ISSN 2074-272X §
%2020/ UL
en rpo re)mma ﬂ

@BBﬁfiPﬁﬂ
& Electramechamcs

EnexTpugniivawtniralanapari .
Mavm:"'iﬁmmmamm -
Ene m,ummmm mmﬂﬂ@zmm g4

MypHan BK/II0YEHOY 10 @
mmmm

mmmmy

H&_W(BMGTHWIHM 633’

W@m@”l
mmamm )., :

\ .~
‘th




«ENNEKTPOTEXHIKA | ENEKTPOMEXAHIKA»

BuaaHHsa 3acHoBaHO HavjoHanbHMM TEXHIYHUM YHIBEPCUTETOM «XapKIBCbKWI MONITEXHIYHWIA IHCTUTYT» (HTY «XIMI»)
Ta [JepxaBHO YCTAHOBOK «IHCTUTYT TeXHiYHUX Npobnem marHeTMamy HauioHanbHOI akagemii Hayk YkpaiHu»

CBigouTBO NpO AepxaBHY peecTpalito ApyKkoBaHOro 3acoby MacoBoi iHdopmMauii

«ELECTRICAL ENGINEERING & ELECTROMECHANICS»

EDITORIAL BOARD

Sokol Ye.l.
Korytchenko K.V.
Rozov V.Yu.

Baltag O.
Baranov M.I.
Batygin Yu.V.
Biré O.
Bolyukh V.F.
Bouktir T.

Buriakovskyi S.G.

Butkevych O.F.
Colak I.

Dolezel I.
Féliachi M.
Grinchenko V.S.
Gurevich V.1
Ida N.

Kildishev A.V.
Klepikov V.B.
Korovkin N.
Korzeniewska E.
Kuznetsov B.I.
Kyrylenko O.V.
Maslov V.I.

Mi Zou
Mikhaylov V.M.
Milykh V.I.
Nacke B.
Petrushin V.S.
Podoltsev A.D.
Rainin V.E.
Reutskiy S.Yu.
Rezinkin O.L.
Rezinkina M.M.
Shcherbak Ya.V.
Shkolnik A.A.
Trichet D.
Vaskovskyi Yu.M.
Vinnikov D.
Yagup V.G.
Yatchev I.
Zagirnyak M.V.
Zgraja J.
Grechko O.M.

HAYKOBUM XXYPHAT

Ay «ITNM HAHY»)
XypHan 3acHosaHo y 2002 p.

Cepisi KB Ne 21021-1082111P sig 07.10.2014 p.

Editor-in-Chief, Professor, Corresponding member of NAS of Ukraine, Rector of NTU «KhPI», Ukraine
Deputy Editor, Professor, National Technical University «Kharkiv Polytechnic Institute» (NTU «KhPI»), Ukraine
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
Professor, Grigore T. Popa University Medicine and Pharmacy, Faculty of Medical Bioengineering, lasi, Romania
Professor, Research and Design Institute «Molniya» of NTU «KhPI», Ukraine

Professor, Kharkiv National Automobile and Highway University, Ukraine

Professor, Institute for Fundamentals and Theory in Electrical Engineering, Graz, Austria

Professor, NTU «KhPl», Ukraine

Professor, Ferhat Abbas University, Setif 1, Algeria

Professor, Director of Research and Design Institute «Molniya» of NTU «KhPI», Ukraine

Professor, Institute of Electrodynamics of NAS of Ukraine (IED of NASU), Kyiv, Ukraine

Professor, Nisantasi University, Istanbul, Turkey

Professor, University of West Bohemia, Pilsen, Czech Republic

Professor, Technological Institute of Saint-Nazaire, University of Nantes, France

Ph.D., SI «ITPM NASU», Kharkiv, Ukraine

Ph.D., Honorable Professor, Central Electrical Laboratory of Israel Electric Corporation, Haifa, Israel
Professor, The University of Akron, Ohio, USA

Associate Research Professor, Purdue University, USA

Professor, NTU «KhPl», Ukraine

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

Professor, Lodz University of Technology, Institute of Electrical Engineering Systems, Poland
Professor, SI «ITPM NASU», Ukraine

Professor, Member of NAS of Ukraine, Director of IED of NASU, Kyiv, Ukraine

Professor, National Science Center «Kharkiv Institute of Physics and Technology», Ukraine

Ph.D., Chongqging University of Posts and Telecommunications, China

Professor, NTU «KhPI», Ukraine

Professor, NTU «KhPl», Ukraine

Professor, Gottfried Wilhelm Leibniz Universitat, Institute of Electrotechnology, Hannover, Germany
Professor, Odessa National Polytechnic University, Ukraine

Professor, IED of NASU, Kyiv, Ukraine

Professor, Moscow Power Engineering Institute, Russia

Ph.D., SI «ITPM NASU», Kharkiv, Ukraine

Professor, NTU «KhPl», Ukraine

Professor, NTU «KhPl», Ukraine

Professor, NTU «KhPl», Ukraine

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

Professor, Institut de Recherche en Energie Electrique de Nantes Atlantique, Nantes, France
Professor, National Technical University of Ukraine «lgor Sikorsky Kyiv Polytechnic Institute», Kyiv, Ukraine
Professor, Tallinn University of Technology, Estonia

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

Professor, Technical University of Sofia, Bulgaria

Professor, Member of NAES of Ukraine, Rector of Kremenchuk M.Ostrohradskyi National University, Ukraine
Professor, Institute of Applied Computer Science, Lodz University of Technology, Poland

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

Appeca pepakuii / Editorial office address:

HauioHanbHWIN TeXHIYHUIA yHIBEpCUTET «XapKiBCbKMIA MONITEXHIYHUIA 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 (Fpeuko OnekcaHap Muxannosuy / Grechko O.M.)

ISSN (print) 2074-272X
ISSN (online) 2309-3404

© HauioHanbHUI TexHIYHMI YHIBepcuTeT «XapKiBCbKUA NONITEXHIYHUI iIHCTUTYT», 2020
© OY «IHCTUTYT TexHi4YHMX Npo6nem MarHeTu3my HauioHanbHoiI akageMii Hayk YkpaiHu», 2020

Minmucano no apyky 24.12.2020 p. ®opmar 60 x 90 V4. Ilamip — odcernuit. [Ipyk — nazepruii. [lpyk. apk. 9,25.

Haxmazx 200 nmpum. 3am. Ne 66/172-06-2020. Llina norosipHa.
Hanpyxosano TOB «/lpykapus «Mazapuny», Ykpaina, 61024, m. Xapkis, Byin. ['ynanosa, 18



ENEKTPOTEXHIKA | ENEKTPOMEXAHIKA
ELECTRICAL ENGINEERING & ELECTROMECHANICS m

ITNM
Haykoeo-npakmu4yHuii XypHan w

Scientific and practical journal

E I E PexkomeHdoeaHo Ao eudaHHs1 ByeHoro padoro HTY «XTI1l», npomokos Ne 6 eid 13.11.2020 2 0 2 0 /6
ma BueHoro padoro Y «ITIIM HAHY», npomokos Ne 10 gid 07.12.2020

3MICT

Enekmpuy4Hi MawuHU ma anapamu

Cuitkos K.I., Ila6atypa FO.B. Meros 3MeHIIeHHS TOXNOKN BU3HAYEHHS KYTOBHX II€pEMillieHb IPH BUKOPHCTaHHI

THITYKITITHITX JTABATIB. ... veeuteteenteeteeeeeneeaseesseenseaneeanseensesseenseanseenseamseaneesseesseanseanseenseeseaseenseenseamsesmsesneesseanseenseenseeneenseensean 3
CraBuHckuii A.A., lIpiranos A.H. KoHCTpyKTHBHO-TEXHOIOTUIECKHE IPEATIOKEHHS yCOBEPIIICHCTBOBAHUS
oHO(a3HOTO TpaHC(HOPMATOPA C ITHMXTOBAHHBIM MATHUTOIIPOBOMOM.......ccuverrrereerseeseesseessenssesseessesssesssesssessessseensesssenss 11

EnekmpomexHi4yHi KOMMeKcu ma cucmemu
Khlopenko I.N., Khlopenko N.J., Rozhkov S.A. Analysis and verification of the operation of the stabilizing robust

controller's electrical circuit of the rotor flux-linkage control SYSteM ..........cceecvieiieiirieniieieeie et 18
Jlebdenes B.A., ’Kyk I'.B., OctpoBepxoB H.5l., XanumoBckuii A.M. YnpapiieHue KoopAUHATaMU BEHTHIILHOTO
AJIEKTPONPHUBO/IA MEXAaHU3MOB MOAAYH ABTOMATH3UPOBAHHOTO CBAPOUHOTO OOOPYIOBAHHUS. ....e.veenveneeneeveserareaneaneeneaneas 24

EnekmpoizonayitiHa ma kabenbHa mexHika

MansuukoB O.0. [IpobuBHOE HaNpsHKEHHE BO3AYIIHBIX BKIOUEHUH MUKPOHHOTO JIMana3oHa B KOHJEHCATOPHOM

Enekmpu4Hi cmaHuyii, mepexi i cucmemu

Bourouis B., Djeghloud H., Benalla H. An innovative algorithm for a hybrid FC/battery system energy management...... 35
Kouadri R., Slimani L., Bouktir T. Slime mould algorithm for practical optimal power flow solutions incorporating
stochastic wind power and static VAR COMPENSALOT EVICE .......evueeruieriieiiieiieieetiesie et ettt et seee e eeeeeens 45
Kpacno:xon A.B., Byiinnii P.O., lixtapyk 1.B., KBuuuncskuii A.Q. JlocmimkeHHs po3NOAUTy MarHITHOTO TIOJIA
nitouoi eokosooi JIEIT 110 kB «UTELl — YepniriBcbka-330» y 30Hi KUTIOBOI 3a0yI0BH Ta METO/IIB HOT0 3MEHILICHHS

D1 (RTS8 (5105 (0 WO 013 ¢ (USROS 55

Lebied R., Lalalou R., Benalla H., Nebti K., Boukhechem I. Ameliorate direct power control of standalone wind

energy generation system based on permanent magnet synchronous generator by using fuzzy logic control................. 63
KOeinei

Po3oB Boaogumup FOpiitoBu4 (10 75-pigust 3 JTHT HAPOIIKECHHS) «...eeuveemerenrerneenreenseenseaseesesneesneesseesseenseenseensesssesseesses 71

Kadenpi «Enexrpuuni mammam» HTY «XapkiBebkuii mostitexniynmii iHeTuTy™ 100 POKIB....0.o0iiiiii 72

TABLE OF CONTENTS

Electrical Machines and Apparatus
Snitkov K.I., Shabatura Y.V. A method of reducing the error in determining the angular displacements when using

INAUCEIVE SEISOTS ....uteuiiiiieitietteit ettt sttt ettt et et et st be st e eae st et e s et e bt s bt eb e e bt easess et e be st e ebesueea e emeenae s et ebesueebeeneennensennen 3
Stavinskiy A.A., Tsyganov A.M. Design and technological proposals for improving a single-phase transformer
With 1aminated MAZNELIC COTE ... ..iiuiiiiiiitiiiiiie ettt eee et e st et e e eeteeteessee st e seessessaesseesseeseensesseesseenseenseanseessesssensaesenn 11

Electrotechnical Complexes and Systems
Khlopenko I.N., Khlopenko N.J., Rozhkov S.A. Analysis and verification of the operation of the stabilizing robust

controller's electrical circuit of the rotor flux-linkage control SYSteM ..........ceecvveierierierieieeie et 18

Lebedev V.A., Zhuk G.V., Ostroverkhov N.J., Khalimovskyy A.M. Control of valve electric drive coordinates of

automated welding equipment feed MEChANISINS. ........coiiuiiiiiiieee ettt et sae et naeeens 24
Electrical Insulation and Cable Engineering

Palchykov O.0. Breakdown voltage of micron range air inclusions in capacitor PAPET ..........ceecveerveeverreenreereensvesnennens 30

Power Stations, Grids and Systems
Bourouis B., Djeghloud H., Benalla H. An innovative algorithm for a hybrid FC/battery system energy management...... 35
Kouadri R., Slimani L., Bouktir T. Slime mould algorithm for practical optimal power flow solutions incorporating
stochastic wind power and static VAR COMPENSALOr EVICE .......evueeiuiiriieiieieeieeiieste ettt sttt st seee s neeeeens 45

ISSN 2074-272X. Enexmpomexnika i Enexmpomexanika. 2020. No6



Krasnozhon A.V., Buinyi R.O., Dihtyaruk 1.V., Kvytsynskyi A.O. The investigation of distribution of the magnetic
flux density of operating two-circuit power line 110 kV «ChTPP-Chernihiv-330» in the residential area and methods

Of its decreasing t0 @ SALE LEVEL........c.ioiiiiei ettt ettt ettt et et e et e et e e s e e beenteentesaeenneeseennean 55
Lebied R., Lalalou R., Benalla H., Nebti K., Boukhechem I. Ameliorate direct power control of standalone wind
energy generation system based on permanent magnet synchronous generator by using fuzzy logic control................. 63
Anniversaries
Rozov V.Yu. (on the 75th anniversary of his Birth) .........ccocoiiiiiiiiiie e 71
Electrical Machines Department of National Technical University «Kharkiv Polytechnic Institute» 100 years.......... 72
IHIAHOBHI YUTAYI!

Haykoso-npaxmuunuii yncypuan «Enexmpomexnika i Enekmpomexanikay — nepeoniamme 6uOAHHA.
Bapmicmo nepeonnamu na 2021 pix — 777,24 epn., na oeéa micayi — 129,54 zpn., na womupu micaui —
259,08 epn., na wiicmo micayie — 388,62 zpn., na gicim micauie — 518,16 zpn., Ha decamo micauie — 647,70 zpn.
IHlepeonnamnuii inoexc y kamano3i IIAT «YkpIlowmay: 01216.

HIAHOBHI ABTOPH )KYPHAJY!
IHlocmanoeoro npe3udiit BAK Ykpainu 6io 15 ciuna 2003 p. Ne 1-08/5 naykoeo-npaxkmuunuil jcyphan
«Enekmpomexnixka i Enexkmpomexanika» eneceno 0o Ilepeniky naykoseux gaxoeux eudanv Ykpainu,
8 AKUX MOXCYMb NYONIKyeamucs pe3yibmamu Oucepmauiiinux podim na 3000ymms HAYKOGUX CHIYNEHie
ooxmopa i kanouoama Hayk ma nepepeccmposano Haxazom MOH Ykpainu Ne 1328 6i0 21 epyonus 2015 p.
Kypnan 3apeecmposano ak gpaxoeuit 3 No 1 2002 poxy.

3ziono Haxazy MOH Ykpainu Nel412 ¢io 18.12.2018 p. naykogo-npaxmuunuit yxcypnan «Enekmpomex-
Hika | Enekmpomexanikay eéxnioueno 0o naiteuujoi kamezopii «A» Ilepeniky ¢haxoeux euoanv Yxpainu
3 MEeXHIYHUX HAYK.

Houunarouu 3 Nel 3a 2006 p. 32iono 3 Haxazom MOH Ykpainu Ne688 eio 01.12.2005 p. scypnan
Haocunaemoca 0o YKpIHTEL

Enexmpounna xonia scypnany «Enekmpomexnika i Enexmpomexanixkay, 3apeccmposanomy y Midicnapoonii
cucmemi peecmpayii nepioouuHux eudans nio cmanoapmuzosanum kooom ISSN 2074-272X, naocunaecmeo-
ca 00 Hauionanvnoi oioniomexu Ykpainu im. B.I. Bepnaocvkozo i, nouunarouu 3 2005 p., npeocmasnena
Ha caimi Gioniomexu (http://nbuv.gov.ua/) ¢ po3oini «Haykosa nepioouxa Ykpainuy, a maxosrc na ogiyiii-
Homy caitmi scypuany (http://eie.khpi.edu.ua/).

Houunarouu 3 Nel 3a 2016 p. yci cmammi na caiitmi 00CmynHi Ha 080X M0OBAX — 0006 'A3K080 AHZNIIICLKOIO,
a makosic pociiicekoro abo ykpaincokoro. Taxodxc KodxcHili cmammi 6 HCYypHAI NPUCBOIOEMBCA YHIKATbHUTL
uudghposuii ioenmughixamop DOI (Digital Object ldentifier) 6io opeanizauii Crossref (http://crossref.org/).

Kypnan «Enexmpomexuixa i Enexmpomexanikay 6Kntouenuil y 006ioHuxk nepioouunux eudauv Ulrich’s
Periodical Directory, npeocmasnenuii y 3a2anvHooepircasniii pegpepamueniit 6aszi oanux « Ykpainixa Hayxoeay,
pedpepamuenomy scypnani «/rcepeno», inoexcyemoca y naykomempuuniii 6azi oanux Web of Science Core
Collection: Emerging Sources Citation Index (ESCI), uio pexomenoosana MOH Ykpainu, npeocmaenena y
Index Copernicus (ICV 2019: 100.00), i éxooump oo 6a3 oanux EBSCO, ProQuest, GALE, DOAJ mouo.

ULRICHSWEB"

: Vi BIaY.
= ) GLOBAL SERIALS DIRECTORY D National Library of Ukraine |_) UA J

: J i =, * Vernadsky
- DIRECTORY OF
. L}& Databases JOHRNAL
2 Clarivate '

) el . I
Analytics . O f ~—~i

e &% GALE Pro(Quest. " 3O UTIC

(EBOPSCIENCE "y w CENGAGE Learning' E scholsr &

3eepmacmo ysazy asmopie Ha HeoOXiOHicmb oghopmaenna pykonucie cmameii 6ionogiono 0o Bumoe, aki
HaeeOeHi Ha oghiyitinomy caiimi yncypnany (http://eie.khpi.edu.ua/), posminienomy na nnamepopmi «Haykosa
nepioouka Ykpainuy (http://journals.uran.ua/).

2 ISSN 2074-272X. Enexmpomexuika i Enekmpomexanika. 2020. No6



EnekmpuyHi mawuHu ma anapamu
VJIK 681.586 : 681.3

doi: 10.20998/2074-272X.2020.6.01

K.I. Cuitkos, }O.B. [llabarypa

METO/I SMEHIIEHHS IOXAUBKHA BU3HAYEHHS KYTOBUX NEPEMILIEHD
IMTPU BUKOPUCTAHHI IHIYKIIMTHAX JTABAUIB

Y pobomi euxkonano 0ocniorxncenns H08020 Memooy 3MeHUEHHA NOXUOKU 6U3HAYEHHA KYMOGUX nepeMijenb 3a 00N0OMO2010
indyKkuyiitnozo oasaua, 020 mamemamuune 3a0e3neueHHs ma excnepumenmanvha nepegipka. Ilpedcmasnenuit memoo
Oazyemuvca na eumiprosanni Kyma 3cyey ¢paz cuznanie oasaua, 6UHAYEHHA AKO20 30IlCHIOEMbCA 3 OONOMO2010 CRIGCMAB-
JIeHHA OUUPPOaAHUX 3HAUEHb CUZHANIE 0asaya i3 Kpyz08010 OUCKPEMHOIO 320PDMKOI0 Md NOOANbUIUM GU3HAYEHHAM IX
opmozonanvnux cknadoeux. Ha ocnogi snauens ompumanux opmozoHanbHuX cKaadoeux 30iliCHIOEMbCA 6U3HAYEHHA Kyma
3a 00NOMO02010 YUPPOB020 demeKkmopy (a3u, 6 OCHOBI pOOOMU AKO20 NEHCUMb 3ACMOCYBAHHA NPOZPAMHO20 KOMRAPAMOPY
ma ob6epHeHUX MPUZOHOMEMPUYHUX YHKUI. 3anponoHO6aHUIl MEemMOO He BUMAZAE GUKOPUCMAHHA 0eMOOYIAMOPIE, Ti-
YUSILHUKA Ma MadaIuyb Keaopanmis, AKi acoyiloomscsa iz mpaouyiilHumMu Memooamu 6U3Ha4enna Kyma 3cyey ¢az cuzna-
nie. Ilpedcmaenenuit memoo modxce dymu 6UKOPUCMAHUL 01 6UMIPIOGAHHA Kymie y dianazoni 0-27m, € npocmum, i modxce
Oymu n1ezKo peanizoeanuii 3a 00nNoOmMozor yugposux 3acoobis. bion. 9, tadn. 3, puc. 16.

Knouoei cnosa: KyTOBi mepemillleHHsl, MATeMATHYHMII MeToJ, iHAyKuiliHuii naBay, o0epToBUii TpaHcdopMaTOp, KPyroBa
JUCKPETHA 3rOPTKA, OPTOrOHAJIBLHI CKJA10BIi, IpenusiiinicTs, 3cyB dasu.

B pabome evinonneno uccnedosanue nH06020 Memooa yMeHbUIeHUA NOZPEUIHOCIU ORPeOeeHUs Y2l106bIX NepeMeuienull ¢ no-
MOWbI0 UHOYKYUOHHO20 0AMYUKA, €20 Manmemamuueckoe odecneuenue u IKcnepumenmanvhan npogepka. Ilpeocmaenennuiii
Memoo 0CHO8AH HA U3MeEPeHUU y2na cO8uza (a3 cuznanos oamuuxa, onpeoeieHue KOmMopozo OCYyUW{eCEIAemcsa ¢ NOMOULIO
conocmaenenus oyuPpPoannbIX 3HAYeHUIl CUCHANI08 OAMYUKA C KPY2060l OUCKPEMHOIl C6ePMKOIl U nocaedylouum onpeoene-
Huem ux opmozonansuuvlx cocmasnaowux. Ha ocnose 3nauenuit noayuennsIxX 0pmozoHAIbHBIX COCMABAIOUUX OCYULECNEIIsA-
emca onpedenenue y2na ¢ NROMOubIo YuPposozo demekmopa asvl, 6 0cHOge padomsl KOmMopozo nexcum npumeneHue npo-
ZPAMMHO20 KOMRAPAMOPA u 00pamuplxX mpuzonomempuueckux gyuxyuit. IlIpeonoscennulii memoo ne mpedyem ucnonp308anus
0eMo0ynaAmopos, cuemyuKa u maonauy Keaopanmos, Komopole AcCOUUUPYIOMCA ¢ MPAOUUUOHHBIMU MEMOOamu onpeoeneHus
yena cosuza ¢paz cuznanos. Ilpedcmasnennvliic Memoo modxcem Oblmy UCNOIL306AH 018 UMEPEHUA Y2106 6 ouanazone 0-27,
ABNAEMCA RPOCHBIM, U MOHCEM OblMb J1€2KO Peanu308an ¢ ROMOubI0 yudpoeswvix cpedcme. bubn. 9, Tadin. 3, puc. 16.

Knrouesvie cnosa: yriiopble nepeMenieHusi, MATeMaTHYeCKUIl MeTO, HHAYKUMOHHBIH JaTYUK, Bpallawuiica Tpaicpopma-

TOP, Kpyrosasi IMCKpeTHasi CBEPTKa, OPTOroHaJIbHbIE COCTABJ/IAOIINE, TOUHOCTH, CABUI (l)a3l:-[.

Beryn. Ha croroguimHiil qeHp y 6araTbox ramyssx
HAyKH 1 TEXHIKH Yy SIKOCTI IPUCTPOIB, AKi HANAIOTH iH(pO-
pMaIfifo mpo MOTOYHHUI CTaH BHKOHABYHMX MEXaHI3MIB,
HIMPOKO BUKOPHCTOBYIOTHCSI KYTO-BHMIpIOBAJIBHI CHCTE-
MH. Y OUIBIIOCTI BHIIQJIKIB, OCOOJIMBO MJIsI IIPUCTPOIB 1
MEXaHi3MiB, SIKI NPalIOIOTh B €KCTPEMaJbHUX YMOBaX,
BHUKOPHCTOBYIOTBCSI €JISKTPOMEXaHiYHi JaBaui (naBaui
KyTa), poboTa SKHX CHpsIMOBaHa Ha IIEPETBOPEHHS KyTO-
BHX TIEPEMIIICHb B iHPOPMALIHHIIA CUTHAIL.

Sk Bimomo 3 [1] mis BU3HAUEHHSI KyTOBUX IT€pPeMi-
IICHb ICHY€ BEJNMKa KITBKICTh BHIIB JaBadiB, TaKUX SK:
ONTHYHUN EHKOJep, TIPOCKOIIYHI JjJaBadi, MarHiTHUH
EHKOJIep, a TAKOX I1HIYKIiiHI 1aBadi. OgHAK 3aCTOCYBaH-
HS BUILE 3a3HAYCHUX THIIB JaBadiB B KyTOBHMIPIOBAJIb-
HHUX CHCTeMaXx ITOBHHHI BUKOPUCTOBYBATHUCS 13 BpaxyBaH-
HSM NPU3HAYEHHS TAKUX CHUCTEM, YMOB HaBKOJHMIIHBOTO
cepelloBHUINa Ta BUMOT 110 iX TOYHOCTI. be3cymHiBHO, 10
Ha CHOTOJHINIHIA JEeHb MOUIMPEHOIO 3aCTOCYBaHHS B
KyTOBHMIPIOBJIBHUX CHUCTEMax Ta CHUCTEMax MO3HIII0-
BaHHS 3000yTHM ONTHYHI eHKonepu. [IpoTe, He3BaKkatOUn
Ha iX MIMPOKE MOUINPEHHS, ChOTOAHI MPOIOBXKYIOTh (QyH-
KI[IOHYBAaTH CHUCTEMH IO3WIIIOBAHHS, Y SKUX BHKOPUCTO-
BYIOTBCSI IHIYKIIIHHI €JIeKTPOMEXaHIYHI IepeTBOPIOBaYl y
AKOCTI eJIEeMEHTa CUCTEMHU KepyBaHHS, SIK y Taiy3i 030po-
€HHA Ta BiIICBKOBOI TEXHIKH, TaK i B TaIy3iX IPOMHUCIIO-
BOIO NpU3HA4YeHHS. BUKOpUCTaHHS IHAYKUIHHHUX €JeKT-
pPOMEXaHIYHUX MEepPEeTBOPIOBAYIB Yy BHIIE 3a3HAYCHUX
rajy3six MOSCHIOEThCS iX MOXIIMBICTIO (DYHKIIIOHYBaTH y
Ba)XKMX YMOBax eKcCIUIyartalii Ta HEBHUOArjIMBICTIO [0
30BHINIHIX YMOB [2]. OmHaK, TOPSIT 3 MO3UTHBHUMHU BJIAC-
TUBOCTSAMH, Y HUX € 1 HEIONIKHA — IHAYKIIHHI MEeXaHidHi
IepeTBOpIOBadl 3a0e3MeuyoTh HE JJOCTaTHBO BHUCOKY

TOYHICTh 1JCHTH(]IKYBaHHS KyTOBUX IepeMillleHb. 30K-
pemMa — B CIHIIKYIOUHX CHCTEMax, CUCTeMaX MO3HIiIOBAH-
HS T2 aBTOMaTH30BaHHUX CUCTEMAax HaBEJIEHHS 030pOEHHS,
Jie Taki JaBavi € OCHOBHHMH CEHCOpPaMHU KyTOBHX Iepe-
MillleHb. 3aCTOCYBaHHs paHillle 3a3HaYeHUX JaBayiB THILY
ONTUYHUN E€HKOJIEp, CICKTPOHHUH TipOCKOI, 3 BiIIOBiJ-
HOKO PO3PSIHICTIO, TO3BOJIWIN O 3MiHCHIOBATH iIeHTH]I-
KyBaHHS KyTOBHX II€PEMIIIEHb 3 OUIbII BUCOKOIO TOYHIC-
TIO, BUMOTH 10 SIKUX, Ha ChOTOJHIIIHIN JIeHb, CSTar0Th
JIECATKIB KyTOBHX CeKyH[. [Ipore iX BHKOpUCTAaHHS He
3aJI0BOJIbHSIE BHIIE 3a3HAY€HI BUMOTH MO0 YMOB €KC-
tyaranii Takux cucteM. Kpim toro, y pa3si MoaepHizamii
KyTOBHMIPIOBAJIbHUX CHCTEM, SKi (YHKIIOHYIOTH Ha
OCHOBi 3aCTOCYBaHHS IHAYKUIAHOTO J[aBada, IIJIIXOM
Horo 3aMiHM Ha CydyacHUU IUQPPOBHUI eHKOAEp mependa-
YaTUMYThCSl 3HAuHI (DIHAHCOBI 3aTpaTH, a TaKOX KOHC-
TPYKTHBHI 3MiHHU B CHCTEMI.

TakuM YWHOM, BPaxXOBYIOUHM BUINE 3a3HAYCHE, BU-
HHUKAa€ HEOOXIAHICTh MIJBUINUTH TOYHICTH BU3HAYEHHS
KYTOBHUX IIEPEMIIIICHb 32 JOTIOMOTOI0 IHAYKIIHHOTO /aBa-
4a, SIKMA 3aCTOCOBYETHCSI B ICHYIOUHX Ta B MEPCIECKTHB-
HUX KYTOBHUMIPIOBAJIbHUX CHCTEMax Ha OCHOBI 3aCTOCY-
BaHHS CIIeliadbHOI MaTeMaTHIHOT 0OpoOKHU iH(pOpMAITiii-
HOT'O CUTHAITy TaKOT'0 JjaBaya.

Anani3 nyoJikauiii. Croromgsi Bimomo 6arato myo6-
JiKaiid, y SKUX PO3rJISIHYTO SIK anapaTHi Tak 1 IporpamHi
METOJM 1 3acO0M BHM3HAYCHHS KyTa IOBOPOTY POTOpa
IHAYKIIHHOTO JaBaya, OUIBIIICTh 3 SKHX PO3IJISHYTO B
[3]. Anani3 nmx myOmikaiiil Jae MOMJIMBICTH OTPUMATH
3HaHHS MPO ICHYIOYi METOIU BH3HAYCHHS KyTOBUX Iepe-

© K.I. Cuitkog, 10.B. IlIabarypa
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MIIIeHb IHAYKLIIHHOTO JaBada, a TaKo)X O3HAHOMUTHCS 3
MIEePCIIEKTUBHIMH HaNpsIMKaMH MaiiOyTHIX TOCTIIKEHb.

30KpemMa, BUKOPUCTaHHS aHaJIOTOBHX allapaTHHUX 3a-
co0iB (Tak 3BaHMX (LIBTPIB CUTHAIY), 5IKi (PYHKLIOHYIOTh
Ha OCHOBI BukopucranHsi R, C eneMeHTIB IiiicHO 103BO-
JISIFOTH 3MEHIIUTH MTOXUOKY 11eHTH(IKyBaHHS KyTa, IIPOTE
3 HEJOCTaTHBOIO TouHicTio. [Ipruomy, noxaneuie ii min-
BHUIIEHHS YHEMOXJIMBIIOEThCS 33 PaXyHOK BIUIMBY Jie-
cTabumizytounx (pakTopiB, TaKUX SK: TEMIepaTypa, dac,
4acToTa, SAKi BIUIMBAIOTH K Ha mapamerpu R, C enemen-
TiB, TaK 1 Ha MapaMeTpH IHAYKWiHHOTO IaBava KyTa [4].
Takoxk, HIMPOKOTO PO3MOBCIOKEHHS 3100yin LU(pPOBI
3acobu, SKi MPONOHYIOTHCA MPOBIAHUMH BHUPOOHUKAMH
enekrpoHiku (Hampukian Texas Instruments, Freescale
Semiconductor, Analog Devices), y sIKOCTi TOTOBHX pi-
meHb A 00poOKM iH(GOPMAIIMHUX CUTHAIIB 1HAYKIIH-
HOTO ITIEPETBOPIOBAaYa B OCHOBY SIKMX ITOKJIQJIEHO 3ilc-
HEHHS HECKJIQJIHUX OOYMCIIEHb i3 BUKOPUCTAHHIM Cydac-
HUX €JIEKTPOHHUX KOMIIOHEHTIB Yy MO€/IHAaHHI i3 MiKpOKO-
HTpPOJIEpHOIO TexHikoI0 [5]. Takoxk, y poGoTi [6] 3ampo-
ITOHOBAHO, HOBITHIM TporpaMHO-amapaTHANA METOH s
iIeHTU(IKYBaHHS KyTa MMOBOPOTY pOTOpa iHAYKLIHHOTO
JaBaya, SIKUi 0a3yeThCs Ha OCHOBI 3aCTOCYBaHHS (a30BoO-
IO aBTOMIJJIAIITYBAHHS 4YacTOTH. I3 BHKOpUCTaHHAM 3a-
MIPOTIOHOBAHOI CXEMM LBOTO IPOrPAMHO-ANapaTHOTO
METOJZy HE BUHHMKAE€ HEOOXIMHOCTI 3MIHCHEHHS IEMOJIY-
TSIl CMrHANY, BUKOPUCTAaHHS TaOJIMII KBaJIPaHTIB, JIUH-
JILHUKIB IMITyJIbCIB Ta HU(PO-aHAJIOTOBHUX INEPETBOPIOBA-
yiB. [Ipore, moxubka BU3HAYEHHS KyTiB TIOBOPOTY pOTOpa
JlaBava MpH BUKOPUCTaHHI Takoro Meroxy ckuanae 0,3 %
Ha MOBHOMY INPOMDKKY Jiana3ony 3HaueHb 0-360°. Ta-
KO)X B OCHOBI TaKOro arapaTHO-IIPOrPaMHOTO METOIY
JISKUTH 3aIPOIIOHOBAaHA CXeMa, peai3amis sIKoi 3MiHCHIO-
€TBCS1 HA BUKOPHCTaHHI MMPOCTUX Pa/liOCIEKTPOHHUX €Je-
MEHTIB, 30KpeMa, Pe3UCTOPIB, a OTKE PaKTOp TeMIepaTy-
PH HaBKOJIMIIHBOTO CepeloBUINa Oyae BIUIMBATH HA TOY-
HICTb pe3yJbTaTiB ieHTH(IKyBaHHS.

V pobotax [7, 8] nmpencraBieHi METOAU TIEPETBOPEH-
Hsl CUTHAJIIB JlaBa4ya B KyTOBE MOJIOXKEHHSI Ha OCHOBI 3aCTO-
CYBaHHS MaTeMaTHYHUX OOYMCIIEHb 13 BHKOPHUCTaHHIM
HoJIIHOMY 3-TO MOpsAKY [7], Ta reHepyBaHHS TONOMDKHUX
CHHYCOINJIbHUX CHTHAJIB [8], 1yt peanizauii KX BHKO-
PHCTOBYIOTHCSI HAIIIBIIPOBIHUKOBI KOMIOHEHTH Ta MiKpO-
KOHTpOJIEpH. Y pe3ynbTaTi 3aCTOCYBaHHA TAKMX METOJIB
JIOCATAETHCSA BHCOKA TOYHICTh BU3HAYCHHS KYTOBHX ITOJIO-
JKeHb Ha BHCOKIH gacToTi oOepTaHHs Baiy. [Ipote, y Bue
PO3IIIIHYTHX METOJAX MPONOHYEThCS 3IIHCHIOBATH IEMO-
JyJISILII0 CHHYCHOTO Ta KOCHHYCHOTO CHT'HAITy JAJIS BH3HA-
YeHHs KyTa IOBOPOTY, & OTXKE MependadaeTses, IO Ball
JaBaya TIOBHHEH 3IIHCHIOBATH OOEpPTaHHA 13 3aJaHOI0
HIBUKICTIO, sIKa HEOOXiTHA Ui MOIYJISMi JaHUX CHUTHA-
yiB. Buxonstun i3 BHIIE 3a3HAYEHOTO, 3aCTOCYBaHHS TaKHUX
METOJIIB YHEMOJKIIBIIFOETHCSL B TAKUX CHCTEMax sIK crali-
JIi3arlis, MO3UIIFOBAHHS, a00 CHCTEMH i3 BHKOPUCTAHHSIM
0e3peyKTOPHUX BHKOHABUMX MEXaHi3MiB, [ HIBUJKICTH
o0epTaHHs BaJla JaBaya HaOIKeHa 10 HYJISL.

TakuMm 4WHOM, METOK PO0OTH € po3polKa crieria-
JHHOTO MAaTEeMaTHYHOro 3a0e3NeyYeHHS I BU3HAYCHHS
KYTOBHX TIEpEMIIIeHb POTOpa iHAYKIIITHOTO naBaya Ha
OCHOBI BH3HaY€HHsI OPTOTOHAIBHUX CKJIAJOBUX 3 IU(PO-
BUX 3HaU€Hb CUTHAJIB JaBada i3 3aCTOCYBaHHIM KPYTrOBOI
JIMCKPETHOI 3ropTKH. TakoX y CTaTTi 3[1HCHIOEThCS EKC-

MepUMEHTalbHA TepPeBipKa PO3pOOJIEHOTO CHEIiaIEHOTO
MaTEeMaTHYHOTO anapary Uil iHAYKIIHHUX KyTOBHMIpIO-
BaJIbHUX CEHCOPIB, Y SKUX IIBHIKICTH 00EpPTaHHS poTOpa
HaOJIMKEeHa IO HYJIA.

B nauiii po0oTi y SIKOCTI 1aBaya KyTa BUKOPUCTOBY-
€TbCS IHAYKUIMHMA paBau — pe3onbBep (00epTOBHI
TpaHcdopmarop). KoHCTpyKIIist TaKMX JaBadiB € TUIIOBOIO
1 CKIIQIa€ThCS 3 JIBOX OOMOTOK, PO3MIIICHUX Ha CTaTOpi B
OJITHIH 1 Tiif % MarHiTHIN cucTeMi, aje iX TeOMeTpHYHi Bici
poO3TamioBaHi B3aEMHO TEPIIEHAWKYIApHO. Tak camo i
00OMOTKH POTOpa 3HAXOIOUTHCS B OJHIM MarHITHIN cucTeMi
1 € B3aEMHO TIEPIICHANKYJIPHIMHU OJHA 10 oxHOi. Twro-
BUM crocobom 3abes3medeHHss 30ymKeHHS 00epTOBOTrO
TpaHchopMaTopa € MiJKIIOUCHHS OJHi€T HOro OOMOTKH
cTaTropa J0 Mepexi )KUBIICHHS, a 1HITy OOMOTKY 3aMHKa-
I0Th HaKOPOTKO, a0 MiJKII0Yal0Th A0 MOTEHLIOMETpa,
110 peai3yeThCsl B METOII PO3TIITHYTOMY B poboTi [7].

OnHax cyTh peanizalii MeTOY, 3aIpOIIOHOBAHOTO aB-
TOpaMu 1€l poOOTH, NMOJSIrae HE y BUMIPIOBaHHI aMIUTITY/L
CHTHAy 3 TIONAJBIIOI il JEMOAYIAILIE0, a Y BHU3HAYEHI
3CyBy (pa3 MDK BXITHHMH Ta BHUXITHAMH CHUTHAJaMH, IO
MOXJIMBO 3IIHCHUTH TIPY MIAKIFOYSHHI 000X 0OMOTOK 30y-
JOKEHHS IHIYKIIHHOTO AaBada J0 JHKEpena sKUBJICHHS CHHY-
COITAJTEHUX HATPYT, K 300pakeHo Ha (puc. 1).

Sine winding
RAAAR Ss2

Vv
Excitation winding
E1

750 disl

Puc. 1. Kom.’plrypaulﬂ 00MOTOK IHIYKIIHHOTO NaBada

Cosine winding

Ha (puc. 1) HaBenena cxema BKazaHOi KOH(piryparii
00OMOTOK IHAYKIIIHHOTO aBaya — 00epTOBOTO TpaHCGOp-
Maropa Ul BU3HAYeHHs 3CYBY (a3M BHXIJHOTO CHTHAIY
B 3QJIEKHOCTI Bil KyTa MOBOPOTY POTOPY LIBOTO JaBada.
o 3aruckauiB oomoTku 30ymkenus E1-E3 ta no E2-E4
BIZIMOBITHO MOAA€ThCsl Hampyra 30ymxkenHs G1, G2, sika
piBHA 3a aMIUTITYZ0I0 1 4acTOTOIO, MPOTE 3MillleHA OJHA
BiTHOCHO ozHOT Ha 90°, Mo MoXxe OyTH omucaHa 3a Ha-
CTYITHUMH BUPA3aMU:

Gl=U 4 = A-sin(er), (1)
G2=U . = A-cos(ar), )

Je A — aMIUTiTyla HaIpyTH KUBJICHHS J]aBada, @ — KyToBa
4acTOTa CUrHay 30y/DKEHHsI, £ — Jac.

BHaCHiI{OK OTpUMaHHA JKUBJICHHA CHMCTPUYHUM
CTPYMOM B TIOBITPSIHOMY NPOMIDKKY MarHiTHOi CHCTEMH
IHAYKIIAHOTO JaBaya BHHUKA€E 00CpTOBE MarHiTHE MOJeE,
BEKTOP SIKOI'0 Ma€ MOCTIHHY BEIWYHHY 1 piIBHOMIpHO 00e-
PTa€eThCS 3 YaCTOTOO JKUBJICHHA. ToJi cUTHANH, AKi Gop-
MYyIOTbCSI Ha 3aTtuckadax Ssl-Ss2 oOMoTkm «sine
winding» Ta Ha 3aruckadax Csl-Cs2 oOMOTKH «cosine
winding» HaOyBaioTh (GopMy CHHYCOINANBHOI HANpyru
MOCTIMHOT YaCcTOTH, SIKi 3CYHYTI 1Mo (a3i BiTHOCHO Hampy-
ru 30y/DKeHHs JlaBaya, Ipu4IoMy 3cyB ¢a3u Oyae BU3HA-
YaThcs KyTOM MOBOPOTY POTOpa IHAYKLIHHOrO JaBaya,
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OCKIJIbKH 00epTaHHS BEKTOPa MAarHITHOTO OIS 3IIHCHIO-
€THCS 3 MOCTIHHOIO MBHUKICTIO, TOMY MAaKCUMYMH BUXIiJI-
HUX CUTHAJTIB OYIYTh BiNIOBIJaTH MOMEHTY 4acy HpOXO-
JUKEHHSI BEKTOpY MAarHiTHOTO MOJs 4epe3 HamnpsiM Bici
MOB3/IOBKHBOT OOMOTKHM pOTOpa 1HIYKIIHHOTO jJaBadya.
Onuc curHanmiB Ha 3athckadax Ssl1-Ss2 oOMOTKM «sine
winding» Ta Ha 3aruckagax Csl-Cs2 oOMOTKM «cosine
winding» Mo>XHa 31iHCHATH HACTYITHUMH BUPa3aMH:

Uy = k- A-sin(ot + ), (3)

Uy =k A-cos(at + B), (4)
ne Uy, — 3HaYeHHs CUTHAY Ha 3aTuckavax Ssl-Ss2 oomo-
TKH «sine winding», U, ; — 3Ha4e€HHs CHTHAITYy Ha 3aTHUCKa-
gax Cs1-Cs2 oomoTkH «cosine windingy, k — koedimieHT
TpaHcopmMarlii, f — KyT TOBOPOTY POTOpa BiTHOCHO CTa-
Topa (IHIIUMU cJIOBaMH, [ — KyT 3CyBY (a3l CHTHAIBHOI
0OMOTKH BITHOCHO OOMOTKH 30y IXKCHH).

BusHaueHHs1 KyTa HOBOPOTY pOTOpa IHAYKIIHHOTO
JaBaya BIJHOCHO CTaTOpa 3IIMCHIOETHCS Ha OCHOBI 3aCTO-
CYBaHHSI METOJly BHU3HAUY€HHS OPTOTOHAJILHHUX CKJIaJOBUX
3 MacHBIiB 3HAa4Y€Hb, SIKi MICTATH 1H(OPMAIIO ITPO CUTHA-
JIM JlaBaya i3 3aCTOCYBaHHIM KPYTOBOi JMCKPETHOT 3ropT-
KH, peai3alilo SKOTO MOXKHA 3JIHCHHUTH 3a 3aIpOIOHO-
BaHOIO CIIPOILEHOI0 CTPYKTYPHOIO CXEMOIO (pHC. 2).

Unc Ure
Upe 1y >
" 2| 7+ |aoB
o
o U, o
Uys > Uncy, 22 rs 228
» [~ P > S <
U N e o a3
— 33 Upc c 9 Uss mOo©
g3 =, 23 z2z3
> o9 "N A20
U — w -
s¢ z " U z
— Unc,‘ m g
S C
y
Bac DIGITAL PHASE
¢ DETECTOR

Puc. 2. CporieHa cTpyKTypHa cXeMa 3alpOIIOHOBAHOTO METOY
UL BU3HAYEHHS KyTOBHX MEpeMIIlIeHb iHAYKIIIHOro 1aBada

Ha puc. 2 mpuiteari Taxi nossavenns: Uz, Up —
AHAJIOrOBl 3HAYEHHS CHTHATIB, IKI HAOXOIATH 3 OOMOTKH
30y/pkeHHs1 Ta onucani Bupasamu (1) 1 (2); Uy ta Uy, —
AHAJIOTOBI 3HAYCHHSI CHTHAJIIB CUTHAIBHUX 00MOTOK (3),
(4); ADC (analog-to-digital convertor) — m-kaHaJIbHUN
ananoro-iudposuii nepersoproBau (ALIIT) 3 pospsinHic-
TIO Nypc Ta  4YacTOTOK0  CEMIUNIOBAaHHA [y,
UDC_/b . UDC_/& . UDC&Y , UDCxc - IJ,I/I(prBi 3HA4YCHHA

CUTHAJIIB 0OMOTOK 30YIDKEHHS Ta CHTHAJIIB CHUTHAIBHUX
obmMorok micms mpoxomkeHHs Omoky ADC; Circular
Discrete Convolution — 610k (GopMyBaHHS AHCKPETHOI
3TOPTKH CHTHANY MHUISXOM MYJBTHIUTIKAIli MacHBiB, fKi
chopMOBaHi Ha OCHOBI 3HAYCHb CHTHATIB OTPUMAaHHX 3
0OMOTOK J1aBaya i3 3Ha4eHHSIMU T'€HEepOBaHUX CHHYCOiJa-

U

(bopMyBaHb MacHBIB 3HaYeHb KPYroBOi AMCKPETHOT 3rop-
TKHA CHUTHAJTy 1HIYKIIHHOTO JaBada y IH(QPOBOMY BHUIJIs-
ni; Decomposition Orthogonal Components — 610k BUBI-
JIbHEHHSI OPTOTOHAJIBHUX CKJIQJIOBHX, PE3yJIbTaTOM 00YH-
CJIEHb SIKOTO € rapa uncen S i C, ki HOCTYNaloTh Ha OJ0K
Digital Phase Detector — 610k IU(QPOBOro BH3HAYCHHS

npHux curnanis; Ug, Uy, Uy, Ug — pesynsratu

¢a3u. PesynbraTom obumcienns y Digital Phase Detector
€ KyT [y, AKAN pIBHUH KyTy MOJIOKEHHA poTopa. Takmm
YHHOM, SIK BUIUIUBAE 3 ONUCY (QYHKIIOHYBAaHHS HaBeIEHOT
CXeMH, JJIsl peaizallii 3arponoHOBaHOTO METOY IMepe/-
OavyaeTbcss BUKOPHUCTAHHS Cy4yacHMX 3aco0iB Juisd mepe-
TBOPEHHS aHAJIOTOBOTO CHUTHANY y nu(pOBUI KO, a Ta-
KOXX 3aCTOCYBaHHSI MIKPOIPOLIECOPHOI TEXHIKM AJIsI BH-
KOHaHHS PO3pPaxyHKIB.

PoGoTa 3anpornoHOBaHOi €XeMH 3/IMCHIOETHCS Ha-
CTyNHUM 4uHOM: curHanu Uy, Uy, Uy, Uy, siKi onucani

Bupazamu (1) — (4), moctynaroTe Ha OJOK ADCJ],VA’ZC ,
ADC

poboTa AKOrO ITOBHHHA 3a0e3ledyBaTH II€PETBOPEHHS
3HAYCHb CHUTHANIB AK (PYHKIil HEmepepBHHX 3MIHHUX Y
(DYHKIIO TUCKPETHUX 3MIHHUX Yy BHUIJISAI CKIHYEHHOL
KIJIBKOCTI BIIJTIKIB 3Ha4€Hb JMCKPETHOI BeIHYuHU. Tomy
3HaueHHs curHaniB miciast ALl mepeTBopeHHsS MOXKHA
OIMCATH HACTYITHUMHU BUPa3aMu:

[A +rnd(5)— %) -cos(at;)

trunc(ZNADC -1 Y
U =4- ,(5
DCy, = (5)
o) .
A+rnd(6)— 2/ sm(a)tS,-)
trunc(2Narct. y )
U =4- (6
DCyi 9 Napc-1 ©)
5 .
[A +rnd(5)— —j : sm(a)tsi + ﬂ)
z‘runc(2N*“"*'71 . il ) %)
U =4-
Dcxsi ZNADC -1 ’
1)
(A +rnd(J) _Ej . cos(a)tsi + [7’)
trunc(2Vare L. ¥ ) ®
U =4-
DC:C[ ZNADC -1 ’
ne U DCyy U DCyy uGpoBi 3HAYCHHS CHUTHAIIIB 0OMO-

TKH 30yKSHHS 1HIYKIHHOTO naBavya, U DC,,; > Upc -

sci

IUPOBi 3HAYCHHS CHTHAJIIB CHHYCHOI OOMOTKH Ta KOCH-
HyCcHOI OOMOTKH BigNOBiTHO; QYHKILISA trunc — (QyHKIISA
OKpPYTJICHHS YWCIIa IO IUIOTO 3HA4YeHHsS; QyHKUisA rnd —
NPOrpaMHMH J1aBay BUIAJAKOBHX BEJIMYMH; O — BEJIMYMHA
BUIIaJIKOBUX 30ypeHb, sika carae 1 %, oo BiloMoO 3 mpo-
BEJICHUX CEKCICPUMCHTAIBHUX JOCIIIKeHb [9], omuH i3
pe3yIbTaTIiB TaKOTO JOCIHIIKEHHS HaBedeHO Ha (puc. 3);
2Napc1 pospsinHicts ALIIT 3MeHmIeHa Ha OXWH PO3-
psin, SIKMH BUKOPHCTOBYETHCS ISl BUSHAUEHHS MOJISIPHOC-
Ti QyHKUIl; 7,; — nepiox BiMIIKIB CUTHAIY, IKUH BU3HA4Ya-
€ThbCs 32 HOPMYIIONO:

ti =1 Tyge, ©
ne i — mopsiakoBuit Homep BuOipku AL, skuit nmpuiiMae
3HadeHHs Big 0 mo Ng; 7,4 — nepion Bimmixy ALIIT:

1

Toge =—— 10

d fadc ( )
fadc

N, =Jadc 11
F; (11)

Ie faqe — 9acrota Bimmikie ALIT; f — gacrora 30ymxeHHS

iHayKLiiHOro nasava; N, — KinbKicTh Bimnikis AL
S

ISSN 2074-272X. Enexkmpomexuika i Enexmpomexanika. 2020. Ne6 5



”“fmm;/ \44*' e

Puc. 3. BrummB BunaakoBux 30ypeHb Ha aMIUTITYAy CUTHAITY
IHAYKIIIHOTO JaBaya

Otrpumani MacuBd 3HaueHb curHanis Upc i
cl

U DC,; > U pC,,, TOCTYmaioTh Ha ook Circular

UDCfsi ’ 58
Discrete Convolution, y sikoMy QoOpMyeTbcsi 3roptka
CHTHAJy 32 PaxyHOK iX MyJbTHIUTIKAI] i3 T€HEpOBaHOIO
¢dyHKIi€0 cuHyca, TUM caMuM 1 BifOyBaeTbes nudposa
¢inpTpauis curnany. Ha ocHoBi 1iboro hopmyBaHHS 3ro-

PTKU CUTHAJYy MOKHA OIMMMCATH HACTYITHUMU BUPA3aMU:

N, )
= . L (12
Uf, ZE) Upc,, Usin‘ i—j. i imj20 N (12)
J= ! (i—j)+NS, otherwise
Ny 2
Uﬁz - Z Dcﬁl sin4 l'*j, if’ i*jZO : NS > (13)
J=0 i-j)+N,, otherwise
N, 5
Ussl- = . UDCSS,- ' sin [i—ds i+ i=j20 : N, , (14
J=0 i—j)+ Ny, otherwise
N, )
= . S|
USCl = UDCsCi sin. i_ja lf, l—jZO N ’ ( 5)
J= ! i—j)+NX, otherwise
ac
. i
Usin, =sin| 2-7z-— | (16)
s
Pesaynbrar rpadidHOrO MOIENIOBaHHS ~ BUpa3iB

(12) — (13) 300paxkeHo Ha (puc. 4), a Bupasis (14) — (15) —
Ha (puc. 5).

[Micns  3piicHenHs ¢inbTpanii yepe3 nudpoBuii
¢ineTp Osoky Circular Discrete Convolution mudpoBsi

U

macusu curtanis U g, Ufsi s Ugsio
JE E

sc; HAIXOIATH

Ha Onok Decomposition Orthogonal Components, xae
BiJOYBA€ThCS TX PO3KIIAJAHHS HA OPTOrOHAIBHI CKIIaI0BI
y Burisni mapu yncen S i C, Mo 1Mo CyTi € KOOpAWHA-
TaMU BeKTopa y JlekapToBiif crcTeMi KOO IMHAT:

N,-1 o
S=> (Ussl.~UfSl,+USﬁl.~Uﬁi) (17)
i=0
N1, o
=3 U Vg, -Um V) 019)
i=0

Convolution of digital signals of the excitation winding

R O P
z |l ?@I N il |
) = - ! 4l

degs, :S- r \'4 '(fz]‘ |
S i | j’q 5 il |
Ur [ | | i 1 ; ﬂ_{‘ |
g s 4, ; i
I : i _T

i
el g ...at“‘jj

@ 15'_
Puc. 4. I'padiune npeacraBiaeHHs KPyroBoi TUCKPETHOT 3rOPTKH
uupoBHUX CHUrHATIB 0OMOTKH 30y KEHHS 1HAYKIIHHOTO 1aBava

Convelution of digital signals of the signal winding

F3

_..-.. e R
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Puc. 5. I'padiune npencraBiaeHHs KPyroBOi JUCKPETHOT 3TOPTKH
OU(PPOBHUX CUTHAIIIB CHTHATBHUX OOMOTOK 1HIYKIIHHOTO JlaBada

Jns Bu3HauCHHS 3CyBY (Da3su curHamy, a OTXKe i KyTa
MOBOPOTY POTOpa BiTHOCHO CTATOpa JaBada, 3HAUCHHS Op-
TOTOHANBHUX CKIaNoBHX S 1 C HagxomaTs 1o Omoky Digital
Phase Detector, sxuii 3miCHIOE TIEPETBOPEHHS KOOpAWHAT
BEKTOpa B KYTOBE 3HAYCHHS [OJIOXKEHHS POTOPA B PeabHO-
MY Yaci, 3a aIlTOPUTMOM, SIKHI 300paxkeHo Ha puc. 6.

Ha ocnoBi Bupazie (1) — (18) Oymno mnposeneHo
KOMIT FOTEPHE MOJICJIIOBAHHSI 3 BUKOPUCTAHHSM 3HA4YCHb
napameTpiB peanbHux AL Ta iHAyKIiIHHOTO MaBaya, sKi
3a3HaveHi B Tadu. 1.

Tabmums 1
TTapamerpu ALl Ta ingykuiiiHoro naBada

|3HaquH;1 OpuHUL BUMIpY
ATIIT
Po3psinHicTs 2'6 Bit
10-10° Hz

Ianykuiliamii gaBagq

[Tapamerp

YacroTa BimIikiB

AMIUTITYJa HAIPYTH 30y IKSHHS 12 v

YacToTa Hanpyru 30y 1KEeHHs 400 Hz

PesynbraTti 3a3HaY€HOr0 KOMII'IOTEPHOIO MOJEIIO-
BaHHS ITOKAa3aHO HA PUC. 7, € ¢ — 3HAYCHHSA KYTiB SKi
3a7al0ThCA, [ — 3HAYCHHS KYTiB, 1[0 BU3HAYAIOTHCA.

Kpim Toro, moOynoBaHi MaremMaTtW4Hi MoOAeNmi I0-
3BOJIMJIM  OTPUMATH 3QJIEKHOCTI MOXMOOK BHM3HAUEHHS
KyTa (Ha OCHOBI 3aCTOCYBaHHSI METOJly BU3HAUCHHS OPTO-
TOHAIBHUAX CKJIAJI0BHX i3 3aCTOCYBAHHSM KPYTOBOi JHC-
KPETHOI 3rOPTKH) Bil KyTa OBOPOTY POTOpa IHAYKIiIHO-
ro JaBayva:

o=9-p, (19)
Jie O — moxubKa BIH3HAYCHHS KyTa B aOCONIOTHOMY 3HaYe-
Hi (rad).
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ICl = sl

a —arctgﬁ l
- Icl

[C<0] and f=m—a
[5=20]
e
[€=0] and p=2-n-a
[s<0]
[C<0] and f=n+a |

[s<0]

v

Angle of rotation f§ [rad]
in real time

Puc. 6. Anroput™ pobotu 610Ky Digital Phase Detector

S, rad

: o, rad

[ 2 4 6 ]

Puc. 7. 3anexHicTh BU3HAUYEHOTO KyTa [ Bill KyTa MOBOPOTY
poTopa IHAYKIIIIHHOTO 1aBava ¢ y IOBHOMY Jiala30Hi KyTOBUX
nepemimens 0 — 27

I'pacdiynnii pesynbprar MonemoBaHHs Bupasy (19)
HaBEJIEHO Ha pucC. 8.

MopentoBaHHs 3aJIeKHOCTEH MOXUOOK O BH3HAYEH-
HS KyTa [ BiIl KyTa IMOBOPOTY pOTOpa iHAYKLIHHOTO Ja-
Baya ¢ J03BOJSIE OTPUMATH 3HAYCHHS CEPeAHHOKBAJpa-
TUYHOT NOXUOKH 6

N-1
1 _
= |— (53):9.73'10 S(rad),  (20)
N-1%
i=0
ne N — KUIBKICTh BH3HAYCHHX KYTiB, HA MPOMIKKY Bif
0 o 27, sika B KOMII'IOTEPHOMY E€KCIIEPUMEHTI IpuiimMae

saaueHus 60000.

Puc. 8. 3anexHicTe MoXnOOK O BU3HAUEHHS KyTa f; BiJ KyTa
MIOBOPOTY POTOpa IHIYKIIHHOro 1aBaya @

ExcrniepuMeHTAaIbHA TiepeBipKa OTPUMMaHHX pe-
3yJbTAaTiB. 3 METOO IMIATBEPIKCHHS PE3YJIbTATIB Teope-
TUYHOTO MOJICIIOBAHHS 3alpPOIIOHOBAHOIO METOAY Oy
MIPOBEICHO EKCIIEPUMEHTAIBHE JOCIIKEHHS 13 BUKOPHC-
TaHHAM J1TaDOPATOPHOTO YCTATKyBaHHS, 3arajibHUil BU-
IS IKOTO 300paXKeHo Ha puc. 9.

o el
ko | kyrosa wkana

1°
YepB’syHa
nepegava
e

Puc. 9. locninHe ycTaTKyBaHHS JUIsl BASHAYCHHS KyTOBHX
TepeMiIieHb

o cknaay Takoro yCTaTKyBaHHS BXOISTh HACTYITHI
KOMITOHEHTH: 4epB’siyHa mnepenada (puc. 10), sixa npu-
3HAYCHA JJIS TTO3UIIFOBAaHHS TOYHHUX KYTIiB IMEPEMIIICHHS,
sKa CKJaJaeThcs 13 4YepB’siuHOro Kojeca (mo3. l.a Ha
puc. 10) i3 588 3yOrsiMu Ta 4epB’siuHOTO Bty (1mo3. 1.0
Ha puc. 10), 3’e1HaHNM 13 KyTOBOIO HIKajoko (puc. 9), sika
Mae 360 nozinok. Tomy, oOepTaHHS YepB’ SITHOTO Bay Ha
360 mOmiTOK IIKaNW BIANOBIZa€ TOMY, IO YEPB SIUHE
Koneco 3poGuTh mepemimenHs Ha 1.068-107 rad. Omxe,
3MIHCHEHHS NepeMIlleHHs YepB’SYHOTO Baja Ha OIHY
MOIUIKY IIKAIM TPHU3BEAE 0 MEePEMIIIEHHS YepB’ TIHOTO
xoneca Ha 2.967-107 rad.

VY sikocTi iHAYKIiHOTO naBada (puc. 9) Oyno BUKO-
pucraHo obeproBuii Tpancopmarop BT-5 Kd3.031.104
(puc. 11,a) k1acom TOYHOCTI A, HOMIHAJILHI TEXHIYHI Ma-
paMeTpH SIKOTO BiAMOBINAIOTH JaHUM Tabi. 1. 30ymKeHHsS
TaKoro JaBaya HEOoOXiJHOIO HANpPYyrolo Ta YacTOTOIO 3iH-
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CHIOETBCSI 33 JOIOMOrO J1IabOpaTOPHOIO JBOKAHAIBHOTO
reHeparopa curuanis tumy 1'6-26 (puc. 11,b).

Puc. 10. Yeps’sruna nepenada (3araabHUN BUTIIN):
1.a — gepB’staHe Koyeco; 1.b — yepB’ TIHUHA Ba

a b

Puc. 11. 3araneanii BUrIA: a — 00epTOBUI TpaHCHOPMATOD
BT-5; b — nBokaHanbHui reHeparop curHamis Tumy ['6-26

V AKOCTIi IepeTBOPIOBava BXITHIX aHAIIOTOBHUX CHUTHA-
JIB B JIMCKPETHUI KO y BUIJISII MACHBY 3HAUCHb BUKOPHC-
toByBaBcs ALl (puc. 9) ta 1mdpoBuit ocumnorpad
INSTRUSTAR ISDS2062B (puc. 12,a) 3 nogasnsliow0 me-
penadero 1ux MacuBiB uepe3 USB inTepdeiic Ha koM roTep
(puc. 9) 11t BUKOHAHHS MaTeMaTHYHOT 00poOKu. Takox mist
JIOJATKOBOTO KOHTPOJIFO TOYHOCTI 4epB’sMHOI mepenadi B
JOCITIHIH YCTaHOBLI BUKOPHUCTOBYETHCS ONTHYHHIT CHKOIEP
MEGATRON M600 (puc. 12,b).

a

Puc. 12 . 3aranpHuii BUTTISI:
a — nudposuii ociorpad INSTRUSTAR ISDS2062B,
b — ontnunuii eaxogep MEGATRON M600

Onuc QyHKIIOHYBaHHS JOCTITHOI YCTAHOBKH MOX-
Ha 3/IHCHUTH HAa OCHOBI BHKOPUCTaHHS ii CTPYKTYpHOI
cxemu (puc. 13).

Ha crinpHii Bici ycraHOBKHM 3i0paHa 4epB’siyHa Iie-
pemasa — 1 (puc. 13), y sikoi ueps’s;uHe koieco l.a
po3MileHe B TOPU30HTAIBHIN IUTONINHI 3 TBOMA KiHIIIMHA
BuXigHOTO Bay. OUH KiHEUb BUXiTHOTO BTy 3’ € THAHUI
3 POTOPOM ONTHYHOTO ITU(PPOBOTO €HKONEpY 7, a iHIIwmit
KiHellb BHXIITHOrO Bally dYepe3 MepeximHy MyQdTy
3’€HAHUI 3 POTOPOM IHAYKLifHOrO JaBaya Kyrta 3.
TakuM 4MHOM, 31HCHUBIIM O0EPTaHHS YePB’IYHOTO BAJy
1.b uepp’suHoOi mepemaui 1, BimOyBaeThCcsi OOEpTaHHS
YepB’SYHOTO KOJIeca 3 BUXITHUMH KIHILSIMH Bally, a OTXKeE 1
obepraHHs poTopa MUGPOBOrO SHKOJEPA 3 OIHIET CTOPO-
HH, Ta 00epTaHHs poTOpa IHAYKIIHHOrO JaBada 3 IHIIOI
CTOpPOHH.

5
3 \ . -
iHAYKUiAHWA .
A reHepaTop curHanis
2

1.b .a L 4
S G N A
g © >
EE S ALM
- , 4 >
12 | &5 [ yepB'suHe 3
I o Qo ©
1 £ | 28| «omeco o
e | §° e 6
1 & 2 <
12 =

/ """"" ----!

: ]

7~ >
- >
onTU4HUN

eHkogep |

Komn’rotep

Puc. 13. CrpykrypHa cxema JOCHiTHOI YCTaHOBKH:
1 — yepB’siuHa nepenaya; 1.a — yepB’ssUHE KOJIECO;
1.b — Bax yepB’siyHOl Iepenadi; 2 — KyToBa IIKaa;
3 — inaykuiiiauit nasayu; 4 — ALIL; 5 — reneparop cursanis,
6 — KoMIT'10Tep, 7 — ONTHYHUN EHKOZEP

B cBoto uepry iHayKIiiHMIA 1aBad 3 OTpUMYE HanpyTu
30y/DKCHHS BiJ TeHEpaTopa CUTHAJIB 5, SIKi MiBOTUTHCS HA
obuzBi #oro cratopHi OOMOTKM (OOMOTKM 30YmKEHHS),
NPUYOMY IIi CHTHAIM 30YIDKEHHS PiBHI 3a aMIUIITYIIOI Ta
4acTOTO0, TIPOTE 3MillleHI OJMH BiJHOCHO OnHOro Ha 90°.
JIist mipeficTaBiIeHHST CUTHAMIB Y I(POBY GopMy #Horo 00-
MoTKH miakmrodeHi 1o ALIT 4, pornb sikoro B AaHiid ycTaHO-
BIli BUKOHYE IU(PPOBHIA ocrmorpad, sIKuif, B CBOIO Yepry,
3a  gomomoroto USB  iHTepdeiicy 3’emHaHmic 3
KoM rotepoM. Takosk, i3 KOMIT I0TepoM 3’ €iHaHuH 1(po-
BUM ONTWUYHUM €HKOAEp 7 A OTPUMAHHS JKUBJICHHS Ta
o0MiHy iH(popMarlii 3a noromoroto intepdeiicy RS-232.

Jnst BinoOpaskeHHsSI pe3yJIbTaTiB JOCIIPKeHHs OYIo
BpaxoBaHo Te, MO y Bupasi (20) y sikocti N (KUIBKICTH
BU3HAYCHUX KyTiB) Oyno BukopuctaHo 60000 3HaYCHB,
KUTBKICTh SIKMX HEOJMIHHO BIUTMBAE Ha CEpPEAHBOKBAJpa-
THUYHY TTOXHOKY, IPOTE BiIOOPA3HUTH TaKy KUIbKICTh EKCIIe-
PYMEHTAIGHUX 3HAUYCHb HEMOXKIIMBO Yepe3 1X 3HaUHy Killb-
KiCTb, III0 TIPHU3BEIE 10 BUXOIY 33 MEXi 00csATy MaHoi cTaT-
Ti. Tomy BimoOpaxeHHS pe3yibTaTiB BH3HAYCHHS KYTIiB
MOBOPOTY POTOpa IHAYKIIHHOTO IaBada BiJHOCHO HOTO
craropa Oyze 3aiiicHIOBaTHCh Yy Mexax Bix 0 mo 27 3 Kpo-
KOM 77/4, 0 BimoOpakae TIOBHOTY Mdiana3oHy BH3HAYCHHS
3Ha4YeHb KYTIiB 3alpONIOHOBAHUM METOIOM. PesynbraTn
MPOBEJICHHSI TAKOTO JOCII/DKEHHS] HaBeJeHl B Tabm. 2, a
Horo rpadiuHe npeAcTaBiIeHHs — Ha puc. 14.

Tabmuus 2
PesynibTaTi BUMipIOBaHHS KyTiB IIOBOPOTY POTOpA iHIYKI[IHHOTO
JaBaya B Mekax Bijg 0 10 277 Ta MOXHUOKH BUMIPIOBAHHS

. | Pesynbrar BuMI-
Ky nosopo- PesymbTar BHMi- PIOBaHHS 3a1po-
1y @, rad PIOBAHHA CHKO- | |/ o meTo- | 11OXHOKa, STad
nepom a, rad stom 3, rad
0 0 0 0

4 0.7853541 0.785423 —2.481e-5
2 1.5707623 1.5707155 8.078e-5
374 2.356187 2.3560015 1.929¢e—4
T 3.1414934 3.1415226 7.004e—5
5S4 3.9269856 3.9271619 —1.71e—4
372 4.7124053 4.7124368 —4.781e-5
74 5.4977544 5.4979427 —1.556e4
2r 6.2831808 6.2831571 2.824e-5
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Puc. 14. 3anexHicTs BUMIpIOBAIBHUX KYTIB / Bill KyTa IIOBOPOTY
poTopa iHAYKUiHHOrO 1aBava ¢ Ta MOXUOKM 1X BUMIpIOBaHb O

Tako, U OLIHKH NPEeH3iHHOCTI [[LOI0 METOAY B
eKCIIePUMEHTAILHOMY JIOCHI/DKEHHI 3HAa4YeHHsS KyTa ¢
3a7a10ThC B Mexkax Bim 0 1o 2.968-107 rad 3 KPOKOM
1.484-107* rad. PesynbraTu TaKUX TOCTIIKCHD HAaBE/ICH] B
tabn. 3. Takox Ha puc. 15 HaBeaeHO rpadiuHi 3ayeKHOC-
TI BUMIPIOBAILHOTO KyTa [ BiJ KyTa MOBOPOTY pOTOpa
IHAYKIIIHOTO AaBava ¢, a Ha pucC. 16 — 3aJeKHICTH TOXU-
00K ¢ BW3HAUEHHsS KyTa [ BiJ KyTa IOBOPOTY pPOTOpa
IHAYKIIHOTO 1aBava @.

Tabmurs 3

Pesynbrati BUMipIOBaHHS KyTiB TOBOPOTY POTOpA iHAYKUiHHOTO
naBaya B Mexax Big 0 1o 2.968e-3 rad

Pesynbrar
Kyt noBo- | Pe3ynbrar BumiproBaH- BUMIpIOBAHH Toxuoka
3aIPOIIOHOBA- o, rad
poty @, rad | Hs eHKoJepoM a, rad HIIM METOZIOM >
p, rad
0 0 0 0
1.484c—4 1.5432383e—4 3.240248e—4 —1.756e—4
2.968e—4 2.8634171e-4 3.9410138e—4 -9.73e-5
4.452¢4 4.4453627e-4 6.3563009¢—4 —1.904e—4
5.936e—4 5.5750648e—4 5.6524419¢—4 2.835e-5
7.42¢-4 8.1863463e—4 1.040776e-3 —2.988e—4
8.904e—4 8.596197e-4 6.8755041e—4 2.028¢e—4
1.039¢-3 1.0080408e-3 8.3604738e—4 2.027e-4
1.187e-3 1.1244657e-3 8.3653092¢—4 3.507e4
1.336e-3 1.2784218e-3 1.2367585¢e-3 9.883e-5
1.484e-3 1.4806882¢-3 1.6892879¢-3 —2.053e—4
1.632e-3 1.5963308e-3 1.61913e-3 1.325e-5
1.781e-3 1.7276265e-3 1.6229882¢-3 1.578e—4
1.929¢-3 1.9333049¢-3 2.0505456e-3 —1.214e—4
2.078e-3 2.0740721e-3 2.1002799e-3 —2.27e-5
2.226e-3 2.1709733e-3 2.2081033e-3 1.787e-5
2.374e-3 2.3909902¢-3 2.6908347e-3 —-3.165¢—4
2.523e-3 2.5283926e-3 2.6856021e-3 —-1.628e—4
2.671e-3 2.6501764e-3 2.7511128e-3 —7.994e-5
2.82e-3 2.7910538e-3 2.5065176e-3 3.131e4
2.968e-3 3.0097617e-3 2.9269924e-3 4.097e-5
3\10_’ ﬁ T /g/ﬂ
rad o< P
24107 L
110 Fy
/f-‘é'/e/v . . coe

1x107

24072

321072

Puc. 15. 3anexHicTh BUMIpIOBaJIBHOTO KyTa [ BiJ KyTa
TOBOPOTY POTOpPA IHAYKIIHHOTO aBada ¢

—aa0”

—ax10™

0 %1073 24073

Puc. 16. 3anexHicTh MOXUOOK O BU3HAUEHHS KyTa [
BiJ KyTa ITIOBOPOTY POTOpa IHAYKUIHHOTO faBada ¢

PesynbraTi OTpUMaHNX 3HaYEHb TOXMOOK O, AKi 3a-
3HAa4YCHI B TaOJ. 3, 3 MOJAJBIIOK IX MiJCTAHOBKOI Y
Bupa3 (20), 103BOISIOTH 3MIMCHUTH OIIHKY CepeIHBOKBA-
JPATHYHOT MOXUOKM BU3HAYCHHS KYTiB MIOBOPOTY POTOPA
IHYKIIHHOTO JaBavya BiHOCHO Horo craropa. Pesymbrar
TaKoOro OOYMCIIEHHS cTaHOBUTH 1.913e—4 rad, i Tum ca-
MUM, J03BOJISIE MIATBEPAUTH AOCTATHHO BUCOKY IPEIH-
31HHICTH 3aIPOITOHOBAHOTO METOTY.

BucHoBkmu.

1.V naniii poOOTi mpeAcTaBIEHO CIElialbHE MaTe-
MaTH4YHe 3a0e3nedeHHs JIUIsi HOBOTO METO/AY 3MEHIICHHS
MOXMOKH BHU3HAYCHHS KYTOBUX TIEPEMIIIICHb pOTOpa
IHIYKI[IHHOTO aBaya, IKUi 0a3yeThCs Ha OCHOBI BH3HA-
YeHHS KyTa 3CyBYy (a3 curHaiiB. Y IaHOMY METOJi BH-
KOPHUCTOBYETHCS KPYTroBa AMCKPETHA 3TOPTKA IS JTOCS-
THEHHS HaWOIIBII TOYHOTO HAONIKCHHS OTPUMAaHUX
3HaYeHb CUTHAJY O KOCHHYCOiqU Ta CHHYCOIiIW BiJIO-
BimHO. Ilicis 9oro 3iHCHIOETHCS BHU3HAYEHHS OPTOTO-
HAJIBHUX CKJIAJIOBHX 1 32 JTOTIOMOTOIO IH(POBOTO JETEK-
TOpa BU3HAYAETHCS KYT 3CYBY (ha3u y OBHOMY Aiaraso-
Hi 0-2 77 KyTOBUX MEPEMIIIICHb.

2. HaBeneni pe3ysbTaTd KOMI'IOTEPHOTO MOJIEINIO-
BaHHS Ta Pe3yJbTaTH €KCIIEPUMEHTAIBHOTO OCIIKEeH-
HS JIEIIO BiAPIZHSAIOTHCS, 110 MOXE OYTH MOSICHEHO THM,
IO ITiJT YaC CKCICPUMEHTAIBHOTO JOCIIIKEHHS BUKOPH-
CTOBYBABCS aHAIOTO-ITU(MPOBUN MEPETBOPIOBAY MEHIIIOL
po3psAHOCTi, HiX y MaremarnuHid Mmopnem. [Ipore,
OTPUMaHI Pe3yJIbTaTH KOMII IOTEPHOTO MOJICJIIOBAHHS 13
ypaxyBaHHIM BHCOKOTO PiBHS IIyMiB CHTHAIY 1 pe3yJib-
TaTH EKCIIEPUMCHTAIBFHOTO OCIHIKCHHS JT03BOJISIOTH
MiITBEPIUTH BICOKY HPEUU3iIHHICTD [[HOTO METOAY 1 T€,
10 BiH MOKe OyTH 3aCTOCOBAHHI B TaKMX CHCTEMaX, /€
noTpiOHa BHCOKA TOYHICTH MO3UIIIOBAHHS, a MIBUAKICTh
obepraHHsI Baja JaBaua HAOJIMKEHA 10 HYJIS.

3. ABTOpamMH 3amporOHOBAHO MPOTPAMHO-TEXHIUHE
3a0e3meueHHs pO3B’sI3aHHs JaHOI 3a/1adi, a foro peai-
3allisl HIIKOM MOKe OyTH 3/1iCHEHa Ha OCHOBI BUKOPHC-
TaHHS KOMEPIIIHHUX aHAIOTO-IU(POBUX MEPETBOPIOBA-
4iB Ta Hemoporux Mikpomnpouecopis. IIpore, Bix mapa-
METPIB TAaKUX EJIEKTPOHHHUX KOMITOHEHTIB OyJe 3ayiexa-
TH TOYHICTH 1 IIBHIKOMiS BHU3HAYCHHS KYTIB IMepeMi-
IICHHSI pOTOpa IHAYKIIHHOTO JaBada 3alpOIIOHOBAHUM
METOZIOM, a OTXe IIe mependadae po3poOKy METOIUKH
10710 BUOOPY amapaTHOTO 3a0e3MeYeHHs Ta WOTO BILINB
Ha TOYHICTH 1 NIBUJKOJIIO MPOIIECY BUMIPIOBAHHS KyTa,
10 MOXX€ OYTH HACTYIHHMM PO3BHUTKOM JOCIIIKECHb Y
JIAHOMY HaIpPSMKY.
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A method of reducing the error in determining

the angular displacements when using inductive sensors.
Goal. Representation of a special mathematical software for
determining the angular displacements of the rotor of the induc-
tion angle sensor — resolver (rotating transformer) for applica-
tions in which the speed of the sensor's rotor is close to zero. As
well as performing its experimental verification. Methodology.
The presented method is based on the determination of the
phase shift angle of the output signals of the induction sensor,
which is determined by comparing the obtained arrangements of
signal values with a circular discrete convolution in order to
achieve the most precise approximation of the obtained signal
values to cosine and sine. The conversion of orthogonal compo-
nents to an angle is based on the use of a digital phase detector
which is use of a sofiware comparator and inverse trigonometric
functions. Results. Based on the obtained results of mathemati-
cal modeling and experimental research, the characteristic
dependencies of the angle of rotation of the rotor of the induc-
tion sensor relative to its stator, the nature of which is linear,
were obtained. In addition, the estimation of measurement er-
rors of angular displacements is carried out that occur when
defining such angles by the method offered. The obtained results
of the computer simulation taking into account the high signal
noise, as well as the results of experimental investigations,
confirm the high precision of this method and the fact that it can
be used in systems where high positioning accuracy is required
and the speed of the sensor shaft is close to zero. Originality.
This article introduces, for the first time, special mathematical
software for a new method of determining the angular displace-
ments of the rotor of an induction sensor, which is based on the
determination of the orthogonal components of the signal in
combination with the use of a circular discrete convolution in
the determination of the phase shifi angle of the induction sen-
sor signals. Practical meaning. The proposed method does not
require the use of demodulators, counters and quadrant tables
associated with conventional methods for determining the phase
shift of signals. The presented method can be used to measure
the full range of 0-2x angular displacements in real time, is
simple and can be easily implemented using digital electronic
circuitry. References 9, tables 3, figures 16.

Key words: angular displacements, mathematical method,
induction sensor, rotating transformer, circular discrete
convolution, orthogonal components, precision, phase shift.
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KOHCTPYKTUBHO-TEXHOJIOTHUYECKHUE IIPEVIOXKEHUA
YCOBEPHIEHCTBOBAHUSA OJJHOPA3ZHOI'O TPAHC®OPMATOPA
C IIMXTOBAHHBIM MAT'HUTOITPOBOJIOM

Pozenanyma mosncaugicms yOoCKOHANEHHA 00HOPAZHUX MPAHCHOPMAmMOpPie Ha OCHOBI RPOCMOPOBOL padianvHol ereKkmpomaz-
HIMHOI cucmemu 3 MPUCMPUNCHEGUM MAZHIMONP06000oM. Cmpudichesi ma APEeMHO-KYmMoGi OiNAHKU MAKO20 MAZHIMONPOEOOy
MOMCYMb Oymu 6U20MOGICHHI 3 NAPAIENOZPAMHUX NAACHMUHN AHI30MPONHOT i i30mponnoi cmani ma 3’cOnani iHmezpaibHUm
36apPIOGAHHAM 3A20MIBOK, W{0 PO30iNAIOMbCA Ha wieeponni enemenmu. Ha ocnoei memooy ineapianmnux yinvosux ynxyii 3
0e3po3MipHUMU ONMUMIBAUITHUMU CKNAO0BUMU Tl YHIEEPCAILHUMU 6IOHOCHUMU KEPOGAHUMU IMIHHUMU PO3POOIEHO Mamema-
muyni Modeni macu, apmocmi i gmpam aKmMueHoOi ROMYIHCHOCMIE NIAHAPHUX I padianbHOT cucmem 3i CIMPUICHEGUM, OPOHbLOGUM
ma mpucmpuicHe6uUM WUXMOBAHUMU MAZHIMONPOOOAMU 3 NPAMOKYMHUMU nepepizamu. Ompumani 6e3po3mipni uucnosi
3HaAUeHHA NOKA3HUKI6 MeXHIUHO020 Pi6HA 6KA3AHUX eapianmie, {0 Xapakmepusyloms nepeeazu padianbHoi MpucmpuicHesoi
enexkmpomazuimnoi cucmemu. bion. 10, tada. 4, puc. 4.

Kniouosi cnosa: onnodasumii tpancpopmaTop, BapiaHTH eJIeKTPOMATHITHOI cHCTeMH, HilboBi QyHKIil, KoMOiHALif eJleKTpo-
TeXHIYHHUX cTaJieil, Maca, BapTicTb, BTpaTH.

Paccmompena 603m03cHOCHb YCOGEPUIEHCMEO08ANUSL 0OHOMAHBIX MPANCHOPMAMOPO8 HA OCHOBE NPOCMPANCMEEHHOU PAdU-
AIbHOU INEKMPOMAZHUMHOI CUCIEMbL C MPEXCIEPHCHEGbIM MACHUMORP06000om. CmepiicHesble U APEMHO-Y2108ble YUACHIKU
MAaK020 MAZHUMORPOEOOA MOZYM ObIMb 6LINOAHEHBL U3 NAPANLEIOZPAMHBIX NAACHUN AHU3OMPONHOU U U30MPONHOU CINATU U
COCOUHEHbl UHMEZPATbHOL C6APKOL 6 PA30e/IAeMbIX HA WIEEPOHHbIE Ylemenmbl 3azomoskax. Ha ocnose memooda uneapuanm-
HBIX UeNeeblX QYHKuuil ¢ Oe3pasmepHbiMu ONMUMUAUUOHHBIMU COCMAGIAIOUWUMU U YHUBEPCATILHBIMU OMHOCUMETbHbIMU
YHPABNAEMbIMU NEPEMEHHBIMU PA3PAOOMAHBL MAMEMAMUYeCKUe MOOEIU MACCHl, CHOUMOCHIU U ROMEPL AKMUBHOU MOUIHOCIU
HIAHAPHBIX U PAOUATLHOU CUCIEM C CHIEPHCHEBHIM, OPOHEBBIM U MPEXCIEPHCHEBGHIM WUXMOBAHHBIMU MAZHUMORDPOBOOAMU C
npamoyzonvuvimu ceuenuamu. Ilonyuenvl Ge3pasmepHvie uucioevle 3HaUEHUA NOKA3ameneil MEeXHUYECK020 YPOGHA YKA3ZAHHBIX
6aApPUAHMO8 XaAPAKMEPU3YIOuUe NPEUMYULECNEd PAOUAbHOI MPEXCHEPHCHEGOU INeKMPoMazHumuoi cucmemsl. buodn. 10,
Tabm. 4, puc. 4.

Kniouesvie crosa: onnodasnblii TpaHchopMaTop, BAPHAHTHI JJIEKTPOMATHUTHON CUCTEMBI, 1eJieBble (YHKIHH, KOMOMHALMS

JJIEKTPOTEXHHYECKUX CTa.]'leﬁ, Macca, CTOMMOCTD, IIOTEPH.

Beenenne. B nepuosn ¢ 1970 mo 2000 roas! nmorepu
TpaHcdopmaropoB cHmkeHbl 10 50 % [1]. danbHeiiniee
TIOBBIIIEHUE CTOMMOCTH 3HEPTHU MOCTOSHHO CTUMYIIHPY-
€T CHIDKeHHE ToTepb. [Ipn mpakTHdeckn HErojHOH 3a-
rpy3Ke TpaHCPOpPMaTOpOB B TEUEHHE CPOKa SKCILTyaTa-
LIUH, CHIDKCHHWE IIOTEPh XOJOCTOTO XOJa CTAHOBUTCS
MIPUOPHUTETHBIM. TakKe akTyaJbHO CHIKEHHE MAaCChl U
CTOMMOCTH Ka)KI0W HOBOH pa3paboTKH TpaHchopmaTopa
[1-8]. OcHOBHBIE TOTEPH INEKTPOIHEPTHH MPUXOIATCS HA
pacnpenenuTenbHble CeTH ¢ TpaHC(HOPMaTOpaMH MOIIHO-
cteio 10 1000 xB-A, cpemu KOTOpBIX 3HAYUTEIHHYIO
4acTh COCTABILIOT oHO(a3HbIe TpaHchopmarTopsl. Takue
TpaHcopMaTopsl BBITYCKAIOTCS IMPEUMYIIECTBEHHO C
MIPSMOYTOJIGHBIMU CEUSHUSIMH CTEPXKHEBBIX M OPOHEBBIX
IUTaHAPHBIX MarHUTONPOBOJOB. MOIIHOCTH TpaHC(OpMa-
TOPOB C MPSIMOYTOJIBHBIMHI CEYEHUSIMU CTEPIKHEN LIMXTO-
BaHHBIX MAarHUTOIPOBOJOB B IOCIEIHEE BPEMsI BO3pac-
tatoT [8]. CTpykTypsl omHO(DA3HEIX U TpeX(a3HBIX IUIa-
HApHBIX 3JEKTPOMAarHuTHHIX cucteM (OMC) HEeM3MEHHBI
Ha NPOTSHKEHUM CTOJIETHsI, YTO CBSI3aHO C TEXHOJIOTHYE-
CKUM KOHCEPBATU3MOM U HENPHUHATHEM 3aTpaT Ha HOBbIE
paspabotku [2, 3, 7]. B cBs3u ¢ M3BECTHBIMH HEIOCTAT-
KaMU U MPaKTUYECKUM IMPCACIIOM pasBUTUA TpaJUILIUOH-
HBIX KOHCTPYKIMH [2-6], a Taxoke B CBA3HM C HEOOXOAUMO-
CTBIO JTAJIFHEHIIEro 3HEpropecypcocOepeskeHns], 3a1aun
MovcKka U 0OOCHOBaHMS NMPEUMYIIECTB HOBBIX TEXHHUYE-
ckux pemienuii OMC TpaHC)OPMATOpPOB SIBISIOTCS BaXK-
HBIMH U aKTyaJIbHBIMH.

B OGonpmmHCTBE cHcTeMaTH3WpOBaHHBEIX B [7] co-
BPEMEHHBIX pabOT OCHOBHBIMH cIlocoOaMH W Harpaslie-
HUSIMH yCOBEPIICHCTBOBAHMUSAMH TPaHC()OPMATOPOB, Kak

" B IpolICaUINE ACCATUIICTUSA, CHUTACTCA UCIIOJIb30BAHUEC
HOBBIX 3JICKTPOTEXHHYECKHX MarepuaiioB. KapanHaib-
HBIE CIIOCOOBI 3HEpropecypcocoepexeHust B TpaHchop-
MaToOpOCTPOEHUN 0a3UPYIOTCS Ha CIIOXKHBIX TEXHOJIOTHIX
MIPOU3BOJICTBA KOMIIO3UTHBIX IPOBOJHUKOB OOMOTOK C
«BBICOKOTEMIIEPATYPHOI» CBEPXIPOBOIMMOCTBIO U aMo-
poHOM smekTporexaudeckoi cranmu (3TC). OgHako 3HA-
YUTEIHHO BO3PACTAET CTOMMOCTD, M BO3HHKAIOT BOIIPOCHI
crenmu(prKn KOHCTPYKIWH, SKCIUTyaTallkd M KOMIUIEKTa-
LU TPaHC(HOPMATOPHOTO M TEXHOJIOTHYECKOTO 000pyHO-
BaHusa. K TakuM Bompocam M HeIOCTaTKaM OTHOCSITCS:
BBIXOJl OOMOTKH M3 CBEPXIIPOBOJMMOCTH I10CJIE 3aIIUTHO-
IO OTKIKOYCHUSA, ITOHHKCHHC l/IHZlyKIJ,l/Il‘/II HOMMHHAJIBHOI'O
pPEeKMMa M HACBHIILCHUS, TEXHOJIOTHYECKasl YyBCTBUTEIb-
HOCTb K MEXaHHYECKUM BO3JEHCTBHAM U XPYNKOCTh MHO-
rocioitHoi amopdHo# neHThl. CO3Mar0TCS HOBBIE U30JIs-
IUOHHBIE MAaTepUANbl TPAAULIHUOHHBIX MPOBOJHUKOB M
CHCTEMBI OXJIAXKICHUSA («KAOCIBHBIC» M «DIIETA30BBICY
TparcHOpMaATOPHI), YIYUIIAIOTCA XapaKTEPUCTHKH aHH-
30TporHO# 1 n3otpornHoi DTC.

M3BecteH Takke CHOCOO0 YCOBEPIIEHCTBOBAHUS
TpancHopMaToOpoB Mpeodpa3oBaHUEM CTPYKTYP U KOH(DHU-
rypauuit 3nmemenToB OSMC npu UCNONB30BaHUM KaK Tpa-
AUOHUOHHBIX, TaAK U HOBBIX MaTCpUaJIOB U CYIICCTBYIOIIUX
TEXHOJIOTHIECKHAX BO3MOXKHOCTEH U 000pyHoBaHus [2-6].

[TpobneMHBIM BOIIpOCOM TpaHC(HOPMATOPOCTpOE-
HUS SBIISIETCS BO3PAacTaHHE IOTEPh FOTOBOTO MAarHHUTO-
MPOBOJIAa OTHOCHUTEIHHO yAenbHBIX moTeps DTC [1, 4-7].
B BHUTBIX MarHUTONPOBOJAX, BHE 3aBUCUMOCTU OT TEK-
CTypHI, TOTEPHU BO3PACTAIOT B CBS3H C HEPAaBHOMEPHO-
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CTBIO PACIHpEIENCHUs MArHUTHOTO TOJS B IONEPEUHOM
CCUEHHH TPH PA3IUYNU JJINH U HACHILEHUS 3JIEMEHTap-
HbIX cyoeB DTC. B mIUXTOBaHHBIX MarHUTOIIPOBOIAX U3
anuzorponHoit 3TC BHe 3aBUCHMOCTH OT ()OPMBI CTHIKA
BO3HHKACT PC3KOC YBCIIMUCHUE NMOTCPH B YITIOBBIX 30HAX
IIOBOPOTa MAarHUTHOTO IOTOKAa OTHOCHUTEIBHO Harpas-
JICHUS TEKCTYPBI.

Ieabr padoTsl — 000CHOBaHHE MPEUMYILECTB IPO-
cTpaHCTBeHHOU pammanbHOi DMC omHOpa3HOTO TpaHC-
(opmaTopa ¢ TPEXCTEPKHEBBIM IIMXTOBAHHBIM MarHUTO-
MIPOBOZOM OTHOCHTENBHO TPAAWIMOHHBIX IUIAHAPHBIX
BapUaHTOB C NMPSIMOYTOJIbHBIMU CEIEHUSIMU CTEPIKHEH.

CoruacHo [4-6] cHIKEHHE TTOTePh BO3MOXKHO Ha OC-
HOBe KoMOuHarmu Mapok pasznuudbix DTC B cekumsx
WA 3JIEMEHTAaX MaroHuTornpoBO10B.

CHmxeHne MOTEPhb YTJIOBBIX 30H IUIAHAPHBIX MHINX-
TOBaHHBIX MAarHWTONPOBOJOB C MPSIMOYTOJbHBEIMH OOMO-
TOYHBIMH OKHAaMH JIOCTHTaeTcs KOMOMHAIMEeH U Yepeno-
BaHHEM B CTEPXHAX W SpMax aHW30TPOITHOW M M30TPOI-
ot DTC [5]. Ipu 3TOM mepexon MOTOKa U3 CTEPKHSA B
SIPMO TIPOUCXOTUT B m30TporHOH DTC, HO MOBHIIIAIOTCS
MOTEPH B CTEPIKHEBBIX U SPEMHBIX yJacTKax U3 M30TPOI-
Hoit DOTC OTHOCHTENHHO aHAJIOTHMYHBIX AHHM30TPOITHBIX
Y4acTKOB.

CylecTBeHHOE CHM)KEHHE TOTEPh XOJIOCTOTO XOoJa
BO3MOJXHO BBIIIOJJHCHHUEM BCCX YIJIOBBIX YYaCTKOB KOM-
OMHHPOBaHHOIO MarHUTONpoBoJa U3 nzorponHoi DTC n
BCE€X CTCPIKHCBLIX U APEMHBIX YYAaCTKOB M3 aHHU30TPOII-
Hoit OTC. OnHako Takoe pelleHue B BapHaHTaX IUIaHap-
Hoit Tomonorun IMC co crepkHeBBIM (puc. 1) u OpoHe-
BEIM (pHC. 2) MarHUTONPOBOJAMH Y/IBAaUBAET YHCIIO CTHI-
KOB M IIOBBIIACT 00aBOYHBIC IOTEPH U TMOTEPH peak-
TUBHOM MOUIHOCTH. YCJOXHSIETCS 3ajaya MEepeKphITHS
CTBIKOB U OOECIHEUYCHUS! KOHCTPYKTHUBHOM LIEIOCTHOCTH
MarHUTONpPOBOA.
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Puc. 1. OnnodazHas mraHapHast SIEKTPOMAarHUTHAS CHCTEMaA
CO CTEP)KHEBBIM MarHUTOIIPOBOJIOM B IIPOAOJIBEHOM (@)
U TIOTIEPEYHOM (0) CeUeHHMX

3aMeHa MpSMOYroJbHOTO BHEIIHEr0 KOHTypa Mar-
Hutomnpososa OMC (puc. 1,a4) Ha KOHTYp CHMMETPHUIHOTO
LIECTUI'PAaHHUKA CO3/aeT IMPOCTPAHCTBEHHYIO palualib-

Hyt0 OMC ¢ MUHUMAIIbHBIM 00BEMOM YTJIOBBIX 30H TPEX-
crepkHeBoro Marauronposoga [2] (puc. 3). Ilpsmo-
YroJIbHBbIE CEYEHUs! KaTylIeK 0OMOTOK B OKHAX TPaJHIH-
OHHOI'O0 MarHUTOIIPOBOAA MPEe0OPa3yIOTCs B NPAKTHYECKU
TpeyroyibHble ceueHus (puc. 3,a). [Ipu 3ToM yBennyeHue
OOMOTOYHBIX CEKIMH 10 TpeX HPUBOAUT K HEKOTOPOMY
YMEHBIICHNIO CpeIHeH IMHBI BHUTKa oOMoTOoK OMC
(puc. 3) oTHOCHTENBHO aHaNOroB (puc. 1, puc. 2).
b
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Puc. 2. OnHodazHast aHapHas 2JIeKTPOMAarHUTHAsI CHCTEMa
¢ OpOHEBBIM MarHUTOIIPOBOJOM B IIPOJOIIHLHOM (@)
U MIONIEPEYHOM (6) CEUCHHUSIX

Yka3aHHBIE OCOOCHHOCTH CO3HAIOT TIPEAMIOCHUTKA
ycoBepIIeHCTBOBaHUS oxHO(a3Hpx DOMC. MwuHHMaIb-
HYIO Maccy 30H IIOBOPOTa IMTOTOKAa OTHOCHTEIHHO HAIpaB-
JICHUs] TEKCTYPbI CO3/1aeT poMOuueckas KOH(HTryparms
SIPEMHO-YTJIOBOTO y4acTka. [Ipy MMHUMH3aIMK BHEIIHE-
ro koHTypa DMC (puc. 3) BHYTPEHHUI KOHTYp MOXET
6bIT]) MECTUI'PAaHHBIM C He60.]'ll)1Hl/IMI/l HECHTpaJIbHBIMHU
yriamMu MeHbluxX rpaHed. CoelMHEHUE CTEP)KHEBBIX WU
SIPEMHO-YTJIOBBIX YYaCTKOB COOTBETCTBEHHO M3 aHM30-
TporHOW M m3oTpomHoi DTC 00pazyer MarHUTOIPOBO
13 LIEBPOHHBIX JJIEMEHTOB C COKpAIIEHHEM CTHIKOB C
mwecTh 10 TpeX. LIIMXTOBKOW TakuX 3JEMEHTOB «BIEpE-
wiet» (puc. 3,a) TOCTUTAETCS TOBOPOT CMEKHBIX KOCBIX
CTHIKOB Ha 180° 1 MOHONHTHOCTH MAarHUTOIIPOBOIA. Bo3-
HUKaeT IeJIecO00pa3HOCTh PEHICHHNS 3a1a9l Hepa3heMHO-
IO COCIMHEHHS AHW3OTPOIHBIX U M30TPOMHBIX YYACTKOB
LIEBPOHHBIX TUIACTHH B CTHIKAX CHELUAIBHAM CIIOCOOOM
cBapku. Takoe coeauHeHHE JOJDKHO CHWXKATh TOK M I10-
TEpPU XOJIOCTOrO XOJa M O0ecneyrBaTh BO3MOKHOCTB
paznenenust nonocsl DTC.

HcximovyeHre 3HaYUTENILHOTO YCIOXHEHHS IPOH3-
BOJICTBa MarHUTOIIPOBOIOB C COEIMHEHHUEM CTBHIKOB H30-
TponHOH U aHU30TponHOK DTC BO3MOKHO UHTETPAIbHOMN
CBapKOW M TOTIEPEYHBIM pa3[elIeHHEeM 3arOTOBOK. 3aro-
ToBKM KoMOmHaruu DTC ams momepedHoro pasmueieHust
Ha COCTaBHBIE IDTACTUHBI MarauTorposona DMC (puc. 3)
00pa3yroTcsi COBMEIICHHEM M COCAMHEHUEM IO JIMHHUSIM
CTHIKOB ()parMeHTOB TOJIOC aHWU30TpOmnHOW (puc. 4,a) u
nzorponHoi (puc. 4,06) OTC. K ¢pparmenty (dpparmeHram)
mosiockl aHu30TponHod OTC MOXXHO HpPHUBAPHUTH ONUH,
nBa u Oojee ¢parmenToB mosockl u3orponHoit ITC.
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Ilepen coemuHeHHMeM (parMeHTOB aHW3OTPOIHBIE KOM-
MIOHEHTBI PACIIONAraloTCsl C HANpaBJICHUEM TEKCTYPBI,
napajuleNIbHBIM JIMHUSAM paszaenenus (puc. 4,8). Pazme-
JICHHBIE YYaCTKH ()parMeHTOB C ABYMsI MJIM HECKOJIBKUMHU
IIBaMH JIEJIATCS T0JI 33JaHHBIMH YIJIaMH Ha IUIACTHHBI
(puc. 4,2) c xombunarueit OTC.

OrneHka BIMSHUS CTPYKTYPHBIX IpeoOpa3oBaHHi
OMC Ha XapakTepHCTHKH TpaHchopmaTopa HOJDKHA
BBINOJIHATECSI METOJOM HHBapHaHTHOTO CTPYKTYPHOTO
CHHTE3A.
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Puc. 3. OnHodazHas mpocTpaHCTBEHHAS DIICKTPOMAarHUTHAS
CHCTEMA C TPEXCTEPIKHEBBIM MarHUTOIIPOBOJOM B HOIIECPEYHOM
cedeHnH (@) ¥ ¢ pparMEeHTOM MPOIOIBHOTO CeucHHUs (0)

aHuszoTponHas 9TC
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Pa3zngenenue
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m3otporHas DTC
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Puc. 4. KoMroHeHTbl KOMOMHUPOBAHHOTO MAarHUTOIPOBO/IA:
MOTIEpevHOe pasziencHue npokara anuzotponHoit DTC (a)

u u3oTporHoi DTC (6) 51eKTPOTEXHUUECKHX CcTalleil Ha
(parMeHThI; cBapka (parMeHTOB IO JIUHHAM CTHIKOB B 3aTOTOBKY
U ee TIoNepeyHOe pa3AeieHue Ha YUaCTKH (8); JeTIeHne
Y4acTKOB ()parMEHTOB Ha KOMOWHHPOBAHHBIE TIACTHUHEI (2)

M3BecTHBIE ONTUMU3ALMOHHBIE MaTeMaTHYECKUE
Mozenu TpaHcpopMmaropoB, B yactHocTH [1, 9, 10], co-
JepKaT TEOMETPUYECKHE YIIPaBIIIEMbIe IIEPEMEHHBIC

(YII) anementoB DMC (auamerp 00pa3yroLiero KOHTypa
CTepPXKHS, COOTHOIIEHHE CTOPOH MPSIMOYTOJBHOTO ceue-
HUSL CTEPXHS) U DJIEKTpOoMarHuTHbe Harpy3ku (OMH).
[TomoOHBIE MOMENH MO3BOJISIOT BBIMIONHATE MapaMeTpH-
YECKYI0 ONTHMU3AIMIO 0 3aJaHHBIM KPUTCPHUSIM TPAHC-
(hopMaTOpPOB KOHKPETHBIX MOIIHOCTEH, KOHCTPYKTHBHO-
CTYKTYPHBIX HCIIOJHCHUMN, CUCTEM OXJIAXKICHUS M Ha3Ha-
yeHuil. Hcrnonb3oBaHuWe Takux MoOJAeNEH 3aTpyaHSeT
CTPYKTYpHEIH cuaTe3 DMC.

Cpasnaenne BapuantoB DOMC (puc. 1 — puc. 3) BbI-
MOTHEHO  YHUBEpPCANLHBIM  METOJOM  CTPYKTYPHO-
napamerpudeckoro cuHTe3a [3, 8]. Hnsa o6oOmieHHOTO
COTIOCTaBJICHHSI HAa3BAHBIM METOJIOM JIIOOBIX i — BapHaH-
TOB, B TaHHOH paboTe crepkHeBoH (i=1), OpoHEeBO# (1=2)
u pamguanpHoit (i=3) DMC, wucHoJb3yercs ij IEICBBIX
GYHKUMHA ¢ MHAMKATOpaMH (COCTABIISIOIIMMHU) l*ij BUJA
[3] B 6e3pa3sMepHBIX (OTHOCHTEIBHBIX) SIMHAIIAX

3/4 *
F;'jcu(al) :(IT) Kj[ijw(al)s (D

rae Ir — mokaszarenb MCXOAHBIX AaHHbIX U DOMH Tpanc-
dopmaropa; K; — cocTaBisiomas yAeIbHbIX XapaKTepH-
ctuk ucnosnbzyemort ITC cooTBeTCTBYIOIAS HHAUKATOPY
I*,jw(,,;) OMC ¢ MeqHOH (aTFOMHHUEBOW) OOMOTKOM.

OcHOBHBIE TIeNleBbIe ()YHKIUU CTPYKTYpHOTO (B Ha-
crosmiel paboTe) U CTPYKTYPHO-TIApaMETPUIHOTO CHHTE-
3a xapakTepmu3yloT maccy (j=1), croumocTs (j=2) u more-
pu aktuBHOM MouHOcTH (j=3) DMC Tpancdopmaropa.
UNCneHHBIMA pacdeTaMH OIPENEeNIIOTCS JKCTPEMYyMBI
(I*g-,-c,,(a,))’ ONTHUMH3AIMOHHBIX MHAWKaTopoB (1). Ha3BaH-
HBIE 3KCTPEMYMBI IPEICTABIISIOT IOKAa3aTeN TeXHHYe-
cKoro ypoBHs i- Bapuanta OMC [3].

3HayeHus 1*,»1(2)”,(”;) OTPECIISIFOTCS KOAPPHUIIUESHTOM
3ar0JIHEeHUs 0OMOTOYHOTO OKHA IPOBOJHHKOBBIM Mare-
puaiom K, (kiaccoMm HaIpsHKeHUs)) ¥ MHBAapUAHTHBIMH
(mpueMIeMBIME ISl TFOOBIX CTPYKTYP M KOH(HUTyparmi
aneMeHTOB OMC) OTHOCHTENBHBIMH T€OMETPHUECKUMH
VII. OcHoBHBIe Teomerprueckue YII ompenenstoTcs
OTHOILIEHHEM Pa3MepOB AUAMETPOB PACUETHBIX OKPYKHO-
creit marauTotpooaa Dy; u D ,; (puc. 1 — puc. 3), a Tak-
)K€ OTHOIIIEHHUEM BBICOTHI /1,,; U IIMPHHBI b,,; 0OMOTOYHOTO
okHa. JlomonHuTenbHOW OTHOCHUTENbHON VYII, ucCHomb-
3yemoit B yactu OMC, sBigeTcss TPUTOHOMETpHUYECKast
¢byHKIus #(0,) NEHTPAIBHOTO YIIa CTePKHS o, (puc. 1,8,
puc. 2,6):

Fiyeutat) = Sa@yeutan [KwsXes yw1(0)]s - (2)
Xe=Dy;/Dy;; (3)

v K
OnTUMU3aLMOHHBI MHAUMKATODP [ ey Kpome YII
(3), (4) 3aBHCHUT OT OTHOCHTEIBHOM 3JICKTPOMArHUTHOU
VII noteps z [3, 8]

Fgcu(al) = fi3cu(al) [Kw’xc’yw’t(ac )’Zl ] (%)

OnexrpomaruutHas YII ompenenseTcs cooTHoLIe-
HUEM KO3((UIMEHTOB 00ABOYHBIX IOTEPh KOPOTKOTO
3aMBIKaHUA Kjey(q) U X0T0CTOTO X0Ja Kje, COOTHOLIEHHEM
VAETBHBIX TOTEPh OOMOTKH (3aBUCHUT OT ITOKa3aTels
YAENbHBIX MOTEPD I*,w(al) U IJIOTHOCTU TOKA Jyyeyay 00-
MOTKH) ¥ yaenbHBIX otepb DTC [, a Taxke 3HAYSHUIMHI
IUIOTHOCTEN MeNU (ATFOMHUHUA) Yey(any M DTC vy

ISSN 2074-272X. Enexmpomexnika i Enexmpomexanixa. 2020. Ne6 13



Zlcu(al) =

2
chu(al)Ilcu(al)chu(al)Ycu(al)

chYstlst

MaremMaTHueckiue MOAETH ONTHMU3AIMOHHOTO CO-
MMOCTaBJICHUS (CTPYKTYpHOT'O CHHTE3a) JOJDKHBI o0ectie-
YHBaTh CpaBHeHHE BapuaHToB DMC Ha OCHOBE WJICHTHY-
HOCTH WX 3JICKTPOMArHUTHOW MOIIHOCTH (paBeHCTBa I7),
WHBAapUAHTHOCTH (yHHBepcansHOCTH) YII 1 He3aBHCHMO-
CTH OT YCIIOBHH KOHKPETHOTO TEXHHYECKOTO 3aJaHHs
apaMeTPUIeCKOTO CHHTE3A.

TakuM YCIIOBHSIM COOTBETCTBYIOT LieJieBble (yHK-
WU Fiopeu@ey (1), ONTUMU3ALUMOHHBIE COCTABIIAIONIME
KOTOPBIX M ONTHMAJIbHBIE TECOMETPUIECKHE COOTHOIICHUS
OMC 1o 4YacTHBIM KpUTEpPUSIM MHHMMYMOB MacChl U
CTOMMOCTH ONPENEIAI0TCS TOJIbKO reomerpuueckumu Y11
n He 3aBucar ot OMH [3]. OnHako 1eneBble GYHKIHMN
Fi3cu@y mononnaurensHo onpenensaorcs OMH. ITostomy
JUTS MCKJIFOYCHUS 3aBUCHMOCTH OOOOIICHHOTO CTPYKTYp-
HOTO CHHTE3a OT MOIIHOCTH, THITa OXJIKICHUSA U IPYTHUX
MIPOEKTHBIX JaHHBIX W orpaHudeHuit, YII (6) u 3HaueHUSA
nHAuKaropa F *,»M(a,) JIOJDKHBI COOTBETCTBEHHO M3MEHSTh-
CS U ONPEIENATHCS B OMPEICICHHOM PEaJbHOM IPOCKT-
HOM JIMana30He N3BECTHBIX MHHUMAIBHBIX U MaKCHMallb-
HBIX pacueTHBIX 3HadeHnid DMH.

s anexBatHoro cpaBHenuss OMC (puc. 1 — puc. 3)
B JIOTIOJJHEHHE K WICHTUYHOCTH [r MPUHUMAIOTCS COOT-
BETCTBEHHO OJIMHAKOBBIMH D3JIEKTPOTEXHUUYECKHUE MaTe-
pHAaIbl, KJIACCHl HAIPsDKEHUSI, KOY(D(UIIMCHTHI 3amOTHe-
Hus marnutonpoBoga OTC K, v cpeaHue 3HAUYEHUS aM-
IUIATYT WHIYKIHWA TIONCPEYHBIX CEUYCHHU 3JICMCHTOB
MarHATOIIPOBONIOB. PeanbHbpie 00MOTKH Kaxkaon m3 DOMC
3aMEHSIOTCS PACYCTHHIMUA OOMOTKamu [3] CTPYKTYpHO U
KOH(UTYpaIIOHHO KBUBAJICHTHBIX PEAKTOPOB.

B cB3M ¢ OTCYTCTBHEM AKCIEPHUMEHTAIBHBIX JaH-
HBIX YAETBHBIX IOTEPh TPEXCTEPKHEBOTO MAarHUTOIIPO-
BOJIa U MAarHUTOIPOBOJA U3 KOMOWHUPOBAHHBIX COCIIH-
HEHHBIX IUIACTUH, JI1 TPEABAPUTEIHHOTO CpPaBHEHUS
MHNKATOPOB [ ;3 TPUHATA KOHCTPYKIMS pagHaibHOI
TpexcrepkHeBo OMC ¢ TpeMs aHU30TPOIHBIMU apaje-
JorpamMubiMu TuiactuHamMu OTC B KaXAOM Cll0€ MarHu-
TOmpoBoAa. B TakoM BapuaHTe BO3MOXKHA OIICHKA 3aBU-
CUMOCTH TIOTEPh OT CTPYKTYPHBIX ocoOeHHocTeit DOMC
(puc. 1 — puc. 3) B 0AMHAKOBOM [HAIa30HE W3MEHEHHS
anekrpoMarauTHoit YII (6). IlpumHmMMaeTcs peaabHBII
HNPOEKTHBIN MANa30H U3MEHEHUS Zjy ) TpaHcdopmaro-
POB paccuuTaHHbIN Tipu ucnonb3oBanuu ITC 3407. V-
TAQHOBJICHO, YTO TAaKOH IHANa30H H3MEHEHHUS HIIEKTPO-
MarHuTHOM oTHocuTenbHOM YII sgBisieTcss MASHTUYHBIM
JUTS. MEJTHOM U alTIOMHUHHEBOI 00MOTOK [8]
3< Zlcu(al) <24.

(6)

WNunukaropst (2), (5) uenesbix GpyHknumi (1) crepxk-
HeBoit OMC (puc. 1) IpencTaBisioTCs ypaBHEHHSIMU:
3

8

[l*lcu(al) = {09 5K x

2
sina. K K,y (xc —sin azcj

s . O . O, .
sin || X —sin—= 0,5y, + Xe —sin—= +sino, [+

2
+K,, 0y {0,25(36C —sina—zcj [cos o, +sina, +

T . Qa
+4(xc_smzcj:| Yweu(al) [Yst (> (7)

3

8

{0,5K

st %

*
Ipeu(ary = Ry
sino,. K, K,y (xc - sin7"

o . Q. .
xsina,. (xc —sin?jO,SyW+(xc —51n7‘]+s1ncxc +
MRV
+K v {0,25(% —sinfj [cosa, +sina, +

T .o,
+Z[xc _Sm?j:| chu(al)ywcu(al)/(Cst"/st )}’ @)

3

* 8
]13cu(al) =K . X

2
sino,. K K,y [xc —sin azcj

x{0,5K, sina, [xc - Sina—;joa 5yt [xc —sin (%Cj +

2
+sina, |+ K, »,{0,25 [xc —sin%j [cosa,. +sina, +

T . Qa
+4(xc_51n26j:| Zicu(al)Yweu(al) [ Vst (- ©)

Wunukaropst (2), (5) uenesbix ¢ynkuuii (1) 6pone-
Boit OMC (puc. 2) onpenensiorcs ypaBHCHUSIMU:

8

I;lcu(al) = 2
sina, KK, v, [xc —sin O;c]

x<0,5K, sina, Kxc —sin%)O,SyW +(xc —sin%j+
a a. ) a
+sin?c}+KWyW {O,25(xc—sin7€J [2cos§+

0. W .,
+2sm7‘+5[xc—sm7‘ﬂ chu(al)/Ysz}Z (10)

3

* 1
I 22cu(al) = X

2
0,5sina. KK,y (xc —sin U'ch

x<0,5K, sina,. ch —sin%)O,SyW +(xc —Sin%\]-i-
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2
+sin%}+KWyw {0,25()66 —sin%j [cos a, +sina, +

I . Qa
+E(xc - Slnfj chu(al)chu(al) /(Cst'Yst )} ; (1D

3

1
I;3cu(al) =K. ‘\‘/ x

2
0,5sina KK, (xc —sin azcj

X {0’ SKSZ‘ sin O |:(x() —sin %j 09 Syw + [xc —sin %j +

2
+sin%}+KWyw {O,ES(xC —sin%) [cosa, +sina, +

T . a
+5(xc _Slnszlcu(al) chu(al)/Yst}' (12)

YpaBHeHUsT MHAUKATOPOB (2), (5) meneBBIX (QYHK-
muii (1) paamansHO# TpexcrepxkHeBoii OMC (puc. 3)
HUMEIOT BUIL:

1

I =2,394| 4
3lcu(al) [ Ks[Kwyw(xc_

3
I)J {Kwyw (xc —1)><
x(x. +0,5)+0,75K,, x

X(yw+2xc_039532)’chu(a1)/7st}; (13)

3
* 1
Bocu(ary = 2,394[4 Ko Korn (v, _1)] (K (% = 1)

x(x. +0,5)+0,75K,, (v, +2x, —0,9532)x

XCeu(al) Yweu(al) | Cst Vst } ; (14)
3
B33cu(ar) = 2:394K;, [4 —KstKwyi) (o 1)] x
x{K g (%, —1)(x, +0,5)+0,75K,, x
X Zieuaty (Vo + 2%, —0,9532)}. (15)

Pacuers! o ypaBaenusiM (7) — (15) BironHeHs! Ipu
K, = 0,97 u 3nauennsx K, = 0,3; 0,25; 0,15, a Takxe B
peanbHBIX JUaNa30HaX COOTHOIEHUH CTOMMOCTEH Clyeyar)
u C;, MEIHBIX (aJIOMHUHHUEBBIX) MPOBOJTHUKOB OOMOTOK C
yaerom uzorsiun u TC:

(chu/cst ) =3,5-5,5; (Cwal/cst) =3-4,7.

PesynbpraThl pacdyeToB IOKa3aTeNIed TEXHUYECKOTO
ypoBHs OMC (puc. 1 — puc. 3) npuBenens! B Tabm. 1 —
Tab. 4.

U3 pesynbraToB pacueroB Tabn. 1 — 4 cienyer mo-
TEHIWAJIbHAs BO3MOXXHOCTh YCOBEPLICHCTBOBAHUS OJJHO-
(a3HpIX TpaHC(HOPMATOPOB C HIMXTOBAHHBIMH MarHHWTO-
MIPOBOIAMHM Ha OCHOBE IIPOCTPAHCTBEHHOH paJuaibHON
JIEKTPOMArHUTHON CHCTEMBI C TPEXCTEP)KHEBBIM MarHu-
TOTIPOBOJIOM.

Tabmuma 1

QKCTpeMaHLHBIe 3HA4YCHU NHAUKATOPOB MAaCChl BApUaHTOB O}:[HO(ba?,HLIX OJICKTPOMAruiuTHBIX CUCTEM TpaHC(I)OpMaTOpOB
C MCIIHBIMH U aJIIOMHUHHUECBBIMU 00MOTKaMu

06 BeHI/IqI/IHa 3KCTpeMyMa I/IHI[I/IKaTOpa MaccChl, HpH 3HAYCHUAX K03(1)(1)I/II_II/IGHT8 3aII0JIHCHUSA
O3HAYCHUC 3KCTpeMyMa 06MOT0‘IHOFO OKHA
I/IHZ[I/IKaTOpa MaccChl,
0,3 0,25 0.2
1) e 20,201 21,234 22,633
Ty 11,841 12,605 13,641
U'21) e 20,714 21,941 23,600
(30w 12,747 13,656 14,887
(I'31) e 17,574 18,544 19,859
I3 a 10,556 11275 12,251

Tabmnuma 2

QKCTpeMaHLHLIe 3HA4YCHHUS UHAUKATOPOB CTOMMOCTU BapUaHTOB O)IHO(baSHLIX QJICKTPOMArHuTHBIX CUCTEM T‘paHCd)OpMaTOpOB
C MCIIHBIMU 00MOTKaMH

O603HaquHe 3Kc'rpeMyMa KO3(1)(1)I/IHI/IGHT amoTHe- BCJ'H/I‘H/IHa 3KCTpeMyMa I/IHZ[I/IKaTopa C'{OI/IMOCTI/I, HpI/I 3HAYCHUAX COOTHOIIICHUI
I/IHI[I/IKaTOpa CTOUMOCTHU HUA OGMOTO‘{HOFO OKHa CTOI/IMOCTGI: ?aTepHaHOB 5 5
03 38,789 44,721 50,229
(12 e 025 40,205 46,228 51,815
0,2 42,122 48,271 53,963
0,3 37,694 43,003 47,906
(I'2) e 025 39,374 44,215 52,337
0,2 41,648 47215 52337
0,3 32,855 37,687 45,164
(I'32) e 025 34,183 39,101 43,651
0,2 35,982 41,016 45,664
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Tabnuma 3

3KCTpeMaHLHLIe 3HA4YCHUS MHAUKATOPOB CTOMMOCTU BapUAaHTOB 0,IIHO(1)a3HLIX SJIEKTPOMArHuTHBIX CUCTEM TpaHC(i)OpMaTOpOB
C aJIFOMUHUEBBIMA OOMOTKaMHU

BenuunHa sKkcTpeMyMa HHIMKATOpa CTOMMOCTH, IPH 3HAUCHHUAX
O6o3nauenue sxcrpemyma | Koaddumuent 3anonne- N
HHIUKATOpa CTOMMOCTH | HHsI OOMOTOYHOTO OKHa 3 COOTHOMICHIA CTOI;DgOCTeH Marephajion 17
0,3 19,268 21,601 24,009
(12 0,25 20,276 22,671 25,137
0,2 21,641 24,118 26,664
0,3 19,878 22,064 24,303
(') a 0,25 21,075 23,335 25,643
0,2 22,697 25,055 27,458
0,3 16,798 18,736 20,729
) 0,25 17,745 19,741 21,788
0,2 19,028 21,101 23,224
Tabmnuma 4

9KCTp€MaJ'ILHI)Ie 3HAYCHUS MHIUKATOPOB IIOTEPh BApUAHTOB O[[HO(i)BBHI)IX OJICKTPOMArHuTHBIX CUCTEM TpaHC(l)OpMaTOpOB
C MCIHBIMH U aJIIOMHUHHUECBBIMU 00MOTKaMu

OGosnauenne skctpemy- | KosdduimenT sanonse- Benuunna sxcTpemyma Hf{z[m(aTopa HO”fepL, npu 3Ha:~IeHI/I${X
Ma I/IH,Z[I/IKaTOpa HOTepb — O6MOT0‘~IHOFO OKHA SHCKTpOMaFHI/ITHOI/I yHl’;aBJI}ICMOI/I HepeMEHHOI/I 24

0,3 35,613 62,764 125,456
(13 e 0,25 36,975 64,508 127,754

0,2 38,819 66,868 130,873

0,3 19,268 31,663 59,145

('13) 0,25 21,276 32,952 60,846

0,2 21,64 34,699 63,148
0,3 34914 59,137 113,562
(') e 0,25 36,531 61,207 116,289

0,2 38,722 64,011 120,308

0,3 19,451 31,329 55,938

(53)w 0,25 21,075 32,861 57,957

0,2 22,697 34,935 60,692

0,3 30,261 52,321 102,786

I'33) 0,25 31,539 53,953 104,935

0,2 33,269 56,165 107,846

0,3 16,798 27,027 49,392

('3 u 0,25 17,745 28,237 50,985

0,2 19,028 29,877 53,143

BbIBOABI.

1. YcraHOBNICHO, UTO CHIDKEHHE DKCTPEMYMOB TIOKa3a-
TeNel MacChl M CTOMMOCTH, a TaK)KE PacuyeTHOE CHIDKe-
HUE, IPY YCIOBHON HIACHTUYHOCTH KOA(P(PHUIMEHTOB IO-
0aBOYHBIX MOTEPh, IKCTPEMYMOB IOTEPh AKTUBHOM MOII-
HOCTH OJHO(A3HOW paaualibHON TpexcrepikHeBoit DOMC
TpaHcopMaTropa OTHOCUTENBHO TUIAHAPHOTO aHaJora co
CTCP)KHEBBIM IIMXTOBAaHHBIM MAarHUTOIPOBOJOM M3 aHH-
3otponHoit DTC coctaBisier coorBeTcTBeHHO 13-12,3 %,
15,3-10,1 % u 15,1-18,1 % mpu MemHBIX OOMOTKax H
10,8-10,2 %, 12,8-13,7 % u 12,6-12,3 % npu amoMuHue-
BBIX OOMOTKaX.

2. CHmxenne yncia u oobema DTC yrioBbIX 30H Mar-
HUTOIIPOBOJIA PagualbHON TpexcrepxkHeBoir DMC oTHO-
CUTETHbHO TPATUIMOHHBIX TUIAHAPHBIX aHAJIOTOB CO3MIACT
NPEINOCBUIKH  JOMOJHUTEIBHOTO — YHEpProcOepexeHus
CHIYKEHHEM OCHOBHBIX M JI00aBOYHBIX MOTEPh MAarHUTO-
MPOBOJIOB, TAKXKE MPEACTABISIETCS LIEJIeCO00pa3HOil KOM-
OuHaIs aHu30TponHOM U u3orponHoi DTC B crepkHe-
BBIX M IPEMHO-YTJIOBBIX Y4aCTKaX.

3. OCHOBHBIE TIOKa3aTeIN TEXHUUECKOTO YPOBHS TpaH-
IUOHHBIX OHO(a3HBIX TIaHapHEIX DMC CcO CTepIKHEBBIM

1 OpOHEBBIM MAarHUTOIPOBOJAMH OTIMYAIOTCS HE3HAUH-
TENBHO, YTO COTNIACYETCS C paHee U3BECTHBIMH ONTHMH3a-
IIMOHHO-PACYCTHBIMA JTAHHBIMU TPAHC(HOPMATOPOB.
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Design and technological proposals for improving

a single-phase transformer with laminated magnetic core.
Goal. The purpose of the work is to analyze the features and
substantiate the advantages of the spatial radial electromag-
netic system of a single-phase transformer with rectangular
sections of the rods of a charged magnetic circuit. Methodol-
ogy. Improvement of single-phase transformers is possible by
structural-geometric transformations of active elements. The
Justification of the advantages of such transformations is
achieved by the method of invariant objective functions with
dimensionless optimization components and universal relative
controlled variables. Results. Replacing the rectangular con-
tours of the variants of a planar magnetic circuit with a hex-
agonal circuit leads to a decrease in the volume of steel and
the loss of three angular zones of changes in the direction of
the magnetic flux relative to the texture compared to planar
counterparts. The separation of the windings into sections with
an arrangement on three rods leads to a decrease in the aver-
age length of the coil. Originality. A three-core magnetic core
can consist of rod and jugular-angular parallelogram plates of
anisotropic and isotropic electrical steel. It is advisable to
combine a combination of steels by integral welding of billets
with subsequent separation into chevron jugular-rod elements.
The method called on has developed mathematical models of
the mass, cost, and active power losses of variants of a single-
phase electromagnetic system of a transformer with rod and
armor planar and spatial radial three-core magnetic cores.
Practical significance. It was found that the decrease in the
extrema of the mass and cost indicators, as well as the calcu-
lated decrease, under the condition that the coefficients of
additional losses are identical, the extrema of the losses of the
single-phase radial three-rod system of the transformer rela-
tive to the planar analogue with a bar stocked magnetic wire
from anisotropic steel, respectively 13,0-12,3 %, 15,3-10,1 %
and 15,1-18,1 % with copper windings and 10,8-10,2 %, 12,8-
13,7 % and 12,6-12,3 % with aluminum windings. The main
indicators of traditional single-phase systems with rod and
armored magnetic circuits differ insignificantly, which is
consistent with early known optimization and calculation data
of transformers. References 10, tables 4, figures 4.

Key words: single-phase transformer, electromagnetic system
options, target functions, a combination of electrical steels,
mass, cost, loss.
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ANALYSIS AND VERIFICATION OF THE OPERATION OF THE STABILIZING
ROBUST CONTROLLER'S ELECTRICAL CIRCUIT OF THE ROTOR FLUX-LINKAGE
CONTROL SYSTEM

On the basis of the classical theory of robust control, the theory of stability and the theory of continued fractions, the
linearized mathematical model, the procedure for calculating and designing an analog electrical circuit of the Ho-suboptimal
robust controller of the flux-linkage control system of the rotor of an asynchronous electric drive, protected by Ukrainian
Patent no.137157, were built. The circuit contains three operational amplifiers, several resistors and capacitors. The proposed
mathematical model, the procedure for calculating and choosing the parameters of the resistors and capacitors of the circuit
take into account the random variations of the object and the controller within the specified boundaries. An analytical
relationship between the transfer function coefficients and the resistances of the resistors and the capacitances of the
capacitors of the controller's electrical circuit was established. On a specific example, by calculation according to the
developed algorithm, the limiting values of the tolerances of the circuit's resistances of the resistors and capacitances of the
capacitors were identified and these values were selected with a margin from the standard series. Analysis of noise filtering by
the electrical circuit of the controller in the Multisim package shows its insensitivity to noise spreads within fairly wide
boundaries. References 10, table 1, figures 4.

Key words: asynchronous electric drive, flux-linkage control system, robust controller, electrical circuit.

Ha 6a3i knacuunoi meopii pobacmmozo ynpaeninnsa, meopii cmiiikocmi i meopii nanyiwzoeux 0podie nooyoosano
nineapu3o0eana Mamemamuyna Mooeas, Rnpoueodypa po3pPaxyHKy i NPOEKmMYGAHHA AHAI02080i eleKMPUYHOi cxemu
Hoo-cybonmumansnozo podacmmuozo pezyismopa Cucmemu YRPAGAiHHA NOMOKO3YENIeHHAM POMOpPA ACUHXPOHHOZ0
enleKmponpueooy, uio 3axuuiena namenmom Yxpainu Ne 137157. Cxema micmums mpu onepayiiinux niocunreaua, Kinivka
pe3ucmopie i KonoeHcamopie. 3anponoHo08aAHA MAameMaAmuuHa Mooeilb, npouedypa pOo3PaxyHKy i eudopy napamempis
pe3ucmopie i KOHOeHCamopie cxemu 8paxoeyiomov GURAOKO0GI eapiayii 00’ckma i pezynramopa 6 3A0AHUX MeHCaAX.
Bcmanoeneno ananimuunuii 36’130k mixce Koegiyicnmamu nepeoaganvHoi @ynkuii i onopamu pe3ucmopie i emHocmamu
Konoencamopie enekmpuunoi cxemu pezyasmopa. Ha konxpemnomy npuxnadi po3paxyHKoGuM WAAXOM 34 po3poOieHuUMm
anzopumMoMm 8UAGIEHI 2PAHUYHI 3HAYEHHA OONYCKI6 ONOPIe pe3ucmopie i emnocmeil KoHOencamopie cxemu i 30ilicnenuil ix
eudip i3 3anacom 3i cmandoapmuux paoie. Ananiz ginempayii 3a6a0 enekmpuunol cxemoro pezyaamopa 6 nakemi Multisim

nokasye it Heuymaugicmo 00 po3maxis 3aead y docums wupoxux mescax. bion. 10, radmn. 1, puc. 4.

Knrouosi cnosa: acuHXPOHHMIl eJleKTPONPHUBOA,
eJIeKTPHUYHA cXxeMa.

Introduction. In the patent [1], an analog electrical
circuit of the H,-suboptimal robust controller of the
flux-linkage control system of the rotor of an
asynchronous electric drive is proposed. Its design was
carried out in the following sequence. First, a
mathematical model of the control object was built and
the transfer function of the controller was calculated, as
in works [2-4]. Then this function was expanded into a
continued fraction [4]. The coefficients of this fraction
were used to construct a circuit diagram of the
controller. This scheme is made in the form of an active
quadripole. This quadripole contains nine resistors and
three capacitors. The nominal values of such resistances
and capacities of such elements are determined in this
work in the process of rounding off their calculated
values to the values of standard series [5], and their
accuracy is based on the calculation of the stability of
the rotor flux-linkage control system with random
variations of the parameters of the object, resistors and
capacitors of the circuit within the specified boundaries.
At the same time, to set the boundaries of random
change in the nominal values of resistances and
capacitances, the rounding errors of their calculated
values and the spread in the values of permissible
deviations by standard series are taken into account. An

CUCTEMa yl'[paB.J'liHHﬂ NOTOKO34YCIJICHHAM,

pobdacTHMil peryuasTop,

unreasonable choice of these elements of a high-
precision circuit can lead to a significant increase in its
cost, and the choice of low accuracy — to a loss of
efficiency. A compromise between cost and accuracy
can be achieved theoretically only in the process of
analyzing the stability of the flux-linkage control system
with random variations of the nominal parameters of
real circuit elements. However, such an analysis cannot
be carried out without determining the analytical
relationships between the coefficients of the transfer
function of the controller and the parameters of the
resistors and capacitors of the circuit, which vary
randomly within the specified boundaries. Due to the
linearity of the mathematical model of the robust flux-
linkage control system [4], such formulas cannot be
obtained exactly [6, 7]. Therefore, it is necessary to
quickly check the operation of the circuit. It can be done
in the interactive package Multisim. Such a check makes
it possible to evaluate not only the operability of the
designed circuit, but also the level of noise inhibition by
this robust controller circuit [8].

The above approach allows solving the considered
problem of analyzing and checking the operation of the
electrical circuit of the controller. It was proposed by us
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in [4]. However, in this work, only the relationship
between the coefficients of the transfer function of the
controller and the parameters of its structural scheme was
taken into account. Therefore, in this work, this
relationship between the coefficients of the transfer
function of the H,-suboptimal robust controller and its
electrical circuit is taken into account when analyzing and
checking the operation of the circuit.

The aim of the work is to analyze and check the
operation of the stabilizing H,-suboptimal robust
controller's electrical circuit of the rotor flux-linkage
control system.

Research methods and results. Consider an
undefined control object [4], consisting of a frequency
converter and stator and rotor windings of an
asynchronous electric motor. Represent the equations of
its state in the normal operator matrix form (1):

px = Ax + Bu; )
y=0Cx,
where
1 Ll 0
I, Ty,
A= 0 - ! En ;
Tleq Rlequeqln
0 0 -—
L T ]
K U, 4
B{o 0 M} . Cc=[1 o o];
chEn

where p is the Laplace operator; x=(x;, x,, x3)" is the
phase vector, where x1=¥/¥,; x,=I/l,; x;=FE/E,; ¥ is the
rotor flux-linkage vector's module; 7 is the current in the
rotor flux-linkage channel; £ is the EMF of the frequency
converter; u=U/U, is the control action; U is the controller
output voltage; y is the one-dimensional vector of the
output, along which the feedback is closed; T%., K. are the
time constant and gain coefficient of the frequency
converter; Tieq=Licq/Rieq 1s the electromagnetic time
constant of the stator winding, where Rleq:R1+(k,)2R2 and
Liq=0L, are its equivalent resistance and the leakage
inductance; R;, R, are the active resistances of the stator
and rotor windings; 75=L,/R, is the electromagnetic time
constant of the rotor winding; L,, L, are the inductances
of stator and rotor windings; L, is the mutual inductance
of stator and rotor windings; k=L»/L; 6=1 — (L1,)*AL1L,)
is the coefficient of magnetic field scattering.

The extended system of equations [4] with uncertain
parameters of the object K, Rieq, R, Ly, Ly and Ly,
corresponding to Eq. (1) is represented in the form (2):

px = Ax+ Byw+ Byu;
z=C1x+D11w+D12u; (2)
y= C2)C+D21W+ Dzzu,

where

_R2n R2n 0
L2n LZn
Y= 0 _Rleqn Rleqn
Lleqn Lleqn
1
0 0 -—
L ch
[ PR, PL PR |
0 0 0 2 12 -pL _ 2
L2n L2n ? L2n
PRy
B=| 0 PL 0 0 0 0 i
fed Lleqn
% 0 0 0 0 0 0
L Tt i
[0 0 0 |
Rleqn Rleqn
Lleqn Lleqn
0 Rieqn 0
G=| 0 Ry, 0 |3 G=[1 0 0]
0 Ry, 0
_R2n R2n 0
L2n L2n
| Ry 0 0|
0o 0 0 0 0 0 |
PRlcq
0 -pp, 0 0 0 0
a Lleqn
0 0 0 0 0 0
D=0 0 0 0 0 0o
0 0 0 DR, 0 0 0
0 0 0 PR, Pr, . _ PR
L2n L2n : L2n
_0 0 0 0 0 0 0
1
BZT:{O 0 —} phL=[1 0 0 0 0 0 0];
ch

Dyy=[0 0 0 0 0 0 0] Dy=[0];

where z = (z1, zp,..., 27)T, w = (W, Wp..., w7)T are,
respectively, the input and output uncertainty vectors
interconnected by the matrix expression w(p)=A(p)-z(p),
in which the uncertainty matrix A(p) has a diagonal form.

The system of Eq. (2) is used to numerically
determine the transfer function of the H,-suboptimal
controller using the mixed sensitivity method [9]. This
transfer fractional-rational function for the nominal object
has the form (3):

P’ +thp+b

K(p)=k—F— NG
agp- taptaptas
where k, by, by, ag, a1, a,, az are the some coefficients, the
values of which are determined during the numerical
solution of the problem.

The transfer function (3) vanishes at the point p = .
Therefore, it can be expanded by the Euclidean method
into a continued fraction. Then, after multiplying the
numerator and denominator of this fraction by a scale
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factor p, it can be represented in the vicinity of the point
p = by a ladder RC function (4):
kp
1 )
cap+ 1
n+

(4)

rn+ 71
Gp+—
3

where k, = kp.

As is known, the coefficients of this function
correspond to the calculated values of the resistances
(r; values) of resistors and capacities (c; values) of
capacitors.

The relationship between the coefficients of the
transfer function (3) and the ladder RC function (4) is
determined in the process of folding the fraction (4) into a
fractional rational expression and equating the
coefficients of this expression with the corresponding
coefficients of expression (3). As a result of such
transformations, the following relations between them
were found (5):

1{1 1} 1(1 1}
b=—|—+—|+—|—+— |
G\ n G\ N

To make relationship between the coefficients of the
ladder circuit (4) with the resistances and capacitances of
the electrical circuit of the robust controller, expressions
(6) are used:

c=Cl;, n=Rl; ¢,=C2

n = R2, c3 = C3, 3= R3,
where R1, R2, R3 are resistances of resistors; C1, C2, C3
are capacitances of capacitors.

If among the coefficients (6) of the ladder RC
function there are negative capacitance ¢; with index i and
negative resistance r; with index £, then they are replaced
by expressions of the form:

R4
= "Cigs? R7 @

Moreover, the indices in the right-hand sides of
Eq. (7) denote the numbers of capacitors and resistances
of the circuit according to Fig. 1; R4=R5 and R6=R7; the
fractions in Eq. (7) are irreducible, because the resistances
of the circuit are selected with tolerances.

The written Eq. (7) with negative parameters of
capacitance and resistance correspond to active circuits
based on operational amplifiers studied in [10].

The relationship of the numerator k, of the ladder
RC function (4) with the resistances R8 and R9 of the
operational amplifier of the circuit is described by the

(6)

R6
e =

%:1 (1+1_+1} ag =L equation (8):
€203\ 123 N3 1N [ _R9 ()
HORS
11
a :—(r—+clbl } (5) Relations (6) — (8) make it possible to construct a
KA basic electrical circuit of the controller. This circuit for
111 1 1(1 1 i = k =2 is shown in Fig. 1. It contains negatrons of
a2 :; il enr +c_ r_+r_ +eiby g negative capacitance NC and negative resistance NR,
G designed to suppress interference, and differs from circuit
G = 1 D p=c [11] only in other designations of resistance and
3 lesesnmry tn: capacitance indexes.
erﬁffffszffffjl RO
| o2 | o
! + | +
R1 | \ 1 RS _D__°
o —1 f / | —{1 -,
L _ |
1| R6 [
e ——
'NC T :
| (] |
[ I |
! T+ b |
==cll==C2 I = c3
o \ DA1 || R4 [ RS/ I[]RT : []R3
| e - - - - 0
| |
[ |
(I I _ 4
[+

Fig. 1 Electrical circuit of a robust controller

The choice of the resistances of the resistors and
capacitances of the capacitors of the electrical circuit is
carried out in the process of rounding the calculated

20

values of the RC function coefficients (4) to the values of
the standard series, and their permissible deviations are
determined from the calculation of the stability of the
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robust rotor flux-linkage control system with random
variations in the object parameters (1) and controller (4)
within the specified boundaries. In this case, the
resistances R4...R7 of the circuit resistors are selected
from design considerations, and their accuracy from the
same stability calculation.

The procedure for calculating and selecting the
parameters of resistors and capacitors of the electrical
circuit of a stabilizing robust rotor flux-linkage controller
consists of the following sequence of actions:

1. The transfer function (3) of the controller of the
nominal object is calculated.

2. The decomposition of the found transfer function
into a continued fraction is performed and the ladder RC
function (4) is compiled.

3. The coefficients of the ladder RC function (4) are
rounded to the values of standard series [5].

4. The transfer function of the controller (3) is formed
programmatically according to Eq. (5) — (8).

5. The boundaries of the change in the nominal
parameters of the object, the resistances of the resistors
and capacitances of the capacitors of the electric circuit of
the controller are set, taking into account the rounding
error of their calculated values to the values of the
standard series [5], as well as the accuracy of manufacture
and cost.

6. A software system for the stabilization of the rotor
flux-linkage consisting of the series-connected transfer
functions of the controller (3) and the object (1), covered
by a single feedback is made.

7. Curves of flux-linkage transient processes for a
closed system and a Bode diagram for an open control
system are calculated with random variations in the
parameters of the object and the controller within the
given boundaries.

8. The accuracy of stabilization of the flux-linkage is
determined by the ranges of the curves of steady-state
transient processes of the rotor flux-linkage, and by the
Bode diagram the stability margins in amplitude and
phase were determined.

9. The calculation according to items 5 — 8 is repeated
until a compromise in the choice of the controller's
electrical circuit element's tolerances and their cost is
achieved.

The calculations were performed at the following
nominal values of the initial data of the object (1):
T = 0,001 s; Ry, = 2,65 Q; Ry, =2 Q; Ly, = 0,186 H;
L,,= 0,189 H; Ly, = 0,179 H; 6 = 0,0996, corresponding
to an asynchronous electric drive with a MDXMA100-32
motor.

Calculated from these data, the nominal values of
the parameters of the robust controller (3) turned out to be
equal: k£ = 5,016:10%; b, = 148,963; b, = 1,0612-10%
ap=1; a,=1,451-10% a, = 1,262:107; a5 = 3,532-10". The
calculated values of the resistances and capacitances of
the ladder RC function (4) at p = 10~ corresponding to
these parameters were: ¢; = 10 uF; r1 = 6,963 Q;
¢y ==197 uF; r; =-5,709 Q; ¢; = 12,56 mF; r3 = 28,79 Q.
These values were rounded to the values of standard

series [S]. These series, rounded values of quantities to
the values of series, rounding errors and recommended
tolerances of the series are shown in Table 1.

Table 1
Selection of resistances and capacitances of the circuit
. . A row Rounding | Recommended
Designation|according to| Value N o
[5] error, % | row tolerance, %

R1 E96 6,98 | 0,24 2
R2 E96 5,69 0,33 2
R3 E24 30 —4,2 5
R4 E24 100 0 5
RS | Q E24 100 0 5
R6 E96 100 0 2
R7 E96 100 0 2
RS E24 100 0 5
R9 E24 510 -1,7 5
Cl1 F E24 10 0 5
| * E24 [ 200 | -1 5
C3 | mF E24 13 3,5 5

The undefined parameters K¢/Kg n, Ricq, R2, L1, Lo
and L, of the object (1) varied within the range of £90 %,
the resistances R1, R2, R6, R7 — in the range of £3 %;
R3, R4, RS, RS, R9 and capacitance C1, C2, C3 — in the
range of £10 %. These errors of elements overlap the
values of row tolerances recommended by [5] and other
guiding documents approximately twice.

Fig. 2 shows 20 curves of the rotor flux-linkage
transient processes corresponding to random variations of
the undefined parameters of the object and the controller
selected by the Monte Carlo method within the given
boundaries. They are obtained in the MATLAB
application packages with a single abrupt change in the
reference action.

As seen, the curves of transient processes shown in
Fig. 2 do not go beyond the boundaries of 3 % tube.

Step Response(20 samples)

1.4

1.2

iy

Amplitude
e e
(2] [=-]

0 i .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (seconds)

Fig. 2. Rotor flux-linkage transient processes

Fig. 3 shows a Bode diagram with 20 generated
amplitude L(w) curves and 20 phase ¢(w) frequency
response curves with the same undefined parameters as in
the previous case. From the amplitude L(w) and phase
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@(w) characteristics presented in this diagram, it can be
seen that the system is stable, since the amplitude
characteristic crosses the abscissa axis earlier than the
phase characteristic, finally falling off, going beyond the
angle value of —180 degrees. In this case, the calculated
values of the stability margin in amplitude is 19.2 dB, and
in phase is 50.6 degrees for the nominal values of the
parameters of the object and the controller with scatter of
random curves not exceeding 4 dB for amplitude and
15 degrees for phase frequency characteristics.

Bode Diagram
50 :

o

Magnitude (dB)

=50

Phase (deg)
8

-270

-360 L L
102 10° 102 10*
Frequency (rad/s)

Fig. 3. Open-loop Bode diagram

Checking the operation of the circuit, which is
shown in Fig. 1, was carried out in the Multisim
package. Its modeling was carried out with random
variations in the resistances of resistors and capacitances
of capacitors of the specified accuracy. A constant
voltage of 1 V and a harmonic signal with a frequency
of 20, 50, 5000 Hz and an amplitude of 0.5 V were
applied to the input of the circuit, which approximated
the limit values of interference during the operation of
the controller in the flux-linkage control system (for
example, sensor noise, contacts in connectors,
electromagnetic fields, interference with the frequency
of the supply network, etc.). The voltage filtered by the
controller was recorded at the output of the circuit.
Recording of these wvoltages was carried out
continuously with a multimeter (Fig. 4).

As expected, the electrical circuit of the
H,-suboptimal robust controller provides high-
precision noise suppression. In this case, both with
accurate and with rounded values of resistances and
capacitances, the same voltage value of 11.8 V is set at
the output, regardless of the frequency of the
interference at the input. This voltage is approximately
an order of magnitude less than the steady-state value
calculated by Eq. (3) at p = 0, because at the output
from the circuit it is always determined with an
accuracy to a constant factor.

uyv
10
§
0 0.1 0.2 0.3 04 0.5 ts
a
uv
10
5
/—\_WM_/

0 0.1 0.2 0.3 0.4 05 ts
b
uv|
10
5
0 0.1 0.2 0.3 0.4 05 ts

C

Fig. 4. Dependence of voltage U at the input (sinusoidal line)
and output (straight line) on time #:
a—20 Hz; b —50 Hz; ¢ — 5000 Hz

Conclusions.

1. For the first time, analytical dependences of the
ladder RC function coefficients on the resistances of the
resistors and capacitances of the capacitors of the
H.-suboptimal robust controller's circuit diagram were
obtained, which allow, together with the control object
within the ranges of the specified boundaries of the
change in the undefined parameters of the object, the
resistances and capacitances of the controller, to carry out
calculations and analysis of stability of the stabilizing
flux-linkage system and the selection on this basis of
resistors and capacitors of the circuit from the series of
preferred values, taking into account the margin of
tolerances.

2.Based on the calculation and analysis of the
stability of the robust flux-linkage control system and
the obtained analytical expressions describing the
relationship between the coefficients of the transfer
function of the robust controller and the resistances of
the resistors and capacitances of the capacitors of the
electrical circuit of the controller, the limiting values
of the tolerances for the selection of resistors and
capacitors of the circuit from the preferred series,
identified by a specific example.

3. The analysis of the filtering of sinusoidal signals of
various frequencies by the electric circuit of the regulator
in the Multisim package carried out using the same
example, taking into account the selected limit values of
the tolerances of resistors and capacitors, shows its
insensitivity to these signals.
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YIPABJEHUE KOOPJIMHATAMM BEHTUJIBHOI'O 2JEKTPOIIPUBOJIA
MEXAHU3MOB IOJJIAYN ABTOMATHU3UPOBAHHOI'O CBAPOUHOI'O
OBOPYJIOBAHMSI

Jocniosycenns nokazanu, uio UKOPUCMAHHA CIMAHOAPMHO20 HANAUWIMYEAHHA KOHHYPY WIEUOKOCII HA CUMEMPUYHUIL Onmu-
MYM cucmemu KepysaHHs MexXanizmom nooaui agmomamu306anoo 36aploeansiozo 001a0HaAHHA 3a0e3neuye uacmomy iMnynsc-
HoI nooaui enekmpoonozo opomy 0o 60 I'y ma nokpawenna axkocmi 3eéapnux 3'conans. Ha ocnogi konyenyii 360pomuux 3aday
OUHAMIKU 6 NOEOHAHHI 3 MIHIMI3AUicl0 QYHKUIOHANY MUMMEEO20 3HAYUEHHA KIHEMUYHOI eHepezil CUHME306aHO pezyiAmop
WeUOKOCHI, W0 003601uUN0 nidsuwyumu wacmomy imnynscie 0o 100 I'y npu éionpayiosanni HeodOXiOH020 NiNIlIHO20 nepemiuien-
Ha opomy. Ile icmomno pozutuproc moxcnueocmi 3eapiosanna i nannasenenns. Cucmema KepysanHHua mexanizmom nooayi opomy
peanizoeana Ha 0CHOBL 0e3pedyKNOPHO20 6eHMUNILHOZ0 eleKmponpugoda. bion. 16, puc. 6.

Knrouogi crosa: BeHTHIbHMIA €J1eKTPONPHBO/, CHCTeMa aBTOMATHYHOI0 KepyBaHHsI, HAJAIITYBAHHS PeryJsiTopiB, MexaHi3m
iMIyJibCHOY moaayvi 1poTy, 3BaploBaJibHe 00J1aJHAHHS.

Hccnedosanus noxazanu, 4mo ucnonp3oeanue CMaHOGPMHON HACMPOUKU KOHMYPA CKOPOCMU HA CUMMEMPUYHbBLI ORMUMYM CUC-
membl yRpasienus Mexanuzmom nooauu agmoMamu3upo6anHozo c6apoUHoz0 06opyo08anus odecneuusaem Yacmomy umnyibcHoll
nooauu Inekmpoonoil npogonoxku 0o 60 I'y u ynyuwenue kauecmea ceapuwix coeounenuil. Ha ocnose konyenyuu oopamusix 3a0au
OUHAMUKU 6 COeOUHEHUU ¢ MUHUMU3AUUEl GYHKUYUOHAIA MCHOBCHHO20 3HAYEHUS KUHEMUYECKOU IHEPeUU CUHME3UPOBAH Pezyiis-
mop cKopocmu, Ymo no3601UN0 NOGbICUMb Yacmomy umnyavcog 0o 100 I'y npu ompadomke mpedyemozo nuneinoz0 nepemenienus
npPO6ONIOKU. IMO Cyuiecmeenno pacuiupaem 603MoNCHOCINU IJIeKMpPooy2060il céapku u Hannaeku. Cucmema ynpasgnenus mexanus-

MOM ROOAUU NPOBOTIOKU PEAIU308AHA HA OCHOBE Be3PeOYKMOPHO20 6eHMUNLHO20 INeKmponpueoda. bubin. 16, puc. 6.

Knrouesvie cnosa:

BEHTHJIbHBIH JJEKTPONIPUBO, CHCTEMa aBTOMATH4YE€CKOI0 YIIpaBJICHUS, HachOﬁKa peryjasaTopos,

MeXaHU3M HMIYJIbCHOI 01241 MPOBOJIOKH, CBAPOYHOE 000pY/I0BaHHeE.

BBenenune. MexaHu3upoBaHHasE U aBTOMAaTHYECKAs,
SIEKTPOAYTOBasi CBapKa M HAIJIaBKa C HCHOJIB30BAHUEM
3JIEKTPOJHON MPOBOJIOKH MTOCTOSIHHO COBEPIIEHCTBYETCS
Ha OCHOBE TEXHHYECKHX M TEXHOJOTMYECKHX HOBOBBEJE-
Huit [1, 2]. OgHKM U3 HampaBiIeHUH yIydlIeHHs MoKa3a-
TeJIel KauecTBa CBAapKHU W HAIUIaBKU SABJIACTCA IMPUMEHEC-
HUEC HWMIIYJbCHBIX METOHOB BO3]1€I710TBHH Ha JJ,yFOBOﬁ
IIPOLECC, KOTOPBIE OCYLIECTBISIOTCS KaK 3a CUET MCTOY-
HUKa CBApOYHOIO TOKa [3, 4] Tak U UMITyJIbCHOU MOAAYU
SJIEKTPOAHON MPOBOJIOKU [5, 6]. AKTyaJbHOCTb MOHCKA
TEXHUYECKUX PEIIeHNH, 00eCIeUnBaIONINX YBEIHICHUS
YaCTOTHI MMITYJTECOB ITOJIa4H MTPOBOJIOKH BhIme 60 'y s
TpeOyeMoro Anana3oHa JTMHEWHOTO TIEPEMEIICHUS 32 UM-
IyJC, OOYCJIOBJICHA 3a/Jadyell TOBBIIICHUS ITOKa3aTelneit
KadecTBa CBapKW W HaruiaBku [7]. OOHMM W3 OCHOBHBIX
HaIpaBJICHUH COBEPIIEHCTBOBAHMS TEXHOJIOTUH CBAPKH H
HaIlJIaBKU C MMITYJIbCHOM TMOJavyeil 3JIEKTPOJHON MpOBO-
JIOKH SIBJIICTCS TMPUMEHEHHUE OBICTPOACHCTBYIONUX Oe3-
PEAYKTOPHBIX KOMIBIOTECPHU30BAHHBIX J3JICKTPONPHUBOIOB
Ha OCHOBE BEHTWJIBHBIX JJIEKTpoBHUrareneii. B pabore Ha
OCHOBAaHMM KOHIIETIIIMM OOpaTHBIX 3aja4 IMHAMHKH
(KO3) B coeawHEHWH C MHHAMU3AIMCH JIOKAJTBHBIX
(YHKIIMOHATIOB MTHOBEHHBIX 3HAYEHWI SHEPTUil BBITION-
HEH CHHTE3 CHUCTEMBI YIIPaBICHHUS WMIYJIbCHON MOmayun
AIEKTPOJHOHN MPOBOJIOKH C BEHTIIBHBIM SJIEKTPOIIPHBO-
nom (BOIT). Ha ocHOBaHMHM KOMITBIOTEPHOT'O MOJIEITHPO-
BaHUS AMHAMHYECKUX IPOIIECCOB CHCTEMBI C ITOMOIIBIO
MATLAB/ Simulink mony4eHsl yI0OBIETBOPUTEIbHbIC
pe3yibTaThl pabOThl, B YACTHOCTH, OBICTPOJCHCTBUS
CTOJIb HeO6XOIlI/IMOFO JJId TIOJIYYCHUSA UMITYJIBCOB JIBH-
JKEHHUsI 3JIEKTPOJHOM MPOBOJIOKU ISl YIIPaBIIEHUS Iepe-
HOCOM Kallellb 3JIEKTPOAHOIO METajula B YNpPaBIsiEMOM
peXUME B CBapOYHYIO BaHHY. [IpoBeiéH CpaBHUTEIBHBIN
aHaN3 Pe3yNbTAaTOB PabdOTHI C CHCTEMOH yIpaBICHUS Ha
OCHOBE CTaHAApTHOW HACTPOMKHU PEryJsITOPOB.

Oco0eHHOCTH YNpaBJIeHUS] MEeXaHU3MaAMHU NOAa-
yun mnpoBoJiokn ocHoBe BIII. IlepcrnekTUBHOCTH
HamnpaBJeHUS OOYCIIOBIIEHA YIIPABICHUEM IEPEHOCOM

AIIEKTPOIHOTO METAJIa W CBS3aHHBIX C HUM CIIEAYIOIINX
OCHOBHBIX IIPEUMYyIIIeCTB Ipouecca [8]:

® BO3MOXXHOCTH CYIIECTBEHHOTO VIIyYIICHUS CTPYK-
TypBI METaJUIa IIBa ¥ HAIUIABJICHHOTO CIIOS;

e peanM3anysl 3a/1a4d yrpasjeHue GopMol CBapHOTO
COCAUHCHUA, BEJIMYUHON YCUJICHU U NIPOIJIaBJICHUS

® CHIDKEHHE SHEPro- U Pecypco3arpar.

Peanuzanus mpouecca ynpapiasieMOW HMITYJIBCHOM
MOJJAYM MOXKET OCYIICCTBIIATHCS HECKOIBKAMU CIIOCOOAMHU
C IPUMEHEHHEM pa3HBIX CUCTeM. B mocienHee BpeMs Hau-
Oolee paroHaIBHBIM TEXHIYECKAM PEIICHHEM JUIS TIOJy-
YEeHUS PETYIUPYyEeMO UMITYIIbCHOM MOJa4uH SBISICTCS TIPH-
MCHEHHE MEXaHH3MOB IMOJa4l Ha OCHOBE BEHTUIBHBIX
AJIEKTPOABUTaTENeH CIIeIUaILHON Pa3padOTKU ¢ OOBIYHBIM
6e3peyKTOPHBIM MEXaHH3MOM POJIMKOBBIM JIBIDKUTENICH U
KOMITBIOTEPH30BAaHHOW CHCTEMOM yrpaBieHus [9].

HccnenoBanne XapakTepUCTHK Ipoliecca CBapKH C
MPUMEHCHUCM BCEHTUJIBHOI'O JJICKTpONpHUBOAa CO CTaH-
JAPTHBIMU HACTPOWKAMHU PETYIISTOPOB TO3BOIHIIO OIpe-
JIEJIATh, YTO YacTOTa UMITYJIbCHOM MMOJa4YH C ONPEACIEH-
HBIM IIarOM TIEPEMEHICHHS DJICKTPOJHOW IMPOBOJIOKH B
3HAYUTEIBHON Mepe BIHUSET HA Pe3yNbTaThl CBapKH Ha-
TUTABKH TPAKTUYECKHU 10 BCeM IMoKaszarelsM. s mpume-
pa, yactuuHO ormcaHHoro B [10], Ha puc. 1 mpencrasie-
HBbl MHUKpPOLUTU(BI MONEPEYHBIX Pa3pe30B BaIUKOB, BbI-
MOJTHEHHBIX HA JICTHPOBAHHBIX CTAISIX MPH Pa3THIHBIX
9acTOTaX MOJA9X HJIEKTPOIHON IPOBOJIOKH.

AHanu3 MUKpouuI(oB TOKa3bIBAeT, YTO NPH HM-
MyJIbCHOM I0Jlaue PEe3KO CHHIKAETCS POCT KPHUCTAJUIOB,
YBCJIMYUBACTCA HUX AC30OPUCHTALUA, YTO BeﬂéT K IIOBBI-
IICHUIO TPOYHOCTH W MU3HOCOCTOMKOCTH HAILIABJISIEMOTO
WM cBapuBaeMoro uzgenus [11].

W3 pe3ynbTaToB HUKIA MPOBEICHHBIX HCCIIEIOBA-
HUH, OYEBHUJHO, YTO MEXaHHM3M IOAAYU BIEKTPOAHOU
MIPOBOJIOKH JOJDKEH MMETh IMUPOKUH Hama3oH 4YacTOT
MIOJIA9H IIEKTPOIHON POBOJIOKH.
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Puc. 1. MukpocTpyKkTypbl HaruiaBieHHbIX BannkoB (X200) npu yactoTax uMiyibcHo momaun: a — 0; 6 — 28 I'u; 6 — 45 T

Llesab padoThI COCTOUT B MOBBIIIEHUN Ka4eCcTBa pa-
00THl MeXaHM3Ma NOAAYM AIIEKTPOJHOH MPOBOJIOKH JUIS
yIY4IIeHUs] XapaKTePUCTHK JYyroBOIO Mpolecca IyTeM
pa3paboTKM METOJUKH HACTPOWKH peryssiTopa Uil yBe-
JYeHnst OBICTPOAEHCTBUSI KOHTypa CKOPOCTH 3JIEKTPO-
TIPHUBOJA OAAYH.

[Tpumenenne cranaapTHbIX HacTpoek BOII mexanu-
3UPOBAHHOTO M aBTOMATHYECKOTO CBAPOYHOTO 000pyHO-
BaHUS O0€cIleurnBaeT YacTOTy HEUCKaKEHHOW Tomayn
JIEKTPOJHOM NMPOBOJIOKH B MMITYJIbCHOM PEXUME pabOThI
no 60 I'm. YBenuueHHe 4acTOTHI MOAAYHM MPOBOJIOKH TI0-
3BOJISIET MOBBICHTH TOKA3aTeIN KayeCcTBa CBAPHBIX H3Jle-
I — (OPMUpPOBaHHE CBAPHOIO COEIUHEHHMS, CHIIKEHHE
MOTEPh 3JIEKTPOAHOIO METaJUIa, MOBBIILICHHE MEXaHhye-
CKHUX CBOMCTB CBapPHOT'O COEIMHEHHSI.

MaremaTHueckasi MOJeJb CHCTeMbl YIIPABJICHUS
BOII. Ilpu uccremoBaHWH CUCTEMBI aBTOMATHYECKOTO
ynpasneanst (CAY) mopmaueil 37IeKTpOAHON HPOBOJIOKH
BEHTWJIBHBIN 3JIEKTPOJIBUTATENIb OITUCHIBACTCS MaTeMaTH-
YECKOM MOJIENbI0 MAIIMHBI IIOCTOSIHHOTO TOKa C HE3aBH-
cuMbIM Bo3OyxaenueM [15, 16]. Crangaptaas CAY ume-
€T IBYXKOHTYPHYIO CTPYKTYpY CHCTEMBI IOJYMHEHHOTO
peryJMpoBaHus, COCTOSIIYIO W3 BHYTPEHHEro KOHTypa
peryiupoBaHus TOKa ¢ peneiHbM perynsatopoM PPT u
BHEITHETO KOHTypa peryiupoBaHust ckopoctu c II-
peryJsiTopoM, ITOKa3aHHYI0 Ha puc. 2. JlnHamudeckue
npoueccsl B CAY onuchIBaroTCs CIEAyHOIENH CUCTEMOIT
YpaBHEHUA:

M-My=J p o
__w-B
SRy (Tpep+l)
y_ UKD Ky
Ry (T,-p+1)’
E =cF-o;
M =cF-I,
I*=(0*-K, ) Ky,

rae @, @ — 3aIaHHe CKOPOCTH M CKOPOCTh BPAILICHHS
JIIBUTATEIIS; I*, I — 3a1aHMe KOHTYpa TOKa U TOK JBUraTe-
151, M — 3NeKTpOMarHuTHBI MOMEHT 3JIEKTPOJBUTrATENLs;
M, — MOMEHT COIIPOTHBIICHHS Ha Bajly 3JEKTPOJIBHUraTe-
ns1; U — BBIXOJHOE HANpsDKEHHE CHIIOBOTO MpeoOpas3oBa-
tensd; E — OJIC anextponsurarens; K, — koapduuuent
yeunenus Il-perynstopa ckopocty; Ky — Koaddunment
riepeiayd CHIOBOTO npeobOpasoBatens; 1, — MOCTOSTHHAS
BpeMeHH npeodpazoBarens; K, K, — ko3 puumeHTs 0o-
PaTHBIX CBA3EH IO TOKY M CKOPOCTH; R, — NMHEHHOE aK-
TUBHOE CONPOTHBIICHHE BJICKTPOIBHUIATENSI B HAarpeTOM
COCTOSIHUHM; T;— MOCTOsIHHAs BpEMEHH (hasbl SIIEKTPOBH-
rarens; cF — kodpduumeHT Bo30yKICHUS dIEKTPOIBUTA-
Tens; J — CyMMapHbIi MOMEHT MHEPLUH, IPUBEACHHBIN K
BaJly JIEKTPOJBHTATeNs; p — oneparop Jlamnaca.

OneKkTpoABUTATENH
A s g
N Romyproma . . o — |
II-perynstop E PPT U E f E X _ E
w * 1 K , 1 1 1 M 1 a)
Ko oo O oHop 2 O ol o O [

! T,p+1 ! R(T;pt1) ! P !
- | - (PR i e 4

| |

: K, :
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Puc. 2. CprKTypHaS{ CX€Ma CUCTEMBI aBTOMATUYCCKOT'O YIIPABJICHUS CKOPOCTHIO BEHTUIIBHOI'O 3JICKTPONIPUBOJAA IOJa4U ITPOBOJIOKHU

CuHTe3 3aK0HA ynpaBieHus ckopoctsio BOII me-
TOJAOM OOPATHBIX 3aJa4 JAMHAMHKH. AHAIH3 METO/IOB
CHHTE3a 3aMKHYTBIX CHCTEM YIPABICHHS MOKa3all, 4TO

WCTOJIb30BaHUE HECTAHJIAPTHOTO AITOPUTMA YIIPABICHMUS,
cuntesupoBanHoro Ha KO3]l B coequHeHnN ¢ MUHUMM3A-
IUEH JIOKATBHBIX (DYHKIOHAJIOB MTHOBCHHBIX 3HAYCHUIA
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SHEPIUi, MO3BOJISIET IIOBBICUTH KAyeCTBO YIPABICHUS U
YacTOTy IMOJa4yM IPOBOJIOKU. 3aKOHBI YIpaBJieHHs Ha OC-
HoBanmu KO3/] obecneunBaloT Takke cIadylO IyBCTBHU-
TENBFHOCTh K TapaMETPHYECKUM W KOOPIHMHATHBIM BO3MY-
IICHUSAM, OCYIIECTBIISIOT TUHAMHYECKYIO JIEKOMITO3HITHIO
B3aMMOCBSI3aHHOW CHCTEMBI W TPOCTHI U peaTn3allvy,
TaKk Kak He coepxar onepauuii guddepeHupoBaHus
[12-14]. ITpenMy1iecTBOM METOIa CHHTE3a SIBJIAETCS OTIpe-
JieJIeHHe 3aKOHOB YIpaBJieHHs1 0€3 TPaaUIMOHHOTO pellie-
HUA OHTHMHSaIJ,PIOHHOﬁ 3a1a4u. 3aKoHBI Yy1ipaBJiCHUsA OIl-
peneNAoTCs BUIOM TU(PPEPEHIHATBHOTO YPaBHEHUS 00b-
eKTa U BUAOM I depeHIMaIFHOT0 YpaBHEHHUS, C TIOMO-
LIBI0 KOTOPOT'O 33/1a€TCsI )KEJIAEMOE Ka4eCTBO IIEPEXOJHOTO
Tpoliecca 3aMKHYTOTO KOHTYpa YIpaBJIeHHSI.

CornacHO puc. 2 KOHTYp CKOPOCTH COCTOHT W3 OITH-
MHU3HPOBAHHOTO BHYTPEHHETO KOHTypa TOKa M HHTETPH-
PYIOILIETO 3BeHA, MPEICTABILIOIETO MIEKTPOMEXaHIIECKYIO
4acTh 3JEKTponprBoza. Ha BXox KOHTypa mocTymnaer cur-
HaJ 3amaHus ckopoctr o *. [lpu pa3paboTke 3aKOHA yIIpaB-
JICHUsl PEryJsiTopa CKOPOCTH HE YYWTHIBAETCS MHEPLHOH-
HOCTh ONTUMH3HPOBAHHOTO KOHTYypa TOKa B BHJIE MOJEIH
areproMIEcKOro 3BeHa 1-To mopsaKa ¢ MaJloi OCTOSIHHOM
BpemeHn 7. OnHaKo Iociie 3aBepIeHNs] CHHTE3a IPON3BO-
JIATCS aHAIN3 €€ BIMSHUC Ha IMOKA3aTeNld KadecTBa YIpaB-
nenus. [locie Takux NOMyIeHHH 00bEKT YIIPABICHHS Pery-
JSITOpa CKOPOCTH OIHCHIBACTCA CIIEMyOmmM TrddeperHtm-
AIBHBIM YPaBHEHHEM TIEPBOTO MOPSAKA
i] *, (1)

Jns o6bekTa mepBoro mopsjaka (1) mopsaok ypas-
HEHHSl JKEeJIaeMOro KadecTBa YIPABJIECHUS CKOPOCTHIO
TaKXKe MPUHUMACTCS PaBHBIM CIUHUIIC

Z+opz=0gw* 2)

a):

¢ obecrieyeHreM acTaTu3Ma IIepBOTro NMOPAIKa M 3alaHHON

JOGPOTHOCTBIO TI0 CKOPOCTH PaBHOM
£

Dy =0y 3)

TpeOyemast [JUIMTENBHOCTD 1, AlIEPUOIUYECKOTO Tie-
PEXOJHOro Tpolecca CKOPOCTH 33JaeTcs C MOMOUIBIO
€IMHCTBEHHOT0 KO3 PHIINEeHTa ypaBHEHHS (2)

t m = 3/ Qg .

HeoOxoquMo HalTH yHpaBisiollyto (YHKIUIO pery-
JIATOpa CKOPOCTH [*, yTOOBI Ka4eCTBO YIPABICHUS CKOPO-
CTBIO (» TIPHOJTIKAJIOCH K YKENaeMOMY, 3aJJaHHOMY ypaBHe-
HueM (2). CreneHb NpUONMKEHUS] peabHOTO Ipolecca K
JKEJIaeMOMY OLICHHWBaeTCsl (DYHKIMOHAIOM, KOTOPBIA Xa-
paKTepu3yeT HOPMHPOBAaHHYIO 110 MOMEHTY WHEPLIUH
SHEPTHIO NIEPBOI MPON3BOAHON KHHETHIECKOH SHEPTUHI

G(I*) = %[Z'(t) —a(t, %) “4)
Munumu3anys (QyHKIHOHANIA OCYLIECTBIISETCS MO
IpaIMeHTHOMY 3aKOHY TIEPBOTO MOPSIIKa
dl*(t) dG(I*)
dt “ o drx
rae A,>0 — KoHcTaHTa.
[powmsBomuas ¢pyHkImoHaNa ¢ yaeroM (1) u (2) paBHa
sk
a6t ):i-(z'—cb). (6)
dl* J

ITocne moxacranoBku (6) B (5) HaxoAWTCA 3aKOH

YIPaBJICHUS] CKOPOCTHIO

1#(1) = ko(z - @), ()

) )

rne k, = cF-A,/J— kK03 OUINEHT yCHUIICHHS PETYNISTOpa
CKOpPOCTH.

[Tepemennas z B (7) urpaer pojb TpeOyeMOro ycko-
peHMs, KOTOpOe ONpeAesseTcs B pealbHOM BPEMEHHU M3
YpaBHEHHs >KelIaeMoro KadecTBa (2) MyTeM 3aMbIKaHUsS
00paTHOM CBSI3BIO 110 CKOPOCTHU Z=@

z=0ay (0*-w). ()
3aKOH yNpaBJIEHUs] CKOPOCTHIO IIPUHUMAET OKOHYA-
TeTIBHBIA BHUJA TIOCIE HWHTETPUPOBAHUS OOEMX dYacTel
ypaBHeHUs (7) ¢ yueToM (8)
1*()=ky (- 0);

z= aoj(a) *_@)d. ©)

CrpyKTypHas cXxema peryjsTopa CKOpPOCTH, MOCTPO-
eHHas Ha ocHoBaHuH (9), Moka3aHa Ha puc. 3.

L-» ey ke
V4

@

Puc. 3. CtpykTypHas cxema peryjsaropa CKOpoCcTH

Perynstop ckopocTH cOAEPKUT TOJIBKO MapaMeTp o
JKEJIaeMOT0 3aKOHA YIIPAaBIICHHUS M HE CONCPKUT IapameT-
POB 00BEKTa YIpaBICHHS, YTO XapaKTEPHO UL KIacCh-
YEeCKHUX 3aKOHOB YIPaBJICHUS.

YpaBHEHHE 3aMKHYTOTO KOHTYPa CKOPOCTH

. cF . CF F
a)+07'ka;'a)+07'ka)'0!0'a)zc7'kw'ao'w*s(lo)

MOJIY4EHHOE I0CiIe TOACTAaHOBKH B ypaBHEHHE 00beKTa
(1) 3akoHa ynpasneHus (9), IOKa3bIBAET, YTO 3aMKHYTas
cucreMa (10) sBIsIeTCS YCTOWIMBOH HaXke IPU HEOTPaHU-
YEHHOM YBEJIWYCHUH KO0d()(HLIMEHTa YCHICHHS peryJis-
TOopa ckopocTtH k,—co0. COTIacHO KPUTEPHUIO yCTOWUIMBO-
ctu ['ypBuna xo3ddurnmentsr ypasaenus (10) sBusroTcs
HOJIOKHUTETBHBIMH

F F
CTka)>0’ c7'kw‘050>0.

BaxHolt 3anmadeil siBisieTCsl oNpeiesieHUE CBOMCTB

KOHTYpPa CKOPOCTHU IPU KOHEYHBIX 3HAYCHHUIX K03duiu-
€HTa ycuwieHusa peryisaropa. CoriacHo nepegaToyHon
(hYHKIIMH Pa30MKHYTOTO KOHTYPa CKOPOCTH, TTOIYYCHHOU
Ha ocHoBaHuH (10)
W(p)= cFky-aylJ
P p~(p+cF'kw/J)’
KOHTYpP CKOPOCTH 00JlafaeT 3aJaHHBIM acTaTH3MOM IIep-
BOTO TOPS/IKA, @ TAKXKE TOOPOTHOCTHIO IO CKOPOCTH PaB-
HO¥ 3amanHOH (3)

an

D, =D, =a. (12)

D10 00ecreunBaeT CTENEeHb MPUOIIKEHUS PeaTbHO-
ro MEePEXOAHOr0 Mpolecca CKOPOCTH K KEJTaeMOMY Mpo-
1eccy, 3aaanHoMy (2), mpu yMepeHHbIX Ko3dduimenrax
YCHIJIEHUSI PETYJIITOPA CKOPOCTH K.

OreHka BIMSHASL HEYYTEHHOW WHEPIIMOHHOCTH KOH-
Typa TOKa ¢ MaJlo¥ MOCTOSHHOM BpeMeHH 7| Ha JUHAMU-
YECKHE CBOMCTBA KOHTYpPa CKOPOCTH OCYIIECTBIIIETCS C
MTOMOIIBI0 XaPaKTEPUCTHICCKOTO YPaBHEHUS 3aMKHYTOU
CHCTEMBI, TOTy4eHHOTro aHanorugHo (10)
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Ty p + Ty p* +ky ptky-ag=0,  (13)
rne Ty =J/ cF — nocrosiHHast BpeMeHH 00BEKTa YIIPABJICHUS.
Jist  ycTOWYMBOCTH KOHTYpa CKOPOCTH COTJIACHO
(13) tpebyercs BemonHeHNE yeinoBus oy<(l / T}). Takum
00pa3oM, MHEPIMOHHOCTh KOHTypa TOKa OTPaHUYMBACT
XKeJraeMoe OBICTPOJCHCTBHE KOHTYpa CKOPOCTH.
HccaenoBanue cuctemsl ynpapiaenust BIII. Hc-
CJICIOBAHUSI TPOBEAEHBI ITyTEM MOJEIUPOBAHUS B MPO-
rpammHoM Komiuiekce MATLAB/Simulink. [{ist oneHku
3¢ PEeKTUBHOCTH pabOThI CHCTEMBI YNPABJIECHHS CKOpPO-
CTBbIO BECHTUJIBHOI'O JJICKTPONPHBOAA MEXaHW3Ma MOoAavdu
IIPOBOJIOKH TIPOBEACH CPAaBHUTEIIbHBINA aHAIU3 PE3yJIbTa-
TOB MOJICJIMPOBAHMS NPEUIOKEHHONH CHCTEMBI C peryJs-
topoMm (9) u CAY c II-perynstopoM cKopocTu. 3HAYCHUE
kodddumenta ycunenuns Il-perynaropa K, = 8,75 nomy-

1

YEeHO NPH HACTPOWKE KOHTYpa CKOPOCTH Ha arepuojde-
ckuii mpouecc. [Ipy MonmenmupoBaHWM JABYXKOHTYPHOU
CAY TpuHATH CcHenyroIIde 3HAYCHHS MapaMeTpOB
cTpykrypHoii cxemsl: Ty = 0,5 mc; R, = 0,9 Owm;
cF=1B-c;J=0,001 kr-m* K, = 1,94; K, = 0,25. Koutyp
TOKa, Ka)XJOH M3 paccMaTpHBaeMbIX CHCTEM, COAEPKHUT
PPT c 3onoii HeuyBcTBHTenbHOCTH 0,5 B. Bennumnna Ha-
NPSOKEHUsI Ha BBIXOJIE CHJIOBOTO IIpeoOpa3oBaTeis co-
crasiser U =24 B.

PesynbTaTsl MOLENMpOBaHUs KOHTYPA TOKA IPU CH-
HYCOHMJIAIbHOM CHUTHaJe 3ajaHus ¢ yactortod 100 'y nns
NPUHSTBIX HACTPOEK IPEACTaBIeHBl Ha puc. 4. AHanu3
Pe3yJIbTaToOB MOJIEIMPOBAHMS KOHTYpa TOKA JUIs CHI'Haa
3a7aHust [* OKa3bIBaeT YAOBICTBOPUTEIBHYIO THHAMUKY
€ro OTpadOTKH.
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Puc. 4. Pe3ynbTaTsl MOAETHPOBAHHS IIEPEXOHBIX MPOIECCOB KOHTYPA TOKA CHCTEMBI

Pesynbrarsl MoOEIMpOBaHKs NEPEXOAHBIX IIPOLIECCOB
00€eHx CHCTeM IPH CKaYKOOOPa3HOM CHUTHAJIE 33 JaHHS IIpel-
CTaBJIEHBI HA pUC. 5. KpuBble @ COOTBETCTBYIOT CHCTEME C
perymsitopom (9), a @, — cuctreme ¢ [I-perymsitopom. Cpas-
HUTENBHBIA aHAIN3 TPa(UKOB IEPEXOAHBIX IIPOIECCOB
ckopoctu cucteM (puc. 5,a nipu o = 500; puc. 5,6 mpu
oy = 1700) monTBep)IaeT 3aBUCHMOCTh BpEMEHH Iepe-
XOZHOTO TIPOIIecca OT BENIWYMHBI Mapamerpa oo. YBEIH-

*
W, Wi, Wy
r

YeHHE JTOr0 IapamMerpa IpH IOCTOSHHOM 3HAa4YE€HHH
k, = 100 cokpamiaer Bpems IepexoaHOro mporiecca. [1o
pe3ysbTaTaM MOJEIUPOBAHUS JUIS alepUOANYEecCKON Ha-
CTPOWKHN KOHTYpa CKOPOCTH ONpeIeNieHO MaKCHMalIbHOE
3HadYeHne mapamerpa ay = 1700. C yBenmudeHueM 3Hade-
HHUS 3TOTO TapaMeTpa MpU CKavKe 3aJaHUs CKOPOCTH B
CHCTEME TIOSIBIIIETCS TIepepeTyIUPOBAHHE.

0.006
fs

0.004 0.008

a

-0
ag1 0

Q.002 0.004 0.006 0.008 0.1

ts

0

Puc. 5. PeSyJ’ILTaTLI MOJACIIUPOBAHUSA NEPEXOAHBIX IPOLECCOB CUCTEM IIPU CKAYKE CUTHAJIA 3aJIlaHUs

Pe3ynpTaThl MOAENMPOBAHUS MEPEXOIHBIX MPOLEC-
COB CHCTeM Ipu ()OPMHUPOBAHUU CHTHAJIA 3aJaHUS B BUIE
HPAMOYTOJIBHBIX UMITYJIbCOB JUIMTENBEHOCTBIO £, = 5 MC €
gacToTol cienoBanus ummynscoB 100 ' mpencTaBieHs!
Ha puc. 6. DopMUPOBAHUE CUTHAJIA 3aJJAHUSI CKOPOCTH (*
B BUAC NPAMOYI'OJIbHBIX UMITYJIBCOB JId yCﬂOBI/Iﬁ MOa€C-
JIMPOBaHMS, NPEICTABICHHBIX HA pHUC. 0,a, 00ecreYnBaeT

nepemenieHue L, mpoBosioku (puc. 6,0) Ha 3 MM TIpH arie-
PUOIMYECKON HACTpPOHKE KOHTypa C HCIIOJIb30BAHHEM
KO3/. B cucreme c II-perynaropoM KOHTypa CKOPOCTH
nepemMeieHue L, mpoBoJIoKu (puc. 6,0) COCTaBUIO BCEro
1,8 MM. Pe3ynpTaThl MOAEIMPOBAaHUS MOKA3alIH, YTO MPU
Habpoce Harpy3ku oT 0 1o 5 Hm 11t umimyiibca JiuTesb-
HOCTbIO 4 MC M 4acTOThI cienoBaHusi umnyiabco 100 I'u
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repeMenieHue L MpoBOJIOKH 332 UMITYJIEC H3MEHSJIOCH OT
2,64 Mm po 2,35 mm. Ilepememienne L, MPOBOJIOKH B
CAY c II-perymaropoM CKOPOCTH [UI TeX K€ yCIOBHH
W3MEHEHUsI Harpy3ku coctaBmwio menee 1,4 mm. Ilpu
YBETIMYCHUH  BPEMEHH HUMITyJIkCa B  CHCTEME C
[I-perynsropom ckopoctu 10 8 Mc nepemernienue L, mpo-

N
W, Wi, Wy

30

25

201

0.1 0.12 0.14 0.16 0.18 0.2
fs
a

BOJIOKH 32 UMITYJIbC U3MEHSUIOCH OT 2,2 MM 0 2,8 MM mpHu
YMEHBIIEHUH HAarpy3kd B nuana3zoHe ot 5 Hm no Hymo.
‘VYMeHbIlIeHHEe BEIMYMHBI MOMEHTa WHepuud J B 2 pasa
o3BoJisieT npu Harpyske B 5 HM u qurensHOCTH
UMITyJIbCa 5 MC 00ecreynTh nepeMerieHue L mpoBOIOKU
Ha 2,4 MM.
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Puc. 6. Pe3yHLTaTBI MOJCIMPOBaHUA MEPEXOAHBIX MMPOLECCOB CUCTEM IIPpU CUTHAJIC 3a/laHus B BUJC IIPSIMOYTOJIBHBIX UMITYJILCOB

BbIiBOaBI.

1. Pe3yabTarhl MCCIENOBAaHUS CUCTEMBI C IPEIJIOKEH-
HBIM DPETYISATOPOM CKOPOCTH TOKA3alld, YTO MEXaHH3M
IOJIa4X 3JIEKTPOTHON MPOBOJIOKH oOecrednBaeT Tpedye-
MOe IIMHEHHOE IepeMEIICHNEe IpPU CUTHAJIE 3aJaHHs B
BHJE MPSIMOYTOJIBHBIX UMITYJIBCOB IPH YacTOTE CIIEIO0Ba-
Hust 100 T'm. Pexomenayemast JJIMTENBHOCTh HMITYJIbCa
3a/laHusI CKOPOCTH HE JOJDKHA MPEBHIIIATh 5 MC.

2. UccnenoBanust CHCTEMBI TaKXKe MOKA3alld, YTO IMPH
OIPENICIICHHBIX COOTHOIICHUAX apameTpoB [I-perymstop
CKOPOCTH MOXET 00eCIeYnTh 0TPabOTKY TpeOyeMBIX Tie-
PEMEIIEHHI TTPY YaCTOTE CIICAOBAHKS HMITYIHCOB TOa9H
100 ', HO ¢ XyOIIMMU MTOKa3aTeIsIMH Ka4ecTBa. Y YUTHI-
Bas BO3MOXKHBIA IHAIa30H W3MEHEHHS IapamMeTpoOB CHC-
TEMBI OKOHYATENFHBIN BRIOOP THIA PETYISATOPA U CIIOCO-
0a ero HaCTPOWKH IOJDKEH ONPEAETATHCS TEXHOJIOTHYe-
CKMMH TpeOOBaHUSIMU K TIOKa3aTessiM kadectBa CAY.
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Control of valve electric drive coordinates of automated
welding equipment feed mechanisms.

Goal. Finding ways to improve the quality of operation of the elec-
trode wire feeder in terms of increasing the frequency of undistorted
pulse feed with controlled characteristics, in particular its speed, as
well as developing methods to simplify the adjustment of regulators
of fast-acting electric drive to improve the results of the arc welding
and surfacing process. Methodology. In the work, methods of
analysis of existing technical solutions were used to increase the
speed of operation of electric drives for a specific purpose with the
choice of the most rational solution based on the use of the method
of synthesis of a control system based on the concept of inverse
problems of dynamics with subsequent computer simulation, con-
firming the adequacy of the applied method of synthesis of high-
speed systems. Results. The authors considered the possibilities of
increasing the speed of control systems for gearless computerized
electric drives in a system with modern designs of valve electric
drives for electrode wire feeding systems. A mathematical model of
a rectifier motor has been developed with some assumptions that
significantly influenced the simulation results. The new possibilities
are based on the use of an original synthesis method based on the
use of the concept of the inverse problem of dynamics with the sub-
sequent study of the operation of the automatic control system for
pulse wire feed, which was performed with aperiodic adjustment of
the velocity contour by different methods. This approach made it
possible to obtain the necessary laws of electric drive control with-
out the traditional solution of the optimization problem. The devel-
oped control system for the electrode wire feed with pulsed motion
algorithms provided the required linear movement of the wire at a
pulse repetition rate of 100 Hz. The carried out computer simulation
of the new control system confirmed the results of the study. It was
found that an increase in the pulse time duration over 50 % of the
pulse repetition period for given feed frequencies leads to an in-
crease in the wire movement in the pulse, as well as to a decrease in
the worked out frequency of the wire linear displacement feed. It
was not possible to provide the required wire movement in the im-
pulse feed mode for aperiodic adjustment of the speed loop with a
P-controller for the same system parameters. Originality. The de-
velopment was carried out for a specific application in the electrode
wire feed systems of mechanized and automatic equipment for con-
sumable electrode arc welding with obtaining certain algorithms of
pulse motion. To effectively solve the complex problem of increasing
the frequency of feed pulses with the provision of a displacement
step, an original technique of the concept of inverse dynamic prob-
lems with confirmation of the result by mathematical modeling by
practical results was used. Practical significance. The use of stan-
dard settings of the valve electric drive of mechanized and auto-
matic welding equipment provides the frequency of undistorted
electrode wire feed in the pulse mode of the feed mechanisms up to
50 Hz. New possibilities of settings made it possible to increase the
frequency of wire feed, which makes it possible to raise the quality
indicators of welded products - the formation of a welded joint, a
decrease in electrode metal losses, an increase in the mechanical
properties of a welded joint. References 16, figures 6.

Key words: valve electric drive, automatic control system,
adjustment of regulators, pulse wire feed mechanism, welding
equipment.
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0.0. ITanpunkoB

MMPOBUBHOE HATIPSIKEHUE BO3YIITHBIX BKJIIOYEHWIT MUKPOHHOT O
JIMATIA30HA B KOHJIEHCATOPHOI BYMATE

Ompumana 6 podomi 3a1excHICMb HARPYIHCEHOCIMI eIEKMPUUHO20 NOA NOGIMPA 8I0 006HCUHU PO3PAOHO20 RPOMINCKY 3A006i-
JIbHO NOACHIOE 3HAYEHHA NPOOUGHUX HANDYZ 3PA3KI6 KOHOEHCAMOPHO20 nanepy npu 3mini ix mapok i moswunu. Ilodyoosana
3a1eMHCHICMb RPOOUBHOT HANPYIHCEHOCMI NOGIMPA NPU HOPMANbHUX YM0o6ax 6 diana3oni 1,36...5,54 mxm nHa niocmagi po3paxynky
eeKMPOCMAmMUYHUX NOII6 8 MOOENAX KOHOCHCAMOPHO20 NANEPY 3 CE2MEHMHUMU NONEPeYHUMU NePeMUHAMU YUTIHOPUYHUX
00’emie nogimpa i eéoou. Ilpoeedeno 3icmasnenna ompumanol 3anexcHocmi 3 GiI0OMUMU EKCNEPUMEHMATbHUMU OAHUMU.
Ompumani oani 6 dianazoni 2...5,54 mxkm naiiéinew 6au3vki ekcnepumenmanvhum oanum Ilewo. bion. 11, tabn. 3, puc. 5.
Kniouogi cnosa: enekTpuyHUii Mpoodiid, Moaes b KOHIEHCATOPHOIO Manepy, MiKpOHHHUI NMPOMIKOK, eJIEKTPOCTATHYHE I0Je,
MeTO/l CKiHUeHHHUX eJIeMeHTiB.

Ionyuennan 6 pabome 3a6ucumocms HARPANCEHHOCMU INEKMPUUECKO20 NONIA 8030YXA OM OUHBL PA3PAOHO20 NPOMENCYMKA
Y00671€meopumenbHo 00vACHAEmM 3HAUEHUA NPOOUBHBIX HANPANCCHUL 00PA3Y08 KOHOEHCAMOPHOU Oymazu npu u3MeHeHUuu ux
mapok u monwgunst. Ilocmpoena 3asucumocms npoOUGHOI HANPANICCHHOCIMU 8030YXA NPU HOPMATbHBIX YCI06UAX 6 OUANA3OHE
1,36...5,54 mKkm Ha ochosanuu pacuema INEKMPOCMAMUYECKUX NOJICI 8 MOOENAX KOHOCHCAMOPHOU OyMazu ¢ ce2MeHmMHbIMU
nonepeunvIMU ceueHUAMU YUAUHOPULECKUX 00bem06 8030yxa u 600bl. IIpogedeno conocmagnenue noyueHHOI 3a6UCUMOCHIU C
uzgecmuvimu IKcnepumenmanvnvimu oanunvimu. Ilonyuennsie dannvie ¢ ouanasone 2...5,54 mxm naubonee 6au3ku IKcnepu-
Mmenmansuvim oaunvim Ilewo. butbin. 11, a6 3, puc. 5.

Kniouesvie cnosa: 3jiekTpuyeckuii npodoii, MoJeIb KOHIEHCATOPHON OyMaru, MUKPOHHBIN NPOMEKYTOK, 3J1eKTpocTaTHYe-

CKO€ I10JI¢, METOJ KOHCYHBIX 3JICMCHTOB.

Beenenne. [lpy HapyIieHUM TEXHOJOTHYECKOTO pe-
JKMMa TIPONUTKY (HEIOCTaTOYHOE JIaBJIEHUE TIPU MPOIHUTKE)
B TOJIIMHE KOHICHCATOPHOIH OyMart OCTaroTCs BO3IYIITHBIE
BKJIFOUCHUS, B KOTOPBIX TPH SKCIUTyaTAllH II0T BEICOKAM
HaMpsHKEHHEM BO3HHKAIOT pa3psigpl. [1oaToMy BO3HHKaeT
HEOOXOIMMOCTP BBIITOJHUTH OIIEHKY MPOOWBHOTO HATIPSDKE-
HUSI BO3AYIIHBIX BKITIOYEHHH KOHIEHCATOPHOH OyMaru.

B nmanHO paboTe mpemaraercst OmpeleNieHne Mpo-
6I/IBHOF 0 HaIIpsKECHUA HpOMLILLIJ'leHHOﬁ 4aCTOThbl BO3AyXa B
MHKPOHHOM JIHaIla30HE Ha OCHOBE KOCBEHHBIX OIIEHOK pac-
YECTHBIX 3HaquHﬁ, BBIITOJIHCHHBIX HAa OCHOBAHUHM YMCJICHHO-
T'O MOJICJIMPOBAHUS JIEKTPOCTATHIECKOTO TOJIS B KOHJIEHCa-
TOpHOH OyMmare ¢ BO3IYIIHBIMU BKJIFOUeHHsIMU. KoHneHca-
TOpHasi Oymara SIBISIETCSI TPEXKOMIIOHEHTHBIM AW3JICKTPH-
KOM, COCTOSIIINM W3 IIEJUTFONIO3BI, BO3MyXa M BOABL BrIOOp
TaKOTO IVRJICKTPUKA OCHOBAaH Ha TMPEAIONIOKEHHUH, YTO
M3MCHEHHE TIPOOUBHOTO HATPSDKEHUS MPU M3MEHEHWH TOJ-
IUHBI OOBSCHAETCS Pa3BUTHEM IIOJHOTO MPOOOS JUDIIEK-
TPUKa C YaCTUYHOTO B BO3AyIIHOW obnacth. 1Ipu mpumosxke-
HHUW HCHBITATCIbHOI'O HAIPSHKCHUA JJICKTPUYECKOE T10JI€
pacmpesiessieTcss HepaBHOMEPHO B COOTBETCTBUH C JIHAJIEK-
TPUYECKOH TNPOHUIIAEMOCTBIO M PACIOJIOKEHHUEM KOMIIO-
HeHTOB. Tak 11 paccMaTprBaeMOro M3OJISILIMOHHOTO MaTte-
puaia B BOJE MOJYJb HAlpsHKEHHOCTH 3JIEKTPUYECKOTO
mons (HOII) HauMeHbIMi, a B BO3MyXe HauOonbIIHi. 3a-
TEM TPOBOIMTCS TPOBEPKA BOSMOXKHOCTH TPOOOS ISl yda-
CTKa C TIPAKTHYECKH OJHOPOJHBIM KaK M0 MOIYIIIO, TaK U IO
HarnpasieHrnio Bektopom HOIII. Ecmu mpoBepka ynoBieTBo-
psieTcs, TO 9Ta 00JacTh 3aMEHAeTCS] Ha WACATIBHO TPOBOIS-
ryro. M Bce mOBTOpSIETCSI, TTIOKA pa3psill HE PacCIpOCTPAHUTCS
TI0 BCEil TONIIMHE JIAJICKTPHKA.

O0630p aurtepatypnl. B 1889 r. @punpux [lamen
YCTaHOBUJI, YTO HpO6I/IBH06 Halps>KEHUEC B ra3ax 3aBUCUT
OT MNPOM3BCACHHUA NABJICHWUA r'a3a U paCCTOAHUA MECKIY
asekTpogaMu. JlanpHeHnMe HCCiieIoBaHus  MOKasan
OTKJIOHEHUI OT JJAHHOTO 3aKOHa MOA00MS Ta30BbIX paspsi-
J0B. O030pBI 3KCIIEPUMEHTAIBHBIX HCCIEJOBAHUN ITpO-
0051 BO3/1yXa IIPH HOPMAaIBHOM aTMOC(EPHOM JaBICHUH U

MUKPOHHBIX NPOMEXYTKaxX NpuBeeHsl B [1-3], a HOBel-
mue naHHbie B [4]. B pesynbrare yero ycTaHOBJIEHO, YTO
IIpU HOPMAJIbHOM JABJICHHH JIeBas BETBb 3aBHCHMOCTH
[MTamena magaeT Npu yMEHBIICHUH ITPOU3BEICHUS JaBiie-
HUSI ¥ PACCTOSHUSI MEXIy 3JIEKTPOAaMH, a TAKXKe OIpe-
JIeNIeHa 3aBUCUMOCTh MIPOOMBHOIO HANpPSDKEHUS OT Mare-
puana 31ekTpoaoB. OJHAKO 3KCIEPHUMEHTAIbHBIC TaHHbIC
pa3NUYHBIX aBTOPOB CHJBHO PA3HATCS W HHOIAA Jaxe
MIPOTUBOpPEYAT APYT IPYTY.

Takxe ycTaHOBIEHO, YTO U1 BO3AyXa MpPOOHMBHOE
HalpsDKeHUe He 3aBUCUT OT 4acToThl nipu f = 0...50 'y B
paspsiiHbIX npoMexyTkax a0 600 cm. it Boasl U TBEp-
JIBIX TUAIEKTPUKOB YBEJIIMYEHUE NEKTPHUUECKON MPOUHO-
cTH HaOJlrofaeTcs IPU BPEMEHHM BO3JICHCTBHS HarpspKe-
HUSI COM3MEPHMOTO CO BPEMEHEM IIpOpacTaHMsl KaHasa
paspsima (mms xupkocted — 0,01 MKc mpum TONIIUHAX
10...100 MxMm, nns tBepAbIX AudiekTpukos 0,1 Mkc npu
tommuHe 1 Mm) [5].

BinsiHMEe BO3AYIIHBIX TIOJIOCTEN HA pa3BUTHE pa3ps-
Jla B HOJMMEpE C yU4eTOM pPacHpeeseHHUs dIeKTPOCTaTh-
YEeCKOIo IMOoJI U MEXaHMYEeCKHX HANpsHKeHUH NpoaHalu-
3UpoBaHO B [6], OIHAKO B KayecTBE YCIOBUS NpoOOs
Oepercs 3aBucumMocTs [lamena.

Leabr padoThl — omnpexaeneHre MpoOUBHOTO HaIps-
JKEHMs BO3AYIIHBIX BKJIIOYEHUH MUKPOHHOIO JUAamNa3oHa
B KOH/IEGHCATOPHOW Oymare Ha OCHOBE YHCIICHHO-
MIOJIEBBIX MOJIEINEH 3JIEKTPUIECKOr0 MO C CETMEHTHBIMU
MONIEPEYHBIMA  CEYEHHSIMU  [IMITMHIPUIECKUX 00BEMOB
BO3/lyXa U BOJBI B IIEJIIIOJIO3E.

MaremaTnueckasi Mogesib. OObEMHOE COOTHOILIE-
HHE KOMIIOHEHTOB KOHJICHCATOPHOH Oymaru omnpenenser-
Cs HA OCHOBE YPaBHEHUM:

Vppp(l - y) =Vepe +Vapas
Viwbw = pPpYs

Vp =V +Vy+Vy,

© 0.0. [TanpunkoB
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rae Vy, Ve, Va1 Vyy — 00beMBI OyMary, LEMI0I03bl, BO3-
JyXa ¥ BOJBI COOTBETCTBEHHO; Py, Pc, Pa U Py — ITIOTHOCTH
OyMmaru, IeJUTION03bI, BO3AyXa M BOJABI COOTBETCTBEHHO;
y — OTHOCHUTEIILHOE MacCOBOE€ COJIEP)KAaHUE BOJbI B H30-
JIAUOHHOMN Oymare.

Torna paguyc mnop, couepxaupx Bo3ayX U BOAY, U~
HOW [ ¥ KONM4ecTBOM N B 00beMe LEJUTF0JIO3bI HaXOTUTCS

r=[(Va+ V)(@l-N)]*.

[pumep pacmonoxeHuss 00LEMOB BO3yXa M BOJBI B
nope npusesieH Ha puc. 1. Ilonepeunsle ceueHUs! LMIUHA-
pUYECKHX O0OBEMOB MAaTEpPHAIOB ITOPHI ACJATCS IEHTPAIh-
HBIMH KPHUBOJIMHEHHBIMH TpalelusMH Ha TPU OOJIACTH.
OCHOBBI TakuxX Tpanenui coctaBisiror 20 % OT ATUHBI
JIMHUY pa3iesia BO3AYIIHOW M BOJAHOW Cpea. DTO CIOenaHo
JUIS TOTO, 4TOOBI BBIAEIUTH MOJO0JIACTH C TMPAKTUIECKH
oxHopoaHoM HOIT B BO3MyIITHOM U BOITHOM 001aCTSX.

p——S—¢
Air

o Water o Water

oWatgr

o Cellulose

Puc. 1. ®parment pacueTHoit obmacTu

PacueT »1eKTpHYECKOro HoJIi B MONEPEYHOM cede-
HUM OTHOCHTEJILHO JJIUHBI [ KOHICHCATOPHOW Oymaru ¢
HIMPUHOMN b ¥ TOJIMHOW /i OCHOBBIBAETCS Ha CIEAYIOIINX
i depeHInaNbHBIX ypaBHEHUSX [7], COCTaBICHHBIX LIS
K10l M30TPOITHON 00JIACTH ¢ OTHOCHTENBHON JUAJIEeK-
TPUYECKOH MPOHHULIAEMOCTBIO &:

Vip=0;
E=-Vp;
D= 808E,

€ ¢ — CKaIAPHBIA SIEKTPOCTAaTUYECKUHA IOTEHIMAT;
E — Bextop HOII; D — BexTOp 31EKTPUIECKON MHIYKIIMUU;
&0 — DJIEKTpHUUECKas MOCTOsIHHAS, & = 8,854 102 d/m.

Ha rpammme pasgena OBYX cpell YAOBIETBOPSETCS
YCIIOBHE MTOCTOSHCTBA CKAISPHOTO 3IIEKTPOCTATHIECCKOTO
MTOTEHIMaJIa ¥ YCIOBHE PAaBEHCTBA HOPMAIBHBIX COCTaB-
JISIOIIMX BEKTOPOB ANEKTPHUYECKON MHIAYKIUHU THX Cpel,
MIPUHUMAIOIIEe BU TS JBYX AWAICKTPHKOB WMIIH JH3JICK-
TPHUKa ¥ TIPOBOJIHUKA COOTBETCTBEHHO [7]:

6@1 6(02 =0; ¢ %

Sl — &) —— 1
! 6n12 2 8n12 anlz

=0 .

I7ie € U & — OTHOCUTEIbHBIC TUAJIEKTPUYECKHUE NPOHU-
LaEMOCTH NEPBOM U BTOPOH CPeJ; COOTBETCTBEHHO; M1y —
HOpMaJlb U3 MEPBOIl BO BTOPYIO CpeNy; o — MOBEPXHOCT-
HBIN 3apsi/l Ha TpaHUIE Pa3/elioB IBYX Cpel.

Ha BepxHell W HMXKHEH IJIOCKOCTSX, NEPIECHIUKY-
JSPHBIX TOJIIUHE pacCMaTPUBAaeMOro o0BeMa, 3alaf0TCs
CKaJISIPHBIE DIIEKTPOCTATHYECKHE MOTEHIMAJIBI, DPaBHBIC
10 MOZYJIO TIOJIOBHMHE AMIUIMTYIBl MPOOMBHOTO HAmps-
JKeHHs KOHICHCATOPHOHM Oymarm, ykazaHHble B [8], HO C
pasHbiMK 3Hakamu. OOJacTh pelieHus OrpaHUYMBaeTCs
LIIHHAPUUYECKOH MOBEPXHOCTBIO ¢ paanycoMm 200 MxwM,
mmHo 100 MKM M HyJIEeBbIM TNOTEHIIMAIIOM Ha €e
MIOBEPXHOCTHU.

Jist peanu3anuu cBs3M 3HadeHHs npoomBHOW HOIT
MaTepHualia ¢ ero reoMeTpueil o0acTh, 3aHIMaeMasl Ma-
TepHaioM, pa3OMBacTCs Ha PSJ MOMOONACTEeH MPsSMO-
YTOJbHOW WIIM KPHUBOJIMHEHHO TpaIelUeBUIHON (OPMBI
Tak, 4ToObl Bekropa HOIl OTHENPHBIX WX BIIEMEHTOB
OBUTH TapaJUICITbHBI HAIMPABISAIONIAM BEKTOpPaM ABYX
CTOpPOH mojio0acTeil (Ha3pIBaeMble B JAalbHEHIIEM OOKO-
BEIMH) C 33aJaHHOM TOYHOCTBIO, a 3HAYCHHUA MOIYJIEH
BekTopoB HOII u3MeHsuMch He3HauuTeNnbHO. B nainb-
HeiimeM ycpeansiercs: Bektop HOII no ruromany mono6-
nactu S

EAzéJ.EdS.
S

Torma Momynb TOTYYEHHOTO BeKTOopa OyIeT paBeH
HOpMaJIbHOM €ro COCTaBJISIIOLIEH, ONpeAeNeHHOW st
OCHOBBI Moo0macTu. CieaoBaTenbHO, IPH TAKOM TOIXO0-
e Moxyns BekTopa HOII ompenensier HACTYIUIEHHE TIPO-
0051 B pa3psIHOM TIPOMEKYTKE PaBHOM JJIMHE OOKOBOH
CTOpPOHBI L paccMaTpuBaeMoil Nogo01acTH.

OCHOBHBIC [OMYIIEHUSI MOJEIN: TUIIICKTPUICCKHES
Marepuasbl He 00JIafaloT IMPOBOAMMOCTBIO; 3apsiibl Ha
rpaHuIax UX pasjielia OTCYTCTBYIOT; OOBEMHBIE 3apsiibl B
JTUDIIEKTPUIECKUX MaTepHantax OTCYTCTBYIOT, a HX 00be-
MBI TOJ JICHCTBHEM 3JIEKTPOCTaTHYECKOrO IOJsI HE Me-
HSIIOTCS; W/ICANIbHBIC MPOBOJHUKU C OECKOHEYHO Malon
TONIIIIMHOW — WMCTOYHHUKH 3JIEKTPOCTATHYECKOTO TIOJI;
BpeMsi pa3BUTHs MPo0ost B 00beMe HCCIeayeMbIX o0pas-
1IOB MeHbIe 1 MKC.

YucneHHBIN pacyeTr 3JIeKTPOCTaTUUECKOTO MOJId Me-
TOIOM KOHEYHBIX SJIEMEHTOB PEal30BaH B IIPOTpaMMeE
FEMM.

Teopueir ToyeuHBIX NE(HEKTOB MOXKET OOBSICHATHCS
TOBBIIIICHHE TIPOOWBHOTO HANPSDKEHHWS OyMmMard TIpH
YMEHBIICHUH TOJIIMHBI U YBEJIMYEHUU IUIOTHOCTH B CBSI3H
C TeM, YTO yMEHBIIAIOTCS Ae(EKThI CTPYKTYPhI COOCTBEH-
HO TEJUTIOJNO3BI [9]. ANbTepHATHBHBIM OOBSCHEHHEM MO-
JKET SIBJISATHCS N3BECTHBINA dPQEKT yBeInueHUs: NPOOUBHO-
ro HanpsXCHUSA TOHKUX o6pa3u013 OIHOKOMIIOHEHTHBIX
M30JLIIMOHHBIX MaTepuayioB. B Hammem ciydae rumoresa,
YTO C YMEHBIICHHEM TOJIIMHBI KOH/ICHCATOPHOU Oymaru
YMEHBIIIAIOTCSl 00JIaCTH, 3aHATHIE LEIJUTIONIO30M, a UX IPO-
O6uBHOE HampspKeHne OyeT COOTBETCTBEHHO YBEIMYMBATH-
cs. PaccmoTpuM 00pa3npl KOHAEHCATOpHOW Oymaru pas-
JIMYHBIX MapoK U OIlI/lHaKOBOI‘/II TOJIIIUHBI, TPUBCIACHHLIC B
Tabmn. 1 [8]. Eciu B TakoM ciiydae BO3AyIIHbIE OOBEMBI HE
OTIPENETIAIOT TPOOWBHOE HAMNPSDKEHHE HM30JALHOHHOTO
MarepHana, TO BBIXOJHT, 4YTO y OyMar ¢ MeHbIIeH cpeHen
IUIOTHOCThIO TPOOMBHOE HANpPsDKEHHE JIOJDKHO — OBITh
Oompirre, yem y Oymar ¢ OOJNbIIeH ITIOTHOCTBIO, TaK KaK y
HUX OO0JIACTH, 3aHATHIE IEIUTION030H, OyayT MeHbIe. Of-
HaKO 3TO MPOTUBOPEYUT OIBITY. CHC}IOBaTe.H]:HO, oTa Iru-
morte3a 00 0OBSICHEHNN W3MEHEHHs IIPOOUBHOTO HATIpsDKe-
HUS psila KOHJICHCATOPHOM OyMard pasjiMuyHOM TOJIIMHBI
HE MOXET OBITh COCTOSITENIbHON. BiusiHHE BOAHBIX 00be-
MOB Ha Pe3yJIbTHPYIOIIee MPOOUBHOE HApsHKEHHE 00pas-
IIa HECYIIECTBEHHO, KaK I10Ka3ajJo MOEIMPOBaHUE. DTO
CBsA3aHO C HE3HAYUTCJIbHBIM MAaJCHUCM HAIPAXKCHUSA B
yKa3aHHOW 00JacTH, a Hpu ee Mmpoboe pacrpeneseHne
AIIEKTPOCTATHYECKOTO TONSI B Oymare mpeHeOpeKUTEIbHO
MaJlo U3MEHHTCHL.
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Tabmuna 1
TIpo6uBHOE HANpPsDKEHHE KOHICHCATOPHOW OyMaru

AMIumATy 12 IpoOMBHOrO
Mapta Gymaru HaHpZ)KeHESI U,B
MKOH 0,8-10 495
CKOH 1-10 594
KOH 2-10 537
KOH 3-10 594

B cnipaBouHOIt iUTEepaType st LIEJUTI0I03bl 3HAYCHUSI
npobuBHON HOII Haxomsarcs B mpegenax 120...320 MB/m
[10]. 3aBucumocth npoduBHOit HOIT Bojpbl OT AMHBL pas-
PATHOTO MPOMEKYTKA MpUBEIeHa Ha prc. 2. Touku momyde-
Hel B [11] mpu WMITynIbCHOM HAampsDKEHWH aMIDIATYION
800 B mpu kpyTuzHe (porTa 0,5 MKC. YKa3aHHYIO Ha pHUC. 2
3aKOHOMEPHOCTh Mpe/JIaracTcsi arnmpoOKCUMUPOBATh 3aBH-
CHMOCTBIO

Ey,=69-0,017-L. (1)
E. MV/m

x e -
N T .
6,4

N —
6,2 + ~
6 —
5.8

60 L,um

Puc. 2. 3aBucUMOCTh TIPOOUBHOM HANIPSDKEHHOCTH
9NIEKTPUYECKOTO MOJIs1 BOJHOTO IPOMEKYTKA OT €ro AJIHHBI

6,8
6,6

0 10 20 30 40 50

OpHo3HAauHOCTH ompeneneHus mpoOuBHOH HOII
BO3]lyxa obecrieunBaeTcsi nHpopMaluei o pasmMepe mopsl,
HO Takue cBeneHus B [8] orcyrctByroT. [lostomy mis
OOBSCHEHUS Pa3iIMyuKsi TPOOMBHOIO HAINPSDKEHUS MapoK

KOHJ/ICHCATOPHOW OyMaru Mmpu HM3MEHCHHH WX TOJIIIMHBI
ObUTa TIpEUIOKEeHA TUIOTE3a, YTO MEKTPUUECKUE MO B
paccMmarpuBaeMbIX 00pa3uax MoJOOHBL, a MX KOJIMYECT-
BEHHBIE XapaKTEPUCTHKN — MOTESHINAT ¥ HANPSIKEHHOCTh
B TOH WJIM MHOW TOYKE OTJIMYAIOTCS TOJBKO Ha KO3 hH-
IIUEHT MPOMOPIHOHATBHOCTH. TO ecTh, A 00pa3IoB
KOHJ/ICHCATOPHOW OyMarw pa3jiMyHON TOJIIUHBI DKBUBA-
JICHTHAsl AUJIEKTPUYECKas MPOHNUIIAEMOCTb JJOIKHA OBITh
IIOCTOSIHHOM.

CwIbHO MOHHM3MPOBaHHBIE OOJIACTH, BO3HHUKAOLIHE
MPU YACTUYHOM WJIM TIOJIHOM MPOOOE, MOICTHPOBAIUCH
MaTepUaloM ¢ OTHOCUTEIbHONW AUDIEKTPUUECKON MPOHHU-
naemocthio ¢ = 16000. Takoe 3HaueHue BHIOpaHO JUIst
MPAaKTHYECKOI pealn3aluy MOJENN HACAITBHOTO MPOBOI-
HHUKa C & — 00, KaK B HECKOJIbKO pa3 OoJibllle 3HAuYCHHMs
MaKCUMAaJIbHON AMANEKTPUUECKON MPOHULIAEMOCTH MaTe-
puasnioB Mozenu. OcTanbHble (HU3WYECKHE IapaMeTpebl,
UCTIONIb3yEMbIE B MOZIEJIH, TPUBEACHBI B Ta0IMI. 2.

Tabnuma 2
dusnyeckre CBOMCTBA MATEPHATIOB TUJICKTPHKA

HaumenoBanue TlrotHocTs H? 1 &0
20 °C, kr/m

Iemrono3a 1530 6,5

Boznyx 1,205 1,00058

Bona 998 80,2

Pe3yabTatsl Mcciae10BaHMs. 3aBHCHMOCTH IIPO-
ouBHbIx HOII u HanpsbkeHus 11 BO3/yXa, NOJTyYeHHbIS
Ha OCHOBE TPEIIOKEHHON MOJENH IS psia KOHJCHCa-
TopHoi Oymaru mapku KOH 2 pa3nuyHOil TOMIIUHBL,
NIPUBENICHBI HA pHC. 3, a JONOJHUTENbHAsT HH(OPMAIHS —
B Ta0I. 3.

E.MV/m U,V
200 500
5\ " \< 1 \(1
400
150 \le N 2 \% P
6 \\gs 300 e /. /.___-
100 NN [ 3o
3 \\\\ 200 T
50 e J i
100
i el ) | <4
0 1 2 3 4 5 6 L, um 0 2 4 6 8 10 L. pm

o

Puc. 3. 3aBucumocTy mpoOUBHON HANIPSHKEHHOCTH (@) U MPOOMBHOTO HATIPSHKCHUS (0) BO3AYIIIHOTO POMEXKYTKA OT €TO JJIHHBL,
omnpeneneHnsle o kpubM [lamena (1), Iemo (2), Taesa (3), Caeiina (4), 1 paccUuTaHHBIE 110 MPEITIOKEHHOW MOAEIH AT psiia
6ymar KOH 2 (5), KOH 3 (6)

TTapameTps! Mozeneit konneHcatopHoit 6ymarn KOH 2

Tabmuia 3

MOI[y.HL Halpsi’KEHHOCTU
'Z[HHHa 'Z[HHHaV OrrocurenbHas DJIEKTPUHYCCKOI'O IMOJISE BOAbL
MapKa Pa3MepLI AMHHI/ITyZ[a Komnue- BO351yH_I- BOOIHOU OKBHUBAJICHTHAs Ew' 10-6, B/Mm
6yMar1/1 hxbx l, MEM HaHIz;DI;;HI/I}I CTB(])VHOP HOMU I10- HOH06Ha- JUDBJICKTpU4C- B O 3aBIL-
, nobnactu | cte Ly, | cKas IPOHMIIAe- | MAKCHMAIbHbIH
L,, MKkM MKM MOCTb € 10 MOJIETH cm\g))c ™
KOH 2-30 | 30 x 190,08 x 100 975,80 24 5,54 3,76 5,241 2,41 6,836
KOH 2-18 | 18 x202,36 x 100 721,24 33 3,78 2,56 5,241 3,44 6,856
KOH 2-15 | 15 x 184,72 x 100 664,68 33 3,31 2,23 5,234 3,73 6,862
KOH 2-12 | 12 x 165,44 x 100 622,26 37 2,63 1,79 5,217 4,30 6,870
KOH 2-10 | 10 x 150,84 x 100 537,40 33 2,43 1,65 5,217 4,40 6,872
KOH 2-8 8 x 134,92 x 100 494,98 33 2,07 1,39 5,238 4,34 6,876
KOH 2-6 | 6 x 116,80 x 100 395,08 27 1,84 1,24 5,064 534 6,879
KOH 2-4 4 x 95,40 x 100 339,42 27 1,36 0,92 5,232 6,60 6,884
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Ha puc. 3 taxke npuBeneHbl 3aBUCUMOCTH, MOJIY-
YEHHbIE HA OCHOBE HKCIIEPUMEHTaIbHOU KpuBoil [lamena
[5], mepecunTanHO Ha HOpPMalbHOE aTMOChEpHOE IaB-
JieHue, KpuBoi TaeBa [Jisl 3JIEKTPOIOB U3 METAIITIOKOMIIO-
3unmm cepedpa u okucu kagmus [1], kpuBoit Creiina [2]
u kpuBoH Ilemo, onpeneneHHoi B cucteMe MO3ULIUOHU-
pOBaHHUS AJIEKTPOAOB BBICOKONH TOYHOCTH C KPUTEpUEM
npo6ost 50 HA [4]. IlocTpoeHue 3aBUCUMOCTEN, OCHOBaH-
HBIX Ha YHMCJIEHHOM PacyeTe 3JIEKTPOCTaTUUECKOro MOJs,
HA4YMHAIOCH ¢ co3nanus moxenn Oymarun KOH 2-30. 3Ha-
YyeHHe OOKOBOH CTOPOHBI KPHUBOJMHEHHOW Tpameuuu B
BO3IYIIIHOM CErMEHTE 3TOH MOJEIH COOTBETCTBYET pas-
panHOMY TIpoMexyTKy kpuBoi [lamena ¢ HOII paBHO#
MO0 YCPENHEHHOTO II0 TUIOMIAAN YKa3aHHOW Tparre-
uuu Bexropa HOIIL. Crexyer oTMETHTH, UTO pacipeesie-
Hue HOII B pa3snu4HBIX BO3AYIIHBIX CEKTOpAaxX HEOAHMHA-
koBO. IlosTOMy mpuWHMMaeTcss MaKCHMalbHOE 3HAUYECHUE
MoayJsl ycpenHeHHoro Bekropa HOII B kauectBe mpo-
OMBHOTO cpeny MoJo0JIacTeil, PacIoNIOKEHHBIX B LEH-
TpaJbHOW 4YacTH paccMmarpuBaeMoro obpasua. B nanb-
HEHIIeM BBIYMCIUIACh SKBUBAJICHTHAS JAWAJIEKTPHUYECKas
MIPOHNIIAEMOCTD SHEPTETHYECKUM CIIOCOOOM aHaJIOTHYHO
[7]. TeomeTpus cnenyromeid Momenu Oymaru momOupa-
Jach Tak, YTOOBI €€ JKBUBAJICHTHAS AWAJIEKTPHUYECKAst
MIPOHUIIAEMOCTH (B IpeleNax MOTPenrHoCTH) Oblla paBHA
ucxoHou, onpeaenennon mst KOH 2-30.

Ha ocHoBe 3HaueHMt GOKOBOW CTOPOHBI KPUBOJIH-
HEWHOM Tpaneuuy U MaKCUMaJIbHOrO MOAYJSl YCpEIHEH-
Horo BekTopa HOII cpeau Bcex BO3AYIIHBIX CETMEHTOB B

HEHTPATLHOW 00JIaCTH 00pasiia OTKIAJbIBAIMCH BCE TIO-
clenylouMe TOYKU IpeajaraeéMbix 3aBucumoctel. IIpo-
BepKa MOJYYEHHBIX 3aBUCHMOCTEH OCYIIECTBIATIACH CO-
OTBETCTBUEM JJaHHBIX KPUBBIX N U3BECTHOM OKCIICPUMCH-
TalbHOW TOYKOW ¢ KoopmuHatamu 70 MB/M u 5 mkwm.
KOppeKTHOCTh TMOJTyYeHHBIX JaHHBIX IOJTBEPKAACTCS
3Ha4eHUSIMU MOAYJIeH ycpeaHeHHbIX BekTopoB HOII mo
TUTOIIAISIM KPUBOJIIMHEHHBIX TPATICIIMK B BOJAHBIX CETMEH-
Tax MOp KaKIOW MOJEIH, KOTOPHIE MEHBIIE MPOOUBHBIX
HATIPSDKCHUAHN UL ATUX IPOMEXKYTKOB, OTIPENICIIEHHBIX 10
(1). Onmnako nocie mpo6ost BO3AYIIHOTO CETMEHTA B BOZC
JIOCTUTaeTCst He00X0AUMOe 3HaueHHe mpoouBHOM HOIT.

st nmonTBep)KIEHUsl IOIY4YEHHBIX 3aBHCHUMOCTEM
aHaJIOrMYHBIM 00pa3oM OblIa IOCTPOEHA 3aBUCUMOCTh Ha
OCHOBE psja KoHaeHcaTopHoW Oymarm Mmapku KOH 3
pa3nM4YHOM TOJIIUHBI, IpUBEACHHas Ha puc. 3,a. Pacxo-
JKIACHUE 3HAYCHUH, MONyYeHHOE IS ATOTO y4yacTKa, He
npesbImnaeT 9 %.

Ha ocHoBanum npeaoxeHHOH Mozenn ObUIO ompe-
JlelleH0 MHUHUManbHoe 3HadeHwme HOII, mpm koTopom
HAYMHACTCS pPa3BUBATHCSA INPOOOH B mesumonose. Jlms
oymarn mapku MKOH 0,8-15 OputH B COOTBETCTBHH C
npemioxkeHHoi kpuBoit HOII paccumransl pamgmyc u
KonugecTBO 1op. PparMeHT OONacTH HCCIELyeMOro
obpasna mnpencrarieH Ha puc. 4. Jns momobnactu 1en-
0710361 ¢ 60KOBO# cTopoHoii 0,34 MKM 3HaUY€HHE MOJY-
ast HOIT cocraBuio 141,5 MB/M, uTo B mpenenax yka-
SaHHOFOBbHHeﬂHaHa3OH83HaquHﬁ.
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Puc. 5. Pactipenenenue 35eKTpoCcTaTHYECKOTO OIS IPH Pa3BUTUH Mpo0Oost 1o creHapuio Taesa mis 6ymaru KOH 2-6 (a)
u o cueHaputo [lemo s 6ymarun KOH 2-4 (6)

[TpoBepka BO3MOXKHOCTH HCIIOJIB30BaHHUS KPHBOM
TaeBa mis 0oOBSCHEHMS MexaHM3Ma NpoOOs KOHZIEHCa-
TOPHOHM OyMaru BBINOJHsJIACH HA NPUMEPE PaspsaHOTO
npomexytka 1,84 mxm. CoOTBETCTBYIOILEE pacipesee-
HHUE 3JIEKTPOCTATUUECKOTO MOJIS OKa3aHo Ha puc. 5,a. B
aTOM ciy4ae npoouBHast HOII 1emrono3sl mpeBkIIeHa B
1,6 pa3a, 4TO TPUBOIUT K HACHTUYHOCTH MPOOUBHOTO
HanpspkeHus uid Oymar pasinudgHod TonmuHbsl. [Ipu nc-
MOJIb30BaHUM KpUBOM Ilenio Bo3HMKAeT BONPOC MEXaHU-
YeCKOW TIONEepPEeYHOH NpOYHOCTH 00pa3uoB Oymaru
KOH 2 ¢ TomuuHo# 4...6 MxM. Takke HEBO3MOKHO 00b-
SCHUTh 3HauyeHue npoduBHoro HampsokeHuss KOH 2-4.

Kak BuHO M3 puc. 5,6 AuameTp mnop MpakTHYECKH paBeH
tonmuHe ob6pasua Oymarm KOH 2-4, m ycpenneHnas
HOII na 5,6 % MeHblIe Npencka3blBAEMOTO 3HAUCHHS
kpuBo# Ilemo. B nuanazone 2,09...3,28 MkM 3HaueHus
HOIl «kpuBoii Ilemo nmomkHBI OBITH MeEHBIIE Ha
1,6...7,1 % mis oOBACHEHUS 3aKOHOMEPHOCTH HPOOHB-
HBIX HaNPKCHUH KOHJIEHCATOPHOH OyMarm.
3axirouenne. IlomydenHas B paboTe 3aBHCHMOCTH
HAIPsDKEHHOCTH JIEKTPUYECKOTO TI0J BO3AyXa OT JUIMHBI
Pa3psIHOTO  MPOMEXKYTKA YAOBJICTBOPUTENIHHO OOBSCHSET
3Ha4YeHUs] TMPOOHMBHBIX HANpPsHKEHWI 00pa3LoB KOHJIEHCa-
TOpPHOM OyMaru npu M3MEHEHHHM HMX MapoK W TOJIIUHBI
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Harmtyumree coBmasieHne OMy4YeHHBIX JaHHBIX HAOIIOMaeT-
cs C JKCHepUMeHTalbHOM 3aBucuMocThio [lemo. Makcu-
MaJIbHOE PacXOoX/Ie€HHe KPHUBBIX cocTaBwio 32 % B Juamna-
30He pas3psnHbIX mpomexyTkoB 2,00...5,54 mxwm. Ilpenso-
JKEHHass METOJMKA YMCIICHHOrO pacyera NpOoOMBHOIO Ha-
MIPSDKEHUS. BO3MYIIHBIX BKJIIOYEHHMH MPU HAJIMYMU BOJHBIX
BKJIIOYCHUH B TOJIIMHE TBEPIOH M3OJIMH MOXET OBITH
NIPUMEHEHa U1 JPYTUX BUAOB TBEPAON TOHKOCIOHHOMN
H30JISILIAH.
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Breakdown voltage of micron range air inclusions

in capacitor paper.

Purpose. To substantiate the breakdown mechanism of capaci-
tor paper on the basis of numerical-field models with segmented
cross-sections of cylindrical volumes of air and water, and also
use the proposed models to determine the breakdown strength of
air in micron-sized gaps under normal conditions. Methodol-
ogy. The model bases on a finite element solution to an electro-
static problem in a volume of capacitor paper consisting of
cellulose and pores with air and water. First, the possible sce-
narios for the growth of breakdown in capacitor paper are
analyzed and to the conclusion is made, that complete break-
down developed from a partial breakdown in the air cavity. A
brand of capacitor paper is chosen in such a way that when its
thickness changed, the breakdown strength of the electric field
changed over a wide range. Then, for the paper with the lowest
average electric field intensity the possibility of explaining the
complete breakdown by the breakdown of air segments on the
basis of the Paschen dependence is checked. Further points of
the obtained dependence by constructing models of papers of the
same brand and a different thickness under the assumption of
the similarity of electrostatic fields are determined. As such a
criterion, the constancy of the equivalent effective permittivity
are taken. Results. The dependence of the breakdown strength of
the air in the range of 1.36...5.54 um under normal conditions is
determined. The obtained relationship is between the Peschot
and Taev curves. Originality. For the first time, the possibility of
indirectly estimation the breakdown strength of an insulating
material using an electrostatic field model is indicated. Practi-
cal value. The proposed method for the numerical calculation of
the breakdown voltage of air inclusions in the presence of water
inclusions in the thickness of solid insulation can be applied to
other types of solid thin-layer insulation. References 11,
tables 3, figures 5.

Key words: electrical breakdown, model of capacitor
paper, micron gap, electrostatic field, finite element method.
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AN INNOVATIVE ALGORITHM FOR A HYBRID FC/BATTERY SYSTEM ENERGY
MANAGEMENT

Purpose. This paper targets to manage the energy of a hybrid fuel-cell (FC)/battery power system using an innovative algorithm.
The hybrid FC/Battery power system is based on four stacks PEM FCs and a NiMH battery, boost and buck DC choppers for
controlling the FC and the battery input currents respectively and a developed algorithm both for managing the power system
energies and for delivering the FC and the battery reference output voltages compulsory for the DC/DC converters control
circuits. The study is verified by means of computer simulations using MATLAB/Simulink where several cases of the battery SOC
and the power demand levels were taken into account. The results demonstrate a good functioning of the proposed hybrid
FC/Battery power system managing algorithm. References 25, tables 4, figures 17.

Key words: hybrid FC/battery system, PEM FC, NiMH battery, boosts and bucks DC/DC converters, innovative management
algorithm.

Mema. Cmammsa cnpamoeana Ha ynpasiinHa eHepeicio 2iopuonoi cucmemu HeueieHHsA 6i0 NAIUEGHO20 eleMeHMA/AKYMYIAmopa 3a
0onomozoio innosayiinozo anzopummy. I'iopuona cucmema s#cuenenna nANUGHUIL elemMeHm/aKyMyaamop 3acCHO6aHa HA YOMUPbLOX
bamapeax nAnUGHUX eleMeHmié 3 NPOMOHOOOMIHHUMU Mmemobpanamu ma NiMH akymynamopi, niocunioeauax i nocnaonioeauax
ROCMITINO20 cmpymy O YRPAeIiHHA RATUGHUM €1eMEHmOM Mma 6XIOHUMU cmpymamu oamapei 6ionogiono ma po3poodneHomy
aneopummi AK ONA YNPAGIIHHA eHepP2icl0 eHepzocucmemu, maK i 011 nooaui HaA NATUGHULL e1eMEeHMm | aAKyMynamop Guxionoi
Hanpyzu, 0006'13K0601 0114 cxem YnpasiinHA nepemeoprosauamu nocmiiinozo cmpymy. /locnioxyicenna nepegipeno 3a 00nomMoz0io
Komn’tomepnozo mooentoeannn 3 euxopucmannam MATLAB/Simulink, oe 6yno epaxoeano Kineka eunaodkxie pieHa 3apaody
AKYMynAamopa ma pieHie cnoxcueanns enepeii. Pezynomamu demoncmpyioms 000pe (hyHKYioHy8anHsa 3anponoHoeano2o 2iopuonozo
AZOpUMMY YRPAGTIIHHA CUCHEMOIO HCUBICHHA 610 NANUGHO20 eflemenma/akymynamopa. bion. 25, Tabmn. 4, puc. 17.

Kniouoei cnosa: ribpuHa cucTeMa NAJTUBHUN eJleMEeHT/aKyMYJIATOpP, NAJUBHHI eJleMeHT 3 IPOTOHOOOMiIHHUMH MeMOpaHaMH,

NiMH akymyasTop, miacuaoBadi Ta nepeTBoproBayi NOCTiHHOTO CTPyMy, iHHOBalifiHUIi AJITOPUTM yHpaBJIiHHS.

Introduction. Fuel cell (FC) technology is known
as the most cleaned converter of hydrogen into electrical
energy which constitutes an advantageous alternative to
polluting fossil fuel sources of electrical energy [1-4].
Moreover, FCs are highly efficient, modular and low
cost with less weight and volume if compared to
conventional power generation sources [5, 6]. Various
technologies of FCs are commercialized but the low
temperature proton exchange membrane (PEM) fuel cell
is the most popular [7, 8].

However the PEMFCs response time is considerable
which involves assistance of energy storage equipment to
convey the energy to the loads which power demand
varies rapidly [7], [9]. The hybridization of FCs is
generally performed with batteries or super-capacitors or
both of them [10, 11].

Particularly, when it is question of a hybrid
FC/battery system, an energy management unit is
primordial for achieving the optimal performances since
both FCs and batteries face many challenges during the
operational mode which influences on their lifetime and
reliability [12].

Hybrid FC/battery systems can be found in diverse
applications including but not limited to portable power
generation, power transportation and stationary power
generation [13].

In this paper, an innovative algorithm is presented
for managing the energy of a hybrid FC/battery power
system. The adopted FC is a PEM type whereas the
battery is from NiMH technology. The energy
management is based on controlling the FC and the
battery input currents through DC/DC boost and buck

converters. Simulation tests on a resistive load were
performed on a wide range of voltages.

System description. The considered system is
depicted in Fig. 1. The system contains four stacks fuel-
cell system, a battery, a unidirectional boost DC/DC
converter, a bidirectional boost/buck DC/DC converter,
and an energy management algorithm. Further details are
reported in the following sections.

Model of the hybrid fuel-cell/battery system. FCs
have the benefits of high efficiency since they transform
fuel energy directly into electrical energy without any
internal combustion. Nevertheless, they are heavy and
bulky systems with long start-up and response times [14].
Hybridization of the FC with a battery, which is a peaking
power source is an effective way to overcome the FC
drawbacks. This is why the hybrid FC/battery system is
considered in this contribution. The model of the fuel-
cell/battery hybrid system is based on fuel cell and battery
blocs available in the SimPowerSystem (SPS) library
browser of MATLAB/Simulink.

1. Fuel cell model. Fuel cells are electrochemical
devices organized in stacks that transform chemical energy
from an electrolytic reaction to electrical energy, evacuating
heat and water. Nevertheless, FCs remain incapable to
supply a regulated DC voltage although they are a spotless
source of energy. FCs found their utility in many
applications such as power generation and co-generation
plants, main power sources in remote locations (spacecrafts,
weather station and so on), automotive appliances (cars,
buses, motorcycles, bicycles, airplanes, forklifts, submarines
and so on), and others (distributed generation, emergency

© B. Bourouis, H. Djeghloud, H. Benalla
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power systems, UPS’s, notebook computers, small heating
systems and so on). Many kinds of FCs exist namely:
alkaline (AFC), proton exchanges membrane (PEMFC),
phosphoric acid (PAFC), molten carbonates (MCFC), and
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solid oxides (SOFC) [15]. PEMFCs are the most widespread
fuel cells because of their low operating temperature
compared to the other kinds (60-100 °C) [16].
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Fig. 1. Description of system

1.1. Modeling of the PEMFC. The SPS FC model
is the approach proposed in [17]. The model of the FC
stack implemented in SPS is shown in Fig. 2.
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Fig. 2. Fuel cell stack model

e Transient state. This model is selected for this

paper and the main equations are as follows [17]. The
controlled voltage source (Ey.) is expressed as:
Ep= NAl(fc];, (1)

Ta 4y
3

where E,. — open circuit voltage, V; N — number of cells;
A — Tafel slope, V; iy — exchange current, A; 7, — the
response time, s; ir, — fuel cell current, A.

The first order transfer function appearing in (1)
represents the FC activation losses due to slowness in
chemical reactions occurring in the electrodes surfaces.

These losses can be electrically modeled by a parallel RC
circuit. Then 7, can be taken as 3 times the time constant
7 = RC. Thus the FC voltage considering both electrodes
and electrolyte losses is determined from (2) :

Vie=Egp-Rp-ig, (2)
where Ry — internal resistance of the FC, Q; V. — fuel cell
voltage, V; E,., iy, A are as follows:

EOC - NC E}’l ’ (3)
-AG

. _Z'F'k(PH2+P02) W

o = e M 4)
R-h
R-T

A= , 5
z-a F ©)

where R = 8.3145 J/(mol-K); F = 96485 A-s/mol; z —
number of moving electrons (z = 2); E, — Nernst voltage,
V; a — charge transfer coefficient; PH2 — partial pressure

of hydrogen inside the stack, atm; P , partial pressure
of oxygen inside the stack, atm; PHZO — partial pressure of
water vapor, atm; w — percentage of water vapor in the
oxidant, %; k — Boltzmann’s constant (1.38-10 ’ J/K);

34
h — Planck’s constant (6.626-10  J-s); AG — activation
energy barrier, J; T — temperature of operation, K;
K. —voltage constant at nominal condition of operation.

~4443 R-T :
1229+(7+298)- 22+~ (pH Po/)
T <100 °C;
En= %Y ©
— . Py -Py /2
1229+ (7 +208). =483 [ R | 7 70,7 |
z-F z-F PH20
T>100°C;
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Py =(-Upm ) x-Pho: (7)

Fo, Z(l—Ufo2 )y Py s (®)
PHZOZ(WJFZ'J’"UfOZ)'Pair; )
UfH _ 60000~R~T-N~ifc : (10)
T2 FPhor V fier X
g, = SOOI Ny o
P 2z F By Vo y

where Py, — absolute supply pressure of fuel, atm; P, —
absolute supply pressure of air, atm; V., — fuel flow rate,
l/min; V,, — air flow rate, I/min; x — percentage of
hydrogen in the fuel, %; y — percentage of oxygen in the
oxidant, %.

The air compressor has a delay that results are a lack
of oxygen inside the fuel cell. Consequently the
utilization of the cell exceeds the nominal values which
influence the Nerst voltage. This influence can be
expressed as [17]:

(12)

where Kj. — voltage undershoots constant; Ug, =~ -

Ep(modified) = £n — K g (Ufoz a UfOZ nom);

nominal oxygen utilization, %.

e Steady state. The modeling of the steady state
consists to consider the previous equations with their
given values (nominal values) and to suppress the transfer

function.
Vi = Ege =N-4-In(ig)-Ry.; (13)

1
Vnom:Eoc_N'A'ln(%j_Rfc'Inom; (14)
0

1
Vinin = Eoc _N'A'ln( TaXJ_Rﬁ: “Trnax » (15)
0

where V), Viem and Vi, are voltages corresponding to
currents 1 A, I, and I, respectively.

_N-RT,

= 16
z-F-N-A (16)
i
AG:_R'Tnom'h{Ki]j; (17)
- 2'F'k'(PH2(nom) +P02(nom)) . as)
b h-R :
PHz (nom) Xnom * (1= Usz (nom)) “Phiel(nom) 3 (19)
POZ (nom) Ynom - (1= Ufoz (nom)) “Fuir(nom) 3 (20)
s T A UL0G)N
fHZ(nom) 2-F -Viyom
Uso = 60000- R - Thom - N - Inom (22)
Smom) 2.z F Fuir(mom)  Vair(nom) * Ynom
K.= Eoc ; (23)
En(nom)

Entmom) = En|Un, =U oy V10220102 oy @4
v,
Ky “ ; (25)

KC (U/ 0, (max) B Uf 0, (nom))
_ ("1 =Vaom) " Umax =D =" =Vain) - Unom =1 ;(26)
1n(lnom) ) (Imax - 1) - ln(lmax) : (Inom - 1)

Vl _Vnom _N'A'ln(lnom) .

R, = 27
fc Inom 1 ( )
Vl - Eoc + Rfc

ip =exp| ———— ™ |. 28

0 p[ oA (28)

Equations (16), (17), (23) and (25) determine the FC
parameters.

1.2. Polarization curve of the considered

(PEMFC). The polarization curves are V-I and P-I
characteristics specified by two distinguished regions: the
activation region and the ohmic region. In the V-I
polarization curve, four particulars voltages are showed:
the open circuit voltage E,,, the voltage V' corresponding
to 1 A, Viem and Vi, corresponding to ip.g. In the P-I
polarization curve, three main powers can be observed:
P,y which is the power relating to 1 A, Pyom and Py A
typical polarization curves is depicted in Fig. 3.

F
Activation Ohmic
region region N
%)
=]
1
=
°
I~
i
>} .
g |
Py
« |
|
|
- L -
0 1 ‘Inom {Tmax
4 . |
3 |
S |
S
-
@ : |
E Pmax|---- e s
= ' : |
2 Ppom|-----ooiioi . I
P : : [
3 j
@ Pidlel--.+ , I
0o 1 Inom Imax
Current (A)

Fig. 3. Typical polarization curves

1.3. Validation of the Detailed Model. The dialog
box of the FC SPS block allows to plot the ideal
characteristics of one stack voltage and power vs. the
stack current as shown in Fig. 4. These characteristics
describe specific points corresponding to the nominal and
the maximum currents which values are respectively
45V, 37 V (which corresponds to the values mentioned in
Table 1), 5.9985 kW, 8.325 kW. In this contribution, four
stacks of PEMFCs are considered and which
specifications are reported in Table 1 [17].
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Fig. 4. Polarization curves of the considered stack

Table 1
Parameters of the preset 6 kW/45 V. fuel cell stack model
Parameter Value
[Eoe, V11, V [65, 63]
[Znoms Viomls A, V [133.3, 45]
Umaxs Viminls A, V [225, 37]
N 65
Mnoms %0 55
Thom, °C 65
Vairnom»> 1/min 300
[Pfietnoms Pairnom], bar [1.5,1]
z 2
[Xnom> Ynoms Wnoml], %0 [99.95, 21, 1]
Ty s 1

2. Battery model. A battery is a device composed of
one or more electrochemical cells that convert electrical
energy into chemical energy during charging and the
inverse during discharging where the electrolytes are able
to move as ions within allowing the chemical reactions to
be completed. Batteries have virtues of fast response speed,
high ramp rates, easily sited, modular and good energy
efficiency [18]. There are three main sorts of batteries: lead
acid, nickel-based, and lithium-based [19]. The battery
considered in this paper is of type Nickel-Metal-Hydride
(Ni-MH) as they have proven to exhibit high energy
density and efficiency, low prices and safety [20].

2.1. Modeling of the Ni-MH battery. The SPS
battery model is the approach proposed in [21] and which
is shown in Fig. 5. This model is selected for this paper
and the main equations are as follows [22, 23]. The
battery voltage either in charge or discharge modes is
expressed by:

Voat = Ebat = Rpan *1» (29)

where

R (it+i7)+ Exp(1)

—in discharge mode; (30)
Epon = 0 0 .

Eo — Kpan ﬁ’i'f*Kban ml + Exp(t)

—in charge mode;

Exp(t) = Vbatt|i : t| (- Exp(t)+ Apan - ”(t)) > (1)

where V,, — battery voltage, V; E, — battery constant

voltage, V; Kpu polarization constant, V/A-h;
O - battery capacity, Ah; it = [idt — actual battery
charge, A-h; 4,,, — exponential zone amplitude, V; Bp,; —
exponential zone time constant inverse (A-h)’;
Ry, — internal resistance of the battery, Q; i — battery
current, A; i’ — filtered current, A; Exp(f) — exponential
zone voltage, V; i(f) — battery current, A; u(¢) — charge or
discharge mode

. Abatt i(t
exp_| A" aoe—"0
l— 1+ 1 s Charge
Boali()] |« <0
j Discharge 0
0 +
Discharge m
Internal
Exp_of  Eo-Koatt. @ (it+i%)+Exp Resistance
Q-it | Ebatt—,. £
Charge s
Eo-Kbar. @ it-Kpar__ Q@ i*+Exp|
Qi i-0..Q

Fig. 5. Ni-MH battery model

2.2. Discharge and charge curves. Typical
discharge and charge characteristics are illustrated in
Fig. 6.

Fully charged
Exponential
Nom|

Nom
Capacity (Ah)

Exponential

] s se i tb s Bl e

Voltage (V)

Nom} ..

0 20 40 60 80 100 120
State of Charge (%)
b
Fig. 6. Typical discharge and charge characteristics:

discharge curve (@) and charge curve (b)

The discharge curve of battery voltage vs. capacity
contains three zones (Fig. 6,a): the first zone (exponential
area) where the voltage drops exponentially when the
battery is charged; the second zone (nominal area)
illustrating the charge that can be extracted from the
battery until the voltage drops below the nominal value;
the third part (discharge) which shows the total discharge
of the battery when the voltage diminishes rapidly.

The charge curve of battery voltage vs. the State-Of-
Charge (SOC) is depicted in Fig. 7. It describes four
zones:
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e zone I: 5 % < SOC < 20 %, where the voltage
increases rapidly;

e zone II: 20 % < SOC < 80 %, where the voltage
increases very slowly;

e zone III: 80 % < SOC < 100 %, where the voltage
starts to increase exponentially;

e zone [V: SOC > 100 % , a new cycle of exponential
discharge begins.

2.3. Validation of the model. The parameters
required by the model are illustrated in Table 2 extracted
from Panasonic NIMH-HHR650D battery data sheet. The
simulated discharge curves of the considered battery are
shown in Fig. 7. The upper curve concerns the discharge
for the nominal current where the three zones are clearly
highlighted. The lower curves display the discharge
characteristic for different currents (70 A, 90 A, 117 A). It
is obvious that more the current is bigger more the
discharge is faster.

Table 2
Battery model input parameters
Parameter Value
Viatmoms V. 180
Orom» A'h 585
Omaxs Ah 630
Vbattmax> \ 212
Liinom A 117
R, Q 0.0030769
[Vbarrexps Qexpls V, A-h | [195.25 117]
Initial SOC, % 85
t, s 30
[—— Discharge curve [ |Nominalarea || Exponential ara
20 - T 1
3 |
EN ﬁ 1
140 1
[} 1 2 {{h) 3 4 5 B
inal Current Discharge Ch Istic at 0.2C
[- = ma- a4
20 - : |
7 I | R S W o i 7 W s
160 - Y|

Current Discharge Characteristic for different currents

Fig. 7. Discharge curves of the considered battery

DC/DC converters models and control circuits. In
this section models and control circuits of DC/DC
converters used as interface between the hybrid
FC/battery and the active power filter DC buses are
presented. The considered DC/DC converters are
operating in unidirectional boost mode for the FC and in
bidirectional boost/buck modes for the battery (boost
mode for discharging and buck mode for charging).

1. Models of DC/DC converters power circuits. In
this part the average model is adopted since it is less time-
consuming as the switches are substituted by controlled
voltage and current sources [24].

Figure 8 shows the average models of the DC/DC
converters. Figure 8,a concerns the buck mode whereas

Fig. 8,b illustrates the boost mode, where o5, Gpuck are
duty cycles of boost and buck modes respectively;
n — efficiency, %; V;, V, are input and output measured
voltages, V; I, I, are input and output measured currents,
A; L — smoothing inductance, H; C — filtering capacity, F.

+ Switch Modd

To=0*Ruck* A anck Yi=*nac*Vo

a

Swlich Model

7
00+

Vi=(1-00*Aocs)* Vo Lo="] Aoost* (1 0 *Roas)* Tk

b
Fig. 8. DC/DC Power circuit buck mode (a) and boost mode (b)

2. Control circuits. The principle of the control
circuit is to provide both the FC and the battery with their
respective input reference currents (I*fc, I*,,a,,) as
mentioned in Fig. 1. For that, the control approach is
organized in two steps: generating at first the output
reference voltages (V*Ofc, V*DBM,) and then the input
reference currents (I*iﬂ., I*igan). The first step is carried-out
from the algorithm of energy management. The second
step is performed in the block of input reference current
on-line identification.

2.1. Energy management algorithm. The idea of
this algorithm was inspired from [19] related to hybrid
electric vehicle system. The algorithm receives data about
the demand power measured at the DC/DC converters
terminals (P,,,) and the battery state of charge (SOC),
then it realizes energy management in such a way to
express reference FC and battery powers (Pﬁ}c, P*ba,,)
depending on the SOC rate. The algorithm inputs also
values of FC idle, low and high powers (Py. iz, Pt iow» and
Pi hign) and battery maximum power (Ppuy max). AS
resumed in Fig. 9, different situations can be considered
according to the demand power rate (high, medium, low)
and the state of charge of battery (discharged — SOC < 40
%, little charged — SOC > 40 %, high charged — SOC <
80 %, and completely charged — SOC > 80 %).

High demand power Pfc high < Pdem < Pfc high + Phat max-

e [f SOC < 40 %. The battery can’t provide power to
satisfy the high demand. Then, the FC can just feed the
DC bus and can’t ensure power to charge the battery:

Pt = Paems Py = 0.

e [f SOC > 40 %. The battery can contribute to satisfy
P dem-

o If Pdem is very hlgh Pdem > Pfc high + Pbat max- The
battery and the FC work together for feeding the DC bus
(hybl'ld pOWGI’il’lg): P*fc = Pdem - Pbatta P*batt = Pbatmax'

o If Pdem is hlgh Pfc high < Pdem < Pfc high + Pbat max- The
battery continues to help the FC to feed the DC bus
(hybrid powering): P*fc = Plenigh, P*bat, = P*fc —Puop.
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Medium demand power Py, < Py < Pp jigh-

e If SOC < 80 %. Since the demand power is less high
and the battery is not completely charged. Thus, the FC
power can simultaneously satisfy Py, and charge the
battery: P*fc = Pfc highs P*[,{m = P*fc — Pdem-

o If SOC > 80%. In this case, the battery is completely
charged. So, there is no need to share the FC power
between the DC bus and the battery: P*fc =Piom P*,,m, =0.

Low demand power P, < Py < Py,

¢ If SOC < 80 %. The battery lacks of little amount of
charge Then it needs to be charged from the FC even P’ f
1s low. Accordlngly P fe w111 be shared between P,,,, and
P batt- P fc‘_PfclowaP batt— P fe— Pdem

e If SOC > 80 %. The major amount of power needed
from the DC bus comes from the completely charged
battery, the FC bemg at jts weakest power
Pfc idle- P fe P/‘c idles P batt — Pdcm p fee

Pdem @ demand pewer ; P¥k : power of the fuel coll system

Peidle : the mimimum nct design power output of FC | SOC ; state of charge

Prenigh : FC pewer at high operating point ; Prelow : FC power ai lew eperating point
Phani : power of the baitery ; Poatmax : peak power that baliery cam produce

Inputs:
Pdem , SOC, Pfeidle,
Pichigh, Pfelow, Phatmax

/ /

Pdem>Pfchigh P Preidle<Pdem<Pfclow #  end
N
Yes
SOC<80%
S0C>80%
Pdem>(Pfehigh+Phatmax) Yes
Yes No Yes Mo
AT
¥
P*fe=Pdem P*batt=Pbatmax P*fc=Pfchigh P*ic=Pfelow P*fe=Pfcidle P*fc=Pdem P*fe=Pichigh
P*bate=0 P*tc=Pdem-P*batt P*batt=Pdem-P*fc P*batt=P*fc-Pdem || P*batt=Pdem-P*fc P*batt=0 P*batt=P*fc-Pdem

Power Hybrid Powered by
FC and Battery

Hybrid Powered by Battery Hybrid Powered by
FC and Battery hargmg FC and Battery

Battery
charging

Power
by FC

Fig. 9. Energy management algorithm

Once the FC and battery reference powers are
carried-out from algorithm. Reference voltage can be
easily deduced from:

v Py
Vo =2 (32)
Iojc
* P,
Vobart = [l;att . (33)
obatt

To determine Py igie, Pre iow» and Py jign, ONE can use
the characteristics showed in Fig. 10 representing one cell
voltage, one stack net power density and one stack
efficiency vs. one cell current. Py, is the power
corresponding to 1 A. Py 4, and Py j,, are the powers
around 50 % of the efficiency curve (in it rising and
falling regions respectively) obtained at 50 % of the
nominal current.

Considering a 24 FC of 4 series connected stacks
kW (each stack is rated at 6 kW, 45 V). Then, Py i, Pre
tows and Py 10, can be deduced by multiplying the stack
specific powers extracted from Fig. 11 by 4.

To obtain Py max, one can use the following
formula:
(34)

nominal

Frattmax = Voattmax L disnom »
where V. max — fully charged voltage, V; Ljmnom —
discharge current, A.

2.2. Input reference current on-line identification.
The DC/DC converter input current can be subtracted
from the efficiency formula given by:

Po Io'Vo
=-0_20 "0 35
=7 1, (35)

1
For the reference input current, one can substitute /;
by I'; and V, by V', this latter is provided by the
algorithm which justifies the on-line aspect in this

identification:
*

[;k = LoV , boost mode ; (36)
Vi Mhoost
. 1,V
I; :M,buck mode. 37)

i

40
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Fig. 10. Typical operating characteristics of a fuel cell system
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Fig. 11. Operating characteristics of the considered stack

To obtain the efficiency (77), a two dimensional
mapping data (Fig. 12) provided by the manufacturer
BRUSA BDC546 DC/DC converter is adopted [25]. The
data was implemented in 2-D look-up tables having in
their entries the duty cycle a of the considered mode and
the output current /,. The duty cycles of boost and buck
modes are respectively given by:

%
_ o .
Opoost =1——3 (38)
Vi
y
_Yo
Apyck =7, - (39)
Vi
g ‘ =
- | I
ki a7 - \ :/ =
E _-—-——""—‘_'_“"—\ \ / = | [
[\
4 | Y\ /
A [
,"\ J,' —BOCHE @
B ' s ULS=380V
| g ."l — BOCSIG &
. | ULS=250v
e R t— -BOCHE @
| )/ . ULS=150V
BO 1 1 /
\ —BOC546 @
| \ IT ULS=50v
87 ' I ;
400 300 200 100 D e g e
Bucimods Wi i

Fig. 12. Power DC/DC efficiency map [25]

The block schemes of the on-line reference input
current identification in both modes boost and buck are
depicted in Fig. 13.

The unidirectional DC/DC converter operates only
in the boost mode during powering mode for delivering

the power required by the load while the bidirectional
DC/DC converter operates both in boost and buck modes
during powering and charging modes.

V¥
07 Buck |
=l E fficiency &
- * I7i
Map TBuck: _I_b
Buck > = / —>
To_p] Mode |—b I
Io Vi
a
V¥
" Boost Io : | *
E fficiency - *i
Map 1] Boost L — >
Boost Rl . > ir
Iu_.. Mode |—.I_
Vi
b

Fig. 13. DC/DC control circuit buck mode (@) and boost mode (b)

Simulation results discussion. In this section
simulation works about the previous study are presented.
They were carried out using MATLAB/Simulink software
and considering the parameters reported in Table 3.

Table 3
Simulation parameters
Parameter Value
Plonom 24 kW
Phamax 21 kW
Py iae 3162 W
Priow 1.6452 kW
Prenigh 13.348 kW
Ofeboost [0.45,0.51, 0.81, 0.81, 0.9, 0.7, 0.58]
Opartboost [0.5,0,0.83,0,0.88,0,0]
Obattbuck [0,0.38, 0,0, 0,0.29, 0]
SOC [85, 70, 50, 35, 50, 70, 85] (%)

The principle of the simulations studies consists to
impose time varying duty cycles (Gpoosts Obartboos: and
Oparuck) and SOC then to extract the corresponding input
and output DC/DC converters voltages, reference powers
(P*dem, P*fc, P*bm) and measured powers (Pgem, Pry Ppan)-
Finally, the measured powers are compared to the
reference powers.

Figure 14 represents the imposed duty cycles and
SOCs. In some time intervals one can observe that o.up00s:
takes the value 0, this occurs when the battery is incapable
to help the FC to satisfy Py, (case of SOC < 40 % and
Pem > Ppenign) or when P, is not high, then the FC has no
need to the battery help (case of SOC > 80 % and
Pion < Ppiow), or when Py, is very low and the battery
SOC is little inferior to 80 % (case of SOC < 80 % and
Piem < Prow), or when Py, is quite low and SOC is also
little inferior to 80 % (case of SOC < 80 % and
Piem > Ppriow). The same observation can be pointed out
with apaumuer Which values are different to 0 only when the
battery is charging from the FC (case SOC < 80 % and
Pdem < Pfclow or SOC < 80 % and Pdem > Pﬁ[,,w), otherwise,
it is takes the value 0. Consequently, the battery
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converters do not work all time. They work only when the
battery power is required to help the FC to satisfy Pg,,
provided that the SOC is comprised between 40 % and 80
% or when the battery is in charging mode (the SOC is
little inferior to 80 % and P, < Pp).

I_ Meboost ™ “hattbosst “battbuck |
08 - | n|
0.6 — 1
So4r -
02r 1
0 = T
o 2 4 6 a B 10 12 14
T T T
Fal T =
O 60 1
% w0l — .
0 2 4 5 ys) 8 10 12 14
b

Fig. 14. Duty cycles of DC/DC FC and battery converters (a)
and state of charge (SOC) (b)

Figure 15 shows the obtained output voltages of
DC/DC FC and battery boost converters and DC/DC
battery buck converter. It is obvious that the FC boost
converter works all time since its output voltage V. is
continuously greater than its input voltage Vi as
illustrated in Fig. 15,a. However, the battery DC/DC
boost converter operates only when the FC is incapable to
fulfill Py, alone and when SOC is grater than 40 % or 80
%. As shown in Fig. 15,5, from the beginning to 5 s, the
FC power is very low (Pr = Pprige) whereas
Prigie < Pyem < Ppiow then, the battery is switched on to
compensate the lack of power. Similarly, it is switched on
once again between 10 s and 15 s when P, is high
(Paem > Pienign), then the FC can not feed the DC bus alone
which involves the help of the battery in order to satisfy
Pern. Finally, the battery is once more switched on when
Pom is very high (Puew > Prnigh + Pharmax) from 20 to 25 s.
All these situations result in the battery boost voltage
presented in Fig. 15,c where Vo, is sometimes equal to
Vieart When the battery is switched off (ctpuupoos: = 0),
otherwise it is always greater than V;,,;; when the battery
is switched on (@pumpoos: # 0). Now, when P, is low
(Pridie < Paem < Preiow) and quite 1ow (Priow < Paem < Prenigh)
and SOC is little inferior to 80 %, the DC/DC buck
converter is operational to charge the battery; this occurs
between 5 s and 10 s and between 25 s and 30 s as
depicted in Fig. 15,c. Finally, Fig. 15,d shows the
obtained demand voltage V., which is all time equal to
Voges Vobat and Vipgyo since the outputs of the FC and the
battery boost converters are connected in parallel with the
input of the battery DC/DC buck converter.

In Fig. 16, the currents curves are presented. In each
one of parts (a, b and ¢) of this Fig. 16 is plotted the
measured input current and its reference and the measured
output current of each converter. The most important
observation is the perfect agreement between the input
current and its reference. Figure 16,d represents the
demand current which max value is 30 A corresponding
the max Vs 1550 V giving an apparent power of
48.6 kVA.
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Fig. 15. Input and output voltages of DC/DC converters DC/DC
FC boost converter (a), DC/DC battery boost converter (b),
DC/DC battery buck converter (c), and demand voltage (d)
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Fig. 16. Input and output currents of DC/DC converters DC/DC
FC boost converter (a), DC/DC battery boost converter (b),
DC/DC battery buck converter (c), and demand current (d)

The last set of figures (Fig. 17) concerns the
measured powers curves of the FC (Fig. 17,a), the battery
(Fig. 17,b) and the demand (Fig. 17,c) and their respective
reference powers.

As first statement measured powers and their
corresponding references are almost tighten most of the
time. Indeed, one can see a good settlement between FC
and battery powers and their references P*fc, Py
(Fig. 17,a, Fig. 17,b) especially when P, is low
(Pfczdle < Pdem < Pfclow) and medlum (Pfdow < Pdem < Pfchzgh)
however, P,,, and its reference P’ ,, are perfectly tighten
all time (Fig. 17,¢).

Recall that reference powers are delivered from
energy management algorithm developed in previous
section.
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Fig. 17. Reference and measured powers of fuel cell (@), battery
(b), and demand (¢)

Conclusion.

The work, presented in this paper, concerns a hybrid
FC/battery DC power system.

Firstly, theoretical studies about FC and battery
systems are stated.

Secondly, the adopted average models of boost and
buck FC and battery DC/DC converters and their control
strategies are exposed where a big focus is given to the
innovated energy management algorithm and the input
DC/DC  converters  reference  currents  on-line
identification using the efficiency map-based method.

Finally, the presented works are numerically verified
through computer MATLAB/Simulink simulations. The
studies are based on an adequate choice of the DC/DC
converters duty cycles and the battery SOC, as well as the
FC/battery speciﬁc powers (Pﬂ’high’ Pﬂ’lowa Pfcid]e: Pbattmax)-
The battery converters are functional only when the
battery is needed to help the FC to satisfy Py, provided
that (SOC > 80 % or SOC > 40 %) or when the battery
SOC is little inferior to 80 % and the FC power is greater
than Py,

All these situations are summarized in Table 4.

The obtained results demonstrate the algorithm
satisfactory operation.

Table 4
Conditions of battery DC/DC converters working
Ofehoost Ofeboost
beidle < Pdem< Pfclowa Pfc = beidlea ¢0 =0
SOC > 80 %
Pfchigh < Pdem < behigh + Pbatmax’ ¢0 =0
ch = Pfchigh, SOC > 40 %
Pdem > P/"Chigh + Pbatmaxa Pfc = P_/'chigha ¢0 =0
SOC > 40 %
Pfcidle < Pdem < Pfclowa Pfc = Pfclowa =0 #O
SOC <80 %
Preiow < Paem < Prenigh» Pre = Prenighs -0 £0
SOC <80 %
P/bhigh < Pdem < P/'Chigh + Phatmaxa =0 =0
Pfc = Pfc’high’ SOC <40 %
Preiow < Paem < Prenigh» Pre = Prenighs -0 -0
SOC >80 %

The continuation of the contribution concerns the use
of the managed P, to feed a three-level shunt active
power filter (3L-SAPF) and to study the impact on the
power quality. Moreover, development of a regulation
loops to carry out the DC/DC converters duty cycles
automatically is envisaged. Also, energy efficiency study
of the whole system is being considered.
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SLIME MOULD ALGORITHM FOR PRACTICAL OPTIMAL POWER FLOW
SOLUTIONS INCORPORATING STOCHASTIC WIND POWER AND STATIC VAR
COMPENSATOR DEVICE

Purpose. This paper proposes the application procedure of a new metaheuristic technique in a practical electrical power system to
solve optimal power flow problems, this technique namely the slime mould algorithm (SMA) which is inspired by the swarming
behavior and morphology of slime mould in nature. This study aims to test and verify the effectiveness of the proposed algorithm
to get good solutions for optimal power flow problems by incorporating stochastic wind power generation and static VAR
compensators devices. In this context, different cases are considered in order to minimize the total generation cost, reduction of
active power losses as well as improving voltage profile. Methodology. The objective function of our problem is considered to be
the minimum the total costs of conventional power generation and stochastic wind power generation with satisfying the power
system constraints. The stochastic wind power function considers the penalty cost due to the underestimation and the reserve cost
due to the overestimation of available wind power. In this work, the function of Weibull probability density is used to model and
characterize the distributions of wind speed. Practical value. The proposed algorithm was examined on the IEEE-30 bus system
and a large Algerian electrical test system with 114 buses. In the cases with the objective is to minimize the conventional power
generation, the achieved results in both of the testing power systems showed that the slime mould algorithm performs better than
other existing optimization techniques. Additionally, the achieved results with incorporating the wind power and static VAR
compensator devices illustrate the effectiveness and performances of the proposed algorithm compared to the ant lion optimizer
algorithm in terms of convergence to the global optimal solution. References 38, tables 6, figures 9.

Key words: optimal power flow, slime mould algorithm, stochastic wind power generation, static VAR compensators.

Mema. Y cmammi npononyemocsa npouedypa 3ACmOCY8AHHs HOG020 MEMAegPiCMIuecKo20 Memoody 6 peanbHil
eleKmpoenepzemud it cucmemi 0 po3e’A3aHHA 3a40ay ONMUMATILHO20 HOMOKY eHepzii, a came anzopummy ciu308oi yeii,
AKUWI 3ACHOBAHUIL HA ROBEOTHYI POI10 | MOPEh0oN02iT 130601 Yini ¢ npupooi. /lane 00CAI0HCEHHA CRPAMOBGAHE HA MECMYBAHHA
i nepegipky eghekmugnocmi 3anponoHOBAH020 AN2OPUMMY 018 OMPUMAHHA XOPOWUX PIieHb 0711 nPOOIeM ONMUMATILHO2O
HOMOKY HOMYMHCHOCHI WIAXOM 6KTIOUEHHA NPUCMPOI8 CIMOXACMUYHOIO 6imPOo6oi zenepayii i cmamuuHux KOMREeHcamopis
VAR. Y 36'a3ky 3 yum, po3znaoaiomoca pizui 6unaoku, wioo Minimizyeamu 3azanvHy éapmicms zenepayii, 3HUIUMU empamu
aKkmuenoi nomysdcnocmi i noninwumu npogine nanpyzu. Memoodonozia. B axkocmi uyinvoeoi Qyukuyii 3aeédannsn
PO32NA0AEMbCA MIHIMANbHA CYKYRHA eapmicmb mpaouuiinol zenepauii enexmpoenepzii i cmoxacmuyunoi eimpoeoi zenepauyii
npu 3a0060nenni oomedxncens enepzocucmemu. Cmoxacmuuna Qynkyia enepii eimpy epaxogyc eeauvunu wmpagie uepes
HeO0OoUinKy i pe3epeni sumpamu uepe3 3a6uUnieHy OYiHKy 00cmynnoi eimpoeoi enepeii. Y oaniii pooomi hpynkuia winenocmi
umogipnocmi Beitbynna euxopucmogyemuvcsa 0as1 MOOEII08AHHA | XAPAKMEPUCMUKU PO3NO0OINie weuokocmi eimpy.
Ilpakmuuna yinnicme. 3anpononosanuii anzopumm 0ye nepesipenuii na cucmemi wun IEEE-30 i eéenukuii anycupcokoi
mecmogiit enepzocucmenmi 3i 114 wuunamu. Y eunaokax, Konu mema nonazae ¢ momy, wj0o 3eecmu 00 MiHiMymy mpaouyiiine
GUPOONEHHA elleKmPOoeHepzii, 00CAZHYmMI Pe3yibmamu 8 000X mecmosux enepzocucmemax noKa3anu, wio aizopumm ciu3o08oi
ueini gpynkyionye Kpauje, Hixc inwi icuyroui memoou onmumizayii. Kpim mozo, oocazuymi pezyromamu 3 6UKOPUCIMAHHAM
eimpoeoi enepzii i cmamuunozo komnencamopa VAR intocmpyroms epexmuenicmo i npoOyKmuenicms 3anponoHoeanozo
anzopummy 6 NOPIGHAHHI 3 AN2OPUMMOM ORMUMI3AMOPA MYPAUWIUHUX J1€8i6 3 MOUKU 30py 30idcHocmi 00 2100a1bHO20
onmumanvrozo piwmenns. bion. 38, tadmn. 6, puc. 9.

Kniouogi cnoséa: onTuMaibHUi NOTIK eHeprii, a1ropuTM CJIHM30BOI IBii, cTOXacTHYHA reHepalis eHeprii BiTpy, cratuuni VAR
KOMIIEHCATOPH.

Introduction. In the last decade, energy developing thanks to the technological advances made in

consumption has been increased significantly especially
in developing countries. Renewable energy can be known
as green energy or clean energy is one of the best
solutions to the increasing demand problem, and it is
inexhaustible energy that comes from natural resources or
processes that are constantly replenished [1], even if their
availability depends on weather and weather conditions,
and whose exploitation causes the least possible
ecological damage, does not cause toxic waste and does
not cause damage to the environment. They are cleaner,
more environmentally friendly than fossil fuels and fissile
energies, environmentally friendly, available in large
quantities around the world.

Nowadays, the integration of renewable energy
sources — RESs (i.e., solar, wind, hydropower, etc.) into
the electrical grid is experiencing a rapid increase. Among
the various RESs, wind energy considered is one of the
most desirable sources in recent years that keeps

the field of wind generators to reduce the cost of system
installations. In addition, the application of flexible AC
transmission systems (FACTS) controllers such as static
VAR compensators (SVC) devices that considered one of
the most controllers used in the case of the high demand
for energy to maintain the magnitude of bus voltage at the
desired level, improve voltage security and minimize the
total power losses.

With the growing penetration of RESs in the power
system, the study of optimal power flow (OPF) becomes
necessary to solve power system problems or improve the
performance of this system. The OPF for the system that
includes RESs such as wind power generators is the
subject of ongoing research models nowadays. It is
necessary to confront the stochastic nature of this source
for analysis of the planning and operation of modern
power systems, in order to obtain much more precise

© R. Kouadri, L. Slimani, T. Bouktir
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results [2]. In general, the problem with wind power is the
stochastic nature of wind speed. Therefore the model
which considers the probability of the available wind
power can represent the cost of overestimating and
underestimating this power at a certain period.

Recently, OPF with stochastic wind power has
extensively been studied by more researchers. In [3]
authors proposed a Gbest-guided artificial bee colony
algorithm (GABC) to solve the OPF problem in the IEEE
30 bus system incorporating stochastic wind power. In
attempting the same problem in [4] author proposed a
modified moth swarm algorithm (MMSA) to solve the
OPF problem incorporating stochastic wind power. In this
work, three different objective functions are considered,
which are the minimize the total operating cost, reduce
the transmission power loss, and improve the voltage
profile enhancement. In another study [5] authors applied
the success history-based adaptation technique of
differential evolution algorithm to solve the OPF problem
comprises of stochastic wind-solar power with
conventional thermal generators under various cases. The
OPF incorporation with wind power and static
synchronous compensator STATCOM was studied in [6]
by using a modified bacteria foraging algorithm (MBFA).
The results obtained proved that MBFA efficiency and
better than the ACO algorithm for solving OPF problems
in power systems. Bird Swarm Algorithm (BSA) for
solving an OPF problem with incorporating stochastic
wind and solar PV power in the power system is studied
in [7]. The proposed approach applied in the modified
IEEE 30-bus system with objective function is to
minimize the total energy generation cost, which is the
cost of thermal-wind-solar. In [8] authors applied a
modified hybrid PSOGSA with a chaotic maps approach
to improve OPF results by incorporating stochastic wind
power and two controllers in the FACTS family such as
TCSCs and TCPSs. The proposed method is applied in
the power systems to minimize the thermal generators'
fuel cost and the wind power generating cost.

Several metaheuristic optimization algorithms were
developed and applied for the OPF solution. Some of
them are: salp swarm optimizer [9], moth swarm
algorithm [10], differential evolution [11], glowworm
swarm optimization [12], differential search algorithm
[12], moth-flame optimizer [14], stud krill herd algorithm
[15], artificial bee colony algorithm [16], symbiotic
organisms search algorithm [17], improved colliding
bodies optimization algorithm [18], firefly algorithm [19],
black-hole-based optimization approach [20], the league
championship algorithm [21, 22], multi-verse optimizer
[23], harmony search algorithm [24], earthworm
optimization algorithm [25]. Among several numbers of
the available metaheuristic algorithm, a new flexible and
efficient stochastic optimization algorithm has been
proposed to solve our problem and satisfy our imposed
conditions, this technique namely a slime mould
algorithm (SMA). SMA is based upon the oscillation
mode in nature and simulates the swarming behavior and
morphology of slime mould in foraging.

In this paper, a new flexible and efficient stochastic
optimization algorithm called slime mould algorithm
(SMA) has been proposed with the aim is solving the

OPF problem in power systems incorporating stochastic
wind power and SVC devices.

Modeling of SVC. The static VAR compensator
(SVC) device is an important member of the FACTS
controllers’ family. The importance of SVC is to maintain
the bus voltage magnitude at the desired level by
providing or absorbing reactive energy. In the power
system, SVC is modeled by shunt variable admittance.
SVC's admittance only has its imaginary part since the
SVC device's power loss is assumed to be negligible and
is given as follows:

ysve = jbsyc - (1)

The bgyc susceptance can be capacitive or inductive
to provide or absorb reactive power, respectively. In this
study, SVC is installed in the power system as a PV bus
with the objective is to regulate the voltage magnitude V
by injecting reactive power to a bus where it is connected.
The current Igyc and reactive power QOgyc absorbed or
injected by the SVC device is calculated as follow:

Isyc = jbsycVis (2)

Osve =—Vibsyc - ©)
Optimal power flow problem formulation. The
optimal power flow problem solution aims to give the
optimum value of the objective function by adjusting the
settings of control variables. Generally, the mathematical
expression of the optimization problem with satisfying
various equality and inequality constraints may be
represented as follows:

min F' (x,u) ; “4)
Subjected to g(x,u) =0; 5)
h(x,u)s 0; (6)

where F(x, u) denotes the objective function that to be
optimized, x and u represents the vectors of the state
variables (dependent variables) and control variables
(independent variables), respectively.

Control variables. In the OPF the control variables
should be adjusted to satisfy the load flow equations. The
set of control variables can be represented by vector u as
follows:

e Fo, By Bws, - Bwsy, V6, Ve

Oc,---Ocyo T+ Inr»SVC...SVCysyc |
where Pg is the thermal generator active power; Py is the
wind active power; V is the generator voltage; Oc is the
reactive power injected by the shunts compensator; 7 is
the tap setting of transformers; SVC is the static VAR
compensator; NG is the number of generators; NW is the
number of wind farms; NC is the number of shunts
compensators units; N7 is the number of regulating
transformers; NSVC is the number of SVC devices.

State variables. The set of variables which describe
the electrical power state can be represented by vector x
as follows:

X = Pastack 06, Q6 Ows, -+ sy Ve -+ Vi »Sty Sty ()
where Pgy,q 1S the active power generation at the slack
bus; Qg is the reactive power outputs of the generators;
Ops 1s the reactive power outputs of the wind farms; V; is
the voltage magnitude at load bus; S; is the apparent
power flow; Ng is the total number of generators buses;

(7
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N; is the total number of load buses or PQ buses; V, is the
total number of transmission lines.

Equality constraints. The equality constraints
represent in the power system the load flow equations of
the balanced powers and reflect the physics of the power
system. The equality constraints can be represented as
follows:

N
PG,'+PWS,‘_Pdi =VlZVJ(gU0055U +Z,/SIH5U), (9)
j=1

N
QGi +QWSI- —le_ = Vlej(gl] Sll’l5lj +Z!'/' COS5I'J') (10)
=

Inequality constraints. The inequality constraints
reflect the limiting of the power system operation. These
inequality constraints can be represented as follows:

min max ,
PG,- <K < PG,- ;

min max ,
st < Bys, < P
min max ,
QGi < QGi < QGi s
min max ,
szag < Ops, 55§2wag=
min max
< < :
Ve < Vg, SVER

)

min max
< < :
7}vn. <Tyr, "J}JE ’

min max .
QSVC,- = QSVC,- = QSVC,- >

< max
NAERH

Objective function. In this study, the objective
function is to minimize the total generation cost (TGC)
subject to operating constraints. The objective function is
formulated as:

N NW
Fior = ZFt(Pl)+ chr(Pwr)+
i=1 i=1 (12)

NW NW
Zcp.wr (Pwr.av - Pwr )+ Zcr.wr (Pwr _Pwr.aw )
i=1 i=1

In the expression of the objective function
formulated in the (12), the first term denotes thermal
power generation cost, second, third and last term of the
objective function shows the costs of wind power,
respectively. Details of all terms are explained below.

Fuel cost of the conventional generator. The cost
function of the thermal generators as follows:

N

FI-(PI-):[Zal- +b,Pg + PG ] (13)
i=1

where Pg is the active power generated from the

available thermal generators; a;, b; and ¢; are the cost

coefficients of i-th generator.

The direct cost function for wind power. The grid
operators pay the cost of purchasing wind power from a
wind power producer based on the power purchase
agreement. This cost is termed as the direct cost and is
defined as follows [5]:

er(P Wr) = drP wrs (14)

where d, is the direct cost coefficient for the j-th wind
generator and P, is the scheduled power output.

Cost function due to the underestimation. The
underestimation situation is due when the actual wind
power is higher than the estimated value. So, the utility
operator needs to pay a penalty cost for not using the
surplus amount of available wind power [4, 5]. The
penalty cost functions due to the underestimation of
available wind power represented by (15), it can be given
as [26]:

Cp.wr(Pwr.av _Pwr): kp(Pw.av _Pwr):
Pr.()
(15)
:kp I(W_Pwr)'fw(Pw)’

P,

where C,,, is the cost associated with wind power
shortage (underestimation); P,,, is the actual available
power output; &, is the penalty cost coefficient due to
underestimation and f,(P,) represents the probability
density function (PDF).

Cost function due to the overestimation. On
contrary to the underestimation situation, the
overestimation situation is due when the actual wind
power is less than the estimated value. So, a spinning
reserve is needed for grid operators [5]. The penalty cost
function due to the overestimation of available wind
power represented by (16) as follows [27]:

Cr.wr(Pwr - Pwr.av): kr(Pwr _Pw.av):

P,

wr (16)
:kr J‘(Pwr_W)'fw(Pw)’

0

where C,,,. the cost associated with wind power surplus
(overestimation) and £, is the reserve cost coefficient due
to overestimation.

Wind power model. The distribution function was
used in this work to model and characterize the
distributions of wind speed known as Weibull probability
density function (PDF) [28], and can be represented as:

flv)= f[ijk_l L,

c\¢C

an

here v is the wind speed; & and ¢ respectively the shape
factor and scale factor (m/s).

The probability density function for the continuous
portion of wind energy conversion systems (WECS)
power output random variable becomes as follows:

f ()= KL Veuin ((1 0 Wi jkl ]
C

c

, (18)

c

exp| — ( (1 +p l)vcut—in jk

where | = (Viaged — Veurin) ! Veurin 18 the ration of linear
range wind speed to cut-in wind speed; v, ;, is the wind
speed at which wind turbine starts to generate power;
Veur-of 1 the wind speed at which the wind turbine is
disconnected; Vv, is the wind speed at which the
mechanical power output will be the rated power;
p =P,/ P, is the ratio of wind power output to rated
wind power.
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The probability for the discrete portion of the WECS
power output is expressed by (19) and (20), respectively
as follows [5, 291:

1.(B)={P,=0}=1- exp(— [V;ﬂ .

¢
v k (19)
+exp —(Mj :
c
v k
fW(PW):{Pw:Pwr}:eXp _[ mC'tedj
v k (20)
—exp —[MJ :
c

Slime mould algorithm. A slime mould algorithm
(SMA) is a new stochastic optimizer technique nature-
inspired proposed in 2020 in [30]. This technique based
on the oscillation mode of slime mould in nature and
simulates the swarming behavior and morphology of
slime mould in foraging. The SMA algorithm features a
special mathematical model that uses the adaptive weight
to simulates the combination of positive and negative
feedback from the bio-oscillator-based propagation wave
that was inspired by slime mould to form the optimal
pathway to connect food. Some of the most interesting
characters in the slime mould are the unique pattern based
on the various food sources to create a venous network
connecting them at the same time. This scheme gives the
high capability of escaping from local optima solutions.
The algorithm is aroused by slime mold diffusion and
foraging behavior. In SMA, slime mould can approach
food, depending on the smell in the air. The slime mold
morphology varies, with three different forms of
contraction. The following section will explain in detail
the mathematical model for simulating the behavior of
slime mould during the foraging [30].

Approach food. The following formulas for
imitating the contraction mode is proposed to model the
behavior of slime mould to approaching food according to
the odor in the air as follow:

m: XB(I"‘F\TI;(WXA(I'—XB‘t’)F<p,
\Iﬂ%lrEp,

where X denotes the slime mould location; X, is the
individual emplacement with the highest odor
concentration currently found; X, and Xjp are indicated
two randomly selected individuals from the swarm;
vb is a parameter distributed in the range of [-a, a];
ve decreases linearly from 1 to 0; ¢ shows the current
iteration; W represents the slime mould weight and given
below by (24); p is the parameter given as follows:

2

p =tanh|S(i)- DF|, (22)
where S(i) shows the fitness of X cie 1,2, .., nm
DF is the optimum fitness obtained in all iterations.

The parameter of a is given as follows:
a= arctanh(—( ! J+ 1] . (23)
max_ ¢

The expression of W define the location of slime
mould and is given as follows:

bF - S(i)

1+r-lo
g[b —-wF

1-7r- log[bF;S(l) + 1], others,
bF F

- W

+ 1), condition;

W (Smelllndex(i))= (24)

where condition denotes that S(i) is ranked first half of the
population; r represents the random value distributed in
the range of [0, 1]; bF and wF are represented the optimal
and worst fitness value obtained in the current iterative
process, respectively; Smelllndex represents the sequence
of fitness values sorted as:

Smelllndex = Sort(S). (25)

Wrap food. This portion mathematically simulates
the contraction mode in the slime mould venous tissue
structure while searching. In this context, the higher the
food concentration reached by the vein, the stronger the
bio-oscillator-generated wave, the quicker the cytoplasm
flows and the thicker the vein. The following
mathematical  formula  represents updating the
emplacement of slime mould:

rand -(ub—Ib)+Ib, rand < z;
Xp(t +1Tb~(W~XA(I)—XB(I)),r<p;
\Z’-m,er,

where /b and ub denote the lower and upper limits of the
search range, respectively; rand denotes the random value
distributed in the range of in [0, 1].

Grabble food. Slime mould is primarily dependent
on the propagation wave to change the cytoplasmic flow
in the veins, so they appear to be in a better concentration
of food. Slime mould can approach food faster when the
concentration and quality of food are high, while if the
food concentration is lower, approach it more slowly, thus
increasing the efficiency of slime mould in selecting the
optimal source of food.

X - (26)

In the SMA process, the value of the parameter vh
oscillates randomly in the interval between [—a, a] and
progressively approaches zero as the iterations increase.
The value of vc oscillates randomly in the interval
between [—1, 1] and finally tends to be zero.

The pseudo-code of the SMA to solve the OPF
problem is shown in Algorithm 1.

Algorithm 1 Pseudo-code SMA algorithm
Read the system data (bus data, line data, and generator data);
Initialize the parameters of search agents, size of the
population, the maximum number of iterations, the number and
position of the control variables;
Initialize the position of the slime mould X; using (21);
While iteration < Max _iteration,
Calculate the fitness of all slime mould using (26);
Update the best fitness, X3
Calculate the ¥ by using (24);
For each search space
Update the parameters of SMA which are: p, vb and vc;
Update the best positions of the slime mould;
Calculate the best value of the objective function (12);
End For iter=iter +1;
End while
Return best Fitness found so far, X3.
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Simulations and results. To demonstrate the
performance and efficiency of the SMA algorithm to
solve the OPF problem by incorporating stochastic wind
power and FACTS devices such as SVC, the present work
aims to apply the SMA on IEEE 30-bus and Algerian
114-bus systems with different test cases study. In this
context, the minimization of total fuel cost and wind
power cost is considered as objective functions. The
description of all these test cases can be found in the
following section. All the simulations are carried out by
using MATLAB 2009b and computed with specification
Intel® Core™ i5 CPU@1.80 GHz with 8 GB of RAM.
For establishing the robustness of the SMA algorithm,
30 independent trial runs are performed for all the test
cases. In this work, the population size is 40 and the
number of iterations maximal is 500.

IEEE 30-bus test system. The first test is dedicated
to the standard IEEE 30-bus power system in order to
verify the performance and efficiency of the SMA for the
small scale power system. This system includes
6 generators unit, 41 transmission lines, 4 transformers
located at lines 6-9, 4-12, 9-12, and 27-28. Nine reactive
compensators are located at buses 10, 12, 15, 17, 20, 21,
23,24, and 29. The total load is (2.834 +j-0.735) p.u.

The upper limit and lower limit variables are shown
in Table 1. In this section, two different parts are
considered, the first part is solving the OPF problem
under normal conditions and the second part is solving the
OPF problem under the contingency state.

OPF solution under normal condition. In this part,
the SMA is applied to solve the OPF problem under the
normal condition with active power loading is 283.4 MW.
Three different cases are examined via SMA as follows.

Case 1: Minimization of total fuel cost. The objective
function used in the first case under normal condition is to
minimize the total fuel cost according to the optimal power
distribution of the production units and is described by (13).
Table 3 tabulates the results obtained by the SMA algorithm
for Case 1. It can be seen that the optimal settings of control
variables are all within their acceptable limits. Furthermore,
we can also see that the fuel cost obtained by SMA is
798.9709 $/h, this value is lower and better compared to
those obtained by MSA, GSO, MFO, BHBO, ALO, MSCA
which are mentioned in Table 1.

Table 1
Comparison of solutions achieved using SMA
and different methods for Case 1
Method Fuel cost ($/h)

Slime mould algorithm 798.9709
Moth swarm algorithm [10] 800.5099
Glowworm Swarm Optimization [12] 799.06
Moth-Flame Optimizer [14] 799.072
Black-hole-based optimization [20] 799.921
Ant lion optimizer [31] 799.0133
Modified Sine-Cosine algorithm [32] 799.31

The convergence characteristics of the proposed
method and the ALO algorithm are shown in Fig. 1. It can
be seen that the SMA algorithm outperforms the ALO
algorithm in terms of convergence rate towards the global
optimum solution. So, the results achieved showed the
SMA superior and robust compared to the ALO algorithm
in order to get the best solution to solve the OPF problem.
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Fig. 1. Convergence characteristics of the SMA & ALO: Case 1

Case 2: Minimization of total fuel cost and wind
power cost. In this test case, SMA is applied to solve the
OPF problem by incorporating stochastic wind power.
Thus, the objective function is minimizing the total
generation cost that includes fuel cost and wind power
cost. The cumulative cost, described by (13). In this case,
the standard IEEE 30-bus system is considered by
including two wind farms located at bus numbers 10 and
24. Moreover, the two wind farms (WFs) consist of 30
units of wind turbine generation (WTG) with a nominal
power rating of each WTG is 2 MW. Thus, each WF
having a total capacity of 30 MW.

Table 2 details the specification of wind turbine
characteristics used in all optimization cases in this study
concern with incorporating wind power for the IEEE 30-bus
system [33].

Table 2
The characteristics of this wind turbine
Parameters Value
k 2
c 3
d, 1.3
pP,, 2000 kW
Veut-in 4 m/s
Vrated 12 m/s
Veut off 25 m/s
K, ; (penalty factor) 1 $/MWh
K., (rserve factor) 4 $/MWh

Table 3 presents for case 2 the results obtained by
SMA to minimize the total generation costs, which are the
total fuel and wind costs. The sizing of the two wind
farms can be referred to in the same table. For this case,
SMA exhibit bus 10 and 24 as the optimal locations of the
wind farm. At active power loading of 283.4 MW, It can
be seen that the TGC produced by SMA is reduced from
798.9709 $/h to 725.7113 $/h. Moreover, the active
power losses have also increased from 8.5752 MW to
6.2413 MW which is lowered by 27.21 %. Thus, SMA
provides the best values to minimize the TGC and reduce
the active power losses in the IEEE 30-bus test system by
incorporating wind power compared to the case without
the implementation of wind farms. In general, the
implementation of wind farm installation to the system
has significantly reduced the values of the total generation
cost and the active power losses.
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Table 3

Best control variable settings obtained via SMA for IEEE 30-bus system including WPG and SVC devices

Control Variables .Limits Active power loading 283.4 MW Active power loading 410.93 MW
Min | Max Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Psi(MW) 50 | 200 177.5784 139.3865 139.6782 199.9977 195.2207 195.2576
P (MW) 20 80 48.6770 39.6216 39.4803 78.8218 57.6992 57.8394
Pgs(MW) 15 50 21.2668 18.6332 18.5144 42.4211 32.9495 32.7988
Pe(MW) 10 35 21.2316 10.0000 10.0292 34.9915 34.9999 34.9896
Psii(MW) 10 30 12.0890 10.0000 10.0025 29.9997 21.9266 23.1781
Psi3(MW) 12 40 12.0000 12.0000 12.0042 38.2946 20.3897 19.1394
Pysi(MW) 0 40 - 30.0000 30.0000 - 30.0000 30.0000
Py (MW) 0 40 - 30.0000 30.0000 - 30.0000 30.0000
Vei(p-u) 095 1.1 1.1000 1.1000 1.1000 1.1000 1.1000 1.1000
Vea(p-u) 09 | 1.1 1.0879 1.0894 1.0873 1.0843 1.0804 1.0818
Ves(p.u) 09 | 1.1 1.0618 1.0644 1.0597 1.0286 1.0264 1.0263
Ves(p-u) 09 | 1.1 1.0701 1.0760 1.0719 1.0616 1.0669 1.0694
Veri(pu) 09 | 1.1 1.1000 1.0539 1.0233 1.1000 1.1000 1.0964
Veis(p-u) 09 | 1.1 1.1000 1.0183 1.0150 1.1000 1.0516 1.0371
Ty1(p.u) 09 | 1.1 1.0259 1.0903 1.0989 1.0189 1.0896 1.1000
To(p.u) 09 | 1.1 0.9010 1.0286 1.0887 1.0211 1.0991 1.0993
Tis(p-w) 09 | 11 0.9803 1.0980 1.0786 1.0511 1.0997 1.0974
T36(p.u) 09 | 1.1 0.9568 1.0594 1.0429 0.9609 1.0272 1.0455
Ocio(Mvar) 0 5 4.3806 0.0139 1.7150 4.8813 4.1783 3.8886
Oc12(Mvar) 0 5 4.7790 2.8581 0 1.9164 4.8901 0.8560
Ocis(Mvar) 0 5 4.8272 0 4.7098 3.1109 3.1556 1.6088
Oci17(Mvar) 0 5 4.9942 2.2721 1.4631 4.9727 49617 5.0000
Oco(Mvar) 0 5 2.5651 2.7844 1.0131 1.3915 1.1554 4.1684
Ocr1(Mvar) 0 5 2.8396 5.0000 4.8532 4.9937 0.0066 4.9944
Oc;(Mvar) 0 5 3.4609 4.8785 0.5928 2.9808 2.7736 4.7325
Ocs(Mvar) 0 5 4.9957 0.2167 1.8172 4.6307 1.3769 0.0423
Oc9(Mvar) 0 5 1.1562 0.9389 0.4900 1.1981 1.2900 4.8493
Owsi1(Mvar) -15 | 40 — -3.9319 39.4803 — 4.7442 57.8394
Ows(Mvar) -15 | 40 - 3.3754 0.8719 — 10.3240 32.7988
Osvczo(Mvar) -25 | 25 - - 5.6479 - - 6.6716
Total generation cost ($/h) 798.9709 725.7113 725.8855 1339.4776 1198.1826 1198.2092
Power losses (MW) 8.5752 6.2413 6.3087 13.5964 12.2555 12.2729
Voltage deviation (p.u.) 1.4494 0.6285 0.5195 0.7413 0.6066 0.5465
Reserved real power - 53.5074 53.5074 - 53.5074 53.5074

The convergence curves of the SMA and ALO for
case 2 are shown in Fig. 2, which allows us to note, in the
first place, that the SMA converges towards the global
optimum value at iteration 120 compared to the ALO, that
the convergence towards the optimal solution is reached
at iteration 270.

Case 3: Minimization of fuel cost and wind power
cost by considering the SVC device. In this case study,
SMA is applied for solving the OPF problem by
incorporating wind power and SVC devices. The optimal
location of the SVC device for the IEEE 30-bus system
found by SMA is bus N°30. The objective function used is
to minimize the TGC as described by (13). From this case,
It can be seen that the voltage deviation is reduced from
1.4494 p.u (case 1) and 0.6285 (case 2) to 0.5428 p.u. The
voltage profile obtained by the SMA algorithm for cases 2
and 3 is shown in Fig. 3. It is seen that the effect of the
SVC device to improve the profile voltage, especially in

the busses far from generators units such as bus N°25
until bus N°30.
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Fig. 2. Convergence characteristics of the SMA & ALO: Case 2

OPF solution under the contingency state. In this
part, the SMA is applied to solve the OPF problem under
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the contingency state, which is increased loading at 45 %.
Thus, the active power loading is 410.93 MW. Three
different cases are considered for this part.

Case 2
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Fig. 3. Profile Voltage magnitudes for case 2 and case 3

Case 4: Minimization of total fuel cost. In this
case, the objective function is to optimize the total fuel
cost in the IEEE 30-bus system with increased loading at
45 % and is described by (16) addition to the penalty of
line power. From the results given by the SMA algorithm
for the case N°5, It can be seen that most generators work
near their maximum limits, due to the increased load
compared to the results given in case 1 without increased
load. Moreover, we can also see that the fuel cost, active
power losses, and voltage deviation are increased as
presented in Table 3. The convergence characteristics of
the SMA and ALO for case 4 are shown in Fig. 4.
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Fig. 4. Convergence characteristics of the SMA & ALO: Case 4

Case 5: Minimization of total fuel cost and wind
power cost. The minimization of total fuel cost and wind
power cost, in this case, is formulated as the objective
function, which is described by (13). At higher active power
loading of 410.90 MW, SMA provides 1198.1826 $/h for
the TGC, this value better than a value obtained in a case
without incorporating wind power. On the other hand, the
implementation of wind farms has reduced the active
power losses and the deviation voltage in the system.

The convergence characteristics of the SMA and
ALO for case 5 are shown in Fig. 5. From this figure, it
demonstrates that the SMA algorithm can converge to the
global optimum at iteration 170, while ALO towards the
optimal solution is reached at iteration 230.
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Fig. 5. Convergence characteristics of the SMA & ALO: Case 5

Case 6: Minimization of total fuel cost and wind
power cost by considering the SVC device. In this case, we
have study the influence of SVC devices on a power system
to improve the voltage profile. The voltage profile for case 5
and case 6 are shown in Fig. 6. Unlike case 5 where profile
voltage decreases after overloading, adding the SVC to the
power system, in this case, improves the voltage as seen in
Fig 6. Through the given results, we note that the effect of
SVC is significant in the case of increased load.
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Fig. 6. Profile voltage magnitudes for case 5 and case 6

Algerian electrical network system. In order to
verify the performance and efficiency of the ALO to solve
nonlinear problems in larger-scale dimensions, OPF is
performed on the Algerian electrical network system. This
system includes 15 generators, 175 transmission lines,
and 16 located from line 160 to line 175. The technical
and economic parameters of generator units of the
Algerian electrical network system are presented in [34].

Case 7: Minimization of total fuel cost. In this
case, SMA is tested to identify the optimal fuel cost on
the large-scale Algerian electrical network system with
114 buses. Table 4 presents the optimal settings of control
variables reached by SMA with three different cases
taking into consideration the vector of control variables
contains the active powers generated and the generator
voltages. The best value of fuel cost obtained by SMA for
the vector of control variables contains the active powers
generated is 18914.105 $/h and better than other methods
as well as previously reported methods in Table 5.

The convergence characteristics of the proposed
algorithm and ALO algorithm for case 7 are shown in Fig. 7.
It can be seen that the SMA algorithm outperforms the
ALO algorithm in terms of convergence rate towards the
global optimum solution.
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Table 4

Best control variable settings obtained via SMA for ALG 114-bus system including WPG and SVC devices

Control Variables Case 7 Case 8 Case 9 Control Variables | Case 7 | Case 8 | Case 3
Psy(MW) 451.3078 | 444.8246 | 446.5335 Va(p.1) 1.0997 | 1.1000 | 1.0999
Pss(MW) 451.1405 | 446.1754 | 443.8411 Ves(p.u) 1.1000 | 1.1000 | 1.1000
Psii(MW) 99.9998 | 99.9992 | 99.9993 Veii(p-u) 1.0954 | 1.0990 | 1.0993
Psis(MW) 193.3981 | 190.5629 | 188.6959 Veis(p-u) 1.1000 | 1.1000 | 1.0993
Ps17(MW) 446.9078 | 439.3309 | 441.6877 Vei7(p.u) 1.1000 | 1.1000 | 1.1000
Pi1o(MW) 194.8571 | 190.8661 | 189.4341 Veio(p-u) 1.0599 | 1.0523 | 1.0590
Psn(MW) 191.8038 | 190.0866 | 186.7558 Vioo(p.u) 1.0620 | 1.0589 | 1.0683
Pgs:(MW) 188.5324 | 186.9000 | 185.9111 Vasa(p.u) 1.0661 | 1.0622 | 1.0668
Psso(MW) 190.4592 | 184.5212 | 186.0970 Vso(p-u) 1.1000 | 1.1000 | 1.0998
Psgs(MW) 187.8661 | 181.9296 | 183.6420 Vesa(p.u) 1.1000 | 1.1000 | 1.1000
Pgos(MW) 188.6026 | 183.2775 | 184.3464 Vos(p-u) 1.1000 | 1.1000 | 1.1000
Pgioo(MW) 600.0000 | 599.9998 | 600.0000 V100(p-u) 1.1000 | 1.1000 | 1.1000
Pgi10i(MW) 200.0000 | 200.0000 | 200.0000 Veio1(p-u) 1.1000 | 1.1000 | 1.1000
Pros(MW) 100.0000 | 99.9995 | 99.9985 Vioo(p-u) 1.1000 | 1.1000 | 1.0998
Pgi1i(MW) 99.9976 | 100.0000 | 100.0000 Vern(p.u) 1.0701 | 1.0650 | 1.0792
Pysi(MW) - 15.0000 15.0000 QOsyesg(Mvar) - - 22.000
Py (MW) - 30.0000 | 29.9999 QOsyeso(Mvar) - - 32.800

Case 1 Case 2 Case 3
Fuel cost ($/h) 18914.105 18624.9978 18610.7234
Power losses (MW) 57.8726 56.4733 54.9422
Voltage deviation (p.u.) 4.9714 4.8197 4.5968
Reserved real power — 41.0227 41.0227
Table 5 located at busses 99 (Setif) and 107 (Djelfa). Moreover,

Comparison of solutions achieved using SMA
and different methods for Case 7

Method Fuel cost ($/h)
Slime mould algorithm 18914.105
Differential evolution [34] 19203.340
Grey wolf optimizer [35] 19171.958
Hybrid GA-DE-PS [36] 19199.444
M-objective ant lion algorithm [37] 19355.859
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Fig. 7. Convergence characteristics of the SMA & ALO: Case 7

Case 8: Minimization of total fuel cost and wind
power cost. In this case, SMA is applied to solve the OPF
problem on the large-scale power system by incorporating
stochastic wind power. The Algerian power system ALG
114-bus is considered by including two wind generators

the two wind farms (WF) consist of 40 units of wind
turbine generation (WTG) are connected to the system at
busses 10 and 24 with a nominal power rating of each
WTG is 1.5 MW. Weibull settings for the sites that have
been chosen are taken from [38]. The choice of the
turbine has been set for General Electric GE 1,5-77
machines. The characteristics of this wind turbine are
shown in Table 6.

Table 6

The characteristics of this wind turbine

Parameters Wind turbinel | Wind turbine
k 1.425 2.008
c 4.083 5.178
d, 1.75 2
P, 15 MW 30 MW
Veut-in 3.5m/s 3.5m/s
Vyated 12 m/s 12 m/s
Veut-off 25 m/s 25 m/s
K, (penalty factor)| 1.5 $/MWh | 1.5 $/MWh
K, ; (rserve factor) 3 $/MWh 3 $/MWh

Table 4 summarizes the best results reached by
SMA to minimize total generation cost, reduce active
power losses and improve the voltage profile by
incorporating two wind farms. Based on the results
achieved by the SMA in case 7 compared to case 8, the
incorporation of wind farms into the system in the ALG
114 system gave more significant profit in TGC and
reducing active power losses. The convergence
characteristics of the SMA for case 8§ are shown in Fig. 8.
The convergence of the SMA is reached in the first 170
iterations, while the convergence of the ALO towards the
optimal solution is reached at iteration 230.
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Case 9: Minimization of total fuel cost and wind
power cost by considering the SVC device. In order to
illustrate the effectiveness of the SMA in presence of
SVC devices on the power system, the ALG 114-bus is
considered by including two SVC devices at busses N°68
(Sedjerara) and bus N°89 (Souk Ahras). These locations
of SVC devices are considered the optimal placement in
the Algerian 114-bus system found by the SMA
algorithm. After the results of the simulation, the
installation of the SVC improved considerably the total
generation cost, the active power loss. Figure 9 represents
that the effect of SVC devices is significant in the
Algerian 114-bus system to maintain the voltages within
the acceptable limits.
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Fig. 9. Profile voltage magnitudes for case 8 and case 9

Conclusion. This paper proposed a recent
metaheuristic technique called a slime mould algorithm to
solve the optimal power flow problem incorporating
stochastic wind power and static VAR compensator
devices. In this study, nine cases have been considered
and examined via the proposed algorithm on the IEEE
30-bus system and practical Algerian power system ALG
114-bus. The objective function solved is a minimization
of the total generation cost that includes fuel cost and
wind power cost. Also, the nature of the wind output
function used is based on the Weibull probability
distribution model. For the case without considering wind
power and static VAR compensator devices, it is worth
mentioning that the proposed algorithm is capable of
achieving and getting the best global optimal solution for

both of the testing systems compared to the other methods
in the literature mentioned in this paper. With considering
wind power and SVC devices, the numerical results
obtained show a better performance of the proposed
algorithm to solve the optimal power flow problem
compared to the ant lion optimizer algorithm.
Additionally, incorporating the wind power and static
VAR compensator device has a high influence on the
power system through minimize the total generation cost,
reduce the active power loss as well as improve the
voltage profile. Thus, the results obtained prove the merits
and efficiency of the proposed algorithm to solve the
stochastic optimal power flow problem.
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JOCIIIKEHHSA PO3ITOALTY MATHITHOT'O ITOJIA I[IIO“‘IOi JIBOKOJIOBOI JIEII
110 kB «4TELl - YEPHII'IBCBbKA-330» ¥ 30HI ’KUTJIOBOI 3ABY10OBH TA METO/IB
MOro 3SMEHIIEHHSA 10 BE3IIEYHOI'O PIBHSA

3a icHyrouux ma nepcneKmueHUX e1eKmpuYHUX HAGAHMANCEHHAX 00CNI0HCEHO PIBeHb MAZHIMHO20 NOA 080KOI0601 ROGIMpP-
noi JIEII nanpyzorw 110 kV «9TEL] — Yepniziecvka-330», axa npoxooums no mepumopii 00Honoeepxo6oi ma 6azamonogepxoeoi
3a0yooeu y m. Uepnizie. llokazano, wio indyKyia MazHimHozo nona 6 30Hi 3a0y006u ma Ha mexici OXOPOHHOT 30HU MOodice nepe-
suwyeamu o6e3neyHuil 0na a00unu pieens, 0cooaueo y eunaoxy pooomu JIEII y oonoxonoeomy pexcumi. Busnaueno 6ezneuni
YMOBU 07151 NPOHCUBAHHA HaceNlenna nooau3y oanoi JIEII, 30kpema, 6e3neuny siocmans 6io oci mpacu JIEII 0o micub pozmauiy-
6aHHA 00HONOGEPX08UX ma Oacamonoesepxosux Oyounxie. Ilokazano, w0 3acmocysanHs 8eKmMoOpPHOI KOMREHCAyil 003601:€
odocazmu 3HAUHO20 3MeHWEeHHA PieHA MazHimHozo noasa. bion. 16, puc. 19.

Kniouosi cnosa: nosirpsina JIEII, enekTpuyHi HABaHTAKeHHS, IHIYKIiA MATHITHOIO M0JIs, }KUTJI0OBA 3a0y/10Ba.

Ilpu cywecmeyiomux u REPCHEKMUGHBIX INEKMPUUECKUX HAZPYIKAX UCCIE006AHO YPOBEHb MAZHUMHOZ0 NOJIsA 08YXUEHHOU
6030ywnon JIII nanpascenuem 110 kV « HTEL] — Yepnuzoeckan-330», komopas npoxooum no meppumopuu 00HOIMAX}CHOU U
MHO20Imadxcnoll 3acmpoiiku ¢ 2. Yepnueos. Ilokazano, umo uHOYKYUA MAZHUMHO20 NONA 6 30HE 3ACMPOIIKU U HA Zpanule 0X-
DAHHOU 30HbL MOMCEm Npesvluiams (0e30nacHblil 071 4e108eKa yPo6eHb, 0cobenno 6 cayuae pavomut JIDII 6 oonouennom pe-
acume. Onpedenenvl 6e3onacuvle yCaous O RPONHCUGAHUs HaceaeHus eonausu oannoi JI311, 6 wacmnocmu, 6e3onacnoe pac-
cmoanue om ocu mpaccol JIIII 00 mecm pazmewjenus 00OHOIMANCHBIX U MHO20IMANCHBIX 0om08. Tlokazano, umo npumenenue

6EKMOPHOU KOMNEHCAUUU NO3601Aem 00CIMUYD 3HAYUMEIbHO20 YMEHbUEHUA YPOSHA MAZHUMHO020 noaA. bubn. 16, puc. 19.
Kniouesvie cnosa: Bozaymnas JIJII, ajiekTpuyeckue Harpy3Ku, HHIYKIUsSI MATHUTHOTO MOJISL, )KHJIasl 3aCTPOIKa.

Beryn. OcranHim gacoMm Bce Oinbie yBaru mpHii-
JISIETBCSL TUTAHHSAM BIUIMBY MarHiTHOTO MOJISL Ha JIIOJM-
Hy. OJJHMM 13 MOTY>XHUX JKEPEJl MarHiTHOTO IOJIs TPO-
mucioBoi yacrotu € noBitpsHi JIEIL, mopyu 3 sikumu
MOXYTb OyTH PO3TalllOBaHi XUTIOBI OyAnHKH abo odic-
Hi mpumimeHHs. Jfoau, sKi TOCTIHHO MPOXKUBAIOTH YH
npaioroTs mobau3y JIEI, 3HaxonsaThcs B 30HI i Mar-
HITHOTO ToJis. B po3BHHEHWX KpaiHaX CBITY, TaKHX, 5K
CIIA, Kanana, ®panmis, [IBeris Ta iH. AiFOTh HOCTAT-
HBO XOPCTKI OOMEXEHHS II0J0 PiBHS IHAYKIi MarHiT-
HOT'O TIOJISI IPOMHUCIIOBOT YaCTOTH, TOCTIHHO TTPOBOINUTH-
Csl HIOTO MOHITOPHHT B OYIIBJISX Ta MPOCTO Heba moon-
3y noBitpsiHux Ta kabenpHux JIEIL, Ha tepuropii mia-
CTaHIl# Ta mo3a iX Mexamu. ICHye psj MEIUYHUX J0-
CIIIJKeHb, K1 CBIIYaTh MPO TE, IO MArHITHE IOJIC JIi€
Ha KMBl1 OpraHi3MHM Ha KIITHHHOMY piBHi, NP LbOMY
3a3HAYAETHCS, [0 TPHUBAJIA Jis HABITH CIIA0KOTO MAarHiT-
HOTO TIOJISL 3 YaCOM NPHU3BOJUTH /10 PI3HOMAHITHHUX HPO-
oxem 3i 3q0poB’sim [1]. Tak, 3riqHO pexoMmeHaamiii Bee-
CBITHBOI OpraHi3amii OXOpPOHH 3IOPOB’S AOIMYyCTHMHM
IIPU TOBTOTPHBAIIOMY BIUTMBI HA HACEIIEHHS € PiBCHb
MarHiTHOI iHaykmii 0,2-0,4 pT.

B ycromy cBiTi mpuaingroTe 6arato yBaru npooiemi
3MEHIIICHHS PiBHSA MarHiTHOTO mOJs [2, 3] 1 MiHiMizarii
Horo BIUIMBY Ha HaBKOJHIIHE cepenoBuiie. OKpeMo ciil
3a3HaYUTH, U0 B YKpaiHi npodiieMa HOPMYBAaHHS PiBHS
MarHiTHOTO T10JIsl HE € BUPIIIEHO0 OCTaTOYHO; OCKIIBKU B
I[IVE [4] MicTuThCSI HOpMA JIHINE JUIsI MATHITHOTO TOJS
Ka0ebHUX JIiHIH, sika craHoBUTH 0,5 WT BcepenuHi XuT-
JOBHX TpHUMIMIeHb. Y pobOorti [5] posrasHyTO mpobiemy
po3paxyHKy HaBeneHUX BTpaT B nmoBiTpsaux JIEII i moka-
3aHO, IO 3MEHIICHHS MArHITHOTO IIOJIS TaKOX IpPHU3BO-
JUTH 70 TMiIBUIIECHHS €()EeKTUBHOCTI Mepenadi eleKTpuy-
HOT eHeprii.

Oco06MBO aKTyaqpHOIO TIpobaeMa 3MEHIIEHHS Mar-
HITHOTO TIOJII CTa€ B yYMOBaxX 3POCTAHHS EJIEKTPUYHHUX
HABAaHTAXXCHb. Y BEJIMKHX MICTaX IMOCTIHHO BEICTHCS
Oy/IiBHULITBO HOBUX MIKPOPaHOHIB, CIIOPY/PKYIOTBCS LT

KBapTajl Ta XHUTJIOBI KOMILJIEKCH 3 0araTormoBepXOBUMHU
Ta OJHONOBEPXOBUMH OyAWHKAaMH, BiIOBIZHOW iH(pa-
CTPYKTYPOIO — TOPTiBEJIbHO-PO3BAKAIBHUMH KOMILJICK-
caMmH, TiJIPUEMCTBAMHM KOMEPLIHHOI Ta KOMYyHaJbHO-
noOyToBOi cdepH, NPOMHUCIOBUMH MiANPHEMCTBAMHU
Tomo. B pe3ynpTari LOrO HaBaHTAXXEHHS ICHYIOUMX
nositpsstHux JIEII, 3a nomomororo sIKMX 3miHCHIOETHCS
JKUBJICHHS TAKUX MICT Ta OKpEMHUX paioHiB 3pocTae. Tak,
B M. UepHiriB y ocTanHi 15 pokiB BeZeTbCsl akTHBHE OY/Ii-
BHHUIITBO HOBUX )KHUTJIOBUX PalOHIB, TakuX, sIK MacaHu Ta
H. Tonycika. JKuBieHHA WX palOHIB 3IMCHIOETHCA
4yepe3 MiJCTaHIIii, 0 M’ €IHaHH] 10 Ait090i JBOKOJIOBOL
nositpsiHoi JIEIT 110 kV «UTELL — YepHiriscbka-330»,
BIJINIOBIJTHO, HAaBaHTXKEHHs Ili€l JIHIT 32 OCTaHHI POKH
MMOMITHO 3POCJIO 1 B MEPCIEKTURI MPOJOBKYBATUME 3POC-
tati. Bumesasnauena JIEIT npoxomuts Kpi3b 30HY KHT-
7oBoi 3a0yZ0BH, B SIKid pO3TAIIOBaHO 0araToroOBEpPXOBi
Ta O/IHOIIOBEPXOBi Oy IHKK. TOMy BUHHMKa€E HEOOXiHICTh
y BH3HAuUCHHI O€3MEYHWX YMOB NPOXXMBAHHS HACEIICHHS
M. UepHiroBa Ha TEpUTOpIi, IO MPIIATAE IO 3a3HAYCHOI
JIETL, a Takox, B pa3i moTpedu, BHOOPY METOMIB 3MEH-
MIEHHSI MATHITHOTO TTOJIS 10 O€3MEeYHOT0 PiBHS.

Crig 3a3HaunTH, 0 MpobaemMa JOCTiKEHHS MarHi-
THOTO Toyis moBitpsiHux JIEIT [6, 7], a TakoX MeETOIiB
HOro 3MEHILEHHs, aKTUBHO BHMBYAEThCS B YKpaiHi Ta
cBiti. Tak, B poboTax [8, 9] po3risiHyTO Ta NMpoaHalizo-
BaHO po3nozin iHxykuii MarxitTHoro moius JIEIT B 30Hax
JKUTIIOBOI 3a0y/IOBH y 3arajbHOMY BuUNaiky. IIpu npomy
CJIiJT 3a3HAYMTH, 10 MOAIOHMIA aHaIi3 HEOOXiTHO MPOBO-
IUTH TaKoxX 1 s koHkpetHoi JIEIT 3 BpaxyBaHHSAM YMOB
il ekcroTyaTamii, TOTOYHUX Ta TEPCIIEKTUBHUX HaBaHTa-
JKeHb, pEXKUMIB poOOTH, BiIaJICHHS KUTIOBHX OYIHMHKIB
Bix Tpacu JIEII Ta Mexi OXOPOHHOI 30HH, OCOOTMBOCTEH
3a0ynoBH y ®UTI0BiK 30HI nobmuzy JIEII (omHOMOBEpXO-
Ba, 0araTomoBepxoBa) TOIIO.

Jns noTpuMaHHS YMOB O€3NEYHOTO NPOYKHBAHHS
HaceneHHs nooau3y nositpsaaux JIEIT HeoOXigHO npoBo-
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JIUTH OLIHKY Bifcrani Bia Tpacu JIEII, Ha skiii ciix pos-
TalIOBYBAaTH OJHOIMOBEPXOBI Ta OaraTonoBepxoBi OyaAnH-
ku. OJHaK, Taki 3aX0¢ € JOLIBHUMH Ha eTalli MPOeKTY-
BaHHs HOBHMX NOBiTpsHUX JIEIl abo npu muiaHyBaHHS
3a0yZ0BM BIUIBHUX 3€MENbHHUX IUITHOK mnoOmusy JIEIL.
PazoM 3 TMM B MiCTax 4acTo Mae€ Miclle CHTYyaIlis, KOJIH
nioBitpsina JIEII yxxe npoxoauts B Oe3nocepeaniii 6u3b-
KOCTI BiJ| )KUTJIOBUX OYAMHKIB, sIKi MOXYTb OyTH po3Ta-
moBaHi HaBiTh B oXxopoHHi# 30Hi JIEIL. 3a Takoi ymoBH
npu 3HayHOMY HaBaHTakeHHi JIEIl HeoOXximHO 3acToco-
BYBaTH TEXHOJOTii 3MEHIICHHS DPIiBHA MAarHITHOTO MO
Ha TEPUTOPIi XKUTIOBOT 320y IOBH.

IcHye winmit psig METO/IB 3MEHIIIEHHS PIBHS MarHiT-
Horo moJist noBitpstnux JIEIL, siki po3ristHyTo y poboTax
[10, 11]. Cepen Takux, 110 MOXYTh OYTH 3aCTOCOBaHI JI0
nirounx JIEIL, cnig BUAiIMTH eKpaHyBaHHs Ta ONTHMI3a-
Lito reoMeTpii miABicy NpOBIIHHMKIB (METOJ BEKTOPHOI
komneHcarlii). OcTaHHIi METOJ] MOXe OYTH TOCUTH e(eK-
TUBHUM, SIK 3a3HavaeTses y [10].

VY Bumaaky nBoxoioBoi mositpsHoi JIEIT po3rarmry-
BaHHS (a3 pi3HUX KiJ Ha OMOpi 3a3BU4all 0OMPAIOTH O
HAKOBHM Y BiIOBiTHOCTI 3 pHc. 1.

]
/ \
A A,
B, B,
¢ ¢

LAASTA L LIS

Puc. 1. Tunose po3ramryBaHHs (a3 ABOX KiJ Ha OHOpi
nBokos1oBo1 nosiTpsinoi JIETT

Taxuit BapiaHT po3ramnryBaHHs (a3 3abe3rneuye Haii-
OlTbIIMI PIBEHb MAarHiTHOTO IOJII B MPOCTOPI HABKOJIO
JIEII. HaiiOinbi e(eKTUBHUM 3 TOYKH 30py 3MEHILCHHS
PIBHSI MarHiTHOTO TOJIsl € po3TallyBaHHs (a3 ABOX Kill y
J3epkanbHiit cumerpii [10], sk 11e mokasaHo Ha puc. 2.

7 Q\
A ok
B, B,
C, A,

LS LI LSS

Puc. 2. JI3epkanbHe po3TanryBaHHs (a3 JBOX KiJl Ha Omopi
IBOKOJIOBOI moBiTpsiHOT JIEIT

Ilefi meTom 3MEHIICHHS pPIBHA MArHITHOTO TOJIS
nBokosioBoi JIETI nocTaTHbo JIerko peaniyBaTtu Ha Ipak-
THII, OJTHAK, HOro eeKTUBHICTH s koxHO1 JIETT Moxe
BHUSBUTHUCH PI3HOIO B 3aJICKHOCTI BiJl TeOMETpii KOHKpPET-
HOT JIiHil.

MeTo10 CTATTi € BU3HAYECHHS YMOB UIS O€3MEYHOTO
MPOXMBAHHS HACEIIEHHS 3a pPIBHEM MAarHIiTHOTO TIOJS
B310BX Tpacu aBokonosoi JIEIT 110 kV «YTEIl — YepHi-

riBcbka-330» 3 ypaxyBaHHSIM pealbHUX PEeXUMIB ii po0o-
TH Ta PO3pOOKa PEKOMEHIALIIH 31 3MEHIIIEHHSI MarHiTHOTO
nost wiei JIETI 1o HopMaTHBHOTO piBHSL.

OcHoBHI MaTepianm JpociaizxeHHsi. Po3paxyHok
€JIEKTPUYHOIO Ta MarHiTHOTO I0JIsl TIOBITPSIHUX Ta Kabe-
mpHux JIEIT BHKOHAHO y BiJIOBiTHOCTI 1O METOJUKU
[12], sixy obrpyHTOBaHO B poboTi [13].

3rigHo 3 MeToauKoro [12], mis aesikoi po3paxyHKo-
BOi TOYKH P(X,, ;) CIIiJl BASHAYUTH J1i104i 3HAYEHHSA KOM-
MMOHEHT a00 MPOCTOPOBUX CKIAJOBHUX BEKTOPA 1HIYKIIi
MAarHITHOTO TOJS Bill CTPYMy yV KOXHOMY 3 (ha3HUX TIpo-
BiguukiB JIEII 3a popmymnamu:

2 LGy vad)
) kUp = Vax
Bu=2"2 > = (D
kzl(xp_xAK) +(yp_yAK)
N TS
My k\YVp = VB
BxB_E'Z 3 5 @
k:1(xp_xB;c) +(yp_yBk')
2 - vad)
_ Mo kWYp Ve
BxC_;'Z 3 5 (3)
k=1(xp_xCK) +(yp_yCK)
2 I (x,—x4.)
_Ho k“\p Ak
Bua=42, 2 7 @
k=1(‘xp_'xAK) +(yp_yAK)
2 Iy -(x,—xp,.)
0 k P Bx
ByB_Z'z 2 5 )
kzl(xp_xBK) +(yp_yBK)
2 I, -(x, —xc)
u k C
Byc =0 E . ; Q)

b
2 k=l (xp _xCK)2 +(yp _yCK)2
ne Iy — ctpym y ¢asi k-ro xona JIEII, A; x4, ¥4 — KOOp-
IUHATH po3TanryBaHHA Ga3u A k-ro xoma JIEIT; xgy, v, —
KOOpAWHATH po3TamryBaHHs ¢a3u B k-ro xoma JIEIT; x¢y,
Ve — KoopauHATH po3ranryBaHHs ¢azu C k-ro xoma JIEII,
Ly — MATHITHA POHUKHICTb BakyyMmy (47:107 H/m).

Takox y ¢popmynax (1) — (6) BpaxoBano, mo JIEII,
AKY IUIAHY€THCS PO3IIIAAATH, € JBOKOIOBOIO.

Jitoye 3HaueHHS KOMIIOHEHT a00 MPOCTOPOBUX
CKJIaJIOBUX BEKTOPa MArHiTHOI IHAYKIII B pO3paxyHKOBIii
TOYI[I 3HAXOIATH 32 BUPA3aMH:

Buwpyp)=[Bu +Bu’ +Bic’ =

0.5
_BxA 'BxB _BxB 'BxC _BxC 'BxA]
2 2 2
By(xp:yp):[ByA +ByB +ByC -

0.5
_ByA 'ByB _ByB 'ByC _ByC 'ByA]
Jiroue 3HaueHHs IHAYKIII MarHiTHOTO MOJS B PO3-
paxyHKOBI{ TOYIll 3HAXOJMMO 3 BUPa3y:

B(xpoyy) = Bu(xpey)? +By(xpoy,) . (9)

[ogitpsni JIEIl yacTto mpoxonsiTh 4Yepe3 30HU 3
IITEHOI0 0araTomoBEpPXOBOIO Ta OJIHOIIOBEPXOBOIO 3a0Y-
JIOBOIO, OCOOJIMBO Y BEJIMKUX MICTaX, CEpes SKHX € 1 M.
UYepniris. OgauM 3 Takux npukiamiB € apokonosa JIEIT
110 kV «YTEL] — YepniriBcpka-330», CTpyKTYpHA cxema
sIKO1 300pakeHa Ha puc. 3.

Oxpewmi ginsgaky 1iel JIEIT B 30HaX MIUTBHOT KUTITO-
Boi 3a0ym0BM BHKOHaHI Ha omopax Tumy Y110-2 Ta
I16110-2. T'abaput ganoi ITJI 3rigHo ii moomopHOi cxemu
CTaHOBHUTHh 7,3 m (MiHIMaJIbHA BiJCTaHb BiJl HIKHBOTO

®)
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npoBoay JIEIT no 3emumi). Yci HeoOXifHI Uit PO3PAXyHKY
marnitHoro mojisi JIEIT reomeTpuvHi po3Mipu HaBEACHO
Ha puc. 4, 5 i ninsgHoK Ha onopax Y110-2 ra [16110-2

BiAIIOBIIHO.
IC 330xB

YepHirischka
“Yepririschra”

TELL

C 110/27,5/10xB
“Tarosa”™

1C 110/35/10xB
“Tomyciska™

Puc. 3. CtpykTypHa cXxema eIeKTPUIHOI MEpesXi 3 TTOBITPSHOIO
JIETI 110 kV «UTELl — YepHniriBcpka-330»
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Puc. 4. 'eomerpuuna monens gumssaku JIEIT 110 kV
«UTEL — Yepniriscpka-330» Ha onopax Y110-2
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Puc. 5. 'eomerpuuana monens aimstaku JIEIT 110 kV
«YTEL — Yepnirisceka-330» Ha omopax [15110-2

Po3paxyHOK piBHSI MarHiTHOTO MOJS JJIisl JUISTHKH
Bume3asHaueHoi JIEIl, Bukonanoi Ha omopax Y110-2,
BUKOHAHO Ha piBHI 1,8 m BiJ MOBEpXHi 3eMJli B HaIPsIM-
Ky, nepneHaukyisippomy tpaci JIEIl. 3rigHo manHux
AT «YepHiriBoOieHepro» npo eJeKTpUYHI HaBaHTAKEH-
HSl PO3PaXyHKOBMH MaKCHMAaJIbHHH CTPYM OJHOTO KoOJa

IUI 110 kV ckinamae Ot 150 A, skuii mpoTsrom ao00u
MOYX€E HEeCYTTEBO 3MiHIOBAaTHCA. Y pa3i peMOoHTy abo aBa-
PIHOTO BIIKJIFOYEHHS OJHOTO KOJIa, JPyre KOJjo Bi3bMe
Ha ceOe yce HaBaHTaxeHHs — Ot 300 A.

PesynbraT po3paxyHKy po3nojiny iHAYKIIl MarHi-
tHOro nosst JIEIT B37oBX KOOpAMHATH «x» IOKa3aHO Ha
puc. 6. OueBngHo, MmO Ha MeXi oxopoHHOI 3oHu JIEIT
(mpu x = +25 m) iHIYKLis MarHiTHOrO MOJS NMPAKTUYHO
BignoBigae HopMatuBHOMY 3HaueHHIO 0,5 uT 3a ymoBH
Ziro4oro 3Ha4deHHs cTpyMy 150 A B dazax 060x kxin. Ox-
HaK, 32 YMOBH BIIKJIIOYCHHS OJHOTO KOJa iHIYKIIS Ha
MEXI OXOpOHHOI 30HM 3 mpaBoi croponu JIEIT (3 Goky
Koua, 1o npairioe) craHoButh 0,77 pT, a Touka 3 6e3mey-
HUM 3HAUeHHSM IHAYKII] 3HaXOIUThCs Ha Bifacrani 30 m
Bix oci Tpacu JIEII. Takox ciij 3a3HaYUTH, IO OKPEMi
NPUBaTHI JKUTIOBI OYAWHKH, 30KpeMa, JBOIIOBEPXOBI,
pO3TamoBaHi MPaKTHYHO MiJ KpaiHiMH (a3aMu AaHOi
JIEII. B TakoMy BuIaIKy HOpMAaTUBHE 3HAUCHHS 1HTYKIii
MarHiTHOTro 11oJist Oy/ie MepEeBUIIEHO Y AEKiIbKa pa3iB.

B, uT

[

Oxoporra o8 JIET
e >

&

30 X, m
1 — 3a miroyoro 3Ha4eHHS cTpyMy ¥ (azax 00ox ki 150 A;
2 — 3a BiKIJIFOYCHHS OJJHOTO KOJIa (Jifo4ue 3HAUCHHS CTPYMY
npyroro kona 300 A);
3 — nniHig HopMaTHBHOTO piBHS iHAyKnii 0,5 pT.

Puc. 6. Po3monin inaykiii MarHiTHOro nosis nositpsHoi JIETT
110 kV «YTEL — Yepniriscbka-330» Ha piBHi 1.8 m Bix mosep-
XHI 3eMJIi B3I0OBXK KOOPIMHATH <«X» JUIS AUTTHKH, BHKOHAHOT
Ha omopax tumy ¥Y110-2

30 25 20 <15 -0 -5 0 5 10 15 20 25

3riiHO 3 MPOTHO30BaHUM DIBHEM 3POCTaHHS HaBaH-
TaxkeHb Ha 10 pokiB [14], cTpyM Ha AiISHIN TAHOI TBOKO-
s1oBo1 JIEIT moske 30u1bImTHCh 70 195 A Ha KOXHE KOJIO0.
PesynbraTé po3paxyHKy JUIS TAKOTO BHIIAJKY IOKa3aHO
Ha puc. 7.
B, uT
]

Oxoporna o8 JIET

5 X,m
1 — 3a miroyoro 3Ha4eHHS cTpyMy Y (azax 00ox kinm 195 A;

2 — 3a BIIKIIIOYEHHS OJHOTO KoJa (ZIif04e 3HAUCHHS CTPyMY

npyroro kona 390 A);
3 — niHist HopMaTUBHOTO piBHA 1HAYKHii 0,5 pT.

Puc. 7. Inaykuis maraitHoro moist nmositpsiaoi JIEIT 110 kV

«UTEI] — YepHiriscbka-330» uis AiSIHKH, BAKOHAHOT Ha
onopax tury ¥Y110-2 3a mporHo30BaHOT0 3pOCTaHHS
CJICKTPUYHUX HABAHTAXKEHb

35 30 25 20 -15 -0 -5 0 5 10 15 20 25 30

Kpusi Ha puc. 7 cBiguaTh mpo Ie OLIbIINN piBEeHb
IHyKIii MarHiTHOTO IOJIS 32 IMEPCIEKTUBHOTO 3pOCTAHHS
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CIeKTPUYHUX HABaHTAXEHb. [aK, MPH PIBHOMIPHOMY
HaBaHTKEHHI 000X KT IHAYKI(S Ha MEXi OXOpPOHHOI
30U Moxe csratu 0,77 pT, a pu BiAKIIOYCHHI OJHOTO
kona B3araii gopisHioe 1,0 uT, Ge3neune 3HaueHHs 1HIY-
kuii Bignosinae Bincrani Bix oci JIEIT 32 m ta 35 m Bix-
MTOBITHO, TOOTO 32 MEXKCI OXOPOHHOT 30HHU.

3 BHUIIE3a3HAYEHOTO MOXKHA 3pOOHMTH BHCHOBOK, IO
BapTO OOMEXXYBaTH B Yaci OJHOKOJIOBHH PeXHM poOoTH
nmanoi JIETI, ocKiTbKM BiH XapaKTepU3Y€ETHCS CYTTEBUM
MiIBUIIEHAM PiBHS MarHiTHOTO TOJS 3 OOKy Koja, sIKe
TIPALIIOE.

Sk Oyno 3a3HaueHO BHIIE, OJHUM 3 BapiaHTIB 3Me-
HIIeHHs 1Haykuii marditHoro moist JIEIT moxe OyTu
3aCTOCYBaHHSI BEKTOPHOI KOMIIEHCalli 3a paXxyHOK A3ep-
KaJIBHOTO PO3TallyBaHHsS (a3 JABOX KiJ, pe3yJIbTaTh Bij-
NOBIZHUX PO3paxyHKIB HaBeAeHO Ha puc. 8, 9 (y mopis-
HSTHHI 3 TPaJULiHUM BapiaHTOM po3TallyBaHHS (a3).

B, uT

4

Onioposna soxa JIETT
- >

3.5

30 X.m

25 20 -5 0 5 0 5 D 15 20 25
1 — 3a TUIIOBOTO poO3TallyBaHHs (a3 IBOX KiJ;
2 — 3a I3epKaJbHOTO po3TalryBaHHs (a3 ABOX Kill;
3 — niHist HopMaTuBHOTO piBHs iHAYKWii 0,5 pT.
Puc. 8. Posmonin inaykiii MaruiTHOro noss nositpsiaoi JIETT
110 kV «YTEL — Yepsniriscbka-330» Ha piBHi 1.8 m Bix
MOBEPXHi 3eMJIi B3I0BXK KOOPAUHATH «X» [UIS JUISTHKY,
BHKOHaHO{ Ha omopax Tuiy Y 110-2, mpu THnoBOMy Ta
I3epKaJbHOMY pO3TalllyBaHHi (a3 Kii (Airoye 3HAYECHHSI CTPYMY
y azax obox kin 150 A)

OueBuiHO, 10 Oe3nevne 3HadeHHs iHaykuii 0,5 uT

NpHU J3epKAIBHOMY pO3TalllyBaHHI (a3 JBOX Ki 1 CTpyMi

(a3u oxHoro kona 150 A mocsraethes Ha BiacTadi 16,5 m

BiZ ochoBoI Jinii Tpacu JIEII, ToOT0 B Mexkax ii 0XOpOH-
HOI 30HHU.

B.uT
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35 30 25 20 -5 -0 -5 0 5 10 15 20 25 30 35 X,om
1 — 3a TUIIOBOTO poO3TallyBaHHs (a3 IBOX KiJ;
2 — 3a 13epKaJbHOrO po3TalryBaHHs (a3 ABOX Kill;
3 — niHist HopMaTuBHOTO piBHs iHAYKWii 0,5 pT.
Puc. 9. Posmonin inaykiii MaraiTHOro noss nositpsiaoi JIETT
110 kV «YTEL — Yepsniriscrka-330» Ha piBHi 1.8 m Bix
MOBEPXHi 3eMJIi B3I0BXK KOOPAUHATH «X» [UIS JUISTHKY,
BHKOHaHO{ Ha omopax Tuiy Y 110-2, mpu THnoBoMy Ta
I3epKaJbHOMY pO3TallyBaHHi (a3 Kii (Airoye 3HAUCHHSI CTPYMY
y azax obox kin 195 A)

TakuM 4YMHOM, HaBiTh 32 MPOTHO30BAHOTO 3POCTaH-
HSl CIICKTPUYHHUX HABAHTaKCHb, BEKTOPHA KOMIICHCAIIis

JTO3BOJIMTH ©()EKTUBHO 3MEHIIUTH PIBEHb MAarHiTHOTO
moJist aBokostoBoi JIEIT 110 kV «UTELL — Yepniriscebka-
330» (Touka 3 OE3MEYHHUM JUTS JIFOAMHUA PIBHEM 1HIYKIIil
3HAXOJUTHCS B MEXKaxX OXOPOHHOI 30HM Ha BiacrtaHi 18,3
m Bix oci JIEIT).

B 30ni npoxomkenns nanoi JIEIT Ha Bigcrani 20 m
BiJl ii OCi cUMeTpil 3HAXOAUTHCS KUTIOBUH OaraTornoBep-
xoBuil OynuHOK BUcoTOrO Oinsg 20 m. Ha puc. 10 mokasa-
HO pO3TallyBaHHs OYAMHKY, & TaKOX pPO3TallyBaHHS
CHUCTEMH KOOPIWMHAT UL PO3PAXYHKY iHAYKIIi MarHiTHO-
ro moJis Ha (acai OyIMHKY B3IOBX KOOPAWHATH «)».
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Puc. 10. Po3rauryBanHs 6araToroBepXoBOro XHUTJIOBOIO
OyIauHKY B OXOpOHHIH 30H1 1BokooBoi JIEIT 110 kB
«YTEL — YepHnirisceka-330»

PesynbraT po3paxyHKy po3nojiny iHAYKIIl MarHi-
THOTO TIOJIS Ha (pacaji KUTIOBOTO OYAUHKY B3IOBXK KO-
OpAMHATH «)» MOKa3aHo Ha puc. 11.

Sk BugHO 3 puc. 11, Ha ¢acani OGaraTornoBepxiBKU
HOpMaTuBHE 3HaueHHs iHxykuii y 0,5 uT 3HauHO mepeBu-
IIeHO OLTBIN, HiXK y 2 pa3d MpH piBHOMIPHOMY HaBaHTa-
JKeHHI 000X Kil, Ta OunbIe, HOK y 3 pa3d 3a YMOBH Bin-
KIIFOUeHHs1 ofgHoro 3 Kt [Ipm mpomy B [15, 16] Ta psmi
IHIIUX TOCIIDKEHD 3a3HAYa€ThCS, 110 MArHiTHE IOJIE MMPo-
HHKA€E y )KUTIOBI OyJUHKH PAKTUYHO 0€3 MocIabIeHHs.

20 y.m

o 2 4 6 & 10 12 14 16 I8

1 — 3a miroyoro 3Ha4eHHS cTpyMy Y (azax 00ox ki 150 A;
2 — 3a BIIKIJIIOUCHHS OJTHOTO KOJa (Iil04e 3HAYCHHS CTPYyMY
npyroro kona 300 A);

3 — niHig HopMaTHBHOTO piBHA iHAyKHii 0,5 pT.

Puc. 11. Ingykuis maraitHoro mosst nositpstaoi JIEIT 110 kV
«UTEII — YepHiriscbka-330» Ha (acai 6araronoBepxoBoro
OyaMHKY

Amnanoriyti rpagiku noOymoBaHi i Ui MEPCHEeKTHUB-
HUX €JIEKTPUYHMX HaBaHTaXeHb (AUB. puc. 12).
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3 xpuBOi 2 Ha puc. 12, sika BIAMOBIAa€ OAHOKOIOBO-
My pexumy poOOTH, BHIHO, 1110 npu y = 11 m cnoctepi-
raeThcsl NEPEBUIIEHHS HOPMHU 1HIYKIII MarHiTHOTO TOJIs
y 4 pa3zu. OueBUIHO, TYT HEOOXiTHO 0OOB’SI3KOBO 3aCTO-
COBYBATH TEXHOJIOTIT 3MEHILIEHHS PiBHS MarHiTHOTO TOJIS.

LR
D_(!. 1 { ! 1 1 o
0.4}
0.2

0 2 4 6 8§ 10 12 14 16 1§ 20y,m

1 — 3a niro4yoro 3Ha4YeHHs CTpyMy y (a3zax o6ox ki 195 A;

2 — 3a BIIKIIFOYEHHSI OJJHOTO KoJa (Ail0ue 3HaYeHHS CTPYMy

npyroro kona 390 A);
3 — piBens inaykuii 0,5 pT.
Puc. 12. Tunykuist maraitHoro nosst nositpsiroi JIETT 110 kV
«UTEL — YepHniriscpka-330» Ha dacami 6araTronoBepxoBoro
OyIMHKY 32 IPOrHO30BAHOT'O 3POCTAHHS €JIEKTPUIHHX
HaBaHTaXXCHb

Ha puc. 13, 14 noxazaHo pe3yibTaTH BiANOBITHUX
PO3paxyHKiB 32 YMOBHU J3€pKILHOTO po3TanryBaHHs (a3
nBox ki JIEIT y nopiBHSHHI 31 3BUYaiHUM BapiaHTOM iX
po3TanryBaHHS.

B, uT*
1.6|

I — & & 10 12 14 16 1§ 20 y.,m
1 — 3a THIOBOTO po3TaNlyBaHHS (a3 ABOX KiJ;
2 — 3a I3epKaJIbHOTO PO3TaIlyBaHHs (a3 ABOX KiJ;
3 — niHis HopMaTuBHOTO piBHs iHAYKWii 0,5 pT.
Puc. 13. Tunykuist maraitHoro nosst nositpsioi JIETT 110 kV
«YTELl — YepniriBcpka-330» Ha dacazi 6araTornoBepxoBoro
OyaMHKY IIpY THIIOBOMY Ta I3€PKaJbHOMY pO3TaIlyBaHHi (a3
KiJ (miroue 3Ha4eHHs cTpyMy y azax 000x kin 150 A)

0 2 4 6 8§ 10 13 14 16 1§ 20y.m
1 — 3a THIIOBOTO pO3TamTyBaHHA (a3 ABOX KilL;
2 — 3a I3epKaJBLHOrO po3TalryBaHHs (a3 ABOX Kill;
3 — niHis HopMaTuBHOTO piBHSA iHAYKHii 0,5 pT.
Puc. 14. Tanykuist margitHoro noss nositpsinoi JIETT 110 kV
«UTEII — YepHiriscbka-330» Ha dacai 6araronoBepxoBoro
OyAMHKY IIPU THIIOBOMY Ta J3epKallbHOMY po3TalyBaHHi ¢a3
KiJT (mitoue 3HaYCHHs CTPyMy y (a3ax o0ox kin 195 A)

PosramyBanns a3 y A3epKanbHiil cUMeTpii 103BO-
nsie e(DeKTHBHO 3MEHILYBaTH MarHiTHe mose Ha Qacani

KHUTIOBOTrO OyIMHKY. 3a cTpyMiB (azax 000X Kiji, piBHUX
150 A, nepeBuIleHHS HOPMATHBHOTO 3HAYCHHs 1HIYKIT
BIZICYTHE B JKOJHIW TOYIII, @ 32 MEPCHEKTUBHOIO CTPyMy
195 A Oyze maru micuie He3HauHe TiepeBuIieHHs. OueBn-
JTHO, L0 TIPH TTO/IANIBIIOMY 3pOCTaHHi cTpyMy (a3 (roHan
195 A) BexTOopHOI KOMHeHcalii Oyne y)xe HeZOCTaTHBO 1
MOTPiOHO 3aCTOCOBYBATH JIOJATKOBO iHIII CIIOCOOHM 3Me-
HIIEHHS 1HYKIi1, HATPUKJIA]l, EKPAHYBAHHSI.

S0 He 3aCTOCOBYBAaTH BEKTOPHOI KOMIICHCAIIi1, TO
OUYEBHIHO, M0 HEOOXiTHO BH3HAYUTH OE3MEYHY BiICTaHb
Bix oci JIEIT no ¢acaniB 6araTomoBepXOBUX KHUTIOBUX
OyauHKIB, sika Oyzae Oinbinoro 3a 20 m. Pesynbratu Bia-
MOBIJIHOTO PO3paxyHKy MokazaHo Ha puc. 15. [puiinsro,
o ¢acaj 6araTomnoBepxoBOro OyAUHKY MOKe OyTH po3-
TamoBaHui Ha Biactadi Bix 20 m g0 40 m, a 3HAYeHHs
IHAYKIIT po3paxoBaHo AJisi TOYKU Ha BHCOTI 11,3 m, ocki-
mpKU Tpadiku Ha puc. 11, 12 cBimuare, Mo came Ha il
BHUCOTI IHAYKLIs JOCSITa€ MAaKCUMAIbHOTO 3HAYCHHSI.

B, uT
1.6

20 22 24 26 28 30 32 34 36 38

0 dm
1 — 3a miroyoro 3Ha4eHHS cTpyMy ¥ (azax 00ox ki 150 A;
2 — 3a BIIKIJIIOUCHHS OJTHOTO KOJa (Iil04e 3HAYCHHS CTPYMY
npyroro kona 300 A);

3 — 3a 1iI090r0 3HAYEHHS CTPYyMYy Y (azax 060ox kin 195 A;
4 — 3a BIJJKJIIOUSHHS OJTHOT'O KOJIa (Iil04e 3HAYCHHS CTPYMY
npyroro kona 390 A);

5 — ninisg HopMaTHBHOTO piBHsA iHAyKii 0,5 pT.

Puc. 15. Innykuis maraitHoro mosist moBiTpsiHoi JIEIT 110 kV
«UTEL — Yepnirisceka-330» Ha Bucoti 11,3 m mpu 3miHi
Bincrani Bix oci Tpacu JIEII no dacamxy 6ararornoBepxoBoro
Oy IUHKY

Takum grHOM, 0€3 3aCTOCYBaHHS BEKTOPHOI KOMIIE-
Heawil daca KUTIOBOro OyIAMHKY Mae OyTH po3TalioBa-
uuit Big oci JIEII Ha Binctani 29 m npu o HAKOBIH BEJHU-
4yuHI cTpyMy y ¢azax o6ox kin 150 A Ipu oxHOKOIIOBIM
po6ori JIEIT 3i crpymom 300 A (abo X IBOKOJIOBIH 3
NepCIIEeKTUBHUM HaBaHTaXeHHsM 110 195 A B dazax o6ox
Kij) Oe3rmevHa BiACTaHb NOBMHHA CTAaHOBUTH 33 m, oye-
BUJIHO, III0 caMe TaKe BiITalIeHHS 1 € JOLIJIBHUM 3a I0TO-
9HOI cHTyamii. 3a YMOBH, SIKIIO OyJe MpaIfoBaTH JIHIIE
onlHe Koo 31 ctpyMoM ¢a3u 195 A, BinmoBigHa BifcTaHb
MOBUHHA CTAaHOBUTH 37 m.

Hinsuxa JIEIT «UTEL] — Yepsirisceka-330», mio
noOyznoBaHa Ha omnopax Tumy [16110-2, npoxoauts nepe-
Ba)XHO I10 TIPHUBATHOMY CEKTOPY MiCTa, IPUIOMY TOAEKY-
JI OTIOpH PO3TalloBaHi (aKTHUYHO Ha MOJBIP’SIX MPHUBAT-
HUX OYIMHKIB 00 BIPHUTYJ IO OTOPOXKi.

PesynbraTi po3paxyHKy iHIYKLil Ha Takid IUISHIN
Ha piBHI 1,8 m B HampsiMKy, NepHeHIUKYJISIPHOMY Tpaci
JIEII, noka3zano Ha puc. 16.

Kutnosi Oyamaky Ha wiit pineaAN JIEIT po3Tammo-
BaHO Ha BifcTaHi 6-10 m Bix i1 oci cuMeTpii, O4eBHIHO,
IIO I0Jie B TAKUX TOYKAX MOXKE IIePEeBHUILYBAaTH HOpMa-
THBHE 3HAYeHHs B 6-8 pasiB. Ha Mexi 0XOpOHHOT 30HH
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JIETI (£ 23,5 m Bix moYaTKy CHUCTEMH KOOpPAHMHAT Ha
puc. 16) 3a yMOBH PIBHOMIPHOTO HaBaHTaXKEHHsS 000X
KUT IHIYKI(iS BIAMIOBIJa€ HOPMATHBHOMY 3HAYCHHIO, TPU
OJTHOKOJIOBOMY PeXuMi BoHa ctaHOBHUTH 0,6 uT, a Touka
3 0e3MeyHNM 3HAYEHHSIM IHIAYKLIT B IIbOMY PEXHMI Bifl-
moBizae KoopauHaTi x = 26 m. Takox ciig 3a3HAYUTH,
0 BCi OyAMHKY MarOTh TOPHIIA, @ YaCTHHA 3 HUX B3ara-
JIi € TBOTOBEPXOBHMH, BIANOBIIHO, IHAYKIIS B TaKHX
MpUMIMIEeHHAX Oyne mie Oimpmoro. OYeBUAHO, IO PO3-
TallyBaHHA OYAMHKIB B MeXaX OXOPOHHOI 30HH i€l
nistaky JIEIT € HenmpumycTuMum.
B, uT 4
o

Oxoponna sona JIETT

|
30 25 20 <15 -0 -5 0 5 10 15 20 25 30 X,m
1 — 3a nirouoro 3HaYeHHS CTPyMy y (a3ax o6ox kin 150 A;
2 — 3a BIIKJIFOYEHHSI OJJHOTO KoJa (Ail0ue 3HaYeHHS CTPYMY
npyroro kosia 300 A) ;
3 — niHist HopMatuBHOTO piBHs iHAYKLIi 0,5 uT.
Puc. 16. Tunykuist maraitHoro nosst nositpsiroi JIETT 110 kV
«UTEL — Yepniriscpka-330» Ha piBHi 1.8 m Bix moBepxHi 3emIIi
IUTS DUISTHKH, BUKOHAHOT Ha onopax tumy [16110-2

Amnanoriuni rpadiku 3a ctpymy y dasi 195 A noka-
3aHO Ha puc. 17.
B. ’.lT 4 Oxopouna osa JIET

e I "
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frm— . = —
) 28 50 30 X, m

1 — 3a nirouoro 3HaYeHHs CTPyMy y (a3ax o6ox kin 195 A;

2 — 3a BIIKIIFOYEHHSI OJJHOTO KoJa (Ail04e 3HaYeHHS CTPYMY

npyroro kosia 390 A) ;
3 — niHist HopMatuBHOTO piBHs iHAYKLii 0,5 pT.
Puc. 17. Tunykuist maraitHoro nosst nositpsiroi JIETT 110 kV
«UTEL — YepHniriscpka-330» mis AiSTHKA, BAKOHAHOT
Ha onopax tuiy [16110-2 3a mporHO030BaHOTO 3pOCTAHHS

CIICKTPUYHHX HaBaHTAXCHb

30 -25 <20 <15 -0 -5 0 5 0 15 20 25

[Tpu 1BOKOJIOBOMY pPEXHUMi POOOTH 3 PIBHOMIPHUM
HABAHTAXKCHHSIM Ha MEXi OXOPOHHOI 30HH 3 MPABOro OOKY
oyne matu Micre iHaykuis 0,65 pT, a npu podoTi B 0OHO-
kosoBomy pexumi — 0,8 uT. Be3neune 3HaYCHHS 1HAYKINT
CIIOCTepiraeThes Ha Bifctani 27 m ta 30 m BiIIOBiTHO.

3acTocyBaHHS BEKTOPHOI KOMIICHCAIll B JAaHOMY
BHITIAIKY TEK JO3BOJIUTH JOCATTH 3HAYHOTO MOKPAIICHHS
CHUTYyaIlii, o BIIHO 3 Ha puc. 18, 19.

Jns mokazaHoro Ha puc. 15 Bunanky Oe3nedHe 3Ha-
yerHsa iHAYKOil 0,5 pT mMaemo yxe Ha BixcTai 12 m Big
ocboBoi niHii Tpacu JIEII, Ha Mexi 0XOpOHHOI 30HHU 1HIY-
kmist craHoButTh 0,1 uT. Takoxx cimix 3a3HAYMTH, IO IS
IUISHKYA, BHKOHAHOi Ha omopax [IB110-2, n3epkaibHe
po3TanryBaHHs (a3 KUT J03BOJISIE CYTTEBO 3MEHIIHMTH

IH/IYKIIiIO B YCIX TOYKax MPOCTOpY Ha piBHi 1,8 m, B TOMYy
gucii 6esnocepenHpo min Tpacoro JIEIL
B, uT *

5|

Oxoponna sona JIETT

30 25 20 45 0 5 0 5 10 15 20 30 X’m
1 — 3a THUMOBOTO po3TalryBaHHs (a3 ABOX Kil;
2 — 3a I3epKaJbHOTO PO3TAIIyBaHHs (a3 IBOX Ki;
3 — niHist HopMaTuBHOTO piBHA 1HAYKHii 0,5 pT.
Puc. 18. Po3mozin ingyxunii MaruiTHoro noss nositpsiHoi JIETT
110 kV «YTEL — Yepnirisceka-330» Ha piBHi 1.8 m Bix
TIOBEPXHI 3eMJIi B3/IOBXK KOOPAUHATH «X» IUIS JIUISTHKH,
BUKOHaHOI Ha onopax Ttumy I16110-2, npu TunoBoMy Ta
JI3epKaJIbHOMY PO3TallyBaHHi (a3 ki (nitoue 3HAUCHHS CTPyMY
y (hazax o6ox kin 150 A)
B.uT#*
6!

Oxoponna sona JIEN

5!

-

30 25 20 <15 <0 50 5 10 15 20 25 30 Xm
1 — 3a TumoBoro po3rauryBaHHs (a3 IBOX Kil;
2 — 3a I3epKaJbHOTO PO3TallyBaHHs (a3 IBOX Kil;
3 — ninis HopMaTHBHOTO piBHs iHAyKuii 0,5 pT.
Puc. 19. Po3nonin ingyxuii maraiTHoro nojst noBitpsHoi JIEIT
110 kV «YTEL] — Yepniricpka-330» Ha piBHi 1.8 m Big
MOBEPXHi 3eMJIi B3JOBX KOOPIHHATH «X» ISl JIISIHKH,
BHUKOHaHOI Ha onopax Tumy I15110-2, mpu TunoBoMy Ta
JI3epKaibHOMY po3TalllyBaHHi (a3 kin (Airoue 3HAUYCHHS CTPYMY
y (azax 06ox kin 195 A)

3 puc. 19 BugHO, mo mpu CTpyMax y ¢azax KOKHOTO
koma 195 A 3miHa po3ramryBaHHS (a3 pi3HHX Kil y A3ep-
KaJIbHIM cUMETpii (BeKTOpHA KOMIICHCAITiS) TAKOX J03BO-
Jsie e(peKTHMBHO 3MEHINYBAaTH PIiBEHb MAarHiTHOTO IIOJIA
JIETL, ingykuig nocsrae 6€3MeYHOro 3Ha4eHHs Ha BifcTa-
Hi 13,8 m Bix nentpy tpacu JIEII, a Ha Mexi 0XOpOHHOL
30U ctaHoBUTh 0,13 puT.

PesynbraT po3paxyHKy 1HIYKIiI MarHiTHOrO MOJIs
3a Jitouux cTpymiB, orpuManux B AT «UepHiriBoOsienep-
ro», OyJjo mepesipeHO 3a pornomoror npuiaaxy TM-192
kommnanii TENMARS, sxuil npusHadeHo It BHMIpIO-
BaHHS {HIYKIIi1 MarHiTHOTO IOJIS IIPOMHUCIIOBOI YaCTOTH Y
niamazoni 0,01 — 200 pT. PesynpraTén BUMiprOBaHb in-
TBEPIIKYIOTh KOPEKTHICTh PO3PaXyHKIB.

BucHoBkmn.

B po6orti Oyo po3riIsiHyTO Mar"iTHE ITOJe ABOKO-
sooi nositpstHOT JIEIT 110 kV «YTEL] — YepHniriBchka-
330», w0 MPOXOJUTH KPi3b 30HY KUTIOBOI 3a0yNOBH, B
pi3HuX pexxumax ii poOoTH (OIHOKOJIOBHII Ta IBOKOJIO-
BUIl) pH IiI0YOMY Ta IEPCHEKTHBHOMY HaBaHTaXKEHHI, a
TAKOX JIOCII/DKEHO IIIAXH HOro 3MEHIICHHs 10 Oe3red-
HOT'O piBHSL.
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[TokaszaHo, 110 piBeHb IHAYKIIT MarHiTHOrO MOJIs
nmeokosoBoi JIEIT 110 kV «UTEL — YepHniriBcbka-330»
IIpU  ICHYIOYMX Ta TIEPCHEKTUBHUX HaBaHTAXKCHHIX
(ctpy™m opwiei da3zm xoxxHOoTro Koma 150 A ta 195 A Bia-
moBigHO, 260 xk 300 A ta 390 A npu pobOTi B 0OTHOKOIIO-
BOMY PEXHMi) MOXXE II€pPEBHILYBATH HOPMATHBHHUI pi-
BeHb 0,5 uT Ha Mexi OXOPOHHOI 30HHU /IO JIBOX pasiB,
pUYOMy OCOOJHMBO 3HAYHHWN PIBEHh MArHITHOTO MO
Oyne cnocrepiratucst ipu po6oti JIEII B ogHOKOIIOBOMY
PEXUMi 32 IEPCHEKTUBHOTIO HaBaHTa)KEHHSI.

Busnaueno, mo Oe3neyHe NPOXHMBAaHHSA HACEICHHS
B3JIOBX TpacH 3a3HadeHoi nBokosoBoi JIEIT nocsaraerses
3a yMOBHM BijjajieHHs (acaliB XUTIOBUX OYAWHKIB Bil
oci JIEII He meHm, Hixk Ha 33 m JyIg 6araTonoBEpXOBUX
OyIMHKIB Ta HE MEHII, K Ha 27 m IJIs1 OTHOIIOBEPXOBHX.

[Tpu po6oTi y TBOKOJIIOBOMY PEXHMi B pasi nepeBu-
LIEHHS] HOPMATUBHOTO PiBHSA MarHiTHOTO TOJISI PEKOMEH-
JYETBCS] BAKOPUCTOBYBATH METOJ] BEKTOPHOT KOMIEHcaLii
[10], mo peainizyeTbesi OUIIXOM N3EPKAIBHOTO PO3TAIILy-
BanHs TpoBoniB pizHuX kinm JIEIL. TlokazaHo, mo mei
METOJ] JO3BOJIsIE€ e(h)eKTHBHO 3MEHIINTH PiBEHh MarHiTHO-
ro noxis nanoi JIEII 3a mexxamu ii Tpacu i, 30kpema, Ha
M1 OXOPOHHOT 30HH.

[Tonanpiie 3MEHIIEHHS HETATHBHOTO BIUIMBY MarHi-
THOTO TTOJISl HA HACEJICHHS B yMOBAaX ITiJBUIIECHHS €JIEKT-
PUYHUX HABAHTAXCHbL MOKE 6yTl/I JOCATHYTO IJIAXOM
oOMmexxeHHs "acy pobotu nBokoioBoi JIEII B ogHOKOITO-
BOMY PEXHMi, SKHH XapakTepH3YEThCS MiJBUIIECHUM
pIBHEM MAarHiTHOTO moJiss 3 OOKy poOouoro koja, Ta 3a-
CTOCYBaHHSM 3aCc00iB eKpaHyBaHHS MarHITHOTO TIOJIA.

CIIMCOK JIITEPATYPU
1. Marincu A., Greconici M., Musuroi S. The electromagnetic
field around a high voltage 400 kV electrical overhead lines and
the influence on the biological systems. Facta universitatis -
series: Electronics and Energetics, 2005, vol. 18, no. 1, pp. 105-
111. doi: 10.2298/fuee0501105m.
2. Conti R., Giorgi A., Rendina R., Sartore L., Sena E.A.
Technical Solutions To Reduce 50 Hz Magnetic Fields from
Power Lines. Proceedings of Power Tech Conference IEEE
2003, 23-26 June, 2003, Bologna (Italy), 2003, vol. 2, 6 p. doi:
10.1109/ptc.2003.1304685.
3. Moro F., Turri R. Fast analytical computation of power-line
magnetic fields by complex vector method. IEEE Transactions
on Power Delivery, 2008, vol. 23, no. 2, pp. 1042-1048. doi:
10.1109/tpwrd.2007.915212.
4. llpaBuna ynamTyBaHHS €JEKTPOYCTaHOBOK. — Bujanus
odimiriHe. MineHneproByriuist Ykpainn. — X.: BumaBHuUITBO
«®Dop1», 2017. - 760 c.
5. Kpacuoxon A.B., byiiauii P.O., [Tenteros 1.B. PozpaxyHok
BTpaT aKTUBHOI MOTYKHOCTI B TPO303aXHUCHOMY TPOCI MOBITPSI-
HUX JiHIA enekTponepenadi. Texuiuna erexkmpoounamixa, 2016,
Ne 4, C. 23-25. doi: 10.15407/techned2016.04.023.
6. Geri A., Locatelli A., Veca G.M. Magnetic fields generated
by power lines. I[EEE Transactions on Magnetics, 1995, vol. 31,
no. 3, pp. 1508-1511. doi: 10.1109/20.376316.
7. Moro F., Turri R. Accurate calculation of the right-of-way
width for power line magnetic field impact assessment. Progress
In Electromagnetics Research B, 2012, vol. 37, pp. 343-364.
doi: 10.2528/pierb11112206.
8. TIleneBun /I.E. MeToapl CHMKEHHSI MarHUTHOTO TOJS BO3-
JyIIHBIX JHHUH 3JIEKTpoNepesaud 3a IpeleliaMH OXPaHHBIX
30H. Texuiuna enexmpoounamixa, 2014, Ne 5, C. 14-16.
9. Po3zos B.1IO., Peynxwuii C.1O., [lenesun J.E., fIxoBenko B.H.
VccneoBaHHe MAarHUTHOTO IIOJsL BBICOKOBOJIBTHBIX JIMHHUH

JNIEKTPOIIEPEiaud IIEPEMEHHOr0 TOKa. TexHiuna enekmpoouHa-
mixa, 2012, Ne 1, C. 3-9.

10. Pozos B.IO., Peyuxuit C.IO., Ilenesun JI.E., Ilumoruna
O.IO0. MarnurtHoe noje JMUHUN 3JIEKTpolepeaud U METOAbl €ro
CHIDKEHUA 110 6e3011acCHOr0 YPOBHS. TexHiuna enrekmpoouHamixa,
2013, Ne 2, C. 3-9.

11. Shangzun Y., Pengfei L., Ling N. Study on electromagnetic
radiation of ultra-high voltage power transmission line. /nterna-
tional Conference on Computer Science and Information Tech-
nology, 2008, pp. 402-406. doi: 10.1109/ICCSIT.2008.92.

12. COY-H EE 20.179:2008. Po3paxyHOK €JIEeKTPUYHOIO i
MAarHiTHOTO MOJIB JiHii ejekTpomnepenaBanHs. Metoanka (31
3minamu). — K.: Mineneprosyriuis Ykpainu, 2016. — 37 c.

13. PozoB B.1O., Peyukuii C.}O., ITumoruna O.}0. Meron
pacdeTa MarHMUTHOTO MOJIst TpeX(a3HBIX JMHHIN AJIEKTponepesa-
un. Texuiyna enexmpoounamika, 2014, Ne 5, C. 11-13.

14. CxeMa mepcrneKTUBHOTO PO3BUTKY €IEKTPUYHUX MEpex 35-
110 xB mo IIAT «YepniriBoonenepro» Ha 2017-2027 poku. —
K.: TIAT IITI «KuiBoproyn», 2017.

15. Regulating Power Line EMF Exposure: International Prece-
dents. Available at: https://elc.uvic.ca/wordpress/wp-
content/uploads/2015/01/Regulating-Power-Line-EMF-
Exposure.pdf (Accessed 02 August 2020).

16. Burnett J., Yaping P.D. Mitigation of extremely low fre-
quency magnetic fields from electrical installations in high-rise
buildings. Building and Environment, 2002, vol. 37, no. 8-9, pp.
769-775. doi: 10.1016/S0360-1323(02)00043-4.

REFERENCES
1. Marincu A., Greconici M., Musuroi S. The electromagnetic
field around a high voltage 400 kV electrical overhead lines and
the influence on the biological systems. Facta universitatis -
series: Electronics and Energetics, 2005, vol. 18, no. 1, pp. 105-
111. doi: 10.2298/fuee0501105m.
2. Conti R., Giorgi A., Rendina R., Sartore L., Sena E.A.
Technical Solutions To Reduce 50 Hz Magnetic Fields from
Power Lines. Proceedings of Power Tech Conference IEEE
2003, 23-26 June, 2003, Bologna (Italy), 2003, vol. 2, 6 p. doi:
10.1109/ptc.2003.1304685.
3. Moro F., Turri R. Fast analytical computation of power-line
magnetic fields by complex vector method. /EEE Transactions
on Power Delivery, 2008, vol. 23, no. 2, pp. 1042-1048. doi:
10.1109/tpwrd.2007.915212.
4. Electrical installation regulations. Kharkiv, Fort Publ.,
2017. 760 p. (Ukr).
5. Krasnozhon A.V., Buinyi R.O., Pentegov 1.V. Calculation of
active power losses in the grounding wire of overhead power
lines. Technical electrodynamics, 2016, no. 4, pp. 23-25. (Ukr).
doi: 10.15407/techned2016.04.023.
6. Geri A., Locatelli A., Veca G.M. Magnetic fields generated
by power lines. /[EEE Transactions on Magnetics, 1995, vol. 31,
no. 3, pp. 1508-1511. doi: 10.1109/20.376316.
7. Moro F., Turri R. Accurate calculation of the right-of-way
width for power line magnetic field impact assessment. Progress
In Electromagnetics Research B, 2012, vol. 37, pp. 343-364.
doi: 10.2528/pierb11112206.
8. Pelevin D.Ye. The methods of reducing of the magnetic
fields of overhead power lines outside security zones. Technical
Electrodynamics, 2014, no. 5, pp. 14-16. (Rus).
9. Rozov V.Yu.,, Reutskyi S.Yu., Pelevin D.Ye., Yakovenko
V.N. The research of magnetic field of high-voltage AC trans-
missions lines. Technical Electrodynamics, 2012, no. 1, pp. 3-9.
(Rus).
10. Rozov V.Yu., Reutskyi S.Yu., Pelevin D.Ye., Pyliugina
0.Yu. The magnetic field of power transmission lines and the
methods of its mitigation to a safe level. Technical Electrody-
namics, 2013, no. 2, pp. 3-9. (Rus).
11. Shangzun Y., Pengfei L., Ling N. Study on electromagnetic
radiation of ultra-high voltage power transmission line. /nterna-

ISSN 2074-272X. Enexmpomexnika i Enexmpomexanixa. 2020. Ne6 61



tional Conference on Computer Science and Information Tech-
nology, 2008, pp. 402-406. doi: 10.1109/ICCSIT.2008.92.

12. SOU-N EE 20.179:2008. Calculation of electric and mag-
netic fields of power lines. Method (with changes). Kyiv, Mi-
nenergovugillja Ukrainy Publ., 2016. 37 p. (Ukr).

13. Rozov V.Yu., Reutskiy S.Yu., Piliugina O.Yu. The method
of calculation of the magnetic field of three-phase power lines.
Technical electrodynamics, 2014, no. 5, pp. 11-13. (Rus).

14. Scheme of perspective development of 35-110 kV electric
grids on PJSC «Chernihivoblenergo» for 2017-2027. Kyiv,
PJSC PTI «Kyivorgbudy, 2017. (Ukr).

15. Regulating Power Line EMF Exposure: International Prece-
dents. Available at: https://elc.uvic.ca/wordpress/wp-
content/uploads/2015/01/Regulating-Power-Line-EMF-
Exposure.pdf (Accessed 02 August 2020).

16. Burnett J., Yaping P.D. Mitigation of extremely low fre-
quency magnetic fields from electrical installations in high-rise
buildings. Building and Environment, 2002, vol. 37, no. 8-9, pp.
769-775. doi: 10.1016/S0360-1323(02)00043-4.

Haoitiwna (Received) 14.09.2020
IHpuiinama (Accepted) 10.11.2020
Onybnikosana (Published) 24.12.2020

Kpacnootcon Anopiii Bacuﬂboeuql, K.M.H.,

Byiinuii Poman Oﬂekcaﬁdposultl, K.M.H.,

Hixmsapyk leop Bimanitioguy', k.m.H.,

Keuyuncoxuii Anamonii Oﬂekcaﬁaposuqz, K.M.H.,

' Hanionansuii yrisepcuter «UepHiriBchka nosiTexHikay,
95, Byn. llleBuenko, Yepwiris, 14035,

e-mail: buinyiroman@gmail.com, Dihtyaruk.ihor@gmail.com,
red_john@ukr.net

2 Bimain HayKOBO-TOCITiZHOrO CYIPOBOLY

HopMmatuBHoOro 3adesnedeHHs HEK «Ykpeneproy,

11/8, Byn. Joporoxurpka, Kuis, 04112,

e-mail: Kvytsynskyi. AO@ua.energy

A.V. Krasnozhon', R.O. Buinyil, LV. Dihtyarukl,

A.0. Kvytsynskyi®

! Chernihiv Polytechnic National University,

95, Shevchenko Str., Chernihiv, 14035, Ukraine.

2 Department of research support of regulatory support

of the NPC Ukrenergo,

11/8, Dorohozhytska Str., Kyiv, 04112, Ukraine.

The investigation of distribution of the magnetic flux density
of operating two-circuit power line 110 kV «ChTPP-
Chernihiv-330» in the residential area and methods of its
decreasing to a safe level.

Purpose. The problem of evaluation and analysis of magnetic
flux density of overhead power lines is very relevant now, since

the magnetic field of industrial frequency can have a negative
effect on human health. The analysis of the magnetic field of the
operating double-circuit overhead transmission line was made
in this work. This overhead line is in the residential area of
Chernihiv, Ukraine. The purpose of this work is to determine
safe habitation conditions as a function of the magnetic flux
density along the route of two-circuit power line with the volt-
age 110 kV «ChTPP-Chernihiv-330». Real modes of operation
are taken into account. Recommendations are given for reduc-
ing the magnetic flux density level in the residential area to a
value that will not exceed the standard value. Methodology.
Methods of electromagnetic field theory were used to calculate
the magnetic field of power lines. The location of the phase
wires on different types of supports of the existing power trans-
mission line and the minimum distance between the conductors
and the ground were taken into account. The current value of
the current in the phases of the transmission line was taken from
the Company «Chernihivoblenergoy. Also, the calculation of the
magnetic flux density was made for the perspective loads of the
transmission line. Estimation of the value of the magnetic flux
density was made for the zome of one-story and multi-story
buildings near power lines. The option of uniform loading of two
power transmission lines was considered and the case where the
entire load is transferred along one circuit was also considered.
Results. In this work, the distribution of magnetic flux density at
a height of 1.8 m in the direction perpendicular to the power
transmission line for the sections built on supports of the Ul 10-
2 and PB110-2 types was obtained. The graphs show that the
magnitude of the magnetic flux density at the boundary of the
protection zone of the transmission line will be exceed twice the
standard value 0.5 uT for the existing and perspective loads.
This problem is relevant in the case of transmission lines in
single-circuit mode. The graphs of distribution of magnetic flux
density on the facade of an apartment building, located at a
distance of 20 m from the axis of symmetry of the transmission
line, were constructed. As a result, it is shown that at a height of
11 m from the earth's surface, magnetic flux density will be 1.5-
2 uT. Practical value. It is determined that safe habitation along
the route of two-circuit power line with the voltage 110 kV
«ChTPP-Chernihiv-330» can be achieved when facades of an
apartment building are removed from the axis of symmetry of
the transmission line at a distance of 33 m for high-rise build-
ings and at a distance of 27 m for one-storey buildings. Recom-
mendations for reducing the magnetic flux density of this power
transmission line have been developed. References 16,
figures 19.

Key words: overhead transmission line,
magnetic flux density, residential building.
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AMELIORATE DIRECT POWER CONTROL OF STANDALONE WIND ENERGY
GENERATION SYSTEM BASED ON PERMANENT MAGNET SYNCHRONOUS
GENERATOR BY USING FUZZY LOGIC CONTROL

Purpose. Electricity is a basic energy for life and its consumption increased so we need the discovery of new sources of energy
such as wind energy .for this ameliorate the quality of generated wind energy by using the intelligent artificial control, this
control is made to optimize the performance of three-phase PWM rectifier working. Methodology. These strategies are based on
the direct control of the instantaneous power, namely: the control direct power control (DPC) with classic PI regulator and direct
Ppower control with fuzzy logic regulator. The fuzzy characterized by its ability to deal with the imprecise, the uncertain has been
exploited to construct a fuzzy voltage regulator. The simulation of these methods was implemented using Matlab/Simulink.
Results. A comparison with the results obtained by the classic PI showed the improvement in dynamic performance. This makes
the fuzzy controller an acceptable choice for systems requiring quick, precise adjustments and less sensitive to outside
disturbances. Originality. The proposed this control strategy using for to obtain a performance adjustment of the DC bus voltage
and sinusoidal currents on the network side. Practical value. Fuzzy logic is proven to be effective in terms of reducing the
harmonic distortion rate of the currents absorbed, correct adjustment of the active and reactive power and DC voltage and unit
Ppower factor operation. References 26, tables 6, figures 15.

Key words: direct power control, fuzzy logic control, permanent magnet synchronous generator (PMSG), PWM technique,
wind energy system.

Mema. Enekmpoenepzin € 0CHO8HOI0 eHepicto 0N deumms, i i CRONCUBAHHA 30INbULYEMBCA, MOMY HAM HEOO0XIOHO 8IOKpUmMms
Hosux Oxicepen enepeii, makux AK enepeia eimpy. /lna noninuwienna AKOcmi enepeii 6impy, wi0 2eHepyEmMbcsa 3a 00NOMO20I0
YRPAGNIHHA HA OCHOBI WIMY4UHO20 IHMeENeKmy, maxKe YnpaeiiHHA HPU3HA4eHe O0aA onmumizayii npooykmuenocmi podomu
mpudpasnozo IHIIIM eunpamnaua. Memoodonocia. /lani cmpamezii 3acno8ani Ha RPAMOMY YRPAGAIHHI MUMMEBOI0 NOMYMCHICHIIO,
a came: npame ynpaeninua nomyxcuicmio 3 knacuunum Ill-pezynamopom i npame ynpasiinna ROMYMNCHICIIO PeyNAMOPOM 3
Heuimkoto nozikorw. Heuimkicme, ujo xapakmepuszyemuoca it 30amuicmio cnpagiamuca 3 Hemou4Hicmio, HegusHayenicmio, oyna
GUKOPUCMAHA 014 CMEOPEHHA HedimKoz20 pezynamopa nanpyzu. Moodentoeannsa yux memoodie oyno peanizoeano 3a 00NOM020i0
Matlab/Simulink. Ompumani pesynemamu. Ilopienanna 3 pesynomamamu, OMPUMAHUMU 3d 00nOMOz0t0 Kiacuunozo III-
pezcynamopa, noka3ano nouinuienna ounamiunux xapakmepucmux. Ile pooums newimkuilt Konmponaep RPUIHAMHUM 6UOOPOM
O cucmem, w0 GUMA2AIOMy WEUOKOI i MOYHOT HACMPOUKU | MeHW YYmAUGUX 00 306HIWIHIX nepeuwikod. Opuzinanvhicme.
3anpononoeano cmpamezito ynpagninns, w0 UKOPUCHOBYE Ol OMPUMAHHA PezyNI06aAHHA NPOOYKMUGHOCHI HANPY2U WIUHU
nocmiitnozo cmpymy i cuHycoioanvui cmpymu Ha cmopoui mepexci. Ilpakmuuna yinnicms. /losedeno, wio neuimka n0zika
epekmuena 3 MoOUKU 30pY 3HUINCEHHA Koepiyienma 2apMOHIAHUX CHOMEOPEHb NOZIUHAIOMBCA CIMPYMI8, KOPEKHIHO20
Pezynioeanna aKmueHoi i peakmugHoi nomyxycHocmi i nocmiiinol Hanpyzu, a makoxc Koegiuicnma nomyxcnocmi poéomu
onoky. bion. 26, Tabu. 6, puc. 15.

Knrouogi crosa: npsime ynpaBJliHHSA NMOTYKHICTIO, YIPAaBJIiHHSA 3 HEYiTKOI0 JIOTiK0I0, CHHXPOHHUH reHepaTop 3 MOCTiiiHUMH
marditamu, merox LIIIIM, BiTpoeHepreTuuHa cucrema.

Introduction. The readily available renewable 1980s. Now multi-megawatt wind turbines are widely
energy especially the abundant resources of solar energy installed even up to 6-8 MW [3] (Fig. 1).
and wind energy have led to a steady growth of interest
concerning distributed generation units. As the adoption 800 760
of system into the smart power grid is seen a tendency of 700 - Wor'dwmfa‘?;dﬁg}f:; Sy
becoming a new paradigm to sustainable energy, the 800
integration of power converters to take control of the — 500

smart grid operation become one of the main research 400

areas that require immense attention. The three phase grid 300 . - —

. 7
connected voltage source converter which features — 200 —
Bidirectional power flow, nearly sinusoidal input currents, 1% . ! i i l l I I
COHtrOllable power faCtor’ and hlgh quallty DC output g .':;-Q ?CT)O ?CE“ ?ﬂ-D? I?UDZ% 2004 2005 2008 é‘:(-? 2008 ).C'UQ 2010 2011 EUlé e éUQU
voltage have made it an increasingly important proportion ©
in renewable energy system [1]. Fig. 1. Global cumulative installed wind power capacity

There are three type of renewable energy: from 1999 to 2020 [3]

e mechanical energy (wind energy);
e clectric energy (photovoltaic panels);
e cnergy in the form of heat (geothermal, solar [2]).
Wind energy, is one of the available non-conventional
energy sources, which is clean and an infinite natural
resource. Wind power is still the most promising renewable
energy in the year of 2013. The wind turbine system

Wind energy based power system operation is
challenging under fluctuating nature of wind speeds and
variable load conditions, particularly when the operation
mode of the hybrid wind power system is stand alone.
The changing wind speeds causes fluctuations in wind-
turbine generator, which causes fluctuations in load

T tart ith a few tens of kilowatt r in th
(W S) started w a lew fens o owatt powe ¢ © R. Lebied, R. Lalalou, H. Benalla, K. Nebti, I. Boukhechem
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voltage and frequency in the stand-alone wind-energy
system. Variable speed wind-turbine systems are more
advantageous when compared with the fixed speed wind
turbine systems. They generate maximum amount of
power and gives less mechanical stress, higher power
quality and efficiency than fixed speed wind-turbine
systems [4, 5]. Standalone wind energy conversion
systems are electric energy alternative sources for isolated
area. They usually supplies air conditioning mechanical
loads, ventilation and water pumps [6]. Various control
strategies have been proposed in recent works on this type
of PWM rectifier. It can be classified for its use of current
rent loop controllers or active/reactive power controllers.
The well-known method of indirect active and reactive
power control is based on current vector orientation with
respect to the line voltage vector. It is called voltage
oriented control (VOC) [7]. VOC guarantees high
dynamics and static performance via internal current
control loops. However, the final configuration and
performance of the VOC system largely depends on the
quality of the applied current control strategy. Over the
last few years, an interesting emerging control technique
has been direct power control (DPC), developed
analogously with the well-known direct torque control
(DTC) used for adjustable speed drives [8].Therefore, the
wind generating system is found to be of a great potential
as a very attractive supply option for industrial and
domestic applications. Several electrical generators can be
used to perform the electromechanical energy conversion.
Permanent magnet synchronous generator (PMSG) offer
significant advantages over conventional synchronous
generators as a source of isolated supply. Brushless,
absence of a separate DC source, and maintenance free
are among the advantages. However the variable natural
of wind and the fluctuation of load profiles lead to
fluctuating torque of the wind turbine generator. This
causes variation in the output voltage and frequency [9].
The relay control can be performed by selecting an
optimum switching state of the converter, so that the
active and reactive power errors can be restricted in
appropriate hysteresis bands, which is possible by using a
switching table and several hysteresis comparators. The
latter is based on a calculation of the voltages for each
switching state of the converter by detecting the line
currents, and the calculation is performed by utilizing the
active and reactive power as intermediate variables. Since
this method deals with instantaneous variables in
obtaining the voltages, it is possible to estimate not only a
fundamental component [10]. Fuzzy logic control has
found many applications in the past two decades. This is
so largely increasing because fuzzy logic control has the
capability to control nonlinear uncertain systems even in
the case where no mathematical model is available for the
control system [11]. This paper proposes a novel DPC for
a three phase PWM rectifier, which makes it possible to
achieve unity power factor operation by directly
controlling its instantaneous active and reactive power
without any power-source voltage sensors. In this
situation, the DPC based on fuzzy logic control is used
instead of DPC. This control technique greatly lowers the

fluctuations of the active and reactive power and the
harmonic distortion rate THD [12].

This paper is organized into the following sections:

e Section I describes about the stand-alone wind
energy system configuration with PMSG modeling;

e Section II represented different control strategies;

e Section III discusses about the simulation results;

e Conclusions.

Section 1. Stand-alone wind energy supply
system. The system consists of the following components
(parameters are presented in Appendix in Tables A.l1 —
A3):

e wind turbine;

e PMSG which is directly driven by the wind turbine
without using a gearbox;

¢ uncontrolled rectifier PWM.

Profile wind turbine model. The first step
necessary for a wind production project is the
geographical choice of the site. The properties of wind are
interesting for the study of the whole wind energy
conversion system, since its power, under ideal
conditions, is proportional to the cube of the wind speed.
To know the characteristics of a site, it is essential to have
measurements of the wind speed and its direction, over a
long period of time. It is modeled by an addition of a
number of harmonics and the wind speed variation is
according to the following equation [13, 14]:

V =6.5+(0.2sin(0.1074¢) + 25in(0.2665¢) + sin(1.2930¢) +
+0.25in(3.66451)).

Turbine modeling. The turbine is a device used to
convert wind energy into mechanical energy. The

mechanical power P of wind turbine extracted from the
wind can be expressed as follows [15]

(M

P=CpP, = %CppﬂR2V3 : )

where Cp is the power coefficient which is a function of
the pitch angle of rotor blades € [deg] and of the tip-speed
ratio A; P, is the dynamic force; p [kg/m’] is the air
density; R [m] is the blade turbine radius; V' [m/s] is the
wind speed.

The dynamic force accessible:

1 3 1
By ZPSV 5P
The tip-speed ratio A is defined as
QR
A o “)
where Q is the angular mechanical speed of the turbine
rotor.

Modeling of PMSG. AC machines are generally
modeled by non-linear equations (differential equation).
This non-linearity is due to the inductances and
coefficients of the dynamic equations which depend on
the rotor position and time. A three phase — two phase
transformation necessary to simplify the model (reduce
the number of equations). In the PMSG, the rotor
excitation is supposed constant. The electrical equation
represented by [16, 17]:

RV 3)

d
Vd = _Rsld _Ld E]d +a)qu1q 5 (5)
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d
Vy :_Rslq_LqE[q —oLyly+w.0f ., (6)
where V,; and V, are the components of stator voltage;
R, is the stator resistance; L, and L, are the components of
stator inductances; I, and /, are the components of stator
current; ¢ is the permanent magnet flux; o, is the electric
pulsation; 7, is the pole pair number.
The electrical rotation speed is given by:
We =1y, W, (7

where 7, is the pole pair number; w is the mechanical
speed.
The electromagnetic torque 7, represented by:
3
Te:E-npwpf-Iq. ()
The equations for active power P and reactive power
Q are provided by:

3
P:E(Vd'ld—Vq‘[q); (9)

Q=%(Vq gVl (10)

Uncontrolled rectifier PWM. The wind generator,
which is based on a variable speed turbine and a PMSG,
is connected to a DC bus by through a PWM power
converter [18]. Since we have three phase line voltage and
the fundamental line currents in:

U,=E,cosat; an
U, =E,, cos(a)t+27”); (12)
2r
U.=E, cos(a)t—T); (13)
i, =1, cos(wt+¢); (14)
2

ip =1, cos(a)t+7ﬂ+¢)); (15)

. 2w
i.=1, cos(a)t—T+¢)) s (16)

where E,, I, are the amplitudes of the phase voltage and
current respectively; w is angular frequency; ¢ is the
phase shift.

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

Usa =(Sa_sb)'udc; (17)
Ugp = (s =5¢)-ttge (18)
Usm (sc_sa)'udca (19)
and phase voltages equations give by:
Ugg = 254~ (;b * SC) Ude s (20)
Uy = 2o ) @
g —
U = w g )

where s, 5, and s, are the switching states of the rectifier
and uy, is voltage rectifier.

Section II. Generalized strategies control.

DPC of PMSG. The objective of the proposed
command is to control the DC voltage at the input of the

inverter u,.. From the desired value of the DC voltage, it

is possible to express that of the reference power by:
Pref =Uge lge

where i, is the rectifier output current.

The principle of DPC and it was later developed for
several applications. The aim was to eliminate the
modulation block and the internal loops by replacing them
with a switching table whose inputs are the errors
between the reference values and the measurements.
Then, a similar technique was proposed for a rectifier
control application (generator in our case). In this case,
the quantities controlled are the instantaneous active and
reactive powers, use this quantity as control variables and
which does not need to use modulation blocks because
the switching because the switching states are chosen
directly by a switching table .

Figure 2 gives the DPC structure adopted for the
application studied.

Recrifier

(23)

Qrey=10

Fig. 2. Diagram of DPC for the PMSG

Estimated instantaneous power. The instantaneous
active power is defined by the dot product between the
currents and the line voltages. Whereas, the reactive power
is defined by the vector product between them [19, 20]:

S=UxI=P+jQ; (24)

S . . | .
S=Ua.la+Ub'lb+Uc'lc+Jﬁ[(Ub_UC)l(l+ (25)
+ (UC _Ua)ib + (Ua - Ub)ic],
where U is instantaneous source voltage; [: is line
instantaneous current; L is the line inductance

1 di, . d;. . L
Q:E[?’L(T:lc+ﬁla)_udc(Sa(lb_lc)+

(26)
+Sb(ic_ia)+Sc(ia_ib))];
di, . diy . di, . . , .
P= L(sza +7fzb +7;zc) + g (Syiy + Spip +S,0.). (27)

The first parts of the two expressions represented
above present the power in the line inductors, noting here
that the internal resistances of these inductors are
negligible because the active power dissipated in these
resistors is in fact much lower compared to the power
involved. Other parts represent the power in the converter.

Voltage estimation. The line voltage working area
is required to determine the switching orders. In addition
it is important to estimate the line voltage correctly, even
with the existence of harmonics, its gives a high power
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factor. The following expression gives the line currents i,
ip, i in the stationary coordinates o — S

-1,
Iy 211 2 2 “
== i | (28)
Lﬂ} \/;0 ﬁ __\/g l'b
2 2 e

We can write the expressions of the active and
reactive powers as follows [21]:

P =V (abe) Uabe) =Vala +Vpip (29)

Q:K(abc)Ai(abC):V_aiﬁ_V_ﬂig' (30)

The matrix writing of the expressions (29) and (30) is:

o)

The matrix equation (31) can be rewritten,
depending on the line current (measured) and the power
(estimated), as follows:

Va _ 1 ia _lﬁ |:P:|
V| iy+itglip o O]

Concordia's inverse transform of line voltages is
written [22]:

1)

(32)

1 0
Va ) -t ﬁ v
Yy =\E 2 2 {V“} (33)
A B EERER S

2

Hysteresis controller. The main idea behind the
DPC method is to maintain the instantaneous active and
reactive powers within a desired band. DPC consists of
two hysteresis comparators whose inputs are the errors
between the reference and estimated values of the active
and reactive powers, respectively.

AP =B, — P;
AQ =0,.p=0.

The hysteresis comparators provide two logic
outputs dp and dyp. The state «1» corresponds to an
increase in the controlled variable (P and Q), while «0»
corresponds to a decrease

ifAP2h,=d,=1
IfAP < —hp = dp =0;
ifAQ2hg =dp=1;
fAQ <—hg = dgp =0,

(33)

(35)

where /1p and /1 denote the hysteresis bands [21].
Switching table. The digital error signals Sp and Sy
and the working sector are the inputs of the switching
table where the switching states S,, S, and S, the PWM
rectifier are stored. By using the table, the optimum
switching state Of the converter can be chosen at each
switching state according to the combination of the digital
signals Sp and Sy sector number, that is to say, that the
choice of the optimum switching state is made so that the
error of the active power can be restricted in a hysteresis

band of width 2H_p, and likewise for the error of reactive
power, with a band of width [22].
The sectors can be numerically expressed as:

(n-2)2<0, <(n-12), (36)
6 6
wheren=1,2, ... ,12.

By using several comparators, it is possible to
specify the sector where the voltage vector exists. The
digitized error signals Sp and Sy digitized voltage phase
are ¢, input to the switching table in which every
switching state of the converter is stored, as shown in
Table 1. By using this switching table, the optimum
switching state S,, S, and S, of the converter can be
selected uniquely in every specific moment according to
the combination of the digitized input signals (Fig. 3).
The selection of the optimum switching state is performed
so that the power errors can be restricted within the
hysteresis bands [23].

Table 1
Possible switching table
S | So | 6] 6|6 | o6 05 06
0 0 Ve Vi V] V) V) V3
1 Vi V) V V3 V3 V4
1 0 Vs Ve Ve Vi A4 V2
1 V3 V4 V4 Vs Vs V6
SP SQ 97 98 09 010 011 912
0 0 V3 V4 vy Vs Vs Ve
1 V4 Vs Vs Ve Ve V]
1 0 Vo V3 V3 V4 V4 Vs
1 Ve Vi Vi Vo V) V3
f axis
&6
& . ' &
W BUROTPOOORIN /. B¢ . v .1
d ., B

) G | o 2002
10 {6 -

Fig. 3. The vector piane divided into 12 sectors

External voltage regulation loop. The external
regulation loop maintains a load assimilated to a
resistance R. The impedance thus formed is charged by
the current i, from the PWM rectifier. The current iy is
the current from the PWM rectifier (Fig. 4). The product
of the reference DC with the DC voltage gives the active
power of reference. Capacitance voltage DC at a
reference voltage is u4..r . The capacity C is in parallel
with load (resistance).

udcl_

— PI
Udcref

i dcref

— > —

P ref

Fig. 4. DC voltage regulation
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Fuzzy logic control for DPC. Improving the quality
of the currents absorbed by the PWM rectifier and
maintaining of the DC voltage at the output around the of
the DC voltage at the output around the reference requires
voltage regulation and fast and robust currents[24]. For
this reason presents a DPC operating with a fuzzy logic
controller which replaces voltage in conventional
commands. Figure 5 gives the block diagram of the
proposed fuzzy logic controller for DPC of three-phase
PWM rectifier.

Ractifier

WAL ) s Lt)
L I i | &
2 2 u 1
n ;
1] | : !L; [ R1 ‘ |
T 55| 1
- SWTTG || Estimatedinstantancous | TEANSFARMATON

OF CONCORDIA

cn | — e i l l 5
(5a55.50) ESTIMATE OF LINE
y VOLTAGE

Fig. 5.The block diagram e block diagram of fuzzy logic
controller for DPC of three-phase PWM rectifier

Qpep =0

The configuration of the voltage loop is illustrated in

Fig. 6, it is composed of [25]:

e normalization factors relate to the error (e) and the
variation of the command (Ae);

e a block of fuzzyfication of the error and its variation;

e rule of inference. The control strategy is presented
by an inference matrix presented in table;

e a defuzzification block used to convert the fuzzy
control variation into a digital value.

ﬂ“‘"’f seeesccsscccscccssncnsnncssncnnne P"'l'f
"\ -
sl ')\f:) :Tm"ﬂr-ﬂo- Rule of inference | Deffuzsvfication E—-
— dl.-__; .
P L L L L L LT LT T PR PP PP PP
u Fuzzy logic controller
de

Fig. 6. Diagram of the proposed fuzzy logic controller for DPC

Fuzzyfication. This step deals with the
transformation of numeric values to inputs into fuzzy
values or linguistic variables. The input variables which
are the velocity error and its variation are subjected to a
fuzzification operation and therefore converted to fuzzy
sets. The normalized universe of speech of each variable
of the regulator (the error, its variation and the variation
of wvariation and the variation of the command) is
subdivided into seven fuzzy sets; these are characterized
by the following standard designations:

e large negative noted LN;

e average negative noted AN;
e small negative noted SN;

e about zero noted AZ;

e positive small noted PS;
e average positive noted AP;
e large positive noted LP.

For the membership functions we chose for each
variable the triangular and trapezoidal shapes.

Inference rules. The rule base represents the control
strategy and desired goal through linguistic control rules.
It makes it possible to determine the decision or action at
the output of the fuzzy controller and to express
qualitatively the relationship that exists between the input
variables and the output variable. From the study of the
behavior of the system, we can establish the control rules,
which connect the output with the inputs. As we
mentioned, each of the two linguistic inputs of the fuzzy
controller has seven fuzzy sets.

Fuzzy rules table (Table 2) showing change in
control output [26].

Table 2
Fuzzy rules table

LN AN SN AZ PS AP LP
Ae

LN LN LN LN LN AN SN | AZ
AN LN LN LN AN SN AZ | PS
SN LN LN AN SN AZ PS | AP
AZ LN AN SN AZ PS AP | LP
PS AN SN AZ PS AP LP Lp
AP SN AZ PS AP LP LP LP
LP AZ PS AP LP LpP LP LP

The logic for determining this matrix of rules is
based on a global or qualitative knowledge of the
functioning of the system. As an example, consider the
following two rules:

e ifeis LP and Ae is LP then Au is LP;
e if eis AZ and Ae is AZ then Au is AZ.

They indicate that if the speed is too small compared
to its reference (e is LP and Ae is LP), then a large torque
demand (Au is PG) is needed (to bring the speed back to
its reference). And if the speed meets its reference and
settles (e is AZ and Ae is AZ) then keep the same torque
(Au is EZ).

Deffuzzyfication. When the fuzzy output is
calculated, it must be transformed into a numeric value.
There are several methods to achieve this transformation.
The most used is the center of gravity method, which we
have adopted in our work. The abscissa of the center of
gravity corresponding to the output of the regulator is
given by:

~ Ix}/(x)dx
- [roax

Section III. Discusses about the simulation results
and discussion. Simulations and results of DPC are
presented in Fig. 7-15. We present the wind turbine
profile (Fig. 7); the stator voltages of PMSG (Fig. 8); the
stator voltage and current of PMSG (Fig. 9); the rectified

(37
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voltage DPC (Fig. 10); the active (Fig. 11) and reactive
Fig. 12) power for classic DPC and fuzzy DPC technique
(Fig. 13-15).

9
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Fig. 7. The profile wind turbine
i f{\ ’UP

R

WH‘
e
}U \ il
Tlme(s)
Fig. 8.The stator voltages of PMSG

L=l
L=}

b

|

&h
=

’\

i

il

T w‘t'

Wi

of PMSG (V)
'% o

i ) lt

Il M unUn“Ml‘i“\

the stator voltages

L]
=

L=}

—the stator current
—the stator voltage|

the stator voltage (V)
and
current (A) of PM3G

Time(s)
Fig. 9. The stator voltage and current of PMSG

350

T —Ltdcraf
E 300 - A —Ude |-
g o250\ v
oz
2 200
l;:ﬁ 150
100 ! !
o 1 2 3 4 5
Timefs)

Fig. 10. The rectified voltage DPC
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Simulations and results of Fuzzy logic control for
DPC.
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Fig. 13. Rectified voltage DPC fuzzy logic
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Fig. 14. The active power DPC fuzzy logic
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Fig. 15. The reactive power DPC fuzzy logic

During the transient response (Fig. 10) shows that
there is an overshooting in the rectifier output voltage
caused by PI parameters choice and the signal produced
by the start of the PMSG, but at (t=0.3 to 2.5 s), note that
the direct voltage reaches its reference value (230 V) and
(280 V), but for fuzzy logic the direct voltage reaches its
reference value from (¢ =0 to 0.025 s) (Fig. 13), and the
instantaneous powers (P, Q) followed by the reference
power (P =550 W) and (P =850 W) in the Fig. 11, and
(¢ = 0 vAR) with a considerable presence of oscillations
around the reference (Fig. 12), but for the DPC by PI
regulator from (¢ = 0 to 0.3 s) the response very slow and
from (¢ = 2.5 to 2.8 s) it there is a disturbance produced by
the change of the reference voltage on the other hand
fuzzy logic DPC instantaneous powers (P, Q) followed by
the reference power from (¢ = 0.24 s) and response time
speed very and the absence of disturbance produced by
the change in the reference voltage (Fig. 14) and decrease
in oscillations around the reference (Fig. 15), the voltage
and current of the PMSG are in phase, and the line
currents are sinusoidal (Fig. 9).

The active and reactive power responses follow their
references perfectly, these results, show the superiority of
fuzzy regulator compared to the conventional PI. With
fuzzy regulators no overshoot is produced, fast response
in transient conditions and the static error is nearly zero.

THD comparative study. The objective of this
study is to show the contribution of each two methods
presented throughout this work. The two criteria taken
into account in evaluating the performance of these
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controls are: the rate of distortion of the network currents
(THD). Table 3 shows the THD values obtained in steady
state for the two control modes. All of these commands
give acceptable THD values of less than 5 %. We also
notice the superiority of fuzzy logic regulator over the
other control; in fact, it can reduce the THD to a low
value of approximately 1.87 %.

Table 3
THD values
Control Clas51%2£rgilélator PI Fuzzyfé?%(l;) g)mml
(ff?fgﬁz) 3.58 % 1.87 %
Conclusion.

The proposed control is simple, robust, not sensitive
to the parametric disturbance and variation of the system,
and with very good dynamic characteristics. For DPC
fuzzy the value of rectified voltage is 0.025 s and very
speed time response of disturbance produced by the
change in the reference voltage 0.01 s. It can be said that
the use of fixed PI regulators gives a robust control
system and an acceptable response 0.3 s, but the
conventional problems of the PI regulator such as the
response time and the robustness against external
disturbances have appeared, and to solve the problems
mentioned above we will use the fuzzy control to
establish a regulator robust.

The fuzzy logic adjustment
programmatic approaches, allowing
knowledge acquired by the operators.

Spectral analysis of line current shows that all low-
order harmonics are well attenuated which gives a THD
around to 3.6 %.

The fuzzy DPC simulation results obtained good
performance in steady state and transient conditions
especially for the case of current harmonic distortion rate
which is good for other techniques; it is able to reduce the
THD to a low value of around 1.87 % with better
convergence of active power (P =550 W and P =850 W),
however reactive power (¢ = 0 VAR) towards their
respective references.

gives a very
integrating the

APPENDIX
Table A.1
Wind turbine parameters
Parameter Symbol Value
Power P 7.5 kW
Radius R 3.24m
Inertia J 7.5 kgm®
Friction coefficient F 0.06 N-m-s/rad
Table A.2
PMSG parameters
Parameter Symbol Value
Direct stator inductance Ly 0.012 H
Stator quadrature inductance | L, 0.0211 H
Permanent magnet flux o 0.9 Wb
Stator resistance Rg 0.895Q
Inertia J  ]0.00141 kg-m?
Number of poles n, 3
Friction force F 0 N-m/rad-s

Table A.3
Rectifier parameters

Parameter Symbol Value
Line resistance R, 0.7Q
Line inductance L 0.01 H
Filtering capacity C 0.0033 F
DC voltage reference Uderer 230-280V
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KOeinei

PO30B BOJIOJJUMHUP IOPIFIOBUY

(o 75-pivys 3 AHS HAPOJHKECHHS)

26 nuctonana 2020 poKy BHIIOBHIOETBCS 75 POKIB 3
JIHS HapozpKeHHs! Ta 50 pokiB HayKOBOI JISUIBHOCTI BijO-
MOMY BYEHOMY Y Tally3i €IEeKTPOTEXHIKH Ta €IeKTpOCHe-
pretukH, aupekropy JlepkaBHoi ycraHOBM «IHCTHTYT
TeXHIYHUX TpobnemM MarHetusmy HAH  Vkpainm»,
3aBimyBady BinAiTy (i3WKH i TEXHIKM MarHiTHHX SIBHIL,
IOKTOPY TEXHIYHHUX HayK, Mpodecopy,
uieHny-kopecnionientry HAH  Vkpainu
Po3oBy Bonoaumupy FOpiiioBuay.

[Ticns 3akindenHst y 1968 p. enext-
poeHepreTuyHOro (axkyinbrery XapKiB-
CBKOTO MOJIITEXHIYHOTO IHCTHTYTY Mpa-
moBaB y HJII XapkiBcbkoro enextpome-
XaHIgYHOTO 3aBoxy. 3 1976 p. momanbma
TPYAOBa MiSUTBHICTE 1 JKUTTEBA OIS
B.1O. Po3oBa Hepo3puBHO NOB’s3aHi 3
XapkiBcekuM BigmitenasM BHJIIEmekr-
pOMeXaHIKH — TOJIOBHOT HayKOBOI yCTa-
HOBH B KonmuimHEoMy CPCP 31 cTBOpeHHsS
«MaJIOMarHiTHOT0» KOPaOEeIbHOTO eJIeK-
TpPOOOIagHAHHS, 1€ BIH HPOMIIOB MUIAX
BiJl cTapuioro HaykoBoro cmiBpoOitHuka (1976 p.) mo
nupekropa (3 1988 p.). ¥V 1992 p. ycraHoBa i KepiBHU-
urBom B.}O. PosoBa Oyna BKjIOYEHA [0 CHUCTEMHU
AH VYxkpainu i peopranizoBana y BinuineHHs marHetuzmy
[HcTuTyTY enexrpoanHamiky, a B 2013 p. 3aBASKH pO3BU-
TKy KaJpOBOTO IOTEHLIiaNTy, €KCIEepUMEHTAIbHOI 0a3n
1 HAyKOBOI TEMaTHKU Ta 3a0€3MEUYEHHIO CBITOBOTO PiBHS
HAyKOBUX JOCIHIIKEHb 3 BHUPIMICHHS (pyHIaMEHTaIbHUX
po0IeM MarHeTH3My TEXHIYHHUX 00’ €KTiB — IepeTBope-
Ha B IHCTUTYT TeXHIYHMX MpPOOJEM MarHeTH3My
HAH VYkpainu.

Cporo HaykoBy aisumeHICTE B.JO. Po3oB posmouas
B 1971 portii 3 nOCTiKEHh METOIB YIPABIIIHHSI THPHCTOP-
HMMH TepeTBOpoBaYamMu. Pe3ynbratd IHMX JOCHiKEHb
BIPOBA/KEHI IIPU CTBOPEHHI CHCTEM YIIPaBIIHHS JDKEpera-
MU KUBJICHHS TepMosaepHoi ycTaHoBKU « TOKAMAK-10y,
CKJIQJIN HAYKOBY OCHOBY PO3pPOOKH HalliBIIPOBIIHMKOBUX
NIEpEeTBOPIOBAYIB  CHUCTEM PpO3MarHidyBaHHS KopaOuiB
BM® Tta xaHAHIATCHKOT TUCEPTALii.

3 1988 poky maykoBa nisuipHicTE B.}HO. Poszosa
IOB’s13aHa 3 BHPIMICHHSIM IMPOOJIEM YIpaBIiHHS MAarHiT-
HiM nosiem. [1ig #oro HayKOBHM KEPiBHUIITBOM CTBOPEHO
HAYKOBI OCHOBH YIPaBIIiHHS MarHiTHIM TOJIeM KOpaOJIiB,
TPaHCIIOPTHUX 3ac00iB, KOCMIUHKX anapariB. Pe3ynbratu
OUX POOIT JO3BOJIMIM BIIEpIIE CTBOPUTH BITUM3HSHHUN
KOMIUIEKC MAarHiTHOTO 3aXUCTy KoOpalOIsiB IPOTHMIHHOT
o6oponu (ITAT «IKbB «llIxyna», M. KuiB), po3podutu Ta
BIIPOBAJUTH y CepiiiHe BUPOOHHITBO CEPil0 yHIKaIBbHUX
NIePETBOPIOBAYIB UIsl KHUBJIECHHS CHCTEM pO3MarHiuyBaH-
H1 kopabmie (BAT «3aBoxm  «lleperBoproBawy,
M. 3amopikKs), pO3pOOUTH OCHOBHI €IEMEHTH MarHiTHUX
CHCTEM YIIPaBIiHHS BITUYM3HIHUX KOCMIYHHMX arapariB
(AT «KBb «IliBmeHre» M. J[HIIpOmeTpoBCHK). 3a3HaYeHI
pPO0OOTH CKIIAJTK OCHOBY JOKTOPCHKOI AucepTaLii.

3 2002 p. HaykoBa misuibHicTh Po3oBa B.IO. Oyma
CIIpsIMOBaHa Ha Oe3IocepelHE BHUPIIIEHHS! TEXHIYHHX MPO-
OieM MarHeTn3my. HuM y3aragbHEHO TEOpil0 MarHeTH3MY

PI3HHX KJIaciB TEXHIYHHX 00 €KTiB (KOpaldJiiB, OpOHETEXHIKH,
TpyOOIPOBO/IIB, KOCMIUHMX aIlapariB, €JIEKTPOCHEPIeTHYHO-
ro O0JNaHAHHS Ta ENeKTPOMEpeX) Ta 3allo4aTKOBaHWI HO-
BUH HAyKOBHH HaNpsSM «MarHeTH3M TEXHIYHHX 00 €KTIB»,
CTBOpEHa OJHOWMEHHa HayKOBa IIKOJA, J€ ITiIrOTOBICHO
2 nokTopH Ta 7 KaHOWIATIB TEXHIYHMX HaykK. OTpuMaHO
MIPUHIAIIOBO HOBI PE3yJBTATH CBITOBOTO
piBHA, mo omyoOnikoBaHi B 170 HayKoBHX
Tpalpix Ta BIPOBA/PKEHI B 0OOPOHHY 1 KOC-
MIYHY rany3i, NaJMBHO-SHEPTeTHYHUI KOM-
IUIEKC Ta MEIMYHY eKoJiorito. Bonu cknanu
HAyKOBY OCHOBY TEXHOJIOTiH BHPOOHHIITBA
KOpaOelbHOro  eNeKTPOoOOSIaiHaHHS B
«MaJIOMarHiTHOMY» BUKOHAHHI Ta ITPOMHC-
JIOBHX TEXHOJIOTIH 3 3a0e3MeyeHHs] MarHiT-
HHUX XapaKTEPUCTUK BITYM3HSIHUX KOCMId-
Hux amapatiB Mikpon, CIU-2, EgyptSat-1,
PO3pO0OK MeTOmiB Ta 3ac00iB 3MCHIIICHHS
30BHIIIHBOTO MATHITHOTO TIOJNS €JIEKTPO-
EHEPreTUYHNX 00 €KTIB 3 METOK 3aXHCTY
HACeJIEHHs BiJl IOro HEraTUBHOI il

[in xepiBauirBomM B.1O. Po3oBa 3abe3snedeHo cytre-
BUI PO3BUTOK KaJpOBOro IMOTEHLiany Ta AOCHimHOi Oa3u
YCTaHOBH, SIKMI CKJIaB OCHOBY JUIA ii mepeTBopeHHs B 2013
poui B akaneMiuHuii iHCTHTYT. EKcnepumeHTansHa 0aza
IHCTUTYTY — WOTO YHIKaJbHMH MartiTonMHaMIYHUA KOM-
IUIEKC CTaB HAyKOBUM 00 €KTOM HaLllOHAILHOTO Haa0aHHS i
3apa3 3a0e3redye CBITOBHI piBeHb (pyHIaMEHTAIBHUX JO-
CITi/KEHh MarHETU3MY TEXHIYHUX 00 €KTIB Ta € CKJIaJ0BOIO
YACTHHOIO TPOMHCIIOBOI TEXHOJIOTIi 3a0e3MeueHHs MarHiT-
HHX XapaKTEePUCTHK BITUN3HAHMX KOCMIYHUX araparis.

CporozHi il HayKOBMM KEpIBHMITBOM 1 3a Oe3rnoce-
peanboro yuactio B.IO. Po3oBa TpuBaroTh IOCIIIPKEHHS,
CIPSIMOBaHI Ha MOJIAJIBIINI PO3BUTOK HAYKOBHX OCHOB Mar-
HETH3MY TEXHIYHMX 00’€KTIB, BUPILIEHHS MPOOIEM MarHit-
HOTO KepyBaHHs OpOiTaJbHUMH KOCMIYHMMH arapaTramu,
npo0IeM 3MEHILIEHHS eJIEKTPOMAarHiTHOrO BIUIMBY 00 €KTiB
€JIEKTPOCHEPTETHKY Ha JIFOJMHY Ta JOBKULIS.

B.IO. Po3oB Takoxx Beae 3HauYHYy HAyKOBO-
opraHizaniitHy po6oty. Bin € wienom Oropo Bimminenns
(hizuko-TexHiuHNX Mpobiem enepretnkn HAH VYkpaii,
qIeHOM ceKlii eHepreTuku Komitety 3 Jlep:kaBHUX mpe-
Miit YkpaiHu B raiy3i HayKd U TEXHIKH, WICHOM CIielia-
nmizoBanux BueHux pax J 64.050.17 ta I 64.050.04 i3
3aXUCTy JUCEepTalLiil, 3aCTYIIHUKOM I'OJIOBHOTO peJaKkTopa
KypHaiy «EnekrporexHika ¥ eIeKTpOMEXaHikay, YICHOM
penkoserii xxypHany «TexHiuHa eleKTpoanHaMiKa», Ke-
piBHHKOM cekii «EnekrpomarHiTHe nosne 00'€KTiB elnek-
TpoeHepreTuky. [IpodieMu MoaeII0OBaHHs, BUMIPIOBAHHS
Ta HopMmauti3auii» Haykosoi paan HAH VYxkpaian «Hayko-
Bi OCHOBH CJICKTPOCHEPTETUKI.

KonekruBu IHCTUTYTY TEXHIYHHMX NpoOieM MarHe-
tusmy HAH VYkpaiam» Ta HamioHamsHOTO TEXHIYHOTO
yHIBepcUTeTy «XapKiBChbKHI MOJITEXHIYHUI THCTUTYTY,
penaxiiis xypHany «EnektporexHika i eJeKTpoMexaHikay
cepaedHo BiTaloTh Bomogumupa HOpiiioBuya 3 roBieeM
Ta OaXarTh MIITHOTO 3J0pPOB’s, OJIATOMOIYYYs, JOBIHX
POKIB IUTiIHOT HAYKOBOT Npalli, HOBUX TBOPYMX YCIIXIiB.
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KA®E/PI «EJIEKTPUYHI MAIIUHW»
HTY «XAPKIBCHKUM MOJITEXHIYHAM ITHCTUTYT» 100 POKIB
21 ciuns 1921 poky — 21 ciuns 2021 poky

VY pi3Hi 4acH yHIBepCHTET, IO SKOTO BXOJIUTH Kade-
Jipa eJIeKTPUIHUX MAIMH, MaB Pi3Hi Ha3BH i, BIAMOBIIHO,
BOHA HApOJWIACS ¥ ImparroBaia B XapKiBCBKOMY TEXHO-
JOTiYHOMY 1HCTUTYTI, 3 1929 poky — B XapkiBCBKOMY
MOJITeXHIYHOMY 1HCTHTYTI, 3 1930 poky — B XapkiBcbKo-
MY EJEKTPOTEXHIYHOMY IHCTUTYTi, 3 1949 poky 3HOB B
XapKiBCbKOMY IMOJIITEXHIYHOMY 1HCTHTYTI, 3 1994 poky —
B XapKiBCbKOMY JIEP)KaBHOMY IIOJIITEXHIYHOMY YHiBep-
cureri, 3 2000 poky i o TenepimHiii yac — B Hanionasns-
HOMY TEXHIYHOMY YHIBEPCHUTETI «XapKiBChbKUIl IOJITEX-
Hiunui iHcTUTYT» (HTY «XIID»).

B Mexax 3a3HayeHUX CTPYKTYyp Kadenpa Tex 3Mi-
HIOBaja «IporucKky»: 21 ciuas 1921 p. B TexHonorigHo-
My IHCTHTYTI BiIKpHUBCS €JICKTPOTEXHIYHHH (paKyibTeT.
Kadenpa naponmmacs i moyana
MpaIoBaTd pa3oM i3 HUM B
oauH neHb. [lepmmm nexanom

¢dakynpTeTy CTaB  BUCHHM-
NPaKTHK, €PYIUT, 3aCHOBHHK
HAyKOBOI MIKOJIM B raiysi
€JIEKTPOTEXHIKH VYkpainn

mpocgecop ILII. Komusies. Bin
ke odommB 1 Kadempy
SNEKTPUYHHUX MALINH.

B 1951 poui enekrpore-
XHIYHUHA (aKyIbTeT PO3ALTICHO
Ha EJeKTPOMAIIHHOOYNiBHUI
Ta CICKTPOCHEPreTHUHMA (a-
KyJibTeTH, 1 Kadenpa ysiiinuia
1o dakynbrery, sikuii OyB Ha-
3BaHUH (PaKTUYHO Ha i iM’s1.

B 2018 poui mpu pecTpykTypu3auii yHiBEpCUTETY
cTBopeHo HaBuanbHO-HAYKOBHH I1HCTUTYT EHEpPIreTHKH,
eJIeKTPOHIKHU Ta enekTpomexaHiku (E-iHcTuTyT), 1 Kaden-
pa eNeKTPUYHHX MAIIMH pa3oM i3 e LIiCTHAALSTEMA
kadepaMu BiIOBIIHOTO MPOQIUTIO OMMHUIUCS Y HbOMY.

Ha Tii ycix 3min kadenpa ot Bxe 100 pokiB 3amu-
nraetbes Kaeaporo eIeKTPHYHUX MAIHH.

[Mepioau »UTTS pi3HUX HaBYAJIBHUX YCTAHOB Oararo
y 4OMY BH3HAYalOThCs KepiBHUKAaMH Ta iXHIMH KOMaHIa-
MU, K1 JisUTH Y 11 Iepiou: JuIs iHCTUTYTY abo yHIBEepCH-
TETy — 1€ AUPEKTOP abo peKkTop, it (PakyjIbTeTy — I
JieKaH, Juis kKadeapu — e 3aBigyBad.

VY npoMy ceHci kadenpa eNEKTPUYHMX MaIIMH 3a
CTOpIYYS MPOXKUIIA CIM MEPIOJIB, Y SIKI HEIO KepyBalk CiM
3aBigyBauiB: npodecopu Komusies IlaBno IlerpoBuu
(1921-1930 pp.), WIrypman I'puropiit Icaitoua (1930—
1933 i 1945-1950 pp.), CxomopoxoB Onekcanap Omnek-
cauapoud (1933-1941 pp.), Poravo IBan CepriitoBuu
(1950-1970 pp.), SxoBenko Bacune OnexcarmpoBUY
(1970-1989 pp.), Ocramesceknii Mukosa OnexcaHapo-
Bud (1989-2004 pp.) i Mimux Bonoaumup IBaHOBMY
(32004 p. i motermep).

TakuM 4MHOM, BCS CTONITHS icTopis kKadeapu mpo-
JISITa MK TEpIIMM 1 CbOMUM 3aBigyBavyaMH, SIKi Mpen-
CTaBJICHI HA CBITJIMHAX.

Tlepmmii 3aBigyBau
kagenpu eneKTPHIHNIX
Mmamus I1.I1. Konnses

Sxmo nopisatoBatH Kadenpu HTY «XTIII», To Hama
kadenpa Mae JJOBOJI BENUKE Xa3siCTBO, sike OyJI0 3aKia-
neno me 3a yacis ILII. Konusesa. 3aranpHa Iwioma il
mpuMimieHs craHoButh 940 KB.M, y TOMYy YHCIHI —
600 xB.M 3aliMalOTh HaBUAJIBHI J1a00paTOPIi Ta ayAUTOPII.

3HayHMM € 1 mepeiik npuMiiieHs Kadeapu: Bemu-
KUl abopatopHiii 3am, naboparopis MIKpOMAIWH,
KOMIT'FOTEPHUI KJIac, HAYKOBO-JOCHTiIHA JjabopaTopis 3
BUIIPOOYBAJILHUM CTEHJOM, '€HepaTopHa CTaHLisl, Makc-
TEpHS 13 eJIeKTPOOOIagHAaHHAM IJIsI PEMOHTHHX pOOIT,
KaOiHeT 3aBigyBada Kadenpw, MBI KIMHATH BUKJIAIAYiB,
TPU HaBYaIbHI ayauTopii, KIMHaTa HaBYaIbHO-/IOIO-
MDKHOTO TIepCOHaNy (KaHIeNspis), KOMipHa s o0iaj-
HaHHS Ta MaTepiaiiB, iHII JOMOMIXHI MPUMIIICHHS.

lonoBHe npu3HaueHHs Kadenpu eJIeKTPHYHUX Ma-
HIMH, K 1 IHIKMX Kadeap yHIBEpCUTETYy, — HABYATH CTY-
JICHTIB 1 MiArOTOBIIOBATH (JaxiBI(iB M0 Mpalli B PI3HUX
cepax eKOHOMIKH 1 HayKH YKpaiHu Ta 3apyOikoKs.

VY 1bOMY CEHCI HAIIMM TOJIOBHUM MPOdiIeM € crieriia-
JI3alis — eNeKTPUYHI MALIHU (2eHepamopu ma 08UcyHuL), sKi
MAarOTh HA/I3BUYaNHO IIMPOKE PO3MOBCIOIKeHHA. [lo Haioi
YBaru HaJIeKaTh TAKOX Mpanc@opmamopu, siKi 'y KiTbKiCHO-
My BHpaXEHHI MaloTh Ie Oumblie 3acrocyBaHHsi. Hemae
JKOJTHOI Taly3i MPOMHUCIIOBOCTI, CITBCHKOTO TOCIIOAApCT-
Ba, TPAHCIIOPTY, A€ O HE MPAIOBaIH eJICKTPUIHI MAITUHH
1 TpaHC(OPMATOPH Pi3HUX PO3MIPIB i HOTYKHOCTEH.

Harenep xadenpa enekTpuYHUX MalldH BXOAUTH 10
rajy3i 3HaHb 14 «EnekTpuuHa iHXeHepis» i, OUIbII By3b-
KO — 110 crerianbHOCTi 141 «EaeKTpoeHepreTrka, eaeKT-
pOTEXHiKa Ta eJeKTpoMexaHika». | Bxke Tyr kadezapa
npodinoe  cnemiamizamiro  «EmexTpuyHi  ManimHN
y Meax ocBiTHbOI nporpamu «EnexTpomexanikay.

Komanga, abo KoleKTHB Kadenpu eNeKTPHIHUX
MAIlIFH BEeJIMYMHA HE MOCTIiiiHA — Yac BiJl 4acy 3MiHIO€Th-
csl. O CKIaaxy HayKOBO- = A
MEeIaroTiyHNX  MPAaliBHUKIB h ‘
kadenpu, mo npuAIIOBCS Ha
IOBUTICHHHAN  pIK, BXOIATH:
3aBigyBau kadeapu [I.T.H.,
mpod. Minux Bonogumup
IBaHOBHY; mpodecop, K.T.H.
IlTepuenko Banenrtuna Bo-
JIOTUMHUPIBHA; JIOLICHTH,
K.T.H. JlyHeB Omnekciit Ounexk-
caHJpoBHY; €ropoB AHIpiil
BosoaumupoBuy (3aCTyIHUK
3aBimyBaua kadenpu); Mac-

neHHIKOB AHJpiit Muxaiino-
Buy, llaiina Biktop Ilerpo-
Buy; FOp’eBa Onena IOpiis-
Ha, cT. Bukiagadi [lwikosa
Jlapuca Bacuniaa Ta [lotonpkuii JIMutpo BacuipoBud.
OCHOBHUMH HamnpsMKaMH HAayKOBOI MisIIBHOCTI Ka-
(henpu € pO3BUTOK TeOpii, HAYKOBO-METOAUIHAX OCHOB Ta
CTBOPEHHS NPAaKTHYHUX PEKOMEHZIALN M0N0 YAOCKOHA-
JeHHSA EJIKTPUYHHMX MAIIMH DI3HUX THUIIB IV IiABH-
IICHHS IXHBOTO TEXHIYHOTO PIBHS, €HEProe(eKTHBHOCTI

Yunuuii 3aBigyBad
Kadeapu eneKTpUIHNX
mamuH B.1. Minux
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Ta HamIHHOT POOOTH B PI3HOMAHITHHX EIEKTPOIIPHBOMAX
Ta €IEKTPOCHEPTeTHUHHUX CUCTEMAX.

Pa3zom 3 Bke mpeCTaBICHUMU 3aBijyBadyaMu Kade-
Ipu 11 HayKOBI LIKOJNM pO3BHBaIM Npodecopw, I.T.H.
B.4. Enkcnic, FO.J1. Hosukos, B.I1. TonkyHoB; mpodeco-
py, k.T.H. B.M. Ipanenko, B.B. IlleBuenko i B./. FOxwum-
uyk, n.1.H. B.B. Haniii, mouentn, k.T.H. B5.O.€ropos,
B.I'. JTlro6apues, B.A. Makapenko, I.C. IlykiH Ta iHmi.

V xadenpu 3amxau Oynu HaIiifHI MApTHEPU — MPO-
BiJTHI eJeKTpOMAaIIMHOOYIiBHI IMiIprueMCcTBa XapKoBa Ta
kpaian — JI1 «3aBog «Enexrpoaxkmamy, AT «Emekrpo-
mammHay, I «XAKb», TOB «XEM3», TOB HBO
«Beprukanb», TOB «CKb Ykpenekpomar»y, TOB HBK
«Creneneproceppicy, TOB  «YkprexHosorisicepsicy,
AT «Enexrpomorop», TOB «®ipma «TETPA, LTD»,
3aBoa «YKpPENeKTpOpeMOHTY», MapiynoibChbKild MeTalyp-
riinuii komOiHar im. Iniva, J{HinponeTpoBChKUiA arpera-
THHH 3aBOA, a TakoXXx MarneOyp3bkuid yHiBepcurer OTTO
¢on I'epike (Himeuunna).

[epmmii BuUMyck CTyAeHTIB Kadenmpu BinOyBcs y
1924 poui. Y monampmmoMy 3a CTOPIYYS MiATOTOBIECHO
moray 3000 imkenepiB mist Ykpaian ta CPCP, i monazg
110 — g €sponwm, Asii, Abpuku, IliBHiuHOi Ta ITiBgeH-
HOT AMepHK.

Bunyckuuku kadenpu 3aiiManu aepiaBHI Hocau,
cepen sikux: bopucenko M.I. — ronosa Komitety 3 eHep-
retuku Ta enekrponiku CPCP; a.1.H., npod. 3acinyxeHuii
mista Hayku i Texmiku PPOCP Beprinos A.J. — Hauams-
HUK TexHIYHOro ymnpaBiiHHs, rojoBa TexHiuHOi paan
Hapkomaty enekrporexniunoi npomucioBocti CPCP;
k.T.H. bopymko B.C. — 3actynmHuk MiHicTpa eneKTpoTex-
Higyaoi mpomuciaoBocti CPCP; mex.H. Bemoyc M.IL —
HAaYaJbHUK OOJACHOTO YIPABIiHHS IPOMHUCIOBOCTI,
TPaHCIOPTY 1 3B’s13Ky XapKiBchbKoi 00sacHOl agMiHicTpa-
wii, TeHepalbHUH JUPEKTOp HayKOBO-BHPOOHHUYOTO
00’eqHaHHs «YKpenekTpomain (Xapkis).

Psin BUIYCKHMKIB CTajJM TOJIOBHUMH IHXKEHEpaMH,
TOJIOBHUMH KOHCTPYKTOpamMH, IOJIOBHUMU TCXHOJIOIraMH,
FeHEepPAIbHIUMH JAUPCKTOPAMHU, HAYaJbHUKAMH BiJJIUTIIB i
IHIIMX CTPYKTYpP HiINPHUEMCTB EJIEKTPOMAIINHOOYIIBHOT
Ta IHIMX rajy3eil. Benwka koropra 3axucTiia KaHIH-
JIaTChKi Ta JOKTOPCBHKI JHcepTalii, CTagu JOLEHTaMH,
mpodecopamMu Ta 3aBigyBadaMd Kadenp, y TOMY YHCII
kadenpu enexkrpmunnx MamumH XI[II (Irypmam T'.I,
Poragos 1.C., AAxoBernko B.O., Minux B.1.). bararo Bumy-
CKHUKIB HarOPOPKEHI OpACHAMH 1 MEAISIMHE, ICPIKaBHH-
MU NTOYECHUMH 3HAKAMHU.

Cepel HalIMX BHILYCKHUKIB MOXKHA BHIUIMTH TAKHX
KEpIiBHUKIB BUCOKOTrO paHry: benaikoB JI.SI. — nupexrop
XapKiBCHKOTO €JICKTPOTEXHIYHOTO 1HCTUTYTY, AMPEKTOP

3aBony  «YpanenekrporsbkMainnHay  (CBepaJIOBCHK);
I'pinuenko M.I. —  nmupextop  HaykoBo-mocmigHoro
iHctutyry «EnexkrpoBaxmamr»; Kaminivenko C.II.  —

IO.T.H., mpo¢., aupextop CremiaasbHOro KOHCTPYKTOPCH-
koro Oropo «EmektpoOyp» (Xapki); bapcekuit B.O. —
I.T.H., Tpo(., TOJIOBHUIA KOHCTPYKTOpP — rojoBa [IpasiiH-
Hsi MixHapoaHoro KoHcopiiymy «EHeprozoepesxeHHs»
(XapkiB); Bops3sk FO.I'. — K.T.H., TOJOBHHIA IH)XEHED
XapKiBCBKOTO EJIEKTPOMEXAHIYHOTO 3aBOAY, TOJOBHHI
imkenep CreniansHoro Kb BO  «Ykpenekrpomari»;
Bapenuk A.®. — nupekrop XapkiBcbkoro 3aBony «Emnek-
TPOMAIINHA», TUPEKTOP THCTUTYTY «YKpPHAINPOEIEKTPO-

Man»; Tkayenko B.II. — K.T.H., 3aCTyIHHUK AHpEKTOpa
BHPOOHUYOTO 00’ €qHAHHS «YKPEIEKTPOPEMOHT», TEeHe-
pambauit  qupekrop BAT  «[lotenmian»  (XapkiB);
JlanmmeBuy @.®. — K.T.H., TeHEPATBHUI TUPEKTOP 3aBOTY
«Yxpenexkrpomann» (Xapkis); bouapos B.I'. — nupekrop,
ronoBa HarnsgoBoi panu BAT «Enekrpomaiunay
(XapkiB); IBanos B.II. — npupekrop, ['onoBa mpasiiHHS
Kpumcbkoro enekrpopeMoHTHOTO 3aBoay (CeBacTorob);
Bacwmirenko C.O. — naganmeauk HJIL 1 [IK Bimminenns JIT
«3aBon «EnekrpoBaxmar», reHepansHuii qupexkrop TOB
«Emrexo imxuHipuHT Tpym»; lllepuenko A.Il. — romo-
Bauid  imkeHep Il  «3aBom  «EjexTpoBaxkmanny;
bonnapenko B.I'. — renepanbuuii nupextop ITAT «Enek-
tpomammHay, lllaxin Iccam (rpomansuun JliBany) —
K.T.H., JAMPEKTOp KoMmmaHii «3aiiHyH» Ta «Orapit»;
ydani Cain Tanioc (rpomansuun JliBaHy) — 3aCHOBHUK
i paupexrop kommaHii «lram», «IHmacTpi», «BapianT,
Ma€ I0YeCHE 3BaHHS «3acily)KeHUH IMpaliBHUK HPOMHC-
noBocti Ykpainny; Ceprienko C.A. — mupekrop TOB
«XapKiBCHKUH €NEKTPOMAITHHOOYTIBHAH 3aBOI.
BunatHi BUITyCKHUKH Kadeapr OTPUMAIH JIepKaBHE
Bu3HaHHi: KpacnHomwanka M.M. — naypear [lep:kaBHOL
npemii CPCP, 3acnyxenuii nissd Hayku i TexHiku YPCP,
HAropoKeHUI BOEHHUMH 1 TPYAOBHUMH OpJEHAMH 1 Me-
nansimu; SIBnuHCcbkuit H.A. — naypear CramiHCbKOI Ta
JleniHcbKOT mpeMili, HaropoKeHuit 6araTbMa BOEHHUMHU
opaeHamu; naypearu Jlep>kaBHoi npemii YKpaiHu B raiysi
Hayku 1 TexHiku K.T.H. YepemicoB [.f., n.r.H., mpod.
Kysemin B.B., Pakoron B.I'., a.r.H. 3o03ymun !O.B.,
I'py6oit O.I1. (mae 3BaHHS «3aciyXeHUH MalIMHOOYiB-
HUK YKpainm»), k.T.H. Ko63ap K.O., Bakynenko O.M.
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Benukuit nabopatopHuii 3a1 kKadenpu

[MiaTpumytoTh BUCOKMIT iMimk Kadenpu 1 cyyacHi il
cryzaentu. 3 2008 i no 2020 poky y BceykpaiHCbKHX KOH-
Kypcax CTYIEHTCHKMX HayKOBHUX pOOIT BOHHM CTaBajd
nepeMoXIsIMA 83 pasu 1 mocinu 37 nepumx, 28 npyrux i
18 Tperix micp. Y BceeykpaiHCBKiH CTYICHTCBHKIN OJiM-
miaJi BOHK BHOOPOJH B 0COOMCTOMY 3alliKy 14 mpu30BHUX
Micip (7 mepmux, 3 Apyrux Ta 4 TpeTix), y KOMaHTHOMY
3aniky BiamosigHo 11 (7, 2, 2). Lle onni 3 Haiikpaimx
nokasHukiB cepen kaheap HTY «XIII».

3aBigyBau kadenpu
enexktpuuHux MamuH HTY «XI1I»
Bonogumup MIJIMX
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