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TEOPETUYHA EJIEKTPOTEXHIKA TA EJIEKTPO®I3NKA

YK 621.365.51 DOI: https://doi.org/10.15407/techned2024.01.003

BU3HAYEHHS TA AHAJII3 POBOYUX XAPAKTEPUCTUK BUCOKOBOJIbTHUX
EJIEKTPOTEXHIYHUX CUCTEM HA OCHOBI HOCJIIIOBHOI'O BUCOKOJAOBPOTHOI'O
PE3OHAHCHOI'O LC-KOHTYPY

A.A. Illep6a * u. -Kop. HAH VYkpainu, O.]1. llogoabues - ,I[OKT TEXH. HayK,

H.I. CynpyHOchca JIOKT. TeXH. HayK, /.B. BiHHMYEHKO  KaHJ. TEXH. HAyK
InctutyT enekrponunamiku HAH Ykpainn,

np. Bepecreiicbkuii, 56, Kuis, 03057, Yxpaina. E-mail podoltsev.alexander@gmail.com

YV pobomi nposedeno ananis pobouux xapaxmepucmuk enexkmpomexuiunoi cucmemu (ETC), no6yooeanoi na ocnogi
ROCTIO08HO20 BUCOKOO0OpOomMHO20 pe3onarcHozo LC-xoumypy, axa npusnauena ona OiacHOCMuKU i301aYyii 6UCOK080-
Jomuo2o obnaduanna. Excnepumenmanvio docniosxceno uacmommui sanexcrnocmi napamempis L ma C enemenmie peso-
HAHCHO20 KOHMYPY | ROKA3AHO, WO 05 Yux eleMenmis iCHye ONmuMaibHa 4acmoma, 3a AKil 006pomuicms KOHMypy €
Makcumanvrow. IIpuwomy ya 0obpomuicms 8UHAYACNLCA NEPESAHCHO 00OPOMHICINIO THOYKMUSHOCT KOHMYPY | MO-
gice mamu maxcumanvie 3navens QLc max = 280 3a wacmomu f = 40 kl'y. Pospobreno Simulink-yooenw ons ananizy
pobouux xapaxmepucmux ETC ¢ ycmanenomy peoicumi ma HageOeHO 2pagiuHi 3a1edcHOCmi, Ki 0aroms 3Mo2y 0k
BUOPAN020 AKMUBHO20 ONOPY HABAHMAIICEHHS GUSHAYUMU HA HbOMY HANPY2Y MA eHep2emuyHi XapaKmepucmuKy i 3Ha-
uenns KKJ] ETC na emani it npoexmyesanns. Taxooc pospobneno Simulink-modens ons ananisy ounamiunux xapaxme-
pucmux ETC y pasi eunuxnenus npoboorw izonayii, wo diacnocmyemucs. Ilokazano, wo 6 ETC, ska mae nocrnioognul
BUCOKOOOOPOMHULL PE3OHAHCHULL KOHMYP, Npobill i301ayii Oy0e SUKIUKAMU WEUOKe 3MeHUIeHHs 6 Hill cmpymy, a He
tioeo 30invuienna 0o asapiinux 3nayenv Ak 6 ETC na ochosi ucoxosonvmuux mpancgopmamopis. Takum wunom &
ETC peanizyemuvca wsuokodiroua napamempuuna cmabinizayis 8uxXioHo2o cmpymy Hagims y pasi e1ekmpudHux npooois
BUCOKOBOLMHOT 13011AYiT eHepeemuyHo20 001a0HANHA, WO diaeHOCmy€EembCs, 3anobieaioyu pyunysannio ax ETC, max i
izonayii. bion. 11, puc. 9.

Knrwowuoei cnosa: pe3oHaHCHUI KOHTYp, TOOPOTHICTB, EIEKTPOTEXHIYHA CUCTEMa, YaCTOTHO-3aJIeXKHI MapaMeTpu, BUCO-
KOBOJIbTHA 130JIA11is, CHJIOBI Ka0eli, eICKTPOMAIIIMHN, MOHITOPUHT TEXHIYHOTO CTaHY.

TpuBanwmii 9ac iHHOBAIIHI JOCTIHKCHHS y BITYU3HSIHIN €IEKTPOSHEPTETHII, CIPIMOBaHI Ha PO3BH-
TOK JIEIIEHTPaIi30BaHUX JIOKAJhHUX eNeKTpUYHNX Mepexk Microgrid [1-4], 3maTHUX 3MiliCHIOBATH TWHAMIY-
HE peryJoBaHHs 0aJaHCy MOTYKHOCTEH PO30CepeKeHHX JDKepell eJIeKTPOeHeprii B yMOBax HecTalioHap-
HOTO il CIIO)KMBaHHsI POMHUCIOBUMH 1 )KUTIIOBHMH 00’ €KTaMH, IPOBOAMIH 0€3 ypaxyBaHHs TEXHIYHOTO CTa-
HY 130JIA1111 KaOeTbHUX JIiHIH eJeKTporepeaadi [5] Ta MOTYKHOTO eJIEKTPOCHEPTeTHYHOTO 00IaHaHHs [6, 7].
[ToTo4YHMIT MOHITOPUHT Ta MIarHOCTHKY CTaHy i30IAIlii CHIIOBUX KaOeliB 3a3BHYail MPOBOAMIIHN JIUIIE 32 1X-
HBOTO BUKOPHUCTaHHS Y BHCOKOBOJIBTHUX 1 HAaJBHCOKOBOJIFTHHX €JIEKTpOMEpekax [5] Ta B Kojax po3psmy
niHiHEX [8] 1 HeNmiHIAHUX [9] EMHICHUX HAKONMYYyBadiB €HEPrii Cy4yacHUX €JIEKTPOPO3PSAIHUX YCTAaHOBOK,
OCKIJTBKH SIKICTh TaKO1 130JIA11iT BIUTMBAJIA SIK HA TTApaMeTPH PO3PSIHUX IMITYJIbCIB, TaK 1 HA XapaKTEPUCTHKH
Ta eKCIUTyaTaliliHi BIaCTUBOCTI OTPUMYBAaHUX MIiKpO- i HaHOMOpomkiB [10, 11].

Bimomo, 1110 jjis BUSIBICHHS O3HAK HASBHOCTI Je(eKTiB (ra30BUX MIKPOBKIIIOUEHB) B 130JIs11i1 MOXK-
JIMBO BUKOPHCTOBYBATH METO/I BUMIPIOBaHHSI PiBHS YaCTKOBUX PO3PALIB, IKHH IIUPOKO JOCHIKY€ETHCS MPO-
TATOM OCTaHHIX NECATHIITH [2—5]. BUKOPHUCTOBYETHCS TaKOX METOJ OIIHKH ITOTOYHOTO CTAaHy i30JIAIii Ha
OCHOBI BUMIPIOBaHHS B Hiif CTPyMiB BUTOKY y pa3i MPHUKJIAAaHHA MOCTiHHOI HanpyrHu [6—9]. [Ipuuomy mist
MOHITOPHHTY 1 JIIaTHOCTUKHM TEXHIYHOTO CTaHy BHCOKOBOJILTHOT 130JIS11i1 TOTYKHOTO €JIEKTPOCHEPTETUIHOTO
oOnagHaHHs HEOOXiIHO PO3POOIIATH Ta BUKOPUCTOBYBATH BUCOKOBOJIBTHI estekTpoTexHiuni cuctemu (ETC),
[0 MAIOTh MIBUIKOIIIOYNH 3aXUCT BiJ 3a3BUYAM aBapiiiHUX 1 HEOC3METHUX PEKUMIB CICKTPUIHOTO TTPOOOIO
130JISI11i1, 1110 1IarHOCTYIOThCA.

3a1a oTpuMaHHs BUCOKOi BuMiptoBanbHoi Hanpyru (Oinbmie 20 kB) B takux ETC 3a3Buuaii BUKO-
PHUCTOBYIOTH JIOCTATHHO MacO-rabapuTHI BUCOKOBOJIBTHI TPAHC(HOPMATOPH, IO MPAMIOIOTHh HA MMPOMHUCIOBIN
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gactoTi 50 I’ i MarOTh 3HAYHY iHIYKTHBHICTH PO3CIIOBaHHS 3311 3MEHIICHHS IXHIX CTPYMiB KOPOTKOTO
3aMUKaHHS, SIKI BUHUKAIOTh 38 KOPOTKUX 3aMHKaHHsX i30ismii. [Ipr iboMy perynoBaHHS BUHUKAIOUHX He-
0a)kaHO BETMKUX CTPYMIB BiIOYyBa€ThCs 3a JOCUTH TPUBAIMI NMPOMiKOK dacy (0nu3pko 10 MKC) micis BUHU-
KHEHHSI €JIEKTPUYHOTO ITPOOOIO 13051,

VY nmaHit cTaTTi BUKOPUCTOBYETHCS adbTECPHATUBHHUM MPUHITUT TOOYA0BH BHUCOKOBOMBTHUX ETC Ha
ocHoBI mocninoBHuX LC-koHTYpiB, 100poTHICTE Q sikMx Moke OyTH Beiukor (30kpema Q > 100) uepes
NPOTIKaHHS B HUX PE30HAHCHUX BHCOKOYACTOTHUX cTpyMiB (dactotoro 10 + 100 kI'm). Bukopucranus B
ETC nocaigoBHoro Bucokom00potHoro LC-KOHTYpY a€ MOKIMBICTh OTPUMATH HAa HOT0 PECAKTUBHHUX €Jle-
MEHTax Hampyry, mo B Q pa3 nepesuiiye 30BHimH0 Hanpyry xuBjieHHss ETC [10]. Ha cboroaHi Ha mpakTu-
ui icayroui ETC takoro Tumy mpauioloTh Ha mpoMHcioBiii yactoTi 50 I'u, ToMy IXHIM HEIONIKOM € 3Ha4Hi
Maco-Ta0apuTHI BEJIMYiHU peakTUBHUX ereMeHTiB [10].

3anms mooymoBu koMmakTHOi ETC miis miarHOCTHKY 13011111 aBTOpaMH 3alpOTIOHOBAHO TIEPEUTH Ha
BUCOKY pobouy yactory 10 + 100 k['n. Taki ETC € po3BUTKOM Ha HOBOMY Cy4yaCHOMY PiBHI JIOCTIIKEHb Ta
PO3pPOOOK PE30HAHCHUX KOHTYPIB JJIsl )KUBJICHHS PI3HOMAHITHOTO €JIEKTPOTEXHOJIOTIYHOro 00JaiHaHHS, 1110
MpoBOAWINCA OaraThMa HAyKOBIIMH, 30Kpema, lHcTHTyTy enekrtpogmHamiku HAH VYkpaiam mig
repiBauiTBOM 4i.-kop 1.B. Bonkoa. B Toii ke vac poboui xapakrepuctuku takux ETC B ycraneHomy pe-
KHUMIi pOOOTH, a TAKOK iXHI JUHAMI4HI XapaKTEPUCTUKH M/l Yac BUHUKHEHHS MPO0OOI0 130JIA1i1, 1110 TPU3BO-
JUTH 10 KOPOTKOT'O 3aMHMKaHHS B HABAaHTAXEHI, B JITEPaTypi pO3IIIAHYTO HE JOCTATHHO JCTANIBHO.

ToMy MeTO10 1aHOT poOOTH €:

— aHali3 XapaKTePUCTUK PEakTHBHUX €JIEMEHTIB oOyxoBaHoi BucokoBoibTHOI ETC pe3onancHoro
TUMY Ta 11 10OpOTHOCTI K (DYHKIIT 9acTOTH B miana3zoni yactoT 10 + 100 kl'm;

— aHaji3 3a JIOTIOMOTOI0 KOMII FOTepHOI MOJeni poOO0YNX XapaKTepUCTHK BHCOKOBOIbTHOI ETC,
CTBOPEHOI Ha OCHOBI IIbOTO KOHTYPY, B YCTaJICHOMY PEXUMi poOOTH;

— aHaJi3 3a JOIOMOTOI0 KOMII IOTEPHOI MOl TUHAMIYHUX XapaKTepUCTUK BUCOKOBOIbTHOI ETC B
PEKUMI BUHUKHEHHS! IIBUJIKOTO (IPAKTUYHO MUTTEBOTO) KOPOTKOTO 3aMHKAHHSI.

CTpyKTypa BHCOKOBOJIbTHHX €JIEKTPOTEXHIYHUX CHCTEM HA OCHOBi MOCJIiOBHOr0 pe30HAHC-
HOro LC kontypy. BucokoBonstHa ETC, 1m0 mocmimKyeTbesi, MOXKE B MPUHIMIIT BUKOPHCTOBYBATHUCS IJIS
CTBOPEHHS SIK CHHYCOITHOT HAlIpYTH B 130JIAL1i1, 30KpeMa, ISl JIarHOCTUKHM TEXHIYHOTO CTaHy BUCOKOBOJIBTHHX
Ka0eiB, TaK 1 MOCTIHHOT HANPYTH AJIS AOCIIHKEHHSI TEXHIYHOTO CTaHy i30JIMii TypOOTreHepaTopiB Ta iHIIHX
esleKTpoMaH. Y podoti aBropu gociikyote ETC, mo ¢opMye noctiiiHy Harpyry B HaBaHTa)KeHH.

Crpykrypy BucokoBonbTHOI ETC Ha ocHOBiI pezoHancHOTO LC-KOHTYpY Ui MIarHOCTHKH CTaHy
13011111 Ha MTOCTINHIN HAIMPy3i CXeMaTHYHO MOKa3aHa Ha puc. 1. Ha HboMy MepBUHHUM JHKEPETIOM BHUCTYIIAE
JDKepesio TIOCTIHOT Hampyry, sike mia’eqHaHe 10 BXody iHBeprTopa. Lle Moxke OyTH sk JpKepeno 3MiHHOTO
CTpYMy i3 BUIPSMIISYEM, TaK i aKyMyJSTOpHA
OaTtapes B pasi MOPTATHBHOTO BapiaHTy BHKO-
HaHHS JKepena.

o Buxoay BucokouactotHoro DC-AC

C ! . o
Re| | _H_ R | iHBepTOpa (IEepeTBOprOBada IMOCTIHOTO CTpYy-

DC-AC iuBepTop Bunpsimisia

My B 3MIHHHAN) TiAKIIOYEHO BHCOKOAOOPOTHUIN

pe3onancHuii LC-koHTYp, 0 €MHicHOTO ene-

---------- ! MEHTY SIKOTO HiJIKJIIOYEHO BUIPSAMIIY 13 HaBa-

Puc.1 HT@OKEHHSAM. SIK HaBaHTa)XEHHS po3riisiaaiacs

130JIA11s] BUCOKOBOJIBTHOIO 0OJiajHanus. Bijo-

MO, L0 Hampyra Ha BXOJi BUIPSAMIIAYA B PEKHMI PE30HAHCY B KOHTYPI 3aJICKUTh Big 100poTHOCTI Q 1bOTO

LC xoHTYpy, TOMy TOOyZI0Ba KOHTYpY i3 BUCOKOIO H00poTHicTIO Q > 100 € o/Hi€I0 3 TOJIOBHUX 33724 Mij
gac po3podxu BucokoBoabTHOTO ETC.

Hns peanizanii Bucokoi gooporHocti ETC aBTopr BUTOTOBMIIM clieliaibHI KOTYIIKH 3 CEKLUIHHUMHU
o0MOTKaM# 3 0araTOXMJIFHUX 130JIbOBAaHUX 1 CKPYUYEHHX Y JDKTYT MiTHHX MPOBOJIB ThITy "miTieHTpar" i
TIOCTIIOBHO 3 HUMH MiAKIIOYIIA TPOMHUCIIOBI KepaMidHi KOHAEHCATOpH HeoOXigHOi emMHOCTI. bymno mocmi-
JDKEHO YaCTOTHI XapaKTEPUCTHKH TaKUX IHAYKTUBHOTO T4 EMHICHOT'O €JIEMEHTIB B Jiama3oHi poOo4oi 4acTo-
™ 10 +~ 100 '

YacToTHO-3a/1€5KHi MapaMeTpH IHIYKTUBHOCTI Ta €MHOCTI NOCJII0BHOI0 Pe30HAHCHOI0 KOHTY-
PY. 3autst JOCTIHKEHHS YaCTOTHUX XapaKTePUCTUK po3podiieHux L, C eneMeHTIB pe30HaHCHOTO KOHTYpPY B PO-
00Ti BUKOPHUCTOBYBABCSI BUMIPIOBAY IMIIEJAHCY .

IHlapamempu indoykmuenocmi. OTpuMaHi 3HaYeHHS YaCTOTHO-3JIGKHHUX MApaMeTPiB KOTYIIIKH 1HTyK-
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tuBHocTi L(f) ta R (f) B mianasoni wactor 10+100 ['11 HaBeaeHo Ha puc. 2. [Ipu 11bOMY BUKOPHUCTOBYBAJIACS MMO-

CITIiIOBHA 3aCTyITHA CXeMa KOTYIIKU. TakoX Ha bOMY PHUCYHKY HaBEIEHO 3aJICXKHICTh BiJl YACTOTH JOOPOTHOCTI

Q miei  korymku Qu(f), sKka po3paxoByBamacs sk
L

L,MIH 0 Q, =wlL/R, . Hampsm cTpiiok BKasye BiAIOBiIHY

R_,MOM

70

60

50

40

30

20 ."

-,

R

BiCh OpJTHAT.

3 IBOTO PUCYHKY BUAHO HACTYIIHE:

— BeNMYWHA 1HIYKTUBHOCTI KOTYyIIKU L cia-
00 3MIHIOETBCS 31 3pOCTAHHSIM YacTOTH, a BEIIMIMHA
ii akTBHOTO omopy R, moumHarouwm i3 yacroru 20
k[, 3pocTae npuOIM3HO MPONOPLIIHO YacToTi f;
BEIMYMHA JOOPOTHOCTI IHIYKTHBHOTO
enementy Q(f) mocsrae MakcHMMajabHOTO 3HAYCHHS
QLmax =290 3a f = 40 kI'1. 3a OLIBIIKMX 3HAYEHHIX
4acTOTH JIOOPOTHICTh 3MEHIIYEThCS  BHACIHIJOK
IIIBUIKOTO 3pOCTaHHs R, .

250

200

150

Iapamempu emnocmi. Sk eMHICHUH ene-
MEHT JUIS PE30HaHCHOT'O KOHTYPY BHKOPHCTOBYBaJIa-
cs KoHAeHcaTopHa Oarapes i3 emHicTio 3,5 HD i1 Ha-
npyroro 100 kB. OTpumaHi IUITXOM BHMipIOBaHHS
3HAUEHHS YaCTOTHO-3aeXHUX napametpiB wiei 6arapei — C(f) Ta Rc(f) B mianasoni wacror 10+100 kI'1 30-
OpaxxeHo Ha puc. 3. [Ipy HbOMy BUKOPHCTOBYBaacs IapajieibHa 3acTyIlHa cXeMa KOHIeHcaTtopa. Takoxk Ha
IIbOMY PHCYHKY HAaBEJICHO 3aJIEKHICTh BiJl 4aCTOTH AOOPOTHOCTI 1i€i O6aTtapei Qg (f)=R;woC .

100
50 60 100

70 80 90

Yacrora f, kI'1
Puc. 2

3 BOTO PUCYHKY BUIHO, IIIO:
— BenmmyrHa €MHOCTI C c11a0bo 3MiHIOETHCS 13 POCTOM YaCTOTH;
— aKTHBHHH omip R¢ 3HaYHO 3MEHIIYETHCS 13
Qc POCTOM YacTOTH;
10” — BeMMYMHA TOOPOTHOCTI €MHOCTI Ma€ MaKCH-
masbHe 3HadeHHSA Q¢ max = 9,2-10° 3a f = 30 k['w.
OTpuMaBIIM YaCTOTHI 3aJIeKHOCTI MapaMeTpiB
L(f) ra C(f), MoxxHa BU3HAYMTH pe30HAHCHY 4acToTy fy
KOJUBAIBHOTO KOHTYPY, IO MICTHUTH ITi TOCIIiIOBHO
3’€IHaHI CJIEMEHTH, IIAXOM PO3B’sA3aHHS HACTYITHOT'O
HeJiHiHOro anreOpaiyHOTO PiBHIHHS:

oL(f)=1/(oC(f)).
Peanizamisn pe30oHAaHCHOr0 KOHTYPY 3 BHCO-
KO MOOPOTHICTIO. 3ajs CHPOIICHHS MOAATIBIINX
PO3paxyHKiB JOMLIIbHO MEPEHTH BiJl HABEIEHOT HA PHC.
1 mapayiensHOI 3aCTYITHOT CXEMH €MHOCTI i3 IapameT-
pamu C,R: Ta m00potHicTIO Q¢ = RcwC 10 mocii-

C,u® R;,MOm

30

g,

25

18.10°

20 3
610

15

4:10°
10

42.10°

0
10 20 30 40 50 60 90 100

Puc. 3 Yacrora f, kI'g

noBHOI cxemu i3 mapamerpamu C',Rc Ta mobporrictio Q¢ =1/(RgwC') . Ipu 1poMy MOKHA TTOKa3aTH,
10 32 YMOBH Q: >>1 chpaBeAuBi HACTYIHI BUPa3U:

C'=C, R&=Rc/Q%. Qt=Qc.
Le mae 3Mory B moAanbUIOMy KOJHMBaIbHUI KOHTYpP Ha pHc. | po3risgaTu K KOHTYP i3 HOCHTiJOBHO
3'eqnanumu L, Cta R c =R +R¢ / QCZ: €JICMEHTaMH.
JItst po3paxyHKy 3Ha4eHHS JOOPOTHOCTI PEe30HAHCHOTO KOHTYPY i3 MOCTIAOBHO 3’€qHaHUX L ememe-

HTY 13 mobOpoTtHicTio Q. Ta C enementy i3 noOpoTHicTIO Q¢ 32 BU3HAUECHIH pPE30HAHCHIN YacTOTI MOXe OyTH
BUKOpHUCTaHa (hopMyia

2
QL+Qc
sIKa CTpaBe/JIMBa 3a YMOBH, 110 4acToTa f criBmagae 3 yactororo pe3oHancy KoHtypy fo. MiiicHo, BenuynHa
JOOPOTHOCTI KOHTYPY Ha YacTOTI PE30HAHCY () JOPIBHIOE

Qe =
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ool _ R R
QLc =%3 Q! =—L+—C2=
RL+Rc / Qg e ool oyLQg

ne BukopucroByBanocs te, mo ®gL =1/(w)C). Bupasu (1) ta (2) criBnasatoTs i e CBiYUTH PO Te, LIO

Q' +Qc- @)

JOOPOTHICTh KOJNWBAIBHOTO KOHTYPY, 3HAIOUM JOOPOTHICTH HOTO ENEMEHTIB, pO3PaXxOBYEThCS TakK, SK 3a
napajenbHOMY 3'€THaHI JBOX PE3UCTOPIB, PO3PAXOBYEThCS 3HAYCHHS EKBIBAJIEHTHOTO pe3uctopa. Ciif 3a-
3HAYUTH, [0 caMe BiJ BeIMYMHH NOOpOTHOCTI Q| C 3a/eXUTh BeIMYMHA MAaKCHMAIbHOI HAampyru (airode

3HAYCHHS) Ha PEAKTHUBHUX EIEMEHTaX KOHTYpPY 3a YMOBH, IO YacTOTa 30BHIIIHBOTO JDKEpeNa YKHUBICHHS
Oyze AOpiBHIOBATH PE30HAHCHIM YacTOTi KOHTYPY.
3a pe3oHaHCy y BUCOKOAOOPOTHOMY KOHTYPI Iisl Harpyra Oy/ie BU3HAYATUCS SIK
U =Uc=U -Qc, 3)
ne U — niroye 3Ha4eHHS HAalPyTH 30BHIIIHBOTO JKEPEIia )KUBJICHHS CHHYCOITHOT HAIIPYTH.

Ha puc. 4 HaBeneHa 3aJeXHICTh TOOPOTHOCTI pe3oHaHCHOrO KOHTYpY Quc(f), mo po3paxoBana 3a
BupasoM (1). L5 3anexHICTh Aa€ 3MOTY, 3HAIOYH PE30HAHCY YaCTOTy KOHTYpY fo, Hampuknan, 3a pesynbra-
TaMM €KCIIEpUMEHTY ab0 TOMEPEAHBOI0 PO3paxyHKy, BU3HAUUTH H00poTHICTE KOHTYPY QL o(f) (3a f= o) i

MOTIM BEJMYMHY HANPYTH a TaKOX BEIUYMHY HAIpy-
Qe TH Ha PEaKTUBHUX eJeMeHTax 3a Bupazom (3). Ila
280 Harpyra O0yne pooouoro Hanpyrowo ETC.
260 3 puc. 4 TakoX BUAHO, 110 3anexkHicTh Q| (f)
JUIS €JIEMEHTIB, IO JOCHIJKYBaJIKCs, Maixke 30ira-
240 ernes i3 3anexuicTio Q| (f), mo mos’s3ano i3 BigHOC-
220 HO BEJIMKHMM 3HadeHHsAM mobporHocti emHOCTi Qc(f),
200 IO BUKOPUCTOBYETbCA B KOHTYpi. MakcumaibHe
120 3HAYEHHS JTOOPOTHOCTI PE30HAHCHOI'O KOHTYpY CTa-
HOBUTE Qucmax =280 1 mocsraerbess 3a YacTOTH
160 f=40 xI'n.
140 [Jani Ha ocHOBi po3pobiaenoi Simulink-monerni
120 OyJI0 MOCTiMKEHO poOO0Ul XapaKTEPUCTUKHA BHCOKOBO-
JBTHOTO JiKepena kublieHHS sk enmemeHTy ETC Ta
10010 20 30 40 50 60 70 80 90 100 mo0OyI0BaHOT'O HAa OCHOBI pe3oHaHcHoro LC-koHTYpYy,
Puc. 4 Yacrora f, k['g XapaKTEePUCTHUKH SIKOTO HAaBEJIeHI Ha puc. 2 — 4.
Simulink-mMonens eneKTpOTeXHiYHOI cHC-
TeMH Pe30HAHCHOT0 THIYy Ta aHAJi3 il podouynx XapakTepHCTHK B ycTajeHomy pe:xkumi. Ha nanomy
eTarl JUis OTPUMAaHHS y3arallbHeHUX Pe3yJbTaTiB PO3MIIAIAABCS PEXKUM POOOTH JPKEpEsa KUBJICHHS HA pe3u-
CTHUBHE HaBaHTaXEHHS R| oa¢, 1110 BiAMOBiAae BUMpsMiAdy Ta R;, Ci-eeMeHTaM Ha HOro BHUXOI, SK MOKAa3aHO
Ha puc. 1. 3azHaunmo, mo posrasaaerbess ETC st cTBOpeHHST BUCOKOT MOCTIHHOT HATIPYTH B 130J141iT 1 BU-
0ip Ipu LBOMY KOHKPETHOTO €KBIBaJEHTHOTO 3HAYEHHS R CTAHOBUTH CaMOCTiiHY 3amauy. Sk mxeperno
JKUBJICHHS BUKOPUCTOBYETHCS [DKEPENIO HAMPYTH MPSAMOKYTHOI dopmu (puc. 5, @) i3 ammiitynoo Uy =1 B,
110 3MIHIOETBCS 13 yacToToro pe3oHancy LC kourypy fo = 17,9 kI'u. Bubpane ammuityaHe 3HauenHs B 1 B
CHpOILIy€ MPOMOPLIHHUI MepepaxyHOK pe3yIbTaTiB Ha 1HIIY HANpYTy, PO3TIAAAI0UM KOJIa Ha pUC. 5 sIK JIiHi-
Hi. 3HaueHHs Bcix mapamerpiB LC-KOHTYpy BiJMOBiAalOTh JaHWUM puc. 2—4 3a yactoti pe3onancy f=f,, a
came: L =229 M[u, R, = 13 Om, C =3,5:10° @, Rc = 22 MOwm.

RLoad

R L R L

e(t)
Cc Cc
U=1 B e(t) I:\)C :ﬁ] RLoad &(t) RC
t
6)

a) ©)

Puc. 5
JocmimKyBammics Ba BapiaHTH MHiAKITIOUYESHHS HABAaHTAXEHHS — MApajIeNIbHO 10 EMHOCTI pE30HAHCHOTO
KOHTYpY (SIK TIOKa3aHO Ha pHC. 5, ) Ta MapajenbHO JI0 IHAYKTHBHOCTI PE30HAHCHOTO KOHTYpY (pHC. 5, 8).
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OO6wunBi Mopeni Oynu peanizoBani B maketri Malab/Simulink Ta mpoBeneHo po3paxyHKH AJisl YCTaJIEHOTO pe-
KUMY pOOOTH JKepea )KUBJICHHS 32 PI3HUX 3HAYCHHSX HABAaHTAXKEHHS R oag.

Ha puc. 6 nokazano Simulink-monens m1st qocmimkeHHs podounx xapakrepuctuk ETC y pasi min-
KITIOYCHHS HaBaHTaKEHHS R\ oqq TApaTIeTbHO 1O €EMHOCTI (pHUC. 6, @) Ta pe3ysIbTaTH MPOBEICHUX PO3PaXyHKiB
BiIHOCHOTO 3HAYEHHS HAIPYTH HAa HABAaHTAKEHI, BEIMUYNHHU MOTYXKHOCTI Ha HhOMY (6), KK mist ETC () six
(yHKIIH BIIHOCHOTO 3HAYEHHS OTIOPY HAa BaHTa)KCHHS.

e(t)

U0:1 B

.

a)

Ui oad /Yo, Pload,MBT n
3
1x10 : 1
I
1 ULoad/UO
| 111 0.8
100] T
(D1 W @
1 0.6]
R
10 = s
f,’ : p\\
*“ Pload, S~ 0.4
} M
| §
1
! 0.2
i \
0.1 ! 0
3 4
1 10 100 1x10 1x10 1 10 100 1 103 1 104
Rioad/Z
oad” <C 0) RLoad/ZC 6)
Puc. 6

30KkpeMa HaBeIeH] 3aJeKHOCTI BIJHOCHOTO 3HAUEHHS HAMPyrH Ha HaBaHTaxeHi U| ga0/Uy, BemnanHu
MOTY)KHOCTI Ha BaHTaXKEHHI Poq Ta Bemmuman KKJ ETC 1, mo po3paxoByeThcs 3a (HOpMYIIO0
N =Ploag (Ploag + P+ Pc), AK GYHKIIT BiXHOCHOTO 3HAYCHHS ONOPY BaHTAXKCHHA R o /Z_, 1€

Ze =1/(2nf,C).

Ha rpadiky puc. 6, 6 MOXHa yMOBHO BHIUIATH TPH 00JACTi B 3aJIKHOCTI Bijl 3HAYCHHS OIOpPY Ha-
BaHTaKEHHsA: 001acThb I, B AKili R g /Z¢ <100 — e pobora mxepena 3 Bucokum 3HadeHHsAM KKJI; o00-
nacte II, B skiii 100<R| g /Zc <1000 — po6oTa 3 BUCOKMM 3HAYEHHAM MOTYXKHOCTI Ta obnacts III, ne
Rioad /Zc > 1000 — po6oTa 3 BUCOKMM 3HAUEHHSIM HANpyrd Ha HaBaHTa)keHHI. Xoda B ob6xaacti II Ta oco0-

nuBO B obOnacti | Hampyra CyTT€BO 3MEHIIYETHCS, OJHAK 3a JOMOMOTOI0, HANPHKIAJ, MiIBUIIYBAILHOTO
tpancdopmaropa ado DC-DC konBepTopa, 10 PO3TAIIOBaHI HA BXOJl IHBEpTOpa, MOXKIUBO OTPUMATH HE-
00Xi/THe 3HAYeHHS Ili€] HAIIPYTH.

Hageneni Ha puc. 6 pe3ynbTaTd JarOTh 3MOTY, 3HAIOYM BEJMUYMHY aKTHBHOTO OMOPY HABaHTa)KCHH,
OLIIHHUTH Ha eTami npoekTyBaHHs Takoi ETC piBeHb Hamnpyru Ha bOMY HaBaHTaxeHi. Takok Ui 1bOro 3Ha-
YeHHs HaBaHTa)KEHHS MOXKHA OLIHUTH eHepreTuyHi xapakrepuctuku Ta piseHb KK ETC, mo mpoektyeTbes.
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Ha puc. 7 mokazana Simulink-momens uist TOCTiIKEHHST POOOYNX XapaKTEPUCTHK y pasi IMiIKITko-
YEeHH1 HABaHTAXKEHHS R|oa¢ TApaNeNbHO 10 IHAYKTUBHOCTI PE30HAHCHOTO KOHTYpY. Pe3ynpTatu mpoBeneHux
Ha 1ill MOZeTi po3paxyHKiB, a came, BiIHOCHOTO 3HAUEeHHs HAalPyTy Ha HaBaHTa)KEH1, BETMYMHH MOTY>KHOCTI

Ha HpoMy Ta BenmumHa KKJI sk QyHKUi# BiJHOCHOTO 3HAuYCHHsS OMNOPY BaHTaXEHHSA R|oq/Z|, Ie
Z, =2nf,L, He Binpi3HsIOTHCA Bij BIANOBIAHKX 3aNekKHOCTEH Ha puc. 6, 6 Ta 6. Lle moB's13aH0 3 THM, 11O 33
pe3oHaHcy Z, =Z. . 3BiAcu 00uBa CIOCOOU MiJKIIOYEHHS HABAHTAXKEHHS € JOIy CTUMUMH.

Puc. 7

AHaJi3 TUHAMIYHHUX XapPAKTEPUCTHK BHUCOKOBOJIbTHOI €JIEKTPOTEXHIYHOI CMCTEeMH HAa OCHOBI
MOCJTi/IOBHOTO PE30HAHCHOI0 KOHTYPY. [l BucokoBosbTHOI ETC, 1m0 1ocmipKkyeTbes B pOOOTI, BaXKJIUBO
OLIHUTH 11 AWHAMIYHI pouecH B pa3i mpoOoro 130111, 0 XiarHOCTY€EThCS, TOOTO KOJIU HAa MEBHHUN MPOMi-
JKOK 4acy BHHHUKAE PEKUM KOPOTKOI'O 3aMHUKAaHHS B HABAHTAXKCHHI. Takuil pexXuM CIlifi BBaXKaTu INTATHUM
PEXUMOM, IO Mae OyTH BpaxoBaHO Ha erami npoektyBaHHs Takoi ETC. SIk HaBaHTa)KeHHS B IIbOMY PEXHMI,
Ha BiAMiHYy BiJl pO3paxyHKy YCTaJCHOTO PEXHMY, PO3TISAAETHCA 1301, 0 MiAKI0YEeHa 1O BUXOLY BU-
TIPAMIISYA Ta MOJENIOEThCSA MapanelbHO 3'€IHAHUMM aKTHBHMMHE OrmopoM R(., Ta eKBiBaJeHTHOi eMHOCTi

C,. lls eMHICTh BpaXxOBY€ K EMHICTh 130JIA11i1, TaK 1 HAsIBHICTb, B pa3i HEOOXITHOCTI, I0JaTKOBOI EMHOCTI Ha
BUXOJIi BUIIPSIMIITYA JJIsl 3MEHILCHHST ITyJIbCallii HampyTry Ha i305suii. B 1iboMy pexumi poboTu Takox Oyiu
JIOCITI/IKEH1 ABa BapiaHTa MiAKITIOYCHHS BUTIPAMIIIYA 13 HABAHTAKCHHAM: IT1IKITIOUEHHS MTapaielbHO EMHOCTI
PE30HAHCHOTO KOHTYPY Ta MapajeilbHO iHAYKTUBHOCTI PE30HAHCHOTO KOHTYPY.

3HaueHHs aKTHBHOTO ONOPY HABaHTAXKEHHs 3amaBanocs K RD.,/Zc =R>.4/Z, =100, a gactora

MIPSIMOKYTHOTO JDKEpeIia KUBJICHHS TOPiBHIOBAJIA Pe30HAHCHIHM gacToTi. [t po3paXxyHKy THHAMIYHUX Xapa-
KTEPUCTHK BUKOPUCTOBYBanacsi po3pobiena Simulink-moznens ETC.

Ha puc. 8, @ nokazana taka MoJenb y pasi MiAKIIOYCHHS! HAaBaHTAXXEHHS MapaieinbHO eMHOCTI. Mo-
JIe’Th MICTHTh KOMYTAaIliiHu# amapat K, SKuil M IKITIOYeHHA TapaiebHO 10 HaBaHTAXEHHS Ta 3aMHKAEThHCS
Ha MEBHUH MPOMIXKOK Yacy, 10 MOJISIIIOE MPOIleC BUHUKHEHHS MPOOOI0 B 130151111 Ha eTarti ii BUPOOyBaHHS.

PesynpTati KOMIT IOTEPHUX PO3PaxyHKIB IS HBOTO CIIOCOOY MiAKIIOUEHHS MMOKa3aHi Ha puc. 8, 0, 6,
Ha KX HaBEIECHO 3MIHEHHS y Yaci eEKTPUIHOTO CTPyMy B po3psaHoMy KoHTYPi i c(t) (puc. 8, 6) Ta BimHO-
CHOTO 3HAYEHHS HANPYTH Ha HaBaHTaXeHI Ur oad / Uo (pHC. 8, 6). 3 IBOTO pUCYHKY BHIIHO, 110 B pa3i BUHHK-
HEHHs Po00Io B 130l (uepe3 5 Mc micis o4aTKy MOAETIOBAHHS) 11l BETUYMHH 3HAYHO 3MEHIIYIOTHCS, a
IPH TTOTacaHHi iCKPOBOTO PO3PSY Il BEIMYMHH 30UIBIIYIOTECS IO YCTAJICHOTO 3HAYSHHS 3a MPOMIXKOK 4acy
MPUOIU3HO 6 MC.

B pa3i migkinroueHHs HaBaHTKEHHS MapaleNbHo JI0 iHIYKTUBHOCTI Oyna po3pobieHa Simulink-Monenb,
Mpe/IcTaBleHa Ha puc. 9, a. Pe3ynbTaT po3paxyHKiB 3MiHEHHSI y 4aci eNeKTPUYHOTO CTPYMY B PO3PSAHOMY KOH-
TYpi Ta BIIHOCHOTO 3HAYCHHSI HAIIPYTH HA HABaHTAXXEHI MPEJICTaBICHO BiAMOBIHO Ha puc. 9,6 Ta 9, 6.

3a3HauMMO, 1110 JUHAMIYHI XapaKTEPUCTHKH IIiJ] Yac IiJKIOYCHHS HABAaHTAXKCHHs SK O €MHOCTI
ETC, tak i 5o #ioro iHAYKTUBHOCTI 3MiHIOIOTBCS MMPAKTUYHO 0HaKoBO. OTxe, npu podoti ETC Ha akTuBHE
HAaBaHTKEHHS B PEXHMMi CTBOPEHHS MOCTIHOI HAIIPyTH o0uABa CIOCOOM HOTO TiAKIIOUEHHS MOXYTh OyTH
pEKOMEHIOBaHI 10 peajtizaiii Ha MPaKTHIIi.
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Puc. 8

Puc. 9
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Takum ymHOM, 3amportoHOBaHa BUCOKOBOJIbTHa ETC Ha OCHOBI BHCOKOJOOPOTHOTO PE30HAHCHOTO
KOHTYpY, IO TIpU3HAUeHA JUIS JIarHOCTHKH 130111, Ja€ 3MOTy MapaMeTPUIHUM IUITXOM BIPOIOBXK Xapak-
TepHOro 4acy 1/fy CyTTeBO 3MEHIIyBaTH Hampyry ta cTpyM y HaBantaxeHi Takoi ETC y Bumaaky mpo6oro
1305ts11ii, o miarHOCTyeThes. Takwii minxin 3amobirae MoKIMBOMY pyitHyBaHHIO sk camoi ETC, Tak i moxa-
JBITIOMY PYWHYBAHHIO 130JISI11i1 BUCOKOBOJIBTHOT'O 00JIaHaHHs. | TaKy BIACTUBICTh CJIiJl BBAKATH BAKIMBOIO
nepeBaror BucokoBoibTHOT ETC came Takoro TUIy B HOPIiBHSHHI 3 iHIIUMH BHCOKOBOJIETHHMH JIXKEpEIIaMH
xuBieHHA. CIi 3a3HaYUTH, IO B Pa3i BAHUKHEHHS SIK IITAaTHOTO, TaK i aBapiiHOI'O PEKUMY XOJIOCTOTO XO-
ny posrstHyToi ETC Hampyra Ha peakTHBHUX €JeMEHTaX Pe30HAaHCHOTO KOHTYpY Oyae NOpiBHIOBATH camMe
poOoUiii BUCOKIN HAIPy3i, sIKa YTBOPIOETHCS BHACIIIOK pOOOTH BOTO KOHTYPY Ha PE30HAHCHIH YacTOTi.

Bucnosku. [IpoBeaeHo anaii3 podounx Ta TUHAMIYHHX XapaKTepUCTUK BUCOKOBOJBTHOI ETC, moOy-
JIOBaHOI Ha OCHOBI BHCOKOJIOOPOTHOTO pe3oHaHcHOro LC KOHTypy Ta NmpW3HAYEHOI U AiarHOCTUKH 130JIsIii
BHCOKOBOJIFTHOTO OOJIATHAHHS Ha TOCTiHHIN Harpy3i. ExcriepruMeHTaIsHO MOCTIKEHO YacTOTHI 3aJIe)KHOCTI
napametpis L ta C enemMeHTIB, 10 YTBOPIOIOTH MOOYJOBaHWH pPE30HAHCHUN KOHTYD, 1 IOKa3aHo, Mo A1 000X
€JIEMEHTIB iCHY€ ONTHMaJbHA YaCcTOTa, 3a SKWH BEJIHMYHHA JOOPOTHOCTI €NIEMEHTY Jocsrae Makcumymy. J[o0-
POTHICTh MMOOYIOBAaHOTO KOHTYPY BH3HAYAETHCSA TEPEBAXKHO JOOPOTHICTIO HOro IHAYKTHBHOCTI L i mocsrae
MaKCHMAJILHOTO 3HauYeHHS Q| ¢ max = 280 3a uacroru f =40 xI'11.

Po3pobneno Simulink-monens anst ananizy pobounx xapakrepuctuk ETC B ycraneHoMy pexumi Ta
BCTaHOBIICHO 3aJIEXKHOCTI, 110 Aal0Th 3MOTY JJIsl JAHOTO aKTHBHOTO OIOPY HABaHTAXKEHHS BH3HAYUTH HA HBO-
MY piBEHb HalpyTH, a TAKOXK eHepreTnyHi xapakrepuctuku Ta 3HaueHHss KKJ] ETC na etami ii npoexTyBaHHS!.

Po3pobneno Simulink-monens mist anamizy aquHaMiuaux xapaktepucTuk ETC y pa3i BUHMKHEHHS Mpo-
0010 B i30JIAIIi1 HABaHTAXXEHHS, IO JiarHOCTYeThCs. [loka3aHo, 1o B pa3i mpoOOor0 13011, 0 MPU3BOIUTE JI0
BUHHUKHEHHIO KOPOTKOTO 3aMHUKaHHS y HABaHTA)XEHHI, EIEKTPUYHUNA CTPYM B PE30HAHCHOMY KOHTYpi IapaMer-
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DETERMING AND ANALYSING PERFORMANCE CHARACTERISTICS
OF HIGH-VOLTAGE ELECTROTECHNICAL SYSTEMS BASED ON A SERIES RESONANT
LC-CIRCUIT WITH A HIGH Q-FACTOR

A.A. Shcherba, O.D. Podoltsev, N.I. Suprunovska, D.V. Vinnychenko
Institute of Electrodynamics National Academy of Science of Ukraine,
Beresteiskyi ave., 56, Kyiv, 03057, Ukraine,

e-mail: podoltsev.alexander@gmail.com

The paper analyzes the performance characteristics of the electrotechnical system (ETS), built on the basis of a series
high-Q resonant LC circuit and intended for diagnosing the isolation of high-voltage equipment. The frequency
dependences of the parameters L and C elements of the resonant circuit were experimentally studied and it was shown
that for both elements there is an optimal frequency at which the value of the element’s Q- factor reaches its maximum
value. It was established that the Q-factor of the investigated circuit is determined mainly by the Q-factor of its
inductance and reaches the maximum value Q cmax = 280 at the frequency f= 40 kHz. The Simulink model was
developed for the analysis of the performance characteristics of the ETS in steady state. Graphical dependences are
given, which allow to determine the level of voltage on the load for a given active resistance of this load, as well as the
energy characteristics and the value of the efficiency of the ETS at the stage of its design. A Simulink model has also
been developed to analyze the dynamic characteristics of the ETS when a breakdown of the diagnosed insulation
occurs. It is shown that the breakdown of the insulation in the ETS, which has a series high-Q resonant circuit, will
cause a rapid decrease in current by Q times, and not an increase in current to emergency values, as in an ETS based
on high-voltage transformers. In this way, a fast-acting parametric stabilization of the output current is implemented in
the ETS even in case of electrical breakdowns of the high-voltage insulation of the power equipment under diagnosis.
Thus, the ETS implements high-speed parametric stabilization of the output current, which prevents the destruction of
both the ETS and the diagnosed high-voltage insulation of power equipment even during its electrical breakdown.
References 11, figures 9.

Key words: resonant circuit, Q factor, electrotechnical system, frequency-dependent parameters, high-voltage
insulation, power cables, electric machines, technical state monitoring.
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ARKADIEV-MARKS CIRCUIT WITH RESONANT CHARGING
OF CAPACITIVE ENERGY STORAGE IN MAGNETIC-PULSE INSTALLATIONS
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The effective use of Arkadiev-Marx scheme with a resonant charging of capacitive storages in magnetic-pulse installa-
tions, as power sources, in technologies using the electromagnetic field energy is proposed and substantiated. It is
found that during charging the maximum voltage amplitude at capacitor increases by number times equal to the quality
factor of the charging circuit at the fundamental frequency of the harmonic expansion of exciting signal, but by ~34%
less than possible maximum. The calculations of the characteristics of magnetic-pulse complex intended for the repair
of damaged car bodies show the high efficiency of using the Arkadiev-Marx circuit with the resonant charging of ca-
pacitive storage. It is found that during the time of ~0.45 s the battery of 10 capacitors connected in parallel with total
capacitance of ~100 u«F can be charged up to voltage of ~7500 V with stored energy of ~2.8 kJ. The results of the work
allow us to give recommendations on the practical increase in the efficiency of magnetic-pulse metal processing. Refer-
ences 16, figures 4.

Key words: magnetic pulse processing of metals, Arkadiev-Marx circuit, series circuits, voltage resonance.

Introduction. The magnetic pulse processing of metals (MPMP by traditional abbreviation or elec-
tromagnetic metal forming, EMF by western terminology) relates without a doubt to the advanced technol-
ogy of modernity. Here the contactless force effect on processing object, high productivity, wide opportuni-
ties for automating the production process, environmental friendliness and many other advantages take place.
Physically the effectiveness of magnetic-pulse metal processing is due to the appearance of Lorentz force
during the interaction of external magnetic field with conducting medium. The excited high-power electro-
dynamic forces are the magnetic pressure forces in classical special literature [1-2].

It should be noted that the natural repulsive action of Lorentz forces can be transformed into attrac-
tion. To do this, first of all, it is necessary to go to the region of sufficiently low operating frequency and,
when processing the non-magnetic thin-walled metals, add an additional structural element that is an auxil-
iary screen. In the latter case, the attraction takes place as a force interaction between the exciting current and
the current induced in the screen of metal [3—5]. In addition, as is known, the efficiency of force impact is
determined by the amplitude of excited fields. Here the resonant effects, which significantly increase the
level of generated electromagnetic energy, can play an important role [6].

Speaking about metal processing technologies with the use of electromagnetic field energy, it is nec-
essary to mention the similar electrodynamic force effects in fundamental experiments, where the excitation
of the strong and super-strong fields made it possible to form intense flows of charged particles that ulti-
mately led to a new scientific direction known as plasma physics [7].

The power source is a mandatory component of equipment for any purpose, where the electromag-
netic field energy is used. In MPMP, there are magnetic-pulse installations (MPI by traditional abbreviation).
Basically, in the traditional version, they contain charging and discharging blocks. The first block (input)
combines the step-up transformer, AC voltage rectifier and electronic control system. The second block as a
discharging unit (output) is a serial active-reactive circuit in which a pre-charged capacitor is discharged at
so-called inductor. The inductor along with the object being processed is a tool for performing a given pro-
duction operation [1, 3, 4, 7]. Here, as mentioned above, in order to excite the attractive forces, it is neces-
sary to go to low operating frequency. But when the implementation of technological process occurs with
natural repulsion (magnetic pressure on the conductor), then the tools, i.e. inductors, should operate exclu-
sively in the range of sufficiently high frequency of fields [1].

Returning to the charging block of capacitive storage devices in the traditional design of MPI, as dis-
advantages, we can point out its complication (rectifier, step-up transformer, etc.) and high cost.
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Recent theoretical and experimental works (for example, [6, 8]) in the field of creating the amplifiers
of reactive electrical energy, based on resonant effects in active-reactive circuits, allow us to propose their
use as charging units instead of traditional devices. In this case, the amplification of signal from external
source occurs in the circuit of series connected active resistors, inductance coil (inductor) and capacitor (RLC
circuit). Moreover the increase in voltage is due to the excitation of so-called "voltage resonance". The quan-
titative indicator of growth is equal to the quality factor of series circuit. As shown by theory and experi-
ments, this indicator can practically reach very high values [6].

The possibilities for improving the efficiency of pulse systems are not limited to the above variants
of chargers. Here one cannot ignore the well-known approaches related to the variation of load characteris-
tics in discharge circuits (for example, these are the tools of magnetic-pulse technologies [9]), although ca-
pacitive energy storages still play a main role.

In the traditional version of MPI, the capacitors of the charging and discharge circuits are the same,
since the same electrical energy storage devices are charged and discharged. This fact imposes the significant
restrictions on the variability of the operating frequency of generated fields. That leads to certain difficulties
when performing the specified production operations. It is possible to expand the variability if, in a mag-
netic-pulse installation, the battery of several capacitors is made according to Arkadiev-Marx circuit [10, 11].
In this case, the charge is produced at parallel connection, and the discharge takes place at series connection
of individual capacitors. For each of them, the capacitance will be inversely proportional to their number.
Accordingly the range of permissible operating frequency and the production capabilities of magnetic-pulse
technological processes are growing. Note that, unlike the classic Arkadiev-Marx circuit, the capacitors con-
nected in parallel are charged by exponentially growing sinusoidal voltage. The problem of "connecting-
disconnecting" the specified number of capacitors in power electronics is solved by modern high-speed syn-
chronous switches (for example, thyristor switches) with the microsecond or millisecond ranges depending
on the operating frequency of charge or discharge [12, 13].

The purpose of this work consists in the proposal and justification of the efficiency of Arkadiev-
Marx circuits with the resonant charging of capacitive storage devices in magnetic-pulse installations, as
power sources, in the technologies using electromagnetic field energy.

Principle of action, problem statement. The equivalent circuit of magnetic-pulse installation with
connected electric load in the form of inductor system as a tool for performing a given production operation
is shown in Fig. 1, a.
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In Fig. 1: the capacitive energy storage devices consist of n identical capacitors C; the charged ca-
pacitor C, and discharged capacitor C, are conventionally separated. The calculation models of charging and
discharging are shown in Fig. 1, b. C, and C, are the resulting capacitance of batteries formed by combina-
tions of n individual capacitors with capacitance C when they are connected in parallel (charging circuit) and
in series (discharge circuit) so that C; = n-C and C, = C/n. Thus capacitors C are charged in their parallel
combination (this is C,), and the same previously charged capacitors are discharged, but already in their se-
rial combination (this is C,).

Remarks. The possible example of MPI with Arkadiev-Marx circuit is given for illustrative purposes.
In the circuit batteries C, and C, are formed by 4 separate capacitors C. It should be added that in a similar
way one can form any batteries with arbitrary number n of separate capacitors C, which are presented in
Fig. I,aandb.

Principle of operation. The battery of energy storage devices with capacitance C, is charged in cir-
cuit R;L,C; — 1 by external source E(t) with closed switch K; and open switch K, to given voltage Uco(t).
The subsequent discharge occurs when switch K, is open and switch K, is closed in circuit (R, + R;) (L, +
L;) C, — 2. Here the electric load is connected in the form of inductor-tool (circuit R;L; — 3).

Formulation of problem. The formulation of problem and the assumptions made are determined by
the purpose of this work with addition about the possible time dependence of power source voltage in the
charging circuit.

The processes in the charging and discharge circuits of the proposed circuit proceed independently
from one another. This allows us to consider them separately from each other. The calculation models of
charging and discarding, according to which the processes occur, are shown in Fig. 1, b.

The power supply voltage is represented by unipolar periodic sequence of rectangular pulses. The
time dependence of excitation voltage is shown in Fig. 1, ¢, where T is the pulse repetition period, t; is the
duration of each pulse, E,, is the pulse amplitude.

Remarks. The accepted assumption is of interest for practice when the power supply generates the
rectangular voltage pulses with given amplitude-time parameters. For example, for independent MPI in elec-
tromagnetic hammer mode, it can be a battery with periodic disconnection of charging circuit.

The duration of the pulses of supply power is arbitrary. The repetition frequency in the sequence is
equal to the natural resonant frequency of charging circuit 1: @, = 27/T.

In order to avoid energy losses, the charging and discharge circuits are made with the minimum possi-
ble resistances and, accordingly, sufficiently small damping factor: §;,/®1,, << 1, where 9,, are the damping
factors, m,, are the frequency of the charging and discharge circuits, respectively.

The electric load as a solenoid (inductor-tool for performing a given production operation) is con-
nected to the electrical output of proposed MPI circuit, the inductance of which is much greater than the in-
ductance of MPI in discharge, that is L;/L, >> 1.

Remarks. The last two assumptions are typical requirements for the equipment of magnetic-pulse
technologies introduced into modern industrial production [1, 3, 4, 7].

Calculated relationships. When solving the problem, we will use the operator method to calculate
the electric circuits. Because the charge and discharge are independent, the electromagnetic processes occur-
ring in the circuits can be considered separately (Fig. 1, b).

Charge (equivalent circuit in Fig. 1, b on the left).

As mentioned above, the capacitive storage is charging at parallel connection of separate n capacitors
C, then C, =n-C.

The differential equation in voltage across capacitor Uc(t) in Laplace-space at zero initial condition

{UC (0) :duc_(o): 0} has the form [14]:

dt

p’Uc (p)+28; - pUc (p)+ i -Uc (p)=of -E(p), (1
where p is the Laplacian operator; Uc(p) = L{Uc(t)}; E(p) = L{E(t)}; &, = Li/2R; is the damping factor;

1
RN

Solution of equation (1) permits to find L-image of the charging voltage through capacitor [15]:
Uc(p)=F(p)-E(p), )

is the natural frequency of the circuit.
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where F(p) = 1/(p+8,)* + 0% o = Jo? -2 .
The original function from its Laplace transform of expression (2) can be written as the convolution
of functions [15]:
Uc®=FO*E®, 3)
where F(t)«>F(p); E(t)«<>E(p) are the originals of factors in (2).
According to formulation of the problem, the energy dissipation is minimal; this means that the value
of relative damping factor is sufficiently small (6,/w; << 1) and the frequency of excitation signal is equal to

1
‘“‘1 'Cl

(2) can be simplified. After passing to the space of originals, we obtain the following dependence [15]:

1 ()] 1 =5t
F(p)r————+—— < F(t)=—-e" %" -sin(o; -t). 4)
o1 (p+8;) +or ® o) (o1-1)

the natural frequency of studied resonant circuit {a) ~ o = J In this case, the expression for F(p) in

The convolution of functions in expression (3), taking (4) into account, with phase dependence in-
stead of time dependence in expanded form, is presented by

t
Uc(t) =0, -je‘f‘f““) -sin(o; -(t-1))-E(r)dr, (5)
0
where 8; = 8,/w; is the relative damping factor.
The amplitude-time dependence of excitation voltage from the sequence of rectangular oscillating
pulses (Fig. 1, ¢) can be represented by Fourier series in cosines of multiple arcs [14, 15]:

E(t)—z-Em-ZSK-Ek-cos(wk-(t—t—ij], (6)
b k=0 2
where Ey = sin(w,t/2)/K, o = 2nk /T are the amplitudes and relative frequency of the harmonics of spectrum

0.5, k=0,
1.0, k=0

Let us substitute expansion (6) by expression (5).

After integration, taking into account that 6,/®; << 1, we obtain the following amplitude-time de-
pendence for voltage across the capacitor:

a) the fundamental harmonic corresponding to voltage resonance,

Ucmain (1) ~ %Ql Ep '(1—65"t)~sin[w1 [t_%D (7

where o; =27/T =({/L;-C )_1 is the resonance frequency, Q; = (®;'L)/R; = 1/(w,Cy°R)) is the quality

factor of charging circuit at the resonant frequency
b) higher harmonics

analysis, respectively; & :{ — is the Kronecker-Cappelli symbol [15].

2 5t -
Uc_high (t)z—;'Em e 'Sm(@l't)":(?j’ 8)

: 2
Us(®) t , = sin((ok tzlj
OrEm where F(T—ijz S | ———=| - is the

03 ) quantitative indicator of the contribution of higher har-
\ \ \ \/ monics (taking into account the constant component of

00 P \/' \/ v \ \ \ \ / exciting signal) in the formation of charging voltage at

capacitor.
05 oy Let us analyze the obtained results.

e Regardless of time characteristics of power
source voltage, the harmonic signal is excited at capaci-
tor. The time dependencies of voltages in charging circuit

27

,_.
=
|~

] 2 4 6 3

Fig. 2
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are shown in Fig. 2, where 1 relates to excitation signal from power source, t;/T =0.1 — 0; 2 corresponds to
voltage across capacitor.
Remarks. The time dependence on the relative (time/period) length t; of pulses in input voltage — t; is

set by multiplier ~ sin(ml (t—t; / 2)) , but not by directly proportional multiplier (t/T). This follows from the

solution of corresponding differential equation, and is explained by the fact that, in the end, the charge
physically occurs at basic resonant frequency of sinusoidal (not constant) voltage.

e The fundamental harmonic of voltage at capacitor (7) contains factor —2/z; this means the de-
crease in amplitude value by ~ 34% in comparison with excitation signal.

e  The amplitude of fundamental harmonic of voltage at capacitor includes the product of source
supply voltage E,, and quality factor of charging circuit at fundamental frequency of the harmonic expansion
of excitation signal Q;; this means the increase in charging voltage by ~Q; times.

e  When reaching the stationary state, the charging voltage at fundamental frequency reaches its
-8,

maximum (Uc-mainmax =~ (2/7):Q1°E,y), the amplitude of higher harmonics tends to zero as e 1 —0.

t>>—
1

e  The contribution of higher harmonics to the formation of voltage at capacitor is minimal with
short duration of excitation pulse in periodic sequence of their repetition (t/T-— 0) and is maximum with the
duration of excitation pulse approaching to the signal repetition period (t/T — 1). The dependence of the
quantitative indicator of contribution of higher harmonics to the formation of voltage at capacitor on the time

characteristics of excitation voltage is shown in Fig. 3.

F (%] Discharge (equivalent circuit in Fig. 1, b on the
s F ; right).
The capacitive storage is discharging at series
3 connection of identical separate n capacitors C, then C,
N =C/n.

When performing the calculations, we assume
that the entire battery, like each individual capacitor,
2 is charged up to amplitude value Ucy = (2/m)-Q1-En
after reaching of which the discharge of all capacitors
occurs simultaneously.

The main characteristics of discharge circuit

.y
-

3
N

00 02 o4 o6 o8 w0 are described by the following dependencies:
Fig. 3 a) the total initial charging voltage at the battery
2
Uc02=”'Uco=”'(;'Q1'Emj, )
C, Uy 2C
b) stored energy W0=27(:02=75—22-(n~Q1-Em)2 (10)
¢) frequency of discharging signal o, = ;. (11)
(Ly+13)Cy

Note that the resonant frequency of discharging signal increases by a factor of n compared to the fre-
quency when individual capacitors are connected in parallel. The last fact can be compared with the well-
known circuits for magnetic pulse installations, where the capacitance at the charge and discharge is the
same [1, 3, 4, 7].

Second, as following from the above relations, the energy stored in capacitor bank, when they are
connected in parallel (charge), is equal to the energy when they are connected in series (discharge). That is
the corresponding law of conservation of energy is satisfied; this indicates the validity of noted relationships
[14].
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Thus the oscillatory discharge of capacitor in voltage resonance mode starts immediately after the

L, +
end of its charge. At (2C—3) >>0.5-(Ry +R;) the current in the circuit is described by known exponen-
2

tially decaying harmonic time dependence [14]:

. -——o,t
()= —D -&-e 2Q, sin(o, -t), (12)

where ¢ = yt is the current phase, t is the time from the moment of charge beginning,
Q, = (02 (Ly + L3))/(Ry + R3) = 1/(0,°C5+(R, + R3)) is the quality factor in the representations according to the
voltage resonance in discharge circuit.

Taking into account the values of the quality factors and frequency (11), the dependence for dis-
charge current (12) is reduced to a form which is more convenient for subsequent numerical evaluations

J(t)==-—-e % .sin(w, -t). (13)
T Rl
The energy of magnetic field in inductor-tool is equal to [14]:
2
E -—o,t
WL (@):%.L3.(R—mJ e @ -sinz(o)z‘t). (14)
‘ n 1

Under assumptions of the problem as it follows from expression (14), the energy reaches its maxi-

mum when (®,tm.x) — 7/2. In this case we have:
T

2
2 E -
WLmaX=_2L3(_mj -e 2Q2. (15)
T

R
Let us calculate the part of the energy stored in the capacitors of capacitive storage by (10) which is
transformed into the magnetic field energy of inductor-tool (14). Expression (14) should be divided by ex-

pression (10). Taking into account the dependencies previously obtained, after analogous transformations,
we obtain the expression for the relative energy of magnetic field in inductor-tool:

ot
WL"—(t)zi-e Q -sinz(co2~t). (16)
Wo L

To estimate by the maximum and using expression (15), we can write that W\ 3, /W, = (L3-e™> %)/L,.

Let us analyze the results following from (14)—(16).

e The energy in inductor-tool is generated by the harmonic function decaying exponentially in
time (15).

e  The amplitude of magnetic field energy in inductor-tool depends only on resistance R; of charg-
ing circuit elements (14, 15), but is independent on resistance of discharge circuit R,.

e  The value of resistance R, affects only the degree of signal attenuation in discharge circuit, since
it is included in expression for its quality factor.

e Since the electromagnetic field energy in inductor-tool and the electromagnetic energy stored in
capacitor are interconnected by directly proportional relationship between the inductance of inductor itself
and the inductance of charging circuit (16), the operation of the proposed circuit can be conditionally inter-
preted as the operation of a transformer with primary winding L, and secondary winding L.

e In practice, relation (16) gives a possibility to achieve a certain efficiency of stored energy con-
version directly into the energy of conductive object processing.

Example of calculation. Using the obtained dependencies, we determine the parameters of mag-
netic-pulse complex with resonant charging of the capacitive energy storage devices connected by Arkadiev-
Marx circuit. This complex can be used, e.g., for repair technologies of modern vehicles.

When performing the calculations, we are focused on characteristics of the operating magnetic-pulse
complex based on MPI-2 installation and created at the Kharkov National Automobile and Highway Univer-
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sity (Ukraine) for production operations relating to contactless repair of damage in the metal coatings of car
bodies.

Note that the proposed example of magnetic-pulse complex of a similar purpose should be independ-
ent and operate on a constant-voltage source, for example, car batteries with output voltage up to ~100 V
[16].

Magnetic-pulse complex with resonant charging of the capacitive energy storage devices connected
by Arkadiev-Marx circuit. The schematic diagram of equivalent circuit is represented in Fig. 1, a.

1. The charging circuit (Fig. 1, b, on the left).

1.1. The storage battery with voltage E,, = 96 V is a power source.

Remarks. The combination of 4 batteries connected in series with voltage of ~24 V for any one of
them is possible.

1.2. The electronic switch that provides the formation of rectangular voltage pulses (meanders) with
repetition rate equal to the natural frequency of charging circuit — 1 (qualitative time dependence is presented
in Fig. 1, ¢).

1.3. Capacitors: 10 units (n = 10), each capacitor has capacitance Cy = 10-10° F and total capacitance
at their parallel connection C, =n-Cy=100-10°F.

1.4. Solenoid with inductance L, = 15-10° H.

1.5. Resistance of current-conducting elements R; ~ 0.1 Q.
1

JL -G,

1.7. Quality factor of the circuit — Q; = (®;'L;)/R; = 1/(0,-Cy'R;) = 122.5.

1.8. The wvoltage of fundamental resonant harmonic at capacitors in steady state mode
Uco = (2/n)Q-En = 7485 V.

Remarks. The rise time under stationary conditions is determined by inequality t.> L;/R;. In this
case, the rise time t. = 0.45 s provides the deviation of voltage from the amplitude of not more than ~5%
under steady-state conditions.

1.9. Stored energy W, = (Cl-Uzco)/Z ~ 2801 J.

Summary. During ~0.45 s the battery of 10 capacitors connected in parallel with total capacitance of
~100 F can be charged up to voltage of ~7500 V (taking into account ~5% deviation from the steady-state
amplitude). The stored energy should be ~2.8 kJ.

For comparison: the maximum charging voltage and the largest stored energy of MPI-2 (designed in
Kharkov National Automobile & Highway University) are 2 kV and 2 kJ, respectively.

2. Discharge circuit (Fig. 1, b, on the right).

2.1. Capacitors: 10 units (n = 10), with capacitance Co = 10-10° F and total capacitance at their-series
connection C; = Cy/n=1.0-10°F.

2.2. Let us specify the inductance of the tool as Ly =L; =0.015 H and L; >> L,, then the internal in-
ductance of the installation can be neglected (the internal inductance of MPI-2 is ~0.4-10° H).

Remarks. The inductance of the tool is not always determined by its design according to a given pro-
duction operation. This value can be varied by introducing so-called matching device. The device, in princi-
ple, is a step-down air-cooled transformer with the multi-turn primary winding connected to discharge cir-
cuit, and with the single-turn secondary winding, to the output of which the power single-turn solenoid is
connected. This solenoid is in fact the tool of force impact on processed object. It should be noted that the
matching device can significantly increase the current in operating zone and thereby significantly increase
the amplitude of generated electrodynamic force [6].

2.3. Resistance with current-limiting resistor R, = 100-R; = 10.0 Q (by practical experience of mag-
netic-pulse installations [1, 6]).

2.4 The natural resonant frequency of discharge circuit with load is equal to

o, =1/,/L5-C, =8164.97 Hz, f, = 1299.49 = 1300 Hz (the operational frequency of the complex with MPI-2

is equal to ~ 1500 Hz).
2.5. The quality factor of the circuit Q, = (w,'L3)/R, = 1/(0,-Cy'Ry) = 12.25.
2.6. The time dependence of the magnetic energy generated in the inductor-tool is given in Fig. 4.
Summary. The magnetic energy oscillating in time with maximal ~2500 J is generated in the induc-
tor-tool. The frequency is ~1300 Hz. These characteristics are mainly determined by the inductance of dis-

1.6. Natural resonant frequency of the circuit o, = =816.497 Hz, f; ~ 130 Hz.
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charge circuit. The inductance rise makes it possi-
ble to increase the maximum of generated energy,
but with corresponding decrease in the frequency
of flowing current.

Conclusion.

1. The effective use of Arkadiev-Marx cir-
cuit with the resonant charging of capacitive stor-
ages in magnetic-pulse installations, as power
sources, in the technologies using electromagnetic
field energy is proposed and grounded.

2. As found, during charging the maximum
voltage amplitude at capacitor increases by number
times equal to the quality factor of charging circuit

at fundamental frequency of exciting signal, but by ~ 34% less than possible maximum.

3. It is revealed that during discharging the energy in inductor-tool is generated by harmonic function
exponentially decaying in time and its amplitude depends only on resistance of the elements of charging
circuit.

4. It is shown that the operation of proposed circuit during discharging of capacitive storage can be
conditionally interpreted as the operation of transformer with primary winding L; (inductance of charging
circuit) and secondary winding L; (inductance of inductor-tool); this permits to achieve a certain efficiency
of stored energy conversion directly into energy of processing of given conductive object.

5. The calculations of the magnetic-pulse complex using Arkadiev-Marx circuit (similar to operating
complex created at the Kharkiv National Automobile&Highway University) and the resonant charging of the
capacitive storage devices designed to repair damaged car bodies illustrate the efficiency of proposed solu-
tion.
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CXEMA APKAJIEBA-MAPKCA 3 PESOHAHCHUM 3APAJOM €EMHICHUX HAKOIIMYYBAYIB
EHEPT'Ii B MATHITHO-IMITYJIbCHUX YCTAHOBKAX

10.B. Batwurin, C.O. lllungepyk, E.O. Yanaurin, /I.B. ®enapuxon
XapkiBcbKHUii HAlliOHAJIBLHHIT ABTOMOOITBHO-10POsKHIN YHIBepcHTET,
By.JI. SIpociaaBa Myaporo, 25. XapkiB, Ykpaina, 61002.

e-mail: 097931417e@gmail.com

3anpononosano ma obrpynmosano egexmushe uKopucmanus cxemu Apxaodvesa-Mapxca 3 pe3oHaHcHUM 3apsA0oM
EMHICHUX HAKONUYYBAYIE Y MASHIMHO-IMIYIbCHUX YCIMAHOBKAX K 0JiCepenax NOMYICHOCI Y MeXHON02iAX 3 GUKOPUC-
MaHHAM eHepeii enrekmpomacHimuux noais. Ompumano, wo npu 3apsadi MaKCUMAIbHA aMIIIMY0a Hanpyeu Ha EMHOCMI
30LILULYEMBCS 8 YUCTO PA3I8, WO OOPIBHIOE DOOPOMHOCHI 3aPSAOHO20 KOHMYPY HA OCHOBHIU 4aCMOMI 2APMOHIYHO20
PO3KNA0AHHA 30Y00cyr0u020 cueHany, aire Ha ~34% Huoicue moodwcaugozo makcumymy. Pospaxymku xapaxmepucmux
MACHIMHO-IMIYIbCHO20 KOMNEKCY, NPUSHAYEHO20 Ol PEMOHMY HOUWKOONCEHUX aBMOMOOINbHUX KY306i8, NOKA3AIU
BUCOKY eghekmugHicmy uKkopucmants cxemu Apraovesa-Mapkca 3 pe30HAHCHUM 3aPAOOM EMHICHUX HAKONUYYBAUIS.
Tax, ompumano, wo 3a wac ~0.45 ¢ 6bamapes 3 10 napaneavro 3'conanux xonoencamopis s3azanvhoro emuicmio ~100
Mr®@ moorce b6ymu 3apsioscena oo nanpyeu ~1500B y pasi 3anacenoi enepeii ~2.8 xlc. Pezyromamu pobomu oaioms
3M02y Hadamu peKomMeHOayii Wooo NPAKMUYHO20 NIOSUWEHHS eeKMUBHOCTNT MAZHIMHO-IMIYIbCHOT 0OpPOOKU Mema-
nig. bioin. 16, puc. 4.

Knrwowuoei cnosa: MarHiTHoO-iMIysbcHa 0OpoOka MeTaiiB, cxemMa ApkaabeBa-Mapkca, MOCHIZOBHI KOHTYPH, PE30HAHC
HaIpyT.
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EJIEKTPOTEILJIOBI HPOLECH IHAYKIITHOI OBPOEKH
CEIrMEHTOBAHOI JKWJIN CUJIOBOI'O KABEJIIO
(IOCJLIKEHHSI 3 EJJEMEHTAMM BATATOMACIITABHOI'O MO/IEJTIOBAHHSI)

I.M. KyuepsiBa, JOKT. TEXH. HAYK
InctutyT enekrponunamiku HAH Ykpainn,
np. Bepecreiicbkuii, 56, Kuis, 03057, Ykpaina.  E-mail: rB.irinan@gmail.com

Y pobomi nposooumvca eusuenHs enekmpomeniogux npoyecie npu IHOVKYIUHIL 00poOYi ce2menmosaHoi imcunu
Kabeno, KA pyXaemvCs 8 3MIHHOMY MASHIMHOMY NOJL YUIIHOPUYHO20 THOYKMOpA. Jocniodce s 6UKOHYEMbC Ha 080X
Macuimabnux pignsax: y macuima6i eciei scunu ma inoykmopa (WAXom po36’ 3anHs 080BUMIDHOIL eleKmpPOMASHIMHOL
3a0aui) ma 8 OKpeMoMy ce2MeHmi JHcuiu 5K ii 6azoeomy enemenmi (3a pe3yiomamamu en1eKMpPOMASHINHO20 PO3PAXYHKY
NOCHIO06HO PO36’A3YEMbCS MPUSUMIDHA mennosa 3a0aua). IIpoananizoeano xapakmep po3nooiny 2yCMuHu Cmpymy,
0JCOYNIe8UX 6Mpam ma memnepamypu 8 HonepeuHoMy nepepizi ma 6300624c pyxomoi xcunu. Busnaueno ocobausocmi
Hazgpigy JHcuiu nio 4ac mepmooopoOKU ma ymosu 0ocseHeHHs it HeoOxionoi memnepamypu. bion. 19, puc. 6.

Kniouosi cnosa: cermMeHTOBaHa Xuja, CHIOBHH KaOenb, IHAYKIIHHUA Harpis, 3B’s3aHl €JEKTPOMArHITHI 1 TEMJIOBI
MIPOIIECH, eJIeMEHTH OaraToMacmTabHOrO MOJICITIOBaHHS, KOMIT IOTEpPHE MOJICITIOBaHHS,

Beryn. [anykniiiamii HarpiB sk MeTOJ O€3KOHTaKTHOTO HAarpiBy CTPYMOIPOBIIHHX MaTepiaiiB
BUKOPHUCTOBYETHCS B PI3HUX TEXHOJIOTIYHHX Mporecax [1, 2], 30kpema s oOpoOKHM METalliB i CIUIaBiB, a
TAaKO)X  BHPOOHMUTBA  KaOelIbHO-NPOBIAHWMKOBOI  mpoaykuii.  [Ipuctpoi
IHAYKIIHOTO HAarpiBy IHTETPYIOTHCA B Mif0Yi JIiHIT ByJKaHi3alii 3IIUTOTO KHIIA
MOJTIETHIICHY Y TIPOIECi BUTOTOBIICHHS KaOEIiB 3 MOJIETHICHOBOIO 130JIAIIIEI0 3 e
METO MIiJBUIICHHS SKOCTI 1 HIBHUAKOCTI 3IIMBaHHS I130JIALIHHUX IIapiB, IO
0co0IMBO aKTyaJllbHO IJ1s1 KaOediB Ha BHCOKI 1 HaJABHCOKI HAmpyrd, sKi, SIK
TPaBIII0, MAIOTh BETHKHIT repepi3 (1o 3000 mm?) i cermenToBamy xuny (puc. 1).

B iHAYKOiHHUX yCTAaHOBKAaxX, IO MEPETBOPIOIOTH EJICKTPUYHY EHEPTifo
JDKepesa JKUBJICHHS B €HEPril0 eNEeKTPOMAarHiTHOTO TOJNA i MOTIM B TEIUIOBY
EHEeprito, OCHOBHHMH  IIpOlleCaMH €  B3aEMONOB'S3aHi MiX  c000I0
€JICKTPOMArHiTHI Ta TETUIOBI TIPOIIECH.

OCHOBH aHaJIi3y €JIEKTPOTEIUIOBHUX MPOIECiB NPH iHAYKIIHHOMY HAarpisi
BUKIIQICHO, Hampukiaj], y pobotax [1, 3]. Ha manuit gac pospoOiieHo pizHi
MIXOIN 0 PO3paxyHKY IHAYKIIIMHUX YCTaHOBOK. Tak y po0OoTi [4, TyiaBa 7] 3alipoOIIOHOBAaHO BUKOPUCTAHHS
OaraTromMacmTabHOTO MOJIENIOBAHHS 3B’SI3aHMX EJIEKTPOMATHITHAX 1 TEIUIOBHX TMPOLECIB B CTAILHOMY
peakTopi i Mmarepiaii BcepeauHI LBOTO peakTopa, LI0 HarpiBa€Tbes iHAYKUiMHUM crmocobom. IIpomecu
PO3TIAMAOThCS HA JBOX MACIITAOHHX DPIiBHSAX — B 00’€Mi BCi€i ycTaHOBKHM i B 00’€Mi OKpPEMOTO BHTKa
iggykTopa. Ilim wac po3B’s3aHHS €JIEKTPOMArHiTHOI 3amadi i OKPEeMOro BHUTKA BH3HAYAETHCS
eKBIBaJIGHTHHUH OMip 1HAYKTOpa, Aaji Leil omip BUKOPUCTOBYETHCA AJIS PO3PaxXyHKY CTPyMy B iHAYKTOpPi Ha
piBHI BCi€l yCTaHOBKH.

Y remepimHiN 4Yac 6aeamomacuimabre MmoOenr08anHs YCIINTHO po3BHBAacThes [4—10]. Bono
NPU3HAYEHO JJIS PO3B’sI3aHHs MEBHOTO KJACy 3ajiay, B SIKUX MPOIECH 1 SBUIIA, IO BiAOYBaIOTHCS B MaUX
06’€eMax 00'€KTiB, BIUTHBAIOTH HA HPOTIKAHHS MPOLECIB Y OLIBIIMX 061aCTAX, 110 XAPAKTEPHO IS CHCTEM i3
BKJIAJICHOIO 1€PApXiTHOIO0 CTPYKTYPOIO.

VY psni BunajikiB OararoMacinTaOHUN MiAXiJ] MOEIHYETHCS 3 PO3B’SI3aHHIM MYJIbTU(DIZUYHUX 33j1a4
[8, 11-14]. Peamizamiss Mynb(i3WYHOTO MOJCIIOBAHHS B paMKax 0araToMacmiTabHOro WiAXOIy Hajae
MOJKJIMBOCTI pO3B’SI3yBaTH Ta 3B'A3yBaTH [IBO- 1 TPUBHUMIpHI 3a1adi Ha PI3HUX MPOCTOPOBUX PIBHIX,
OTPUMYBATH OUTBII BHCOKY TOYHICTH i €(EeKTHBHICTh PO3PAXyHKIB, IOCSITAaTH OibII MOBHOTO PO3YMiHHS
SIBHL] 1 MporeciB y pizHuX ¢pizmunux o0'exrax [11-14]. [lizxoau g0 MoaenoBaHHS 1 MPUHIHUIN OpraHizamii
3B'SI3KIB Y CHUTBHUX MyJIbTH(I3MYHUX 1 6aratomacmtabHAX Moensix onrcano B [11, 12, 14].

Min myremugpizuunum MOJICTIOBAHHSIM B EIEKTPOTEXHIII MA€ThCS HA YBa3i MOJICIIOBAHHS
CYKYIIHOCTi 3B’s3aHHX TIpoLeciB pi3HOi (i3MYHOT NPHPOAHM, IO BHU3HAYAIOTH EPEKTHBHICTH POOOTH
JOCHIDKYBAaHOTO €JIEKTPOTEXHIYHOIO MPUCTPOIO, a TAKOXK PO3B’S3aHHS 3aJICKHUX MK c00010 3ajady, sKi

Puc. 1
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BiJINIOBIIAIOTh PI3HUM HAayKOBUM Taily3sM (eNeKTpOTeXHika, Tertodi3uka, TNpPUKIAJHA MeXaHika,
riipoauHamika, aepoauHamika, Oiopusuky, id.) [11].

CrinbHe BHUKOPUCTaHHS MYJIbTH(DI3MYHOTO 1 OaraToMacmTaOHOrO MOJCTIOBAaHHA Iependadae
PO3B’sI3aHHS 3B'13aHUX 33144 3 Pi3HOIO (Pi3WYHOIO IPUPOJIOI0 Ha Pi3HHUX MacITadax.

CxemMa cCcyMimeHHS MYJIbTH(QI3HIHOTO 1 OararoMacmTabHOTO MIXOMy IS PO3PaxyHKY
EIICKTPOTEXHIUHUX MPUCTPOIB HABOAMUTHCS 1 pealli3yeThes ISl Py 3a1a4 B podoTax [4, 11]. OcHoOBHI eTanu
i€l cXeMH CKIIaaloThes 3 HACTYIHOTO:

— JIOCIIKYBaHUH TIPHCTPIA PO3TIAMAETRCS SK i€papXidHa CTPYKTypa, B SKiH BHIUISTFOTHCS
XapakTepHi CTPYKTYpHI piBHIi, IO BiAPI3HAIOTHCS 32 MacITaboM (po3mMipom);

— Ha KOKHOMY OOpaHOMYy CTPYKTYpPHOMY piBHi BHOHMpaeThCsl CBii 0a30BHii (perpe3eHTaTUBHHIA)
€JIEMEHT, K HaWOUIbII BaXJIMBUM AJS OOCHIIKEHHS €JIEeMEHT MPUCTPOIO, 1 Al HBOTO OYyAyeETbCS CBOS
MaTeMaTU9IHa MOJIENTh PO3PAXyHKY €IEKTPOMArHiTHOTO ITOJIS 1 TTOB'SI3aHUX 3 HUM MYJIBTH(I3UIHAX TIPOIIECIB;

— BU3HAYA€ThCS 3B'I30K MK IpOLIecaMy Ha Pi3HUX PiBHIX;

— 3a pe3yjbTaTaMH YHUCEIbHHX PO3PAaXyHKIB Ha KOXXHOMY CTPYKTypHOMY piBHI (opMyeTbcs
y3arajgpHeHa iH(OpMaIlis MoI0 XapaKTEePHUCTHK, MPOIECiB 1 0COONMMBOCTEH (YHKIIIOHYBaHHS MPHCTPOIO B
iIoMy.

[Ipuknanu po3s’sa3aHHS 3a/1a4 EIEKTPOTEXHIKM 32 TAKOIO CXEMOIO HaBeaeHo B [4, 11, 15].

Memor  Oanoi  pobomu € UYWCEeNbHE JOCHI/DKEHHS HAa OCHOBI OKpPEMHX EJIEMEHTIiB
OararomMacmiTabOHOTO MOJIENIOBAHHS MYJbTU(QI3UYHAX CJNEKTPOMATrHITHUX 1 TEIJIOBUX TIPOLECIB Y
CerMEHTOBaHINH JKWI CHJIOBOro Kabemro. Taka CTPyMOIIPOBiAHA JKWIa MiAJA€THCS BHCOKOYACTOTHOMY
IHAYKIIHHOMY HArpiBy y mpomeci pyXy B 3MIHHOMY MarHiTHOMY TOJNi OWJIIHIPHYHOTO IHAYKTOpA, IO
nepen0avacThCsi TEXHOIOTIYHAM MTPOIIECOM BUTOTOBJICHHS KaOEiB.

CkJazioBi eneMeHTH OaraToMacmTabHOTO MiIX0/Ay, 0 OOUPAIOThCS IS AOCIiIKEHHS, € TAKUMU: 1)
PO3TISIN BOX CTPYKTypHUX piBHIB (IBOX MacmTabiB) CErMEHTOBAHOI KWK — BCi€l XWIM pa3oM 3
IHAYKTOpOM (MaKpOpiBEHb) i OKPEMOT0 CErMEHTa XWIN (MIKpOpiBEHB) SIK 0a30BOTO eleMEeHTa CTPYKTYpH,
0 XapaKTePU3YEThCS KYTOBOK TMEPIOAMYHICTIO; 2) PO3B’S3aHHS PI3HMX 3aJad — CJICKTPOMArHiTHOI 1
TEIUTOBOI 33aJ1a4 Ha Pi3HUX PIBHIX — PIBHI BCI€T KWK 1 BUIUICHOTO ii cerMeHTa, BiAMOBITHO; 3) 3ailiCHeHHS
3B’A3Ky IIBOX CTPYKTYPHHUX PiBHIB LIISXOM Iepeladi JKOYJEBHX BTPAT 3 €JNEKTPOMArHiTHOI 0 TEMJIOBOI
3agadi. JlOCHiIKEHHS BHKOHYETbCS 3a CXeMOolw Ha puc.2. [Ipu mpoMy mNpOBOAUTHCS JBOBUMIpHE
KOMIT IOTEpHE MOJETIOBAHHS €JIEKTPOMArHiTHUX IMPOLECIB 1 YUCENIbHE PO3B’s3aHHSI TPUBUMIPHOI TETIOBOI
3ajaui.

[ MakpopiBeHb ] [ MikpopiBeHb ]

TaayKTOp CerMeHT Xuiu

Kuna

3 JKOYJIEBH BTPaTH
2D eneKTpoMarHitHa Hoxoy P 3D remnoBa
3aqaga — 3amaga
Puc. 2

EnexTporeniosi npouecu npu iHAyKuiifHoMy HarpiBi cerMeHTOBaHOI KWJIM Kalear0. BuBueHHs
B JaHiil poOoTi mpoueciB TepMOOOPOOKH CErMEHTOBAHOI JKMJIM KaOelllo B TEXHOJOTii Horo BUTOTOBIEHHS
MIPOJIOBXKY€E AOCTiKeHHs [16, 17].

CunoBuii kabenb 3 TOJICTHJICHOBOIO I30JISIII€I0 Ta CErMEHTOBAHOIO JKWIOK IMOKAa3aHO Ha puc. 1.
[Ipouecu HOCHIIKYIOTBCA B IT'SITUCETMEHTHIN Xuial kabemo Ha Hanpyry 330 kB. XXuna mae monepevnuit
nepepi3 1600 MM i 3HAXOAUTBCS B 3MiHHOMY MArHITHOMY TOJI LA HAPAYIHOTO iHAYKTOpa (pHC. 3, a).

Enexmpomaenimna 3adaua. Po3risiiaeTbesi BUNAJOK BUKOPUCTAHHS JOBIOTO 1HAYKTOpa, LIO Ja€
3MOTY aHalli3yBaTH €JIEKTPOMArHiTHI MPOIECH B IBOBUMIPHI MOCTAHOBII B IMONEPEUYHOMY IMEpepis3i KUIIH.
[lig yac po3paxyHKy MarHiTHOTO MOJS PyX CaMoOi JKHJIM HE BPaxOBYeThcs. MaTepian »uiau (ajdroMiHii) €
HeMarHiTHUM. KOHTakTHUH omip MDK ApOTaMH B KOKHOMY CETMEHTI IOKJIQJa€ThCS PIBHUM HYIIIO.

22 ISSN 1607-7970. Texn. enexkmpoounamira. 2024. Ne 1



a 0 6
Puc. 3

EnexTpornpoBimHICTh MaTepialy 130JAMIMHUX MPOMDKKIB MK CETMEHTaMHU (EIEeKTPOTEXHIYHUN KapTOH)
MIPUITYCKAETHCS PIBHOIO HYIIIO.
IMonroBa 3amavya (HOPMYIIOETHCS U BEKTOpa HAMPYKEHOCTI MArHITHOTO MOJNSA (KOMIUIEKCHOT

BEJTMYMHH), IO MA€ €HHY HEHYIbOBY z-cK1anoBy — H = (0,0, H 7).
I3 cucremu piBHSIHE MakcBeia I BEKTOpa H
VxH=0E, VxE=—jop,H, V-u,H=0
3aMUCY€EThCSl OCHOBHE JHepeHIiaibHe PIBHSIHHS
Vx(c'VxH)=—jouH. (1)
JlKepesoM TONA € 3ajJaHa HaNpyXKeHiCTh Ha BHYTpilHiH mosepxmi immyxtopa H,,exp(jot)

(mpuiimaetbess Hyg = 10° A/M six aMITTITyTHEe 3HAYCHHs), Ha 30BHIMNIHIN MOBEpXHI IHAYKTOpaA IMOJE TMOKIIa-
Jaetbest piBHUM Hymo — H; =0 (puc. 3, a).

[licst Bu3HAueHHs monss H B mepepisi sKHIM 3HAYECHHS BEKTOPA IYCTHHH CTpyMy J i MOTYKHOCTI
JOKOYJIEBUX BTpaT (| B KOXHIM TO4I pO3paxyHKOBOi 0OJACTi BH3HAYAIOTHCSA 332 HACTYITHUMH BHpPa3aMU:
J=VxH, q=J /c.

Po3B’s3anns piBHAHHS (1) 3 HABEJCHUMH TPaHUYHUMH YMOBAaMH BHKOHYETHCS YHCEIBHO METOIOM
KiHIIeBUX eneMeHTiB B mporpami Comsol [18]. 3ayBaxkumMo, 110 MOYaTKOBUMH JaHUMH I PO3PaXyHKIB B
Comsol Oynmm camMe aMIUTITYAHI 3HAYEHHS 3aJaHUX BEJWYHMH, a OCHOBHI BHKOPHCTAaHI BHpa3H, HaBeACHI
BUILIE, 3aITMCAHO 0€3 ypaxyBaHHS [[bOT0 Y 3aralbHOMY BHIJISI JUIS TIFOYMX 3HAUYCHb.

3HaueHHs HKOYJIEBUX BTpAT B Iepepi3i Kabenro BUKOPUCTOBYIOTHCS IS MOJATBIIOTO PO3B’SI3aHHS
TEIIOBOT 3a/adi.

Po3paxyHKkoBy 00JIacTh €JIEKTpOMArHiTHOI 3ajavi 3 TPAHUYHUMH YMOBaMH Ta PO3MOJUI TYCTHHHU
CTpYMY y BUIVIAII CTPIJIOK Yy MOMEPEYHOMY Iepepi3i KU Kabemo i B iHAyKTOpi 3a yactotu ctpymy 50 I'n
(8 mepepizi xuwmm |J lmax =35,9 A/MM?) ToOKasaHO Ha puc. 3, a. Posmomin rycrmmm crpymy |J| (y

KONLOPOBOMY 300pakeHHi) Ta BekTopa J (CTpinkamm) B mepepisi xumm mms wactotd f = 500 I'n
(1J Imax = 33,6 A/mm) i f = 2400 T (]J Imax = 63,5 A/MM’) TIpejCTaBIeHo Ha puc. 3, 6 i 6, BiAMOBiIHO.

ITokazano, 0 Yepe3 HAsSBHICTh 130JIbOBAHUX CEIMEHTIB JKWJIM PO3MOII TYCTHHU CTPYMY MA€ I’ ITHBUXPOBY
CTPYKTYpPY, MPUIOMY MAKCUMAIBHHH CTPYM JIOKaTi30BaHWU HE Ha 30BHINIHIA (K Yy BHIIAAKY CYIUIEHOT
JKHUJTH), @ Ha BHYTPILIHIX [TOBEPXHSIX CETMEHTIB — Yy LIEHTPAJIbHIM 30HI OIYHMX TpaHeil CErMEHTIB, IO SBIISIE
co0oro mposiB eekTy OMU3bKOCTI Mi cerMeHTamu. lle BigoOpakeHO Takok Ha puC. 4 Ui OKPEMOTO
cerMeHTa (0a30BOTO CIIEMEHTA).

ITokazanomy Ha puc. 3, 4 po3mOATYy TYCTHHH CTPYMY BIATIOBiae HEPIBHOMIPHUN PO3MOIIIT
JUKOYJIEBOTO TeIlIa, Mo 3abe3neduye HarpiB KWk, Posmozin mkoyneBux BTpar ( (Y KOmbopi) B Tepepisi

xun kabemro st yactot f = 50 T (Quax = 7,5-10° Bt/M’) mpeacTaBneHo Ha puc. 5, a. AHATOTiYHIM
posmojinaM BTpaT B KWII BIANOBIJAIOTh 3HAYEHHS (max = 1,06:10° Br/M® 3a wactorn 2,4 kI Ta

Omax = 4,38°10° B/’ 3a f = 10 x['. Ha puc. 5, 6 oka3aHo po3MOii BTpaT ( B 0AHOMY cerMenTi. Takuii
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PO3TOIN 3aa€ThCs JIMIIE B 30HI 1HIyKTOpa (30HI 2 Ha pucC. 5, 6) Ul po3B’s3aHHS TEIUIOBOi 3a/1adi B
MacmTadi OJJHOTO CETMEHTA JKUIIH.

Tennosa 3a0aua poO3B’A3YETHCS B
TPUBUMIpHI TIOCTAaHOBIII B HEPYXOMIii
CHCTEMI  KOOpIWHAT, TIOB'SI3aHIA 3
IHAYKTOpOM. VY 1bOMY BHIAAKy 32
NOCTIMHIAH  IIBUAKOCTI  pyXy  KWIH
TeMIlepaTypHe TIOJie¢ € TPHUBUMIPHHM 1
CTalliOHapHUM (HE3aJI)KHUM BiJl Hacy). B
Bracninok icHyrouoi KyTOBOi cHUMeTpii
TpUBUMIpHa  PO3paxyHKOBa  0OJAacTb
TEIUIOBOI 3a/adi CKJIaJaeThcsl 3 6a30BOTO
eJIeMEHTa —  OKpPEeMOro  CerMeHTa
(puc. 5, 6). Puc. 4

PiBHSHHS  TEIUIONPOBIAHOCTI B
CETrMEHTI JKWJIH, SIKE BPaXOBYE TEILIONEPEHOC 32 PaXyHOK MEXaHi3MiB KOHBEKIIIT 1 Tudy3ii, Mae BUTIIS]

pCv-VT =V(AVT)+q, (2)

ne p, C, A — BIONOBIIHO T'yCTWHA, TEIUIOEMHICTD 1 TETUIOMPOBIIHICTh — 3aJlaHi MOCTINHI BEIWYHHH, TOOTO

|d [, Alam®

A 4 B

iXHI 3aJI€)KHOCTI BiJl 3MiHEHHS TEMIIEpaTypH MaTepiaiy i Jyac iHAyKIiHHOTO HAarpiBy HE BPaxOBYIOThCS (32
nmaauMu [19] Taki 3a51e:KHOCTI ¢1abKo 3MIHIOIOTHCS B JTialla30Hi TEMIIEpaTypH, IO PO3TIISAAETECS B poOOTi);
v =(0,0,v;) — mBUAKICTb PyXy WM B3IOBX KOOpAMHATH Z (puc. 5, 0); ( — 3aJeXHa BiJ IPOCTOPOBOI
KOOpJIMHATH TOTYXKHICTh JPKOYJIEBUX BTpAaT y MPOBIAHMKAX JKWJIM B 30HI PO3TallyBaHHS iHAYKTOpa 1
BH3HAYCHA 3 CICKTPOMArHITHOI 3a1adi.

I'pannyHi yMOBH TEIIOBOI 33a7a4i HACTYITHI: HA BXOJ1 (B3MIOBXK PYXY JKWJIM) TEMIIepaTrypa Ha TOPI
CerMeHTa JIOPiBHIOE TEMIIEPATypi HABKOMMIIHBOTO cepenopuina To=20°C; Ha Gi4HHX TIOBEPXHAX CErMEHTA

3aJIa€ThCSI YMOBA TETUIOI30MIAIIT, 2 HA 30BHIIIHIA MOBEPXHI — TETUIOBI/I/Jaya B HABKOJIUIITHE CEPEIOBUIIE, 110

oT

OIUCYETHCS PIBHSIHHAM: _}L%: Ko M =T.), (k,, — ebexTuBHMI KOedilli€HT TEMNOBiIai; N — BEKTOP

30BHIIIHBOT HOpMali 70 rpaHuii). Ha Buxomi 3 iHAYKTOpa Ha TOPIl CErMEHTa 3aJa€ThCs KOHBEKTUBHUHI
NepeHoc Teria, ToOTO PiBHICTh HYJIIO MOXiAHOI TeMIepaTypH Mo 30BHILIHIA HOpMaJi.

Po3B’s13aHHs piBHSIHHSA (2) 3 OMMMCAHUMH TPAHUYHUMH YMOBaMHU BUKOHYyBanocs y nporpami Comsol.
OcobnuBicTio pearizaiii KOMI'FOTEPHOT METOUKU PO3PaXxyHKY 3B'S3aHUX €JIEKTPOTEIUIOBUX IPOLECIB MPH
IHAYKIIHOMY HarpiBi >kuim OyJi0 BUKOPHUCTaHHS B TPUBUMIPHIN TEMJIOBiH 3a/1a4i pe3yabTaTiB PO3B’A3aHHS
JIBOBUMIpHOI enekTpoMarHiTHol 3amadi. lle Oyno 3xilicHeHO nursxoM oOMiHy nammmu MiK Comsol-
MOAEISIMH depe3 Tporpamue cepenopumie Comsol-script i BHKOPHUCTAHHS MOXKIMBOCTI (DOpMyBaHHS
CTPYKTYpHHUX 3MIHHUX Ta IHTEPIOJISILII 3a IOIIOMOTOI0 onieparopa postinterp.

Po3B’s13aHHS TEIIOBOI 3a/a4i MPOBOAMIIOCS 32 JOBXKWHU IHAYKTOpa (30HM 2 Ha puc. 5, 6) 0,2 M i
JOBXHHI po3nIsIHYTO1 AUTTHKH >kuimu 0,5 M. TlonokeHHS oYaTKy iHIYKTOpa 3amaBaioch Ha Biacradi 0,1 M
Big cuctemu BitiKy. LlIBuaxkicts pyxy xumu V; = 0,01 m/c.

PesynpTatn KOMO'IOTEpHUX PO3PaXyHKIB MMOKa3aHO HAa pHUC. 6, a caMe PO3MOJALT TeMIIePaTypHOTO
noJsis 3a JOBXKUHOIO cerMeHTa (Tiax = 107,1°C Ha BuXoai 3 iHAyKTOpa) 3a 4ACTOTU CTPYMY B iHIYKTOpI

f=2400 T'u (puc. 6, @). Ha BcTaBIli 3BepXy MOKAa3aHO XapaKTEPHHUIH HEOTHOPITHUM PO3ITOILT TEMIIEPATYPH B

Omax

e u.g
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40
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Puc. 6

HONIEPEYHOMY Tepepi3i cerMeHTa. 3MiHEHHs TeMIepaTypH B3IOBX JIiHIT 4B, O MPOXOIUTH Yepe3 BEPXHIO
KyTOBY TOYKY CETMEHTa, BiToOpa’keHo Ha puc. 6, 0.

OCHOBHI pe3yJIbTAaTH i BUCHOBKH. Y po0OTi MPOBEIEHO KIIBKICHE TOCIIHKCHHS 3 BUKOPUCTAHHIM
€JIeMEHTIB 0araToMacmTaOHOTO MOJIETIOBAHHS eNIEKTPOTEIUIOBMUX IMPOIECIB, IO BiAOYBAarOThCS IPHU
IHIYKITIHHOMY HarpiBi CErMEHTOBAHOI JKHIIA CHIJIOBOTO KaOeito. JloCTiKeHHS CKIAAaeThesl 3 TMOCIIIOBHOTO
PO3B’s13aHHS MYJIBTU(I3UYHUX 3a7ad Pi3HOT MPOCTOPOBOI PO3MIPHOCTI — JBOBHUMIPHOI €IEKTPOMArHiTHOT
3a1adi B MacTadl Beiel iHAyKIIHHOT yCTAaHOBKY 1 )KWJIM Ta TPUBUMIPHOI TEIUIOBOI 3a1a4i Ha PiBHI OKPEMOTo
CErMEHTa JKHITH.

Po3pobky Ta peamizaiifo 3ampolOHOBAaHOI CXEMH IOCHIHKEHHS CHPSIMOBAaHO Ha BH3HAYCHHS
PEKUMHUX MapaMeTpiB iHAYKTOpa Ui 3a0e3MeYeHHs] TEXHOJIOTIYHUX YMOB TEPMOOOPOOKH CErMEHTOBAaHHUX
KU CUIIOBUX KaOEelliB.

Pe3ynbrati 4YnceapbHUX pPO3PaxyHKIB CBiAYaTh MPO JTOCHTh HEPIBHOMIPHI pPO3MOAUTH TYCTHHH
CTpYMy 1 JDKOYJIEBHUX BTpaT MO Tepepidy KWIU. BHSBICHO, IO MaKCHMallbHI 3HAYCHHS IMX BEIMYUH
JIOKaJi30BaHI HE Ha 30BHIIIHIM MOBEPXHI KOXKHOTO CETMEHTa, SK Y BHUNAAKy CYLUIBHOI KHIH, a B
IIEHTPAJIbHIN 30H1 OIYHUX TpaHel cerMeHTa (puc. 3-5).

3a BUOpaHUX TE€OMETPUYHUX MapaMeTpax iHIYKTOpa Ta yMOBaxX iHAYKIIHHOTO HATPIBY:

— TeMIeparypa B3A0BX JOBXKHUHHU CErMEHTa 3pOCTa€ NPUOIM3HO 3a JiHIHHIUM 3aKOHOM (puc. 6);

— IHIYKTOp 3 BUCOKOK 4acTOTOI cTpyMmy (Oinbmie 2,4 kI') 3a0e3nedye Maiixke OIXHOPIIHHUIA HArpiB
’KIJIH Ha BEXOI 3 IHAYKTOpa 10 HeoOXiaHOi 3a TexHoIOri€e0 Temmeparypu — ae mermre 100°C (puc. 6);

— JIOCSITHEHHS 33JaHOTO PIBHS HArpiBy 3a OUTBII HU3BKIH YacTOTI MOXIIMBO 32 YMOBU 3MEHILECHHS
MIBUIKOCTI pyXYy KWK 200 TOJOBXKEHHS 1HIYKTOPA.

Asmop sucnosnoe 8oaunicmo un.-kop HAH Vkpainu A.A. [llepbi 3a npusepHenHs ygazu 00 3aCMOCY8AHHS
enemenmia 0A2aMOMAcUMabHO20 MOOEN08aHHA O 3a0ay IHOVKYIUHO20 HASPIBY Ce2MEeHMOBAHUX JHCUN CUTLOBUX
Kabernis.

Pobomy euxonano 3a paxynox 6rw00xcemnoi memu ‘“Pospobumu memoou ma 3acobu niosuueHHs
egpexmusnocmi ma HAOIIHOCMI THOYKYIUHUX YCMAHOBOK eleKmMpOmepMiuHoi 06poOKy Memanesux po3niasie i demainei
cknaonoi popmu™, KIIKBK 6541030.

ELECTRO-THERMAL PROCESSES AT INDUCTION HEATING OF MILLIKEN CONDUCTOR
OF POWER CABLE (STUDY WITH ELEMENTS OF MULTISCALE MODELING)

I.M. Kucheriava

Institute of Electrodynamics National Academy of Sciences of Ukraine,

Beresteiskyi Ave., 56, Kyiv, Ukraine.

E-mail: rB.irinan@gmail.com.

The article presents the study of electromagnetic-thermal processes during the induction treatment of cable segmented
(Milliken) conductor moving in the alternating magnetic field of cylindrical inductor. The study is carried out at two
scale levels: at the scale of the entire conductor and inductor (by numerical solution of two-dimensional
electromagnetic problem) and at the scale of separate segment of the conductor as its basic (representative) element
(the three-dimensional thermal problem is successively solved with the use of electromagnetic results). The
characteristic properties of the distributions of current density, Joule losses and temperature in the cross-section and
along the moving conductor are analyzed. The special features of conductor heating during the treatment and the
conditions for reaching the required temperature are determined. References 19, figures 6.
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CHUHTE3 IBOKOHTYPHUX CUCTEM KEPYBAHHS HAIIPYT'O1O
PEBEPCUBHUX HNIABUITYBAJBHUX DC-DC IIEPETBOPIOBAYIB

C.M. Ilepecana'’, fokr. Texu. Hayk, €.0. Hikonenko' , 1okT. dinocodii,

C.M. Kog6aca'"™", 1okT. Texu. Hayk, O. Ky3uenos®, 1oxt. Texn. Hayk, A.JL JIyk’ssHunKos'
' Hanjonasbauii Texuiunmii ynisepcurer Yipainu «KIII im. Irops Cikopcbkoro,

np. Bepecreiicbkuii, 37, Kuis, 03056, Yxpaina,

e-mail: sergei.peresada@gmail.com, evgeniy.nykonenko@gmail.com.

2 VuiBepcuTer NpHK/IAAHUX HayK MiTTe/xeccena,

Binbreasm-Jloiimuep-mrpacce 13 D, 61169, ®pindepr, Himeuunna.

Pozenanymo 3aoauy cunmeszy ma 00CniodceHHs 0BOKOHMYPHUX CUCMEM KePYBAHHs GUXIOHOIO HANPY20l0 PeGepCUSHUX
niosuwgysanvrux DC-DC nepemsopiosauie. Modenv maxkux nepemeopiosauié € cymmeso HeliHIlHOW | HEMIHIMAIbHO-
@aszosot0, wo He dac 3mo2u 34 OONOMO2010 CIMAHOAPMHUX MemOo0ig NiHiliHoI meopii KepyeanHsa 00cAmuU UCOKUX OU-
HamiuHux noxkasnuxie axocmi. OOIpyHmosano Hosul memoo cunmesy ma ananizy cucmem xepysanns DC-DC nepemso-
progauamu, aKutl 6a3yembcsi HA YaACMKOSIU JIHeapu3ayii 360POMHUM 36" S13KOM | NOOAILUOMY BUKOPUCIAHHI JIHITIHUX
I1I-pezynamopie nanpyau i cmpymy, 3a805KU YOMY POPMYEMbCA Pe3yIbmyIoud CIMPYKMypa CUCmemMu KepyeanHs y Gu-
21401 NOCNI006HO20 3’ €OHANMA 080X NIHIUHUX ACUMNMOMUYHUX CIIUKUX nIOCUCTNEM ) KOHMYPI HENIHIIHO20 360POMHO20
36’ A3Ky 3 OiniHitHUMU 8nacmugocmamu. Jlineapusosana cucmema 6 OKOJII MPAEKMOPI pyXy, AKi 6i0N0I0aA0MmMb Pi6HAH-
HIO 6anancy nomyosicHocmell, Haby8ae Gopmu, wo 0ac MONCIUBICING GUKOPUCIOBY8AMU MEOPII0 KACKAOHUX CUCMEM 3
PO30iNeHHAM Y Haci npoyecie y KOHmypax pe2yio8ants. /s pe3ynbmyrouoi 1ineapu3o8anoi Cmpykmypu 3anponoHoea-
HO BUKOPUCMOBYBAMU HANIAWMYBAHHS Pe2YNAMOopI6 3 ONMUMI3AYICIO 30 KCUMEMPUUHUM» ONMUMYMOM, Wo 3abe3neuye
He MinbKU Cmitikicmo, aie i (hopMy8aHHss NOKAZHUKIE AKOCII NPOYECis, UKOPUCTIOBYIOUU OISl Yb020 OOCMYNHI OJisl iH-
Jrcenepis 3 kepysanusa memoou. bioin. 14, puc. 9.

Kniouoei crosa: pesepcusanii DC-DC niepeTBoproBau, perysistop Halpyry, IIOKa3HUKH SIKOCTI, CTPYM HaBaHTa)KEHHSI.

Beryn. Peepcusni migsuiyBaisai DC-DC neperBoproBadi (anrd. “two-quadrant/bidirectional DC-
DC buck-boost converters”) mmpoko 3acTOCOBYIOTHCS 33151 MiABUINEHHS TOCTIHOT HAPYTH B €JIEKTPUY-
HUX TPaHCIIOPTHHUX 3aco0ax, CHCTeMax HaKOIMWYEHHS eHeprii, mmkepenax sxuBieHHS Tomo [1, 2]. Cuctemu
kepyBaHHs cuitouMu DC-DC neperBoproBauamMu MaroTh 3a0e3evyBaTy 3aaHi JHHAMIUHI XapaKTePUCTHKH
1 CTIMKICTD MO BiAHOILIEHHIO IO «BEJIIMKUX» CTPYMiB HAaBaHTAXXEHHS, SIKi HAOMIMKEHI 10 KPUTHYHHUX 3HAYEHb,
BUXOIs4M 3 OanaHCy motyxHocTed. IIpoOieMa kepyBaHHS YCKIAQIHAETHCA THUM, L0 MaTeMaTHYHA MOAEIb
DC-DC nepetBopioBadiB € CyTTEBO HENIHIMHOIO 1 HEMiHIMaIbHO-(Pa30BOI0 y 3B’ 513Ky 3 HAsIBHICTIO «IIPABUX»
KOPEHIB B XapaKTEPUCTUIHOMY IOJIIHOMI JIiHEapu30BaHOI MOAEMI.

[Mounnaroun 3 1990-x poki, DC-DC ta AC-DC nepetrBoproBadi BU3HAUMIH KJIac 00’ €KTIB KEpyBaH-
HS, BIIOMHUX K «KOMYTOBaHI CHJIOBI IepeTBOproBadi». Teopis KepyBaHHS UM KiiacoM 00’€KTiB Oyia po3-
poOJjieHa y 3HAYHIN KIJIBKOCTI (DyHIAMEHTAIbHHUX TOCIIIKEHb, y3araJbHeHHs K01 HajgaHo B [1-5] (nuB. Jji-
TepaTypy B HuX). be3 mepeOinbiieHHS MOKHA CTBEPAXKYBATH, IO OYyJIO 3aCTOCOBAHO OiIBIIICTH METOLIB CY-
YacHOI Teopil HeNHIHHOTO KepyBaHHS SIK HA OCHOBI PO3MIIALY YCEpEeTHEHUX KOOpAWHAT [6], Tak 1 IXHIX MHT-
TEBHMX 3HAUEHb. ¥ 0ararboX pillICHHSX, HAIPUKIIA]], MOJCIBHOTO NMPeJUKTHBHOTO KepyBaHHs (Model Predic-
tive Control) [7], mocsratoTbCsi BUCOKI JUHAMIYHI TTOKa3HUKH, alie JUHAMIYHY IMOBEAIHKY BaXKKO Nependadn-
TH, Y TOMY YHCIJIi HEMOXJIMBO Hallepe BCTAHOBUTH IPAHULI CTIHKOCTI, TOMY IX BaXKKO y3arajJbHUTH. MeTo-
ITM KepyBaHHS Ha OCHOBI MPWHIMITY MAacWBHOCTI [5, 8], a Takox apyroro meroxny JlsmyroBa [9] He maioTh
3MOry c(pOpMyBaTH HaIlepe]l 3a/aHi JUHAMIYHI MTOKa3HUKW nuHamiku. B [10] moka3aHo, 1o icHye JiHeapH-
3YIOYHH 3BOPOTHUM 3B’SI3KOM ITOPUTM, SIKILO ONEPYBATH Y NPOCTOPi EHEPreTUYHMX 3MIHHUX CTaHy: IIOBHA
€Hepris B CUCTEMI Ta MUTT€EBA MOTYKHICTh. Pe3ynbTyroua AMHaMidHa cHCTEMa MPH I[bOMY JIiHIHHA 1 CTiiKa B
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Merkax 3a0e3neueHHs] YMOB OanaHcy MoTykHocTell. [IpakThyHo Taky cUcTeMy He MOXHa peaji3yBaTH, OCKi-
JbKM HEOOXIJHO TOYHO 3HATH MapaMeTpH EJIEMEHTIB HAKONMWYCHHS €HEprii: €MHOCTI JIaHKM IMOCTIHHOTO
CTPYMY 1 BXiJTHOI iHIyKTHBHOCTI JUIsl PO3PaxyHKY PeryJIbOBaHOi €Heprii.

3 aHaNi3y JiTepaTypHUX KEPEN BUILIMBAE, 110 HAWOUIBII MPUHHATHOIO 3 MPAKTUYHOI TOUKH 30PY €
CTPYKTypa CUCTEMH KEpyBaHHA 3 KaCKaJIHO-3 €IHAHUMU KOHTYPaMH PETyJIOBaHHS BX1HOTO CTPyMy (BHYT-
piHii) 1 BUXigHOI HAaNpyTy (30BHILIHIN), sIKI MarOTh pi3Hi Moaudikanii niniiHux [I-perynsropis. Taki cu-
CTeMH, Ae-(PaKTo BiOMi SIK ‘CTaHAApTHI’, € JOCTaTHBO POOACTHUMH 1 MPOCTO peanizyroTb 0OMEeKEeHHs BHYT-
pITHIX 3MIHHHX, a TaKOX MPOCTi B peamizamii [2, 11-13]. OgHak BOHM MarOTh OOMEKEHHUH JTialla30H CTiHKO-
CT1 CHCTEMH PETYJIIOBaHHS BiTHOCHO CTPYMY HAaBaHTa)KEHHsI, IKUH 3aJIE)KHUTH BiJl TapaMeTpiB MepeTBOpIOBa-
Ya, BUMAaraloTh BUKOPHCTaHHS BEJIMKOI €MHOCTI KOHJECHCATOPY Ul 3a0e3Me4YeHHs] TUHAMIYHUX MOKa3HUKIB
sxocti. Huska perynsaropis moOymoBaHa Ha OCHOBI criporeHoi Moeni. s OiIbIIocTi aaropuTMiB He J0Be-
JIEHO CTIMKICTh 3aMKHEHHX CHCTEM Ha OCHOBI MOJEINI TOBHOTO MOPSAKY 1 HE JOCHIHKEHO BiAMpaIltoBaHHS
000X HampsMiB CTpyMy HaBaHTaXeHHS. BigcyTHI pekomMeHJamii IIOJ0 HalalITyBaHHS CHCTEM KepyBaHHS
JUTSL pi3HUX PIBHIB 337]aHOT HANIPYTH JIAHKW TIOCTIHOTO CTPYMY 1 CTPYMYy HaBaHTa)KEHHSI.

AHai3 TOCiIKEHB, SKi IPEICTABICHO B JITEPATYPHUX JKEpENIax, CBIAYUTH PO Te, MO 3arajbHo-
BU3HAHOTO pillleHHs npobiiemu kepyBaHHA peBepcuBHUME DC-DC meperBoproBauamu, ske 3a0e3rneuye 3a-
JlaHl JTMHaAMIiYHI TIOKa3HMKH SKOCTi 1 B TOW € Yac Ma€ JOCTYIHY JJIs 1HXKEHEPIB 3 KepyBaHHS MPOLEAYPY
HaJIAIITYBaHHs 3 TaAPaHTOBAHMMHU MOKa3HUKAMH SIKOCT1, 1O CUX Hip He po3pobieHo. MeTor 1aHoi podoTH €
pO3po0Ka HOBOTO METOJy CHHTE3Y i aHalli3y ABOKOHTYpHHX KackamaHux cuctem kepyBanHs DC-DC mepe-
TBOPIOBaYaMH, SIKUH Mependadae YacTKOBY JIiHeapH3alilo 3BOPOTHUM 3B’ SI3KOM HelliHIfHOCTEH Mozedi nepe-
TBOPIOBauYa Ta HA/Ja€ MOXJIMBICTh HE TUTbKH 3a0€3MEYUTH CTIHKICTB, aje i (opMyBaTH MOKA3HWUKU SIKOCTI
KEepYBaHHS Ha OCHOBI KOHCTPYIOBAaHHS JAWHAMIKA KOHTYPIB PETyJIOBAHHS i3 BCTAHOBJICHHAM BiAMOBIIHOTO
po3nineHHs y 4aci. Pe3ynpTatu HOCHIIKEHHS MOXKYTh PO3TIISATUCS SK BHECOK Y 3arajibHy TEOpil0 Kepy-
BaHHS KOMyTOBAaHHMHU CHJIOBUMH IIEPETBOPIOBAYAMH.

MaremaTn4yHa MojieJib NePeTBOPIOBava, MOCTAHOBKA 3a/1a4i KepyBaHHsI. CXeMy pEeBEpCHUBHOTO
DC-DC neperBoproBaua Hanmpyru nokasano Ha puc. 1. [IpuiiHATO, 10 BCI €ICKTPUYHI CIEMEHTH € JiHINHH-
MU, MalOTh HE3MIiHHI y 4aci mapaMeTpH, TPaH3UCTOPH € iJeaJbHUMH KII0YaMH, SIKi IEPEeMUKAIOTHCS CHMET-
PUYHO Tak, MO0 HATIPyTa JJAHKH ITOCTIHHOTO CTPYMY MiATPUMYBAJIacs Ha 3aJaHOMY PiBHI.

Ha puc. 1 no3naueno: V, , 1 — BUXiJHa Hampyra Ta BXiaHuii ctpymM; L, R — iHIyKTUBHICTb Ta BHY-

TpimHii onip BXigHoro kona; E — EPC mxepena xubneHHs; C — BUXIJHA €MHICTh NEPETBOpIOBAYa; 1, —

CTpyM HaBaHTakeHHs; Q, Q — CUTHaNMM KepyBaHHS HAIiBIPOBIJHUKOBUMH KIFOYAMU.
Marematunuyna mogens DC-DC neperBoproBaua Mae BUTIIAL [5]

\'A :l((l—usw)i—iL),
€ (1)
i=f(—Ri—(1—usw)de +E).

OyHKIiS TepeMUKaHHS KII0UiB BU3HAYAETHCS K
u,, ={0,1}. (2)
B mozgeni DC-DC neperBoproBada (1) peryiaroBaHOO KO-
OpJIUHATOI0 € BHUXiJHA Hampyra V, , Kepyloodor Hi€o € (yHKIis

—| HasanTtaxxenusa

Puc. 1

u,, CTpyM 1, — 30ypenHs. HeminiManbHO-(a30Bi BIacTHUBOCTI

o>
BUKJIMKaHI HasBHICTIO U, B 000x piBHsHH:AX (1) [8]. Kepyroua nist u,, Mae po3puBHUii xapakrep i Gpopmy-
€TBCS K ITUPOTHO-IMITYJIBCHO-MOAYJIbOBAaHUH CUTHAJ. 32 YMOB KOPEKTHO PO3PaxOBaHOi YaCTOTH KOMYTAlii
HEepPEXOAATh [0 yCepeHEHOI MOJIENI, B sKii kepyroya aig u , =[0,1] GesnepepBHa oOMexkeHa [6].
JIst CHHTE3Y alNropuTMy KepyBaHHS 3aCTOCYEMO HeJliHIHE IepEeTBOPEHHS

u:(l—usw)Vdc, 3)
ToAl MOJEeNb (1) MepenuIIeThCsl Y BUTIISII
(1

=—| —ui-i, |,

dc C Vdc (4)
i:%(—RHE—u).
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Hexaii st (4) BUKOHYIOTBCSI HACTYTIHI MTPHITYIIICHHS.
A.1.3anauna nanpyra gogatha i crana V, >0, V, =const, E>0, E=const.
A.2. Bci napaMeTpu nepeTBOproBaya BiloMi i MOCTilHI, 1, = const .
A3.Crpym 1 Ta Hanpyra V,, IOCTYIHI Ul BUMIpIOBaHHS.
3a yMOBHM BHKOHaHHS HpuIymieHs A.1 — A.3 HEoOXiTHO CHHTE3yBaTH aNTOPUTM KepyBaHHS, KU

rapaHTy€ aCUMIITOTUYHE PEry/IIOBaHHs HAPYTH, TOOTO
limV, =0, 5

t—o0
ne V,, =V, —V, — noxubka BiAnpaIroBaHHs HANIPYTH.

Heuniniiinuii anroputm 3 [Ml-peryasitopamu cTpymy i Hanpyru. B THIOBiH CTPYyKTypi JBOKOHTY-
pHoi cucremu kepyBaHHs DC-DC meperBoproBauamMu (i3W4Hi Kepyroui Iii, Ha OCHOBI SIKUX (POPMYIOTHCS
IIIIM curnanu (2), 3a1al0ThCsl BUXiTHUM cuUTHaIOM JiHiHOTO [1l-perymsropa crpymy. Takuit minxin 6a3y-
€ThCsI HAa MPUITYLIEHH], 10 V, =~ const. PosriasHemMo MoaudikoBaHuil aaropuT™ KepyBaHHs, AJIs SIKOTO Take
NpUIYyLIeHHS He € HeoOximHuMm. Bigmosizno no (3), (4) HeniniiiHe meperBopeHHs (3) 3ailicHIOE mepIInii
KPOK YacCTKOBOI JTiHeapH3aIlii 3BOPOTHUM 3B’ I3KOM BUXimHOT Mozedi (1).

Tloxpokosuii cunmes edockonanenoi cucmemu xepysanns DC-DC nepemsoprosauamu. Perynsrop
CTPYMY KOHCTPYIOETBCSI Y HACTYITHOMY BUTJISIIL

u=E-Ri"+L(k,i+k;x,), ©)

X, =1,
ge i=i—i" — moxubka BiINpAIIOBAHHS CTPYMY; i — 3a[aHa TPAeKTOpis 3MiH CTPYMY, sKa (OPMyEThCS pe-
rynstopoM Hanpyry; k, >0, k, >0 — koedinienTH nponopuiiHoi Ta iHTErpanbHOI CKIaI0BUX PeryasTopa
cTpyMy. 3a ymoBu k. =0,x, =0 mponopuifiHO-iHTErpaJIbHUM PEryysiTop 3 yIepeKyBaJbHOI KOMIICHCA-
III€0  CHOPOIIyeThCA 1m0  mpomopmiiHoro.  HamamryBamas — [ll-perymaropa  BigmoBigHO 11O
Ri'=0,Lk, =R /1, Lk, =L/1, 1e 7,

1

— CcTajla 4acy KOHTYypa PeryiioBaHHsS CTpyMy, 3a0e3nedye KOMIEeH-
camito ctanoi yacy L/R y npyromy piBHsHHI (4).

[Micns mincranoBku (6) y Apyre piBHAHHS (4), OTpUMAEMO PIBHSHHS JIWHAMIKH TIOXHOKH Bimpalito-
BaHHS CTPYMY y BUIJISII

ok (7)
ne k, =k, +R/L.

o e . .w ok Ik
Cuctema (7) € miniiiHor0 1 acumnrornyHo criikor V (k,,k.)>0, toOto mis i =const(i =0)

limi =0 31 MWBUIKICTIO, sIKAa BU3HAYAETHCS HaJNAIITyBaHHAMHU peryistopa ctpymy (k, .k, ). Jus koHtypa

t—o0
PeryJIIOBaHHs CTpyMy 3 KOMIeHcario ctaioi yacy L/R B (7) neobxiano npuitnsta x, =0, 1, =k,
J11st moanbuIoro KOHCTPYIOBaHHS PETYJISITOpa HAIIPYTd BU3HAYMMO

v = L(k;1+k;x;) (3)
Ta 311IHCHUMO HeNliHiHEe epEeTBOPEHHS KOOPAWHAT
2 * *) . * ~ *
z=V,,z =V, =const(z =0),z=z-z , 9

Jie Z — MoxuOKa BiApaItoBaHHs KBaJpaTy HAIIPYTH.

3 ypaxyBaHHsM (8) piBHSIHHS IHHAMIKA HanpyTH (9) 3anuIIeTbes y BUTIISII
. 2 ok ok v .
Z=E|:(E—Rl +U)(1 +1)—Vd 1L]. (10)

C

V nyxkax (10) 3anucano piBHAHHA OalaHCy HMOTyxHOCTed B cTtaruui. OcTaHHS ckinagoBa Vi, €
HOTY>KHICTIO, SIKa BiINA€ThCs y HABAaHTaXKeHHA 3a yMOBH 1, > 0. SIkmo i, <0, To IKepeno CHOXUBAE MOTY-

JKHICTb, SIKy T€Hepy€e aKTUBHE HaBaHTa)XKEHHS. B cucTemax, Jie mepeTBOprOBadY BUKOPUCTOBYEThCS IS )KHUB-
JIEHHSI BEKTOPHO-KEPOBAHUX EJIEKTPONIPUBOIIB, i, Tpeba po3TisAaTH SK TaKWH, IO TEHEPYEThCS IKEPETIOM

CTpyMy.
I3 BusHauenns V, =V, —V, B (5) BumumBae, 1o
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V. =—="_ Vi =(V,_+V 11
dc Vdc +Vdc du L ( dc dc) ( )

tomy Bupas (11) HaOyBae Burnsay

Vi, =———1, +V,i,, Vi, =const. (12)
dc dc
3 ypaxyBannsam Bu3HadeHb (11) ta (12) pisasuns (10) Oyzae
2 2 2 2 * * g *
=22 +—[E—Ri +o)(if +i —Vci] 13
CV,+V, " c( )i+ )= Vi (13)
Kepytouoro mieto B (13) € 3aqaHe 3Ha4eHHs CTPYMy i (BHXiJ peryasTopa Hampyru). 3aiis BU3HA-
YEeHHs JITOPUTMY KepyBaHHS Hanpyroko piBHAHHA (13) 3py4HO nepenucaT y BUIIAL

2 2 Z 2 * * * * Y *
Zz=——————F1, +—|(E-Ri )i +vi +(E—-Ri +v)i-V_i, |. 14
CV, +V. " c[( ) ( Ji-Vii, | (14)
Ockinbku (E—Ri)=E >0, 10 3 (14) chopmyemo ninitinmii [T anroput™ perysioBaHHs HalpyTrd
-~ C1
i 2E( -k, z-k,x,), (15)
X, =7,
ae k, >0, k,, >0 — koedinieHTH IpONOPLIIHOI Ta IHTErPAIbHOI CKIIAA0BHUX PErYJIATOPA HAIPYTH.
BanOByI-O‘II/I (15), piBHSIHHS AMHAMIKH ITOXUOOK PETyIIIOBaHHS OYIyTh
=7,
N i+ R - Bk e 2 [oi (B R0 -V [ 19
CV,.+V,. E E C
i:—kif—kﬁxi—i*, 21 (E-RU 0 BRI, 17
CV, +V, E E

ne v 3amaHoy (8),a i —y (15).

Cucrema (16) onvicye fuHaMivHY TIOBEIIHKY KOHTYPY pETYJIIOBaHHS HANpyTH, B Tol vac sk (17) — ko-
HTYpa peryJoBaHHs cTpyMy. MeToro nepeTBopeHs 3rigHo (6) — (15) Oyro npencTaBieHHs HeNiHIHHOT CHCTEMH
Yy BHIJIAII BOX JIHIHHUX aCHMIITTOTHYHO CTIHKMX CHCTEM IPYTOTO TMOPSIKY (B 13070BAHOMY CTaHi), SKi
BKJIFOUCHI Y KOHTYpi HENiHIHHOTO 3BOpOTHOTO 3B’s13Ky. Crctema 4-ro nopsaaky (16), (17) € cyTrreBo HemiHil-
HOI0, aHaJI3 CTIHKOCTI SKOI CKJIaJHUN Y 3arajJbHOMY BHUIAJKY, a crieludikaiis JMHAMIYHIX TTOKa3HUKIB IS
HaJIAIITYBaHb PETYJATOPIB HE € MOXINBOK. BpaxoByroun, mpo (16), (17) Mae kackagHy CTPYKTYpy 3 BHYTpi-
HIHIM KOHTYPOM DPeryitoBaHHs cTpymy (17) Ta 30BHINIHIM KOHTYpOM peryiroBaHHs Harpyru (16), To ne aae
3MOTY BUKOPHCTATH MiAXiJ, SIKMiA 0a3yeThCsl HA PO3ALICHHI Y Yaci JUHAMIYHMX MPOLECIB B KOHTYpaxX peryJio-
BaHHs. BiamosimHO 10 Teopii kackamHux cucteM [14], BHYTpIlIHINA KOHTYp peryitoBaHHS CTpyMy Mae OyTH B
JIEKITTbKa pa3iB OUTHIN MIBHAKOJIIOYNM Y TIOPIBHSHHI 3 KOHTYPOM PETYIIOBaHHS Hampyrd. Bigzaadunmo, 110
HaTypajbHi BiracTuBocTi criiikocti DC-DC neperBoproBaua (1) BU3Ha4aloThes JMIIE BTpaTaMH Ha oropi R,
SIKMH € TIAPa3UTHUM 1 TOMY CTIHKICTb CUCTEMH Ma€ (OpMYBATHCS BUKIIOYHO AJITOPUTMOM KEpPYBaHHSI.

Ananiz nezbypenoi ounamiku. JIms TMOMANBIIOTO aHANI3y CTIMKOCTI MPUAMEMO, IO «Iapa3uTHUI
OImip iHAYKTUBHOCTI HEXTyBaHO Manuii, T00TO R =0, a cTpym HaBaHTaxxeHHS (30ypeHHs) JOPIBHIOE HYJIIO
i, =0, mo mae MOXJIMBICT BU3HAUUTH 0a30Bi BIACTUBOCTI CTiHiKOCTi He30ypeHoi aunHamiku (16), (17). 3a

X yMoB piBHAHHS (16), (17) 3anuuryTbes sK

X, =2,

L ~ 2 2L ~ - (18)

z——kvz—kvixv+EE1+ (k i+k,x,)(-k,z-k,x,)+ F(1<i11+1<ﬁxi)1,

X, =1,

= —ki-kx +—l(k 51k, (19)
E
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JlocnikeHHs: CTIHKOCTI MOJ0KEHHs piBHOBAaru (X, ,Z,X;,1) =0 HeniHiiinoi cucremu (18), (19) Bu-

KOHAEMO Ha OCHOBI ii JiHeapu3alii 32 paXyHOK HEXTyBaHHS KBaJpaTUYHHMH CKJIaJOBUMHU. Bigmitimo, 110
HemiHiHOCTI B (18), (19) (1Bi ocTanHi ckianosi B (18)) mMaroTe OiniHidHMIA Xapaktep. JliHeapu3oBaHa cuc-

TEMa Ma€ BUTIA
X

v :2’
: ~ 2 =
z=-k z-k,x, +=Ei,
C

(20)

i=-ki-k,x, +El(kv2 +k,2).
2 E

BaxmBoro 0CcOOMUBICTIO 3aIIPOITOHOBAHOTO METOAY aHaNi3y € Te, IO BIACTHUBOCTI JIIHEapU30BaHOT
cucremu (20) BU3HAYAIOTHCS JIMIIE NTapaMeTPaMH PEryJIsiTOPiB, MO Aa€ 3MOTY BiIOKPEMUTH HE TiJIbKH BILJIMB

HENIHIHHOCTEH, aJie i mapaMeTpiB MepeTBOPIOBaYa.

CtpykTypHY cxeMmy JliHeapu3oBaHOi cuctemu (20) mokasa-
HO Ha puc. 2. [lepegarouni ¢yHKUIi pO3IMKHEHOI CHCTEMH Ha a
puc. 2 3a ymoBH Bukopuctanus [1l-perymistopa ctpymy 3anatroTbes

PIBHSHHSIMHI
(28,t,p+1)

(2§irip + 1)

W.(p) =

Tipz ‘ Tizp2 +281p+1 ’
(2&,t,p+1) 1

er(p): 2 2 :

Tp (tp+1)’
SK1 BiAMIOBINAIOTH CTAaHAAPTHOMY BUIJISIY JUIsI KOHTYPIB PEryJIOBaHHS 3 HaJalITyBaHHSM HA «CHMETpPHY-
Hui» ontuMyM [14]. W, (p) BpaxoBye komneHcanito cranoi yacy L/R. B (20) ta (21) Bu3sHaueHo BiacHi ya-

Tli 2, T 2
p C - p
ki+ﬁ kv—i-ﬁﬁ
p p
Cl kVp—~_kV|
2 E
(2D Puc. 2

CTOTH HeleMI(OBAHMX KOJNMBaHb i30/IbOBAHUX TijgcucteM y dopmi Bupasis o, =k, =1, k, =2( 0, ;

oy =k, =1, k; =2(,0, Ta 0, =k, (xomnencanis cranoi yacy L/R), ne iHIekcH «v» Ta «i» BiIHOCATHCS

JI0 KOHTYPIB peryJroBaHHs HaNpyru i cTpyMy BifnoBigHo; C,C; — koedilieHTH JeMI(yBaHHS y KOXKHOMY 3

KOHTYpIB peryJioBaHHsA. BilnoBigqHO 10 cTaHIApTHUX HANAIITYBaHb CUCTEM JPYroro MOPSAAKY Koe(ilieHTH

nemndyBaHHs oOuparoThea { =1 abo {= V2 / 2. Jly1st po3aijieHHS TPOIIECiB ¥ Yaci B KOHTYpax pPeryiIroBaHHS

HAaIIPyTH i CTPyMy BCTaHOBIIOETHCS CIIIBBIAHOIIEHHA O = PO, , p =4 [14].

Bci mocnimpkeHHs IpoBeeHO JUTsi MOJeNi nepeTBoproBaua (4) 3 mapamerpamu [13]: L=0.011 I'n,
R =0.5 Om, C=500 Mx®, E =50 B. 3anane 3HauenHs Hanpyru jopisaioe V, =100 B.

Ha puc. 3 mHaBegeno JIAUX i JIOUX
JUISL CHCTEMH 3 TIepeIaTOYHOI0 (YHKITIE0
W, (p) 21) s ®,, =200 pagn/c
(k, =400, k,=k>/4), p=4.5 (k, =900,
rpadixu 1) i p=9 (k,=1800, rpadiku 2).

3 (21) i puc. 3 BuruBae, mo JIAUX
JiHEapu30BaHOI CUCTEMU MA€ CTaHAAPTHUI
Burispn -40 J106/mek, -20 [16/nek, -40 J16/nek,
mo 3abe3rnedye MI00abHY CTIHKICTH JIiHEa-
puzoBaHoi cuctemu (20), a OTXKE JTOKAJIbHY
CTIMKICTh HeNiHiiHOI cuctemu (16), (17).
JluHaMigHI TTOKAa3HUKHA 3a PO3TISTHYTHX
yMOB OyAyTh BIJIMOBIIAaTH ONTHMi3amii 3a
«CHUMETPHYHUMY ONTUMYMOM, IO IiITBEp-
JDKY€EThCS TpadikaMH MEepexiHuX MPOLeciB
BiJIIpaIOBaHHs MOYaTKOBHX YMOB
V,.(0)=99 By cucremi (16), (17) 3 i, =0,
p =9, npexacraBneHux Ha puc. 4 AN Hana-
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HITYBaHHS PETryNATOpa CTPYMY 3 KOMIeHcaniero cranoi yacy L/R.
Ananiz 36ypenoi ounamixu. Posrisaemo (16), (17) 3a ymou 1, #0, R=0:

X, =2,
: 2 1 . 2 2 2
7Z=—|k, +——-ri, |Z-k,x, = Vi, +— Ei+= U(l +1)
CV,+V, C C C (22)
X, =1,
+ 1
1=-ki-k;x +——(kvz+k z)
E
Tloxu6xa perystosanns Hanpyrn V  , B Ockinbku 36ypeHHs V, i, =const, To iHTerpajbHa CKIajoBa
25 T " T < .
perynaropa Hampyru kX, Moske posrisaaTtucs sk foro ouiHka. Bu-
or 3HAYUMO
-0.25 2 e
n=k,x, +=V,i,, (23)
-0.5 C
075 TOZI TepIIi aBa piBHIHHS (22) MePEHUITYTHCSA y BUTIISAII
1;] = kviz’
-1 : s .
2 2 1 o). 2 _~ 2 - 1 . 2 ..
0 001 002 0.03 be o= - k, +——1i, Z—T]+—E1+—Ul+—U(—ka—1‘|+—VdclLJ.
, . ~ CV,+V, C C E C
CTEyM 1 Ta NoxMOKa HOTO perymoBaHHs i, /
0. ' ' - (24)
025 Jlineapm3zamiiss (24) B  OKONI  TIOJOXEHHA  PIBHOBaru
' (\ (0,2,x,,1) =0 mae
0 === n=k.z,
I
: 2 1 . 2 L_.. x 2L
-0.25{ z=—-|k, +=———1i, |z—n —(E +—VdC1Lkij1 —=V,i kX,
CV, +V, C E CE
-0.5 - : : . ks
0 0.01 0.02 0.03 t,e %=1
+ Cl, . -
Puc. 4 1=-ki-kx, + EE(kVZ +k,, )

(25)
CtpykTypHY cxemy cuctemu (25) HaBeneHO
Ha puc. 5. 3a YMOBH BiZICYTHOCTI HaBaHTaXCHHS BOHA
chiBIajae 3 rnokasaxoro Ha puc. 3. Ha puc. 5 W, (p)

¥ N

— mepeaaTroyHa (YHKISI 3aMKHEHOTO KOHTYpa pery-
moBanHs  ctpymy, W, (p)=1.p/(t/p’ +2&1,p+1)

abo W, (p)=r,/(t,p+1) (kommeHcauisi cTajoi yacy
L/R).

3 piBHSHB (25) Ta pHC. 5 BUILTUBAE, IO HASB-
HICTh CTPyMy HaBaHTaXCHHS 3MIiHIOE CTPYKTYpY CHC-
Puc. 5 Temu (puc. 3). BaxxnuBicTs mpeacTaBieHHs Yy BUTTISAL
(25) momsATae B TOMYy, 11O JTIHEAPH30BaHA CUCTEMA JIA€

. . . . . — * .
MOJUTMBICTh BCTAHOBUTH BIUIMB i y BUIIAAI HE TUIbKM 30BHiIHBOro 306ypenns F (p)=2C"'V,i, (p)

(puc. 5), ane ¥ HOro BIUIMB Ha MapaMEeTPH 3aMKHEHOT CUCTeMHU. BilMOBIAHO 3aIpOIOHOBaHE MPEICTABICHHS
Jla€ 3MOTY aHaJIi3yBaTH BIUIMB i, Ha CTIMKICTb 1 MOKa3HUKH SKOCTi KEpyBaHHS.

[epenarouni yHkiii posimMkHeHoi cuctemu (25) 3a ymoBu V, + V, ~const i 32 yMOBH Haamry-
BaHHS 3aMKHEHOTO KOHTYpPa PETyJIIOBaHHS CTPYMY Ha CUMETPHUYHUNY ONTUMYM MAIOTh BHTIISIT

* 1
26 T, p+1)(28T,p+1 [ V,.i p}+{* ©i, p(tip’ +2&,p+1 }
( )( ) E ey vt ( )

W.(p) =
Tipz (":izp2 +2ETp+ 1)

; (26)

32 ISSN 1607-7970. Texn. enexkmpoounamira. 2024. Ne 1



L .. 1 )
(2§Vrvp + 1){1 - Eszcle} + —CV* rile(rip + 1)
de . 27
Tf,p2 (Tip+1) @7

er(p) =

JIAYX i JI®UX posimkHeHOi cuctemu (27) moka3aHo Ha puc.3 anst p=9, i, =3 A. 3a ymoBu
i, =0 mepenarouni GpyHkii (26), (27) ZOpiBHIOIOTH BiANOBIAHIM (QYHKIIIM He30ypeHoi cuctemu (21).

Ak BuruBae 3 (27) Ta puc. 3, BIaCTUBICTh HE MiHIMaJIbHOT (ha30BOCTI cucTeMH (25) IPU3BOIUTH 10
3MiHH BHUXIZHOI CTPYKTYpH (21), 110 3MEHIIy€E 3amac CTIMKOCTI, & TOMY TOTIpIIy€e TMOKAa3HUKHU SKOCTi Kepy-
BaHHS 1 MOX€ MOPYIIUTH CTIHKICTh CHCTEMHU.

Hanawmyeannsa xonmypie pezynioganns. JInst KINbKICHOTO aHaNi3y BIUIUBY i, PO3IJISHEMO Iepena-

TO4HY (QYHKIII0 3aMKHeHOI cuctemu 3 W (p) (27) BigHocHo 30ypenHs F (p)

Tip(rip + 1)
2_ .3 2 . 2 2 ] 5
TVTip +Tvk2(1L)p +Tvk1(1L)p+1

Wi(p) =~ (28)

. 1 . L .. ) 1 . L ..
ne k, (i, )=k, +W1L—kvi?(Vdc1L), 1(2(1L)=1+1:iW1L _kVF(VdclL)'

dc de

HanamryBanus 3 o) = po,,, 1& ) = ri’l, p=4, i, =0 BiAmoBimarTh TUMNOBIHA onTHMi3awii 3a
«CUMETPUYHHM) ONTHMYMOM, L0 TapaHTYy€ CUCTEMI BiJIOBIIHY SKICTh MEpEXiHUX HpoleciB. B Toii ke gac
3a yMOBH 1; # (0 BHIVISI ONTUMI30BaHOI IepeaaToYHoi (YHKII 3MIHIOETHCS, 10 NPU3BOAUTH HE TUIBKH 10
Jerpajaiii MoKa3HUKIB SKOCTI KepyBaHHs, e i MOTeHIiHO A0 BTpaTH CTiHKocTi. [Ipu 1iboMy, Ha BigMiHy
Big (20), (21), BmactmBOCTI cucTremu (28) BH3HAYAIOTHCSA MONATKOBO YyCiMa MapaMeTpaMH CHCTEMH
(V,,E,C,L), noBHy KOMIIEHCalli}0 BIUIUBY SKHX HEMOXJIMBO 3a0€3ME€UNTH 32 PaXyHOK HaJalUTyBaHHA pe-
rynsatopiB (k .k .,k;). B Toif e uac gt ¢piznuHO 0OMEXEHUX HABAaHTAXKEHb I, 1 32JaHOTO PIBHS PO3AIICHHS
IpOLECIB y KOHTypax peryitoBaHHs p =>4 ymoBu Kk (i,)>0, k,(i;) >0 Bu3HauaroTh I'paHUYHI 3HAYECHHS

HAJAITYBaHb PETYJISTOPIB.
KirodoBuM  koedirlieHTOM — XapaKTEepUCTUIHOTO PIiBHAHHA Tiepemartodnoi ¢yHkmii (28) €

. o . * .
k,(i,)>k,, >0, sxuit ans dikcosanoro 3nauenns (L/E?)V, i, BusHauae rpanuuHe 3HauenHs k, s 3a-
Oe3neueHHs K CTIHKOCTI CUCTEMH, TaK 1 AKOCTI epexXiHUX MpoleciB. 3a yMoBU p =4 B CTpyKTYpi (28) k,,

Mae OyTu OibinM 3a 0.35-0.4.
HaBeznenwii aHaii3 CTIHKOCTI JIiHEApPU30BaHOT CUCTEMH J1a€ 3MOTY c(hOpMyBaTH HACTYIHY MPOLECIYPY
HaJAIITyBaHHS:

1. Busnauenns napametpis DC-DC nepetsoproaua L, C, E i 3ananoi BuxinHoi Hanpyru V,, .
2. Bu3HaueHHsT MaKCHUMaJIbHO JOCSDKHOT a00 Oa)kaHOi HMIBUIKOAII KOHTYPY PETYJIIOBAaHHS CTPyMY 3a

_ _ -1
PaxyHOK BCTAHOBIIEHHS O, =k, =1, .

3. Po3paxyHoK mapameTpiB peryisTopa Hanmpyrd o, =K, =T,

, k, =2{,0,, U BCTaHOBIEHOTO
PiBHS PO3IiNEeHHs y Yaci MpOLeciB Y KOHTYpax peryJoBaHHS p >4 .

4. Ilepesipka ymoBHu k,(i; ) 2 k,, > 0. fIkiio BoHa He BUKOHY€ETBCS, TO HEOOX1AHO 30LIBIIUTU P >4 .
Ymoga k, (i, ) >0, sk npaBuio, BUKOHY€ETHCS U1 KOPEKTHO po3paxoBaHux napamerpis L, C.

THopiguanusa narawmyeans 3a <cumempuunum» onmumymom. Ha puc. 6 HaBeneHo rpadiku mepexia-
HUX NPOIIECiB HAKUIAHHS-CKUIaHHsI Pi3HUX 3HAYCHb CTPYMYy HaBaHTaKEHHS JUIsS BU3HAYEHHS Jiana3oHy Ho-

ro 3min. TecTyBaHHS NPOBENEHO I ®,, =T, =1800 pan/c i IBOX HANAIITYBaHL PO3ILIEHHS: HA PHC. 6, @ —
p=4 (BiAMOBiIAE CTaHAAPTHOMY HAJAIITYBAaHHIO Ha «CUMETPUYHHI» ONTHMYM i3 CHIiBBIJIHOIIEHHSM BU-
3HavyanbHUX yacToT JIAUX, sxe nopiBHIOE 2); Ha puc. 6, 6 — p =8 (cmiBBizHOUICHHS — 4). 3HaYCHHS HaaIl-

TyBaHb PEryJIATOPiB HaBEACHO y TaONHI, T0YaTKOBI yMOBH A0piBHIOWOTE V, (0) =98 B.
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HamamryBanas 3nauenns k, (i)
Pi .
1BE€Hb PO3AUICHHS PerynaT(l)(p CTPyMY li(erynﬂTop rll(anpym =1A| i =15A|i=3A
a) p=4 1800 900 | k, =kl /3 0.62 0.42 -
6) p=8§ 1800 450 | k,=k2/25 0.82 0.72 0.44

TToxuGka peryroBaHus Hanpyru V e’ B oxuGka peryaoBaHHs Hanpyru V e’ B

! l-p=4i =1A ' : ' ' '
3F PTG 1 A
Py — 2-p=4,i = 1.5Al ] 0f '/
1t L a? ] W
ol WA 5t L) ]
M Pl
-1 1 | 2 | ]
¥ -10 |
2 /}i 1 \ |
|
3F . 4 L i ]
i -15 \
47 1 1 3—7
5 : - : S 20 ‘ ‘ : :
0 0.025 0.05 0.075 t,e 0 0.025 0.05 0.075 t,c
Crpymi, A Ctpymi, A
8 : : : : 12 — . :
1-p=8,i, =1A
B 10+ o &3 ]
6l i ] I 2-p=8,i =154
A ,'l "2 8;__3-p:8,iL=3Ar\ ~ 1
I ] N
Ay of v |
Al
ol 4
\ :
0
0
0 0.025 0.05 0.075 t,e 0 0.025 0.05 0.075 t,c
a o
Puc. 6

3 puc. 6, @ MOXHa TOOAYUTH, 10 HAJAIITYBAHHS 31 CTAHAAPTHUM PO3AUICHHSAM p =4 TrapaHTYe€ Ie-
pexinHi npouecH, sKi BiINOBiAaI0Th HOPMOBAHUM JJIsl HABAHTAXEHb 10 1, =1A , B TOH e yac TaKOro po3ai-

JICHHSI HEJIOCTATHBO JJIsi 3a0€3MEUYCHHS 33J0BIILHOI TWHAMIKM PETYJIOBaHHS HANPYTH JIs BiIIpaIlfOBaHHS
Oimpmmx ctpymiB. [ns 1, >1.5A cucrema BTpadae CTiHKicTh. BiANmoOBIIHO 10 TEOPETUUHOro aHami3y 1 3a-

MPOTIOHOBAHOT MPOIETypH HANAIITYBaHHs PO3TISTHYTO OLbIIe PO3AUICHHS Y Yaci MiXK KOHTYPaMH peryJito-
BaHHA. ['padiku mepexigHuX mpoIeciB Ha puc. 6, 6 sl P =8 MATBEPIHKYIOTh 30UTBINICHHS ialma3oHy Bil-
TIpaIfOBaHHS CTPYMiB HaBaHTAKEHHS B JCKiIbKa pa3iB 31 30€peKEHHSIM BHCOKHX ITOKa3HHKIB SKOCTI pery-
JIOBaHHA. BiAMITUMO, 110 piBEeHb PO3AUICHHS P HE BIUIMBAE HA BiANpPALIOBaHHS MTOYAaTKOBUX YMOB 3 i, =0.

Pesynbratu gocnimkeHb MiATBEPHKYIOTh €PEKTUBHICTh BUKOPUCTAHHS PO3POOJIEHOTO TEOPETUIHOTO aHaMi-
3y CUCTEMU.

Teopemuune y3zacanbHenHsi METOy KOHCTPYIOBAHHS 1 aHANi3y IBOKOHTYPHHUX CHUCTEM KEpyBaHHS
kiacom DC-DC neperBoproBauiB nosisirae y HacTynmHoMy. Ha ocHOBI 3araiibHOI KoHIenwii criiikocti 3a JIs-
MTyHOBUM, BiMOBIIHO J0 AKO1 HENliHIHA CHCTEMA € JIOKAIBHO aCHMIITOTHYHO CTIHKOIO TOi, KOJIH TTOJIOXKEH-
HS pIBHOBArd JiiHEapH30BaHOI CUCTEMH € aCUMIITOTHYHO CTIHKHM, pO3pO0JICHO METO ] aHaIi3y CTIHKOCTI CH-
crem kepyBanHs DC-DC neperBoproBauamMu, sikuii riepeadadae npeacTaBICHHS BUXIIHOI HEJIHIHHOT CUCTe-
MU y BUTJISIL IBOX JIIHIHHUX CTIHKHAX CHCTEM, BKIFOUEHHX B KOHTYPI HETIHIHHOTO 3BOPOTHOTO 3B 513Ky (16),
(17). 3amts MOCATHEHHSI TaKoi CTPYKTYpPH B alITOPHUTMI KEpyBaHHS IepeadaueHO YaCTKOBY JIIHEApU3AIiio
3BOPOTHUM 3B’SI3KOM BigNOBigHO 10 BHpasiB (3), (9). CneuianpHuii THN JliHeapu3alii HENiHIHHOT CHCTEMH
(16), (17) 3aiiicHeHO BiZHOCHO (i3UUHO 00yMOBIEHOTO MaHiQoNIy, KU pencTaBise co00r piBHSHHA Oa-
JIaHCY TOTYKHOCTEH (UB. mepie piBHSHAA B (15) 3 migcTaHoBKoIO (23)). 3a paXyHOK FOTO B Pe3yIbTYIOUil
JiHeapu30BaHill CUCTEMI BCTAHOBIIOETHCS BIUIMB CTPYMY HABAaHTKCHHS iy K Y BUTJIAI 30BHIITHBOTO 30Y-
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penns F, (p)=2C"'V,i, (p) (qmB. puc. 5), Tak i nNapaMeTpPUUHOro 30yPEHHS, IO € PE3yILTATOM TOTO, IO

BHXIJHA MOJENb IMepeTBOproBava (4) € HeMiHIMaNbHO-(a30Bo0. Pe3ynbTyroda CTpyKTypa JIiHeapu30BaHO1
cucremu (25) Briepie 1a€ 3MOTy BUKOPHCTOBYBATH JIOCTYITHI METOJIU aHANi3y CTIMKOCTI JIIHIHAX cUCTEM 3i
3MIHHMMU TIapaMeTpaMU, a TAaKOXK iXHIO ONTHUMI3aIliIo I PO3paxyHKY MapaMeTpiB peryistopis. Baxkiueo
TaKOX 3a3HAYUTH, 110 OCKITBLKH HEIHIMHOCTI cucTeMH (24) MaroTh OUTIHIHUN XapakTep, TO JUHAMIYHA TI0-
BeJIHKA HEJIIHIHHOT CUCTEMH 1 JIIHeapU30BaHOI MalOTh JOCTATHIO CXOXKICTb.

Pe3yabTaTu eKCEPUMEHTAIBHOTO OCTizKeHHs. JlOCTiKCHHS TUHAMIYHAX BIACTUBOCTEH HEJIi-
HiftHOTO anroputMmy (3), (6), (15) BUKOHAHO MUIAXOM MAaTEMaTHYHOTO MO/ISIIOBAHHS Ta €KCIIEPUMEHTAJIBHO.
OYHKITIOHATBHY CXeMY €KCIIepUMEHTaIbHOI YCTAaHOBKH ITOKa3aHO Ha puc. 7. YcraHoBka Bkitodae: DC-DC
NePETBOPIOBAY, JKEPENO JKUBIICHHS, a TAKOX OJIOK HaBAaHTA)XCHHS Ha OCHOBI CTPYMOBO-KEPOBaHOI'O OJHO-
(haznoro iHBepropa. Yactrora [IIIM cranoButs 10 k1, MepTBHii yac — T4 = 2 MKC, TaKT KBaHTyBaHHS — T =
=200 MKc.

Bbnok HaBaHTaXeHHS ~380 B
50T
——o0

i

PWM

y
| [InaTa ranpBaHiYHOT PO3B’SI3KH Ta Y3TOJKEHHS PiBHIB CUTHAJIB |

A A

E i fowm iL]  [Vadfrwme
vV vYy USB
Kepyroumnii kouTponep na ocrosi TMS320F28335 | <=
Puc. 7

[lepeTBOproBay >KUBUTHCA BiJ aKyMyJISTOpHUX Oatapei 3 Hanpyroio E = 54 B. Koediuientn Hanam-
TyBaHHsS peryisaTopiB Oyno oOpaHO Tak, IIO0 TEpexiAHWK TpoIec HAlpyrd OyB amepioguvdHuM s

i, =41 A: k,, =1000, k, =300, k, =k’ /4, {, =1 (p=6.7). B noua- Ilpodins HaBaHTAKEHHA i, , A
TKOBHI1 MOMEHT 4acy KOHIEHCATOp 3apsamkennii 10 Vy(0) = 54 B. 3ama- 1 ' ' ' '
Ha Hampyra jopisHtoe V, =100 B. ITpodins cTpyMy HaBaHTaKeHHS, 0'8

SIKMIH MTOKA3aHO Ha PUC. 8, CKIaIaeThes 3 AUISIHKY npukiaganus B t=0.1c, -0.5
aBt=0.2 ¢ ckumaHHsa cTpyMy ip, = 1 A 3 aHAJOTIYHUM NPUKIIATaHHIM- -l ‘ ‘ ' :
ckupanusM ctpymy i, =—1 ABt=0.3 cit=0.4 c. ['padiku nepexigHux O 01 pye.s bote
MPOIIECIB, OTPUMaHi METOJJOM MaTEMAaTHYHOI'O MOJICTIOBAHHS Ta CKCIIe-

PUMEHTAIIBHO, MIOKa3aHO Ha puC. 9, a Ta 6 BIAMOBIAHO. SIK BUIHO 3 pUC. 9, alrOpuT™M KEepyBaHHS 3a0e3meuye
ACHMIITOTHYHE PETYJIIOBAaHHS BUXIIHOI HAPYTH 3 TTOKA3HUKAMU SIKOCT1 BIAMOBIIHO IO BCTAHOBJICHOTO PO3-
nijeHHs y gaci p=6.7.

BucnoBku. 1. Po3poGiennii MeToq CHMHTE3Y i aHalli3y JBOKOHTYPHHX CHUCTEM KEpyBaHHS KJIACOM
DC-DC neperBopioBadiB, KM 0a3y€eThCs HA BUKOPHUCTAHHI YaCTKOBOI JIiHeapH3aIlii 3BOPOTHUM 3B’ SI3KOM 1
NOJANBIIOMY BUKOpHCTaHHI NiHiiHUX [1I-perynsaTopiB Hampyru i crpymy, GOpMye pe3ylbTyIody CTPYKTYpYy
CHCTEMH KEepYBaHHS Y BUIIISAL MOCHIIOBHOTO 3’ €THAHHS JBOX JIIHIHHUX aCUMITOTUYHHX CTIHKHX ITiJICUCTEM
y KOHTYPi HEJTIHIHHOTO 3BOPOTHOTO 3B 3Ky 3 OUTIHIHHUMH BIIACTHBOCTSMH. 3aBASKU IIHOMY JIIHEAPH30BaHA
cucreMa Ha0yBae OpMH, sIKa 1a€ MOXKIMBICTh BUKOPUCTOBYBATH TEOPIiI0 KACKAJTHUX CUCTEM 3 PO3JIIICHHIM
y 4Yaci IpoLeciB y KOHTypaxX peryJiloBaHHA Tak, IO MPOLECH Y BHYTPILIHBOMY KOHTYpi (CTpyMy) B A€KiJbKa
pa3iB OUIBIN MIBUAKI Y TIOPiBHSAHHI 13 30BHIIIHIM (HAIIPYTH).
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IToxubka peryroBaHHS HAIPYTH ?/dc, B Bxinnu#i ctpym i, A

10 4 T .
7.51 1
5r 1 2 J
251 J
0 0
-2.5 \/ 1
-5 1 2 i
-7.5 1
-10 L L L L -4 L L L L
0 0.1 0.2 0.3 0.4 t. ¢ 0 0.1 0.2 0.3 0.4 t.c
a
[Toxubka perynosanns Hanpyru V., , B Bxinnuii ctpym i, A
10 : : : : 4 : :
2 4
0 <
2t i
0 0.1 0.2 0.3 0.4 t.e O 0.1 0.2 0.3 0.4 t.c
0
Puc. 9

2. 155 pe3ynbTyrouoi JiHeapu30BaHOl CTPYKTYPH 3alPOIIOHOBAHO BUKOPHCTOBYBATH HAJIAIITYBAHHS
PETYISATOPIB 3 ONTHUMI3ALIEI0 38 «CUMETPHYHUM» ONITUMYMOM, L0 A€ 3MOTY HE TUIbKU 3a0e3MeunTH CTii-
KiCTb, anie i (hopMyBaTH MOKA3HUKH SKOCTi KepYBaHHs, BAKOPUCTOBYIOUHN JUISl LIBOTO TOCTYIIHI JUISl 1HXKEHe-
piB 3 KEpYBaHHS METO/M.

3. Briepure nmokasaHo SIKHM YMHOM CTPYM HaBaHTa)XEHHS BIUIMBA€ HA CTPYKTYpy CHCTEMH Ta ii ma-
paMeTpu, 110 Aa€ MOXIJIMBICTH 3I1MCHIOBATH poOacTHE HaJAaIUTYBAaHHS PEryJIsiTOPIB AJS CYTTEBOTO HiIBHU-
IIEHHS HaBaHTAXXyBaJIHOI 3[JaTHOCTI IEPETBOPIOBAYA.

4. BcTaHOBJICHO MEXaHi3M BTpAaTH CTIHKOCTI B CHUCTEMi 3 HENIHIHHUM HEMiHIMaJIbHO-(a30BUM
00’exktoM kepyBaHHs, skuM € DC-DC neperBoproBau. [lokazano, mo BTparta CTIHKOCTI B yMOBax [iii CTpyMy
HaBaHTKEHHS BiNOYBa€ThCS B MEPITy YEPry B JIiHEAPU30BaHIN CHCTEMI 1 MOKE IiICHITIOBATHCH 32 PaXyHOK
i1 HeiHIAHOCTEIA.

Poboma ¢hinancyemuvca depocasnoro npocpamoro “Hose noxoniHHA 6ucoKoeheKmusHUX eneKmpomMexaHivHux
cucmem eneKMmpuYHUX MPAHCNOPMHUX 3AC00I8 3 6EKMOPHO-KEPOBAHUMU OBUSYHAMU, AKI He MICMAMb PIOKO3EMETbHUX
mamepianis” (Oepacasnuii peccmpayitinuii nomep 0122U001700).

DESIGN OF CASCADED VOLTAGE CONTROL SYSTEMS OF BIDIRECTIONAL DC-DC BUCK-BOOST
CONVERTERS

S.M. Peresada', Y.O. Nikonenko', S.M. Kovbasa', A. Kuznietsov’, A.L. Lukianchikov'
'National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”
Prospect Beresteiskyi, 37, Kyiv, 03056, Ukraine,

e-mail: sergei.peresada@gmail.com, evgeniy.nykonenko@gmail.com.

2Technische Hochschule Mittelhessen,

Wilhelm-Leuschner-Strafie 13 D, 61169, Friedberg, Germany.

The paper deals with the design and analysis of cascaded DC-link voltage control systems for bidirectional buck-boost
DC-DC converters. Its model is significantly nonlinear and non-minimum-phase, which makes it impossible to achieve
high dynamic quality indicators using standard methods of linear control theory. A new method for design and analysis
of DC-DC converters control systems based on partial feedback linearization and the subsequent application of linear
Pl voltage and current controllers is proposed. It provides that the resulting model is composed of the feedback inter-
connected linear asymptotically stable subsystems with bilinear properties. The resulting system is linearized in the
vicinity of the trajectories corresponding to the power balance equation. Such form allows to apply the theory of cas-
caded systems with two time-scale separation of the control loops dynamics. It not only ensures system stability but also
allows to specify the process quality indicators using methods available to control engineers. References 14, figures 9.

Keywords: bidirectional DC-DC buck-boost converter, voltage controller, quality indicator, load current.
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Many technical objects use the electromagnetic DC actuators, which, unlike AC actuators, are more reliable, simpler in terms
of manufacturing technology and have greater wear resistance. The listed advantages are the reason for the significant use of
DC actuators in various industries including application as drive mechanisms of electrical devices. The DC actuator as a part
of any technical object almost always plays one of the main roles from the point of view of reliable operation of entire device.
Therefore the question of studying the designs of actuators and their characteristics is a rather topical task. Three designs of
forward-moving electromagnetic DC actuators with the same overall dimensions and winding data are studied. They differ in
the shapes of the supporting surfaces of poles, in other words, the surfaces with flat, conical and cut-conical shapes. As
established, the shape of the supporting surfaces of poles has a significant impact on the thrust characteristics of the actuator
and depending on the length of air gap this effect has a different character. The patterns of magnetic field of the studied
actuators with an attracted armature are constructed, and the nature of magnetic field distribution and magnetic flux density
distribution in operated gap are evaluated. The nature of the influence of cutting angle on static thrust characteristic for
actuators with conical and cut-conical pole shapes is studied too. References 21, table 1, figures 7.

Keywords: electromagnetic DC actuator, static thrust characteristic, finite-element method, shape of supporting surfaces,
poles of DC actuator.

Introduction. Direct current (DC) electromagnetic actuators are used as a source of mechanical
displacements and creation of necessary forces in many technical objects. In contrast with AC actuators, DC
actuators are more reliable due to the lesser number of parts in their construction. The actuators are simpler
from the point of view of fabrication practice, do not require the operations of stamping, riveting, grinding of
supporting surfaces, installation of short-circuited turns, etc., do not fail when the supporting surfaces of
poles are contaminated or when short-circuited turns in the windings occur and have greater wear resistance.
The listed advantages are the reason for the wide use of DC actuators in various industries including
application as drive mechanisms of electrical devices.

The DC actuator (hereinafter referred to as actuator) as a part of any technical object almost always
plays one of the main roles from the point of view of entire device reliability as a whole. Therefore the issue
of improving the designs of actuators in order to improve their characteristics is a rather urgent task.

Review of publications. Problem definition. Many publications both among the domestic [1-3]
and foreign scientists [4—17] are devoted to the problems of investigation and numerical modeling with
further experimental verification of various actuator designs, but insufficient attention is paid to study on the
influence of the shapes of the support surfaces of poles of forward-moving DC electromagnetic actuators on
their static thrust characteristics. Therefore the further development of investigation in this area is relevant. It
should be noted that in the vast majority of works the tool for conducting the numerical calculations is
commercial licensed computer codes, which are currently practically inaccessible to most domestic
researchers. This significantly limits the possibilities of domestic scientists. The FEMM code [18] among the
codes with open access is the most widespread. This code is built on finite-element method and its computed
results are verified experimentally by electrical engineers [19, 20]. Therefore the FEMM code is used in this
work for study and modeling of electromagnetic processes in DC forward-moving actuator. The finite-
element method is used along with FEMM program on open access [18] to carry out the numerical
calculations of the static thrust characteristics of DC actuator.

It is known [8, 12, 16, 17] that the static thrust characteristic is one of the important characteristics of
actuators. That is the dependence of thrust force F on the length of operated air gap 6 between the poles of
actuator at the constant magnetomotive force of winding F,,. The shape and dimensions of the supporting
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surfaces of actuator’s poles have an effect on the shape of the thrust characteristics of actuator. The analysis
of publications reveals that the question on the influence of DC actuator poles shape on the thrust
characteristic of actuator does not sufficiently studied especially in the sense of improvement of design and
technical characteristics.

The aim of this work is to determine the nature of the influence of the shape of poles supporting
surfaces of DC electromagnetic actuator on its static thrust characteristic. The study is based on the
determination of the magnetic field distribution in operated air gap between the poles of the actuator.

The well-known approach is used for numerical modeling of magnetic field of the actuator.
According to this approach the magnetic field is determined in the subdomains, within which the magnetic
permeability of ferromagnetic materials generally depends on the magnetic field strength in accordance with
the main magnetization curve of corresponding material [21]. This allows to carry out the numerical solving of
the nonlinear Poisson equation for given regions in terms of magnetic vector potential A(X, Yy, z) [21] for the
known current density vector j(X, Y, z) of external source specified by initial data. Here the boundary conditions
for magnetic vector potential at subdomain boundaries are applied. The conditions are derived by the tangential
components of magnetic field strength H and the normal components of magnetic flux density B.

The Poisson equation in the general case of calculating the spatial distribution of 3D magnetic field
in a ferromagnetic medium in the Cartesian coordinate system has the form [21]

V|:%VA(XD ya Z)i|:_j(xa y» Z) ) (1)

where A is the magnetic vector potential; j is the current density vector of external source; u is the magnetic
permeability of the material; V is the Hamiltonian operator.

The finite-element method [21] allows to solve equation (1), that is to find the spatial magnetic field
distribution in the structure under consideration by, for example, minimizing the corresponding functional
(such a functional in FEMM code is the magnetic energy W accumulated in the field). The initial data
supplemented by boundary conditions as well as energy dependencies lead to a system of nonlinear algebraic
equations, the result of solving of which is the spatial distribution of magnetic vector potential A. Knowing
its values at each point of computational area allows to find magnetic flux density vector B and magnetic
field strength vector H according to following expressions [21]:

B=rotA;, H=B/u. 2

Further, with known parameters of the magnetic field (2) at each point, the thrust force F of actuator
can be found by:

F:%§[H(n3)+ B(nH)—-n(HB)|dS , 3)
S

where B is the magnetic flux density vector on the outer surface of body; n is the unit normal vector; S is the
surface over which the integration is carried out.

To perform the numerical modeling of magnetic field for axisymmetric actuator, equation (1) is
written in the cylindrical coordinate system as

3( 1 a’ﬂﬁ( ! 6(”*")):—j(r,z), )

oz\ u(H) oz or\ u(Hyr or

where 4, is the magnetic vector potential (azimuthal component); r, z are the coordinates of the point of
magnetic field region; u(r, z) is the magnetic permeability of material at corresponding point in space with
coordinates I, z (at corresponding node of finite-element mesh), the magnetic permeability depends on
magnetic field strength H at point r, z; j is the given current density of external source at point with
coordinates I, Z.

The equation is solved in the domain as an open space:

r €(0,0); ze(—w0,), (5)
with the boundary condition of symmetry on the axis:
A,(0,2)=0. (6)

That allows considering the field in r-z plane, that is, within only half of actuator design, and then the
significantly reduced computational resources (running time, on-line storage, computer random access
memory) is required for simulation.

Practically in order to limit the computational region, the zero boundary conditions for the azimuthal
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component of magnetic vector potential 4, are set at the outer boundaries of the region sufficiently distant
from actuator.

The non-linear equation (4) has no analytical solution for the complex configuration of boundaries,
including the case under consideration; therefore the modern numerical methods are used to solve such
equations, the most widespread of which is finite-element method [21].

The subject for investigation in this article consists in the three most common designs of
cylindrical axisymmetric actuators with the same overall dimensions and winding data. The designs differ
only in the shape of the supporting surfaces of poles, particularly — with flat (PL), conical (CON) and cut-
conical (CUT) shapes according to Fig. 1 and Table (dimensions of the actuators are given in mm).

Fig. 1

The magnetization curve B = f(H) of 10895 steel for the armature and actuator body is shown in
Fig. 2.

The parameters of actuators' windings are assumed to be the same, specifically: supply voltage Uy, =
36 V; turn number W = 4500; winding wire diameter d,, = 0.5 mm; current in the winding | = 0.47 A.

Armature — 10895 steel Body — 10895 steel Coil Gaps
Pole Ay | dy | hy | hy [ do | o | Aoz | Oba | o | Peo | Ds | Nbs | @w | Bw | S| Ais | Siin | Omax
Flat (a = 90°) _ _ _ _
Conical (a=55°) — 50 — 65
Cut-conical (o= 30°) 36 20 63 50 |36(80|100|20|52|10|{10|65|18|86|2|2 |0,2]| 8
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In Table: A is the thickness of winding shrouding; J,; is the minimum gap between the armature and body
when the armature is attracted, (the gap takes place due to surface roughness and anti-corrosion coating);
Omax 18 the maximum gap between the armature and body at released armature.

, BT Computed results. The static thrust
18 characteristics of the actuators studied are obtained as a
15 | result of computations. The results along with opposing
141 characteristic (P) are shown in Fig. 3. For better
12 visualization Fig. 3 shows simultaneously the enlarged

i sections of thrust characteristics near gap with length &
22 =2 mm and 5= 8 mm.

‘ Analysis of the obtained results (Fig. 3) shows
the following:

04
0.2 4

0 . . . _H Am ethe shape of pole supporting surfaces
0 4000 foco 12000 16000 20000 sjgnificantly affects the shape of actuator thrust
Fig. 2 characteristic, and depending on air gap length, this

effect has a different character;
F.N e when the armature is attracted (6= 0.2 mm),
PL Zoom | the actuators with all shapes of pole supporting surfaces
are operable, as they develop the thrust force greater
CON than the opposing characteristic. The actuator with flat
pole shape develops the largest thrust force (1175 N),
GON L cut which is 1.45 times greater than the thrust force of the
450 CUT PL actuator with conical pole shape (810 N) and 2.32 times
greater than the thrust force of the actuator with cut-

d conical poles (507 N);

wo 4o P eat 6 = 2 mm (the «ump» of opposing
Orin = 0,2 O characteristic, associated with the need to create the
5=0,2 mm: 6, mm / additional pressure, for example, in order to compress
-Fp,=1175N cut | the contact spring of electrical device and to ensure the
:ECONfSSég%\\II p o necessary force of contact pressure), the actuator with
S=2 mm- flat pole shape is already inoperative, since its thrust
-Feon=338N con | force (294 N) is less than the opposing characteristic
:ECUT;ZS’}‘%N (300 N). In this section of armature movement, the
5= 8 mm: PL actuator with conical pole shape (338 N) develops the
-Feur=74 N greatest thrust force, which is 1.1 times greater than the
:Ecoizg(%\]N Zoom | thrust force of the actuator with cut-conical pole shape
o Fig. 3 (310 N) and 1.15 times greater than the thrust force of

the actuator with flat pole shape (294 N);

e when the armature is released (6= 8 mm), two actuators: with flat (38 N) and conical (50 N) pole
shapes are incapable of start for movement and overcoming the opposing characteristic (70 N) and,
accordingly, are inoperative. Thus the only actuator with cut-conical pole shape remains operable; the thrust
force of such actuator at initial moment is the largest (74 N), the force is 1.48 times greater than the thrust
force of the actuator with conical pole shape (50 N) and 1.95 times greater than the thrust force of the
actuator with flat pole shape (38 N);

¢ only changing the shape of pole supporting surfaces provides the capacity of operation of actuator
without changing either overall dimensions or the dimensions of magnetic core sections, or supply voltage
and winding data. In order to reveal the nature of magnetic field distribution for the studied actuators, the
computations are carried out using FEMM code. The magnetic flux density distributions at attracted
armature are presented in Fig. 4. In this case the maximum saturation of the magnetic system takes place.

The plots of magnetic flux density in operated air gap at attracted armature are shown in Fig. 5.
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1B, T PL The analysis of computed results in Fig. 5
1.7 —_— shows the following:
1.6 \1 e the plots of magnetic flux density in the
154 ‘ area of operated gap of the actuators with flat and
14l \ conical pole shapes have a monotonic character with
‘ average value of ~1.7 T for armature with flat pole
-3 \ shape and ~1.4 T for armature with conical pole
1.29 | shape. It is obvious that the lesser value of magnetic
114 : 5 e d, mm flux density is related to ‘Fhe larger area through which
1595, CON the magnetic flux passes in operated gap;
144 2 — = e the average value of the magnetic flux
12’[/, W density of the actuator with cut-conical pole shape is
11 ‘ the smallest among all considered actuators
n (~1.2 T), and the magnetic flux density variation is
0.9 ‘ more complex and nonuniform, i.e. with sharp
0.8+ i increase in the area of pole cut and further
0.7 | monotonous decrease.
8:2_ . | ‘ Q‘,mm The next stage is studying the influence of
0 5 10 15 2 angle « (see Fig. 1) on the static thrust characteristics
21B,T cur  of the actuators with conical and cut-conical pole
| N shapes. The results of computations are given in
15 : . . :
\ Fig. 6, a for actuator with conical pole shape and in
1_%%'/ — Fig. 6,b for actuator with a cut—.conical pole shapg .
T Fig. 7 presents the static thrust characteristics
o5 at different fixed values of angle & (a —30°; b —45°; ¢
' ' —60°; d — 75°) for the actuators with conical and cut-
. d, mm  conical shapes of pole supporting surfaces.
0 5 10 15 20 25 The results in Fig. 7 show the following:
Fig. 5 e at attracted armature (0 = 0.2 mm) for all

values of angle ¢, the actuator with cut-conical pole shape develops the greater thrust force than the actuator
with conical pole shape, and as angle « increases the ratio of corresponding thrust forces (Fcyr/Fcon) for the
two actuators decreases and has the following values:

- Feur/Fecon =507.27/324.61 = 1.56 at o= 30°;

- Fcur/Fcon=711.5/628.9 = 1.13 at a=45°;

- Fcur/Feon=976.2/910.1 = 1.07 at o= 60°;

- FCUT/FCON =1118.5/1106.7=1.01 at a= 750;

e when the operated air gap increases from 0.2 to 8 mm, the degree of influence of angle « on static
thrust characteristic for both actuators decreases. As seen from Fig. 7, the effect on static thrust characteristic
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is practically not detected at = 75° and obviously at larger angles.
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Fig. 7

Conclusion. It is revealed that the shape of actuator poles has a different effect on the shape of thrust
characteristic depending on the length of air gap:

e when the armature is attracted, the actuator with a flat pole shape develops the largest thrust force,
which is 1.45 times greater than the thrust force of the actuator with conical pole shape and 2.32 times
greater than the thrust force of the actuator with cut-conical pole shape;

e when the air gap increases, the shape of the actuator poles has a lesser effect on the thrust
characteristic, and when the armature is completely released at the initial moment of movement the thrust
force of the actuator with cut-conical pole shape is the largest and 1.48 times greater than the thrust force of
the actuator with conical pole shape and 1.95 times greater than the thrust force of the actuator with flat pole
shape.

The nature of the effect of cutting angle on static thrust characteristic for actuators with conical and
cut-conical pole shapes is determined:
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e when the armature is attracted, the actuator with cut-conical pole shape develops the greater thrust
force than the actuator with conical pole shape for all values of angle «, and as angle « increases, the ratio of
corresponding thrust forces (Fcyr/Fcon) of the two actuators decreases;

e when the operated gap increases, the degree of influence of angle « on static thrust characteristic
for the both actuators decreases, and when angle o > 75°, the influence on the static thrust characteristic is
practically not available.

The obtained results may form the basis for the development of recommendations on the design of
actuators with improved technical characteristics.
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BILJIUB ®OPMH MOJIIOCIB EJIEKTPOMATHITHOI'O AKTYATOPA IOCTIMHOT'O CTPYMY HA
MOT'0O TATOBY XAPAKTEPUCTHUKY

O. M. I'peuko, KaHI.TeXH.HAYK

HauionanbHuil TexHiYHUM yHiBepcuTeT « XapKiBCHKUH MOJITeXHIYHUHA IHCTUTY T,
61002, Xapkis, ByJ1. Kupnuuosa, 2,

E-mail: a.m.grechko@gmail.com

Bemyn. YV 6azambox mexniynux 00’ €Kmax 3acmocogyromucs e1eKmpoMaeHimui akmyamopu noCmiino2o cmpymy,
AKI, Ha 8IOMIHY 810 aKMyamopie 3MIHHO20 CIMPYMY, 8IOPIZHAIOMbCA DINbUIOI0 HAOTUHICMIO, € RPOCMIWUMU 3 MOYKU
30py MEXHON02IT 6UCOMOBIEHHA MA MAOMb OinbuLy MeXaHiuny 3Hococmiukicmoe. [lepeniueni nepesazu € NpUYUHOIO
3HAYHO20 3ACMOCYBAHHS CAMe AKMYamopié NOCMIlIHO20 CMPYMY 8 PI3HUX 2ANY3AX NPOMUCIO80CMI, 8 MOMY YUCTI Y
AKOCMI NPUBiOHUX MeXAaHizmie elekmpudHux anapamis. YV cknadi 0y0b-1K020 mMexHiuno2o 00’ €Kmy axmyamop
ROCMITHO20 CMPYMY Matidice 3a84cou 8i0icpac 0OHY 3 20108HUX pPoOJieli 3 MOYKU 30pY HAOIUHOCMI (DYHKYIOHYBAHHSL
ycb020 npucmpoio yinkom. Tomy numanms yOOCKOHANEHHA KOHCMPYKYI aKmyamopie 3 Memoio NoKpawjeHHsa ixHix
xapaxmepucmux € 00601 akmyaivHum 3agdanuam. Mema. Bcmanosnenna xapaxmepy 6niugy @popmu ONOPHUX
Nno8epxonb NOa0Ci6 NPAMOX0006020 eNeKMPOMASHIMHO20 AKMYAMOpa NOCMIIHO20 CMPYMY HA U020 CMAMUYHY
ms208y xapakmepucmuxy. Memoodonozia. Xapaxmep @niugy popmu OnopHux nogepxoHvL axmyamopieé Ha ixwio
msA208Y XAPAKMePUCIUKY OO0CHIONCEHO HA OCHOGI BUSHAUEHHS PO3NOOINY MASHIMHO20 NOJA Y iX NOGIMPAHUX
POOOUUX NPOMINCKAX 3 OONOMO20K0 Memoody CKIHUeHHUX elemenmis i3 euxopucmanusm npoepamu FEMM.
Opuzinanenicms.  Ompumany  nooanbwiull  pO36UMOK  OOCHIONCEHHA — YUNIHOPUUHUX — NPAMOXO0O08UX
eNeKMPOMACHIMHUX AKMYAMOPIE NOCMINHO20 CMPYMY WOOO BCHAHOBLEHHS XApaKmepy GRAUGY (opMuU ONOPHUX
NOBEPXOHb NOMIOCIE@ HA iX cmamuuny mazogy xapakmepucmuxy. Pesynemamu. [locnioxceno mpu Haubinviu
nowupeni KOHCMPYKYii APAMOX0008UX eNeKMPOMASHIMHUX AKMYamopie NOoCMillHo20 CMpPYMYy i3 0OHAKOBUMU
2abapumuumMu  po3mipamu ma OOMOMKOSUMU OAHUMU, AKI GIOPIZHAIOMbCA Midc €00010 Gopmamu ONOPHUX
NOBEPXOHb NONIOCIE — I3 NAACKOIO, KOHIYHOIO MA 3Pi3aH0-KOHIUHO0I0 popmamu. Bcmanoeneno, wo gopma onoprnux
nosepxonb NONIOCI8 CYMMEBD GNAUBAE HA (YOPMY MAL060I XAPAKMEPUCMUKY AKIMYAMopa i 6 3anexicHocmi 8io
3HAYEHHA NOSIMPAHO20 NPOMINCKY yeu 6naué mac pisnuil xapaxmep. I1ob6yoosano kapmunu mazHimmozo noJis
00CHIOACYBAHUX AKMYAMOPI8 NPU NPUMASHYMOMY AKOpI, nposedena oyinka xapaxmepy po3noodiny MazHimHozo
noisi ma po3nooiny MaeHimuol IHOYKYIl y NOGIMPAHOMY DOOOYOMY RPOMIXCKY. J{OCHiOdceHO Xapakmep 6NIUSY
Kyma 3pi3y Ha CMAamu4sy ms2o8y Xapakxmepucmuky 0 aKmyamopie i3 KOHIYHOW ma 3pi3aH0-KOHIYHO opmamu
nonocig. bion. 21, radn. 1, puc. 7.

Knrwouoei cnoea:. eneKTpOMarHiTHHH aKTyaTOp MOCTIHHOTO CTpyMy, CTaTHYHA TSTOBA XapaKTEPHCTHKA, METO
CKIHUCHHUX €JIEMEHTIB, (JopMa OIIOPHUX MTOBEPXOHb MOIIOCIB aKTyaTopa MOCTIHHOTO CTPyMY.

Hapiiinora 19.10.2023
Ocrarounwuii BapiaaT 27.11.2023
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PEBEPCUBHMI1 ACHHXPOHHHUM EJEKTPOIIPUBO/]
3 KEPYBAHHSM 3A PEAKTUBHOIO ITIOTYKHICTIO

P.A. YenkyHoB, KaH]I. TEXH. HAYK

HaykoBo-Bupoounye nixnpuemctBo «Enexrponik, JITI», TOB
ByJI. PycTasi, 5 - 204, 3anopixxksa, 69055, Ykpaina.

E-mail: elecktronick.ltd@gmail.com

Pozenanymo ocobausocmi pesepcy cmpymy y peGepCUHOMY ACUHXPOHHOMY eNeKMpPOnpueodi 3 KepyBaHHAM 3d
peaxmugHoio nomyoicHicmro. Tlokazano, wo pesepc weuoKoOirouull, 3abe3neuyemubcs WeUuoKoois y cbomy Oiana3oHi
Pe2YNI08anHs WUOKOCHI, BKIIOUAIOYU HYIbO8Y WEUOKicmb. Lleil enekmponpugod Modice SUKOPUCTIOBYBAMUCS 3AMICHb
esekmponpugody nocmitinozo cmpymy. bioim. 9, puc. 4.

Knwouosi crosa: aciHXpOHHHIN €TEKTPONPUBO/I, PEAKTUBHA MOTY)KHICTh, PEBEPC CTPYMY.

Beryn. Acunxponnsiit anextponpuBos (EIT) ocrannim wacom ButicHsie EIT mocriiiHoro ctpymy B
Oimpimocti mpomMucioBux 3actocyBaHb [1]. Pesepcusumii EIl BukopHcTOBYye€TBbCS B MeTamyprii — B
MIPOKATHUX CTaHaX i1 BIIBITHUX POJbTaHTax, i Yac MepeMilleHH] eJeKTPO/IiB B CTAJICTUTABIIILHUX TeYax; B
CJIEKTPOTPAHCIIOPTI — EJIeKTPONoi3lax, TpaMBasX, Tpoyieiidycax, eIeKTpoMOOUIIX; B KpaHOBOMY,
BEPCTaTHOMY Ta iHIIUX eleKTponpuBogax. Axmo nnsa aeskux EIl He Mae 3HaYeHHS MWBUAKOIIS IPH peBepci,
AK, HanpHuKJIaa, B TpamBasx, To B psui EIl me mae cyrreBe 3Ha4YeHHS, HAaNpUKIald, B METAIypridiHHX
enekrporpuBomax. s ©Oarateox EIl Mae 3HadeHHsS [ialla30H PETyJIOBaHHSA 3 HOMIHAIBHUM
HaBaHTAXXyBaJIbHUIM MOMEHTOM, LIBHIKOIiS, Yac peBepcy. ['apHi XapakTepHCTHKH MaroTh peBepcuBHi EIl
noctiiiHoro crtpymy. HaiiOinema mBuakoxais TtupuctopHux EIl mocsraerbcsi 3a CyMmMiCHOMY KepyBaHHI
MocTamMHu [2], OmHaK HasSBHICTH OMATKOBOTO peaKkTopa YCKIATHIOE 1 3J0POKIyeE KOHCTPYKILifo. 3a
pO3AUTLHOMY KEpyBaHHI MOCTaMU TMOTPIOGH JAaTYMK 3alepToro CTaHy BEHTHIIIB 1 Mae 3HAYCHHS
JUCKPETHICTh KEPYBaHHS THPHCTOPaMH. 3 TOYKM 30py IIBUAKOAIl CKaHylO4a JIOTiKa Mae MepeBary
MOPIBHSHO 3 TPHITO3UIIIHHOI JIOTIKOIO TIepexioueHHs MocTiB [2]. PeBepcuBnmii Tupuctopuuit  EII
MOCTIHOTO CTPYMY B JIOJIATOK JIO JIOCTATHHO JIOPOTOTO €JICKTPOJIBUTYHA IMOBHHEH MAaTH JIBA MOCTH — IO
OJTHOMY Ha KOKEH HaIlpSIMOK.

Takox 3HaXxoAWTh BHKOpHCTaHHSA peepcuBHUI EIl mocrtiiHOrO CTpyMy 3 iIMIOYJIbCHUMH
neperBopioBadamMu Ha IGBT tpamsucropax [3]. Takuii enekTpompuBOJ 3a BHCOKIH 9acTOTI MOZYJIAMil
BUXIJJHOT Hampyru MoOke 3abe3nedyBaTH Oe3MepepBHUM Jialla30H PEryJlOBaHHS IIBUAKOCTI, BKIIOYAIOUYH
HyJb [4]. OgHak ¥oro BapTicTh BUIIA BapTocTi acuHXpoHHOro EIl 3 Oumpln gemeBmmM 1 HagidHIIINM
ACHHXPOHHHUM JBUTYHOM.

B [5, 6] oOrpyHTOBaHO MOXKIIHMBICT 3a0€3MeUeHHs XapakTepucTHK acuHXxpoHHoro EIl 3 BekTopHUM
yIOpaBliHHIM He Tipie, HiK B peBepcuBHOoMY EIl moctiiiHoro ctpymy. Aune pimieHHs L€l 3afadi ckiaaHe,
TaKk SK 3a1asd 3a0e3nedyeHHs HEOOXiTHOrO eNeKTPOMAarHiTHOrO MOMEHTa AaCHHXPOHHOTO JBHIYHa
BHMAaraeThCs BIACTIAKOBYBAaTH TeMIIEpaTypHy 3MiHy Horo BHYTpimmHiX omopis. IIpo ckmagnicTs miel 3agadi
CBiIYMTH OaraTto iCHyIOYMX BapiaHTIB 11 pilliCHHS.

OpHak MOXIHMBHHA IHIIMK MiaXin M0 (GOpMyBaHHA XapaKTepUCTHK B acwHXpoHHOMYy EIl — me
KepyBaHHS 3a PEaKTUBHOIO TIOTYXKHICTIO [7]. 3a TakoMy KepyBaHHI 3a0€3Meuy€eThCsl Oe3MepepBHIM Aiara3oH
perymioBaHHA INBUAKOCTI 3 HOMIHaJbHMM MOMEHTOM, BKIIIOYAIOYM WIBHJIKICTH PIBHY HYJIO, BHCOKA
JUHaMiKa 1 CIpOIIyeThCsl KepyBaHHs. 3Bakaroud Ha I mepeBarn acuHxpoHHuil EIl 3 kxepyBaHHSM 3a
PEaKTHUBHOIO MOTYXHICTIO koM Moxe BUTicHUTH Ell mocTiitHOTO CTpyMy 3 yCiX cdep HOoTro 3acTOCyBaHHS.
VY po6oTi 6ibII AETAIEHO PO3IIIHYTO XapaKTEPUCTHKH peBepcHUBHOTO acuHxpoHHOro EIl 3 kepyBaHHsM 3a
PEaKTHBHOIO MOTY>KHICTIO.

MeTo10 podOTH € PO3IJIsA] MPOLECIB PEBEPCY B ACHHXPOHHOMY €JIEKTPONPHBOAL 3 KEPyBaHHAM 3a
PEaKTHBHOIO MOTYKHICTIO 3 OOTPYHTYBaHHSM HOTO mepeBar rnepe; iHIMMH eJ1eKTPOIPHUBOJIAMH.

Buknaxg ocHoBHoro marepiamy. CtpyktypHy cxemy EII 3 KepyBaHHSM 3a pPEaKTHBHOIO
notyxHictio [7] mokazano Ha puc. 1, ne KII — xoopaunathuii meperBoproBau; I i PII — garumk i
PeryisTop MBUIKOCTI; N, N, — MBUAKICTE 1 3a7aHe 3HAYeHHS MBUAKOCTI; Uy — BXimHA Hampyra iHBepTopa
(cxema, sika 3abe3neuye Hampyry aBuryHa U HesanexHo Bix 3minn Uy, BXOAUTH 0 CKIIAMy iHBEpTOpa); Iy, ic
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— ctpymu a3 4 i C neperBoproBaua yactotd (ITH); ki , Tiny — KoedillieHT i mocTiliHa Yyacy peryasropa
yacTtoTu. AKTUBHA lgy 1 peakTHBHA lxy CKIIAIOBI CTPyMy cTaTOpa MarOTh BHIL

1
V3
Iy, =—1,sin6, —L(ia +2i,)cos0,,

V3

O, — KyT, IKHll BiIPaXxOBYEThCS Bifl mepexoy KpuBoi Hanpyru (azu A T4 3 obnacti HeraTUBHUX 3HAYCHD B
001acTh MO3UTUBHUX 3HAYCHb.
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OyHKIIOHABHI OJIOKH BUKOHYIOTH HACTYITHI ONepatii.

2
F, Bu3Hauyae 3Ha4YCHHS 3a]aHO1 PEAKTHBHOI MOTYXHOCTI Q, =1 0l +% , e Le, Lr— iHDyKTHBHOCTI

T

craropa i potopa, ¥, — 3HaYEeHHS MOTOKO3UEIUIEHHSI POTOPA, 10 33Aa€Thest, w=27f .

5 Uly, - 120l

F, BU3Haua€ aKTUBHY CKJIaZOBY CTPyMY POTOpA | . = || —

r
3HaueHHS |ge oOuUmMCHIOETHCS O€3 ypaxyBaHHS 3HaKy. 3HaK CTPyMy |ge 3alleXHTh BiJ 3aTaHOTO
HanpsMKy obepranHs A/l 1 BiJ TOrO, B IKOMY PEXHMi BiH TPAIfO€ — IBUTYHHOMY YH TeHepaTopHOMY. J{ist

BH3HAYCHHS 3HAKY MOXHA BUKOPHUCTOBYBATH BHPa3 [Ulsl aKTUBHOI HOTyx)kHOCTi Pr: Py =Ul o, — 1 R,

ne Rc — ormip kona craTopa, BKIIOYAIOUH OMip 3’ €JHyBaIbHUX MpoBoAiB Mixk [1Y Ta nBuryHOM.
SIKIIo akTMBHA MOTYXKHICTh P, 107aTHA, TO NPHU |ge CTaBUTBCA 3HAK «+», AKILO XK Bl €MHA — 3HAK

«». OCKIJIbKM aKTHBHA IMOTYXKHICTh 3aJICKHUTh BiJ| CXHJIBHOIO JIO TEMIEPATypHUX 3MiH Rc , TO AOIIIBHO
TIEPiOIMYHO YTOYHIOBATH Horo 3HaueHHs. Lle MOxIIMBO 3a BUXifHIN YyacTOTI iHBepTOpa Onm3bKii 1o 0 [ (y
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miamazoni wactor +0.1 T') mpu cramomy pexumi pobotu: Re=U/l. 3 ypaxyBaHHAM TEXHONOTIYHHX
0COOJIMBOCTEH €JIEKTPOIPHUBO/IA IIe MOXKITUBO PEai3yBaTH MPOTrPaMHO.

Bin 3Haky lge 3anmexxuTh, B SIKMH OiK NPOBOAWTHCA KOMIIGHCAllisl KOB3aHHS: NPU 3HAKY «+»
KOMIICHCALlisl KOB3aHHS 301JIbIIIy€ YaCTOTY, IPH 3HAKY «—» — 3MEHILY€ 4acTOTY, MO>KJIMBO JI0 HYJIS 1 peBepcy.

Ha pucynky takox nosznaueHo: K31 — kepoBaHMii 3aJaTYlK iHTEHCHBHOCTI, SIKUA KEPY€ YacTOTOIO
mo 3amgaetees f, , oOMexxye Temmn 3minu f, 3a Benumkiit mBHAKOCTI 3MiHM YacToTH F, Ha BXOi 3amaTdMKa
IHTEHCHUBHOCTI, SKa 3aJa€ThCs; 3a00pOHsE€ 30UTBIICHHSA YacTOTH y pasi TMepeBHINEHHI cTpymMoM |
JOIMYCTUMOTO 3HA4YCHHSI a00 3HMXKY€E 3a BEJIIMKOMY IEPEBUIICHHI; 3a00pOHSE 3HMKEHHS YacTOTH MiJ 4Yac
HEePEBUIICHHI BXiTHOIO Hampyrot iHnBepTopa Uy momyctumoro 3uaueHHs; Kigr — koedimient IR-kommeHcartii,
KWW 301IbIIye HAIpyTy IMEepeTBOpIOBaYAa HA BEIMYWHY TANiHHS HANMPYTH HA BHYTPIMHIX omopax A/l 3a
crpyMy |; Ki — koedimieHT 3BOpPOTHOTO 3B’SI3Ky 3a PEaKTHBHOKO CKIIQJIOBOIO CTPYMY 3aulsl 3a0e3IedeHHs
CTIMKOCTI CHCTEMH aBTOMAaTHYHOTO PEryJlOBaHHS Ha HU3bKHMX dacToTax IIY. B HaBeneniil cxemi mepex
MHOKCHHSIM Ha Kj BUIIJISI€ThCS 3MiHHA CKJIa[I0Ba cUrHAIY lx y .

SIK BUIHO 13 CTPYKTYPHOI CX€MH, BCi CUTHAJIM HA CyMaTopax 3 MO3HAYKOK «ILIIOC», KPIM CUTHAIIIB
BUMIPSHOI peakTHBHOI MOTYXHOCTI Ux|yy st perynsaTopa peakTHBHOI MOTYKHOCTII 1 JaTYMKa MIBUIKOCTI 3a
HAsBHOCTI pEryJiATOpa IBHAKOCTI. Taka cxema 3abe3medye ONTUMaTbHE MIKPOIPOIIECOPHE KEPYBAHHS
CJIEKTPOTIPUBOZIOM 3 JIO3BOJICHUM TEMIIOM 3MIiHM IIBHUAKOCTI €JEKTPOJBHUTYHA. Perymsarop peakTHBHOI
MOTY>KHOCTI 3 BUXiTHMM curHaioMm AU He3alle)kHO BiJ TeMIepaTypHOi 3MiHM MapaMeTpiB €JIEKTPOABUTYHA
3a0e3meuye HEoOXiJHE ITOTOKO3YEIUICHHS POTOpa JUIsi CTBOPEHHS HEOOXITHOTO MEXaHIYHOTO MOMEHTA
JIBUTYHA HAa BCbOMY Jialla30Hi PEryJIIOBaHHS MBHUIKOCTI, BKIIOYAIOYH IIBUAKICTH PIBHY HYJIO.

VY NopiBHSAHHI 3 CTPYKTYPHOIO CXEMOIO B [7] cXeMma yTOYHEHa: IOKa3aHO MOPIBHSHHS 3aaHoro i
(haKTHYHOTO 3HAYCHb PEAKTUBHOI OTYXXHOCTI 1 IPEICTaBICHUN BapiaHT PeryisiTopa, KO BUXIAHUN CUTHAT
HE 3MIHIOETBCS Y BH3HAYECHOMY IHTEpBANiI YacTOT OiJil HYJNHOBOTO 3HAYEHHS, TOMY PETYJISITOP TPUHHATO
IHTErpaNbHUM, Kin— KOEQHUILIEHT perymsaTopa.

Buaxonis EIl neMoHCTpy€eThCs Ha ociuorpami peBecy ctpyMmy Ha dacTtoTi 30 ri B EIl 3minHOTO
ctpymy OKT4P-250-380-50 3 pekymepalti€ero eleKTpOeHEepTii B MeEpeXy JKHUBIEHHS 3aropi3bKOTO
€JIEKTpoanapaTHoro 3aBojay, HaBeieHol B [8], (puc. 2). YV pasi 3umkeHHi gacrotu f mie oOMexeHHs
MIBUJKOCTI 3MiHM 4yacToTd 3a Hampyroio Uy, a 3a 30UIbIIEHHI 4acTOTH — OOMekeHHsS 3a ctpymom |. 3
ypaxyBaHHSM OOMEXEHb 3a Halpyroko i CTPyMOM 4ac peBepcy MiHiManbHUH. [Ipo peBepc MOXkHA CyaUTH TIO
3MiHi 4epryBaHHs (a3 CTpyMiB g, ic.
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Puc. 2

3a oOMeXeHHSX 3a Halpyrorw abdo cTpyMOM pobOoTa peryiaTopa pPEaKTHBHOI ITOTY>KHOCTI HE
MpOSABISEThCA. Ajie 'y pasi pobotu EIl 6e3 oOMexeHHs curHaiiB BiH 30iibinye sikicth EIT 3a paxyHok
JIOTaTKOBOTO PETYJIIOBaHHS Hanpyru curHaiom AU.

OcobmuBicTio sikicHoro EIl € MoXiuBicTE poOOTH 3 Pi3HOCTIPSIMOBAHUMH 30YpeHHIMH, SIKi
CTIpSIMOBaHI Ha rajbMyBaHHA a00 Ha po3riH ABUryHa. Lle Mae 3HaueHHs ISl TPUBOJA EIEKTPOMOOINS,
KPaHOBOTO €JICKTPONPUBOJIA, METATYPIriifHOTO, HANPUKIIA, BIIBOJASYMX POJIBTaHTIB 3 MOETHAHHSIM PO3TOHIB
1 TaTbMYBaHb 1 1HIIAX €TIEKTPOIPUBO/IIB.
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PizHOMOMsIpHI 30ypeHHs MOKa3aHO Ha pHC. 3 3a MapaMeTpiB BUTYHA 1 peryisTopa, aHaJOTIYHHUX
HaBegeHuM B [7]. Ilpu 1ipoMy, Takox 5K i B [7], MIBUAKICTh IpUBEAEHA 0 OJHOI mapu moiitociB AJl, Tomy
CHT'HAJIM IIBHIKOCTI N, 3371aHOT0 3HAYEHHs IIBHIKOCTI N, , yactotu f , 3agaHoro 3HaveHHs vacrotu f,, F,
MaloOTh OJIMH 1 TOH e MaciTad. 3a BiICYTHOCTI peryisTopa MIBHIKOCTI 1 OAHIN mapi momociB N, = F, .
3HaueHHS TO OCSAX OpAMHAT B Trepmax i ammepax. Hampyra U mpuBeneHa 10 4acTOTH MHOKEHHSAM Ha
BiJJHOIIIEHHSI HOMIHAIBHUX 3HAYEHD foy / Upoy . YCI CHTHATH pO3paxoByBaHCs T KOKHOTO i-TO iHTEpBaia
JIUCKPETHOCTI. Y JaHOMY BUMAJKY JHCKPETHICTH po3paxyHkKiB 0,5 Mc, IO BiJMOBIJa€ 4acTOTI MOJYJIALIT
Mikpomportecopa 2 kI'm. Ha mpakturii moxe OyTtm 1 Oinpima dwactota Moxyiamii. Lle mae 3mory
anpOKCUMYBAaTH CHHYCOiJallbHI HAmpyrd iHBEpPTOpa 3 BEIHMKOK TOYHICTIO 1 ()OPMYyBaTH MNPaKTUYHO
Oe3inepuiliHi npouecu peryroBanns B EIL. V pasi 30ypeHb ransMyBaHHsI, 3a SKUX MIBHIKICTh 3MEHIIY€ETHCS,
CHUCTeMa peryioBaHHs 30inbinye yactoty [1Y, a 3a 30ypeHb po3roHy, 3a SIKUX MIBHAKICTH 30iTBIITY€ETHCS, —
3MmeHIrye dactory [IY, 3abesmedyroun mpu mpboMy HeoOXimHe koB3aHHS AJl. 3MeHIIeHHS 1 30UTbIISHHS
KOB3aHHA Ha PHCYHKY BiANOBiJa€ NPUKIAJAHHIO J0 €JIEKTPOABHIYHA HOMIHAIBHOTO HABAaHTa)KyBaJbHOTO
MOMEHTY B Ty a00 iHIIy CTOPOHY.

=

2,

00

00

ia

00

[
Puc. 3

Sxmo HeoOXinHEe 3MEHIIEHHS YacTOTH Oinblle 3aAaHOro 3Ha4yeHHs IBHUAKOCTI, To 1Y moBuHeH
3MIACHIOBATH pEBEPC, 1 yCTaleHe 3HAYEHHS YaCTOTH Icis peBepcy fr MOBHHHO momoBHIOBaTHM 3amaHe
3HAUCHHS N,y 70 HEOOXIMHOTO I KOMIIEHCAIlT KOB3aHHS 3HAUYCHHS YaCTOTH KOB3aHHS fg

fR = fS - Ny -

Ile miaTBepmKyBaocs i 9ac BUIPOOYBaHb €IEKTPOMPHUBOIA i BHIHO 3 OTPUMAHOI OCIHJIOTPaMH
Ha puc. 4, A€ 3aJaHe 3HAYCHHS N,,, MOCTYMOBO 3MiHIOEThCS Bix +1 'l mo -1 'l 3a moueprosii 3miHi
HaIpaBJICHHs MEPIOJMYHUX 30ypeHb. Takok, K i Ha puc. 2, HA pUC. 4 TIOKA3aHO JBa CTPYMH I, , ¢ , 1O
YepryBaHHi SIKUX MOXKHA CYAUTH PO MPsIMUK ab0 peBEpCHUI PEKUMH POOOTH eNEKTPOTIPHBOAA.

3a pyroro i 0OCTaHHKOTO 30YPEHHSAX Ha pHC. 4 YacToTa 30LIBIIYEThCH, SIK 1 3a TIepuIoro 30ypeHHs Ha
puc. 3. A 3a mepmoro, TPeTHOro i YeTBEPTOro 30ypEeHHIX 4acTOTa 3MEHIIYETHCS 10 HYJIS 1 Micis peBepcy
30inbIIyeThes 110 fr.

[MoxpoOutii mporecy BUIHO Ha PUCYHKY 3a 301BIIEHOMY MacIiTadl 4acy mpH mepiiomMy 30ypeHHi.
Ha mepmmiii mijsHIN 9acToTa 3MEHIITYETHCS 10 HYJIS, TOTIM #ae peBepc (Ha miarpami B MOMEHT 5,52 ¢), 110
BUJTHO T10 3MiHi YepryBaHHs a3 CTPYMIiB iq, Ic. [I0TiM yacToTa 30ibIIy€eThCs 10 3HAUCHHS fr, @ MBUAKICTD N
HaOIMKA€EThCSI A0 3aJaHOTO 3HAUYEHHS N, . [licns 3axkiHyeHHs 30ypeHHS 4acTOTa CTPYMIB 3MEHLIYETHCS 110
HYJIs, BigOyBaeThcs peBepc (Ha miarpami B MOoMeHT 17,5 ¢), i acTora 30iMBIIYETHCS, MO0 BiMITOBITATH
3aJ]aHOMY 3HaYCHHIO MBHIKOCTI. [Iponiec peBepcy npu mpoMy Oe3nepepBHUH 1 Oe3iHepiiHMA, BIAMIHHO Bif
AHAJIOTIYHMX TIPOLECIB Yy TPUBOAI TOCTIHHOIO CTPYMy 3 PO3OUIBHUM KEpyBaHHSIM MOCTaMH 3
TPUTIO3UITIHHOIO 200 CKaHYIOUOIO JIOTIKOFO.
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Crnim MaTi Ha yBasi Te, IO 3a YaCTOTH ONM3BKOI IO HYJIS, 3MEHINYEThCS PEaKTHBHA CKIIAJ0Ba
CTpyMy AJisi oOuncieHHs HeoOximHoi 3a151st kepyBanHsl EIl peakTHBHOT MOTY>KHOCTI, & TaK0X 30UTBIITY€EThCS
noxuOka ii Bu3HadeHHs1. OJHUM i3 cOCO0iB BU3HAYEHHS PEAaKTUBHOI MOTYKHOCTI 32 OJIM3bKil 10 HYJILOBOTO
3HAYCHHS YacTOTI € BUKOPUCTAHHS 3HAYCHHS PEaKTHBHOI MOTYXKHOCTI HA MEXi iHTepBaja, JAe MoxuoKa Iie
3amoBibHA [9]. IcHYIOUa TIpH IThOMY TIOXMOKA HE 03HAYA€ 3MEHIIIEHHS Mialma30Ha PETyJIIOBaHHS IBHIKOCTI,
TOMY IO IIBHUIKICTh BIIPI3HAETHCS BiJl YACTOTH 3a PaXyHOK KOB3aHHS, 1 MOXUOKa BUMIPIOBAHHS MIBUIAKOCTI
TUM MCHIIIA, YAM OLUIbIIIC HABAHTAXKCHHS ABUTyHA. 3a OJHM3BbKiM 70 HYJS Y4acTOTi NIBUJAKICTH 3aJICXKHUTH BiJl
MOMEHTA HaBaHTAKCHHS €JICKTPOABUIYHA.

TakuM unHOM, BeepeauHi iHTepBaia 4acToT fin < f < fha , 16 moxubka BUMiprOBaHHS pEaKTHBHOT
HOTY>KHOCTI BeJIMKa, BUXIJIHUI CHTHAI peryisTopa peaktuBHOI nmotyxHocti AU npuiimae 3HaueHHs AU (fin)
a00 AU(fnax) B 3aJI©KHOCTI BiJ TOTO, 301MIbINyBaacss 4acToTa B 00ACTI BiJi €EMHHUX YACTOT, HOCATar0ud frin ,
YK 3MEHINyBajacs B 00JIaCTi JOAaTHUX YACTOT, JOCATAOUH fray .

200

100|

1, ! (i
A I (AL . \ 1
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Puc. 4

3MiHy MOMCHTY HABaHTAXXCHHS B CEPEMHI 3a3HAYEHOrO IHTEPBATY YACTOT MOXKHA BPaXOBYBAaTH
BIJIITOBITHOIO 3MiHOIO CTPYMY

. 2
(| +aC+|C), 3)

a He HOoro akTUBHOI CKJIQJOBOI, IO IOMYyCTHMMO, TOMY IO 32 HHU3bKIM YacTOTI BIAMIHHICTH MiK HUMHU
HeBenuka. (3a ¢opmynamu (1) — (3) OOUMCIIOIOTBCS aMIUTITYAHI 3HaUY€HHS CTPYMY 1 HOTO aKTHUBHOI i
PEaKTUBHOI CKJIJIOBUX).

3a/y1si 3MEHIICHHS MMOXMOKW BHU3HAYCHHSI aKTUBHOI 1 PEAKTHBHOI CKJIAJIOBUX CTPYMY Ha HU3BKIi
9YacTOTi i BIATOBIAHOTO 3MCHIICHHS OOMEXKEHOIO IHTEpBaJly YacTOT HABKOJIO HYJIHOBOTO 3HAUEHHS iXHi
MUTTEBI 3HAYCHHS MOYKHA PO3PaxXOBYBATH HE TINBKH BiTHOCHO Yacy mepexony KpuBoi Hanpyru ¢asu A T14 3
00J1aCcTi HEraTUBHUX 3HAYEHb B 00JIACTh MO3MTHUBHUX 3HAYEHb, a ¥ MO0 Yacy YeproBOro MEepPexoay depes
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HYJIb OyIIb-KOI 3 (a3 sK 3 00JIacTi HEraTHBHHUX 3HAYEHb B 00J1aCTh MMO3UTHBHUX 3HauYeHb 3a Bupazamu (1),
(5), (7), Tak i 3 obnacTi MO3UTUBHKUX 3HAYEHH B 00JACTH HETATUBHUX 3HAYEHb 3a Bupasamu (4), (6), (8) 3
MMOTOYHUMU 3HAYCHHAMH KYTiB 6, , 6y, 0. 1 0., , 04,, O BianoBimHO. 3HAK «MIHYC» B iHIEKCI O3HAYAE, IO
KYT BIIpaXOBY€ThCS Bijl IEPEX0ly KPUBOT HAIIPYTH BiJl IO3UTUBHOI'O 3HAYEHHS B HETAaTHUBHE

. . | . . .
|R = —l¢ Cos H,C *f(la 7|b)sm H*C (4)
iy =-i¢sin §_¢ — %(ia —ip)cos O_¢
. . 1 . . .
iR =iy cos Oy +f(lc_la)sm Oy , (5)
. . 1 . .
i =1y sin 8, + —=(ic — 1 4
X p sin &y \/3,( c a)cos Gy
. . | . . .
IR :—la Cos e_a _f(lb —|c)Sln e_a , (6)
|X :—ia sin H_a _%(Ib —ic)COS 9_3
. . | .
ip =igcos g + —(ig — i )sin @
Rofeemfongtia Tl e ()

iy =icsin f¢ +%(ia — iy )cos ¢
iR = -l cos O_ _%(ic —lig)sin 6_p . ®)

iy = —ib sin H_b —%(ic —ig)cos 9_b

Onwucani pexumMu poOOOTH EJNEKTPONPHUBOJA TaKOXK, SK 1 pexuMu pobotu B [7], peTerabHO
JOCHIDKyBaJIUCST Ha 3amopi3bKOMY eJeKTpoanmapaTHOMY 3aBOJiI Ha KpPaHOBOMY €JEKTPOIPHUBOAL 3
acuaxpoHHUM aBuryHOM 20 kBT 3 meperBoproBauem dactotm EKT4/1-100 3a pi3HUX IIBHIKOCTIX
MIEPEMIIIICHHS BaHTaXIB Bropy i BHH3, OCOOJIMBO 3a INBHJKOCTI OJM3BKIA 10 HYJIsA, 1 HIATBEPIKYBaIUCST
MaTeMaTHYHUM MOZEJIOBAHHSIM.

BucHoBku. He3anexHIiCTh €IeKTPOMAarHiTHOTO MOMEHTY NIBHTYHA BiJl 3MiHH BHYTPIIIHUX OMOPIB
Jla€ 3MOTY Y PEBEPCHBHOMY ACHHXPOHHOMY €JIEKTPONPHBOJI 3 KEPYBaHHIM 3a PEAKTHBHOIO IOTYKHICTIO
MaTH NpaKTHYHO Oe3iHepUiiHUH peBepc, KUl BU3HAYAETHCA MIMPOTHO-IMITYJILCHOIO MOIYJISILIE€I0 HANPYTH
ITY. Takwmii peBepc Moke BigOyBaTHCS SK 3a BENWKHX 3MiHAaX CHTHANIB YIIPABIIHHS, TaKk i poOOTi
€JICKTPOIIPUBO/IA Ha YaCTOTi OJNM3BKIN 0 HYJS, y TOMY YHCII IiJ 9ac MPHUKIaJaHHI MEXaHI9HOTO MOMEHTY,
SKHH 3MEHIIYE 4YacTOTy 3 3a0e3neueHHsM HEOoOXiJHOTO KOB3aHHS pOTopa. 3aiuls IMiJBUINEHHS TOYHOCTI
peryIIOBaHHA BIiAJNIK Yacy Tpd BHU3HAUEHHI PEAKTHBHOI MOTYKHOCTI Ha HH3BKHX YacTOTaX MOXKe
HPOBOJUTHUCS BiJI OCTAHHBOTO MEpexoy yepe3 Hyib BuXigHux Hanpyr [TY. Ha iHTepBaini OMU3KUX 10 HYJIS
JOJATHUX 1 BiJi €EMHHUX YacCTOT, Ha SIKOMY MOXMOKa BU3HAYEHHS PEaKTUBHOI MOTY)KHOCTI 3HaYHA, PEaKTUBHA
NOTYKHICTh TPUPIBHIOETBCS 10 ii OCTAaHHBROTO 3HAYEHHs Ha Tid YW 1HIIW TpaHuui iHTepBana. Taki
BJIACTUBOCTI JIAal0Th 3MOTY BUKOPHUCTOBYBAaTH PEBEPCHUBHUI aCHHXPOHHHI €JIEKTPOIPHUBOJ 3 KEPYBaHHSAM 32
PEaKTUBHOIO MOTYKHICTIO 3aMiICTh OUTBII JOPOTHX 1 MEHII HAAIHMX €JIEKTPOIPUBOIIB IOCTIHHOTO CTPYMY.
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REVERSIBLE ASYNCHRONOUS ELECTRIC DRIVE WITH REACTIVE POWER CONTROL
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The features of current reverse in a reversible electric drive with reactive power control are considered. It is shown that
the reverse is fast-acting, providing fast-action in the entire range of speed control, including zero speed. This electric
drive is cheaper and better quality compared to DC electric drive. References 7, figures 4.

Key words: asynchronous electric drive, induction motor, reverses of current.
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EJIEKTPOEHEPT'ETMYHI CUCTEMU TA YCTAHOBKU

YK 621.0 DOI: https://doi.org/10.15407/techned2024.01.053

IOBYJ1IOBA MOJIEJIEM OIITUMAJIBHOI B3A€MOZ!Ii JIKEPEJI PO3OCEPEJIKEHOI
I'EHEPAIII TA CUCTEM AKYMYJIIOBAHHS EHEPI'Il Y MEXKAX MICROGRID CUCTEM

JI.T. Jlepen’sinko'*, xamn. Texu. nayk, K. IIIBipenKi ***, TOKT. TexH. HayK,
"HanionanbHuii Texniunmii ynisepenter Yipainn «KIII im. Irops CikopcbKoroy,
np. Bepecreiicbkuii, 37, Kuis, 03056, Ykpaina,

e-mail: dereviankodenys@gmail.com

*Institute of Heat Engineering, Warsaw University of Technology,

Nowowiejska 21/25, 00-665, Warsaw, Poland.

Hocniosceno npobnemu inmeepayii oxcepen posocepedicenoi 2enepayii (PI) 1 nempaduyiiinux ma 6iOHOGII08AHUX
Oacepen enepeii (HBIE), a maxodic cucmem aKyMymo8aHHS eHEPil y NOKAAbHI eNeKmpOeHepeemuyti Cucmemu
Microgrid. 3anpononosano modeni Microgrid cucmem 3 pisnomunnumu Osxcepenamu PI' ma HBIE posensoamu y
pamkax apximexmypu SGAM, a cami cenepysanvui ycmanosku PI' ma cucmemu axymyniosanns emnepeii (CAE)
pospiznamu mpvox munis. «Hexeposani eenepysanvui yemanosku PI" (T1)», «Kepoeani cenepysanvui ycmanosxku PI°
(T2)» ma «Cucmemu axymymosanns enepeii (T3)» 3 nodanvuum noodinom na niomunu. Taxuil cnocib oae MoxcIUgicmo
81000Opadicents PisHOCMOPOHHbOI 83aem00ii cucmem 3 Oxcepenamu PI' i HB/JE ma CAE y pamxax cucmem Microgrid.
Ha ocnosi 3anpononosanozo mexanizmy opmanizo8ano nOCMAaHOBKy 3a0ayi ORMumMaibHoi 63aemodii oxcepen PI” ma
CAE y mexcax Microgrid cucmem y pamxax meopii icop. 3anpononosano npoyedypy onmumizayii y pamxax
Gopmanizoeanoi epu, Kompa epyHmMyEMbCs HA MeXAHismMax OuHamiynoi mapugixayii ma Oae 3mocy 3Haumu
HatlonmumanbHiule piulenHs nocmagnenoi izposoi 3adaui. biom. 13, puc. 8, Tabmn.1.

Knrouosi cnosa: Microgrid, mxepena po3ocepepkeHol reHepatii, onTuMizamis mojeneit cuctem 3 P, Teopis irop.

Beryn. Peopramizamis eHepreTHuHOi raqy3i 3a OCTaHHI JEKiIbKa JECSTIUNTh MpU3BeNa 10 TOSBU Ta
PO3BUTKY HOBHX HHM3BKOBYTIIELIEBHUX JDKEPEN SHEpril BIMOMUX SIK HETPaIWIIiHHI Ta BiTHOBIFOBaHI JuKepena eHeprii
(HBJIE) [1-4], TexHomoriii po3ocepemkenoi renepartii (PI) Ta cucrem akymymoBanHs enekTprdaHoi eHeprii (CAE)
[5], xotpi, 3 omHOrO OOKY, PoONIATH /Kepena PIT OuIbII KepOBaHMMH, a 3 IHIIOrO, — MOXYTh BHUCTYIATH SIK
TeHEePYBaJIbHI YCTAHOBKH, y T.4. y CKJIaJ[i aKTUBHUX CIOXKUBaYiB/mpoctoMepiB [6]. OO’ eiHaHHS 3a3HAYCHHUX THUIIIB
mxepen PI" ta CAE posnoninpaiMy enekTpuaHuMe MepexxaMu (EM) moOmni3y criokvBaviB yTBOPHIIM IIUJTHH Kiiac
JIOKTGHUX EJIEKTPOSHEPTeTHIHIX CUCTEM BitoMuX sk Microgrid [1, 6].

Puc. 1
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3pocTaHHsl YacCTKH TeHepyBaHHS ejekTpuuHoi eHeprii Binm mxepen PI' ta HBJE y 3aransHomy
eHepretuyHoMy OamaHci [3] (puc. 1) mae psn mepeBar Ta HedomikiB. IlepeBaramm 3pocTaHHS
HU3BKOBYTJIEIIEBUX T'€HEPYBAIBHUX IOTYXHOCTeH MOONM3y croxkuBava € [1, 2, 7-9]: HuU3BKMH piBeHBb
3a0pyTHEHHS HaBKOJMIITHBOT'O CEPEIOBUINA; 3HIKEHHS BTpaT BiX mepemadi emektpudHoi eHeprii B OEC
VYxpainu; auBepcudikaiis TeHepyBaJbHHUX IOTY)XHOCTeH; mxkepena PIT MoxyTe mnpamoBatu 0e3
00CITyTrOBYBaHHS; BiACYTHICTh HEOOXiAHOCTI TPAaHCIIOPTYBAaHHS MEPBUHHOTO MalKBa A0 JHKepena eHeprii. 3
IHIIOr0 OOKY, 3HAYHUM HEIOJIIKOM OUIBIIOCTI BiAHOBIIOBAHHUX DKEpPEN SHeprii € HecTaOUIbHICTh iXHBOTO
€HEepPreTHYHOTO TOTEHIiTy, 0 MOXe MPU3BECTH N0 BiJXWJIEHb YaCTOTH CHUCTEM, HANPYTH, PEBEPCYBaHHS
NOTOKIB TMOTY)KHOCTI, BIUIMB Ha iHIII TEXHIYHI MapaMmeTpu eNeKTPOMepex. i, IK HACHiOK, A0 JA0JaTKOBHX
BiJIKJIFOYEHb, 1110 BIUTUBAIOTH Ha HAIMHICTE eNeKTpoeHepreTHIHuX cuctem [1, 2, 7, 10].

I3 3poctanasm dactkm HBJIE y remepyBampHux moTykHOCTSX OEC VYkpainm mocTtae 3aBmaHHS
3amydeHHs1 Jpkeped PI, y T.4. Ha OCHOBI iHBEPTOpHOTrO OOJaIHAHHS N0 TOJIIIICHHS CEepBICiB HaAIHHOCTI
EM, 30KkpemMa Takux, SIK HPUCKOPEHE YaCTOTHE PETyJIOBaHHSA, I'HydKa 1 IIBHJKA 3MiHA HOTYXHOCTI i
MiATPUMKA PETYJIOBaHHS Hamnpyru B enekrpomepesxi [10]. Bupimenns nux 3aBmaHp 3allJaHOBaHE MIISIXOM
peamizamii «I[lnany 3axomis, moxo peamizaiii KoHueniiii BIpoBa/pKeHHs “po3yMHUX Mepex” B YKpaiHi J0
2035 poky» [10], sxuii mepembauae peanizamilo MIOTHUX MOpPOEKTIB 3 moOynoBu Microgrid cucrem.
OCKiNbKHM 31 3pOCTaHHSM YaCTKH Te€HEPOBAHOI eJeKTpoeHeprii Bij jpkepen Pl 30imbiryeThest iX BIUIMB Ha
napametpu pexumie EM Microgrid cucteM, Iie NMpU3BOAUTH IO HEOOXITHOCTI PO3POOKH METOOJOTIT
arperyBanHs pizHotunHux xepen PI' ta CAE y mexax Microgrid cucrem 3 mxepenamu PI' ta HBJIE 3anns
3a0e3MeUeHHs] ONTHUMAaJbHOI IXHBOI B3aEMOAii 3 LEHTpai30BaHOIO eHeprocucremor [1, 4, 6], xorpa
CTBOPHUTH YMOBH 3311 3a0€31eUeHHS BI/IMOBITHNX ITapaMeTpPiB SIKOCTI eIeKTPOIIOCTavyaHHs Ta HaAiHHOCTI.

Meto1o podoTH € miiBHIICHHS eQeKTUBHOCTI QyHKIioHyBaHHS Microgrid cucteM 3 pKepenaMu
po3ocepelKeHOl TeHepalii Ta CHUCTEM aKyMyJIOBaHHS €Heprii MIISIXOM BIPOBADKEHHS ONTHUMAJIbHOTO
MeXaHi3My arperanii, 0 CTUMYJIOBaTUME O3HAYeHI JDKepella Ta CHCTEMH aKyMYIIOBaHHS JI0 aKTHBHOI
B3a€MOJII 3 ypaxyBaHHSIM TEXHIYHUX OCOOJIMBOCTEH Ta PEXKUMIB IXHBOI POOOTH.

®opmadizanis 3aga4i onTumizanii y pamkax B3aemonii Microgrid cucrem 3 OEC Ykpainn. Y

[4] 3ampomoHOBaHO IS BHPIIICHHS
3agaui  cuHTE3y Moaeneld Microgrid
cucteM 3 OEC VYkpaiHu BHKOpHCTO-
ByBaTH eneMeHTH Teopil irop. Takox
(dhopmaiizoBaHO ONTHMI3aIiiHI 3amadi
JUIL  omepaTopa CHCTEMH PO3MOALTY
(OCP/ DSO) ta oneparopa Microgrid, a
TaKO’)X BHUMOTH JO  CHHTE30BaHOI
cucteMu 3 mxepenamu PI” (puc. 2).

Skmo  3amady  TEOPETHKO- Puc. 2
iIrpoOBOr0 CHHTE3y MOJENIi CHUCTEMHU
Microgrid 3 mxepenamu PI' Ta HBJIE 3 1meHTpami3oBaHUMH €IEKTPOCHEPTETUYHHMH CHCTEMaMH MOYKHA
(dopMamizyBati y BUIJISAI CTATHYHOI I'pH 3 TMOBHOK iH(oOpMaliero, sSK e moka3aHo y [4], To 3amada
ONTHMAJIGHOTO OallaHCyBaHHS E€HEPTOINOTOKIB BCEPEIMHI caMUX cucTeM Microgrid € OimbIn CKIIaTHOIO Ta
OaratoakTOpHOIO.

3ams BUpILICHHS 3aAadi arperamii pi3HOTUNHHX TreHepyBainbHuX ycTtaHOBOK PIT 1a CAE
oreparopom/arperaropom Microgrid cucTeMu y Takiil MOCTaHOBII opMaltizyeMo Tpy 1o OyJe BimoOpaxkaTu
yci MOXJHBI cTparterii rpaBiiB. Y Taky rpy G=<I, S, u> rparoTh OBi pi3HI TpymH TpaBIliB, a caMe:
renepyBanbHi ycranoBku PI' ta CAE (DER) — Distributed Energy Resources Ta omeparopu/arperaropu
Microgrid (MGA). Habip rpaBuiB npeacTaBieHU HACTYITHUM YHHOM:

| ={DER,, DER,...DER, ,MGA ,MGA,..MGA, } .

I'enepyBanpai ycranoBku PI' ta CAE € cy0’ektamu, 10 HamawTh NOCITYyTH 3 TEHEPYBAaHHS
eJIeKTpoeHeprii B nociikyBaniii Microgrid cuctemi. Arperaropu Microgrid MaroTh 3a METy OTpHMATH
MaKCHUMalbHUI A0XiJ Bif B3aemonii 3 Oneparopom cuctemu posnoninry (OCP/DSO) Ha J0KanbHOMY PUHKY
enekrpoereprii. DSO mae Ha MeTi 3MEHIIMTH HaBaHTAXXEHHsS Ha PO3MONITBHI Mepexi B MPOTHO30BaHi
Nepioay IMKOBOTO CIHOXXHMBaHHS €JEKTPOSHEpTii Ta 3alydyduTH MEHII «IOPOTHUX» IOCTa4abHUKIB
€JIEKTPOCHEPril 3aaisl MOKPUTTA MIKOBOTO TMOMWUTY Ha €JIEKTPUYHY EHEprilo. 3ampolOHOBAHO LUIAX
JOCSITHEHHS BUIE3a3HAUCHHX IIUJIeH, a caMe: 3alydeHHS PI3HOMAHITHUX IIPOrpaM KepyBaHHS IONUTOM
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(DSM), sixi ctumymoBatuMyTh BiacHUKIB PI' Ta CAE 1o akTHBHOI MOBEMIHKH 32 PaxXyHOK JOJATKOBHX
BUILIAT 1O Tapu}iB, IO TIIOTh HA PUHKY.
VY BiAMOBITHOCTI 10 CBOIX 3aBAaHb y LiH Ipi KO>KeH Habip rpaBLiB MaTuMe pi3Hi crparerii. CtpaTerii
DER 6yayTs
SDERi — {u DSM u’u BAU n} ,

ne BAU — renepyBaHHSI elNEKTpUYHOI €Heprii y Mepexy Oe3 ydacTi B mporpaMax KepyBaHHS MOIUTOM
(DSM), DSM — 3anyuensst 1o pisHOMaHITHHX niporpaM DSM Ta gomoMi>KHUX MOCITYT HA PUHKY EIeKTPUIHOT
EHeprii.

Crparerisimu oneparopis/arperaropis Microgrid OyayTh

SMGAi — {n B n,n NB n’u PN u’n PNPH } ,

ne B/NB — GonycHuii matix/BifcyTHicTh O0HYCHOTO Tatexy Big MGA renepyBaibHuM yctaHoBkam PIT ta
CAE y pasi ydacti ocraHHIX B mporpamax kepyBaHHS mnomutoM (DSM) 3 ypaxyBaHHSM HOZaTKOBOTO
npuoyTtky MGA Big mporo, PN/NPN — mrrpadnmii 1muiaTix/BiACyTHICTE mTpadHOro IUIaTexy y pasi
HeBHKOHaHHs ctparerii DSM Ta 3 ypaxysanHsM npuOyTKy/30uTKiB MGA Bij mporo.

Jloxia KOXXHOTO KOMIUIEKTY TPaBLiB MOXHA BUPA3UTH HACTYIHOK (DYHKII€I0 BUTPALLY:

Upepi = {0’1} )
ne 0 — OasoBuid JOXiA Bif EJNEKTPHUYHOI €Heprii, MpoJaHOi Ha JIOKATFHOMY PHHKY eJIeKTpoeHeprii (3
ypaxyBaHHSIM HapaxOBaHWX MITpadiB, 32 HASABHOCTI OCTaHHIX), | — JOXill, 3 ypaxyBaHHSM JOJIaTKOBOTO
npuOyTKY BiA ydacTi B pi3HuX nporpamax DSM Ta HagaHHS ZOMOMDKHUX IOCIYT;

Uyeai = {0:1} >
ne 0 — 6aszoBwmif m0Xix, 1 — moXix 3 ypaxyBaHHSAM JAOJATKOBUX HAIXOKEHb y pa3i yuacti DER y mporpamax
KEepyBaHHS MOMTUTOM Ta HAJaHHS JOMOMIXXHHX ITOCIYT.

HocniguBmmm  ctpyktypy Microgrid cucrem 3 mkepenamu P ta CAE Ta pexumu ix
(yHKUiIOHYBaHHS, AOLUIBHUM € MIPOBEACHHS MPOLEAYPH CHHTE3y O3HAUEHUX €JIEMEHTIB Y €IMHY CHUCTEMY
MIPOBOJIUTH Y BUTJIAII JMHAMIYHOI TPH 3 HEITOBHOIO iH(OpMAITI€TO.

Binbin TOro s po3B’s3aHHS ONTHUMI3AliWHOI 3a7adi JOUIIBHUM € CTBOPEHHS CIEI[iaIbHOTO
MexaHizmy M = <A, g>. [lonsarta «mexanizm» (M) 3 Touku 30py Teopii irop MoKHa PO3TIIAIATH SIK MTPAaBHIIa
TPH, KOTPi MOXKYTh 3a0€3MEINTH HAMOIITBITY KOPUCTH KOKHOMY 3 TPaBIIiB.

Hame 3aBmaHHS: mpumyMaTd Taki TpaBWiia TpH, 3a SKUX €JIEKTPUYHA EHEpris TIeHepoBaHa
reHepyBanbHUMH ycTaHoBkamu PI (rpaBusimu i) Oyna nposaana yepes arperaropa(iB) Microgrid (raBigsimu )
Ha PUHKY €JIEKTPUYHOI €Hepril 3a MaKCUMAaJIbHOIO IIHOIO, SIKy MOXKHA OTPHUMATH Y T.4. 32 PaXyHOK HaJaHHS
JOTIOMDKHHX TOCyYT. [HIMMH ciioBamH, HEOOXimHO, 100 NMpU KOKHOMY JaHOMYy Npodiii THUMIB TpaBLiB y
Ipi 3 HEMOBHOIO iH(OpPMaIli€lo, sSika BiANOBiAae poboTi arperatopa Microgrid Ha pUHKY €IeKTPUYHOI eHepril
3a y4acTIO LMX IPaBLiB, peai30ByBaBCs SIKUIICh KOHKPETHUH pe3ynbTar. PopMaii3yBaBLIM AaHe 3aBIAaHHS,
orpumaemo ¢yukmio f: T — C (¢pyHkmito rpomancskoro Bubopy «Social choice function»), koTpa Oyne
BU3HAUaTH pPe3yJbTaT, peanizanii skoro arperatop Microgrid mir OM JOMOTTHCS 3alIe)XKHO Bif rpadiky
TeHepyBaHHS Ta O0OCSTIB 3reHepOBaHOI EJIEKTPOCHEPril reHepyBaIbHUMHU ycTaHOBKamu PI', skl BU3HA4alo0Th
THTIH TPABIIB. 3311 OTPUMAaHHS ONTUMAIBFHUX JUISL YCIX TPABIIB Pe3yiIbTaTiB MOXKHA CTBOPUTH YMOBH, 1100
3a KO)KHOTO MPO(II0 THITIB IpaBLiB NOTPiOHKUI Mpodink aiit OyB piBHOBarorw Hemra (MOXKIMBO, HE €IMHUM
npodisieM 3 TaKOIO PIBHOBArow) y rpi 3 HENOBHOIO iH(pOpMaLi€ro.

[TobynoBa HEOOXimHOTO MeXaHi3My NOBHHHA TPYHTYBATHCS Ha TPUHIUMI «BigBepTOCTi». Takum
YUHOM, TOIIYK HEOOXIJHOTO MeXaHi3My 3BENEeThCS 10 MEXaHi3MiB, KOTPi CHOHYKaTHMYTh YCiX TpaBIliB
YeCHO MOBIIOMJISTH arperatopy cuctemu Microgrid cBOi THIM Ta AiSITH BiANOBITHO A0 OTPUMAHHUX Bix
arperaropa Microgrid ctpateriii. binpm Toro, 3amis peamisamii TPHHIWIY BiABEPTOCTI BiANOBiTHUI
MexaHi3M M wMae OYTH «CIOHYKAIBHO CYMICHHM», TOOTO MEXaHi3M IIOBUHCH «CIIOHYKaTH» TpaBIIiB
MPaBJIMBO pO3KpHUBaTH cBOI THMH [11].

OTtxe, MexaHi3M M MO)XHa BBa)XaTH «CHOHYKaJbHO CYMICHMM», AKIO y Tpi Gy IOMiHyHOUOIO
BbaecoBchKOIO cTpaTeriero KOXKHOTO TPaBIs i € IPABAMBE CIIOBIMEHHS arperatopa cucteMu Microgrid oo
CBOET QYHKIIT «TIepeBaru»

S(u)=u,i=1..,n.

VY TakoMy BUTIAAKY, 3TiIHO BU3HAYEHHS NOMiHYyI040i baecoBchkoi crparerii [11], MokHa BBaXkaTH

MeXaHi3M M «CIMOHYKAIIBHO CYMICHUMY, SIKIIO 1uis i=1,...,N Ta ycix U € U.j cipaBeanuBoio Oy e HepiBHICTh

u (f(u,u ) — pr(u,u) 20 (F (G, ) — pi(T,u ), U0 el
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Ockinpku JoMiHyroda baecoBcbka cutyarlisi piBHOBarum € ba€cOBCBKMM PIBHOBaXKHUM CTaHOM 32
OyAb-SKUX YSIBICHHAX KO)KHOTO OKPEMOT'O TPABIIS OO0 TUITIB PEIITH I'PaBIIiB, TO «CIIOHYKAILHO cyMiCHHﬁ»
MEXaHi3M € «CHOHYKaJlbHO CyMiCHHUM» y baecoBcbkoMmy ceHCi 3a Oyab-sikid cucTtemi yﬂBneHHL (i} =1
Takox «CrOHyKaJbHO CyMicHHiIT» y BaecoBcbkoMy ceHci mexaHism M peaini3ye
(yHKIIiI0 TpOMaICEKOTO BUOODY f.

OpHiero 3 Haifuactiie BUKOPHUCTOBYBAaHHX (YHKIH «TpOMajChKOTro
BuOopy» (Social choice function) € ¢yHkuis, M siKoi HaWOIMBII Oa)XaHUM €

pe3ynbTaT a € A, BUOIp SKOTO € IepeBaKHUM JIJIS YCiX TPaBIIiB Zi"zlui (a) .

VY pasi ¢opmanizarii BiINIOBiIHOI CUTHANBHOI TPU CIiJ Opatu A0 yBaru
ymoBHu# monin mxepen PI' ta CAE Ha tumm [4] y pamkax nmoOymosu Microgrid
crucTeMHu Ha ocHOBI Mozem SGAM [6, 8]. Takum 4yWHOM, BiITOBITHE EPEBO TPH, Puc. 3
KOTpe BimoOpakae MexaHism B3aemonii jkepen PIT ta CAE 3 omeparopom
Microgrid Mmatume BUTIISA, 110 TTOKAa3aHUH Ha puc. 3.

A 3 ypaxyBanusaMm tuniB mkepen PI' ta CAE mis BigmoOpaskeHHS MOAEII arperyBaHHs Pi3HOTHITHUX
mkepen PI' ta CAE y ogny Microgrid cucremy ciin BUKOpHCTOBYBaTH HacTymHi Tunu: «HekepoaHi
renepyBanbHi ycraHoBku PI' (T;)», «KepoBani renepyBanbHi ycranoBku PIT (T;)» T1a «Cucremu
akymymtoBanHs eHeprii (T3)». Takum unHOM 17151 K0okHOTO Ty DER Oyze 3acrocoByBaTHCs Okpema miHOBa
MOJIEITh, IO Oy/Ie BioOpaXkaTH MOMIIMBOCTI YCTAHOBKH IIEBHOTO THITY TIPAITIOBATH 3a IIEBHUM IpodiieM Ha
PHUHKY €NEKTPUYHOI eHeprii y pi3HUX Tapu(HUX 30HAX Ta HAJIABaTH JOTIOMIKHI IIOCITYTH.

Toni rpa G* = <I, S, u> y Takomy Bumanaky Oyjae rpaTtucs ABoMa Habopamu rpaBmiB, a came: DER
turty T1/DER tumy T2/DER tumy T3/prosumer ta omeparopamu/arperaropamu Microgrid (MGA). Habip
IpaBIiB MPEICTABICHUN HACTYTHAUM YHHOM:

I; 1 10 0:0 0: 1

| ={DER,,,..DER,, ,DER,, ,..DER,, , ,DER, ,..DER,  MGA,MGA,..MGA, | .
Koxen HaOip TpaBIliB MaTuMe BiacHi yHiKanbHI cTpaterii. Ctparerii DER:
SDERTi—i = {" DSM "'BAU "} D (
. . 1. KoieH 3 rpaBuiB oroomye ceiil THI [ omepaTopy
ne BAU — renepyBaHHS eleKTpUYHOi eHeprii y Mepexy 0e3 ydacTi B Microgrid
nporpamax kepyBaHHs mnonurom (DSM), DSM — 3amywyenns no )
P13HOMAHITHHX npprpaM DSM Ta AOTNOMDXHHX TOCIYyr Ha PUHKY (3 Omeparop Microgrid 3aificHioe Bndip crparerii S;
eJIeKTpI/I‘IHOi eHeprﬁ. A8 KOAHOIO rPaBLsA 3riIH0 foro THOY f 3 METOKR
Crparerisimu omneparopis/arperaropiB Microgrid OynyTh L it ]ttt e J
SMGAi :{"B","NB","PN”,"PNP"}, Jv
o . . . . 3. Peanizania crpareriii rpaBuie omepaTopon
ne B/NB — GoHycHHE MiaTik/BiICYyTHICTH OOHYCHOTO IJIATEXY Bix Microgrid

MGA renepyBanpanM ycraHoBkam PI' Ta CAE y pasi ydacTi octaHHIX 7
B Iporpamax — KEpyBaHHA HOITIHTOM (DSM) 3 yanYBaHHHI\f 4. Hapaxyeanns onepatopom Microgrid Gonveie Ta |
JO0JaTKOBOI'O HpI/I6YTKy MGA B1l 1LbOTO, PN/NPN — H_ITpa(i)HI/II/I Bizpaxyeanna mTpadie. PospaxyHox 3 omepaTopamMu

IUIATDK/BIACYTHICT, MITpaHOTO TMJaTrexy y pa3i HEBUKOHAHHS aaepen PT / CAE )
ctparerii DSM Ta 3 ypaxyBanusam npu0OyTtky/30utkie MGA Bix 1150r10.
Jo BH3HAYCHWX THIIIB TEHEPYBaJbHUX ycTaHOBOK PI Puc. 4

BIJINIOBIIHUN MEXaHi3M MOXHA 300pa3uTH MOCIIAOBHICTIO JIiid,
MOKa3aHoi Ha puc. 4.

BigmoBimHO 10 3a3HAYEHHWX OCOOMWMBOCTEH CIiA O3HAYMTH HACTYIHI THIH TPaBIiB 1A
reHepyBanbHuX yctaHoBok PI' ta CAE.

1. Hekeposani cenepysanvri ycmanoexu PI' (T)): t; — consuni enexrpoctanmii (CEC); t, — BiTpoBi
enexrpocrantii (BEC).

2. Keposani ecenepysanvri ycmanosku PI' (T,): t3 — COHAYHI €JEKTPOCTaHIi 3 CHCTEMaMH
akymymoBanHst eneprii (CEC 3 CAE); ty — BiTpOBi eslekTpocTaHILii 3 CHCTEMaMH aKyMYJIOBaHHS €Heprii
(BEC 3 CAE); ts — mami rigpoenexrpocranilii (MI'EC); ts — manuBHI komipku; t; — muzensreneparopu (JI);
napo-ra3zoBi ycranoBku (I1I'Y) ta razotyp6inai ycranoBku (I'TY), y T.4. ycTaHOBKM Ha 0iomauBi.

3. Cucmemu axymymosannsi enepeii (T3): ts — aktuBHMU crnoxkuBau (Prosumer) 3 cucremamu
akymymoBanHs eHeprii (CAE).

Peamizamito MexaHi3mMy M, HaBeieHOro Ha puc. 4, MOXKHA JJI1 HAOYHOCTI 300pa3uTH y BHTIAIL
JiepeBa Ipu, sike BimoOpakae mexaHizm B3aemonii mxepen PI' ta CAE rtumis T1, T2 ta T3 3 MGA,
MIPEJICTaBIIEHOTO HA PHUC. 5.
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Y poO3ropHyTOMy BHUIJISII 3 ypaxy-
BaHHAM JIeTali3allil THIIB TeHepyBallb-
Hux ycranoBok PI' ta CAE (1, t,E€ Ty,
t-t;€T,, 1gE€T;) 3anpomoHoBaHUI
MEXaHi3M MaTHME BUTJIS, 300pakKeHII
Ha puc. 6.

B B PN NPN I[Ipu 4omy cmoci®6 Hapaxy-
BaHHS MTpadiB

NPN

11 Lo 00 01 11 10 0:0 0:11;1 10 00 0: 1 PN 0, P-B,;=20
= b
pi _(Pref _P)'G)MP_Pref <0

ne P — daktuunuii moxin omeparopa
Microgrid, Py — ouikyBaHuii po3paxyHKOBHWil noxin omeparopa Microgrid 3a ymoBu, mo yci Tpasii
NpPaBIUBO MOBIIOMUJIA CBOi THIM i MpPAIfOBAIM Y BIAMOBIAHOCTI 10 HBOTO, Pij — AOXia I-ro omeparopa
PI'/CAE mo MoMeHTy HapaxyBaHHS OOHyciB/miTpadiB, w; — Barosmii xoegirieHr i-ro omeparopa PI/CAE
SIKMH BIJIMOBia€ MOTO YacTIi BiJ HEZOOTpUMaHOro npuOyTKy omeparopom Microgrid min yac peamizamii
enekrpoeneprii Big pisaux rpasuis (PI/CAE).
Crioci6 HapaxyBaHHS OOHYCIB

Puc. 5

B— pi+(P_Pref)'a)|’P_Pref >0

0, P-P,<0 ’

ne P — dakruunnit noxin omepatopa Microgrid, Prs — ouikyBaHHMH pO3paxyHKOBHil IOXia omepaTopa
Microgrid 3a ymoBm, 110 yci rpaBLi MpaBAMBO TOBIIOMHWIIM CBOi THUIH 1 MPALIOBAIN y BiAMOBIAHOCTI 10
HBOTO, Pj — goxin i-ro omeparopa PI/CAE nmo MomeHTy HapaxyBaHHs OoHyciB/mTpadiB, @i — BaroBuii
koedimienr i-ro omeparopa PI/CAE sxuii BifmoBimae HOro d9acTiii Big HEJOOTPUMAHOTO MPUOYTKY
oneparopom Microgrid mix yac peanizauii enekrpoeHeprii Bix pizuux rpasuiB (PI/CAE).

1. Kouken 3 rpasuie oronowye ceift Tum ;e7;
oneparopy Microgrid

A1A KOKHOTO IpaBla irizeo floro THOY [ 3 MeTOH

2. Omeparop Microgrid aaificaioc sulip crparerii §;
MAKCHMITANl BUT PAINIB YCiX rpasuis

|

TAK HI

Hn npasneo &vao
noeizomaeno Tho 6 7

Peanizanin
crpareriii sriano
THOIE

Peaxizauis

cTpateriii srigmHo
THmiB

y
Joam Tumy rg:
Haxomuaenna
eTeRTpoeHeprii 1a
MIHIMATEHOK PHHKOBOK
wiHowW, NPOJAK v MiKORHi

Jaa Tumis 1) Ta f:
Mpogak erexTpoenepril
32 PHHROBOH HiHOK

Jas tamie fy - 19
Mpojas etexTpoeHeprii v
misoBii nepiol Ta v4acTe
¥ MpOrpaMax KepyeaHHA
momirrom (DSAL)

Axmo rpaBems He Mike
sabesmeqnTn 3agenenni ofcar
eTeRTpoeHepril 3reHepoBaHIn v

KOHKPETHIT nepiol ado v

Km0 0GCATH Mepiol Ta yHacTh ¥
ITEHEPOBAHOT MPOTrPaMax KepVBAHHA PAMEAX MPOTPAM KEPYBAHHA
eTeKTpoeHepril nomiros (DSM) nomuros (DSM) To BiH naaTnTe

'y mTpad v obcaii: BTpasenoro

MepeENIIYITE NONHT Ha X g
mpudyTEY oneparopa Microgrid

Hel Ha J0KATEHOMY
PHHKY, TO JAHA
ETEKTPHYHA eHePrin
HAKOMHYYEThCA
TPABIAMI 3 - fg MO WiKi
(RKY BOHM MIATATE)
HalneHmiil 32

“__MOMepeIno 106y~ KIHEIIb e

PHMaHHA " GOHNCY' BL1 OMepatTopa
Microgrid srmil cKIaJa€ HACTKY Bi1
piHmI MK 09IKYBAHHM T2 PeaTbHIM
npuiyTEOM omepaTopa poiIitenni
nponopuiiing .\Ii_'.l:l VeivMa rpagnas .

Puc. 6
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n n
Pet = Z Pioso * Yires/ess — Z Pivc * Uires/ess  — 3@ YMOBH 1110 BC1 THUITH MPABJMBI,
i=1 i=1

n n
P= Z Pioso * Uires/ess — Z Pivc * Uires/ess — 3@ YMOBH IO HE BC1 THIIH IIPABJUBI,
i=1 i=1

ne P — daxTrunmii moxin oneparopa Microgrid; P —moxin omeparopa Microgrid 3a ymoBwH, 1110 yci rpasiti
MPABJIMBO MOBIJIOMWIN CBOI THIH 1 MPAIFOBAIX Y BiJIIOBITHOCTI 10 HBOTO; Pipso — IliHA, 3a KO OIepaTop
Microgrid mpomae eJeKTpUYHY EHEprilo, 3reHepOBaHy 3a PO3PaxXyHKOBHi Iepioj Bix i-ro omepartopa
PI'/CAE Ha n0oKaJbHOMY PHHKY; Pimg — IIiH, 3a sIKOH omeparop Microgrid xymye exekTpuuHy €HEprilo,
3reHepOBaHy 3a po3paxyHKOBHi mepioa Bin i-ro omeparopa PI/CAE Ha nokaibpHOMY PUHKY; (i — OOCSTH
eNIEKTPUYHOI €Hepril, 3reHepoBaHi 3a po3paxyHKOBHii epioa Bix i-ro oneparopa PI/CAE.

P =P, , sxmo Bci Tunu PI'/CAE npasnuBi i oneparopu PI/CAE npaitoBanu y BiAMOBITHOCTI 10 HHOTO.

ref >

Sk BHIHO 3 pHC. 7, 3a Takiil MOCTAHOBIII TPU onTUMaNbHIM 3a Herem anropurmom po6otu Microgrid
cucteM 3 mxepenamu PI" ta CAE Oyne nmapa crpareriit: Si ={"DSM ","B"} (w0 miATBEP/IKYIOTh PE3YIILTATH

MOJICTIOBaHHS y mporpamHomMy mpoaykTi «Game Theory Explorer» [12]). Takox 3ampormoHoBaHuit MexaHizm
BPaxOBY€ HEMOCTIHICTh MOoTeHIiany pisHoTunHUX mkepen PIT (puc. 6). Tak, y pa3i reHepyBaHHS 0OCATiB
EJIEKTPUYHOT eHeprii, sSKi MepeBUIyIoTh y3romkeHnii 3 MGA npodins pobotn DER, Hapnmvmiku 3reHepoBaHoOi
enekTpuaHoi eHeprii HakonmuayioThesi CAE tumiB t; — t3, a y pasi BiACYTHOCTI TakWX THIIB y CTPYKTYpi
Microgrid cucremu nepenarThes B 3arajibHy Mepeky. Y Bunaaky, koiu DER renepyroTs MeHIle, HiXk BKa3aHO
B ysromkenomy 3 MGA mpodini, Hecraua
EJIEKTPUYHOT €Heprii IMOKPUBAETHCS 13 3arajlbHOT
Mepexi. Tomi IpyTroro 3a ONTUMAIBHICTIO TTAPOI0
crpareriii  Oyne: S, ={"BAU","NPN"}. V¥

BUMAJIKY, KoK Iie HeMoxkinBo, DER crauye 3a
HENOBIAMYCK  eJeKkTpoeHeprii  (mo 1 €
«mTpagHIMY TIATeKEM, TepeadadeHM JaHUM
Mexanizmom).
Sk npukmax posriasaemo Microgrid
CHCTEMY 3 aKTUBHHM CIIO)KHUBAYeM, SIKUH Ma€e y
cBoemy posnopspkenHi CAE, Tta edekrus-
Puc. 7 HICTb pOOOTH TaKOi CHCTEMH uepe3 oleparopa
Microgrid Ha puHKY €JIeKTpUYHOI eHeprii.
BpaxoByroun Benmmkuit maianmazon qo6osux 1iH Ha PJIH (puc. 8 [13]), 3a oOpanmii s po3paxyHKy
yac — ceprneHb 2021 poky — ominumo MoxmBicth CAE mns peamizamii crparerii «DSM», a came,
3apspKaHHS 110 HAWHYDKYIH [iHI HA pUHKY Ta PO3PsKaHHS HOTO y MKOBI MEpiojH 1Mo caMii BUCOKIH I1iHI Ha
PHHKY.
JIJis IbOTO MOPaxy€eMo HOro poOOTy y IpOIeCi HAKOMUYEHHS €JICKTPUYHOI Heprii B HIYHI TOJUHU
Jn00M Ta BiAIyCKy y IEpioJl BEUipHbOTO MaKCHMYyMY.
Y o0panmoMy Tmepiomi g 3amaHOl CHCTEMH Yy TaONHWIll HAaBEACHO pe3yJbTaTH PO3PaxXyHKY
mozemoBanHs crpaterii «DSM» mins CAE Bmnpomomx Micsisgs uepe3 omepatopa Microgrid (MARR
OCTaHHBOTO Yy  PO3paxyHKax
npuitHATo 3a 10%), Mo cBiqunuThH
PO EKOHOMIUHY JOUUIBHICTH
yuacti CAE y poboti puHKY
EIeKTPUYHOI  €Heprii  aHiK
3a0e3MedeHHs BJIACHUX MOTpEO.
OcTaHHE HarJSAHO  UTIOCTPYE
JNOLUIBHICTG — peamizauii  onTH-
MaJIbHOT napu cTparerii
Si ={"DSM ","B"} Ha TPHKIaI

THITY TPaBIiB «lg».
Puc. 8
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Ipu peanizauii crparerii «DSM» CAE npu B3aemoii 3 Arperarop CAE Beroro
arperatopoM Microgrid: Microgrid

KinpkicTs mUKITIB 3apsimy/po3psny 3a nepion ceprens 2021 31 31
3aranbHi BUTPATH 3 YCIX OUKIIB 3apsKaHHs, TPH -145596 | -145596
3aranbHa BUPYYKa 3 YCIX IIMKIIB PO3PSKAHHS, I'PH 797 387 797 387
[Norenuiitanit noxin, rpH 65179 586 611 651 790
Jloxiz i3 0OJJTHOTO IUKITY 2102 18 923 21025

BucnoBku. 3a pe3ynbraTamH JIOCTIIDKEHHS (OPMAai30oBaHO MEXaHi3M B3a€MOJIIi TeHEPYBaTbHUX
ycraHoBoK PI' ta CAE Ttpwox TumiB: «HekepoBani renepyBanpHi ycranoBku PI' (T1)», «Keposani
rerHepyBanbHi ycTtanoBku PI' (T2)» ta «Cuctemn akymymroBanHs eHeprii (T3)» 3 arperatopom/onepaTtopoM
Microgrid. Moro ocoGmuBicTIo € Te, IO BiH Jae 3MOTY BpaxXyBaTH MapaMeTpH (yHKI[IOHYBAHHS Ta PEKUMH
po6otu pizHotunHux mxepen PI° ta CAE Ha nmepmmx aBox eramnax, konu BaacHuku PI'/CAE noBigomisiioTs
arperatropy CBOi TUIIM, a arperatop B CBOIO uYepry oOHpae Uil HUX cTparerii poOOoTH, KOTpi MPHUHECYTh
HaWOULTBIIIy BUTOMY M yCiX cTopiH. Ha TperhoMy Ta deTBepTOMYy eTarli BiIOyBa€ThCS MPHUBEACHHS
Y3rO/DKEHUX CTpaTeriii 10 (pakTHYHUX YMOB IIUIIXOM MOXKIIMBOTO JIOJATKOBOTO 3a0XOUYEHHS (HapaxyBaHHS
JOJAaTKOBUX OOHYCHHMX IIATEXIB Ta BiJpaxyBaHHS ITpadiB) A TeHEpyBabHUX YCTAHOBOK Pi3HOTO THILY.
Takum dYWMHOM, MaHWA MeEXaHI3M CIOHYKAa€ YCiX TpaBIliB 1O ONTHMaIbHOI B3aeMOMii 3 arpera-
TopoM/onepatopoM Microgrid 3amis MakcuMizamii BJIaCHOTO BHTpailly, IO HE CYNEpPeYuTh CTparterii
OTPUMaHHS MaKCHUMaJbHOTO NpUOYTKy arperaropm/onepatopom Microgrid. HaBenmeni pesyibraTu
MOJICTIOBaHHS IATBEP/DKYIOTh ONTHUMANBHICTH crpareriii S={“DSM”,“B”} arperaTtopa Ta BIacHHUKIB
PI'/CAE, ockinbku ix peamizallis € piBHOBaroro 3a Hemewm mns xoxkuaoro tumy PI/CAE y pasi B3aemomii 3
arperatropoM. UYHWCIIOBI pO3paxyHKH iUTIOCTPYIOTH pe3yibTaT poOOTH 3alpONOHOBAHOTO MEXaHi3My Ha
MIPUKIIAJI peaizamii ONTHMaIbHUX CTPATETii B3a€MOJIiT arperaTopa Ta THITY TpaBIliB i € Ts.

3 ypaxyBaHHSM OTPHMAaHHX PE3YJIBTATIB 3alPOIIOHOBAHUN MEXaHi3M MOXKE OyTH BIPOBAIDKEHUHN y
paMKax peaizalii TiIaHy 3aXo/iB o0 pearnizanii Konneniii BnpoBapkeHHS “po3yMHUX Mepex” B YKpaiHi
mo 2035 poxy mpu moOyaoBi Microgrid cucteM 3amns miaBuieHHs HafiiiHocTi EM  Ta  skocrti
€JICKTPOITOCTaYaHHs 32 yMOBH, 10 Bci mkepena PI' Tta BmacHnkun CAE 3MOXyTh MpoNaBaTH 3reHEPOBAHY
eJICKTPUYHOT SHEePTii JiMilie uepe3 oneparopa/arperatopa Microgrid.
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The Problems of integration of DG and RES, as well as energy storage systems (ESS) in the Microgrid systems are
investigated in this paper. It is proposed to consider Microgrid models of systems with different types of DG and RES (DER)
within the framework of the SGAM architecture, and to distinguish three types of DG and ESS: " Non controllable DER (T1)",
"Controllable DER (T2)" and "DER with storage systems (T3)" with further division into subtypes. This method makes it
possible to display the multifaceted interaction of systems with DER and ESS within the framework of Microgrid systems. On
the basis of the proposed mechanism, the formulation of the problem of optimal interaction of DG sources and ESS within the
boundaries of Microgrid systems within the framework of game theory is formalized. An optimization procedure is proposed
within the framework of a formalized game, which is based on mechanisms of dynamic pricing and allows to find the most
optimal solutions for the game task. References 13, Figures 8, table 1.

Key words: Microgrid, distributed generation, , optimization of system models with BG, game theory.
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HIABUIIEHHSA TOYHOCTI BATATO®AKTOPHUX KOPOTKOCTPOKOBHUX ITPOTrHO3IB
TEHEPAIII COHSIYHUX EJEKTPOCTAHIIIN HA OCHOBI
IITYYHOI HEMPOHHOI MEPEXKI
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Cmammio npucesaueHo po3eumky mooeiel NpPOSHO3Y8AHHS GIONYCKY eNeKMpOeHep2ii NPOMUCTOBUMU COHSIYHUMU
€eKMPOCMAHYIAMU HA OCHOBI WIMYYHUX HEUPOHHUX Mepedc Ma GUKOPUCMAHHS HUCTI08020 HNPOSHO3Y HNO200U.
AxmyanvHicmb 00CHIONCEHHST 00YMOBIEHA HeOOXIOHICIIO 3MEHUEHHs. BUMPAN, NOG'A3AHUX 3 HeOANAHCaMu GUPOOHUKIB
3 gionosmosanux oxcepen enepaii (BIE), sxi inodi caeaiomv 50% eionyujenoi enekmpoenepeii, a maxodic 3p0CmaHtsm
Hebanaucie makux eupobrnuxie ¢ OEC Yipainu. 3acanvhi nebanancu supobnuxis 3 B/[E cb0200Hi 3yM061eHI NAOIHHAM
Ha 45% eupoOHuymea 3enenoi erekmpoenepeii, 30Kkpema i GHACAIOOK MO020, WO V NIBOEHHUX | NIBOEHHO-CXIOHUX
pezionax 6011086 0ii nowikoounu abo 3uuwunu 15% eimposux erexkmpocmanyiti i 15 % conaunux cmanyii. Iliosuwenns
mounocmi ma cmabitbHOCmi NPOCHO3Y8ANHSL GIONYCKY eleKMmpOeHep2ii MakuMu 6UPOOHUKAMU MONCYMb 3HAYHO
cKkopomumu umpamu Ha Hebdanancu. Po3pobneno pisni memoou acpezayii ona 15-xeununnux sHayeno eupooOneHHs
3enenoi enepeil, wob nidsuwumu mounicme npocroszysanns 0as 1, 2 ma 24-200unnux inwmepsanis. J{ocniodceno
nomeHyitini nepegazu GUKOPUCIAHHA 3HAYEeHb 4ucno6o2o npoeno3y nozoou (NWP) saons nidsuwenns mounocmi
npoerosy. IIpoananizoeano 6niue 306HIWHIX Gaxmopié HA MOYHICMb NPOSHO3I8 3 PI3HOI0 2ubuHowl. Y npoyeci
O00CNIONCEHHST BUKOPUCTNOBYBANUC 08I CYYACHI MoOeni pexkypenmnoi Hetponnoi mepesci, LSTM i GRU, 3 pisnumu
yacosumu nocriooswocmsamu. bion. 14, puc. 5, Tadu. 2.

Knrwowuoei cnoea: KOpOTKOCTPOKOBE IPOTHO3YBAaHHS, HEHPOHHI MeEpeXi, PEeKYpeHTHI HEHPOHHI Mepexi, COHSIYHI
enekrpoctanii, CEC.

BeTyn. 3aranpHa MOTYXKHICTE BCIX 00'€KTIB «3€JIEHOT» €HEpreTHKH YKpaiHu Ha modaTtok 2022 poky
caruyna 9,6 I'Bt, y Ttomy umcni mpommcnoBi consuni enextpocranmii (CEC) — 6,4 I'Bt, BiTposi
enekrpocrannii (BEC) — 1,7 I'Br. binbmricte mpoMHCIOBHX €JIEKTPOCTAHIIH 3 BiTHOBIIOBAHUX JDKEPET
eneprii (BJE), a came mo 60% CEC Ta monan 85% BEC 3ocepemkeHi y miBAEHHUX Ta MiBICHHO-CXITHAX
obmactsix YkpaiHu, e Hapasi BiIOyBalOTbCsl aKTUBHI 00HOBI [ii, uepe3 1mo omm3bko 75% (1,3 I'Bt) BEC Ta
15% (1 I'Bt) CEC 3HumieHo, momkomKeHO abo 3HaXOAAThCA Mia okymamiero. Biarak, y 2022 pomi B
EHEepreTHYHy CUCTeMY YKpaiHu MocTaBlieHo Juie 7,6 mupa kBt-rox 3amicte 13,6 mupa kB1-Tog «3emeHoi»
eJIeKTpOeHeprii, TOOTO maKiHHA BUpoOHUIITBA enekTpoeHeprii 3 BIE ckiane 6mu3pko 45%.

Takoxk, BaXJIMBUM MHUTAHHSAM € MOJCJTIOBaHHS HOPMAJIBHHX Ta aHOMAIBHUX PEXHUMIB POOOTH
€HEeProcUCTEMU B YMOBAaX BHMYILICHOT 3MiHM TOIOJIOTil Mepexi Ta aBapiiiHOrO BiIKJIIOUEHHS I'€HEPYIYOro
obomamnanas TEC [1]. Ha momauy mo croxactmyHoro xapakrepy renepamii 3 BJIE momiOHi edextn
CTBOPIOIOTH JIOJJATKOBY HEBH3HAYEHICTh CTOCOBHO Mal0yTHIX MapaMeTpiB Pe:KUMY POOOTH €HEPrOCUCTEMHU.
Tomy BpaxyBanHsi mporHo3iB oOcsry reHepauii CEC € HeoOXimHOIO YMOBOIO IIifi 4Yac pO3pOOKH
kBasianHamigaoi mojsenmi OEC VYkpaiam [2]. Jns BupoOHukiB emextpuyHoi eHeprii 3 CEC mnwuraHHS
3HW)KEHHsSI BUTpAT, MOB’SA3aHUX 3 HeOalaHcaMH, € BKpail akTyalbHUM. 3a gAaHuMH Acoriamii COHSYHOI
EHEepreTHKH YKpaiHu B Jeski Micsui 2022 poky BUTpaTH Ha NOKPHUTTS HeOanaHciB csiranu 50% Bix BapTOCTi
BIJIMYIIIEHOI eleKTpoeHeprii. BrockoraneHHs: Mo/ieneil Ta MeTo/IiB MporHo3yBaHHs o0csriB rereparii CEC
JIACTh 3MOTY CYTTEBO 3HM3WUTH JIaHI BUTPATH. 3TiTHO YMHHOTO 3aKOHOJABCTBA IS YYAaCHHKIB OamaHCy090i
rpymu Il «[apaHToBaHMi MOKyIelb» BiANOBINANBHICTE 3a HeOaJaHCH HACTae y pas3l BiIXWUIEHHS
(haktnuynaOi TeHepanii Big mporHody Ha 5% mist CEC ta Ha 10% mms BEC. CranHmii 3 BcTaHOBIEHOIO
noTyXHicTio Bume 1 MBT BiImIKOIOBYIOTH TMOBHY BapTicTe BuTpar, aki Hece JII «["apanToBanuit
MOKYIELb)» Yepe3 BperyTIOBaHHA iXHiX HeOaTaHCIB.

Merto10 cTaTTi € aHami3 pe3yJbTaTiB BHUKOPHUCTaHHS 3alpONOHOBaHOI OaratodakTopHOi Mozemi
nporao3yBaHHs reHepanii CEC, mocmimkeHHs BIUIMBY METEOPOJIOTIYHUX (PaKTOPiB Ha TOUHICTH MPOTHO3Y Ta
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(hopMyBaHHS peKOMEHAIIi} MO0 MiABUINEHHS TOYHOCTI KOPOTKOCTPOKOBHX MporHo3iB reHepanii CEC Ha
OCHOBI BUKOHAHUX JOCIIIKEHD.
3anmsa po3poOku MoJeni Ta oUiHoBaHHA i1 eekTuBHOCTI Oyno Bukopucrano aaHi CEC. po3mimeHux
B Kurai [3, 4,] 3 auckperHicTio B 15 xBunmH. 11 KOXKHOI CTaHIil HaBEJCHO 3HAYEHHS METEOPOJIOTIYHUX
(hakTOpiB, a caMe: TIOBHE COHSYHE BHIpoMiHIOBaHHS (nwp globalirrad), mpsiMe cOHsYHE BHIPOMIHIOBAHHS
(nwp_directirrad), Temmneparypy moBiTps (nwp temperature), Bojoricte (nwp humidity), MmBHIKICTH
(nwp_windspeed) Ta HampsMok Bitpy (nwp winddirection), Tuck (nwp pressure). I[Hdopmariis mnpo
METEOPOJIOTIUHI (paKTOpH OTPUMAHO 3a JOIIOMOTOI0 YHCIOBOTO MPOTHO3Y moroau (nwp, numerical weather
prediction). Jlani mpo Mereoponoriuni (hakTOpu Ta TeHEpaLilo NpPeACTABIEHO y BUIIAmi Matpumi [ .
JlomaTkoBO BBEJCHO 3MiHHY, siKa BimoOpakae yac jo6u. CraHIlii cTallioHapHOTO THUMY, 0€3 BIICTEKECHHS
ONTUMAPHOTO KyTa HaXWITy.
Ha pumc. 1 300pakeHO «TEIUIOBY KapTy» MATPHUIll KOpEAIid TeHepallii, dacy mobm Ta
MeTeopoJioriuHux (akropiB. Yum CBITHIIKEN Kostip THM Omkde 3Ha4eHHsS KoedimieHTy kopemsuii [lipcona
hi(s) I. PozpaxyHoxk
MAaTPHUIll KOPENSIii odi-
KyBaHO TIIOKa3aB  Haii-
BUIIMH pIBEHb B3aEMO-
3B’SI3Ky MK COHSYHHM
BUIIPOMIHIOBAaHHSIM Ha
MOTYXKHICTh ~ TeHepaii.
3HauyHAa ~ AHTUKOPEIISIis
MDK YacoM Ta HaBaHTa-

JKEHHAM MOSICHIOETHCS
OCOOJIMBICTIO  KOJTyBaHHS
3MiHHOT qacy. B

MOJJANILIIOMY 3MiHHY TIpSi-
MOTO COHSIYHOT'O BHIIPO-
MiHIOBaHHS OyJI0 BUKIIIO-
YeHO 3 aHam3y Ta He
BpaxoBaHO B  MOJET,
OCKIIBKM BOHA € CKJIaJo-
BOIO TIOBHOTO COHSIYHOTO
BHITPOMIHIOBaHHS, 1110
MiATBEPKYETHCS 3HAUCH-
- HAM Kopensnii OMM3bKuM
Puc. 1. no 1. Ilepen Bukopuc-
TaHHSAM 3HAaYCHHS METEO-
ponoriyanX (paxTopiB OyII0 cTaHAAPTHIOBAHO
7, =(x;-m)/s;, ie (1.k), je(l.1), (1)
Ie Xij — I-il eleMeHT j-oro CToBOLs; M — cepeaHe apu(METHYHE 3HAUCHHS BUIIAJKOBOI BEIMYMHH |; Sj —
CTaHJapTHE BiIXMJICHHS BHIIAJKOBOI BEIUYHHH j.
3HavueHHS TIOTYXXHOCTI TaKOXX MAacIiTaOyeThCs BiIHOCHO BCTAHOBJIEGHOI IOTY)KHOCTI, TOOTO
MPOTHO3HOIO BEJTMYUHOIO € KOe(il[ieHT BUKOPUCTAHHS MOTYKHOCTI. Takuii miaxia Jae 3MOry MpUIIBHALINTH
MpoIleC HaBYaHHS HEHPOHHOI Mepexi, MiABHIMUTH pOOaCTHICTh MO, OCKIIbKH 32 (YHKII0 MOXKHA
BHKOPHUCTOBYBATH JIOTICTHYHY cHUTMOimy. IIporHo3yBaHHsS KOedillieHTy BHKOPHCTAHHS TOTYKHOCTI Hamae
MOXIIMBOCTI BUKOPHCTOBYBAaTH HEWPOHHY MEpEKy, HaBUCHY Ha JaHWUX ONHI€T CTaHIIii, UIsl MPOTHO3YBaHHS
reHepanii iHmoi cranmii. lonatkoBo 00’emHanHs maHux 3 pisHuX CEC 3amig po3mmpeHHs HaBYaabHOI
BHOIPKH JTa€ MOXJIMBICTH MIABUIIUTH TOYHICTH IMPOTHO3IB IJIA CTAHIIIH, SKi MPAMIOIOTh BITHOCHO HEIOBTO
a00 TIIBKH 3aITy CTHUITUCS.
Jlnst BXOAy B Mepexy AaHi Oyjo TpaHC(OPMOBaHO Y TPUBHMIpHUIA TeH30p (N, S, K), e N — KiIBKICTh
CIIOCTEPEKEHb, S — KUIBKICTh YaCOBHX MOCTIJOBHOCTEH, K — KiNbKIiCTh (DaKTOpiB y KOXKHIM dYacoBiit
MOCITiJOBHOCTI. 3a OILIHKY MOXUOKH MPOTHO3Y BUKOPHUCTOBYETHCS BEJTMYHHA

RSMEp = "ME | 5094, )
p
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ne RMSE — cepenabokBagpaTtudHa noxubdka, MBT; P — BcTraHoBIIeHa TOTYXHICTH cTaHIlii, MBT.

TouHicTh B TAKOMY BUTIIAJIKY MOKe OyTH BupakeHa sik | — RMSEp/100.

BararogakTopHa Moaesb 1Jsi KOPOTKOCTPOKOBOro nmporHodyBannsi retepanii CEC na 0asi
PEKYPEeHTHOI HeHpoHHOI Mepe:ki. 3 HAOyTTAM MOIMYJISIPHOCTI TEOPil MAIIMHHOTO HABYAHHSA PO3POOIEHO

Puc. 2

IOCHTh OaraTo Mojenei mis mporHo3yBaHHs reHeparlii CEC Ha
OCHOBI ITy4HHX HeWpoHHHX Mepex (HM). B pobGoti [5]
3allpONIOHOBAHO TiOpHIHY MOJeNb, siKka BKIoYae eaemMeHTH HM
Ta KJIaCHYHOI aBToperpeciiiHoi mozem. B [6] pesynbratn
MPOTHO3Y JIEKLIbKOX HEHPOHHUX MEPEX TIMOMHHOTO HABYAHHS
MOPIBHIOIOTBCS 3 MPOTHO3aMH, OTPHUMAaHUMH 32 JIOTIOMOTOIO
MatemaTnyHoi ¢iznunoi mozmeni CEC, sika BimoOpaxkae ¢izuky
mporiecy. Jlas TOpIiBHAHHA BUKOpHUCTANIHM 0OaraToONIapOBHA
nepuentpod, LSTM-momens, DBN, Auto-LSTM Ta sk
MaTeMaTuuHy wmogenb — P-PVFM. Meroan rinmnOuHHOTO
HaBYaHHA ITOKa3aJIi Kpallli pe3ylbTaT y MopiBHAHHI 3 P-PVFM.
B [7] nmocmmxyBamacs  e(EKTHBHICTH  3aCTOCYBaHHS
HaNUTONIUPEHINIMX Ha MPAKTUI[l METOIB MAIlMHHOTO HAaBYaHHS,
a came OararomapoBOro NEpPCENTPOHY Ta TIPaJi€HTHOTO
oyctuary (LightGBM). B [8] 3ampomoHOBaHO apXiTeKTypy
ITYy4YHOI HEHPOHHOI Mepeki TIUOMHHOTO HaBYaHHS IS
nporaozyBanHs rTeHepanii CEC (eResNet) 3 BukopucTaHHIM
MOJYJIiB  aBTOKOXYBaHHS 3  OOXiAHMUMH  3’€THAHHIMH.
3anporoHoBada HM TOpIBHIOETECSA 3 KIACHIHUMH METOIaMH
NPOTHO3YBAaHHA  YacOBUX  psfiB.  AHami3  pe3yJbTaTiB
JOCTIDKEHHS TIOKa3ye, 110 noxubka nmporHody eResNet € 3HauHO
HIDKYOI0, HIXK TOXHMOKA KJITACUYHUX MOJIEJICH.

st mporHo3yBaHHS OyJ0 BHKOPHCTaHO JBa THIH
HEHPOHHUX Mepex 3 pekypeHTHumH mapamu GRU [9, 10] Ta
LSTM [11, 12]. B ob6ox Mepekax Iiclii PeKypeHTHOTO IIapy
MIOCITIIOBHO e JBa MIapw JIiHIIHHOI Tpanchopmarii, 3’ €THaAHIX
MiX cO00I0 uepe3 QYHKIiI0 akTUBaIil TinmepOOoJiYHUA TaHTEHC.
Buxonom HelpoHHHX Mepex € (yHKLif JIOTICTUYHOI CirmMoinu.
«HaBuanHs» mnpoBoauiocs Bhpoaorx 100 emox aaropuTMom
ontumizanii ADAM 3 kpoxom HaBuanHa 0.001. Ha pumc. 2
HaBeIeHO cxeMy HelpoHHOI Mepexi Ha 6a3i GRU, nammcanoi
MOBOK TporpamyBaHHsS Python 3 BUKOpHUCTaHHSIM TMaKeTy
Pytorch.

Crpykrypa LSTM-Mepexi nyke cxoxka Ha peKypEeHTHY,
aJle 3aMiCTh OJHOTO LIapy HEHPOHHOI MEpEeXi € LIIMX YOTHPH,

AKi B3a€MOJIIOTH MK COOOI0 TIEBHUM YHMHOM. BiAmoBimHO, meTanbHUi MpoIrec po3paxyHKy MOYHMHAETHCS 3
BUOOpY iH(pOpMaLlii, IKy MOXKHA 3aMiHUTH 3TiJHO YMOB CHUTMOIJHOTO mapy (abo map QinbTpy 3a0yBaHHs:),
o onucanuid piBHAHHAM (3). [Ticyis yoro HacTynHu# map BU3HAYa€ 3HAUEHHS, SIKi TOTPiOHO 0OHOBHTH (4), 1

Oynye Bektop 3HadeHb C_, sIKMH MOXXHa nojaté B cTaH KoMipk# (5). IToTiM HeoOXigHO 3aMiHUTU CTapuid

ctaH koMipku C

-1

Ha HoBui C_ y BiamoBigHOCTI 10 piBHAHHA (6). OcTaHHIN KPOK MOJIATa€E B PO3PAXyHKY

BUX1/THOT iH(OpMAIIii 32 JOITOMOTO0 JeKiIbKOX QiIbTpiB (7, 8).

f.=o(W, [h_.x]+b), 3)
i, =c(W,-[h_.x]+b), 4)
C, =tanh(W,-[h_.,x.]+b,), (5)
C.=f-C_+i-C, (6)
o, =a(W,-[h,_.x.]+h,), (7)
h. =o_-tanh(C)), ®
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ne ¢ — akrtuBariina dynxiis; Wy, Wi, W, W, — Barosi koeirtientu; by, b, be, b, — koedimientn 3cyBy; X, —
BXifHi maHi; h.;, h, — nporHo3Hi 3HaveHHS; CT — BekTop Kopekuii komipku mam’sti; C, C_, — cran
KOMIpKH TaM’siTi; [-,-] — onepauist KonkaTeHauyii.

Bekropu mam’sti (C) Ta Buxim LSTM mnomepeansoro kpoky (h) iHII[iamdi3ylOThCsi HYJIbOBHUMH
3HAYCHHSIMM Ha KOXXHOMY KpOIll HPOTHO3yBaHHS X.. Bekrop Ci MPEJCTARIIIE HOBHH BapiaHT 3HAYEHb

mam’saTi, a BekTopH fi Ta i; perymolTs CTYIiHb OHOBIEHHS BEKTOPY IaM’sITi HOBUMH 3HAUYEHHSIMH. 3a
paxyHOK Toro, 1110 3HadeHus Wi, W; i by, bj orfiHroroTecst B mporieci HaBuaHHS, HEWPOHHA MEPEKa PETYITIOE
JuHamiKy oHoBlieHHs C ONTHUMaJdbHAM YHHOM 3 TOYKM 30py MiHiMizamii ¢yskuii BTpar. Kpim Toro,
HASBHICTH BEKTOPY IaM’STi 1a€ 3MOTy 3MEHIIUTH €(PEeKT pO3MHUTTA ad0 BUOYXY TpaJi€HTy Yy pa3i 3BOPOTHOTO
PO3MOBCIOIKCHHS TIOXUOKH, 110 HApsAAY 3 BUKOPUCTAHHSIM OOXiIHOTO 3’€JHAHHS, SKE 3rIaKye MOBEPXHIO
NOXUOKM HEHPOHHOI MepeXi, CYTTEBO MPUCKOPIOE HABYAHHS Ta Ja€ 3MOTY JOCSTTH MEHIIO! MOXHUOKH
IPOTHO3YBaHHS.

B cBoto uepry GRU Binpi3HsA€TbCS MEHINOK KUTBKICTIO MAaTPHUIh Baropux kKoedimieHTis — 3 npotu 4
y LSTM.

f.=c(W, -[h_.x]+b), ©)
i, =o(W-[h_.x]+b), (10)
h, =tanh (W, -[i,0 h_,x.]+b,). (11)
h,=f0h+(1-f)0h_, (12)

ne [J — omeparrist moeJIeMEHTHOTO MHOKEHHS.

[IporaosyBaHHs IPOBOAMIOCS 3 TOPU3OHTOM
ynepemkenns (At) Ha 15 xB, 2 roaunu Ta 24 roauHu.
Hns tpeHyBanHs Oyjio B3sato 70% maHuX 3 KiHIA
YepBHsI [0 MOYATOK Oepe3Hs HACTYNMHOTO POKY, a B
TECTOBi BHOIpIi BHKOPHCTAHO NaHi 3 Oepe3Hs o
cepennHy  4YepBHA. Jlng  KOXXHOTO  BapiaHTy
PEKYpEeHTHOro Imapy OymyBajiocsi YOTHPH BapiaHTH
HelipoMepexi,  AKi  BiAPI3HAIHMCA  TIIMOMHOIO
MepeaicTopii, MO BHUKOPHCTOBYBaJacsi AJs OJHOTO
KpPOKY MIPOTHO3YBaHHS (KiNBKicTh 4acOBUX
nmociigoBHOCTEH). MeTeoponoriyai (akTOpH TaKOK
OepyThCcsl 3 JIarOM BIJIHOCHO IPOTHO3HOI T'OJUHH.
TakuM YHHOM MOJENIOEThCS CUTYyallis, B SKii
HEJOCTYITHI IPOTHO3U METEOPOJIOTIYHIX (haKTOPIB.

IIporHO3M 3 yIepemKeHHIM 15 XB MOXYTh
OyTH BUKOpHCTaHI AMCHETYEPCHKUMH CIYKOaMHu Ta
cucteMamu KepyBaHHS oOmexenHsmu BJIE. Takox
aHi  TPOTHO3M  HEOOXimHI UISI  TOMAJIBIIOTO
JIOCHIJDKEHHS TEMIIIB Jierpaaantii TOYHOCTI
MPOTHO3YBaHHA 31 3017BIIEHHSAM TOpU30HTY. Kpim
L[bOT'0, IPOBOAMIIOCS IPOrHO3YBAaHHS 3 TOPU30HTAMU
2 rox abo 8 KpOKiB (aKTyallbHO TSI pOOOTH B paMKax
BHYTpPIIHBOA0O0OBOTO pHHKY) Ta 24 Toxm abo 96
KpOKiB (7151 poOOTH B PHHKY «Ha 100y Hamepeny). Ha
puC. 3 HaBEACGHO PO3MOIIT IMOXMOKHA IPOTHO3IB B
3aJIeKHOCTI BiJl TOPH30HTY MPOTHO3YBaHHsA. PHCYyHOK IpeacTaBiisie KOpOOKOBY Aiarpamy po3moily moxuOok
monenei. JIiHig B cepeluHi MpSAMOKYTHHKA BiJIOBi/Ia€ Me[laHHOMY 3HAUYEHHIO, HIDKHS TPaHb MPSIMOKYTHUKA
BCTaHOBJICHA Ha PIiBHI 3HaueHHs | KBapTWIIA PO3IMOJLNTY, BEPXHS I'paHb BCTAHOBIICHA HA PIBHI 3HAYCHHS 3
KBapTWIO. Pi3HMIS M 3HadeHHsAMH | Ta 3 KBapTWIIs Ha3MBa€TbCs MiDKKBapTHiIbHOW BiactanHio (IQR).
«Byca» BCTaHOBIIEHO Ha PiBHI MaKCHMAaJILHOTO Ta MiHIMAJLHOTO 3HAYEeHHS, SKi JiexkaTs B Mexax 1.5*IQR.
Toukamu MO3HaYE€HO aHOMAJIbHI 3HAYEHHS, AKi Oimbmi/menmi 3a 1.5*¥IQR.

Puc 3.
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OuikyBaHO, 10 32 30UIBIICHHS TOPU30HTY MPOTHO3YBaHHSA 30UTBIIYETHCS MOXHOKA Ta JUCIEPCIS
NOXWOKHM, 10 BKa3ye Ha 3HIKECHHS cTabinpHOCTI mporHosiB. Illkama wacy Ha JaHOMY Ta HACTYyIHHX
pucyHkax e nmorapudmiunoro. Lle o3Havae, mo B OLIBIIOCTI BUMAJKIB Mae Miclie epekT HacHuYeHHS Ta 3a
HO/IAJIBIIOTO 301IbIICHHS TOPU30HTY ITPOTHO3YBAaHHS IIBUIKICTH 3pOCTaHHS MMOXUOKH Oy/1e MEHIIOIO.

B Tabm. 1 BHKOPHCTOBYIOTHCSI HACTYIIHI ITO-

Tgﬁﬂ"“;[iﬂeﬂb N Errorl Error2 3HaueHHs: G — TOPW3OHT MporHo3yBaHHs, rom; N —
20 292 230 KIIBKICTh acoBUX HOCHiL[(?BHOCTe.IZ; Errorl — moxubka
10 915 R.46 MIpY arperyBaHHI MporHo3iB (Bapiant 1), %; Error2 —
GRU 7 874 846 noxuOKa IpH arperyBaHHi JaHuX (Bapiant 2), %.
3 3.66 854 Hns OinbmiocTi 3amad yHOpaBIiHHS EHEPro-
2 20 841 353 CHCTEMOIO Ta poOOTH Ha ONTOBOMY PHHKY HEOOXimHI
10 8.30 8.84 TIOI'OANHHI1 3HA4YCHHA IIPOrHO31B reHepam'l' Ta
LST™M 7 8.82 8.59 cnoxkuBaHHs [13]. 3a HasBHOCTI JaHMX 3 MEHILIOIO
5 7.27 8.11 IUCKPETHICTIO € JeKiTbKa BapiaHTIB  IXHBOTO
20 9.59 9.05 arperyBanus. BapianT 1 o3Hauae moOymoBy MoJieIi Ha
GRU 10 9.67 8.41 maHux 3 15 xB I[I/ICIlcpeTHiCTIO 3 MOJAJbIINM grpery-
7 9.09 9.38 BaHHSM pe3yJbTaTiB TPOTHO3yBaHHA. Bapiant 2
24 5 9.56 8.85 nojsirac B arperaiii BXIJIHUX JaHUX Ta MOOYJIOBi
20 9.62 8.96 MOJIeNli Ha JaHWX 3 JUCKpeTHicTio 1 rom. 3a Takoro
LSTM 10 10.13 8.94 MiIXOMy 3HAYEHHS METEOpOJNOTriuHuX  (aKTOpiB
7 10.05 8.64 yCepenHIOThCcA. B paMkax [OaHOTO IOCHIKEHHS
5 944 8.85 BUKOPUCTOBYEThbCS iH(MOpMalis IMIOJA0 MOTY>KHOCTI

reHeparii, ToMy IpH arperyBaHHi ii 3HaueHHS TaKOX yCEepeIHIOIOThCA.

B Ta6mn. 1 HaBeneHo moxuOKu 000X BapiaHTIB IJIs1 TECTOBOI BUOIpKH AaHuX. 11 000X TOPU30HTIB (2
Ta 24 roa) cepeaHs MOXWOKA MPOTHO3Y MpH arperaiii pe3ynbrariB (BapianT 1) BUSBHIACS BHIIOIO, HiX
noxuOKa MPOTHO3Y Ha arperoBaHux NaHux (Bapiant 2). [Ipu mpomy MiHIManbHOI MOXUOKH MPOTHO3Y JUIS
TOPU30HTY 2 TOA JOCATHYTO TIPW arperyBaHHI MPOTrHO3iB (BapiaHT 1). 3aramom MoKHa 3pOOWTH BHCHOBOK,
IO arperyBaHHs JaHUX JI0 TOAMHHOI JUCKPETHOCTI 3 MOCIIIyFOUYUM MPOTHO3YBAHHSIM Ja€ HUKUIY MOXHOKY
MIPOTHO3Y, HIX arperarisi IporHo3iB 3 15 XB JUCKPETHICTIO, 0COOIMBO I NPOTHO3YBaHHA Ha 24 TOUHH.

BukopuctaHHsi IPOrHo3HUX 3Ha4YeHb MeTeodakTopiB. Ha pasi qocTyn 10 pe3ynbTaTiB UHCIOBHX
NPOTHO3iB IOrOAM € MMPOKOAOCTYIHHM MPAKTHYHO I OyIb-AKOrO perioHy cBiTy. Moro HasBHICTH
MMOBHHHA CYTTEBO MOKPAIIUTH MPOTHO3W T€HEpaIlii y MOPIBHIHHI 3 BUKOPUCTAHHAM (DAaKTUIHHUX TAHUX, SKi
JO0 TOTO X HaAXoJATh 3 3aTpuMKo0 [14]. Cy4acHi cHCTEeMH YMCIIOBOTO MPOTHO3YBaHHs MOTOJH MOXYTh
HaJaBaTH JaHi 3 TUCKPETHICTIO BiA 5 XB 3 TOPU30HTOM 10 14 116 3 4acTOTOI0 OHOBIICHHA A0 5 XB.

B HacTymHHX MOJIeNsIX 3HAYCHHS 30BHIMIHIX (hakTOpiB OyJI0 B3ATO JUIs MPOrHo3HO1 roaunu (T + At),
y TIOTIEPETHIX PO3paxyHKaX BHKOPHCTOBYBAIHUCS PETPOCHEKTHBHI daHi (0 MoMmeHTy ). [HmmMm croBamu,
MOJICITFOETHCS HAsIBHICTh MPOTHO3HUX JIAHUX 3 HYJHOBOIO MOXUOKO0. Ha puc. 4 mokasaHo po3noiin moxXuoKu
NPOTHO31B HA TECTOBIH BUOIpLII.

[Iporao3u ©Oe3 nary MeTeopoJoTiYHHX (PAaKTOPIB HECYTTEBO 3MEHIIIIM MOXMOKY Ha TOPHU30HTI
NPOTHO3YBaHHSA 2 TOAWHH Ta 3HAYHO 3MEHIIWIX i Ha ropu3oHTi 24 romunu. [ns mporHozyBanHs Ha 15
XBHJIMH MOKpAaLIeHb HE BigOyJocs, 110 MOSCHIOETHCS 1HEPLIMHICTIO MeTeopojoriyaux ¢akropis. Tomy Ha
JAHOMY TIPOMDKKY Yacy CyTTEBUX 3MiH B iXHIX 3HAUEHHSIX HEMA.

Ha puc. 5 HaBeneHO pe3ynbTaTH TNPOTHO3YBAHHS TIPU arperyBaHHi JaHuWX (BapianT 2) Ta
BUKOPUCTaHHI MPOTHO3HUX 3HAYeHb METEOPONIOTiYHUX (hakTopiB. B maHOMy BHIIAJKy CYTTEBOTO 3HIKEHHS
MOXUOKH MPOTHO3Y HE CIIOCTEPITaeThCs.

Bu3HayeHHs cTyneHI0 BIUIUBY Pi3HMX (akTopiB Ha NMOXMOKY HPOrHo3y. 3aijisi BU3HAYCHHS
BXIMBOCTI (hakTopiB BUKopucTaemMo mertoq MDA (cepenHe 3HMWXeHHsS TOYHOCTi). CyThb METO/Y IOJISITAE B
TOMY, LIO TicJsl HABYaHHS MOJIEJi Ha TPEHYBaJIbHOMY HaOOpi TaHMX 3HaueHHS (HaKTOpiB B TECTOBil BUOOpII
1o 4ep3i mepeminrytoTecs abo 3aminstoTees Ha 0. Jlami po3paxoByeThcs 3HaUSHHS TMOKa3HHUKA MOXHOKM Ha
TECTOBIM BUOOPII, SKHUN TOPIBHIOETHCS 3 0a30BHUM 3HAuYCHHSIM. B JaHOMY BHMNAAKy BiJa’ €MHI 3HAYCHHS
TOBOPSATH MPO 3MEHIICHHS] TOYHOCTI, a MO3UTUBHI — Mpo 30ibieHHA. B Tabn. 2 moka3aHo CTymiHb BIUIMBY
(hakTOpiB IS KOKHOTO TOPU3OHTY MTPOTHO3YBaHH. J[J1s1 KOKHOTO JOCIiTy, BimoOpaskeHoro B TabM. 2, B3ITO
onHy HelpoHHY Mepexy GRU 3 HaltHIKY0I0 TOXUOKOO MPOTHO3Y JJISl JaHOTO TOPU30HTY .

OObuzaBa po3paxyHKH BKa3ylOTh Ha Te, L0 Y Pa3i MPOTHO3YBaHHS 3 HEBETUKUM yrepemkeHHsI M (15
XB, 2 TOJ1) HAHOIBIIUH BIIMB HA TOYHICTh CIIPUYMHAIOTH NIONIEPE/IHI 3HAUCHHs reHepauii Ta GakTop roauHu
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qo6u. Y pasi NpOrHO3yBaHHSA 3 OUIBIINM YIHEPE/KCHHAM HA TMEpeJHid TUIaH BUXOIATh 3HAYCHHS
METEOPOJIOTiUHUX (aKTOPIB, Cepell AKUX HAMOIIbIINI BILUIUB CIPUYMHSE TOBHE COHSYHE BUITPOMIHIOBAHHSI.
Brutus dakropy rouHu 100U TAKOK 3ATUAIIAETHCS CYTTEBUM.

Puc.4 Puc. 5
Taoaunsa 2
Tun I'opuzont w — w — | =7 e g —
3MiHH TIPOTHO3Y- _E § g g E g § 8 % 9::’ g g
BAHHSA S & = S, w <73 7 B2 =
.| g & & i -
o = =, < A 5 %
=3 3 = =
- 8 £
Iepemi- | 15 xBumuu | -0.22 -0.07 -0.04 0.006 -0.001 -0.03 -5.39 -1.27
[IyBAHHS
IMepemi- | 2 rogusan -0.68 -0.02 -0.03 0.007 0.019 -0.02 -1.22 -1.32
IYBaHHS
Iepemi- | 24 roguau | -1.06 -0.05 0.01 -0.04 -0.007 0.0008 -0.16 -0.87
[IYBAHHS
Hymi 15 xguwmmH | -0.18 -0.06 0.01 0.008 -0.001 -0.004 -4.03 -0.89
Hyni 2 TOIMHU -0.28 -0.02 -0.008 0.01 0.0004 -0.005 -1.06 -1.67
Hymi 24 romnan | -0.88 -0.10 -0.02 0.04 -0.06 -0.11 -0.08 -0.65

Takok, BapTO BiA3HAYMTH, IO JBa METOJM JAIOTHh Pi3HI OLIHKH BaXKJIHMBOCTI TEMIIEPATYPH MOBITPS
Ta THCKY. Y pa3i 3amiHM 3HaueHb nux QakTopiB Ha ( TOUYHICTH Majac 3HAYHO CHIBHIINE, HDK y pasi
nepeMinryBanssl. JlaHuii ¢pakT MOYKHA TTOSICHUTH THUM, IO ITiJT Yac MepEeMIITyBaHHsI HE3MIHHUM 3aJIAIIAETHCS
CepeHE 3HAYCHHS (pakTOpy. 3HAYHA 3MiHA OILIIHKM BaXKIIMBOCTI IIUX (AaKTOPIB MPH JABOX METOJAX 3aMiHU
TOBOPHUTH NPO Te, O KoedilieHT Bapiamii naHUX (aKTOPiB JOCUTH HEBENWKUH, 1 IXHE cepelHe 3HAYCHHS
CIpUYMHSIE 3HAYHO OIMBIIMK BIUIMB HA TOYHICTh, HDK iXx KonmBaHHA. lle Moxxe Oyt mOB’si3aHO 3
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JokanbHUMH ocoOimBocTaMu nanoi CEC, mo posmimieHa B perioHi, Ui SKOro HENpUTaMaHHA 3HayHA
CEe30HHA 3MiHa TeMIEPaTypH.

BucHoBku. 3a pe3ynbraTaMM BHUKOHAaHMX IOCTIKEHb MOKa3aHO, IO BUKOPHCTaHHS HEWPOHHOI
Mepexi Ha 0a3i pekyperTHoro 610Ky GRU mae 3mMory B cepelHrOMY JOCATTH HE TipIINX MOKA3HHUKIB SKOCTI
MporHo3y, HiX y pa3i Bukopuctanas LSTM. Ilpum mpoMy 3a paxyHOK MEHINOi KUTHKOCTI BaroBUX
koedinieHTiB HaBYaHHS HepoHHOT Mepexi 3 GRU morpebye MEHIIOT KiTbKOCTI O0UMCITIOBATEHUX PECYPCiB.
ArperyBaHHSl JaHUX OO TOJMHHOI TUCKPETHOCTI 3 MOCHIAYIOUMM MPOTHO3YBAaHHAM Ja€ HWXKYY MOXHOKY
MPOTHO3Y, HDXK arperamisi MpoTHO3iB 3 15 XB AMCKPETHICTIO, OCOONMBO Yy pa3i 301NbIICHHS TOPU30HTY
NPOTHO3YBaHHA. BUKOpUCTaHHS MPOTHO3HUX 3HAYEHb METEOPOJIOTIYHUX (PAKTOPIB Ja€ MOKIMBICTH CYTTEBO
3HU3UTH TMOXUOKY MPOTHO3YBaHHS, OCOOJMBO MiA Yac MPOTHO3YBAaHHA 3 TOPU30HTOM 24 roj Ta Oinblue.
BpaxoByroun BiTHOCHO HEBHCOKY BapTiCTh OTPUMAaHHS YUCJIOBHX IIPOTHO3IB MOTOJH, IXHE BUKOPUCTAHHS €
NOBHICTIO BuIpaBaanuM Jutst mpomucioBux CEC y pasi mporHo3yBaHHs Ha JAEKiJIbKa TOJUH BIIEpe/ 1 OUIbIIe.
BusnaueHo, 1mo cepeq; HasBHUX METEOPOJIOTiYHUX (PAKTOpPiB HAMOUIBIINK BIUIUB OOYMOBIIIOE MOBHE/TPsSME
coHsyHE BHUMpoMiHtoBaHHs. [1ix gac 301IbIICHAS] TOPU30HTY MPOTHO3YBAHHS BAXKJIUBICTH METCOPOJIOTITHUX
(akTopiB 3pocrae. 3a Oyb-IKOTO TOPU3OHTA MPOTHO3YBAaHHS BAKIMBUM € BHKOPHCTAaHHS iH(pOpMaLii mpo
roguny nobu. [lomepenni 3Ha4YeHHs TeHepalil MalOTh BUPILIAJBHUN BIUIMB MiA 4ac MPOTHO3YBaHHS 3
TOPU30HTaMHU 10 NEKUIBKOX TOOWH, a BXKE€ IiJ Yac MPOTHO3YBaHHA Ha 24 rox Bhepen ixXHIH BIUIMB Ha
TOYHICTh BITHOCHO HEBEJIMKUH 32 YMOBH BUKOPHCTAHHS METCOPOJIOTIIHIX Ta YaCOBHUX (haKTOPIB.

Pobomy eukonano 3a 61w00dcemnolo memoro «3abesnevenHs CMIUKOCMI ma HAOIHOCMI HAYIOHATLHOL
enexmpoenepzemuxu 8 ymosax cunxponnoi pobomu OEC Vkpainu 3 KOHMUHEHMAnIbHOIO €6PONEICLKOI0 eHepeemuyHoI0
cucmemoro ENTSO-E» (PEJKHUM-2), KIIKBK 6541230.

INCREASING THE ACCURACY OF SHORT-TERM FORECASTS OF PVSPP GENERATION BASED
ON ARTIFICIAL NEURAL NETWORKS AND TAKING ADDITIONAL FACTORS INTO ACCOUNT
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The paper focuses on the development of models for forecasting the electricity generation of industrial solar power
plants using artificial neural networks and numerical weather prediction. The relevance of the research is driven by the
need to reduce costs related to imbalances in electricity generation from renewable sources, which can sometimes
reach 50% of the released electricity. Additionally, the imbalances of such producers are increasing in Ukraine's power
system. Currently, the general imbalances of renewable energy producers in Ukraine have led to a 45% reduction in
green electricity production, especially due to the damage or destruction of 75% of wind power plants and 15% of solar
power plants in southern and southeastern regions as a result of hostilities. Increasing the accuracy and stability of
electricity generation forecasts for such producers could significantly reduce costs associated with imbalances..
Various aggregation methods have been developed for 15-minute values of green energy generation to enhance
forecasting accuracy for 1, 2, and 24-hour intervals. The study investigated the potential benefits of using numerical
weather prediction (NWP) forecast values to enhance forecasting accuracy. The study revealed the significance of
different factors for forecasting at each bias interval. The study employed two modern recurrent neural network models,
LSTM and GRU, with varying time sequences. References 14, figures 5, table 2.

Keywords: short-term forecasting, neural networks, recurrent neural networks, photovoltaic solar power plant, PVSPP.
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OIIIHKA PE3YJIBTATIB CHOJIYUEHHS PUHKIB EJTEKTPUYHOI EHEPTTI
HA PUHKY «HA J1OBY HAIIEPE »

€.B. Mapyc "', kany. TeHxH. HayK, B.A. €BIoKMMOB >, KaH/I. 1epK. yIIp.
" IncruryT enexrponunamikn HAH Ykpaiun,

np. bepecreiicbkuii, 56, Kuis, 03057, Ykpaina, e-mail: paruseugene@gmail.com.
% IncTuTyT npobeM MojemioBanHs B eHepreTuni im. I'.€. Ilyxosa HAH Ykpaiun,
ByJ1. 'enepasia Haymosa, 15, Kuis, 03164, Ykpaina, e-mail: ievdokimov40@gmail.com.

Poboma npucesiuena memody nonepednb020 aHaizy pe3yiomamie CHOYHeHHs PUHKIG eleKMPUYHOL eHepail y ceamenmi
PUHKY «Ha 000y Hanepeod». OOTPYHMOBAHO AKMYAIbHICMb 3a0ayi po3poOKu Memooié nonepeonboi OYiHKY pe3yibmamis
CNOYYeHHs PUHKY «HA 000y Hanepeo» YKpainu 3 €8poneiCbKUMU MINCOEPHCABHUMU OIpHCAMU eNeKMPUYHOT eHepeil.
Haseoeno meopemuyne niorpynms ons npoyedypu 8UOiieHHs OKPeMO20 306HIUHbO20 YUHHUKA, AKUL GNIUBAE HA 3MIHY
PUHKOBOI pigHO8azU, 3 MEMOIO YUCENbHOT OYIHKU 8NIUEY MAK020 YuHHUKA. OnUcano 0CHOBHI CKIA008i MAMEeMAMUYHO20
anapamy 014 NOWYKY PUHKOBOI PIBHO8A2U Y CHONYYYBAHUX PUHKAX €NeKMPUUHOT eHepaii i3 UKOPUCMAHHAM (DYHKYIl
yucmoeo excnopmy. O3naueHo 0CHO8U OfiL NOOYOOBU ANOPUMMIE NOULYKY ORMUMATbHUX piwensb. Ocobaugocmi
3aCMOCY8anHst 3anPONOHOBAHO20 MeNOJY NPOOEMOHCMPOBAHO HA NPUKIAOI AHANIZY Pe3VIbmamie CnoLyYeH s PUHKIG
enexmpuunoi enepeii Yrpainu ma Mondosu. Bidobpasiceno nioxoou 00 cmeopeHHs (QYHKYIl Yucmoeo excnopmy
Monoosu, 6 AKill YUHHA CMPYKMYPA PUHKY el1eKMPUYHOL eHepeli He nepedbauae (yHKYIOHYS8AHHS cecMenmy puUHKy "Ha
000y Haneped". Hasedeno npuxiad imimayitinozo MOOeNO8AHH NPOYeCi8 CHONYYEHHsl PUHKIG eleKmpuuHoi enepeil
Yrpainu ma Monoosu 0ns 080X Xxapaxmepuux 200uH, a MAKOIC NPUKIAO AHANIZY pe3yIbmamie iMimayiiHo2o
MOOeN08AHHA Ma NONEPeoOHiX BUCHOBKIE W000 HACNIOKI8 CHONYYeHHA DUHKI6 elekmpuyHoi eHnepeii Yxpainu ma
Monoosu. bion. 20, puc. 3.

Kntrouosi cnosa: puHOK eNEKTPUYHOI €HEPTril, pHHOK «Ha 00y Hamepem», CIIONydeHHS PUHKIB €JICKTPUYHOI eHepril,
(hyHKIII 9UCTOTO EKCIIOPTY.

Beryn. Croromni po3sutok 00’eananoi eHeprocuctemu (OEC) Ykpainu BinOyBaeTbcs B yMoOBax
CUHXPOHHOI poOoTH [1] 3 00’ €IHaHHSAM €HEeprocucTeM B KpaiHax KoHTHHeHTanbHOI €Bpor (ENTSO-E) Ta
(hyHKIIIOHYBaHHS PUHKY enekTpudHoi eHeprii [2]. [Ipomecm mopampmioi iHTErpariii puHKY €IeKTPHIHOT
eHeprii 10 3araJbHOEBPOIEHCHKOTO TICHO MOB’s3aHi i3 3alMpOBaKEHHSIM MEXaHI3MIB CIOJTYYEeHHS PHHKIB
eJIEKTPUYHOI eHepTii, 30KpeMa i Ha piBHI puHKIB «Ha n00y Hanepen» (PIH).

Ha punkax enekTpoeHeprii €BponeichbKuX KpaiH MUTaHHS PO BPaxXyBaHHS MEPEKEBUX OOMEKCHb Y
cermenTi P/IH BUpinIyeThcss BHXOISYU 13 OCOONMBOCTEH SK CTPYKTYpH BHPOOHHITBA 1 CIIOKWBAHHS
€JIEKTPOCHEPTii, TaK 1 CTPYKTYpHU €IeKTpHUYHHUX Mepex. L[i YNHHUKN 3yMOBWIIM peajti3aliio pi3HUX MiIX0/iB
[0 Ooprasizauii Ta MPOBEACHHS TOPTiB HAa PUHKAaX €JIEeKTpoeHeprii eBporeiicbkux kpain. HaBiTh B ymoBax
00’€JTHaHHS HAIliOHAJTBHUX PUHKIB €JIEKTPOeHepTii B MKHAIIOHAIBHI PUHKOBI 00’€JHaHHS BiMiHHOCTI y
mixoAax A0 opraizamii Ta MpoBEIEHHsS TOPriB HE YCYHYTi MOBHICTIO. ToMy He BTpayae aKTyallbHOCTI
mpobiieMa CTBOPEHHS €JUHOTO MeToqy abo Ha0opy METOMiB IIIHOYTBOPEHHS, IO CTaBIIATH Ha METi
00’ eHaHHS ICHYIOUMX PHUHKIB 3 ypaxyBaHHSIM TEXHOJOTIYHHUX OOMEXEHh HAa OOMIH €JIEKTPOCHEPTIEI0 MIiXK
HUMH, OCHOBOIIOJIOKHI IPUHIIMIIA peaizalii SKux BU3HaveHi B PerimamenTax €Bpomneiicbkoi Kowmicii 3, 4].
Tax chOTOJTHI €BpOIEHCHKI OTIepaTOPH PUHKY 00’ €IHaHI B €IMHY CUCTEMY, OCHOBY SIKOi BTLIIOE CIEI[ialIbHUI
AJTOPHUTM PO3paxyHKy piBHOBaXHHNX 00csriB Ta miH — EUPHEMIA [5]. Ilpu nboMy CHOTOIHI €BPOTIEHCHEKIM
3aKOHO/IaBCTBOM JIOITYCKA€THCSI YTBOPEHHS PI3HUX 30H 4M 00’€IHAHb 30H JUIS MPOLECY CHOJTYYEeHHS PUHKIB
CJIEKTPUYHOI eHeprii.

Jus YkpalHu BaXJIMBOIO 3a/ladero € TONepeAHid aHami3 HachifkKiB 00’€IHaHHS HAIiOHAIBHOTO
PHHKY €NEeKTPUYHOI eHeprii 3 CyCigHIMH €BPONMEHCHKMMHU KpaiHaMH B YacTHHI BH3HAYEHHS MOXKJIMBHX
00CSTriB IMIIOPTY Ta €KCIOPTY €JIEKTPUYHOI eHeprii, B3aeMHOI0 BIUIMBY CIOJY4YyBaHHX PHHKIB Ha IiHU B
HUX, TIOTICpEOHIA aHalli3 MpaBHJ TaKOro OO0 €THAHHA B YacTHHI 331 TPHHHATTS BIAIMOBIIHHUX
YOpaBIiHCHKUX pimieHb. Bce 16 00yMOBIIOE aKTyalbHICTH PO3POOJIEHHS Ta BUKOPWUCTAaHHA METOJIB
CTIOJy4eHHsI PUHKY EJNEeKTPHYHOI eHeprii YKpaiHu, II0 BpaxoBYe CTPYKTYpYy MONHTY Ta HPOMO3MIIi Ha
CHOJIy4yBaHUX PHUHKAX Ta HASBHI MIXKAEp>KaBHI MEpeKeBi 0OMEKEHHS.
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MeTo10 cTATTI € OITUC METOAY HONEPEAHBOI0 aHANI3Y PE3yJIbTAaTiB CHOIY4YECHHS PHUHKIB €JIEKTPHYHOI
eHeprii y CerMeHTI pPHHKY «Ha J00y Hamepen» Ta NPUKIALY HOTO MPaKTUYHOTO BUKOPHCTAHHS JUIS
CIIOJIy4EHHsI IBOX PHHKIB €JIEKTPUYHOT eHeprii.

Mertopn imiTanii mpoueayp cnoJiy4eHHsI TOPrOBUX 30H Y CErMeHTi PMHKY «Ha /100y Hamepex».

B mociimkeHHSX 32 OCHOBY B3SITO METOJ BUPIBHIOBAHHS ITiH [6], SKUH PO3BUHYTO 3 ypaxyBaHHIM
YMHHUX TpaBui iHOyTBOpeHHs Ha P/IH Ykpainu. Po3risiHeMo OCHOBHI CKIIaIoB1 METOMY .

TeopeTHyHUM MiATIPYHTSAM METOAY € TOHSTTS PHHKOBOI piBHOBaru [7], CTaH SKOi IMITyeThCS
HAasBHOIO PETPOCIIEKTHUBHOIO iH(OpMAITi€I0 PO piBHOBArY MiX IMOMHUTOM i Mpomno3ulliero y cermedti PJIH.
BuKopUCTaHHS PETPOCHEKTHBHUX NaHUX Mpo (akTU4Hi pIiBHOBaXKHI CTaHU Ja€ 3MOTY BHKOPHUCTATH
nojoxeHHs 3akoHy Banbpaca [8] mpo camocTiiiHe JOCSTHEHHS HOBOT'O CTaHY PMHKOBOI PiBHOBArH miJl Ai€10
30BHIIHIX HEI[IHOBUX YWHHUKIB HA PUHKY 3 JOCKOHAIIOI KOHKYpeHIicto. [IopiBHAHHS CTaHiB IOYaTKOBOI Ta
KiHIIeBOI pMHKOBOI PIBHOBarv 1a€ MOXJIMBICTb OTPUMATH KUIBKICHY OITIHKY YMHHHKIB, SIKi BIUIMHYJH Ha
PpHUHKOBY piBHOBary. B [9] po3risiHyTi hakTOopH BIUIMBY Ha IpOLEC HiHOYTBOPEHHS, y Tomy uucii Ha PJIH. B
MeXax JTaHOi IMyOImiKarlii Imij] BITINBOM 30BHIIIHIX YUHHHUKIB PO3YMI€ThCS MEPEIyCiM MOABA AEIKOTO 00CATY
OOMIHY €IIEKTPUIHOIO €HEPTi€l0 MiXK TOPTOBHMH 30HAMH, SKi JO IHOTO 3HAXOIWINCS y CTaHI PUHKOBOI
piBHOBaru. CTpyKTypy MOMUTY Ta MPOMO3UIII y TOPrOBHX 30HAX MNPOMOHYETHCS MOAABATH (YHKIISIMHU
gyucroro ekcropry (®UE) [10], ski HaWOLIBII TOYHO BIATBOPIOIOTH BiJHONICHHS MiX IIOIUTOM Ta
MIPOTIO3HIII€I0 32 PI3HUX MO3WI PUHKOBOI piBHOBard. Toi iMiTallisi mpoueaypH CIONydeHHs IBOX PHHKIB
enektpoeneprii 3 BukopuctaHusiM @YE n03Bosisie BU3HAYNTH HOBI CTaHW PUHKOBOI PIBHOBAru B pe3yJbTari
NOSIBU JIESIKOTO OOCSTY iMIIOPTY/€KCIIOPTY €JIEKTPHUYHOI €HEpril Ta OTPUMATH YHCENbHI OL[IHKH Pe3yJbTaTiB
Takoro croiy4yeHHs. lle Takok o3Hadae, 110 MOPIBHAHHS B JOCHIIKEHHSIX [OYaTKOBOIO Ta HOBOTO (3a
pe3ynbTaTaMH BIUIMBY OKPEMOT'O 30BHIIIHBOTO YMHHHKA) CTaHIB PUHKOBOI PIBHOBArM Ja€ 3MOTY TOCIIAWTH
pe3yabTaTH BIUIMBY OKPEMOTO YMHHWKA (HANpPUKIAl, MOTOKY EJNEKTPUYHOI €Heprii MiK CHOJIydyBaHHMH
€HEeprocucTeMaMy) Ta OTPUMATH 4YHCEIbHI XapaKTEPUCTHKH TaKOro BIUIMBY, HEXTYIOUM IHIIUMHU
0COONMBOCTAMH IIHOYTBOPEHHS Ha CIIONYyYyBaHMX pPHHKAaX eJIEKTPOeHepril (HampHuKiIag, HEXTYIOUH
HAsBHICTIO OJIOKOBHUX I[IHOBUX 3asBOK).

Hexait 06’ ennanns PIH cknagaeTsbes i3 Z TOProBux 30H, IPHUOMY Y KOXKHIN Z-i 30HI Ha TOprax ass
KOXHOT TomuHu 106u h mpucyTtHi | 3asBok [11] MOALIBHOrO THITy Ha KYITBIO €JIESKTPHYHOT eHeprii Ta J
3aBOK MOAUIHLHOTO TUITY Ha TIPOJIAXK EIEKTPUYHOI eHeprii

XS (CRm Ve )vied
XPo1 (Cnpoﬂ erlpoﬂ)\v/j cl

zh]

VzeZvh=[1.24],

ne X7, X3 — 3aiBKHM BiINMOBIHO Ha KyMiBIIO Ta TPOJAX €NEKTPHYHOI €HEPrii y TOproBidl 30Hi Z Ha

roxuny noo6u h; CP", CP — Bu3HaueHa 3asBKOIO X I[iHA BIANOBIJHO KYHIBJIi Ta MPOAAXKY EIEKTPUYHOL

eneprii; V,*", V,*”* — Bu3Ha4YeHUI 3asBKOIO X 0OCAT BIANOBIIHO KyMiBJIIl Ta MPOJAKy EIEKTPHYHOI €Heprii.
Toni Ilapero-omrtumanpHa piBHOBara [12] o6’e¢mHanHss Z ToproBux 30H Ha Toprax PJIH
320€31eTy€eThCS TAKUM aKIIEITOM [13] MTOJaHMX HA TOPTH 3a5IBOK, 32 SKOTO BUKOHYIOTHCS YMOBHU

ZZZ( Con .\ Kyl'l Cnpon 'Vnpou)_)max

h=1 z=1 i,]j

ZZvi“yn = in;}’“ﬂVh =[1..24].
z=l i z=l j

VYmoBa (1) Bu3Hauae A KOXKHOI TOProBoi 30HM MakcuMmizamito ¢yHkmii HobpoOyty [14] i3
BpaxyBaHHIM OOCSTIB IMIOPTY/EKCIOPTY eNeKTpudHoi eHeprii. Ilomyk omrmmanmsHOTO pimeHHS B (1)
HPOINOHYEThCS 3aiiicHoBaTH 3 BukopuctanusM ®YE. Hexait Ha koxkHy roauny h y Toprosiii 30Hi Z MHOKHHA
3agBOK Ha KYMIBIIO EJIEKTPUYHOI €Heprii MOAAaeThCcs arperoBaHOl0 (YHKLIEI TMOMHUTY SK (OPMAaJbHOIO
3aJIeXKHICTIO PIBHOBAXKHOI IIHU Bif 00CATY TOPTiB

Jon(V)=C"(V)Vz e ZVh=[1.24],

a MHOXKMHA 3asBOK Ha MPOAAX ENEKTPUYHOI eHeprii MOAaeThCs arperoBaHoO0 (YHKIIEIO MPOIO3MIIi SK
(hopManbHOIO 3aJISKHICTIO PIBHOBAXKHOT LIIHH BiJ 00CATY TOPTiB

for(V)=C"(V)vVze ZVvh=[1.24].

(1)

Toni ®YE o3HadyeThes K
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EC»" (V)= f""(V)— f,}"(V)Vze ZVh=[1..24].
st a1BOX TOproBux 30H A Ta B 3a BiACYTHOCTI OOMEXeHb Ha OOCATH OOMIHY EIeKTPUIHOIO
EHEpriero ONTUMAaIbHUKA Po3B’ 130K (1) Bu3HavYaeThes Ha nepetuHi ®UE cronydyBaHHX TOPrOBHX 30H
NEC,,(V)=NEC,, (V)vh=[1.24]. ()

Ockinbku OYE o03HadeHi 3aie)KHOCTSIME PIBHOBRXXHHX I[iH BiJl 00CATY TOPTiB, TO 3ajada IOIIyKYy

onTt

ONTHMAIILHOTO Po3B’ 3Ky (1) 3BOAUTBCA [0 NOLIYKY TAKOro 00CATY OOMiHy €IEeKTPUYHOIO eHepriero V. g,

3a SIKOT'0 MIiHIMI3y€ThCs Pi3HMIIS PUHKOBHX IIiH y IIUX 30HaX [14, 15]
‘ NECA,h onr ) _ NECBVh (V onr )‘ N mln ‘CpmH _ plBH

A—B.h A—B.h

— minVh=[1.24], 3)

piBH piBH

ne Cu°, Cg — PiBHOBaXHI I[iHU y TOPTOBUX 30HAX BiAMOBiIHO A Ta B iyist roxunu h.
Slkmo rpadikn pynkuii NEC, (V) ta —NEC, (V) (obepuena ®YE s Toproeoi 3onu B)

MIEPETUHAIOTLCS, TO JUISI OTPUMAaHHS ONTHMAILHOTO PO3B’s3Ky (1) MOCTaTHRO BHUKOPUCTATH PiBHICTH (2). Y

1IbOMY BHIIAJIKy B 000X TOPrOBUX BCTAHOBIIOKOThCSA OJHAKOBI pUHKOBI Iinu CJp = cg“;:' , 1 pe3ynbTaTi TOpriB

€KBiBaJICHTHI pe3yJbTaTaM, OTPUMYBaHUM 332 YMOBH €IMHOTO ayKIiOHY B 00’ €JHAHHI IBOX TOPTOBHUX 30H.
Slkmo rpadiku pynkuin NEC, (V) ta —NEC, (V) He NepeTHHAIOTHCS, TO 3ahadya MOLIyKY

ONITUMAJIBHOTO 00CATY OOMiHY €JIEeKTPHYHOIO0 EHEPTi€l0 MK JBOMa CHOIYYyBaHUMH TOPIOBUMH 30HAMH
PO3B’SI3y€ETHCS aJTOPUTMIYHO 3 BUKOPHUCTAaHHAM MiboBOI (PyHKIT (3). ANTOPUTM MOIIYKY ONTHMAaIbHOTO
pimmeHHs ToMiOHWUN 70 aNTOPUTMIB IIOINIYKY PHUHKOBOI PIBHOBArW IJjis arperoBaHuX (QyHKIH HOMHATY i
NPOTIO3UIIil Ha 3aJMOBOMY JBOCTOPOHHBOMY aykmioHi [16] abo Ha aykuioni Bambpaca [17]. OcnoBHa
BIIMIHHICTh TOIIYKY ONTHMAaJbHOrO pimeHHs mo (3) momsrae y MOXJIHMBOCTI OTPUMaHHS BiA €MHOTO
3HaYeHHS OO0CiTIB OOMIHY eNEeKTPUYHOI0 EHepri€lo, M0 oO3Hadae (aKTUIHUH KOMEPIIHHUN TOTIiK
GJIEKTPUYHOI eHeprii i3 TOproBoi 30HU B y TOproBy 30Hy A. Y 3araibHOMY BUMAJAKy TaKHH JITOPUTM Ja€
3MOTy OTpPHMAaTH OINTHMaJIbHUH PO3B’SA30K 1 ans curyauii, konmu rpadiku OUYE nBox cnomydyBaHHX
TOPTOBHX 30H II€PETUHAIOTHCS.

TexHivHI Ta pexXUMHI 00MEXEeHHS Ha 00CsSTH 00MIHY €JIeKTPUIHOIO €HEPri€l0 MiXK ABOMAa TOPTOBHUMH
30HAMU BPaxOBYIOTHCSl HEPEBIPKOI0 OTPUMAHOrO MO (3) ONTUMAaIbHOTO OOCITy OOMIHY ENEKTPUYHOIO
EHEepPTi€l0 MiXK TBOMa TOPTOBHMH 30HAMH Ha Bi,ILHOBiI[HiCTB YMOBI

max onr
“VBoAh < A—>B,h = A—)B th [1 24] (4)
e Vo V™ — MAaKCUMAJIBHO JOMYCTUMUMN MOTOIWHHUN 00CSIT MOTOKY €IEKTPUYHOI €HEPTii BiAMOBIAHO
B—>Ah > A—B.h

i3 TOPTOBOI 30HU B y TOProBy 30HY A Ta i3 TOProBoi 30HU A y TOPTOBY 30HY B.

Otpumani s (3) onTUMasbHI 3HAYEHHS 00CSTiB OOMiHY €IEKTPHYHOIO SHEPTIEI0 MDK JBOMa TOPrOBUMH
30HAMH TIPHHMAIOTHCS SIK PE3YJIbTaT PO3PAXyHKIB, SKIIO BOHH 3370BOJIBHSIOTH OOMEKeHHM (4). Skmio ymosu (4)
MOPYIIYIOTHCS, TO PE3YJIbTAT PO3PAxXyHKIB BU3HAYAETHCS 110 BU3HAYCHIH B (4) IOMyCTHMIM MEXi.

I'pannyHi 1iHKM y KOXKHIH 13 ABOX CIIONYYEHHUX TOPrOBHUX 30H JOCTATHHO MPOCTO BHU3HAYAIOTHCS 3
BUKOpucTaHHsIM OYUE

I = NEC, , (Vi

CplBH NECB’h (_V onr

A—B.h

vh=[1.24].

[Hmwmii crioci6 BU3HAUCHHS Pe3yJIbTATIB CHOIYYCHHS JABOX TOPTOBHX 30H — PO3PaxXyHOK Pe3yJbTaTiB
JBOCTOPOHHBOTO ayKIIIOHY Y KOXHIAH TOProBid 30HI 13 BpaxyBaHHSAM ONTHUMAaJbHOTO OanaHcy
IMITOpTY/eKcIopTy enekTpuaHoi eHeprii [18]. 3a Takoro cmoco0y po3paxyHKIB JOIAaTKOBO BHU3HAYAIOTHCS
MHOKHUHH aKIICITOBAaHKUX Ta BIIXMJICHHUX 3asBOK 3 KYIIBII 1 TPOAAXKY €ICKTPUYIHOI SHEPrii.

Hnst imiTanii npoueaypu CHOMXy4eHHs Oinblie HiX JBOX TOPrOBHUX 30H OPraHi3yeThcs iTepaliiiHui
TIpOIIeC, JIe Ha KOXHIH iTeparii 3MiiCHIOETHCS TIOCHTIIOBHIHA aHaNi3 KOKHOTO €JEKTPHYHOTO MEPETHHY MiXK
JIBOMa CYMDKHHUMH TOProBuMH 30HaMu. OCKUIBKM IOCII/DKEHHS 3IIMCHEHI JUIs aHaji3y mpoleayp
CHOJIy4EHHs] ABOX TOPrOBMX 30H, JETANbHUI OINMUC iTepalifHOrO Mpolecy CHOJIY4YeHHS TphoX 1 Oinblie
TOPTOBHX 30H BUXOIWTH 32 MEXI1 JaHOI myOmiKarfii.

[TocnioBHICT, BUKOHAHHS MOPIBHSAJIBHOIO aHAJII3y HACTYITHA.

1. 3a 6a30By TOYKY MpUHAMAEThCS PETPOCIEKTUBHA iH(OpMalis Npo CTaH PHUHKOBOI PiBHOBArd y
CIIOJTy4yBaHUX TOPTOBHX 30HAX.

2. IMmiTyeThCs BIUTMB 30BHINHIX YHHHUKIB Ha pPHHKOBY piBHOBary. Ilim iMiTami€o BILTUBY
PO3YMIETBCSI CTBOPEHHSI HOBOTO YHM 3MiHA XapakKTEPUCTHUK ICHYIOYOTO EJIEKTPUYHOTO MEPEeTUHY, 3MiHH Y

ISSN 1607-7970.Texw. erekmpoounamira. 2024. Ne 1 71



CTPYKTYpi TOMUTY/TIPONO3HIIi CHOMYyYyBaHUX TOPTOBUX 30H a0o iHIII JMii, 10 MOPYyIIyIOTh yCTaJeHy
PHUHKOBY piBHOBary.

3. 3anpornoHoBaHUK y poOOTI METO BUKOPUCTOBYETHCS ISl OIIYKY HOBOro IlapeTo-onTuMaibHOro
CTaHy PUHKOBOI PiBHOBAry.

4. 3aiiicHIOEThCS TIOPIBHSJIBHUN aHai3 MOYaTKOBOTO Ta HOBOTO CTaHIB PHHKOBOI piBHOBaru. Jlo
OCHOBHHUX KpHUTEpiiB MOPIBHSUILHOI OLIHKK BiAHOCATHCS 3HauyeHHs ¢YHKOid JloOpoOyTy Ta 3HaueHHS
PUHKOBUX LiH. 3a moTpeOM MOpIBHSUIBHWUHU aHami3 [BOX CTaHIB PUHKOBOI PIBHOBArM BHUKOHYETHCS IS
OKpEeMHX YYacCHUKIB pHHKY. Takuil aHali3 OXOIUIIOE TMepelyCciM TIOpIiBHSHHA OOCSTIB 1 BapTOCTi
KyHIBIIi/IPOJaXy eJIeKTPHUYHOI eHeprii.

IIpuxnajg cnoJiyyeHHs ABOX PUHKIB eJIeKTPUYHOI eHeprii Ta BXiaHi JaHi g aHamisy.

Punok enexTpnuHOi eHeprii MoONIOBH CKIagaeTbcs 3 CETMEHTY JABOCTOPOHHIX [IOTOBOPIB Ta
bamancyrodoro puHky. Ha Bimminy Bix P/IH, cerMeHT TBOCTOPOHHIX JOTOBOPIB HE popMye iHPOPMAIIIIO TIPO
CTPYKTYpY MOMNHUTY 1 pono3ullii, HeooxinHy s mooynosu OYE. KpiM Toro, ocodbmuBocTi QyHKITIOHYBaHHS
CEerMEHTY NIBOCTOPOHHIX JOTOBOPIB HE MO3BOJIIOTH OTPUMATH aJeKBaTHI I[IHOBI IHIWKAaTOpH PHHKOBOI
BapTOCTi E€JEKTPOeHeprii B YaCTHHI TEPCIEeKTUB IMIOPTY/eKCopTy. ToMy, sl OIIHKKA IEPCHEKTHB
IMIOPTY/EKCIIOPTY ~ €leKTpoeHeprii MiX YKpaiHOl Ta MOJIOBOI0 BHUKOPHUCTAaHO PETPOCHEKTHBHY
iH(pOpMaLio PO IMIOPT/EKCHOPT eNeKTpoeHeprii Mixk MoinoBoio Ta PymyHiero.

3 muctomana 2022 poxy Monnosa imnoprysana 3 Pymysii Bim 50% mo 75% oOcsriB BiacHOro
eNIEKTPOCTIOKMBaHHA. TakuM uuHOM, puHKOBI wiHm PJIH Pymynii cnpaBisioTe 3HauyHMi BIUIMB Ha
(hopMyBaHHSI BapTOCTI €NEKTPUYIHOI €Heprii s crokuBaviB y Monmosi. BBaxatoun cTpyKTypy MOmuTy Ha
eJIEKTPUYHY €Hepriro B MojoBi yMOBHO HE 3MIHIOBaHOIO, a TaKOXX BPAaxXOBYIOUM 3HAYHY YAaCTKy IMITOPTY
SJIEKTPUYHOT eHeprii B eHeprocucteMi MoOJIOBH, SKa 3aKYNOBYETHCS LICHTPATi30BaHO, MPUAMAEMO HACTYITHE
NPUITYIICHHS: BBKAEMO, 1[0 B PO3PAXYHKOBY TOJIMHY JOOW YacTHHA €JIEeKTPOCHOXHBAHHS €HEPrOCHCTEMH
MonaoBy IOKPHUBAETHCS BIACHUMH BUPOOHMYMMH IOTYXXHOCTSIMH, HPUYOMY OOCSI KOMIIEHCOBAHOI'O
BIIACHUMH  ENIEKTPOCTAHIIIIMA ~ €JIEKTPOCIIOKMBAHHS HE 3aJeKUTh BiJl I[H HAa CYMDKHHX PHUHKaxX
enextpoeneprii. Toxi anst imiTanii mpoueaypu CHOdy4eHHS TOProBHX 30H MomnoBu i YKpaiHM Ha KOXKHY
PO3paxyHKOBY TOAWHY BH3HA4alOThCH (PIKCOBaHI o0O0CATH IMIOPTY Ta EKCHOPTY eJEeKTpOeHeprii B
eHeprocuctemMi MoJoBH, 03HAYEHI 3asBKaMH Ha KYIIIBIIIO 1 TIPOJaX EICKTPOCHEPTii, 00CsATaMi KOMEPITIHHIX
MIOTOKIB eJIeKTpoeHeprii Mixk MomnmoBoio Ta PyMyHi€l0 Ta MOrOOAUHHUMU I[iHAMH HA EJICKTPHUYHY CHEPTilo y
cermenTi P/IH Pymymnii. Take npumnyIneHHs 1a€ MOKIIMBICTh OLIHWUTH BIUIFMB HECKOMIIEHCOBAHOTO TONHTY B
eHeprocuctemi Mo10BH Ha TiporiecH miHoyTBopeHHs B cermenTi P/IH Yxkpainm.

B mexax 11i€f poOoTH pO3TsSTHYTO pe3y/bTaTH OLIHOYHOTO aHaJIi3y JJIsS IBOX PO3PAXyHKOBUX TOJIUH
no6wu, a came: 18-ta roguna 5 rpyans 2023 poxy (xonu noroaunHa uina PJIH Ykpainu Huk4a 3a moroquHay
uiny PJIH Pymynii), a Takox 19-ta rogura 10 rpymnasa 2023 poky (komu moroamuHa uina PJIH Ykpainu
Bula 3a noroauHHy winy PIAH Pymywii). Indopmanito moao KoMepuiiiHUX MOTOKIB €JIEKTPUYHOI eHepril
Mix MonnoBolo Ta Pymyniero orpumano Ha odiuiiiHomy caiti ENTSO-E Transparency Platform.
[adopmamist mom0 pPUHKOBOI IiHM Ha eneKTpudHy eHeprito y cermenti P/IH Pymynii orpumana Ha
odiniiiHOMy caiiTi pymyHcbkoro Oneparopa puHKy. [Hdopmariiro mpo miHu Ta arperoBani QyHKIIT MOMHTY i
npono3unii Ha PJIH VYkpainu orpumano Ha odimiiiHoMy caldTi ykpaincbkoro Omepatopa puHKY. s
npukiany, ®YE toprosux 308 Mooy i Ykpainu 3a CTaTUCTUYHUMHE JaHUMH Ha 19-Ty romuny 10 rpymHs
2023 poky HaBesleHO Ha puc. 1.

A CP™ 2/(MBt-Ton)

C™™ €/(MBrrox) C™™ €/(MBr-Tox)

®yHKuia uncToro ®yHKuiA AymncToro O6epHeHa dydKuia uncToro
5600  |r ekcnopty PAH ekcrniopty Mongosu ekcnopTy Mongosm
2/(MBt-rox) OEC Ykpainu V)  101.09€/ ] 10.09 1V I
\ A/ (MBr'rom) €/(MBrron) N\ J
95 9 9 95
MBT'Tog MBT oz MBTTog MBTTox

<IMHopT, MBT oz

72

Excnopt, MBt-ron

a

<IMHOpT, MBTrox

0

Excnopt, MBT o1

Puc. 1

<IMHOpT, MBT oz

6

Excnopr, MBT-To
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B nocmimxennsx obepHena ®UE dopmysanmacs s MONIOBCHKOI €HEPrOCUCTEMH 3 METOH0
NOPIBHSJIBHOTO aHaJli3y BIUIMBY MOJIOBCHKOTO PHHKY Ha OanmaHc monuty i mpomosunii PJIH Ykpainu.
[Ipote HaBenenuit y poOOTI MaTeMaTWUHWi amapaT HE BHM3HA4Ya€ BHMOT IOJO CTPYKTYpH MOMHUTY i
MPOMO3HIii TOProBoi 30HHU, ANs sKoi cmix (opmyBatn obepHeny PUE. B marematwuniit mMomemi mms
KO)KHOTO MIKCHCTEMHOTO EJIEKTPHYHOTO MEPETHHY (POPMAIbHO 03HAYYIOTHCS TOYAaTKOBA Ta KiHIIEBAa TOPTOBI
30HM, 1 obepHena DUYE B momenm ¢opmyeThcs Uis KiHIEBOI TOProBoi 3oHU. Toji, 3a pe3yjibTaTaMu
PO3paxyHKIB IIOTOKHU €JIEKTPOCHEPTil i3 MOYaTKOBOI y KiHIIEBY TOPIOBi 30HM MAaTUMYTh JOJAaTHE 3HAUYCHHS, a
MOTOKH €JIEKTPOEHEPTii i3 KiHIIeBOT y TIOYaTKOBY TOPrOBi 30HH — BiJI’€éMHe 3Ha4eHHs. [Ipu 1poMy JJIs JBOX
CTOJIy4yBaHUX TOPTOBHX 30H BHOIp 03HAKM MIOYATKOBOI UM KiHIIEBOT MOKE 3/11HCHIOBATHUCS TOBUIBHO.

AHaJi3 pe3yabTaTiB iMiTaniiiHoro moneaoBanas. [Ji1 po3paxyHKOBOI TOJMHU 32 CTATUCTUYHOIO
iHpopMmariero Ha 19-ty romuny 10 rpymas 2023 poky pe3ynbTatu nopiBHsuIbHOTO aHanizy ®YE Vkpainu i
Momnnosu BimoOpakeHi Ha puc. 2 (TPUKIIA] CIIOIYYEHHS PUHKIB 3 TIOTOKOM €JICKTpOoeHeprii Bix MoimgoBu B
VYxpainy). O6csar enextpuunoi eneprii, 3akyminennii Ha PJIH Pymynii Ha nokpurts monuty y Mominosi, Mae
[iHy HIKYY 32 IiHy, chopMoBaHy y 11fo Toauny noou Ha P/IH Vkpainn. ToMmy npaBuia criomydeHHs] pHHKIB
€JIEKTPOCHEPrii CTUMYIIOIOTh MOTIK eNeKTpuuHoi eHeprii i3 MonmoBu B Ykpainy. B pesynbrari, 3amicTh
MIOKPUTTS BIIACHOTO MONUTY, MOJIJIOBa 3A1MCHIOBATUME PECKCIIOPT EICKTPOCHEPTIi 10 YKpainu abo HaBmaku
— imMmopt 3 VYkpainu. [[ng HeoomyIeHHS HEMOBHOTO MOKPHUTTSA BiacHOro nonuty HauioHanbHui
perynaropauii oprad [19] MongoBu Mae BXXHBATH 3aX0IH 100 OOMEKEHHS 00CATIB TPAH3UTY €IeKTPUIHOI
eHeprii 3 PymyHii B Ykpainy uepes eHeprocucteMy MoJIoBH.

Jnma PIH  VYkpaimm crnomydeHHS 3
MoJ110BOIO €KBIBajJE€HTHE IOSB1 JOAATKOBOI 3asBKHU A "M 2/(MBrTon)
3 MPOMO3MIIEI €JIeKTPUYHOI eHeprii odcsrom 104 b '

. R | i 2 '9uE PaH OEC
MBTtroj Ta uinow 4 422,34 2/(MBt-ron). 3rigHo i3 Lo ! j prg'-l-HM
OPUOYIIEHHAMH TIpO  (DYHKINI 1 IIHOYTBOPEHHS 5 ﬁqo,g,/(,l\i“?{'ﬂ?ﬂ,)!, T
PUHKY €JIEKTPUYHOI eHeprii MoJjioBy, Taka IliHa € 4422 2/(MBT T OA):, I iiii

¢ikcoBaHOIO 1 HE MOXe 3MiHIOBaTHCA. Tomy
BUPIBHIOBAaHHS IiH [ pPHUHKIB eIeKTpOeHeprii
Ykpaiam i MOJIOBH MOXJIMBE JIMIE 3a I[IHOIO
4 422,34 &/(MBt'Tron). Sk mokazaHo Ha puc. 2, s [

BHPIBHIOBaHHS pUHKOBUX IIiH B YKpaiHi i MonioBi B : E B —>
PO3TISIHYTY  PO3pPaxyHKOBY TOJIWHY HEOOXiTHO mriopt, MBTron \J | Excnopr, MBT-rox

6epHeHa PYE
Monposun

. |
3a0e3MeUnTH TOTIK €eKTPUUHOi eHeprii obcsrom — OOCAr HEoOXiaHuii % ; O6car notoky

. ISl BUPIBHIOBAHHS eneKkTpoeHeprii 3 Monzosu
709,7 MBT'F.O,Z[. [Ipote MOMJIMBOCTI EKCHOPTY  yig: 709,7 MBT-roa 8 YKpaity: 104 MBT-roz
enektpoeHeprii 3  MongoBu 10 YkpaiHu B
PO3IIISIHYTY  PO3PaxyHKOBY TOAMHY  OOMekeHi Puc. 2

obcsirom 104 MBt Troa. Sk BumHO 3 puc. 2, rpadiku

OYE VYxpainu Ta obeprenoi @UE MonmoBu He TEPETHHAIOTHCS, MO O3HAYAE€ HEMOKJIMBICTH ITOBHOTO
3IUTTS IBOX TOPTOBUX 30H B PO3TISIHYTY PO3PaxyHKOBY ToanHy. ToMy ekcropT enekrpoeHeprii 3 Mongosu
B YKpaiHy cIpuyuHsA€ 3HWKeHHs puHKoBOi winu Ha PJIH VYkpaimm 3 5600 &/(MBtTom) mo 5400
2/(MBt-rom). ObMexxeHnid 0OCAT MOTEHITIaTy E€KCIOPTY eJIEKTPOSHEprii B eHeprocucTeMi MOJIOBH CIIif
BBa)KaTU HECYMICHICTIO CTPYKTYp MOIUTY 1 MPOMNO3uIii enekTpoeHeprii B Ykpaini i MonioBi, sika He nae
3MOTH JIOCATTH TOBHOTO 3JIMTTA ABOX DPUHKIB. /logaTkoBO 0OCSIrT OOMiHY €JIEKTPOCHEPTi€l0 MiX ABOMa
€HEepProcucTeMaMi MOXKE€ OOMEXYBaTHCS MPOIYCKHOIO CIIPOMOKHICTIO MDKIEPKAaBHUX EJIEKTPUYHHX
MEepETHHIB Ta MOTpedaMu 3a0e3neueHHs CTIMKOCTI eHeprocucTeM. Hampukian, TeXHONOriuHE OOMEKEHH:
MOTOKY eJlieKTpoeHeprii 3 Moinosu B YkpaiHy a0 notyxHocTi 31 MBT npu3BoauTUME 10 3HIDKEHHS I[IHA Ha
PJIH Yxpainu 3 5 600 2/(MBt-Tox) no 5 500 &/(MBT-Tox).

Jiist po3paxyHKOBOI FOJIUHH 32 CTATUCTHYHOIO iH(popMarieto Ha 18-ty roguny 5 rpyans 2023 poky
pe3yabTat nopiBHsuibHOTO ananizy ®YE Ykpainu i MonnoBu BigoOpaxkeHi Ha puc. 3 (IpUKIaj CHOTYYeHHS
PHHKIB 3 IIOTOKOM eJeKTpoeHeprii Bia Ykpainu y Mongosy). Ha 18-ty roguny 5 rpyans 2023 poky B OEC
VYkpainu ytBopuBcs aedindT BHpOOHHITBa enekTpudHOi eHeprii, i Omepatop cucremu mnepemadi [19]
VYxpainu (HEK «Ykpeneproy») 31nificHIOBaB 3alMT PO aBapiiiHy JOMOMOTY i3 CyMDXKHHX eHeprocucteM. Ha
PZIH Ykpaiau npono3uiisi eleKTpU4HOI eHeprii He MOKpHiia YBeCh HasiBHUN IMOMUT, 1 TpaHUYHA I[iHa TOPTiB
BCTAHOBHWJIACS Ha PiBHI MAaKCHUMAaJILHOTO peryisiTopHoro oomexerns. Ha PJIH PymyHii Ha 1110 po3paxyHKOBY
TOJIMHY TaKOXX CIIOCTEPIrajocs MiIBUILEHHS MONHUTY Ha eJIEKTPUYHY eHeprito. B ymoBax Oinbin nibepaibHOl
perynstopHoi noJiTuku PyMmyHii copmyBasiacsi pyHKOBa LiiHa BHIIA 32 PUHKOBY LiHY B YKpaiHi.
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[Ipumyctimo, 1o B HaBeAeHIW Ha puc. 3 curyallii BigOymacs mporeaypa CIONyYeHHS PHHKIB
enekTpuyHoi eHeprii Ykpainu ta MonmoBu. Toxmi Oinbln BUCOKa IiHA EKCIIOPTHO-IMIIOPTHOTO OajaHCy
MonnoBu CTUMYJIOBaTUME TOTIK €IeKTpUYHOiI eHeprii 3 Ykpainu y MongoBy. Jns P/IH Ykpainu Brius
ob6eprenoi ®YE MonmoBu eKkBiBaJeHTHHU TOSABI TOJATKOBOi 3asBKM Ha KYIIBIO €IEKTPUYHOI €Heprii 3
[[IHOTO, BUIIIOIO 32 BEPXHE IIHOBE OOMEKeHHs. Taka cuTyalis XapakTepru3yeThes K I[IHOBA AMCKPUMIHAIISL
TpeTsoro ctyneHto [20], OCKiNbKH MOKYIII eJIeKTPHYHOI eHeprii B YKpaiHi He MaroTh MOKIJIMBOCTI TIOAaBaTH
CBOi 3asBKHM 3 LiHamMu BUIuMH, HiX 7 500 &/(MBt-ron). Toai monut enextpuunoi eHeprii Mosnnosu 3 Giibir
BHCOKOIO I[IHOK BUTICHATUME BHYTPIIIHIA yKpaiHChkuid onut Ha Toprax PJIH, mo 36ineiryBaTuMe o6csr
nedinuty BupoOoHnunx notyxuocreil B OEC Ykpainu. [Ipu npomy rpanuuHa mina Ha toprax P/IH Ykpainu

HE 3MIHUTBCS, OCKUJIBKM BOHa BXeE JOCATIIa

4 - MaKCHMAaJIBHOTO PETryISITOPHOTO OOMEKEHHS.
» &/(MBrron) TakuM YUHOM, 32 YMOBH JOTPUMAaHHS
8 873 2/(MBrtron) _OGapoze;(chlI:qE YMHHUX B YKpaiHi peryasTOpHuUX OOMEKEHb
Ha 1iHM y cermeHti PJIH, mnpomenypu
q;qg:;g;: V?EC CHOTy4EHHS MOBHHHI JIOTIOBHIOBATHCS
NPaBUIIOM, SIKE€ YHEMOKIIMBIIOE TPUHHATTS
IIHOBUX 3aBOK BiJI CYMIXKHHX €HEPTOCUCTEM 3
IiHAMH 11032  PETYJATOPHOTO  JTialma3oHy
oOMexxeHb. Y  TakOMy  BUOAmKy IS
BiTOOpa)KEHOTO Ha PHUC. 3 TPHUKIATY €MHICTh
IMOOpTy enekTpudHOi eHeprii y MomnoBy i3
< - __» I[IHOIO BHIIOK 3a BCTAHOBJICHE I[iIHOBE
“Iumopr, MBr-rox H(—J Excnopt, MBT-rox OOMEKEHHST aBTOMATUYHO BIIXWIATUMETHCS, 1
Ob6car notoky BijloOpakeHa Ha pHc. 3 pPUHKOBAa piBHOBara y
eﬁg;%%i’;e:p{g 43 R’AKBpTa.;g:B PO3paxyHKOBY TOJMHY Ha PIH VYkpainu He
3MIiHHTKCSI.
Puc. 3 Bucnosxu. 3anponoHOBaHUl 'y

myOmikarii MeTox Jae 3MOTy  OIIHWTH
pe3yabTaTH BIUTUBY 30BHIIIHIX YAHHUKIB HA PIBHOBAaYKHI CTaHH CIIOJNYyYyBaHUX PHHKIB €JICKTPHYHOI EHEPTii.
HaBeneHo mnpukiag BHKOPHUCTaHHS 3alpOIIOHOBAHOTO METOAY JAJsl TOMEPEeNHbOI OIHKH HaCHiAKiB
CTIONy4YeHHsI PHUHKIB €NeKTpUYHOi eHeprii Ykpaimm ta MomnoBu. 3a morpebu chopmoBaHa Ha OCHOBI
3aIPOIMIOHOBAHOTO METOMy PO3PAaXyHKOBAa MOJAEIbh MOXKE€ BHUKOPHCTOBYBATHCSA 1 JUIsi OUTBII TPYHTOBHHX
JOCHIDKeHb TepcrekTuB cronydenHss PJIH VkpaiHu i3 pHHKaMu eNeKTpOEHeprii CyMDKHHX KpaiH.
Peamizaniss 3aco0iB MOPIBHSUIBHOTO aHali3y pIi3HUX BapiaHTiB OOMiHY €JIEKTPUYHOI0 EHEpPri€l0 Mixk
TOPTOBMMHU 30HaMHU HajJa€ 1HCTPYMEHTapid JJIsl OI[IHKH MOTEHIIIMHUX HACTIJIKIB MPUHHATTS OKPEMHX
YIPaBIIiHCHKUX PillleHb, 30KpEMa IIiJ1 4ac 3armo4aTKyBaHHs CIIOMYUYECHHS! pUHKY €JIEKTPUYHOI eHeprii Ykpainu
3 punkamu kpaiH €C. Le, y cBoio uepry, 1a€ MOMJIMBBICTh NPUAMaTH OOIPYHTOBAHI PIlIEHHS SIK Ha eTari
MiATOTOBKHA 110 iHTerpamii puHKY «Ha n00y Hamepem» YKpaiHH y €BpOMNEHCHhKI MiXAep)kaBHI PHUHKOBI
o0’elHaHHS, Tak 1 B yMoBax (YHKI[IOHYBaHHS DPUHKY ENEKTPUYHOI eHeprii YKpaiHu y CKIajai Takux
00’eqHaHb.

Pobomy euxonano 3a OepoicOrodicemnoro memoro «Haykogo-mexuiuni 3acadu GiOHOGNEHHS MA
KepoB8arHoCcmi enekmpoenepeemuynoi cucmemu Yxpainu 6 noGOeHHUll Nnepioo 3a CUHXPOHHOI pobomu 3
enepe0o6’ conanuam kpain konmunenmanvroi €eponu (ENTSO-E)», KITTKBK 6541030.
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The publication is devoted to the method of preliminary analysis of the results of the electricity market coupling in the
"day-ahead" market segment. The relevance of the task of developing methods for preliminary evaluation of the results
of the coupling of the "day-ahead" market of Ukraine with European interstate electricity exchanges is substantiated.
The theoretical basis for the procedure for the selection of a separate external factor, with the aim of numerically
evaluating the influence of such a factor that affects the change in the market equilibrium, is presented. The main
components of the mathematical apparatus for finding market equilibrium in coupled electricity markets with the use of
net export functions are described. The foundations for building algorithms for finding optimal solutions are
determined. Features of the application of the proposed method on the example of the analysis of the results of Ukraine
and Moldova electricity market coupling are demonstrated. Approaches to the creation of the function of Moldova's net
export are shown, taking into account that the current structure of the Moldovan electricity market does not provide for
the operation of the " day ahead" market segment. An example of simulation modeling of the processes of Ukraine and
Moldova electricity market coupling for two typical hours is given. An example of the analysis of simulation results and
preliminary conclusions regarding the consequences of Ukraine and Moldova electricity market coupling is shown.
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Cmammro npucesueHo SupiwieHHI0 NpodIeMU BUSHAYEHHS MempONO2IUHUX XAPAKMEPUCMUK eMAaloOHI8 eleKMmpPUuyHol
EMHOCMI HA NPOMUCIOBIU yacmomi. Biomiuena nepcnekmusHicmb SUMIPIO8AHb 3 3ACMOCYB8AHHAM K8AOPAMYPHO20
MOCMa 3MIHHO20 CMPYMY 014 8USHAYEHHS NAPAMEempie iMneOaHcy emanoHié eleKmpuiHoi EMHOCMI HA NPOMUCTO8Il
yacmomi WiIAXOM NOPIGHAHHA 3 napamempamu emaioHnie akmueno2o onopy. Ilokaszano nepesazy 3acmocysants npu
YboMy THOUKAMOPA HEPIBHOBALU MOCMA 3 BUCOKUM BXIOHUM ONOPOM, WO NONS2AE Y MOJICIUBOCE 3MEHUEHHS GNIIUGY
BUWUX 2APMOHIK Hanpye ocusients. [Iposedeno ananiz 8i00M020 Memody HOPIGHAHH IMNEOAHCy emAaloHi8 3i
SMEHWEHHAM NOXUOOK, 00YMOGIEHUX —GIOXUNEHHAM NAPAMEmpIE 2eHepamopié Kea0pamypHo2o MOcma — 6i0
pospaxyurosux. Ilokazano, wo gioomuti Mmemoo 3abe3neuye 00CMamuio KOMREHCayilo Makux noXuboK auuie 3a Maaux
SHAUEHHAX YUX 6iOXULeHb MA 6 MALOMY OianasoHi PI3HUYb NOPIGHIOBAHUX IMNeOaHcig. Bidomuil memoo yoockonaneHo
WAXOM BUKOPUCIMAHHA  IMEPayiiiHo20 anzopummy nio 4ac 0OpooKu pe3yibmamis SUMIpIO8AIbHUX Nepemeopets O
BU3HAYEHHS OIlICHO20 GIOXUNEHHS BIOHOWIEHHS IMNEOAHCI8 NOPIGHIOBAHUX eMANOHI8 B8I0 HOMIHATLHO20 3HAYEHHS.
Hasedeno mamemamuyni eupasu 0ns po3paxyHky eumiprogaroi eenuudunu. IIposedeHo po3paxyHKu CKi1adosux noxuoKu
BU3HAYEHHS BUMIPIOBAHOI 8euyUHU OJis PI3HUX 3HAYEHb 8I0XUNeHb Hanpye eenepamopis. ObuucieHHs nPo8OOUNUCS O
080X eapianmis peanizayii eapiayii Hanpyeu zeHepamopa. MYIbMUNIIKAMUEHOI eapiayii amnaimyou Hanpyeu ma
aoumusHoi eapiayii ¢asu nanpyau. Pospobaenuii sapianm memooy 8UMIp08aHHa 0A€ 3MO2Y 3HUSUMU 8KA3AHT NOXUOKU
00 HeOOXIOHUX Di6HI6 3a Majle YUCNIO KPOKIG imepayii — 6 nepesaxdcriil Oilbuocmi sunaokié 00CmMamHtbo 080X KPOKIG.
Hozo 3acmocysanns 0ae MONCIUBICHb OMPUMAMU GUCOKI MEMpONO2iuni XapaKmepucmuku KeaopamypHux Mocmie
BMIHHO20 CMPYMY 045 NOPIGHAHHS IMNEOAHCIE eMmANlOHI6 EMHOCMI | AKMUSHO20 ONOpYy 6 WUPWOMY OIana3oHi
NOPIGHIOBAHUX GENUYUN | 30 OOCUMb BETUKUX DISHUYAX HANPY2U 2eHepamopis, wo 0a€ 3M02y CHpOCIMUMU anapamypy
npunaodie. bion. 18, puc. 1, tabm. 1.

Knrouosi cnosa: imnenanc, aiMiTalc, iMiTaHC, €TAIOH, KBapaTypHHUIA MICT, 3MEHILICHHS TOXUOOK, iTepaIliiiHIiA METO/I.

Beryn. 3a0esmeueHHss HamiitHOTO (YHKIIIOHYBAaHHS CKIQJAOBHX YacTHH EIEKTPOOOIa HAHHSI
EHEepreTHYHUX 00’ €KTIB (CHUIIOBHX Ta BUMIpPIOBAILHUX TpaHCc(OpPMAaTOpiB, BBOAIB, PEaKTOPiB, KOHIEHCATOPIB)
BUMarae JOCTOBIPHOTO BH3HAUEHHA MMapaMeTpiB aKTUBHHUX OIOPiB, €MHOCTi, IHAYKTHBHOCTi, TAHTEHCIB
(a3zoBoro kyra Ta KyTa BTpaT iX €JIEMEHTIB 3 TOYHICTIO, [0 BHU3HAYA€THCS BUMOTAaMH HOPMAaTHBHHUX
JnokyMeHTiB [1]. 3Haynuii oOcsAr BUMIpIOBaHb BHUKOHYETHCS Ha mpomucioBid uactoti 50 I'm. Bucoxi
METPOJIOTIUHI XapaKTepPUCTHKH BHMAraloTbCi BiJl BUMIPIOBAYiB IMapaMeTpiB BHUCOKOBOJBTHOI 130JALIT —
€MHOCTI 1 TaHTreHCYy KyTa JieleKTpuyHuX BTpar. B YkpaiHi ocTanHIM "acom Oynu po3poOieHi i MUpoKo
3aCTOCOBYIOTHCS aBTOMATHYHI BUMIPIOBaUi €MEKTPUIHUX XAPAKTEPHCTHK 130JIAIIT 1 130IAMIHHUX piauH [2,
3], 1o XapakTepu3yIThCS BUCOKOIO YYTIUBICTIO i HU3bKUMH MMOXMOKaMH BUMIPIOBAHHS, 30KpeMa, aJuTHBHA
CKJIaI0Ba MOXMOKH BUMIPIOBAHHS TAHIEHCY KyTa BTpat He mepesurye 1...2:10™,

IToBipka Ta KamiOpyBaHHS 3aco0iB BHUMIPIOBAJLHOI TEXHIKM IPOBOAWTHCS HAYKOBHUMH
METPOJIOTIYHMUMH  [IEHTPaMH, METPOJIOTIYHUMH  [EHTPaMH, MOBIPOYHMMH Ta  KalliOpyBaJlbHUMHU
naboparopisimMu (B YKpaiHi —YKpMeTpTecTCTaHAapT Ta iHII mpodineHi opranizauii). [JepkaBHa moBipouHa
cxeMa 3aco0iB BUMIpIOBaHHS €MHOCTI i TaHT€HCY KyTa BTpaT B YKpaiHi periaMeHTY€EThCS HOPMaTHBHUM
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IOKyMeHTOM [4] i Mae JAeKinbKka piBHIB: Jep)KaBHHUM €TajoH, BTOPHHHI €TaloHHW, poOodi etamoHu 1-3
po3psaiB, pobodYi 3aco0u BUMIipIOBaHb. [Ipy 1IboMy MOXHOKa 3ac00y BUMIPIOBaHHS OiIbII BUCOKOT'O PIiBHS,
SIK TIpaBUJIO, TOBUHHA OyTH y 2-3 pa3u HUXKYOIO 3a MOXMOKY BUMIpPIOBaHHS 3aC00Yy HM)KYOTO PiBHSA. 3TifHO 3
[4], nepxaBHMIA eTalOH €MHOCTI 1 TaHTeHCa KyTa BTpaT 3a0e3ledye BiITBOPEHHS MapaMeTpiB TiIbKU Ha
gactoti 1000 I'tt, mpu 1iboMy 3a0€3MeTyIOThCS TaKi 3HAYSHHS PO3MUPEHOI HEBH3HAYCHOCTI BUMIpIOBaHb:

— 110 eNeKTpuuHii emHocTi — 4,8:10°;

— 110 TaHTeHCY KyTa BTpaT -—Bix 6,2:10° 10 3-10™.

3HavYeHHs TAHTEHCY KyTa BTpaT, OTPUMaHE B pPe3yibTaTi BUMipioBaHb Ha dwactori 1000 I,
HEMOJXKJIMBO Oe3rocepeHbo NpuitHATH a1t yactoTu 50 [, OCKINBKH BIUTHB MApa3uTHOTO aKTHBHOTO OTIOpY,
SIKUA BKJIFOUAETHCS MapajielIbHO 3 €MHICTIO, CYTTEBO 3POCTA€ Yy pa3i 3HIKEHHS 4acTOTH. ToMmMy BTOpHHHI
€TAIOHH €MHOCTI 1 TaHTeHCy KyTa BTpaT, BUMOTH [0 TapaMmeTpiB sikux Ha dactorax 40 — 1000 I'rg
chopMyroBaHO B [4], TOBHHHI 000B’I3KOBO MPOXOIUTH KaaiOpyBaHHS HA MPOMUCIIOBIH gacToTi. IIpoTe, Ha
ChOrOAHI B YKpaiHi BiACYTHS HeOOXiHa AJsl LBOTO METPOJIOTiyHa amaparypa. Lle mpuBoauts 10
HEOOX1THOCTI TPOBEACHHS KamiOpyBaHHS BiAIOBITHOTO METPOJOTIYHOTO YCTaTKyBaHHS B iHIIMX KpaiHax,
0 TIOB’SI3aHO 3 BHCOKOIO BAapTICTIO poOIT, CKIAAHOIIAMH MHTHOTO O(OPMIICHHS 3aIjIi THMYaCcOBOTO
BBE3CHHSI 1 BUBO3Y YCTaTKyBaHHS, a TAKOXK 3 PH3UKAaMH, [TOB'I3aHUMH 3 TPAHCIIOPTYBaHHSIM.

Hlnsx Bupimenns mpodaemu. BupimenHs BkazaHoi MpoOJieMH MOXKJIMBE LUIIXOM 3aCTOCYBaHHS
KBaJpaTypHOrO MOCTa 3MIiHHOTO CTPyMy, B SKOMY pPEAaKTUBHHHA OIIp €MHOCTI, IO KamiOpyerThcs,
NOPIBHIOIOTBCS. 3 aKTUBHUM OIIOPOM €TaloHY, SIKMM IOBMHEH MAaTH BiJJOMy KBaJpaTypHy (€MHICHY)
CKJIaJJOBy HAa 4YacToTi, Ha SKiii NpPOBOAMTHCS KanmiOpyBaHHA. IlepcrieKTUBHMM IIUISIXOM MOXE CTaTH
BUKOPHCTaHHS ICHYIOUHX €TaJOHIB aKTUBHOTO OMOpYy, Hampukman, tumy P4016 [5]. Hns BHCOKOOMHHX
€TAJIOHIB aKTUBHUX OTOPIB HAMOLIBII CYTTEBO HA YACTOTHY XapaKTEPHUCTHKY BIUIMBA€E Mapa3WTHA €MHICTB,
IO MapajielibHa JI0 iXHbOro onopy. TaHreHc (a3oBOro KyTa TaKOro €TaJoHY 30UIbIIYETHCS MPOMOPIIiHO
301IBLICHHIO YaCTOTH. XapakTep HOro 4acTOTHOI 3aIeKHOCTI MOXKHA BU3HAUYUTH BUMIPIOBaHHIM ITapaMeTpiB
HOT0 KOMIUIEKCHOTO omopy Ha dbactorax B miamasoni 1000 I'm — 10 xI'm 3a momomoror icHYROUHX
OpelU3ifHAX MOCTiB 3MIHHOTO CTpyMy, HampuKiIaj], BUCOKoiMmmenancHoro wmocta 5100 [6]. Amnaimi3
pe3yibTaTiB BHMIpIOBaHb Ha BKa3aHMX 4YacTOTaX JO03BOJUTh BU3HAUUTH NapaMeTpH €KBiBaJICHTHOI
€JIEKTPUYHOI CXEeMH PEajbHOrO 3pa3ka eranoHa. [licias mporo Mo)kHa BH3HAYMTH PO3PAXYHKOBHM HUISIXOM
JilficHe 3HaYeHHs TAaHTeHCY ()a30BOTO KyTa €TalOHy aKTUBHOTO Onopy i yacToT 50 ',

Jnst MOpiBHSHHS MapaMeTpiB €TajJoHY EJIEKTPUYHOI €MHOCTI 3 MapaMeTpamMH eTajJOHy aKTUBHOTO
OTIOpYy Ha MPOMHUCIIOBIA YaCTOTI HEOOXiTHO CTBOPUTH KBAAPATYPHHUU MiCT-KOMMApaTop 3MIHHOTO CTPyMY,
SIKUH 3a0€3MIeYNTh TaKi METPOJIOTIUHI TapaMeTpH:

— CepeIHbOKBAJpAaTHYHE BiIXWIICHHS BiTHOCHOI TIOXHUOKH MOPIBHSIHHS MO OCHOBHOMY IapaMeTpy
(eMHiCTh-aKTHBHUIT omip) He Ginpme 3-10°;

— CEepeaHLOKBAIpAaTHYHE BIAXWJICHHS aOCOJIOTHOI TOXWOKH TOPIBHSHHA II0 JOIOMIXHOMY
napaMeTpy (TaHTeHC KyTa BTpaT — TaHreHc (ha3oBoro kyTa) He Ginbime 3107,

[Ticns Bu3HAUEHHs MapaMeTpiB €TAJIOHY €MHOCTI OJHOTO HOMIHAJBHOTO 3HAYCHHS LEH eTaloH
MOXKHA NIPUHAHATH SIK ONMOpHUHA. BH3HAUNMTH mapaMeTpu €TaJOHIB €MHOCTI IHIIMX HOMiHAaJbHHUX 3HAuYCHb
MOXKHA 32 IOIIOMOT'0K0 3BHYaifHOr0 MOCTa 3MIHHOTO CTPYMY 3 HOPIBHSHHAM BEJIMYUH OJHOIO BUILY.

[opiBHSHHS KBaApaTypHUX IapaMeTpiB IMIEJAHCIB 3aCTOCOBYBAJIOCA /A0 HEAABHBHOTO Yacy
MIEPEBAYKHO IS MPEUU3IMHUX BUMIPIOBAHb 3 METOIO BIATBOPEHHS CITiBBiHOIIEHb aKTHBHOTO 1 €EMHICHOTO
onopis. [IpoBigHiI MeTpoIOTiYHI JTabopaTopii CBITY BUKOPUCTOBYIOTH TpaHCHOPMATOPHI KBaaApaTypHI MOCTH,
Ha 0a3i skux noOyI0BaHI MEPBUHHI €TAJIOHH EMHOCTI 1 eJIEKTpUYHOTro onopy [7—11]. OxHak TOYHICTh TaKUX
OpuIafiB Ha HHU3BKUX 4YacTOTaXx OOMEXEHa MOMIMBOCTSMH BHKOPHUCTOBYBAHHX TpPaHCPOPMATOPHUX
MOOUILHUKIB.

VY Merponoriyaux naboparopisix pO3BHHEHHX KpaiH OCTaHHIM 4acoM HaOyJM pO3BHTKY poOOTH,
CHpSIMOBaHI Ha CTBOPEHHS KBaJpaTypHUX MOCTIB JJs1 TODPIBHAHHS iMmenaHciB Ha 0a3i muQpoBHX
Oaratoazaux reHepaTopiB. Bimomi KBagpaTypHi MOCTH 3 TeHEpaTopaMH, B SKHX BHKOPHUCTOBYIOTh
CHHTE3aTOpH Ha OCHOBI MacuBy Jlxko3edcona [12]. Take pimreHHs 3abe3medye BHCOKI METPOJIOTIUHI
napameTpH, aje BOHO € 3aHanto joporuM. CydacHi TeHACHII MOOYAOBH MNPEHU3IHHMX TeHEepaTopiB
CHHYCOIaJIbHAX HANpyT HependayaroTh 3aCTOCYBaHHS LU(POBUX METOIIB CHHTE3Y CTYIiHUATHX HAIIPYT 3
BUKOPHUCTaHHAM a0o0 qucKpeTHuX (hopmysauis, abo LIAIl 3 mepemukanusm kepytounx xoxis [13, 14]. Ilpu
bOMY y CHHTE30BaHUX HANpyrax 3’sBISIOTHCS BHIL TapMOHIYHI CKJIAJOBi, HOMEPH 1 PiBHI SIKHX 3aJIeKaTh
BiJl KIJIBKOCTI CTYIEHIB, 5IKi 3aCTOCOBYIOTHCS ISl allpOKCUMAllil cuHycoinn. Hanpukian, npu BUKOpUCTaHHI
32 CXOIMHOK arpoKCHMaIllii B CHTHAIII MPUCYTHI: TapMoHika HoMep 31 3 BimHOCHUM piBHeM 1/31, rapMoHika
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33 piBus 1/33 i gami 3 HOMepamu 32n +1. BukopucTaHHS TakuX TeHEPATOPIB y KBaApaTypHUX MOCTax
3MIHHOTO CTPyMY, V SIKHX B OJIHE TJIeue BKIIFOYCHO aKTUBHHI OIip, a B iHIIIE — KOHJCHCATOP, MPHU3BOAMTH JI0
TOTO, 110 Y 3MIHHOMY CTPYMi 4epe3 KOHACHCATOp PiBEHb BUIIUX FAPMOHIK € Ha0araTo BUIUM, HIK y cTpyMi
yepe3 aKTUBHUI omip.

Tomy y pasi 3acToCyBaHHSI MOCTY 3 TTOPIBHIHHSAM CTPYMIB depe3 00’ €KTH piBEHb BHIUX TAPMOHIK Y
UX cTpyMax Oyne cyTTeBo BiapizHsaTHCS. Lle MaTuMe HeraTHBHI HACIIIKHU:

— TO-Tiepile, CYTTEBO 3POCTAlOTh BUMOTH [0 MiJACWIIOBada CTPyMy HEPIBHOBaru CTOCOBHO HOTO
TUHAMIYHOTO Jiama3oHy, OCKIIbKA MOJKJIMBE HACHUYEHHS ITiJICHIIIOBAdYa, BIATIOBIHO, ITOSBa HENIHIMHMX
CTIIOTBOPEHBb CHT'HANY, IO MOKE MaTH HACIIIKOM HEJIOIyCTUMO BEJIMKi ITOXUOKH BUMipIOBaHb,

— MO-Apyre, B MPOILeCi CHHXPOHHOTO JETEKTYBaHHs BUILI TAPMOHIKH 3MIIYIOTHCS B HU3bKOYACTOTHY
30Hy 1 BIUIMBAlOTh Ha MOCTifiHY CKJIQOBY BUXiTHOTO CHTHAJy HETEKTOpa, II0 TAKOX MPHU3BOAMTH OO
MMOXHOOK BUMipIOBAHHS.

B pobGortax [15, 16] BkazaHO mnepeBard 3acTOCYBaHHS MOCTOBHUX KiJl 3 JETEKTOPOM CHUTHAILY
HEpIiBHOBar"W, MO0 Ma€ BHUCOKHU BXITHHWH OIip, TOOTO 3 IHAMKATOpPOM HANpPyTH HEPIBHOBArd MOCTA.
BinHocHMI piBeHB BHIIMX TapMOHIK y Hampy3i HEpiBHOBarW MPaKTUYHO TakWi ke, AK 1 B Hampyrax
reHepaTopiB, TOMY IX HECKJIaJAHO Oyje NPUAYIIUTH BiJOMUMHU MeTojaMu (QuIbTpallii curHaiiB., Y BKa3zaHUX
poboTax HaBeAeHI CTPYKTYpH KBaIpaTypHHX MOCTIB 3MIHHOTO CTPyMy, B SIKUX BHKOPHCTOBYIOTBCS [1Ba
TeHEepaToOpy — TEHepaTop Halpyru 3 MOCTIMHOI aMIUNTYZoI0 1 ¢a30i0 1 peryiboBaHUN TIeHepaTop
KBaJ[paTypHOI HANPyTH 3 MOXIUBICTIO PETYJIOBaHHS PiBHA aMIUTiTYau. OTIOpHI MOCTiHI HANPYTH, 3 AKHX
(hOpMYIOTBECS CTYMIHYACTI BUXiHI HAPYTd T€HEpaTOpPiB, MOKHA OTPUMATH 3 OIHOIO JpKepena cTaldinbHOI
Hanpyru. CTalinbHICTh TXHBOTO CITiBBiIHOIICHHS 3a0e3meuynt HeckiaaHo. OpHaK peajbHI TapaMeTpu
BY3JiB (hOpMyBaHHS CTYIIHYATHX HANPYT IIUX T€HEPATOPiB BiIPI3HAIOTHCS BiJl PO3PAXyHKOBUX 3HAUEHB, 110
Ma€ HaCNiIKOM BiIXWJIEHHS aMIUTITYJ 1 (a3 Hampyr reHeparopiB MiK co0O0 Ta BiJ HOMiHAJBHUX
(po3paxyHKOBHUX) 3Hau€Hb. 3aU1s1 3a0€3MeUeHHS HU3bKOT0 PiBHS TaKUX BiAXWICHb BUKOPUCTOBYIOTH TOCUTh
CKJIaJIHI CXeMH 1 TEXHOJIOTi] BUTOTOBJIEHHS KBaapaTypHUX reHepaTopis. Ilpy iboMy Bce 0IHO 3aTMIIAIOTHCS
JOCTaTHBO BEJIHKI MOXUOKH BUMIpPIOBaHb, SKi MOTPIOHO 3MeHIIyBaTH. EQEKTHBHICTH iCHYIOUMX METOIIB,
3anpornoHoBana B [15, 16], € HEQOCTaTHHOIO.

Meta po0oTH: aHAT3 TOXHOOK BUMIipIOBaHHS IMapaMeTpiB iMIIeJaHCiB, 00YMOBJICHHUX BiIXIICHHSIM
napameTpiB TeHEpaTOpiB y KBagpaTypHUX MOCTax 3MiHHOTO CTPYMY, BiJl pO3paXyHKOBUX 3HAYC€Hb, a TAKOXK
PO3pOo0Ka aNropUTMIYHOTO METOAY 3HIDKEHHS BKa3aHMX MOXHOOK 0 piBHs, HEOOXiTHOTO AJs 3a0e3MedeHHs
MPEIM3iHHIX BUMIPIOBAHb ITApaMETPIiB €TAIOHIB EMHOCTI 1 aKTUBHOTO OITOPY Ha IMPOMHUCIOBHX JacTOTaX.

Sk BKazyBayiocs BUILE, KBaIpaTypHUN MICT IOBHHEH 3a0€3MI€YHNTH MTOPIBHAHHS MMapaMeTPiB €TAIIOHY
€MHOCTI OJIHOTO HOMIHAJIBHOTO 3HAYCHHS 3 MapaMeTpaMH eTaJIOHy akTHUBHOro omopy. [lin wac ioro
o0y 0B TONUTFHO BHOpAaTH ONMOPHUIA €TaJIOH 3 CepeHIM 3HaueHHAM eMHOcTi (He Buiie 3000 nd), mo mae
Ha vactoTi 50 I'm mocuts Bucokmii immenanc (Oimpme 1 MOw). Ilpu npomy HeMae HEOOXiTHOCTI B
3a0e3MeYeHHI YOTUPHOXIIAPHOTO IMiIKIIOUYCHHS eTajloHIB [17], OCKUIbKY IMIIENaHCH 3’ €HYBaIbHUX KaOesiB
€ HEXTOBHO MaJIUMH y TIOPiBHSAHHI 3 iMIieaHcaMu eTayioHiB. Ha mpakTuii omip 3’€IHYBaIbHOTO Kabero He
nepesuntye 0,1 OM, ToIi 11T BKa3aHUX €TAJOHIB BiTHOIICHHS iMIIeAaHCIB Ka0eiB i eTaloHa HE TIEPEBUIINTE
0,1 ppm, TOO6TO BININBOM OMOPiB KaOeliB MOKHA 3HEXTYBATH.

AHaji3 Bigomoro merony BuMmipoBanHs. B poOorti [15] omwmcano npuHIMOM MoOyAOBH i
CTPYKTYpH TIPEIU3IMHUX KBagpPAaTypPHUX MOCTIB 3MIHHOTO CTpyMy. Y IHX TPUCTPOSX pearizoBaHO
Bapial[ifHM# MeTOJ] BHMIPIOBaHHS IapaMeTpiB IMIIEJaHCiB, MO Oa3yeTbcs Ha aHawmizaXx peakIii
BUMIPIOBAIILHOTO KOJIa HA AETEpPMiHOBaHI 3MiHH IMapaMeTpiB KOja, 30KpeMa, Hanpyr renepatopis. [loTpiOHo
BIIMITUTH, L0 TaKUil METON MOKe OyTH 3aCTOCOBAaHMH MNEPEBaXHO JUIA NPEUM3IHHUX BHUMIpIOBaHb B

71a00paTOpHUX yMOBaX, OCKUIBKH IJIsi BUKOHAHHS

Uo I jUo(1+3U) BKa3aHUX €TaliB MOTPIOCH Yac, MPOTSITOM SKOTO
-1 napaMeTpu 00’€eKTiB BUMIpIOBaHHS i
Gi G BUMIPIOBAJIBHOTO TPAKTy HE IOBUHHI CYTTEBO

8  3MIHIOBAaTHCh.

Ha pucyHky mnokazano (yHKIIOHATBHY
------------------------ CXeMy KBaJpaTypHOTO MOCTa, IO MpPU3HAYECHUH
JUISI  TIOPIBHSHHS  I[MapaMeTpiB  €TaJoHIiB 3
BUCOKUMH iMrienaHcamu [15]. MicT Mae y cBoeMy
CKNail JBa KBaIpaTYpHHUX T'€HEPAaTOPH Hampyr
G1 u G2, (ba3u BUXiHUX CUTHATIB SKUX 3CYHYTI
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Ha 90°, a TakoX iHBEpTOp, KM MOske moBepTat Ha 180° dasy nanpyru reneparopa G1. Eramonu Cp u R,
napamMeTpH SIKMX TOPiBHIOIOTHCS, MiKITIOYAIOThCS 32 TOMTOMOTOK KoMyTaTopa K 10 BUXO/IB T'eéHepaTopiB 3a
MeBHUM anropuTMoM. CUTHAI HEpiBHOBArd MOCTA BUMIPIOETHCS 3a JOITOMOTOI0 BEKTOPHOTO BOJILTMETpA V.
Jnst aHamizy NMOBENIHKM MOCTa Ha OCHOBHIH TapMOHIII CKOPHUCTA€MOCS METOJOM KOMIUIEKCHHX
ammtitya. [losznaunmo BekTop Hampyru reneparopa Gl sik Up (Bektop 3 HynboBoIo ¢asoro). [Ipunmycrumo,
mo Hampyra reHepatopa G2 ¢opmyeTbes 3 MOXHOKOFO 5‘U , To6TO cranoBuTh JU,(1+ SU) . B 3araneHOMY

BUIIAJIKY O, — KOMIUIEKCHA BEJIMYMHA, 1110 BPAXOBY€ aMILTITYAHY i (ha30By noxnOku GopMyBaHHS HAMPYTH.

BuMiproBaHHS BUKOHYIOTh 32 TPHU €TaIH.

1. KomyTarop migxiroyae eTajJOHH HACTYIHHMM YHHOM: 0 BUXOAY reHeparopa Gl migkirouaeTbcs
eTasoH omopy R (#oro iMmenanc mo3HadeHO Sk Zg, aaMiTaHC — K Yg), a 0 BuUXomay reHeparopa G2 —
eranon C, (iMnenaHc sSIKOTo MO3HAYECHUH Zc, anMiTaHc — K Y¢, ). BUMIpIOIOT BEKTOpPHUM BOJIBTMETpOM V

KOMILIEKCHY Hanpyry HepiBHOBarn Mocta U,, — BH3HAYaloTh il CHH(A3Hy i KBajpaTypHy CKIaJOBi.
BxigHuit agmiTaHC BOIBTMETpPa IO3HAYEHO SIK Yy.

2. Konoirypariis BUMIpPIOBAIEHOTO KOJIa 30epiraeThCs, aje 3MIMCHIOETHCS Bapiallis HaIpyTrh
reneparopa G2, TOGTO BOHA 3MIHIOETHCS HA 3HAYCHHS OV i CTae PiBHOKO jU,(1+ 8, + V). Bapianis mosxe
BUKOHYBATUCS LUISIXOM 3MiHM aMIUNTyAd a0o (a3u Hampyrd LbOTO reHeparopa. BUMIpIOIOTE CKIamoBi
Hanpyry HepiBHoBaru U, .

3. 3MIHIOETBCS MOPSIOK MIAKIIOUEHHS eTaJoHIB 10 reHepatopiB. Etamon C,y migkarodaeTscs 10
BUXOJy iHBepTOpa Hanpyru reaeparopa G1, To6To 10 HROTO MinKIOUaeThest Hanpyra —Uy, a etanon Ry — 1o
BUxoJy rereparopa G2 3 nanpyrotw jU,(1+ 5 ) . BUMipIOIOTh CKJ1a10Bi Hanpyru HepiBHOBaru U N3 -

Cuctema piBHSHBD, 110 ONUCYE Pe3yIbTaTH BUMIPIOBaHb, MA€ BUIJISA

U,, =$—;(YR +jd+0y)-Yeo),

Uy = 0¥, + j14 6 +6,)-Ye) (1)
N2 YZ R V] Vv c/l

U =$(—Y + j(1+8,)-Ys)
N3 YZ C U R />

me Ys=Yr+ Yc + Yy — cyMa agMmiTaHCIB T1JIOK MOCTOBOTO KOJIa 1 BOJIETMETpA.
BuMiproBaHOIO BEJIMYMHOIO € BIIHOCHE BIIXUJICHHS aMiTaHCIB (a00 IMIEIaHCIB) €TaJIOHIB

b, = We _y_JZc | )
Yo Z,
Toune pimenns cucreMu (1) BiTHOCHO 52 Ma€ BUTJIA
v U —Uy
, = é/ J N3 (3)
2+ 5 Uy, —Uy,

ToOTo pe3ynbTaT BUMIPIOBAHHS BiTHOCHOTO BiIXWJICHHS IMOPIBHIOBAHUX IMIIETAHCIB 3aJICKUTH BiJ
NOXUOKHU BITHOIIEHHS HAIPYT F€HEPaTopiB O, , BIUIUB Lii€] BEIMUNHU 3MEHILY€EThCS TUIBKU B 2 pa3u.
Bim3nauumo, mo y pasi 3actocyBaHHs Bupasy (3) Ha pe3ylbTaT BUMIPIOBAHHS HE BILUIHMBAIOTh
MOXUOKH BEKTOPHOTO BOJBTMETPY, OCKUTBKM aJUTHBHA MMOXWOKAa KOMIIEHCYETHCS TIPU OOYMCIICHHI PI3HUIL
pe3yIbTaTIB B YHCEIBHUKY 1 3HAMEHHUKY, a MYJBTHILIIKATHBHA MTOXHOKa (B TOMYy YHCIHI i ¢a3oBa) — mpu
00YHCIIEHH] BiTHOIICHHS PI3HUIIb PE3YJIBTATIB.
[IpuBenenuii B pobori [15] Bupa3
dy JUy; -Uy,
2 U N2 T U N1

OTPUMAHO 3 BHMKOPHCTaHHSAM IPHITYyHICHHA, IO &, € HEXTOBHO MalMM Y MOpIBHAHHI 3 aBiiikoro. Lle

5, = 4)

NPUITYIICHHS CIIPaBeUINBE 3a TaKHMX YMOB: MOCTOBE KOJIO JOCTaTHRO TOYHO BPIBHOBaXKEHE, BiTHOCHE
BiZIXWJICHHSI HANPyT T€HEpaTOpiB Maye, 1 BUMIPIOETHCS TUTBKM HEBEJMKa OCTaTOYHA HANpyra HEpiBHOBATH.
OpnHak y 3arajJbHOMY BHIIQJIKy BKa3aHi YMOBH MOXXYTh HE BUKOHyBatucs. Hampukian, sSIKIIO MOCTOBE KOJIO
BpPIBHOBO)KEHE ITI0 OCHOBHOMY MapaMeTpy 3 MOXHOKor 1%, BigHOCHE BIOXWJICHHS aMIDITYZ HAmpyr
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reHepaTopiB Takox ckiagae 1%, To moxmOka BU3HAYEHHS 52 ckaane 0,005, a pesynpryroda moxmOKa
BUMIpIOBaHHS Z¢ cTaHOBUTHME 5-107, 0 He BiAmoBimae cOpMyTbOBAHHM BHILNE BHMOTaM [0 TOYHOCTI
BUMIpIOBaHb.

HeoOximHO TakoX BKa3zaTH, IIO0 HAaBEISHHWH aHali3 HE BpPaxOBYE IMOXWOKW iHBEPTYyBaHHS, SKi
HECKJIaHO 3HU3HUTHU JI0 HEXTOBHO MajNX 3HAYCHB IIPH 3aCTOCYBaHHI ITU(POBUX METOIIB TeHEPAIlil HAIIPYTH,
Ta BUIAJKOBI Bapiamii JaHUX IiJ] 4ac BUMIPIOBAaHHS, HAJICKHHUN PIBEHb SKUX 3a0€3MEUYETHCS 3aXOJaMU
cTabinizalii mapaMeTpiB BUMIipIOBAJILHOTO KaHATY.

Po3poOka B1oCKOHATIEHOT0 MeTOAy BUMipIOBAHHS.

VYIockoHalleHHS BIZJJOMOT'O METOIy BUMIpPIOBaHHS IOJSITAa€ B TOMY, IIO B AITOPHTM OOpPOOKH
pe3yNbTaTIiB BUMIPIOBAaHb IICIAS BUKOHAHHS BUMIPIOBAIBHUX TEPETBOPEHb anapaTypor0 KBaJIpaTypHOTO
MOCTa JOJIAIOTHCS OTleparlii BU3HaYeHHS BiAHOCHHUX 3HaY€Hb (5‘U ) pi3HUII HAMPYT TeHEePaTOPiB Ta onepaii

BU3HAUECHHs O, 3 ypaxyBaHHAM O . Lli BelIMYMHH € B3a€MOIOB’A3aHUMU. 3MEHIIECHHS BIUIMBY BiJXHJIEHb
HAIpPyT TEHEPaTOPiB BiJ PO3PaxXyHKOBHX 3HAYCHb JOCSATAETHCS 3aCTOCYBAHHSIM ITEPAaIlifHOTO alTOPUTMY
00YHCIIEHb.

PosrnsiHemo 0OTpyHTYBaHHS HOBOTO METOAY BUMIipIOBaHHSL.

3HaiiieMO TOYHE pIlIeHHs CUCTEeMH piBHIHL (1) BIZHOCHO BIiAXWJICHHS BITHOIICHHS HAIPYT
TeHepaTopiB o,

6V JU N3 +U N1

2+8; Uy, -Uy,
Tenep maemo cucremy aBOX piBHAHB (3), (5) 3 ABOMA KOMIUIEKCHUMH HEBIJOMHMH Oy 1 O, .

[IpencraBumo Bupazu (3) i (5) 3 BHKOpPUCTaHHAM [iHCHUX (CHH(pa3HUX) 1 YSIBHHX (KBaapaTypHUX)
CKJIQIOBUX KOMIUICKCHUX BEITMYHH

)

U:

5 _Re(d) (2+Re(d))) +Im(&)) Im(8) + j-(Im(&)- (2 +Re(§, ) ~Re(d, ) - Im(&,))
2 (2+Re(8,))" +Im’(5,)
.Al'Az"'Bl'Bz"'j'(A'Bz_Bl'Az)

A +B

; (6)

ne A =ReUy;)-ReUy),B =ImUy,) ~ImU,,), A, =~Im(U,;)~Re(Uy,), B, =Re(Uy;)~ImUy,).

g = Re(d))-(2+Re(8,)) +1m(, )- Im(5) ) + j - (IM() ) - (2+Re(d; ) —Re(§, ) - ]m(5z))
(2+Re(8,))’ +1m’(5,)
A-A+B-B+j-(A-B-B-A)
A +B
ne A :_Im(UN3)+Re(UN1)’ B, :Re(UN3)+Im(UN1)'

3 (6) oTpuMyeMO BUpa3H [JIsl BUSHAUECHHS CKIAJ0BUX O,

; (7

Re(é )_<Re<@> (2+Re(dy)) +Im(&,)-Im(&,))-(A A +B-B,)—
z (2+Re(8,))* +Im*(5,))-
—(Im(3, ) (2+Re(8,)) —Re(&}, ) - Im(5,)) - (A -B, =B, - A))
'A2+Bz)
(3, ) = (Re(&,)- (2+Re(8) + Im(&, ) - Im(8,))-(A B, =B -A)+
z (2+Re(8,))* +Im*(5,))-
+(Im(8,)- (2 +Re(d,)) —Re(8,) - Im(3,)) (A - A + B, -B,)
'(A12+Blz)

Anaoriyso 3 (7) OTpUMy€eMO BUpa3H JUls BU3HAYEHHS CKIaJ0BUX O

; ®)

)
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(Re(8)- 2 +Re(8, ) +1Im(4,)-Im(8,))-(A - A +B,-B)—

RC(5U)= & N2 2,&\2

((2+Re(5,))” +Im*(5,)")- (10)
~(Im(&,)- (2+ Re(é,)) ~Re(8, ) Im(5,)- (A - B, ~B,- A) |

(A +B)
Im(é.u)z(Re(@,)-(2+Re(5z))+hngévz)-Im(Zéz_))-(A‘Bg—BI'A5)+_,

(2+Re(5,)’ +Im’(4,))- (11
+(A A +B-By) - (Im(&)) (2 +Re(3; ) —Re(§) - Im(; )

(A’ +B)

Ananitnune pimenns cuctemu (8)—(11) B ABHOMY BUIVISII 33771 BUSHAYEHHS CKIAJOBHX O, €
TPOMI3JIKAM 1 HE3PYYHUM JIIsI IPAKTHYHOTO 3acTocyBaHHs. [1ix yac moOymoBH BUMipIOBAILHUX MPUCTPOIB 3
MIiKpOIpOLIECOPaMU 3alPONIOHOBAHO 3aCTOCOBYBaTH YHCJIOBUI iTepaliifHWH alropuT™M pillleHHs JaHol
cuctemu [18].

3aBmaHHs TOJIATAE y BUPIMICHH] MBOX mmap piBHAHB (8, 9) 1 (10, 11), axi BimoOpakaroTh B3aEMHY
3amexHicTh 5, Ta J,. ToMy MOXHA BHKOPHCTaTH MOXJIHMBICTh MOYEProBOr0 OGUHCIICHHS 3HAYEHb
BKa3aHUX BEIMYHMH KUJIbKOMa KPOKaMH, IPH LOMY Ha KO)KHOMY HAaCTYITHOMY Kpoli MoxuOKa BU3HAUYEHHS
KOXKHOI 3 BEJINUMH 3MEHIIYEThCS. 151 IbOT0 MOTPiOHO BUKOHATH HACTYIHY MOCIIIOBHICTh OTepamii.

Ha mepuiomy itepaniitomy kpoti 3 (8), (9) 3HaX0AATH TiepIi HAGTMKEHi 3HAYECHHS CKIAJO0BUX O,

3a ymoBu Re(d,)=0, Im(d,)=0. 3Haiineni 3HauenHsa miactaBmsitors y (10) 1 (11) 1 3HaxomaTs mepu
HaOJIM>KEHI 3HAUEHHS CKIAaJ0BUX Oy, . Jpyruil Kpok iTepauii — MifcTaBIsAIOTh CKIAI0BI J, y Bupasu (8), (9)
1 3HAaXOAATH ApPYri HAOIMKEHI 3HAYEHHS CKIAJOBUX O,,. ITepamiiiHi KpOKM MOBTOPIOIOTH JIOTH, JOKH
PISHHIA Mi’K 3HAYEHHSAMH CKJIaJ0BHX O, , OTPUMAHUX HA MOTOYHOMY i TONEpeHbOMY KPOKax, He CTaHe

MCHIIIC BCTAHOBJIICHOI'O piBHH.

Sk TOKa3ywoTh AOCHIKCHHS, PO3POOJICHUI METOJ] BUMIPIOBaHHS € e()EeKTHBHUM 3a YMOBH, IO
BIJIXWJICHHSI BiJTHOIIICHHS HAMPYT TEHEpPaToOpiB € CyTTEBO MEHIIMM 3a OJHMHUIIO, KPIM TOTO, BUMIpPIOBaHE
BiIXWJICHHS [TapaMeTpPiB eTaJoHiB He mepeBummye 1 %.

Bynu TpoBesieHi po3paxyHKH CKJIaJ0BHMX MOXMOKM BU3HAYEHHS BEIMYHHH O, 7S Pi3HUX 3HA4EHb

SU i 52 Ha pI3HMX Kpokax irepamii. OOYNCIeHHS TPOBOAMIIMCS IS ABOX BapiaHTIB peamizamii Bapiarii
Harpyru reaeparopa G2:

1. MynbTUTUTIKATHBHA Bapiallisi aMILTITy 11 HarpyTu. Taky Bapiallito HECKIIaIHO 3a0€3IeUnTH Y
MOCTax, L0 MICTATh IHAYKTUBHI MOMITBHUKN HANPYTW 3 TICHUM iHAYKTUBHHM 3B’si3koM. Bkasana Bapiatis
BUKOHYETHCS IIUIIXOM KOMYTallii crienialbHO BUKOHAHOT OOMOTKH TOCIIIOBHO 3 IUIEYEM MOCTa, B IKOMY Jli€

Hanpyra reseparopa G2. Ipuxnag: ov=0,01.

2. Bapiamis musxoM 3Minu (asu Hampyru. i peamizalis mye HpocTa IIpH 3aCTOCYBaHHI
reHeparopa KBa3MCHHYCOIAaJIbHOI CTYMiHYAcTOI HANPyTd 1 BUKOHYETHCS LUIIXOM 3CYBY y 4Yaci 3Ha4eHb
j-2z/n

kepyrouux koniB [IATIl, manpuknan, Ha oauH TakT. OTpUMyeMO OV =€
anmpoKCcUMaIlii CHHYCOi/TH.
B rtabmuui mpencraBieHi 3Ha4eHHS CKJIAJOBHX NMOXMOKM BHU3HAYEHHS BEIMYMHU O, I PI3HHUX

—1, 1e N — KUTbKIiCTh CTyTNEeHEH

3HaUeHb O, 1 O, Ha PI3HUX KpOKax irepauii. Y xomipkax TaOIuULi NEpIIUM BKAa3aHO 3HAUEHHS MOXUOKH,

JpyruM (4epe3 KOCy PHCKY) — Pi3HHLS MK OOYMCIEHMMH 3HAUYEHHSMH Ha MOTOYHOMY 1 MONEPEAHBOMY
kpokax. CTOBITYMKH, MMo3HadeHi mudpamu Bix 0 1o 3, BiAmoBimarTe Kpokam itepamii. Kpok «0» - moxuOka
00UMCIIeHHs CKIA0BUX O, 6e3 3aCTOCYBaHHA iTepaliii, T06To 3a BupaszoM (3). PesysbTaTi 06UHCIEHD IS
JIBOX BKa3aHWX BapiaHTIB peaiizallii Bapiailii Harpyru reHepatopa G2 npakTHYHO HE BiAPIZHIIOTHCS.

VY psagkax 1-5 Tabmumi HaBemeHo AaHi AN «4uCTOD» €MHOCTI Cp, y AKOI TaHT€HC KyTa BTpaT
JOPIBHIOE HYJIO. Y MHEpIINX TPHOX PSJKax PO3IISIHYTO BHUIIQJOK BiJCYTHOCTI KBaApaTypHOI CKIIAJ0BOT
Bi/IXMJICHHS BiJHOLIEHHsS HATPYT TEHEpaTopiB &, Bijl HOMIHATLHOTO 3HauYeHHs. SIKIIO TPUHHATH, MO

A0IyCTUME 3HAYCHHSA pi3HI/II_[i MIK 3HAUYEHHSIMU CKJIaJOBHX 52 , OTPUMAHUX HA IOTOYHOMY i nonepeaAHbLOMY

-6 . . . . 5 . 5
Kpokax, ckiaajgae 107, To 3 psaakiB 1-3 Tabmuui BUAHO, IO 3a BIZHOCHMX BIIAXWIEHHAX O, 1 0, Ha 10%
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noTpiOHO BUKOHATH 3 KPOKH iTepaillii, a 3a BIAXWICHH] 5U Ha 1% 1 MeHIIe MOCTaTHRO IBOX KpPOKiB. J[ms
JTAHOTO BUTAJIKY KBaJIpaTypHA CKJIaJ]0Ba TIOXUOKH BiJICYTHSL.

VY psaakax 4 1 5 HaBeACHO JaHi JUIs «4UCTO» eMHOCTI Cj, ajie MPUCYTHS KBajJpaTypHa CKJaloBa
BIIXWJICHHS BiJHOIIEHHS HANpPyT TeHepaTopiB SU . Y mpoMy BHUMAIKy 3 SBISETHCA KBaJpaTypHA CKIIAJOBa
MOXUOKH BUMIipPIOBaHHS 5‘2 . Pi3HMmi MiX 3HAaYeHHAMH CKJIaIOBHX 5‘2 , OTpUMaHUX Ha TIOTOYHOMY i
ToTepeIHFOMY KPOKaX, 3a BiIXuieHHi &, Ha 10% ckmanaioTs MeHmme 107 micis BUKOHAHHS TPETHOTO KPOKY
iTepallii, a 3a BiaxwieHHI Ha 1% 1 MEHIIIe — MICJIsl IPYroro Kpoky.

Ne 52 5U CxiiaioBa IOXuOKHU 52 , PO3paxoBaHa Ha Pi3HUX KPOKax iTeparii/
PI3HMI MiXK 3HAYEHHSMH Ha TIOTOYHOMY 1 HONEpEeTHhOMY KPOKax
cuHpazHa KBaJpaTypHa
0 1 2 3 0 1 2 3
1 0,1 0,1 5-10° | 1,1-10% | 2,6:10% | 610" 0 0 0 0
5107 1,1-.10° | 2,6:10°
2 0,01 0,01 | 510° | 1,2:10% | 310" - 0 0 0 -
5107 1,2:107
3 0,002 | 0,01 1-10° | 510" 0/ - 0 0 0 -
1-10° 510"
4 0,1 0,1+ | 510° | 8810% | 81-10% | 210"/ | 2,510° | 1,1-10°% | 3.510% | 8,9-10"/
0,05 5107 8,8:10° | 8,1:10” 2,510° | 1,1-10° | 3.510°®
5 0,01 | 0,01+ | 510° | 1210/ | 610" - 510° | 2,510° | 610" -
0,01 5107 1,2:10™" 5107 2,5:107
6 0,1+ | 0,1+ | 510° | 8510°% | 7107 | 2210/ | 2,6:10° | 1,1-10°/ | 3,510% | 9-10"/
0,001j | 0,05 5107 8,510 7107 2,6:10° | 1,1-10° | 3,5-10°®
7 | 0,01+ | 001+ | 510° | 410" 6:10™"Y - 510° | 2,5107 | 610" -
0,0001j | 0,01j 5107 410" 5107 2,5:107

Psnxu 6 1 7 crocyroThesi BUNIANKY, KOJMM €MHICTh C; Ma€ TaHTEHCH KyTa MieJIeKTPUYHUX BTpPaT
BigmoBigHo 0,1% 1 0,01%. HeoOximHa KimbKiCTh KpPOKiB iTepamii B IbOMY BHIAJKYy Taka X, SK 1 B
MOTIEPEAHBOMY .

BucHosok.

Po3pobmnenuit Meron BHUMIpIOBaHHS 3 BHKOPUCTaHHSIM iTEpaliiHOrO alropuTMy OOpOOKH
pe3yJbTaTiB BHUMIPIOBAIBHUX MEPETBOPEHh B KBAAPATYPHUX MOCTaX 3MIHHOTO CTpyMy 3a0e3reuye
3HIDKCHHSI TIOXWOOK TIOPIBHSHHS ITapaMeTPiB iMIIEJaHCY €TaJOHIB Ta Na€ 3MOTY OTPHMATH KiHIEBUU
pe3yabTaT BUMIPIOBaHb 3 HEOOXIJHUM piBHEM MOXHMOKH 3a MaJieé YMCIIO KPOKIB iTepalii — B MepeBaxkHid
OLIBIIOCTI BHUMAAKIB JOCTATHHO JBOX KPOKIB. 3acTOCyBaHHS METOAY JO3BOJSE OTPUMATH BHUCOKI
METPOJIOTIYHI XapaKTEPUCTHKHU 3a JOCHUTH BEIMKUX BITXWJICHHSX BiIHOIICHHS HAINPYT T€HEPATOPiB MOCTA,
IO Jla€ 3MOTY 3MEHIIUTH anapaTHi BUTPATH TPHU peanizaiii KBaJApaTypHUX MOCTIB 3MIHHOTO CTPYMY JJIs
MIOPIBHSHHS €TAJOHIB EMHOCTI 1 aKTHBHOTO OIIOPY.

Pobomy eurxonano 3a paxymox 6rw00xcemnoi memu “Poswupenns @yHKyionanbHux Mmoduciugocmei ma
nIOBUWEHHS. MEMPONOSIYHUX XAPAKMEPUCMUK 3AC00I68 SBUMIDIOBAHHSL 8 CUCIMEMAX MOHIMOPUHZY | OIA2HOCMYBAHHS 6
enexmpoenepeemuyi’” (wugp — "MMAPAMETP-/I"), KIIKBK 6541030.
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REDUCTION OF THE INFLUENCE OF DEVIATIONS
OF GENERATOR PARAMETERS IN PRECISION QUADRATURE BRIDGES
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The article is devoted to solving the problem of attestation of electric capacity standards at industrial frequency. The
expediency of using a quadrature bridge of alternating current to determine the parameters of standards of electric
capacity at industrial frequency by comparison with the parameters of standards of active resistance was noted. The
advantage of using a bridge imbalance indicator with high input impedance is shown, which consists in the possibility
of reducing the influence of higher harmonics of the supply voltages. An analysis of the well-known method of reducing
of measurement errors caused by the deviation of the generator parameters from the calculated ones was carried out. It
is shown that the known method does not provide sufficient compensation for the influence of these errors when the
deviations of the generator parameters increase, as well as when the deviations of the bridge from the balance state
increase. An iterative algorithm for calculating the measured deviation of the impedance ratio of the compared
standards from the nominal value is proposed. Mathematical expressions for calculating the measured quantity are
given. Calculations of the components of the measurement error for different values of generator voltage deviations
were carried out. Calculations were performed for two variants of generator voltage variation implementation:
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multiplicative voltage amplitude variation and additive voltage phase variation. The developed iterative correction
method allows to reduce the specified errors to the required levels in a small number of iteration steps - in the vast
majority of cases, two steps are enough. The application of the method allows obtaining high metrological
characteristics with rather large deviations of the voltage ratio of bridge generators, which makes it possible to reduce
hardware costs when implementing quadrature alternating current bridges for comparing capacitance and active
resistance standards. References 13, figure 1, table 1.

Keywords: impedance, admittance, immittance, standard, quadrature bridge, error reducing, iterative method.
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