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Haykoeo-npaxmuunuii scypnan «Enekmpomexnixka i Enekmpomexanikay — nepeoniamme 6uOAHHA.
Bapmicmo nepeonnamu na 2020 pix — 770,58 epn., na oeéa micayi — 128,43 epn., na womupu micaui —
256,86 epn., na wiicmo micayie — 385,29 zpn., na gicim micauie — 513,72 zpn., Ha decamo micauie — 642,15 zpn.
Ilepeonnamnuii indexc y kamano3i IIAT «YkpIlowimay: 01216.

IHIAHOBHI ABTOPH /KYPHAJIY!
Hocmanoeoro npes3udiit BAK Ykpainu 6io 15 ciuna 2003 p. Ne 1-08/5 naykoeo-npakmuunuil jcypHan
«Enekmpomexnixka i Enexmpomexanixa» eneceno 0o Ilepeniky naykosux axoeux eudanv Ykpainu,
8 AKUX MOXCYMb NYONIKyeamucsa pe3yibmamu Oucepmauiiinux podim na 3000ymms HAYKOGUX CHYNEHie
odoxmopa i kanouoama Hayk ma nepepeccmposano Haxazom MOH Ykpainu Ne 1328 6i0 21 epyous 2015 p.
Kypnan 3apeecmposano sk gpaxoeuit 3 No 1 2002 poky.

3ziono Haxazy MOH Yxpainu Nel412 gio 18.12.2018 p. nayxogo-npaxkmuunuit scyprnan «Enekmpomex-
Hika i Enekmpomexanikay eéknioueno 0o naiteuujoi kamezopii «A» Ilepeniky ¢haxosux euoanv Yxpainu
3 MEeXHIYHUX HAYK.

Houunarouu 3 2005 poky 32iono 3 002060opom mixc pedakuicto rcypuany «Enexkmpomexnixa i Enexkmpo-
Mmexanika» ma Bcepociticokum incmumymom Haykoeoi ma mexuiunoi ingpopmauii Pociticokoi akademii nayk
(BUHHUTH PAH), inghopmauia npo cmammi 3 sncypuany 3a 6iooopom excnepmie BUHHTH pozmiugyemoca
y Pegpepamuenomy scypnani (P’K) ma bazax oanux (b/]) BHHUTH.

Houunaiouu 3 Nel 3a 2006 p. 32iono 3 Haxazom MOH Ykpainu No688 eio 01.12.2005 p. scypnan
Haocunaemovca 0o YkpIHTEL

Enexmponna xonia ycypuany «Enexkmpomexnika i Enexkmpomexanikay, 3apeccmposanomy y Miricnapoonii
cucmemi peecmpayii nepioouuHux euoans nio cmanoapmuszosanum kooom ISSN 2074-272X, naocunacmeo-
ca 00 Hauionansnoi éioniomexu Ykpainu im. B.I. Bepnaocvkozo i, nouunarouu 3 2005 p., npeocmasnena
Ha caimi oioniomexu (http://nbuv.gov.ua/) ¢ po3oini «Haykoea nepioouka Ykpainu», a maxosc na ogiyiii-
Homy caiimi scypuany (http://eie.khpi.edu.ua/).

Houunarouu 3 Nel 3a 2016 p. yci cmammi na caitmi 00CmynHi Ha 080X MOBAX — 0008 'A3K080 AHZNIIICLKOIO,
a makosic pociiicekoro abo ykpaincokoro. Taxoxc KodxcHili cmammi 6 HCypHAI NPUCBOIOEMBCA YHIKATbHUTL
uudghposuii ioenmughixamop DOI (Digital Object ldentifier) 6io opeanizauii Crossref (http://crossref.org/).

Kypnan «Enexmpomexuixa i Enexmpomexanikay exntoueHuil y 006ioHuxk nepioouunux euoauv Ulrich’s
Periodical Directory, npeocmasnenuii y 3azanvnooepircaeniii pecpepamueniit 6aszi oanux « Ykpainika Haykoeay,
Ppepepamuenomy sncypnani «/Dicepenoy, inoexcyemoca y Haykomempuuniii oasi oanux Web of Science Core
Collection: Emerging Sources Citation Index (ESCI), wijo pexomenoosana MOH Yxpainu, a maxosc y maxux
Mmixcnapoonux oazax oanux: Index Copernicus (ICV 2018: 100.00), Poccuiickuiit Hnoexc Hayunozo L{lumupo-
eéanusn — PUHI] (ELIBRARY), i 6xooump 00 6a3 oanux EBSCO, ProQuest, GALE, DOAJ mouo.
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EnekmpuyHi MawuHu ma anapamu
VJIK 621.313:536.2.24:539.2

doi: 10.20998/2074-272X.2020.4.01

B.®. bomox, U.C. llykun

BO3BYKXJIEHUE CEPUEN UMITYJIbCOB JIUHEMHOT' O UMITYJIbCHOI'O
ITPEOBPA3OBATEJIA QJIEKTPOANHAMUYECKOI'O TUIIA, PABOTAIOIIEI'O B
CJIOBOM U CKOPOCTHOM PEXXUMAX

Ilpeocmaenena mamemamuuna Mooens JiHIIHO20 IMHYIbCHO20 nepemeoprosaya enekmpoounamiunozo muny (JIIIIET), é axiii
Pilenna pieHAND, WO ORUCYIOMb 63AEMONO0G A3ANI eleKMPUYHI, MAZHIMHI, MeXAHIYHI ma menioe6i npoyecu, NOOAHI 6 peKypeH-
muomy euznadi. /locniosnceno enexkmpomexaniuni i enekmpoounamiuni xapaxmepucmuxu JIITIET npu pooomi ¢ wieuokicnomy
pedicumi, uio 3abe3neuyc NPUCKOPEHHs 0OMOMKU AKOPA 3 6UKOHAGUUM €1eMEHIOM, MA 8 CUTIOBOMY PENCUMI RPU 3A2a1bMOGAHIT
oomomuyi akopa. Ilokazano, wo npu 30yoxcenni oounounum imnynvcom JIIIET, akuii npayioc 6 wieuOKicHomy pexcumi, 8 nopi-
GHAHHI 3 CUTLOBUM PEHCUMOM, 8I00YBAECMBCA IMEHUWEHHA AMNIIMYOU CmpPyMy 6 oomomkax na 7,5 %, amnaimyou enrexmpoouna-
miunux sycuny (EA3) — na 21,8 %, 3nauenna imnynvcy E/[3 — na 27,1 %. Ilpu ybomy o6momka AKOpA 3 6UKOHAGUUM eleMeH-
mom po3zzanaempca 00 weuoxocmi 7,1 m/c. Ilpu 30y0xcenni cepieto imnynvcie 6i0 00HaKosux ceKkyiil EMHICHO20 HaKonuyysaua
enepeii (EHE) ma pooomi JIIIIET 6 cunosomy pexcumi amniimyou imnynwcie cmpymy i E/[3 npakmuuno ne3minni, a npu poéo-
mi 6 WeUOKICHOMY pexcumi 8i00yeacmuvca NOCai008He 3MEHUEHHA YUX AMNAIMYO. 30inbuienna Kinbkocmi imnyavcie 30y0xceH-
Ha npu 30epexcenni enepeii €EHE npuzeodums 00 3menwmenns ochoenux nokasnukie JIIINIET. Ane 3a paxynok 3MeHUieHHA amn-
aimyou EJ[3, aka nposasnaemoca ak cuna siodaui, epekmusnicmy JIITIET 36invuyemoca. /na JIITIET, wo npayioe ¢ wieuokic-
HOMY pexcumi, 3anpoONnOHOBANHO 3MEHUIEHHA MAKCUMANbHUX amnaimyd cmpymy i EJ/I3 3a paxynox nocnidoenozo 36invuienus
emuocmeit cexyini €EHE, axi ¢popmyroms cepii imnynscie 30yoxncenns. /[na JIIIET, wo npautoc é cunogomy peixicumi 0ouinbHo
suKopucmogysamu 00HaKosi emnocmi ecix cexyiin EHE. bion. 22, puc. 9.

Kniouosi cnosa: niniiiHui iMIyJbCHUN NepeTBOPIOBAY €JIEKTPOAMHAMIYHOIO THIy, MaTeMaTH4YHA MOJeJb, WIBMAKICHUH i
CUJIOBUH pesKUM podoTH, 30y/I:KeHHs cepicro iMny.abceiB, cuiia Biiadi, kpurepiii eekTuBHOCTI.

Ilpedocmaenena mamemamuueckas Mmo0enb JIUHEHUHO20 UMNYIbCHO20 RNpeodpazoeamensn 3I1eKMpoOOUHAMUULECKO20 MUNaA
(IHIIDZT), 6 Komopoil peuwrenus ypasHeHuil, ORUCHIEAIOUIUX 63AUMOCEAIAHHDIE ITIEKMPUYECKUe, MAZHUMHbIE, MeXaHuyecKue u
menJoevle nPoyeccovl, NPeOCmasiensvl 6 peKyppeHmuom euoe. Hccnedosanvl 3neKkmpomexanuieckue u 1eKmpoouHamuiecKue
xapakmepucmuxu JIHIIIT npu pabome 6 ckopocmnom pexcume, odecneuusarouiem ycKopeHue 0OMOmKu aKopsa ¢ UCHOJIHU-
MenbHbIM IIEMEHMOM, U 8 CUTIO60M pedcume, Ko20a oomomka akops zamopmodcena. Ilokazano, umo npu 6036yxycoenuu oou-
Hounbim umnynvcom JIHIIDT, pabomarouieco ¢ ckopocmmuom pexcume, nO CPAGHEHUIO C CUTLOBLIM PEHCUMOM RPOUCXOOUM
YMeHbUuIeHUue aMRIUmyObl moKa 6 00momkax Ha 7,5 %, amnaumyowt rnexkmpoounamuveckux ycunuii (3AY) — na 21,8 %, 3na-
yenusn umnynvca Y — na 27,1 %. Ilpu 3mom 00MomKa AKOPA ¢ UCHOIHUMETbHBIM INEMEHMOM PA32OHAECMCA 00 CKOPOCMU
7,1 m/c. IIpu 60306yxcoenuu cepueii uMnynbcoé om 00UHAKOBBIX CEKUUI eMKOCMHO020 Hakonumens snepzuu (EH3) u pabome
JHIIIT 6 cunosom pexcume amnaumyovt umnynvcoe moka u /1Y npakmuuecku HeusMeHHbl, a npu padome ¢ CKOPOCHIHOM
pedrcume npoucxooum nociedosamenbHoe ymenvuienue amnaumyo moxoe u /Y. Yeenuuenue konuuecmea umnyibcoe 6030y-
scoenun npu coxpanenuu Inepzuu EHD npueooum k ymensvuienuto ochosnvix nokazameneit IHIIIT. Ho 3a cuem ymensvuienusn
amnaumyowvt /Y, komopasa nposensemca Kak cuna omoauu, rpgpexkmusnocmo JIMIIIT yeenuuusaemcs. /na JIHIIIT, pabo-
marowezo 8 CKOPOCIMHOM pedcume, NPeonoHceHo YMEHbUeHUe MAKCUMANbHBIX amnaumyd moka u /Y 3a cuem nocnedoea-
menbHo2o yeenuuenun emkocmeii cexyuii EHD, ¢popmupyrowjux cepuu umnynvcoe 6030yxyncoenusn. /Ina JIHIIT, pabomarowezo
6 CUTI06OM pedicume, Ueneco0OPA3HO UCRONBb306aMb 00UHAKOB8ble emKocmu ecex cexuyun EHD. bubn. 22, puc. 9.

Kniouesvie cnosa: nuHelHbIii HMMIYJILCHBIH Npeo0pa3oBaTe/b 31eKTPOAMHAMMYECKOr0 THIIA, MaTeMaTH4YecKasi MoJe/b, CKO-
POCTHOIi U CHJIOBOI pe:KUM PaGoThl, BO30YKIeHUE cepHell HMITYJIbCOB, CHJIA 0TAA4M, KPUTepHUii 3P PpexTHBHOCTH.

BBenenne. JluHeiiHbIe MMITyTBCHBIE NPeoOpa3zoBa-
Tenan anekTpoaunHamudeckoro tuma (JIMIIOT) mumpoko
HCHOJIB3YIOTCA Ui Pa3sTOHA WCIOJHHUTENBHOTO 3JeMEHTa
(U3) no BBICOKOW CKOPOCTM Ha KOPOTKOM aKTHBHOM
y4YacTKe M JUIs CO3/IaHHs MOIIHBIX CHUJIOBBIX MMILYJIECOB
Ha OOBEKT BO3JEHCTBHS NPH HE3HAYUTEIBHOM IepeMe-
mennn WD [1-3]. Takue npeoOpa3oBarenu, paboTaromue
KaK B CKOPOCTHOM, TaK M B CHJIOBOM PEXKHMaX, HINPOKO
HCIIOJIB3YIOTCSl BO MHOTHX OTpAacisiX HAYKH M TEXHHKH B
KadecTBe DJIIEKTPOMEXaHHUYECKHX ycKoputenein WD u
yIapHO-CHJIOBBIX YCTPOUCTB [4, 5].

Kak mokassiBaer anamus, JIMIIDOT o0mamaroT MOBBI-
IICHHBIMHA CHJIOBBIMH M CKOPOCTHBIMHU IOKA3aTEISIMU 10
CpaBHEHHIO C IpeoOpa3oBaTeIMH HHAYKIHOHHOTO H
JJIEKTPOMArHUTHOTO THIIOB, KOTOPbIE TaKXe MIMPOKO
UCTIONB3YIOTCS JUIsSl aHAJIOTHYHBIX IPUMEHEeHUH [6].

B mnpeobOpaszoBatene MHIYKIMOHHOTO THIA SKOPb
BBINOJIHEH B BUJIE€ OJHO- WJIM MHOTOBHUTKOBOH KOPOTKO-
3aMKHYTOH OOMOTKH, B KOTOPOH HMHAYLHPYETCS TOK OT

obMoTkM uHIykTopa. OnHako u3-3a (ha30BOro ciBUTra
MEXJIy TOKAMHA B 0OMOTKaxX MHIYKTOPA M SAKOPSI TOMHUMO
ANEKTPOANHAMUYECKUX YCWIIMH OTTAJIKMBAHUS BO3HHUKA-
0T U NMapasUuTHBIC CUJIbI MPUTIKCHUS. BCHCZ[CTBI/IC 3TOro
3¢ GEKTHBHOCTH TAKOTO Mpeodpa3oBaTelis CHuxkaercs [7].

Y mpeoOpazoBareinisi 3JEKTPOMarHUTHOTO — THIA
SIKOPb BBITIOJHEH (peppOMarHUTHBIM U Ha HETO CO CTOPO-
HBl OOMOTKHM HWHIYKTOpa IEHCTBYET 3JIEKTPOMAarHHWTHas
cuna npurshkeHus. OgHako M3-32 (PU3MUECKHX CBOMCTB
(heppoMaraeTHka B TaKOM IIpeoOpa3zoBartese dIEKTPoMar-
HUTHEIE TIPOIECCHI HOCST 3aMEUICHHBIN XapaKTep ¢ OTHO-
CHUTETIFHO HEBBICOKMMH aMIUTUTYAaMH CHJI. DTO TaKxke
o0ycnaBnuBaeT HU3KYIO 3(PPEeKTHBHOCTH Mpeodpa3oBare-
JIS. DJIGKTPOMArHUTHOTO THIA, OCOOCHHO MpU paboTe B
CKOPOCTHOM pexume [8].

JIMTIDT comep>KUT MOIBMXHYIO OOMOTKY SIKODS
(OS1), koTopast SAEKTPOJUHAMUUECKH B3aUMOJECHCTBYET C
HeMoJBM)XHON oOMoTkoi mHAykTopa (OU) [9, 10]. Otn

© B.®. bosntox, U.C. llykun
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00OMOTKH, KaK MPaBUJIO, COCOMHEHBI IOCIIEAOBATEIBHO U
BO30YXMAIOTCS OT EMKOCTHOTO HAaKONHUTENs DJHEPTruu
(EHD). [Tockonbky 06e 0OMOTKM HAMOTaHbI BCTPEYHO TI0
MarHUTHOMY IIOJIIO, TO MEXIy HMMHU BO3HUKAIOT 3JIEK-
tponuHamuueckue ycunust (3Y) orrankuanums. OO6-
MoTku JIMIIDT BEIONHEHB MHOTOBUTKOBBIMU B (hopMe
JUCKOB, KOAKCHAIbHO YCTAHOBIIEHHBIX JApPYr HAIpOTHB

npyra (puc. 1).

4 1 2 3

.——5 ————————
UG SA
%Un B
A !

Puc. 1. Cxema JIMIIDT: 1 — ON, 2 — 041, 3 — 1D, 4 — ynop,
5—EHD

B ckopocTtHOM pexume paboTHl TOJ AECUCTBHEM
OJ1Y orrankuBanus O Bmecte ¢ D akcuanbHO Tepe-
MeIarTcest oTHocuTensHO O BIONB OCH z CO CKOPOCTBIO
v,. Onmnako stu xe DJY BosaeiictByer n Ha OU, yTO
NPUBOJIUT K BO3HUKHOBeHHIO cuiibl otnaun JIAIIOT.
Cuila oTHa4M HEraTWBHO BJMseT Ha (YHKIHMOHHPOBAHHE
npeoOpa3oBaTessi BO MHOTMX TEXHHYECKHX OOBEKTax u
cHcTeMax, CHIDKass MX MEXaHWYECKYI0 Ha/IeXXHOCTb. s
psiza NpUMEHEHUH, HalpuMep, KIeNalbHOTO, TO0I0EKHO-
ro, MAPKHUPOBOYHOTO W MHBIX PYYHBIX yIapHBIX HHCTpPY-
MEHTOB, AJS ITyCKOBBIX CHCTEM, HAIpPUMEp, KaTamyibT
Juisl OECTIMIIOTHBIX JIETATENBHBIX alIapaToB, Pa3IMYHBIX
AaBTOHOMHBIX ITyCKaTeNledl M Ap. CHja OTIaud HETaTUBHO
BO3JICEMCTBYET Kak Ha CaMO YCTPOMCTBO, TaK W Ha o0ciIy-
skuBaromuii mepconan [11]. OcoGeHHO HEeraTUBHO CHiIa
OTAa4Yu IMPOABJIACTCA B pas3IMYHbIX U3MEPUTCIIbHBIX YCT-
porictBax. Tak, B OQJUIMCTHYECKOM JIa3epHOM T'PaBUMET-
pe, IpenHa3Ha4eHHOM ISl U3MEPEHUs] YCKOPEHHs CBO-
00/HOTO TaJeHUs, HUCIOJIB3YETCs JNEKTPOMEXaHHYecKas
KaTaryJbTa, KOTopasi 00ecreyrBacT BEPTHUKAIbHOE MOJ-
OpaceiBanne 11D — yroakoBOro ONTH4ECKOro OTpaXkaTelis
[12]. Dror oTpakaTenmb SBISETCS COCTABHOW YaCTBIO
M3MEPHUTENBHON CHCTEMBI JIa3epHOT0 HHTEpdepomerpa
Maiikenscona. Bo3Hukaromas npu moxdpaceiBanmu 19D
CHJla OTAAa4YM BBI3BIBAET ABTOCEHCMMYECKUE KOJieOaHMS,
KOTOpBbIE CHIDKAIOT TOYHOCTh M3MEPEHHsS YCKOPEHHUS
cBoOoHOTO Magenws [13].

B TMOCJIEAHCE BpEMs MOABUIIMCH UCCICIOBAHUA JIN-
HEWHBIX UMITYJIbCHBIX AJIEKTPOMEXaHUYECKUX Mpeodpaso-
BaTene, Ul Bo30yxneHus koropsix or EHO ucnonssy-
I0TCSl pa3iau4Hble (OpMBI MMITYJILCOB TOKa, (hopmupye-
MBbI€ JIEKTPOHHBIMU ycTpoiicTBamu [14]. MHTepec mpen-
CTaBJII€T BO30YXIEHHWE JHMHEHHOTO 3JIEKTPOMEXaHHIe-
CKOT'O YCKOPHUTENS MHAYKIIMOHHOTO THIA CO CBEPXIIPOBO-
JSIIIIMA MarHUTaMy CepUel MPSMOYTOIBHBIX HMITYJIECOB
[15, 16]. HanHas cucteMa BO3OYXKAECHUS HCHOIB3YETCS
JUISL pEKyTepanuy YacTH SHEPTHH B UCTOYHUKE TUTAHMS.

W3Becten cmocod BO30YXKIEHHUS JTHHEWHOTO SJIEK-
TPOMEXAaHUYCCKOTO YCKOPUTCIA HHAYKIIMOHHOT'O THIIA
cepueil mocienoBaTelbHbIX MMITYyJIbCOB OT cekuuit EHO
[17]. Onnako B 3TOM yckoputene kaxnaas cexkuus EHD

mojAKIIIoYaeTcst K cBoeil cexunn O, KoTophle CMEIIeHBI
Jpyr OTHOCUTEIBHO JpYyra BAOJIb OCH IEpEeMEIlEHHS
anekTponpoBosmero sikopsa. Oxnako ecnu OU BwIMON-
HEHa HEeCEKI[MOHMPOBAHHOM, TO TaKasl CUCTEMa He pelaeT
3aJa4y YMCHBIICHUA CUJIbI OTAAYH.

Takum o6pazom, cHmxeHne aMiuuTyasl Y, npo-
SIBIIIOLIMXCSL B BHJE CHJIBl OTAA4M, IPHU BBIIOIHEHUU
JIMTIOT cBomx QyHKUMIT B CKOPOCTHOM M CHJIOBOM pe-
JKUMaXx, ABIISETCA aKTyanbHOH 3a1adeil.

Lenpio cTaTbH SABISETCA MOBHIIIEHHE 3(PPEKTHB-
Hoctu JIUIIOT mpum pabore B CKOPOCTHOM W CHIOBOM
pEeKUMax 3a CUET YMEHBIICHUS aMIUIUTYIbl CUIIbI OTAAYH
IIyTeM BO30YXKIEHHUS €r0 OOMOTOK CEpHEeH UMITYIbCOB OT
cexruii EHD.

Hns BozOyxnenus JIUIIDT or EHD wucnonssyem
OJTHOTIOJIYTIEPUOIHBIA TOJSPHBIA HMMITYJBC, (hopMHpYe-
MBI IyCKOBBIM THUpHUCTOpOM VS, monaras, 4ro €ro co-
NPOTUBJIEHHE B MPSIMOM HaIpPaBJICHUH IPeHeOpeRnMO
MaJlo, a B OOpaTHOM HaIIPaBIEHHH €ro HPOBOANMOCTb
CTOJIb K€ Maja. 3aMETHM, 4TO TPH TaKOM MMILYJIbCE BO3-
Oy>XIeHUs! K KOHIy pabOvero LUKJIA 4acTh SHEPIHH CO-
xpansiercs B EHD, 4to mo3Bomsier ee manpHeHIIee Hc-
nosib3oBanue [18, 19].

MartemaTundeckass moaeab JIMIIIT. Paccmorpum
MaTematudeckyo mozaens JIMIIOT, B koTopoil HCmoib-
3YIOTCSI COCPEIOTOYEHHBIE IapaMeTphl AKTHUBHBIX »Jie-
MeHTOB — OU u OS1. Takas Mozens Mo3BOJISAET ONEPaTHB-
HO OCYIIECTBIATh pacueT mnokazatenedd JIMIIOT mnpu
BO30Y)K/IEHMH CEpHeil MOCIIeI0BATENBHBIX HMILYJIBCOB.
Jna yueta B3aMMOCBSI3aHHBIX AJIEKTPUUYECKHX, MArHHT-
HBIX, MEXAHHYECKHUX M TEIUIOBBIX IPOLECCOB, a TaKXKe
psiaa HEJIMHEMHBIX 3aBHCHUMOCTEN pPELEHUs YpaBHEHMI,
OIMCHIBAIONINX YKAa3aHHBIE IIPOLECCHI, MPEACTaBHM B
pexyppentHOoM Buzpe. Ilpm pacuere paboumii mpouecc
pa3buBaeM Ha PsAJ YHCICHHO MajbIX HHTEPBAJIOB BpEMe-
HU At = ti4, — 4, B Tpeaenax KOTOPBIX BCE BEIWYHHBI
CUyuTacM HCHU3MCHHBIMU. le/I TaKOM NoAX0JA€ IJIA oIpe-
JIeNieHns1 TOKa Bo30yskaeHus u HanpsbkeHus EHO Ha pac-
YeTHOM HHTEpBajie BPEeMEHH Af MOXHO HCIIOJIb30BaTh
JMHEWHBIE YPaBHEHUS U COOTHOIIECHUS.

Onexrpuueckue npoueccsl B JIMIIOT npu Bo30yk-
JIEHUH OJAMHOYHBIM TOKOBBIM UMIyiscoM oT EHD moxHO
ommcaTh ypaBHeHHEM [7]:

t
[RI(T1)+R2(T2)]-i+d—”’+ljidt =0, uc(0)=Uy, (1)
i Cyy

rae n = 1, 2 — nagexcel OM u OS cOOTBETCTBEHHO;
R,, T, — akTHUBHOE CONPOTUBIICHHE U TEMIIEpATypa n-0i
00OMOTKH COOTBETCTBEeHHO; [ — Tok O u US; C) — em-
kocte EHD, 3apspkennoro no Hanpspokenus Uy, uc — Ha-
npsokenne EHO;

v _ [L, —2M5(2) + L, ]ﬂ i, P2y
dt dt dz
rae L, — MHOYKTUBHOCTh 1-0i 00MOTKH; M,(z) — B3auMm-
Hasi MHAYKTHBHOCTh Mexay OU m Of, mepemerraemoii
BJIOJIb OCH Z CO CKOPOCTBIO V.

Ha uucnenno maiioM mHTepBasie BpeMeHH At mona-
raeM, 4To Bce (DyHKIMOHAJIbHBIE 3aBUCHMOCTH HEH3MEH-
HBI: RI(TI) = Rl, Rz(Tz) = Rz, M12(Z) = M[z, Vz(t) =V,

[oncrasnsist ypasHenue (2) B (1) nomyuyaem:
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R1+R2—2vsz—12 -i+[L1—2M12+L2]ﬂ+
dz dt
L 3)
+—[idt=o.
Coy

Pemenne ypaBrenus (3) Oymem mckaTh B BUIE:
i = A exp(agt)+ 4, exp(asyt) , @)

) | 0,5
e app = —0,521{0,25(2] - } — KOpHH

= 0=
XapaKTCPUCTUICCKOIO YPABHCHUA, Al, Az — MMPOU3BOJIb-
HBIC ITIOCTOSAHHBIC,

E=L1—2M12 +L2;
M

@=R1+R2—2vzd 12
YA

Ecin @ > 24/ EC, ! , TO Tocie psima mpeobpa3osa-
HUH{ MOJTyYaeM BBIPKEHHUS IJIsl IPOM3BOJIBHBIX TIOCTOSH-
HBIX B MOMEHT BPEMCHH
uc(ty) +0-i(t) + oy = -i(ty)
Zexplay oty oo, — )
[Moncrapnss BeIpakeHus (5) B ypaBHeHue (4), mMoIry-
YaeM BBIPQKCHHUE JJI1 TOKA B PEKypPEHTHOM BHJIE:

l-a,m)=%[exp<am—exp<azmn+

A1,2 = (5)

B (6)

) [0:2 exp(al At)— a exp(azAt)l
@~

Hanpsoxenne na EHO:

_Uc(l) + O i)

uc(tpy1) = [ery explay At) - o explay 4t )|+

Qy) — o (7)
10
+& ) azz exp(alAt)— a12 exp(a2At)]
-
Ecmu © <24/ ECy ! , TO KOPHU XapaKTEPUCTUUECKO-

To ypaBHeHI/IH HpeI[CTaBI/IM B BU/JC:
a1y =—0+ joy = wgexp(j(r+0)), (8)

5
6= arctg(45@_2C0_1 - 1)0 ;
5

rae o= 0,5@5_1 ;

wp =(5C) )" ; o) = (E*IC(;I —0.25@25*2)0
[Moncrapnss 3HaueHus: kKopHei (8) B ypaBHeHHE (6)
U YUUTHIBAsI, 4TO
2j sin(a)IAt) = exp(ja)ldt)— exp(— jwldt) s
TIOJTy4aeM:

i(t1) =~ explc 025 fuc () + @it <

9
x sin(@y At )+ wi(ty, ) sin(ay At — 0)). ©
Hampsokenne na EHD nipu atom:
uc () ==opor ' expl-at)uc ) +0-itp)x ()
x sin(ay At — 0)+ (1), )y = sin(w, At —20)).
Ecnmm @ =2 EC(}l , TO O = @) U TOK PaBEH:
i(tgs1) = exp(— 5At)At{i(tk)5—E_l x an

x[uc ) +0-itp)])
Hanpsoxenne va EHD npu sTom:

uc () = luc () =) 25 +0-i(t) 54 +1)x
x exp(— ot +i(t; ) (55 - ©),
Bemmunny nepememennst OS1 ¢ UD oTtHOCHTENBEHO

OU MOXHO TpPEICTaBUTh B BUAE PEKYPPEHTHOIO COOT-
HOUICHUS:

e (tg) = he ) + 2 (1) At + -4 [(my +my ). (16)

e v, (tps) = v, (tg) +9- At/(m, +my) — ckopocts O ¢
2.2

no; 8= f.(z,0) = Kpv,(t;) - 01257y, B, Dorvz () 5

(12)

; dM
f.(z,t)= i (; )d—lz(z) — MIHOBEHHOE 3HAUCHHE aKCH-
z

anpHEIX D1Y Mexmy oOMoTKamu; m,, m, — Macca O u
Macca 11D coOTBETCTBEHHO; /i, — BETMYWHA TIEpEMETIICHHS
04 ¢ U3; Kr — k03 HUINEHT THHAMHYECKOTO TPEHHUS,
%, — TUIOTHOCTH CpeJIbl NepeMereHus; [, — koaddumuent
A9POAMHAMHYECKOTO CONPOTUBIEHUS; D, — HapyX HBIN
nuametp UD.

[Ipu pabore JIMIIDT B cunoBoMm pexume Mexay OU
u OS] cymecTByeT TEIIOBOH KOHTAKT 4epe3 M3O0JSIHOH-
HyI Tpoknanky. Temmepatypy n-oii oomotku JIUIIDT
MIPU 3TOM MOXXHO OIHCATh PEKYPPEHTHBIM COOTHOIICHH-
eMm [20]:

T(tnn) = T (t0)é + (- N PR, 1) (02, - D2 +

+0’257ITODen]—InO(Tn +Tm ([k)ﬂ“a (T)dc;l < ’(17)

1
x{0,257a7,, D, H,, +,1a(T)d;1} ,

AT
L(OJSDMQT,,-!— o )J :
cn(T)7n d,H,

a

A7) — KO3PPUIMEHT TEIUIONPOBOTHOCTH MPOKIIAIKHU;
d, — TommuHa npokianku; D,,, D;, — BHEUIHUNA U BHYT-
PEHHHUH JTUAMETPBl n-0i OOMOTKH COOTBETCTBCHHO;
Ofp Cp — KOBGMGUIMEHT TEIUIOOTIAaYd M TEIUIOEMKOCTh
n-0it 0OOMOTKH COOTBETCTBEHHO.

[Ipn padote JINIIDT B cCKOPOCTHOM peXHUME TEMITE-
paTtypy n-oii OOMOTKH MOXKHO ONHCATh PEKYpPPEHTHBIM
cootHotreHueM [20]:

Tn(fk+1)=Tn(fk)Z+(l—Z)lTo +477% (1) %

roe &= exp{—

1 (18)
—1 17712 2
><Rn(Tn)aTnDenfln (Den_Din) :|=
rae y = exp{— 0,254¢tD,,c 7, c,?l (T, )7,;1 }
I[J'IH pacye€ta XapaKTCPpUCTUK U MoKa3aTejeh

JINTIOT ucnonp3yeM anropuT™M LHUKIMYECKOTO JeHCTBUS,
MO3BOJISIIOIINI y4ECTh KOMIUIEKC B3aHMOCBSI3aHHBIX MPO-
[ECCOB M PAa3NYHBIX HEIUHCHHBIX 3aBHCHMOCTEH, Ha-
npumep R,(T,), Miy(z). Ilo mony4eHHBIM B MOMEHT Bpe-
MEHH #;+; 3HAYCHHUSAM TOKa PACCUUTHIBAIOTCS TEMIIEpary-
pst oomoTok T u T, mepemerierne A, u ckopocts O v,
B3aMOWHIYKTHBHOCTE M, MeXIy OOMOTKaMH H JIp.
3HayeHne pacueTHOro mara A¢ BEIOMpaeTcs: TakuM obpa-
30M, YTOOBI OHO HE OKA3hIBAJIO CYIECTBEHHOTO BIIMSHHSA
Ha pe3yJbTaThl pacyera, obecreynBas Mpu 3TOM HE00Xo-
JUMYFO TOYHOCTb.

HauanpHble yciaoBUst MaTeMaTHUECKOH MOJIEIIH:
T,(0) = Ty, — Temnepatypa n-oii 0OMOTKH,
i,(0) = 0 — Tok n-oit OOMOTKWY;
h.(0) = h,o — paccrostane mexxay OU u O4;
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u,(0) = Uy — nanpsoxeane EHD;
v,(0) = 0 — ckopocts O BIOIH OCH Z.

OcHoBuble mnapamerpbl JIMIIIT. PaccmoTrpum
JINTIST, y xortoporo OU (n = 1) u OS (n = 2) BbINONHE-
HBI B (pOopMe BYCIONHBIX TUCKOBBIX Karymiek. OM Hamo-
TaHa MeIHON IIMHOW cedeHmeMm 1,2%5,0 MMZ, a 04d -
MEIHOU IHWHOW ceueHueM 1,2%2.5 Mm’. UHCIIO BHTKOB
n-oit oomoTku N, = 60, BHemHMIA quametp D,,=100 mm,
BHYTpeHHHH muametp D, 8 mm. EHD: »smeprus
Wy = 180 Ik, manpsokenne U, = 300 B. HagansHoe pac-
CTOSIHUE MEXKIy 0OMOTKaMU /o = 1 MM.

ITpu pabote JIUIIDT B ckopocTHOM pexxume Oyaem
ucnoss3zoBats U3 maccoit m, = 0,5 xr, a ero apdexTus-
HOCTh Oy/JieM OIICHMBATh MAKCHUMAaJIbHOH CKOPOCTBIO V.,
pY MUHUMAJIBHOW cwite otaayn. [Ipu padore JIUIIOT B
CHJIOBOM pPEXHME OyJeM IojlaraTh OTCYTCTBHE IepeMe-
wenus O ¢ UD (m, = «), a ero adpdexTuBHOCTS OyaEM
OIICHMBATh MaKCHMaJbHBIM 3HaueHHE HMMyJbca DY

P = I /> (z,¢)dt npn MUHHMaITLHOH CHJIE OTIAYH.

Bozoyxnenne JIMTIDT oagMHOYHBIM HMMIYJIbCOM
ocymectBisiercss or EHD emxocteio Cy = 4 M®. [lpu
paboTe B CHJIOBOM pexume (puc. 2) aMIUIMTyJa TOKa B
oomotkax JIMIIDT cocraenser i, = 1,478 kA, 4ro mpu-
BOJUT K BO3HUKHOBEHHUIO MeXIy oOMoTkamu DJ[Y am-
wmTyno# f,, = 10,56 xH. 3nauenne mmmynsca DAY x
KoHIy pabodero mpomecca (1,65 mc) cocraBuser
P, = 7,88 H-c. 3amMeTum, 4TO MpPEBBILIECHUS TEMIIEPATyp

oomorok 6, = T, — T, wesHauutensHbl (6, = 0,2 °C,
6,=10,7 °C).
kA b, V;,];, kN; P, N-s
20
2P,
15 104 JOVS - i i
Yf'
£
5 /
0 \
0,05u,
-5
0 0,5 1,0 L5 f,ms 2,0

Puc. 2. Dnexrponunamuueckue xapakrepuctuxu JIMIIOT
pu paboTe B CUIOBOM PEXUME

ITpn paboTe B CKOPOCTHOM PEXUME MTPOHCXOANT 3a-
TsTMBaHue pabodero mporecca 10 2 MC ¢ YMEHbIIEHHEM
BCEX OCHOBHBIX TOKa3aTelel (puc. 3). AMIIIITyna ToKa B
00MOTKaxX yMeHbIIaeTcs 1o i, = 1,375 KA, 9To mpuBOIUT
K YMEHBIICHHIO aMIITUTYAbl /1Y Mexay oOMOTKamMu 10
3Ha4YeHus f,, = 8,07 kH. 3Hauenume mmmynsca DAY k
KOHITy pabodero mporecca cocraBmier P, = 6,2 H-c.

YMeHpLIAIOTCS M TPEBBIICHHS TeMIlepaTyp OOMOTOK
6, = 0,18 °C, 6, = 0,6 °C). Takoe n3mMeHeHHE pabOYETO
mporiecca odycnoBneHo nepememennem O ¢ U3, koro-
pble JOCTHUTAIOT MAKCUMAIBHON CKOPOCTH V., = 7,1 M/c.

LKA U, v, £ kN, Ay, mm;y, mis

20
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Puc. 3. Onekrpomexanndeckue xapakrepuctuku JIUIIOT
pH paboTe B CKOPOCTHOM PEKUME

Bo3oy:xnenune JIUIIIT cepueii mmMmyJibCOB OCy-
IIECTBIISIETCS] ITyTEM IMOCJIE0BATENIFHOTO BO BPEMEHH
MOJIKJTFOUCHUS K KiieMMaM a U b cekruii EHD. Tak o6pa-
3yeTcs mapaiuiedbHoe moktoueHue ceknuii EHO k 06-
MOTKaM IIpeoOpa3oBaTels.

3aMeTuM, 4TO HapabIeTbHOS TOAKITIOUCHUE CEKITHIA
EH3 x OU nuHEHHOTO UMITYJIBCHOTO YCKOPUTEIS MHIYK-
IIMOHHOTO THUIIA UCCIIEIOBaHO B pabdorax [21, 22]. OmHako
B DTHX HCClIeqoBaHusIX Bce cexumn EHD moaximrouarorcs
k OU ogHOBpEMEHHO.

CymmapHast eMKOCTh cekuuii paBHa Cp, = 4 M.
Bpemsi 3ajepKku  MOJKITIOYEHUs] CEKIUH  OrpezessieT
MEPUOJT CIEeIOBAHUS UMITYJIbCOB TOKa BO30yxaeHus. [Ipu
TakoM criocode Bo30yxaenus spdexrusHocts JIUIIIT B
CHJIIOBOM W CKOPOCTHOM peXHMaxX OyIeM OIICHHUBATh
0e3pa3MepHBIMH KPUTEPHUSIMHU:

0 0

K* _ Pz fzm K* _ Vem fzm (19)
P_f PO ’ V_f 0

zm 15 zm Vo

0 0 .0
rac fzm’ Pz sV, — MAKCHUMAJIbHBIC 3HAYCHMA aMIITIMTY bl

n nmnyasca DY, ckopoctu O ¢ UD cooTBETCTBEHHO
IIPY BO30Y>KIEHUH OJMHOYHBIM UMITYJIHCOM.

CyTh yKa3aHHBIX KPHTEPHEB COCTOUT B obecrede-
HUM HauOOJBIIEro 3HaYeHHUs uMITyibca DAY mns cumo-
BOTO pexxuMa, 1 Hambompmed ckopoctun O ¢ UD mus
CKOPOCTHOTO peXHMa IIpH MHHUMAIGHONH aMIUIUTYZE
O/1Y, xoTopas ompefenseT CUiIy OTaady. OTH KpUTEPHH
ouenuBatoT dpdekruBHocts JIUIIIT npu Bo30Yy)AEHUN
cepuel MMIYJIbCOB IO OTHOLICHHIO K BO30YXICHHIO
OJTMHOYHBIM UMITYJILCOM.

Ha puc. 4 noka3aHbl 3J1€KTPOTUHAMHYECKHE XapakK-
tepuctuku JINIIOT npu pabote B CHIIOBOM peXHuMeE OT
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MSTH OOMHAKOBBIX cekiuii EHD, moakmroyaeMeIx K 00-
MOTKaM IOCJIeIoBaTelIbHO C 3anmepxkkoit 0,75 mc. Ilpu
KaXXJIOM HMITYJIbCe BO30YKICHUS aMIUIUTYa TOKA MpaK-
THYECKM HEU3MEHHa M cocrtaBisier i, = 0,788 kA, 4ro
MOYTH B 2 pa3a MEHBIIIC, YeM MPH BO30Y>KIACHUU OTUHOY-
HBIM UMITYJIbcOM. Erie B GombIeit creneHn yMeHbIIaeTCst
ammmatyna DY, cocrasmsas f,, = 3 kH. 3Hauenne uM-
mynsca D/1Y K KoHITy pabodero mporecca TakkKe yMEHb-
IIaeTcs, HO B MEHbIIEH creneHH, cocTasisia P, = 4,9 H-c.
YMEHBIIAIOTCST W TPEBBIMICHUS TEMIIEpPaTyp OOMOTOK
(6, = 0,13 °C, 6, = 0,42 °C). Onnako kpurepuii 3pdek-

*
THBHOCTH IpeobpasoBarens K, MOBBIIIACTCs Oomee YeM

B 2 pas3a, o CpaBHCHUIO C €TO BO36Y)KI[6HI/IGM OIUHOY-
HBIM UMITYJILCOM.

LKA, KN, P, Nis

N 78
I
AT

JFA

0 0,75 1.5 1,25 3,0 £, ms3,75

Puc. 4. Dnexrponunamudeckue xapakrepuctuxu JIMTIOT
pu BO30YKICHUU OT OAWHAKOBBIX cekiuii EHD

Ha puc. 5 nokazaHbl 371eKTpOMEXaHUUECKHE Xapak-
tepuctuku JIUIIDT npu paboTte B CKOPOCTHOM peRknMe
OT IIITH OAMHAKOBBIX cekimii EHD, momxirodaeMbIXx K
00MOTKaM IOcTIeIoBaTeIbHO C 3amepkkoit 1 mc. Ocoben-
HOCTBIO JJAHHOTO Npeo0pa3zoBaTels sIBISIETCS MOCIe0Ba-
TENIbHOE YMEHBIICHHE aMILTUTY/] TOKOB i,, u DY f., npu
nogkimroueHnn cekuuit EHDO. Takoe ymeHbleHue yka-
3aHHBIX aMIUIUTYZ OOYyCJIOBJIEHO TIOCIIEIOBATEIHHBIM
OCJTabJieHHeM MarHUTHOM CBSI3M MeEXIy OOMOTKamu 3a
cuet nepemerienns OS] Ha Benmuuny /.. B nanHOM mpe-
oOpa3zoBarenie HaUOOJBIINE AMIUTUTY (bl HAOIIONAIOTCS B
IIEPBOM HMITYJIECE, COCTAaBILIA IS ToKa i, = 0,783 KA,
mrs DAY f.,, = 2,95 xH. 3nauenue ummyinsca DY co-
cTaBisieT pu 3ToM P, = 3,34 H-c, obecrieunBast CKOpOCTh
Osl ¢ UD v, = 3,82 m/c. [IpeBbiiienus Temneparyp ooMo-
Tok cocrasisitoT 0; = 0,11 °C, 6, = 0,37 °C. Takum ob6pa-
30M B CKOPOCTHOM pexume Bce mokazatenmn JIUIIOT,
BO30Yy’KIaeMOro cepuei M3 ISITH MMITYJIbCOB, YMEHbINA-
IOTCSI IO CPaBHEHMIO C BO30YXIEHHEM OJUHOYHBIM HM-
IyJIECOM, HO KpuTepuil 3QpeKTUBHOCTH Mpeobpa3oBare-

*
11 K, 1pu 5ToM nmoBbimaercs Ha 58 %.

i, kA, £, kN, A, mm; v,, m/s

5
0,5k, /
. I

e
i dh
TAAL

Puc. 5. Onexkrpomexanuueckue xapakrepuctuku JIUIIOT
IpU BO30YXKIICHUU OT OJMHAKOBBIX cekimii EHD

W

OreHNTh BIUSIHAE KONMYECTBA UMITYIIBCOB BO30YIKIIe-
Hus N; Ha nokazatemu JIMIIOT mozsomsier puc. 6. Kak B
CHJIOBOM, TaK U B CKOPOCTHOM pEXHMax paboThl, U yBe-
JMYCHNH KOJIMYECTBAa MMITYJIbCOB BO3OYXICHHS NN;, HEn3-
MeHHOM HanpspkeHnn cexiuii EHD Uy = 300 B u coxpane-
HuH oOrmmeit ux suHeprun W, = 180 Ik Bce OCHOBHBIE TTOKa-
3aTey YMEHBIIAIOTCA. DTO aMILUTUTY Bl TOKOB i, 1 DAY £,
BennunHa ummyisca DAY P, u ckopocts O BMecte ¢ D
v,. Ho 3a cyer Ooiee CHIBHOrO yMEHBUICHUS! aMIUTHTYIIbI
OAY f.n, KOTOpAst TIPOSIBIAETCS KaK CHJIA OTAYH, OT YBEIIH-
YEeHMs! KOJMYECTBA HMITYJIbCOB BO3OYXKIEHHS KpPHTEPUH

& *
sdpexrnsrocTr JIMTIOT K, 1 K, MOBBIIAKOTCS.

YMEHBIIUTh MaKCHMaJIbHble aMIUINTYAbl TOKa |
OV B neproM ummyisce cepun i JIMIIDT, padoraro-
IIETO B CKOPOCTHOM PEKMME, MOXKHO 3a CUET IOCIIEI0Ba-
TENBHOI0 yBennueHus emkoctedl cexumid EHO mpu co-
XpaHeHUHU UX cyMmapHoro 3HaueHus Cy =4 M.

Ha puc. 7 noka3aHsl 3J€KTPOMEXaHUYECKHUE Xapak-
tepuctuky JINTIOT npu pabore B CKOPOCTHOM pEXUME H
B030y>KeHnn oT nsatu cekuuid EHD, eMKkocTH KOTOpBIX
muHerHOo Bo3pacTalT oT 0,4 M@ B mepBoil ceknum 10
1,2 M® B mATOM CEKIUU.

[pu takom Bo3Oyx)nenun JIMIIDT, paboraromiero B
CKOPOCTHOM pE&XHME, MaKCHMalbHas aMIUIMTyIa TOKa
HaOMoaeTcst He B MEPBOM, a B UYCTBEPTOM HMITYJIbCE
Cepuu ¥ paBHa i, = 713,9 A, 4T0 HIXKe, YeM IIPH BO30YXK-
IEHNH OT OAWMHAKOBBIX cekumit EHD. MaxkcumanpHas
ammmtyga DY HabmromaeTcs B TPETbEM HMITYJIbCE
CepUHU U COCTaBISCT f,,, = 2,04 kH. 3ameTum, 4To yMEHB-
IIEHHEe aMIUINTYJbl TOKa IOCJIE UYeTBEpTOro MMITyJIbCca
cepur OOYCIIOBIIEHO OCJHa0JIeHHeM MAarHUTHON CBS3H
Mexay O u O4. A ymensiienue ammautyn /1Y nocie
TPEThEro HMIIYJIbCA CEpPHUHM JOMOJHHUTEIHHO BBI3BAHO
YBEIMUCHUEM PACCTOSIHUS MEXY HUMH.

[pu manaOM cmocobe Bo3Oyx)uenus JIMIIOT 3Ha-
yeHue umnyibca DY cocraBnser P, = 3,33 H-c, uto
obecrieunBaet ckopocts O ¢ U3 v, = 3,81 m/c.
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1 2 3 4 N,n 5
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Puc. 6. 3aBucumocts nokazareneit padotsr JIMIIOT B cumoBoM

(a) 1 CKOPOCTHOM (6) peKHMaX OT KOJMYESCTBA UMITYJIHCOB
BO30YKICHUS

Ha puc. 8 mokas3aHbI 2IEKTPOJMHAMUYECKUE XapaK-
tepuctuku JIMIIOT mpu pabore B CHIOBOM pEKUME H
BO30YyXaeHuH OT maTH cekiwii EHD, eMKocTH KOTOPBIX
nuHelHo Bo3pactatoT oT 0,5 M® B mepBoil ceknmu 110
1,1 Mm® B maroit cekmum. [Ipm TakoM BO30YXICHHU
JIUIIDT, paboTaroiiero B CHWIOBOM PEKHME, MAaKCUMaJTb-
Hasl aMIUTATY/Ia TOKA BOSHUKACT B MATOM HUMITYJIbCE CEPHU
¥ paBHa i,, = 908 A, 4TO BEIIIE, YeM MPH BO3OYKICHUHU OT
onmHaKkoBEIX cekiuii EHD. MakcuManpHas amImmuTyna
O/1Y BO3HMKAET TakXe B IATOM HMITYyJIECE CEPUH U CO-
cTaBiseT f., = 3,98 kH. 3Hauenue ummynsca Y co-
crasistet P, = 4,98 H-c.

f: kAa ufzakNa hz: mim; szm/S

/\//ﬁ(
AN

0
0 1,2 24 36 4.8 t,ms 6,0
Puc. 7. Onexrpomexanuueckue xapakrepuctuxu JIMIIOT npu

paboTe B CKOPOCTHOM pEKUME U BO30YkaeHNH oT ceximid EHO,
€MKOCTH KOTOPBIX JIMHEWHO BO3PACTarOT

I:kA: éykN;PZDN'S
5 i
4
0 &~
0 0,9 1,8 2,7 3,6 £,ms 4.5
Puc. 8. Onexrponunamuueckue xapaxrepuctuxu JIMIIOT npu

paboTe B CHIIOBOM peXMMe U Bo30ykaeHun ot cekuuii EHO,
€MKOCTH KOTOPBIX JIMHEWHO BO3PACTaroT

A
n

A\

Vz

—_
_————

OueHNTh BIMSHUE 3aKOHOMEPHOCTH PACIPEICICHNS
emkoctelt o cexiysiM EHD na nmoxaszarenu JIMIIOT npu
paboTe B CKOPOCTHOM M CHJIOBOM pEXHMax IO3BOJISIET
puc. 9, TOe WCIONB30BaH TOKA3aTelb pPACHPENSIICHHS

eMKocTeii o cekisaM EHDO:
%

—1
K. = 2(Cmax - Cmin Xcmax + Cmin) >
1€ Chin, Chax — EMKOCTB IepBOM U msiTol cexuun EHD
COOTBETCTBEHHO.

*
3aMeTI/IM, 4To Ipu KC = () eMKOCTH BCEX IIATH CEK-

nuit EHD ognHakoBEI.
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Puc. 9. 3aBucumocts mokazareneii pabotsr JIMIIOT B ckopoct-
HOM (a) ¥ CHJIOBOM (0) pexXHUMax OT ITOKa3aTels paclpeIesICHUs
emkocred o cekuusm EHO

ITpu pabote JIMIIDT B CKOPOCTHOM pEKHME YBETHIE-

%
HHE MoKaszarelsi K, CyIIEeCTBEHHO M3MEHSET TOIBKO MaK-
cumaibHyto amrtyny SV f.,, KOTopas 3aMEeTHO YMEHb-

m1aeTcs B MHTepBane K : < (0, 1). D10 BrHIAET HA KPUTEPHIA
3¢ PEeKTHBHOCTH K:f , MakCHMaJbHOE 3HA4YeHHE KOTOPOTO
oymer npu K, =1 (Cpin = 0,4 M®, Cpox = 1,2 M®D). Ipu
NpEeBBIIICHUN TTO0Ka3areneM K| : 3HaueHus | Kpurepuit

*
3(l)(l)eKTI/IBHOCTI/I KV CHMIKXACTCA 3a CUCT YBCJIMUYCHUA

ammuuTyabl D/[Y B mocnenHeM MSATOM HMITYJIbCE CEPUH.

IIpu pabore JIUIIDOT B cuioBOM peXHME MOBBHIIICHHE
%

nokaszarens K, NMPUBOAWT K YBETHYEHHIO MaKCHMAaIbHON

ammaty sl 1Y £, BCIeaCTBUE Yero Kputepuid G dek-

*
THUBHOCTH Kp YMCHBIIIACTCH.

Takum o6pazoMm, Tpu BO30YKICHHUU CEpHEH WM-
mynbcoB OT cekiuit EHD 3a cuer yMeHBIIEHUS aMILIH-
TyZIbl CHJIBI OTAAYU OOECle4HMBAETCs IOBBILICHUE 3(-
¢extuBHoctn JIMIIDT. Jlns mpeobpasoBartens, pabo-
TaIOIIEr0 B CKOPOCTHOM DPEXHME, ILeIeco00pa3Ho yBe-
JMYEeHUE MOKa3aTels paclpefeleHus] eMKOCTeH Mo Cek-

*
musim EHO no onpenenennoro 3Hauenus (K, = 1). dus

npeoOpa3oBateiisi, pabOTAIOMIEr0 B CHIOBOM DPEXHME,
1eJ1Ieco00pa3sHo  MCIIOJIb30BaTh OJMHAKOBBIE EMKOCTH
s Beex ceknuiit EHD.

BeiBOABI.

1. ITokazano, 4TO TIpH BO3OYKAECHUH OOMOTOK cepuei
UMITyJIbCOB OT CEKIMH €MKOCTHOTO HAKOIUTENS YHEPTHH
(EHD) obecnieunBaercs moBbleHHE A(GPEKTUBHOCTH
JIMHEHHOTO HMMITYJIbCHOTO INpeo0pa3oBaTels 3JIEKTPOIH-
Hamuygeckoro tuma (JIMIIOT) npu paboTe B CKOPOCTHOM
U CHJIOBOM DPEXKHMax 3a CYET YMEHBUICHHS aMILTHTYJIbI
CHJIBI OT/Ia4H.

2. lIpencraBnena Matemarudeckas moxaens JIMIIOT, B
KOTOpOH pellIeHus] ypaBHEHHH, ONHCHIBAIONINX B3aHMOCBS-
3aHHBIE JIEKTPUUECKHE, MarHUTHBIE, MEXaHMIECKUE U Tell-
JIOBBIE MIPOIIECCHI, TIPEACTABIIEHBI B PEKYPPEHTHOM BHJIE.

3. YcraHOBJIEHO, YTO TIPH BO3OYKICHUH OIWHOYHBIM
umnyibcoMm JIUTIDT, pabotaromero B CKOPOCTHOM pe-
JKMME, 10 CPAaBHEHHIO C CHJIOBBIM PEKHMOM HPOHUCXOIUT
YMEHBILICHHE aMIUTUTYIbl TOKa B OoOMOTKax Ha 7,5 %,
aMIUTUTYIBI dMeKTpoauHaMudeckux yeunmuit (DY) — Ha
21,8 %, 3nauenne ummynsca Y —ua 27,1 %. Ilpu aTom
00MOTKa SIKOpSI C MCTIOJIHUTENILHBIM 3JIEMEHTOM Pa3roHs-
eTcs 1o ckopoctu 7,1 m/c.

4. YcTaHOBNIEHO, YTO IPH BO30OYXICHUU CEpHEd HM-
MyJBCOB OT OJMHAKOBBIX cekmmii EHD mpm pabote
JIUTIOT B CHIOBOM peXHME, aMIUIUTYJbl HMITYJIECOB
Toka U DJ]Y mpakTHyecKw HEW3MEHHBI, a Tpu pabore B
CKOPOCTHOM DEXHME TPOHCXOANUT TIOCIEIOBATEIBHOE
YMEHBIICHHE aMIUIATY] TOKoB U DJIY. YBennmuerne Ko-
JMYECTBA MMIIYJIbCOB BO30YXKICHUS IIPH COXPaHEHHU
sHeprun EHD mpuBOAWT K yMEHBIIEHHIO OCHOBHBIX IIO-
kazareneit JIMIIOT. Ho 3a cueT yMeHbIIEHUS aMILIUTY IBI
DY, kotopasi TpOSBISIETCS Kak CWia OTAa4H, dPQek-
tuBHOCTh JIMTIOT yBenuuuBaercs.

5. Jns JIMTIOT, paboTaromiero B CKOPOCTHOM PEKUME,
000CHOBAHO TIIOCIIE/IOBATENILHOE YBEIMYEHHE EMKOCTEH
cexmmit EHD, ¢opmupyromux cepuu UMITyJILCOB BO30Y-
skaerust. s JIMTIOT, paboTtaromiero B CHIOBOM PEXKAME
1enecooOpasHo UCTI0NIb30BATh OAMHAKOBBIE EMKOCTH BCEX
cexmmit EHO.
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Excitation with a series of pulses of a linear pulse
electrodynamic type converter operating in power

and high-speed modes.

Purpose. The aim of the article is to increase the efficiency of
linear pulse electrodynamic type converter (LPEC) when operat-
ing in high-speed and force modes by reducing the amplitude of
the recoil force by exciting its windings with a series of pulses
from the capacitive energy storage (CES). Methodology. Using
the LPEC mathematical model, in which the equations describing
the interconnected electrical, magnetic, mechanical and thermal
processes are presented in a recursive form, the electrodynamic
and electromechanical characteristics of LPEC are simulated by
excitation by a single and a series of pulses from CES sections.
Results. It was found that when a single pulse is excited by an
LPEC operating in a high-speed mode, in which the armature
accelerates the actuator, compared with the force mode in which
the armature is inhibited, the current amplitude in the windings
decreases by 7.5 %, and the amplitudes of electrodynamic force
(EDF) — by 21.8 %, impulse values of EDF — by 27.1 %. In this
case, the armature winding with the actuating element accelerates
to a speed of 7.1 m/s. When excited by a series of pulses from the
same sections of the CES during LPEC operation in the force
mode, the amplitudes of the current pulses and the EDF are prac-
tically unchanged, and when operating in high-speed mode, the
amplitudes of the currents and the EDF gradually decrease. Both
in power and in high-speed operating modes, an increase in the
number of excitation pulses while conserving the energy of the
CES leads to a decrease in the main indicators of LPEC. But by
reducing the amplitude of the EDF, which manifests itself as a
recoil force, the efficiency of LPEC increases. Originality. It is
shown that the excitation of LPEC by a series of pulses increases
the efficiency of LPEC when operating in high-speed and power
modes, providing a minimum amplitude of the EDF, which deter-
mines the recoil force acting on the inductor winding. Practical
value. For LPEC operating in high-speed mode, it is proposed to
reduce the maximum current amplitudes and EDF due to the
sequential increase in capacitances of sections of the CES, form-
ing a series of excitation pulses. For LPEC, operating in force
mode, it is advisable to use the same capacities of all sections of
the CES. References 22, figures 9.

Key words: linear pulse electrodynamic type converter,
mathematical model, high-speed and force operation mode,
excitation by a series of pulses, recoil force, efficiency criterion.
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PERFORMANCE ANALYSIS OF SIX-PHASE INDUCTION MACHINE-MULTILEVEL
INVERTER WITH ARBITRARY DISPLACEMENT

Purpose. This paper presents a d-q model of six-phase induction machine supplied by a two identical voltage source inverters
suitable for analysis the dynamic steady under balanced operating condition. In the analytical model, the effects of common
mutual leakage inductance between the dual stator have been included. The model has been developed in general reference frame
taking into account of 0° 30° and 60° displacements between two stator winding sets. The main purpose of this work is to conduct
a quantitative study to show the advantage of supplying the six-phase induction machine by a multilevel inverter. The voltage and
current total harmonic distortion and the torque ripple rate are the main targets. This paper is organized into four sections. After
the introduction, the second section includes development of mathematical models concerning the six-phase induction machine.
The third presents the effect of displacements of 0° 30 ° and 60 ° between two stator-winding sets, and a comparison of three
cases. After that, we present a comparative study between two, three, five and seven inverter levels when feeding the six-phase
induction machine. For this purpose, simulations were carried out to obtain phase currents and torque ripple rates in steady state.
References 13, tables 2, figures 13.

Key words: six phase induction machine, multiphase electric drives, multiphase machines performance, displacements,
multi-level inverter.

Iens. B cmamve npedcmasnena d-q mooenv wiecmughaznoit acUHXpoOHHOU MAUWIUHBL, CHAOHCEHHOU 08YMA UOECHMUYHBIMU
UHBEPMOPAMU UCIMOYHUKA HARPANCEHUA, NPUZOOHBIMU ONA AHANU3A OUHAMUYECKOU YCMOUYUEOCU NPU COANAHCUPOBAHHDIX
ycnosusax pabomol. B ananumuueckyio mooenv 6KIIOUEHO 6AUAHUE 00uiell 63AUMHON UHOYKMUBHOCHIU PACCEAHUA MENCOy
0sottnbIM cmamopom. Modenv paspadomana 6 oduiell cucmeme omcuema ¢ yuemom cmewienuit na 0° 30° u 60° mericdy oeyms
Habopamu o00momok cmamopa. OcHoéHasn uyenb OAHHOU padomvl — RPOGECMU KOJIUYECHBEHHOE UCC1e006aHUe, YMoObl
nOKA3aMb NPeuMyuwiecmeo RNUMAHUA WECMUPA3ZHOU ACUHXPOHHOU MAWUHBL MHO20YpPO8Hesbm uneepmopom. Oobuee
2APMOHUYECKOe UCKAMCeHUe HANPANCEHUs, MOKA U NYIbCauus KpPymauiez0 MOMEHMA AGIAIOMCA OCHOGHLIMU UeNAMU
uccnedosanus. Cmames cocmoum u3 uemsipex pazoenos. ITocne esedenusn, emopoii pazden codepricum paspabomy
Mamemamuyeckux mooeneil NPUMEHUMENbHO K WeCmupasHoil acuHxpounoi mawune. B mpemvem pazoene npedcmasneno
enuanue cmeupenusn na 0°% 30° u 60° mesxncoy 0syma nabopamu 0OMOmMOK cmamopa, a maxyice CpagHeHue mpex yKa3aHHblX
cayuaes. Ilocne 3mozo npedcmasneno cpasHumenvHoe UCCIE008AHUE 08YX, MpeX, HAMU U CEMU YPOGHel UHEepmMOpa npu
numanuu wecmudaznol acunXpoHHou mawiunsl. /[na IMoii yeau npogeoeHo Mooeauposanue ¢ Ueavlo Roay4enus QazHvix

MOKO06 U nynbcayuili Kpymauezo MOMeHma ¢ CmayuonapHom cocmoanuu. bubn. 13, tabn. 2, puc. 13.

Kniouesvie cnosa: mecrudasnas

ACUHXPOHHAas MallUHa,

MHOFO(l)ﬂliHbIC JJIEKTPONIPUBOALI, INPOU3BOAUTE/ILHOCTDH

MHOFO(l)?lZIHbIX MallluH, CMELICHUs, MHOFprOBHeBLIﬁ HHBEPTOP.

Introduction. Multi-phase induction machine has
many advantages over conventional three-phase such as
reducing torque pulsation, reducing the stator current per
phase without increasing the voltage per phase, reducing
the rotor harmonic current and higher reliability [1, 2]. In
particular, with loss of one or more of stator winding
excitation sets, a multi-phase induction machine can
continue to be operated with an asymmetrical winding
structure and unbalanced excitation, [1].

By dividing the required power between multiple
phases, higher power levels can be obtained and the limits of
number of machine phases have been removed when
employing voltage source inverter [3]. The use of multi-
phase machines permits to take advantage of additional
degrees of freedom but is likely limited to specialized
applications such as electric’hybrid vehicles, aerospace
applications, ship propulsion, and high power application [3,
4]. In the literature, a variety of transformations has been
proposed for the analysis for multi-phase induction machine.

T.A. Lipo [5] and G.K. Singh [1, 6, 7] derived a d-q
model for a six-phase machine in dynamic and sinusoidal
steady state; the slot leakage coupling between two stators
winding sets was incorporated into the model. T.A. Lipo
has explained this in detail and has given the technique for
finding the slot reactance. Y. Zhao [8] and M.A. Abbas [2]
have reported the model for six-phase induction machine
supplied by PWM inverter with spatially phase shifted by
30 electrical degrees and where mutual leakage inductances

are neglected. R.H. Nelson [9] carried out simulation on
three types of six-phase machine using a voltage source
inverter where the dual stators are shifted by 0, 30 and 60
electrical degrees and mutual leakage inductances are
neglected. Nevertheless, there have been studies where the
mutual leakage inductance has been neglected [2, 5, 7-13].

In this paper, an analytical d-¢ model of six-phase
induction machine has been developed in a general
reference frame and the effect of mutual leakage
inductance has been included. The presence of the mutual
leakage impedance between the two stars of induction
generator is due to the fact their windings share the same
slots, and are, therefore, mutually coupled. The mutual
leakage coupling has an important effect on the harmonic
coupling between the two stator winding sets and depends
on the winding pitch and the displacement angle between
the two stator winding sets. Subsequently, the six phase
induction machine (SPIM) is fed by two identical source
inverters taking into account of 0°, 30° and 60°
displacements between two stators winding sets and a
comparison of three cases has been presented.

The purpose of this work is to conduct a
quantitative study to show the advantage of supplying the
six-phase induction machine by a multilevel inverter.

Modeling of six-phase induction machine. More
than three phase windings are housed in the same stator in
a multiphase induction motor and thus the current per

© M. Ben Slimene
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phase in the motor is reduced. Two sets of three phase
windings are moved by 30° electrical spatially (Fig. 1) in
the most typical of these structures.

Sbsz
Fig. 1. Schematic representation of the SPIM

In the Fig. 2 the common mutual leakage inductance
represents the fact that the two sets of stator windings
occupy the same slots mutually coupled by a component
of leakage flux.

R
V., Ve V.

qsl qs2 qr

Fig. 2. d-g transformation of the SPIM

The electric equations of stator 1, stator 2 and of
rotor are respectively expressed by:

[ abc Sl] sl]' [Iabc,sl]""%[l//abc,sl]; (1)
[Vabc,s2 ] = [Rs2 ] : [Iabc,SZ] ddt [l//abc v2] (2)
[Vabc,r]: [Rsl]' []abc,r]"'E[l//abc,r]' 3)

The model is based on Park transformation of a three
phase system of axes (a, b, ¢) a two-phase equivalent
system of axes (d, g) creating the same magneto motive
force. During the application of the d-g transformation
and making the necessary manipulations, the equations
(1) = (3) in d-g become

Vast = Rgiigs) + Was _ Walgs1 5 4
Vst = Rorlgs1 + Wast +WoWogs1s %)
Visa = Ryoigsn + 2 aVgs2> (6)
Vys2 = Reoigsn +dl//—v2+ WalW ds2 5 (7
0= Ry + iy =whpys ®)

0=R,i

rqr

ot Wy = WW gy, )

where w is speed of rotation of the coordinate (d, g)
relative to the rotor; w, is speed of rotation of the
coordinate (d, g) relative to the stator 1.

Equations of flux are

Was1 = Lgigs +Lpsid52 +Mig, ; (10)
Vgs1 = Lsiqsl + LpsiqSZ + Miqr (11)
Vas2 = Lglasn +Lpsids1 +Mig, ; (12)
Vgs2 = Ls’qu + Lpsiqsl + Miqr (13)
War = Lylgy + Migg + Migg) ; (14)
l//qr = Lriqr +Miq51 +Miq32 , (15)
where Ly = Ly = Ly = Iy + [, + L, — the cyclic
inductance of the stator; L, = [, + L, — the cyclic
inductance of the rotor; L, = [y, + L,, — the cyclic mutual
inductance between stator 1 and stator 2; L,, — the mutual

inductance between stator 1, stator 2 and the rotor;
I;,, — the mutual leakage inductance between stator 1 and
stator 2; [, [, — the stator leakage inductance; /. — the
rotor leakage inductance; R; — the stator resistance;
R, — the rotor resistance.

The electromagnetic torque can be expressed as

M. . . ;
Cem =n, L_[(lqsl + lgs2 )//dr - (ldsl +1g52 )'//qr]' (16)
r
The analytical d-model is developed in a general
reference frame and can be used to analyze the behavior
of induction machine in any reference frame (Fig. 3).

Fig. 3. d-axis equivalent circuit of a SPIM
in arbitrary reference frame

The state equation of the form:
X =A4X+BU,
where
X = [idsl,iqsl,idSQ,iqsz,t//dr,y/q,J — state vector;
U= [Vdslquslanszquszj — input vector.

After a calculation, we obtain the following matrices

e, b 4 4,
ay a ap [llTr ap
. R
a a a aT,
by o ‘., d ﬁw :(17)
A= ay ay a [llTr ap
o o, a4, 4
ap ap ap alT,
M 0 M 0 1 (wy —w)
. M I, M T 1
|0 7. 0 T, —(w,-w) T,
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o _
_ 0 _ﬁ 0
a a
1
0 0 —ﬁ
a a
1
B= —b—l 0 — 0 1, (18)
a a
1
0 _b_l 0 _
a a
0 0 0 0
| 0 0 0 0 |
where
al =O'1L —(O-ZLPS)Z bl = O-ZLpS Cl:O—Z—LPS
’ O-lLs ’ O—ILS ’ O-lTs ’
oL
dlz[l— Z szM’ all:RS+d1Ma b11—d1M—c1,
O-lLs Lr Tr Tr
2 2
L L
s-r pstr r S

Simulation results of the SPIM with arbitrary
displacements. In this section, the simulation results for
the generalized theory of machine is presented. The
dynamic performance behavior of the six-phase machine
was determined, and implemented in Matlab/Simulink
environment. This simulation results are generated in the
Matlab/Simulink  environment for the machine
performance characteristics. The performance behavior of
the machine was determined using the equivalent circuit.
To observe the behavior of a six-phase induction
machine, the nonlinear mixed model «stator current-rotor
flux», which describes the SPIM, was analyzed and
simulated. The machine used is characterized by a two
poles, 250 V per phase, frequency 50 Hz, and nominal
speed 2880 rpm. Figure 4 shows the block diagram
necessary to undertake the simulation.

e ERTEe— E—
= BN N
Vs fa=1 g
Wik MU B
{3 [ ] —
PP —— i ias2 i PARK-1 Staror_1
iNverIER_1 HVds2 . |
Vas2 1 ] —
gs2  flan o D
Vbs2— | e -
Ves2 PARK_2 twa nml _E . Y |
o == Cem-wm | PARK-2  staror 2

INVERTER_2 | ya |

Fig. 4. Simulink structural scheme of six-phase induction
machine model

The operating characteristics of the simulation test
machine supplied by two identical voltage source
inverters are illustrated at Fig. 5, 6 for the displacement
angle 0°, 30° and 60° respectively.

The operating is characterized by an unloading start-
up and then inserting the load torque from # = 1 s. In the
Table 1 presents the torque ripple with different position
of angle between the two stator.

Table 1
Torque ripple with displacement angle

Displacement ACe, %0
a=0° 9.4
o =30° 3.1
o = 60° 9.4
Cem, N-m
40 ‘ —displacement 0°

——displacement 30°
—displacement 60°

20

-20r ‘ ‘ ‘ ‘ ‘ b
0 0.2 0.4 0.6 0.8 1 s 12
Fig. 5. Characteristic of the electromagnetic torque
Cem, N-m
1" —displacement 0°
108 — diplacement 60

10

9.5

1.152 1.154 1.156 1.158

Fig. 6. Zoom on the steady state of electromagnetic torque

Heir it has been clearly shown through results that
by varying displacement from low to high value we can
minimize the total harmonic distortion (THD) of rotor
currents (Fig. 7, 8). The variations in modulation index
also affect the speed of six phase induction motor drive.
There are fluctuations in the starting of rotor currents and
electromagnetic torque.

The performance of a six phase induction motor
operating under supply unbalance displacement (0°, 30°,
60°) show in the Fig. 7, 8.

i, A

60 -
—displacement 0°

50 ——displacement 30°
—displacement 60°

40 b

301 b

20r b

101 /,.M

0 L

0 02 04 06 08 1 s 12
Fig. 7. Characteristic of rotor current i,

9 in A
—displacement 0°
—displacement 30°
85 —displacement 60°
i | i il
a |
8 I I
i
75 1
1.15 1.152 1.154 1.156 1158 ¢ s 1.16

Fig. 8. Zoom on the steady state of rotor current
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In Fig. 9, 10 we present the effect of the
displacement in the stator current i,;. This results
investigates the significance of supply phase shift on the
performance of a six induction motor by applying a novel
phase shift unbalance definition to the negative and
positive sequence components model of the SPIM. The
test results reveal that when both phase angle shift and
voltage magnitude unbalance occur simultaneously the
effect of the phase shift dominates over the effects of the
voltage magnitude unbalance. This study shows that
phase angle unbalance has a severe consequence on six
phase machine performance.

iasl,A
30,
' —displacement 0°
20 displacement 30°
» —displacement 60°
10 7
0
-10 1
2% 0.2 0.4 0.6 0.8 14 12

Fig. 9. Characteristic of stator current i,; per phase «A»
ia%l’ A

—displacement 0°

5 displacement 30°

—displacement 60°

-5t \d
1. 16 1. 17 1. 18

1.15

O

1.19 L 1.2

Fig. 10. Appearance of current i,

Simulation results of the SPIM fed by a
multilevel inverter. We aim, in this section, to compare
the quality of various wave quantities, namely the line to
line voltages, winding currents and electromagnetic
torque.

For each m level inverter, the simulation results will
include the waves previously mentioned and their THD.

The inverters output voltages or winding voltages
are displayed in Fig. 11. The number of levels generated
by each inverter can be easily identified from the
waveforms. The feeding voltages of the motor,
represented in (d, ¢g) axes, are function of the line to line
multilevel inverter voltages shown in Fig. 11. These latter
will be concerned by the following harmonics study.

During the starting, Fig. 12 shows the
electromagnetic torque oscillating in the first moments.
The transient torque may reach a peak of 5 N-m.
At t= 0.5 s, a load torque of 3 N-m is applied. Besides,
the impact of the inverter output voltage quality on the
rotor torque is especially visible during the steady state.

In fact, Fig. 12 clearly illustrates that the torque
ripple during steady state period decreases gradually and
progressively as the inverter number of levels increases.
Relative results are resumed in Table 2. It has to be
emphasized that less torque ripple leads to better stability
operation with minimum mechanical noise.
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Fig. 12. Electromagnetic torque for m =3 (a) and m =7 (b)

In order to compare the quality of electromagnetic
torque, Table 2 details ripple rate of 3 and 7 multilevel
inverter output voltages. It also displays the THD
corresponding to different voltage levels up to m = 7.
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Table 2
Torque ripple with inverter levels number

Levels number | Relative torque ripple rate in %
10.52

4.96

m=3

m=717

Figure 13 gives the general shape of the absorbed
current during the transient state. In addition, the steady
state current, its spectral analysis and its THD are detailed.
If the voltage level changes from m = 3 to m = 7, the THD
drops from 4.03 % to 2.12 %. As can be seen, the THD
varies slowly upper to 5 levels.

The stepped voltage waveform is composed by m
levels, which depends on DC sources numbers, such that
m = 2§ +1. Thus, whatever is the type of cascaded
multilevel inverter, the output voltage levels number is
always odd (3,5, 7, 11, ...).

4 I

Fig. 13. Stator currents i, .5 for m =3, 7 respectively

Conclusion.

This paper demonstrates the stepwise development
of six phase induction machine model to simulate the
starting and dynamic behaviors of six-phase split winding
induction machines fed by multilevel inverter. The free
acceleration characteristics as well as the dynamic
response with level inverter variation were tested on the
simulation and the results were likewise displayed. This
paper also, has investigated the operational impact of
supply phase shift on the performance of six-phase
induction machine. The phase shift unbalance causes a
reduction in motor efficiency, developed torque, and
motor power factor. It also leads to undesirable increase
in reactive power consumption, which increases energy
cost. In the next work we will study the impact of the
sensitivity of the mutual leakage flux of SPIM fed by
multilevel inverter, we will consider three possible cases
where first the mutual leakage flux is suitably modelled,
second it is considered as a self-leakage flux and finally it
is totally ignored.

REFERENCES
1. Singh G.K., Pant V., Singh Y.P. Voltage source inverter
driven multi-phase induction machine. Computers and
Electrical Engineering, 2003, vol. 29, no. 8, pp. 813-834. doi:
10.1016/5s0045-7906(03)00036-3.
2. Abbas M.A., Christen R., Jahns T.M. Six-Phase Voltage
Source Inverter Driven Induction Motor. IEEE Transactions on
Industry Applications, 1984, vol. IA-20, no. 5, pp. 1251-1259.
doi: 10.1109/tia.1984.4504591.
3. Gupta N., Singh Y. Stability and response of extremum
seeking feedback scheme for squirrel cage induction generator
based WECS. International Journal of Advanced and Applied
Sciences, 2017, wvol. 4, mno. 6, pp. 50-55. doi:
10.21833/ijaas.2017.06.007.
4. Miranda R.S., Jacobina C.B., Lima A.M.N. Modeling and
analysis of six-phase induction machine under fault condition.
2009 Brazilian Power Electronics Conference, 2009, pp. 824-
829. doi: 10.1109/cobep.2009.5347696.
5. Lipo T.A. A d-q model for six phase induction machine.
International Conference on Electrical Machines ICEM,
Athens, Greece, 1980, pp. 860-867.
6. Singh G.K., Singh D.K.P., Nam K., Lim S.K. A simple
indirect field-oriented control scheme for multiconverter-fed
induction motor. /EEE Transactions on Industrial Electronics,
2005, wvol. 52, no. 6, pp. 1653-1659. doi:
10.1109/tie.2005.858707.
7. Pant V., Singh G.K., Singh S.N. Modeling of a multi-phase
induction machine under fault condition. Proceedings of the
IEEE 1999 International Conference on Power Electronics and
Drive Systems. PEDS’99 (Cat. No.99TH8475), 1999. doi:
10.1109/peds.1999.794542.
8. Zhao Y., Lipo T.A. Modeling and control of a multi-phase
induction machine with structural unbalance. /EEE Transactions
on Energy Conversion, 1996, vol. 11, no. 3, pp. 570-577. doi:
10.1109/60.537009.
9. Nelson R., Krause P. Induction machine analysis for
arbitrary displacement between multiple winding sets. /EEE
Transactions on Power Apparatus and Systems, 1974, vol. PAS-
93, no. 3, pp. 841-848. doi: 10.1109/tpas.1974.293983.
10. Khlifi M.A. Analysis of an off-grid self-excited dual wound
asynchronous  generator for wind power generation.
International Journal of Advanced and Applied Sciences, 2019,
vol. 6, no. 6, pp. 35-42. doi: 10.21833/ijaas.2019.06.006.
11. Marwa B.S., Larbi K.M., Mouldi B.F., Habib R. Modeling
and analysis of double stator induction machine supplied by a
multi  level inverter. 2012 [6th IEEE Mediterranean
Electrotechnical Conference, March 2012, pp. 269-272. doi:
10.1109/melcon.2012.6196430.
12. Tuballa M.L., Abundo M.L.S. Microgrid simulation and
modeling for a utility in southern Negros Oriental, Philippines.
International Journal of Advanced and Applied Sciences, 2018,
vol. 5, no. 7, pp. 86-96. doi: 10.21833/ijaas.2018.07.011.
13. Al Ahmadi S., Khlifi M.A., Draou A. Voltage and frequency
regulation for autonomous induction generators in small wind
power plant. International Journal of Advanced and Applied
Sciences, 2019, wvol. 6, no. 1, pp. 95-98. doi:
10.21833/ijaas.2019.01.013.

Received 22.06.2020

Ben Slimene Marwa, Ph.D, Assistant Professor,
College of Computer Science and Engineering,
University of Hail, Hail, Kingdom of Saudi Arabia,
22, Aljouf Str., Hail, Kingdom of Saudi Arabia, 8080.
e-mail: Benslimene.marwa@gmail.com

16 ISSN 2074-272X. Enexmpomexuixa i Enexmpomexanixa. 2020. Ned



EnekmpomexHi4yHi KoMr/ieKkcu ma cucmemu
VJIK 621.313.2:621.332.5

doi: 10.20998/2074-272X.2020.4.03

C.I'. bypskosckwuii, A.C. Macnwmii, O.B. I1aceko, B.B. CmupHOB

MATEMATHYECKOE MOJEJINPOBAHUE INEPEXOJIHBIX ITPONECCOB B
AJIEKTPOIIPUBOAE CTPEJIOYHOI'O IEPEBOJA - OCHOBHOM
UCHOJHUTEJBHOM 2JIEMEHTE KEJIE3HOJIOPOXXHOI ABTOMATUKHU

Po3pooneno mamemamuuni mooeni eneKmponpugody CMPpINIOYHO20 Nepeeody y 6u2iadl 080- [ MPUMACCOBOU
CNIeKMPOMEXAHTUHUX CUCIEM HA OCHOBI OGU2YHIE NOCHMINHO20 i 3MIHH0O20 CHIPYMY AK OCHOBHO20 GUKOHABUO20 €/IEMEHMA CUC-
memu asmomamu3zayii 3anizHuYb. Bioxunenns mooenvHuUx i eKCnepuUMeHmAanibHUX NepexioHux npouecie 01 napamvempie
cmpinounozo nepeeody CII-6m ne nepesuwyroms 5 %. bion. 10, Tadn. 1, puc. 10.

Kniouosi cnosa: enekTponpuBoj 3aJi3HUYHOI0 CTPIJIOYHOT0 NEPeBOY; eJ1eKTPOMEXaHIYHA CHCTEMA CTPIJIOYHOIro NepeBoy.

Pazpabomanvt mamemamuueckue mooenu I1eKMpPORPUCOOA CHPENOUHO20 NEPECOOa é 6U0e 08YX- U MPEXMACCOBOI INeKmpome-
XAHUYECKUX CUCHeEM Ha 0CHOGe Oguzameieil HOCMOAHHO20 U NEPEMEHHO020 MOKA KAK OCHOBHO20 UCHOJIHUMENbHO20 INNeMEHMA
cuUCmeMbl AGMOMAMU3AYUY HCENE3HbIX 00p02. OMKIOHEHUA MOOEbHBIX U IKCNEPUMEHMANbHBIX NEPEXOOHBIX NPOUECCOE 01
napamempog cmpenounozo nepesooa CII-6m ne npesvtiuarom 5 %. buon. 10, Tadun. 1, puc. 10.

Kniouesvie crosa: 31eKTPONPUBOJ AKeJIE3HOAOPOKHOI0 CTPEJIOYHOI0 NepeBoa; JIeKTPOMeXaHuYecKasi CHCTeMa CTPeJI0YHOro

nepesoja.

BBenenne: Brenpenne 6e30macHOr0 BBICOKOCKOPO-
CTHOTO JKEJIE3HOJOPOKHOTO JABIDKCHHS HAa MaruCTPajb-
HBIX JIOpOrax YKpauWHBI B COOTBETCTBHH C «HarmoHains-
HOW TPaHCHOPTHOM cTpaTerueil YKpauHbl Ha MEPHUOJ 10
2030 roja» HanpsAMYI 3aBHCHUT OT MH(PACTPYKTYpbl U
YCIIOBHI 00ECTICUEHHSI CKOPOCTEH JBMXKCHUSI: COCTOSHUS
MOJIBM)KHOTO COCTaBa, JKEJIC3HOAOPOKHOTO IMYyTH U CHUC-
TEM aBTOMATUKH. OCHOBHI)IM HUCIIOJIHUTCIIbHBIM J2JICMCH-
TOM CHCTEM JKEJIE3HOJIOPOKHOW aBTOMATHKH, oOecredu-
BAOIIUM TPOITYCKHYIO CIIOCOOHOCTB, SIBIISICTCS CTPENIOY-
se1id iepeBoy; (CIT). Tak kak MareMaTHYeCKOMY MOJICITH-
poBanuto snekTponpuBona (OII) cTpemodnoro mepeBona
Ha >KeJIe3HOAOPOKHOM TPAHCIOPTE HE YIEISUIOCHh T0CTa-
TOYHOI'O BHHUMAaHUS, MOJENEH 3IIEKTPOMEXAaHUYECKOU
cuctremsl (OMC) CII npakTH4ecky He CyIIECTBYET.

Heabo padoThl ABIIAETCS pa3padOTKa MaTeMaTHye-
CKOM M MMHUTALIMOHHOW MOJENH BJIEKTPONPUBOAA CTpe-
JIOYHOTO TIEpEeBOJa B BHJIE JIByX- M TPEXMAacCOBOM JIIEK-
TPOMEXaHHUECKOW CHUCTEMBbI Ha OCHOBE JBHraTelici Io-
CTOSIHHOTO W TIEPEMEHHOTO TOKa KaK OCHOBHOTO HCIIOJ-
HUTEIFHOTO JJIEMEHTA CHCTEMBI aBTOMATH3allUU IKEJe3-
HBIX JIOPOT.

Matepuana ucciaenoBanusi. Cepbe3Hoil mpooieMoit
B HCCIICIOBAHMAX JIIEKTPONPUBOIOB CTPEIIOYHBIX Tepe-
BOJIOB METOJIOM MaTE€MaTHIECKOTO MOJEIUPOBAHMS OBLIO
TO, YTO B M3BECTHBIX MOJEIISAX HE YUUTHIBAIACH HATPy3Ka
¥ OHH PacCMaTPUBAINCH KaK OJHOMACCOBBIE 3JIEKTPOMe-
xaHudeckrne cuctembl. Ctpenounsie nepeBoanl CII-6, a
TaKxke MOTU(PHUKAIIMYA HA UX OCHOBE, SBIIAIOTCS HanboJiee
pacpOCTPaHEHHBIME B KEJIC3HOIOPOKHON TPaHCIOPT-
HOH cucreme YkpauHbl. OCHOBHBIE KOHCTPYKTHBHBIE
AJIEMEHTHI CTPEJIOYHOTO IMEePEeBOa MPUBEACHHI HA pUC. 1:
1 — xopmyc; 2 — 3J€KTpOJABUTaTelb; 3 — PERyKTOp CO
BCTPOCHHEBIM B TOM k€ OJIOKE (PPUKIIMOHHBIM COCTUHEHH-
eM 4; 5 — TTIaBHBIH BaJl ¢ IUOEPHOI mecTepHel; 6 — OJI0K
aBTOIEPEKIIoYaTeNs; 7 — mmubep ¢ KyJadyKOBBIM 3aIli-
ParoInM MEXaHU3MOM.

Oco0GeHHOCTH KOHCTPYKLHUH CTPEIOYHOTO MEePEBOAA
CII-6 u cBs3aHHBIE ¢ HUMH HEJOCTATKH (HEOOXOAMMOCTh
NEPHOINYECKON PETyIUPOBKU (DPUKIIMOHHOTO 3AIUTHOTO
YCTPOWCTBA, CIOXHOCTh KOHCTPYKIIMH aBTOICPEKIIOYA-
TeNsl, HAJIMYME TEXHOJIOTHYECKOro 3a3opa B 3yO4aroi

nepenade peayKTopa), IPUBOANT K YBEJINUEHHIO BPEMEHU
MepeBOa, YCKOPEHHOMY H3HOCY 3BEHBEB KHHEMAaTHYE-
CKOH CHCTEMBI, YTO B LIEJIOM BIHMSET Ha 0E30IacHOCTb
KEJIE3HOJOPOXKHOTO JIBIKEHHS.

Nl
@

>
1
:
>

Puc. 1. Konctpykuus crpenodsoro nepesosa tuna CII-6m

Yka3aHHBIE HEJIOCTAaTKH YCIOBHO MOXKHO pa3/iesIuTh
Ha MexaHm4deckue ((PpHUKIHOHHAS My(Ta, TEXHOJIOTHYE-
CKHH 3a30p) W DJIEKTpUYECKHe (JAaTYUK TONOKEHUS, He-
KOHTPOJHPYEMBIi TiepeBon). s mccineqoBaHus mporec-
COB, MPOHUCXOAALIMX B OJICKTPONPUBOAE CTPEIOYHOTO
MEepPEeBOAA, IPEUIaraeTcs paccCMaTpuBaTh €ro Kak B3aMO-
CBSI3aHHYIO JJIEKTPOMEXaHU4ECKyI0 cucremy. IIpuyuem B
CUJIy €r0 KOHCTPYKTUBHBIX OCOOEHHOCTEH ISl U3yueHUs
BJIMSIHUA 3a30pOB U METOAOB YIIPABJICHHSA HAa HAACKHOCTD
npolecca IepeBoja 1enecoodpa3Ho pacCMOTPEHUE CTpe-
JIOYHOTO TEPEBO/Ia KAK MHOTOMACCOBOH 3JIEKTPOMEXaHH-
YECKOW CHCTEMBI, YYUTHIBAIOLIEH MacChl JJIEKTPOJBHIa-
TeJIsl, OCTPSKOB U YIPYTHX CBSI3EH.

st IByXMaccoBOM 3J1€KTPOMEXaHUUECKON CUCTEMBI
(puc. 2,a) B xauecTBe MEpPBOU MAacCHl J| BHICTYIAeT CyM-
MapHbIII MOMEHT MHEpIUH IBHUTaTels, PEAyKTOpa U IIH-
6epa. Bropyro maccy m, cocTaBiseT cymMMapHas Mmacca
OCTPSIKOB U MEXOCTPSKOBOW TAru. B kauecTBe ynpyroi
CBSI3U Cjp CIOYXUT paboyas Tsra OT muMOepa K MepBOMy
octpsiky. [IpeoOpa3zoBaHKe BpalaTeNLHOIO JBHXKEHHMS
BaJla JIBUTATENsl B IOCTYIATENbHOE MepeMeleHne muoe-
pa ocymiecTBiIsieTcss B peayKTrope. B Monenu ydTeHs
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3a30pbl B KUHEMATHYECKOW Tepeaayde: TeXHOJIOTMYeCKUn
3a30p @, 1 3a30pHI /, B MIIIIMHTOBBIX COCIMHEHMIX Kpell-
JIEHUS! TSTU ¢ MKMOepoM H ocTpsikoM. Hannume mexoct-
PSIKOBO# TSITM B ABYXMAacCOBOH CHCTEME O3HAayaeT Cyllle-
CTBOBAHUC YIPYIux cBs3€E MECXKIY ICPBBIM U BTOPBIM
octpsikoM. [ToaToMy nasiee aBTOpBI pacCMaTpPHBAIOT CTpeE-
JIOYHBIA TIEpeBOJl MMEHHO KaK TPEXMAacCOBYIO CHCTEMY
(puc. 2,0,6). OCHOBHOI NPUYMHOM TaKOTO IOIX0/a SBJIS-
eTCs TO, YTO HaJH4YUe YIPYTHUX DIIEMEHTOB CBSI3M OKa3bI-
BaeT CEPbE3HOE BIMSHUE Ha JUHAMHYECKUE IPOIECCHl B
MexaHusMe [1-6], a AByXMaccOBYIO MOJENb IIeNecoo0-
Pa3HO UCIIOJIB30BATh I HH)KEHEPHBIX PAcUeTOB.

By Fu

52

8

Puc. 2. JIByxmaccoBasi pac4eTHasi CXeMa CTPEJIOYHOT0 IIepeBoia
(a); TpexMaccoBasi pacueTHasi CXeMa CTPEJIOYHOr0 IepeBoa
C IOCIIEI0BATEIbHBIM COSIMHEHNEM YIPYTHX Macc (6);
TpexMaccoBas pacueTHasi CXeMa CTPEJIOUHOro NepeBosa
C IapaJuIeNIbHBIM COCIUHEHHEM YIPYTHX Macc (6)

B pacueTHOil cxeme ¢ nocien10BaTeNbHbIM COEIUHE-
HUEM yNIpYyTuX macc (puc. 2,0) TaKOW CHUCTEMBI TEPBYIO
Maccy, Kak U paHee, COCTaBJISIIOT MOMEHTbl MHEPLIMH BaJla
JIBUTaTesl W IPUBEIEHHBIM K Bally IBUTraTellsi MOMEHT
UHepIH peaykTopa. BTopoil u Tpeteit Maccoit ABIsA0TCA
HEePBbI M BTOPOH OCTPSK COOTBETCTBEHHO, B KAaueCTBE
JIOTIOJTHUTEBHOM yNPYyTroi CBSI3M €3 BBICTYIAET MEXKOCT-
psAKOBas TsATA.

Kunemaruyeckass cxemMa CTpEIOYHOrO MEpeBOAA
(puc. 3) neMoHCTpHpYET, 4TO paboyas Tsra HE yIUPAeTCs
HEINOCPEJCTBEHHO B TIEPBBI OCTPSK, & COENMHSAETCS C
HHUM CO CTOPOHBI BTOPOI'O OCTpPSIKA YEPE3 MEXKOCTPSIKO-
ByIO TAry. ABTOopaM Hauboliee I1eJeco00pa3HbIM Ipe.-
CTaBJISIETCSI PACCMOTPEHME MEXaHUMYECKOM 4YacTU CTpe-
JIOYHOTO TIEPEBOA KaK TPEXMAaCcCOBOW pacYETHOM CXEMbI
C IOCJIeIOBAaTENbHBIM COEAMHEHHEM YIPYTHUX Macc, Tae:
Ji — MOMEHT UHEPLUH POTOpa IBUraTess; J, — MOMEHT
WHEPIMH PEAYKTOpa, NMPUBEIEHHBIH K Bally JBUTATENS;
Jy1 — cyMMapHMH MOMEHT WHEpIUH IEpPBOH MaccChl;
My, Fy, — 2IEKTPOMAarHUTHBIA MOMEHT M CHJIa TATH JBU-
rareiisi COOTBETCTBEHHO; ), [, — TEXHOJIIOTHYECKUH 3a30p

M 3a30p B KPEIUIEHUAX TSI COOTBETCTBEHHO; Fo, Fo3 —
YOpyTHE CHIIBI B pabodeil M MeKOCTPSAKOBON TATax COOT-
BETCTBEHHO; Fy, [, — CUJIBI CONPOTHBIIEHUS MEPBOIO U
BTOPOTO OCTPSIKa COOTBETCTBEHHO; Ci, Cp3 — YIPYTOCTH
paboueil 1 MEKOCTPSKOBOW TAT COOTBETCTBEHHO; f12, fa3
— KO3 PUIHEHT BHYTPEHHETO BSI3KOTO TPEHHs pabodel u
MEXOCTPSIKOBOM TAT COOTBETCTBEHHO; /M,, M3 — BTOpas U
TPEeThbs MAacChl COOTBEeTCTBeHHO (puc. 2,0). [Ipemcrarie-
HUE CTPENOYHOro NEPEBOJA KaK YEThIPEXMAacCOBOM CHC-
TEMBI SBJISIETCS HELIEIIeCO0OPa3HBIM.

v

Puc. 3. KunemaTtudeckas cxema crpenoqsoro nepesoga CII-6m

[Ipn nepeBone crpenku (puc. 4) mepeMernaroTcs ee
OCTpSIKH 2 ¥ 7, CBsI3HAS (MEXKOCTPSKOBAs) TsTa 3, pabodas
4, KOHTPOJIBHBIC TATH 5 M 6 CTPEIOYHON TapHUTYPHI U
JeTald KPeIuleHUs. Y CHIIHe TIepeBOAa CTPENIKU 3aTpadu-
BAETCs Ha MIPEONOJICHHE: CONPOTUBIICHNUS NTepeMeIaeMbIX
YacTel M0 IePEeBOAHBIM HOBEPXHOCTSAM 1 M CONPOTHBIIE-
HUS B [IAPHHUPAX.

- -

I I

i
4, 2

H
|

_|.

444{4 n

=

Puc. 4. O0mmii Bu MexaHU3Ma IS OTIPEICIICHHS YCUIIUS TIepe-
BOJIA CTPEJKH: | — epeBOHAsI TOBEPXHOCTB; 2, 7 — OCTPAKH;
3 — cBs3Has TATa; 4 — paboyas TAra; 5 — IepBask KOHTPOJIbHAs

Tsira; 6 — BTOpast KOHTPOJIBHAS TATA

HeobOxonuMoe IUI1si TPEOJOTCHUS TPEHUS MepeMe-
LIAEMBIX YACTEHl CTPEJIKM YCWIHE ONPEHENIeTCS CUION
TpEHUs, BO3HHUKAWOLIEH MpHU JABWKEeHUU. Ee Benuuuny
MOJKHO OTIPENIENIUTh CIEeIyIInUM obOpa3oM. Pazmemm
CTpeIKy Ha 7 PaBHBIX 3JEMEHTOB AJIMHON / KaXKApIil.
00603HaYUM 4Yepe3 ¢i, ¢z, ... s BEC KAKIOrO 3JICMEHTA.
Bec anemeHTOB OyneT pa3nuyHbIN Kak 3a CUET N3MEHEHHS
Beca yacTed OCTPSIKOB 2 M 7, TaK M 3a CUET HAIMYUS WU
OTCYTCTBUS CBA3HBIX TAT, CTPEIIOUHON TapHUTYPHI U IpPY-
rux MepeMeIaeMblixX 4acTed B mpeenax 3J1eMEHTOB.

ITonarasi, YTO OCTPSIK JIEKUT HE HA OTAEIBHBIX IO-
IYIIKaX, a Ha CIUIOIIHOM OCHOBAaHUH W KO3((OUIMECHT
TPEHUSI MEXKIY OCTPSIKAMH W OCHOBAaHHEM OJHWHAKOB IIO
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BCEH JUTMHE OCTpsKa U PaBEH y, HalJleM 3JIeMEHTapHbIe
CHJIBI TPEHUSI:
=y -qu.Fy =y -qp Ff =y qy. (D
MOMEHTHI 3JIeMEHTapHBIX CHJI OTHOCHUTEIFHO KOPHS
OCTPSIKOB:
1 3 2k—1
My =y gl My =gyl M =y g ——1-(2)

CyMMapHBIif MOMEHT CHITBI TPEHHUS:
n 1 n
My =Y M, =5-1//-1-qu +3qy +...+ 2k =1)gi. 3)
k=1 k=1

CrnenoBatenpHO, YCHIINE, KOTOPOe HEOOXOAUMO IS
MPEOIOJICHUS] CHJI TPEHHsI MepeMeIaeMbIX 4acTei, mpu-
JIOXKEHHOE Ha PacCTOSIHUM L—a OT KOpHs (Hadayia) OCTpsi-
Ka, COCTaBJISIET

My 1 I <
F= =—~y/-—-2ql+3q2+...+(2k—l)qk.(4)
L-a 2 -a 0
JIis IpUOIMKSHHBIX BBIYUCICHUHN CHIIBI F' U CUHTAas,
49T0 ¢ = ¢r = ... = ¢} = ¢, TIOIYIUM:

1 JR 1 5 1
F=—yq-— 3 143+..+2k-1)==-y -q- S
2WqL—a,§++ +Ek=1)= oy gen® —

Tak kak L =[-n m Q = g-n, TO
1 L

F=—yw- , 6

4 QL_a (6)

rae L — miwHa ocTpsika, O — OOIIHiA BeC MmepeMeraeMbIx
YacTeH CTPENIKHU.

KosddurmenT, yIuTHBAIONIMA BIMSIHAE CHIT TPEHUS

B MIapHHUpaX, OOBIYHO NpUHUMaeTcs paBHEIM 1,1 [7].

BroruncisieM pacueTHOe YCHWIIME IEpPeBOAA CTPEIKH C

IIKBOPHEBBIM WM BKJIAJOYHO-HAKIAJAOYHBIM KpPEIUICHH-
eM 1o popmyie:

1 L L

F=1]1 21// QL—a 0,55y QL—a' (7

U3 (7) cnenyer, 4To ycmime TepeBOJia CTPEIKH 3a-

BHCHT OT Beca IEpeMENIaeMbIX YacTeld CTPENIKH, THIIa

peNbCcoB, MecTa 3aKPeIUICHHS MEPEeBONHBIX TAT U KO3(-

(umIeHTa TpeHNs OCTPAKOB O MOAYIIKH. Bce ykazaHHBIE

BEJIMYMHBI, 32 MCKJIIOUYCHUEM IIOCIEAHEH, SBIAIOTCSA OIl-
peneIseMbIMH.

Bennunna xoadduipieHTa TpeHHsT MOXKET JIeKaTh B
npenenax ot 0,05 no 0,3 u 3aBUCHUT OT COCTOSIHUS CTpeII-
KM, KauecTBa CMa3KH CTPEJOYHBIX IIOJAYIIEK, YHUCTOTHI
00paboTKH UX TTOBEPXHOCTEH, a TAaKXKe MOJIOIB OCTPSIKOB
U IpyTUX (aKTopoB.

[onnepxanue 3a30pOoB B KHMHEMAaTHYECKOH JIMHUH
(puc. 5) mepeBoma B YCTAaHOBICHHBIX HHCTPYKIMSAMH
npenenax Urpact onHy U3 KIFOYEBBIX poJjeil B obecrede-
HHUHU 0E30ITaCHOCTH IIEPEBO/IA OCTPSIKOB.

z
4
2
-
3
7

LI

= 1 2
Puc. 5. 3a30pbl B KHHEMAaTU4ECKOH JIMHUH CTPEIOYHOTO
nepeBofa: 1, 2, 3 — B MecTax KperuieHus TAT,
4 — TeXHOJOTUYECKUH 3a30D

Takoe paccrosiHue AJsi O€30MaCHOTO ABHKEHHS KO-
JIEC TIOJBHIKHOI'O COCTaBa JOJDKHO OBITH He Oojiee 4 MM
[8, 9], B mpoTHBHOM cilydae MOTYT BO3SHHUKATh aBapUitHbIE
CUTyalliM, TaKHe KaK «B3PE3aHUE CTPEIKH», KOTOpHIC
MPUBOAAT K CXOJY MOJBH)KHOTO COCTaBa U Pa3pPyLICHHIO
KaK IMOJIOTHA JOPOTH, TaK M COMYTCTBYIOIICH HH(ppa-
CTPYKTYpHI. BenencTsue ynapa mpu BeIpabOTKE TEXHOIO-
THUYECKOTO 33a30pa, pabOTHl Ha (PUKIUIO U HEPETYIHpye-
MO CKOPOCTH TIEPEBOJAa — COCAWHCHHS TAT MOCTCIICHHO
pa3duBarOTCs U 3a30pbl yBenuuuBarotcs. MccnenoBanus,
MIPOBOIMBIIIAECS Ha XKele3HBIX noporax Jlarsuu 8] moxka-
3a]M, YTO CKOPOCTh HApACTaHWs BEIUYMHBI 3a30pa CO-
crapisieT B cpeadeM 0,05 mm B mecsin (Tabu. 1).

Tabnwuma 1

Exxemecsrunbiit IpUpocCcT J'IIO(l)TOB B MECTax COCAUHEHUS CTPEIIOYHBIX TAT

MecTo coeauHeHUst

MakcumanbHblii mpupoct arodtoB (Mm)|Cpeanuii npupoct JrodToB (MM)

CBs3Has MEXKOCTPSKOBas TAra — CEpbIu 0,07 0,04
CBs13Hast MEXKOCTPSIKOBAs Tsira — paboyast Tsira 0,06 0,04
Pabouas Tra — mmbep MeKTponpruBoaa 0,09 0,05

KOHCTpYKTHBHOI 0COOEHHOCTBIO MEPEBOIOB MAPKH
CII-6M sBisieTCS HaTUYME TEXHOJOTHYECKOTO 3a30pa
BEIMUYUHON 46° MeXIy TpeTbed M 4EeTBEPTOHl CTYNEHBIO
penykropa (puc. 4, 5), KOTOpeI HEOOXOAUM I 00JIeT-
YEeHUs pa3roHa JABHUTATENS W 3araca UM HEKOTOPOW KHHe-
THYECKOH SHEPIUHU C LEJBI0 CPhIBa OCTPSIKOB B Haydaie
npoiiecca nepeojia [7]. MoaenupoBaHue MeXaHUYECKOM
YacTH 3JIEKTPOIIPHUBOJA MPOM3BOANUTCS C YUETOM peallb-
HBIX BEJMYMH 3a30pOB W HAJIWYUs CHIbI BHYTPEHHETO
BSI3KOTO TPEHHSI.

CyMMapHast yrpyro-Bsizkasi Cuila OIpeIesIieTcs Kak:

o 0, ecnm signAl #signAv u | F,, [>| F{5 |; ®)
27V F, + Fy, ecmu signAl = signAv u | F,, [<| B, |,
e Fip = cipFi(l) — ynpyras cuna; F,, = fipAv-Fy(l) — cuna

Bsi3koro Tperus;, Fi(/) u (/) — HenmHeHbIe (QYHKINN:

Aly
npu [Al|<—=;
0 pu (A<=
A A
F()= Al—% pu Al>%; 9)
Al
AZ+AZ3 pu Al <=3,
2 2
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0 mpu |Al| SA—Z3;
R = : (10)
Al
1 mpu |AZ| >—
2

B tpexmaccoBoit momenu (puc. 2,0) ynpyro-BsizKas
cuina F; onpenensercs: aHaIOTHIHO.

Peanuzanys MaTemMaTtuiyeckoil MOJENM NPOU3BEICHA B
Cpelie CO3IaHus MHKEHEPHBIX MpriIoskeHui Simulink make-
ta MATLAB. Mogens co3aaBajach IMOOJOYHO, B ITOJIHOM
COOTBETCTBHH C PAacUCTHBIMU cxeMaMu (puc. 2): OJIOK IBU-
raresisi, OJIOK peyKTopa, OJIOK TepBOro OCTpsiKa, OJIOK BTO-
poro octpsika. OTAeNFHRIMA OJIOKaM¥ BBIIICTICHBI 3a30PbI —
TEXHOJIOTMYECKUH U JBa 3a30pa B COCAMHEHUSIX, PUBEACH-
HBIX K KPEIUIEHUIO TIEPBOTO U BTOPOTO PeJibCa.

UucneHHble 3HaYE€HUS] MOMEHTOB UHEPLUU CTYIEHEHN
peAyKTOpa PacCUUTHIBAIOTCS MCXOS M3 UX MAaCCHl U paz-
MepoB. s MozpenupoBaHUs TakkKe HEOOXOIUMBI Mexa-
HUYECKHE TTapaMeTphl pabodueil M CBA3HOM TAT — JKECTKO-
CTH U KOI(P(HUIHUEHTHI BA3KOTO TPEHHS Cio, S1a, C23, P23
COOTBETCTBCHHO. Tsra mpeacTaBiseT coO00H MeTayuinye-
CKUH CTepxkeHb, nedopMalys KOTOPOro MPOUCXOTUT IO

IPOIOJIEHON OCH:
d 2
72' o —
2

Clz =C23 :E.f’ (11)
rae E — MoIyJb YIPYTOCTH IJIS CTalH;, d — TUaMeTp TATH;
[ — nyvHa TATH.

JKectkocTh paboyeit TATH B MOICIH HMPUHHUMACTCS
PABHOM JKECTKOCTH MPSIMOI CBS3HOM TATH B CBSI3U C TEM,
YTO 3TH TATM UMCIOT OJWHAKOBYIO JJIUHY U JUAMETP.

Ha ocHoBe pesynpraToB unccrnepoBanuii [10] 3HaueHue
k03¢ duIHeHTa BHYTPEHHET0 BA3KOI0 TPEHHS NPHUHATO B
npenenax 1:10°...1-10%.

B Hacrosmee Bpems IIMPOKO 3KCIIyaTUPYIOTCA
CXEMBI KaK ¢ aurareiem rnocrossHaoro Toka (JAI1T), Tak
U ¢ acMHXpOHHBIM asurateneMm (AJl). B cumy BO3MOX-
HOCTH IUTaHusl mpeobOpasoBarens wactotel (ITY) kax
MOCTOSSHHBIM TOKOM HEMNOCPEACTBEHHO aBTOHOMHOTO
WHBEPTOpa HANpPsDKEHUs, TaK M TEPEMEHHBIM TOKOM
BBIMIPSIMHUTEINS, pazpabaTeiBaeMas CHCTEMa MOXET OBITh
WHTETPHUPOBAaHA B CXEMy YNPABJICHUS CTPEIIOYHBIM IIE-
peBogoMm Ha 6aze kak [IIT, Hampumep, IMIMPOKO SKC-
IIyaTUPYIOIIUXCSl B YKpauHe IBUraTesield IOCIIeN0Ba-
TenapHOro Bo30yxkaeHust tumo MCII-0,1, MCII-0,15 u
MCII-0,25, rak u A/Jl.

Ha puc. 6 npencraBieHa cTpykTypHast cXema Tpex-
MacCOBOM MOJEIH CTPEIOYHOrO NEPEBOAA C Pa3IUUHBIMU
KoH(purypanusmu npuBognoro asurarens — AT u AJl.

VYpaBHEHUs, KOTOPBIMH OMHCBHIBAIOTCA JJIEKTPOMAr-
HUTHBIE U 31eKTpoMexannueckue npoueccsl B JAIIT mo-
CJIEZI0OBATEIFHOTO BO30Y KACHHS, UIMECIOT BULI!

u=(L, +Lv)%+(ra +r,)ite,;

do
J—=M;-Mg; 12
dt d K ( )

e, =k-w- D,
My;=k-i-D,,

N N
rae k= 5— — KOHCTPYKTHBHBIH KOA(Q(HUIIHEHT.
Yl

AT,

Al N

U,

N/ N A
A

[ ‘.s'l
Bz — F, AV, et
N T | V. (20sf)
SN 3l I L
(/2/9";!:_,_' ) F(ti " myp

52

< .
Fa> S

Puc. 6. CtpykTypHas cxema TpexMaccoBOil MOJIEN CTPEIOYHOTO IIEPEBO/Ia C IIOCIIEI0BATEIbHBIM COSIMHEHHEM Mace

[pencraBnenHast B JaHHOW CTaThe MOJENb JEMOHCT-
pHpYET CHOCOOBI 3aMEHBI AJIEKTPOIPUBOA CTPEIOYHOTO
mepeBoga ¢ JIIT ma A/l ¢ 9acTOTHBIM ympaBieHHeM. B
Ka4ecTBE PEIICHHS TIPEJIaraeTcsl MaTeMaTHIecKast MOAEb
CTPEJIOYHOTO TEPEBOAa Ha OCHOBE CTPYKTYpPHOW CXEMBI
(puc. 6), rme Bmecro omoka JIIT/AJl ucnosnb3zyercs 610K
ITY-AJI. ACWHXpPOHHBIM IBUTATENb TPEACTABISIET COOOM
HEJIMHEWHbIH MHOTOMEPHBI OOBEKT C JIOCTaTOYHO CIIOXK-
HOH CTPYKTYpOH, MOATOMY MareMaTH4ecKoe OIMCaHWE U
MOJICIMPOBaHUE 3JJeKTponpuBoga ¢ AJl oTinmyaercs ot
TIpuBeZeHHON cucteMbl ypaBHeHuid (12) o JIIT. Cxema
3amenieHns1 A/l B a5IeKTpoNIpruBOAE IpUBeeHa Ha puC. 7.

X, R X,
O_FYW\_I:‘L‘ Y'Y L I
7
_ ! ]é R:E/S
0, ix, [
f‘” ‘
o

Puc. 7. Cxema 3amemieHus $a3pl aCHHXPOHHOTO JBUTATENIS

[Ipn maTemaTndyeckoM onmcannu A/l Oombioe 3Ha-
YeHHe MMeeT MpPUHATas CUCTeMa KOOpIHMHAT, B KOTOPOH
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BBIIIOJIHEHO MaTeMaTH4eCKOe ONMCAaHHE O0beKTa, M KOH-
¢urypanus MoIenH, KOTopas 3aBHCHT OT COJCp)KaHUS
BXOJHBIX M BBIXOAHBIX CHTHAJIOB MOJIENHU, CTPYKTYpHI
CHCTEMBI YINPaBJICHUsI U OT OCOOEHHOCTEH HCTOYHHKA
MUTaHUS IBUTATEINS.

OCHOBO¥1 U MOJIETUPOBaHHS KOH(PUTYpAIIMHU DIIEK-
TPOIPUBOJA B JTAHHOM HCCIIEIOBAaHUM TIOCITYKUIA CHCTe-
Ma KOOpJAMHAT, OPUEHTUPOBAHHAS MO0 MOTOKOCIETIIICHUIO
poropa. Ilpum mnpoBeaeHMM MOAECTUPOBAHUS MPUHSATHI
CIIe/IyOIe JOMYIIEHHs: CTaTop M POTop TpexdazHoro
ACHHXPOHHOTO JIBUTaTeNsl HMEIOT CHMMETPUYHBIE 00OMOT-
KM, BO3QYIIHBIA 3a30p MO BCEH OKPY>KHOCTH POTOpa OAM-
HaKOB, MAarHUTHOE TOJIE B BO3/YIIHOM 3a30p€ pacrpesie-
JICHO CHHYCOWAAIBHO, OCH OOMOTOK CTaTopa M poTOpa He
COBMAJIAIOT, 00pa3ys MPoU3BONIBHBIN yrou. J{i1s nepexona
OT MaTEeMaTH4eCKOrO ONMCAHUS T'apMOHUYECKHX CHTHa-
JIOB B MHOTO(a30BBIX KOOpJHMHATAaX K MaTeMaTH4eCKOMY
OITMCAaHUI0 B OPTOTOHAJIBHBIX JBYX(a3HBIX KOOpAMHATAX,
UCIIONIb3YeTCs TOHSITHE 000OIIEHHOTO BEKTOpa:

, 2. . .
l=§(lA+a'lB+ll2-lc), (13)
2 A
N S
re a=e ° , a“=e — BEKTOPBI, YYHUTHIBAIOIIHE

IIPOCTPAHCTBEHHOE CMEILEHUE OOMOTOK;
. . 2. . 2
iy=1I,cosat,ig=1,cos(wt —T), i, =1,,cos(wt + T)

— Tpex(azHas CHMMETPHUYHAS CICTEMa TOKOB CTaTopa.
[TonctaBuB B ypaBHeHue (13) 3HaueHHE MIHOBEH-
HBIX TOKOB, HAaXOAMM MaT€MaTHYECKOE OMHCaHWEe Mpo-
CTPAaHCTBEHHOI'O BEKTOpa TOKa CTaTopa:
2 e 2w T
ig==1I,(cosaxt+e 3 ccos(at -2y +e 3 x
3 3 (14)
x cos(awt + 2—7[)) =1,/
3
Takum o00pa3oM, IS CHUCTEMBI KOOpJAWHAT, Bpa-
IIAKoIIeics ¢ MPOM3BOIBHON CKOPOCTBIO MOYKHO 3aInCaTh
CUCTEMY ypaBHEHHUI:

Vs

d
uS:RsiS-f- +ja)kY’S;

YR

. d .
up =Rpip + +Jj(of —0,)¥g;

qIS :LSiS +LmiR; (15)

WR :LmiS +LRiR;

M = phy - Mod g is);

do,
J Tm =M-M,,

t
Tle @ = pw,, p — YACIO Map MOJIOCOB B MAIUHE;
J — MOMEHT MHEpPLIUH pOTOpa.

Jlst KOpOTKO3aMKHYTOTO JABUTaTelst BEKTOph ¥,
¥ oTIn4aroTCs APYT OT ApYra U3-3a HaJIM4YHs pacCestHus
0OMOTOK cTaropa u potopa. B aTo# cBsi3u aist HUX cripa-
BE/IIMBO CIIEAYIOIIEE:

TS =(Lm+le)‘lS +LmlR; (16)
WY=Ly + L) ig+ Lyis,
rae L, — riaBHas MHIYKTUBHOCTH paccessHus; Ly, L, —
WHYKTUBHOCTH pacCesiHUsl OOMOTOK.

IIpu 3ToM I WHOYKTUBHOCTEH OOMOTOK cTaTopa
Ls n poropa L umeeM:
Lg=(L,+Lg); (17
Lp =Ly +Ly).
[Ipn mocTpoeHNN peaNbHBIX CHCTEM 3JIEKTPOIPHUBO-
Jla TIEpEMEHHOTO TOKa IPAaKTHYECKH BCErJa B CHCTEMY
YIPaBICHUS BKJIIOYAIOTCS MIPe00pa3oBaTeN KOOPIUHAT,
KOTOpbIE HEOOXOIMMBI Ul TIepecdeTa pPealbHbIX TPeX-
(a3HBIX EepeMEHHbIX B ABYX(a3HbIe IepeMeHHbIe MOoJe-
nei n Haoboport. [ns cucrembl KoopauHAT @, [ mpsiMoe
npeoOpa3zoBaHue UMeET CIEAYIOUIUIl BUL:
1. 4B

B .
—Ela +Tlﬁ,lc :——la _Tlﬁ’ (18)

ig=ly,ig= 5

a obparHoe:
iy =iy ig=2C. (19)
V3

Jnst MonennpoBaHusl B KQUECTBE MCXOAHBIX JTaHHBIX
ObUTH B3STHI MapameTpsl cTpenouHoro rmepesoxa CII-6m
KaK OCHOBHOI MOAM(UKAIIMN HCTIOJHUTEIEHOTO AJIEMEHTA
CHCTEMBl aBTOMATH3ALMM BHYTPEHHHX >KEJIE3HBIX IOPOT
YKpauHsbl.

Jst manpHei#men paboThl ¢ UMUTAIMOHHON MoJie-
JIBIO OCYIIECTBJICHA OLIEHKA a/IeKBaTHOCTH €€ PealbHOMY
00BexTy. st aToro B mabopaTopuu YKpPamHCKOTO TOCY-
JIApCTBEHHOT'O YHUBEPCHUTETA HKEIE3HOJOPOKHOTO TPAHC-
nmopta k mpuBoxy CII-6 Obut momxirodeH ITH ¢upmer
Siemens u ocymecTBIIEH ITyCK C HOMUHAJILHOM Harpy3Kon
JI0 HOMHHQJIBHOH CKOPOCTH MO 33/IaHHOM Taxorpamme.
Pe3ynbraThl skcnepuMeHTa Ha cTeHIe (a) U Ha MOAEIH
(6) mpuBeneHsl Ha puc. 8. AHaIN3 TPaUKOB MMO3BOISAET
cHenaTh BBIBOJ OO0 HMISHTHYHOCTH pabOTHl MOAETH H
peamsHOr0 00BEKTa, TIOCKOJIBKY 110 KOOPIUHATAM TOKa U

CKOPOCTH PacX0OXICHHE COCTaBIsAET MeHee 5 %o.
I ;%
60120

5041001

40| 8O-

304 GOeeeeo-

1, m;%
110
1004~
90
601~
50
40
309
20 ] g
10
0

-10

e W
0 02 04 06 08 10 12 14 16 18 20 22 24 26
0
Puc. 8. Ocrmiorpama JBY>KEHHs IPUBO/IA CTPETIOYHOIO ePeBOa:
a — nony4YeHHast Ha 00opyIoBaHHH Siemens;
6 — MaTeMaTH4YeCcKasi MOJICIb
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[TomyuyeHHBIE pe3yNbTaThl MOJENHPOBAHHUS PAaOOTHI
3JIEKTPOIIPUBO/Ia CTPEIOYHOTO IEPEeBOAa C IBUraTeleM
MEPEeMEHHOI0 TOKa MPUBEICHBI Ha pHC. 9.

" S, m/65; My, N-m; @, s/0.03

14

(=1

]

[~ )

: ‘s
0 0025 005 0075 010 0125 015 0175 020 0225 025
6
Puc. 9. OcuunnorpaMMsl IepeXOHbIX IPOLECCOB JJIL TPEXMac-
COBOH CTPYKTYpBI C IOCIECJOBATCIbHBIM COCIUHEHUEM MACC:
a — yIrJoBasi CKOpOCTh, iepemMenieHre 1 MoMeHT AJl;
6 — cuj1a M CKOpPOCTh

Bo3HUKHOBEHUE KOJeOaHuil B KHHEMATHYECKON JIU-
nun CII moaTBepkaaeTcss MCCIENOBAHUSIMU COCTOSHUS
MIEPEBOIHBIX MMOBEPXHOCTEH, TJIC BUIHBI BOJHOOOPa3HBIC
ClIeIIbl, KOTOpBhIe (OPMUPYIOTCS BCICICTBHE YHPYTUX
Kosie0aHHu OCTPSKOB B TIpoliecce ux mepesoaa (puc. 10).

Bz e

Puc. 10. CocrosiHue nepesoubix nosepxuocreit CIT

XapakTepHble 3aTHUpPbI, UMCIOIHECS Ha 00EuX Io-
JyIIKaX, YKa3bIBAlOT HA BO3HUKAIOIIME YIPYrHe Kojeba-

HUsI B 00€MX TATrax M MPUBOJIINE K KOJeOaHHIO 000MX
OCTpSIKOB, 4TO TIOATBEPKIAET HEOOXOJUMOCTh PACCMOT-
penus I CIT kak tpexmaccooit OMC. I'myOuna u 1mu-
pUHA BOJHOOOpAa3HBIX 00pa30BaHUil, MO HAOIIOACHUSIM
00CITy’)KMBAIOIIET0 MEPCOHANA, 3aBUCHT OT HAIHYUS H
BEJIMYUHBI «IIO(TOB» B KUHEMATHYCCKON IMHHH CTpe-
JIOYHOTO TIePEBOIA.

BuiBoabl. BriepBrie pa3paboTana MaTeMaTHUECKas U
MMHUTALMOHHAS MOJEIH DJEKTPOIPHUBOJA CTPEIOTHOTO
MepeBo/ia B BUJE IBYX- M TPEXMACCOBOM AJIEKTPOMEXaHH-
YeCKOM CHCTEMBI Ha OCHOBE ABHUTATEIICH ITOCTOSHHOIO U
MEPEeMEHHOTO TOKa KakK OCHOBHOTO HCIOJHUTEIBHOTO
JJIEMEHTa CHCTEMbl aBTOMATH3AIMUA JKEJIE3HBIX JOPOT
VYkpaunbl. B kauectBe 00beKkTa MOJAENIUPOBAHUS ObLIM
B3SIThI UCXOJIHBIC JAHHBIC HauOOJIee PacIPOCTPAHCHHOTO
crpenounoro mepesona CII-6m. Ilokasana HeoOxomau-
MOCTh y4eTa IPH MOJCITUPOBAHUH ICKTPOMEXAHUICCKOM
CHUCTEMBI CTPEJIOYHOTO IIePEBOJa BEIHYUHBI 3a30POB U
JMUHAMHAKHA WX U3MEHCHHUS JUI y4eTa IMPOIECCOB, TPOUC-
XOIIIMX B MEXaHWUYECKOW mojcucTteMe. Pa3dpoc Bemn-
YUH OTKJIOHEHHS OCHOBHBIX KOOPIHMHAT DJIEKTPOIPUBOIA
CTPEJIOYHOTO TIepeBOAa IPH TEPEXOJHBIX IPOIECccax,
MOJyYEHHBIX METOIOM HWMHUTALMOHHOTO MOJECINPOBAHUS
1 SKCTIEPUMEHTAIBHBIM ITyTeM, He MpeBbImaet 5 %.
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Mathematical modelling of transients

in the electric drive of the switch — the main executive
element of railway automation.

Goal. To develop a mathematical and imitation model of the
electric drive of the railroad switch as a two- and three-mass
electromechanical system based on DC and AC motors as the
main executive element of railway automation. The modelling is
based on the parameters of the SP-6m switches as the main
modification of the executive element of the Ukrainian domestic
railways automation system. Methodology. The authors have
presented the mechanical part of the railroad switch as a three-
mass construction scheme with serial connection of elastic
masses. Special attention is paid to the character of the move-
ment of the switch point tongues, when describing them in the
form of two- and three- mass kinematic schemes, as well as to
the mechanical state of the traction and connections as nodes,
which are most sensitive to the negative effects of some modes of
the railroad switch. Results. A simulation mathematical model
of SP-6m switch for AC and DC motors, which allows to study
the influence of various factors, has been developed and tested
at the stand of the Automation Laboratory of the Ukrainian
State University of Railway Transport, Kharkiv. The deviation in
the basic parameters of the switch translation process is less
than 5 %. Originality. For the first time a mathematical model
of an electric drive of the railroad switch is developed, which
takes into account elastic relations and load characteristics as
an object of controlling the speed of movement of switch point
tongues. Practical significance. We have created a mathemati-
cal model of the electric drive of the railroad switch which
allows to examine the influence of various factors, including the
influence of the environment on the operation of the switch.
References 10, table 1, figures 10.

Key words: electric drive of the railroad switch; electrome-
chanical switch system.
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SIMPLIFIED MATHEMATICAL MODEL OF GROUP OF OVERHEAD POWER LINES
MAGNETIC FIELD

Aim. The method for design of simplified mathematical model of the group of overhead power lines magnetic field allowing to
reduce the number of conductors which are taken into account in the model and field and allowing to reduce the sensitivity of the
model to plant parameters uncertainty is developed. Methodology. The method based on the multi-criteria game decision, in
which the payoff vector is calculated on the basis of the Maxwell equations quasi-stationary approximation solutions. The game
decision based on the stochastic particles multiswarm optimization algorithms. The implementation of the method is carried out
when determining the number, configuration, spatial arrangement and currents in conductors based on simplified mathematical
model of the group of overhead power line magnetic field in a given space area. Results. Computer simulation and field
experimental research results of simplified mathematical model on the example of the group of four overhead power lines
magnetic field including 21 conductors where based on the developed simplified mathematical model of the magnetic field, the
number of conductors taken into account in the model is reduced to 6, and the modeling error does not exceed 4 %. Originality.
For the first time the method for design of simplified mathematical model of the group of overhead power lines magnetic field
based on the stochastic particles multiswarm optimization algorithms, which allows to significantly simplify the simulation by
reducing the number of conductors that are taken into account in the model and to reduce the sensitivity of the model to plant
parameters uncertainty, and at the same time limit the modeling error at the engineering level to 5-10 %. Practical value.
Practical recommendations on reasonable choice of the minimal number, configuration, spatial arrangement and currents in
conductors for the simplified mathematical model of the group of overhead power line magnetic field. References 32, figures 6.
Key words: overhead power lines, magnetic field, simplified mathematical model, computer simulation, field experimental
research.

Llens. Paspaboman memoo noCmpoeHus ynpoueHHol Mamemamuyeckoil Mooeau MaZHUMHO20 NOJiA ZPYRNbl 6030YUIHBIX TUHUIL
JneKmponepeoayu, no360NAIOWUIL YMEHbUIUMb KOIUYECHEO NPOGOOHUKOG, KOMOPble YUUMbBIEAIOMCA 8 MOOENU O CHUNCEHUA
YYECMEUMEILHOCIU MO0eIU K HeonpeoeileHHOoCmU napamempos oovekma ynpaenenus. Memooonozus. Memoo ocnosan Ha
pewienuu MHOZOKPUMEPUATIbHOI CIMOXACMUYECKOU UZpbl, 6 KOMOPOU 6eKMODPHbLIL GblUZPbIUL GLINUCAAEMCA HA OCHOGAHUU
pewenuil ypasuenuii Maxceenna 6 Kea3ucmayuoHapuom npuonuxcenuu. Pewienue uzpvl Haxooumesa Ha 0CHOGeE ANZOPUMMOE
CIMOXACMUYECKOll MYNbMUAZENMHOU OnmumMusayuu mynvmupoem uvacmuy. Peanuszayun memooda ocywecmensemcsa npu
onpedenenuu Koau4ecmea, KOHuaypauuu, npOCMPAHCHIGEHHO20 DPACHON0MCEHUA U MOKOE 6 NPOBOOHUKAX HA OCHOGe
YRPOULEHHOIUI MAMEMaAMUYEcKoll MOOeIU MAZHUMHO20 NOJIA ZPYRNbL 6030YUIHBIX TUHUIL ITIEKMPOnepeoayu é 3a0aHHOI odracmu
npocmpancmea. Pesynomamut. Ilpugooamca pezynomamupl KOMRbIOMEPHOZO MOOETUPOBAHUA U NONEEHIX IKCHEPUMEHMATLHBIX
uccneo0osanuii Ha4 npumepe ZPYnnovl U3 4Yemblpex 6030YUIHBIX JIUHUIL INeKmponepedauu, cooeprcauiei 21npoeoonux, z0e na
ocHo6e pazpadomannoll YnpouleHHoll Mamemamuieckoil Mooeau MAazHUMmHOZ0 NOAA KOAUYECME0 YUUMbIGAeMbIX 6 MOOenu
nPOBOOHUKOB YMEHbUIEHO 00 6, A NOZPEUIHOCHb MOOETUPOSAHUA npu Imom He npesvtuaem 4 %. Opuzunanvnocme. Bnepevle
pazpaboman memoo NOCMPOEHUA YRPOULCHHOU MAMEMAMUYECKOU MO0enU MAZHUMHO20 NONAA ZPYRRbL G030YUIHbIX JTUHUIL
INeKmponepedauu Ha OCHO8e ANZOPUMMOE CHOXACMUYECKOU MYNbMUAZEHMHON ORMUMUZAYUU MYTbMUPOEM YaAcmuy,
NO36ONAIOWUIL  CYU{ECINGEHHO YNPOCHUMD MOOeIUPOGAnUe 3a CUENl YMEHbUIEHUA KONUUecmea NPOBOOHUKO8, KOMmOpble
YUUmMDBIGAIOMCA 6 MOOeNU ONA CHUNCEHUA UYECHIGUMEIbHOCIU MOO0elU K HeOnpeoeieHHOCm Rnapamempos o00vekma
ynpaenenus, u npu IMOM OZPAHUYUMb ROZPEUIHOCHIL MOOENUPOSAHUA HA uHicenepHom yposene 5-10 %. Ilpaxmuueckas
uennocme. Ilpugooamca npakmuyeckue peKOMEHOAUUU NO O0OOCHOGAHHOMY 6bIOOPY MUHUMAIBHO20 KOJIUYECMEd,
Konguzypayuu, npocmpancmeeHHO20 PACNOJIONHCEHUA U MOKO08 6 HPOBOOHUKAX YRPOU{EHHOU MameMamuueckou mooenu
MAZHUMHO20 NOJIA, CO30A6AeMO020 ZPYRNOIL 6030YUIHbIX TUHUIL INeKmponepedauu. bubdn. 32, puc. 6.

Knouesvie crosa: BO3NYyUNIHAsl JIMHUS JJEKTponepedadd, MATHHTHOE II0Jie, YIPOINEHHAsh MaTeMaTH4YecKas Mojelib,
KOMITLIOTEPHOE MO/JeTHPOBAHMHeE, IT0JIeBble IKCIIePHMEHTAIbHbIE HCCJIeTOBAHMS.

Introduction. The World Health Organization stated
that exposure to extremely low frequency magnetic field
(MF) at power frequencies 50-60 Hz could lead to an
increased incidence of cancer. This leads to modern world
trends on stricter sanitary standards for the power
frequency MF. In particular, in Ukraine the reference level
is 0.5 uT for living space [1]. Many of overhead power
lines (OPL) often pass in the residential areas and
generated a MF, the level of which often exceeds Ukraine
sanitary standards, that poses a threat to public health [2, 3].

Ukraine’s electricity networks are characterized by
high density, and especially near high-voltage power
substations. There is usually a group of overhead OPL, in
the immediate vicinity of which can be located residential
buildings. As an example in Fig. 1 is shown a photograph
of the location of 4 group of OPL including 21
conductors, generating MF, the magnetic flux density
level of which must be reduced in the considered space. © B.I Kuznetsov, T.B. Nikitina, I.V. Bovdui

T = =

Fig. 1. Groﬁp of high voltage power lines

Active contour shielding methods are most
economical for securing sanitary standards [3]. The
systems of active shielding (SAS) synthesis method
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developed in [4-9]. In SAS usually use simultaneous open
loop and closed loop control — two degree of freedom
system [10-14].

The initial data for the synthesis of the SAS are the
parameters of the transmission lines (working currents,
geometry and number of wires, location of the
transmission lines relative to the protected space) and the
dimensions of the shielding space and magnetic flux
density sanitary standards level, which should be achieved
as a result of shielding [15-22].

The complexity of the synthesis problem solving of
SAS is determined by the number of OPL conductors.
Naturally, taking into account all OPL conductors that
generated MF in the shielding zone, the task of
synthesizing the SAE is complicated.

Therefore, it is relevant the approach to synthesis of
SAS, which makes it possible to simplify the solution to
the synthesis problem by taking into account a smaller
number of wires in comparison with the original problem.

In this approach, the problem of approximating of
the initial MF measured as a result of experimental
studies with the help of several wires is solved.
Depending on the required accuracy of approximation, the
number of wires taken into account can be reduced to six,
three or even two wires, which can significantly simplify
the solution to the problem of synthesis of SAS.

The SAS plant parameters are known uncertainty
[22-28]. In this case, the main uncertainty in the synthesis
of this SAS is the variation of the bus currents in different
OPL, which leads not only to a change in the magnetic
flux density level, but also to a change in the position of
the space-time characteristics (STC) of the MF in the
shielding space due to the relative redistribution of the
vertical and horizontal components of the magnetic flux
density vector generated by various power lines.
Therefore, the such simplified mathematical model of the
initial magnetic field must be robust [22-28].

The goal of this paper is to develop the method for
designing of mathematical model of the group of overhead
power lines magnetic field, which allows to significantly
simplify the simulation and at the same time limit the
modeling error at the engineering level of 5-10 %.

Problem statement. Let us first consider the initial
mathematical model of a magnetic field generated by
group of OPL. In the future, we will call this model
accurate. Consider the group of OPL consisting of K
OPL. Each K OPL consists from L; wires. At first, we
conduct experimental research of the magnetic flux
density level both in the shielding space and near the
power transmission line. Based on the obtained data, we
solve the problem of identifying currents in initial OPL
wires, at which the sum of the squared errors of the
measured and model values of the magnetic flux density
at given points is minimized.

Based on the calculated current wires levels we set
the instantaneous current value 7;(7) at time ¢ in [, wire in
k OPL in the following form

Iy (£) = Ay sin(er + gy ). (1)

Consider the [/, wire of any rather complex
configuration with an instantaneous current value (¢) at
time ¢ in the form of n vector elementary segments AL; of

sufficiently short length. Then the total magnetic flux
density vector By(Q;, Iy(f)) at the considered point O,
generated by n elementary segments of a [, wire with an
instantaneous current value /y(f) can be determined [2, 3]
on the basis of a quasistationary solution of the Maxwell
equation in the following form

i ALZ XRI'

, (2)
i=1 |Ri|3

By (0, 1y (1) = ﬂoiz:;(t)

where 1 is the vacuum permeability, AL, — vector
differential element at the direction of current; R; — vector
whose magnitude | R]is the distance from the source to
the observation point Q.

Then the total magnetic flux density vector B(Q;, I(f))
at the point Q,, generated by all L; wires by all K OPL can
be represented as follows

K Lk
B(Q;, 1(0))= > Bu(Q;, 1y (1)), 3)
k=1 I=1
where the vector of instantaneous currents /(f) at time ¢ of
all L, wires of all K OPL is introduced, whose
components are instantaneous current value /;(#) at time ¢
of [, wire.

We introduce the vector X of the required
parameters, the components of which are the number,
configuration, spatial arrangement and currents in
conductors of overhead power lines for the simplified
mathematical model of the initial magnetic field.

Then for simplified mathematical model the total
magnetic flux density vector By(Q;, Liy(f)) at the same
point O, generated by all L,; wires of model can be
represented as follows

K Lk
By (05 X, Iy ()= > By (0. X, @
k=1 I=1

ceos T (0)),

in which the total magnetic flux density vector
B0, Lyu(?)) at the considered point O, generated by n
elementary segments of a /;; wire of model with an
instantaneous current value ,;(7) can be determined [13]
on the basis of a quasistationary solution of the Maxwell
equation coherently (1).

The vector of instantaneous model currents I,(f) at
time ¢ of all L,; wires of model is introduced, whose
components are instantaneous current value /(f) at time
t of [, wire.

Consider the magnetic flux density vector
E(O;, X, I),(?), I(t)) of error between the initial magnetic
flux density vector B(Q,, I(f)) and magnetic flux density
vector By(Q;, Ii/(?)) of approximate mathematical model at
the considered points (; at time ¢

EQ;, X, 1)(0),1(1))=B(Q;,1(1))—...
=By (0, X, 1y (1).

To estimate the simplified mathematical model error
we calculate the effective value E(Q;, X) of the error
vector E(Q;, X, I)(f), 1(t)) by numerically integrating the
squared modulus of the error vector over the time interval
T = 20 ms of the period of the magnetic flux density
vector change

(6))
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Method or designing. In the designing of the
simplified mathematical model (3), the mathematical
model of the original MF (2) is known inaccurately
[19, 20]. In particular, currents in current conductors that
have daily, weekly, seasonal variations are approximately
known. Therefore, we introduce a vector & of the
uncertainty parameters from their nominal values used in
the design of the approximate mathematical model. Then
the problem of design of the robust approximate the
mathematical model is reduced to the determination of
such a vector X of the required parameters, the
components of which are the number, configuration,
spatial arrangement and currents in conductors of
overhead power lines for the approximate robust
mathematical model of the initial magnetic field and the
vector of uncertainty parameters &, at which the maximum
value of the magnetic field induction at selected points P;
of the considered space P assumes a minimum value for
the required parameter vector X, but the maximum value
for the vector of uncertainty parameters ¢'so that

X' = arg min max max E(X,4,0;). 7
XeX oed 0,0

This technique corresponds to the standard approach
to the design of robust systems for the worst-case [29],
when the uncertainty parameters ¢ lead to the greatest
deterioration of the approximated model accuracy.

The problem (7) can formulated in the form of the
following multi objective game [30-32] with vector
payoff

E(X,6)=[E(X,6,0,),E(X,8,0,)..

-E(x,0,0,).

the components of which E(X, &, Q) are the error between
the initial magnetic flux density and magnetic flux density
of approximate mathematical model in the m points Q; of
the space under consideration.

In the multi-objective game (8), the first player is the
parameter vector of the approximate mathematical model
X and its strategy is the minimization of the vector payoff
and the second player is a vector & of uncertainty
parameters and the strategy of this player is maximization
of the same vector payoff [32].

Note that the components of the vector payoff (2)
are nonlinear functions of the required parameters vectors
X and ¢ are calculated on the basis of the Maxwell
equations solutions in the quasi-stationary approximation
[2,3].

To find the multi-criterion games decision from
Pareto-optimal decisions [30] taking into account the
preference relations [31], we used special nonlinear
algorithms of stochastic multi-agent optimization [32].

Computer simulation results. Consider the results
of designing of the simplified mathematical model of a
magnetic field generated by group of OPL including 21
conductors. In Fig. 2 are shown layout of group OPL and
shielding space. The initial MF in the shielding space
generated by two double-circuit 110 kV OPL (OPL-1 and

®)

OPL-2), a two-circuit 330 kV OPL (OPL-3) and a single-
circuit 330 kV OPL (OPL-4).

OPL-3

SC'I'I.'I.'I'Ii'II]! L0ne

X.m

0 60 50 40 300 200 10 0 020 30

Fig. 2. Layout of group OPL and shielding space

In Figure 3 are shown the isolines of magnetic flux
density, calculated for the nominal currents of group of

Fig. 3. The isolines of magnetic flux density, calculated
for the nominal currents of group of OPL

Modeling of the magnetic flux density created by
individual OPL in the shielding space carried out. The
currents in the wires of all OPL were assumed to be the
same and equal to 500 A. In Fig. 4 are shown the results
of calculations of the distribution of the magnetic flux
density in the shielding space during operation: a) only
one OPL-4; b) during the operation of two OPL-3 and
OPL-4; ¢) during operation of three OPL-2, OPL-3 and
OPL-4; and d) during operation of four OPL-1, OPL-2,
OPL-3 and OPL-4.

Based on the analysis of the dependencies are shown
in Figure 4 shows that as the OPL is removed from the
shielding space, the magnetic flux density level of
generated by this OPL in the shielding space decreases.

However, in the case under consideration, the
nominal currents in the OPL-3 and OPL-4 are 2000 A, but
the nominal currents in OPL-1 and OPL-2 are 1000 A.
Therefore, despite the fact that OPL-3 and OPL-4 are
removed from the shielding space at a greater distance
than OPL-1 and OPL-2, the influence of OPL-4 and,
especially, OPL-3 on the magnetic flux density level in
the shielding space can be significant.

Depending on the required accuracy of
approximation robust mathematical model the number of
power transmission wires taken into account can be
reduced to six, three or even two wires. By dint of
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approximation robust mathematical model in which only
two current wires are taken into account, it is possible to
simulate only weakly polarized field, in which the space-
time characteristic is a strongly elongated ellipse. If the
space-time characteristic of the initial magnetic field is
close to a circle, then the minimum number of wires
18 two.

B, uT
\ \ \ \ \ \ \
| | | | | | |
| | | | | |
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| | | | | | |
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Fig. 4. The magnetic flux density distribution in the shielding
space during operation:
a) only one OPL-4;
b) both OPL-3 and OPL-4;
c¢) OPL-2, OPL-3 and OPL-4;
d) all OPL-1, OPL-2, OPL-3 and OPL-4

Experimental research. Experimental research of
the magnetic field generated by these group of OPL in the
shielding space, in which it is necessary to reduce the MF
level to sanitary standards, are shown that the values of
magnetic flux density calculated at the nominal values of
power line currents and measured values are very
different.

Therefore, initially, based on experimental research
of magnetic flux density generated by currents in 21
conductors of the 4 group of OPL were determined. For
these currents, the original accurate model of MF (2) is
constructed. The approximated model (3) was designing
for this accurate model. The simplified model include 6
conductors.

In Fig. 5 are shown the isolines of magnetic flux
density of simplified model of the magnetic field
generated by group of OPL.

Fig. 5. The isolines of magnetic flux density of approximated
model of the magnetic field generated by group of power lines

In Figure 6 are shown the dependences of the
magnetic flux density of 1) simplified model and
2) measured values. A comparison of the results of
modeling and experimental research of the distribution of
magnetic flux density values in the shielding space
showed that the error between such an simplified model
and experimental measured values of the magnetic flux
density level does not exceed 4 %.

26

24

22

0.8

-30

Fig. 6. The dependences of the magnetic flux density of
1 — approximated model and 2 — measured values
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In addition, this simplified model use for the
synthesis of SAS. Results of comparison of modeling and
experimental research confirms the possibility of active
shielding of the initial MF in the shielding space with the
shielding factor more than 4.

In conclusion, we note that designing of simplified
mathematical model of the initial magnetic field is
equivalent to synthesis of system of active shielding of
magnetic  field. When designing of simplified
mathematical model, it is necessary to determine the
number, configuration, spatial arrangement and currents
in conductors of overhead power lines for the simplified
mathematical model of the initial magnetic field. This is
the vector game solution.

When synthesis of system of active shielding of
magnetic field, it is also necessary to determine the
number, configuration, spatial arrangement and shielding
coils currents, and the control systems parameters. This is
also the vector game solution.

The components of the game vector payoff in the
design of the approximate mathematical model are errors
between the magnetic flux density level of the initial and
approximated moles. And the components of the game
vector payoff in the design of the of system of active
shielding of magnetic field are the errors of screening of
the initial magnetic field by the screening coils of the
system of active shielding of magnetic field.

Therefore, when calculating the components of the
game vector gain for designing of simplified
mathematical model, it is enough to change the sign in the
expression for to calculate the components of the game
vector payoff in the design of the system of active
shielding of magnetic field.

Therefore, from the point of view of the
mathematical statement of the problems of designing of
simplified mathematical model and synthesis of robust
system of active shielding of magnetic field are tasks of
approximating of the initial magnetic field. However,
when designing of the simplified mathematical model, the
wires are located in the zone of the power transmission
line, but when designing the system of active shielding of
magnetic field, the shielding coils are located near the
shielding space.

Conclusions.

1. For the first time the method of design of simplified
mathematical model of the group of overhead power lines
magnetic field which can significantly simplify the
simulation and at the same time limit the modeling error
at the engineering level of 5-10 % is develop. The method
based on reducing the number of conductors that are
taken into account in the model and on reducing the
sensitivity of the model to plant parameters uncertainty.
Depending on the required accuracy of simplified
mathematical model the number of power transmission
wires taken into account can be reduced to six, four, three
or even two.

2. The design of simplified mathematical model based
on multi-criteria stochastic game decision, which is
calculated by multiswarm stochastic —multi-agent
optimization from Pareto-optimal solutions. Multi-criteria
game vector payoff is calculated based on the Maxwell
equations solution. The number, configuration, spatial

arrangement and currents in conductors of overhead
power lines for the simplified mathematical model and
resulting magnetic flux density value in the shielding
space are determined by the simplified model designing.

3. The results of computer modeling and field
experimental studies on an example of a group of four
overhead power lines containing 21 conductors confirm
the correctness of the developed simplified mathematical
model and the possibility of reducing the number of
conductors taken into account in the model to 6 while
limiting the modeling error to level of 4 %.

4. It shown, that it is equivalent from the point of view
of the mathematical statement the problems of designing
of simplified mathematical model and synthesis of system
of active shielding of magnetic field are tasks of
approximating of the initial magnetic field.

REFERENCES
1. Pravila  ulashtuvannya  electroustanovok  [Electrical
installation regulations]. Kharkiv, Fort Publ., 2017. 760 p. (Ukr).
2. Rozov V., Grinchenko V. Simulation and analysis of power
frequency electromagnetic field in buildings closed to overhead
lines. 2017 IEEE First Ukraine Conference on Electrical and
Computer Engineering (UKRCON). Kyiv, Ukraine, pp. 500-503.
doi: 10.1109/UKRCON.2017.8100538.
3. Rozov V.Yu., Grinchenko V.S., Yerisov A.V., Dobrodeyev
P.N. Efficient shielding of three-phase cable line magnetic field
by passive loop under limited thermal effect on power cables.
Electrical engineering & electromechanics, 2019, n0.6, pp. 50-
54. doi: 10.20998/2074-272X.2019.6.07.
4. Active Magnetic Shielding (Field Cancellation). Available
at:  http://www.emfservices.com/afcs.html  (accessed 10
September 2012).
5. Rozov V.Yu., Reutskyi S.Yu., Pelevin D.Ye., Pyliugina
O.Yu. The magnetic field of transmission lines and the methods
of its mitigation to a safe level. Technical Electrodynamics,
2013, no. 2, pp. 3-9. (Rus).
6. Rozov V.Yu., Reutskyi S.Yu. Pyliugina O.Yu. The method
of calculation of the magnetic field of three-phase power lines.
Technical electrodynamics, 2014, no.5, pp. 11-13. (Rus).
7. Salceanu A., Paulet M., Alistar B.D., Asiminicesei O. Upon
the contribution of image currents on the magnetic fields
generated by overhead power lines. 2019 International
Conference on Electromechanical and Energy Systems
(SIELMEN). 2019. doi: 10.1109/sielmen.2019.8905880.
8. Bravo-Rodriguez J., Del-Pino-Lépez J., Cruz-Romero P. A
Survey on Optimization Techniques Applied to Magnetic Field
Mitigation in Power Systems. Energies, 2019, vol.12, no.7, p.
1332. doi: 10.3390/en12071332.
9. Canova A., Giaccone L., Cirimele V. Active and passive
shield for aerial power lines. 25th International Conference on
Electricity Distribution Madrid, 3-6 June 2019. Paper no. 1096,
pp- 1-5.
10. Sushchenko O.A., Tunik A.A. Robust optimization of the
inertially ~ stabilized platforms. 2012 2nd International
Conference «Methods and Systems of Navigation and Motion
Controly (MSNMC), Kiev, 2012, pp. 101-105. doi:
10.1109/msnmc.2012.6475102.
11. Sushchenko O.A. Robust control of angular motion of
platform with payload based on Hco-synthesis. Journal of
Automation and Information Sciences, 2016, vol. 48, no. 12, pp.
13-26. doi: 10.1615/jautomatinfscien.v48.i12.20.
12. Sushchenko O.A. Robust control of platforms with
instrumentation. 2019 IEEE 2nd Ukraine Conference on
Electrical and Computer Engineering (UKRCON), Lviv,
Ukraine, 2019, pp- 518-521. doi:
10.1109/ukrcon.2019.8879969.

28 ISSN 2074-272X. Enexmpomexnixa i Enexmpomexanixa. 2020. Ned



13. Zhiteckii L.S., Azarskov V.N., Solovchuk K.Y., Sushchenko
O.A. Discrete-time robust steady-state control of nonlinear
multivariable systems: a unified approach. IFAC Proceedings

Volumes, 2014, vol. 47, no. 3, pp. 8140-8145. doi:
10.3182/20140824-6-za-1003.01985.
14. Zhiteckii L.S., Solovchuk K.Y. Robust adaptive

pseudoinverse model-based control of an uncertain SIMO
memoryless system with bounded disturbances. 2019 IEEE 2nd
Ukraine Conference on Electrical and Computer Engineering
(UKRCON), Lyviv, Ukraine, 2019, pp. 621-627. doi:
10.1109/ukrcon.2019.8879824.

15. Chorna O., Chornyi O., Tytiuk V. Identification of changes
in the parameters of induction motors during monitoring by
measuring the induction of a magnetic field on the stator
surface. 2019 [EEE International Conference on Modern
Electrical and Energy Systems (MEES). Kremenchuk, 2019.
doi: 10.1109/MEES.2019.8896554.

16. Chystiakov P., Chornyi O., Zhautikov B., Sivyakova G.
Remote control of electromechanical systems based on
computer simulators. 2017 International Conference on Modern
Electrical and Energy Systems (MEES). Nov. 2017. doi:
10.1109/mees.2017.8248934.

17. Shenkman A., Sonkin N., Kamensky V. Active protection
from electromagnetic field hazards of a high voltage power line.
HAIT Journal of Science and Engineering. Series B: Applied
Sciences and Engineering, Vol. 2, Issues 1-2, pp. 254-265.

18. Korol S., Buryan S., Pushkar M., Ostroverkhov M.
Investigation the maximal values of flux and stator current of
autonomous induction generator. 2017 IEEE First Ukraine
Conference on Electrical and Computer Engineering
(UKRCON), May 2017. doi: 10.1109/ukrcon.2017.8100302.

19. Ostroverkhov M., Buryk M. Control of permanent magnet
synchronous motor under conditions of parametric uncertainty.
2019 IEEE International Conference on Modern Electrical and
Energy Systems (MEES), Sep. 2019. doi:
10.1109/mees.2019.8896635.

20. Ostroverkhov M., Pyzhov V., Korol S. Control of the
electric drive under conditions of parametric uncertainty and
coordinates' interrelation. 2017 International Conference on
Modern Electrical and Energy Systems (MEES), Nov 2017. doi:
10.1109/mees.2017.8248953.

21. Panchenko V.V., Maslii A.S., Pomazan D.P., Buriakovskyi
S.G. Determination of pulsation factors of the system of
suppression of interfering harmonics of a semiconductor
converter. Electrical engineering & electromechanics, 2018,
no.4, pp. 24-28. doi: 10.20998/2074-272X.2018.4.04.

22. Buriakovskyi S.G., Maslii A.S., Panchenko V.V., Pomazan
D.P., Denis I.V. The research of the operation modes of the
diesel locomotive CHME3 on the imitation model. Electrical
engineering & electromechanics, 2018, no.2, pp. 59-62. doi:
10.20998/2074-272X.2018.2.10.

23. Buriakovskyi S., Maslii A., Maslii A. Determining
parameters of electric drive of a sleeper-type turnout based on
electromagnet and linear inductor electric motor. Eastern-
European Journal of Enterprise Technologies, 2016, vol.4,
no.1(82), pp. 32-41. (Rus). doi: 10.15587/1729-
4061.2016.75860.

24. Shchur 1., Klymko V. Comparison of different types of
electromechanical systems for creating of counter-rotating
VAWT. 2017 IEEE First Ukraine Conf. on Electrical and
Computer Engineering (UKRCON-2017), pp. 373-378. doi:
10.1109/ukrcon.2017.8100513.

25. Shchur 1. Impact of nonsinusoidalness on efficiency of
alternative electricity generation systems. 2010 International
School on Nonsinusoidal Currents and Compensation, Lagow,
2010, pp. 218-223. doi: 10.1109/isncc.2010.5524483.

26. Zagirnyak M., Bisikalo O., Chorna O., Chornyi O. A model
of the assessment of an induction motor condition and operation
life, based on the measurement of the external magnetic field.
2018 IEEE 3rd International Conference on Intelligent Energy
and Power Systems (IEPS). 2018. pp. 316-321. doi:
10.1109/ieps.2018.8559564.

27. Zagirnyak M., Chornyi O., Nykyforov V., Sakun O.,
Panchenko K. Experimental research of electromechanical and
biological systems compatibility. Przeglqd Elektrotechniczny,
2016, vol.1, no.1, pp. 130-133. doi: 10.15199/48.2016.01.31.

28. Zagirnyak M., Serhiienko S., Chornyi O. Innovative
technologies in laboratory workshop for students of technical
specialties. 2017 IEEE First Ukraine Conference on Electrical
and Computer Engineering (UKRCON), May 2017. doi:
10.1109/ukrcon.2017.8100446.

29. Ren Z., Pham M.-T., Koh C.S. Robust Global Optimization
of Electromagnetic Devices With Uncertain Design Parameters:
Comparison of the Worst Case Optimization Methods and
Multiobjective Optimization Approach Using Gradient Index.
IEEE Transactions on Magnetics, 2013, vol.49, no.2, pp. 851-
859. doi: 10.1109/tmag.2012.2212713.

30. Galchenko V.Y ., Yakimov A.N. A turmitobionic method for
the solution of magnetic defectometry problems in structural-
parametric optimization formulation. Russian Journal of
Nondestructive Testing, 2014, vol.50, no.2, pp. 59-71. doi:
10.1134/5s106183091402003x.

31. Gal’chenko V.Y., Yakimov A.N., Ostapushchenko D.L.
Pareto-optimal parametric synthesis of axisymmetric magnetic
systems with allowance for nonlinear properties of the
ferromagnet. Technical Physics, 2012, vol.57, no.7, pp. 893-
899. doi: 10.1134/s1063784212070110.

32. Ummels M. Stochastic Multiplayer Games Theory and
Algorithms. Amsterdam University Press, 2010. 174 p.

Received 25.05.2020

B.IL Kuznetsovl, Doctor of Technical Science, Professor,
T.B. Nikitinaz, Doctor of Technical Science, Professor,
LV. Bovduil, Candidate of Technical Science,

!'State Institution «Institute of Technical Problems

of Magnetism of the NAS of Ukraine,

19, Industrialna Str., Kharkiv, 61106, Ukraine,

phone +380 50 5766900,

e-mail: kuznetsov.boris.i@gmail.com

% Kharkov National Automobile and Highway University,
25, Yaroslava Mudroho Str., Kharkov, 61002, Ukraine,
e-mail: tatjana55555@gmail.com

ISSN 2074-272X. Enexmpomexnixa i Enexkmpomexanixa. 2020. Ne4 29



YK 681.513, 621.365, 62-83-52 doi: 10.20998/2074-272X.2020.4.05

S1.C. Napanuyk, P.A. [Tapanuyx

JOCAIJKEHHA EJJEKTPUYHOI'O PEXKUMY JAYTI'OBOI IMEYI 3 HEUITKOIO
MOJAEJUIIO KEPYBAHHSA

3anpononosano neuimkuii 3aKkon Kepyeanus enekmpudnum pexcumom (EP) 0yz060i cmanennasunwvhoi neui (/ICII). Cmeopeno
cmpykmypuy Simulink-mooenv cucmemu kepysanna EP na ocnoei neuimkozo 3axony. Ilpoeedeno komn’romepni 0ocnioicenuns
ounamixku pezyniosanna koopounam EP oyzoeoi neui /[CII-200 3 euxopucmannam Ougepenyiinozo ma Hewimko20 3aKoHie
Kepyeanns. Pezynomamu 00cnioyceny nokazanu, wy0 npu 6UKOPUCMAHHI HEUIMKO20 3AKOHY 3MEHWYIOMbCA OUCnEPCia Cmpymie
0yz i numomi eumpamu eaeKmpoeHep2ii ma 3pocmace nPoOyKmuenicmy 0yzoeoi neui. bion. 17, puc.7.

Kniouosi cnosa: nyropa crajenjaBujbHa Mi4, eJIEKTPUYHUI PeKUM, HeyiTKe peryJl0BaHHs, ABTOHOMHICTh, Jucnepcis.

Ilpeonoscen neuemkuil 3aKon ynpagnenua nekmpuieckum pexcumom (IP) oyzoeoii cmanennasunwvnoii neuu ([{CII). Paspabo-
mano cmpykmypuyio Simulink-mooenv cucmemot ynpasnenus 3P na ocnoge neuemxozo 3axona. Ilpogedenvt Komnvromephoie
UCCNIe006AHUA OUHAMUKU pezyiuposanus Koopounam P 0yzoeoii neuu /ICII-200 ¢ ucnonvzosanuem oughgpepenyuanvnozo u
Heuemkozo 3aKoH06 ynpasnenus. Pezynomamer uccnedosanuii nokazanu, Ymo npu UCROAL306AHUU HEYEMKOZ0 3AKOHA YMeHb-
warmea oucnepcus mokoe 0yz yoenbHulil pacxo0 NeKMmpoIHepZuu U Y6eIudueaenca npou3eo00umenbHoCmy 0y2060il neuu.
Bu6n. 17 puc.7.

Kniouesbie cnosa: nyropasi CTajlelVIaBUJIbHAsl Me4b, JEKTPHYECKHil PeKNMM, HeueTKoe peryJupoBaHHe, AaBTOHOMHOCTD,

aucnepcus.

Beryn. TexHOMOTiyHI MpOIECH eNEeKTPOMETaIyp-
TiifHOT ramy3i XapaKTepHu3yIOThCS CIIOKUBAHHIM 3HAYHHUX
00CATIB eneKTpHdHOi eHeprii. 11 OCHOBHIMHU eleKTpoTeX-
HOJIOTIYHUMHM arperatamy € JIyroBi CTaJeIUIaBHJIbHI Hedi
(JICTI), B sKMX BHUIUIABJISFOTH BHCOKOJICTOBAaHI CTali Ta
NpeIU3iiHi CIIJIaBH B OCHOBHOMY 3 METAJICBOI'O JIOMY.

Enexrpmunmii pexum (EP) JICIT popmyeTbest cyky-
ITHICTIO TAaKUX KOOPAMHAT, SK HAIlpyra, CTPyM Ta MOTYX-
HICTh CHCTEMHU TPU(A3HUX YT, i XapaKTePU3yeThCs He-
CTaI[ilOHApHUM BHIIAIKOBUM Ta MO(})a3HO HECUMETPHYHUM
xapaktepoM 3MiHH. OCHOBHOIO MPHYUHOIO TAaKOTO CKJIa[l-
HOro xapaktepy 3MiHEM koopauHat EP € HemepepBHa
YIPOAOBXX IUIABKH J1isl IHTEHCUBHUX BHUIAJIKOBHX IapamMe-
TPUYHHX 30ypeHb y CHIJIOBOMY KOJIi JKHBJIEHHS Tpudas-
HHUX Jyr 0e3 HyJIbOBOTO IPOBIIHUKA Ta (IIyKTyauild 10B-
JKHMH JIyT, CTATUCTHYHI XapaKTEePUCTUKH SKUX 3MIHIOIOTh-
Csl YIPOJIOBX IUIaBKU y HIMPOKUX MEXKax, a TAaKOX HeI0C-
KOHAJICTh cucTeM aBToMaTtuuHoro kepyBaHHs (CAK).

OpHi€ro 3 MiZICHCTEM B i€papxXiuHiil cTpyKTypi cy-
gacanx CAK EP nyroBux meueil € mizcucrema peryio-
BaHHs MOJIOKEHHS eNeKTPOoiB. Ii OCHOBHOI 3aiaueio €
sKicHa ctalumizamis koopamHaT EP Ha piBHI 3amaHmx
ONITUMAJIPHUX 3HAYE€Hb, II0 ONEPAaTHBHO (OPMYIOTHCS Ha
BumiomMy piBHi iepapxii CAK EP, a iHTerpampHOIO OILiH-
KOO SIKOCTi iX poOoTH € aucnepcis koopauHaT EP 1 mep
3a Bce cTpyMmiB ayr [1-3].

[ocTaHoBKa HAyKOBOI Mpo0JjeMH Ta OOIPYHTY-
BaHHJI il akTyaJbHocTi. SIKicHa cTabiii3alis KOOpAUHAT
EP migcucTeMOr0 HHMKYOTO PIBHS Ja€ 3MOTY MOJIMIIUTH
MTOKa3HUKH EHEpPre()eKTUBHOCTI Ta eJeKTPOMAarHiTHOi
CYMICHOCTI 1, KpiM I[bOTO, TOJATKOBO ITOCHIIOE CHEKTHB-
HICTh pealmizamii CcTpaTerii ONTUMAaIBbHOTO KepyBaHHSI.
ToMy 3amaga po3poONCHHA pIMIEHb IS TOKPAICHHS
MOKa3HMKIB sKOCTi cTtabimizamii koopaunat EP JICII na
piBHI 3amaHMX 3HAY€Hb, 1, OCOONMBO, TIOTYXHHUX Ta HaJI-
MOTYXHHUX MEUeH, € BaXKIIMBOIO Ta aKTyaJIbHOIO, TaK SIK 11¢
JIaCTh 3MOTY KOMILIEKCHO HOJIIIINTH NOKa3HUKH €Hep-
roe()eKTUBHOCTI Ta €JIEKTPOMArHiTHOI CyMiCHOCTI PEXH-
MmiB JICII Ta eqekTpoMepeki sKUBJICHHS.

Orasig niTepaTypHHMX Tukepena. binmpmicts cywac-
HUX cHCTeM aBToMaTmyHoro perymioBaHHs (CAP) momo-
xeHHs enektponiB JCII mpencTaBisitoTbCS eIeKTpoMe-
XaHIYHUMUA YH CJICKTPOTiPaBIIYHUME PEryJIATOPAMH
notyxHocti ayr, Hanpukian APJIM-T uu APJII" Biamo-
BigHo [1-5].

Bxkazani CAP moOJ0OXEHHS €ICKTPOJiB BUKOPUCTO-
BYIOTh TIEPEBAXHO YOTHUPU MOJei (OPMyBaHHS CHUTHAITY
KEepyBaHHS Ha NEPEeMIIeHHs eNeKTPOIiB: AudepeHuinHy
Ta IMOETAHCHY MOZEIN Ta MOJET KepyBaHHS 3a BiIXH-
JICHHSIM Halpyru Ta CTpyMy AYTH BiJ 33aJaHuX 3Ha4CHb
[4, 5]. iz momemmo (3aKOHOM) KEpyBaHHS PO3YMIiEMO
MaTeMaTH4Hy MoJenb (opMyBaHHS CHTHAlly pO3Yy3ro-
moxenns EP, sxuit CAP tpancdopmye y BinmoinHi mepe-
MIIIeHHs eneKTponiB. KoxkHil 3 1ux Mojeneil BIacTHBI
NIeBHI NIepeBark Ta HEAOJIIKU TIPH PETYIIIOBaHHI 30ypeHb y
pi3Hux cranax EP.

PesynbraTi  OCHiDKCHHS TOKA3HUKIB JTUHAMIKH
IIPY BUKOPHUCTAHHI Pi3HUX 3aKOHIB y JBOKOHTYPHIH cTpy-
ktypi CAK enextpuunoro pexxumy [ICII npuBogsTecs y
poborax [6, 7]. Y Takiii cTpykTypi 3aKoHU KepyBaHHSI EP
MIPOSIBIISTIOTECS. 0COOIHMBO. 3 OTpUMaHuX y [6, 7] pe3yib-
TaTiB BUIUIMBAE, 110 3aKOHHW KEPyBAaHHS CYTTEBO BILUIMBA-
I0Th HA TOKa3HWKW JAWHAMIKH, €Heproe(eKTUBHOCTI Ta
€JIEKTPOMArHITHOI CyMICHOCTI SIK B OJHO-, TaK i B ABOKO-
HTypHHX cTpykrypax CAK EP JICII. ¥V HEX moka3aHo,
IO ONTUMI3aLiHUMHU TapamMeTrpaMu Mojenei Gopmy-
BaHHS CHTHAJy PO3Y3rOKEHHS € cama 3aJIeKHICTh (Pop-
MyBaHHs cHrHaiy posysrojpkenns U/ (U, 1,) Ta ii koedi-
LIEHTH, @ TAKOX 3aJISKHICTh MITYYHOI 30BHIIIHBOI XapaK-
tepuctuku 1,(U,) nBokoutypuoi CAK EP JICII.

BinpmicTs 3 iCHyFOUMX PETyNATOPIB MOTY>KHOCTI Y-
i B ogHOoKOoHTYpHIX CAK ¢yHKIioOHYIOTE 32 nudepeH-
[ifHOI0 MOJEIUTI0 (POPMYBAHHS CHTHATY PO3Y3TOIKEHHS
EP [4, 5]:

U,U,1l)=aU,-b-1,, €))

ne a, b — crani xoe(illi€HTH, SKi 3aJaf0Th YCTaJCHI 3Ha-
YeHHS HANpyTH, CTPyMy Ta HOTyxHocTi nyru;, U, I, —
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MIOTOYHI 3HA4YEHHs HANpYTH Ta CTpyMy Ayry; U, — curHain
PO3Yy3roKEHHS EIEKTPHYHOTO PEXUMY.

3a BukopucranHs mozeni (1) BUKOHYeThCS HajiiiHe
3amajioBaHHs Iyr Y peKuMax obpuBax nyr (0.1.) Ta Ko-
POTKUX 3aMHKaHb (K.3.), TOOTO BHKOHYETHCS aJiCKBAaTHE
BiJNIpallOBaHHs eKcTpeMalbHUX 30ypeHs EP Ta Oim3bkux
JI0 HUX. AJie TIpH il MaJuXx Ta CEpe/IHIX BiIXWICHb JOB-
KMH JyT CUTHaJl PO3Y3rO/DKEHHS 3a LI€I0 MOJCIIII0 He
3aBXKIH aJIeKBATHO BiIOBiNa€ peanbHil TOBXWHI TyTH —
crany EP y miit ¢a3i. [IpranHOI0 IBOMY € BUKOPHCTaHHS
cTpyMmy nyru y mojeni audepenuiiiHoro 3akony (1), 6o
ctpyMm da3u 3a 4uHHOI TpHudazHOi CHCTEMH >KUBICHHS
TpuazHux Iyr 6€3 HyIbOBOTO MPOBIIHUKA BU3HAYAETHCS
HE JIMIIE JOBXKHHOIO (HAIPYrorw) AYTU JIaHOi ¢as3u, aie
3aJIeXKHTH BiJl IOBXHH IyT (30ypeHb) iHIHX (a3.

Came Ha 1Iled HEIOJIK HaroJIOUIyeThcs B poOOTax
[8, 9]. Tam BkazyeThCsl, IO BUKOPUCTAHHS CTPYMIB AYT B
MOJIENISIX KEPYBaHHS PYXOM €JEKTPOAIB NPHU3BOAUTH JIO
MOPYIIEHHSI aBTOHOMHOCTI (ha3HMUX KaHAJIB PEryJIIOBaHHS
JOBXKUH (HAMpPYT, CTPYMiB, IOTY>KHOCTEH) AYT.

Bimowme perymnroBarns EP i 3a BigxuaeHHSM HaIIpyTH
IYTH BiJl 33/1aHOTO 3HAYECHHS (HAIPyroBa MOJIEINb)

Ur.l(Ua) =k- (Ua - Ua.set) ’ (2)

ne U,.1(U,) — 3aJexHIiCTh CUTHANY po3y3romkeHHs EP;
k — xoediuient niacunenns peryinsropa; U, ., — ycTaBka
perynsTopa 3a Hanpyroto ayru [4, 5].

3a M 3aKOHOM OTPHMYETHCS JOCKOHAJE PEryIIro-
BaHHS B PEKMMAX MaJMX Ta CEPEIHIX BIAXWICHb JOBXKHH
JyT, ajie Ipu eKcTpeManbHux 30ypenHsx EP 3a npuunnn
3MIlIEHHsI HYJIbOBOi TOYKM BEKTOpa Hampyr Iyr, IHOTip-
IIYEThCS TUHAMIKA PYXY €JIIEKTPOMdIB Y peKUMaX 3arairio-
BaHHS JIYT.

VY nesixux perynstopax EP ¢ipm Siemens ta Danieli
BUKOPHCTOBYIOTh BapiaHTH IMIIEJAHCHOTO 3aKOHY pery-
JIOBaHHS, 32 SKAMHU PETYJIIOBaHHA JOBXHUH IOYT BHKOHY-
€THCA 32 BIAXWICHHS MTOBHOTO iMIlefaHcy (asu Bim 3aja-
HOTO 3HAdeHHS (aJaNTHBHUI pEryJATOp IMIIeaHca)
[10-12]. Ane mpu obuucItoBaHHI (a3HUX IMIIETAHCIB TEX
BUKOPHCTOBYIOTBCS CTPyMH (ha3, 1110 32 BKa3aHHX BHIIE
NPUYMHU HE JIa€ 3MOTH y TOBHIN Mipi OTpUMYBaTH 1oda-
3HY aBTOHOMHICTb MIPOLIECY PEryJIFOBaHHS JOBXHH JYT.

VY poborax [12, 13] po3rismaeThCst yIOCKOHATCHUMA
TiIPONPUBOJL MEXaHI3MY IEPEMILIEHHs EJIEKTPOIIB 3 cep-
BOKJIATIAHOM 3 HENIHIHHOI PEryIIIOBATLHOI XapaKTepHC-
TUKOIO Ta aJallTUBHOIO HEJIIHINHOIO MOAEIUIIO cTadim3aril
immenanca ¢asu. Y poborax [8, 11, 14] posrismaerses
pETyTIOBaHHS 3a HENiHIHHOI MOAEIUII0 agMiTaHca. B 1mux
PO0OTax HATOJOUIYETHCS, IO TaKi MOJEI € MPOCTIINMH Y
HAJIarOJDKEHHI Ta MAOTh ITOKpAIeHI TUHAMIYHI Xapakrte-
PHMCTHKHM Y TIOpIBHSIHHI 3 iHIIMMH peryisitopamu EP. Ane
1l MOJIeNi B OKOJIi TOUKH 3amaHoro EP e uyrtiuBumu 10 mii
30ypeHs iHImMX (a3, Mo anpiopHO HETATHBHO BIUIMBAE HA
JITHAMIYHY TOYHICTh cTa0imi3anii koopauHat EP.

AHaji3 IHIIMX Cy4YacHUX TEXHIYHUX pilIeHb s
CAP EP mnoxasye, mo yJockoHaJeHHS Mozaeli Gopmy-
BaHHS CHTHaly po3y3rojkeHHs U,, y (QyHKIii sKorO
¢dopmytoThest curHann U, KepyBaHHSA pyXaMH eJIEKT-
pOoXiB, € Ai€BUM YHHHUKOM i BaXKJIMBOIO Ta aKTyaIbHOIO
3a/1a4yer0 y MOJIIMIICHHI OKa3HUKIB eHeproe(peKTHBHO-
cti JACIL.

MeTo10 1aHOI POOOTH € MiIBUIICHHS ¢(PEKTUBHOCTI
KepyBaHHS peXHMaMu poOOTH AYTOBOI CTaNEIUIaBIIIBHOI
neyi Ha OCHOBI Y/JIOCKOHAJICHHS MOJIEN pPeryJroBaHHS
JIOBXKHUH JIYT.

OOrpyHTyBaHHSl HanpsAMY AocaizkeHHs. [Ipouec
kepyBaHHs EP Ta perymoBanns xoopausat JICII B ymo-
Bax [il HECTALlIOHAPHHUX BHIAJKOBHUX 30ypeHb ITPOXOIUTH
B yMOBax HeroBHOI iH(popMamii mpo 3MiHy napameTpiB
€JIEMEHTIB Ta KOOPAMHAT €JIEKTPUYHOTO KOJIa JKUBIICHHS
tpudazaux ayr ACII, 6o peanizyBaT TOUHHUI OIEepaTHB-
HUI B pexkuMi on-line iX eKcInTyaTamidHUA KOHTPOJb
HEMOXJINBO. TOMY 3a YMOB CKJIQIHOCTI MPOIIECIB Y CHIIO-
BOMY KOJIi Ta iX MaTeMaTHYHOIO OMNKCY, HasBHOCTI YWH-
HUKIB HEBH3HAYEHOCTI B KEpyBaHHI, JOUUIBHUM JUIsl 3a-
nau kepyBaHHs EP JICII € BuKkopucTaHHS 1HTENEKTyallb-
HHUX METOJiB, 30KpeMa BUKOPHCTaHHS MOJIENEH HEUiTKOTO
KepyBaHHs, 00 BKa3aHI OCOOJMBOCTI Ta MPUPOAA MPOIe-
ciB B JICII BianoBifatoTh 0COOIIMBOCTSIM 3aCTOCYBaHHS Ta
(YHKI[IOHYBaHHS MO/IENEl HeUiTKOro KepyBaHHs [15].

OcHOBHI pe3yJIbTaTH AOCTIIKeHHs. 3 HAaBEIECHOTO
BUIUTMBAE, IO OCHOBHA yBara JOCHIJPKCHHS IIOBHHHA
OyTH TpuaiIeHa yIOCKOHaNeHHIo cucreMorexHiku CAP
JIOBXHWH JIyT.

Ha puc. 1 noka3zano 6J10K-CXeMy elIeKTpoMeXaHIgHO-
T0 perymsaropa nmotykHocti xayr tamy APJIM-T, Ha ocHOBI
SIKOTO IPYHTYEThCS 3alPOMOHOBAHA CHCTEMOTEXHIKA HEYi-
TKOTO aJIJallTUBHOTO peryoBaHHs noxuH ayr JCII.

o |
CSFB
T

ED TC-M

Puc. 1.®ynkionansaa 61ok-cxema CAP nosxun ayr JICIT

Tpudazna cucrema nyr gyrosoi medi AF >xuBHTbCS
BiZl BTOpUHHOI OOMOTKHM miyHOTO TpaHcdopmaropa FT 3
(azHoro Hanpyrow Uy EnekTpuyHuii pexxuM y Habese-
Hiit CAP perymaropa ATAM-T perymroetscs 3a qudepe-
HIIIfHUM 3aKoHOM, a curHan posysromxenns UJ(U,, 1))
EP dopmyetbes y 6moni mopisaanHS BC 3a mozmemmo (1).
[Torouni niroui 3HaueHHs Hanpyru U, Ta cTpymy I, oyru
(opMyIOTECS Ha BUXOJAxX JaBaviB HApyTu VS Ta cTpymMy
CS nyrm BigmoBimHo. Ha Buxoai Oioka QopmyBaHHs
curHany kepysanusi CSFB y ¢yHkuii curHamy po3sysro-
JokeHHs1 U, 3 BpaXyBaHHSM 30HH HEUYTJIMBOCTI, Koedilli-
entiB miacwieHHs CAP Ha migHIMaHHS Ta OITyCKaHHS
€JIeKTPOJiB, OOMEKEHh Ha MaKCHMAIIbHI IIBHIKOCTI ITiJ-
HIMaHHS Ta OITyCKAaHHs EJEKTPOIiB (OPMYETHCS CHUTHAI
KEepyBaHHs U pyxoM enektpoxis. Enekrponpusom, mo B
perymsatopi APIAM-T-12 mnpencraBneHuid peBEpCHBHOIO
CHCTEMOIO «THPHCTOPHHUII NEPEeTBOPIOBAaY — JABUTYH IIO-
criftHoro ctpymy» (ED TC-M), Ta MexaHi3M nepemimieH-
Hs enektpoga (MME) Tuny «uecrepHs-peiika» TpaHcdo-
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PMyIOTh cHrHan KepyBanus U, y BimoBimmi pyxu esex-
Tpoxa +AI, B HanpsMi JikBinamii 30ypeHb.

Ha puc. 2 300paxeHO IpUpPOAHY 30BHILIHIO Xapak-
tepuctuky /,(U,) Ta 3anexHicTb noryxHocti ayru P,(U,)
nyroBoi cranemnaBwibHOi mewi JICIT-200. Ha mpomy x
PUCYHKY TIOKa3aHO TOYKU YCTaJCHOTO pPEXHUMY Iedi
AUy se1 1, 5er) T 3a1aHO0T TOTYXRHOCTI OYT B(U, 501 Poser), 1€
Uise=198,3 B; 1,,,,=43,97 A; P,=8,72 MBT — ycraBku
3a HaIpyrolo, CTPYMOM Ta ITOTYKHICTIO {yTH BiATIOBIIHO.
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Puc. 2. 3oBHimns xapakrepuctuka /,(U,) 1 XxapakTepucTuka
notyxHocrti P,(U,) nyr nyrosoi neui JICII-200 Ta ¢yHkuii

npuHanexHocti £(U,) THrBiCTHYHOT 3MiHHOT «HAINpyTa JyTrim»

OcnosHoto 3amadeto CAP EP JICII € 3MeHIeHas 1u-
crepcii koopauHat EP y mporeci mmaBieHHs, TOOTO Max-
CHMAJIFHO 301JIBIIUTH Yac poOOTH Iedi B PEXHMMaX OKOITy
pobouoi Toukn A meui, TOAI 3HAYCHHS BCIX TOKA3HUKIB
eHeproe)eKTHBHOCTI HAOIIKATUMYTBCS JI0 MaKCHMAallb-
HHX, a qucriepcis koopauHat EP mpu 1ipboMy MiHIMi3yeThCsl.

st mporo 3amicts Mozeni (1) B Oomi MOpiBHSHHS
BII 3anporioHoBaHO BUKOPUCTOBYBATH aAalTHBHY 10 3Mi-
Hu craniB EP Moznens kepyBaHHS, sika Ha OCHOBI IPHHIH-
B HEYITKOI JIOTIKK 00’€IHye MOIENb MOIU(IKOBAHOTO
IUQepeHIIIHHOTO 3aKOHY

U}'.Z(Uaﬂla):a'Ua_b'(la_[a.set) (3)
Ta HAIPyroBOTO 3aKOHY (2).

3a Takoro pimieHHs B peXuMi on-line akTMBHUM Y
KOXHIM (a3l BCTaHOBIIOETHCS  3aKOH  KEPyBaHHS
UJ(U,, 1,), mo Bigmosimae notouyHomy crany EP y it
¢azi. Craau EP y da3zax imeHTH(IKYIOTbCS 32 HAPYTOIO
oyru ¢asu, 60 Hampyra Ha CTOBII AYyTH OJHO3HAYHO i
JHIAHO 3aneXuTh Bif il nopxkunu U=a + [, ne a, f—
AHOJ-KAaTOMHI MagiHHS HAIPYTH HA CTOBII AyTH; [, — IO-
BkuHa Oyru. Excrutyaramniiiauii koHTponbs Hampyru U,
JyTH TPONOHYETHCS BUKOHYBATH HPHCTPOEM, IO (QYHK-
L[IOHy€ Ha OCHOBI HEMPOMEPEKEBHX TEXHOJIOTIH iICHTH-
¢ikauii [16]. IlpuiiHsaTa BUIIE BIANOBIAHICTH HAINPYr Ha
nyrax craHam EP (noBxuHam Iyr) omMCyeThCsl MOKa3a-
HUMH Ha puc. 3 dyHKUisMu npuHaiexHocti (U,). 3Miny
3aKOHIB KepyBaHHs (Mopnened pospaxyHky UJU,, 1) y
(hazax 3anpOIIOHOBAHO BUKOHYBATH 32 HEYITKOI MOJEIN-
mo Takari-CyreHo.

VY mporneci kepyBaHHS 11eHTU(IKYIOTbCS TPU CTAHH
EP: pexxuMm ekcIuryatariifHoro KOpoTKOro 3aMHUKaHHS Ta
ONMU3BKi 10 HBOTO (1€ KOPOTKi AYTH), PalliOHATBHI PEXKH-
MU (cepeqHi Iyru) — [e PEeXXUMH B OKOJI pOoO0Y0i TOUKH
medvi A, Ta peXuM oOpuBY AyTU Ta OIM3BKI 10 HBOTO (HO-
BTi IyTH).

Jiama3oH HU3bKUX HAmpyr (1€ KOPOTKi IyTH) B MOJe-
7 CHCTeMH HEWiTKOro BUBOAY Takari-CyreHo ONHCYeThCS
TepMoM [ow (1€ CTaH K.3. U¥ OJIM3BKHUX JI0 HHOT'O PEXKHMIB),
cepenHix — medium, a NOBrux — high (Ue CTaHU 0.1, YH
0nM3bKHX 110 HBOTO) (pHc. 2). TepMu JIHIBICTUYHO 3MIHHOT
U, nonani QyHKUISIMU PUHAJIOKHOCTI TUITY gauss2mf.

VY cranax EP B okouni po0040i TOUkH A cUTHAI po3y3-
TOJDKEHHSI OOUMCITIOETBCS 32 HAIIPYTOBUM 3aKOHOM (2), 60
BiH Ja€ 3MOTy peali3yBaTy aBTOHOMHE (T0a3HO He3alexkK-
HE) peryJroBaHHSA JOBXHH AyT. Lle minBuinye nuHaMidHy
TOYHICTB cTabimizarii koopauaaT EP Ha piBHI ycTaBOK.

V¥ cranax EP, 1o BHHHUKAOTh TIpH Jii €KCTpeMalb-
HHUX 30ypeHb — K.3., 0.1. UM OJIN3bKUX JI0 HUX, AKTUBHUM
Ui opmyBaHHS curHainy posysromkenns Ul (U,, 1,)
BCTaHOBJIFOETHCS YIOCKOHAICHUM AudepeHIiiHIA 3aKOH
(3), 3a sikoro, Ha BiAMIHY Bif Hamnpyrosoro (2), kpare
peai3yloThes IPOLECH 3allallOBaHHHS JIyT.

Ha puc. 3 nokazano po3poOIieHy CTPYKTYpHY CXeMy
6soka mopiBHsHHS BII (puc. 1), mo peamizye y KOXHIN
(a3i peryiroBaHHS HEUITKy aJalTUBHY 10 cTaHy EP mo-
Jienb (popMyBaHHS CUTHAITY PO3Y3TOKEHHS

U,Uy, 1) =(1=kU,))-U,1(U,)+
+k(Ua)'Ur.2(Ua,1a) .

HaBenena cTpykTypHa cxema LTIOCTpYeE peaizaiito
3aIpOMOHOBAHOI HEeUiTKOI amanTuBHOI 10 ctaHiB EP mo-
nenb  (4) OOYMCIIOBaHHS CHTHANTY  PO3Y3TODKEHHS
UJ(U,, 1,) EP. ¥V ¢yHukuii nporo curaany y 6xomi CSFB
(puc. 1) bopmyeThbcs cUTHAN KepyBaHHS PyXOM €JIeKTPO-
niB U, .
===

I| Thser \
\ \
G| =N

“)

Upr=H#u (U = Grser)

L)

Puc. 3. CtpykrypHa cxema BIl 3 amanTuBHOIO 10 3MiHU CTaHiB
EP newiTkoro Moneutro (OpMyBaHHS CHTHATY PO3Y3TOIKCHHS

HeuiTka amanTamiss mporecy peryiioBaHHS peai-
3Y€ETBCS CHCTEMOIO HediTkoro BuBeneHHs FIS, ska ¢yH-
Kmionye Ha ocHoBi Mmogmem Takari-Cyreno (puc. 3).
Bxinnoro minrsictuyHoro 3MiHHOIO FIS € miroue 3HaveH-
Ha Hanpyru ayru U,. [lns 1 onepaTUBHOIO ONpaLlOBaH-
Ha B Omomi FIS peanizoBano HacTymHy 0a3sy mpaBui
HEYITKUX MTPOAYKILIH:

1.if U, elow then k=1 [I];
2. if U, emedium then k=0
3.if U, € high then k=1 [1] .

[IpwifHATUM BHIE aNTOPUTMIYHUM Ta ITapameTpHd-
HUM CTEINICHSIM CBOOOAM CHCTEMH HEYITKOTO BUBEICHHS
FIS Binmogigae mokasana Ha puc. 4 3anexHictb k(U,).

V¥ mpoueci BiampamtoBanHs 30ypens EP y Omomi 1
(puc. 3) HenepepBHO GOPMYETHCS CUTHAI PO3Y3rOKEHHS
3a 3akOHOM BigxwieHHs Harnpyru U, (U,) (2), Ta 3a mo-
mudikoBanuM mudepenuiinum 3akonom U, (U, 1,) (3) y
Osoui 2. Ili curnamm posysrojkeHHs y Onokax 3 Tta 4
NIepEeMHOXKYIOThbCsl Ha 1—k Ta k BignoBinHoO, a naii y cyma-

[ &)
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TOopi 5 y BiamoBimHOCTI 3 MoAemto (4) po3paxoBY€ETHCS
UJ(U,, 1,). I3 3anpornoHOBaHOi HEYITKOI MOJIeNIi KepyBaH-
Hi (4) BUIIMBAE, IO Y TOYLI A4 3aJaHOTO PEKHUMY CUTHAI
po3ysroukeHHst U (U, sor, Lyser) = 0.

1

0.8

0.6

0.4

0.2

[i]

[i] 50 100 150 200 250 Ug V300

Puc. 4. Banexnicts k(U,) cuctemu HeuiTkoro BuBeaeHHs FIS

VY pexxnMmax mii ekcTpeManbHuX 30ypeHb KepyBaHHS
PYXOM eJNEKTPOIiB BHKOHYETHCS 3a AU(EpeHIIHIM 3a-
koHOM (k = 1), 3a sKOTO peami3yeTbCs ePEeKTHBHE IS
HAJIMHOTO 3alaJlfOBaHHS IyT KEPYBaHHS PyXaMH €JeKT-
POIiB.

VY pexnmax 6mm3pkux 1o 3aganoro EP (k= 0) — oxin
TOUKA A(U, 5er, 1;.5e/) KEPYBaHHS PyXOM E€IEKTPOMIIB pealti-
3YEThCA 3a 3aKOHOM BiIXWJICHHSA Hampyru ayru (2). IIpu
bOMY OTPHUMYETHCS aBTOHOMHE NO(pa3zHe KepyBaHHs
PYXOM eJeKTpoa.

JocnimkenHs: epekTUBHOCTI po3po0sIeHOT HEeYiTKol
aanTUBHOI N0 ctaHiB EP Momeni peryitoBaHHS JOBXHH
YT TPOBEACHO HA TPU(A3HIA Y MUTTEBHX KOOPAWHATAX
Simulink-momeni CAP monoxeHHsT eNeKTPOIiB ITyroBoOi
meui JICII-200 [6, 17]. s momens mpuiiHATa 06a30BOIO.
Ha wiit nocmimkyBanacs nguaamika CAP EP 3 perymsro-
poM motyxHOCcTi APZIM-T-12, 1o BUKOPUCTOBYETHCS Ha
oif medi. Y mojanmeiioMy, B ONIOII TOPIBHAHHA i€l
Simulink-mMoneni peanizyBaBcsi HewiTkuil 3akoH (4) ¢op-
MYBaHHsI CUTHally posy3rojukeHHs (puc. 3). Ha rakiii
Simulink-mMoneni nocmimpKyBanacsi TMHaMiKa peryJroBaH-
Hi KoopauHarT EP 3 BHUKOpPUCTaHHSIM 3alIpOIIOHOBAHOL
HEYITKOI MOJIETIi PEryIFOBaHHS TOBXUH IyT.

s amexBatHOTrO BiaTBOpeHHS B Simulink-momensx
CTaHIB Ta JUHAMIKH peryiioBaHHs koopauHat EP y piz-
HUX TEXHOIIOTIYHUX CTaifX IUIABIICHHS, B HUX 3aKIJIAJCHO
MOJKJIMBICTH peaitizarlii BiIIOBiTHUX CTadisM IDIaBICHHS
Mozened NWHAMIYHUX BOJBT-aMIIEPHUX XapaKTEPUCTHK
(ABAX) nyr u,(i,) Ta MOmenei reHepyBaHHS BUIIAIKOBUX
rpotieciB 30ypeHs f,(¢) 32 JOBKUHAMU JYT.

Jlns mporo B Simulink-mMozensx mepeadadeHo Mox-
JUBICTh peanizaiii Tprox Momened JABAX: miniiHOT
u,(f) = R,(¢),(f), HenmiHiitHOT Ha OCHOBI (PyHKII1 apKTaH-
reHca

u,(t)=2-E,, -arctan(k -i, (¢))/ 7 ,
Ta HeJiHIIHOI Ha OCHOBI AndepeHmiiiHoro piBHIHHS Kacci

g, () _(ua0))
dt E

ne g.(f), R,(f) — MHUTTEBa TPOBINHICTH Ta OMip IYTH;
E,, — mpotu-EPC nyrwm; u,(¢), i,(f) — MUTTEBI Hampyra Ta
CTpyM HyTH, 6, — CTaja 4acy IyTH, IO XapaKTepu3ye ii
TEIUIOBY iHEPIIIHICTb.

B Simulink-monensx CAP EP peanizoBano 3 reHe-
paTopH HE3aJICKHHUX BHITAJKOBHX IPOIECIB 31 3MiHIOBA-

c9a 'ga([)a

am

HUMH TIapaMeTpaMu iX CTOXaCTUYHUX XapaKTEPUCTHUK. Y
mporeci KOMIT IOTEPHUX AOCIHIIKEHh TeHEPYBaJIHCS BU-
MaJIKOBI MPOIIECH, SIKi PI3HWINCS YaCTOTHUM CIEKTPOM Ta
aMIUTITYTHUMHA XapaKTePUCTHKAMH, 1 SKi BIAMOBIAaIH
mporecaM 30ypeHb, 110 AIFOTh Ha TEXHOJIOTIYHUX CTaIsAX
MPOIUIABIIOBAHHS KOJIOMIA3IB B IIMXTi, OOBAJIIB IIMXTH Ta
OKHCIIIOBaHHS po3IuIaBy y xyrosiit nedi JJCI1-200.

KoM’ roTepHi  JOCTIKCHHST TIOKAa3HUKIB JTUHAMIKH
PEryJIIOBaHHsI JOBXKHUH JyT BUKOHYBAJIKCS MPH peaizaii
B Simulink-moneni CAP EP mudepenmiiinoro 3akony (1)
(hopMyBaHHS CHTHATY PO3Y3TOKSHHSI, 1[0 BUKOPHCTOBY-
etbes B peryisitopi APAM-T-12 nyrosoi meui CII-200,
Ta MPW BUKOPUCTAHHI 3aMpPOTIOHOBAHOTO HEYITKOTO 3aKO-
ny UJ(U,, 1,). (4). 3 METOI0 KOPEKTHOTO MOPIBHAHHS JTU-
HaMiKl 000X 3aKOHIB, JOCJIPKEHHS BUKOHYBAIUCS IPU
Il OJIHAKOBUX peallizalliii [eTepMiHOBAHMX Ta BHIIAIKO-
BUX 30ypeHb, IO BiANOBINANU MOCHTIPKYBAaHHM CTais
TUTABJICHHSL.

3a pe3ynpTaTaMu MOPIBHILHOTO aHATI3Y MOKAa3HU-
KiB JMHAMIKH pPeryitoBaHHs kKoopauHat EP mpu Bukopuc-
TaHHI 000X 3aKOHIB PETYJIOBAaHHS TOBXKHH IyT (OpMy-
JIOBAJIACS BUCHOBKH TIPO €()eKTUBHICTH 3allPOMOHOBAHOT
HeuiTKoi Mozeni (4) y nopiBHsiHHI 3 nudepenuiitno (1).

Ha puc. 5 mokazano orpumani Ha Simulink-moaensx
9acoBi 3aJIEKHOCTI HanpyT Ta cTpymiB ayr nedi JCII-200
MpHU  BIAMpPAIIOBAHHI MOCTITOBHOCTI JETEPMiHOBAHUX
30ypeHb, a caMe, CHMETPUYHOr0 Tpr(a3HOTro eKcIuyarta-
uiitHoro k.3. t € 0.5-1.75 ¢; omHodazHoro k.3. y ¢asi C
t € 1.75-2.8 ¢ ta 6au3bKOroO N0 OOpHUBY Oyru y dazax A
Ta B ¢t € 2.8-4 ¢, nudepenmiitaoro (1) Ta HewiTKoO (4)
MOACISIMU PETYJIFOBAHHA.
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Puc. 5. Yacosi 3a1e3kHOCTI HaNpyT Ta CTPYMIB YT Iedi
JCII-200 npu peryiroBaHHI AeTEPMIHOBAHUX 30YPEHb:

a, b — Heditka Mmozens (4), ¢, d — mudepenniiina mozgens (1)
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Tpucdaszne cumerpuyHe eKcIUTyaTaliifHe K.3. Bif-
npanboByeThea oboma moxensmu U (U, 1,) onHakoBo, 60
y LbOMY PEXHMI B3a€EMOBIUIMBU (ha3HUX HABAHTAKEHb
BiCyTHi. AHani3 oTpumanux npoueciB U, () (j=4,B,C)
BIANpAIIOBaHHI HECUMETPUYHUX JeTEpMIHOBaHUX 30y-
PEHB IOKa3ye, 1110 MPH HEUiTKii Mozeni (4) peryinoBaHHs
JOBXKUHH JIyTH BiOYBAIOThCS JIMIIE Yy THUX (aszax, Je
BUHMKJIM BIIXWICHHS IOBXHMHHU Oyru. [Ipum mpomy pyxu
eNeKTPOmiB y ¢azax, Ae 30ypeHHS BiICYTHI, € MiHIMaJIbHI.
BuHHKarOTh BOHM JIMIIE Y NEPIIi MOMEHTH Aii eKcTpeMa-
JTHHUX 30ypEeHb, KON BUKOPHCTOBYETHCS TU(EPEHITIHHUI
3akoH (1) mnst 3anamoBanus ayr. [lpu audepeHmifHimi
mozenm (1) perymoBanns (perymsrop AP/IM-T-12) me-
peMIIIEHHSI eNeKTPOIiB y MeBHUX cTaHax EP € xuOHuMu,
BOHU HE 3aBJK/IM BIIIOBIAal0Th (hazHuM craHam EP.

Lli BHCHOBKHM MiATBEPIKYETHCS TAKOX 1 aHAII30M
YacOBHX 3aJISKHOCTEH (ha3sHUX CHUTHAIIIB PO3Y3TOKCHHS
U,(t) i mBuakocTei @(f) ABUI'YHIB MEPEMIIEHHs €IEKT-
POIiB TIpU BIATIPAIFOBAHHI IMX K€ JICTCPMIHOBAHUX 30Yy-
peHb, SKi MOoKa3aHi Ha puc. 6.
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Puc. 6. Yacosi 3anexHOCTI CUrHaIIB po3ysroukenns U, (1) Ta
mBuaKoCcTed @) nBurynis MME npu neditkii (4) (a, b) Ta
nmudepenuiiniii (1) (¢, d) MoaensIx peryioBaHHs JOBXKHH IyT

ITokazani Ha puc. 5 Ta puc. 6 AUHAMIYHI TPOIECH
pETyIIOBaHHS AETEPMiHOBAHUX 30YPEHB y TAKOMY «UHC-
TOMY» BUIJISII Ha IHTEpBaI IUIABKU TPAIUIIOTHCS PiIKO.
Tomy iX AOCHZKEHHs Ta aHalli3 NPOBEICHO JIHIIE 5K
TECTYBaHHsI 3 METOIO IMiATBEP/PKESHHSI KOPEKTHOCTI (PyHK-
LIOHYBaHHS CIIPOEKTOBAHOI CUCTEMH HEYiTKOI'O BHUBE/ICH-
Ha FIS B crpykrypi CAP EP. [Ins noBHOTH iX aHamizy
3a3HaYMMO, 1[0 Yac PETYJIOBAHHS JOCTIDKEHUX AETepMi-
HOBaHUX 30ypeHb MPHU BUKOPHUCTaHHI HEUITKOI Mozeni (4)
6soxa nopiBasaHHEA BII € Ha 10-20 % MeHIINM 3a BUKOpH-
cranHs nudepenmiiaoi (1). Cepenns mo ¢aszax iHTerpa-

4 —
JIbHA KBAJpaTH4Ha OLIHKA SIKOCTI [, = Jo Ua—-1, (t))zdt

perymoBaHHs 1UX 30ypeHs Ha iHTepBaii ¢ € [0,4] ¢ mokpa-
mmnacs Ha 8,6 %. 3HaueHHs i€l OLIHKY MPOIOpIiiiHe 3Me-
HILICHHIO BTPAT NOTYXHOCTI B KOpoTKiit mepexi JICIL.

OTpuMaHi 3HaYCHHS MOKA3yIOTh IMiBUIICHHS IBUI-
KOMIl peryjroBaHHs, MOKPAIICHHS AMHAMIYHOT TOYHOCTI
crabinizamii koopaunat EP Ta momimiieHHs eHeproedek-
tuBHocTi JICII mpu perymoBaHHI AeTepMiHOBaHUX 30Y-
peHb HewiTkoro Mozesutio (4) BII.

Ane oTpUMaTH IHTETpalbHY OLIHKY e(EeKTHBHOCTI
3aIpPOMIOHOBAHOT HEYITKOT MOJIENI PETyIIIOBaHHS JOBKIH
IOyT MO)KHA JIMIIE Ha MPUKIALAX PEryJroBaHHSA HO(a3HO
HECUMETPHYHUX BHIIAJKOBUX 30ypeHb 3a IOBKHHAMHU
IyT, 5IKi € OCHOBHMMH 30ypEeHHAMH Y IPOLECi IIaBIeHHs
B JICIL

Jns 1poro NPOBOAMIIMCA KOMIT'IOTEPHI CHMYJIIO-
BaHHS PEXUMIB pEryJIIOBaHHS BHUIAJKOBUX 30ypeHb Ha
iHTepBajiax crauionapHocti 7. = 180-240 c ix 3MiHM [uIs
PI3HUX TEXHOJIOTIYHHMX CTalill IJIABJICHHS MPU BHKOPHC-
TaHHs 000X Mozerneil perymoBanHsi. Ha puc. 7 nokazaHo
orpumani Ha Simulink-mozensx ¢parmentn ¢ € 0-30 ¢
IIUX TpolLeciB peryiroBanHs koopanHat EP 3a Bukopuc-
TaHHA po3pobnenoi Hewitkoi Mmoxeni (4) (puc. 7.,b,
puc. 7,c) Ta 3a mudepeHtiitHoro 3akony (1) (perymsrop
APJIM-T-12) (puc. 7.d, puc. 7,e) neui ACII-200. Ilpu
UbOMY Inpouecu 30ypeHb f(f) (puc. 7,a) Bianosizann
cTazii 00BaJiB MINXTH.

Ha npomy puCYyHKY MOKa3aHO NPOLIECH 3MiHH Ha-
npyr U,(?) Ta ctpymiB [,4(f) nyr dbasu A. Anani3 oTpu-
MaHUX y IHMX KOMII'IOTEPHHX EKCIIEPUMEHTaxX IPOIECiB
1, (f) mokasye, 10 AMCIIepCist CTPyMiB AyT 3a BUKOPHC-
TaHHs HediTkoi (4) MoJeni peryjoBaHHS —CKJaja:
Dy, =1683 A% Dy =1593 kA, D;. = 181,2 kA%,

a 3a audepenuiiinoi mogeni Dy = 236,3 kA% Dy, =
=235,1 kA’ D;. = 219,9 kA’ Tlpu UbOMY CepelHs o

(hazax aucmepcis CTPyMiB AYT IS IIMX MOJIENIEH peryJIro-
BaHHA cxnana: Dyg. = 169,6 KAZ, Dy a5 = 2033 KA Big-
MOBimHO, a cepeaHe mo (a3ax 3MEHIICHHS TUCIEPCil
ctpymiB ayr AD; = 33,7 kA% a6o 4,5 % BiJg MaKCUMAJILHO
MOXJIUBOT TUCTIEPCIT CTPYMIB JIyT.

JociipKkeHHsT TMHAMIKK PEryJIOBaHHS CTPYMIB IyT
Ha IHIIUX TEXHOJIONYHUX CTaAigX IUIABIEHHS, TOOTO 3a Iil
BUIA/IKOBUX 30YPEHb 3 IHIIMMHU aMIUTITY THUMH Ta YacTOT-
HUMH XapaKTepHCTUKaMH, MOKa3aJH, IO AUCIIEPCis CTpy-
MIB IyT IpH BUKOPHUCTAHHI 3aIlpOIIOHOBAHOI HEWITKOI MO-
JIeTIl perysIIoBaHHS 3MeHIIyBanacs Ha 3-7,5 %.

3rifHO BiJOMHUX pe3yNbTaTiB JOCIiIKEHb, 32 OTPH-
MaHOi OWIHKH 3HIKCHHSA MOHCIepcii CTpyMmiB Iyr Ha
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3-7,5 %, MpOXyKTUBHICTh AYTOBOI Meui MiABUILY€ETHCS HA
4-5 %, a mUTOMi BUTpPATH €IEKTPOEHEPTril 3HIKYIOTHCS Ha
3-4 %. Jlns mapmoryxuoi meui JICIT-200 e nae cyrrese
HOJIIIIEHHS MOKa3HHUKIB €JIeKTPOTEXHOJIOTTYHOT eheKTH-
BHOCTI.

VY nonanpIoMy IUIAHYETHCS JOCHIAWTH BIUIMB Ha
MOKA3HUKU JUHAMIKM 1HIIUX aJFOPUTMIYHHX Ta mapame-
TPUYHHUX CTEMCHIB CBOOOIU MOJEINi CUCTEMH HEUiTKOTO
BuBesieHHs FIS Ha AuMHaMiKy peryiOBaHHS KOOPAMWHAT
EP Ta Ha moka3HUKYU eHeproe)eKTHBHOCTI IyTOBOI Tedi.
100

ol | | | e) i
0 5 10 15 ) = ts 30
Puc. 7. Hacosi 3anexxHocTi 30ypeHs f, 4(f) (a), Harpyr U, 4(f),
cTpyMiB /, 4(f) Iyr npu BUKopucTaHHi HewiTkoi (4) (b, ¢) Ta
nmudepenuiitaoi (1) (d, e) Moaene peryoBaHHS OBXUH IyT

Bucnoskn.

1. 3amponioHOBaHA HEYiTKa MOJENb (OPMYBaHHS CHT-
Haiy po3ysropkeHHs EP 3 onmepaTuBHOIO amanTami€ero 10
HOro MOTOYHOTO CTaHy y KOXHIiH (a3l y NMOpiBHAHHI 3
BIJOMHUMH MOJICIISIMH KEPYBaHHS JTa€ 3MOTY pealli3yBaTu
no¢a3zHo aBTOHOMHE PETYJIFOBaHHs JOBXHH JYT 1 MiJBH-
UTH e(EeKTUBHICTh KepyBaHHS pexxnumamu podotu JICII.

2. [TiaTBepIKEHO MOXIIMBICTH peaizamii moda3zHoro
ABTOHOMHOTO BiJITIPAIIIOBAaHHS AETEPMIHOBAHMX Ta BUIIA-
nkoBux 30ypenbp EP B miama3zoHi cepeqHiX DOBXHH IyT
MIpY BUKOPUCTAHHI 3alPOIIOHOBAHOT HEWITKOI MOJIENI, 110
Ja€ 3MOTY y CepeAHbOMY Mo ¢a3ax Ha PI3HUX CTamisfX
IUTaBIICHHA 3MEHIUTH gucrepcito ctpymiB ayr JACII Ha
3-7,5 %, Ta Ha Wi OCHOBI MiABUIIUTH MPOAYKTUBHICTH

JCII na 4-5 %, 1 3MEHIIUTH NMUTOMI BUTPATH E€JIEKTPO-
eneprii Ha 3-4 %.
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Research of arc furnace electrical mode with a fuzzy control
model.

Goal. The purpose of the paper is to increase the efficiency of
arc steelmaking furnace (ASF) operating modes control basing
on the improvement of arc lengths control model. Method. The
control model is based on the fuzzy set theory, and the struc-
tural modelling methodology is used to study the dynamics
indices. Results. The structural scheme of a furnace arc
lengths fuzzy control system and the electrical mode (EM)
coordinate control dynamics parameters values in response to
the deterministic and random arc lengths fluctuations were
obtained. Scientific novelty. For the first time, a fuzzy model of
an EM mismatch signal generation with operational adaptation
to its current state in each phase was developed, which enabled
by-phase independent control of arc lengths and improved
energy efficiency. Practical value. Dynamic accuracy of EM
coordinates stabilization at the setpoint level is improved, in
particular the arc currents dispersion is reduced, which leads to
a corresponding power loss decrease in arc furnace short net-
work, an increase of the furnace productivity, as well as to an
improvement of the electromagnetic compatibility of the arc
furnace and power supply network. References 17, figures 7.
Key words: arc steelmaking furnace, electric mode, fuzzy
control, autonomy, dispersion.
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TexHika cunbHUX eJIeKMPUYHUX ma Ma2HimHux noiJiie. IHxeHepHa eslekmpogbizuka
VK 621.3.022: 621.319.53: 621.373: 629.7 doi: 10.20998/2074-272X.2020.4.06

M.U. bapanos, C.I'. Bypsikosckwmii, B.B. Kusazes, C.C. Pynenko

AHAJIN3 XAPAKTEPUCTHUK U BO3SMOKHOCTEN BEICOKOBOJIBTHOT'O
AJIEKTPOTEXHUYECKOI'O KOMIVIEKCA HUIIKUA «MOJIHUS» HTY «XITW» JJISA
HCHBITAHUI OFBEKTOB YHEPTETHUKH, BOOPYKEHUSI, ABUAITMOHHOM 1
PAKETHO-KOCMHYECKOMN TEXHUKHA HA JIEKTPOBE3OIIACHOCTD M
IAJIEKTPOMATI'HUTHYIO COBMECTUMOCTbD

Bukonanuii ananiz 0cHo6HUX MEXHIYHUX XAPAKMEPUCMUK | HOBUX MOXHCIUBOCMENl CKIA)0BUX YACHMUH YHIKAIbHO20 UCOK080-
bmuozo enekmpomexuniunozo komnaexkcy HIIIKI «Monniay HTY «XIIl», npusnauenozo ona npoeedeHHA 6Unpodysans
00°€Kmie npomucnoeol enepzemuxku Ha el1eKmpooe3nexy, ix cmiikicms 00 Oii cmanoapmMHUX anepioou HUxX zpo3oeux i Komyma-
yitiHux imnynvcie nanpyzu (cmpymy), a makKoyc 00’ckmie 030pocuna i ilicbK080i mexuiKu, agiayiunoi i paKkemno-Kocmiunoi
MexXHIKU Ha e1eKmpPOMazHimmuy cymichicmy i OaucKkagrocmiiikicmo npu npamii Oii HA HUX HOPMOBAHUX IMRYILCIE CMPYMY
wimyunoi 6nuckaeku. Ilokazano, wjo 0amni 6unpoOYSanHs MONCYmob HPOBOOUMUCS 8IONOBIOHO 00 BUMO2 HOPMAMUBHUX 0OKYMe-
nmie CIIIA SAE ARP 5412: 2013, SAE ARP 5414: 2013, SAE ARP 5416: 2013, RTCA DO-160G: 2011, giiicbkosux cmanoapmie
CLIA MIL-STD-464C: 2010, MIL-STD-461G: 2015, cmanoapmi¢ HATO AECTP-500: 2016, AECTP-250: 2014, mixycuapoonux
cmanoapmie IEC 62305-1: 2010, IEC 61024-1: 1990 i mixcoeprcasnozo cmanoapmy I'OCT 1516.2-97 na opuzinansnux ¢imuu3-
HAHUX 6ucoKoeobmuux ycmanoskax YUTOM-1, I'TM-10/350, TKHH-2, TI-CS115 (NCS08), TI-CS116 (NCS09), G-NCS10,
MB 1000 i HK-1Y 3 nopmosanumu xapakmepucmuxamu. Ilpueedeni npuxnaou i pesynomamu 6unpooyseans paoy mexHiuHux
00°€KMi6 Ha BKA3AHUX BUCOKOBOILMHUX CIAOKO- i cCuNbHOCMPYMHUX enekmpoycmanogkax. biomn. 39, tabm. 9, puc. 30.

Kniouoei cnosa: BUCOKOBOJIbTHI reHepaTOPH iMIIy/IbCIB HANPYIH i cTpymMy, 00’€KTH NPOMHCJIOBOI €HEPreTHKHU, 030pO€CHHH,
aBianiiiHol i pakeTHO-KOCMiYHOI TeXHIKH, CTAHAAPTH BUNPOOYBaHb, Pe3yJbTATH BUIIPOOYBAaHb TeXHIYHUX 00'€KTIB Ha eJiek-
TpoOe3MneKy, eJIeKTPOMArHiTHy CyMiCHICTB i 0JIMCKaBKOCTIHKICTD.

Buinonnen ananu3sz 0CHOBHBIX MEXHUYECKUX XAPAKMEPUCIMUK U HOBBIX 803MOICHOCHEN COCIMAGHBIX YaACHell YHUKATILHOZ0 8bICO-
K0601bmH020 Inekmpomexuuyeckozo komniaexca HUIIKH «Monnuay HTY «XIIH», npeonaznauennozo 01 npoeeoeHus uc-
neimanuil 00veKMoe NPOMbIULICHHON IHEP2eMUKI HA ITIEKMPODOE30NACHOCHb, UX CHOIIKOCHb K 6030€liCIEUI0 CMAHOAPMHbIX
anepuooutecKux 2po306bix U KOMMYMAYUOHHBIX UMNYIbCOE HANPAdNCEHUA (MOKA), A MAKHCE 00DEKMOE 600PYHCEHUA U 60CHHOIL
MEXHUKU, A6UAYUOHHON U PAKEMHO-KOCMUYECKOI MEXHUKU HA IJIEKMPOMAZHUNHYIO COEMECHUMOCIMb U MOTHUECHOUKOCID
npu npamom Oelicmeuu Ha HUX HOPMUPOGAHHBIX UMNYTbLCO6 MOKA UCKyccmeennol moanuu. Ilokasano, umo oannvie ucnvima-
HUA MO2Ym RPOBOOUMBCA 6 COOMEEmMCcmeuu ¢ mpedosanuamu Hopmamuenovix 0okymenmoe CLIIA SAE ARP 5412: 2013, SAE
ARP 5414: 2013, SAE ARP 5416: 2013, RTCA DO-160G: 2011, éoennvix cmanoapmog CLIIA MIL-STD-464C: 2010, MIL-STD-
461G: 2015, cmanoapmoe HATO AECTP-500: 2016, AECTP-250: 2014, mesxcoynapoonvix cmanoapmos IEC 62305-1: 2010,
1EC 61024-1: 1990 u meaczocyoapcmeennozo cmanoapma I'OCT 1516.2-97 na opuzunansHsix omeuecmeenublxX 6bICOKOGOIbN-
nwix ycmanoskax YUTOM-1, I'TM-10/350, TKHH-2, TI-CS115 (NCS08), TI-CS116 (NCS09), G-NCS10, MB 1000 u HK-1Y ¢
HOopmuposannvimu xapakmepucmuxamu. Ilpusedenst npumepsl u pesynomamosl UCHOIMAHUT PAOA MEXHUUECKUX 00BEKMOE HA
YKA3AHHBIX bICOKOGOILIMHBIX C1A00- U CUILHOMOYHBIX I IeKmpoycmanoskax. bubn. 39, Tadun. 9, puc. 30.

Knrouesvie cnosa: BHICOKOBOJbTHBIE T€HEPATOPHI HMIYJIHLCOB HANPSIKEHHS] U TOKA, 00beKTHI MPOMBILLIEHHOI JHEPreTHKH,
BOOPY KeHHsI, ABHAIMOHHOI M PaKeTHO-KOCMHYeCKOi TeXHHKH, CTAHAAPTHI UCNBITAHUI, Pe3yIbTaThl HCIILITAHUIT TeXHUYe-
CKHX 00eKTOB HA J1eKTP00€e30NMacHOCTh, 3JIEKTPOMATHATHYI0O COBMECTHMOCTH M MOJTHHECTOHKOCTbD.

IMocranoBka mnpodiemMbl. MoIHbIE 3JIEKTpOMAr-
HUTHBIE ToMexu (MOMII) npupoIHOro U UCKYCCTBEHHO-
IO TIPOUCXOXIICHUS SBIISIIOTCS CEPbE3HOW Yrpo3oil uis
Ha/Ie)KHOTO (PYHKIIMOHUPOBAHHS COBPEMEHHOW TEXHUKH,
0a3mpyromIeiics Ha UCIIONB30BAaHIH PA3IMIHOTO PaIHo-,
AIEKTPOTEXHUIECKOTO W DJIEKTPOHHOTO O0OPYIOBaHUS
[1]. MupoBo# ONBIT AKCIUTyaTaIlMd TTOZOOHON TEXHHUKH
(HammpuMep, BOCHHBIX M TPAKJAHCKUX CaMOJIETOB, PaKeT-
Hocutenel, TemnoBsix (TOC), atoMubIX (ADC) 1 THApaB-
muaeckux (I'9C) aeKTpUIecKuX CTaHIUN) CBUAETEIBCT-
BYET O TOM, YTO CJIa0OTOYHAsK HJIEKTPOHHMKA, BXOZSIIAs B
cocTaB ee MH()OPMALMOHHO-TEXHOJIOTHUECKHX CUCTEM U
KOMIIBIOTEPHBIX CETEH YIPABICHUS, SBJIAETCA KpalHe
YYBCTBUTENIbHOU K AericTBUI0 HA Hee MOMII [2]. Onnum
u3 uctouHukoB MOMII sBRstOTCS IJIMHHBIE MCKPOBBIE
paspsiabpl B BO3AyIIHON aTMochepe 3eMitn (MOJIHHM), BO3-
HUKAIOIIFe OT TPO30BOTO O0JIaKa Ha 3EMIII0, COCEIHHUE
o0Oaka, netarenpHbIe ammapatsl (JIA) u pa3nnaabie 00b-
eKTBI, pa3MeIIeHHbIe Ha 3eMHOHM moBepxHocTH [3]. Ilo-
STOMY BOMPOCHI 3IEKTPOMArHUTHOM COBMECTUMOCTH
(BMC) B obnacTh COBPEMEHHON TEXHWUKH MPHOOpETH B
MHp€ TOBBIIIICHHYIO 3HAYNMOCTh. O0mmune TpeGoBaHus 1Mo

OMC o0opynoBaHHs PETIAMEHTHPYIOTCS COOTBETCT-
ByrOIMM TeXHHYECKHM pErJIaMEHTOM YKpauHbI, aHaJo-
ruanabiM [upextuse EC 2014/30/EU [4]. Buas! ucnbita-
HUHM 1 METOANKH UX TPOBEICHUS U3JI0KEHBI B CTAHAAPTaX
Ykpannsl, uneHTHYHbIX ctaHgaptam EC cepuit 61000 u
55000. B 2004 r. B YKpauHe UISI HCOBITAaHAS OOPTOBOTO
000pyoBaHMS TPAXKTAHCKHX CaMOJETOB OBUT BBEICH
crarnapt KT-160D [5], aHanOTHYHBIA COOTBETCTBYIOIIE-
My cragaapty CHIA RTCA DO-160D. B 2011 r. B CIIIA
BBIIIIA ouepefHas pegakius storo craHmapta RTCA
DO-160G [6], uMetomiast psj CyIIECTBEHHBIX OTIHYUN OT
npensiayiero cragaapra RTCA DO-160D. OueBuaHo,
YTO BO3MOKHOCTH HCIIBITATENbHBIX J1abopaTopuil YKpau-
HBI JIOJDKHBI OBITH aaliTUPOBaHbl K TpeOOBaHMSIM HOBOU
pelaKuMy yKa3aHHOTO cTaHgapTa. B atom cranmaprte
pa3zen 22 MOCBSIIEH UCTIBITAHUSAM OOPTOBOTO aBHAIIMOH-
Horo obopynoBanus (BAO) Ha BOCIPHIMYHBOCTH K Iie-
pPEXOJHBIM MpoIleccaM, BbI3BaHHBIM MoJiHHEW. Bo Bcex
Bepcusix ctanaaptoB oT RTCA DO-160D mo RTCA DO-
160G 6a3oBble TpeboBaHus K ucnbiTanusiM bAO Ha MoJ-
HUECTOMKOCTh NPAKTHYECKU HE M3MEHHJIMCh, 33 HCKIIIO-
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YEHHEM HEKOTOPBIX YTOYHEHHH M KOppeKTupoBok. K
3TUM 0a30BBIM TPEOOBAHHSIM OTHOCATCS [S, 6]:

e BpeMeHHbIe (OPMbI M aMIUIMTYJHbIC 3HAUCHUS HC-
TIBITATENILHBIX TOKOB MOJIHUM M HAIIPSDKEHUH;

® BBl UCTIBITATEIBHBIX MOJHUEBBIX Pa3psI0B;

e MeTobl BBoAa B BAO nomex oT MosiHuUY;

e HOpMEI ucnbiTanuit BAO.

[TpuHUMIHANEHO Ba)KHOE 3HAUCHHUE JIISI peaTn3aliu
Konuenuuu I'ocygapcTBeHHON 1LieneBO MporpaMmel pe-
(GhopMHUpOBaHUSA U Pa3BUTHSI 0OOPOHHO-IPOMBIIIICHHOTO
KOMIUTeKca YKpauHbl, KoTopas Opiia omobpena Pacrmops-
xerarneM KMY Nel9-p ot 20.01.2016 r., uMeeT BHeaApeHUE
B Ykpaune crarmaproB HATO (B wactHOCTH, IO OMC).
OTH CcTaHAapThl PErJIaMeHTHPYIOT TPeOOBaHUs IO Tapa-
MetpaM DMC K 00BEKTaM BOOPYKCHHS W BOSHHOH Tex-
Huku (OBBT) u ux cocraBHBIX 4acTel ¢ y4eToM pOJOB
BOWCK ¥ HasHaueHusa. OOecrneueHne HEOOXOIMMOI0
ypoBHsI HeBocmpuuMunBocTH 00pasnoB OBBT k neiict-
BHIO paznuuHelx MOMII 00ycinoBiIHMBaeT MOBBIIICHUE
000pOHOCTIOCOOHOCTH YKpPaWHBI U OyIET CIIOCOOCTBOBATH
MIPOJBIXKEHHUIO TPOMYKINU HALMOHAIBHBIX IPOU3BOIH-
TeNlel Ha MEXAyHapoaHBIX pbIHKax. [Ipukazom Harmo-
HaJIbHOTO OpraHa YKpauHbl IO CTaHJapTH3aLUH OT
26.12.2017 . Ned471 c 1 despans 2018 r. B Hame cTpane
BCTYNHJIH B CHJIy METOIOM HMOATBEPXKICHUS CICIYOLINe
mBa OasoBbix craHmaptra HATO: JICTV-II STANAG
4370 AECTP-500 Ed. E: 2017 [7] u ACTVY-II STANAG
4370 AECTP-250 Ed. C: 2017 [8]. CaemyeT OTMETHTS,
4TO JKECTKHE TpeOOBaHMUs yKa3aHHbIX craHnaptoB HATO
B 3HAUUTEIBHOW CTENECHH COBMAAAIOT C TPEOOBAHUSIMHU
aHAJIOTHYHBIX BOeHHBIX cranHaaptoB CIHA [9, 10]. Ilo-
sTOMy peanm3anus B YkpawmHe wuchbeitanmii OBBT mo
craugaptam HATO dakTrueckun 00€CIeduT BO3MOXK-
HOCTB OleHKH cooTBeTcTBUA Hammx OBBT u k Tpe6oBa-
HUSIM BOeHHbIX cTaHfapToB CIIA, xoTopele SBISIOTCA
Haubosee PacnpoCTPaHEHHBIMU B MHUpE. YUHTHIBas HO-
BU3HY TpeboBanuii crannaproB HATO, B crathbe 1eieco-
00pa3HO BBINIOJIHUTH AHAIN3 TEXHUYECKUX XapaKTepH-
CTHK HEIaBHO pa3paboTaHHbIX M co3maHHbiXx B HUIIKU
«Monnus» HTY «XIIW» psina HOBBIX F€HEpPATOPOB IS
peaiu3auuy HMCHBITAHUH YCTOMYMBOCTH 00OpYIOBaHUS
OBBT « Bo3zeiicTBHI0O BHEIIHUX (BHyTpeHHNX) MOMIIL.

He menee onacHbIM 11t pabOTBI CHIIOBOTO 3JIEKTPO-
9HEPreTUIEecKOro 00OPYAOBaHUS SIBISETCS TaKOH MCTOY-
HUK MOMII Kak KOMMYTalMOHHBIC TepeHANpPsHKEHUs,
BO3HMKAIOIINE B BJIEKTPOIHEPIETUUECKUX CHCTEMax H
CEeTSX Pa3IMYHOIO Kiacca HAMpsDKEHHs MPH Ipoleccax
LITATHOTO BKJIIOYEHUS] U aBAPUHHOTO OTKIFOUCHUS B HUX
notpedutenerd anexTposHepruu [11, 12]. B atoit cBsizn
pa3paboTKa M HCIIOJIb30BaHHE B NMPAKTUYECKHX LIEIAX B
00JIaCTH COBPEMEHHBIX AJIEKTPOTEXHOJIOTHI NPH OLCHKE
peaybHOW CTOWKOCTH M DJIEKTPUYECKOH MPOYHOCTH Ha-
PYXHOM (BHYTpEHHEH) M30JAIMHA 00BEKTOB AIEKTPOIHED-
TETUKH TeHEPaTOpOB, BOCIPOM3BOAALIMX Ha O0O0BEKTax
nmpoMbIuieHHOH »HepreTuku (I1D) KoMMyTanMOHHEIE
HMITYJIECBI HAIIPSHKEHUSI aMIUIUTYIOW B COTHH M THICSYN
KWJIOBOJIBT, SIBISAETCA aKTyaJbHOW B MHpE IPHUKJIAJTHON
3amadeil. OnacHBIMU TaKKe NI HAJEKHON paboThl CHITO-
BOT'O 3JIEKTPOOOOPYIOBaHUS U 3JIEKTPOHHBIX YCTPOMHCTB
sHeprooobrekToB I132, aBmanmonHoi (AT) W pakeTHO-
kocmuueckod (PKT) TexHHMKH SBISIFOTCS aBapuiiHbIE pe-
JKHMBI B UX JJIEKTPUUECKHX LIEISX, COIPOBOMKIAIOIINECS

MPOTEKaHUEM TOKOB KOpOTKOro 3ambikanus (K3) ammmu-
TYyIOW O HECKONBKUX NecITKOB kKmoammep [1, 11]. Ha-
KOIUICHHBII B TPO30BBIX O0JIaKax 3a CYeT 3JIeKTpodHU3U-
YECKHMX MPOIIECCOB B 36MHOM arMocepe 3JIeKTPHUCSCKHIA
3apsia BenuauHor 10 +(50-200) Ko mpu uckpoBBIX pa3psi-
Jlax OT ATUX 00JIaKOB (HANpHUMep, Ha Ha3eMHble 00BEKTHI
WM Ha OOBEKTHI, OKa3aBLIMECs P NoseTe B atMocdepe
3eMJ'll/I) BBIBBIBACT MMPOTCKAHUC B UX IJIa3MCHHBIX KaHa1aX
MOIIHOTO MMITYJIbCHOTO TOKa CJIOXKHOW BpeMEHHOU (op-
MBI amIuuTy ol 10 +(30-200) kA [3]. B aroii cBsizu py-
koBojsmue TexHudyeckue nokymeHTsl CIIIA SAE ARP
5412: 2013 [13] u SAE ARP 5416: 2013 [14] onpenens-
10T JKECTKHE TPeOOBaHUSI K HOPMHUPOBAHHBIM aMIUIUTY-
HO-BpeMeHHBIM mapamerpam (ABII) wmMIymscoB TOKa
HCKYCCTBEHHOM MOJIHUM, T€HEPUPYEMbIX MOIIHBIMU BbI-
COKOBOJILTHBIMU TeHepaTopamu Toka Mmoiauu (I'TM) u
UCTONB3yeMBIX TIpu ucnbITanusax 00bekToB AT u PKT Ha
MOJIHUECTOMKOCTb. MexayHaponusii crangapt IEC
62305-1: 2010 [15] u HaumonaneHsiii cranaapt Poccuii-
ckoit @eneparun 'OCT P MOK 62305-1-2010 [16] per-
JaMEHTUPYIOT JeicTByIomue TpeOOBaHUS K HOPMHPO-
BaHHBIM ABII reHepupyeMoro MOIIHBIM BBICOKOBOJIBT-
HbIM ['TM anepuoanyeckoro HMIyJibca TOKa HCKYCCT-
BEHHOW MONHHH BpeMeHHO# ¢opmbl 10 Mkrc/350 MKc,
XapaKTEpPHOTO JUII KOPOTKOTO TPO30BOT0O YAapa B HA3EM-
HBIE HHEProOOBEKTHl U MPUMEHSAEMOTO TP HCHBITAHUIX
pasnuyHbIX 00beKkTOB [1D Ha MOJIHHECTOWKOCTh. YKa3aH-
Hble BBICOKOBOJIbTHbIE ['TM MO3BOJISAIOT OMpENenuTh pe-
anpHble moka3arenn OMC u croiikoct 00bekToB I10D,
AT u PKT k npsMoMy BO3AEHCTBHIO HA HUX YAApOB MOJI-
Huu. IloaTtoMy pas3paboTka, co3paHHe W IPaKTHYECKOe
NIPUMEHEHHE MOIIHBIX BBICOKOBONIBTHBIX I'TM sBIIsiIOTCS
B HACTOSILEE BPeMs aKTyaJbHBIMU MPHUKJIAJHBIMUA Hayd-
HO-TEXHWYECKHMH 33/1a4aMH JUIsi MHOT00Opa3HOi nH}pa-
CTPYKTYPBI IPOMBIIUIEHHO PA3BUTHIX CTPAH MHPA.
«HDK» «YxpaHepro» mo pe3ynpTataM aHali3a Ha-
OmoneHnit 3a TPO30BOH JeATeNbHOCTRIO Ha 178 meteo-
CTaHIMAX CTPaHbl OBUIO YCTaHOBICHO, YTO MPOJOJIKH-
TEJIbHOCTh I'PO30BOM aKTUBHOCTH Ha TEPPUTOPUH Y Kpau-
HBI exeronHo yBennunBaercs Ha 100 gacos. [Ipu sTom 3a
MOCJIEAHUE 5 JIET Ha JIMHUAX DIIEKTPOIepesaud KiaccoB
220-750 kB mpousonuio okono 350 aBapuilHBIX OTKIIIO-
YeHUH B pe3ysbTaTe NpsIMOIo yaapa B HUX MOJHHUH, 50 u3
KOTOPBIX cOMpoBOxAauch Bo3HUKHOBeHHEeM K3. TlosTo-
My TpO30BbIE MMITYJIbCHl HANpsDKEHHUs (TOKa) SIBIISIOTCS
JUIsl SHEProoOBEKTOB CEPhE3HON yrpo30H A MX PabOTHI.
Kpurnueckoe cocTosHIE B HAJEKHOCTH M OE30IaCHOCTH
9KCIIIyaTallid >HEProoObEeKTOB YKpaWHbl MOATBEpPIKIa-
eTcs PAZOM KPYITHBIX aBapHii BCIEICTBUE HEHCIIPABHOCTH
ux 3azemsonux ycrpoicts (3Y). B ux umcie: Bosropa-
HUe cuioBoro tpanchopmartopa Poerckoit ADC B 2019
I. u3-3a Bo3HHKIEro K3 ¢ mocnexyromum cpabaTeiBaHu-
€M 3alIUThl U OUIMOOYHBIM OTKIIIOUYEHHEM ee dHeproOIo-
ka Ne 3 oT 3HeprocucTeMsl YKpauHbI, OTKIIOYEHHE MOJ-
cTaHLMU KiaccoM HampspkeHus 330 xB Ha rore crpansl
n3-3a JIOXKHOTO CpabaThIBaHUSI CHCTEMBI €€ 3allWThl;
omnbo4YHOE OTKIIOYeHHe sHeproOmoka Nel 3mwueBckoi
T3C B 2019 r. B 3710i1 CBsI3U BBINOJHEHUE TUATHOCTUKU U
MoJIepHU3aIUH 3Y 3HEProoObEKTOB 00ECIIEYNT KaK dJICK-
TPOOE30MaCHOCTh HX OOCIYXHBAIOIIETO IIEpCOHANA U
MHBIX JIUII, KOTOPBIE MOTYT HMOCTPaJIaTh OT BBHIHOCA 3JIEK-
TPOMOTEHIMANIA 32 MPEEIIbl YHEPrOOOBEKTOB, TaK U HOP-
MalbHyto paboty obopynoBanus TOC, ADC u I'DC.
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B ornmume oT co3maHHBIX 3a pyOexoM B 00iacTH
aekTpode3omacHocTH, DMC U CTOWKOCTH TEXHUYECKUX
00BEKTOB K JEWCTBHIO UCKYCCTBEHHOW MOJHUN 1 MOMII
BBICOKOBOJIBTHBIX HCIBITATCJIbHBIX YCTAHOBOK COTIJIACHO
[4-10, 12-16] umeromneecst B YKpauHe CUIBHOTOYHOE BbI-
COKOBOJITHOE HCITBITATENIFHOE 3JICKTPOOOOPYHAOBAHHE
XapaKTePU3YeTCs OPUTHHAIBHOCTHIO MOCTPOCHHS CBOHX
Pa3psIHBIX JIIEKTPUYCCKHUX IIeTel, 00IaJarouX MHPO-
BBIM TIPHOPHUTETOM M M3TOTOBJICHHBIX M3 OTEUECTBEHHBIX
KOMIUTEKTYIOIUX 3JIEMEHTOB, KOHCTPYKIIMOHHBIX U H30-
JSAIUOHHBIX MatepuaioB [17-24]. 1o n3BecTHHIM MPUYH-
HaM TpHOOpEeTEeHHe TOPOTOCTOAIINX 3apyOEKHBIX DJICK-
TPOYCTaHOBOK SIBIISIETCS JUIsl HAC HepealbHOU 3ajadeid. B
3TOHM CBSI3U MNpUXOAUTHCA MOoJIaraTbCsd Ha CO6CTBCHHbIe
OpUTHHAJILHBIC Pa3pabOTKH U JICKTPOYCTAHOBKH, peai-
sytoniue TpedoBanus o [4-10, 12-16]. DnekTpoycTaHOB-
KH YKpauHbI ISl peain3alul TpeOOBaHUN psiia CTaHap-
toB CIIIA 1 HATO [4-10] He ObUTH OITUCAHBI B TICYATH.

Heanio cTaThb| SABISIETCS aHAINU3 OCHOBHBIX TCXHU-
YECKHX XapaKTePHCTHUK W HOBBIX BO3MOXHOCTEH OTHEIb-
HBIX JJIEKTPOYCTAHOBOK BBICOKOBOJIETHOTO JIIEKTPOTEX-
Huyeckoro kommiaekca HUIIKM  «Monnusa» HTY
«XI1N», npegHa3HauY€HHOTO JIs1 MPOBE/ICHUS UCIIBITAHUI
00bekToB [1D Ha AmekTpoOe30MacHOCTh, JEHCTBIE HA HUX
CTaHJAPTHBIX I'PO30BBIX U KOMMYTAIIMOHHBIX MMITYJIHCOB
HarpspkeHus (Toka), a Takxke OBBT, AT u PKT na OMC
U CTOMKOCTb npu ﬂeﬁCTBHH Ha HUX HOPMHUPOBAHHBIX UM-
IIyJIbCOB TOKa HCKyCCTBeHHOﬁ MOJIHMHU U pslia Cri€lalib-
HBIX BPEMCHHBIX ()OPM UMIYJIBCOB TOKA (HATIPSKCHUSA ).

1. I'eHepaTop MOJHOTO TOKA MCKYCCTBEHHON MOJI-
HuM amiMtyaoi 10 +200 kA. Corpyanukamun HUTIKA
«Momaus» HTY «XIIW» B 2007 T. HA €ro Hay4HO-
AKCTIIEPUMEHTAIFHOM TIONIUTOHe (IITT. AHApeeBKa, Xapb-
KOBCKOH 00:1.) OBbII CO31aH MOIIHBIM BbICOKOBOJIBTHBIM
cubHOTOUHBIA ['TM THma YUTOM-1 [17], cnocoOHbIi
MIPOBOAMTH MCIBITAHUS 1eMeHTOB 006ekTOB AT 1 PKT Ha
MOJIHHECTOUKOCTh B COOTBETCTBHU C MEXKIyHAPOIHBIMU
tpeboBanusimu [13, 14]. CornacHO TeXHHYECKUX TpeOOBa-
Huii CILA [13, 14] npu 1a00paTOpHBIX UCIIBITAHUAX YCT-
POWICTB ¥ 3JICMCHTOB AaBHWAIIOHHOW ¥  PaKETHO-
KOCMUYECKOW TEXHUKU Ha CTOMKOCTh K IPSMOMY JeHCT-
BHIO HA HUX IOJHOTO TOKA MCKYCCTBEHHOW MOJHHU MOTYT
HCTIONIB30BAThCS €T0 CIIEAYIOIINE KOMIIOHEHTHI, TeHepH-
pyeMble B BBICOKOBOJIBTHBIX CHJIBHOTOYHBIX Lemsix ['TM:
AMITyIIbCHAsE A-, TIOBTOpHAs UMITyJIbcHAs D-, TIPOMEXy-
TouHas B-, umtenbHas C- u ykopoueHHas amirenbHas C -
KOMITOHEHTHI TOKa NCKYCCTBEHHOM MOJHHH. YKa)kKeM, UTO
HauboJiee 9acTo B MPAKTHKE HCIBITAHUN HA MOJHHUECTOM-
KOCTh Pa3JIMYHBIX YCTPOMCTB M CHUCTEM CaMOJICTOB TPaX-
JaHCKOI'0 W BOCHHOI'O HasHA4YCHUA HNPUMCEHSIOTCA Clic-
JYIOIIAE KOMOWHAIIMK YKa3aHHBIX KOMIIOHEHT TOKa MOJI-
Huu [13, 17]: A- , B- u C- KOMNOHeHTHI; A- , B- u C’- xom-
MOHEHTHI; D- , B- n C’- koMnoHeHTbl. OCHOBHBIE HOPMH-
posanssie 1o [13, 14] ABII, xapakTepHbIe A TAKUX KOM-
MOHEHT TOKA HMCKYCCTBEHHOW MOJHHUH B DIICKTPHUCCKHUX
nerssx ['TM, MoryT ObITE cBeieHBI B Ta0I. 1.

Ha puc. 1 mpusenen obmuii Bua momrHoro I'TM Tu-
nma YUTOM-1, a Ha puc. 2 npeacTaBiieHa TPUHIUATHATb-
Hasl JIEKTPHUYECKasi CXeMa IMOCTPOSHHSI ATOTO TeHepaTopa
MIOJIHOTO TOKa MCKYCCTBEHHOW MOJIHMM. B cOOTBETCTBUM
C JTaHHBIMM pHUC. 2 B cocTaB reHepatopa Tuna YUTOM-1
BXOJAT IATH OTACJIbBHBIX U CUHXPOHHO pa60Tamme BbI-

COKOBOJITHBIX T'€HEpaTopoB MMMyIbCHBIX TOKOB (I'UT)
€MKOCTHOTO WCTIOJTHEHHMSI, Kaxablii u3 xotopbix (I'MT-4,
I'UT-D, TUT-B, TUT-C u TUT-C*) Ha oO1eii s5exTpu-
4ecKoi Harpyske — oobekTe ucnbitanuii (OW) dopmupy-
€T COOTBETCTBYIOIINE KOMIIOHEHTHI ITOJTHOTO TOKa MUCKYC-
cTBeHHOH MoiHuM [17]. TpeGyemas koMOUHAUS KOMIIO-
HEHT TOKa MOJIHUM (COOTBETCTBEHHO M HeoO0Xxoxumas
komOuHausa ['UT) na obmem O peanmsyercst npu 1o-
MOIITA 3JEKTPHUUECKUX TepeMbraek X1-X4 (cm. puc. 2).
Tabmmma 1

HopmupoBannabsie ABIT 0CHOBHBIX KOMIIOHEHT ITOJTHOTO TOKa
HCKyccTBeHHOU MonHuH [13, 14]

Komnonenra 1,, I, qc, Ju» 10° 7 17
TOKAa MOJHUH KA KA Kn JIx/Om |MKc| wMc
A 200+20) — — 2+0,4 |<50] <0,5

B - |2+0,4| 10+£1 - — | 50,5

c 02-08| — [200s40] - |- 02D
x10

c - |04 ] 618 - — | 15-45
D 100+10| — - 10,25+0,05|<25| <0,5

Ipumeuanue. I, — aMIuIMTyia UMIyJbca TOKa; [c — cpenHee
3HAUCHHE TOKA; ¢¢ — KOJIMYECTBO MPOTEKIIero 3apsaa; J, — uH-
Terpaj JeiCTBUsS MMITYJIbCa TOKA; Tj, T, — COOTBETCTBEHHO JJIU-
TEJIHOCTh (poHTa MMIysbca Mexnay yposHsmu (0,1-0,9)], u

Puc. 1. O6muii BUJ BEICOKOBOJIBTHOTO CHIbHOTOUHOTO I'TM
tuna YUTOM-1, monenupytomero Ha OU npsiMmoe Bo3xeiicTBue
OCHOBHBIX KOMITIOHEHT TOKA HCKYCCTBEHHOI MONHHM (Ha Hepe-

HEM TIJIaHe HaXOAUTCS pabOYHH CTOI C TPEXINEKTPOIHBIM

YIPaBISEMbIM BO3LYIIHEIM KOMMYTaTOpPOM F| Ha dJIEKTpHIe-
ckoe HanpspkeHue £50 kB u cucteMoil BO3AyIIHON BBITSKKY, a
Ha 3aJIHeM IIJIaHe Pa3MelIeHbI MOIIHBIE BEICOKOBOJIBTHEIEC TeHE-

paropst TUT-4, TUT-D, TUT-B, TUT-C u TUT-C*) [17, 18]

Morunslie reneparopsl [UT-A u T'UT-D ykoMmiiek-
TOBAaHBI TAPAUICIEHO TOJKIIOUYEHHBIMI BBICOKOBOJIBT-
HBIMH  MAJOMHIYKTHBHBIMH KOHICHCATOPaMH  THUIA
NK-50-3 (3apspkaroTcst OHU J0 MMOCTOSTHHOTO HANPSHKEHUS
+Uc~=+Us;, He Gonee £50 kB), a reneparopsr 'UT-B,
TUT-C u TUT-C* — BBICOKOBOJIBTHBIMU MaJIOUHAYKTHUB-
HbIMH KOHJeHcaTopamu Ttuna NM-5-140 (3apspkarorcs
MOCJICIHUE COOTBETCTBEHHO IO IOCTOSHHOTO HAIIpshKe-
U +Ucg=+Usp n 2U-~+Usc He Oonee +5 kB). B utore
CyMMapHass HOMHWHAJIbHAs YHEPrOEMKOCTh KOHJICHCATO-
poB I'TM tuna YUTOM-1 cocrausier 1,21 M/Ix [18].

Hus m3mepennst ABII reHepupyeMbIX yKa3aHHBIMH
I'T ma OU (cormacHo puc. 2 Ha 0o0mmIeH COCPEeNOTOUCH-
HOW R;L; — Harpy3ke npu R;~50 MOwm u L;~1 Mx['H) Bcex
KOMIIOHEHT HMITYJIbCHOTO TOKAa MOJHHH HCIIONIB3YeTCS
OJWH HM3MEPUTEIbHBIN BBICOKOBOJBTHBIN KOAKCHAbHBIN
uryHT tuna [IK-300M1, nmeromuii akTUBHOE COTIPOTHUB-
nerne R=0,158 MOM u mpomeaninii rocyJapcTBEHHYIO
METPOJIOTHUECKYI0 MoBepKy [18].
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Puc. 2. Dnekrpudeckue cXxeMbl IOCTPOSHHUS PA3PSIIHBIX HeTneit
Aty BeicokoBOJIBTHRIX [ UT (TUT-A, TUT-D, TUT-B, TUT-C u
[UT-C") u T'TM tima YUTOM-1 B nienom ¢ ofuoit obmeit
ANEKTpUIecKoil R L; — Harpy3ko# (F, F, — Tpex- U JByXdIIeK-
TPOJHBIN BO3YLIHbIC CHIIBHOTOYHBIE KOMMYTAaTOPbI Ha HAMIPSI-
xenue +50 kB u £5 kB; X1-X4 — anexrpudeckue nepeMbluky;
R¢=0,158 MOM — akTUBHOE CONPOTHBIICHNE U3MEPUTEIHHOTO
koakcuaibHoro mynra IIK-300M1; R1-R5, L1-L3 — coOGcTBeH-
HBIE dNIeKTprueckue napameTpsl neneit [UT-4, TUT-D, TUT-B,
ITUT-C" u TUT-C; R6, L4 — 5neKTprHdecKie mapaMeTpsl (op-
Mupyromux 31eMentos i uened FTUT-C u FI/IT—C*) [18]

B Tabn. 2 mpuBeneHs! OCHOBHBIE TEXHHUYECKHE Xa-
PaKTEPUCTHKU U3MEPUTENHHOTO CHJILHOTOYHOI'O KOAKCH-
anbHoro myHta Tuna [IIK-300M1, BbICOKOOMHBINH AUCKO-
BBI 3JI€MEHT KOTOPOro TONIIMHOM 1 MM M Hapy>KHBIM
quamerpoM 80 MM OBLT BBIITOJTHEH M3 HEPKAaBEIOIICH cTa-
yun mapku 12X18H10T [19]. Koncrpyknus 3Toro usme-
PHUTEIBHOTO IIYHTA CIIOCOOHA BBLICPKUBATH MHOTOKPAT-
HbIE IPOTEKAHUSI YEPE3 HETr0 MOJHOIO TOKA UCKYCCTBEH-
HOM MOJIHUH, XapaKT€pU3yeMOr0 HHTErpajioM AEUCTBUS
10 J,=10-10° Tx/Om.

Tabnuua 2.
OCHOBHBIE TEXHUYECKHE XapaKTEePUCTUKU
nu3MeputensbHoro myHra tuna [HIK-300M1 [18, 19]

HaumenoBanue 3HaYCHUE XapaKTEPHUCTUKH
LIyHTa Ry, MOM K, A/B Macca, kr
K SA— 12625
IK-300M1 0,158+1 % 3,1
Kg=6312

Ipumeuanue. Ks=2/Rg— ko3 dunueHT npeodpa3oBaHus IIyHTA,
A/B; Kgy — ko3 dunmeHT npeodbpa3oBaHus IIYHTA IPH H3MEpe-
HuH B paspsagHoi nerm I'TM ABII A- u D- KOMIIOHEHT TOKa
HCKyCCTBeHHOH MonHuH, A/B (c koakcmampHOrO pasbema 1:1
cornacyromero aenurens Hanpspkenus (CAH) tuma CAH-300);
Ksc — xoaddpunmenT npeodpazoBaHus LIyHTA IPU U3MEPEHUH B
paspsanoit uenu I'TM ABII B- ,C- u C’- KOMIIOHEHT TOKa HC-
KyCCTBEHHOI MonmHMH, A/B (¢ xoakcuanbHOTo pasbema 1:2 co-
TJIACOBAHHO BKIIIOUEHHOTO fenurtens Hanpspkerus CIH-300).

Ha puc. 3-5 npuBeneHbl THTUYHBIE OCIIMIUIOTPAMMBI
UMITYJIbCHOW A-, TPOMEXYTOUHOM B- u jurensHoi C-
KOMIIOHEHT TOKa HCKYCCTBEHHONM MOJHHMHM C HOPMHUPO-
BaHHbIMU TI0 [13, 14] ABII, 3aperucTpupoBaHHbBIX paHee
B CHUJIBHOTOYHBIX pa3psIHBIX ILENAX BBICOKOBOJIBTHBIX
reaeparopoB 'UT-4, TUT-B u TUT-C mourroro I'TM
tina YUTOM-1 ¢ moMompio HW3MEpUTENFHOTO ITyHTa
HIK-300 (Ks,=11261 A/B; Ksc=5642 A/B [17]) n uudpo-
BBIX 3alOMHHAONIMX ocumwuiorpados cepun Tektronix
TDS 1012. Koncrpykinu npumenseMbix mryHToB 1ITK-
300 u IK-300M1, a Taxxe HCHOIB3yEeMbIE OPHTHHAIH-
HbIE CXEMBI IIOCTPOEHMS U3MEPUTEIbHBIX KaHaioB B I' TM
YUTOM-1 no3BOJSIOT OAHOBPEMEHHO PErHCTPHUPOBATh
TpebyeMble KOMOWHALIMK KOMITOHEHT ToKa MoJHuH [ 18].

Ha puc. 4 uHTEpecHBIMH METPOIOTUYECKHMHU OCO-
OCHHOCTSIMH SBISIOTCSI MPAKTUYECKH HJI€AbHBIE 30HBI
(BpeMeHHBIE 30HBI, PACIIOIOXKEHHbIE 110 TOPU3OHTAIBHOM
ocu BpeMeHH B paiioHax 300 MKC u 5 MC) «COCTBIKOBOKY
WIH «CIIUBaHMUS» KPUBBIX U3MEPSIEMOI0 TOKA, COOTBETCT-
BylOIIUX A-, B- u C- KOMIIOHEHTaM IOJIHOTO TOKA HCKYC-
CTBEHHOH MONHUU, reHepupyemoro moussiM I'TM tuna
YUTOM-1 [17, 18]. IlpakTuueckasl peanusanus Takoro
MOJIX0a TIPH OJHOBPEMEHHOHM PETHUCTpAIlH YKa3aHHBIX
KOMIIOHEHT TOKa HMCKYyCCTBEHHONH MOJHHH OBLIa OCyIIe-
CTBJICHA TIPH TTOMOIIH HCIIONB30BAaHMS B U3MEPHUTEIEHOM
TpakTe oHOTOo nenutens HanpspkeHus tTama CJIH-300.
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Puc. 3. OcuuuiorpaMma UMITYJIbCHOM 4- KOMIOHEHTBI TOKa UC-

KYCCTBEHHOI MOJTHUU ¢ HOpMUpoBaHHbIMU ABII B cusibHOTOU-

HOH pazpsanoit nenu reaeparopa ['MT-4 moutaoro I'TM tuna

YUTOM-1 (U ~29,7 B; 1,,,/~212 kA; J,;~2,09-10° Jlx/Om;

7~32 MKc; 7,500 MKc; MacuiTab 1o Beprukanu — 56,3 kA/kieTka;
MacmTab mo ropuzoHTanu — 50 Mxc/kneTka) [17]
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Puc. 4. Ocumsuiorpamma npomMexxyTOYHON B- KOMIIOHEHTBI TOKa
HCKYCCTBEHHON MOJIHMH ¢ HOpMHupoBaHHbIMU ABII B cunbHO-
TOYHOM pa3psIHON LENH BBICOKOBOJILTHOTrO reneparopa 'UT-B
motHoro I'TM tunma YUTOM-1 (U;p~—4 kB; 1,,5~5,28 KA;
1=2,08 xA; qc5~10,4 Ki; 7,=5 Mc; MacliTal 1o BEpTUKAIM —
1128,4 A/xnetka; macmTab 1o ropu3oHTay — 1 Mc/knerka) [17]

Ha puc. 6 moka3aHsI pe3yabpTaThl IPSMOTO BO3JIEHCT-
BUS HA OMBITHYIO MOJIENTb IPHEMHO-TIEPEAAIoIIel aHTEHHBI
caMmoJieTa OTEYECTBEHHOIO IPOM3BOJACTBA TOJBKO OJHOM
UMITYyJIbCHOM A- KOMIIOHEHTBI TOKa HMCKYCCTBEHHOH MOI-
HUM, HOpMUpoBaHHbIE cornacHOo [13, 14] ABII kortopoii
COOTBETCTBOBAIM TEXHUYECKHM JAaHHBIM, YKa3aHHbIM Ha
TOKOBOH ocimuiorpamme puc. 3 (L,y = 212 xA;
J14=2,09-10° Jl/Om; 7232 mxc; 7,500 mxc) [20].

W3 maHHBIX pHUC. 6 HATISITHO CIEXyeT TO, YTO pa3pa-
OOoTaHHAsT M M3TOTOBIICHHAS 0€3 IMOIHOTO y4eTa MEeXIy-
HApPOJIHBIX TPEOOBAHHUI 110 MOJIHUECTOMKOCTH, MMPUBEICH-
HBIX B HOpMaTHBHBIX AoKymeHTax CIIA [13, 14], onsIT-
Hasi MOJENb IPHUEMHO-TIEpPEJaromell aHTeHHBl OTEYecCT-
BEHHOI'O CaMoJieTa IOJBEpPIJach CBOEMY IIOJHOMY pas-
PYLIEHHIO MOCJe MPSIMOTO BO3JEHCTBUSA Ha ee paguoTeX-
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HUYECKHE 3JIEMEHTHI MMITyJIbCHONH A- KOMIOHEHTHI TOKa
HUCKYCCTBEHHOM MOJIHUM ¢ HOpMUPOBaHHbIMU ABII.
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Puc. 5. Ocunsmiorpamma aiiutenibHONM C- KOMIIOHEHTHI TOKa
HCKYCCTBEHHOIH MOJIHHUU ¢ HOpMHUpoBaHHBIMU ABII B cuibHO-
TOYHOH pa3psAHON Iienu BEICOKOBONBTHOTO reneparopa [UT-C
momraoro 'TM YUTOM-1 (U;~—4 kB; 1,,~0,74 xA,;
qcc=-182 Ki; =9 mc; 17,1000 mc; MaciuTab 1o BepTUKANIU —
225,6 A/xietka; Mactitab o ropusonTam — 100 mc/kiretka) [17]

|8

Puc. 6. BHenHuii BUJ ONBITHONM MO aBUALIMOHHOI IpHUeM-
HO-TIEpE Al aHTEHHBI OTEYECTBEHHOTO caMoieTa 10 (a) u
mocye (6) mpsAMOro BO3IESHCTBHUS HA HEE B CHIIBHOTOYHOU pas-
PsAOHOM 1eny BEICOKOBOJIBTHOTO Teneparopa I'M'T-4 mourHoro
I'TM tuna YUTOM-1 nuius ogHOM UMITYyJIbCHOH A- KOMIOHECH-
Thl TOKA MCKYCCTBEHHOM MOJIHUY ¢ HOpMupoBaHHbIMU ABII
(L=212 XA; J,4~2,09-10° JIx/Owm; 7~32 MKc; 7,70,5 mc) [20]

3apyOeXHBIX aHAJOTOB MOIIHBIH BBICOKOBOJIBTHBIH
rereparop Toka Morand YU TOM-1 mo cxemam moctpoe-
HUSI 1 CHHXPOHM3ALUH HapauleIbHON paboThl pa3psIHbIX
nereit ero natu otaenbpHBIX I'UT, 3anmacaeMoit B KOHICH-
CAaTOPHBIX OaTapesx IUIEKTPUYECKOH 3Hepruu, (Gpopmu-
PYEMBIM Ha UCHBITBIBaeMOIl R;L;-Harpy3ke HOpMHPOBAH-
HbIM ABII KOMIOHEHT TOKa MCKYyCCTBEHHOH MOJHMU U
CBOEH CPaBHUTENBHO HU3KOH CTOMMOCTH He umeeT [17].

2. 'enepaTop uMmyJibca TOKa BpeMeHHOM ¢GopMbI
10/350 Mxc MCKycCTBEHHOH MOJHHM aAMILUIUTYIO# 10
+200 xA. Ha yka3aHHOM Hay4HO-3KCIIEPUMEHTAIBHOM
monmurone HUTTKU «Momams»y HTY «XIIW» B 2014 T.
HaMH OB CO3JaH YHHWKAJIbHBIH MOIIHBIH BBICOKOBOJIBT-
HbIIl CWJIBHOTOYHBIA T'€HEpAaTOp TOKa KOPOTKOro yJapa
rpo3oBoro paspsiga tuna [ TM-10/350 [21], Ha KoTOpOM
MOTYT TIPOBOJMTHLCS HCIBITAaHHUS PA3IMYHBIX Ha3eMHBIX
00BekTOB [ID Ha MOTHHECTOWKOCTh K HPAMOMY JAEHCT-
BHUIO Ha HUX all€pUOJUYECKOr0 MMITYJIbCa TOKa UCKYCCT-
BEHHOH MOMHMM BpeMeHHOH dopmbr  7,/7,=(10+2)
MKc/(350435) MKc 00enX MONAPHOCTEH B COOTBETCTBHH C
TEXHUYECKUMH TPEOOBaHMAMHU, W3JI0)KEHHBIMU B MEXKIY-
HapOJHBIX HOPMATUBHBIX JOKyMeHTax [15, 16]. OcHos-
Hble HOpMmupoBaHHble ABII gaHHOrO MOIIHOrO HCIbITA-
TEJIBHOTO MMITYJIbCa TOKa NCKYCCTBEHHOM MOJIHHH, COOT-
BETCTBYIOLIET0 KOPOTKOMY YAapy IpPO30BOTO CHIBHOTOY-

HOTO paspslia B 3alUIIAEMBbIl 3JIEKTPOIHEPTeTHUECKUI
o6wekt (ON), mpuenens! B Ta0. 3. V3 nanHbix Tabm. 1 u
3 CJICAYCT, 4YTO MOL[IH])Iﬁ HUCIIBITaTEJILHBIN HUMITYJIbC TOKa
KOPOTKOTO I'DO30BOTO CHJIBHOTOYHOTO pa3psiia BpeMeH-
Ho#t popmbl 10/350 MKC IO CBOMM IHEPreTHYSCKUM ITOKa-
3aTelsiM (IIpeXk/e BCEro, M0 3HAUYCHHIO COOTBETCTBYIOIIE-
TO MHTEerpaja JelCTBUS TOKa J,) CYIIECTBEHHO IpPEBbIIIa-
€T COOTBETCTBYIOLIME YHCJIECHHBIE MOKa3aTeaHn sl UM-
MyJIbCHON A- ¥ MOBTOPHOM HMMITyJIbCHON D- KOMIIOHEHT
TOKa MCKYCCTBEHHOW MOJHHUH (CM. pa3zmen 1), mpumeHse-
MBIX TIPH HCOBITAaHUAX pa3imuiHbIX 00BekTOoB AT m PKT
Ha MOJIHUECTOMKOCTb B COOTBETCTBUM C JNECHCTBYIOIKUMHU
¢ TpebOoBaHUAMU HOPMATUBHBIX JOKyMeHTOB [13, 14].

Tabnuma 3
Hopmuposannsie ABIT aneproamaeckoro UMITysibca
TOKa BpeMeHHO# hopmbr 10 Mkc/350 Mkc [15, 16]

Hanmenosanue YpoBeHb MONHUE3ALUTH 00BEKTA 110
napamerpa craggapty IEC 62305-1: 2010
HMMITyJIbCA TOKa 1 11 1I-1V
JlnurenbHOCTH 1042 1042 1042
($poHTa 75 MKC

JlmuTenbHOCTD

VIMITYIBCR T Ha- | 350435 35035 35035
yposae 0,57,

MKC

Ammity 1a 200420 150£15 100£10
ToKa [, KA

Wuterpan nei-

CTBHS TOKa J,, 10+3,5 5,6+1,96 2,540,875
10° JIox/Om

3apsa qc, Kn 100+20 75+15 50+10

Ha puc. 7 npuBenen oOmmii BUJ reHepaTopa THUIA
I'TM-10/350, a Ha puc. 8 mpencTaBICHbl IPUHIIAIHAb-
HBIE DJIEKTPHUYECKHE CXEMbI TIOCTPOCHUS (3aMEIICHHS) €T
4eTbIpeX OTACeNbHBIX BBICOKOBOJNBTHBIX IMT (I'MT-1 —
I'NT-4, cuHXpoHHO paboTaIOIMX HA OJHY OOLIYIO 3JIEK-
TpuuecKyto R, L; — Harpy3Ky) ¥ caMoro 3Toro reHeparopa
B nenoM. OtmeruM, uto reHepatopsl ['MT-1 — TUT-3
YKOMIUICKTOBaHbI BHICOKOBOJIBTHBIMH MaJIOMHyKTHBHBI-
MH UMITyJbCHBIMU KOHJeHcaropamu tuna MK-50-3 (uHo-
MUHaJIbHOE HanpsbkeHue £50 kB; HoMuHanbHas eMKOCTh
3 mMx®), a renepatop [MIT-4 — BBHICOKOBONBETHBIMU HIM-
MyJBCHBIME KOHJeHcaTopamu Tuma MM2-5-140 (Homu-
HaJbHOE HampspkeHue =5 kB; HoMuHanbHass eMKOCTh 140
Mk®) [21]. B reneparopax I'NT-1 — 'NT-3 ux koHaeH-
caTopbl (COOTBETCTBEHHO B Koyindectse 16, 44 u 111 mmir.)
BKJIFOYCHBI NapauI€JIbHO Ha HOMHWHAJIBLHOC HAIPAXKCHHUC
+50 kB, a B reneparope I'IT-4 ero xonaeHcaTtopsl (B
KonmdecTBe 288 MmIT.) — MOCIEeNOBATEIBHO-TIAPAILICIIEHO
(o 1Ba mocienoBaTeIFHO COEAMHEHHBIX KOHIEHCATOPa B
Kaxaoi u3 144 mapainensHO BKIFOYCHHBIX CEKIHMN) Ha
HOMHUHaJIbHOE HanpsbkeHue +10 kB. B urore cymmaphas
HOMHHAIIbHAS! YHEPTOEMKOCTh MOIITHOTO BBHICOKOBOJIBTHO-
ro reHeparopa Toka MCKyCCTBEHHOM MonHuM Tuna ['TM-
10/350 oxkassiBaeTcst mpuMepHO paBHoi 1,15 Mk [21].

Ha puc. 9 mpuBemeHa ocrmuiorpaMMa MOIIIHOTO
aneproMYECKOro HMMITYJbCa TOKa BPEMEHHOH (OpMBI
10/350 mxc ¢ HopmupoBanHbiMu ABII, nosiy4eHHoro B
CHWJIBHOTOYHOW Pa3psIHON LeNH BBICOKOBOJIBTHOTO T'€He-
patopa tuma ['TM-10/350 ¢ HU3KOOMHOW aKTHUBHO-
MHIYKTUBHOM Harpyskoi (R;~0,1 Owm; L;~1,5 MKI'H).
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Puc. 7. O6Gmuii BUJ MOIITHOTO BEICOKOBOJIBTHOTO CHIIBHOTOYHO-
r'0 reHepaTopa Toka UCKyccTBeHHOW MonHuu trna ['TM-10/350
(Ha mepeiHeM ITaHe HAXOMUTCS €ro paboymii CTON C pa3Me-
IIEHHBIM CBEPXY Ha HEM YINPABIIEMbIM BHICOKOBOJIBTHBIM TPEX-
IEKTPOAHBIM BO3JYIIHBIM KOMMYTAaTOPOM C Ipa)UTOBBIMU
9NIEKTPOIaMH Ha HampsbkeHue +50 kB u uMmynbeHBIN anepro-
JUYECKUH TOK MOJHUH aMIUTUTYI0i 10 +220 KA U UCTIBITHIBae-
MBIM 00pa31oM KabeIbHO-TIPOBOIHUKOBOH MIPOAYKIHH, a Ha
3aJHEM ILIaHE — 3IEKTPOTEXHUUECKUE DIIEMEHTHI 3apsiIHO-
Pa3paIHbIX LIENeH ero OTJeIbHbIX BHICOKOBOIBTHBIX IT'€HEpaTo-
pos umnyibcHbIX TokoB [UT-1, TUT-2, TUT-3 u IT'T-4) [21]

L31 40mkTH F1 F2 L41 7wmw
B i S——— r _ﬁf;i},,ﬁ
ixa

-

I
| ' I : ! | :
| | |1 | | | | |
|| I | L |
: B 2w ol BETEE L4 !
| 25 1 13 | 1 | | win | ‘ 15 |
MKTH MKTH MKTH | | mern |
| I I | \ R |
I T]R. IR 1T R, I Llotom | R4
| L10.057om | [ ]0,136 | | []0.375 \ \ 0,083
L Oom I om | | | | om |
| c3 ‘ c2 | C1 | | Rs | ca |
| T a3 | 132 | a8 | o158 | | 10,08 |
| med || wed | MKd | ‘ MOM | ‘ MO |
| L1 L |
| TWT-3 | | TMT2 || TWTA | | Jrewsal |

Puc. 8. DiexTpudeckue cXeMbl 3aMeIeHNUS CHIIBHOTOYHBIX pa3-
PSUTHBIX LETICH YeThIpEeX OTAENBHBIX BHICOKOBOJIBTHBIX T€HEpa-
topos ''T-1 —I''T-4 B cocTaBe MOIHOIO FreHEPATOPa UM-
nynbca Toka 10/350 Mxc uckyccTBenHO# MonHuK THna I'TM-
10/350, paboTaromux Ha oHy OOIIYIO IIEKTPUIECKyo R L; —
Harpy3ky (X1—X4 — TokonpoBoasIue NepeMbIYKH Pa3psiIHBIX
neneid [UT-1 —TUT-4; R1-R4, L1-L4 — coGCTBEHHBIE IIEKTPU-
yeckue nmapameTpsl neneit [UT-1 — TUT-4; L31, L41 — snek-
TpHUYECKHE NapaMeTps! GOPMUPYIOMNX PEAKTHBHBIX JIEMEHTOB
Jutst pa3psiHbIX nerneit reneparopos I'UT-3 u TUT-4) [21, 22]
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Puc. 9. Ocumiorpamma anepuon4eckoro UMITyJibca ToKa
OTPULIATEIBHON MOJISPHOCTH B CHIIbHOTOYHOM Pa3psIHON 1SN
BBICOKOBOJILTHOr0 renepatopa ' TM-10/350 ¢ aktuHO-
MHIYKTUBHOH Harpyskoi (R;=0,1 Om; L;~1,5 mxI's; Us; 3=—15 xB;
Us=—225 xB; 1,106 kA; J,~3,03-10° Ilx/OmM; g~52,2 Ki;
7~15 MKc; 7,340 MKc; MacITab o BepTukanu — 22,52
KA/kneTka; Macmrtad 1o ropu3oHTann — 50 MKc/kineTka) [22]

N3mepenne ABII aneproamyeckoro MMITyJIbCa TOKa
MCKYCCTBEHHOH MonHuu (cM. puc. 9), popmupyemoro B
paspsinHoi nenu reaeparopa ['TM-10/350, BBINONHATIOCH
C MOMOIIBI0 U3MEPUTEIHHOIO KOAKCHAJIBHOTO IIyHTa TH-
na IIK-300 (Ks=11261 A/B [17]) u undpoBoro 3anomu-
Haromero ocuwniorpada cepun Tektronix TDS 1012.
3apsannoe Hampsbkenue Ucy;=U; 3 OTpULATENBHOR MO-
JSIPHOCTU KOHJIEHCATOpOB Uil reneparopos I'MT-1 —
I'MT-3 B 3TOM ciy4ae coctaBisuio okono 15 kB, a 3apsn-
Hoe HamnpstkeHue Ucy=U;4 TOU K€ NOJSPHOCTH OTHEJIb-
HBIX KOHIECHCATOPOB Ay reHeparopa [UT-4 — 2,25 kB.

Ha puc. 10 npuBexeHs! pe3yapTaThl BO3ACUCTBHSA HA
CILTOIIHYIO aTIOMHHHEBYIO KTy CEIeHHeM 6 MM’ CETeBO-
ro npoBojia Mapku AITIIBHI2x6 ¢ MOTUBUHUIXIOPHIHON
m3orsinueit (I1BX) m3omsmuent anepnoudeckoro nMITyIIb-
ca TOKa KOPOTKOrO yJapa IpO30BOr0 paspsiiia BpeMEHHOU
thopmsr 17/265 mxc ¢ amruutynoii 7,/~83,8 KA, noxyues-
Horo B pa3psaHo# nenu ['TM-10/350 [23].

3%

Puc. 10. Pe3ynbTaThl 31€KTPOTEIIOBOrO ASHCTBUSA B pa3psAHON
LIeNIM TeHepaTopa TOKa UCKYCcCTBEHHON MonHuM tuna ['TM-
10/350 HOpMHPOBAHHOTO AEPUOANIECKOTO UMITYJIbCA TOKA

KOPOTKOTO yJiapa rpo30BOr0 pa3psna BpeMeHHOH Gopmsbr 17/265

MKC C aMITUTyA0# /,,~—83,8 KA Ha ONBITHBIN 00pa3el CeTeBOro

nposoaa Mapku AITTIBar2x6 ¢ I1BX uzomnsuueii u crutomHon
QATIOMHUHHUEBO JKUIION IONIEPEYHBIM CEYEHHEM 6O M2 [23]

W3 manubIX puc. 10 BUAHO, YTO ONBITHBIA 0Opa3el]
cereBoro nposoja mapku AIIIIBur2x6 ¢ IBX uzonsuu-
et (OM) ykazaHHOTO AJIEKTPOTEPMUYECKOTO BO3ICHCTBHS
HOpPMHPOBaHHOTO 10 [15, 16] ameproandecKoro IMIyiIhb-
ca TOKAa HCKYCCTBEHHOW MOJHHMM He BblIepxkai. Ero
CILIONIHAS KPYIJias aTOMHHHCBAS JKHIIA CCUCHHEM 6 MM
BMmecte ¢ ero [IBX uzossinueil u3-3a HaCTyIUIEHHUs B HEH
(>kmite) sIBIEHMs dJIeKTpuieckoro B3pbiBa (OB) monsepr-
JIUCh CYOJMMMAIMU M TIOJIHOMY pa3pyiieHuto. OTMETHM,
4yro OB ucneiTeiBaemMoro B paspsiaHoit nenu ['TM-10/350
Ha TEPMUYECKYIO) CTOMKOCTh K YKa3aHHOMY MOIIHOMY
UMIYJIbCY TOKA HCKYCCTBEHHOW MOJIHHUHU OIBITHOTO 00-
paslia CeTeBOro MpoBOjAa C TOKOHECYIIEH altoMUHUEBOM
YacThIO BBI3BIBACT 3aMETHYIO JeQOpPMAIUI0 BO3ACHUCT-
BYIOIIET0 Ha HETO UMITyJIbca TOKa. [Ipn 3TOM MPOUCXOTUT
YBEINYEHNE 3HAYCHUW T U YMEHBUICHWE 3HAYCHUH T),.
3apyOeKHBIX aHAJIOTOB MOIIHBIN BEICOKOBOJIBTHBINA T€HE-
parop Toka MojHMH THma ['TM-10/350 mo cxemam mo-
CTPOSHHS U CHHXPOHHM3AILMH MapajuieNbHON paboThl pa3-
panHbIX nenei yerbipex otaenbHbix ['UT, 3amacaemoii B
KOHJ/ICHCATOPHBIX OaTapesiX JJICKTPUYCCKOW JHEPruH,
(hopmupyeMbIM Ha R;L;-Harpy3ke HopMupoBaHHbIM ABIT
HMIIyJbca TOKa KOPOTKOTO yAapa TpOo30BOr0 paspsaia U
CBOEH CpaBHUTEIBHO HU3KOM CTOMMOCTH He umeer [21].

3. I'enepaTop CTaHAAPTHBIX KOMMYTALMOHHBIX
anepuoIMYeCKUX MMIIYJIbCOB HANPSIKEHUs] aMILINTY-
moii 1o £2 MB. [ ucpITaHAH 3IEKTPUIECKOI IPOYHO-
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CTH U30JSIIINHA OOBEKTOB HAa HAyYHO-IKCIIEPHMEHTAIEHOM
nmonurone HUITKW «Momaus» HTY «XITM» B 2012 r.
ObUT CO3/1aH MOIIHBIN T'eHepaTop KOMMYTAI[MOHHBIX MUM-
nynbcoB Hampspkenust (IKWH), no3sosmstommit dopmu-
pOBaTh Ha DIEKTPUYECKOM HAarpy3Ke ¢ eMKOCTHOW Xapak-
TEPUCTUKON (HarpuMmep, Ha HM30JIATOPax, BBICOKOBOJIBT-
HBIX BBOJAX, Pa3beIMHMUTEINNX, KOHJIECHCATOpax, TPaHC-
(dopmarTopax M Ip.) CTaHIAPTHBIC alepUOJUYECKUE HM-
ITyJTBCHl HANPSDKCHUS TTOJIOKUTENBFHON (OTpHLIATENTFHON)
HOJIAPHOCTH BpeMeHHOH (opmbl T,/7,~205 Mxc/1900 Mxkc,
rae T, 7, — COOTBETCTBEHHO BPEMs IOJBEMA U JJIUTEIIb-
HOCTh Ha ypoBHe 0,5U,, HMITyIIbCa HAMPSDKEHUS, [IPH UX
ammmutyzae U, no £2 MB [12, 24]. Ha puc. 11 npusenen
001U BUJI 3TOI'0 CBEPXBBICOKOBOJIETHOTO T'€HEepaTopa.

Puc. 11. O6umii Bux I'KWH-2, popMupyromero Ha UCIBITHI-
BaeMOM OOBEKTE HNEKTPOIHEPTETUKH CTAHJAPTHBIH KOMMYyTa-
LOHHBIH aNepuoINIeCKUH UMITYJIbC HAIPSHKEHUS BPEMEHHOI
dopmer T,/7,~205/1900 mxc ammmuty noit U, no 2 MB (cnpaBa

pasMelieH MoJiepHu3upoBanHblii reneparop ' MH-4, a cnesa
YCTaHOBJIEHA U30JISIIUOHHAS OIopa BeICOTOH 11 M ¢ Harpy3ou-
Holt eMkocTbio C/~13,3 H® Ha 3 MB, Kk BepxHEeMy OTCHLHAIIb-
HOMY 3JIEKTPOAY KOTOPOH noacoennHeHsl ot reneparopa 'MH-
4 popmupyromuii R~4,28 kKOM 1 OT Harpy304HOM EMKOCTH —

ToKoorpaHmuuBaronmii R~4,59 kOM pesuctopsr) [24]

Ha puc. 12 nokasaHa npHHIMNUAIBHAS SJIEKTpHUE-
CKasl cxeMa CBEpXBBICOKOBOJBTHOTrO reneparopa I'KNH-2,
coOpaHHOro Ha 0a3e HCIIOJb30BAHMSI MOJEPHH3HPOBAH-
Horo Hamu B 2012 r. ans nenell GopMUpOBaHUS Ha dIIEK-
TpodHepreTuyeckux oowvexTax ucnbitanuii (ON) cormac-
HO TpeOoBaHWi [12] cTaHAapTHOTO KOMMYTAIIMOHHOTO
arleproIMUECKOr0 HMITYJIbCa HANpsDKEHNS BPEMEHHOH
¢dopmer (250+50) Mkc/(2500+750) MKC TeHepaTopa HM-
mynscHBIX Hanpspkeanid (I'MH) sa HOMUHANMBHOE Hamps-
xerne 4 MB u 3amacaeMyro 3JeKTPUIECKYIO SHEPTHIO 10
1 MJ/Ix [25], HOCTpOEHHOTO Ha YKa3aHHOM IIOJINTOHE
(moneBoM cTeHze) uHCTUTYTa B 1970-X rogax mo Kiaccu-
yeckoil cxeme ApkaabeBa-Mapkca [26]. OTmeTuM, yTO
T'H-4 (cM. puc. 12) uMeer 3TaXepoyHyI0 KOHCTPYKITUIO
1 COIEPKUT 16 KacKaJoB, B COCTAaB KaXKAOTO M3 KOTOPBIX
(3a MCKIIIOYEHHEM MEepBOr0 OT 3eMJIM KacKaja) BXOIHT
OJVH HEYNpaBJsieMblH BO3IYLIHBIH JBYX3JIEKTPOIHBINA
1apoBOH pa3psaHuK F muamerpom 125 MM 1 BOCeMb BBI-
COKOBOJIBTHBIX KOHJICHCATOpOB C' B METAIUINIECKOM KOp-
myce KBMI'-125/1 (HomuHanmpHOE HampsbkeHue =125 kB;
eMKkocTh 1 Mk®) cobcTBEeHHOU pa3paboTku [25, 27].

ITepBsrii ot 3eMiu kackaa rerepatopa [ MTH-4 cHa6-
KEH BBICOKOBOJITHBIM YNPABISIEMBIM BO3IYIIHBIM TPEX-
3JEKTPOHBIM IIAPOBEIM Pa3pSIIHUKOM (TPUIaTpOHOM) F
auaMmerpoM 125 mm, 3amyckaeMbIM OT CHEIMaIbHOTO Te-
Heparopa myckoBbix wummynbcoB (I'TIM) cobcrBenHoi
paspaborkn HUIIKU «Momnusty HTY «XIIW», nonaro-
LIEr0 Ha 3JIEKTPOJbl TpUTaTpoHa [ 3aTyxaromye HM-

MyJIbChl MHKPOCEKYH/IHOW JUIMTEIbHOCTH, XapaKTepH-
3yIomIecs aMnJmTyz[oﬁ Hanpspkenns 10 =10 kB [28].
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Puc. 12. [IpunnunuanbHas 3JeKTpHYecKas CXeMa CBEPXBbICO-
koBoabTHOTO 'KNMH-2, cobpanHoro Ha 6a3e MOAEpHU3UPOBaH-
HOTO MOIIHOTO ABYyXNOJsipHOTO renepatopa 'MTH-4 Ha HOMu-
HaJNbHOE HampspkeHne 4 MB, mocoeIMHEHHOTO K Mpeiarae-
MoH cxeMe ()OPMHPOBAHUS CTAHJAPTHBIX KOMMYTAIIMOHHBIX
aIepHOINIECKIX UMITYIbCOB HanpspkeHus Ha O (nByxanek-
TPOJHOM CHCTEME «HUIIIA-IUIOCKOCTHY C JUIMHHBIM BO3YIIHBIM
Pa3psTHBIM IPOMEXYTKOM), COZIePIKAILeH TOTIOTHUTEILHBIN
paspsaaHblid pe3uctop Ry=R,1=32,7 kOm, Gpopmupyromuii pesu-
crop R=R¢~4,28 kOm, Harpy3ounyto emkocTs C=Cp=13,3 D
¥ TOKOOTPaHUYMBAIOIIHUH pe3ucTop R=R~4,59 kOwm [24]

MopnepuusupoBandbli Hamu [MH-4 B kaxnod w3
BETBEH 3apsaa MOJIOKHUTEIBHON M OTPULATENLHOM MOJISp-
HOCTEH 10 MOCTOSIHHOTO HanpsibkeHust +Uq~+U; KoHeHca-
TopoB C ¢ apdopoBeiME u30ssITOpaMu (cM. puc. 12) co-
JIEP>KUT BMECTO HU3KOOMHBIX 3apsITHBIX PE3UCTOPOB HO-
muHaoM 500 OM BBICOKOOMHBIE 3apsSTHBIE PE3UCTOPHI
R~=R;~30 xOmM mipu ux odmieM KomgecTse 32 miT.

Kaxnenii n3 16 xackamos 'MH-4 ma moMmHaAiIbHOE
Hanpspkerrne 250 kB cHaOXeH OJHUM YCHOKOWTEIHHBIM
pesuctopoM R =Ry=0,5 Om. IlapannensHblii 3apsy] KOH-
nercatopoB C B 'MTH-4 10 cCOOTBETCTBYIOIIErO MOCTOSH-
Horo Hamnpsbkenuss +U~+U; ocylecTBisercs OT IBYX
MOIIHBIX BBICOKOBOJBTHBIX 3apsaHbIX ycTpolicts I'KITH-2
4yepe3 4eThlpe LENOUYKU IMOCIEJOBAaTENbHO COEAUHEHHBIX
3apsaHbIX R—=R3~30 kOMm (110 16 mT. 11 KaxKa0i U3 IByX
Pa3HOMOJISIPHBIX BETBEH 3apsa) M JIBE LEMOYKH IOCIEN0-
BATENBHO COEIMHEHHBIX paspsagHbix R~R,~110 kOm
(1o 8 WT. B KOKOOH MPU CyMMapHOM pa3psIHOM COIpO-
tuBnenun ['MUH-4, paBHom 440 kOM) pe3ncTOpoB, Kaxk-
JbIIl M3 KOTOPBIX OBII paccunTaH Ha HOMUHAJIBHOE Ha-
npsokerne 500 kB. Ceepxy xonctpyknust I TH-4 comep-
JKUT INOAKIIOYEHHBIM K €ro paspsaHOd LeNu CTalbHOU
9KpaH NpsSMOYTONEHON (OPMBI C KPYIJIBIMH 3aKpaHHAMH,
K KOTOpPOMY TalbBaHUYECKHU MOJICOSIUHSAIOTCS yKa3aHHbIE
Ha puc. 12 Gpopmupyrommue 3neMeHnTs! 1 Tpedyemsie OM.

Ha puc. 13 nmpuBeneHa ocuuiiorpamma IOJIHOTO
CTaHJApTHOIO KOMMYTAI[IOHHOTO alepUOANYECKOr0 UM-
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IIyJbCa HANpPsDKCHUS IOJOXKUTEIBHOW IOJIIPHOCTH Bpe-
MeHHOH opmbl  T,/7,~205/1900 Mkc ¢ amIuIHTyIOM
U,~783,2 kB, noiy4eHHOro ¢ MOMOIIBIO pa3psja OMH-
CaHHOTO CBEPXBHICOKOBOJBTHOTO reHeparopa ' KITH-2 na
aneKkTpuueckyo Harpy3ky (OW), BBIOJHEHHYIO B BHIE
JUITMHHOTO BO3JIyIITHOTO MPOMEXYTKa (AJIMHOW OKOJIO 3 M)
B JIBYXJIEKTPOJHOI CHCTEME «HIJIa-INI0CKOCThY (puc. 14,
JUISL «UTJIBD» OB UCIIOJIB30BAaH CTAJILHOM CTEp)KEHb, a JUIs
«TUTOCKOCTHY — OLIMHKOBAHHBIE JILCTHI pa3MepoM 5x5 M).
Tek - o e @ 4cq Complete M Pos: 1.000ms CURSOR

: : : - : : : : Tvne

Source
CH1

Delta
1464

Cursar 1
.00

Cursar 2
146

CHT 7 140

CHT 5.00%Ey W 25008
Puc. 13. OcunnnorpaMmMa mojsHOro KOMMYTallMOHHOTO allepuo-
JIUYECKOTO UMITYJIbca HAMIPSHKSHUS TTOJIOKHUTEILHOHN TOJISPHO-
CTH Ha JBYXIJIEKTPOJHON CHCTEME «UTIIA-TNIOCKOCTE C JUTMHOM
BO3IyIIHOTO poMexyTKa B 3 M (Uz~+40 xB; U,~783,2 xB;
T=205 mxc; 7,71900 MKc; MacmTab no BepTHKamu — 268,2
kB/kierka; MaciuTab no ropusontanu — 250 mMrc/kierka) [29]

Puc. 14. O6mmit Bun OU — AByXd7I€KTPOIHON CHCTEMBI «HUTJIa-
IUIOCKOCTEY C JUIMHON BO3YIIHOTO IPOMEXKYTKA 3 M, K BEpXHEMY
ANIEKTPOJly KOTOpO¥ ranibBannuecku noacoeauuenst 'KUH-2 u
W3MEPUTEIbHBII OMUYECKUI AeUTENb UMITYJILCHOTO HalpshKe-
nust O/IH-2 Ha HoMuHANTBHOE HanpspkeHue £2,5 MB [29]

Otmertum, uto npu u3Mepenuun ABII xommyTarm-
OHHBIX HMITYJICOB HAaIpsHKEHUs] BpPEMEHHOH (opmbl
To/1,~205/1900 MKc, hopMUPYEMBIX B pa3psaHOI ILemu
I'KMH-2 na ykazanHom Bbimie Ha puc. 14 OU, Obum
MIPUMEHEHBI COTJIACOBAHHO BKIIIOYEHHBIH B M3MEPHUTEIb-
HYIO II€lIb CBEPXBBICOKOBOJBTHBINI OMHYECKHH JICTUTENb
uMmyascHOTO Hanpspkenus Tana OJIH-2 [29], umeromuit
koapdunmeHT aenenus K; = 53650, u 3KpaHUPOBAHHYIO
kabenpHy0 JuHWIO nepenaun or OV mone3Horo siex-
TPUYECKOTO CUTHAIA AIUHOW 10 60 M, M 3aITOMHHAIOIIHNA
uudpoBoii ocrmmtorpad Tektronix TDS 1012, pasme-
MEeHHBIA BAamu OoT paccmatpuBaemoro I'KMH-2 B 3a-
rIIyOJICHHOM 3KpaHWPOBAaHHOM M3MEPUTEIBHOM OyHKEpe.

Ha puc. 15 nokazana ocuuuiorpaMma Cpe3aHHOTO
Ha (poHTE KOMMYTALMOHHOTO alepHOIUYECKOr0 HM-
IyJbca HANpPsDKEHUS! TOJO0XKUTEIBHON IOJSIPHOCTH aM-
mmurynon  U,~=1030 kB, mnojiiydeHHOro ¢ MOMOLIbIO
I'KWH-2 npu 31eKTprdeckoM mpo0oe BO3AYITHON HU30IIs-

AU JUIMHOW 3 M B JIBYX3JIEKTPOJHOU pPaspsIHON CHCTEME
«HTIa-TIOCKOCThY, IPUBEICHHOH Ha puc. 14. BungHo, 9ro
B 3TOM clly4dae BpeMms ero cpesa coctaBisieT 7-~90 Mkc.

Tek. . i 4cq Complete M Pos: 200005 CURSOR
== T T T T T T T
: : : . : : Type
........................ Doninnaiiesiianiiond Souce
- CH1
Delta
: 1.2
...................... Cutsar 1
1 A 000y
........................ Cursor 2
: . z . : 132y
CH1 5.00%Ey M 50.0us CH1 .7 1.40%

Puc. 15. Ocimmiorpamma cpe3aHHOTO CBEPXBBICOKOTO KOMMYTa-
IMOHHOTO AIICPHOMIECKOT0 UMITYJIbCA HAPSHKEHHS OJIOXKHUTEIb-
HOM MOJIIPHOCTH Ha IBYXAJIEKTPOIAHON CHCTEME «HIJIA-TUIOCKOCTBY

¢ IUTMHO# BO3ayIIHOTO poMexyTka B 3 M (U;~+60 kB;
U,~=1030 kB; T¢=90 Mkc; maciitad no BepTukamm — 268,2
kB/knerka; MmacmTab mo ropuzontany — 50 Mxc/kietka) [29]

YkaxeM, 9TO U3 AaHHBIX puc. 13 u puc. 15 BbITeKa-
€T, 9TO Ha (QpoHTe reHepupyeMoro ¢ momornpo ['KITH-2
KOMMYTAIIMOHHOTO aNePHOANIECKOTO HMMITYJIbCa Hampsi-
KeHHs BpeMeHHOH (hopmel 7,/7,~205/1900 mxc Habmrona-
eTCSl MTMKOOOPa3HBI BCIUIECK JTUTEIHLHOCTBIO 10 7 MKC
[24], oOycinoBieHHBII OCOOEHHOCTBIO PabOTHI HCIIOJIb-
3yE€MOIo B HCIBITATEILHOU CXEME CBEPXBBICOKOBOJIBTHO-
ro redeparopa ['MH-4, cBsi3anHOI ¢ HajauuueM B HEM
HABEPXy CTANBHOrO YKPaHA-KPHIIIM ILIOMAIBI0 10 60 M
1 OBICTPBIM 3apsIOM-pa3psiIoM €ro IHapa3uTHOH 3JeK-
TPUYECKOW E€MKOCTH B TIpOIlecce MOLIHOTO paspsia Ha
(hopmupyromue 3IeKTpudeckue 3MemMenTsl 1 OU cornmac-
HO cXeMbl puc. 12 cuinoBeix KoHIeHcatopoB C=1 Md
Bcex kackamoB [MTH-4 (mpm eMKOCTH «B pa3psiae» 3TOro
I'MH, pasHoti pumepHo 0,125 Mk®) nipu cpabaThiBaHUN
€ro BBICOKOBOJIBTHBIX HMCKPOBBIX Pa3piagHUKOB F| u F.
3apy0OeKHBIX aHAJIOTOB MOIIHBIN CBEPXBBICOKOBOJIBTHBIN
réHeparop arncpuogndCCKuX KOMMYTAIIMOHHBIX HWMITYJIb-
coB HanpspkeHus: ' KIH-2 no cxemaMm mocTpoeHust CBOUX
3apsAIHO-pa3psIHBIX Leneil (KackaloB) MU HOPMHPOBAH-
HeIM ABII hopmupyemoro Ha 00beKTe HCIIBITAHUH CTaH-
JIApTHOTO aIepHOIMYECKOr0 KOMMYTAIIIOHHOTO UMITYJIb-
ca HanpspkeHus 250/2500 Mkc Ha ceromHs He uMmeeT [24].

4. I'enepatop TI-CS115 (NCSO08). [danHbI TeHe-
patop TpenHa3Ha4yeH JUIS IPOBEACHUS HCIBITAHUH CO-
craBHbIX yacteit OBBT Ha KOHIYKTHBHYIO BOCIPHUMYH-
BOCTh K MMITyJbCHBIM TokaMm Buma CS115 [9] u NCSO08
[7]. BBox ucneITatensHBIX TOKOB B O ocymecTBisercs
MyTeM HMX MOJAa4YM B XKIyThl Kabelel uepe3 MHKCKTOPHI.
OOwmuii BUJ JaHHOTO FeHepaTopa NPHUBEICH Ha puc. 16.

FULIE S AT

ATO ey "
40T 0hnc 00

Puc. 16. I'eneparop Tuna TI-CS115 (NCSO08), Boctipon3sBozas-
it Ha OU umnynscHbie Toku Buga CS115 [9] u NCSO08 [7]
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HcnbiTaTebHBIA UMITYJIBC TOKA, (OPMUPYEMBIH Tre-
HepatopoM tuna TI-CS115 (NCSO08) Ha anmektpudeckoi
Harpyske, IMeeT TpaIelUueBUAHYI0 (GOPMY CO BpEeMEHEM
Hapactanus pponra T2 Hc, BpeMeHeM cnana 1p=2 HC U
JUTMTENTFHOCTBIO TOpU30HTaIbHOTO yuacTka 7~30 Hc. Ha
puc. 17-19 nokaszaHbl TUIIOBBIE OCLMIIOTPAMMBI UCIIbITA-

Puc. 17. Tunoas ocuusuiorpaMma UcCIbl-
TaTeIBHOTO UMIyJbca Toka Buxa CS115
AMIUTUTYI0H 5 A MOJIOXKUTEIBFHOHN MOJSAP-
HOCTH, (HOPMHUPYEMOT0 TeHEPATOPOM THIIA

TI-CS115 (NCS08)

Puc. 18. Tumnosas ociusuiorpamma ucnbita- Puc. 19. Tunosast ocuiuiorpaMma 4acToThl

TENBbHOTO UMITyJIbca ToKa Buga CS115

aMIUIATYIOU 5 A OTpHULIaTeNIbHON MOJSIPHO- UMITyJbca Toka Buaa CS115, popmupyemo-

cTU, HOPMUPYEMOro I'eHEPaTOpPOM THIA
TI-CS115 (NCS08)

TEJILHOTO UMITyJIbCa TOKA TpeOyemoit o [9] popMbi.
Brixomubie xapaktepuctuku reHeparopa TI-CS115
(NCS08) npusezenbl B Ta0. 4. 3BeCTHBIX 3apyOCIKHBIX
aHAJIOTOB T€HEepaTOp UMITYJIbCHBIX TOKOB Buma CS115 [9]
u NCSO08 [7] mo ABII ucnbiTaTeNbHBIX UMITYJIHCOB TOKA
crnenuanbHoN hopMel (cM. puc. 17-19) He nmeer.

& = [Siglent o =]

; .
cienoBanus f=30 I' HCTIBITATEIBHOTO

ro reHeparopom tumna TI-CS115 (NCS08)

Tabmuna 4
PesynbTatel onpenenenus xapakrepuctuk reaeparopa TI-CS115(NCS08) B pexyMe U3MEPEHUsI €ro UMILyJIbCOB TOKa
TexHu4eCcKrEe XapaKTePUCTUKHI dopma
P P Cuna Toka ,, A T, e Tr, HC Tp, HC fr 1 P
BBIXOJJHOTO UMITyJIbCa TOKA UMITyJIbCa
TpebGoBanuss HOpMATUBHBIX
P P 5+1 He meHee 30 He| He 6onee 2 He | He Oonee 2 HC | 30 'nm + 3 ' | TpaneuneBumHasK

JIOKyMeHTOB [7, 9]
DakTHUUecKue 3HaYeHUS 15

. 540,06 32,8 1,92 1,92 29,9440,27 (TpaneuueBunHas
MOJIOKUTETFHOTO UMITYJIbCa
DakTHYecKue 3HAYCHUS IS

o8 540,07 32,6 1,96 1,84 29,94+0,36 [TpaneuueBugHas
OTPHULATEIHFHOTO UMITYJIECA
3akIrtoueHre 0 COOTBETCTBUU COOTBETCTBYET | COOTBETCTBYET | COOTBETCTBYET |COOTBETCTBYET |COOTBETCTBYET| COOTBETCTBYET

Ipumeuanue: T — NINTENBHOCTh TOPH30HTAIBHOIO YYacTKa HMIIyJIbCAa TOKa; Ir — BPEeMs HapacTaHUS (POHTA HMITyIIbCa TOKa;
Tp — BpemsI cTIaia MMITyJIbca TOKA; fr — 9acTOTa CIIEJOBAHUS UMITYyJIbCOB TOKA.

5. T'enepatop TI-CS116 (NCS09). OTOT BBICOKO-
YaCTOTHBIM Te€HepaTop MpenHa3HaueH JUId IPOBEIEHUS
ucIbITaHul cocTaBHbIX yacTeit OBBT Ha KOHAYKTUBHYIO
BOCIIPUMMYHUBOCTb K UMITYJICHBIM TOKaM Buaa CS116 [9]
n NCS09 [7] raxxe ciocodoM nogadn GOpMHUPYEMBIX UM
WCIIBITATEIBHBIX MMILYJIGCOB TOKA B JKI'YTHl MX KaOeiel
yepe3 WHKEKTOphL. [IpM 3TOM HMITyNIBCHI TOKAa HMMEET
(dopMmy 3aryxaromell CHHYCOHJBI, 4acToTa fy KOTOpOWM
Bapeupyercs B nuana3one ot 10 k' go 80 MI'm. 3Haue-
HUS CHJIBI TOKA 33Jal0TCSl B 3aBUCHMOCTH OT YacTOTHI f;
CHHYCOMIANBHBIX KOJNEOaHWH HMMITYJIbCHOTO TOKa. Jlek-
peMeHT KoJeOaHUI TOKa TaKKe PEriIaMEHTHPYETCsS Tpe-
6oBanusimu 1o [7, 9]. BHennuii Bua reneparopa tuna TI-
CS116 (NCS09) npusenen na puc. 20.

Puc. 20. O6uumii BUI BBICOKOYACTOTHOTO TeHeparopa tuna TI-
CS116 (NCS09) (1 — 6n0k F1; 2 — umxexrop 1G-3; 3 — 6ok
nmutanust DP; 4 — 6ok F2 ¢ BcraBienasiM Moxynem M10)

Brok-cxema moCTpoeHHs HAaHHOTO TeHepaTopa
MpeCTaBlieHa Ha puc. 21, a OCHOBHBIE TEXHIHUCCKHUE JTaH-

HBIE O IapaMeTpax TI'€HEpHPYEMOIr0 MM HMITYJIbCHOTO
TOKa NPUBEJICHBI B Ta0J. 5 1 6.

DP . > F1 1G-3
1
i
i
bemen- L) »| IG-80
Y 3 h
|M10| |M3D| |M60| |M80|

Puc. 21. biiok-cxema nocTpoeHus: BBICOKOUYaCTOTHOT'O T'eHepa-
topa Trna TI-CS116 (NCS09) (DP— 610k nuTaHus U ympasie-
Hust kKommyTaTopamu; F1 — 610k hopmupoBanus yactot ot 10
kI' 10 3 MI'n; F2— 610k opmupoBanus yactoT ot 10 MI'1t o

80 MI'; M 10 — cmennslii Mmoxyes yactotoit 10 MI'n; M30 —
CMEHHBIA MoAayJib yacToToit 30 MI'; M60 — cMeHHBIH MOay b
gacroroir 60 MI';; M80 — cmenHBIi Moayns yactoToi 80 MI'm;

IG-3 — umxekrop s gactot ot 10 kx['a mo 3 MI'; 1G-80 —
HHXeKTOp i yactot ot 10 MI'm no 80 MI'm)

OcuwiorpamMmsl  CHilbl TOKa [p IS HECKOJIBKUX
YacTOT fj M3 UX YKa3aHHOTO BBIIIE JUana3oHa MpeacTaB-
JeHsl Ha puc. 22-24. CpaBHEHHE TEXHMYECKUX TpeOoBa-
HUI HOpMaTHBHBIX okymeHToB (H) o [7, 9], npenbsis-
JSIEMBIX K OPMHUpPYEMBIM UMITysbcaM Toka, ¢ ABII rene-
PUPYEMBIX JaHHOH 3JIEKTPOYCTAHOBKOM MMITYJILCOB TOKA,
MOJTy4YEHHBIMH HaMHU B Iponecce Bepu(pHUKanuu HCIbITa-
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TCJIBHOT'O JJICKTPOTEXHUYECKOI'O O60py,HOBaHI/IH, OJHO-
3HAYHO YKa3bIBA€T HAa UX IMOJHOC COOTBCTCTBUE. YKa)KeM,
4YTO Ha CCroaHsA 3apy6e>1<Hblx aHaJIOroB BBICOKOYACTOT-

ublii renepatop TI-CS116 (NCS09) mo ABII dhopmupye-
MBIX HCIIBITATEIbHBIX UMITYJIHCOB TOKA TAKKE HE HMEET.

Tabmuma 5
3aBI/ICI/IMOCTI> IIMKOBOT'O 3HAYCHUS CHUJIBI I/IMHyJ'II)CHOl"O TOKa Ip OT €10 ‘{aCTOTBIfb
Hactora fo, 0,01 0,03 0,1 0,3 1 3 10 30 60 80
MI'g
Cwuna toka /p 1o
+ + + + + + + + + +
HIL[7 O A | 017002 034006 1402 |3+0,6| 10+2 1042 1042 10+2 541 | 3,8+0.8

TOJIOKUTEJIbHAA IMOJIAPHOCTH UMITYJIBCHOI'O TOKa

Citna Toka I 110 |0:101£0,002(0,3%0,001|1,01+0,013|3£0,08| 10,08+0,05| 10,08+0,009|10,08+0,05| 10,08+0,11 [5,04+0,04|3,840,02

pe3yJbTaTaMm
BepuQUKaIuy,

OTpHLaTEIbHAs IOJAPHOCTH UMITYJIBCHOT'O TOKa

A

0,101+0,002(0,3+0,003|1,01+0,007|3+0,08(10,08+0,04|10,08+0,009(10,08+0,05|10,08+0,008 |5,04+0,04|3,84+0,03

Tabnuua 6
3aBUCHMOCTb CHJIBI HMITYJIbCHOTO TOKA /p 11O LIUKJIaM OT YacTOTHI f
I/l 0 Yacrora fy, MI'1(
N (Homep 1mkna) HIL[7, 9] 001 | 003 [ 01 03 | 1 [ 3 ] 10 | 30 ] 60 [ 80
1/Ip o pe3ynpraTaM Bepudukanuu (/y — Tok N-ro nukia; /p — HOpMHUPOBAHHBIH TOK)
TIOJIOXKUTEJIbHAS TOJIAPHOCTh UMITYJIbCHOI'O TOKa
1 0r0.73 100,85 | 085 [ 080 | 081 [ 08 [ 073 [ 073 | 073 [ 073 [ 075 [ 074
OTpuLAaTCIbHAA NOJAPHOCTH UMITYJIbCHOT'O TOKa
085 ] 08 | 081 ] 08 [ 073 [ 073 ] 073 ] 0731075 ] 074
TIOJIOKUTEIIbHAS OJIAPHOCTh UMITYJILCHOI'O TOKa
2 0105310073 |_ 059 [ 060 | 058 | 065 [ 059 [ 054 | 059 [ 055 [ 054 [ 054
OTpHLATEIbHASA NOJSAPHOCTH UMITYJIbCHOI'O TOKa
059 ] 060 ] 058 ] 0,65 ] 059 [ 054 [ 059 | 055 | 054 | 054
TIOJIOXKUTEIIbHAS MOJIAPHOCTh UMITYJILCHOI'O TOKa
3 0103970062 | 040 | 043 [ 043 [ 049 | 048 | 044 [ 044 [ 039 [ 039 [ 040
OTpHLATEIbHASA NOJISAPHOCTH UMITYJIbCHOI'O TOKa
040 | 043 ] 043 | 049 [ 048 [ 044 | 044 | 039 | 039 | 040
TIOJIOKUTEIIbHAS MOJIAPHOCTL UMITYJIBCHOI'O TOKa
4 01028 7100,53 | 030 | 028 [ 029 [ 037 | 037 | 037 [ 035 [ 029 [ 029 [ 028
OTpHLATEIbHASA NOJSAPHOCTH UMITYJIbCHOI'O TOKa
030 | 028 ] 029 ] 037 ] 037 [ 037 [ 035 ] 029 | 029 | 028
Tsk¢.l'l_ o Sup M Por 332008 mstk*JL o Sup M Pof 33000 CURSOR Tek JL ® Sup M Pos: 35600 orson Tek ‘.I'L » s5tp M Pos: 35,6008 CURSOR
et iz q CriiE § it
w '\ = M\_ = ) =
NW/W avsaay . \/\[\M’\N\f: a5 4.__/\ p\/'\/\'_,./ erp .,,_\(! {\\/\ : o
@ | a || @
om-vz mlz \j cmz J Can«?
M1 (e W | P M1 CHA ™ =120 M 10.0ns CHA S a0V M 1S CHA S =30V
a o a o

Puc. 22. TUHOBBIE OCLMIUIOTPAMMBI HCTIBITATEIIBHOTO UMITYJIbC-
Horo Toka Buga CS116 wactotoit f;=1 MI'1 u ammumatyzoit 10 A
(a — monoxxurenbHas, 6 — OTPULATENBHAS TOJISIPHOCTH)

Puc. 24. Tunossle 0CHUIIIOrPAMMBI UCIIBITATEIBHOTO UMITYJIbCA
toka Buna CS116 gacroroii f,=80 MI'n u ammmtymo# 3,8 A
(a — moJNoXUTeNIbHAS, 6 — OTPULIATENBHAS TOJISIPHOCTH)

Tek T @ hcqComplete M Pos: 3520 R Tk *J'l_ @ Acq Complete M Pus: 35200 CURSOR .
* s ke 6. I'enepaTtop G-NCS10. JlaHHbIif reHepaTtop HM-
Cri IMyJbCOB TOKa MNpE€AHa3HAa4CH JisI MPOBCIACHUSA UCIIbITA-

H B W\“n

HuHM coctaBHbIX yacteii OBBT Ha MOJHUECTOWKOCTH IO
Bugy NCSI10 cornacHo pasgeny 3.25 crangapra HATO
AECTP-500: 2016 [7]. OOmmii BUI BBICOKOBOJLTHOTO

a2 a2 rereparopa G-NCS10 npuBeneH Ha puc. 25. ITOT reHe-
Mittes i 7 e Mt L -sha parop no3Bosier popmupoBars Ha OW MolIHBIN anepuo-
a 6 JIMYECKUH MMITYJIbC TOKa BpeMeHHOH (opmbl 50 mMrc/500

Puc. 23. Tunosbie 0CUMIUIOTPAMMBI UCTILITATEIIBHOTO UMITYJIBC-
Horo Toka Buza CS116 gactoroii f;=60 MI' 1 amruiutymoit 5 A
(a — nonoxxutesnbHas, 6 — OTpULATEIbHAS TOISIPHOCTH)

MKC cuiioil Toka 10 10 KA mpu HampsDKeHUU 3apsja ero
KOHJIeHcaTopHO# Oartapen 1o 2 kB. I'enepatop G-NCS10
OTJIMYAETCS OT CXEM 3apyOeXKHBIX JJIEKTPOIPHOOPOB I0-
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nobHoro kiacca [7] OpPUTHHAIBHOCTHIO KOHCTPYKIIUH
CBOMX 3apsAHO-Pa3psiIHBIX IIeNed U BBICOKUMHU YAEJb-
HbBIMU TCXHUYCCKHMU XAPAKTCPHUCTUKAMU Ha BBIXOJIC.
OTOT reHepaTop aHaJloroB 3a pyOekoM I0 CXeMam IIo-
CTPOEHHMsI CBOUX (DOPMHPYIOIIUX AIEKTPHUECKUX LIeNel 1
CPaBHHUTEIHFHO HU3KOW CTOMMOCTH Ha CETOJIHS HE MMEET.

Puc. 25. O0wmii Bus BBICOKOBOJIIBTHOTO FEHEPaTOpa UMITYJIbCOB
toka tumna G-NCS10, peanuzyromniero TpeOoBaHUS CTaHAAPTA
HATO AECTP-500: 2016 npu ucnbrranusx OBBT no Bumy

NCS10 (HUITIKU «Momaus» HTY «XIIW», . Xapekos, 2018 1.)

B umHcTHTyTE OBLIa paspaboraHa mareMaTHuecKas
MOJieNb OIIGHKM pacIpefesieHust 1Mo moBepxHocTH JIA
BEPOSATHOCTH IMOMaJaHus B Hero MoiHuu. IIpoBenena
9KCIIEPUMEHTANIbHAs anpo0anusi KOMIIBIOTEPHOM ITpo-
rpaMMBbl JUIs 3TOTO HAyYHOTO HANpPABICHHUS HA MOAEIH
camonera A320. Kaznpsl mpouecca Takux BBICOKOBOJIBT-
HbIX ucneiTanud JIA ¢ npumeHenueM renepatopa G-
NCS10 n uHBIX TeHEepaTOPOB MPEICTaBICHBI Ha pHC. 26.
B xo71e naHHBIX HCIBITAaHUHA YCTAaHOBJICHO, YTO PEKOMEH-
marmu gokymentoB CIIIA SAE ARP 5414 [30] u SAE
ARP 5416 [14] TpeOyioT yTOuHEHHs, OOYCIOBICHHOTO
OTIIMYUEM CTPUMEPHO-JHIEPHBIX IPOIECCOB HA pPEajb-
HbBIX ¥ MacmTabHeix OU. Perienue sToli 3amaun BaxxHO
He ToybKo st JIA, HO u ist apyrux obpasmos OBBT.

Puc. 26. Kanpsl u3 npoiecca 3KCIIepUMEHTaIBHOTO OIpeielie-
HUS BEPOSITHBIX MECT yiapa MOJIHUU B MOJIEJIb CaMoJieTa

B tabn. 7 mpencraBieH mepedeHb OCHOBHBIX BHIIOB
WCIBITAaHUH, KOTOPBIE PETIAMEHTHPYIOTCS CTaHAapTOM
HATO cornacHo [7], © BO3MOXXHOCTH WX peaH3alld B
HAallleM HHCTUTYTE C yYETOM NEePCIEKTHUBHBIX pa3paboTok,
3aBepIIeHUE KOTOPHIX 3ariaHupoBaHo Ha koHel 2020 r.

Tabnuua 7
HomenknaTypa uchbiTaHui 1 U3MepeHui (BHIOOpKa U3
tabma. 501-6 u 501-7 cranmapra AECTP-500: 2016 [7])

Bupn uc- Bup umat- Crenent,
e HasBanue A peanu3za-
MIBITAaHUH (hopmbl
UK
1 2 3 4
. Tonbko
Conducted Emissions, Power
NCEOT 11 cads, 30 Hz to 10 kHz Ml Tonxas
BBC
Conducted Emissions, Power
NCEO02 Leads, 10 kHz to 10 MHz Bcee Buner | Tlomnas
Conducted Emissions, Ex- Kpone
NCEO04 |ported Transients on Power P TonHas
Leads KocMoca
Conducted Emissions, Power, Kpone
NCEO5 |Control & Signal Leads, 30 O(I:) oca TonHas
Hz to 150 MHz oem
Conducted Susceptibility,
NCSO01 |Power Leads, 30 Hz to 150 Bcee Bunpr | Tlomnas
kHz
Conducted Susceptibility, Kpone
NCS02 |Control & Signal Leads, 20 KofMoca Tonnas
Hz to 50 kHz
Conducted Susceptibility,
NCS07 |Bulk Cable Injection, 10 kHz | Bce Buapr | ITonnas
to 200 MHz
Conducted Susceptibility, Kpome
NCS08 |Bulk Cable Injection, Impulse | kopabueii | ITonHas
Excitation u TJT
Conducted Susceptibility,
Damped Sinusoidal Tran-
NCS09 sients, Cables and Power Boe suner |- Tommas
Leads, 10 kHz to 100 MHz
Conducted Susceptibility, Toneko
NCSI10 Imported Lighting Transients BBC Hoxmas
- Tonbko
NCS12 Conducted. Sus_ceptlblhty, HazeMHble | [lonHas
Electrostatic Discharge
u BBC
Radiated Emissions, Magnetic| Kpowme
NREOT Tgicld, 30 Hz to 100 kHz kocmoca | LO7HAA
Radiated Emissions, Electric
NREO2 |pild, 10 kHz to 18 GHz | Be¢ Buawt | Jlo 6 T
Radiated Susceptibility, Mag- | Kpome
NRS01 netic Field, 30 Hz to 100 kHz | xocmoca Tommas
Radiated Susceptibility, Elec- Jo 6 I'T;
NRSO2 tic Field, 50 kHz to 40 GHz | 2% B4 | 710 50 B/t

Ipumeuanue: T1JI — mnopmBonmuwle nonku; BBC — BoeHHo-
BO3/YIIHBIE CHJIBI; BCE BUJIBI — BKIIOYAIOT HAABOJHbIE KOPAOIIH,
MOABOJHBIE JIOJKH; CYXOIIyTHBIE BOICKa, BOGHHO-BO3MYIIHEIE
CHJIBI; KOCMHYECKHE CHCTEMBI U CTAPTOBBIE KOMIIIEKCHI.

7. YcraHoBKa NI KOHTPOJISI COCTOSIHMSL JJICK-
TPO0E30MaCHOCTH W CHCTeM 3a3eMJIeHHs] 00bLeKTOB
3J1eKTPO3HEePreTHKH. [Ipy BBINOIHEHNH 3TOTO KOHTPOJIS
OIIPENEISIIOTCSl JJIEKTPUUECKHEe M TEXHOJOTMYECKHe Ma-
pametpsl 3Y TpeOyembix 3HEeproodwvekToB. K Takum ma-
paMeTpaM OTHOCSITCS: CONpOTHBIICHHE 3Y; HampspKEHHE
Ha 3VY; HanpshKeHHe NMPUKOCHOBEHHS M KOHCTPYKTHBHOE
ucnonuenue 3Y. [IpoBeaeHHBIN COTPYJHUKAMU UHCTHUTY-
Ta aHAJH3 10 pe3ysbTaTaM auarHoctuku 3Y Oomnee 1200
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SHEProoOHEKTOB YKpauHbI (B TOM uucie, 4eToipex ADC,
15 TOC, getpipex 'DC, 100 moacraHuii KjiaccoMm Ha-
npsokerns 220-750 kB, 900 moxactaHuumit xiaccoM Ha-
npspxenust 35-150 kB u ap.) nokasain, yto npu K3 B sHEp-
TOCUCTEME NPEBBINICHUE OOIMYCTUMOI'O 3HAYCHUA HaAIP-
JKESHUsI TIPUKOCHOBEHUS Ha 9HEProo0beKTax (PUKCHpyeTCs
Ha Oonee yeM 75 % moACTaHUMI KIACCOM HANpPsDKCHUS
110-750 xB. Hanbosnbiee pacrpocTpaHeHHE B MUPOBOH
MIPAaKTHKE KOHTPOJISI OE30MacHOH IKCILTyaTaluy 3JIEeKTPO-
YCTAHOBOK M TPU 3KCHEPUMEHTAIFHOM H3MEPEHHH Ha-
MIPSOKCHUS TIPUKOCHOBEHUSI HA SHEProOOBEKTaxX MOy
CII0C00, OCHOBAHHBIN Ha HCIOJIb30BAHUU «METOJA MaJo-
IO TOKa» C MOCJIEAYIOUIMM INPHUBEACHHEM H3MEPEHHOTO
HaIllpS’KCHUA NPUKOCHOBCHUSA IMPSAMO HPONOPLHUOHATIBHO
OTHOILIEHMIO peasbHOro Toka K3 Kk u3mMepuTensHOMy TOKY
Ha o0wekTe [31, 32]. CiocoO, OCHOBaHHBINA Ha MPUMEHE-
HUM JUIS YKa3aHHBIX IieJed HerocpeacTBeHHO Toka K3,
SIBJISIETCSl KpaliHE ONAacHBIM Kak JUIsl 3JIEKTPOooOOpyIoBa-
HUSI, TaK U JUIs 00CITY>KHUBAIOIIETO ero TeXIepCoHaIa.

B HUIIKN «Monuus» HTY «XIIW» Ha ceromus
YCIICIITHO BBIMOHSIOTCS AJIEKTPOPAOOTHI, HAIIPaBJICHHBIC
Ha TIOBBIIICHWE HAJCKHOCTH OKCIUIyaTallid MpPOMBIII-
JICHHBIX TPEANPUATHN, SHEPTOOOBEKTOB M TPAHCIIOPTHOM
HHQPACTPYKTYpPHI 3a cUeT pa3pabOTKH ONTUMAIBHBIX pe-
KOMEHJAIUH A1 MOJEpHU3aud uX 3Y Ha OCHOBE MPO-
BEJICHHS Ha JIEHCTBYIOIIMX B YKpauHe 3HEeproo0beKTax
SJIEKTPOMArHuTHOM auarHoctuku. C 3TOH I1eNbl0 B Ha-
mieM uHCTHTYTE B 1990-¢ rojip1 ObUT pa3paboTaH U CO3MaH
WU3MEPUTENBHBI KOMIUIEKC JJIsI TUarHOCTUKU COCTOSIHUS
3V sueproodwsekToB THna KJ[3-1, oCHOBHBIE TeXHHUYeE-
CKHE XapaKTEPUCTUKH KOTOPOTO ObUIM NpHUBeeHH! B [33].
B 2019 r. mHamu Op1 co3maH HOBBHIN mpubop MB 1000,
XapaKTEPUCTHKH KOTOPOTO (Tabil. §) COOTBETCTBYIOT MU-
POBOMY YPOBHIO IIO HOJIHOTE OXBaTa TpeOOBaHHWII CTaH-
nmaptoB MOK B wactu obecniedennst 6€30macHOM 3KCIITya-
TaIlH 3JIEKTpoycTaHOBOK [34]. OH mo3BoJseT ompene-
JIATh CONPOTUBIICHUS KOHTAKTHBIX coeauHeHud u 3V,
HarpsbkeHue Ha 3Y; HalpsDKeHUe L1ara; HanpspKeHUe Mpu-
KOCHOBEHHUSI ¥ TOIIOJIOTHIO PacroioxkeHust 3Y B IPyHTe.

Tabmuna 8
TexHuueckue XapakTepucTuky npudopa tTumna MB 1000
HaunmMeHoBaHue napameTpa 3HavyeHue

YacToTa reHepupyeMoro nepeMeHHOro 57+1;263+2;
HanpsDKEHHS U TOKa, [ 523+3;993+3

HMara3oH U3MEPEHHs TeHEPUPYEMOTo
A P pupy ot 0,5 1o 45
MIEPEMEHHOT0 HalpshkeHus1, B

Hara30H U3MEPEHHs TEHEPUPYEMOT0
A P pHpY ot 0,05 110 8,0
MIEPEMEHHOr0 TOKa, A
OTHOCHUTENIbHAS TOTPEIIHOCTD U3Mepe- L4
HUSI HapsDKeHHs (Toka), %, He 6onee

Ha puc. 27 npuBeneHa cxema M3MEPEHHUsT HaIpsDKe-
HUS TPUKOCHOBEHUSI C IOMOIIBIO 3TOHM ycTaHOoBKH. Co-
[JIACHO 3TOM CXeMe MOTEHUUAIBHBIA JIEKTPoa P J0IKeH
MMHTHPOBATh JIBE CTYITHU ueyioBeka. /Iyl 3Toro ucnolib-
3YIOT CHELHATbHBINA JJIEKTPOJ-IUIACTUHY C KOHTaKTHOM
TOBEPXHOCTBIO pa3MepoM (25%25) ev’. Jlns cosnanus Ha-
JIGKHOTO KOHTaKTa 3TOr0 JJIEKTpPoJa C 3eMIICH, Ha HEro
yCTaHaBJIMBAETCs TPy3 BecoM He MeHee 25 kr. BombTmerp
LIyHTHPYETCS PE3UCTOPOM C CONPOTHBIICHHEM Ry, KOTOpOE
JOJDKHO OBITH PaBHO COIPOTHBIICHHIO TeJa YeloBeKa (Kak
MIPaBWIIO, OHO TIpHHUMaeTcs paBHBIM okoimo 1000 Owm).

I'opu3oHTanBHOE paccTOsIHUE OT MECTa KOHTAaKTa CTyIHEH
YyeJoBeKa K IUIACTHHE [0 METAJUNIOKOHCTPYKIUH OOBEKTa
npuHuMaetcs pasHeM oT 0,8 M 110 1 M [32].

ToxoBsrit anektpon C (cM. puc. 27) OT MecTa u3Me-
pEeHUsl HaNpsDKEHHs TPUKOCHOBEHHWS pacliojiaraloT Ha
paccrosiuum, paBHoM (2-3)D, rne D — nuaronans 3Y. Ta-
KOE PacCcTOsIHUE OBUIO IPHUHSATO JUIS SKBHUBAIEHTHOTO OJI-
HopoaHoro rpyHTa 1o [31]. ['enepaTop moakio4yaeTcs K
obopynoBanuio u aekrpoay C, a BOIBTMETP BKIIOYAIOT
MEXAY MOTEHIMAIBHBIM 3JIEKTPOAOM U 000PYZOBAHUEM.
Jns MonmenupoBaHUs HanOoiee HEOIArONMpHATHBIX ce-
30HHBIX YCJIOBMH MECTO YCTAaHOBKH IOTCHIHAIBHOTO
anekTpoaa P yBnaxHsercs. M3MepeHHble 3Hau€HUs Ha-
NPsDKEHUsI TPUKOCHOBEHHS MPUBOJAT K PEabHOMY TOKY
K3 u cpaBHUBAIOT MONTy4eHHBIH Pe3ynbTaT C U3BECTHBIM
JIOITYCTMMBIM HOPMHPOBAHHBIM 3HAYEHUEM HAIIPSKESHUSL.

Lc=(2+3)D

MB1000

Puc. 27. Cxema u3smMepeHus HanpsHKEHUs IPUKOCHOBEHUS

Crenyer OTMETHTh TO, YTO yKa3aHHBII 3JIEKTPOIPH-
6op tnma MB 1000 mo3BOJISIET OINPENENATh TOMOJIOTHIO
pacmionoxxeHus 3Y 0e3 pacKphITHS TPYHTa B MECTE IIPO-
BeZieHUs paboT 1o ero (3roro 3Y) muarHoctuke (puc. 28).

earthing
H,-837 H=1674 H;=1872 H,=936
Ha=H,/2 Hy=H;/2

Puc. 28. Cxema onpezeneHus TONOJIOIUU pacnoioxkeHus 3Y
00BEKTa C MPUMEHEHHEM 3JIeKTpoycTaHoBKH THa MB 1000

Hcnonp3oBaHue HOBOTO 3JeKTpornpudopa thuma MB
1000 npu nuarHocTuke coCTosiHUS 3Y MO3BOJISET:
® TIOBBICUTH TOYHOCTH ONpEAeCHUs MapaMeTpoB 3Y
(nmorpemrHOCTE — 10 4 %, a y aranoros — 10 10 %);
® OKOHYATEJIbHO MepedTH B YKpaumHe K eBpOINercKoi
MOJIENIA OTIPE/ICICHUSI HOPMHPOBAHHBIX IapameTpoB 3Y
9HEProOoOBEKTOB, I/Ie TIABHBIMH MapaMEeTPaMH SBIISIOTCS
HaMPsKCHUE PUKOCHOBEHHUS M HATIPSKCHHUE 111ara;
® TIOBBICUTh HAJEKHOCTh PabOThI M 0E30MacHOCTh
IKCIUTyaTalluu JCUCTBYIOIIUX OTEYECTBEHHBIX 3JIEKTPH-
yeckux crauimii (TOC, AD3C, 'DC) u moacTanui;
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® MOBBICUTH  KOHKypeHTOocmocobuocts  HUIIKU
«Mounnus» HTY «XIIW» B YKkpauHe U BBIUTH Ha €BpO-
NEeHCKUN 3JEKTPOPBIHOK B YacTH AMArHOCTUKH 3Y (Tep-
BBIM IIIarOM JUIs JOCTHXKCHHUS MOJAO0OHOW KOMMEPUECKOM
el CTajio mpenacTabieHue npubopa MB 1000 Ha mex-
nyHapoaHoi Texamdeckoi BeictaBke «KENERGETAB» (T.
Benbcko-bsina (ITonpma), 17-19 cenrsaops 2019 1.)).

8. YcraHoBka [Js omnpeaejieHUs] MMITYJIbCHOTO
CONIPOTHBJIEHHS] MOJIHMEOTBO/IOB U OTIOP JIMHHUIA dJIeK-
Tponepeaauyu. B oTreuectBeHHOM A0KyMeHTe [35] oTCyT-
CTBYET IOHITHE UMITYJIbCHOTO comportusienus 3Y. On-
HaKo, B MEXXJIYHApOIHBIX TPeOOBAHUAX, B YACTHOCTHU CO-
rmacHo [15, 36], conpotuBienrne 3Y MOJHHEOTBOAOB U
OIIOp BO3JYLIHBIX JMHUIA 3JekTponepenayn (JIDI) ompe-
ACTIACTCA TTPpU ﬂeﬁCTBMH Ha HUX UMITYJIbCa TOKa C 3aJiaH-
HeIMU ABII kak oTHOLIEHHE MUKOBOTO 3HAYEHUS HAIps-
xeHus Ha 3Y K MUKOBOMY 3HAYE€HHIO TOKa, MPOTEKaroIle-
ro mo 3Y. B mupe cymectByer psg npuOOpOB, KOTOPEIE
TIO3BOJISIIOT ONPENEIISATh UMITYJIECHOE COTPOTHBIEHUE 3Y .
B [37] 6pur mpexncraBieH MOAPOOHBIN aHAIN3 CYIIECT-
BYIOIIUX MEPEHOCHBIX MPHOOPOB MOJOOHOTO HA3HAUCHUS,
cpenu KOTophix uMerorcs monbckue WG-407, WG-507 u
MRU-200, smonckuit PET-7, ZED-meter npou3BoacTsa
CIIA, yxpamnckmii MK-1Y u poccuiickuii n3MepuTenb
nmrenanca. Ilpu 3ToM ciiemyer OTMETHTH TO, YTO Cpean
HEepEeYCICHHBIX PHOOPOB BCETO TPH MO3BOJISIFOT IPOBO-
AUTb U3MCPCHUSA ITPU UMUTALIUN BO3]1€I7[CTBH${ Ha 3HCEPro-
00BEKTHI TPO30BBIX HMMITYJLCOB HANpPsDKEHHS (TOKa), a
nmenHo: WG-507 ¢ uMnysnbcoM HanpspkeHus (Toka) 4/10
Mkc, MRU-200 ¢ umnynbcamu HanpspkeHust (Toka) 4/10
Mkc 1 10/350 mxc u UK- 1V ¢ ummynscamu HarpsiKEHUS
(Toka) BpemenHoit ¢popmsl 1,2/50 mxc u 8/20 MKc.

B oroii cBsa3u cnenuanuctamu HUTIKUM «Monausy
HTY «XIIN» Ob11 yCOBEPIICHCTBOBAH CYIIECTBYIOIIUI
n3MepuTenbHbIi Komiuieke tuna UK-1VY 3a cuet «pacts-
KEHHsD» JUIMTENBbHOCTH TPeOyeMOoro HMITYJIbCa TOKa
10/350 Mkc B pexume (GopMHpPOBaHMS HMIYJbCa TOKa
8/20 MKC TIpU YMEHBIICHHWH €ro aMmMIumTyasl [37]. D10
OBUIO JOCTHTHYTO Pa3pabOTKOW HOBOTO (OPMHUPYIOIIETO
0JI0Ka M pacUIMpeHUEeM JHana3oHa M3MEpPEHUs] UMITYJIbC-
HOro BosbTMETpa. Kpome Toro, 3T0 1MO3BOIMIO MUHUMHU-
3MpOBaTh PAcXOJbl 3a CUET COXPAHEHHS OCHOBHBIX CXe-
MOTEXHHYECKNX pemreHnit reHeparopa WK-1Y. Bwibop
AJIEMEHTOB JJIsi HOBOW MPHUCTaBKH MpHOOpa OBLT orpere-
JIEH ¢ TIOMOIIBIO MPOTpaMMHOTo komiuiekca MicroCap B
peXMMe aHaluu3a INepexoAHbIX mporueccoB (Transient
Analysis) ¢ y4eTOM CYIIECTBYIOIIUX HOMHHAJIOB aKTHB-
HBIX U PEAaKTUBHBIX 3JIEMEHTOB. Pe3ynpTaTel Mopenupo-
BaHus paboThl komiuiekca UK-1V ¢ dpopmupyrommm 6110-
koM B pexxume 10/350 mic (puc. 29, a 1 6) MOKa3bIBAIOT
COOTBETCTBHE BPEMEHHBIX ITapaMeTpoB (hOpMHUPYEMOTO B
HEM HMMITyJIbCa TOKa HOPMaTUBHOMY JAOKYyMeHTY [15].

ITo pesynpraTaM IPOBEJEHHOTO MOJEIUPOBAHMS
OBUT co3MaH MakeT (GOPMHUPYIOMIEro OJOKa Ui HOBOTO
npubopa B BUAE IPUCTABKU K CYIIECTBYIOUIEMY KOM-
mwiekcy MK-1Y. Ha puc. 30 npuBeneHs! OCIAIUIOTPaMMBI
(GpoHTa M [UINTENBHOCTH TPO30BOTO alepPHOIMYECKOTO
umiyinbsca Toka 10/350 mxe, monmy4yaemoro B UK-1VY [37].

B 1abn. 9 mpuBeneHs! OCHOBHBIE TEXHHUYECKHE Xa-
PaKTEpPUCTHKU YCOBEPLICHCTBOBAHHOTO HM3MEPUTEIHHOTO
komruiekca MK-1Y ¢ HOBbIM (OpMUPYIOIIMM OJIOKOM.
ITocne moaepuuzanuu snekTpoycranoBka UK-1Y mo3so-

JISET BBINOJIHATH AMEKTpoAuarHocTuky 3Y u omop JIOII
TpeMsi BpeMEHHbIMH (OpMaMU HMITYJIbCOB HAIPSDKEHHS
(toxa) (1,2/50 mxc, 8/20 mkc u 10/350 MKc), 4To cymiecT-
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Puc. 29. Pe3ynbratsl MoaenupoBanus ais resepatopa UK-1Y
(poHTa aneproaUUECcKOro UMILYJIbca TOKA (@) U €ro JUINTEeIbHO-
ctu (6) B mporpaMmuoM komriniekce MicroCap [37]
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Puc. 30. OcunnorpaMmsl GppoHTa UMITYJIbCa TOKA (@) U €ro
IUTUTENBHOCTH (6) B peskuMe HOPMUPOBAHUS BPEeMEHHO# (op-
MeI 10/350 Mkc MoaepHU3UpOBaHHBIM KomIuiekcoM UK-1Y [37]

Tabnuua 9
Texnuueckue xapakrepuctuku kommiekca UK-1VY [37]
HanmenoBanue mapamerpa 3HaueHne

OpOHTHI NMITYJIECOB HANPSHKEHHS 1240.1:840.8:
u Toka (Ha yposusx 0,1-0,9 ot
€ro aMILTUTYIbI), MKC 10£2,0
JmUTenbHOCTH UMITYJIbCOB HaNPSKEHHS 50+ 5: 20 + 4-
1 Toka (Ha ypoBHe 0,5 0T UX aMIUTUTYIbI), T
MKC 350+35
MakcumanbsHast aMIIIATY/a IMITYJIECOB
HaIpsDKEHUS, TeHePHPYEMBIX I hopM
1,2/50 Mxc n 8/20 MKc (B pesxumMe 1000 (600)
10/350 mkc), B
Jluama3zoH U3MEpEHUH aMILTUTY bl ot 0.5 10 200
UMITYJIbCOB HampsbkeHus, B
MakcumanbsHast aMIIIATY /2 IMITYJIECOB
TOKa, reHepupyeMbIx as Gopm 1,2/50 mxc | 25 + 5 (1 +0,05)
u 8/20 mxc (B pexxume 10/350 mxc), A
JlnamnaszoH U3MEepEeHUH aMILTUTY bl o1 0.1 510 25
UMIIYJIbCOB TOKa, A i
OTHOCHTENbHAS OTPEUTHOCTD H3MEPEHUS 10
HanpspreHus (Toka) %, He Ooree
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MonepuuzupoBannbiii kommiueke UK-1Y ycnemHo
MPOIIeN TECTHPOBAHUE IIPH BHIMOJHEHUH JIIEKTpoMar-
HUTHOM IMarHOCTHKH coctosHus 3Y Ha Oosee yem 100
JIEHCTBYIOMNX AIIEKTPHYCCKUX MOACTAHIUAX Y KPAUHEL.

9. DJIeKTPONPHBOA U TOJeBble XapaKTePHCTHKHU
IJIs pemieHus 3aaa4 obecrnedyenus ero IMC. B nncTH-
TYTC IMOJJYYHJIO PA3BUTUE HOBOC HAYYHO-TEXHUYECKOC
HampaBJICHUE, CBA3aHHOE C Pa3pabOTKON M MCCIeI0BaHHU-
€M D3JIEKTPOIIPUBOAA HA OCHOBE JIMHEMHBIX JBUraTesei
(JIA) >7MeKTpOMarHWTHOTO ¥ HWHAYKTOPHOTO THIIOB, a
TakXXe BEHTHWJIbHO-UHAYKTOPHBIX MamuH (BUM) [38, 39].
IIpu npaktuueckom npumenenuu takux JIJI u BUIM B
COCTaBe JJIEKTPOIIPUBOAOB PA3IMYHBIX YCTPOUCTB M CHC-
TEeM OJHOHM M3 Ba)XHEWIIMX 3a7ad ABJsieTCsl oOecrieueHne
ux OMC. B 3Toii CBsI3M Ha MEPBBIN TUIaH BTN PabOTHI
T10 MCCJICIOBAHUIO IIEPEXOAHBIX AJIEKTPOMAarHUTHBIX IPO-
LIECCOB U pacueTy MarHUTHbIX nosiedd B JI/I u BUM. Jlns
MaTeMaTH4ecKOro MOJAEIHMPOBAHUS YKA3aHHBIX 3JIEKTPO-
MEXaHHYEeCKHUX CUCTEM HaMH ObUTH IPUMEHEHBI:

e MOJIETMpOBaHUE Ha OCHOBe perieHus nuddepenun-
IBHBIX YPABHEHUH AJIEKTPUUECKHX Lieren (as;

e MOJAEIMPOBAHUE HA OCHOBE M3BECTHBIX LIEMHO-
MOJIEBBIX MaTeMaTudeckux mozaeneit JI/{ u BUM,;

e MOJICIMPOBaHNE HAa OCHOBE I0JX0Ja 0000IIEHHOTO
ANEKTPOMEXAHUIECKOTO TPeodpa3oBaTes SJHEPTHUH.

IIpu ompeneneHun mMOJEBBIX XapakTepucTux JIJI
3IEKTPOMArHUTHOTO ¥ MHIYKTOPHOTO THUIIOB B HHCTUTYTE
OBUT UCIIONIB30BAaH M3BECTHBIH METOJl KOHEUHBIX 3JIEMEH-
TOB — OCHOBa MporpaMMHoro komiuiekca FEMM. Pe-
3yJIbTAaThl JAHHBIX MTOJIEBBIX PACUYETOB CTaJIM OPUEHTHPOM
mpu oreake nx OMC B cocTaBe MPHBOAA CTPEIOTHOTO
nepeBojia ISl KEJIEe3HOJAOPOXKHOro TpaHcmopTta [39].
[IpakTHyeckoe MpUMEHEHHE Pe3yTbTaTOB THX HCCIEHO-
BaHMH MO3BOJIUT pa3paboTaTh MEPHI MO CHIKEHUIO YPOB-
Hs 3MHCCUU PaJMONIOMEX, co3aaBaeMbix JIJI u nmpusectu
uX B cooTBeTcTBUE ¢ TpeOoBaHusimu [IpaBuima Nel0 OOH.

B0 paccunTano Takxe U MarHuTHoe nose JIJI un-
nykropHoro tumna [39]. Pa3spaboTaHHble MaTeMaTHUECKUE
MOZENU ¢ Hucnoyib3oBaHueM mnporpammbsl FEMM cranu
OCHOBOH Tpu pacueTHo orienke DMC atoro tuna JI/I.

W3 mpuBeneHHOTO 0030pa OTEYECTBEHHOTO MOIIIHO-
IO BBICOKOBOJIFTHOTO HCIBITATEIBHOTO 3IIEKTPOOOOPYHO-
BaHUS, PETHA3HAYEHHOTO ISl PEIICHUS 3a1a4d B 00IacTH
anekrpobesonacHocT, OMC © CTOHKOCTH OOBEKTOB
sHepretuku, OBBT, AT u PKT k mopaxaromemy Bo3aei-
CTBUIO Ha HUX CTAHAAPTHBIX allCPUOJUUYCCKHUX I'PO3OBBIX
AMIYJIHCOB TOKA, KOMMYTAIIHOHHBIX HWMITYJIbCOB HAIps-
JKEHHA U UHBIX CIICHHUAJIbHBIX (l)OpM HUMITYJIbCOB TOKa (Ha-
MIPSDKEHUST), CIEAYET TO, YTO PACCMOTPEHHbBIE OT/EIbHBIC
anekrpoycraHoBku HUIIKM «Momans» HTY «XIIN»,
peanusylomuye TpeOOBaHMUS MEXIAYHAPOAHBIX M HAIHO-
HaJIBHBIX HOPMATHUBHBIX AOKyMmeHToB [4-10, 13-16, 36],
XapaKTepU3yIOTCsl CPaBHUTEILHO HU3KOW CTOMMOCTBIO B
LIeJIOM, BBICOKOW YHU(HKAIHMEH KOMIUIEKTYIOIINX »iie-
MEHTOB ¥ TIPUMEHIEMBIX MaTepHaIOB, OPUTHHAILHOCTHIO
MMOCTPOEHMSI CHJIBHOTOYHBIX pa3psSAHBIX IeTell CBOMX
BBICOKOBOJIFTHBIX T€HEpPAaTOpPOB TOKa (HANPSDKEHHs) W
CXEM MX CHHXPOHHOTO MapaJUIeIIbHOTO IEKTPO3aIMycKa.

BoiBoabl. Pa3paboraHHble ¥ CO3MaHHBIE B paMKax
€IUHOTO DJIEKTpOoTexXHUYeckoro komiuiekca HUITKU
«Mouaus» HTY «XIIM» BbICOKOBOJIBTHBIE UCTIBITATENb-
Hble 3JekTpoycTaHoBku tuna YUTOM-1, I'TM-10/350,

I'KMH-2, TI-CS115 (NCSO08), TI-CS116 (NCS09), G-
NCS10, MB 1000 1 MK-1Y ciocoOHBI B COOTBETCTBHH C
TpeOoBaHMAMH HOpMaTUBHBIX AokymMeHTOoB CIIIA SAE
ARP 5412: 2013, SAE ARP 5414: 2013, SAE ARP 5416:
2013, RTCA DO-160G: 2011, BOEHHBIX CTaHIAPTOB
CIHA MIL-STD-464C: 2010, MIL-STD-461G: 2015,
cragnapros HATO AECTP-500: 2016, AECTP-250:
2014, mexxnyHaponnsix ctangaptos IEC 62305-1: 2010,
IEC 61024-1: 1990 n MexrocyaapCTBEHHOIO CTaHIapTa
I'OCT 1516.2-97 npoBoauTh HAaTYpHBIE HCHBITAHUS 00B-
€KTOB IPOMBIIIIEHHON SHEPreTHKN Ha 3JeKTpode3orac-
HOCTb M CTOMKOCTB K JICHCTBHIO CTAHIAPTHBIX allepHOIH-
YECKHX TPO30BBIX M KOMMYTAlMOHHBIX HMITYJIbCOB Ha-
MpsDKEHHs (TOKA) ¢ IEeNBI0 PEeaNbHOTO OTPENeNIeHUs yc-
TOWYIMBOCTH MX 3JEKTPOTEXHUYECKHX 3JIEMEHTOB M 3JICK-
TPUYIECKOH MPOYHOCTU UX HM3OJISILHHU, & TaKKe 0OBEKTOB
BOOPY>KEHHUSI 1 BOGHHON TEXHUKH, aBUALIMOHHOW U paKeT-
HO-KOCMHMYECKO TEXHUKH Ha DJIEKTPOMAarHUTHYIO CO-
BMECTUMOCTb U CTOMKOCTb IIPH JCHCTBUU HA HUX B COOT-
BETCTBUH C JCUCTBYIOIUMH MEXIYHApOIHBIMU TpeOoBa-
HUSIMH HOPMHPOBAHHBIX BBICOKOBOJIETHBIX HMITYJIECOB
TOKa MCKYCCTBEHHOH MOJIHHMH, a TaKXe WHBIX CHelrallb-
HBIX BPEMEHHBIX ()OPM UMIYIHCOB TOKA (HATIPSKCHHUS).

IIpumeuyanue. PaboTel mo pa3paboTke U CO3TAHHIO
BBICOKOBOJIBTHOTO HCIBITATENIHHOTO 3JIEKTPOOOOPYHOBa-
nHust B HUTIKU «Monnus» HTY «XIIW» npoBogunuck B
paMKax psia NPUKJIAAHBIX HAYYHO-TEXHHYECKHX IMPOEK-
TOB, (uHaHCHpyeMbIx MOH Vxpammsr: «Po3poOka Ta
JIOCITI/PKEHHST MAKETIB YIOCKOHAIEHHX TEXHIYHUX 3ac00iB
OJIMCKAaBKO3aXUCTy OO €KTIB aepOKOCMIYHOI TEXHIKN»
(Homep mepxkpeectparnii 0104U000447); «Po3podka Ta
JIOCITI/PKEHHSI MOJJIMBOCTI CTBOPEHHS ITOTYXHOI EJIeKT-
po(i3MUHOi YCTAHOBKH Il TeHEPYBaHHS IOBHOTO CTPY-
My OJINCKaBKH i BHUIPOOYBaHHS 00’ €KTIB eNEKTpOCHEepre-
TUKU Ha OJMCKaBKOCTIHKICTH» (HOMEp HAepxpeecTpaii
0106U012302); «3abe3neyeHHs] eHepreTHYHOI Oe3rneku
VYKkpaiHu nUIsIXOM TiABHUINEHHS HaJiifHOCTI poOOTH CTpa-
TETIYHUX EHEProo0’€KTiB B HOPMaJbHOMY Ta aBapiiiHHUX
pexxumax» (Homep naepkpeectpariii 0117U000534); «3a-
Oe3redyeH sl BiJIOBITHOCTI 030pOEHHS Ta BIHCHKOBOT TEX-
Hikd YKpaiHn cydacHuM BuUMoraMm ctanmapTiB HATO 3
€JIEKTPOMArHITHOI CyMICHOCTI» (HOMeEp neplKpeecTparil
0117U000533); «Po3pobka cucreM BHIIPOOYBaHb THIIO-
BUX BHIIB 030pOE€HHS Ta BiICBKOBOI TEXHIKM YKpaiHH 3a
crangapramu HATO 3 enexTpoMarHiTHOi CyMiCHOCTI»
(romep mepkpeectpartii 0119U002571).
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Analysis of characteristics and possibilities of high-voltage
electrical engineering complex Scientific-&-Research
Planning-&-Design Institute «Molniya» of NTU «KhPI»

for the tests of objects of energy, armament, aviation and
space-rocket technique on electric safety

and electromagnetic compatibility.

Purpose. Implementation of analysis of basic technical descrip-
tions and new possibilities of separate electric options of unique
high-voltage electrical engineering complex Scientific-&-
Research Planning-&-Design Institute «Molniyay of NTU
«KhPly, intended for testing objects of industrial energy (IE) on
electric safety, action on them of standard storm and intercon-
nect pulses of voltage (current), and also objects of armament
and military technique (OAMT), aviation (AT) and space-rocket

(SRT) technique on electromagnetic compatibility (EMC) and
resistibility at direct action on them of the rationed pulses of
current of artificial lightning and row of no-spread temporal
functions of pulses of current (high-voltage). Methodology.
Basis of the applied electrical engineering, electroenergy and
electromechanics, electrophysics bases of technique of high-
voltage and large pulse currents, bases of the applied instru-
ment-making, high-voltage measuring technique and standardi-
zation. Results. Description of basic technical descriptions and
new possibilities of component parts of unique high-voltage
electrical engineering complex Scientific-&-Research Planning-
&-Design Institute «Molniya» of NTU «KhPly, intended for
testing different objects of IE on electric safety, their resistibility
to direct (indirect) action of standard aperiodic storm and inter-
connect pulses of voltage (current), and also OAMT, AT and
SRT on EMC and resistibility to lightning at a direct action on
them of the rationed pulses of current of artificial lightning. It is
shown that these tests can be conducted in accordance with the
requirements of normative documents of the USA of SAE ARP
5412: 2013, SAE ARP 5414: 2013, SAE ARP 5416: 2013, RTCA
DO-160G: 2011, military Standards of the USA of MIL-STD-
464C: 2010, MIL-STD-461G: 2015, Standards of NATO
AECTP-500: 2016, AECTP-250: 2014, International Standards
of IEC 62305-1: 2010, IEC 61024-1: 1990 and intergovernmen-
tal Standard GOST 1516.2-97 on the domestic high-voltage
options of type of UITOM-1, GTM-10/350, GKIN-2, TI-CS115
(NCS08), TI-CS116 (NCS09), G-NCS10, MV 1000 and IK-1U
with the rationed descriptions. Examples and results of tests of
row of technical objects are resulted on indicated high-voltage
little- and heavy-current electric options. Originality. First in a
complex kind basic technical descriptions and proof-of-concept
possibilities of unique high-voltage electrical equipment of Sci-
entific-&-Research Planning-&-Design Institute «Molniyay» of
NTU «KhPIy are presented, being in Ukraine head organization
in area of development, creation and practical application of the
indicated high-voltage technique in behalf of domestic industries
of IE, airplane and rocket production, and also defense indus-
tries of industry. Practical value. Application of the described
domestic high-voltage proof-of-concept electrical equipment at
tests on electric safety, EMC and resistibility to lightning of
different objects of IE, OAMT, AT and SRT will be instrumental
in the increase of reliability of their functioning in the condi-
tions of striking (destabilizing) action on them of powerful elec-
tromagnetic hindrances of natural and artificial origin.
References 39, tables 9, figures 30.

Key words: high-voltage generators of voltage and current
pulses, objects of industrial energy, armament, aviation and
space-rocket technique, standards of tests, results of tests of
technical objects on electric safety, electromagnetic com-
patibility and resistibility to lightning.
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EnekmpoizonsayiiiHa ma kabenbHa mexHika
VK 621.319

doi: 10.20998/2074-272X.2020.4.07

I'.B. besnpospannux, O.A. [Tymkap

NIJIBUIIEHHA 3ABAJOCTIMKOCTI KABEJIIB 1151 CHACTEM
IMPOTUIIOXKEXKKHOI'O 3AXHUCTY

Hagedeno wacmomni 3anexcnocmi nepexionozo 3azacannua na oaudxcuvomy xinuyi ¢ 10, 30 ma 4-x napuux cumempuunux Ka-
oensax. Excnepumenmanvno 006e0eno, w0 CKpyuyeanna KoycHoi napu 3 pizHumu Kpokamu 3abe3neuye oinbui 6UcOKUil pisens
3asadocmiiikocmi Kaobenie Ha OCHOBI sumux nap. 3aCMOCYBAHHA 3A2AIbHOZ0 eKPAHY RPU3EOOUMDb 00 3MEHUEHHA eeKmpPoMa-
ZHIMHUX 6NIUGI6 Midc gumumu napamu Kadenro. /lianazon 3navenv nepexionozo 3amyxaHHa Ha OIUHCHLOMY KiHUI HA éepX-
Hilt pobouiii wacmomi 100 MI'y cmanosums 44 — 54 0b ma 46 — 58 0b 0na neekpanoeanozo ma eKpanoeanozo Kadenie 3 6u-
mumu napamu 6ionogiono. Epexm 3pocmanns xoeghiyiecnmy 3azacanna ma 6inouiuii po3Kuo napamempis 6niugy 00ymoenroe
Oinvut HCOPCMKI UMOZU 00 WINBHOCMI KOHCMPYKYIT Ma HAIAUWIMYEANb MEXHONO02IUHO020 NPOUECY 6UZOMOBIEHHA eKPAHO8A-
Hux kabenis. bi6n. 12, puc. 8.

Kniouoei crosa: cucreMH NPOTHIIOAKEKHOIO 3aXHCTY, €JIeKTPOMArHiTHUI BILIMB, NlepexiiHe 3aracaHHs Ha OJIMKHbOMY KiHI,
KpYy4eHi IapH, HeeKPAHOBaHMUIi i ekpaHoBaHuUii kalei, koedinieHT 3aracanns.

Ilpugedenvt wacmommnsvie 3a6UCUMOCIU NEPEXOOHO20 3amyxanusn Ha oauxcrnem Kouye ¢ 10, 30 u 4-x napuvix cummempuuHbvIX
Kabensx. IKcnepumeHmanbHo ROKA3AHO, YMO CKPYMKA KAXHCOOU NAPbL ¢ PA3HLIMU Wiazamu obecnequsaem bojiee 6blCOKUIL ypo-
6enb nomexoycmouuueocmu kabeneii ha ocnoge eumvix nap. Ilpumenenue obuieco IKpana npueooum K ymMeHbULeHUIO IJleK-
MPOMAZHUMHBIX GAUAHUL MeHcOy UMbIMU napamu Kabens. /Juanazon 3nauenuil nepexo0n020 3amyxanus Ha Gaudicnem Konye
Ha eepxneii padoueit wacmome 100 MI'y cocmaensem 44 — 54 05 u 46 — 58 0B 0nsa HeIKPAHUPOBANHO20 U IKPAHUPOBCAHHO20
Kabeneil ¢ gumMvIMU nAPaAMu cOOmMeencmeenno. Ihgpexm pocma KoIppuyuenma 3amyxanus u 601U pazopoc napamempos
GUAHUA 00YC06UEAIOM DOlee JHeecmKue mPedosanus K NAOMHOCMU KOHCIPYKUUL U HACMPOUKAM MEXHON02U1ecK020 npo-
uecca u3zomogieHuA IKPAnuposannvix kaoenei. butn. 12, puc. 8.

Kniouesvie cnosa: cucTeMbl NPOTHBONOKAPHON 3aIUTHI, 3JIEKTPOMATHUTHOE BJIMSIHUE, MEPEX0/IHOE 3aTyXaHHe HAa OJIMKHEM

KOHIIe, BUTBbIe Napbl, HEAKPAHUPOBAHHDIH H IKPAHUPOBAHHDII Ka6esin, KOAQPUIHEHT 3aTyXaHus.

Beryn. Cucremu MpoTHIOXKEKHOTO 3aXUCTy Ta I10-
KEHKHOT CHTHANI3alil pO3MIMPHIINCS Bifl TOCUTH ITPOCTUX
eNeKTPOMEXaHIYHIX MPUCTPOIB O CYYacHHX MIKpOIpo-
LIECOPHHUX TEXHOJIOTiH, AKi B 3HAYHIA Mipi YyTIUBI IO
€JIEKTPOMArHITHHUX 3aBajl. He3amexHo Bil MPUCTPOIB, IO
3aCTOCOBYIOTbCS, CHCTEMH IPOTHIIONKEKHOIO 3aXUCTY
BUKOPHCTOBYIOTHh Pi3HI iHTep(eHCH NPUCTPOiB 3B'S3KY.
CyuacHi TexHi4YHi 3aC00M TaKUX CHCTEM 3JIaTHI NpaloBa-
TH Ha NIBHIKOCTSAX Tepelayl JaHuX BiI JECATKIB JI0 CO-
TeHb KBiT/c 31 CKJIaIoBUMU [IU(POBOrO CUTHAIY B CIIEKT-
pi 9acToT 1Mo AekuTbkox nmecsaTkiB MIm. [lns mepenadi
LIMPOKOCMYTOBHX HU(POBHUX CHUTHAIIB HEOOXilHa BifMo-
BimHa KaOenmpHa iHPPACTPYKTypa, IO MMOBHHHA 3abe3Ie-
YUTH BUCOKI BUMOTH IO 3aBaJIOCTIHKOCTI MpH mepenadi
curHaiiB o kxabensim [1, 2]. OcHoBy Takoi iH(ppacTpyk-
TYpPH CTaHOBJISITH CyYacHI CUMETPW4HI Kabeii Ha OCHOBI
BuTHX nap [1, 2]. Ckpy4yBaHHs IPOBIIHUKIB B Mapu Npo-
BOJIUTHCS 3 METOIO MiJBHUILEHHS CTYIEHS 3B'S3Ky MiX
co0010 TPOBIAHUKIB OAHIE] Mapu 1 MOJAIBIIOTO 3MEH-
[ICHHS EJIEKTPOMATHITHUX NEPEIIKOJ B 30BHIMIHIX
IDKepes, a TAaKO)K B3a€EMHHX HaBEACHb NPH Nepenadi Iu-
(epeHmiabHUX CUTHATIB [3, 4].

Kabemni xaTeropii 5S¢ 3 MiTHIMH TPOBiTHUKAMH IITH-
POKO 3aCTOCOBYIOTECSI B CHCTEMax MPOTHUIIOKEKHOTO 3a-
XHUCTy, CTPYKTypOBaHMX KabenpHHX cucremax [3, 4] i
3a0e3neuyroTh nepenady HUQPOBUX CHTHANIB B CIIEKTpI
gactoT 10 100 MI'11 [5].

B Mipy 3pocTaHHsI LIBUIKOCTI Iepeaadi pa3oM 3 Io-
Tpebamu B 3abe3reueHHi TM(POBUX CUTHAIIIB 3pOCTAIOThH
3aBaJiu, SIK BCEPEMHI KaOemro, Tak i 330BHi [5, 6]. 3MeH-
LIEHHs PiBHSI €JIEKTPOMArHiTHUX 3aBaj] JIOCATAETHCS 3a-
BISIKM TIPUHIUIY 30a7TaHCOBAaHOI Tepenadi CHTHAJIB IO
mmapi BUTUX IPOBOZIB [5, 6].

Jns cumerpuyHOoi (30amaHcoBaHOi) Mapu IPHHIU-
MOBO Ba)KJIMBA BJIACTUBICTh CUMETPUYHOCTI, TOOTO OfHA-

KOBi (i3W4UHI Ta €JIEKTpUYHI BIACTHUBOCTI INpPSMOTO Ta
3BOPOTHOTO MPOBIJHMKIB. B iHIIOMY BHIIaZKy 3HauHO
3pOCTAlOTh CTPYMHU Ta HANPYTH MEPENIKOA, IO BHHHUKA-
10Th B mapi. CyTb CHUMETPUYHOCTI TOJSTAaE B TOMY, IO
CTPYMH Ta HANpPyTH, SKi HABOAATHCS, MAIOTh HPAKTHYHO
OJTHAKOB1 aMIUTITYIH Ta IPOTWIEKHI (azu, TOOTO KoMIIe-
HCYIOTh OAMH OfHE. Psin BaXnmuBHX mapamerpiB kKabemiB
MOB’5I3aHO 3 MEXaHI3MOM B3a€EMHHX BIUIMBIB MiXK IapaMH.
[MepexiaHi MepeIIKOAN € OCHOBHUM JKEPEIIOM LIYMIB, sIKi
3HWKYIOTh SIKICTh Ilepe/iaui CUrHajliB 1o kabemo. AKTya-
JBHICTB i€l MPOOJIEMH TIOCTIHHO 3pOCTae, ajpKe Mepexia-
Hi TEPeNIKOIN 3pPOCTAIOTh 31 30UIBIICHHSAM MIBHIKOCTI
nepesadi CUTHAJIB, a 3HAYHTH, 1 YaCcTOTH [5, 6].

IMocTanoBKa mpodaemu. 11 XxapakTepUCTUKU 3a-
BaJIOCTIIKOCTI KabemiB 3aCTOCOBYIOTHCS MapaMeTpu B3a-
€MHOTO BIUIMBY, 30KpeMa, IepexiHe 3aracaHHs Ha OJu-
xupoMy KiHli (NEXT — Near End CrossTalk) [5, 6]. [Ta-
paMeTpu BIUIMBY XapaKTEPU3YIOTh YAaCTKY €JIEKTPOMArHi-
THOI €Heprii CUrHaiy, sika MepexXoIUTh B €IeKTPOMArHiT-
He BUNpoMiHIoBaHHs. [lepexin enekTpoMarHiTHOI eHepril
3 OJIHI€T apH B iHILY MOB'A3aHO 3 €JIEKTPOMArHiTHOI B3a-
€MOJIIEr0 MiXk MapaMu kabedro [5-8].

[Mapamerp NEXT 3anexutsb BiJ KOHCTpyKLii kale-
JI10: KinbKocTi nmap (puc. 1), KpOKiB CKPYTKH, (QIyKTyarmin
TEOMETPHUYHUX PO3MIPIB CTPYMOIPOBIIHAX XKHI Ta TOB-
IIMHI 13011 BiTHOCHO HOPMOBAHHX 3HAYCHb B MEXKaX
noryckiB [8-11].

Ha puc. 1 HaBeneHO TepexiaHe 3aracaHHs Ha OJIMXK-
HBOMY KIiHIIl y BUTIAAi JiHIA piBEL B 30-M mapHOMY
(puc. 1,a) Ta 10-u napHomy (puc. 1,6) ekpaHOBaHUX CH-
METPUYHHUX KaOeysiX OJHAKOBOi JIOBXXMHM Ha YacTOTi
256 x['m: Nv — mapa, 1m0 BITUBaE (JKEpeao 3aBajin);
Np — napa, Ha Ky BILIMBAIOTH (IpuiiMay 3aBajiy).
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Just 30-1 napHOTO Kabesro napaMeTpy BIUIMBY YiTKO
PO3IIISIOTECS Ha TpU rpynu (mo3naueHo uudpamu I, 11,
IIl) (puc. l,a), B Mexax SIKHX MEpexXiJHe 3aracaHHs Ha
OMDKHBOMY KIHLI JUIS PSJOM PO3TAIllOBAHUX IMap — Haii-
MEHIIIE 1 CTAaHOBHUTH 65 1B, TOOTO B3a€MHI BILTMBU — Haii-
Oinbmi. [ns map 3 pi3HUX rpyn (HaHOILIBII BiIaNEHNX) —
NepexifiHe 3aracaHHsl JIOCUTh BHCOKe: csirae 90 i HaBiTh
100 ob.

Hns 10-tu mapHOTO Kabemio (puc. 1,0) mapamerpu
BIUTHBY — Oinbmmi. HalimeHIie 3Ha4eHHsT TIepexiqHoro 3a-
racaHus cTaHoBuTh 60 nb (Hampukiam, Mix mapamu 5 — 1
ta 8 — 7); Haiibinee — 80 ab (Mixk mapamu 5 — 9).

TPP-30x2-0,4 1=256 m =256 kHz
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Puc. 1. BIUIMB KOHCTPYKTUBHOTO BUKOHAHHS CUMETPHYHUX
Ka0eiB Ha MepexiHe 3aracaHHs Ha OJMVDKHBOMY KiHIIi

[TpyyrHa OBOTO MOJATAE B TOMY, IO B TAKOMY Ka-
Oeni mapm pos3TamoBaHi ONMHM3BKO OnHA A0 onHOI. Kpok
CKPYTKH B 5-TH Iapax — OJI1H, OJHAKOBHH VIS LKX T1ap, B
IHIIUX 5-TH — iHIIUEA (Y3rO/pKeHui), ale TaKoXK OIHAKO-
BUH 14 IUX 5-TH T1ap.

ITpn 3pocTaHHi 4YacTOTH HepexiJHe 3aracaHHs Ha
OMDKHBOMY KiHIII 3MeHIIyeThest (puc. 2), TOOTO piBeHb
3aBajl 3pOCTaE.

MeTo10 cTaTTi € OOIpYHTYBaHHS LUISXIB ITiJIBH-
IICHHS 3aBaJI0CTIMKOCTI KaOemiB Ha OCHOBI BUTHX Tap JJIs
CY4YacHHMX CHCTEM IPOTHIIOKEKHOTO 3aXUCTY 3 MOXKJIMBI-
CTIO Tiepenadi NU(POBUX CUTHAIIB B CIIEKTPI YacTOT J0
100 MI'm.

BB Kpoky cKpy4YyBaHHS Map Ka0eiaio Ha me-
pexiiHe 3aracaHHsi Ha OJMAKHbOMY KiHumi. Jlns 3MeH-
LICHHS eJIEKTPOMArHiTHOTO BIUIMBY B BHCOKOYaCTOTHOMY
Jiana3oHi MK mapaMu B kabelli 00OB'SI3KOBO 3aCTOCOBY-
€TBCSl CKPYYYBaHHS Map NPOBIJHHMKIB 3 PI3HUMH Y3ro-
JUKEHUMH Kpokamu [8]

£_2v +1

h;, h; — KpOKH CKpYTOK Hap, v i w — 11iJli MO3UTUBHI YHCIIa.

, (M

TPP-10x2-0,4 1=256 m =512 kHz

10
Np

6) yacrora 1024 k'

Puc. 2. [lunaMika 3MiHH IEpEXiAHOTO 3aracaHHs Ha OJIMKHbOMY
KiHIII BiJl 4acTOTH B GaraTormapHOMY CHMETPUYHOMY Kabei

[Ipu ckpydyBaHHI map B KabeJi ieanbHOi KOHCTPY-
KUii npu 3a0e3neyeHHi cTablIbHOCTI KPOKY CKpY4YyBaHHs
Ha BCil JOBKHHI €JICKTPUYHA 1 MarHiTHA CKJIAJ0BI BILIHU-
By 3MIHIOIOTh CBii 3HaK Ha MPOTWJIC)KHUH NTPH HE3MIHHO-
My IX 3HaY€HHI 110 MOYJIIO.

[epexinHe 3aracaHHs Ha ONMKHHOMY KIiHII B IIbOMY
BUTIAJIKy TIOMITHO MigBUIIyeThCs (KpuBa 3, puc. 3) i
CKJIAIAETHCS 3 TIEPEXiTHOTO 3aracaHHsI MiX HE CKpyYeHH-
MU mapamu (KpuBa 1) i TOJATKOBOTO MEpEeXiTHOTO 3ara-
CaHHA 3a pPaxyHOK CKpy4YyBaHHA IPOBIIHHKIB I1apu
(xpuBa 2, puc. 3).

100
NEXT, § |
dB 90 S
_—
80 [~
\\3
70
60,
——1 |
50 \\,\2‘
40 [~
— | —e—
30 —— 1
20 =
10 f, kHz

Puc. 3. BrutiB ckpy4yBaHHS IPOBIJIHHKIB Ha IIepeXigHe
3aracaHHs Ha OJVM)KHBOMY KiHIII B CHMETPHYHOI Tapu

[epexinHe 3aracaHHA U1 CKPY4YeHUX map THM Oi-
JBLIE, YUM MEHIIE KPOK CKPYTKH
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NEXT = 201@ w2l by 1)/ 7y [+ iy B+ (B —1)1,

A€ ¥; — KoeilieHT MOIIMPEHHS eNeKTPOMArHiTHOT XBHIII
(curHamy) B mapi 3 HAHMEHITNM KPOKOM, B SIKilf BH3HaYa-
€ThCs mepexigne 3aracanus, k = 0,2 + 0,8 — koedimieHT,
[0 3aJIeXKHUTH BiJ KOHCTPYKIIi KaOemo i po3TalryBaHHS
nap.

VY kabeni, M0 CKIamAEThess 3 N CKpydYeHHX Tap, 3a-
rajbHe YMCI0 KOMOIHALIM JaHIOTIB N,, 0 BILTUBAIOThH
OJIMH Ha OJTHE, CTAHOBUTH [§]

N-1
N,=2) (N-n). ()
n=1

Tak, B HeekpaHOBaHOMY KaOelli 3 4-Ma HeeKpaHOBa-
HUMH TIapaMu 3arajibHa KUIbKICTb JIAHIIOTIB, 110 BIIMBAE,
JopiBHIOE 12, mpu mpoMy 6 3 HUX — iHBEpCHi: iX BIUIMB
IICHTUYHUN TpssMoMy BIUTUBY KilbKiCTh JIAHITIOTIB, IO
BIUIMBAE, CTaHOBUTHME 6 (puc. 4). B Takomy BHIIaaKy B
Kaleli crocTepiraeTbes 6 3Ha4Y€Hb MEPEXiTHOTO 3aracaH-
HA Ha OmmwkHBOMY KiHHmI (puc. 5). B 30-u maphHomy
(puc. 1,a) — 435, B 10-u mapHOMY (puc. 1,6) —45.

I mapa

v
napa

Cur-v
Ri1v

Ci1 Cr-m
II mapa
Puc. 4. €mnicHi (Cry, Cri Crvs Cris Crrgys Cirgy) Ta aKTHBHI
(Rt Reop Rewws Ry Ririvs Rypy) CKIaI0Bi €IEKTPOMArHiTHHX
BIUTUBIB B 4-X MapHOMY HEEKpaHOBaHOMY Kabei

-

NEXT, dB
2

10 10° g 10
1008 - —

100r T - T T o]

f, MHz
Puc. 5. ExcriepiMeHTanbHi 4acTOTHI 3aJIEXHOCTI HEPEXiJHOTO
3aracaHHs Ha OJM)KHBOMY KiHII B 4-X TapHOMY HEEKpPaHOBAaHO-
My Kkabeni nosxuno0 100 M

CKkpy4yBaHHS KOXKHOI HapH 3 Pi3HUMH Y3TOJKECHU-
MU KpOoKaMH 3a0e3redye OuIbI BUCOKUI piBEHb Mepexil-
HOTO 3aracaHHs Ha ONIKHBOMY KiHIII MiX mapamu B 4-X
MApHOMY HEeKpaHOBaHOMY Kalexi B MOPIBHSHHI 3 eKpa-

HOBaHUM cuMeTpudHMM 10-u mapHuM kabenem (mopiB-
waite 3HadeHHs NEXT mns wactorn 1 MI'1t Ha puc. 6 Ta
puc. 2,6). Kpok ckpyTKHu B KaOeisx Ha OCHOBI BUTHX Map
3HaXOAMTHCA B Jiama3oHi Big 10 mo 25 mw, 110, npuHaii-
MHI, B 10 pa3iB MeHIle, HDK B OararonapHUX CHUMETpHY-
HUX Kabemsax [8].

UTP cat 5e f=1 MHz

4

Np  /(
8 B4
s B g
——=
2 =
6 /8 87 84 8
86 N
PN
2
11 2 Nv 3

Puc. 6. Jlinii piBHS epexiHOTO 3aracaHHs Ha OJIMKHBOMY
KiHIII B HEeKpaHOBaHOMY 4-X mapHoMy kabeuni Ha yactoTi | MI'n

[opiBHAHHSA 3HAYeHB MEPEXiMHOTO 3aracaHHi Ha
OJITHIM 9acTOTi ABOX KabeliB Pi3HOI JOBXKHHU LIJIKOM KO-
pekTHO. /[yt 1oBTOi JTiHIi B 006J1aCTi BUCOKOT YaCTOTH

a-1>65dB,
(me o — xoediuieHT 3aracaHHs CUTHATY NPH PO3IOBCIO-
JokeHi B kabeni (1b/M) noBxuHOIO / (M)), epexinHe 3ara-
CaHHS Ha OMIKHHOMY KiHIII PAKTUYHO HE 3aJIe)KUTH Bij
JIOBXKMHM JTiHii (Ka0elto), a 3aJIeKUTh TIJIBKU BiJl 9aCTOTH
[8]. Lle moB’s3aHO 3 THM, IO CTPYMH 3aBag 3 OKPEMHX
IITBHUIG MPUXOIATh HAa OJNVMKHIN KiHElh MpuiiMada 3a-
BaJy HACTUIBKU CIAOKMMH, IO MPAKTHYHO HE 301MIBIIY-
IOTb B3a€EMHOI'O BIIJIUBY MIX TapamMmu.

EdexkTnBHiCTh eKpaHyBaHHA Ta BIUIMB €KpaHa
Ha KoedimieHT 3aracaHHs kademro. s migBHICHHS
NepeXiTHOTO 3aracaHHs, 3HWKCHHS PiBHS BIACHOTO €JIeK-
TPOMAarHiTHOTO BHITPOMIHIOBAHHSI KOXKHOI CKpPy4eHOI ma-
pH Ta MiJBHIIEHHS IEPEIKOA03aXHUIIeHOCTI Kalbeilo B
3aJIeKHOCTI BiJl YMOB €KCIUTyaTallii 3aCTOCOBYIOTh €Kpa-
HyBaHHA [5, 10, 12]:

e 3arajbHE eKPaHyBaHHSA 4-X KPYUCHHX I1ap;

e iHIWBiZyalbHE €KpaHyBaHHA KOXKHOI mapu 0e3 3ara-
JBHOTO eKpaHyBaHHS BCiX 4-X map;

¢ iHIWBiZyaIbHE €KpaHyBaHHA KOXKHOI ITapH 3 3arajib-
HHUM €KpaHyBaHHSM BCiX 4-X map.

Haii6inpir po3noBclopkeHa KOHCTPYKLisl KabemiB -
13 3araJIbHAM eKpaHoM It 4-X KpydeHux map [5, 10] s
niarna3zony po6ounx gactor 100 MI'n. 3oBHimHI ekpaHu,
II0 HaKJIQJAI0Th Ha CEpIAEYHHMK 3 4-X map IOJOBXKHBO,
BHUTOTOBIISIIOTHCS 3 METANi30BaHOI allFOMiHIEM TOHKOI I10-
miMepHoi TIiBKK (amoMomomieTiiieHoBol). [lo ckmamy
IUTIBKOBOTO €KpaHy BBOOUTHCS TYIDKEHHH MiTHUHA abo
OITMHKOBAHWH APEHAXHUA MPOBITHUK aiameTpoM 0,5 MM,
o 3abe3neuye eNeKTpU4YHy Oe3mepepBHICTh eKpaHa MpH
BHIIAIKOBOMY PO3PHBI METAJIOILTIBKOBOTO EKpaHy IpH
NPOKJIA/ILI, MOHTaXI ¥ ekcrutyaTauii kabemo. Takuii ex-
paH 3a0e3neuye HajiliHE €KpaHyBaHHsS BiJl MarHiTHOI
CKJIAJIOBOI €JIeKTPOMArHiTHOI neperkou. s neperikoga
NPOSIBIISIETBCSL B [Jiara3oHi BUCOKMX YacTOT. MoKimBe
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3aCTOCYBaHHA JOJATKOBOTO €KpaHa y BHIVIAZAI OOIMJIeTeH-
HS, 0 3a0e3meuye 3aXucT map Kabemio B eNeKTPUIHNX
MEPEIIKO/, AKI MPOSBIISAIOTHECSA B Jliala30Hi OLIbII HHU3b-
KHAX YacTOT. 3aCTOCYBaHHS JBOIIAPOBHX CKpaHIB 3a0e3-
neyye HaJiliHe eKpaHyBaHHS y BChOMY Jiarna3oHi po0o-
YUX 4acTOT Kabemo [5].

ExpaHyBaHHS TPUBOAWTH MO MiJBHUIICHHS [epe-
[TKOJTO3aXUINECHOCTI Ka0eliB, M0 MiATBEPIKYEThCS pe-
3yJlbTaTaMH BHMIPIOBaHb IIEPEXiHOTO 3aracaHHs Ha
OMMKHBROMY KiHIII HEEKpaHOBAaHOTO (pHC. 7,a) Ta €KpPaHO-
BaHoro (puc. 7,0) xabeiniB ogHakoBoi qoBxuHU 100 M A71s
gactotu 100 MI'm.

UTP cat 5e 100 MHz
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Puc. 7. EQexTuBHICTS ekpaHyBaHHS KaOeJiB Ha OCHOBI
KPYYEHHX Iap B BUCOKOYACTOTHOMY Jliana3oHi

Pa3zom 3 TuM, HasBHICTH €KpaHy B KOHCTPYKIi Ka-
0eJro BIUIMBAE HA TIEPBUHHI NapaMeTpH Nepenayi: akTHB-
HUH omip R NPOBiAHUKIB apu, pobouy emHicTh C, IHIYK-
TUBHICTH L, aKTUBHY MPOBIAHICTH 130MsMii G 1, K HaCITi-
JIOK, Ha BTOPWMHHI NIapaMeTpH Iepeaadi: XBHIbOBHU OIIp
Z # xoedinient 3aracanus o (muB. popmyny (3), (puc. 8))
TIPH THX K€ iaMeTpax MPOBiTHUKIB, TOBIIWHI 1301 Ta
JIOITyCKax, IO 1 B HeeKpaHoBaHOMY kabemi [10, 11].

o =8,69- 5-\/§+§-\/Z , 1B/M. 3)
2 VL 2 \c

3pocranHs KkoedimieHTYy 3aracaHHS 4-X BUTHX Map
€KpaHOBaHOTO Kabenro (puc. 8, kpuBa 3) B IMOPiBHAHHI 3
HEeKpaHOBaHWM (puc. 8, KpuBa 2) y BChOMY Miana3oHi
poOOUYMX YACTOT, 110 OOYMOBJIEHO OUIBIIMMH 3HAYCHHS-
MH ONOPY MPOBITHHKIB Map Ta pob0o4oi eMHOCTI 3a paxy-
HOK IposiBY e(eKTy ONM3BbKOCTI eKpaHa, 3MEHIIYE 3arac
BIZIHOCHO BEPXHBOI I'paHHUIll 3Ha4eHb KOe]illieHTy 3ara-
canHs (puc. 8, kpuBa 1) B eKcrutyarariii kabemiB.

10

10° 10" f, MHz 10

a,dB/100 m

10
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o6

Puc. 8. lo BrMBY ekpaHyBaHHs Ha KOeillieHT 3aracaHHs B
niama3oHi poO0YMX 4acTOT KaOeJiB Ha OCHOBI BUTHX I1ap

3acTocyBaHHs Ka0eliB 3 eKpaHaMK BHUMarae o0OB'si-
3KOBOTO 1 sIKICHOTO 3a3emiieHHs. [Ipy HeHaxiliHOMY 3a3e-
MJIEHHI CTpyMHM 3aBaj OyayTh Oararopa3oBO HpOTIKaTH
M0 €KpaHy, YAaCTKOBO BiOMBAaIOYUCHh HAa HOro KIiHIIAX i
BUIIPOMIHIOIOYH €JIEKTPOMArHiTHI XBHWII B TpocTip. B
TaKOMY BHIIQJIKy €KpaH CTA€ BTOPHHHUM JDKEPEIOM BH-
MIPOMIHIOBaHHS — CBOEPITHOIO aHTEHOO [5, 6, 12]. V Ta-
KOMY BHIIQJIKy HE TIJIbKU 3aXHCT BUTOI Iapu BiJ BIUIUBY
30BHINIHIX Kepen Oyne HeeheKTUBHHM, ajie i 3HAYHO
301LIBIINTHCS €JICKTPOMATrHITHHI BILIMB KaOEI0 Ha iHIi,
MPOKJIa/IeH] 1opyY, Kabei Ta pi3Hi eJIEKTPOHHI MPHCTPOT,
1110 1Iepe0yBalOTh y TOMY 3K NPUMIILEHHI CUCTEMH TPOTH-
MOXKEXKHOTO 3aXUCTY.

BucHoBkmn.

ExcriepuMeHTaIbHO JOBEOEHO, IO CKPYyYyBaHHS
KOXKHOT Iapy 3 pi3HUMH Y3TOPKEHUMH KpOKaMH 3a0e3me-
4yye OUIbII BHCOKMH PIBEHb 3aBafOCTIHKOCTI B 4-X map-
HOMY HEEKpaHOBaHOMY KaOeJjli B IOPIBHSIHHI 3 eKpaHOBa-
HUM CHMETPUYHHMM OaraTomapHuUM KaOejeM 3a yMOBH
OJTHAKOBOi YacTOTH.

3acTocyBaHHSl 3arajbHOTO E€KpaHy IpPU3BOAUTE JI0
3MEHIIICHHS €JIEKTPOMArHiTHUX BIUIMBIB M BHUTHUMH Iia-
pamu kabemo. Jliama3oH 3Ha4YeHb IEPEXiTHOTO 3aTyXaHHS
Ha OMKHROMY KiHII Ha BEpXHiHM rpaHndHii pobodiil yac-
Toti 100 MI'y cranoButs 44 — 54 nb Tta 46 — 58 nb mia
HEEKpaHOBAHOTO Ta €KPaHOBAHOTO KaOeiB 3 BUTUMHU Ia-
paMu, KPOKU CKpy4YyBaHHS y KOTPHX OJIHAKOBI.

Edexr 3pocranns koedilieHTy 3aracaHHs Ta Ollib-
IIMA PO3KHUJ MapaMmeTpiB BIUIMBY OOYMOBIIOIOTH OUIBII
JKOPCTKI BUMOTH JI0 IIUIBHOCTI KOHCTPYKIII Ta Hajamry-
BaHb TEXHOJIOTIYHOTO IPOLIECY BUTOTOBJIICHHS €KpaHOBa-
HUX Ka0elliB 3 BATHMH ITapaMU.
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Increasing noise immunity of cables for fire protection
systems.

Introduction. Technical means of fire protection systems are
capable of operating at data rates from tens to hundreds of
Kbit/s with components of a digital signal in the frequency spec-
trum up to several tens of MHz. Appropriate cable infrastruc-
ture with a high level of noise immunity is required to transmit
broadband digital signals. Purpose. Substantiation of ways to
increase noise immunity of cables based on twisted pairs for
modern fire protection systems with the ability to transmit digi-
tal signals in the frequency spectrum up to 100 MHz. Methodol-
ogy. A comparison is made of the influence of the twisting step
of pairs in unshielded 4-pair and multi-pair shielded balanced
cables on the parameters of electromagnetic effects. It has been
experimentally shown that twisting each pair with different steps
provides a higher level of noise immunity of cables based on
twisted pairs. Practical value. The frequency dependencies of
the near end crosstalk in 10-, 30- and 4-pair balanced cables
are shown. The influence of the common shield on the attenua-
tion coefficient of the shielded 4-pair cable is established.
References 12, figures 8.

Key words: fire protection systems, electromagnetic influ-
ence, near end crosstalk, twisted pairs, unshielded and
shielded cables, attenuation coefficient.
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C. Djabali, T. Bouktir

SIMULTANEOUS ALLOCATION OF MULTIPLE DISTRIBUTED GENERATION AND
CAPACITORS IN RADIAL NETWORK USING GENETIC-SALP SWARM ALGORITHM

Purpose. In recent years, the problem of allocation of distributed generation and capacitors banks has received special attention
from many utilities and researchers. The present paper deals with single and simultaneous placement of dispersed generation and
capacitors banks in radial distribution network with different load levels: light, medium and peak using genetic-salp swarm
algorithm. The developed genetic-salp swarm algorithm (GA-SSA) hybrid optimization takes the system input variables of radial
distribution network to find the optimal solutions to maximize the benefits of their installation with minimum cost to minimize the
active and reactive power losses and improve the voltage profile. The validation of the proposed hybrid genetic-salp swarm
algorithm was carried out on IEEE 34-bus test systems and real Algerian distributed network of Djanet (far south of Algeria)
with 112-bus. The numerical results endorse the ability of the proposed algorithm to achieve a better results with higher accuracy
compared to the result obtained by salp swarm algorithm, genetic algorithm, particle swarm optimization and the hybrid particle
swarm optimization algorithms. References 27, tables 10, figures 12.

Key words: genetic algorithm, salp swarm algorithm, real power losses, distributed generation, capacitors.

Llenv. B nocnednue 200ul 3a0aua pazmeuieHus pacnpeoeneHHoll 2eHepauyuu u damapeii KOHOeHCAmMopo8 npueieKkaem o0codoe
GHUMAHUE MHO2UX OpP2AHU3AUUIL U ucciedoseameineil. B oannoil pabome paccmompenvl omoenvHoe u coeMecmuoe pameujeHue
pacnpeoeneHHoll zeHepauyuu U oamapeii KOHOEHCAMOpPos8 6 paoudanbHOll PACHPeOeIUmenbHol cemu npu pa3iuiHblX YPOGHAX
Hazpy3Ku: ciaoom, cpeoHem U RUKOGOM C UCNHOIb306AHUEM AN20PUMMA 2€HEMUYECKO20 poA canvhos (genetic-salp swarm
algorithm). Pa3pabomannsiii anzopumm 2uOpuUOHOll onmumusayuu 2eHemuydeckozo posa canvhoé (GA-SSA) ucnonv3yem
cucmemHple 6X00Hble NepemMeHHble PAOUAIbHON PACHPEOeIUMENbHO CemU 0N NOUCKA ONMUMAILHLIX PEUWeHUIl C Uelblo
MAKCUMU3AUUU  RPEUMYUIECIE UX YCMAHO6KU C MUHUMAILHBIMU 3AMPAMamu Ona MUHUMU3AUUU ROMEPb AKMUGHOU U
Peakmugnoii mowgHocmu u yayuuwienus npoguna nanpaycenus. Tecmuposanue npeonoNcenHO20 aNOPUMMA 2UOPUOHOT
ORMUMU3AUUU 2EHEMUYECKO20 POsl CANbHOE 0bLI0 NPo6edeHo Ha IKcnepumeHmanviulx 34-munnvix cucmemax IEEE u peanvnoii
112-munon anycupckoii pacnpedenennou cemu /Iyucanema (Kpaiinuii 102 Anncupa). Qucnennvle pezynvmamosl noomeepiicoarom
CHOCOOHOCMb NPEONONHCEHHO20 QNIZOPUMMA OOCMUZAMD JYHUUX Pe3YAbmamos ¢ 00buiell MOYHOCHbI0 NO CPAGHEHUIO C
Pe3yIbmamom, noiyyeHHbIM MEMOOOM POA CATIbNOG, 2EHEMUUECKUM ATIZOPUMMOM, ORMUMU3AUUEN POA YACIUY U AIZ0PUMMAMU
2ubpuonoii onmumuzayuu pos wacmuy. butn. 27, radn. 10, puc. 12.

Kniouesvie crosa: reHeTMYeCKHMil AJTOPUTM, AJTOPUTM POS CAJIbIOB, peajibHble MOTEPH MOIIHOCTH, paclpeejeHHast
reHepaunus, KOHJAEHCATOPbI.

Introduction. Radial distribution network provides a
link between high voltage transmission network and
consumer services. The operation and planning studies of a
distribution network require a steady state condition of the
system for various load demands [1]. Hence, the need for
flexibility of power systems is present. Energy savings and
environmental impact ave given impetus to the development
of distributed generation (DG), expected to play an
increasing role in the power system of the future. Because of
the penetration of DGs, the use of these sources in
distribution networks is increasing throughout the world [2].

In power systems, loss and reliability are two
significant points among several factors that can be
considered, especially in distribution systems. Actually two
of the most important DG profits are loss reduction and
reliability improvement [3]. Installation and operation of
DG units is one of the regulators politics in recent years to
reduce system losses and improve system efficiency [4].

Capacitors have been widely used in distribution
systems to achieve different objectives. The most
important are: improving the voltage profile and reducing
the power loss in the radial distribution system,
determining the optimal locations and sizes of capacitors.
[5]. DGs and capacitors used alone or simultaneously
with optimum installation and proper sizing have an
affecting on reducing network loss and improving voltage
profile, because the non-optimal location and size of
dispersed generation and capacitors can result in an
increase in system losses and costs.

The problem of optimal dispersed generation
location and sizing is divided into two sub problems,
where the optimal location for DG placement is the one
and how to select the most suitable size is the second.
Many researches were provided in recent years about
optimal placement and sizing of the capacitor and DGs
using different methaheuristic methods. Researchers have
developed many interesting methods and solutions. The
differences are about the problem, which is formulated,
methodology and assumptions being made. Some of the
methods mentioned in [6]. Simultaneous placement of
distributed generation (DG) and capacitor is considered in
radial distribution network with different load levels in
objective to reduce the active and reactive power loss, to
reduce the energy loss and improvement of voltage
profile. Again, several optimization algorithms have been
proposed such as Fuzzy-DE and Fuzzy-MAPSO methods
is proposed in [7], firefly algorithm (FA) [8-10], particle
swarm algorithm optimization (PSO) [11], discrete
particle swarm optimization (DPSO) [12], Grey Wolf
Optimizer (GWO) [13], genetic algorithm (GA) [14],
cuckoo search algorithm (CSA) [15], gravitational search
algorithm (GSA) [16], salp swarm algorithm (SSA) [17],
genetic moth swarm algorithm (GMSA) [18] and
biogeography-based optimization (BBO) [19].

A new combined algorithm is proposed to evaluate
the DG site and size in distribution network. The location
of DGs and capacitors banks is obtained by GA and its
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size is optimized by SSA. First the initial population for
equipment (DGs and capacitors) size an and location are
produced by random, then the load flow was run. Using
the given cost function and benefit’s was implemented to
optimize the size of DGs and capacitors which was
calculated by SSA for the known location. In the next
step, the new location of DG was calculated.

The results showed that the proposed combined
GA-SSA method is better than the GA and SSA in terms
of solution quality and number of iterations.

In this paper, DGs and fixed capacitors banks are
installed for two scenarios: singly and simultaneously to
minimize the required power transmission network, with
different load levels (light, medium and peak). Cost of
equipment and benefits are included in the objective
function. This algorithm is applied to the network IEEE-
34 bus test and the Algerian distributed network in Djanet
(City in Southern Algeria) with 112-bus.

Problem statement and formulation. The aim of
paper is to maximize the installation benefit of DGs and
capacitors and minimize active and reactive power losses
for operational powers of the installed equipment to have
the efficiency of the GA-SSA algorithm. The objective
function is given by the following function:

N N
F =max ) Benefit(i)—min Y  Cost(i), (1)
i=l i=l
where N is the number of equipment’s (DGS and
capacitors banks) installed in the radial distribution
network,
Npg
> Benefit(i) = BC + BE + BL+BR , Q)
i=1
where BC — benefit of cost reduction of active power
purchased; BE — benefit of energy loss reduction; BL —
benefit of power loss reduction; BR — reactive power loss
reduction benefit; Np; — the number of distributed generation

N Npg Nc

D Cost(i)= Y (DG (i)+ DG, (i) +Y_(cap (i) , (3)

i=1 i=1 i=l
where DG¢ — distributed generation installation cost;
DG,, — maintenance cost of DGs; cap. — capacitor
installation cost; N¢ — the number of capacitors banks.

Mathematical formulation of the total objective
function involves more than one objective function to be
optimized simultaneously.

It considers capacitor banks installation cost, active
power losses of transmission lines and the cost of
distributed generation sources.

The power demand is evaluated as

Npg
BC =) BCp(i), 4)
i=l
where BCj is the benefit of cost reduction of active power
purchased after DG installation.
The benefit of energy loss reduction is
N DG N C
BE = )" BEp(i)+ Y BE (i), 5)
i=l1 i=1
where BEp and BE, are the benefit of energy loss
reduction after DG installation and capacitor installation,
respectively.

The peak power loss reduction is one of the most
important effect of capacitor placements in distribution
network and can be computed as

Ne¢ Ne
BL=Cy-(QBLg(i)~ ) BL,()), (6)
i=1 i=1
where BLgp is the peak power loss in feeder before
capacitor installation (kW); BL, is the peak power loss in
feeder after capacitor installation (kW); C, is demand
reduction benefit rate ($/MW).
The reduction of reactive power loss benefit can be
calculated as

BR=Cgr(Oy -0, (7

where Q,, O, and Cp, are reactive power loss before
installation of equipment (kVar), reactive power loss after
installation of equipment (kVar), and worth of reactive
power ($/kVar) respectively.
The cost of capacitor installation is given by:
cap,. = Costc; -ney, ®)
where Costc; is the cost of i-th capacitor, n¢; is the number
of i-th capacitor.
The DG installation cost of distributed generation
can be formulated as following equation:
Npg
DG, = ZDGc,i ‘Kpg »
i=l
where Kpg is the size of DGs; DG,; is the installation
cost of i-th DGs.
The maintenance cost of distributed generation is
formulated as

(10)

NDG
DG, = Y DG, ;-Kpg
i=1
where DG,,; is the maintenance cost of i-th DGs.

Optimal location and sizing of DGs and capacitors.
The optimal location and sizing problems of distributed
generation and capacitors bank are bi-objective constrained
optimization problems that can be formulated as a mono-
objective constrained optimization problem. In this paper the
algorithm genetic-salp swarm has been developed for
solving the problems of optimal location and sizing of
distributed generation and capacitors banks in radial
distribution network by maximizing the benefits and
minimizing the costs of installation for reduce the active and
reactive power losses and improve the voltage profile.

Basic concepts of genetic algorithm. Genetic
algorithms are based on chromosomes and their natural
evolution. In this method, contrary to the analytical
methods, try and error, instead of working on an optimal
answer, they work on several answers that they call
«populations». These methods is based on the selection
mechanisms used by nature, according to which the most
fit individuals of a population are those that survive, by
adapting more easily to the changes that occur in their
environment. This technique has high efficiency in the
absence of specific information about the problem [21, 22].

The parameters of genetic algorithm are: population
size, reproduction probability, crossover probability and
mutation probability.

The pseudo code of the GA algorithm is given as
follows:

an
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Step 1: Initialize population in random fashion.

Step 2: Evaluate the population by calculating the
fitness of the individuals in the population.

Step 3: Perform selection operation.

Step 4: Perform crossover and mutation operation.

Step 5: Perform optimal search.

Step 6: Repeat step 2 — 5 until the GA is run for the
predetermined.

Step 7: Select the best chromosome.

Basic concepts of salp swarm algorithm. Salp
swarm algorithm (SSA) is a recently created bio-inspired
optimization algorithm presented in 2017, introduced by
Mirjalili et al. [23]. SSA mimics the swarming behavior
of salps in oceans especially the navigation and searching
for food sources. The salps are creatures living in seas and
oceans. They are similar to jellyfishes in their tissues and
movement towards the food sources [24]. Salps are
usually found in groups (swarms) called salp chains; each
salp chain contains a leader .The algorithm starts with
initializing a matrix with a dimension of ndim
representing salps’ positions, where #n is the number of
agents and dim is the number of variables to be designed.
After that, each salp position is updated according to
instructions received from the leader for swallowing the
best food (). The following equation is used for updating
the salps’ positions [25]:
| _{Fj +ey+((up—ly ey +1p )icy 2 0; -

Ey—ey+(up =1y )ea +1p ;)¢5 <0,

where x}

dimension; F; represents the best solution (i.e., food source)
in the j-th, Up ; and lb]. are the upper and lower bounds in

represents the position of the leader’s j-th

the j-th dimension respectively; variables ¢; and ¢, are
random numbers (c; plays a vital role in the performance of
SSA, since it is the only parameter that controls the balance
between exploration and exploitation).

As can be seen in [I2], ¢; is a time varying
parameter (depends on the iteration number) that allows
high exploration rates at the early stages of the
optimization process, while high exploitation rates are
allowed in the last stages. The coefficient is a very
significant parameter in SSA for the reason that it
maintains a balance between exploration and exploitation,
and it can be given by:

{3

¢ =2e L (13)
where / and L are the current iteration and the maximum
number of iterations respectively; ¢, is uniform random
numbers generated in the period [0, 1].

These variables indicate whether the next position in
the j-th dimension will be moved towards the +oo or —co in
addition to the step size. Newton’s law of motion [14],
was used to simulate updating the positions of the
followers

(14)

1_1(i i—l)
Xj—EXj‘FXj N

where i > 2 and xj
follower at the j-th dimension.
In SSA, the leader salp moves towards the food

source, whereas the followers move towards the leader.

depicts the position of the i-th

The food source position can be changed during the
process and then the leader will continue moving towards
the new food source position. The steps of this
optimization algorithm and its pseudo code are shown in
Algorithm 1 below.

Generate an initial population of salps randomly
x;(i=1,2, ..., n) considering upper bound u, and lower
bound /,

While (¢ < maximum number of iteration) do
Calculate the fitness function of each salp (f(x;)

Set the best salp to xp

Update the value of ¢; according to Eq. [13]

For (each salp (x;)) do

If x; is the leader then

Update the position of leading salp using Eq. [12]

Else

Update the position of the follower salp using Eq. [14]
End if

Update the position of the salp

End for

Update the position of the salps based on the upper and
lower bounds

End while

Return the best salp xpeq

Improvement method GA-SSA. This is a searching
technique developed for optimal location and sizing of
DG and capacitors. The problem consists of 2 parts. The
first is the optimal location of DG and capacitors and the
second is the optimal location. Result for the first part is
an integer, which is either a bus number where DGs and
capacitors are suggested to be installed. This needs an
integer-based optimization algorithm. GA has been
chosen to play this role because of its attractive quality.
The answer obtained from GA solution is used in SSA
algorithm to optimize the sizing for DG. SSA has the fast
convergence ability, which is a great attractive property
for a large iterative and time consuming problem.
Therefore the algorithm is recovered in 16 steps:

Step 1: Read data from network (R, X, PLoad,
QLoad).

Step 2: Determine the number of chromosomes,
generation, and mutation rate and crossover rate value.

Step 3: Initial set of random size of DG and
capacitors.

Step 4: Initial set of random location of DG and
capacitors.

Step 5: Calculate the objective values (Parts of
objective function in different load levels).

Step 6: Calculate the loss of active and reactive
power losses in different load levels .

Step 7: Using SSA to calculate fitness for optimal
sizing of DG and capacitors.

Step 8: Evaluation of fitness value of chromosomes
by calculating objective function.

Step 9: Using GA to calculate fitness for optimal
sitting of DG (Selection — Crossover — Mutation).

Step 10: Calculate the objective values (Parts of
objective function in different load levels).

Step 11: Calculate the loss of active and reactive
power losses in different load levels.

Step 12: Using SSA to calculate fitness for optimal
sizing of DG and capacitors.
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Step 13: Searching for best solution.

Step 14: Check the stop Criterion.

Step 15: If the stopping criteria is satisfied then stop,
else go to step 5.

Step 16: Best solution.

Simulations and results. The hybrid GA-SSA
technique for optimal location and sizing of DGs and
capacitors have been implemented in MATLAB 7.10
programming language and the simulation conducted on a
computer Core (TM) i5 a 1.90 GHz with 8 Go RAM. This
algorithm tested in IEEE 34-bus [20] radial distribution
system and the real network 112-bus radial distribution
system [26] shown in Fig. 1 and Fig. 2 respectively.

16
15 30
14 29
13 28

1234 56 7 ?9101112
L | | L
O B N =
17 31
18 32
19 33
20 3.
21 A

IR 1]
27 26 25 24 23 22

Fig. 1. IEEE 34-Bus test system
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Fig. 2. Real network 112-bus

IEEE 34-Bus radial distribution network. The
active and reactive power demand in peak load are
11303 KW and 7044.2 KVar respectively. The capacitors
are installed in the system such that the reactive power
generated by the maximum total capacity does not exceed
20% of the reactive power in peak load [27]. That
corresponds to reactive power 1408.84 KVar. We
therefore chose to install 7 capacitors with 200 KVar each
one at optimal locations in order to maximize the
objective function equation [1].

Three different load levels are considered in this
paper: light, medium and peak load. The load growth rate
is considered 1 % in each year. Tables 1 shows technical
and commercial information of 3 load duration (h/year)
and electricity market price (§/MWh) and Table 2 shows
the parts of the objective function.

Now, in order to minimize active and reactive power
losses and improve the voltage profile, 4 cases are
considered. Figure 3 shows the locations and sizes of the
capacitor banks as well as the distributed generators used
for the 4 cases which are as follows:

e Case 1: without installing equipment’s.

e Case 2: only 7 capacitors of 200 KVar are optimally
placed at bus 3, 7, 10, 15, 24, 31 and 34.

e Case 3: only 5 DGs are installed. 4 DGs are
optimally placed at bus 4, 8, 22 and 24 with capacity of
500 KW, and one DG at bus 33 with capacity of 250 KW.

e Case 4: 5 DGs and 7 capacitors are installed
simultaneously with same optimal placement.

Table 1
Technical and commercial information
of load and electricity market price
. Time duration Market price
Network condition (h/year) (S/MWh)

Light load 2190 35

Medium load 4745 49

Peak load 1825 70

Table 2
Parts of objective function in different load levels
Economical cost Network condition | Costs ($)

Capacitor installation cost 14000
DG installation cost Light load 397500
DG maintenance cost 15330
Total 426830
Capacitor installation cost 14000
DG installation cost Medium load 397500
DG maintenance cost 33215
Total 444715
Capacitor installation cost 14000
DG installation cost Peak load 397500
DG maintenance cost 12775
Total 424275

1 DG{EW) Ml Capacitors (KVar)

Bus Number 33 34

Fig. 3. Location and size of DGs and capacitors
installed in IEEE 34-Bus

The optimum sizes of DGs placed respectively at
optimal bus, obtained to minimize active and reactive
power losses and improve the voltage profile are:

e in case 3 DGs values are determined as 412.19 KW,
86.53 KW, 431.82 KW, 463.02 and 88.14 KW but the
optimal size of all DGs in case 4 are 405.06 KW,
151.21 KW, 252.43 KW, 355.50 and 76.27 KW in bus 4,
8,22, 24 and 33 respectively.

These results are presented in Fig. 4.

DGs size (KW
& ) = B DGs size in case 3

DGs size in case 4

|ﬂ n.j']g

Bus Number
Fig. 4. Location and size of DGs in case 3 and 4
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Table 3 represents the loss of active and reactive
power in the 4 cases considered with the 3 load levels:
light, medium and peak load.

Table 3
The loss of active and reactive power in the four cases
considered with the three load levels

Load Active power | Reactive power
level losses (kW) losses (KVar)
Light load| 512.6674 140.9201
Without | Medium | = ¢, 53 176.4590
equipment’s load
Peak load 1136.6012 311.7137
Light load| 498.2234 116.5629
Withonly ) Medium | 50, 55, 132.0432
capacitors load
Peak load| 1005.4012 282.4204
Light load 267.3280 59.5580
With DGs only Mlef;gm 270.2497 61.4683
Peak load 676.1747 189.2695
Light load| 178.9525 42.7015
With DGs and | Medium | 5 4563 509711
capacitors load
Peak load|  358.9739 96.3500

Note that for Case 2, the loss of active and reactive
power are reduced by 2.81 %, 11.63 %, 11.54 % (Table 4)
and 17.28 %, 25.17 %, 9.39 % (Table 5), respectively, and
for 3 load levels respectively as compared with the case 1.

Case 3, the loss of active and reactive power are
more reduced than the case 2 of 47.85 %, 57.92 %,
40.50 % (Table 4) and 57.73 %, 65.16 %, 39.28 %
(Table 5) respectively, and three load levels respectively
as compared to the case 1.

Case 4, the loss of active and reactive power are
even more reduced than cases 2 and 3, 65.09 %, 68.01 %,
68.42 % (Table 4) and 69.70 %, 71.11 %, 69.09 %
(Table 5), respectively and for 3 load levels respectively
as compared to the case 1.

Table 4
Benefits of active power losses reduction
Light load Medium load Peak load
Case 2 2.81 % 11.63 % 11.54 %
Case 3 47.85 % 57.92 % 40.50 %
Case 4 65.09 % 68.01 % 68.42 %
Table 5
Benefits of reactive power losses reduction
Light load Medium load Peak load
Case 2 17.28 % 25.17 % 9.39 %
Case 3 57.73 % 65.16 % 39.28 %
Case 4 69.70 % 71.11 % 69.09 %

Table 6 represents a comparative study between the
results obtained by the proposed algorithm GA-SSA and
those obtained by SSA, GA, PSO (particle swarm
optimization) and the HPSO (hybrid particle swarm
optimization) algorithms [27].

Table 6
Comparative study in medium load
Size GA-SSA| GA SSA PSO | HPSO
DG size
in total (kW) 1240.47 [1423.78|1283.14|1653.62|1493.56
Capacitor size
in total (K Var) 1400 2126 1400 | 2542 | 2452
Power
Josses (KW) 527.55 | 608.84 | 612.55 | 620.64 | 614.55

We note that the loss of active power obtained by
the GA-SSA algorithm is 8.55 % better than those values
obtained by PSO algorithm and 7.65 % than those
obtained by algorithm HPSO. Thus of viewpoint of
production cost, reactive power obtained by GA-SSA
(1400 kVA) is also better than that obtained by PSO
(2542 kVA) and HPSO (2452 kVA).

This comparison clearly demonstrates the effectiveness
of the proposed genetic salp swarm algorithm compared to
genetic algorithm, salp swarm algorithm, particle swarm
optimization and hybrid particle swarm optimization
algorithm.

Fig. 5-8 represents the voltage profile at the
distribution network for the 4 cases considered and for the
3 load levels. Table 6 shows the minimum voltage in the
distribution network for the 4 cases considered and the 3
load levels. The values obtained for peak load: 0.8857 pu
at bus 27 case 1, 0.9390 pu at bus 27 case 2, 0.9403 pu at
bus 24 case 3 and 0.9647 pu at bus 27 case 4 show good
improvement under voltage where the values of the
voltage obtained are between 0.9647 in the different load
levels: light, medium and peak.
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Fig. 5. Performance of voltage profile for 34 bus radial
distribution in different load levels without installation of
capacitors and DGs
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Fig. 6. Performance of voltage profile for 34 bus radial
distribution in different load levels after installation of
capacitors
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Fig. 8. Performance of voltage profile for 34 bus radial
distribution in different load levels after installation of
capacitors and DGs

Real distribution network of 112-Bus. The active
and reactive power demand in peak load are 11303 KW
and 7044.2 KVar respectively. Table 7 shows the parts of
objective function in different load levels.

Table 7
Parts of objective function in different load levels
of real network 112-bus

Economical cost Network condition | Costs ($)
Capacitor installation cost 14400
DG installation cost Light load 357120
DG maintenance cost 18396

Total 389916
Capacitor installation cost 14400
DG installation cost Medium load 477000
DG maintenance cost 39858
Total 531258
Capacitor installation cost 14400
DG installation cost Peak load 477000
DG maintenance cost 15330
Total 506730

The 4 cases studied to have the effectiveness of the
method in the real 112-bus network (Fig. 2) are:

e Case 1: without installing equipment’s.

e Case 2: in this case, we have installed 6 capacitors
with 150 KVar. The optimal locations are obtained at the
bus: 4, 25, 34, 38, 79 and 98.

e Case 3: we have installed 6 DGs: 2 DGs are
optimally placed at bus 4 and 33 with capacity of
500 KW, and 4 DG at bus 33, 58, 88 and 92 with capacity
of 250 KW.

e Case 4: 5 capacitors are installed with optimal
placement at bus 6, 25, 34, 56 and 102 with 150 KVar and
4 DGs with optimal locations obtained at the bus: 12, 45,
76 and 92 with capacity of 250 KW.

The comparison between the results obtained by the
GA-SSA algorithm and the SSA and GA algorithms are
represented in Table 8.

Table 8

Comparison between the results obtained by the GA-SSA

algorithm and other algorithms (real network 112-bus)

Case Vmin Ploss Qloss CPU

(p.w) | (KW) | (KVar) | time (s)
Base Case 0.9314[288.14 | 189.64 -

With only GA-SSA [0.9394|224.16| 174.22 36
capacitors GA 0.9377(236.09 | 182.52 66
SSA  [0.9381|228.12| 179.01 42

GA-SSA [0.9569|124.96| 102.19 37

With only DGs GA 0.9481|141.08 | 142.71 74
SSA [0.9498|136.56| 137.24 48

With capacitors GA-SSA [0.9802| 56.32 | 42.93 39
and DGs GA 0.9684 | 96.37 | 71.27 84
SSA [0.9776| 82.06 | 68.62 52

The benefits of active and reactive power losses

reduction of cases 2 — 4 are compared with those of case 1

for 112-bus are presented in Table 9, 10, respectively.

Table 9
Benefits of active power losses reduction compared
with the case 1 in real network 112-bus

Benefits of active power losses reduction
Load level | Light load Medium load Peak load
Case 2 38.81 % 22.20 % 30.64 %
Case 3 64.85 % 56.63 % 68.50 %
Case 4 96.09 % 80.45 % 74.42 %
Table 10

Benefits of reactive power losses reduction compared
with the case 1 in real network 112-bus

Benefits of reactive power losses reduction
Load level | Light load Medium load Peak load
Case 2 17.28 % 8.13% 9.39%
Case 3 57.73 % 46.11 % 39.28%
Case 4 79.70 % 77.36 % 69.09 %

Fig. 9 represents the voltage profile of the real

network 112-bus without installation of the equipment
where the minimum values of the voltage for the 3 load
levels, peak, medium and light are respectively: 0.9114,
0.9316, 0.9303.

Fig. 10, corresponding to case 2, represents the real
112-bus network voltage profile after the installation of

capacitors where the minimum voltage values for the 3
load levels, peak, medium and light are respectively
0.9343, 0.9394 and 0.9422.
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The installation of the capacities also allowed a
reduction of active power losses of 38.82 %, 22.20 %,
30.64 % and a reduction of reactive power losses of
17.28 %, 8.13 %, 9.39 % compared to case 1, respectively
for the 3 load levels.

Fig. 11, corresponding to case 3, represents the real
network 112-bus network voltage profile after installation
of DGs where the minimum voltage values for the 3 load
levels, peak, medium and light are respectively 0.9535,
0.9569 and 0.9578.

The installation of the DGs also allows a reduction
of active power losses of 64.85 %, 56.36 %, 68.50 % and
a reduction of reactive power losses of 57.73 %, 46.11 %,
39.28 % compared to case 1 respectively for the 3 load
levels.

Fig. 12, corresponding to case 4, represents the real
network 112-bus network voltage profile after
simultaneous installation of DGs and capacitors where the
minimum voltage values for the 3 load levels, peak,
medium and light are 0.9792, 0.9802 and 0.9812
respectively.

The installation of the 2 equipment allowed a further
reduction of active power losses of 96.09 %, 80.45 % and
74.42 % and a reduction of reactive power losses of
79.70 %, 77.36 % and 69.09 % compared to case 1
respectively for the 3 load levels.

The results obtained in this scenario are better than
those obtained in case 2 and case 3 from the point of view
of the voltage profile and the maximization of the benefit
of the DGs installation and capabilities.
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Fig. 9. Performance of voltage profile for real network 112-bus
in different load levels without installation of capacitors and DGs
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Fig. 10. Performance of voltage profile for real network 112-bus
in different load levels after installation of capacitors
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Fig. 11. Performance of voltage profile for real network 112-bus
in different load levels after installation of DGs
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Fig. 12. Performance of voltage profile for real network 112-bus
in different load levels after installation of capacitors and DGs

Conclusion. In this article, two algorithms genetic
and salp swarm algorithm have been proposed for the
simultaneously optimal placement of distributed
generation and capacitors in a distribution system. These
two algorithms are applied on four different cases. The
purpose of this combination is to maximize the
installation benefit of distributed generation and capacitor
banks and minimize active and reactive power losses in
radial distribution network, also to minimize the
computation time, and to seek the optimal overall
solution. This method is applied on radial distribution
network IEEE 34-bus and real Algerian distributed
network of Djanet 112-bus, the result shows that, cases
with simultaneous placement of distributed generation
and capacitor have much improvement of voltage
profile and power loss reduction compared with others
methods.
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B.®. Cusokobunenko, B.A. JIucenko

HIABUIMEHHA ECEKTUBHOCTI CUCTEM 3AXHUCTY EJIEKTPOMEPEXK
BIJI 3BAMUKAHBb HA OCHOBI BEUBJIET-IEPETBOPEHb CTPYMIB I HAIIPYT
HYJbOBOI NOCJIJJOBHOCTI

/lna enexkmpuunux mepesc nanpyzorw 6-35 kB, wio npaurowome 3 KOMREHCO8AHOI 0O 3071b06AHOI0 HEUMPAIIO, PO3POONEHO
celeKMUGHUI 3aXUCm 6i0 3aMUKaHb a3u Ha 3eM10, AKWI Peazye Ha HANPAM PeaKmueHol ROMYMHCHOCH, AKA GU3HAYACMBCA 34
00noM02010 Koeiyicumis geiigiem-nepemeopent Cmpymy i Hanpy2u Hy16080i NOCI006HOCHI, @ MAKOMIC IX NOXIOHUX, 66€0eHUX
ona 3abe3neuennn Pazoeozo 3cyey na 90 zpadycie i niosuwenns yymaugsocmi zaxucmy. Koegiviecnmu 3naxooams wnaxom 320-
PMKU OUCKPEMHUX 3HAYEeHb CIPYMY, HARPY2U ma IX ROXIOHUX i3 cuzHanamu mamepuncovkoi yynkuii Mopne, oouucnenna akux
npoeoouUmbCA 3a O0ONOMO2010 K6aopamuoi mampuui, 014 AKoi euknadeno npaeuna ii popmyeannsa. Peakmuena nomyscnicmeo
GU3HAYAEMBCA HA KONHCHOMY KPOUI PO3DAXYHKY AK cyma 000ymKie eeiignem-koegiyicumie cmpymy i noxionoi 6io nanpyzu, a
makosc Hanpyzu i noxionor éio cmpymy, moomo Koegiyicnmis, w0 marome 00HaxKosuii nopaokoeuii nomep. Ilyck 3axucmy 6io-
Oysacmocs 3a haKkmom nepesunieHHs AMRIIMYO0I0 HANPY2U HYI1b060T HOCIO0HOCHI 3A0aH020 3HaYenHsA. 3a 00NOMO2010 Ma-
memamuynoi Mooesi mepexci GUKOHARO 00CTI0NCEHH NOBEOIHKYU 3aAXUCY 3a 2/IYXUX | 0Y208UX 3AMUKANDL (ha3u Ha 3eMIli0, 01
Pi3H020 cmynens KOMREHCayil EMHICHUX CIpPYMI6, 011 PI3HUX 3HAYEHb HANPY2U 6 MOMEHM 3AMUKAHHA. Y 8CiX pexcumax ompu-
MAHO HAOIIIHY POOOMY 3aXUCHLY, YYMIUGICMb AKO20 6 5-8 pa3zie nepesuuiye Yymaugicms 3axXucmy 3a aa20pummom, 3acHOBAHUM
Ha nepemeopenni @yp’e. bion. 10, puc. 5.

Kniouogi cnoea: elleKTpu4Ha MepeiKa, 3aXHCT BiJ 3aMHKaHb Ha 3eMJII0, CTPYM, HAanpyra, HyJJbOBa IOCJiIOBHICTb, BeiiBJIeT-
NepeTBOPEHHs, PEAKTHBHA MOTYKHICTh.

/lna anekmpuueckux cemeii nanpaxycenuem 6-35 kB, pabomarowux ¢ KOMREHCUPOSAHHOU UNU U30JUPOGAHHOU HeUMpAabio,
paspadomana ceneKmueHaAn 3auiUma om 3AMbIKAHUIL ha3vl HA 3emillo, KOMOpas peazupyem HA HAnpPagieHue peaKmuHoil
MougHoCmuU, onpedensemoe ¢ NOMouibio KoIghpuuuenmos eeiienem-npeodpa3zoeanuii MoKka u HARPAICEHUA HYNe60l NOCiedo-
eamensHOCU, A MAKIICe UX RPOU3EOOHBIX, B6E0CHHBIX 01 00ecneyenus haz06020 cosuza na 90 zpadycoe u nogvluienus Yyecm-
eumenvhocmu 3augumst. Korygppuyuenmor naxooam nymem céepmru OucKpemHusix 3HaueHUll MOKA, HANPANCEHUA U UX RPOU3-
6OOHBIX C cuzHanamu mamepunckoi yynxyuu Mopine, gviuucienue KOMOPLIX NPOU3BOOUNICA C NOMOUWBIO KEAOPAMHOU MAMPU-
Ybl, O KOMOPOU u3nodcenvl npasuna eé gpopmuposanus. Peaxmuenas mouwinocms onpedensemesa Ha Kaxcoom uwiaze paciema
KaK cymma npou3eedeHuil, COGnadanuiux no gaze u umeoujux 0OUHAKOEblil NOPAOKOGLIIl HOMeD éellgnem-KoIhdpuyuenmos
mMOoKa u npou3eo0HON OM HANPAINCEHUA, A MAKIHCE HANPANCEHUA U NPOU3GOOHOII om moKa. B kauecmee nyckogozo opzana 3a-
WUMbL UCHONB3YEMCA NPeGbIUeHUEe AMPIUMYO0I HANPANCEHUA HY1e60ll NOCN1e008AMeNbHOCU 3A0aHH020 3Hayenus. C nomo-
WbI0 MAMEMAMUYECKOI MOOeNU CeMU GbINOTHEHbl UCC1e008AHUA NOGEOCHUA 3AUWUMbBL NPU 2TIYXUX U 0Y208bIX 3AMBIKAHUAX
dazvl na 3emnro, npu paznuunoll cmeneHu KOMREHCAUUU eMKOCIHbBIX MOKO08, NPU PA3NUYHBIX 3HAYCHUAX HANPANCEHUA 6 MO-
Menm 3amuikanus. Bo ecex pexcumax nonyuena nadescnan paboma 3auumel, 4yeCmMeumeabHoCmy Komopoi 6 5-8 paz eviute
YYECMEUMEILHOCIU 3AUiUMbL, OCHOBAHHOIL HA npeodpazosanusx Dypve. bubdi. 10, puc. 5.

Kniouesvie crosa: dneKTpUIecKas ceTh, 3aIlIUTA OT 3aMBIKAaHUI Ha 3eMJII0, TOK, HANIPsI’KeHUe, HyJIeBasi MOCJIeA0BaTeIbHOCTh,
BeiiBjleT-npeo0pa3oBaHue, peaKTHBHASI MOIIIHOCTb.

AKTyaJbHiCTh MpodJieMH i ii 3B’930K 3 NPUKJIAJA- 3aMUKaHHS 4acTO Mae€ HECTIHKMI Xapakrep, eleKTpHUYHA

HHUMM 3aJa4aMu. B crucreMax eneKTporocTayaHHs cepe-
JTHBOI HATIPYTH YIIKO/HKEHHS (a3HOi 1301l MPU3BOIATH
J0 onHO(MA3HUX 3aMHKaHb HAa 3eMIII0. B TakoMy BUMaaKy
CTPYM HaBaHTaXXCHHsI 3a3BHYail 3HAYHO MEPEBUIIYE yCTa-
JICHUH CTPpyM 3aMHUKaHHS Ha 3eMJIIO, L0 YCKJIAJHIOE PO-
00Ty 3axXKCTy Bijl TAKHX 3aMuKaHb. [lonpu 1e, oqHodazne
3aMUKaHHS Ha 3eMJII0 MOKe OyTH BKpai HeOe3leuHuM.
BoHo Moke OyTH NPUYMHOKO TIOXKEK, MOIIKO/DKEHHS elie-
KTPUYHOTO OOJaTHAHHSA B PE3yJIbTaTi MepeHanpyr ado
HArpiBaHHS CTPYMOM 3aMHKAHHS, YPAXKCHHS CJICKTPHY-
HUM CTPYMOM JIFO/ieH i TBapuH. BinmoBinHO 10 HOpMATH-
BHUX JOKYMEHTIB, IO JiIOTh B YKpaiHi, MUISHKA CJIEKT-
pudHOI Mepexi 3 omHO(pa3HHM 3aMUKAaHHSIM Ha 3EMITIO
Mae OyTH HerailHO BIKIIOYCHA y BHIIAAKY ii poO3TaIly-
BaHHS B 30HAX MiJBUIIEHOI HEOE3MEKH, HANpPUKIAA, y
BYTUIPHHX IIaxXTax a0 Ha MigIPHUEMCTBAX, IO Iepepod-
JISIOTh TTOKE)KHOHEOE3MeUHy CHPOBHHY. 3aCTOCYBAaHHS
PE30HAHCHO 3a3eMJICHOT HEHTpalli OAaTKOBO YCKIIAIHIOE
poOOTY PUCTPOIB 3aXKCTY, OCKIIBKH CYTTEBO 3MEHIIIYE 1
0e3 TOro He3HAYHUIl CTPYM OJHO(A3ZHOrO 3aMUKAHHS Ha
semimto. Ille OogHMM BaXXJIMBUM HACIHIIKOM HE3HAYHOTO
CTpyMy OJHO(A3HOTO 3aMUKAHHS Ha 3EMIIIO € T€, IO TaKe

JIyTa B MiCIli MOMIKOKEHHS 130JAIIi1 MOKe OaraTopa3oBo
3racaTd i cHajaXyBaTH 3HOBY, IO Hamae OTHO(pa3HOMY
3aMHKaHHIO Ha 3EMIIIO XapakTep NMEePMaHEHTHOTO Iepexi-
JTHOTO IIPOLIECY.

Orasa nyOJikaniii i HemoJiku BigOMUX pillleHb.
IcHye 3HauHMII MacuB [KepelN, Y SKHX JOCHIKYIOTHCS
MUTaHHA 3aXUCTy CUCTEM CIICKTPONOCTa4YaHHA BiIL OdHO-
(ha3HMX 3aMHUKaHb Ha 3eMIII0. Bennka KiIbKICTh OTJISIiB
nyOuikauii 3 gociimkyBanoi npobnemu [1-4] e cBigueH-
HSIM TOTO, IO Te€Ma 3aXUCTy BiA omHO(a3HHX 3aMHUKaHb
Ha 3eMJII0 Ha CHOTOJIHI 3aJIMIIAEThCS CEPHO3HUM BHKIIH-
KOM SIK JUI HayKOBO-TEOPETHYHMX JMOCIIJUKEHb, TaK 1
IHKEHEPHO-TIPAKTHYHUX PO3pPOOOK. 30Kpema, He iMIuie-
MEHTOBAaHMMH TTOBHOIO MiPOIO 3aJIMIIAIOTHCA HOBI METOAN
00poOKHM 1 aHami3y CHTrHaiB, AKi Oymm po3pobieHi y
3B’SI3Ky 3 PO3BHTKOM CYYaCHHX CHCTEM KOMYHIKaIliii.

OCKUTBKH 3 yCTaJEHOTO CTPYMY HYJIBOBOI HOCIHIIO-
BHOCTI (izepa npu onHO(Ma3HOMY 3aMHKaHHI Ha 3EMIIIO
JIy’K€ BaXKO OTpHMAaTH iH(pOPMAIiI0 PO TaKe 3aMUKaH-
Hs, 0araTo yBard NPUAUIAETBCS CTPYMY IEPEXiJTHOTO
poLecy.
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3okpema, B po0OTi [5] NPONOHY€ETHCS BUKOPUCTOBY-
BaTH LUQPOBI (QUIBTPH 3 HECKIHYEHHOIO IMITYJIHCHOIO
XapaKTEPUCTUKOIO IS eKCTpakuii iHdopmariitHoro ma-
pametpa 3i CTpyMiB i HalpyT HYJIbOBO{ MOCTITOBHOCTI. B
po0oTi [6] IPOTIOHYETHCS BUKOPHCTOBYBATH NIEPETBOPEH-
Hi Pyp’e 114 oTpuManHA (a30BUX 1 AMILTITYIHUX Xapak-
TEPUCTUK HAIIPYTH 1 CTpyMy HyJIbOBOI mociinoBHoCTI. B
po6oti [7] HOPIBHIOIOTHCS BIACTHBOCTI IEPETBOPEHHS
@yp’e 1 BelBIET-NEPETBOPEHHS Ha MPHKJIAIl BUSBICHHS
eslekTpuuHoi nyru. B poGorti [8] Oyno 3amponoHoBaHO
BUSIBJISITH 3aMHMKaHHs, CIHMPAIOYHCh Ha KoeQillieHTH,
OTpPHMaHI 3a JOIOMOTOI0 BEHBIIET-TIepeTBOpeHHs. B [9]
3a gonomororo nporpaMHux 3aco6iB ATP/EMTP mone-
JIIOIOTBCSL OJHO(A3HI 3aMUKaHHS B MEpPEeXi 3 Hezazemile-
HOIO HEHWTPaJUIIO i TAKOXK HNPONOHYETHCS AITOPUTM BHUSIB-
JICHHS TaKoro 3aMHKaHHS 3a JIOIIOMOIOK BeifBieT-
NIEPETBOPEHHS. AJle XapaKTEPUCTHKU AJTOPHTMIB 3aXHUC-
Ty B po6oTax [7-9] He pO3TIAIatOTC.

MeTta cTarTi — MiJBHUIIEHHS YYTJIMBOCTI 1 IIBUIKO-
Iii cUCTeM CEeJISKTUBHOTO 3aXUCTY EIEKTPHYHUX MEpex 3
130J1bOBaHOI0 200 KOMIIEHCOBaHOIO HEHTPAJLIIO Ha OCHOBI
BUKOPHCTAaHHS BEHBIIET-TIEPETBOPEHb MEPEXIMHUX CKJa-
JIOBUX HAampyr 1 CTPYMiB HYJIBOBOI IMOCHIJOBHOCTI, IO
BHUHHKAIOTH ITPH TIOSIBI 3aMUKaHHS a3y Ha 3eMITIO ITiJ] Yac
po3psinty i 103apsily EMHOCTEH MEpexi.

OcHoBHHUIT MaTepiag 1 oTpuMaHi pe3yJbTAaTH.
JocmimkeHHsT TepexiTHuX MpoIeciB mpu oxHo]a3HUX
3amukaHHAX Ha 3emimro (O33) i aHamiz poboTm 3axucTy
BUKOHAEMO 32 JIONIOMOI'OI0 MATEMAaTHYHOI MOJEN, OIHC
akoi HaBexeHo B [10]. PosrissHeMoO THHOBY HBOXTpaHC-
(bopMaTOpHy MIICTAHIIO IJISI CUCTEMH ElIeKTPOIOCTa-
YaHHS Halpyrowo 6 kB, ska cxiamaeTbcs 3 IBOX NOHH-
xytounx 110/6 kB cuoBux tpanchopmaropie T1 i T2,
360ipHux muH nepuroi CHI-1 i gpyroi CII-2 cekuiid, Bix
SKUX SKMBJIATECS KaOenpHi miHii @1 — D3, na xoxHiid 3
SIKUX BCTAHOBJIEHO TpaHCc(OpMAaTOpPH CTPyMy HYJIBOBOL
mociigoBHocTi (TCHII). [do 30ipHUX MHWH MiZKIIOYCHI
BUMipIoBaJIbHI TpaHcdopmaropu Hanpyru THI1, TH2.
3axucT BiAg 3aMuKaHb (Da3W HAa 3eMIIO MiAKIIOYCHO [0
propuHHEX Kinm TCHII i TH. Heiirpans mepexi mepmoi
CEKLIl 3a3eMJICHO 4Yepe3 PeakTop 3 Pe30HAHCHOIO iHIYK-
tuHicTio 0,161 T'H, a emHOoCcTI (a3 HA 3eMITIO IS M-
KIoYeHnx a0 1€l cekmii ¢imepis ®@1-P3 craHOBIATH
BimnoBigHo 1, 8 1 12 Mx®, mikdasHi emHOCTI — 2 MKD,
yCTaJIeHUH CTpyM 3aMHUKaHHS Ha 3emiro — 72,3 A.
Pimnenns paudepeHuianbHUX PIBHSHb Y MaTeMaTH4YHIN
Mo/ielTi Oy/1IeMO BUKOHYBAaTH HESIBHUM METOIOM 3 KPOKOM
po3paxyHky /# = 0,667 mc. Po3paxyHKOBI BEeTMYHHU TPU
MOJICJTFOBAaHHI TIPEACTABUMO Y BITHOCHHUX OJAMHUILIX (p.U.)
110 0a3UCHUX:

_ /26000
3

Iy =2 Iy, =~2-72.36 =102.33 A;

U, =4899 B;

0, =U, -1, =501-10° BA,

ne Uy, I, O, — 6a3ucHi Harpyra, CTpyM 1 HOTY>KHICTh BiJ-
TIOBiTHO; Joy— CTPYM OAHO(A3HOTO 3aMUKAHHS Ha 3EMITIO.

3arpornoHoBaHi B OCTaHHI POKH 4acTOTHI [S] 1 MyJib-
tHdacToTHi [6] 3axuctu Big O33 3acCHOBaHI Ha BUKOpHC-
TaHHI BUIIMX TapMOHIK y CTpyMax i Hampyrax, 110 BUHH-
KalOThb B NEpUIMH MOMEHT 3aMHUKaHHS 1 TOMy 3alieKaTb
BiJl MUTTEBOTO 3HAa4YCHHS (pa3HOI HAMIPYTH HA TOMIKOIKe-
Hift ¢azi. Big miel Hampyru 3anexuTh CTYIIHB CIIOTBO-

PEHHSI CHHYCOiJ Hampyr i CTpyMiB, IO BHAHO, HalpH-
Kiajn, 3 puc. 1, ne mokasaHi pe3ylbTaTH MOJIEIIIOBAHHS
033 mpu novaTKoBiii Hampy3i Ha MOMIKOKEHIH (asi, mo
JIOPIBHIOE aMILTITyqHOMY (pHC. 1,a), a TaKOXX HYJIHOBOMY
(puc. 1,b) 3HaueHHIO. Y TIEPIIOMY BUMAAKYy Ma€ MicCIe
JIOCUTh TpHUBaIUil 30ir 3a (a3or0 CTpyMy i HANPYTH, TOAI
SK Y Jpyromy, 4ac 30iry 3a ¢a3or nux curHaiiB Habara-
TO MeHIIe. UyTIMBICTh alrOPUTMY 3aXHCTY, IO 3aCHOBA-
HUA Ha BUKOPHCTaHHI NOOYTKY IIMX CUTHAJIB, SKUH €
NPOMOPIIHHUM PEaKTUBHIA IMOTYXKHOCTI, 3aJIeKUTh Bil
3a3HAYE€HHUX MOYATKOBHX YMOB, IO HEOOXIIHO BpaxoBy-
BaTH, pO3POOIISIIOUN HOBI METO/IN 3aXHCTY.

4
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Puc. 1. Pesyneratn MmogenroBanHs O33, 110 BUHUKIIO 32 MaKCH-

MaJbHOTO (@) 1 HyJIbOBOTO (6) MUTTEBOTO 3HAUCHHS HAIIPYTH
HA TIOIIKOJUKEHIH dasi u,

38 2344

[
[
=)
[
o

B enextpuurnx Mepexxkax Hampyroio 6-35 kB, mo
MPALOIOTh 3 130J60BAHOI0 200 3a3eMJICHOIO Yepe3 KOTY-
mwky Ilerepcena HeHTpayullo, MEpexXigHi IMPOLECH IpU
JIYTOBHX 3aMHKaHHsX (ha3yl Ha 3eMJIIO0 € HeCTalliOHApHU-
MH, i TOMY BHUHUKAIOTh NHUTAaHHA HI0J0 KOpeKTHOCTi 3a-
CTOCYBaHHSI aJI'OPUTMIB 3aXHUCTIiB, 3aCHOBAHUX Ha BHKO-
pUCTaHHI YaCTOTHHX [5] i MyIbTHYACTOTHUX [6] CKJIan0-
BUX B CTpyMax 3i, i Hanpyrax 3u, HyJIbOBOI IIOCIIiIOBHO-
CTi, OTPUMAHUX 3a JOMOMOTOIO CIIEKTPAJIBHHUX IIEPETBO-
perp @yp’e. s Takoro poIy MpoIEciB pamioHaIbHIIITNM
€ 3aCTOCYBaHHs BeiiBier-nepersopens BII, mo no3Bosis-
I0Th PO3KJIACTH BXiJHHUH, 3MIHHHMH y uaci curHai x(f), Ha
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YaCTOTHO-YaCcOBI CKJIaJ0OBI y BHIISAI  KoedillieHTiB
CW(a,b,t), mo 3anexarp Bij 00paHOi MaTepUHCHKOT (yH-
Kuii g(a,b,t), a Takox Bia KOe(DIilIEHTIB YaCTOTHOTO Mac-
mtady a 1 3cyBy B yaci b [8]. JlocmimpkeHHs XapaKkTepuc-
ik BII cTpyMmiB i Hanpyr Ta MOXJIMBICT BUKOPHCTaHHS
(azoBoro crnekrpa (kyra 3cyBy (ha3z) abo omopis ajs Io-
Oy/I0BM IPYNOBOTO 3aXUCTY BiJl 3aMUKaHb (Da3y Ha 3eMITIO
posrismaeTbcss B poborax [1-4]. OnmHak BaKIMBHM 3a-
BIAHHSM € PO3pOOKa aBTOHOMHOTO ISl KOKHOTO (imepa
3aXUCTy, SKHHA Ji€ K MPH TYTOBUX, TaK 1 MPH CTIHKHX
3aMHKaHHSIX, BUKOPUCTOBYE CITiIBBIIHOMIECHHS MIiX CTpPY-
MaMH 1 Hanpyram i Mae OUIbII BUCOKY YYTJIHUBICTB. SIK
mokazano B [8], Oe3mepepBHE BEWBIET-TIEPETBOPEHHS
CUTHAJIIB 3IHCHIOETHCS 3a JOMOMOIOI0 IHTErpaibHOrO
BHpPa3y, IO MICTUTh JOOYTOK I[bOTO CHTHAIY Ta JCSKOL
0a30B01 (PyHKIIIT, 3BaHOT MaTepl/IHCbKI/IM BEUBIIETOM:

CW(a,b)= f jx(t) g( —2ar (1)

BximHMMU cHTrHalamMH, B HAaLIOMY BHIIQJIKYy, OyAyTb
MacCHBH PO3MIPHICTIO N, IO CKJIaMAIOThCS 3 AUCKPETHUX
3Ha4YeHb HANpyr i CTPYMIB, 3allMCaHUX 3a JIONOMOTOI0
aHaIOro-1(POBUX IEPETBOPIOBAUIB MPOTATOM Hepiomy
ocHOBHOI yacToTH (50 I'1) 3 TUCKPETHICTIO 3 4aCTOTOIO f;,
a TaKOX 3HAa4YeHb MOXITHHUX Bix cTtpymy pi = p(3ip) 1 Ha-
npyra pu = p(3uy). BoOHU BUKOPHUCTOBYIOTBCSA AJS KOM-
TeHcanii KyToBOTro 3cyBy 3a (a3oro Ha 90 rpamyciB Mix
CHTHAJaMHU CTPYMY 1 Hampyrd HYyJIbOBOI IOCIIJIOBHOCTI
(puc. 1). YncenpHe BU3HAYEHHS TIOXIJHUX, HATIPUKIIAT, 32
TPhOMa MHUTTEBUMH 3HAYEHHSAMH CTpyMYy (HAIpyrH) Mpo-
BOJMTHCS 32 BUPa3aMH, B SIKUX BUKOPHUCTOBYETBHCS TaKOX
KPOK PO3paxyHKy i1 KyTOBa 4acTOTa v, SKi B HAIIIOMY BH-
najgKy npuiimanucs piBHUMH Bianosigo 0,667 Mmc i
314 ¢
L(g, X,

dt  2wh

SIK MaTepUHCHKUI BEHWBIICT Bi3bMEMO KOMILIEKCHHI
BeliBieT Mopie [§8], 1m0 € MIOCKOI0 XBHIIEI0, MOIYIHOBA-
HOIO KpuBoOMo ['ayca

- 4xn—1 + xn—Z) . (2)

E
I
|
I

2

g(t)=exp —% exp(j27-1) . 3)

Juis 3amuey (1) 1 (3) B muckperHiit GpopMi migcTaBu-

Mo B (3) 3amicTh vacy ¢ Bupas (f — b)/a, B SIKOMY MICTSATh-

cs1 Koe(ilieHTH YaCTOTHOTO MAcCIITady « 1 3CYBY B 4aci b.

3 OTpUMaHOro BHpa3y BHILIMMO OJHY 31 CKIIaJOBUX Ma-

TepuHChbKOl (QYHKUIT g(f), HanpuKiIaa, ysABHY (CHHYCHY)

gS(n). Toni Bupa3u Ayl BU3HAUCHHS k-THX 3Ha4YeHb Koe-
¢imieHTiB BeﬁBneT—nepeTBopeHL MaTHUMYTb BUTJISA:

CW (k,a,b) = x/_Zx(k n)- g(” b]

“4)
a=ds, 74,
In 2
gS(n)=1Im g(n_bj =
a
®)

=exp| -7

(n-b)* .Sin( 27(n- b)j '

a2 a

Sk mpukiIam, Ha puc. 2 TOKa3aHUH XapakTep 3MiHH
MaTepHHCHKOTO BeiBiera gS(n) Horo aMIutiTyaHOI
ckianoBoi J(n) 3a a = 8, b =15, N = 30, f, = 250 I'my,
f; = 1500 T'ti. Bim3naummo, 1o 3a TOMOMOTOI0 KoedillieH-
Ta 4YaCTOTHOTO MaclITady ¢ BCTAHOBIIOIOTH Yac TPHUBAJIO-
CTi BeiBIIeTa B 00J1acTi MOTPIOHOTO Miama3oHy YacTOTH f,,
3HAUEHHS SKOTr0 MU TpuiiMeMo piBHEM 250 I'm, mo Big-
MOBila€ TIEPEBAKHUM TapMOHIKaM IPH JYyTOBUX 3aMU-
KaHHSIX [6].

04
g5 J,
p.u
024
0.08
5 I It
-0.08 /': ! :‘ o
g5(n) ‘-. 5
-0.24 | B
‘I
-04 2
| 6.8 126 184 242 30

Puc. 2. Xapakrep 3MiHU MAaTEePHHCHKOTO BEHBIETA
gS(n) 1 tioro amrutityu J(n)

Sk BUIHO 3 (4), BEUBIET-NIEPETBOPEHHS € 3rOPTKOIO
3Ha4eHb BXIJJHOTO CUTHAITYy (CTPYMY, HANpyru Ta iX Moxi-
JTHUX) 3 TaKOIO XK KUIBbKICTIO 3HadeHb (DYHKIIl MaTepuH-
cpKOro BeiBieTy. IIpu 1bOMy 3ropTKa BH3HAUYAETHCS SIK
B3a€EMHA KOPEJIAIis O/Hi€T 3 IIUX TOCIiIOBHOCTEH 3 00ep-
HEHOIO B 4aci iHmoro. /i1 00YuCIIeHHs 3TOPTKH CKOPHUC-
TaEMOCh MaTPUYHOIO (popMoOro 3amucy obepHEeHOi B daci
TIOCTITOBHOCTI 3HAYEHb, PO3PAXOBaHUX 32 (5) y BHIIAIKy
n = 1,..,N. Marpuns siipa 3ropTKH € KBaIpaTHOIO PO3Mip-
HicTIO NxN 1 Ha 11 TOJOBHi# AiaroHam po3TamIOBaHO elie-
MeHTH gS; = g5, - 1), Ha JiaroHali, BUIIE TOJOBHOI, —
gSN,l = gS(n - N—1), TOTIM — @Sy » = S, = N-2) iT.n Ha
JiaroHani, HW)XK4Ye TOJIOBHOI, pO3TalIOBaHi eJNeMEHTH
25> = g5( - 2), IOTIM — BifmOBiTHO gS5,..., gSy. A Macu-
By 3 N elleMeHTIB MaTpuIlsd Oye MaTh BUTJIS:

gS1 &Sy g&Sna g5

g5 g5 gSn 853
G(gS)=g5; g5 g5 gS4.  (6)

&Sy &Sn-1 &Sn-2 851

Bekropu BeiiBner-niepeTBopeHb Hampyr W, i ctpy-

MiB W; HynbOBOT MOCHIJOBHOCTI, & TAaKOX MOXIJHUX BiX
Hanpyr W, i Big ctpymis W), 3HaiinemMo sk:
W,=G(gS)xu; W;=G(gS)xi;

W, =G(gS)x pu; W, =G(gS)x pi.

PesymbraT po3paxyHky 3a Bupazamu (7) xoedirie-
HTiB BIl 3 mopsnkoBuM HOoMepoM n = 3 HaBeIEHO Ha
puc. 3,a,b, 3 IKNX BUILUIMBAE, IO HA MMOYATKOBIA IIISHII
nepexigHoro npouecy npu 033 Mae micie 01M3bKuit 30ir
3a ¢asoro BextopiB W; i W,,, a takox W, i W,. Ilpu
I[BOMY 32 JIOLIOMOTOI0 1X JOOYTKY JJIsi CUTHAIB 3 OJHA-
KOBHM IOPSIIKOBUM HOMEPOM MOXKHA BHU3HAYMTH BEJIH-
YHHY 1 3HaK PEaKTHUBHOI NOTYX)HOCTI (puc. 3,a,b). Pe3yib-

Q)
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TYIOUy PEaKTHBHY HOTYXHICTh () MOXKHA BH3HAYUTHU 5K
CyMy JOOYTKIB Jjist BCix N Koe(illieHTIB, 3aBISKH YOMY
3HAYHO MiABUIIYETHCS YYTIUBICT 3aXHUCTY

N N
0= Y Wi < Wi = > Wy < WiE. ®)
k=1 k=1

I’VJ, Hf}m»
p-u.

.‘. -.r:a' Ls

1413
b

Puc. 3. KoediuieHTr BelBIeT-1IEPETBOPEHb CTPYMY 1 MOXiqHOT
BiJ HanpyTH (a), MOXiAHOI BiJ cTpyMy i HampyTH (b) i cKIIamoBi
OTPHUMAaHOi 32 IX JOMOMOTH PEaKTUBHOI MOTY>KHOCT1

1.416 1.42

Bbnok-cxema po3po0IJIeHOTO aIrOpPUTMY 3aXHUCTY I10-
Ka3aHa Ha puc. 4. BoHa MiCTUTH aHANIOTrO-IUGPOBI THEepe-
tBOproBadi (ADC) mis oTpuMaHHs JUCKPETHUX 3HAYCHBb
Hanpyr 3u, 1 cTpyMiB 3iy, O10KH d/dt st po3paxyHKy 3a
(2) moximHMUX BiJ 3a3HAYCHUX CUTHANIIB, OJIOK PO3PaXyHKY
3a (5) marepuHchKoi BeliBieT-QyHkuii g(5), 010Kk dhopmy-
BaHHS 3a (6) marpumi G(gS) snpa 3roptku, 6noku W, W;,
Wou, Wyi nns po3paxyHKy 3a (7) BeHBIET-epeTBOPEHHS
BIJIIOBITHO HAIPYT, CTPYMIB 1 iX MOXigHUX, OJIOKH TOOY-
TKIB JUIS pO3paxyHKy 3a (8) CKIaloBHUX PEaKTHBHOI IO-
Ty)KHOCTi Ql = Qupi = WuXVVpi i Q2 = Qipu = WpuXVVia a
TaKOXX CyMarop JUisl BU3HA4YeHHsI MoTyxHOcTI Q = Q) — O,
IpU TIEPEBUILEHH] SIKOI MO3UTHBHOTO ITOPOTOBOIO 3Ha-
4yeHHs (J, y KOMITapaTopi BiIMOBIIHUNA CUTHAT HAaXOIUTh
Ha BUXIJHHUH OpraH peye uepe3 psj JOTIYHHUX EIEeMEHTIB
I (AND), ABO (OR). B anropurmi 3axucty SIK ITyCKOBHH
OpraH BHUKOPHCTOBYETHCS TEPEBHIICHHS aMILTITYO0I0
HaAIpyTH TOPOTOBOTO 3HaueHHA U,. AMIUIITYJa BH3HAUa-
eTbes B Omomi U, 3a HOTO OPTOTOHATEHUMHE CKIIAJIOBUMH

SIK \/ (3uo)2 +( p3uo)2 . ITicnst cipanibOByBaHHS 3aXHCTY

nepenbdadyeHo caMOyTPUMaHHSA pele Ha 4ac iCHYBaHHS
U, > U, mo 3abe3nedye HaliiiHy poOOTY 3aXHCTy MiCIs
Nepexoy AyroBOro 3aMHKaHHS B CTilKe.

» Ladl
Ua > Us AND AND
3uo CAT
ADC W .| oRr
d/dt > Wo — Q>ar J
d/dt > W X
Qi
3io —> Q
—p| ADC W > =
' —»
_|/-.|= Q2
a,b,t »
—» g »| M(gs) X

Puc. 4. biok-cxema anropuTMy «BEHBIIET-3aXHCTY»
BiJ 3aMHKaHb (pa3u Ha 3eMITIO

Ipu po3poOii 3axucTy OyJO PO3IISIHYTO MUTAHHS
MIIBUIIEHHS HOTO IIBUJAKOMII 332 PaXxyHOK CKOPOUYEHHs
OOYHCITIOBAILHUX BUTpPAaT Ha BEHBIET-NIEPETBOPEHHS.
BcraHoBneHO, 110 1L IHOTO MOKHA BUKOPUCTATH TiBKA
(hikcoBaHi 3HAUECHHAMY a = 8, b = 15 1y po3paxyHKIB 3a
hopmymoro (5).

Pesynbrati po3paxyHKy pe3ysbTYHOUOi peaKTHBHOI
notyxHocTi 3a O33 3 pi3HUMH TOYATKOBUMH HAIIpyramMu
HaBe/eHI Ha puc. 5. 3 HaBeNEHNX JaHUX BUILTUBAE, IO
YyTIHBICTH PO3POOIEHOTO 3aXUCTY B TAaHOMY BHIIAJIKYy B
8 paziB mepeBHIly€e YyTIMBICTh 3aXUCTY, TOOYIOBAHOTO
Ha OCHOBI nepeTBopeHb Dyp’e, a yac CIpaIfOBaHHA 3aXH-
cTy ckiaae 6nm3pko 5-7 mc. Tloporose 3Ha4YeHHs peak-
TUBHOI MOTY>KHOCTI TPUIMA€EThCS PIBHUM 0a30BOMY 3Ha-
YeHHIO Op.

3a J01MOMOror0 MareMaTHYHOI Mojelni Oyno mocii-
JUKEHO TIOBEIIHKY 3aXHCTYy 3a PI3HHX DPEXHUMIB BHHHK-
HeHHd O33: 3a pe30HAHCHOrO HANAITYBAHHS PEaKTOpa,
nepe- i HeIOKOMIICHCAIliT, 32 Pi3HUX 3HAYEHBb [TOYATKOBOI
HaTIpyTH Ha TOMIKODKEHIH (a3l i pi3HUX omopax y micmi
3aMuKaHH:. B yCiX 3a3Ha4eHUX peKUMax Ma€ MicIle 9iTKa
poboTa BUXiTHOTO OpTraHy pele.

HajiMeHmia 4yTiMBICTH  3aXHCTy Mae  MicCIe
(puc. 5,c) npu HyJIbOBIN MOYATKOBIH Hampy3i. Y mopiB-
HSHHI 3 MYJIBbTHYaCTOTHHM 3aXHCTOM, 3aCHOBaHMUM Ha
nepetBopeHHi Dyp’e [6], po3poOIeHHIA 3aXUCT MA€E IyT-
JIMBICTh MaiKe Ha MOPSIIOK BUIIE.

OTprMaHO TaKOXX IO3UTUBHI PE3YJILTaTH POOOTH
3aXMCTy IPH T0/avi Ha BXiJ 3allMCaHUX B peajibHIl Me-
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pexi aBapiitaux aitnie 033, a Takox npu BUNPoOYyBaH-
HSIX Ha JIabOpaTOPHOMY CTEH/I.
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Puc. 5. Peaxtusna noryxHicts npu 033, BU3HAUCHA 33 JOIIOMO-
TOI0 BeliBlIeT-iepeTBOpeHHs 1 nepetBopeHHs Dyp’e npu pizHUX
MOYaTKOBHX HAIpyrax Ha MOIIKODKeHiH dasi:

Unax (@); 0,5 tmax (B); 0,01 e (€)

Bucnoskn.

1. HaOyB pO3BHUTKY METOX 3aXHCTy EJIEKTPUYHHX Me-
PEX 3 130Jb0BaHOI0 200 KOMIIEHCOBAaHOIO HEWTPAILIIO Bij
3aMUKaHb ()a3u Ha 3eMJII0 Ta 3alPOIIOHOBAHO HOBHWH aj-
TOPUTM peaJti3aiii MeToay Ha OCHOBI BUKOPHCTaHHS Bei-
BieT-niepeTBopeHs (BII) mepeximHux ckiiaoBUX HANpYT i
CTPYMIB HYJIBOBOI ITOCIIIOBHOCTI, [0 Ma€ €KCIIEPUMEH-
TaJIbHE IATBEP/DKEHHS 1 10 JO3BOJISIE IMIABUIIUTH e(eK-
THBHICTh POOOTH ENEKTPUIHAX MEPEK.

2. 3a 1OOMOTOI0 KOEQIIiEHTIB BEHBIET-IIEPETBOPECHbD,
SKi 3HAaXOIATh IUIAXOM 3TOPTKM IUCKPETHHX 3HAYCHb

CTPyMy, HallpyTH Ta iX HOXiAHHUX 13 CHTHaJaMH MaTepUH-
cpkoi ¢yHKIIT Mopie, 00YHCIIOITh PEaKTHBHY MOTYX-
HICTh, 32 TO3WTHBHUM 3HAYCHHSIM SKOi BHU3HAYAIOTh
YIIKO/DKEHE IPUETHAHHS.

3. IIpane3naTHiCTh aIrOPUTMY 3aXUCTY MiATBEPKEHO
pe3ynbTaTaMHi MAaTEeMATHYHOTO MOJCIIOBAHHS 1 HATYPHH-
MU BUIIPOOYBaHHSMH Ha JaOOPaTOPHOMY CTEHI.
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Improving the efficiency of fault protection systems

of electrical grids based on zero sequence voltages

and currents wavelet transforms.

Introduction. A significant proportion of earth faults in medium
voltage networks represents a short-lived and transient process.
Problem. In such cases, earth fault protection that responds to
steady-state current and voltage is not able to operate properly.
Purpose. To develop earth faults protection selective algorithm
using transient components, that occur in zero-sequence currents
and voltage in the fault process. Method. A mathematical model
of the power supply system was applied to study the transient
components of currents and voltage of zero sequence in compen-
sated electrical networks with phase-to-earth faults, and a those
model also is used to test the operation of the developed protec-
tion algorithm. The results showed that, the reactive power for
transient components, of the frequency greater by 4-6 times, than
fundamental frequency, which are extracted from the current and
voltage of zero sequence by wavelet transform in compensated
electrical networks on the damaged feeder, is positive regardless
of the degree of compensation of the capacitive current. That may
be the basis of the principle of directional protection. Originality.
Phase-to-earth fault selective protection algorithm has been de-
veloped. In that algorithm, first derivatives of currents and volt-
ages of zero sequence are found, to reduce the influence of aperi-
odic components. And then, by using of the wavelet transform with
Morlet mother function, an orthogonal components are extracted
from them. Reactive power is calculated for transient component.
If that reactive power excess of threshold, the relay will make a
decision. The reliability of the developed protection algorithm is
confirmed by the results of mathematical modelling and verifica-
tion of the test sample at the laboratory stand and by means of
field signals that were recorded by digital loggers at the substa-
tions. References 10, figures 5.

Key words: electrical grid, earth fault protection, current,
voltage, zero sequence, wavelet transform, reactive power.
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KOeinei

ATYI BAJIEPII T'PUTOPOBUY

(mo 75-pivds 3 AHSA HAPOHKEHHS)

Ipodecop kadenpu cucrteM eIeKTPONOCTAYaHHS Ta
€JIEKTPOCIIOKMBAHHA MicT XapKiBCHKOTO HAI[lOHAIBLHOTO
yHIBEpCUTETY MichKoro rocrojapcrsa imeni O.M. beke-
toBa (XHYMI'), nokrop TexHiyHHX Hayk, npodecop
SAryn Banepiii I'puroposud Haponuscst 29 sunnas 1945 p.
B Micti Mapiymnoni JloHerpkoi obnacti.
B 1962 p. BctynuB 10 XapKiBCHKOTO
moritexHiyHOTO iHCTHTYTY (XIII) 32
cnemianpHicTIO «[IpomMucioBa eneKT-
pOHiKay.

[Tixn yac naBuanHs Banepiii OyB
HaI3BUYAWHO 3aXOIUICHUWH JIEKIISIMH 3
aHaJi3y eJNEKTPOHHUX CXEM TOIOJIOr Y-
HUMHU MeTomamH, siki untaB B.T. Jlon0-
Hs, 10 OyB Ha TO¥ Yac AIMCHO MPOBIi-
HUM BYeHuM B COl03i 32 LM Harps-
MoM. B 1967 p. Banepiii I'puroposuy
OTpHUMaB JUILIOM 3 BiJ3HaKOIO i OyB
posnoniieHui Ha Kadeapy HMpOMHUCIIO-
Boi emektpoHikn XIII. Y 1968 p.
B.T. [JonOHs moroaWBcs NpPUHHATH
B.I'. fIryna mo 3ao4HOi acmipaHTypu i BH3HAYHB HOMY
TeMy aucepraiii, sika Oyjia NPHCBSYEHA JOCIIHKEHHIO
MepexiZIHIX MPOLECIB Y BEHTHJIBHUX KOJAX Ha OCHOBI
Hanpasnennx rpadis. B xomi gocmimxenns B.I'. Sryn
3aIlPOIIOHYBAB ONEPATOPHO-PEKYPEHTHUH METOJ| Iepexo-
Iy IO JUCKPETHOro rpada Iuis po3paxyHKy IpOIECiB 3a
YHIBEPCAILHUM QJITOPUTMOM U1l BEHTHJIBHUX CXeM a0-
COJIFOTHO JTOBUTBHOI TOMOJOTII. 3aXHCT nucepTarii Big0y-
Bcsi y 1974 p., npuuomy 3a pekoMeHnauiero Buenoi paan
3a Matepianamu aucepraiii B.I'. Arym Bugas HaBuanbHuit
MOCIOHWK, SKWH, 30KpeMa, 3a 3aluTOM OYyB TepemaHuit
s sukopuctanes B I[EJ] AH YPCP. 3a temoro aucepra-
uii Oyna nmojgaHa po0OTa Ha KOHKYPC MOJIOIUX BUEHHX,
ska HaropomkeHa I'pamotoro Ilpesumii AH VYPCP.
B 1979 p. B.I'. SIrynom y criBaBTOPCTBI Ta 3a pelaKIieto
B.T. lonOHi BugaHo miapy4HUK 3 rpudom MiHBY3y,
NPUCBSIYEHNI BUBYEHHIO €JIEKTPOHHUX HPUCTPOIB 3 BH-
KOPHCTaHHSM TOIOJIOTTYHUX METOIIB.

3 1972 p. mporsirom 15 pokis B.I'. SIryn Bukonye
000B’sI3KM BUEHOTO cekperaps ceminapy «I[luranus teo-
pii, po3poOKH i AOCIiKEHHS] BEHTWIILHUX MIEPETBOPIOBA-
giB» min kepiBauNTBOM B.T. J{om6ni i B.I1. Hlumimmo.
VY 1986 p. B.I'. Aryn BunmaB MoHorpadito « ABTOMaTH30-
BaHUI PO3PaxyHOK THPHCTOPHHX CXEM).

3 1990 p. mo 2002 p. B.I'. Aryn mpamtoe B Ykpain-
CbKIl IH)KeHEpHO-Ilemaroriubiii akamemii. Ha mocani
3aBigyBaua kadeapy aBTOMAaTHUKH Ta paliOeNeKTPOHIKU
BiH NpHIIMa€E yyacTh y CTAHOBJICHHI HOBOI CIELiaJIbHOCTI,
a TAaKOX 3aBEpUIyE IOKTOPCHKY AMCEPTALilo, Ky I0oJae
no BueHoi cnenpanu [EJl HAHY wanpukiam 1996 p. 3a
cnemianpHicTIO 05.09.12 — HamiBIPOBITHUKOBI MEPETBO-
proBaui enekrpoeHeprii. B aucepranii BupimieHi nuTaHHs
ITOBHOI aBTOMATH3allii PO3paxyHKiB MPOIECiB B BEHTIIIb-
HHX CHCTeMax Oyab-sKOI TOIOJIOTii, BKIIFOYalO4X MUTAHHS
ABTOMATHYHOTO (OPMYBaHHS pIiBHSHB, MPHCKOPEHOTO
3HaXOMKEHHS YCTAJICHUX PEXHMIB, MOCTIIKEHHS PEKH-
MiB KOB3aHHS y KOMII'IOTEPHUX MOJEINSX THPHUCTOPHUX

neperBoproBaviB. CTBOPEHUH HMM KOMIT FOTEPHHH KOM-
mwieke CIMIIAT, mepemanuii 1ii BUKOPHUCTAHHS HH3II
ycraHoB. 3a/i1s IpoBeAeHHs HaykoBoi podotu B.I'. SAryn
OyB 3MyIIEHUII ONaHyBaTH NPOrpaMyBaHHS Ha AJITOPUT-
miuaux wmoBax Fortran, ALGOL, PL/1, Pascal, C++,
VBA, a Takox, KpiM HIMEIIbKO1, BUBYH-
TH JIpyTy iHO3eMHYy MOBY. ¥Y 1982 p. BiH
3aKkiHUUB JlepkaBHI TpHpPIUHI KypcH
1HO3eMHHX MOB i JaJli CIIBIpAIIOBaB 3
TopriBeabHO-IIPOMHUCIOBOO MAJATO0 B
SIKOCTI  TIepeKiagada 3 aHJIIHCHKOI,
MICTaBIIM  PiBEHb  CepTU(IKOBAHOIO
nepeKiiazaya 3 TeXHIYHOT aHTJIHCHKOI.
3 2002 p. B.I'. Aryn npairioe B Ha

kadeapi  eNIEKTPONOCTaYaHHS  MICT
XHYMI'. 3aBasku cmiBmpaili 3 3aBigy-
BaueM kadenpu  O.J.  T'pubom,

B.I. Srym posmouaB AOCIHIIKEHHS
IIUTaHb KOMIIEHCALlil PeaKTHBHOI MOTY-
KHOCTI B CHCTEMaXx EJIEKTPOIIOCTavdaH-
Hi. Ha mipoMy ertami y cmiBmpami 3 BU-
imkeHepHO-(i3muHOTO  pakymprery XIII

IyCKHHLICIO
K.B. SIryn Oyno po3po0ieHo METOAM aHali3y 1 CHHTe3y
KOMIIGHCYBAJIBHHX HPHCTPOIB Ha OCHOBI KOMII'IOTEPHHUX
Mo/Iesieid 1 MEeTO/IiB MMOLITYKOBOT ONTHMI3allii, 1110 A03BOJIsIE
BU3HAYUTU IIApaMETPU IPUCTPOIB 3aylsl IIOBHOI KOMIICH-
cauii peakTHBHOT NOTYKHOCTI IIPM HECUMETPUYHUX HaBa-

HTQXCHHSIX.
[porsarom ocranHix necarwnite B.I'. Srym 3a 3a-
NIPOLIEHHSIMH CIIIBIIPAIIIOBAB 3 HU3KOIO TEXHIYHHUX BY3iB,
JOIOMaraloYd B IIOCTAHOBII B HHX JIWCIHIUIIH,
OB ’S3aHUX 3 MOJETIOBaHHAM cucTeM. llpu mpomy BiH
HEOIMIHHO IPOTIAaTyBaB i BTUIIOBAB CYJacHIi CIIeLiaNbHi Ta
TOTOJIOTIYHI METOIH 3 iX KOMII FOTEPHOIO peatizalli€ro.

B.I'. Sryn omnyGmikyBaB mnonax 200 HaykoBHX
npaipb, B TOMy 4Hciai 3 MoHorpadii Ta 3 HaBYaIbHUX
nociOHMKK. BiH € 4WieHOM ABOX IOKTOPCHKUX CIICIPa,
YJICHOM PEIKOJIErid HayKOBO-TEXHIYHMX YKYpHaJIiB, Kepi-
BHHUKOM TIOCTIHHO mdirodoro ceminapy HaykoBoi pasu
HAH VYxkpainn «HaykoBi OCHOBH €JIEKTPOEHEPTETHKI.
3a pimenHsM BueHoi pagu oMy NMpPUCBOEHO 3BaHHS I10-
gecHoro npodecopa XHYMI imeni O.M. bekeroBa.

Cgiif BinpHMIT yac Banepiit ['puroposmu mpucesaye
miTepaTypi, maxam, Tpi Ha ¢opremiano. barato pokis
npuiiMae y4dacTb y XyHOoxHIA camomisutbHOCTI XIII, y
1966 p Bui3nuB Ha Beecoro3ni 3Maranus y ckiai 30ipHOT
koManau KBK m. Xapkoga.

Pexropar 1 xosekTHB Kadeapu CHUCTEM eIeKTPOIoC-
TauaHHs Ta enekrpocrnoxuBaHHsa Mict XHYMI imeni
O.M. bekeroBa nmpo BitatoTh Banepis ['puroposuua 3
IOBUJICEM, 3MYaTh HOMY MII[HOTO 3JI0pOB’s, MOJAJIbIINX
TBOPYMX YCIIXIB y HOoro OaraTorpaHHiii Ta IUTiIHIH HayKo-
Biil 1 IMeJaroriyHii QisyIGHOCTI.

Penaxmiitna xonerisi xypHanmy «EmekrporexHika i
CJIEKTPOMEXaHiIKa» NPHETHYETbCS O NHX MIUPHX
nobaxaHs.
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