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EnekmpuyHi MawuHu ma anapamu
VJIK 621.313.33
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B.I. Minux

YucebHO-I0JIbOBUH aHAJII3 AKTUBHHX | pEAKTUBHHUX NapaMeTpiB 00MOTOK
i MexaHiYHa XapaKTepUCTHKA ACHHXPOHHOI'0 IBUT'YHA 3 KOPOTKO3aMKHEHHM POTOPOM

Jocrioocyromscsa peaxmughi (IHOYKMu6Hi) onopu po3CisiHHa i aKmueHi onopu 06Momox mpughasuux acunxpornux oguzymie (TA/).
Li ixui easicnusi napamempu 8U3HAYAIOMbCA NPU NPOEKMYBAHMI | € OCHOBOIO 011 PO3PAXYHKY HU3KU eHepeemUudHux napamempie ma
xapaxmepucmuxk. Ilpu knacuunomy npoekmyeanni TAL onopu 06momox susnauaromscsa 3 He0OCMamHubol0 MOYHICHIO Yepe3 HU3KY
npunywens i ymognocmeti. Ocobauso ye cmocyemuvcsi poobomu TAL] 3 niosuwenum Kogzanuam i 8i0dusaemvcs Ha MoyHoCcmi peani-
3ayii 11020 NPOEKMHUX OAHUX, NYCKOBUX napamempis ma xapakmepucmuk. Memoio pobomu € nooansuiull po3eumox cucmemu npoe-
kmyeants TA/ winsxom 4ucenvbHo-noibo6020 po3PAXyHKOB020 AHANIZY AKMUBHUX | peakmugHux onopie oomomok TA/ y ecbomy Odia-
NA30HI 3MIHU 11020 KOB3aHHA, | pO3paxyHoK mexauiunoi xapaxmepucmuxu TA/ ona niomeeposicenna adekeamnocmi po3paxyHKie yux
onopie. Onopu oomomoxk TAJ] eusnauaiomucs yucenrbHUMU PO3PAXYHKAMU MASHIMHUX NONI@ po3sciants npozpamoio FEMM y meorcax
3y6yesux KpoKie cmamopa i pomopa, a 8 CMpudiCcHi KOpOMKO3AMKHEH020 pomopa — 3 8umicHeHHam cmpymy. Bce pobumsca y diana-
30HI KOB3aHHS npu pobomi 8i0 NYCKy 00 HePOHOU020 X0OY 3i 3MIHOI CMPYMI6 6 NA3AX | BIONOBIOHO20 MACHIMHO20 HACUYEHHS 3Y0Yi8
ocepov. /[na pospaxyukie cmeopeno ckpinm Lua, axui xepye npoepamoio FEMM i 3abe3neuye agmomamuszayito ycix o6yucienv.
YucenbHO-noMbOBUM MEMOOOM NOKA3AHO, WO KAACUYHA MEeMOOUKA NPOEKMYBAHHS 0A€ 0yIce GeNUKI NOXUOKU Y BUSHAYEHHT MACHIm-
HUX nposionocmetl nazo6ozo poscianna TAJl, a makosc eumicnenna cmpymy 6 CHPUNCHAX KOPOMKO3AMKHEHOI 00MOMKY pOmMopa.
Ocobau6o ye nposasIsAEmbCcs npu NIOBUWEHUX KOB3AHHAX Y HYCKOBOMY pedcumi. Haoano wuciosi oyinku po3xo0icens KiacuuHoz2o i
4UCeNbHO-N0AL0B020 MemMOOi8 | NPOANANi308aH0 NOX0O0JICEHH NOXUOOK — CUlbHe HacuieHnHs 3yoyie ocepob cmamopa i pomopa. Lle
npu3eoouUms 00 3HAYHO20 3MEHUIEHHA MASHIMHUX NPOGIOHOCMEll NA306020 PO3CIAHHA | NPAKMUYHOI 8I0CYMHOCHI 6UMICHEHHS CIMPY-
MYy 8 CMPUDICHAX pomopa, Ha sKe paHiuie pobuscs ocHosHull akyenm. Ompumani pe3ynomamu 00360IUNU PO3PAXYEAMU MEXANIUHY
xapaxmepucmuxy TA/ 3a npozoporo ghopmynoro Oe3 UKOPUCTNANHA KOPUSYBATbHUX KOepiyicHmis i 008IOHUKOBUX paADiuHUX QyHK-
yitl. Haoana memoouxa 4ucenbHo-nonib08020 aHalizy i OMpUMAani pe3yibmamu po3paxyHKy onopie 0OMomox ma mMexaHiuHoi xapax-
mepucmuKy pekomeHoylomvcsi K 0CHO8a 0 yYOocKkoHanents cucmemu npoekmyeanns TAJ[. bion. 18, Tabmn. 7, puc. 13.

Knrouoei cnosa: acCHHXPOHHMI JBHTYH, 00MOTKH CTATOPA i pOTOPa, AKTHBHI | peaKTHBHI 0II0pU, MarHiTHe HACHYEHHS, BUXPO-

Bi CTPYMH, MeXaHiYHa XapPAKTEPUCTUKA, KJIACHYHE NIPOEKTYBAHHA, YHCEJIbHO-II0/1bOBHII PO3PAXyHKOBHUI aHAI3.

Beryn. Tpudasni acunxponsi nsuryni (TAJl) Bin-
HOCSITHCS 10 HAaHOLIBLI MOUIMPEHUX ABHIYHIB Y PI3HUX
chepax MisIBHOCTI JIOAMHM. IX CTBOpEHHS i yJOCKOHa-
JICHHS € 3aBXKIU aKTyallbHUM, OCOOJIMBO 3 YpaxXyBaHHIM
iX pi3HOMaHITHOCTI i MacoBOro BHpoOHHNTBA. Lle BigHO-
CUTBCA 1 JT0 TPOIeCy MPOEKTYBAHHS i3 3a0e3MeUeHHIM
TOYHOCTI peaitizailii MPOEKTHUX JaHUX, IO JO3BOJISIE IO~
30yTHCSl TPUBAINX EKCIIEPUMEHTAIBbHUX IOBOLOK CTBO-
PIOBAHMX 3Pa3KiB.

Jo BaxnuBux napamerpiB TAJl, siki BU3HAYarOTHCs
IPU TIPOEKTYBaHHI, BITHOCSTHCS aKTUBHI OTOPH 1 1HIYK-
THUBHI OMOPHU PO3CISHHS 0OMOTOK cTaropa i potopa. Bonu
€ OCHOBOIO ISl TOJAIBIIOTO PO3PaxyHKy HH3KH HOTO
SHEPreTHYHHUX MapaMeTpiB Ta XapaKTePHCTUK, TAKUX SIK
eKCILTyaTalliifHi, MeXaHiuHi Ta ITyCKOBI.

Jnst po3paxyHKy 3a3HayeHHX OIOpiB B CHCTeMax
npoektyBaHHsI TA/] icCHYIOTB ycTaneHi METOANKH, BUKIIA-
JIeHi, HallpUKIaa, B KHUTaX [1, 2], SKi IpakTUYHO HE 3Mi-
HIOIOTBCS JEeCATUPIYYAMH. B IIUX MeToIuKax po3paxyHOK
OIopiB OOMOTOK Ha PiBHI HOMIHAJIBHOTO HABAHTAYKCHHS
TAJl 3BMYaiiHO HE TIOB’S3aHWM 3 MPUHITUTIOBUMH IPO-
OsieMaMH, OJHAK JUIs [a30BOro, JIOOOBOro 1 audepeHiria-
JIBHOTO PO3CisiHHS (hOPMYJIM TMTOMUX MarHiTHUX HPOBiJ-
HOCTel € nocuth HabmmxkeHuMu. OcoOIMBO 11€ CTOCYETh-
Cs TIa30BOTO PO3CISIHHS, TOMY IO JUIS pi3HUX (OPM Ia3iB
notpiOHI okpeMi (opmynu, siKi 3acHOBaHI Ha arpiopi
TIPUHHATIH CIIPOIIEH i CTPYKTYpi MarHiTHOTO TTOJIS.

BusnadueHHsT 0omopiB 0OMOTOK 3HAYHO YCKIIQTHSETH-
cst g podorn TAJ] 3 migBHUIIEeHMM KOB3aHHSAM B Jliama-
30HI BiZl TOYKH IIyCKY A0 KPUTUYHOI TOUKH 3 MaKCHMallb-
HUM €JIEKTPOMarHiTHUM MOMEHTOM. TyT cTpymu oOMo-
TOK 3HAYHO IiJBHUILYIOTHCS 1 HA OIIOPH OOMOTOK BIUIHBA-
I0Th HAaCHYEHHS 3yOLEBHX CTPYKTYp OCepAb cTaropa i
pOTOpa, a TAKOXK BUTICHEHHS CTPYMY ITiJBHILICHOI 4acToO-
TH B CTPIIKHAX KOPOTKO3aMKHEHOT 0OMOTKH POTODA.

Busnano B [1, 2], 1m0 wi sIBUIA B NEPILy Yepry BIUIH-
BalOTh HA I1a30BE PO3CISTHHS OOMOTOK i Ha akTHBHHUH OIip
CTPYDKHS POTOPA, a TAKOXK Ha T epeHmiagbHe pO3CiTHHSL

Jnst po3paxyHKy 3MiHIOBaHHMX 4depe3 HACHUYEHHS 3Y-
OmiB ocepap craTopa i poTOpa CKJIAIOBHX AKTHBHHX i
peakTHBHHX oOmopiB oomoTok TAJ] Merommka iXHBOTO
MIPOEKTYBAaHHS Hajae meBHi anroputmu [1, 2]. Born mo-
OyloBaHI Ha 3HAYHHUX NPUIYIIEHHSX, AKi JONAIOTHCA 10
TOTO, IO MPUHHATO NPH PO3paxyHKaxX PeXUMy HOMiHa-
JBHOTO HaBaHTaXeHHs. [IpuMipom, BUTICHEHHs CTpyMy B
masax poropa pi3Hux (OpM IPYHTYETbCS HA MOJAECII mpsi-
MOKYTHOTI'O a3y, 3MiHa MPOBITHOCTEH Ma30BOTr0 PO3CisH-
HSl — HA YaCTKOBOMY 3MEHILCHHI 11 CKIaJlOBUX B BEPXHIN
YacTHHI Na3iB. I 10 BCbOro J0Mal0ThCs Pi3HI YTOYHIOKOUI
KoeilLlieHTH Ta y3arajJbHeHi rpadiuHi 3aJ1eXHOCTI TOLIO.

TakuM 4HHOM, CIPaBXHsI KapTHHA (i3UIHUX SBHII,
0 BigOYBAIOTHCS, IS MPOEKTAHTA CTAE HETPO30POIo, a
pe3yIBTaTH pO3PAXyHKIB — MyXKe HAOIIKEHIMH.

[Togonaty yMOBHOCTI MpH po3paxyHKaX aKTUBHHX i
peakTuBHHX omopiB 0OMoTok TAJ[ MOXYThb 4YHCETHHO-
MOJBOBI PO3PAaxXyHKH 32 BINNOBIAHUMH I[POTPAMHUMU
KOMIUIEKCAMH, TPUMIPOM, TAaKUMH TOMYJISIPHUMH, SIK
ANSYS Maxwell, COMSOL Multiphysics, FEMM Toro.

3acTOCYBaHHIO IIMX KOMIUIEKCIB Ta iHIIMX pO3paxy-
HKOBHX 1 EKCIIEpUMEHTAJIBHUX JOCII/DKEHb NapaMeTpiB
Ta xapakrepucTik TAJ] nmpucBsiueHa BeJMKa HU3Ka pooiT,
npuMipoM, [3 — 15]. Ane, BUKOHYIOUYH CBOIO KOHKPETHY
METY, BOHH He 3arIHOIOBAJIICh B aHANI3 aKTHBHHUX 1 pea-
KTUBHUX MapameTpiB ooMotok TAJl y BchoMy aiama3oHi
CYIYTHIX HUM KOB3aHb. TOOTO, BOHH BHKOPHUCTOBYBAJIU
pesynbratu npoektyBaHHs TAJ] i cTBopeHi ixHI 3pa3kw,
HE 3BEpPTAIOUUCh O NMPOEKTHOIO aHANI3y 3a3HAYEHHX IIa-
pametpiB. ToMy Take 3aBIaHHS 3aJHINAETHCS HEAOCTAT-
HBO BUBYEHUM 1 aKTyaJIbHUM.

© B.I. Minux

Enexkmpomexnixa i Enexmpomexanixa, 2023, Ne 4

3



MeTo10 po0OTH € TOMANBIINA PO3BUTOK CUCTEMH
npoekTyBaHHS TAJl mUIIXOM YHCEIBHO-TIOIFOBOTO PO3-
PaxyHKOBOI'O aHali3y aKTHBHUX 1 PEaKTUBHUX OIOPIB
Horo 0OMOTOK y niara3oHi 3MiHU KOB3aHHs s Bia 1 710 0, i
pO3paxyHOK MexaHiuHOi xapakrepuctuku TAJ] mist mig-
TBEPKEHHS aJIeKBaTHOCTI PO3PaxXyHKiB IIUX OIIOPIB.

AHaNI3 ocTaHHIX JOCHiIKeHb. J[OCTiIKEHHS 1 BU-
KOPUCTaHHS aKTMBHHX 1 IHAYKTHBHUX mapamerpiB TAJ]
Iy’Ke IUPOKi i 6araToodpasHi i B Teopii, i B IpOeKTyBaH-
Hi, 1 B eKCIIEpUMEHTAIbHINA POOOTI.

Jo Bke 3a3HaUYEHUX METOIUK MPOeKTyBaHHA [1, 2]
JomaMo cratTio  [3], 1€ 3ampomnoOHOBAaHO YHCEIHHO-
MOJIbOBUN aHai3 aIeKBAaTHOCTI MPOeKTHUX Aanux TAJI i
METOJl X YTOYHEHHS, IO TEeK BHMAarajio BHKOPUCTaHHS
3a3Ha4YEHHX [TapaMeTpiB.

[ikaBoro € pobora [4], ¢ HATOJIONIYETHCS, IO IS
KepyBaHHS 1 JocsrHeHHs edektuBHOro mpusoxy TAJ]
HEeoOXi/IHO rIMOOKe pO3yMiHHS 1 TOYHE BU3HAYEHHS HOTO
rapaMeTpUYHUX XapaKTEPUCTUK. BimoBiIHO BUKOHY€ETh-
Csl KPpUTHYHUI aHalli3 Cy4acHHX METOMIB iXHBOTO BH3HA-
YeHHs, 1 Ha OCHOBI T-momiOHOI cxemm 3amimeHHs TAJ]
MIPOTIOHY€EThCS €(DEKTUBHUNA METO[, KU CKIagaeThes 3
BUnpoOyBaHHs 0e3 poTopa i 3 MOABIHHMM HaBaHTaXKEH-
HaM. [loranbieHi eKcepuMeHTH 3 AOCHTIIKEHHS aKTHB-
HUX OMNOPIB 1 IHIYKTUBHOCTEH OOMOTOK BUKOHYETHCS 3a-
JISKHO BIJI CTPyMy CTaropa i 4aCcTOTH. 3a3HAYaeThCsl, 110
HIOBHICTIO BPAaxOBYEThCSl BIUIMB MarHiTHOrO HACHYEHHS,
BTpaT B ocepAi i CKiH-eekTy B CTpWKeHI poropa, LI0
3a0e3neuye TouHICTh BUMIipy mapamerpis TA/L.

B mpakTHii po3paxyHKOBOrO BU3HAUEHHS NapaMerT-
piB i xapakrepuctuk TAJ] eBomrowuist BinOyBajachk 3ai1ex-
HO BiJ HAasBHOCTI TEXHIYHHX MOXIIMBOCTEH Ta IpOrpam-
HOTO 3a0€31eYeHHS.

Crarrst [S] mpucBsiYeHa BH3HAYCHHIO MApaMETPIiB
cxemu 3amimieHns TAJ] 3a MacClOPTHUMH JaHUMH aCHHX-
POHHHUX JIBUTYHIB 1 TOOYIOBI IXHIX MEXaHIYHHX XapakKTe-
PHUCTHK 3 aHaIi30M PO3PaxyHKOBOI MOXUOKH. Po3risHyTi
BapiaHTH yTouHeHHs Bigomoi dopmynn Kiocca i moau-
¢ixoBaHa QopMmyia KPUTHYHOTO KOB3aHHA. Alle He
Hnerbes mpo 3MiHM mapamerpiB TAJ] uepe3 HacuueHHs
MarHiTONPOBOLY 1 BUTICHEHHS CTpyMy B 0OMOTII poTOpa.

IHayKTHBHOCTI OOMOTOK CTaTOpa 1 pOoTOpa i MarHiTHe
po3cisiHHA B [6] BH3HAYAIOTBCS METOIOM CKIHUCHHX eJie-
MeHTIB. J{ocmikeHHsT BUKOHYIOTCS TIPY 3MiHI HAMArHIigy-
BaJBHUX CTPYMIB i 9acToTH 0OEpTaHHS POTOpa i BimOmBa-
10Th 3MiHy napametpiB TA/J]. Are BOHU BU3HAYAIOTHCS LISt
00MOTOK B IIiloMy 0e3 aHali3y CKJIQJIOBHX IHIyKTHBHOC-
Tell 1 BUTICHEHHS CTPYMY B CTPI)KHAX POTOpA.

B [7] Takox 4KCEIbHO-NOJILOBUM aHATI30M BH3HA-
yatoThes napamerpiB TAJl 3 yckiagHEHO OOMOTKOIO
cTatopa Uil JOBEJCHHS NOJIIIIEHHS TapMOHIHHOTO
CKJIaay 1 MPOXYKTUBHOCTI MammHU. OCHOBOIO aHaJi3y €
T-monibHa cxema 3amimennas TA/l, mapameTpu sKoi 3Ha-
XOAATHCS NPH 3arajJbHONPUHHATHX HPHUITYICHHSX.

B [8] mns imenTrdikamii akTHBHOTO 1 iHIYKTUBHOTO
oropiB KopoTkoro 3amkHeHHS TA]J] chopmoBaHa TpUBH-
MipHa MaTeMaTHYHa MOJEIb HECTAlllOHAPHUX eJIeKTpoMa-
THITHHX TIOJIB, B SIKii BpaxyBaHHI HEIIHIHHOCTI eJeKT-
po(i3MYHKX 1 MATHITHUX BIACTUBOCTEH MaTepiaiB.

B [9] posrnsiHyTO piBHSIHHS, OTpHMaHe Jyis BH3Ha-
YeHHsI aKTUBHOTo onopy (azHoi oOMOTKH craropa, sike
CKJIaJIA€ThCS 3 BIJIHOLIGHHSI CEPEHIX 3HAUYEHb IHTErpajb-

HUX (QYHKIIH CTPyMy Ta HApPyrd B YCTAJCHOMY PEIKHMI
poOOTH, IO OPIEHTOBAHO Ha aHAJI3 MapaMeTPUIHOI He-
CHUMETpii aCHHXPOHHOT'O JIBUTYHA.

B [10] namaHo ormsn MeroxiB imeHThdikauii ajs
OTPUMaHHSl TOYHHX IApPaMETPiB aCMHXPOHHOTO JIBUTYHA
odraiiH 1 OHJAWH 3 ypaxyBaHHSIM IIiABUIIECHHS TeMIepa-
Typu OOMOTKH, CKiH-e)eKTy 1 HaCHYEHHSI MarHiTOIPOBO-
ny. Ilpu ineHTndikauii IBUTyH TPUMAIOTh Y CTaHI 3yNHH-
KH 1 IOJAf0Th CUTHAII TIOCTIMHOIT Hanpyru abo ogHo(ha3zHO1
HaNpyry 3MiHHOTO CTPyMY.

VY crarri [11] npeacraBieHo OIiHIOBaY IMapaMeTpiB
ACHHXPOHHOTO JIBUTYHA, 3aCHOBAaHHMI Ha aJIalITUBHIN CUC-
temi eranonHoi mozpeni (MRAS). Ipomonyerscs HOBa
KoHIlemntis ominoBaya PQ-MRAS, sika n103Bosisie oiHOYA-
CHO pO3paxoOBYBaTH OINOPH CTaropa Ta poTopa, L0 BBa-
XKaeTbesl il OCHOBHOMO mepeBaroro. OIiHI0BaY BUKOPUCTO-
BY€ aKTHUBHY 1 PEaKTHUBHY MOTY>XHOCTI MalIMHH, SIKi pO3-
paxoByeThCs 3a €IMHUMH BHMIPIOBAaHHMH HAIpYrolo Ta
CTPYMOM cTaTopa.

B [12, 13] 3amporoHOBaHO airOpUTM PO3PaXyHKY
MEXaHIYHAX XapaKTePHUCTHK i METOAM aHANi3y ITyCKOBUX
PEKUMIB aCHHXPOHHHX JBUTYHIB 3 KOPOTKO3aMKHEHHM
potopom. Po3pobiieHi MeToau po3paxyHKy MarOTh B CBOTi
OCHOBI MaremaTu4yHy Mojenb TAJl, B sikiii BpaxoBYy€eThCs
3MiHa BJIACHUX Ta B3a€MHUX IU(EepeHIiaIbHIX 1HTYKTH-
BHHUX OINOPIB BHACII/JIOK HACHMYEHHS MarHiTONPOBOAY Ta
aKTHBHOTO OMNOpPY OOMOTKH pOTOpa Yepe3 BUTICHEHHS
CcTpyMmy B T cTpmxHaX. OJHAK BJIaCHE aKTHBHI Ta 1HIYK-
THBHI OITOPH K TaKi HE HATAIOTHCS 1 HEe aHAI3yIOThCS.

V crartrti [14] mpencraBaeHO HOBY METOIOJIOTIIO BU-
MIpIOBaHHS OIOPY aCHHXPOHHOTO JBHT'YHA JUII MAaCOBOTO
BHPOOHHUIITBA, i MPOAHANI30BAHO 3aJEKHICTD IHIYKTHB-
HOCTI HOTO OOMOTKH BiJf CTpyMy HaMarHidyBaHHS Ta Tap-
MOHIK Hampyrd BHUIIOTO HOPSIKY, HAJIaHO TaKOX iMiTa-
iitHy MOJIeTb CTIMKOCTI IBUTYHA JI0 IXHBOTO BILIUBY.

B [15] oOroBopro€Thcst aganTHBHE MOCIIOBAHHSI
TAJl 3 MeTOl0 yTOYHEHOTO HOTO MPOEKTYBaHHS 1 BiAIO-
BIZIHOCTI CTaH/IapTaM 3aXHCTY Ta IEBHOMY NPH3HAYEHHIO.
Hamano anroputm peamisalfii CTaTHYHOTO i JUHAMIYHOTO
MOJICTIFOBaHHSI aCHHXPOHHOI MAIllMHHU, SIKUH IepeBipeHO
Ha OCHOBI KUIBKOX 3BHYaiHHX MeToxiB. OJHOIO 3 OCHOB
MojemoBaHHs € T-momiOHa cxema 3aMmillleHHS B pi3HHX
Bapiamisax ii CTPyKTypH i mapameTpis.

00’exT pocaimxenHs. [ neMoHCTparii BHKOHYBa-
HUX JOCIHiKeHb TpuitHATo BapianT TAJl Ha HOMIHATBHY
notyxHicte Py = 15 kBr; dasny nanpyry Uy = 220 B
i acrory f; = 50 I'u; kinbkicth a3 m=3 i map nojrcis
p = 2. 3a mpoekTHUM po3paxyHkoM mporo TAJ[ B [2]
BU3HAYCHO: BUCOTA OCi oOepTanHs i = 160 MM, 30BHIIIIHI
niametpu cratopa dy,=0,272 m 1 potopa d,=0,184 m; noBi-
TpSHUKA TpoMiKOK 0=0,5 MM; HOMIiHAJIbHE KOB3aHHS
sy = 0,0026; axtuBHa momxuHa [,=0,13 M; HOMiHAIbHHIA
(dasHuit ctpym cratopa [=29 A; KUIBKOCTI HOTO Ma3iB
0,=48 1 mocnioBHUX BUTKIB Ha (asHy oOMOTKy N,=112,
KIJIBKOCTI MapaseNbHUX BITOK d; = 2, 0OMOTKOBHH Koedi-
mienT Ky,=0,959; dasuuii ctpym potopa [,,=442 A; Kinb-
KicTh maziB O,=38.

OOMOTKa cTaTopa OJHOIIAPOBA, AiaMeTpaibHa, M0
xapakrepHo a1 TAJl BuzHaueHoi moTyxHOCTI. OOMOTKA
poTopa KOpPOTKO3aMKHEHA JIUTa 3 aJFOMIHIEBOTO CILIABY,
CKiC Ma3iB BiACYTHiH, ToMy KoedimieHT ckocy Ky, = 1.

3aransHe komnonyBaHHs TA/] Hanano Ha puc. 1.

4

Enexmpomexnixa i Enexmpomexanixa, 2023, Ne 4



Puc. 1. Enexrpomarnitha cuctema TA/J] 3 po3noaizioMm cTpyMiB
B Oro 0OMOTKAaX i KapTHHOIO CHJIOBHX JIiHii MarHiTHOrO OIS
NpY HOMiHAJIBHOMY HaBaHTa)KCHHI

B nanomy TAJI 3acTocoBani nomupeti Gopmu masis
craropa i poropa 3araasHonpomuciaosux TAJ [1, 2], ski
MOKa3aHO Ha pHUC. 2 Pa3oM 3 3yOISIMU 1 MMO3HAYCHHSIM
po3MmipiB (B MM). YCKIIQJHIOE OCEp/sl pOTOpa MEepeMHUYKa
3aBTOBUIKH /1,9, 5IKA POOUTH 123 3aKPUTUM.

h, =32

92,5

by =37

i =

Vi

hyy, =20
hy =1,0

h =218

Puc. 2. I1a3u poropa u cratopa TA/l, 1110 po3risiiaeTbes

KonkpetHum ¢opmam ma3iB B KJIACUYHOI METOJMIII
po3paxyHkiB TAJl BiAmoBinaroTb KOHKPETHI (GOpMyiH
NUTOMUX MarHiTHUX MPOBIJHOCTEH MAa30BOTO PO3CISHHSI.
AuJle 4HMCeNbHO-TI0JIbOBUM PO3paxyHKaM MarHiTHHUX IOJIB
1le He POOUTH YCKJIaJHEHb, TOMY L0 BOHH € yHiBepCallb-
HUMH 1 TIpH TEPEXOMdi BiJl OAHIA (OopMH IMaza A0 iHIIH
AITOPUTM PO3PaXyHKY HE 3MIHIOETBCSA. TeX BiTHOCUTHCA
1 10 po3paxyHKy pO3MOILUTY CTpyMy B IIa3ax poTopa 3
ypaxyBaHHIM e(peKTy HOTo BUTiICHEHHS.

OCHOBH YHCeJIbHO-TIOJILOBHX €J1eKTPOMArHiTHUX
po3paxyHkiB. MarHiTai nonst B TAJl po3paxoBYIOTBCS
BIZIOMUM METOAOM CKIHYEHHHUX €JIEMEHTIB B IIOIIyJISPHO-
My nporpamHomy naketi FEMM [16]. Ockinbku pospa-
XYHKOBHX BapiaHTiB IUIaHyBaJIOCsl Oarato, MpoLec MpoeK-
tyBaHHs TAJl, moOymoBa iioro ¢i3uko-reoMeTpuuHOi
Mojeni B nporpamHoMy cepenosuili FEMM, kepyBanHs
pO3paxyHKaMH MarHiTHOTO IOJsI Ta BHU3HAYCHHS HEO0O-
XITHUX eJISKTPOMarHiTHUX NapameTpiB Oynu aBTOMAaTH-
3o0BaHi. J{ng mporo 3a mpukimagoM B [17] # iHIIHX aBTO-
pcpkuxX po0OoTax CTBOPEHHUH CKPINT HAa alTOPUTMIYHIN
MoBi Lua, inTerposanoi no nmporpamu FEMM.

Crarfionapue MaraitHe mojie TAJ] B #Oro neHTpaib-
HOMY IIOTIEPEYHOMY Tepepi3i OMHCYEThCS 3aralbHOBIIO-
MUM JBOMIpHHUM JM(epeHiaJbHUM piBHAHHM [16]:

rot[u; 'rot(kA. )] = kJ. | (1)

ne A., J, — akciajgbHi CKJIaJI0BI BEKTOPHOI'O MAarHiTHOI'O
norenuiany (BMII) i ryctunu crpymy; |, — abcomtoTHa

MarHiTHa IPOHUKHICTB; kK - OPT 3a aKCIaJIbHOO BICCIO Z.

[NommpeHHs: MarHiTHOro MoJisi OOMEXYEThCSI 30BHi-
LIHBOIO MOBEPXHEIO Oceps craTopa, ae it BMII 3agano
rpannuny ymoBy Mipixie: 4, = 0. Ha puc. 1 Hanano npu-
KJIaJl KapTUHH CHJIOBHUX JIiHIN MarHiTHOTO mmonst TAJ] mpu
HOMiHaJIbHOMY HaBaHTa)KEHHI.

Ipu po3paxyHKY MarHiTHOTO IIOJISI Pa3OM 3 BHXPO-
BUMH CTPyMaMH B I1a3ax pOTOpa MOCTAHOBKA 3ajadi 3Mi-
HIoeThes. [Iporpama FEMM y nanoMmy BHmaznky BHpINIye
TrapMOHIYHY 3a/1a4y IUIOCKOIApaIeIbHOrO eIEKTpOMarHi-
THOTO TIOJISI Ha OCHOBI PO3B’sI3aHHS piBHAHHA [16]:

_ - - 04
rotfpg rot(kA )] =k(J g —v a1 = )

04

ae A, Jog, Js -y Al?z — 3MiHHI y TpocTopi Ta
t

ec =
yaci BenmunHun BMII Ta rycTUHHM CTOPOHHBOTO 1 BHXPO-
BOT'O CTPYMIB; Y, — MUTOMA EJEeKTPONPOBIIHICTh MaTepi-
aJly CTPYIKHS pOTOpa.

Tenep, y yCkiIagHEHOMY BUIIAJKYy MaTeMAaTUYHOL
Mozeni (2), akcianbHa CKIIaoBa TYCTHHHU CTPyMYy Ma€ JIBi
KOMIIOHCHTH:

Jz:stt+JzeC' (3)

3a3HauMMo, 110 IPY PO3B’sI3aHHI PiBHAHHSA (2) Tpo-
rpama FEMM onepye 3 KOMIUIEKCHUMHU 3HAYEHHSIMH, SIKi
BiI0Opakar0Th T'aPMOHINHI €JIEKTPOMArHITHI BEIHYHHH,
IO 3MIHIOIOTBCSL 3 YacTOTOI CTOPOHHBOTO CTPYMY.
VY Takiit ke Qopmi BUAAIOTBCS pe3yibTaTH PO3PaXyHKY,
TOOTO TXHIMU KOMIJIEKCHUMH 3HAYEHHSIMH.

Jnst BU3HAUEHHS IOCTaTHBHOI 30HU PO3PaxyHKy po3-
MOJTy CTPYMIB B Ia3ax pOTOpa HONEPETHHO BHKOHAHO
TECTOBI PO3PaXyHKH.

3 pPO3TIIIHYTUX BapiaHTIB 30HW MOICIIOBAHHS €JICK-
TPOMATHITHOTO TOJIS JJIsl PO3PaxyHKIB CIIOYaTKy OOpaHo
MOBHY reoMeTpuaHy Mozenb TAJl, sika HagaHa Ha puc. 1.

[Ipn po3paxyHKy pO3MOALTY CTPyMy B CTPHXKHSX
OOMOTKHM pOTOpa aKTUBHMMH TPH3HAYEHO JBA CTEPIXKHS
0OMOTKHM pOTOpa B JiaMeTpalbHO PO3TAIIOBaHUX Ia3ax.
CTpyMH B HUX CIIPSAMOBaHi 3yCTPiYHO, MO0 3a0e3MeUnTH
ix acuMeTpito 1 HyJIbOBUI OajaHC CyMapHOTO CTpyMy B
30HI po3paxyHKy. Y pemITi masiB poTopa i craTopa crpy-
MiB He Oyio. YacToTa 3MiHH CTPyMiB pOoTOpa y ITyCKOBO-
My pexxumi s nporpamu FEMM 3anaHa sk f, = f;.

Juis cTpmKHIB B Ta3ax poropa MPUHHATA €NEKTPO-
MPOBIIHICTh AIIOMIHIEBOTO JIUTBA B XOJIOJHOMY CTaHi
v =27 MCwm/m [1]. BusiBiieHo, 1o B 000X IMa3ax po3Io-
JIUJI TYCTHHU CTPyMy OYB OJJHAKOBHM 31 3MIHOIO 3HAKa.

[Ticns nmomepenHix po3paxyHKIiB Oyjia 3acTOCOBaHA
iHIIIa pO3paxyHKOBa MOJENb, IKa HajaHa Ha puc. 3. Lle, 3a
CYTTIO, (pparMeHT MOBHOT MOJIENi 3a puc. 1, ane y Mexax
3yOIIEBOTO KPOKY POTOPA 13 3aXOIUICHHSIM YaCTHHU CITUH-
KU Oceplisi pOTopa Ta HOBITPSHOTO IMPOMIKKY 3 YMOBHOIO
YAaCTHHOIO MPWIIETIIOT0 oceps cTaropa. Po3paxyHku Mma-
THITHOTO TOJIS 3 BUXPOBHMH CTpyMaMH Ha I Mopxeni
HaJIaJI TIPaKTUYHO Ti K caMi pe3yJIbTaTH, 1o 1 y nomnepe-
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THHOMY BHTAAKY. Lle BiamoBinae TomMy, o poOUTHCS IpH
BH3HAYCHHI IHAYKTUBHUX TIapaMeTpiB 1 BHUTICHEHHS
CTpyMy B Metoaukax npoektyBaHas TA/l. Ilpuaomy tam
30Ha PO3pPaxyHKy OOMEXKYETbCS TIIBKH Ma3oM 0Oe3 3aiy-
YEeHHs! IIPWIETIINX YacTUH 3yOIeBOl 30HH, UIA SKUX Mar-
HITHA MPOHHUKHICTh BBAKAETHCSI HECKIHYEHHO BEJIMKOIO.

Puc. 3. Po3paxyHKoBi Mogzei 1a3iB poTopa i craropa
y Meax iXHiX 3yOLeBHX KPOKiB

AHANOrYHO 30Ha PO3PAaxXyHKY MAarHiTHOTO MOJIs
NpUHHATA 1 UM [1a3a cTaTopa — BOHA TEX IIOKa3aHa Ha
puC. 3 1 3aXOIUTIOE MAa30BH KPOK OCEpAsl cTaTopa 3 MpH-
JIETIMMHM YacTUHAaMHM HOro 3yOLiB 1 CIUHKH, a TaKOX
NPOMIXKKY 1 yMOBHOT YaCTHHH OCEpJisl pOTOpA.

TakuM YMHOM, NPU PO3PaxXyHKY MAarHiTHHX MOJIiB
BHKOPHCTOBY€EThCS PO3PaxyHKOBI MOJeli 3a puc. 3: uis
masa craropa — 3a piBHsHHAM (1), U1 nmasa poTopa — 3a
PiBHSIHHSM (2) 3 ypaxyBaHHSIM BUXPOBUX CTPYMIiB.

OCKiJTbKH B 000X BHIIAJIKaX PO3PaXOBYETHCS MarHi-
THE I10JI€ NA30BOTO PO3CISHHS, TO BBAKAETHCH, LIO 32 30-
BHIIIIHI MEXI PO3paxyHKOBUX MOJeJiell 3a puc. 3 BOHO He
Buxoauth. Tomy TyT aiis BMII 3amaeTses Bxke 3ragyBaHa
rpann4Ha ymoBa Jipixiue: 4, = 0.

[Tpu po3paxyHKy MarHiTHOTro MoJjs rasza poTopa Ma-
THITHI BJIACTUBOCTI NMPHJIETIIOl YaCTUHM HOTrO ocepis 3a-
JIaBaJIMCh KPHUBOIO HaMarHidyBaHHs BiJIOBIIHOI cTaji, a
JUIL YMOBHOI YacTHHH OCepIs CTaTropa 3ajaBajiach II0-
CTiiHa MarHiTHa NPOHUKHICTH . IIpu po3paxyHKy mar-
HITHOTO TIOJISI Ta3a craropa poOMJIOCH aHAJIOTIYHO, a B
YMOBHIH YacTHHI OocepZs poTopa 3aJaBajach IOCTiiHA
MarHiTHa IPOHHKHICTH |,. lle mo3HaueHo Ha puc. 3, a 'y
MTOANBIIIOMY i 1 WL, — II€ BiTHOCHI MarHiTHI IPOHUKHOCTI
1 IXHI 3HA4YEHHS HAJJAI0THCS Y BITHOCHUX OAMHHILISX (B.O.).

Po3s’si3annst pieastab (1) 1 (2) mis nporpamu FEMM
€ TpUBiAJILHOIO 3afayeto. [Ipu mboMy B Ia3ax 3aJaloThCs
CTOPOHHI CTPYMH, a B PE3yJIbTaTi YHUCEIBHOIO PO3paxyH-
Ky mporpama Hagae posnoain BMII, a ams masa poropa —
1€ PO3MOJIiJI BUXPOBHUX CTPYMIB.

[Ticas 1pOro Hactae yepra BU3HAYCHHS MArHITHHX
MIPOBITHOCTEH 1Aa30BOTO PO3CISIHHS NMPOBIAHUKIB 1 aKTHB-
HOTO OIOPY CTPHXKHSA pOTOpa. PO3IIsIHEMO METOAUKY
FOTO Ha MPHKIAMl Ma3a poTopa, UII MarHITHUX MPOBiJI-
HOCTEH ma3a cTaTopa 1e iie aHaJoTigHO.

[Ipuknagu KapTHH PO3paXxOBAaHMX MArHITHHUX IIOJIB
JUIS T1a3iB pOTOpa 1 craTopa HamgaHo Ha puc. 4 (MOKHU IO
0e3 BUXPOBHX CTPYMIB B 1143y poTOpa).

Jist maza poropa abo craTopa BU3HAYAETHCS OJIUHU-
yHe (Ha OJMH MPOBIJHHMK) MArHITHE MOTOKO3YCIICHHS
(MII3) pazom 3 «OanacTom», KUl HalA€ThCS MAarHITHUM
I10JIEM, III0 BUXOAUTH y MIPOMDKOK 1 ocep/s 3a HuM, BO:

1
\Pnut = J.AZdS ’ )

nut §

nut

ne S,,; — TUIoIIa MPOBiTHUKOBO1 YaCTHHU T1a3a, M.

Puc. 4. KapTvHM Mar"iTHOTO 1OJIsI CTPHIKHS poopa
npu 1,=1000 i craropa npu w,=1000 i HOMiHAIIBHUX CTpyMax

MII3 po3cisiHHSL BHYTPIIIHBOT YaCTHHU 1a3a, BO:

lIIrn: anut - (Dvnuta (5)
ne D, — MarHiTHU# MOTIK 3a nuUTioM mnasa (6anacr), B6:
(Dvnut = Avnut. as (6)

ne A, — 3Hadenns BMII, B6/M, Ha moBepXHi y BEpXHBOT
YaCcTHHI MMa3iB — B TOYKaX, SKi HaJlaHi Ha puc. 3.
3a MII3 (5) Bu3HAaYaETHCSA OMMHIYHA 1HIYKTHBHICTh
1a30BOT0 PO3CISIHHS IPOBITHUKIB B a3y, ['H;
Lcm = \Pm /]nuta (7)
ne I,,, — aMILTITyJa CTOPOHHBOTO CTPyMY, A, B ma3y: A

poropa [, = x/EIr (6e3 BUXpOBUX CTPYMIB, sIKi y Tij-

CYMKy [aioTh HYyJBOBHH BHECOK);, I cTraTopa

L= ZQSN/EI s> e I, Iy — Ni104i 3HaUeHHs CTPYMIB; Zg; —

KIJIbKICTh €()eKTMBHUX MPOBIAHUKIB B a3y CTAaTOpA.

T'onoBHUM pe3yJIbTaTOM € IIYKaHA TUTOMA MarHiTHA
MIPOBIJIHICTH PO3CISTHHS BHYTPIIIHBOT YaCTHHU 11332, B.O.:

)\frn = L(srn / (HO la)a (8)

Jie o — MarHiTHA nocTiitHa (1o = 4-7-107" Tr/m).

Jnst BU3HAYEHHS aKTUBHOTO OIIOPY CTPYOKHS pOTOpa
3 ypaxyBaHHSIM HEPiBHOMIPHOTO pO3MOIUTy TyCTHHH
CTPyMY B HbOMY, 3iHCHIOIOTHCS TaKi KPOKH.

3a 3Hai[IeHnM PO3MOJIIIOM TYCTHHHU cTpymy J, Oe3-
nocepeaHso nporpamoro FEMM Bu3HauaioThCcsi BTpaTu
aKTHBHOI MOTYXXHOCTI B CTPYIXKHI poTopa, Br:

P, =—% [J2dS. )

Toni mrykaHuii aKTHBHUH OMIp CTPIDKHS OOMOTKH
poTopa 3 ypaxyBaHHSIM BHTICHEHHS CTPyMy B HbOMY, OM:

2
Ry =2-Fy /oy - (10)
[Ipu piBHOMIPHOMY pO3IOJUTI CTPYMY aKTHBHUI
omip cTprwkHA poTopa, Om:

/

_‘a
Y al S nut
CrymiHb 3MiHH ONOPY CTPHIKHS POTOPA OLHIOOTHCS
Koe(illieHTOM BUTICHEHHS HOTO CTpyMYy
kpr =Ry, /RnrO : (12)
AHai3 pe3yJbTATiB pPO3PAXyHKIiB MATrHITHHX
MoJIiB, BUXPOBHX CTPYMiB Ta mapaMeTpiB MpOBiTHUKIB
B na3ax poropa i craropa. OCHOBHa YaCTHHA PO3paxyH-
KiB BUKOHYBAJIaCh 3 OPI€HTAILliI0 Ha poOOUYy TeMIeparypy

(11)

R0 =
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oomorok TAJI, sika B mpoekrti 3a [2] mopiBaioe 115 °C.
[Ipy 1upOMY MUTOMA EINEKTPONPOBIAHICTh ANIOMIHIEBOTO
JUTTS Y4775 ¢ A CTPHXKHIB OOMOTKH pOTOpa MPHAHSATA
piBHOIO 20,5 MCM/M.

[[lo6 maTtu 0a30Bi TOYKH BIIUTIKY, HaBEIEMO 3Ha-
yenHs napametpiB TAJ] 3 mpoekty [2]: MarHiTHI IpoBia-
HOCTI IIa30BOTO PO3CIsIHHS poTopa A, = 2,64 1 cratopa
Ay = 1,48, Tuomia IONEPEYHOro Iepepizy CTPHKHS
06MOTKH poTopa S,. =173,2 MM i HOro aKTUBHMIA OIip
Ry = 34,2-10"° OM nipu Temnepatypi 115 °C.

Posrnsimatoun pizHI pO3paxyHKOBI PEKUMH, CTPYMH
B ma3zax poTopa i craropa (puc. 3) Oynemo HajaBatu y
BIIHOCHUX OIMHHUILIX (B.0.) SIK iXHI KPaTHOCTI BiZHOCHO
HOMIHAIBHUX 3HAU€Hb I,y 1 [oy:

k]r :[r'/er; k]s = Is /ISN' (13)

106 yBiiiTH y po3paxyHKH MarHiTHOTO MOJIS 1 Mapa-
METpiB Ha 3pO3yMUIOMY piBHi, IOYHEMO 3 HOMIHAJIBHOTO
pexumy npu k. = 1, ki, = 1 1 BignmoBiZHOMY KOB3aHHI Sy.
[epii po3paxyHKH BUKOHAEMO IPY HEHACHUYECHUX HEaKTH-
BHHUX YaCTHHAX PO3PaxyHKOBHUX MOjelied Ha puc. 3, s
YOro JOCTAaTHBO MpUiHATH |, = 1000 abo p,. = 1000.

Pe3ynbTaTé 4KCEIbHO-TIOIBOBOIO PO3PaXyHKy MarHiT-
HHX MOTOKO3YEIUIeHb 1 IHyKTUBHHUX MapameTpis 3a (4) — (8)
JUIS CTPHDKHSI poTOpa HamaHi Tabm. 1, mIs MpOBITHHKIB
cratopa — B Tabm. 2 (B MepIIux psaKax TaONHIb), a Kap-
THHHM MarHiTHUX TOJIB BXKe MOKa3aHi Ha puc. 4.

Tabmuus 1
MII3 i iHAyKTHBHI TapaMeTpH CTPUIKHS pOTOpa
npu s = sy; ki =1; £,=1,3 T

Hs, \Ilnuta Avnub (Dwmb \yma Lcm: }‘fma

B.o. |10°B6|10°B6/™M | 10°B6|10*B6 | 107 T | B.0.
1000 | 8,982 | 4,511 5,864 | 3,119 | 4,989 [3,054
50 | 8,400 | 3,985 | 5,180 | 3,220 | 5,152 |3,154
1 | 4280 | 0,6622 |0,8609 | 3,419 | 5,469 |3,348

0,01 | 3,621 | 0,1591 | 02068 | 3,414 | 5,462 |3,343
Tabmuus 2

MII3 i iHAyKTHBHI TapaMeTpH MPOBIAHUKIB OOMOTKH CTaTOpa
npu ki, =1; f,=50 T

s \ynuta Avrlub ®W’ll¢b \I!sna Lo‘.&‘m }"sna
B.o. | 10*°B6|10°B6/M | 10°B6|10*B6| 107 T | B.O.
1000 5,41 2,96 3,85 | 1,562 | 2,721 [ 1,665
50 | 4,96 2,62 3,40 | 1,562 | 2,720 [1,665
1 2,02 0,42 0,556 | 1,471 | 2,561 |1,568
0,01 | 1,52 0,070 | 0,0904 | 1,431 | 2,492 |1,526

J171s OCHOBHOTO TTapaMeTpa — MarHiTHOI MTPOBITHOCTI
Ma30BOr0 PO3CISIHHS YHCENBHO-TIONILOBHHA  PO3PaxyHOK
JIaB pe3yNbTaTH, Kl MIEPEBUIIYIOTh aHi KIACHYHUX PO3-
paxyHKIB JJisl ma3iB poropa i craropa Ha 15,7 1 12,5 %.
UYepes HeBeNMKy 4acToTy crpymy portopa f. = 1,3 T
BIUIMB BUXPOBUX CTPYMIB IOKH IPAKTUYHO BiICYTHIH.

MoykHa BBa)kaT, IO 30UIBIICHHS MAarHiTHUX IPO-
BIZIHOCTEH CTaNOCs 3aBJASKU OUIbII IPUPOJHOT CTPYKTYPHU
CUJIOBHIX JIIHIM MarHiTHOTO IOJI B BEPXHIX YAaCTHHAX Ta-
3iB, e TXHA TYCTHHA i BiANOBIJHO poJIb HAWOLIBII 3Ha-
YyIi, y TOH 9ac KOJNW KJIaCHYHA METO/MKa anpiopi 6azy-
€THCS Ha 3aHAMTO CIIPOMICHIH CTPYKTYpi CHIOBUX JiHIMH.

JeranpHime TpoaHaNi3yeMO CTPYKTYPY MAarHiTHOL
MPOBITHOCTI Ma3a poTopa B HOTO BepXHill 4acTHUHI — B
30HI IEPEeMUYKH, SIKa [TOKa3aHa Ha puc. 21 5.

MarHiTHa MPOBIAHICTD 133 HA TOBIIHMHI IEPEMUYKH
332 YMOBHOO ()OPMYJIOO 3 METOAUKHU MPOEKTYBAHHS [2]

L2k
Ao = ———2.107> = 0,760, (14)
rN
1 BOHA X 4epe3 YHCENIbHO MOJIbOBUI PO3PaXyHOK:
At — A
Mo =1t vt — | 943, (15)
HOInut

1€ Auputs Avpue — 3HaueHHss BMII B HKHIA 1 BepXHIH TOY-
Kax NepeMUYKH, SKi BKa3aHo puc. 5.

));]

us = 0,01
Puc. 5. ®parmenT nasa poropa B BepxHiii HOoro 4acTuHi

BusHo, o pisHULA TyKe BelKa i ckiaanae 63,5 %,
X04a y MOBHOMY 3HAa4€HHI MarHiTHOI MpOBIAHOCTI pO3Ci-
SHHA T1a3a poTopa e Bursiaae gk 15,9 %. Ilpu npomy Ma-
THITHA IHAYKIIS B CEpeIUHI IepeMUIKH JopiBHIOE 3,28 T,
a BiTHOCHA MarHiTHA IPOHUKHICTH — 12.

[ikaBo, 110 SKIIO MepeMUYKH He 0yJI0 0, TO came 1ie
ii micue, ane HeMarHiTHe, aBajio 6 MarHiTHY MPOBIIHICTD

h
Ao = b’—o =0,20, (16)

rl
TOOTO CTaJbHA NEpEeMHYKA I1a3a TOMITHO Ii/IBUIY€E 3Ha-
YeHHsI IHyKTUBHUX IapaMeTpiB 0OMOTKH pOTOpa.

I[Tpm BiACYTHOCTI BUTICHEHHS CTPYMY B Ia3zy poTopa
aKTHBHUIL omip cTpmkHs 3a (10) R, = 36,2:10°° Om, mo
JIeKUIbKa BiAPI3HAETHCS Bill HATAHOTO BUILE IPOEKTHOTO
3Ha4eHHs R, . Lle uepes te, mo nporpama FEMM cBoimu
3aco0aMH BH3HAYA€ IUIONLY TOMEPEYHOTO Mepepily CTpH-
JKHS OOMOTKH poTopa OuteT TOYHO: S, = 175,1 e

Ha po3paxyHkoBHX MOzemnsax 3a puc. 3 Oylo nepesi-
PEHO, K BIUIMBAE Ha PE3YJIbTATH PO3PAXYHKIB 3HAYCHHS
MAarHiTHOI MPOBIZHOCTI HEAKTHBHOI YaCTHHH 30H pO3pa-
XyHKy. Jnsi 1pOro A0 BXKE BHKOPHUCTAHMX 3HAUYCHb
ps = 1000 i p, = 1000 momanu mie 3uauenus 50, 110,01,

OtpuMaHi KapTUHH CUJIOBUX JIIHIA MarHiTHOTO TOJIs
HaJlaHi JUIsl I1a3a poTopa Ha puc. 6, Iuis 11a3a cTatopa — Ha
puc. 7, a pe3yJabTaTH pO3paxyHKIB pO3MIlIEHI B 4epProBUX
psAakax THX camux Tabm. 11 2.

=

L

_(

u,=0,01
Puc. 6. KapTrHu Mar#iTHOro moJist CTPHKHS poTOpa mpu
Pi3HUX 3HAYCHHSIX MarHiTHOI MPOHUKHOCTI 30HH OCEp.s cTaTopa
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w-=0,01

p=1
Puc. 7. KapTuHu Mar#iTHOro moJjist na3a craropa npu
Ppi3HUX 3HAYCHHSX MarHiTHOI IPOHUKHOCTI 30HH OCEP/Isi pOTOpa

[pupoaHo, 1m0 31 3MEHIIEHHSIM MAarHiTHOI IPOHHK-
HOCTI HEaKTHUBHOI YAaCTHHHU 4epe3 IMPOMIKOK IIPOXOAUTH
BCE MEHIIIA YacTKa MArHiTHOTO MOJIS, a y KpaiHbOMY BH-
naaky npu p, = 0,01 i p. = 0,01 uedd nuiax 3a4uHEHH
NpakTHYHO NOBHIcTIO. Lle sk pa3 BiAnoBigae 3BUYaliHOMY
NPUITYIIEHHIO IPH PO3TJIsiIi 1a30BOTO po3cistHus B [1, 2].

Aune iy iHIIMX BapiaHTax GopMyJoro (5) BUALISAETh-
csl caMe BHYTPIIIHS 1a30Ba YaCcTHHA MAarHiTHOTO MOJI,
TOMy B Tabi. | i 2 3Ha4YEeHHs MPOBIIHOCTEH 3MIHIOIOTHCS
BigHOCHO ci1abo. Xoua 3MIHH €, 1 II¢ 03HA4ae, 10 AeIKUM
TIepPepo3IOIijl MarHITHOTO TOJIS BCE K €. AJie BCe OIHO
3HAYCHHS A,;; 1 A, BUSBISIFOTECS OUTBIIMME, TTOPIBHSIHO 3
0a30BUMH 3HAYCHHSIMH 3 IPOEKTHOTO PO3PAXYHKY.

VY kiacuuHoMmy npoektyBaHHi TAJ] BBaxaeThes, 1110
e(eKT BUTICHEHHS CTPyMy y CTPHIKHI OOMOTKH pOTOpa
HaWOIIbIIE MPOABIAETECS Y NMOYATKOBHH MOMEHT IIYCKY
npu KoB3aHHi s = 1. [IppuoMy po3noais cTpyMmy MepBicHO
BU3HAYAETHCS MUISIXOM aHATITUYHOIO PO3B’SI3aHHS DiB-
HSIHHSL €JIEKTPOMArHiTHOTO IOJISl JUIsl T1a3a NPSIMOKYTHOT
¢bopmu mpu HeHacwyeHHX 3yOmsx ocepnsa. Ilorim s
KOHKpPETHUX (OopM Iaza pe3yibTaT po3paxyHKy aKTHBHO-
TO OTIOPY CTPIDKHS OOMOTKH KOPHUTYETHCS Ha OCHOBI JO-
BITKOBHUX 3aJIS)KHOCTEH 1 mompaBHUX KoedimieHTiB, cdo-
pMoBaHUX 3a HocBinoM mpoektyBaHHA TAJ[. MarnitHi
MMPOBITHOCTI MMA30BOI0 PO3CISHHS, OTPUMAaHI [Isi HOMiHa-
JBHOTO PEXHUMY, TaKOXK KOPHI'YIOTHCS aHAJIOTTYHUM YH-
HOM, 1 NIIpH IbOMY HEIPSAMO BPAaXOBYETbCA HACHYCHHS
3yOuiB. 3po3ymiso, 10 KOHKpEeTHOI (hi3UKH Ipouecy TyT
obMajb, 1 y MiICYMKY NMOXMOOK pO3paxyHKY ITyCKOBHX
napaMeTpiB HaKOIU4Yy€eThCs OaraTo.

UncenbHO-TIONBOB] PO3PaXyHKH 3JIaTHI BHECTH siC-
HICTb B Ll¢ THTaHHS 1 YTOYHHUTH PE3yJbTaTH, TOMY IO
IIPY [[OMY YMOBHOCTEH 1 IPHITyIIeHb POOUTHCS 3HAYHO
MeHIe, Xxo4ya 0e3 HHX ITOBHICTIO OOIWTHCH HEMOXKIMBO,
BBA)KaFOYH Ha CKJIAHICTh IPOLECY.

OTXe, IOYHEMO TaK, 5K i B KJIACHYHOMY MPOEKTYBaH-
Hi, PO3JISIAl0uM BUXPOBI CTPYMH B a3y poOTOpa IpH He-
HAaCHYEHHUX 3yOIAX MpPU KPAaTHOCTI CTpyMy poTopa k. = 1,
aJie mpu KoB3aHHi s = 1 i yacrorti f, = 50 ',

OTpuMaHa TOHOBaHAa KapTHHA PO3MOJUTY T'YCTUHH
CTPyMY B I1a3y poTOpa HaJlaHa Ha puc. 8, Jie BUIHO 1i 30i-
JIBILICHHS Y BEpXHil yacTuHi naza. [linTBepkeHHs nboro
Ha/Ae€ThCsl HAa puc. 9, ne mokasaHo Tpadiku po3NnoAiTy
TYCTHHM CTPYMIB Ha JiHIi cuMeTpii masa 3a Horo BHUCO-
Toro. TyT € TpHW BapiaHTH BiJ] KOMIDICKCHOTO 3HAYEHHS

IYCTUHH 00’ €HAaHUX CTOPOHHBOTO Jy; 1 BHXPOBOTO J,.
crpymis: |Jy, + J..| — momynb; RelJy, + J.| — niiicHa i
Im|J,; + J..| — ysaBHA ckianoBI.

Puc. 8. KapTuHa MartiTHOro 1ot CTPHXKHS pOTOpa Ipu
HEePIBHOMIPHOMY po3moAifii iHoro crpymy (f, = 50 T'u, p, =1000)

A
2
75 [ Js + T |

1/,

h

7
| T RelJyti
25 — '
Ll Jg T‘J:zcl N ¥
0 -
10 15 20 25 M 30

'
(]
5

Puc. 9. Po3nozinu ckiialoBUX TYCTUHU CTPYMY
3a BUCOTOIO I1a3a poTopa

Hwuzka pe3ynbratiB po3paxyHKy, OTpUMaHUX 3a (o-
pmynamu (8) — (10) i (12), Hagana B Tabm. 3.
Ta6mums 3
JaHi po3paxyHKy IapaMeTpiB CTPIKHS pOTOpa i IIPOBiTHHUKIB
B nazy cratopa TAJl nipu £, = 50 ' i k. =1, ky; =1

s, P nrs Rnr er J rmax» J, rmins )\'m My xsn
B.0. | Bt |MKOM A/mm? | Avnv? | B.0. | B.O. | BLO.
1000 9,6 | 49,0 [1,352| 5,08 | 1,85 [2,907|1000(1,665
50 | 99 | 50,6 {1,398 5,19 | 1,73 [2,989| 50 |1,665
1 [10,65| 54,5 |1,506| 5,42 | 1,45 [3,133| 1 |[1,568
0,01 10,7 | 54,8 |1,513| 5,43 | 1,43 |3,126|0,01 [1,526

B umncioBoi ¢opmi HEPIBHOMIPHICTE pO3NOILTY TyC-
TUHH CTPYyMY BUSIBIISIETHCS 32 BIMIHHICTIO JifiCHOT CKIla-
JIOBOi TYCTHHU CTPYMY Y BEPXHIill J,,q, 1 HUKHIA J,5, TOU-
Kax ma3a. Lle anreOpaiuna cyma ryCTHHH CTOPOHHBOTO J,
i BuxpoBoro J,. crpymiB. IIporpama FEMM 3abe3neuye
BU/Iauy TakuX JaHuX, i BOHU 1pH [, = 1000 € B nmepuomy
psaaky Tabn. 3. Ilpupoano, 1mo ckianosa Jy, Mo BCbOMY
na3y IOCTiiHa i BOHa JopiBHIOE 4,83 A/MMz, a J,. 3MiHIO-
€ThCS 3BepXy J0HM3Y Bix 0,26 10 —2,98 A/MM’.

3ayBaxxumo, 1o npu i, = 1000 y 1aHOMy KOHTPOIIb-
HOMY TECTOBOMY BapiaHTi NMPOSBHIIOCH TIOMITHE BHTIC-
HEHHS CTPYMY y BEPXHIO YaCTHHY Ia3a i BigmoBigHe 30i-
JILIEHHS aKTUBHOTO ONOPY CTpHKHA B 1,35 pasu, mnpo 1o
CBIIYHUTH KOEPILIEHT BUTICHEHHS CTPYMY K,

IlikaBUM € TaKOX Te, 1[0 MMUTOMa MarHiTHa MPOBiJ-
HICTH MMa3a poTopa A,, HOPIBHIHO 3 AaHuMH Tabm. 1 (0e3
BUTICHEHHSI CTpyMY) 3MeHmmiach Ha 4,8 %, a MarHiTHa
MPOBIJIHICTB Ma3a CTaTopa Ay, 3 UM HE OB’ sI3aHa.

Te, mo 3po0sieHO B NPEACTABIEHOMY PO3PaxXyHKY
npu i, = 1000, TOBTOPEHO NpH HIIMX 3HAYEHHSX MarHi-
THOI IPOHUKHOCTI YaCTUHM OCEp[sl CTaTopa, SIK Iie OyJIo i
B Tabx. 1. Buano, mo i npu ypaxyBaHHI BUTiCHEHHS CTpPY-
My 31 3MEHIICHHSM |, KOe(illieHT BUTICHEHHS CTPyMY B
CTPWKHI pOTOpa 1 MarHiTHA MPOBITHICTD A,,, 30LIBITYIOTh-
csi. To6TO s A,,, BIIOYyBa€ThCsl TaK came, sIK 1 PHU BiCY-
THOCTI BHUTICHEHHSI CTPyMYy, aJieé Y HOBOMY BapiaHTi 3Ha-
YEHHSI A,,, BUSBIIIIOTBCSA ICIIO MEHIIUMH.
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BukoHaHHI po3paxyHKH MOKa3allyd TaKUH PiBeHb BU-
TICHEHHS CTPYMY POTOpa, 3 SIKMM 3BHYAHHO OINEPYIOTH Y
KkiacuuHoMy npoektyBanHi TAJl. Ane y nux geMoHCTpa-
LIMHUX pO3paxyHKax LITyYHO NMPUUHATHN HOMIHAJIBHUN
CTPYM CTPHXHS POTOpa, 1 BIAMOBITHO 3yOI1i oceplst poTo-
pa He Oynu HacM4eHUMH (OKpIM MepeMHYKH). 3HAUYCHHS
MAarHiTHOI iHAYKIIi i BiTHOCHOI MarHiTHOI NMPOHHKHOCTI
3yOLs poTopa B KOHTPOJIPHHX TOYKaX, BiAMIY€HMX Ha
puc. 3, HamaHi B Ta0I. 4 IPU BKa3aHUX BapiaHTaX |

Tabmums 4
MarsiTHi iHIYKLii i MarHITHI IPOHUKHOCTI B 3y0Lli poTopa
npus=11ik,=1

3ybens poropa
BH z)’ ITepemuuka Koponka HInuns Hixka
- B rh0 Hrno B rc e B rs Mg B rz oz
1000 | 3,28 12 [ 1,63 1982 | 1,91 | 1587 | 2,19 | 1068
50 3,30 11 1,50 2137 | 1,89 | 1624 | 2,04 | 1347
0,01 | 3,45 8 10,52 2508 | 1,26 | 2323 | 0,87 | 2435

Jns migBUINEHHS pPIiBHA aJeKBATHOCTI IONANBIII
PO3paxyHKH BUKOHYIOTECS 3 YPaxXyBaHHIM PEaJiCTHIHHUX
3Ha4YeHb CTPYMIB B Ma3zax poTopa i CTaTopa, siki BiJIOBi-
naroth novatky nycky TAJ]. BianoigHo koB3anHo s = 1
4yacToTa cTpyMy portopa f, = 50 'y, a KpaTHOCTI CTpyMiB
npuitMaroTbed 3a mpoektoM TAJL 3 [2], 3a sKuM B mouat-
KOBUII MOMEHT MycKy kj. = 6,33 1 k;; = 5,84. Ilpu 1ipomy,
SK 1 y TONEpenHiX pOo3paxyHKaxX, NMPUAMAETbCS HH3Ka
3HAYCHb BIJIHOCHOT MarHiTHOI MMPOHUKHOCTI Ui HEAKTUB-
HUX YaCTHUH MOJENeH | 1 [1,, MOKa3aHUX Ha pHC. 3.

Pesynbratn po3paxyHKy HagaHi B TaOll. 5 — BOHH
BH3HaYeHi 3a ¢opmymnamu (9), (10), (12) i (8), a Takox
HaJaHA TYCTHHA CTPYMYy B BEpXHIM Ta HIDKHIA TOYKax
naza poropa (cepenne 3uaueHus J,, = 22,6 A/MM?).

PiBeHp Hacu4eHHs 3yOIliB pOTOpa i cTaropa xapak-
TEpU3YIOTh JaHi Tabu. 6 1 7, 1e HaJaHi 3HAYCHHS MarHiT-
HOT 1HIYKII{ 1 BiTHOCHOI MarHiTHOI MPOHUKHOCTI B TOY-
Kax, MO3HaYeHUX Ha puc. 3.

Tabmums 5

[MapameTpu cTpY>KHS poTOpa i MPOBITHUKIB ma3a cratopa TAJI
npu f, =50 I'u, k. = 6,33 1 k;; = 5,84

My, P nrs Rnr er J rmaxs J rmins )\'m s A’sn
B.0. | Bt | MkOM A/mmM? | A/mv?® | B.o. | B.O. | B.O.
1000 {284 36,28 | 1,002 | 23,0 | 22,6 |0,501|1000]0,435
50 |284] 36,321,003 23,1 | 22,3 |0,555| 50 |0,476
1 [314] 4020 [1,110| 26,3 | 184 |1,260] 1 |1,092
0,01 |342| 43,72 [1,208 | 28,0 16,2 1,508 0,01 | 1,305

Jani Tabin. 4, 6 1 7 NOKa3y0Th, IO P HEPEXO/I Bif
HEHACHMYEHOT0 MarHiTHOTrO cTaHy npH k;, = 11k =1 no
CHJIbHO HACHMUYEHOTO CTaHy npu k;, = 6,33 1 k;; = 5,84 mar-
HITHI IHAYKIlT 3HAYHO 30UIBIIMIINCH, @ MarHiTHI IPOHKK-
HOCTI BIAIMOBIAHO 3MEHIINIINCE.

Tabmuus 6
MarHiTHi iHIYKIIii i MAarHITHI TPOHUKHOCTI B 3y0lli poTopa
npus =1, k;,=6,33 1k, =5,84

3ybews poropa
BH z)’ Ilepemuuka Koponka nuup Hixka
- B rh0 Hrno B rc Hre B rs Mg B rz |
1 4,32 3 1,83 | 1701 | 3,18 | 17 | 2,94 | 99
50 3,5 7 2,45 | 583 | 2,79 | 191 | 3,06 | 38

Uepe3 3MiHy HacWU4YeHHS BiIOyJIUCH 3HAYHI 3MIHHU
€JIEKTPOMArHITHUX MapaMeTpiB B ma3ax poTopa i cratopa,
TIPO IO CBiTYUTH MOPIBHSHHS NaHuUX Tadu. 1,2,315.

Tabnuus 7
MarHiTHi iHIYKIIT i MarHiTHI IPOHUKHOCTI B 3yOLi cTaTopa
npu s = 1 1 pisHuX ky,. 1 kg

3y0enp craTopa
B“g kI; /Oklr’ HInuup Hixka
- - By s B, sz
1 6,33 /5,84 1,62 1998 2,78 196
50 6,33 /5,84 1,67 1939 3,06 39
50 1/1 0,85 2437 1,64 1975
1000 1/1 0,92 2433 1,79 1768

KoedimieHT BUTICHEHHS CTPyMY B CTPHXHI pOTOpa
kg, CyTTEBO 3MEHIIMBCS, OCOOJIMBO B BapiaHTax I, = 50
(naitbinpm peanictuaaomy) i 1000. Tex came BinOynocs
3 MarHiTHUMHU HPOBITHOCTSMH Ha30BOIO PO3CISHHSA A, 1
Agn, KL TIpH P, = 50 1 p,. = 50 3meHmmmcs B 5,49 1 3,5
pasu BiamoBimHO. MOXHA YSBHUTH, IO A XapaKTEpHC-
tuk TAJ] me Oyne matu OLTBIT BarOMUH BIUIHB, HK 3Mi-
HH aKTHBHOT'O OIIOpPY CTPHXKHIB pOTOpA, HA YOMY 3BHYAii-
HO 30CepeDKeHa yBara IpH IXHbOMY KJIACHYHOMY IIPOEK-
TyBaHHi. [Ipuyomy, sk BUIHO 3 Tabj. 5, BUTICHEHHs
CTPYMy B CTPHIKHI POTOpA MPAKTHYHO HE MPOSIBIAETHCSL.

Mexaniuyna xapakrepucruka TAJL. 1106 3Bectu yci
aKTUBHI 1 peakTnBHI onopu ooMotok TAJl BoenuHO i moda-
YHUTH IXHIO PEaiCTHYHICTh, IXHIO aJICKBAaTHICTh MEPEBIPUITH
3a JIOTIOMOT'OI0 PO3PaxyHKY 1 aHaJli3y MEXaHIYHOI XapakTe-
pucTUKH M., (s) — 3aJI€KHOCTI €JIeKTPOMArHiTHOrO MOMEHTY
BiJI KOB3aHHS B Jiana3oHi oro 3minu Big 0 1o 1.

Ipu po3paxyHKy eJIeKTPOMarHiTHOIO MOMEHTY BH-
KOPHCTOBYETHCS 3arainbHOBiHOMa 3 Teopii TAJl hopmyma:

2 R
pm U Tr

em — 2

M

(17)

R ,
o RS+CGSTr +(XGS+CGSXGr

Juis po3paxyHky napamerpiB oomotrox TA/] 3a aHa-
yoriero 3 [1, 2] 3aCTOCOBY€ETHCS TaKUi allTOPUTM.
AKTUBHHUH omip 0OMOTKH poTopa

R.=R, +R.j, (18)

ne R, — omip cTpmkHA, sSKkuii Bu3HavaeThes 3a (10);
R, — omip KOPOTKO3aMHUKaJIbHUX KiJlelb, 3BEJeHHH 110
CTPYMY CTPHIKHSL.

IHgykTHBHHMIL onip po3cisHHS (a3HOT 0OMOTKHU cTaTOpa

2
fs 'la 'Ns .}\’GS

Xos =158 , 19)
5
P-4 10
ne ii cymapHuii koedilieHT MPOBIAHOCTI PO3CIsTHHS
Aos =hgn Thea +hgp, (20)

CKJIAIAETBCS 3 KOC(DIMIEHTIB MPOBIAHOCTI PO3CISIHHS I1a-
30BOI0 A, AMPEPEHIIANBHOTO A 4 1 T060BOTO A g
[HIyKTUBHHME OMip 0OMOTKH poTOpa

Xop =79 fi 1, -y, 1075, (21)
ne 11 cymapauit KoeilieHT IPOBIAHOCTI PO3CITHHS
Ao r :7\'rn+7\'rd+}"rfh+7\'rsq (22)

CKIIAIA€TBCA 3 KOC(DIMi€HTIB MPOBITHOCTI PO3CISHHA Ta-
30BOTO A, ,, TUPEPEHINATBHOTO A, 4 i KOPOTKO3aMHKAIIb-
HUX Kinelb A, 5 (A, 5y — KOeiLlieHT MPOBIIHOCTI PO3CisH-
HSl CKOCYy Ma3iB y AaHOMY pa3i BiICYTHill uepe3 BiICyT-
HICTB CKOCY).

Enexkmpomexnixa i Enexmpomexanixa, 2023, Ne 4



N qupMley (17) BXonsTh 3BENEHI 10 OOMOTKH CTa-

TOpa aKTHBHUH 1 lHIIYKTI/IBHI/II/I oropu 0OMOTKH poTopa
Rr =KuR,; X(sr =Kg - Xop» (23)
ne K, — koedimieHT 3BeIeHHS.

Cepen BennumH, sKi 3a0e3neuyroTh popmyny (17) 3a
YHCEIIBHO-TIOJIbOBUMH PO3PaXyHKaMH, 3MIHIOKOTBCA R,
Mg s Ay 1 32JTI€XKHI BIJT HUX BEJIUYUHU.

JudepenmianpHi TPOBIAHOCTI, 3a TBEPHKEHHIM [2],
TEX 3aJeXaTh BiJl HACHUYEHHs 3yOIL[IB ocep/ib, ajne KOHK-
peTHuxX GOpMyJ 1 peKOMeHJalii He HalaeThCs, 110 BUMa-
rae OKpeMHx JoclijkeHb. Tomy, o0 BinoOpazutu ¢akr
3aJIeKHOCTI NMPUUHATI YMOBHI (D OPMYJH ISl HACHYEHUX
mudepeHianbHUX IPOBIAHOCTEH cTaTopa i poTopa:

Msa =ksauhsaps hra =keayhrap

JIe 3aJIeKHI Bifl CTpyMiB KOS(II[IEHTH 3MCHIIICHHS

(kg =Dy 1) (kg =Dk —1)
ksduzl"'—; rdu = - 5 N

(kg1 =1) (k=1

B SKHX Ag g5, A qp — 0230B1 3HAYCHHS MPOBIAHOCTEH MpH
HeHacuueHoMy ctaHi (s —> 0); k1, k;1 — KpaTHOCTI CTpy-
MiB TpH 5 = 1; kdu — KparHicTh qudepeHIiatbHol MpoBija-
HocTi npu s = 1 BigHOCHO 6a3oBoro 3Ha4yeHHs npu s = 0,
sIKy TpuiiHsuM piBHOO 0,7 (peanbHO MOXKe OyTH 1 MeHIIe,
3BaKAIOYM HA BUSIBIICHI 3MIiHU TMA30BHX IMPOBIIHOCTEN).
3MeHIIeHHsT Au(epeHIlialbHuX MPOBIAHOCTEH TMOSCHIO-
€TBCSA «PO3TIAMHKECHHAMY» MarHiTHOI HEOJHOPIMHOCTI 3y-
OIIeBO-TTa30BUX CTPYKTYp INPH CHIBHOMY HACHYEHHI IX
3yomiB. lle murtaHHS MOke OyTH DPO3IIISHYTO OKPEMO
LUISIXOM aHalti3y rapMmoHiiHoro ckiany EPC oOMoTok Ha
OCHOBI, HAIIPUKJIa]l, BUKJIaaeHoro B [18].

Huska Benmumn 3 (17) — (23) BBaXKAIOTHCS HE3AIEKHU-
MM BiJl KOB3aHHSI 1 HACHUCHHS 3yOILliB ocepzu) 1 BOHH NPUAHS-
TH 32 TIPOEKTOM, a came: R, 5, = 16,2-10°° Om; R, = 0,402 Owm;
Asap = 1,575 Mp gy = 2,08; Mgy = 1,451 X, = 0,61; K, = 3636
(ocraHHI 4YOTHPH — Y B.O.).

3a npoekTHUM po3paxyHkoM TAJ] BU3HAuUarOThCS Ta-
KOX: Cyy = | + kg — KOCDIiLiEHT MAarHITHOTO KOMa IS 00-
MOTKH CTaTOPA, 1€ Kos = Xo / X, — KOEDILIEHT i1 pO3CifHHS;
X, — TONIOBHMH IHIYKTHBHUI omip; o, = 2nf, = 314 T
KyTOBa 4acToTa CTPyMY CTaTopa.

VY migcymky Ge3po3mipuuii koeditieHT Cyy 3MiHIO-
BaBes Big 1,018 1o 1,027 npu 3miHi koB3auHs Bix 1 10 0.

IIpn po3paxyHKy MeXaHi4HOT XapakTepPUCTHKA 32
(17) mpwu 3MiHI KOB3aHHSI S KPaTHOCTI CTPyMiB OOMOTOK
cratopa i poropa kj. 1 kj, BU3HayaJMCh 3a METOJUKOIO
MPOEKTYBaHHA [2]: iXHI 3amexHocTi Bix s B rpadiunii
¢dopmi HagaHi Ha puc. 10.

24
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Puc. 10. 3anexHoCTi CTpyMiB poTOpa i CTaTOpa Bijl KOB3aHHS
i MexaHiuHa xapakrepuctika TAJ]

Po3paxoBytoun KOXXHY TOUKY Ii€i XapaKTepHUCTHKH
3a MOZENIIMU Ha pHC. 3, IUI HEaKTUBHUX YacTHH, TOOTO
YacTHH OCepJb CTaTopa i poTOpa NpUiiManu BiJHOCHI
MarHiTHi MPOHMUKHOCTI L 1 W, piBHUME 50. 3Bakarouu Ha
JlaHl HaBEJCHUX TaOJHIlb, I PIBEHb BIIMOBIIa€ HACHU-
YEHOMY CTaHy 3yOlliB, aje jJae cTaOLIbHI pe3yNbTaTd i
JUISL TOYOK IIPY 3MEHIICHI HACHYEHHS.

Huzka mapameTpiB 11 1IbOT0 PO3paxyHKOBOTO Bapia-
HTY U IyCKOBOI TOUKH TipH s = 1, k. = 6,33 1 ky; = 5,84
HajaHa a B Tabn. 5 — 7. KapTuHM Marx€iTHOTO IOJIS B Ta-
3ax poTOpa i cTaTopa IMoKa3zaHo Ha puc. 11, me BumHO, 1m0
BUTICHEHHSI CTPYyMy CTPIKHsI poTopa (haKTHYHO HE Bil-
OyBa€eThCA: 116 MOXKHA MOSCHUTH IIPH MaJMX KOB3aHHIX
HEBEJIMKOIO YaCTOTOI0 CTPYMY, @ IPH BEJIMKUX KOB3aHHSX
CHJIbHUM HaCHYEHHsIM 3yOliB. 3ayBaKUMO, 1110 BHSIBJICHA
BIZICYTHICTh BHTICHEHHSI CTPyMy B CTPIIXKHIX POTOpa B
PEKHUMI IIyCKY CYNEPEUYHTh KJIACHIIL, 10 € HOBUHOIO!

Puc. 11. Kapruau MarmitHOTo IOJIS B a3aX poTopa i cratopa
PO3paxyHKOBOTO BapiaHTy IJIs IyCKOBOI TOUYKH

Bracre MexaHiuHa XapaKTepUCTHKa Y 0e3pO3MipHii
hopmi 300paxkena Ha puc. 10, ne ky, — KpaTHICTH MOMEHTY
BiZIHOCHO HOTO HOMiHAJIbHOTO 3HAYECHHS.

3a po3paxyHKOM MeXaHI9HOI XapaKTePUCTUKH BHSIB-
JICHO, 1110 HOMIHAJBHHUI €JIEKTPOMArHITHUN MOMEHT M.,y =
=102 H-m; npu koB3aHHi § = 1 KpaTHICTh ITyCKOBOT'O MOMe-
HTY kyy = 1,41; nepeBaHTaXXyBaJIbHA 3IATHICTb Kyp = 2,93
NpH KPUTUYHOMY KOB3aHHI S, = 0,20. 3ayBakumo, 1m0 B
npoeKTi 3a [2] 3HaYeHHs aHAJIOTIYHHX BEJIMYMH CKJIAJIN TaKe:

emN 99 4 H- M, kM] 1 44 ka 2,5 Inpu S, = 0,15

Ane mie MOKHA TTOPIBHATH JaHi PO3pPaxyHKOBOI Me-
XaHIYHOI XapaKTePUCTUKU CEPIHOTO YOTHUPHUIIOIIOCHOTO
TAJl tumy AWP160S4 3 OnNM3pKUMH TapaMeTpaMu:
PN—15 KBT h =160 MM, IsN 290 A k11 7 le 1 9
kym = 2,9; My = 98,1 H-M (HOMiHaJIbHUY MOMEHT Ha Ba-
ny). Toni MOXKHA MEPEKOHATHCS Y aAEKBaTHOCTI HAJAHOI
YHCEIbHO-TI0JIbOBOI METOJIUKH PO3PaXyHKY (MOBa He e
po CKCICPUMCEHTAJIbHE HiﬂTBepI[)KeHHSI B 3arajjbHOMY
PO3yMiHHI, TOMY 1110 He Bci qaHi cepiiiHoro TAJ] Bimomi).

JlonaTkoBo 10 po3paxoBaHOI MEXaHIYHOi Xapakre-
pucTHKH Ha puc. 12 1 13 HagaHi CyImyTHI 3a1€XKHOCTI ITyC-
koBux mapamerpiB TAJl, ne BUJHA CTAOUTBHICTH aKTHB-
HUX 1 BEJINKi 3MiHU PEaKTHBHUX OTIOPIB.

3BUYAaWHO MPOEKTAHTH VIS MiABUILEHHS IIyCKOBOTO
MOMEHTY TIparHyTh 3poOuTH TIHOOKI Mmasu poropa, mod
CHpAIlOBANIO 301IBIIEHHSI AKTUBHOTO OIOPY WOTO CTPUK-
HiB. A CHpaIbOBYe€, SIK BHSIBICHO, HE IIe, a AK€ CYTTEBE
3MCHIICHHS IA30BOT0 PO3CIAHHS dYepe3 BHCOKI CHIIBHO
HAcHYeHi 3y0Ill poTopa, a TaKoX 3yOlli cTaropa.

10
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Puc. 12. AxtuBHU omip i KoedilieHT BUTICHEHHS CTpyMy
CTPIDKHS POTOpA Ta MarHiTHI IPOBIHOCTI ITA30BOT0 PO3CISTHHS
cTaropa i poropa sk QYHKIIT KOB3aHHS

AJe BIUIMB 3MiHM MarHiTHUX HPOBiJHOCTEH 11a30BO-
IO PO3CISIHHS Ha eJIeKTpoMarHiTHUit MomeHT (17) nexisb-
Ka MEHIIMH, K L€ YABISAETbCA 3a JAHMMU Ha puc. 12.
Tomy 1m0 iXHi 3MIHM «PO3YHMHIOIOTHCS» Ha T IHIIUX
01 CTAOIIBHUX AKTUBHMX OINOPIB 1 MarHITHHUX MPOBi-
HOCTEH, AKi BXOIATh 10 opmyd (18), (20), (22), (24).

I'padiku aKTUBHHX i PEaKTUBHHUX OIOPIB OOMOTOK
potopa i craropa, siki Bxoaars A0 (17) sk kiHIIEBi BenH-
YHHHU BIUIMBY, HajaHi Ha puc. 13. I TyT BuaHa Ge33amepe-
YHa POJIb CaMe PEaKTHBHHX OIOPIB 1 IXHKOI 3MiHM HaA (o-
PMyBaHHS MEXaHIYHOI XapaKTEPHUCTHKH. A OCh BIUIHB
BUTICHEHHSI CTPYMY, SIK BXK€ 3a3HAU€HO, NPAKTUYHO HE
NPOSIBISIETHCS, TOMY 1110 aKTUBHUK onip (azHoi 0OMOTKH

poTopa R, 3alUIIA€THCS MPAKTUYHO HE3MIHHUM.

1.2
Om
1,0-\
&Xg’r
0,8
0.6 o,
0,4 Rs
Rl’
0,2 X
5
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Puc. 13. AktusHi i peaktuBHi onopu oomorok TAJl y nianazoni
3MiHH KOB3aHHSI, BIACTHBOTO HOTO IBUTYHHOMY PEXXUMY POOOTH

BucHoBkm.

1. B cucremi npoektyBanHs TAJl BaXIUBUMH € aKTH-
BHI 1 peakTUBHI OMOpPHU OOMOTOK, ajie X BU3HAYCHHS I
moTpidye yTOYHEHHS, OCOOJIMBO B pexuMax pobotu 3
MiBUIIICHUM KOB3aHHSIM. ToMYy I po0JiemMa 3aJIUIIA€Th-
Csl aKTyaJIbHOIO 1 ii BUPIIIEHHIO JIOCI NPHUCBSYY€EThCS Oa-
raTo TEOPETHYHHX 1 eKCIIEPUMEHTATIBHUX TOCIIIKCHb.

2. BusiBneHo, mo ais po3paxyHKY IIONIB Ia30BOTO
PO3CIsSIHHA CTaTropa 1 poTopa JOCTaTHHO BHKOPHUCTAHHS
30HM PO3PaxyHKy y MeXax iXHiX 3yOIeBHX KPOKIB i3 3a-
XOIUICHHSM BIIACHE Ta3iB 1 MPIJIETINX YaCTHH OCEP.Ib.

3.1lpu HeHacHYeHUX 3yOUAX OCepOb YHCEIBHO-
MTONTEOBHI PO3PAaXyHOK MAarHITHOI HPOBITHOCTI Ma30BOTO
PO3CIAHHS JaB pe3yibTaTH, SIKi MEPEeBUIIYIOTh AaHI Kia-
CHYHUX PO3paxyHKIB ajs ma3iB poropa Ha 15,7 % i cra-

Topa Ha 12,5 %, mpudoMmy Ui ma3za poTopa OCHOBHUI
BHECOK y MMOXUOKY pOOUTH HOTO MEepeMHUYKa.

4. UncenbHO-TI0JIbOBUI pO3paxyHOK BHXPOBHX CTpY-
MiB B [1a3y pOTOpa y TaKHi e IMOCTaHOBII, 5K 1 B KJIacH-
YHOMY MPOEKTYBaHHI, TOOTO NMpPU HEHACHYECHUX 3YOLsX,
HOMiHaJIBHOMY CTpyMi 1 9acToTi f, = 50 'y naB xoediri-
€HT BUTICHEHHS cTpyMy 1,35 1 HepiBHOMIpHUH po3mosil
TYCTHHH CTPYMY 3 BiAMIHHICTIO y 2,75 pa3u Bix HH3Y 10
TopH. AJie IpH PO3paxyHKY ITyCKOBOI TOUKH 3 PEaIbHUM
CTPYMOM 1 CHIIFHO HACHYEHUMH 3yOIISIMU BiIOBiqHI 3HA-
geHHA ckianaioTh 1,002 1 1,02, To6To edekt BUTiCHEHHS
CTpyMy MaiXe BiICYTHill ycymneped KIIacHIli.

5. Meroauka po3paxyHKy MEXaHIYHOI XapaKTePUCTUKH
Ha OCHOBI 3alpPONOHOBAHOTO YHCEIHLHO-TIOJLOBOTO ITifl-
XOJ/ly CTa€ «IpO30poro» 1 He MOTPiOye YMOBHHX IONpPaB-
HUX KOe(Ili€eHTIB 1 JOBIAHUKOBUX rpadiuHuX (QYyHKIIH.

6. PozpaxyHOK MexaHIYHOI XapaKTEpHCTHKH B Jliara-
30HI kKoB3aHHSA Bifg 0 mo 1 i3 3aCTOCYBaHHSIM YHCEIHHO-
MOJBOBOTO METOJY [UISi BU3HAYEHHS OINOPIB OOMOTOK 3
ypaxyBaHHSIM BiQIOBITHUX CTPYMIB B Ma3aX i HACHYCHHS
3yOLiB OCepAb IaB PE3yNbTAaTH 3a eJIeKTPOMAarHiTHIM
MOMEHTOM, fKi BiIIIOBITAaOTh CIIPOEKTOBAHUM 1 BUTOTOB-
neanM 3pazkam TAJl, mo (akTu4aHO MiATBEpIKYE alek-
BaTHICTh PO3POOIEHOT METOIUKH.

7. AHaii3 1mokasas, 110 TP 3MiHI KOB3aHHsS Ha (hopmy
MEXaHIYHOT XapaKTePUCTHKH 1 3HAYEHHS IIyCKOBOTO i
MaKCHMAJIHOTO elleKTpoMarHiTHuX MomeHTiB TAJl Bu-
3HAYaIbHUH BIUIMB HAJalOTh 3MIHM PEaKTHBHUX OIOPIB
00MOTOK, y TOW 4Yac KOJM aKTHBHI OTOpPH 3aJIMIIAIOTHCS
NPaKTHYHO CTaOLIBHUMHU 1 epeKT BUTICHEHHS CTpyMy B
nasax poTropa Maixe He MPOSBISIETHCS, & TOJIOBHUM YHH-
HUKOM € 3HauHe 3MEHIICHHS PEaKTUBHHX OIOPIB dYepes
CHIJIbHE HacHYeHHS 3yOIliB ocepab poTopa i cTaTropa.

8. Tloka3aHni 3MiHM pPEAKTHBHHX OIOPiB OOMOTOK
OB’ sI3aHi 3 I1e OiIbII BHPaXEHUMH 3MiHAMH MarHiTHHX
MIPOBIMHOCTEN TXHHOTO MA30BOTO PO3CISTHHSA 1, JACTKOBO —
JTudepeHIlianTbHOro po3cisHHs. | came Ha e BIUIMBae 30i-
JBILIEHHS] BUCOTH 3yOIiB Ocep/b, SIKE MOB’si3aHe 31 301Ib-
IIEHHSM TJIMOWHY Ta3iB, ajie crpaBa He B Ia3ax i BUTHUC-
HEHi CTpyMy B HUX!

9. TakuM 4YMHOM, BUSBJICHHH HEOYIKYBaHMH HE3HAU-
HHUH BIUIMB BUTICHEHHSI CTPYMY B CTPHIKHSIX KOPOTKO3aM-
KHEHOTO pOTOpa Ha MEXaHIYHy XapaKTEPUCTHKY € HETpH-
BiaJJbHOI0 HOBHHOIO, 1 Ie MOTPiOye MOmanbIIoro OLIbIT
TMOOKOTO BUBYAHHS 1 MMEPEBipKM HA IHMIMX JABHTYHAX 3
IHIIIMHA (POPMAaMH 1 po3Mipam# Masis.

KonguiikT inTepeciB. ABTop 3asBNs€ MPO BIACYT-
HICTh KOH(QUIIKTY 1HTEpECIB.
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Numerical-field analysis of active and reactive winding
parameters and mechanical characteristics

of a squirrel-cage induction motor.

Introduction. The active and reactive (inductive) winding resis-
tances of three-phase inductions motors (IMs) are investigated.
These important parameters are determined during design and
are the basis for calculating a number of energy parameters and
characteristics. Problem. In the classical design of IM, the
winding resistances are determined with insufficient accuracy
due to a number of assumptions and conventions. Especially it
concerns the operation of IM with increased slip and it affects
the accuracy of realization of its design data, starting parame-
ters and characteristics. Goal. The paper aims to further de-
velop the IM design system by numerical-field computational
analysis of active and reactive resistances of the IM windings in
the whole range of changes in its slip and calculation of the
mechanical characteristic of IM to confirm the adequacy of the

How to cite this article:

calculations of these resistances. Methodology. Resistances of
the IM windings are determined by numerous calculations of the
magnetic fields of dispersion with the FEMM program within
stator and rotor teeth steps, and with current displacement in a
squirrel-cage rotor core. Everything is done in the slip range
when operating from start-up to idle with changing currents in
the slots and the corresponding magnetic saturation of the core
teeth. A Lua script has been created for the calculations, con-
trolling the FEMM program and providing automation of all
calculations. Results. The numerical-field method shows that the
classical design method gives very large errors in determining
the magnetic conductivities of IM slot dispersion, as well as
current displacement in the bars of the squirrel-cage rotor wind-
ing. This is especially evident with increased slips in the start-up
mode. Originality. Numerical estimates of the differences be-
tween the classical and numerical-field methods are given and
the origin of errors is analyzed: the strong saturation of the
teeth of the stator and rotor cores. This leads to a significant
decrease in the magnetic conductivities of slot dispersion and
the practical absence of current displacement in the rotor bars,
on which the main emphasis was previously made. The obtained
results made it possible to calculate the mechanical characteris-
tic of the IM according to a transparent formula without the use
of correction coefficients and reference graphical functions.
Practical value. The provided technique of numerical-field
analysis and the obtained results of the calculation of active and
reactive winding resistances and mechanical characteristic are
recommended as a basis for the improvement of the IM design
system. References 18, tables 7, figures 13.

Key words induction motor, stator and rotor windings, active
and reactive resistances, magnetic saturation, eddy currents,
mechanical characteristics, classical design, numerical-field
calculation analysis.
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Voltage regulation using three phase electric spring by fuzzy logic controller

Introduction. The renewable energy sources such as solar and wind power have increased significantly in recent years. However, as
the generation of renewable energy has become more integrated, its intermission and instability have a major impact on the power
system’s stability, such as voltage instability and frequency flicker. Purpose. In order to address the different power quality issues
brought on by intermittent and unreliable renewable energy sources, electric spring offers a novel solution. It was proposed as a
technique for regulating load and adjusting output power. For the integration of electric springs with noncritical loads, a
contemporary control mechanism is described in this paper. Novelty. The suggested work is innovative in that it presents an
improved control technique that efficiently maintains voltage stability as voltage changes. Method. The proposed technique is based
on an analysis of the initial conditions and input data for developing fuzzy rules for calculating compensating voltages in relation to
the difficulties. Results. This suggested fuzzy controller will be able to maintain the regular operation of the electric spring of power
output control stability as well as continuing to provide power factor improvement and voltage control for significant loads,
including the home’s protection system. Practical value. A detailed study of typical voltage regulation is undertaken, supported by
simulation results, to demonstrate the effectiveness of the applied control scheme in cancelling the corresponding issues with power
quality. References 25, tables 2, figures 8.

Key words: voltage stability, fuzzy control, electric spring, power factor, microgrid, renewable energy sources.

Bcemyn. Bionogniosani 0dicepena enepeii, maxi sik COHAYHA Ma 8iMposa enepeis, 3Hauno 30invuwunucs ocmanunimu poxkamy. OOnax y mipy
moeo, K GUPOOHUYMBEO BIOHOGNIBAHOL eHepeii cmano Oiibul THMEeSPOBaAHUM, U020 nepeOOi ma HecmabilbHICMb GNAUBAIOMb HA
cmabinbricmy enepeocucmemu, HaNPUKIAO, HecmabinbHicmy nHanpyeu ma Koaueannsa yacmomu. Mema. LL{o6 eupiwiumu pizni npobremu
3 AKICMIO eeKmpOoeHepeil, SUKIUKAHI YPUGHACUMU A HEHAOIUHUMU BIOHOGTIOBAHUMU 0JICEPeNamMU eHepeii, eNeKMmPUYHA NpPYICUHA
Nnpononye Hoge piwents. Bona 6yna 3anpononogana sik Memoo pe2yio8anHs HA8AHMAICEHHs MA Pe2yIH08AHHS GUXIOHOT NOMYICHOCIM.
[l inmezpayii’ enekmpuyHuUX npysIcur i3 HeKpUMUYHUMU HABAHMAICEHHAMU Y Yill cmammi ONUCAHO CYYACHUL MEXAHI3M KepyBaHHsL.
Hoeusna. Ilpononosana poboma € HOBAMOPCHKOIO, OCKUIbKU NPeOCmasiac 800CKOHANEHUL MemoO YAPAGIiHHA, KUl e@heKmueHo
niompumye cmabinvhicms Hanpyau 3a 3minu Hanpyeu. Memoo. 3anpononosana Memoouka 3aCHOBAHA HA AHATI3I NOYAMKOBUX YMOE |
BUXIOHUX OanuX Osl PO3POOKU HEHimKUX NpASUl PO3PAXYHKY KOMNEHCYIOUUX Hanpye cmocoeHo mpyonowis. Pezynomamu.
Ipononosanuil Hewimxkuil pe2yismop 3Modce NIOMPUMY8amu Ccmadiibhy pooomy eneKmpuyHol NPYICUHU KOHMPOMO SUXIOHOT
NOMYIACHOCMI, 4 MAKOJIC NPOO0BICY8amu 3a6e3newysamu NOKpaujerts KoeQiyicHma nomysicHocmi ma KOHmMpOib HAnpyau Ois 3HAYHUX
Hasanmaoicenv, GKmoYarouy cucmemy 3saxucmy 6younky. Ilpakmuuna uinuicme. 3pobreno O00KiaOHe OO0CHIONCEHHS MUNOBO20
Pe2ynIosan s Hanpyau, niomeepodicene pe3yibmamami. MoOe08anH s, Wob nPOOeMOHCIMPY8amu epeKmueHICMb cxeMu YNpagiints, o
3aCmMOCO8YEMbCS 8 YCYHEHHI BION0GIOHUX npobiiem 3 aKicmio eiekmpoenepeii. biomn. 25, tabin. 2, puc. 8.

Kniouosi cnosa: cTabiNbHICTh HANIPYTH, HeYiTKe YNPABJIIHHSA, eJIEKTPUYHA NPYKUHA, KoeillieHT MOTYKHOCTI, MikpoMepe:ka,

BiIHOBJIIOBAHI [7epeJia eHeprii.

Introduction. The electricity systems are now
incorporating the «Smart Grid» idea, which makes the grid
smarter by enabling two-way energy flow between the grid
and the consumer. One aspect of the smart grid concept is
the integration of renewable energy sources (RES). The
system should incorporate major RES’s due to the
impending energy problem as well as environmental
considerations. Solar energy is the most important RES
since it is neat, unrestricted, and free. Production of
electrical energy in conventional systems is dependent on
load demand [1]. In addition, solar energy is infrequent and
longwinded. As a result, the emphasis has shifted from
source following load to load following source, creating a
new paradigm for electric springs (ES). Contrarily, solar
photovoltaic (PV) systems produce a low output that is
increased by converters and then transformed by inverters
for grid synchronization into a pure sinusoidal form. The
entire PV system performs at peak efficiency and generates
its maximum output power at a certain location on the
voltage-current (V-I) or voltage-power (V-P) curve known
as maximum power point (MPP) at varied irradiance and
temperatures. The MPP can be monitored using a number
of methods. Through the use of maximum power point
tracking (MPPT) techniques, the operating point of the PV
array is kept at MPP [2, 3].

The power imbalances, voltage instability, voltage
swings, and other grid-related problems are all being brought
on by solar grid integration. These power quality issues have

been addressed using a variety of technologies, including
capacitor banks, capacitor reactors, static compensators, and
static synchronous series compensators.

Their rapid and dynamic controllers can effectively
minimise problems with power quality. The literature
claims that ES outperforms existing technologies in
dealing with the aforementioned problems [4-6]. This
study emphasises the practical integration of a PV system
with the grid. The ES is a fast device that controls voltage
across significant loads that are prone to voltage
variations. A power electronics-based circuit called ES is
based on the idea of applying Hook’s law to the field of
electricity. The ES differs from typical custom power
devices in terms of the better voltage profile of the power
system. On the load demand side, ES is utilised to
stabilise voltage variations brought on by RES.

The ES is a highly dynamic low-cost current control
voltage source device [7-10]. The ES is connected in
cascade with a noncritical load (NCL) that is less
susceptible to voltage fluctuations in order to create a
smart load. In order to achieve voltage regulation across
the critical load (CL), which is voltage sensitive, the ES
creates the compensation voltage or ES voltage Vig
perpendicular to the noncritical load current Iz In the
past, simulations were used to research how well ESs
worked in the real world. The works [11, 12] discuss the
implications of large-scale integration of renewable
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energy sources, such as PV, into the grid and its
consequences [13-16].

The goal of the paper is to design controller for
electric spring to regulate voltage and which allows to
increase the reliability of the entire system mechanism
operation and significantly simplify the design.

Subject of investigations. This paper carries out a
comprehensive study of the ES and understanding of the
different parameters to design suitable controller for
voltage stability in the system under different
environmental condition. This paper gives idea about the
behavior of ES as capacitive mode and inductive mode.

Basic calculation relationships and assumptions. By
comparing ES to a conventional mechanical spring, the
concept was first established [17, 18]. It might be
implemented using an inverter and connected in series with
noncritical loads like electric heaters, refrigerators, and air
conditioners in a RES-powered microgrid, as shown in Fig. 1.
This creates a smart load. A building’s security system is
connected in parallel with this smart load, as are other
critical loads. An input-voltage control method was used
in earlier iterations of ES to produce reactive power
compensation and offer steady-state voltage and power
regulation to important loads because RESs only produce
power intermittently, the noncritical load voltage and
power fluctuate in response to grid fluctuation.
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Fig. 1. Structure of ES

The compensation voltage, or ES voltage, V,,
should be perpendicular to the noncritical load current, 7,.,
in order for the ES to exclusively offer reactive power
adjustment, where V; is the line voltage, V,. is the
noncritical load voltage, and V, is the ES voltage,
governs the ES voltage. A significant reactive power
injection can degrade the system’s power factor and lower
power efficiency in a distribution system with a variety of
inductive and capacitive loads.

Vie +Ves = V5. (1)

Thus, in addition to the current qualities of voltage
and power regulation, a power factor correction (PFC)
function can be added to the ES. The both active and
reactive power correction could be provided from an ES
by using a DC source, like a battery, to power the
inverter, as shown in Fig. 1. The line current, /;,, might be
shaped to be in phase with the line voltage, V;, using this
characteristic of an ES. In a system with resistive-
inductive loads, or one that has a generally trailing power
factor, the phasor diagram in Fig. 2 demonstrates the ES

compensation voltage, Ves, could help increase the power
factor in the distribution system and offer voltage and
power support in steady state [19].

Vnc

1'I.I'rn'».-r

Fig. 2. Phasor diagram of current and voltage for PFC:
a) undervoltage; b) overvoltage

When the line voltage V; is less than the reference
line voltage Vs 230 V is the root mean square (RMS)
value this is referred to as the undervoltage case. When
the line voltage is higher than the reference line voltage,
this is referred to as the overvoltage situation. As seen in
Fig. 2,a, the ES injects real and capacitive power into the
system in the undervoltage situation to raise the line
voltage V; to the reference value of 230 V and maintain
the phase of the line voltage V; and line current 7,
According to Fig. 2,b, the overvoltage scenario, for
similar tasks to line voltage control and PFC, the ES
injects a mix of actual and inductive power into the
system. The input voltage, voltage across the line
impedance, line voltage, noncritical load voltage, and ES
voltage are represented in Fig. 2 by Vi, Vy, Vi, Ve, and Vg
respectively. The critical load current, noncritical load
current, and line current are represented by I, 1., and [,
respectively. Additionally, R, + jX, is the power circuit’s
line impedance, where R, is resistance, X, + L, and L, is
the line inductance.

Basic control action in fuzzy logic control (FLC) is
governed by a set of linguistic rules. These rules are set
by the system. Since numerical variables in FLC are
converted to verbal variables, mathematical modelling of
the system is not required. The FLC is divided into three
sections:  fuzzification, interference engine, and
defuzzification [20]. The FLC is specified as 7 fuzzy sets
for each input and output. Triangular membership
functions are employed for simplicity. Fuzzification by
the utilisation of an endless universe of discourse,
Mamdani’s «min» operator is used to imply implications.
Defuzzification uses the height technique.

Fuzzification. The 7 fuzzy subsets used to assign
membership function values to the linguistic variables are
NB (Negative Big), NM (Negative Medium), NS (Negative
Small), Z (Zero), PS (Positive Small), PM (Positive
Medium), and PB (Positive Big). The partition of fuzzy
subsets and the membership change in error CE(k), error
E(k) function’s shape adjust the form to the proper system.
The value of input error and the change in error are
standardised using an input scaling factor. The membership
function plot of these variables is shown in Fig. 3.
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Fig. 3. Fuzzy membership function

This system’s input scaling factor was constructed
so that input values fall between —1 and +1. This
arrangement’s membership function has a triangular
shape, which suggests that there is only one dominant
fuzzy subset for each given E(k) input [21, 22]. The input
error for the FLC is as follows.

Inference approach. The max-min and max-dot are
two composition approaches that have been put out in the
literature. In this study, the min method is used. The
output membership function of each rule is determined by
the minimum and maximum operators. Table 1 displays
the FLC’s governing framework.

Table 1
Fuzzy rules
Change Error
in error NB | NM | NS Z PS PM | PB
NB PB PB PB PM | PM PS Z
NM PB PB PM | PM PS Z Z
NS PB | PM PS PS Z NM | NB
V4 PB | PM PS Z NS | NM | NB
PS PM | PS Z NS | NM | NB | NB
PM PS Z NS | NM | NM | NB | NB
PB Z NS | NM | NM | NB | NB | NB
Defuzzification. Since most plants require a

nonfuzzy control value, a defuzzification stage is
necessary. The FLC output is calculated using the «height
technique» and the FLC output has an impact on the
control output. The FLC output also manages the switch
on the inverter. It is necessary to maintain the capacitor
voltage, line terminal voltage, active power, and reactive
power. To regulate these parameters, they are discovered
and contrasted with reference values. The following are
the membership duties of FLC to achieve this: error,
change in error, and output. The following sources served
as the basis for the FLC rules. The notation £ stands for
the system error, C for the change in error, and u for the
control variable. A high error E value denotes the absence
of a balanced state in the system. The controller should
immediately increase the amount of its control variables if
the system is out of balance in order to bring it back into
balance. A low error E value, on the other hand, indicates
that the system is nearly balanced.

Initial conditions and input data. The critical loads
of 100 kW and 150 kVAr and noncritical loads of 100 kW
and 100 kVAr are both taken into consideration into both
cases capacitive and inductive. MATLAB/Simulink is
used to model the hybrid power system with the ES as
shown in Fig. 4. To lessen harmonics brought on by
inverter switching transients, a harmonic filter is
connected after the inverter [23]. To control voltage

magnitude and frequency as well as to account for
reactive power by load, an ES is connected prior to the
load in parallel with the critical load and in series with the
noncritical load [24, 25].

DC-DC Boost "
Converter ps$

NC Load
Fig. 4. Hybrid power system in MATLAB/Simulink

Simulation results. Case I: capacitive (voltage
boosting) mode of operation of ES. To illustrate the
voltage support capability of ES the disturbance source is
programmed at # = 0.2 s to generate a voltage of 208 V. In
order to restore the line voltage back to its nominal
reference value the ES is activated at £ = 0.3 s and voltage
of the ES is increased from its near-zero value to about
175 V. As soon as ES is activated, it is observed that
voltage across noncritical load decreases to 70 V as
indicated in Fig. 5. The voltage is regulated back to its
nominal reference value 230 V at ¢ = 0.3 s. The
corresponding instantaneous value of noncritical load
voltage, ES voltage and critical load voltage are clearly
indicates that current leads the voltage by 90°. Thus
successful implementation of ES in capacitive mode is
conducted using MATLAB.
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ES Voltage

T T 1 I I i 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Fig. 5. Observed RMS value of critical voltage, noncritical
voltage and ES voltage in capacitive mode

ES voltage in capacitive mode, critical load voltage,
and noncritical load voltage are shown in Fig. 6.
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Fig. 6. Observed instantaneous value of critical, noncritical load
voltage and ES voltage in capacitive mode
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Case II: Inductive (voltage suppression) mode of
operation of ES. To test the voltage suppression
capability of the ES a disturbance source is programmed
at t=0.2 s to generate a voltage of 254 V.

In order to suppress the increased line voltage back to
its nominal reference value the ES is activated at = 0.3 s
and voltage of ES is changed to stabilize the line voltage as
shown in Fig. 7. As soon as ES is activated,; it is observed
that voltage across noncritical load increases to 250 V.
Finally, the voltage is regulated back to its nominal
reference value 230 V at ¢+ = 0.3 s. The corresponding
instantaneous value of noncritical load voltage, ES voltage
and critical load voltage clearly indicates that current lags
the voltage by 90°, representing efficacious working of the
ES in inductive mode. Thus successful implementation of
ES in inductive mode is conducted using MATLAB.
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Fig. 7. Observed RMS value of critical voltage, noncritical
voltage and ES voltage in inductive mode

The voltage of an ES operating in inductive mode is
shown in Fig. 8 together with its critical load and
noncritical load.

C.L. Voltage
T T T

t L ¢ i i =|
04 0.5 0.6 0.7 0.8 0.9 1
Time

Fig. 8. Observed instantaneous value of critical, noncritical load
voltage and ES voltage in inductive mode

Table 2 gives comparative results values in
percentage with considering different load conditions and
without ES and with ES.

Table 2
With and without ES simulation results

Without ES 100 | With ES 10 kW, | With ES 100 kW,
P rer |KW. 150KVAr(CL)| 15kVAr(CL) | 150kVAr (CL)
arameter and 100 kW, and 10 kW, and 100 kW,
100 kVAr (NCL) | 10kVAr(NCL) | 100 kVAr (NCL)
Voltage
variation, % >0 2 21
Frequency
variation, % 3 0.1 0.2

Conclusions. It has been shown in this paper and
previous research that electric spring is an effective
approach for dealing with the issue of power system
instability associated to alternate sources driven grids. The
employment of a fuzzy control technique by an electric
spring to maintain line voltage, power the important load,
and increase the device’s power factor is shown in this
paper. The proposed fuzzy control approach is frequently
contrasted with the conventional controller. It has also been
demonstrated that voltage regulation and power system
enhancement can be handled by a different organization. It
is possible to verify the proposed converter by simulating it
in the hybrid system using MATLAB/Simulink. The results
from the electric spring under various lodes circumstances
effectively stabilise the voltage.
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Model reference adaptive system speed estimator based on type-1 and type-2 fuzzy logic
sensorless control of electrical vehicle with electrical differential

Introduction. In this paper, a new approach for estimating the speed of in-wheel electric vehicles with two independent rear drives is
presented. Currently, the variable-speed induction motor replaces the DC motor drive in a wide range of applications, including electric
vehicles where quick dynamic response is required. This is now possible as a result of significant improvements in the dynamic performance
of electrical drives brought about by technological advancements and development in the fields of power commutation devices, digital signal
processing, and, more recently, intelligent control systems. The system’s reliability and robustness are improved, and the cost, size, and
upkeep requirements of the induction motor drive are reduced through control strategies without a speed sensor. Successful uses of the
induction motor without a sensor have been made for medium- and high-speed operations. However, low speed instability and instability
under various charge perturbation conditions continue to be serious issues in this field of study and have not yet been effectively resolved.
Some application such as traction drives and cranes are required to maintain the desired level of torque down to low speed levels with
uncertain load torque disturbance conditions. Speed and torque control is more important particularly in motor-in-wheel traction drive train
configuration where vehicle wheel rim is directly connected to the motor shaft to control the speed and torque. Novelty of the proposed work
is to improve the dynamic performance of conventional controller used of model reference adaptive system speed observer using both type-1
and type-2 fuzzy logic controllers. Purpose. In proposed scheme, the performance of the engine is being controlled, fuzzy logic controller is
controlling the estimate rotor speed, and results are then compared using type-1 and type-2. Method. For a two-wheeled motorized electric
vehicle, a high-performance sensorless wheel motor drive based on both type-2 and type-1 fuzzy logic controllers of the model reference
adaptive control system is developed. Results. Proved that, using fuzzy logic type-2 controller the sensorless speed control of the electrical
differential of electric vehicle EV observer, much better results are achieved. Practical value. The main possibility of realizing reliable and
efficient electric propulsion systems based on intelligent observers (type-2 fuzzy logic) is demonstrated. The research methodology has been
designed to facilitate the future experimental implementation on a digital signal processor. References 27, table 3, figures 16.

Key words: electrical vehicle, induction machines, model reference adaptive system, field oriented control, electric differential,
fuzzy logic controller.

Bcemyn. 'V yiii pobomi npedcmagnenuii Hoguil nioxio 00 OyiHKU WEUOKOCHI KOICHUX e1eKMPOMOOINi8 i3 080Ma HE3ANEHCHUMU 3AOHIMU
npusodamu. B Oanuil vac acunxpouuuil 08uyH i3 pe2ynbO8aHol0 WEUOKICIIO 3aMIHIOE 08USYH NOCMIUHO20 CIPYMY 6 WUPOKOMY
0ianasoui 3acmocy8ams, KIIOYAIOYU eNeKMmpoMOOini, 0e NnompiOHull WeuoKul OuHamiynuil 8i0cyK. Tenep ye MOXMCIUBO HACTIOOK
3HAYHO20 NOKPAUeHHs OUHAMIYHUX XAPAKMEPUCIUK eleKMPONPUBOOis, GUKIUKAHO20 MEXHON0THHUMU OOCACHEHHAMU MaA PO3POOKAMU 8
eany3i npucmpoig Komymayii nOmyalcHocmi, yu@posoi oOpoOKuU CUSHANI6 MA OCIAHHIM YACOM [HMENEKMYAIbHUX CUCEM VAPAGIIHHSL.
Haoiiinicme ma cmitixicms cucmemu nioguwyiomocs, a 8apmicmv, po3mip ma umozu 00 00CIY208Y8AHHA ACUHXPOHHO20 O8USYHA
SHUICYIOMbCA 3A605KU CIMpAmeziam Kepysanus Oe3 0amuuxa weuokocmi. Ycniuine 8UKOPUCTHAHHA ACUHXPOHHO20 08U2YHA De3 0amuuxa
OV10 BUKOHAHO 0711 pOOOMU HA CEPeOHIX Ma BUCOKUX wisuokocmsx. Ilpome HU3bKOWBUOKICHA HecmabinbHicmy | HecmabintbHicmb 3a
VMO8 30ypenHsl 3apaody NPoO0EHCYIOMb 3ATUMAMUCA CEPUOSHUMU NPoOIeMamu y yitl 2any3i 00cioxiceHs i 00Ci He upiuieni epeKmueHo.
V Oeaxux sacmocysanmsx, maxux ax mseo8i npuoou ma Kpanu, nompiono niompumyeamu oaxcanuii pieeHs KpymHo20 MOMEHNTY adc
00 HU3bKUX PIGHI8 WEUOKOCH] 3 HeBUSHAYCHUMU YMOBAMU 30YPeHHsI KpYMHO20 MOMenmy Hasanmadcenns. Konmpons weuokocmi i
KDYMHO20 MOMeHmy 6ilbll 6adcIusuil, ocoonuso 6 Kougicypayii mseoeoi mpauncmicii 3 Osucynom 6 Koaecl, de 00i0 Koxeca
MPAHCNOPMHO20 3ac00y 6e3n0cepeOHbo 3'€OHanULl 3 8aIOM 0BUSYHA O YNPABGNIHHA weuoKicmio i kpymuum momernmom. Hoeusna
3anponoHoeanoi pobomu noAac y NOMNWeHHi OUHAMIYHUX XAPAKMEPUCTNUK 38UHAIHO20 pPe2yIAmopa, Wo GUKOPUCMOBYEMbCS 6
EeMAanoHHIN MOOEi Cnocmepieaia WeUOKOCME A0anmueHol cucmemu 3 6UKOPUCIAHHIM Pe2ylsmopié HeuimKkoi 102IiKu K neputo2o, max i
opyeozo muny. Mema. Y 3anpononosaniti cxemi KOHMPOIOIOMbCA XAPAKMEPUCUKY OBULYHA, HEHIMKULL 102IUHULI KOHMPOep YNPpaeise
OYinHOIO Yacmomolo obepmanis pomopd, a NOMiM HOPIGHIOIMbCA pe3yibmamu 3 sukopucmannuam muny 1 i muny 2. Memoo. /{ns
0B0KOIICHO20 MOMOPU30BAHO20 ENEKMPOMOOIIAL PO3POONEHO BUCOKONPOOYKMUBHUL De30AMUUKOBULL OBUSYH-NPUBIO KOJIC HA OCHOBI
HeYimKux J102UHUX KOHmMponepig Ax 2-eo0, max i 1-eo munie emanonnoi cucmemu aoanmugno2o ynpaeninns. Pesynemamu. /Josedeno,
Wo 3 BUKOPUCTNAHHAM pe2yIAmopa Hewimkoi nociku 2-20 muny ona 6e30amuuxogo2o ynpasninus weuokicmio EV-cnocmepieaua
eleKmpuuHo20  Ougepenyiana enekmpomoding docsearomspcs 3HayHo Kpawi pesyiemamu. Ilpakmuuna winnicms. [loxazano
NPUHYUNOBY MOJICIUGICIE peanizayii HadiliHuUX ma egheKmueHux enekmpopeaKmugHUX pyxoeux YCmMaHo80OK Ha OCHOBI IHMEeNeKMYalbHUX
cnocmepieauie  (Hewimka nocika 2-e0  muny). PospobrenHo  memoodonocito  00CniOdceHHs O NONeSUleHHs  MAtlOymHboi
eKCnepuMeHmanbHol peanizayii Ha yughposomy cueHarbHomy npoyecopi. bion. 27, Tadn. 3, puc. 16.

Kniouoei cnosa: enekTpoModiib, ACHHXPOHHI MAIIMHH, €TAJOHHA aJaNTHBHA CHCTeMa, I0JIeOpPiEHTOBaHe KepyBaHHs,
eJleKTPUYHMIA AuepeHLial, PeryIaTop 3 HeYiTKOIO JIOTiKOI0.

Introduction. Type-2 fuzzy logic was presented in
the mid-70s through the work of Zadeh [1] and later
improved by several researchers, with emphasis on the
work of Mizumoto and Tanaka [2], and Karnik and
Mendel [3]. Type-2 fuzzy logic represents an extension of
traditional fuzzy logic (usually called fuzzy logic type-1)
or even a second approximation for addressing
uncertainties inherent in the real world [4].

Type-2 has been fuzzy logic gaining more and more
attention and recognition, especially in systems modeling.
While type-1 fuzzy logic presupposes the need for exact
knowledge of membership functions, in type-2 fuzzy
systems this premise is conceptually questioned, giving
rise to so-called type-2 fuzzy sets which, in general terms,
offer the possibility of raising the logical and systematic

treatment ability for the low accuracy of the information
[5]- In this sense, the following very typical situations can
be highlighted that suggest the approach or modeling
from type-2 fuzzy inference systems:

e identification of fuzzy models for
prediction, using noisy data or information;

e rules obtained through information generated by the
human expert.

In this sense, type-2 fuzzy logic is effectively
applied to the problems of identifying models or inference
systems based on human information or that have this as a
fundamental element of their construction.

Uncertainties are also present in the daily life of
human beings, for example in decision-making, where

© A. Khemis, T. Boutabba, S. Drid
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uncertain, imprecise, ambiguous or even contradictory
terms can be evaluated to originate a decision. Electric
vehicles (EVs) are an area where decision-making takes
place at all times, in order to promote the movement of
the vehicle in a safe, orderly and fast manner. Due to the
use of electric motors and inverters in drive systems,
electric cars offer many benefits over those powered by
internal combustion engines, including quick torque
response and independent control of each wheel [6, 7].
Although many control methods with similar benefits
have been proposed, their controllers often depend on
irrational variables like slip angle and vehicle velocity.
Each wheel follows a different trajectory when passing in
corners, resulting in a variable distance traveled. This is
why differentials are used in automobile technology. The
trajectory of the outer wheels also follows a circular arc
with a larger radius than that of the inner wheel.

The power transferred to the driving wheels is then
divided by the differential, causing the outer wheel to
accelerate and the inner wheel to slow down. This suggests
that it prevents slippage and improves vehicle handling [8, 9].
There are various benefits when comparing electric
differential-based EVs to their conventional counterparts
with a central motor. It is undeniable that putting the
motors on the wheels substantially simplifies the
mechanical design. The electric differential system will
minimize the drive line components, improving overall
efficiency and dependability [9, 10].

The goal of the paper is the study of Model
Reference Adaptive System (MRAS) speed sensorless
control is presented where the speed estimation the of in-
wheel EVs with 2 independent rear drive was chosen as a
case study for the application of a type-2 fuzzy system.
Also a comparative study between type-1 and type-2
fuzzy logic controllers (T1FLC, T2FLC) in term of
robustness will be simulated and discussed.

Mathematical model of the EV. Dynamics analysis.
The vehicle’s aerodynamics are taken into account by the
control approach suggested in this study, which is not
limited to induction motors. This concept is based on the
physics and aerodynamics of moving objects. A vehicle’s
tractive force (F,) is composed of its rolling friction force
(F,), aerodynamic force (F,), lift force (F}.), acceleration
force (F},) and angular acceleration force (F,,,):

Fe=Fop+Fuq+Fp+F,+F,,. (1)

The force that propels the vehicle forward and is

transmitted to the ground by the wheels is shown in Fig. 1.

Fig. 1. Elementary forces acting in the EV

The force that will propel the vehicle will depend on
the aerodynamic resistance of the wvehicles, rolling,
auxiliary components and vehicle acceleration if the
speed is not constant:

By =ty -m-g , (2)
where F,, is the rolling resistive force; u,, is the rolling
resistance coefficient (depends on the tire type and tire
pressure, typically on EVs it takes values of 0.005); m is
the vehicle mass; g is the gravitational constant.

This resistance depends on the shape of the vehicle,
and the way the air surrounds it:

1 2
Fag =P+ 4-Cy 0%, 3)

where the aerodynamic force (F,,) characterizes the
aerodynamic resistance; p is the air density; A is the
frontal area of the vehicle; v is the speed; C, is the drag
coefficient with values typically between 0.3 and 0.19 in a
well designed vehicle.

Climb force F). represents the effort the vehicle
makes when climbing a given slope:

Fhe =m-g-siny, “)
where i is the grade angle.

According to Newton’s second law, the acceleration
force is the force that will apply a linear acceleration to
the vehicle:

Fy=m-a, Q)
where « is the vehicle acceleration.

For this sizing we need to know what engine torque
T is needed to make the wheels rotate:

T=%.r, ©)

where r is the tire radius; F,, is the traction force; G is the
gear ratio of the engine to the wheel shaft.

The equation in terms of F, is given by:

Fe=201. ™)

The angular speed of the motor will be @ = a-G/r,
rad-s'; and the angular acceleration respectively @ = v-G/r,
rad-s % [11, 12].

The torque for this angular acceleration is 7' = a-J-G/r,
where J is the rotor moment of inertia of the motor. The
force the wheels need to reach the angular acceleration
and determined by:

2
szg.J.G.ﬁz%.J.Q_ (®)
r roor
Since mechanical systems are not 100 % efficient,
we still have to consider the efficiency of the system p,:
G? G?
F = —2 -J-a= 3
r e pg

wa

And finally, the power required to move a vehicle at

a speed v must compensate for the opposing forces:
Pte:UFte:U(Frr+Fad+ic+Fla+Fwa)’ (10)

where v is the vehicle speed; P, is the vehicle driving power.

Induction motor model and control structure. In this
section, the vector technique for induction motor modeling is
used, which is important for the study of field oriented
control [1, 4]. A system of complex orthogonal axes d and ¢
is defined to represent the three-phase machine. With regard
to the flux-current relationship, the dg model can be
interpreted as being a two-phase machine with 2 solid and
orthogonal magnetic axes d and ¢ [13].

The equations describing the dynamics of the
induction motor are:

Jea. )

_ - M do, - M
u, = R +0Lsi+—ﬂ+joLsa)Sis +j—w;
L, dt L, (11)
1_ M- do. . _
O=—0¢.——ig+——+jo,9,,
T, ” dt

where w, is the induced rotor current frequency; w; is the
stator current frequency; j is the inertia; R, and R, are the
stator and rotor resistances; L, and L, are the stator and
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rotor inductances; 7, is the rotor time constant; o is the

leakage flux total coefficient; M is the mutual inductance;

o is mechanical rotor frequency; ¢, and @, are the stator

and rotor fluxes; i; and u; are the rotor current and voltage.
The mechanical equation is written as follows:

r,-n (12)

where I, is the induced electromagnetic torque; /7 is the load

torque; f is the coefficient of viscous; € is the rotor speed.
The electromagnetic torque is:

:j.ﬂ_hf.g’
dr

(13)

F P M(Isq “Ord — Isd ¢rq)

L}"
where p is the number of poles pairs.

The observation of stator currents from a fixed
reference to a reference flux is what vector modeling in
practice aims to achieve. As a result, when a new coordinate
system is defined with the direct reference axis, d, or real
axis (Re), coincident with the rotor flux vector (¢,), the
component of the rotor flux vector on the quadrature axis, g,
or imaginary axis (Im), is eliminated, that is:

?rg =0. (14)

The torque determined by (13) can be represented
using (14), as follows:

Te:kc'lsq'¢rs (15)
where I, component represents the direct flux; I,
represents the torque control variation, with k. =p-M/ L,.

Speed observer based on MRAS. In the MRAS
techniques, rotor speed can be estimated by using 2
estimators (one reference and one adaptive), which estimate
the rotor flux components to subsequently use the difference
between these estimates to control the speed of the rotor
model speed adaptive to the current speed. The MRAS basic
setup is shown in (Fig. 2) [14-16].

I/lv — gpar
’ Refrence
Model Py

i

s

[x] ~Q-£
X
A +
Doy
~ le
Adaptation
Py Mechanism

\ (PI controller)

Fig. 2. Induction motor speed estimation using MRAS

Adaptative
Model

The model in the stator reference frame is expressed as:

L_ly:Rv'lT§+G~Lq-%+£.d¢S;
S Yodt L, dt

1 M- dp, (16)
O:_.q_)r_ ¢r+J p- 0. gDr

T T d

In the stationary frame (o, f), the time derived from the
rotor flux vector is calculated by the MRAS speed observer
using 2 independent equations obtained from (4). In [17] are
provided these equations which are generally defined as follows:

- the voltage model (reference model):

— L — - L -
¢r:ﬁ'v|.<”s Rs'lxht_ﬁr'o-'l‘s'ls;
- the current model (adaptive model):

o =[||-L+ipep+ i ay)
T T,

7

(17

Equation (18) can be expressed in an estimated form
for the same input:

o =I{T£ i —[i—j - Qj(prjdt (19)

r }"

The estimation error of the rotor flux is expressed by:
E(p =0~ (20)
By subtracting (18) and (19), the dynamic equation
of the estimation error is obtained:

- | _ A
eq::_(7—1-19'9]'%+J'P'(0—Q)~¢r~ D
r

In order to ensure stability of (18); the error (E¢)

must necessarily this converged to zero [16].
Equation (21) can be rewritten as:

e =A-2,-W . (22)

To return to ensuring the global stability of the
MRAS observer and make the system hyper-stable, we will
apply the Lyapunov’s stability theorem, where a positive
definite function V" is chosen such that its derivative is
negative semi definite. The proposed function is described
in (23). The derivative of this function is shown in (24):

_zT5 .

V=eye,>0; (23)
;_<T— | =T= T _ 27
V=e,e,+e,e,=¢, (A +A)€ —T—eq,e(/J (24)

The function (24) is negative definite. Inferring the
adaptation law from Popov’s criterion thus:

ol ez 2.

Usmg the same theorem previously mentioned,
assuming that the speed varies slowly, we have:

2=60P[lepa eppltrdt = 5P (6t~ i it (26)
There is an incorporated open-loop in the adaption
law (offset problem). A low pass filter was recommended

in [18] to improve the estimation response.

Equation (26) becomes:

Q=k,)(@ ®p)+k[ (@, ®p)dt.  (27)

The classic MRAS observer’s poor estimating at low
speeds and rotor resistance variation sensitivity is its primary
issues. A reviewer provided a number of solutions to this
problem. As functional candidates, where an online rotor time
constant estimation using the MRAS approach is described in
[19-21]. Where the following adaption law gives the
estimated value of the inverse rotor time constant (1/7,.):

I/, =K, (% (Mlsa ~bra )+ e¢ﬂ(M1sﬁ ~brp ))+

+K[J‘(€¢a(Mlsa —¢ra )+e¢ﬂ(M[Sﬂ _¢rﬂ) t.
Design of type-2 fuzzy logic controller. The dynamic
model of the asynchronous machine is non-linear and
strongly coupled, in addition the vehicle dynamics. The use
of PI controllers is not suitable for this application; we chose
to use fuzzy logic [19-21]. Solutions that are adequate can be
found using the T2FLC approach. In this context, we suggest
using the T2FLC algorithm to estimate rotor speed in place
of the conventional PI of the adaptation mechanism. The
rotor flow static and dynamic faults indicated above in (20)
serve as the proposed algorithm’s inputs and may be
expressed as follows [21, 22]:

J' Twdr = J'(PA.Q (25)

. (28)
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Aey (k) =e,(k)—e,(k—1). (29)

The f(A)llowing is how the 3 quantities e, Ae,
(inputs), A€ (output) are standardised:

ep =Ge €y de,, =GAe¢Ae¢; A2 =G,AQ2 . (30)

The value of the estimated speed is obtained after a

discrete integration is performed. Figure 3 shows the
structure of the T2FLC created.

Rules base

€y

Joy1zznyg

Inference

Fuzzy System Controller (FSC)

Fig. 3. Proposed type-2 fuzzy logic controllers

The estimated speed constant’s expression is as follows:
k)= Qk -1)+ G, A2(k). (1)
The error and variation flux type-2 membership
functions are given on the interval [-1, 1] and are similarly
determined with Gaussian forms (Fig. 4,a). The type-2 fuzzy
membership functions of the variation are chosen with
intervals form on the interval [-1.5, 1.5] (Fig. 4,b).

1LNB_ NM _NS _Z0_
|

ps_IPM_ PB| [INB _NM

|

|

05— — r
|

L

Fig. 4. Fuzzy type-2 membership functions to represent:
a — error and variation flux; b — estimated speed

Implementation of the electric differential. Figure 5
shows the implemented system (composed of electrical and
mechanical parts) in the MATLAB/ Simulink environment.

S Speed Discrete time
¥ Controller PI

>

<

'
'
'

|1, | 1 Induction Motor
'
'
'

Concordia
Transform

Fuzzy MRAS (Q,7,) Observers

& Estimator @, 6,

Fig. 5. Basic indirect ﬁeld oriented control (IFOC) for sensorless
IM drives

It should be noted that the 2 inverters share the same
DC bus, whose voltage is intended to be steady. In this
paper, regenerative braking is not considered. The control
system principle could be summarized in 2 principal points:

1) each motor’s torque is controlled by a speed
network control;

2) speed difference feedback is used to regulate the
speed of each rear wheel.

Due to the fact that 2 different motors directly drive
the 2 rear wheels, during steering maneuvers, the outer
wheel’s speed must be higher than the inner wheel’s
speed (and vice-versa). If the steering wheel’s angular
speed is sensed by the speed estimator, this condition can
be easily met [23-25]. The command for the accelerator

pedal then set the common reference speed. The actual
reference speeds for the left and right drives are then
acquired by modifying the common reference speed using
the type-2 fuzzy logic speed estimator’s output signal.

The speed of the left wheel of the vehicle rises as it
makes a right turn, while the speed of the right wheel
stays at the standard reference speed (@,.y). The speed of
the right wheel rises when turning to the left, while the
speed of the left wheel stays constant at the usual
reference speed ().

The vehicle system model may often be analyzed
using a driving trajectory. We used the Ackermann-
Jeantaud steering model since it is often used as a driving
trajectory. Ackermann steering geometry is a geometric
configuration of the steering system’s linkages that was
created to address the issue of wheels on the inside and
outside of bends needing to draw circles with differing
radii. Modern vehicles do not employ pure Ackermann-
Jeantaud steering, in part because it overlooks significant
and compliant effects, although the principle is sound for
low-speed maneuvers [26, 27] (Fig. 6).

The following characteristic can be calculated from
this model:

R=L/tan§, 32)
where R is the turn radius; ¢ is the steering angle; L is the
wheel base.

Therefore, the linear speed of each wheel drive is:

Vi =w,(R-d/2);
1 v( / ) (33)
Vy =, (R+d/2),
where d is the track width and their angular speed by:
N —(d/2)tano
- Lold2dns
. L +(d/2)tan5 (34)
GmT

where o, represents the vehicle’s angular speed from the
turn’s center. Therefore, the difference in wheel drive
angular speeds is:

N —dtand

A= — ) = —— @ (35)
1 2 I v

and the direction of the trajectory is indicated by the
steering angle:

0 > 0 = turn left;
d =0 = straight ahead;
0 < 0= turn right.

&
% “‘J Type-2 Fuzzy P
Speed Estimator 1 4_‘54
@, 'dest

(36)

: wizﬂ L
Steerng 3 Left Motor
~ Wheel IFOC - 1
&* Electronic Battery 4
Differential: Buck Boost
Rear
i Speed %"* = DpcDc
-p References Canverter
Accelerator Computation
|_> [FOC = 4%3 E Right Motor
Oy 1
i [ har - lr
;d._, i
Vaz ||

Fig. 6. Schematic for the EV propulsion and control systems
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Figure 7 displays the block diagram of the electric
differential system employed in simulations that
correspond with the equation mentioned above, where
K] = 0,5 and K2 = —0,5.

mwfiqﬂ
mre/'_Righl

|03V: (Oesr1 = Weyr)/2

Wegr1 f ‘ (%)

Fig. 7. Block diagram of the electric differential system

The performance of fitness function. The
performance of the system is frequently used the IAE
(Integral Absolute Error), ITAE (Integral of Time multiplied
by Absolute Error), ISE (Integral Squared Error) and ITSE
(Integral Time Squared Error) criteria [27]:

IAE = I le(o))dt ;

(37)
0
ITAE = jt|e(t)|dt : (38)
0
ISE = j{e(t)}zdt : (39)
0
ITSE = j He(t)\*dt . (40)
0

Simulation and analysis. The test cycle is the urban
ECE-15 cycle (Fig. 8). The speed of the vehicle is
displayed as a function of time in a driving cycle, which is
a collection of data points. It is used to evaluate how well
EVs function in urban environments and is distinguished
by a modest vehicle speed (50 km/h at most). The first
illustration of the electric differential performances is in
Fig. 9, which displays the driving speed of each wheel
during steering for 0 < ¢ < 1180 s. The complicated
sequence of accelerations, decelerations, and multiple
pauses required by the urban ECE-15 cycle clearly
demonstrate how well the electric differential functions.

100

Speed control, rad/s | } | |
| | | | |
£ i i ittt E i B A B
| | | | |
o ----- L L L L R —
| | | | |
" N S [ [ ol
| | | | |
bt CELERSERECRIELRESEE EF o
) N N B o o B ot
| | | | |
P R S O
| | | | |
| | | | |
20 —|- - e e et e B B e S A —-tH----- +-——=14
| | | | |
A H A A
| |
| ts
00 1

2 3 4 5
Fig. 8. European urban driving schedule ECE-15

The flux (¢,) and the developed torque in each wheel
drive of the induction motor (left and right) are shown in Fig.
10, 11, respectively, along with variations in the location of

the accelerator pedal (Fig. 12) and a variable road profile
(rising and descending parts). It should be noted that the
variations in flux and torque are as large as variations in the
accelerator pedal and the road profile.

—W1(Motor 1)

A ehicle speed, rad/s| m |
! | ‘ | —W2(Motor2)

0----=-r----- T T w’ |
Turn left |

Straight aheed

60------ r\

o----fA----- A-———- A

20

Fig. 9. Vehicle wheels speed

1.4

—Fluf(Motor 1)

Flux (prdﬂ‘Wb 1 1 1
) — P ere e m oy - - |t
[

Fig. 11. Torque motors
Acceleration, m/s?

Fig. 12. Acceleration pedal position
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Comparative study between T2FLC and T1FLC
controllers. A comparison between the simulation results
achieved at low-speed zones by T2FLC and TI1FLC
controllers was done in order to verify the performances of
the new control structure employing T2FLC. As illustrated
in Fig. 13,a, the membership functions of the flux error and
its variation are defined on the interval [-1, 1] and are
identical in form. In Fig. 13,b, the singleton forms over the
interval [-2.5, 2.5] are used for the membership functions
for the variation in estimated speed.

|| .NVB_NB NM NS NVS 20 PVS PS PM PB PVB

.. -3 -2 -1 0 1 2 3
a b
Fig. 13. Fuzzy type-1 membership functions to represent:

a — error and variation flux; b — estimated speed

The results provided in Fig. 14 demonstrate the
benefit of the suggested observer, the MRAS T2FLC,
over the MRAS T1FLC, which shows the measured speed
and the estimated value for the different speed as shown
in Fig. 15. These figures clearly demonstrate that the
estimated speed for this applied profile accurately tracks
the measured value even at zero speed. The estimated
error between the MRAS T2FLC and MRAS TI1FLC is
also shown in Fig. 16, and it is immediately apparent that
the T2FLC error is significantly smaller than the TIFLC
error. It is obvious that the T2FLC controller outperforms
its TIFLC predecessor.
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Fig. 15. Zoom of the estimated and measured vehicle speed
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Fig. 16. Speed estimation error

Tables 1, 2 contain comparisons of the results for the
various controllers for each of the errors. Our results
indicate that the T2FLC technique has better performance
than T1FLC controller.

The data of the induction motors are given in Table 3.

Table 1
Performances comparison the first induction motor
Controllers IM1 | TAE | ISE | ITAE ITSE
TI1FLC 0.1215]0.0165]0.2995 0.0660
T2FLC 0.0316]0.0014]0.0702 0.0030
Table 2
Performances comparison of the second induction motor
Controllers IM2 | TAE ISE | ITAE | ITSE
TIFLC 0.1160 | 0.0142 | 0.2866 | 0.0552
T2FLC 0.0358 ] 0.0019 | 0.0846 | 0.0047
Table 3
Parameters of the induction motor
Rate power P, kW 1.5
Rated stator resistance R,, 5.72
Rated rotor resistance R,, 4.2
Rated stator inductance L, H 0.462
Rated rotor inductance L,, H 0.462
Mutual inductance M, H 0.4402
Pole pairs p 2
Inertia J, kg-m® 0.0049
Friction coefficient £, kg-m*/s 0
Conclusions. In this paper, we introduce a

sensorless model reference adaptive system type-2 fuzzy
logic controller and observer for electric vehicle electrical
differential control. By comparing the results of type-1
and type-2 fuzzy models, it was possible to identify that
the type-2 fuzzy model was the best proposal to reproduce
the decision making and in the sensorless control of the
electrical differential of electric vehicle, especially when
driving at high speeds. Also this comparison makes it
evident that the model reference adaptive system type-2
fuzzy logic controller approach is effectives. The
outstanding performance of the induction motor control is
revealed and shown by these data.
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Optimization of spatial arrangement of magnetic field sensors of closed loop system of
overhead power lines magnetic field active silencing

Aim. Development of a method for optimization of spatial arrangement and angular position of magnetic field sensors of a closed system to
ensure maximum efficiency of active silencing canceling of the magnetic field generated by overhead power lines. Methodology. Spatial
arrangement and angular position of magnetic field sensors of closed loop system of overhead power lines magnetic field active silencing
determined based on binary preference relations of local objective for multi-objective minimax optimization problem, in whith the vector
objective function calculated based on Biot-Savart law. The solution of this vector minimax optimization problem calculated based on
nonlinear Archimedes algorithm of multi-swarm multi-agent optimization. Results. Results of simulation and experimental research of
optimal spatial arrangement and angular position of magnetic field sensors of a closed system to ensure maximum efficiency of active
silencing of the magnetic field generated by overhead power lines with a barrel-type arrangement of wires. Originality. The method for
optimization of spatial arrangement and angular position of magnetic field sensors of a closed system to ensure maximum efficiency of active
shielding of the magnetic field generated by overhead power lines is developed. Practical value. An important practical problem
optimization of spatial arrangement and angular position of magnetic field sensors of a closed system to ensure maximum efficiency of active
silencing of the magnetic field generated by overhead power lines has been solved. References 53, figures 10.

Key words: overhead power transmission line, magnetic field, system of active silencing, spatial arrangement and angular
position of magnetic field sensors, multi-objective parametric optimization, computer simulation, experimental research.

Mema. Po3pobka memody onmumizayii npocmoposoco po3mauiyéanHs ma Kymoeo2o HON0NCEHHS OAMYUKIE MASHIMHO20 OIS 3AMKHYMOT
cucmemu 071 3abe3neuenis MaKCUMAIbHOI eqheKMUBHOCMI aKMUBHO20 eKPAHYSAHHS MACHIMHO20 NOJA, SIKe CIEOPIOBAEMbCS NOGIMPSHUMU
niniamu enexmponepedadi. Memooonozis. Ilpocmopose posmauiyeanis ma Kymoge NoIOJICeHHs OamUUKi@ MazHimHo2o noss O 3aMKHYMoi
cucmemu aKmusHO20 NOOABNEHHS. MAZHIMHO20 NOJIA, SIKe CMBOPIOBACHIbC NOGIMPAHUMY TIHIAMU eleKmponepeoati, 6usHaueHe Ha OCHOGI
OIHapHUX BIOHOWEHD Nepeazil TOKATbHOT Yini 01 6a2amoKpumepitiHoi 3a0aui MIHIMAKCHOT onmumizayii, 8 AKill 6eKMOPHA Yib08a (YHKYis
pospaxosana Ha ocHosi sakony bio-Casapa. Piwenns yici 3a0aui 6ekmopHoi MiHIMAKCUMATLHOI ONMUMI3AYIi 00UUCTIOEMbCS. HA OCHOBI
HeniniliHo2o  aneopummy Apximeoa mynemu-pounoi 6acamoazenmuoi  onmumizayii. Pezynemamu. Pesynomamu moolenioéanHa ma
EKCNePUMEHMANLHUX OOCTIONCEHb ONMUMATBHO20 HPOCHOPOBO2O POSMAULYBAHHS MA KYIMOBO2O NONOMHCEHHS OAMUUKIE MASHIMHO20 NOJIA
3aMKHYmMOI cucmemu Oni 3a0e3nevents MaKCUMANbHOL eqheKmusHoOCmi aKmugHO20 eKpany8anHs MASHIMHO20 NOJA, sKe CHMBOPIOEMbCSL
nosimpsHuUMU JIHIAMU eNeKmponepeoayi 3 60UKONOOIOHUM po3mawyeanHsIM nposodis. Opuzinanshicms. Pospobreno memoo onmumizayii
NPOCMOPOBO20 PO3MAULYBAHHS MA KYMOBO20 NOTONCEHHS OAMUUKIE MASHIMHO20 NOJIA 3AMKHYMOI cucmemu Oisl 3a0e3nedeHHs MakCUMAanbHOT
eghekmusHOCIi aKMUBHO20 eKPaHY8aHHA MASHIMHO20 NOA, sKe CMBOPIOEMbC NOGIMpAHUMYU THIAMU enexmponepedadi. IIpakmuuna
yinnicmy. Bupiweno eadicnugy npakmuuny 3a0aiy npoekmy6arHs ONMuUManbHo20 npoCHopoBO20 POIMAULY8AHHS MA KYIOBO20 NONONHCEHHS
0amuUKi6 MASHIMHO20 NOJAL 3AMKHYMOI cucmemu Onisi 3abe3NneveHHs MakCUMAIbHOT eeKMUSHOCHE AKMUSHO20 eKPAHYBAHHS MACHINHOZO0
N0/, sIKe CIMEOPIOEMbCSL NOGIMPSHUMU JIHISIMU enekmponepedadi. bion. 53, puc. 10.

Knouosi cnosa: nositpsiHa JliHis ejeKTpomepenavi, MarHiTHe moJie, CHCTeMa AKTHBHOI0 €KpPaHYBaHHsS, IPOCTOPOBe
pO3TalIyBaHHSI Ta KYTOBe IOJIO)KEHHSl JATYUKIB MarHiTHOro moJis, 0araTokpuTepiliHa napamMeTpu4YHa ONTHMi3auis,
KOMIT'I0TepHe MOJIeJII0BAHHS, eKCIIePUMEHTAIbHI A0CTiIKeHHS.

Introduction. Electricity has given humanity many
benefits. However, as is often the case, the same
electricity has created certain problems for humanity. One
of such problem is the power frequency magnetic field
generated by overhead power lines (MF). Many of
overhead power lines often pass in the residential areas
and generated a magnetic field, the level of which often
exceeds the safe level for the population with an induction
of 0.5 uT adopted in Europe, that poses a threat to public
health [1-3]. World Health Organization carries out the
ongoing global programs connected with climate change,
ionizing radiation, chemical safety, etc. The small number
of these programs emphasizes the importance of the
issues involved. The effect of the electromagnetic field on
the population is one of such issues, and it is studied
within the framework «The International EMF Project».
Research results confirm the high risk of power frequency
(50-60 Hz) MF for human health. This leads to modern
world trends on stricter sanitary standards on reference
levels of power frequency magnetic field.

Currently, strict sanitary standards for the magnetic
field induction 0.5 uT have been introduced into the
regulatory documents of the Ministry of Energy of Ukraine.
However, in Ukraine these norms are universally exceeded,
which poses a threat to the health of millions of people living
closer than 100 ms from overhead power lines.

Anatolii Pidhornyi Institute of Mechanical Engineering
Problems of the National Academy of Sciences of Ukraine
carried out experimental research of magnetic field generate
by high-voltage transmission lines 10-330 kV [4-7]. It is
shown, that their magnetic field are 3-5 times higher than the
standard level at the border of sanitary zones previously
formed in the electric field. This situation requires urgent
measures to reduce by 3-5 times the magnetic field of the
existing power lines within the cities of Ukraine.

A similar situation is typical for most industrialized
countries of the world [8-11]; however, in these countries,
normalization technologies of magnetic field of existing
power transmission lines have already been created and
are widely used [12-16]. The most effective technology is
the reconstruction of power transmission lines by
removing it to a safe distance from residential buildings,
or replacing an overhead transmission line with a cable
line. However, such a reconstruction requires huge
material resources. Therefore, less expensive methods of
canceling the magnetic field of existing power
transmission lines are more acceptable for Ukraine, of
which the methods of active contour silencing of the
magnetic field provide the necessary efficiency.

The technology of active contour silencing of
magnetic field of existing power transmission lines has
been developed and used in developed countries of the

© B.I. Kuznetsov, T.B. Nikitina, I.V. Bovdui, O.V. Voloshko, V.V. Kolomiets, B.B. Kobylianskyi

26

Enexmpomexnika i Enekmpomexanika, 2023, Ne 4



world for more than 10 years, for example, in the USA and
Israel [17-23]. In Ukraine, at present, both such technology
and the scientific foundations of its creation are absent.

The method is implemented using a system of
active silencing. System of active silencing consists of
silencing coils, with the help of which a silencing
magnetic field is formed. The currents in canceling
windings automatically generated by a certain algorithm
as a function of the signal from the magnetic field sensors
installed in the protection zone. For the power supply, the
system of active silencing contains a current source that
receives energy from an external source.

In the system of active silencing, a different number
of canceling windings used, determined by the spatio-
temporal characteristic of the initial magnetic field, the
geometric dimensions of the silencing space and the
required level of the resulting magnetic field in the
silencing space. The most common transmission lines in
Ukraine, passing near residential and public areas, are
double-circuit power lines with a suspension of wires of
the «barrel» type. Such transmission lines generate
magnetic field, the spatiotemporal characteristic of which
is a highly elongated ellipse.

For active silencing of such magnetic field, a single-
circuit system of active silencing with one silencing
winding is often sufficient. With the help of such system
of active silencing, the major axis of the spatiotemporal
characteristic ellipse compensated, which makes it
possible to obtain a sufficient silencing efficiency of the
initial magnetic field. In the area of old residential
buildings, single-circuit power lines with a triangular
suspension of wires often pass. Such transmission lines
generate magnetic field, the spatiotemporal characteristic
of which is a circle.

For active silencing of such a magnetic field, it is
necessary to use at least a double-circuit system of active
silencing with two canceling windings. If it is necessary
to shield the magnetic field generated by such a power
line in a multi-storey building, three or more silencing
windings may be required, depending on the required
level of the resulting magnetic field in the silencing space.

For the formation of currents in the silencing
windings, open, closed and combined control algorithms
can be used [24-29]. With an open-loop control algorithm
for silencing windings, one canceling sensor is sufficient,
with the help of which the induction of the initial
magnetic field is measured [30-35]. This sensor installed
outside the silencing space so that the silencing windings
do not affect its operation [36-40].

The disadvantage of the open-loop control algorithm
for the silencing windings is its relatively low efficiency
of silencing the initial magnetic field [41-47]. In
particular, with an open-loop control algorithm, it is
impossible silencing for changes in the magnetic field
induction inside the silencing spase, due to the presence
of internal sources of magnetic field, as well as in the
process of inevitable changes in the parameters of the
system of active silencing control object during its
operation [39, 40].

For the correct implementation of a closed algorithm
for controlling by all silencing windings, the number of
magnetic field sensors is usually equal to the number of

silencing windings [30, 31]. Moreover, all these sensors
installed inside the shielding space for the correct
measurement of the resulting magnetic field generated
both by power lines and by all silencing windings.

As an example, Fig. 1 shows a photo of the spatial
arrangement of the sensor inside the silencing space,
given in [16].

Fig. 1. Spatial arrangement of the magnetic field sensor inside
the silencing space

Naturally, the efficiency of active silencing of the initial
magnetic field with the help of each silencing windings and
all simultaneously operating silencing windings depends on
the spatial arrangement and orientation in the silencing space
of all magnetic field sensors.

The aim of the work is to develop a method for
optimization of spatial arrangement and angular position of
magnetic field sensors of a closed system to ensure
maximum efficiency of silencing of the magnetic field
generated by overhead power lines.

Statement of the problem. Let us consider the
formulation of the problem of correctly determining the
coordinates of the spatial location and their angular
orientation in the silencing space of all magnetic field
sensors, which are necessary for the implementation of a
closed control algorithm for all silencing windings. Let us
introduce the vector Y of the desired parameters of the
coordinates of the spatial arrangement and the vector ¢ of
the desired parameters of the angular position of all
magnetic field sensors at points Q; in the silencing space.
The components of the angular orientation vector of all
magnetic field sensors are vectors of unit length, directed
parallel to the desired angular positions of the axes of the
magnetic field sensors.

Let us consider the mathematical model of the
magnetic field generated in the silencing space by all the
wires of the power transmission line and by all the
magnetic field windings at the installation points Q; of the
canceling sensors in the magnetic field space. We set the
vector [,(f) of instantaneous values of currents in all wires
of the power transmission line of the three-phase current
in the form of sinusoidal dependencies

1;(t)= 4sin(w(c) + ¢;) (1)
of the given frequency @ and the given phase ¢, where
i =1, 2,3 — the number of the conductor of the three-
phase current line.

Then, the instantancous value of the elementary
induction vector dB(Q;, f) of the initial magnetic field at
the considered point of the space point Q; at the time ¢

calculated based on Biot—Savart law [4, 5]
I(t) dL; x R;
aB(0,.1 = O Lix Ry @
47 | Ri|

where R; is the vector from the differential current
element generic field in point Q,, dL; is the elementary
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length vector of the current element, y4 is the vacuum
magnetic permeability. The sign x denotes the vector
product of the vectors dZ; and R,.

Based on (2) for vector /,(f) of instantaneous values of
currents in all wires of the power transmission line (1) by
integrating over the entire length of all current wires of
power transmission lines calculated instantaneous value of
the initial magnetic field induction vector B,(Q,, ?) at time ¢
at points Q; generated by all wires of all transmission lines.

Let us first assume that the number and geometric
dimensions of canceling windings are given. Let us set the
column vector /y(f) of the instantaneous values of the
currents in the canceling windings. Then, for the given
values of the geometric dimensions of the canceling
windings and the vector /() of the instantaneous values
of the currents of the instantaneous values of the currents
in the silencing windings, based on the Biot—Savart law,
similarly (1) calculated the instantaneous value of the
magnetic field induction vector By(Q;, f) generated by all
wires of all silencing windings at time ¢ at points Q..

Then the vector Bg(Q;, t) of the instantaneous values
of the induction of the resulting magnetic field generated
by all wires of the power transmission line and all
silencing windings at time ¢ at points Q, in silencing space

BR(Q;.0) = Bp(Q;.1)+ By (01.1) 3)

Based on this vector Br(Q;, f) of the instantaneous
values of the induction of the resulting magnetic field
vectors at the installation points Q; of the magnetic field
sensors, taking into account the vector ¢ of the spatial
position angles of the magnetic field sensors, the vector
Bi(Q;, ©) of the projections of the vector Bx(Q,, f) of the
instantaneous values of the induction of the resulting
magnetic field onto the vector ¢ of the angular positions
of these magnetic field sensors calculated

By (01,0) = Br(01)® 9, 4)
here the sign ® denotes the tensor (Kronecker) product of
the column vectors. In this case, the elements of the
vector By(Q,, t) are the result of the element-by-element
scalar multiplication of the components of the column
vector Br(Q,, ) and the column vector ¢. The components
of the projection vector By{(Q; f) are scalar values
obtained as a result of component-by-component scalar
multiplication of the resulting magnetic field induction
vectors Br(Q;, t) at the magnetic field sensor installation
point by unit vectors ¢ of the angular position of the
magnetic field sensors.

The components of this vector By(Q,, t) of
projections of the Br(Q,, t) vector of instantaneous values
of the induction of the resulting magnetic field are the
instantaneous values of the voltages /;(¢) at the outputs of
the magnetic field sensors

yu () =Br(0,) @ p® Ky + (1), ®)
where w() is the magnetometer noise vector.

This takes into account the vector column K, of the
gain coefficients of the magnetic field sensor taking into
account the number of turns of their measuring coils and
the gains of the preamplifiers.

Let’s take the structure of the system of active
shielding of the magnetic field in the following form: we
will apply the output voltage y(f) of the corresponding
magnetometer to the input u(f) of the PID controller of

each channel. Let’s write the differential state equation of
discrete PID regulators, the input of which is the vector
y(f) of measured magnetic field induction components,
and the output is the vector u(f) of plant control
xc(t+1)=Acxc(t)+ch(t): (6
u(t)= Cox(t)+ Dey(t). @)
in which the elements of the matrices 4., B., C., D, are
determined by the PID parameters of the regulators.

Let’s write down the models of the control objects of
each channel, the input of which is the vector u(¢) of
output voltages of the PID controller, and the output of
which is the vector /y(f) of instantaneous values of
currents silencing windings

x,(t+1)=A,x,(t)+ Bult). (8)

1,,(t)=Cpx,(t)+ Dult). )

in which the elements of the matrices 4,, B,, C,, D, are

determined by the parameters of the model of the control

object, which includes a silencing windings, a power
amplifier and current regulator.

Thus, with the help of (4) — (9), the instantaneous
value of the current vector /y(7) in the silencing windings
formed in the form of feedback on the vector Br(Q,, f) of
the induction of resulting magnetic field (3).

Let us introduce the vector X of desired parameters,
the components of which are the vector Y of the desired
parameters of the coordinates of the spatial arrangement,
the vector ¢ of the desired parameters of the angular
position of all magnetic field sensors at points Q; in the
screening space and the desired column vector K of the
gain coefficients of the silencing windings PID controllers.
Note that if the parameters of the geometric dimensions of
the silencing windings not specified, then they can be
included in the vector vector X of desired parameters. Let
us introduce olso the vector o of the parameters of the
uncertainty of the control object of the system of active
silencing, the components of which are the parameters of
the uncertainty of the mathematical model of the initial
magnetic field and silencing windings [34-38].

We introduce M points P; in the screening space. Note
that the considered M points P; of the silencing space are
selected for reasons of providing a given level of induction
of the resulting magnetic field in the entire given silencing
space, and their number and spatial arrangement may not
correspond to the installation points of the magnetic field
sensors. These points usually chosen over the entire
silencing space, since with the help of the system of active
canceling it is possible to overcompensate the magnetic
field near the power line and undercompensate the initial
magnetic field away from the power line.

Then based on (2) for vector /,(¢) of instantaneous
values of currents in all wires of the power transmission
line (1) by integrating over the entire length of all current
wires of power transmission lines calculated instantaneous
value of the initial magnetic field induction vector B,(Q;, £)
at time ¢ at points P; generated by all wires of all
transmission lines.

Then, for the given values of the geometric
dimensions of the silencing windings and the vector /;(f)
of the instantaneous values of the currents of the
instantaneous values of the currents in the silencing
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windings calculated by (5), based on the Biot—Savart law,
similarly (1) calculated the instantaneous value of the
magnetic field induction vector Bj{(X, o, P;, f) generated
by all wires of all silencing windings at time ¢ at points P;.
Then the vector Br(X, 6, P; f) of the instantaneous
values of the induction of the resulting magnetic field
generated by all wires of the power transmission line and all
silencing windings at time ¢ at points P; in silencing space
BR(X,5,P.0)= Bp(B,1)+ By (X,6,P.0).  (10)

Let us introduce an M dimensional vector Br(X, 9, P;)
of effective values of the resulting magnetic field at M points
in the silencing space, calculated by integrating the square of
the modulus of the instantaneous value vector Br(X, J, P;, f)
over the interval of the network voltage change period.

Then the design problem of vector X parameters of
the coordinates of the spatial arrangement, the vector ¢ of
the desired parameters of the angular position of all
magnetic field sensors at points (O; in the silencing space
and the desired column vector K of the gain coefficients of
the silencing windings controllers reduces to solving vector
minimax optimization wits vector objective function

BR(X,5)=(Bg(X,5,R)). (10).

The components Br(X, o, P;) of which are the
effective values of the induction of the resulting magnetic
field at all considered points Q; in the silencing space.

In this minimax optimization problem it is necessary
to find the minimum of the vector objective function (11)
by the vector X, but the maximum of the same vector
objective function by the vector 6.

At the same time, naturally, it is necessary to take into
account restrictions on the control vector and state variables
in the form of vector inequality and, possibly, equality

G(X)<Gpay, H(X)=0. (12)

Note that the components of the vector criterion (11)
and constraints (12) are the nonlinear functions of the vector
of the required parameters of the regulators and their
calculation is performed basis on the Biot—Savart law [5, 6].

The method for problem solving. The solution of
the vector minimax optimization problem wits vector
objective function (11) is the set of unimprovable
solutions — the Pareto set of optimal solutions if only one
vector objective function is given [48, 49]. Such a
statement of the optimization problem is an ill-posed
problem, since the solution in the form of a Pareto
optimal set of unimprovable solutions is devoid of
engineering sense from the point of view of practical
application [50, 51]. In addition to the vector optimization
criterion (11) and constraints (12), it is also necessary to
have information about the binary relations of preference
of local solutions to each other in order to correctly solve
the problem of multi-criteria optimization. This approach
makes it possible to significantly narrow the range of
possible optimal solutions to the original multi-criteria
optimization problem.

The problem of finding a local minimum at one
point of the considered space is, as a rule, multi-extreme,
containing local minima and maxima, therefore, for its
solution, it is advisable to use algorithms of stochastic.
Currently, the most widely used are multi-agent stochastic
optimization methods that use only the speed of particles.

To find the solution of minimax vector optimization
problem (11) from Pareto-optimal decisions [48, 49]
taking into account the preference relations, we used
special nonlinear algorithms of stochastic multi-agent
optimization [50, 51]. First-order methods have good
convergence in the region far from the local optimum,
when the first derivative has significant values.

The main disadvantage of first-order search methods,
which use only the first derivative — the speed of particles,
is their low efficiency of the search and the possibility of
getting stuck in the search near the local minimum, where
the value of the rate of change of the objective function
tends to zero. The advantage of second-order algorithms is
the ability to determine not only the direction of movement,
but also the size of the movement step to the optimum, so
that with a quadratic approximation of the objective
function, the optimum found in one iteration.

To search the components Xj(f) optimal values of
the vector X of the desired parameters minimizing vector
optimization criterion (11) under constraints (12), for
calculating velocities V;(f) and accelerations A4;(f) of i
particle of j swarm using the following steps

Vij(t+1) =Wy V(1) + Cy Ry ; (1) %

X H (P (6) — E1 ()Y ()

X O]+ Co Ry (OH (R (1) - (13)
By )i 0-X, 0]
A (6 4+1) = Wy ; A (6) + C3 Ry ; (1)
x H Py (6) ~ Exy (0)] (1) -
(14)

Ty (O]+ Cy Ry (O H Py ()~

= By )20~ 0)]
here Y;(f) and ¥;" — the best-local and global positions
X;(1), Z(t) and Z — the best-local and global velocity
V(%) of the i-th particle, found respectively by only one
i-th particle and all the particles of j swarm.

Random numbers R;(f), E;(f) and constants Cj, P;;,
W; are tuning parameters, H is the Heaviside function.

To search the components X;(f) optimal values of
the vector J of the parameters of the uncertainty of the
control object (2) of the system of active silencing
maximizing the same vector optimization criterion (11)
under constraints (12), for calculating velocities V;(f) and
accelerations A4;(¢) of i particle of j swarm using the steps
similarly (13) — (14). However, unlike (13) and (14), the
best local and global position and velocity components
are those that lead not to a decrease in the corresponding
components of the vector objective function (11), but vice
versa to their increase. This is where the «malicious»
behavior of the vector ¢ of uncertainties of the designed
system is manifested.

The use of the Archimedes algorithm [53] for
calculating minimax vector optimization problem (11)
solutions with vector constraints (12) and binary
preference relations it possible to significantly reduce the
calculating time [51, 52].

Results of design of experimental model. As an
example, consider the design of optimal spatial
arrangement and angular position of magnetic field
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sensors for a closed system to ensure maximum efficiency
of active silencing of the magnetic field generated by
experimental model of double-circuit power transmission
line with a suspension of wires of the «Barrel» type in a
five-story residential building. Figure 2 shows the spatial
arrangement of the transmission line model and the model
of a five-story residential building.

Arrangement of active elements

0.5 —

0—

-1

Fig. 2. Spatial arrangement of the transmission line model and
the model of a five-story residential building

In the process of designing of optimal spatial
arrangement and angular position of magnetic field
sensors, the spatial arrangement of the two silencing
windings was also designed. The spatial position of these
two windings are also shown in Fig. 2.

Figure 3 shows the spatio-temporal characteristics (STC)
of the initial magnetic field (1), magnetic field generated by
both silencing windings (2) and the resulting magnetic field (3)
with the active silencing system turned on. These spatio-
temporal characteristics are calculated at the point of optimal
spatial arrangement of magnetic field sensors.

25 Field at pointx=2m, z=0.65m

-2.5
-2.5

Fig. 3. The spatio-temporal characteristics of the magnetic field

From this figure it follows that with the help of two
silencing windings, a sufficiently high value of the
silencing factor is realized at the point of the spatial
location of the of magnetic field sensors.

Experimental studies. To conduct experimental
research, a model of a double-circuit power transmission
line with a wire suspension of the «Barrel» type
developed, the photo of which shown in Fig. 4.

Fig. 4. Power transmission line model with a wire suspension
of the «Barrel» type

A model of a double-circuit system of active
silencing with two silencing windings has also been
developed, a photo of which is shown in Fig. 5.

To control the currents in the silencing windings and
the implementation of the regulators, the system of active
silencing model was developed, the photo of which is
shown in Fig. 6.

\! i

Fig. 5. Two compensating silencing of double-circuit system
of active silencing model

< % ) '-,‘_“
Fig. 6. Double-circuit system of active silencing model

Next to the two magnetic field sensors, photo of
which shown in Fig. 7. With the help of which a closed-
loop control algorithm for two silencing windings
implemented, sensors are also installed, with the help of
which the STC of the MF is measured.

The sensors mounted on tripods, with the help of
which it is possible to set the required positioning angles
of the magnetic field sensors.
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Results of experimental studies. Let us consider
the first variant of the angular position of the magnetic
field sensors. Both sensors are installed orthogonally to
the X and Z coordinate axes. On Fig. 8 shows the
experimental silencing factor surface. The silencing factor
is greater than 5.

Distribution of K,, for | B,,| of HPVL-SAS
Pt

X, m 3 0.5
Fig. 8. Experimental silencing factor surface for first variant

Consider now the second variant of the angular position
of the magnetic field sensors. The sensors are installed in such
a way that their outputs have the maximum voltage when
only one silencing winding of the same channel is operating.
In this case, the angular positions of the sensors are
respectively equal to 113 degrees and 358 degrees. On Fig. 9
shows the experimental silencing factor surface.

Distribution of Ky; for | B.| of HPVL-SAS

X, m 3 0.5
Fig. 9. Experimental silencing factor surface for second variant

The silencing factor is greater than 3.5. With such an
installation of the magnetic field sensors, each channel
most effectively suppresses the induction of the initial

magnetic field in the plane in which this channel
generates the magnetic field.

Consider now the third variant of the angular position
of the magnetic field sensors. The sensors are installed in
such a way that their outputs have a minimum voltage
when only one silencing winding of another channel is
operating. In this case, the angular positions of the sensors
are respectively equal to 222 degrees and 187 degrees.
Figure 10 shows the experimental silencing factor surface.

Distribution of K, for | B,,| of HPVL-SAS
|

X, m 3 0.5
Fig. 10. Experimental silencing factor surface for third variant

The experimental silencing factor is greater than 12.
With such an installation of the magnetic field sensors,
each channel most effectively suppresses the induction of
the initial magnetic field in a plane orthogonal to the
plane in which the other channel generates the magnetic
field. Therefore, the channels have minimal influence on
each other when they work together.

Conclusions.

1. A method for optimizing the spatial arrangement
and angular position of magnetic field sensors in a closed
system of active silencing of the magnetic field to ensure
maximum efficiency of active silencing of the magnetic
field created by overhead power lines has been developed.

2. Optimization of the spatial arrangement and
angular position of the magnetic field sensors according
to the developed method is reduced to the calculation of
the solution of the vector minimax optimization problem
based on binary preference relations. The objective
function vector of the minimax optimization problem and
the calculation of constraints are formed on the basis of
the Biot—Savart law and this solution is calculated on the
basis of stochastic nonlinear algorithms of Archimedes.

3. Based on the developed method, the optimal
spatial arrangements and angular positions of two
magnetic field sensors, as well as currents in two
silencing windings for double-circuit systems of active
jamming of the magnetic field in a multi-storey old house,
created by double-circuit overhead power lines 110 kV
with a «Barrel» type arrangement of wires.

4. The effectiveness of the developed method for
optimizing the spatial arrangement and angular position
of two magnetic field sensors has been experimentally
confirmed on a physical model of a system for active
silencing of a magnetic field with a double-circuit power
transmission line with a «Barrel» type arrangement of
wires, which made it possible to reduce the level of the
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magnetic field with an initial induction of 5.7 uT to safe
level for the population with an induction of 0.5 puT.
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B. Benazza, A. Bendaoud, H. Slimani, M. Benaissa, M. Flitti, A. Zeghoudi

Experimental study of electromagnetic disturbances in common and differential modes
in a circuit based on two DC/DC boost static converter in parallel

Introduction. An electronic control and closing control at the switch (MOSFET) will allow a parallel connection of two DC/DC boost
converters. The reason for paralleling converters is to increase the efficiency of the power conversion process. This means that the overall
power loss on the main switches is half the power loss on the main switch of a converter. It has been proven that DC-DC converters operating
in parallel have different dynamics than a single converter. In this paper, the study is based on a system of two boost converters operating in
parallel under current mode control. Although two converters operating in parallel increase the efficiency of the system, if the control
parameters are not chosen correctly, the system becomes unstable and starts to oscillate. Purpose of this work is to present the analysis of high
frequency electromagnetic disturbances caused by the switching of power switches in DC/DC boost static converters mounted in parallel in
the presence of cables. We will study the improvement of the electromagnetic compatibility performances which can be brought by the choice
of a static converters for industrial use. Methods. For the study of the path of the currents in common mode and in differential mode, it was
possible to evaluate experimentally the electromagnetic compatibility impact in common mode and in differential mode of two boost converters
connected in parallel in an electric circuit in connection with the source through a printed circuit board of connection between the source and
the load, while using the two basic methods, namely the prediction of the conducted electromagnetic interference, the temporal simulation and
the frequency simulation. Results. All the obtained results are validated by experimental measurements carried out at the Djillali Liabes
University Sidi-Bel-Abbes in Laboratory of Applications of Plasma, Electrostatics and Electromagnetic Compatibility (APELEC). The
experimental results obtained in common mode and in differential mode at low, medium and high frequencies are compared between the
parallel boost test with and without electromagnetic compatibility filter. References 17, figures 10.

Key words: DC/DC converter; electromagnetic compatibility; conducted emissions; printed circuit board connection;
electromagnetic disturbances; common mode; differential mode; high frequency.

Bcmyn. Enexmponne kepysanns ma repyéanhs samuxanusm Ha nepemuxaui (MOSFET) Ooszeonsiome napanenvHo niokmouamu 06d
nidsuwgysanvhi DC/DC nepemeopiosaui. Ilpuuuna napaneivno2o niOKmoYeHHs. NEPemeoprosayie noiseac y ni0gUWeHH; eqhekmueHocmi
npoyecy nepemeopenns enepeii. Lle o3nauae, wo 3a2anvHi mpamu HOMYHCHOCMI HA 20I06HUX BUMUKAYAX CIMAHOGTIAMYb NOJIOBUHY 8Mpam
NOMYIHCHOCI HA 20106HOMY 8UMUKAYi nepemsoprosaya. byno dosedeno, wo DC-DC nepemsopiosaui, wjo npayiooms napanieibho, Maioms
[HWY OUHAMIKY, HIdC OOUHOUHULL Nepemeoprosay. Y yi cmammi OO0CHOXMCeHHA 3ACHO8AHe Ha CUcmemi 080X MNIO8UILLYBATLHUX
nepemeoprosayis, wWo npayiorms NAPAIeIbHO Npu YNPasuiHKHi no cmpymy. Xoua 06a nepemeopiosai, wo npayrwms napaiebHo,
nidsuwgyrome KKJ[ cucmemu, ane npu HenpaguibHoMy 6uOOpi napamempie YnpaguiHHs CUCIeMAa CIA€E HECMILIKOK | NOYUHAE 6A2AMUCH.
Memoto danoi pobomu € npedcmasnenHs aHaizy UCOKOYACIONMHUX eNeKMPOMASHIMHUX NEPEeKO0, SUKTUKAHUX NEPEMUKAHHAM CUTOBUX
xuouig y niosuugyeanvhux cmamuynux DC/DC nepemeoprosauax, 6CcmaHoGneHux napanenvho 3a HaseHocmi kabenis. Mu eusuumo
NOKPAWeHHs. NOKA3HUKIE eleKMPOMACHIMHOL CYMICHOCMI, sKe MOdce Oymu GUKTUKAHe SUOOPOM CMAMUYHUX Nepemeoplosayis Ol
npomucnosoeo uxopucmanis. Memoou. /[is1 00CiONCeHHs WXy CIPYMIE Y CUHMASHOMY Ma OUGDEPEHYIATLHOMY DPENCUMAX 80ANOCS
EKCNEPUMEHMANLHO — OYIHUMU — GIIUG  €NeKMPOMAZHIMHOI  CyMiCHOCMI Y cunghaznomy ma  OughepenyianbHomMy —pedlcumax 080X
NIOBUULYBATILHUX NEPEMBOPIOBAYis, BKIIOUEHUX NAPANETbHO 6 eleKMPUYHULL TAHYI02 NPU 3 €OHAMHI 3 0XCepeloM Yepe3 OpYKOBaHy niamy
3’ €OHaHHA MIdIC OdCEPeNoM MA HABAHMANCEHHAM, BUKOPUCTNOBYIOUU 080 OCHOBHUX MEMOOU, 4 Came NPOSHO3YEAHHA KOHOVKMUGHUX
e/IeKMPOMACHIMHUX NEPeUKo0, MUMHACO8e MOOETIO8AHHA MA YaACMOmHe MooentoéanHs. Pesynomamu. Yci ompumani pesynomamu
niomeepodiceni  excnepumenmanshumy  eumiprosannamy, nposedenumu y Dijillali Liabes University Sidi-Bel-Abbes y Laboratory of
Applications of Plasma, Electrostatics and Electromagnetic Compatibility (APELEC). Excnepumenmanshi pe3yibmamu, OmMpumati 6
cungasromy ma OughepenyianbHOMY PedCcUMAax Ha HULKUX, CePeOHIX Ma GUCOKUX YACMOMAX, NOPIGHIOIOMbCSL 3 NAPANETbHUM OPCOBAHUM
mecmom 3 iIbmpom eneKkmpomacHimtol cymichocmi ma 6e3 npoeo. bion. 17, puc. 10.

Kniouosi crosa: DC/DC nepeTBoproBay; eJIeKTPOMArHiTHA CyMiCHICTh; KOHAYKTHBHI MepelKoau; MAK/IIYeHHsS] APYKOBAHOT
IJIATH; eJIeKTPOMArHiTHI NepelKkoau; 3arajJbHuil pexxuM; AudepeHiiHMil peskuM; BUCOKA 4acTOTAa.

Introduction. Switching power supplies are widely
used in modern electronic systems because they allow a
high level of integration, low cost and high efficiency. In
the automotive field, the integrated circuits embedded in
vehicles for chassis or security applications offer all the
power components and control circuits necessary for buck
or boost energy conversion (power less than 10 W) [1-4].

Electromagnetic compatibility (EMC) is a scientific
and technical discipline which finds its justification today
in the problems of cohabitation between industrial
systems and their environment. While these problems
have always existed, they are now becoming increasingly
important due to the concentration in the same
environment of devices or systems with very different
power and sensitivity levels [1, 5].

Electrical systems based on static converters are
designed with an ever increasing level of complexity.
Effects on EMC and signal integrity are observed. The

presence of a printed circuit board (PCB) connection in a
static converter based electrical system is more than
necessary nowadays. The EMC design of PCBs plays an
important role in the electrical interconnections of any
electrical system.

On the other hand, it gives rise to many
electromagnetic interferences (EMIs) conducted and
radiated. The origin of the latter is related to variations in
electrical quantities over short periods of time with high
amplitudes and high frequencies [2, 3, 5].

The static DC/DC converter, which is realized with
the help of controllable on/off power switches such as
MOSFETS, consists of periodically establishing and then
interrupting the source-load link by means of the power
switch [6-8]. The present work is devoted to the study of
low and high frequency conducted electromagnetic
disturbances in common mode (CM) and differential
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mode (DM) generated by two step-up choppers in parallel
in the presence of a connection PCB in the electrical study
circuit. Thus to highlight the disturbances caused by these
converters, we conducted experimental tests on a test
bench consisting of a source + LISN (line impedance
stabilization network) + cable + connection PCB + cables +
+ two converter «Boost» in parallel + cables + load.

Our study presents the comparison of the spectral
envelopes of the currents at the LISN in CM and DM of
the electrical circuit with and without filter for the case of
two boosts in parallel.

Disruptive effect of a step-up chopper on a DC
voltage source. With the advent of dispersed generation,
more and more static converters are being connected to
power grids. They inject the electrical power supplied by
the generators, but unlike conventional electric systems,
they also introduce low and high frequency disturbances.
The objective of this experimental research work is to
study the EMC impact of MOSFET-based step-up
choppers on a DC voltage source in an electric circuit [9].
In order to highlight the principle of creation of low
frequency disturbances by the chopper, we considered the
basic model illustrated in Fig. 1. This model allows us to
determine the LISN current in CM and DM with and
without a filter in a mode where the two boosts are
connected in parallel.

Coil 47uH/8a  Diode MUR 460
" | i J_ "
Battery 15V (T ‘ Load
7 N
7 L A\
MOSFET Capacitor
IRFP250N 630 nF

Fig. 1. Boost chopper circuit integrating the elements [7]

Principle of frequency modeling. The boost
chopper circuit is shown in Fig. 1. The parasitic
inductances and capacitances of the components and
tracks are represented and taken into account in the
simulation because they will modify the propagation of
the HF harmonic currents. These currents are generated
by switching the current and voltage. Figure 2 shows the
waveform of the switched voltage across the MOSFET.

Amplitude (V) Amplitude (V)
i Opam.ﬂ%‘ Closing 1
— Tiate,

T lowver

Fig. 2. Temporal model of the disturbance source [8]

This voltage is the sum of a trapezoidal voltage at
the switching frequency and damped sinusoidal ripples
produced by the parasitic components. The amplitude of
this voltage is determined by the V¢ bus voltage. The rise
and fall times depend on the intrinsic parameters of the
power components and the gate resistance of the
MOSFET [7, 10]. To realize a boost converter it is
necessary to have four electronic components: a coil, a
diode, a capacitor and a switch controllable with the
ignition and the de-ignition typically a transistor (Fig. 1).

By replacing the diode and MOSFET with voltage
sources reproducing trapezoidal and damped oscillatory
shapes, we can simulate CM conducted electromagnetic
disturbances (Fig. 2). In the literature, it is recommended to
replace the switching cell with current sources in the case of
DM disturbances [8, 11].

Analysis of high frequency EMC disturbances
caused by switching. This work is based on the study of
two boost converters in parallel in an electrical circuit
connected to the source via a PCB which is loaded by a
resistor. One of the two boosts used in the electrical
circuit it’s essentially composed of:

e MOSFET IRFP250N;
e Diode MUR460;
e Filter capacitor with its parasitic elements.

Disturbing effect of a boost chopper in an electric
circuit. The electronic structures of energy conversion are
well suited to illustrate the mechanisms of conducted
emissions and provide the building blocks for modeling
these phenomena. The EMC tends to show that it is
necessary to limit the rapid variations of electrical (voltage
and current) and electromagnetic fields quantities, whereas
switching structures generate brutal variations, at least
electrically, to manage the desired energy transfer with
lower losses [10]. Indeed, the switching cell, easily
identifiable in non-insulated structures, represents the
association of two switches, controlled or not. It is the seat
of strong voltage and current gradients [12-14].

Average model of the studied system. The model
must be close enough to the original system so that the
study through the derived model can be performed which
is illustrated in Fig. 3. The two boost choppers are
connected at the input to a LISN [10] (Fig. 4) via a two-
wire shielded connection (cable 1), a connection PCB,
cable 2 and cable 3 and at the output, cables 4 and 5
directly connected to the load (Fig. 4).

L &
Cable 1 Cable 2 Boost 1| Cable 4 R1
I L
S |
cible3 |Boost2] caples | R2
N
Linking PCB

Fig. 3. Block diagram of studied model

For different types of cable lengths upstream and
downstream from the PCB, which is intended for the
connection of cables to supply two static boost converters
in parallel loaded by two resistors there are several
structures for an LISN. The one used in this work is
shown in Fig. 4. It is compatible with international
standards and is the structure available in the laboratory
for the experimental tests carried out [15-17].

. ~EEA
Network Dcwce under Test
We call this branch
1= —l LISN

“H

Fig. 4. Line 1mpedance stablhzlng network [10]

36

Enexmpomexnixa i Enexmpomexanixa, 2023, Ne 4



This paper presents the operation of two DC/DC
boost converters in parallel and what problems this can
cause without changing the cable lengths. Finally, the
possible solutions will be presented, especially the one
applied in this study, which worked well.

Experimental results for sum test measurement
(both boosts connected in parallel). In this case, we supply
both converters boost 1 and boost 2 at the same time, the
electrical data of the study system are: V, =164 V; [;=2.12 A;
Vi, (boost) =14 V; V,,, (boost) =42.1 V; Ry =R, =70 Q
(Fig. 3).

For the test bench, the materials and tools used are:
DC source (AL936N 60 V 6 A);
LISN with Ly=250 uH, C, =1 puF, Cy =220 nF;
L,=50 uH, R, =5 Q;
Two identical boost converters (14 V /42 V);
Two loads 54 Q /5 A;

e Electronic oscilloscope (Tektronix MSO 5204);

e Spectrum analyzer (ROHNDE / SCHWARZ 10 Hz —
3,6 GHz);

o A current probe (Tektronix P6021A);

e Two-wire cables.

Both converters have been sized to switch at a
frequency of 100 kHz. For the measurement of the LISN
currents, a spectrum analyzer and an electronic
oscilloscope were used. It was also necessary to use an
interconnection device to allow reproducibility of the
measurements for the experimental study, the
measurement of LISN current in both DM and CM with
and without a filter according to the circuit Fig. 3.

Measurement without filter. Our study system
follows the circuit (LISN + cable 1 + connecting PCB +
cable 2 + boost 1 + cable 3 + load) in parallel with the
circuit (cable 4 +boost 2+ cable 5 + load), without filter.

Differential mode. For the experimental study, the
measurement of the LISN current in DM following the
circuit (LISN + cable 1 + PCB connection + cable 2 +
boost 1 + cable 3 + load R)) in parallel with the circuit
(cable 4 + boost 2 + cable 5 + load R,) is shown in Fig. 5.
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Fig. 5. Frequency response of the LISN current in DM without
filter for a circuit with two boosts connected in parallel

In Fig. 5 we notice that the signal presents resonance
peaks with amplitudes from 10 dBpA to 10° dBpA
with frequencies from 1 MHz to 100 MHz due to the
disturbances of the switching cell at the level of the two
boosts in parallel and to the impact of the cable parasites.
Not forgetting the impact of the input impedance of the
two converters, as well as the blocked state capacitances
of the semiconductors on the signal.

Common mode. We use the same electrical study
circuit as in the DM (Fig. 6).
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Fig. 6. Frequency response of the LISN current in CM without
filter for a circuit of two boosts in parallel

In Fig. 6, the signal clearly shows resonance peaks
with amplitudes of 10* dBpA to 10® dBpA from 1 MHz
to 120 MHz due to the effects of the parasitic CM
capacitances of the two boosts, and then from 150 MHz
onwards, the signal shows slight EMI due to the inductive
effect of the power cables.

Measurement with filter. Our study system follows
the circuit (LISN + cable 1 + connecting PCB + cable 2 +
boost 1 + cable 3 + load) in parallel with the circuit (cable
4 + boost 2 + cable 5 + load), with filter.

Differential mode. We use the same electrical study
circuit as the one without filter (Fig. 7). Figure 7 shows
the frequency response of the LISN current in DM with
filter for a circuit with two boosts in parallel. The signal
shows resonance peaks with amplitudes of 10~ dBpA to
10" dBpA in the frequency range from 1 MHz to 40 MHz,
which are due to switching disturbances at the boosts and
cable inductances. At 40 MHz, it can be seen that there is
a suppression of the electromagnetic interference due to
the presence of the filter.

10°
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0 05 1 15 2 25 3 35 4 45 5
Frequency [Hz| «108

Fig. 7. Frequency response of the LISN current in DM
with filter for a circuit of two boosts in parallel

Common mode. The measurement of the LISN
current in CM with filter according to the circuit (LISN +
cable 1 + connection PCB + cable 2 + boost 1 + cable 3 +
load R)) in parallel with the circuit (cable 4 + boost 2 +
cable 5 + load R,), is shown in Fig. 8. Figure 8 shows the
frequency response of the LISN current in CM with filter
for a circuit of two boosts in parallel whose signal shows

Enexkmpomexnixa i Enexmpomexanixa, 2023, Ne 4

37



resonance peaks of amplitude 10~ dBuA to 107'° dBpA
from 1 MHz to 30 MHz due to the inductance of the cables
and the parasitic capacitances in CM of the two boosts,
then from 40 MHz and above, it can be seen that the signal
shows slight EMI due to the presence of the filter.

102
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Fig. 8. Frequency response of the LISN current in CM
with filter for a circuit of two boosts in parallel

Comparison test in CM with and without filter.
Figure 9 shows clearly the CM comparison test for a two
boost circuit in parallel between the two cases without and
with filter. Figure 9 shows the frequency response of the
LISN current in CM with and without filter, as function of
the disturbances generated by the two boosts. It can be
clearly seen that, over the whole frequency range, the
disturbances of CM with filter (blue spectrum) are largely
minimal and have low amplitudes of the order of 10* dBpA
compared to that without filter (red spectrum) which are
due on the one hand to the effect of the filter, the inductive
effect of the power cables and on the other hand to the
effect of the CM capacitances of the two boosts.
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Frequency [Hz|

Fig. 9. Frequency response of the CM LISN current
with and without filter for the two boost circuit in parallel

x10%

Comparison test in DM with and without filter.
Figure 10 shows clearly the comparison test in DM
between the two cases without and with filter.

We notice that there is no concordance between the
two spectra. The spectrum (blue) has less amplitude
because of the presence of the filter, but the signal (red)
has resonance peaks on the frequency range from 1 MHz
to 120 MHz. On the other hand, beyond 150 MHz the two
signals present the same EMI appearance because of the
inductance of the cables and the parasitic capacities in
DM of the two boosts.
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Fig. 10. Frequency response of the LISN current in DM

with and without filter for a two boost circuit in parallel

Conclusions.

1. Experimental results showed that parallel connected
boost converters start oscillating at 1 MHz up to 110 MHz,
but are perfect beyond that. Nevertheless, the overall
electromagnetic compatibility disturbance result for the
«sumy test case of two boosts with and without a filter in
differential and common mode is the main focus, and is
illustrated by the line impedance stabilizing network current.

2. It can be seen that the differential or common mode
capacitive effect generated by the two boosts is very
important. Common mode impedances are usually low
parasitic capacitances and therefore high at low frequencies,
while differential mode impedances are high parasitic
capacitances (negligible compared to the common mode).

3. It can be said that electromagnetic disturbances are
transmitted to the outside of any electrical study system
via various couplings. The objective of this paper was to
present some experimental methods in differential and
common mode, which complement other theoretical
research previously conducted in order to identify and
define the source of electromagnetic interferences that are
generated by parallel boosts in a power system.

4. It can be clearly seen that electromagnetic interferences
will be increasingly lower in filtered differential mode than
in common mode. The experimental results of parallel
converters have been presented as a proof of concept. The
proposed method can be easily applied to support high
power levels. The design of two static DC/DC boost
converters in parallel in an electrical circuit is more than
desirable in relation to electromagnetic interferences
minimization.
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Photovoltaic fault diagnosis algorithm using fuzzy logic controller based on calculating
distortion ratio of values

Introduction. The efficiency of solar energy systems in producing electricity in a clean way. Reliance on it in industrial and domestic
systems has led to the emergence of malfunctions in its facilities. During the operating period, these systems deteriorate, and this
requires the development of a diagnostic system aimed at maintaining energy production at a maximum rate by detecting faults as
soon as possible and addressing them. Goal. This work proposes the development of an algorithm to detect faults in the photovoltaic
system, which based on fuzzy logic. Novelty. Calculate the distortion ratio of the voltage and current values resulting from each
element in the photovoltaic system and processing it by the fuzzy logic controller, which leads to determining the nature of the fault.
Results. As show in results using fuzzy logic control by calculating the distortion ratio of the voltage and current detect 12 faults in
photovoltaic array, converter DC-DC and battery. References 20, table 5, figures 16.

Key words: photovoltaic system, fault diagnosis, distortion ratio of voltage and current, fuzzy logic controller.

Bcmyn. Egexmusnicms cucmem coHAYHOL enepeli’ y eupoOHuymei enekmpoenepeii' y uucmuii cnoci6. Onopa Ha Hb020 6 NPoMUCIO8Ux ma
no6ymosux cucmemax npuseenda 00 UHUKHEHHs HeChpagHocmell y 1o2o 06 ’ckmax. Y nepioo excniyamayii yi cucmemu 3HOULYIOMbCSL, | ye
eumazac po3pooKu cucmemu OiAcHOCMUKY, CHPSMOBAHOI HA NIOMPUMKY 6UPOOIICHHS eHepeli HA MAKCUMAIbHOMY DIGHI 34 DAXYHOK
SAKHAUWBUOWIO20 BUAGTEHHS. HecnpasHocmell ma ix ycynenns. Mema. Y yiti pobomi npononyemucs po3pobka aneopummy GUsGIeHHs.
HecnpasHocmell y homoenekmpuuniti cucmemi, wo pyHmyemocs Ha Hewimkiil noeiyi. Hosusna. Pospaxyseamu xoeghiyienm cnomeoperns
3HAUEHb HANPY2U MA CIMPYMY 3 KOJICHO20 elleMeHma (GomoeneKmpuytoi cucmemu ma 06pooumu 1o2o KOHMpOoRepoOM HedimKoi 102iKu, o
npu3eo0ums 00 BUHAYEHHA Xapakmepy HecnpasHocmi. Pesynomamu. Sx noxasyiome pe3ynsmamu, UKOPUCHAHHS HEUIMKO20 JI02IYHO20
VAPAGIHHS  UISIXOM  PO3DAXYHKY —KOeiyieHma CnomeopenHs Hanpyeu ma cmpymy 003goasi€ eusisumu 12 necnpaenocmei y
gomoenexkmpuunii bamapei, DC-DC nepemsopiosaui ma axymynsmopi. bion. 20, tabn. 5, puc. 16.

Kniouosi crosa: ¢oroesiekTpu4Ha cuCTeMa, AIarHOCTHKA HecNPaBHOCTell, Koe(dilieHT CIOTBOpPeHHs HAaNpyru Ta CTpyMmy,

KOHTPOJIEP 3 HEeYiTKOIO JIOTiKO0I0.

Introduction. The significant increase in global
energy consumption along with concerns about the
environmental impacts of conventional energies has led
the world to gradually move towards renewable energy
sources such as solar energy, wind energy and
geothermal energy. Photovoltaic (PV) is arguably the
most direct way to take advantage of solar energy and is
considered the most promising way to harness this
energy [1]. It is very popular globally due to its
advantages such as abundance, ease of installation, quiet
operation, and low cost compared to other renewable
energy sources; which led to its enjoyment of a great
level of interest in scientific research [2].

PV installation consists of several parts where the
PV panels are the main component. The latter is exposed
to many environmental and electrical influences that lead
to the occurrence of many faults and malfunctions. These
faults directly affect the performance of the system and
may lead to its failure or even the risk of incidents [3].
Some critical faults need to be quickly detected and
treated to ensure healthy performances of the system.
Therefore, PV panels require several maintenance
operations in order to reach the optimal system
performances and expand their lifespan [4]. As any
industrial system, the goal is to reach the maximum
energy production with minimum maintenance costs.

Several researches have studied the properties of PV
modules under unusual conditions and have proposed
relatively accurate and intelligent fault diagnosis and
detection solutions based on neural networks and fuzzy
logic algorithms, etc. [5].

There are research works that talked about this
method, we mention the most important:

In [6] the authors present a DC side short circuit
fault detection scheme for PV arrays consisting of
multiple PV panels connected in a series/parallel
configuration. The proposed fault detection scheme is
based on a pattern recognition approach that uses a multi-
resolution signal decomposition technique to extract the
necessary features, based on determined by the fuzzy
inference system if a fault occurs.

In [7] authors talk about the development of failure
detection routines (FDRs) that operate on acquired data-
sets of grid-connected PV systems in order to diagnose
the occurrence of failures. The developed FDRs consist of
a failure detection and classification phase. More
precisely, the failure detection phase was based on a
comparative statistic between simulated and measured
electrical measurements. In parallel, a fuzzy logic
inference was performed in order to analyze the failure
model and the exact classification of the error that
occurred. The fuzzy rule-based classification system
models were constructed for each failure through a
supervisory learning process.

In [8] the authors have classified faults for the PV
module based on artificial intelligence technology. They
applied fuzzy logic to evaluate the critical fault of the PV
module, according to its arrangement. The fault
probabilities of the PV module are expressed by linguistic
variables. The technique of consistency agreement
method was used to compile the mysterious number,
which was set by experts.

In [9] the authors suggested analyzing 2580 PV
modules affected by different types of hotspot, as these
PV modules are operated under different environmental
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conditions, distributed across the UK. And then it detects
the fault. The fault-finding model incorporates a fuzzy
inference system using a Mamdani fuzzy controller
including 3 input parameters: percentage of power loss,
short circuit current (/;.), and open circuit voltage (V,.) in
order to test the effectiveness of the proposed algorithm.

In [10] the researchers propose a technique for
detecting the partial shading using the measured values
for array voltage, array current, and radiation. Fuzzy
logical technique (Sugeno) is presented for to detect
the diagnosis partial and to classify and identify these
defects, and is designed to take appropriate corrective
actions.

The goal of this paper is the development of an
intelligent fault diagnostic algorithm based on Fuzzy
Logic Control (FLC) for PV installations. The fault
detection initially uses simulated [-V curve estimation
along with current and voltage output values form the
transformer and battery. A standard test is used to
differentiate between the sets of parameters calculated on
the basis of various operating conditions. The proposed
diagnostic method can detect and classify each specific
type of fault and also deals with noise and disturbances.
Modelling and diagnostic procedure were developed
under MATLAB/Simulink environment.

PV system modeling. PV cells have a complex
relationship between their working environment and the
energy they produce. In order to adapt the generated power
to the load, it is necessary to install a static DC-DC converter
as an intermediate stage between the PV generator and the
load. This stage is generally controlled by a Maximum
Power Point Tracker (MPPT), which makes the system
permanently works at its maximum power [11]. The typical
architecture of a PV installation is shown in Fig. 1.

+

DC-DC

Load
Converter

=
)

Battery

PV panel
Fig. 1. Typical PV installation

PV cell modeling can be developed from its
equivalent electrical circuit. The one-diode model which
is also known as five-parameter model is the most
commonly used. This model is a combination of a current
source /,;, a diode VD, a shunt resistor Ry, and a series
resistor R, represents the power losses [12]. The
equivalent circuit for this model is illustrated in Fig. 2.

I, R,

Fig. 2. One-diode PV cell model

The mathematical representation of the one-diode
electrical circuit is given by the following equations:

I1=1-1 {exp[@}—l}fsh LW

K-N,-T
Iy =1 ,+K--(T—298)-i- 2)
ph = fse T 1000’
“E,o-(YT, -YT
Iy=1,,-(T/T, ) ¢ p{q gon(_/K / )} 3)
1 — ISC . (4)

rs >
expl qVoe _
n-K-Ng-T

where /,;, and I, are the photocurrent and the short-circuit
current, respectively; K; = 0.0032 is the short-circuit
current of cell at 25 °C; T is the operating temperature;
T, = 298 K is the normal temperature; G is the solar
irradiance, W/m*; ¢ = 1.6-10™"? C is the electron charge;
V,. is the open-circuit voltage; n = 1.3 is the ideality
factor of the diode; K = 1.38-10% J/K is the Boltzmann
constant; E, = 1.1 eV is the band gap energy of the
semiconductor; N, is the number of cells connected in
series; N, is the number of cells connected in parallel;
R, and R, are series and parallel resistances, respectively.

PV module characteristics. The dedicated studied
system for this work is simulated under a
MATLAB/Simulink environment. It is composed of 8§ PV
modules (2 strings). Each module produces a maximum
power of 200 W at 26.4 V. The electrical characteristics of
each PV module under standard test conditions are shown in
Table 1. The system is also composed of a DC-DC boost
converter equipped with a Perturb and Observe MPPT. The
simulation is done for a constant irradiance of 1000 W/m’
and constant temperature of 25 °C. The MATLAB/Simulink
model of the simulated PV system is shown in Fig. 3. The
simulated /-V and P-V curves are shown in Fig. 4.

Table 1
Electrical characteristics of simulated PV module

Maximum power P,,,, W 200

Voltage at maximum power V,,, V 26.4

Current at maximum power /,,,,, A 7.58
Open-circuit voltage V., V 32.9
Short-circuit voltage /., A 8.21

Total number of cells in series N, 54

Total number of cells in parallel N, 1

The faults in PV systems can be temporary or
permanent. Temporary faults are often caused by
environmental effects such as shading and soiling.
Permanent faults are usually related to PV module failures
such as delamination, bubbles, yellowing, scratches and
burnt cells [13]. They can be eliminated by either repairing
or replacing defective modules. PV panels are also
susceptible to many serious faults that can be caused by short
circuits. Also, there are some other factors that can lead to
productions losses such as MPPT failures, losses in wiring,
defective equipment etc. However, PV system’s faults can be
classified based on the faulty component, such as module
faults, string faults, or power grid faults [14, 15]. The most
common PV systems faults are described in Table 2.
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Fig. 3. MATLAB/Simulink model of the simulated PV system
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Fig. 4. I-V (a) and P-V (b) characteristics
Table 2
Faults occurring in the examined PV system

Components Faults Fault code

Less than 50 % total shading FoO1

Less than 50 % partial shading F02

More than 50 % total shading F03

PV array More than 50.% partial shading Fo4

Temperature increase FO5

Series resistances F06

Shunt resistances F07

Interconnection faults FO8

Open circuit F09

Converter DC-DC |Short circuit F10

MP controller failure F11

Battery Charging failure F12

PV array faults can be divided into several groups
depending on their type where there is a failure of the PV
panel, cables or failure of external factors [16]. This work
focuses only on faults related to the PV panel. In this
stage we can talk about shading patterns whether it is total
(FO1, FO03) or partial (F02, F04) or faults related to
temperature (F05). In the other hand, PV power
degradation can be caused by the increase of the
resistance between the units which can be caused by
corrosion, water vapor or other related factors (F06, F07).
Also, interconnection faults (FO8) such as short-circuit are
occurred due to faulty cable’s insulation or mechanical
damage. Different types of PV array faults are shown in
Fig. 5. The effect of each type of described faults on the
generated power curve compared with ideal working
conditions is illustrated in Fig. 6, 7.

DC-DC converter faults. DC-DC converters are
used in PV systems in order to charge batteries and also
supply DC loads [17].

ohage (>
.
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Duty cycle
Fo8
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Fig. 6. I-V characteristic of PV faults
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Fig. 7. P-V characteristic of PV faults

While linear DC-DC converters maintain DC current
flow of their input to the load, switching converters
regulate the current flow by chopping the input voltage
and controlling the average current flow by varying the
ratio cycle. Open circuit faults (F09) refer to
disconnection faults in converter circuits. Diagnosis can
be done by the inspection of voltage and current
indication. In the same way as open-circuit faults, short
circuit faults (F10) can also occur in different types of
converters. Also, the different types of MPPTs [18] used
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to control the converter can also provide system faults
such as command fault (F11). The different types of a
buck converter related faults and its impact on the output
voltage are respectively shown in Fig. 8, Fig. 9.

F11 F09
o " \ [G00) +
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Fig. 9. Impact of faults on buck converter output

Battery faults. When PV production exceeds
consumption, the excess of energy is stored in batteries.
The stored energy is then used when the consumption rate
exceeds production. These batteries are prone to failures
such as charging failure (F12) which will be discussed in
this article. The effect of batteries charging fault
comparing to normal conditions is shown in Fig. 10.
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Fig. 10. Battery voltage with charging fault

Fuzzy diagnostic for PV system. The fuzzy logic
approach simulates how a person makes decisions to control
the problem faster. This logic helps reduce complexity by
allowing information to be used in a meaningful way. Its
implementation can be software, hardware or a combination
of both. In general, the operating procedure of a fuzzy
system is accomplished in three steps [19]. The first step is
fuzzification, which is the transformation of variables into
fuzzy variables which are also called linguistic fuzzy
variables. The second step is called fuzzy inference. It is the
construction of rules and results based on linguistic
variables, using the [F-THEN statement. The last step is the
defuzzification phase, which is the transition from a
linguistic result to a numerical result.

FLC is one of the modern artificial intelligent
techniques used in fault diagnosis in PV systems. The
first step is to specify the required input and output values
(net data) and their ranges. Next, the net data have to be
converted into membership values (fuzzification). After
that, the output membership values are synthesized based
on extended fuzzy rules (fuzzy inference). Finally, the
output membership values are converted into proper
output values (defuzzification).

This article proposes a new intelligent technique
based on Takagi-Sugeno type fuzzy logic to diagnose and
identify faults in the PV generator, buck converter and
battery charging failures. This technique is chosen
because of its tolerance to imprecise data. It suffices to
adjust the inputs/outputs of the system and call the fuzzy
rules to improve detection [20]. The diagram block shown
in Fig. 11 summarizes the proposed technique.

Distortion Fuzzylogic || Faultdisplay
ratio calculator controller

/
! Inputs —— {Fuzz\f\cation]—-.[\nterference b\uck]—b‘ Defuzzification '—Doutputs |
! i
' i
| g |
! i
i
| |
! Rules basis Database 1
i
! i
I

Base de knowledge

Fig. 11. General structure of a fuzzy system

The fault diagnosis technique used is based on FO0
reference values (no fault) and simulated fault values. All
cases are discussed and detected. The analysis of the main
attributes of the /-V and P-V characteristics of the PV
array plays the main role to accurately locate the faults in
which the open-circuit voltage (V,.), short-circuit voltage
(l) and maximum power (Pn.) values have been
identified to detect different types of faults. In the other
hand, converter output voltage (V,), battery output voltage
(V) were used to determine the region where the faults
occurred in the converter and battery output voltage.
Then, the distortion rate /; of all values is calculated as:

L=1- val,., : 5)

valref
where val., is the calculated value; val,., is the reference
value. The result of distortion rate has to be between 0
and 1 and it is used in FLC.

FLC algorithm is based on the comparison of 5
parameters (Prax, Voer Lse» Ver Vi) With its reference’s values.
Reference values of mentioned parameters of each faulty
case are illustrated in Table 3.

Table 3
Reference values of FLC for each faulty case

Faults| Ppox, W| Lo, A|Voe, VIV, V| V3, V
FOO | 1599 |16.4 | 132 |21.65| 12.8
FO1 | 780.8 |8.199|126.5|26.15| 12.8
F02 | 1189 |12.3| 132 |21.67| 12.8
FO3 | 1192 |12.3| 129 |21.66| 12.8
F04 | 1395 |14.35| 132 |21.65| 12.8
FO5 | 1453 |16.33|123.2|21.9 12.8
F06 | 826.5 |16.32| 132 |22.63| 12.8
FO7 | 530.6 |15.58| 117 |26.15| 12.8
FO8 | 799.5 |8.199| 132 |21.65| 12.8
F09 | 1599 |16.4 | 132 |12.8 12.8
F10 | 09728 | 16.4 | 132 |infini|indefined
F11 | 1599 | 164 | 132 | 17.2 12.8
F12 | 1599 | 164 | 132 | 12.8 9.7

Each region of values represents a failure case that
could occur in the PV system. In the case of a faulty
parameter the algorithm tends to send and alarm. When
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increasing the PV installations, it is sufficient to increase
the number of sensors so that we can monitor all the signals
of the panels. The flowchart of the proposed fuzzy logic
algorithm is shown in Fig. 12.

obtain the values o f Pmax,Vco,Icc
Ve, Vb under STC condition

Run the simulation and get the simulated values of
Pmax_s, Voc_s, Isc_s Vc_s, Vb_s

Alarm
Start the FLC algorithm

Calculate the distortion rate

of all parameters

The simulated values within No Unknown fault
limits case values fault

fuzzification (distortion rate of Py, middle) = 4uiae(Pmax)
fuzzification (distortion rate of Py, big) = fihig(Prmax)-

For example:

If distortion rate of P 0.127579737; then
fuzzification (distortion rate of Py, small) = z40(Prax) = 1
fuzzification (distortion rate of Py, middle) = f4,ise(Prax) = 0
fuzzification (distortion rate of Py, big) = tig(Prax) = 0.

If distortion rate Of Py 0.668167605; then
fuzzification (distortion rate of Py, small) = £4,u(Pmax) = 0
fuzzification (distortion rate of Py, middle) = e Pax) = 0.5
fuzzification (distortion rate of Py, big) = £4g(Prmax) = 0.5.

If distortion rate of Py = 0.99939162; then
fuzzification (distortion rate of Py, small) = £4,0(Pax) = 0
fuzzification (distortion rate of Py, middle) = s4,iue(Prax) = 0
fuzzification (distortion rate of Py, big) = tig(Prax) = 1.

The membership functions in this study are shown in
Fig. 14.

¥ ve
' be
T =
Fig. 12. Flowchart of the proposed FLC fault detection XX
and diagnosis method a
Each membership function i e
ach membership function is calculated on the base - T r—————
of Table 4 values with the calculated /; values. e @
Table 4 :
Distortion rate of all parametric for each faulty case [
Fault Distortion | Distortion | Distortion | Distortion |Distortion % = =
rate of P | rate of I, rate of V. rate of V, | rate of V, 0 -
F00 0 0 0 0 0 b
FO01 ]0.511694809]0.500060976|0.041666667|-0.207852194 0 — -
F02 10.256410256 0.25 0 —0.000923788 0
F03 10.254534084 0.25 0.022727273]-0.000461894 0 -
F04 10.127579737 0.125 0 0 0 <x<]
F0510.091307067]0.004268293]0.066666667|—0.011547344 0 ]
F06 10.483114447]0.004878049 0 —0.045265589 0 i
F0710.668167605 0.05 0.113636364]|-0.207852194 0 :
F08 0.5 0.500060976 0 0 0 ¢ .
F09 0 0 0 0.408775982 0 g (o T - .
F10 | 0.99939162 0 0 “infini_| indefined | =
Fll 0 0 0 0.205542725] 0 ]
F12 0 0 0 0.408775982[0.2421875| [
=<1
The membership functions are depended on the o =
mathematical calculation of the examined PV system. The ’
fuzzy logic system is based on If-Then statement. The o
diagram of the proposed FLC for fault detection is 50N
illustrated in Fig. 13. B

FLC

(Takagi-Sugeno ) =)

Fault

Fig. 13. Five inputs single output Takagi-Sugeno FLC proposed
system

If distortion rate of P, is less than 0.3, then we
consider it as small.

If distortion rate of P,y is greater than 0.6, then we
consider it as big.

If distortion rate of Py, is between 0.3 and 0.6, then
we consider it as middle.

We now translate this human language to fuzzy logic
fuzzification (distortion rate of P, small) = zi,u(Pmax)

%
X

Fig. 14. Fuzzy logic system inputs:
a) Il(Pmax); b) 12(134)’ C) 13(V0L‘); d) 14(Vc)a 6) 15(Vb)

After the fuzzy variables and membership functions
have been defined. The next step is to define If-Then
logic inference.

For example, if the distortion rate of Py, is middle,
the distortion rate of /. is big, the distortion rate of V. is
middle, the distortion rate of ¥V, is small and distortion
rate of V, is small, then the fault is FOI (less than 50 %
total shading). We translate this logic into fuzzy logic and
resume it in Table 5.
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Table 5
Fuzzy logic of all parametric for each faulty case

Fault Distortion rate of

Prnax I Voc Ve Vs
F0O0 small small small small small
FoO1 middle big middle small small
F02 small big small small small
FO03 small big middle small small
Fo4 small middle small small small
FO5 small small middle small small
F06 middle small small small small
F07 big small big small small
F08 middle big small small small
F09 small small small big small
F10 big small small small middle
F11 small small small middle small
F12 small small small big big

For a fuzzy system whose end product must be brittle,
the step is necessary to turn the ambiguous final aggregate
result into a brittle. This step is called defuzzification.

Use the Mean of Maximum (MoM) defuzzification
method for pattern recognition applications. This
defuzzification method calculates the most logical result.
Instead of calculating the average membership scores for
the resulting linguistic terms, the MoM defuzzification
method determines the typical value for the most correct
resulting linguistic term.

Results. The results obtained from the proposed
FLC algorithm are respectively illustrated in Fig. 14, 15.
Figure 14,a—e shows 3 Gaussian membership functions
for each input variable, and 12 inferred bases that can be
satisfactorily generalize the fault condition product.

Figure 16 shows a set of 12 rules for different faults
states. The first 5 columns are the input variables, while the
last column represents the output variable from left to right.
From the figure we can show that if ; = 0.5 W, I, = 0.25 A,
L =008 V, I, =025V and Is = 0.15 V, then the
predicted by the fuzzy logic approach PV fault is 0.965,
that’s to say fault D09 as shown as below:

L,=05W = fidaie(Paax) = 1
Iy =025 A st (1,)=1;

I3=0.08V = ttigaie(Voc )= 1;
14 =025V > tyiqqe(V.)=1;

fault = 0.965 = D09 .

I5=0.15 V—)ybig(Vb):l
=05 12=025 13=0.08 4=025 15=0.15 fault= 0.985
! = T v e Y i v O |
1] OB o1 o1 I [T
ST 1 8 A 1 B I
7 S [ VAN Y S Y O N A B
s 1 11 [ o1 o1 O
o ] &1 o1 1 &
11 S O 1 S g
s /e O O o -
N1 N O OO O O™
w17 L1 O] oL EJ I
1] 1] Sl N1 1] [
o1 ] O] O g /s [
0 1 0 05 a 016 o 05 0 03 l:l]
0 125

Fig. 15. Rules viewer of fuzzy logic system

Fig. 16. Fuzzy logic system output

Conclusions. A smart technique based on Takagi-
Sugeno type fuzzy logic for the diagnosis and detection of
faults in a photovoltaic generator connected with a buck
converter and batteries has been proposed. This technique
was performed based on 5 parameter values (Puax, Voe» Lscs
V., V3). These values have been extracted from the
analysis of the characteristics of I-V and P-V curves, the
buck converter and the output of the batteries, followed
by the extraction of all the output values such as current,
voltage and power of the photovoltaic system in cases of
healthy and faulty operation. 12 faults have been detected
in detail in order to evaluate the performance of the
proposed algorithm on the photovoltaic system.

The simulation results obtained have demonstrated
the efficiency of the proposed technique. All faults have
been accurately identified and classified. This technique is
able to identify faults after they are detected in different
components of the photovoltaic system. After all, fuzzy
logic control was adopted in this study due to its high
computational speed and its ability to be applicable in
large-scale photovoltaic installations due to its low
monitoring cost and economic benefits.
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Investigation of efficient multilevel inverter for photovoltaic energy system
and electric vehicle applications

Introduction. This research presents a simple single-phase pulse-width modulated 7-level inverter topology for renewable system
which allows home-grid applications with electric vehicle charging. Although multilevel inverters have appealing qualities, their vast
range of application is limited by the use of more switches in the traditional arrangement. As a result, a novel symmetrical 7-level
inverter is proposed, which has the fewest number of unidirectional switches with gate circuits, providing the lowest switching losses,
conduction losses, total harmonic distortion and higher efficiency than conventional topology. The novelty of the proposed work
consists of a novel modular inverter structure for photovoltaic energy system and electric vehicle applications with fewer numbers of
switches and compact in size. Purpose. The proposed system aims to reduce switch count, overall harmonic distortions, and power
loss. There are no passive filters required, and the constituted optimizes power quality by producing distortion-free sinusoidal output
voltage as the level count increases while reducing power losses. Methods. The proposed topology is implemented with
MATLAB/Simulink, using gating pulses and various pulse-width modulation methodologies. Moreover, the proposed model also has
been validated and compared to the hardware system. Results. Total harmonic distortion, number of power switches, output voltage,
current, power losses and number of DC sources are investigated with conventional topology. Practical value. The proposed
topology has proven to be extremely beneficial for implementing photovoltaic-based stand-alone multilevel inverter and electric
vehicle charging applications. References 16, table 1, figures 18.

Key words: conduction loss, multilevel inverter, pulse-width modulation, switching loss, total harmonic distortion.

Bemyn. Y yvomy Oocniodcenni npedcmaenena mononoeis npocmo2o ceMupieHegozo 00HOMA3HO20 THEEPMOPA 3 WUPOMHO-IMIYILCHOIO
MOOynAyiero OnsL cucmemu 3 GiOHOBIIOBAHUMU OXCEPeNamil eHepeii, AKa 00380NAE€ BUKOPUCTOBYBAMU OOMALUHIO Mepexcy 3 3apsaoKoIo
enekmpomo0binie. Xoua 6azamopieHesi ingepmopu mMaionms npueadIusi XapaKmepucmuKy, WUpoKuti CHeKkmp ix 3acmocysanis oomedceHuil
BUKOPUCIAHHAM OIbUIOT KITbKOCMI nepemuxayie y mpaouyiitii cxemi. B pe3ynomami 3anpononosanuii Hosuil cumempuytuil 7-pieHesull
iHBepMOp, SAKULL MAE HAUMEHULY KIIbKICHb OOHOCHPAMOBAHUX KIOUIG I3 3AMEOPHUMU JAHYI2AMU, 3A0e3neyye HAtMeHul KOMYMAayiiHi
empamu, 6mpamu Ha NpPOGIOHICMb, CyMApHi 2apmoHiuni cnomeopenns ma euwpuii KKJ[, mixc mpaouyitina mononocis. Hoeuszna
3anponoHo6anoi pobomu nonAae y HOGI MOOYIbHIL CMPYKMYpi iH8epmopa Ona (POMOENeKMPUUHUX eHePeeMUYHUX Cucmem ma
SUKOPUCIAHHSL O eNleKMPOMODINi6 3 MEHUOI0 KINbKICIIO nepemukayie ma komnakmuumu posmipamu. Mema. Ilpononosana cucmema
CNPAMOBAHA HA 3MEHWEHHS. KLTbKOCH] NePeMUKAaHb, 3a2aNbHUX 2APMOHIYHUX COMEOpeHb ma empam nomyxchocmi. Ilacueni ¢inempu ne
NnompiOHi, a cKIa006a YACMUHA ONMUMIYE AKICMb eleKMpoeHepeii, Cmeoprooyy CUHYCOIOATbHY UXIOHY Hanpyzy 0e3 cnomeopeHs 3i
30LIbUEHHAM KITbKOCMI PIGHI8 NpU 00HOUACHOMY 3HUMCEHHI 8mpam nomyxcrocmi. Memoou. 3anpononoéana mononoeis peanizosana 3a
odonomozcoro MATLAB/Simulink 3 euxopucmarntam cmpoOyouux iMnyiscie ma pisHux Memooonoziti WupomHo-iMnyabchoi mooynayii. Kpiu
moeo, 3anpononosana mooenb makodic Oyia nepegipena ma nopigHana 3 anapamuoio cucmemoio. Pesynomamu. 3azaneui eapmoniuni
CHOMBOPEHHS, KLIbKICHb CUNOBUX KIOUIG, GUXIOHA HANpYea, CIPYM, 6mpamu NOMYICHOCHI ma KIbKICMb 0xcepesl ROCMILIHO20 Cmpymy
Q0CTIONHCYIOMbCS 30 OONOMO0t0 mpaouyiinoi mononoeii. Ilpakmuuna yinnicme. 3anpononosana monono2is GUABUIACS HAO3EGUYALIHO
KOPUCHOIO Ol peani3ayii aemoOHOMHUX 0OA2amopieHesUx IHEePMOpI6 HA OCHOGI (POMOECNECKMPUYHUX CUCMEM MA 3ACMOCYS8aHHS OJis
3apsodcanns enexmpomo6inie. bion. 16, tabm. 1, puc. 18.

Kniouosi cnosa: BTpaTH NMpOBiAHOCTI, OaraTopiBHeBUii iHBepTOp, MIMPOTHO-IMIYJbCHA MOAYJSALis, KOMyTaUiliHi BTpaTH,
CyMapHi rapMOHi4Hi CIIOTBOpPeHHS.

Introduction. The power grid has experienced energy
requirements since the last century due to the growing
number of users along with large power companies. Due to
the obvious advancements in semiconductor device
development, power converter technology is rapidly
transforming the way traditional large transformers. So,
order to offer clean electricity to users, power converters are
frequently employed in renewable energy conversion
systems. Switching devices are economical to produce and
maintain a competitive advantage because of their minimal
costs. Because adding additional switches to an inverter
circuit does not considerably increase prices, 2-level
traditional converters having large power losses and
harmonics content are increasingly becoming substituted by
multilevel converters with lower operating frequencies.

Many studies have concentrated on the creation of
multilevel inverters (MLIs), including both terms of
topologies and control technique. The number of elements
used in these sorts of converters is given special
consideration. The fewer the elements, the lesser the
power dissipation and expenses. Cascaded H-bridge,
neutral point, and cascaded H-bridge are some of its most
prevalent structures. MLIs with clamped and diode
clamped diodes have discovered significant practical

demand for high variable speed drives. Additional ripple
losses are attributed to presence of clamped diodes and
capacitors. Consequently, as compared to cascaded
modified MLI, which uses diodes and capacitors, it is a
much more complex topology [1-4].

Single-phase MLIs can play an important role in this
area, converting the photovoltaic (PV) system’s DC voltage
into a continuous AC signal accessible by loads as well as
the gird significantly fewer harmonic filters and increased
performance. The 7-level power conditioning unit inverter
has been proposed for this purpose, with appealing features
such as low number of switches and the ability to generate
multiple voltage ranges at the result [5, 6].

Modified MLI designs based on a decreased number of
circuit elements are implemented to tackle the previous
shortcomings. In this research, a 7-level pulse-width
modulation (PWM) inverter with independent DC input
supplies and appropriate circuit combinations for switches and
total harmonic distortion (THD) minimization is proposed.
Furthermore, it necessitated a greater switching devices and
external power supply, resulting in a larger inverter size and
expense. In order to reduce the amount of power devices and
converter losses, a staircase MLI is proposed [7-9].
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This configuration, on the other hand, takes into
account something even increasing switching devices.
The quantity of external DC sources is decreased due to
the absence of voltage multiplication across input split-
capacitors. This configuration, on the other hand, can be
employed for up to 5 levels of composition without the
need for flexible modification. MLI with decreased
switches is offered for some further switching
minimization, but output voltage generation takes a
massive number of discrete DC sources [10, 11].

For low voltage PV panels, a new single-phase MLI
inverter featuring wattage capabilities was proposed. It is,
therefore, appropriate for low rated power applications
and has 2 adapt an appropriate, resulting in increased
power losses. For cascade multilevel output-voltage, a
small MLI is given employing 2 capacitors within every
component and a decrease in number of external power
supply. However, for high-power applications, this boosts
inverter energy capacity and compact. For energy storage
systems, novel MLI topologies for single/3-phase
applications with fewer components and a single DC-
source are required [12-16].

Inspired by an analysis of relevant literature, this
research introduces single-phase 7-level PWM inverter
with decreased power number of switches, THD,
switching losses, and conduction losses for stand-alone
grid-integrated PV systems and electric charging
applications. The suggested inverter minimises the needed
amount of parts to a competitive level in order to increase
efficiency, footprint, and cost. The primary and secondary
networks of the intended MLI are separated. The primary
circuit is a simple H-bridge inverter that controls output
voltage orientation, while the supplementary circuit is a
series of switching that generate every output voltage
level. The PV fed proposed MLI application in domestic
and electric vehicle (EV) charging is shown in Fig. 1.

' Pmiosed '
|

Fig. 1. PV fed proposed MLI application in domestic and EV charging

Domestic load

Solar
Panel

( N
EV Charging
Grid

¥

Proposed topology and modes of operation. In a
traditional topology, a cascaded H-bridged MLI has 3 DC
sources and 3 H-bridge units, typically having switching
devices, for a total of 12 switches: L = (§+2)/2, where S is
the number of switches and L is the level of output
voltage in steps in the configuration. Each bridge
produces 3 levels: +V,, 0V,, and 0V,. Generating
stepped 7 level staircase wave patterns by cascading 3
bridges in this manner. In a suggested MLI, 10 number of
switching devices and 3 DC sources have been included

(Fig. 2).

Fig. 2. Proposed topology of MLI

Throughout mode I operation, the output voltage has
been determined, which is +V,. (Fig. 3); similarly, during
mode II operation, input DC voltages are added by 2
number of DC sources, resulting in an output voltage of
+2V,; and finally, a positive third level of voltage has to be
estimated, which is +3V,. (Fig. 4, 5). Furthermore, using
the equivalent circuits of Fig. 68, the negative sequence of
output voltage levels of —V,., -2V, and -3V, has been
determined. Figure 9 shows that the proposed inverter
combines a multicarrier PWM technique to verifying 7
levels, 6 different triangular waves, and one reference wave
signal to produce switching patterns.

Fig. 5. Mode III operation
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Fig. 8. Mode VI operation
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Results and discussion. The output voltage and
current of the proposed MLI with a resistance of 100 Q
are shown in Fig. 10, 11 respectively. Since output
current precedes output voltage, these 2 waveforms are
nearly symmetrically maintained. Figure 12 shows the
results of a THD investigation of an inverter with
resistive load; the THDs collected have a similar pattern
due to the unique wave pattern. The output voltage and
current of the proposed MLI for resistance values of
100 Q and 25 mH are shown in Fig. 13, 14. The output
current pattern changes due to the inductance feature,
hence these 2 waveforms are distinct. Figure 15 shows
the results of an inverter’s THD assessment under
resistance and inductive load.

Output Voltage (Volts)

001 oz om  om a0 0w o om

Fig. 10. Output voltage of proposed MLI for re51st1ve load
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Fig. 11. Output current of proposed MLI for resistive load
F (50Hz) = 326.7 , THD= 12.27%
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Fig. 12. THD analysis of proposed MLI during resistive load
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Fig. 13 Output voltage of proposed MLI for RL load
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Fig. 14. Output current of proposed MLI for RL load
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Fig. 15. THD analysis of proposed MLI during RL load
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Power loss and efficiency. The modulation index of
PWM signal is evaluated as:
=Fn / F, (1)
where F,, and F, are represented as the modulated and
reference signals respectively.
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Voltage THD of proposed MLI is calculated by (2),
in the same manner current harmonics also calculated as:

THD:\/VZZ +V32+V42 +....+V,l2
"
where V) is the fundamental root mean square (RMS)
voltage; V5, ..., V, are the RMS voltage of the n™ harmonics.
In the similar manner current total harmonics also calculated.
The losses in the developed proposed structure are
mostly intense on 3 main power losses, specifically losses
during SWitChing (WSwitching) and conduction (WConduction)'
Then overall power loss (W) of MLI is:

Wioss = WSwilching +Wonduction - 3)
Conduction loss of power semiconductor devices is:

; 2

T,/2 lVCEO + 70, sin a)th

Wconduction = I . 1 . s

o |xipsinar E(l + A4, sin(wt + (p) dt

where Vg is the zero-current collector to emitter voltage;

7 is the collector to emitter on-state resistance; 4,, is the

modulation index; i, is the peak current of IGBT device.
After simplification we have:

2
l 1
VCEOl+rl +
1 V4 4
Wconduction = E .4
i 1 5
+| A, cosp-Vepo L |+| —ri
[m ?-Vcko 8J (372_ pj

Switching loss is expressed as the integration of all
the turn-on and turn-off switching energies at the
switching instants. In the equation, variable switching
time is considered and integrated as:

{ To/2
WSwitching :fsz_O I(Eon +Eoff)'(taip}jt > (5)
0
where T is the switching time period; f;,, is the switching
frequency; E,, is the on-state voltage drop; E,;is the off-
state voltage drop.
The efficiency of MLI is calculation as:

P,
Efficiency = Quiput

-100% . (6)
Output + WLoss

Experimental setup and validation. A prototype of
a symmetric 7-level inverter was examined under various
loading conditions as well as dynamic variations in load
values by setting the modulation index to value of 1. The
MLI configuration consists of 2 DC sources (V. = 75 V)
and 10 IGBT switches which produces 7-level output with
the maximum value of 326 V. The other parameters are
considered as follows: FGA25N120 IGBT switch, TLP350
driver circuit, R load value is 100 Q and RL load value of
R =100 Q, L =25 mH and the triggering signal for the
IGBT switches is produced by the real-time controller
dSpace1104 in real time. The carrier switching frequency is
applied for the value of 2 kHz. Figure 16 depicts an
experimental arrangement of proposed 7-level inverter. The
output voltage THD is 16 % and fundamental peak voltage
of 326 V for the RL load (R = 100 Q and L = 240 mH).
Figure 17, 18 show the 7-level voltage pattern and current
THD is 8 %.

Storagesscillostopt

Controller

Dri‘;erf'firr;'.uitl l
& . sy

IGBT Switches
Fig. 16. Experimental setup of proposed MLI

. Seven level nu(piltvoltagej T231E

1 5 9131721252933 37 41 45 49

BACK

RECALL K H
Fig. 18. THD analysis of proposed MLI (current)

While considering AC voltages from same DC
source, voltage gain produced from both topologies are
same. Proposed converter having the features of more DC
link voltage utilization, lower voltage stress and total
standing voltage is less. If output power from existing
topology THD of voltage and current value obtained as
12.27 % and 8 % during different loads. The designed
prototype converter with specification of 325 V is achieved
THD value of 8.3 %. Comparison between traditional and
proposed converter is given in Table 1.

Table 1
Comparison between traditional and proposed 7-level MLI
Conventional | Proposed
Parameters
topology topology
Number of power switches 12 10
R=100Q R=100Q
Load type R=100 Q; R=100 Q;
L=25mH | L=25mH
Symmetric supply voltage, V 75 75
Number of DC sources 3 3
Modulating frequency f,,, Hz 50 50
Carrier frequency f., Hz 2000 2000
Output voltage, (peak value, V) 326.7 326.7

3.26 (R load) | 3.26 (R load)

Output current, A 3.04 (RL load)|3.02 (RL load)

Switching losses 0.325 0.121
Conduction losses 48.42 46.75
Power losses 48.86 46.87
Efficiency 94.29 96.25
% THD (voltage) 12.27 12.27
% THD (current) 8.3 6.48
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Efficiency and THD values show proposed converter
with prototype model is better than traditional converter so
efficiency of proposed converter is 96.25 %. Due to less
THD 8.3 % than traditional, so proposed converter have
more efficiency than traditional converter.

5. Conclusions. Proposed single-phase 7-level
inverter is developed with lesser number of switches and
it fulfill the needs of the MLI. Proper control signal is
applied to the switches in the correct sequence; proposed
single-phase 7-level inverter produced 7-level of AC
output. Based on the operation of reference and carrier
wave signal, power semiconductor switches are controlled
in efficient manner. Proposed single-phase 7-level
inverter operation is initially developed and investigated
in MATLAB/Simulink tool and same to be validated in
real-time proto-type hardware. THD values obtained
between the ranges 8 % with 3 different loads in hardware
level. Efficiency of proposed converter is obtained as
96.25 %. From the comparisons proposed single-phase 7-
level inverter is much better than traditional converter in
both symmetric and asymmetric topology.
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have no conflicts of interest.
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M.S. Sujatha, S. Sreelakshmi, E. Parimalasundar, K. Suresh

Mitigation of harmonics for five level multilevel inverter with fuzzy logic controller

Introduction. The advantages of a high-power quality waveform and a high voltage capability of multilevel inverters have made
them increasingly popular in recent years. These inverters reduce harmonic distortion and improve the voltage output. Realistically
speaking, as the number of voltage levels increases, so does the quality of the multilevel output-voltage waveform. When it comes to
industrial power converters, these inverters are by far the most critical. Novelty. Multilevel cascade inverters can be used to convert
multiple direct current sources into one direct current. These inverters have been getting a lot of attention recently for high-power
applications. A cascade H-bridge multilevel inverter controller is proposed in this paper. A change in the pulse width of selective
pulse width modulation modulates the output of the multilevel cascade inverter. Purpose. The total harmonic distortion can be
reduced by using filters on controllers like PI and fuzzy logic controllers. Methods. The proposed topology is implemented with
MATLAB/Simulink, using gating pulses and pulse width modulation methodology and fuzzy logic controllers. Moreover, the
proposed model also has been validated and compared to the hardware system. Results. Total harmonic distortion, number of power
switches, output voltage and number of DC sources are analyzed with conventional topologies. Practical value. The proposed
topology has been very supportive for implementing photovoltaic based multilevel inverter, which is connected to large demand in
grid and industry. References 17, table 4, figures 9.

Key words: cascade H-bridge multilevel inverters, fuzzy logic controller, selective pulse width modulation technique, total
harmonic distortion.

Bcemyn. Ilepesazu popmu xeuni eucokoi sikocmi ma 6ucoxoi nanpyeu 6a2amopisnesux ineepmopie 3poouiu ix 0edani RONYIspHIuUMU 6
ocmanni poxu. Li ineepmopu 3meHuyioms 2aQpMOHILHI CNOmeoperHs ma noKpawyoms euxiony Hanpyey. Hacnpaeoi, 3i 30invuieHHam
KiTbKOCmi pi6Hi6 Hanpyeu AKicmb 0a2amopieHe8ozo cucHany 6uxioHoi uanpyeu 3spocmae. Koau 0oxooums 0o npomucnogux
nepemeopiogauie emepeii, yi ineepmopu, 6ezymosno, € nauigaxcausiviumu. Hoeusna. bacamopienesi kackaoui insepmopu modicymo
BUKOPUCTNOBYBAMUCS O NEPeMBOPeHHsl KINbKOX 0Jicepell NOCMIIHO20 CMpyMy Ha 0Oun nocmitinuii cmpym. Ocmannim 4acom yum
iHgepmopam NpuoiNAEmbCs 8enuKa yeazda npu GUKOPUCIAHHI HA 6eIUKil NOmydlcHocmi. Y cmammi npononyemvcs Kackaowuti H-
Mocmosutl 6aeamopieHesull IHGePMOPHULL pe2yiamop. 3MIHA WUPUHU IMIYIbCY CENEKMUBHOT UUPOMHO-IMIYIbCHOT MOOYIAYIT MOOYIIOE
BUXIOHUII CUSHAN KACKaOHo20 bazamopisnesoeo ineepmopa. Mema. 3acanvhe 2apMoHiuHe CNOMBOPEHHS MOJICHA 3MEHWUMU,
BUKOPUCIOBYIOWU  (Ditbmpu Ha Makux Kowmponepax, sk Ill-kommponepu ma Kowmponepu 3 Hewimkow Jjoeikow. Memoou.
3anpononosana monoioeis peanizogana 3a donomozoro MATLAB/Simulink 3 euxopucmannam cmpobyiouux imnyiscie ma memooono2ii
WUPOMHO-IMNYIbCHOI MOOYAAYTl, a MAaKoXC KOHmMpOonepie 3 ueuimxow aozikow. Kpim moeo, 3anpononosana moodenvs makoxc Oyia
nepesipena ma nopisHana 3 anapamuoro cucmemoro. Pesynomamu. 3azanvue eapmoniune cnomeopenis, KilbKicmb CUNOBUX KIIOYIS,
6uUXiona Hanpy2a ma KineKicmov 0dicepen NOCMIlIHO20 CIMPYMY AHANIZVIOMbCS 3d 00NOMO2010 36udatinux mononoeii. Ilpakmuuna
yinnicme. 3anpononosana mononocis Oyjice O0oOnomoena peanizysamu 6azamopisHesuil iHEepMOp HA OCHOBI (YOMOeNeKMPUYHUX
cucmem, wo nNO8'13aHO 3 GeIUKUM RONUMOM Y Mepedicax ma npomuciosocmi. bioin. 17, Tadn. 4, puc. 9.

Kniouosi cnoea: wackanni H-mocToBi GaraTopiBHeBi iHBepTOpH, HEeYiTKHi JIOTiYHMIl peryJsitop, ceJleKTHUBHA INMPOTHO-
iMnyJbcHa MoayJisilisi, IOBHE TAPMOHIYHE CIIOTBOPEHHSI.

1. Introduction. Modern power generation, in recent times [4]. Industrial applications include AC-

transmission, distribution, and use systems all rely on the
conversion of DC to AC power. Variable-frequency drives,
static var compensators, uninterruptible power supply,
induction heating, high-voltage DC power transmission,
electric cars, air conditioning, and flexible AC transmission
systems are just a few examples of their numerous
applications. The demand for equipment with a megawatt
rating has increased recently. The mega-watt class AC
drives require a medium voltage network connecter. The
above-stated reasons provide scope for multilevel inverters
(MLIs) as a solution to work with higher voltage levels. A
power semiconductor switch cannot be directly connected
to a high voltage network due to the increase in demand for
high-voltage, high-power inverters. As a result, MLIs have
been developed and are now available for purchase. If the
voltage sources are increased, a sinusoidal-like waveform
appears at the output. The quality of the output waveform is
improved while the total harmonic distortion (THD) is
reduced by MLIs. Another advantage of MLIs is that they
have lower switching losses [1-3]. In industrial drive
systems, power electronic inverters are frequently
employed. The limitations on voltage and current it is
necessary to use series and parallel connections for power
semiconductor devices. With the propensity to synthesize
waveforms with a better harmonic spectrum and higher
voltages, MLIs have gained more importance in literature

power supplies, static var compensators, and drives. Diode-
clamped (neutral-clamped), capacitor-clamped (flying
capacitors), and cascaded inverters with separate DC
sources have been suggested for MLIs [5-8]. Space vector
modulation and selective pulse width modulation are other
modulation and control strategies for MLIs. Using a MLI
has the following advantages: These devices are excellent
when it comes to distortion and voltage drop. Very little
distortion occurs in the input current. The motor bearings
aren’t put under as much strain when the common voltage
is reduced. The elimination of common voltages and a
reduction in switching frequency are both possible with
advanced modulation techniques. Two types of DC voltage
source inverters exist for inverters that have DC voltage
sources of the same or different amplitudes. Asymmetric
cascaded MLIs provide more output levels than symmetric
cascaded MLIs with a comparable number of power
electronic devices because their DC voltage sources have
different amplitudes. It is thus smaller and less expensive to
use asymmetric MLIs [9-12].

Because the DC voltage sources are of equal
magnitude, symmetric inverters require a large number of
switches, insulated gate bipolar transistors (IGBTs), power
diodes, and driver circuits. This problem can only be solved
using an asymmetric MLI [13-16]. The disadvantages of
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bidirectional power switches will be magnified from a
voltage perspective. Two IGBTs with dual anti-parallel
diodes and a single driver circuit must be used to make a
bidirectional switch. An anti-parallel diode is required for a
unidirectional switch. It makes no difference which way a
power switch is plugged in, whether it is a one-way or a
two-way switch. Many asymmetric cascaded MLI has been
proposed to increase the number of output levels. As a
primary drawback, these inverters require high-voltage DC
power sources. Using a new basic unit, a greater number of
output levels can be generated with fewer electronic
devices. A cascaded MLI is put forward by connecting
several of the basic units that have been proposed. An H-
bridge will be added to the inverter's output because only
positive and negative voltages can be generated. One of the
proposed cascaded MLIs has been developed. H-bridge and
diode-clamped MLlIs, as well as flying capacitances and fly
inductors, are examples of topologies that can reduce
harmonic distortion. Clamping diode inverter voltage
control becomes more difficult as the number of levels
increases. Voltage regulation of a flying capacitor MLI
becomes increasingly challenging with more levels. The
cascade multilevel [17] is the most efficient of the three
topologies. Cascade MLIs have better performance, but
they still fall short of IEEE standards as the data presented
above shows. Using cascading MLIs and controllers, as
well as the selective pulse width modulation technique,
reduces THD. Different carrier waveforms are designed for
the third and fifth levels of the project to reduce THD.

Disials
— ——(]
1

FULEES

FULSED

Proportional and integral (PI) and fuzzy logic controllers
(FLC) with filters is being used to further reduce harmonic
distortion below IEEE standards of 5 %. Using these
controllers, it is possible to reduce THD more effectively.
2. System configuration for existing PI, PI with
filter controller. Figure 1 illustrates about schematic
diagram for MLI with closed loop control scheme. Figure
2 depicts the simulation diagram of five level MLI with
single phase system. An example of a five-level MLI’s
output can be seen in Figure 3. In order to get five level,
six carrier signals and one reference signal has been used.
Three levels are positive and the other three levels are
negative and the left-over level is zero level and these
voltages are obtained using different switching paths.

Point of Common
Filter Coupling (PCC)
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Fig. 1. Schematic diagram for MLI with closed loop control
scheme
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Fig. 2. Simulation diagram of five level MLI with single phase system
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Fig. 3. Output of five level MLI
3. Results and discussion. Figure 4 shows MLI fast
Fourier transform (FFT) analysis of five-level. Here the

THD level obtained is 17.41 % for MLI with PI controller
for a fundamental frequency of 50 Hz.
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@ Display selected signal (O Display FIT window
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Fig. 4. Distortion level of five level MLI with PI controller

Figure 5 shows MLI FFT analysis of five-level. Here
the THD level obtained is 6.56 % for MLI with PI
controller and filter for a fundamental frequency of S0Hz.
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Fig. 5. Distortion level of PI controller with filter
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Fuzzy logic is the application of conditional or rule-
based logic to the transformation of an input space into an
output space. It is a «fuzzy set» if the boundaries are
ambiguous. The inclusion of elements with just a sliver of
membership is permitted. It deals with difficult-to-define
ideas (e.g., fast runner, hot weather). Being only a part of it is
fine. Fudged set membership values range from 0 to 1,
indicating the extent to which an object is a member of the
collection. Input values in a fuzzy set range can be used to
determine the appropriate membership value for a given
membership functions. This type of multivalve logic is also
known as a rule or condition because of the terminology used
to describe the inputs and outputs of the multivalve devices.
The schematic diagram of FLC is illustrated in Fig. 6.

) |

Crisp
Input

e o Crisp
-[ Fuzzifier Defuzzifier b G

Fuzzy Fuzzy
Input A Output
Set Intelligence set

Fig. 6. Schematic diagram of FLC

Weightings, which can be added to each rule in the
rule base, can be used to control how much a rule affects
the output values. A rule’s importance, reliability, or
consistency can be assigned a numerical weighting.
Depending on the results of other rules, these rule
weightings can be either static or dynamic [14].

FLC in the fuzzy logic system is in charge of choosing
the fuzzy rules that control it. Error (£) and error change
(dE), which are inputs to the FLC system, are shown in the
following diagram. Distortion level of FLC and filter for
three membership functions is shown in Fig. 7.

Figure 7 shows FFT analysis of five level MLI with
FLC and filter for three membership functions. Here the
THD level obtained is 5.2 %

MATLAB/Simulink model of FLC is shown in Fig. 8.
FLC’S output is determined solely by the rules set by the
designer, and the controller does the rest. By doing this we
can obtain desired output fuzzy logic system rules as
follows in Table 1, where Ne — Negative, Ze — Zero, Pe —
Positive, Me — Medium, Sm — Small, B — Big, as a result of
implementing these fuzzy rules in a FLC, errors are smaller
if the change in error is also smaller, so the output is

smaller. If the value of error is negative (Ne) and the error
change is zero, a medium result would be achieved which
is illustrated in Table 2.
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Fig. 7. Distortion level of FLC and filter for three membership

functions
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Contraller
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Fig. 8. MATLAB/Simulink of FLC

Table 1
Rules for three membership functions

Change in error (dE=AE(?))
Ne Ze Pe
Ne| Sm Me Sm
Error E(f) | Ze| Me B Me
Pe Sm Me Sm
Table 2

Rules for five membership functions

Change in error
Error | NeB | NeS | ZO PeS | PeB
NeB | PeB | PeB | PeB | PeS 70
NeS | PeB | PeS | ZO 70O | NeS
70 PeS | ZO | ZO 70O | NeS
PeS PeS | ZO Z0O | NeS | NeB
PeB ZO | NeS | NeB | NeB | NeB

If the value of error is negative and the error change
is positive, the output will be small. System could get a
medium output with no errors or errors changing in a
negative direction. A large output would be possible with
no errors or errors changing in a negative direction. If the
error value is zero and the change in error value is
positive, the output would be medium. If the error value is
positive and the error change value is negative, the output
will be small. It is considered medium-sized when the
error rate is more than 10 %.

Figure 9 shows FFT analysis of five level MLI with
FLC and filter for five membership functions. Here the
THD level obtained is 3.43 %.

Table 3 shows the comparison of THD levels for
different controllers. The results show that FLC gives the
better response when compared with conventional PI
controller. Although the distortion is reduced to some
extent when PI controller is used, but it is greatly reduced
when Fuzzy controller is used. Table 4 gives the
specifications of various parameters used in the simulation.
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Fig. 9. Distortion level of FLC and filter for five membership

functions
Table 3
Comparison of THD for different controllers
Controllers THD, %

PI controller 17.74
PI controller with filter 6.56
Fuzzy controller with filter 520
for three membership functions )
Fuzzy controller with filter 343
for five membership functions )

Table 4

Specifications of parameters used in the Simulink models
Parameters Specifications

Resistive load R, Q 1
Inductive load L, mH 1
Frequency of carrier signal, Hz 1000
Frequency of reference signal, Hz 50
Proportional constant k, 1.6
Integral constant k; 36

4. Conclusions. The quality of multilayer output
voltage waveform improves as the quantity of levels in a
multilevel inverter grows. Different carrier waveforms are
used for three and five levels of the project to reduce
harmonic distortion. We used a multilevel inverter with a
selective pulse width modulation technique to reduce
harmonic distortion in five levels. PI and fuzzy logic
controllers with filters have been added to the five-level
multilevel inverter to further reduce the IEEE standards.

We can achieve from simulation results that total
harmonic distortion levels can be reduced to less than 5 %
by using the proposed PI and FLC controllers with filters
on multilevel inverters. Due to these advantages in both
technical and economic terms, it can be concluded that the
proposed methodology will be beneficial in a wide range
of industrial settings.

In the future, a sinusoidal pulse width modulation will
be generated using other techniques for high-frequency
applications by means of modified carriers using a fuzzy
controller in order to reduce distortion as well as to improve
the voltage. Then this proposed selective pulse width
modulation will be applied to all types of inverters like
voltage source and current source inverters. Previously only
five level operations were done using the pulse width
modulation technique. So, in the future, more than five-level
will be achieved with other controllers. The verification of
this inverter for lesser total harmonic distortion and higher
frequencies can be done as a part of future work.
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EnekmpoizonsayiiiHa ma kabenbHa mexHika
VK 621.319
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I'.B. be3npo3pannux, O.A. Ilymkap

3a0e3nevyeHHs1 HOPMOBAHMX NapaMeTpiB nepeaavi NU(PPOBUX CUTHAJIIB BUTUMH MMapaMH Ha
TEeXHOJIOTi4YHil cTajil BUTOTOBJICHHS Ka0eJiB 1JIs1 IPOMHUCJIOBUX ONepaliiHUX TeXHOJIOTIH

Cyuachi mepedxici npomucnosozo Ethernet 3achoeani Ha 6umux napax HeeKPAHOBAHUX MA eKPAHOBAHUX Kabenie kamezopii Se. Bnpo-
6adoicents 00Honaprozo Ethernet cmuxaemucs 3 npobaemoio 3abe3neueniss nepedayi yupposux cueHanie Ha giocmans 0o 1000 m 3i
weuokicmio oo 1 I'Bim/c. Bukonano excnepumenmanbhi OOCIIOHNCEHH CIMAMUCMUYHO YCePeOHEHUX eleKMPUYHUX Napamempie ne-
peoaui sgumux nap ona 10 i 85 eubipox 6yxm dosocunoro 305 M HeeKpaHO8aAHUX MA eKPAHOBAHUX Kabenie kame2opii Se 8i0nogioHo.
Busnaueno, wo y oianazoni uacmomu 6io 1 oo 10 MI'y neexpanosani xabeni maiomo MeHwii 3Ha4eHHs Koepiyicnmy 3eacanus. Y
dianasoni Oinvwe 30 MI'y exparosani kabeni maroms MeHuli 3HAYEHHA KOeiyieHmy 32aCcanHs, wo 00YMOGIEHO GNIUBOM ATHOMONO-
JiMepHoeo eKkpaHy. Bcmanoseneno, wo koegiyicnm napHoi Kopenayii Midc oOMIUHOW ma EMHICHOW ACUMempiamu eumux nap 0opie-
nioe 0,9735 — ona neekpanosarnoco ma 0,9257 — 0ns ekpanogarnozo xkabenis. Jlosederno enug y 6invuiti mipi omiunoi acumempii u-
mux nap Ha 3aeadocmiikicms kabenis. Ilpoananizoeano eniue aoumueHol ma MyIbmuniiKamusHoi 3a6a0 Ha 6I0XUNEHHs diamempy
ma eMHOCMI i3016b08AHO20 NPOGIOHUKA 8I0 HOMIHATLHUX 3HAYEHb Y CHOXACMUYHOMY mexHoao2iunomy npoyeci. Obrpynmosano dia-
NA30HU HANAWMYEAHb MEXHONO2IUHO20 NPoYyecy O 3abe3nedents HOpMOBAHUX 3HAUEHb KOeDIYieHmy 32aCants ma 3a8a00CMitiKo-
cmi eumux nap y sucoxkouacmomuomy oianazoni. bioin. 36, puc. 10.

Knrouoei cnosa: npomuciosuii Ethernet, Buta napa, xoedinieHT 3racanns, 3aBafocTiiikicTb, OMi4Ha Ta €MHICHA acHMMeTpii,

CTOXaCTHYHMII TeXHOJIOTiYHUI Npoluec, AAUTHBHA Ta MY/IbTHILIIKATHBHA 3aBa/H, KoedinieHT Bapiamii.

Beryn. ¥V cucremax KOHTpPOJIO Ta yNpaBiiHHS HA BH-
pOOHMITBI, OyAiBISIME BHKOPHUCTOBYETHCSI OE€3JIY MPOCTHX
TIPUCTPOIB — JAATUMKH JUISl AETEKTYBaHHS CBITNA, TEIUIa, Py-
Xy, 3a/IAMJICHHSI, BOJIOTOCTI Ta TUCKY, MEXaHI3MHU IS aKTH-
Ballii Ta KOHTPOJIO BHMHKAUiB, 3aMHKAIOYMX IIPUCTPOIB,
CHTHANI3aii, Tomo. BukoprcToByBaHi eneMeHTH KepyBaH-
HSl, JATYUKH, CHCTEMH Ta MPUCTPOi HA3MBAIOThH «OIepariii-
HuME TexHosorismmy» (Operational Technology — OT). s
X MIIKIFOYEeHHS! TPAIHIIHHO BUKOPHCTOBYBAIIMCS T4 BUKO-
PHCTOBYIOTBCS Pi3HI KOMYHIKAIIiifHI MPOTOKOJIHM Ta TEXHOJIO-
rii MoNKOBOT IIMHM, TakKi K, Hanpukiaan, Modbus s cuc-
TeM KoHuLitoBaHH: [1-3], BACnet 111 KOHTPOJIIO J0CTYITY
[1-3] Ta LonWorks mns ocitnenns [1-3]. ®parmenraris
MEpEeXKi TPH3BOMUTH A0 HEOOXITHOCTI BHUKOPHUCTOBYBATH
LIJTIO3H JUTSl IEPETBOPEHHSI IPOTOKOIIB IIPH CTBOPEHHI €11~
HOi CHCTEeMH aBTOMATH3allii, IO YCKJIATHIOE peaTi3amio
CKJIATHUX CHCTEM KepyBaHHS OyAb-IKAMH 00’ €kTaMu. B Toit
xKe Jac, iH(popMamiiiHi Mepexi yHi(iKoBaHi, aje MPOTOKOI
Ethernet, 1110 BUKOPUCTOBYETBCSI B HUX, JUIsl OMEpALIHHUX
TEXHOJIOTIH 3 PI3HUX MPUYKH (TEXHOJIOTTYHUX, BAPTICHHX)
IIUPOKOTO TOIITMPEHHST HEe OoTpuMaB. [4] 3aBasku BHUCOKOL
HPOITYCKHOT 3[JaTHOCTI y MOPIBHSHHI 3 ICHYIOUMMH Mepexka-
MU monboBuX IuH Ethernet cyTTeBO 3maTeH MiIBHIMTH
THYYKICTb Tpu peamizauii noparkoBux ¢yskiid y OT.
PimmennssM BnpoBamkeHHs iH(GOpPMALIfHOIO MPOTOKOITY Yy
OT craim cranpaptu oxnomapHoro Ethernet (Single-Pair
Ethernet — SPE) [5-10].

Opuonapamii Ethernet — HOBITHS TEXHOJOT IS, IO Bi-
MOBiZla€ MM HOBHUM BHMOTaM, OCKUIBKH JO3BOJIIE TIepea-
BaTH AaHi uepe3 Ethernet 3a momomororo nwie oaHiel BUTOT
mapy 31 MIBUIKICTIO Tepemadi curHatiB Bim 10 Moit/c mo
1 T'6ir/c [10, 11]. Tak, mia nopiBasHES: y Fast Ethernet 3i
LIBUJKICTIO Tiepeziayi curHanis 100 Moit/c moTpiOHi 1iBi, a y
Gigabit Ethernet — yotupu Butux mapu [12]. Ilepearoro
onuomnapuoro Ethernet € Takox MOXIIHBICTH OHOYACHO ITO-
JIaBaTH EJEKTPOKUBJICHHS KIHIIEBUM IPUCTPOSIM 32 TEXHOJIO-
rieto Power over Data Line (PoDL). 3 manbHicTio nepenaui
no 1000 m ompomaprmit Ethernet crae ocoOnmBO IiKaBHM
PpIIICHHsIM 11 3aCTOCYBaHHA y cepi aBroMaTm3alii OyIb-
SIKHX TIPOLIECIB, Y TOMY YHCIIi 1 y enekTpoeHepreTli |5, 6].

Tak, omnomapumii Ethernet Bxke BIPOBamKyHOTH y
HOBI TOKOJiHHA aBTOMOOLNB 3amicte CAN Ta iHMHX

il [7-9]. Y maiidyTHpoMy GYHKIIT yIpaBiiHHS, 3B’ I3KY
Ta 0€3NeKH €AMHUM YHHOM IpalIOBaTHMYTh 32 JOIIOMO-
roto Ethernet. Ile ocHOBHa BuMoOra Juisi KepyBaHHS I10-
BHUM MEPEKEBUM IMiJKIIOUEHHSIM a00 aBTOHOMHOTO
TPAHCIIOPTY B MEPCIIEKTHBI.

Opnaonapumii Ethernet Takox HOIITBFHO 3aCTOCOBY-
BaTH y IIPOMUCIIOBi# aBToMaTu3anii. OqHonapHi KabebHi
3’€IHAHHS IBHUJKO BCTAHOBIIIOIOTHCS, EKOHOMIISITh MiCIIE,
JIETIeBO 00XOAThCA 1 MPOCTi B eKcIutyararii. OcHaIeHHs
MPOCTUX JNaTYMKIB, KaMep Ta AaHaJOTIYHUX MPHUCTPOIB
intepdericamu Ethernet poouts SPE pymiiliHOIO cuioro
IHTErpOBaHOI IMPOMHUCIIOBOCTI Ta MPOMHCIIOBOTO [HTEpHE-
Ty peueit (IIoT) (puc. 1) [5, 6]. B minomy mo 2025 p. cBi-
TOBHH PUHOK TEXHOJIOTiIH IHTepHeTy pedell OLiIHIOBATH-
MeTbes B 6,2 TpuibHoHa Jonapis, 3 SKUX 4,8 TpiH. IpH-
MaayTh Ha chepr OXOPOHH 3T0POB’s (2,5 TpIH.) Ta BUPO-
OrmTBa (2,3 TPIH.), IK HAWOUIBII CerMEeHTH PHHKY [6].
B Oinpmriit mipi 3pocTaHHS MpHIafe HA 3’ €IHAHHI MiXK
MallMHAMH Y BHUPOOHUITBI, OOpOOHIH MPOMHCIOBOCTI,
cepi oxopouu 310poB’s. [1oas0BHiA pIBEHB CTA€ IHTENC-
KTyaJIbHUM, IO CIPOILYE Ta IPUCKOPIOE KOHDIrypyBaH-
Hs, 1HIIaMi3alii0 Ta MPOrpaMyBaHHS 3aBISKH 3aCTOCY-
BaHHIO Ka0OeiB Ha OCHOBI OJiHi€T BUTOT mapu [6].
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Puc. 1. lunamika 3pocTaHHs CBITOBOro pHHKY IHTepHeTY pedeii [5]

Kabemns, sx iHppacTpykTypHU (QyHIAMEHT, € 0e3-
MOCEPETHBOIO JIIHIEI0 Mepenadi. 3aNexHo Bix HeoOXigHOT
MIBUAKOCTI Mepeaadi Ta JOBKUHY JIiHII B JaHUW 4ac s
SPE mocTymHi 1Ba CTaHAAPTHI THUIHM BUTHX Tap.

© I'.B. be3npo3Bannux, O.A. Ilymxkap
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JUis  Mepexx 31 IIBHAKICTIO Tiepefiavi  CUTHAJIB
10 Mo6it/c na Bigcranp 10 1000 M KOHCTPYKIIO Kabero
permamenTyioTh Taki cranmapt: IEC 61156-13 — xabens
nepenavi naaux SPE i3 cmyroro mpomyckanas a0 20 MI'g
U cranioHapHoi ycraHoBkH [10] (kabems 10Base-T1L 3
najipHicTio nepenadi 1000 M y psiai BUNaaKiB 37aTHUI 3a-
MIHMTH 10pOXxdi onTraHi Kadem [12-15]); IEC 61156-14 —
kabenb nepenadi ganux SPE i3 cMyroro nporyckaHHs 10
20 MI'y muist Hy4KOi yctanoBku [10].

Bapmsku TexHosorii SPE, B sKiii 3acTOocoBaHi HOBI
TEXHOJIOTi KOJyBaHHS Ta CKPEeMOJIIOBAaHHS JIaHUX, ITPOMHC-
JIOBI Ta TEXHOJIOTIUHI Mepexi OTPUMYIOTh Kpallli XapakTe-
PHCTHKH B YAaCTHHI CHHXPOHI3aLlli MPUCTPOIB, MiJAKITIOUYCHIX
JI0 JIHIT 3B 513Ky, 3MEHIIYETHCS PIBEHb €JIEKTPOMArHiTHHUX
MIEPENIKO/, BHUIIPOMIHIOBAHHX HA CYCilHI TMapW, a TaKOXK
3a0e3mneuyeThesl OUTHIT BUCOKHI 3aXUCT JaHUX, IO Iiepea-

FOThCA (puC. 2).

Fast Ethernet
100 MBit/s per twisted pair, unidirectional

| = e — Trans P - — s

BASETX| — o — Recaive o e —_] BASE-TX

GBit Ethernet
250 MBit/s or 2.5 GBit/s per twisted pair, bi-directional

e e [TrRNSM BRECOIVE e ]
OBASE Tl o e Firibt ot - 3omacs - {GBASET
10GBSE-T [~ Transmit & Receive “—u, ‘_‘——_wmﬁ-'r

= E— — s T e e —— —
P ihariat
Singie Pair :Inern i
100 MBit/s or 1 GBit/s per twisted pair, bi-directional
R BaRE e [~~~ Transmit & Receive —— —anie

Puc. 2. Peanizaris texnosnorii mpomucnoBoro Ethernet Ha ocHOBI
kabermo 3 4-X BUTHX Hap KaTeropii Se (BepxHi {Ba pUCYHKH ) Ta
SPE (HmkHiit prCYHOK): TIpU Nepe/iadi CUTHAJIIB 31 MIBUAKICTIO
100 MGit/c 3aCTOCOBY€ETHCS 1Bl IApH HA TIPUIOM Ta IIepeady,
JIIBi — pe3epBHI; IPH Iepeiadi CUrHaiB 31 mBukictio 1 I'6iT/c
Ta OUIbIIE — YOTHPH Napy Ha NPHHOM Ta Iepeady OJHOYaCHO

3 yCKJIagHEHNM iHTepdeiicom [6]

Js  Mepexi 31 IBHAKICTIO TIepeiadi CHTHAIB
1 I'6it/c Ha BingcTanp 10 40 M KOHCTPYKILIO KaOeio BU3HA-
qatoTh Taki craHgaptu: [EC 61156-11 — kabenp mepemadi
maaux SPE i3 cmyroro npomyckanss 1o 600 MI' st cra-
mioHapHoi yctaHoBkH [10]; IEC 61156-12 — xabenp nepena-
4i manux SPE 3i cmyroro npomyckanns 10 600 MI' mis
THYYKOi ycTaHoBKH [10].

VYV NopiBHAHHI 3 TPATUIIHHAMH MPOMHCIOBAMH Ka-
OesiMu KaTeropii Se 3 4oTMpMa napamu JUisi nepenadi
curHaiiB Ha Bifctanb 100 M 31 mBuakictio mo 1 ['6it/c
(puc. 2) npu peaizauii TeXHOJIOTIi 0THONAPHOTo KabdeIto
Ha OCHOBI BHTOI Iapu CHOCTEpIraeTbcs 3MEHILICHHS Jlia-
MeTpa Ta Baru Kabenro 3a yMOBH 3a0e3e4eHHs] HOpMOBa-
HUX €JEKTPUYHUX IapaMeTpiB Iepenadi B Aiana3oHi dac-
totn 1o 600 MI'm: kxoedimieHTy 3racaHHs, iMIeTaHCY,
BTpaT Ha BigOWTTS, Ta CTIMKICTH IO 30BHINIHIX €IEKTPO-
MarHiTHUX MIEPEIIKO]I, [0 00YMOBIIIOE eKPaHOBAaHY KOHC-
TPYKLi0 BUTOI mapu [6, 13].

MeTo10 cTatTTi € OOTpYHTYBaHHS JAiana30Hy HaJlall-
TyBaHb TEXHOJOTIYHOTO OOJafHaHHA Ui 3a0€3NCUCHHS
HOPMOBaHUX 3Ha4YeHb KOEQILI€HTY 3racaHHs Ta 3aBajoc-
TIKOCTI Ha MiACTaBi aHaJi3y pe3yJbTaTiB BUMIPIOBAaHb Y
HIMPOKOMY Jlialia30Hi YacTOTH EJIEKTPUYHHUX HapaMeTpiB
€KPaHOBAaHMX Ta HEEKPAHOBAHMX KaOEJIB ISl TPOMHMCIIO-
BHX ONCPAI[IfHUX TEXHOJOTIH.

Orasg my6uaikaniii Ta mocTtaHoBka mpoOJeMH.
HasBHICTh TOZAaTKOBHX METAJIEBHX €KpPaHIB B KOHCTPYK-

mii BUTOI Mapu OOYMOBIIIOE 3pPOCTAHHS €IEKTPUYHOTO
OTIOpY TIPOBIJAHUKIB 32 PaxyHOK e(deKTy ONm3bKoCTi Ta, B
Ol Mipi, eIeKTpUIHOI poO0Y0i EMHOCTI, 1, B HIJIOMY,
KoeiIieHTy 3racaHHs, TOOTO MAIBHOCTI Iepenadi Mupo-
KOCMYTOBUX CHTHAIIB TIPW IiABHIICHOMY PiBHI 3aBagoc-
TifiKOCTI Kabemro [6, 16-24].

[Tpu uncaoBOMy po3paxyHKy JABOMIPHOI MOJeli 3a
YMOBH HE3MIHHOCTI I10 IOBXKHHI YaCTKOBOT EMHOCTI KOX-
HOT'O i3 130JIbOBaHUX IPOBIHUKIB Ta EMHOCTI €KpaHy Ha
3eMJII0 BUTOI MApU MOKA3aHO, 10 B €KPaHOBAHOMY KabOerti
MaKCHMaJlbHa TYCTHHA TIOBEpXHEBOi eHeprii B 1,62 pasu
OinbIa, HIXK B HEEKPaHOBAHOMY, Ta 30Cepe/DKEHa, B OC-
HOBHOMY, B i30JMii [25]. PesynbraTa MomenroBaHHS y3-
TOJKYIOTBCS 3 €KCIIEpUMEHTAIBHIMHI JaHUMU 010 ede-
KTUBHOCTI €KpaHOBaHOI (oabproro ta (ab0) oOIIIeTeHHIM
BUTOI MMapy B MOPIiBHAHHI 3 HEEKPAHOBAHOIO y Jiala3oHi
gactotu a0 170 MI' [25, 26].

Ha migcraBi HOpiBHSHHS €MHOCTI HEEKPAHOBAHHMX Ta
EKpPaHOBaHMX BUTHX IIap KaTeropii Se J0BEAeHO, IO Po-
004a €MHICTh CKPAaHOBAHMUX KaOEJiB Ma€ IiBHUILCHI 3Ha-
gyenHs [27, 28]. ABTopamMH BCTAHOBJICHO, IO Bapiarii
TOBLIMHY 130JisiLi1, TOOTO po0OYOI €MHOCTI, B OLIBLIIN
Mipi BIUIMBAIOTh Ha KOE]ILIEHT 3racaHHs B NOPIBHSAHHI 3
AaKTMBHUM OIIOPOM 3a YMOBH OJHAKOBHX JliaMeTpiB IpO-
BiJTHUKIB BHTOI eKpaHOBaHOiI mapu [27]. JaHO pexoMeH-
JIaIii moao 301IbIIEeHHS] TOBIIMHU 130JISII1 MPOBITHHUKIB
KabeniB 1y 3a0e3nedeHHs po60v0i €MHOCTI BUTHX €Kpa-
HOBAHUX Tap y Jiarma3oHi HOPMOBAaHUX 3HAYEHB [25, 26].

VY [29] moka3aHo, mo 30UTbIIEHHS TOBIIMHA 130JIAIIIT
Ha 50 % BimHOCHO pamiycy HMpPOBIAHWKA MPU3BOAUTH 1O
3MEHILIEHHS! EMHOCTI 130J1b0BaHOTO MpoBiaHuKa Ha 20 %.
Take KOHCTPYKTHBHE PillICHHS 3yMOBIIOE 3POCTaHHI Ma-
cora0apuTHUX PO3MIpiB BUTOI Mapyu B LIJIOMY. ABTOpamu
OOIPYHTOBAaHO METOJIOJIOTII0 CHHTE3Y KOHCTPYKTOPCHKO-
TEXHOJIOTIYHUX PillleHb, B TOMY YHCIl €(pEeKTUBHICTh 3a-
CTOCYBaHHS CIIIHEHOT 130JIAIL1i1, ISl peryJIFOBaHHS €MHOCTI
BUTOI IapH KaOeJIiB IPOMHUCIIOBUX MEPEX Ha TEXHOJOTid-
Hill cTa1ii BUTOTOBJICHHS 130JIbOBAHOTO MTPOBIIHUKA.

TakuM YMHOM, BIPOBA/DKEHHS CYy4aCHOTO IPOMHC-
noBoro Ethernet cTukaerbcs 3 mpoOIEMOI0 JOCATHEHHS
KOMIIPOMICY MDK €KpaHyBaHHSM Ta BIUIMBOM €KpaHy Ha
pobouy EMHICTD AJIsl 3SMEHILICHHS KOe(illieHTy 3racaHHs i3
3a0e3MeuyeHHsIM Tepeiadi CUTHAIIB Y IIMPOKid cMy3i dac-
TOTH €KpaHOBaHUMH BUTHMH napamu [30].

ExcrnepumeHTaNbHI AOCTIKEHHS] BIVIMBY €KpaHy
Ha KoedillieHT 3racaHHs Ta 3aBajJOCTilKiCTL BUTHX mAap.
KoedimienT 3racanns « (1b/m) — yacToTHe-3a5Ie)KHUI Napa-
METp Ta 3aJIeKUTH BiJ] aKTUBHOTO omopy R (cyma omopis
IPSIMOTO Ta 3BOPOTHOTO IPOBIAHMKIB) W IHIYKTHUBHOCTI L,
pobouoi emuocti C, akTHBHOT POBiAHOCTI 13051sii G (enek-
Tpo(i3NIHUX BIIACTHBOCTEH 130JAIIl — TaHT€HCY KyTa JIie-
JIEKTPUYHHUX BTpAT tgé)) BUTOI TIapH, cxpyquO'l' 3 BIATIOBIJI-
HIM KPOKOM /1 JIJTsl T IBHIIIEHHS 3aBaiocTiikocTi [31]:

a=28,69- \/E G\/7

~869-+/C - l+”'Ttg5-ﬁ.

Kab6eni mpomucioBoro Ethernet, 3a3Buuaii, BUrOTOB-
JSIIOTHCS. 3 MiHOTO JIpoTy AiamerpoM 24 AWG (0,511 mm)
[32] Ta i30ms11ii Ha OCHOBI KaOEIHHOI KOMITO3HIIIi 3 BUCOKH-
MH JIeNeKTPUYHUMH BiiacTUBOCTAMH [33], y ToMy umcri i
noJtieTuiIeHoBoi [31].

(1)
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Pe3ynpTaTi npencTaBIeHUX eNSKTPUYHUX MapaMer-
piB mepenayi BuTUX nap ycepeanero aist 10 i 85 Bubipok
OyXxT moBXkHHOI 305 M KOXHOI HEEKPaHOBAHUX Ta €Kpa-
HOBaHMX (Y 3araJlkHOMY, aJIOMOIIOJIIETHICHOBOMY (OJIb-
rOBaHOMY €KpaHi) Ka0esiB kareropii Se BiANOBiHO.

Ha puc. 3 HaBeneHO KOpeJIIHHY 3aJIeKHICT MIX
pobouoro emuictio C BuTMX nap HeekpaHoBaHux C) Ta
expaHoBaHux C, 3paskiB 4-X MapHHUX KaOeJiB Kareropii
Se: ekpaHOBaHI kKabeli MaroTh OUTHII 3HA4YEeHHS poO0UO0i
€MHOCTi 32 yYMOBH OJHAKOBOI TOBHIMHHU i30smii. [Tpm
IOMY OTIOPH Ha MOCTIHHOMY CTpyMi IpsMOro R, Ta 3BO-
POTHOTO R), MPOBIIHUKIB EKpaHOBaHMUX KabeiiB 2 (puc. 4)
TaKOX MalOTh OLIbLII 3HAYCHHS Y MOPIBHSHHI 3 HeeKpa-
HoBaHuMH [ (puc. 4). I, sk HACHNOK, Y €KpaHOBAaHUX
KOHCTPYKLISIX CHOCTEPIraloThCst O 3HaYSHHS Koedi-
LIEHTY 3racaHHs « (puc. 5).

__ G, pF/m
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Puc. 3. BrutuB expany Ha po60dy €MHICTB KabeiB KaTeropii Se
HEEKPaHOBAHOT'O Ta EKPAHOBAHOTO BUKOHAHHS
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Puc. 4 KopemnsuiiiHa 3a1exHICTh MiXk OHOPOM IIPOBITHHKIB Ta
po06OYOI0 EMHICTIO BUTHX ITap 3pa3KiB HeekpaHoBaHUX (1) Ta
eKpaHoBaHUX (2) kabeiB

=Y

Businsiersest (puc. 5), mo KoedilieHT 3racaHHA
HEeKpaHOBaHMX KaOeniB Ma€ MEHIII 3HAueHHS TIJIbKH B
miama3oni yactot Big 1 MI'm mo 10 MI'm (mopiBHsiiTe
puc. 5,a i puc. 5,b Ta puc. 6,a i puc. 6,b).

[IpoBigHUKHM eKpaHOBaHWX KaOeliB MAaroTh OUTBII
3HAYCHHS OIMOPIB MPH TUX K€ JIiaMeTpax Ta JOMyCKax Ha
nmiamerpu. Ile moB’si3aHO 3 ePeKTOM OJIM3BKOCTI SKpaHa,
IO MPHU3BOAUTH 10 301IBLICHHS OMOPY HABiTh MOCTIHHO-
MY CTpyMi.

[TinBuieHi 3Ha4YEHHs OMOPY Ta EMHOCTI Map eKpaHo-
BaHOI'0 MEPEKEBOT0 KaOEeo MPU3BOASATH JI0 OUIBLINX 3HA-
yeHb KoediuieHTa 3racanHs. OJHaK 1e CIIPaBeUTUBO TUIb-
KU I 00J1aCTi YaCTOTH, U1t AKUX TJIMOWHA CKiH-1apy (A)
MeHmre toBuwmHM (/) ekpany. B miamazoni wacroTw, s
SIKMX CKiH-IIAp 1 TOBIIMHA €KpaHy OJHOTIO HOPSJIKY, Koe-
(imieHT 3racaHHs Map eKpPaHOBAHOTO KaOEJro IOPIBHIOE o

HEEeKpaHOBaHUM KabOemiB (puc. 4). JIns HaBEOCHUX MaHHUX
e(eKT BIUIMBY eKpaHy Ha KOe(Iilli€HT 3racaHHsl MOYHHAE
NposIBISITHCS st yacToTd Outbine 30 MI': ekpaHoBaHHI
ka0ellb Mae MeHII 3Ha4YeHHs KOeQilieHTy 3racaHHs
(puc. 5,6). Ins gacrotu Big 10 MI'x o 30 MI't1 3HaueHHs
Koe(illieHTIB 3racaHHs HECKPAaHOBAHHX Ta CKPAHOBAHUX
Ka0eJIiB MPaKTUYHO HE BIAPI3HAIOTHCSL.

30 a, dB/100 m
25
20
15 a
10

5

f, MHz
50 100 150 200 250

30 a, dB/100 m

25
20
15 b
10
5
f, MHz
00

50 100 150 2 250
Puc. 5. I'icrorpamMu 4acTOTHOTO PO3MOALTY KOe(ilieHTy
3racaHHs HEeKpaHOBaHOTO (@) Ta ekpaHoBaHOro (b) kabeni
3 BUTHMH TapaMu Kateropii Se

00 & dB/100 m

15

10 a

f, MHz
5 10 15 20 25 30

00 & dB/100 m

15

10 b

f, MHz
5 10 15 20 25 30
Puc. 6. KoedinienTn 3racanis HeeKpaHOBaHOTO () Ta
eKpaHoBaHOrO (b) kabeniB B criekTpi yacToTw Big 1 10 30 MI'11

30BHIIIHI €KpaHHU, KOTPi HAKIIAIAI0Th Ha Ocepas 3 4-X
map BITOJIOBXK, BUTOTOBJISIFOTHCS 3 METAI30BaHOI aJFOMiHi-
€M TOHKOI MHOJIMEPHOI IUTIBKH (2JIIOMOIIOJIETHIIEHOBOI).
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Jlo ckiany IUIIBKOBOTO €KpaHy BBOJIUTHCS MITHHE JpeHa-
JKHUI MPOBIIHUK 3 moiynoro giamerpom 0,5 mm. Bin 3a-
Oe3nevye eneKTpuYHy Oe3MepepBHICTh €KpaHy IPH BUMAM-
KOBOMY PO3PHBI METAJIOILTIBKOBOTO €KpaHy IPU MPOKIIAI-
i, MOHTaXI W ekcrutyarauii kabenro. Takuii expaH 3a0e3-
nevye HaJiiiHe eKpaHyBaHHS BiJl MArHITHOT CKJIAIOBOI ee-
KTPOMarHitTHoi nepemikoau. s mepemkoaa mposBIsETbCs
B [iama3oHi BUCOKHX 4acTOT. MOXJIMBE 3aCTOCYBAHHS J0-
JATKOBOTO €KpaHa y BHTIIAL oOrureTeHHs. Bin 3a0e3neuye
3aXHCT Map KaOeJro BiJ] eNEKTPUIHUX MEPEIIKOI, SKi Ipo-
SIBISTIOTBCSL B Jialla30HI HU3BKUX YacTOT. 3aCTOCYBaHHS
JIBOILIAPOBHUX €KpaHiB 3a0e3redye HaJliiiHe eKpaHyBaHHS Y
BCHOMY JliaIia30Hi po00Y01 YaCTOTH MEPEIKEBOr0 KaOEko.

3 pe3yibTaTaMH 4aCTOTHOI 3aJIEKHOCTI KOEiLi€EHTY
3racaHHs Y3rODKYIOTBCS YacTOTHI 3aJISKHOCTI MEpexin-
HOTO 3racaHHs Ha OMmkHbOMY KiHI (NEXT) HeekpaHo-
BAHOI'O Ta eraHOBaHOFO kabeniB (puc. 7)'

NEXT=201glally /h; 1)/ it 1+ ko s 1) 1)) @

ae h;, h; — Xpoku CKpydyBaHHs; y, — KOe(illieHT MOIu-
PEHHSI €JIEKTPOMATHITHUX XBHJIb y BUTIH Napi i 3 MEHIIMM
KPOKOM CKpYYyBaHHs /;, sikuil BU3Ha4YaeThes (¥ = o + jf)
EJIEKTPUYHUMHU TapaMeTpaMy Ha BIANOBIAHIH Kpyroid
4acToTi @ |;/| = i‘/(R2 +0? I ) (GZ +o° -Cz) — MOJIYIIb,
1/M; b — xoedinient dasu, pag/m); k= 0,2 — 0,8 — xoedi-
LI€HT, IO 3aJIeXKUTDH BiJ KOHCTPYKIIi Kabenro i po3ramry-
BaHHS KiJI, 1[0 B3aEMOBILIUBAIOT.

EmexTpoMarHiTHUI 3B’S30K i TapaMeTpH BIUIUBY BU-
3HAYAIOTHCS B3AEMHUM PO3TALIyBAHHSM IIPOBIJHUKIB Nap B
Kabeni, KPOKOM CKpy4YyBaHHsS, CTYIIEHEM KOHCTPYKTHBHOI
OJJHOPITHOCTI Ta SIKICTIO MarepianiB 13ouswii [34-36]. [Ipu
bOMY €JIEKTPUYHA CKJIJI0BA €JIEKTPOMArHITHOTO BILUIUBY
ITOB’s13aHa 31 3MIHOO IO JOBXKWHI TOBIIMHHU 1 JiCIICKTPUY-
HOT MPOHKUKHOCTI 130JIsL1i1, B3A€EMHOT0 PO3TAIllyBaHHS Map B
kabeni. MargiTHa — 31 3MiHOIO JiaMeTpa IMPOBiTHHUKIB TTapU
10 JTOBXKHHI Ka0eJro, BiIXWICHHSAMH B JiaMeTpax MpsSMOTo
Ta 3BOPOTHOTO MPOBIIHUKIB (OMiYHA acHUMeETpisi), PIyKTY-
allisSIMHM KPOKY CKPYYyBaHHs Map IPOBITHUKIB 0 JTOBXKHUHI,
HEOJ/IHAKOBOKO BIJICTAHHIO MiX MapaMu.

CHiBBIHOIICHHS. MDK €JICKTPHYHOI Ta MArHiTHOO
CKIIAZIOBUMH CJICKTPOMATHITHOTO 3B’SI3Ky BH3HAYAETHCS
poOoYHM Jiara30HOM YacTOTH Kabemto. Y Jiana3oHi HU3b-
kux gacToT (mo 10 x['m) mepeBaxae exekTpU9HA CKIagoBa
€JIEKTPOMATHITHOTO BIUIMBY. Llel BIUIMB CYTTEBHWIA JIvIIe
MDK PSIIOM pO3TallIOBaHUMH Napamu. J[jist yacTtoTu moHan
100 I'11 BIUTHB 3yMOBIIOETHCS SIK EEKTPHYHOIO, TaK 1 Ma-
THITHOIO CKJIJIOBHMH, JJIsl 3MEHILEHHS! SIKOTO 3aCTOCOBY-
I0ThCSl PI3HI KPOKM CKpYYyBaHHsS BUTUX mNap B KaOeui.
VY ckpyueHOMy Kabeli epexifHe 3racaHHs map OyJe pisHe
3a paXyHOK OMIYHOI Ta eMHICHOT acuMmeTpiid. CKpy4yBaHHS
nap 3 pi3HUMH Y3TO/XKCHHUMH KPOKAMH MPHU3BOJUTH [0
TOTO, IO POOOUi EMHOCTI Ta OMOPH HUICH(DIB CKPYUICHIX
nap BIAPI3HIIOTHECS MiXK CO00010. BuHMKae eMHICHA acuMeT-
pist — pi3HuIT poOOYOi EMHOCTI BUTHX IMMap Ta OMiYHA —
Ppi3HUIIA ONOpPiB HUIeH(IB Ry BUTHX Hap 3 PI3HUMH KPOKaMH
CKpYYyBaHHSI Ta PI3HUMH J[IaMEeTPaMH:

AC=(c-c;)Ci+C); ()

AR = (RSi —Ry ) (Rsi + Ry )’ “4)

ne Ry, = R, + R, — omip nureiidy mapw, mo JOpiBHIOE Cymi
OIIOPIB MPSIMOTO R, Ta 3BOPOTHOTO R, MPOBITHHUKIB.

Onopu R, i R, TaKOX BiZPi3HAIOTHCS OIHE Bl OHOTO.
PisHuIT MK HUMH — OMIYHA aCHMMETpis BCEPEIMHI Mapu
00yMOBJIEHA TUIBKU PI3HUMH JllaMETPaMH MPOBITHUKIB.

Bcranosneno (puc. 4), 1Mo i IpsMoOro Ta 3BOPOT-
HOTO TPOBIITHHKIB BUTUX Map HECKPAHOBAHHX Ta CKPAHO-
BaHUX MEPEKEBUX KabeliB XapakTepHa MO3UTHBHA KOpe-
nsris. TUTbKHA B IIbOMY BHIIAJIKY 3a0€3MedyeThCss HOPMO-
BaHE 3HAYEHHS OMIiuHOi acuMmerpii He Oimprme 1 % Bix
onopy uuieiidy, 10 rapaHTye 3axMIICHICTh KaOelo Bif
30BHILIHIX Ta BHYTPILIHIX (MIDXK [TapaMK) MEPEIIKOI.

Ha puc. 7 HaBesneHo JiHIT piBHA NepexiJHOrO 3ra-
canHs st yactotd 10 MI'n sik yHKIis OMi4HOT Ta €MHi-
CHOI acHMMeTpiil BUTHX Iap HeeKpaHoBaHOTo (puc. 7,a) Ta
expaHoBaHoro (puc. 7,b) xabenis Bianosiguo. Ha puc. 8 —
st yacrotu 20 (a), 62,5 (b) ta 100 (¢) MI'n HeekpaHo-
BaHOTrO (/) Ta ekpaHOBaHOTO (2) 3pa3KiB BiAMIOBIAHO.

AC. % NEXT_UTP_10 MHz
2,4 e

1,8
1,2

0,6

I 7
I 6
s
] 4
3
I 2
[

c38383832

0.6

0.0

AR, % H

0.6 1,2 1.8
Puc. 7. Ilepexinne 3racanHs Ha OMMKHBOMY KiHII JJIs1 4aCTOTH
10 MI' B 3a71€KHOCTI BiJi OMiYHOT Ta €EMHICHOT acCHMeETpiit
BUTHX ITap HEEKPAaHOBAHOTO (a) Ta eKpaHOBaHOTO (b) kabemiB

3acTocyBaHHsI €KpaHy HPHU3BOIHUTH JO MEHIIOr0 Po3-
KTy Ta ITi/IBUIIEHHS IEPEXiTHOr0 3aracaHHs y eKpaHOBaHHX
KOHCTPYKLISIX KabeiB (nopiBHsiiite kpuBi / Ta 2 puc. 8).

PesynbraT eKCIIEpUMEHTAIEHUX JTOCIIIKEHb TOBO-
JISITh, 1[0 MIXK OMIYHOIO T4 EMHICHOIO aCHUMETPIsIMU ICHYE
3HAYHUNA TO3UTHUBHUHN KOPEIMIiHNX 3B’sM30K. Tak, Koe-
¢imienT mapHOi Koperswii cTaHoBUTH: 0,9735 — s Heek-
paroBaHoro Kabemo; 0,9257 — s exkpaHoBaHOTO Kabe-
nr0. 3HaueHHs KoeillieHTy mapHoi Kopemsiii Mk acuMe-
TPi€I0 Ta MEPeXiJHUM 3racaHHsM Ha OJMKHbOMY KiHII
BapIIOETHCS IS PI3HUX OYXT (OBXKUHA KaOEIto B KOXKHIM
OyxTti 305 M) (x npuKiIan, BUOIPKOBO, HABEJICHO HIKYE).

s Heekparosanozo Kabenio:

- Mixk omiuHOIO acumetpieto Ta NEXT: 0,6683 — s
mepmoi; 0,9058 — mma npyroi; 0,7871 — mist Tperboi,
0,4990 — niist YeTBEPTOf;
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- Mk emHicHOIO acumerpiero tTa NEXT: 0,6683 —
g nepmoi; 0,7256 — s apyroi; 0,5567 — aus TpeTho;
0,2689— 11 yerBepToOi.

s expanosanoeo kabenio:

- Mixk oMiyHOO acumetpiero Ta NEXT: 0,9257;

- MiXK eMHicHOI0 acumetpieto Ta NEXT: 0,5868.

20 MHZ
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Puc. 8 IlepexinHe 3racaHHs BUTHX Iap HECKPAHOBAHHUX Ta
€KpaHOBaHUX KabeliB (a-c) Ta HEEeKPaHOBAHOTO KabeIto st
gactotd 100 MTI'u (d)

TakuM 4YMHOM, TapaHTYBaHHS IapaMeTpiB mepenadi
(koedilieHTy 3racaHHs Ta 3aBaJIOCTIHKOCTI) BU3HAYAETH-
Csl HaNAIITYBAHHAMH TEXHOJIOTIYHOIO MpoLecy Ui 3a-
Oe3MeucHHs TeOMETPUYHHX [TapaMeTPIiB Ta OAHOPITHOCTI,
Hepll 3a Bce, NPOBIIHUKIB BUTHX Map.

Jiana3onu HalamITyBaHb TEXHOJIOTiYHOIO 00J1a-
JHAHHS NPH BUTOTOBJIEHHI BUTHX NAap 3 HOPMOBAHU-
MM napamMeTpamu nepeaadvi. Kabemni BUTOTOBIAIOTECS Ha

TEXHOJIOTTYHOMY O0JIaJJHAHHI, K€ MOXKE 3a3HaBaTH BILIU-
By BHIaJKOBUX 30yprorounx BIumBiB. Kabenb € n1oBromi-
PHUM BHPOOOM, SIKE BHMIOTOBIISIETBCS «HA MPOXim», B
3B’S13Ky 3 UMM HOro r€OMETPUYHI MapaMeTpu MaroTh He-
MOCTIHHI IO JOBXKHHI 3HAYCHHS, TOOTO € HEPETYJSIPHUMH.

Lle npu3BOOUTH A0 3MIHEHHS SNIEKTPUYHHUX Iapame-
TpPiB mepeaaBaHHs, 10 NOTpeOye BBEAECHHS CUCTEMH aB-
TOMATHYHOTO YIPABIiHHS TEXHOJOTIYHHM IPOLIECOM BH-
TOTOBJICHHSI, TEPII 3a BCE, JiaMETPOM IMPOBIAHUKA IS
3MEHIICHHS JUCIepcil JaHOTO mapaMerpa.

CroxacTMyHa MOJEIb TEXHOJOTIYHOTO IIPOLeCy
BpaxoBye amutuBHHi (4) (puc. 9,a,b, xpusi / Ta 2) Ta
mysbTuiLTikatuHuid (5) (puc. 9,a,b, kpuBa 3) xapakrepu
3MiHM JiaMeTpy d NpOBiJHMKA BiJ HOMIHAIBHHX d, (pami-
yCy 7,,) 3HaueHb B MPOLECi HAKIAJaHHs 130111

d=d,.3; @),
d=d, (1+2), ®)
J€ € — BUIIAJKOBE YKCIO 3 HOPMAILHHM 3aKOHOM pO3-

MOIIJIEHHA.
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Puc. 9. Inrerpansni GyHKIii po3NOAiTy BiIXMICHb BiJ HOMiHA-
JMHHUX 3HAYEHb TiaMeTpy (pajiycy) Ta elNeKTPUIHOI EMHOCTI
130JIbOBaHOTO TIPOBITHUKA Y BUIAAKY MYJIbTHUILTIKATUBHOTO Ta
aJIMTHBHOTO XapakTepy Bapialiii reOMeTpUYHUX PO3MipiB BUTOT
napu Kateropii Se

Onykryarii giaMmeTpy d MPU3BOIATH TAKOXK A0 3MIHI
emuocti C Big HoMmiHanpHUX 3HayeHL C, 130JIbOBAHOTO
npoBigHuKa (puc. 9,b).

AnmuTrBHa 3aBanma (puc. 9,a,b, xpui I Ta 2, puc. 10,
KpuBi 2 Ta 4) OOyMOBJIICHAa 3OBHIIIHIMH YHHHUKAMH, IO
BIUTUBAIOTh HAa TEXHOJIOTIUHMI MPOIIEC, 30KpeMa, HECTaIlio-
HapHHM TIPOLIECOM B MEPEXi JKUBJICHHS. MyJIbTHIUTIKATHBHA
(puc. 9,a,b, xpusa 3, puc. 10, kpusi / Ta 3) — BUIIAJKOBUMH
3MIHFOBAaHHSMH Y CAMOMY TEXHOJIOTIYHOMY TIPOIIECi.

Ha puc. 10 HaBeneHo BIUTMB Bapialliii €éMHOCTI i30-
JIbOBAHOT'O TMPOBIJHUKA HA TIEPEXifHEe 3racaHHs Ha OJIMK-
HbOMY KIHIIl MK cycigHiMu napamu. KpuBi BiflOBiAaIOT:
1,2 —0/C=0,1 % nms MyJIbTHILTIKATABHOTO Ta aJUTHBHO-
ro xapakrepy; 3, MyubrumuiikatuBHoro — o/C = 1 %j;
4, aguruBHOTO — 0/C =1 % (0 — CepeaHBPOKBaZpaTHIHE
BiJTXUJICHHS).
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Puc. 10. Inrerpanehi pyHKUii po3moaiay mepexiTHOro 3racaHHs
Ha OJIIDKHBOMY KIiHII MDXK CYCiJJHIMH BUTUMH NapaMH y BUIAAKY
aauTUBHOTO (KpHBi 2, 4) Ta MyJIbTHILTIKATUBHOTO (KpHBi /, 3)
XapakTepy Bapialiil €eMHOCTI 130Ib0BAHOTO TPOBiTHUKA

3a omnHakoBuX KoedimieHTiB Bapiamii o/C = 0,1 %
poskun emHocti craHoBuTh 0,101 % Ta 10,1 % y Bunmanky
MYJIBTUILTIKATUBHOTO (KpHBa 1) Ta amuTUBHOTO (KpHBa 2)
xapakrepy ii 3minu (puc. 10) BigmosimHo. B pesynbrari
nepexigHe 3racaHHs Ha piBHI 50 % BiporizHoCTi B 2,33
pas3u MeHile, ToOTO pPiBeHb B3a€EMHHX BIUIMBIB MiX CyCiJ-
HimMK napamu Oinbine (puc. 10, kpusi / Ta 2), npu aauTH-
BHOMY XapakTepi 3aBaji.

3a onHaKkoBHX Bapiamisx eMHOCTi (kpuBi 3 Ta 4,
puc. 10) xapakrep iX 3MiHH MPAaKTHYHO HE BIUIMBAE Ha
TIepexiHe 3racaHHsL.

3HAaYeHHS TMEPeXiHOTO 3TacaHHi Ui YacTOTH
20 MI'm — nHa piBHi 70 ob (puc. 8,a), B Hiama3oHi 9acTOTH
Big 62,5 MI'n o 100 MI' — Ha piBHi 60 nb (puc. 8,b,¢).

Bucnoskn.

KopensiiiiiHa 3a1eXHIiCTh M)XK OMOPOM MPOBITHHUKIB
Ta poOOYOI0 EMHICTIO BUTHX Tap JOBOAMTH OLNbII 3Ha-
YeHHS €JEKTPUYHUX MapaMeTpiB eKpaHOBaHUX B MOPIB-
HSTHHI 3 HEEKPaHOBAaHMMH 32 YMOBH OJTHAKOBOI TOBIIUHU
130JIAIIIT TIPOBITHUKIB 4-X TTAPHUX KabeliB KaTeropii Se.

BcranoBneHo, 1m0 koedillieHT 3racaHHs HeeKpaHOBa-
HHUX KaOeJTiB Ma€ MEHIII 3Ha4eHHS B Ilalla30H] 4acToTH Bix 1
MI'1 no 10 MI'n. [Tpu Gi1pIn BUCOKHX 3HAYEHHSIX YaCTOTH —
HABIIAKH: €KPAHOBaHI KaOeli MaroTh MEHII 3HAa4YeHHS 3ra-
canns. /s yacrorn 200 MI' — Ha 12 %, mo Moke 3a0e3-
MIEYNTH NIepeiauy CUTHAIIB Ha OLIBIIY Bi/ICTaHb.

Ha migcraBi BH3HAYEHOrO CHIIBHOTO IIO3UTHUBHOTO
KOPEJSIIIMHOTO 3B’ 3Ky MK OMIYHOIO Ta EMHICHOIO acH-
METpISIMU JIOBE/ICHO, 110 Ha MepexijHe 3racaHHs Ha OJu-
JKHbOMY KiHIII B HaMOUIBIIIN Mipi BIUIMBAaE OJHOPIAHICTD
TeOMETPUYHHUX PO3MIpiB IMPOBIIHUKIB BUTHX IMap. birbmi
3HA4YEHHA KOe(]iLlieHTy MapHOi KOpeJsIii MiXX OMI4HOIO
acCHMETPI€I0 Ta 3aBaJOCTIHKICTIO JJISI €KPaHOBAHOTO Ka-
0emo oOyMOBIIOIOTH BiITOBIOHI HAJNAIITYBaHHS TEXHO-
JIOTiYHOTO TIPOIIeCy MPH HAKJIaJaHHI EKpaHy.

[TokazaHo, MO MyJBTUILTIKATHBHA 3aBaga, O0OyMOB-
JIeHa BUIAJKOBUMH 3MiHIOBaHHAMH y CTOXaCTUYHOMY TeX-
HOJIOTIYHOMY mpotrieci, Ha piBHI 50 % BIpOTiAHOCTI MOXe
NPU3BOJUTH JI0 BIIXWIICHHS JliaMeTpy y 2 pasd Bij HOMi-
HaJBHOTO 3HAYCHHS.

st 3abe3neueHHss HOPMOBAHUX 3HA4YeHb 3aBaJlOC-
TIKOCTI BUTHX Tap y BUCOKOYAcTOTHOMY Jiara3oHi Ha-
JIAIITYBAaHHS TEXHOJIOTIYHOTO OOJIaJHAHHS ITOBUHHI Trapa-
HTYBaTH KOeQIIlieHT Bapiallii €eMHOCTI i30JIbOBAaHOTO TIPO-
BigHuka Ha piBHi 0,3 %.
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Ensuring standardized parameters for the transmission of
digital signals by twisted pairs at the technological stage of
manufacturing cables for industrial operating technologies.
Introduction. In production control and control systems, build-
ings use many simple devices - sensors to detect light, heat,
movement, smoke, humidity and pressure, mechanisms for acti-
vation and control of switches, closing devices, alarm, etc. -
«operating technologies» (OT). Different communication proto-
cols and field tire technologies, such as Modbus for condition-
ing systems, Bacnet for access control and Lonworks for light-
ing, have been traditionally used and used for their connection.
Network fragmentation leads to the need to use gateways to
transform protocols when creating a single automation system,
which complicates the implementation of complex control sys-
tems for any object. At the same time, information networks are
unified, but the Ethernet protocol used in them for operating
technologies for various reasons (technological, cost) has not
been widespread. Due to its high bandwidth compared to exist-
ing field tire networks, industrial Ethernet is significantly capa-
ble of increasing flexibility in the implementation of additional
Sfunctions in OT. Modern industrial Ethernet networks are based
on non-shielded and shielded twisted pair category Se cables.
The presence of additional metal screens in the structure of
twisted pair causes the increase in electrical resistance of con-
ductors due to the effect of closeness, the electrical capacity,
and the ratio of attenuation in the range of transmission of
broadband signals. Purpose. Substantiation of the range of set-
tings of technological equipment to ensure standardized values
of the extinction coefficient and immunity based on the analysis
of the results of measurements in a wide frequency range of
electrical parameters of shielded and unshielded cables for in-
dustrial operating technologies. Methodology. Experimental
studies have been performed for statistically averaged electrical
parameters of the transmission of pairs for 10 and 85 samples of
305 meters long and shielded cables of category Se, respec-
tively. It is determined that in the frequency range from 1 to 10
MHz, unshielded cables have less values of the attenuation coef-
ficient. In the range of more than 30 MHz, the shielded cables
have smaller values of the attenuation due to the influence of the
alumopolymer tape screen. It is established that the coefficient
of paired correlation between asymmetries of resistance and
capacity of twisted pairs is 0,9735 - for unshielded and 0,9257 -
for shielded cables. The impact has been proven to a greater
extent asymmetry of resistance the pairs on the increasing noise
immunity of cables. The influence noise interference on the de-
viation of the diameter and electrical capacity of the isolated
conductor from the nominal values in the stochastic technologi-
cal process is analyzed. The strategy of technological process
settings to ensure the attenuation and the noise immunity in the
high-frequency range is substantiated. Practical value. Multi-
plicative interference, caused by random changes in the stochas-
tic technological process, can lead to a deviation of diameter 2
times from the nominal value at level of probability at 50 %. The
equipment settings of the technological equipment must guaran-
tee the coefficient of variation capacity of the insulated conduc-
tor at 0.3 % for high level of noise immunity. References 36,
figures 10.

Key words: industrial Ethernet, twisted pair, ratio of attenua-
tion, noise immunity, ohmic and capacitive asymmetry, sto-
chastic technological process, additive and multiplicative in-
terference, coefficient of variation.
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TeopeTnyHe BU3HAYEHHS iHAMBITYyaILHIX 3HAYEHb NAPAMETPIB eJIeMEHTIB YOTHPbOXeJIeMEHTHUX
cXeM 3aMilleHHs i30JAil 1151 A0copOUiHHUX MeTOAIB iarHOCTYBAHHS i30JI511IiL

https://doi.org/10.20998/2074-272X.2023.4.10

Posenanyma meopemuyuna memoouxa eusnauents iHOUGIOYAIbHUX 3HAUEHb NAPAMEMPIE eleMenmis y3a2aibHenol cxemu 3amityenHs
i301ayii no 3anexcHocmi abcopoOyitino2o cmpymy 6i0 4dacy, a MAKONHC THUUX YOMUPLOXETEMEHMHUX CXeM 3aMileHHs [30aaYii 3 Ha-
CKPI3HOI0 NPOBIOHICINIO MA iX 63AEMHO20 NEPEPAXVHKY, WO NOGHICTNIO PO3KPUBAE THHOPMAmMueHULl nNomeHyian abcopoyitiHux memo-
0ig diaecnocmyeanns enekmpudnoi i3onayii. SHanHsa yux 3navyenb meopemudno 00360JA€, 8PAXOGYIOUU 3HAUEHHS 4aACY md PO3MIPHI
¢axmopu, cghopmyeamu 6y0b-axuil abcopOyitiHuLl OiaeHOCMUYHUL napamemp, wo UKOPUCTO8YEMbCA 3apa3, I NPOCIIOKY8amu 1020
3minu 6 npoyeci excniayamayii izonsayii. Haconoutyemocsi, wo 0ns @izuuno o6rpynmoganoi inmepnpemayii pe3yivmamie 0iazHocmu-
YHO20 KOHMPONIO A6COPOYILIHUM MEeMOOOM 3a OOHICIO 3 CXeM 3amijenHs i305Yii HeoOXiOHo mamu iHghopmayilo npo cKuao i cmpyK-
mypy izonsyii. biomn. 20, puc. 2.

Kniouosi cnosa: HepyiiHiBHI MeToaM aiarHocTHKM i30asiuii, aGcopOuiliHi MeToaN AiarHOCTHKH, MapaMeTPH eJeMEHTIB cxeM

3aMilleHHS i30J5mii.

Beryn. EnexrporexHidHe i el1eKTpoeHepreTHIHe 001a-
JIHaHHS, 1110 BUKOPHCTOBYETHCS Ha MIINPUEMCTBAX YKpaiHH,
BUIIPALIOBAJIO 3HAYHY YacTHHY a0o 1 Bech IpU3HAYEHHIT pe-
Cypc, BPaxOBYIOUH, 1[0 MaKCUMaJIbHO IHTEHCHBHE I0ro BBe-
JICHHSI B eKCILTyaTallifo Majio micie 10 90-Xx poKiB MHHYJIOTO
cropivust. Lle crocyerbess 0ONaqHAHHS ENEKTPOCTAHIIIH, Ta-
KOTO SIK TeHepaTopH, TpaHC(HOPMATOPH, IBATYHH BHYTPIIITHIX
notpeb Ta 00J1aHaHHsI BUCOKOBOJIETHUX PO3MOAUIBHHUX TIPHU-
CTpPOIB, 130JIAIIIi MOBITPSHIX MEpeX Ta KaOeNbHUX JiHIM, a
TAKOXK aCHHXPOHHUX JIBUTYHIB €JICKTPOIPHBO/TY.

3apa3 Oinpla YacTWHA ENEKTPOTeHepyHdoro olas-
Hauust TEC 1 TEL] BiampairoBau CBiii rpaHUYHHI pecypc
(6umpre 200 THC. TOAMH), BOHO 3HOIICHE 1 BIAMOBITHO 10O
ICHYI04Y0T HOPMATHUBHOT IOKyMEHTAIII1 TOTpeOye PEKOHCTPY-
Kuii abo 3aMinn. Po3monin muToMoi MOMKOMKyBaHOCTI OC-
HOBHHX BY31iB TypOO- 1 TiIporeHeparopis, sika 3pocrae 3i
30UTBIICHHSAM TIOTYXXHOCTi, CBITYHUTH, IO KOHTPOIIO, SK
HAWOLIBIIT «CITA0KHI B30I, MiUIATae i30Jms11ist ctatopa [1].

Skmro Gpatu 10 yBaru Bce OCHOBHE OOJaHAHHS €IeK-
TPOCTaHIIiH, TO CITiJ] 3a3HAYUTH, 10 BEJIMKY yBary HEOOXiHO
TIPUIUTITH KOHTPOJIIO TEXHIYHOTO CTaHy CHJIOBUX TpaHc(o-
pMaTopiB [2-7], 0cOOIHBO 3 TOJOBKEHHUM PECYPCOM.

Uepes 3HOIIEHICTh y TepeBaXKHIN OUTBIIOCTI BUMIA-
KiB (85-95 %) BiZMOBM aCHHXPOHHHX JBHTYHIB C KOPOT-
KO3aMKHEHHM pOTOpOM (Haimmpiue BXXHBaHWX Ha IIiJ-
MPUEMCTBAX KpaiHM) MOTY)KHICTIO MOHaA 5 kBT BinOyBa-
IOTBCSI Yepe3 MOIIKO/UKEHHST OOMOTKH CTaTopa Ta poTopa
1 PO3MOAUISAIOTECS TAaKUM YHMHOM: OOMOTKa cTaTtopa — 10
80 %, potopa — 10 10 % [1, 8-11]. Lle cnpuunHse miaBu-
LIEHY YBary 10 KOHTPOJIIO Ha(ifHOCTI TXHBOT 130JI11i1.

Mopanbhuii 1 Gi3HYHUN 3HOC KaOeIbHUX JIHIK Ha-
mnpyroio 6-10 kB B cucremax eIeKTpOIOCTadaHHS CKJIa-
nae Bix 40 mo 90 %. IIpu mpomy mo 70 % BCiX MOpyIICHB
eNEeKTPONOCTAYaHH BHHUKA€E NP BiIMOBAaX KaOEeIbHHX
NIl Hanpyroto 6-10 kB, a ToMy KOHTPOJIB X TEXHIYHOTO
CTaHy € TaKOX aKTyaJlbHIM IMUTaHHM [12-15].

[Tpu BUKOpHCTaHHI 3HOLIEHOTO EIEKTPOOOIIaJHAHHS,
CITIiT MaTH Ha yBa3i, IO KOJIM TOBOPSTH MPO TPH3HAYCHUH
pecypc, 3TiTHO HOPMATUBHOI JOKyMEHTAllii MoBa e mpo
TpyHOBUI pecypc, SIKUM BU3HAYAETHCS, SIK 4ac HaIparo-
BaHHS IPYMU BUPOOIB, 3a SIKUU BIMOBIIAIOTH /1 BiJICOTKIB
HalimedekTHimux BupoOiB. Lleit wac i mpuiiMaeThcs 3a
rpynoBuii pecypc 3 Haaiinictio 1-1/100. Takuii 3aransHo-
TIPUAHSATHH MiIXiJ HE BPaXOBYE, IO PO3CIIOBAHHS PECypcy
MOY€ CTaHOBHTH KiJIbKa COTEHb BiJICOTKIB, & TOMY 3aJIUII-
KOBHH pecypc IEeSKHX BHPOOIB, OCOONHBO SIKIIO pecypc
po3NoALIEHN 3a JIOrapu(pMiYHO-HOPMAIBHUM 3aKOHOM,
MoyKe Oyze OUTHIIMM 3a TpPH3HAYEHUH B KiTbKa pa3iB. Bu-
XOISYM 3 [BOTr0 (DaKTy, MOXKHA BBa)KaTH BHUIPAaBIAHUM

HaMaraHHsl TIOJIOBXXUTH TEPMiH BUKOPHUCTAHHS 00Ja[HaH-
Hsl, BCTAaHOBUBILY IIOJIOBKEHUI pecypc. AJie, HaroJomrye-
MO, III0 €KCIUTyaTallis eJICKTPOOOIaaHaHHS, TOTO, IO Bil-
NPamIoOBaJI0 NPU3HAYCHUH 1 JUIS SIKOTO BCTAHOBIICHUH I10-
JIOBKEHUI pecypc, BHACIIIOK HEBH3HAYEHOCTI PEalbHOTO
pecypcy BHMarae HETepepBHOTO KOHTPOJIIO HOTo TeXHid-
HOro crany. TifIbKM TpH TaKKX YMOBAaX MOXKHa €()EKTHBHO
BUKOPUCTATH HEBUIIPALILOBAHUH pecypc 00 IHaHHSL.

KonTponms piBHI HamiHHOCTI €JIEKTPOi30JIIHHUX
MarepiaiiB 1 KOHCTPYKLIH B eKcIulyartalii 3iiCHIOI0TH
IUITXOM BHUMIPIOBaHHS BIUIMBY Ha TapaMeTPH 130JIAMii
XapaKTEPUCTHK 30BHIIIHIX 1 €KCIUTyaTaI[lfHUX YUHHUKIB,
IO TPHUBOAATH O 3MIHHM TEXHIYHOTO CTaHy i30IGimii, y
TOMY YHCJI W TakWx, 110 HE MOB’s3aHi 3 (QyHKLIOHYBaH-
HsaM. HaiiuacTime TexHIYHHNA CTaH 130JAI1 i eJIeKTpOoi30-
JAIAHAX MaTepialliB BU3HAYAIOTh 3a JIOMOMOTOK0 IHTET-
pabHUX TApaMeTpiB, TAKUX SIK OIip, €MHICTh, TAHTEHC
KyTa JIeNeKTPHYHUX BTPAT, CTPYM BUTOKY, KoedilieHT
abcopO1ii, BiTHOBIIOBaHA Hampyra i T. . [16].

OnHUM 3 METOAIB KOHTPOJIIO TEXHIYHOTO CTaHy eJie-
KTpooOIagHaHHsA € aOCOpOIiifHI TiarHOCTUYHI METOIH,
SIKI PEKOMEHIYIOTBCS, K HOPMATHBHI, IJIsI JiarHOCTY-
BaHHA 130JMil TpaHc(hOpPMAaTOpPiB, CHHXPOHHHUX IeHepa-
TOpIB, KOMIICHCATOPIB, KOJCKTOPHUX 30YAHUKIB 1 CJICKT-
poxBuryHiB 3miHHOro crpymy [16]. KopoTkuii onuc a6-
COpOLiIHHUX METOIIB HaBeaeHO B [1].

CyuacHi HayKOBi JTOCHI/DKECHHSI aOCOPOIIITHUX METO-
IIB 1 IX BUKOPUCTAHHS CTOCYIOTHCSI AIarHOCTYBAHHS CTaHy
13051111 critoBuX Tpancgopmaropis [2, 3, 9-12, 15], obep-
TOBHX €JICKTPUYHMX MamIuH [8-11], HU3BKO- 1 BHCOKOBOJIb-
THUX KabemiB [7, 12-14].

Hedextu i30m1i1 1 METOAW 1X AIarHOCTYBAHHS B 3a-
rampHOMY BUTIISAII omucadi B [1, 8, 9]. B [1] posrmsaryTo
3arajbHi THMTAHHS TIarHOCTYBAaHHs 130JSMii 1, 30KpeMa,
BHUKOPHCTaHHS a0copOLiitHnX MeToiB. [0 AiarHOCTHYHHUX
MapaMeTpiB Y BHMAIKy BHUKOPHUCTAHHS aOCOPOIIMHMX Me-
TOJIB JIarHOCTUKH BIJHOCATHCS, MO-TIEpIle, MapaMerpu,
10 BUKOPHCTOBYIOTh XapaKTEPUCTHKU MIBUIKOCTI CHAy
KPHBOT a0COPOIIIITHOTO CTPyMY (3pOCTaHHS OTIOPY 130JIAIIiT)
B 3QJIKHOCTI Bil 9acy NPHUKIAACHHS MOCTIHHOI HANpyTH
JIO 130JI411iT HA PI3HHUX JUITHKAX I[i€i KpuBoi, TOOTO Koedi-
mieHT abcopOrii, Koe(ilieHT mospu3anii, BiIHOIICHHS
JienexkTpuyHoi abcopOuii, iHneKke mossipu3alii Ta iHm 1mo-
IiOHI XapaKTEepUCTUKH Ta iX moximHi, Apyruit HampsM, mo
BIJIHOCHUTBCS 710 a0COPOLIIHIX METO/IB, 1€ METO]] BiTHOB-
JIOBaHOI HANPYTH, IO peali3yeThCs B JBOX BapiaHTax. Y
MEpIIOMY BHIIAJKy BU3HAYAE€ThCs BiJHOIICHHS MakCHMa-
JBHOTO 3HAYEHHS BIJHOBIIIOBAHOI HAMPYTH, 10 BUHUKAE
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BHACII/IOK 3apsay Bix aOcopOLiitHOT €eMHOCTI BiIMKHYTOT
BiJI JUKepesia HaPYTH 130JIAIT MiciIs po3psay ii reoMeTpu-
YHOT €MHOCTI, J10 3apsAaHOi (eMHICHUH KoedirieHT abcopO-
uii). Y apyromy BapiaHTi — Lie ) BiJHOIICHHS, BU3HAUCHE
IIPH Pi3HUX IHTEPBAJaX Yacy pO3PSAMKAHHS TEOMETPHYHOT
€MHOCTI, [0 MPUBOJIUTH JI0 YaCTKOBOT'O po3psiay i abcopo-
miitHoi emHocTi. KpimM Toro, sk MiarHOCTHYHI TapaMeTpu
MOXKyTh BUKOPHCTOBYBATHCS ITOYAaTKOBA LIBUKICTh Hapo-
CTaHHS BiIHOBJIIOBAHOI HAIPYTH, Yac JOCSATHEHHS MAaKCH-
MaJIbHOTO 3HAUCHHsI BIJIHOBIIIOBAHOI HATIPYTH, KOe(illieHTH
HEJIHIHHOCT] BITHOBIIIOBAHOI HAIPYTH, CTAIy Yacy camo-
PO3psiaLy, Ta iHII XapaKTePUCTUKH.

V3arampHeHa CKBIBAJICHTHA CXeMa 3aMIIIeHHS i30-
sl (puc. 1,a) MeKUTh B OCHOBI BCiX aOCOPOIiiHMUX mia-
THOCTHYHHX MeTOMiB. Jlo ii enmeMeHTiB HajexaTh TeoMeT-
puuHa emHicTh C,, IO BinoOpaXkae €MHICTh, OB’ A3aHy 31
IIBUIKHMH TPOIECAMH CIICKTPOHHOT i 10HHOI TOJIsIpu3a-
i1, HACKPI3HUI1 omip R, TOOTO ycTalieHe 3HAUYeHHs OTIOpY
i30J1s1ii POTIKAHHIO MOCTIHHOTO CTPYMY, EMHICTH abco-
pomii C,, Mo BiAMOBiIae 3a MOBUIBHI MPOIECH MIrpariii-
HOI ToJsApu3allii, 00OyMOBIIEHOI HAKOIMUYEHHSIM BiIBHUX
3apsiB Ha MEKax 00acTedl MieJIeKTPUKa 3 PI3HUMH elie-
KTPO(i3HUYHUMHU BIACTUBOCTSIMU 200 B MPHUETEKTPOJHUX
obmactsx, Ta abcopOmitauii omip R, SKUH BBOXUTHCS IS
NPaBWJIBHOTO BiOOpakeHHs 1HEPUIHHMX BIIACTUBOCTEH
Mirpariitaoi momspu3arii [1].

Koeditient abcopOrrii (i iHII Pi3HUIIEBI A1arHOCTH-
YHI TapaMeTpu I y3arajlbHeHOI CXEMH 1 iHIIMX YOTH-
PBOXEJIEMEHTHHX CXEM 3aMIILEeHHs), K NPaBHJIO0, MOXKHA
3aMycaTy y BUTIISI:

b = Ry + Rzexp(— tzalv)
R+ Rzexp(— 4 alv)

>

1€ ) 1 t, — 9ac BUMIPIOBAHHS OMOPiB R;, R,, B 3arallkHOMY
BHIIAAKY R; — PE3UCTUBHI €IEMEHTH, 0.5, — PYHKIIis pe3uc-
THBHHMX 1 EMHICHHX €JIEMEHTIB cXeMu 3amimenHs. KoHk-
petHi Bupasu s R; 1 0y, 10 BHKOPHUCTOBYIOTBHCS IS
koedinienTta abcop6buii, Oy 1yTh HaBeAEHI HIKYE VIS BCIX
YOTHUPHOXEIIEMEHTHHAX CXEM 3aMIIIEHHS 130 ST,

B [8, 9] posrnsiHyTO OCHOBHI NpPUYMHM 1 AeheKTH
I30JSIIIMHIX KOHCTPYKIIH, MPOLECH, SIKI MPOTIKAITh B
130T M7 €0 eNEeKTPUYHOTO TOJS 1 MPHUBOAATH [0
yTBOpeHHs ii nedektiB. B [9] momgano y3aransHeHHi aHa-
JIi3 METOIB KOHTPOJIIO 1 AIarHOCTHYHHUX apameTpiB i30-
T TATOBUX JBHUTYHIB TOCTiHOTO cTpyMy. [Ipu mipomy
BHKODHMCTAaHA Yy3arajJlbHEHa CXeMa 3aMileHHs 130JIsLil,
rmapamMeTpy CXEMH 3aMillleHHs BH3HAJYalMCs depe3 Imapa-
METPHU MOJEJI, [0 MICTUTh MapayieibHi aOCOpPOITiiiHI Koa
MTOCITITIOBHO 3’ €THAHUX €MHOCTEH 1 OTIOpIB.

B [2] Bim3HauaeThcs, Mo B i30Js1ii MalOTh Micle
IBa (yHIAMEHTAIBHUX MPOIECH: TTOJIPH3AIIIS 1 eIeKTPo-
NPOBIIHICTB, 1 10 OOHM/BA MPOLIECH IOBHHHI OyTH 4yTiH-
Bi JIO0 3MIiH CKJIAAy 1 XapaKTepUCTHK, IO BiOYBAIOTHCS B
130JIA1IiT B MPOIIECI eKCIUTyaTallil, i HABOJAMTHCS MEPEITiK
MOTEHIIIMHO MOXKJIMBHX METOIB aiarHocTyBaHHS. B [10]
BHMKJIQJIEHO IIPOLIEAYPH BUIPOOYBaHL IOCTIMHOIO HAIpY-
roI0 JiyIsi BUMIPIOBAHHS OIOPY 13011 Ta 1HAEKCY HOJIs-
pu3arii 130Jb0BaHOI0 CTAaTOpa, a TaKOK 0OMOTOK POTOpa
Ta CIOCOOM iHTepIpeTaNii pe3ylbTaTiB, OTPUMAHHUX IPH
I1arHOCTYBaHHI 00€PTOBHUX MAILIMH.

B Toi1 ke uac BctanosiieHo [11], 1o npu giarHocTy-
BaHHI OOMOTOK POTOPIB 1 CTATOPIB I'€HEPATOPIB 1 ABUTYHIB
omip i30Jsii 1 iHAEKC moysgpu3anii 400pe BUSBISIOTH 3BO-
JIO)KEHHS 1 YaCTKOBO IPOBIIHI BKJIFOYEHHS, ajie HE Yy TIUB1
J0 OaraThoX IHIMX JME(EKTiB: OCIAOJICHHS BUTKIB B Ma3y,

[0 IIPUBOIUTEL 0 CTUPAHHS 130JIALil, po3IIapyBaHHs 130-
JALil 4epe3 BUKOPUCTAHHS I[IPA BHUCOKUX TEMIEpaTypax,
BiUTiIEHHST Mial Bif 130JsLil Yepe3 MUMKIIYHI HaBaHTa)KEH-
He, PYHHYBaHHS 3aXHUCHHUX ITOKPUTH 1 YaCTKOBI PO3psSIu
MDK KOTYIIKaMH. ABTOpU MPOMOHYIOTh BUKOPHUCTOBYBATH
MOPIBHIHHS 3apsHOIO 1 PO3PSIAHOIO CTPYMY IS KOKHOI
da3sy 0OMOTKH 1 OKpPEMHX KOTYIIOK 3 OJHOYACHHM BHMI-
PIOBAHHSM OIOPY 1 IHAEKCY HOJISIPHU3aILil.

B posriasHyTHX HaM# BHIIE poOOTaX aBTOPH KOPHUC-
TYIOThCSl CTAHJAPTHUMH MOKA3HHKAMHM, SIKI IPEICTaBIIs-
IOTh COOO0 CTAaHJAPTHI IHTEerpalbHi KOMOIHALT TapaMeT-
piB €JIEMEHTIB y3arajbHEHOI €KBIBAJIEHTHOI CXEMH, SIK
OyJ10 mmoKa3zaHo 1 KoedimieHTa abcopOrii, 1 He PO3Tis-
ArOTh IMTAHHSI OJHOYACHOI'O BH3HAYEHHS BCIX 1HIUBILY-
aJbHUX IIapaMETPiB €JIEMEHTIB CXEMH 3aMiIlleHHS, K Ta-
KHUX, @ TAKOXK 1X B3a€EMO3aJIEKHOCTI.

SIKIIO TOBOPUTH TIPO MOMKIIMBICTH J[IarHOCTYBAaHHS
€JIEKTPUYHOI 130J1sM1ii 3 JIOIIOMOIO0 BiIHOBIIIOBAHOI Ha-
IpyTH, TO B [3] IPOJEMOHCTPOBaHA XOPOIIIA BiAMIOBIIHICTb
MDK MOJEJUTIO Ha OCHOBI y3araJlbHEHOI CXeMH 3aMiIIeHHS
JIEIEKTPHUKA 1 peabHOI0 130JISLI€I0 TSl KOSILiEHTIB T0-
Jsipu3alii, Jenosspu3arii i BiIHOBIIIOBAHOT HAIIPYTH.

Haiiburpn mmpoke BUKOPUCTAHHS METO BiJHOBIIIO-
BaHOI HANpPyI'W 3HAWIIOB IS CHJIOBHMX TpaHC(hOpPMAaTOpIB.
VYMOBHA MOHITOPUHIY 130JiLiI BUCOKOBOJIBTHUX TpaHchop-
MaTopiB METO/IOM BiITHOBJIFOBAHOI HAIIPYTH BUKJIaACHi B [4].

B po6orti [5] posrisaaerscs HOBUI miaxin g0 00’e-
IHAHHS Pe3yJbTaTiB, OTPUMAHUX 3a JOIOMOIOKI JIBOX
METO/IB, a caMe: BUMIPIOBAaHHsS 3BOPOTHOI HAIIPyru Ta
BHUMIPIOBAHHSA CTPYMy HOJISIpU3aIii-aenoasapu3amii 1
NEKIIBKOX CHUJIOBUX TpaHchopMaropiB, 00 3HAWTH
3B 30K MK BMICTOM BOJIOTH B Macyi Ta Iarmepi, mo Mae
BIJHOIIEHHS 10 CWJIOBUX TpaHCHOPMATOPIB.

YV MeToi BiIHOBIIIOBAHOI HaIpyry [6] BU3HAYAETHCS
Hanpyra BiJHOBJIEHHS INCIIS 3apsAKH 130511 HAIPYIro
nocriiinoro crpymy. lnsxom Oaratopa3oBoi 3apsaku
[IPOTATOM DPI3HOr0 4Yacy 3 HACTYIHHM OTPHMAaHHSIM 3Ha-
YEHHs BiJHOBIIIOBAHOI HAIPYrd MOXE OYTH CTBOPEHHI
TaK 3BaHMI MOIApH3ALIMHAN crekTp. Jllama3oH Hanmpyra
BIJHOBJIEHHS Ja€ BKa3iBKy Ha CTaH, B AKOMY € 130JIALIis
Tpancdopmaropa. IIpoaHanizoBaHO pe3ynbTaTH BUMIpIO-
BaHHS Ha JBOX TpaHCc(hOpMAaTOpax BEIMKOI IHOTYXKHOCTI B
po0OTi, 1110 BU3HAYAIOTH BOJIOTICTH TBEPAO] 13011111

3 IOMOMOrOI0 €KBIBAJIEHTHUX CXeM B [7] mociimKyBa-
JIMCS XapaKTePUCTUKU BiIHOBJIIOBAHOI HANpPYrd IS Iiarie-
POBO-OJIMBHOI 130JIALIT: Yac 3apsiy, Yac 3aKOPOUYBAHHS, L0
JIOPIBHIOBAB ITOJIOBHHI Yacy 3apsiAy, BIIHOBIIIOBAHA HAIIPyTa
1 BU3HAYAJIOCS BIAHOLIEHHS II MAKCUMyMYy O 3apsaHoOl Ha-
MPYyTH, a TakoK (DIKCYBaBCs Yac, IO BiAIOBIZa€ MaKCHMY-
My. MozenmoBatHsl IpOBOAWIOCH I 14 LUKIIB 3 Pi3HUM
yacoM 3apsaay Bix 0.1 1o 819 c 1 omiHrOBaNKCs 10JI1 BOJIOTH 1
MPOBIJHICTE OJMBHU. AHAII3YIOUM PE3yJILTaTH, aBTOpU 3a-
YBaKYIOTb, 110 TPAIMIIHHI JIArHOCTUKA BUKOPHCTOBYBAIM
BEJIMUYMHY IOCTIMHOI Yacy, 3a SKHH JOCSATa€ThbCI MAaKCUMYyM
BIJTHOBJIFOBAHOI HANpPYI'H, XOY BOHA MOXKE MAaCKyBaTHCS
MDK(hA3HOI0 MOJSIPHU3AIIIELD, 10 POOUTh BUKOPHCTAHHS Ja-
HOI METOIUKHY Ha MPAKTULI HENPUHHITHAM.

BpaxoByroun, 1110 CcTapiHHS I1alIepOBO-OJUBHOI 130-
Jsii cCHIIoBHX TpaHCc(OpMaTOpIiB BiOYBAETHCS B OCHOB-
HOMY 3a PaxXyHOK BOJIOTH 1 KMCHIO, OyJIH po3po0JIeH] HOBI
METOJMKH OIIIHKM CTaHy 130JIs1il Ha OCHOBI Ji€NEKTpHY-
HOI'O BIJIF'YKY, aj€ BOHH BUKOPHMCTOBYIOTEL JOPOri 1HCTPY-
MmenTu. B poboti [7] mokazaHa epeKTHUBHICTH BHUMIpPIO-
BaHHS BIJHOBJIIOBAHOI HANPYIH 3a JOIMOMOIOK IIPOCTHUX
BAMIPIOBAJIFHUX MPHUCTPOIB. BCcTaHOBIEHO 3B’S30K MiXk
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ITOYATKOBOIO IIBHIKICTIO 3pPOCTAaHHS BiJHOBIIOBaHOI Ha-
HPYTH 1 CTAHOM 130JISI1Ii1.

IIpoBeneni mocmimkeHas [12] mokasyroTh, IO 3aCTO-
CYyBaHHS BUMIPIOBAHHS BIATYKY HAIPYIH € AyXe e(PEeKTUB-
HMM IHCTPYMEHTOM JUIsl BM3HAYEHHS CTaHy CTapiHHS 130-
JILOBAHMX KaOesiB 3 Mac/ITHOro mamnepy. IlouarkoBuii Haxut
HAIpyTH 3apsiAy IPSMO MPOHOPLIHHUI IPOBIAHOCTI 1301l
1 OYATKOBUI HAXWJI BiJHOBIIOBAHOI HANPYIHM IIPOIOPIii-
HMH IHTEHCUBHOCTI IpoleciB nomnspu3arii. ToMy aBa ocHo-
BHUX TIPOIIECH 3HOCY (3BOJIOKEHHSI 1 TEPMIUHE CTapiHH:)
MAaCIISIHO-IIAIIEPOBOT 130JISI1[iT MOKHA PO3IJISIHYTH OKPEMO.

VY poboti [13] po3riasHyTO 3aCTOCYBaHHS METOLY
CIIPallbOBYBAHHS HANPYIH Ha Ja00PATOPHO BUTPHUMAHUX
Hu3pKkoBONIETHUX TodiMepHuX ([IBX 1 I1E) i30mp0Bannx
KabesiX 1 IOpIBHSIHO PE3YNILTATH 3 PE3yJbTaTaMM XiMid-
HHUX 1 MPOOMBHUX BUIIPOOYBaHb. 3a JOIIOMOIOI0 METOIY
CIIPalbOBYBAHHS HAIIPYTd MOKHA BUSBUTU CTaH CTapiHHS
1307141111, TOOTO WMOBIPHE 3HIDKEHHS MIEIEKTPUIHOI MIII-
HOCTI JuIs KaOeJliB eKCITyaTaliifHoOro BiKy B HOPIBHSHHI 3
JICIIEKTPUYHUMHU BTPATaAMH.

BinHoBnroBaHa Hampyra, SIK JIIarHOCTHYHHN (akTop,
nocmimkyBanacsd Takok B [14, 15]. B [17] npencrasnena
METOJIIKa BU3HAYCHHS XapaKTCPUCTUK (ha3HOi 1 ITOSICHOT
TIAIepOBO-OIMBHOI {30JIAIIii CHJIOBHX KaOeJiB CepemaHbol
Harpyrd. MeToquMKa peaiizoBaHa Ha BHKOPHCTAHHI CXEMHU
3aMIIIeHHS TPHOX)KUIIBHOTO Ka0ETr0 B 3aralbHId MeTaid-
Hil 000JIOHII 1 aHaJi3i pe3ysbTaTiB CYKyIHUX BUMIpIOBaHb
abcopOuiitHx xapakrepucTuk. Cucrema JiHIHHUX anredpa-
TYHUX PIBHSHB VISl BU3HAYEHHS XapakTepucTHK (asHoi i
TOSICHOT 13011111 € T0Ope 3yMOBIIeHOR. B crarTi npuBeneHi
pe3yJbTaT BU3HAUYSHHs aOCOpOLIHUX XapakTepucTHK (a-
3HOI 1 IOSICHOI 1301111 CHITOBOTO Kabelro Ha Hanpyry 6 kB,
K1 TOOPE Y3roKYIOTHCS 3 PEAIbHUMH 3HAYECHHSIMH.

Cuiz Bii3HAYMTH, 10 1 B poOOTax, /1€ B SIKOCTI JlarHO-
CTHUUHHUX IIapaMETpiB BUKOPUCTOBYBAJIACS BiIHOBIIIOBaHA
Hampyra, 110 3aJIEKNATh Bl 3apsaHOl HAIIPyrd Ta KoMOiHa-
LIl 3HAa4YeHb [IapaMeTPIB €JIEMEHTIB y3arajbHEHOI eKBiBaJIe-
HTHOI CXEMH 3aMIiIeHHs 130JiLii, 1 ITOB’sI3aH1 3 HEo MOXiaH1
MIarHOCTHUYHI MMapaMeTpy, aHAIITAYHI BUPA3X I SIKAX Ha-
BEJICHI HIDKYE B CTATTI, MOBa HE Iifie PO BU3HAYEHHS BCIX
IHAUBIAyaIbHUX 3HAYEHb ITapaMETPIB €JIEMEHTIB y3arajibHe-
HOI €KBIBaJICHTHOI CXEMH 3aMIILIEHHS 130JIS1LI1i OJJHOYACHO.

Tpertiii HaNPSMOK MIArHOCTHYHMX IOCIIIKCHh BUHU-
Ka€ TPaKTUYHO 3apa3 3aBIsiku podoram besnpospannux I'.B.
[17-19], sika omHa 3 mepIIMX, SKIIO HE MepIIa, 3po3yMija,
0 TOTPiIOHO BMKOPUCTOBYBATH CTATUCTHYHMH MiAXid IO
JIarHOCTYBAaHHS €JIEKTPUYHOI 130iLil. AJle 1 B JaHOMY BU-
MagKy OJHOYACHE BHU3HAYCHHS IHIAMBIAYaIbHHX 3HAYEHD
mapaMeTpiB €JIEMEHTIB y3arajJbHEHOI €KBIBAJIEHTHOI CXEMHU
3aMILEHHS 130J11T 3a/IMIIAETHCS 11032 YBArOI0 aBTOPIB.

ABTopu poOIT 3 mieJeKTPUYHOI criekTpockomii [12, 14]
Ta 1H. K JIArHOCTHYHHM I1apaMETPOM KOPUCTYIOTHLCS TaH-
TE€HCOM KyTa JIeJEKTPUYHHUX BTPAT B 001acTi HU3BKUX Yac-
TOT, SIKHA JOCHUTH CKIIaJHO 3B’A3aHUN 3 HapaMeTpaMmu ejie-
MEHTIB y3arajabHEeHOI €KBIBAJIEHTHOI CXEMHM 3aMIIEHHS 130-
JIALT, @ TOMY, BpaxOBYIOUH TEMY JIaHOI pOOOTH, PE3YJILTATH,
OTpMMaHI HAMH MOXKYTh HE po3DiImaTucs. Tak 1o 1 s
I[bOTO HAMPSMKY OJHOYACHE BH3HAUCHHS BCIX iHIMBITyab-
HUX TTApaMeTPiB CXEM 3aMillIeHHS He aKTyaJIbHe.

[eproro poboTORO, JIe NETATBHO OYIIH MPOAHATI30BaHI
HEIOJIKM MJiaTHOCTYBAaHHS EJIEKTPUYHOI 130JBIIii [UIIXOM
BUMIpPIOBaHHS KoeillieHTIB abcopOIlii, 1HAEKCY MOJsIpr3a-
i1, BIIHOIIEHHS AieNeKTPUIHOI abcopOIIii 1 iHImMX iHTepBa-
JIBHUX XapaKTEPUCTHK, € ctaTts [20], e aBTOpaMu Bif3Ha-
YaJmcs HEOJHO3HAUHICTh IHTEpIIpeTallii pe3yNbTaTiB [iar-

HOCTYBaHHsI Uepe3 3aICKHICTh MIarHOCTUYHUX KpPUTEPIiiB
OJJHOYACHO Bijl 3HAYCHHs IapaMeTpiB KUIbKOX EJIEMEHTIB
CXEMH 3aMIIeHHs], [0 MOXYTH I10 Pi3HOMY 3MIHIOBaTUCS B
MPOLIECI CTAPIHHS 130JIALIi1, MPUBOISIH 0 HEOAHO3HAYHOCTI
JIIarHOCTHYHUX TapaMeTpiB, a TAKOXK BHACIIIOK eKCTpeMa-
JBHOCTI IMX JIarHOCTUYHMX MapaMerpiB. Big3Havamacs
TaKOX BiZICYTHICTH iH(OpMAIIii PO sIBHE 3HAYCHHS ITapame-
TpIB PE3UCTUBHKX EJIEMEHTIB CXeMH 3aMillleHHs], abo X He-
SIBHC BHKODHUCTAHHs Ui [iarHOCTHYHHX MapamMeTpiB, IO
IPYHTYIOTBCS HA METOJII BiJIHOBJIIOBAHOI HAIIPYTH, aJie JeTa-
JIHHU aHAJI3 X METOJIiB HE IIPOBOJIUBCS.

Ha norusig aBTopiB 1aHOT CTATTi, € MOXKJIMBICTD CYT-
TEBO MiABUIINTH 1H)OPMATUBHICTH aOCOPOLIHHUX METO-
JUB JIIaTHOCTHKH 1 YaCTKOBO YCYHYTH HEOIHO3HAYHICTH 1X
IHTepIpeTalii NUIIXOM BU3HAUCHHS 1HAWBIAyaIbHUX 3HA-
4eHb TapaMeTpiB €JEMEHTIB YOTHPHOXKOMITOHEHTHHUX
CXEeM 3aMilIeHHs 13011, 3po3yMisIo, 110 3HAHHS 1HHBI-
IOyalbHUX 3HA4€Hb IIMX HapaMeTpiB TEOPETHYHO JO03BO-
JUTH CPOPMYBATH 3 BpaXyBaHHIM 4acy i po3MipHHUX (ak-
TOpIB Oy/Ab-SIKMI IarHOCTUYHUH TapaMeTp, IO IPYHTY-
€THCS Ha a0COPOLIHHUX METOIaX.

MeTtol0 cTaTTi € po3po0iIeHHS HAyKOBHX OCHOB Me-
TOJMKW BH3HAYCHHS IHIMBIAyaJbHHX 3HAYCHb IapameT-
piB YOTHPHOXETEMEHTHHX CXEM 3aMIIIeHHS 130JAIil 3
HACKPI3HOIO TPOBIAHICTIO.

B craTTi po3riamaeTsess BUMAMOK, KOMH JieNeKTPUK
Ma€ TUTBKH 0/IHY aOCOpOLiifHy eKCIIOHEHTY, BPaxOBYIOUH,
O y3arajJbHEHHS METOIMKH Ha KiJlbKa aOCcOpOIiHHNX
€KCIIOHEeHT oueBUiHe. JIsl 1bOro MOTPIOHO BHKIIOYATH
CIOYATKY IOCTIHHY CKIIAJOBY, a IOTIM IOCIIJOBHO EKC-
TIOHEHTH 3 HAWOUIBILIO CTAJIOK Yacy BiJHIMAIOUU CHITY
CTpyMy, IIIO IM BiATIOBifa€ Bif 3aJUIIKOBOI KPHBOI 1 Tie-
peOyIOBYIOYH HOBY 3QJIMIIKOBY KPHBY B HaIliBIOrapud-
MIYHOMY MacmTadi. ABTOpH pO3YMIOTh, IO CTATTsA HO-
CUTh CYI'y0O TCOPETUYHHUIT XapaKTep, BU3HAYCHHS 1HIIHBI-
IyaJbHUX 3HAYEHBb MapaMeTpiB CXeMHU 3aMIIIeHHS 130J1-
i1 IPOBOJUTHCS JJIs1 KPUBOI, IO MOJISITIOE a0COPOIIiHHIIA
CTPYM B 130JI11i1, ae O4eBHIHO, 110 3aCTOCYBaHHS METO-
JIMKH, 10 IPOIIOHYEThCS, OO peajbHOi abCcopOIiiHOT
KPHBOI JJO3BOJIUTH BU3HAYUTH PEasibHi 3HAUCHHS Tapame-
TPIB CXeMH 3aMIIIEHHs I130JIA1ii, M0 JOCHIIKYETHCS.
[IpakTHYHE BHKOPHCTAHHS METOOUKH Ul pPealbHOI i30-
nsii Oyie MpoAEMOHCTPOBAHE B HACTYIIHIH CTATTI.

BukopucranHs eKBiBaJIEHTHHUX cXeM [ieJeKTpuKa
AUIs1 liarHOCTyBaHHs i30Jistii. [Inst 1301111 eJIeKTpoTexHi-
YHOTO 1 €JIEKTPOCHEPTeTHYHOTO YCTaTKYBaHHS XapaKTepHa
HEOJJHOPIHICTh CTPYKTYpPH 1 BJIaCTHBOCTEH, 110 3yMOBJICHA
CaMOI0 CTPYKTYPOIO i CKIIaJIOM EJICKTPOi30JIAIIHHOTO MaTe-
piany. KpiM TOro, HeoTHOpiqHICTb 130JIA1li MOYKE BUHUKATH
B IIpOLIEC] eKCIUTyaTallii i30Jismii BHACIIJOK HEOJHOPIHOTO
PO3MOALTY TIOJIS, TTOB’SI3aHOTO 3 TEOMETPIEI0 CaMOi JieIeKT-
PHYHOT KOHCTPYKII{, BHACIIZOK YOTO €JIEKTPHIHE 1 TEIIOBE
CTapiHHSA 130JMil Oy/e MPOTIKAaTH 3 Pi3HOIO IHTCHCUBHICTIO
B 00J1aCTsIX 3 PI3HOIO HAMPY)KEHICTIO T0JIs. B HeomHO-
pimHOCTI Matepiaiy i TeoMeTpii eNeKTPOi30IAIiiHOI KOHC-
TPYKIii Ha KOHQIrypario BHYTPIIIHEOTO IMOJS B 130JISILIT
MO>KHA OL[IHHTH PO3PaXyHKOBHM LIUTIXOM JIMIIE JUIS ISSTKHX
HaHOUTBII MPOCTUX BUMNAJKIB. SIKIO 3aCTOCOBYIOTHCS HEO-
HOPIiIHI MaTepiall B HEOXHOPITHOMY IIOJI, TO HAKIIAJAHHS
30BHILIHBOT 1 BHYTPIIIHBOT HEOTHOPIHOCTEN PI3KO YCKIIAI-
HIOE 3amaqy. OTHIM 3 MPOCTHX MIIXOMIB 10 00XOIy BHUHH-
KaroYMX YCKJIaJHEHb IOJISra€ B MOJICNIOBAHHI €JIEKTPOi30-
JSMIAHAX KOHCTPYKIIA MPOCTUMH €JISKTPHYHAMH CXEMaMU
3aMiIeHHS, 0 CKIIA/IAl0ThCS 3 PE3UCTOPIB 1 KOHJEHCATOPIB
1 MalOTh YaCTOTHI XapaKTEPHUCTUKH, IIIO BiATIOBINAIOTH Yac-
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TOTHAM XapaKTePUCTUKAM 130JIAMii, IO MOCTIIKYETHCS.
[epenbavaeTbes, O MpU Takid 3amMiHI MOXKHA CKIJIACTH
OLTBIII-MEHII a[IcKBaTHE YSABICHHS IPO Mipy HEOTHOPITHOC-
Ti 130JSILIT IPY TIEBHIH 1HTEpIpeTalii OTPUMaHHUX Pe3yJIbTa-
TiB. 3a3HauMMoO, IO MOMIOHWI MiXiM, IO TPYHTYEThCA Ha
3aMiHi JieJIeKTPHKIB €KBIBAJICHTHUIMH CXEMaMH, 3aCTOCOBY-
FOTh HE JIMIIE J0 OITICY BIACTUBOCTEN €IEKTPIYHOT 130JIM,
ase 1 70 JOCIIDKEHHS! B3a€EMO3B’SI3KY MIDK CTPYKTYpOIO i
eNIEKTPO(I3NYIHNMI BJIACTUBOCTSIMH TE€TEPOr€HHUX KOMIIO-
SUIIHHKX JICICKTPUYHIX MaTepiaiB.

Haniii MomenpHIH KpuBiiH abcopOWiIHHOTO CTPyMy
MOXE BIANOBIAATH 6yzu) -AKa  4OTHPHOXKOMIIOHEHTHA
cxema 3aMilleHHS 3 HaCKpISHOIO HpOBl,I[HlCTIO Jnst npa-
BUJIBHOI'O BI/I60py CXEMHU 3aM1LlIeHHH i HaCTyHHOl IHTep-
nperauii pe3yNbTaTiB JiarHOCTYBaHHA HEOOXIIHO MaTu
VSBIICHHSI TIPO CKJIaJ, CTPYKTYpYy 1 OCOOJIMBOCTI MpPOTi-
KaHHS eNeKTpo]i3uIHUX TporeciB B i3oimii. Ile qocuts
CKJIaIHA 33/[a4a, & TOMY HaBE/IEMO JIMIIIe JIesIKi MOJKJIUBI

BaplaHTI/I 1HTepnpeTau11 YOTHPHBOXCIEMCHTHUX CXCEM 3a-
MIHICHHSI 130.]'[5[1.[11

Puc. 1. YotuproxeneMeHTHI CXEMH 3aMIiIEHHS 130J1s1ii 3 HACKPI3HOIO MPOBIIHICTIO

[HTepnperarnis y3araibHEHO! CXEMH 3aMIIIeHHS 130-
nsuii (puc. 1,a) Oyna HaBeqeHa BUIIIE.

[MapyBatoMy wMartepiady, IO €  IOCIIIOBHUM
3’€IIHAHHSIM JIBOX JIETIEKTPHKIB 3 TPY>KHOIO IOJIIPH3AIIIETO,
sika BimoOpaxkaeTbest eMHOCTsIME C 1 C,, 1 HACKPI3HOKO €JIeK-
TPOTIPOBITHICTIO, sSIKa MPEICTaBIeHa onopaMu R, 1 R, BKITIO-
YCHVMH TapalelIbHO BIIIOBIIHAM €MHOCTSM, BiATIOBiTae
cxema (puc. 1,0). 3a yMOBH, IO &0y # &2/, MAKPOCKOMIYHA
HCOJTHOPITHICTh TaKO1 JBOKOMITOHEHTHOT 130JIA11i1 IPUBOIUTH
JI0 TIOSIBM MirpamiiHoi mosspu3amnii, 00yMOBIEHOI HAKOITH-
YEHHSIM BUIRHUX 3apsiiiB Ha MDK (hasHI MeXi, HACIIiIKOM
SIKOTO € €KCIOHEHIIAIBHUN CIIaJ] CTPYMy 3 4acoM MHpH MO-
CTilHI{ Hanpys3i 1 ieNIeKTPHYHI BTPaTH ITPY 3MIHHOMY.

Cxema (puc. 1,8) MOXe BiNOBIJaTH 130JIALIIT 3 4acT-
KOBO 3pyHHOBaHMMH YH MPOOUTHUMH JIOKAJIBHUMH BKpAIl-
JICHHAMH 200 KOMIIO3UTHOMY iCNIEKTPUIHOMY MaTepiairy
3 JIOMIOPOTOBOIO KOHIICHTPAIIIE€I0 KOMIIOHCHTA 31 3HAYHO
BHIIIOIO €JICKTPOIIPOBIAHICTIO, IO XapaKTePHU3y€EThCS OMO-
POM Rj, IOCIIIOBHO 3 SIKMM IiAKJIFOYEHO JIENEKTPUK (€M-
HicTh C3) 3 HU3BKOIO €JIEKTPHIHOIO MPOBIIHICTIO (omip R;3),
a TaKoXK TMapalieNIbHOI0 IbOMY TIOCHIJIOBHOMY KOJIy €MHIC-
TI0 Cg, 110 BiZIOOpasKae IBUJIKI BUIH TOJAPH3AL].

I, mapewri, cxemy (puc. l,2) MOXHa 3acTOCYBaTH
JUTA 130JIAT, 0 € KOMIO3HIIIEI0 BHCOKOOOPOTHOTO He-
HOJIIPHOTO TI0JIiMepa 3 JIy)Ke HU3BbKOIO MPOBIIHICTIO (€M-
HicTh Cp) 1 MOMSAPHOTO TONIMEPa, BKIFOYEHOTO YaCTKOBO
nociIoBHO 3 HUM (K010 Cy, R,), @ YACTKOBO MapajiesibHO
(omip R)), a0 11 KOMIIO3UIIHHOTO MaTepiany, Mo CKia-
JIa€Thcs 3 1I0HHOTO a00 1HIIOTO0 HU3bKOJOOPOTHOTO HArlo-
BHIOBAYa B 3a[I0POTOBOMY PEIKHMi.

TakuMm YWHOM, MoOAeTbHAa KpuBa abcopOUiHOTO
CTpyMy MOXxe OyTH mimiOpaHa IS OIHIET 3 CXeM 3aMi-
IIEHHS 130JIsA1ii, 1 caMe IS 1€l 3 CXeM 3aMIIIeHHs MO-
KyTh OyTH pO3paxoBaHi iHIWBiAyaJbHI 3HAYEHHS mHapa-
MeTpiB ii €JIEMEHTIB, aje MOTIM IIi 3HAa4eHHSI MOXYTbh Oy-
TH TIEpepaxoBaHi i 0 Ipyrux cxem 3amimeHHs. Crodvar-
Ky B CTaTTi MM PO3IJITHEMO, SIK BU3HAYMTHU 1HIUBITyanbHi
3HAYEHHS I1apaMeTpiB €JIEMEHTIB y3araJbHeHOI eKBiBalle-
HTHOI CXeMH, a MOTIM IX INepepaxyHOK B iHIUBIIyalbHi
3HAYCHHS TIApaMETPIiB €JICMEHTIB IHIINX YOTUPbOXEIeMe-
HTHHX CXeM 3aMilleHHs i3oysnii. HaBeaeHi Takox ¢op-
MYJIH JJ151 3BOPOTHOTO IEPEPaxyHKy.

Buznavennsi iHauBigyaJbHUX 3Ha4YeHb NMapamer-
pPiB e/eMeHTIB y3arajJlbHeHOi eKBiBaJICHTHOI CXeMH
3amimeHHs i3oasuii. BusHaueHHs iHOWBiTyanpHUX 3HA-

YeHb MapaMeTpiB €JIEMEHTIB y3araJbHEeHOI eKBiBaJICHTHOL
CXEMH 3aMiIeHHs 130JIMii: HacKpi3HOTrO omopy, abcopo-
HiifHOro ornopy, adcopOLiHHOT 1 FeOMEeTPUYHOI EMHOCTEN
Ha TIPaKTHULI MOXHa peali3yBaTh HUIIXOM peecTpauii i
aHaJi3y NepexiIHOro CTPyMy y BHMIPIOBAJIBHOMY KO,
300paXEHOMY Ha PHC. 2, IPH MHUTTEBOMY IIOJIaHHI I10-
criiinoi Hanpyru U = U,.

VY BUMIpIOBabHE KOJO BKJIFOYEHO, KPiM 130JIAMii,
JIBA PE3WCTOPH: BUMIPIOBATBHUN R, — IS BUMIpIOBaHHS
CTPyMy BHUTOKY, 1 popMyBaNbHHI Ry — JUIs TeHEpyBaHHS
CKCITOHEHTH, IO OIHCY€ 3apsi TreOMETPUYHOI €MHOCTI
130mii. 3HaYeHHS BIMipPIOBAIBHOTO OIOPY BHOMPAETHCS
B Mexax 10° — 10° Owm. q)OpMYBaJIBHI/II/I Omip MOBHUHEH
6y B Mexkax 10° — 10° Om i 3a6esneuyBarn crany gacy
3apsy T€OMETPUYHOI EMHOCTI Cg(RO-ier) OJIM3bKO CeKy-
uau. Tomi 3a yac 3-4 ¢ BOHA 3aTyXHE 1 3a OUIBIN Mi3HIMH
BifuTikamu abcopOLiifHOro CTpyMy, MOKHa Oyle BH3Ha-
guTH a0COopOLiHY CTaly Yacy.

MogenbpHu cTpyM uepe3 i30JLiI0 MpH MiAKIIO-
YEeHHI BUMIPIOBAJILHOTO Koja (puc. 2) 10 moctiiiHoi Ha-
npyru U, sk QyHKIisA dacy, Oyae MaTH TPH CKIATOBUX:
MOCTIHHY 1 JAB1 €KCIIOHEHTH 13 3apsSOHOI0 U TeOMETPHY-
HOi eMHOCTI 1/a 1 abcopOuiitHoto 1/b cranumu gacy:

I=C+ A-exp(—at)+ B-exp(-bt). @)
st Toro, mo0 3a MOJIENBEHOK KPHBOKO a0COpOMiHO-
IO CTPYMY TEOPETHYHO BHU3HAYMUTH Ii MapaMeTpH, MU IIpoO-
MIOHYEMO CKOPUCTATUCS TPHOXTOYKOBHM METOIOM, IO Jlae
MOYITUBICTh BH3HAYUTH CTaJi ¢ 1 b, a IOTIM po3paxyBaTH
koedimienTHn KpuBoi abcopOmii. [lami, BUKOPHCTOBYIOUH
(dopMyity UL CTpyMY BUTOKY, 3aIIHCAHOMY 3 BpaxyBaHHIM
BUpa3y AJISI ONepaToOpHOi MPOBITHOCTI, TEOPETHIHO MOXKHA
BU3HAYUTH TIApaAMETPH €JIEMEHTIB EKBIBaJICHTHOI CXeMH
3aMIIICHHS, a [TOTIM 1 3HAUYeHHs KoedimienTa adcopOril un
IHIIUX IHTEPBAIBHUX JIATHOCTUYHHX MapaMeTpiB.

1
R, R R,

a

a
S
Puc. 2. ExBiBaieHTHa BUMipIOBalibHA cxeMa: Ry — 00OMexyBalib-
HUi (popMyBabHUIL) OMTip, Ry — OMip BUMIPIOBaJIBHOTO JATUH-

Ka, R, — Hackpi3Hu# omip, R, — omip abcopbuii, C, — eMHICTH
abcopbuii, C, — reOMETpUYHA EMHICTh

C
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B pamKax TEopeTHYHOTrO METOy, IO MPONOHYETHCS,
Ha iHTepBaii yacy Outsme 10 ¢, 1e 3apsiaHa eKCIIOHEHTa BXKe
HE J]a€ BKIIAJy Y CTPYM BUTOKY, BUOHPAEThCS TPU TOUKH 1,
L1t Taki, WO & — 1 = ;3 — b, s Toro. mo0 MaTtu MOKIIH-
BICTH pO3paxoByBaTH Koe(imieHT abcopOrii Rey/Rs, pexo-
MeHAyeThes npuitaaTH £ = 15 ¢, ,=37,5cit; =60 c.

3anporoHOBaHMA BUOIP TPHOX PO3PAaXyHKOBHUX TOUOK
JI03BOJISIE 32 paxyHOK BimHimauHs 1(5)) — I(t) 1 I(t;) — 1(ty)
YCYHYTH TOCTIHHY CKJIAIOBY aOCOPOIIIHHOTO CTPyMY 1 TO,
IpH YMOBI, IO CTajla yacy 3apsiy T€OMETPUYHOI €EMHOCTI
Ci(RotR,) = 1 ¢, a cTana yacy 3apsiTy abcopOuiiiHoi eMHOCTI
C,R,>3 c, crana b Ha npyromy iHTepBaji 3 JOCTATHBOIO TO-
YHICTIO MOYKe OyTH po3paxoBaHa 3a ()opMyJIOr0

o 1)
p=_3 6/ )
ts—14

Ha nepmomy inTepBaii gacy Bix 0 mo 10 ¢ motpibHO
BHOpATH TPH TOYKH ?1, tp 1 t3, TAKOXK TOTPHUMYIOUHCH BU-
MOTH, o0 t, — t; = t3 — t,. Toxi 3apsaHa cTajla a Ha IIep-
LIOMY 1HTEpBaJli Yacy pO3paxoBY€EThCS TAK

il S1= 12
I, —1I3

Koedirientu 4, B i C BU3HAYAIOTHCS 3 CHCTEMH 3-X
PIBHSHB, B3STHX U TPHOX 3HA4Y€Hb MOJAEJIBHOI KPHBOi
abcopOIiifHOTO CTPyMy, Kpamie HpH MajluxX 3HAYeHHSX
4acy, IpU SKUX CHUCTEeMa PiBHSAHb OyJe Kpalle BU3Haue-
HOIO 1 MOYKHA OTPUMATH TOYHIII 3HAYCHHS KOCe(DIlli€HTIB.
Cucrema piBHSAHB JUIS BU3HAYCHHS KOE(Ili€HTIB PiBHSH-
Hi (1) Oyne matu BUTIISA

a1A+blB+C = 11,
a2A+sz+C = 12, ’
ac a; = exp(fal‘,-), bi = exp(fbl‘,-), 11' = I(tl)
Koedirientu piBasaus A, B 1 C 3rigHO PilIeHHS CH-

cTeMu (4) B 3arajJibHOMY BUIVISJI JIOPIBHIOIOTH 3HAuU€H-
HsM, sIKi HaBezeHi B (5).

4= (11 =15):(by =b3)— (I, = 13):-(by =3 .
(a1 —ay)-(by —b3)= (b — by )- (a2 —a3)’
_Li—1—A-(a—ay),
(b1 —b) ’
C=1,—a,A—bB.
{06 3amucatk GOPMYIH 11 BH3HAYCHHS 3HAYCHD

napameTpiB y3araJibHeHO! eKBIBAJICHTHOI CXeMH 3aMi-
IIEHHS 1307151111 3anMIIeMo B oneparopHoMy BHAI ii mpo-

“4)

B Q)

a= ? . 3) BigHIicTh (6). Ililf mMPOBIMHOCTI BiAIOBIJa€ Taka 4acoBa
274 3aJIeKHICTh CTPYMY depes i30Ma1ito (8)
2
Y = Ry p +p(aaa Togg +agl)+aaaagl . (6)
1 - : 2 b
RO+Rd p +p(aaa +aga+agl+agod)+aaa(agl+agod)
1 1 1 1
Ogqg =3 0gy = 0g = 5 Ogod =—(—); @)
R,C, R,C, R/C, Cg\Ro + Ryoq
U 2 _oa+ b? —ab+
=—0 . £+Mexp(— at)—ﬂexp(—bt) : (8)
Ry+R; | ab  ala—b) b(a—b)
ne o 1 f — xoedillieHTH YHUCENTbHUKA, @ 1 b — aOCOJFOTHI 3Ha- b
YeHHsI KOPEHIB 3HAMEHHHKA TTPOBIJHOCTI y3araJlbHEHOi CXeMH R =|—-1} (Ro tRy ) ) (13)
3aMIIICHHS 130JIAIIiT B OMEPaTOPHOMY BHUIJISIIIL, IO JOPIBHIO- B
10Tb 00EPHEHHM BETMYHMHAM JI0 CTAINX Yacy CTPYMY BUTOKY. a BpPaxOBYIOUH, 110
Jlns KopeHiB 3HaMEHHUKa 3a TeopeMoro Bieta crpa- (a-a)p B _b-p .
1 pi i Ogl == 2 0gg = 7 L Ogg =00 —0Ogj »
BE/UTHBI PiBHOCTI g b—p o a—a 8 g
a=a+b=(a toa,, ta, ta ) ¢
1 ga " %aa T %gl " Ygod )> (9)  3HAXOLMO
b = ab= gy (ag + ageq o fa-a) (R Ry) "
KoediuienTn uncenbHuka o i f MOXHa BH3HAYUTH a b-p a-a ,’
yepes koedinienTu abcopOuiitaoro crpymy 4 i C, Bpaxo- = d—a b— B B
BYIOUH BHpa3u Ui a; i by 3rizHo dopmyiu (9)
1 a-o b-p
BC(Ry + Ry) C, = (a— p- J (15)
= ; 10 i
T (10) “ Ro+R) 0-p\" b-p" a-d
B Aq ( Ry + Rd) Cnig 3ayBa)kKHUTH, IO, SIK TIOKA3yIOTh OLIBIN JeTaIbHi
a=a+— _U—' (11)  mopensni PO3paxyHKH, IIpaBUIbHC BU3HAYCHHS ITapaMeT-
a 0

Tenep MoxHa MEPEUTH 0 BU3HAUCHHS 3HAYEHB Ta-
paMeTpiB y3arajibHEHOI cXeMH 3aMilieHHs. BpaxoByrouw,
mo Ry i R; BiIoMi, a Oy = @ — @, MOXKHA BU3HAYUTHU
T€OMETPHUYIHY €EMHICTH

-1
¢ (a1 -a)Ro+Ry)
Jlani, BUKOPHCTOBYIOYH PIBHOCTI
_ Ogod ﬁ
@ g

(12)

B=04,-0g 1 a

MaeEMoO

piB cxemMH 3aMiIleHHS i30JAIil 3alPONOHOBAHUM METO-
JOM IJIsI MOJENIBHOTO INPHUKIAZY MOXKINBE TUIBKH IIPH
neBHOMY 1X criBBinHomIeHHI. Craa yacy 3apsiy reoMer-
puuHOi eMHOCTI Cyo(Ro+R,;) NOBUHHA 3HAXOJAUTUCA B Me-
Kax 0,2<Cy(RotR,)<1 c, a ToMy HE0oOXiTHO MONEpPEeTHBO
3HaTH a00 BWU3HAYATH EMHICTh 00’€KTa BUMIPIOBAaHHS 3
BiJINIOBITHOIO TOYHICTIO. BpaxoByrouu, 1o st po3paxy-
HKy KoegilieHTa abcopObuii BH3HaYatoTh abcopOuiiHMN
cTpyM Ha 15 1 60 ¢ micis momadi Harpyru, cTaja dacy
C,R, moBuHHA OyTH OinbIION0 3 ¢. KpiM Toro, HE0OXimHO,
o6 100yTok C,R; Oys Ginbmwum 0,5 ¢, a omip BUTOKY R,
OyB MeHITNM 32 abcopOmiiHui omip R,.
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1106 npoisrocTpyBaTH MOPSIOK BUKOPHCTAHHS TPHOX-
TOYKOBOT'O METOJY PO3IIIHEMO MPHKJIA]] PO3PAXYHKY 3Ha-
YeHb MapaMeTpiB MOJENBHOI y3arajlbHEHOT CXeMH 3aMi-
LICHHsT 130JIsMii 3 BUKOPHCTAHHSM PO3PaXyHKOBOIO abcop-
OLIIHOTO CTPYMY VISl CXEMH 3 BLZ[OMI/IMI/I 3HAYCHHSMH T1a-
pameTpiB. HmeMeMo 1o R;=510° OM Ry =2 107 Owm,
C= 7-10° @, R;=8-10" Om, C,=3-10°* ®, R, = 6:10° Om.
Tozu, BuKopHcToByroun Gopmyinu (7) — (9) mist abcopb-
LIHOTO CTpyMy, IO TPOTIKaE 4yepe3 MOJEIbHY CXeMy
3aMIlCHHS 130JI1i{, MaeMO BHpa3, 3a SKUM MOTPIOHO
BU3HAYUTHU 1HMBIAyallbHI 3HAUSHHS apaMeTpPiB eJieMeH-
TiB MOJEJIBHOI CXEMHU 3aMilllCHHS
1=1,69-108£70.00551) | 4 98.106£(-0.7167) 1 1 25.10710 (16)

)1.]151 BU3HAYCHHA 3HAYCHb CTAJIMX 4YacCy €KCIIOHCHT MO-
JIeNTbHOT a0COPOIIHHOT KpI/IBo'l' Ha MepIIOMY IHTepBasli BUOU-
paemo 3HaueHHs dacy 1, 2 1 3 c, a Ha gpyromy — 15, 37,5 i
60 c. 3a popmymamu (2) i (3) 3HaxoaMMo, o @ = 5,5:107,
b =0,7164, o IPaKTUIHO CITIBMAAE 31 3HAUCHHIMH CTa—
X 4acy B piBHSHHI ( 16) Temep MOXHA 3HAUTH pospa-
XyHKOBl Koeqnuleﬂm PIBHSHHS, IO aopmmoron, BiJIIIO-
BinHo 4 = 1,686-10°°, B = 4,982:10°i C = 1,25-10" i
TOYHO CIHIBIaA0Th 3 JMIACHUMH 3HAYCHHSIMH KOe]ilieH-
TiB. Bupaxysapuun a i by, 3HaX0AMMO 3a (bopMynaMu
(10) i (11) a = 8-107°, wo TouHO BimmOBiKac BI/IXI,I[HOMy
3HAYCHHIO, Ta JIEIO0 3aHH>1<eHe S =9,919610"° npu tou-
HOMy 3HaueHHi 9,9206-10°°. Maroun Bci HeoOXiaHi 3Ha-
YCHHS, PO3PAXYEMO 3a q)opMyJIaMH ( 12) —( 15) 3HAYCHHS
r[apaMeTplB cXemH 3amilleHHs izomauii: C, = 7- 10°® (OX

=~ 810" Om, C,=3-10° ®, R, = 810" Owm, mo cris-
Ha[lalOTb 3 BI/IXIIlHl/IMI/l 3HAQYCHHsIMU 3 TO'-IHICTIO J10 4YE€TBEC-
PTOTO 3HaKa ITiCIIsl 1ECSITKOBOT KOMH.

Hagenenuil npuknazx po3paxyHKy TakoXX MOKHA BH-
KOPHCTATH JUIS TCOPSTUYHOT LTIOCTpALlii IepeBaru 3HaHHs
IHAWBiMyalbHUX 3HAYCHb IHIWBIAyaIbHUX IapaMeTpiB
CXEMU 3aMIMIeHHs 130Lii mepen GopMaIbHUM BUKOPHUC-
TaHHsIM Koedimienta abcopOuii. KoedimienT abcopOmii
JUIS MOZIETBHOT PO3paxyHKOBOI cXeMH JopiBHIOE 1,18, mo
Ha MPaKTHI Jaio 6 GopMaibHi MiACTaBU IS BUBSACHHS
i30J1s1ii 3 eKcruTyaralii BHaCJIiIOK He3aJ0BUIbHUX XapaK-
Tepuctik. OHAK, SKIIO BpaxyBaTH, 110 HACKPI3HHU OIip
BUTOKY Mae 3HaueHHs 8-10'' Owm, a poapaxyHKOBHH tgo
Ha eIEKTPOIPOBIAHICTh Mae 3HaueHHs 5,710 *, To MoxHa
MPUATH JI0 TPOTHUIICKHOTO BHCHOBKY — 130JIALSI Ma€ 3a-
JOBUTBHI XapaKTEPUCTHKH i IPoOil 1ii He 3aTPOKYE.

TakuM YHHOM, TEOPETHYHA IEPEBipKa 3arpoIOHO-
BaHOI MOJICIIBHOT METOJIUKY TTOKAa3ye€, IO TUIEKH y BHUIIA-
JIKY, KOJIW HEOOXIi/IHI CIiBBIIHONICHHS MK 3HAYCHHSIMH
napamMeTpiB 130T 1, BIAMOBIIHO, CXEMH 11 3aMill[CHHS,
MAaloTh MICIle, PO3PaXyHKH 1HIMBIIyallbHUX 3HAYCHb Jla-
FOTh XOPOIIy TOUHICTb. AJie HEOOXiJHO MaTH Ha yBa3i, 1110
TP BUXO/Ii 32 HaBEACHI BUINE MEXi 3HAUCHB ITapaMeTpiB
TOYHICTH JOCHUTB Pi3KO MOTiPITYETHCA.

TeopeTHYHO TiIBUIIUTH TOYHICTH BU3HAUCHHS 3HA-
YCeHP MMapaMeTPiB CXEMH 3aMillICHHS MOYKHA IUISIXOM IIpO-
BEJICHHS JIBOX PO3paxyHKiB. [lepmiuii po3paxyHOK MOBH-
HEH MPOBOJIUTHCS MPH YMOBI, MO Ry 1 Ry << R, 1 R;, i
BIUTMBOM 30BHIIIIHIX OIOPIB Ha aOCOPOIIHHMUIA CTPyM MO-
»Ha 3HexTyBatu. [Ipu npomy
I1=U, LJrLexp _r ,

[ a T

ne 7, = C,R, — abcopOiiiiiHa cTana Jacy.

Bubpasimm Tpu 3HaYeHHS Yacy B 00JacTi criagy abco-
POIiifHOT KPHBOI SIK 1 paHimIe TaK, mod 4, — ) = t; — t, = At,
BUKOPHUCTOBYIOUH 3HAYCHHA CTpyMy I}, I, 1 I3, 3HAX0AUMO

a

ix pizamui dfy, = I
IIHHOT CTaJI0i Yacy

— b, dIy; = I, — I3 1 3Ha4eHHs abcopO-

At
=~ 17
In(d7y /dl53)
Tenep MokHa po3paxyBaTH a0COPOIIFHUI Omip
U t
R, = 0 exp - —exp b , (18)
112 Ta Ta
abcopOIiiiHy EMHICTB
«=T4/Ry s 19)
1 HaCKpI3HUH Omip
U
R = 0 (20)

e
a a

Ha npyromy erami morpiOHO NMpOBOAWTH PO3paxy-
HOK, BuOMparoun R, npu6usso 10° Om, mo6 cdopmysa-
TH 3apsiiHy €KCIIOHEHTY, 3a ¢opmynamu (2) i (3) 3HaiTH
cTaii 9acy a i b, a moTim, BpaxoBYyIOUH, IO iHIII apame-
TPH BXXKE BIIOMi MPAKTHYHO TOYHO, PO3paxyBaTH HaOIH-
skeHe 3HadueHH C,, 32 POopMyIIO0

Cy = (abCyRy(Ry + Ry )™ @1

Sxwmo 3apsapHa crana yacy Co(Ro+R;) 3HaXOIUTHCA B
meskax Bif 0,2 ¢ 1o 1 ¢, To C, Gyae BU3HAYEHO 3 TOUHICTIO
He TipIle KUTbKOX BIJICOTKIB, SIKIIO Hi, TO BUOUPAIOTh HOBE
3HAUCHHS R, 10 3aI0BOJILHSIE HABEACHIH YMOBI, i TIOBTO-
PSIIOTH pO3paxyHOK. TakkM YMHOM, Y LIbOMY BHUII3JIKy, He-
3Ba)KAIOYM Ha OUIBIIY KiIBKICTh POOOTH, MOYKHA OTPUMATH
TOYHI 3HA4YECHHS TPHOX IMApaMeTpiB, 10 BH3HAYAIOTh KOE-
(himienT adbcop6uii, i HabMMKEHe 3HAYCHHS YETBEPTOTO.

TeopeTHyHO MOXXHA BH3HAYMTH BCi 3HAYCHHS Mapa-
METpIB CXEMH 3aMiIIeHHs i30JIAIlii TPhOXTOUKOBUM METO-
JIOM 1 TIpH OJJHOKPATHOMY PO3PaxXyHKY HIIIXOM BUKOPHC-
TaHH:], KpiM KpuBoi abcopOii, e # BiAHOBIIOBAHOI Ha-
npyru. s 1LbOMy CHOYaTKy ITOBTOPIOETHCS MEPLINH
eTaIl TOMNepPeJHbOr0 PO3PaXyHKY 1 (DIKCYIOThCS 3HAUCHHS
abcopOLiitHOro CTpyMy, HEOOXiZHI AJIsl TOYHOTO BH3HA-
4yeHHs R, R, 1 C,, a MOTIM IIpH MOJICTIOBaHHI METOY BiJl-
HOBITIOBAHOI HAMPYTH (KOPOTKOYACHE  3aKOPOUYBAHHS
i30SIl [UIst pO3psAy TEOMETPUYHOI €MHOCTI Ha MaJMid
Ommip i BUMIPIOBAaHHS EJICKTPOCTATHYHUM BOJILTMETPOM
a00 BOJIBTMETPOM 3 OIOPOM, 1110 3HAYHO IEPEBUIILYE OIIp
130JIA11i1, BITHOBITIOBAHOI HATIPYTH HA 130JIALII1, [0 BUHU-
Ka€ BHACIIIOK 3apsIy T€OMETPHUYHOI €MHOCTI Bix abcop-
OmiifHOT) BU3HAYAEThCA EMHICHUH KoedimieHT abcopOii

ko= Uvmax _ Ca
C )
U, 0 C g +C a
ne U,max — MaKCHMaJlbHE 3HAYEeHHs BIJHOBJIIOBAHOI Ha-
MPYTH, i TEOMETPUIHA EMHICTb
1
Cg = Ca k——l . (22)

(4
3ayBa)xMMO, LI0 NPU TaKOMY MOJICILHOMY BH3Ha-
YEeHHI BiJIHOBJIOBAHOI HANpyru, €eMHICHOTO KoeQilieHTa
a0copOIIil i TeOMETPUIHOT EMHOCTI HEXTYIOTh MOYKITUBUM
PO3psiIoM eMHOCTEH 130JsMii Yepe3 ii HacKpi3HUi omip B
TMpoIIeci 3apsiy TEOMETPUIHOI EMHOCTI Bi aOCOpOIiifHO1,
II0 MOXE MPUBECTH [0 JCIKOr0 3aBHIICHHS 3HAYCHHS

3HAHAEHOI TEOMETPUIHOI EMHOCTI.
Binem meranpHE TEOPETUYHE MOCTIIKEHHS BiJIHOB-
JIIOBaHOI HANpPyTHM MOXKHA MPOBECTH, 3HAIOYM 3HAUCHHS
mapaMeTpiB CXeMHU 3aMillleHHs 130Jimii. Po3riasHemo Bu-
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NaJoK 3 BKIIOYECHHSIM R; 1 Ry B PO3pSIIHY CXeMy, KOJIH
micyst 3apsimy 30l 1 BIAKITIOUEHHS JpKepesia HalpyTH,
BlI[6yBa€TbC$I KOPOTKOYACHE 3aKOPOYyBAHHSI. BBan(a}oqI/I
R, HacTiNbKU MaiuM (MEHIIMM ab0 PiBHUM 10* OM) 110
HUM MOXHA 3HEXTYBATH, PO3IIIHEMO IEPEPO3NOILT 3a-
pany mik emHocTaMu C, 1 C,, a Takox pospan C, depes
R4, Ro1a R 1 C, uepes R, i Ry ipu ymoBi, mo C, 3apsaxe-
Ha 10 U,,, a 3apan Ha C, nynboBuid. [loznaunsim
RiRg

R+ Ry
3 CHCTEMH PIiBHSHB IS CTPYMIB /; 1 [, B onepaTopHiit popmi,
BpaxoBytouH, o U,, = LApC,), 3anuiemo BUpas s b

_Rde >

+o + R

I, (Rde +R, (P gde) (p aaade) _ de =U,,,
p p (Rde +tR, )

ae agde = Cnge: Qaade = Ca(Ra+Rdg), i JUIA Bi,HHOBJIIOBaHOI

HaIpyTy B onepaTopHiit Gpopmi Maemo
U. = I - _ Uca p
" pCy CyRae (p+au)- (Pt aguee)
plg gfhde \P T CQaa )" \P T Qglee
a0o B QyHKLIT yacy
Uea exp(— a at)— exp(— agdeet)
rg — :
Cnge Oaq — Cgdee
Tenep MokHa po3paxyBaTH 4ac, IPH SIKOMY BiJHOB-
JIIOBaHa HAIIPyTa Ma€ eKCTPEMyM

_ ln(aaa )_ ln(agdee)

max s
Qaa ~ Cgdee
MaKCHMallbHE 3HAYCHHS BiTHOBIIOBAHOI HAIIPYTH
O gdee
a _
U _ Uca gdee |0, O gdee
rmax C R
Ogdee gfla \ Caa

1 IIBUJKICTH BiTHOBJICHHS HaNpyrd Ha T€OMETPUYHIN €M-
HOCTI, 1110 TipH ¢ = 0 CTaHOBI/ITL

dr C R

1 3aJIe)KUTh HE TIJIBKH BiJl MapaMeTpiB CXEMH 3aMIllleHHS
i3omAii, a i Bix 3HaueHHA Hanpyra U, OO SKOTO 3aps-
JokeHa eMHICTh C,. I KITaCHYHOTO BapiaHTy BU3HAYCH-
HS BIZIHOBJIIOBAHOI HANpyTH, KOJU CIIOYaTKy T€OMETpHY-
Ha i abcopOIIiiiHa €MHOCTI 3apsIKAIOTHCS O MaKCHMAITb-
Horo 3HauyeHHs Hanpyru Uy, orpumani Gopmynu OynyTh
CIpaBeITUBUMU, kim0 npuitasata U,=U,. 3ayBaxumo,
L0 XapaKTEPUCTUKH BiTHOBIIOBAHOI HAIIPYTH, IO BHKO-
PHCTOBYIOTBCSI JJIs TIarHOCTYBaHHs B [4] 1 B iHIIUX po0o-
Tax, MOXKJIMBO TaKOXX PO3paxyBaTd 3a BH3HAYCHUMH iH-
JUBiTyalbHIMH 3HAYEHHSMH MapaMeTpiB eJIEMEHTIB CXe-
MU 3aMillleHHs1, He IPOBOISIYH IOAATKOBHX BUMipPIOBAHb.

[ITo6 BneBHMTHCS B IIbOMY, Bpaxyemo, IO Harpyry
U, Ha a6cop6ui1‘/'IHi1‘/'I €MHOCTI MO>KHa OTPHMATH TIPH HETIOB-
HOMy 3apsimi i3orsiii. Skmo TeOMETpHIHY €MHICTD 3apsi-
JokaTH uepe3 Hepemmkumit omip (10° — 107) Om, Tak mo6 ii
crana 3apsiy Oyia menine 0,1 cekyHIu, TO TIPH Takiil cramii
yacy abcopOuil Ha i30ysiil (HakTHYHO BXKE uYepe3 CeKyHy
Oyne MaTu Micte Hanpyra, 1o JIOpIBHIOE TIpHKJIaneHin Uy, a
abcopOuiitHa emMHICTH Oyze 3ap;1,u>1<amc;1 3 abcopOuiitHOO
CTaJIOIO Yacy 1 Hampyra Ha Hili Oy/e

abcopOriitHa eMHICTB 3apsauThes 10 Hanpyru U,,. [ToTim
MOTPIOHO 3a KOPOTKMII Yac pPO3PSAUTH F€OMETPUYHY €M-
HICTh Ha MAJIAH OITip 0 HYJIbOBOI HANIPYTH 1 3aikcyBaTH
3pOCTaHHS HANpPYTH HA TEOMETPUYHIA €MHOCTI 3a paxy-
HOK i 3apsiy Bix abcopOUiiiHOT, STKe OMMMCAHO BHIIIC.

IepepaxyHok mapameTpiB y3arajibHeHOI eKBiBaje-
HTHOI CXeMHM 10 iHIIMX cXeM 3amilleHHs i30Jsuii. Buxo-
PHCTOBYIOUM 3HAHIICHI BUINE 3HAYCHHS MapaMerpiB y3a-
rajJbHEHOI E€KBIBAJIEHTHOI CXEMHU 3aMIIIEHHS 130JIA1Iii, MOX-
Ha 3HalTH IHAMBINyaIbHI 3HAUEHHS MTApaMeTPiB 1 IS 1HIINIX
YOTHUPHOXEIIEMEHTHUX CXEeM, II0 BiIOOpaKaroTh MOXKIIU-
BICTB MPOTIKAHHS HACKPI3HOTO cTpyMy (1mB. puc. 1). Teope-
THYHO YMOBH TOTOXKHOCTI peaxiii Ha J[if0 30BHILIHBOTO MO-
CTIHOTO EJIEKTPUYHOrO IOJsI MOXKHA OTPHMATH, HarpH-
KJIaJ, IUISIXOM TIPUPIBHIOBAHHS iX IEPEXiMHUX XapaKTepHc-
THK B OIIEPaTOPHOMY BUTJISIIL.

BubpaBmm B SKOCTi OCHOBHOI PO3IIISHYTY BHIIE y3a-
raJbHEHy CXeMy 3aMillleHHs, 300pakeHy Ha puc. 1,a, B3a-
€MO3B’SI30K MDK TapaMeTpamMH pI3HMX EKBIBAJICHTHUX
cXeM, IO BiIMOBIAATUMYTb OZHIH 1 Tiii camiil 4acoBiii 3a-
JIGOKHOCTI CTPyMy Yepe3 ICNeKTPHK, OyIeMO 3HaXOIUTH,
PO3B’SI3yIOYM CHCTEMH DIBHSHB, OTPHMAHHX TMPUPIBHIO-
BaHHSM BIANOBIIHUX KOE(ILiEHTIB NEPEXiJHNUX IPOBITHO-
CTeiil B ONEPAaTOPHOMY BHUIVISIIL TIPU Pi3HUX CTEMEHSX OIle-
patopa p. IlapanenbHO pO3IIITHEMO TAaKOX Mepexil Bif
3HAYCHH MApaMeTPiB CKBIBAJICHTHUX CXEM 3aMilICHHS i30-
TAMii 70 3HAYCHb MapaMeTpiB y3aralbHEHOI CXEMH 3aMi-
IIeHHs 1 HaBegeMo GopMyiH A 0OurciIeHHs KoediieHTa
abcopOril st pi3HUX CXeM 3aMiIleHHs 3ol s exsi-
BAJICHTHOT CXEMH JIBOXILIAPOBOTO JiejiekTpuka (puc. 1,6)
MPOBIHICTh B OIIEPaTOPHOMY BUIJISAII IOPIBHIOE

2
_ GGy p?Hplay tay)togay
G +G Ptage ’

e a 1 o = 1 u R +R,

ne 1C1 2RGy 2 RiRy(C+Cy)

3 nopiBHsHHES Qopmyn (6) mis Y 1 (23) mis Y, 3anw-
IIIEMO CHCTEMY PiBHSHB IS TIEPEXOMY BiI CXEMH 3aMIIlICHHS
(puc. 1,6) mo cxemu 3amimieHss (puc. 1,a) 1 HABIAaK|, BUKO-
PHCTOBYIOUH TTApAMETPH SIIEMEHTIB €KBIBaJICHTHUX CXEM:

(23)

g:&, (24)
C+Cy
1 11 1 : 25)
CuRy CoRy CiRy R,y
! + ! + 1 + ! ; (26)
CoR, CuR, CoR CRy CGRy
+
1 R +Ry @7

CaRy R1R2 (G+G)

PiBnsnns (24) 3pa3sy x mae Bupas C, uepes C 1 C,. 3
piBHsiHHSI (25), BpaxoBytoun piBHsHHS (24) 1 (27), Maemo

Rl = R] +R2. (28)

[MincraBuBmm B piBHSHHS (26) BiAOBIAHI 3HAYCHHS

1 3MIACHUBIIN HEOOXiTHI IEPETBOPEHHS, a TAKOXK BpPaXo-

Bytoun Bupas (7) s o,,, OTPUMYEMO
_ RiRy (R +Ry)-(C1 +Cy)

U,=Up (1 exp( aat))' a > 5 (29)
SKmo oOMEXHTH TIpOIeC IMoaavi MOCTIHHOI HATIPYTH (Cl R =GRy )
Ha 130JILII0 Yepe3 HEBEJIMKNI 00OMEKYBAIIBHII OIIIP YacoM 2
P | )(I;YB P C = (ClRl - CZRZ) (30)
At=———In|1-=¢4 |, (G +CNR + Ry )
Qaa 0
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3BOpOTHE BH3HAUEHHSI KOEQILIEHTIB ISl Mepexory
Bix cxemu (puc. 1,a) no cxemu (puc. 1,6) kparie mpoBo-
JWTH, BUSHAYMBIIY CIOYATKY /1 1 Q. s 3HAXOKEHHS
o] 1 @ BUKOPUCTAEMO CHCTEMY ABOX piBHsHB (25) i
(26), 3ancany y BUIIIsi

011002 = Ogq0g) = 4;
(€1))

ga +a gl =B.

3HANIIOBIIHN 0] 1 0z, @ TAKOXK BPAXOBYIOYH PIBHSH-
Hs (27) 1 (28), MOXHa 3amMcaTd HapaMeTpH €JIEeMEHTIB
CXeMH 3aMileHHs i3omsuii (puc. 1,6) depes mapamerpu
€JIEMEHTIB CXeMHM 3aMilieHHs (puc. 1,a), a Takox BUpa3
Ut KoedimieHTa abcopO1ii:

app +apy =0y, 0

Oaq (a11 —022 ) Caaq (azz —aq1
C, = %a(“n—azz) - C %a(azz—an) )
Ryay 102 (11— 0gq ) Ryay 1090025 =)
Koeditient abcop6uii muist cxemu (puc. 1,0) 1opiBHIOE
_ I+ dlbexp(— 600, )
1+dyyexp(-15ay,)
(RiCi —Ry Gy ) R+ R,
RiRy(C,+C, ) RiRy(C+C3)

Jns cxemu 3amimenHs (puc. 1,8) MaeMo mepexigHy
XapaKTePUCTUKY Y BUIIIALI

2
P +P(0‘gs tagg +0ﬂ33)+0ﬂgsa33
ptos,

@1(022 = %),
i

ne dyp = ay =

Y3=C, (32)
_ 1 - — 1 R, + R,
gs > 3s > = o~
R,C, R3C, R R3C

[MopiBHsABIIM KOE]ILIEHTH NpPU PI3HUX CTEHEHSX
orepaTopa p B YNCEIbHUKY 1 3HaMeHHUKY i (32) i1 (6),
orpumyemMo (opMynn TmepepaxyHKy KoeQillieHTiB y3a-
TaFHEHO! CXeMU 3aMilleHHs i3oimii (puc. 1,a) mo koe-
¢imientiB cxemu (puc. 1,8) 1 HaBmaku. 3 BpaxyBaHHIM
Toro, o C, 3aIMmaeThbes 6e3 3MiH, MaeMo:

ac a

030 =

2
R R
Co=Cgo Ry =Ry +R, R, =—*(Ry +R, ). C, = C3| ——
Ry Ry +R,
3BopoTHOMY TIepexofy Bix cxemu (puc. 1,a) mo cxe-

MU (puc. 1,6) BiomoBigaroTh HopMyITH:
2 2
R R,R R
L_ R=—_ C=Cl1+=2],
R, +R R, +R R

a koeirieHT abcopOIii, BUpakeHUH Yepe3 3HAYCHHS Ia-
pameTpiB eaeMeHTiB cxemu (puc. 1,8), TOpiBHIOE

_ R +R3exp(— 6Oa1v) _ Ry + Ry
Rs +R3exp(_15alv) o RSR3C3 .
Hust cxemu (puc. 1,2) mepexiaHa MPOBIAHICTE B OITe-
paTopHOMY BHIJIS/IL JIOPIBHIOE

C Cg, 3=

a

2
y, = C4Cs P + plag + o +ag)+ ag044 (33)
4 Cy+Cq ptog, ’

IS T D
TURCT TR RC T Ry(Cy+C)

[epexin Bin cxemu (puc. 1,2) no cxemu (puc. 1,a), 3
BpaxyBaHHsIM (opmynu (33) ta oyeBuaHOI piBHOCTI R,
MOJMJIMBHH 32 OTPUMAaHHUMH B pe3yibTaTi pO3B’S3aHHS
BIJINIOBITHOT CHCTEMU PIBHSHB (DOPMYyJIAMHU:

2 2
GG ,R,=R, 1+ & ,C, -G
C,+C, C, (C,+Cy)

[Mepexin Bix cxemu (puc. 1,a) no cxemu (puc. 1,2) i
KoedirmieHT abcopOiii omucyeTbes hopMyIaMu

R] :RI, Cg =

2
Cg Ca
RI,C C JFC C4:Cg 1+F ,R4:Ra m
a a g

Koedgimient abcop0buii amst cxemu (puc. 1,2)
Ryt dlgexp(— 60a1g)

@ R4 +d1gexp(—15a1g) ’

CR, 1

T . R S
e (Cp+Cy ) “e (Cp +Cy)Ry

Jns inmrocTpariii eKBIBaJICHTHOCTI CXEM 3aMIllIeHHS 130-
Tl PO3IIIIHEMO, SIK TPHKIIAJ, BUIAZIOK, KOIH BU3HAYCHI
3HA4YEHHS HapaMeTplB €JIEMEHTIB y3aFaJIBH€H01 €KBIBaJICHT-
HOI cxeMH i3o1auii gopiBHIO0OTE C, = 107 D, C,=10 10 D,

=10" Om, R, =2-10" Om. Tom PO3paxyHKOBI 3HAYEHHS
napaMeTplB €IIEMEHTIB 1HIIINX eKBlBa.HCHTHI/IX cxeM Oy,
st exemu (puc. 1,6) — Cy = 1,098-107° CD G =1,114-10"
Ry = 9,96810"" Om, R, = 1,557 10° Om; s cxemm
(pI/Ic 1,6) — C; = 9,997-10° @, C; = 1,353-10"° @

=1,69-10" OM Ry =8731-10" Owm; ma cxenn (prc. 12)
—Cb71093 10° @, C,=1,169-10° @, R,=9,999-10" Om,
R,=1,486-10° Om.

SIK CBIIYMTH PO3PaxyHOK 3a IEepepaxoBaHUMHU 3Ha-
YCHHSMH IapaMeTpiB, Pi3HI CXEMH 3aMIilCHHS Iar0Th
MPaKTHUYHO OJHI i Ti cami abcopOLiiiHi KpHBI 1 OAMH 1 TOU
ke KoedimieHT abcopOIii, SKUi UIT JaHOTO BUMAIKY IO-
piBHIOE 2,156. B TOM *Ke yac, iHTepIpeTalis pe3yybTariB
B 3aJISKHOCTI BiJ] CXeMH 3aMilleHHs i30JsMii Oyne pizHa
BHACJIIJIOK, SIK BXKE BiJ[3HAYAJIOCS, PI3HOI CTPYKTYPHU CXEM.

ABTOpH XO0TiNM O 3pOOUTH KibKa 3ayBakKeHb 1010
MPaKTHYHOTO 3aCTOCYBAaHHS METOJUKH BH3HAUYCHHS 1HIH-
BifyaJdbHHX 3HAYCHb MapaMeTPiB €JIEMEHTIB CXeM 3aMi-
IICHHS 130JIA1111, III0 TIPOTIOHYETHCS B NaHiH CTaTTi.

Ha mpakruii, HaBiTh 3HaHHS 3HAYECHB MTapaMeTPiB CXe-
MH 3aMilleHHS He NPUBOANTH 10 OJHO3HAYHOI iHTepIpera-
i OTpMMaHKX B MPOLIEC] iarHOCTYBaHHsI pe3ybratiB. [Ipu
OLIHI[ TEXHIYHOTO CTaHy ENEKTPUYHOT 13011 CITijl Bpaxo-
BYBaTH, 1110 3MiHi R; OyAyTh BIINOBIIATH SIK 0OOPOTHI, TaK i
HEOOOPOTHI 3MiHH B 130J1411i1. 3 000POTHUX 3MIH HEOOXiTHO
BUJIUIMTH, TIEpIl 32 BCE, HAPIBAHHS 1 3BOJIOYKEHHS 130JIsLi1.
HeoOopoTHi 3MiHH B 1307S11iT MOKYTh BUHAKATH BHACIITOK
J(y3iHAX, XIMIYHHX, €IEeKTPOXIMIYHMX IpoLeciB abo B
pe3ysbTaTi MEXaHIYHOTO PYHHYBaHHS IO TEPMOQIIYKTya-
[iifHOMY MexaHi3My. B mepiry gepry Ha orrip BUTOKY TOBH-
HHi BIUTMBaTH OOBYTIIIOBaHHS OPTaHITHIX KOMITOHEHTIB TIPH
3HAYHMX TIEPETPIBAHHSIX, YTBOPEHHS MPOBITHUKOBUX KaHa-
JIB (TPEKIHT YK TPIlHT) B Pe3yJIbTATI i YACTKOBUX PO3PSIIIB
Ha OpraHiuHi MaTepiajiy abo BiJHOBJICHHS OKCHJIB METaJiB
BHACIIJIOK €JIEKTPOITi3y, OCOOJIMBO TIPH MOCTIiHIN Harpy3i, y
BUIAJIKy HEOPTraHIYHUX MaTepiaJliB.

3pocranns C, Oy/e CBIIUUTH NPO 3POCTaHHS CTyIIe-
HSl MaKpOHEOJHOPIAHOCTI (YTBOPEHHs B i30J1sLii MakKpo-
CKOMIYHUX AE(EeKTIB, TaKUX SIK TPILIMHU, TTOPOXHUHH,
pasmapyBaHHA i T.IL., @ TaKOX JOKAIbHY 3MiHY €JIEeKTpO-
(hi3MYHUX XapaKTEPUCTHK BHACHTIZOK CTapiHHS B HEOIHO-
piaHOMY TI01I), a 3HIKEHHS R, — PO 3pocTaHHs aedeKT-
HOCTI i30JIA1Ii1 Ha MIKPOCKOITIYHOMY PiBHI.

[Ipy mpakTUYHOMY BHKOPHCTaHHI 3allpONOHOBAHOI
HaMH METOJMKH, 3HAHHS 1HAWBIIyalbHUX 3HAYCHb Mapa-
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METpIiB ampiOpHO BHOpPAHWX CXEM 3aMIIICHHS 130JAMil
NpU HasiBHOCTI iH(OpMaLii npo ckiaj, BIaCTHBOCTI 1 pe-
JKUM eKCIUTyaTallii 130JIA11i1, TAKOX JO3BOJINTh BU3HAUYUTH
BKJIaJ pi3HUX (pa3 y BIACTUBOCTI HEOTHOPIMHOI YU KOM-
MMO3UIIHOT i30AMil 1 OpieHTyBaTHCA B (i3WYHIA CyTi
NPOLIECIB, IO BiJIOYBAIOTHCS TPH 1i CTapiHHI B €KCILTya-
tarii. OgHaK, Yepe3 BENUKY Pi3HOMAaHITHICTH CTPYKTYp i1
KOMOIHAI[I/ BITaCTHBOCTECH KOMITOHEHTIB 130JIA1lii MUATaH-
HS iHTeprpeTalii pe3yJbTaTiB BUMIPIOBaHHS BHMararoTh
B KO’)KHOMY KOHKPETHOMY BHIAJIKy OKPEMOT'O PO3TJISLY.

BucHoBkn. B crarTi BHKIIaZieHI HAayKOBI OCHOBH
METOJMKH BU3HAYCHHSI 1HIUBIyalbHUX 3HAUYEHb Mapame-
TPiB €JEMEHTIB YOTHPHOXEIEMEHTHHX CXEM 3aMillleHHs
130T Ha TIPUKIAAI y3araldbHEHOI CXEMH 3aMillleHHS.
Jns po3paxyHKy IUX 3HA4€Hb BHKOPHUCTAHO TPHOX TOY-
KOBUH METOJl, KON BIAJIKKM 3HAYCHb aOCOPOIIIHOTO
CTPYyMy BHOUPAIOTHCS TaK, 00 t, — t) = t3 — t,, IPH LIBOMY
NOCTIMHA CKJIa0Ba CTPYMY YCYBA€ThCs, 1 INapamerpu
€KCIIOHEHIIIaJIbHUX CKJIaJIOBUX, L0 BHKOPHUCTOBYIOTHCS
MIPU PO3paxyHKax 3HA4YeHb MapaMeTpiB MOCIHITOBHO BH-
3Ha4alThes 0e3 noxnOku. Haseneni opmynu mist B3ae-
MHOTO TepepaxyHKy IHAMBIAyalbHUX 3HAYCHb MapameT-
piB €JIEMEHTIB YOTHPHOXEIEMEHTHHX CXEM 3aMIIIeHHS
130711111 3 HACKPI3HOIO TPOBIAHICTIO 1 OKa3aHO, IO TOY-
HICTb TepepaxyHKy 3a/10BiibHA. [loka3aHa MOMJIMBICTH
KOHCTPYIOBaHHSI BIJJOMHX JIIarHOCTHYHHX IapaMeTpiB,
BUKOPHCTOBYIOYH 1HIMBIIyanbHI 3HA4E€HHS NapaMeTpiB
€JIEMEHTIB y3arajibHeHOI CXeMH 3aMIIlIeHHS 130T

Koncraryerbesi, o0 B paMkax aOCOpOIIHUX METOo-
B ,I[ial"HOCTYBaHHH 3a/a4a BU3HAYEHHSI TEXHIYHOI'O CTa-
Hy 130J181ii 3a pe3yibTaTaMy JOCIiHKESHHS eryKy Ha
CTYMIHYACTy HAIIPYTy HE Ma€ OIHO3HAYHOTO leICHHH
BI/I6lp CXEeMH 3aMIIIeHHS 1 IHTeprpeTaris pesynLTaTlB
BUMIpPIOBaHHs TOBUHHI IPYHTYBaTHCS Ha aleOleI/I iH-
q)opMaun PO TPOIIECH, IO Bl}:[6yBa}OTI=C$I B 13071511111, 060
rimoresi mpo ii CTPYKTYpY 1 BIIACTUBOCTI.

Kongaikr iHTepeciB. ABTOpM CTaTTi 3asABISIOTH
PO BiJICYTHICTh KOHQIIKTY 1HTEpECIB.
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Theoretical determination of individual values of insulation
four-element equivalent circuits elements parameters at techni-
cal diagnostics of insulation by absorption methods.
The aim of this article is to present a methodology of determining of
the individual values of the parameters of four-element equivalent
circuits for insulation with through conductivity. Methodology. The
proposed method consists in the fact that at a time interval of more
than 10 s, when the charge indicator no longer contributes to the
leakage current, three points t;, t, and t; are selected, such that t, —
t; = t; — t,. To be able to determine the absorption coefficient
Rsy/R;s, it is recommended to take t; = 15 s, t, = 37.5 s and t; = 60
s. At the same time, by subtracting I(ty) — I(t;) and 1(t;) — I(t,), the
constant component of the absorption curve is excluded and it be-
comes possible to determine the individual values of the parameters
of the generalized equivalent circuit of insulation, additionally using
its conductivity in operator form. Results. As calculations show, the
correct determination of the parameters of insulation equivalent
circuit according to the proposed method is possible only with a
certain ratio of these parameters. The charge time of the geometric
capacitance Co(Ry+Ry, where Ry and R; are the resistance that
forms the charging exponent, and the resistance of the sensor,
should be within 0.2 s <CyRy+Ry)<I s, the time constant C,R,
where C, and R, are the capacitance and resistance of the absorp-
tion chain, should be more than 3 s, the product of C,R, where R, is
the leakage resistance, more 0.5 s, the leakage resistance R, is less
than the absorption resistance R, Checking the methodology on a
model example gives the values of the parameters of the insulation
equivalent circuit that match the specified ones with high accuracy.
Practical value. The use of individual values of the parameters of
insulation equivalent circuits when applying absorption diagnostic
methods with considering the time values and dimensional factors,
allow to calculate all currently used diagnostic parameters, to de-
termine the conditions of certain insulation types, as well as in more
detail, in comparison with the existing approach, to assess the tech-
nical condition of the insulation and the reasons of its changes.
References 20, figures 2.
Key words: non-destructive methods of insulation diagnos-
tics, absorption methods of diagnostics, parameters of ele-
ments of insulation equivalent circuits.
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K.A. Kyunncokuii, O.I'. Kencuupkuii

TepMoMexaHiuHi HABaAHTaKeHHS 30/l 00MOTKH CTAaTOPA MOTYKHOT0 TypOOoreHeparopa
32 HAABHOCTI J1e(peKTiB BOASIHOTO 0XOJIOMKEHHS

Iposedeno ananiz inyuoenmis na AEC Yrpainu, nog’szanux iz asapitinum 6iOKIIOUEHHAM eHep20OIOKIE 6i0 MePedici BHACTIOOK Gi0-
Mo mypbozenepamopis. Bcmanoeneno, wo npuyunoro Oirvuiocmi i3 HUX € HeOOCMAamHsa HAOIUHICG cucmemu 6e3nocepednbo20
0X0N100%cenHss oomomku cmamopa. Hatlbinouw npobnemHum 8y310M 0OMOMKYU HA Cb0200HI € 100061 Yacmunu, 0e npu NOPyUeHHAX
OXONOONCEHHS. OKPIM MEeNI08020 GUHUKAIOMb MEePMOMEXAHIYHI Ha8anmadicents i30aayii. Pieens yux Hasanmaicenv 3anexcums 8io
KOHCMPYKMUBHO20 8UKOHAHHS 1060801 vacmuHu i xapakmepy nopyuieHHsa YupKyiayii xonoooazenmy 6 cmepoicui. B oeskux eunaokax
BOHU MOJICYMb Nepesuusysamu epanuyni 3uauennss. Kinokicmo i sixicmo docniodicens 3 yiei npobremu Ha cb0200HI € HeOOCMAMHIMUL.
Memoto uxonanoeo 0ocnioNceHHs € GUIHAYEHHS MEPMOMEXAHTUHUX HABAHMAIICEHD [30AAYI] CINEPIICHS 0OMOMKYU CINAMOpa NOMYHc-
HO20 mypbozenepamopa 3 6e3nocepeoHim piOUHHUM OXONOONCEHHAM NPU NOPYWEHHAX YUPKYIAYii xonodoazenmy. Po3pobnena kom-
NIEKCHA MAMeMAmuiHa Mo0elb MEPMOMEXAHIYHUX NPOYeCis 6 I30MAYII CMepICHI6 0OMOMKY CIMAmopa nomyxcHo20 mypbozenepa-
mopa, Wo 6paxoeye peanbiy 2e0Mempilo CMepiICcHs 0OMOMKY, 3MIHHI MeNN06i HABAHMAICEHHS eNleMeHMI8 0cepos 6 padianbHOMY ma
aKCianbHOMy HANPAMKAX, d MAKOIC YMOBU 3aKpinients nazoeoi ma 106060i yuacmun oomomxu. Ilpogedeni oocniodicenns mepmome-
XaHiyHux npoyecie 6 i301Ayii cmepoicHa 06MOMKU cmamopa nomyasicnoz2o mypoozenepamopa. Ompumani 3Hauenns MexaHiyHux ne-
pemMilens i HanpysceHsb O1A PI3HUX 6UOI6 NOpYyuleHb. Bcmanoeneni OiIAHKY CIEPICHA, HA AKUX SHAYEHHS MEXAHIYHUX HABAHMACEHb
npu NeGHUX YMOBAX MOJICYNb NEPeUy8aAmMU Medlci MeXaHiyHoi miynocmi mamepiany izonsayii oomomxu cmamopa. 3i 3HUICEHHAM
sumpamu OUCmunAmy 30buLyIomMbCsl PAdIanbHi NepeMiWeHHs | HANPYICEHHS 8 1301AYli CIepiCHsL 0OMOMKU 8 30HI 8UXO0Y CIMEPIICHS
i3 naza. Ilpu ybomy 3HauenHs padialbHUX HANPYX’CeHsb 8 i30AYil 8 MICYsX 3aKpPINnAeHHs 10608UX YACMUN NEPeSUYIOMb NPUNYCIMUMI
3HaueHHs. 3anponoHosani Mamemamuyni Mooeni 003601AI0Mb Peanizyeamu 00UUCTIOBANbHI eKCHePUMEHMU | MOJNCYMb Oymu 6UKo-
PUCMAHT HA NPAKmMUyi 015 CMEOPEHHS MA GIONPAYIOBANHS CUCEM OlACHOCMUKU, AHATI3Y, MOOENIO8AHHS I PO3CIIOVEAHHS A8APIUHUX
cumyayiii npu excniyamayii mypbozenepamopis na enrekmpocmanyisax Yxpainu. bion. 20, tabn. 1, puc. 8.

Kniouosi cnosa: Typooreneparop, 00MOTKa CTaTOpPa, BOAsSIHE 0XO0/I0/IKeHHSI, OPYILIEHHs HUPKYJIsALii, TepMOMeXaHiuHi HaBaH-

TaKECHHS.

Beryn. Anami3 iHIMAEHTIB, TIOB’S3aHMX 3 He3aIlIaHO-
BaHUMH aBapiiHUMHU BiIKIIOUEHHSMH eHeprodiokis AEC
YkpaiHu BiJf Mepexi i 3HH)KSHHSIM HABAHTaXKCHHSI, CBITIUTD,
1o ix 3HayHa yactka (Big 30 mo 70 %) € HaCHiIKOM HEo-
CTaTHBOI HaJ[IHHOCTI €IEKTPOTEXHIYHOTO 00JIaIHAHHSI.

HaiiGinpia yactka y HEZOBHPOOITKY elleKTpoeHepril
4yepe3 BiZIMOBH EJIEKTPOTEXHIYHOrO OOJaJHAHHS IpHIIafac
Ha Typooreneparopu (TI') (o 70-80 %), mpuctpoi peneitHo-
TO 3aXHCTy 1 aBToMaTuKH (10 15 %), BUMIprOBaJIbHI TpaHC-
¢dopmaropu (1o 7,5 %), enexrponpuson (5,8 %) 1 cumnosi
tpanchopmaropu (o 2,5 %) [1]. Tooro TI" Ha choromHi €
HaHOLIBII MPOOIEMHUMH (HEHaAIMHUMHU) 3 TOYKH 30py He-
JOBHPOOITKY €JIeKTPOCHEPTii, OCKUIBKHA KOXKHE TTOIITKOHKEH-
Hs1 TT" Ipu3BOAMTE 10 TPUBAIOTO 1 BAPTICHOTO PEMOHTY.

CrBopenns TI" Benukoi moTyXHOCTI OyJ10 O HEMOX-
JIMBUM 0€3 3aCTOCYBaHHSI Cy4aCHHX CHCTEM OXOJIOJKEHHS
HaWOIbII HAaBAaHTAXXEHUX Yy €JEKTPOMAarHiTHOMY BiJTHO-
meHHi By3iiB. [lepnr 3a Bce 1e CTOCYeThCsI OOMOTKH CTa-
Topa. BripoBamkeHHs1 Oe3nm0cepeTHhOTr0 PiTUHHOTO (BOMS-
HOTO) OXOJIOJDKEHHS CTEPKHIB OOMOTKH CTaTOpa IO3BOJIH-
10 0 3000 A/cM IiABHINWTH JIiHIHHE HABAaHTAKEHHS 1, SIK
HACHIZIOK, 30UIBLIMTH OJUHUYHY MOTY)XHICTh €Heprooo-
KiB, 30KpeMa 1 aTOMHHX ejleKkTpocraHiiii. ChOromHI OH-
HHUYHA HOTY)KHICTh OLIBLIOCTI €HEProOIOKIB aTOMHUX elle-
ktpoctaHuiii y 1000-1300 MBT € 3BuuaiiHUM SIBUILEM.

TI" 3 BOASHUM OXOJIOKEHHSAIM OOMOTOK MArOTh Iiji-
BUIICHY HeOEe3NeKy 3acMidyBaHHsS KaHaJIB OXOJOKEHHs
(poymiar-nporiec). AHamni3 iHpOpMAaIli PO BUHUKHCHHS i
PO3BUTOK TepMidHMX aedekTiB ooMoTok cratopiB TI' mo-
Kazye, 110 BCl BOHM IIOB’SI3aHi 3 HOPYHIEHHSAMH OXOJIO-
okeHHs. HaliOunbin HeOe3neYHnM MOPYIIEHHSIM € 9acTKO-
Be a00 IMOBHE 3aKyTIOPIOBaHHS KaHAIIB 0xoiomKeHHs. Oc-
HOBHUMH IIPUYMHAMH LOTO SIBHILNA € BIAKIANCHHSI y BO-
JOAHMX KaHajaX 1 HOTpAIUIAHHSA BOIHIO B JUCTWIAT. Ilpn
3aKyIOPIOBaHHI OPOXKHUCTUX IPOBITHUKIB IX TeMIIEpaTy-
pa MOJKe 3HAYHO TIePEBUIILyBATH IIPUITYCTUMUI piBeHb [2].

CraTtiuCcTHYHUN aHali3 JaHUX JOCBiAY eKCIuTyaTallii
notyxHux TI' 3 Oe3nocepenHiM OXOJIODKEHHAM OOMOTKH
cTaTopa IMoKa3ye, 110 4acTKa BiJMOB, ITOB’SI3aHUX 3 MOPY-
HICHHSM LMPKYJSLii JUCTWIATY B Hid, ckianae 10-20 %
BiJ[ 3araJbHOi KUTBKOCTI. A Yac MPOCTOI0 SHEeProOJIOKY IO
it mpuamHi 3aiiMae O6mm3pko 12 % Bim cymaproro [3]. YV
MUTOMIN BapTOCTI TaKi BiJIMOBH TOCTYIAIOTHCS JIUIIE BiJl-
MOBaM, BHKJIMKAHHM DO3IYIIYBaHHAM KpaiHIX NakeTiB
ocepas craropa [4].

3rigHo 3 MacmTaOHUM JOCIHIHKeHHIM [5], OinbIie
MOJIOBUHU YCIX BIZIMOB TeHeparopiB IOB’si3aHa 3 YILIKO-
JOKEHHSMH 130Jisitii. [lisi BUCOKMX TeMIepaTyp 3MEHIIye
CJIEKTPUYHY 1 MeXaHIYHy MILHICTh 130JIsL{i BHACIIIOK
MPUCKOPEHHX MPOLIECIB TEIIOBOTO CTAPiHHSL.

3a pesyinbTaTaMud OOCTEKCHb Ha EJICKTPOCTAHIIIAX
[6] Ha 6-Tu 3 15-Tu TT 3 Ge3mocepenHiM OXOJIOHKCHHIM
oOMOTKH cTaTropa noTyxHicTio 320 MBT Oyio BHsBIEHO
10 cTepxHiB i3 3HMKEHOIO BUTPATOIO AUCTWIATY. ToOTO
NPaKTUYHO KOKEH TPETilf TeHepaTop, M0 3HAXOAAThCS B
eKCIUTyaTallii, Ma€ CTEepXKHI i3 3aCMIYEHUMH KaHaJlaMH
OXOJIOJDKCHHS 1 BUTPATOI JHCTHWIIATY HM)KYE TEXHIYHHX
HOopM. OcobnuBo 11e Hebe3neyno st TI' rpanndHOi TO-
tyxHocTi (800 MBT i BHIIIE), OCKUTBKH HIUIBHICTD CTPYMY
B HUX y 2-2,5 pa3iB Buma. Y ceMu CTEpKHIX OOMOTKU
cratopa reHeparopa tuny TBB-1000-4 BusiBIeHO 3HU-
KEHHsI BUTPATU TUCTWIATY HWKYE MIHIMAJIBHO JOIYCTH-
Moro. Onun crepxens TBB-800-2 maB BUTpaTy AQuUCTH-
JATY ICTOTHO HIDKYE MIHIMAJIBHO MPUIYCTHMOTO DPIBHS
(6ins 72 % HOMIHANBHOTO), Y ABOX CTEPXKHSIX 3HMKCHHS
BUTpaTu TUCTIIIATY caraino 81 1 51 % HoMiHambHOTO.

Bimowmi Bumaaku nomkomkeHs TI', 00yMOBIIeHNX, B
TOMY YHCIi, i TOPYHICHHSM IHUPKYILIi XOJOJ0areHTy
gepe3 YacTKOBY 1 OBHY 3aKyHNOPKY HMOPOXKHIX TIPOBIIHU-
KiB. 3arajpHOO0 JUIS LIMX BUIIAJKIB KIHIIEBOKO MOIICIO, 1[0
BUMAara€ 3HayHMX (IHAHCOBMX 1 YaCOBHX BHTpAaT Ha
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PEMOHT 1 YCYHEHHSI HACTIKIB, € IPOOii TOIOBHOI 1301l
(30kpema, aBapisi reHeparopa tumy TBB-1000-4 enepro-
6noky Ne 1 Kaninincekoi AEC, 1988 p.; npoGiii i3omsiwii
CTEep)KHsI OOMOTKHM cratopa reHeparopa tumy TBB-500-
2V3 Yopuoobunbcbkoi AEC, 1994 p.; aBapis reHeparopa
tuty TBB-1000-2V3 ma Xwmempauipkiii AEC, 1997 p.;
aBapiifHe BinkioueHHs BiJ Mepexi Omoky Ne 3 IliBnen-
HoykpaiHcbkoi AEC BHacIiIoK NMOIIKOJDKEHHS BEPXHBO-
ro CTepKHA OOMOTKH cTaTropa reHepaTopa Tumy TBB-
1000-2V3, 2003 p.; aBapiiiHe BigKIIOUEHHS TeHepaTopa
eHepro6moky Ne 1 Xwmensannpkoi AEC gepes Henpwuiryc-
THME HiJBHUIIEHHS TEMIEpaTypH CTEp)KHS OOMOTKH CTa-
TOpa P BUKOHAHHI MTPOTpaMu MyCKOBUX omepariii, 2019
p. Toio). DikCyBaNMCs TAKOXK BHIAIKH 3aKYIMOPKU IIO-
POXHHUCTUX MPOBIIHUKIB OOMOTKH CTaTOPa YOTHPHIIOIIO-
cuux reneparopiB AEC nortyxuictio 1000 MBT.

HocranoBka 3agaui. [Tounnatouu 3 2011 p. Ha 10
eneproosiokax AEC Ykpainu i3 13 Oynu mpoBeneni 00-
CTeXEHHs CTaHy OOJIaHaHHA 1 BHKOHAHWH KOMILIEKC
poOIT 1O MOOBKEHHIO CTPOKIB iX ekcruTyararii. B Tomy
YHCIIi 3a3HAaYCHI 3aXOIU CTOCYBAIHCH 1 €JIEKTPOTEXHIYHO-
ro obnagHaHss, BKiroyaroud TI ta ixHI cucTemu 3a0e3-
neyeHHs. Pe3ynbTaToM BHKOHAHMX POOIT CTallo MOZOB-
JKEHHSI TepMiHy eKkciutyarauii eHeproOuokiB me Ha 20
pokiB moHan HopmatuHHH (30 poKiB).

Opnak, nmounHatouu 3 2016 p. kubKicTh BimMoB TI
nouana 3poctratu [1]. IIpuuomy 1ie cTOCY€EThCS MallluH
notyxHicTio 1000 MBT sk y JBOIOJIIOCHOMY, TaK iy 4o-
THUPUIIOJIIOCHOMY BHKOHAHHI. 30KpeMa, MOIIKO/KYBa-
Hicte yotupunomocHux TI' moryxuictio 1000 MBT 3a
niepion 2015-2019 pp. y nopisusaHI i3 2006-2010 pp. [7]
3pocia BTpHUUi. AHaJTi3 HASBHUX JAaHHUX TO3BOJISE 3pOOUTH
BHCHOBOK, IO TTOKAa3HWKH HAIIHOCTI TPHOX IBOIIOIOC-
Hux TT i3 m’STH 1 TPHOX YOTHUPHUIIOIIOCHHX 13 BOCBMH HE
Bignosigarors Bumoram I'OCT 533-2000.

Ha cporomHi ofHI€I0 i3 OCHOBHHX MPOOIIEM, 110 BH-
SIBJIGHI NIPU eKcCILTyartallii i BAKOHaHHI PEMOHTHUX POOIT
renepatopis tuny TBB-1000-4Y3, € posrepmerusais
cTepkHiB 00MOTKH (30Ha | Ha puc. 1). binbiicts Bunaa-
KiB po3repMmeru3aiii OOMOTKH BHSBISETHCS B IEPiOX
TUTaHOBO-TIONEPEKYBAIBHUX PEMOHTIB, 1 TIJIBKH B IIECTH
BUIIaJKaX BTpaTa I'eépMETHYHOCTI OOMOTKH IpHBeNa J0
aBapiHUX 3yMHHOK eHeproOiokiB. [lomagaHHsa TUCTHIIA-
Ty BCEPEIMHY KOPITYCHOI i30SIl IpH Te4ax eJeMeHTap-
HUX TIPOBIAHUKIB BUKJIMKA€E TIOCTYIIOBE ii 3BOJIOKEHHS Ta
MPU3BOANTD 110 11 eneKTpuIHOTO Mpobdoto. CTepKeHb BH-
XOIUTh 3 Nany. Hamami — TpuBauii peMOHT 13 CYyTTEBUMH
€KOHOMIYHUMH BUTpaTamu. Y Ta0i. 1 HaBeaeHI MOKa3HU-
ku noumkokyBaHocti TI' Tunmy TBB-1000-4Y3 enepro-
6nokiB AEC Ykpainu y 2015-2019 pp. IIutoma nomko-
JokyBaHicTe TI' y 4OTHPHMIIOIIOCHOMY BUKOHAaHHI THILY
TBB-1000-4Y3 cranoBumia 0,24 MOIIKOJKEHHS Ha T'eHe-
paropo-pik excruryaraii [1].

Ockinpkd TT € ogHuMH 3 HAROUIBII BiAIOBIAAIIBHUX
00’€KTiB, 110 3a0e3neuyloTh (YHKLIOHYBaHHs e€JeKTPo-
€HEePreTUYHOI CHCTEMH, OCHOBHI 3yCHIIISI (paxiBIlB CHps-
MOBaHi Ha HAyKOBI JOCTIKEHHS €JICKTPOMATHITHHX 1 TeTl-
JIOBUX TIPOIIECIB, CHJIOBHX B3a€MOJIH, PIBHSI MAarHITHHX
BTpaT B OCEpIsSX CTaTopiB pi3HMX KOHCTpykwid [8-11].
IIpoTe ICTOTHO BaKJIMBUM € TAKOX aHAJIi3 TEPMOMEXaHiy-
HUX HABaHTAKCHb €JIEMEHTIB OOMOTKH CTaTOpa 3a Pi3HHX
ymoB excrutyatarii T

Puc. 1. Topuesa 3ona cratopa TI" tumy TBB-1000-4Y3

Tabmums 1
Tokazuuku nmomkomkysanocti TI' Ty TBB-1000-4Y3
Kinekicts Ha AEC Vkpainu 8
KinpKicTh IOIKOIKEHD 6
HemoBupo0iTok enekrpoeneprii, MitH. KBT-roaun 2230

Omanm 13 By3niB TT' 3 HiZABUINCHOKO YIIKOIKEHICTIO €
TOpIIEBa 30Ha cTaTopa (puc. 1), Ha elneMeHTax sIKOi CKOHIICH-
TPOBaHMI KOMIUIEKC 3HAYHMX HEPIBHOMIPHO PO3MOALICHHX
EIIEKTPOMArHiTHIX, TEIUIOBHX Ta TEPMOMEXAHIYHWX HaBaH-
TaXeHb. Y 3B’SI3Ky 3 UMM aKTYaJbHOKO 33/1a4€l0 BUKOHAHOTO
JIOCII/DKEHHS € BU3HAYEHHS BIUIMBY LIMX HABaHTKCHb HA
HAJIIHICTh €JIEeMEHTIB KiHIIEBOT YaCTHHU OOMOTKH CTaTtopa
Ha BUXOZI 3 T1a3a oceps Ta B 00JacTi i KpilUIeHs IpH TOpy-
IIEHHI IUPKYJIAIIT XOJI0I0areHTy B cTepxHi (30Ha L, puc. 1).

BUHMKHEHHS Ta PO3BUTOK OLIBLIOCTI TEPMIYHUX Jie-
(hexTiB OOMOTKH CTaTopa MoB’si3aHe 3 MOPYILEHHSIMH 0XO0-
nomxeHHs. [Ipy 1boMy meperpiB HeOe3NeUyHHH HE TUIbKH
yepe3 MiIBUIIEHHS HMOBIPHOCTI TEIJIOBOTO MPoOOI0 KOp-
IyCHO{ 1307111111, ajte i TepMOMEXaHIYHUM BILIMBOM Ha elie-
MEHTH TPOBITHHKIB Ta i30SIl OOMOTKH, OOYMOBJIECHUM
00MEKeHHSIMH TETUIOBOTO ITOJIOBXKEHHS CTepskH [12].

3HauHI TEeMIIepaTypHi TPaIi€eHTH OOYMOBIIOIOTH BH-
HUKHEHHSI TEpPMOIPYKHHUX CHJI, 2 TEPMOMEXaHI4HI HaIpy-
KEHHsI MOXKYTh MEPEBUIIUTH IIPUITYCTUMI Ha PO3PUB 3Ha-
YEHHsI JUIS BIAMOBITHUX KOHCTPYKTHUBHUX Marepiaii. Y
psiai BUNaaKiB 1eeKT MOpYIISHHS [UPKYJISILIT OXOJI0XKY-
BaJIbHOI BOJM B OOMOTII BHSIBISIETHCS, KOJIM BXKE BinOyBa-
€ThCS TPOLIEC IHTEHCHBHOTO PyWHYBaHHS KOPITyCHOI i30-
JISIIIA, 100 IPU3BOAUTH IO ii Ipo0Ooto 1 Baxkkol aBapii. Tomy
JI0 HAWBaKJIMBILIMX MUTaHb, IO MMiJJISITalOTh €KCIIEPUMEH-
TAFHOMY JOCIIDKEHHIO Y HaHOMIDKIl pOKH, HaJekKaThb, Y
TOMY YHCTI, TepMIYHUN i TEPMOMEXAHIYHUI aCHEKTH JKU-
BYYOCTi TeHepaTopiB BEIUKOI MOTyxHOCTI [ 13].

Ha npaxTuii TepMoMexaHiuHi IpoLEecH B MOTYKHUX
TI' MOJENIOIOTHCS TIEPEBAKHO HAOTMKEHUMH aHAJiTHY-
HUMH BHpa3amMu a00 Ha OCHOBI OJHOMIPHHUX CTCPKHEBHUX
PO3PaxyHKOBUX CXEM.

VY [14] npoananizoBaHuil BILUIMB 0COOIMBOCTEN 3a-
KpimJIeHHs] OOMOTKH cTaropa y na3oBid Ta JI0OOBiil yac-
TUHAX, 3HIWKEHHS PIBHA (QPUKLIHHOI B3aeMogil MK 00-
MOTKOIO i 3yOIISIMH B TOpIIEBifl 30HI HA MEBHIH JOBXKHHI
L. Ha Xapakrep po3MOALTY THCKY IIPECYBaHHS Ocepls 3a
pe3ysbTaTaMi PO3paxyHKiB Ha OCHOBI BOCBMUCTEPIKHEBOT
OTHOMIpHOT MozeNi. Po3risiHyTa KOHCTPYKILS 3 JESIKUMH
€KBIBaJICHTHUMH TEIUIOBUMH 1 MEXaHIYHUMH IapameTpa-
MH BB2XKA€ThCS CHMETPUYHOIO BIIHOCHO CEPEIMHH CTa-
topa. [Ipu 11boMy JNOmycKaeThes, IO BCI CTEPIKHI MOJENI
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HarpiTi piBHOMIPHO 3a JOBXHHOIO 1 pPO3TOYKOIO CTATOPa;
KOPITyCHA 130JISMIig Ta €IEeKTPOIIPOBiAHA YaCTHHA CTEPXK-
HS HE MaroTh B3a€MHHX aKCiaJbHUX IMepeMillleHb (3Mi-
IIeHb); 3yOLli 1 CIMHKAa OCepAs CTAHOBIISITH OJHE LiJe.
TepMomexaHi4HI TPOLECH OMUCYIOTHCS CUCTEMOIO OJIHO-
MipHUX TU(EpEeHIIHHNX PIBHAHB 332 aKCIAJIbHOIO KOOPJIH-
HaToro X. 3a pe3yJbTaraMH 3pOOJICHWH BHCHOBOK, IIO
NepeMillleHHs] OOMOTKH CTaTtopa B I1a3ax NMPHU3BOJIUTH JIO
MEXaHIYHOTO HaBaHTAXKCHHS JTOOOBUX YaCTHH i €IIEMEHTIB
ix kpimmenss. L{i HaBaHTa)XeHHS THUM OLIBII, YAM BHUILE
JKOPCTKICTP 3aKpIIDICHHS TOOOBHX YAaCTHH 1 HIDKYE IIUTh-
HICTb KPITUICHHS CTEPKHIB B Ma3ax.

AHaumi3 pe3yJibTaTiB TEPMOMEXAHIYHUX JOCIIIKEHb
B notyxHux TI' 103Boiisie 3pOOMTH BUCHOBOK, IO JUISt
TEOPETHYHOTO OOIPYHTYBAaHHS OJHOBHMIPHUX CTEep)KHE-
BUX PO3PaxXyHKOBHX CXEM BHpIIIAIbHE 3HAUEHHS Mae
BuOip ix mapamerpiB. Psj 1X moegHaHb 3a3BHYail MOXHA
OTpUMATH TUIBKH Ha OCHOBI PE3yJbTaTiB eKCIIEpUMEHTa-
JBHAX JIOCTIJDKEHb, sIKi, Y CBOIO uepry, HaI3BHYaiHO
CKJIZJIHO TIPOBOJUTH HA HATYPHHUX 00 €KTaX B PEabHUX
yMOBaxX eKcCIDTyaTamii. 3aJuIacTbesi HEBHPIIICHUM Psif
mpo0iieM, OB’ SI3aHUX 3 TOPIBHSHO BHCOKUM BiIXHMIICH-
HSIM PO3PaxyHKOBUX PE3yJbTATIB BiJl JAaHUX HATYPHHUX
BHITPOOYBaHb, 10 MOXKe OyTH HEMPUIHHATHUM JUISI OI[IHKH
MEXaHIYHOTO CTaHy BIATOBIZAaJbHHUX €JIEMEHTIB CTaTopa.
Tomy, mojanbiile BAOCKOHAJIEHHS MIiAXOMAIB J0 MOJEIIO-
BaHHSI MIIHICTHUX XapaKTEPUCTUK OCTAHHIX € aKTyajb-
HOIO HayKOBO-TEXHIYHOIO 33a4elO.

[IpoBeneHHsT OIiHKH 0O€3MOCEPEIHRO MEXaHIYHOTO
CTaHy CHUCTEMH 130JiALil CKiaaHe 0e3 MmoOyJoBH KOPEKT-
HUX MOJEJel OB’ I3aHUX eJIEMEHTIB CTaTopa, Ieperycim,
ocepls i CTep)KHIB OOMOTKH, IO OOYMOBIIEHO BHCOKHM
piBHEM TUCKpETH3AIlil MOJEMTI.

V¥ crarri [15] 3 BUKOPUCTAaHHSAM KOMOIHOBaHMX (4HCe-
JIbHO-aHAINITHYHUX) TEPMOMEXaHIYHUX MOJENeH JOCIIKY-
FOTBCSI MEXaHIYHI HANPY)KEHHS TEPMIYHOTO TOXOJDKEHHS B
CEKIIIFOBaHiii ABOIIAPOBIH BCUITHII 0OMOTII 3 MiHOTO JPO-
Ty 0,9 MM, IPOCOYCHOIO EMTOKCHIHOIO CMOJIOIO, Ha CETMEHTI
6-TU TIOJIFOCHOTO CTaTOpa KOMIIAKTHOI PEaKTUBHOI MAIIMHU.
HaezeHo 3aie)HOCTI 3MiHHM Hampy»XeHb Bif KoedirieHTa
JIHIMHOTO TEMIIepaTypHOro pPO3MIMPEHHsT Ta KoedilieHTa
3all0OBHEHHs 1a3a Mijuo. KoHcTaTyeThes, 110 pH BUCOKIH
TeMITepaTypi Milli HanpyKeHHS MO)KE 3HAYHO IMEPEBUIIUTH
MeXi TUTMHHOCTI Ta MIITHOCTI TOJIIMEPHIX TOKPHUTTIB 1 TIpH-
3BECTH JI0 iX pyHHYBaHHS.

VY pobori [16] po3risgaeTbes MpoLec NpecyBaHHS
KOTYIIOK OOMOTKH CTaTopa EJIeKTPUYHHUX MAIIWH IIif
BHCOKHM THCKOM 3 METOIO 30UIbIICHHS Koe(ilieHTa 3a-
MOBHEHHS MMa3iB Ta HOro BIUIMB Ha 130JIA1Ii10 IPOBIIHUKA 3
TEPMOPCAKTUBHOI MOJIMEPHOI IUIIBKA TOBIIMHOIO Bif
0,05 mo 0,1 MM (medopmariiro Ta TEIIOMPOBIAHICTE). Js
MIPOTHO3YBaHHs €(EKTHBHOI TEIUIONPOBIIHOCTI 0OMOTOK
3IIHCHCHO aHANITUYHE Ta YUCENbHE (METOJOM CKiHYCH-
HUX €JIEMEHTIB) MOJCIIOBAHHS TEIUIOBOTO CTaHy B CTa-
JIOMY PEXHUMi Ta aHaJli3 MEXaHIYHUX HAMpyKeHb CTHUCHY-
TUX CJIEKTPUYHUX KOTYIIOK.

V po6orti [17] Bim3HadaeThCs, 110 B i30JIAII1 CTATOPIB
BITPOEHEPTeTHYHUX YCTAaHOBOK IPH IEPEXiTHUX PEeKIMax
BUHHUKAIOTH MiJIBUIIEHI PIBHI TEPMOMEXAHIYHNX HAIPYIKEHb.
Jlns BU3HAUCHHS iX JIMCHOTO piBHs Oyiia 3i0pana iH(popma-
Iisl IO TEMIIepaTypax BIPOJOBK POKY, 1 IX po3noain OyB
NpoaHali30BaHUi 3a JJOIIOMOT'OI0 CTATUCTHYHHUX METO/IIB.

VY [18] onmcana CKiHYEHHO-CJICMEHTHA MOJEIb BiOpa-
LIMHAX XapaKTepUCTHK TopLeBol 30Hu craropa TI moTyx-
Hictio 600 MBT. OcHOBHI (hi3UKO-MEXaHi4HI BJIaCTHBOCTI
€JIEMEHTIB CTaTopa, 10 BUKOPHCTOBYIOTHCSI B MOJIEN, BU-
3HAa4alOThCSl 33 Pe3yJIbTaTaMH HATYpHHUX EKCIIEPHMEHTIB.
CrepxHi 00MOTKH 3 Ge3rocepe/iHiM BOJSIHIM OXOJIO/KEH-
HSIM, 3BKAlOYM HA CKJIAIHICTH BHYTPILNIHBOI CTPYKTYpH,
MO/IEITFOIOTHCS OTHOPITHAM 130TPOIIHUM MatepiajioM 3 Blia-
CTHBOCTSIMH, BU3HAUYCHHMH BUIIPOOYBaHHSAMH Ha BUTHH.

HabmmkeHi MeToau BHpIMIEHHS 3a7a4d TEPMOTIPYXK-
HOCTI 3aCHOBAaHI Ha y3araJbHEHOMY NPHHIHUII MiHIMyMy
MOTEHINIHHOT eHeprii medopmariii CHIBHO 3 BHpa3aMH,
10 apOKCHMYIOTh MOJIHMBI HanpyskeHHs [3]. Ilpu mpo-
My nependadyaeTbesi, MO TiIO0 3HAXOMUTHCS IiJ| €0 T10-
BEPXHEBUX 1 00’€MHHX CHJI TIPH BiJJOMOMY PO3IOALTI Te-
MIIEpPaTypHOTO MOJISL.

OtpuMaHHsI HaWOUIBII MOBHUX PE3yJbTATIB 3a 3Ha-
YEHHSIMU TlepeMilleHb, JedopMalii 1 HampyXeHb Ipu
3MiHI TEMIIEpaTypy B €JIeMEeHTaxX reHeparopa Moxe OyTH
JOCSTHYTO IIUIAIXOM MAaTEMAaTHYHOI'O MOJICTIOBAHHS Tep-
MOMEXaHIYHUX TPOILECIB B CTEPIKHAX 13 3aCTOCYBaHHIM
Metony ckinueHHHX enemenTtiB (MCE) sk B cramioHap-
HUX, TaK i B HECTAI[IOHAPHUX PEXKIMAaX eKCIUTyaTallii.

Merta craTTi mosisrae y po3poOri MaTeMaTHIHOI
MOJIeJIi Ta aHaJli31 TEPMOMEXaHIYHUX TPOIIECIB B €IEMEH-
Tax craropa TypOoreHepaTopa 3 ypaxyBaHHSM HasBHOCTI
TEIUIOBUX Je(eKTiB 3 BU3HAYCHHSIM JUISHOK CTEPIKHS,
TEPMOMEXaHIYHI HAaIPYKEHHS Ha SIKUX € HAWOLIbIINMHU.

VY poboti HaBeseHI pe3yabTaTH TEOPETUIHHUX JOCITi-
JUKEHb TapaMeTpiB TEPMOMEXaHIYHOTO HaBaHTA)KCHHS
€JIEMEHTIB CTaTOpPHOI 00MOTKH TeHepaTopa (1301l cTe-
PKHSI) B PI3HHUX TEMIIEPAaTyPHHUX PEKUMAax HOTO eKCILTya-
TaIii, 30KpeMa, Ipu Pi3HUX BUTPATaX TUCTWIATY (TEpMi-
9HUX JedeKTax 0X0JIO0HKCHHS).

MopeoBaHHsI TepMOMeEXaHIYHHUX THpoleciB B
i30J1A il cTepkHIB 00MOTKH cTaTOpPa TypOOoreHeparopa
3 BOASIHMM OXOJIOKeHHSIM. BupilieHHs NocTaBIeHUX
3a7a4 3aiicHIoEThCs NUsiXoM Bukopuctanus MCE.

Buxinuumu napamerpamu [Uisl JIOCIIJDKEHHST TepMO-
MEXaHIYHUX MepeMillleHb 1 Halpy>KeHb BY3JIiB CKIHYEHHO-
€JIEMEHTHOI MOJIEJI 32 PI3HUX YMOB OXOJIOJPKEHHS CTEPIKHS
OOMOTKH CTaTropa € po3NOAUIN TEMIIEpaTyp OCHOBHUX BY3-
JB OCepIid CTaTopa y JBOMIpHIH ITOCTAHOBI Bill IEHTPAIb-
HOTO TIepepi3y MAIIMHU J0 KiHIIeBHUX 30H 3 OOKy TypOiHH, a
TaKOX TEPMOMEXaHIYHI BIIACTHBOCTI MaTepiasliB KOHCTPYK-
wii (crami, mifi, i3omsiii) — X Moy npyxHOCTI E, xoedi-
LIEHTH TETIOBOTO po3iiupeHHs o 1 [Tyaccona u [3].

Jis BupimeHHS 3a/1a4i TEPMONPY>KHOCTI 3aCTOCOBY-
€MO TPUKYTHHUI1 CKIHUEHHHUH €JIEeMEHT BiJITOBITHO /0 IIic-
THOX KOMIIOHEHTIB BY3JIOBUX HepeMilieHb. Koopaunartu
BEpUIMH (BY3IiB) i, j, m B JEKapTOBIi CUCTEMI KOOPIUHAT
MOXYTbh BHOMpATHCS JOBLIBHO, IO € iCTOTHOIO IlepeBa-
roto MCE. KoxeH eleMeHT XapaKTepH3yeThCsl TaKOX
TOBIIMHOIO / 1 BIAXWIICHHSIM CBO€I TEMIIEpaTypH Bix Je-
SIKOTO PIBHOB&)KHOTO 3HA4YeHHS AT

IIpuiimMaeTbes, 1110 TeMIepaTypa 3a JOBKUHOIO CTEp-
JKHSI 3MIHIOETBCSL 32 JIIHIHHUM 3aKOHOM, TIPH LIbOMY Mak-
CHMaJIbHE 3HAUEHHS TEMIIEPAaTypH JOCSTAEThCA Ha BUXOZL
0o0MOTKM 3 OOKy TypOiHH, /¢ HarpiB OXOJIOMKYBaJbHOI
BOJIM B [NOPOYKHUCTHUX MPOBIAHUKAX CTEPIKHIB HAUOLIBIINIA.

[ToBHa cucrema piBHSIHb €J€MEHTa Ul PO3PaxyHKy
HeBioMux nepemiiiens U'y By3nax [19] 3anucyerbces sik
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[k} ={r}, (1)

ne [k] — MaTpuI )KOPCTKOCTI eneMenTa; 3minal U 3 iHme-
KcaMu «2» (TOOTO y JBOMIpHIN MOCTaHOBII 3ajadi) Bij-
MOBIJIAIOTh 3HAYCHHSIM IMEpPEeMIllleHb B3JIOBXK BiCi y, a 3
ingekcaMu «2-1» — B3MOBXK Bici x; {f} — 0OyMOBIICHHMI
TEIUIOBHM BIUTHBOM BEKTOD HABAHTa)KCHHS CIICMCHTA.
Pimenns nonis nepemimens mo MCE 3xiiicHioeThes
MiHIMI3aIli€f0 MOTEHIIIHOT eHeprii mpykHoro Tima [3].
JliBa yacTWHA CHCTEMH PiBHSHB JJIS €IEMEHTIB O0JIACTi:

(K= [[BY [DIBIV , 2)
14

ne [B] — marpuis rpamieHTis, 1o 3B’s3ye aedopmarii ta

nepemimennst; [B]” — TpancrionoBaHa Marpuis, [D] — Mat-

PHLIS IPY’KHUX KOHCTAHT, 1110 OIKCY€E MEXaHIYHI BJIaCTHBOC-

Ti 3B’13aHKX €JIEMEHTIB; V' — 00’ €M CKIHUEHHOTO €IEMEHTA.
[TpaBa yacTHHA CUCTEMH PiBHSHb:

X
=[N3 ¥ tav - [1B) [Dlzotav -
v zZ 4
n (€)
_J[N]T P, 1S —{P},
N P

z
ne [N]" — TpancnionoBana Matpuns GysKuiit hopmu; X, Y,
Z — 06’emHi cuny; {€)} — novaTkosa nedopmaris exeme-
HTa, 0 00YMOBIIEHA TEIUIOBHM PO3LIMPEHHAM; S — IUIO-
11a CKiHYEHHOro enemenTa; Py, P,, P, — moBepXHeBi HaBa-
HTaXeHHS; {P} — BEKTOP-CTOBITYHK BY3JIOBUX CHIL
Martpuiist rpaaieHTiB:
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OtpumMaHa cucteMa anreOpaiuHuX piBHSIHB BEITHKO-
ro MopsAKy (PIBHOTO MOABOEHIN KUIBKOCTI BY3JIiB) BHpI-
LIYETHCSI METOJIOM BHKJIIOUEHHS 3a ['aycom.

[Ticnst BU3HAUEHHS BY3JIOBUX 3HAY€Hb BEKTOpa Iie-
peMillieHb Ha OCHOBI JaHUX PO HarpiB KO>KHOTO €JIeMEH-
Ta 1 TEPMOMEXaHIYHUX KOoe]illieHTiB Horo marepiary 00-
YHCIIOIOTHCS KOMITOHEHTH JedopMauiii B eJeMeHTax 3
ypaxyBaHHSIM BiANOBIAIHUX TIOYATKOBUX 1 TPAHUIHUX
YMOB 32 JIOIIOMOTOI0 PIiLlICHHSI CUCTEMHU:

Usig
Ui
gx
Uzja
&, =[B]: U, (10)
J
&
v Usm-1
U2m

KomrmoHeHTH Hampy»XeHb Y MaTepiaii, 0 3HaXOUThCS
BCEPEINHI CKIHUEHHOTO €IEMEHTA, BU3HAYAFOTHCS PI3HHUIICIO
MDK ICHYIOUMMH 1 MMOYaTKOBMMH JedopMallisiMi Tilia, 110
OOyMOBJIEHI TEMIIEpaTypHUMH BIUTMBaMH. TakuM 4YHHOM,
Bi/IMiHHI Bil HyJI51 KOMIIOHEHTH HATPYKeHb {0} = [0y, 0y, Ty
B €JIEMEHTaxX OOUMCITIOIOThCS 3a 3akoHOM [ 'yka

lo}=[Dle}-[Dleo}- (11)

AHani3 pe3yabTaTiB YHCeJbHHUX J0CTiAxKeHb. [lo-
CIIIJPKEHHS! TIPOBEICHO ISl YOTUPUIIOIOCHOTO T€HEepaTo-
pa tuny TBB-1000-4Y3 notyxnictio 1000 MBr.

Po3paxyHkoBOI0O 00JacTIO € HAOLIbII HArpita Imo-
JIOBHHA CTepKHs (ma3oBa 1 J00OOBa YaCTHHU) OOMOTKHU
craropa 3 00Ky TypOinu (puc. 2).

o2 !

35 //

30

25 ///

20 ITazoBa yacTUHA CTEPHKHA // //

s «Komninoy // Jlo6osa |

Minp | [3omsmis | g?gggg;

10 )
5 J/ X, CM
0 100 200 300 400

Puc. 2. Po3paxyHkoBa 0051aCTh CTEPKHS

Jjiss HA0YHOCTI BEPXHIM 1 HUXKHIN MIapyd MOJEII, 10
BIJIMOBINAIOTH 130JISIL1i1, BUALIEH] 3 MOPYLICHHSIM Macii-
Taby. BepTukanpHUMHE JiHISIMHA B Miclli BUXOAY OOMOTKH
3 ra3a BHJIJIEHA «BJIbHA» (BiJ KpIIUIEHb) 30HA CTEPXKHSI.
[MTpu upomy mpuiMaocs, o nepeMilieHHs B3I0BXK Bici X
Ha CepeiMHI CTEepXKHs B aKTHBHIH 30HI cTaropa (B LIEHT-
palIbHOMY ITOTIEPEYHOMY IIEPETHHI MAIIMHH) JOPIBHIOIOTH
Hymo. [lepemimenHst Beix By3JiB MOJENi B3JOBX Bici y
Ha JIHI I1a3a Ta Ha MeXXI BEPXHBOTO 1 HIDKHBOT'O CTEpPIKHIB
00MOTKH cTaTopa (ma3oBa 4YacTHHa OOMOTKH) TaKOX Bif-
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cyTHi. Y 1iif 007acTi 1OCiPKeHb BUIbHI ISl IepeMIlleHb
KOMITOHEHTH — TUIBKH B3J0BXK BICI X.

AmHanizyBanucsi TEpPMOMEXaHIYHI XapaKTEPUCTUKU
(mepemillieHHs Ta HANPYXKEHHSI B 130J15IL1iT CTEp>KHsI 00MO-
TKW CTaTOpa reHepaTopa) B peXXUMax HOMIHAJIBHOIO Ha-
BaHTAXEHHs IIPU HOPMAJIBHUX YMOBaX HOTO OXOJIOJDKEH-
HSl, @ TAaKOX NPHU HasgBHOCTI TepMmonedekTiB — mpu 1/2 i
1/3 BUTpaTi AUCTHUIIATY Yepe3 CTEPIKEHb.

KpimieHHs He TOBHHHO NEPENIKOKATH TePEeMilIeH-
HIO JIOOOBHX YaCTHH B aKCiaJJbHOMY HAaIpPSMKY (B3IIOBXK
BiCl X) TIPH TEIUIOBOMY IMOJOBXXEHHI MPSMOJIHIKHOI Ta30-
BO1 wacTHHH 0OMOTKH cTaTopa. [Ipu npoMy 3a pesynbrara-
MH TEPMOMEXaHIYHOTO PO3PaxyHKy IIOJIOBHHH CTaTOpa
(BiJ cepenyHU 10 TOPLEBOI 30HU 3 OOKY TypOiHM) OTpUMa-
Hi 3HAYCHHsI CKJIaJJOBUX MEPEMIIIICHb BY3JIiB OCEp/Isl B aKCi-
IBHOMY Tiepepi3i OyJu rpaHMYHUME YMOBaMu | poxy s
BY3JIIB MOJIEJII CTEPIKHS, B SIKUX <«3IIHCHIOBAIOCS» 3aKpiM-
JICHHSI JIOOOBHX YacCTHH.

TeMneparypu i30JsLi1 B €JI€MEHTI KOXKHOT'O IIOIIe-
peYHOro Tepepizy B IMa30Bill YacTHHI PO3PaXOBYBAIHCS
SIK cepeqHe apupMETHIHE MK 3HAYSHHIMHU B Migi 0OMO-
TKH 1 3aITi3i cTatopa Mozeli ocepas. 3MiHa TeMIlepaTypHu
BY3JIIB CTEPIKHsI [IPU NIEPEXO/Ii BiJ| IEMEHTa 10 eJIeMEHTa
3a JIOBXKHHOIO MOJENI 3a1aBajacs 3a JiHIMHUM 3aKOHOM.
VY pesynbTaTi OTPUMYEMO PSAKH 3HA4YECHb BY3JIOBHX IIe-
peMillleHb i Halpy>KeHb B CKIHYEHHHX €JIEMEHTaXx.

Ha puc. 3 i 4 naBeneHi rpadiku 3MiHH BiJIOBiTHO
TEPMOMEXAHIYHMX MEPEMIIlCHh 1 HANPYXKCHb Y3I0BXK
mapy i3osmii 3a KoopAnHaTamMH x 1 y (Hagani kpusi 1 1 2)
B Ta30Bii 1 J000Bif yacTHaX OOMOTKHM NpPU HOMiHAJIb-
HUX YMOBaX OXOJIOJDKEHHS CTEPKHIB OOMOTKH CTaTopa.
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Puc. 4. Po3niozin Hanpy>keHb B 130511 Y3X0BK CTEPIKHS

Sk BUAHO, NIPY HarpiBaHHI OOMOTKH BiZOyBaeThCs aK-
clasibHe 3MIIICHHSI CTEPXKHIB BIZTHOCHO OCep/Is cTaTopa (puc.
3, xpuBa 1), 110 BiAOBiza€ yMOBI KOHCTPYKTHBHOTO 3a0€3-
TeYeHHs] CBOOO/M TIEPEeMIIlIeHHsI CTEp)KHS B3JOBXK BiCi X.
VY 30HI BEXOQY OOMOTKH 3 Ta3a BiIOYyBaeThCs paliajbHa

«aedopmallishy CTEPIKHS y «BUIbHIN» Bifl KPIIUIEHb 30HI (pHC.
3, kpuBa 2). [Ipu 1poMy 3aKpiruieHHss OOMOTKH B JIOOOBIM
30HI TIEPENIKO/KAE «HEOOMEKEHO BIUIBHOMY» 3MIILIEHHIO,
BHACJIIZIOK YOTO B CTEPKHSIX 1 B IETASX KPIIUICHHS JIOOOBHX
YaCTUH BUHHUKAIOTh 3yCHIUIS CTHUCKY (puc. 4, kpuBi 1, 2).
YV 1na3oBiii 4acTHHI HANpPy>XEHHS CTHCKY HOSICHIOIOTBCS Tpa-
HUYHMMH YMOBaMH B CEpeIMHI MOJEN 1 HEMOXKIMBICTIO
pazmiabHUX MepeMIlIeHb BY3JIiB CTEpXKHS. Y «BUIBHIN» 30Hi
cTepxHs (Ha HOTO «KOJiHD») HAaNpY)KEHHS MPAKTUIHO Bij-
cytHi. «[likm» Ha BUXOJi 3 TMa3y i B MiCIIi TOYATKY KPIIJICHb
B JIOOOBIH YacTHHI 0OYMOBIIEHI Pi3KOI0 3MIHOIO TPAHUIHHIX
YMOB B IIMX TaK 3BaHHX «OCOOIMBHX TOYKAax» 1 METOANYHU-
MH BJIaCTUBOCTSIMH HAOIIDKEHOTO CKiHYEHHO-€JIEMEHTHOI'O
miaxoay (CTyneHeM JUCKpeTH3alil po3paxyHKOBOI 00JacTi)
JIO BUPIIICHHS 33/1a4i.

TakuM 4yHHOM, 32 HOMIHAJILHOI TEMIIEPaTypu 0OMO-
TKW Ta yMOBax ii OXOJIOJPKEHHS! 3HAUEHHS PaliyIbHUX 1
aKClaJIbHUX HAIPY>KeHb B 130JISILI1 B3JIOBXK JOBKHHHU CTe-
PKHSL B OCHOBHOMY HE TI€PEBHUILYIOTh MPUITYCTUMHX 3Ha-
geHsb (80-90 MITa).

Puc. 5 i 6 BimoOpakaroTh BiATIOBiAHO 3HAYEHHS 1 Xa-
pakTep 3MiHM TEpPMOMEXaHIYHHX IEPEMIlIeHb 1 HaIpy-
KEHb B 130Jsilii 1pu 1/2 BUTpaTH OXOJIO[PKyBaua uepes
CTep)KeHb. 3HIKEHHS BUTPATH MPUHAMAIIOCS PIBHOMIPHUM
TI0 BCIX OXOJIO/DKYIOUHMX KaHa/lax.
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Puc. 6. Po3monin Hanpy»keHb B 130JIA1I11 Y3TOBXK CTCPIKHS

3i 3HIKEeHHAM BHUTpatu Boau Ha 50 % He3HauHO 30i-
JBITYIOTECS aKCiaipHi 1 icToTHO (OUTBII HIXK Yy ABa pasu)
pazianbHI TIepeMillieHHsT B MICLli BUXOJY CTEpXKHs i3 rasa.
ITpu oMy 3Ha4YeHHS palialIbHUX HAIPY)KEHb B eJIeMEHTaxX
130JISI11i1 11a30BOT 30HH 1 B MICIIX KPIIJICHb JIOOOBHUX YaCTHH
MIEPEBHIILYIOTh MIPUITYCTUMI 3Ha4eHHs. B ocraHHiX Te Xk ca-
M€ BIJIHOCHTBCA 1 IO aKCIaJIbHUX HAIMPYIKCHb.

3 NOTIpPIICHHSM YMOB OXOJIOJDKEHHS (IIPH HAsBHOCTI
BCHOTO 1/3 BUTpaTH MUCTHIIIATY Yepe3 0OMOTKY — puc. 7, 8)
TEPMOMEXaHIYHI XapaKTepPUCTHKH 130JisLii iCTOTHO IOTip-
IIYIOTBCA TI0 BCil TOBXKWHI CTEpIKHS, 3HAUYCHHS HAIPy>KCHBb
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MIEPEBHILYIOTh JIOIMyCTHMI 32 MEXaMH MEXaHIYHOT MIl[HOCTi
MaTepialy Ha PO3PHB 3HAYCHHS, L0 € HEIPHITyCTHMHUM.
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Puc. 8. Po3nozin HanpyskeHb B 130511 Y3X0BK CTEPIKHS

TakuM 4yMHOM, 1100 YHUKHYTH aBapiiiHHUX CHUTYyarliit
NOTPIOHMM TOCTIHHUI KOHTPOJb TEMIIEPaTypy CTEpIKHIB
obmotku craropa. Y [20] miaKpeciroeThcs BaXIIMBICTh pe-
TEJBHOTO PETYJISIPHOTO TECTYBAaHHS HA TE€PMETHUHICTH CTe-
PKHIB 3 BOISTHUM OXOJIOJDKEHHSIM, MICTHTBCS 1H(OpMAIis
PO IPHYMHHU Ta PO3BUTOK BUTOKIB BOJIH, OIUCYIOTHCS pe-
KOMEH/IOBaHI METO/H TIEPEBIPKU, TECTYBAaHHS Ha 3HIDKCHHS
THCKY, OOCITyTOBYBaHHS, a TaKOX TPOTIOHYIOTHCS MOYKIIHABI
BapiaHTH CBOEYACHOTO PEMOHTY.

Bucnosku.

1. Po3pobneHo mareMaTWdHy MOAETH 1 METOIUKY
YHUCETBHOTO PO3PAXYHKY TEPMOMEXaHIYHUX XapaKTepHC-
THK B €JIEMEHTaX CTEPXHsS OOMOTKH CTaTOpa MOTYKHOTO
TypOOreHepaTopa Ipu HassBHOCTI Ae()EKTIB OXOJOHKESHHS.
B OCHOBY METOAUWKHU IMOKIIAACHO METO/ CKiH‘ieHHI/lX CJIc-
MEHTIB, peali30BaHMil y BUINIAAI MaKeTy HPHKIaIHUX
IIporpam JyIsl IEPCOHAIBHOTO KOMII I0Tepa.

2. Y poboti HaBeeHI pe3ysbTaTH YHCENbHUX PO3pa-
XYHKIB TepMOMEXaHIYHNX HAIPY>KeHb EIIEMEHTIB CTaTOPHOI
00MOTKH (i30JIAI1I1 CTEPIKHS) YOTHPHITOIIOCHOTO TeHepaTopa
iy TBB-1000-4Y3 motyxsictio 1000 MBT B 3anexHOCTI
BiJI TEMIIEPaTypHOTO PEKUMY 3 ypaxXyBaHHSM 3MiHH BUTpa-
TH AUCTUIATY. [loKa3aHo, 110 32 HOMIHAJIBHUX YMOB OXOJIO-
JUKEHHSI CTEp)KHIB OOMOTKHM CTaTOpa NEpeMIllieHHs CAraloTh
600 mkMm (akcianbhi) Ta 200 MKM (pazialbHi), TepMOMEXaHi-
4Hi HarpyxeHHs — y cepeaubomy 60 1 70 MIla npu Temme-
parypi 69,8 Ta 85,3 °C B na3oBiii i 1000Bii yacTHHaX 0OMO-
TKH BignosinHo. ITpu mopymenssix: 705 ta 401 Mkwm; Ha-
npyxensst — 125 1 150 MIla npu temneparypi 100,8 Ta
147,3 °C (1/2 utparu auctumnsary); 790 ta 500 mxm, 160 i
190 MIla mpu Temmepatypi 116,3 ta 178,3 °C (1/3 Butpatn
TWICTHIIATY ).

3. TlopiBHSJIbHUIT aHANI3 TEPMOMEXaHIYHUX HaIIpy-
JKEHb B 130JSLH1 CTEPXKHS HPU MOPYIIECHHSX LUPKYJIISLIi

JICTUIISITY B OOMOTIII CTaropa 1mokasas, 10 HalOuIbIi 1X
3HAYEHHS CIIOCTEPIraroThCs MOONN3y BUXO/AY CTEPIKHS 13
nasa i MiCIIIX KpiruleHb JOOOBMX YacTHH. 3 MOTipUICHHIM
YMOB OXOJIO/PKEHHS HaBiTh Y HOMIHAJIBHOMY PEXUMI Ha-
BaHTa)XKEHHS 1X 3HAYCHHS B OKPEMHUX BY3Jax i30JisiLii me-
PEBHIIYIOTH MEXY MEXaHIYHOI MIIHOCTI Marepialy Ha
po3puB. [Ipn MeHIIMX MOPIBHSHO 3 HOMIHAIBHUMH BH-
TpaTaMH BOJAM TEIUIOBI Ta TEPMOMEXaHI4HI XapaKTepuc-
THKH €JIEMEHTIB CTEP)KHS OOMOTKH 3HAYHO ITOCUITFOFOTHCS
3 TOYKH 30pYy MOpYIIeHHs (Hi3MYHUX BIACTHBOCTEH Mare-
piairy i30J1s1ii Ta HaTIHHOCTI POOOTH MAIIMHY B ILIIOMY.

4. Po3po0iieHi Moziesi 1 METOIMKH MOXYTh 3aCTOCO-
BYBaTUCS ISl OCHIJUKEHHS TEIUIOBMX 1 TepMOMeEXaHid-
HUX IPOILECIB 3 ypaxyBaHHSM BiJMiHHHMX BiJ| PO3IJISIHY-
TUX y CTaTTi Ae(EKTiB OXOJIOKEHHS, a TAKOXK HASIBHOCTI
30BHILIHIX MEXaHIYHHUX BIUIMBIB, Y MAHEBPEHUX PEXKHUMaX
MYCKY i CKHJAHHS eNeKTpuYHOro HaBaHTaxeHHs TI, mis
JIOCHI/KEHHST e()eKTHBHOCTI PI3HUX CIOCOOIB peryJro-
BaHHS OXOJIOJDKEHHS TOILO.

Kou¢uuikTt iHTepeciB. ABTOpH CTaTTi 3asABISIOTH
PO BiICYTHICTH KOHQIIIKTY iHTEPECIB.

CIIMCOK JIITEPATYPU
1. Kencuupkuit O.I'. ExcrutyaTaniiina HafifiHICTh TeHEpYIOYOro
o0JaJiHaHHS CHEepProOJIOKIB aTOMHHMX €JIEKTPOCTaHMLiil YKpaiHu.
Hpayi Incmumymy enexkmpoounamixu Hayionanvnoi axademii
Hayk  Vkpainu, 2021, Bun. 58, c. 100-106. doi:
https://doi.org/10.15407/publishing2021.58.100.
2. Svoboda R., Blecken W.-D. Corrosion and deposits in water-
cooled generator stator windings: overview of water cooling of
generators. PowerPlant Chemistry 2018, vol. 20, no. 5, pp. 290-294.
3. Kyuunckmii K.A. TennoBele U TepMOMEXaHHUYECKHE MPO-
neccel B TypOorenepatopax: Monorpagus. — K.: TOB «IIpo
dopmat», 2020. — 239 c.
4. Xyropeukuit [.\M., ®enopenxo .M., Bapransun A.I'., Kpy-
mmHckuit A.I. HarpeB crepxHs OOMOTKHM cTaTtopa MOIIHOTO
TypOoreHeparTopa ¢ HEIIOCPEACTBEHHBIM OXJIaXIeHHeM. Texuiy-
Ha enexmpoounamixa, 1990, Ne 4, C. 55-62.
5. Brutsch R., Tari M., Frohlich K., Weiers T., Vogelsang R.
Insulation Failure Mechanisms of Power Generators [Feature
Atticle]. IEEE Electrical Insulation Magazine, 2008, vol. 24, no.
4, pp. 17-25. doi: https://doi.org/10.1109/MEIL.2008.4581636.
6. IlomsxoB B.UM. /luarHocTka TEXHHYECKOTO COCTOSHUS Ka-
HAaJIOB BOJSIHOTO OXJIAXKJCHHSI U KPEIUICHUI CTep)KHEil 0OMOTOK
MOILHBIX TYpOOreHepaTopoB s MPOIJICHUS CPOKA HX CITYXKOBIL.
Onexmpuueckue cmanyuu, 2001, Ne 10, c. 34-39.
7. KimounukoB O.0., ®enopenko .M., Buroscekuii O.B. IIporso-
3yBaHHs TepMoJe(eKTiB B 0OMOTI Ta OCepi craTopa HOTYXHHX
TypboreneparopiB 6iokiB AEC Ta ixHs joKkamizaiis 3a JOIOMOIO0
IHTENIEKTYaIbHAX METOAIB i 3aco0iB. [Ipobnemu bGe3nexu amomHux
enekmpocmanyii i Yoproouna, 2011, Bum. 17, c. 17-26.
8. Li S, Gallandat N.A., Mayor J.R., Habetler T.G., Harley R.G.
Calculating the Electromagnetic Field and Losses in the End Region
of a Large Synchronous Generator Under Different Operating Con-
ditions With 3-D Transient Finite-Element Analysis. I[EEE Transac-
tions on Industry Applications, 2018, vol. 54, no. 4, pp. 3281-3293.
doi: https://doi.org/10.1109/TIA.2018.2823262.
9. Ide K., Hattori K., Takahashi K., Kobashi K., Watanabe T.
A Sophisticated Maximum Capacity Analysis for Large Turbine
Generators Considering Limitation of Temperature. [EEE
Transactions on Energy Conversion, 2005, vol. 20, no. 1, pp.
166-172. doi: https://doi.org/10.1109/TEC.2004.842389.
10. Albanese R., Calvano F., Dal Mut G., Ferraioli F., Formis-
ano A., Marignetti F., Martone R., Romano A., Rubinacci G.,
Tamburrino A., Ventre S. Coupled Three Dimensional Numeri-
cal Calculation of Forces and Stresses on the End Windings of

80

Enexmpomexnixa i Enexmpomexanixa, 2023, Ne 4



Large Turbo Generators via Integral Formulation. /EEE Trans-
actions on Magnetics, 2012, vol. 48, no. 2, pp. 875-878. doi:
https://doi.org/10.1109/TMAG.2011.2173307.

11. Mueix B, PeBysxenko C.A. CpaBHHUTENBHbIA aHAIH3 MOLI-
HOCTH MarHUTHBIX [IOTEPh B CEPIICYHHIKE CTaTOpa TypOOreHepaTopa
C aKCHaJIbHBIMH BEHTWIALMOHHBIMM KaHAJaMM B €ro sipMe H 3y0-
nax. Bicnux Hayionanenoeo mexuiunoeo ymisepcumemy «XIIy.
Cepia.: EnekmpuiHi Mauuni ma eneKmpoMexaHiyHe nepemeoperHs
enepeil, 2019, Ne  20(1345), c. 167-171. doi:
https://doi.org/10.20998/2409-9295.2019.20.24.

12. Buroscekuii O.B. AHani3, mporHo3yBaHHS Ta YIPaBIiHHS
TEPMOMEXaHIYHUMH JIe()eKTaMH B CHCTEMax BOJSHOTO OXOJIO-
JDKEHHS 0OMOTOK CTaTopiB MOTYXHHUX TypOoreneparopis AEC.
Ilpobnemu bOesnexu amomuux enekmpocmanyii i Yopnobuas,
2015, Bum. 24, c. 20-26.

13. Stone G.C., Sedding H.G., Wheeler R., Wilson A. Results of
Destructive Analysis of Service-Aged Hydrogenerator Stator Wind-
ing Insulation. CIGRE SCA1 Colloguium, 26 Sep. 2019, 8 p.

14. 3o3ynin 10.B., Aaronos O.€., buuik B.M., BopuueBcbkuit
AM. Ta in. Cmeopenns nosux munie ma mooepHizayis Oirouux
myp6ozenepamopie sk Menio8ux eleKmpuyHux cmanyii. Xap-
kiB: [1® «Koneriym», 2011. — 228 c.

15. Silwal B., Sergeant P. Thermally Induced Mechanical Stress in
the Stator Windings of Electrical Machines. Energies, 2018, vol. 11,
no. 8, art. no. 2113. doi: https://doi.org/10.3390/en11082113.

16. Kulan M.C., Baker N.J., Widmer J.D., Lambert S.M. Mod-
elling the Mechanical and Thermal Properties of Compressed
Stator Windings. 8th IET International Conference on Power
Electronics, Machines and Drives (PEMD 2016), p. 6. doi:
https://doi.org/10.1049/cp.2016.0132.

17. Rui Liang, Xuezhong Liu, Tianlong Zhang, Rui Zhang, Guan-
fang Liu, Jing Wang, Yonghong Ji, Jian Yang. Determination of
thermal and thermo-mechanical stresses in stator insulation of wind
turbine generator based on online monitoring temperatures. 2016
IEEE International Conference on Dielectrics (ICD), 2016, pp.
1183-1186. doi: https://doi.org/10.1109/1CD.2016.7547829.

18. Zhao Y., Yan B., Chen C., Deng J., Zhou Q. Parametric Study
on Dynamic Characteristics of Turbogenerator Stator End Winding,
IEEE Transactions on Energy Conversion, 2014, vol. 29, no. 1, pp.
129-137. doi: https://doi.org/10.1109/TEC.2013.2294334.

19. Kyunncekuii K.A. BrmiB crymieHs 3akpimsieHHs OOMOTKH B
TOpLI Ia3a craTopa TypOoreHepaTtopa Ha TepMOMEXaHidHI Xapa-
KTepUCTHKHU 130Jsiil 11 crepkHs. [payi Incmumymy enexmpoou-
Hamixu Hayionanwroi akademii nayk Ykpainu, 2022, Bun. 61, c. 31-
36. doi: https://doi.org/10.15407/publishing2022.61.031.

20. Worden J.A., Mundulas J.M. Understanding, Diagnosing,
and Repairing Leaks in Water-Cooled Generator Stator Wind-
ings. GE Power Systems, GER-3751A, 2008, no. 1, 28 p.

REFERENCES
1. Kensytskyi O.H. Operating reliability of generating equip-
ment of power units of nuclear power plants of Ukraine. Pro-
ceedings of the Institute of Electrodynamics of the National
Academy of Sciences of Ukraine, 2021, no. 58, pp. 100-106.
(Ukr). doi: https://doi.org/10.15407/publishing2021.58.100.
2. Svoboda R., Blecken W.-D. Corrosion and deposits in water-
cooled generator stator windings: overview of water cooling of
generators. PowerPlant Chemistry 2018, vol. 20, no. 5, pp. 290-294.
3. Kuchynskyi K.A. Thermal and thermomechanical processes in
turbogenerators. Kyiv, TOV Pro Format Publ., 2020. 239 p. (Rus).
4. Khutoretsky G.M., Fedorenko G.M., Vartanyan A.G.,
Krushinsky A.G. Heating of the stator winding rod of a powerful
turbogenerator with direct cooling. Technical Electrodynamics,
1990, no. 4, pp. 55-62. (Rus).
5. Brutsch R., Tari M., Frohlich K., Weiers T., Vogelsang R.
Insulation Failure Mechanisms of Power Generators [Feature
Atticle]. IEEE Electrical Insulation Magazine, 2008, vol. 24, no.
4, pp. 17-25. doi: https://doi.org/10.1109/MEI.2008.4581636.

6. Poliakov V.I. Diagnostics of the technical condition of a
water cooling channels and fastenings of the winding rods of
powerful turbogenerators for extension of their service. Elek-
tricheskie stantsii, 2001, no. 10, pp. 34-39. (Rus).

7. Klyuchnikov O.0., Fedorenko H.M., Vyhovskyi O.V. Pre-
diction thermal defects in the winding and stator core powerful
turbogenerators NPP units and their localization with intelligent
methods and means. Problems of nuclear power plants’ safety
and of Chornobyl, 2011, no. 17 pp. 17-26. (Ukr).

8. LiS., Gallandat N.A., Mayor J.R., Habetler T.G., Harley R.G.
Calculating the Electromagnetic Field and Losses in the End Region
of a Large Synchronous Generator Under Different Operating Con-
ditions With 3-D Transient Finite-Element Analysis. I[EEE Transac-
tions on Industry Applications, 2018, vol. 54, no. 4, pp. 3281-3293.
doi: https://doi.org/10.1109/TIA.2018.2823262.

9. Ide K., Hattori K., Takahashi K., Kobashi K., Watanabe T.
A Sophisticated Maximum Capacity Analysis for Large Turbine
Generators Considering Limitation of Temperature. [EEE
Transactions on Energy Conversion, 2005, vol. 20, no. 1, pp.
166-172. doi: https://doi.org/10.1109/TEC.2004.842389.

10. Albanese R., Calvano F., Dal Mut G., Ferraioli F., Formis-
ano A., Marignetti F., Martone R., Romano A., Rubinacci G.,
Tamburrino A., Ventre S. Coupled Three Dimensional Numeri-
cal Calculation of Forces and Stresses on the End Windings of
Large Turbo Generators via Integral Formulation. /EEE Trans-
actions on Magnetics, 2012, vol. 48, no. 2, pp. 875-878. doi:
https://doi.org/10.1109/TMAG.2011.2173307.

11. Milykh V.1, Revuzhenko S.A. Comparative analysis of the
magnetic losses power in the stator core of a turbogenerator with
axial ventilation channels in its yoke and teeth. Bulletin of NTU
«Kharkiv Polytechnic Institute» Series: Electrical Machines and
Electromechanical Energy Conversion, 2019, no. 20(1345), pp. 167-
171. (Rus). doi: https:/doi.org/10.20998/2409-9295.2019.20.24.

12. Vyhovsky O.V. Analysis, prediction and control of thermome-
chanical defects in the water cooling system of the stator windings of
powerful turbogenerators NPP. Problems of nuclear power plants’
safety and of Chornobyl, 2015, no. 24, pp. 20-26. (Ukr).

13. Stone G.C., Sedding H.G., Wheeler R., Wilson A. Results of
Destructive Analysis of Service-Aged Hydrogenerator Stator Wind-
ing Insulation. CIGRE SCA1 Colloquium, 26 Sep. 2019, 8 p.

14. Zozulin Yu.V., Antonov O.E., Bychik V.M., Borychevskyi
AM. Creation of new types and modernization of existing tur-
bogenerators for thermal power stations Kharkiv, Kolegium
Publ., 2011. 228 p. (Ukr).

15. Silwal B., Sergeant P. Thermally Induced Mechanical Stress in
the Stator Windings of Electrical Machines. Energies, 2018, vol. 11,
no. 8, art. no. 2113. doi: https://doi.org/10.3390/en11082113.

16. Kulan M.C., Baker N.J., Widmer J.D., Lambert S.M. Mod-
elling the Mechanical and Thermal Properties of Compressed
Stator Windings. 8th IET International Conference on Power
Electronics, Machines and Drives (PEMD 2016), p. 6. doi:
https://doi.org/10.1049/¢p.2016.0132.

17. Rui Liang, Xuezhong Liu, Tianlong Zhang, Rui Zhang, Guan-
fang Liu, Jing Wang, Yonghong Ji, Jian Yang. Determination of
thermal and thermo-mechanical stresses in stator insulation of wind
turbine generator based on online monitoring temperatures. 2016
IEEE International Conference on Dielectrics (ICD), 2016, pp.
1183-1186. doi: https://doi.org/10.1109/1CD.2016.7547829.

18. Zhao Y., Yan B., Chen C., Deng J., Zhou Q. Parametric Study
on Dynamic Characteristics of Turbogenerator Stator End Winding.
IEEE Transactions on Energy Conversion, 2014, vol. 29, no. 1, pp.
129-137. doi: https://doi.org/10.1109/TEC.2013.2294334.

19. Kuchynskyi K.A. Influence of the degree of fixing the wind-
ing at the end of the slot of the turbogenerator stator on ther-
momechanical characteristics of its core isolation. Proceedings
of the Institute of Electrodynamics of the National Academy of

Enexkmpomexnixa i Enexmpomexanixa, 2023, Ne 4

81



Sciences of Ukraine, 2022, no 61, pp. 31-36. (Ukr). doi:
https://doi.org/10.15407/publishing2022.61.031.

20. Worden J.A., Mundulas J.M. Understanding, Diagnosing,
and Repairing Leaks in Water-Cooled Generator Stator Wind-
ings. GE Power Systems, GER-3751A, 2008, no. 1, 28 p.

Haoitiwna (Received) 20.09.2022
Iputinama (Accepted) 08.11.2022
Onybnixosana (Published) 01.07.2023

Kyuuncoxuii Kocmanmun Apmyposuu', 0.m.n., c.n.c.,
Kencuyvrxuti Onee Feopziﬁoguql, O.M.H.,

! IacturyT enexrponunamiku HAH Ykpainu,

03057, Kuis, np. Ilepemoru, 56,

e-mail: kuchynskyy1962@gmail.com (Corresponding Author),
kensitsky@ukr.net

K.A. Kuchynskyi', O.H. Kensytskyi'

!Institute of Electrodynamics of NAS Ukraine,

56, Peremogy Avenue, Kyiv, 03057, Ukraine.
Thermomechanical loads of powerful turbogenerator stator
winding insulation in the presence of water cooling defects.
Introduction. An analysis of incidents linked to power units’
emergency disconnecting from network as a result of turbogen-
erators’ malfunction on the NPP of Ukraine is conducted. It is
identified, that the reason of the majority of incidents is an in-
sufficient reliability of the stator winding’s direct cooling sys-
tem. Problem. The most problematic point in winding for today
is the frontal parts, where, while cooling is reduced, there are
not only thermal, but also thermomechanical loadings on an
insulation appearing. The level of these loading depends on

How to cite this article:

structural design of frontal parts and a character of violation of
coolant agent circulation in a bar. In some cases they can ex-
ceed limit values. The spread and the quality of research on this
issue for today are insufficient. Goal. The aim of the completed
research is to determine the thermomechanical loading of insu-
lation of stator winding bar in a powerful turbogenerator with a
direct liquid cooling under condition when coolant circulation is
malfunctioned. Methodology. A complex mathematical model of
thermomechanical processes in an insulation of stator winding
bar of a powerful turbogenerator is developed. It takes into
account the real geometry of the winding bar, variable thermal
loading of core elements in radial and axial directions, as well
as ways of fixation of slot and frontal winding parts. Studies of
thermomechanical processes in an insulation of stator winding
bar of turbogenerator are conducted. Results. Values of me-
chanical displacement and stress for the different modes of mal-
function are obtained. Areas of bar, where mechanical loading
may exceed the boundaries of mechanical durability of material
of insulation of stator winding are identified. With decline of
coolant liquid consumption the radial displacement and stress in
the winding insulation bar in the area, where the bar exits from
the slot are increasing along with that the values of radial stress
of insulation of the winding bar in places of frontal parts’ fixa-
tion exceed limit values. Practical significance. The offered
mathematical models allow to realize calculation experiments
and can be used in practice for development and validation of
diagnostic systems, analysis, design and investigation of emer-
gency situations during exploitation of turbogenerators on
power stations of Ukraine. References 20, table 1, figures 8.

Key words: turbogenerator, stator winding, water cooling,
violation of circulation, thermomechanical loading.
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A novelty approach to solve an economic dispatch problem for a renewable integrated
micro-grid using optimization techniques

Introduction. The renewable integrated microgrid has considered several distributed energy sources namely photovoltaic power plant,
thermal generators, wind power plant and combined heat and power source. Economic dispatch problem is a complex operation due to
large dimension of power systems. The objective function becomes non linear due to the inclusion of many constraints. Hourly demand of a
commercial area is taken into consideration for performing economic dispatch and five combinations are considered to find the best
optimal solution to meet the demand. The novelty of the proposed work consists of a Sparrow Search Algorithm is used to solve economic
load dispatch problem to get the better convergence and accuracy in power generation with minimum cost. Purpose. Economic dispatch is
performed for the renewable integrated microgrid, in order to determine the optimal output of all the distributed energy sources present in
the microgrid to meet the load demand at minimum possible cost. Methods. Sparrow Search Algorithm is compared with other algorithms
like Particle Swarm Optimization, Genetic Algorithm and has been proved to be more efficient than Particle Swarm Optimization, Genetic
Algorithm and Conventional Lagrange method. Results. The five combinations are generation without solar power supply system and
Combined Heat and Power source, generation without solar and wind power supply systems, generation including all the distributed
energy sources, generation without wind power supply system and Combined Heat and Power source, generation without thermal
generators. Practical value. The proposed optimization algorithm has been very supportive to determine the optimal power generation
with minimal fuel to meet the large demand in commercial area. References 20, table 4, figures 11.

Key words: economic dispatch, combined heat and power source, solar power, thermal generators, wind power, optimization
techniques.

Bcemyn. Bionosuiosana  inmezpoéana Mikpomepedica po3enaode KinbKa po3noodinenux odicepen enepeii, a came @omoenrekmpuyny
eNeKMpOCMAanyilo, Menniosi ceHepamopuy, GimpsiHy elreKmpocmanyilo ma KomMOiHo8ane Odicepeno menia ma eiekmpoenepeii. 3ae0anHs
EKOHOMIYHOT ducnemuyepuzayii € CKIaOHoI0 ONepayieio yepes 8eluKy posmipHicms enepeocucmeM. L{inbosa ynxyis cmae HeniniiHo0 uepes
eKIOUeHHs Oe3niui obmedicenb. Ha GUKOHAHHA eKOHOMIUHOI Oucnemuepusayii 6paxo8yemvCsi NO2OOUHHA nompeda mopeosoi niow, i
PO3211A0aI0OmbCa n’Amb KOMOiHayill, wob 3naimu HauKpawe onmumanvHe piwienHa 3a0oeonenna nonumy. Hoeusna sanpononosanoi
pobOmMU NONARAE 8 MOMY, WO ATOPUMM NOULYKY 20pOOYSA BUKOPUCTNOBYEMBCS OIS GUPIUIEHHS eKOHOMIUHO20 3a80aHHs Ouchemyepusayii
HABAHMAIICEHHS, W00 OMpuUMamu Kpaugy 30iCHICIb Ma MOoYHiCMy npu 6UpoOTIeHHI enekmpoenepeii 3 MinimanvHumu sumpamamy. Mema.
Exonomiuna oucnemuepuzayis 6uKonyemucs 0 iOHOBNI08AHOI iHmespo8anoi Mikpomepedici, uob 6usHAUUMU ONMUMATLHY NOWLYIHCHICMY
6CIX PO3NOOLIEHUX OJcepesl eHepeii, NPUCYMHIX V' MIKDOMEPeXCl, Olsl 30080NEHHsL NOMPeOU HABAHMANCEHHS 3 MIHIMAIBHO MOICTUBUMU
sumpamamu. Memoou. Anzopumm nowyKy 20podysi NOPIGHIOEMbCA 3 THUWUMU ATCOPUMMAMY, MAKUMU K ONMUMI3AYIS POIO YACTUHOK,
2eHemuuHUl aneopumm, i 0y10 0068e0eHO, WO GiH eeKMUGHIWUL, HIdDC ONMUMI3AYis POl YACMUHOK, 2CHeMUYHULL QNcOPUmM I
mpaouyitinuii. memoo Jlazpanoica. Pesynemamu. [1'sme xombinayiti: eewepayis 0e3 COHAYHOI CUCMEMU eHEeP2ONOCMAYAHHA Mma
KOMOIHO8aN020 Odicepena menna ma enekmpoenepeii, cenepayis 6e3 cucmem COHAUHO20 Ma iMPOBO20 eHePeONOCMAUAHHS, 2eHepayis, Wo
eKnIOuae 6Ci po3nodineni Oxcepena eepeii, eenepayis be3 cucmemu 6iMpoeoi eHepeii ma KoMOIHO8aHO20 Odcepena menia ma
eflekmpoenepeii, eenepayis 6e3 mennosoi enepeii. cenepamopu. Ilpakmuuna yinnicms. 3anpononosanuti aneopumm onmumizayii oyice
oonomie GUIHAUUMU ONMUMATbHE GUPOOHUYMBO eneKmpoenepeii 3 MIHIMATLHOI 8UMPAMOI0 NANUGA OJIA 3A0060EHHS BEIUKO20 NONUNTY 6
Komepyitiniti cghepi. biom. 20, Tadm. 4, puc. 11.

Kniouoei cnosa: ekOHOMIYHA JHCIeTYepH3alis, TEIJIOEJCKTPOLEHTPA/Ib, COHAYHA €HEePreTHKa, TEIIOBI TIeHepaTopH,
BiTpoeHepreTHKa, METOAH ONTUMI3aNii.

1. Introduction. Due to rapid increase in load
demand of residential and commercial consumers, the
cost of electric power generation plays major role in the
power system planning and operation. In order to reduce
the cost of energy consumption, the most suitable way is
the integration renewable energy sources among
distributed network. The complexity of interconnections
and the size of the distributed energy sources of electric
power systems that are controlled in a coordinated way. It
leads to the optimal allocation of generators which are
present in power system to meet the entire load demand
with minimum possible cost. Whether a generator ought
to participate in sharing the load at a given interval of
your time could leads to a problem of unit commitment.
Once the unit commitment problem has been resolved, it
becomes a haul of optimum allocation of the obtainable
generations to satisfy the forecasted load demand for this
interval. Optimal load dispatch, a sub-problem of the unit
commitment problem, is considered a particularly
important problem that deals with the minimization of
operational cost and power generation facilities and by in
power systems economics point of view. In optimization

problems, the most desirable objectives are minimization
of fuel cost, total real and reactive power losses in the
system, improvement of voltage profile by minimizing the
voltage deviation. Among these objectives, in economic
dispatch (ED) problem the minimization of fuel cost is
considered by taking real power outputs of thermal
generators and renewable energy sources like solar, wind,
combined heat and power source (CHP) source, fuel cell
and micro turbine etc.

2. Literature Review. In [1] the modified version of
tradition Lagrange algorithm for solving the dynamic
combined economic and emission dispatch problem has been
proposed. The effective operation of diesel generator in large
power network was analysed using whale optimization
algorithm. In [2] the authors stated that there are two species
of captive house sparrows, and they typically use both
producer and scrounger behaviors to get their food.

Authors of work [3] stated that the producers
energetically look for food, while the scroungers acquire
food by producers and the birds use behavioral strategies
flexibly, and toggle between producing and scrounging.
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In [4] the authors proposed the concept to use particle
swarm technology to optimize nonlinear functions. The
connections between Particle Swarm Optimization (PSO),
artificial life, and Genetic Algorithm (GA) are explored.
They developed a social-science context for PSO. They
illustrated that the evidence from computer simulations
create an powerful technique called information
processing technique which is sufficient to control the
vast amount of information comprising human familiarity.

In [5] an enhanced energy management operation by
managing distributed energy resources to achieve better
energy efficiency at the lowest possible cost by operating
a system over a time horizon and assure several key
constraints has been proposed.

In [6] the authors illustrated a design layout
methodology for a grid-connected PV-Battery-Diesel
microgrid in that applied power management strategy in
various system’s components was considered.

In [7] the authors explained a detailed connection
between the investment cost, lifetime, cost function, and
the fluctuant energy forecasting of solar and wind
resources. In [8] the authors illustrated the onshore wind
power generation cost through a geographical distribution
method which gives the data of technical potential and an
estimation of the local unit cost structure. In [9] a bird’s
eye view of PSO applications by analyzing more that 700
PSO application papers has been presented. In [10] the
formulation and solution approach for the ED problem by
considering various micro grid operational constraints has
been given. The suggested method allows the microgrid
to function cost-effectively in grid-connected mode and
also maintaining stability in islanded mode.

In [11] the authors proposed Attractive and Repulsive
Particle Swarm Optimization (ARPSO) algorithm for
economic load dispatch, which relieves the assumptions
imposed on the optimized objective function. The common
problem in all evolutionary computation techniques is
premature convergence and overcome in ARPSO algorithm.
In [12] microgrid energy management as an optimal power
flow problem has formulated, and a distributed Energy
Management Strategy has been proposed, where the
Microgrid Central Controller and the local controllers jointly
compute an optimal schedule has been formulated. In [13]
the authors proposed a new swarm intelligence optimization
technique called Sparrow Search Algorithm (SSA) to solve
optimization problems in various engineering applications.

In [14] the method to determine low carbon optimal
dispatch problem by considering carbon tax mechanism and
verified the performance of emission on IEEE test system
has been proposed. In [15] the analytical based hierarchy
process algorithm to ensure the weight coefficients for each
objective function has been developed. For a standalone
microgrid system, the multiobjective based optimal dispatch
problem was developed by incorporating the various
renewable energy sources. To get optimal power dispatch
quantum PSO was developed and validated.

In [16] the authors illustrated the new strategy to
determine the optimal solution for the Combined
Economic and Emission Dispatch problem. In this case
study the location of East Coast of USA generating units
were considered. In this proposed method the cost
functions for solar and wind energy was considered and

determined the solution using modified Harmony Search
Algorithm. In [17] the dynamic nature of the load for
various buildings has been considered. In this fuel cost
and operational cost of the generating units were
incorporated during the sizing of the various components.
In [18] the mixed integer programming method to fetch
the optimal allocation of renewable energy sources based
on 24 hours time horizon has been developed. The test
cases were considered for two different mode of operation
like standalone mode and grid connected mode.

In [19, 20] the comprehensive optimization method
to solve the multi objective ED problem has developed.
The nonlinear and non-convex constrained optimal power
problem was solved using Gray Wolf Optimization
techniques.

The novelty of this paper has developed the new
optimization algorithm — Sparrow Search Algorithm (SSA)
to determine the optimal generator scheduling by
incorporating the renewable energy sources. In this paper the
obtained results from the developed algorithms was
compared with the conventional method and other
optimization techniques like GA and PSO techniques. The
main advantages of proposed algorithm will provide the
improved search space and better convergence.

3. Formulation of ED problem with renewable
energy sources. For solving ED problem, a microgrid
consists of two traditional generators (synchronous
generators), one CHP, wind generator and solar generator
is considered. The optimal dispatch of renewable energy
sources is shown in Fig. 1.

Fig. 1 Operation of optimal dispatch problem

The 24 hours load demand profile is shown in Fig. 2.

700 1 Demand, kW
5007 Load Curve
500 -
400 -
300
200 -

100 4

1:00 |

Fig. 2. 24 hours load profile
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A. Modeling of diesel generators (DG’s) and CHP.
The second order polynomial function is considered as the
cost function for the CHP and two conventional generators
and given the assumed cost coefficients in Table 1.
Table 1
Cost coefficients

Cost coefficients | CHP | Generator 1 | Generator 2
a 0.024 0.029 0.021
b 21 20.16 20.4
c 1530 992 600

The lower and upper generation limits of DG’s are:

0kW < P,; <650 kW. @)
The lower and upper generation limits of CHP are:
0 kW < P, <600 kW. 2)

Calculations for the generation of generators and CHP:

)

P +Zn:[ b
load
) oa & 2a,
i e
3 2@[

A=
i=1

To find the generation of each generator individually
using the following formula:

3)

P, = L. 4)

where / is the incremental cost.
The non linear quadratic cost function (£;) of diesel
generator is given in (5) [2, 3], where Pg; is the output power:

The total cost Fr is calculated by summing up the
costs of individual generator:
FT:F1+F2+FC. (6)
B. Modeling of solar. HOMER software — the
Micropower Optimization Model provided the critical
photovoltaic (PV) data needed to complete the case study.
The formula used to determine solar power generation is
as follows:

Ppy = Fsrc - Cc (1+k-(T~T;)), (7
Gsre

where Ppy is the output power, kW; Pgrc is the maximum
power of PV under standard test conditions (STC), 330 kW;
G, 1s the incident solar radiation, W/m?; Gsre is the solar
irradiance at STC, 1000 W/mz; k is the temperature
coefficient, —0.0047; T; is the reference temperature, 25 °C;
T. is the cell temperature, °C.

The solar power generation cost function is as in [4]
and it considers the operation and maintenance (O&M)
costs of the generated energy and also investment cost of
the equipments.

1) Cost of generation without including investment
cost is the:

G"-Ppy, (8)
where G* is the O&M cost per unit generated energy
(0.016 $/kW); Ppy is the solar power output.

When compared to wind energy the solar is very
costly, but can be included in a system with the support of
solar renewable energy credits.

2) Cost of generation including investment cost is
the:

a-l"P,+ G"-Ppy, 9)
where
-

a= s 10

1—(1+r) N 10

r is the rate of interest (0.09); N is the investment lifetime

(20 years); I” is the investment costs per unit installed

power (5000 $/kW) or 1630 $/kW by considering the
renewable energy credits.

The above equation is used to compute the entire
generating cost of solar energy, which includes the
depreciation of all generation equipment.

C Modeling of wind. HOMER software — the
Micropower Optimization Model was used to acquire the
wind data needed for the investigation. The formula used
to determine wind power generation (P) is as follows:

(1n

where p is the air density, kg/m’; 4 is the wind swept
area, 7r° = m-(22/2)* = 380.1327 m?; V is the velocity of
wind, m/s.

The cost function for wind generation is as shown in
[4], and it takes into account both the equipment
investment and the generated energy’s O&M costs:

1) Cost of generation without including investment
cost:

o)
P=—:\p-4-V3),
> L

G*-Py, (12)
where G® is the O&M cost per unit generated energy
(0.016 $/kW); Py is the wind power output.

2) Cost of generation including investment cost

al’-Py+ GE-Py, (13)
where
r
a= =0.1095, (14)
1- (1 + r)_Nf

r is the interest rate (0.09); N is the investment lifetime
(20 years); I” is the investment costs per unit installed
power (1400 $/kW).

The above equation can be used to compute the
entire generating cost of wind energy, taking into account
all of the generation equipment’s depreciation.

4. Proposed methodologies. Sparrows are social
birds that come in a variety of colours and sizes. They can
be found in almost every section of the globe and like to
live in human-populated areas. They eat mostly grain and
weed seeds. The sparrow, unlike some of the other little
birds, is highly intelligent and has an excellent memory.
The producer and the scrounger [2] are two varieties of
captive house sparrows. Producers actively seek out food
sources, whereas scroungers rely on producers to provide
them with food. Furthermore, research suggests that birds
switch between generating and scrounging behavioural
methods frequently [3]. In order to locate food, sparrows
frequently employ both the producer and scrounger
strategies [2]. Individuals in the group keep an eye on
each other’s actions. Temporarily, the attackers in the bird
herd battle for food resources with the partners with large
intakes in order to increase their own predation rate [4]
[3]. Individual energy reserves are crucial when sparrows
employ varied foraging techniques, the sparrows with low
energy reserves more scrounging. Birds on the outside of
the colony are more likely to be attacked by predators and
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are continuously trying to improve their position [5]. The
birds in the center come closer to their neighbors in order
to reduce the size of their danger zone [7, 14]. It is
commonly known that sparrows have a natural interest
about everything while also remaining attentive. When a
bird detects a predator, for example, one or more
individuals chirp, and the entire flock flies away [14].

Application of SSA to solve ED problem:

1. Initialize the SSA parameters i.e., the maximum
iteration count (G), the amount of producers (PD), the
sparrows count who recognize the danger (SD), the alarm
value (4,), the number of sparrows (n).

2. Initialization of fitness function i.e., sum of
individual cost function of various generators in various
power stations.

3. The cost coefficients and generation limits of
various generators, total demand is given as input.

4. After executing the first step of the program a
large number (equal to the population size) of vectors of
real power fulfilling the total demand and generation
limits are randomly allocated.

5. The fitness function’s value is calculated for each
vector of active power. To obtain f,, the values obtained
in one iteration are compared to the values obtained in the
preceding iteration. If the f; obtained in one iteration is
better than the f, obtained in previous iteration then the
value of f, is updated, otherwise it is left unchanged.

6. The active power vector (L) reflects the
economic load dispatch solution, and the ultimate value of
Je 1s the minimal cost.

The flow chart for solving ED problem using SSA is

shown in Fig. 3.
G
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Fig. 3. Flowchart for solving ED problem using SSA

5. Results and discussion. The ED problem is
performed using the MATLAB platform and the total
power generation costs for the five scenarios mentioned
below for the microgrid are compared. Five scenarios
considered are:

Case 1: 2 Diesel Generators + CHP;

Case 2: 2 Diesel Generators + Solar;

Case 3: 2 Diesel Generators + Wind;

Case 4: CHP + Solar + Wind;

Case 5: 2 Diesel Generators + CHP + Solar + Wind.

This is to identify the optimal arrangement of
generations that can be incorporated into a micro grid for
the least or moderate cost.

After conducting the ED operation among the three
dispatchable generations, the generation cost is
determined from the cost functions corresponding to its
generated power. The cost of wind and solar power
generation is also calculated depending on generation
using their respective cost functions. As a result, the
overall cost of production may be estimated.

Genetic algorithm. The total cost of generation for
each hour, obtained using GA for Case 1 is shown in Fig. 4.
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Fig. 4. Variation of demand and cost analysis for Case 1

The total cost of generation excluding investment
cost, total cost of generation including investment cost,
total cost of generation including investment cost with
renewable energy credits for solar for each hour, obtained
using GA for Case 2 are shown in Fig. 5.
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Fig. 5. Variation of demand and cost analysis for Case 2

The total cost of generation excluding investment cost,
total cost of generation including investment cost for each
hour, obtained using GA for Case 3 are shown in Table 2.

The total cost of generation excluding investment
cost, total cost of generation including investment cost,
total cost of generation including investment cost with
renewable energy credits for solar for each hour, obtained
using GA for Case 4 are shown in Fig. 6.
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Table 2

Power generation and cost analysis for Case 3 using GA

. Total generation cost | Total generation cost
Time, | Demand, > . O

hrs W excluding 1nyestment including 1nyestment

cost of wind, $ cost of wind, $

1:00 215 6520.8 6520.8
2:00 205 6060.93 7310.17
3:00 200 5310.763 10706.61
4:00 280 7214.224 13198.28
5:00 350 8374.143 18368.07
6:00 425 11614.43 15711.21
7:00 470 13180.34 16402.54
8:00 435 10852 20423.74
9:00 425 9463.016 24947 .54
10:00 350 7886.234 20676.66
11:00 375 8928.383 20263.07
12:00 360 8946.674 17323.44
13:00 330 7909.188 18337.57
14:00 340 8173.499 17745.24
15:00 343 8832.256 15125.83
16:00 360 9491.263 14887.11
17:00 350 8668.774 17045.54
18:00 495 14218.21 16226.28
19:00 560 16510.13 17759.37
20:00 575 17182.05 17694.08
21:00 503 14908.02 15077.87
22:00 444 13079.02 13248.87
23:00 270 7927.52 8127.26
24:00 240 7060.974 7771.51
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The total cost of generation excluding investment
cost, total cost of generation including investment cost,
total cost of generation including investment cost with
renewable energy credits for solar for each hour, obtained
using GA for Case 5 are shown in Fig. 7.
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Sparrow Search Algorithm (SSA). The total cost of
generation for each hour, obtained using SSA for Case 1 is
shown Fig. 8.
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Fig. 8. Variation of cost analysis for Case 1 using SSA

The total cost of generation excluding investment
cost, total cost of generation including investment cost,
total cost of generation including investment cost with
renewable energy credits for solar for each hour, obtained
using SSA for Case 2 are shown in Fig. 9.
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ariation of cost analysis for Case 2 using SSA

The total cost of generation excluding investment
cost, total cost of generation including investment cost for
each hour, obtained using SSA for Case 3 are shown in
Fig. 10.
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The total cost of generation excluding investment
cost, total cost of generation including investment cost,
total cost of generation including investment cost with
renewable energy credits for solar for each hour, obtained
using SSA for Case 4 are shown in Fig. 11.
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Fig. 11. Variation of cost analysis for Case 4 using SSA

The total cost of generation excluding investment
cost, total cost of generation including investment cost,
total cost of generation including investment cost with
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renewable energy credits for solar for each hour, obtained
using SSA for Case 5 are shown in Table 3. The total cost

of generation per day for all the five cases obtained using
Lagrange’s method, GA, PSO, SSA are shown in Table 4.

Table 3
Cost analysis for Case 5 using SSA
Total cost of Total cost of Total cost of Total cost of Total cost of Total cost of
. generation generation generation including | ... generation generation generation including
Time, . ; . : ..> | Time, . ; . : .
hes | excluding . including investment cqst with hes | excluding . including investment cgst with
mvestment cost, | investment cost, energy credits for mvestment cost, | investment cost, energy credits for
$ $ solar, $ $ $ solar, $
1:00 7909.8 7909.8 7909.8 13:00 3128.217 189074 70775.26
2:00 7474.43 8723.67 8723.67 14:00 3127.884 179871.9 67197.82
3:00 6722.963 12118.81 12118.81 15:00 3561.15 163635.3 59987.18
4:00 8536.324 14520.38 14520.38 16:00 5136.048 136613.6 51634.52
5:00 9623.343 19617.27 19617.27 17:00 7257.599 74653.77 34874.69
6:00 12580.43 16677.21 16677.21 18:00 14891.21 16899.28 16899.28
7:00 11853.58 57801.14 29004.26 19:00 16912.13 18161.37 18161.37
8:00 6547.547 134121.6 54588.05 20:00 17498.05 18010.08 18010.08
9:00 4022.912 173348.3 69659.57 21:00 15461.02 15630.87 15630.87
10:00 3128.32 186525.1 71536.42 22:00 13798.02 13967.87 13967.87
11:00 3128.346 191129.8 72056.39 23:00 9219.72 9419.46 9419.46
12:00 3128.102 190386.2 69820.2 24:00 8403.574 9114.11 9114.11
Table 4
Cost comparison between Lagrange’s method, PSO, GA, SSA
Total cost of generation per day obtained using various optimization
Cases considered Lacranee’ techniques, §
range s GA PSO SSA
method
2 DG’s and 1 CHP 286244.76 289970.9 286435.4 286357.8
2 DG’s and solar excluding investment cost 190337.6 190662.1 190370.7 190341.68
2 DG’s and solar including investment cost 1712631.41 1712956 1712665 1712636.2
2 DG’s and .solar including investment cost with renewable 6836605.61 6869301 686638.7 6866097
energy credits
2 DG’s and wind excluding investment cost 237607.55 238312.8 237665.5 237610.7
2 DG’s and wind including investment cost 370193.42 370898.7 370251.4 370196.6
1 CHP, solar and wind excluding investment cost 200178.2 200178.2 200178.2 200178
1 CHP, solar and wind including investment cost 1855051.97 1855051.97 1855051.97 1855051.97
1 CHP, solar and Wmd.lncludmg investment cost with 829204.37 829204.37 829204.37 829204.37
renewable energy credits for solar
2 DG’s, | CHP, solar and wind excluding investment cost 202994.67 205910 203139.688 203050.7
2 DG’s, 1 CHP, solar and wind including investment cost 1857959.21 1860790.4 1858019.842 1857931
2 DG s, 1 CHP, solar and Wlnd including investment cost 83193121 834763.69 831993.502 831904 6
with renewable energy credits for solar

6. Conclusions. Economic dispatch aims to schedule
the outputs of all available generation units in the power
system to keep fuel costs as low as possible while meeting
system restrictions. Many traditional algorithms and
optimization techniques can be used to solve economic
dispatch problem among which Sparrow Search Algorithm
(SSA) is used. Traditional method i.e., Lambda iteration
method and optimization methodology i.e., Genetic
Algorithm (GA) and Particle Swarm Optimization (PSO) are
solved to prove that SSA gives better results than those.

A renewable integrated microgrid with two
synchronous generators, one combined heat and power
source, a wind power plant, and a solar power plant is
already being proposed. The MATLAB code for traditional
method i.e., Lambda iteration method, PSO, GA, SSA has
been executed successfully for all the considered cases and
a comparison table was made to compare the total cost of
generation obtained in PSO, GA, SSA, Lambda iteration
method. It can be concluded that SSA produce better and
accurate results than all other algorithms used. SSA gives
better convergence speed than PSO and GA.
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Enhancing power system security using soft computing and machine learning

Purpose. To guarantee proper operation of the system, the suggested method infers the loss of a single transmission line in order to
calculate a contingency rating. Methods. The proposed mathematical model with the machine learning with particle swarm
optimization algorithm has been used to observe the stability analysis with and without the unified power flow controller and
interline power flow controller, as well as the associated costs. This allows for rapid prediction of the most affected transmission line
and the location for compensation. Results. Many contingency conditions, such as the failure of a single transmission line and
change in the load, are built into the power system. The single transmission line outage and load fluctuation used to determine the
contingency ranking are the primary emphasis of this work. Practical value. In order to set up a safe transmission power system, the
suggested stability analysis has been quite helpful. References 16, figures 9.

Key words: machine learning, particle swarm optimization, power system security, interline power flow controller, unified
power flow controller.

Mema. lJo6 zapanmyseamu npasunviy pobomy cucmemu, 3anNPONOHOSAHULl Memoo nepedbayac empamy oOHici ninii nepedaui
PO3paxyuky petimuney Henepeobauyenux oocmasun. Memoou. 3anpononosana mamemamuyna Mooenb 3 aneOPUMMOM MAUUHHOLO
HAGUAHHL 3 ONMUMI3AYIEID POI0 YACMUHOK BUKOPUCHIOBYBANACA Ol CHOCMEPEJICeHHsl 3d AHANI30M CMIUKOCmI 3 VHIQIKOSAHUM
PecyIsIMOPOM NOMOKY HOMYICHOCE MA MINCTEHIUHUM Pe2yIsimopoM NOMOKY HOMYMICHOCE ma 6e3 Hb02o, a MAKON’C 3 GiON0GIOHUMU
sumpamamu. Lle 0o36ons€ weuoko nepeddbauumu Haiibinbuw nocmpadicoany ainilo nepedaui ma micye ona komnencayii. Pesynomamu.
bBacamo nosawmamuux cumyayiti, makux sK 6IiOM08a OOHIEl iHIi enekmponepedayi ma 3MiHA HABAHMADJICEHHS, G0OVO08aHI 6
enepeocucmemy. OcHogHa yeaza y yitl pobomi Npudinacmvcsa GIOKIIOUEHHIO OOHIEl TiHIi  enekmponepedaui ma KOMUBAHHAM
HABAHMAICEHHS, SIKI GUKOPUCIOBYIOMbCA 01 U3HAUEHHA petimuney Henepedbayenux oocmasun. Ipakmuuna yinnicms. IIpononosanuii
aHaniz CMitKocmi 8UABUECA Oydice KOPUCHUM 00 CIBOpeHHs be3neunoi cucmemu nepedayi enekmpoerepeii. biomn. 16, puc. 9.

Kniouosi crosa: MallMHHe HABYAHHS, ONITHMi3alis Pol0 YaCTHHOK, 0e3NeKa eHeprocucTreMu, BOYJ10BaHUH KOHTpPOJep MOTOKY

NOTY KHOCTi, yHi(piKOBaHMIiI KOHTPOJIEp MOTOKY MOTYKHOCTI.

Introduction. Multiple renewable and non-renewable
power sources have been added to the grid in recent years in
an effort to keep up with rising demand. Generators,
transmission lines, and distribution networks already have it
rough, and transient load changes make matters worse.
Investigating the most appropriate load modeling is
necessary for predicting the system’s features. When paired
with contingency criteria and constant-impedance, constant-
current, and constant-power loads, the ZIP load model
creates accurate and durable representations of loads over
extended time periods (ZIP is a common acronym for the
polynomial load model — constant impedance Z, constant
current /, constant active power P).

Even the most basic contemporary lives require
complex electrical systems. Therefore, it is crucial to keep
the electrical system reliable. A power system’s users,
infrastructure, and bottom line must all be safeguarded if
the system is to be considered secure. The failure of a
transmission line or generator, an unexpected increase in
load demand, the destruction of a transformer, etc. are just
a few examples of the kinds of occurrences that might
make such a power system useless. Maintaining the safety
of the power system is an intriguing problem. Power
outages have increased as a consequence of system
instability. Many companies go bankrupt, and the lives of
regular people are disrupted. Because this is the source of
the blackout, taking decisive action to stop it from
spreading to other lines is crucial. The reliability of a
system after an outage or other disruption may be swiftly
evaluated with the use of a contingency analysis. The
device’s normal operation may be affected once a faulty
part is removed; thus, the backup strategy must account
for this possibility. Any significant disruption to line
traffic has the potential to overload neighboring lines and
set off a chain reaction. There needs to be swift action
from the regulator when a line failure leads to a spike in
demand. The electricity grid’s operators and planners
should always have the system’s future in mind. The
process of contingency screening utilizes a wide variety
of static and time-dependent techniques [1, 2].

Load models allow for the prediction of how loads
will react to a change in voltage or frequency. Finding a
load model that is user-friendly and accurate across a
variety of load response scenarios is crucial. Implementing
strategies is essential. The impacts of the polynomial load
model and the steady-state load model are compared in this
study. The model’s imprecision stems from its over-
reliance on a single load to characterize three distinct types
of attributes. In terms of constant impedance, constant
current, and constant power, polynomial load models can
characterize resistive loads, induction motor loads, and
variable-frequency loads. As a result, the accuracy of the
polynomial load model is maximized. Devices in the
flexible AC transmission system (FACTS) may reduce the
impact of many disturbances in the power grid. The line
overload index and the voltage stability index must be used
together to estimate system stress in an emergency. Faulty
bus hotspots may be found more quickly and precisely
using the line stability index because it takes less time and
effort to calculate [3-7].

The most flexible FACTS device is the unified power
flow controller (UPFC), which uses a combination of series
and parallel inverters connected over a DC bus. In practice,
devices are positioned along the weakest line to mitigate its
effects. A proposed severity index is a grading system for
outcomes. It is hypothesized that the UPFC will be in the
most perilous position. Paycheck distribution is a top priority
in UPFC’s layout. The suggested technique is tested in a
pilot program using the IEEE 30 bus system. In this post, we
will describe the techniques used to analyze the reliability of
electrical grids. The criteria for determining vital lines and
the procedures to follow in the event of an interruption are
detailed. There is no hiding from the book’s significance and
effectiveness. We compare the outcomes from before and
after compensation were provided.

Examination of contingency method. Unpredictability
and instability characterize the occurrence of a contingency
phenomenon within a control framework. In the field of
control systems, numerous substantial investigations of
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probable outcomes have been done. The particle swarm
optimization (PSO) technique is used to determine the best
possible FACTS installation site and configuration settings.

Load modeling is the most common causes of
contingencies are unexpected shifts in load. When
analyzing various loads, load modeling is crucial.
Modeling the relationship between power and voltage on
a load bus mathematically is known as load modeling. It
has far-reaching implications for research into electrical
grids [8, 9]. In this research, we consider two distinct load
models to conduct our risk assessment. Models of
constant and variable loads as below.

Steady state load model. The continuous load
paradigm is also known as steady state load. The model’s
active and reactive power equations are:

P = ZV,YUV cos(9 +6; 5) (1
. n
==Y Vi sinl6y +5,-6,). 2

Elements of active power and reactive power, both
on and off the diagonal, are derived using P; and Q; as the
active and reactive powers, respectively.

Polynomial load model. A common acronym for
the polynomial load model is ZIP (constant impedance Z,
constant current I, constant active power P). Power
equations for the model are :

- atbus i

= ZV,YUV 005(5 +6; 6’)[PIV,~2+P2V,~+P3_;(3)
j=1

n ] -

= =3y p;sinls; +0; 6)[PIVZ~2+P2V,-+P3_;(4)

J=1
- atbus;:

) .
2
P {Z VijiViCOS(5jz'+9i—Hj)]HVj BV +BG)

{ ZV lVlsm(é +0. - 0)[P1VJ-2+P2VJ-+P3:,(6)

where bus 7 has an active power of P;, whereas bus j has a
reactive power of O; and so on. Values of nodal voltage at
buses i and j are denoted by V:;and V}; 9 is the angular
voltage of the i™ and /™ units; the llne’s admissions
denoted by VYj; the parameters for the ZIP load are
denoted by Py, P,, and P;.

Machine learning (ML). Waikato University in New
Zealand is responsible for developing WEKA (short for
Waikato Environment for Knowledge Analysis). The
program includes data-processing tools, machine-learning
algorithm implementation, and visualization resources. It’s
open-source and free, so you may use it to analyze as much
data as you like. Prediction techniques in ML are known as
supervised learning. The case distribution in a dataset may
be seen with unsupervised learning. Input-outcome
associations are uncovered using supervised learning
techniques. The relationships between them are a model.
Common supervised approaches include classification and
regression models. Different kinds of data analysis are
available in ML. In this study, the J48 algorithm is
employed to group information based on the suggested

indices. The j48 tree represents C4.5. It’s used to make data
sets. Decision trees are useful for sorting data into groups.
A tree is structured using this way. Assuming the tree
already exists, we append the structure of data. Predicted
missing values are disregarded by j48 during tree building.

Proposed index to find the severity of the line is
named as hybrid lines stability ranking index (HLSRI) is
employed to forecast and categorize, in descending order,
a set of important lines’ numerical values. After that,
compensation is employed to guarantee the system’s
continued security:

2
HLSR1=4XQ” |Z| X0, (B-D <]
uF | Xeme " [sin(o-o)P
(7
{1 o< 5c}
where [ =
0 o620c

where ¢'is used as a modifier and S is utilized as a toggle.
In a stable system, HLSRI is less than 1, whereas in an
unstable system, HLSRI is close to 1 [10]. The generated
values of HLSRI is upload to train the ML tool (Fig. 1).
The j48 category also is shown in Fig. 1.

HLSRI index values given to ML
tool to train the network H
(file format: .csv)

Machine Learning tool
Identifies
348 dlassifier used in ML the
Location
— ofthe
compensa-
tion from
ML

to train & predict

D

Fig. 1. Transmission line data analysis, categorization, and prediction

| Contingency analysis |

The configuration described is seen in Fig. 2. The
5-foot tree has 3 leaves and 1 branch. It demonstrates that
the range of the HLSRI fluctuates [11, 12], while the size
and number of leaves in the decision tree remain constant.
Here, we classify rankings according to 3 criteria for the
testing system [13]:

Classifier model, J48 tree Structure, IEEE 30
1) most stress/critical (7.0): HLSRI > 0.0461;
2) moderate stress/semi-critical (10.0): 0.0296 > HLSRI < 0.0461;
3) healthy line/non-critical (24.0): HLSRI < 0.0296.
Weka Classifier Tree Visualizer

B

<=0.0296 >0.0296

Normal line(24,0)
>0.0461

Semi-Critical line(10,0) )

Fig. 2. HLSRI using ML-J48 algorithm tree structure for IEEE 30 bus

<=0.0461

Modeling of custom power devices is also included
are works from the UPFC and interline power flow
controller (IPFC). An injection model may be used to
estimate the ranking index for actual and reactive power
flow, which is relevant for FACTS appliance control
restrictions. Here is a basic summary of the mathematical
modelling process used by FACTS.

Shunt and series controller (UPFC). There are
really 2 controllers at work in a unified power flow system
which is linked to the transmission line through DC link
capacitors shared by the shunt and series voltage source
converters. The arrangement converter’s yield voltage is
added to the nodal voltage at bus 7 to get the final nodal
voltage at bus j. How the power’s intensity is controlled is
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shown by the ¢y phase angle, and the voltage’s direction is
provided by the yield voltage Vz. A three-stage UPFC is
supported by 2 voltage sources and power restrictions.

Eygr =Vcr(cosdcg + jsindcr) ; ®)
R, ={~ Eyplyg + Eygl,, |- )
Active and reactive power equations at bus i are:
B =26 +Vi¥,[Gy codes —5, 1+ By sinle, — 5, |+

+VVCR[ G;; cod6; 5CR)+B sin(6); 5CR)] (10)

+ViVCR[GVR cod6; —Ocg)+ By sin(6); —5CR)]}[Pl V2 +BY +P31
0= V2B, +v1,[Gy sinlo,— 5, )- By codg, -5, |+
VY erlGysin(6,— )~ By sin(6) —§CR)]

+ViVCR[GVR sin(6) —cr) - By cosl6; —5CR)]}[PlVi2 +PV; +P3l
where G; and B; are the conductance and susceptance
between bus i and bus j, respectively. Equations (10), (11)
modified mathematical expressions of UPFC with ZIP
load model [13].

Series and series controller (IPFC) typically
makes use of many DC-to-AC converters, all of which
provides series compensation for a different line. The
IPFC really includes a number of the static synchronous
series compensators. All of the converters have high
reactive power transmission and storage capacities. In
addition, the converters can produce or soak up reactive
power at will. A series converter connected between bus i
and bus j can provide complicated power, as described by
below equations in that order:

(11

V2G ZVV (G cos@ —-B; sm9)

/ # (12)
Vi vet/(G COS( Ye,,) B; 5111(0 evez/)ipriz*‘PzVi +p31

:l
J#i
n

{V2 B;; z J(G sing; - B;; cosﬁ)
Jj=1

o (13)
< 2
S breGy sinle~6,)- Byeode 6, i+ B+ B
§¢z
V2G ZV (C;U COSH”—BIJ Slngﬂ)—
/;le (14)
n
l Selj(G C0< sey) Bg‘ Sm( SeU)iP]VEZ-ﬁ-P2Vi+P3l
ﬁ;,
n
Qi = B, - ZViVji (Gij cost;; —B;; Singji)_
o (15)
YEIJ(G Sln( Y@l]) Bij 004 Y@l])il)ll/;z +PZVI +P3l
j¢1

where V; and V; are the maximum allowed bus i and j
voltages, p.u.; V; and the conjugate of /; are the
maximum allowed bus 7 and j series voltage and reference
current. Mathematical expressions of IPFC incorporated
in ZIP load model to assess its behavior and the above
(12)(15) modified IPFC mathematical expression with
ZIP load model.

Results and discussion with compensation
devices. To analysis the contingency of IEEE test system
to asses the status of the power security:

Case I: IEEE 30 bus with ML algorithm.

Case 2: Soft computing techniques are applied for
modified IEEE test system.

Case 1: IEEE 30 bus with ML algorithm. IEEE 30
bus is considered from the historical data for ML algorithm
to predict severity and status of the system in power system
security point of view. Figure 3 represents voltage profile vs
bus no. in ZIP load model under various load conditions.

——vol
108{>V A oltage
sl I
1.04 4 \\ II\! \v/\\

\ ~ N\ “
s A
R \ A\
0.08 bus no.

0 5 10 15 20 25 30
1084V, V —— Voltage!
1.06 \ f\ A
1.04 V
1.024
1.004 - b
oW
0.96
0.94
0.02 ; . ; ; bus no.

o 5 10 15 20 25 30
1.08

Vv,V Voltage
1.06
1.04 4
1.024
1.00 4
0.98 -
c

0.96 -
0.94
0.92
0.90
on bus no.

5 10 15 20 25 30

Fig. 3. Voltage proﬁle vs bus no. with various loaded condition:
a — base case; b — 130 % loading; ¢ — 150 % loading

Figure 4 shows the demand, active generator capacity
and corresponding fuel cost during various loading conditions.

Figure 5 shows the total active generator capacity and
corresponding fuel cost before and after FACTS devices
using ML. From Fig. 4, 5 it is clear that, IEEE 30 bus system
consists of 6 generators, but only 2 generators are utilized
(one slack bus another generator bus) due to this, generator is
burden to meet the demand and fuel cost gets increases.
Hence IEEE modified bus system is consider with 6
generators units.

Total generation, demand and fuel cost
during various loaded conditions

Fuel cost

Demand

Over loading  Generation

Fig. 4. Generation and fuel cost for various load conditions
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Fig. 5. Generation and fuel cost for various load conditions
with compensation

Case 2: Soft computing techniques are applied
for modified IEEE test system. In this case 1 IEEE 30
system having 6 generators, but only 2 are utilized due to
this generator under stress and it leads to increase loss and
fuel cost. So IEEE 30 bus system is modified and to
reduce the stress on generators, generator reschedule is
required and it is achieved by the objective function.

In order to get the optimal generation values for the
generators to meet the required demand. An objective
function is developed. In the below analysis ML tool is used
to find severity of line leads to the location of compensation
and for optimal generator values PSO is utilized.

Particle swarm optimization (PSO). Many fields
benefit from PSO’s unique properties. PSO optimizes
complex problems using collective intelligence. PSO finds
optimal or near-optimal solutions using swarm particle
communication and exploration. High-dimensional PSO
outperforms traditional optimization methods. It solves
complex problems efficiently. Also, PSO’s iterative nature
lets it adapt to changing environments. By adapting, PSO
exploits search space. Finally, PSO is simple, its efficacy
and simplicity make it popular across disciplines. So, PSO
inspired efficient optimization algorithms and hybrid
methods for complex problems [14, 15]. Figure 6 shows
the block diagram shows the utilization of ML tool in
combination with PSO to get minimum fuel cost with
optimum generators values.

Severity of line |

Status of system

Generator values
are recorded

capacity
utilized

PSO generates Location of
4 optimal generators| FACTS devices

value

Minimum fuel
cost with optimal
generator capacity

Fig. 6. Block diagram of ML+PSO

ML + PSO

Objective function. The novel method mitigates the
IEEE 30 bus severity index, power outages, capital costs,
fuel use, and voltage changes. The PSO method is used to
determine optimal generator values for the minimum fuel
cost and dimensions of FACTS hardware. Here, we can
see the objective function:

F=min(F, + F, + F3), (16)
where F is the objective function; Fy, F,, F3 are the
corresponding  iterations. This objective function is
implemented using PSO algorithm along with ML algorithms.

Optimization of real power loss. At this point,
we’ve reached a point where our active power loss is as
small as it can get. Effectively depicting the preliminary
objective function, (17) shows how to significantly reduce
the actual power loss in transmission lines:

n
Fi=Pro= Y Gyl +V7 =20V, cos(8; ;). (17)
k=1, j#i
where P, is the actual power loss; n is the number of
transmission lines; Gy, is bus & and j’s conductance; ¥, and
V; are their voltages; & and ¢ are their angles.

Capital expenditures for FACTS devices. Here,
the capital expenditure ($/h) for UPFC and IPFC are
analyzed as:

F3 = Costyprc + Costipre,
where: Costyppe = 0.0003-5* — 0.26911-s + 188.22;
Costipre = Costippcs + Costipres;
Costippes = 0.00015-57 — 0.0134-5, + 94.11;
Costiprcp = 0.00015~sj2 —0.0134-s; +94.11;
s=|0a| 1@} s: =|0in|=|0ul: 5; =|00n|~|Cal

After the FACTS have been configured in MVAR,
the reactive power flow in the line is represented by O,,
whereas it was represented by Q; beforehand. The
reactive power flow down the line is represented by Q;
and Qp, and the cost function S; of the converters linked
to buses 7 and j is shown in [10, 13, 16].

Cost reduction of fuel. Reduced fuel costs in the
generator have finally been realized. The cost of fuel for
the generator can be thought of as the quadratic of the sum
of the costs involved in using fuel functions that are
themselves convex. Equation (19) depicts the generators’
quadratic fuel cost function:

(18)

Ng
Fy=minCost) [a;pg; +bipgi +Cipgil,  (19)
i=l1
where N, is the total number of generators; i is the index of
the bus; a;, b; and ¢; are the i generator’s fuel cost
coefficients; p,; is its maximum active power output.

Results and discussion. This study demonstrates
the modified IEEE 30 bus system under varying loads and
failure scenarios. Figure 7 shows the voltages profiles
with soft computing techniques.

108 —— ML(UPFC)

——Base Case Volage 1.08

A
f\ —— ML+PSO(PFC)
Vi
N \

Base Case Voltage (p.u)
8 £
((’/

£

ML(UPFC) (p.u)

Bus No. Bus No.
ose

] s 0 15 ] 5 » 0 s 10 15 n 25 0

——ML(IPFC)

ML+PSO(UPFC) (p.u)
B B
ML(IPFC) (p.u)
8 H

100
Bus No. Bus No.

s 18 2 2 » 0 s 0 i » 2 n

Fig. 7. Voltage profiles of modified IEEE 30 system
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Figure 8 shows the active power transfer enhancement
along with total system losses for ML and ML combined
with PSO.

v
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Base Contingency UPFC IPFC
Fig. 8. Enhancement of active power and total system losses
with soft computing techniques of modified IEEE 30 system

Figure 9 shows the total generator capacity based on
demand along with fuel cost using ML and ML+PSO with
100% loading.

[ Total Fuel cost($/hr)
[ Total Ganeration(MW)
[ Demand(Mw)

MLAPSO(IPFC) 2834 | 284233 | £49.276 ‘
ML(IPFC) 2834 | 283.952 | 557,925 |
ML+PSO{UPFC) 2834 | 28537 | 551.549 |
ML(UPFC) 2834 | 290.674 | 571.369 ‘
ML+PSO(Contingency) 2834 | 298.261 | 577.332 |
ML{(Contingency) 2834 | 312456 | 614.934 ‘
ML+PSO(Base Case) 2834 | 298056 | 576.921 |
ML{Base Case) 2834 | 31223 | 614,482 |
0 200 400 600 800 1000 1200
Fig. 9. Demand, generation and fuel cost with soft computing
techniques

Conclusion. Hence mathematical analysis of ZIP load
modeling and contingency analysis along with economic
analysis is carried out for IEEE 30 and modified IEEE 30 test
system in the view of the single line outage and overloading.
The effective way of finding the critical lines during the
faulted condition using hybrid lines stability ranking index.
An objective function is developed to find the cost of devices
with minimum fuel cost by optimal location of flexible AC
transmission system devices (unified and interline power flow
controllers) using particle swarm optimization algorithms.
Here compensation devices (unified and interline power flow
controllers) are used to maintain the stable and secure.
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