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€.1. bapauk, M.II. bonotHuit

Po3poOka HewiTKOro KiIacudikaTropa 1Jsi pAHKYBAHHSA TEXHIYHOIO CTAHY
CHJI0BOro TpaHncpopmaTopa

Poszenanymo numanns ob6tpynmysanns i po3pobxu inmenekmyanvHoi cucmemu 0151 NIOMPUMKU NPUIHAMMA pilerb Wooo 8U3HaYeH-
HA paHzy MexHiuHo20 CMAany cuno8o20 mpancgopmamopa. 3anponoHosano nioxio O 6CMAHOBNEHHS PAH2Y CUTI08020 MPAHCPHOP-
Mamopa WiIsIXOM 3aCmocy8ans Kiacu@ikamopa, po3pobnenozo na 6asi cucmemu neuimxozo sugedennsn Taxaei — Cyeeno. I1o6yoo-
6AHO IEPAPXIYHI CMPYKMYPHI CXeMU GUIHAYEHHS PIGHI6 (haKMOpie MEXHIUHO20 CIAHY OKPeMUX (DYHKYIOHATbHUX 8Y3116 MA CUI08020
mpancghopmamopa 6 yinomy. Pospobneno newimkuil kiacu@ikamop 0N pauditCy8anHs MexHiuHO20 CMARY CUL08020 MpaHchopma-
mopa 3a pe3ynomamamit OKpemux eunpobysans i eumipiosans. Bukonana adanmayis newimkux mooenetl OYiHKu MexHiYHO20 CMAHY
WIIAXOM HABUAHHA HEUimKO20 KAACUDIiKamopa Ha 8UbIpKax 3 npomoKonie 00CMexHCeHHs NapKy CUL08UX MPAHCHOPMAMOPIE pisHuUX
munig i kiacy nanpye. Buxonano xomniexchy oyinky mexuiuno2o cmamy ma Kiacuyikayiio panzy 3a CyKynHicmio KOHMpPOIbO8AHUX
napamempie cuio8ux mparc@opmamopis enepeokomnatii. biomn. 36, Tadmn. §, puc. 12.

Knrouoei cnosa: HeiTKHii KiIacupikaTop, eJIeKTPoo0IaHAHHS, OHiHKA TEXHIYHOT0 CTaHy, 1e)eKT, CHI0BUI TpaHcopMmaTop.

Beryn. CyvacHuii cTaH e1eKTPOSHePTeTHKH MTPOMHU-
CJIOBO PO3BHUHEHHMX KpaiH CBITY XapaKTepU3yeThCs 3HaY-
HUM CTyNEHEM 3HOLICHHS CHJIOBUX TpaHCHOpMaTOpiB
(CT) stk HalOIBII TMOIMMPEHOTO €IEMEHTa EIeKTPOeHEP-
retuyHoi cucremu. Ilpuckopene onoBinenHs mapky CT
NoTpedy€e KOJOCATBHUX 1HBECTHUIIH B €IEKTPOCHEPT€THKY
Ta BH3HAYA€ HEOOXIAHICTH KOMIUIEKCHOTO IIIXOAY [0
BHPIIICHHS WX 3a]1a4, HE 0OMEXYIOUYNCh TUTBKH 3aMiHOKO
obmamHanHs [1-3]. B Tabn. 1 mpeacraBneHo CTaTHCTHYHI
JaHi [IOJ0 PO3MOJUTy XapakTepHuX momrkomkeHs CT
110-500 kB 3a ¢yskmioHansHIMHE By3mamu [4, 5].

Tabmuws 1
CraticTHYHI 1aHi o0 po3noairy nomkompkens CT 3a
(GYHKIIOHAIBHUMH BY3J1aMH 3TiHO TPHBAIOCTI eKCIUTyaTamil

KinbKicTh MOLIKOIKEHD
®yHKIioHanbHUI | 3rigHO TpuBajocti exciutyaraiii CT | 3ara-
By301 CT 10 | 10-20 | 20-30 | 30-40 | >40 | oM
POKiB| POKIB | POKIiB | POKIiB | pOKiB

Marsitonpogia 0 0 1 0 0 1
Cucreva 2| 14 | 13 1 0 | 30
OXOJIO/PKCHHS
OOMOTKH 23 25 23 28 12 111
[pwucrpiii PITH 12 28 21 10 0 71
BucokoBonbTHI 15 37 33 3 9 130
BBOJIH
Burik onvBu 12 16 19 11 3 61
Banpanizm 3 6 10 1 1 21
Yyck onusu 12 22 22 14 5 75
3aranom 79 148 147 96 30 500

Ha puc. 1 HaBeneHa craTUCTHKa OCHOBHUX NPUYUH
BimmoB CT mo marmmm CIT'PE cranom Ha 2015 3a mepiog
1950 mo 2009 [6].

OBMoTKM BUCOKOT HanpyTM:
28.35%

BucokosonuTHi
BBOAM HUSLKOT
Hanpyru: 2.36%

Marsitonposia:
6.30%

OBMOTKM Hu3LKOT Hanpyru:
18.90%

9 lWyntn
markiTHOro
notoky:
0.79%

Bigeonm ofmoTo
0.79%

Biasia

BUCOKOBONLTHOTO
N ceona aucoroi

Hanpyru:

12.60%

40 Cvcrema
oxonomKeHHsi:
1.57%

'Mi;:‘;rkaua isonsuis: MpucTpiit PMH:

11.81%

BucokosonkTHI
8B0AYU BUCOKOT
wanpyru: 14.17%

Puc. 1. Cratuctuka OCHOBHHX IPUYHH BiJIMOB
6nounux CT nampyroto Bumme 110 kB

Kpim Ttoro, Ginbira yactuna napkis CT 30epirae po6o-
4y 3/IaTHICTB ITOHA[] POEKTHUH TEPMiH eKCIUTyaTamii. AKTY-
AIIGHUM € BIOCKOHAJIEHHSA METOMIB IIarHOCTUKHA TEXHIYHOTO
CTaHy OONamHaHHS U1 BHU3HAYCHHS MOXIIMBOCTEH HOTO
eKCIUTyararii /st 2-X KPaTHUX Ta MOHaJ HOPMAaTUBHI TepMi-
HH eKcIutyaTartii [7-9].

XubHe BU3HaueHHs paHry TexHiuHoro ctany CT moxe
MPU3BECTH JI0 MOMHUIIKOBOIO PO3PAXYHKY CKJIaay HEeoOXis-
HHUX 00’€MIB JIIarHOCTHYHHUX BUIIPOOYBaHb 1 3aXOJIB LIOJI0
MOAANBINOI ekcrutyarartii [ 10].

TakuM YMHOM, OYEBHIHA EKOHOMIYHA HEIOILIb-
HICTh MOMEPEAHBOT 3aMiHU OO HAHHS, & TAKOXK BAXKIIH-
BiCTh CBOEYACHOT'O BHUSBJICHHS 3arpO3IUBUX AC(EKTiB, iX
MONANBIIANA KOHTPOJIb i3 MiABHINCHHAM JOCTOBIPHOCTI
BHU3HAYCHHS paHTy TexHigyHoro crany CT.

AHani3 JiTepaTypHHX [uKepel Ta IOCTAHOBKA
npodJjemu. CydacHe IpOrpaMHO-UITOPUTMIYHE 3a0e31e-
YEeHHS TO3BOJISIE ICTOTHO MiJBUINMATH IOCTOBIPHICTE pi-
IICHHS TaKWX 3a]ad B yMOBaX HEBH3HAYEHOCTI AiarHOC-
TUYHOI iHpopMalii. Bijpm J0CTOBIpHI PIIEHHS OO
pamxyBaHHsl TexHi4HOro crany CT Bmaerbcst oTpuUMaTH
NIPYU BUKOPHUCTAHHI IHTENEKTYJIbHUX CHCTEM IiITPUMKHU
npuiHATTS pimenss [11].

B nmanwmit vac ans giarsoctuku CT mupoko 3actoco-
BYIOTh XpoMmarorpadiuyHuii aHayi3 Ta3iB PO3YMHEHUX
(XAPT) y onmusi CT. 3a yMOBH BHHUKHEHHS Ta PO3BUTKY
nedexTy BcepeluHi TpaHchopMaTopa CKiax i KOHIICHT-
pamii ra3iB po3uMHEHHX y TpaHC()OPMATOPHIA OJWBI iH-
TEHCHBHO 3MIHIOIOTHCS K KUIBKICHO, TaK 1 siKicHO [12].

[IpakTHyHO BCi HasBHI METOAMKHU OLIHKH pe3yJIbTa-
TiB XAPI' He 103BONSAIOTH YITKO KIaCH(iKyBaTH TEXHid-
Huii cran CT Ha OCHOBI 3MIHU KOHIICHTpAIlii Ta3iB i,
BIJIMOBITHO, HE MOXYTh OyTH BHKOPUCTaHI JJIsl OI[IHKH
TEXHIYHOTO CTaHy TpaHc(opmaropa Ha IHTEpBali 4Yacy
crioctepexenss [13].

VY rtabn. 2 mpeacraBiieHi MEBHI pe3yNbTaTh JESIKHUX
CHCTEM, PO3POOJCHUX IS MIarHOCTUKH TpaHchopMaro-
piB Ha ocHoBi XAPT [14-16].

KinmpkicHI TTOKa3HMKH TOYHOCTI JiarHOCTHKH TPE.I-
CTaBJICHUX CHUCTEM BifoOpa)xatoTh HEOOXiJHICTh 3aCTOCY-
BaHHS METOJIiB, IO JO3BOJISIOTH MIiHIMI3yBaTH IOXHOKY
omiHku TexHiYHOTO cTany CT.

CknamHicTh BUPIIICHHS ITi€T 3a1a49i BU3HAYAETHCS Ha-
SIBHICTIO MHOKHHH YMHHHUKIB, SKi OJHOYACHO BIUIMBAIOTH
Ha KOHIICHTpAIIl Ta3iB B OJHBIi: JeTepMiHOBaHI YNHHUKH,

© €.1. bapnuk, M.I1. bonotHuit
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10 BU3HAYArOTHCS KOHCTpyKIieto CT, a TakoK CcTOXacTHd-

Hi akTopw, 110 3aJIeKaTh BiJ yMoB ekcinryararii CT.
Tabmuus 2

OtpuMaHi pe3yJIbTaTh ISl ACIKUX CUCTeM JiarHocTHKH Jieextis CT

Kinbkicts
CT, wr.

711

TouHicTh AiarHOCTHKHU PO3POOIICHUX cUCTeM, %

90,3 — HaB4abHA BHOIpKa
93,81 — TecToBa BHOipKa
210 95,72 — HaByaspHa BUOipKa
95,34 — TectoBa BHOIpKa
711 96,2
90,91 — meton JoprenOypra
87,88 — momudikoBanuit Metox Pomxkepca

33 90,91 — meton Pomxepca
93,94 — meron IEC/IEEE
820 90,49 — HaBuasibHA BUOIpKa

93,54 — TectoBa BHOIpKa

Byno npoBeneHo y3araabHEHHS PE3yJbTaTiB OCHOB-
HUX 1 NEPCIIEKTUBHUX HAYKOBHUX Ipalb Ul BHOOPY IPO-
TPaMHO-aJITOPUTMIYHOTO 3a0e3NeUeHHS IHTENEKTYaTbHUX
CHCTEM, SIKi 03BOJISIFOTH OTPUMYBATH JOCTOBIPHI pe3yJib-
TaTH MIPOTHO3YBAaHHS B YMOBaxX HeBU3Ha4eHOCTI [8-12].

3a pe3ynpTaTaMu y3aralbHEHHA Oyjia IPOBENICHA TeX-
HIKO-CKOHOMIYHA OIliHKa MpOAyKIiiHuX Moxenei ([IM),
cemaHTHUHNX Mepex (CM), noriuaux Mozeneit (JIM), mry-
yHUX HeWpoHHux Mepexx (IHM), newitkoi noriku (HJI),
HewiTkuxX HeliponHnx Mepex (HHM) i in. [13-20].

B tabn. 3 HaBeneHO XapaKTEpUCTUKH MOJeJed Ipen-
CTaBJICHHSI 3HaHb JUIS IHTEJIEKTYyIbHUX CHCTEM IMIATPUMKHA
TIPUAHSTTS PillICHHS.

Tabmnur 3
TexHik0-eKOHOMIYHA OLliHKAa MOJIeNel IIpeICTaBICHHS 3HaHb
HaiiMeHyBaHHs KpuTepis Mogeib npecTaBICHH 3HaHb
JIM |TIM | CM | THM |HJI| HHM
1. MO)KJII/IBICTL ornepyBaHHs I R + |4+ .
HEYITKHUMH JaHUMHI
2. YHiBepcaJIbHICTh -l - -]+ |- +
3. Hao4HiCTPh Ipe/ICTaBIICHHS 3HAHb - + | + - + +
4. MonynbHicTh + | + | - + | - +
5. JlomycTumi BUTpATH 4ac
HaioGil/L[OBy Mogni Y N e
6. JlomycTuma BapTiCTh + |+ | -+ | +] +
7. 31aTHICTh 10 CAMOHABYAHHS - - | - + | - +
8. KoedirieHT eekTHBHOCTI 0,5[0,7](0,1]09 [06] 1
OueBuaHO, 1O 3 TepepaxoBaHUX  MoJeJei

pO3B’sI3yBaHOl 3agaui HalKpalluM YHHOM MiAXOJSTh
MOZIeNIi Ha OCHOBI HEUITKMX HEHpOHHUX Mepex [21].
Bonu 00’€qHYIOTh MepeBard TAaKUX MOJCNICH IOJaHHS
3HaHb, sk HJI i IHM, 110 no3BoJisie KOMIIEHCYBATH HEMIO0-
JIIKY, BJIACTHBI KOXHIH OKpeMiit Moeti.

Ha mizncraBi oTpuMaHUX pe3yJbTaTiB aHaiizy Oyio
BupinieHo BukopuctoByBath HHM st moGynoBu HediT-
Koro kiacugikaropa Ha OCHOBI 3aCTOCYBaHHS MOJAENI
HewiTkoi cuctemu Taxkari — Cyreno [22].

OTXe, MeTOI CTATTI € MiIBUINEHHS ¢(PEeKTUBHOCTI
OLIHKA TEXHIYHOTO CTaHy CHJIOBOTO TpaHchopMaTopa
[UIIXOM PO3POOKH HEUITKOro Kiacudikaropa s 3a0es-
MIEYEHHsI JIOCTOBIPHOCTI BU3HAYEHHS PAHTY TEXHIYHOTO
CTaHy CHJIOBOTO TpaHcdopmaropa.

JIyist TOCSITHEHHST TTOCTaBJIEHOT METH BUPIIIYBalINCh
HACTYITHI 3a1a4i:

® pPO3pOOUTH i€papXif0 HEYITKOi OIIHKH TEXHIYHOTO
crany CT Ha OCHOBI arperyBaHHS HaWHOIIbLI 3HAYMMHUX
piBHIB (haKTOPiB BIUIMBY HA TEXHIYHUH CTaH;

® pPO3POOUTH AITOPUTM TMPOBEJCHHS HEYITKOI OI[IHKU
texHiyHOro cra"y CT 3a CyKymHICTIO KOHTPOJBOBaHHUX
napamerpis;

® pO3POOHUTH HEUITKUI KIacU(pikaTop sl paHXKyBaH-
Hs TexHiuHoro crany CT;

® TIPOBECTH KOMIUIEKCHY HEUITKY OLIHKY TEXHIYHOTO
crany CT B ymoBax HeBU3HA4eHOCTI iH(opMarii mis
NPUAHATTS ©(pEKTUBHUX NPEBEHTUBHUX PIIICHb OO0
cTparerii noAanbIIol eKcIuTyaTarii.

Konuenuiss BuOOpy nmapaMerpiB, 1110 BINIMBAIOTH
Ha BU3HAYeHHs1 paHry TexHiuHoro crany CT. Icuye
HHU3Ka JIarHOCTHYHMX METOAMK BU3HaueHHs crany CT,
IPOTE HENPOCTO IHTETPYBaTH iX pE3yJIbTATH B €IHHY
KOMIUIEKCHY OLIHKY. Meron, 3acHOBaHMH Ha HEYITKid
Jorii [yl 00YKMCIICHHs 1HIEKCY 3/10pOB’s 3apONOHOBa-
Hu# B [23], 103BOJISIE BU3HAUATH JIMILE TIOKa3HUK Mpalie-
37JaTHOCTI CHCTEMH i30ysii. 3a OCTaHHI IECATHIIITTS,
OyI10 3anpOIIOHOBAHO Pi3HI AITOPUTMH JIarHOCTUKHU CTa-
Hy CT i3 3acTOCyBaHHSIM IHTEJNEKTYallbHOI TEXHOJOTIT
00poOku iH(popmarii, Hampuknan meron baiteca [24],
METOJ J0Ka3oBoi aprymenraiiii [25], MeToJ OHNOpHHUX
BEKTOPHUX MaluH [26], METOJ WTYYHOI HEUPOHHOI Me-
pexi [27]. Konu Bunukae nedekr CT, e 4acTo cynpoBo-
JUKY€ETBhCS 3MIHOIO JISSIKMX MTapaMeTpiB TEXHIYHOTO CTaHy
[28]. i amropuTMu HOCSTIM XOPOLIMX pE3yIbTaTiB B
IHKEHEepHIH TpakTuli, npore Opakye aHamizy KOpewsmii
KOXXKHOTO mapameTpa i kiacy Texuiynoro crany CT. B
[29] npm omiHi craHy TpaHC(hOpPMATOpa KOXKEH 3 TECTO-
BUX IHJEKCIB 1 paHTy CTaHIB BiJIOBiJae OKpeMid mapi
HaOopy naHWX. AJjie BHYTPIIIHI B3a€EMO3B’SI3KH MIXK KOX-
HUM TECTOBHM iHJEKCOM He OyJIO PO3IIIHYTI B MHX PO-
6oTax, Tomy ThHnu nomkomkeHHs CT HeMoXiIMBO miar-
HOCTYBaTH. 3 iHIIOTO OOKY, METOAH OI[IHKH CTaHy TpaHC-
(opmaropiB Ha OCHOBI MeTOJy aHai3y map HaOopiB €
MIATPYHTSM IS KOMIDIEKCHOTO 0aTbHOTO METOAY OIHKH
TEXHIYHOTO CTaHy ekcrnepramu. lle mae MOXIMBICTB 1O-
OyIyBaTH HEUITKI MaTPHII €KCIIEPTHUX OIIHOK, BUKOPHC-
TOBYIOUM aHAJITHYHUI i€papXiyHUi Tporec Al BH3HA-
YeHHS BaroBHX KoeimieHTiB. [IpoTe BUKOPHUCTaHHS KOM-
TUIEKCHOTO OajIbHOTO METOMY OLIHKM TEXHIYHOTO CTaHy
Ta AHATITUIHOTO 1€PAPXIYHOTO IIPOIECY HE TO3BOISIIOTH
TIOBHICTIO YHUKHYTH Cy0’€KTUBHHX pO30DKHOCTEH eKce-
pTiB moao HasBHOCTI nedexry B CT [30].

3 BHWIIE3a3HAYCHUX TMPHYMH y Il CTarTi 3po0JeHo
crpoOy TOAONIATH HEMOMIKN PO3IIITHYTHX ITIIXOMIIB Ta METO-
JIiB BU3HAYEHHI KOMIUIEKCHOI OIIHKH TexHiyHoro cTany CT.

Po3poOka HewiTkoro Kiacudikaropa mepemdadae Bu-
KOHaHHS KUIbKOX OCHOBHUX eTartiB. Ha mouarkoBomMy erarti
CTBOpEHHs Kiacuikaropa HEOOXITHO IMPOBECTH BHOIPKY
(haxTopiB, HAHOUIBII 3HAYMMUX TIPU BCTAHOBJIICHHI PaHTYy.
BunineHHs OCHOBHHX MapaMeTpiB TaKOK BaXKIIMBO, TaK SIK
ominka panry texHiuHoro crany CT XapakTepH3yeThCs
BCJIMKOK0 KUTBKICTIO YMHHUKIB, IO MAlOTh IS PI3HHUX
KJIaciB TEXHIYHOTO CTaHy II€BHI BiAMIHHOCTI. PirreHHs
JIAHOI 3a/1a4l MOJKJTMBE 32 JIOTIOMOTOI0 METOY €KCIIEPTHHX
OIIIHOK JJIsl PaH)KyBaHHS MTOPIBHIOBAHHUX 00’ €KTIB.

3anporoHOBaHMUI METOJ EKCIIEPTHHUX OLIHOK 0a3yeTh-
Cs1 Ha BUKOPHCTAHHI HEYITKOT KOMILICKCHOT OLIHKK 00’€KTa,
Ha (yHKIIOHYBaHHS SIKOTO BIUTMBAIOThH YMCIICHHI (haKTOPH.

[IpakThka IpOBENEHHS JiarHOCTHYHUX BHUIPOOY-
Banb Ha CT moxkasye, 110 NPH TOCTAHOBII A1arHOCTHYHOT
TiNOTEe3W MIOAO0 HASBHOCTI JedeKTy Mae OyTH HeKiTbKa
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(axTOpiB, 110 PO3MIIAAIOTHCS Ta BU3HAYAIOTHCS B IPOLIE-
ci ouinku. Tak 5K 3a3BUYal Iy)Ke Ba)KKO NPUHHATH pi-
LIEHHSI, 3aCTOCOBYIOUH KIIACHYHUN MaTeMaTHYHUN METO,
HEYiTKa KOMIUIEKCHA OIliHKa 3[]aTHA BHPIIIYBATH 3a/ady
MIPUHHATTS PIlICHb OIIIHKH 3 KiTbkoMa ¢aktopamu. Lleit
METO/] OIIIHKH IPYHTYETHCS Ha OCHOBI iICHYIOUHMX CTaH/a-
PTIB OLIIHKK Ta HEYITKOTO IMEPETBOPEHHS (PAaKTHIHO BUMI-
psAHUX JaHuX abo NaHuX 31 3HAYHOI HEBU3HAYEHICTIO,
HernoBHOTOW iHpopMmarii. [TopiBHSHO 3 iHIIMMHU MeToJa-
MU, BiH € KOMIUIEKCHUM, 00 €KTHBHHM Ta IHTETPOBAHUM
METOIOM OI[IHKH Pe3yJIbTAaTIB.
Aneopumm npoeedenHs HewimKoi OYinKU MexHiuHO20
cmany CT nacmynnuil.
1. BusHaueHHst MHOXHHU X piBHIB (pakTOpiB BIUIUBY
Ha TexHiuHni ctad CT, mo notpedye OIiHKH:
X = {xl,xz,...,xn ; (N
ne x; — i-i ¢akTop, KU MOXKE BIUIMBATH HA TEXHIUHUIM
cran CT Ta Mae meBHY CTyIIiHb HEYITKOCTI; 7 — 3arajbHa
KIJIBKICTB (haKTOPIB, 10 MOXKYTh BIUIMBATH HA TEXHIYHUN
cran CT.
2. ®opMyBaHHSI MHOXHHH V €KCIIEPTHUX OLIHOK:
V=", ... 2)
Je v; — 1-i KOMIUIEKCHUI pe3yjbTaT BCeOIYHOI OL[HKH
eKCIIepTa; 71 — 3arajibHa KiIbKIiCTh OLIIHOK €KCIIEPTiB 11010
texHiynoro crany CT.
3. ®dopMyBaHHS KOMILIEKCHOI MaTpHIi HEUITKUX Bi-
JTHOILICHb €KCIIEPTHHX OILIIHOK R:

Vs

nr - hy

R=|: . i,
i1 Tij

ae r; € [0, 1] — enemMeHT MaTpulli HEYITKHMX BiJHOLIEHDL

MDK TMOUIKO/DKSHHSAMH (DYyHKLIOHAIBHUX BY3JIB Ta Hac-

JIIKAMH LUX TTOIIKO/PKEHb.

)

DXy, ... X%

4) BuzHadueHHs CHCTEMU BaroBux koedimieHris W:
n
W:(wl,wz,...,wn), ZWi:I, “4)
i=1

Je w; — i-ii BaroBui koeQillieHT, 0 BioOpakae 3Hauy-
IIiCTh KOXKHOTO (hakTopa OLIHKM X;; n — 3arajbHa Kijlb-
KIiCTh BaroBmx KOEQII[iEHTIB OLIHKMA 3HAYYMIOCTI (aKTo-
PiB 11010 BIUIMBY Ha OLIHKY TexHi4yHOTOo cTany CT.

5) BusHaueHHS MHOXXHHU B HEYiTKOT KOMILICKCHOT
omiHku TexHigHoro ctany CT. PiBHSHHS HewiTKOI Bcebiu-
HO{ OIIIHKH €KCIEePTiB 1010 TeXHIigHOTO cTany CT

B:max{bl,bz,...,bn}, %)

m
e bj = ij hjs J= 1,2, ..., n — j-if HEYITKA KOMILJICK-
i=1

cHa omniHka TexHiyHoro crany CT; n — 3aranbHa KUIbKICTh
HEYiTKAX KOMIUIEKCHUX OLIHOK TexHigHOro crany CT.

Jns mpoBeneHHS poOOTH 3 HEWITKOI KOMIUIEKCHOT
omiaku TC 3a METOJOM EKCHEePTHUX OIIHOK (HOPMYETHCS
eKCIIepTHA IpyTa 13 77 BACOKOKBaJi(DiKOBAaHUX CHEIIaTiCTiB
3 exciuryaramnii Ta pemonty CT. @opMyBaHHS TPyNH MOYH-
Hayocsl 3 BHOOPY KaHIMAATIB i MOJAJBINOI IX OLIHKH 3a
nortomororo meroay Delphi [31].

Jns Bu3HaUeHHs1 TexHiqHOro crany oiuBHoro CT Ha
0a3i pe3yibTaTiB OKpeMHX BHUIIPOOYBaHb Ta BUMIpPIOBaHb
po3pobiieHa JIIHTBICTHYHA MaTeMaTHdHa MOJIeNb, sKa
MICTUTH B CO0Oi IpaBHJIa HEUiTKOTO JIOTIYHOTO BHCHOBKY,
TEPM-MHOXXHHH Ta (QYHKIIT HaJEKHOCTI BXITHUX Iapame-
TpPiB 0 Ti€i 9M iHINOI TIHTBICTHYHOI BenmyuHU. Ha puc. 2
MpeaCcTaBlieHa PparMeHT i€papXiTHOI CTPYKTYPHOI CXEMH
HEJiTKOTO JIOTIYHOTO BHBOAY MPO TEXHIYHWUH CTaH OJIHB-
HOTO TpaHC(OpMATOpa Ha OCHOBI BH3HAYEHHX OKPEMHX
piBHIB (hakTOpiB TEXHIYHOTO cTaHy [32].

x11 xI2 xI13 | eee | xiI5 x16 | eoe | x45 | 0oe | Xxn
X c Onip ®izuKo-
apaKTephc- Tpym T2 06MOTOK XAPT XiMiuHmi b
THiH TBEpI0T BTpaTH nocTifiHomy Onip K3 - Hwi
izoustuii X.X. cTpymy P

Puc. 2. IepapxiyHa CTpyKTypHa CXeMa HEUiTKOTO JIOTIYHOTO BHBOJY IIPO TEXHIYHUII CTaH OJMBHOIO TpaHc(opMmaropa

Mopenb MICTHTH IpaBHJIa HEYITKOTO JIOTTYHOTO BH-
cHoBky Takari — CyreHo, TepMu i (DyHKIIH HaleXHOCTI
BXiJJHUX TapaMeTpiB JO TOTO YW IHILIOTO JIHTBICTUYHOTO
3HaueHHs. ba3a 3HaHb IPOTOTHUITY EKCIIEPTHOI CHCTEMH ISl
nmiarHOCTHKH TexHigHOTO cTany CT IpyHTYeThCs Ha iepap-
XI9HOMY TIPE/ICTaBIICHHI Ta CKIAJa€ThCs 3 CUCTEMH BOYI0-
BaHNX 0a3 3HaHb. [HTErpanbHa OMiHKA TEXHIYHOTO CTaHy
3MIACHIOETBCS HUIIXOM AarperyBaHHS BHCHOBKIB MO0
tuny aepekry CT 3a iHOUBIAyaJlbHHMH pe3yJbTaTaMu
BHUNPOOYBaHb, BUKOPUCTOBYIOYH BiAIOBiIHI 0a3u 3HAHE .

HeuiTkuit oriyHuii aHani3 BKIOYae B cede TpH Noci-
JIOBHI Iporiec, a came: (asudikarlis, HEYiTKi BUICHOBKU Ta
nedazndikamis. Pazudikaiisi MEpeTBOPIOE, HANPUKIAL,
YiTKE CHiBBIIHOIICHHS a3y JO HEYITKOI BXiJTHOI MHOKHHH.

Bubpana cricteMa HEUITKOrO JIOTIYHOTO BUCHOBKY BiZIIOBI-
JIa€ 32 OTPUMAaHHS BHCHOBKIB 3 HEUITKUX IPABHJI Ha OCHOBI
3HaHb «SKIIO—TO» JIHTBICTUYHUX BUCJIOBIIOBaHb. KoxkHE
MPABIJIO CKJIAJIAETHCS 3 IBOX KOMIIOHCHTIB, B SIKHX € TIOTe-
penHst YacTrHa («SKIIOY») Ta HACTYIIHA YacTHHA («To»). 3a
JIOTIOMOTOF0 HEYITKOTO ITIXOAy YaCTKOBA HAJIEKHICTH 0
TIEBHOTO KJIACYy TEXHIYHOTO CTaHy(BH3HAYAETHCS 3HAYCHHIM
GbyHKLIT HaNIeXKHOCTI) MOXKE 30UTBLIMTH KLUIBKICTh BIAMOBI/-
HHX BHCHOBKIB IOPIBHSHO 3 TPAIUIIAHAMU KPHTEPIsIMU
ouinku TexHiuHoro crany CT, siki persiaMeHTyroThCsi HOp-
MaTUBHO-TEXHIYHOO JOKYMEHTAIli€ro [6, 32].

Hanpuknan JTiHIBICTUYHE MPABUIIO U1 BU3HAUYCHHS
OIIIHKM TMOKA3HUKIB TEXHIYHOTO CTaHy 3a pe3yJIbTaTaMu
XAPI' mae nacrynuauii Burisin;: skimo «C2H2/C2H4 nopi-
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Baioc 0, CH4/H2 cranosuts 2, a C2H4/C2H6 Takox O,
Toni THN He(eKTy, SKHH BigNOBigae NaHii KomOiHaIil
crniBBigHOIIEHb € D7», TOOTO HHU3BKOTEMIEpaTypHHUH
nedekt (meperpi) 7<300 °C.

Oyukuis nedazudikarii TOTiM NEPEeTBOPIOE BUXIHI
3HAYEHHS Ha3a] y YiTKi 3HAUeHHSI.

Bci BXxoau cuCTeMM HEYITKOrO JIOTIYHOTO BHUCHOBKY
MaroTh (QyHKIIi HaiexHocTi, 6a30Bi Gopmu 1 ImapaMerpu
SIKHX JIeTallbHO TpeacTaBieHi B [32]. Jlnst BpaxyBaHHS
00’€KTHBHO ICHYIOYOi TOJIEPAHTHOCTI PO3Ii3HABAHOTO
nedekTy o 3MiHEHHS MapaMmeTpiB y BU3HAYEHOMY Jriaria-
30Hi, BHKOPHUCTaHHI TparenienoaioHi (yHKIiT HAIeKHOCTI.

Ha mowatkoBoMy eTami KOXHOMY €KCHepTy Oyiio
3aMpPONIOHOBAHO 7 TIOKa3HHWKIB IO iX 3HAYMMOCTI IS
pamKyBaHHS TexHigyHOTO ctany CT:

e x1 — piBeHb (akTOpa TexHiYHOTO cTany oOMoTok CT
(puc. 3);

e x2 — piBeHb (aKkTOpa TEXHIYHOIO CTaHy OCeps Ma-
raitonpoBoaa CT (puc. 4);

e x3 — piBeHb (paKTOpa TEXHIYHOTO CTaHy BHCOKOBO-
neTHEX BBOZIB CT (puc. 5);

e x4 — piBeHb (paKTOpa BOAMIMHAX XapPaKTEPUCTHK
tpaHcdopmaropnoi oy (PXAM) CT (puc. 6);

e x5 — piBeHb (akropa mepeMHKaya BiAraxyIKeHb
PITH CT (puc. 7);

e X6 — piBeHb (haKTOpa TEXHIYHOTO CTaHy IHIIHX BY3-
niB CT (puc. 8);

e X7 — piBeHb (aKTOpa IHIINX MMOKA3HHUKIB EKCILTyaTa-
uii CT (puc. 9).

Omninka TtexHiuHOro ctany CT ekcrmepramu 3aie-

YKHTh BiJl TOIOJIAHHS HEBU3HAYCHOCTI iH(QOpMAITiT:

® HEMOXJIMBO BU3HAYMTH CTAaH MO OJHOMY BHMIpIO-
BaHHIO, Ha OCHOBI OJIHOTO METO/Y;

e HaIitHWI JiarHO3 IPYHTYEThCA HA: ACKITBKOX BHIAX
JIIarHOCTUKM; JUHAMII 3MiH XapaKTePUCTHUK;

® HEMOJXXJIMBICTH 3aCTOCYBaHHS CaMHX KpUTEpiiB miar-
HO3Y JUIsl pI3HUX KOHCTPYKIIIH 1 KJIaciB HaIpyTH;

® HaTilfHICTH pe3yNbTaTiB JiarHO3y MOBHHHA IOCSTa-
THUCS IPY MiHIMyMi BUTpAT Ha X OTPUMaHHS.

O | I | PiseHb chakTopa
OuiiHka TextiuHoro cramy CT PiBeHb hakTopa TEXHIYHOro CTaHy AieneKTpuHmX X11
0BMOTOK BTpaT izonsuji
D |X1 06MOTOK g
[ 2 | PiBeHb dhakTopa
. PiBeHb hakTopa TexHiuHoro cTary ocepas | 4| BTpat xonoctoro |,
MmarHiTonposoga xogy isonsuii
|X2 06MOTOK
é PiBeHb dhakTopa
[ o onopy isonsuii X13
=] obmoTOoK R
& PiBeHb hakTopa TeXHI4YHOro cTaHy 60"
BUCOKOBOSIbTHVX BBOAIB
|X3 -
PiBeHb dakTopa
>~ KoediuieHTa X14
< ! ) TpaHcdopmali
0OMOTOK KTP
7

PiBeHb hakTopa i30nsuiiHuX
[ o XapaKkTepUCTMK TpaHcopmaTopHOT
onusn (PXAM)

PiBeHb dhakTopa
|X4 @— BiaoxunenHs onopy | X15
K3 obmoTok

Oa

AZ,

=N

PiBeHb hakTopa TEXHIYHOro cTaHy
nepemukada BigranyaxeHo PIMH I—

PiBeHb dakTopa
@—] HasBHoCTi Aedbekty | X16
o6moTok no XAPI

X5

A

PiBeHb dhakTopa
CTyniHi
nonimepwmsauii

X17

6

PiBeHb dhakTopa TeXHIYHOro cTaHy
iHwwnx By3nis CT

nanepoBoi izonsauii

e

A

]

PiBeHb hakTopa iHWMX NOKa3HWKIB
ekcrinyatauii CT

5

©Oa

Puc. 3. IepapxiuHa cTpyKTypHa cXxeMa OIliHKH TexHiuHoro crtany CT
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| 2 |
PiBeHb hakTopa TexHIYHOro cTaHy ocepas PiseHb dakTopa
pa ¢ v PA D—@—o— Temnepartypu X21
MarHitonposoga
| X2 cnanaxy onueu

| 6 ] PiseHb chakTopa
PiBeHb hakTopa TeXHIYHOro cTaHy TEXHIYHOro CTaHy
. ; p— X61
iHwmx By3nis CT cuctemmn
| X6

OXONOMKEHHS!

PiBeHb thakTopa
@— onopy 06moTOK X22
NoCTiiAHOMY CTpyMy

PiBeHb thakTopa
HasBHOCTI AedekTy X23
marHitonposoaa no

Puc. 4. IepapxiuHa CTpyKTypHa cXeMa OLIHKH piBHS (akTopa
TEXHIYHOTO CTaHy oceps MarHitornposoga CT

e
; . PiseHb dakTopa
PiBeHb hakTopa TEXHIYHOro CTaHy 5 P P
L — AienekTpudHnXx X31
BICOKOBOMbTHUX BBOAIB

X3 BTpaT izonsuii lBg%

PiBeHb hakTopa
onopy isonsuii BB

1

[~ PiBent akropa
neperpiBaHHs
®—| enewvenTis BBno |[X33
TennoeisinHomy
KOHTDONIO

Puc. 5. lepapxiuna cTpykTypHa cXxeMa OIIHKHU piBHS (akTopa
TEXHIYHOTO CTaHy BUCOKOBOJIBTHUX BBOAIB CT

PiBeHb dhakTopa i3onauinHmnx PiBeHb chakTopa
XapakTepUCTUK TpaHcopMaTopHOT D—@—i 1 AienekTpuyHol X41
onueu (PXAM) MiLHOCTi OnMBKu
X4 U

PiseHb cbakTopa
3BOMNOXEHHS ONUBU
M

PiBeHb chakTopa

o*— AieneKTpUYHNX X43

BTpPaT ONMBN
tgo

PiBeHb chakTopa
@—1 HasBHoCTi ayrosux | X44
po3psiaiB B onuBi

[~ PiBent daktopa

HasBHOCTI

[ o BOJOPO3YNHHUX X45

KUCHOT Ta NyriB B
onuei (KOH)

PiBeHb chakTopa
Konbopy
(kanamyTHoCTI,
npo30pocTi) onunemn

Puc. 6. Iepapxidna CTpyKTypHa cXeMa OLIHKH piBHs (akTopa
BOILIIITHAX XapaKTEPUCTHK TpaHC(HOpMATOPHOI OIUBU

(OXAM) CT
=
Pi . PiBeHb thakTopa
iBeHb (hakTopa TEXHIYHOrO CTaHy 5 WaseHocTi pecbexty | X51
nepemukava sigranyaxexs PMH PMH no XAPI
[

PiBeHb hakTopa

1 akocTi onuen B PMH X52
PiBeHb hakTopa
& 3aranbHoro X53
TEXHIYHOrO CTaHy
PMH

Puc. 7. IepapxiuHa CTpyKTypHa cXeMa OLiHKH piBH: (akTopa
TEXHIYHOTO CTaHy nepeMukaya Bigranymkens PITH CT

PiBeHb chakTopa

onuewn 6aka CT X62

PiBeHb dhakTopa

ctaHy 6aka CT X63

Puc. 8. Iepapxiuna cTpykTypHa cXeMa OIIHKH piBHS (hakTopa
TEXHIYHOTO cTaHy iHmmX By3miB CT

|

PiBeHb ¢hakTopa iHLWMX NOKa3HUKIB 7
ekcnnyatauii CT
| X7

PiBeHb hakTopa
nepesaHTaxeHHs CT

PiBeHb hakTopa
@— BmicTy cbypaHoBux | X72
3'efHaHb B onNuBi

PiseHb cakTopa
[ obcTexeHb Ta X73
PEMOHTIB

Puc. 9. IepapxiuHa cTpyKTypHa cxeMa OILiHKH piBHS (akTopa
IHIINX TOKa3HUKIB ekcruryaramii CT

IloOynoBa HeuiTkoro kJacugikaropa a8 paH-
:kyBaHHs1 TexHiuHoro crany CT. Ilicis BuzHaueHHs
piBHIB (akTopiB TexHiuHOrO craHy CT, yMOBH ekcmrya-
tarii CT xracugpikyroThcs 3 METOIO BCTAHOBJICHHS OIiH-
KA KOXXHOTO (paKTopa Al KOMIDIEKCHOT HEUITKOI OIIHKH
[33]. YmoBu ekcrutyatanii CT ki1acudikyroTbhes K XO-
porri, TpUHATHI, TOTPeOYIOTH 00EPEKHOCTI Ta PU3HKO-
BaHl y Wil CTAaTTI BHPaKEHO K MHOXXHHY EKCIEPTHHX
OWIHOK V = {vy, v, V3, 4} = {moOpe, NpUIHATHO, MOTpE-
Oye 00epeIKHOCTI, PU3UKOBAHO } .

YMoBa ekcruryaTanii «o0pe» o3Hayae, 0 TeCTOBa
BUOIpKa JaHUX poOOTH TpaHCHOPMATOpa € HOPMAIBHOIO,
1 KOXHI HapaMeTpy TEXHIYHOI'O CTaHy HE3HAYHO BiIXH-
JNSIOThCA Bl KOHTPONHOBAHHX 3HAYEHb. VIMOBIpHiCTH
BUHUKHEHHS Ie(eKTy HHM3bKa i JOBrOTpHBaia poOOTa B
MeKax TPaHUYHO-JOITYCTUMHUX BiAXWIICHb KOHTPOJIHOBA-
HUX IapaMeTpiB TOCTYIIHA.

YMOBH eKcInTyaTanii «IpUHHATHO» 03HAYaIOTh, IO
CT ekcruryaTyBaBCs IIPOTATOM IEBHOTO Yacy, 1 3a70BiJIb-
Hi naHi BUIPoOyBaHb ab0 JOCTOBIPHICTh NMEBHOI 1HIMBI-
JIyaJIbHOT'O KOHTPOJIbOBAHOTO Iapamerpa TEXHIYHOTrO
CTaHy JICIIO MEHIIE 32 MEXi IPAaHHMYHO-JOMYCTUMHUX BiJ-
xuieHb. OCKUIBKM J1aHi JOCTOBipHi, ekcmuryaranito CT
MOXHa IIPOOBKYBATH, @ HMOBIPHICTh BiZIMOBH HU3bKa.

YmoBa excmtyaranii  «IlotpeOye oOepeskHOCTI»
O3Hauae, MmO TiX Yac BUIPOOYBATBHOTO IEPiOAy HaHi
TECTY BIAXWIATHUCS BiJl HOPMaNBHOTO cTaHy. Jledki mapa-
METpPU TEXHIYHOTO CTaHy BiZOOpaXkaioTh Te, MO AeEeKT
MOJKe iICHyBaTH, TAKUM YHMHOM, HMOBIPHICTh BUHUKHEHHS
MOIITKO/KCHHST 30UIBIIYEThCS, 1 X0da TpaHchopMaTop
MOXE IPOJIOBKYBaTH IPALIOBATH, MPOTE IHTEPBAI EKC-
Tutyaranii TOBUHEH OYTH CKOPOYEHHH.

YMoBa ekcrutyaranii «pu3MKOBaHO» O3HAvae, 1o 3a-
ranpHi ekcruryataniii BractuBocti CT € Hmk4e cepen-
HBOTO. BUIBIIICTh OTPUMAHNX KOHTPOJILOBAHUX HapaMeT-
piB TEpEeBHUILYIOTH pEIJaMEHTOBaHI CTaHIapTaMH 3Ha-
YeHHS, 2 UIMOBIPHICTh BUHUKHEHHS Bi]MOBH BEIIKA.
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B Tab6m. 4 npeacTaBneHO cCeMaHTHYHE BU3HAYCHHS Bijl-
HOIIIGHHS PAaHTy TEXHIYHOTO CTaHy Ta yMOB ekcruryararii CT.

Tabmuus 4
CemaHTHYHE BU3HAUCHHS Jialla30Hy 3MiHH PaHTy TEXHIYHOTO
crany CT
ﬂtlaHaSOH CeMaHTHYHE BU3HAYCHHS OLIIHKH TEXHIYHOTO
3MiHH BEJH-
crany CT
4yuHU B
Xopommii TexHigaunit cran CT. [IpomoBxkeHHS
0...0,25 eKcIuTyaTaiii 6e3 ooMexenb. Jlyxe HU3bKHIA
piBensb BigmoBu (VL)
Hwu3bka CcTyIiHb NOTIPIISHHS TEXHIYHOTO CTaHy
0,25...0,5 |CT. IlpomoBxeHHs eKcIuTyaTarii 6e3 0OMeXeHb.
Hwuspkwuii piBeHs BinmosH (L)
CepenHst CTYIIHb NOTIPIICHHS TEXHIYHOTO
05,075 |CTay CT.. Hesnaunwmii ctyminb PO3BUTKY ged)e—
’ ’ KTy. HacTimuil KOHTPOJIb NapaMeTpiB TEXHIYHO-
ro crany CT. Cepenniii piBess Bigmosu (M)
TexHiuHM cTaH 3MICTUBCSI Bifl CTAHY MOTIPILICHHS
0,75...1,0 IO CTaHy BiIMOBH. 3HAUHUI CTYIIHb PO3BUTKY
nedexry. Bucoknii piBens Bizmosu (H)

JlinrBicTryHa 3MiHHA B «HEYiTKa KOMIUIEKCHA OLIiHKa
texHiunoro crany CT», 1o nozjana B Tadi. 4 npeacrasieHa
6a30B0or0 TepM-MHOXKUHOW 1 = {Ty;, Ty, Tyy, Ty}, me Ty, T,
Ty, Ty — TepMH IO BIATIOBINAIOTH JyXe HU3bKOMY, HU3BKO-
MY, CEpEAHbOMY 1 BUCOKOMY PIBHSIM HOTIPIIEHHS TEXHIYHO-
ro crany CT. I'padixu QpyHKIii HATEKHOCTI TePM-MHOKUHA
JHTBICTUYHOI 3MiHHOI B moka3aHo Ha puc. 10.

n(B)
| OA Ty Ty Ty Tu

08}

0,6

04}
0,2

Il Il Il Il B\
0 0,25 0,5 0,75 1,0 ~
Puc. 10. I'padiky GpyHKIIN HAIEKHOCTI TEPM-MHOXHHH
JHTBICTHYHOI 3MiHHOT B

TakuM YUHOM, pe3yJbTaTH 0 KOXKHOMY BUJLy Jiar-
HOCTHKHU KJIACH(IKYIOThCSA HE3aJCKHO, 1 Jali MiJCyMKO-
BUIl BUCHOBOK BUKOHYETBHCS 3 YPaxyBaHHIM BCIX €KCIIep-
THUX OI[IHOK.

Jlyist BU3HAYEHHsI paHTy TEXHIYHOT'O CTaHy OJIMBHOTO
CT Oyna po3poOiieHa JIIHTBICTHYHA MOJENb Kiacudika-
TOpa, M0 TPYHTYETHCSA HA BUKOPHCTaHHI amapary HediT-
Koi joriku [32, 34, 35].

Heuitka mMonens kinacudikaropa KOMIUIEKCHOI OIIHKH
crany CT mnobOymoBana Ha OCHOBI aIanTHBHOI HEHpo-
neuitkoi Mepexi ANFIS (Adaptive Network-based Fuzzy
Inference System), sika € riOpHIHOIO GAraTOLIAPOBOIO HITY-
YHOIO HEHPOHHOI0 MEPEXKEI0 CIEIiabHOI CTPYKTYpH O3
3BOPOTHOTO 3B’SI3KY 1 I03BOJISIE peasli3yBaT MOJENI CHCTEM
y (OpMi PaBMIT HEYITKUX ITPOIYKLIiH.

Heuitkuii knmacugikatop Uit paHXyBaHHS TEXHid-
Horo crany CT npencrasieHul y BUTIIsAL

B=FX,V,C,W), (6)
ne X = {x, X, ... , X,} — BXiTHHH BEKTOP PAHTOBHX OIIHOK
MTOKa3HUKIB PiBHIB (haKTOpiB HEWITKOT MOJIEINi KiIacupika-
Topa; V = {vi, s, ... , V;} — BEKTOp NnapamerpiB QyHKIiH
HaJIS)KHOCTI BCEOIYHOI OIIHKK EKCIIEPTOM ITOKa3HUKIB

piBHIB akTOpiB HeUiTKOi Mojeni Kiacudikaropa,
C={ci, ¢, ... , ¢4} — BEKTOP NapaMETPiB HEHYITKUX TEPMiB
3 0a3u 3HaHb HEYITKOI Mojeni kiacudikaropa; W = {w,
Wy, ... , W,} — BEKTOp BaroBuUX KOE(DIli€HTIB HEUITKUX
MpaBWJ HEYIiTKOT Monenmi kiacudikaropa, n — 3arajbHa
KUTBKICTh HEUITKUX MPaBMI B 0a3i 3HAHb HEYITKOI MOJIEII
Kiacudikaropa; ¢ — 3arajbHa KUIBKICTb TEPMIiB HEUITKOI
Mmozeni kinacudikaropa; F — omeparop 3B’SI3Ky «BXif-
BHX1/1» HEYITKOT MOZET KiTacudikaTopa.

3HayeHHS BXO/IB, BUXO/IB Ta CHHAIITUYHUX BarOBUX
KoedimieHTiB TiOpuaHOi HEHPOHHOT Mepeki 3HAXOIATHCS
B miana3zoHi [0, 1].

Ha puc. 11 300paxkeHO NpHUKIam HeWpoMepekeBe
NPE/ACTAaBICHHS PaBUJI HEYITKOro KiacudikaTopa Jyis
2-X piBHIB (hakTOpiB BILIMBY Ha TexHiuHM ctan CT.

Bxinui
3MiHHI

Iap 4
(axkymynsuis)

Iap 5

Map! | 1ap2 | Tap3 }
(nedasudixanis)

(¢aw¢ixauis{)‘ (mpaBuna) ‘(alelnixLMx)
‘ wi | yi

WB ATy T Ta T
ul (x1) I

\
|
\
\
Wiyl }
\
|
|
\

2 (x1) 0 !

u3 (x2)

u4 (x2)

Puc. 11. HelipomeperxeBe npeAcTaBiIeHHs IPABUI HEUiTKOTO
knacugikaTopa ast 2-X piBHIB (aKTOPiB BIUIUBY Ha TEXHIYHHUHA
cran CT

Mepexxa ANFIS BukopucroBye TiOpuIHHN alro-
putMm HaByaHHs. Heitponu y mepexxi ANFIS matots pizHy
CTPYKTYpY Ta NpPH3HAYEHHS, 110 BiANOBINAIOTH CHCTEMI
HEUITKOTO BHMCHOBKY Ta pPEaJli3yl0Th OCHOBHI HACTYIHI
eTan# ii poboTH.

[lap 1. ®Pasudikarmis (BBeAEHHS HEYITKOCTI) 3a IO-
MMOMOTOI0 (PYHKIIH HaJIe)KHOCTI BXiMHUX 3MiHHUX. [lep-
i aganTuBHUH map Mepexi ANFIS micTuth HeHpoHH,
SIKi O0YMCITIOIOTh 3HAUSHHS (DYHKIIIN HAJIEKHOCTI BXIJHUX
3MIHHHX f4(x1) Ta 4(X2), e X1 Ta X, — BXiHi 3MiHHi, =1, 2
Ta j=3, 4. AmanTHBHICTp APy HOCSTAETHCA MUIIXOM
migoopy iy QyHKLIH HaJE)KHOCTI BXiJHUX 3MIHHHX.

[lap 2. ArperyBanHs (BU3HAUEHHSI CTYNEHs iCTHHHOC-
Ti YMOB) 3a JOIIOMOI00 0OpPOOKH OCHOBH HEYITKHX JIiHIBiC-
THYHUX TpaBwil. [pyruii ¢ikcoBanuii map mepexxi ANFIS
MICTHUTD HEHPOHH, SIKi OOUMCIIOIOTH TOOYTKH OTPHMMAaHHX Ha
HIepUIOMY IIapi 3HaYeHb (PYHKIIH HAIEKHOCTI:

W= p(x1) - 14(x2), (7
ne W;— cuHanTW9HI BaroBi KoeiieHTH MEpexi.

[lap 3. AxTuBi3amis (BU3HAYCHHS CTYICHIB iCTHH-
HOCTI BHCIJIOBIIIOBAaHB) IUIIXOM HOpMali3alii piBHIB aK-
TUBAIIl HEYITKUX mHpaBwIl. Tperii (ikcoBaHMI Imap Me-
pexi ANFIS MicTuTh HEWpOHH, SIKi OOYHCIIOITH HOPMO-
BaHi PiBHI aKTHBAaIlii HEYITKUX MPaBUIT:

Wi=W; )W+ Wy + Wy +Wy). ®)
lap 4. Axymysitis (00’ e1HaHHS CTYTIEHIB iCTHHHOC-
Ti) 32 1oNIOMOTo0 (PyHKIIIH HaJIe)KHOCTI BUXITHUX 3MIHHHUX.

YerBepruid agantuBHuil map mepexxi ANFIS micturh Held-
POHM, SIKi OOYMCIIOIOTH 3HAYCHHs (YHKLIH HaIeKHOCTI

8
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BUXIJTHUX 3MIHHHX, & TAKOXK JOOYTKY 3Ha4€Hb CHHAIITHYHUX
BaroBHX Koe(IillieHTIB Ta QyHKIIH HAIEKHOCTI:

Wiy =Wi-yin.x,c), ©)
Ie y; — 3HadYeHHS (YHKIIH HaJeKHOCTI BUXITHUX 3MiH-
HUX; ¢; — TApaMEeTPH HEUITKUX TepMiB (DYHKIIII1 HaJleXHO-
CTi 13 0a3u 3HaHb.

Map 5. Jedazudikauis (nepexin 10 HiTKOCTI) 3 OTPHU-
MaHHSIM YiTKOTO 3HAYCHHS BUXimHWI 3MiHHOL. [1’sTHil dik-
coBanuii map mepexxi ANFIS micTuth HelpoH, sikuit ooumc-
JIFOE CyMy TOOYTKY 3HaueHb (DYHKIIIH HAIC)KHOCTI BHXITHUX
3MIHHHUX Ta CHHANITHYHNX BaroBUX KOe(Dilli€HTIB

M __
i=1

[lap 6 ckiIamacThcsl 3 €IEMEHTIB, IO BHU3HAYAIOTH
MaKCHMaJIbHEe 3HAUYEHHS HaJIS)KHOCTI Cepel YCiX MpaBwHil,
10 33a10Th MITKY paHry TexHigHoro crany CT.

[lap 7 ckiamgaeTbes 3 OMHOTO €IEMEHTA, 1110 MICTHTh
iHnekc panry texuiyHoro crany CT 3 MakcHMMaibHUM
3HAYEHHSM HaJIeXHOCTI.

Ha puc. 12 npencrasiena 3aranbHa CTpyKTypa Heil-
POHHOT Mepexi, MoOymoBaHOI Il HEYITKOTO Kiachugika-
TOopa OLIHKKM TexHiuHoro crany CT. B oxpemi rpymm
BHHECEHI BINIMOBINHI TpaBWIaM HEWpPOHHU, IO 3aJal0Th
MITKH KOHKPETHOTO PaHry.

(10)

e

N
2

| Iap 1-5 | Hlap 6 | Ilap 7
: : (max) :
| 1'11 | |
| | |
| ‘% | |
| Eomig o |
| | N\ |
O HER DO

| £ g |
| | |
17 ¢ | |

. | | |
) Parr 1 | | B

PY [ aHr I Ly arg
) | | max
| 11> ! |

o A\ S 5 | |
| | I
: ¢ rl3 : :

@ | < N |

| /|
| | |
| | |
| | |

Panr 4
Puc. 12. ApxitekTypa He4iTKOro Kiacudikatopa
s inenTrgikanii panry texaignoro crany CT

KpurepiansHi 3HaUSHHS MapaMeTpiB, IO BUKOPHUCTO-
BYIOTBCS B HEUITKii MOJIEN, € CTATUCTUYHO CEPEIHIMU IS
BenuKoro Habopy ekcruryatoBanux CT. Peambri pexxumu
poboTn KoxkHOTO KOHKpEeTHOTO CT MOXYTh BiIpPi3HATHCH.
e Bumarae ananTariii HEWITKMX MOZENEH 10 pealbHUX
YMOB poOOTH LIUISIXOM HaJIalITyBaHH: MapaMeTpiB.

B noBHOMY 00CsI31 BXiiHI apryMeHTH HEBiZlOMi, TOO-
TO iCHY€ HEBHM3HAUEHICTh B OLIHII TexHiYHOro crany CT.
VY 1upoMy BHIIAIKy PEKOMEHIY€EThCS 3aCTOCOBYBATH aJlro-
PUTMH MalIMHHOTO HaBYaHHS, B SKUX HEMae€ SIBHUX JIOTi-
YHHX 3B’S3KiB MiX MapaMeTpamH, MPOTe HEOOXiTHO MaTH
HaBYANBHY BHOIpKY. JlOCTiIKEHHS MIPOBOIUIIOCH 3 BUKO-

pHUCTaHHSAM cTaTHCTHYHOI iH(opMmarliii npo Bizmosu CT Ta
pe3yJNbTaTiB AiarHOCTHYHHX MPOLEAYD BiJ QYHKIIOHYO-
yux CT, siki peecTpyBaInCh B €HEProcucTeMi YKpaiHH.

HanamrryBannst HewiTkoi MOZENi MoJjsira€ B 3HaXo-
JUKEHHI TaKMX MapaMeTpiB, sKi MiHIMI3YIOTh BiJXWIJICHHS
Mix 0a)XaHOIO 1 HIMCHOKO TIOBEAIHKOI MOJENTI. AJITOpUTM
HaJAIITYBaHHS  aJalTHBHOI HEHpO-HEWiTKOI Mepexi
ANFIS cknanaetbes 3 1BoX etamis [32, 35].

Etan 1 (mpsmuii xix anroputMy). 3a1aeMo O9aTKoO-
Bi 3HAYEHHS IapaMeTpiB IEpIIOro aJanTHBHOTO IIapy,
poOMMO OOUYHMCIIEHHS Ha IPyroMy Ta TpPEThOMY IMIapi,
BH3HAYAEMO IAapaMETPU YETBEPTOrO aIalTUBHOTO ILApy
Ta 00YMCITIOEMO 3HaYeHHs (QYHKIIT NOXUOKH 1eHTH(iKa-
uii. Skmo 3HaveHHs QyHKUil MOXHOKHM ineHTH]ikawii
3HAXOAUTHCA B JONYCTUMHUX MCKAX, TO HaBUaHHA aJarll-
TUBHOI Helpo-HeuiTkoi Mepexxi ANFIS 3akiHueHo, iHak-
1I€ TIEPEXOAUMO JI0 APYTOTo eTaIry.

Etan 2 (3BopoTHHI Xix anroputMmy). 3a JOIIOMOTOIO
METOJTy 3BOPOTHOTO PO3MOBCIO/DKCHHS MOXUOKHU 1IeHTU]I-
Kamii yTOYHIOEMO TTapaMeTpH HepIIoro aJalTHBHOTO LIapy.

[lependavaerncst, mo mapaMeTpu (QYHKINH Haex-
HOCTI MTOBHHHI MiAOMpATHCA TAKUM YHHOM, 1100 30eperTu
THIHY YIOPSAIKOBaHICTh TEPMIB.

IlepenbayeHo MOMIMIICHHS PO3POOJICHOI  CHCTEMH
LUBIXOM HAJIAIlTyBaHHs BaroBUX KOCMII[€HTIB OLIHKM 3Ha-
4uMOCTi (HaKTOpIB MO0 BIUIMBY Ha OLIHKY TEXHIYHOTO
crany CT. Ilig HamamrtyBaHHSIM TYT PO3YMIETHCS PillleHHs
3a/1a4i ONTHMI3allil BaroBUX KOS(DII[IEHTIB OIIHKKA 3HAYUMOC-
Ti (haKTOPIB I110/I0 BIUIMBY HA OLIHKY TexHiuHoro crany CT.

3ajaua HaMAINTYBaHHS HE4iTKOI Mojeni kinacudika-
TOpa BUKOHY€EThCS B [32]:

RMSE = |- Z[ "—F(X’,V,C,W)]2 — min -
M ey
ne X' — BXIiZHWIA BEKTOP B 7-My PSAAKY HEUITKOI BHOIpPKH;
B’ — BuXifHUH BEKTOP B 7-MYy PSJAKY HEUiTKOI BHOIpKH Y
BUTJISAI HEYITKOTO YHWCIA; ¥ — HOMEP psAAKa B HEUITKIH
BUOIpIIi, 110 BUKOPUCTOBYETHCS B IPOILECI ONTHUMI3aLii
rapaMeTpiB HEYiTKol Mopeni kiacudikaropa, MpUIOMY

r=1,M ; ne M — KiNbpKIiCTb Iap JaHUX, IKUMHU IIPEACTaB-
JIeHa HEediTKa BUOipKa.

Jns 1poro BUKOPHCTOBYIOTHCS (pyHKHist fmincon mna-
keta Optimization Toolbox cuctemu MATLAB [32]. To6To,
Oeperbcsi BUOIpKAa 3 MPOTOKOJIB JIArHOCTUYHUX BUMIPIO-
BaHb Ta BUNPOOYBaHb nociipKyBaHux CT kommaHiid-
MOCTaYaIbHUKIB €IEKTPOSHEPT I i3 YiTKMM BUCHOBKOM.

[Micns HaBuaHHA HewiTKOl Mojeni kiacudikaropa
Horo e(eKTUBHICTh aHATI3YETHCS 3a JIOTIOMOTOI0 BUKOPH-
CTaHHs TeCcTOBOi BUOiIpKu. [IopiBHAHHS pe3yJbTaTiB HEi-
TKOI Mojeni kiacudikaropa i3 (akTHYHUM JeQeKToM
OOTpYHTOBY€E BHCOKY €(EKTHBHICTh Ta TOYHICTH iICHTH-
(hikarii 3arporoHOBaHOi MOJETI.

HaBuanns HediTKOTO Ki1acudikaTtopa MpOBOAMIOCH
Ha TecToBii Bubipmi 250 mpotokomniB obcrexxenus CT, mo
ckiany skux Bxommwiau 100 TpoTOKONIB i3 BiACYTHICTIO
nedexTiB i 150 mpoToKoIIiB i3 HASBHUME O3HaKaMu aede-
KTiB pi3HUX BUIB. Pe3ynbpraTu TecTyBaHHS HOCTOBIPHOC-
Ti HewiTkoro kiacugikaTopa Ha HaBUAIBHHX BHOIpKax
MoKasany, o kiacu(pikaTop NpaBUIbHO BU3HAYMB 241 3
250 rexniunoro crany CT. Ilomunka knmacugikarii Tex-
HiuHoro crany CT RMSE cknana 1,6 %, mo € npuiHsT-
HUM PE3yJIbTaTOM.
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B Tabn. 5 npencrasneHo GparMeHT pe3yiabTaTiB BU-
3Ha4eHHA OIIHKU TexHiuHoro crany CT 3a pe3ynbTaramu
XAPI' Ha xOHTpOJbHIA BHOIpmi. Po3pobiieHa cucrema

HeuiTKoro kiacu(ikaTopa IMpH TEeCTyBaHHI MOKazaia
JIOCUTh BHCOKY TouHicTh. llomuika knacudikamii He
nepesumuia 5 %.

Tabmuus 5

Pesynpratu oninku TexHiuHOTO cTany onuBHOro CT 3a pesynbratamu XAPI Ha KOHTpONBHINM BUOIPIIi TPYIIOI0 EKCIIEPTIiB

Inenrudikaris crany CT no pesynpratam BumiproBanus XAPIT
Ne n/m| Tun TpancopmaTopa - - -
COVY-H EE 46.501-2006 KracudikaTop Ha OCHOBI TEOpii HEUITKMX MHOXKHH
1 TLI-400000/330 Tepmiunnit gedext 7> 700 °C Tepmiunnii gedext 7> 700 °C. u"(B)=1,00
2 TALI-10000/110 HeBusnaueno Pospsin Manoi motyxkHocTti. 1*(B)=0,6
3 TATI-10000/110 Hesusnaueno Po3psn Bemukoi notyskHocti. 1 (B)=1,00
4 TJL1-400000/330 Hesusnaueno Tepwmiunnit gepexr T> 700 °C. u*(B)=1,00
ER— — °oC L(R=0 14
5 TP/ILIH-63000/110 | Tepmiunmii sedext T = 300-700 °C ¥§§§i3§§§ ;‘zg)’:l‘g ; ;1350%_37%% CC‘; ,%3)_:06’2746’
6 ATJLTI-240000/220 Tepmiunmii gepext 7> 700 °C Tepmiunnit gedext 7> 700 °C. u"(B)y=1,00
7 TATH-63000/110 Hesusnaueno Po3psn Benukoi notysxuocti. 1 (B)=1,00
8 ATJILITH-250000/500 Tepmiunwmii gepext 7> 700 °C Tepwmiunuit gepexr T> 700 °C. u*(B)=1,00
- — o
9 TALT-315000/110 Po3psia BeTHKOI IIOTYKHOCTI 1;‘;11}’;1“3:;32; Fﬁzi/;c;;gzllﬂ#%ggg%
10 TATH-40000/110 Tepmiunmii gepext 7> 700 °C Tepmiunnit gedext 7> 700 °C. u"(B)y=1,00
11 OJTT A-80000/220 Po3psin Bennkoi moTy>KHOCTI Po3psn Benukoi notyxHocti. u(B)=1,00

MoaeaioBaHHSI KOMILJIEKCHOI HeYiTKOI OIiHKH
TexHiuHoro crany CT B ymMoBax HeBH3HAYEHOCTI iH-
¢opmamii. [Ipu yeproomy BUNpoOyBaHHI 1 BUMIpIOBaHH1
napametpiB texHiunoro CT TIAI[-400000/330 3a pe3yib-
taramu XAPI" Oynm 3apeectpoBaHi KOHIEHTpallii rasis,
pO3YMHEHHX B TpaHC(opMmaTopHii onupi. [lepeBUICHHS
TPaHUYHUX 3HAYCHb KOHIIGHTpALl Ta BiJHOCHHX LIBHA-
KOCTell 3poCTaHHsl pO3YMHEHMX ra3iB Oinbm HK 10 % Ha
MicAIs 3a(iKCOBAHOTO B MIEKUIBKOX OCTAHHIX BHMIipIO-
BaHHSX CBIIYUTH NP0 HASBHICTH Yy TpaHchopMaTopi mpo-
Tpecyrodoro aeeKry.

Jns mpoBeseHHS pOOOTH IO METOLY EKCIIEPTHHX
OIL[IHOK Ha OCHOBI HEYITKOI KOMIUIEKCHOI OIIHKH OYyJ0
CTBOPEHO EKCIIEPTHY TPYI 3 5-TH BHCOKOKBai(hiKOBaHUX
CreriaicTiB 3 ekcruryararii Ta pemonty CT, koxHOMY 3
skux Oyno mpucBoeHo Biacuuii Homep (El,..., ES). ®op-

MYBaHHSI TPy TIOYUHAIOCS 3 BUOOPY KaHIMIATIB 1 moja-
nb1ioi X ominkk. Ha 0cHOBI cy0’€KTHBHOI OI[IHKU €KCIEepT
00HpaB CYKYITHICTh MapaMeTpiB KOKHOTO (PyHKI[IOHAIBHO-
ro By3na CT.

Ha movaTtkoBOoMy erari KOXXHOMY eKcrepTy Oyio 3a-
MPOMOHOBAHO 33 TOKA3HHKIB IO 1X 3HAYMMOCTI JUIsl BH3HA-
YyeHHs1 oliHKK TexHiyHoro crany CT. JIns OliHKH eKcrepTiB
BUKOPHCTOBYBAJIacsi METOIMKA, IpeCTaBleHa B [34, 35].

Ha HacTynmHOMY erami eKkcnepTH 3OiHCHIIN OIHKY
TEXHIYHOTO CTaHy ()YHKIIOHAJIFHUX BY3IIiB Ta YMOB €KC-
TUTyaTalii 3 BiAOBITHAM BU3HAYECHHSIM BaroBHX Koedirli-
€HTIB MOKa3HHKIB TexHiuHOro crany CT.

BignoBinHo 10 po3poOJieHOro alropuTMy IpOBeE-
JIeHHs1 He4iTKOI oliHKK TexHiyHoro crany CT pe3ynbraTu
BU3HAYCHHS MHOXXHHU B HEWiTKOI KOMIUIEKCHOI OI[IHKH
texHiuHoro crany CT 3BeneHo B Ta0i. 6-8.

Tabmuus 6
Pe3ysbraTé BU3HAYCHHS OLIIHOK MOKA3HUKIB TeXHIYHOrO ctany oiuBHoro CT
3a pe3ysbTaTaMi KOMIUIEKCHOTO 0OCTEXEHHS TPYOI0 KOMIICTCHTHUX €KCIEPTIB
udp Panrosi oninku nokasuukis piBHiB dakropis TC CT X
eKcIiepTa X1 X11 X111 X12 X121 X13 X131 X16 X17 X2 X3
El 1 2 3 1 2 1 1 1 1 1 2
E2 1 1 2 1 3 1 1 1 2 1 2
E3 1 2 2 1 2 1 1 2 1 1 1
E4 1 3 5 1 3 1 1 1 2 1 2
ES 1 1 3 1 2 1 1 2 1 1 1
HIudp Panrogi oninku nokasuukis piBaiB dpakropis TC CT X
eKcrepra X4 X41 X42 X43 X5 X6 X6l X7 X71 X73 | X731
El 1 1 3 2 3 3 1 1/3 1 2 1
E2 1 1 3 3 1 5 1 1/4 1 2 1
E3 1 1 3 3 2 4 2 1/3 1 2 1
E4 1 1 3 2 3 5 1 1/3 1 2 1
ES 2 1 3 3 2 4 1 1/4 1 1 1
udp Panrosi oninku nokasHukis piBHiB ¢akropis TC CT X
eKcrepra X7311 X7312 | X7313 | X7314 | X732 | X7321 X7322 | X7323 | X7324 | X733 | X734
El 1 1 5 1/2 3 4 1/4 3 2 1 2
E2 1 2 4 1 3 1 1/4 2 2 1 1
E3 1 1 4 1/3 3 3 1/4 2 1 1 2
E4 1 1 5 1 3 3 1/5 3 2 1 1
E5 1 2 3 1/2 2 5 1/3 3 3 1 1
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Tabnuus 7

Pe3ysbraTé BU3HaYEHHs BaroBUX KOoe(illi€HTIB TOKAa3HHUKIB TEXHIYHOTO cTany oiauBHOro CT
3a pe3ysbTaTaMH KOMIUIEKCHOTO OOCTEXEHHS TPYIOI0 KOMIICTCHTHUX €KCIEpPTIB

Barosi koedimienT noka3nukis piBHiB pakropis TC CT W

X1 X11 X111 X12 X121 X13 X131 X16 X17 X2 X3
0,2658 0,6167 0,3790 0,3833 0,3105 0,1337 0,5 0,35 0,1768 0,5 0,3233

X4 X41 X42 X43 X5 X6 X61 X7 X71 X73 X731
0,3039 0,1524 0,4571 0,3905 0,43 0,4285 0,2467 0,0803 0,1171 0,1822 0,1036
X7311 X7312 X7313 X7314 X732 X7321 X7322 X7323 X7324 X733 X734
0,1390 0,1948 0,5770 0,0892 0,2858 0,3391 0,0295 0,2916 0,2227 0,4333 0,5667

Tabmuus 8

Pe3ynbTaTé BU3HAUEHHS PAHTy TEXHIYHOTO cTaHy onuBHOro CT
3a pe3ysIbTaTaMi KOMIUIEKCHOTO OOCTEXKEHHSI TPYIIOI0 KOMIIETEHTHHX EKCIIEPTiB

TepM-MHOXHHH JITHTBICTHYHOT 3MiHHOI B
HaiimenyBaHHs noka3HMKa INoznauenns nokasnuka | ysxe Husbkuit | Huspkuii | Cepenniii | Bucokwnit
1(B) 4B | 1B | 1B
EjexkTpuyHi BUIpoOyBaHHS Bxi 0,082422 0,405655]0,511922 0
[zonsyiini enacmusocmi X11 0,133658 0,39363 | 0,472712 0
tg 6 izomsmii X111 0 0,258 0,742 0
Enexmpuuna miynicmo X12 0 0,425 0,575 0
CTpyM BHTIKY X121 0 0,725 0,275 0
PiBenb onopy i3ossiii X13 1 0 0 0
Omnip NoCTIHHOMY CTPyMY X131 0 0,025 0,975 0
XAPI' X16 0,195 0,495 0,31 0
Cryninp noniMepusanii narneposoi i3ossiuii DP X17 0 0,4 0,6 0
CraH ocepisl MarHiTOIIPOBOIY Bxs 0 0,825 0,175 0
BucokoBOJILTHI BBOIU Bxs 0,1 0,65 0,25 0
Cran TpancdopmMaTopHOi 0/1MBH Bx4 0,030476 |0,4875050,482019 0
Hanpyra npo6oto onuBu X41 0,2 0,8 0 0
Boumoricts onuBu X42 0 0,4 0,6 0
tg & OJIUBH X43 0 0,468 0,532 0
PITH Bys 0,2 0,8 0 0
IHmi By31m Bxs 0,167667 0,726833| 0,1055 0
Cucrema OXOJIOIKCHHS Bxei 0,2 0,7 0,1 0
Inmri dpakropu Bx; 0,151045 0,651077|0,197878 0
[lepeBanTakxeHHs Bx7 0,2 0,6 0,2 0
Pemonmu ma mexuiunutl oensio CT Bx7s 0,086667 0,556667| 0,356667 0
Daxmopu HABKOIUUHBO20O CePedOsUUA Bx731 0,249115 0,600815| 0,15007 0
TemmnepaTypa HABKOJIUIIHBOI'O CEPEJOBUINA X7311 0,15 0,6 0,25 0
Bouoricte nosiTps X7312 0,1 0,65 0,25 0
ArpecuBHI razu X7313 0,3 0,6 0,1 0
IIBuaKicTh BiTPY X7314 0,4 0,5 0,1 0
Icmopis excniyamayii Bx732 0,131613 0,61589 |0,252497 0
Temnepatypa onuBu X7321 0,15 0,7 0,15 0
CTOpOHHI IyMHU X7322 0,2 0,6 0,2 0
Kinexkicts K3 X7323 0,1 0,5 0,4 0
KinpKicTh cripamtoBaHb peJIeiHOT0 3aXUCTy X7324 0,1 0,65 0,25 0
3anucu CXOKHUX 3a MOTYKHICTIO Ta KOHCTpyKItiero CT X733 0,2 0,5 0,3 0
ITpoTokou Orysigy Ta pEMOHTIB X734 0 0,6 0,4 0
3arajibHa ouinka TexHiunoro crany CT ?IKIC.H 4 OIHKA B 01115 04815 | 04069 0
KinpkicHa oninka B 0,279

3a pe3ynbTaTaMH PO3PAXYHKIB BU3HAYCHHS OLIIHKH
texniyHoro crany CT paHr xapakrepusyetbes sk «Husb-
Ka cTymiHp noripmenHs texHigHoro crany CT. IIpomos-
JKEHHS eKCIUTyaTarii 0e3 ooMexxeHb» 3i crynenem 0,279.

3a pe3ynbTaTaMu OOCTEKEHHS B SHEPrOKOMIIAHIO
HAJICIIAaHO TEXHIYHUH 3BIT, II0 BKJIIOYAE EKCIEPTHUMN
BUCHOBOK mipo TexHiunuii cran CT, pexomenpamii 3a
00CsSIroM HEOOXiTHUX AiarHOCTHYHHX, MPOQIIaKTHIHUX,
PEMOHTHHX 3aXO/IiB, MPOTOKOJIN 33 pe3yjIbTaTaMH KOHT-
pOJIO, @ TAaKOXK KapTHU-CXEMH, L0 HAOYHO UTIOCTPYIOThH
MTOTOYHHH TEXHIYHUH CTaH.

Bucnoskmn.

1. CopmynboBaHO 3a7ady OLIHKK Ta PAaH)KyBaHHS
TEXHIYHOTO CTaHy CHJIOBHX TPaHC(POPMATOPIB IUITXOM
3aCTOCYBaHHS Kiacudikaropa, po3poOIEHOro Ha OCHOBI
Teopii HEeYITKUX MHOXKHUH. Po3poliieHo iepapxiuHi cTpyk-
TYpHI CXE€MH BH3HAuUE€HHsl DIBHIB ()AaKTOPIB TEXHIYHOTO
CTaHy OKpeMuX (YHKIIOHAJbHUX BY3JIB Ta CHIOBOTO
TpaHcdopmaropa B IJIOMY.

2. Po3po0sieHo anropuT™ Ta HewiTkuil Kinacugikarop
pe3yabTaTiB OLIHKY TEXHIYHOTO CTaHy CHIIOBOrO TpaHC]o-
pmaTopa, SIKi IpyHTYIOTBCS Ha OCHOBI OaratonapameTpid-
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HOT'O arperyBaHHsl CTaHiB OKPeMHX (DYHKI[IOHAIBHUX BY3-
JIB, IO J03BOJISIE TIJBUIINTH ONEPATUBHICTD MPOBEICHHS
OLIIHKH TEXHIYHOTO CTaHy CHJIOBOro TpaHcdopmaropa. Lle,
B CBOI0 4Yepry, Aa€ MOXJIMBICTh CIUIaHyBaTH (hiIHAHCOBI
BUTPaTH Ha BUKOHAHHS IIEBHOI'O 00CSATY PEMOHTHUX POOIT
Ta MIHIMI3aIlil0 PU3UKY BiIMOB HA CTaJlil JKAUTTEBOTO IIUKITY
eKCILTyaTallii CUJIOBOTO TpaHc(hopMaropa B yMOBaxX HEBH-
3HAYEHOCTI JiarHOCTHYHOI iH(OpMAITii.

3. JInsg migBumeHHS e(eKTUBHOCTI pO3Mi3HABAHHS
KJIACiB TEXHIYHOTO CTaHy CHJIOBHX TpaHCc(hOpMaTOpiB
MIPOBEACHO aJamnTallif0 HEYITKOTO KiIacugikaTopa, po3po-
O6nenoro Ha 0a3i amantuBHOI Helipomepexi ANFIS Ta
cucTeMu HediTkoro BuBeneHHs1 Takari — CyreHo 1o pea-
JIBHAX YMOB pOOOTH HIISIXOM HAJIAIITYBaHHS MapaMeTpiB
MOJIeTi 3 BUKOPHUCTAHHSIM CTaTUCTUYHOI iH(poOpMalii npo
BiZIMOBH CHJIOBHX TpaHC(HOPMATOPiB Ta pe3yJIbTaTiB aiar-
HOCTHUYHHX Mpouenyp (YHKLIOHYIOUMX CHIIOBHUX TPaHC-
(opmMaTopiB, SKi peecTpyBaJIHMCh B €HEprocucTeMi YKpai-
HU. BimHocHa moxuOka imeHTH}iKanii TEXHIYHOTO CTaHy
RMSE cranoButh 1,6 %, mo He Outbme 5 % Ta MoXe
CIYTyBaTH NPHAHATHUM pe3yJbTATOM IIiJBHILEHHS IO-
CTOBIPHOCTI BU3HAYCHHS PAaHTy TEXHIYHOTO CTaHy. YHHK-
HEeHHSl CYyO0’€KTMBHHMX pO30DKHOCTEH eKCHEepTiB MO0
HasIBHOCTI JIe()eKTy B CHIIOBOMY TpaHC(opMaTopi gocsra-
€TBCA 32 PAXyHOK Y3TO[DKEHHS EKCIIEPTHUX OLIHOK 3a
nonomoroto Metoay Delphi.

4. IIpoBeneHO KOMIUIEKCHY HEYIiTKY OILIHKY TeXHid-
HOTO CTaHy peajibHO (PYHKIIOHYIOUHX CHJIOBHX TpaHcho-
pMaTOpiB CHEProKOMIIaHii B YMOBAaX HEBH3HAYCHOCTI
iHpopManii Ta copMoBaHO mepeiK peKOMEeHIALiH o0
CTpaTerii IX TOAabIIo] eKcInTyaTaiii [36].

Konguaikr intepeciB. ABTOpPH CTaTTi 3asABISIOTH
PO BiACYTHICTh KOHQIIKTY iHTEpECiB.
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Development of fuzzy classifier for technical condition
ranking of power transformer.

The work aim is to develop a fuzzy classifier for technical condition
ranking of power transformer under condition of vagueness and
ambiguity diagnostic information. Methodology. The fuzzy classifier
developing for technical condition ranking of power transformer
was based on approach of using fuzzy set theory and optimization
methods. The proposed approach for power transformer rank
assessment by using a classifier was developed on the basis of
Takagi-Sugeno fuzzy inference system. The input indicators choice
is justified and their efficiency for classifier is evaluated by expert
evaluation method. This makes it possible to formalize expert as-
sessments regarding the development of power transformer defects.
Results. The formalization of technical condition assessment of
power transformer in knowledge base form, which implemented in
expert system prototype for technical condition assessment, was
carried out. The complex technical condition assessment for each
functional unit of power transformer was determined based on
expert evaluations with using the test and measurement parameters
results. Originality. The considered approach to formalization of
uncertainty regarding technical condition of power transformer
allows building a deterministic decision-making scheme for further
maintenance strategy, in which the ranking and decommissioning
procedures for specific objects are implemented on the basis of
objective criteria. Practical value. The proposed fuzzy classifier
allows determination with a high probability degree of technical
condition assessment of power transformer based on the test and
measurement parameters results. Thus, an applied aspect of using
the obtained scientific result is the possibility to objectively rank of
power transformers park based on the identified possible defects
and their development degree. This constitutes the prerequisites for
determining the failure probability evaluation of power transformer
at nearest observation period and emergency risk assessment in
integrated electric power systems under power transformer failures.
References 36, tables 8, figures 12.

Key words: fuzzy classifier, electrical equipment, technical
condition assessment, defect, power transformer.
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S. Bechekir, A. Zeghoudi, D. Ould-Abdeslam, M. Brahami, H. Slimani, A. Bendaoud

Development of a boost-inverter converter under electromagnetic compatibility stress
equipping a photovoltaic generator

Introduction. Static converters are among the most widely used equipment in several applications, for example, electric power
transmission, motor speed variation, photovoltaic panels, which constitute the electronic components. The design of a power
electronics device is done without any real means of predicting electromagnetic disturbances during the product development phase.
This case-by-case development process is repeated until a solution is found that best respects all the electromagnetic compatibility
constraints. The purpose is the development of a boost-inverter converter under electromagnetic compatibility constraints. The
improvements made to the inverter are mainly in the control, the choice of power switches and the electromagnetic compatibility
solutions brought to the device. The quality of the wave is improved by acting on the type of control and the choice of switches.
Methods. In the first time, we have highlighted a comparison between two most frequently used power components (MOSFET and
IGBT) in the inverter and the boost by simulation using ISIS and LT-spice softwares. The sinusoidal voltage with modulation circuit
is greatly simplified by the use of the PICI6F876A microcontroller. In a second step, we validate the obtained results with
experimental measurements. We start with the boost, then the inverter. In addition, the circuits made are housed in boxes to avoid
accidental contact for people. The equipment is designed to isolate the load from the power supply in case of: over voltages, under
voltages, high and low battery level and short circuits. Results. All the simulations were performed using the ISIS and LT-spice
softwares. The obtained results are validated by experimental measurements performed in the ICEPS Laboratory at the University of
Sidi Bel-Abbes in Algeria. The realization of a single-phase inverter with a pulse width modulation control, associated with a boost
chopper and the waveforms of the current and voltage across each static converter its opening are presented. The sources of
disturbances in power devices are at the origin of the temporal and frequency characteristics of the signals coming from the hot
spots of the power switches and the resonances created during the switching of these elements. References 27, figures 23.

Key words: inverter, converter, microcontroller, electromagnetic compatibility, MOSFET, IGBT.

Bcemyn. Cmamuuni  nepemeopiogaui  8ionocamvcsi 00 00IAOHAHHA, WO HAUOLIbWL WUPOKO BUKOPUCIOBYEMbCA 8 OeKiIbKOX
3ACMOCY8AHHAX, HANPUKIAO, O/l Nepedayi eneKmpoerepeii, 3MIiHU WEUOKOCMI 08USYHA, Y (hOMO2ATbEAHIUHUX NAHENSX, SKI CKIA0aiomb
enexmponni komnonenmu. IIpoekm ycmpoio cunogoi eneKmpoHiku 6UKOHyembcs 6e3 6y0b-aKux peanbHUux 3acobié npocHO3y6aHHS
E/IeKMPOMASHIMHUX NepewKko0 Ha emani po3podku npooykmy. Llei npoyec inougioyanvHoi po3pobKu nogmopiocmovcs 0omu, OOKU
3HallOeHo piwienns, siKe HalKpauje 8paxoeye 6ci 0OMediceHHs enekmpomazHimuol cymicnocmi. Memoto € po3pobxa niosuuyyeanrbHo-
iHBEPMOPHO20 Nepemeopiosaia npu 0OMedICeHHAX 3a eleKmpOMAzHImHOl0 cyMicHicmio. Yoockonanenus, emecewi 6 ineepmop, 6
OCHOBHOMY CIMOCYIOMbCSL YAPAGHIHHS, GUOOPY CUTOBUX SUMUKAYIE MA PIeHb Wo00 eNeKmMpPOMASHIMHOL CYMICHOCTI, Peani308anux y
npucmpoi. fxicmb xeuni NOKpaujyemvcs 3a paxyHox 6naugy Ha mun Kepyeamus ma eubip nepemuxauis. Memoou. Bnepwe mu
nioKpeciunyu NopieHAHHA MidC 080Ma Haubinbw yacmo euxopucmosysanumu cunosumu xomnonenmamu (MOSFET ma IGBT) &
ingepmopi ma niOBUWEHHAM UWLIAXOM MOOETIOBAHHS 3 BUKOPUCIAHHAM npocpamno2o 3abesneuenns ISIS ma LT-spice. Cunycoioanvha
Hanpyaa 3i cxemoro MOOVIAYII 3HAYHO CNPOUWYEMBCA 34 PAXYHOK 8UKOpucmanis mikpokonmpoaepa PIC16F876A. Ha opyzomy emani mu
niOMEEPOAHCYEMO OMPUMAHI pe3yTbmamy eKcnepumenmanohumu sumipamu. Iouunaemo 3 Boost, nomim 3 ineepmopa. Kpim moeo,
8ULOMOBIIEHT CXeMU PO3MILYeHT 8 KOPOOKAX, WoO YHUKHYMU GUNAOK08020 0OMUKY Tt00ell. YcmamKy8ants npusHayere 015 6iOKII04eHHs
HABAHMAdICEHHA 810 0Jicepena JICUBNIEHHS Y pa3i: nepeHanpyey, 3HUJICeHOi Hanpyau, GUCOKO20 Ma HU3bKO20 pieHs 3apsady bamapei ma
Kopomkozo 3amuxanus. Pesynemamu. Yci pospaxynxku npoeoounucs 3 euxopucmauusm npoepam ISIS ma LT-spice. Ompumani
pe3yabmamu NiOmeepOHCeHi eKCnepuMeHmantbHumu sumipamu, nposedenumu 6 nabopamopii ICEPS Yuieepcumemy Cioi-benv-Abbec 6
Anowcupi. Tlpeocmasneno peanizayito 00HOQA3HO20 THEEPMOPA 3 KePYSAHHAM HA OA31 WUPOMHO-IMIYIbCHOT MOOYIAYLT, NO8'A3aH020 3
nIOBUWYIOUUM NEePEePUBHUKOM, a MAKOIC OCYUIOSPAMU CHPYMY MA HANPY2U HA KOJICHOMY GIOKpummi 1020 CmamuiyHo20
nepemeopiosaua. [icepenamu 30ypens y CUNOGUX NPUCMPOSX € YACOSI MA YACMOMHI XAPAKMEPUCMUKU CUSHANIE, WO HAOX00AMb 6i0
2apAUX MOYOK CUNOBUX KIIOYI8, Md PE3OHAHCU, WO CIBOPIOIOMbCS npu Komymayii yux eremenmie.. bion. 27, puc. 23.

Knrouoei cnosa: inBepTop, nNepeTBOpOBay, MikpOKOHTpoJIEp, ejiekTpomarnitHa cymicHicrs, MOSFET, IGBT.

Introduction. Electromagnetic compatibility (EMC)
is the field of the interactions study that can take place
between different devices. It imposes, through standards,
constraints in terms of electromagnetic pollution
generated by electrical devices (emission standards) and
the ability of these same devices to operate in a polluted
environment (susceptibility standards) [1].

The integration of EMC issues in the design of
converters is quite recent. However, the severity of the
standards is such that the measures required to comply
with them have a strong impact in terms of cost and size.
For example, the traditional interference filtering solution
used in inverters and choppers can represent up to a third
of their material cost. It is therefore particularly important
to take into account the EMC aspect from the product
design stage and to look for conversion solutions adapted
to this constraint [2].

Inverters are made up of sophisticated, high-
performance active and passive components which,
however, have a number of limitations that have an
impact on the synthesis of control loops [3-8].

Different inverter topologies have been studied with
respect to the feasibility of adapting low power ranges at
low input voltage to the grid. They can be divided into
five categories:

1. Inverter concept with DC voltage link [9, 10]: In
order to adapt the photovoltaic (PV) panel voltage to the
public grid, DC/DC converters are used. These converters
are connected via a DC voltage link to a high-frequency
switching converter.

2. Inverter concept with pulsed DC voltage link [11]:
these concepts use the same inverters as described in
point 1, but their control unit generates the absolute value
of a 50 Hz sine wave instead of a DC voltage. This pulsed
DC link voltage is inverted by a 50 Hz switching inverter.

3. Inverter concept with AC voltage link [12] DC/DC
converters with high frequency transformer, which need a
diode rectifier to obtain a DC output voltage; otherwise the
output voltage is a bidirectional square wave voltage with
the switching frequency as the value. An inverter concept
with AC voltage link makes it possible to supply the grid
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with this voltage form. Therefore, the inverter needs
bidirectional voltage switches.

4. Direct inverter concept: one of these concepts
includes a high frequency switched inverter connected to
a 50 Hz transformer. The other concept is a transformer
less topology that includes 2 bidirectional inverters in
parallel series connection [13, 14].

5. Pulsed DC link using a resonant converter: this is
the same inverter concept as described in 2. However,
instead of a series of parallel DC/DC converters or
resonant converters, the converters are connected to the
link [15, 16].

Switching is provided by power switches based on
semiconductors. There are 2 types of switches with
controlled switching (MOSFET, IGBT, thyristor and so on)
with rapid variation the voltage or current as function of
time, and others with uncontrolled switching (diodes), which
generate harmonic distortion and low power factor [17-20].

Goal. In this paper, we characterize by simulation the
different switches and we observe their impacts on the
chopper and the inverter. We will choose the least disturbing
switch. Moreover, we use 2 control techniques of the inverter
in order to compare the spectrum of the output voltage. The
objective is to be able to evaluate the EMC impact of the
inverter during the design phase.

Structure of the proposed PV inverter. Figure 1
shows the general structure of the proposed PV system,
which is presented in the form of 2 blocks: the boost part
and the inverter part.

DC/AC Inverter

- +)=

ontroller

Fig. 1. Functional diagram of the inverter

The block diagram of the PV converter developed with
the ISIS software consists inverter control part (Fig. 2),
power part (Fig. 3) DC boost (Fig. 4). The inverter features
input voltage protection, output voltage and current
regulation, and switch overheating protection.

Fig. 2. Inverter control part in the developed PV converter circuit

Fig. 4. DC boost in the dev-eloped PV converter circuit

Choice of switches. For the design of the boost and
the inverter, there are 2 main types of switches used in
power electronics: the power MOSFET, which looks very
similar to a standard MOSFET, but it is designed to
handle relatively large voltages and currents. The other
component is the IGBT [14]. The specifications of the 2
switches overlap to a large extent.

Power MOSFETs have a much higher switching
frequency capability than IGBTs and can be switched at
frequencies above 200 kHz. They don’t have the same
capability for high-voltage, high-current applications, and
tend to be used at voltages below 250 V and powers below
500 W. Both of MOSFETs and IGBTs have power losses
due to the rise and fall of the voltage on and off (dV/d¢
losses). Unlike IGBTs, MOSFETs have a body diode.

As a general rule, IGBTs are the ideal solution for
high-voltage, low-frequency applications (> 1000 V and
< 20 kHz) and MOSFETs are ideal for low-voltage, high-
frequency applications (< 250 V and > 200 kHz) [21].
Between these 2 extremes, there is a large gray area. In
this area, other considerations such as power, duty cycle
percentage, availability and cost tend to be the deciding
factors.

To highlight the effects of the switches, the boost
setup was analyzed by simulation with the LT-spice
software. Three different IGBT switches (IRGBC20U,
IRGBC30U and IRGBC40U) and 3 different MOSFET
switches (IPB65R110CFD, R6020ANX and
STWI11NMS80) were used in this work. The 3 selected
IGBTs and 3 MOSFETSs were tested by simulation during
their operation in the boost and inverter, to compare the
EMC disturbances generated by the different types of
switches. The obtained results for the boost are shown in
Fig. 5, 6, and for inverter parts — in Fig. 7, 8.
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Fig. 5. Comparison of the boost voltages between
the 3 IGBTs in frequency domain
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Fig. 6. Comparison of the boost voltages between
the 3 MOSFETs in frequency domain
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Fig. 7. Comparison of the inverter voltages between
the 3 IGBTs in frequency domain
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Fig. 8. Comparison of the inverter voltages between
the 3 IGBTSs in frequency domain

Figures 5, 6 present the spectra of the frequency
variation of boost for 3 types of switches IGBT and
MOSFET respectively. We can see that the spectrum of
the IGBT IRGBC40U tends to decrease regularly and
more quickly from 1 MHz. For the 3 MOSFETs the
spectrum of R6020ANX tends to decrease compared to
the others from 3MHz.

Figures 7, 8 present the spectra of the frequency
variation of the inverter for 3 types of switches IGBT and
MOSFET respectively. We can see that the spectrum of
the IGBT IRGBC20U decreases regularly and in a less
important way from 2 MHz. For the 3 MOSFETs the
spectrum of STW11NMS80 is lower than the others.

An analysis was performed to compare between the
IGBT and the MOSFET with the least disturbance
determined below. The results of the comparative analysis
between the 2 types of switches are shown in Fig. 9, 10 for
the boost and inverter respectively.
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Fig. 9. Comparison of frequency analysis between
IGBT and MOSFET in the case of boost
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Fig. 10. Comparison of frequency analysis between
IGBT and MOSFET in the case of inverter

Figures 9, 10 present a comparison of the frequency
analysis between the IGBT and the MOSFET at the boost
level and the inverter respectively. We can see that the
spectrum of the IGBT IRGBC40U tends to decrease
regularly and more quickly from 1 MHz. So, at the boost
level the IGBT is the least disturbing. At the inverter level,
the MOSFET STW11NMSO is the least disturbing switch
with a difference of 8 dB compared to the IGBT.

Choice of the control type. A pulse width
modulation (PWM) law results from the comparison of 2
modulators with a carrier. The implementation of this
principle is shown in Fig. 11 [22-25].

+Vee

" [ Vde
Comparator ‘ iR Interface P
~ Ll < C
iy + I
dl Q L
+Vee
e Load
Colﬂpﬁ.ra‘or i i R Interface
| ~ |
LI L] — Q
— —1‘ R
L 1 —Q

Fig. 11. Principle ofgeneration of a unipolar PWM law with
frequency doubling

The second law of PWM results from the
comparison of 2 carriers with a modulator. The
implementation of this principle is shown in Fig. 12 [13].

BAT+
PM OFF

ON  Complementary FWM

Fig. 12. Principle of PWM generation

Complementary WM~ OM

For the positive half of the sine wave generation, Q2 is
always on, QI is always off, Q3 is applied with 20 kHz
PWM corresponding to positive half cycle 50 Hz sine wave
and Q4 is applied with corresponding complementary (to
Q3) PWM. For the negative half 50 Hz sine wave
generation, Q4 is always high, Q3 is always off, QI is
applied with 20 kHz PWM corresponding to positive half
cycle 50 Hz sine wave and Q2 is applied with Ql
complementary PWM.

We apply these 2 commands to the inverter. The
frequency analysis of the inverter is given in Fig. 13.

Figure 13 presents the frequency analysis of the
inverter with the 2 commands. It can be seen that the
control spectrum with the two-carrier impulse modulation
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law is the least disturbing. The spectrum decreases

regularly and more rapidly from 20 kHz with a difference

of 5 dB compared to that of 2 modulators with one carrier.
Amplitude, dB

Order Type 1 m—
Order Type 2
AR
s b 'Ellr."....,*‘r..ﬁ-! , il
100 1k 10k 100k M f, Hz

Fig. 13. Frequency analysis of the inverter with the 2 commands

Protection of the inverter. There are many
feedback signals at the input of the microcontroller
necessary for the proper operation of the inverter, we cite:

¢ input voltage sensor (battery);

e temperature sensor (R, negative temperature
coefficient (NTC) —47 K) of electronic switches;

¢ AC output current and voltage sensor (230 V).

The current, which is the main source of heating,
considerably reduces the efficiency of the inverter and can
damage it. For this reason, a forced cooling is
implemented to obtain a better efficiency. The control
block diagram used is shown in Fig. 14.

[

‘ Read the tension of input (Ves) ‘

10.8V < Vi <16V -
Yes

‘ Géneration of PWM ‘

+

‘ Read the current of the load ‘

Put into standby
5 sec

Stof of PWM +
Put into standby [—w
5 sec

Read the temperature of reference

Go of

T < Temperature of reference FAN

Yes
Stop of FAN

Fig. 14. Algorithm of control

MOSFET driver. It is advantageous to use N-channel
MOSFETs as switches because they have a low on-
resistance [26]. This results in low power losses. However, to
do this, the drain of the high-side switch is connected to a
340 V DC supply converted to 240 V AC. The voltage at the
gate terminal must be 10 V higher than that at the drain
terminal [10, 14]. Therefore, to drive the H-bridge
MOSFETs, a bootstrap capacitor designed specifically to
drive a half-bridge is used. After considering different
integrated circuit options, our choice was the IR2113. It is
supplied by a 600 V rating, 2 A drive current, and a 10-20 V
drive voltage. The activation and deactivation times are
respectively 120 ns and 94 ns [23, 24].

We implemented the control routine in a programmable
interface controllers (PIC) PIC16F876A microcontroller and
configured the analog/digital conversion module integrated
in this circuit, to automatically start the conversion.

The MOSFET driver is actuated by a signal delivered
by the microcontroller. It is supplied by the battery. The
driver is able to control the switches. The upper high side
switch requires an additional voltage of 10 V. This is
achieved by an external bootstrap capacitor charged by a
diode from the 12 V supply when the device is off [27].

Obtained results. No-load test. Figures 15, 16
show the generation of the PWM. Figure 17 shows the
output voltage signals from the inverter.
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Fig. 15. PWM and A/B peak output
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Fig. 16. 74HC257 output signal

e T G - [CE |
I ‘sawe Wavetaom]
From
an
| -
Ta Fie
BN LSF
Fave Mow
Fity WRikies
5V / DIV: (s | Dw,—,
. sml[:n[mulmu[nn
mage || Wavelorm || S Wavrioerm Satup File Lubel

Fig. 17. Voltage at the output of the inverter (no-load test)

At a high temperature of the switches (MOSFET),
the NTC heats up and gives the order to the PIN FAN to
generate the signal to start the fan. At a very high
temperature the microcontroller blocks the generation of
the PWM. This stops the inverter. The fan runs until the
switches cool down.
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Boost mounting tests. Boost chopper is supplied by
a 12 V voltage. The output voltage is adjustable by a
potentiometer up to 340 V. Figure 18 shows the curve of
the boost voltage.

Fig. 18. Boost test at 12 V input voltage

The inverter test is shown in Fig. 19. Figure 20

shows the voltage delivered by the inverter.
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Fig. 19. Complete circuit (power part and inverter and boost control)
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Fig. 20. Voltage at the output of the inverter (boost mounting tests)
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Load test. The inverter feeds an inductive load
consisting of a 100 Q resistor and a 1 H coil (internal
resistance of about 12 Q). The voltage and current are
shown in Flg 21, 22.

H 1l

Fig. 21 Inverter output current and voltage 51gnal
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Fig. 22. Voltage/current spectrum for a modulation index m = 0.9
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Enclosure and circuit location. The inverter boards
are placed in suitable positions. A shielding technique is
used. The separation of the power and control circuits is
made by grids as shown in Fig. 23 in order to reduce the
coupling between the circuits by electromagnetic radiation.

The LEDs L1, L2, signal the status of the inverter:

e L1 (green) — power on;

e 12 (red) — battery low (< 10 V);

e L1 (green) flashing — standby mode;

o L2 (red) flashing — high temperature of power transistors.

Voltage spikes. When the driver is used to drive an
inverter with inductive load impedance, it can develop
voltage spikes due to reverse voltages. These spikes can
damage the MOSFETSs and their control circuits. For this
reason, integrated diode transistors have been used to
conduct strongly as soon as the voltage increases
excessively, thus protecting the MOSFETs.

Capacitive load. Since this inverter is a quasi-sine
wave type, high frequency harmonics have been completely
eliminated. When used with a capacitive load, the impedance
is exactly as calculated. The problem with other types of
inverters is that, due to high frequency harmonics, the
capacitive impedance decreases, which implies an increase

of the current beyond the nommal value.

Fig. 23. Internal views
of the realized inverter
box:

1 — control circuit;
2 — power circuit;
3 —boost

Conclusions.

1. The rise and fall time as well as the switching frequency
are very important factors to characterize a useful signal in the
field of power electronics. We have highlighted a comparison
between two most frequently used power components
(MOSFET and IGBT) in the inverter and the boost.

2. We have studied the behavior of semiconductor
components in the frequency domain generating a high
harmonic number located in the high frequency region.
The spectra have different amplitudes due to the
difference between the intrinsic characteristics of each
switch. Therefore, each power switch has its own
electromagnetic compatibility signature.

3. The sinusoidal voltage with modulation circuit is
greatly simplified by wusing the PIC16F876A
microcontroller. In addition to the high programming
flexibility, the switching pulse design can be changed
without further hardware modification. The inverter is
shielded against radiated electromagnetic interference.
This increases its efficiency.

4. The realization of a single-phase inverter with PWM
control, associated with a boost chopper; and this circuit are
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housed in enclosures to avoid accidental contact with people.
The equipment is designed to isolate the load from the power
supply in case of: overvoltages, undervoltages, high and low
battery levels and short circuits.
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Improving the quality of energy using an active power filter with zero direct power command
control related to a photovoltaic system connected to a network

Introduction. This article’s subject is a dual function energy system that improves the quality of the electric energy with help of an
active power filter and uses a new technique of command named ZDPC (Zero Direct Power Command) on one hand, and on the
other hand it injects the photovoltaic (PV) renewable energy to the electrical networks in the presence of non-linear charges. The
novelty of the work consists in the subtraction of disturbances resulting from the non-linear charges is provided by an active power
filter based on a new ZDPC method. Methods. This strategy combines a classic PI controller for DC bus voltage regulation with a
smart method to maximum power point tracking (MPPT) of power based on fuzzy logic. Purpose. The elimination of the undesirable
harmonics from the source currents makes the current almost sinusoidal with a harmonic distortion rate close to 1 %. The injection
of PV energy into the electrical grid is provided by a PV panel in series with a chopper through a two-state inverter. Results. This
system is simulated using MATLAB/Simulink software. The results prove the robustness and feasibility of the ZDPC control which
simultaneously guarantees the compensation of harmonic currents, the correction of the power factor and the injection of the solar
power into the electrical grid. References 16, table 3, figures 20.

Key words: active power filter, zero direct power command, photovoltaic array, fuzzy logic maximum power point tracking
controller.

Bcemyn. [Ipeomemonm yiei cmammi € enepeocucmema noositiHo20 NPUSHAYEHHs, W0 NOKPAWYE AKICMb eleKmpoerepeii 3a 00noMo2010
Ginempa axmueHoi NOmMysHcHOCmi ma BUKOPUCMOBYE, 3 0OHO20 DOKY, HO8Y MeXHIKY ynpasninna nio Hazeow ZDPC (Zero Direct Power
Command), a 3 iHwozo 60Ky, omoenrekmpuyni i0HOBMIOBaAHI OJicepena eHepeii 8 eleKmpudHi Mepedici 3a HAA6HOCMI HeNHIIHUX
sapsoie. Hoeusna pobomu noaseac ¢ momy, wo GiOHIMAHHA Nepewkood, Wo SUHUKAIOMb 6I0 HeniHilHUX 3apsaoie, 3a6e3newyemvbcs
Ginempom axmuenoi nomysicnocmi na ocnogi Hoeozo memody ZDPC. Memoou. L[s cmpamezis noeonye knacuunuil I1l-pezyisimop ons
Decynoants Hanpyau Ha WUHI NOCMILIHO20 CIMPYMY 3 IHMENeKMYalbHUM MEMOOOM GIOCMENCEHHS MOUKU MAKCUMATLHOT NOMYHCHOCHI
(MPPT) Hna ocHogi Heuimkoi nociku. Mema. Ycynmenus HeOaxdCaHUX 2apMOHIK i3 cmpymie Oocepera pobumv cmpym maiidxce
CUHYCOIOANbHUM 3 Koeiyienmom 2apMoHiuHux cnomeopeny, Onuzokum 00 1 %. ITodava pomoenexmpuunoi enepeii 6 erekmpuymy
Mepedicy 3a0e3neuycmucs QomoeneKmpuutoIO NAHewN0, NOCIIO06HO 3 €OHAHOT 3 NEPEePUBHUKOM Yepe3 THBepMop 3 080MA CIMAHAMU.
Pesynomamu. L[n cucmema mooemocmvcst 3a 00nomo2oio npoepamuozo 3abesnevenns MATLAB/Simulink. Peszynomamu 00600simo
Haoiinicmby ma 30iicHennicmy  ynpaeninka ZDPC, ske 0OHOYACHO 2apanmye KOMNEHCAYilo 2apMOHIYHUX CIPYMIs, KOPEeKyiio
KoeghiyieHma nomyscHocmi ma nooayvy COHAYHOI enepeii 8 enekmpuyny mepecy. biomn. 16, tadmn. 3, puc. 20.

Kniouosi cnoea: ¢iabTp aKTHBHOI IOTY)KHOCTi, KOMaHAa NpPsAMOI HYJLOBOI MNOTY:KHOCTi, (oTorajbBaHiuHa OaTapes,

KOHTPOJIEP BiICTe:KeHHSI TOYKH MAKCHMAJIbHOI MOTYKHOCTI 3 HEYiTKOIO JIOTiKOI0.

Introduction. Harmonic pollution affects all
domestic and industrial networks. No modern
environment can escape this pollution from equipment,
such as computers, servers, air conditioners, variable
speed drives, etc... all these charges are called «non-
linear». These equipments generate harmonic currents,
which cause reactive power consumption and a
degradation of the power factor of the electrical network
[1, 2]. The quality of the current and the voltage of the
network are seriously degraded [3-5].

The combination of a shunt active power filter
(SAPF) and a photovoltaic (PV) source, which is not only
a renewable source, but also clean, unlimited and at a very
low level of risk; the purpose of the photovoltaic
generator (GPV) is to inject the active power into the
electrical grid. This combination gives us a clean source
of energy and efficiently enhances the quality of energy
[2, 6]. SAPF injects a current that opposes the harmonic
current emitted by the non-linear charge to mitigate the
effect of the harmonic currents and the reactive power.
Thus, the current delivery by the power source remains
sinusoidal.

Researchers have suggested new methods, such as
direct power control (DPC) introduced by Noguchi [8],
which was developed from direct torque control (DTC)
intended for electric machine drives [3, 7].

DPC was essentially to remove both the pulse width
modulation modulator and the internal regulation loops by
through replacing them by a predetermined switching
table [3]. This switching table, based on the correction of

the active and reactive power and on the sector indicating
the position angle of the source voltage vector, is intended
to select the switching states of the converter [8].

The standard DPC requires a zero reactive power
reference, whereas the active power reference is
calculated from the DC bus controller output [3, 9]. This
article proposes a DPC technique, which as opposed to
the standard implementation, requires zero active and
reactive power disturbance references to reject all
disturbances due to harmonics. This is why we call it zero
DPC or ZDPC (Zero Direct Power Command).

Given that the solar insulation is variable, several
maximum power point tracking (MPPT) algorithms, such
as incremental conductance, perturb and observe, and
escalation have been proposed [2]. The tracking algorithm
based on fuzzy logic, is considered to be on of the most
efficient algorithms [10]. In our research the maximum
power point (MMP) is reached smartly regardless of the
degree of variation of the solar radiation due to the fuzzy
MPPT technique [2].

Description of the studied model. The model
studied in Fig. 1 consists of a solar GPV connected to the
DC bus of a three-phase voltage inverter through a
chopper circuit, coupled in parallel to the network through
an inductance. This electrical network supplies a non-
linear receiver constituted by a rectifier PD3 whose
charge is a resistor in series with an inductance. The
synoptic of Fig. 1 illustrates this configuration with ideal
flow of powers. The analysis of these flows is therefore

© K. Djazia, M. Sarra
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examined in various regimes imposed by the fluctuation
of the level of irradiation during the day and the
alternation with the night part where only the functions of
the active filter are activated. During the day, depending
on the levels of irradiation and the consumption of the
charge, it is possible to distinguish several regimes (P,, is
the PV active power; P4 is the load active power):

® P, <P g the network power remains positive;

® P,,> P, the network receives an active power, it
becomes a receiver.

These power flow management phases are coupled
with the active filter functionalities. The voltage inverter
control algorithm is adapted to simultaneously ensure the
compensation of the harmonic pollution and of the
reactive power, and also the injection of the power
supplied by the PV panels into the electrical network.

PV. Array]

Boost coverter

Fig. 1. Synoptic studied model

The proposed ZDPC principle. Figure 2 shows the
structure of the proposed ZDPC. In this control strategy,
the active and reactive power disturbance references are
set to zero. We note that in this structure the phase locked
loop is not necessary [3]. The high selective filter (HSF)
is used to separate the fundamental and harmonic
components of the line currents and voltages in order to
perform power compensation [3].

Ihalpha

Ihbeta

paltig
lalphafmy

Ibetafmv

q <failt_gcont
vbetafmy
©) Calcul PIQ
ref
i a
palt_pc switching table

[0}
Qref S
Rl acony

ZDPC

Fig. 2. Synoptic of the ZDPC

Choice of sector. The signal d,,, d,, and the position
(0) of the source voltage vector (1), from a digital word,
allowing access to the address of the switch table to select
the appropriate voltage vector:

H:arctg(va/vﬂ). (1)
For this reason, the stationary coordinates are

divided into 12 sectors (Fig. 3), and the sectors can be
expressed numerically as [3]:

(n—2).%£t9,,£(n—1).% n=12,..12. (2

Fig. 3. (0, p) sectors

The signals d,,, dy and the sector n of the source
voltage are the inputs of the commutation table (Table 1),
whereas the output represents the switching state of the
inverter (S,, S5 S.). By using this switching table, the
optimal state of the inverter can be uniquely selected
during each time interval depending on the combination
of the table entries. The selection of the optimal switching
state is made so that power errors can be reduced in the

hysteresis bands.

Table 1
ZDPC switching table
dy | dy | 010,03 |04]05|0s)|67[0]0] 010|611 | 01>
1 0 Ve | VI | Vi | Vo | Va | V7| V3| Vo| V4 \ 4 Vs Vo
1 Vi Vi | Vol Vol Vi | V7| Vo]| Vo | Vs \ 4 Vo Vo
0 O f(vs|vi|vi|va|va|wvs|vs|valva| vs | vs | vs
Tivi|va|va|vs|wvs|valvalvs|vs| ve | v | W
v1(100), v»(110), v3(010), v4(011), vs(001), v6(101), vo(000), v;(111)

Hysteresis controller. The main idea of the ZDPC
method is to keep the instantaneous active and reactive
power within a desired band. This command is based on
two comparators with hysteresis whose input is the error
between the reference values and the estimate of the
active and reactive power [11], given respectively as:

Apg = Pref —Ps > 3)

Aq = Qref —9s - (4)
where p,., ¢, are the instantaneous active and reactive
power reference; p;, ¢, are the instantaneous active and
reactive power source.

The hysteresis comparators are used to provide 2
logic outputs d,, and d,. State «I» corresponds to an
increase in the controlled variable (ps and gs), whereas
«0» corresponds to a decrease according to (5), (6)

if Apg2h, d,g=0if Apy<-h, d,;=0; (5)

if Aqg2h, dyo=1if Aqg<—h, dsg=0. (6)

PI controller. The ZDPC method must ensure DC
bus regulation to maintain the capacitor voltage, around
the voltage reference (V). For this purpose, a PI

controller is usually used [11]. Figure 4 shows the
controller simulation model.

dcret

Fig. 4. Simulation model of PI controller

The values of proportional and integral gain (K, and
K;) are given respectively as:
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.

i :Z; (7)
K, =2Clw,, (3)

where & is the damping coefficient (¢ = 0.707); w, is the
nominal pulse.

High selective filter. To improve the performance
of the classical instantaneous power method, HSF has
been implemented, to extract the fundamental component
of current and voltage in the synchronous frame without
any phase shift or amplitude errors. The functional
diagram of HSF is shown in Fig. 5. The transfer function
can be expressed as [11]:

H(s):x”‘ﬁ(s)=k(”k)+ja’c . )
Xap (s + k)2 + a)c2
From (9), we obtain:

al8) =l ls) - 50 )]- L35 00):

i) =S lp0)- 20l %50l )

where Xj,, x5 are respectively the output and the input of the
filter, which can be V4 or 1,5 We note that for the pulsation
@ = ., the phase shift introduced by the filter is zero and the
gain is equal to 1. We also observe that the decrease in the
value K improves the selectivity of the HSF.

(10)

Fig. 5. Block diagram of HSF

From the HSF output, the AC component of the
instantaneous active power can be obtained by (12) [3]:

P =Vaing +Vping (12)

where iy, iz given respectively by (13) and (14):
Iha =\iad _fad +\giny _fainv ) (13)
i =lipa ~ig ) Ggim —igin ). (19)

where iy, i3 are the harmonic components in the axis af,
whereas the instantaneous reactive power is defined as:

qsz‘;ﬂia_‘safﬂ' (15)
Figure 6 shows the calculation of the disturbing
powers p and g,.

io

l:iabc

—>| abc/af I:
g

Vabe Ve Dy +
—>{abe /o s ] >
Vg g =i

Fig. 6. Computation of v,, vs, p and g, with HSF

Generation of control vector. By adding the
alternating component ( p ) of the instantaneous active

power which is linked to both current and voltage
disturbances, to the active power p. necessary for the
regulation of the DC bus, we obtain the disturbing active
power p)

pp:ﬁ"'pC' (16)

To compensate for active and reactive power
disturbances (p, and g;), a comparison with their zero
reference is carried out. The results of the comparison
pass through a hysteresis block which generates output
hysteresis controller (dps and dqs). Depending on the
sector selected (6,) and (d,, d,), the appropriate
command vector (S,, S;, S.) is produced using the
commutation table (Table 1).

Advanced MPPT controller. The extraction of the
maximum power is an essential step in the field of energy
conversion of the PV solar system. To increase the
efficiency of the GPV, a MPPT search algorithm is
applied to the DC/DC converter (local MPPT) in the case
of a double power stage. In this article the algorithm
based on fuzzy logic is studied. This method is used here
for finding the MPPT of a PV module under all weather
conditions, because it does not require knowledge of
mathematical models of linear and nonlinear controlled
systems [12, 13].

Generally, the fuzzy logic controller comprises 3
essential blocks: fuzzification, inference rules and
defuzzification [14]. The fuzzification stage is the process
of transforming numerical input variables into linguistic
variables using membership functions. The inference
rules step gives the output of the fuzzy logic controller by
the Mamdani method with a max-min technique
depending on the set belonging to the rule base. The
defuzzification step converts the linguistic variables into a
net value, which determines the duty cycle increment AD.
The fuzzy MPPT values are represented by an E error and
an AE error variation as inputs. The error and its variation
are given by the following equations [13]:

GG =
AE=E(K)-E(K -1), (18)

where P(k), P(k-1), V(k) and V(k—1) are the power and the
voltage of the GPV for 2 sampling times £ and (k1)
respectively. The proposed algorithm has 2 input
variables: AP(k) and AV(k). The output variable is the
duty cycle AD(k). The variables AP(k) and AV(k) are
given as [13, 14]:
4P(K )= P(K)- P(K ~1); (19)
AV(K)=V(K)-V(K-1). (20)
where AP(k) and AV(k) are zero at the MPP of the GPV.
The basic rules of the fuzzy MPPT algorithm are
based on the 2 input variables (AP(k), AV(k)) and on the
output variable (AD). AP(k) and AV(k) are divided into 5
denoted fuzzy sets: Negative Big (NB), Negative Small
(NS), Zero (Z), Positive Small (PS) and Positive Big (PB).
The rule base relates the fuzzy inputs to the fuzzy output
by the master syntax rule: «If: 4 is... and B is..., Then: C
is...». According to Table 2 [13, 14], that groups together
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all the possible connections between the inputs and the
output of the developed controller, the following example
can be given: If: AP is PB and AV is NB Then: AD is NS.
The choice of the shape of the membership functions of
the proposed controller is of a triangular type. The center
of gravity method for the defuzzification step is used to
calculate the incremental duty cycle AD [10, 14-16]:

n
2. @;AD;

j=0
AD =——,
Z“’j
j=0

where 7 is the maximum number of effective rules, w is the
weighting factor, AD; is the value corresponding to AD.
Table 2

21

Decision table
AP\AV NB | NS V4 PS PB
NB PS PB PB | NB | NS

NS Y4 PS | PS | NS Z
Z Z Z Z Z Z

PS Y4 NS | NS | PS Y4

PB NS [NB [ NB | PB | PS

Finally, the duty cycle is obtained by adding this
change to the previous value of the control duty cycle as
mentioned in (22) [10, 14, 15]:

D(K +1)=D(K )+ AD(K). (22)

Discussion of the simulation results. Various
simulations were performed using MATLAB/Simulink
model (Fig. 1) to evaluate the proposed approaches. The
parameters used for these tests are represented in Table 3.

Table 3
Simulation parameters
Parameters Value | Parameters | Value
V, V 80 Cye, UF 2200
f;, Hz 50 L, mH 10
fswitching (DC/AC
APF converter), kHz 20 R, Q 40
f'switching (DC/DC
boost converter), kHz > Com 1 20
L, mH 0.1 L,,, mH 3
R, Q 0.1 Verey V 235
L, mH 0.566 N 2
R, Q 0.01 wp, rad/s | 0,01
L, mH 2.5 wy, rad/s 100
R, Q 0.01

SAPF simulation results controlled by the ZDPC,
equipped with conventional PI and fuzzy MPPT, operating
under a balanced network, are shown in the following
figures. Figure 7 shows all simulated cases together during
time (0 — 1.4) s. Figure 8 zooms the signals in the time
interval (0 — 0.2) s, where the filter is not activated and in
the absence of irradiation (absence of the injection of energy
to the network), in this case we notice the load current and
the source current are identical as shown in Fig. 9.

The charge current and the source current are
superimposed and have a total harmonic distortion (THD)
27.87 % (Fig. 10).

Figure 11 shows the signals after the activation of
the APF and in the absence of irradiation during the time
interval (0.2-0.5) s.

o o veeemiy 110011111, e
7200 0‘1 0.2 0‘3 0.4 0‘5 0.6 ‘()(;7) 0.8 0,‘9 1 1‘1 1‘2 1‘3 1.4
Fig. 7. Simulation signals in the different cases
2 b A /Y\ \ /Y\
g ° /X\u(/ NN {w OO \5@7\/@/ XA

R T AY LYY ATLYAY

0 0.1 02
t(s)
Fig. 8. Simulation signals in the absence of the filter and of

irradiation

5 L
0.02 0.03 0.04 0.05 0.06 0.07 0.0
t(s)
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Fig. 11. Simulation signals after the activation of the APF and in
absence of irradiation

It is noted in Fig. 12 that the source current resumes
its sinusoidal form in phase with the charge current and
with a THD = 1.14 % as shown in Fig. 13.
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Fig. 13. THD of source current Fig. 17. Simulation during the increase in irradiation

Figure 14 represents the simulation signals during
the activation of the APF and the injection of energy to
the network, this is in the time interval (0.5-0.8) s, in this
case the source current changes direction towards the
network and becomes in phase opposition with the charge
current, which means that the network becomes a
receiver. The source current has a THD = 1.09 %
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Figure 15 shows the transition from the network to a ! ? ¢ ° e B

receiver. The source current retains its sinusoidal shape Fig. 19. THD of source current

with a THD = 1.09 % (Fig. 16).
Figure 20 shows the evolution of the energy of the

network in the various cases discussed:
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Figures 17, 18 show the crossing of the source current
with that of the irradiation while keeping the sinusoidal form e Case 1: before activation of the APF and in the
of the source current with a THD = 1.29 % (Fig. 19). absence of irradiation.
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e Case 2: after activation of the APF and in the
absence of irradiation.
e Case 3: after the activation of the APF and in the
presence of the irradiation.
e Case 4: during the change of irradiation.
Conclusions. In this article, a new direct power control
technique called zero direct power control, suitable for
harmonic and reactive power compensation, has been
proposed; high selectivity filters are used to separate
harmonic currents and voltages causing a degradation in the
quality of power on the network. The shunt active power
filter based on the zero direct power control command
assembled with a photovoltaic system driven by a fuzzy
command to inject energy into the network and improve the
quality of energy. The simulation shows the good
performance of the proposed approach.
Conflict of interest. The authors declare that they
have no conflicts of interest.
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Experimental evaluation of conducted disturbances induced during high frequency switching
of active components

Introduction. Power electronics devices are among the most widely used equipment in all fields. The increasing performance of
these devices makes their electromagnetic interference factor very important. On the other hand, electromagnetic compatibility
research is more and more interested in studies on the sources of electromagnetic disturbances, their propagation paths and the
methods of reducing these electromagnetic disturbances. The purpose is to study the behavior of the various active power
components at high frequency as well as the evaluation of their electromagnetic noise by using simulation and experimental
measurement. Methods. In first time, the simulation was realized with the Lt-spice software which presents many advantages in its
use and we validate in the second time the results obtained with experimental measurements. We start by study of the behavior of the
diode, then the behavior of MOSFET transistor and finally the study of the behavior of the IGBT transistor. Results. All the
simulations were performed using the Lt-spice software and the results obtained are validated by experimental measurements
performed in the APELEC Laboratory at the University of Sidi Bel-Abbes in Algeria. The waveforms of the current and voltage
across each component during its opening are presented. The results of the simulations are compared and validated with the realized
measurements in order to better present the influence of the fast switching of semiconductors on the electrical quantities, which
causes electromagnetic disturbances in the interconnected electrical system. References 19, figures 19.

Key words: electromagnetic compatibility, electromagnetic disturbances, high frequency switching of active components,
experimental measurement.

Bcemyn. I[pucmpoi’ cunogoi enekmpoHiku 3Hax005mucst ceped 00NA0HAHHA, WO HAOLIbI WUPOKO BUKOPUCTHOBYEMBCA Y 8CIX 0OIACTSX.
TTiosuwenna npoOykmusHocmi yux npucmpois pobums Gaxmop ix eneKmpomacHimHux nepewxoo oysice axcausum. 3 inuo2o OOKY,
npu QOCHIONCEHHI eleKMPOMASHIMHOL CYMICHOCII 0edai Oinbuie YIKAGIAMbCsL 0XCePeNam eleKMpPOMASHIMHUX NEPEuKo0, WsxXie ix
NOWUpeHHs Mma Memooamu 3MeHUEeH s YUX eneKmpomazuimuux nepeuikoo. Mema pobomu nonazac ¢ momy, wod euguumu noGeoiHKy
PI3HUX KOMNOHEHMI8 aKMUSHOI NOMYIICHOCI HA BUCOKUX YACMOMAX, A MAKOIC OYIHUMU IXHill eNeKMpPOMASHIMHULL WYM 3a OONOMO2010
MOOeTI08aNH s MA eKCnepuUMeHmansHux sumiprosans. Memoou. Ynepuie moodenosanns 0yn0 peanizo8ano 3a OONOMO0I0 NPOSPAMHOO
3abesneuenns Lt-spice, ske dac bazamo nepesaz npu 1020 UKOPUCMANHI, | 80py2e My NIOMEEPOACYEMO Pe3VIbMAMmU, OMPUMAHi 3d
00nOMO2010 eKcnepuMeHmanvHux eumipie. Mu nouunaemo 3 eusyenns nosedinku diooa, nomim nogedinku MOSFET mpansucmopa i,
napewmi, uguenns nogedinku IGBT mpanszucmopa. Pezynomamu. Yci mooeniosanns Oyau UKOHAHi 3 GUKOPUCAHHAM NPOSPAMHO20
3abe3nevenns Lt-spice, a ompumani pezynomamu niomeepodceni eKChepuMeHmanbHuM SUMIpamu, NpoeedeHuUMU 6 1abopamopii
APELEC 6 Vuigsepcumemi Cioi-benv-Abbec 6 Anxcupi. IIpedcmagneni ocyunoepamu cmpymy ma Hanpyeu Ha KOICHOMY KOMNOHEHMI nio
yac toeo eiokpumms. Pesynemamu MoOenioeanus NopieHIolomscs ma NiomeepodtCyiombCs peanizosanumu eumMipamu, wob Kpaue
VAGUMU GNIUG WBUOKO20 NEePeMUKAHHA HANIBNPOGIOHUKIE HA eNeKMPUYHi GeNUdUHU, WO SUKTUKAE eleKMPOMASHIMHI nepeukoou y
83aemosanedxcHill enekmpuynii cucmemi. bion. 19, puc. 19.

Kniouosi cnosa: eneKTPOMATrHITHA CYMIiCHICTb, €JIEKTPOMATHITHI NEepPelIKOAH, BHCOKOYACTOTHE NEPEeMHKAHHS AKTHBHHX
€J1eMEeHTIB, eKCIIePHMEHTAIbHE BUMIPIOBAHHS.

Introduction. With the development of new sources
of renewable energy, more static converters are connected
to the power network. They supply of the network with
electric power produced by generators; but in contrast to

o the feature branches where the switch can operate;
o the branch changes it can provide [10-12].

conventional systems, they wusually introduce low

frequency and high frequency (HF) switching harmonics s it)
[1-5]. These power converters use fast switching power I o

semiconductor switches, such as MOSFET and IGBT

transistors as the preferred switching devices because of c //,

their various properties, such as higher efficiency, smaller
size, and lower overall cost, low losses associated with
switching device. However, the fast switching speed of
new converter technologies has the potential to cause
electromagnetic disturbances and high dV/dt [6-9].

The orders of magnitude of the commutation
gradients can vary between 100 to 1000 A/us for the d//d¢
and from 5 to 50 kV/ps for the dV/dt. Moreover, very
high commutation frequency is another factor that
increases the electromagnetic pollution, as it can vary
from 100 Hz to 1 MHz. This condition presents a serious
problem in regards to the Electromagnetic Compatibility
(EMCQC) [10, 11].

The brutal variations of the voltage associated with
parasitic elements between the system and the ground

Fig. 1. Quadrants of the plan [I(?), i(t)] [13]

The first step of evaluating the conducted emission
interferences consist of determining the sources of theses
interferences. For this reason in this work we have made
an evaluation of the conducted disturbances emitted
during the HF switching of active components such as the
diode, MOSFET, IGBT the study is made by simulation
using the Lt-spice software and the experimental
measurements by measurement benches carried out at the
APELEC Laboratory at the University of Sidi Bel-Abbes.

The purpose of this article is to study the behavior
of the various active power components at high frequency
as well as the evaluation of their electromagnetic noise by
using simulation and experimental measurement.

plane induce disturbing currents in the ground circuits.

To show the role that a switch can play in the plan
[voltage V(f) across the switch — current i(f) through the
switch] Fig. 1 shows:

Study of the real behavior of active components. In
this part of the work, the dynamic characteristics and the
equivalent models of the real behavior for each component
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studied were presented. These components are: the diode,
the MOSFET and IGBT transistors. Our objective is to
know the influence of these elements on some electrical
quantities at well determined switching times and the
disturbances generated in the interconnected -electrical
system [13-15]. To do this, we will first study the switching
cells (Fig. 2), which allows us to describe the operation of
power electronics structures and also gives us a more
detailed analysis of switching phenomena [16, 17]. The
benches used have been developed for many years for the
characterization of power components in switching whose
operation has been largely validated by experimental
measurements. In order to represent the switching
characteristics of the components mentioned above, we
have carried out simulations under Lt-spice software, where
the results are validated by experimental measurements.

E

fin (1)

Fig. 2. Switching cell and associated waveforms

The main switch is controlled by a periodic
modulation function f,(f) with 7, as the binary period
value and a = t,,/T, as a variable duty cycle. This duty
cycle modulates the power transfer. For simplification,
the external switching cell values (E, Iy) are considered
constant while internal ones (/,, V) are taken as variables
modulated by the f,,(¢) function [3, 4]

Study of the behavior of the diode. For the
identification of the dynamic characteristics of the diodes,
we used the circuit presented in Fig. 3.

.tran 0 250n b d

Fig. 3. Simulation diagram for the switching of a power diode,
(M: IRF740, D: BYT12P1000)

This circuit presents the switching of a
MOSFET/diode cell, in which the switch is a MOSFET
transistor of type IRF740 connected with a diode of type
BYTI12P1000. For this simulation, we used directly the
component models provided by the Lt-spice library. The
inductance L, represents the global parasitic inductances
in the circuit [18, 19]. It is a series inductance introduced
in particular by the legs of the diode in order to simulate
the dynamic behavior of the diode. Figure 4 represents a
photo of the measurement bench to compare the
simulation results of the voltage across the diode and the
current through it with the measurements.

Fig. 4. Photo of the measurement bench [14]:
1 — oscilloscope; 2 — pulse generator; 3 — stabilized power
supply; 4 — amperometric probe; 5 — driver IR2110;
6 — 12 V regulator; 7— MOSFET IRF740;
8 — diode BYT12P1000; 9 — resistance 15,6 Q

Figure 5 shows the descriptive diagram of the main
elements used to switch a BYT12P1000 type power diode.

Oscill
Pulse Generator sciloscope

g
- gl

[

|
Diode Under Test

Amperometric
Probe
Fig. 5. Descriptive diagram of the test bench
for switching a power diode

According to the diagram (Fig. 3), we can establish
the equation that describes the mesh of this circuit [15]:

LU Vp+Vps» (H

where V; is the source voltage; Vp is the voltage at the
diode terminal; Vg is the voltage between drain source of
MOSFET; L, represents the global parasitic inductances
in the circuit.

If the MOSFET does not intervene during switching
(Vps<<V3), then we have:

di(?)
Ve =1L -Vp. 2
R=Lta= == Vp 2
The simulation diagram has the following

characteristics: the current /; generates by the current
source ;=2 A, Vp=150V,R.=15.6 Q; Lp = 12 nH.
Results and analysis. Figures 6, 8 show the
temporal variations in the blocking of the diode tested
according to the simulation and measurements, they also
illustrate the phenomenon of reverse overlap on the
current and voltage when the diode is blocked. For the
frequency response, the results are shown in Fig. 7, 9,
where we note respectively a decrease of amplitude from
20 dB to —80 dB for the current and a decrease of
amplitude from 30 dB to —70 dB for the voltage.
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Fig. 6. Temporal characteristics of the /,, current at the opening
of the diode
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Fig. 7. Frequency characteristics of the 7, current at the opening
of the diode

50 Vo, V 1 Simulation
0 2 2 - - Measure
-50
-100
-150
-200

-250
300

-350

Vr

t, ns

100 120 140 160 180

Fig. 8. Temporal characteristics of the voltage V', at the opening
of the diode
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Fig. 9. Frequency characteristics of the voltage V), at the
opening of the diode

From Fig. 6, 8, we notice a good agreement between
the simulation results and the experimental measurements.
We can extract the transient parameters of the studied diode
such as: Vzy — maximum reverse voltage; Ir), — maximum
reverse recovery current of the diode; 7z — reverse recovery
time. At the beginning, a current /; flows in the power diode.
From the conduction of the MOSFET (M: closed switch,
Vps = 0), the current in the diode starts to decrease from the
value /,= Ip with a slope:

di(¢ Vv,
di®) =__R (3)
de Lp
The slope is imposed by the inductance Lp (Vp is

negligible compared to V). We obtain the following
results: Iz = 14,5 A; trr =38 ns; Ve, =340 V.

At the end of recovery, the diode then behaves as a
nonlinear capacitor in series with the inductance and
resistance of the circuit, resulting in a damped oscillatory
response of the system with a rapid decay of the current.

We have therefore defined with these results the
transient parameters describing the switching at the
opening of the diode. It appears clearly the transient
oscillatory phenomenon whose period is of the order of
the hundred of nanoseconds.

For the frequency responses shown in Fig. 7, 9, we
notice from the conduction of the MOSFET of frequency
300 kHz, an electromagnetic disturbance created between
—20 dB and 20 dB due to the variation of current and
voltage.

Study of the behavior of MOSFET transistor.
Figure 10 shows the electrical circuit used to record the
dynamic characteristics of the MOSFET. In this simulation
circuit, the inductance L, represents the overall parasitic
inductances in the circuit that causes the oscillation when
the MOSFET opens [15-19]. The simulation results will be
validated by experimental measurements carried out on the
experimental bench shown in Fig. 4.

Rc
1 'A\/’\ \/ 1
15.6 O
=
)2
_* o
R M : | e
L AR '
1)50 c I VARV RF740
{ ) — | 100 Vor
- 100p-— . ” ]
L ~ Rshunt
T A 1
T Vs -
PILSE(130 0 0 0.50 0 5u ) _tran 1.8“

Fig. 10. Simulation scheme used to identify the dynamic
parameters of the IRF740 MOSFET

According to the diagram presented in Fig. 10, we can
establish the equations that describe the mesh of this
circuit. The opening of the MOSFET starts with a decrease
of the control voltage to zero. Consequently, the voltage
across this component increases from 0 V to V. In this
phase, the current growth rate can be expressed by (4)
linking the voltage Vpgs, Vi, and the resistances R. and R,

di(t) _ VR =Vrc =VRshunt —Vbs @
dt Lp '

Results and analysis. The waveforms of the current
and voltage across the MOSFETs during their opening are
presented in Fig. 11, 13. The results of the simulations are
validated with the realized measurements. For the frequency
response, the results are shown in Fig. 12, 14. The simulated
scheme has the following characteristics: R, = 100 €,
R.=15.6Q, Lp=2pH, Vz=150V, Ry, =1 Q.

3T, A 1 —— Simulation |
. I S—— 9— Measure
2 -
1 ; L
dvdt|}
0
-1 2 f
220 [ > t, us
02 04 06 08 1 12 14 16
Fig. 11. Temporal characteristics of the I, current at the opening
of the MOSFET
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Fig. 13. Temporal characteristics of the Vs voltage at the
opening of the MOSFET
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Fig. 14. Frequency characteristics of the Vpg voltage at the
opening of the MOSFET

From the results illustrated in Fig. 11, 13, we notice
that the switching of the MOSFET causes an overvoltage
with an overshoot V., = 170 V and a switching time
t. very reduced, of the order of ns which implies very
important dv/d¢ and di/dz. In addition, an oscillatory
phenomenon appears after the opening of the MOSFET.
This phenomenon is explained by the effect of the
connection inductance in the circuit. It can be said that the
oscillatory and steep-edge phenomena of current and
voltage are the cause of electromagnetic disturbances in
electronic devices. For EMC problems, it is therefore
essential to define the dv/d¢ and di/d¢ and the evolution of
the current I and the voltage Vpg during the switching of
the active components.

From the frequency results illustrated in Fig. 12, 14, we
notice respectively a decrease of amplitude from 10 dB
to —100 dB for the current and for the voltage a decrease
of amplitude from 30 dB to —70 dB. We see in Fig. 14
that from 30 dB to —30 dB, there is a slight disturbance
for the voltage Vpg.

Study of the behavior of the IGBT transistor. Figure
15 shows the electrical circuit used to identify the dynamic
characteristics of the IGBT under Lt-spice software.

The experimental bench used for the switching of
the IGBT remains the same used in Fig. 4, except that the
MOSFET must be replaced by the IGBT transistor of type
APT 25GF100BN, in order to visualize the voltage across
the IGBT transistor and the current flowing through.

15.6 id
= 2
=
R z1 . Vce
AL Vr X -
+ c e
( ) = vsioo’ _ ™\7ApT25GF100BN
S 50 4+ VGE -
1so ~ Rshunt
T <1
PULSE(0 150 14.5u 100n 100n 100n)

7 .tran 0 19u
Fig. 15. Simulation diagram used to identify the dynamic
parameters of the IGBT transistor

The study of dynamic behavior of the power IGBT
transistor in a switching cell allowed us to define the transient
and frequency parameters of the latter to represent the
switching phase. The IGBT transistor used in this study is type
of APT25GF100BN. Figures 16, 18 show the current and
voltage time characteristics obtained from respectively
simulation and measurements. Figures 17, 19 show the
frequency characteristics of respectively the current and
voltage at the opening of the APT25GF100BN IGBT.
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Fig. 16. Transient characteristics of the /- current when the
IGBT transistor is open
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Fig. 17. Frequency characteristics of the /- current at the
opening of the IGBT transistor
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Fig. 18. Temporal characteristics of the voltage V¢ at the
opening of the IGBT transistor
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Fig. 19. Frequency characteristics of the V' voltage at the

opening of the IGBT transistor
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In the simulations carried out, we considered the
values of the following parameters: R, = 100 Q, R. = 15.6 Q,
Lp=2puH, V=150V, Ry, =1 Q.

In this study, we used the same switching cell of the
MOSFET, so the waveform of the current and the voltage
at the terminals of the IGBT transistor remains similar to
those of the MOSFET (temporal and frequency), what
changes are the amplitudes and the frequency of these
waves. The aspects of the dynamic behavior of an IGBT
are similar to those of a MOSFET.

Conclusions.

1. Numerous electromagnetic disturbances mainly due
to fast switching of the semiconductors. The disturbances
propagate towards the power source of the converter and
towards the load that it feeds and a part of this energy is
radiated.

2. An experimental evaluation was presented in this work
compared by simulation results in order to better present the
influence of the fast switching of semiconductors on the
electrical ~ quantities, which causes electromagnetic
disturbances in the interconnected electrical system.

3. These disturbances can be minimized by using an
optimized EMC filter according to the international
standards of our future work.
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AHaJi3 nepeTBOpIOBaYa NOCTIIHOTO CTPYMY, IO MPALIOE HA MJIA3MOBY AYTY

B pobomi nposederno ananiz cmabinizosanoco nepemeoprosaua NOCMIUHO20 CMpYMY, Wo Npayroe Ha niasmosy oyey. Oopyrmosaro besnepe-
PBHY MOOeb cucmemu 3 Ypaxyeanusm it ocobiueocmeti. Busnaueni napamempu He3MIHHOT 4acmuty Ni0 4ac aHaizy cxemu 3aMilyeHHs 3a-
MKHYMOI CIPYKIYpU Cucmemu enekmpoicuenents Ol 0208020 HABAHMANCEHHS 13 8i0 emHuM Oughepenyianshum onopom. IIposedeni do-
CTIOXHCEHHS POSIMKHYMOT cLUCMeEMU «0dicepeno HCUBIeHHs - 0yeay. Bemanosnero, wo posensmyma cxema 3 GUXIOHUMU OAHUMU, NPULTHATNUMU 8
Oaniii cmammi, Mae 4acmomuuil Koegiyicnm nepedaui maKozo Jic Uy, Wo i HeMIHIMATLHO-PA3068a NAHKA nepuloeo NopsaoKy. Ompumaro
YACMOMHI XapaKmepucmuKu 6XiOH020 ma 8UXIOHO20 ONOPIE NePemBopIosaya, HA6aHmaxceHo2o Ha dyey. bioi. 22, tabn. 1, puc. 7.

Kniouosi cnosa: BXinumii Ta BuxigHuii onip, gineTp, iMneganc, cucrema cradijaizauii, crilikicTs, KOMIUIEKCHe HABAHTAKEHHS.

Beryn. ¥V cyuacHnx nepenoBux cepax HayKH, TEXHi-
KA Ta IMPOMHCIIOBOCTI IIMPOKO 33aCTOCOBYIOTBHCSI €IIEKTPO-
IUIA3MOBI Ta 3BAPIOBAIBbHI TEXHOJIOTIi, B IKUX BUKOPUCTOBY-
€THCS HU3BKOTEMIIEpaTypHa IU1a3Ma (IIPUCTPOI 3 Bil’ €MHUAM
mdepeHIiadbHIM OTIopoM). Benmmkuii kiac Takux Tpu-
CTPOIB CTAHOBJATH IUIA3MOTPOHH IIOCTIHHOTO CTPyMYy.
Haiftuacrime BHKOPHUCTOBYIOTBCS IUIA3MOTPOHH UTSA Pi3aH-
HS MarepiaiiB, HarpiBaHHS Ta3y, AK IDIa3MOBI CHCTEMHU
3amajeHHs B Kamepax TOpiHHs ra3oTypOiHHHX JBHI'YHIB
pizHoro npusHauenHs i T.4. [1-3]. Tyt cnig 3razary i ma-
3MOBY IUIaBKY, 3MIiIIHEHHS METaJIIB, IUIA3MOXIMIl0, CIIeIMe-
TaJIyprito, BUPILIEHHS €KOJOTIYHHUX MpoOJIeM, OTPUMAaHHS
HOBHX YHCTHX MaTepiayiB, HAHECCHHS TUTIBOK Ta IOKPHUTTIB
BaKyyMHO-IUIa3MOBHUM METOZIOM TOLLIO.

YaockoHaneHHS OyIb-KOi €IeKTPOILUIa3MOBOI TeX-
HOJIOTIT Mae MOYMHATHCS 3 IOKpALICHHS NapaMeTpiB po-
0OTH OCHOBHOT'O €JIEMEHTA IUIa3MOBHX YCTAHOBOK — JIXKe-
pea XKHBJICHHS, 0 JOCATAETHCS IUIIXOM HPOSKTYBaHHS
Ta KOHCTPYIOBaHHS HOTO OCHOBHHMX BY31iB. TakuM 4u-
HOM, JIOCIIDKCHHS IEepEeTBOPIOBada IMOCTIHHOTO CTPyMY,
11O MPALIOE Ha [UIA3MOBY YTy, € HE TUIbKH IPAKTUUHHUM,
a i TEOPETHYHUM IHTEPECOM, a TAKOXK BAKIMBOIO Ta aK-
TyaJbHOIO HayKOBO-IPHKJIJHOIO MPOOJIEMOIO.

Jist aHami3y mporeciB B iMITyJIbCHUX TT€PETBOPIOBa-
Yax eJIEKTPOEHEPTii BUKOPUCTOBYIOTHCS JBa KJIACH MOJIe-
nei — ximo4oBi (imitauiiiHi) Ta HenepepsHi [4-7]. Herme-
pepBHi (ycepenHeHi) HaHOIMBIIOTO0 MOMMPEHHS HAOyIH
IIiJ] Yac aHali3y CTiHKOCTi 3aMKHYTHX CHCTeM cTalimi3armil
3 ypaxXyBaHHSAM IMITyJIbCHUX TIEPETBOPIOBAYIB €HEprii Ta
CHHTE31 PETyJSATOPIB KX cUCTeM [4-7].

3ayBaxxuMo, 10 AudepeHianbHui omip OyTd Ry
3aJICKHO BiJl 3HAXOMKCHHS pPOOOYOi TOYKM Ha TiH YU
iHmid gusam BAX nyru Mmoske HaOyBaTu SIK HYJIbOBHUX,
JIOJaTHHX, TaK 1 Bil’eMHHUX 3HaueHb. Came B pasi 3Haxo-
JUKeHHsT po0Oouoi TOYKM Ha crmamgHii auissHii BAX nyru
NIEPETBOPIOBAY, 3 ypaxyBaHHSAM IOBEIiHKH 00’€KTa, cTa-
HOBHUTH CHCTEMY 3 Bin’€MHHUM oropoM. [ToBemiHka Takux
CUCTEM ICTOTHO BIAPI3HSAETHCS BiJl CHCTEM, OMHCAHUX Yy
JiTeparypi IpH MOCTIHHOMY HaBaHTa)kKeHHi. B cucremi 3
BiI’€EMHUM OIIOPOM MOXXYTh BHHHKHYTH HECTIHKOCTI Ta
ABTOKOJINBAIIbHI pekuMH [8]. ABTOKOJIMBAHHS, SIK MPaBU-
JIO, MAOTh HETATHBHI HACIIAKH: MMOTIPIICHHS SKOCTI TEX-
HOJIOTIYHOTO TPOLIECY, 3HIKEHHS IPOLYKTHBHOCTI TOLIO.

JlocnifKeHHs] CUCTEM i3 Bifi’€MHUM Ry CTAHOBHTD
HE TUIBKM TPaKTUYHUH, a W TeopeTwuHHil iHTepec [8].
Jlo1iIbHUM € BHBYEHHsI OCOOJIMBOCTEH IUHAMIKH DO3i-
MKHEHHX cucTeM. Lle Mae ceHc He TUIbKM uYepe3 IIHpOoKe
3aCTOCYBaHHS iX y HPakTHIi, a § TOMY, 10 Ha MPOCTUX
MIPUKJIaJax MOKHA 3aCBOITH BHKOPHCTOBYBAHHH METOJ
aHaizy ¥ MOKa3aTW BIUIMB THX YU IHIIAX 30BHIMIHIX
3BOPOTHHX 3B’SI3KiB HA IWHAMIYHI BIIACTHBOCTI 3aMKHEHO1

CHCTEMH II[0JI0 PO3IMKHEHOI.

CkyagHicTh HENHIHHOI TUCKPETHOI MOl iMITyJIb-
CHOTO TIepeTBOpIOBada (TOYHOI MaTEeMAaTHYHOI MOJei
{oro), 10 Tpamroe Ha HeJiHiIHE HaBaHTa)XKEHHS, pOOUTH
aHaJIi3 OCTaHHHOTO B aBTOMATHYHIN cHCTeMi crabimizamii
CTpyMy (3aMKHYTOI CHCTEMH YTPABIIHHA) BKpail BaXKKIM
[5]. ¥ Toif ke gac y pobotax [1, 5, 6] mokazaHo, 10 Ipu
3MeHIIeHH] nepiony komyTtauii 7 (7—0) HeniniiHI iMmy-
JbCHI CHCTEMH HaOJMKAIOThCS 3a BJIACTHBOCTSMH [0
niHiiHUX Oe3nepepBHUX cucreM [1, 5]. BpaxoByroun
BUCOKY 4YacTOTy KOMYTalil Cy4YacHHX IE€peTBOpPIOBAYIB
JUIsl eNIeKTPOTEXHOJIOTIH, 3aBAaHHs MMOOYAOBH X rpaHHY-
HUX Oe3NepepBHUX MOAEeIeH BUSBISETHCS JIyXKe MepCrek-
TUBHHM. Y cepeHeHi MOoJiesi HaOUIbII 3pydHi AJIsl Ipak-
THUKH, OCKUTBKH JTO3BOJISIOTH 3aCTOCOBYBATH JO HENiHIH-
HUX AUCKPETHUX CHUCTEM J00pe po3po0IieHi MEeTOau aHa-
T3y Ta CHHTE3Y JiHIHHUX Oe3MepepBHUX CHUCTEM.

Ipu npoeKkTyBaHHI KIFOYOBHX [PKEPeN KUBJICHHS LIU-
POKO 3aCTOCOBYIOTH Oe3lepepBHi JIiHIITHI MOAENI IMITyIIbC-
HUX TepeTBoproBadiB [1, 5]. ¥V pi3aux podorax oOrpyHTOBa-
Hi Ta LIMPOKO BUKOPUCTOBYIOTHCS 1X ycepeHEeH1 MOIE.

VY pobori [9], Hanpuka, HaBeaeH Oe3mepepBHi Ji-
HeapHu30BaHi MOJIEJ OCHOBHMX IepeTBOproBauiB. Mero-
JIMKa iX o0y10BH 06a3yeThcs Ha NPUITYICHH] BiJICYTHOCTI
y JApoceist akTUBHOTO onopy. Kpim Toro, BUKOpHUCTaHUHA
MiAXi HE JO3BOJISIE BpaXyBaTH BUXITHHMA OIp pKEpena
JKUBJICHHS, PUTBTP HA BXOZI IIEPeTBOPIOBAYA TOIIIO.

B poborax [4, 5] 3a3HaueHO HEOOXITHICTH OOIIKY
TIPY aHANI31 Ta CHHTE31 CHCTEM YIIPaBIiHHS IMITYIbCHUMHA
HEepPEeTBOPIOBaYaMH aKTHBHOTO OTIOPY KOJIa JPOCEIIL.

CTpykTypHi IUHAMIYHI MOJENI IMITyJIBCHHX IIepe-
TBOPIOBAYiB MOCTIIfHOT HANPYTH, IO MPAIIOIOTh Ha KOM-
IUICKCHE HABAHTAXCHHS 3 1 0€3 ypaxyBaHHS ONOPY JpO-
ceJis, OOTPYHTOBaHI, HANPUKIIAM, y podoTax [4-7].

B [8] po3risiHyTI 3arajibHi IMTaHHS JKMBJICHHS Ta B3a-
€MOJIii eJIEKTPHYHOI AYTH Bij JUKepena HalpyrH, KepoBaHO-
TO CTPYMOM Ta JPKEpelia CTpyMy, KEpOBaHOTO HAIIPYTOIO.

B [10] mocmimkeHO HKEpeno XKHUBICHHS 31 CTPYyMO-
BOIO XapaKTEPHCTUKOIO, SKE BUKOHAHE 3a HACTYIHOIO
OJIOK-CXeMOI0: JKepesIo 3MIHHOTO CTpyMy — TpaHcgop-
MaTOp — BHIPSIMIISY — IHAYKTHUBHICTH, IO MiAKITIOYEHA
HOCIIIIOBHO 3 IyTOBUM OIIOPOM.

OCKUTBKH IMITyJTECHHM TIEPETBOPIOBAY, IO MPAIOE HA
JIyrOBE HaBaHTa)KEHHsI, HEJIOCTATHHO BUBYEHHUH Y JiTEpaTypi,
3aBJIaHHs 1Ii€l CTaTTi — Mo0Y/0Ba Oe3MmepepBHOI MOICITI TIepe-
TBOPIOBaua Ta JIOCIIPKEHHS 0COOJIMBOCTEN HOro poOoTH.

Jani poOutkcst cipoba BUKOHATH aHalli3, BUKOPHC-
TOBYIOUHM TIPOCTy Oe3nepepBHY MOJEb NepeTBOpIoBaya,
110 BPaxOBy€ aKTUBHMH OIIp KIIIOYiIB, POCENs Ta BUXiM-
HUH OIip JyKepera >KUBJICHHS 1 MPAIIOIYoro Ha JTyroBe
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HaBaHTaXeHHA. [lependadaeTnes, MO PEryTIOBaHHS BHXi-
JTHOTO TIapaMeTpa 3IiHCHIOETECS 3a qormomororo [IITM-2.

MeTor0 cTaTTi € MOOyHOBa Ta JOCITIMKEHHS Hele-
PEpBHOI MOZETI IMITyJIBCHOTO JDKepesia BTOPHHHOTO eJe-
KTPOXKHBIICHHS, IO TIPALIIOE HA EIEKTPHYHY 3BapIOBAIbHY
Ta IJIa3MOBY IYTY.

MartemaTHyHuii onuc nepersoproBaya. Cxema 3a-
MIILIEHHS CHCTEMH JKUBJICHHS IS eJIeKTPOLYrOBOrO HaBa-
HTa)XEHHS, 10 BKJIIOYae HaBaHTakeHUi LC-QinbTp, KOpH-
rytounii npuctpiii (CD), monynsitop (M), mo peartizye
IIM-2, immynscauil nepersoproBau (PC), mo Gopmye Ha
BXOJi (DiNbTpa IMITYJIECH 3 aMILTITYAOI0 HANpPYTH >KUBJIECH-
H nU,, 1 TPUBAJICTIO, SIKa BU3HAYAETHCSA KOMYTAI[IITHOO
¢dyHKUiero kr MomymsaTopa, 1 qatdukiB Hanpyru VS i crpy-
My CS 3 koedirieHTaMu ky i Rcs BiAMIOBIHO, 300pakeHa Ha
puc. 1, me s CHOIMBHOCTI MOKa3aHO OImip R, BKIFOUCHHUN
mmapaieisHo KoHaeHcaTopy C BUXiTHOTO (QiIbTpa.

nU, <’D :

|
|
|
L

Puc. 1. Cxema 3aMillieHHS 3aMKHYTOI CTPYKTYpPH CHCTEMH
€JIEKTPOKUBIICHHS JJIs1 [yTOBOTO HABAaHTAXXCHHS 13 Bill' €eMHUM
nudepeHIiaIbHIM OIIOPOM

Ha puc. 1: i — mxepeno cTpyMmy, IO pO3IIsLAAETHCA
sK 30ypeHHs (3MiHa) CTpyMy HaBaHTaxeHHsA. Omip ry
BKJIIOYAE SIK BHXI/IHI OTOpH IIEPETBOPIOBAYA 1 BUIPSMIIS-
4a, Tak i OMiuHI BTpatu Apocens ¢imerpa. [lpu mpomy
OITip BTpaT MOXe 3ajexaTH Bif gactoTw [11-15]. HaBan-
TaXEeHHS (Ta30pO3psAOHUN TPOMIKOK) € IIOCIiZOBHO
3’eaHaHi mxepeno Hanpyru Uy i 1MHaMidHuUi ommip R .

[TepeTBoproBau Ha cxemi MPEACTABICHUI y BHUIIISI
CHIJIOBOTO YOTHPHUITOIIOCHHUKA 3 iH(GOpMAIIiHIM KepoBa-
HUM BxoqoM (puc. 1) [5, 16], ne n = wa; / wi = wy / wy.
Koediuient nepenaui mopynsiropa PC, sikuil y Hamomy
BUIAJIKY BU3HAUEHHH 5K ki(f), SIKIO CUTHAJI TIOMUJIKH HE
3aJIeXKHTH BiJl Yacy BU3HAYA€ETHCS CITiBBIJHOILICHHSIM:

kpwyr =T 1Up
ne U, — ammnityna (po3max) npo6oBoi ¢yHkuii (muiko-
noi0HOT HanpyrH), T — Mepioj PO3ropTKH.

3a3Buyaii R >> ry (30kpema R BiJCYyTHI, TOOTO R—0).

[To3HaumBIIM 32 JONOMOroI0 Z,(s) onepaTopHHiA
onip napanenbHoro 3’eqHanHsA C 1 Ryyp:

Zn(S) =- Rdlﬁ‘O/(l - SRd[ffOC):_ Rdlff()/(_ s+ 1), >0,
OTPHIMAEMO HACTYIHHH BHpa3 IepeNaToqHoi (QYyHKIi
(I1®) Buxigaoro LC-pimpTpa 3a HAPYTOIO:

Koy 2o 2l
Ziy(s) ry+sL+Z,(s)

=k 1 (s%k pLC + 5(L/(rs = Ryigro) + RpgC) + 1) 7" =

_ ky _ ky
T2 428 Tps+1 TP (s+ap) + o1

ae = RymC > 0 — crana yacy KoJjia BUXiHOTO KOHJIEHCa-
TOpAa, Req =TIy || (*Rdm()); kf = 7Rd;'/‘]0/(7Rdif/O + }”Z) >0 -
koediuieHT nepenadi (inbTpa Ha MOCTIHHOMY CTPyMI;
Z,(s) — BXiZIHUIA OTlepaTOpHUIA Omip perysiTopa rnpu R = co
y pexumi 6e3nepepBHoro ctpymy; Iy i ¢ — cranma yacy Ta
koediuieHT nemryBaHHs GUIBTPA, 110 BU3HAYAIOTHCS K

sz,/kac;ff/-:%\/k_f rs C/L+R1 JL/C |=

4iff 0
1 1
:Ex/E(I/Q+ds):E\/E(dr+ds); ar=EplTys

o :\/1/T}—a} :\/wg—a} ; a)g =1/(ksLC),

1 . .
ne Q=—,/L/C =p/rs — nobporuicts LC-(instpa 6e3
Ty
ypaxyBaHHS 3TacaHHs, [0 BHOCHTBCS OIIOPOM R, Ta percHe-
pauii; dy =-Sg7VL/C — perenepauis, IO BHOCHTHCS B
Jyroro);
d, =rgyC/L — 3aracaHHs, IO BHOCUTHCS B KOHTYp OIIO-

KOHTYp HaBaHTAXXCHHAM (CHCKT‘pI/I‘lHOIO

poM; p=4/L/C —XapaKTepuCTHKa KOHTYpY, IO YTBOPIOE
dineTp; d = d, + d; — IOBHE 3racaHHA (pereHeparis) KOHTY-
pY; Saig= 1/ Rago — nuepenuiiina kpyricts BAX nyru.

Juis cxemu Ha puc. | piBHSHHA, III0 BU3HAYAE CTPYM
y npoceini ¢inbTpa zNL Oyze TaKuM:

Z(s)i, = nDiiy, +nUpyd + Z,/(5)1 —(Z,,(5)/ Ryir )iy
e

Rdlﬁ‘()[szkf‘lzc-{' S
K(s)

CHMBOJI «~» TIOKa3y€ HECKIHYEHHO Majly 3MiHy 3MiHHOi
IIOJI0 3HAYEHHSI B TIEPIOIUMUHOMY pexumi; d = 2t, / T — xoe-
(himieHT 3anoBHEHHST; D — 3HAUeHHs KoedillieHTa 3all0BHEH-
Hsl Y BCTAaHOBJICHOMY (Trepiofiyaomy) pexnmi [17-20].

[Ipu C = 0 ocranHe piBHAHHS HaOy/e BUTISLY

7 B 7 - 170 /Rdijfo + (nD/RdeO)Em + (I’l Ul'n /Rdlij)d
L= .
! S[L /(I’E — Rdlff())] +1
BubpaBmm B SKOCTI BUXIOHOI 3MIHHOI CTPyM IyTH
igre = 1y, AKAN HE 30iraeThCs 31 3MIHHOIO CTaHy, OTpUMAE-

MO TepeaTo4Hi (YHKIT M0 KepyH4dOMYy BIUIUBY «CTPYM
JIyTH — KEPYIOUYUM CUTHAID»:

Tye(s) Z,(5)
= = I’lUl'n
d(s) Zy(s)+ Z,(s)
i M0 30ypIOBANLHUM BILIMBaM — YyTJIMBICTh CTPYMYy OYTH

JI0 3MIHU BXIZHOT HANPYTH U;, 1 10 CTPyMY, IO 30ypIoE, I i
HaTpy3i Uy:

+R,
rs ~Rapro

kp(~zs+1)

¢C |+1]

Z(s)

Sdlff = nUinK(S)Sdi)j“ 5

T (5) - Lae(®) .
(7[,—(:) = nDK(s)Sdlﬁ« N TS; = _Zl (S)K(S)Sd[ff 5
Toe(s) __ 2 _
l70(s) =—(s"LC+srsC+DK(s)Syp7 »

ne Z(s) = Ls + ry— onepaTopHHii Omip Koja APOCEsl.
BusznaueHHss mnapaMeTpiB He3MiHHOI 4YacTHHH
cxeMu. 3HaleMo CKJIAIOBI KoedillieHTa MOCHUICHHS
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He3MiHHOI YacTHHU. BuOpaBmm KpyTH3HY JaTduKa CTPy-
My Rcs = 0,75 MOM, BU3HA4a€MO BiJHOCHUH KoedillieHT
curainy CS k; = 82 Ta xoedinient nocunenns 111IM
kpyas /T =F(TIU,)1/T)=F/U, =1/25=04B7",

ne Qaxrop mynbcaniit F npuiasaTwii pisamMm 1; U, = 2,5 B
— aMIutiTYa (po3Max) MIIIKOOJI0HOT HAaNPyTH.

KoedimieHT mocuneHHsS HE3MIHHOI YAaCTHHH MPH
kp=1taF=1

ko = kikpwpnU,y (Res /= Ryigro) I T =

=-82-250-0,4-75-1072/0,49 = —12,55.

YacroTy nepeMuKaHb NPUHHATO piBHOO 26 KI 1y, 1H1Y-
KTUBHICTB Jpocers Buxigaoro LC-¢imsrpa — L = 300 Mx[H,
a €MHICTh BHXIJIHOTO KOHJEHCATOpa, IO 3aJISKUTH Bil
BUMOT, 10 BHCYBaThcst — C = 3 MKD, s = 0,01 Owm,
Raigo = 0,49 Om [21].

JlocriTkeHHs1 PO3IMKHYTOI CHCTEMH <«(IKepeJIo JKH-
BJIeHHS — ayra». CtBopumo 00’ ekt MATLAB — 6e3nepep-
BHI MaTeMaTH4Hi MOJIeNi Haloro 00’exTa y Gopmi repena-
TouHMX QYHKIIN (fransfer function form). Binnoinmto Oyne
HACTYITHUH pe3ybTaT y KOMaHJHOMY BikHi (a0 1).

Tabmums 1
INepenarouni GyHKIT 06’ €KTa

Ne [Mepenarouna ¢pynkis™*

416.4
1 -10 2
9:-100" -5 —0.000612-s +1

208.2

2

9.10719. 5% ~0.000612 -5 +1
—0.000612 -5 +416.4

9.1071%.52 - 0.000612 -5 +1
~0.000306 - 5 +208.2

9-1071°-5% —0.000612 -5 +1
*papiant 1, 2 — IO «CcTpyM Ayru — Kepyrodwil CHrHAID) 3
kcr = 33,18 1a kcg = 16,59; Bapiantu 3, 4 — [1D «cTpy™ apocens
— Kepyrounid curHaim» 3 kcg = 33,18 1a kg = 16,59.

Just TI® 06’ekra 3-4 OKa3HUKH JOPIBHIOIOTH: MOPS-
JIOK Ta iHAEKC HEeCTIMKOCTI JOPIBHIOIOTH IBOM 71 = §, = 2,
CTyMiHb rc =n —m =2 — 1 = 1, iHIEKCH anepionuyHol Ta
KOJIMBAIGHOI HEHTPAIEHOCTI JOPIBHIOIOTH HYIMIO S, = 5, = 0,
iHIeKC HeMiHiManbHO-(a30BoCTi s, = 1, KoedirieHT mo-
CUIIeHHSI k = kokcp. 3aBIaHHS ITUX MTOKA3HUKIB Ta KOeiIi-
€HTa MOCHICHHS k BimoOpaxae cytresi pucu [1D W(s) Ta
HAMH MO>XKHa XapaKTepU3yBaTH Ti YU IHII BIACTHBOCTI
CHCTEMH, IO BU3HaUaloThes miero [1D [22].

Iepeximni xapakrepuctuku (I1X) mis BapianTiB 1, 3
TIOKa3aHo Ha puc. 2. PO3IMKHYTI cuctemMu HecTiiki s, = 2>0.
Hiarpamu HatikBicta A7t pO3TIITHYTHX BapiaHTIB ITOKAa3aHO
Ha puc. 3. Sk cBiquuth puc. 3, AUX xomHOro pasy He 0XO-
ILTI0E TOUKY —1, j0, TOMY 3aMKHYTi CHCTEMH TaKO>K HECTIHKi.

Bxinnuit onip cuinosoi yactuau (CH) BiImoBiIHO 10
CXeMH Ha puc. | B omepaTopHiit popmi
Sk LC+s(- LIR gy —15) — RegC)+1

Zio()=—(Ryipro —15) — ,
—7c

4

ae 7¢ = RyyC > 0 — cTana yacy KoJjia BUXITHOTO KOHJIEH-
caropa; R, = 7z || (—Raip); kr = Rago / (Raygo — 75) — xoedi-
Li€HT Tiepenadi GiTpTpa Ha TOCTIHHOMY CTPYMi.

Jlerko nokasaTw, 1110 ii BUXiZAHUIT OMip BU3HAYAETHCS
BHPa3OM
sL+ry

LC+s(-LIRygro—15)+ RegC)+1

Zoo(s) =ky 7
N f

Siep Response
T T

Time (sec) w100

Puc. 2. I'pacpixu I[IX necridikux cuctem: Bapiant 1 (1), Bapiant 3 (3)
Nyquist Diagram

Imaginary Axis
o

Real Axis:
Puc. 3. liarpamu HaiikBicTa ais HECTIHKHUX CHCTEM:
BapiaHT 1 (1), BapianT 3 (3)

OCKIJTBKY omip BTpaT JOCUTh MaJHH, TO

/C
Zoo(S): 3 5 .
s —S/(Rdiﬁ'oC)-i-l/(LC)

M

[omiTuBIIH, IIT0 Y 3aTATFHOMY BHIIAJIKY 1/ VLC =,
— UaCcTOTa BJIACHMX KOJNWBAaHb KOHTYpy 0e3 BTpar i
a=-0,584/C=-0,509)0 — Koebili€HT 3aracaHHs KOH-
Typy, HEpENUIIEMO BUpa3 HACTYIHUM YMHOM (IIPU LOMY

OCHOBHI YMOBU BHOUpAIHCS TaK, 100 MOTIM BHHUKHYTH
HECTIHKOCTI)

s/C
Zoo(s) = — S (a>0).
sT=2as+
B LBOMY BUNAAKY a)ozl/\/L =

=(V300-107°-3-1070)7" =33,33-10° ¢ a0 fy = 5,307 k'L

OTmxe, y pa3i HECTIMKOCTI 4acTOTa 3allOBHEHHS aB-
TOKOJINBaHb, 110 BUHUKAIOTH y JIIHIHHOMY peXuMi, OIu-
3bKa JI0 YaCTOTH BIACHHUX KOJIIMBaHb KOHTYPY fo.

Sxmo C =0, TO

Z00(s) = SL(=Tjpaqs + 1", @)
1€ Tioqa = L / Ryip > 0 — cTana gacy Kosia HaBaHTaXKEHHL.
Bapiantu (puc. 4) 3anexxHocTeil MOAYJIs 1 apryMeHTy
BXigHoro omopy CY iMITyJBECHOTO JpKepena eIeKTPOXKHB-
JIEHHS 3 TApaJIeNIbHOI0 EMHICTIO EEKTpUYHIl 1y3i 1 6e3 Hel
MaloTh 4acTOTHI XapakTeprcTuku (UX), 110 30iratoThesL.
Brmmspkicts UX CBiqUUTH TIPO MOAIOHICTH 1 Mal Bin-
MIHHOCTI B TIEpPEXiTHUX TPOIecax 3a OCHOBHUMH IOKA3HHU-
KaMH SIKOCTi. TakuM YHHOM, CXEMa, L0 PO3TIISIAEThCS 3
BUXIJHUMH JaHUMH, TIPUIHATHMH B NaHIA CTATTI, Ma€ 4yac-
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TOTHHH KOe(ILIEHT mepeadi Takoro K BUIY, IO 1 HEMiHi-
MaJbHO-(a3oBa  ((hazoorepexyBajbHa) JaHKa IEepIIoro
TOPSIIIKY

Z(jo)=k(go-1),
I[Ck:Rd,-ﬁ,‘[:L/RdWo>O.

Impedance

2000
m

£ 1500
=
=
10

g 1000
o
S
i8]

g2 500

0

10 107 10° 10* 10° 108
Frequency (Hz)
Phase

180

160
=)

€ 140
2

@ 120
2
o

100

80

10! 102 103 10* 10° 108

Frequency (Hz)
Puc. 4. YacToTHI XapakTepHCTHKHU BXigHoro immenancy CU
JDKeperia )KUBJICHHS], HABAaHTKEHOTO Ha IEKTPHYHY IyTY,
it C=0Ta C=3 Mxd

I'padixn AUX st Buxinsoro imnenancy CY, moOymo-
BaHi BigmoBizHO 110 BupasiB (1), (2), 300pakeHi Ha puc. 5.
3aznaunmo, mo 3a C # 0 mana CY € mMpOKOCMYTOBOIO
YaCTOTHO-BHOOPUOIO cHUCTEMOIO (B 707 / fo >> 1) 31 cMyTor0
riporrycKanHs By o7 = 100 k[

Impedance
0.5
704
£
s
= 0.3
@
5]
c
=02
a
=%
Eoa
0
10’ 102 10° 104 10° 108
Frequency (Hz)
Phase
200 T T

10° 102 10° 10* 10° 108
Frequency (Hz)
Puc. 5. I'padiku AUX (Bropi) Ta ®UX (BHU3Y) BUXIIHOTO
iMIIe1aHCy KOHTYPY

JlorapugmiuHi XapaKTepUCTHKA MOJYJISI Ta (ha3u BXif-
Hoi nposigaocTi CU PC ju1s BUMaKy BiJICYTHOCTI €MHOCTI
Ha BUXOJIl IMITyJIbCHOTO cTabiti3aTopa CTpyMy — HECTIHKOTO
3 BiI’€MHUM CaMOBHUPIBHIOBAaHHSM arlepioINIHOT JTaHKH

Yio()=1/Zjo(s) = k(-1 + )" 3)

moOyoBaHi Ha puc. 6,a; miarpama Haifkicta mokasaHa Ha
puc. 6,0. AcHMITTOTHYHA XapaKTEpHCTHKA Mae, 3rimHo (3),
3maM y Touti @, = 1 / 7. Cmyra npomyckanas 0 — 465 I'm.

Ha puc. 7 HaBe#eHO aMILTITYAHO-4aCTOTHI Ta (a3o-
YaCTOTHI XapaKTEPUCTUKH CUCTEMHU «DKEPEJIO KHUBICHHS
— IIyra» B pO3iIMKHYTOMY CTaHi.

Bode Diagram
Gm=-6.33 dB (at 0 Hz), Pm=61.3 deg (at 465 Hz)
T

Magnitude (dB)

fa

o

-135

Phase (deg)

Frequency (Hz)

a
Nyquist Diagram

Imaginary Axis

-5 L L i
-25 -2 -15 -1 05 0

Puc. 6. Moayne ta apryment BxigHoro aamitrancy CU (a);
rozporpad HaiikBicra st naHoro BUNajaky (6)

Bode Diagram

100

Magnitude (dB)

Phase (deg)

10
Frequency (Hz)
Bode Diagram

Wagntude (dB)

Phase (deg)
A

10 1 10 10 1
Frequency (Hz)

Puc. 7. A®UYX po3iMKHEHOTO KOHTYpY IMITyJIbCHOTO cTabimi3a-
TOpa CTPYMY IPH KepyBaHHI 33 BUXiJHUM CTPYMOM i, (1-2)
i ctpymoM npocens i; (3-4)

3 HaBezneHMX Ha pHC. 7 rpadikiB BUILUIMBAE, IO 3a-
MKHEHa CHCTeMa [Vl PO3IJIIHYTHX BapiaHTIB BHSABUTHCSA
HecTiHKoo (L(®) > 0, Pmargin(@) < 0; L — 0, Qrargin =
= —51,9° + 90,2°), ml0 BHOCHUTH JONATKOBI CKJIAIHOCTI Y
o0y I0BY CXeMH KepyBaHHsI IiepeTBoproBayeM [21].

3 xapakrepy ¢(w) Ta A(w) (puc. 7) BUIIMBAE, 110
noOyZoBa 3aMKHYTHUX CHUCTEM cTabimizamii ctpymy po3-
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IJISIHYTOTO MEPETBOPIOBAYa BHKJIMKAE TPYIHOLI, OCKIIb-
KU 320€3MeUnTH TOCTaTHIN 3armac CTIHKOCTI MPHU BUCOKO-
My Koe(iIliEHTI TOCHJICHHS B 3aMKHYTOMY KOHTYpIi JyXe
CKJIQJIHO 4Yepe3 Mayke IIBHAKE 30UTbIIEHHS (Ha30BOr0O
3cyBy (KyT |p| nepeBuitye 180°) mpu nMpakTUUHO HE3MiH-
Hilt AUX neperBoproBaua.

Takum 4rHOM, PO3TIBIHYTI Oe3mepepBHI Momeni Mo-
JKYTh BUKOPHCTOBYBATHCSI B TPOIIECI NPOEKTYBaHHS IIpH-
CTPOIB Ha OCHOBI IMITYJIECHUX TIEPETBOPIOBAYIB HAIIPYTH IS
HaBaHT)XEHb 3 Bil'€MHUM JU(EpeHIIIHHAM OMOpOM: JiKe-
peN BTOPHHHOTO €JIEKTPOKUBJICHHS TOLIO, POBOIUTH JIO-
CJTI/DKEHHST OCHOBHHX BJIACTUBOCTEH 11X MEPETBOPIOBAYIB.

Bucnoskmn.

1. MeTtonoM ycepenHeHHs Ta JiiHeapu3alii oTpuma-
Hi BHpa3W U YaCTOTHOI IepenaToqHoi (yHKIii, BXiTHO-
ro Ta BHXIJHOTO OINOPY IMITYyJIbCHOI'O IEPETBOpIOBaYa
Hapyrd, MO TMpalioe HA IyroBe HaBaHTAXKEHHSA 3
Bil’€MHUM AU(EPEHLIHHUM OTIOPOM.

2. [lepenarouni ¢pyHKIIi TEpeTBOPIOBAaYA 3 BUXOJOM
3a CTPYMOM IIyTH 1 CTPYMOM JIpOCelii HE € MiHIMaJIbHO
¢dazoBumu. LM mosicHIOETBCS XapakTep (Pa3oBUX Xapak-
TEPUCTUK TIEPETBOPIOBaYa 1 CKJIaJHICTh CUHTE3Y peryJs-
TOPIiB CTPYMY [UIS HBOTO.

3. JlocmipkeHO 4acTOTHI aMIuTiTYAHI Ta (a3oBi xa-
PaKTEpPUCTHKU ISl IMITyJILCHOTO IIE€pEeTBOPIOBAYa Harpy-
T 3 BUXOJOM IO CTPYMY OYTH Ta CTPyMy APOCEJIs.

4. Tlepenarouni ¢ynkuii Ge3nepepBHOI Mozemni 3a
CTPyMOM JAYTH Ta CTPYMOM JIpoceis Ipu 3aJaHuX Iapa-
METpax OJHAKOBi, IO HEOOXiTHO BpPaxOBYBaTH IIiJ Yac
IPOEKTYBaHHS PETYJIATOPIB.

Konduaikr inTepeciB. ABTOpH CTaTTi 3asABISAIOTH
PO BiJICYTHICTh KOHQIIKTY iHTEpECIB.
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Analysis of a DC converter working on a plasma arc.
Introduction. The article is devoted to the analysis of a stabilized
direct current converter operating on a plasma arc. Electro-
plasma technologies of the new generation cause the need to
design workable systems that provide control of technological
processes and their dynamic optimization in real time. The im-
provement of any electroplasma technology begins with the im-
provement of the operating parameters of the main element of
plasma installations — the power source. Goal is to build and
study a continuous model of a pulsed source of secondary power
supply, which works on an electric welding and plasma arc.
Methodology. In the work, a mathematical description of the
converter was performed. The continuous model of the system is
substantiated, taking into account its features, namely, the load
(gas-discharge gap) is a source of voltage and dynamic resis-
tance. The parameters of the constant part during circuit synthesis
are determined: the components of the gain of the constant part,
the relative signal coefficient of the current sensor and the PWM
gain. Studies of the open system «power source - arcy have been
carried out. Results. MATLAB objects were created - continuous
mathematical models of the object in the form of transfer func-
tions. The obtained transient characteristics for different options:
«arc current - control signaly and « inductor current - control
signaly showed that open systems are unstable. It was found that
in the case of instability, the filling frequency of self-oscillations
occurring in the linear mode is close to the frequency of natural
oscillations of the circuit. The dependence of the module and the
argument of the input resistance of the power part of the pulsed
power supply with parallel capacitance to the electric arc and
without it, which have matching frequency characteristics, is
established. The circuit considered with the initial data adopted in
this article has a frequency transfer coefficient of the same type as
the first-order non-minimum-phase (phase-shifting) link. Fre-
quency response graphs for the output impedance of the power
unit show that this power unit is a broadband frequency-selective
system with a bandwidth of By 7y; = 100 kHz. Originality. Expres-
sions for the frequency transfer function, input and output resis-
tance of the pulse voltage converter operating on an arc load
were obtained by the method of averaging and linearization. The
frequency amplitude and phase characteristics for the pulse volt-
age converter with an LC filter and the output according to the
arc current and the choke current were studied. The transfer
functions of the continuous model in terms of arc current and
choke current at the specified parameters are the same, which
must be taken into account when designing regulators. Practical
significance. The frequency characteristics of the input and out-
put resistances and transfer functions can be used when forming a
technical task for designing a power source to assess the stability
of the «pulse converter - arcy system and rational calculation of
input filters. References 22, tables 1, figures 7.

Key words: input and output resistance, filter, impedance,
stabilization system, stability, complex load.
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A maximum power point tracking of a photovoltaic system connected to a three-phase grid
using a variable step size perturb and observe algorithm

Purpose. The production of electricity from solar energy is necessary because of the global consumption of this energy. This article’s
study is based on increased energy extraction by improving maximum power point tracking (MPPT). From different MPPT techniques
proposed, the perturb and observe (P&Q) technique is developed because of its low implementation cost and ease of implementation.
Methods. A modified variable step-size P&O MPPT algorithm is investigated which uses fuzzy logic to automatically adjust step-size to
better track maximum power point, compared with the conventional fixed step-size method. The variable step P&O improves the speed
and the tracking accuracy. This controller is implemented on a boost DC-DC power converter to track the maximum power point. The
suggested controlled solar energy system includes a boost converter, a voltage-source inverter, and a grid filter. The control scheme of a
three-phase current-controlled pulse-width modulation inverter in rotating synchronous coordinate d-q with the proposed MPPT
algorithm and feed-forward compensation is studied. Results. The photovoltaic grid-connected system controller employs multi-loop
control with the filter inductor current of the inverter in the inner loop to achieve a fast dynamic response and the outer loop to control
bus voltage for MPPT, the modeling, and control of three phase grid connected to photovoltaic generator is implemented in the
MATLAB/Simulink environment and validated by simulation results. References 27, tables 5, figures 29.

Key words: photovoltaic generator, perturb and observe maximum power point tracking, modified perturb and observe
maximum power point tracking, fuzzy logic control, boost converter, pulse-width modulation inverter, three phase grid.

Mema. Bupobnuymeso enexmpoenepeii i3 consiunoi enepeii neobxione uepes 2nobanvhe cnodcusanns yici enepeii. Jocniodcenns yiei
cmammi IPYHMyEMbCsl HA 30LIbUUEHH] GUTYYEeH s eHepeii 3a PaxyHOK NOKPAWeHHsl 8IOCIMEICEHHSI MOYKU MAKCUMATLHOI NOMYHCHOCII
(MPPT). 3 pisnux 3anpononosanux memooie MPPT 6ye pospoonenuti memoo 30ypenns ma cnocmepedicennss (P&QO) uepes tioco nusvky
sapmicmy peanizayii ma npocmomy peanizayii. Memoou. [ocnioxcyemvca moougikosanuii aneopumm P&O MPPT 3i 3minnum posmipom
KPOKY, KU GUKOPUCHIOBYE HEHimKY JI02IKY ONld aGMOMAMU4HO20 HANAWMYEAHHA PO3MIpYy KPOKY Ol KpAujoeo GiOCMediCeHHs MOYKU
MAKCUMATLHOT NOMYHCHOCIT NOPIBHAHO 13 36UMAUHUM MEMOOOM (DIKCOBAH020 PO3MIPY KPOKY. 3minnuil Kpok P&O niosuwye weuoxicmo
ma moyHicmov giocmedcenns. Llell KoHmponep peanizo8anull Ha NEPemeoprosadi, wjo NiOGUUYE NOMYHCHOCHI NOCMILIHO20 CIPYMY O
8i0Ccmedicents MOYKU MAKCUMATbHOI nomyschocmi. TIpononoeana keposana COHAYHA eHepeemuuHad CUCmeMd 6KIOYAE NIOBUYIOUULL
nepemeoplosay, iHeepmop odicepena Hanpyau i mepedxcesuti Qinomp. JJocniodicyemocsa cxema ynpaguinHa mpughasnum cmpymMoKeposanum
iH8EPMOPOM 3 WUPOMHO-IMAYILCHOIO MOOYIAYIEIO 8 CUHXPOHHILL KOOPOUHAMI, wo 06epmacmocs, d-q i3 3anponoHOBAHUM ANCOPUMMOM
MPPT i nonepedocysanvhoio komnencayicto. Pesynemamu. Konmponep gomoenexmpuunol cucmemu, niOKTOYeHOi 00 Mepedic,
BUKOPUCIMOBYE Oa2AMOKOHMYPHE KEPYSAHHA 3i CMPYMOM THOYKmMopa Qinempa ineepmopa y SHYMpiuHboMy KOHMYPI 0Nl OOCASHEHHs
WBUOKO020 OUHAMIYHO20 GIO2YKY MaA 306HIUHIM KOHMYpOM Ol Kepyeanus nanpyeoio wiunu ons MPPT, mooemosanns ma Kepyeamms
mpughasHoro Mmepedxcero. NIOKIOUeHUll 00 omozanvéaniuHo2o ceHepamopa, peanizosanuti y cepeoosuwsi MATLAB/Simulink ma
niomeepoxcenuil pesyrsmamamu mooemosanns. biomn. 27, tadmn. 5, puc. 29.

Knrouoei crosa: ¢poToeneKTpUYHHI reHepaTop, 30ypeHHs Ta BiICTeKEHHS] TOUKM MAKCHMAJIbLHOI NOTY:XKHOCTI, MoaudikoBane
30ypeHHs Ta BiICTe:KeHHS] TOYKH MAKCUMAJIBHOI MOTYKHOCTi, HeUiTKe JIOTiYHe yNpaBJIiHHS, NiIBUILYIOYU NepeTBOPIOBAY,
IHBEpPTOP 3 INMPOTHO-IMITY/IbCHOI MOAYJISINI€I0, TPU(A3ZHA MepexKa.

Introduction. World energy consumption is mainly
covered by fossil fuels (oil, coal, natural gas, and nuclear)
which gives rise to greenhouse gas emissions and
therefore an increase in pollution. The additional danger
is that excessive consumption of the stock of natural
resources reduces the reserves of this type of energy
dangerously for future generations. In this sense, the
world converges toward using renewable energies, which
are available and inexhaustible and inhibit emitting CO,
gas. The development and integration of renewable
energies into electrical production and distribution
networks pose major technical challenges today. These
networks must support a high demand, react quickly and
safely to expected and unanticipated variations, and adapt
to the constraints of users and environmental constraints.
However, the major problem of this electrical energy
production technique lies in the design and the realization
of the photovoltaic (PV) systems, making it possible to
ensure the optimal operation of the PV modules in various
conditions. Since PV cells have electrical characteristics
(current-voltage) non-linear, which strongly depend on
climatic conditions, such as solar radiation and
temperature, these climatic variations lead to non-linear
and fluctuating power output. For this and with the
development of specific power electronics for PV

applications, several innovative conversion systems have
been designed, particularly inverters with input matching
stages that provide maximum power point (MPP)
tracking. Indeed, these devices make it possible to adapt
and optimize the production of PV through DC-DC power
converters inserted between PV modules and inverter
input. Usually, this equipment has electrical management
mechanisms that allow the maximum power to be
extracted from the PV generator output and ensure perfect
adaptation between the generator’s voltage and inverter
input voltage regardless of meteorological conditions.
These mechanisms are usually called maximum power
point tracking (MPPT). In recent years, many different
techniques or algorithms for automatically identifying and
producing operations at approximately the MPP have
been presented with practical implementations in the
literature. These methods vary in complexity, cost, range
of effectiveness, hardware implementation, popularity,
convergence speed, and other respects. MPPT methods
can be classified as incremental conductance [1-5],
fractional short-circuit current [2], fractional open-circuit
voltage [3], load current voltage maximization, ripple
correlation control, hill climbing or perturb and observe
(P&O) [4], neural network [6], fuzzy logic control and
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other MPPT methods [7, 8]. So far, the P&O method is
the most commonly used technique in practice, owing to
its ease of implementation in a low-cost controller. It has
relatively good MPPT performance compared to the other
techniques. Nevertheless, the P&O method fails to track
the MPP effectively when radiation and temperature
conditions change rapidly.

The conventional P&O is usually implemented with a
fixed step size by which the controlled parameter such as
reference voltage or duty cycle is adjusted; large step-size
values increase the losses in the steady state condition due to
large oscillation around the MPP, while small step-size
values slow down the tracking speed when the atmospheric
conditions quickly change. A trade-off between steady-state
accuracy and dynamic tracking should be performed to solve
this problem. In the literature, many improvements of the
P&O method have been proposed to reduce the oscillation
around the MPP in steady-state conditions. However, they
increase the complexity, slow the tracking speed when the
atmospheric conditions rapidly change and, degrade the
algorithm efficiency on cloudy days [9]. To solve this
problem, many authors have used P&O MPPT with variable
step sizes, each in her own way and they deduced results that
prove an improvement in tracking of maximum power. We
find in the reference [8] many MPPT methods are reviewed
and have been made to improve the conventional MPPT
methods. However, in [10-12] shows the performance with
the modified P&O algorithm which gives a faster response
than the traditional P&O algorithm under variable irradiance
conditions during peak power generation the impacts of
partial shading conditions and temperature led to a high
convergence rate with less overshoot and oscillation. On the
other hand, [11] proposes a modified hill-climbing algorithm
the proposed algorithm has good steady-state and dynamic
performances. In work [13] introduced MPPT with a P&O
algorithm with variable step size based on modified shuffled
frog leaping algorithm (MSFLA) and sliding mode control
(SMC) for PV power systems. The operation of the system
with various partial shading regimes was evaluated and it
was demonstrated that the developed MSFLA-SMC
combinatorial scheme gives good efficiency in output power
with significantly better response time and dynamic
behavior.

In this study, P&O MPPT with variable step size is
proposed. The step size is automatically tuned according
to the variation of the atmospheric conditions, using a
fuzzy logic controller.

To control active and reactive power for grid-
connected inverters, the most common method has been
used voltage-oriented control (VOC) which depends on
two cascaded loops. The outer loop or voltage loop is tied
to the DC link capacitor voltage, where a PI controller is
used to generate the reference current for the inner or
current loop. Then, two PI controllers are used to control
the currents, and hence active/reactive power control.

The goal of the paper is the extraction of the
maximum powers provided by the photovoltaic generator
using the perturb and observe algorithm with fixed step
size and variable step size adjusted by a fuzzy logic
controller, another objective is the control of this power to
be injected into a three-phase distribution network via a
two-stage conversion system. The schematic of the

proposed system is shown in Fig. 1, which illustrates the
three-phase grid-connected PV generation system. The
proposed system consists of two main parts; the first part
is a power scheme, which includes: a PV array supply,
DC link capacitor, boost converter, three-phase inverter,
RL filter, and the three-phase utility grid. The second is
the control scheme MPPT by using different MPPT
techniques and the inverter controller with a three-phase
PV grid-connected system.

Vabc and Iabe

Inverter Controller

Vde lPWM
BDBOO Vo 1oy
DC LI |pc/ || RL{
@DBOD o <BC| T | AACI gieq )
dc Link

Boost DC-DC DC-AC
Converter Inverter
PVArray
Fig. 1. Configuration of the proposed two-stage grid-connected
PV system

PV cell model. Figure 2 shows the PV model based
on a one-diode equivalent circuit. In the literature, an
ideal p-n junction PV cell is often modeled as an electric
current generator whose behavior is equivalent to an ideal
current source which models the photoelectric current
(,») associated with a parallel diode which models the p-n
junction. To take into account all the dissipative
phenomena present during the conversion of light energy
at the level of the cell, the circuit is completed by two
resistors, one in series (Ry) and the other in parallel (R;,).
The series resistance characterizes the losses by the Joule
effect and the parallel resistance characterizes the leakage
current at the level of the p-n junction.

% Rs

TS
D w %

Fig. 2. The equivalent circuit of a solar cell

—
G —b
—

Vpv

The PV cell output current /py (Fig. 2) is given as
[14, 15]:

_ q
I=1py, —[‘v[exp{m' (va + [pvRs)_ 1D -

c
_(va +1 R ]
Rsh

where V,, is the PV array output voltage; 1, is the PV array
output current; /1, is the PV cell photocurrent; /; is the PV
cell saturation current; g is the electron charge
(g = 1.602:10™" C); 4 is the p-n junction ideality factor;
K is the Boltzmann constant (K = 1.38-10% J/K); T, is the
absolute working temperature.

The photocurrent /,, is related to the cell’s operating
temperature and solar intensity as:

[ph =[Isc+Ki(Tc_Tref)]%’ (2)

)
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where I, is the short circuit current at standard
temperature and irradiance condition (G = 1000 W/m? and
T, = 25 °C); K; is the short circuit current temperature
coefficient; 7, is the PV cell reference temperature.
PV cell reverse saturation current /,, varies with the
cell temperature [16, 17] as:
Isc +Ki(Tc _Tref)

I, = ; (3)
" Voc+Ki(Tc_Tre )
exp v -1
t
KT
Vt:%’ (4)

where V. is the open-circuit voltage at reference temperature
T, V; is the junction thermal voltage; N is the number of
solar cells connected in series (N, =1 for the solar cell).

The PV cell saturation current [/, varies with
temperature [18] as:

3
T. E
Is:Irs < €Xp it ! _i 5 (5)
Tref 4-K Tref Tc

where E, is the band energy of the semiconductor used in
the cell.

In this work, the studied PV field is composed of
two PV arrays, each comprising 2 series and 9 parallel
connected modules of type Canadian Solar CS6X-305P.
Each module contains a series of 72 polycrystalline
silicon cells; resulting in total peak power of 305 W.
Table 1 shows the specifications of the used PV modules
in standard conditions.

Table 1
Parameters of Canadian Solar CS6X-305P PV module
Parameters Value
Peak power, W 305.285
Peak power voltage, V 36.3
Peak power current, A 8.41
Short-circuit current, A 8.97
Open circuit voltage, V 44.8

The characteristics (I-V) and (P-V) of the studied PV
field, under standard conditions of solar irradiation and
temperature, is given in Fig. 3.

207 1000 Wir? Tref=25°C
<L O
= 800 W/m? @
S15¢ — | x3267
3 600 Win? RIS
510
2 400 Wi
=1
=]
> 5¢
o
0 50 100 150 200 250 300 350 450
PV output voltage (V)

6000 1000 Wim?
é‘ @
< 5000 X 326.7
8 Tref=25°C ¢ Y 5495
% 4000 Yo
(=%
F 3000 00 Vi
3 2000
> 400 W)
& 1000

0 ‘ ‘ : =
0 100 200 300 400 500

PV output voltage (V)
Fig. 3. (I-V) and (P-V)) characteristic curves of a solar module at
25 °C temperature and 1000 W/m? irradiance level

Boost converter model. DC-DC converters have
wide applications in PV systems. Whether it is a boost
converter [15-19], buck-boost converter [20, 21], or buck
converter [13]. DC-DC converters are considered the
main element in the MPPT process; without them, the
maximum power could not be achieved. In this study
boost converter is used to change the terminal voltage of
the PV array and from which MPPT can be obtained. The
boost converter presented in Fig. 4 is composed of an
inductance L,,, a diode D, capacitors C,,, Cy. and a switch
S. The converter has two modes (states) of operation
based on the switch action OFF and ON. The mathematic
expression of the voltage and current on the input and
output side of the DC-DC boost converter at duty cycle
(D) can be described as:

v
Vae =125 (6)
[dc:Ipv(l_D)‘ (7

MPPT

Fig. 4 Step-up boost converter

In the current source PV cell, the capacitor C,, is
evaluated by (8) and the standards of its elements:
D-v,,

va = 5 5 (®)
4-4V 5, - f§ Ly,
V
D=1-—t=; ®
Ve
Vo Wae =V
va _py ( dc pv); (10)
AIva'fs'Vdc
v,
Ar =o.13~1pv-Vi; (11
pv
P
. ul (12)

>— 2
AVo'fs 'Vdc

where V), is the converter input voltage; /,, is the array
maximum current; Ppy is the nominal power of PV; £ is
the converting frequency; C,, is the link capacitance of
PV; C, is the capacitance of DC-link; L, is the
inductance of boost converter; V. is the boost converter
output voltage; 4V, is the voltage variation; 41;,, is the
current ripple of boost inductance; A4V, is the ripple of
output voltage.

Modeling and control of DC/AC inverter. The
main inverter function is to interface the PV generator
with the network (Fig. 5). At the same time, the inverter is
used to transform the DC voltage on the output side of the
boost converter (the intermediate circuit of the inverter)
into an AC voltage at its output. Voltage-source converter
(VSC) is controlled in the rotating d-q frame to inject a
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controllable three-phase alternating current into the
network. Current is injected in phase with the grid voltage
to achieve unity power factor operation. The three-phase
VSC is made up of three arms of two switches each
reversible in current, they are made by controllable
semiconductors on opening and closing (of the IGBT type
in almost all cases). A recovery diode is mounted head to
tail with the controllable semiconductor for each switch.
A filter is placed between the network and the inverter,
connecting them to the common point of interconnection.

Dk ok lk

! Ia
||
A —

===
@z%%z 599

Grid
Fig. 5. Three-phase grid-connected inverter

Filter (Rf,Lf)

The three-phase equations of the electrical network
can be established as [22, 23]:

. di
u, zRf-la+Lf-d—t“+va;

(13)

_ di
up = Rf 1 +Lf ‘E-i-vb; ,

u.=Ryp-ic+Ly ~%+vc;

where v,, v, v, are the grid voltages; i,, i, i. are the
injected currents; u,, u, u. are the inverter side voltages.

This type of inverter is known as an on two levels
because its output voltage has two voltage levels (+V,. and
—V4). Using the a-b-c to d-q transformations, the converter
3-phase currents and voltages are expressed in a 2-axis
d-q reference frame, synchronously rotating at a given AC
frequency w:

Uy ZRf 'id +Lf (Li—a)Lf 'iq +V4;
o (14)
i
uq =Rf lq +Lf d—;l—C()Lj ld +Vq.
The current controller and control equations of u,
and u, can be rewritten as:

{ud :P.I'(Idl’ef —Id)—a)~Lf ‘iq +Vy,

uy=P-1-(1 (1)

qref Iq)+ @-Lp-ig+vy.
The active and reactive power injected by the PV
generator in the grid can be defined for a balanced three-

phase system as follows [17]:
3 . . 3 . .
P:E'(vd'ld”wq"q); Q:E'(Vq'ld+vd"q)' (16)

Applying the voltage orientation technique to the
d-axis, the active and reactive power (16) can be rewritten as:

Q:—%-vd-iq. (17)

According to (17), the active power can be
controlled by the current i,, and the reactive power can be
controlled by the current i,,.

3
P:—’V l ;
D) d’'d

DC-link voltage control. The DC voltage controller
is discussed as the outer controller. Dimensioning of the
DC link voltage controller is determined by the function
between the current reference value to be given and the
DC link voltage [24]. The general model of the external
controller can thus be given in Fig. 6. For the PI controller
block of the function of K(s), the outer voltage control
can be implemented as:

. K;
ldref = (Udcref -Uge )(Kpu + ;u j . (18)

+ Idref
9 PIRegulator [—>
Quoo——>1-

Fig. 6. Model of the DC-voltage controller

The phase-locked loop (PLL) technique [25] has
been used to synthesize the electrical system’s phase and
frequency information, especially when interfacing with
power electronic devices. PLL block [26] measures the
system frequency and provides the phase synchronous
angle 6 (more precisely [sinf, cosf]) for the d-q
transformations block. In the steady state, sinf is in phase
with the fundamental (positive sequence) of a component
and phase A. In the three-phase system, the d-q transform
of the three-phase variables has the same characteristics
and the PLL system can be implemented using the d-q
transform. The block diagram of the PLL system is
described in Fig. 7.

d
Vabe 4 Vo | Kp+Kis

W Theta
. >
abe V0>

PI

Fig. 7. Schematic diagram of the PLL

Fixed step size P&O algorithm. The P&O method
compares the power of the previous step with the new
step’s power to increase or decrease the tension in search
of the MPP. According to [6-10, 13-26], the MPP value
is never definitively reached since the disturbances only
leave the system oscillating close to the MPP in a steady
state. The P&O method presents good results when the
irradiance or temperature does not change rapidly with
time. On the other hand, among the disadvantages of the
method, in addition to the error in steady state, the
dynamic response is considered slow when there are rapid
temperature and solar radiation changes. The flowchart of
this technique with the reference voltage variation is
shown in Fig. 8.

Generally, the P&O MPPT algorithm run with a
fixed step size. The P&O MPPT with fixed step size gives
a good dynamic performance, he converges faster to a
steady state but the oscillation is much higher. So, this
hurts the MPPT efficiency. A solution that remedies this
problem is the variable-step P&O algorithm which has
been developed [11, 12]. The proposed MPPT algorithm
is based on the conventional P&O algorithm; a fuzzy
logic controller block is used to provide variable step size
to overcome the limitation that exists in conventional
P&O algorithm implementations. The flow chart of the
proposed P&O algorithm with variable step size is
illustrated in Fig. 9.
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Fig .9. Block diagram of the proposed P&O with a variable step size

When the operating point is far from the MPP, the
fuzzy logic control (FLC) adjusts the step size to a large
value, and if the operating point is close to the MPP, the
step size value is set to a small value.

FLC used as the variable step size. Control by FLC
is a method that allows the construction of non-linear
controllers from heuristic information from the specialist’s
knowledge FLC consists of the variation of voltage (or
current) and power of the PV array, and according to these
variations, the algorithm acts on the converter, through a
pulse-width modulation, to correct the MPP voltage. Fuzzy
MPPT is a well-established technique, generally acting on
power variation (AP) and voltage variation (AV). In this
work, the variable AV was replaced by the current variation
(AD), because in this implemented arrangement the output
variable of the FLC is the variation of the step-size AD,
which is sent to the P&O algorithm. The input variables,
AP,, and Al,, of the proposed fuzzy logic variable step-
size can be calculated by the following equations, where
P, (k) and I,(k) are the PV array power and current
respectively and V),,(k) is the PV array voltage:

AV =V (k)= V(K =1); (19)
Al, :Ipv(k)—lpv(k—l); (20)
APy, = AV - AL, 1)

The MPPT fuzzy implemented consisted of input
variables AP and Al, and output variable AD. The
membership function of the input and the output variables
used in this model has the same shape and is shown in Fig.
10-12. All the membership functions are expressed with a
triangular function and they consist of 5 fuzzy subsets, which
are denoted by NB (negative big), NS (negative small), ZZ
(zero), PS (positive, small), and PB (positive big) curves.
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Fig. 10. Input variable AP
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Fig. 11. Input variable A/
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Fig. 12. Output variable AD

The fuzzy rule base is a collection of if-then rules
which all the information is available for the controlled
parameters. Since the number of membership function of
each input is 5, then the fuzzy inference rules of the FLC
consist of 25 rules as illustrated in Table 2. These rules
are used to determine the output of the controller (the
variable step-size for the P&O algorithm) to track the
MPP and stop iterating once this point is reached.

Table 2
Membership function rules
AP,

P | NB|NS| ZzZ | PS|PB
NB | NB|[NS| NS |ZZ|Z7ZZ
NS NS |ZZ | ZZ | ZZ | PS
727 | 727 |72 | ZZ | PS | PS
PS | ZZ | PS PS PS | PB
PB | PS | PS PB | PB | PB
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Mamdani’s method is used as a fuzzy interface
method with max-min operation combined with fuzzy law
in this work. After the rules have been evaluated, the
output of the fuzzy controller is still a fuzzy set. However,
the actual system usually requires a non-fuzzy value of a
control. Hence the process of defuzzification is required
to as the last step to calculate the crisp output of the
proposed fuzzy control. The output of the proposed FLC
is defuzzified using the center of gravity method to
calculate AD computed as:

iﬂm ()40, (6)

AD(k) = , (22)
2 u(aD; (k)
i=l
where 4D; is the center of max—min technique

composition at the output membership function. The FLC
output that is a variable step size 4D(k) is used to
compute the final duty cycle D(k) as:
D(k)= D(k 1)+ AD(k). (23)
Results and discussion. In this section, the
performances of the proposed system are analyzed by
simulation in the MATLAB/SimPowerSys environment.
Figure 13 shows the architecture of the three-phase two-
stage grid-connected PV system, in which the control of
injected current, DC link voltage, and MPPT is realized.
Also, the influence of variation in climatic conditions on
the output performance of the system is realized. After
that, a simulation of the P&O and variable step-size P&O
(VSP&O) MPPT algorithm with analysis covering
stability, time response, oscillation, and overshoot is
performed. The simulation parameters of the system are
shown in Table 3.

DCDC Converter  de-link bus Inverter

Lpv
Filter
T CPY § l \J;c ﬁ? # @ |Mf —0~ 00—
]’ (dT T %4@ Tabe | Ve(abe) |

1l +

PVArray
Vv
Tov MPPT
Vderef —f yie Voltage | 1dref
Vde i Controller
re

Fig. 13. Model of the three-phase two-stage grid-connected PV

system
Table 3
Simulation parameters of the system
Parameters Value
Input capacitor C,,,, F 5.10°°
Inductance L, H 31072
DC link capacitor Cy., F 12:107
Switching frequency f;,,, kHz 4
DC link voltage V., V 700
Grid frequency f, Hz 50
Utility grid voltage V,, V 220
Inductance filter Ly H 5107
Resistance filter R; Q 0.1

The simulation was performed for variable
irradiance, with a fixed ambient temperature (25 °C), to

test the performance of the two proposed algorithms. The
applied irradiance was with a range between 400 and
1000 W/m?, at the time step was 0.5 s. The results shown
in Fig. 14, 21 are limited to those for the PV array
respectively show the irradiance profile applied to the PV
array and the output power of the PV array with a
comparison between P&O MPPT and VSP&O MPPT
which clearly shows the stabilization of the power around
its maximum for all the variations of the irradiation in the
VSP&O, whereas it oscillates around the maximum
power and moves away from the maximum for the weak
irradiance in the P&O. In Fig. 15 we observe how the
increase in incident solar radiation causes an increase in
the current generated, at a constant temperature of 25 °C
thus increasing the power produced by the photovoltaic
generator as seen in Fig. 16. It is clear that the direct
component of the current represented in Fig. 23, coincides
perfectly with the reference direct component and that the
overshoot with VSP&O is less than in the case of P&O.

Table 4 provides a summary of tracking
performance for the VSP&O MPPT and P&O MPPT
methods with different levels of illumination.

Table 4
Tracking performance comparison between P&O MPPT
and VSP&O MPPT methods
Irradiance G, W/m? 1000 800 | 600 | 400
Prao W 5495| 4402 | 3302 | 2189
MPPT
Py, W 5413 | 4185 | 3178 | 2033
. Efficiency 7, % | 98.5 | 95.07 | 96.03 | 92.86
Iradiance PRO 1 o time, 5[0.153] 0.101 | 0.046 [0.0786
with fixed step-
. Steady-state
stz power high V- V- high
oscillation high | high
Py, W 5438 | 4365 | 3272 | 2175
Efficiency 7, % [98.95| 99.04 | 99.1 | 99.34

P&O with
variable step-size

Tracking time, $/0.149(0.0479(0.0556(0.0151

Steady-state
power

oscillation

non€ | non¢ | none¢ | none

From Fig. 17, 18 of PV current and voltage, it is clear
that large oscillations appear around the maximum values
when the irradiation is reduced, and they move away from
the maximum point when the irradiation becomes very low,
these problems disappear when using the VSP&O method,
as shown in Fig. 19, 20, where the PV output voltage and
current reach the maximum with a rapid time and almost
without oscillations. For the three-phase grid-connected
system, the phase current and voltage are shown in Fig. 24
which is obtained with a conventional PI controller for both
algorithms, to indicate the impact of irradiation variation on
the current and the voltage, we focus on the time range
[0 —0.04] s where the irradiation is at 1000 W/m®. Only the
peaks of the current for VSP&O are observed to be reduced
concerning P&O and the currents decrease when the
irradiation decreases while the amplitude of the voltage
remains constant. From Fig. 27 it can be observed that the
recorded overshoot of the DC bus voltage is 140 V with
P&O, while with VSPO the overshoot is 110 V. From these
parameters, the VSP&O performs very well in terms of
stability.
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To illustrate the impact of the MPPT method on the
power quality, a spectral analysis of the current obtained
with standard test conditions is performed and the
spectrum of the harmonic is shown in Fig. 28, 29. We
note that the total harmonic distortion (THD) obtained
with P&O is 8.42 % while a THD of 6.17 % was obtained
with VSP&O, which proves the effectiveness of the
VSP&O algorithm compared to P&O.

It is noticed in the interval [0 — 0.06] s that the transient
responses for VSP&O of the active and reactive powers are
characterized by a very small overshoot compared to the
P&O MPPT, while the steady-state error is close to zero as
shown in Fig. 25, 26. According to the results obtained, the
VOC strategy with classic PI in terms of speed, system
stability, and precision has led to satisfactory results.

From the simulation results, the proposed VSP&O
MPPT performs well compared to P&O MPPT.

Comparison with existing variable step size
MPPT methods. Table 5 summarizes and compares the
performances for each controller, the tracking error and
the tracking efficiency reveal at any point the proposed
controller is efficient and accurate with regards to
harvesting the maximum power from the PV system.
Also, Fig. 22 presents the average tracking efficiency of
the conventional and proposed techniques [27]:

Eff: va'loo%/PMpp. (23)
The error is calculated as:
Err= (PMPP —va)~100%/PMpp, (24)

where P,, is the power generated by the controller;
PMPP is the PV MPP.
Table 5
Comparison between the conventional and VSP&O MPPT
technique at 1000 W/m? and 25 °C

MPPT | Settling p];l:;;)rriglcal g::g’g Efficiency,|Error,
: : MPP> 0 0

Algorithm | time, s W Py W % %
Fixed step
P&O 0.078 5495 5413 93.04 6.95
Variable step
P&O [24] 0.025 13183.3 | 12576.8 95.4 4.6
Variable step
P&O [27] 0.0399 2563 2554 99.6 -
Variable
step P&O 0.068 5495 5438 98.95 1.02
proposed

Comparing our results with the two references [24]
and [27], we notice that the proposed P&O method has
also contributed to improving efficiency and reducing
oscillations around the MPP.

1000

200

8
8

Irracliance (W/m?)
3
s

2
8

400

Times(s)

Fig. 14. Irradiance profile

Ay gerCmedian Sl CERGR
§earlsernelelsm dpanlsl i

AWy

I

f o - = N

L) E ) ] -] n ] o k- ]
alag M

Fig. 15. PV current characteristics under fixed temperature and
variable irradiance

3 i s

¥ 4402
16 kM | \\
" xas
v, \\
\
X253
¥ 2189 \ \\

JI(SEE.?‘\

¥ 5485

0 k1 100 150 m 250 300 30 400
Voltage V)

Fig. 16. PV power characteristics under fixed temperature and
variable irradiance

o

L]

&

8

PV Output Voltage (V)
2 __B

s __

_ 8 _ _

ow w s w 1 2 4 16 1 2
Timesis)
Fig. 17. PV output voltage with fixed step size P&O MPPT

=

| O T

SR

o

=

PV Output Currant (A)
o

] [+ (1) (13 [F] 1 12 14 16 ] H
Times(s}

Fig. 18. PV output current with fixed step size P&O MPPT

Enexkmpomexnika i Enexmpomexanixa, 2023, Ne 5

43



"W—
I ]
|
N .
“f | Ls N ) T
s N |
P N \
B | !
- | 0 4
3 b
; 1 'm m -
- : e
gul— 34
2| - [
e ! L 005 X 0
10 : 1 £4 3
-
B
-
[}
[ ] (1) [ 08 12 14 16 14 2

1
Timesis)
Fig. 19. PV output voltage with variable step size P&O MPPT

i Idref
I —Ppso

50 —vspso]]|

Y

Direct Current Idg(A)
R,
S

_2
=

=

@
3 -

e
=3
=

o

0.2 0.4 06 0.8 1 1.2 1.4 16 1.8
Times(s)
Fig. 23. Simulation result with comparison of fixed step size
P&O MPPT and the proposed FLC-based variable step size
P&O MPPT with change in irradiance: direct current grid

To i —Va
ol [t = mm
‘. _ V ') ——VSP&O
Wr— P T
. ; g I
,k | gz’ 1004
Ll T
E < ’rO
gf2 5 !
E: £
8" ;E: * i
E'. 5 ‘x l
) 52
3l
E § -300 [T T H
0 0.2 04 06 08 Times(s)! 12 14 16 18 2
' Fig. 24. Simulation result with comparison of fixed step size
2 P&O MPPT and the proposed FLC-based variable step size
, P&O MPPT with change in irradiance: voltage and current grid
0 0 (TR 0 1 12 o1 18 ot
Times{s) ' e
Fig. 20. PV output current with variable step size P&O MPPT o —reo
2 -
e — -
5009 kit 2 g i
1. Bl
| B 3 IEF
anof— f -y o=
L B ///
£ il Ty T | I
0 = oLl
: s ! | 0 002|004 006 008 0.1
z 0002 004 006 008 =i ! !
20 ~ [ — :
B 0 0.2 0.4 06 0.8 1.4 1.6 18 2

02 04 0.6 08 12 14 1.6 18

Tir|11es(s)

1
Times(s)
Fig. 25. Simulation result with comparison of fixed step size
P&O MPPT and the proposed FLC-based variable step size
P&O MPPT with change in irradiance: active power to grid

¢
Fig. 21. Simulation result with comparison of fixed step size ’1_"__I —
P&O MPPT and the proposed FLC-based variable step size A o |
P&O MPPT with change in irradiance: PV power i !
2
* =0 g i
“ —r80 > "i . |
g |
18
12 Qe
R
! rm W I 84 : (\
' gD
| TN
2 | Lo 005 0
w 4
0 0 0 08 08 1 12 14 18 14 2
0z Times(s)
0, — PrE—— ” 5 v — Fig. 26. Simulation result with comparison of fixed step size
Tmes(s] ' ' P&O MPPT and the proposed FLC-based variable step size
Fig. 22. Efficiency curves P&O MPPT with change in irradiance: reactive power to grid
44 Enexmpomexuixa i Enexkmpomexanixa, 2023, Ne 5
p /4



|——Vdcref
—P&0

2

it —uspao
mn N
V T

- \ ’ fa
S 60
3 00
3 | p \
2 00 —=== - HO
g i
g
o 600 -
Suw
X
H
-
0
a

20

0 0.2 04 0.6 0.8 1 1.2 14 1.6 18 2
Times(s)

Fig. 27. Simulation result with comparison of fixed step size
P&O MPPT and the proposed FLC-based variable step size
P&O MPPT with change in irradiance: DC link voltage

Fundamental (50Hz) = 9.826 , THD= 8.42%
T T T T

T T
100 1

9 4
o 8 ]
K
£ 7 B
=
o 4
s 6
€ i
g 5
34 1
2
6 3 1

2 4

1 4

oLII||| Woa L I I I I I

[ 20 40 60 80 100 120 140 160 180 200
Harmonic order
Fio 728 THD of orid enrrent with P& O MPPT
(50Hz) = 10.25 , THD=6.17%
T T T T

10 .|
g 1
2
‘e
)
S
€
e
2
S

2 ]

0 LIl me an L I

n I I I I
0 20 40 60 80 100 120 140 160 180 200
Harmonic order

Fig. 29. THD of grid current with VSP&O MPPT

Conclusions. This work presented two photovoltaic
generator power maximization algorithms applied to a two-
stage three-phase network. A boost converter is used to
increase the voltage at the output of the photovoltaic
generator by using the two cases of maximum power point
tracking, i.e. the perturb and observe method with fixed
step and the variable step method calculated by a fuzzy
logic block in such a way efficient and precise. The
maximum power point tracking variable step size perturb
and observe method was found to be more robust compared
to the fixed step size perturb and observe method, due to an
oscillation-free photovoltaic power response at the instant
of irradiance variations. In a steady state, the performance
of the maximum power point tracking fixed step size was
inferior to the maximum power point tracking variable step
size perturb and observe, as it had a larger error, due to the
relevance curves and the level of oscillation, especially at
the low irradiation.
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Method for control by orbital spacecraft magnetic cleanliness based on multiple magnetic
dipole models with consideration of their uncertainty

Aim. Development of method for control by orbital spacecraft magnetic cleanliness based on multiple magnetic dipole models using
compensation of the initial magnetic field with consideration of magnetic characteristics uncertainty. Methodology. Orbital spacecraft
multiple magnetic dipole models calculated as solution of nonlinear minimax optimization problem based on near field measurements
Jor prediction orbital spacecraft far magnetic field magnitude. Nonlinear objective function calculated as the weighted sum of squared
residuals between the measured and predicted magnetic field. Weight matrix calculated as inverse covariance matrix of random errors
vector. Values of magnetic moments and coordinates of placement of compensating magnetic dipoles for compensation of the orbital
spacecraft initial magnetic field also calculated as solution of nonlinear minimax optimization problem. Both solutions of this nonlinear
minimax optimization problems calculated based on particle swarm nonlinear optimization algorithms. Results. Results of prediction
spacecraft far magnetic field magnitude based on orbital spacecraft multiple magnetic dipole models using near field measurements and
compensation of the initial magnetic field with consideration of orbital spacecraft magnetic characteristics uncertainty for ensuring the
orbital spacecraft magnetic cleanliness. Originality. The method for control by orbital spacecraft magnetic cleanliness based on multiple
magnetic dipole models using compensation of the initial magnetic field with consideration of magnetic characteristics uncertainty is
developed. Practical value. An important practical problem of ensuring orbital spacecraft magnetic cleanliness based on orbital
spacecraft multiple magnetic dipole models using near field measurements and compensation of the initial magnetic field with
consideration of orbital spacecraft magnetic characteristics uncertainty solved. References 50, figures 2.

Key words: orbital spacecraft, magnetic cleanliness, multiple magnetic dipole models, near magnetic field, far magnetic field,
magnitude prediction, measurements, uncertainty.

Mema. Po3pobra memoody ynpaguinus MA2HIMHOK0 YUCOMOIO OPOIMAnbHO20 KOCMINHO20 anapamy Ha 0CHOBI 6a2amoounonbHoi mooeini
MASHIMHO20 NONA 3 GUKOPUCIAHHAM KOMREHCAYii BUXIOHO020 MASHIMHO20 NOJNA MA 3 YPAXYBAHHAM HEGUSHAYEHOCMI MASHIMHUX
xapaxkmepucmuk. Memooonozia. bacamoounonvha mooenb MazHimHo2o nois opoimantbHo20 KOCMIYHO20 anapany po3paxosamd K
piwenns 3a0aui HeminiliHOI MIHIMAKCHOI OnmuMi3ayii Ha OCHOBI SUMIPIOBAHL OIUNCHLO2O MASHIMHOZ0 NOAA Ol NPOSHO3YEAHHS
BENUYUHU OAIbHLO2O MAHIMHO20 noJs. Heninitina yineoea gynxyis obuuciena y uensioi 36adcenoi cymu Kaopamie 3aIuuiKie Midic
BUMIDAHUM | NPOSHO308AHUM MACHIMHUM nonem. Bacosa mampuys pospaxosana y euenadi obeprenoi kosapiayiinoi mampuyi éexmopa
BUNAOKOBUX NOMUTIOK. SHAYUEHHS MACHIMHUX MOMEHMIE | KOOPOUHAMU POSMIUEHHS. KOMNEHCYIOUUX MASHIMHUX OUNOJI 051 KOMNEHCayii
NOYAMKOB020 MACHIMHO20 NOJIAL OPOIMANLHO20 KOCMIYHO20 ANapany mMakKolc po3pPaxo6aHi K PilieHHs HeTHIUHOT 3a0aui MIHIMAKCHOT
onmumizayii. Piuenns 060x 3a0au HemiHilHOI MIHIMAKCHOT onmumizayii po3paxoeawi Ha OCHOGI ANeOpUMMIE HeMIHIUHOT onmumizayii
poem yacmunox. Pesynomamu. Pe3ynomamu npocHO3Y6aHHA GeIUHUHU OQNbHLO2O MASHIMHO20 MO OpPOIMANLHO20 KOCMIUHO20
anapamy Ha OCHO8I 6a2amoOunoOIbHOI MOOENi MASHIMHO20 OUNOJIAL 3 GUKOPUCIAHHAM SUMIPIO8AHL OIUNCHLO2O NOJISL MA KOMNEHCAyii
BUXIOH020 MACHIMHO20 NOJA 3 YPAXYBAHHAM HEGUIHAYEHOCHI MASHIMHUX XAPAKMEPUCMUK O 3ab6e3nedents MAacHimHoi yucmomu
opbimanvrozo Kocmiuno2o anapamy. Opuzinanvhicms. Po3pobneno memoo ynpaseninmsa MA2HIMHOIO YUCOMOIO OpOIMAaNbHOO
KOCMIYHO20 anapamy Ha OCHO8I 0a2amoOunoIbHOi MOOeni MACHIMHO20 MO 3 BUKOPUCIMAHHAM KOMHEHCayii 6UXIOHO20 MAZHIMHO20
nonsA ma 3 ypaxy8aHHam nesusnavenocmi maenimmuux xapakmepucmux. Ipakmuuna yinnicms. Bupiweno éadxcnugy npakmuuny 3a0ady
3abe3nevens MazHimHOi yucmomu opoimanbHo20 KOCMIYHO20 anapamy Ha OCHO8I 6azamoounonbhoi Mooeni MAaeHimHO20 OUnos 3
BUKOPUCTIAHHAM BUMIPIOBAHL OIUIICHLO20 NOJSL MA KOMANEHCAyil SUXIOHO20 MACHIMHO20 RNOMSL 3 YPAXY8AHHAM HEGU3HAYEHOCMI
MASHIMHUX Xapakmepucmuk opoimansro2o kocmiunozo anapamy. bioin. 50, puc. 2.

Knrouosi cnosa: opbitanbHuii KOCMiYHMII anapaTt, MarHiTHa 4YMUCTOTa, 6AraToAMINOIbHA MOJE/]b MATHITHOIO IOJIsI, OJIMIKHE
MAarHiTHe moJie, AaJbHE MArHiTHe 10Jie, IPOrHO3yBAHHS, BUMiPIOBAHHSI, HEBU3ZHAYEHICTh.

Introduction. The problem of creating technical
objects with a given distribution of the generated
magnetic field is an urgent problem for many branches of
science and industry. The strictest requirements for the
accuracy of the spatial distribution of the magnetic field
imposed when ensuring the magnetic cleanliness of
orbital spacecraft [1, 2], the development of anti-mine
magnetic protection of ships [3], the creation of
magnetometry devices, including for medical diagnostic
devices. Modern trends in the reduction of spacecraft
mass set strictest requirements for magnetic systems by
control their orientation [4, 5]. The fulfillment of these
requirements requires the maximum minimization of the
spacecraft’s magnetic moment, which is one of the main
destabilizing factors during its movement in near-Earth
orbit and requires high accuracy of its experimental
measurements [6]. So the level of the magnetic moment
of a spacecraft weighing up to 100 kg should be within
0.1 A-m’, and its experimental determination should

preferably be performed with a resolution of less than
0.02 A-m’ [5]. The main result of the work on ensuring
the magnetic purity of the spacecraft is the reduction to a
predetermined level of the spacecraft magnetic moment
and the magnetic field induction at the location of the
onboard magnetometer [6].

NASA and ESA developed a regulatory framework
that summarizes their rich experience on this issue [5, 6].
Thus for «Pioneer-6» spacecraft magnetic field level at the
magnetometer installation point [4] did not exceed 0.3 nT.
On the Danish satellite «Oersted» for the Earth magnetic
field measuring a boom is 8 m. The modern level of
ensuring magnetic cleanliness considered the «Swarmy
spacecraft for researching the Earth magnetic field. Its

magnetometric equipment measurements the Earth
magnetic field with an error of £0.1 nT [5].
According to the requirements [2] for the

«MikroSAT» spacecraft the magnetic field level at the
place of installation of the scientific apparatus was limited
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to 1 nT with a length of the extension boom of —2.5 m.
During the development of the «Sich-2» spacecraft, a
limitation was set on the characteristics of the magnetic
field of its equipment — the magnetic field strength
magnitude of each of the nodes and blocks should not
exceed 20 A/m at 0.1 m distance from their surface. On a
later «EqyptSAT» spacecraft - this limitation was already
more «hard» — 10 A/m at 0.1 m distance from the surface
of his equipment [2].

Currently, the experimental measurements of the
magnetic characteristics of all Ukrainian spacecraft is
carried out exclusively at the magnetic measuring stand of
the Anatolii Pidhornyi Institute of Mechanical
Engineering Problems of the National Academy of
Sciences of Ukraine, which is a unique Magnetodynamic
Complex in Ukraine and included in the list of scientific
objects that constitute the national heritage of Ukraine.

Technologies for ensuring the magnetic cleanliness of
spacecraft managed by NASA, ESA and CAST include
interrelated works of an organizational, technical and
metrological nature [6]. The foundation of this technology is
the calculation models of the spacecraft, which allow
analytical or numerical prediction of the magnetic
characteristics of the spacecraft, based on the knowledge of
the magnetic field of its constituent parts [7—10]. The angular
displacement of the spacecraft occurs due to the interaction
of the magnetic moment of the included electromagnet of
magnetic spacecraft attitude control and stabilization systems
with the Earth magnetic field. The accuracy of this
movement determined by the reliability of current
measurements of the on-board magnetometer and the error
of calculating the magnetic moment of the spacecraft with its
correspondingly activated electromagnets [11].

Analytical description of the distribution of the
magnetic field of spacecraft traditionally carried out using
the multipole model proposed by K. Gauss in the study of
the Earth magnetism [12]. However to date the methods
that would allow in practice to use the integral
characteristics of the magnetic field — spatial harmonics,
and associate them with the parameters of the spacecraft —
remain insufficiently developed. The need to develop
such methods confirmed by one of the latest standards of
the European Space Agency ECSS-E-HB-20-07A [11],
which recommends using its spherical harmonics as
integral characteristics of the spatial distribution of the
magnetic field to ensure the spacecraft magnetic
cleanliness [12].

For most electrical equipment, the magnetic field at
distances is greater than three of its maximum overall
dimensions are determined mainly by members of the first
degree series, i.e. the first three multipole coefficients
[13—15]. Therefore, if the measurement of the magnetic
field of the technical object performed at a distance
greater than three of its maximum overall dimensions,
then it can be limited to the construction of the
mathematical model of the spacecraft in the form of a
multidipole model [16, 17].

The magnetic test requirements in accordance to
European cooperation for space standardization during
space engineering testing it is necessary to take into
account test conditions, input tolerances and measurement
uncertainties [18-21]. The main uncertainties of the

spacecraft magnetic cleanliness calculated are the
changing values of the magnetic moments of the
spacecraft elements when the spacecraft operating modes
changing [6, 11]. In particular, the magnetic moments
change most strongly when the polarization relays operate
in the «on» and «off» positions, when the battery operates
in the «charge» or «discharge» mode, during operation of
high-frequency valves etc. The values of these
uncertainties of the magnetic moments of the spacecraft
elements during the operation of the spacecraft change
within certain limits. In addition, strict restrictions are
imposed on these changes in the values of the magnetic
moments of the spacecraft elements to ensure the
magnetic cleanliness of the entire spacecraft.

Therefore, an urgent problem is the develop of
method for design of a model for predicting the far
spacecraft magnetic field from measurements of the near
magnetic field, which is robust to the spacecraft elements
magnetic moments uncertainties and based on this model
to calculate the parameters of compensating magnetic
dipoles to improve the spacecraft magnetic cleanliness
and its controllability in orbit.

The aim of the work is to develop the method for
control by orbital spacecraft magnetic cleanliness based on
multiple magnetic dipole models using compensation of the
initial magnetic field with consideration of magnetic
characteristics uncertainty to improve the spacecraft
magnetic cleanliness and its controllability in orbit.

Statement of the problem. Consider as an example
the general view of the «MicroSAT» spacecraft with the
«lonosat-Micro» instrumentation [2] shown in Fig. 1. On-
board magnetometer FGM and three wave probes WP are
fixed on the rods. Rod lengths are 2 m, the size of the
spacecraft side is about 1 m. For this spacecraft the
distance between the spacecraft and the installation point
of the onboard magnetometer is more than three times
greater than the size of the spacecraft, which makes it
possible to adequately describe the spacecraft magnetic
field using the multiple magnetic dipole models [11, 12].

Fig. 1. Spacecraft «MicroSAT» with «lonosat-Micro» instrumentation

The three-axis system of magnetic spacecraft attitude
control and stabilization systems in the Earth orbit includes a
three-component magnetic sensor (on-board magnetometer
for the orientation of the spacecraft according to the Earth
magnetic field and three special executive bodies —
electromagnets for the formation of magnetic moments of
the spacecraft of a certain magnitude and direction.

Magnetic orientation of spacecraft in the Earth orbit
performed by the position control of the spacecraft only
by the lines of force of the Earth magnetic field [1]

T=MB, 1)
where 7 is the mechanical torque; M is the magnetic
moment of the spacecraft; B is the Earth magnetic field.
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The spacecraft magnetic moment M include the
magnetic moment M of the actuator (electromagnet) of
the spacecraft and its own magnetic moment M of the
spacecraft

M= M+ M, 2)

The characteristics of the accuracy of
electromagnetic systems are negatively affected by
orientation magnetic moment My of the spacecraft itself
and the magnetic field generated by spacecraft at the on-
board magnetometer location point.

All technical objects elements undergo strict control
for magnetic cleanliness and, as a rule, their preliminary
demagnetization is performed. The components M,,, M,,,
M,, of the magnetic moment of all technical objects
elements are measured before installation and meet the
stringent requirements of magnetic cleanliness.

Then, the components By, Bgy, Bxz of technical object
magnetic field at any point P, of space with coordinates x;,
Vi, Zx In the form of the multiple magnetic dipole models of
the technical object with the magnetic moment M,,,, M,,,, M.
of N dipole located at the points of the space of the technical
object with coordinates (x,,, v,, z,), can be calculated [17]

Byy . 252~y 2
By |=#o ) — 3xy’
BKZ n=1 am 3XIZ,
®)

3xYy' 3x'z' M,,

2y72 _x/2 _272 3y/Zf . Mny .
' /2 /2 /2
3y’z 2z -y —x M,,

Here the designations are introduced
X =xp =Xy, V' =Yk~ Vns

i
Z =zp—2z,,

1
= G~ 0+ O~ )+ G =20 2.
Then, for the known magnetic moments M,,, M,,,
M, of the dipoles and the coordinates of their location (x,,
Vu, Zy) in the space of technical object, one can calculate
magnetic moment of the spacecraft [1]

N N N
Mx:ZMnsty:ZMnyst:Zan “)
I=1 I=1 I=1
and the magnetic field By, Bxy, Bgz at any point of space
with coordinates x;, i, z; including the installation point
of the technical object onboard magnetometer.

All Ukrainian spacecraft after installing all the elements
are examined for magnetic cleanliness at the magnetic
measuring stand Anatolii Pidhornyi Institute of Mechanical
Engineering Problems of the National Academy of Sciences
of Ukraine. According to real measurements, the spacecraft
magnetic moment and the magnetic field at the installation
point of the onboard magnetometer are calculated. For this
purpose, according to the data of measurements of the
magnetic field in the near zone of the spacecraft, the real
values of the moment vectors of the dipoles of the received
M, are restored. In this case, it is assumed that the
coordinates of the location of the dipoles in the space of the
spacecraft remain unchanged.

Let us introduce the vector X of the desired
parameters, the components of which are the components
M., M, M,. — of the magnetic moment vectors M, of

dipoles located at the given points P, of the technical
object with coordinates (x,, y,, z,)-

For the given coordinates (x,, y,, z,) of the location
of the N dipoles based on (3), we calculate the vector of
the Y prediction values of the magnetic field at the given
measurement points with the coordinates x;, y;, z; in the
form of the following linear dependence

Yo =A4X, 6)
where the elements of the matrix 4 are the elements of the
matrix from expression (3) calculated for the given
coordinates x,, y,, z, of the location of the dipoles in the
space of technical object and for the given coordinates x;,
Vi, 2 of the location of the measurement points.

Let us introduce the vector Y;, of measurements of
the magnetic field, the components of which are
measurements components Bxy, Bxy, Bgz at the given
points Py of the space with coordinates (x, yi, zx)-

The mathematical model (5) should predict the
magnetic field at the measurement points

Yy =4X. (6)

The number of unknown components of the vector X
in (6) is equal to three times the number of dipoles, and
the number of equations (dimension of vector Yj,) is equal
to three times the number of measurement points.
Usually, the number of equations in (6) exceeds the
number of unknowns. To calculate this over determined
system of linear equations, we use the generalized least
squares method. Let us introduce the E vector of the
discrepancy between the vector Y,, of the measured
magnetic field and the vector Y of the predicted by
model (5) magnetic field

E=Y, -Yc=Yy, -AX. @)
We write the objective function as the weighted sum

of squared residuals between the measured Y), and

predicted Y. by the model (5) values of the magnetic field

F(X)=EX)WEX)=(y, —4X)T ... ®
XWXy — AX).

The minimum of this quadratic objective function
(8), based on the necessary minimum condition

of(X)/oX =0 )
calculated based on the expression
X =ATway "t alwy,, . (10)

The weight matrix ¥ takes into account the different
importance of the error components between the
measured Y), and the predicted Y- model (5) magnetic
field values. If the inverse covariance matrix ¥ of random
errors vector £ use as weight matrix ¥ than generalized
least squares method is the most effective in the class of
linear unbiased estimates. If the components of the
magnetic field measurement vector Y, are not correlated
with each other, then the weight matrix /¥ diagonal. Then
the generalized least squares method becomes the
weighted least squares method.

If the technical object multiple magnetic dipole
model (5) obtained on the basis of the vector Y,, of
measured magnetic field is too rough, then on the basis of
the vector Y), of the measured magnetic field, not only the
magnetic moments M,,, M,,, M,. of the dipoles, but also
their position in the space of the technical object with
coordinates x,, y,, z, can be calculated.
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Let us consider the design of the technical object
multiple magnetic dipole models only on the basis of the
vector Y, of the measured magnetic field. Let us
introduce the vector of desired parameters X, the
components of which are the desired values magnetic
moments M,,, M,,, M,. of the dipoles and coordinates x,,
Y, z, 0f their position in the space of the spacecraft.

We also introduce the vector G of uncertainty
parameters of the magnetic moments of the technical
object the components of which are the deviations during
the operation of the technical object of the magnetic
moments of the technical object elements from their
central values, taken in the design of the control system
for the magnetic field of the technical object. Then, based
on (1), the initial nonlinear equation for the spacecraft
multiple magnetic dipole model can be obtained.

Yy =F(X,G). (11).

Here, the vector nonlinear function F(X, G) obtained
on the basis of expression (3) with respect to the vector X
of unknown variables, whose components are the desired
values magnetic moments M,,,, M,,, M,. of the dipoles and
coordinates x,, y,, z, of their position in the space of the
spacecraft and the vector G of the parameters of the
uncertainties of the magnetic moments of the elements of
the technical object.

In nonlinear equation (11) the number of unknown
components of the vector X equal to six times the number
N of dipoles, and the number of equations is equal to three
times the number K of measurement points.

Let us introduce the E vector of the discrepancy
between the vector Y, of the measured magnetic field and
the vector Y of the predicted by model (11) magnetic field

EX,G)=Yy - Y- (X,G)=yy —-F(X,G). (12)

We write the objective nonlinear function as the
weighted sum of squared residuals between the measured
and predicted by the model (12) values of the magnetic field

f(X,G)=(E(X,G) WE(X,G). (13)

The nonlinear objective function (13) is obtained on the
basis of expression (3) with respect to the vector X of
unknown variables, whose components are the desired
values magnetic moments M,,, M,,, M,. of the dipoles and
coordinates x,, y,, z, of their position in the space of the
spacecraft and the vector G of the parameters of the magnetic
moments uncertainties of the spacecraft elements.

As a rule, when optimizing the nonlinear objective
function (13),

X® =argmin f(X,G); (14)

G® =argmax f(X,G), (15)
it is necessary to take into account restrictions on the
values of magnetic moments M,,, M,,, M,. of the dipoles
and coordinates x,, y,, z, of their position in the space of
the spacecraft. These restrictions can usually be written as
vector inequalities

G(X,G)£G (16)

Let’s consider another approach to the design of
spacecraft multiple magnetic dipole models. Usually the
designer of the spacecraft knows the N of the elements of the
technical object, which are the main sources of the initial
magnetic field of the technical object. These are polarization

max *

relays, batteries and high-frequency valves. The technical
object designer knows the number N of these elements, the
coordinates x, y,, z, of their location in the spacecraft space,
as well as the nominal values M,,, M,,, M, of their magnetic
moments. Then the vector Y- of the magnetic field
components By, Bxy, Bxz at the given points P of the space
with coordinates x;, ), z; can be calculated based on
spacecraft multiple magnetic dipole model (3).

Note that the values M,,, M,,, M,. of the magnetic
moments of these N main elements of the spacecraft can
be refined on the basis of the vector Y, of the measured
magnetic field according to (2)—(6).

As a rule, the technical object multiple magnetic
dipole models obtained in this way is a rather rough
approximation to the actual magnetic range of the
technical object. To refine this model, consider the
following approach. Let’s introduce more M dipoles wits
magnetic moment M,,, M,,,, M, located at the points P,
of the technical object with coordinates x,,, ., z,. Let us
introduce the vector of desired parameters X, the
components of which are the desired values magnetic
moments M, M,,,, M,,. of the M dipoles and coordinates
Xms Vm> Zm Of their position in the space of the technical
object. We also introduce the vector G of uncertainty
parameters of the magnetic moments of the technical
object. Then, based on the spacecraft multiple magnetic
dipole models (1) can be calculated the vector Y (X, G) of
additional magnetic field, generated by only M additional
dipoles at the measurement points.

Y (X,G)=F4(X,G). 17).

We introduce the vector Y; of the initial magnetic field
of the technical object, the components of which are the
components of the magnetic field of the technical object
calculated in this way at the measurement points generated
by the main NV elements of the technical object with known
values of the magnetic moments and the coordinates of
their location in the space of the technical object.

Then one can calculate the vector Yz of resulting
magnetic field generated by N dipoles with known magnetic
moments nominal values M, M,,, M,. and coordinates x,,
Vs Zy Of their location in the technical object space and
generated by M additional dipoles with unknown magnetic
moments M,,, M,,,, M,,. and unknown coordinates X, Y,u, Zu
of their location in the technical object space

YR(X,G)=Y,+Y4(X,G). (18)

Then the problem (18) of calculated the vectors of
unknown parameters of additionally introduced M dipoles
can be solved similarly to the problem (13) of calculated
the vector of unknown parameters of N dipoles for design
of the technical object multiple magnetic dipole model.

Usually, the technical object magnetic cleanliness
requirements are presented in the form of restrictions on the
total magnetic moment of the technical object and the
magnitude of the magnetic field at the installation point of
the onboard magnetometer [6, 11]. If the magnetic
properties of the spacecraft do not satisfy the overall
magnetic cleanliness requirements magnetic compensation
tests shall be conducted. According to the technical object
multiple magnetic dipole model obtained in the form (13),
it is possible to calculate the spacecraft far magnetic field
components Bgy, By, Bz, and in particular, at the point of
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installation of the onboard magnetometer and technical
object magnetic moments M,. M,, M,. Let us now
consider the application of the developed technical object
multiple magnetic dipole model to ensure the spacecraft
magnetic cleanliness by introducing additional magnetic
dipoles to compensate for the far magnetic field of the
technical object, in particular, at the point of the onboard
magnetometer installation [22-25].

To compensate for the initial magnetic field of the
technical object, we introduce C magnetic dipoles with
unknown magnetic moments M., M,,, M.. located at C
points P, with unknown coordinates x., y., z..

Let us introduce the vector X of the desired
parameters for solving the problem of compensating the
initial magnetic field of the technical object, whose
components are the oblique values of the magnetic
moments M., M, M. and coordinates x., y., z. of the
location of the compensating magnetic dipoles in the
technical object space. Then, for a given value of the
vector X of the desired parameters of the compensating
dipoles, based on (1), the vector B(X) of the
compensating magnetic field generated by all
compensating dipoles at the installation point of the
onboard magnetometer and the vector Mc(X) of the
compensating magnetic moment generated by all
compensating dipoles can be calculated [26-30].

Then we calculated the vector M(X, G) of resulting
magnetic moment and vector Br(X, G) of resulting
magnetic field generated at the installation point of the
onboard magnetometer by the technical object elements
and all compensating dipoles

Mp(X,G)=M(G)+Mc(X); (19)
Br(X,G)=B(G)+ B (X). (20)

Then the problem of calculated the coordinates x.,
Ve Z. of spatial arrangement and magnetic moments M.,
M., M.. of the compensating dipoles can be reduced to
solving the problem of vector minimax optimization of
resulting magnetic moment of the technical object and the
resulting magnetic field at the installation point of the
onboard magnetometer

X* =argmin M z(X,G); (1)
X* =argmin Bx(X,G); (22)
G® =argmax M z(X,G); (23)
G*® =argmax Br(X,G). (24)

This six-criteria minimax problem (21)—(24) can be
reduced to a single-criteria problem by the following
linear trade-off scheme

[(X.G) = (Mg(X,G) Wi (Mg (X.G))+...

o+ (BR(X.G) Wy (BR(X,G)),
where W, and W, are weight matrices.

Note that this approach is standard when designing
of robust control, when the coordinates of the spatial
arrangement and the magnitudes of the magnetic
moments of the compensating dipoles are found from the
conditions for minimizing the modulus of technical object
magnetic field at the magnetometer installation point for
the «worsty values of the magnetic moments of the
elements of the technical object.

(25)

The developed technical object multiple magnetic
dipole model can be used to calculate the most
magnetically clean point at a given distance from the
technical object to onboard magnetometer point [31-37].
Let’s consider this approach. Let us set a limit on the
maximum distance of the technical object onboard
magnetometer in the form of a sphere of radius R

X2+Y2+2Z%<R%. (26)
Let’s solve the optimization problem
X*,Y*,Z* =argmin B(X,Y,Z). 27

With constraint (26) on the required variables. In
this case, the technical object multiple magnetic dipole
model in the objective function (27) calculated according
(10) or (14) — (15).

At present, in order to improve the magnetic
cleanliness, the onboard magnetometer is mounted on a
boom 1-10 m long. Naturally, the length of this rod must
be taken as small as possible [38—40]. Let us consider the
application of the developed spacecraft multiple magnetic
dipole models to calculate the minimum length of a boom,
at the end of which an onboard magnetometer installed.

Let us set the installation direction of the onboard
magnetometer in the spherical coordinate system in the
form of the length of the radius R and two angles @ and 6.
Then the X, Y, Z coordinates of the onboard
magnetometer location in the orthogonal coordinate
system associated with the spacecraft are calculated

Z =Rcos(d), X =Rcos(p)sin(0),
Y = Rsin(@)sin(e).

Then, in order to calculate the minimum boom
length R, at the end of which an on-board magnetometer
is installed, it is necessary to solve a one-parameter
optimization problem

R® =argmin B(R)R cos(p)
with restriction

(28)

29

B(R)< By » (30)
where B, is the maximum value of the magnetic field at
the installation point of the on-board magnetometer.

The method for problem solving. The problem (10)
is usually solved by finding the pseudo inverse matrix or
LU decomposition of a matrix or the very effective
Cholesky method [15]. If it is necessary to take into
account the restrictions type (16) on the values of the
magnetic moments of the dipoles, then this problem solved
[41-44] as an optimization problem (14) — (15) with
restrictions (16). A feature of this optimization problem is
the quadratic objective function (8) and linear constraints.
To solve such an optimization problem, an algorithm for
sequential quadratic programming developed.

Let us represent (8) in the following form

1= A

Gradient of this objective function represented as
follows

(€2))

Vf(x)=VF(x)F(x), (32)
where the Jacobian VF(x) = (Vfi(x), ..., Vfi(x)) of this

function is indicated and it is assumed that the
components of the objective function can be differentiated
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twice. Then the matrix of second derivatives of the
objective function — the Hesse matrix can be written in the
following form

V2 f(x)=VF(x)VF(x)" +B(x), (33)

where

/
2 2
B =3 A AV ).
i=1
Then the iterative procedure for choosing the
direction d,eR" of motion using the Newton method
reduced to solving the linear system

V2 g ) + V1 () =0, (35).
or to the solution of an equivalent system in the following
form

VF(x, WF(x, ) d + B(x; )d +VF(x; )F(x; )= 0. (36).

At the optimal solution point x* the following
condition is satisfied

F(x*):(fl(x*)...,fl(x*) =0, (37)
therefore, finding the motion step d can be reduced to
solving the normal equation of the least squares problem

VA, ) d+ F(xk)( , (38).

(34).

min

deR"

from which a recursive equation can be obtained for

iteratively finding the vector of desired parameters,

Xl = X + oy, (39)

in which d is the solution of the optimization problem,
and ¢ is an experimentally determined parameter.

This algorithm uses the Gauss—Newton method,
which is a traditional algorithm for solving the problem of
the nonlinear least squares method, to calculate the
direction of movement. In the general case, the Gauss—
Newton method allows one to obtain a solution to the
problem of sequential quadratic programming using only
first-order derivatives, but in real situations it often cannot
obtain a solution. Therefore, to improve convergence,
second-order methods are used, in which the matrix of
second derivatives of the objective function is used — the
Hesse matrix when solving optimization problems
without restrictions. Second-order algorithms, compared
to first-order methods, make it possible to effectively
obtain a solution in a region close to the optimal point,
when the components of the gradient vector have
sufficiently small values.

Recently, methods wusing Levenberg-Marquardt
algorithms have become widespread in quasi-Newtonian
methods. The idea of these methods is to replace the Hesse
matrix with some matrix A,/ with a positive coefficient A;.
Then we get the following linear equations system

VF(x WF(x ) d + A4d +VF(x )F(x,)=0.  (40)

One of the most promising methods of solving
problems of this class is the use of stochastic multi-agent
algorithms, which do not require the calculation of
derivatives of the objective function, and are also much
more effective than the simple multi-start method, since
they use special heuristic methods to search for the
optimum [45, 46]. Genetic algorithms, which are a
universal tool for finding an optimal solution close to the
global one, deserve special attention, and they work equally

well for both discrete and continuous parameter values. The
particle swarm optimization method, which simulates the
social behavior of individuals in a flock, has a higher speed
of convergence to the optimum, but when the number of
varied parameters increases, as practice shows, the
probability of stopping the search near one of the local
optima increases. To date, a large number of particle swarm
optimization algorithms have been developed — PSO
algorithms based on the basic ideas of the collective
intelligence of particle swarms, such as the gbest PSO and
lbest PSO algorithms. Practically all these algorithms
described by the following expression for changing the

position and speed of movement of that particle
Vij (t + l)z Vij (t)+ clrj(t)ly,-j (t)— Xij (t)J+ ...
* , (4D

Lot Cory (t)[yj (t)— Xjj (t) 5
x;(t+1) = (e)+ vy (e +1), (42)
where x;(1), v;() are the position and speed of the particle
[ in the swarm j; ¢; and ¢, are positive constants that
determine the weights of the cognitive and social
components of the speed of particle movement; r(¢) and
75(#) are random numbers from the range [0, 1], which
determine the stochastic component of the particle speed
component.

Here y;(f) and yj* the best local and global positions
of that particle i are found, respectively, by only one
particle and all swarm particles, which are analogs of the
local optimum determined by that particle and the global
optimum determined by all swarm particles.

In the standard particle swarm optimization algorithm
[45, 46] particle velocities change according to linear laws
[47, 48]. To increase the speed of finding a global solution,
special nonlinear stochastic multi-agent optimization
algorithms [49, 50], in which the movement of a particle i of
a swarmj is described by the following expressions

v,-j(t+1): wjvij(t)+._.
”'+Cl./'r1j(t)H(p1j _glj(t)lyij(t)_xi/(t)]-f-...

I Y (f)H(sz —&; (f)iy;; (6)-x; (f)]

Heaviside function H is used as an option for
switching the particle motion according to the local y;(¥)
and global yj*(t) optimum.

Parameters of switching the cognitive p; and social
D> components of the speed of particle movement in
accordance with the local and global optimum; &(f) and
& (?) random numbers and determine the parameters of
switching the particle motion according to the local and
global optimum. If p;; < g4(f) and py < &(f) then the
speed of movement of particle i of swarm j does not
change at a step and the particle moves in the same
direction as in the previous optimization step.

During their movement, the particles try to improve the
solution they found earlier and exchange information with
their neighbors, due to which they find the global optimum
in a smaller number of iterations. The advantage of these
methods over classical gradient optimization methods is also
that they do not require the calculation of the derivatives of
the objective function, they are practically insensitive to the
proximity of the initial approximation to the desired solution,
and allow for easier consideration of various restrictions
when finding global optimum.

(43)

52

Enexmpomexuika i Enekmpomexanika, 2022, No 5



Note that the search algorithm for the vector G that
maximizes the objective function (15) is described by the
same expressions (42). However, in contrast to the search
for the vector X, which minimizes the objective function
(7), yi(?) and yj* are the best local and global positions,
which maximizes the objective function (15).

Optimization results. Let us consider the application
of the developed method for solving the problem of
ensuring the magnetic cleanliness of the «Sich-2-1»
spacecraft. Based on the experimental measured magnetic
field generated by «Sich-2-1» spacecraft, performed in
2021 by researchers Sergey Petrov and Anatoliy Erisov of
the Department of Magnetism of Technical Objects,
calculations of the characteristics of the spacecraft
magnetic cleanliness carried out.

The experimentally measured value of the total
magnetic moment of spacecraft is equal M = [0.24, 0.5, 0.4].
The dispersion of the magnetic field prediction error in
this case is D = 7560.6. The value of the experimentally
measured magnetic moment of the spacecraft implies the
presence of several dipoles located in the space of the
spacecraft. In the calculation it is assumed that the model
of the magnetic field of the spacecraft represents one
dipole located at the origin of the spacecraft.

Based on the experimental measured magnetic field at
first the spacecraft magnetic field model was presented as a
single dipole located in the center of the spacecraft. To
calculate the vector of moments of this dipole on the basis of
(6), the inverse matrix of 3x3 size was calculated. Based on
the vector of the measured magnetic field of the spacecraft
Y1, the moments of this single dipole M = [0.2400, 0.5000,
0.4000] were calculated. The dispersion of the magnetic field
prediction error in this case is D = 7272.7.

Then the magnitude of the magnetic moment of this
single dipole, located at the center of the spacecraft,
calculated by solving the problem of unconstrained
optimization (9) unlimited (12). The values of the magnetic
moments of the spacecraft, calculated by the expression (6)
using the inverse matrix, and those calculated in the course
of solving the optimization problem (9) coincide.

Note that when calculating the magnetic moment of
the spacecraft in the form of a solution to the optimization
problem (9), one can also take into account the
restrictions on the values of the components of the vector
of the magnetic moments of the spacecraft.

Let us now consider the mathematical model of the
magnetic field of the spacecraft in the form of a single
dipole, the location coordinates of which in the space of
the spacecraft also need to be calculated. For the
calculated value of the moment M = [0.2664, 0.1641,
0.1434] and coordinates P = [0.2158, —0.4136, 0.0859] of
the location of such a single dipole, the prediction error
variance is D = 3239.8. Note that the location of the only
dipole not at the origin of the coordinates, but at the point
with the optimal coordinates made it possible to reduce
the dispersion of the magnetic field prediction by a factor
of 2.3337.

If, when solving the problem of optimizing the
values of the magnetic moments and the coordinates of
the location of one dipole, we introduce restrictions on the
magnitude of the dipole moments in the form of
restrictions [-0.8, —0.8, —-0.8] < M < [0.8, 0.8, 0.8],
optimal values of the moments M = [0.2388, 0.1921,
0.1258] and coordinates P = [0.2056, —0.4146, 0] of the

location of such a single dipole, the prediction error
variance is D = 3325.1. Thus, under restrictions on the
magnitude of the dipole moments, the optimum values of
the magnetic moments are at the limits and, in this case,
the dispersion increases by a factor of 2.2738.

Let us now consider the model of the spacecraft
magnetic field in the form of two dipoles. If, when
solving the problem of optimizing the values of the
magnetic moments and the coordinates of the location of
two dipoles, we introduce restrictions on the magnitude of
the dipole moments in the form of restrictions [-0.8, —0.8,
-0.8] < M <0.8, 0.8, 0.8], optimal values of the moments
M1 = [0.3538, —0.0326, —0.0345] and M2 = [-0.6137,
0.6695, —0.2802] and the coordinates P1 = [0.3090, —0.3080,
0.0867] and P2 = [-0.0657, —0.0789, —0.3908] of the
location of two dipoles, the dispersion the prediction error
is D = 1203.4. Thus, under restrictions on the magnitude
of the two dipoles moments, the optimum values of the
magnetic moments are at the limits and, in this case, the
dispersion increases by a factor of 6.2827.

Let us now consider the design of the spacecraft
magnetic field model for the most common case, when the
coordinates and magnetic moments of the magnetic field
sources, which are the main sources of the initial spacecraft
magnetic field, are preliminarily set. In particular, consider
an example in the form of six dipoles,

M1=1[-0.6119, 0.6682, —0.2796],

M2 =10.0787,-0.0356,-0.0337],

M3 =10.0915,-0.0015,-0.0137],

M4 =10.0893,-0.0322, -0.0104],

M5 =10.0314, 0.0137,-0.0076],

M6 =1[0.0621, 0.0233, 0.0312],

P1=[-0.0664,—0.0790, —0.3903],

P2=10,0, 0],
P3=10,0, 0],
P4=10,0,0],
P5=10,0, 0],

P6=10.3092,-0.3083, 0.0870].

For these six dipoles, the dispersion of the prediction
error is D =1203.4.

Figure 2 shows the spatial arrangement of the
modules of the measured and predicted magnetic field and
the deviation between the measured and predicted
magnetic field for six dipoles.

Spatial arrangement of the modules values
of the vectors induction and deviation

90
120 250 1 |B| measure, nT
50 2 — |B calculate, nT
200
3 —— |E| deviations, nT

150
30

180

210 330

300

270

Fig. 2. The spatial arrangement of the modules of the measured,
predicted and deviation magnetic field
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Using the developed spacecraft magnetic field
model, the spacecraft magnetic moment M = [-0.2619,
0.6356, —0.3112] was calculated and the magnetic field
B = [5.0638, 13.7326, 2.5545] was predicted at the
installation point of the onboard magnetometer. As a result
of solving the problem of compensation for the initial
magnetic field of the spacecraft, the magnetic moments M1 =
=10.6119, —0.6682, 0.2796] and M2 = [-0.0621, —0.0233,
—0.0312] and coordinates P1 = [-0.0664, —0.0790, —0.3903]
and P2 = [0.3092, —0.3083, 0.0870] of two compensation
dipoles were calculated.

The calculated value of the resulting spacecraft
magnetic moment M = [0.0246, —0.0566, 0.0363] and the
predicted resulting magnetic field B = [1.3506, —3.702,
0.6872] at the installation point of the onboard
magnetometer show that due to the introduction of two
compensating dipoles, it was possible to reduce the
magnitude of the resulting spacecraft magnetic moment by
a factor of 6.21 and also to reduce the value of the
predicted resulting magnetic field at the point of installation
of the onboard magnetometer by a factor of 3.7.

Conclusions.

1. Method for control by orbital spacecraft magnetic
cleanliness based on multiple magnetic dipole models using
compensation of the initial magnetic field with consideration
of magnetic characteristics uncertainty developed.

2. Magnetic moments and coordinates values of orbital
spacecraft multiple magnetic dipole models calculated based
the solution of nonlinear minimax optimization problem.
Nonlinear objective function calculated as the weighted sum
of squared residuals between the measured and predicted
magnetic field. Values of magnetic moments and coordinates
of placement of compensating magnetic dipoles for
compensation of the orbital spacecraft initial magnetic field
also calculated as solution of nonlinear minimax
optimization problem. Solutions of this both nonlinear
minimax optimization problems calculated based on particle
swarm nonlinear optimization algorithms.

3. The developed method for control by orbital
spacecraft magnetic cleanliness allows at the design stage
to calculate the multiple magnetic dipole models and
based on its to calculate the parameters of compensating
magnetic dipoles to improve the spacecraft magnetic
cleanliness and its controllability in orbit.
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B.B. Kusizes

BusnavenHsi iMOBipHOCTI y1apy OJIMCKABKH B eJIeMeHTH 00’ €KTa 3 ypaxXyBaHHAM
CTATUCTUYHOI0 PO3MOAITY CHJIU CTPYMY

B pobomi posznanymo 3acmocyeanna memoody «cghepu wjo Komumuvcsay 00 00 '€kmis ingppacmpykmypu y uensioi mepumopii, AKka 6Kmo4ae
6yoieni ma cnopyou 008ibHOI (opmu. 3anponoHOBAHO AN2OPUMM YPAXYEAHHSL CIAMUCTUYHOZ0 PO3NOOLTY UMOBIPHOCHIE CUU CIPYMY
oauckagKu 0N BUHAYEHHs UMOGIPHOCI 61yuenHs OIUCKABKU Y enemenmu 00 ekmy. Busnaueno, wo ne ypaxysamnus yboeo acnekmy y cy-
YACHUX HOPMAMUBHUX OOKYMEHMAX, Npu3goounsv 00 CYmmesux nomunok. Taxuil nioxio Hadoacms MOMCIUGICHIb ONIMUMIZYEANU CXeMY
PO3MiUeHHA OIUCKABKONPULIMAYIE nid Yac 8iOHOBNEHHs 00 '€KMIB 3 YpaxyBanHaM 3eieHoi pekoncmpykyii. biom. 21, Tabm. 2, puc. 1.

Kniouosi cnosa: 61MCKaBKO3aXUCT, OLiHKa pu3uKy, RSM — metox cepu mo KoTUThCS, 00’€KT J0BIIbHOI (hopMu, po3moai

HMOBIpPHOCTI CHJIH CTPYMY 0/IMCKABKH, II0ILA CTATYBAHHS.

[ocTranoBka npodsaemu. [lnpoke 3acTocyBaHHs Ha
BUPOOHMUTBI Ta MOOYTI pI3HMX TEXHIYHUX 3acO0IB,
OCHAII[CHUX EJIEKTPOHHHUMHU EIIEMEHTaMH KOHTPOJIIO,
NPUIHATTS pillleHb Ta YIPaBJiHHS, 3yMOBIIIOE OLTBLI pe-
TENBHO IAXOIWTH IO BHU3HAUEHHS HEOOXIJTHOCTI OCHa-
nieHHs1 00’ekTiB cucremamu 3axucty (Lightning Protec-
tion System — LPS) Bim HeraTmBHUX HACHIIKIB ymapiB
omuckaBku. Taki cucTeMu MOBHHHI 3a0e3meuyBaTu 3aja-
Hy AMOBIpHICTh NEPEXOIUICHHS OJFCKABKU Ta 3HIDKECHHS
PIBHIB HaNpyIu Ta CTpyMy, L0 BUHUKAIOTh Yy TaJIbBaHiy-
HUX 3B’s3KaX 00’€KTa, BHACHIIOK ynxapy OJICKaBKH.
Mixuapoani cranmapta IEC cepii 62305 [1-3] Bumara-
FOTh 3HIMCHEHHS TaKOi OI[IHKY, aJie 3aIpOITOHOBaHI B HUX
METOJIM, OCHOBaHI Ha BU3HAYEHI 30H 3aXHCTY, HE J03BO-
JSIOTH BUPIMIATH IPOOIeMy ITOBHOIO MipOl0. Y IHX CTaH-
JapTax HaBEICHO 30HHU JIUINE I 0OMEeXeHOI Ipynu Ou-
CKaBKOIPUIIMaviB, Ta HE BPAXOBYETHCS PO3IOALT HMOBI-
PHOCTI CHJIM CTpYMY OJIUCKAaBKH, HAsBHICTh 1HIIHMX Oy/Ii-
BEJb 1 CHIOpYJ, SIKi 3HaXOJATHCS TMopsiA. PermameHToBa-
Huii Meton «cdepu mo koruthes» (Rolling Sphere
Method — RSM) moTeHIiiHHO MOXe OyTH BHKOPHCTaHE
JUISl yTOYHEHHSI PO3PaXyHKOBOI OIIIHKKA WMOBIPHOCTI BITy-
YCHHS OJTUCKABKHU B €IICMEHTH 00’ €KTY.

AHani3 ocTtaHHiX Aocaimkens il myoaikaniid. Cy-
YacHWH MiIXix BU3HA4YeHHS BuMoOr a0 LPS OymiBens Ta
CIIOpYJl PErIAMEHTYEThCS MIDKHAPOJAHUMH CTaHAapTaMu
[1-3]. Ctarmapr [2] BH3HAYa€ alTOPUTM OIIHKU BEIIAYH-
HU PU3UKY, BHACIIJOK MOXIHUBOTO YAapy OJHMCKaBKH Y
OyniBIr0O 4M criopyny Tomo (nani — 00’exr). Pusuk R,
BH3HAYCHUI sSIK WMOBIpHA CepelHs IOpiYHA BTpaTa Ha
00’€KTi yepe3 cranaxu OJIMCKaBKH, 3AJICKUTH Bif [2]:

® IOPIYHOTO YMCja CHajlaXiB OJIMCKABOK, SKi MalOTh
JIiI0 Ha 00’ €KT;

e MOBIPHOCTI IONIKOMKCHHS Bix Jil OXHi€l 3 mHUX
0JINCKABOK;

® cepenHbOl KUTBKOCTI HEMPSIMUX BTpaT.

3a pesynbTaTaMH OIIHKH PH3WKY HpPUIMAETHCS pi-
LIEHHs PO HEOOXigHICTh ynamTyBaHHs cuctemu LPS ta
BUMOTH J10 ii piBHS 3axucTy. Jlo3eMHi criayiaxu Onuckas-
KH, 1[I0 IFOTh Ha 00’ €KT, MOXe OyTH PO3JIIECHO Ha:

e criajlax, 10 BIIYYWIIH Y 00’ €KT;

e crajaxy, OI0 BIYYWIH MMOOIM3y 00’€KTy, Oesmoce-
penHbO 10 JiHIi eNeKTPUYHOTO KMBJIICHHS, TEIEKOMYHi-
KaminHil niHii, a00 moOIU3y JiHIMH.

Yucno ONMMCKABOK, IO BIUIMBAIOTH Ha 00 €KT, 3aje-
JKUTH BiJl TYCTHHH JO3EMHUX CIajaxiB OJMCKAaBKH Y PETiOHi,
JIe 3HAXOJAThcsl 00°ekT. Y myHKTI 4.1.1 [2] BH3HAUCHO MO
3BOPOTHIN CTPyM OJICKaBKH € TEPIIOMKEPETIOM TOIIKO-
mokeHb. Cepesl GakToOpiB, SKi BIUIMBAIOTh HA KOMIIOHEHTH

PIBUKY € KiTbKicTh HeOe3newnnx mnogiit [2]. Cepemte piune
YKCII0 HeOE3MeUHNX MOMIiH NV, sKi Aif0Th Ha 00 €KT BHACITI-
JIOK CrayaxiB OJHMCKAaBKH, 3aIEKUTD BiJl TPO30BOi aKTHBHOC-
Ti y perioHi, e po3TalioBaHo 00 €KT, Ta BiJl HOro TeOMeTpu-
YHAX Ta (DI3UYHHUX XapakTepucTuk. s po3paxyHKy 3Ha-
4yeHHs N, 3a3BM4aii MHOXKaTh TYCTUHY NO3EMHHUX CIAJIaXiB
OmrckaBku N Ha €KBIBAJICHTHY IUIONIY 30upaHHS OyIiBIi
(criopytu), Oepydu 10 yBard KOpEryrodu KoedirlieHTH.

I'yctrHa no3zeMHHX chamaxiB OnuckaBku Ng — 1€
4HCIIO CrTaiaxis OmuckaBku Ha 1 kM mpoTsroM poky. Lls
BEJIMYMHA 3a3BHYAl € JOCTYIHOIO BiJ MEpEeX JIOKarlii
OJIMCKABOK Ta LIOPIYHO KOPUTYEThCA. 3a BiJICYTHOCTI Jia-
HUX IIOAO 3HaueHb Ng, I CepelHiX MIHMPOT MiBHIYHOL
MiBKYJIi 3eMJIi el MOKa3HUK MOXe OYTH OIliHEeHO sK [2]:

N, G~ 0,1 T, D (1)
ne Tp — 9ucio TPO30BUX THIB MPOTATOM POKY (SIKHH MO-
JKHA OTPUMATH 3 130KepayHIYHUX Mal).

Crix BKa3aTy, 0 y HAIl Yac iCHYIOTh OLTBII TOYHI
METOIU BH3HA4YEHHS NG, TOMY BHUKOPHUCTAHHS TI'DO30BHX
JTHIB IPOTIOHY€ETHCSA [4] 3MIHUTH Ha:

Ng=0,25-N,
Je N, — 3aranbpHa TyCTHHA ONTHYHO BHSIBJICHHX CIIANIaxiB
Ha KM’ IPOTATOM POKY, OTpHUMaHa 3 [5].

Craagapt [3] perflaMeHTye MOXJIHBICTh 3aCTOCYBaH-
Hs1 Metogy RSM niist moGynou 30 3axucty LPS. Paxiyc
chepH 3aIeKUTh BiJl KIAacy CHOPYAU. 3pO3yMLIO, MO I
kiacy | moTpiOeH HaWBUILIM pPiBeHb 3aXHCTY, TOMY Pajiyc
chepu BU3HaUCHO HaitMeHIIMM (nmopiHioe 20 M). [pukia-
JI1 3aCTOCYBAHHS TaKOTO MiIXOay ImpezcTaBieHo y [6-11].
BigmigeHo, mo po3paxoBaHi 30HH BiPI3HSIOTHCS BiJ 30H,
SIKI BU3HA4Y€HO 32 METO/IOM 3aXUCHOro KyTa. Lle nporupiy-
45l BUMarae HaJaTd OLIHKY SKHHA METOI € OUIBII KOPEKT-
HUM. BHacnizok OaratopiyHoi IUCKyCil BU3HAYEHO MOXK-
JMBICTh 3aCTOCOBYBaTH 0OM/IBa METOMH, a BHOIp 3MIHCHIOE
MPOEKTYBAJIbHUK. Tak cTanocs ToMy, 10 JA0Ka3iB Oe3ymMo-
BHOI JIOCTOBIPHOCTI HE Ma€ KOICH 3 IIMX METOMIB. 30HU
3aXHCTY 332 METOJIOM 3aXHCHOI'O KyTa HE MOXYTh OyTH 00-
IPYHTOBaHi TaDOPaTOPHUMH €KCIIEPUMEHTAMH, PE3YIIBTATH
SKAX HEOJHO3HAuHi. BcTaHOBIIEHO, IO pe3yJIbTaTH MOjie-
JTHHUAX BHUIIPOOYBaHB CIIIBHO 3aJIe)KaTh BiJ JTOBXKHHHU ic-
KPOBOT'O PO3PsiLy, IO BUKOPHCTOBYETHCS, Bifl MOJISPHOCTI
IMITyJIbCHOT Hampyrd i Horo gacoBmx mapametpiB. Kpim
TOTO, 3aXMCHI BJIACTHBOCTI 30HH HE IMiATBEPKYIOTHCS H0-
CBIJIOM eKcInTyaTanii OJIMCKaBKOBIIBOAIB Pi3HOT BUCOTH.

Mertox RSM mae cyTTeBi mepeBaru Tomy, 1o JO3BO-
Jsi€ po3paxyBaTH 30HU U OO €KTIB MOBUIBHOI (HOpPMH,
BpaxyBaTd KOJIEKTHBHY [Iif0 OIMCKAaBKOIIPHIIMAUiB, Y TOMY
9ucHl TPUPOAHUX. PO3paxyHKH MiATBEPIKYIOTh OLIBII
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BHCOKY ©()eKTHBHICTb CHCTEMH OJIHMCKaBKOIIPUHMAYIB Y
TOPIBHSAHI 3 TOOJWHOKHM, BHACTIJOK 3MEHIICHHS IUTOIII
craryBaHHsA. OfHAK, METO y CTaHIAPTH30BAaHOMY BHII HE
BpPaxOBy€ HAsBHICTh 3YCTPIYHHX JIJEpIB BiJ E€IEMEHTIB
00’ekTy. SIKi 6e3yMOBHO BIUTMBAIOTH HA MICIE BIyYEHHS
OJMCKAaBKM, ajleé TaKoXX MAalTh CTOXacTUUHY MPHPO.LY.
Cnpobu BpaxyBaHHS 3yCTPIYHHX JIiIEpiB MPEACTABICHO Y
[12, 13]. Orpumani pe3ysbTaTd MalOTh INEBHY IIHHICTH
IIOI0 PO3BHUTKY METOJIB, ajie MOKK He 3HAMILM BimoOpa-
JKEHHS y CTaHAaprax. ToMy, BIUIMB 3yCTPIYHMX JIJIEpiB HE
Moxe OyTH BpaxoBaHe npoekrantamu LPS.

Cnig 1oaaTKoOBO BigMITUTH, 110 MeTod RSM mo3Bo-
Jsi€ BpaxoByBaTH Oynb KW pamiyc cdepu, skuii BU3HA-
Yae€ThCS CHIIOKD 3BOPOTHOTO CTpyMy OnuckaBku. Came
[ell HI0AHC BHUKOPHCTAaHE y poOOTi, MPO IO HABEACHO
nami. Jljist 0MHO3HAYHOTO PO3YMIiHHS 3MiCTy poOOTH, 00-
TOBOPUMO HHU3KY Ba)KIIMBHX MOMEHTIB.

Jlo Bucotu opieHTyBaHHs H,, TpaeKTOpii OJIMCKABOK HE
JIETEpPMIHOBaHI Ta X TOJNIBKM 3 PIBHOMIPHOIO IIUIBHICTIO
3aMOBHIOIOTH IUIONIMHY OpieHTyBaHHsA. Jlayi Bce 3aJIeKUTh
Bil cTaHy 3eMHOi HOBEpXHi. 3 HAMOLIBIIO HWMOBIPHICTIO
OMNFCKaBKa TiJe JaJli BHU3 MO HAWKOPOTIIIHA BiNCTaHi, aie
HaBiTh y Ta0OPaTOPHHUX MPOMDKKAX WIiTKO (DIKCYETBCS pO3-
KW TPAEKTOPIi TOBroi iCKpH Ta PO3KHI MPOOUBHOI HATIPy-
. Kananmm OnmuckaBoK, IO MPSIMYIOTH IO OJIMCKaBKOBIIBO-
Iy Ta 10 He30ypeHOo1 MOBEpXHi 3eMJIi, SIK IPaBUIIO, BiITaIeH]
Ha BIJCTaHI B AecATKA MeTpiB 1 Outbiie. Tomy, B3aeMHUIA
BIUIMB iX €NEKTPUYHUX IO0JIIB OAWH Ha OIHOTO HEe3HAYHMUH, 1
PO3BUTOK KOYKHOTO 3 KaHAIB CJIiJ] BBAXKATH HE3aJICKHUM BiJT
iHmmx. [{jis Takux mporieciB 100pe po3BUHEHA TEOpis MMO-
BIpHOCTI. 3a il 3aKOHaMM, WMOBIPHICTH MPOOOIO OMHOIO 3
JIBOX PO3PSIIHUX MPOMDKKIB — JI0 OJIMCKaBKOBIIBOAY Ta JIO
TIOBEPXHIi 3eMJIi, KpiM TEOMETPHYHUX PO3MIpiB, BU3HAYAETh-
Csl €IMHUM T1apaMeTPOM — CTaHIapTOM PO3KHUIY MPOOUBHOI
HAIPYTH G, IO € CTAHAAPTOM OPI€HTYBaHHS, BiH MaJIO 3Mi-
HIOETBCS 3 JOBKHUHOIO 0araTOMETPOBOTO MPOMDKKY i TOMY
MOYKe OYTH 3allO3WMUCHHI 3 JTaOOPaTOPHUX BUMIPIOBAHb, /1€
Horo BigHOcHa BenmumHa Om3eka mo 0,1. 3posymino, mo
HasIBHICTh CTaHIApTy OpI€HTYBaHHA OOYMOBIIO€ BiJOMMIA
(akt ynapy 61HMCKaBKH y OOKOBI MOBEpXHi Oy/iBesb Ta CIO-
pya. Lleli acriekT He BpaxoOBYe CTaHIAPTU30BAHUN METO[
RSM. Ane, 1t0 HMOBIpHICTh HE NMOTPIOHE BpaxoByBaTH IS
CIIOpy/1 32 BUCOTH MeHII Hix 60 M [3].

JIyst IpoeKTyBaHHS CUCTEMH OJIMCKaBKO3aXHUCTY, ce-
pen IHIIMX XapaKTepUCTHK, BXKIMBO OLIHUTH OUYiKyBaHY
KIUIbKICTB yaapiB N, 3a eBHUI nepiof (3a3Bu4aii 1 pik) y
TEpUTOPit0 00’€KTYy Ta BU3HAYUTH HMOBIPHICHI CTATHCTH-
YHI PO3MOIUTH yIapiB ONMCKaBKH y HOTO eJIeMeHTH. 3po-
3yMLJIO, IO KITBKICTh yIapiB 3aJIeKUTh Bix Ng Ta IDIOI
cTsryBaHHs S,,. g i30mp0BaHuX OyniBens (cropyn) Ha
PIBHHHHINA MICIIEBOCTI S,; € IUIOMICIO, IO BHU3HAYAETHCS
MIEPETHHOM MK ITOBEPXHEIO 3€MJIi Ta MPSAMOIO IiJ HaXH-
oM 1/3, sika € JOTHMYHOIO A0 HAMBHIIMX TOYOK OyIiBIi
(copynn) Ta sika o0epTaeThCs HaBKOJO HUX [2]. Busna-
4YeHHs po3Mipy S, Moxke OyTH BHKOHaHO rpadiyHo abo
MaremarnyHo. /s MaTreMaTMYHOrOo BU3HAYEHHS S, Y
cranaaprti [2, popmyna A.2] HaBelneHO emmipu4Hy (GOp-
Myiy (2) Ui 130JIb0BaHOI IPSIMOKYTHOI CIOPYIH 3 JOB-
KUHOIO L, mmpuHO0 W 1 BUcOTOIO0 H, po3TamoBaHiii Ha
PIBHUHHIH MiCIIEBOCTI:

Su=LW+6H(L+W)+9nH . )

Buxopucrannas gopmynu (2) 1 peaabHUX 00’ €KTIB
KPUTHYHOI iHPPACTPYKTYPH € CKIaJHUM Ta HE JOCTATHBHO

nmocroBipauM. Metong RSM 6a3syeThcst Ha 3acTocyBaHHI
BifCTaHI ymapy OnmckaBkd (R) 10 KOHCTPYKIii abo 1o
3eMJTl, K1 TOB’s3aHlI 3 MaKCHMMajIbHMM 3HAYEHHSIM CHJIN
CTPyMY 3BOPOTHOTO X01y (/). 3ajeXHiCcTh 3Ha4eHHS R Bix
CHJIM CTPYMY BH3HAYa€THCSl HU3KOIO (hOPMYJI, OTPHMAHUX
pI3HMMHU aBTOpPaMHu JUIS PI3HUX BapiaHTIB MOJSPHOCTI
CTpyMy Ta (OPMH CHOPYIM Ha MiJCTaBi eKCIIEPUMEHTa-
JBHUX CIOCTepekeHb. [1OpiBHAHHS Takux (OpMy HaBe-
neHo y [14]. JouinbHe Ha neil yac 3actocoByBatu (op-
Myny (3) HaBeneHy y craHaapTi [1]:

R=10-1"%, (3)
e R — Bincrans ymapy OnmckaBkH, M; [ — MaKCHMaJIbHE
3HAUCHHS CHJIM CTPyMY OJIMCKaBKH, KA.

BaxxmBuM (hakTOpoM, IO BIUIMBAE Ha Pe3yibTaTH
OLIIHOK, € pO3MOJI HMOBIPHOCTI MaKCUMAJIBLHOI CHJIM
CTpyMy OJIMCKABKH y 30HI po3MillieHHs: 00’ekTy. BapianTtu
CTaTHCTUYHMX PO3NOALUINB CHIIN CTPyMY T (EpeHIIO0Th-
Csl 3AIeKHO BiJl BUCOTH KOHCTPYKLIH, I MO3UTUBHOI 4M
HETaTHBHOI MOJISPHOCTI ONMCKaBKH, 10 OTPUMaHi Ha OII0-
pax Ta JiHIAX eIeKTponepenadi abo TUCTaHIIHHIMHI METO-
JaMH B Mepexax BHABICHHs OnickaBku. Lle ciix BpaxoBy-
BaTH IIPU BUKOPUCTaHHI CTATHCTHYHUX po3noziiB. Ha meit
4ac JIOLJIbHE BUKOPHUCTOBYBATH 3aJIEKHOCTI, SIKI y3aralb-
HeHo y cranmapti [1] ta texuidnomy 3Biti CIGRE [15].
Ci1ig po3yMiTH, 110 TOCHIKEHHS 1010 YTOUHEHHS 3aJIeK-
HOCTI TPOIOBXKYIOThcs [16]. Are, 3MiHa 3aJIeKHOCTI HE
BIUIMHE HAa MOXJIMBICTh 3aCTOCYBAHHS MiJXOMy, IO IMPO-
MOHY€EThCsl. 3acTocyBaHHs KoHuenuii merony RSM no3Bo-
JIsle OLIHUTH WMOBIPHICTD BITyYeHHsI OJMCKAaBKH y €IeMEH-
TH 00’€eKTy uts Oyab sIKOT 3a/1aHOT CHIIM CTpyMY OJIMCKaB-
ku. Y [14] HaBeneHO pe3ynbTaTH PO3paxyHKy Ui 5 ¢popm
cnopyn (WATiHAP, Mapaieneninesn, anrap y GopMi 4acTHHI
MUTHIPAYIHOL TOBEPXHi, KPYTJIi Ta IPSAMOKYTHI OYINHKH 3
BHYTPIIITHIM BiIBEPHEHHSAM) Ta TPHOX PiBHIB HMOBIpHOCTI
cum ctpymy (0,5 %, 50 % ta 95 %). Pesynbratn mokasy-
I0Th, 110 KUTBKICTh OJIMCKABOK PO3PaxOBaHUX 32 METOJOM
RSM nomiTHO Binpi3HSIOTHCS Bifl OL[IHKM 32 CTaHIapTHUM
minxonoMm [2], yepe3 BUKOPUCTaHHS IUIOLII CTSATYBaHHSI.

BpaxyBanHsi po3noniny WMOBIPHOCTI CHIHM CTPYMY
OJIMCKAaBKM y 3aJaHOMYy Jiana3oHi CTPyMiB, 3 JOBUIEHOIO
KIJIBKICTIO IHTEpBaJIiB 3arpornoHoBane y [17-19].

Meta po6oTn — OOIpyHTYBaHHS IOLIJIBHOCTI Bpa-
XYBaHHS CTATUCTUYHOTO PO3NOALTY CHJIHM CTpyMy OJmC-
KaBKH IIPH BH3HAYCHI HMOBIPHOCTI BIIy4eHHs OJNHMCKaBKH
B eNeMEHTH 00’€KkTa, Ta e(EeKTHBHOCTI 3aCTOCYBaHHS
BIOCKOHAQJICHOT'O METOJY «C(epH IO KOTHTHCS».

Metoau gocaigKeHHsI: METO MAaTEMAaTHYHOI'O MO-
JIITIOBaHHS, Ha OCHOBI RSM 3 momaTkoBUM ypaxyBaHHSIM
po3Ioaily HMOBIPHOCTI CHITH CTPYMY OJIMCKaBKH.

MaremaTHyHa Mojedb mpouecy. JlocmimKyBaHuit
00’€KT € TEpHUTOPIs, 1€ MOBLIHBHO PO3MIIICHI E€IIeMEHTH
00’exta (OyaiBii Ta criopyaun). 3 AesSKMM KPOKOM Ha TI0BEp-
XHI 3eMJTi 331a€Thesl ciTka. SIKIIo 110 oci X By3IH CiTKH iHze-
KCYBaTH 3Ha4EHHSIM i, a 0Cl ¥ — 3Ha4eHHsIM j, TO JOBUILHUN
BY30J1 CITKM MO3HAYAETCS SIK (7, /). DaKTUYHO, BY3IHU CITKH
BU3HAYAIOTh KOOPAMHATHU TIPOEKIIii TOUKH, 3 IKOi OJIMCKaBKa
OpIEHTY€eTBCSI Ha OO0’€KT, Ha TOPU3OHTANBHY IUIOLIUHY.
[IuTeHICTE BY3IIB CITKH CIiJ] 33[IaBaTH 3 YpaXyBaHHSAM PO3-
MIpiB eneMeHTiB 00 ekTy. JIJIs KOXKHOTO By37a CITKH BU3HA-
YaeThesl MaKCUMallbHa BHCOTA, NPU SIKiM «cdepa, 1m0 Ko-
TUTBHCSD» TOPKAETHCS IO TIOBEPXHi OyIb-sK0i OyHoBH. 3p0o3y-
MLJIO, IO /TS TIOBEPXHI 3eMJTi BUCOTA JIOPIBHIOE HYIO. SIK-
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II0 TAKUX TOYOK JICKUIbKa (MIO3HAYMMO X KUIBKICTH SIK k),
TO, BB)KAIOUH, LIO 3 IAHOTO LEHTPY «C(hepH, IO KOTHTHCS
BOHHM OyJyTh ypa)kaTHCS 3 OJJHAKOBOIO HWMOBIPHICTIO, pO-
OWUTHCS BUCHOBOK, IO KUIBKICTB TTIOPA30K OJIFCKaBKOIO OY/Ib-
SIKOI 3 IIX TOYOK Oy/ie B k pa3iB MeHIIIE.

[pomec opieHTYBaHHS OJMCKAaBKH BBAKAETHCS PO3IO-
YaTUM, KOJIM pajiyc R (mpoOMBHA BiACTaHb) J0CSTae IOBEp-
XHI elneMeHTy 00’ekta. TakuMm YMHOM, BIICTaHb OpPIEHTY-
BAHHS KOKHOI OJIMCKAaBKHU 3QJICXKHTh BiJl CHJIM CTPyMy OJivic-
kaBKu. Leif acTieKT CyTTeBO BIUIMBAE Ha BU3HAYCHHS HMOBI-
PHOI IJIOLi CTATYBAHHS, Ta SIK HACIIOK, HMOBIPHOT KLIBKO-
CTi ynapiB OJICKaBKH y 00’€KT Ha MPOTA3i POKy. 3arpono-
HOBaHa MOJEJIb IIPOLeCy OOYMOBIIIO€ BaXKJ MBI BUCHOBKH:

® [UIOIIA CTSCYBaHHS BU3HAYAETHCS MAKCHMAIBHOIO
CHJIy CTPYMY 3 Aiala3oHy, IO BPaXxOBY€ETHCS;

e IMOBIPHICTH OMHMHYTH CHCTEMY OJMCKaBKONpHUiiMa-
YiB MalOTh OJIMCKABKH 3 MIHIMAJIBHOIO CHJIOIO CTPYMY.

OueBU/IHO, II0 TaKi BIACTHUBOCTI HE BPaXOBYIOTHCS
3a BUKOpUCTaHHs Gopmyiu (2), Ta BU3HAYEHI 30H 3aXHUC-
Ty METOJOM KyTa. 3aJaHHs T€OMETPHUYHHX IapaMmeTpiB
€JIEMEHTIB 00’€KTy JOILIIBHO 3a/1aBaTh 0e3nocepeHbo y
cremianizoBaniii mporpami s IIK 6e3 3actocyBaHHS
nomatkoBux eneMeHTiB CAD mporpam. 3a BUKOPHCTAHHS
TEHEPAIBFHOTO IIaHy 00’€KTYy, BH3HAYAETHCS ONTHMAlIb-
Hu# mar citku. J{ocsin mocaimkens [17-19] cBimunuts mpo
TE, IO JOBIIBHI KOHCTPYKLii MOXYTh OyTH aJeKBaTHO
3a/aHi 3a BUKOPUCTAHHSA KOMOIHAI[T BEPTHKAIBHUX IPO-
TiB Ta TPOCIB (TOPHU3OHTAIBHUX 200 MOXWINX). Bixcrans
MDK TaKUMH €JIeMEHTaMH KOHCTPYKIII Mae y3romkyBa-
THCh 3 KPOKOM CITKH, Ta OyTH MEHII HiXK MiHIMaJbHUN
paziyc R miama3oHy CTPyMiB, IO PO3TIIAAAETHCS.

Touku 00’€KkTa — TOUKHM (QparMeHTIiB CIIOPYA 1 By3JIOBI
TOYKH 3eMJTi Ha TEPUTOpii 00 €KTa I AKX B MIPOLECI PoO-
00TH TIpOrpaMy BU3HAYAIOTHCS CTATHCTUYHI XapaKTEepHCTH-
KW iX ypaskeHHsI ONMCKaBKOIO i3 3aJJaHIM PiBHEM 3BOPOTHO-
ro ctpymy. [IpoOuBHa BincTaHb BU3HAYAETHCS 33 33/IaHUM
3HAUCHHAM CHIM CTpyMmy OimckaBku (opmymoro (3). Peari-
3aI[i}0 PO3PAaXyHKOBOTO AITOPUTMY Y BUJII JBOX CIIEIliai30-
BaHHUX Tporpam [20, 21] mwii mepcoHaTbHOTO KOMII IoTepa
BukoHaB jaouneHT HTY «XIIl» B.M. Jlponos. Ilporpamu
[20, 21] mepenbavaroTh, MO 3aKOH PO3IOIUTY CTpyMy OJrvc-
KaBKH OIHMCYETHCSI 3aJIEXKHICTIO 3a sIKoT HMOBIpHICTB P ToTO,
10 TIKOBE 3HAYEHHS CTPyMy OJIMCKAaBKHU IEPEBHUINUTH 3Ha-
YeHHs /, BU3HAYa€eThCs BIANOBIIHO 110 hopmyiu (4) [1]:

P(1)=——. @
1+(1/a)
ne P — timogipHicte (0<P<1); I — rpaHn4He 3HAYCHHS
CTpyMy OJIMCKaBKH, KA; a 1 b — HEBi’€MHI IapamMeTpH,
MaroTh BiAmoBigHo 10 [1] 3HadyenHs: a = 31 kA, b = 2.6.
3HaveHHs HapaMeTpiB a 1 b MOXYyTb MaTH Taki SK
3a3HayueHi BUIIE 332 3aMOBYYBAHHSM, TaK 1 HIII 3HAYCHHS
3a 6a)KaHHSIM KOPHCTYBayda IpOrpaMu.

Pe3ysabTaTH po3paxyHKoBOi ouiHkHu. B sxocti mpu-
KJIagy pO3MJITHEMO pe3yJbTaTH 3acTOCyBaHHs nporpamu [20]
JUTSL OLIIHKK [IPOTHO30BAHOI KUIBKOCTI BIIy4eHb OJIMCKaBKU Yy
koHcTpykuito Hosoro besneunoro Kondaiinmenty (HBK)
4 eneprobmoky Yopuobmiscekoi AEC. HBK mae dopmy
YaCTHHM IUUTIHAPUYHOI moBepxHi. JIis OIIHKM KiTBKOCTI
O4YiKyBaHHX po3psiiB OnrckaBok y criopyay HBK mpuiinsTu
taki posmipu HBK: mmpuna 256 M, nosxuHa 163 M, BucoTa
110 m. IinbHicTs po3psiiB OnuckaBku y paiioni YAEC

npuitasite Ng = 4,69 pospsazis Ha 1 kv’ Ha pik. KoncTpyKiis
HBK 3MmoznenboBana 75-Ma ropu3oHTAIBHUMU TPOCaMH PO3-
TalllOBaHMMU B3JI0BXK JTOBKWUHU 3 BEPTUKAJIBHUMU CITyCKaMH,
Y TOMY YHCIIi:

e cepeaHii (110 rpedHIO);

e TIpaBUii Ta JiBUH HA IPYHTI;

® [IPOMIXKHI 3 KPOKOM 3,4 M B3[JOBXK HIMPHUHH.

PosrnsHyTO nmiama3oH cWiIM CTpyMy OJHCKaBKH

(2-200) xA. BignoBinHo no [1, Taba. A.3] WMOBIpHICTB
TOTO, IO CHJIa CTPyMy OJHMCKAaBKH BHUIE 32 MEXi 3a3Ha-
YEHOTO Jiana3ony — He Outbine 2 %. Pesynbrat pospa-
XYHKIB IIpeCTaBIeHi y Ta0m. 1.

Tabmums 1
Pe3ynpraTi po3paxyHKOBOT OI[IHKH
Mlianason Vimosipuicts| Kinbkicts yaapis 3a |Kpok citkw,
CTpyMY, .
KA yaapy B HBK piK M
2-200 0,2478 1,162 2,5
2-200 0,2481 1,164 0,31

IIpumiTka: Po3paxyHKkH NpoBeneHi I IBOX BapiaHTIB KPOKY
PO3paxyHKOBOI CITKH, IO BiAPI3HAIOTHCSA MiX c000I0 y 8 pasis.
Pe3ynpraTi 000X BHIAAKIB BiAPi3HIIOTHCS MeHIT Hix Ha 0,2 %.

IIporpama [20], kpiM iHTETpaTbHOTO 3HAYEHHS, JT03BO-
JIsI€ BU3HAYUTH PO3MOJILUT IMOBIPHOCTI yaapiB OJIMCKaBKY 3a
OKpEeMHMH eJIeMeHTaMH. B sKocTi pukiamy Ha puc. 1 HaBe-
JICHO CKPIHILIOT PO3MOALTY WMOBIPHOCTI MO 3eMJli HABKOJIO
HBK. Taka ingopmaris Takok KOpHUCHA 3 MipKyBaHb parlio-
HaJILHOTO pO3MilleHHs JoaTtkoBoro obnagnanHs AEC.

Crin 3a3HaumTH, 1[0 BU3HAYEHHS BiJHOCHOI WMOBIp-
HOCTI yJapy 3MiHCHIOEThCS TI0 KOXKHOMY 00’ €KTY OKpeMo (y
npoMy Bumaaky e HBK i 3zemms). Tomy makcuMansHi 3Ha-
4yeHHs (BiJ3HAYeHI 4YepBOHMM — | ) 3HAXOIATHCS SIK Ha
YKPHTTI, TaK HA 3eMJIi BiTIAJTb Bijl YKPUTTS. 3 HAOMIDKSHHAM
10 HBK #iMOBIpHICTh 3MEHILIYEThCS, TOMY 1110 YaCTHHA OJIU-
CKaBOK 3 BEJIMKOIO CHJIOKO CTpyMy opieHTyeThest Ha HBK.

3a pe3ynbTaTaMd PO3PaxXyHKOBOI OIIHKHA BH3HAYe-
HO, IO TPOTHO30BaHa KiNBKICTH PO3PsMAiB ONHUCKAaBKHA B
koHctpykuito HBK ckmanae 1,16 Ha pik. Omxke, 3a 100
POKIB eKcIuTyararii KiTbKicTh yaapiB OmmckaBku y HBK
cranoButiMe 116. IToxnOka ominku B Mexax 3 %.

[opiBHAEMO 3 pe3yabpTaTaMH PO3PaxyHKy 3a CTaHIa-
pTHU30BaHO0 [2] MeToaukoro. Ilnmoma cTAryBaHHS BH3HA-
yaerbest 3a (2). Ilicnms mincranoBkm mapamerpiB HBK
oTpuMaHne 3HaueHHs S, = 0,66 kM’ Ha pik. 3 ypaxyBaHHAM
cepenHpoi minbHOCTI Ng = 4,69 po3psis/(pik-km®), Killb-
KicTh ynapiB OnuckaBku B HBK oOIiHIOETBCS 3HAYECHHSIM
3,095 na pik. Omxe, nporsrom 100 pokiB MOXKe CTaTUCS
310 ynapiB GiuckaBk, 110 y 2,67 pa3y Ouibliie BijJ] KUIbKO-
CTi y1apiB, pO3paxoBaHKX 32 YTOUHEHOIO METOANKOIO.

[IpuunHM BiIMIHHOCTI 00YMOBIIOIOTHCS TAKUMHU 00-
CTaBHHAMU:

® CTaHIApTH30BaHAa METOJHMKA HE BPAXOBYE pEalbHY
¢opmy HBK, BinminHy Bix napanenemninena;

e CTaHIapTHU30BaHA METOJMKA HE BPAaXOBY€ CTATHCTH-
YHOTO PO3MOALTY CHIIN CTPYMY OJINCKAaBKH;

e CTaHIApTHU30BaHAa METOOMKA IPYHTYETbCA Ha pe-
3ynbTaTaX eKCIePUMEHTAIBHUX IOCIiIKEHb, OTPUMAHUX
B OCHOBHOMY JUIsl 00’ €KTIB THITy HIOTJIa 200 CTPHIKEHb.

Cunit 3a3HaYMTH, IO HASBHICTH CYTTEBOI PI3HUII MK
pe3yJbTaTamMu OLIHKH KiTbKOCTi ynapiB OsmckaBku B HBK
3a CTaH/JAPTU30BAHOI0 METOIMKOIO Ta METOMIMKOIO, 1110 Bpa-
XOBY€E CTaTUCTHYHUI PO3IIOILN, 3a3HAYCHO TakoX y [14].
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BiamoBigHICTh KOJIBOPY Aiana3oHy WMoBipHOCTI P
BIZITHOCHO MaKCHMaJIbHOT'O PiBHSI:

] I A
] 1
1 1
o000 [ 1

Puc. 1. Po3nozin #IMOBIpHOCTI BITy4eHHs OJIMCKaBKH 110 3eMJIi
HaBkoso HBK

—max

2 —[90% — 100%) 6—[20% —40%)

3 - [80% — 90%) 7—[5%—20%)

8—-<5%

Po3riisiHeMO 0CcOOIMBOCTI pO3PaXyHKOBOT MOJIENI TIPO-
rpamu [21] 1ms BU3HAYEHHS IUIOMI CTATYBAaHHSA. 3 METOIO
CIIPOLIEHHSI Ta HAOYHOCTi, B SKOCTI MOJEJi PO3IVISTHEMO
HAMOLIBII TOIIMPEHU BapiaHT ONMMCKAaBKOIpUiiMada — III0-
[Ty BUCOTOO /. Y Tiporpami BpaxoBaHe, IO JUIS MOMH / 1
CTpyMy OJIMCKaBKH, SIKOMY BIOIOBigae paaiyc mpodoro Omu-
CKaBKH 7, paJilyc 30HH CTATYBaHHS R, BU3HAYAETHCS SIK:

R,=r, r<h,

a.
Ry =+h-2r—h), r>hn’

3 (5) cninye, sxmo 7 > 5h, R, nponopuiitne 4*. Ta-
KHM YHHOM, IUIOIIA CTSATYBAHHS IPONOpLiiiHa A, a He /7, Ak
BHU3HAUeHO y (2), B sxit H=h. [{nsa Bapianty xomm r < A,
IUIONIA CTSATYBaHHSI HAOJIKAETHCS IO MPOIMOPIIHHOCTI
Ta HE 3aJICKUTh BiJl BUCOTH A, IO TaKOXK BiJIPi3HIETHCS
BiJ emmipuuHoi Gopmynu (2). Bigomo, mo ¢dopmyna (2)
IPYHTY€EThCS HAa PE3yJIbTaTax eKCIePHUMEHTAIbHUX J0CHi-
JUKEHb 32 OIJIBLIOCTI MPOBEICHUX Y Ja0OPaTOPHUX YMO-
BaX, 3a SIKMX BHUCOTA CTPWXKHS Oyna CHiBMipHA JIOBXHHI
po0OiiiHoro MpoMikky (R, =~ /). ABTOp mpHITyCKae, 10
came nei pakt 00ymMoBHB NOSBY (opmyiH (2).

Busnaueno [19] BianoBigHi Gopmyu [yist TPOCIB, K
TOPU30HTAIBFHUX TaK 1 MOXWINX, IMapajielieine/iB, HTi-
HApiB Towo. [ MpsSMOKYTHOI CHOPYIU IJIOIIA CTATY-
BaHHS PO3PaXOBYETHCS SIK:

Su=mR*+LW+2R(L + W), (6)

Je R — pajiyc 30HU CTATYBaHHS IIOTIIH Ti€l )X BUCOTH, 10
i Bucota OyniBii H. 3HaueHHs R Bu3Hauaerbes 3a (5);
IHIII TTO3HAYCHHS CIIBIAAIOTh 3 (2).

IIe oJMH acrieKT, 3 TOYKH 30py PO3BUHYTOTO MiAXOLY,
TIOJISITae Yy TOMY, IO 3HAUEHHsI CTPYMIB OJIMCKAaBKH MalOTh

®)

cToXacTWYHUH Xapaktep. KojkHe 3 IMX BHIIQJKOBHX 3HA-
YCHB BIJIIOBIZIa€ CBOEMY 3HAYCHHIO pajiyca MpoOoro Omiwc-
KaBKHM Ta BU3HAYAE IUIOLLY CTATYBAHHA. TakuM YMHOM, IpO
BENTMYMHY IO S, HEOOXIZTHO TOBOPUTH SIK TIPO BHIIA KO-
By BEJIMYMHY, & OTXKE, JOLUIBHO PO3PaxOBYBATH CEpPEIHE
3Ha4YEHH IO CTATYBAaHHS JUIsl KOHKPETHOT'O CKJIay CIIO-
pyx. Toai, 3HaIOUM 3aJIKHICTh 3HAYCHB S, 111 KOHKPETHOT
KOHCTPYKIIii i3 33JlaHUMH TapameTpamu il reomerpii Bix
paziyca mpo0oro OJIMCKaBKH, a 0TXKe, BIANOBIAHO 10 (3), Bif
BEIIMYMHU CTPYyMY OJIMCKaBKH, MOXKHA BM3HAYUTH CEPEIHE

3HAYCHHSI TUIOII 30HU CTATYBAHHA S),;:
200

[s()F(ar @)

Jie HDKHE Ta BEpXHE 3HAYCHHS BU3HAYAIOTH JIiala3oH CH-
JM CTPyMY, IO po3risiaaeTses; S(/) — mioma cTaryBaHHs
o0’ekTa JIsl 33JaHOTO 3HAYEHHS CTPyMy OJIMCKaBKH;
F(I) — }yHKUis mWiNBHOCTI 3HA4YEHb CTPYMY OJIMCKaBKH,
1110 BU3HAYAETHCS SK:

b-ab-1?

F(I):1~(ab+1b)z’

®)
Iie a Ta b BU3Ha4YCHO y (4).
Y nporpami 3acTOCOBaHO peaji3alilo 3a CIPOLIEHO0

thopmyitoro:

n

S =D (SiF;)» ©)

i=1
Jie 1 — KiJIbKICTh IHTEPBAIIB YHCEILHOTO IHTEIPYBaHHS,
S; — 3HaYECHHS LIYKaHOT XapaKTePUCTHKH NPU CTPpyMi OJu-
CKaBKHU piBHOMy CEPeNHbOMY 3HAYCHHIO CTPYMY B MEKax
i-ro iHTepBaNy iHTErpyBaHHs; F; — KIMOBIPHICTbh TOTO, IO
3HAYCHHS CTPYMY OJIMCKABKHA BUSBUTHCS B MEXKaX [-TO
IHTEpBaJIy IHTETPyBaHHS;

PesynbraTi MOpiBHSHHS TBOX METOJIB OILIHKH IUIO-
I CTATYBaHHA IJIS IHOTJIM Pi3HOI BHCOTH HaBENEHO Y
Tabn. 2. Po3paxyHku S,, BUKOHaHE IS Jiarma3oHy CHITH
ctpymiB Big 2 kA mo 200 kA. Po3paxyHok 3a (2) meii mia-
Ma30H HE BPAaXOBYE.

PesynbraTi HaBeneHi y Tabn. 2 OAHO3HAYHO CBiJ-
YaTh PO 3HAYHE 3aBHMIICHHS 3HAYEHHS IUIOLIl CTATYBaH-
Hs OJTUCKABOK, BHACIIJIOK YOTO 3aBHIICHI 3HAYCHHS Ma€ i
pe3ysbTaT OLIHKM KiTBKOCTI BIy4eHb Y 00 €KT. 3 TOYKH
30Dy OIIIHKYU PU3HUKIB el (PaKT € HECTIPUIHHATIHBHM.

Tabmuus 2
TlopiBHSHHS pe3ynbTaTIB PO3PaxXyHKY IUIONI CTATYBaHHS
3a RSM ra crangaprom [2]

Bucora iamazoH [Toma 2

h, M C”l{t[[)yMy, KA | S, kM’ Sar, KM Sar/ S
20 2-100 0.012 0.011 0.92
40 2-100 0.020 0.045 2.25
60 2-100 0.027 0.102 3.78
80 2-200 0.031 0.181 5.86
Mpumirtka: S,, po3paxoBaHo 3a (2) 15 MOTITH BUCOTOIO /.
BucHoBku.

1. JloBemeHO NOMUTBHICTH BpaxyBaHHS CTATHCTUYHOTO
PO3MOALTY CHITH CTPYMY OJIFICKaBKH TIPH BH3HAYCHI HIMOBIp-
HOCTI BIIyYeHHs OJHCKAaBKU B €IEMEHTH 00’€KTa, mo 00y-
MOBJTIOETBCSI 3JICXKHICTIO AUCTAHIII MPOOOIO MOBITPSIHOTO
MPOMIDXKKY OJMCKaBKa — O00’€KT BiJl MOTEHIIaTy TOJIOBKU
ninepy OJIMCKaBKH, SIKUH MOB’SI3aHUI 3 CHIIOIO CTpyMYy OJH-
ckaBky. [TiBHIIEHHS TOCTOBIPHOCTI OLIIHKU KUIBKOCTI yza-
PiB y 00’€KT BIUIMBA€ Ha SIKICTh MPUUHATTS PIlICHHS L0/I0
PH3UKIB, TIOB’sI3aHNX 3 HACTIZKaMH1 yapy OJMCKaBKH.
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2. JloBesieHo e(EeKTHBHICTh BIOCKOHAJICHOIO METOLY
«cdepH 10 KOTUTBCS», Peai3oBaHOro y BHII KOMIT IOTEpHOT
MporpamMy, SIKHH BPaxOBYE 3aJlaHUI PO3MOZiT WMOBIPHOCTI
CWJIM CTpyMy OJMCKaBKH y Aiara3oHi Bix 2 kA mo 200 KA.
3aannst peanibHOT KoHpiryparii enemMeHTiB 00’ exTy 3a0e3re-
YyeThCsl KOMOIHAIIIE€I0 BEPTHKAIBHUX JPOTIB Ta TPOCIB.

3. OOrpyHTOBAHO JAOIIBHICTh BBECHHS HOHATTS «Ce-
PEeIHBOTO 3HAYEHHS IUIOIII 30HU CTATYBaHHS», 33 ypaxy-
BaHHS IMOBIPHOCTI MOSIBH OJHMCKABOK 3 CHJIOIO CTPYMY Y
3aJjaHoMy niarasoHi, Harpukian (2 — 200) kA. HaBeneHo
MIPHUKIIAAHA BiAMIHHOCTI OTPUMAHUX Pe3yNbTATiB Bil OLiH-
KM 32 CTaH/JapTU30BaHUMHU (HOpMyJiaMu y OiK 3MEHIIEHHS
“moBipHOCTI. [ 00’exTy THIy aHrap 3 rabapuTamu:
ummpuHa 256 M, nmoxkuHa 163 M, Bucota 110 M, iiMoBip-
HICTH yAapiB OnrckaBKu MeHIIA y 2,67 pas3is.

4. BcraHoBJeHe, 1110 3aCTOCYBaHHS CTaHAApPTU30BaHOI
(dhopMynH IPU3BOIUTH O 3HAYHOTO (Y pa3u) 3aBHUILCHHS
NPOTHO30BaHOI KITBKOCTI yJapiB OJMCKaBKH y 00 €KT,
SKIIO BUCOTa 00’ekTy mepeBumiye 20 M. [Ipuuman Bin-
MIHHOCTI, Ha AYMKY aBTOpa, OOYMOBIIOIOTHCS TaKUMHU
BJIACTUBOCTSIMH CTaHAAPTH30BAHOT METOIUKH:

e 3a3BHYail, HE BPAXOBYEThCS pealibHa JopMa 00 €KTY;

® HE BPAaxOBYETbCA CTATUCTUYHHMI PO3MOALT CHIIU
CTpyMy OJIMCKaBKH;

® IPYHTYETBHCS Ha pPe3yJjbTaTax CEKCIePHUMEHTAIbHUX
JOCITIJPKEHb, OTPUMaHUX B OCHOBHOMY JUIsl 00’ €KTIB TUITY
morna abo CTprKeHb B JTaOOpaTOPHUX yMOBax 3 oOMe-
KEHUM PO3PSTHAM ITPOMI’KKOM.

Hoasika. ABTOp BHUCIOBIIOE WUPY TOJsAKY Boulo-
mumupy Hponosy, mouenty HTY «XIID» 3a Garatopiuny
IIiaHy croiBnpamto. be3 BUKOpHCTaHHS po3poOieHux iM
KOMII'FOTePHHAX TIPOrpaM HE MOXIHBE OyiI0 3IiHCHUTH
aHaJIi3 Ta 3pOOMTH BKa3aHi BHIIE BUCHOBKH.

KonguikT inTepeciB. ABTop 3asBisi€e PO BIACYT-
HICTb KOH(QIIIKTY iHTEpeCiB.
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Determination of the probability of a lightning strike

in the elements of the object taking into account the
statistical distribution of the current value.

Problem. Modern international standards in the field of lightning
protection, when assessing the probability of a lightning strike
into an object, do not take into account the statistical distribution
of the lightning current. Goal. Justification of the expediency of
taking into account the statistical distribution of the lightning
current with a determined probability of lightning striking the
elements of the object, and the effectiveness of the application of
the improved «rolling sphere» method. Methodology. Method of
mathematical modeling, based on RSM with additional considera-
tion of the probability distribution of lightning current. Results.
The expediency of taking into account the statistical distribution of
lightning current at the determined probability of lightning strik-
ing the elements of the object has been proven. The effectiveness
of the improved «rolling spherey» method, implemented in the form
of a computer program, which takes into account the given prob-
ability distribution of lightning current in the range from 2 kA to
200 kA, has been proved. The expediency of introducing the con-
cept of «average value of the area of the collection areay is sub-
stantiated, taking into account the probability of lightning with a
current in a given range. It has been established that the applica-
tion of the standardized formula leads to a significant (many
times) overestimation of the predicted number of lightning strikes
to the object, if the height of the object exceeds 20 m. The reasons
for the difference, according to the author, are due to the follow-
ing properties of the standardized methodology: usually, the real
shape of the object is not taken into account; statistical distribu-
tion of lightning current is not taken into account; it is based on
the results of experimental studies obtained mainly for mast or
rod-type objects in laboratory conditions with a limited discharge
interval. Practical value. This approach will provide an opportu-
nity to optimize the layout of lightning arresters during the resto-
ration of objects, taking into account green reconstruction. The
obtained results are proposed for consideration by the Technical
Committee TC 81 IEC for inclusion in the next editions of the
standards. References 20, table 2, figure 1.

Key words: lightning protection, risk assessment, RSM - Roll-
ing Sphere Method, object of arbitrary shape, probability
distribution of lightning current, collection area.
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Determination of the electric field strength of high-voltage substations

The electric field strength is one of the main factors influencing sensitive microprocessor equipment and personnel on power stations
and substations, power lines. Determining its level is an important applied task for ensuring the safe operation of electrical installations.
The aim is to develop calculation relationships for determining the electric field strength created by the busbar of high-voltage
substations in the working areas of personnel. The solution of the problem was based on the use of the method of equivalent charges to
determine the strength of the electric field created by the complex busbar of high-voltage substations. Methodology. The development
was based on solving the problem of the potential of the electric field of a point charge located in a dielectric half-space for a cylindrical
coordinate system. By representing the electrode in the form of a set of point charges and subsequent integration, an expression for
calculating the potential is obtained, created by a busbar of arbitrary orientation of finite length in an analytical form. Using the
principle of superposition of fields and the definition of the derivative, expressions were obtained for calculating the vertical component
of the electric field strength at given heights. Results. Based on the obtained expressions, using Visual Basic, the simulation of the
distribution of the electric field strength under a three-phase power line with a voltage of 150 kV was performed. Comparison with the
known calculation results obtained on the basis of analytical expressions for infinitely long conductors showed that the obtained
expressions have an error of no more than 7%. The scientific novelty lies in the fact that for the first time expressions were obtained for
determining the electric field strength created by a system of electrodes of finite length, based on the analytical method for solving
differential equations. Practical significance. The proposed technique is implemented as a test module of the LiGro specialized software
package, which allows modeling complex busbar systems typical for power stations and substations and power lines. A test calculation
was carried out for an operating substation of regional electric networks with a voltage class of 110 kV. By comparing the duration of
the calculation of switchgears with a diagonal of about 500 m, it was found that the calculation time in the LiGro complex based on the
analytical method is several tens of times less than the calculation based on the finite element method. In addition, a more powerful
computer was used for the end element simulation. References 14, tables 1, figures 5.

Key words: substation, power line, electric field, method of equivalent charges.

B enexmpuunux cmanyisix ma niocmanyisx, aiHisx enekmponepeoayi HanpyjiCeHicmy eNeKmpUYHO20 NOJisi € OOHUM 3 20JI06HUX (PAKMOPIE
6NIUGY HA uYymMIUGe MikponpoyecopHe 001a0Hanus ma nepconan. Busmauenns ii pieHa € 6adciugor0 npukiadHolo 3aoaueio O
3abe3neuenns besneunoi excniyamayii enekmpoycmanogok. Mema pobomu — po3pooka po3paxyHKo8ux cnieioHouiens 0 GUIHAYEHHS
HANPYJICEHOCMI  eNeKMPULHO20 NOJA, WO CMBOPIOEMbCS OWUHOBKOI BUCOKOBOIGMHUX NIOCMAHYIL 8 pOOOYUX 30HAX NEPCOHATY.
Pose'sazanns 3aoaui 6azysanocs na ukopucmanui memooy exgieaneHmHux 3apsoie 05l BUSHAYEHHs HANPYIHCEHOCI eeKMPUIHO20 NOIA,
CMBOPIBAHO20 CKIAOHOIO OUUHOBKOIO BUCOKOGOIbIMHUX niocmanyii. Memoouka. B ochogy pospobku noxknadeno pos3e asanns 3a0aui
npo Nnomenyian enreKmpuyHo20 NOJsA MOUKOBO20 3apAdy, PO3MAUIOBAHO20 6 OleIeKMPUYHOMY HANNIGNPOCMOPL, ONA YUNIHOPUUHOT
cucmemu koopounam. Llnsaxom npeocmasnenns enekmpooy y 6uensioi MHOJMCUHU MOYKOGUX 3aps0ie ma NOOANbUIO20 [HmMe2py6aHHs
OMpUMano upaz O PO3PAXYHKY NOMEHYIATY, W0 CMEOPeHULl OUWUHOBKOI 008iNbHOI OpicHmayii KiHyegoi 00BICUHU 8 aHATIMUYHOMY
6unA0i. Bukopucmosyrouu npuHyun cynepnosuyii nonie i eusHaueHHs NOXiOHOI, OMPUMAHO 6UPA3U Ol PO3PAXYHKY 6EPMUKATbHOT
CKNIA0060I HANPYICEHOCMI eleKmPUIHO20 Nouad Ha 3a0anux eucomax. Pesynemamu. Ha ocnosi ompumanux eupazie 3a 0onomozoio
Visual Basic euxonano mooOenio8anHs po3nooily HANPYICEHOCMI eNeKmpuuHo20 noas nio mpu@asnolo niHiclo erekmponepeoayi
nanpyeoio 150 kB. Ilopignamnns 3 gioomumu pe3yrbmamamiu po3paxyHKie, OMPUMAHUMU HA OCHOGI AHANIMUYHUX GUPA3I6 O/isl
HeCKIHYEHHO 0062UX NPOGIOHUKIB, NOKA3AN0, WO OMPUMAHT 6Upa3u Maioms noxudbky e dinvue 7%. HayKkoea Hosu3Ha noiseae 6 momy,
Wo enepuie OMpUManO Upa3iL ONisl BUSHAYEHHS HANPYIHCEHOCMI eNeKMPUYHO20 NOA, CBOPIOBAHO20 CUCMEMOIO eNeKmpPOOdi8 CKiHYeHHOT
006IICUHU, HA OCHOGI GHANIMUYHO2O0 MEMOoOy po38 s3yeants Jupepenyiansnux pieHsans. Ilpakmuuna 3nauumicme. 3anpononosanuii
cnocib peanizosano y 6uenadi mecmogozo MOOYNIO cneyianizogano2o npozpamuo2o xomnaexcy LiGro, wjo 0osgonse euxonyeamu
MOO€NI0BAHHA CKIAOHUX CUCEM OWUHOBOK, XAPAKMEPHUX Ol eleKMPUYHUX cmauyiti ma niocmawnyin i JiHill enekmponepeoadi.
Buxonano mecmosuii pospaxynox 0na Oitouoi niocmanyii pe2ioHanvHux erekmpuynux mepexc xiacom Hanpyeu 110 kB. [llisxom
NOPIGHAHHA MPUBANIOCHI] PO3PAXYHKY PO3NOOINbUUX Npucmpois 3 odiazonannto 6auzbko 500 m ecmanoeneno, wjo 4ac po3paxyHky 6
xomnnexci LiGro na ocnogi ananimuuno2o memooy 6 0eKinbka 0ecsmKié pazie MeHuull, Hidc PO3PAXYHOK HA OCHOBI Memooy KiHyeaux
enemenmis. Kpim moeo, 01 MOOenoeanns mMemooom KiHYeux eleMenmie GUKOPUCHIOBY8ABCSA KOMN lomep 3 Oibl NOMYNCHUMU
xapaxmepucmuxamu. bion. 14, Tabn. 1, puc. 5.

Kniouosi cnosa: migcranuis, JiHis e1ekTponepenayi, eJJleKTpUYHe 110JIe, METO eKBiBaJeHTHUX 3apsaiB.

Analysis of the problem. Ensuring the resistance of
technical objects to the action of powerful
electromagnetic fields of natural and artificial origin is an
important technical problem, without solving which the
reliable and safe use of modern equipment, objects of
military equipment and critical infrastructure is
impossible.

Distribution devices of electrical stations and
substations represent a complex technical system that
combines power and measuring equipment of various
voltage classes, control and telemechanics devices,
including those based on microprocessor technology,
cable products and busbars, as well as grounding and
lightning protection devices. In such systems, the electric

field strength E is one of the main factors affecting
sensitive microprocessor equipment and personnel.
Therefore, its permissible value is regulated in a number
of normative documents [1-3]. For personnel, this is 5
kV/m for the vertical component of the electric field
strength at height of 1.8 m above ground level. If this
value is exceeded, the duration of staff stay at the
workplace is limited. For example, in electric field with
strength of 20 to 25 kV/m, the working time should not
exceed 10 minutes, and at 25 kV/m and above, special
personal protective equipment should be used. The
boundaries of sanitary protection zones for active power
transmission lines are determined at the level of 1 kV/m.
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Limitations regarding the value of the electric field
strength for microprocessor equipment are regulated in
the relevant documentation regarding the conditions of its
operation.

Determination of the electric field strength level is
carried out experimentally [4, 5] and/or by calculation
[4-101].

Experimental determination is performed with the
help of electric field strength meters, unidirectional or
tridirectional. The specified devices when used at power
stations and substations should have a wide range of
measurements (approximately from 1 to 50 kV/m), not
distort the field lines, be insensitive to electromagnetic
interference, be resistant to vibration and shocks and be
able to work in difficult weather conditions, etc. This
leads to a significant complication of the design and an
increase in the cost of the specified devices. In addition,
measurement in the field is quite time-consuming and
does not allow to build detailed plans of strength zones on
the territory of switchgear. In addition, there are zones in
which it is practically impossible to carry out
measurements (the presence of an internal fence,
proximity to current-carrying parts, etc.).

In the conditions of targeted strikes by the Russian
army on energy facilities of Ukraine and the prompt
restoration of critical infrastructure, including by
installing new power transmission line supports, the
express assessment of field strength and boundaries of
sanitary protection zones becomes even more relevant.
Operationally, such an assessment can be performed only
with the help of calculation methods. Here, it is enough to
know the voltage class of the line and its geometric
parameters.

The listed factors increase the relevance of the
calculation way of determining the electric field strength
for both planned and operating electrical stations and
substations. As a rule, calculations for electric power
facilities with a wvoltage class of 35-1000 kV are
performed using numerical methods, among which the
finite volume method has become the most common [9,
10]. By finite we mean a small volume around each grid
mesh. In this method, volume integrals that contain
expressions with divergence are transformed into surface
integrals using the Ostrogradsky formula. Finite
difference and finite element methods are also used [4—6].
The application of such methods is quite complicated,
requires significant computing resources and is
characterized by a long calculation time for large objects,
which is explained by the iterative process and the size of
the mesh cell. The calculation step should be comparable
to the diameter of the busbar, which is tens of millimeters
with object sizes up to several hundreds of meters. Thus,
with a uniform mesh step, we have a large number of
calculation points. Reducing their number is possible
thanks to the use of special algorithms for irregular
dividing of the computational volume [9, 10], which
significantly complicates the modelling of objects with
arbitrary orientation of busbars. In addition, in [11] it is
stated that these methods are highly dependent on «human
experience and trial and error.»

Analytical formulas for determining the electric field
strength are given in a number of works, in particular in

[6, 8]. They are, as a rule, easier to use, the mathematical
expression shows the dependence of the field on all
parameters of the line [6], they do not require significant
computer resources. Traditionally, in such calculations,
the busbar is replaced by a charged axle, and the method
of equivalent charges is used to take into account the
diameter. However, the main drawback of the existing
expressions is that they consider infinitely long
conductors (busbars). This leads to the limitation of the
use of analytical formulas only for the simplest cases of
the location of busbars of power transmission line
supports. Here, expressions for determining the equivalent
bus radius are usually used to take into account phase
splitting. Taking into account that in the distribution
devices of electrical stations and substations, the busbar is
arbitrarily oriented in space, there are several voltage
classes, split phases of different diameters, etc., the use of
existing analytical expressions for them is practically
impossible. In [4, 11], the implementation of the charge
simulation method is proposed, which is actually a
combination of numerical and analytical solutions for
modelling the field of a substation with a voltage class of
500/220 kV, but in these works it is noted that the given
method has similar disadvantages to numerical calculation
methods.

Taking into account the perspective of using
analytical expressions, their potentially higher accuracy
and acceleration of calculation for complex objects of the
electric power industry, the solution of the problem of the
electric field of an arbitrarily oriented conductor of finite
size (electrode) located above the earth's surface is
relevant.

The goal of the work is to develop calculation
relationships for determining the electric field strength
created by the busbar of high-voltage substations in the
working areas of the personnel.

Research materials. When using analytical
methods to calculate the electric field strength of energy
objects, the following assumptions are accepted [9, 10]:

» the electric field of the power frequency is quasi-
static, which is explained by the propagation speed of the
electromagnetic field in the air of 3-10% m/s at frequency
of 50 Hz, so the expressions for the instantaneous value of
the electric potential or strength will be valid for lines of
size << 6000 km;

* busbars are long cylinders, the charge of which is
regularly distributed along their axes;

* the voltage on the busbar changes according to the
sinusoidal law with constant power frequency;

* the time shift between the busbar voltage phases is
120°;

 the earth's surface is flat, and it is an infinite
electrical conductor compared to air and, accordingly, has
zero potential;

» the air-ground separation boundary is plane-
parallel;

« the influence of buildings and structures of electric
stations and substations is not taken into account;

* the relative dielectric permittivity of air is assumed
tobees. = 1.

Taking into account the above assumptions for
solving the problem of the electric field strength of an
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arbitrarily oriented electrode, consider the electric field of
a point charge located above a conductive surface.

The electric field of a point charge has axial
symmetry. Therefore, it is advisable to use a curvilinear
orthogonal cylindrical coordinate system (7, z, ) with an
axis perpendicular to the boundary of the half-space with
dielectric permittivity ¢ and passing through the point
charge itself (see Fig. 1).

The formulation of the problem under consideration
consists of the Laplace equation and additional
conditions. The potential does not depend on the
coordinate i, so the Laplace equation takes the form [12]:

82(/) 1og %0 O
a? o o
Additional conditions are as follows:
e the condition at the air-ground boundary looks like
this:

?._,=0; 2

e when the coordinate z increases, the potential ¢ goes
to zero:

P = 0. 3)

\\ =
MUESSZ NS
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Fig. 1. A point charge located in the dielectric half-space

The solution of such a problem for the observation
point P(rp, zp) according to the method of mirror images
and the principle of superposition is the sum of potentials
from an electric dipole [6]:

1 3 1

= Vi +p=2)7 it +(p+z)
where z; is the coordinate of the point charge along the
axis z; ¢ is the static dielectric permittivity, which is equal
to & = g,60 = 8.8541878176-10 " F/m.

We denote the two fractions in the brackets of
expression (4) as a; and ay, respectively.

To obtain relationships for calculating the total
potential of a system of arbitrary configuration, consider a
separated electrode, uniformly charged with length L;, in the
form of a set of point charges located along its axis (Fig. 2).
In fact, the electrode is an infinitely thin rod. Here, the linear
charge density of such a source, located on the axis of the
i-th electrode, has the form:

L
7= qui/Li : %)
=0

p(r,z) = (4

/ \\
\Wq end( end d’ Z’_end)

\
qsdXsis Vsis Zsi)

beg, beg _ beg _ beg &€
N C TS V- )
P(xp, yp, zp)
0/////////////////////‘=
X

y
Fig. 2. An electrode in the form of a set of point charges located
in a dielectric half-space

When moving from the cylindrical to the Cartesian
coordinate system, the distance between the point charge
located on the axis of the electrode and the observation
point P can be rewritten as:

S S ©6)

where xp, yp are the Cartesian coordinates of the
observation point P; x4 Vs 2z are the Cartesian
coordinates of the point charge of the i-th electrode.

In turn, the coordinates of a point charge (Fig. 2) can
be given in the form:

beg + (x beg) ’
=y ™
_ beg +(Z _ beg) ,

where x,¢, y, ¢ 2z and x9, y,- 4 229 are the Cartesian
coordinates of the beginning and end nodes of the i-th
electrode, respectively; /; is the current distance of the
point charge from the beginning of the electrode.

Taking into account (6) and (7), the two fractions in
expression (4) can be represented in the general form:

o, = ! : ®)

' A B,
\/L’ZZZ +L—’“Z,. +C,

where £ = 1 or 2 to account for positive or negative
charge (Fig. 1)

A = (xlend _xbeg)2 ( lend y[beg)z ( beg _ Ziend )2;
By; = 2[( beg -x, )(xend beg) ( lbeg v )><
( lend ybeg )+ (Zbeg —Zp )(Ziend - Z;Mg )],
( beg )2 ()/beg _yp)z ( beé )2;
P PR IS NV
( lend ybeg ) +( beg +z, e )( end _ lbeg )]’

Czi:(x[beg x)z ([beg yp)2+(zlbeg+zp)z.

When integrating (4) along the electrode and taking
into account the transition to the cylindrical coordinate
system, we obtain:
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With a known value of the voltage on the electrode,
we can determine the value of the linear density of the i-th
electrode using the principle of «replacing the electrode
surface with an equipotential» (method of equivalent
charges):

.= 4rep; ' (10)
(Gl - Ga:)

Here, the observation point P is located on the
surface of the electrode in the middle of its length.

The total potential from the system of electrodes
(busbars) is determined by the principle of superposition
of fields:

QCOU
o= 0
i=1
where Q,,, is the number of electrodes in busbar system.

The electric field strength is a vector equal to the
gradient of the electric field potential with a minus sign.
When determining the distribution of the electric field
strength, the vertical component of the vector is used to
control its impact on the personnel, i.e. the projection of E
on the z axis, which is numerically equal to the derivative
of the potential along the applicate axis. According to the
definition of the derivative, this can be represented as a
limit:

(11

op
S (12)

Thus, having set the calculation step along the
applicate axis Az << zp, we can determine the modulus of
the vertical component of the electric field strength at the
height zp.

The obtained expressions (9)—(12) allow to calculate
the electric field strength of busbar systems when they are
replaced by electrodes of arbitrary orientation in space.

To determine the electric field strength, which is
created by a three-phase bus system, the equivalent linear
charge density of one of the phases is calculated
according to (10), and for the other two, it is taken
according to the sinusoidal distribution of the
instantaneous value of the voltage at a fixed moment in
time. For example, for phases B and C it is assumed that
75,c =+0.57, at the time corresponding to 210°.

On the basis of the obtained expressions (9) — (12) in
the MS Excel software product using the Visual Basic
application, the busbar of a three-phase power
transmission line was modelled with the following
parameters: busbar suspension height 10 m, length 1000
m, radius 0.04 m, voltage class 150 kV, interphase
distance 6.2 m. The calculation was performed along an

lim 22
A—0 Az

E. =

z

axis perpendicular to the busbar at distance of 500 m from
the beginning of the span. The analysis was carried out at
height of 1 m and 3 m, respectively (see Fig. 3,a,b).
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Fig. 3. Comparison of the results of calculating the field strength
under the busbar of the power transmission line portal according
(9)—(12) for height: @ — 1 m; b — 3 m and according to [6]
for height: c— 1 m;d—3m
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The use of the presented initial data allows to
compare the calculation results with the known ones [6],
which were obtained for a three-phase line based on
analytical expressions for infinitely long conductors (see
Fig. 3,c,d).

Figures 3,c,d show the curves according to the
calculation data [6]: the dashed line is for the approximate
expression, and the solid line is for the exact expression.
To assess the correspondence of the results obtained by
the authors Table 1 summarizes the characteristic values
of the vertical component of the electric field strength E,
at the given heights of the analysis zp and the relative
error of the calculation 4.

Table 1
Data for comparative calculation analysis
E., kV/m
X, m zp=1m zp=3m
developed | exact [6] |0, % | developed | exact [6] | J, %
0,7481132 | 0,7461 | 0,3 | 1,2135346 | 1,2913 | 6,0
5 11,2347961 | 1,1997 | 2,9 | 1,4629176 | 1,5576 | 6,1
6,2 | 1,4413401 | 1,4195 | 1,5 | 1,6597963 | 1,6518 | 0,5
10 | 1,3458512 | 1,3254 | 1,5 | 1,4358176 | 1,4423 | 0,4
15 10,8472474 | 0,8584 | 1,3 | 0,8140060 | 0,8733 | 6,8
20 | 0,4807888 | 0,4853 | 0,9 | 0,4532538 | 0,4823 | 6,0
25 10,2822402 | 0,2901 | 2,7 | 0,2679740 | 0,2833 | 5,4
30 [ 0,1756019 | 0,1778 | 1,2 | 0,1684291 | 0,1785 | 5,6
40 | 0,0794274 | 0,0789 | 0,7 | 0,0773403 | 0,0822 | 6,0
50 |0,0419541 | 0,0426 | 1,4 | 0,0412079 | 0,0441 | 6,6

Comparisons with the results obtained by the authors
show that the shape of the curves is practically identical,
the maximum is observed in all cases under the extreme
phases of the busbar at distance of £6.2 m. The maximum
deviation at height of 1 m is 2.9%, and at height of 3 m
is 6.8%.

The increase in error when approaching the busbar
can be explained by the effect of the geometric size of the
conductor (the authors assumed 0.04 m, but it was not
specified in [6]). Thus, the validity of the obtained
expressions compared to the known calculation results
was confirmed.

The proposed calculation method was implemented
as a test module for the LiGro software complex [13]. The
choice of the specified complex is due to the availability
of the necessary palette of modelled objects (busbars,
portals, supports, equipment, buildings and
communications of arbitrary location and complexity,
etc.), as well as 2D and 3D visualization modules. For the
convenience of displaying the calculation results, a
gradient form of representation is used.

Figure 4 shows fragments of 2D and 3D models of
an operating distribution device of the 110/6 kV voltage
class of a substation of one of the regional energy
companies in the east of Ukraine. The substation plan,
heights and geometric parameters of the busbar, which
were determined during the diagnosis of the lightning
protection system according to the method [14], were
used as initial data. The voltage class of each bus system
and phasing, set in the parameters of each electrode
(busbar) separately, were also taken into account. This

allows to take into account all voltage classes that are
present on the object.

!
/ i
t

W0n nge g S 10 N2t 1080 Jeae ! 103} 3 105 Bi=M0m 108 e e
el =laim| w190 | ey w180 | 190
g - 7 —— e
& \ | \ |
W | = !F =0 oo | O
iN
|
| | |
|
| |
| [
|
105 105 | | s 105 103 107}
Lo P g L= e—tn —
[ | A I
| | \ ‘
| | | \ | |
=" b
B 4‘:&3 8.5
T T
1 N | T . 7
i v
i S il
=
115,00 |
s 108/n mer | 0g | wr | 104 s
=
LoEm 120 108m e 102m. F190 @
=6 A i 45
3
i FLE I
) }
i ;1&6:«
e

b

Fig. 4. Fragments of 2D (@) and 3D (b) models of a functioning
substation of voltage class 110/6 kV in the LiGro complex

The simulation results for an operating distribution
device with voltage class of 110/6 kV are shown in Fig. 5.
The calculation was carried out at standardized height of
1.8 m, with a mesh with a step of 0.1 m. The calculation
did not take into account the sagging of the busbar. But, if
necessary, this can be solved by dividing it into parts at
the appropriate angle of inclination.

Fig. 5. Distribution of the electric field strength for an operating
electric power facility of voltage class of 110/6 kV, obtained in
the LiGro software complex

The calculation results show that there are areas at
the substation where the field strength exceeds the
permissible value of 5 kV/m, and the presence of
personnel in these areas should be limited. In addition, it
can be noted that the quality of the display of calculation
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results corresponds to the world level, namely to such
software as [4, 5]. Here, in [5], where the simulation was
performed on the basis of the finite element method using
ANSYS and SolidWorks codes, the calculation time for a
substation with voltage class of 1000 kV with a diagonal
of approximately 500 m was 7 hours when using a
powerful computer with the following parameters: an
Intel processor Xeon 8x2.50 GHz and 32 GB RAM. For
comparison, the calculation time in the LiGro complex of
a similar distribution device with a diagonal of 540 m and
voltage class of 750 kV of one of the nuclear power plants
of Ukraine with a calculation mesh step of 0.2 m was only
6 minutes when using a computer with significantly worse
parameters: an Intel processor Pentium G2020 2x2.90
GHz and 4 GB RAM. Therefore, the model developed by
the authors based on the analytical method allows to
significantly reduce the time spent and technical
requirements for the computer when modeling the electric
field strength of complex objects.

Conclusions.

1. On the basis of the method of equivalent charges,
for the first time calculation relationships were developed
for determining the intensity of the electric field created
by the complex busbar of high-voltage substations in the
working areas of the personnel.

2. The developed calculation relationships were used
to create a computer code that allows to calculate the
electric field strength at high-voltage substations and
other high-voltage energy facilities taking into account
the voltage class of each bus system, and at the design
stage of these facilities to determine safe working areas
for personnel by electric field.
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EnexrpomMexaniuHi Ta TenogiznuHi npouecu B iMIyJIbCHOMY IHIYKIIIHHOMY NPUCKOPKOBaYi
IUIA3MOBOI'0 YTBOPEHHS

Bcmyn. Pobomu no cmeopennio ma mMemanHio niasmogux ymeopeHsb PisHUMU cnocobamu 6e0ymucs 8 NpOoGiOHUX HAYKOBUX YeHMPAX
cgimy. Jlocaenymo opmysanns niazmogo20 ymeopeHHs mpusanicmio 0eKiibka Minicekyno ma 1020 Memants y GiOKpUmomy ammoc-
ghepromy cepedosuwyi na giocmans 0,5-0,6 m. /[na cmeopeHHs niazmu 6UKOPUCTIOBYIOMb eHEP2IIO0 NEPBUHHO20 PO3PAOHO20 KOAd 3 NOOA-
JIbUUUM NPUCKOPEHHAM 2A30NA3M0B020 YMBOPEHHS 3a O0NOMO2010 enepeii emopunnozo koaa. Ilnasmose ymeopenus ompumyoms i 3d
PAXYHOK eeKmpuiHo2o 8ubyxy npogionuxa. Memoio cmammi € meopemuune ma eKChepuMeHmanbhe O0CTiONCeHHS eNeKMPOMeXaniy-
HUX Ma MmenaoQizuuHux npoyecis 6 IMIYIbCHOMY THOYKYIIIHOMY NPUCKOPIO8ayi, KUl 3abe3neyuye popmyeanHs niasmo8020 YmeopeHHs
34 PAXyHOK MEPMIYHOL IOHI3ayil 6 pe3yIbmami eNeKmpuyHo20 6ubYXy NPOSIOHUKA MA MEMAHHSA U020 Y amMOCEhepHoMy cepedosuuyi
8I0HOCHO THOYKmopa. Memoouka. /[ ananizy enekmpoMexanivHux ma menioQisutuHux npoyecie 6 IMnyIbCHOMY [HOYKYIUHOMY Hpu-
ckopiogaui naasmogozo ymeopenns (III111) pospobnena i peanizosana é npocpamuomy naxemi Comsol Multiphysics mamemamuuna
MOOeb NPUCKOPIosaya, 6 sIKill SIKIp He 3MIHIOE C80Ei (popmu i azpecamno2o cmamny 8 npoyeci pobomu ma 8paxoeye po3nooileHi y npoc-
mopi napamempu. Pesynemamu. Po3paxosani enekmpomexaniuni i meniogi xapakmepucmuku npuckopiogaya. Iloxaszano, wjo nepegu-
wienHs meMnepamypu 8 AKOPI, Wo UKOHAHUL Y 8U2AOI aNIOMIHIEBOT (onbeu, cymmeeo Hepisnomipno. Maxcumanvhe 3nauenHs memne-
pamypu mae micye 6 cepeOHiti vacmuni ghonveu daudicue 00 308HIUHLO20 KpAlo, NPUHOMY Ysi IMEeMREpamypa 3HA4HO NepesuLyye memne-
pamypy xuninna amominito. Haykoea nosusna. I[Iposedeni excnepumenmanvhi docaiodicenns LI, y sxoeo AKip GUKOHAHULL 3 ANIOMIHI-
€801 ma MiOHOI honbeu, a IHOYKmMop, wjo NIOKIOUAEMbCSL 00 GUCOKOBOILIMHO20 EMHICHO20 HAKONUYYSAUd eHepeil, GUKOHAHULL Y U0l
nnockoi ouckoeoi cnipani. B npoyeci pobomu IIII1 sxip nepexodums 6 niazmosuil Cmam i nepemiugyemucsi 6ePmMuKaIbHO 68epX, nepe-
MEOPIOIOYUCH 6 00 EMHULL KOMOK, A00 HA CKYNYEHHS MANEHbKUX YACMUHOK, AKI 30iUMAnuch Ha OeKilbka Mempig 6I0HOCHO IHOYKMOpaA.
Excnepumenmansho nokazano xapaxmeprutl Kpy2oguil KOHMyp mepmisHo2o HazpieanHs MIOHOT (honbeu AKOPA, AKA 3aKPInIeHd Ha TUcmi
cknomexcmonimy. Ilpaxmuuna yinnicme. Pe3ynemamu excnepumenmansHux 0ocniodcens 3 mouticmio 0o 15 % cnienadaroms 3 po3-
PAxyHKo8uMU i NOKA3VIOMb cnpaseoaugicmov kouyenyii 11, 6 akomy 3a paxyHOK UCOKOI 2yCmuHU iHOYKOBAHO20 CIPYMY 8 AKOPI 8i0-
oysacmvca mepmiuHa ioHI3AYis 8 pe3yIbmami eleKmpuyHo20 uOyxXy NpogiOHUKA 3 Nepexo0om 1020 8 niasmMosuti cmaw. Bzaemoodisn
NAA3M08020 YMBOPEHHS 3 MACHIMHUM NOAeM THOYKIMOpA npu3eoo0ums 00 NOA6U eNeKmpoOUHAMIYHOL cunu, aKa 3abe3neyye 1io2o nepe-
Milgenns y 6iOKpumomy ammocgepromy cepedosuwyi a dexinoka mempis. bioi. 17, puc. 9.

Knrouosi crosa: immyabecHM iHIyKUiHUN NPHCKOPIOBAY MJa3MOBOI0 YTBOPEHHSI, MATEeMATHYHA MO/e]b, eJ1eKTPOMeXaHiuHi

Ta TEIIOBi NpoLecH, eKCIIEPUMEHTAJIbHI JOC/Ii/IZKeHHS.

Beryn. [1ma3moBi TeXHOIOTIT 3HAXOIATH 3aCTOCYBaH-
HS y PI3HUX KOHCTPYKTHBHHX 1 TEXHOJOTIYHHX CHCTEMAaxX
Ta MPUCTPOSAX, B HAYKOBHUX IOCIIHKEHHAX Ta iH. OgHUAM 3
HaNpsIMKIB TaKUX JOCIIKEHb € (HOpMyBaHHS IIIa3MOBHX
YTBOPEHb Ta METaHHA IX HA MEBHY BIACTaHb Bijl JKepena
¢dopmysanns. Taki poOOTH BeqyThCsl B MIPOBIIHUX HAYKO-
BUX LeHTpax cBiTy, Hacammepen B CILA: IlpuHcroHChKa
naboparopist ¢i3uku mwiasmu, Jloc-AaMOBChKka HaIlioHa-
JbHA Jaboparopis, yHiBepcureT Hpto-I'emmmpa, CBoprt-
MopchKa JlabopaTopisi MarHiTomMHamiku Ta iH. [1-4].
B yniBepcureri mrary Miceypi (CIHA) mocmimxyerbes
NPUCKOPEHHS TIa3MOBOIO YTBOPEHHS Y BIIKPHTOMY aTMO-
chepromy cepenosuii [5]. TpuBamicTh iCHyBaHHS ILIa3-
MOBOTO YTBOPEHHSI CKJIAJa€e IEKilbKa MUTICEKYHI, 1 BOHO
MepeMIlly€eThCS Y TTOBITPI HA HE3HAUHY BiacTaHb 0,5-0,6 M.

Jlns yTBOpEHHS IUIa3MH BHKOPHCTOBYIOTH €HEpTilo
MIEPBUHHOTO PO3PAIHOTO KoJa [6]. PopMyBaHHS IIa3Mu
y (GopMi KUTbIS BiOYyBA€THCS 32 paXyHOK ra3oJdHaMiy-
HOTO TIPOLECY TypOysizamii ra30Iuia3MOBOrO CTPYMEHS.
[IpuckopeHHs! ra30mIa3MOBOr0 YTBOPEHHS 3/1iHCHIOETHCS
3a JIOIIOMOTOI0 €Heprii BTOPMHHOIO Koja. Buxin Tepmiy-
HOi ma3Mu 3 opkaMepu 3abe3nedyeThes ra3oguHaMid-
HUMH, a HE eJICKTPOJUHAMIYHIMH CHIIAMH.

[Ta3mMoBe yTBOpeHHS (HOPMYIOTH 1 32 PaxyHOK eJie-
KTPUYHOTO BHOYXY NpPOBIJHHKA B LIBHAKO CIaIal0uoMy
MarHiTHoMy TmoJi [7]. MarHiTHe moile YTBOPIOETBCS 3a
PaxyHOK CTpyMy, L0 Teue MO IUI1a3Mi, sika copMoBaHa y
dopwmi cripaii y cnigl BuOyxy nposigauka. /s cTBopeH-
HSl YMOB CTIHKOCTI KUJIBISI 32 PaXyHOK €Heprii MarHiTHOro
HoJIs Hepen0avyaeThes epepruBaHHs MPOLECY NOBEPHEHHS

€Heprii MarHiTHOTO TOJSI B €IEKTPUYHY CHEPriio 3apsiry
KOHJICHCATOpa.

B ingyKmiiHIX mIa3MOTpoHax It GOpMyBaHHS TIIa-
3MOBOTO KUJIBIIS 3aCTOCOBYIOTh METOJI 1HIyKyBaHHS PO3psi-
JIy y Ta30BOMY CEPE/IOBHUIL HU3bKOTO TUCKY 3 MOAANBIINUM
30UIBIIEHHSM J10 aTMOC(epHOro, ado hopMyBaHHSI [LIA3MU
y o0JacTi OUIs IHAYKTOpa 3a PaXxyHOK JIYrOBOTO PO3PSIY
[8-10]. ITna3moTpoHu 3a0e3NeuyIoTh iHIYKyBaHHSI BHXPO-
BOrO CTPyMy Y IUIa3MOBOMY YTBOPEHHI y aTMoc(epHHX
YMOBaX, aji¢ HE BUPIIIYIOTh MPOOJIIEMH HAKOMMYEHHS €HEp-
Til MarHiTHOTO TOJIS Y ITa3MOBOMY YTBOPEHHI.

AHani3 NpHCKOpPIOBa4iB NJa3MOBHX YTBOPEHb.
Bimomuii iMIyIbCHUE TUTa3MOBHI TPUCKOPIOBAY, IO
MICTUTh ENEKTPOAM, OJUH 3 SKUX BUKOHAHHUI Yy BUIIISII
MIJIHOTO CTPWXKHSI, a IHIIMH y BUrJsimi miactuHu. Ilin
JUEI0 EIEKTPUYHOTO PO3PSILy MIXK eNIEKTPOJaMH B TBEPIiii
JieNeKTpUYHiN pedoBuHi BinOyBaeTbcs abmsmis [11]. Po-
0oTa MPHUCKOPIOBauYa 3MIMCHIOETHCS 32 HU3BKOTO THUCKY
razy B MPHUCKOPIOBAILHOMY KaHauli. Bimomuii Takox iMm-
MYJIbCHUN TJIA3MOBHI NPUCKOPIOBAY, SIKUH MICTHTh MPH-
CKOPIOBaJIbHUI KaHAJl, yTBOPEHUH BOMA €JIEKTPOJaMH 3
pO3TalIOBaHUM MiX HHUMH Te(IOHOBHM 130JIATOPOM,
SIKHIA € poO0Y0r0 pedoBUHOMO [12].

i mpuckoproBadi MarOTh HU3BKY €(PEKTHBHICTH 1
MUTOMY TOTYXXHICTh, 1[0 OOYMOBJICHO BHKOPHUCTAHHSIM
TIIBKK E€HEPril, 1[0 3aMacaeThCsl SACKTPUIHUM TIOJIEM IS
npuckopeHHs. EQEeKTUBHICTD IUX MPHCKOPIOBAaYiB 00OMe-
KYETHCSI TPUBAIMM MPOLIECOM CTBOPEHHS po00YO0l pedo-
BUHH 4epe3 OOMEKeHy LIBHIKICTh 1 HEPIBHOMIPHICTD il
BUIIAPOBYBAHHS.
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Bimomuii miazMoBHil TPHUCKOPIOBAY, KM MiCTUTh
eJIEKTPOH, IO 3’€JHAHI Yepe3 OMiuHe i IHIyKTHBHE Ha-
BaHT@XEHHs 3 EMHICHUM HakonudyBaudem eHeprii (EHE),
TOPLIEBHHA KEPAMidHUH 130JIATOP, KUK PO3IISIE eIeKTPO-
IV 1 BCTAaHOBIICHI MK €JEKTPOIaMH JieNeKTPUIHI IIall-
KM, IO BUKOHaHI 3 Marepially, B SKOMY BiJOyBaeTbCs
a6ssrrist [13]. Ipu momadvi Ha €JIEKTPOIH BUCOKOBOJIBTHO-
ro IMOyJbCy B pe3yNbTaTi MOBEPXHEBOTO MpoOoro (op-
MYETBCS TUIA3MOBE YTBOPEHHS, SIK€ KOPOTHUTH €JIEKTPOAN
npuckopioBaya. Poboua peyoBuHa, 110 BUNAPOBYETHCS 3
MTOBEPXHI TiCNeKTPUYHMUX IIAIIOK, 10HI3YEThCA 1 MPHUCKO-
PIOETBCS IiJ] AI€F0 EICKTPOMATHITHUX CHJI 1 Ta30AHHAMIY-
HOTO THCKY. B 1IbOMy NIpHCKOpIOBaui MiIBUILEHO e()eKTH-
BHICTb NIPHCKOPEHHS 32 PaXyHOK BUKOPHCTAHHS SIK €JIeK-
TPOMATHITHHX CHIJI, TaK i ra30IMHAMigHOTO TUCKY. OqHaK
B HHOTO HU3bKA MUTOMA MOTYKHICTh Yepe3 BUKOPUCTaHHS
TUIBKN €JIEKTPUYHOI €HEpTii [UId CTBOPEHHS €IeKTpoMar-
HITHHUX 1 Ta30IMHAMIYHUX CHIIL.

Bigomuii 1ia3MoOBHiA IPHCKOPIOBAY, SKUH CKIIAIAETh-
Csl 3 MMUTIHIIPUYHOI HAMIPSAMHOI TPyOH, 30BHIITHHOTO MOJIOTO
WTHIPAYHOTO MAarHiTy i CHCTEMH TEpMIYHOi ioHi3amil
PEYOBHHH J10 T1a3MOBOTO cTany [14]. OquH 3 TOpiLiB TpyOH
3HAXO/IUThCA B MOBITPSHOMY CEPEIOBHII, a Ha IHIIOMY
TOPII pO3TalIoBaHa cucteMa ()OPMyBaHHS Ta30BOTO MIOTOKY
3a JIOIIOMOT'0I0 Ta30TypOiHHOro JBHUryHa. Cucrema Tepmid-
HOT 10HI3a1lil PEYOBHHU CKJIAJIAETHCS 3 PO3PSAIAHUX CICKTPO-
B, III0 PO3TAIIOBaHI yCepearHi HAPsIMHOI TpyOH, 1 iHIy-
KUIHHOTO HarpiBaya Iuia3Mu. EjeKkTpoMarHiTHa KOTyIIKa
HarpiBava, sika OXOIUTIOE HalpsiMHY TpyOy, 3abe3mneuye ¢o-
PMyBaHHS IUTa3MH BCEpeIMHI HAanpsMHOI TpyOu. 3a paxy-
HOK Ta30TypOiHHOTO IBUTYHa (POPMYETHCS HArpiTHil ra3o-
BUM TIOTIK, SIKMH CHPSAMOBYETHCS B HWIIHIPUYHY TPYOy.
Harpitaii Bume 1000 °C ra3 HampaBIIETBCS B CHUCTEMY
TEpMIYHOI i0Hi3alii, e Horo MmiAirpiBalOTh JYTOBUMH PO3-
psmamu o Bucokoi Temrepatypu (5000-10000 °C). I'as
HAJIXOJIUTh B 00JIaCTh IHAYKIIHHOTO HarpiBadya, /e BiaOyBa-
€THCSI YTBOPEHHA Ta3Mu B ¢opmi kimbir. [lix miero immy-
JIbCHUX MAarHiTHUX IOJIB, IIO ITOYEPrOBO CTBOPIOIOTHCS
MarHiTamy, sKi po3TalloBaHi B3JOBX IMIIHIPUYHOI Ha-
psMHOT TPyOH, BiIOYBa€ThCS TPHCKOPEHHS IUIA3MOBOTO
YTBOPEHHSL.

VY 1bOMy IPUCTPOI AOCATAETHCA BUCOKA NTUTOMA II0-
TYXKHICTh 3a PaXyHOK KOMOIHOBaHOTO BHKOPHCTAaHHS Xi-
Mi4HOI eHeprii 3ropsHHS NajJnBa i eHeprii eleKTpoMarHi-
THOTO MOJsl. AJle BiJOMHI NPHCKOPIOBaY Ma€ 3aHaJTO
CKJIaHy KOHCTPYKIIIIO.

Bimomuii iHIyKTHBHHN TPUCKOPIOBAY, SKUH 3a0e€3-
Heyy€e CTBOPEHHS 1 MPUCKOPEHHS IUIa3MHU B HOBITPSHOMY
cepenoBui [15]. IIpuckoproBay cKiIagaeTscs 3 Koakcia-
JHHO BCTAaHOBJICHMX HEPYXOMOTO AMCKOBOTO IHIYKTOpa,
mo 30ymxyersest Big €HE, 1 po3ramoBaHoi HarpoTu iH-
IyKTOpa po00Y0i PEUOBHHH, KA MPH TEPMiUHIN 10HI3amii
3a paxyHOK IHAYKOBAaHOTO CTPyMY IE€PEXOANTH B IIa3MO-
BUH CTaH 3 MOJAJbIINM NPUCKOPEHHSM B3I0BX KOakcia-
JIBHOT OcCi T Ji€o enekrpoanHaMiunux cwi. Leit npu-
CKOPIOBAaY Ma€ MPOCTY KOHCTPYKIIO, aje IuiasMa y BH-
DI KUTBISL HE MOXKE IMEPEMIIyBaTHCh HA BEIUKY Bif-
CTaHb BITHOCHO IHAYKTOpa. B IruiasMoBoMy Kiiblli BUHH-
KaloTh PagialIbHO HampaBieHi eNeKTPOAWHAMIYHI CHIIH,
SIKI «pPO3PHMBAIOTH» KiJblle, & 3HAYUTH 1 IEPEPUBAIOTH
HUISAX MPOTIKAHHS 1HAYKOBAHOTO CTPYMY.

TakuM YMHOM, 3a7ada CTBOPEHHS NPHCKOPIOBaYa
TUIa3MOBOTO YTBOPEHHs, SIKMH 3abe3redye Horo mnepemi-
IICHHS B TIOBITPSIHOMY CEPEAOBHILI HA 3HAYHY BiJICTaHb, €
AKTYaJIbHOIO.

MeTo10 CTATTi € TEOPETHYHE Ta EKCTIEPUMEHTAIILHE
JIOCTI/DKCHHS E€JCKTPOMEXaHIYHUX Ta TerIo(i3nIHIX
MPOIIECIB B IMITyJIbCHOMY IHAYKLIHHOMY HpPHUCKOPIOBadi,
AKuit 3a0e3neuye GopMyBaHHS IIIa3MOBOTO YTBOPEHHS 32
paxyHOK TepMi4HO{ ioHi3alii B pe3ysbTari eJIeKTPUIHOTO
BUOYXyY MPOBITHHKA Ta METaHHS HOro y aTMOC(EepHOMY
CEpeIOBHUIII BiTHOCHO 1HIYKTOpA.

MartemaTnyHa MoJesab NpucKoproBaya. CkiagHo-
11l PO3paxyHKy IMIyJILCHOTO 1HJYKTHBHOTO IPHCKOPIOBA-
4a MJIa3MOBOT0 YTBOPEHHS (HHH) HacamIepe]; 00yMoBJIe-
Hi HEBM3HAYEHICTIO MAapaMETPiB IUIA3MOBOTO YTBOPEHHS,
SKI TMHAMIYHO 3MIHIOIOThCS. J[/sl BU3HAYEHHS 3arallbHUX
XapaKTEPUCTUK €JIEKTPOMEXaHIYHAX Ta TEIUIOBHX IIPOLIe-
ciB OyzaeMo BBaXKaTH, IO SKip BUKOHAHUH CYIIUTEHEM 1 He
3MIHIOE CBO€] (hOPMH 1 arperaTHoro CTaHy B mporieci po0o-
TH TIPHCKOPIOBAYA. Jos peani3aui'1' MaTeMaTU9IHOI MOJIEN 3
PO3HO/IIEHUMH Y TIPOCTOPI MapaMeTpaMH BUKOPHCTAEMO
CUCTEMY [[I/l(bepeHLllaJ'H)HI/IX plBHHHI) B YaCTKOBHX HOXI,[[-
HHX I[0JI0 POCTOPOBHUX 1 YaCOBHX 3MiHHHX [16].

MaremaTtiuuHa MOJIENb €JEKTPOMArHiTHUX IPOIECiB
IIII1, sixa BKIIOYaE€ HEPYXOMHH IHIYKTOpP Ta PYyXOMHH
CJICKTPOIIPOBIIHUH SIKip, MPEACTABISAETHCS B HMIIIHAPHY-
Hilf cucTeMi KOOpJWHAT /ISl BEKTOPHOTO MArHiTHOTO IT0-

TeHUiany A;, AKui Ma€ ¢ KOMIIOHEHTY.

JudepeHuiiini piBHSHHS BIIHOCHO @-1 CKJIaI0BOi
BEKTOPHOIO MarHiTHOIO MOTEHIiaJly B 00JIAaCTi IHAYKTOpa
), IarOTh BUIJIS:
6A1¢7 1 a A](p 1 8 1 6(1”141(/,) _ il(t)'le (1

—— (= )=- 151
ot ,u 022 ,uo or'r Or S
B 00JIaCTi CYIITFHOTO EIIEKTPOIPOBITHOTO IKOPS £2):

Nn——

6A2¢, ] 8 A2¢, 1 0 1 8(7‘142(0)
72 — )—
ot ,uo 72 ,uo orr Or @)
od, ’
_sz(t).y_2._‘/’:0
Ho 0z
B 00J1aCTi IOBITPSIHOTO cepeaoBuIIa 2):
1 02 Ay 1 0 1 0(rdy,)
4 ——)=0,
Uy 02> ,uo or'r Oor

ne ji(f) — TaHreHIiajdbHA CKJIAIOBa TYCTHHU CTPyMy B
IHAYKTOpI; i1(f) — MUTTEBE 3HAYCHHS CTPYMY B lH,HYKTopl
1, Y2 — IATOMA HpOBlILHlCTL IHyKTOpa Ta AKOPS BITOBI-
JIHO; Mo — MAarHiTHa cTana; v,,(f) — MBHAKICTH SKOPS;
N| — KiJBKICTh BHTKIB iIHIYKTOpA; S| — IUIOMIA TIEPETHHY
iHAYKTOpA; k1; — KOe(DillieHT 3aTIOBHEHHS iHAYKTOpA.
Hudepenmiiiai piasaEsA (1) — (3) IOMOBHIOIOTHCS
BIATIOBIAHMMY I'PaHUYHUMH Ta I0YaTKOBUMH YMOBaMU:

LrotAl ‘n= —LrotAz -1
Ho Ho
rot4; -n = —rot4, - n; “)
4,(0)= 4,,(0)=0,
ne A; — BEeKTOPHUH MOTEHIIa] MarHITHOTO ITOJIA i-0i 00J1a-
CTi; n — ONMUHUYHUI BEKTOP HOpMaJIi.
AxciaibHa CKJTaJIoBa CUIIH, sIKA JIi€ Ha SIKIp MPUCKOPIOBa-

Yya, BU3HAYACTHLCS 34 JOIMOMOIOK BiIIOBIAHOI KOMITOHEHTH
TeH3opy Harsary Makcsesa 7:
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o =§2mT.ds = L fomB, B, ()
s Hog
ne B,, B, — panmianpHa Ta akciaibHa CKJIaIoBa iHIYKIIT
MAarHiTHOIO IOJIS.
EnexTpuuHuii CTaH MPUCKOPIOBaYa MOXHA OIHCATH
PIBHSHHSIMH:

Ny (dry, di .
2n— | ——drdz+ (Lo + L)) —+i;(Ry + R)) +u- =0, (6
Slsj:ldt (Lo +Ly)— -+ (Ro +Ry) +uc (6)
drA i
2L J’ % i+ 1,2 iRy =0, ()
2 ) d
2

ne Ly, Ry — BIIOBITHO 1HAYKTHUBHICTh T4 aKTUBHHUU OIIIp
Koma 30ymkeHHsS, R;, R, — BIAMOBINHO aKTHUBHHU OIIip
iHxykropa i skopsi; Ly, L, — BINOBIAHO IHIYyKTHBHICTh
IHAYKTOpA 1 TKOPS; i) — METTEBE 3HAYCHHS CTPYMY B SIKO-
pi; S, — mwioma nepeTuHy sikops; uc — Hanpyra €HE, siki
JIOTIOBHFOETHCS BiIMTOBITHUMHE ITOYaTKOBUMH YMOBaMU.
Temnosi npouecu B [T onucyoThes 3a 10MOMO-
TOI0 PiBHSHHS:
oTy
()7 o

0 o, . 1 oT, @ oT,
=L Dy =4 (D) SR+ (8
ar(k()ar) rk()ar az(k()az) )

+jE @) p(T),
ne T, — po3Moail TeMIIepaTypHu A-ro aKTUBHOTO CJICMEHTY Y
mpocTopi Ta gaci; ¢(7) — ycepeqHeHa THTOMA TETUIOEMHICTh
k-ro aKTMBHOTO efieMeHTy (1HAyKTopa Ta SIKOpsl); ¥ — ycepe-
MHEHAa MIUTBHICTh MaTepially A-TO aKTHBHOTO €JIEMCHTY;
Ji®) — ryctuHa CTpyMy k-0 aKTHBHOIO CJICMCHTY,
A(T) — Koe(ilieHT TEIIONPOBITHOCTI A-TO aKTUBHOTO elle-
MeHTY; pi(T) — muTOMMIt ONip k-ro aKTUBHOTO €JIEMEHTY.

Ha oxonomkyBaHHX IOBEPXHSAX aKTHBHHX €JIEMEH-
TIB cucTeMa piBHIHB (8) IONOBHIOETHCS TI'PAaHUYHUMH
YMOBaMHU TPETHOTO POJY, IO BPaxOBYE€ KOHBEKTUBHHH 1
pamianiifHui TEII000MiH, a Ha 0Ci CHMETPIi rPaHUYHUMHU
YMOBaMH JIpyroro pomy.

Maremarnusa mozeis 1T 3 HepiBHOMIpHEM PO3IIO-
JIJIOM CTPYMIB B IHIYKTOPI 1 SIKOpI peati3yeThCsl B IIpOrpam-
Homy niaketi Comsol Multiphysics 3 BAKOPUCTaHHSIM METOJLY
CKIHUEHHHX €JIEMEHTIB IPH OOJIKY BCIX B3a€MO3B’S3KIB MK
¢iBuuanmu mipouecamu [17]. Tlpu 1upoMy 3aiHCHIOETBCS
OOMIH JIaHMX MDK IIpOLieCaMH, BHUAUICHHS pPO3PaxyHKOBHX
obnacreii st KoxHOT (i3M4HOT 33/1a4l 32 YMOBHU Y3rOIKe-
HOCTIi CITKOBOT'O PO3OUTTS Ui BCIX 3a7ad. MoJeroBaHHS
BUKOHYETBCS B HACTYIIHIN ITOCIITOBHOCTI:

e BuOuparoTecss Mopymi ¢isuku («Magnetic  fieldsy,
«Electrical circuity, «Heat transfer in solid», «Fluid structure
interaction»), sIKi peaJti3yroTh BiANOBIHI 3a1a4i, po3MipHOC-
i (2D), Tin Moziedi (time-dependent) 1 MeToIM PO3PaXyHKY;

e (bopmyeTbcst reoMeTpist MPUCKOPIOBaYa i BU3HAYAIOTh-
Csl pO3paxyHKOBI 00J1acTi y1st 00paHnX (Hi3MUIHHX 33134,

® 33/1a10ThCS BUXI/IHI JaH1 Y BUTIIS MOCTIMHUX BEIUYHH
1 pyHKIIH, 0 ONHICYIOTH B3a€MO3B’ 30K MK ITapaMeTpaMHu,
HaIpHKIIA/, 3aJIeKHICTh TUTOMOTO OIOPY Bijl TEMIIEPATypH;

® 33/Ial0THCS MOYATKOBI 1 TPAHWYHI YMOBH PO3TIISTHY-
TuX (I3UYHMX 327124,

® BHUKOHYETHCS OUCKPETH3AIis pO3PaxyHKOBHX 00ac-
TeH 3 ypaxyBaHHSM I'€OMETPHUYHOT MOJIEIi eNIeKTPOAMHA-
MIYHOTO TIPHCKOPIOBAYA;

e 00HMparOThCSI METOOW BHPIMICHHS PO3TITHYTHX 3a-
Branb MUMPS, PARDISO i npoBoasaTsCs 9HCeNbHI po3-
PaxyHKH.

Po3paxyHnkoBa oOmacTe MOJeNi MPEACTaBIsUIa CO-
0010 HUITiHIp 3 paniycoM, 3HAUEHHS SKOTO OiIbIe, HiXK B
5 pasum mepeBuIyBana pajaiyc HaWOUIbII BiJIAIEHOTO
€JIEMEHTa IPUCKOPIOBa4Ya B PajialbHOMY HAarpsMKy BiJl
oci z. Bucora po3paxyHKOBOTO HIITiHIApa OLTbIIE, HIX B
10 pasiB mepeBuIIyBaJla HAHOUIBIIy BHUCOTY €JIEMEHTIB
npuckopropaya. lle m103BOSSIO JTOMOITHUCS HEOOXimHOT
TOYHOCTI IPH MPUIHATHOMY 4Yacy PO3paxyHKY, BBakaro-
YH TPAHULIO PO3PAXyHKY YMOBHO HECKIHYEHOIO.

B mozeni BukopucroByBanacs citka tumy «Free tri-
angular» 3 po3mipamu enemenTiB «Extra fine» (Makcuma-
JTHHUAN PO3MIp eIeMeHTa CITKH U BiIjaneHux oOmacTeit
HaBKOJIMIIHBOTO CEPCAOBUIIa CTAHOBUB 5 MM, a Ui Tpu-
CKOpIOBaYa pO3Mip €JeMEHTa CITKM BUOMPABCS B IHTEPBAI
Bix (0,001 no 1 mm). BimHOCHE mepeMilieHHS eleMEeHTIB
NPUCKOPIOBaYa MK COOOI0 3yMOBHIIO 3aCTOCYBaHHS aBTO-
MaruyHol nepeOynoBu ciTku Automatic remeshing (kpure-
piit mepeOynoBu citku mod1.fsi.minqual>0,2). [IpoctopoBa
JIICKPETH3allisl oysirae B po30UTTI 0OMekeHoi o0nacTi Ha
OKpeMi KyCKoBO OesmepepsHi migobnacti. CyKymHICTh Ta-
KX CNIEMEHTIB BU3HAYAETHCS SK CiTKa ab0 TpiaHTYIAIIS,
sgKa € MOJECIUII0 po3paxyHKoBoi oOmacti. [Ipuuomy mis
KOXKHOTO 3 (biznuHux MonyiniB («Magnetic fieldsy, «Elec-
trical circuity, «Heat transfer in solid») BukopucroByBana-
s IHTEPITOJIALIS PIIeHHS IS OKPEeMHUX KIHIIEBHUX CJIEMEH-
TiB, 110 BU3HAYAETHCSI KBAJPATUYHOIO a00 KyOIYyHOIO AMC-
Kpetu3amniero. OCHOBHI 3MiHHI allpOKCUMYIOTBCS BY3JIOBHU-
MU 3HAYCHHSAMH, IOMHOXXCHUM Ha 0a3UCHUI BEKTOp, KUt
HeoOXiHUH I iHTepHosALii BcepenuHi enemenra. J{ms
arpoKcUMaLii 1o 4acy BUKOPUCTOBYEThCS HESIBHA KiHLIEBO-
pi3HHIIEBA CXeMa 11’ ATOTO MOPSIIKY.

EnexTpomexaniuHi i TenioBi mpouecu npuckopio-
Baya. PosrisHemo IIIII, y sikoro Hepyxomuii iHIYKTOp
BUKOHAHWH y BUTILIII TUIOCKOI CHipalti 3i cTaii, a sKip BH-
KOHAHUH y BUTJISIII altoMiHieBOT (oJIbIM UCKOBOI (hOpMH,
10 KOaKCiaJIbHO PO3TalloBaHa BiJHOCHO iHxykropa. [la-
pamerpu I Hactynui: €EHE: nanpyra Uy = 25 kB, em-
Hicth Cy = 360 Mx®D; iHAYKTOP: KUIBKICTH BUTKIB N| = 7,
BHYTpimHii ngiamerp D; = 10 MM, 30BHILIHIA Iiamerp
D, = 600 MM, mioma IMOMEPEeYHOr0 MEPETHHY BHTKA
S;=5%x25=125 MM2; SIKIp: TOBIIMHA /i, = § MKM; 30BHIIITHIH
miamerp D, = 600 MM, BincTaHb Bif iHAyKTOpa Z) = 0,5 MM;
K0J10 30ymkennsi: Ly = 1,5 Mx['H, Ry = 50 MOm.

Ha puc. 1 mpencraBieHi po3paxoBaHi XapaKTepuc-
tuku [T, a came 3mina nHampyru €HE uc, ryctunn
CTpYMY B IHIYKTODI j; Ta sIKOpi j, (a), TyCTHHA CTPyMy B
SIKOp1, PO3MONiIeHa MO HOTro pajiycy B MOMEHT MaKCH-
MyMy cTpymy (0).

BinOyBaeTbcst HeOJHOYACHE 3POCTAHHS MaKCHMAallb-
HUX 3HAa4EeHb CTPYMIB B iHOYKTOPI i sKkopi. CTpyM B siKOpi
JIOCSTAE MAKCHMAITLHOTO 3HaYeHHS yepe3 Omm3bko 0,15 mc,
B TOH 4ac SIK B iHAyKTOpi — uepe3 omm3bko 0,75 mc. [Tpuaomy
T'yCTHHA 1HIYKOBAHOTO CTPYMY B SIKOPIi 10 TTOIIEPEYHOMY IIe-
PETHHY B pamialbHOMYy HamlpsMKy HEpPiBHOMIpHA: B CEpemHiit
YaCTHHI OJIMIKYE 30 30BHIIIHBOTO KPAro CSATa€ MaKCHMAIBHOTO
3HadYeHHs! j, = |18 KA/MM’, @ Ha 30BHIIIHBOMY KPAIO 3MEHIITY-
€TBCA 10 j, = 76 KA/MM.
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Puc. 1. Po3paxosani xapaxrepuctuku [III1: @ — 3miHa Hanpyru
€HE Ta ryctuHu cTpyMy B iHAYKTOpI Ta SKOPIi; 6 — PO3MOLILI ryc-
THHH CTPYMY B SIKOPi B MOMEHT MaKCUMyMYy iHIYKOBAHOTO CTPYMY

Ha puc. 2 mokasaHi enekTpoauHaMiqHa CHa f), IIBU-
JKICTh V, Ta TEPEMILICHHS /1, sIKopsi. MaKCUMasIbHE 3HAYCH-
HSl €JIEKTPOJMHAMIYHOT CHJIM BIALITOBXYBAHHS CSTrae Om3b-
Ko f,, = 185 kH. Ane uepe3 (a3oBuii 3cyB MiXK CTpyMamu B
iHayKTOPI 1 sikopi B iHTepBai 0,9 — 2,1 Mc Ha sIKip Jii€ erek-
TPOAWHAMIYHA CHJIAa TSDKIHHS, SIKa 3HAYHO MEHINA 32 CUILY
BIIIITOBXYBaHHs. BHACIIOK TaKOro XapakTepy CHIH IIBH-
JKICTh SIKOpSI CATA€ MAKCHMAIBHOTO 3HAYCHHS OJIM3BKO
v, = 113 m/c B MmomeHT 0,08 Mc, Mic/Is YOro IMBUAKICTH 3Me-
HIIyeThCs 10 66 M/c B MoMeHT 0,2 MC MicTs moYaTKy podo-
YOT0 TIPOIIECY 3 HE3HAYHNUM 30UIBIIICHHSM MTOTOMY.

Ha puc. 3 mokasani 3MiHa Ta pagialbHAN pO3NOMLT B
MOMEHT MaKCUMYyMy CTPyMy II€PEBHIICHHS TeMIIeparypu
sKopsi 6,. 3miHa @, y yaci 0OyMOBIIEHa XapaKTepoM 3MiHH
LIUTBHOCTI CTPYMy B siKopi j,. [lepeBuilieHHs Temreparypu
30UIBIIYETHCS 10 3HaueHHs 0im3bko 6= 4200 °C B MOMEHT
0,6 Mc Biz mouatky pobodoro npotecy. [licis goro criocrepi-
raeTbesl HesHauHui cnan 1o 6, = 4000 °C 3 nocTynoBum 30i-
JIbIIEHHIM 110 65, = 6300 °C 1 Bume micis 0,25 Mc.

AJle TIepeBHUIECHHS TEMIIEPaTypu pO3MOALICHO MO
HOTNIEpeYyHOMY TepeTHHY siKopst (anroMiHieBol (osbru) B
paniallbHOMY HaIpsSIMKy CyTTEBO HepiBHOMipHO. B nieHTpi
¢donbru 6, = 0. Makcumainbhe 3HaueHHs 6, = 7900 °C mae
MICIIC B CEPE/IHIN YaCTHHI AKOPS OJMKYE 10 30BHIIIHLOTO
Kparo. 3a3HayuMo, L0 TEMIepaTypa KHIIIHHS aJlOMiHi0
craHoBuTh 2519 °C, a migi — 2580 °C.

fzz LKN; hz,mm; v, ,m/s
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Puc. 2. Enexrponunamivna cuna f,, LIBUAKICTD v, Ta
nepemimenHs /i, skops B 1ITIT
0, °C

2

6000 AN

5000 /
4000 /
3000

2000

1000

0 02 0.4 0.6 08 Lms 10

,°C

7000

6000

5000 / \
4000 \

3000

2000

1000

o
°o 0.05 0.10 0.15 0.20 rm 0.30
o
Puc. 3. [lepeBulieHHS TeMIIepaTypu AKOPs:
3MiHa NEepPeBUICHHS TeMIepaTypH y Jaci (a),
paziagbHUN PO3OALT NEPEBUILCHHS TEMIIEPATYPU B MOMEHT

MaKCUMyMy CTpyMy ()

Juis anpobariii MaTeMaTHIHOI Ta KOMIT IOTePHOI MO-
Jiesiell BUKOHAHO IepeBipKy eHepreTiyHoro 6anancy IIT1I1T.
Ha puc. 4 npencrasneni: W — enepriss €HE; Wy, — Ten-
JIOBI BTpAaTH B SIKODi; W; — TEIUIOBI BTpaTH B IHIYKTOPI;
W e — €HEPTiSt MaTHITHOTO TIOJIST; W, — TEIIOBI BTpaTH Ha
00MeXyBaIbHOMY PE3UCTOPI Ta MiABIAHUX MPOBOAax; Wiy
— MarHiTHa €Hepris Ha MiIBIAHUX NpoBoxax; W, — KiHe-
THuHa eHepris. OCKUIbKK OajaHc eHeprii BUKOHYEThCS, 11e
CBIIYUTB MPO JOCTOBIPHICTH OTPUMAHUX PE3yJIbTATIB.
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Puc. 4. Posmopin eneprii B IITIIT

[Tin yac pobouoro npouecy MarHiTHa eHepris W,,,, Ta
enepriss €HE W MaroTh KonMBajbHO-3aracatounii xapak-
Tep, MPUIOMY BOHHM 3MIHIOIOTHCS IIPAKTUYHO B NpoTH(Dasi.
Beci iHmmi cknanoBi eHepriii B IPUCKOPIOBadi 3pOCTalOTh 110
pi3HUX DIBHIB, BUXOIS4YM Ha IEBHE CTajie 3HAUCHHS. SIK
BUIUIMBAE 3 PE3YyJIbTATIB PO3paxyHKY, OCHOBHa YacTHHA
eneprii CHE mepeTBoproeThCs B TETIIOBY €HEPTil0 B aKTH-
BHUX eJIeMEHTaX i efieMeHTax Kojia 30ymxenus [I1I1.

ExcnepumenTtanbhi gocaimxenns IITII. Excriepu-
MeHTaibHl pociimkents [T mma3mMoBoro yTBOpeHHs
Oynu poBezeHi Ha 0a3i HATIKI «MonHis» 3 BUKOPUCTaH-
HSIM METOIVKH, IpeAcTaBieHoi B [16]. EkcnepiuMenTansHa
ycranoBka Bkmtodae €HE reneparopa crpymy I'TTM-
10/350, sikuii ckiapaerses 3 120 mapanienbHO 3’€HAHUX
konneHcatopis K503V4, koxkeH ¢ SIKMX Ma€ €MHICTh 3
MK®. Cepenniii BUBI KOXKHOTO KOHZIEHCATOpa 3’ €IXHAHUI
31 CIIUTFHOIO IIMHOKO Yepe3 4 mapalielibHO 3’ €THAHUX Pe3u-
cropa TBO-60 3 omopom 24 Om. Komyrauis €HE 3nitic-
HIOETBCS Yepe3 BUCOKOBOJIETHHUI PO3PSIIHUK.

IMapameTpn ekcnepMMeHTAIBLHOI YCTAHOBKHU: CyMa-
pHa emuicte €EHE — 360 Mx®, makcumasbHa Hanpyra €HE
— 50 B, BuMipsiHMi akTUBHHE omip iHAYKTOpa — 9 MOM,
cymapHuit omip kosna 30ymkenHss — 50 MOM, IHAYKTHBHICTh
iHgykropa — 15 MI'H.

Bynu npoBeneHi eKCIIEPUMEHTAIbHI JOCIIIKCHHS
[IIIT 3 sikopsimu pi3HOT popmH Ta MaTepiaiiB, IO BHKO-
HaHi 3 eJNIeKTPOIPOBiNHUKOBOI (osbru. Ilpu mociimkeH-
HSIX IHAYKTOP TOPH30HTAIEHO MTPUKPIIUIIOBABCS 10 130715-
LilfHOI OCHOBH, a 3BEepXy Ha HBbOMY uepe3 I130JLiHHY
IUIACTHHY BCTaHOBIIOBaBCs sIKip. Taka KOHCTpYKILisl PH-
CKOproBada 3a0e3ledyBana BEpPTHKAIbHE IIePEMIllICHHS
SIKOPSI i TI€T0 eTEKTPOINHAMIYHHIX 3yCHIIb.

[HaykTOp OyB BUrOTOBJICHHI Y BHIJISII IUIOCKOT JTHC-
KOBOI cIripaiti i3 craii 3 30BHIIIHIM JiamerpoM 600 MM. Mix
BUTKaMH CIipaii BUKOHAHHMM 3a30p, SIKHMM 3a0e3redye yHe-
MOYKJIMBIICHHSI MIDKBUTKOBOT'O €JIEKTPHYHOTO po0Ooto. Burt-
KU CIIipaJli IPUKPIIUIeH] 3a JOIIOMOT'OI0 CTaJIEBUX I'BUHTIB JI0
i3omsiiiiHOl wmth (puc. S). Ilomepeynuii mepeTvH BHUTKa
cripani cknamas 5x25= 125 mv”. B 1ocigax BUKOPHCTAHO
JiBa BapiaHTH iHIOyKTOpa. B mepmomy BapiaHTi (7 BUTKIB)
BHYTpIIIHIA BUTOK iHAYKTOpa pO3MIIIYBaBCs B LIEHTPI i iH-
IyKTHBHICTH iHOyKTOpa L; = 12 Mx['H. B npyromy BapiaHTi
JIBa BHYTPIIIHIX BUTKIB iHAyKTOpa OyJI0 BUAAICHO i JiaMeTp
BHYTPIIIHBOTO OTBOPY CKJ1aB 230 MM.

Puc. 5. 3oBHimmi# Bursix ingykropa IITIT:
NepIIni BapiaHT (@), Apyruii Bapiast (0)

Ha puc. 6 nokasani pesynsratu podoru I, y siko-
ro sIKip BUKOHAaHHMH y BUIIISII aIOMiHIEBIH (oibru TOB-
IKHOK 18 MKM [MCKOBOT (JopMH 3 30BHIIIHIM JiaMeTpOM
D, = 600 MM (puc. 6,a), a IHAYKTOp NEPILIOro BapiaHTy
nigkmouaetsest 10 €EHE 3 manpyrowo Uy = 20 B. ITicas
BUIPOOYBaHb AWCKOBHH SIKIp SIBJISE COOOIO CTHCHYTY B
00’eMHMI KOMOK aitoMiHieBy (ombry (puc. 6,0). B mpore-
ci poOOTH NpHUCKOpIOBaYa SIKIp MEPEXOAUTh B IUIA3MOBHH
CTaH 1 INepeMillyeThCsS BEPTHUKAIGHO BBEPX Ha JEKIIbKa
MeTpiB (Ha puc. 6,8,e SIKip MOKa3aHUH IPSMOIO JIHI€I0).

-104

-15 4

-20 T T T T
-0.5 0.0 05 1.0

0
Puc. 6. luckoBuii sxip 1o (a) i micnst (6) BUIIpoOyBaHb, MOJIO-
JKEHHSI SIKOPS Ha II0YaTKOBOMY (6) 1 HaCTYITHOMY (2) MOMEHTaxX
pobotu i ocuunorpama Hanpyru €HE (0) IITIIT

T T
15 t,ms 2.0

Ha puc. 7 nokazani pesynbratn pobortu I, y
SIKOTO SIKIp BHKOHAHHMU Yy BUTJLI TOpa 3 aJlOMiHiI€BOT
(omeru ToBIIMHOIO 10 MKM, a iHIYKTOp APYroro BapiaH-
Ty minkmouaetses 1o €HE 3 nampyroro U, = 23 kB.
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Cepenniit giamerp Topa 300 mm (puc. 7,a). Ilpu pobori
MIPUCKOPIOBaYa TOPOIAHUI SIKIP MICNs MEepexoay B IUIa3-
MOBHH CTaH MEPETBOPIOBABCS HA CKYMYEHHS MaJeHBKUX
YaCTHHOK, SIKi 3/[1IMaJlUCh Ha 3HA4YHY BHCOTY BiJIHOCHO
innykropa (puc. 7,0). [lepeTBopeHHs sIKOPsI, BAKOHAHOTO
3 OUTBII TOHKOT (PONIBTH, HIK B IMONEPEIHROMY JTOCTii, B
CKYITYEHHS MaJIMX YaCTWHOK MOXHA IOSICHUTH SIK MI€I0
SJICKTPOJMHAMIYHHUX 3YCHJIb B SIKOPi, TaK 1 HEPiBHOMIp-
HUM TEPMIYHHUM ITOIIKOHKEHHSAM OKPEMHX HOTO JiISTHOK.

Puc. 7. Topoinnwuii sikip 1o (@) i nicns (6) BunpoOyBaHb,
MOJIOKEHHS IKOPSI Ha TIOYaTKOBOMY (68) 1 HACTYITHOMY (2)
MomeHTax podotu IIITIT

Ha puc. 8 moxazani pesymeratu pobotu I, y
SIKOTO IHAYKTOP APYTOTO BapiaHTY 30YIKY€ThCS NMPH Ha-
npy3i Uy = 20 kB, a sikip BUkOHaHHU 3 MiTHOT (OJbTH,
TOBIIMHOIO 9 MM, sIKa 3aKpillyIeHa Ha JIUCTY CKJIOTEKCTO-
nity 3 po3mipamu 900x900x1 mMM. OCKUIBKH JIUCT CKIIO-
TEKCTOJITY OyB BUTHYTHM, TO JUIS HOro PiBHOMIPHOTO
MIPUTHCKAHHS 10 iHAYKTOpa OyJia 3acTOCOBaHa 130JIs1iiHa
oropa 3 BaHTaxeM (puc. 8,a).

Puc. 8. Skip 3 MigHOi (onbry, siKka 3aKpiluieHa Ha JUCTY
3 CKJIOTEKCTOIITY miciist Bunpooysanb IIT1I1

[Ticns poOOTH MPHCKOPIOBaYa B MiCTi IPUTHCKAHHS
CKJIOTEKCTOJIITOBOTO JIUCTa Ha MinHIH (onb3i BHHUKIA
JUISTHKA TepMIYHOro 3ropsiHHs (puc. 8,0), 4acTKH SIKOi
nignerinu Bropy. Ilpu npomy noGpe BUIHO XapaKTepHHA
KPYrOBHH KOHTYp HarpiBaHHsI MifgHOi (hOJBI'H, IO CBiJ-
YUTH TPO AHAIOTIYHHUN XapaKTep iHAYKOBAHOTO CTPyMY B
sikopi. OCKIJIBKM TeMneparypa IUIaBJIeHHs Miji BUINA, HDK
y aJIIOMiHII0, TO HaBiTh B 30HI NPOTIKaHHS 1HIYKOBaHOTO
CTpyMY He BiOyJocst TepMiuHOI 10Hi3anii MigHOT GoJIbry.
Ha iHmmx n[iIsHKax TepMIiYHOTO HarpiBaHHSA (DONBrH
MIPaKTHYIHO BiJICYyTHE.

Ipu BuKOpHCTaHHS OLIBII KOMIAKTHOTO IHAYKTOpa
(3oBHimHIM miamerp 280 MM, mMpuHa BuTKa 9,4 MM, BiI-
cTanb MK BuTkamu 5 MM) Ha €HE 3 Oinbiio Hampyrowo
U, = 35 kB ta menmoro emuictio Cy = 18,5 Mx®d (cymaphwmii
orrip kona 30ykeHHs Ry = 0,1 Om, cymapHa iHIyKTHBHICTh
Koia 30ymkeHHs Ly = 1,5 MkI'H) BinOyBaeTbest popmyBaHHs
IUIA3MOBOTO YTBOPEHHSI, SIK€ MEPEMIIIyEThCsl BITHOCHO iH-
nykropa. Ha puc. 9 nokasana ocrpiorpama cTpymy B iHIYK-
TOPI, 30BHIIIHII BUTILI IHIYKTOPA Ta TJIa3MOBE YTBOPEHHS,
sIKe TIEPEMICTIIIOCS Bif iHAyKTOpa. SIKip BUKOHAHHHA 3 Mif-
HOi ()OJBTH, TOBIIMHOIO 9 MM, siKa 3aKpilUieHa Ha JIHCTY
CKIIOTEKCTOINITY 3 po3Mipamu 900x900%1 mMm.

MEASURE
CH1
Maz
440
CH1
Rise Time
7
+ CH1
Pos Width

42,5008
CH1
Freq
10,50kHz

CH1
Period
35,2008
CH1 &~ 960mY
<10Hz

[F] Ready

M Pos: 332,005

CHY 200y 1 100 us

21-Sep-21 1736
6
Puc. 9. 30BHINIHIN BUTIA iHAYKTOPA (&), TIIa3MOBE YTBOPEHHS
(6) mpuckoproBaJa Ta OCIIIIOrpaMa CTpyMy iHIyKTopa (8)

Ocuunorpama cTpyMmy iHIYKTOpa Ma€ KOJUBAJIBHO-
3aracarouMii XapakTep 3 aMIUITYIOI0 NEepIIoi HamiXBWIIi
51,6 xA. Ha puc. 9,6 BuaHO, 110 TIIa3MOBE YTBOPEHHS TTi]T
JIEI0 eNEKTPOANHAMIYHUX 3yCHIIb BiIPHBAETHCS BiJ JIHC-
Ta MigHOI (PONBIH 1 MEepeMINIyeThCsl HA NEKUTbKa METPiB
BEPTHKAIILHO Bropy.

Takum wmHOM, skmio Hampyra €HE He mepeBumiye
MEBHUX 3HAY€Hb, TO IHAYKOBAHHW CTPYM B SIKOPI BIJIHOCHO
MaJnii 1 B IIpolieci HarpiBy He (JOpMy€e TEpMIYHO 10HI30BaHe
IUIA3MOBE YTBOPCHHS MEBHOT YaCTUHU MiJHOI (DOJBrH. A 3i
30utbIeHHsIM Hanpyrn €HE Bifn0OyBaeThCs IMiABUILNCHHS
IHIlyKOBaHOTO CTPyMy B SIKOpi, SIKMH 3MIMCHIOE TepMiduHY
1OHI3AIII0 BiIIOBITHOT YaCTHUH SKOPSI 3 TIEPEXOJIOM Y TUIa3-
MOBE YTBOPEHHS, SIK€ I €0 €JIEKTPOAMHAMIYHMX CHII
MIePEMIIIAETHCS BEPTUKAIBLHO BrOpy Ha ISKiTbKa METPIB.

PesynbraTi eKciepuMEHTANBHHX JOCTIIKEHb, a ca-
Me, popma, Hampyra Ta CTPyM B iHAYKTOPi 3 TOYHICTIO 11O
15 % cniBnazaroTh 3 pO3paxyHKOBHMH, L0 CBITYHUTH PO
JIOCTOBIPHICTh MaTeMaTHYHOT MOJIEJIi TPUCKOPIOBaYa.

TakuM YHHOM, EKCHEepUMEHTAIbHI Ta TEOPETHUYHI
JIOCIIIJDKEHHS [TOKa3yIOTh CIIPaBEIMBICTh KOHIEMIT iM-
MYJIbCHOTO IHAYKIIHHOIO IIPHCKOpIOBaua, B SIKOMY 3a
paxyHOK BHCOKOI T'YCTHHH 1HJYKOBaHOTO CTPyMY B SIKOpI,
110 BUKOHAHMH 3 €JIeKTPONPOBiTHOT (OJIBTH, BiIOYyBa€Th-
csl TepMidHa iOHI3allisl B pe3ysbTaTi eNeKTPUYHOTO BUOY-

74

Enexmpomexuika i Enekmpomexanika, 2023, Ne 5



Xy TPOBIIHUKA 3 MEPEXOAOM HOro B IUIa3MOBHH CTaH.
B3aemopiss 1pOro Mjaa3MOBOrO yTBOPEHHS 3 MarHiTHHM
MOJIEM IHAYKTOpa MPU3BOAMTE JI0 MOSBH CJICKTPOAUHAMI-
4yHOT CHJIH, siKa 3a0e3revye HOro rnepeMilieHHs y BiIKpH-
TOMY aTMOC(HEpHOMY CEpEIOBHINI Ha JCKiIbKa METpiB
BiITHOCHO HEPYXOMOTO iH/IyKTOpa.

Buchnoskn.

1. Po6oTy 10 CTBOPEHHIO Ta METAHHIO IJIa3MOBHX (O-
pMyBaHb € aKTyaJbHHMH 1 NPOBOASATHCS B INPOBIIHHX
HAyKOBHX IIEHTPAX CBITY 3 BUKOPHCTAHHSIM I'a30MHAMIY-
HUX 1 EIIEKTPOMATHITHUX 3YCHIIb.

2. Po3po0iiena i peanizoBaHa B MPOrpaMHOMY HakKeTi
Comsol Multiphysics MmaTremaru4Ha MOAENb IMITYJIbCHOTO
IHIYKIIHHOTO TIPHCKOpIOBaua, B SIKiil SIKIp He 3MiHIOE
CBOET popMH 1 arperaTHoOro craHy B rporeci poboru. Ma-
TEMaTU4YHa MOJIEIIb, 110 BPAXOBYE PO3IMOICH] Yy MPOCTO-
pl mapameTpu INPHCKOPIOBada, BUKOPHCTOBYE CHCTEMY
JUQepeHITiaJbHAX PIBHAHb B YACTKOBHUX MOXITHHUX IIOJO
MPOCTOPOBUX i YACOBHUX 3MIiHHHUX.

3. Po3paxoBaHi eNeKTpOMEXaHiYHI 1 TEIJIOBI XapakTe-
PHCTHKH TpHCKOproBaya. [lokasaHo, IO IEpEeBHILCHHS
TEMITEpaTypHy B SIKOPi, [0 BUKOHAHUH Y BHTJISI aJFOMiHi-
€Bol (ONbIU, CYTTEBO HEPIBHOMIpHO. MakcumasbHe 3Ha-
YeHHsI TEMIIEpaTypH Mae Miclie B cepe/iHii yactuHi (hosbru
OIDKYe 10 30BHIMIHBOTO KParo, MPUUOMY IIS TEMIepaTypa
3HAYHO MEPEBUILYE TEMIIEPATYPY KHITIHHS AJIIOMIHIIO.

4. [IpoBeneHi EKCIEPUMEHTAIBHI JIOCIIPKCHHS TMPH-
CKOpIOBaYa, y SKOTO sIKip BUKOHAHUU 3 allOMIHIEBOI Ta
MiZHOT (OJIBIH, a IHIYKTOp, IO MiAKIIOYAETHCS 10 BUCO-
koBosibTHOro €HE, BukoHaHwmii 31 crani y BUDIISIL MJI0C-
KOi TUCKOBOI cripami. BcraHoBneHo, o B mporeci po6o-
TH TPUCKOPIOBAYa AKip MEPEeXOAUTh B IUIA3MOBHH CTaH i
MIEePEeMIIIYEThCSl BEPTUKAIBHO BBEPX Ha JCKUIbKA METPIB,
MIePETBOPIOIOYHCH B 00’ €MHUIT KOMOK ab0 Ha CKyIMYeHHS
MaJIeHbKHX YAaCTHHOK, AKi 3ifiMaJlICh Ha 3HAYHY BHCOTY
BITHOCHO iHAYKTOpA.

5. ExcriepuMeHTaIbHO MOKa3aHO XapaKTepHHUM Kpyro-
BUI KOHTYP TEPMIYHOr0 HarpiBaHHs MifHOI (OJBIH KO-
ps, siKa 3aKpilUieHa Ha JIMCTI CKJIOTEKCTOJNITY, WO CBiJ-
YUTH NP0 AHAJIOTIYHHUH XapaKTep IIa3MOBOTO YTBOPEHHSL.

Konduikr inTepeciB. ABTOpM cTarTi 3asBISIOTH
TIPO BiJICYTHICTh KOHQIIIKTY iHTEpECiB.
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Electromechanical and thermophysical processes in the
pulse induction accelerator of plasma formation.
Introduction. Work on the creation and throwing of plasma
Jformations is carried out in the world's leading scientific centers
in various ways. The creation of a plasma formation with dura-
tion of several milliseconds and its acceleration in an open at-
mospheric environment to a distance of 0.5-0.6 m was achieved.
To create plasma, the energy of the primary discharge circuit is
used, followed by the acceleration of the gas-plasma formation
with the help of the energy of the secondary circuit. Plasma
formation is also obtained due to the electric explosion of a
conductor in a rapidly decreasing strong magnetic field, etc.
The purpose of the article is a theoretical and experimental
study of electromechanical and thermophysical processes in a
pulse induction accelerator, which ensures the creation of
plasma formation due to thermal ionization as a result of the
electric explosion of the conductor and its throwing in the at-
mospheric environment relative to the inductor. Method. For
the analysis of electromechanical and thermophysical processes
in the pulse induction accelerator of plasma formation (PIAPF),
a mathematical model of the accelerator was developed and

How to cite this article:

implemented in the Comsol Multiphysics software package, in
which the armature does not change its shape and aggregate
state during operation and takes into account the parameters of
the accelerator distributed in space. Results. Calculated elec-
tromechanical and thermal characteristics of the accelerator. It
is shown that the temperature rise in the aluminum foil armature
is significantly nonuniform. The maximum temperature value
occurs in the middle part of the foil closer to the outer edge, and
this temperature is significantly higher than the boiling point of
aluminum. Scientific novelty. Experimental studies of the
PIAPF were carried out, in which the armature is made of alu-
minum and copper foil, and the inductor connected to the high-
voltage capacitive energy storage device is made in the form of
a flat disk spiral. It was established that during the operation of
the PIAPF, the armature goes into a plasma state and moves
vertically upwards, turning into a volumetric wad or a pile of
small particles that rose to a considerable height relative to the
inductor. Experimentally, the characteristic circular circuit of
thermal heating of the copper foil of the armature, which is fixed
on a glass-textolite sheet, is shown, which indicates a similar
nature of plasma formation. Practical value. The results of ex-
perimental studies with an accuracy of up to 15 % coincide with
the calculated ones and show the validity of the PIAPF concept,
in which, due to the high density of the induced current in the
armature, thermal ionization occurs as a result of an electric
explosion of the conductor with its transition to the plasma state.
And the interaction of the plasma formation with the magnetic
field of the inductor leads to the appearance of an electrody-
namic force that ensures its movement in the open atmospheric
environment. References 17, figures 9.

Key words. pulse induction accelerator of plasma formation,
mathematical model, electromechanical and thermal proc-
esses, experimental studies.
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Computational analysis method of the electromagnetic field propagation and deformation of
conductive bodies

Introduction. The electromagnetic field is an integral attribute of the operation of many technical and technological systems. The action
of an electromagnetic field leads to deformation, a change in temperature, a change in the physical properties of the materials. Problem.
High-intensity electromagnetic fields can cause such a strong deformation of conductive bodies that it can lead to irreversible shape
change or destruction. This fact is used in a class of technological operations: electromagnetic forming. Here, both the workpiece and
the equipment are subjected to intense force action. As a result, equipment elements may become inoperable. Goal. Creation of a
computational analysis method of the electromagnetic field propagation in systems of conductive bodies and subsequent analysis of
deformation. Application of this method to the study of processes in electromagnetic forming systems in order to determine rational
operational parameters that provide the result of a technological operation. Methodology. A variational formulation of the problems of
an electromagnetic field propagation and deformation of conductive bodies systems is used. Numerical modeling and analysis are
performed using the finite element method. Results. In a general form, a system of resolving equations for the values of the vector
magnetic potential and displacements is obtained. The influence of the electromagnetic field is taken into account by introducing
electromagnetic forces. The results of calculations for a technological system designed for electromagnetic forming of curved thin-
walled workpieces are presented. Originality. For the first time, a method of computational analysis is presented, which involves
modeling within the framework of one design scheme both the process of electromagnetic field propagation and the process of
deformation. Practical significance. The proposed method of computational analysis can be used for various technological systems of
electromagnetic forming in order to determine the rational parameters that ensure both the operability of the equipment and the purpose
of the technological operation - the necessary shaping of the workpiece. References 18, table 1, figures 3.

Key words: computational analysis, electromagnetic field, electromagnetic forming, deformation, finite element method.

Bcemyn. Enexmpomacnimne none € Hegio'emHum ampubymom pobomu 6a2amvox mexuiyHux i mexuonociynux cucmem. Jis
ENeKMPOMACHIMHO20 NOAA Npu3eooums 0o Oegopmayii, 3MiHU Memnepamypu, 3MiHU @QI3UYHUX GIACMUBOCMEN MAMepiaiie.
Ilpobnema. Enexmpomacnimui noas 6UCOKoi iHmMeHCUBHOCHI MOICYMb GUKAUKATNU HACMITbKY CUTLHY Oehopmayiio nposioHux mix,
Wo ye Mooice npuzsecmi 00 He360pOMHOI 3Minu hopmu abo pyinyeanns. Lleti pakm 6uKOpUCMOBYEMbCA 6 KNACT MEXHON02IUHUX
onepayiu: enekmpomacHimua oopooxka. Tym sk 3aeomoeka, max i 061a0HAHHA NIOOAIOMbCA IHMEHCUBHIN cunogiil Oii. B pesynomami
enemMeHmuy  0ONAOHAHHA MOdCymb  euxooumu 3 naady. Mema. Cmeopenns memody pO3PAXYHKOB020 AHANIZY HNOWUPEHHS
ENeKMPOMASHIMHO20 NOJIA 8 CUCMEMAX NPOGIOHUX MiN i NOOANbUI020 AHANIZY Oedhopmysants. 3acmocy8ants ybo2o memody 0/a
00ciodicents npoyecie 6 cucmemax eiekmpoMAazHimHoi 0OpoOKu 3 Memor GUHAYEHHSI PAYIOHATLHUX pOOOYUX napamempis, ujo
3abe3neyyioms pe3yiomam mexHono2iuHoi onepayii. Memoodonozia. Buxopucmano eapiayiiiny nocmanosKky 3a0ay npo noulupeHHs.
eNIeKMPOMAZHIMHO20 NONA MA OehopMYBanHs cucmem nposionux min. Hucenvne MOOen08aHHA MA AHANI3 BUKOHAHO MEMOOOM
cKinvennux enremenmis. Pesynomamu. Y 3a2anvnomy uensioi ompumano cucmemy GU3HAYANbHUX DIBHAHb O 3HAYEHb BEKIMOPHO20
MazcHimHO20 nomenyiany ma nepemiwjensb. Bnaug enekmpomazHimHnoz2o nois 6paxo8yemuCsi 86e0€HHAM eNeKMPOMACHIMHUX CUIL.
Hasedeno pesynomamu po3paxynkie O MeXHONOIYHOL Cucmemu eleKmpoMacHimiol 00pOOKU GUSHYMUX MOHKOCMIHHUX
3azomogok. Opuzinansuicme. Bnepuie npeocmasneno memoo po3paxyHko6o2o ananisy, AKuili nepeodaiac Mooento8anHs 6 pamkax
€0UNOI pO3PAXYHKOBOI cxeMu AK Npoyecy NOWUPEHHS eleKmpoMacHimHo20 noas, mak i npoyecy oegopmysanns. Ilpakmuune
3HauenHnA. 3anponoHosanull Memoo pO3PAXYHKOBO20 AHANIZY MOJiCe Oymu GUKOPUCHMAHUL ONs DI3HUX MEXHOAOIYHUX CUCmeM
e1eKMpOMACHIMHO20 (OPMYBAHHA 3 MEMOI0 BUIHAYEHHS DAYIOHANbHUX NApamempis, wo 3abe3neuyioms 5K RPAYe30amuicms
00AOHAHHS, MAK | Menmy MmexHOI02IuHOT onepayii — HeoOxione hopmoymeopents 3acomogku. bion. 18, Tabmn. 1, puc. 3.

Kniouoei cnosa: po3paxyHKOBMil aHaJi3, eJeKTPOMArHiTHe I0Jie, eJeKTPOMATrHiTHa 00po0ka, xedopMyBaHHS, MeTOJ
CKiHYEHHHX eJIeMeHTIB.

Introduction. A large number of technical and
technological facilities are exploited under conditions of
intense electromagnetic fields (EM-fields). Technologies
that use EM-fields cause a variety of power, thermal
effects on materials, influence on magnetic properties,
and so on. The most important is the power effect that
occurs when the EM-field acts on the conductive body
and causes its motion or deformation. The above-stated
facts indicate the necessity of using the computational
methods analysis of EM-field propagation and
deformation process of technological devices equipment
elements of the electromagnetic forming (EMF) at the
design and proofing stage. Thus, the scientific and applied
problem, which consists in the creation of new
computational methods for evaluating the EM-fields
effect on elastic-plastic deformation of workpieces and
equipment, taking into account the association of EM-
field propagation and deformation processes, as well as
computational investigations of the EM-field distribution
and deformation processes under the conditions of
specific technological operations is relevant, which
determines the direction of this article.

The creation of computational methods for the
analysis of any processes is based on an appropriate
theoretical basis. Theoretical fundamentals describing
models of continuum mechanics, which take into account
the effect of the coupled fields of different physical nature
(including electromagnetic) presents in classical works of
Maugin, Nowacki, Eringen and others [1-4]. Within the
framework of these models, the influence of an external
EM-field on the thermomechanical state of the body is
taken into account by introducing electromagnetic forces
into the equilibrium equations. The presented model is
based on Maxwell's equations, describing the nature of
the electromagnetic field in vacuum and in moving
deformed body, in accordance with its electromagnetic
properties. For tasks in which the main objective is the
analysis of the structural strength can be used the theory
of magnetoelasticity. Fundamentals of the theory of
magnetoelasticity with consideration of the coupling
effects EM-field and mechanical stresses and strains in a
moving conductive body (in the general case, the body is
polarized or magnetized), were founded by Knopoff [5].
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Force influence is used in the class of technological
operations, called EMF. The technological equipment of
EMF is deformed together with the workpieces under the
influence of EM-field, which can lead to a reduction in
durability and inoperability.

Modeling of forming and stamping workpieces
processes dedicated [6, 7], in which, using the finite
element method (FEM), highlights the solutions features of
the coupled problems of magneto-thermo-elastic with
regard to high-strain-rate deformation. The current state of
issues related to the classification of EMF technological
operations and descriptions of the corresponding equipment
is comprehensively presented in review articles [8, 9]. It
should be noted that non-traditional directions of the EMF
are currently being developed. The basic questions of some
modern trends in the development of EMF technologies are
presented in articles [10-12].

The development of technological equipment for
any EMF operation requires scrupulous computational
studies. For example, works [13, 14] are devoted to these
issues. An analysis of modern sources of information
allows us to conclude that the most effective calculation
tool in this case is the FEM. FEM allows in this case,
within the framework of a single design scheme, to
analyze the distribution of the main components of both
the EM-field and the stress-strain state (SSS).

The goal of the paper is the theoretical
substantiation and creation of a computational analysis
method of the EM-field propagation and the process of
conductive bodies deformation.

Mathematical formulation of the calculation
analysis problem. For real technical and technological
systems, which have a rather complex geometry and the
deformation process is characterized by nonlinearities of
various nature the solution process should be based on the
use of appropriate numerical methods. FEM at the current
stage of the computational mechanics development is the
most suitable for solving the problems of the deformable
body mechanics. Also, FEM has proven itself well for
solving problems of various physical nature fields
determine, including electromagnetic and thermal.

The construction of the FEM algorithm is based on
weak formulations of the corresponding initial boundary
value problems and is reduced to finding the stationary
values of the corresponding functionals. Functionals can be
obtained in various ways, for example, provided that the
original differential equation is the FEuler-Ostrogradsky
equation for a certain functional, or the functional is
constructed according to some general physical principle.

Certain difficulties arise when taking into account
the nonlinearity of the process and the procedure of using
functionals requires linearization of the original problem
in one way or another, most often, an iterative process is
built in which the original nonlinear problem is presented
as a series of linearized problems.

The complete system of differential equations of the
EM-field propagation initial-boundary problem and
deformation of conductive bodies systems is presented in
the articles [15, 16].

To construct functionals that correspond to the
initial-boundary problem of EM-field propagation, we

will consider the vector magnetic 4 and scalar electric @
potentials:

Bz@x?l; V-4=0; A_g

=——-Vop, 1
o Ve (M
here B is the magnetic induction vector; E is the vector
of electric field intensity.
Initial and boundary conditions are formulated for
vector magnetic and scalar electric potentials:
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Boundary conditions (3) are applied when the body
is considered together with the surrounding environment
and model the attenuation of the EM-field at a distance. In
the case when the EM-field components are specified at
some boundary of the body, then (in the quasi-stationary
case) the boundary conditions (4) are applied. Here, the
symbol I” means that the corresponding quantity belongs
to the boundary of the body.

In the case of elastic deformation of the conductive
bodies system, the solution is sought from the condition
of minimum total energy Eror:

SETOT = 0, ETOT =U+W, (5)
where U is the energy of elastic deformation; W is the
EM-field energy. The energy of elastic deformation is
determined as follows:

U :ljg--(“)é.-gdv-jp-ﬁds;
2V S

vE
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where ¢ is the tensor of deformations; p is the vector of
surface mechanical loads; u is the vector of
displacements; v is the Poisson’s ratio; E is the Young’s
modulus; [ is the unit tensor; V is the body volume; S is
the body surface on which mechanical loads and

displacements are known.
The EM-field energy is generally defined as follows:

B D
W= J’{ j HdéJdV + j [JEdf)]dV, 7
V\0 '\ 0

where H is the vector of magnetic field intensity; D is
the induction vector of electric field.

In the case of a linear relationship between the
vectors that characterize the EM-field (or in the case of a
linearized problem), the expression for the EM-field
energy is simplified to the form:

W= [ -Bav + [E-Dav -

vV vV
:%jﬂL(E)de+%jgc(E)2dV,
yie 14
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where 4. and & are the magnetic and electrical
permeability of the material.

Let's carry out the substitution through the potentials
and get the following expression:

sz[i‘@le‘z—szqdl/+

{55

Formula (8) takes into account the possibility of

®)
peq)jdV

EM-field sources — currents ; and electric charges p,

distributed over the volume.

If we use formal mathematical approaches, then in
the variational equation (5) we have three independent
variables — scalar electric potential, vector magnetic
potential and displacement, therefore the equality of zero
of the total energy variation leads to three equalities:

%Eror _
op ’
Eror =0=>1 1oL~ ©)
%Eror _
ou

If we present the expressions for the elastic
deformation energy and the EM-field energy in matrix-
vector form:

:—j uldv - j S (10)
S
=—j Ajav - [{f{ajay +
g (1
—j = Netar - [ Hlar,
V

where [K] is the stiffness matrix; [M] is the «magneticy
matrix; [2] is the «dielectric» matrix; {u}, {p}, {4}, {¢},
{J}, {p.} are the column vectors of displacements, surface
distributed forces, vector magnetic potential, electric
potential, specified current densities and electric charge.
Then condition (9) leads to such a system of

algebraic equations:
[“Hot+ [z K} + (2 Ju} = e
[MRAj+[M S+ M = {7
+lk, Nol+ [k, )= o)

the additional matrices that arose after the variation are
defined as follows:

(12)
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)= o 2ZL
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where the matrices [2,,], [M,] characterize the changes in the
magnetic field due to the presence of an electric one, and
vice versa, the matrices [ %], [M,] characterize the changes in
the electric and magnetic fields due to deformation (i.e, piezo
effects). When considering traditional structural materials,
such changes are either absent or insignificant and these
components can be neglected.

In order to find out the nature of the second and third
components from the third equation, we will use the
principle of virtual work, with the help of which we will
determine the forces by which the EM-field acts on a
conductive body. At the same time, we believe that the
EM-field energy is completely spent on body
deformation. In the general case of dependence between
EM-field vectors, we obtain the following expression:

- ow

feom === i[{HdB]dV -
ol %, - _ 0B
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(13)
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In the case of considering a linear relationship
between the vectors characterizing the EM-field
distribution, we obtain the following expression for
electromagnetic forces:

T P )

2 (14)

[K ]{40

So, we see that the expression for electromagnetic
forces is exactly the same as the sum of the second and
third components of (12), i.e. in conditions of a conductive
body elastic deformation under the action of EM-field; its
influence is limited to electromagnetic forces distributed
over the volume of the body. Elastic deformation, in turn,
for the selected model does not affect the distribution of
EM-field, therefore the analysis of the distribution of EM-
field and the analysis of SSS taking into account
electromagnetic forces in the case of quasi-stationary
approximation can be carried out separately.

The first and second equations in the system (12)
become independent (based on the results of their
solution, we obtain the EM-field distribution), and on this
basis, it is possible to solve the third equation taking into
account the electromagnetic forces (12) for the purpose of
SSS analysis. Thus, the system of defining equations of
the problem takes the form:
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In the resultmg equations (15), electromagnetic
forces are a consequence of the both magnetic and
electrostatic fields’ action; however, it is known that the
force effect of an electrostatic field is many times smaller
than that of a magnetic field. Based on this, the
contribution of the electrostatic field can be neglected for
the analysis of systems deformation that takes place in
technologies based on strong magnetic fields. Moreover,
in the quasi-stationary setting, the electrostatic field does
not affect the magnetic field (independence of the first
and second equations in (13)).

So, to analyze the deformation of conductive bodies
systems under the action of large magnetic fields in the
quasi-stationary approximation, the defining system of
equations takes the form:

{[M J{aj={/3;
[ St = o+ e

o= Lpar My

2 ou

Calculation example. Let us consider the application
of the proposed approach to the analysis of EM-field
distribution and subsequent deformation for the case of
EMF of thin-walled curved workpieces. In many cases,
curved thin-walled metal workpieces are the basis for the
manufacture of structural elements for various purposes.

Usually, the necessary curved structural elements are
manufactured in two stages: in the first stage, they reach
the required general (overall) dimensions and shape, in
the second stage they achieve the required quality directly
in the corner zone.

Part of the EMF technological operations is aimed at
creating conditions for the occurrence of residual
deformations in curved thin-walled metal workpieces
directly in the bending zone. This group of technological
operations was named technological operations of «filling
corners». This term is known from the field of «traditional»
pressure metal processing, and, in practice, it means the
reduction of rounding radii to acceptable values in the
bending zones of thin-walled workpieces. From the point
of view of the technological operation conditions, it is
necessary to exert the maximum force around the corner.

In works [17, 18], it is proposed to use an inductor
with two turns, which have one common current line
directed along the bend, to «fill the corners» on thin-walled
curved workpieces, each of the turns is a plane that makes
an angle of up to 15° with the wall of the workpiece.

Consider the results of EM-field calculations and
deformation analysis for the design diagram shown in Fig. 1.

An electric current evenly distributed over the cross-
section of the current conductor turns was considered as a
source of EM-field. The magnitude of the non-zero
component of the current density vector varied over time
according to the law:

(€)= jime”

(15)

(16)

sm(27rvt)

(17)

40 kA

4I,, . . .
where j,, = —”21 is the current density amplitude; 7,, =
d

is the amplitude of the current in the pulse; v = 2 kHz is the
current frequency in the pulse; @ = 2zv is the cyclic
frequency; & = 0.3 is the attenuation coefficient; d is the

diameter of the coil of the current conductor.
I

L
Fig. 1. Design diagram of a curved workpiece together with a
two-turn inductor and a dielectric mold: 1 — workpiece; 2 — coils
of the current conductor of the inductor; 3 — inductor insulation;
4 — dielectric mold

The solution was performed for zero initial
conditions for one current pulse, in the time range from 0
to 3 ms, which guaranteed complete decay of the current
in the pulse.

During calculations, the following values of geometric
dimensions were considered: d = 10 mm, L = 100 mm,
h =2 mm, o = 15°. Finite element modeling was carried out
using three nodal finite elements with a linear approximation
of the corresponding (z) component of the vector magnetic
potential and displacements (Fig. 2).

Fig. 2. Permanent lines of vector magnetic potential

The physical and mechanical parameters of the
system elements, which were used in all subsequent
calculations, are given in Table 1 (where o, is the yield
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strength of the material, o is the tensile strength limit,

op is the compressive strength limit.)

Table 1
Physic-mechanical parameters of system elements
Current Workpiece, . Dielectric
: Insulation,
conductor, aluminum mold,
kaprolon
copper alloy fiberglass
A 1 1 1 1
s 107 107
@m)’ 7-10 4.6-10 0 0
E, GPa 120 71 2.5 200
v 0.33 0.29 0,3 0.27
Oy _ _
MPa 380 190
T
OB - - 70 100
MPa
OB - - 90 120
MPa

For the considered value of the current in the
inductor, the maximum value of the stress intensity in the
workpiece, which is observed on the workpiece surface, is
227 MPa (Fig. 3), which is greater than the yield strength
of the aluminum alloy, thus it can be stated that from the
point of view of the plastic deformations possibility in the
workpiece, the technological operation is efficient.
opg (106222 ]2

270

2043

1816

1583

1.362

1135

0.908

0681

0.454

0227

0.000

-Li‘

Fig. 3. Distribution of stress intensity

Note that the maximum values of normal stresses
also occur on the workpiece surface. The largest
displacement values are observed in the middle part of the
workpiece rounding, i.e. directly opposite the current
conductor of the inductor. Their maximum value is 5.4
mm, that is, under the operating conditions considered, the
initial rounding of the workpiece is reduced by
approximately 50 %. Note that the maximum intensity of
stress in the current conductor of the inductor is
approximately 60 MPa, which does not exceed the yield
strength of the material, the maximum value of the
equivalent stress according to Mohr's criterion in the
insulation of the inductor is 52 MPa, which also does not

exceed the limit of the tensile strength of the material. So,
it can be concluded that in this case the inductor remains
operational.

Conclusions. The prerequisites are considered and
the necessity of creating computational methods for
analyzing the propagation of an electromagnetic field and
the further process of technological systems elements
deformation of electromagnetic forming is substantiated.

To create an appropriate method of computational
analysis, the main variational relations based on the
principle of minimum total energy of the system are given.
For a correct and convenient description of the
electromagnetic field propagation processes, the concepts of
scalar electric and vector magnetic potentials are introduced.
Formulas for the energy of the electromagnetic field and the
energy of elastic deformation are presented. For the case of
elastic deformation of conductive bodies subjected to the
action of an electromagnetic field, a system of resolving
algebraic equations for the values of the vector magnetic
potential and displacements is obtained in general form. The
influence of the electromagnetic field is taken into account
by introducing electromagnetic forces, the expression for
which is also obtained.

As an illustration of the computational analysis
proposed method application, the computational analyzing of
a technological system for electromagnetic forming of thin-
walled curved workpieces is considered.

The further development of this work consists in
extending the proposed method of computational analysis
to the cases of various nature nonlinearities and carrying
out calculations for complex technological systems of
electromagnetic forming.
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Transmission line planning using global best artificial bee colony method

Introduction. Network expansion, substation planning, generating expansion planning, and load forecasting are all aspects of modern
power system planning. The aim of this work is to solve network planning considering both future demand and all equality and
inequality constraints. The transmission network design problem for the 6-bus system is considered and addressed using the Global Best
Artificial Bee Colony (GABC) method in this research. The program is written in the Matrix Laboratory in MATLAB environment using
the proposed methodology. Novelty of the work consist in considering the behavior of bees to find food source in most optimized way in
nature with feature of user based accuracy selection and speed of execution selection on any scale of the system to solve Transmission
Lines Expansion Problem (TLEP). The proposed method is implemented on nonlinear mathematical function and TLEP function. When
demand grows, the program output optimally distributes new links between new generation buses and old buses, determines the overall
minimum cost of those links, and determines if those linkages should meet power system limits. Originality of the proposed method is
that it eliminated the need of load shedding while planning the future demand with GABC method. Results are validated using load flow
analysis in electrical transient analyzer program, demonstrating that artificial intelligence approaches are accurate and particularly
effective in non-linear transmission network planning challenges. Practical value of the program is that it can use to execute cost
oriented complex transmission planning decision. References 15, table 4, figures 3.

Key words: artificial intelligence, artificial bee colony, transmission line network planning, load flow analysis.

Bemyn. Poswupennsa mepedici, nianysants nioCmanyil, NIaHy8arts po3uupents 6upooHUYmea ma npoeHo3y6aHHs. HA8AHMANCEHHS -
6ce ye acnekmu NIAHY8anHs cyuacHoi enepeocucmemu. Mema yici pobomu nonsieae 6 momy, woo eupiuumu mepesxicese NAaHy8anHs 3
VPAxy8aHHaM AK MauOymHb020 nonumy, maxk i 8Cix obmedcenv pigHocmi ma Hepienocmi. Y ybomy Oocuiodcenni npobnema
NpoeKmy8ants mepexci nepedai Osl cucmemu 3 WiCmbMa WUHAMU PO32TAOAEMbCS | GUpTuLyemuves 3 gukopucmanuam memooy Global
Best Artificial Bee Colony (GABC). Ilpoepama manucana y Matrix Laboratory y cepedosuwsi MATLAB 3a 3anpononosatoio
memoouxoio. Hosuszna pobomu nonsieac y po3ensoi nogedinku 602icin 01 nouwyky odicepend ivici Haubinbly ONMuManibHumM cnocooom y
npupooi 3 MONCIUBICTIO BUOOPY KOPUCMYBAUeM MOYHOCHI ma 8UOOPY WEUOKOCHI 6UKOHAHHS Y 0)0b-iKoMY Macumaobi cucmemuy 07is
supiuients npobremu pozuupenns ninii enekmponepedayi (TLEP). IIpononosarnuii Memoo peanizo8anuli Ha HeliHIHIL MameMamuyHil
¢ynryii ma @ynxyii TLEP. Konu nonum 3pocmae, 8uxioni 0ami npoepamu onmuMaibHO po3noOLIsionyb HOGI 3 €OHAHHS MIJC WUHAMU
H08020 NOKOMIHHA MA CMAPUMU WIUHAMU, BUSHAYAIOMb 3A2ANbHY MIHIMANLHY 6apmicmb Yux 3 €OHAHb MA GUHAYAIOMY, YU Yi 3 COHAHHA
NOBUHHI 8i0nogioamu obmedcenHAM eHepeocucmemu. OpuziHanbHicmy 3anPONOHO8AHO20 MemOdy NOAA2AE 8 MOMY, WO 6iH YCYHY8
HeOOXIOHICMb  CKUOAHHA HABAHMAdICEHHs Ni0 uac NAAHY8AHHA Mmaudymuvoco nonumy memooom GABC. Pesynomamu
niomeepoCyIomsvCsl 3a 00NOMO2010 AHANIZY NOMOKY HABAHMAIICEHHA ) NPOSPaMi ananizy nepexionux npoyecie, 0eMOHCMpYIOuU, o
niOXo0u WNyyHo2o iHmMeneKmy moyHi ma 0cooIUB0 epeKmueHi nio 4ac eupiuleHHs 3a80aHb NAAHYBAHHA HEMIHIIHOT Mepedci nepedayi.
Ilpakmuuna yinnicme npozpamu noiseae 8 Momy, wo 60HA Modice OGYMU SUKOPUCIIAHA Ol BUKOHAHHA eKOHOMIUHO OPIEHMOBAHO20
KOMNIEKCHO20 PiuieHHs w000 nianysants nepedadi. biomn. 15, tabin. 4, puc. 3.

Knrouoei cnosa: IITy4HUH IHTEJEKT, IITYy4Ha 0:K0/IMHA POANHA, NIaHyBaHHsA Mepe:xki JIEIL, ananis 1oToky HaBaHTasKeHHS.

Transmission Lines Expansion Problem (TLEP).
However, Monte-Carlo method required considerable
amount of time to solve the problem. The location of the

Introduction. Electrical power system is a very ancient
system that has transitioned from serving a small local load
with a local generator to serving a big system load with a

massive power system grid over many years. It is now one of
the most powerful real-time operating systems. The artificial
intelligence algorithm is extremely beneficial for power
system expansion and protection. Power system expansion
includes planning from 1 to 10 years from now [1].

Static planning entails making decisions from the current
year to the next 5 years. One way is to analyze the system for
each year separately, regardless of subsequent years. The study
described above is known as static planning [2].

The Attificial Bee Colony (ABC) approach is based on
actual bees obtaining nectar in the field and sharing
information about the food sources with bees in the hive [3].
Power management optimization problem has been solved in
[4], which support the use of metaheuristic approach for multi
constrained cost optimization problem. The whale
optimization is used in [5] to solve dynamic economic
emission dispatch problem for the efficient operation of
generators in a power network. The cost involved in
establishment of new transmission line links is high due to
rising real estate price and right of way issues [6]. The
problem of rising real estate price and right of way issues
necessitates the solution to deal the planning in cost optimized
way with maintaining technical standard of the grid.

Load uncertainty is major concern of existing
transformation of bidirectional power grid due to
unknown photovoltaic generation behind meter by
distribution company [7]. Generally Monte-Carlo method
is conventionally used for such load uncertainty based

bus where the capacity shortage is happened is found
using linear programming method [8]. Once the bus has
been selected than next step is to estimate how many
number of links to be required between old bus to new
bus and what should be its cost of planning. The later
problem is considered in this work using heuristic
approach. ABC method has one of the limitations that it is
poor at poor at exploitation [9, 10]. In order to improve
the exploitation the proposed method used Global Best
Artificial Bee Colony (GABC), which focus more on
global best solution. Active power and reactive power
mismatch result in to a power system stability problem
[11, 12]. So, the TLEP problem is solve in this research
by considering all equality and inequality constraint.
The goal of this paper is as follows:

e fast programming computation oriented Global Best
Artificial Bee Colony based Transmission Lines
Expansion Problem algorithm using MATLAB;

o ecfficient method for validation result of algorithm using
Electrical Transient Analyzer Program to insure inaccuracy
of software and filter it by manual intervention if needed;

e minimization of Transmission Lines Expansion
Problem cost considering equality and inequality constraint.

The paper starts with introduction, where problem
statement and need of solution is described with recent
literature survey. The next section is focused on
behavioral studies and mathematical formulation of
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problem. GABC based proposed algorithm is explained in
the middle of the paper. In the end of the paper results of
MATLAB program and Electrical Transient Analyzer
Program (ETAP) analysis is described. Finally,
conclusion section ends the paper.

Global Best Artificial Bee Colony Method.

A. Classification of bees:

1) The employed bee: It works in the field and stays
close to the food source, gathering and memorizing
information about the local food supply.

2) The bystander bee: It attempts to obtain
information about food sources from employed bees who
come or stay in the hive to gather nectar. As a result, they
are seeking for work.

3) The scout bee: As the name implies, they are in
charge of finding new sources of nectar nourishment.

B. Behavior of the bees. The GABC model’s main
components include employed bees, spectator bees (or
unemployed bees), food sources, and dance places.
Working bees are dancing and selecting food sources in a
multidimensional search area based on their previous
experience. When the search 1is completed, the
information exchange procedure will begin with the
bystander bee that are staying and waiting in a hive. The
waggle dance may be used to share information. By
performing the art of dance to observer bees, employed
bees may exchange information such as path, distance to
patches of flowers, and superiority of food sources [13].
A waggle dance performance in the hive provides
information about the angle between the sun’s location
and the track of food sources. The initial time interval of
the waggle dance represents the distance. The length of
time they do the same waggle dance up to reflects the
distance of the food sources from their current position. If
the waggle dance interval is 1 s, the bee must travel 1 km
to reach the food source from the hive. Importantly,
alkenes secreted from the stomachs of employed bees
communicate the quality of the food supply [14].

The shake dancers are dancing in response to the
sun’s shifting path. As a result, bees that perform the
waggle dance are left at food sources without mistake.
The likelihood may be calculated analytically using (1),
the information provided by the working bee:

0.9-
p= (—fpj ; (1
max(/)+0.1
where p is the probability of food; £, is the fitness value of
the answer number p, which is directly relative to the nectar
amount of the food source in the position number p.
Using (1), the unemployed bee now causes a shift in

the location. It uses this to compute the nectar amount of
the novel source [3]:

Xab:Xab+¢ab(Xab_be)’ (2)
where ae{l, 2 ... n} and b €{l, 2...D} are the arbitrarily
chosen indexes. Although «f» variable is chosen at random,
it must be distinct from «a» variable, and «D» represents
the number of parameters to be optimized. «ab» is merely
an arbitrary integer between 0 and 1. «ab» is in charge of
the production of neighborhood food supplies.

If the new source nectar food amount is more than
the previous one, observers remember this new position;
otherwise, they recall the prior one, which was previously
determined. In other words, when the choice operation
between old and new food sources is accessible, the

hungry selection approach is performed. If the rejected
source is X, where, b = 1, 2 ... D. The scout uses
equation to discover a new food source X, using (3):

Xap :Xbmin+rand(0’l)'(Xbmax_Xbmin)a (3)
where Xpmin, Xpmax are the minimum and maximum
restrictions of the constraint to be optimized.

To balance exploration and exploitation procedures,
the GABC method combines the working bee’s search
with the observer bee’s search and the observer bee’s
search with the scout bee’s search [3].

C. Program development for graver’s 6 bus system.
The test system is used to design and simulate the proposed
GABC-based transmission line planning algorithm is
depicted in Fig. 1 based on graver’s test system [15].

149.297 MW

311.345 MW
A

3,171.95MW 68.037MW 1

ey

280 MW [
ao7tomw  BOMW
Y 139.450MW

240 MW

99.383MW
—————————— >

40 MW

6 299.356 MW

G2 299.356 MW 160 MW

Fig. 1. Graver’s 6 bus test system

The system contains 3 sources and 5 loads, each
with 10 lines. The planning need is to link lines from the
new generation bus 6 to the older buses 1 to 5 (Fig. 1).
The objective function of transmission network expansion
planning is to minimize the cost of investment through
optimum value of line connection from existing bus to
new bus. Minimize

k

Cir = 2 (COy - my)» @)
i,k,c
Subjected to

Jik =Fei —Ppi» %)
=l e +nt M et e )=0, )
ik < gy +nfi | 02, %)
PE™ < PG <PE™, (®)
OB < QG <0B™, ©9)

n max
0< Nk < nig

(10)
where C,-/§ is the total cost of investment in Indian rupees
at new bus k; CO; is the construction cost of one
transmission line per km at i-k bus; n; is the number of

circuits added at each right of way; f; is the power flow

between line i to k; fiF®™ is the maximum value of

thermal reach of the line; Pg;, Qg are real and reactive
power generation at i bus; PG, Po"

and minimum possible real power generation at i bus;

are the maximum

O&# , O&™ are the maximum and minimum possible

4 are the

reactive power generation at i bus; nj;, njp
number of existing line and maximum possible line to be

added; Sy is the susceptance value between i and k& bus.
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Proposed algorithm. Figure 2 depicts the suggested
algorithm’s flowchart, which employs (1) — (3) to
compute an optimum link from new bus 6 to the current

system’s old buses.

| Initialize all parameter of the existing system & deicide field population |
1
| Define an objective function to be minimized with its limits of the variable |
1
| Generate fitness function and check the fitness conditions |

!

| Set all the equality and equality constraints of the power system to be achieved. |

| Set cycle counter value as per user requirement. |

!

| Set accuracy desired. |
13
| Iteration count starts |
¥
| For each worker bee |
3
Calculate Xab, Calculate fitness value using Eq.(2) and selection process applied |

| Calculate probability using Eq.(1) |
1

| For each observer bee |

I

| Construct new set of ¢ab and selection process applied |

[

| Discarded solution of scout bee has been replaced with new with Eq.(3) |

1

| commit to memory the best solution till so far |
L]

| Calculate the cost of expansion ‘

Fig. 2. Flowchart of proposed algorithm

Initially proposed program asked system data from
users. It also gives option of desired speed by selecting
number of iteration and desired accuracy. GABC is program
such way that it improves the global minimum after each
iteration. Once the global minimum achieve considering all
the constrained from (5)—(10). The algorithm calculates the
minimized cost using (4) once 7y is calculated.

Prior to developing the TNP software for the 6-bus
system. It is necessary to use a fundamental mathematical

Gen3d
165 MW Bus5

function with a known value to evaluate the accuracy of
the developed programmed [12].

Consider an example equation with a known
minimum solution and constrained of it. Initially, program
was ran for 2000 colonies and 1000 iterations for the
function below, minimize,

an

) =x".
(12)

-1<x<1.

For function of (11) and constrained of (12), the

minimum is known as x = 0 and program achieves the
same results, which is shown in Table 1.

Subject to,

Table 1
Accuracy of developed program

Function f{x): x> = 0, where -1 <x < |

Function is to be Actual Program give the
minimize minima minima
0 2.3762:10™

Results of program of TNP of 6-bus system. The 6-
bus data is input to program (Fig. 1). The line power
constraints are taken into account. Table 2 displays the
results, which suggests that from bus 6 to 1, one line and from
bus 6 to bus 2, two lines are recommended as per program. It
also suggests 2 lines from bus 6 to bus 5 in order to get
optimized cost. It is obvious that as the number of iterations
increases, the accuracy falls, meaning that the more you
iterate, the better the accuracy. It is also critical to recognize

that the outcome includes more of the no colony [10].
Table 2

Final program results

From new Toold Optimal line is to be
generation bus bus connected
6 1 1.2085~ 1
6 2 2
6 3 0
6 4 0
6 5 2
6 6 0
Total new cost of planning will 7
b addo e R,=6.2501-10 (approx.)

Load flow results. Figure 3 shows that the newly
built system based on program results is valid with power

flow analysis.

Genl
50 MW

R

Busl B26

00.0%
220 kV + S00%
eefvrs—w210 [4303
W 100.0%100.0% 100.pR00.0%
Load3
0 MVA
Bus3 126
220 KV 4100,
-
544 ¥105 6
100.bs 100.0
100%
Loadl
40 MVA
Bus4
220 KV
il 100%
120
100.0%
Gend Load2
160 MVA

Fig. 3. Power flow results of 6-bus systems after planning
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Bus voltages are within the limit. Following plans
according to program, no buses are in a critical condition.
Load flow also ensures that power flow from the lines is
limited and that all inequality and equality restrictions are
met after planning using the load flow summary presented
in Table 3. The overall mismatch is 0, indicating that
limitations have been met and load flow has been
successful.

Table 3

Summary of total generation, loading and demand of load flow
analysis
Bus MW | MVAr | MVA | Power factor, %

Swing bus 760 | 0.08 760 100 lagging
Generators 0 0.109 | 0.109 0 lagging
Total demand 760 760 760 100 lagging
Total mismatch =0 MW

Comparison with other PSO methods In this
section, the comparison of the proposed GABC based
method is compared with ABC method for same problem.
Table 4 shows the comparison in terms of computation
time consumed, accuracy, exploration of new line,
exploitation of achieve results and minimized cost
achieve through ABC and GABC.

Table 4
GABC compare with ABC for TLEP problem solution
Parameters Conventional ABC GABC
Computational time, s 1 0.8
Accuracy Less accurate More accurate
Exploration of results Good Good
Exploitation Poor Improved
Minimized cost 10.5 % cost more | 10.5 % less cost
than GABC than ABC
Conclusions. When the system’s issues are

nonlinear and depend on more than one parameter,
artificial intelligence approaches come in handy. The
planning problem taken in this work can be handled using
the Global Best Artificial Bee Colony approach, and load
flow results in decision-making can be done with less
effort under load uncertainty. The adoption of program
and load flow analysis can improve power engineering
capability, save planning time, and increase planning
accuracy. The nonlinear issue of transmission line
planning is not only addressed, but can also be tested and
implemented in a real power system using a combined
method of artificial intelligence and load flow analysis.

Conflict of interest. The author declares no conflict
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MojenioBaHHSI MATHITHOTO MOJIS1 Y "KUTJIOBHX OyIMHKAX i3 BOyT10OBaHMMH TPaHCHOPMATOPHUMH
MiACTAHIISIMA HA OCHOBI 1B0()a3HOI MYJILTHAUIIOJIBLHOI Mo/eJ1i TPU(AZHOT0 CTPYMOIIPOBOIY

Bé6yoosani y soicumnosi 6younxu mpancghopmamopni niocmanyii (TI1) 10(6)/0,4 kB cmeoproioms y CyCiOHIX HCUMIOBUX NPUMIUEHHSX
maznimue noae 3 inoykyicio 6inows 10 mxTn, wo cxraoae nebesnexy s 300p0o8’si Hacelentss i pooums akmyaibHUM OOCHIONCEeHHs.
Yb020 MASHIMHO20 NOAA 01 PO3POOKU Memodig 6i0 tio2o 3axucmy. OCHOBHUM OdcepenoM 306HIuUHb020 MacHimHoeo noasa TII € ix
HU3bKOBOIbMHI CHIPYMONPOBOOU, BKAAO SKUX 6 3A2dNbHUll pisenb MacHimHoeo nons ckaaoae dinvur 90 %. Ilepcnexmugnum memooom
MoOento8ants MazHimuoeo noas TII € MyrbmuounonbHi Mamemamuyni MoOeni, wo Maroms YimKy QizuuHy iHmepnpemayiro, 6aiciu-
8y 02151 ROOANLULOL pO3POOKU Memodis 3axucmy Hacerenns. Memorto pobomu € moougpixayis 6i00Moi MyTbMUOUNONLHOL MOOeNi OISt
PO3PAXYHKY Ha ii OCHOBI 3 06MedCeHOI0 NOXUOKOIO 306HIUHBO20 MASHIMHO20 OIS CHIPYMONPOB00i8 86y008anux mpancgopmamop-
HUX RIOCMAanyitl, Wo HAbAUICEHT OO IHCUMNOBUX NPUMILYEeHb HA 8I0CMAHbL 00 00H020 Mempa. 3anponoHosano moougikosany 0eoghas-
HY MYIbIMUOUNOIbHY MAMEMAMUYHY MOOelb OCHOBHO20 0XHCePeNd 308HIUHbO20 MASHIMHO20 NOJISL MPAHCHOPMAMOPHOL niocmanyii —
1020 MpuUghazHo2o HU3LKOBOILMHO20 CIMPYMONPOBOOY, KA HA BIOMIHY 6i0 ICHYIOUOI MOOeNi [PYHMYEMbCS HA 080(a3HIl OUNONIbHIl
MoOeli mpughazHo2o enekmpuyHo20 Koad i 00360J5€ 808idi HAONUZUMU PO3PAXYHKO8Y obnacmb be3 30iibulenHs noxuoku. 30iticneno
eKCnepuMeHmanbHy nepegipKy Mooupikoeanoi 080(haznoi My1bmuounoabHoi Mooeni MazHimHO20 oA MPUPAZHO20 CINPYMONPOGO-
0y TIT 100 kBA na itoco nosnomacwmabuii @izuyniv mooeni ma HageoeHi pe3yibmamu eKCnepuMeHmy, wo niomeepodicyioms cnig-
NAaoiKHs PO3PAXYHKY | eKChepumermy i3 po3kuoom He oinow 7 %. bion. 37. tabn. 1, puc. 10.

Kniouosi cnosa: BGynoBana TpancgopMaTopHa MiACTAHLIsA, sKUTJIOBE NPUMiLleHHs, CTPYMOIIPOBi/, 30BHILIHE MarHiTHe MNo.Je,
MYJILTHAHMIIONIBLHA MOJe/Ib.

Beryn. OnHuM i3 OCHOBHHX JKEPEN MarHiTHOTO OISt
(MIT) npoMHCIIOBOT 4acTOTH, 110 CKJIJIAI0Th HEOE3EKyY Jis
HACEJICHHS, € BOYIOBaHi y XHUTIOBI OYIMHKH TpaHCpopMa-
topHi migcrannii (TIT) 10(6)/0,4 kB (puc. 1), mo MmaroTh
noty>Hicts Big 100 mo 1260 xBA, i mocmimkennio MII
SAKHX NPUILIAETECS BCE OLNIbIIIE yBary B cBiTi [1-26].

e SECINTT 10 kB

~ KaGens 10 kB
Crpymonposin 10 kB 1 2 3 4 5 )
Puc. 2. ExcriepumenTansHo Bu3HadeHe MII B KUTIIOBUX ITpU-

Tpancdopmatop MileHHSIX OyUHKIB i3 BOypoBanumu TII moTyX)HiCTIO
L 10 1000 kBA B €sporni (1 — @innstaais [21], 2 — Cepbis [2],
04 «B 3 — Vropuwuna [3], 4 — Icnanis [25], 5 — [sewis [5],
Crpymonposiz 0,4 kB 6 — Ilseiiuapis [26])
v ’ * 1B, T

7 3
\f \f 6— KaGens 0,4 kB
5

0,4 xB
a 6 11

Puc. 1. Boynosana TII 10/0,4 kB (a)

Ta ii cpomieHa elekTpuyHa cxema (6) 0+ 2 3 4 5 6

Puc. 3. ExciepumenransHo Bu3HaueHe MII B UTIOBUX

Iaayxkiis MIT, mo creoproetsest BOynoanumu TI1 mo-
TyxHicTio Bif 100 1o 1260 kBA y cycinHiX )KUTIOBUX IIpH-
MIIIIEHHSX, IO po3TanioBaHi Ha Bincrani 1-2 M Hanx TII, Mo-
xe nepeuiryBati 10 MKT1, o0 MiATBEPIKYETHCS K 3aKO-
proranMuE (puc. 2) [2, 3, 5, 21, 25, 26], Tak 1 BITYN3HIHUMHA
(puc. 3) mocmimkenasmu [27]. Lle OuThII HiXK Ha TOPSIOK
TIEPEBUIITYy€ TPAHWIHO TPHUITYCTUMHN piBeHb iHmykmii MIT
(0,5 MxTm), sixkuit ipuiAHATHIL B YKpaiHi [28], o0 moTpedye
fioro 3MeHIeHHs. ToMy aKTyallbHOIO € TIpobJieMa MO/IEO-
BanHst MIT BOynoBanux TII st BU3HAueHHs 1X peabHOTO
PIBHS LTS TIOJAJIBIIOT PO3POOKH HA IMiii OCHOBI 3aC00IB HOTO
PpO3paxyHKy Ta ekpaHyBaHHi [ 1, 4-15, 18, 27-31].

OOrpyHTyBaHHA TeMH cTaTTi. SIK MOKa3yloTh pe-
3yJbTaTH JIOCII/PKEHb €BPOINEHCHKUX BUYEHMX [2, 4, 6, 9], a
TaKOX JIOCIIDKEHb aBTOPIiB [27], ocHOBHUM mxeperom MIT
TII e HuspKoBOsTHHIT cTpymorpoBin 0,4 kB (puc. 1,6),
3oBHinmHe MarHiTHe Tone (3MII) sikoro Ha BincraHsx 2 M
cknmanae oursi 90 % Bix 3aramsroro MIT TII (puc. 4). Tomy
IUTS IKeHepHUX po3paxyHKiB, 3MII BOynosanux TIT moxe
3aminryBarucs 3MII ix HU3PKOBOJIBTHHAX CTPYMOIIPOBOJIIB.

HIpUMiIIeHHsIX Oy IuHKIB 13 BOyroBannmu TIT M. XapkoBi
(1-360xBA, 2 -440 kBA, 3 - 630 kBA, 4 — 715 kBA,
5—-565 kBA, 6 — 640 kBA)

B, %

1 2 3 4 5 6
Puc. 4. Brutus okpemux mxepen MII TIT Ha 3aransHuii piBeHb
3MII Ha BiacTani 2 m Big Hux (1 — cymapue MII TII; 2 — MII
HHU3BKOBOJIETHOTO cTpyMomnpoBoxy; 3 — MII Tpanchopmaropy;
4 — MII HM3BKOBOJIBTHOrO Kabeito; 5 — MII BHCOKOBOJIBTHOTO
cTpyMonpoBoay; 6 — MIT BUCOKOBOIETHOTO KaOeto)
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Tpudasni crpymonpoBoau BoOynosanux TIT 10/04 kB
100-1260 kBA MaroTh TpSIMOJIHINHHI TUISTHKH, PO3TAIIO-
BaHi y TOPU3OHTAbHIN (BEepTHUKaNbHII) IUIOIMHAX 1 BH-
KOHYIOTBCS 13 dKOPCTKHUX aJTFOMIiHIEBHUX (MiJHHX) IIUH [28]
i3 Mik¢a3zHoro BigcranHio 10 0,3 M.

OcobnuBicTio po3rarryBanHs BOyzoBanux TII € mana
BIICTaHb MDXK ITOBEpXHEIO iX CTPyMOIPOBOJIB 1 CyciIHIMH
KUTIIOBUMH NPUMIILIIEHHSIMU, sIKa CKiiagae Big 1 10 2 m.

Mogemosarns MII ctpymonpoBosiB BOymoBaHux TI1
JOIJIFHO BUKOHYBAaTH HA OCHOBI MYJBTHAMIONBHOI MOIENI
(1) [27]. L Mmomens po3pobiena mist po3paxysky MIT miHiit
enextporiepenayi (JIEIT) [32]. Bona npucrocoBaHa i1 Mo-
nemoBaHHsA TpuBHMipHOro MII ctpymompoBoaiB 00601
¢dopmu i Mae yitky (i3HuHy IHTEpIpeTalio, 10 CIIPOLILyE
Ppo3podKy 3aco6iB 3meHieHHs MIT Ha ii ocHOBI.

MynbriaunonsHa monens (1) Oymyerbcss Ha OCHOBI
CHCTEeMH JMIONBHUX pKepen MIL, siki XapakTepu3yroThes
MArHITHUMH MOMEHTAMH 77; , PO3TALIOBAHUMH Y TE€OMETPH-

YHUX IEHTPaxX HE3AISKHHUX MPSIMOKYTHHX MIKPOKOHTYPIB

dixa 3 wmikdasmum crpymom 1 45,1pc, 10y 1 TWiOmAMH

S 48-Spc>Scy4 » Ha AKi 3 JOBXKMHOIO @ YMOBHO PO30HBAIOTh-
CsI BC1 KOHTYPH MDXK(A3HOTO CTPyMy CTPYMOIIPOBOIY:

[-;[(P):_i 23: Z iv [ﬁlaci’klaci) i

>

47R} o (1)

=l a=1 ¢ i=l
Mg =11y Sioei =L o€ /P -a-dyys 1y i
loci la "Placi la laci " Mloaci >
ne N — KUTbKICTh MIKPOKOHTYPIB B KOskHOMY KoHTYpi JIEIT;

S; — BEKTOp IUIOLII i-r0 MIKPOKOHTYPY; #; — OJXMHHYHUHA

BEKTOP, HOPMAITBHUH /10 Sj; 13,- — paziyc BeKTOp Bix reoMe-
TPUYHOTO IIEHTPY i-TO MIKPOKOHTYPY JI0 TOYKH CIIOCTEpE-
xkeHHs: P; ¢ — wgactuam JIEIL, mo HmocmimKyroThCs;
a — ximekicth (a3 JIEI; G — KUTBKIiCTh PO3MICTUICHHX TIPO-
BOJIB KOXKHOI 3 a3; dj,; — TOTOYHA BiZICTAaHb MiXK ITPOBO-
JaMu pi3HEX das.

[Toxubka mpu 3acTOCYBaHHI MYJIBTHIUIOIBHOI MO-
nem (1) Takox, sk i AumostbHO1 [33], 3aNeXuTh Bif CITiB-
BiTHOIIEHHS MaKCHMaJIbHOTO T€OMETPUYIHOTO PO3Mipy L
00’exTy (MIKDOKOHTYPY), Ta BiAcTaHi R B HOro moBepx-
HI 10 00JIacTi 3acTOCYBaHHsI, i ckianae meHur 10 % mpu
R/L>3. Tomy [y TapaHTOBAHOTO OOMEKEHHS MOXHOKH
mozeni (1) Ha piBHI 10 %, ne L = dy,x, HEOOXITHO BHKO-
HAHHS HACTYITHHX YMOB:

R>3d . ipn a; <2d , )

Ie dma.x — MakcUMalibHa MiK(a3zHa BiACTaHb MK CTPyMO-
npoBoaamu (a3 B pasi ix po3ranryBaHHI Ha IIOMIMHI.
OpnHak BUKOPUCTAHHS MYIBTHIUNONBHOT Moseni (1)
s MonemoBaddsa 3MIT TII mae oOmexenns. Tak, 1
MoJenb npu TUNOBUX BemmunHAX d = 0,3 M, dip.x = 0,6 M
J03BOJIsIE BUKOHYBaTH po3paxyHok 3MII TII Tinmeku Ha
BimcTanax R>1,8 M, Tak sk MDK(pa3Ha BIICTaHb MIX
KpaiiHiMu (azaMu, 110 BU3HAYA€E Twionly Scy, CKianae 2d
(puc. 5,a). Ane miHiManbHe 3HaueHHs! R 1715 BOy/I0BaHUX
TII € 6ins1 1 M, 1110 0OMEKYE 3aCTOCYBAHHS 1i€T MOZECIII.
TakuM 4MHOM, BiOMa MyJIBTHIMIONbHA Mojens (1),
mo pospobnena i JIEIT, motpeOye Moandikanii ais pos-
mmpeHHs obnacti il 3actocyBanHs Ha BOyzmoani TII mpwm
XapaKTePHUX JJIsl HUX MiHIMAIbHHUX BifIcTaHsX (Bim 1 M) Bix
crpymorpoBoiB TII 10 )KUTIOBHX TIPAMIIIICHB.

7

Puc. 5. MynbsTununosbHe ySBIeHHS €IeMEHTapHOTO TPU(a3HOTO
KOHTYY siK jukepenia MII: a) — Tpaguuiiina tpudaszHa Mojens;
0) — nBoda3Ha MOZIETh

MeTtor podoTu € Moaudikails BiOMOI MyJIbTHIU-
MOJILHOT MOJIeNi JUlsl po3paxyHKy Ha ii OCHOBI 3 oOMexe-
HOIO TTOXMOKOIO 30BHILIIHBOTO MarHiTHOTO IOJISL CTPYMOII-
poBOAIB BOYIOBaHMX TpaHC(OPMATOPHUX MiJICTAHLIH, 110
HaOMIKeHi 10 )KUTIOBUX IPUMIIICHB Ha BiICTaHb 10 1 M.

MoaudikoBana MyJbTHIMIOJILHA MOJeIb CTPY-
monposoay Boyaosanoi TII. IIpu noOynosi Mmoaudiko-
BaHo1 MyJbruaunonsHoi Mogeni 3MIT TIT BBaxkaemo, 1o
crian TII, a Takoxk cTiHM OyIUHKIB, IPAKTUYHO HE eKpa-
Hytots MII Ha wactoti 50 I'm [34, 35], ta mpuitmaemo
HACTYITHI MPUIYIICHHS:

o npumimenss TII (kpim aktuBHuX enemeHTiB TII) ta
KHUTJIOBI OyTUHKH HE MAaIOTh CICKTPOIPOBIIHUX 1 (epo-
MAarHITHHUX €JIEMEHTIB Ta Jpkepen MIT;

® CTpyMH CTPYMOIIPOBOAIB IPEACTAaBISIOTECS y BH-
TSI CTPYMOBHX HHTOK;

e MII TII € nmoTeHIIHHNM;

e BCi IpsMONiHIHHI YacTuHE cTpymonposoxiB TII €
IUIOCKUMH 1 po3TamoBaHi abo B TOPHU3OHTAJIBHINA, abo y
BEpPTUKAJIBHIHN IUIOMINHI;

e gampyra mepexi xusieHHs TII cumeTpudHa i cuHy-
coifalbHa.

[TepeTBOpHMO BiiOMY MYJIbTUAUNONBHY Mozenb (1)
Jutst Bukopuctanus Ha TII, puninusmm MII, 1o cTBOpro-
€Tbes 11 MbK(a3HIMU KOHTYPaMH 31 CTPYMOM:

5 _ &E (Y;lABlirﬁABli)
Bs(P)=-up Y. DIV +

3
=1i=1 47R 4 gii 3)
‘v (’713(:1:‘,3133011‘) iy (’;’CAli’fCAli)
4Ry 4R 415

451 =1 4pii* S apii- Mpci=1cii-Spcii» Meai =Icai Scaii-
YMoBoro 3actocyBanHsl Mozedi (3), mo odMmexye ii
noxuOky Ha piBHi 10 %, € cmiBBigHOWmEHHS (2), sKEe HE
BUKOHYEThCS TIPU R = 1 M, Tak K 11 Hel diyax = 0,6 M.
Bukonaemo momudikarmito Bimomoi momemi (3). s
IIFOTO BHKOPHCTAEMO 3aIpPOTNIOHOBaHy y [36] nBodasHy Mo-
nems MIT TpudasHOTO eIeKTPHYHOTO KOHTYPY (pHC. 5,0),
sIKa € eKBIBAJICHTHOIO BiZoMii TpudasHii Moaem (puc. 5,a)
3a POCTOPOBO-4acoBO0 CTpykTyporo MII, ane mae BiBivi
MEHIIly MakCHUMaJbHy Mik(da3Hy BiicTab. BimmoBimHo 10
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[36] MII enementapHOro TpH(ha3sHOTO CTPYMOIPOBOAY MPH
CHMETpIi Hanpyr Mepei >KUBJICHHS MOXe OyTH NpeicTaB-
JIeHO sk cymeprnosuiiss MIT Big 2-X MarHiTHUX MOMEH-
TiB7'yp , Mpc 3aMICTh TPHOX:
. R e R
H(P)=-V (mAB’3AB)—V (mBC’3BC), 4)
47R AB 47R BC

myp =145 45, Mmpc=—IcSpc -

[Ipn mpoMy MakCHUMabHUN TabapUTHUN PO3MIp ere-
MEHTapHOTO MIKPOKOHTYPY 3MeHIIyeThesi 3 2d (puc. 5,a)
1o d (puc. 5,6), 10 J03BOJISIE BABIYI 3MCHIIUTH BiJICTAHb
1o obnacti 3acTocyBaHHsl Mojeni — i3 6d 1o 3d (no 0,9 m
npu d = 0,3 m).

Toni Ha ocHoBi (4) orpumaemo Moau(iKoBaHy J1BOda-
3HY MyJBTHAUIONBHY MaTeMatindHy monens MIT tpudas-
Horo crpymorpoBony TII, mo ckmamaerbes i3 K TpsiMOdTi-
HIITHUX KOHTYDIB, 5IKi MatoTh N TBO(a3HUX MIKPOKOHTYIB:

B (P):— ii v (";ugzijABh) n
N Ho

3
I=1i=1 A7R Y py;

. - (%)
Y (mBCli=3RBCli) ’

Puc. 6. HuzpkoBonbsTHHIT ctpymonposin TI110/0,4 kB, 100 kBA (Z, = 150 A (0,4 xkB); 7,

mypri =143 S apii =1 ati - @ - dp -1y

mpci =i - Spei =i ;- dp -y »

ne [ — nomep npsimoutinitiHoro koutypy TII (I = 1,...,K);
N — KUIBKICTD €JIEMEHTAPHUX MIKPOKOHTYPIB Yy MPsIMOJIi-
HITHOMY KOHTYDi /.

YMoBOIO 3acTocyBaHHS Mozeni (5) 3 0OMeExeHO
noxu6xoro 10 % e

R23d npu a;2d ; dpa =d . (6)

Ha puc. 6,6 npeacraBieHa cxema po3noJily MarHi-
THUX MOMEHTIB HH3bKOBOJBTHOTO cTpyMompoBoxy TII
100 kBA (puc. 6,a) npu peaiizarii 3arpornoHOBaHOI MO-
nmudikoBaHoi qBoha3zHOT MyIbTHANNONBHOT Moz (5).

TakuMm 4YMHOM, 3aMPOIIOHOBAHA aBTOPaMU MOIU(IKO-
BaHa JABO(a3Ha MYJIBTHUIMIIONGHA MaTeMaTHYHa MOJENb
MII TIT (5) mo3Boxisie BABIYI HAONMM3UTH PO3PAXyHKOBY
00J1acTh 32 paXyHOK 3MEHIIICHHS MiHIMAIbHOTO TabapUTHO-
ro po3Mmipy ii MIKPOKOHTYpY — i3 TOJIBIHOT Mik(a3HOT Bij-
crani 2d 10 mMixdasHoi BiacTaHi d, 110 POOUTh MOXKIHBUAM
mopentoBannst 3MIT st Beix BOynoBanux TII mpu Bizxcra-
HiIx Bix 1 M 10 ix crpymorpoBofiB. Kpim toro, Moaudiko-
BaHa Moyielb (5) 103BOIIsiE 3MEHIIUTH O0CST OOUYKCIICHD 3a
pPaxyHOK BIAMOBIAHOIO 3MEHIICHHS KUTbKOCTI MAarHiTHHX
MOMEHTIB y TIOPIBHSHHI i3 BiTOMOIO Mozemtio (3).

e,
Ty
y, ———

"

R %
% %
% %
25— b K
% %]
It %
g %
2 % g
7| %
I %
= %
1.5+ b 7
£ i H
N & %]
1+ =
2
0.5 4
0+
-0.5
1 15 ) 0 y.m
X,m
o

:IZZIH; ]3=2/3]m ]4=]5:I6:I7= 1/3111) (a)

1 O30T MarHiTHUX MOMEHTIB MiKPOKOHTYPIB IIPH BUKOPUCTaHHI J1Bo(a3HOi My IbTHANNIONBHOT MaTeMaTnuHol moaesi MII (6)

Bepudikanis MoaudikoBaHoi MyJIbTHAUNOIBHOL
Mozaei ctpymonposoay TII. ExcnepumenranpHy mepe-
BipKy 3anporonoBanoi moneni 3MII TII (5) Bukonyemo
Ha OCHOBI IIOPIBHSIHHS Pe3yJIbTaTiB PO3PaxyHKy 1HAYKLIT
3MII crpymonposoxy TIT 100 kBA (puc. 6), Ta BUMipiB
iayknii MII moBHOMAacIITaOHOTO Ja0OPaTOPHOTO MakKe-
Ty ILOTO CTPYMONPOBOAY (pHcC. 9).

PesynbraT pospaxysky iHaykuii MII ctpymorpo-
BOAY y TOPMU3OHTANBHIN TUIOIMIKHI, pO3TAalIOBaHI HA BU-
coti 1,85 M Hag ctpymonposogom TII (aa Bucoti 0,5 M
HaJ MiJIOTOO TPUMIIIEHHS ), BHKOHAHI BinmoBinHO 10 (5)
HA OCHOBI OPHTIHAJIBHOI KOMII FOTEPHOI MMPOrpamMH aBTO-
piB y nporpamuomy nakeri MATLAB i npezacrasneni Ha
puc. 7,a Ta puc. 8.

Excniepumvenranbhi gociimpkenss 3MIT TIT BukonaHi
Ha MOBHOMAacIITaOHOMYy JiabopatopHomy Makeri TII
100 kBA (puc. 9) i3 HomiHaneHUM cTpyMoM 150 A, ne joxe-
penom MIT € HU3BKOBOJIBTHHIA CTPYyMOIIPOBiA (pHC. 6,a).

Maxket crpymorpoBony (puc. 9) BHKOHAHO i3 [e-
peB’stHEX peiiok Ta mposoy IIBC i3 mepepizom 30 mMm? i
3MOHTOBaHO Ha pobodyomy MicTi MarHiToBUMI-
PIOBAJIBHOTO CTEHJAY YHIKaJbHOTO MArHiTOJUHAMIYHOIO
kommuiekcy I[IMam HAH VYkpainu [37]. JlaGopatopHa
ycraHoBka (puc. 10) BKIIOYae MakeT CTPyMOIPOBOIY
(puc. 9), sKuit )XUBUTHCS 4epe3 IHAYKUIHHUI perynsTop
tuy IP 59/32 i3 MOXJIMBICTIO perysroBaHHS TPU(A3HOTO
cTpymy y miama3oni 0-220 A. BumiproBaHHS il04YHX 3Ha-
geHp iHAYKIiT MII BUKOHYBanwCh y By3llaX KOOpIMHAT-
HOi ciTku i3 marom 0,25 M maraitomerpamu tuiry EMF-
828, Magnetoscop 1.069 Ha KOHTPOJIBHI IUIONIUHI, Bij-
JTaJIeHil Bil CTPyMONIPOBOAY Ha BiAcTaHb 1,85 M.

s crporienHs: BumiproBanb, MakeT TII (puc. 9)
nokjajaeHuii Ha Oik. [Ipu 11bOMy BHUMIpIOBaHHSI BUKOHY-
BaJIMCh HAa BEPTUKAJbHIN IUIOIIKHI, BiIaJICHIA Bif CTPY-
MorpoBoay Ha 1,85 M, 110 aHAJIOTiYHO YMOBaM BHKOHA-
HOT'O pPO3paxyHKYy.
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1.8
1.6
o
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- a
1.2
e ©
1 \/\- I o ™
0.8
0.6

Puc. 9. [ToBHoMacmTabHIi 1a00paTOPHUI MAaKET CTPYMOIPO-
Boay Hu3bkoi Hanpyru TII 10/0,4 kB, 100 kBA Ha mMarHiToBH-

18 A8 1 MipIOBaJIbHOMY CTEHI1
- Tabmuus 1
1.6 ' 1 PesynpraTté MOpiBHSHHS PO3paxyHKY Ta BUMIpiB
@ 3MII TII 100 xBA
E21.4 ] 6 oo | yom P(}:;paxyHOK EkcniepumeHT Hoxon61<a,
1.2 o | , MKT1 B, MmxTn %
® =

2 k3

2 N ! -0,110,33 1,622 1,526 5,92

1 -~ - 1 0,43 10,75 1,506 1,443 422
\/ 0,94 | 1,25 1,159 1,098 5,25

0.8 ] 1,42 | 1,74 0,821 0,779 5,14
06 . A8 / 0,18 | 0,5 1,698 1,640 3,43

’ . : : . 0,65 1 1,445 1,418 1,91

0.2 0 0.2 U.4X‘m0.6 0.8 1 1.2 1’17 1’51 1,038 0,984 5,21
Puc. 7. Posmogin 3MIT TIT 100 kBA B ropu3oHTaNbHI# IIOMIUHI —0,1 10,33 1,822 1,757 3,57
nan TIT va Bucori 1,85 M npy HOMiHAILHOMY HABAHTAXKEHHI: 0,94 | 1,25 1,289 1,230 4,58
a — pO3paxyHOK; 6 — EKCIICPUMEHT 0,18 | 0,5 1,869 1,914 2,43

0,65 1 1,586 1,546 2,51

B, uT B, uT —0,1]0,33 1,900 1,863 1,93
2 0,43 |1 0,75 1,766 1,785 1,04
_~1.ouT L5 0,94 | 1,25 1,349 1,302 3,47

i | 1.6 142 [ 1,74 0,946 0,886 6,31
i 0,18 ] 0,5 1,848 1,847 0,04

- 0,65 1 1,579 1,524 3,49

’ -0,110,33 1,773 1,700 4,16

1 0,43 | 0,75 1,666 1,625 2,45

5 0,94 1,25 1,291 1,214 5,97

1,42 | 1,74 0,920 0,876 4,78

g8 0,18] 0,5 1,628 1,556 4,40

0.4 0,65 1 1,417 1,345 5,08

0.2 1,17 | 1,51 1,047 0,990 5,39

) 2 4
Yy, m -2 0 x.m

Puc. 8. Po3paxyHkoBi 3Ha4ueHHs po3noiny 3MIT HU3bKOBONBT-
Horo crpymornposoxy TII 100 kBA Ha Bucorti 1,85 M
HaJl CTPYMOIIPOBOAOM IIpHU HOMiHAJHHOMY HAaBaHTa)KEHH1

30Ha BUMipiB
Maker
CTPYMOTIPOBOTY
PesynpTaTi BUMIipiB mpeAcTaBieHi HA puc. 7,6 Ta TII
tabu. 1. TIopiBHSHHS pe3yJibTaTiB PO3PAXYHKY 3 Pe3yIib-

TaTaMH eKCIIEPHMEHTY IIOKa3ye, L0 PO3PaxyHKOBE 3Ha- B b
wenns ingykuii 3MIT TIT 3 poskumom menme 7 % 36ira- Puc. 10. Cxema mabopaTopHOi YCTaHOBKH AJIST JOCIIPKSHHS

. 3MII makery crpymonpoBoay TII 100 kBA
€TBCSL 3 pe3ysbTaTaMu eKcrnepuMmeHty. Lle migTBepmxye
KOPEKTHICTh 3alpOIOHOBAHOI aBTOpaMu MOAN(iKOBaHOI TakuM YHHOM, 3aTPOTIOHOBAHO MOIMDIKOBAHY /IBO-
asodasHoi MynbTHaMmonbHOI Moxeni 3MIT TII Ta mpu- (hazHy MyIbTHAMIONBHY MaTeMaTHYHy Mojenb (5) s
HMHATHX BUIIE NIPUITYIICHB. pospaxynky 3MII crpymonposoni TII Ta BukoHaHo ii
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eKCIIEpUMEHTANIbHY TIEPEeBIPKY Ha ITOBHOMACIITaOHOMY
7m1a60paTOPHOMY MaKeTi HH3BKOBOJIBTHOTO CTPYMOIIPOBO-
ny TIT 100 kBA. ITopiBHSIHHS pe3yibTaTiB pO3paxyHKy Ta
eKCIEPUMEHTY TiATBEPKYE KOPEKTHICTH 3alpOIIOHOBA-
HOi MOJIU(IKOBAHOT MaTeMaTHYHOI MOl Ta pO3paxyH-
KOBHX CIIIBBIIHOIIEHb HAa i OCHOBI.

[lepcrieKTUBHUM € BHUKOPHCTaHHS 3aIllpPOIIOHOBAHOL
Mon(ikoBaHOI ABO(GA3HOI MYITBTHIUIIONEHOI MaTeMaTH-
yHOT Mozeni st po3paxyHky MII kpuBomiHiiHuX (THY4Y-
KHX) CTPYMOIIPOBOJIIB.

Bucnoskn.

1. TligTBepmKeHO, MmO OCHOBHMM mxepernom MII
BOynoBanux TII € iX HHM3BKOBOJNBTHHH CTPYMOIIPOBI,
BKJI]l SIKOTO B 3aralIbHHUN PIBEHb MarHiTHOTO ITOJIS Ha Bil-
ctani 2 M ckianae outein 90 %, 1o A03BOJISIE B iHXKEHEP-
HUX pO3paxyHKax He BpaxoByBatH iHimi mxepena MIT TIL.

2. Ha ocHOBI aHai3y pe3ynbTaTiB AOCHIHKEHb 3aK0p-
JIOHHHX aBTOPIB, a TAKOX BJIACHUX jAociipkenb MII B sxut-
JIoBHX OynuHKax i3 BOynoBanumu TI1 B YkpaiHi, okasaHo,
0 piBeHb IHAYKIi MardiTHOro mois BOyzoaHwx TII mo-
TyxHicTIO 100-1260 KBA, po3TamoBaHnx B JKUTIOBHUX IPH-
mirienssx Haa TTI, cknanmae Big 1,5 go 13 MKT, 1110 iCTOTHO
TIEPEBHUIIy€e TMPUHHATHHA B YKpaiHi TPaHWIHO JOITYCTHMHN
pieens (0,5 MxTi), ckilagae HeOe3meKy UIsl 370pOB’sI Hace-
JICHHSI 1 MATBEPIPKY€E akTyanbHicTh 3MeHmmenHs MIT TI1.

3. 3anpornoHoBaHo MoauGiKoBaHy 1BO]A3HY MYyJIb-
THIUIIOJIbHY MaTeMaTHYHy MOJIENb 30BHIIHbOr0 MII st
OCHOBHOTO JpKepesia MarHiTHoro moiist TII - ¥ioro tpuda-
3HOTO CTPYMOIPOBOJY, SIKa IPYHTYETbCA Ha IBOGa3Hiit
JIMTIONBHIA Moeni Tpu(a3sHOro eIEeKTPUYHOro Koja i B
MOPIBHAHHI 13 BIAOMOIO MYJIBTUAMIIONBEHOIO MOJEILTIO
J103BoJIsiE Oe3 301JbLICHHS IOXMOKM BIBIUl HAOIU3UTH
PpO3paxyHKOBY OOJacTh i 3a0e3MednTH pO3PaxyHOK 30B-
Himuaporo MII Bix BOymomanoi TII y Bcix KHUTIOBHX
MIPUMIIIEHHAX OyIMHKY, B TOMY YHCI]I PO3TAIIOBAHUX HA
BiJICTaHI Big oxHOro Metpa mo TII.

4. 3aiiicHEeHO eKCIIepUMEHTAIBHY MEPEBIPKY MOMIH-
¢dikoBaHOi MBO(A3HOI MYyJIBTHAMNONBHOT Momem MII
Tpu(]a3HOTO CTPYMONPOBOAY HA MOBHOMACIITAOHIH (i3u-
yHili Mozeni ctpymoripoBoay TII 100 kBA, BukoHaHiit Ha
MarHiTOBAMIPIOBAIEHOMY CTEHJII YHIKaJbHOTO MarHiTo-
nuHamigHoro kommuiekcy I[IMam HAH VYkpainu, 1o
MATBEPAWIIO CIIBMAMIHHSA PE3yNbTaTiB PO3PaxXyHKY i
EKCIIEPUMEHTY 3 pO3KHI0M MeHI 7 %.

5. BukopucraHHs 3anmpornoHoBaHOi 1Bo(azHOI My-
JIBTUIUIONBHOT Mo TpU(A3HOrO CTPYMOIPOBOIY
BOynoBanux TII 1o3BonuTh mMOmMpHuTH po3paxyHok MIT
Ha ii OCHOBi Ha BCi CyCi/Hi HTJIOBI IPUMIIIICHHS, B TOMY
YHCIi HAOJIMKEHI Ha BiJICTaHb 0 1 M, 10 OyIe CIpUATH
BHpIIIEHHIO TPOOIeMHU 3aXMCTy HACEJICHHS BiJl HEraTHB-
HOT JTii MATHITHOTO TOJISl TIPOMHUCIIOBOT YaCTOTH.

Konguikr iHTepeciB. ABTOpM CTaTTi 3asABIAIOTH
TIPO BiJICYTHICTH KOHQIIIKTY iHTEpECIB.
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Simulation of the magnetic field in residential buildings with
built-in substations based on a two-phase multi-dipole model
of a three-phase current conductor.

Problem. Substations 10(6)/0.4 kV built into residential buildings
create a magnetic field with magnetic flux density of more than 10
uT in nearby residential premises, which is a danger to the health
of the population and makes the study of this magnetic field rele-
vant for the development of methods for its protection. The main
source of the substations external magnetic field is their low-
voltage current conductor, the contribution of which to the total
level of the magnetic field is more than 90 %. Multi-dipole
mathematical models, which have a clear physical interpretation,
are a promising method of modeling the substations magnetic
field, which is important for the further development of methods of
population protection. The purpose of the work is to modify the
well-known multi-dipole model for calculation based on it with a
limited error of the external magnetic field of current conductors
of built-in substations that are close to residential buildings at a
distance of up to one meter. Methodology. A modified two-phase
multi-dipole mathematical model of the main source of the exter-
nal magnetic field of substation — its three-phase low-voltage
current conductors — is proposed, which, unlike the existing
model, is based on a two- you to halve the distance to the area of
calculation without increasing the error. Verification. An experi-
mental verification of the modified two-phase multi-dipole model
of the magnetic field of a three-phase 100 kVA transformer sub-
station on its full-scale physical model was carried out, and the
results of the experiment were presented, confirming the coinci-
dence of the calculation and the experiment with a spread of no
more than 7 %. References 37, tables 1, figures 10.

Key words: built-in substation, residential building, current
conductor, external magnetic field, multi-dipole mode.
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KOeinei

KHA3€B BOJIOAUMUP BOJIOJUMUPOBHUY

(o 70-pivust Bix AHS HAPOJDKEHHS)

Bonogumup Bonogumuposuu  KHs3€B  HapoauBcst
10 ceprnst 1953 p. y m. Xapkis. Y 1970 p. BcTynuB Ha Ha-
BYAHHA IO XapKIBCBKOTO JEPKaBHOTO YHIBEPCHUTETY IMEHi
O.M. I'opbkoro Ha ¢i3nunmii daxyasrer (Kadenpa TeopeTu-
4HOT (hi3uKn), sikuid BiH y 1975 p. 3aKiH4MB 32
crewianbHicTio «Di3uka». Y 1975 p. Oys
MIPUAHATHIH MOJIOJIIINM HAayKOBUM CITiBpO-
6itHrKOM 110 naboparopii «H/JI TBH Ta
IIT» XIII (kepiBuuk C.M. ®epTukK).
Y 1997 p. moctynmuB A0 acmipaHTypH Ha
3a0YHE BIJJMUIEHHA 32 CIICLIaJbHICTIO
«TexHika BHCOKHMX Hampyr» (HayKOBHii
kepiBauk B.IO. XBopoct). ¥V 1987 p. vy
CTeliai3oBaHill BUCHIH paxi BeecorozHoro
€JIEKTPOTEXHIYHOTO IHCTUTYTY (M. MocKkBa)
3aXHCTUB KaHIUIATCHKY IHCEpPTAaMilo.

VY 1994 p. oTpuMaB HayKoBE€ 3BaHH
«Crapmmii HayKOBHH CHIBpOOITHUK» 3a
cremiaigbpHicTIO « TexHika CHIBHUX €ICKTPUYHUX 1 MarHi-
THHX TIOJIBY.

3 moyarky po6otu no 1991 p. mpuiimMaB ydactb y
JIOCITIJDKEHHSIX, IO CTOCYBAJIUCS 3a0€3NeYeHHs CTIMKOCTI
aBiariitHo1, kocMivHOI (TIpoekT «bypan»), pakeTHOl, Biii-
CHKOBOI TEXHIKM MOPCHKOT'O Ta Ha3eMHOTO 0a3yBaHHS 10
BIUIMBY IOTY>KHHX €JIeKTPOMarHiTHHUX 3aBal.

Bomogrmup BonogumMupoBud cBilf TpyOOBUH MUISIX
npoiimoB koM y XI1I 3aiimaroun nocani: 1982 — crap-
i HaykoBuid criBpoditHuk OKB BUT; 1990 — 3aBiny-
Bau HaykoBoio saboparopieto H/IIKI «MomnHis» mpu
XIII; y »oBtHI 1994 OyB mepeBeneHHM 10 CTBOPEHOTO
HCB «Imnynscey XIII Ha mocany 3acTymHHKA TUPEKTOPA;
y ciuni 2002 p. y 3B’s13Ky 3 peoprarizamieto HTY «XIII»
mepeBenero 10 H/TIKI «Momais» HTY «XTIII» Ha moca-
Jly TIPOBIZTHOTO HAyKOBOTO CITIBPOOITHHKA 3 OJHOYACHUM
BUKOHAHHSAM OOOB’SI3KIB KEpIBHHKA HAYKOBO-AOCIIHOTO
Bignury Ne2. Ha wiit mocani npartoe noci.

Bonoxumup Bonogumuposud OyB oJjHUM 3 iHIIiaTO-
piB ctBoperHs y 1994 p., Ha 6asi HJIIIKI «MomnHisy,
Hentpy ceprudikamiitaux urnpoOyBaHb «IMImymsc» (au-
pexrop B.1. KpaBuenko), sikuii 3rojjom OyB nepuiuii akpe-
qutoBanuii Jlepokcrangaprom YkpaiHM Ha He3aJeXKHICTh
Ta TEXHIYHY KOMIIETEHTHICTh y Tally3i eIeKTpOMarHiTHOI
CyMiCHOCTI. 3aBISKHM 3yCHJUISIM IOBUISIpa, SIK KEpiBHHUKA 3
sikocTi, LICI «Immysbe» Oyino pedhopmoBane y BunpoOysa-
meHY nadoparopiro (BJI) HAIIKI «MomHis, sika oTpuMaa
BUIILly CTYIIEHb aKpeAWTallii HAa HAI[lOHATFHOMY DiBHI, aK-
penuroBaHa HamlioHaJbHMM — areHTCTBOM — aKpeaWTarlil
VYkpainu Ha BigmoBimHicTe BuMoram craumapty JICTY
ISO/IEC 17025 (arectar 20484). Cdepa akpeaurarii
BKJIIOYA€ MOBHMH CIEKTP BWJIB BUIPOOYBaHb 3 EJIEKTPO-
MAarHiTHOI CYMICHOCTI TEXHIYHHMX 3aCO0IB, y TOMY YHCII:
CHCTEMH KEpyBaHHSA IpOLIECAMHM Ha aTOMHHX CTaHIIIfX,
GopToBe 00JaHAHHS JITATBLHUX arapariB, BIHCHKOBA TEX-
Hika Ta obnmamHaHHs. L{ei hakT 0OyMOBIIIOE YHIKAIBHICTD
Ta 3atpedyBaHicTs BJI cepen mianpuemMcTB YKpainu.

Bonogumup BonoxumupoBuy  3poOuB  0coOHCTHIHA
BKJIaJ y MIATOTOBKY KaapiB Buinoi kBamidikamii. ITix

HOro KEpIBHUIITBOM YCHIIIHO 3aXUCTHIM JUCEPTAIii
0.10. Ckob6aikoB Ta O.}O. Yepnyxin. Ilocriiine migsu-
IIyBaB BJIACHY KBami(ikamito, Y TOMY YHCIHi: HPOMIIOB
HaByaNbHUH Kypc KepiBuuka 3 sxocti (TUV) ta craxy-
BaHHS B YecbKOMY TEXHIYHOMY YHIBEpCH-
teti y IIpasi Ha temy «OcoOuuBOCTI M-
TOTOBKM BHCOKOKBaJli(hikoBaHUX (haxiBILiB
CBITOBOTO pIBHA Yy TEXHI4HIH ramys3i» B
00cs131 5 KpenuTiB.

Ccdepa HaykoBux iHTepeciB Bomomu-
Mmupa BonoaumupoBnya oxorumoe (izuky
EJIEKTPOMATHITHUX TPOIECIB, eJIeKTpoMar-
HITHY CYMICHICTB, OJIFICKaBKO3aXWCT, CTaH-
JapTH3alio Ta Merpororiro. [1ig HaykoBuUM
KEpIBHUITBOM [OBUISIpa BUKOHAHE HU3KY
CKJIAJHAX HAYKOBO-IOCHITHHAX pOOIT Ha
3amoBneHHss MOH Vkpainn, Il «Kb
«[liBnenne», XKBM imeni Mopo3osa.
Y tomy umcni H/IP «Po3paxyHKOBO-eKCIIepUMEHTalIbHA
OLIIHKA JIOCTATHOCTI Mip OJIMCKaBKO3aXHCTY CTapTOBUX
KoMIuiekciBy (2020 p.).

Ha ueii ywac Bonoaumup BononumupoBud BHUKOHYE
HU3KY JIONAaTKOBHX HAYKOBHX Ta OpraHi3amiifHuX
000B’s13kiB: HaykoBui 30epirau Etanony PEMII, 3actyn-
Huk rosoBu Byenol pamu HJIIKI «MounHisy, paaHuk
ronoBu TexniuHoro xomitety Ykpainu (TK 22), ekcnept
IEC Bin Ykpainu B ramysi eeKTpOMarHiTHOi CyMiCHOCTI,
4jieH YKpalHChKOTO KOMITETY 3aXHCTy BiJl OJIMCKAaBKH.
3 2001 p. mo 2023 p. BUKOHYBaB 000B’S3KH BiAIIOBIAAIH-
Horo cekperaps TexHiuHoro Komirery Ykpainu cranmap-
TH3alii y Tary3i eJeKTpOMartiTHOI CyMICHOCTI Ta CTiHKO-
cti TexHiuHuX 3aco0iB (TK-22). 3a meit wac TK 22 craB
onuuM 3 kpamux TK B VkpaiHi, o oo cBig4aTh HEOTHO-
pasoBi Haropoau Bix HamioHanbHOTO OpraHy cTaHmapTH-
3anii YkpaiHi Ta IMOBHA rapMOHi3allisg CTaHAapTiB YKpai-
HU 31 cranmapramMu €C B 1ii ramysi. 3a y4acTi roBisipa
3aiticHene nepekian monana 50 cranmapris EN.

3a BHECOK y pO3poOKy Cyd4acHOi BHCOKOBOJIbTHOT
iMmynecHOT TexHIKH (y ckmami daxismie HTY «XIID»)
B 2006 p. craB naypearom [lep>kaBHOi npeMii Ykpainu y
rajgysi HayKd Ta TEXHIKH. 3a 0COOMCTHH BKIaa B PO3BU-
TOK HayKH Ta OCBITH IOBUIspa HaropomxeHo: IlogecHoro
I'pamororo MinictepctBa ocBitn (2003 p); IlowecHoro
I'pamororo  Ilpesmmiymy Axazemii Hayk YKpaiHu
(2015 p.); IlouecHorto I'pamotoro Kabinery MiHicTpiB
Yxpainu (2017 p.).

IOBusip Mae monax 180 HaykoBHX mpampb, TPHOX-
ToMHOi MoHOrpadii «biuckaBka Ta JTaJdbHI amapaTi»
(2021 p.), TaBu y 4 KOJNEKTUBHUX MOHOTPaQisX BHIAHUX
3a KopAoHOM, 16 aBTOpchkux cBimonTBa CPCP, 5 maTeHTiB
YKkpainu, aBTOpChKi MpaBa Ha 8 IPOrpaMHUX MPOLYKTIB.

Pexropar HTY «XI1I», xonextuB HIIIKI «MomHis»,
foro apy3i Ta ToBapwHili 0axarwTs ToporoMy Booaumu-
py BonoammupoBuuy MiIIHOTO 310pOB’S, INACTs, Ha-
TXHEHHS Ta YCIIiXy y BCiX HOro moynHaHHiX. Pemakmiiina
KoJterist xypHany «EmexrpoTexHika i elekTpoMexaHikay
NPUETHYETHCS O IIMX NOOaXKaHb.
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