX €€ MeTaJlIiye-
CKUX W1 U 060nouek. C y4eToM MPUHATHIX TOITYIICHUN
u (12) MOXHO 3aKIIOYHUTh, YTO B PACCMATPHUBACMOM
agnabaTudecKoM NpUOMKEHUH JuTHHA [y Kabens (MpoBo-
Jla) ¥ COOTBETCTBEHHO 00IIast Macca METaJUIMIECKUX Jac-
tei KIIII mpu <37, unm <37, 3aMETHOroO BJIUAHHMA Ha
TEeMIepaTypy HMIIYJIbCHOTO HarpeBa O 3THX dYacTeit
KTIIT ne oka3eiBaet. [laHHOE BIUSHUE HA YPOBEHH TEMIIE-
parypsl O¢; OyneT ycuiauBaThCs MOCiIe MPOX0XKISHHUS pac-
CMaTPUBAEMBIX HMMITYJbCOB TOKA #,(f) MO TOKOBEIYIIHM
yacTsim KIIII, korjga 3a cyer TEmionpoBOJHOCTH UX Me-
TaJlJla HAYHETCS BBIPABHUBAHUE TEMIICPATYPHI 110 TOJIIHU-
HE THX YacTeu.

B cirydae, Kora Ui TOKOBEIYIINX METALTHYECKUX
yacTel paccMaTpHUBaeMBIX KaOellelf W MpOBOJOB BHIIIOI-
HSIETCSI COOTHOLICHHE S¢; = Sy, € yueTOM (2) BBIpakeHUe
(12) ympomraercst u mproOpeTaeT CIeAyOIIHNA BU:

Oci ~ 60+ (coiBoi)” Texp(ra0iBiCi) 11, (13)
rae C; — TMOCTOSHHBIN KO3 (QUIMEHT, YUCIICHHBIE 3HaUe-
HUSI KOTOPOTO JUIsl paccMaTpUBAaeMOM MOJMMEPHOU H30-
nsun kabened (IpoBOJOB) M YKa3aHHBIX PEKUMOB Pabo-
ThI X 3JIEKTPUYECKHX IeTel MpUBEACHBI B Ta0. 2.

CootrHomenne (13) MOKHO Kak pa3 M HCIIOJIB30BaTh
IPY PacyeTHOH BepH(MKALMH MOJTYYSHHBIX BBIPAXKEHHI
(9) u (10) nya HAXOXKAECHUS YMCIICHHBIX 3HAYEHUH MOpO-
TOBBIX aMIUIUTYJ ,,,x UIMITYJIbCHOTO TOKa i,(f) B paccMat-
puBaemoii KIIII. CorimacHo HpUHSATHIM HaMH YCIOBUSAM
npu S¢; = Scy pacuerHas 1o (13) remneparypa f¢; Harpesa
TokoBenymux dacted ucciegyemon KIIII ne nomxHa
NPEBBINIATh MPUHIATOW HOPMHPOBAHHOM NpEAENbHO JI0-
ITyCTUMOHN KPaTKOBPEMEHHOH TeMuepaTypsl O¢;s I Hee.

IIpumepsbl pacueTa NOPOTOBLIX AMILIMTYA L,
HMITYJIbCOB TOKA I,(f) HAHO-, MUKPO- ¥ MHJUIMCEKYH/I-
HOI'0 BpeMEHHBIX [Hana30HoB. B kauecTse nccienyemoi
KITIIT Bb1OE€pEeM KOPOTKHIA paiioYacTOTHBIN KOAKCHATBLHBIN
cpeaHeradbapuTHbIi kabesb co crutomHoi [19T usomsueit
mapku PK 50-4-11 [12], umeronmii ipu /,<10 M Kpyriyio
CIUIOIIHYI0O MEOHYI0 OKWIy amamerpoM 1,37 MM
(Sc1=1,474 MM) 1 MeJIHYIO TyXKEHYIO IUIETEHYI0 060104-
Ky (OIJIeTKy € IUIOTHOCTBIO IOBHMBa He MeHee 95 %)
BHYTPEHHUM AuaMeTpoM 4,6 MM U TOJIIIUHON CTEHKH
0,15 mm (§~2,059 MM2). [MpuanMaeM, 9TO HaHHBINA Ka-
0enmp pa3MelleH B BO3AYIIHOW aTMocdepe Ipu KOMHAT-
Hoii Temneparype ;=20 °C ¢ BBIIIOJTHEHUEM YCIIOBHSI IS
uHTerpana toka Jo=0 B ero smekrpmueckon menwn (0e3
NpeBapUTENbHOM TOKOBO# 3arpy3ku kabeins npu 6,=6p).
W3 npuBeneHHBIX KOHCTPYKIMOHHBIX AHHBIX BHJHO, YTO
MeHas JKrJla BEIOPAaHHOTO PAIMovYacTOTHOTO Kabemst Map-
ku PK 50-4-11 momepeunsiM ceuenuem Sc~1,474 MM’
M0 CPaBHEHHUIO C €ro OOpaTHBIM HApPYXHBIM TOKOIPOBO-
JoM (MeTHOM  OIUIETKOM  MOMEepeyHBIM  CEYCHHEM
Sc2~2,059 MM?) GyneT SBIATHCS MEHee CTOHKOH K 37IeK-
TPOTEPMUYECKOMY JIEHCTBHUIO MPOJIOIBHO NPOTEKAIOLIETO
[0 HUM B HPOTHBOIOJIOXKHBIX HaNpaBICHUSIX HMITYJIbCa
Toka i,(f) ¢ 3amanHbIMU ABII. Ilycts mpoTtekarommii mo
TOKOHECYIIIMM YacCTsIM IIPUHITOTO KOAKCHAIBHOTO Kabess
OJIMHOYHBII HMITYJIbC TOKa i,(f) MMEET anepHONYECKYIO
BpemeHHyI0 (opmy. [losTomy ykasaHHas >xuina kabens
Mapka PK 50-4-11 moxeT ABISATbCS BHYTPEHHHM JIO-
KaJIbHBIM 04YaroM IeperpeBa TOKOHECYLIMX YacTed JaH-
HOro Kabesst. B aToil cBs3M mpuiieraromas K MeIHOH JKH-
ne paxuovactoTHoro kabenst mapku PK 50-4-11 crutom-
Has nosgcHas [I1DT usomdiust MoKeT UCIBITHIBATE BO3AEH-
CTBHE IIOBBIILICHHBIX YPOBHEH TeMIepaTypHOTO MOJIs,
BBI3BAHHOT'O JDKOYJIEBBIM HAarpeBOM 3TOH MEIHOW JKHIIBI
NPOTEKAIOIIMM 0 HEl MPUHATBIM UMITYJIbCOM TOKa i,(7).
VIMeHHO MenHas XKWja U IpUIIeTaromas K Hell UINHAPH-
yeckast 30Ha [I9T m3omsiuny mpUHATOrO B NMPHKIIAIHBIX
pacuerax 3Ha4€HUH [,,; PaIMo4acTOTHOro Kabens OymyT
SIBIISATBCSI CIIAOBIMH «3BEHBSIMID B BO3MOXKHOW IEMOYKE
JIECTPYKTHUBHBIX IIPOLIECCOB B pacCMaTpHBaeMoOM KaOere.
C y4eToM BBILIEU3IOKEHHOTO MOXHO 3aKIIOUUTh, HYTO
PacyYeTHYIO OLEHKY MOPOIOBLIX 3HAUEHMHU [, aMILIUTY-
Il 1, UCTIONB3YyEMOro HMITyJbca TOKa i,(f) 3aJaHHON
BpPEMEHHOW (hOPMBI ISl PaJHOYacTOTHOTO KaOelnsi MapKu
PK 50-4-11 cnenyeT npuBsi3ath K 3JIEKTPOTEPMUUYECKOMY
COCTOSIHAIO OJHOIIPOBOJIOUHON KPYIJIOM MEIHOH >KUIIBI
(Sc1=1,474 MM2) 3TOro Kabes, MCIBITHIBAIOIIEH TEIIO-
BOE BO3/ICHCTBHE allepUOIMYECKOrO UMITYJIbCA TOKA iy(%).

1. BHayase UCHOIb3yeM CTaHAAPTHBIA HAHOCEKYH/-
HBIH HMITyJIEC TOKA BPEMEHHOH (hopMmbl 7/7,=5 Hc/200 He,
MPUMEHSBIINIICA B psiie CTpaH MpPU UMHUTALMK B pa3psii-
HBIX CHJIBHOTOYHBIX dJeKkTpudeckux mermsax BUT c¢ Bos-
JYUIHBIMH MHOTOIIPOBOJHBIMH CHUCTEMaMH M0Je00pa3o-
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BaHUA ¥ COOTBETCTBEHHO B MX Pa0OYMX BO3LYIIHBIX 00B-
€Max C MCIBITHIBAEMBIMH Ha JJICKTPOMAarHUTHYIO COBMEC-
TUMOCTb (CTOMKOCTh) TEXHUYECKUMH OOBEKTaMH Pas3iny-
HBIX Ta0apUTHBIX Pa3MEpPOB MOIIHOTO AIEKTPOMAarHUTHO-
r0 UMITYJIbCa BEICOTHOT'O SIIEPHOTO B3pbIBa [4, 16]. U3 (5)
HaXOJHM, YTO JUISl JAHHOT'O pacyeTHOro cirydas Koddhhu-
LUEHTH! (OPMEBI 0] M 0 HAHOCEKYHJHOTO MMITYJIbCa TOKa
i(f) TPUHUMAIOT CJEAYIOIIME YHUCJIEHHbIE 3HAYEHMS:
@1=3,8-10° ¢ !; ap=4,7-10% ¢ L. [Ipu >TOM 17151 TaHHOM Bpe-
MEHHOH (hOPMBI YHHUIIOJIAPHOIO UMITyJIbCA TOKA iy(f) HOP-
MUpyoIHiA ko3dduumenT £, 1o (5) okasbIBaeTCs MpPU-
MEPHO paBHEIM k,=1,049. Torga u3 (9) npu k,=1,049,
C,=1,355~108 A-c’v? (CM. COOTBETCTBYIOIINE NaHHBIC B
Tabn. 2) u Sc=Sc1=1,474 MM (ceueHHe MEIHOM KUJIBI
kabens) [JIs1 TOPOrOBOTO YHMCIEHHOTO 3HAYCHHMS I, aM-
IIATY Bl 1, PACCMAaTPUBAEMOIO AlE€PHOIUYECKOIO UM-
MmyJibca TOKa i,(f) BpeMeHHOH dopmbl 7/7,=5 Hc/200 He
MIPUMEHUTEIBHO K PaJNOYacTOTHOMY KOAKCHAILHOMY
ka0emo Mapku PK 50-4-11 naxoaum, dro 7,,,=531,2 KA.

2. Jlamee paccMOTpHUM CTaHIAPTHBIA MHUKPOCEKYH/-
HbIi anepuoJUYecKuil MMITYJIbC TOKa i,(f) BpPEMEHHOM
dopmel 7,/7,=10 Mrc/350 MKC, Mcmonb3yeMbld ceifuac B
COOTBETCTBHM C TPEOOBaHUSAMH JICHCTBYIOIIETO MEXIy-
HapoaHoro ctannapta IEC 62305-1-2010 [17] npu ucmsi-
TaHUAX CHJIIOBOTO 3JIEKTPOIHEPrETHIECKOro 000pyIoBa-
HUS Ha CTOMKOCTb K IIPSIMOMY JECHCTBUIO HAa HETO MOIL-
HBIX KOPOTKHX TPO30BBIX AJIEKTpUUYECKUX paspsios [18].
U3 dopmynst (9) mpu k,=1,054 (04=2,17-10° c';
0,72,37-10° ¢'), C~1,355-10° A-c"’/M* u ceuenun
CILJIOIIHOW METHOU Xuibl S¢=Sc1=1,474 MM nccienye-
MOTO HaMH pajMo4acToTHOro kabdens mapku PK 50-4-11
JUISL TIOPOTOBOT'O YMCIIEHHOTO 3HAYEHHS [,y AMIUTUTYIBI 1,
paccMaTpuBaeMOro arepHOJUMIECKOr0 NMITYJIbCa aKCHAIb-
HOTO TOKa i,(f) BpeMeHHOH opmbl 7/7,=10 MKc/350 Mkc
B IIPUHATOM KaOelle HaXOAUM, 4TO /,,,;~12,66 KA.

3. B 3aBepiueHny npuMepoB MPUKIAAHBIX PACUETOB
HOPOTrOBBIX aMIIUTY I, Juis KIIII ucnons3yem cran-
JApTHBI MWUIMCEKYHIHBIH alepUOAUYECKUA HMITYJIbC
TOKa i,(f) BpeMeHHOI (opMsI 7,/7,=7 Mc/160 Mc, mpume-
HSIEMBIH HBIHE COIJIACHO TpeOOBaHWH JEHCTBYIOIIETO
HopMmaTuBHOro nokymenta CIIIA SAE ARP 5412: 2013
[19] mpu HaTypHBIX 3JIE€KTPOMAarHUTHBIX HCIBITAHUSX OC-
HOBHBIX Y3JIOB M CUCTEM aBHAIOHHOM TEXHUKH Ha MOJTHHE-
CTOMKOCTh K NpPSIMOMY BO3JCHCTBHIO Ha HUX UIMTEIbHOU
KOMITOHEHTHI TOKa UCKyccTBeHHOH Momau [20]. st aToro
UMITyJIbCa TOKa i,(f) B coorBercTBMU C (9) 1mpu £, =1,078
(0=4,75 ¢y a=3.3810> ¢ '), C; = 1,355:10° Ac"’/M* u
3aJJaHHOM  IIOIIEPEYHOM  CEYEHHHM METHOH  JKHIIBI
Sc=Sci=1,474 MM PaIroYacTOTHOTO KOAKCHAILHOTO Kabe-
a1 Mapku PK 50-4-11 cnemyeT, 4To moporoBoe 4HCIICHHOE
3HA4YEHUE [, AMIUIUTYABI 1, YKa3aHHOTO MMIIyJIbCa aKCH-
aJbHOTO TOKA i,(f) BpeMeHHOH (opmbl 7,/7,=7 mc/160 mc
JU1s Hero OyZIeT paBHBIM OKOJIO /,,,;~1,84 KA.

OpHUM U3 MOKa3aTeNel JOCTOBEPHOCTH HCIIOIb3Yye-
MOTO HAaMH 3JEKTPOTEXHHYECKOTO IOIX0/a M IMOTy4eH-
HOTO Ha €r0 OCHOBE NPHOIMKEHHOTO PAaCUETHOTO COOT-
HomeHus (9), TPUMEHEHHOTO B TPHUBEICHHBIX BHIIIIE
NpUMEpPax ONPEAECNICHUS TIOPOTOBBIX 3HAYEHHH [,,; aM-
IUIATY] 1, YHHUIIOJIAPHBIX UMILYJIbCOB TOKa i,(f) HAaHO-,
MUKpPO- U MHHJ]YICGKyH,Z[HOﬂ JJIATCJIBHOCTU JId paano-
YaCTOTHOTO KoakcuasibHOro kabenst mapku PK 50-4-11,
SIBIISICTCS TO, YTO BBINOJHEHUE 10 dopmyse (13) mpume-

HHUTEJIBHO K 3TUM INPAKTUYECKUM CIIydasM HaXOXKIACHHS
YHCIEHHBIX 3HAYEHUH [, OLIEHOYHOrO pacyeTa TeMIepa-
Typbl HarpeBa Oc; (pu 6y = 20 °C u Jgi = 0) xpyriioi
CIUTOIIHOW MEHOM JKMJIBI YKa3aHHOTO KaOessi MPUBOIUT
K pe3ynbTary, paBHoMy Oc; =~ 119,9 °C. BunHo, uto pacuer-
HBI ypOBeHb TeMneparypbl f¢; mxoynesa Harpesa KIIIT B
HCCIEYEMBIX CITydasX He INPEBBILAET MpeaeibHO IOIyc-
TUMOM KpaTKOBpeMeHHOW Temreparypbl Ocs~120 °C, xa-
pakTepHOM s anekTpudeckux kabenei ¢ [I19T usomsmmeil.

BbiBOaBI.

1. Pa3paborana uHXeHepHass METOJMKA TI0 MPHOIIH-
JKEHHOMY PacueTHOMY OIIPEAEIEHHIO HOPOTOBBIX aAMILIH-
TYA Iypi ONMHOYHBIX WMITYJIbCOB aKCHAIBHOTO TOKa iy(f)
pa3UYHON BpeMEHHOH (OPMBI IS SJIEKTPUIECKUX IIPO-
BOJIOB M KabeJel ¢ MeTHbIMH (QTFOMHHHEBBIMU) TOKOBE-
nyumva gyactaMu u 19T, TIBX u P mosicHoit m3omsmuei,
UCTIONB3YEMBIX B CIa00- M CHWJIBHOTOYHBIX LEMSIX HM-
MyJbCHON 3HEPTETHKH, 3JIEKTPOTEXHUKH U DIIEKTPOHHKH.
B ocHOBy 3T0#1 MeToaMKHM ObLIa MOJOXKEHA SJIEKTPOTEP-
MUYECKasl CTOMKOCTb ITOJIMMEPHON U30JIALIUU PacCMaTpHU-
Baemoii KIIII, cooTBercTByOmas MpeneabHO OMYCTH-
MBIM KPaTKOBPEMEHHBIM TeMIIEpaTypaM HarpeBa TOKOBE-
JIYIIFX ¥ U30JALUOHHBIX YacTel ee NMpOBOJOB U Kabemen
U HE JOITyCKalollas HaCTYIUICHUS SIBJICHHUS TEPMHUYECKOU
JIeCTpyKUMHU B nosicHoM uzonsunu KIIII.

2. IlonmyyeHbl pacyeTHbIE aHAIMTUYECKHE COOTHO-
menus (9) u (10) s naxoxxaenus B ucciexyemoit KIITT
HOPOTOBBIX YMCIEHHBIX 3HAYECHUH [,,; aMILIATY X 1, M-
IyJIbCOB TOKA I,(f), N3MEHSAIOIMXCS BO BPEMEHH f T10 arle-
PUOIMUYECKOW 3aBHCUMOCTH M IO 3aKOHY JKCIIOHEHIIU-
anbHO 3aryxaromel cunHycounsl. Ilokasano, 4tro mpu
Lyy>Lypr M3-32 TEIUIOBOTO IIEPErpeBa TOKOBENYILUX 4Yac-
Teil paccMaTpuBaeMbIX IPOBOJOB M KaOeneil Oyner Ha-
CTYNAaTh IECTPYKIMS UX TOSCHOW MU30JISALUH, TPUBOASIIAS
K CHIDKEHHIO pabouero pecypca u cpoka cirysx0osr KITI1.

3. IlpuBeneHsl NpUMEpbl MPAKTUUECKOTO MPHUMEHE-
HUS NPEUIaraéMoll MHXEHEPHONM METOAMKU M0 PACUETHO-
MY OINpEIEIECHHIO Ul PaJHOoYacTOTHOTO KOAKCHAIBLHOTO
cpennerabaputHoro kademst mapku PK 50-4-11 co crior-
Hoii TIDT noscHO u301A1MEN NOPOTOBBIX AMILTUTYL Lk
CTaHJAPTHBIX ANEPUOAMYECKMX HMIIYJIbCOB TOKA i,(f) M3
HaHO-, MUKPO- U MUJUIMCCKYHAHOTO BPEMCHHBIX JUaIia3o-
HOB dopmbl 7/7,=5 HC/200 HC, 7/7,=10 MKc/350 MKc n
7/1,=7 Mc/160 Mc. YCTaHOBIEHO, YTO C COOTBETCTBYIO-
MM BO3PAaCTaHMEM MapaMeTpa 7,>>T; IJIsl IPOTEKAOINX
IO KPYTJOH CIUIOIIHOW MEIHOH >Kuie M MOoJIoH paciuen-
JICHHOM JIy)KEHOH MeIHOH OIUIeTKe NaHHOTO Kadems yKa-
3aHHBIX YHHUIOJISPHBIX OJMHOYHBIX UMITYJbCOB TOKA iy(%)
MIPOUCXOUT CYHIECTBEHHOE YMEHBIIEHHE MX MOPOTOBBIX
aMIMTY L Ly (¢ 531,2 KA 114 HaHOCEKYHIHOTO HM-
nyJbca Toka Buaa 5 He/200 He no 1,84 kKA s Muunce-
KyHJHOTO UMITyJibca ToKa Buaa 7 mc/160 mc).

®dinancyBanHs. PoOoTy BHKOHaHO 3a MiITPUMKH
MinicTepctBa ocBitTM 1 Hayku Ykpainu (tema JIb
Ne 0121U109546).
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Destruction of polymeric isolation and threshold amplitudes of
impulses of current of different temporal form for electric wires
and cables in the weak- and heavy-current chains of devices of
impulsive energy, electrical engineering and electronics.

Goal. Development of engineering method upon settlement of
threshold amplitudes of 1, of single-pulse of current of i,(t) of
different temporal form for electric wires and cables with a
polyethylene (PET), polivinilkhloride (PVKH) and rubber (R)
half-length isolation, in-use in modern impulsive energy, electri-

cal engineering and electronics in their weak- and heavy-
current chains. Methodology. Basis of the theoretical and ap-
plied electrical engineering, electroenergy, electrophysics bases
of technique of high-voltage and large impulsive currents, bases
of weak- and heavy-current electronics, measuring technique,
electromagnetic compatibility and standardization. Results.
Development of engineering method is executed on close calcu-
lation determination of threshold amplitudes of I, of single-
pulse of axial-flow current of i,(t) of different temporal form for
electric wires and cables with copper (aluminium) current-
carrying parts and PET, PVKH and R by a half-length isolation,
in-use in the weak- and heavy-current chains of impulsive en-
ergy, electrical engineering and electronics. Electro-thermal
resistibility of half-length isolation of the examined cable-
explorer production (CEP), proper maximum to the possible
brief temperatures of heating of current-carrying and isolatings
parts of the probed wires and cables and shutting out the offen-
sive of the phenomenon destruction in the indicated isolation of
CEP, was fixed in basis of this method. Calculation analytical
correlations are got for finding in probed CEP of threshold
numeral values of ., of amplitudes of I,,, of impulses of current
of (1), time-varying t both on aperiodic dependence of type of
/1, with duration of their front of 1, and duration of their im-
pulses of t, and by law of exponential attenuation sinewave. It is
rotined that at 1,,> 1, destruction of their half-length isolation,
resulting in the decline of working resource and term of service
of CEP, will come from the thermal overheat of current-
carrying parts of the examined electric wires and cables. The
examples of practical application of the offered method are
resulted upon settlement for a radio frequency coaxial cable RC
50-4-11 with middle sizes is easily soiled with continuous PET
by the isolation of threshold amplitudes of I, of standard ape-
riodic impulses of current of iy(t) from nano-, micro- and milli-
second temporal ranges of form of tv/t,=5 ns/200 ns,t/t,=10
us/350 us and t/t,=7 ms/160 ms. It is set that with the proper
growth of parameter of 1,>>1, for flowings on a continuous
copper tendon and split copper shell of radio frequency coaxial
cable RC 50-4-11 with middle sizes is easily soiled indicated
homopolar impulses of current of i,(t) take a place substantial
diminishing of their threshold amplitudes of I,y (with 531,2 kA
for the nanosecond impulse of current of type of 5 ns/200 ns to
1,84 kA for the millisecond impulse of current of type of 7
ms/160 ms). Originality. An engineering method is first devel-
oped upon close settlement of threshold numeral values of I,
of amplitudes of 1, of single-pulse of axial-flow current of i,(t)
of arbitrary peak-temporal parameters for electric wires and
cables with copper (aluminium) current-carrying parts and
PET, PVKH and R by a half-length isolation. Practical value.
Application in electrical engineering practice of the offered
engineering method on determination of threshold amplitudes of
1L,k of the indicated impulses of axial-flow current of iy(t) for the
probed electric wires and cables will allow considerably to in-
crease a working resource and term of service of examined
CEP. References 20, tables 2.

Key words: electric wires and cables with a polymeric isola-
tion, electro-thermal resistibility of cable-explorer produc-
tion, destruction of isolation, threshold amplitudes of im-
pulses of current for wires and cables.
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OOrpyHTYBaHHS J0AATKOBHMX AiarHOCTHYHHUX MAapPaMeTPiB /sl OMIHKH CTAHY
eJIeKTPUYHOI i30/151il a0copOuiiHUMHI MeTogaMHU

B cmammi npedcmagneno pe3ynbmamu ananizy eKCmpemManbHo20 Xapakmepy i 3yMO61eHOl HUM HeOOHO3HAYHOCI 3aedCHOCmi abcop-
oyitinux Koegiyicumis 6i0 cmanoi yacy abcopoyii, a MaKoxtc 3a1eHCHOCI iX 3HAUEHb 80 8IOHOUEHHS HACKPIZHO20 ONOpY i304aYii 00 iT
abcopbyitinoeo onopy. Pospaxosano maxcumanvhi 3nauenHs Koeghiyicnmie abcopbyii i noaspusayii, a maxosc cmanoi uacy abcopbyii,
wo eionosioac im, Ons pi3HuX 3HAYeHb GIOHOWIEHHs 6KA3aHUX 8uuje onopie. OOIPYHMOBAHA MONCTUBICTNG BUKOPUCTNAHHS BIOHOUICHHS
HACKPI3HO20 T abcopbyiiino2o onopie ma abcopOyitinoi cmanoi wacy 6 skocmi 000amko6ux OlAeHOCMUYHUX NAPAMEMpPI8 Olsl YCYHEHHS
HeOOHO3HAYHOCMI, NO8 SI3aHOT 3 eKcmpeManbHicmio Koegiyicumie abcopoyii' i nonspuzayii. bion. 15, Tadn. 2, puc. 4.

Kniouosi cnosa: HepyliHiBHI MeTOAM AiarHOCTYBAaHHS eJeKTPUYHOI i30.1suii, aGcopOuiiiHi MeToan aiarHocTyBaHHs i30.1s1ii,
niarHocTHYHI mapameTpw i3oasuii, emuicHuii i omiunmii koedinienTn adcopouii, kKoedinienTu adcopoOuii i monsspusamii.

B cmamve npedcmagnenvl pe3yibmamsl aHanu3a IKCMpPeMaibHO20 Xapakmepa U 00yClo8IeHHOU UM HeOOHOSHAUHOCIIU 3A8UCUMOCITIUL
aA6COPOYUOHHBIX KOIDDUYUEHmMos om nocmoAHHOU epemMeHy abcopoyuu u 3a8UCUMOCIU UX 3HAYEHUT] OM OMHOWEHUS CKBOZHO20 CO-
NPOMUGTIEHUSA USONAYUU K ee ADCOPOYUOHHOMY COnpomusieHuto. Paccuumansl Makcumanbhyle 3Havenus Kosgduyuenmos abcopoyuu u
NOAAPUBAYUYU, A MAKHCE NOCMOAHHBIX 8PEMEHU abCcopOyuY, KOmopvle COOMBEMCMBYION UM, Ol PA3IUUHBIX 3HAYEHUN OMHOUIEHUS
VKa3aHHBIX @bie conpomusneruil. OBOCHO8AHA B03MOMCHOCHb UCHONb308AHUS OMHOWEHUS CKBOSHO20 U ADCOPOYUOHHO2O0 CONPOMUE-
JIeHutl U aOCOPOYUOHHOU NOCMOAHHOU BPEMEHU 8 Kauecmee OONOTHUMENbHBIX OUACHOCTHUYECKUX NAPAMempos Ol YCIMpaHeHusi HeOOHO-
SHAYHOCMU, CESA3AHHOU C HATUYUEM MAKCUMYMOB KOIPhuyuenmos abcopoyuu u norapuzayuu. budmn. 15, Tabmn. 2, puc. 4.

Kniouesvie cnosa: Hepa3pymaionie MeTOALI TUATHOCTHPOBAHNUS YJIEKTPUIECKOI H30/IAIMH, a0cOPOIHOHHBIE METOABI AHAT-
HOCTHPOBAHMSA H30/IAIMU, JUATHOCTHYECKHE NapaMeTPhbl U30JI1ILMH, eMKOCTHOH U oMHYecKHil K03 duuuenTsl adcopouun,

k03¢ dpunuenTsI adcopOUUM U NOIAPH3ALMH.

Beryn. [{ins 3a0e3nedeHHs edeKTUBHOI 1 6e3B1IMOBHOT
eKCIUTyarallii eJeKTPOTEXHIYHOIO 1 eJIEKTPOSHEPreTHYHOTO
o0nagHaHHsA TPOBOIITH MNEPIOAWYHMI abo HenepepBHHUN
KOHTPOJIb il TEXHIYHOTO CTaHy 3a JOMOMOIOI0 PYHHIBHHX Ta
HEpYHHIBHHMX ENIEKTPHYHUX METOAIB KOHTPOJIO 1 BUIIPOOO-
ByBaHb. J[0 HepyIHIBHUX METOJIB BiIHOCATh BUKOPUCTAHHS
eNIEKTPO(I3NYHNX 1 JIENIEKTPHYHUX XapaKTepHUCTHK, 1X 3a-
JIKHOCTEH BII IHTEHCHBHOCTI il €IEKTPUYHOIO IMOJS Ta
30BHINIHIX (pakTOpiB 200 1X BIJHOCHMX 3HAY€Hb IPH PIZHHUX
3HAYCHHSX [TAPaMETPIB IiF0UHX (HAKTOPIB.

JInst OLiHKM TEXHIYHOTO CTaHy €JIEeKTPHYHOI 130JIsLil
Ha TPaKTULi YacTO BHKOPUCTOBYIOTH Pe3yJIbTaTH IHoOro
HepyHHIBHOTO JiarHOCTYBaHHS 3a 3HAYCHHSMH €JIEKTpHY-
HOTO OIMOpY 130JALT 1 XapakTepucTuKkaMu abcopOLiiiiHOTo
CTPyMY, IO MPOTIKAE Yepe3 i30JIAIII0 TPH MiIKIFOYCHHI 11
no moctiitHol Hampyru. Lli MeTonwm IPYHTYIOTBhCS Ha y3a-
raJbHEHI eKBIBAJICHTHIM cXeMi AienekTpuka (puc. 1).

Jo mepeBar y3araibHEHOI €KBIiBaJEHTHOI CXeMH He-
OJTHOPIZIHOTO JIieNIEKTPUKa CJiJl BiJHECTH IPO30pPiCTh
iHTepnpeTamii Qi3udHOrO 3MicTy II eleMeHTiB, iX Oe3mo-
Cepe/IHIN 3B 530K 3 (PI3UYHUMH IPOICCAMHU B 130JISIMIT 3
HEOTHOPITHUX JieNeKTPUKIB, IO BU3HAYAIOTH ii eKCInTya-
TariliHi BJACTUBOCTI 1 JIOBIOBIYHICTD.

Jlo ermeMeHTIB y3araibHEHOI €KBIBaJIEHTHOI CXEMH
JISJIEKTPUKA HAJICHKATH!

® reoMeTpuuHa eMHICTh Cg, IO BiIOOpakKa€ €MHICTb,
NOB’sI3aHy 31 HMIBUIKMMH MPOLIECAMH EJIEKTPOHHOI 1 10H-
HOI MOJISApH3aLii;

® HACKpI3HUH omip R,, TOOTO ycTaseHe 3HaYeHHs Omo-
Py IieneKTprKa IpOTiKaHHIO OCTIHOTO CTPYMY;

e eMHicTh abcopOiii C,, 1m0 BiANOBiga€ 3a MOBUIbHI
MPOIECH MiTpamiiHoi MmoJspu3alii, 00yMOBIEHOI HaKoO-
MUYCHHSIM BIJIBHUX 3apsijiiB HA MEXax 00JIacTel MieneKT-
pHUKa 3 pi3HUMH eNeKTPO(hI3HIHUMH BIACTUBOCTIMH a00
B IIPHEJICKTPOIHHUX 00JIACTAX;

e aOcopOuiitHuii omip R,, IKUil BBOAUTHCS AJIs IPABH-
JIGHOTO BiOOpaXXeHHs 1HEPIIHHUX BIACTHBOCTEH Mirpa-
iHHOT oNspU3aItii.

R,

1
| S |

Puc. 1. V3aranbHeHna ekBiBajleHTHA cXeMa 130JISILIil 1 eJIeMEHTH
CXEMH BUMIPIOBaHHS

Kpim Toro, Ha puc. | mokazaHi CXeMHi eJleMEHTH:

® R, — 0OMeXyIOUHA Omip, 10 BBOJUTHCA Yy BHUMIpIO-
BAIbHY cXeMy /sl (OpPMyBaHHS EKCIIOHEHI1aJbHOTO
CTpYMY 3apsily FeOMETPUYHOT EMHOCTI;

e R, — omip JaT4yvKa Uil BUMIPIOBaHHS HAIpPyIHd, sKa
BifnoBizae aOcopOLifiHOMY CTPYMOBI Yepe3 IieNeKTpUK.
Jst Toro, mo0 BOHHM He BIUIMBAJIM Ha PE3yJIbTATH JiarHoc-
TyBaHHS, 3HAYECHHS OMOpPY IMX PE3UCTOPIB IIOBHHHO OyTH
3HAYHO MEHILIMM 32 3HAYCHHS ONOPY BUTOKY JiCIeKTPHKA.

VY 3arampHOMY BHMAIKy cCXeMa HEOOHOPITHOTO Iie-
JIEKTPUKa MOXKE MICTHTH Jiekibka Kin C, — R, IO Biamo-
BiaroTh abCcOpOLiIHHIM TporecaM 3i CTaIMMHU 4acy BCTa-
HOBJICHHS PI3HUX BHIIB MirparidHoi mosspusamii. 3a-
YBOKHUMO, IO peNaKcalliiiia mosipu3allisi Ipyu BUKOPHC-
TaHHI KoedilieHTiB abcopOuii Ta monsipu3anii He Bpaxo-
BY€ThCS, TOMY L0 MOMEHTH 4acy, B sIKi HPOBOISTHCS
Bi/UTIK abcopOLiitHOrO cTpyMy AJsl po3paxyHKy 3Ha4deHb
IIUX IapaMeTpiB 3HAYHO IEPEBUILYIOThH CTall Yacy pejak-
caliiHUX IPOLECIB.

Orasa crany abcopOuiiiHuXx MeTOaiB JAiarHOCTYy-
BaHHA eJIeKTPUYHOI i3osnii. AOcopOuiiiHi niarHOCTH-
YHI METOIY PEKOMEHIYIOThCS K HOPMATHBHI ISl JiarHO-
CTyBaHHs 130Jisi1ii TpaHcdopMaropiB, CHHXPOHHUX T'€He-
paropiB, KOMIIEHCATOPIB, KOJIEKTOPHUX 30YAHUKIB 1 eleK-
TPOABUTYHIB 3MiHHOTO cTpyMmy [l]. CywacHi HaykoBi
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JOCTIIKeHHsT a0COPOIIIfHUX METOMIB 1 iX BHKOPHUCTAHHSI
CTOCYIOTBCSl [TIaTHOCTYBAaHHS CTaHy i30mii 00epToBMX
EJIEKTPUYHUX MamuH [2, 3], HU3bKO- 1 BUCOKOBOJBTHUX
kabeniB [4-7], cunoBux Tpancdopmaropis [8-10].

[Tpu TexHIYHOMY [iarHOCTYBaHHI 3aCTOCOBYIOTH JIBa
BN Koe(irieHTiB abcopOii — OMIYHUH 1 €MHICHHI KOe-
GirienTr, a TakoK KOE(DII[IEHTH, 10 BHU3HAYAIOTHCS Bij-
HOIICHHIM 3Ha4YeHb a0COpPOLIIHOTO cTpyMmy B pi3HI MOMe-
HTH YacCy, MCTOI BI]IHOBJHOBaHOI Harpyru i Horo Cy‘laCHl
PI3HOBUIHOCTI, a TAKOXK HENIHIHHICT a0CcOpOIIfHNX Xapa-
KTEPUCTHUK 1 XapaKTEPUCTHK BiTHOBIIIOBAHOI HAIIPYTH.

OmivHnit KoedirieHT abcopOIii JOpiBHIOE BiITHO-
IICHHIO 3HaYeHb CTPyMy abcopOuii un edexkTHBHUX OI10-
piB i3ommii, BuMipsHEX depe3 15 1 60 ¢ ms ctpymiB abo
yepe3 60 1 15 ¢ s onopis:

] 1+ Ry exp(— @)
k, = hs _Reo . Ry~ 74 (1)
o Ris l+—”exp(—1—5)

a T{l

Kpim omivnoro xoedimienta abcopOuii 3apa3 BHKO-
PUCTOBYIOTh KOe(ilieHT nonspusanii k, 31 3HaYEHHAMH
yacy Bimtiky ctpymy abcopoiii 60 i 600 ¢, BiZHOIICHHS
JieeKTpuuHOi abcopOitii R3y/Ris Ta iHIEKC MOISpU3ariil
Reo/R39, KOEilliEHT IiEIEKTPUIHOTO PO3PSIy, a TaKOK
Koe(iLieHT CcTaHy 130JAIil, 10 BU3HAYAETHCS 3a 3HAYCH-
HSMU JIBOX CTPyMiB abcopOwii, B3THMH Ha MOYATKOBiH
IinsgHOi crpyMy adcop6mii mpu 0,06 1 0,1 ¢, 3apsimom reo-
METPHYHOT EMHOCTI 1 YaCOBUM IHTEPBAJIOM MIX BiTIKAMHU:

~_lo,06 —lo1 _i0,06 ~l0,1
¢ Mgy 004q,

€MHICHUIA KoedimieHT abcopOIlii BH3HAYAETHCS Ye-
pe3 BiHOIICHHS MaKCUMAJIbHOTO 3HAYCHHS BiJHOBIIIOBA-
HO1 HanpyTu U, ¢ A0 3apsaHoi Hanpyru Uy:

Urmax — Ca . (2)
Uy Cy+Cy

BimHOBIIOBaHA Hapyra BHHUKAE Ha 130JIAIII1, KO
MCMA TTOBHOTO 3apsiiy il BIAKIIOYHTH BiJ JKepena Ha-
MPYTH, 3aMKHYTHA Ha HEBEIHKHUHA OMip HA KOPOTKHU IPO-
MIDXXOK 49acy Ui po3psAay T€OMETPHUYHOI EMHOCTI, a TIOTIM
JATH MOXMJIUBICTh aOCOPOLIHHIA €MHOCTI 3apspKaTH
TeOMETPUYHY, Halpyra Ha SKild Oyne 3pocTaTé Bif HyIsd
JI0 MaKCUMAJIbHOTO 3HAYCHHS, a Jali CIaiaTd J0 HYJI
BHACIIJIOK PO3PSAAY Yepe3 HACKPi3HUHU OIIip.

Bapiartiero emHicHOTO KoedimieHTa abcopOIii € Ko-
edimieHT nucmepcii, MO BU3HAYAETHCSA IUIIXOM 3apsIy
€MHOCTI 130J14Li1 KOPOTKMM HPSMOKYTHHUM IMITYJIECOM
TpHBaJicTIO 7; Hanpyrot U, i BuMiproBanHasa Hanpyra Uy,
Ha HIifl MICJIA BIAKIIOYCHHS BiJ JKepelia Hampyrd depes
IHTEpBaX Yacy 7, >> 7y, KOJIH BBEJICHUH 3apsil IIepepo3Io-
JITATHCST MIXK TEOMETPUYHOIO 1 aOCOPOIIIITHOI0 EMHOCTSIMH:

Do Uy _ & _ 1-k,
UO - Ud Ca kc

BuKOpHCTaHHS €MHICHOTO 1 OMIYHOTO KOe(II[iEHTIB
abcopOIii sl OIIHKU CTaHy EJCKTPUYHOI 130JAIil Mae
BaroMi HEIOJIKH: TO-TIepIe, BOHH € IHTErpaIbHUMHU
XapaKTESPUCTUKAMH 130JISIi{; IO-Apyre, BU3HAYAIOTHCS
CIIiIBBIJHOIIIEHHAM 3HA4Y€Hb JCKIIBKOX €JIEMEHTIB €KBiBa-
JICHTHOT CXEMH JieIEKTPHKA; MO-TPETE, HE JAIOTh MIOBHO-
ro YSIBJIIEHHSI MPO TMpoIecH aerpaaamii izonsiii. Posrms-
HEMO 1[I IMTaHHS OUIBII JIETAILHO.

k. =

c

Sk BummBae 3 popmyiu (1), 3HaUeHHs KoedimieHTa
a0copOIIii 3ayekaTh BiJl BIJHOIIEHHS HACKPI3HOTO OIOPY
i omopy abcopOrmii Ta Bin cranoi dacy abcopOii, mo €
IHTETpaTbHAMH TOKa3HUKAMH, OO OCEpPEIHIOIOTHCS II0
BChbOMY 00’eMmy i3omsmii. Tomy med Kpurepii MOXKHa
BHUKOPUCTOBYBATH TUIBKH JUIS OLIHKH 3arajJbHOIO CTaHY
130J1A1111, TAKOTO SK OUIBII YK MEHII PIBHOMIPHE 3BOJIO-
JKCHHsT a00 BHKJIMKaHE 11 CTapiHHSAM 3arajbHE MOTipIICH-
HS €IeKTPO(I3UYHUX XaPAKTEPUCTHUK 1 3pOCTAHHS IMOBI-
PHOCTI BiIMOBH.

Kpim Toro, Bci koedilieHTH, 10 BU3HAYAIOTHCS Ye-
pe3 BIIHOIIEHHS ABOX 3Ha4yeHb aOCOPOLIHHOTO CTpyMmy,
sK Oyzie MoKa3aHO HMXKYE, € EKCTPeMalbHIMHU BEIHYHHA-
MM 1 iX KpUTepiabHi 3HaYeHHSI MOXYTh OYTH NPUTaMaHHI
SIK 3BOJIOXKCHINM 9M 3icTapeHii i30JAIil, Tak i oqHOpPimHIl
3omsmii, B sKiii aOcopOUiffHI TPOLECH TPOSBIAIOTHCS
IIy’Ke crnadko.

€mHicHUI KoedilieHT 3rifHo 3 Gopmyinoro (2) xapa-
KTEpPHU3Y€EThCS CIIBBIJHOIICHHSIM TeOMeTpU4YHOl 1 abcopo-
IIIHOT EMHOCTEH, 1110 TAKOXK € IHTErPATbHIUMHU XapaKTepH-
CTHKaMH 1301511111, YaCTKOBO XapaKTepHu3ye HEOJHOPIIHICTh
i3oysLii 1 3poctanHs i B mpoueci crapinns. OnHak, BiH
B3araJii He Hece iH(opMallii po Xapakrep posno;uny M-
TOMOTO OTOpY i pe3I/ICTI/IBH1 KOMIIOHEHTH E€KBIBaJIEHTHOI
CXeMH, sIKi BIJITOBIAIOTH 32 TEIUIOBE CTapiHHS Ta TEIUIO-
BUI TpOOIH JIieJIeKTpUKA, a TaKOX Ja€ YSBICHHS TUIbKH
npo- iHTCHCI/IBHiCTL 00’eMHOT MITpaLiitHOT UM PHETEKTPO-
TaKWX, HANPHUKJIAJ, SK CTajla 4acy MirpariiHol non;[pma-

Kpim Toro, 3uaueHHst U, /U, Oyne 3anexaru Bia
BinHomenus R, / R,, 00 caMe LM BiJHOLIEHHSIM BU3HAYa-
€ThCS HAIPYTa, 10 MOXKE BUHUKHYTH Ha BBIMKHEHil mapa-
JeTbHO HACKPi3HOMY Omopy R, reoMeTprdHOi eMHOCTi Cog,
a TOMY €MHICHU# KoedimieHT abcopOIlii Oyae TUTbKH rpa-
HAYHHUM 3Ha4YE€HHAM Ui BigHOIIEHHS U, ./ U.

B mitepartypi 3 MeTO0 OLITBII aJeKBaTHOTO TEXHid-
HOTO MiarHOCTYBaHHS eJEKTPHYHOI 130JAIil aKTUBHO
PO3TILIIAIOTECS TOJAITBII BIOCKOHAJICHHS a0COPOIitHIX
METOJIiB, OCHOBaHHX Ha BiHOBIIOBaHii Hampysi [11-13].
ITpn BUKOpUCTaHHI METOJY BiJHOBIIOBAHOI HAIIPYTH SIK
JUArHOCTUYHI TapamMeTpu 130Jsiiii IPOMOHYETHCS BHUKO-
pPHCTOBYBAaTH BIJHOLIEHHS MaKCHMAJILHOTO 3HAueHHS
BIJIHOBJIIOBaHOI HANPYTH A0 3apsAHOI, TIOYATKOBY HIBHII-
KiCTh HAapOCTaHHS BiJHOBIIOBAHOI HANPYTH, 4Yac JOCSAT-
HEHHS! MaKCUMAaJIbHOTO 3HAYECHHS BiHOBIIIOBAHOI HAIpy-
T, Koe(illieHTH HeNiHIHHOCTI BiHOBIIIOBAHOI HAIPYyTH,
CTaJly yacy caMopo3psiay, ajle B JaHid cTaTTi METOA Bif-
HOBJIIOBAHOI HATIPYTH He OyJie PO3TIIAAATUCH.

BpaxoByroul MONIMPEHICTh aOCOPOLIHHUX METOIIB,
OUTBIIICTH CyYacHUX BITYM3HSIHMX 1 3aKOPIOHHUX METaoM-
METpIB J103BOJISIIOTH HE TUIBKH BHUMIPIOBATH OIIIp 130111,
a ¥ aBTOMAaTHYHO OOYHUCIIOIOTH KoedirieHT abcopOrmii i
(hikcyroTh AaHi Ut po3paxyHKy Koe(illieHTa MoJspHr3allii.
[Ile OimpIm meTanpHE ONparOBaHHS aOCOPOIiHOI KPHBOI,
BKJIIOYAIOYM 1 METOJ BiJHOBJIIOBAHOI HAIPYTW, NPOIOHY-
€TBCS B CHEIATI30BAHNX JIarHOCTUYHUX CUCTEMAaX.

Onnak, ciin 3ayBKHUTH, IO MU p13HOMaHlTHI/IX
HpOHOBI/IHIﬂX Bn6opy JarHOCTUYHUX Hpouexyp i napa-
METpiB Ta JOCHTh IHTEHCHBHIH IyOmikamii pe3ynbTariB
BUKOPHCTAHHS a0COPOLIHHIX METOIB 3 IIarHOCTHYHOIO
METOI0 B BITUM3HSHIN 1 3aKOPAOHHIN JiTEpaTypi, JOCUTH
CEepHO3HIMH TPOOIIEMaMHU 3AUIIAIOTECS BHOIP KPUTEPItO
CIIPaBHOTO CTaHy NPU BHKOPHCTAHHI BiIIOBIIHMX Aiar-
HOCTHYHHUX [MApaMeTPiB Ta IHTEPIPETALis MPOLECIB, IO
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BiIOYBAIOTHCS B 130JISIIii, HA OCHOBI 3MiH KOHKDPETHHX
JIIarHOCTUYHUX MapaMeTpiB B Yaci, a BOJHOYAC i OTpUMa-
HUX PE3yJIbTATIB I OI[IHKH CTaHy €IEKTPUIHOT 130JISIIii.

OcCHOBHHAM (DaKTOPOM, IO CYTTEBO 3HIDKYE MPOTHOC-
TUYHI MOXIIBOCTI a0COpOLIHUX METOIIB, € HEyCyBHE
MPOTHUPIYYS MK IHTETPATbHHUM XapaKTePOM IiarHOCTHY-
HUX IapaMeTpiB 1 JIOKAJbHUM XapaKTepoM Mpo0Or0, SIK
KaTacTpo(igyHOTO Mpolecy pyHHyBaHHS i305smii. A6copO-
[ifHI METOMU MOXYTh JaBaTH YSBJICHHS PO 3arajbHUi
CTaH 130JIsILli1, 3yMOBJICHHH TEIJIOBUM CTapiHHSM 1 IHIIUMU
nporecaMy, M0 IMPUBOASATH A0 MOTIPIIEHHS 3arajibHOroO
CTaHy i30JIsMii, ane JyIsi IPOTHO3yBaHHs MPOOOI0 BOHU HE
edexTrBHI. MOXIMBICTH MTPOOOI0 BU3HAYAETHCS XapaKTe-
pucTHKamMu i3oisimii B Iyke oOMexeHoMy 00’emi, IO
CKJIAZIa€ COTI-THCSYHI JOJi 3araJibHOTO 00’€My i TOMy Ha
3HAaYCHHS IHTETPAITBHUX XapaKTEPHCTUK BILIUBAIOTH MaJIo.

[epcriekTHBHIMH B yIOCKOHANIEHHI abcopOmiHHUX
METOJIB € poOOTH, B KUX PO3IIINAIOTHCA METOAN BH3HA-
YeHHs iHOWBITyaJbHUX 3HAUCHb I1apaMeTpiB eKBiBaJICHT-
HO1 cXeMHu 3aMimeHHs i3oysmii [14], ane Ha3BaHOI mMpo-
OJeMH BOHM TakoXX He BUpilIytoTh. Kpim TOro, aiarsoc-
THUYHI NapamMeTpu HECTal[lOHapHI B Yaci, 0 MPHUBOJIHUTH
JIO0 JIOJATKOBHMX TNMOXMOOK NpHU X BUKOPHCTaHHI Ul BU-
3HAYCHHS TEXHIYHOTO cTaHy [15].

Crin BiI3HAYUTH, IO 3aKOHOMIPHOCTI 3MiHH J[iarHO-
CTUYHHX ITapaMeTpiB B 3aJIEKHOCTI BiJ 3HAYECHb Mapamer-
piB eKBIBaJICHTHOI CXEMH i30JIAIii CHCTEMAaTHYHO HE JI0-
CITIKYBAIIUCS, X0 ISl 3QJISKHICTh MIPUBOJUTE IO HEOJHO-
3HAYHOCTI KPHUTEPIiB TEXHITHOTO CTaHy Ta 3HIXKYE iX TPO-
THOCTHYHY 37aTHICTh. SIK NpUKIa] MOXKHA HaBECTH €KCT-
peMabHICTh KoehiieHTiB aOCOPOIIT 1 mOIIpH3aLtil, SKi, SIK
MIOKa3aHo HIKYe, OyIyTh ONU3BKUMH 1O ONMHMIL i IpH
CHJIBHO 3BOJIOXKEHIH 1 P MPAKTHYHO OJTHOPIIHIN 1301111
Tomy BuHHKae noTpeda B yCYHEHHI Li€i HEOJHO3HAYHOCTI.

MeTo0 i€l cTaTTi € TOCITIHKESHHS €KCTPEMaIbHOC-
Ti OMIYHHX aOcOpOUiHHMX Koe(illieHTIB Ta 0OIPyHTYBaH-
HS JI0IaTKOBUX A1arHOCTHYHMX IapaMeTpiB Ul yCyHEH-
HS HEOIHO3HAYHOCTI KoedimieHTiB abcopOIii Ta mospu-
3amii, MOB’sI3aHO1 3 HAsBHICTIO MAaKCHMyMY B 3aJI€KHOC-
TAX OUX KoedimieHTiB Bix abcopOmiifHOi cTanoi gacy.

AHaJi3 ekcTpeMaIbHOCTI a0copOuiinnx koedimi-
enTiB. Lleil aHani3 My MpoBeeMO BUKOPHCTOBYIOUH y3a-
raJbHEHY EKBIBAICHTHY CXEMy HEOIHOPIAHOTO IieNeKT-
puka (muB. puc.l), mo mokiIageHa B OCHOBY aOcopOriii-
HHUX METO/IB JiarHOCTYBaHHS eJIEKTPHYHOT 13011111

BignoBinHO a0 BH3HAYEHHS, OMIYHI aOcopOuiiiHi
koediwieHTH, TOOTO KoediLieHTH abcopOii, mospu3allii,
BiJTHOIICHHS JiCIEKTPUYIHOT aOCcopOIIii Ta iHICKC MOJISIPH-
3allii, JOPiBHIOIOTh BiTHOIICHHIO 3HAYCHb OMOPIB 130JIAIIiT
BUpOOyY, BUMIPSIHUX Yepe3 uac, 110 JOPIBHIOE ¢ 1 tp, MicCIs
nojayi rnocriinoi Harpyru [1]:

R
1+~ exp, _h
_ Rt1 _ a Ta
k=g .t 3
2 14 TMexpl -2
R T

a a

ne t, = C,R, — abcopOiiiiiHa cTana Jacy.

[Moxaxxemo, mo Bci abcopOmifiHi Koe]imieHTH, 0
BHU3HAYAIOTHCS Yepe3 BiTHOIICHHS IBOX 3HaYeHb abcopo-
IfHOTO CTPYMy, € EKCTPEeMaJbHHMH BENHYMHAMH 1 iX
KpUTEpialbHi 3HAYEeHHA MOXYTb OyTH NpHTaMaHHI 5K
3BOJIOKEHIA 4K 3iCTapeHidl 130Jsiii, Tak 1 OXHOPIIHIN
i3oms1ii, B sIKiii aOCOpOLiiHI MPOIECH MPOSBIISIOTHCS
JIyxe ciabko.

PosrnsiHemo B 3arayibHOMY BUTJIsiAl Bupa3 (3), 1mio
Xapakrepusye abcopOuiiiHi koedilieHTH 30JIs11i{, TT03Ha-
quBIIK X = R,/R,, 1 BUKOHAEMO JOCITIJKEHHS HOTO Ha
EeKCTPEMyMH, BHKOPHCTOBYIOUH, SK HE3aJCKHI 3MiHHI
BIZIHOLLIEHHSI HACKPi3HOTO Oropy A0 abcopOuiiiHOrO X Ta
cTairy vacy abcopOmiitHoro mpormecy t,. [loxigHa mo x
BHpa3y AJs abcopOiiitHoro xoedimieHTa JOpiBHIOE

) I
exp| — = |—exp| - —
dka _ Ta a “)
dx ; 2
I+ xexp| — L
Ta

3rigHo 3 Gopmyioro (4) ymosa exctpemymy dk, /dx = 0
BUKOHYETHCS TUIBKH IPU X —>oC, TOOTO 1ipH R, /R, —>oc.

3Bigcu BuIuMBae, mo dk,/dx € 3pocTarouoro Bix 01U-
HUI[l 3 HACHYCHHSAM (QyHKUi€ R, npu R, = const, abo
aHAJIOTIYHOIO (DYHKIIIEIO BiJHOIICHHS R, /R, 1 Ma€ OIHO-
CTOPOHHIl MaKCUMyM Ha HECKIHUEHOCTI, 3HAYCHHS SKOTO
3aJICKUTHh BiJ aOCOpOIiiHOI cTamoi 7, Ta BiJi MOMCHTIB
qacy BiIIKy abcopOuiiiHOTO CTpyMYy #; 1 £

JI1st TOX1THOT 110 7, MaeEMO:

t t t t+t t t t W+t
—zzxexp -2 +—22x2exp 172 ——12xexp -1 ——lzxzexp 172
dk, 7, Ta 7, Ta 7, Ta) 74 Ta
dr 2
1+ xex UE
p
Ta

Ymosa exctpemymy dk, /dx = 0 qae 1Bi MOKIMBOCTI.
[epma 7y, = © 1 R, /R, —oc. [Ipn TakuxX yMOBax i30JIs1ist

t 1+t

1y exp -2 +lHxexp -2

amax amax
Lle piBHAHHA HiCJIA CHPOIIEHHS Ma€ BULTIA]

) l
Hexp| ——=— |+hxexp ——
Tamax Tamax e Rn
=x=—"1. 5)

=4 R,

TakuMm 4MHOM, KOXEH KOe(iIlieHT, SKUH BH3HAYa-
€TBhCS Yepe3 BIMHOMICHHS TBOX 3HAYEHB CTPyMy abcopO-

h
- exp| ———

He Moe OyTH JedeKTHO, Ko BpaxysaTu, mo C, < C,
1 Mae CKiHYeHe 3HaueHHs. [HImmii BapiaHT
nht+t

amax Ta max

uii, 3rigHo Qopmymu (5) Mae MakcHMyM, HOJIOKEHHS
SIKOTO BHM3HAYAETHCS 3HAYCHHSMM abcopOuiiHoi cranoi
9acy Tymax, TOOTO HOOYTKOM abcopOuifiHmX omopy R, i
emHOCTi C,, BITHOIIIEHHSIM HACKpPi3HOTO Omopy 1o abcop-
6miitHOTO R, /R,, @ TAKO)X MOMEHTaMH Yacy BiJUTIKy 3Ha-
4yeHb abcopOuiiiHoro cTpymy # i t,. IlonoxkeHHs Makcu-
MyMy OyJie BIUIMBaTH Ha 3HAYEHHS AIarHOCTUYHHUX Iapame-
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TpIB B JaHii TOYI[ 1 MPUBOJUTH 110 3MIHU HAOOpY 3HAYEHD
rapaMeTpiB €KBIBAJICHTHOI CXEMH, SIKi BIAIOBIAAIOTh KPUTH-
YHOMY 3HAYEHHIO JIarHOCTHYHOTO MapameTpa, L0 YCKIIaJl-
HIOE IHTEPIIPETAIIiIO PE3YJIbTATIB KOHTPOJIFO 130JIAILIT.

AHaTi3 BIUIMBY HapaMeTpiB cXeMH 3aMillleHHS
Ha abcopOuiitni koedimienTn. PosrnsHemo Oinpmn mera-
JIbHO BIUIMB IapaMeTpiB y3araibHEHO! eKBiBaJCHTHOI
cXeMH 3oLl Ha abcopOriiiHi KoedillieHTH Ha PUKIIaIi
KoeimieaTiB abcopOuii Ta momspu3arii.

B HopMmatuBHiN miTepatypi [l] mpum omiHIOBaHHI
3BOJIOXKEHHS 130JIA1Ii1 €IeKTPOTEXHIYHOTO 1 eIeKTpoeHep-
TeTHYHOT'0 YCTATKyBaHHA 32 KPUTHYHE 3HAUYCHHS OMIYHO-
ro xoedimieHra abcopoOuii yacto mpuiiMaerbes k, = 1,3.
SIkmo k, mMae MeHINE 3HAYEHHS, i30J1(i BBaXKAETHCS
3BOJIOKEHOI0. B 3arajbHOMY BHIIQJIKy KPUTHYHI 3HAYEH-
Hs k, MOXYTh 3HaX0oauTHCS B Mexax 1,2 — 1,6. Binsua-
YMMO, 110 NMPUHHATA IHTepHpeTamis k, sIK KPUTEPil0 3BO-
JIOKEHHSI MaTtepiainy He 30BCIM TOYHA 4yepe3 iCTOTHY 3a-
JIeKHICTB Horo 3HaYeHHs Bij C,, R, 1 abcopOIiitHOl cTanol.

JlilficHO, HEOTHO3HAYHICT IHTEpIpeTaNii pe3yibTa-
TIB JiarHOCTYBaHHS 3yMOBJICHAa THM, IO 3aJIeKHICTh
KoegimieaTa abcopOIii Mae MakCHMyM HE TUIBKH Bif
abcopOwiifHO1 cTajoi, a i OKpeMo Bix abCOpOIiitHOT eM-
HOCTI NpW CTaJoMy 3Ha4eHHi abcopOliiiHOro omopy, a
TaKOX BiJ| aOCOpPOLIHHOr0 OMopy MpU CTAIIOMY 3HAYEHHI
abcopOuiitHoi emHocti. ToMmy Big3HAUMMO Te, Ha IO
NPaKTHYHO HE 3BEPTAEThCS yBara: JJisi OJHOPIAHOT 13015~
il 3 HEOJOKYIOUUMH €JIeKTpoJaMu abcopOLiiiHa EMHICTh
C,, a 3Ha4nTh 1 abcopOuiiiHa crana yacy t,, IOBUHHI OyTH
ONMM3BKMMHU 10 HyJsl, 1 KoedimieHT abcopOuii k, 3rigHo
¢dopmymnu (1) Oyme 6mu3pkum 1o 1. ToOTO, 1 I imeans-
HOTO IieNeKTpuKa, Ko abcopOmiiiHa crana Jacy OIu3b-
Ka JI0 HyJlsi depe3 Malie 3Ha4eHHs aOCOpOIiitHOT €eMHOCTI,
1 JUIsl 3HAYHO 3BOJIOYKEHOTO JieJIeKTPUKa, KOJIK Majie 3Ha-
4yeHHsI abCOpOLIMHOT CTaja0l 3yMOBJICHE MalliM 3HAYCH-
HsM abcopOIiitHoro omopy, koedimieHT abcopOuii &, = 1.
Ile o3Hayae, M0 3aeXkHICTH KoedimieHTa adbcopOmii Bif
abcopOwiiHOT cTamol eKCTpeMalbHa, 10 JIHCHO Ma€ Mic-
e, sK M0Ka3aHo Ha puc. 2. Sk BuaHO 3 puc. 2, B obnacti
MaJliX 3Ha4yeHb T, CIOCTEPIraeThCsl JOCHUTH pi3Ke 3HH-
JKEHHsI KoedilieHTa adbcopOrii nmpu 3MeHIIeHH] 7,, a pu
30UIBIIEHHI T, TiCI MAaKCUMYMY — IUIaBHUI HOTO criaj.
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Puc. 2. 3anexuicts koedirienra abcopOuil Bix abcopOriiiHol
cTasiof yacy Ta BiJHOILICHHS HACKPI3HOTo onopy /10 abcopOiLiiHoro.

Hageneni kouTypu [uist 3HaueHb KoediuieHta abcopOii
1,2 — 1,6 (3HM3y Hmoropu)

Koedoimient abcopbmii k, mpu 7, = const Mae mo-
CTiliHE 3HAYEHHS, SIK I[IOKA3y€ PO3PaxyHOK, TINbKU IPU
MEBHOMY CITIBBiJJHOILIEHHI R, 1 a0COpOLIHHUX XapaKTepH-
cTuK. B sikocTi mpukiagy Ha puc. 2 MOKa3zaHWH mepepis
rpadiky mwromuHamu k, = [1,2; 1,3; 1,4; 1,5; 1,6], mo
BIJINOBiIa€ 3HAYECHHSM k,, SIKi IPUHMAIOTHCS 38 KpUTEPii
TIPY OLHIII CTaHY 130JIAILi1 €JIEKTPOTEXHIYHOTO 1 EIEKTPO-
CHEPreTUYHOTO YCTATKyBaHHSI.

ExcTpemanbHi 3HaUCHHS k, 1 CTani yacy, IIo BiIIOBI-
JIaloTh 1M, HaBezxeHi B Tabm. 1. Makcumym koediuieHTa
abcopOmii k, 3aleXHO Bi 7, Mae MICIe TIPU 33aTaHOMY
BigHOWeHHI R, /R, B obOmacTti 7, = 7,5 — 33,5 c. OmHOMYy i1
TOMY X 3HAYECHHIO k, 11032 MaKCUMyMOM TIpH R, /R, = const
BIJIITOBIIAFOTE J[Ba 3HAYCHHS CTaJol yacy abcopOmii 7,. Tak
NIPU CIBBiOHOMICHHI R, /R, = | KPUTHYHOMY 3HAYCHHIO
k, = 1,3 BignoBinaroTh 3HaueHHs 7, = 13,1 ci7,=59¢, a
npu R, /R, =10 — 3Hauenns 7,=4,25ci 7, =152 c.

Tabmuns 1

IMapamerp| R,/R,|0,0001| 0,001 | 0,01 | 0,1 1 10 | 100 | 1000

k T ©| 32,44 | 32,44 132,345 31,46 (25,88(16,27(10,42| 7,49
a

kamax | 1 |1,0005]|1,0047|1,0465| 1,42 | 3,98 |18,78|102,09

k o C| 234 | 234 | 230 | 226 | 190 | 125 [65,5| 55

’ fomax |1 {1,0007| 1,007 | 1,07 | 1,66 | 6,64 |362,9| 2841

Po3paxyHKku mpu pi3HUX CHIBBIiIHOIIEHHSX HAacKpi3-
HOTO Ta abCcOpOLIfHOro OIOpPiB MOKA3yIOTh, 0 3HAUYCHHS
cTayoi 4yacy 7, IO BIAMOBifae OJU3bKOMY IO OJUHHII
MaKCHUMaJIbHOMY 3HaueHHI0 k,, Maiike TMocTiiiHe mpu
R, /R, <1 i mocTynoBo 3HWXKYETbCA 1pH R, /R, > 1, kKonu
KoedimieHT abcopOii mourHae oMiTHO 3pocraTh. Lo x
cTocyeTses KoedimienTa moisipu3amii k,, To BCi sKicHI
3aKOHOMIPHOCTI, 0 MalOTh Micle I KoedilrieHTa ao-
copbmii 30epirarThCs, ajie KUIbKICHI XapaKTePUCTHKH
3MILIYIOTBCSl B CTOPOHY OibLIMX 3HaueHb (Tadum. 1). s
000x KoedilieHTIB MaKCUMaJIbHE 3HAUeHHS KOe(ilieHTIB
NPSIMYE JI0 HECKIHYEHOCTI 1pu R, /R, —>oC 1 HyJIbOBOMY 7.
B Toit e yac npu HyJabOBOMY 3HaueHHi R, /R, MakcuMa-
JbHE 3Ha4yeHHs KoedilieHta abcopOuii Mae wmicue npu
7, = 32,46 c, a ma xoedimienTa nonApu3aii k, npu 7,=234 c.

B 3anexxHOCTI Bifi HAaCKpi3HOro omnopy KoegilieHT
a0copOI1ii MOHOTOHHO 3pOCTAa€ 3 HACHYCHHSIM Bim 1 1o
exp((t, — t1)/7,), e t; 1 t, — 4ac BUMIPIOBAHHS OIIOPY IICIIs
noJiayi Hampyru, IpH 3pOCTaHHI HACKPI3ZHOTO ONOpY 10
HeckindeHocTi. Ilpm mpomy ciin martd Ha yBasi, L0
exp((t, — t)/7,) pu t, — t; = const eKCIIOHEHIIIIHO criaae
31 3pOCTaHHSM 7,, @ TOMY PIBEHb HacCW4eHHS k, Oyxe n1o-
CUTh Pi3HHM TIpH pi3HUX aOCOPOMIHHMUX Oropax, IO Je-
MOHCTPYETBCS Ha pHC. 3, ¢ MaKCUMaJbHE 3HAYCHHS
Koedirmienta abcopOuii Moxke csarati 60 mpu Manux Bif-
HomieHHsX R, /R, 1 t, — t; = 60 ¢. TeopeTuuHo npu OiIb-
HINX 3HAYCHHIX pi3HHui t) — t; MaKCUMaJIbHE 3HAQUYECHHA
KoedirienTa abcopOIil MOKE CSATaTH KIIbKOX COTCHb.

KpuTruHe BifHOIIEHHS OMOPY BUTOKY 10 abcopO-
LifHOrO OMOpy Mae Micle MpH MEBHUX 3HAYEHHX abcop-
OuiiiHO1 cranoi (puc. 4), siki Takok € (QYHKLIEI BigHO-
LIEHHS onopiB R, /R,. 3BepTaioTh Ha cede yBary, 10 Mak-
CHUMaITbHI 3HAYCHHS CTANOT Yacy a0COPOIIT Tymqy I KOE-
¢inienTa MonsApu3anii 3Ha4HO OUIBIII B MOPIBHSHHI 3 11
3HAYCHHSAMH 1151 KoedirieaTa abcopOmii B ToMy X aiama-
30H1 3Ha4YeHb R, /R,.
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amax

-2 -1.5 -1 -0.5 0 05 : | 15 2 25 3
log (R/R))
Puc. 3. 3ayiexxHiCTh MAKCUMAILHOTO 3HAYCHHS KoedillieHTa abco-
PO Aymax Bi 1g(R,/R,) ipH 3HAUCHHSX PI3HHULII MOMEHTIB Yacy
BUMIpIOBaHHS aOCOPOLIIHHOrO CTpyMy
1 —t: 0.1, 10, 20, 30, 40, 50, 60 ¢ (3HU3Y IOTOPH)

1000 T T -

800 1

600 1

amax’ c

© 400 : —— 1

200 1

8 : : :
60 80 100
R/R,

Puc. 4. 3naueHHst aOCOPOLIIHOT CTAIOT T4y,y, IO BiAMOBIAAIOTH
ekcTpeMyMy KoedirieHTa abcopOii (3HU3Y), mpu ¢ = 30
it =120 ¢, a TakoX [uIs1 KoeilieHTa mospu3anii
(BepXHs KpHBa) B 3aJIeXKHOCTI Bix R, /R,

TakuM YMHOM, pe3yabTaTH BUKOHAHOTO MOJEINIO-
BaHHS MiATBEP/UKYIOTh HEOJHO3HAYHICTh OMIYHOTO KOE-
¢iienTa abcopOuii i koedilieHTa MONSIpHU3aLii, SIK aiar-
HOCTHUYHHUX MapaMeTrpiB. HeonHO3HAYHICTh 3alIe)KHOCTI
KoeimieHTiB abcopOIii Bif 7, 1 3aJEKHICTh iX 3HAYCHD
BiJl BITHOIIICHHS OTOPIB R, /R, MPU3BOIUTH O HEMOXKITHU-
BOCTI OJTHO3HAYHOI iHTEpIpeTanii pe3yJbTaTiB, OCKIIBKA
OJTHE 1 Te )X 3Ha4YCHHS k, MOJKe BIJNIOBIIATH 1 MaTepiaiy i3
3a[IOBITFHUMH BIIACTHBOCTAMHU 1 MaTepialy 3 HU3BKUMH
piBHSIMH oropiB. Maii 3HaY€HHS 7, MOXJIMBI SIK IIpH
Manux 3HadeHHsX C,, XapaKTepHUX AJ SKiCHOTO OIHO-
pimHOTO MaTtepianmy, Tak i IpW ManWX 3HA4YEHHSIX R, sKi
BIZIIIOBIIAOTh BEJIMKIH MIKpOAe(EKTHOCTI OKpEeMHX 00na-
CTEH IIbOTO MaTepiaiy.

Jlnst BelMKHX 3HAuYeHb 7,, 10 MAIOTh MiCIe IIPH Be-
miknx C, 1 R,, iHTepHpeTamis MPOTHIIC)KHA — MaTepiai
Jy’)Ke€ HEOJTHOpiAHUWi, ane He ayxe nedexrHuid. Okpim
i€l HEOJHO3HAYHOCTI CIIJI TaKOX BpaxyBaTd TOW (axT,
10 MPH OJHOMY 1 TOMY K HE3MiHHOMY 3Ha4eHHi 7, 3pOc-
tanas C, 1 BIANOBigHE 3HIOKEHHS R, BiAIOBIZAIOTH 3a
MOTIpIIEHHS BJIACTUBOCTEH Martepiany, a 3HikeHHs C, i
3pOCTaHHs R, — NOJNIMIIEHHIO, i 0e3 pO3/JIBLHOrO BH3HA-
YEHHS LMX MapaMeTpiB HEMOXKIMBO BIJIOBICTH Ha MUTaH-
HS, B SIKy CTOPOHY 3MIHIOIOTBCSI BIIACTUBOCT] MaTepiary.

HaBeneni MipKkyBaHHS MiATBEPIUKYIOTh, IO abcopO-
LilHI KOe(Ii€HTH € JOCUTH CYNEPSWINBIMU 1 CKIaJHIMHU

JUIsl IHTeprpeTalii OTPUMaHUX B MPOLIECI TEXHIYHOTO Jiar-
HOCTYBaHHS 130JIs11ii pe3ysbTarTiB 1 1110 e()eKTUBHUMHU BOHH
MOXYTh OYyTH, SIKIIIO BUKOPUCTOBYBATH iX JIsl IIarHOCTY-
BaHHS JaHOTO THUILy i30J1ALil JaHOro BHPOOHMKA TMicCiIs
MONCPCAHBO MPOBCACHUX BU3HAYAJIbHUX BI/alO6yBaHb.

BBeneHHs1 10AaTKOBOI0 AiarHOCTUYHOTO apaMeTpa
AJ151 YCYHEeHHS1 HeOJHO3HAYHOCTI abcopOuiiinux Koediwie-
HTiB. [TiBUIIUTH JIarHOCTHYHY CIIPOMOXKHICTh abCOPOLii-
HUX KOE(]II€HTIB, 0 0OMEXYETHCS HAsBHICTIO MAKCUMYMY
B 3aJIGXKHOCTI X Bi/T a0CcOpOIiiHOI cTasol 9acy, MO)KHa BHKO-
PHCTOBYIOUH JOJATKOBHH MIarHOCTUYHHH TapaMeTp, 30Kpe-
Ma IpaHAYHE 3HAYCHHS BiQHOIICHHS (R, /R,)c-

SIx BumIMBaEe 3 puc. 2, iCHye HailMeHIIe 3HAYCHHS
BifgHomeHHs (R, /R,).,, TIPH TIOAAIBIIIOMY 3MEHIIICHHI KO-
ro a0CopOIiiHUIA Koe]ilieHT OyIe MaTh 3HAYCHHS, TUIBKH
MEHIIIE KPUTEPIaIbHOTO MPHU OyIb-SIKMX 3HAYEHHSIX abcop-
OuiitHoi cramoi. [ 3HaXOIDKEHHS TPAaHWYHHUX 3HAYCHB
BigHoweHHs (R, /R,). MOTPiOHO MiJCTaBUTH B PiBHSHHS
(3) kputepianbHe 3HaYCHHsI aOCOpPOLIHHOTO KoedilieHTa,
0 OacTh PIBHSHHS MPO(QLII0 MEepeTHHy, IO BiIOBimae
[IFOMY 3HAYCHHIO, 3HAWTH 3HAYEHHS a0COPOIIHHOI cTaol

Tamin = k) (©)
Inl a2
4

IO BiJNOBigae MiHIMyMy abcopOuiiiHoro koedimieHra B
3aJISKHOCTI BiJl BifHOIIEHHs onopiB R, /R,, a MOTIM po3pa-
xyBat# (R, /R,), MTIACTABUBILIN Ty Y PIBHSHHS:
R k, -1
In a G
5
T

t
a/er a1 —kanp—

Tamin

exp| —
amin

Po3paxoBani 3a gopmynamu (6) i (7) rpannyHi 3Ha-
4yeHHs BigHOMIeHH (R,/R,)., IS Pi3HUX 3HAYECHBb Koedimi-
€HTIB aOcopOmii Ta monspu3alii, Ta BiIIOBiAHI 3HAYCHHS
abcopOIifHNX CTAMHX Yacy, MO BiANOBiAIOTh UM 3HAa-
YeHHsIM Koe(DillieHTiB, HaBeIeH B Ta0II. 2.

SIKII0 OJJTHOYACHO BUKOPUCTOBYBATHM TI'DAHUYHI 3Ha-
4yeHHsT KoedimieHTiB abcopOwii 4u mossipu3anii i BigHO-
mendst (R,/R,)., TO HEOMHO3HAYHICTH JIarHOCTYBAaHHSI,
MOB’sI3aHa 3 HASBHICTIO MaKCUMyMy Yy aOCOPOIHHUX Koe-
¢iuienTis, Oyzae moaonaxa.

Tabmuws 2

3HaueHHS
abcopbuinroro| 1,1 | 1,2 | 1,314 [15|1L6|L7| 1,819 2,0
koeiuieHTa

K, (R/Ry)er | 0,22 10,45 10,69(0,95|1,21|1,49(1,77(2,06(2,36| 2,67
Tamins © | 30,4 | 28,7 [27,3(26,1|25,1|24,2123,5(22,8|22,2|21,64
k, (Ru:/Ro)r 10,145]0,29310,44(0,60(0,7510,91|1,07{1,23|1,39]| 1,55
Tamins © | 225 | 217 [210(205]|199| 195|191 | 187|183 | 180

Hapenemo Takox (opMysd JUisi BU3HAYCHHS TPaHWY-
HUX 3Ha4YeHb BimHOMICHHS (R, /R,). B 3aJICKHOCTI BiJ 3Ha-
4yeHb a0COPOLIITHOT CTaI01, 0 HE BiMOBIIAIOTH MIHIMYMY.

Jns koedinienta abcopOrrii, mo mopiBHIOE 1.3, mpu
20 ¢ <17, <100 ¢ ms rpaHUYHUX 3HauYeHb (R, /R,). MOKHA
3aIicaTH JIIHEAPH30BaHEe PIBHIHHS

% =0,29+0,0141 7, , (8)

a cr
a i1t KoedilieHTa MmoJsipU3aliii, 1o JOPiBHIOE 2, B 00J1aCTi
185 ¢ < 17,< 1250 ¢ BiamoBigHO
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(&j =0,215+0,00103-7,, . ©)]
Ra
cr

SIkio oTpuMaHe Mpu 1iarHOCTHYHOMY BHUITPOOYBaHH1
3HaueHHs (R, /R,)., Oyzne MeHIIMM 3a po3paxoBaHe 3a (op-
Mynami (8) 1 (9), To TEXHIYHMH CTaH 130JIs1Lii He 33/I0BUILHHIA.

3BepTaeMo yBary, 0 y bOMY BUIIJKY SIK JliarHOC-
TUYHI TTapaMeTpu NOTPIOHO BUKOPUCTOBYBATH i (R, /R,)cr,
1 7,. 3aIpPOIIOHOBAHI JTOJATKOBI MiarHOCTHYHI IMapaMeTpu
€ JOIOMDKHHMH, IO BUKOPHUCTOBYIOThCS VISl YCYHEHHS
HEOTHO3HAYHOCTI OCHOBHOTO KPHTEPi0 Koedirienta
abcopOuii uu nossipu3alii, i IX MOXHa 3aCTOCOBYBATH ISl
HaWOIIbII BUKOPUCTOBYBAaHUX KPUTHYHHX 3HA4YEeHb KOe-
¢imienta abcopouii k, = 1,3 1 koedimienra moyspusanii
k, = 2. Ilpu GinpIIMX 3HaUYeHHAX aOCOPOIIHHIX Koedillie-
HTIB MOKHa po3paxoByBatH (R, /R,)., 1 7, 32 uMu k (op-
MyJIaMH, ajie BOHH OyAyTh BIIOBIATH ACIIO 3aHMKEHUM
TPaHUYHMM 3HaYECHHAM a0CcOpOLiHHNX KoedilieHTiB.

Bucnosku.

[Moxazano, mo xoedinieHTH adbcopOii i moyspu3amii
€ eKCTpeMaNbHUMH (YHKIISIMU BiTHOIICHHS HACKPI3ZHOTO
1 abcopOriitHOTO OTOpIB, cTaNoi Yacy abcopOuii, a TaKoX
aOCOpOLIHUX €MHOCTI 1 OIOPY OKpEMO, II0 3HMKYE IX
MIPOTHOCTHYHY 3JaTHICTH 1 IPUBOIMUTH 10 HEOIHO3HAYHOT
iHTepIIpeTanii pe3yJbTaTiB JiarHOCTYBaHHS.

OOrpyHTOBaHA MOXJIMBICTH BBEICHHSI JOAATKOBOIO
JIarHOCTUYHOIO IapamMerpy, W0 € BiJHOIIEHHSM Ha-
CKpi3HOro 1 abcopOuiiiHoro onopis (R, /R,)., B MiHIMyMi
JMiHIT TepeTHHy 3allekHOCTI k (7, R, /R,) TUIOUIMHOIO
k, = const, 111 yCyHEHHS! HEOIHO3HAYHOCTI, 1TOB’S3aHOT 3
eKCTpEeMAaITbHICTIO abcopOmiitHux koedimienTiB. Po3paxo-
BaHO TPaHWYHI 3HAYEHHS BIJHOMICHHS HACKPI3HOTO Ta
abcopoOmiitHoro omopiB (R, /R,)., Anst xoedimieHTiB abco-
pOwii 1 mossipu3anii B miana3oni 3HadeHp Bim 1,1 mo 2.
[Ipu oTpumaHHi B Tpoleci AiarHOCTYBaHHS 130Js11ii 3Ha-
YeHb BifiHOLICHHS R, /R,, MEHIIKX 32 TPaHUYHI, U Oy/Ib
SKMX 3HAYCHHSIX cTanoi abcopOmii craH i3ousiii Oyne
HE3a/I0BUIBHUM.

3arpornoHoBaHo (GOPMYJIH JUIS PO3PaxyHKY KPUTHY-
HUX 3Ha4€Hb BiHOWIEHHS R, /R, IpH 3HaueHHsAX abcopo-
mifHOi cTanmoi yacy B mianma3oni 20 < 7, < 100 ms &k, = 1,3
185 <7, <1250 nna xoedinienra nonspuzauii k, = 2, aki
pa3oM TaKOX MOXHA BHKOPHCTOBYBAaTH SIK OIIOMIXKHI
JiarHOCTUYHI apaMeTpH Ul IUX 3HAYCHb a0COPOIiTHIX
KoeQIIiEHTIB.
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Reasoning of additional diagnostic parameters

for electric insulation diagnostics by absorption methods.
The aim of this work is to analyze the inadequacies of the diag-
nostic parameters, in particular the absorption and polarization
coefficients, which are manifested in their integral character
and dependence on the ratio of values of several elements of the
equivalent scheme of insulation replacement. This article con-
tains the results of theoretical investigation of the extreme na-
ture of the absorption diagnostic parameters, which leads to
unambiguity of the diagnostics procedure. The ways of partial
adjustment of this unambiguity have been proposed. Methodol-
ogy. To determine the extremality of the absorption coefficients
depending on the absorption time, absorption capacity and
resistance, as well as the leakage resistance, the usual method
of investigating the functions was used, detailed calculations
have been obtained by using MATLAB software. Results. Has
been shown that the ambiguity of diagnostic results is caused by
the contradiction of the integral character of the diagnostic
parameters and the local character of the isolation failures, in
particular breakdown, by ambiguous dependence of the diagnos-
tic parameters on the values of the elements of the insulation
replacement scheme and the extremal nature of the diagnostic
parameters. Based on the general expression describing all
currently used absorption coefficients, it is shown that they all
have an extremum, the value of which depends on the parame-
ters of the insulation substitution scheme and the time interval
between the measurements of the absorption current. The de-
pendence of the extreme value of the absorption and polariza-
tion coefficients on the parameters of the insulation substitution
scheme has been established. Has been shown that to eliminate
the ambiguity caused by the extremity of the absorption coeffi-
cients, it is necessary to introduce additional diagnostic pa-
rameters, such as the ratio of leakage resistance to absorption
resistance, as well as the critical value of the absorption time
constant. Originality. The detailed analysis of the reasons of
ambiguity of electric insulation technical diagnostics by absorp-
tion methods has been carried out. A method for eliminating the
ambiguity caused by the extremity of the absorption coefficients
has been proposed. Practical significance. To eliminate the
ambiguity caused by the extremity of the absorption coefficients,
additional diagnostic parameters are proposed — the ratio of
leakage resistance to the absorption resistance and critical
values of the absorption time constant. The applying of these
parameters with the absorption coefficients will more ade-
quately assess the technical condition of insulation. References
15, tables 2, figures 4.

Key words: non-destructive insulation diagnostics, absorp-
tion methods of insulation diagnostics, diagnostic parame-
ters of insulation, dielectric absorption ratio, absorption
index, polarization index.
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EnekmpuyHi cmaHuii, Mepexi i cucmemu
UDC 621.311

https://doi.org/10.20998/2074-272X.2021.6.07

F. Akbar, T. Mehmood, K. Sadiq, M.F. Ullah

Optimization of accurate estimation of single diode solar photovoltaic parameters
and extraction of maximum power point under different conditions

Introduction. With the snowballing requirement of renewable resources of energy, solar energy has been an area of key
concern to the increasing demand for electricity. Solar photovoltaic has gotten a considerable amount of consideration from
researchers in recent years. Purpose. For generating nearly realistic curves for the solar cell model it is needed to estimate
unknown parameters with utmost precision. The five unknown parameters include diode-ideality factor, shunt-resistance,
photon-current, diode dark saturation current, and series-resistance. Novelty. The proposed research method hybridizes flower
pollination algorithm with least square method to better estimate the unknown parameters, and produce more realistic curves.
Methodology. The proposed method shows many promising results that are more realistic in nature, as compared to other
methods. Shunt-resistance and series-resistance are considered and diode constant is not neglected in this approach that
previously has been in practice. The values of series-resistance and diode-ideality factor are found using flower pollination
algorithm while shunt-resistance, diode dark saturation current and photon-current are found through least square method.
Results. The combination of these techniques has achieved better results compared to other techniques. The simulation studies
are carried on MATLAB/Simulink. References 34, tables 5, figures 10.

Key words: maximum power point, maximum power point error, genetic algorithm, flower pollination algorithm.

Bcmyn. 3 oensady na eenuuesny nompedy y GiOHOGNIOBAHUX eHepeeMUUHUX Pecypcax, COHAYHA eHep2is cmana Kuio4oeolo cgepoio
D036 A3aHHs NPOOeMU 3pOCMANHA NONUMY HA eNeKmpoenepeiio. 3a 0CManni poKy COHAYHA (HOMOeNeKMpPUHA MeXHika ompumana
3HauHy yeazy 3 60Ky docrionukie. Mema. /[na cmeoperus maiixce peaniCmudHux Kpueux 01 Mooei COHAYHUX bamapel HeoOXiOHO
OYiHUMU HegIOOMI napamempu 3 MAKCUMAnbHOI0 moyHicmio. I1'ame Hegidomux napamempis ekmouaioms Koegiyicnm ioearbHoOCmi
0i00is, onip wiyHmy, oomoHHuil cmpym, Cmpym memHo20 HacudeHnHs 0iodig i nocrioosnuti onip. Hoeusna. 3anpononosanuii memoo
00CIOAHCEHHSA NOEOHYE AN2OPUMM 3ANUTIEHHS KGIMI6 13 MemoOOM HAUMEHWUX K8a0pamis 0iist Kpaujoi oyinKu HegiooMux napamempie
ma ompumanHs Oitbui peanicmuyHux Kpueux. Memooonozia. 3anpononosanuil. Memoo OeMOHCmpYe 0a2amo nepcneKmueHUX
pesyiomamis, AKi € Oibll PealiCMUYHUMU 3G CE0€EN NPUPOOOI0, NOPIGHAHO 3 [HwUMU Memooamu. Poszenswymo onip wiynma i
nocnioosHull onip, i 6 Yybomy nioxoodi, AKUU pauiuie 3acmoco8yeascs Ha NPaKmMuyi, He HeXMyOms NOCMIlHOI0 Odioda. 3HauenHs:
nocniooeHo2o onopy ma koegiyienma ideanbHocmi 0i00i6 GUHAYAIOMbCS 3a O0NOMO20I0 AN2OPUMMY 3aNULEHHS K8IMOK, Mooi 5K
ONIp WYyHmMY, CMPYM MEeMHO20 HACUYeHHs 0i00i6 | POMOHHUL CIPYM - MemoO0oM Hatimenwux keaopamis. Pesynomamu. Iloconanns

yux Memoodie 3abesneyuno Kpawji pesyivmamu Y NOPIGHAHHI 3

MATLAB/Simulink. Bi6n. 34, Tadn. 5, puc. 10.

iHwumu  memoodamu. Mooentoganns npoeoOUMsvCs Ha

Kniouoei cnosa: mMakcMMajbHa TOYKA IOTY:KHOCTi, MAKCHMAa/JlbHa NOXHOKA TOYKH HNOTYKHOCTI, TéHeTHYHMIl aJrOpUTM,

AJITOPUTM 3aNIUJICHHSA KBIiTOK.

1. Introduction. Electrical energy demand is
increasing day by day due to high consumption by
industries and competition among industrial community
[1]. Also the electrical faults and interconnected power
system make the cost and emission ratio very high [2, 3].
To meet the need of good quality electrical energy, the
research interest in solar cell have increased considerably
to increase the application of solar power [4]. A large
amount of time and money has been invested to
accurately estimate the unknown parameters of solar cell
[5]. There are various methods to accurately estimate
parameters i.e., analytical, numerical and meta-heuristic
methods. In [6, 7] an analytical method is proposed that
relies on the correct placement of the data for the exact
estimation of parameters. So to better optimize and
control the photovoltaic (PV) systems it is imperative to
simulate the P-V characteristics before the installation of
the solar panel [4, 5]. This data is collected from the data-
sheet and characteristic curve of solar cell. Despite having
a number of benefits like accuracy and less computational
time these methods have some demerits as well i.e., in
case if number of unknown parameters are large one can
expect errors in result [8] and a higher computational time
is also required. While in numerical methods, in contrast
to analytical, every sample point from the characteristic
curve of the solar cell is considered. This method
generates better results as compared to the analytical

methods [8, 9]. The numerical-methods, i.e., Gauss Seidel
[6, 10] and Newton-Raphson [11, 12] have been in
frequent use by researchers for the estimation of solar cell
parameters. Although the accuracy of numerical methods
is high but their dependence on accurate initial guesses
has been found very difficult in case of larger number of
unknowns [13, 14]. That can cause a solution to converge
to local-minima rather than a global-minima. So, it is
necessary to solve current optimization challenges [15-17]
to sort out issues in numerical and analytical techniques.
Many meta-heuristic techniques have been proposed
which are genetic algorithm (GA) [18], particle swarm
optimization (PSO) algorithm [19, 20], simulated
annealing (SA) [21], differential algorithm (DA) [22], and
teaching learning algorithm (TLA) [23].

Aforementioned techniques have been proved to be
more efficient in estimating the unknown parameters of
solar cell, as compared to the numerical and analytical
techniques, but these techniques were slow-convergent
and sometimes unable to track accurate characteristics
[8, 9]. Computational time got considerably reduced in
some of these research works either by ignoring shunt
resistance Ry, [24, 25], series resistance R, [26, 27] or by
presuming the ideality factor n of the diode [8]. These
efforts lead to a less-accurate estimation of maximum
power point error (MPPE) [14, 28]. To enhance the
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accuracy, this research works takes in account all the five
electrical model parameters.

Aims and goals. The research work has following
contributions:

1. Series resistance R, and ideality factor V, are
estimated using flower pollination algorithm (FPA).

2. The other 3 remaining parameters, namely shunt
resistance Ry, photon current /,,, and saturation current
1, are estimated using the least square (LS) method. The
LS method helps to improve the FPA.

3. Two different PV cells are opted and used to
examine the performance of the proposed method.
Performance parameters such as maximum power point
(MPP), MPPE and P-V characteristics curve are checked
compared with the existing and proposed method to prove
the effectiveness of proposed method.

The research paper is organized in sections and the
detail is as: Section 2 encompasses the work done related
to this topic which is already published. Section 3
presents the mathematical modelling and objective
function derivation of single-diode cell model. Section 4
contains explanation of proposed technique. In section 5,
the results and discussions about application of technique
on different solar cells will be presented and a comparison
will be made with different works already published.
Section 6 presents the conclusion.

Literature review. From 2006 to 2016, the PV
installations across the globe are increased from 7 GW to
300 GW. The foremost reason for large upsurge in the
installations of PV systems is an increase in costs by the
amount of 2.5 to 3.5 times. The elementary code for the
PV systems is to seizure light of sun with a PV module
and convert it direct into electrical energy. The output for
a PV module, is dependent on the climatical
circumstances i.e., temperature and irradiance, is denoted
with a single-diode-model [14].

The model of single-diode imitates extremely
precise yield characteristics of diverse types of PV cells
and modules for any type climatic circumstances. For the
analysis of PV systems, it is frequently favored over the

contemporaries’ ones because of it having fewer
parameters and fewer complexities in computations
g(V+IR,)
T V+I-R
I=I;-Iy-|e "KT —1|-—F7uw—5, (1)
Ry,

where [; is the current generated by light; I is the reverse
saturation current; ¢ is the elementary charge (1.602-10™ C);
V is the voltage; n is the ideality factor of the diode; K is
the Boltzmann constant (1.38-10% J/K); T is the
temperature; R; is the series resistance; Ry, is the shunt
resistance.

The 5 factors to be defined are: I;, Iy, R, Ry, and n.
In equation (1) 7 is an understood function, such that
I =f(V, I). Therefore, the precise analytic explanation for
I is not feasible and the solution is taken with the help of
iterative methods, 1i.e., Gauss-Seidel and Newton-
Raphson. To devise / = f (V) and to alleviate the process
of solution, numerous explicit expressions of analytical
methods occur in the published work. They employ
calculations for example polynomial, Taylor series, Padé,
and Chebyshev. For the single diode model, the 5

undetermined parameters determine functionality of a PV
module in any climatic circumstances. Two approaches
exist to discover the parameters:
1) with investigational information;
2)from the key-power points
manufacturer’s datasheet.

The highlights in the datasheet has problem that they
can only devise 4 equations alongside 5 parameters to be
resolved. To ease the problem, a discrete n value is
supposed to resolve the 4 equations, but the parameters
acquired may not be appropriate. To design 5™ equation,
De Soto [29] utilized the open-circuit situation at a
temperature which is not according to the standard test
conditions. Although, the final explanation’s vulnerable to
a selected range of a temperature. An enhanced 5"
equation is developed that correlates » and the open
circuit voltage (V,.). The slope di/dV at short circuit
condition is believed to be 5™ equation that is equivalent
to negative inverse of Ry, but it is only valid if Ry, >> Ry
and is mainly applicable for modules of silicon and it
might flunk for solar cells of thin-film solar.
Consequently, the dilemma is there to choose the 5™
equation that achieves the process of solution. This
research presents technique that approximate the 5
unknown parameters of the single-diode model is
produced. Highlight of the method is that the design of
the 5™ equation uses an accurate area under the -V curve
with other 4 equations derived from datasheet values. The
recommended technique deems an /-V set of data of a PV
cell/module as it requires the area under the curve. This
technique also demonstrates an approach for pondering
for 5 parameters’ initial guesses. The recommended
technique gets applied to earlier state few cells like
copper indium gallium selenide, silicon, dye-sensitized
and perovskite.

2. Related works. Many research works have been
published which propose different methods to extract
unknown parameters of solar cells. All the methods have
advantages and merits related to it but they also have
some demerits.

2.1. Numerical methods. The numerical methods
are still in use, but they still depend on initial guesses for
accuracy. If initial guesses are wrong, the solution gets
converged to local minima that is a disadvantage. Gauss
Seidel [6, 10] and Newton-Raphson [11, 12] are the
examples of some numerical methods.

2.2. Meta-heuristic methods. Meta-heuristic
techniques are mostly inspired by nature optimization
problems which give accurate and close to real
optimization results with very small uncertainty
possibilities. Even with slightly wrong initial guesses they
give accurate results. They are more likely to make
solution convergence at global optima, but these methods
can cause the convergence time to be long and iteration to
be large making it a little unfeasible. GA [18], PSO [19],
[20], SA [21], DA [22], and TLA [23] are some meta-
heuristic algorithms.

It is concluded from above discussion that every
technique possesses some merits and demerits related to it
that doesn’t make it to be a perfect choice for parameter
estimation. The proposed technique hybridized both

stated in the
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numerical and meta-heuristic methods to devise a new
reliable and effective method.

3. Mathematical modelling of solar cell and
objective function. Simplicity and accuracy of single
diode model makes it a good choice for considering it to
use for parameter estimation [30, 31], and is shown in
Fig. 1, in which R represents the bulk and metal contact
resistance, R, represents electron holes pairs
recombination, I, is the diode dark saturation current, I, is
output current, /,,, is photon current and ¥ is output

voltage.
+WVi

Iphn

(T lo 3 Reh

Fig. 1. Electrical circuit diagram for single diode model

The relationship between /, and ¥} is given in next
equation:
[VL+10-RSJ
L )| Pl R

X, 2)

I, :Iphn -1

where V; is the diode internal voltage:
q
where S, is the number of cells connected in series.

The parameters that aren’t stated in manufacturer
datasheet and are yet to be determined are: 1, 1s, Ry, Ry,
and V. It is evident from (1), (2) that the characteristic
curve relies on unknown parameters stated earlier. So,
precise and accurate estimation of these unknown
parameters is imperative.

So, the necessary set of equations that are needed for
estimating undetermined parameters are following:
1. [; is obtained by putting load voltage V; = 0 in
Eq. (1) and making a short circuit at the load

B

. I.-R

Iy=Ippy—Ig-|et /o)1 |25 3)
Rsh

2. Following equation is obtained by putting /, = 0 in
Eq. (1) and open circuiting the load terminal of the solar PV

B
Va) _y|-Yoe . )

[h —Id’ e
P Rsh

3. By putting maximum power point voltage V,,, and
maximum power point current /,, in (1):

[V +1 -R.]
mpp " mpp s
[ Z R ¢
Vi mpp " mp, s
[mpp:[phn_ld' € : -1 _R—h' ()
s

4. P-V curve at MPP is obtained by drawing a tangent
parallel to the voltage axis

dP/ vy =0. 6)
After solving (6) we have:
Ao /YL mpp == Lpp [ Vinpp - ™

Using Eq. (1) and (7), the following final equation is
obtained:

( Vmpp+1 mpp'Rs
d

fd 0 Va j_i =0.(8)

Vai Ry,

1

mp, :(V

mp, _[mp 'Rs)'

5. At short circuit condition, the obtained slope:

I, /dVy g, ==1Rg, . ®
6. By solving Eq. (9):
)
S ) Ry R )= 0)
Vai Ry

So, (3), 4), (5), (8), and (10) are needed for
estimating 5 unknown parameters.

The R, and V,; will be used to derive the
characteristic equation for solar P-V curve. FPA is
applied on characteristic equation to estimate the 2
unknowns (R; and V). Since characteristic equation
depends on 2 parameters only so it makes solutions to
convergence faster and accurate.

Following are the steps to derive the proposed
characteristics equation.

The value of 1., is taken from Eq. (4) and is
substituted in (3), (5) to get the expression for /; and 1,
as follows:

V —I1.-R
Ig=(y—x)- 1, +-2—5 =5 (11)
Rsh
V. .-V -1 -R
Lopp =y =2) Iy # =0 =5 (12)
S

where:

[ISC'RSJ [Q] (Vmpp”mpp‘RSJ
Vi v, V.
x=e\ ¥/ —1; y=e U4/ -1; z=¢ di -1.

To find expressions for /; and /,,, in terms of Ry, Ry,
and V,, the value of I, is taken from Eq. (10) and is
substituted in (8), (11), (12) which gives:

Iy = (y_x)'Vdi'RS +VOC_IS'RS ; (13)
Ry, '(1+x)'(Rsh _RS) R
(y—z)Vy Ry Voc =Vinpp ~Lmpp Ry
o ; (14
mpp Rsh'(1+x)'(Rsh_Rs)+ Ry, (14)
Ry +(1+2) 1
bR s —|;as
mp, (mp mpp S)(Rsh'(1+x)'(Rsh—RS)+RshJ’( )

Equations (14), (15) are equated to get Ry;:

R
Ry =Ry +| ——— |x
2'Vmp _Voc

X(Vdi'(y_z)_(l+z)'(Vmp ; (e

1+x

_Impp'Rs)J
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The Ry, can also be derived (13), (14) as follows:

_ Voc'(x_z)""[s Rv '(Z_y)""(VmppJ"[mpp'Rs)'(y_x) X
Ry = s (17)
Isc'(y_z)+[mp '(x_y)

R

The proposed equation is
Eq. (16) and (17), as follows:

derived by using

2.7,

mpp 1+x

f(RssVdi): I:Rs +
VOC

So, (18) can only be used to estimate the values of R,
and Vy. This model has only 2 unknowns instead
5 that makes it converge at a faster rate and generate
accurate results. Equation (18) is a non-linear single-
objective optimization function, and FPA is used to
minimize it. The edge of this thing is that computation
time is reduced number of equations required (five) have
been reduced to 4 for estimating 5 parameters.

4. Proposed technique. The proposed technique
employs FPA and least square method to estimate 5
unknown parameters. FPA is a nature inspired meta-
heuristic optimization algorithm, and least square is a
numerical method. Both the methods are briefly explained
below and depicted in Fig. 2.

Estimation of R;
and V; using FPA

iy

Using R, and Vy;
to estimate Ry,
Loy, and 1; using
least square
method

Fig. 2. Flow chart for proposed technique

4.1. Flower pollination algorithm (FPA). In 2012
Yang proposed a meta-heuristic algorithm called FPA that
is inspired by the process of pollination in flowering
plants [32]. This cross-pollination is considered as global
pollination while self-pollination is considered as local
pollination for the process of evolution. Optimization
capability of FPA is very good and it also has fast
convergence rate. Many research studies have proven
FPA to be better than contemporaries like PSO and GA in
multi-peak test functions [32].

There are 2 ways of pollination in flowering plants,
one is cross pollination and other is self-pollination as
shown in Fig. 3. Birds, bees and insects act as
pollinators in cross-pollination that carry pollens at long
distances so that they cross the gap among flowers and
facilitate in pollen exchange with flowers far away. So,
this heterogeneous pollination in FPA is called global
pollination. The transfer of pollens with flowers around
with help of pollinators i.e., air/wind is called self-
pollination and it is termed as local pollination in FPA.

The decision whether pollination is going to be
cross or self is being dealt by a parameter p called
probability switch. To make the problem easy, it’s
supposed that each plant possesses one flower and every
flower owns only one pollen that is a possible solution
to the problem.

s _(Vdi'(y_z)

(18)

1+x

J_(—(lﬂ)'(”mp —fmpp'Rs)ﬂ—Rsh 0.

Self -pollination from a—
Self-pollination 1
with the same

flower ‘/ A
" /
)

»
»
>

same plant but different

flower /“ T
@ -

/

Y
el

[ Y
@ /®  poliination from ‘
P different plant

Fig. 3. Process of flower pollination

4.1.1. Global pollination. Global pollination is
carried by birds or insects which follow Levy flight
characteristics which means the step size for global
pollination obeys Levy distribution. Global pollination is
described mathematically as:

X = xtay L -x): (9)
where X, represents the best individual solution in the

iterations happened so far; X! is the /" generation

1
solution (current generation); X l-t+l is the (#1)"
generation solution (next generation); L represents the
intensity of global pollination that is the step size of
pollen movement; y is a scaling factor that controls step
size.

The mathematical description of Levy distribution is
as follows:

2 -r(ﬂ)-sin[’g”] |

: 5
S1+l

L= (S >> 80> 0), (20)

Vs
where I'(1) represents the standard gamma function;
S is Levy flight step size; S° is the minimum step size;
Ais a constant (4 = 1.5).

The S is generated by use of technique in [28] as
follows:

U
S :W;for U ~ N(0,0'z) Vo~ N(O,l), e2)

$2 _ 1+ A)-sin(2-7/2)
B -1

{5

where U and V obey the Gaussian distribution [32].
4.1.2. Local pollination. Local pollination happens
between nearby plants and is done by abiotic sources like

(22)
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wind. The mathematical representation of local
pollination is:
X :Xl-’+g-(X;—X}C) e~U(0,1);  (23)

where X, Z-HI is the single solution generated at (#+1)"
generation; X j and X, represent the /™ and k™ individual

solutions respectively in the /" generation, and & represents
the local pollination coefficient which is uniformly
distributed in [0, 1].

4.1.3. Switching probability. Among global and
local pollination, the decisive factor is called switch of
probability that is represented by p. In [32], it has been
proved that when p = 0.8, it gives good results. How p
decides is given as:

Global Pollination,

Local Pollination,

r<p;

Pollination Mode = .
otherwise,

where 7 € [0, 1].

The fitness evaluation of FPA is calculated as

Fitness = fit(X), (24)

where X is an individual solution in the population, and
the ¢ represents the abstract expression of the optimization
problem. It is to be noted that for different optimization
problems, the mathematical expressions could be
different.

The flowchart of FPA is shown in Fig. 4.

E:) Initialization Random pollen | N| Calculate Fitness E>
of parameters E> generation  [¥| wvalues of Pollens

Find Pbest
and Gbest

——— ™ cach
If P >rand iteration (t)
NO {/YES

Global Local
Pollination Pollination

@ t=t+1

Find Best Solution as set it as
starting point

U

Update Gbest and Pmax

Start

Fig. 4. Flowchart of FPA

4.2. Least square method. The LS method [33] is
an important numerical method which is used to obtain a
regression line or a line that best-suits for a provided
pattern. It’s defined with an equation that contains
particular parameters. It’s mostly utilized in evaluation
and regression. When used in regression, known as a
standard approach for the approximation of set of
equations that contains more number of equations than the
number of unknowns.

The LS in fact explains the solution for the
minimization of the sum of squares of deviations or the
errors in the result of each equation, and finds the formula
for sum of squares of errors, which facilitates to look for
the fluctuations and wvariations in observed or
experimental data.

The LS is mostly utilized in data fitting. The result
which best-fits is expected to reduce the sum of squared
errors or residuals that are differences between the
observed/experimental values, and corresponding fitted
value given in the model.

4.2.1. Least square method graph. For linear
regression, the straight line is a best fitting line, as shown
in the Fig. 5.

-0 0 in n ] 40 50 B0

Fig. 5. Linear regression — line of best fit

The given data points are aimed to be minimized
using the technique of reducing residuals or offsets of
each data point from the straight line. Surface,
polynomial, and hyperplane problems often use vertical
offset. While in common practices, perpendicular offsets
are utilized as shown in Fig. 6.

Vertical Offsets Perpendicular Offsets
Fig. 6. Method of reducing offsets

5. Results and discussion. Two solar cell models
are considered from [34], and are mentioned in Table 1, 2.
Using values from tables, parameters are estimated using
proposed technique and are compared with recently
published research works to prove the efficiency.

Table 1
STM-640-36-Manufacturer’s datasheet

Datasheet parameters variables|STM-640-36
P, W 25.47
Vips V 16.98
Lyp, mA 1.50
Voer V 21.02
I, mA 1.663
S,, Units 36
T,°C 51
Table 2
JP-270-M60-Manufacturer’s datasheet
Datasheet parameters variables|JP-270-M60
P, W 269.948
Vips V 31.10
L,,,, mA 8.68
Voer V 38.60
I, mA 9.20
S, UNItS 60
T,°C 25

5.1. Estimation of P-V characteristic curve with
LS, GA, LS hybrid with GA and proposed method is
represented in Table 3, 4.
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Enexmpomexuika i Enekmpomexanika, 2021, Ne 6



Table 3 @ 2w ; Pover vs Voltage (STH40-36) ‘
Estimated parameters of STM-640-36 L e |
with LS, GA, LS hybrid with GA and proposed method 7 \\
e i
Name . . // \
of the Paran;)eters Least ?enf:t}llc LS' }}11ybr1d Proposed sl P - \\ J
solar tp e square | algorithm | with GA method L - \
estimated (LS) (GA) [31] _
cell L _ \ i
- \
Ly mA | 1.6634 | 1.6637 1.664 1.6642 L | ‘ | )
o 5 10 5 E) v,V =
© I, mA  |1.1225¢°|9.8541-107 [ 9.0122:107 {9.0081-10
A a
g R,Q 02704 | 023695 | 0.2254 0.235 ———
? P, W STM-640-36
s Ry, Q 504.234 | 502.9223 | 488.2172 484 » e
E 2
2 Vi Vo | 14891 | 14678 1.4582 2356 o \“ ]
A, W - 1.57636 1.5781 oL \\ ]
\
Table4 \
Estimated parameters of JP-270-M60 ok \ i
with LS, GA, LS hybrid with GA and proposed method \\
Hs \ -
\
Name Parameters Least Genetic | LS hybrid \
of the b leorith ith Proposed 0 ‘ ‘ ‘ ‘
solar tp e square algorithm | with GA method o 5 0 [ » AR
cell estimated (LS) (GA) [31] b
LimmA | 91987 | 9.2003 9.1974 | 9.1976 Fig. 8. Solar cell STM-640-36:
o LomA  1.0259-10°| 1.194010° | 1.0110.10° | 1.013.10° (a) P-V curve of LS-GA; (b) P-V curve of proposed method
= .
S R, Q 03142 | 030985 03043 | 0.09095 Figure 7 shows that out of JP-270-M60 of 270 W,
q Ry, © 9100.1 9137.8 9192.9 9198 and LS-GA was able to extract 269.7 W of power where
- Var V 1.6844 1.69706 1.684 2.3 proposed approach succeeded to extract 269.8 W that
A4, W - 1.0906032 | 1.0307 surpasses the LS-GA proving it to be the better in terms

Using these results from Table 3, 4, the P-V
characteristics curve are obtained and are shown in Fig. 7-10.

It is clear from the P-V curves that the proposed
approach is much closer to the MPP as compared to the
other contemporary methods. Evaluation of parameters
show that more realistic curves are produced using the
proposed method in comparison to other methods. So, it is
conclude that the proposed method produces way better
results as compared to contemporary methods.

P, W Powar vs Voltage-{JP-270-M60}
300 T T X311
Y. 2697
',/-""'-\
60 e \ o
-
T \
20 \ 4
- - A\
e \
e \
80 |
=
- \
>
100~ // \ .
-
//’ 4
50 o \
- \
o=l ol I I I I I I \
o 5 10 15 = % 3 ),V 0
a
P,W Power vs Voltage-(JP-270-60)
T T T
00~ X:3085° 1
Y:2608
|
s V,V @

Fig. 7. Solar cell JP-270-M60:
(a) P-V curve of LS-GA; (b) P-V curve of proposed method

of parameter extraction.

Figure 8 shows that out of STM-640-36 of 25.47 W,
and LS-GA extracted 25.45 W while proposed method
extracted 25.46 W.

Figures 9, 10 show the comparative analysis of both
Fig. 7, 8 to prove the effectiveness of proposed scheme.

L8-6A and Proposed
Wb W Power s Volage (P 27180 :
—
— gt
w0
y
s
X309
Y268
——
o 150~ B
s
vzer
0
©
. I I I I I I I
0 5 [ [ P 5 » s V,V «

Fig. 9. JP-270-60 comparison between LS-GA and proposed method

L5-GA and Proposed
L) Power vs Voltage {STM-640-34)
T T

——Proposed|
—sa

Fig. 10. STM-640-36 comparison between LS-GA and proposed method

5.2. Estimation of P-}J maximum power point
error with proposed, SA and Newton-Raphson and

Enexmpomexnixa i Enexmpomexanixa, 2021, Ne 6

51



least square method. MPPE is defined as the measured
difference between the rated power P, and the
calculated power. This MPPE for different techniques
have been summarized in Table 5. It is observed from
Table 5 that the MPPE for the proposed method is least
among all as compared to other methods.

Table 5
Comparison of MPP, MPPE between LS, GA, LS-GA
and proposed method
Parameter Methods JP-270-M60 | STM-640-36
Pooess W 269.948 25.47
LS 269.4701 25.4251
P W GA 269.6605 25.4391
e LS-GA 269.7208 25.4585
Proposed 269.8 25.46
LS 0.17703 0.17628
GA 0.10650 0.12131
MPPE LS-GA 0.08416 0.04515
Proposed 0.0548 0.000392

6. Conclusions.

In this paper, characteristic equation in terms series
resistance and diode-ideality factor are derived. Flower
pollination algorithm is utilized on characteristic equation
to estimate series resistance and diode-ideality factor.
Least square method is utilized to estimate the remaining
parameters such as shunt-resistance, photon-current, and
diode dark saturation current. For the purpose of
simulations and validations, 2 different solar cell models
are considered. P-V curves and maximum power point
error are calculated using proposed technique. Solar panel
of 270 W, hybrid least square and genetic algorithm was
able to extract 269.7 W of power where proposed
approach succeeded to extract 269.8 W that surpasses the
hybrid least square and genetic algorithm proving it to be
the better in terms of parameter extraction. Shunt and
series resistances are considered and are not neglected
in this approach that previously has been in practice.
Also the number of equations is reduced that brings the
edge of less computation burden. This will help producers
and consumers in acquiring efficient solar panels that will
increase electricity output and better revenue. This
research for solar cell/panel can be utilized in energy
storage system of distribution static compensator
to efficiently improve the power quality in distribution
system.
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A nature based novel maximum power point tracking algorithm
for partial shading conditions

Introduction. The huge demand of green energy over past few decades have drawn the interest of scientists and researchers. Solar
energy is the most abundant and easily available source but there have been so many problems with its optimum extraction of output.
The factors affecting the maximum power point tracking of PV systems are input irradiance, temperature, load etc. The variations in
irradiance level lead to partial shading that causes reduction in performance by not letting system to operate at maximum power
point. Many methods have been proposed in literature to optimize the performance of PV systems but each method has shortcomings
that have failed all of them. The actual problem occurs when partial shading is very strong, this is where most of the methods totally
fail. So proposed work addresses this issue and solves it to the fullest. The novelty in the proposed work is that it introduces a new
nature-based algorithm that works on the principle of plant propagation. It is a natural optimization technique that plants follow to
survive and propagate in different environmental conditions. The proposed method efficiently tracks the global peak under all
shading conditions and is simple to implement with high accuracy and tracking speed. Purpose. Building an algorithm that can track
global peak of photovoltaic systems under all shading conditions and extracts the maximum possible power from the system, and is
simple and easy to implement. Methods. The method is implemented in MATLAB / Simulink on an electrical model that uses a PV
array model. Different shadings are applied to check for the results. Results. The results have shown that for different photovoltaic
configurations the algorithm performs very good under uniform and partial shadings conditions. Its accuracy, tracking efficiency
and tracking time has increased reasonably. Practical value. The project can be very beneficial to people as it enhances the
performances of PV systems that can make them self-sufficient in electrical energy, focuses on sustainable development and reduces
pollution. This way it can have huge impact on human life. References 40, tables 5, figures 18.

Key words: renewable energy, partial shading conditions, maximum power point, global maximum power point, local
maximum power point, seeds, runners.

Bcemyn. Benuuesnuii nonum na 3eieny emepeilo 3a oCMAaHHi Kinbka O0ecsamuiimes npusepnys ysazy uenux ma oocnionuxis. Consuna
eHepeisl € Haubinbw nowupeHum i OOCMYNHUM OJCePenoM, ate Mano micye Oydxce bazamo npobiem 3 ONMUMATLHUM OMPUMAHHAM
6UpoONEeHol enepeil. @akmopamu, wo enIUBAIOMb HA BIOCMENCEHHS MOYKU MAKCUMATIbHOT NOMY’CHOCIE (DOMOETEKMPUYHUX CUCTEM, €
6XIOHA OCGIMIeHICb, MeMnepamypa, HABAHMANCEHHS Md iH. SMIHU Pi6Hs 0CGIMIEHOCMI NPU3B00AMb 00 YACKOBO20 3AMEMHEHHS, SKe
BUKTIUKAE 3HUNCEHHS NPOOYKMUBHOCMI, He 00380AI0YU CUCEMI Npayoeamu Ha MaKCUMAbHil mouyi nomyxcHocmi. Y nimepamypi
OY10 3anpoOnoHO8ano bazamo memoodie 018 onmumizayii pobomu GomoereKmpuyHUX CUCeM, ane KOHCeH Memoo MA€e HeOOMiKU, 5Ki
cmpumyloms ix euxopucmanis. Peanvni npobiemu sunuxaioms, KOIu 4acmkoge 3amemHeHHs 0ydice CUbHe; came 8 YbOoMy BUNAOKY
binvuicms Memooie OeMoHCmpyIomy cgoi Haubinbwi nedoriku. Omoice, 3anpononosana poboma npucesyena yiti npobnemi ma supiuye
it nognoro mipor. Hoeusna sanpononosanoi pobomu nonsicac 6 momy, wjo 80HA 3aNPOBAOICYE HOBUI NPUPOOHULL ANCOPUMM, WO
npayioe 3a NPUHYUNOM DOSMHOJICEHHS pocauH. Lle npupoonuii memoo onmumizayii, AKoMmy cRiOyiomb pOCIUHU, WOO SuUlCUMU |
DO3MHONCYSAMUCS. 8 PISHUX YMOBAX HABKOAUUIHBO2O Cepedosuiya. 3anponoHosanuti Memoo eheKmueHo 6i0cmedcye enobanbHuil niK 3a
6CiX YMOB 3ameMHeHHs, € NPOCMUM Y peanizayii 3 UcoKolo moynicmio ma wieuoxicmio giocmedicennsn. Mema. Ilobyoosa aneopummy,
AKULl Modce gidcmedicysamu enoOANbHI NiKY (HOMOeNeKmpuuHUX CUCmeM Npu 6CIX YMOBAX 3AMIHEHHA MA SUOLIAMU 3 CUCTEMU
MAKCUMATILHO MOXMCTIUEY NOMYAHCHICG, € npocmum i neekum y peanizayii. Memoou. Memoo peanizoeanuii y MATLAB/Simulink na
eleKMPUYHItl MOOeNi, AKA BUKOPUCTOBYE MOOeTb (POMOeNIeKMPUUHUX eneMeHmis. [l nepesipku pe3yibmamis 3acmoco8yromovCs pisHi
s3amemnenns. Pesynemamu. Pesynomamu noxaszaau, wo 015 piznux gpomoenexmpuunux Kongieypayii areopumm oyoice 006pe npayioc 6
yMosax pienomMipHo20 ma uacmkosozo samemuenns. Hoeo mounicmv, egexmusHicmo eidcmedicenns ma uac 6i0CMedICeHHs. 3HAUHO
soinbwunucy.  Ilpakmuuna yinuicme. [poekm moodice Oymu Oyoce KOPUCHUM, OCKUIbKU 6IH NOKPAWYE XAPAKMEPUCTIUKU
pomoeneKmpuuHUX cucmem, wo Modice 3pooumu ix camoooCmamHimy 8 enekmpoenepeemuyi, KOHYEeHMPYEMbCsL HA CMAIOMY PO3SUNKY
ma ckopouye 3a6pyonents 008K Takum YUHOM, ye MOodice Mamuy 6elude3Hull gnaue Ha scumms moouny. bion. 40, Tabm. 5, puc. 18.
Kniouogi cnosa: BiTHOBJIIOBaHA eHepris, YMOBH YacTKOBOr0 3aTeMHEHHsl, TOUKA MAKCHMAaJbHOI MOTY:KHOCTI, r100ajbHa
TOYKA MAKCHMAJIBHOI MOTYKHOCTI, JIOKATbHA TOYKA MAKCHMAJILHOI OTYKHOCTI, HACIHHS, TATOHHU.

1. Introduction. Immense use of electronic greenhouse source and technologically expanding in its

appliances in this era [1], rapid consumption of fossil
fuels [2], atmospheric issues, and energy crisis [3] have
attracted wide attention toward usage and exploration of
renewable energy (RE). But, these sources have the
disadvantage of limited storage of the energy and tapping
of power. Due to the lacking of storage mechanism, there
is a high need for extraction of this abundant energy,
especially during day-time [1]. The high yield from these
RE sources is obtained only when researchers are able to
enhance the efficiencies in both outstanding parameters
like conversion and energy storage. The photovoltaic
(PV) energy is abundantly available source among RE
sources because it is universal, it is easily and freely
available, eco-friendly, has less operational and
maintenance cost, it is economically attractive for longer
duration of time, driving an increasing load with

material usage, and is noiseless [1, 3]. PV systems have
been in high demand over the past decade with its total
global installation amount of more than 500 GW [4].
Clean electrical energy can be obtained form solar energy
using PV arrays. PV arrays are made by making parallel
and series combination of PV modules and that make a
basic part of PV systems. The PV array has a high
nonlinear relation between output current and voltage and
it depends mainly on atmospheric conditions like
temperature and irradiance. Under uniform conditions the
P-V curve contains one peak while multiple peaks appear
when in partial shading conditions (PSCs) that includes
local peaks (LMPPs) and a global peak (GMPP) [2].
However, the main hinderance for PV panels have been
their low energy efficiency because of nonlinearity

© S.A. Khan, T. Mahmood, K.S. Awan

54

Enexmpomexnixa i Enexmpomexanixa, 2021, Ne 6



in I-V behavior that has its dependence on atmospheric
conditions [3]. Solar PV systems are being controlled
with many maximum power point tracking (MPPT)
techniques to optimize the output power of PV array.
Furthermore, there are many internal and external factors
affecting the output efficiency of PV system such as solar
irradiation, series and parallel resistance, internal
temperature, diode factor, load, PV array surface, shadow,
dirt, and so on. For improving efficiency of system, it is
imperative to have an MPPT that can improve converter
output power efficiency and tracking speed [5]. The
output power mainly depends on the parameters like cell
temperature (7), irradiation (G) and load connected to it
[1]. We know that MPPT matches the operating point and
it is usually mounted between PV arrays and converters as
shown in Fig. 1.

Bls

Fig. 1. Solar PV system with MPPT mechanism

Temperature and irradiance levels are utilized by
MPPT methods to harvest optimum power from PV
system and to determine the output characteristics.
Unfortunately, there is a negative effect of non-linear
behavior of irradiance and temperature on PV system’s
efficiency. Due to these reasons, when irradiance is
varying the I-V and P-V curves of PV system get multiple
peaks on them that are referred as LMPPs and a GMPP.
This condition is shown in Fig. 2, 3 [5].

Fig. 2. PV array
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Fig. 3. Shading over a PV array (@) uniform shading (b, ¢)
partial shading

Many MPPTs have been suggested to optimize the
PV system’s performance, but the confusion occurs when
one has to pick one technique for a particular PV system
as each method has their merits and demerits [5].
Generally the evaluation criteria for performance of
MPPT techniques include accuracy of tracking and a
response that is stable at steady and transient state [6]. To

make a successful MPPT technique to work on PV arrays,
it’s imperative for it to operate at GMPP not LMPP and it
should work under varying irradiance conditions [2].

This manuscript is divided into sections as: section 2
describes other MPPT techniques in literature. Section 3
presents the proposed technique, section 4 presents the
simulation studies and discussion, and section 5 gives the
concluding remarks.

2. Literature review. The work [7] presented a two-
step method that is based on the GMPP tracking that tracks
more effectively than Particle Swarm Optimization (PSO)
in PSCs. But the problem with it is that this is a complex
algorithm that makes use of three different methods to
look for GMPP and for sudden changes. In [8] C. Huang
proposed a technique that tracks the MPP at a faster speed
based on a natural cubic-spline-based prediction model
and it is incorporated into the iterative search process. The
iterative processes are computationally burdening and also
since the proposed method is a model-free algorithm that
has a demerit that the environmental dynamics can’t be
judged with it. R.F. Coelho et al. in [9] presented a new
method that proposes an MPPT sensor that is temperature
based and from the aspect of design it is very
sophisticated. This method works on the fact that the
voltage of module depends directly on the surface
temperature of PV panel. But because of dependence on
temperature the effects of irradiation changes and load
changes get ignored and ultimately attaining MPPT gets
affected. N. Karami et al. in [10] described at least 40
methods that include advanced classical methods for
example three-point weight comparison method, parasitic
comparison, method, intelligent, and optimized
techniques. The methods are not effective enough to be
used in all the conditions.

Perturb and Observe (P&O) algorithm is among
classical algorithms which uses slope of PV curve to
extract the maximum power from the PV panel, but there
are oscillations around MPP in the output of the P&O
algorithm [11]. The work in [12] presented a method that
changes the perturbation steps during transient operation
by utilizing a fixed scaling factor with Incremental
Conductance (IC) to solve the problems occurred in P&O
algorithm. It removes the oscillations that occur around
MPP and increases the efficiency. The method still is
comparatively more time consuming and hard to
implement. In [13] the authors designed an MPPT method
that is called delta P&O in which a variable step size is
advised to enhance MPP Tracking but oscillations around
MPP are still there that causes power fluctuations at
steady state. The paper [14] proposed an MPPT technique
that perturbs the voltage and the duty cycle but still isn’t
effective in PSCs and has oscillations around MPP. In
[15] another hybrid technique of P&O was proposed that
hybridized fuzzy logic with P&O. The performance
analysis of the technique has shown some overshoots and
oscillations at output. The article [16] proposed a
technique that lacks the current-sensor and where PV
voltage and cell temperature is measured and from where
PV current can be calculated using a look up table [17].
However, this technique is complex and is unreliable
because of difficulties in temperature calculation and
accuracy in model.
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The paper [5] reviewed nearly all necessary and in-
stream methods that have been tried to extract MPP under
shading conditions. In the category for uniform shading it
mentioned some online and offline methods. In online
methods, P&O method [18], IC method [19], Hill
Climbing (HC) method [20], Beta () method [21],
Current Sweep (CS) method [22], Constant Current (CC)
method [23], Curve Fitting (CF) method [24], Pilot Cell
(PC) method [25], Lookup Table (LT) method [26], Load
Voltage and Load Current (LV & LC) maximization
method [27], and PV output senseless (PVOS) method
[28]. All the techniques used for uniform shading have
oscillations around MPP which decreases the power and
also they can’t perform under partial shading conditions.
For non-uniform shading conditions, there are many
hybrid techniques that have been proposed to serve the
purpose of GMPP tracking that include Perturb &
Observe with Genetic Algorithm (P&O-GA) [29] &
Perturb & Observe with Particle Swarm Optimization
(P&O-PSO) [30], Incremental Conductance with Particle
Swarm Optimization (INC-PSO) [31], Hybrid Grey Wolf
Optimization with Fuzzy Logic Controller (GWO-FLC)
[32], Hill Climbing with Adaptive Neuro-Fuzzy Inference
System (HC-ANFIS) [33], Modified Hill-Climbing with
Fuzzy Logic Control (MHCL-FLC) [34], Improved
Artificial Neural Network with Particle Swarm
Optimization (IANN-PSO) [35], and Incremental
Conductance with Simple Moving voltage Average (INC-
SMVA) [36]. The above mentioned methods have been
effective in dealing with uniform shading conditions but
when shading is strong they fail to track GMPP and stuck
at local peaks. The research work [37] proposed Flower
Pollination algorithm (FPA) for GMPP tracking in PSCs
and [38] utilized FPA and hybridized it with Opposition
based Learning (FPA-OBL) that has a great potential of
performing under partial shading conditions but this
technique gets complicated when implementation is done
as it involves a machine learning technique as well.

All above mentioned methods have been effective to
some extent to track MPP in uniform shading and GMPP
in non-uniform shading conditions but still there is a need
of more work and exploration to increase the efficiency
and output. The diversity in algorithms is always better as
it gives number of choices to adopt a technique on the
basis of their merits and demerits. This paper proposes a
novel nature inspired algorithm that has been in use for
some other scientific purposes [39] but has never been
utilized in MPPT. In this paper it has been used for
GMPP tracking under uniform and PSCs.

The aim of the paper is development of an
algorithm that can track global maximum power point of
photovoltaic systems under all shading conditions and
extracts the maximum possible power from the system,
and is simple and easy to implement.

This research work advises a new technique to attain
GMPP of PV arrays in PSCs. The algorithm is naturally
inspired by the process of plant propagation specifically
the strawberry plant propagation. The proposed technique
is a single algorithm and is easily to implement with less
parameters, and its approximation strength is so strong
that it catches GMPP even in hardest of the irradiance
changes. The simulation studies are carried in MATLAB /

Simulink and are compared to other frequently used
MPPT algorithms.

3. Proposed technique.

The survival approach of strawberry plant through
an adapted propagation strategy:

The plant of strawberry [39] lies in Rose family
category. The industry of strawberry fruit started from
Paris in the 17th century with its European type. Amedee-
Francois Frezier (mathematician and engineer) was hired
for drawing South America’s Map, when returned from
Chile in 1714, brought Chilean type of strawberry plant
that has a bigger size fruit. The modern plant is a result of
different crossings and evolution.

A. Propagation Strategy

The pure plants generally propagate using seeds, but
the most modern hybrid species are infertile that they
can’t propagate using seeds so they use runners. The
runners work in this way: the parent plant send runners or
root that when they touch ground, they grow roots from
where daughter plants grow. The runners are produced on
a principle that follows a reaction to stimuli, for example
a stronger plant will grow a concentration of small plants
around it but a weaker plant will grow small number of
plant but at a longer distance. That means stronger plant
which is at a good atmospheric condition i.e., light and
humidity, sends short runners but a weak plant which
isn’t at a good atmospheric condition sends runners less in
number but longer in length to look for a good
atmospheric condition for its survival. The runners are
sent in all directions but more runners are sent towards a
better spot. This happens because of what we call tropism
or a response of growth to a stimulus [40].

B. Assumptions from Observations

Keeping in view the observations made above, it is
supposed that the plant in order to flourish in an
atmospheric  condition, goes through a survival
optimization problem and those who can solve it they
survive. The inspiration got from this survival of plant
makes us use this approach as an optimization tools that
looks for good solutions to an objective function in a
solution space and gives best values in the end.

C. Designing an Optimization Problem from
Strawberry Plant’s Survival Strategy

Let’s say the problem to be optimized is:

f(x)=max 7, (1)

xeS
where x represents a point in search space S.

The job of survival optimization is to look for the
finest position x in the domain S that can provide the
finest growth f{x) for the daughter generation.

The Algorithm Strawberry Plant Propagation (SPPA)

The algorithms who search for global optimization
usually have two characteristics i.e., concentration and
exploration. In concentration, the algorithm searches
locally and converges at a local optimum while in
exploration it avoids local optimum and goes for global
optimum solution. Both these characteristics are
conflicting and a successful algorithm will have a balance
between them. In strawberry propagation, concentration is
implemented by sending short runners in large number to
search for good solutions and diversification is
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implemented when fewer runners are sent that are longer
in length as compared to the solutions that are not at good
spot. The pseudo code of algorithm is presented in Fig. 4.

Require: objective f{x), x € R*
Generate a population P={p; .1 =1, ..m}
541
for g+ 1 to g,
do
compute N; = f{p), ¥V p,e P
sort P in descending order of N
create new population ¢
foreachpi;i=1,_,m
do {best m only}
I; «— set of runners where both the size of the
set and the distance for each runner (individually) is
proportional to the fitness N
¢+ & U r; {append to population; death occurs by
omission above}
end for
P+ ¢ {new population}
end for
return P, the population of solutions

Fig. 4. The plant propagation algorithm (PPA)

Similar too many other algorithms in nature, SPPA
also need some variables, functions and initial values. For
SPPA they are a fitness function, population size, number
of generations, number of runners and distance if each
runner.

The algorithm works on the basis of population of
shoots where every shoot in a population is a
representative of a solution in the S. Every shoot is
supposed that it has grown a root that is similar as the
evaluation of an objective function. Every shoot sends out
runners to explore S. The number of shoots is denoted by
a variable m in the algorithm.

The SPPA is naturally iteration based and at each
generation, all shoots send out runner. There is a
parameter g, that gives a termination criteria on the
basis of which it is decided that how many times to send
out runners.

Solutions are sorted based on their fitness values.
The fitness value of runners is dependent on objective
function’s values, but the real relation among values of
objective function and fitness could be modified for a
specific problem. However, the SPPA believes that
fix) € [0, 1]; if it doesn’t, the equations are needed to be
modified that are utilized to decide the numbers of
runners and the distance for each. Presented below are
some case studies and the actual fitness functions for
each case will be presented along with the problem
statements.

The number of runners and the distance each runs
are determined by the functions that are presented below.
The functions have a requirement that the fitness must lie
in the range (0, 1). The mapping of fitness value, f(x), is
done to satisfy the following equation:

N(x) = (tanh(4-fix) — 2) + 1). 2)

Figure 5 depicts the effect of mapping function. The
necessity of this mapping is described below. This
mapping facilitates with a way of finding even more
better solutions over less-good ones.

08

06

04

0.2 r

0 0.2 0.4 0.6 0.8 1

0

Fig. 5. Effects of mapping function that is used to convert fitness
values from [0; 1] to (0; 1) and emphasizing more better
solutions

The numbers of runners that are produced are
proportional to fitness values. The function used by
default is:

1, = [Amax . N; . 7], 3)
where n, represents the numbers of runners generated for
the solution i in the present population; n,,, gives the max
number of runners to be generated; N; represents the
fitness, that is mapped (using (2)), of solution i, and
r € [0, 1] is a random number for every solution in every
generation.

Fitness mapping function and ceiling operator when
combined make sure that at least one runner is generated
by each single solution, and even for the solutions that
least in the fittests, and ones that have fi{(x) = 0.
The ny,x number of runners is generated by fittest
solutions. And for different studies here, nn,.x is kept
nmax = 5. The distance travelled by every runner obeys a
same principle. That distance is described as:

d.;=2-(1-N)-(r—0.5), 4
where 7 is the search space dimension.

For j = 1,..,n each d,; belongs from (-1, 1). It is
made sure by the fitness mapping function that the best
solutions will possess the capacity to throw runners out at
a distance > 0 even if fi(x) = 1. The distance computed
will be utilized to renew the solution i on the basis of the
bounds on x;:

X' =x+ (bj— a)d,,. 5)

The values of x*j are managed in such a way that it is
made sure that the newly created points are within the
limits [a;, b;].

4. Simulations, results and discussions. The electrical
model used for simulations is shown in Fig. 6 and values
of components are listed in Table 1. The PV module used
is SunPower SPR-305E-WHT-D and its characteristics
are shown in Table 2, 3.

Ll D

A00 Dt
Mosfet J_

Sl T ez

Fig. 6. Electrical circuit for simulation studies
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Table 1
Values of electrical components used for simulations

Components Symbols Values
Capacitor 1 Cl 1x10° F
Capacitor 2 Cc2 1x10° F
Inductor L1 10x10° H
Resistor R variable Q
Table 2
Characteristic parameters of SunPower SPR-305E-WHT-D
Parameters Symbols| Values
Max power Pypp 305 W
Open circuit voltage Voc 642V
Short circuit current Isc 596 A
Current at Py, Typp 5.58 A
Voltage at Py Virp 547V
Temp. coefficient of current /. K; 0.06 %/K
Temp. coefficient of voltage V,.| K, |-0.173 V/K
No. of cells per module Ng 96
Table 3
Boost converter’s parameters
Parameters Symbols| Values
Device on state resistance Roy 1102 Q
Snubber resistance Rg 1x10°Q
Snubber capacitance Cs inf F
Forward voltages [device V}, diode V]| V¢ [0,0]V
Diode forward voltage Via 1107V
Current source snubber resistance Ry, inf Q

The configurations of PV arrays used are 1slp, 2slp
and 3slp as shown in Fig. 7. The simulation results for
conﬁgurations are elaborated separately below.

[Temperaturd-|
Tempenmre - Tempemlure
Irddld“LL
[ Temperature]

(Temperaturd |
Fig. 7. PV arrays configurations: (a) 1slp; (b) 2slp; (c) 3s1p

[Irradiance |
Tem eramre

The simulations done on above configuration are
discussed here as:

Configuration Islip.

Since 1slp has only one PV module in it so it can
have only uniform shading conditions as in the Fig. 7 is
shown. The characteristic curves and power extraction
curves us1ng proposed technique for 1slp are at 100 and
500 W/m? shown in Fig. 8, 9. For 1000 W/m® the rated
power is 300.88204 W and power extracted using PPA is
300.88054 W which is 99.99 % efficient in this case.

While for 500 W/m? the rated power is 148.77592 W
and extracted power using PPA is 148.67529 W which
has an efficiency of 99.93 %. The MPP tracking ability of
PPA is very high in uniform shading conditions as it is
seen from above discussed results.

Configuration 2sl1p.
Figures 10-13 show output results of 2slp

configurations under different shading patterns. Figure 10
shows rated curves, and output power curve of 2slp
at 1000, 1000 W/m>. The rated power is 605.64547 W
and power extracted using PPA is 605.14782 W with
efﬁc1ency of 99.91 %. Figure 11 shows curves for 1000,
500 W/m* where rated power is 324.38211 W while that
extracted using PPA is 323.75138 W, which has an
efficiency of 99.8 %. This was partial shading conditions
where shading at two PV panels was different that makes
shift the MPP and PPA quite accurately tracked MPP

Figure 12 shows curves for 500, 500 W/m? that has
rated power of 301.27333 W while extracted power is
301.04306 W with efficiency of 99.92 %. Similarly,
Fig. 13 also shows graphs for rated power and extracted
power at 200, 100 W/m®. The rated power in that case is
61.74939 W and extracted power is 61.26584 W with
efficiency of 99.21 %.

Configuration 3s1p.

Figures 14-18 present characteristic curves and
output curves for 3slp at different shading patterns
Figure 14 shows curves for 1000, 1000, 1000 W/m” where
rated power is 912.51031 W while extracted power is
912.16287 W that has an efficiency of 99.95 %.

Figure 15 shows curves for 1000, 750, 500 W/m®
where rated power is 496.11087 W and extracted power is
495.49489 W that has an efficiency of 99.87 %.

Figure 16 shows curves for 1000, 750, 750 W/m’
where rated power 705.90873 W and extracted power is
705.52431 W with 99.94 % efficiency.

Figure 17 shows curves for 1000, 500, 500 W/m’
where rated power is 474.246 W and extracted output
power is 474.19434 W with efficiency of 99.98 %.

Figure 18 shows curves for 500, 500, 500 W/m?
where rated power 451.81051 W and extracted power is
451.16105 W which has an efficiency of 99.85 %.

‘(‘.‘h-‘\mcler:wc P-V Curve at 1000} \-\"‘m2|

‘C haracterestic I-V Curve at 1000 W"mz‘

‘ P=1 Curve of Islp at 1000 Wim? ‘
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Fig. 8. 1s1p at irradiance of 1000 W/m?>:

(a) — characteristic P-V curve;

(b) — characteristic I-V curve;

(c) — power extracted using proposed method
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Fig. 9. 1s1p at irradiance of 500 W/m?:
(a) — characteristic P-V curve; (b) — characteristic I-V curve; (c)— power extracted using proposed method
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Fig. 10. 2s1p at irradiance of 1000, 1000 W/m®:
(a) — characteristic P-V curve; (b) — characteristic I-V curve; (c) — power extracted using proposed method
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Fig. 11. 2s1p at irradiance of 1000, 500 W/m®:

(a) — characteristic P-V curve; (b)— characteristic I-V curve; (c)— power extracted using proposed method
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Fig. 12. 2slp at irradiance of 500, 500 W/m?:
(a) — characteristic P-V curve; (b) — characteristic I-V curve; (c) — power extracted using proposed method
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Fig. 13. 2slp at irradiance of 200, 100 W/m?:
(a) — characteristic P-V curve; (b) — characteristic I-V curve; (c) — power extracted using proposed method
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Fig. 14. 3s1p at irradiance of 1000, 1000, 1000 W/m?>:
(a) — characteristic P-V curve; (b) — characteristic I-V curve; (c) — power extracted using proposed method
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Fig. 15. 3slp at irradiance of 1000, 750, 500 W/m":
(a) — characteristic P-V curve; (b) — characteristic I-V curve; (c) — power extracted using proposed method
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Fig. 16. 3slp at irradiance of 1000, 750, 750 W/m?:

(a) — characteristic P-V curve; (b) — characteristic I-V curve; (c) — power extracted using proposed method
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Fig. 17. 3slp at irradiance of 1000, 500, 500 W/m®:
(a) — characteristic P-V curve; (b) — characteristic I-V curve; (c) — power extracted using proposed method

00

Fig. 18: 3slp at irradiance of 500, 500, 500 W/m?:
(a) — characteristic P-V curve; (b) — characteristic I-V curve; (c) — power extracted using proposed method

Comparison to other techniques. The most
commonly used MPPT algorithms are P&O, HC, IC,
PSO, GA, FPA, etc. The algorithms are effective for
uniform and weak shading pattern but they fail to track
MPP when shading is strong. The FPA-OBL is another
technique used for strong shading that has very good MPP
tracking ability. The proposed PPA also performs very
good under all shading conditions. The simulation results
have shown its effectiveness in all shadings. In Table 4
one can see that under strong shading conditions the

Table 4
Detailed description of results for all configurations
Shading Rated Extracted Efficiency,
Config.| patterns, | power, t,s o
W/m> W power, W %
1sl 1000 300.882 | 300.880 |0.6822| 99.99
P s00  [148.775 | 148675 [0.6771] 99.93
1000, 1000| 605.645 | 605.147 [0.67725] 9991
21 1000, 500 | 324.382 | 323.751 |0.6771 99.80
P 500,500 | 301.273 | 301.043 [0.67905| 99.92
200,100 | 61.7493 | 61.2658 |0.6892 | 99.21
1000,
1000, 1000 912.510 | 912.162 [0.67835| 99.96
100506(?50’ 496.110 | 495.494 |0.67855| 99.87
1000, 750,
3slp 750 705.908 | 705.524 [0.6783| 99.94
100506300’ 474246 | 474.194 |0.6786| 99.98
50(;’0%00’ 451.810 | 451.161 |0.6787 | 99.85

efficiency of PPA has been 99.8 % that is the sign of its
effectiveness. It is simple and has high MPP tracking and
short tracking time. It doesn’t have oscillations around
MPP. The efficiency of PPA is 99 % in all the cases
which makes it very effective and a good choice among
other popular methods.

Table 5 shows the brief comparison of techniques.

Comparison of Proposed technique with P&O, HC, IC anzagifi
Algorithm Osactiﬁgl(’ms to lolc::lnritlllagxima Complexity
P&O Yes Yes Complex
HC Yes Yes Complex
IC Yes Yes Complex
FPA No No Less complex
SPPA No No Less complex

5. Conclusions.

The paper presented a novel technique for maximum
power point tracking that is based on the plant
propagation technique.

The technique is effective in all type of shading
conditions i.e., uniform, weak and strong.

It is a simple, less complex and fast converging
technique with lesser number of parameters that has an
edge of being easily computable technique as compared to
its contemporary techniques.

The simulation studies are carried on MATLAB /
Simulink and results are promising in all shading
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conditions especially in strong shading conditions. The
output efficiency is 99 % plus in all cases and has a
tracking time less than 0.7 s in all cases.

Conflict of interest. The authors declare that they
have no conflicts of interest.
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A power quality enhanced for the wind turbine with sensorless direct power control
under different input voltage conditions

Introduction. The quality of electrical energy is essential during disturbances, at the level of power electronic devices will suffer
serious operating problems causing dangerous damage. Aim. A new approach to direct power control without grid voltage sensor
improves the quality and control of instantaneous active and reactive power converters. Methodology. First, the technique without
network voltage sensor with a direct power control based on a switching table, which is a classic approach, is discussed and its
performance is analyzed under increasing and decreasing load. In addition, the performance of the proposed technique is also
analyzed under the same circumstances and their performance is compared. Originality. The new method consists of a nonlinear
grid voltage modulated controller and a conventional controller which guarantees very good results in a polluted network. The
proposed method is verified using MATLAB/Simulink. Results. The simulation results under different input voltage conditions show
that the proposed method not only has good tracking performance in active and reactive power, but also reduces the current total
harmonic distortion to 1.9 %, which is good lower than the requirement for network operation. References 17, tables 2, figures 11.
Key words: direct power control, virtual flux, grid voltage modulated, constant switching frequency.

Bcemyn. Axicms enexmpoenepeii mae asxciuse sHauenus nio yac 300i8, Ha Pi6Hi CUTOBUX eNeKMPOHHUX NPUCMpoig Oy0ymb mamu micye
cepliosHi  npobnemu  excniyamayii, wo SUKIUKAIms HebesneyHi nouwikooxcenna. Mema. Hoeuil nioxio 0o npamoeo KepyeéawHs
nomyaicHicmio 6e3 damuuxa Hanpyau mepexnci NoKpaujye sAKiCmv ma KOHMpOb Nepemeoprosadic MUmmegoi akmueHoi ma peaxmueHoi
nomyacnocmi. Memooonozin. Cnouamky 0620680piocmucsi Memoouka 6e3 0amyuxa Hanpyeu Mepedict 3 nPaMuM KepyBaHHAM HOMYIHCHICMIO
Ha OCHOGI MAOIUYL NEPEMUKAHHS, WO € KIACUYHUM NIOXOOOM, MA AHAWIBYEMbCA U020 NPOOYKMUBHICb NPU 30UTbUIeHHT MA 3MEHUEHHT
Hasanmaoicenns. Kpim moeo, eghexmugnicmb 3anponoHo6anoi Memoouku MAaKodiC auamizyemvCcs 3d Mux e 0OCMmasuH, i ixXHs
npooykmugnicme nopigHioemucs. Opuzinanvuicme. Hosuil Memoo ckiaoacmuvca 3 HeNiHilHO20 MePeXce6020 KOHMpoaepa 3 MOOYIAYIEIO
Hanpyeu i 36UNAiHO20 KOHMPOAEpad, AKULL 2apaHmye Oydce XOopowd pesyivbmamu 6 3a0pyOHeHill Mmepedxci. 3anponoHoeanuil mMemoo
nepegipsacmucs 3a 0onomoeoio MATLAB/Simulink. Pe3ynomamu. Pe3yivmamu MoOet08aHHA 3 PI3HUX YMOB 6XIOHOT Hanpyau noKasyoms,
WO 3anpoNOHOBANUL MEMOO He MINbKU MAE XOPOULi XapaKmepucmuky 8i0Cmedicens akmueHoi ma peakmueHoi ROmys4CHOCHI, ane makodic
suusrcye nomounuti THD 0o 1,9 %, wo 3uauno nudicue, Hidxe gumoeu 0ns pobomu mepeici.. bion. 17, tadm. 2, puc. 11.

Kniouoei cnosa: npsime KepyBaHHsl IOTYKHICTIO, BIpTyaJIbHUIl NOTIK, MOAYJIsiLisi HANPYTH Mepe:Ki, NOCTiliHA 4YacToTa

nepeMHKAHHS.

1. Introduction. Grid-connected converters are
widely used in the application of smart grids, Flexible
Alternating Current Transmission Systems (FACTS) and
renewable energy sources (e.g., wind and solar) and
various control methods have been investigated so that
converters improve their performance [1].

Many studies have focused on the advanced control
of the functioning of renewable energies that have been
proposed with the same main objective which is the
power quality which focuses on an almost sinusoidal
input current waveform with a higher power factor and
regardless of the input condition whether balanced or
distorted but their different principles.

The instantaneous power theory proposed by
Japanese researchers [2] is inspired by the Direct Torque
Control (DTC) proposed for asynchronous motors [3].
The Direct Power Control (DPC) strategy has received a
lot of attention from researchers in recent years due to its
many benefits. They have shown that the use of DPC in
various converters and applications whether it be matrix
[4] or Voltage Source Converter (VSC) at two and three
levels based on Fuzzy-Q-Learning algorithm is applied
[5] or on active filters [6] is more advantageous.

A DPC switching table has been formulated in
which the appropriate switching states are selected from a
predefined optimal switching table based on the digitized
signals of the instantaneous errors between the
commanded and estimated values of active and reactive
power extracted by a hysteresis controller and the angular
position of the voltage at the terminals of the converter
thus guarantees a decoupled control of the powers and
good dynamic performance [7].

However, the varying switching frequency results in
broadband harmonic spectra, which complicates the
design of line filters. To solve the downshift associated
with variable frequency operation, various DPC
algorithms have been developed for constant switching
frequency. One can find various publications studies on
how to fix the switching frequency of the DPC. The
authors [8] suggest to associate the principle of the DPC
with a vector modulation Space Vector Modulation
(SVM) in order to obtain a switching frequency constant
without the use of a switching table. Other authors [9]
combine other technique with DPC to improve the result
even more by using Sliding-Mode Control (SMC) it
allows to obtain a stabilization response faster than that of
the PI controller and a greater robustness. Backstepping
improves transient performance [10]. The SVM
modulation based on a predictive controller was
developed in [11] and even the new method proposed by
[12], called Multiple Switching Tables (MST-DPC),
performs a real-time selection of the most suitable
switching table among four alternatives depending on the
operating conditions of the device.

The performance of conventional DPC under
unbalanced and/or distorted input voltages deteriorates
when this occurs. In recent years, researchers are
increasingly interested in control methods to improve the
performance of DPC strategies under unbalanced grid
voltage conditions. Most solutions to improve the
performance of three-phase Pulse Width Modulation
(PWM) rectifiers are based on the extraction of the
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positive/negative  voltage/current  sequences. These
solutions are complicated and difficult to implement for
real-time applications since they require a great deal of
computation.

In Virtual Flux-based (VF) methods, the VF space
vector is obtained by integrating the voltage space vector.
The use of a pure integrator induces a shift of the direct
current in the estimated VF in order to remedy this
drawback. Several methods of practical implementation
of VF estimation have been proposed, with the aim of
avoiding saturation of the estimated signals. This
integration is generally performed via a First Order Low
Pass (FLOP) filter to avoid the saturation and DC drift
problems associated with pure integrators [13]. The DPC
Control Based Virtual Flux (VF-DPC) uses the detected
AC line currents and the estimated VF to calculate the
input powers. However, FLOP filters lead to amplitude
and phase errors. Although these errors can be minimized
by reducing the cut-off frequency of the filter, this
reduction leads to a reduction in the passband of the filter
and therefore to a degradation of its dynamics. And for
that, the authors [14, 15] propose a second order
generalized integrator (SOGI) estimator exploiting the
concept of virtual flow. Recent research in [16] presents a
combination of two cascade filters to achieve a VF-based
timing scheme, to ensure that the gate currents emulate
the desirable sine waveform even when the supply voltage
is unbalanced and/or harmonized.

Although the Grid Voltage Modulated Direct Power
Control (GVM-DPC) is first introduced in [17], the main
contribution of this paper is the proposal for an
improvement in the technique using VF incorporated in a
DPC scheme (GVM-DPC), for a three-phase PWM
rectifier in our case. The results of the simulation of VF-
GVM-DPC are compared with GVM-DPC under a
polluted network which gives better performance than the
classical method. The VF algorithm has an open loop
structure and uses the fundamental orthogonal output
signals which are obtained directly from the estimation of
the fundamental active and reactive powers. This method
provides quasi-sinusoidal input current waveform under
different input voltage condition and achieves good
stability, improves the performance of GVM-DPC.

The goal of the paper is the mathematical analysis
and the numerical implementation of an improved method
of grid voltage modulated based on direct power control
for three phase pulse width modulation rectifiers.

The rest of the paper is organized as follows. In
Section 2 the system modeling and the design of the
GVM-DPC controls are presented. Section 3 shows the
simulation results using MATLAB/Simulink. Finally,
conclusions are given in the last Section 4.

2. Virtual flux grid voltage modulated direct
power control.

2.1. Modeling VSC.

Figure 1 shows a simplified circuit of a two-level
VSC connected to the grid with an LR filter all of these
are considered ideal switches. The DC side could be
connected to renewable energy sources or energy storage
systems with a capacitor C and even at transmission scale
High Voltage DC.

********************

*****

WIND TURBINE
CGENERATOR

o
11
'5-‘
—
-

'
VOLTAGE |
SENIOR

Fig. 1. Representation of a VSC connected to wind turbine
generator

The relationship among the VSC output voltages,
the grid voltages, and the output currents in the stationary
reference frame by using the Clark transformation can be
expressed as:

ga>

U,=R-i, +L-dl—"‘+V
dt
di (M
. lp
Uﬁ =R'lﬁ +L'?+Vgﬁ°
where U, and Uy indicate the VSC output voltage; i, and
iz indicate the output currents; V,, and Vg indicate the
grid voltage in of frame, and L and R are the filter
inductance and resistance, respectively.
2.2. Modeling VF.
The concept of VF is based on the voltage integral
and can be applied as an estimation method for voltage-
sensor-less control of VSCs:

di
W5 = [Ugpdt = I[R-iaﬁ +L-dif+ Vgaﬁjdt . ()

where W5 is the estimated VF.

The use of the proposed Dual Virtual Flux Phase
Locked Loop (DVF-PLL), based on the cascade of two
adaptive filters illustrated in Fig. 2, is an optimized
solution.

I

i V

MM = ~ 1

. > =

I >T@iTE R
| RESISTANCE 4\
| COMPENSATION VIRTUAL FLUX

Vu ESTIMATION

1g 4 >“ >°z‘ g )% = I
RESISTANCE  /p
COMPENSATION

SEQUENCE
SEPARATION

Fig. 2. The diagram of the proposed Dual Virtual Flux estimator

The DVF-PLL filter function is based on the
estimated voltage and measurements current. First, the
voltage reference signals are expressed in the stationary
reference frame (of). Then the resistive voltage drop
included in the model is subtracted. The latter is shifted in
phase (90°) and gains unity for the fundamental frequency
used to estimate the VF components with the second-
order-low-pass filters. The estimated components of the
VF are separated in positive and negative sequences with
the same transfer function as that used for the estimation
of the VF components. By using the estimated VF
components in the stationary reference frame, the flux
angles can be estimated by using a conventional PLL. The
cutoff frequency is equal to 50 Hz and only the positive
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sequence is used to ensure adequate operation under
faulty network conditions [16].

2.3 Fuzzy Controller for PLL. To have good PLL
control performance, especially in case of wvoltage
disturbance variation and load disturbance the PI
controller will be replaced by a fuzzy controller. The
schematic diagram of this control is given in Fig. 3.

Fig. 3. The PLL fuzzy control

The fuzzy regulator uses two inputs. He first input is
the error between the reference and the measured value of
the quadratic voltage V. The second one represents the
variation of this error.

NL NM NS ZE PS PM PL

—

-8 -6 -4 -2 0 2 4 6 8
Input variable "Ev"

N Z P

0.5

n 1 n I T 1 n 1 n
-1 08 -06 04 -02 0 02 04 06 08 1
Input variable "dEv"

a

These two signals are expressed by:
e= Vqref (”)_ Vq (”)’
Ae = e(n)— e(n - 1), ’
where e and Ae are the error of the quadratic voltage and
its variation of the error.

For fuzzification, we used triangular membership
functions for the error. We chose the seven fuzzy sets: NL
(negative large), NM (negative middle), NS (negative
small), ZE (zero), PS (positive small), PM (positive
middle), PL (positive large). The rate of change AFw
includes 3 fuzzy subsets, it is not necessary to subdivide
it, because it is changing quickly in DPC. Output
membership KP and KI, both contain four fuzzy subsets

as shown in Fig. 4. There are total of 21 rules as listed in
Table 1.

3)

Y4 S M L
1
0.5
1 1.5 2 2.5 3 3.5 4 4.5 5
Output variable "Kp"
Z S M L
1
0.5
0 . N
0.005 0.01 0.015 0.02
Output variable "Ki"

Fig. 4. The fuzzy membership functions of input (a) and output (b) variables

Table 1
Fuzzy rules
KP Eow

KI| NL NM NS | ZE | PS PM PL

L M S M S M L

AE | N Z S M L M S Z

L M L Z L M L

AE | Z Z S M L M S Z

L M L Z L M L

AE | P Z M L L L M Z
24 Modeling DPC. Line current and VF

components are used in power calculations. It should be
noted that electrical resistance is included in the
estimation process VF, they can be calculated by the
following expressions:
P:w'(\ya'iﬁ_qjﬂ'ial 4
0=0-(W, iy +Wy-ip) @
where P is the estimate active power; Q is the estimate
reactive power;  is the angular frequency of the grid
fundamental wave; ¥, W i, ip are respectively the
virtual flow and the currents in the reference af.
By deriving (3) with respect to time, instantaneous
variations in active and reactive power dP/d¢ and dQ/dt

respectively can be expressed as a function of variations
in network voltage and output current as follows:

P . dY¥, dip ~ d¥ di
—_—=1pn: + — \P .
d P a e e P
do . d¥, .
e Y d P
If we consider a non-distorted grid, the following
relationship could be obtained

d:’a oy,
! ©6)
&,
— ) =w- S
dr @

where @ = 2-m:f is the angular frequency of the grid
voltage and f'is the frequency of the grid voltage.

By substituting (4) in (5), the state-space model of
the active and reactive powers is obtained as follows:

dpP
E:_g.P_a).QjL%.(a).(\pa.Uﬁ+\lfﬁ-Ua)—‘I’§),(7)
(ii_?:w.p_g.Q+%~(‘Pa ~Uﬂ +‘Ifﬁ-Ua),
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where
2_ 2 2 2
Yy =0 ~(‘1’a +‘Pﬂ)
2.5 Grid voltage modulated direct power control.
As mentioned in point (6), our main idea is to decouple

the outputs from the inputs. The definition of the control

inputs of the GVM is given as follows:
vp=w-(Vy Uy —¥p-Ug) -
UQ :a)~(‘1’a 'Ua +\P,3Uﬂ)

The space-state model of the active and reactive
powers becomes again as follows:

P R 1 5

- = P—w-O+—- —-¥

o Predr (UP g) o)
do R 1
—~==w-P—-——0+—- .

G et

A controller is designed to let the active and reactive
powers track their references. Define errors of the active
and reactive powers as follows:

P
! (10)

eg =Orer —0;
where P, and O, are the active and reactive power

references, respectively.

2
Up=Y;+R-P+L-w-OQ+ L-vp ;

Feedforward Feedback an
Up=co L PrRO+ Lvg .
Feedforward Feedback

where Up and Uy, are the new control inputs; vp and v, are
the feedback control inputs.

If the feedback control inputs are designed as
follows:

t
l}p :Pref +KP'€P +KP'J.éP(t)dl+KP'Sgn(€P);
g (12)
I3Q = Qref +KQ -eQ +KQ JEQ(t)dt-i-KQ -sgn(te
0
where Up and Oy are the new control inputs; Kp and Ko

are controller gains.
If we consider a non-distorted grid, the following
relationship could be obtained

W (t) B ¥, -sin(ay -1+ 6,)] [ 4
e fm e o
with

1 +6,)
t+6,)|’

th

s1n
Z= Z{‘I’ cos(
where W, is the magnitude of the n" term; w, its
pulsation; 6, its initial phase; 4y and By are, respectively,
the DC offsets of ¥, ; and ¥y ; ¥, is the magnitude of
fundamental components of the ¥,; and Wp,.
While the fundamental VF value is expressed as
follows:

(14)

¥, (1) B ¥, -sin(ay -1 +6;)

LI’ﬁ(l‘) - \Pl-cos(a)l-t+¢91) ’
where W), @ and 6, is the magnitude components,
pulsation and initial phase of fundamental.

Based on the grid voltage (13), the GVM inputs can
be represented as follows:

Up] ., [sin(@-t+6) —cos(w-1+6,)
|:UQ:|_\P8|:cos(a).t+91) 51n(a).t+6;1):| . (15)

The original control inputs can be calculated as
follows:

¥, Up-¥g- UQ

U, = \I’é
(16)
¥y Up—Y, Up
Up= g2
g

Figure 5 shows the block diagram of the proposed
method.

ia i 1o

5 8, 8 8¢ 8 5§

VDC
S
Virtual Flux S
Fig. 02 5 SVM
U 1
W |y Te L
Pu—>  Power Calc. Inverse GVM
Qrat— eq. 04 eq.16
5 I
e €
Feedback W Feedforward
eq.12 _ eq.12
Yo

e
Fig. 5. Structure of VF-GVM-DPC controller

3. Simulation results. In order to provide a
complete comparison work, the classical control and the
proposed method are exposed to disturbed voltages which
are implemented with the help of MATLAB / Simulink
software. In a first step, a voltage unbalance and injection
of the 7™ order harmonic are created and included in
phase A at a cost of 20 %. Then, harmonics 5 and 7 with
an amplitude of 20 % is applied. A voltage unbalance of
20 % and a 5™ order harmonic of 20 % are created and
included in phase A. Finally, which is the worst case that
can occur with mains voltages, an asymmetrical
disturbance with harmonics 5 and 7 with an amplitude of
20 % is applied. We define the power fluctuation and the
total harmonic distortion (THD) factor of input current as
comparative criteria to demonstrate the superiority of the
proposed strategy using simulation results. During all
simulations, the Q,, is kept at zero to ensure the
functioning of the Unit Power Factor, which is an
indispensable criterion.

The two compared methods are simulated under
conditions shown in Fig. 6.

The following simulation results are obtained using
the values of the parameters given in Table 2.
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Voltage, (V)
o

-50
-100 ‘ 5,s
0.4 0.42 0.44 . 0.46 0.48 0.5 0.5 0.52 0.54 d 0.56 0.58 0.6
Fig. 6. The different voltage source condition applied to the rectifier:
(a) — unbalanced and harmonic 7 to 20 %; (b) —harmonic 5 and 7 to 20 %;
(c) —unbalanced and harmonic 5 to 20 %; (d) — harmonic 5 and 7 to 20 % asymmetric;
Table 2
System parameters used in simulation
Parameters Symbol| Values Parameters Symbol| Values Parameters Symbol| Values
The resistance of reactors R 0.56 Q |DC-bus capacitor C  |1100 pF|Switching frequency | F, [7500 Hz
Load resistance RL | 68.6 Q |The line-to-line AC voltage E 85V |DC-bus voltage VDC | 180V
Inductance of reactors L [19.5 mH|Frequency F 50 Hz |Sampling period Ts 20 pus

Figure 7 shows the results for GVM-DPC:

o (a) — the bus voltage curve; phase A;

o (b) — the grid current;

e (c) —the estimated voltages U,;

©
3

¢ (e) —the active P and reactive Q powers.

3
a
T
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i
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Figure 8 shows the results for VF-GVM-DPC:

025 03 035 04 045 0s

Fig. 7. The simulation results GVM-DPC

o (a)— the bus voltage curve; phase A;

e (b) — the grid current;

e (c¢) —the estimated virtual flux ¥,;

055 .S os

o (e) —the active P and reactive Q powers.

o (d) — the superimposition current i and voltage V in

o (d) — the superposition current i and the voltage V in
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The distribution of Fig. 7 is the same as that of Fig. 8.
We can see in Fig. 7 the GVM-DPC which leads to
fluctuations in the voltage curve of the bus. In addition,
the grid current is affected by disturbed grid voltage
conditions, with a high THD rate, which reduces the
accuracy of the estimates of active and reactive power as
can be seen in Fig. 7. In addition, the DC bus seriously
oscillates around 5 V and the system does not operate
under a unit power factor which is a very important
criterion during our comparison.

On the other hand, we can see in Fig. 8§ VF-GVM-
DPC which gives us the current and the voltage are in
phase. Although there are still some low order harmonics,
we can observe that they have a limited influence
compared to that of Fig. 7. The oscillations of the vector
component of the estimated flux are sinusoidal and out of
phase without disturbance and fluctuation.

Figure 9 shows the bus voltage stabilizers at about
minus 2 V and the system is operating at unity power
factor.

210
1
200
s 372
S L
o 190 1 DC with R
3
> 2 DC with R*15
180
3 DC with R*2
170 | | | | | | ts
0.65 0.7 0.75 08, 035 0.9 0.95 1
210 .
3
)
200 F “FK
s 1
P
2 190r I —— DCwithL
g
> 2 —— DCwith L*1.5
180 ,
3 DC with L*2
LS

170

|
0.65 0.95 1

L | | L L
07 0.75 08 0.85 0.9

Fig. 9. System parameters influence on the evolution
of the DC bus voltage: R (a); L (b)

0.4

t
0.45 05 0.55 s 06

Fig. 8. The simulation result VF-GVM-DPC

Figure 10 shows the difference between the
application of an SRF-PLL and a PLL which operates on
the basis of a fuzzy logic controller to detect the
fundamental frequency positive sequence component of
the mains voltage in unbalanced and distorted conditions
as well as fast and smooth tracking.

53

SRF-PLL
FUZZY-PLL

52

Q
T

Frequency (Hz)
a
S

N
©
T

P P TP PP
ts
0.7

0.5 0.6

47 L L L
0.1

Fig. 10. The difference between Synchronous Reference Frame
based Phase Locked Loop and proposed fuzzy-PLL

From Fig. 11 we can note that the THD rate of the
network current has been improved compared to
traditional control while respecting the standard of the
electrical network. To highlight the contribution of the
oscillatory terms, first of all, the results of the proposed
control structure are shown in Fig. 2. The design and
optimization process were carried out in the same manner
as the procedure presented above. This result expressly
shows how the components of the low order harmonics
(5 and 7) with symmetrical and asymmetrical fault of the
network voltage affect the network current. To summarize
the results, Fig. 11 below presents an analysis based on
the current THD of the VF-GVM-DPC strategies studied
in this article.
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Fig. 11. Fast Fourier Transform analysis showing THD
in source current of the proposed method:
a) ideal network voltage conditions;
b) unbalance and injection of the 7th order harmonic;
¢) injection harmonics 5 and 7;
d) an asymmetrical disturbance with harmonics 5;
e) an asymmetrical disturbance with harmonics 5 and 7

4. Conclusions.

This paper presented the mathematical analysis and
the numerical implementation of an improved method of
Grid Voltage Modulated based on Direct Power Control
or we introduced them for three phase rectifiers. The main
objectives of the proposed control strategy are to obtain
sinusoidal input currents under different input voltage
conditions and to maintain the DC bus voltage at the level
required as part of the improvement of the wind chain.

In these situations, harmonic components appear on
the grid voltage, which causes distortion and current
imbalance if the power reference is kept constant.
However, the use of the proposed Virtual Flux-Grid
Voltage Modulated method has the same control structure
as the classic Grid Voltage Modulated, except for the use
of virtual flux instead of voltages, which results in the
optimization of the cost, since the voltage sensors will not
be used, which is based on the principle of disturbance
rejection, makes it possible to obtain an input current of
low THD compared to the conventional method.

The proposed control method could offer many
advantages and allows to obtain good performances with a
THD of 1.7 % under ideal conditions and during
disturbances it varies between 2.06 % to 2.81 % which
respects the standard, without forgetting with a load lower
calculation, without it being necessary to specify the power
calculation term, nor to extract the positive / negative
voltage sequence. We can therefore say that this control
method is able to improve the quality of the input current.
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