ISSN 12074-272X
2021 ULJ
eK rpa TEXHIKAYR

JEIEqz TOMEXTHI K
Electrical EnginGering,
3 :

EneKTpnyHiimMalunHniTafanapaim,

| B - 2
ENIeKTNOTEXHIYHITKoMIeKChiTalcncTeMVE Ll
l.‘mws uzuiuu [[F) | ooF |
e OKTPOLI3NKA® at o !

Emmwmmwmm X TaJMaThiTAAX OB
EnextpoizonAlinnalialkadensHalTex Hika R e
EnexTpiikilcial ﬂbmmmmmm »

ypHanBK/0YEHOT0 HaVIBIIL0] KATET O A
MepenikythaxoBnx{BngaHbVKpaini;

372015 n3 mmm
&ﬂ:ﬂq

Core Collection:|Emerging SoUrces g
CitationIndex) ,.A

\ -~ -




«ENEKTPOTEXHIKA | ENNEKTPOMEXAHIKA»
«ELECTRICAL ENGINEERING & ELECTROMECHANICS»

HaykoBwui xxypHan. 3acHosaHo y 2002 p.

BuaaHHsa 3acHoBaHO HauioHanbHUM TEXHIYHWUM YHIBEPCUTETOM «XapKiBCbKWN NOMITEXHIYHUIA IHCTUTYT» (HTY «XTl»)

Ta [lepxaBHOO YCTAaHOBOK «IHCTUTYT TEXHIYHMX Npobnem marHeTnamy HauioHanbHoi akagemii Hayk Ykpainu» (OY «ITINM HAHY»)
CBiZoLTBO Npo AepXXaBHY peecTpaLito ApykoBaHOro 3acoby macoBoi iHdhopmalii, cepis KB Ne 21021-10821M1P Big 07.10.2014

EDITORIAL BOARD
Sokol Ye.l. Editor-in-Chief, Professor, Corresponding member of NAS of Ukraine,

Rector of National Technical University «Kharkiv Polytechnic Institute» (NTU «KhPI»), Ukraine
Korytchenko K.V. Deputy Editor, Professor, NTU «KhPI», Ukraine

Rozov V.Yu. Deputy Editor, Professor, Corresponding member of NAS of Ukraine, Director of State Institution «Institute
of Technical Problems of Magnetism of the NAS of Ukraine» (S| «ITPM NASU»), Kharkiv, Ukraine
Aman M.M. Professor, NED University of Engineering & Technology, Karachi, Pakistan
Baltag O. Professor, Grigore T. Popa University Medicine and Pharmacy, Faculty of Medical Bioengineering, lasi, Romania
Baranov M. Professor, Research and Design Institute «Molniya» of NTU «KhPI», Ukraine
Batygin Yu.V. Professor, Kharkiv National Automobile and Highway University, Ukraine
Bir6 O. Professor, Institute for Fundamentals and Theory in Electrical Engineering, Graz, Austria
Bolyukh V.F. Professor, NTU «KhPI», Ukraine
Bouktir T. Professor, Ferhat Abbas University, Setif 1, Algeria

Buriakovskyi S.G. Professor, Director of Research and Design Institute «Molniya» of NTU «KhPI», Ukraine
Butkevych O.F. Professor, Institute of Electrodynamics of NAS of Ukraine (IED of NASU), Kyiv, Ukraine

Colak I. Professor, Nisantasi University, Istanbul, Turkey

Dolezel I. Professor, University of West Bohemia, Pilsen, Czech Republic

Féliachi M. Professor, Technological Institute of Saint-Nazaire, University of Nantes, France
Grinchenko V.S.  Ph.D., SI «ITPM NASU», Kharkiv, Ukraine

Guerrero J.M. Professor, Aalborg University, Denmark

Gurevich V.I. Ph.D., Honorable Professor, Central Electrical Laboratory of Israel Electric Corporation, Haifa, Israel
Ida N. Professor, The University of Akron, Ohio, USA

Kildishev A.V. Associate Research Professor, Purdue University, USA

Klepikov V.B. Professor, NTU «KhPI», Ukraine

Korovkin N. Professor, Peter the Great Saint-Petersburg Polytechnic University, Russia

Korzeniewska E.  Professor, Lodz University of Technology, Poland

Ktena A. Professor, National and Kapodistrian University of Athens, Greece

Kuznetsov B.1. Professor, SI «ITPM NASU», Ukraine

Kyrylenko O.V. Professor, Member of NAS of Ukraine, Director of IED of NASU, Kyiv, Ukraine

Levin B.M. Professor, Holon Institute of Technology, Tel Aviv-Yafo, Israel

Malik O.P. Professor, University Of Calgary, Canada

Maslov V.. Professor, National Science Center «Kharkiv Institute of Physics and Technology», Ukraine
Mi Zou Ph.D., Chongging University of Posts and Telecommunications, China

Mikhaylov V.M. Professor, NTU «KhPI», Ukraine

Miljavec D. Professor, University of Ljubljana, Slovenia

Milykh V.1. Professor, NTU «KhPI», Ukraine

Nacke B. Professor, Gottfried Wilhelm Leibniz Universitat, Institute of Electrotechnology, Hannover, Germany
Petrushin V.S. Professor, Odessa National Polytechnic University, Ukraine

Podoltsev A.D. Professor, IED of NASU, Kyiv, Ukraine

Rainin V.E. Professor, Moscow Power Engineering Institute, Russia

Reutskiy S.Yu. Ph.D., SI «ITPM NASU», Kharkiv, Ukraine

Rezinkin O.L. Professor, NTU «KhPI», Ukraine

Rezinkina M.M. Professor, NTU «KhPI», Ukraine
Shcherbak Ya.V. Professor, NTU «KhPI», Ukraine

Shkolnik A.A. Ph.D., Central Electrical Laboratory of Israel Electric Corporation, Haifa, Israel

Sikorski W. Professor, Poznan University of Technology, Poland

Trichet D. Professor, Institut de Recherche en Energie Electrique de Nantes Atlantique, France

Vaskovskyi Yu.M. Professor, National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute», Kyiv, Ukraine
Vazquez N. Professor, Tecnol6gico Nacional de México en Celaya, Mexico

Vinnikov D. Professor, Tallinn University of Technology, Estonia

Yagup V.G. Professor, O.M. Beketov National University of Urban Economy in Kharkiv, Ukraine

Yatchev I. Professor, Technical University of Sofia, Bulgaria

Zagirnyak M.V. Professor, Member of NAES of Ukraine, Rector of Kremenchuk M.Ostrohradskyi National University, Ukraine
Zgraja J. Professor, Lodz University of Technology, Poland

Grechko O.M. Executive Managing Editor, Ph.D., NTU «KhPI», Ukraine

Appeca peaakuii / Editorial office address:

HaujioHanbHUn TeXHIYHWUIA yHIBepeUTeT «XapKiBCbKUIA NOMITEXHIYHWUIA IHCTUTYT», ByN. Kupnuyosa, 2, M. Xapkis, 61002, YkpaiHa

National Technical University «Kharkiv Polytechnic Institute», Kyrpychova Str., 2, Kharkiv, 61002, Ukraine

Ten. / phone: +380 57 7076281, +380 67 3594696, e-mail: a.m.grechko@gmail.com (Mpeuko Onekcanap Muxannosuy / Grechko O.M.)
ISSN (print) 2074-272X © HauioHanbHWUI TeXHIYHUI YHiBepcUTeT «XapKiBCbKMMA NOMITEXHIYHUNA IHCTUTYT», 2021
ISSN (online) 2309-3404 © OY «IHCTUTYT TexHi4YHMX Nnpobnem MarHeTu3my HauioHanbHoI akageMii Hayk YkpaiHu», 2021

Mixnucano no apyky 25.02.2021 p. ®opmar 60 x 90 Y. amip — odeernuit. Jpyk —nasephuii. pyk. apk. 9,25.
Haxkuman 200 mpum. 3am. Ne 66/172-01-2021. Lina norosipua. Hagpykosano TOB «/Ipykapust «Manpu», Yipaina, 61024, m. Xapkis, By:n. ['ynanosa, 18



ENNIEKTPOTEXHIKA | ENIEKTPOMEXAHIKA
ELECTRICAL ENGINEERING & ELECTROMECHANICS m

ITNM
Haykoeul xypHan w

Scientific journal

E I E PexkomeHdoeaHo 3o eudaHHs1 ByeHoro padoro HTY «XTITh», npomokos Ne 1 eid 29.01.2021 20 2 1 / 1
ma ByeHoro padoro Y «ITMM HAHY>», npomokos Ne 2 eid 16.02.2021

3MICT

Enekmpuy4Hi MawuHU ma anapamu
Bomox B.®., Kamanckuii }0.B., lllyknn U.C. OcobeHHOCTH BO30YKIEHNUS JIMHEHHOTO 3JIEKTPOMEXaHUIECKOTO

mpeobpa3oBaTeNs HHAYKIIMOHHOTO THIIA OT HCTOYHUKA IIEPEMEHHOTO TOK...c.uveeueerseesseesersresssesseesseesseessesssssnsssnsesseessesnns 3
Vasilevskij V.V., Paliakov M .O. Reproducing of the humidity curve of power transformers oil using adaptive neuro-
TUZZY SYSLOIMIS. ... ettt btk b e e b bt h e b st e bt E e e e bt e E e e eb e s E e e eb e e b e e e eb e e R e neeb e e b e ne e Rt e b e neeRe b e e benre e 10

I'oman B.B., IIpaxt B.A., Kazak6aes B.M., /Imutpuesckunii B.A., Banees J.A., [lapamonos A.C. AHanu3 cpoka

OKYTIaeMOCTH MOJEPHU3UPOBAHHON HACOCHOW YCTAaHOBKH IIPH UCIIOJH30BAHNH aCHHXPOHHBIX JIBUTATEIICH TOBBIIICHHBIX

KITACCOB DHEPTODDMEKTHBHOCTH .....vervevieseeueeutessessestestessesaeessessessessesseasesseese e s esseseeabeebeshees e e e esseneeabenbeeheebeeneeneennenbeneenrennis 15
EnekmpomexHi4yHi KOMMeKcu ma cucmemu

JledeneB B.A. K pemenunio 3agaun CHHTE3a CUCTEMBI YIIPABJICHHS IIPOIIECCOM JTO3HPOBAHHON TOJAYH 3JIEKTPOTHON

TPOBOJIOKH JJISL O0OPYTOBAHUS JTYTOBOI CBAPKH ... .veuveueseeasesressessessessessesssessessessesssssessesseessessansessessessessessesssensessessensesnens 20

Cunoea ennekmpoHika
SamaF., Radjeai H., Mouassa S., Chouder A. New agorithm for energy dispatch scheduling of grid-connected solar
photovoltaic system With Dattery StOrage SYSIEM.........ceiiriieieere ettt sb e 27
IH)xeHepHa enekmpogpiszuka. TexHika cusbHUX efIeKmpPUYHUX ma Ma2HimHux noisie

Korytchenko K.V., Shypul O.V., Samoilenko D., Varshamova |.S, Lisniak A.A., Harbuz S\V., Ostapov K.M.

Numerical simulation of gap length influence on energy deposition in spark discharge...........ccveeeerirenenccnesecne 35
EnekmpoizonayiiHa ma kabenbHa mexHika

Be3npo3Bannux I'.B., Koctiokos 1.0., Ilymkap O.A. CuHTe3 KOHCTPYKTUBHO-TEXHOJIOTTYHUX PIllICHb PETYTIOBAHHS

POOOYOT EMHOCTI KAOCIIIB ITPOMEUCITOBITX MEPEIK .. .vvsveesseesesssssusssusesseasseansesssesssssssessessseaasssnsssasssseasseansesnsessssssssssesssesssesnns 44

Enekmpu4Hi cmaHuyii, Mepexi i cucmemu

Anwar N., Hanif A., Ali M.U., Zafar A. Chaotic-based particle swarm optimization algorithm for optimal PID tuning in
AULOMELi C VOITAgE FEUIBION SYSEEIMS .......e ettt ettt ettt st b e bt ae et et e e se e besae s b e e beeaeemeeseebeseesaesbeeaeeae e e enseseenbesbesneas 50
Ayachi B., Boukra T., Mezhoud N. Multi-objective optimal power flow considering the multi-terminal direct current...... 60
Nebti K., Lebied R. Fuzzy maximum power point tracking compared to siding mode technique for photovoltaic
systems based 0N DC-DC DOOSE CONVEITES ........coiiiiiirieeete ettt bbbt b e st b et b e bbb b nnne 67

TABLE OF CONTENTS

Electrical Machines and Apparatus

Bolyukh V.F., Kashansky Yu.V., Schukin |.S. Features of excitation of alinear electromechanical converter of
INAUCEION TYPE FTOM @8N AC SOUICE.......cviiteieceeeteeiee et st sttt e e e e et et e te s tesbesaeesee e e s etesaestesaeeseensenteseestesseeneeseessenteseesrenses 3
Vasilevskij V.V., Paliakov M .O. Reproducing of the humidity curve of power transformers oil using adaptive neuro-
TUZZY SYSLOIMIS. ...ttt b ettt b e bt b et h e b e e bt b e e e bt e E e e e bt s E e e eb e e b e e e eb e e b e neeb e e b e et eRe b e ne e bt ebe e renre e 10
Goman V.V., Prakht V.A., Kazakbaev V.M., Dmitrievskii V.A., Valeev E.A., Paramonov A.S. Analysis of the
payback period of a modernized pump unit with induction electric motors of advanced energy efficiency classes....... 15

Electrotechnical Complexes and Systems

Lebedev V.A. On the solution of the problem of synthesis of the control system for the process of dosed feed of
electrode wire for arc WEldiNg EQUIPMENT .......ocviiiiieeeeese e e et e e se e teseesaesresneesee e eneeseensensennens 20

Power Electronics
SamaF., Radjeai H., Mouassa S., Chouder A. New agorithm for energy dispatch scheduling of grid-connected solar
photovoltaic system with Dattery StOrage SYSEEM........cciiiie e e st s sresre e e enaeseenaesrennens 27
Engineering Electrophysics. High Electric and Magnetic Fields Engineering

Korytchenko K.V., Shypul O.V., Samoilenko D., Varshamova l.S,, Lisniak A.A., Harbuz S\V., Ostapov K.M.
Numerical simulation of gap length influence on energy deposition in spark discharge........cccvvvvvvvevecceecercse s 35

| SSN 2074-272X. Enekmpomexnika i Enexkmpomexanixa, 2021, Ne 1



Electrical Insulation and Cable Engineering
Bezprozvannych G.V., Kostiukov I.A., Pushkar O.A. Synthesis of constructive-technological decisions of regulation
of working capacitance of cables of INAUSLITal NEIWOIKS..........cociirerirres e 44
Power Stations, Grids and Systems

Anwar N., Hanif A., Ali M.U., Zafar A. Chaotic-based particle swarm optimization algorithm for optimal PID tuning in

F=01 000 T= TRV 0 N "o (ST = 0 (U1 = (0 LS (= 0 1 R SSRSR 50
Ayachi B., Boukra T., Mezhoud N. Multi-objective optimal power flow considering the multi-terminal direct current...... 60
Nebti K., Lebied R. Fuzzy maximum power point tracking compared to sliding mode technique for photovoltaic
systems based 0N DC-DC DOOSE CONVEITET..........ccueeieeeiieriestesese st se s eaesaestesrestestestesses e esaessessessestessessesseessessessessessessens 67

HIAHOBHI YHTAYI

Hayxkoeuii scypnan «<Enekmpomexnika i Enekmpomexanika» — nepeonnamue euoanus. Bapmicmos nepeo-
naamu na 2021 pix — 777,24 2pu., na 0ea micaui — 129,54 zpu., na womupu micayi — 259,08 2pu., na wicms
Micayie — 388,62 epH., na sicim micayie — 518,16 epn., na decamb micayie — 647,70 epn. Ilepeonnamnuii indekc
y kamano3si ITAT «YxpIlowmma». 01216.

HIAHOBHI ABTOPH ’KYPHAJ1Y!

ITocmanosorw npe3udii BAK Ykpainu 6i0 15 ciuna 2003 p. Ne 1-08/5 nayxoeuii sucypuan
«Enekmpomexnixka i Enekmpomexanixa» eneceno 0o Ilepeniky naykosux gaxoeux eudanv YKpainu,
8 AKUX MOXCYMb NYONIKyeamucs pe3yibmamu Oucepmauiiinux podim na 3000ymmsa HAYKOGUX CHIYNEHie
0oKkmopa i Kanouoama nayk ma nepepeccmposano Haxazom MOH Ykpainu Ne 1328 6i0 21 epyonsa 2015 p.
Kypnan 3apeecmposano sax gpaxosuir 3 Ne 1 2002 poky.

3ziono Haxazy MOH Ykpainu Nel412 ¢io 18.12.2018 p. naykoeuit scypnan «Enexmpomexnika i Enexm-
pomexanika» 6K1oueHo 00 Haiieuuwjoi kKamezopii «A» Ilepeniky ¢haxoseux eudanv Ykpainu
3 MEeXHIYHUX HAYK.

Houunarouu 3 Nel 3a 2006 p. 3ziono 3 Haxazom MOH Ykpainu Ne688 eio 01.12.2005 p. scypnan
Haocunaemoca 00 YKpIHTEI.

Enexmpounna xonia scypnany «Enexkmpomexnika i Enexmpomexanixka», 3apeccmposanomy y Midicnapoonii
cucmemi peecmpauii nepioouunux eudans nio cmanoapmuzosanum kooom | SSN 2074-272X, naocunaemeo-
ca 00 Hauionanvnoi oioniomexu Yxpainu im. B.1. Bepnaocvkozo i, nouunarouu 3 2005 p., npeocmasnena
Ha caiimi oioniomexu (http://nbuv.gov.ua) ¢ pozodini «Haykoea nepioouxa Ykpainu», a maxodc na ogiuii-
nomy caiimi scypnany (http://eie.khpi.edu.ua).

Houunarouu 3 Nel 3a 2016 p. yci cmammi na caiimi 0ocmynHi Ha 080X M0BAX — AH2NINICLKOIO § YKPATHCHKOIO.
Taxooic KoxcHilL cmammi ¢ XHCYypHAIL HPUCEOIOEMbCA YHIKanbHiL yugposuii ivenmudgpikamop DOI (Digital
Object | dentifier) 6io opzanizauii Crossref (http://crossref.org).

Kypnan «Enexmpomexnika i Enexkmpomexanixa» exniouenuii y 006ionux nepioouunux eudans Ulrich’'s
Periodical Directory, npeocmaenenuii y 3azanvhodepascasniii peghepamueniii 6azi danux <«Yxpainika Hayxosa»,
pehepamuenomy sncypnani «/Icepeno», indexcyemoca y naykomempuuniii o6azi oanux \Web of Science Core
Collection: Emerging Sources Citation Index (ESCI), wo pexomenoosana MOH Ykpainu, npedcmaenena y
Index Copernicus (ICV 2019: 100.00), i éxooums oo 6a3 oanux EBSCO, ProQuest, GALE, DOAJ mowo.

(; Clarivate e
Analytics

WEB OF SCIENCE

3eepmacmo ysazy asmopie Ha HeoOXiOHicmb oghopmaenna pykonucie cmameii 6ionogiono 0o Bumoez, aki
Haeedeni na oghiuitinomy catimi scypuany (http://eekhpi.edu.ua), posmiwenomy na nramgpopmi «Hayxosa
nepioouxa Yxpainu» (http://journals.uran.ua).
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EnekmpuyHi mawuHu ma anapamu
VJIK 621.313.282

doi: 10.20998/2074-272X.2021.1.01

B.®. bomox, }0.B. Kamanckuit, U.C. Llykun

OCOBEHHOCTH BO3BYXKJIEHUSA JUHEHXHOI' O QJIEKTPOMEXAHUYECKOI'O
IHNPEOBPA3OBATEJIAA UHAYKINIUOHHOI'O TUITA OT UHCTOYHUKA
INEPEMEHHOI'O TOKA

Pospobaena nanyozo6a mamemamuuna Mooensb HiHilIHO20 el1eKMPOMEXaHIuHO20 Nepemeoplosaid iHOYKYitiHo2o muny npu 30y0oxcen-
Hi 810 Odrcepena 3MIHHO20 CMPYMY, 6 AKIU PilleHHs PIBHAHb, WO ONUCYIOMb 83AEMONOE’ A3AHI eNeKMPUYHI, MASHIMHKI, MexaHiuni ma
mennoei npoyecu, AKi npedcmasieni 6 pekypeHmnomy ueasioi. Bemanoeneno, wo npu pobomi nepemsopiosaua 8 y0apHo-cuio8oMy
pedtcumi enekmpoOUHaMiuHa CUIA 3MIHIOEMbCA 3 NOOBILIHOI0 YACMOMOI0, NPUIMAIOYU AK NO3UMUSHT, MAK | He2amueHi 3HAYeHHs..
Tlo3umueni 3HayeHHs cunu nepesuLyroms He2amueHti i 8eIUYUHA IMNYIbCY eLeKMPOOUHAMIYHOL CUTU 3 KOJXCHUM NepioooM niosuusy-
emvcsi. B sanesicnocmi 6i0 nouamkosoi ¢pasu nanpyeu 6iOHOCHa 3mina eenuyuny imnyavcy cunu ckaadae 1,5 %. Ilpu pobomi nepe-
meopoeaua 6 WeUOKICHOMY PeXCUMI MAKCUMANbHULL CMPYM 8 00MOmyi iHOYKmMopa 6 nepuiuti nignepioo Mae Habitbule 3HaA4eHHs,
ane uepes 0eKinbka nepiodie npuiimac nocmiiine 3uauenHs. B sanesicnocmi 6i0 nouamkosoi ghazu Hanpyau 6i0HOCHA 3MIHA MAKCUMA-
JbHOT weuoxkocmi obmomxu sikops cknaoae 2,5 %. bion. 16, puc. 5.

Kniouogi cnosa: jiHiliHMi eleKTpOMeXaHiYHMII MepeTBOPIOBAY iHAYKUIHHOIO THIY, MAaTeMATHYHA MOJe/]b, IMIBUAKICHUH i
YIapHO-CHJIOBHIi pesKUM Po0OTH, T:Kepesio 3MiHHOr0 CTPYMY, MAKCUMAJIBHA HIBHAKICTH, IMITYJIbC €J1eKTPOAUHAMIYHOT CHJIH.

Paspabomana yennas mamemamuyeckas MoO0etb JUHEUHO20 INEKMPOMEXAHUUECKO20 NPeobpazo8ameis uHOYKYUOHHO20 Muna npu
6030YHCOCHUU OM UCIMOYUHUKA NEPEMEHHO20 MOKA, 8 KOMOPOU peweHus YPAGHEeHUIl, ONUCHIBAIOWUe 83AUMOCEA3AHHbIE dIleKmpue-
cKUe, MAzHUMHbLe, MEXAHUUECKUe U Meniosvle NPOYecchl, RPeOCMmagienbl 8 PeKYPPEeHMHOM ude. Yemanosneno, umo npu pabome
npeobpazoeamens 6 YOapHO-CULOBOM PENCUME INeKMPOOUHAMULECKAS CUNA USMEHACMCA C YOBOCHHOU 4ACMOMOU, NPUHUMAS KAK
nooNCUMeNbHble, MAK U ompuyamenvhvle 3Havenus. Tonoxcumenvhvle 3HAYEHUs CULbL NPEGLIUAION OMPUYAMETbHbLE U GETUNUHA
UMRYIBCA INEKMPOOUHAMUYECKOU CUTbL C KANCOLIM NEPUOOOM Yyeeruuusaemcs. B sasucumocmu om nauanvhoti pazer nanpsiicenus
OMHOCUMENbHOE USMEHEeHUE BeNudUHbL UMNYIbea cumvl cocmasnsem 1,5 %. Ipu pabome npeobpazosamens 6 CKOPOCHMHOM PENCUME
MAKCUMATbHBLL MOK 8 0OMOMKe UHOYKMOPA 8 Nepéblil NOLYNepuod umeem Hauboibuiee 3HAYEHUe, HO Uepe3 HECKOIbKO NePuodos
npuHUMaem noCmosHHoe 3Hadenue. B 3asucumocmu om HauanbHo Gazel HANPANCCHUs. OMHOCUMENLHOE USMEHEHUE MAKCUMATBHOU
ckopocmu 0obmomku saxops cocmasnsem 2,5 %. bubin. 16, puc. 5.

Knioueevie crosa: nuHeiHbIN 3JeKTPOMeXaHHYECKHil Npeodpa3oBaTeb WHAYKIHHOHHOIO THIA, MaTeMAaTHYeCKass MO/eb,
CKOPOCTHOM M yIapPHO-CHJIOBOI PeKAM pPadoThl, HCTOYHHK IEPEMEHHOI0 TOKA, MAKCHMAJILHASI CKOPOCTh, MMITYJIbC JJIEKTPO-

JTUHAMHYECKOH CHJIBI.

BBenenne. JIuHeliHbIE AEKTPOMEXaHUUECKUE TIpe-
obpazosarenu (JIDMII) HHIYKIIMOHHOTO THIA HCITONb-
3YIOTCS JUIA pPa3TOHA HCIOJHHUTEIBHOTO JIIEMEHTa [0
BBICOKOW CKOPOCTH Ha KOPOTKOM AKTHBHOM YYacTKEe U
JUISl CO3[IaHUSI MOIIHBIX CHJIOBBIX MMIIYJIbCOB Ha OOBEKT
BO3/ICHCTBUS MPU HE3HAYUTEIBHOM IEPEMEICHUH YKa-
3aHHOTO 3nemenTa [1-4]. Takue mpeobpaszoBatenan QyHK-
[HOHUPYIOT B CKOPOCTHOM (YCKOPHUTENBHOM) W yIapHO-
CHIIOBOM pekuMmax. OHM HMCHONB3YIOTCS B Ka4eCTBE HUC-
MTOJTHUTEIIBHBIX 3JIEMEHTOB AJIEKTPOMEXAaHHUECKUX YCKO-
puTesei U yIapHO-CHIIOBBIX yCTPOMCTB [5-7].

B JIDMII MHIYKIMOHHOTO THIIA MTOIBHKHEIA SIKOPB,
BEITIOJTHEHHBIN B BHJIC OJTHO- WJIM MHOTOBHUTKOBOW KOPOT-
KO3aMKHYTOW OOMOTKH, MHAYKIIMOHHO B3aUMOAEHCTBYET
C HEMOJBI)KHOW 0OMOTKOHM mHIyKTOpa. B mpeobpazora-
TeJe KOaKCHaTbHON KOH(PUTYpaiu OOMOTKY BBITOJTHEHEI
B Qopme muckoB. OOMOTKA SIKOPS YCTAHOBJICHA W TEpe-
MEIAeTCs] aKCHaJIbHO OTHOCHTEIILHO OOMOTKH HMHIYKTO-
pa. IIpu Bo30YXneHHH OOMOTKH HMHAYKTOpPA OT UCTOYHH-
Ka MUTaHUs MPOTEKAIINUA B HEMl TOK MOCPEICTBOM Mar-
HUTHOTO TOJISl MHIYLIUPYET TOK B 0OMOTKe sikopsi. Bo3-
HUKAOIIKE TPH 3TOM SJIEKTPOJMHAMUYICSCKUE CHUITBI MEXK-
Iy OOMOTKaMH ITOCPEJICTBOM ITOABIXKHONH OOMOTKH SIKOPSI
NepeIAlOTCsl Ha UCIIOIHUTEbHBIN 3JIEMEHT.

Hambomee pacnpoctpaneHo Bo30yxneHne JIOMII
OT BBICOKOBOJIbTHOTO €MKOCTHOTO HAKOIHUTEIS SHEPTHH
[2, 8]. OnHako npu 5TOM HEOOXOAMMO CIEIHATBHOE BbI-
COKOBOJIbTHOE 00OpYy/J0BaHHE W COOTBETCTBYIOIIEE WC-

nosiHeHne 00MOTOK. Kpome TOro, Takoe BO30YXKICHHE
MPOUCXOIUT B TEUEHHE OTHOCHUTEIBHO KOPOTKOTO MpO-
MEXYTKa BPEMEHH, YTO MOXKET OrpaHUYMBATH Dsif ITOKa-
3arelieil 1 TeXHUUECKUX MTPUMEHEHHH npeodpazoBarets.

B cBoe Bpems paccMaTpHBaNIMCh HHBIE HWCTOYHUKH
B030OyxkaeHns JIDMII WHAYKIIMOHHOTO THIA, HalpuMmep,
HH[lyKTPIBHblﬁ 1 IEPpEMCHHOI'O TOKa MOBBIIIIEHHON YaCTOTHI
[9]. B pa6ore [10] uccrnemoBaics UCTOYHKUK MEPEMEHHOTO
TOKa JUIA 3JIEKTPOMEXaHNYECKOTO YCKOPUTEIS LIMINHIPH-
4eCcKOol KOH(UTypalyy, B KOTOPOM OOMOTKA SIKOpSI KOaK-
CHaJIbHO TepeMEINAeTCs BHYTPH 00MOTKH HHAYKTOpa. [Ipn
3TOM pacCMaTPHUBAIIICH CIIEAYIOIINE BAPHAHTHI.

1) Bo30y’XA€HHE OT HCTOYHHKA MTOBBIIICHHON YaCTOTHI;

2) B030yK/IeHHE OT MCTOYHHKA, 4aCTOTa KOTOPOIO IT0-
BBIIIIAETCA 10 MEPE YCKOPEHUsI OOMOTKH SKOpS;

3) HaMOTKa OOMOTKH MHAYKTOPA C YBEIMYHBAIOLIUMCS
1aroM, KOTopasi BO30y>KAaeTcsi OT MCTOYHUKA HEH3MEH-
HOM 4acTOTHI.

Bapuaatr Ne2 TpebOyer cremmaabHOTO TE€HepaTopa.
Bapuant Ne3 nenecooOpazeH TOJIBKO Ul yCKOPUTENS, B
KOTOPOM OOMOTKA SIKOpS IIepeMeniaeTcsi BHyTpH OOMOTKH
uHAykTopa. Bapmant Nel momyumn pasBuTHe B paboTe
[11], roe omucaH AMEKTPOMEXaHUYESCKUIl YCKOPHUTENb, B
KOTOPOM BHYTPHM psiZia aKCHAJIbHO YCTAHOBJICHHBIX CEK-
Uil OOMOTKH HWHIYKTOpA Pa3TOHsIIaCh OOMOTKa SIKOPSI.
Ceki  OOMOTKM HMHIYKTOpa IO Mepe IepeMelleHHs
OOMOTKH SIKOPS TIOCJIEIOBATENBHO MOJIKIIOYAIHNCh K CEK-

© B.®. boitox, F0.B. Kamauckwii, U.C. Ulykun
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LUsIM UCTOYHMKA TIEPEMEHHOTO TOKA, B KaXIOW M3 KOTO-
PBIX YacTOTa MEPEeMEHHOTO TOKa ObuIa IOCTOSHHOHM, HO
MOBBIIICHHON 110 OTHOLICHUIO K YacTOTe IpeAblIynien
CeKIMM. 3aMeTHM, YTO Takasg CHCTeMa BO30yXICHHSA
CJIOKHA M TPeOyEeT CII0XKHOW CHCTEMBI KOMMYTALIHH.

Bce uccienoBannst HCTOYHUKOB BO30YXK/IEHHS Kaca-
sck JIDMII, paboraroniero B CKOPOCTHOM PEXUME, MPH
KOTOPOM BpeMsi 3(P(GEKTHBHOTO B3aUMOJCHCTBUS YCKO-
psieMoil OOMOTKHM SIKOpsSI ¢ OOMOTKOW MHIYKTOpa HE3Ha-
yuTenbHOo. Ho mpu pabore B yAapHO-CHIOBOM peXHME
yYKa3aHHOE BpEeMsI B3aUMOACHCTBUSI MOKET ObITh 3HA4U-
TEJILHBIM, OTPaHUYUBAsICh HHBIMH (DaKTOpaMH, HalpHUMep
TCIIJIOBBIMMU.

IleJabI0 cTaTbU ABISIETCS YCTAHOBJIEHHE OCHOBHBIX
3aKkoHOMepHOCTer padoTel JIDMII WHAYKIHOHHOTO THIA
npu paboTe B CKOPOCTHOM U YIapPHO-CHIIOBOM PEXUMAX U
BO30YKAEHHHM OT HCTOYHHMKA NEPEMEHHOI0 TOKa IIOBBI-
LIEHHOW 4aCTOTHI.

MaremaTudeckasa moaeasb JIIMIL. Paccmorpum
MaTeMaTuieckyo Mozaensb JIDMII MHIyKIMOHHOTO THIA
B CKOPOCTHOM PEXHME, NPH KOTOPOM MAarHUTHasl CBS3b
MEXIy 0OMOTKaMH U3MEHSETCS B ITPOLIecCce BO3OYKICHUS
OOMOTKM HHJAyKTOpa. B naHHOW MOJEIH HCIOJIb3yeM
COCPEIOTOUCHHBIE MapaMeTphbl HETOIBIKHOH OOMOTKH
HHIOYKTOpa W YyCKopsieModl oOMoTku sikopst [12]. Jlns
yueTa B3aHMMOCBSI3aHHBIX 3JIEKTPUYECKUX, MArHUTHBIX,
MEXaHUYECKUX M TEIUIOBBIX IPOIIECCOB, a TaKkKe pszaa
HEJIMHEHHBIX 3aBHCHMOCTEH, HAalpUMEp CONPOTHUBIICHHUS
OT TEMIIEPATYpbl, PEIICHUS YPAaBHEHUH, OIUCBHIBAKOIIMX
yKa3aHHBIC MPOLECCH], MPEICTaBUM B PEKypPEHTHOM
Buze [9, 13].

s pacuera moxaszareneil 1 BpEMEHHBIX XapaKTepH-
ctux JIDMII ncnonp3yeM anropuTM OUKIHYECKOTO Jeii-
ctBus. s aToro paboumii mporecc pa3OuBaeTcs Ha psij
YUCJIEHHO MaJIbIX MHTEpPBAJIOB BpeMeHU At = ty,q — ty, B
Ipezenax KOTOPBIX BCE BENMYMHBI CUMTAFOTCSI HEM3MEH-
HbiMH. Ha K-oM 1ukIIe, HCmomnb3ysl B KauecTBEe HaYalbHbIX
3Ha4YeHUH MapaMeTpsl, paCCYMTAaHHBIE B MOMEHT BPEMEHHU
tx, OCyIIecTBIsieTCsl pacyeT HapaMeTpoB B MOMEHT Bpe-
MEHHU ty41.

s onmpeneneHus TOKOB Ha MHTepBajie BpeMeHH At
HCIIONIb3yEM JINHEHHbIC yPaBHEHHS C HEM3MEHHBIMH 3Ha-
YEHUSIMA TapaMeTpoB. Maiylo BEIMYMHY pPAacCueTHOTO
mara At BeiOupaeM TakuM o0pa3oM, 4ToOBbl OHA HE OKa-
3bIBajla CYIECTBEHHOTO BIIMSHUS Ha PE3yJbTaThl pacuera
Ha OBM, ofecmeunBas mpu 3TOM HEOOXOTUMYIO TOY-
HOCTb.

Hauanbnble YyCJ10BUsA MaTEeMaTHYECKOH MOJCIN.
Tn(0) = To — Temmeparypa N-oit 06MoTKH; in(0) = O — ToK
n-oit oomotku; h(0) = hg — paccrosiHue Mexay o6MOT-
kamu; U(0) = UpSiNy, — HampspKeHHe MCTOYHHKA Iepe-
MeHHOTO TOKa; V(0) = O — CKOpOCTH OOMOTKM SIKODS
BJIOJIb OCH Z.

ITocKkobKY MHIYKTOpP M SIKOPb BBINOJHEHBI B BHIC
MHOTOBHTKOBBIX IUIOTHO HaMOTaHHBIX OOMOTOK, TO JUIs
HHX IIeJIeCO00pa3HO MCHOJIB30BaTh HOHATHS MHIYKTHBHO-
CTell M B3aMMHOM MHAYKTUBHOCTH. VI3MeHeHue npocTpaH-
CTBEHHOTO ITIOJIO’KEHUSI OOMOTKH SKOPSI yUUTBHIBACTCS W3-
MeHeHHeM notokocueruienus ¥ mexay oomorkamu [14]:

d¥ am 1)
d dz ’
roe N = 1, 2 — uHAEKCH 06MOTOK HHAYKTOpa U SKOPA
cooTBeTCTBeHHO; M(Z) — B3anMHast MHIYKTUBHOCTh MEX-
Iy OOMOTKaMH; V, — CKOpPOCTh MEPEMEIICHUS OOMOTKHU
SIKOPSL BJIOJIb OCH Z, i, — TOK N-ii 0OMOTKH.
B TakoMm ciydae »NeKTpUYECKHE IPOLECCH B 00-
Motkax JISMII MokHO onucaTh CUCTEMOI ypaBHEHMI!

=M@ v, 0 i

diy di dM
Ry (T1)ig + |—1d—+ M12(Z) 2 +|2Vz(t) 12 —u(t), (2)
. d|2 |1 . dM 21
R L,—=<=+M — t =0, (3
2 (To)ia + Lo e 21(2 pm +iqvz(t) = 3)

rae u(t) = UpSin(at+y,) — HampsokeHWe MCTOYHMKA MHTA-
must; R, L, T, — akTHBHOE COMPOTHBIICHHWE, WHIYKTUB-
HOCTB, TEMIIEpATypa U TOK N-0if 0OMOTKH COOTBETCTBEHHO.
Beenem obosmauenus: Ry =Ry(Ty); Ry = Ry(Ty);
M =M2(2) = M21(2); v, =V, (t);u=u(t).
Pewienus 11t TOKOB OyieM HaXOJIUTh B BUJE:

i = %—ﬂ%+ A explat) + A exp(azt) . (4)

2 =B+ Ay explat) + Ap explazt), ()
Ry
e @y, =-05¢ "+ {0.25g2 P [Rle - /32][1}
KOPHH XapaKTEPUCTHYECKOTO YPaBHEHHUS U CBOOOIHOU
COCTaBIIAIONIEH, OMUChIBaeMOW  auddepeHTnatbHbIM
ypaBHEHHEM

z%+gﬁ+(% ~p2h=0 ®)

am

B= Ve, 6T LR+ LR -28M | x = I-1'—2(1 KM)

Km = M(L1L2)_0'5 — K03()(UIMEHT MarHUTHOW CBS3U
Mexay oomotkamu; Ayq, Ao, Apq, Agp — TIPOM3BOIIBHBIE

MOCTOSIHHBIE, ONpeJeNseMble B MOMEHT BpeMeHu ty amst
CcBOOOTHOW COCTABIIIOMICH TOKOB, paBHBIE

py _ b2t —uOR o=
(orm — o Jexplen ty) ’
0lm|i2(tk)+i1(tk)ﬂR2_1|—Q

(@m—a )explanty)

®)

Ay =

rnel=1,2,m=3-1;

u(ty) +i1(tk)(ﬂ%— R1]+

1 . M M
Q= > '2(tk)(ﬂ__R2j_u(tk)_+
L[-K3 Ly L

1
. MRy
‘Hl(tk)[__ﬂ :
Ly
B oxonuarensHOM Buae TOKM B oOMoTkax JIDOMII
OTHMCHIBAIOTCS BBHIPAKEHUSIMU:
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(v, (k) dM

Rl dz
Xdﬂ) aq eXp(azAt)—az exp(alAt) + U(tk) .

dz Riap—a1) R 9)

exp(azAt)—exp(alAt){ L { N }X
+L1L2(a2—al)(l—K,$,) Ulti)Lz +| V2 (1M = == Rilo

ig (ter) = +(u(ty) — Ry (t) — i (ty )V (ty) x

xiq (t )+ { RoM —v,(ti )L ﬂ\:}iz(tk)};

- _latv,(t) dM i1 (t )V, (t ) dM
io(tys1) = d x

+lio(ty) +
R2 z |:2(k) R2 dz

2 xplanAt)— o explapAt) + explapAt) - exp(asAt)
Lilo(az —0!1)(1— K ) (10)

X{il(tk)|:RlM —Vz(tk)led*'\:}—U(tk)M +ia(ty) x

X {vz(tk)M dﬂ— Rle}},
dz

rze U(ty) = Upsin(atict y); At = tieg —

BennunHy nepeMerieHust OOMOTKH SIKOPSI BMECTE C
HUCIIOJIHUTCIIbHBIM 3JICMEHTOM OTHOCHTCJIBHO HEIIOABHIK-
HOM OOMOTKM HHIYKTOpa MOYKHO IIPEACTAaBUTh B BHJIE
PEKYPPEHTHOTO COOTHOIICHUS [15]:

hy (tsr) = Ny (t) + Vo (b AL+ 8- At2/(my +myp), (11)

e Vo (tisr) = Vo (t) + 9-At/(my +mp) — cropocts 06-
MOTKH SIKOPS1 BMECTE C MCIIOIHUTENHBIM JIEMEHTOM;

9= f,(2,t) — KyVy(t) — 01257, faDEV2(t) ;

ar—

fz(z,t):il(tk)iz(tk)dd—M(z) — MTHOBEHHOE 3Ha4YCHHE
V4

AKCHAIEHOW 3JICKTPOIUHAMUYIECKON CHITBI MEXKIY 0OMOT-
KaM#; My, M, — Macca 0OMOTKHU SKOPSI U UCTIOIHUTEIBHO-
rO BJIEMEHTa COOTBETCTBEHHO; N, — BeIMYMHA mepeMelnie-
HUSL 0OMOTKH siKopsT; Kt — KO3 QUIMEHT JTHHAMIYECKOTO
TPEHUS; ), — IUIOTHOCTH CpEeIpl NepeMerneHus; [, — Ko-
3¢ UIIEHT a3pOAMHAMUYECKOT0 COMpOTUBICHU; Dey —
HapyKHBI{ TMaMETP MCHOJIHUTEIBHOTO 3JIEMEHTa.

ITpu pabore JIDMII B ynapHO-CHIOBOM peXHME
MEXIy OOMOTKaMH CYIIECTBYET TEIZIOBOH KOHTAKT 4epes
M30JALMOHHYIO MPOKIAaAKy. Temmeparypy N-oif 0OMOTKH
IIPA 3TOM MOKHO OITMCATh PEKYPPEHTHBIM COOTHOIIEHU-
em [16]:

To(teed) =To(t)2 + (- 7 2R, (D2 - D2+
+0,252TgDenH natmn +Tm(tk),1amd;1]x

atHt
x {0,25707,DenHpy +4a (T)dat |

Ch(T)7n daHn

Aa(T), dy — K02 GHUIUEHT TEMIONPOBOIHOCTH U TOJIIIMHA
MPOKJIAJIKA COOTBETCTBEHHO; Depn, Diy, — BHEIIHMIA U BHYT-
peHHUI quaMeTpel N-0if  OOMOTKH COOTBETCTBEHHO;
OTn, Cn — KOA(GGUIMEHT TEIUIOOTHAYd M TEIUIOEMKOCTH
N-0i1 0OMOTKH COOTBETCTBEHHO.

(12)

rae & =expi—

IIpu padote JIDMII B CKOPOCTHOM peKUME TeMIIe-
parypy N-oif 0OMOTKH MOXHO ONHCATh PEKYPPEHTHHIM
COOTHOIIICHUCM:

Taltin) =Ttz + (- 2)To + 47 22(t) x

13
«Ro(To)ari D 0Z, - 03| )
rae y = exp% 0,25AtDgnax 11, Cﬁl(Tn);/ﬁl}.

[pu peanuzaunu ypasaenuit (9-13) Ha OBM wucrosns-
3yeTCsl aNTOPUTM IIUKINYECKOTO ACHCTBHS, B KOTOPOM Ha
Ka)/IOM YHCICHHO MaJiOM pacyeTHOM IIare MoCieaoBa-
TEJIbHO PACCUMTHIBAIOTCS] 3HAYCHUS] TOKOB i, TEMITEPATYP
Ty, compotusienuii R,(T,) 06MoTOK, K03(hdHIHEHT Tem-
JIOTIPOBOAHOCTH TIPOKITANKK Ag(T); 3HAUEHHS aKCHATBHOM
aNeKTpoarHaMuYecKoi cibl fz, t), ckopocTu V, 1 mepe-
MmemieHuss h, OOMOTKH SIKOps, B3aHMOWHIYKTHBHOCTH
M(2) Mexay 06MOTKaMH.

OcnoBubie mapamerpbl JIOMII. Paccmorpum
JIDMII MHAYKIMOHHOTO THMA, Y KOTOPOro OOMOTKA WH-
ayktopa (N=1) u obmorka skopst (N=2) BBIMOJHEHBI B
(hopme auCKOBBIX Karyriek. OOMOTKH TJIOTHO HAMOTAHBI
MeaHbIM TipoBogioM guametpoMm 0,9 mm. Uwmcna BUTKOB
oomotkm mHIyKTOpa N;=450 1 obmotkm sikopst N,=180.
Buemanit muametrp oOMOTOK Dgn=100 MM, BX BHyTpEH-
Huiit quametp Dj,=10 mM. AkcuanbHas BBICOTa OOMOTKH
unnykropa H;=10 mM, oomotku sikopst — Hy=4 mm. O6-
MOTKHM BBITIOJIHEHBI B BHJIE MAaCCHBHBIX JTUCKOB IyTeM
TPOIMUTKH M TOCIEAYIONIEr0 3aTBEpACHHUS] SMOKCHIHON
cMoibl. OOMOTKH yCTAaHOBJIEHBI KOAKCHAJIBHO Tak, YTO
HaYaJIbHOE paccTOsiHHEe Mexay Humu h=0,5 mm. Hcrtou-
HUK MUTaHus xapakrepusyercs gacroroid 100 ['m u am-
wmtynoi Uy=300 B.

PaccMOTpUM TIPOAOIKUTETBHOCTD BPEMEHH IO KITIO-
YeHHs: OOMOTKH MHIYKTOpa K McTouHHKY t=50 mc. Onennm
s¢dexrrBHOCTH JIDMIT MpH paboTe B CKOPOCTHOM PEKH-
Me (Macca MCIOJIHHUTEIRHOro 3aeMenTa My=0,25 Kkr) Benu-
YMHON MaKCHMaJIbHOU ckopocTu Vp, a npu pabote B yaap-
HO-CHJIOBOM PEXHUME — BETHYMHONW MMITYJIbCa dIEKTPOIH-

HaMU4YecKod cuibl P, :I f,(zt)dt (momaraem orcyrcr-

BHE MEPEMEIICHHS OOMOTKH SIKOPS) NPH MHHHMAIBHBIX
NPEBBIMICHUAX TeMIeparyp oOMoTok 6, = Tp—To.

PaccMoTpHuM 35IeKTpHYECKHE M TEIUIOBBIE XapakTe-
puctuku JISMII npu moaKITFOYeHHH 00MOTKHA HHAYKTOpa
K UCTOYHHKY IIE€PEMEHHOTO TOKa M OTCYTCTBHM OOMOTKH
sikopst, momnarast =0 (puc. 1).

MaxkcumaipHast INIOTHOCTh TOKa B OOMOTKE HHIYKTO-
pa j1 B mepBoM moiymnepuoae Ha 24 % Bbllie, 4eM OpH
MOCJIEAYIOINX ~ yCTAaHOBUBIIMXCS KoneOaHwmsix. [locie
Ka)XJIOTO TONyIIeproAa KoineOaHui HaOomaeTcs yBEIH-
YeHHe NpeBblleHus Temreparypsl 6;. K koHiy paccmar-
puBaeMoro wuHTepBasia BpemeHu t=50 Mc mnpeBbllIcHHE
TeMITepaTypbl 0OMOTKH HHIYKTOpa coctaBiseT £,=0,86 °C.

Bo3oy:xnenne JIDMII B yAapHO-CHJIOBOM Ppe:KH-
Me. Paccmorpum Bo3Oyxkaenue JIOMII B ymapHo-
CHJIOBOM DPEXHME IPU 3aTOPMOXKEHHOH OOMOTKE SKODS.
3a cyeT MHAYKIMOHHOTO BO3JEHCTBHS OOMOTKH WHIyK-
TOpa Ha OOMOTKY SIKOpsI B IIOCIEIHEH MHpPOTEKaeT TOK
TUTOTHOCTBIO |, (pHC. 2,a).
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WHaynpoBaHHBIA TOK B OOMOTKE SKOPSI ©MeeT (a-
30BBIf CIBHT 10 OTHOIICHHUIO K TOKY OOMOTKH HHIYKTO-
pa. ITo cpaBHeHHIO ¢ pabOTOW HPU OTCYTCTBHU OOMOTKH
SIKOpsl MAKCHUMAaJIbHAs IJIOTHOCTh TOKa B OOMOTKE MH/IYK-
Topa j; Bo3pacraeT Ha 6,7 %. B mepBhIii momymepHon
IUIOTHOCTh TOKA B OOMOTKE SKOpS MPHHHUMAET HaHMEHb-
1Iee OTpHLATEIbHOE 3HAUCHUE, HO YXKe BO BTOPOH MOIY-
MepUO/ BO3HUKAET HAanOOJIbIEe MOJOXKUTEIBHOE 3Haye-
Hue ,=121,3 A/mm?. TIpeBbliienne TeMIepaTypsl 0OMOT-
KU MHIYKTOpa € K KOHIy paccMaTpUBaeMOro HHTEpBaja
BpeMeHH yBenmumBaercs Ha 18,5 % 1o cpaBHeHHIO ¢ pabo-
toit JIDMII mpu orcyTcTBUE 0OMOTKH sikops. [IpeBsimie-
HHE TeMIIepaTypbl OOMOTKH SIKOPSI TIPAKTHIECKH TaKOe JKe,
Kak 0OMOTKH MHIAYKTOpa U cocTaBisieT &, = 1,03 °C.

Bcenencteue (a3oBoro cisura Mexay TOKaMud 0OMO-
TOK AJIEKTPOJIMHAMUYECKAs] CHJIa U3MEHSIETCS C YABOCHHOM
YacTOTONW TNPAaKTHYECKH MO CHHYCOHIAJIbHOMY 3aKOHY,
NpUHUMAsT KaK TMONIOKUTENbHOEe (OTTANKHBAIOIIEe), TaK U
oTpuiatenpHoe (MpUTsATHBaroiiee) 3HadeHus: (puc. 2,0).
[MonoxuTeapHble 3HA4YeHHS CHIbl (TOKH B OOMOTKax
MMEIOT TPOTHBOIONOXKHBIC HAMPABICHUS) B HECKOIBKO
pa3 MPEBBIIAIOT OTPHLATENIbHBIC 3HAYCHHS (TOKH UMEIOT
OJMHAKOBBIC HANpaBlcHUs). MakcuMasbHas BEIHYUHA
CHIIBI TIEPBOTO TMOJIOKHUTEIBHOTO KOJICOAHHS COCTABIISIET
f, = 0.542 xH, He3HAUUTENBEHO YBEIMYMBASCH B IOCIIE-
IYIOUIMX TIONyNepuoaax. BenuuwHa mNEepBOro OTpHIA-
TEJILHOTO  KOJE0aHUsi MaKCUMalbHa M  COCTaBISIET
0,182 xH, ymensbiasice B mocienytomem Ha 67 %. Ilo-
CKOJIbKY TIOJIOYKHTENIbHBIE KOJIEOAHHsI CHJIBI IO BEJIUYUHE
npeo0sIalaloT HaJl OTPULATENILHBIMH, TO BEJIMYMHA WM-
MyJbca DIEKTPOAMHAMUYECKOW CHIIBI P, ¢ KaxIbpIM Tme-
puomoMm cuibl f, yBennuuBaeTcs, MOCTHTAs 3HAYCHHS
P, = 10,98 H'c k kOHIly paccMaTpHBaeMOro HHTepBaja
BpeMeHH. [IpH NOJIOKUTEIBHBIX 3HAYCHHUSAX CHJIbI T, Beu-
YHHA UMITYJIbCa CHJIbI P, yBennuuBaeTcs, a Mpu OTpHLA-
TEJIbHBIX 3HAYCHUSIX CUIIbI BeauduHa P, nMeer xapakrep-
HBIE TOHWKEHUSI.

HauanbsHas a3za HanmpspKeHUS] B MOMEHT TOAKITIOYE-
Hus JIDMII kK UCTOYHHKY TIEPEMEHHOTO TOKa MOXKET Ha-
xomuthest B muanazone e (0; 180°). BruusHue Havamb-
HOM (pa3bl HANPSDKEHUS] HAa BEJIMYMHBI TPEBBIILICHUN TEM-
neparyp OOMOTOK U HMITYJIbCa 3JIEKTPOANHAMUYECKON
CHIIBI 3a paccMaTpHBaeMblii MHTepBasl BpeMeHH t=50 mc
MOKa3aHo Ha puc. 3.

JI7st OLIeHKH BIMSHUS HaYaIbHOM (ha3bl HAMPSIKESHUS
WCTOYHHMKA MCIOJIB3YEM OTHOCHTEIHHOE HM3MEHEHHE Be-
JIMYMHBI IOKa3aTessl k'

Ax = 2Kmax ~ Kmin ,
Kmax + Kmin
T Kmaxs Kmin — MAKCHMaJIBHOE M MHHUMAJIBHOE 3HAYCHUE
MOKa3aTessl K COOTBETCTBEHHO.

MUHHUMAIBHOE 3HAYCHUE BEJTMIMHBI IMITYJIbCA CUJIBI
P, mist paccMaTpuBaemMoro mnpeoOpa3oBarensi UMEeT Me-
cTo mpuMepHo mpH Y, =50°, a MmakcuManbpHoe — uepes 90°.
OTHOCUTENbHOE HM3MEHEHUE BEIMYMHBI MMITYJIbCA CHIIBI
HE3HAYHUTENBHO U cocTasisieT AP, = 1,5 %.

[peBbilieHust TeMneparyp 0OMOTOK UMEIOT 3KCTpe-
MyM B LIEHTpPE paccMaTpHBaeMoOro HWHTepBaia . llpe-
BBIIICHHE TEMIIepaTypbl 0OMOTKH HHAYKTOpa mpH y,=90°
MHHHMAITBHO, & OOMOTKH SIKOpSi MakCUMasibHO. OTHOCH-
TeNbHBIC W3MEHEHHS TEIUIOBBIX ITOKa3aTeNneil CocTaBiis-
10T: AG;=6,6 %, a AG,=2,8 %.
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Puc. 3. 3aBUCUMOCTD TEIJIOBBIX U CHJIOBBIX ITOKa3aTelei
JIDMII B yrapHO-CHIIOBOM peXrMe OT HayaabHOH (a3sl
HaTpsDKEHHUS HCTOYHHUKA IEPEMEHHOTO TOKa

Bo3oyxnenne JIDMII B ckopocTHOM pexnme. Cko-
poctHo# pexxuM JIOMII xapakTtepusyercss TeM, 4TO TOX
JIeHCTBHEM DJIEKTPOIMHAMHIYECKOH CHIIBI OOMOTKa SIKOpS
BMECTE€ C WCIIOJHHUTEIGHBIM BJIEMEHTOM IIepeMenIaeTcs
OTHOCHTEIFHO OOMOTKH HMHIYKTOpa, 00ycliaBimBasi ocnad-
JIEHWe MarHWTHOM CBSI3U Mexay oOomorkamu (prc. 4). B
IaHHOM pexume padoTsl JIDMII Tok B 00MOTKE HHIYKTOpa
nuMeeT cremyromme ocobentoctu (puc. 4,a). B niepbiii mo-
JyNIeprosl MaKCHMaJlbHasl IUIOTHOCTh TOKa B OOMOTKE WH-
JyKTOpa MMeeT Hauboblnee 3HaUeHue j;=125,2 Alvmv?, HO
Yyepe3 HECKOJIBKO IIEPHOJIOB BBIXOAUT Ha YCTaHOBHUBIIIEE-
cst 3Hauenne ;=99 A/mm® (kak U mpu paboTe ¢ OTCYTCT-
ByIOIlei 0OMOTKOW sikOpsi). WMHIyIHpOBaHHBI TOK B
OOMOTKe SIKOpST MMeeT KoJjieOaTelnbHO-3aTyXaromui Xa-
pakTep ¢ HauOOJBIIMM MaKCHMaJbHBIM 3HAUYe€HHEM BO
BTOPOM IOJIOKUTEIHHOM TOJIyTIEPUO/IE.

YKa3zaHHBIA XapakTep MPOTEKaHUs TOKOB NPUBOIUT
K CyIIECTBCHHOMY M3MEHEHHIO NPEBBIIICHUH TEMIIEpaTyp
10 OTHOIICHHWIO K YAApHO-CHIOBOMY PEXHMY paOOTHI
JIDMII. I1peBbinieHne TeMIepaTypbl 0OMOTKH HHAYKTOpa
K KOHI[y paccMaTpUBacMOro MHTEpBalla BpEMEHU COCTaB-
nser 6;=0,88 °C u Bo3pacTaeT ¢ MOMEHTA MOAKITIOYCHHUS
K UCTOYHUKY NEPEMEHHOr0 Toka. IIpeBblimeHne Temmepa-
TYpbl OOMOTKH SIKOPSI UMEET XapaKkTep HaCHIIIEHUs, J10C-
THUrasi CyIIeCTBEeHHO MeHbliero 3HaueHus 6,=0,16 °C 3a
paccMarpuBaeMoe BpeMsi.

Mexannueckue xapakrepuctuku JIDMII unmykim-
OHHOTO THIIa B CKOPOCTHOM peXHUME pabOThl UMEIOT Clie-
Jyrompe 0coOeHHOCTH (puc. 4,6). DIeKTpoIUHAMUYECKAs
cwia f, npuHIMaeT KoebaTeNnbHbIH XapakTep ¢ OBICTPBIM
3aTyXaHHEM W CYIIECTBEHHBIM ITpeo0IIaaHieM IOJI0KH-
TEJNBHON cocTapisiromie. Hambompmas BeTHMYMHA CHITBI
f=0,4 kH mewnbIre, yvem npu pabore JIDMII B ymapHo-
cuioBoM pexume. Ho emme Ooinee cyniecTBEHHO MEHBbIIE
BEJIMYMHA MMITyJIbca CHIIbl, coctaBisisi P, = 1,25 Hec x
KOHILy pacCMaTpUBaeMOT0 HHTEpBaia BpEMEHH.

Ha xapakTep M3MEHEHHUS! CKOPOCTH OOMOTKH SIKODS
BIMSIFOT KaK MOJIOXKHUTENbHBIE (YCKOPSIOINIHE), TaK U OT-
puLaTenbHbie (TOPMO3HBIE) COCTABILSIFOLINE SJIEKTPOIHU-

HaMH4eCKOU cuiibl. CKOPOCTh K KOHIY PacCMaTpUBaEMoO-
ro UHTEpBaa BO30OYKIEHHs JOCTUTAeT MAaKCUMAaJIbHOTO
3Hauenus Vp, = 2,36 m/c.
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Puc. 4. Dnexrpuueckue, TeIIIOBbIe (@) U MexaHuueckue (0)
xapakrepuctuku JIDMII npu Bo30yKA€HUU B CKOPOCTHOM
pexume

BriusHre HayanbHOI (ha3bl HanpspKeHWs! Ha ITOKasa-
termu JIDMIT nokazano Ha puc. 5. [To cpaBHeHuro ¢ ynap-
HO-CHJIOBBIM peXuUMoM paboter JIDMII B nmamasone
w.€(0; 180°) He HabmrOmaeTCs CHUMMETPHS MPEBBIICHUIH
TeMreparyp oOMOToK. OTHOCHTENIbHBIE N3MEHEHHS TEIlI0-
BBIX IOKa3zareiiel cocraBisior. Af; = 8 %, AG, = 1,9 %.
MakcuManbHasi CKOPOCTh OOMOTKHM SIKOpSI UMEET MECTO
npumepHo 1pH y, = 90°. OHa HE3HAYUTELHO 3aBUCUT OT
HavaIbHON (ha3sl HANPsDKeHHS! (OTHOCHTENBHOE H3MEHe-
Hue cocraBisteT AV, = 2,5 %).

Ha ocHoBaHuU NpOBEIEHHBIX UCCIENOBAHUN MOKHO
cienath cieaylollee 3akiaodenue. Bo30Oyxnenune JIOMIT
MHIYKIMOHHOTO THIIA OT MCTOYHMKA MEPEMEHHOTO TOKa
MO3BOJISIET PEaNu30BaTh HOBBIE TEXHUYECKUE IPHIIOXKeE-
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Hus. Tax npu padore JIDMII B ynapHO-CHIIOBOM pekuMe
MOYKHO MHOTOKPaTHO yBEJIHYHBATh BPEMsI CUIIOBOTO BO3-
JICHCTBUS HA UCIIOJHHUTEBHBIA 3JICMEHT M0 CPABHCHHUIO C
BO30YKIICHMEM OT EMKOCTHOTO HAKOIHUTENIS SHEPTHH.
Takoe MpomoKUTEIBHOE CHIIOBOE BO3JIEHCTBHE HEO0XO-
JUMO B IIpeccax ¢ OOJBINUM TUAITa30HOM SHEPTHH BO3-
JCHCTBUSA, B TPUBOJAX CTAHOB XOJIOJHOW TMPOKATKH, B
BHOPOCMECHUTEIISIX, 103aTOpax, HAcOCaX, B HCIBITATEIh-
HBIX KOMILJIEKCaX Jisi TIPOBEPKU OTBETCTBEHHOM armapa-
TYpbl Ha CHJIOBBIC HArpy3KH, B MAarHHUTHO-UMITYJIbCHBIX
YCTPOMCTBAX JJIsl MPECCOBAHUS MOPOIIKOB KEPAMHUKH, B

YCTPOMCTBA JUIs  DIIEKTPOAMHAMUYECKOW  00paboTKu
CBapHBIX COeTUHEHHH 1 ap. [9].
0,°C; Vy,, m/s
1.0 - P—M\(
] 0.4V T
0.9
0.8 —
0.7
48,
R ——
0.6
0.5

0 30 60 90 120 ‘i degrees 1g0
Puc. 5. 3aBHCHMOCTB TEIUIOBBIX U MEXaHUYECKUX MOKa3aTeNel

JIDMII B CKOPOCTHOM peXXHUMe OT HadaabHOHU (a3bl HanpsiKe-
HUS MICTOYHHKA TIEPEMEHHOTO TOKa

BuiBoabI.

1. Pa3paboTana 1emHas MareMaTH4YecKas MOJETb
JIDMII mpu BO3OYXIOSHHH OT MCTOYHHKA TEPEMEHHOTO
TOKa, B KOTOPOH pEIICHUs YPABHEHWM, ONMCBIBAIOIINE
B3aUMOCBSI3aHHBIC DJIEKTPUUIECKHE, MAarHUTHBIC, MEXaHH-
YecKHe M TEIUIOBBIE MPOIECCHI, IPEACTaBICHBl B PEKyp-
PEHTHOM BHJIE.

2. YcraHoBieHo, uto npu pabore JIDMII B ymapHO-
CHJIOBOM PEXHMME MaKCHMalbHOE 3HAYCHHWE TOKa B 00-
MOTKE HHIYKTOpPA BO3HHUKACT B IIEPBOM TOJIYIIEPHO/IE, a B
3aTOPMOKEHHON OOMOTKE SKOPS BO BTOPOM IOJTYTICPHO-
Je. DIEKTpOAMHAMHYECKAsl CHJIa U3MEHSETCS C YIBOCH-
HOM 4YacTOTOW, NPUHHMMAas KakK IOJIOXKHUTEIbHBIE, TaK U
OTpHIATeNbHBIC 3HaYeHHA. [[OCKOIBKY MOJOXKHUTENBHEIC
3HAYCHHSI MPEBHIIAIOT OTPUIATEIbHBIE, TO BEIUYMHA
HMIyJIbCa AJIEKTPOAUHAMHYECKOW CHJIBI C KaXKABIM IIe-
pPHOIOM CHIIBI yBeNUYMBaeTCs. B 3aBHCHMMOCTH OT Ha-
yanbHOU (ha3bl HAMPSDKEHHUS OTHOCHTEIBHOC M3MCHCHHE
BEJIMYMHBI UIMITYJIbca CHIIBI cocTanser 1,5 %.

3. Ycranosneno, yro npu padore JIDMII B ckopoct-
HOM PEXHUME TOK B OOMOTKE WHAYKTOpa B MIEPBBIHA MOTY-
IepUo WMEeT HauOoJblliee 3HAUYCHHE, HO dYepe3 He-
CKOJIBKO TEPHOIOB IPUHUMACT YCTAHOBHUBIIEECS COCTOSI-
Hue. [IpeBplieHne TemmepaTypbl OOMOTKH WHAYKTOpa
BO3pAacTaeT €O BPEMEHEM IOAKIIOYCHUS K HCTOYHUKY
MIEPEMEHHOT0 TOKA, a MPEBHIIICHAE TEMIIEPaTypbl 00MOT-
KM SIKOPSI IMEET XapakTep HaCHIIICHHsI. DIEKTPOIUHAMHU-

YecKas cujia UMeeT KoJeOaTeIbHbIN XapakTep ¢ CHIbHBIM
3aTyXaHUEeM U CYIIECTBEHHBIM MPeolIagaHieM MOJI0XKH-
TENBHOI COCTaBJIsIoONIe. B 3aBHCHMOCTH OT HadalabHOMU
(a3bl HANPSHKCHUS OTHOCUTEIBHOE HM3MCHCHHE MAaKCH-
MaJIbHOM CKOPOCTH OOMOTKH sIKOps cocTasisier 2,5 %.

Konduaukt uHTepecoB. ABTOPBHI 3asgBIAIOT 00
OTCYTCTBUU KOH(IMKTA HHTEPECOB.
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Features of excitation of alinear electromechanical
converter of induction type from an AC source.

Purpose. The purpose of the article is to establish the basic laws
of operation of induction-type linear electromechanical con-
verter (LEMC) during operation in high-speed and shock-power
modes and excitation from an AC source of increased frequency.

Methodology. With the help of a mathematical model, the regu-
larities of the course of processesin a LEMC, excited from an AC
source, were established when working with shock-power and
high-speed modes. The solutions of the equations of the mathe-
matical model, which describe interrelated electrical, magnetic,
mechanical and thermal processes, are presented in a recurrent
form. Results. It was found that when the LEMC operates in the
shock-power mode, the maximum value of the current in the in-
ductor winding occursin the first half-period, and in the inhibited
armature winding in the second half-period. The eectrodynamic
force changes at twice the frequency, taking on both positive and
negative values. Snce the positive values exceed the negative
ones, the magnitude of the impulse of the eectrodynamic force
increases with each period of the force. Depending on the initial
voltage phase, the relative change in the magnitude of the force
impulse is 1.5 %. It was found that when the LEMC operates in
high-speed mode, the current in the inductor winding in the first
half-period has the greatest value, but after several periods it
takes on a steady state. The temperature rise of the inductor wind-
ing increases with the time of connection to the AC source, and
the temperature rise of the armature winding has the nature of
saturation. The eectrodynamic force has an oscillatory character
with strong damping and a significant predominance of the posi-
tive component. Depending on the initial phase of the voltage, the
relative change in the maximum speed of the armature winding is
2.5 %. Originality. For the first time, a mathematical mode of the
LEMC, excited from an AC source, was developed, the solutions
of the eguations of which describe the interrelated eectrical,
magnetic, mechanical and thermal processes. For the first time,
the regularities of the course of processes in LEMC were estab-
lished when working with shock-power and high-speed modes.
Practical value. The characteristics of LEMC are obtained, which
determine the efficiency of work in shock-power and high-speed
modes. It is shown that the initial voltage phase has no significant
effect on the power, high-speed thermal performance of the con-
verter excited from an alternating current source. References 16,
figures5.

Key words: linear electromechanical induction-type con-
verter, mathematical model, high-speed and shock-power
operation mode, alternating current source, maximum
speed, electrodynamic force impulse.
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V.V. Vasilevskij, M.O. Poliakov

REPRODUCING OF THE HUMIDITY CURVE OF POWER TRANSFORMERSOIL
USING ADAPTIVE NEURO-FUZZY SYSTEMS

Introduction. One of the parameters that determine the state of the insulation of power transformers is the degree of moisture
content of cellulose insulation and transformer oil. Modern systems of continuous monitoring of transformer equipment have
the ability to accumulate data that can be used to reproduce the dynamics of moisture content in insulation. The purpose of
the work is to reproduce the curve of the of humidity of transformer oil based on the results of measuring the temperature of
the upper and lower layers of oil without the need for direct measurement of moisture content by special devices.
Methodology. The construction of a fuzzy neural network is carried out using networks based on adaptive neuro-fuzzy system
ANFIS. The network generated using the Grid Partition algorithm without clustering and Subtractive Clustering. Results. The
paper presents a comparative analysis of fuzzy neural networks of various architectures in terms of increasing the accuracy of
reproducing the moisture content of transformer oil. For training and testing fuzzy neural networks, the results of continuous
monitoring of the temperature of the upper and lower layers of transformer oil during two months of operation used.
Considered twenty four variants of the architecture of ANFIS models, which differ in the membership functions, the number of
terms of each input quantity, and the number of training cycles. The results of using the constructed fuzzy neural networks for
reproducing the dynamics of moisture content of transformer oil during a month of operation of the transformer are
presented. The reproducing accuracy was assessed using the root mean square error and the coefficient of determination. The
test results indicate the sufficient adequacy of the proposed models. Consequently, the RMSE value for the network
constructed using Grid Partition method was 0.49, and for the network built using the Subtractive Clustering method —
0.40509. References 14, tables 2, figures 7.

Key words: power transformer, transformer oil, cellulose insulation, ANFIS, modeling.

Bcmyn. Oonum 3 napamempis, wjo 8usHauaromos cman i301ayii CUL08UX MPAHCHOPMAMOPI8, € CMYNiHb B01020CMI Yea0N03HOT
izonayii ma mpancgopmamopnozo macaa. Cyuacui cucmemu HenepepeHo20 KOHMPONIO MPAHCHOPMAMOPHO20 001aAOHANHSA
MAOMb MONCIUBICMb HAKONUYYBAMU OAHT, AKI MONCYMb OYMU BUKOPUCTNAHT 01 8I0MEOPIOSAHHA OUHAMIKYU 801020CMI 1304aYii
npu  3MiHeHHi meniogoeo  pedicumy —mpaucgopmamopa. Memow pobomu € giomeopenHs Kpugoi  8o1020cmi
MPAHCHOPMAMOPHO20 MACAA 3d Pe3VIbMAmamu GUMIPIOGAHHS MeMNepaAmypu BepXHIX [ HUNCHIX wapie macia 0Oe3
HeoOXIOHOCmI NpAMO20  BUMIPIOBAHHS B0A0208MIcmYy cheyianrbHumu npucmposmu. Memoodonozia. Ilobydosa wueuimkoi
HEUpOHHOT Mepedici 30iUCHIOEMbCS I3 GUKOPUCMAHHAM a0anmueHux Heupo-weuimkux cucmem 6usody ANFIS. I'enepysanns
mooeni euxonano 3a memooamu Grid Partition ma Subtractive Clustering. Pesyabmamu. Hasedeno nopiensnvnuii anaiiz
mooener ANFIS piznoi apximexmypu 3 mouku 30py nioSuweHHs MOYHOCMI GIOMEOPEHHS KPUBOi 6010208Micmy
MPAHCHOPMAMOPHO20 MACIA 3a PE3YTLbMAMAMU KOHMPOIIO MEeMRepamypu 020 8epxXHix ma HudcHix wapis. IIpu nasyanni ma
mecmyeanni mooeneti ANFIS esurxopucmosysanuce pesynomamu nenepepenozo KOHMPONIO MPAHCHOPMAMOPHO2O MACIA
npomsazom 060x micayie excnayamayii. Pozenawymo 0eadyame womupu eapianmu apximexmypu mooeneti ANFIS, saxi
BIOPI3HAIOMbCA QYHKYIAMU NPUHALEHCHOCTI, KITbKICMIO MepMie KOMCHOI 6XIOHOT GeIUYUHU A KibKICMIO YUKIi8 HABUAHHA.
Ilpeocmaeneni pesynomamu euxopucmarnus nobyoosanux moodenei ANFIS ona siomeopenns kpueoi oumamixu eonococmi
macia npomsieom micays excnayamayii mparcopmamopa. Tounicmv 6i0meopenHs Kpugoi 801020Cmi MAcia OYIHIOB8ALACD
WIAXOM PO3PAXYHKY KOPEHe8Oi cepeOHbOKe8aopamuuHoi noMuiku ma kKoegiyicuma demepminayii. Pesynemamu mecmysans
c8iouames npo 0OCMAmMHIO A0eK8AMHICMb 3aNPONOHOBAHUX MoOeell. 3Hauenns Kopenegoi cepeOHbOK8adpaAMmuyHOi NOMUIKU
ons modeni, nobydosanoi i3 euxopucmannusm memody Grid Partition, cmanosunro 0,49, a oasn modeni, nobyoosanoi 3
suxopucmannsim memody Subtractive Clustering — 0,40509. bi6un. 14, Ta6u. 2, puc. 7.

Knrouoei cnosa: cuioBuii TpanchopMaTop, TpaHchopMaTOpHe MacJIo, Heiroa03Ha i3oasuis, ANFIS, moaenoBanus.

Introduction. Power transformers are one of the
most important and expensive components of modern
power supply systems. A factor, which has a significant
impact on the technical condition of the oil-immersed
power transformers in operation, is the moisture content
of his cellulose insulation and transformer oil. Sources of
moisture in cellulose insulation and transformer oil are the
moisture penetration from the atmosphere and the
decomposition of cellulose and oil as aresult of aging.

Increased moisture content of cellulose insulation
can have the following negative consequences [1]:

1. Increasing the thermal-aging rate of cellulose. At a
moisture content of 2 % by weight of paper, the thermal-
aging rate increases by 6-16 times, and at 4 % — by 12-45
times than at a humidity of 0,3 %.

2. Increased probability of breakdown of transformer
oil as a result of the formation of water vapor bubbles
during transformer overload.

3. Precipitation of water in transformer oil when the
transformer is turned off, which causes arisk of electrical
breakdown when the transformer is next turned on.

A number of techniques are currently used to
measure the moisture content of cellulose insulation, such
as Karl Fischer titration, frequency dielectric
spectroscopy, using moisture equilibrium curves with oil
Karl Fischer titration data [2, 3]. At this stage, there are
no generaly accepted methods for directly on-line
measuring the moisture content of cellulose insulation.

One of the indirect methods for identifying the
degree of moisture content of cellulose insulation is its
assessment by the measured humidity of transformer oil
and moisture equilibrium curves [4]. At change of a
transformer thermal mode there is a migration of moisture
in «celulose insulation — transformer oil» system. The
direction of moisture migration is due to the fact that the
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hygroscopicity of cellulose decreases and the solubility of
water in transformer oil increases with a temperature rise
[5 — 7]. Thus, the temperature change is a factor that
affects the humidity dynamics of transformer oil.

The purpose of the work is to reproduce the curve
of the of humidity of transformer oil based on the results
of measuring the temperature of the upper and lower
layers of oil without the need for direct measurement of
moisture content by special devices.

To construct such a curve, the use of the
mathematical apparatus of fuzzy logic, in particular,
adaptive neuro-fuzzy systems (fuzzy neural network,
Adaptive-Network-based Fuzzy Inference System,
ANFIS), is promising. Continuous monitoring systems for
transformer equipment, which are currently widely used,
alow to accumulate significant amounts of data that can
be used to train ANFIS models. For example, such
systems allow constant monitoring of the temperature and
humidity of transformer oil. The results of monitoring the
temperature and humidity of transformer oil during 13
days of operation are given in [1]. The obtained graphs
demonstrate the presence of a significant correlation
between the dynamics of the moisture content in
transformer oil and its temperature.

Previous research. Adaptive-Network-based Fuzzy
Inference Systems were developed in 1993 [8]. The
advantage of ANFIS is the ability to use neural networks
to form the rule bases of fuzzy products of the Takagi-
Sugeno-Kang models. Such systems are widely used for
reproducing and identifying parameters of transformer
equipment.

Thus, a description of the adaptive neuro-fuzzy
system ANFIS for assess changes in the degree of
polymerization of power transformers cellulose insulation
is given in [9]. The dielectric characteristics of
transformer oil during operation and the gases dissolved
in transformer oil were used as input variables for
modeling. Authors propose using this model as an
aternative to assessing the aging of cellulose insulation
under the content of furan derivativesin ail.

In the work [10] the following fuzzy inference
methods were used for interpretation the results of
analysis of gases dissolved in transformer oil: Mamdani,
Takagi Sugeno, and ANFIS. It is noted that the ANFIS
model has high accuracy, which can be improved in case
of an increase in the data array on which the ANFIS
model is trained. A similar problem of identifying and
localizing a malfunction in the cellulose insulation of a
power transformer based on the analysis of gases
dissolved in oil by using ANFIS models were considered
in[11, 12].

A method for detecting partia discharges in
insulation, in which a nonlinear adaptive system using the
ANFIS model is used to solve the noise reduction
problem of the measured signal have been proposed in
[13]. For training ANFIS model with two inputs is used.
A hybrid learning algorithm, in which a generalized bell-
shaped membership functions are implemented, is
employed.

The results presented in the considered works
demonstrate the relevance of using adaptive neuro-fuzzy
systems for identification, reproducing and prediction

parameters of cellulose insulation and transformer oil. At
the same time, in the articles that have been anayzed, the
issue of reproducing the curve of the humidity of
transformer insulation by using ANFIS is not considered.

Monitoring of temperature and moisture content
of transformer ail. A significant part of the transformer
park of Ukraine consists of transformers with oil-barrier
insulation. The existing systems for continuous
monitoring of transformer equipment have the ability to
control the following parameters of transformer oil:
temperature of the upper and lower layers, measurement
of its gas content and degree of moisture content.

The benefits of continuous monitoring of
transformer oil humidity are:

1. Taking into account the dynamics of moisture in
«cellulose insulation — transformer oil» system when a
transformer thermal mode changes, while during the
scheduled oil sampling and Karl Fischer titration it is
necessary that the «cellulose insulation — transformer oil»
system was in equilibrium state to obtain adequate resullts.

2. Possihility to estimate the moisture content of
cellulose insulation directly during transformer operation
using the results of continuous oil control and moisture
equilibrium curves.

Relative humidity can be measured by using
capacitive thin-film sensorsimmersed in oil. The moisture
sensor should be located in the flowing oil at the top of
the transformer tank. Measured relative humidity
expressed as a percentage and is equivalent of dissolved
(active) water [6]. Methods for measuring the temperature
of transformer oil are given in IEC 60076-2. The top-
liquid temperature is conventionaly determined by
sensors immersed in the transformer oil at the top of the
tank. The bottom liquid temperature shall be determined
by sensors placed at the return headers from coolers or
radiators. The results of continuous monitoring of the
transformer oil parameters, which were used for training
ANFIS models, are shown in Fig. 1, 2.

Fig. 1. The results of continuous temperature monitoring of the
upper (x1) and lower (x2) layers of transformer oil during the
month of operation

Fuzzy neural network which is based on Grid
Partition algorithm. Twenty-four variants of ANFIS
models were considered in order to select the optimal
neural fuzzy network architecture according to the
criterion of accuracy. They differ in the membership
functions, the number of terms of each input quantity, and
the number of training cycles (Table 1).
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Fig. 2. The results of continuous moisture monitoring of
transformer oil during a month of operation

Table1
Parameters of ANFIS model
Number | Number
ANFIS Membe_rship of terms _of_ MAPE,| RMSE, R
models| function | of each | training % ppm
input cycles

1 trimf [33] 150 3,8 |0.53148| 0.917
2 trapmf [33] 200 3,69 |0.49815| 0.888
3 gbellmf [33] 200 7,27 | 1.4385 | 0.393
4 gaussmf [33] 250 595 | 1.0115 | 0.621
5 gauss2mf | [33] 450 | 24,054 7.9 | 0.0019
6 pimf [33] 1560 | 31,080 | 0.64101 |0.804280
7 dsigmf [33] 480 |12,587| 5.89 |0.00014
8 psigmf [33] 500 |[10,284 | 5.9347 | 0.00011
9 trimf [6 6] 200 17,771| 8.2638 | 0.173
10 trapmf [6 6] 250 |29,649| 2.678 | 0.397
11 gbelImf [66] 250 | 25562 | 1.817 | 0.340
12 gaussmf [66] 150 8,4117| 4.4459 | 0.350
13 gauss2mf [6 6] 130 [22,836| 6.94 0.246
14 pimf [66] 630 |22,523| 7.6274 | 0.1369
15 dsigmf [66] 260 9,7469 | 4.4915 | 0.3271
16 psigmf [66] 260 |4,6720| 4.4175 | 0.3311
17 trimf [99] 30 19,703 | 5.5186 | 0.0006
18 trapmf [99] 100 [ 19,793| 1.9127 | 0.482
19 gbelImf [99] 50 24,170 | 5.0538 | 0.326
20 gaussmf [99] 20 20,175| 5.0131 | 0.302
21 gauss2mf [99] 40 19,892 | 2.058 | 0.615
22 pimf [99] 105 8,6381 | 1.9058 | 0.53329
23 dsigmf [99] 60 21,305| 5.035 |0.008617
24 psigmf [99] 60 22,367 | 5.1968 | 0.00533

To generate the structure of ANFIS model, Grid
Partition algorithm was used. The following membership
functions of the input quantities were applied: triangular
(trimf), trapezoidal (trapmf), bell-shaped (gbellmf),
Gaussian (gaussmf), combination of two Gaussian
functions (gauss2mf), pi-shaped (pimf), difference
between two sigmoidal membership functions (dsigmf)
and product of two sigmoidal membership functions
(psigmf). Models containing 3, 6, and 9 terms of input
guantities were considered.

Each ANFIS model was trained by using continuous
monitoring data snippet of the upper and lower layers of
transformer oil temperature of a single power transformer
during amonth of operation.

The following parameters were accepted as input for
ANFIS model: x1 — daily average temperature of the
upper layers of transformer oil, °C; x2 — daily average
temperature of the lower layers of transformer ail, °C.

The output parameter of the ANFIS model vy is the
average daily absolute humidity value of transformer oil
in ppm.

The tota amount of data used for training and
testing ANFIS includes 60 values for each parameter x1,
x2 and y. This volume is divided into two subgroups -
training data and testing data.

The first subgroup, consisting of 30 values for each
parameter, was used to train ANFIS. The obtained model
was tested using the second subgroup — testing data.

The number of training cycles (epochs) is from 20 to
1560 varies depending on the chosen architecture of the
ANFIS model. The training was performed by using a
hybrid learning algorithm. After training, ANFIS models
were tested by using data not involved in training.

To assess the reliability of the test results, the root
mean square error (RMSE) was calculated by using the
following well-known expression:

1N N O\ L i 2
RMSE:\/N.Z (\NOH(I)_WO”(I)) ,
i=1

where N is the total number of data; W, is the value of
moisture content in transformer oil obtained as a result of

continuous monitoring of the transformer; V\70H is the

reproduced value of moisture content in transformer oil.

Lower RMSE value means higher accuracy of the
developed model. The lower value RMSE = 0.49 ppm
was obtained for ANFIS model No. 2, the topology of
which isshownin Fig. 3.

Fig. 3. The structure of ANFIS model No. 2

In addition, the adequacy of the constructed neural
networks was estimated by using mean absolute
percentage error (MAPE) and the coefficient of
determination R%:

Wi ~Wos f

RE (Woj Woip ) =5 —
é(Won Wit

where W, isthe average value of experimental data.

The value of the coefficient of determination R?,
lying in the range of 0.8-1 indicates a sufficient adegquacy
of the developed model. ANFIS models No. 1, No. 2 and
No. 6 correspond to this criterion.

ANFIS model No. 2 contains two inputs which are
correspond to the temperature values of the upper and
lower layers of transformer oil at given times and one

M=
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output which is corresponds to the reproduced value of
the oil moisture content. Each input variable has 3 terms
with trapezoidal membership functions (trapmf). The
linear membership function was used for the output
quantity.

Grid Partition training error of ANFIS model No. 2
is shown in Fig. 4. It is seen that after 160 epochs,
network training has stopped, and the value of the error
has stopped decreasing. The results of the ANFIS model
testing are shown in Fig. 5.

Fig. 4. Grid Partition training error of ANFIS model No. 2
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Fig. 5. Testing of ANFIS model No. 2

In the case of a low correlation between the
temperature of the transformer oil and the degree of its
moisture content, the training efficiency and accuracy of
the neuro-fuzzy model test results may decrease.

It is possible to increase the accuracy of the model
by taking into account additional parameters that affect
the dynamics of transformer oil humidity. Consider the
training outcomes of two ANFIS models. The first model
has a topology identical to that shown in Fig. 3. The
second model differs in the presence of the input
parameter x3 — the temperature of the environmental
cooling medium, °C.

For training models used the results of continuous
monitoring oil parameters of another transformer. The
correlation coefficient between the data on the
temperature of the upper layers of the oil and its humidity
is 0.43 (weak correlation). The training outcomes are
givenin Table 2.

The obtained value of R® and RMSE indicates
greater efficiency of training of the model with three
inputs.

Table2
Training error of ANFIS models with low correlation between
input and output parameters

ANFIS|Membership| NUmoerof | yape | RMsE,
i terms of each R
models| function . % ppm
input

With 3| o [33] 0.237 0.0207 | 0.998
inputs
with 2
inputs| a0 [33] 0.4777 0344 | 068

Fuzzy neural network which is based on

Subtractive Clustering algorithm. The purpose of
clustering is the partition large amounts of data into
groups of similar objects (cluster centers), which allows
to reproduce the system behavior more accurate [14]. In
the process of reproducing the moisture content of
transformer ail, the Subtractive Clustering method was
used to improve the fuzzy model of moisture dynamics.

An ANFIS model based on the Subtractive
Clustering agorithm is built, trained and tested. The
standard values are accepted when the network structure
is forming: Range of influence — 0.5; Squash factor —
1.25; Accept ratio — 0.5; Reject Ratio — 0.15. The
resulting error in training of the neural network was
0.20337, after which the network was tested. Figure 6
shows the results of testing of ANFIS model based on
Subtracting Clustering algorithm.
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Fig. 6. Testing of ANFIS model based on Subtracting Clustering
algorithm

Obtained value of RMSE of ANFIS model based on
Subtracting Clustering algorithm test was 0.40509 ppm. It
is less than the RMSE value of a fuzzy neural network
constructed by using the Grid Partition method. Obtained
value of R of the fuzzy neural network constructed by the
Subtractive Clustering method amounted to 0.929336 and
MAPE value is 2.5 %. Obvioudly, a network built by
using the Subtractive Clustering algorithm is not inferior
in accuracy to a network built by using the Grid Partition
agorithm. Figure 7 shows moisture content of
transformer oil reproducing error by using ANFIS model
No. 2 and model based on Subtracting Clustering
agorithm in %. It is seen from the graph that the
constructed ANFIS models have sufficient accuracy
(received error less than 15 %) and can be used for solve
the problem of reproducing the humidity of transformer
oil of power oil-immersed transformers.
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Fig. 7. Moisture content of transformer oil reproducing error
by using ANFIS model No. 2 and model based on Subtracting
Clustering algorithm

Conclusions.

1. The training, testing and comparison of fuzzy neura
networks with different architecture for reproduce the
curve of the humidity of transformer oil on the basis of
continuous temperature control of the upper and lower
layers of il has been investigated.

2. Studies have shown that the use of fuzzy neutral
networks allows to accurately at least 85 % to reproduce
the dynamics of the moisture content in the transformer
oil during the operation of the transformer without the
need for direct measurement of humidity by special
devices.

3. To improve reproducing accuracy in the formation
of the structure of the neural network, the Grid Partition
and Subtractive Clustering methods were used. The neural
network was tested by using the results of continuous
monitoring of transformer parameters during a month of
operation. The RMSE value for the first case was 0.49
(obtained MAPE value — 3.69 %), and for the second case
—0.40509 (MAPE — 2.5 %)).

4. Achieving adequate results to reproduce the
humidity curve of power transformers oil for each single
transformer requires retraining the model using
continuous monitoring data from that transformer. In
addition, other factors can be taken into account in the
model structure, such as the operating mode of the
transformer cooling system and the temperature of the
cooling medium. In this case, the corresponding input
parameters x3 and x4 are add into the model.
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AHAJIN3 CPOKA OKYITAEMOCTH MOJIEPHU3UPOBAHHOM HACOCHS)I71
YCTAHOBKH ITPU UCITIOJIB3OBAHUUN ACUHXPOHHBIX IBUT'ATEJIEN
IHHOBBIIIEHHBIX KJTACCOB QHEPT'O9®PEKTUBHOCTH

Mema. [lopienanvHuil aHAli3 pO3PAXYHKIE eHEPLOCHONCUBAHHS, BUMPAN HA eIeKMPOEHEPIII0 NPOMASOM HCUMIMEBO20 YUKTLY I mep-
MIHI8 OKYNHOCMI HACOCHOT YCMAHOBKU 3 2-NONIOCHUMU ACUHXPOHHUMU eNleKmpoOdguzyHamu nomyosscHicmio 90 kBm pisnux knacie ene-
paoedhexmunocmi, wo HcuIAMbCA Oe3N0cepeoHbo 6i0 enekmpuunoi mepexci. Memoouka. Posenanymi pexcumu pobomu 6ionosi-
o0aoms munogomy Yuxkiy pobomu, xapaxmepHomy 0N HACOCHUX YCMAHOBOK 3 npubnuzno nocmiinoio sumpamoio 75-110 % 6io no-
MinaneHoz2o. Po3paxynox rpynmyeascs na nachopmuux 0aHux HAcoca i eleKmpoosucytie, AKi 6 C8010 uepey 3aCHO8AHI HA eKcnepu-
MeHmanvHux oanux eupoobnuxie. Pezynemam. Y cmammi npogedeno po3paxyHku eHepeoCnOXCUBAHH, BUMPAM HA eleKmpoeHepeiio i
MepMiHi8 OKYNHOCMI HACOCHOI YCMAHOBKU 3 2-NONIOCHUMU ACUHXPOHHUMU efleKmpoosucynamu nomyocuicmio 90 kBm, wo ocug-
JAMbCsl 6e3n0cepedrbo 8i0 elekmpuuHoi mepedici. Po3ensanymo 3acmocyeanns enekmpoosuzytie 3 Kiacamu eHepeoehexmueHocmi
IE2, IE3 i IE4. IIpakmuune 3uauenns. Iloxazano, wo 6 pasi 3aminu erekmpoosucyna kuacy enepeoegpexmuenocmi IE2 6 36’s3ky 3
NIAAHOBOI0 MOOEPHI3AYICIO eneKmpo08UyHoM Kiacy enepeoegpekmusnocmi IE4 mepmin okynnocmi cmanosums 2,18 poxy, ekoHomis
enekmpoenepeii npomseom pospaxynkogozo 20-piunozo mepminy excnayamayii cknadae 268 MBm - 200, wjo 6 epouiogomy eupa-
orcenni cmanosumsv 41110 €. Ilpu mux orce ymosax 3amina enekmpoosucyna kiacy enepeoepexmusnocmi IE2 na enekmpoosueym
xaacy enepeoepexmusnocmi IE3 0o3601ume docsiemu eKOHOMIL eleKmpoeHepeii npomsi2oM po3paxyHKo8020 MePMIHY eKCnryamayii
88 MBm-200, wjo cmanosums 6 epoutogomy supasicenti 13500 €, i mepmin oxynnocmi € 5,11 poky. Taxum yunom, 8 cmammi nokasa-
HO, WO HEe36adCaloyU HA OLNbW GUCOKY NOYAMKOBY 8apmicmy, 8ubIp enexmpoosuzyna kiacy enepeoegexmusnocmi IE4 6invu uzio-
Hull 3 exonomiunoi moyxu 3opy. bibn. 27, tabn. 4, puc. 1.

Kniouoei cnosa: BilueHTpPOBHil Hacoc, eHEProe)eKTHBHICTh, KJIac eHeproe(eKTHBHOCTI, ACHHXPOHHHUN €JIEKTPOABHIYH,
JIpoceibHe peryJIOBaHHs, eHepro3oepekeHHs, ;KUTTEBUIN UKL, TEPMiH OKYIMHOCTI.

Iens. CpagnumenvHelli ananus paciemos snep2onompebienus, 3ampam Ha dJ1eKMPOIHEP2UI0 8 medeHue HCUSHEHHO20 YUKAA U CPO-
KO8 OKYNnAeMocmu HACOCHOU YCMAHOBKU C 2-NOMOCHbIMU ACUHXPOHHBIMU 2NeKmpodgueamenamu mounocmoio 90 kBm pasnuunvix
KIACCo8 IHEP20IPPeKMUSHOCIU, NUMAIOWUMUC HANPAMYIO Om 2aekmpuyeckol cemu. Memooduxka Paccmampusaemvle pedxcumbl
pabomsl COOMEEMCMEO8ANU MUNOBOMY YUKILY PADOMbL, XAPAKMEPHOMY Ol HACOCHLIX YCMAHOBOK € NPUOIUSUMENLHO NOCMOAHHbIM
pacxooom 75-110 % om HomunanvrHo2o. Pacuem ocnosvléancs na nacnopmuvix OaHHbIX HACOCA U dNeKMpodsucamelel, KOmopule 8
€B010 04epedb OCHOBANbL HA IKCHEPUMEHMATLHIX OAHHBIX npouzsooumeneil. Pesynemam B cmamve npouszeeden pacuemvt sHep2o-
nompeOnenus, 3ampam Ha dNeKMPOIHEP2UIO U CPOKOE OKYRAEMOCMU HACOCHOU YCMAHOBKU C 2-NOMIOCHbIMU ACUHXPOHHBIMU 71K~
mpoosucamenamu mowHocmovio 90 kBm, numarowumuca Hanpamyio om snekmpuieckoli cemu. Paccmompeno npumenenue snekmpo-
dsueameneti ¢ knaccamu suepeodppexmusnocmu IE2, IE3 u IE4. Ilpakmuueckoe 3uauenue. [lokazano, umo 6 ciyuae 3aMeHbl 971eK-
mpoosueamens knacca suepeodgpexmuenocmu IE2 6 cesasu ¢ nianoseoi modeprusayueti s1ekmpoogueamenem Kiacca Hepeorp-
gexmusnocmu IE4 cpox okynaemocmu 0ns snekmpoogueamens kiacca snepeodpgexmusnocmu IE4 cocmasnaem 2,18 2ooa, sxono-
MUsl 9NEKMPOIHepeuU 6 meyeHue paciemuoz2o 20-1emuezo cpoka sxkcnayamayuu cocmaeisiem 268 MBm-u, umo 6 0eHedxHcHOM bipa-
orcenuu cocmaensiem 41110 €. Ipu mex gice ycnosusx 3amena s1ekmpoogueamenst Kuacca snepeodgpgpexmusnocmu IE2 na snekmpo-
odgueamens Kkaacca snepeodgpgexmusnocmu IE3 nozgonum oocmuis SKOHOMUU INEKMPOIHEP2UU 8 MeHeHUe PACUEMHO20 CPOKA IKC-
nayamayuu 88 MBm-u, umo cocmasnsem 6 denesicnom gvipasxcenuu 13500 €, u cpoxa oxynaemocmu 5,11 200a. Taxum obpasom, 6
cmambve NoKa3aHo, Ymo, HeCMOmps Ha 6ojee 8bICOKYIO0 HAYANLHYIO CHOUMOCHb, BbIOOD dEKMPOOsUamens Kiacca dHepeodpgex-
musnocmu IE4 bonee gvicoden ¢ axonomuyeckoli mouku spenus. bubn. 27, tabin. 4, puc. 1.

Knrouesvie cnosa: ueHTpoOe:kHbIil Hacoc, FJHEProdppeKTUBHOCTH, KIacc IHeprod(ppeKTUBHOCTH, ACHHXPOHHBIH 3J1eKTPOABH-
rareib, IpoccelbHOE peryJupoBaHne, JHeprocoepe:keHne, ;KU3HEHHBIH IHKJI, CPOK OKYIIAeMOCTH.

BBenenne. B mupe u, B yactHoctu, B EBpocorose
JIABHO ¥ TOCJIEI0BATEIBHO BEACTCS paboTa IO MOBbIIIIE-
HHUIO 3HEProdPPEeKTHBHOCTH OBITOBBIX MPHOOPOB, IPO-
MBIIIJICHHOTO O0OpPYIOBaHHUS U TEXHOJOTHYECKUX IIPO-
LeccoB. BaXHOH ee 4acThlo SIBISETCS YCTAHOBJICHUE
KJIaCCOB 3HEProd(h(HEKTUBHOCTH IIEKTPOBUTATENICH KaK
MUTAFOMIUXCS HATIPSIMYIO OT DIICKTPUYECKOM cetH [1], Tak
U paboTalIUX B COCTABE YaCTOTHO-PEryJIUPYyEeMOro
anexrponpuBoga (YPII) [2]. Dto cBs3aHO ¢ TeM, YTO IO
JIAHHBIM HUccieoBanus [3], anekTpoaBuraresn mnorpeo-
10T 46 % sieKTposHEepruu, BeipabaThiBacMOi B MUpE, a
JIOJI1 TIOTPEOICHHS JIICKTPOIHEPTHH DIICKTPOIBUIATEIISI-
MH B IIPOMBIIIUIEHHOCTH cocTaBiseT okoio 70 %.

B cootBercTBUE ¢ periamenToM EBpocorosa [4] ot
2009 roma, ¢ nomomHenneM ot 2014 roma, ¢ 1 sHBaps
2017 Bce anekrpoasuraresii MoiHocTsi0 oT 0,75 no 375
kBT, 332 HCKIIFOYEHHEM OrOBOPEHHBIX B CTAHIApTE, JOJDK-
Hbl MMeTh Kiacc sHeprodddexruBHoctn He Hmxe |E3
mbo |E2, B ciaywae ecam OHM HCHONB3YIOTCS B COCTaBe
YPII. B 2019 rony tpeboBanus K 3HeprodhHeKTHBHOCTH
ANeKTPOABUraTeNieil OBTH OOHOBIEHBI B HOBOM periia-

menTe EBpocorosa [5], cormacHo koTtopomy Obina paciiu-
peHa cdepa TpUMEHEHHS TPeOOBAHMH M OMpPEACIICHBI
CPOKH BBeJIeHHsI Oojiee skecTKuXx Tpebosanuii. Tak, B [5]
ykazaHo, uto ¢ 1 urons 2021 roxa 2-, 4-, 6-, 8-momocHbIe
anexkrpoasurarean momHocteio ot 0,75 mo 1000 kBT, 3a
HCKIIIOYEHHEM OrOBOPEHHBIX B CTaHIapTe, JOJDKHBI
uMeTh Kiacc sHeprodddextuBHocTn He Hwke |E3. C 1
utost 2023 roga 2, 4, 6-TIOJIOCHBIC AIIEKTPOJBHUIATEIH
MouHocThio 0T 75 10 200 kBT BKIIOYHTENBHO JIOJKHBI
UMeTh Kiacc sHeproaddextuBHoct He Hmwke |E4 [5]. B
CIIIA, sefinapun, Typru, Kanage, Mekcuke, FOxxHOM
Kopee, Cunranype, Anonun, Caynosckoit Apasun, bpa-
3unuu, TaiiBaHe U psje APYrUX CTPaH NPUMEHEHUE IIeK-
TPOABHraTesci ¢ KiaccoM 3HeprodddexkTuBHOCTH HE
nike | E3 saBisercs obs3aTenbHbiM [6].

AxkTyanbHocTh paborsl. CoriacHo otdery Epo-
neiickoit komuccun [3], Ha HACOCHBIE CHCTEMBI MPUXO-
qurest nodtu 22 % sHepruu, noTpedIIsieMoil 31eKTPoIBU-
ratensMu B Mmupe. Iloaromy u3ydeHune BO3MOKHOCTEH
MOBBILICHUS SHEPreTHYecKoi 3(h(heKTHBHOCTH HACOCHBIX
arperaToB SIBJISIETCS aKTyaJIbHOM 3a1ayeil.

© B.B. I'oman, B.A. IIpaxt, B.M. Ka3zak6acs, B.A. [Imurpuesckuii, 3.A. Banees, A.C. [TapamoHoB
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LenTpoOexHBIE HACOCHI 3a4acTyl0 HE TPeOYIOT IIH-
POKMii THana3oH peryJMpOBaHusl, a TAK)Xe BBICOKHH IMyC-
KOBOM MOMeHT u OpIcTpozeiicTBue. [loaToMy acHHXpOH-
Hble anekrpoasuratenn (AJl), padoTaromie HEMOCPEACT-
BEHHO OT JICKTPUYECKOH CETH, MHUPOKO NMPUMEHSIOTCS B
MPUBOJIAX YIOMSHYTHIX BBIIIE MEXaHH3MOB. Perymuposa-
HHE IIPOM3BOIUTEIILHOCTH HACOCOB B 3TOM CIIy4ae IIPOH3-
BOJHTCS C TIOMOLIBIO 33JBHXXEK (IpOCCETbHOE Perympo-
BaHHE), MyTEM YIPABISIEMOTr0 M3MEHEHHS XapaKTePHCTH-
KM TUJIpaBIMYECKOl ceTu. V3BeCTHO, UTO M3-3a BBICOKUX
3aTpar Ha IpeoOpa3oBaTeslil YaCTOThI, HE TOJBKO Ul Ha-
COCOB XapaKTepHO NPUMEHEHHUE AIIEKTPOJBHUIaTENEH, TTH-
TAIOLIMXCS HANPAMYIO OT BJIEKTpUYecKkoil ceru. Hampu-
Mmep, noas YPII cornacHo manHsiM EBponelickoil komuc-
cun [1] mas Tepmannm cocraBmia okomo 30 %, a s
[IBeiinapun COrIACHO MCCIEI0BAHIIO, OMMCAHHOMY B [ 7]
oxoio 20 %.

[NoBbiieHre 3HepreTuueckor 3pdHeKTUBHOCTH HAcOC-
HOM YCTAaHOBKH BO3MOYKHO 32 CUET U3MEHEHHMS B THIPABIIH-
YeCKOW CeTH, Ha KOTOpPYI0 paboTaeT yCTaHOBKa, NMPUMEHe-
aust YPI, onTrMusaIimy 1 pactpeieNieH st Harpy3oK (B CIty-
Yae MapauieJbHO PabOTAONIMX HACOCHBIX YCTAHOBOK), a
TaKKe 32 CUET HAIUICKALIEro BBIOOPA DJIEMEHTOB YCTAHOB-
KH, B YacTHOCTH IIPUMEHEHUsI dJIeKTpojBHrareniel Oolnee
BBICOKOTO KJiacca sHeproaddexrusHoctH [8]. Bornbioe ko-
yectBO craredl [9-12] mOCBSIEHO BOMPOCaM CHEYKEHHSI
SHEPronoTPeOICHNs] HACOCHBIX YCTAHOBOK ITyTEM MPHMEHE-
HHS PA3IMYHBIX IO NPUHLMITY IESHCTBHS SJIEKTPOIBUraTe-
nieit Ooee BBICOKMX KJtaccoB dHeproddpexkruHocTr. OnHa-
KO BO BCEX BBIIIENEPEUHCIIEHHBIX cTaThsax [9-12] paccmar-
pHBaeTcs CHoco0 PEryjivMpoBaHKs MPOM3BOAUTEIBHOCTH
HacocoB ¢ nomoliusto YPIIL. B nanHOi cTaThe paccmarpusa-
eTcsl MPUMEHEHHE 3NIEKTPOJBUraTeneid ¢ Goiiee BBHICOKHM
KJ1accoM dHepro3()(PEeKTUBHOCTH, KaK HAHOOJIee aKTyalIbHbIH
Croco0 TIOBBILECHUS 3HEProd3()(GEeKTHBHOCTH HACOCOB TIPU
JPOCCENBHOM PEryJIMPOBAHHHL.

OT™MeTnM, 910 KiacCH()UKALHS IIEKTPOIBATATENEH 110
3HeprodP(HEKTUBHOCTH B HOPMATHBHBIX JOKyMeHTax [1, 5]
ocHoBbIBaeTca TobKO Ha KIIJ[ B HOMMHAJIBHOM pexuMe
paboThI, T.e. IPH HOMHUHAJIBHON MOIIHOCTH Ha Bajly, U HE
yuutbiBaeT KIIJI anekrpoaBurateneii mpy Harpyske, OTiIuy-
HOI OT HOMHUHAJILHOM, KOTOpas B TOM WIM MHOW CTENECHU
XapakTepHa UIA DJIEKTPOJABHTATeNIel B COCTaBE HACOCHBIX
arperatoB. Tak, I LUPKYSIIMOHHBIX HACOCOB MOIIHO-
CThIO 710 2.5 KBT paboTaronyx NpeuMyIiecTBEHHO C Hepe-
MEHHBIM pacxooM coriiacHo [13-15] oTHocHTenbHOE BpeMst
paboThl B HOMMHAIEHOM peXXuUMe He rpeBbiiaet 6 %0.

Jliist BOASIHBIX HACOCOB corjacHo [16] mpuHATH TH-
MTOBBIE PEXHUMEI pa0dOTHI ¢ MPOU3BOIUTEIHLHOCTRIO 75 %,
100 % u 110 % oT HOMHHAJILHOTO Pacxoja U MPUBOMITCS
TpeOoBaHUS MO SHEProdPPEeKTUBHOCTH B JAHHBIX PEXKH-
Max. B [14, 15] npuBeneH THIIOBOH LMK pabOTHI IS
JaHHBIX PEKHMOB, XapaKTEPHBIN JUII HACOCHBIX CUCTEM C
MPUOIU3UTENHHO TIOCTOSTHHBIM pacxo/ioM. JlaHHBIN mpo-
¢uns npennonaraer pabory B teueHue 25 % BpemeHH ¢
pacxomom 75 %, 50 % BpeMEeHH ¢ HOMHHAJIBHBIM PacXo-
nom u 25 % Bpemenu ¢ pacxogom 110 %.

0630p auteparypsl. B [17] 6su1a mpoaxanusupo-
BaHa HACOCHAasi yCTAaHOBKA HOMHUHAJIbHOW MOIHOCTBIO
2,2 kBT, paboraromas ¢ mepeMeHHBIM pacxomom. Pac-
CMAaTpUBAJIMCh CHUHXPOHHBLIC DJJICKTPOJABUIATCIIM C TIps-
MBIM MYCKOM (CaMo03amyCKaloIIuecs)) U MOCTOSHHBIMU
Marautamu 1 AJl ¢ kiaccamu sHeproaddexrusuoctu 1E3

u |E4. Buto paccauTaHo rooBoe MOTPEOICHUE dIEKTPO-
SHEPIHH, TOJOBBIC 3aTPAThl HA AJICKTPOIHEPTHUIO, HOJS
3aTpaT B TEUEHHE >KU3HEHHOTO MLHMKIA, OmNpejensemMas
CTOMMOCTBIO AJIEKTPOIHEPTUU U TOH0BAsT SKOHOMHS 3JICK-
TPOSHEPTHU B HATYypallbHOM M JICHE)KHOM BBIPAKECHHU
IIPH BBIOOPE TOTO WIJIM MHOTO 3JeKTpoaBurareis. OIHako
pacyer CpOKOB OKYIaeMOCTH HE MPOU3BOAMJICA, T.K. OC-
HOBHOM IIEJIBIO CTaThH OBLIO IOKAa3aTh, YTO BBIOOP 3JICK-
TPOABHUTATENS TOJBKO 10 KiIaccy Heprod(pdeKTnBHOCTH,
KoTopbiil mpucBauBaercss mo KIIJ[ mpu HoMHMHaNbHON
Harpy3Ke, He MPUBOAUT K MUHUMAJIbHOMY SHEPronorpeo-
JICHHIO TIpH paboTe HACOCHOM YCTAHOBKHU C MEPEMEHHBIM
pacxo[oM COTJIACHO THUIIOBOMY IHKIY PabOThI, IMpUBeE-
nenHomy B [13].

B crarbe [18] ananms 3THX e IMoKasaTesei ObUT mpo-
BEJICH IS HACOCHOW yCTAaHOBKH, PabOTaroIIel ¢ MpHOIH-
3UTENFHO TIOCTOSHHBIM PacXxoaoM, MomHocTeio 11 kBT ¢
meymst AJl, knaccoB sneproaddexruBHoctn |E1 n I1E2,
paccumMTaHbl CPOKH OKYIMAEMOCTH TEXHHUYECKUX PEILCHUM
0 3aMeHe aneKTpoaBurarens kinacca |IEL Ha anexrponBu-
rarens kinacca |[E2. OgHako CTOMT OTMETHTB, YTO 3aMeHa
AJl wiacca sneprosddexrusroctu |EL1 Ha snmekTpoasura-
Term kinacca | E2 akTyanmbHa TONBKO B HEKOTOPBIX CTpPaHAaX.
Hanpumep, B crpaHax EBpa3suiicKOro 3KOHOMHYECKOIO
coroza (Poccust, Kasaxcran, bemopyccnst, Kuprusus, Ap-
MEHUsT), 3aKOHOJATENILCTBO KOTOPBIX B 00JAaCTH SHEPIO-
apdexruBrocTH [19] 10 1 centsiops 2021 ronma He 3ampe-
IaeT UCIIOJIb30BaTh AJIEKTpoABUraTey kimacca |E1L.

Takum 00pa3oM, Kak MOKa3kIBaeT 0030p JIUTEPATYP-
HBIX UCTOYHUKOB, paHee HE MPOBOJMJIICS CPAaBHUTEIbHbIN
aHaJIN3 YHEProMOTPEOICHUS U SKOHOMHYECKUX ITOKa3aTe-
JIel 3KCIUTyaTalluy 3JEKTPOJABUTaTeNed KIIacCOB dHEPro-
sdpdexruBnoctu |E2, |IE3, |[E4 B HacocHBIX ycTaHOBKax
CpelHEH U BBICOKOW MOIIHOCTH C IPOCCEIbHBIM PETYIIN-
POBaHUEM W MPUOIU3UTEIHHO TTOCTOSHHBIM PAaCXOJIOM.

Heab padoThl — CpaBHUTEIHHBINA aHATN3 YHEPTOIIO-
TpeOJICHUST U CPOKOB OKYITaeMOCTH HACOCHOM YCTaHOBKHU
¢ npuMeHeHneM 2-noJTFocHbIX AJl KitaccoB sHeproaddex-
tupHoctn 1E2 [20], 1E3 [21] u IE4 [22] momHOCTBIO
90 kBT 0HOTO MPOU3BOAMTES], IUTAIOLIUXCS HAPSIMYIO
OT 3JICKTPUYECKON CETH, IJI TUIIOBOTO IMKJIA PabOTHI,
XapaKTepHOro ISl HPUOIM3UTENHHO TOCTOSIHHOTO PAacXo-
Jia COracHo maHHbM [14, 15].

Hcxoanble naHHble 1 MeTOAbI pacuéra. s pac-
YyeTa HCIOJB30BaHbl gaHHble Hacoca Grundfos NB 65-
315/308 AF2ABAQE — 97836805 [23] ¢ HOMHUHAIBHOI
MOIIHOCTBIO Pryrr = 90 kBT U HOMHHANBHON 4acTOTOM
BpaieHust np p = 2980 06/MuH. [laHHBIE Hacoca MpUBe-
JeHbl B Ta0. 1, tne Qppp — pacxo B TOUKE HAMBBICIICH
sdpdexrusroctn (auri. best efficient point — BEP), u
Hjrp — naBnenve Hacoca B Touke BEP.

Tabnuma 1
[MacriopTHEIE JaHHBIC HAacOca
[Tapamerp 3HaueHne
Tun NB 65-315/308
P, RATE» Bt 90 000
n, 00/MuH 2980
Opep, M4 182
H BEPy M 120,6
KI1J1, % 73,8

I'padvki OCHOBHBIX XapaKTEPUCTUK Hacoca (3aBu-
CHUMOCTH JaBJicHUs, moTpedisiemoit Morrocty u KI1J] ot
pacxoa) mokasaHel Ha puc. 1.
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Puc. 1. lHTeprnionupoBaHHbIE XapaKTEPUCTUKH HAcoca
M MCXOJHBIE TOUYKH II0 JAHHBIM KaTaJora:
a) O-H xapakTepuCcTHKa U 3aBUCUMOCTh MOTPEOIIsIeMO MOIIIHO-
CTH OT pacxona; 6) 3asucumocts KIT/[ Hacoca oT pacxoma

[MoTpeOisiemMass M3 SJICKTPUUECKOH CETH aKTHUBHAS
MOIITHOCTE m-TO AJ] B i-M peskuMe paboThl BEIYHCISIIACH
cornacHo ¢opmyie (1) ¢ y4eToM HMHTEPIIOIUPOBAHHBIX
3HaueHud KIIJI anekrponBuratenedt #y;,, U MeXaHude-
CKOM MOITHOCTH Pecpim IS PEKUMOB, COOTBETCTBYIO-
OIMX TUIOBOMY IHUKIY pPabOThI, aHAIOTHYHO MOIXOIY,
nprUMeHEeHHOMY B pabdote [17]

P]_i.m = Lmech.im / NMim- (1)

Tl'ogoBoe motpebiienue dHeprun A kaxaoro A/l B
paccMaTpuBacMOM THIIOBOM pa0odeM IMKIE HACOCHOU
YCTaHOBKH C YYETOM KPYTJIIOTOJHYHON M KPYTIIOCYTOYHOM
paboThI OBLIO ONpeIeIIeHO KaK

3 .
Egym =36515 Z Prim | @)
i=1 t
rme t — oOmee BpeMs paOOTHI, B3ATOE€ PaBHBEIM 24 4
U t; — BpeMsi pabOThI B K&XK/IOM PEXKUME
Croumocth  anektposHeprun  (€) npu  Tapude
GT = 0.188 € / kBr-4 mj1s1 IPOMBIIIIEHHBIX TOTPEOHUTEIEN
B I'epmanun Bo Bropoi monoBune 2019 rona [24] Obuia
orpeziesieHa mo Gpopmyie
Com=E,n-GT. 3
T'ooBast 3KOHOMHUSI ANEKTPOIHEPIHU B CTOUMOCTHOM
BBIPQKEHUH BBIYUCIISIIACH KAK
S,31=C3—C1;8,32=Cy3—C,2 8,01 = Cy2— Cy 1. 4)
YuuThiBas, 4TO KU3HEHHBIN LMK HACOCHBIX YCTaHO-
BOK COINIaCHO JaHHbIM [25, 26] coCTaBisieT OKOJIO
15-20 ner, ans pacuyeToB ObUT MPUHSAT CPOK DKCILTyaTaIluU
n = 20 ner. b paccunTaHbl 3aTpaThl HAa 3JIEKTPOIHEP-
THI0 B TEUEHHE JXM3HEHHOT'O ILIMKJIA HACOCHOH yCTaHOBKH,
T.K. 00IIIasi CTOMMOCTH JKU3HEHHOTO IIMKJIA HACOCHOH yCTa-
HOBKH MPEUMYIIECTBEHHO HPECTABISIET CO00i CTOMMOCTh

noTpebiIeHHO# dekTposHepruu (Mo KpaiiHe# mepe, Golee
50-60 %) [25, 26]. Yucras npuBeIeHHAS CTONMOCTS (aHTII.
net present value — NPV) »H3HEHHOTO [UKJIA, Onpeeisie-
Masi CTOMMOCTBIO TIOTPEOJICHHOM 3JIEKTPOIHEPTUH, BBIYHC-
JsIIach Kak

Crccenm = Ctm/(l + (y _p))n’ (5)
r]ie y — IpOIIeHTHas cTaBKa (mpuHUMaach pasaoit 0,04) u
P — OKHIaeMasi roIoBast HHQILSIHK (IPHUHUMATACh PAaBHOM
0,02) [25, 26].

Pa3HOCTB 3aTpat Ha 3JIEKTPOIHEPTHIO B TCUCHUE JKH3-
HEHHOT'o LHMKIA m-r0 A/l OTHOCHUTENBHO CYLIECTBYIOIIETO
AJl onpenensnack Kak

ACrccensm = Crecens = Crecenm (6)

B ciyuae 3amensl cyumiectByrowmero A/l kiacca
sHeproaddexruBroctu |E2 na AJ] xmacca 1E4 win 1E3,
cpok okymaemoctu 1, m-ro AJl omnpenensics Kak

Tm = Ciic,m / Sy.3m- (7)
rie Cii.,, — IEpBOHAYAIbHBIE CTOMMOCTH PAaCCMOTPEHHBIX
JJIEKTPOJIBUTATEIICH, KOTOpbIe NpUBEICHb B Tadn. 4
COTJIACHO JaHHBIM [27].

Pe3ynbTaThl pacuéToB u ux oocy:xaenue. B tabm. 2
MOKa3aHbl Pe3yJIbTATHI pacueTa PeKUMOB PabOThI Hacoca.

Tabnuma 2
Pesysbrarhl pacyera pe)XxuMOB paboThI Hacoca

KOJ’II/I‘ICCTB.O 1 2 3

pexuMOB (7)
0, % 75 100 110
0,, Mluac 136,5 182,0 200,2
\Hpump.in M 132,6 120,6 1139
| Tpump-i Y0 71,3 73,8 72,7
Pechis BT 69176 81045 85471
Proens %0 76,86 90,05 94,97

B Tab6n. 3 mokazansr 3Havenust K111 snekrponsurate-
Jelt cormacHo Kataory mia Harpy3ok 50 %, 75 % u 100 %,
a TaKkKe JUIS KOKIIOTO peKiuMa paboThl HACOCAa B COOTBETCT-
BUH C PACCMATPHUBAEMBIM TUTIOBBIM ITHKIIOM paOOTHI.

Tabnuna 3
Hcxonusle u naTepnonypoBannble 3HaueHus KI1/]
JJIEKTPOJABUTATEINCH
KIIJ] no maHHbIM KaTajioros,
m Tun 3J1eII<ETp0/:[BI/IraTen51, % nipu Harpy3Ke
foace 50% | 75% | 100%
1 AJIWEG W22, IE4 95,5 96,2 96,5
2 AJIWEG W22, IE3 94,3 95,2 95,2
3 AJTWEG W22, IE2 94,0 94,6 94,6
HHTteprionupoBaHHbIC 3HAUCHUS
m Tun snexrpoxasurarens, | KITI 7y, % B pabouux pexu-
|E xiace Max
1 2 3
1 Al WEG W22, IE4 96,27 96,43 96,46
2 AIIWEG W22, IE3 95,20 95,20 95,20
3 AJIWEG W22, IE2 94,60 94,60 94,60

PesynbTathl pacuera mo dopmynam (1-7) npuseneHs
B TaOn. 4. B ciydae 3aMeHbl 3J€KTpojABUTaTENs Kiacca
sHeproaddexruBroctu |E2 B nmelicTByroliell HAaCOCHOM
YCTAHOBKE Ha JJIEKTPOJBHIATENIb Kilacca SHeprodddex-
TuBHOCTHU |E4 5KOHOMUS BIIEKTPOIHEPTHU B TEUSHUE pac-
YETHOTO CpOKa JKCIUTyaTaluu cocTaBisier 268 MBrTy,
9TO B JCHEXHOM BhIpakeHnH coctanisieT 41100 €, a cpox
OKyTaeMocTH coctaBisier 2,18 roga. B cimydae 3ameHbI Ha
ANIEKTPOABHUraTeNb Kiacca 3Heprodd¢extuBHocTH |E3
HKOHOMHS HJIEKTPOIHEPTHU B TEYEHHE PACUETHOTO CPOKa
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SKCIuTyaTanuu cocrarisier 88 MBT4, 4Tto cocraBiser B
nerexxHoM BelpakeHuH 13500 €, cpok OKymaeMocTH co-
crapisier 5,11 roma. Takum oOpa3om, I paccCMOTpPEH-
HBIX YCIIOBHH IlefiecooOpa3Ha MOAEpHH3anHs HACOCHOI
YCTAHOBKM IIyTeM 3aMEHbl 3JIEKTPOJBUTaTess Kiacca
sHeproapdexrusHoctu |E2. [Ipu stom, HecMoTps Ha 6o-
Jiee BBICOKYIO CTOMMOCTb, IPUMEHECHUE DIICKTPOIBHUIaTE-
ns1 knacca sueprodddexrusHoctu |E4 obecnieunr cyte-
CTBCHHO MCHBIIUH CPOK OKYITAEMOCTH, YeM MPUMCHEHHE
aneKkTpoaBUraTens kiacca |E3.

Tabmuma 4
Pe3ynbTatsl pacdera S3HepromnoTpeOIeHUs 1 IKOHOMHN
3JIEKTPOIHEPTHU
m 1 2 3
Tun anextpoasura- | AJLWEG | AAWEG | AJWEG
tens, |E kmace W22, IE4 | W22, 1E3 | W22, IE2
E, ., MBTu 719,5 728,5 732,9
C,m, THIC. € 135,27 136,96 137,78
1Sy.3m € 2513,4 824,8 0
CrCCepm» THIC. € 22119 2239,5 2253,0
ACLCCen.}m! ThIC. € 41‘1 1315 0
Ciicm € 5486 4220 0
T,, net 2,18 511 -

BeiBoabl. B pabGote ObUTH TPOM3BEACHBI PACUETHI
MOTPEOJICHUS 3JIEKTPOIHEPTHA M CTOMMOCTHBIX ITOKa3a-
TeNel SKOHOMHH 3JIEKTPOIHEPIUU JUIS ACHHXPOHHBIX
anektponsurateneii kmaccoB |E2, 1E3, IE4, B cmyuae
MIPUMEHEHHUS MX B HACOCHOW YCTaHOBKE, paboTaromiei ¢
pacxooM, U3MeHsIomuMcs B npeaenax 75-110 % ot Ho-
MuHanbHOrO. IIpon3BesieHO cpaBHEHHE CPOKOB OKYyIiae-
MOCTH M 3aTpaT Ha 3JIEKTPOIHEPTHI0 Ha MPOTSHKEHHU
JKU3HCHHOT'O LUKJIa JJId CIydas 3aMCHBI 3JICKTPOABUTATC-
JiS B CBSI3U C TUIAHOBOM MojaepHu3anuen. Cpok oKymaeMo-
CTH B CJIy4ae 3aMEHBI 3JICKTPOJBUTATEIIS Kacca dHEPro-
spdexruBHocTn |E2 Ha snexTpoaBurarens Kiacca SHep-
rosdpdexruBHocTH |E4 cocraBisier 2,18 roma. IIpu atom
CPOK OKYIIaeMOCTH B CIIy4ae 3aMEHBI JICKTPOJBUTATEIS
knacca saeprodddexruHocTH |E2 Ha smekTponBurarens
knacca saeprodddexruaocty |E3 3HaunTensHO O0MBIIE
u cocraBimsieT 5,11 roma. Takum oOpa3zom, BEIOOp 3JIEK-
TpoaBurarens kiacca sHeprodddexruBHocty |E4 Gonee
BBITOJICH TP MOJEPHHU3ALMH C SKOHOMUYECKOW TOUKU
3peHHsI, HECMOTPS Ha TO, 4To ero croumocts Ha 30 %
BbILIE, YeM Yy anekTpoasurarens kinacca |E3. Crnenyer
3aMETHUTh, YTO TAKOE TEXHUYECKUE peIleHHe OyaeT 0co-
OEHHO aKTyaJbHBIM B CBETE TpeOOBaHMIl HOKyMeHTa [5],
COIIACHO KOTOPBIM B EBpOCOIO3€ MpHMEHEHHE JICKTPO-
nsurareneid kiacca |E4 mims mommuocreit Boime 75 kBt
saBistieTcs 00s3arelbHbIM ¢ 1 uroist 2023 rona.

®@unancupoBanue. Pabora BemonHeHa mpu Gu-
HAHCOBO# Mojep:kke MHUHHCTEPCTBA HAYKH U BBICILETO
obpazoBanmss P® (GasoBas 4acTh TOC3amaHUs, MPOEKT
No. FEUZ-2020-0060).

KoHdukT MHTEpecoB. ABTOpHI 3asBISAIOT 00 OT-
CYTCTBUH KOH(DJIMKTA HHTEPECOB.
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Analysis of the payback period of a moder nized pump unit with
induction electric motor s of advanced ener gy efficiency classes.
Aim. The comparative analysis of energy consumption, electricity
costs during lifetime cycle and payback period of a pump unit with
90 kW 2-pole induction motors, belonging to various energy effi-
ciency classes, feeding directly from power grid. Methods. The
examined operating modes aligned with a typical operating cycle of
a pump unit with approximately constant flow rate of 75-110 % of
the rated flow. The calculations were based on the pump and induc-
tion motors nameplate data, which, in their turn, were based on the
manufacturers’ experimental data. Results. The calculations of
energy consumption, electricity costs and payback periods of a
pump unit with 90 kW 2-pole induction motors, feeding directly
from power grid have been performed in the article. The application
of induction motors belonging to IE2, IE3 and IE4 energy efficiency
classes has been discussed. Practical value. It has been demon-
strated, than in case of replacement of an induction motor of energy
efficiency class IE2 due to planned retrofit, payback period for an
1E4 induction motor is 2.18 years, energy savings within a calcu-
lated 20-year operating period are 268MW-h, which makes €41110
in money terms. Under the same conditions, the replacement of an
induction motor of energy efficiency class IE2 with an induction
motor of energy efficiency class IE3 will allow to save 88 MW-h
within a calculated operating period, which, expressed in monetary
terms, is €13500 and the payback period is 5.11 years. Thus, the
article proves that despite a higher initial price, the choice of an
induction motor of energy efficiency class IE4 tends to be more
economically advantageous. References 27, tables 4, figures 1.

Key words: centrifugal pump, energy efficiency, energy
efficiency class, induction motor, throttling control, energy
saving, lifetime cycle, payback period.
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EnekmpomexHi4yHi KoMrsiekcu ma cucmemu
VJIK 62-503.55
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B.A. JlebeneB

K PEHHIEHUIO 3AJIAYHA CUHTE3A CUCTEMbI YIIPABJIEHHUSI TPOLECCOM
AO3NPOBAHHOU ITIOJAYH 3JIEKTPOJHOH MPOBOJIOKHA 1A ObOPYIOBAHUS
AYT'OBOU CBAPKH

Ilpoananizogano icuyioui cucmemu aKmugHo20 6NAUGY HA NepeHecelHs eNeKmpoOH020 Memany npu Ynpasiinui npoyecom 0y2o-
8020 36APIOGAHHS NIAGKUM eNeKIMPOOOM, 8 TMOMY YUCII, I HA OCHO8I IMNYIbCHOI nodayi enekmpoono2o opomy. Ocobauso 6udi-
JIeHO HOBUI CROCIO 386aPIOBAHNS — 3 KEPOBAHUMU NAPAMEMPAMU PYXY 34 PAXYHOK 68e0eHHs 8 eeKMPONPUBOO 360POMHUX 36'43-
Ki6 3a napamempamu 0y206020 Npoyecy 36apio8aHHa-HANIABAEHHSA 3 00308AHOI0 nodayeio Opomy. Poseasnymo aneopumm peani-
3ayii 36aprosantsa 3 00308aHol0 nodauero. OOPano enekmponpusood Mexanismy nooavi, AKuil 6a3yemvcs Ha cneyiarbHo po3poo-
JIeHOMY WBUOKOOIIOUOMY BEHMUNLHOMY €1eKMPOOGUSYHI 3 KOMN'I0Mepu308anum pe2yniosanuam. [nsa ananizy i eubopy napame-
mpie yiei cucmemu 3anponoHO8aHo posenadamu ii @ KOMNIEeKci 3 0y208UM Npoyecom i3 3acmocy8aHHAM Memooi8 2apMOHIIHOT
nineapuzayii. bion. 12, puc. 4.

Kniouosi crosa: 3BaproBajibHuil Ipouec, eJIEKTPOAHMIA APIT, iMIIy/IbCHA N0Ja4a, CHCTeMA YNPABJIHHA, MATEMATHYHMIA omuC,
PO3paxyHOK.

IIpoananuzuposamnsl cywjecmaylowue cucmemvl aKmMueHO20 GIUAHUA HA NEPEHOC INEKMPOOHO20 MEMAlid npu YpasieHuu npoyec-
COM 3NIeKmMpPO0Y20601l CEAPKU NAABAUUMCI INEKMPOOOM, 8 OM YUCAe, U HA OCHOB8E UMNYIbCHOU NOOAYU INEKMPOOHOU NPOBOLOKU.
Oco60 gvidenen HOGblll CHOCOO CBAPKU — C YNPABTAEMbIMU NAPAMEMPAMU OBUINCCHUS 3 CHEM B8EOEHUS 8 INEKMPONPUBOO OOPAMHBIX
cea3ell no hapamempam 0y206020 npoyecca Ce6PKU-HANAABKYU ¢ 003UPOSAHHOU nodayell npogonoku. Paccmompen ancopumm peanu-
3ayuu ceapxku ¢ 003uposanHoll nodaueil. Bulopan snekmponpugod mexanusma nooauu, Komopulii 0asupyemcs Ha cCneyuairbHo paspa-
bomanHomM 6Gblcmpodelicmeylowem 8eHMUNLHOM DNeKMpoosucamene ¢ KOMNbIOMEPUSOBAHHBIM pe2yauposanuem. s ananuza u
8b100pa NAPAMEMPOS MO CUCEMbL NPEOTIONCEHO PACCMAMPUBANb €€ 8 KOMNIEKCe ¢ 0Y208biM NPOYECCOM ¢ NPUMEHEHUEM Memo-
0086 eapmonuyeckoil auneapuzayuu. buodn. 12, puc. 4.

Kniouesvie crosa: cBapouHbIi Mponece, YIeKTPOAHAS MPOBOJIOKA, HMIY/IbCHAs MOAAYa, CHCTEMA yNPaBJIeHHs, MaTeMaTH4e-

CKO€ ONHCAHHe, PACUYET.

Beenenne. Jlyrosas MexaHU3UPOBAHHAS M aBTOMa-
THYECKas CBapKa M HalIaBKa IUIABAIIMMCS 3JIEKTPOAOM
ABJIACTCA OJHHUM H3 CaMbIX paCHpOCTpaHéHH])lX TCXHOJIO-
TMYECKUX MPOLIECCOB C MIMPOKOH chepoil TPUMEHEHUS U
MIPOTHO3UPYETCSI, YTO U B JajibHEHIeM OyJIeT pa3BUBaTh-
Csl, COBEpIICHCTBYSCh BO BCEX HANpaBlCHUSIX M cdepax
npuMeHenusd. [llupokoe mpuMeHeHHE IyroBOod MeXaHU-
3UpPOBAaHHOM CBapKU C HCHOJIb30BAHUEM 3JIEKTPOIHOM
MIPOBOJIOKH KaK CIUIOIIHOIO CEYEHHMs, TaK U IMOPOIIKOBBIX
onpenenseT NOUCK HOBBIX TEXHUYECKHUX PEIICHWH, Ha-
IIPABIIEHHBIX HAa COBEPIICHCTBOBAHUE TEXHOIOTHM IIPO-
1iecca, a TaKke Ha OOHOBJIEHHE MTapKa MEXaHU3UPOBAHHO-
'O 1 aBTOMAaTH4YCCKOI'O o6opy)103aHm[ C HOBBIMHU TCXHH-
YECKHMH BO3MOXKHOCTsIMH [1].

OcCHOBHBIE HanpaBJICHUA B COBCPIICHCTBOBAHUHN
TEXHOJIOTUM CBapKH M HalJaBKU U COOTBETCTBYIOIIMX
BUAaX O0O0OpYJIOBaHMS CBSI3aHBI C TNPUMEHEHHEM WM-
ITyJbCHBIX AJITOPUTMOB (YHKIIMOHUPOBAHUS CHCTEM aB-
TOMATOB M TIOoJyaBTOMatoB [2]. B mociemHee Bpemst Tex-
HUKO-TE€XHOJIOTHYECKOE COBEPIICHCTBOBAHHE aBTOMATOB
1 TIOJyaBTOMATOB CBSI3aHO C pa3pabOTKOH W KOHCTPYHPO-
BAaHUEM OIHOH M3 OCHOBHBIX CHUCTEM — CHCTEMBI MOAAYH
UIEKTPOJHON MPOBOJIOKH C 0a30BBIM y3JIOM — MEXaHH3-
MoM mnonaud. OcHOBHBIE pa3pabOTKU B 3TOM HarpasJe-
HHUU CBA3aHbI C IPUMEHCHUCM HMHyJ’IbCHOﬁ Iogayu d5JICK-
TPOAHOH TPOBONOKK. [Ipu 3TOM HMEIOTCS pa3pabOTKH
KaK MPOCTBIX CUCTEM C MPAKTUYECKH OTCYTCTBUEM pEry-
JIUPOBAaHMA NapaMETPOB UMILYJIbCOB, TaK U C JOCTaTOYHO
COBEpIICHHBIMI MEXaHU3MaMHU M 3TO MOJAPOOHO H3II0XKe-
HO B [3]. MOXKHO OTMETHTB, YTO IPHUMEHEHHE COBPEMEH-
HOTO MeXaHM3Ma MOa4YH, O00ECIICUUBAIOLIETO HUMITYJIbC-
HOE JBHIKCHHE JJEKTPOJHON IPOBOJIOKH MO3BOJISET MPH
MIPaBIIILHO BBIOPAHHBIX MapaMeTpax peaan30BaTh yIpaB-

JICHUE TIEPEHOCOM KarleNb 3JEKTPOAHOrO METalIa, 4To B
CBOIO 0Yepe/ib 03BoIIsieT (B OCHOBHOM) [4, 5]:

® CYHMCCTBECHHO CHU3UTH NOTEPHU DBJICKTPOIAHOI'O0 ME-
TaJlla Ha yrap U pa30pbI3ruBaHue;

® M3MEHATh '€OMETPHUUECKHE Pa3Mephbl CBAPHOTO IIBA
W HaIUIaBJICHHOTO BaJIMKa, a TAK)Ke OKOJIOIIOBHOW 30HHI,

® BIMATH HA CTPYKTYypy MeTajula CBapHOro IIBa,
yIIy4Iiasi ero 3KCIUIyaTalHOHHBIE CBOMCTBA (IPOYHOCTH,
H3HOCOCTOMKOCTB, B TOM YHCJIE U KOPPOZHOHHAS U JIP.);

® CHHU3HUTbH 3HEPrEeTHUECKHE 3aTPaThl HA BEACHHUE IPO-
LIECCOB CBApKH U HAIUIABKH.

JIOIONHUTENBHO ClleyeT OTMETHTDh Majloe 3HaUCHUE
HWHEPUMUOHHOCTU BJICKTPOABUTATECIIA.
CoBepIIEHCTBOBAHUE CUCTEMBI IOJAYU IEKTPOJ-

HOW TIPOBOJIOKH pa3pabaThIBAlOTCS C MPUMEHEHHEM J0C-
TY)KEHUH DJIEMEHTHOW 0a3bl M TEXHMYECKUX PEIICHHSX,
Oazupyromuxcst Ha HHX. [locienHue pa3pabOTKH Mexa-
HHU3MOB C UMITYJIbCHBIMH ITOPUTMaMH (YHKIIHOHHPOBa-
HUSI OCHOBBIBAIOTCSI Ha TNPHMEHEHHH Oe3pelyKTOPHBIX
3JIEKTPOIIPUBOJOB € OECKOJUIEKTOPHBIMU BEHTHIIBHBIMA 1
IIarOBBIMH 3JIEKTPO/BUTATEISIMUA C MUKPOIIPOLIECCOPHBIM
YIpaBJICHUEM YacTOTOH BPAILEHUS UX BaJIOB, 4, CIEJOBa-
TEJIbHO, W ABWKEHHEM 3JIEKTPOAHON MPOBOJIOKH C BBICO-
KAMH YPOBHSIMH OBICTPOACHCTBHSA. Takue CHUCTEMBI IIO-
CTOAHHO COBCPUICHCTBYIOTCSA B pa3HbIX HAIPABJIICHUAX U
B pa3HbIX CHCTEMax aBTOMAaTH4YeCKOI'0 CBapOYHO-
HarIaBovyHoOro obopynosanus. OXHO U3 HUX pa3BHBACTCS
JIOCTaTOYHO MHTEHCHBHO B CHCTEME II0a41 HJIEKTPOIHON
NIPOBOJIOKH U CBSI3aHO C BBEICHHEM B PETYJISTOP 3JIEK-
TPONPHBO/IA OOPATHBIX CBS3EH IO MapaMeTpaM JTyroBOTO
Iporecca — TO TOKY WIM IO HalpshKeHUro. Takoe pere-
HHE TIIO3BOJIJIO pEaJn30BaTh HOBBIM BHI JyrOBOTO
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npolecca — CBapKa-HaIlaBKka ¢ JO3WPOBAHHOM Mojaauei
DJIEKTPOIHOM IPOBOJIOKH [6].

Henbio padoThl ABISETCA YTOYHEHHE METOAUKU
pa3paboTku (cuHTe3a) 3(D(PEKTHBHONH CHCTEMBI yIpaBiie-
HUA DJICKTPOIIPUBOJAOM C YHPABIAEMBIMU PCTYJISATOPaAMU
peNeRHOro THIa Uil OpraHu3allMy JO3MPOBAHHOM MOJIa-
Y BJEKTPOJHON TPOBOJIOKH C HCIOJB30BAaHUEM Iapa-
METPOB JyTOBOTO MPOLECCa ¢ BO3MOKHOCTBIO HCITOJIB30-
BaHHS B KOHCTPYKTOPCKOM TPAKTHKE M MPAKTHKE TEXHO-
JIOTHYECKOTO ITPUMEHEHMS.

IMocranoBka 3agaun. Ha puc. 1 cxemarndecku mo-
KazaHo (opmupoBaHHe OOpaTHOW CBSI3M MO JYrOBOMY
npotieccy. B gaHHOM ciydae — 1o TOKy CBapKu B MpoIiec-
CC C KOPOTKMMHU 3aMbIKAHUAMU JYT'OBOI'O IPOMEKYTKA B
MOMCHTBI BKJIIOUYCHHA W OTKIIOYCHUA IPUBOJA IMOJAa4u
JIEKTPOAHON MPOBOJOKU B 3aBUCUMOCTU OT KeEJIAEMbIX
(TpebyeMbIX) pe3ysbTaTOB TEXHOJIOTHYECKUX IMPOIECCOB
CBapKH W HaIUIaBKU. BpeMeHa nepekiroueHust Ha rpaduke
puc. 1 ormeuensl ToukaMu «c» (I min) 1 «0» (I max)-

Puc. 1. Anroputm paboThbl CUCTEMBI yIIPABICHHUS IEPEHOCOM 3JIEKTPOAHOTO METAIlIa CBA3aHHBIH € TapaMeTpaMu TOKa TyTrOBOIO
nporecca: |, —Tok cBapku; U,y — HanpsbkeHne CBapKH; Ve — CKOPOCTh MOAAYH NIEKTPOAHON MPOBOJIOKH;
a — nepexo/ Kary B BaHHy; b —may3a B ckopocT nozpauy; ¢, d — myck noxayuu

Jist cuHXpoHM3anMK (COBIAAEHUS) MEXaHUYECKHX
UMIIYJIbCOB (MMITYJIbCOB [IOJA4M) C 4aCTOTOW KOPOTKHX
3aMBIKaHUH TYTOBOTO IPOMEXYTKAa B CHCTEMY YIIpaBiie-
HUS BBeJeHa WHOpPMaLMOHHAas o0paTHas CBS3b 110 Tapa-
MeTpaM Jyrd TakuM oOpa3oM, 4ToObl May3a B MOjaue
BCer/ja HAYWHATIACH TIOCTIe KOPOTKOTO 3aMbIKAHHSI.

Crnexyer oTMeTHTh, HH(POPMALMOHHAS OOpaTHas
CBSI3b 110 TOKY JYroBOro mpoliecca Oosee 3ddekTuBHa,
YeM CB#3b [0 HATNPSDKCHHIO BBHUIY TOTO, YTO HCIIONb3ye-
MBIE B CBAapOYHO-HAIUIABOYHOM MPOLECCe HCTOYHHKH
NUTaHUS JYTH, UMes, KaK MPaBHJIO, KECTKHE BHEIIHHE
BOJIbTAMIICPHBIC XapaKTEPUCTHKA MEHEE YyBCTBHTEIBHBI
10 HAIPSDKEHUIO CBApPOYHOTO IIpoliecca B OOpaTHOM CBs-
3. MoTyT CcyL1ecTBOBaTh yCJIOBHU, KOTJa 0OpaTHas CBA3b
10 HAMPSHKEHHIO OYIET MPUOPUTETHOM.

OOpatHast cBs3b AT BO3MOXKHOCTH aBTOMAaTHYeE-
CKOM CaMOHACTPOMKHU 3JIEKTPONPUBO/IA MEXAHMU3Ma 0/1a-
Y MO IapaMeTpaM COOTBETCTBYIOIIMM €CTECTBEHHOU
(pm3mueckoit) mpupome CBapOYHOM JYTH M, YTO, MCKIIO-
9aeT TPyNOEMKHH BBIOOP YaCTOTHI M CKBa)KHOCTH CIIE/IO-
BaHMSA MEXaHWYECKUX HMITYJIbCOB, MapaMeTpbl KOTOPBIX
MPEAONPENECIUTE BECEMA CIIOKHO.

Ha puc. 2 cxemaTuyecku npeJcTaBieHa cucTemMa ao-
3UPOBAHHOTO YIPABJIECHUS IPOLECCOM TYTOBOM CBApKU C
KOPOTKUMHU 3aMBbIKAaHUSIMU AYTOBOTO ITPOMEKYTKA, BKIIIO-
4arolasi OCHOBHBIE 3BEHbSI CUCTEMBI C IMEpeNaTOYHBIMU
anemeHTamMu: Wy — BEHTHIIBHBIN 3J1eKTpoaBurateib; Ws —
npouecc xyroBoi cBapku; W, — perymnsarop 3iaeKTponpH-
Boza; W, — HelMHEWHOe 3BE€HO, ONPEEISIONee MOMEHTHI
HEPEKIIFOYCHHS TOKA CBAPKHU MPU MUHUMAIBHOM Iy min U
MAaKCHMAJIBHOM Iy max TOK@X CBapOYHOTO IPOLECCa.

3aganue
CKOpOCTH JBurarens CkopocTh nojauu Tox
JBUraTens DNEKTPONPUBOI MPOBOJIOKH Ve CBapKH Iy
(PETVJIATOP) | Wy B W, >
W
A A

VCTaHOBKA | may

A 4

Wnl

VcTaHOBKA i min

Puc. 2. CtpykTypHas cxema CHCTEMBI YIIpaBJIeHHs IIPOLecca CBapKH C I03UPOBAHHOM Mojayei SIeKTPOAHOMN ITPOBOJIOKU
C HEJTMHEHHBIM MEPEKITIOYAOIUM 3BEHOM
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BeipaxkeHnst Ans onpeneneHus NepefaTOYHbIX OT-
HOIIECHUH 3BEHBEB OIPEACIIAIOTCS CIEAYIOIIMM 00pa3oM.

W3BecTHO, 4TO TepenaToyHyro (QyHKIUIO BEHTHIIb-
HOTO IEKTPOJBHUTraTeNsl B ONEPAaTOpHOH (hopMe MOXKHO
OTOXJIECTBUTH C TEpeNaTouHoil (QpyHKUHMEH 3IIEeKTPOIBH-
ratess MOCTOSHHOTO TOKa [7] W 3amucath B HECKOIBKO
YIPOLIEHHOM BUJIE

wy(p) = AP K 1)
U(p) Tmp+l
IZle @ —4acToTa BpaueHus Bana; U — HanpspKeHne nuTa-
Hus; K — BenmurHa 00paTHO MPOMOPLHOHAIBHAS KOHCT-
PYKTHUBHOH IOCTOSIHHOM 3J€KTpOIBUraTeis; Ty — dJeK-
TpOMEeXaHH4ecKasi HOCTOsIHHAs (a3bl AIEKTPOIBUraTENs C
y4€TOM HMHEPIMOHHBIX XapaKTEPHCTHK Oe3peLyKTOPHOTO
MeXaHU3Ma MMoJa4yu (POJIHKOB).
Jns nepenaTouHoit QyHKIHS 3BeHA OMHCHIBAIOIIETO
B ONEpPATOPHOI (opMe IyroBoil mporecc CBapKH C KO-
POTKHMMHM 3aMbIKaHUSIMH JyTOBOTO HPOMEXYTKa IpelJia-
raeTcs BRIpaXKeHHe, MoTyIeHHOe Hamu B pabore [8].

E
iw(P) R+05-b
Wy (p) = "2 :
nl o(p) T-p?+p+k
UIIn
i S
Wy (p =Pl S @
o(p) % p°+p+k
rac
T- L k= A-H-E '
R+0,5-by R+05-b

B CBOIO ouepenb L, R — MHAYKTHBHOCTh U 9KBUBAJICHTHOE
COTIPOTHBIIEHHE CBAPOYHOM IEMH COOTBETCTBEHHO; D —
KO3 GHUIHUEHT, XapaKTePU3YIOIUH HAKIOH CTaTHYECKOI
XapaKTEepPUCTUKU IyT'H K OCH TOKOB; E — Hanpshk€HHOCTH
JNIEKTPUYECKOTO MOJISl B CTOJIOE IyTH;

Az% ; H=U;(0,285-0,0052-U),

M.z-r
rae U; — HampsbKeHHe XOJIOCTOrO XOJla MCTOYHHMKA CBa-
pouHoro Toka, M — k03((UIKEHT, ONpeAeNIONN Ten-
JIOBOE COCTOSIHUE JIEKTPOJHOTO METalIa

M=Cn-7nTh=Co 70 To+M 70"
rae Cp, C, — TemoéMKoCTh MeTalljla [pU TeMIeparypax
IUIABJICHUST W OKPYXKaloOIEH Cpeabl COOTBETCTBEHHO;
Jy Yo — IUIOTHOCTh METAJUIA MPHU TeMIlepaTrypax IuiaBlie-
HHS U OKPY)KalOIIEH Cpellbl COOTBETCTBEHHO; I, — CKpBI-
Tast TEIJIOTa IUIABJIEHHUS; Tp, T, — TEMIEpaTypa IUIaBICHHS
JIEKTPOJHOTO MEeTaula W TeMIlepaTypa OKpyKarouieh
Cpe/ibl COOTBETCTBEHHO;

S-— = .
R+ 0,5

OOBIYHO UTS PETYIATOpa IISKTPOIPUBOJA C obec-
MEYeHNEM JONOJHHUTENBHBIX Ka4decTB PEryIHpOBaHUI
(MHHUMAIIBHOE TepeperyIUpoOBaHne, MHHUMAIBHO BO3-
MOJXHOE BpeMs HW3MEHEHHS YacTOTHl BpallleHHs Baja
SIIEKTPOMBHUTATENSI B TIEPEXOJHBIX TPOIECCaX W Jp.) HC-
TIOJIB3YIOT pa3nuyHbIe CTPYKTYDHI, HaTpumep,
[IN-perynaropsl, peneiHble PpEryjiasTopsl TOKa W Ip.
B namewm cimyyae U1 YIPOILEHHS PacCMOTPEHHs CHCTe-
MBI JIO3UPOBAHHOTO YIpaBlieHHs1 Oe3 yiiepda uist CyIIHO-

CTH aHalW3a MPUMEM MepelaTOuHyI0 (YHKIHMIO peryJs-
TOpa B OIIEPATOPHOM IIPEICTABICHUN B CIEAYIOIIEM BHUIE

W (p):USV(p): Kp ’ (3)
P U(p) Tp-p+l
p
rne Us, — Hanpsoxkenue murtanus;, K, — xosgduuuent
nepeslaui perysaTopa; T, — IOCTOSHHAs BPEMEHM Pery-
JSATOpA.

Onucanue mnepeaaToyHoi (YHKUMHM HEJTHMHEHHOTOo
3BeH4, 00ECIEUYMBAIOIIETO IEPEKIIOUEHIE YpOBHEH Ha-
MPSDKEHUS TPOTIOPIHMOHANBHBIX TOKY CBapOYHOTO MpPO-
[[ecca IMPe/CTaBlIsAeT HEKOTOphIE CIOXKHOCTH, B YACTHO-
CTH, NOTOMY, YTO HEIIMHEHHOCTh MMEET HECHMMMETPUY-
HBIN XapakTep.

MoxeTr OBITh TNpPEUIOKEHO HECKOJbKO BapHaHTOB
aHallM3a TaKoW HENWHEWHO# cuctembl. Hambonee mpo-
CTBIM 7 3()()EKTUBHBIM MOXKET OBITH BapHaHT C IIPHMEHE-
HHEM MaTeMaTHYeCKOro MozennpoBaHusa. OTHAKO Takoe
pelIeHne He Beera BO3MOYKHO IS IPUMEHEHHUS B KOHCT-
PYKTOPCKO# 1 0COOEHHO TEXHOJIOTHYECKON MPAKTHUKE TIPH
BBIOOpE TapaMeTPOB HEJIMHEHHOTO 3BEHA B IIETH 00part-
HOW CBSA3W, ONPEACISIOMNX XapaKTEPUCTHKH IEepPeHoCca
Karenb 3JIEKTPOJAHOTO MeTaslIa.

OcHoBHass 4vacTh. B paccmarpuBaemoil cucreme,
MyTeM MNEPeKIIOUEHUs] H3MEHSIOTCS CBA3M MEXIy dJe-
MEHTaMH B 3aBUCHMOCTH OT €€ COCTOSIHUSI, CJIEIOBATEIb-
HO, TaKyl0 CUCTEMY MOXKHO BIIOJIHE OTHECTU K CUCTEME C
nepeMeHHoit cTpykrypoii [9]. CTpykTypHas cxema Takoi
CHUCTEMBI MCHSETCS B TEYEHHE IIEPEXOJHOTO IIpoIecca
TakuM 00pa3oM, YTOOBI OOECIeYNTh KadeCTBEHHOE BBI-
MOJTHEHNE 3a7ad YIPaBICHHUS CBAaPOYHBIM MPOIIECCOM
MyTEéM BIMSHHSA Ha TEPEHOC Kamelb AJIEKTPOAHOTO Me-
taia. Cepbe3HbIM NPENITCTBUEM NMPUMEHEHHS aHAJIUTHU-
YECKHX METOJOB W BBIYHCIHTENBHBIX CPEACTB IS TI0-
cTpoeHHss A(PQEKTUBHBIX aJTOPUTMOB YIIPABJICHUSI CO-
BPEMEHHBIMU TEXHUYECKUMH OOBEKTaMHM, K YHCIY KOTO-
PBIX MOKHO OTHECTH U JyrOBbIE CBapPOUYHbIE TPOLECCH, B
TOM YHCJIE€ W C JI0O3MPOBaHHOW MOJa4yel SBISETCS MIMPO-
KHH CIIEKTP MX XapaKTepHCTHK, KaK MO COCTaBy KOMIIO-
HEHTOB CHCTEMBI, TaK U 10 BO3AeHCTBIsIM. [lepcriekTus-
HBIM METOJIOM B PEUICHUU 3a/1a4 OIHCAHWSI CUCTEM C Tie-
PEMEHHOM CTPYKTYpOU MOXKET OBITH HCIIOJIB30BaHHUE Me-
TOIWK aHAJH3a CKOJB3ALINX PeKnMOB. OTHAKO OYEBHI-
Hasl CJIOKHOCTH ITOJyYCHHS AaHAINTHYECKUX BBIPAKEHUH
JUISL 3TOTO CII0c0o0a MCCIEIOBAHUS CHCTEMBI C IIEPEMEH-
HOWM CTPYKTYPO#l TaKKe HE MOXKET ObITh IPUMEHHMA KaK B
KOHCTPYKTOPCKOH, TaK U B TEXHOJIOTMYECKOMN MPAKTUKE.

J1Ba BBIIIEOTMEUEHHBIX CII0cO0a aHaIN3a CUCTEMBI C
HEJTMHEHHBIM 3JIEMEHTOM SBIISIOTCS JIOCTATOYHO TOYHBI-
MH, OJHAaKO OYEBHMJHO CIIOKHBIMH ISl HPHUKIAIHOTO
npumeneHus. ClielyeT paccMOTpeTh INPHONIMKEHHBIC
CcrocoOBl OTYYEeHUSI MATEMAaTHIECKOTO OIMCAHHS HEIH-
Helubix 3BeHbeB [10, 11]. Pax sTux cmocoGoB paccMmoT-
pen B MoHorpaduu [12]. Ham mpencraBnsiercs, 9To Me-
TOJI TapMOHHYECKOoro OamaHca OymeT HambOoiee MpHeM-
JIeM JUIS PacCMaTpUBAeMOM CHCTEMBI YIIPaBICHUS.

Ha puc. 3 B hopmann3oBaHHOM BUJIe TIOKa3aH HEJU-
HEUHBbIM HECUMMETPUYHBIN PEJICHHBIM 3JIEMEHT COOTBET-
cTByloImii 3BeHy W, Ha puc. 2.

OueBUIHO, YTO HEJIMHEHHOCTh HEOJHO3HAYHA, YTO
JIOJDKHO OTPa3HThCS HA ITEpeNaTOYHOM (YHKIMH HElu-
HEWHOTOo 3BEHA.
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A Uy
A
! e
m'b2
< N
N 7
v Un

»

Puc. 3. ®opmann3oBaHHOE NIpeICTaBICHHE PEIEHHOTO
HECHMMETPUYHOTO 3BeHa (0003HAYEHHUE TI0 TEKCTY)

[lepenarounas (QyHKIUS HENWHEHHOTO 3BEHA IIO
puc. 3 COCTOUT U3 SKBUBAJICHTHOTO KOMIUIEKCHOT'O Iepe-
JATOYHOr0 KO3(D(HUIMEHTa, KOTOpOEC BKJIHOYACT B ceOst
MOCTOSIHHYIO COCTaBIISONTY0 F° 1 K09 HIMEHTH! Tap-
MOHHUYECKOH JMHeapu3auuu q u d

0 0 0 '

Wy = F(AX)+a(A X))+ (A), (4)
rae F° — nocrostanas cocrasisomas; A, X0 — aMILIUTYa
U CMElIeHHe IIeHTpa KojebaHuil, KOTOpble, COTJIaCHO
[10], MmoxHO OnpeneauTh KaK
by~ x°

A

+arcsin

FO(AX%) =2~
[Ipu

m~b2—xo)_
A

c .
—(arcsin
va

—m'bz,

©)

rae C, b, M — MakcuManbpHOE 3HAYCHHE PENEHHOTO M-
MyJbCa; TEPUOJ, B KOTOPHI HMITYJIBC BBIKIIOYACTCS;
4acTh MEepHOa, IPU KOTOPOH HMMITYJIEC BKJIIOYAETCS CO-
OTBETCTBEHHO

Az‘bz—xo‘, A>

0,2
q(ax)= S © 07 by O )
A A
npu
0‘, Az‘xo—m-bz‘,
G =-S2a-m),
npu
Az‘bz—xo‘ A> —m-bz‘, 7

C yuerom (4) — (7), a TakKe HECTOKHBIMH aired-
PauYeCKUMH IIPEOOPA30BAHUSAMH IMOJYYUM MPHOIUKCH-
HYH0 JIMHEHHYIO 3aBUCHMOCTb BBIXOJHOH IEPEMEHHOMU
HEJIMHEWHOTO 3B€HA OT €ro BXOJHOM NEePEMEHHOM: C Ie-
penaTtouHon (byHKuHeﬁ

= b, — x° . m-bz—xO
Wh (p) = C{ (arcsxn—A +arcsin—2 — )+
S 1—('02"‘0)2 g b —x?) ®)
_bp
T A(l m}-

Takum o0Opa3oMm, MO AEUCTBUEM TapMOHHYECKUX
KoyieOaHWi HeNMHEHHOe 3BEHO KaK Obl JIMHeapu3yeTcs U
MOXET PacCMaTpUBATHCS NPHOJIIMIKEHHO Kak JIMHEWHOe
3BeHo. Koapduumentsr q u (', yka3aHHBIE BBIIIE, MOKHO
Ha3BaTh T'APMOHMYECKUMH KOd(QUIMEHTaMH YCHIICHUS
HeNMHEHHOro 3BeHa. M3 dopmyn s xodpQuIreHToB

BiHO, uto F%, 1 ¢ 3aBHCAT OT aMIUIMTYABl BXOJHOTO
CUTHAJIA. DTa 3aBUCUMOCTh OTPaKaeT HETMHEHHBIE CBOM-
CTBa 3B€HA U M3-3a HEE€ INPHUHLUI CYNEPHO3ULUHN HENPU-
MCHUM Il TApMOHUYCCKH JIMHECAPU30BaHHOT'O HEJIMHEN-
HOTO 3B€HA.

Ilepenarounass QyHKIUS 3aMKHYTOH  CHCTEMBI
YIpaBJIEHUsI MPOLIECCOM JyrOBOM CBapKu C JO3UPOBaH-
HOW TIOZa4yeil IIEKTPOJHOW MPOBOJIOKA MOXET OBITH 3a-
MUCaHa B BHJC YPaBHECHUC B OIEPAaTOPHOH (opme clie-
IYFOIITIM 00pa3oM.

i(p) W, (p) Wy (p)-Wi(P)

= )
Uw(p) 1+W,(p)-Wy(p) Wy (p) Wi (p)
rae Uy — HarpshKeHHe 3a1aHusl.
Beenem 0003HaueHuS
D= c{l—i(arcsinbz—Jr arcsin—=—— mbp — X’
2 2n A
042 0,2 (10)
R A GO AL O
N = _bp —=—(1-m). (1)
co-A

C yuértom (1) — (3), (9) — (11) monyumM TOTHOE BBI-

pakeHue [ ONpeeNieHHs] HCKOMOW 3aBHCHUMOCTHU
M B OIIEPAaTOPHOH (popme:
Uw(p)
i(p) _
Uw(p) (12)

~ K, Kq-S
(T, p+D)-(Tg - p+1)- (T p? +To- p+K)+ K, -Kg - S(D-N- p)

Peurenvie onepatopuoro ypasuenus (12) B Bue mo-
nydeHus: aHanutuveckou 3asucumoctu i = f(Uy) mpen-
CTaBISIET ONpPEJCHEHHBIE CIIOXKHOCTH, B TOM HYHCIIE
M M3-3a BBICOKOTO mopsiaka P. Takas BO3MOXKHOCTb Mpe/l-
CTaBISIETCSl TPH KCIOJIB30BAaHUU MAIIMHHBIX CIIOCOOOB
UCCIIEIOBAaHUS M C IPUMEHEHHEM MaTeMaTH4eCKOro
MOJICITHPOBAHHSI.

CoBpeMeHHas MaTeMaTHKa He MO3BOJISET IPOCTHIMU
METOAaMH peilaTtb B O6IJ_[eM BUAC YPAaBHCHUSA BbILIC
TPEThEro MOPsIKa, MO3TOMY OyJeM HCKAaTh CHOCOOBI T0-
HIDKSHUS TIOPSKA HEU3BECTHOTO P MaKCHMAIIbHBIA IM0-
psazok kotoporo p’.

Jlnst uccneoBaHus CUCTEMBI C JINHEAPU30BAHHBIM
3BEHOM KCIIOJIB3YIOTCS HEKOTOPBIE HHKEHEPHBIC METOJIBI
pacuéroB. Ilpexxne Bcero, yuyrém, 4To NOCTOSIHHas Bpe-
MEHHU PEryJisiTopa BecbMa MaJa U MepeAaTodHas QyHKIHs
3BeHa (3) MOXKET OBITh UCKITFOUCHA HJIH BXOJWUTH B COCTAB
nepenaTouHol (QyHKIMU ¢ Kod(duIMeHToM ycuieHus,
KOTOpBIH yunThiBaeTcst 38eHOM (1). VuuThIBast M3I0KEH-
Hoe ypaBHeHue (12) MOXKHO Tepenucarh B yIPOIIEHHOM

BUJIE
i(p) _
Un(p) (13)
B Kq-S
Ty T2 PR (TR 4Ty To) PPt (Ty k+To) prk+Ky-S(D-N-p)’

HUccnenoBanne mrHeapu30BaHHOTO ypaBHeHHs (13)
OyeM BECTH C HCIIOJIB30BAHUEM OIHOTO M3 MHKCHEPHBIX
METOZI0B — 110 yacToTHOMY MeTony E.II. ITonoga.

W3 Beipaxkenus (13) ompenenum XapaKTepUCTHYE-
CKOE ypaBHCHHE
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Ty T p>+(TF+Tg - Tp) p°+
+(Tq-k+Ty) - p+k+Ky-S(D-N-p)=0.
Pasmenum ypasHenue (14), momcraBuB P = j-@ Ha

HeﬁCTBHTeHBHle U MHHUMYIO 4YaCTb KakK 3TO IIOKa3aHO
HHXC

(14)

(k+Kq-S:D-(T2+Ty-T,)-0?>=0;  (15)
Ty k+To,+Kg-SN)-wo+k-Ty -T2 -0?=0. (16)
Yacrora NMEPUOANICCKOIo Ipouecca @ onpeaciiaeT-

sl P PEIICHUH KBajpaTHoro ypasHeHus (16). uckpu-
MHHAHT ypaBHeHust (16)

Ty k+To+Kg-S-N)2-4.T4 - T2-k=0. (17)
U3 Beipaxkenus: (17) ciemyeT BaXKHBIA BBIBOA YTO

aBTOKOJIE0aHUS C YacCTOTOH @ MOTYT MMETh MECTO IpHU
YCIOBUH

Ty -k+To+Kg-S'N)224.T4-T2-k.  (18)

Omnpenenus u3 ypasHenus (15) wacrory @ w mon-
crapuB €€ B ypaBHenue (15) MOXHO ONpenenuTh M am-
IUIMTY Ly aBTOKOJIeOaHMIA.

lw, A a

Tak Kak, KpoMe BCEro IpoYero, 4acTora M aMILIh-
Ty/la aBTOKOJIEOAHMI OPENENAIOTCS M 3HAYCHUSIME Dy 1
m'bz, 4YTO HNPAKTUYCCKHU COOTBETCTBYECT MHWHHMAJIbHOMY
iw min 1 MAKCUMAIIBHOMY |y max 3HAYECHUSIM TOKA JyTOBOTO
mpoliecca, 4to B CBOIO OYEpelb OMPEIEIieT Xapakrep
[EPEHOCa JIEKTPOJHOr0 METAJUIA, OT KOTOPOTO 3aBUCST
pE3yNIbTAaThl CBAPKH C MPHUMEHEHUEM J[O3MPOBAHHOM I10-
JIauH JEKTPOIHOMN IPOBOJIOKH.

IIpoBepka nosy4eHHbIX pe3yabTaToB. OLEHKY U
JIOCTOBEPHOCTD IMOIyYEHHBIX PE3yJIBTATOB MPOBOMIIIH ITy-
TEM CPaBHEHHS OCLMJLUIOTPaMM TOKa JyTOBOTO MpOLiecca ¢
pe3yibTaTaMu, KOTOPBIC MNOJYUYCHbI IPHU MaTCMaTHUYCCKOM
MOJCIINPOBAHUN C OAMHAKOBBIMH UCXOJHBIMU JaHHBIMHU.

Ha puc. 4 mpejcraBieHbl HECKOJIBKO BapUAHTOB
HPEICTaBICHUI TOKOB M HAIPSDKCHUN TPH MEXaHU3HUPO-
BAHHOW 2JIEKTPOIYTOBOI CBApKe B Cpelle 3alIUTHBIX Ia30B
[pU [OJa4e IEKTPOAHOU MPOBOJOKH OOBIYHBIM CIIOCO-
6om (puc. 4,8) U ¢ UCITOTBE30BAHUEM AITOPHUTMOB TO3UPO-
BaHHO# momaun (puc. 4,b).

CpaBHeHHE peabHBIX
OCHMJUIOTPaMM TOKa M Ha-
MPsKEHUA C JaHHBIMH, I10-
JIYYCHHBIMU TIPpU KOMIIbIO-
TEPHOM MOJICIMPOBAHUU C
HCTIOJIH30BAHUEM cperpl
MATLAB (Simulink)
(puc. 4,C), CBHIETEIBCTBY-
IOT O JOCTaTOYHO OJIM3KOM
pe3ympTate 1o  4acToTe
mepeHoca AIIEKTPOIHOTO
MeTasa.

Ilony4yeno coBnanexue
B npenenax 10-15 % wu srto
MpUeMJIEMbIH pe3ynpTar
JJIs TEXHOJIOTUH MEXaHU3U-
POBaHHBIX W aBTOMAaTHYE-
CKHX TIPOIIECCOB CBAapKd —
HAIUIABKA C HMMITYJICHBIMU
aNTOPUTMAaMH TTOJIaYH DIICK-
TPOJHOI MPOBOJIOKHU U MOJ-
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IIpennoxennas MeToAuka pacuéra mnapaMeTpoB
paboTHl AIEKTPONPUBOLA B CHCTEME TEXHHYECKOH pea-
JU3aK criocoba CBapKH M HAIUIABKH C JIO3UPOBAHHOM
1ojlaueu 3JIEeKTPOJHON MPOBOJOKH HAa OCHOBE BBEIICHUS
peryiupyemMolt oOpaTHO# CBSI3U IO TOKY JYTOBOTO IPO-
Lecca MMeeT BECbMa BaXKHOE MPAKTUYECKOE MNpUMEHe-
HUA U TO3BOJIACT ONPECACTINTh COUCTAaHUA MUHHUMAJIBHO-
TO Iy min @ MAKCUMAITBHOTO |y max 3HAUEHHI TOKa CBapOU-
HOTO IpoLecca KOTOPbIE ONPEESIIOT YaCTOTY U aMILIU-
Tyay HUMIYJbBCOB TOKa AYIrM U B UTOIC YIIPABIIICMYIO
YacTOTy HepeHOoca Kamelb 3JEKTPOJHOTO METAJIa B TeEM
caMbIM 00€CIeunBaIOT KauyeCTBEHHBbIE IOKAa3aTelH Mo-
JIy4aceMbIX CBAPHBIX HIBOB W HAIJIABJICHHBIX CJIOCB (pa3-
OpbI3THBaHWE, TEIUIOBIOXKEHHE, (opMuUpoBaHHUE, TMPO-
TUTABJICHWE, 3aTPaThl JIIEKTPOSHEPTHH U Ip.). DKCIEpH-
MEHTAJIBHBIM NyTEM BBIOpPAaTh IapaMeTphl YCTaHOBOK
00paTHOH CBSI3M AOCTATOYHO CJIOXHO, TaK KaK Ha Mpak-
THUKE MIPUMEHSIOTCS Pa3IMIHbIC THIBI M THAMETPHI AJICK-
TPOJHOW TNPOBOJOKH, HCIONb3YIOTCS Pa3HbIE PEXKUMBI
MIPOLIECCOB H [Ip.

BriBoabI.

1. Cucrema ynpaBiieHUs IPOLIECCOM JYyTOBOH CBapKH
C JI03UPOBAaHHOM HUMIIYJIbCHOM MoOJayel 3JIEKTPOAHOMN
MPOBOJIOKH, BKIIOYAIOMags B ce0si MaTeMaTHIecKoe
MpeACTaBICHUE IPOLEcca CBAapKH, COAEPKUT CYLIECT-
BEHHO HEJIMHEHHOE 3BEHO B LM OOpaTHOM CBS3M 110
TOKY AYTOBOTO IIPOIIECC, KOTOPOE TSI MCCIICIOBAHHSA
CHCTEMBI MOXeET OBITh JInHeapu3oBaHo. [Ipu sTOoM mus
3a1a4 BBIOOpa MHapaMeTpoB YIIPABICHHS IEPEHOCOM
JJEKTPOAHOTO MeTajula HanOojee NPUMEHHM METOX
FapMOHHMYECKON JIMHEAapU3alMu, IPU KOTOPOM HEJMHEH-
HBIA DJIEMEHT MOXET OBITh IPECTAaBICH HECUMMETPUY-
HBIM pEJIEHBIM 3BEHOM.

2. VccnenoBanne pa3pabOTaHHOW CHUCTEMBI YIpaBie-
HUS 11e7Ieco00pa3Heil BCero MOJKHO BECTH HCIOJIB3YS Me-
TOJbI OINCPANMOHHOTO UCHUCIICHUSA, TPUMEHCHHUEC KOTOPO-
r0 TO3BOJSECT MOJIYYHTh HPUMEHHMBIE B KOHCTPYKTOP-
CKOM M TEXHOJIOTMYECKOW MPAKTUKE PE3yJIbTaThl, U OIpe-
JIeNIAIONINE PE3yJIbTaThl [yTOBOTO IpolLecca.

3. IlpoBepka NPUMEHEHHBIX METOJIOB HCCJICIOBAHMUS
pa3paboTaHHON CHUCTEMBI YIIPaBJIEHHS ITPOLIECCOM CBAPKH
C TNpPHUMEHEHHEM JO03MPOBAaHHON IOJa4yM 3JIEKTPOAHOU
MIPOBOJIOKH, TPOBEAEHHAS C NMPUMEHEHHEM KOMIIBIOTEp-
HOTO MOJCIUPOBAHUSA WM TOITYYCHHEM XapaKTepHBIX OC-
IJIIOrpaMM MOATBEPKIACT aJEeKBAaTHOCTh BBIOPAHHBIX
METOJIOB MCCIICIOBaHUS

Kon¢aukt uHTepecoB. ABTOPHI 3agBISAIOT 00 OT-
CYTCTBUH KOH()JIMKTa HHTEPECOB.
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On the solution of the problem of synthesis of the control
system for the process of dosed feed of electrodewirefor arc
welding equipment.

Goal. Refinement of the methodology for the development of an
effective control system for an electric drive with controlled
relay-type regulators for organizing a metered feed of an elec-
trode wire using the parameters of the arc process with the pos-
sibility of using it in design practice and practice of technologi-
cal application. Methodology. The proposed method for the
mathematical description (mathematical model) of the system of
the developed structure electric drive - arc process with current
feedback of welding with a variable structure device is based on
the theory of automatic control as applied to nonlinear ele-
ments, the application of the theory of operational calculus. At
the same time, a selection and description of a nonlinear node in

the feedback circuit in the form of a relay element with a certain
structure and subsequent linearization of this element was made.
As an electric motor of the electrode wire feeder, a new devel-
opment of a specialized valve electric motor is used, which is
used in the system with a microprocessor controller. Results.
Due to the presence of a substantially nonlinear link, the calcu-
lation of the valve electric drive system — the arc process can be
found on the basis of a system of nonlinear differential equa-
tions, which is practically impossible for practical application.
In this work, these complications are overcome on the basis of a
rational choice of the description of the nonlinear link, its har-
monic linearization and obtaining on this basis a mathematical
description of the system, from which, using the methodology of
operational calculus, the relations necessary for calculating the
parameters of the system are determined in analytical form.
Originality. The problem of calculating a rather complex prob-
lem of mathematical description of the valve electric drive sys-
tem — a technological link in the form of an arc process with a
substantially nonlinear link in the feedback circuit in the work is
solved with the effective use of a set of methodological methods,
which include as a means of representing individual links, in-
cluding nonlinear links selected simplifications and solutions of
the obtained differential equations using original methods of
operational calculus. The proposed method (mathematical
model) is tested in two directions — oscillography of a real sys-
tem, as well as system simulation. Practical significance. Using
the developed methods for describing the control system, it is
possible to calculate its characteristics and, on their basis, se-
lect the parameters for setting the electric drive controller,
which allows, without additional experimental research, to ob-
tain the necessary character of the transfer of electrode metal,
and, consequently, the quality of the result of the arc process.
References 12, figures 4.

Key words: welding process, electrode wire, pulse feed,
control system, mathematical description, calculation.

26 I SSN 2074-272X. Enekmpomexnixa i Enexmpomexanixa, 2021, Ne 1



Cunoea esleKmpoHika
UDC 621.314

doi: 10.20998/2074-272X.2021.1.05
F. Slama, H. Radjeai, S. Mouassa, A. Chouder

NEW ALGORITHM FOR ENERGY DISPATCH SCHEDULING OF GRID-CONNECTED
SOLAR PHOTOVOLTAIC SYSTEM WITH BATTERY STORAGE SYSTEM

Purpose. In last decade the problem of energy management system (EMS) for electric network has received special attention from
academic researchers and electricity companies. In this paper, a new algorithm for EMS of a photovoltaic (PV) grid connected
system, combined to an storage system is proposed for reducing the character of intermittence of PVs power which infect the
stahility of electric grid. In simulation model, the PV system and the energy storage system are connected to the same DC bus,
whereas EMS controls the power flow from the PV generator to the grid based on the predetermined level of PV power. In the
case where the PV power is less than the predefined threshold, energy is stored in the batteries banc which will be employed in
the peak energy demand (PED) times. Otherwise, it continues to feed the principal grid. The novelty of the proposed work liesin
a new algorithm (smart algorithm) able to determine the most suitable (optimal) hours to switching between battery, Solar PVs,
and principal grid based on historical consumption data and also determine the optimal amount of storage energy that be
injected during the peak demand. Methods. The solution of the problem was implemented in the Matlab R2010a Platform and the
simulation conducted on Laptop with a 2.5 GHz processor and 4 GB RAM. Results. Smulation results show that the proposed
model schedules the time ON/OFF of the switch in the most optimal way, resulting in absolute control of power electric path, i.e.
precise adaptation at the peak without compromising consumers comfort. In addition, other useful results can be directly
obtained from the developed scheme. Thus, the results confirm the superiority of the proposed strategy compared to other
improved techniques. References 14, tables 1, figures 12.

Key words. PV generator and maximum power point tracker (MPPT), inverter, battery storage, management and control
strategies, injection of energy.

Mema. B ocmanne Oecsmunimms npobnemi cucmemu enepzomenedxcmenmy (CEM) ons erexkmpuunoi mepesici npudiianacs
ocobnusa ysaza 3 60Ky HAYKO8Yi6 ma eleKmpoeHepeemudnux Komnanii. Y yiti pobomi npononyemuca nosuti areopumm oaa CEM
domoenexmpuunoi (QPE) cucmemu, niokmouenoi 0o mepedici, 06'cOHAHOI 3 CUCMEMOI0 HAKONUYEHHS eHepaii Ol 3MeHUleHHs.
xapaxmepy nepepuguacmocmi nomyoxucnocmi @E cucmemu, wo enausac na cmabirbHicmy enekmpuuHoi mepedsici. YV
pospaxyHukogii moodeni OF cucmema ma cucmema HAKONUYEHHS eHepeii nioKaoueHi 00 OOHiel i miel dc wuHu NOCMItIHO20
cmpymy, mooi sik CEM xepye nomoxom nomyacrocmi 8i0 @E ecenepamopa 00 mepesici na ocrogi 3a30ane2iob 8U3HAYEHO20 PigHs.
nomyscnocmi @PE. Y momy eunaoky, konu nomyxcnicme QE menuie 3a30a1e2iob 6U3HAUEH020 NOPO2Y, eHep2is HAKONUYYEMbCA 6
bamapesx aKymyasamopie, wjo 0yoe GUKOPUCHMAHO 6 YACU NIKOBO20 nonumy Ha enepeilo. B inwomy eunaoxy @E npoodosscye
orcusumu  ocnogny mepedxcy. Hoeusna sanpononosanoi po6omu nonseac ¢ HOGOMy ancopummi (PO3YMHOMY ai2opummi),
30amHOMY GU3HAUUMU HAUOLIbW NIOX00Awi (ONMUMANbHI) 200UHU OISl NEPEMUKAHHSL MIdC aAKyMYAAmopom, consunumu OE ma
OCHOBHOIO Mepedicelo HA OCHO8I OAHUX Npo ICMOPII0 CHOJCUBAHHA, A MAKOJIC BUSHAYUMU ONMUMANLHY GeIUYUHY eHepeil
HAKONUYeHHsL, WO 8600UMbCsL Ni0 Yac nikosoeo nonumy. Memoou. Po3e' sizanns 3adaui 6yno peanizoeano na niamgopmi Matlab
R2010a, a mooeniosanna nposedeno na noyméyyi 3 npoyecopom 2,5 I'Ty ma 4 I'B onepamuenoi nam'smi. Pezynomamu.
Pesynomamu moO0ent06ants nOKA3yOmMb, Wo 3anpPONOHO8AHA MOOelb HAUONMUMANbHIWE WIAHYE YacC YGIMKHEHHsGUMKHeHHs
BUMUKAYA, WO NPU3800UMb 00 ABGCOTOMHO20 KOHMPOIIO NOMYICHOCMI WLIAXY elleKmpoenepeii, mobmo mounoi aoanmayii Ha
niky 6e3 wkoou 01 komgpopmy cnodcusauis. Kpim mozo, 3 po3pobnenoi cxemu modxcha 6e3n0cepedHb0 ompumamu iHuL KOPUCHI
pesyromamu. Taxum uunom, pe3yibmamu niomeepodicyloms nepeeazy 3anponoHo8anoi cmpameeii NOpPiGHAHO 3 [THUUMU
60ockonanrenumu memooamu. bion. 14, tabn. 1, puc. 12.

Kniouosi cnosa: ¢oTOeNeKTPUYHMII TeHEPATOP Ta TpeKep TOYKH MAKCUMAJIBHOI MOTY/KHOCTi, iHBepTOp, aKymyJsiTop,
cTparerii ynpaBJiHHS Ta KOHTPOJII0, BIOPCKYBAHHS eHeprii.

I ntroduction. The photovoltaic (PV) technology has
the reliability to become potentially one of the most
important renewable energy sources for future electricity
supply, Also under the implementing effective and
efficient policies that attract sufficient investments to
deploy renewable energy sources [1]. Also, the PV
generators are environmentally friendly as that don't
contribute air, water or greenhouse gas pollution [2].

The large-scale ingtalation of photovoltaic
distributed generators (PV-DG) connected on the low
voltage grid; it requires more attention due to its impact
on the electric grid. Because, high integration bring some
negative impact on the system such as reverse power
flow, voltage rise, transformer and cable rating, voltage
unbalance and increase power losses [3].

A previous study also proved that the main factors
for integrating renewable energy sources (RES) such as
solar energy into the modern electricity grid are climate
change [4], and due to the intermittent nature of solar
energy, Therefore there is a difficulty in accurately

predicting the power product by the PV-DG, then is
injected to the grid.

A wide range of solution measures have been
suggested in severa literary works to reduce problems
arising from by large scale PV integration into power
grids [5]. In a paper [6], the author explains the
accelerated energy transition using new datasets
renewable energy data. Technological advancements in
control and communication schemes lead to the
modernity of the smart grid, and the role of the smart grid
and the development of communication between devices
and data analytics are very important in the effective and
successful implementation of the proposed solutions.

It is recognized that the burden of voltage regulation
fallsin the PV producers, this requires the use of a smart
grid that relies on Smart Meters to acquire and monitor
the electrical signa characteristics signal during the day
[7]. The suggested solutions to reduce voltage deviations
problem is to constrain the PV generation during the

© F. Slama, H. Radjeai, S. Mouassa, A. Chouder
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lower energy demand. However, this solution it's not an
appropriate ones, because leading to lost revenue to the
producer resulting in limitation into increasing PV
penetration. To avoid such solution, it is required of the
PV producer using the storage system [8] in an effort to
prevent leakage of this energy [9]. The authors in [10]
present a study about a PV-battery energy storage system
installed in a grid-connected residential house wherein
daily experimenta results shown that the presence of
energy storage system has positive effect by reducing the
peak energy demand (PED) in midday feed-in of excess
PV power, thus providing benefits to the distribution
network in terms of reduced pesk load and voltage
swings.

In view of aforementioned researches, we can see
that amost of them rely on a permanent and accurate
communication protocol and these clashes with the reality
and capabilities of some rural families or poor countries
as they using an unreliable communication network. This
makes it difficult to implement the solution with the
extreme precision suggested by previous authors. So an
aternative solution was proposed in this paper, as the
process of communication protocol for data entry has
been facilitated, and it helps to expand the presence of
photovoltaic energy within the energy system in rural
areas and developing countries in particular.

This paper aims to present more discussions to
create different models having ability to adapt with the
conditions and possibilities available. The methodology
consists of finding the optimal way to limit to feed the
grid by the intermittent energy and to mitigate the impact
of intermittence of PV power. In addition, the proposed
algorithm is used to adjust the energy value which fed the
grid by constant value within period's time despite
constant changes in the atmosphere. For this purpose, the
PV system and the energy storage system are connected
to the same DC bus Fig. 1.

Load curve data

Solar Energy_, ..

Wi

N -l
E w/m z requested per day

Calenl Control and Manacement aloarithm 1. A

Tinverter

Load =
Grid

Battery

Fig. 1. Schematic of the system model illustrating the main
components and energy

Among these positives, it also reduces the possible
scenarios of grid-connected photovoltaic with storage-
battery of home consumption as a fixed PV matrix size of
3 kWp. In the case where the PV power is less than the
predefined threshold value, the energy is stored in the
batteries bank, which will be used during PED hours. In
the other case, it continues to feed the main grid. It is

worth to mention that in this work, we are not interested
in studying the capacity of battery storage; detailed study
of battery storage are can be obtained in [11].

Modeling and simulation of the system and
developed algorithm.

Photovoltaic module modeling system. Numerous
models have been developed in the literature for
describing the behavior of solar cells; a special attention
has been focused on the single-diode model. Basically,
the PV cell is a p-n junction semi-conductor which
directly converts light energy into electricity. Its
equivalent circuit is presented in Fig. 2 [12], in which
indicated: Iy, is the generated photo-current; Vp is the
voltage of diode VD; Ry, is the shunt resistance which
usualy very large can be neglected; R is the series
resistance of the PV module; |4 and V.4 are respectively
current and voltage of cell.

® "Wl e

Fig. 2. Equivalent PV cdll circuit

In order to extract maximum energy from the
photoelectric cell shown in Fig. 2 and to get shape of the
injected current into the grid, it's necessary to calculus the
coordinates of the maximal power point (Vmgp, |mpp)-
Mathematically it can be defined by the following
equations [13]:

Impp:NP'[lm“'EE"'Kt(Tc_Tn)J; (1)

n

Vipp = Ng .[vt ~In[1+|scl_lnw~[exp[\\/;’°j—ljj— Ryl mpp}(2)
C t

where N, is the parallel cell number; N; is the series cell
number; |, is the reference short circuit current; E is the
irradiation (W/m?); E, is the normalized insolation; K; is
the temperature coefficient of cell short circuit current I
T. is the cel temperature; T, is the normalized
temperature; R; is the series resistance of the PV module;
V, isthe thermal voltage; V. is the open-circuit voltage:
W= @

voc=ﬂ'|n['ic+1j; 4
q lo

3
(T} od 3B (1 1
(] o252 1) o

where K is the Boltzmann's constant; B is the diode
quality factor; q is the charge of an electron; |, is the
saturation current of diode are given by [12]; |y is the
reverse saturation current; E; — energy band gap.

To assess the behavior and simulation of the
proposed system we have utilized the real data have been
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obtained from an acquisition system available in the
Renewable Energy Development Center (REDC) in
Algeria, asillustrated in the Fig. 3. The data used here are
based on the real data of solar insulation and temperature
of one day for both winter season and summer. In our
application, module Isofoton 106 Wc is used as PV
generator. Table 1 summarizes the manufacturer
characteristics of module, in which V4 is the maximum
grid voltage; # is the inverter efficiency; Ly, R are the
inverter parameters.

Fig. 3. Synoptic total of the system acquisition
(GPIB — general purpose interface bus; Tqy, — ambient
temperature (°C); Gy p — global horizontal irradiation;
Gic and G, —inclined irradiation; Vpc, mes— DC link voltage
measured; Vac, mes —AC voltage measured; Ipc, mes— DC link
current measured; | acmes —AC current measured)

Tablel
Simulation parameters values
Parameters Vaues Parameters Values

En 1000 W/m? K, 23102 A/l°C
Tn 298 K Rs 0.1532/36 Q
I 6.69/2 A K 1.38.102 JK
Voe 20.32/36 V N 540

lor 1.406-107/2 A N, 4

. 6.03/2A Ly 0.02H

E, 1.12eV R 0.02Q

q 1.602-10° C Vinax 220+/2

B 13 n 0.95

Inverter modeling. The inverter connected to a grid
receives the DC current from PV plant and converting it
to AC current to inject in electric grid with unity power
factor. A simplification has been introduced to the
inverter model. The full bridge DC-AC converter is
modeled as current controlled voltage source where the
harmonic content is ignored. Fig. 4 shows the schematic
diagram of grid connected inverter. The key variable for
controlling this operation is the voltage of inverter (Vin,).
Theinverter current (I5) can be written as

Vinv _Vac

lg=—"r—5, 6
g iLro (6)

where Vi, is represent fundamental component of inverter
output; Vy is the utility grid waveform; o defines angular
frequency of the voltage vector.

Inverter

VLf

@ v o] el

Fig. 4. Grid connected inverter

Smulation of the PV grid inverter.

The implementation of this system in MATLAB
platform that the behaviour schematic of PV grid
connected inverter is presented in Fig. 5. In this case
indirect current control is used for drawing a reference I
current that must injected to the electric grid is calculated
according the power produced from PV generator model
and modelled as a controlled current source. The
amplitude of current that inverter drawing in from
continuous source is deduced by the power balancing
principles[13].
201V

lg =

)
Vmax
where |, and V,,, represent the coordinates of the maximal
power point.

i
"l
Node_Vinv

1
15
|

{
1

Fig. 5. Matlab schematic of PV grid connected inverter

Proposed algorithm. A magjor reason for grid data
unavailability and transparency shortfall is data
accessibility [14]. On the other hand, the input data
needed by grid models or so-called grid data and their
demands highly variant depending on the type of the grid
model used. In this paper we focused only at the Load
Curve Data required within day. Fig. 6,a,b confirms that
energy demand has nearly stable during of both monthly
and seasonal periods. Thus, in order to fulfilling the gaps
of data accessibility, the monthly load curve, which
represents the inputs data of agorithm is obtained by
using 30 daily load curves. The proposed agorithm can
be summarized in adiagram asindicated in Fig. 7.

The work of the algorithm consists of several steps.

The first step to determine the time corresponding to
the PED, within winter season there is only one peak of
energy demand named T, but at season summer, there
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is one off-peak hour between 2 on-peak hours demand, The third step consists to identify discharging time
named, Tminz, Tmaxt @Nd Traxe respectively. These peaks of battery according to the signal provided by the

are calculated using algorithm shown in Fig. 8. algorithm.
The second step is dedicated to find right time for
charging the battery.
The average day in the month for load curve data requested The average day in the month for load curve data requested

: - ; : 15000 , ; 1 :
12000 January day i i ‘

: : : : . May day
R0/ V) SRS HSSSSORRSNS SHSOSUSPHOS SIS SO Fibruary day

‘ March day

June day
o :
o : July day
4000 - -{ —— October day
November day
L e
—— December day
ol i i i i 0 i i i
4 9 14. 19 24 0 4 9 14 19 24
time (h) time (h)
a b

Fig. 6. Daily load curve data

In Figures are indicated:
sbat_Dischar_Tmax1 status switch
for the battery charge at Traxa;
Delta t T1 rest the rest hours of
capacity in the battery witch
discharged at Taxi;
sbat_Dis_Tmax2 status switch for
the battery charge at Tpaxo

Fig. 7. Diagram of different stages of the algorithm
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Fig. 8. Algorithm to define the time for Tra, Tmaxe and Thins

Based on the data acquisition system using in
Algerian Renewable Energy Development Center
(AREDC) can extract a profile of solar radiation during a
day, which contains 1440 (24 h x 60 min) values of solar
radiation, so that each minute in day represent a value of
solar radiation as operation point. in other side, the
simulation time required during 1440 operating points is
Tanaxs IN the same way we can determine ssimulation time
in seconds that correspond of one value of solar radiation,
(i.e., one operating point corresponding to a real single
minute in day); thus, we can identify the real time in
minutes X and hours h at any moment of simulation time.
To this end, the proposed smart algorithm can easily
managing the maximum and minimum peaks of energy,
as well as staring time of charging and discharging
batteries.

Follow calculate the power that will be stored in the
batteries:

AP =Ry pp_pv ™~ Road if

AP =PFnpp_pv

Prpp_pv > Road (8);
if  Prnpp_pv <Road (b);

(8)

X=¢-t, 9)
where t is time of simulation; Py oy 1S the maximum

power generated by the PV generator
Xmax

= e (10)

TSmax

re=rem (X,60), (11

where rem indicates of remainder after division; Tgm 1S

the maximum simulation time; X, iS the maximum
operating minutes.

ho (X-re). (12)
60
Calculate the battery current | patery T,
AP .
| battery T 1= if h< Thaxa- (13)
Vev
Calculate the total battery current before Taa
ibat_T, =COEF x " lpattery 7 - A'h. (14)

Calculate the battery current I patery T,
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AP .
| battery T, :V_ if h> T - (15)
PV
Calculate the total battery current after Traa
I lbat T, =coef Z I battery T, A-h. (16)

Calculate the hours of capacity in the battery before
Tmaxt that will be discharged by the value of current I

Tipat_T1

hours= floor ; an

le

T
(% - hours] . 60( , (18)
C

where term floor () denotes the nearest integer less than or
equal to hours or minutes.
Calculating At_T; isthe time of battery discharge
At _T4 =hours- 60+ minute. (19)

Calculate the hours of capacity in the battery after
Tmaxt that will be discharged by the value of current I

minute= floor

T
hours= floor [Tz | ¢ Tmax1 20;
i (20)
. Tibat T, . _
minute = floor I——hour 60 if Thaxa =0
Cc
T T
hours = floor | that, T2 ¥ Wbt T, if Tax1 =0
c (21)

. Tibat 71+ Tibat_T ,
minute = floor| ————=

—hour)G({ if Tmax1 =0

Calculating At_T, isthe time of battery discharge
At_T, =hours- 60+ minute. (22)

c

Resultsand discussion.

PED emerges as a phenomenon which epitomizes
the relevance of social practices which lead us to our
understanding of the dynamics of energy demand is the

40 : ‘
lg selected ; ;
with algorithm IP4E ! !

35 g selected |

— without |

30 algorithm |

—_ Hour (h)
< P Period
9 25 | | |
8 | | |
g S e
QL 20F---- [ i o
(8] | [ 1
2 i P2 ,,J
< ! 1
Q15 ---- S
3 Co
(@] 1
P11 |
10— -
Cd
| 1
5l - e (R
i |
: |
0 ‘ ‘
0 5 10

time (s)
Fig. 9. Simulation shape of injected current |4

position that the timing of energy demand is determined.
It has been defined of PED times by using the smart
algorithm, through the data base as shown in Fig. 4,
which represents the energy demand curve for days for
months of the year. For example, in January, we find that
Tiaxe = 19 h, Trins = 16 h, and in June we find that Tpaa =
14 h, Thae =22 hand Tring =19 h.

Simulation results for typical days, sunny and
cloudy in the summer and winter, respectively. The value
I which represents the value of current when the battery
is discharged is choosed in a proportional to the current I,
produced by the PV generator when the solar radiation E
is equal to the threshold Eg, in order to maintain the same
size of electrical wires. As for the choice the threshold of
solar radiation Eg, it is related to the storage capacity of
the batteries, taking into account the cost, but in this study
it was an experimental direct choice.

Simulation results by using the data of a day in
the summer. Based on the daily load curve data for
energy-consumption pattern illustrated in Fig. 6 and the
weather conditions, we obtained the results presented in
the Fig. 9 and Fig. 11, in which illustrates the different
energy flow scenarios produced by the PV generator, over
time periods determined and with different quantities,
according to the solar radiation profile and the value of
the energy stored in the batteries shown in Fig. 10 and
Fig. 12.

Simulation results by using the data of a cloudy
day in the winter. From Fig. 9 Period 1 it can be seen
that before 06:52 AM, the value of the current | is equal
to 0, which means that the photovoltaic generator (PVG)
does not produce any energy due to the unavailability of
sunlight; during this period the local load is totally
supplied from public electric network, so 14 = 0.

Period 2 within the interval time 06:52 am — 11:00
am, the PV G charges battery by current I,, and supply the
local load by energy, 0 Ig = lpy — Iy = ljgag-

5 | — Switch Battery Charge
s 1----- - + - - = I— == - —
= I I I I I
%) I I I I I

0 L 1 L 1 L
,_\20 T T T
< | | | | Battery
w100 ---- < BT ——-=-—
8 | ‘/ | |
= L IN
< 40 \ \
s I I
® 20r---- ‘r ******* T
= : : Total | battery
= 0 . ‘

2 T
< ! Switch Battery Discharge
5} I
=2 1r---- e e e o S - -
= I I I I I |_|
(2 I I I I I

0 L L L L L |
~ 30 ; :
< I I I I I
S, 0 b e
~ I I I I
[2)
£ 10 ---b oo cdpar et T
o I I I I
< 0 I | | I I

0 5 10 15 20 25 30

time (s)
Fig. 10. Switch of control for simulation current of battery
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Ig selected with algorithm
Ig selected without algorithm
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Fig. 11. Simulation shape of injected current |

Period 3 during 11:00 AM to 14:00 the local load is
covered by PV G and the excess energy is injected into the
network, because the solar radiation exceeds his threshold
Eq. In addition, herein the battery is focused only to store
intermittent energy causing from the weather conditions,
or the solar radiation is inferior to his threshold, so
lg=lp.

? F;:’eriod 4 in the time domain of from 14:00 to 15:47,
the PV G feeds the local load and contributes with battery
to inject energy into the electrical network in coinciding
with the time T4, the conjunction of PV systems with
batteries enables as additional increase energy, so
lg=lpv+ Iy

Period 5 within the interval time between 15:47 to
18:21, the PVG is charging a battery and the local load
feed also, Wherelg: Ipv_lb: l0ad-

Period 6 the time interval between 18:21 to 21:13,
the PVG doesn't generate eectricity, due to the total
absence of sunlight, so in this case the local chargeis feed
from the public network, so Iy = I, = 0.

Period 7 in the last case, between 21:13 to 22:47, the
battery are discharged into the public network in
conjunction with Ty, time, so the current Iy = |,

Figure 11 shows that over the course of the day,
period 2 through 07:00 to 14:15 all the intermittent energy
produced by the PVG is stored in the battery without
resorting to feeding the grid with this fluctuating energy.
In the end, this strategy was able to supply the main grid
with energy during the peak, within a specified time
interval period 4 between 17:30 to 20:20, which lead to
facilitate the monitoring of the network's stability.

Conclusions.

In this paper, a new management scheme based on a
system behavioral approach is proposed with a novel
power flow management strategy to grid-connected PV
system smart scheme, based on the real load curve data.

It is shown that the demand for energy is relatively
stable within a month, which allowed us to understand the

N
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| | | |
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[

=
o

)]

T I bat (Ah) I bat (A
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2 :
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z l l l l l
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=3 | | | |
_8 | | | |
O | 1 | | 1
0 5 10 15 20 25 30
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Fig. 12. Switch of control for ssmulation current of battery

dynamics of energy demand and we developed a novel
strategy to facilitate the communication between the
distributor of electricity dispatcher and the producer of
energy generated by solar panels, so that the defect
existing in this type of generator is corrected.

The proposed strategy describes how to exploit the
power produced from PV generator based on determining
the solar radiation threshold that is relied upon in
specifying the energy path, either directly injected into the
network or stored in order to inject later as per schedule
given by algorithm.

This study not only alowed us to anticipate and
estimate the amount of energy that will be injected into
the network, but also to define the appropriate schedule
for injection, supplying the network with energy at the
peak energy demand times, in avoiding to supply
intermittent power into network even under bad weather
conditions. On the light of the obtained results, it would
be very helpful and facile to control the stability dispatch
in power networks. More importantly, the proposed
strategy reduces the negativity of the intermittent nature
of solar-energy, which encourages widespread investment
in solar power generators.
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In)xeHepHa ennekmpodgbizuka. TexHika cunbHUX eJIeKmpPUYHUX ma Ma2HimHux noiJiie
UDC 621.327.7 doi: 10.20998/2074-272X.2021.1.06

K.V. Korytchenko, O.V. Shypul, D. Samoilenko, |.S. Varshamova, A.A. Lisniak, S.V. Harbuz, K.M. Ostapov

NUMERICAL SIMULATION OF GAP LENGTH INFLUENCE ON ENERGY
DEPOSITION IN SPARK DISCHARGE

The aim of the work is to study the influence of the length of the spark gap on energy input into the discharge channel during its
gas-dynamic expansion. Methodology. The research is carried out by numerical modeling of the process of spark discharge
development at variable values of the discharge gap length and at invariable other discharge conditions. The length of the gap
was set in the range from 1 mm to 20 mm. The study was conducted using a humerical model of spark development, which takes
into account the processes of nonstationary gas-dynamic expansion of the spark channel, the transient process in the electric
circuit, nonequilibrium chemical processes, gas ionization, heat transfer and electrons thermal conductivity. The simulation
was performed in atmospheric pressure nitrogen. The calculation was performed for various parameters of the RLC circuit,
such as capacitance, inductance, resistance and voltage across the capacitor. Results. The study evaluates the influence of the
spark length on the discharge current, the resistance of the spark channel, the energy deposited in the spark channel, and the
distribution of thermodynamic parameters of the gas during the development of the spark discharge. It is confirmed that
increasing the length of the gap increases the resistance of the spark. The deviation from the linear relationship between the
deposited energy or the radiated energy and the length of the spark gap is estimated. Scientific novelty. A linear relationship
between the gap length and the deposited energy is revealed when the total energy is above tens of Joules. Deviations from the
linear dependence were detected in the discharge circuit when the total energy is below one of Joules. Practical value. The
research results allow predicting the effect of the spark gap length on the energy input into the discharge channel under
conditions of a slight change in the discharge current. In the conditions of essential change of amplitude of discharge current it
is expedient to apply numerical researches for specification of changes in the energy deposited into a spark discharge.
References 31, table 1, figures 13.

Key words: spark discharge, energy deposition, gap length influence.

Memoro pobomu € 00cniOdNHCeHHsT GNAUBY OOBICUHU ICKPOBO2O NPOMIJICKY HA 66e0eHHs eHepeil 6 po3psAOHUL KAHAL Ni0 4ac 1020
2az00unamiynoz2o posutupenns. Memoouka. [ocniodcenns 30iUCHEHO WIAAXOM HUCENbHO20 MOOENIO8AHHA NPOYecy pPO36UMKY
iCKp0o68020 pO3psA0Y 30 GIOMIHHUX 3HAUEHb OOBMHCUHU POPAOHO20 NPOMINCKY MdA 34 He3MIHHUX THWUX YMO8 po3pady. [Josxcuna
npomisicky 3adasanace 6 medcax 6i0 1 mm 0o 20 mm. Jocaiodcenns nposedeHo 3 UKOPUCTIAHHAM YUCENbHOI MOOeN PO36UMKY
ickpu, w0 6paxoeye npoyecu HeCmayioHapHo20 2a300UHAMIYHO20 PO3UIUPEHHs ICKPOBO20 KAaHANYy, nepexioHuli npoyec 6
eNeKMPUYHOMY KO, HepIBHO8AdCHI XiMiuHi npoyeci, iOHI3ayito eazy, Meni00OMiH SUNPOMIHIOBAHHAM MdA eNeKMPOHHOIO
mennonposionicmro. Moodenosannsa 30ilicHioganoce y aszomi ammocgeprozo mucky. PospaxyHox npoeoouscs 0aa pizuux
napamempie RLC kona, maxux ax emuicmv, iHOYKmugHicmov, onip i Hanpyea Ha emuocmi. Pesynemamu. B pesyrvmami
00CHI0JCEHHsT OYIHEHO BNIUE O0BIICUHU ICKPOBO2O HA PO3PSAOHULL CMPYM, ONIP ICKPOBO2O KAHANLY, €Hep2ilo, W0 GUOLIAEMbCS 6
iCKpoBOMY KaHai, ma po3noodii MepMOOUHAMIYHUX NAPAMEmMPI8 2a3y nid Yac po3eumKy icKpogoz2o pospsdy. I[liomeepocero, uo
30IMbUIEHHS O0BIHCUHU RPOMINCKY 36inbutye onip ickpu. OyineHo 8IOXUNeHHs 810 NIHIUHO20 CHIGBIOHOUEHHS MIJIC eHep2Iiel0, Wo
BUOLNIAEMbCSL, ADO eHepP2Icio, WO SUNPOMIHIOEMbCSL, MA O0BACUHOIO ICKP0B8020 npomidxcky. Haykoea nosusna. Y pospsonomy xoui
i3 HAKONUYEHOI0 eHepP2ieI0 NOHAOD 0eCAMKU 0XHCOYVII8 BUABNEHO JIHILIHY 3ANEHCHICMb MIHC 008ICUHOTO NPOMINCKY MA eHepeicio, o
8UOINAEMBCA Y HbOMY. Y pO3pAOHOMY KOJI i3 HAKONUYEHOIO eHepeicio 00 00HO020 OXCOYIA BUABNEHO GIOXUNEHHA IO NiHIUHOI
sanexcnocmi. Ilpakmuune 3nauenmnsa. Pesynemamu Oocniodcensb 00360JA10Mb NPOSHO3Y8AMU 6NAUE OO0BXUCUHU ICKPOBO2O
NPOMINCKY HA 86€0eHHs eHepaii 8 PO3PAOHULL KAHAN 8 YMOBAX He3HAUHOI 3MIHU PO3PAOH020 cmpymy. B ymosax cymmeeoi sminu
amMnaimyou po3apsioHo20 CIMpPYMY OOYIIbHO 3ACMOCO8Y8AMU YUCETbHI O0CHIONCEHHs OISl YMOUHEHHs. 3MIH 8 eHepell, uo 6600UmbCs
6 ickposuii po3pad. bion. 31, Tabn. 1, puc. 13.

Kniouogi cnoea: ickpoBuii po3psii, BBeleHHsI eHeprii, BIIUB JOBKUHH NPOMIKKY.

Introduction. Spark discharge is used in various
devices where the length of the spark gap can vary in a
wide range. The variation of the spark gap length results
in the change of the spark channel resistance and it affects
the discharge current. Finally, a change in the length of
the spark gap leads to a change in the energy deposited in
the spark discharge.

Resistance of an electrical conductor of a uniform
cross section and conductivity is directly proportional to a
length of the conductor. Therefore, an increase in the
length of the electrical load leads to alinear rise in energy
released in the load when a discharge current is the same.
If the resistance of the discharge circuit significantly
exceeds the resistance of the load, a change in the length
of the load practically does not affect the discharge
current. Thus, in a first approximation, there is a linear
relationship between the load length and the energy

released in the load when the mentioned conditions take
place. But the spark channel is an electrical conductor in
which the cross section and conductivity change during
the expansion of the spark channel. The discharge current
determines the process of the spark channel expansion
and, accordingly, affects the distribution of gas
conductivity over the cross section of the spark channel.
At the same time, the development of the discharge
current depends on the resistance of the spark channel. As
a result, the energy deposited into the spark channel
deviates from a linear dependence on the spark gap
length.

The study of the influence of the gap length on the
deposited energy is important from a practical point of
view. This is because spark energy affects the reliability
of combustible mixtures ignition [1]. The energy of a
spark discharge affects the detonation initiation process in
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a detonation devises such as a pulse detonation engine
and a pulse compression detonation gun [2-4]. The energy
deposited into the spark channel has an impact on the
period of the recovery of the dielectric strength of spark
switches [5]. In nanoparticle generators, a change in the
length of the discharge gap leads to a redistribution of the
energy balance between the energy deposited in a gas-
discharge channel and the energy loss at near-electrode
regions [6]. This redistribution influences the efficiency
of nanoparticle generation. The energy balance in the
spark discharge also affects the energy efficiency of
electrical discharge machining [7].

The energy deposition in a spark discharge with
varied gap lengths was investigated experimentally in the
work [8]. The authors measured the voltage across the
spark gap with varied gap lengths to extract a voltage
drop across the gas-discharge channel and a sum of
cathode and anode voltage drops. So, it was assumed the
voltage drop across the gas-discharge channel is directly
proportional to the length of the spark gap. And the sum
of cathode and anode voltage drops and electric field
strength in the gas-discharge channel depend on a
discharge time only. The voltage across the spark gap
with varied gap lengths was measured at the different
discharge time. Then the voltages were compared at the
same discharge time to extract the voltage drop across the
gas-discharge channel and the sum of cathode and anode
voltage drops. Such comparisons were made at the
different discharge time. Then the history of the voltage
drop across the gas-discharge channel was found out. It
allowed dividing the energy deposited in the spark gap
into energy deposited in the spark channel and the energy
deposited at the cathode and anode regions.

It has to note that an assumption of direct
proportionality between the spark gap length and the
energy deposited in the spark channel is correct if the
discharge current does not change when the gap length is
varied. But an increase in the spark gap length leads to a
rise in the resistance of the discharge channel, and it
decreases the discharge current, respectively. As a rule,
the resistance of the spark channel is significantly lower
than total impedance of the electric discharge circuit.
Therefore, a change in spark resistance caused by a
change in the gap length affects the discharge current
slightly. Nevertheless, this effect occurs and it requires an
evaluation.

An experimental study of the gap length influence
on the energy deposition in a spark discharge was made in
work [9]. The total energy of the spark discharge ranged
from 25 to 45 mJ. The deposited energy was measured
using a calorimetric technique. It was found out that an
increase in the length of the discharge gap leads to growth
in the energy deposited in the spark discharge. And it was
evaluated that the increase in the deposited energy
deviates from directly proportional dependence on the gap
length. But measuring accuracy of the calorimetric
technique did not allow updating the dependence of the
deposited energy on the gap length.

The energy deposition in the spark discharge was
investigated in works [2, 10] by damping factors
comparison of a short circuit current with the discharge
current when a gas-filled spark gap is used as aload. So,

the resistance of the electrical circuit was calculated from
a damping factor of a short circuit current. A series
connection of the spark gap with the electrica circuit
leads to an increase in a resistance of the discharge
circuit, and it influences on the damping factor of
discharge current. Thus, the resistance calculated from the
damping factor when spark gap is connected equals the
sum of the circuit resistance and an average spark
resistance. It alowed evaluating the average spark
resistance then. And the deposited energy was found out
by integration of discharge power over time.

It should be noted that the method applied in works
[2, 10] does not give acceptable accuracy of the deposited
energy measurement. It is caused by a wide range of the
spark resistance change during the spark discharge
evolution. Therefore, this method is not reasonable to use
for studying the effect of the gap length on the deposited
energy. Moreover, this method does not allow extracting
the energy deposited in the gas-discharge channel from
the energy deposited in the spark gap.

A gas-dynamic stage of spark development starts
with a process of plasma channel contraction. The
contraction usually happens when the duration of spark
discharges exceeds a few hundreds of nanoseconds
[11, 12]. Due to a significant growth in current density in
the forming channel, the thermal ionization of the gas
takes place in the channel, the gas becomes highly
ionized, and the gas state exceeds an equilibrium one. The
further development of the spark channel is accompanied
by its gas-dynamic expansion. When duration of a spark
discharge is over one microsecond and more, energy
deposited in a gasfilled spark gap during the breakdown
stage is typically lower than energy deposited during the
stage of the gas-dynamic expansion. And the energy
deposition at the expansion stage depends on the
discharge current where a discharge electrical circuit
influences the discharge current. So, we have studied the
effect of the length of the gap on a spark discharges
development when the energy deposition in the spark
channel depends on the parameters of the electrical
circuit.

There is a plurality of numerical models of spark
development which adequately predict the processes
occurring in the spark channel [13-18]. We used a
numerical model of the spark channel expansion which
was previously tested in awide energy range [19-23].

The aim of the work is to study the influence of the
length of the spark gap on energy input into the discharge
channel during its gas-dynamic expansion.

Numerical model of spark channel expansion. It
was assumed in the developed model that the expansion
of the spark channel is determined by the following
processes. non-stationary gas-dynamic expansion of the
spark channel, a transient process in the electrical
discharge circuit, nonequilibrium chemical processes,
ionization of gas, radiation heat transfer and electron
thermal conductivity. The process of collisons of
electrons with atoms and molecules outside the thermally
ionized spark channel was neglected because the electric
field strength in the spark discharge during its expansion
decreases to 100-1000 V/cm and lower [8]. The electrical
conductivity was evaluated for a region of thermally
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ionized gas where the degree of gas dissociation is high.
Gray body radiation theory was used to take into account
the radiative heat transfer in the high temperature gas and
to simulate energy radiated from the high temperature
spark channel [24]. Spectral radiative heat transfer in the
low temperature gas was neglected due low power
density. The nonequilibrium vibrational excitation of the
gas in the shock wave was not considered. Molecular
thermal conductivity was not taken into account because a
value of such conductivity is significantly smaller than
values of electron and radiative heat conductivities. The
diffusion of atoms and molecules was not taken into
account due to the high rates of mass transfer of the gasin
the expanding channel. The scope of the model was
limited by the condition that the magnetic pressure
created by the discharge current is much less than the gas
pressure.

Within  the framework of the considered
assumptions, the simulation of spark expansion was
carried out by the system of equations
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where p is the gas density; u is the velocity, p is the
pressure, ¢ is the specific internal energy of the gas, kr is
the therma conductivity, E is the electric field strength,
o is the electrical conductivity of the gas, Wey, is the
radiative loss, r is the radial coordinate, t isthetime, T is
the gas temperature.
The radiated energy was calculated using the
expression
Wy = o7 /1R, )
where o is the Stefan—-Boltzmann constant, Ig is the
Rosseland mean free path.
The heat conductivity coefficient was calculated
using the expression
T25
Kr =Ko +Krag = 2.65m+5.33058T3|R, 3)

where k. is the electron heat conductivity coefficient,
kiag is the radiative heat conductivity coefficient, In4 is
the Coulomb logarithm.

Transient electrical process was calculated by the
equation

LY R+ ].i+ijidt—o (@)
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where C is the capacitor capacitance, R is the resistance
of a discharge circuit; L is the inductance of a discharge
circuit, Ry, is resistance of the spark channel, i is a
current.
Resistance Ry, was defined by the expression
Y
RspzlqO/IZMOdr, (5)

0
where Ig, is the discharge gap length (channel); Y is
maximum radius of the simulation domain, o is an
electrical conductivity.

The conductivity was calculated by equation

o=282.10"% Ne

, (6)
NNOLGY +NgLO
where n. is electron number density; oy is the transport
cross-section of the elastic collisions of the electrons with
the neutral plasma components; o is the Coulomb
collision cross-section; ny is the number density of neutral
components; v is amean thermal velocity of electron.

The number density of neutral components was
defined by equations of chemical reaction kinetics
considering the reaction (Table 1) where forward rate
constant ks is expressed as

-E
n af
ki = AsT " ex )
f = Ay IO[ — J (7)
Table1l
The coefficients of the rate constant of forward reaction
and the activation energy [25]
Reaction A " =
N+ M oN+N+M 8.508-10% -2.25 225

Remark. M denotes the third particle. The values are expressed in
calories, moles, cm?, and s.

The Saha equations with regard to the single and
double ionization of gas with components of e, N, N*, N**
was applied to calculate the electron density n, when the
gas temperature exceeds 8000 K. It was assumed that
plasma in the channel is quasi neutral too. A difference
between temperature of electrons and temperature of
atoms was estimated in the next section to evaluate a
correctness of the local thermodynamic equilibrium
approximation application.

The gas pressure was calculated using the expression

p=KkTY n., (8)
where n. is a number density of all components (e, N, N¥,

N™, Np).
The simulation procedureis presented in Fig. 1.

Initial gas state
p. T, puey;

New p, T, p,u.ey;

tial condition i’

electrical curciut
U Iy

MNew Up. Ip

Chemical Electric conductivity Spark resistance Transient process in
kinetics alt) Rsp . electric curcuit
i I ’
Gas dynamic and Electric energy Electric field
heat transfer oE? E= Rspluflsp

Fig. 1. Schematic of simulation procedure

Detail descriptions of the model and simulation
procedure are presented in work [19].

The method of splitting by physical processes was
applied to simulate gas-dynamic spark channel expansion
combined with heat transfer and radiation, components
concentration changing due to dissociation/association
process, thermal gas ionization and transient process in
electrical circuit.

The gradients of thermodynamic gas parameters are
assumed to be absent for the discharge channel axisin a
cylindrical symmetry. The computational area size was
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prescribed in the manner of preventing disturbance from
reaching the boundary. It is assumed that initial
conditions have no gas dynamic perturbations in the entire
computation region.

The model requires a circuit shorting to start
simulating. The shorting of the discharge circuit occurs in
a spark discharge as a result of the development of
avalanche-spark or streamer-spark transition processes
when the gap length is not extremely large. These
processes are investigated, for example, in [5, 16]. As a
result of these processes, a narrow channel with a radius
of up to 0.1 mm is formed where a gas temperature of
more than 10,000 K is reached, and the state of the gas
approaches local thermodynamic equilibrium. Therefore,
the energy was deposited into the channel of a small
radius to rise the gas temperature from the initial one to
10,000 K. It is well known that when the capacitor
discharge happens over the spark gap, the main part of the
discharge energy is released during the high current
pulses. Thus, the shorting energy was set in such a way
that its value was significantly less than the total
discharge energy. Therefore, a change in the conditions of
the shorting energy deposition does not significantly
influence the spark channel expansion because the further
energy input into the spark is determined by the
parameters of the discharge circuit. So, an energy was
inputted initially in the simulated region with a radius of
ro= 50 um during a time of t= 10 ns to form a narrow
current-conducting channel. This energy was 2.8 mJ.

Results and discussion. A spark discharge in series
RLC-circuit with various circuit parameters was
investigated. The first circuit had follow parameters
where the damping factor was ¢ = 0.38. A capacitance of
C = 0.2 yF, an inductance of L = 500 nH, a resistance of
R. = 1.2 Q were applied. The charge voltage was
Uc = 3 kV. These circuit parameters correspond to the
first simulation conditions. The second circuit had the
following parameters where the damping factor was
¢ = 0.11. A capacitance of C = 0.1 pF, an inductance of
L = 2 pH, aresistance of R. = 1 Q were applied. The
charge voltage was Uc = 30 kV. These circuit parameters
correspond to the second simulation conditions. In both
cases, a spark is ignited in molecular nitrogen with the
initial gas temperature of 7o = 300 K and the initial gas
pressure of 0.1 MPa. A gap length was in a range from
1 mm to 20 mm.

The discharge currents at two electrical circuits with
various spark gap lengths are shown in Fig. 2, 3. It is
observed that an increase in the gap length led to a
decrease in the amplitude of the discharge current at the
both electrical circuits. But this effect is more pronounced
at the first electrical circuit. So, the current amplitude at
the first half cycle of the discharge decreased from
1111 A to 1010 A or by 10 % at the first circuit (Fig. 2)
when the gap length is increased 3 times. Moreover, the
current amplitude at the second half cycle of the discharge
decreases by more than 45 %. The growth in the gap
length to 6 mm caused a fall in the current amplitude at
thefirst half cycleto 873 A or by 27 %.

The current amplitude at the first half cycle of the
discharge decreased from 5669 A to 5471 A or by 3.65 %

only when the gap length is increased 10 times at the
second circuit (Fig. 3). Moreover, the current amplitude
reduction did not exceed 6.5 % in the second half cycle of
the discharge. The current amplitude at the first half cycle
of the discharge did not exceed 5261 A by the gap length
of 20 mm.
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Fig. 2. The discharge current over time at the first electrical
circuit with the gap length of 1 mm, 3 mm and 6 mm
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Fig. 3. The discharge current over time at the second circuit with
agap length of 1 mm, 10 mm and 20 mm

The dependences of the spark channel resistance on
the discharge time at two electrical circuits with the
various spark gap lengths are shown in Fig. 4, 5. In both
cases the increased length of the discharge gap led to a
rise in the resistance of the spark channel. The minimum
value of the spark resistance in particular increases from
59 mQ to 196 mQ or 3.3 times at the first circuit (Fig. 4)
when the gap length is enlarged three times. A six-fold
increase in the length caused the minimum value rise to
449 mQ or 7.6 times.

The minimum value of the spark resistance rises
from 6.45 mQ to 69 mQ or 10.7 times a the second
circuit (Fig. 5) when the gap length is enlarged ten times.
And the minimum value grows to 147 mQ or 22.8 times
when the twenty-fold gap increase happens.

Thus, it was simulated that the minimum value of
the spark resistance is nearly in direct proportion to the
gap length.

The study of the gap length influence on the electric
field strength in the spark channel at the calculated cases
is presented in the Fig. 6, 7.

It is observed at the both circuits that a decrease in the
field strength happens in 0.2-0.3 ps from the spark
expansion start and the strength reduces to 1000 V/cm
and lower. The effect of the gap length on the field
strength is more pronounced at the first circuit (Fig. 6)
than it effects at the second circuit (Fig. 7).
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Fig. 4. The spark channel resistance over time at the first circuit
with agap length of 1 mm, 3mm and 6 mm
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Fig. 5. The spark channel resistance over time at the second
circuit with agap length of 1 mm, 5 mm, 10 mm and 20 mm
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Fig. 6. The electric field strength over time at the first circuit
with agap length of 1 mm, 3mm and 6 mm
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Fig. 7. The electric field strength over time at the second circuit
with agap length of 1 mm, 10 mm and 20 mm

The energy deposited in the spark channel over time
at the calculated circuits with the various gap lengths is
shown in Fig. 8, 9. We multiplied data of the deposited
energy with a gap length of 1 mm by a number which
equaled aration of the gap growth to find out the effect of
the gap length on the deposited energy. It is observed that
the deposited energy increases when the gap length rises.

Pulses of the discharge current cause an increase in the
deposited energy. A main energy deposition happens
during the first half cycle of the discharge. It is explained
by a high discharge current and a high spark resistance
during this period of the discharge development. The
deviation of the energy growth from the directly
proportional dependence on the gap length is observed at
the both circuits (Fig. 8, 9). So, the three-fold increase in
the deposited energy at the first circuit with the gap length
of 1 mm differs by 11 % from the deposited energy at the
case when the gap length was 3 mm (Fig. 8). Such an
energy difference grows by 29 % when the gap length
exceeds 6 mm. It should be noted that the Joule energy
deposited in the resistance is directly proportiona to the
square of the discharge current. Therefore, it was
previoudly expected that when the spark gap is increased
from 1 mm to 6 mm at the first circuit, the deposited
energy will decrease 1.27x1.27 =~ 1.6 times relative to
0.478 J (see Fig. 8) due to a decrease in the discharge
current 1.27 times (see Fig. 2). So, the expected deposited
energy was 0.298 J. But it was smulated that the
deposited energy equals 0.371 J when the gap length is 6
mm. It occurs because a decrease in the discharge current
causes an increase in the spark resistance that partially
compensates for the drop in the deposited energy. For
instance, when the gap length at the first circuit is
increased 6 times, the minimum spark resistance increases
not 6 times, but 7.6 times.
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Fig. 8. The energy deposited in the spark channel over time at
the first circuit with a gap length of 1 mm, 3 mm and 6 mm. The
dotted line denotes the three-fold increase in the deposited
energy at the first circuit with the gap length of 1 mm. The dot-
and-dash line denotes the six-fold increase

The ten-fold increase in the deposited energy in the
second circuit with the gap length of 1 mm differs by 6 %
only from the deposited energy at the case when the gap
length was 10 mm (Fig. 9). The deviation of the energy
growth from the directly proportional dependence on the
gap length at the first half cycle of the discharge did not
exceed 3.6 % when the gap length was 10 mm. The
difference in the deposited energy exceeds 13.2 % when
the gap length equals 20 mm.

According to the simulation results we think that the
energy deposited into the spark channel is directly
proportional to the length of the spark gap as the first
approximation. But when the minimum resistance of the
spark channel and the resistance of the discharge circuit
have the same order of magnitude and the damping factor
is high, it is necessary to specify the deposited energy
growth due to the gap length increase. A difference in the
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discharge current can be used as a sign to specify the

deposited energy.
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Fig. 9. The energy deposited in the spark channel over time at
the second circuit with a gap length of 1 mm, 5 mm, 10 mm and
20 mm. The dashed line denotes the five-fold increase in the
deposited energy at the second circuit with the gap length of
1 mm. The dotted line denotes the ten-fold increase, and the
dot-and-dash line denotes the twenty-fold increase

Although extensive research has been carried out
where the length of the discharge gap has been variable
[6, 26], there is a problem to compare the calculated
results with the experimental data. The reason for this is
that a change in the gap length under constant gas
pressure leads to a change in breakdown voltage. The
increased breakdown voltage requires to rise the charge
voltage of the discharge capacitor and, accordingly, to
increase the total discharge energy. And growth in the
total energy is accompanied by an increase in the energy
deposited into the spark discharge. As a result, there are
difficulties to separate the effect of the capacitor charge
voltage from the effect of the gap length on the deposited
energy.

Therefore, it was carried out a comparison of the
calculated results with the results of experimenta studies
[9, 27], where the breakdown voltage did not change
when the gap length is variable due to a regulation of the
gas pressure p in the discharge medium.

It was assumed that the following condition take place
Up =const, if p-lg =const, 9

where Uy, is the breakdown voltage.

The results of experimental studies [9, 27] confirm
that an increase in the length of the spark gap leads to a
rise in the energy deposited into the gap. It is aso
confirmed that the change in the deposited energy
deviates from a directly proportional dependence on the
factor of change in the length of the gap. For example, it
was found out in [9] that the thermal energy is 7 mJ at the
experimental circuit when the gas pressure is 2 bar and
the gap length is 1 mm. The therma energy is about
12,5 mJ at such a circuit when the pressure is 1 bar and
the length is 2 mm. Thus, there is a 1.78-fold increase in
the deposited energy in the case of atwo-fold increase in
the length of the spark gap and a decrease in the pressure
of the gas-discharge medium by a factor of two. To
separate the effect of pressure from the effect of the gap
length on the deposited energy, we use the data from [23],
where it was found out that a 2-fold increase in gas
pressure leads to an increase in the deposited energy by
10 %. So, we have that a decrease in gas pressure from
2 bar to 1 bar by the gap length of 1 mm would lead to a

decrease in the deposited energy from 7 Jto 6.3 mJ. Asa
result, we have that a two-fold increase in the gap length
led to a 1.98-fold increase in the deposited energy.

The results of an experimental study of the effect of
the gap length and the gas pressure on the realized energy
are also presented in [27]. It should be noted that the total
energy deposited into the discharge gap consists of the
sum of the energy realized into the gas discharge channel
and the energy released in the near electrode regions. The
results of [27] dlow us to separate these energy
components. In particular, the energy released in the near-
electrode regions corresponds to the total deposited
energy when the spark gap length is about zero.
According to the results of experimental studies, a close-
to-linear relationship was found out between the gap
length and the deposited energy. For example, it was
measured [27] that the total deposited energy is 2.3 J at
the investigated circuit with a spark gap of 1 mm and gas
pressure of 1 bar. The following energy balance happens.
The energy of 1.8 J is released in the near-electrode
region, and the energy of 0.5J is deposited in the spark
channel. The total deposited energy equals 4 J at such a
circuit when the gap length is 10 mm and the pressure is
0.1 bar where energy of 1.4 Jis released in the near-
electrode region, and energy of 2.6 Jis released in the
spark channel. According to the results of [23], an
increase in pressure by a factor of 10 leads to an increase
in the deposited energy by 70 %. It follows that a decrease
in pressure from 1 bar to 0.1 bar over a spark gap of 1 mm
would lead to a decrease in the deposited energy from
0.5Jt00.29 J.

Thus, an increase in the length of the gap by a factor
of 10 led to an increase in the deposited energy 8.96
times. We have that the influence of the gap length,
revealed by the results of numerical studies, is in
satisfactory correlation with the experimental data.

Distribution of pressure, temperature and gas density
along the radia coordinates at different time allow to
evaluate an influence of the spark gap length on the
discharge channel expansion (Fig. 10, 11).

There is a dlight deviation of thermodynamic
parameters with a change in the length of the spark gap at
the first circuit (Fig. 10). This effect is caused by a
reduction in the spark energy deposited per a unit of the

gap length.
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Fig. 10. Distribution of pressure, temperature and gas density
along the radial coordinatesat time of 1 ps, 2 ysand 3 ps a the
first circuit with agap length of 1 mm (full lines) and 3 mm

(dotted lines)

Negligible deviation of thermodynamic parameters
was observed at the second circuit. Thus, it was difficult
to show the difference in the Fig. 11.
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Fig. 11. Distribution of pressure, temperature and gas density
along theradial coordinates at time of 1 us, 2 usand 3 ps at the
second circuit with a gap length of 1 mm and 10 mm

The simulated results of the spark evolution at the
both considered cases correspond to the experimental data
in general. So, the shock wave starts separating from the
current conductive region (high-temperature region) in
about 1 ps from the spark expansion start. Also, the
growth of the total energy of the discharge, which occurs
during transition from the first to the second circuit, leads
to an increase in the intensity of the generated shock
wave. This qualitative comparison and the previous
verification of the model give reason to consider that the
obtained results are reliable.

Due to the visible difference in the temperature
distribution at the first circuit, the effect of the gap length
on the energy radiated by the spark discharge was
estimated for this case. The results of the radiated energy
versus time for the gap length of 1 mm, 3 mm and 6 mm
are presented in Fig. 12.

It is observed that growth of the gap length leads to a
rise in the radiated energy. A three-fold increase in the
radiated energy at the first circuit with a gap length of 1
mm differs from the radiated energy at such a circuit with
a length of 3 mm by 13 % (Fig. 12). Thus, we have a
similar tendency of influence of the gap length on the
radiated energy. But the influence on the radiated energy
is dlightly intensive than the influence on the deposited
energy.

We should separately discuss the possible effect of
changing the length of the discharge gap on the cathode
and anode voltage drop and, accordingly, on the energy
released in the spark. There are two contradicting results
on the magnitude of the voltage drop in the near electrode
regions in the spark discharge.
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Fig. 12. Dependence of energy radiated by the spark discharge
on time at the first circuit with a gap length of 1 mm and 3 mm.
The dotted line denotes three-fold increasing radiated energy
when the gap length was 1 mm. The dot-and-dash line denotes
the six-fold increase

According to the data of [28], the near-electrode
voltage drop does not depend on the discharge current that

happens in the stationary arc discharge. And the voltage
drop is about severa volts. Since the voltage drop across
the spark channel, as a rule, is severa times higher than
the mentioned near-electrode voltage drop, the influence
of this factor on the balance of energy release in the spark
can be negligible in this case. According to the
experimental data of [29], the voltage drop in the near
electrode regions changes during the spark evolution. And
this voltage is comparable in magnitude with the voltage
drop across the spark channdl. It was assumed in [23] that
an increased voltage drop in the near electrode regions is
caused by an increased current density in the spark
discharge. Since a change in the length of the discharge
gap leads to a change in the discharge current and current
density, the influence of the change in the voltage drop in
the near electrode regions on the balance of energy release
in the spark discharge can influence more strongly in this
case. Therefore, thisissue requires a separate study.

It has to discuss a loca thermo-equilibrium
approximation application to a region where gas
temperature is above 8000 K. We use a two-temperature
plasma model to evauate a difference between
temperature of electrons and temperature of atoms [30].
We assumed that the temperature of electrons is quasi-
steady and plasma is neutral. The atomic gas was
considered. The double ionization of gas was neglected.
The follow systems of equations were solved [30, 31]:

0.5
Zi E
Ne =| 6.06-10%ny Z—'Tel'Sexp(——'H ., (10
e

a KT,
22
e“E 3
= ST -T), (1)
MgV m
p=nnKT; +nek(Te+Ti)v (12
Vm :(UtrnN + ol ne)'01 (13)
v=67110"- [T, , (14)
2.87-10 “InA
oy =220 INA (15)
Te
3 1
INA = 7.47+Elog(Te)+EIog(ne), (16)

where T is temperature of electrons; T, is temperature of
atoms; Z, and Z are partition functions, E; is the
ionization potential; e is electron charge; m is electron
mass, v, is the effective collision frequency for
momentum transfer; J is afraction of energy transfer by a
single collision of electron with atom (6 = 2mJ/m,, where
m, isamass of atom); InA is the Coulomb logarithm.

The system of equation (10) — (16) can be solved
when the gas pressure and the electric field strength are
known. The growth in the strength of the electric field
causes the rise in the temperature difference that follows
from equation (11). Thus, we use data of the strength
histories (Fig. 6, 7) by loca maximums of the strength
curves.

It was found out that when p =1 MPa, E =300 V/cm
and T; = 10...13 kK, the temperature difference was varied
in the range from 0.5 % to 5.5 % (Fig. 13,a). This condition
corresponds to the first circuit a time of 0.7...1 ps.
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The temperature difference growth when the temperature
of atoms decreases. So, it was found out that when
p=03MPa E =150 V/icm and T; = 8...9 kK, the
temperature difference was varied in the range from 11 %
to 19 % (Fig. 13,b). This condition corresponds to the first
circuit at time of 2.5...3 ps. But this difference cannot
significantly influence on the simulated result because the
main energy deposition stopped at about 1 ps (Fig. 8).
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Fig. 13. Dependence of the temperature difference on the
temperature of atoms when: a) p =1 MPa, E = 300 V/cm and b)
p=0.3MPa E =150 V/cm

The similar tendency for the temperature difference
charge happens at the second circuit. Taking into account
the low value of the temperature difference, it allows usto
assume that the local thermo-equilibrium approximation
can be used in the numerical model.

Conclusions.

It was confirmed by the numerical study that the
increase in the length of the discharge gap leads to growth
in energy deposited into the spark discharge, adecreasein
the amplitude of the discharge current and an increase in
the resistance of the spark channel. But the change in the
amplitude of the discharge current caused by the gap
length variation depends on the discharge circuit
parameters. We think the effect of the gap length on the
discharge current enhances in case of a rise in the
damping factor. So, it was observed that when the
damping factor equaled { = 0.38 a the simulated
discharge circuit, three-hold increase in the gap length
caused the decline in the current amplitude by 10 % at the
first half cycle of the discharge. But when the damping
factor equaled ¢ = 0.11, ten-hold increase in the gap
length caused the decline in the current amplitude by
3.65 % only. The effect of the gap length on the electric
field strength was more visible by the increased damping
factor too. It was observed insignificant effect of the gap
length on the spark channel expansion. It was found out
that the minimum spark resistance, the deposited energy
into the spark channel and the radiated energy are
practically directly proportional to the spark gap length.
But deviation from the direct proportionality rises when
the minimum resistance of the spark channel and the
resistance of the discharge circuit have the same order of
magnitude and the damping factor is high. It was found
out that the influence of the spark gap variation on the
radiated energy is slightly intensive than the influence on
the deposited energy.
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EnekmpoizonsayiiiHa ma kabenbHa mexHika
VK 621.319

doi: 10.20998/2074-272X.2021.1.07

I'.B. besnpozsannux, 1.0. Koctiokos, O.A. ITymxkap

CHUHTE3 KOHCTPYKTUBHO-TEXHOJIOI'TYHUX PIINEHD PEI'YJIIOBAHHSA
POBOY0OI EMHOCTI KABEJIB ITIPOMUCJIOBUAX MEPEXK

Hoeeoeno binvuty uymaugicmes pecynio8ants mexHoI02i4H020 npoyecy GU20MOGIeHHs 1301b06aH020 NPOGIOHUKA GUMOT naApu nPpu
0X010024CceHHi Y 800i 6 nopieHaAnHI 3 nogimpanum. [lpu 3minenni moswunu i301ayii 8 4 pasu ereKmpuyHa EMHICMb i301b08AHO20
NnpogionuKa 3minEMbCa Oinvue, Hide 6 2 pasu, ma Ha 5 % npu 3naxooxcenui y 600i ma nogimpi 8ionosiono. E¢hexmuene peey-
J08aHHA 3a0e3neuyemucs Ha NiOCMAsi OMPUMAHUX 3anedcHocmell eghexkmuenoi dieneKmpuyHoi NPOHUKHOCMI, MaHeency Kyma
OleleKMmpUYHUX 6MPAm ma EMHOCMI i301b08AH020 NPOGIOHUKA GI0 CMYNEHI0 CNIHEeHHs Ma MOSWUHU 3AXUCHOT NIIBKU 080ulapo8ol
izonayii. Ilpu cmyneni nopucmocmi 40 % Oienexmpuuna nporukHicmos 3menuiyemocs Ha 25 %, maneenc Kkyma OiereKmpuyHux
empam — Ha 33 %, enexmpuuna emuicmo i301606an020 npogionuxa —na 20 %. bion. 18, tabn. 3. puc. 5.

Knrouosi cnosa: npomMuciioBi mepexi, BUTa napa, i30,ib0BaHHi NPOBIAHUK, CIIiHEHHSI, TOBIIMHA {30151, epeKTUBHA Jie1eKT-
PHMYHA NPOHMKHICTD, €JIeKTPUYHA EMHICTB.

Jlokazano 60abuiyto 4y8CmeumenbHOCy Pe2yiuposanius MexHOI0SUYECKO20 NPOYeccd U320MosNeHUs U30IUPOBAHHOZ0 NPOBOO-
HUKA 8UMOLL NApbl NPU OXAAAHCOEHUU 8 800€ NO CPABHEHUIO ¢ 6030YVUIHBIM. TIpu UsMeHeHuu monwuHsl u3onayuu 6 4 pasa snekmpu-
yecKasi eMKOCHb U30IUPOBAHHO20 NPOBOOHUKA MeHsAemcs bonee uem 6 2 pasa, u Ha 5 Y% npu naxoocoenuu 6 ode u gozodyxe co-
omeemcmeenHo. dpghexmusroe pe2yruposanie obecneyugaemcs Ha OCHOBAHUY NOLYHUEHHBIX 3a8UCUMOCMel dPhekmusHoi Ou-
9/1eKMPU4ecKoll NPOHUYAEMOCIU, MAH2EHCA Yeia OUdIEKMPUYECKUX Nomeps U eMKOCMU U30IUPOBAHHO20 NPOBOOHUKA OM Cene-
HU 6CNEHUBANUS U MOJWUHBL 3aWUMHOU naeHKu 08yxcaounou uzonayuu. Ipu cmenenu nopucmocmu 40 % ousnexmpuueckas
nponuyaemocms ymenvuiaemcs na 25 %, maneenc yera ousnexmpuueckux nomepsb — na 33 Y%, snexmpuyeckas emKocms u301u-
posantozo nposoonuxa — na 20 %. bubn. 18, tabn. 3, puc. 5.

Kniouesvie cnoeéa: MpoMBIILIEHHbIE CETH, BUTas Mapa, W30JMPOBAHHbIH NMPOBOJHHMK, BCIIEHHBAHHWE, TOJIIMHA HM30JISILUH,

3q)q)eKTI/IBHaﬂ AHIJIEKTPpUYECKasi IPOHUIAEMOCTDb, 3JIEKTPUYECKasi eMKOCTD.

Beryn. CrpiMkuil picT unpoBHX TEXHOJIOTIH CIIo-
HyKaB BUDOOHHKIB KaOeJbHOT NpoayKuii B YKpaiHi BIpo-
BaJUTH HOBI TEXHOJOTII Ta BUIW KaOeliB, 30KpeMa, Ha
OCHOBI BUTHX ITIap Pi3HOI Kareropii, 3 BiJIOBIIHUM KOM-
IUIEKCOM NapaMeTpiB Iepenadi, sk Uil iH(GOpPMaIiHHIX
CTPYKTYpOBaHUX KaOeNbHUX CHCTEM, TaK 1 Uil CHCTEM
0E3MEeKH — BiIEOCIIOCTEPEKECHHS, TI0KEKHOI T OXOPOHHOL
curHaiizanii [1-6]. B Toit ke yac, KOXHE HMPOMHUCIOBE
MIIPUEMCTBO UL 3a0€3MeYeHHsT KOHKYPEHTOCIIPOMOXK-
HOCTI MPOIYKII{, 0 BUTOTOBJIAETHCS, CIIPHUAE aBTOMATH-
3amii K OKpPEMUX TEXHOJIOTIYHHUX MPOLECIB, TaK 1 BCHOTO
BUPOOHMLTBA B 1iIoMy. J[51s bOro HEOOXiZHO BBECTH BCi
aKTMBHI Ta MAacWBHI NPUCTPOi B €IuHy iH(opmauiiHy
IIPOMHCIIOBO-TEXHOJIOTIYHY MEpEXy, JIe B3aEMOMi MiX
MIPUCTPOSIMH  BIIOYBA€ThCS 33 JIONOMOTOI0 HPOTPaMHO-
JIOTIYHHMX IPOTOKOJIIB 3B'A3Ky. [IpommcioBi Mepexi, 3a-
3BUYail, HE BUXOAATH 32 MEXi OIHOTO IiANPHEMCTBA.
[potsrom ocranHix 10 pokiB YHCENBHICTh IPOMICIOBAX
Mepex 3pocia Ginmbine, Hixk B 2 pasu [7]. Do 2025 poky
ouikyetbesi 3poctanns Ha 280 % B mopiBusaui 3 2010
pokom [7]. Ha ¢isnunoMy piBHI BCi TPOMHCIIOBO-
texHoyoriuni mepexi (FieldBus Profibus, LonWorks ta
iHm1) 6a3yrOThesl HA BUTOI mapi ab0 ONMTHYHOMY BOJIOKHI,
NpUYOMy B OUIBIIII Mipi 3aCTOCOBYIOThCS pIILIEHHS Ha
OCHOBI enekTpuuHux Kabernis (Tadmn. 1) [3, 4, 7].

Tabmums 1
XapaKkTepUCTUKHU MPOMHICIOBUX MEPEK

Tun npomucnosoi
Mepexi MHUHHOT

IIBuaxKicTs re-
penaui curxanis

MakcumaiibHa Jalib-
HICTB Iepeadyi CUrua-

TOMNOJIOTIT JIiB, M
. 9,6 xbit/c —
Profibus DP 12 MBit/c 100 — 1200
Profibus PA 31,25 xbir/c 1900
62,5 xbit/c —
Canopen 1 MBit/e 30-1000
DEviceNet 125 — 500 kbit/c 100 —-500

3 mosiBoto Ethernet i Internet s mpomucioBux me-
PEX CTaaM 3aCTOCOBYBATH Ty XK Kiacu(ikailito, 110 i s
iHpOpMAIIHIX, CTPYKTYpOBaHMX, JIOKAJbHUX MEPEK
(tabn. 2). Punox mupomucnoBoro Ethernet spocrae 3i
mBuKicTio 51 % Ha pik [7].Y Mipy mMozaepHizallii Mepex,
sika mepeadavae mepexia BiJ 3acTapijiol MOJbLOBOI IIMHH
po mpomumciosoro (Industrial) Ethernet, xomynikamiiina
KabenbHa 1HGPACTPYKTYpa CTAE OCHOBOKO ITiAKITFOUCHHS
JI0 KOMYHIKaIliif TPOMHUCIIOBOTO TiAIMPUEMCTBA.

Icuyroui TexHousorii ¢isuunoro pisusa Industrial
Ethernet maroTs 0OMEXEHHSI BiICTaHi, HA SIKY MEPEIa€Th-
csi curnain — He Oinbure 100 m.

VY 3B's3Ky 3 TUM, WO U1 JTOJATKIB aBTOMATH3aIlil
nporieciB MotpibHi Bifcrani 1 kM Ta HaBiTh OiibLIE Yy TIO-
€IHaHHI 3 HaJIMHIMH ITOJHOBHMH HPUCTPOSMH, NPHAAT-
HUMHU J1JIsl BUKOPUCTaHHs B jojaarkax 30uu O (ickpobesrie-
YHi), 3HaMOOMBCS HOBMH TIAXiI IO peasi3arlii TeXHOIOTii
¢isnunoro pisus Ethernet. IpuitHAThit HOBHWIA CTaHIApT
10BASE-T1L ¢isuunoro piust mpomuciooro Ethernet
(IEEE 802.3cg-2019 (tabu. 2)) KapAuHAIBHO I03BOJHMTH
3MIHUTH TajTy3b aBTOMATH3AaIlii MPOIIECiB 3a PaxXyHOK 3HA4-
HOT'O MiABMIICHHS ONEPaIiitHOl e()eKTUBHOCTI IIiAIPHEMC-
TBa 3aB[SIKM OpraHizalii BHCOKOHAJIHHOTO OE3II0BHOrO
(6e3 BuKOpHCTaHHS HUTIO31B) migkmoueHHs n0 Ethernet na
MOJILOBOMY DiBHI, sKe mependavae Haipi3HOMaHITHIII
MPHUCTPOi, B TOMY YMCIIi JaTYMKK 1 BUKOHABYI MEXaHI3MHU —
aKTyaTOpH, POrpaMoBaHi Joriudi koutponepu [7]. Cran-
nmapt 10BASE-T1L Bupinrye mpobiemu, siKi CbOTOIHI 00-
MEXyI0Th BHKOpHcTaHHs Ethernet B monboBux ymoBax B
o0acTi aBTOMAaTH3aLil MPOIECIB: HEAOCTATHS IPOITYCKHA
3/1aTHICTh, BIIHOCHA CKJIAJHICTh KabenbHOI pO3BOJKH, 00-
MEXEHa [albHICTh Tepernadi JaHWX, 10 HampsMy
0B’ s13aHa 31 CMYTOFO MPOITYCKAHHs Kabemo (KOHCTPYKTH-
BHO-TEXHOJIOTIYHUMH PIillICHHIMH).

© I'.B. besnposBannux, O.A. Ilymikap
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Tabmuus 2

MixkHapO/IHI CTaHAAPTH Ta Kateropii kabeniB Ha OCHOBI BUTHX Map s MPOMHCIIOBHX Mepex Ethernet [7]

. MakcumanbHa Cwmyra npomyc- |Kareropis xabemto
Pix npu- . . . . L
AT Crannapr |EEE 802.3 BlnCTgHL ne- U_[BI/I,Z.[KICTL He.pe- KaHHS Ka-GCJI}O“ B1JIIOBITHO ﬂ? KinekicTs
pe€nayl curaa- Jadl CUTHaJI1B Ha OCHOB1 BHUTO1 PEKOMEHAAIN map
CTaapry niB, M Tapu ISO/IEC
1999 |EEE 802.3ab 1000BASE-T 100 1T'Bit/c 125 MI'n Kareropis 5e 4
2006 |EEE 802.3an 10GBASE-T 55 10 T'bit/c 250 MI'n Kateropis 6 4
2006 |EEE 802.3an 10GBASE-T 100 10 I'bit/c 500 MI'u Kareropis 6 4
2006 |EEE 802.3an 10GBASE-T 100 10 I'bit/c 600 MI'u Kareropis 7 4
2006 |EEE 802.3an 10GBASE-T 100 10 T'bit/c 1000 MI'n Kareropis 7a 4
2015 IEEE 802.3bw | 100BASE-T1 15m UTP 100 Mbirt/c 66 MI'1t SPE 1
2016 IEEE 802.3bp | 1000BASE-T1 15 I\f?JTP 1000 MBit/c 600 MI'g SPE 1
10BASE-T1L 1000 .
2019 |EEE 802.3 cg 10BASE-T1S 25y UTP 10 MBit/c 20 MI'n SPE 1
2020 |EEE 802.3 ch Multi-Gig (15M) | (2,5/5//10 Thitlc) - SPE 1
Cragmapt 10BASE-T1L mintpumye nBa pexuMu aM- i€

wiTynd  curHany: 2,4 B Ha JoBkuHI Kabemo 0
1000 m i 1 B Ha meH1iit BijcTaHi. Pexum moBHOT amrutiTy-
i 1 B o3Hauae, 110 1110 HOBY TEXHOJIOTIIO (i3UYHOrO piB-
HS MOXKHa BHKOPHCTOBYBaTH 1 y BHOyxo3axumieHux (EXx-
proof) cucremax, HOTPUMYHOYHCH CTPOTHMX MPABHI OO
0OMeXeHHsI MakcuManbHOI eHeprii. HalirojoBHimmm € Te,
mo crangapt 10BASE-T1L 3abesneuye nepenady Ha Be-
JIUKI BIZICTaHI 3aBISKU JBOXIIPOBIIHOI TEXHOJOTIi 3 KHB-
JICHHSIM 1 JaHUMH TI0 OTHOMY KaOeJTo y BUIJIsiAL BUTOT a-
pY 1 HANEKUTH JO CIMEHCTBA CEPENOBHI 3 OTHONAPHUM
Ethernet (single-pair Ethernet, SPE) (ta6u1. 2).

Heo0xigHO 3a3Ha4YHTH, IO MiIMPUEMCTBA KaOEIEHOL
MIPOMHUCIIOBOCTI YKpaiHW HE BHITYCKalOTh KaOemi Ui
MPOMHCTIOBUX Mepex. [locTauanbHUKaMU TakuX KaOeliB
B YKpaiHy Juis MPOMHUCIIOBOT aBTOMAaTH3aLlil Ta YIpaBIIiH-
HsI € TIPOBimHI cBiTOBI dipmu, 30kpema, ABB, Siemens,
Belden, Helucable [7].

OcBoeHHs1 1HHOBaNiitHOI KaOenbHOI NMPOAYKIIi M-
IpueMcTBaMH YKpaiHi noTpeOye BHpilIeHHS NpoOiemMu
CHHTE3y KOHCTPYKTHBHO-TEXHOJOTIYHMX pillleHb 7 Ha-
JIArOJKCHHST BUITYCKY KaOesiB Ul POMHUCIOBUX MEPEK 3
BiJIIIOBITHIM KOMIUTEKCOM €IeKTPUIHUX ITapaMeTpiB.

Mera crarri — CHHTE3  KOHCTPYKTHBHO-
TEXHOJIOTIYHUX PIllIeHb PEryJIIOBaHHS EJIEKTPHUYHOI €M-
HOCTI 130JIbOBAHOTO MPOBITHWKA HA CTaZil BUTOTOBIICHHS
BUTOI Napy KaOeJIiB MPOMHCIIOBUX MEPEX.

IocTanoBka mpodaemu. JlanpHICTH Nepemadi Ta
CMyra NpOIYCKaHHS CHTHAJIIB B KaOeli 3aJIeXKHTh BiX
KOHCTPYKTHBHO-TEXHOJIOTIYHHX PillleHb, 10 BU3HAYAIOThH
Koe(illieHT 3aracaHHs, KOTPHHA BH3HAYAETHCS AKTHBHHM
ormopom MpoBigHuKiB R, iHIyKTHBHICTIO L, po6oUoto €M-
HicTio Cp, aKTHBHOIO MPOBiAHICTIO i30ysALiT G (Tanrencom
KyTa JienekTpudaHux Brpat tgd) [8].

Y BHCOKOYAaCTOTHOMY [iama3oHi KoedimieHT 3ara-
CaHHs Ma€ JBi CKJIAJOBi: BTpaTH B MeTami (IPOBiTHHKY)
Ofm T BTPATH B AieseKTpuKy (i301ms1ii) oy

RIS G L |_
2V'L 2yc,
(1)

R [1 otgs
-8,69 Cp[z I+TgﬁJ:am+ad,dB/m,

Ot =8.69 /cpg\/%, ag =8.69,/C, .&295\/?_(2)

PoGoua emHicte BuTOi mapu (puc. 1), mpoBimHHKH
KOTPOi CKpydYeHi 3 BiAmoBimHuM KpokoMm h, Bu3Ha4ae
BTpaTH B MPOBiTHMKAX Ta B i3ommswii (qus. (2))

Cp _— &€ ,

a—r

{50)

Jie y — KoeQillieHT CKpYYyBaHHS NMPOBITHHKIB ITapH JUIs

3MEHIIICHHS €JIeKTPOMATHITHUX BIUIMBIB, i — KOS]IMi€HT,

KOTpHUIl BpaXxoOBy€ BIUIMB HA poO0OTy €MHICTH PSIOM pO3-

TalIOBAHUX I1ap Ta METAJIEBOTO eKpaHy, d — BIACTaHb MK

MPOBITHUKAMH, SIKa BU3HAYAETHCS PaJiycoM I IPOBIIHH-

ka (1) ta toBumHOW A; i3omauii (2), ¢ — miegekrpuuHa
MNPOHUKHICTH i30imsimii (puc. 1).

F/m, 3

Puc. 1. KoHcTpyKuist BUTOT apu

PoGoua eMHICTh HEEKpaHOBAHOI Ta €KPaHOBAHOI BHU-
THX Nap BU3HAYAETHCS HA MiJCTaBi PO3PaxyHKY €JIEeKTpHY-
Horo mous [9-13]. Tak, B [11] Bu3HaueHO poOOUYY EMHICTH
HEeeKpaHOBAaHOT BUTOI Mapy HA IMiJCTaBi 3aCTOCYBAaHHS Me-
TOIy KOH(POPMHHX Bi0OpaKeHb Ta KiHIICBUX €IIEMEHTIB B
cepemosumti ELCUT. B [12, 13] mMeTo0M BTOPHHHHX 3a-
pAniB BU3HAYCHO pPOOOYY €MHICTh Ta BIUIMB TOBIIHMHHU
MPOMIAPKIB TPHUINAPOBOI HOMICTHICHOBOT 130511l Ha po0o-
4y €EMHICTh €KpaHOBaHOT BUTOT Iapu KaTeropii 7.

Ha Ttexnosoriuniii cranii BUTOTOBIEHHS 13071b0OBAaHO-
TO MPOBIJIHUKA, SIK OCHOBHOTO KOHCTPYKTUBHOTO €JIEMEHTY
BUTOI IapH, €JIEKTPUYHA EMHICTh BUMIpIoeThes. [IpoBin-
HUK SIBIIIE COOOK0 KOHJCHCATOP, ONHIEI 3 OOKIaIHMHOK
SKOTO € METaJleBa KHja MPOBOJY, a IHIIOK — BOJA, IO
OXOJIOKY€E TICIIS HAKJIAJAaHHA 1307111, KOTpa 3HAXOJHTh-
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Csl B IIEKTPUYHOMY KOHTAKTI 3 TPYO4YacCTHUM €JIEKTPOJIOM,
yepes sIKUi 0e3NepepBHO PYXaeThCsl KOHTPOJIbOBAHHH 130-
JILOBAHHUM MPOBITHUK. Takuii METO KOHTPOJIIO peai3oBa-
HO B po3po0Kax NpOBiAHUX (ipM, IO CHELiATI3yIOTHCS Y
BUITyCKY NPHJIaiB KOHTPOIIO I KaOelbHOT POMHCIIOBO-
cri: Sikora, Zumbach (ta6n. 3) [14, 15]. ExexrponHi O10ku
BHUMIPIOBATFHOI CHUCTEMH OCHAINCHI CyYaCHUMH ITOPTaMHU
JAHUX JJI MIKITIOYEHHS O MPOIECOpIB BiOOpaKeHHS
ab0 JI0 TOJIOBHOTO KOMIT F0TEPY (JOKaIBHOI KOMIT FOTEPHOT
Mepeski) 3a IOIIOMOTOF0 TIPOMHUCIIOBUX iHTepdeiiciB (kabe-
niB) Profibus DP, Rs-232,-432,-485 [1].

Tabmus 3

TexHi4uHi XapaKTEPUCTUKK BUMIPIOBaJIbHUX CUCTEM

ENEKTPHYHOI €MHOCTI KabeliB Ha TexHosori4Hii craii [14, 15]

®ipma | Tun npunany | Jianazon Mianazon Tou-

JiameTpiB, 3HAYCHb HICTbB,

MM €MHOCTI, n®d/m

n®/m

Capacitance | 45 1 0300 | 045
. 2010
«Sikora» c .

apacltance _ g

2025 1-25 0-300 +0,45

0-300 +0.1

Zumbach | CAPAC® - 0-600 +0.3%

0-1800 | *°7°

besnepepBHUl KOHTPOJIb €NEKTPUYHOI EMHOCTI 130-
JILOBAHOTO TMPOBITHHUKA IO BCill TOBXKWHI JTO3BOJISIE CBOE-
YaCHO MPHUUMATH PIIIEHHS I0J0 PETyJIIOBAHHSI €MHOCTI
Ha TEXHOJIOTIYHIN cTamil BUTOTOBJIEHHS.

BIjiB KOHCTPYKTUBHHUX PillleHb HA €JEKTPUYHY
€MHICTB i30/1bOBaHOr0 npoBigHuka. Ha mimcrasi 3acto-
CyBaHHSI METOIy BTOpMHHHX 3apsiaiB [12, 13] Bu3HaveHO
eJIEKTPUYHY EMHICTH 130JIbOBAHOT'O IMPOBIJHUKA IIPU Bapi-
IOBaHHI TOBIIUHM CYIUTBHOT Ta CIIHEHOI MOJIICTUIICHOBOT
130J1411i1, OTOYYIOYOrO CEpeloBUINA, B KOTPOMY 3HAXo-
JATHCSI TIPOBITHUK HAa TEXHOJIOTIYHIN CTaii BATOTOBJICHHS.

Ha puc. 2 HaBeneHO pe3ynbTaTH PO3PaxyHKIB €IeK-
TPUYHOI €MHOCTI 130Jb0BAHOTO MPOBIAHUKA TIPH HE3MIiH-
HOMY JiaMeTpi I IPOBiTHUKA Ta BapiFOBaHHI TOBIIMHA A;
CYLUIBHOT 13011 IUTs1 IBOX BHUIAIKIB: MPH 3HAXOKECHHI
y mositpi (kpuBa 1) Ta y Bomi (kpuBa 2). Jlienexkrpuuna
MIPOHUKHICTh TEXHIYHOT BOJH, 110 OXOJIOJKYE, MPUUHSITA
piBuoro 100 [13].

Ha puc. 2,a HaBeieHO aOCOIIIOTHI 3HAYEHHS! EMHOC-
Ti, Ha pUC. 2,0 — BITHOCHI 3HAYEHHS 110JI0 PO3PaXyHKOBOT
€MHOCTI y BUIIAAKY I'1=A;. B Takomy macmrabi po3paxy-
HKH €MHOCTI CITiBIIQJIAIOTh JIJIS TPHOX 3HAYCHB IiaMeTpiB
mposigauka 2r; = 0,511; 0,57 Ta 0,64 mm. Kpusa 1 Bin-
HOCHUTBCS JUISl BUIIAJIKY OXOJIO/DKEHHS 130JIbOBAHOTO ITPO-
BiJTHMKA Y TIOBITpi, KpuBa 2 —y BOZI.

[Ipu oxomomkeHHI y BOJI €lIEeKTpUYHA €MHICTh i30-
JILOBAHOTO IPOBIIHUKA 3MIHIOETHCSI OLIbIIE, HIK B 2 Pa3H,
P TIOBITPSIHOMY OXOJIO/KeHHI — He Oubiie HiK Ha 5 %
TPH BapifOBaHHI TOBIIMHK CYIIBHOI i30Imsiiii (opiBHsiATE
kpusi 1 ta 2, puc. 2,a,6).

30ibmieHHs ToBUMHK i30utsnii Ha 50 % BigHOCHO
paniycy mposigauka (kpusa 2, puc. 2,a,6) IPHU3BOIUTH J10
3MEHILIEHHS! €EMHOCTI 1301p0BaHOrO MpoBiaHuKa Ha 20 %.
Take KOHCTPYKTHBHE pIllICHHS 3YMOBIIIOE 3pPOCTaHHS
MacorabapUTHHX pPO3MIpiB BUTOI Mapu B HiaoMy. Bimbmn
e(EKTUBHIM KOHCTPYKTOPCHKO-TEXHOJIOTIYHAM pillieH-
HSIM € 3aCTOCYBaHHsI CIIiHEHOI i30smstii [12].

0.9 \

0.8

0.7

0.5 1 15 4

0
Puc. 2. BiutiB TOBIIMHY CYITBHOT 1305411 HA EICKTPUIHY
€MHICTb 130JIbOBAaHOTO MIPOBIIHNUKA Y BUNAJIKY 3HAXOJKCHHS
y moBiTpi (kpuBa 1) ta Bozi (kpuBa 2)

Crinenns i3oasuii ik epekTHBHE pillIeHHS pery-
JIOBAHHA €MHOCTI. TexHoJoris CrHiHeHHs 130/imil B
OCTaHHI 4acu Ha0yBa€ IIMPOKOTO 3aCTOCYBaHHS, B TOMY
yucni y BUTHX mapax [12, 16-17]. Haiiginomimmm xiMiu-
HUM TIHOYTBOPIOBAYEM € a30AUKapOOHaMI — eK30TepMi-
YHUHA XiMIYHUH TiHOYTBOpIOBad. BiH BuAiste y momimep
BEJIMKY KUIBKICTh Ta3y a30Ty pa3oM i3 BYTJIEKHCIHAM Ta-
30M y MEHIIIH KiJIbKOCTI.

Jis po3paxyHKY €(eKTHBHOI MieNeKTpHYHOI MHpo-
HUKHOCTI CIIIHEHOI 130i1il, fKa sBig€ COOOK CTaTUCTHU-
YHY CyMilll (XaOTHYHY, HEBIIOPSIKOBaHY B MPOCTOPi) 3a-
crocoBaHo (dopmyiy Jlixrenekkepa [18] — morapudmiu-
HUH 3aKOH 3MilLllyBaHHS.

JUts criiHeHO1 cyMimri ABOX KOMITOHEHTIB 3 TBEpIOi
i30JIs111i{ Ha OCHOBI MOJIETHIIEHY, IO 3aIIOBHEHA BEJIMKOIO
KUTBKICTIO OPiOHWX Ta30BHX IIip, AieTEKTPHUYHA MPOHUK-
HICTh KOTPHX NOpiBHIOE ¢ = 1, ed)eKTHUBHA MieNeKTpHIHA
MIPOHUKHICTD Efoam BU3HAYAETHCS iCIEKTPHUIHOIO TPOHU-
KHICTIO CYHUIBHOT'O MOJIETHJICHY €pg Ta CITIBBITHOILIECH-
HSIM IHUIBHOCTI CIIHEHOT Progm T CYLIIBHOT ppe 1305111
BiAIIOBiHO

192 foam =" Ig @

PPE
Ha puc. 3 npexacraBieHo 3aieKHICTh €(heKTHBHOT
JICIEKTPUYHOI MPOHMKHOCTI CIIHEHOT ITOJIIETHICHOBOT
130JIs111i1, TAHI'€HCY KyTa AieNEeKTPUYHUX BTPAT Ta ENeKT-
PUYHOT EMHOCTI 130JIbOBAHOTO TPOBIIHUKA BiJ] BEJIMYHMHH,

3BOPOTHOI CTYINEHIO TOPUCTOCTI = PPE

Pfoam  Pfoam
Ipu cryneni mopuctocti 40 % (BimHOCHWIA BMicT

CyliIbHOrO ToieTuieny nopisuioe 60 % — puc. 3) mie-
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JIEKTPUYHA MPOHUKHICT  CyMilli  3MEHIIYEThCS B
2/1,6 = 1,25 pasu. Bigmosigao Ha 33 % 3MeHIIyeTHCS
TaHI'eHC KyTa JlieNeKTpuuHuX BTpat it Ha 20 % — enekT-
pHUYHA EMHICTH 130JIbOBAHOTO MPOBIIHKUKA, IO JOBOJAUTH
e(eKTHUBHICTh 3aCTOCYBAHHS CIIHEHOT 130JIA1I11.
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Puc. 3. BIutiB CTyneHI0 MOPUCTOCTI Progm MOTICTHIICHY Ha
e(eKTHBHY AICNIEKTPUIHY IIPOHUKHICTH (a), eheKTUBHUI
TaHICHC KyTa AieNeKTPUYHUX BTpaT (6) Ta eNeKTpHYHy
€MHICTH (6) 130JIbOBAHOTO TIPOBIHUKA

HasiBHICTh BeJIMKOI KUNBKOCTI MMOp B TBEPAOI IOJIi-
ETHJICHOBOT 130JIs11ii MOTpeOye PIIIeHHS MO0 3aXHCTY
HOp Bl MPOHMKHEHHS BOJIOTH B IIPOLIECI eKCILTyaTarii
kabemo. HaitOunb mpuBaOIMBHM € 3aCTOCYBaHHS JI0JIa-
TKOBOI CYIIJBHOI IUTIBKH HA IOBEPXHI CIIHEHOT 130JIA1I1,
sIKa BUCTYTIA€ B SIKOCTi Oap’ €py [T MPOHUKHEHHS BOJIOTH
BCepenuuy crinenoi izousii [12] (puc. 4).

BB TOBIIMHM IUTIBKY B 3aJICKHOCTI BiJl CTYTICHIO
MOPHUCTOCTI TOJIIETUIICHOBOT 13015111l Ha eeKTUBHY Iie-
JIEKTPUYHY TPOHUKHICTE (a), epeKTHBHHUN TaHTEHC KyTa
JieNeKTpuYHuX BTpar (6) Ta eNeKTPUYHY EMHICTH (6) i30-
JILOBAHOTO MPOBI/IHKKA ITpeAcTaBiieHo Ha puc. 5. Kpusa 1
Ha puc. 5 BIINOBIA€ CYITBHIH MOMIETHICHOBIH 1301111,
TOBILIMHA KOTPOI JOPIBHIOE PajilyCcy IPOBIJHMKA Ta 3aJIU-

HIAETHCS HE3MIHHOIO MPH CHiHEHI Agoam. Kpok cTymneHio
crinenns gopisaioe 0,05 (xpuBa 11 Bimnosizae 50 % Bwmi-
cry nomieruneny ta 50 % Bwmicty rasoux mop). Ilpu
I[OMY TOBIIIMHA CYILIbHOT 3aXUCHOT TUTIBKH Agyag 3MIHIO-
erbes Big 0,5 % 10 60 % BigHOCHO OCHOBHOT 130JI41LIi1.

M s
wl i
- .t L] l":.l'
a o
Puc. 4. CtpykTypa criHeHOT OJIieTHIIEHOBOT 130111 Oe3 3axuc-
HOI TIiBKH (a) Ta i3 3aXUCHOI HOJETHIIEHOBOI IUTBKOIO (6):
1 —mniBKa, 2 — nepexiaHa 30Ha, 3 — BIACHO criHeHa i3ousiiist [16]
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Puc. 5. 3D-ngiarpama BIUIMBY CTYHEHIO OPUCTOCTI MOMiETHICHY
Ta TOBIIMHHU 3aXHMCHOI CYITBHOT TOJIIETUIICHOBOT TUTIBKH Ha
eJIeKTpO(i3MYHI XapaKTEPUCTHKH Ta €NEKTPUIHY EMHICTD
130JIbOBaHOTO TIPOBITHUKA
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3acTocyBaHHS OJATKOBOTO MPOMIAPKY CYLiNBHOT
IDTIBKY T10 TTOBEPXHI KUJIH IS 3a0€3MEeUCHHS <OKOPCTKO-
CTi» KOHCTPYKIIi NIpY HE3MIHHIN 3arajibHii TOBIIUHI 130-
JiT MPU3BOIUTH 10 3POCTAHHS €MHOCTI TPHIIAPOBOT
i3osmALii He OubIIe, HIXXK Ha 5 %, B OPIBHSIHHI 13 JBOIIA-
POBOI 130111

BucHoBkm.

Po3ramryBanHsl 13070BaHOTO TPOBINHWKA Y BOJI,
IO OXOJIOJDKYE, 3a0e3neuye BHCOKY YyTJIMBICTH 110 Ha-
JIAIITYBaHb TEXHOJOTIYHOTO IMPOIECY W00 PEryJIoBaH-
HSl €MHOCTI IIPU BapitoBaHHI TOBIMUHMU 130usiwil. [Ipu 3wmi-
HEHHI TOBINWHM 130JsMii B 4 pa3u BiTHOCHO HiaMeTpy
NPOBIIHUKA EJIEKTPUYHA €MHICTh 3MIHIOEThCS OUIBIIIE,
HDK B 2 pa3u. [Ipu 3Hax0/uKeHHI y IOBiTpi — Ha 5 %.

Briepme otpumano HoMorpamu e(eKTHBHOI JTieIeK-
TPUYHOI TNPOHHMKHOCTI, TaHIeHCYy KyTa MielIeKTPUYHUX
BTpaT Ta BIJHOCHHMX 3HAYCHb €MHOCTI B 3aJIC)KHOCTI Bif
CTYIICHIO CITIHEHHSI CYIIIFHOI MOJIETHIICHOBO] 1301111 Ta
TOBIIMHU 3aXHCHOI IUTIBKH, SIKi O3BOJISIOTH €(PEKTHBHO
PETyJIIOBAaTH EJIEKTPUYHY €MHICTh [IBOLIAPOBOI 130JIsLIii
MIPOBITHUKA BUTOI ApH.

OOrpyHTOBaHO METOJIOJIOTII0 CHHTE3y KOHCTPYK-
TOPCHKO-TEXHOJIOTIYHUX PILIEHb PEryJIIOBAaHHS €MHOCTI
BHTOI Mapy KabeliB MPOMHCIOBHUX MEPEK Ha TEXHOJIOTid-
Hill cTafil BUTOTOBIICHHS 130JIbOBAHOTO MPOBITHHUKA.

Po3pobnena Meronnka Moxke OyTH 3aCTOCOBaHA IS
HaJlalITYBaHb TEXHOJOTIYHOTO IPOLECY BHUIOTOBJICHHS
130JIbOBAHMX TPOBIIHUKIB KaOEJB Pi3HOTO NMPHU3HAYEHHS,
B TOMY YHCJIi 1 CHJIOBHX.

Kouduikr iHTepeciB. ABTOpPH 3asBISIIOTH PO
BIJICYTHICTh KOH(QIIIKTY iHTEpPECIB.
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Synthesis of constr uctive-technological decisions of regulation
of working capacitance of cables of industrial networks.
Introduction. Over the past 10 years, the number of industrial
networ ks has more than doubled. At the physical level, all indus-
trial technology networks are based on twisted pair. Purpose.
Synthesis of constructive-technological decisions of regulation
of electric capacitance of the insulated conductor at a stage of
manufacturing of twisted pair of cables of industrial networks.
Methodology. The method of secondary charges to determine
the capacitance of the insulated conductor by varying the thick-
ness of the solid and foamed polyethylene insulation. Practical
value. Effective regulation is provided on the basis of the ob-
tained dependencies of the effective dielectric constant, the tan-
gent of the dielectric loss angle and the capacitance of the insu-
lated conductor on the degree of foaming and the thickness of
the protective film of two-layer insulation. At a degree of poros-
ity of 40 %, the dielectric constant decreases by 25 %, the tan-
gent of the dielectric loss angle — by 33 %, the electrical capaci-
tance of the insulated conductor — by 20 %. References 18,
tables 3, figures 5.

Key words: industrial networks, twisted pair, insulated con-
ductor, foaming, insulation thickness, effective dielectric
constant, electrical capacitance.
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EnekmpuyHi cmaHuii, Mepexi i cucmemu
uUDC 621.3

doi: 10.20998/2074-272X.2021.1.08
N. Anwar, A. Hanif, M.U. Ali, A. Zafar

CHAOTIC-BASED PARTICLE SWARM OPTIMIZATION ALGORITHM FOR OPTIMAL
PID TUNING IN AUTOMATIC VOLTAGE REGULATOR SYSTEMS

Introduction. In an electrical power system, the output of the synchronous generators varies due to disturbances or sudden load
changes. These variations in output severely affect power system stability and power quality. The synchronous generator is equipped
with an automatic voltage regulator to maintain its terminal voltage at rated voltage. Several control techniques utilized to improve
the response of the automatic voltage regulator system, however, proportional integral derivative (PID) controller is the most
frequently used controller but its parameters require optimization. Novelty. In this paper, the chaotic sequence based on the logistic
map is hybridized with particle swarm optimization to find the optimal parameters of the PID for the automatic voltage regulator
system. The logistic map chaotic sequence-based initialization and global best selection enable the algorithm to escape from local
minima stagnation and improve its convergence rate resulting in best optimal parameters. Purpose. The main objective of the
proposed approach is to improve the transient response of the automatic voltage regulator system by minimizing the maximum
overshoot, settling time, rise time, and peak time values of the terminal voltage, and eliminating the steady-state error. Methods. In
the process of parameter tuning, the Chaotic particle swarm optimization technique was run several times through the proposed
hybrid objective function, which accommodates the advantages of the two most commonly used objective functions with a minimum
number of iterations, and an optimal PID gain value was found. The proposed algorithm is compared with current metaheuristic
algorithms including conventional particle swarm optimization, improved kidney algorithm, and others. Results. For performance
evaluation, the characteristics of the integral of time multiplied squared error and Zwe-Lee Gaing objective functions are combined.
Furthermore, the time-domain analysis, frequency-domain analysis, and robustness analysis are carried out to show the better
performance of the proposed algorithm. The result shows that automatic voltage regulator tuned with the chactic particle swarm
optimization based PID yield improvement in overshoot, settling time, and function value of 14.41 %, 37.91 %, 1.73 % over recently
proposed IKA, and 43.55 %, 44.5 %, 16.67 % over conventional particle swarm optimization algorithms. The improvement in
transient response further improves the automatic voltage regulator system stability for electrical power systems. References 44,
tables 4, figures 6.

Key words: proportional integral derivative (PID) tuning, chactic particle swarm optimization (CPSO), robustness analysis,
automatic voltage regulator (AVR), transient response.

Bcmyn. B enexmpoenepeemuutitl cucmemi NOMYHCHICMb CUHXPOHHUX 2eHepamopie 3MIHIOEMbCA BHACTIOOK 30ypeHb abo pi3Kux 3MiH
naganmasgcenns. ILli 3minu 6 NOMYJUCHOCMI Ceplio3HO GNAUBAIOMb HA CMAOIIbHICMbG eHepeemuyHoi cucmemu ma AKICMb
enekmpoenepzii. CunxpoHHUll 2eHepamop OCHAWEeHUT A8MOMAMUYHUM Pe2YIAMOPOM Hanpy2u O NIOMPUMAHHA HANPY2U HA 1020
KIemMax Ha pieni HOMiHanbHOI Hanpyeu. [ekinbka Mmemooieé ynpaeniHHs GUKOPUCOSYIOMbCS O NOMNWIEHHS peakyii cucmemu
ABMOMAMUYHO20 Pe2YISMOPd HANPy2u, OOHAK NPOnopyitHutl inmezpanvHuti noxionuii konmponep (PlD-kowmponep) € Haiubinvw
4acmo BUKOPUCIOBYBAHUM KOHMPOAEPOM, aie U020 napamempu eumazaroms onmumizayii. Hoeusna. Y yiii pobomi xaomuuna
NOCNIO0BHICMb, 3ACHOBAHA HA JIOZICMUYHIL cXeMi, 2IOpUoU3yEMbCsL 3a 00NOMO20I0 ONMUMI3AYil pol0 YACMUHOK, W06 3Haumu
onmumanvhi napamempu PID ona cucmemu aémomamuunozo peeynamopa muanpyeu. Iniyianizayis na ocHnosi xaomuunoi
NOCHiI006HOCMI NIOICMUYHOT cXeMu ma HAuKpawuil eno6ansHull 8ubip 003601A10Mb AN2OPUMMY BUUMU i3 JIOKANLHOI MIHIMATLHOL
cmazHayii ma noxpawumu weuoKicme 30idcHOCMI, Wo O0ae Haukpawi onmumanvhi napamempu. Mema. OcHO8HOW Memoio
3anpPONOHO8AH020 NiIOX00Y € NONINUEHHs NepexioHol peakyii cucmemu a8MOMAMUYHO20 Pe2yIamopa Hanpyau wWasxom MiHiMisayii
MAKCUMATbHO20 NEPESUUJeHH S, YaCy 6CIMAHOGNEHH, Yacy HAPOCMAHHA MA NIKOBUX 3HAYEHb HANPY2U HA KAeMaxX I YCYHEeHHS NOMUTKU
y cmayionaprozo cmani. Memoou. Y npoyeci nacmpotixu napamempie mexHiky onmumizayii poio XaomudHux 4acmuHoK KilbKa
pasie npomyckamu uepes 3anponoHosaHy 2iOpudOHy Yinbosy (QYHKYiO, AKA 6pAXo8ye nepegazu 060X HAUOLIbUL YACMO
BUKOPUCMOBYBAHUX YINbOBUX (DYHKYIU 3 MIHIMAIBHOIO KIIbKICMIO Imepayill,i 3HAU0eHO ONMuMAlbHe 3HAYeHHS KoegiyicHmy
niocunenna PID. 3anpononosanuil aneopumm nOpieHIOEMbCA 3 CYUACHUMU MeMAeSPUCUNHUMU  AN2OPUMMAMY, BKIIOYAIOYU
36UYAIIHY ONMUMI3AYII0 POI0 YACMUHOK, 8OOCKOHANEHUN aneopumm Hupox ma inwi. Pesynemamu. [[na oyinku egexmusnocmi
00'€0HYIOmMbCA XapaKmepucmuKy iHmezpana y 4aci, NOMHONCEH020 Ha NOXUubKu y keaopami, ma yinvosux @yuxyii Llee-Jli 'etinea.
Kpim moeo, nposodsmvca ananiz y uacosiii obnacmi, ananiz y 4acmomHoi obiacmi ma ananiz cmitkocmi, wyob nokasamu Kpawy
ehexmugHicmy 3anPONOHOBAH020 anzopummy. Pesynomam noxasye, wjo agmomamuynull peyismop Hanpyeu, Halaumosanull Ha
XaomuyHy onmumizayilo poio 4YacmuHok, 3acnoganuil na noxinuwenni euxody PID 6 nepesuwennsx,uaci narawmysanna ma snauenni
¢yuxyii nepesuwye na 14,41 %, 37,91 %, 1,73 % uewooasro 3anpononosanuti Hupkoeuii arcopumm ma Ha 43,55 %, 44,5 %,
16,67 % nepesuwye 36uuaiini arcopummu onmumizayii poro wacmunox. Iloninwenns nepexionoi peaxyii we Oitbuie noKpawye
CcMabiNbHICMb A8MOMAMUYHO20 Pe2yIsamopa Hanpyau 0Jis cucmem elekmpoenepeemuru. bion. 44, tabn. 4, puc. 6.

Kniouosi cnosa: mpomnopuiiiHe pery/OBaHHSI iHTerpajibHOI IOXiAHOI, ONTHMIi3alisi Xa0THMYHOr0 POI0 YACTHHOK, AaHAJI3
CTIHKOCTi, ABTOMATHYHUIi Pery/JsiTOp HANPYTH, NepexilHa peaKuis.

Introduction. The disturbances such as change in
transmission line parameters, sudden load changes,
fluctuation in the turbine output, etc., causes the
synchronous generator to show an oscillatory
performance around the equilibrium state [1]. Under such
oscillations, the power system stahility is greatly affected.
To assure the power quality and to enhance the power
network stability, excitation of synchronous generator is
equipped with automatic voltage regulator (AVR) and

power system stabilizer. AVR keeps the output voltage of
synchronous generator at rated value. The transient
response of AVR system extremely affects the stability of
the power system [2].

A number of control methods were studied, such as
predictive controls, fuzzy controls, and neural controls for
process controls system. Despite much effort,
proportional integral derivative (PID) controllers are the
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main element of industrial controller systems and can be
used in the form of embedded controller, distributed
control system and programmable logic controller [3].
Overschee and Demoor stated 80 % of PID controllers are
not tuned to optimal level in the industries. Furthermore,
they reported that 30 % of the PID controllers operates in
manual settings, whereas twenty 5 % work in the default
settings [4]. Over the years, numerous techniques for
tuning of PID parameters were proposed like traditional
techniques including Ziegler/Nicole, Cohen/Kun, pole
position and latest techniques (i.e., gains scheduling,
minimum fluctuations and prediction) [5]. Some
drawbacks of traditional control technique for PID
controllers tuning are:

inadequate dynamics of closed loop response;
excessive rulesfor setting gains;

mathematical complexity control design;

difficulty in dealing with nonlinearities [6].
Therefore, in academia and industry, the tuning a
PID controller is an interesting research topic.

Numerous techniques like artificial neural networks
(ANN) and neural fuzzy systems were used for the tuning
of PID-AVR parameters. However, these techniques
require a quite large amount of data for training process
[7]. On the other hand, metaheuristic optimization based
tuning algorithms such as improve kidney-inspired
algorithm (IKA) [8], particle swarm optimization (PSO)
[9], biogeography-based optimization (BBO), local
unimodal sampling algorithm (LUS) [10], artificial bee
colony (ABC) algorithm [11], slap swarm algorithm
(SSA) [12], artificial electric filed (AEF) [13], Harris
hawks optimization (HHO) [14], sine cosine algorithm
(SCA) [15], whale optimization algorithm (WOA) [16],
etc., are applied for PID tuning in AVR system.

Many objective functions were proposed in literature as
performance criteria for optimization of PID-AVR. The
integral error is extensvely used as an objective function,
which is based on difference between reference and the
system output. The frequently used integral functionsinclude:

e integral absolute error (I1AE);
e integral time absolute error (ITAE);
e integral squared error (ISE);
e integral time squared error (ITSE).

Minimizing the ISE and IAE provide relatively small
overshoots with longer stabilization time. Alternatively, the
ITSE and ITAE can overcome the limitations of the ISE
and |AE, but they cannot guarantee the required stability
[17]. In addition, Zwe-Lee Gaing (ZLG) defines the time
step performance criterion by using a weighted factor with
the parameters of time response [7].

A brief literature review of the tuning techniques
applied on AVR systems over the past years is shown in
Table 1, which encapsulates the performance indexes and
analysis approaches used in the literature.

Genetic algorithm (GA), ABC, and PSO algorithms
have tendency to solve numerous optimization problems,
but affects with issues like memory capabilities, etc.
Improved results might be obtained through other
optimization methods, but they might have drawbacks
such as initial convergence, local minimum congestion,
difficulty in selecting control parameter, and increased

computation time dependent on size of the studied system
[18]. Also, there is no exact technique for finest
parameters tuning of PID controller for AVR system.
Therefore, studying novel heuristic  optimization
algorithms is an imperative and observable issue for
researchers. Since metaheuristic algorithms have establish
their place in efficiently solving numerous global
optimization problem that can be applied to various
scenarios, however the major problem faced by them is
the premature convergence leads trapping in local optima
[19]. Chaotic features diversify solution space, creating
space to exploit and explore more space. Chaos
phenomena can take place in a deterministic nonlinear
dynamic system and is sensitive to initia conditions.
Thus, chaotic movements within a certain range can travel
all states without repetition. The easy implementation and
its capability to escape from getting stuck in the local
optima evolved in chaos based search algorithms [20].
Experimental studies argue for the benefit of using
chaotic instead of random signals [21].

In this study, optimization of PID controller for
AVR applications using the hybridization of chaotic
initialization in particle swarm optimization (CPSO) is
proposed. The combined ITSE and ZLG performance
criterion is used. The ITSE-ZLG not only minimize the
steps response characteristic that are settling time (t),
pesk time (t,), rise time (t;), overshoot (%MP), and steady
state errors (es), but also the average of time weighted
absolute errors between the measured and rated voltage.
The results obtained on the basis of the proposed
technique are then compared with existing techniques
algorithm in the literature. To show the supremacy of the
proposed CPSO-PID approach, transient response
analysis, frequency response anaysis and pole-zero map
under AVR system parameters changes are performed. At
the end, the robustness analysis is performed.

Mathematical model of AVR. To maximize the
power quality of system, AVR is crucia in maintaining
the terminal output voltage of synchronous generator to
predefined level through generator exciter control.
Operation of AVR is dependent upon the difference
between pre-defined voltage levels to variable terminal
voltage level, which may arise due to disturbance in
power network. Excitation mechanism serves the purpose
to maintain the generator terminal voltages in case of
system interruptions. Potential transformer measure’s the
voltage magnitude, afterwards rectified and compared
with the reference. Error signal generated through this
mechanism is amplified to control the field excitation,
hence maintain the synchronous generator terminal
voltage. Generation of reactive power increases/decreases
to new stable equilibrium, maintaining the output voltage
to defined rated value. Modelling of various parts of AVR
systemis given in the following equations:

Ka
Gampiifier (S)= ;
Anpllfler( ) 1+S-TA (1)
0.02<Tx<0.1, 10<K,<40;
K
Geyiter (8) = ——E—;
EXC|ter( ) 1+ S~TE (2)

04<Tg <1, 1<Kg <10
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Table 1

Tuning method for automatic voltage regulator system

Performance indices Analysis methods
Proposed . . Pole
Reference | 4 gorithm Comparison |\ el sl TAE|ITSE|ZLG|Other| T7aNSENt | 700 | Freauency | b ctness
response | o | response

— PSO, DE, ABC,
Ekinci et al. IKA LUS, PSA, BBO, - 4 4 4 4
(8] GOA
Ekinci et al.
4 HHO BBO + + +
Demiroren et
A 119 AEF PSO, BBO + +
Mosaad et al. BA, CSA, FPA,
[16] WOA 1 pso, sca, wwo * *
fzez']'k etd. SOS | ABC,MOL, BBO + + + + + +
Georgeeta. | \yca WOA, GA + +
[23]
Celiketal. ABC, MOL, LUS,
[24] SFS | wco, GsA, BBO * * * * *
Ekinci et al.
2 SSA ABC, ZN + + +
Odili et al. PSO, GA ACO,
[25] ABO BFOA * "
Bingul etal. PSO, MOL, ABC,
[26] s BF-GA, LUS L * * * * *
Hekimoglu et
. [15] SCA  |ZN, DE, ABC, BBO + + + + +
E"’;]”S” ed | psoGsa | ZN, PSO, MOL + +
Chatterjec et GA, PSO, LUS,
a. [28] TLBO PSO, ABC L * * * *
[C;g‘]’enc @d. | pgo | ABC,DEA, PSO + + + + +
Sahibetal. ABC, DEA, GA,
[9] PSO MOL, LUS * * * * *
Mohantya et
al. [10] LUS ABC, PSO, DE + + + + +
Tang et a.
(30] CAS PSO + +
g‘ﬁdeet a. ABC PSO, DEA + + + + +

In Table 1 the following abbreviation is used: IKA —improved kidney-inspired algorithm, SSA — dlap swarm agorithm,
SOS — symbiotic organisms search, SFS — stochastic fractal search, CAS — Chaotic ant swarm, ABO — African buffalo optimization,
WWO — water wave optimization, TLBO — teaching learning based optimization, CS — cuckoo search, water wave optimization,
PSO — particle swarm optimization, DE — differential evolution, ABC — ant bee colony, LUS — local unimodal sampling,
PSA — pattern search algorithm, BBO — bio-geography-based optimization, GOA — grasshopper optimization algorithm,
GA - genetic agorithm, MOL — many optimizing liaisons, ZN - ziegler-nichols, WCO - world cup optimization,
GSA — gravitational search algorithm, WCA — water cycle agorithm , WOA — whale optimization algorithm, ACO — ant colony
optimization, BFOA — bacteria foraging optimization Algorithm, CSA — crow search algorithm, BA — bat algorithm, FPA — flower
pollination algorithm, SCA — sine cosine algorithm, BF-GA — hybrid genetic algorithm and bacterial foraging.

Kg
G S)=——"2—;
Generator( ) 1+S-TG (3)
1<Tg <2, 07<Kg<L
Ks
G S)= ;
Sensor( ) 1+S-TS (4)

0.001<Tg<0.06, 1<Kg<2
where Ku, Kg, Kg and Kg are the amplifier, exciter,
generator and sensor gains respectively, Ta, Tg, Tg and Ts
are the amplifier, exciter, generator and sensor time

constant respectively.
The linearized AVR transfer function system
without PID is given asfollows:

AUGS)

AU gt (S)

©)
Ka-Kg-Kg-(1+sTg)
1+ Tp)-@+sTe)-L+sTg) L+sTg)+Ka-Ke -Kg-Kg'
AVR system with PID controller. The PID
controller consists of 3 main control actions/gains with
respect to the error signal:

52
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1) proportional (K) control;
2)integra (K;) control;
3) derivative (Ky) control.
In industrial control processes, a constant gain PID
controller has been extensively used. PID controller
transfer function is given as

t
Uc(t)= K pAUg(t)+ K; [ AU g(t)dt + Kq (dAUg(t))/ t, (6)
0

where U, is the control signal; AU(s) is the error signa
among reference AU, «(s) and measured signal AU(s), and
Ko Kg and K; are the control gains of proportional,
derivative and integral term, respectively.

The closed loop AVR transfer function with PID is
derived as

AU(s) _
AUref (S)_ (7)
Ka-Kg-Kg ~(1+S-T5)~(52~Kd +s-Kp+Ki)
A :
where

A=s-(1+sTp) 1+ Tg) 1+ Tg) (L+s-Tg)+
+KA-KE.KG-KS-(52-K(,+s.Kp+Ki)

The challenge in PID tuning is to determine the
optimum parameters to reduce the time domain
characteristics like t, t, t, and %M, Therefore,
optimization of PID tuning parameters is required using
optimization methods.

PID parameters optimization for AVR system.

Particle Swarm Optimization (PSO) is a
population based optimization algorithm inspired from
socia behaviors of bird flocking [9]. In this algorithm,
population (known as particle) is initialized. In
n-dimension given problem, N particles are travelling in
the solution space. The X(t) = (X1, Xz, ..., Xjm) denotes
the location of the j-th particle at the i-th iteration and Xjm
€ [Lm Unl, 1< m < N, where L, and U, represents the
lower and upper bound having values [0.2 — 2]
respectively. The P; = (Pj1, P2, ..., Pjm) denotes the best
position searched by the j-th particle known as Ppg.
Finally, the global best position achieved by the swarm is
identified as global best Gpes and represented as Py = (Pg,
Pg, ..., Pgm). The velocity vector at the i-th iteration is
Vi(t) = (i1, Vizs ..., Vim). Finally, the updated velocity and
position variables of the particle for succeeding iteration
are obtained as

Vit+1)=W-v;(t)+

413 Cp - (Poet 1)~ % (1) + ®
+12-Cy '(Gbest i ()-x;(t))
xj (t+1)=x; (t)+V; (t) 9)

where the parameter C, and C, are acceleration
coefficient, Wis called inertia weight (i.e.,, set to 1 in the
conventional PSO), r; and r, represents random number
between [0, 1].

The PSO algorithm has several advantages including
fast convergence, less complex computations unlike GA
(e.g. coding/decoding, mutation and crossover), easy to

compute and simple to implement [32]. But, PSO has
drawbacks, such as easily stuck in local optima and
decrease in the convergence rate in the later period of
evolution [33].

Chaotic Particle Swarm Optimization (CPSO).

Generating random sequences with good uniformly
is very important in the field of sampling, numerical
analysis and metaheuristic optimization. The concept of
using chaotic sequence instead of random sequence have
been emerged in research fields using chaotic neural
network (CNN) [34] and chaos optimization [35], etc.
Chaos is a random movement of particles having
characteristics of pseudo-randomness, ergodicity, and
regularity determined through a deterministic equation
[36]. A chaotic signal can cross every state in a certain
search region in such away that every state isvisited only
once. The diversity of random numbers generated by
chaotic motion is better than the randomly generated
values. Chaos search has a very specia ability to improve
the diversity of particle in search space that helps the
optimization algorithm to escape from stucking in local
optima [37]. Therefore, using chaotic seguences in
evolutionary algorithms is a promising approach to obtain
high quality solutions. Different kinds of chaos maps have
been used in literature [38].

In this paper, to improve the searching performance
and to escape from trapping into local minima, chaos
dynamics is integrated into the PSO. The conventional
PSO agorithm faces up to premature convergence
because information can be exchanged between particles
quickly and the particles are getting near to each other
rapidly, especially in case of problems with multiple local
optima. Thus, the dispersion of particles decreases in the
search space and it is difficult to escape from local optima
[39]. In order to increase a population’s diversity in
conventional PSO, chaos sequences were used to initialize
the particles population and velocity. In this paper,
chaotic sequence is generated using the logistic equation
[40Q]. The process of initializing using logistic chaotic map
is defined through the subsequent equation [41]:

ng' 1) _g. Cx?) - (1— ngI *1))
=12, .., m,
where Cx is the j-th chaotic variable and i denotes the
number of iteration.
The procedure of chaotic search using logistic map

isasfollows[42].
Step 1: Setting i = 0 and maps the decision variables

x,-i to chaotic variablerEi) positioned in the interval (0O, 1)

(10)

using below equation
[
oxli) = XE ) ~ Xmin, j
) Xmax, j ~ Xmin, j (11)
i=123,..,n

Step 2: Calculating the chaotic variable ng”l) for
the succeeding iteration using logistic map equation
according to ng').
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Step 3: Adapting the chaotic variable ng”l) to
decision variable xgi +1) ng below equation
i+1 i+1
XSH )= Xmin, j +CXE'+ )'(Xmax,j _Xmin,j)’
i=1273..,n

Step 4: Cdculating the new solution with decision
variable xg” ).

Step 5: If the new solution is superior to the
previous decision variable or predefines maximum
number of iterations is reached, take the new solution as
the new result of chaos search else, leti =i + 1 and go
back to Step 2.

Another improvement in conventional PSO lies in
using the adaptive parameters (W, C;, C,) instead of
constant values using the following equations

(12)

W —W; _
W=W-———.Gen, W>W); (13
MaxGen
Cii —Cut
=Cj —-Gen, (C;i >Ci¢ ); 14
C=C aGen (ll lf) (14)
Cyi —Cot
Cr,=Cyp ————-Gen, (Coi >Coh:); 15
2=Ca — e (2| 2f) (15)

Ci=2,Cs=1,C;=2,Cx=1,W =09 and W; = 0.4,
where Gen is the current generation of the swarm,
MaxGen is the maximum evolutionary generation, the
indexesi and f denotesinitial and final, respectively.

Fig. 1 shows the flow chart of CPSO.

Fig. 1. Flow chart chaotic particle swarm optimization

Performance evaluation criterion. Severa
performance criterions were proposed in the literature to
examine the performance of the AVR system [43]. The
most of the criterions were associated with improvement
in time domain parameters such as %M, ess, t; and ts of
the step response [44]. The frequently used criterions for
the performance evaluation of AVR system are

1) Integral absolute error (1AE):
te

IAE = SﬂAut(t]dt; (16)
2) Integral squared erro(r) (1sB):
ISE = tsjm(AUt(t))Zdt; 17)
3) Integral time wei gr?ted absolute error (ITAE):
ITAE = tﬁ AU (t)dt; (18)
4) Integra time wel ggted squared error (ITSE)
ITSE = tjmt (AU (b)) dt; (19)
5) Zwe-Lee Gaing (OZLG):
26=f1-ef)}(Mp-eg)re” (ts—t,), (20

where AUy(t) is the difference between steady state value
and its present terminal voltage; ty, is the simulation time
duration; g is the weighted factor and its values ranges
between [0.5 - 1.5].

In the abovementioned criterions, ITSE and ZLG are
frequently reported and resulted in improved results. ITSE
resulted in high overshoot, whereas ZL G increase the rise
and peak time. In this study, combined ITSE and ZLG are
used [19]

J=ITSE + aZLG, (21
where « is the weighting factor to balance the ITSE and
ZLG performance criterions and its values ranges between
[30-50].

The above criterion can be changed
optimization problem with constrained as

min J{ITSE, %M p, e, ts, t; |

02<Kp<2
subject t0<0.2< K; < 2
02<Kg<2.

The optimal values of free parameters (ITSE, %M,
ess, ts and t,) are estimated using CPSO. Fig. 2 shows
the complete implementation of CPSO for AVR.

Simulation result and discussion. The different
analyses were performed including convergence, pole
zero map, robustness etc. to show the improved
performance of CPSO-AVR. Furthermore, the voltage
response analysis is aso carried out by considering
different cases. All the analysis were done using
MATLAB/Simulink (2018 Version) on an Intel i3,
processor 1.90 GHz with a RAM 4.00 GB. The
population size and maximum iteration for the anaysis
were chosen as 30. Subseguent sections show the
important results after analysis.

in to

(22)
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Fig. 2. Chaotic particle swarm optimization implementation

Convergence profile. The convergence curve of
PSO and CPSO is shown in Fig. 3. The CPSO agorithm
converges to optimized values only in 5 iterations as
compared to PSO. Optimized value of PID gains obtained
using CPSO were

K, = 1.0535, K; = 1.0112 and K4 = 0.3752.

Convergence Curve

-

——PS0
——CPSO| ]

=
o
o

e
w

o
o
[

Cost Function Value
e o
(4] [=-]

o
o

=
o
@

e
o

0 5 10 15 20 25 30
Number of Iteration
Fig. 3. Convergence curve

Equation (23) shows the overall transfer function of
AVR system obtained with these optimized values

AU(s) _
AU ref (s) -
- 0.0599s° + 6.103s” +10.53s+10.09
©0.0004s° + 0.0454s% + 05583 + 7.5002 +11.43- 5+ 10.09

Comparative analysis with different algorithms.
Comparison of obtained results using CPSO with other

Pl Doptim =
(23)

optimization algorithms were done to show the
effectiveness and supremacy of the CPSO technique. The
other algorithms used to optimize the PID parameter for
AVR system include IKA, PSO, BBO, LUS, ABC, SSA,
AEF and HHO. In order to evaluate the performance, the
time domain characteristics %M, ess, t, and ts of the
transient response as well as value of the criterion were
compared. The comparative analysis of CPSO-PID with
other meta-heuristic techniques is tabulated in Table 2.
The percentage improvement of CPSO over other
optimization algorithms is also reported in Table 2. It is
important to note here that PID controller tuned with
CPSO algorithm using the cost function given in Eq. (21)
for AVR system will result in less oscillatory and stable
response. Fig. 4 shows the simulation result of step
response of AVR terminal voltage obtained from different
agorithms. It is noted that the CPSO yields better results
as compared to other algorithm.

Step Response
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Fig. 4. Comparative analysis of step responses

Pole-Zero and frequency response Analysis. The
pole-zero map helps to determine the system stability and
provide the information about the position of closed-loop
zeros, poles and their resultant damping ratio (DR). To
check the stability of AVR, the analysis of pole-zeros and
bode-plot were done with tuned controller parameters
obtained using CPSO. From pole/zero analysis for
CPSO-AVR, the closed loop poles are

5 =-101, $,3=-494+)865 $5=-13+j0.91
as shown in Fig. 5 and the corresponding DR values are
1.00, 0.49 and 0.81, respectively.

Pole-Zero Map
10 . — S— .
0.995" . . 089 088 086 091 07,
0sss o . : :
‘T% 5+
: 1.
Q : e : . L
w1200 100 BO B0 40 2o
I T S— _
=
@
£
g |t
E 5t
0.998 L L ) B :
0996 089" 098 096 091 07%
A0 ; 8 . 0 4
120 -100 80 60 40 20 0

Real Axis (seconds™)
Fig. 5. Pole-zero analysis of chaotic particle swarm optimization
based automatic voltage regulator
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Table2

Comparative analysis of chaotic particle swarm optimization-PID with other meta-heuristic algorithms

PID parameters | Transient response parameters Objective function Improvement contributed by CPSO-PID
Controller type
Ko | Ki | Kg |%My| tsS | t,S | t,s | ITSE | ZLG |ITSE+ZLG| %M, ts s ITSE+ZLG
CPSO-PID (Proposed)|1.0535|1.0112(0.3752(13.11| 0.564 |0.1743|0.3732|0.0078(0.2299| 0.6214 — — -
IKA-PID 1.0426{1.0093| 0.599 |15.00| 0.753 | 0.128 | 0.328 [0.0062(0.3246| 0.6322 1441 37.91 1.73
PSO-PID 1.3541{0.9266|0.4378|18.82| 0.815 | 0.149 | 0.328 [0.0072(0.3668| 0.7250 43.55 4450 16.67
BBO-PID 1.2464(0.5893|0.4596{15.52| 1.446 | 0.149 | 0.317 |0.0078|0.5774| 0.9656 18.38 156.38 55.39
LUS-PID 1.2012{0.9096|0.4593| 15.56| 0.800 | 0.149 | 0.322 [0.0064|0.3378| 0.6577 18.68 41.84 5.84
ABC-PID 1.6524{0.4083(0.3654|25.01| 3.094 | 0.156 | 0.360 [0.0177(1.2430| 2.1295 90.77 448.58 242.69
SSA-PID 1.3381{1.1204(0.6361|20.30| 0.690 | 0.119 | 0.263 [0.0056|0.3407| 0.6203 54.84 22.34 0.25
AEF-PID 1.1062(0.9543|0.5178{14.30|0.7760| 0.140 | 0.291 |0.0060|0.3300{ 0.6302 9.07 37.58 141
HHO-PID 1.0887{0.9882(0.5361|14.42|0.7657| 0.137 | 0.290 [0.0060(0.3223| 0.6227 9.99 35.76 0.20

Table 3 shows the values of peak-gain, phase margin,
ddlay margin, and bandwidth for different algorithms using
Bode analysis. The peak gain for CPSO-AVR is found as
0.79 dB (7.11 rad/s), whereas phase margin and delay
margin are 95.8 and 0.178s (9.38 rad/s), respectively.
Finally, the bandwidth is 12.267 as shown in Table 3.
From the aforementioned analysis, the CPSO-AVR
yielded stable and good frequency response as all closed

Robustness analysis. To evauate the robustness of
CPSO-AVR, time constant of exciter, amplifier, sensor
and generator were varied between 50 % to +50 % as
shown in Fig. 6. The results of transient response after the
variations in AVR parameters are listed in Table 4. It is
observed in Table 4 that the total deviation range for
different values of parameters of AVR time constants are
in acceptable range showing the robustness of AVR

loop poles were in the left half s-plan. system with CPSO algorithm.
Table3
Peak-gain, phase-margin (deg.), delay-margin and bandwidth of automatic voltage regulator system
Controller Peak-gain Phase-margin (deg.) Delay-margin Bandwidth
CPSO-PID (Proposed) | 0.79 dB (7.11 rad/s) 95.8 0.178 5(9.38 rad/s) 12.267
IKA-PID 1.78 dB (10.6 rad/s) 76.7 0.095 s (14.0 rad/s) 16.785
PSO-PID 1.79 dB (8.29 rad/s) 79.3 0.121 s (11.5 rad/s) 13.915
BBO-PID 1.56 dB (8.65 rad/s) 81.6 0.112 s(11.7 rad/s) 14.284
LUSPID 1.43 dB (8.59 rad/s) 83.2 0.126 s (11.6 rad/s) 14.208
ABC-PID 2.87 dB (7.52 rad/s) 69.4 0.111 s(10.9 rad/s) 12.880
SSA-PID 1.51 dB (9.7 rad/s) 80.8 0.11s(12.9 rad/s) 15.624
AEF-PID 1.45 dB (9.45 rad/s) 81.8 0.114 s (12.5 rad/s) 15.286
HHO-PID 1.51dB (9.7 rad/s) 80.8 0.11 s(12.9 rad/s) 15.624
Table 4
Robustness analysis of chaotic particle swarm optimization-PID for deviation in parameters of AVR system
Model Rate of change (%) Range of total
parameter Performance parameter -50 -25 +25 +50 deviation
Peak value (p.u.) 1.168 1.799 1.172 1.206 0.066
T ts, S 0.2402 0.4793 1.3530 1.4793 1.620
A t, S 0.1601 0.1652 0.1846 0.1943 0.114
t5, S 0.3157 0.3445 0.4104 0.4285 0.148
Peak value (p.u.) 1.135 1.130 1.13 1.143 0.010
T ts, S 0.6548 0.7419 1.5231 1.6749 1.969
E t, S 0.1155 0.1465 0.2006 0.2257 0.294
t,, S 0.2421 0.3011 0.4444 0.5156 0.381
Peak value (p.u.) 1.230 1.168 1.107 1.943 0.717
T ts, S 1.0112 0.7536 1.8619 2.1511 2.814
¢ t, S 0.1059 0.1409 0.2076 0.2414 0.384
t5, S 0.2356 0.3002 0.4451 0.5341 0.431
Peak value (p.u.) 1.112 1.121 1.140 1.151 0.017
T ts, S 0.5660 0.5652 1.1758 1.1977 1.123
s t, S 0.1791 0.1769 0.1724 0.1702 0.027
tp, S 0.3717 0.3813 0.3649 0.3760 0.021
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Step Response
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Fig. 6. Step response for variation between +50 to -50 in
Te (a), Ta(b), Tg (c), and Ts(d)

Conclusions.

In this paper, chaotic particle swarm optimization
based proportional integral derivative (PID) controller was
used for the optimal tuning of automatic voltage regulator
syssem. The logistic map chaotic sequence-based

initilization and globa best selection enables the
agorithm to escape from loca minima stagnation and
improve its convergence rate and resulting precision. In the
process of parameter tuning, the chactic particle swarm
optimization technique was run severa times through the
proposed objective function, which accommodates the
advantages of the two most commonly used objective
functions with a minimum number of iterations, and an
optimal PID gain value was found. Automatic voltage
regulator system with chaotic particle swarm optimization
based PID controller minimizes the performance criterion
vaue to obtained optimized parameters of PID.
Performance comparisons were performed with 8
optimization algorithms (improved kidney algorithm,
particle swarm optimization, bio-geography based
optimization, local unimoda sampling, artificial bee
colony, slap swarm agorithm, artificial electric filed, and
Harris hawks optimization) to demonstrate the usefulness
of the chaotic particle swarm optimization based PID for
automatic voltage regulator system.

The comparative analysis of results revealed that the
proposed chaotic particle swarm optimization based PID
controller based system showed an excellent transient
response in terms of t;, %M, and performance criterion
value. In addition, bode analysis, pole-zero and robustness
analysis were done to show the system stability optimized
by the chaotic particle swarm optimization algorithm. The
analyses depict that the stability of automatic voltage
regulator system is good and the proposed controller is
less affected the possible variations in the parameters of
the system. The proposed chaotic particle swarm
optimization technique can be implemented to tune the
controllers for the swing-up and stabilization for a
pendulum-cart system.
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MULTI-OBJECTIVE OPTIMAL POWER FLOW CONSIDERING
THE MULTI-TERMINAL DIRECT CURRENT

Introduction. In recent years, transmission systems comprise more direct current structures; their effects on alternating current
power system may become significant and important. Also, multi-terminal direct current is favorable to the integration of large wind
and solar power plants with a very beneficial ecological effect. The novelty of the proposed work consists in the effects of the
aforementioned modern devices on transient stability, thus turn out to be an interesting research issue. In our view, they constitute a
new challenge and an additional complexity for studying the dynamic behavior of modern electrical systems. Purpose. We sought a
resolution to the problem of the transient stability constrained optimal power flow in the alternating current / direct current meshed
networks. Convergence to security optimal power flow has been globally achieved. Methods. The solution of the problem was
carried out in MATLAB environment, by an iterative combinatorial approach between optimized power flow computation and
dynamic simulation. Results. A new transient stability constrained optimal power flow approach considering multi-terminal direct
current systems can improve the transient stability after a contingency occurrence and operate the system economically within the
system physical bounds. Practical value. The effectiveness and robustness of the proposed method is tested on the modified |EEE 14-
bus test system with multi-objective optimization problem that reflect active power generation cost minimization and stability of the
networks. It should be mentioned that active power losses are small in meshed networks relative to the standard network. The
meshed networks led to a gain up to 46,214 % from the base case. References 24, table 3, figures 11.

Key words: transient stability constrained optimal power flow, multi-terminal direct current.

Bcmyn. B ocmanni poku cucmemu nepeoaui enekmpoenepeii 6Knouaoms 6 cebe binbuie cmpykmyp HOCmIitiHo20 cmpymy; ix nius na
enepaocuUcmeMy 3MIHHO20 CIPYMY Modice cmamu 3HavyHum i eadciueum. Kpim mozo, bazamomepminanvhuii nocmiinHui cmpym €
cnpusmaueuM Onia inmezpayii 6enuKux GimpouUX Ma COHAYHUX eleKMPOCMmAanyii 3 0yce NO3UMUSHUM eKOJIO2IUHUM egheKmom.
Hoesusna 3anpononosanoi pobomu noiseac y 6nAUGI 6UWE3AZHAYEHUX CYUACHUX NPUCMPOI8 HA NepexioHy cmadinbHicmbv, wo
BUABTAECMbCA YIKABUM NUMAHHAM 051 00CNiOxcenns. Ha naw noz2nsio, 60HU cmanoseiams HO8y npobiemy ma 000amKo8y CKIAOHICMb
0N GUGUEHHA OUHAMIYHOI nogedinku cydachux enexmpuynux cucmem. Mema. Mu wykanu po3s’azanns 3adaui nepexionoi
CmadinbHOCMi, 0OMENCEHOI ONMUMATLHUM NOMOKOM NOMYNCHOCMI 6 Mepedcax 3minnozolnocmiinozo cmpymy. 36ixcnicms 0ns
3a6e3neyenHs ONMUMAIbHO20 NOMOKY eHepeii byna enobanvno oocasHyma. Memoodu. Po3é’ a3anna 3adaui 6yno 30ilicHeHo 6
cepeoosuwi MATLAB 3a odonomozcoro imepamuenozo KoMOIHAMOPHO20 NiOX00Y Midc ONMUMIZ308AHUM OOYUCTEHHAM NOMOKY
nomyscHocmi ma OUHaMiyHuM mooentogannam. Pezynemamu. Hoguii nioxio, wo oomedicye nepexiony cmabinbHicms, 3 ypaxy8anHam
bazamomepmMiHANLHUX — cUCmeM NOCMIUHO20 CMPYMYy MOdce NOKpAwjumu nepexiony cmabinbHicmb RICAA  6UHUKHEHHS
HenepeObayeHux cumyayiti ma eKOHOMIUHO eKchayamysamu cucmemy y @isuunux meocax cucmemu. Ilpakmuune 3nauenns.
Edhexmusnicmes ma naodilinicms 3anponoHo8ano2o memooy nepesipacmvca Ha Mooughikosariti mecmosii 14-wunniti cucmemi |EEE 3
BUKOPUCTAHHAM —0a2amoyinb0goi 3adaui onmumizayii, aKka 6i000paxcae MIHIMI3ayilo eumpam HA aKMUeHy 2eHepayiio
enexmpoenepeii ma cmabinbuicms mepedic. bion. 24, tabn. 3, puc. 11.

Karouosi cnosa: mepeximiHa cTabiibHiCTh, 00MeKeHAa ONTHMAJLHHM MOTOKOM HOTY:KHOCTi, 0GararoTrepMiHabHHUI
nocTiiiHui cTpym.

Introduction. In a competitive economic  where different goals and different constraints have been

environment that has placed the need for reconciliation of
economic and transitional stability conditions, the cost of
losing synchronism by transient instability is
exceptionally high and of significant importance. For this
reason, the traditional optimal power flow (OPF)
approach has been extended to take into account the
transient stability constraints of the system, giving a new
transient stability constrained optimal power flow (TSC-
OPF) approach [1]. The TSC-OPF procedures are
classified in either global or sequential approaches [2, 3].
The global TSC-OPF approaches are reported in [4-7].
The sequential TSC-OPF approaches perform a standard
OPF analysis to assess an optimal operating point [1]. A
transient stability anaysis is then caried out
independently from the optimization process to check if
the optimum point is transiently stable, so that the time
domain simulation-related set of differentia agebraic
equations is not embedded in the traditional OPF problem
[2, 8-10]. In recent decades, various optimization
approaches have been proposed [11]. Among them, those
dedicated to solve the multi-objective TSC-OPF problems

taken into account [12-14].

A proposed network topology in [15-18] has been
used in our work for simulations propose. The meshed
topology is of great interest for our proposed
methodology.

This paper is organized as follows: first part
concerns modelling AC/DC power system. In the second
part, the TSC-OPF problem has been formulated. In the
third part, the experimental results and conclusions are
presented.

AC/DC power system modelling. A generaized
AC/DC system of Fig. 1 consists of three parts.

1. AC grid. We present here the expressions for
active and reactive power injections. Reader may refer to
[19] for more details:

n

AC AC AC : .

Py =ZN HVJ "(GijCOS@HBiJS'Mu)’ @
=t
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where Pgﬁc, Q) ae active and reactive power

VvV are nodal
voltage values at buses i and j respectively; ¢ is angle
voltage of unit i and j; G; is the conductance; Bj is the
susceptance; n isthe total number of generators.

generations at bus i respectively; V,*,

Vn+éen+
V 49 2n+1 2

n+l n+1

-lj I 1 |
V2n+N 4 92n+ !

E,Zo i X
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=
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Fig. 1. Model for combined AC and DC grid
2. HVDC converters. Assuming a lossess

converter model. The active power of the AC side
converter coincides with that of the DC side:

A D
F’c = Pc C- 3)

An HVDC converter station was modeled as a
voltage source with variable value V" and angle &°"

connected to an AC bus via a reactance X&' . By

varying the voltage source, it is possible to produce the
desired active and reactive power flow from the DC to the
AC network or vice versa
 AC \/conv
HDC =\/| \/I Sn(glAC _HiCOHV); (4)
X conv
eq

c V'Z,AC V_AC conv
| _

Q|D — S(e AC 0 conv ) ( 5)
X conv X conv
3. DC grid. The power flows over the DC lines can

be calculated as follows:
RPC = (6)

Rj

Problem statement and formulation. The theory of
TSC-OPF is an extension of the standard OPF problem to
include supplementary constraints for imaginable credible
contingencies cases. In a standard form, the OPF problem

is defined asin [20-22]:

min f(x,u), 7)

subject to
h(x,u)=0; (8)
g(x,u)<0. 9)

where x is a vector of state variables; u is a vector of
control variables; h, g are functions; f(x, u) is an objective
function.

In generd, the intention is to minimize the objective
function with the solution satisfying a number of equality
and inequality constraints. But the TSC-OPF problem can
be mathematically considered as a standard OPF with
other inequality dynamic constraints forced by the rotor
angles of generators during the transient period in study
for agiven set of contingencies.

1. Objective function. The objective functions f of
TSC-OPF is minimization of fuel cost for all generators:

f—man(a,+q i +C - gz)

where ng is number of generators; &, by, ¢, are cost
coefficients of unit i; Py is an active power generations by
unit i.

2. Equality constraints. The equality constraints
h(x, u) are the sets of the load flow equations that govern
the power system:

P§© +RPC Py =0,

Q4 +QP° -y =0, (12)

where Py, Qq are active and reactive power loads by unit
i respectively.

3. Inequality constraints (standard OPF). The
inequality constraints g(x, u) are the set of constraints that
represent the system operational and security bounds like
the limits on the following:

(10)

(11)

P,&“C'”g, < Py < PaGgis Wherei =1..,ng;  (13)

QE'Crfgi <Qqg <QACGi: wherei =1,...,ng;  (14)
VA <V SRR =Ly (15)

AN < <O i=1..ny; (16)

TMN<T < TMX: =10, 17)

where P, P2 and Qp,,Qx. are the lower and

upper limits of active and reactive power generation at
bus i of AC network respectively; Qg is reactive power

generations at bus i; V2" ,V™ are the lower and upper

AC,i? "ACii
limits of voltage value at buses i; V; is voltage value at
buses i; n, is total number of buses, ™, 6™ are the

lower and upper limits of angle voltage; 4 is the angle
voltage of uniti; T™, T™ are the lower and upper limits

of transformers tap settings; T; is transformers tap settings
of unit i; ny istotal number of transformers.

4. Inequality constraints (transient stability). The
transient stability problem in power system is defined by
a differential algebraic equation, which can be solved by
time domain simulation. The swing equation for i"
generatorsis:

d

d_‘?: Mﬂi[(Pm -PRy)-Dlos-m)} (18

ddf =w — s, Where i =1,..... \Ng (19)

dEg; 1 i

—d =,—[_ Eg +(Xqi - Xai)lqil (20)
dt a0
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ot TA|[ fdi Al(Vrefl t)} ( )
d

;tol Mﬂl[( mI_PEi)_D(a)S_wI)]’ (23)
ddf_@ ws, where i =1,.....,ng, (24)

where P, is the mechanical input generator by unit i;
P is the electrical output generator by unit i; M; is the
moment of inertia of i generator; w is the angular speed
of the rotating synchronous reference frame of unit i;
ws 1S the angular speed of the generator rotor of unit i;
& is rotor angle of unit i; D is the generators damping
torque coefficient; E;, E; are the interna transient

voltage of generator of unit i; E¢; is the excitation voltage
of generator of unit i; i, iq are d-axis and g-axis courant
of generator of unit i; Tig Tgoi are the d-open circuit

and g-open circuit transient time constants of generator of
unit i; Xg, Xg are the d-transient reactance and

g-transient reactance of generator of unit i; Xy, X are the
d-synchronous reactance and g-synchronous reactance of
generator of unit i; V.« is voltage reference of generator
of uniti.

The inequality constraints of transient stability are
formulated as:

|6 = dcor | < Smax: (25)
Ny
_Z M; 5;

Scol =1, (26)

Ng
2 M
i

where & is the rotor angle of unit i; 6co is the position
angle of centre of inertia (COIl — centre of inertia); oma is
the maximum allowabl e rotor angle deviation

The sdlection of & is frequently based on
experiment operation. It was generally limited to 100° to
allow network having sufficient stability margin [23, 24].

5. Inequality constraints (multi-terminal direct
current — MTDC). The last constraint limits the variance
of the all DC nodes have their minimal and maximal
voltage angle limits, in which the equipment can operate
safely.

OB | <Opc,j <OB&;; where j=1...ny; (27)

PDC,j < PDC,j < PDC,j; where ] =1..... Ny, (28)

where P,S”(';”J,PDC | are the lower and upper limits of

active power generation at bus j of DC buses; Ppc; is the
active power generation at bus j of DC buses,
0pC. . OpC,; are the lower and upper limits of angle
voltage of DC buses; 6hcj is the angle voltage of DC
buses; ny isthetotal number of DC buses.

Simulation results and discussion. In this paper,
the MTDC system presented for the simulation with
integrated offshore wind farm is shown in Fig. 2. This
system is a modified version of the IEEE 14-bus test
system. A meshed DC grid including an additional
generator has been added, that connects to the AC system
to various buses through voltage source converters (VSC).
The bus 19 is not connected to any VSC. The bus and line
parameters were given in the [24]. All the simulations
were performed on source codes developed in MATLAB
environment running on an Intel Core i5 2.67GHz CPU
and 3GB RAM.

Fig. 2. Modified |EEE 14-bus

The fault priority list was given in Table 1. The top
4 faultsin critical clearing time (CCT) are considered.

According to Table 1 and Fig. 3, it is evident that the
most unfavorable case is the three-phase fault (3p).
However, it should be noted that there are, for certain
types of connection, cases where other types of fault are
more damaging. The best known of these faults are:

e single line to ground fault (SLG), when the
generator neutral is connected to ground directly or
through low impedance;

e single line to ground fault, when the transformer is
connected in Y -A with neutral grounded.

P, [p.u.]

Fig. 3. Power injected by the generator, depending on the type
of fault (LLG isdoublelineto ground fault; LL islinetoline
faults; SLG issingle line to ground fault; 3¢ is three-phase fault)
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Tablel
Priority list of fault for IEEE 14 bus system

Cases Faults Line | CCT(9
3 | SLG
1 1 12 0.33
2 1 15 0.36
3 1 12 0.38
4 2 12 0.40

The severity criteria considered in this study is the
critical clearing time (CCT). This study was performed
according to the 2 different faults (three-phase fault and
single line to ground).

In this section, the modified IEEE 14-bus system has
been used to illustrate the effectiveness of the proposed
method. There are 5 cases to be discussed here, each with
2 scenarios:

e Case 1isthe standard power flow (PF);

e Case 2 is the standard OPF without transient
stability constraints;

o Case 3is OPF with transient stability constraints;

e Case 4 when |IEEE 14-bus is modified, with added
MTDC and without transient stability constraints;

e Case 5 using a new configuration of network with
transient stability constraints.

Theresultsare given in Table 2.

Table2
Optimization results for IEEE 14 bus system
Case 1l Case 2 Case 3 Case 4 Case 5
3¢ fault | SLG fault | 3¢ fault | SLG fault | 3p fault | SLG fault | 3p fault | SLG fault | 3p fault | SLG fault
Py, MW 232 194.41 186.63 | 174.97 146.41 137.63 | 120.06
Pg2, MW 40 36.74 37.03 37.44 25.61 34.34 39.61
Pgs, MW 0 28.61 3153 35.41 0 0 0.07
Pgs, MW 0 0 0 1.28 0 0 8.82
Pgs, MW 0 8.52 12.44 17.58 0 0 3.23
Pgio, MW - - - - 100 100 100
Fuel cost ($/h) - 8080.77 8084.20 | 8102.18 5526.65 5549.29 | 5691.48
CCT (9) 033 | 038 051 | 045 057 047 028 | 037 0.31 0.39
L osses (MW) - 9.277 8.610 7.674 1.417 1.370 1.187

First, smulation results were presented with standard
PF (case 1). With this generation, it was found that system
transient stability was lost following the three-phase fault
disturbance at bus 1 (cleared by tripping line 1-2 at 0.33 ),
and was logt following single line to ground fault at bus 1
(cleared by tripping line 1-2 at 0.38 s) respectively. Visibly
the system can’t operate under this mode.

The second smulation (case 2), was the standard OPF
without transient stability constraints; the objective function
(fuel cogt) reached 8080.77 $/h. But with this generation, it
was found that system transient stability was lost following
the fault disturbance at bus 1, as shown in Fig. 4, 5,
respectively. Visbly the system can’t operate under this
mode because security of the network is aways violated.

Case 3, scenario 1 (3¢ fault), the active power of
generator 1 is reduced from 194.41 MW to 186.63 MW,
while those of generators 2, 3 and 8 were increased from
36.74 MW, 28.61 MW and 8.52 MW (case 2) to 37.44
MW, 31.53 MW and 12.44 MW (case 3) respectively.
A fuel cost was increased from 8080.77 $/h (case 2) to
8084.20 $/h (case 3) as shown in Table 2 and Fig. 6.
A consequence of satisfying the transient stability
congtraintsisthe increasing in fuel cost only by 0.042 %.

For scenario 2 (SLG fault), the active power of
generator 1 is reduced from 194.41 MW to 174.97 MW.
While those of generators 2, 3, 6 and 8 were increased
from 36.74 MW, 28.61 MW, 0 MW and 0852 MW
to 37.44 MW, 3541 MW, 1.28 MW and 17.58 MW
(case 3) respectively. The fuel cost was increased from
8080.77 $/h (case 2) to 8102.18 $/h (case 3) as shown in
Table 2 and Fig. 7. A consequence of satisfying the
transient stability constraints is the increasing in fuel cost
only by 0.246 %.

From Fig. 6, 7, the use of transient stability congtraints
in terms of OPF solution gives better results and ensures

system transient stability following the fault disturbances.
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Cases 4 and 5 the network is modified, and at the
present the total loadsis 295 MW (new load at bus 1, active
power 11.6 MW) and a hew generator is present on the DC
bus (bus 19). The solution of cases 4 and 5, with and
without transient stability constraintsis given in Table 2.

The fourth smulation (case 4), the fud cost was
reduced to 5526.66 $/h. But with this generation, it was
found that system transent stability was lost following the
fault disturbance at bus 1, as shown in Fig. 8, 9, respectively.
Visbly the system can’'t operating under this mode because
security of the network was violated.
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Fig. 9. Response of rotor angle (case 4, OPF, MTDC), SLG fault

In case 5, scenario 1 (3¢ fault), in order to retain the
transient stability limits, the active power of generator 1
was reduced from 146.41 MW to 137.63 MW, while that
of generator 2 was increased to 34.34 MW. The fuel cost
was increased from 5526.66 $/h to 5549.29 $/h as shown
in Table 1 and Fig. 8. A consequence of satisfying the
transient stahility constraints was the increase in fuel cost
by 0.409 %.

For last scenario (SLG fault), the active power of
generator 1 is reduced to 120.06 MW. While those of
generators 2, 3, 6 and 8 were increased to 39.61 MW,
0.07 MW, 882 MW and 3.23 MW, respectively. A
consequence of satisfying the transient stability
constraints was the increase in fuel cost by 2.982 %.

From Fig. 10, 11 it was obvious that the use of TSC
in OPF solution gives better results and guarantees
transient stability following the fault.

5 8 — dcol
4 04— dcol
3 83— éco

2 62 = dcol B
61— dcol

20+

Rotor angle of generator with respect to COI [°]

400 3 4
L L L L L L L L L t' [S]
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Fig. 10. Response of rotor angle (case 5, TSC-OPF, MTDC),
3p fault

-60

For the best compromise solution, we must maintain
a balance between stability and economy. The solution
obtained enhances the transient stability of the system at
the best acceptable cost. Generally, in this situation, the
cost is marginally higher as the economy is sacrificed for
the improvement of transient stability. In case of lower
cost solution, more emphasis is given to economy of the
system and this solution is unable to improve the global
transient stability of the network. For minimum cost
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Fig. 11. Response of rotor angle (case 5, TSC-OPF, MTDC),
SLG fault

case 4, the CCT for the fault at bus 1 cleared by tripping
line 1-2 becomes 0.28 s whereas it was 0.33 s for three-
phase fault and 0.37 s to 0.38 s for base case for single
line to ground fault, as shown in Table 3.

Table3
CCT comparison
3p fault SLG fault
Casel 0.33 0.38
Case 2 0.51 0.45
Case 3 0.57 0.47
Case 4 0.28 0.37
Caseb 0.31 0.39

Finally, the solution sought for the problem of the
transient stability constrained optimal power flow, in the
last case, compared to all the previous solutions that
maximize the transient stability index, has the highest cost
as more focus is placed on optimizing the system's
transient efficiency. In the event of emergency situations,
this approach can be extremely useful.

It should be mentioned that active power losses are
small in mixed AC/DC networks relative to the standard
AC network. The AC/DC networks led to a gain up to
46,214 % from the base case. This confirms the potential
need for construction of solar or wind farms, considering
their advantages.

Conclusions.

It isvery likely that future transmission systems will
contain more multi-terminal direct current links and the
effects of such system on transient stability are yet to be
determined. The increase of the future system hasled to a
growing complexity in the study of its problem and so
presents new defy to power system stability. This paper
suggests a new version of the multi-objective optimal
power flow, taking into account the transient stability of
the power system. Two goals were concurrently
considered; minimizing the cost of the fuel and
optimizing the system's transient stability margin at the
point of fault clearance. Furthermore, this study was
performed on the basis of two different faults namely
three-phase fault and single line to ground fault.

Simulations were carried out in MATLAB
environment, the transient stability of the system is

compared with and without the presence of transient
stability constraints. The use of transient stability
constraints in terms of optimal power flow solution gives
better results and also ensures system transient stability
following the fault disturbance.
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FUZZY MAXIMUM POWER POINT TRACKING COMPARED TO SLIDING MODE
TECHNIQUE FOR PHOTOVOLTAIC SYSTEMSBASED ON DC-DC BOOST
CONVERTER

Aim. This paper presents the amelioration of maximum power point tracking using fuzzy logic methods for photovoltaic
system supplying a standalone system. Method. The main role of the maximum power tracking is to force the system for
working at the maximum point for each change of meteorological conditions. The classic technique Perturb and Observe is
more attractive due to its simple and high efficiency. Siding mode is a non-linear control technique; characterised by
robustness against the parameters change or disturbances, it gives a good maximum power operation under different
conditions such as changing solar radiation and photovoltaic cell temperature. Novelty. Fuzzy logic tracking technique is
treated. Fuzzy rules construction is based on Perturb and Observe behaviour when the appropriate disturbance step is
produced in order to obtain a fast system with an acceptable precision. We use in our study 60 W photovoltaic panel
associated to boost chopper converter in order to supply a standalone system. Results. As show in results figures using fuzzy
maximum power point tracking the ameliorate performances especially the very low oscillation rate (nearly 0.6 W), and very
acceptable response time 0.1 s. References 20, tables 1, figures 19.

Key words: solar panel, maximum power point tracking, perturb and observe, siding mode, Fuzzy logic.

Mema. YV yiiti pobomi npedcmasieno NOKpAwjeHHs GIOCMEdCeHHs MOUYKU MAKCUMANbHOI NOMYICHOCMI 3 GUKOPUCAHHAM
Memodie Hewimkoi 102iKu 018 POomoereKmpuyHoi cucmemu, wWo NOCMavae erekmpoeHepzilo 00 ABMOHOMHOI cucmemi.
Memoo. Ocnosna ponv 6i0cmedcens MAKCUMATLHOI NOMYACHOCMI — NPUMYCUMU CUCHEMY RPAYlo8amu 6 MAaKCUMAanbHiil
mouyi npu KOMCHIU 3MiHi Memeoponoziunux ymos. Knacuuna mexunixa 30ypenns ma cnocmepedgicents € 0invui npugadaugon
3a60saKU  c60ill npocmomi ma Gucokit egexmuenocmi. Pejcum Koezamms — ye HeRiHIUHUL Memoo Kepy8aHHs,
Xapakmepusyemvbcs Cmiikicmio 00 3MiHu napamempie abo nopyuienb, 04€ XOpPOuly MAKCUMAIbHY NOMYICHICMb pobomu 6
PDISHUX YMO8AX, MAKUX AK 3MIHA COHAYHO20 BUNPOMIHIOBAHHA ma memnepamypu @omoenekmpuunux eremenmis. Hoseusna.
Buxopucmosgyemuvca memoouka eiocmesicens 3 UKOpUcmannam Hewimxoi noziku. I1o6yoosa nevimkux npasun 6a3yemocs Ha
n06edinyi 30ypeHHs ma CnoCmepedtCceH s, Kou 8upoOIaEMbCs 8i0N08IOHUL KPOK 30YpeHHs, Wob ompumamu weuoKy cucmemy
3 NPUUHAMHOI MOYHICMIO. Y yboMy 00CHiONCeHHI GUKOPUCMOBYEMBCA (omoenekmpuiuna naveiv nomyoswcHicmio 60 Bm,
nioxnoueHa 00 nepemeopiogaud, wo nidguye, 0 NOCMAYants erekmpoenepeii 00 agmonomnoi cucmemu. Pezynomamu. Ax
NnoKasylomy pe3yabmamu, 0aHi 6UKOPUCHOBYIOMb HEYIMKY MAKCUMAAbHY MOYKY NOMYICHOCMI, AKA 8I0CMedcye NOKpaujeHi
Xapakmepucmuku, 0cobaueo Oydice HU3bKY weuoxicmos koausans (matioce 0,6 Bm) i Oyoce nputinamuui uac siozyxy 0,1 c.

Bi6a. 20, Tabu. 1, puc. 19.
Knrouosi cnosa:
KOB3aHH#, HeYiTKa JIorika.

Introduction. Renewable energies represent an
attractive solution as replacement or complement of the
conventional sources. Among renewable energies, are
those resulting from the sun, wind, heat of the ground,
water or of the biomass. With the difference in fossil
energies, renewable energies are unlimited resource.
Renewable energies are divided in a certain number of
technological fields according to the developed energy
source and useful energy obtained. The field studied in
this paper is photovoltaic (PV) solar.

In direct couplings of the loads to PV system, the PV
panels are often oversized to ensure a sufficient power to
provide the load; thisled to an excessively expensive system.

It very is easy to calculate the operating power of the
PV panels. But, the determination of the reference power
is more delicate view that it is function of meteorological
parameters (temperature and illumination).

This variable reference, characterized by a non-linear
function, makes the operation a maximum power more
difficult to achieve. Then, maximum power point tracking
(MPPT) is necessary. Generally it is based on the adjustment
of the duty cycle controlling the static converter until it is
placed on the PPM. Different MPPT methods have been
published in the literature for optima functioning, such as
short-circuit current, incremental conductance agorithms,
modified hill climbing MPPT method [1].

COHfIYHA IaHeEJIb, BiHCTe)KeHHﬂ TOYKH MAaKCHMAJILHOI IIOTy?KHOCTi, 36ypemm Ta CHOCTECPEKECHHSA, PEKUM

Perturb and observe (P&O) method is largely
widespread approach in the research of the MPPT because
it is simple and requires only measurements of voltage
and current of the photovoltaic panel (Vpy and Ipy
respectively, two sensors necessary), it should be known
that this type of control imposes a permanent oscillation
around the maximum power point (MPP) [2].

The sliding mode control technique is generally used
to control the power electronics converters that constitute
systems with variable structure [3, 4]. Recently sliding
mode is used to control a grid connected PV system [5, 6]
supplying stand alone PV system such as the pumping
system.

In order to ameliorate the respond time and
eliminate the oscillation around the MPP, a fuzzy control
based on P& O idea is applied with different membership
and fuzzy rules at both sides of MPP. Under this method,
the perturbation step is adjusted according to controller
inputs and working point.

The aim of this paper is the amdlioration of maximum
power point tracking using fuzzy logic methods for
photovoltaic system supplying a standal one system.

Electric model of PV cell. To predict the PV system
performance, it is better to make an equivalent model and
analyze its behavior under variable conditions.

© K. Nebti, R. Lebied

| SSN 2074-272X. Enekmpomexnixa i Enexmpomexanixa, 2021, Ne 1 67



The simplified equivalent circuit of the PV cell with
junction p-n (Fig. 1) includes a current source lpy, Who
gives the photoelectric current model, associated with a
diode in parallel which gives the junction p-n model,
whose polarization determines voltage.

Rs 1
{ >

ylo
Sy )™ . v
ORAY

Fig. 1. Equivalent model of the smplified PV cell

And aso a series resistance which is the internal
resistance of the cell, it depends mainly on the resistance
of the semiconductor used, it is also affected by
temperature influence [7]

I =1pn+lp; 1)
I'pn = |ph(|-1)‘[1+ Ko-(T-TI; 2
o () = oo (T) [Gﬁoj , 3

where | is the current produced by the PV cell; 1, is the
photonic current, proportional to the illumination G; Ip is
the current flowing through the diode; T, is the reference
temperature (T; = 25 °C = 298 °K); Gy is the reference
illumination (G, = 1000 W/m?); K is the coefficient of
variation of the current as a function of the temperature T,;
| is the short-circuit current (the current flowing through
the junction under illumination when the cell is short-
circuited).

And the relationship between current and voltage of
asolar cell is:

(Q(\/+Rs'|))
), 4)

=1, -1s(e

where |g is the saturation current; k, is Boltzmann
constant; V is the voltage at the cell terminds; Rs is the
resistance series, n is the diode ideality factor, where
1< n<2; qistheelectron charge (q = 1.602-10*° C).

Boost converter modeling. Boost converter (Fig. 2)
is composed of a boost inductance L, a controlled switch
K, a diode VD and filtering capacitors C. When the
switch K is on, the boost inductance current increases
linearly, the diode VD being blocked. When switch K is
off, the energy stored in the inductor, pass through the
diode to the output circuit [8].

VD i

Fig. 2. DC-DC boost chopper scheme

The modeling of this converter passes by the
analysis of the different operation sequences that we will
suppose durations fixed by the command S. There appear
two operation sequences according to the state of the
switch K.

When K isclosed so VD is opened:

Vey = '—dI—L:
dt 5
v ©)
0=C—oad i
dt
When K is opened:
di
Vpv = Ld_i_+vload;
(6)
_ Nipgg -
i, =c—1oad L
L dat S

By putting (S = 1) when the switch K is closed and
(S = 0) for open K, we can represent the converter
according to the switch state S by the following
equations:

d
Vpy = Ld_;_+vload (1-9); )
(1—S)-i,_:CdV'—°ad+is. (8)

dt
Perturb and observe algorithm. The principle of
P&O MPPT control is to disturb the voltage Ve, with a
low amplitude around its initial value and analyze the
behaviour of the power variation Ppy resulting. So, as
shown in Fig. 3, we can deduce if a positive increment of
the voltage Vpy generates increased power Ppy that means
that the operating point is left of MPP. If not the system
has exceeded the MPP. Similar reasoning can be made

when the voltage decreases [9, 10].

Fig. 3. P&O principle

At each cycle, Vpy and Ipy are measured to calculate
Prv(K), where k indicate the present cycle. This value
Pryv(K) is compared with the value Ppy(k — 1) calculated in
the previous cycle.

The disadvantage of this type of control is that if
quick change of the illumination such as a mobile cloud,
this command has more losses, generated by the long
response time of the control to reach the new MPP.

P& O MPPT simulation. We apply two fast change
of illumination, the first at timet = 0.4 s, from 1000 W/m?
to 700 W/m? and the second at time t = 0.8 s from
700 W/m? to 900 W/n.
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In Fig.4—6 which represent the evolution of the
current, power and voltage, these curves contain
fluctuations, especiadly in transient periods, due to the
oscillation of P& O around MPP with fixed step.

PV current & load current, A

PV panel power & load power, W

Output & input boost voltage, V

Fig. 6. Load and PV panel voltage for P& O MPPT

But in other side we observe that the output power
follow the power generated by the PV panel, we keep the
operating point on the MPP, which confirm the
effectiveness of this method. The difference in power is
due to the converter losses.

P& O technique is based on applying a disturbance to
the voltage (positive or negative) to reach the maximum
power point.

The problem with this technique is that the
disturbance is fixed. In order to reach the point max
quickly, we must apply a large disturbance, but this
causes ripples, unlike that, if we apply a small
perturbation, we will have a good precision but a very
long response time.

Sliding mode MPPT. Sliding mode control is a
nonlinear control type. It was originally introduced for the
control of Variable Structure Systems (VSS).

In the control of the VSSs with sliding mode, the
state trgjectory is brought to a surface and then, by the
switching law, it is obliged to remain in the vicinity of
this diding surface.

The diding mode controller is based on the
assumption of zero hysteresis on the diding surface
S(x, t) =0, and thus on a variable switching frequency.

The idea is to divide the state space by a decision
boundary called «dliding surface».

Stabilization on the dliding surface is achieved by
switching at each crossing of the decision boundary
[11-13]. When PV panel is operating in its maximum
power, we can write

T _o; ©
Npy
ok, oVpy I ol
PV _ ( PV PV) _ PV 'VPV +1 ov | (10)
Npy Npy Npy

oP,
= Vpy +lpy .
Npy  Npy
The switching surface adopted is the derivative of
the power with respect to the voltage, and from equation

(11) the diding surface can be obtained by the following
relation:

11)

oP ol
==Ly +lpy (12)
Npy  Vpy
The switch control can be selected as:
0, S>0;
= (13)
1 S<O0.

There are two operating zones separated by the MPP
(8x) = 0) asshown in Fig. 7, zone 1 for which the dlopeis
positive (S(x) > 0), and zone 2 for which the dope is
negative (S(X) < 0).

We can writealso [14]:

1 .
=5 a-sgn(9)). (14)
A MPP
P 5=0
:. Zone 2
Zone i §=0

S=0 '

\ Vgt

Fig. 7. Operating zones of PV system

Simulation of diding mode MPPT. For the same
conditions applied with P&O we obtain the following
results. In Fig. 8-10 we observe amelioration of
performances, with a ripple and disturbance less than the
P& O technique.
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Fig. 8. Load and PV panel current for sliding mode MPPT
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PV panel power & load power, W
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Fig. 10. Load and PV panel voltage for sliding mode MPPT

Ameéliorate diding mode MPPT. In diding mode
technique, the study is focused on the derivation of the
power with respect to the voltage, thusit is appeared two
zones depends on the sign of the sliding surface.

The ameliorate diding mode is based on P&O
principle, each switching control take into consideration
the direction of the power variation (AP), and also the
direction of the voltage variation (AV).

We can define four cases as shown in Fig. 11:

Ppyr

4 MPP
S=0
Case3 :
Casel : So - -AV
AP>0
AV=0
. AP=<0
S e
V<0 So: +24V So =24V
.‘pr

» >

Zonel, S=0 Zone 2, S 'l.')
Fig. 11. The four situations of the operation point

'~ §
L |

A

Zonel, case 1:

When operating point moves in zone 1, from point
(k—1) to (K) we notice that it approaches more the MPP,
then, it should continue in the same direction.

Vev (k+ 1) = Vpy (K) + AV.

Zone1l, case 2:

When operating point always moves in zone 1, from
the point (k — 1) to (K), we note that it moves away from
the MPP. In this case, it must change direction; we apply
apositive double step (disturbance)

VpV (k + 1) = VpV (k) + 2AV.

Zone 2, case 3:

When the operating point moves in zone 2, from the
point (k— 1) to (k), we notice that it is closer to the MPP,
so that it will continue in the same direction

(15)

(16)

Vpv (K+ 1) = Vpy (K) — AV.

Zone 2, case 4:

When operating point always moves in zone 2, from
the point (k — 1) to (K), we note that it moves away from
the MPP, then, in this case we must change the direction;
we apply a negative double step (disturbance)

VpV (k + 1) = VpV (k) —2AV. (18)

We conclude that the step of disturbance must be
doubled when AP <0

Ppy (K) < Ppy (k—-1), (19)
where Vpy(K), Ppy(K) are, respectively, the voltage and the
power of the PV panel, at the iteration (K); AV is the step
of disturbance of the voltage; AP is the resulting power
variation due to the voltage disturbance.

Simulation of ameliorate sliding mode MPPT.
For the same conditions applied with P& O we obtain the
following results (Fig. 12-14).

This technique is simple and easily realized, because
it is based on classic P& O MPPT. By using the ameliorate
sliding mode, the clear optimization of the performances
but it needs more calculation time because of the
existence of four cases, which means more precision but
more iterations.
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Fuzzy logic MPPT. The theory of fuzzy logic was
developed in by Prof. Lotfi A. Zadeh. The text «Fuzzy
Sets» appeared in 1965 in the review «Information and
Control» [15].

The majority of the developed controllers use the
simple diagram suggested by I. Mamdani for the single-
input/single-output system [16-18]. This diagram is
shown in Fig. 15 (where SE, SCE — inputs gains; SdD —
output gain).

Fig. 15. Genera structure of afuzzy controller

According to this diagram fuzzy system includes:

e the fuzzification corresponds to the process of
determining the degree of member ship to each fuzzy
partition;

o fuzzy rules (inference) indicate the use of the rules
started by the various fuzzified input;

e defuzzification block corresponds to the
transformation of outputs fuzzy values (linguistic form) to
real values (AV).

These methods allow formulating a set of decisions
in linguistic terms, using fuzzy sets to describe the error
amplitudes, its variation and the appropriate control. By
combining these rules, we can trace decision tables to
give the values of controller output corresponding to
situations of interest [19, 20].

The scale factors should be selected based on the
study of the system such that, when the small transitory
phenomenon, the permissible range for the error and its
variation are not exceeded.

Description of the fuzzy system.

Error E. The error E is defined as the error between
dP/dV and the seeking values dP/dV = 0. The latter value
corresponds to the unique extreme value of the curve
P(V). This extreme point is a maximum. More E is
positive; more the value of P increase .Conversely, more
E is negative, more the value of P decreases. Finally when
E tends to 0, the value of P tends towards its maximum,
the MPP.

Variation of the error AE. The change in the error
AE indicates in which direction and in what proportion
the error changes in proportion as the agorithm is
running. So when AE tends to 0, the system stabilizes (but
not necessarily MPP).

Output criteria (disturbance). The disturbance or
increment corresponds to the adjustment value added to
the voltage in each iteration of the algorithm. The fuzzy
rules allow determining and connecting the output of the
controller to input signals by linguistic terms taking into
account the experience acquired by a human operator.

Rules table. After having done some tests by
varying the number of output classes and rules alocation,
we get the following rules table [10] (Table 1).

Table1
Fuzzy rules

E
AE

NG NG NG NG NG | NM NP Z
NM NG NG NG NM NP Z PP
NP NG NG NM NP Z PP | PM
Z NG | NM NP Z PP PM | PG
PP NM NP z PP PM

PM NP Z PP PM PG PG | PG
PG Z PP PM PG PG

NG NM NP Z PP PM | PG

Simulation of fuzzy MPPT. For the same
conditions applied with P&O we obtain the following
results (Fig. 17-19).
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Fig. 19. Load voltage and PV voltage for fuzzy MPPT

We observe the amelioration in the evolutions of the
various curves comparing to the classic P& O MPPT and
aso comparing to the other techniques. Very low
fluctuation in voltage, in power or in current evolution,
this confirms the effectiveness and the superiority of the
fuzzy system applied.

The advantage of this technique is that the step of
disturbance is adapted by the fuzzy system according to
the variation of inputs, thus a transient period is shorter
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without any overshooting compared to diding mode
MPPT and the ameliorated sliding mode M PPT.

Conclusions.

In order to supply an isolated site using
photovoltaic system, it is very easy to connect directly
the load to the supplying system. In this situation the
photovoltaic panels are often oversized to ensure a
sufficient power to provide the load; this led to an
excessively expensive system.

The operation point system is obtained by the
intersection between the curve of current depending to the
voltage and the load curve.

It is necessary to integrate a power point tracking
system, which has a role of detecting this point, and
forces the system to works precisely on it via an
electrostatic converter. For this aim a boost converter is
used; its role is the adaptation of the supplying power and
the augmentation of the output voltage.

As a comparative study, the converter is controlled
by two techniques, diding mode and fuzzy maximum
power point tracking.

In the first part a classic perturb and observe method
is treated and simulated in order to validate the studied
model.

In gliding-mode method we define the dliding
surface which is based on a hysteresis method, using the
slope of the derivative of the power with respect to the
voltage in order to reach the maximum power point.
This method presents the advantage that it is
independent on the system parameters. The simulation
result shows the remarkable amelioration compared to
the classic perturb and observe. The oscillations on the
power response are the major disadvantage of this
method.

The tracking behavior shows that Fuzzy maximum
power point tracking system successfully and perfectly
tracked the maximum power point with better
performance than dliding-mode technique.

This controller guarantees high dynamic system
performances, and eliminate the ripples in the power, the
current and the voltage responses.
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