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3AJIEZKHICTD HAIIPYT'H HA CWIOBHUX EJTEKTPUYHUX
BEHTHNJIAAX KOMIIEHCALHINHOTI'O IIEPETBOPIOBAYA BI/{
YACTOTHU NEPEMUKAHb TPAH3UCTOPIB KOMYTYIOUYOI
JIAHKH

Hocnioocennamu nepemeoprogauie enrekmpuyHoi eHepeii KOMNEeHCAyiliHo20 Muny, npoeeoeHUMU K
asmopamu nyonixayii, max i iHWUMU HAYKOBYSIMU, NOKA3YIOMb, WO IX eHepeemuuti Xapakmepucmuky i ymMosu
pobomu CuN08020 0ONAOHAHHS 3AaeAHCamsb 6I0 Komymyouol nanpyau. Jlocuioxcysanutl. mpugasHuii. Mocmosuil
KOMNeHCcayiiinull  nepemeopiosay Micmums O00HYy KOMYMYIOYy J1aHKY, AKA CKIA0AEMbca 3  mpugasioi
KoHOeHcamoproi bamapei ma mpugasHoi epynu noguicmio keposanux npunadie. OCmaHHi € KOMymamopom
KOHOeHcamopHoi bamapei, 8UKOHYI0UU DYHKYIT NepeMUKAHHA KOHOEHCaAmOopie maKum YuHoM, wob 3abesneuumu
eHepeemuyHUlL npoyec Nepemeopro8aia, npu AKOMY 1020 peakmueHa eHep2isi KOMNEHCYEMbC, YU 2eHEePYEMbCH, )
pasi neobxionocmi. Ilpu yvomy sminioromucsi i ymosu pobomu cun06020 06nadnanusa nepemsopiosayd. OCHOBHUM
3MICIOM OOCTIONCEHHSL € AHANI3 CKIAO0BUX 360POMHOL HANPY2U CUNOBUX eLeKMPUYHUX BEHMUNIE KOMNEHCAYILHOT
YACTMUHU Nepemeoprogayd ma OUHAMIKU i 3MIiHU, npu  nioguugeHiti uacmomi IMRYIbLCI8  KepyBaHHs
mpaH3ucmopamu Komymyrwuoi aauku. Lle nompiono npu eusnaueHui K1AcCy 8eHMUIIG, Y PA3l 8NPOBAONCEHHS
nepemeopro6aid 3a 00CNIONCYBAHOI0 CXeMOI0 Y GupobHuymeo. Ilumanna knacy 6eHmunie po3nidacmvcs y
KOHMeKCMi eHepeemuyHUX MOJICTUEOCHEL NePemeoploeaia npu pe2yio8anHi peicumy 1o20 pobomu 32i0H0 6UMO2
mexHono2iuno20 npoyecy. B pezynomami ompumani cniegioHouleHHs 015l pO3PAXYHKY MAKCUMATIbHO20 MUNIMEBO20
3HAUEHHs 360POMHOI HANPY2U CULOBUX ELEKMPUYHUX GEHMUNIE y PIZHUX pedcumax pobomu nepemeopiosaua.
YV3azanvnenuii  6ucnosok noxasye, w0 HA CULOBUX ENEKMPUYHUX GEHMUNAX KOMNEHCAYIUHOI 4aACMUHU
nepemeopro6aid 360pOmna Hanpy2a He nepesuuye Hanpy2y Ha inuux eenmuaax. bioa. 11, puc. 12.

Koarouosi ciioBa: kondencamopna bamapesi, KoMymamop, KOMymyloud Hanpyad, ereKmpuiHull eHMulb.

Beryn.

JocnimxyBanuii TpudasHI MOCTOBHH KOMICHCAIIMHWN IEepeTBOpIoBad (Cxema, puc. 1) MICTUTH MBI
Tpuda3Hi TPpyny CHIOBHX EJIEKTPUYHMX BEHTWIiB. OgHA 3 HUX, Ha CXeMi — aHO/AHA, MPAIIOE y 3BHYAIHOMY
(HexoMIeHCaiHHOMY) peXKuMi. YMOBHU poOOTH BEHTHIIIIB i€l TPpymH, SK i caM KOMyTalilHUI mporec, HiYuM He
BiZJPI3HAIOTHCS Bil YMOB POOOTH BEHTHIJIIB TpU(a3HOTO MOCTOBOTO IEPETBOpIOBada 3a cxeMoro JlapioHoBa, sika
JIOCUTB TPYHTOBHO JIOCIIi/KEHA.

CTOCOBHO BeNMUYMHM 1 (JOPMM HAampyrw Ha CHJIOBHX ENEKTPUYHHMX BEHTWISAX L€l CXeMH, y TeXHIYHIN
JiTeparypi BiIMIYaeThCs, IO y MPOMDKKY 4acy, KOJIM 4Yepe3 BEHTWJIb IPOXOAWUTH CTPYM, Halpyra Ha HbOMY
JIOPIBHIOE MPSIMOMY criaay Hampyru. Ll Hanpyra 3Ha4HO MeHIIa Ti€i Harpyry, sika NMpUKJIaJeHa 10 BEHTWIS Y
HEIpOBiIHY YacTHHY repiofy. ToMy HEl0 MOXKHA 3HEXTYBaTH.

Y HempoBigHy YacTHHY NeEpiofy Hampyra Ha CHJIOBUX EJIEKTPHYHUX BEHTHIISIX CTBOPIOETHCS JIBOMA
JMHIMHUMH HanpyraMu BTOPHHHOI OOMOTKHM TI€PETBOPIOBAJIBLHOTO TpaHC(hOpMAaTopa, 3MIMIEHUX MK co0OI0 3a
(hazoro Ha 600. SKmI0 3HEXTYBaTH MPOTHKHICTIO KOMYTAIIHHOTO IPOILIECY, TO 3BOPOTHA HAIIPyTa HAa BEHTWIIAX Oyre
CTBOPIOBATUCS JIMIIE CKIQJOBAMH 3a3HAUEHHX HAMpyr. SIKmI0 MPOTSKHICTE KOMYTAI[ifHOTO MpOIeCy
YpaxoByBaTH, TO Ha 3a3HAu€Hi BHIINE CKJIAJO0BI 3BOPOTHOI HANPYTHW HAKIAAyThCS HANPYTW KOMYTAIliHHI.
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TIpuHarimHO 3BepHIMO yBary, o Iie He Te X caMe, IO 1 KOMyTytoda Harnpyra. OCTaHHS CTBOPIOETHCS CKIIQT0BUMU
CTPYMY HaBaHTa)XEHHs, III0 TPOXOMATH Yepe3 KOHICHCATOPH KOMYTYro4oi Jlankd. JlocmimpkyBanuii TpudazHuii
MOCTOBHUI KOMIIEHCALiHHUH MEepeTBOPIOBaY MICTUTHh OIHY KOMYTYIOUY JIaHKY, sIKa CKJagaeTbcs 3 TpudazHOi
KOHJ/IeHCcaTOpHOI Oarapei Ta Tpuda3HOoi IpyH HOBHICTIO KEPOBAaHUX TPHJIIaIiB.

Y nociipkeHHI TPUHHATO, IO MEpeTBOPIOBaY MiAIMKHEHUH IO CTaHAapTHOI cMMeTpH4HOI TpudasHol
CHCTEMH TIPSIMOTO uepryBaHHs da3:

e, =E,sin(9+7/6+y);
e; =E, sin(9-z/2+y), 1)
e. =E,sin(9+57/6+y),

e Em - amrutity1a BTopuHHOI (aszHoi EPC meperBoproBaigpHOTO TpaHchopMaTopa; 3 — MOTOYHA 3MiHHA; [ —

MoYaTKoBa (a3a HAPyTH MPHU BKIIOYCHHI BEHTHIIS.
CtpyM KoMyTamii BEeHTHIIB aHOJHOI TPYIH JOCIiIKYyBaHOTO TIEPETBOPIOBaYa 3MIiHIOETHCS BiIIOBITHO 10

Bupasy |y = Tm (1-c0s9) . Taxiit 3axosoMipHOCTI 3MiHH CTPyMy KOMyTaLiii BiINOBifae KoMyTaliiiHa Hanpyra

di . ;

u, =X, ﬁ = 0.5\/§Em sin 9, a6o ii nopmopanuii Bupas U, =0.9SIN3 . 3a popmoro 151 Hanpyra Gumseka 10
TPHUKYTHOI, a ii HaO1IblIe 3HAYCHHS IPUXOIUTHCS Ha KiHenb mpouecy Komyrtauii npr & =y @ Upwa = 0.5siny .

Tpudasna rpyna cuIIOBHX €JICKTPUYHUX BEHTWIIB KaTOJHOI YaCTWHH JOCIHIIKYBAaHOTO II€PETBOPIOBaYa
NpaloIOTh Y KOMIIGHCALliHHOMY pexumi. BoHHM 3a0e3nedyroTh IepeTBOpIoBady eHEeproe(eKkTHBHHUII PexUM
eHepro3adesneyeHHsT TEXHOJOTIYHHUX CIIOKUBAYIB IMOCTIHOTO CTpyMy. 3a3HaueHHMH EHEPreTHYHHH PEeKUM
JIOCSITAETBCS 32 PAaXyHOK KOMIUIEKTAlil INepeTBOpIOBaYa KOMYTYIOUOIO JaHKOWo. Take TexXHIuHE pillleHHsS
3axuIlleHe MaTeHTOM YKpaiHu Ha KOpPUCHY Mozenb [1].

Buxozasuu i3 3aKOHOMIPHOCTI 3MiHH CTPYMy KOMYTaIlil BEHTHIIIB KATOJHOI YaCTHHH TepeTBoproBaya [3].,
HOPMOBAHUI BHpa3 KOMYTAL[{HOT HANIPYTH 3alUILETHCS TaK:

Uy =—>—
(. 1)

Sk mokasye aHani3, I Hanmpyra (GakTHYHO € JaCTHHOIO CHHYCOifHOI QYHKIIT i3 4acTOTOI0 @, B MeXax

[-sin(9—a) + @, cos & -sin wp.d—sina - cos 9] .

NPOTSHKHOCTI KoMyTaiiiHoro npouecy. Tomy dopma 1i€i Hanpyry BiApi3HIETHCS Bii TPUKYTHOT.

Bukianene imoctpye puc. 2. Y ¢a3Hiil Hanpy3i OpUCYTHI YOTHPU KOMYTAIHHI «ITiKKW», TOOTO 4OTHPH
KOMYTAalii{HI HAaNPYTH, MOJ0KEHHS 1 MPOTSHKHICTD SIKMX BiJNOBIAIOTH IHTEpBaly KOMYTallii CTPyMY CHJIOBUMH
EJIEKTPUYHUMH BEHTHJIIMHU aHOJIHOT 1 KaTOJIHOT YaCTHUH NEepPEeTBOPIOBaYa.

KoMyramisi cTpyMy CHIOBHMH EISKTPHYHHMH BEHTHJIIMH KATOAHOI YacTHHH (KOMIICHCALIHON)
HepeTBOPIOBaYa BiIOYBAETHCS B MEXax JOJAaTHOI HAIMBXBWII (ha3HOI HANIPYTH, & BEHTHIISIMU aHOJHOI TPYIH — Y
MeXax BiJl’€MHOI.

[lo BaxsmBO. MOMEHT NOYATKy KOMYTAaLil CTPYMY CHJIOBHMH SJICKTPUYHUMH BEHTHISIMU aHOIHOT IPYIH
He 3MIHIOETHCS MPH 3MiHI peKUMY poOOTH nepeTBoproBaya. CTOCOBHO CHIIOBHX €JICKTPUYHHUX BEHTHIIIB KaTOIHOT
rpynu cuTyanis iHma. [Ipu 3MmiHi pexkuMy poOOTH TIepeTBOpIOBaya (3MiHI CTpyMy HABaHTAXKCHHS, 3MiHI EMHOCTI
a3y KOMYTYIOUHMX KOHJIEHCATOPIB, 3MiHI KyTa KEpPyBaHHS TPAH3UCTOPAaMH KOMYTYIOHOI JIAHKM) 3MIHIOETHCS
BEJIMUMHA BUIIEPEPKAIOUOr0 KyTa PeryJroBaHHs. BiANOBiTHO 3MIHIOETHCS MOMEHT MOYATKy KOMYTalil CTpyMy
CHJIOBUMH €JISKTPUYHUMH BEHTUISIMH KaTOAHOI YaCTHHU NepeTBopioBaya. BiH crae «iaBaodnmy.
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Pucynok 1 — Cxema mpughasnoeo mocmosoco PucyHnok 2— Komymayiiina nanpyea ¢az 6mopuruoi
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KOMREHCayiiHo2o nepemeoprosaia o06momxu mpancgopmamopa

[epeTBoproBay 3a TOCTIPKYBaHOIO CXEMOIO Ma€ IiJIBUILEHI eHEPreTUYHI XapaKTepucTuku. ToMy noaioHi
poboTn BemyThes y manekomy [2,3] 1y Omu3bpkoMy 3apyOixoki, Ta B YkpaiHi [4,5,6].

Meta po6otu. OTpumary faHi IOJO OCOOJHMBOCTEH EKCIUIyaralii CHJIOBHX ENEeKTPHUYHHMX BEHTHIIIB
Tpr(a3HOr0O MOCTOBOTO KOMIICHCAIIITHOTO IEepeTBOPIOBaYa Ta CIIBBIAHOLICHHS JUIsi BUOOPY Kiacy BEHTHUIIIB,
BIAMOBITHO 10 BUMOT TEXHOJIOTIYHOT'O IPOIECY, 32 YMOBH, 1[0 YAaCTOTA IMITyJIbCIB KEPYyBaHHS TPaH3HCTOPaAMHU
KOMYTYIOUOi JIAHKH IT1/IBUILIEHA, TOPIBHSHO 3 YaCTOTOO HAIIPYTH MEPEXKi KUBJICHHS.

PesyabtaTH nocaimkeHb. OCKUTBKM MepeXka € CTaHJApTHOIO CHMETPHYHOIO TPHU(A3HOIO CHCTEMOIO
npsaMoro depryBaHHsA ¢a3 (1), MOCIiZOBHICTH BCTYIy B poOOTy CHIIOBHX EJEKTPUYHAX BEHTHIIB KaTOTHOI
(xoMITeHCaniHOT) YaCTHHU IIePETBOPIOBaYa €IEKTPHIHOI eHeprii 3a cxemoro puc. 1 6yzae takoro: VD1— VD2—
VD3. fkmo 3HEeXTyBaTH PEaKTUBHHM OIOPOM KOJIa 3MIHHOTO CTPyMy, a KOMYTAaiHUHA Hpolec BBaXXaTH
MHTTEBUM, TO KO)KHHH CHIIOBHH €JIEKTPUIHNI BEHTHIIb KATOTHOT YACTHHH MIEPETBOPIOBAaYa BCTYAaTUME B POOOTY
OIMH pa3 3a Iepiox 1 Oyde mpairoBaTH TMPOTATOM TpeTHHH mepiomy. IlocmimoBHICTE BeTymy B poboty
TPaH3UCTOPIB KOMYTYIOUO] JIAHKH 1 IPOTSIKHICTh POOOTH 3aJie’KaTh BiJl 4aCTOTH iX NepeMUKaHHs. SIK BUIIMBAE 3
MeTH poOOTH, OCHOBHUM 3aBJaHHIM JaHOI IyOmikamii sKpa3 i € JOCIiKeHHs] 3BOPOTHOT HAPYT'yl Ha CHIJIOBUX
CJICKTPUYHHUX BEHTWJISIX KaTOMHOI I'PYIH, SIKI MPAIOIOTh Y KOMIICHCAIIITHOMY PEXHMI, 3aJIe)KHO BiJl YaCTOTH
MepeMUKaHHS TPAH3UCTOPIB KOMYTYIOYOT JIAHKH.

1. [TonBo€eHa yacTOoTa MepeMUKAHHS TPAH3UCTOPIB KOMYTYIOUOi JJAHKH. BiqnoBinHO 10 YepryBaHHs
TapMOHIK PI3HHMX MOPSIKIB, IOCTIIOBHICTh BCTYIy B POOOTY TPaH3HCTOPIB KOMYTYIOUOi JIaHKH Mae OyTH
3BopoTHOIO: VT1— VT3— VT2. OnHax, sIK TOKa3yIOTh TOCIIHKCHHS, BEIMYHHA 1 popMa KOMYTYIOUOi HAIIPYTH
3aJeXHUTh HE TUIBKM BiJl 3a3HAYEHOTO BWILE, a ¥ BiJf MOMEHTY IO/adi IMIyJIbCIB KEpyBaHHS HA TPAaH3HCTOPH.
BuxonuTh, IO IOCHIMKEHHS BEJWYMHH 1 (OPMH 3BOPOTHOI HANPYTH CHJIOBHX €JICKTPUYHUX BEHTHIIIB
KOMIICHCAIIHHOI YaCTHHM MIEPETBOPIOBAYA OTPEOYE PO3MIIAAY JEKITBKOX PEXHUMIB.

Pesicum 1. Momenm gxnrouenns 6 pobomy mpansucmopa V11 36icaembcs 3 MOMEHmMoOM 6Cmyny 6 poo6omy
cunogoeo enekmpuunozo eenmuas VDI, Ilo3HauuMo depe3 Ay BEIMYUHY 3CYBY MK LIUMH MOMCHTAaMH.
BianoBigHo, 10ciiKyBaHOMY peXuMy BianoBinae ymoBa Ay = 0. JlokiaaHe AOCIiKEHHsI KOMYTY0U0i HAapyTH
NPY BiZICYyTHOCTI 3CYBY Mi’)K MOMEHTaMH BCTYITY B poOOTY CHJIOBOTO eleKTpu4Horo BeHTwisa VD1 Ta Tpan3ucropa
komyTyrouoi anku VT1 omyGnikoBaHo aBTOpamu aaHoi ctattiy [11].

BukopucTtoBytoun cxemy puc. | Ta HaBeJCHWIl BUILE alrOPUTM KOMYTAllii BEHTHJIB Ta TPAaH3HCTOPIB
KOMYTYIOUOi JIAHKH, € MOXJIMBICTh PO3paxoByBaTH KpuBi cTpyMmy (a3 koHaeHcatopHoi Oarapei. Ilpu npomy
ypaxoBaHO, II0 3MiHA CTaHy IOCIIIKYBaHOI CHCTEMH BiZOyBaeThCsS depe3 IMIOCTYy YacTuHY mepioxy (m/3). Ha
MepIIoMy iHTEpBaJIi, KOJIHU MPAIIOI0Th CIIIOBHUH enekTpuaanid BeHTIIs VD1 1 tparsuctop VT 1, ctpym uepes dazy
KOHZeHcaTopHO1 6arapei C1 He TPOXoaAnTS.

[Micns BxaroueHHs B poOoTy Tpamsucropa VT3 uepes ¢asy Cl xoHmeHcaTOpHOI Oarapei mMpoxXoauTh
TPETHHA BUIPSIMIIEHOTO CTPyMy nepeTBopiroBaya lg. Takuii xe cTpyM mpoxoauts i uepes (azy C2 KoHIeHCaTOpHOT
6arapei. Uepes a3y C3 mpoxoauTs J1Bi TPETHHU BUIIPSIMIICHOTO CTPYMY II€PETBOPIOBAYa, PUIOMY HOTO HAlpsM
MPOTHJICKHUI /10 TOTO, SIKHI y JOCIIHKEHHS MPUIHATO 33 JOAaTHUIA.

3HalOuM 3aKOHOMIPHICTh CTpyMy (pa3um KoHJeHcaTopHOI Oarapei Ha OKpeMHX IHTepBaiax nepioay,
PO3paxyeEMo KOMYTYIOUY HaIlpyTry, BAKOPUCTOBYFOUYH CITIBBIIHOIICHHS:

1.
uC:EI|Cd19+uC(O) (2)
0
KinbkicTh iHTEpBaJiB KPUBOT KOMYTYIOHOI HAIIPYTH TaKa XK, 5K 1 KUIBKICTh IHTEPBaAJIiB KPUBOI CTPyMY:

4
Lintepsan: i. =0, 0<9<7/3; Ueg :icjicdmuc(O):uc(O):uc(l)k;
@ 0
. o < /a. 1 gldd I
Il inrepBam: i, =1,/3, 0<9<7/3; Ug ) :E'!? G+ Ug gy =%9+UC(O).

I
B xinui intepsany npu $=7/3, Ucpy, = ﬁ +uc (0).

9
. . |

Il inteppan:  ic =0, 0<9<7/3; Ugg =i'|.lcdu9+uc(2)k :ﬁ‘*uc (0) = Ug g ;

0

. o _ 1%, 2l 21, I,
v IHTEpBal: I =_2|d /13, 0<9<rx/3; uC(A) =E£(—?)d9+uc(3)k =—%3+ﬁ+uc(0) .

B kinui intepsany npu $=7/3, Ugy, = I c]iC "

Uc (0) .
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. 1. [
Vinrepan: i =0, 0<9<7/3; U, =Ejlcdl9+uc(4)k =—ﬁ+uC (0) =Ugs)y -
0

¢l | [
Vlinrepsam: i =1,/3, 0<9<7/3; Uy, =%J.§ddl9+uc(5)k :ﬁg_ﬁﬂjcw)'
0

B kinui intepsany npu $=71/3, Ucg, =Uc(0).
IMouaTkoBe 3HAYCHHS KPHBOI KOMyTyio4oi Hanpyru U, (0) pospaxyemo, BUXOMSHH 3 TOTO, LIO CEPEIHE

3HaueHHs KpuBOi U (¥) Ha mepioai nopisHioe Hysro: U (0) =0. (3)

YpaxoBylO4UH OCTaHHE, OTPUMAEMO OCTATOYHI BHPA3H 3aKOHOMIPHOCTI 3MiHM KOMYTYIOUOi HAlpyTH Ha
OKpEeMUX iHTepBaJlaX Mepiony.

PesynbraT TakOTrO aHANi3y MPOTIATOM TEPioLy OCHOBHOI YaCTOTH IpeAcTaBieHi rpadidao Ha puc. 3. Sk
6agnmo, cTpyMu (a3 KOHISHCaTOPHOI OaTtapei oIHAKOBi 32 GOPMOIO i BENMHMIMHOIO, Ta MAIOTh 3CYB 3a (a30i0 Ha
TPETHHY MEepioAy OCHOBHOI YacTOTH, AK 1 y Oyap-saKiil TpudaszHiil cuctemi mpsmoro yepryBanHs (a3. Yci Kpusi
moOy/I0BaHI 3a YMOBH, L0 €MHICTh (ha3u KOHACHCATOPHOI OaTapei i CTpyM HABaHTaXCHHs MEPETBOPIOBaYA
OJTHAKOBI B yCiX pexXuMax poOOTH.

JluHnaMika 3MiHU BeJTMYMHU 1 (OPMH KOMYTYIOUOi HAIPYTH IIPU 3MiHI 3CyBY Ay MiX II0YaTKOM BCTYITy B
POOOTY CHIIOBOTO €IEKTPUYHOTO BEHTHIISI Ta TPAH3UCTOPa KOMYTYIOUOT JJAHKH OJJHOMMEHHUX (a3, 3a JaHumMu [7],
IpeJcTaBieHa Ha puc. 4.

—— '[\ o 7
7 lJ.( ) ,/7/
W, '4 7 [y

Pucynox 3 - Cmpym i nanpyea a3 Puynok 4 - [unamixa 3minu komymyrouoi nanpyau npu
KOHOeHcamopHoi bamapei' y peacumi 1 smini 3cysy Ay 6id 0 0o 2n/3

BuknageHe MicTUTh OOCTaBHHU, BXKJIMBI IS TOCHIIKSHHST OCHOBHOT MeTH MyOikaiii. BoHn monsraroTh
y TOMy, IIIO HaBiTh MpH 30iry MOMEHTIB BCTYIly B pOOOTY CHJIOBOTO €JIEKTPUYHOTO BEHTHWIISl 1 TpaH3HCTOpa
KOMYTYIOUOi JIAaHKH OJ(Hi€T 1 Tiel %k (a3u, Ha KOMYTYHOUMX KOHJIEHCATOpax € Halpyra, MakCUMallbHEe 3HaueHHs
SIKOL

Ucmax = 14 /18TC 4)

KpuBa Hanpyru KOMyTyIOUMX KOHICHCATOPIB Ma€ JUISTHKH 3 HYJIbOBUM 3HaueHHSM. SIKIIO 3CYB Ay, SIKHi
€ 3aTPUMKOIO BCTYITy B POOOTY TPaH3HCTOPa KOMYTYIOYOi JIAHKH, 301IbLIYETHCS, TO KpUBA KOMYTYIOUOT Hapyru
3MiHIOE cBOIO (opmy. B inTepsaii 3minu Ay = 0.... 7/3 cnocrepiraeTbcs 3MEHILEHHS! IPOTSHKHOCTI iHTEpBay 3
HYJIbOBMM 3HAU€HHSM KOMYTYI040i Hanpyry (pu Ay = m/3 BiH 3HUKA€E MOBHICTIO), ajle MaKCUMallbHe 3HAUYEHHS
i€l Hanpyru He 3MIHIOETHCS 1 po3paxoByeThes 3a (4). B inrepBaii 3mMinu Ay = 71/3 271/3 3MIHIOETHCS HE JIHIIIE
(hopMa KpHBOi KOMYTYyIOUOi HampyTH, a i ii BenmuunHa. Bona 30imemyetbes. [Ipu Ay = 2n/3 1i MakcumanbHe
3HAYCHHs Y/ABiYi OUIbIIE BiJ] pO3paxoBaHOTo 32 (4).

CKOpHCTaBIIUCh JAaHUMHU IIOJ0 3aKOHOMIPHOCTI 3MIHM KOMYTYIOUOi Hampyru y pexumi 1 (puc. 3),
1o0y/lyeMO KpUBY 3BOPOTHOI HaIpyTu CHJIOBOTO eleKTpuaHoro BeHTnist VD 1. Hexait nepuim Betynus B poboTy
3a3HaueHMUH BeHTHIIb. [IOKM BiH mpallfoe, HaIpyrd Ha HbOMy Hemae. [licis BMXOXy LbOrO BEHTHIIS 3 podoTH,
BKJIIOYaeThes BeHTHIb VD2. Ha Bentuni VD1 3’sBisieTbest Hanpyra i piBHSHHS KOHTYPY, IO TIPOXOJAUTD Yepe3
3a3Ha4YeHi BEHTHI1, Oyl TaKUM:

€x =€ =Uypyg) TUcy ®)
BignosinHo Hampyra Ha CHIIOBOMY eJleKTpudHoMy BeHTHIi VD1 B iHTepBai npoBigHocTi BeHTHIst VD2:
Uypiry = €ag ~Ucs (6)

[Ticng Buxomy 3 poOOTH CHIIOBOTO €JIEKTPUYHOTO BeHTWI VD2 BKIfodaeThes BeHTHIs VD3 1 Hanpyry Ha
CHJIOBOMY eNeKTpruyHOMY BeHTHIi VD1 B inTepBami mpoBigHOCTI BeHTHIs VD3 po3paxyeMo HACTYITHUM YHHOM:

€\ =€ = uVD1(2) —Uez — uvm(z) =€,ctUcs (7)
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Ha puc. 5 BiamosigHo mo (6) ta (7) moOymoBaHa KprBa 3BOPOTHOI HANPYTH HA CHIIOBOMY €JIICKTPUIHOMY
Bentwiti VD1 y pexxumi 1, Ta noka3zasi CKJIaI0BI i€l HaIIpyTy.

u
il can ey

PucyHok 5— 36opomua nanpyea na cunoomy erekmpudHOMy 6eHMUL KAMOOHOT YaCMUHU NEPemeoplosaya y
peocumi 1
Sk G6aummo, moOyZoBaHa KpWBa Mae€ YOTHPH IHTEPBAIM 3 PI3HOIO 3aKOHOMIPHICTIO 3MIHH MHUTTEBOTO
3Ha4YeHHS. Taka KiJbKICTh AIITHOK OOYMOBJIICHA THM, IO B IHTEPBaJi POOOTH CHIIOBOTO €JIEKTPUIHOTO BEHTHIISA
VD2 nanpyra ra xoHgercatopi C1 mMae aBa iHTepBaiH 3 Pi3HOIO 3aKOHOMIpPHICTIO 3MiHH. Taka X cHUTyaIlis i B
iHTEpBai poOOTH CHIOBOTO elIeKTpU4HOro BeHTw1 1 VD3, ockinbKky Harpyra Ha koHaeHcatopi C3 Takoxk Mae qBa
IHTepBaIM 3 Pi3HOI0 3aKOHOMIpHiCTIO 3MiHM. HaliOulbllle MUTTEBE 3HAauU€HHS HANpyru Uy, NPUXOJUTHCSA HA

nimstaky 101 i, sk 6aumMo, MOPIBHIOE aMIUITYAI JiHIHHOI HANpyrd BTOPHMHHOI OOMOTKH IIEPETBOPIOBAIBHOTO
TpaHcdopmaropa.

Peoicum 2. Momenm sxnouenns 8 pobomy mpanzucmopa VI1 mae 3ampumky 8i0HOCHO MOMEHMY 8CTYRY
6 pobomy cunosoeo enekmpuunozo eenmuai VDI na eenuuuny 0o /3.

JuHaMiKy 3MiHHM KOMYTYIO4oi Hampyru Tpu(a3HOrO MOCTOBOTO KOMIIEHCAIIIfHOTO IEepeTBOPIOBAYA Y
PEeXKMMI MUTTEBOT KOMYTaLlil IIPU MMOJBOEHIN YaCTOTI IMITYJIbCIB KEpyBaHHs TPAH3UCTOPAMH KOMYTYIOUOT JIAHKH
LTFOCTpYE puc. 4.

XapakTepHOI OCOOJIHMBICTIO Ii€] CyKYNMHOCTI KpUBUX KOMYTYIOYOI HAallpyTu € Te, WO AesKi 3 HUX MaloTh
JUISHKY 3 HYJIbOBUM 3HAYCHHSM Ta HE € CHMETPUYHUMH BiTHOCHO Oci abciuc. JlocmikeHHs BIUTMBY BETHUMHH 1
(dhopMH KOMYTYIOYOi Hallpyrd Ha BHOIp KJIacy CHJIOBOTO €JIEKTPUYHOIO BEHTHJISI MOKa3ajo, M0 MaKCHMalbHe
MHTTEBE 3HAYCHHS KPUBOT 3BOPOTHOI HAIIPYTH HA BEHTHJII 3HAXOJUTHCS B Mexax MUsTHKH 1.

Ha puc. 6,a nobynoBaHa KpuBa 3BOPOTHOI HAalpyrd HA CHIOBOMY €IEKTpHIHOMY BeHTW VD1 skpas y
TAaKOMY pEXHM POOOTH IIepeTBOpIOBaYa, Ta IMOKa3aHI CKiIajoBi miei Hanpyru. Ilpum moOymoBi BHKOpPHCTaHI
cuiBBigHOIIeHHS (6), (7) 1 kpuBi puc. 4. Sk Gaummo, KpuWBa 3BOPOTHOI HANPYTH MAa€ IMICTh AUNSHOK. Lle
TIOSICHIOETBCS THM, 110 B IHTEPBAJi pOOOTH CHIIOBOTO €IeKTpuYHOro BeHTHIs1 VD2 Hanpyra Ha koHneHcaropi Cl
Ma€ TPH IHTEpBaJ W 3 PI3HOK 3aKOHOMIPHICTIO 3MiHH. Taka X cHTyamis i B iHTepBali poOOTH CHIIOBOTO
esleKTpuuHOro BeHTHSsi VD3, ockinbku Hampyra Ha kKoHuaeHcaropi C3 TakoX Mae TpU IHTEpBaJIM 3 Pi3HOO
3aKOHOMIPHICTIO 3MiHH.

MakcumanbHe MUTTEBE 3HAUEHHSI 3BOPOTHOT HAIIPYTH CHUIIOBHX €JIEKTPUYHHUX BEHTUIIIB KaTOAHOI YaCTUHH
MepeTBOpIOBaYa 30ira€Tbes 3 KiHieM UISHKA I, TOXK HOro HOPMOBAHE 4YKCIOBE 3HAUCHHS 3a BiJOMHUX
XapaKTEPUCTUK POOOYOT0 PEKUMY PO3PaXOBYETHCS HACTYITHUM YHHOM:

Uypimex = SIN(47 /3+Ay)—-0.5-sina 8)

YpaxyBaHHS IPOTSHKHOCTI KOMYTALIIITHOTO MpoIIecy 3MiHIOE (OPMY KPHBOI 3BOPOTHOT HAIIPyTH CHIIOBUX
eJIEKTPUYHHUX BEHTWIIB. [laHy oOcTaBuHy UrocTpye puc. 6,0. Aje 1 3a [UX YMOB HaiiOinblie 3HaYeHHS! KPUBOT
Uyp; MOJXKHA PO3PaXOBYBAaTHU 3a CIIiBBITHOLIEHHAM (8).

u ‘

a - MUMmesa KOMymayis 0 - 3 YPaxy8anHaAM NPOMAICHOCMI KOMYymayii
Pucynox 6 — 36opomna nanpyea na cunogomy eneKmpuiHoMy eHmMui KAMoOHOT YaCMUHY nepemeopiosayd y
pedxcumi 2
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OckinbkH y peskuMax 1 Ta 2 MaKCUMalIbHa BEJIMYWHA KOMYTYIOUO01 HAIIPYTH OJHAKOBA i HAMMEHIIA, TO IIPH
MOIBOEHI M 4aCTOTI epEeMHUKaHHsI TPAH3UCTOPIB KOMYTYIOYOT JJAHKH Ta 33 OJTHAKOBUX MOKA3HHUKIB TEXHOJIOTTYHOTO
IpolLecy, NepeTBOPIOBaY Ma€ HAMEHIIHMI BUIEPEIKAIOUNH KYT PEryIFOBaHHS .

Peoscum 3. Momenm sxniouenns 6 pobomy mpanzucmopa VIl mae 3ampumxy iOHOCHO MOMEHTNY 6CIYNY
6 pobomy cuno6oeo enekmpuuno2o eenmuis VDI na eenuuuny 6io n/3 do 2m/3.

XapakTepHOIO OCOOJIMBICTIO ~ €JEKTPOMArHiTHOrO Ipolecy MepeTBopioBaya NpU  peryJIroBaHHI
TPaH3UCTOPIB KOMYTYIOUOT JIAHKH y 3a3HaYCHOMY IHTEpBaJl, € Te, 10 30UIbLICHHs 3aTpUMKH Bix n/3 mo 2m/3
CYIPOBOIXKYETHCSA POCTOM KOMyTyro4oi Hampyru. Lle, B cBOIO yepry, NpU3BOAUTE A0 POCTY BHIIEPEIKAIOYOTO
KyTa PeryJIroBaHHS 0. Ta 3MiHH ()OPMH 3BOPOTHOI HAIIPYTH Ha CHIIOBHX €JIEKTPUYHHX BEHTHIIIX KaTOMHOI IPYITH.
Ha puc. 7,a Biamosinzo 1o (6) Ta (7) moOyqoBaHa KprBa 3BOPOTHOI HAIIPYTH HA CHIIOBOMY €IIEKTPHIHOMY BEHTHIII
VDI y pexuMi 3, Ta mokasaHi ckiazoBi miei Hanpyru. [1oOynoBa BiAmoBizae pexuMy HaHOLIBIIO! 3aTPHUMKH
mojadi IMITyJIbCYy KepyBaHHSA Ha TPAH3UCTOPH KOMYTYI04Oi JaHKH, ToOTo Ay = 27m/3. KpuBa mae gotmpm
IHTEepBAJIHN 3 PI3HOIO 3aKOHOMIPHICTIO 3MiHH MUTTEBOTO 3Ha4CHHS. Taka KiJTbKICTh JiMITHOK 0OYMOBJICHA THM, IIIO
B IHTEpBaJi poOOTH CHIIOBOTO eNeKTpUYHOro BeHTwIst VD2 Hanpyra Ha koHgeHcaropi Cl mae nBa iHTepBanu 3
pi3HOIO 3aKOHOMIpHICTIO 3MiHU. Taka >k cuTyauis i B iHTepBaJli pOOOTH CHIIOBOTO €JIeKTpUYHOrO BeHTWis VD3,
OCKIJIbKH Harpyra Ha koHjeHcaropi C3 Takox Ma€ aBa iHTEpBaJIM 3 Pi3HOIO 3aKOHOMIipHicTIO 3MiHU. Haiibinbime
MUTTEBE 3HAYEHHS HANpyru U, OpuxoauTbes Ha auraHky III i, sk GauuMmo, DOpiBHIOE aMILNTYAl JiHiHOT

HaIpyTrd BTOPHHHOI OOMOTKH NEPEeTBOPIOBAIBHOTO TpaHCc(opmaTopa.

SIkmio aHamiz KpUBOI 3BOPOTHOI HANPYTM HAa CHJIOBUX €JIEKTPHYHUX BEHTWISAX KAaTOIHOI YaCTHHH
MepeTBOPIOBada 00’ €THATH 3 aHAJI30M HOTr0 CHEePTeTHYHHX MOXKIMBOCTEH, TO CIiI BIAMITHTH, IO Y PEXKUMI
HaWOUIBIIOT 3aTPUMKH T10/1a4i IMITYJIbCY KepyBaHHs Ha TPAH3MCTOPH KOMYTYIOHOI JIAHKH, [EPETBOPIOBAY Mae
HaWOUIBIINKA BUNIEPEIDKAIOUNIT KYT PeryJItOBaHHS 0 1 TeHepye HalHOLIbIIl 00CsATn peakTHBHOI eHeprii. AJie 1e He
03Hayae, M0 e()eKTUBHICTH BUKOPUCTAHHS KOH/IEHCATOPIB KOMYTYIOUO] JIAHKH € HaiO1IbIII BUCOKOIO.

Takuii s)xe eHepreTHYHHN e(heKT MOKHA OTPUMATH, SKIIO Y pexkuMi | yABiYl 3MEHIIMTH €MHICTh (aszu
KOMYTYIOUMX KOHJEHCATOPIiB, NPH HE3MIHHHUX YCIX IHIIMX TOKa3HHKaxX TEXHOJOriyHoro mpouecy. Lle i Oyne
HalOLTBII e(eKTHBHUI €HepreTHYHHUil npouec. KprBa 3BOPOTHOI HANpyrH HA CHJIOBHX SICKTPUYHHUX BEHTUIISIX
KaTOOHO! YacTHHHM MepeTBOpIOBaYa y LBOMY IIpolleci, MoOyJIoBaHa 3a THMH K ITOKa3HHKaMH, 10 1 Yy

JOCTIKYBaHUX BHIIE pe)kKAMaX, HaBeJeHa Ha puc. 7,0.
u

u
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a — pescum 3 6 — peacum 1
Pucynok 7— 36opommna nanpyea Ha cunogomy enekmpuyHoMy 6eHMuli KAMOOHOI YACMUHU Nepemeoplo6aia y
PedACUMI MAKCUMATIbHOIL 2eHepayii peakmueHoi enepaii

Sk 6auMMoO, JOCATHEHHS HaWOUIBII e(QEKTUBHOTO EHEPreTHYHOTO TIIPOIECy JOCIHiIKYBaHOTO
NepeTBOpIoBaya HE IPHU3BOAWUTH /O IEPEHAaBAHTaKCHHS CHIIOBUX €JIEKTPUYHMX BEHTHIIB. MakcuMallbHe
3HAUCHHS KPWUBOi 3BOPOTHOI HANpPYrd HE MEPEBUILYE aMIUIITYAy JIHIHHOI Hampyrn BTOPHUHHOI OOMOTKH
NepeTBOPIOBAILHOTO TpaHC(hOopMaTopa.

2. YoTHpPHUKPATHA YaCTOTA NEPEMHKAHHS TPAH3UCTOPIB KOMYTYIOUOT JIAHKH.

BinmoBigHO 10 YepryBaHHS TapMOHIK Pi3HMX MOPSAAKIB, TMOCHIJOBHICTh BCTYIy B POOOTY TPaH3HUCTOPIB
KOMYTYIOUOi JIAHKH IIPH YOTHPHUKPATHiit yacToTi Mae Oyt npsimoto: VI1— VT2 — VT3,

YpaxoByroun 0coOIMBOCTI CXeMH pHUC. | Ta HaBeAEHUH BUIIIE aNTOPUTM KOMYTallii CHJIOBHX €JIeKTPUYHUX
BEHTWIIB 1 TPaH3UCTOPIB KOMYTYIOUOI JIAHKW, 3MiHa CTaHy JOCITIJKYBaHOI CHCTEMH BiIOyBaeThcA depe3
JIBAHAIIATY YACTHHY Tiepiony (w/6).

3Ha0uM 3aKOHOMIPHICTh CTPyMy (pa3u KOHJIEHCAaTOpHOI Oarapei Ha OKpeMHX IHTepBaiax Iepioay,
PO3paxyeMo KOMYTYIOUY Halpyry, BUKOPHCTOBYIOUH CliBBigHOMEHH (2). Po3paxyHku noaiOHi 10 monepeaHix
BUIIAJIKIB, KUIbKICTh iHTEpBaJIiB KPUBOT KOMYTYIOYOI HAIIPyTH TaKa X, SIK 1 KUJIbKICTh iHTEpBaiB KPHBOI CTPyMY.
PesynbraTu aHanmi3y, KpuBi CTpyMy YCixX (a3 Ta KOMyTYIO40{ HAIPYTH [P BiJICYTHOCTI 3aTPUMKH MOMEHTY HoAayi
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IMITYJIBCIB KEpYBaHHS Ha TPAH3UCTOPHU KOMYTYI0uoi tanku (Ay = 0), moOynoBani Ha puc. 8. Ha puc.9 mis uporo
K BUIIaJKy NOOy/10BaHa KpHBA 3BOPOTHOT HANIPYTH HA CHIIOBOMY eJIeKTpHYHOMY BeHTHIi VD1,

XapaKkTepHOIO OCOOJIMBICTIO KPUBUX KOMYTYIOUOi HAaIlpyTH € T€, 1[0 BOHU HE € CUMETPUYHUMU BiJTHOCHO
oci abcmc, 1 MalOTh pi3HE MaKCUMaJbHE JOJAaTHE Ta BiJ’€MHE 3HaueHHs. J[OCHiIKeHHS BIUTUBY BEJIWYMHH i
(hopMH KOMYTYIOUOi Hallpyrd Ha BUOIp KJIAacy CHIJIOBOTO €IEKTPUYHOTO BEHTHJI IOKa3ajlo, 0 MaKCHMajlbHe
MHUTTEBE 3HAUEHHS KPUBOI 3BOPOTHOI HANpYrH Ha BEHTWII 3HAXOIUTHCS B Mexax IUITHKH VI, sika mae
npoTsokHICTs 77 /6 (puc. 9). Y pesxumi MUTTEBOT KOMyTarlii HalGibIle HOPMOBaHE 3HAYEHHS KPHBOI 3BOPOTHOI
Hanpyru 30iraeTbcsi 3 MOMEHTOM MaKCHMAajbHOrO 3HayeHHs JiHilinoi EPC  e,. BTOpHHHOI OOMOTKH

MEPETBOPIOBAIIBHOTO TPaHC(HOPMATOPA 1 pO3PaXOBYETHCS SIK:
Uypimex =SINEB7/2)—-0.25-sinax 9)
SIKmm10, 3riTHO BUMOT TEXHOJIOT9HOTO MPOIIECY, ITOTPiIOHO 3AiHICHUTH HOTO pEryTIOBaHHS, TAKa MOKIIUBICTD
y meperBopioBada €. Iy mporo MOTPiOHO 30iNbIIYyBaTH Yac 3aTPUMKH MOJadi IMITyJIbCIB KepyBaHHS Ha
TPAH3UCTOPH KOMYTYI0o4oi JIaHKH. [lpn mpoMmy nemo 3MiHIOETBCs GopMa KpUBOI KOMYTYrOUoi Hampyrd i ii
BenuurHa. 110 5K cTOCY€THCS BENMUMHYU 3BOPOTHOI HAIIPYTH HA BEHTWIISIX KATOIHOI YACTUHH, TO Il MaKCUMAaJbHE
3HAaYCHHS MO’KHA PO3PaxOBYBATH 3a CIIiBBiAHOMICHHAM (9), HE 3Ba)Kal0YH Ha Te, 1[0 BOHA JCUIO 3MIHIOETHCS 3a
tdopmoro. Bukianene inroctpye puc. 10.

N — | AW -
A, SRS, — N
oo v vn vt
Pucynok 8 — Cmpym i nanpyea ¢as Puc. 9 —36opomna nanpyea na eenmuni VD1
KOHOeHCamopHoi bamapei npu 4omupukpamHit npu Ay = 0 i vomupukpamuii 4acmomi iMnyasbCié
4acmomi IMNYbCi6 Kepy6aHHs. KepyBamHs

i Cac

a - Mummeea Komymayis 0 - 3 YPaxXy8aHHAM NPOMSAI’CHOCI KOMYMayii
Pucynox 10 - 36opomna nanpyea na cuno8omy eiekmpuiHoMy 6eHMULL KAMOOHOI Yacmunu
nepemeopio6aia y pejicumi 2

Sk BummBae 3 puc. 10, ypaxyBaHHS NPOTSHKHOCTI KOMYTAI[IHHOTO MpoLecy 3MiHIOE (OpMy KpUBOI
3BOPOTHOI HAIIPYT'H CUJIOBHUX €JIEKTPUYHUX BEHTHUIIIB, aJle i 3a 11X yMOB HalO1IblIe 3HaYeHHs KpUBOi U5, MOXHA

PO3paxoByBaTH 3a CIiBBiIHOIIEHHM (9).

3. Bl BHCOKI 4acTOTH NEPEMUKAHHS TPAH3HCTOPIB KOMYTYI04O0I JJAHKH.

He Braroumcsk /10 1eTalbHOTO PO3IIISLY AOCIIKEHHS, OCKUIBKH HOTO METOJIMKA 3aJIMIIAETHCSI HE3MIHHOIO
JUIA yCiX 49acTOT IMIyJbCiB KEpyBaHHS TPAH3UCTOPAMH KOMYTYIOUOi JIaHKH, Ha puc. 11 HaBemeHo moOyIOBY
KPHUBHX CTPyMYy 1 Hanpyr# ¢a3 KOHAEHCaTOpHOI 6aTapei mpu BOCBMHUKPATHIN 9acToTi. A Ha puc. 12 mpeacrasieHi
KpuBi KoMyTyrodoi Hampyru ¢(asu KoHAeHcaTopHoi Oatapei Cl mnpu YOTHpHKpaTHIH, BOCBMHKpATHIMH,
MTICTHAIIATAKPATHIN Ta TPUAATHABOKPATHIN 9acTOTI.

3 OCTaHHBOTO PHCYHKa BHUAHO, 10 KOMYTyIoua HAIlpyra, Ipu 30UIBIIEHHI 9acTOTH CYTTEBO (opMmy HE
3MIHIOE, ale BiI0OYBa€eThCs OUTBII IUTAaBHUH NepeXif MK IHTepBaslaMH 3, a/Ke TpH 301TbIIIEHHI YaCTOTH IMITYJIbCiB
KEpyBaHHS, BEJIMYMHA IHTEPBATY 3MEHIIYeThCA. Tako)X, MOKHA BIAMITHTH, IO NPH BOCBMHUKpATHIH 4acToOTi
IMITyJIBCIB KepyBaHHs, Hamnpyra Ha KoHIeHcaTopHii Oarapei Cl mae Ounble 3HaYeHHS, HOPIBHSAHO 3 IHIIMMHU
4acTOTaMH IMITYJIbCiB KEpYBaHHS, TP OJJHAKOBIH €EMHOCTI KOHJICHCATOPHOI OaTapei B ycix BHIaIKax.
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A HOCJ’IiH)KeHHﬂ KPpUBUX HAIPYTU uVDl MOKa3yrTb, LIO0 IpHU OlIBII BHUCOKHX YaCTOTaX PEryatoBaHHsA

TPaH3UCTOPIB KOMYTYIOUOI JIJAHKH, MaKCUMaJIbHEe 3HAYECHHsI 3BOPOTHOI HANIPYTU CHJIOBUX EJIEKTPHYHHUX BEHTHIIIB
KaTOMHOI YacTHHU IIePETBOpPIOBAaYa MOPIBHIOE IiHIWHIN Hampy3i BTOPHHHOI OOMOTKH II€PETBOPIOBAIBHOTO
TpaHchopmaTopa.

PRSI DU

e e L /
|
Pucynox 11 — Cmpym i nanpyea gas Pucynok 12 — Komymyioua nanpyea gasu CI
KOHOeHcamopHoi KoHOeHcamopHoi bamapei npu bamapei npu nideuwenit vacmomi iMnyIbCie
B0COMUKPAMHIL YaCMOmi iMNYIbCI8 KePYBAHHs KepyeanHss mpan3ucmopamu
BucHoskn.

[IpoBeneHi goCTimKeHHS MATBEPIKYIOTh (DaKT 3aJIe)KHOCTI BENWYHHHU 1 PopMU 3BOPOTHOI HANIPYTH Ha
CHJIOBHX €JICKTPHYHUX BEHTHIISIX KaTOJHOI (KOMIIEHCALIHHOT) IPYIIH BiJl peKHMY pOOOTH IIEpETBOPIOBaYa, a came
BiJI YMOB niepe3apsy KoHaeHcaTopHoi 6atapei. OCHOBHUMU (haKTOpaMH LOTO € 3CYB 3a (a3010 MiXkK MOMEHTOM
BCTYITy B poOOTy MdioZiB KOMICHCAIIfHOT YaCTHHM MEpEeTBOPIOBAYa i TPAH3UCTOPIB Ta YacTOTa  IMITYJIBCIB
KepyBaHHS OCTaHHIMH.

[Tpu 30iNbLICHH] YaCTOTH IMITYJIBCIB KEPYBaHHS TPAH3HUCTOPAMHU KOMYTYIOUOT JIAHKH, KPUBA KOMYTYIO4O1
HAaIpyTH cTa€ OibLI TaBHOIO 32 paXyHOK 3MEHIIECHHS ITPOTHKHOCTI IHTEpBaIiB Nepe3apsy KOHAEHCATOPiB, a ii
MaKCHMaJIbHE JOJaTHEe 3HaueHHs 30uIblIyeThes. Tox 3abe3rnedeHHs e(PEeKTUBHOTO €HEPreTHYHOIO IPOLECy
MepeTBOpIOBaYa A0CATa€ThCsl Y3rOMKEHHSIM BHOOPY €MHOCTI (a3 KOMyTYIOUMX KOHJIECHCATOPIB Ta IHTEPBAIOM
3aTPUMKH NO/a4i IMITyJIbCY KEPYBaHHS Ha TPAH3UCTOPH KOMYTYIOYOT JJAHKH BiJHOCHO MOMEHTY BCTYIy B pOoOOTY
CHJIOBOTO €JICKTPHYHOTO BEHTHUIIS.

V3arajJpHeHU BHCHOBOK CTOCOBHO YMOB POOOTH CJIEKTPUYHHMX BEHTHIIB IOJATa€ y TOMY, LIO B
KOMIICHCAIIIHHUX IIePeTBOPIOBAaYaX HOBOIO MOKONIHHSA, 10 SKHX BiZHOCHTBCS IOCITIKYBaHWH Tpuba3HU
MOCTOBHI KOMIICHCALlIHHMI TEepeTBOPIOBaY, MaKCHMMajbHE 3HAYCHHS 3BOPOTHOI HANpyrd Ha CHJIOBHX
SNIEKTPUYHHUX BEHTHJIIB KOMIICHCALIHHOT YACTUHHU He NEPEBUIYE HAPYTY Ha iHIIMX BEHTUIAX.
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DEPENDENCE OF THE VOLTAGE ON THE POWER ELECTRIC DIODES
OF THE COMPENSATION CONVERTER ON THE FREQUENCY OF THE
TRANSISTOR REVERSALS OF THE COMMUTATING LINK

Studies of compensation-type electrical energy converters, conducted both by the authors of the publication
and by other scientists, show that their energy characteristics and operating conditions of power equipment depend
on commutating voltages. The tested three-phase bridge compensation converter contains one commutating link
consisting of a three-phase capacitor battery and a three-phase group of fully controlled devices. The latter are a
capacitor bank switch, performing the functions of switching capacitors in such a way as to ensure the energy
process of the converter, in which its reactive energy is compensated, or generated, if necessary. At the same time,
the operating conditions of the power equipment of the converter also change. The main content of the study is the
analysis of the components of the reverse voltage of the power electric diodes of the compensation part of the
converter and the dynamics of its change at an increased frequency of control pulses of the transistors of the
commutating link. This is required when determining the class of diodes in the case of introducing a converter
according to the scheme under study into production. The question of the class of diodves is considered in the
context of the energy capabilities of the converter when regulating the operating mode according to the
requirements of the technological process. The results of the research relate to the control of transistors of the
commutating link by pulses of double, quadruple and eightfold frequency. As a result, relationships were obtained
for calculating the maximum instantaneous value of the reverse voltage of electric power diodes in various
operating modes of the converter. The ranges of the delay in the moment of supply of control pulses to the
transistors of the commutating link are revealed. The generalized conclusion shows that on the electric power
diodes of the compensation part of the converter, the reverse voltage does not exceed the voltage on other valves.
Refer. 11, fig. 12.

Keywords: capacitor battery, commutating, commutating voltage, electric diod.
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MucruryT enexrponunamviku HAH Yipainu

’HaunionanbHuii TexHignnil yHiBepeuTeT YKpainu

«KuiBcbkuii moJitexHiynmii incTutyT iMeHi Iropsa Cikopcbkoro»

AHAJII3 ®YHKIIOHAJIBHUX MOXKJIUBOCTEX IMITY JIbCHUX
PETI'YJIATOPIB 3MIHHQi HAITPYI'M 31 CIIIVIBHUM BY3J10M
KOMYTAIII BEHTHJIBHUX KJIIOYIB

Ilpu onmumizayii enmepeemuunux HNOKAHUKIE 1 eKCNAYAMAYiUHUX Xapakmepucmux iMAYIbCHUX
nepemeoplo8aie Hanpyau ocoonueoi ysazu 8umMazaioms Memoou KOMymayii 6eHMUIbHUX Kil 6e3 000amKo6ux
empam, KOMymayitiHux Cmpymie KOpomKo20 3aMUKaHHs i nepenanpyea.

Y yiit cmammi npogedenuii 02140 i ananiz YHKYIOHANLHUX MONCIUBOCEL IMIYILCHUX NEPEemBOPIO8aYis y
CUNOGIIL  CIPYKMYPI  AKUX GUKOPUCHIAHUL CRITbHUU 8Y301 KOMymayii 01 KIIbKOX Kil, wo nionsgearomo
nepemukanio. Bpaxoeylouu ocobnusocmi noby0osu cunogux cxem, po3eianHymi nepemeopiosaui nooineHo na 06i
epynu — 3 Mocmosumuy Kuodamu i mampuuni. Ha npuxnaoi o0Hogasno2o pezynamopa 3MiHHOT Hanpyau NOKA3aHO
npuHYun pobomu CHiILHO2O 8Y31d KOMYymayii Mmupucmopis 6xioHo2o MOCmy, AKUll 3aKIAA0eHO 6 OCHOBY
KOMymayitino2o npoyecy 6 iHuux nepemeoproéaiax pizHo2o NPU3HaUeHHsI.

Ananiz cunogux cxem 0OHOpA3HUX Nepemeopiosais 060X munie noka3as, wjo Npu 6UKOPUCMAHHI CRITbHO2O
ey3na Komymayii 6oHu Habysaroms 000aAMKOSUX KOPUCHUX 81ACMUSOCHEN, 30KpemMa NiOGUUYEMbCA WMBUOKICMY
Pe2ynioeants Hanpyeu 3 KilbKiCmio pieHis, Oilbulo0 HIdC YUCIO Nap MUupucmopie; 3a HAsA6HOCMI Y CMpPYKmMypi
nepemeoprosaud 601bmooooamuoeo mparcgopmamopa (BIAT) cmeoproembcs moxciugicms 3anobiemu nosigi
nepenanpye.

Ocobnugo 0oyintbHUM € BUKOPUCHAHHSA CHITbHO2O 8Y314 KOMYMayii 8 0OHOQAHUX WUPOKOOIANA30HHUX
PecyIAmopax Hanpyau, CUI08a CMpyKmypa sSKux 3a3eudaii noby008ana na mpancghopmamopax, wo npayiooms i
Ha OCHOGHIU [ Ha nidguweHux uwacmomax. Yepe3z noosiiine nepemeopenHs eHepeii maxi npucmpoi maromo
niosuujery KilbKiCmb KOMYMOBAHUX GeHMuUell, MOMY CHIIbHUL 8Y301 KOMYMAayii Cymmeso NOKpawye ix
eKCHIIyamayitiHi NOKA3HUKY [ O0360A€. pe2yaiosamu GUXIOHY Hanpyey 4acmoOmHO-IMIYIbCHUM [ WUPOMHO-
imnynocuumu cnocobamu 6 dianazoni 0 -1 Ugy 3 8UCOKUMU NOKAZHUKAMU AKOCMI HANPY2U, PEBEPCYBaAmu GUXIOHY
Hanpyey BIOHOCHO Hanpyeu mepedxci; 00’cOnamu 6 o0Homy Onoyi @yuxyii modyramopa(ingepmopa) i
0emooyisamopa.

Hocniosicennss mpugaznux eapianmis MOCMOGUX | MAMPUUHUX NEPEemEopIosadié 3i CNITbHUM B)310M
KomMymayii euceimuuiu, uo 8UKOPUCMAHHA came MaKoi cuno8oi CmpyKmypu npucmpoio € eqoeKmueHUM 3ax000M
Ol CUMempYBAHHS HANpye Npu NIOKIIOUYEHHI 0OHOQA3HO20 HABAHMAdCEeHHS 00 mpugasHoi mepedci; O
WBUOKOOTIOU020 NEPEKNIOUEHHs Pe3ePEHUX Mepedic 6 dzpecamax 0e3nepedilino2o eneKmpodiCUusieHts, O
0e3nocepednbo20 nepemeopents Hacmomu 3 MOJMCIUGICIMIO Pe2YII08AHHA HANPY2U | PeaKmMUusHOi NONYHCHOCHIL.

KarwuoBi cioBa: imnyrvchuli nepemsoproéay, mupucmopHo-0i0OHUll K04, MOCMOBULL KII0Y, WMYYHA
KoMymauyis, 8y301 KOMymayii, KOMymylouuii mupucmop, po3nooinbyi 0ioou, pe3epeosane HCUGIeHHs.

Beryn

[Iupoke BHPOBaKEHHSI Cy4acCHHX TEXHOJOTIH y HPOMHCIOBE BUPOOHMITBO B 0ararboX BHUMAAKax
3yMOBJIFOE  HEOOXIJIHICTh IEPETBOPEHHS IapaMeTpiB  eJIEeKTPOCHeprii, BUPOOJIEHOI eNeKTPOCTAHIISIMH.
[ligkmro9eHHS [0 eNeKTPOMEPEXX CIIOKMBA4diB 3 HENIHIMHUMH, HECHMETPHYHUMH, HECTaliOHapHUMH
napaMeTpamMM, a TaKoX 31 IIBUJIKO3MIHHUM TpadikoM CIIO)KMBaHHS CTPyMy HETaTMBHO BIUIMBAaE Ha
(DYHKIIOHYBaHHS CUCTEM EJIEKTPOIIOCTAYaHHs, OCKUIBKH MOTIPIIy€ SIKICTh €JIeKTPOCHEprii Ta ITiIBUILY€E PiBEHb
KOH/[yKTUBHHX 3aBajl. Lle 3HMXKye e(deKTHBHICTh BUKOPHCTAaHHS €JEKTPOOONaJHAHHS , a B JIESKUX BHIAJIKaxX
YHEMOXKJIMBITIOE TIapajie]bHe MiIKII0YEHHS 0 MEpEsKi PI3HOTHITHUX CIIOXKHBAYiB (€JIEKTPOMArHiTHa CyMICHICTB).
3HayHa YacTHHA €JIEKTPONpHMaviB HE MOXKe HOPMaJIbHO (DYHKI[IOHYBaTH NPH CYTTEBUX BIJXWICHHSAX HAaPYTH
Mepexi, HasBHOCTI BHIIMX TapMOHIK y Hampy3i Ta CTpyMi CHCTEMH €JIEKTPOIIOCTAauyaHHS, TOMY TaKi
eJIEeKTPONpHitMadl KOMIUIEKTYIOTHCSI HAIIBIPOBIIHUKOBUMH PETYIATOpaMH Ta cTabiiizaropamu Hampyru abo
CTpPyMy, Bil poOOTH SIKMX ©araro B 4OMY 3alIe)KHUTh €(PEKTHUBHICTh €IEKTPOCMOKMBaHHSA. Ha manwii MOMEHT
HaOLTBII eHeproe()eKTHBHIMH BBAXKAIOTHCS IMITYJILCHI TEPETBOPIOBAYi 3MiHHOT HAIIPYTH, B SIKUX HEPETBOPEHHS
mapamMeTpiB  eNeKTPOCHEPTii 3MIMCHIOETECS B OCHOBHOMY 3a JOIIOMOTOI0 HAMIBIIPOBITHUKOBHX JIIOIHO-
TUPHUCTOPHUX KITFOUOBHX(IMITyTbCHUX) CXEM.

[x mmpoko BUKOPHCTOBYIOTH /ISl perymoBaHHs, cTabii3alii, 3MiHH GOPMH i YACTOTH HATIPYTH, & TAKOK K
aJIanTepyu Julsd Y3roJUKEHHS MapaMeTpiB Mepexi eJCKTPOXKMBICHHS 3 BUMOraMH HaBaHTa)XeHHs. ParioHasibHa
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moOynoBa IMITYJIbCHUAX TEPETBOPIOBAYIB MOXKIIMBA HA CTAJisX MPOEKTYBAaHHS 1 HAJIAJKH, SIKICTh 1 JOCTOBIPHICTh
SKAX B 3HAYHIA Mipi 3aJIeXaTh BiJ| HABHOCTI 00’ €KTHO-OPIEHTOBAHOTO MAaTeMaTH4HOIO arapary, iMiTaliiHoro
MOJICJIOBAHHS 1 IPAKTHYHHUX 3HaHb, HAKOIIMYEHUX Y LIl 00nacTi.

B Incrutyti enextpommHamiku HAH Vkpaium mporsrom OararboX pOKIB HPOBOISTHECS POOOTH MO
BUBYCHHIO €JIEKTPOMArHITHUX MPOLECIB 1 EHEPreTHYHNX XapaKTePHCTHK IMITYJIbCHUX NEPETBOPIOBAYiB 3MiHHOT
HAMpyTH, 30KpeMa PEeryJsaTopiB i cTabiini3aTopiB, 3 METOK MiABHUINCHHS 1X TEXHIKO-CKOHOMIYHUX MOKA3HUKIB 1
PO3pPOOKH MEPCHEKTUBHHUX CTPYKTYP 3 BEHTHJIBHUMH KOMYyTaTopamu. Marepiaj JaHOi CTaTrTi IPyHTYEThCS Ha
mopoOkax (axiBmiB IHCTHTYTY eNeKTpOIWHAMIKH, BTUIEHHX Yy MJOCHITHHX 3pa3kax IepeTBOPIOBAdiB i
BUTIPOOYBaHMX Y TaOOPATOPHHUX Ta BUPOOHMYNX YMOBAX.

OpsodazHi i TpudasHi IMITyTbCHI IEpETBOPIOBAYI 3MiHHOI Hampyru OyIyrOTb Ha OCHOBiI THPHCTOPIB 3
MPUPONHOI0 abo IITy4yHOI0 Komytariero. CminbHa iX IepeBara — BHCOKAa HAMIMHICT BHACTIIOK BHCOKOI
MepeBaHTAXYBATHHOI CIIPOMOXKHOCTI Ta BENHMKOTO KOC(IMi€HTY MiACHICHHS KOJa YIPAaBIiHHA THPHUCTOPAMH, a
TAaKO)K MOXJIMBICTh IOOYJOBM IIEPETBOPIOBAYIB 3 YpaxyBaHHSIM BEIMKHX IOTY)KHOCTEH HaBaHTa)KCHHSI.
ChilbHUMHM HEJONIKaMHM THPHUCTOPHHMX IIEPETBOPIOBAaYiB € MpoOiieMH 3 KomyTtauiero Tupucropis [1,2].
HesBakaroun Ha MEBHI OJIHAKOBI BJIIACTUBOCTI, MEPETBOPIOBaYl 3 NpUpoaHOI0 KomyTauieto Tupuctopis (ITTIKT) i
31 mTyuHoto komyTauiero TupuctopiB (IIILIKT) matore cyrresi BigminHocTi. Tak, TIITKT moxyTs npaitoBatu
TITBKH Y PeKUMi (ha30BOTO 1 HU3BKOYACTOTHOTO (HHIKYE YACTOTH MEPEXKi) YIpPaBIiHHA, IPUUIOMY 3a (ha3oBoro
YIpPaBJIiHHS y BHIIAJIKaX aKTUBHOIO i aKTWBHO-IHIYKTHBHOTO HABaHTa)XKCHHs HEMHUHYUE BIJICTaBaHHs 3a (ha30io
CTPyMy MEpEeXi BiJ HAIpyrdn MEPexki, IO MPHUBOAUTH JO HHU3BKOIO BXITHOTO KOC(QIIIE€HTY MOTYXHOCTI
nepeTBoproBada. Kpim Toro, y pasi akTHBHO-IHAYKTHBHOTO HAaBaHTa)XKCHHS BOHH MalOTh 30HY HEUYTJIMBOCTI JI0
YIOpaBIiHHS, sIKa TOPIBHIOE KYTy 3CyBY (pa3 Mixk Hampyroro i ctpymoM Mepexi. [ITIKT He moTpedyroTbes cuctem
CKUJaHHS HAKOIIMICHOI eHeprii.

Y GaraTpox BHIIAAKax 3a0e3MeUnTH HEOOXiTHY CIIOKHBAa4eBi ()OPMY BHXiIHOI HAIIPYyTH IEepPETBOPIOBaUA i
IOB’sI3aHi 3 HEI0 XapaKTEPUCTUKN MOXIIMBO TITbKH IIUIIXOM IITYYHOI KOMYTAIlii THPHCTOPIB.

IMIIKT nopigasiao 3 ITTKT noTpedyroTh crieriialibHUX 3aX0MAiB JJIs CKUAY CHEpPrii, sika HAKOMUIYEThCS Y
KOJII HaBaHTA)XKEHHs 1 JIJAaHKaX IITY4YHOI KOMYTallil, aje MaloTh OUIbIIY IIBUAKOAII0, BUIINN KOoe(DillieHT BXiIHOT
MOTY>KHOCTI, Kpally sSKiCThb BUXiAHOI Hampyru. Yepe3 HasBHICTh y CHJIOBIH YacTHHI BY3JIiB IITy4HOI KOMYTallii
TaKUM MEPEeTBOPIOBaYaM MPUTAMaHHI MiIBUILEHI Maca, TadapyuTH 1 BapTIiCTh. 32 BEJIMKOT KUIBKOCTI KOMYTOBaHHX
KiJI OKpecJieHI HeJOJMIKK MOXHA 3MEHIINTH HIJSIXOM MOOYIO0BH MEPETBOPIOBAIBHOT CXEMH 31 CHIJIBHUM BY3JIOM
KOMYTauil JUIsl IeKIJIBKOX KiJl.

Mera i 3aB1aHHsA

BusHaunté (QyHKIIOHATBHI MOXJIMBOCTI IMITYIBCHHUX OIHO-1 TpH(a3HUX MEPEeTBOPIOBAYIB 3MIHHOL
HaIpyTy HaHOLIBII ITOMIMPEHNX PI3ZHOBUIIB — HA MOCTOBHUX KJIFOYaX 1 MATPUYHUX — IIPH YAOCKOHAJIEHHI IX CHIIOBOT
CXEMH IIISXOM MMOOYIOBH CHITFHOTO By3Ja IITYYHOI KOMYTallii THPHCTOPIB YCIiX (32 MOXKIMBOCTI) a00 YacTHHU
BEHTWJILHUX KITFOUIB.

MarepiaJj i pe3yabTaT 10CTigKeHb

Ilepemeoprosau na mocmosux karouax. Ha puc 1 mokasaHo cxemy peryssaropa 3MiHHOT HAllpyTH 31 CHUTbHUM
BY3JIOM ILITY4HOI KOMYTallii, SKUH JJ03BOJISIE PETYIIIOBATH HAIIPYTY IIUIIXOM [EPEMUKaHHSI HABAHTAKEHHS 3 OJIHOTO
BiZIBOZy TpaHchopMaropa Ha iHIIU, TPHYOMY YHCIIO KiJI, 0 TIEPEeMHUKAIOThCS, HiYUM He oOMexene [3].
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Pucynox 1 — Cxema pezyrsmopa 3minnoi nanpyau 3 mepexlcesum aemompancihopmamopom

[Ipuctpiii Mae Taky CTpyKTypy: MepekeBuii aBTorpanchopmarop (AT), BXiJHHI THPUCTOPHO-IIOAHUH
micT (VS1 —VS6,VD1,VD2), cunouii VS7 i xomyTytounit VS8 tupucropu, komyTtyrodi koaaercaropu (Cy, C,),
KoMyTyroui npoceni (L — L,), Buxigauii gionauit mict (VD3 — VD6).

IlepeTBoproBau IMparfoe HACTYITHUM YHHOM. Y poOOYOMY iHTepBali 4acy BBIMKHEHI OFHA 3 TPHOX Iap
THUPUCTOPIB BXiJHOTO MOCTY, Hampukmax, VS1, VS2 1 cunoBuit tupucrop VS7, skuif mpoBOAWTH CTPyM
HaBaHTAXEHHs. Y BHUXIiJIHIH Harpy3i U, peryiasaropa GopMyeThcs IMIYIbC y BUIVIA/I Bipi3Ka CHHYCOINM BXiTHOT
HanpyTu U;. OMHOYACHO KOMYTYI09i KOHJCHCATOPH MEPe3apsKAIOTHCS Yepe3 N10I1 BUXi1THOTO MOCTY, KOMYTYIOYi
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napoceni Ly — L, 1 BBiIMKHeHUH TupucTop VS7 no Hanpyry, sika JIeIo HIDKYE 3a MOJBIMHY HANpyry mMepexi 3
HOJIIPHICTIO, BKa3aHOIO 0€3 TyiKOK.

BHacniiok nepesapsiy KOHAEHCATOPIB BY30Jl KOMYTallil TOTOBHI 10 BUMHKaHHS CHJIOBOTO THPUCTOpA
VS7, aepe3 sKWiA MPOXOAUTH CTPYM HaBaHTaKEHHA. Y KiHII POOOYOro iHTEpBaly BMHKAETHCS KOMYTYIOUHI
tupuctop VS8, no cunmoBoro tupucropa VS7 mpukiazeHa 3BOpOTHA IJIsT HHOTO HAmpyra KOHAEHCATOPIB, i BiH
IIBUJKO BIJIHOBJIIOE 3amipHy 37aTHicTh. Tupucrop VS8 3amukae HAKOPOTKO MIOJHUI MICT, 1 y BUXIIHIH Hanpy3i
nepetBoproBaya Gopmyerhes naysa. [1in yac naysu kongencaropu C;, C, epe3apspKaloThes yepes Npaolyunii
tupuctop VS8, xomytyroui apoceni L, L, i mionqu VD1,VD2; nanpyra Ha KOHAeHCcaTOpax HaOyBa€e MOJISIPHOCTI,
SKy TIOKa3aHO Ha puc. | y myxkkaxX. Y KiHI Hay3u 3HOBY BMHUKA€ThCs CHIIOBHE Tupuctop VS7 i ogHa 3 map
TUPUCTOPIB BXigHOTO MOCTy. KomyTyroumii tupuctop VS8, BUMUKaeThCA, KOHICHCATOPH IEPe3apsIKaroThCs
Yyepe3 CWIOBMH THUPUCTOpP 1 AioaM BHXigHOTO Mocta. IIpouec moBToproeTscs. Bix Toro, sika mapa THpHCTOPIB
BXIJTHOTO MOCTY BMHUKA€ThCS 1 Ha SIKUI 4ac, 3aIeXuTh (popMa i 3Ha4YeHHS] OCHOBHOI TapMOHIKH BUXiHOI HAaIIpyTH,
a TaKOX CIOCIO peryJiroBaHHS - By3bK0-a00 IIMPOKOIialla30HHHH.

IIpr moOynoBi By3pKOIIala30HHOTO pEryIsiTopa-cTadilizaTopa 3 METOI0 IiIBUINEHHS SKOCTI BXiIHOTO
CTPYMY 1 BUXiTHOI HaIIpyTH IepEeTBOPIOBaYa BUKOPHCTOBYIOTH BOJIbTONOATHI TpaHchopmartopu (BT/I) 3 oxHiero
a00 JeKiTpKoMa IIepBUHHAME 00MOTKaMu [4]. B ocTaHHROMY BHITAIKY cXeMa HaOyBa€ OBy KiNBbKICTB CTYIICHIB
(piBHIB) peryoBaHHS, IO JO3BOJISE MiIBUIIATH TOYHICTh Ta SKICTh PETYIIOBAHHS BUXITHOI HAIPYTH, OCOOIMBO
3a HasBHOCTI BOX TpaHchopmaropis. [Ipukian Takoi cxeMH MOKa3aHO Ha PUC. 2, € BUKOPUCTAHHS CILIBHOTO
By3Jla KOMyTallii /J03BOJISE BHKOHYBAaTH IIBUAKOIiIOYE (TIEPioJl MEpEexki) PerysioBaHHS HaNpyrH 3 KUIbKICTIO
cTaHiB (piBHIB) OULIBIIONO, HIX YHCIIO TIap CHJIOBHX TUPUCTOPIB. KpiM TOro, BUHWKAE MOXKJIMBICTH 311HCHIOBATH
KOpOTKE 3aMHKaHHsI nepBHHHOI 0OMoTkH BJIT 3 MeToro 3amobiranHs mosiBi Ha Hili HeOE3NEeUHUX MepeHanpyr y
nay3i Harpyry. Lngxom miginoyeHHs JOAaTKOBUX Map THPUCTOPIB MOXKHA 3a0e3MeYuTH peBepcHe (Y3roKeHe
abo 3ycrpiune) BMukanHs ooMorok BJIT i 3xiiicHIOBaTH perysroBaHHs BrOpy-BHHU3 BiJl HAPYTH MEPEKi.
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Pucynox 2 — Cxema pezyrsimopa Hanpyau 3 8016mo000amHumM mpaHchopmamopom

Haii0inbi nepeBaxHUMHU CTPYKTYPaMH MIEPETBOPIOBAYIB € Ti, 1110 JJO3BOJIAIOTH 3MIHIOBATH PiBEHb BUX1THOT
HAMpyrd y IIUPOKOMY Jiana3oHi Bropy i BHU3 BiJi HOMIHAJHHOIO 3HAYECHHS 3 BHCOKOIO TOYHICTIO 1 MalUMH
CIIOTBOPEHHSMH. Taki cMCTEeMH, SIK MPABHJIO, BUMAraloTh BUKOPUCTaHHS TpaHC()OPMATOPIB, IO J1a€ MOXKIIMBICTD
CIIOJIy4YaTH B OJHOMY MPHUCTPOI 1 IMPOKeE 1 By3bKOAiaNIa30HHE perymoBaHHs [5]. Tpanchopmaropy npamoTh SK
Ha OCHOBHIH, Tak i Ha MiJBUINEHUX YacToTaxX. [IpW BUKOpUCTaHHI TpaHCPOpPMATOPIB Ha IMiJBUINCHIN YacTOTI
3HMKYETBCS Maca i rabapUTH MPHUCTPOIO, ane 30UIBIIYETHCS KiIBKICTh HAIIBIIPOBITHUKOBHX CJIEMEHTIB IS
TIOABIIHOTO TIEPETBOPECHHS CHEPTIi; BIAIOBIAHO 301IBIIYIOTECS BTPATH CHEPTIi 1 BAPTICTH MEPETBOPIOBAYA.

Ha puc. 3 mokazano cxemy oaHO(}A3HOTO IEpPETBOPIOBaYa, B SIKOMY BKa3aHWH HENOJNIK MiHIMi30BaHO
IUIIXOM 00’ €THaHHS B OHOMY OJomni GyHKITiH MoaynsTopa(inBepTopa) i remomyistopa [6].

ITeperBoproBau 3i CXeMOI0 Ha PHC.3 CKIAJAE€THCS 3 YOTHPHOX MOCTOBHX IiOAHO-THPHCTOPHHX KITFOUiB
VS1 — VS4 3minHOTO CTpyMy 3 KOMYTYIOUMMH JpOCEIsSIMH Ta KOHAEHCAaTopaMH 1 aBToTpaHcdopmaropa, o
MpaIoe Ha MiABHINCHIH vactoTi. HaBantaxenHs Z1,Z2 NiAKIIOYEHI MK CEPEIHBOID TOYKOK OOMOTKH
aBTOTpaHC(OpMaTopa 1 pI3HUMH 3aTHCKauaMM JDKEpesla O KUBIEHHA U UTIoCTpalii  MOXKIMBOCTEH

nepeTBoproBada. Ha puc. 4 moka3aHo AiarpamMu Hampyr Ha KpaWHIX 3aTHCKayax aBTOTpaHcdopmaropa u; i Ha

HaBaHTAXXEHHSIX U,; TA U,, TPHU KUBICHHI IepeTBoproBada 3MiHHOIO Hampyroio (U; = 100B). Sk BugHO 3
JiarpaM, BUXIIHY HaIpyTy MOXKHA PETyJIIOBaTH i YaCTOTHO-IMITYJIbCHUM, 1 IIHPOTHO-IMITYJIBCHUM CIIOCO0aMHU Yy
JIBOX B32€MHO JIOTIOBHIOIOUHX 30HaX y mianasoHi Hanpyr Uy, = (0.5 — 1)U; i U,, = (0 — 0.5)U;.

B 000x BHMajKax OTPUMYEMO BY3bKOAIAIIa30HHE PETYITIOBAHHS, IPH IIbOMY MOKa3HUKH SKOCTI BUXIJHOT
HaIpyTH BABIYi BHUILE, HIX 32 TMOOKOTo perynroBaHHs y aianazoni (0 — 1)U,
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Pucynok 3 — Mocmosuii nepemgopiosau 3i cymiyenHam qbyHKm-ﬁ MOOyAAMOpa i 0emMooyIamopa 8 0OHOMY
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Pucynok 4 — [Jiaepamu nanpyz nepemeopiosaua na puc. 3

OyHKIiOHATBEHI MOXIIMBOCTI IIEPETBOPIOBAYA HA PUC. 3 MOXKHA CYTTEBO PO3IIUPHUTH, SKIIO B HHOMY
aBTOTpaHc(opMaTOp 3aMIHUTH Ha TpaHCc(HOPMATOp 3 TBOMA OOMOTKaMH, a B JIBa MOCTOBHUX KITIOUi OJATH ABi
napu giofis (puc.5).

[epeTBoproBay Ha puc. 5 103BOJIsIE€ 3MiHIOBaTH KoeillieHT TpaHchopmallii sIK y CTOPOHY 3MEHIIEHHSI, TaK
1 301IBIIEHHS B 3aJIE€XKHOCTI BiJl BAMOT CIIOKHBaya.
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PucyHok 5 — Mocmosuii nepemegopiosay 3 000amxosumu 0iooamu

VY cxemax mepeTBOPrOBaYiB Ha puC. 6 1 pucC. 7 3a JOMOMOTOI0 JOAATKOBHX IAp THPHUCTOPIB PO3LMIMpEHA
MOJIMBICTh PEBEPCYBaHHsI BOJNBTON00aBKU (pHUC.6) 1 3MiHM 30HU perymtoBaHHs (puc. 7). Hampuknan, sikmo B
peryisTopi Ha puc. 6 3a MOCTIHHO yBiMKHeHHX THpucTOpiB VS5, VS6 i VS11, VS12 Hanpyrd BTOPHHHHX
HariBOOMOTOK BOJIFTOZO0ABKM BiJJHIMAIOTHCS 3 HANpPyTd MEPEeXi, TO 3a MOCTiifHO BBIMKHEHUX INPOTHIIENKHUX
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mapax THPHCTOPIB Li HANIPyTH OyAyTh TOJABaTHCA. Y peKMMax IIUPOKOIATa30HHOTO PETYIIOBaHHS JI0IaTKOBI
TUPUCTOPH J03BOJIIIOTH PEBEPCYBATH BUXIHY HAPYTY BiTHOCHO HAMIPYTH MEPEKI.
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Pucynok 7 — Oonogasnuii nepemseopiogay 3i 3MIHOIO 30HU Pe2yNI08ANHS

Ha puc. 8 nokazaHo TpudasHuii BapiaHT By3bKO/1alla30HHOTO PEryJIsaTopa, B IKOMY pOoOOUMii iHTEpBa
3a0e31euy€eThCs 3aMUKaHHAM Y 31pKy IEpBHHHOI 0OMOTKH TpaHC(HOpMATOpa 3a JOIOMOIOI0 OJTHOTO 3
TUPUCTOPHUX TPU(PA3HUX MOCTIB. Y Tay3y 3aMHKAETHCSI HAKOPOTKO BUXIIHHUN NioAHUI MicT. By3on komyTarii
NPALOE SIK OMUCAHO BHUIIE.
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Pucynok 8 — Tpughasnuii 8y3vrodianazonnuil pe2yismop Hanpyau

MoxnmBicTh oprasizamii may3w y BHXITHIM Hampy3i Ja€e TakuM IE€peTBOpIOBadaM BENHKI IepeBaru
MOPIBHSHO 3 BOJIBTOJJOIATHUMH PETYIISITOPAMH, OCKIJIBKH B HUX CIIPAI[bOBYE ILIBUIKOIIOUHI €ICKTPOHHHUIT 3aXUCT
HE TUTBKH BiJ] IEpeBaHTaXKEHb, ajie H Bil KOPOTKHUX 3aMHKaHb Ha BUXOAl perynstopa [7]. Lle cyTTeBo miaBuirye
HaJIIHICTh HE TUIBKH CaMOTO PEryJsiTopa, ajie i eleKkTpo3ade3nedeHHs CII0XKHBaya B I1IIIOMY.

VY BuUnaskax BEJMKOTo KoedilieHTy TpaHcdopmanii JOUiIbHO yci MOCTH PO3MILyBaTd Ha IIEPBHHHIN
CTOpoHI TpaHcopmaTopa (puc. 9), OCKUIBKH IIe O3BOJSE 3HH3UTH BCTAHOBJICHY IOTYXXHICTh PEryisTopa i
MIOBHICTIO YCYHYTH KOHJTyKTHBHI 3B’SI3KM MI)K OOMOTKaMH.

SIKmo At mepeMuKaHHs OOMOTKHM TpaHc(opMaTopa BHKOPHCTOBYBATH JIBOIIO3HMLINHMI NepeMHKad, TO
TUPUCTOPHUH MICT MOXxe OyTH 3aMiHEeHWH Ha IIOJHWHA. Y TakOMy BHUITQJKy CIIPOLIYETHCS CHIIOBA CXeMa i cxema
CHCTEMH YIPaBIiHHSA, aJie BTPaYaeThCsl (DYHKIIISA SIEKTPOHHOTO 3aXUCTy MEPETBOPIOBaYa Bi/l IEpEHABAHTAKEHb.
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Pucynox 9 — Bysvkodianazonnuii pe2yisimop 3 MOCmamu Ha NEPEUHHItl CMopoHi mpancgopmamopa
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CrinpHUH By3071 KOMYyTalii Moxxe OyTH BUKOPHCTaHHMH y IeEpeTBOpIOBavax pi3HOro (hyHKIIOHAIHLHOTO
npu3HaueHHs [8,9]. Ha puc. 10 mpuBemeHO cxeMy MEpeTBOPIOBaYa YACTOTH 1 CHMETPYIOUOTO MPUCTPOIO
(mpucTpoIO Ui MIIKIIOYEHHs OnHO(pa3HUX HaBaHTaKeHb 10 TpudasHoi mepex. Toxi KoXHA Mapa TUPUCTOPIB
BX1/THOTO MOCTY HiKITIOUAETHCSA 0 BiAMOBIIHOI (ha3u Mepexi.
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Pucynok 10 — Cxema cumempyesanvrozo npucmpoio

0

[HIIMIT TPHKITa MOXKITMBOTO BUKOPHCTAHHS IIEPETBOPIOBaYa 3i CIIIBHUM By3JIOM KOMYTAIlii — IIe arperaTu
OesnepeobiiiHoro xuBneHHsa. Ha puc. 11 nokazano cxemy arperara, moOyJZ0OBaHOTO Ha OCHOBI TpbhOX TpH(azHO-
ofHO(a3HUX KIIOYIB 3MIHHOTO CTPYMY Ta CIUIBHHX By3Jlax KOMYyTalii, sIKi JO3BOJISIIOThH MEPEKITIOUaTH PEe3epBHi
Mepexi, peryJoBaTH 3MiHHY HANPYTY 1 IPaIfoBaTH B PEXKUMI aBTOHOMHOTO iIHBEpTOpa IPH JKUBIICHHI BiJ Jpkepera
NOCTiiHOT Hanpyru. 3a BiANOBiAHOTO HigKiItoueHHs (a3 o Hiel Mepexi el epeTBOpIoBaY MOXKe NPAIFOBaTH 5K
Oe3nocepe/iHii MepeTBOPIOBAaY YacTOTH 3 PEryJIIOBaHHSIM 3MIiHHOI Hampyrd abo SIK JOKEpelo pPeakTHBHOT
MOTY>KHOCTI.
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Pucynok 11 — Cxema bacamoghynxyionanvrnozo azpecama

VY Bumaakax, KOJXM HEOOXiTHO Y3TO/KEHHS HANpyr MEpeki Ta HABaHTAKCHHS M PETYITIOBaHHS 1
pe3epByBaHHsI HANpPYTH JKUBJICHHS CIIOXKMBaya 3a3BHYail BHKOPHUCTOBYIOTH TPaHC(HOPMATOPHO-TUPHUCTOPHHUI
nepeTtBoproBadi. Ha puc. 12 moka3ano cxeMmy IepeTBOpIOBada 3 Pe3epPBOBAHUM >KUBJICHHSM, B SKOMY MEpPEKHUI
TpaHcdopMaTop Mae /Bi IEPBUHHI 0OMOTKH 31 CIIJILHUM BY3JIOM KOMYTAlli{, pO3IJISHYTHM BHIIIE, 1 OHY BTOPHHHY
o0MoTKy. [lepemuKaHHS Mepex 3/1iHCHIOETBCS y HPOMDKHY Iay3y, JOCTaTHIO ISl Iepe3apsiay KOMYTYHOUHX
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KOHJ/ICHCATOpiB MpH BIAKPUTOMY THpHUCTOpiI VS41 3aMKHEHOMY HAaKOpPOTKO JAiogHOMYy Mocti. HasBHicTb
TpaHcdopMaTopa I03BOJISIE PErYII0BAaTH HANPYTy Bropy 1 BHU3 BiJl HAPYTH MepeXi a00 Bl HOMiHAITY, SIKIIO LIOTO
BUMarae TeXHOJIOTIYHUH Iporiec.
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Pucynox 12 — Cxema mpughasznozo nepemeoprosaua 3 pe3epeHum HCugieHHIM

PerymoBannst abo craOimizamisi BUXiHOI HaNpyTH BHKOHYETHCS, K B yCIX IMITYJIbCHUX PETyJSTOpax,
HIISIXOM 3MIHM IIMPHHY Nay3H Yy BUXIJHINH HAIpy3i.

BukopucraHHs CHiIbHOTO By3ja KOMyTauii JJisi BEJMKOI KUTBKOCTI TUPUCTOPHUX Hap abo THPHCTOPHUX
MOCTIB HE 3aBXKAU BUTITHO (0COONMBO 32 HEBEIMKHX IOTYXXHOCTEH) yepe3 YCKIAAHEHY CHCTEMY YIIPaBJIiHHS
THUPUCTOPAMH 1 MiJBHUIICHY BapTiCTh MepeTBOproBada. Llei Heoulik yCcyBaloThCsl 3aMiHOIO TUPUCTOPHHUX MOCTIB
JOTHUAMH, TIPH IFOMY ITiIBUIIY€THCS HAIIMHICTE 1 3HIDKY€ETHCS BapTicTh mpucTporo. Ha puc. 13 mokazano cxemy
TaKoOTO IIEPETBOPIOBaYa Ul IIBHAKOAIIOUOTO NEPEMHUKAHHS PE3EPBHUX MEPEX, MOOYI0BaHOTO Ha OCHOBI TPHOX
TpudasHuX JIOMHO-TUPUCTOPHHMX KirowiB  VS1, VS2, VS3, 3’eqannx MiK CcO00I0 KOMYTYIOUHUMH
KOHIeHcaTopamMu. SIKmo 3 i€l cXeMH BWIYYHTH BEHTWIBHHU K04 VS3, TO OTpUMaeMO IBOTO3UINHHUMN
nepemMukad. Tozi TepeTBOPIOBAaY CIIPOIIYEThCS, ajle BTpayae CHPOMOXKHICTh PEryJIIOBaTH BHXIJTHY HAlpyry B
HMIMPOKHUX MeXaX 1 JIMIIAeThCsl PYHKIIT 3aXHUCTY BiJ] IEpEeBaHTaKEHb Ta KOPOTKUX 3aMUKaHb.
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Pucynok 13 — [lleuoxoditouuii nepemuxay pe3epeHux mepeic
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Ilepemeoprosaui mampuunoco muny 3i CRiibHUM Gy31oM Komymayii. TlepeTBoproBadi BKa3aHOTO THILY
no0Oy/1oBaHI Ha OCHOBI 3yCTpi4HO-TApajelbHUX II0IHO-THPHUCTOPHHUX KIIIOUIB 3MiHHOTO cTpymy. Ha puc. 14
MO/IaHO CXEMY THPHUCTOPHOTO PETYISTOpa-KOMyTaTropa Tpu(a3Hoi HarpyTH, B SIKii CHIIOBI KIIFOY1 YTBOPIOIOTH JIBi
okpeMi rpynu — ocHOBHY VS1 i pesepBHy VS2.

AHomu THPHCTOPIB 000X TPYII 3’€HAHI 1 ITi TKITFOUYCHI IO HABAHTAXKECHHS; TX KaTOIM MiIKITIOUEHI 10 BXITHUX
JIPOCEJIB 1 4epe3 po3NOALIEYL II0/N 10 KaToAiB KoMy Tytouux TupuctopiB VS3 1 VS4. CninbHa Touka aHonis VS3
i V'S4 gepe3 xoMmyTyrouy naHky L, — Cj 3’€HaHa 3 aHOAHOIO i uepe3 nepesapsaHuii Tupuctop VS5 3 karogHoro
TPYIOI0 MOCTOBOTO Ji0JHO-THPUCTOPHOTO Kitoua VS6. 3a HasBHOCTI Mepexi A BBIMKHEHI THPHCTOPH KJIOo4a
VS1. VY Bumanky aBapii B Hill BKIIOUaroThes KoMyTyrounii Tupuctop VS3 i Tupucrop kimoua VS6. BinOysaeTses
pe30oHaHCHHH Tepe3apsn KoHaeHcatopa Cj, a MPOTATOM Hacy, KOJIH 3BOPOTHUI CTPyM Iepe3apsay MEepeBHILye
CTPyM HaBaHTa)KEHHS depe3 CHIoBHH Kimod VS1, fioro THpHCTOPH BiTHOBIIOIOTH CBOI 3aIlipHI MOXKIIMBOCTI. B me#t
JKE TIepioJl CTPYM HaBaHTAXXEHHS ITACHBHO IEPEXOAUTh Y KOPOTKO3aAMKHEHE KOJIO, YTBOPEHE MOCTOBUM KIIIOYEM
VS6. YV KiHII iHTepBaly BMHUKAIOTHCSI THPHCTOPH pe3epBHOro Kiroda VS5, uepes sikui mepesapspKaeTbes
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KoMyTyrouui konaencarop C,. [Ipu perysroBaHHI Harpyry LeH MpoLec MOBTOPIOETHCS IEKIIbKaA pa3iB IIPOTATOM
nepiony, ajie 3a y4acTio OfHI€T 3 Mepex.
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Pucynox 14 — Cxema peecynamopa-komymamopa mpughaznoi nanpyeu MampuiHo20 muny

Ha puc. 15 moaano e oqHy cxemy arperaty OesmepebiifHOro uBicHHS. BoHa € ribpumoM perynasaTopa i
ABTOHOMHOTO iHBEPTOpA 31 CMIJIBHUMH €JIEMEHTaMH IITYYHOI KOMyTaLlil.
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Pucynox 15 — Cxema arperary 6e3mnepebiiHOI /1ii MATPUYHOTO THITY

Perynsatop siBisie co0010 THPUCTOPHO-Ai0AHNH Kitod VS6, akuii 3°€THy€e HaBaHTaXKEHHS 3 MEPEXKEI0 uepes
BXiJ{Hi Apoceni L, poznoainpyi giogu VD1, i komyTyrounii Tupuctop VS1. IHBEpTOp MICTUTB: THPUCTOPHUI MiCT
VS7; nioguuii VD2 3BOpOTHIN MiCT; KOMYTYIOUY JIAaHKY, sIKa CKIQHA€Thes 3 KOHAeHcaTtopa C), TupucTopiB VS2 —
VS5, npoceniB Lyq 1Ly, 3 00MoTKaMH 1 AiofgaMH JULS OKKUAY HaAJIMIIKOBOI €Heprii y JUkepeso HOCTIHHOIO CTpyMYy.
KomyTarisi THpHCTOPIB peryssitopa BifOyBaeThCst 38 BBIMKHEHHs TupuctopiB VS1 i VS4; komyTanis katoqHol
rpynu tTupuctopiB VS7 — 3a BBIMKHeHHs THpHCcTOpiB VS2, VS5, anonHOi rpynu — 3a BBiMKHEHHs VS3, VS4.

BucHoBku
OKpiM OYEBHIHOTO 3MEHIICHHS MacH, rabapuTiB 1 BapTOCTi, THPUCTOPHI MEPETBOPIOBAYl 31 CILIbLHUM

BY3JIOM KOMYTallil MalOTh HU3KY 1HIIMX CYTTEBHX II€peBar:
® MEHIII CKJIaIHY 1, BIAMOBIIHO, OLIBII HAMIHHY CHCTEMY YIIPABIiHHS THPUCTOPAMHU;
e MBH/KOi[0YE (TIEpiosl MEpeKi) perytoBaHHs HApyTru a0 MepeMUKaHHs pe3epBHOT Mepexi
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® MOJIMBICTH OpTaHi3allii may3u y BUXiIHIA HAIPY3i, O JO3BOJISE 3MiHCHIOBATH IMIBUAKHHI €IEKTPOHHUI
3aXUCT BiJ] IEPCHABAHTAXXCHHS 1 TUM CaMUM, ITiJIBUIIY€E HAIIHHICTh POOOTH MPUCTPOIO;

e [1icJisl repe3apsay KOMYTYIOUMX KOHJICHCATOpIB O YCiX THPHCTOPIB HPHKIIAJEHAa 3BOPOTHA HAlpyra,
TOMY BOHM IIBHJIKO IIOHOBJIOIOTH 3amipHy 3AaTHICTh. CHUTbHMH By30J1 KOMyTauii MOXHa e(eKTHBHO
BUKOPHCTOBYBaTH y 0araTto(yHKIIOHaJbHUX MEPETBOPIOBaYaX Pi3HOr0 KOHCTPYKTHBHOTO BUKOHAHHS, BKIFOUHO
MepeTBOPIOBAYi Ha MOCTOBHX KJIIOYaX i MarpuuHoro tumy[9].

Ha#0inpm AOIINEHUM € BHUKOPHCTAHHS CHITHLHOTO By3Jia KOMYTAIlil JJs MOOYIOBU IIBHIKOMIFOYMX
perynsaTopiB-cTabimi3aTopiB i mepeMuKadiB 3MiHHOI HAaNpyrd B CHCTEMax TapaHTOBAaHOTO(PE3epBOBAHOTO) i
0e3mepebifHOTO eNeKTPOIOCTaYaH s, B aCHHXPOHHOMY (TIapaMeTpUYHOMY i 9aCTOTHOMY) €JIEeKTPOIpPHUBOIi, B
CHUCTeMaX CHMETPYBaHHS CTPYMIB i Hampyr B Tpu(a3HUX EIeKTPUYHUX Mepekax, B IUKIOKOHBEPTOpax i
PE30HAHCHHX iHBEPTOpaxX.
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ANALYSIS OF THE FUNCTIONAL CAPABILITIES OF PULSE AC
VOLTAGE REGULATORS WITH A COMMON SWITCHING NODE OF
VALVE KEYS

The article discusses the functional capabilities of pulse voltage converters with a common switching node
for multiple circuits that need to be switched. These converters are divided into two groups: those with bridge
switches and those with matrix switches. The operation of the common switching node of thyristors in the input
bridge of a single-phase voltage regulator is shown as an example.

The analysis of power circuits of both types of single-phase converters showed that using a common
switching node provides additional useful properties, such as increasing the speed of voltage regulation with the
number of levels greater than the number of thyristor pairs. The presence of a voltage-doubling transformer in the
converter structure makes it possible to prevent overvoltage.
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It is particularly useful to use a common switching node in single-phase wide-band voltage regulators
whose power structure is typically based on transformers that operate at both the main and higher frequencies.
Due to the double energy conversion, these devices have an increased number of switched valves, so the common
switching node significantly improves their performance and allows for regulating the output voltage using both
frequency-pulse and pulse-width methods in the range of 0-1 U,y with high quality indicators, reversing the output
voltage relative to the network voltage, and combining the functions of a modulator (inverter) and a demodulator
in one block.

Research on three-phase bridge and matrix converters with a common commutation node has shown that
using this power device structure is an effective approach for voltage symmetry when connecting single-phase
loads to a three-phase network; for fast switching of backup networks in uninterruptible power supplies; and for
direct frequency conversion with the ability to control voltage and reactive power.

Keywords: pulse converter, thyristor-diode switch, bridge switch, artificial commutation, commutation
node, switching thyristor, distribution diodes, backup power supply.
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'HauionanbHuii TexHiunuii ynisepcurer Ykpainu

«KuiBcskmii motitexniunauii inerutyt imeni Iropst Cikopcskoro»

AHAJII3 ITPOLECIB Y IIEPETBOPIOBAUI 3
ABAJUATUIPATU3OHHUM PEI'YJIIOBAHHSAM HAIIPYT'HU 1
AKTUBHO-IHAYKTUHUM HABAHTAKEHHAM

Memoio pobomu € guxkopucmanna memooy 6azamonapamempuiHux @YHKYiu 3 6UKOPUCMAHHAM NAKemy
MATHCAD 0ns auanizy enekmpoMacHimHUx npoyecié 6 eieKmpUYHUX KOAAX 3 HANIBNPOBIOHUKOBUMU KO-
Mymamopamu.

YV yiii cmammi npoeedeno amaniz enekmpomacHimHUX npoyecie 8 ereKmMpUyHUX KOIAX HANI8NpoGiOHU-
Kogumu 3 komymamopamu. CmeopeHo mMamemamuyny mooenb 015 AHANI3Y eNeKMPOMASHIMHUX NPOYecie 6 Ha-
NIBNPOGIOHUKOBUX NEPemeoplosayax 3 WUPOMHO-IMNYIbCHUM Ppe2ylioganHam euxionoi uanpyeu. Hasedeno
epagixru, wo 8i0 0bpaxicaiome eneKmpomMazHimui npoyecu y erekmpuunux koaax. Cmamovsa npuUcesdena po3euim-
Ky Memooa 6azamonapamempudHux GyHKYitl Wiaxom po3spooxu HOBUX MAMEMAMUYHUX MOOenell MA BUSHA-YEHHS]
@YHKYII | aneopummiuHux pieHsHb OJisL AHANI3Y 3 NIOCUCMEMHUMU CKIA00BUMU eeKMPOMAHIMHUX NPOYeCie y
PO3207Y0HCEHUX eNeKMPUUHUX KOAAX 3 HANIENPOGIOHUKOBUMU KOMYMAMOPAMU | TAHKAMU 3 CU-HYCOIOATbHUMU,
nocminumu i iMnyibcHumu  Hanpyeamu. Hanienpogionuxosi kommymamopu — MO*CYymMb  8UKO-HY8amu
BUCOKOUACHMOMHE 3MIHEHHs CIPYKMYPU eNeKMPUYHUX Kill | WUPOMHO-IMINYIbCHY MOOYAAYTIO (hasHuX i TiHeUuHUux
Hanpyz mpuxgasnoi Mmepesici e1ekmpOoACUBNEHHS, BUKOHYIOUU PE2YII0B8ANHS BUXIOHUX HANPY2 HANIBNPOGIOHUKOBUX
nepemeoproeayie napamempis eleKmpuiHoi eHepeii.

KawuoBi ciaoBa: enexkmpomacnimui npoyecu, uxiowi Hanpyea ma cmpym, OazamonapamempuyHi
MOOYIO0YI PYHKYIT, HANIBNPOBIOHUKOBI KOMYMAMOPU, MOOETIOBAHHS.

AHani3 BHUKOpDHCTaHHS €JIEKTPUYHOI €Heprii i PO3BUTOK IEPETBOPIOBAILHOI TEXHIKH JIO3BOJIAIOTH
BUKOPDHCTOBYBaTH B IIEPETBOPIOBAJBHUX YCTAHOBKaX JIAHKY BHCOKOI YacTOTH 3 4YacTOTOIO MEPEeKIIOYEHHS
BEHTWJIIB 3HAYHO OUIBINOT BiJl 4aCTOTH 3MIHHOi HANPyrd NMPOMMCIIOBOT Mepexi. PO3BUTOK TeXHIKHM J03BOJIsIE
BUKOPHCTOBYBATH B IEPETBOPIOBAILHUX YCTAHOBKAX JIAHKY 3 YaCTOTOIO MIEPEKIIFOUSHHS] BEHTHIIIB 3HAUHO O1TbIIOT
BiJl 4aCTOTH 3MIHHOI Hampyrd NPOMHCIOBOI Mepexi. B Tux Bumaakax, KOJM 3a BUMOTIaMH HaBaHTa)KEHH:
HEeoOXiHO 3a0e3neYuTH HOro TalbBaHIYHY pO3B’SI3KY 3 EHEPreTHYHOI0 MEpEeXeI0 INpH 0araTo30HHOMY
pETryIIOBaHHI BHUXIZHOI HAmpyrd, B SIKOCTI MPOMDKHUX CTPYKTYp MIOLIJIBHO BHKOPHCTOBYBATH CTPYKTYPH
MIEPETBOPIOBAYIB YACTOTH 3 OTHOKpaTHO Moayridiero (ITH 3 OM). V [1-3] moka3aHa qOUTEHICTh BUKOPUCTAHHS
crpykryp T4 3 OM B JiarHOCTUYHHMX KOMIUIEKCAX EJEKTPOMEXaHIYHMX CHUCTEM Ul 1O0OYyJOBH BTOPHHHHX
JOKepeIl )KUBJICHHS 3 PI3HUM BHJOM BHXITHOI eHeprii. Y maHiit poOOTi MPOBOMUTHCS aHAII3 BUKOPUCTAHHS Ti€l XK
CTPYKTYPH B SIKOCTI JIAHKM BHCOKOi YacTOTH IEpeTBOPIOBadiB TpH(a3HOI HANPYrH B IOCTIHHY HANpyry npu
HIAKII0OYeHH] cuiioBuX mMoayJsitopiB (CM) o ¢a3HUX MPOBOAIB €HEPreTHYHOT Mepexi 1 MIMPOTHO-IMITYJIbCHUM
perymoBanssMm (ILIP) nocTiiiHoi Hampyru npu BHCbMHU30HHOMY KepyBaHHille mo3Bossie mokpamuTt hopmy
BXIJJTHMX CTPYMIB II€pETBOPIOBAYa 32 PaXyHOK BiJICYTHOCTI B HUX TApPMOHIK, sIKi KpaTHI TPhOM.

Cxema mepeTBoproBada moka3zaHa Ha puc. 1. Ha miii cxemi mosnadeni: CMy, , CMz , CM¢ — cunosi
MOJIYJSATOPH BiONOBITHUX (a3sHUX HANPYT, CYKYNHICTh SKHX MPEACTaBIIsIE COOOI0 JIAHKY BHUCOKOI YacTOTH
neperBopioBaya, BB — BucokowactoTHuil Bunpsmisiy, H — nHaBantaxkeHus. Koxnuit 3 CM ckmamaerscs 3 N
iHBepTOpiB BunpsaMieHoi Hanpyry (IBH), siki BKiIloueH1 eHepreTHYHNMH BXO/IaMH ITapajiesIbHO 1 HABaHTa)XXeHi Ha
y3rouKyBaJibHI TpaHchopmaropu (TV), 3’e1HaHi BTOpDHHHUMH OOMOTKaMH MOCIIiTOBHO.

[Ipu ckimagaHHi MaTeMaTHYHOT MOZENI NEPEeTBOPIOBAYa 3 KOMIT'IOTEPHOIO Opi€HTALIE0 i1 3aCTOCYBaHHS
BUKOPHCTA€EMO MeTOJ OararornapaMeTpUYHMX MOXIYJIOUNX QyHKOid [2], sgkuid mependadae momepenHe
NPE/ICTAaBIICHHS AITOPUTMIYHOTO PiBHSHHS INepeTrBopioBada. [Ipu mpoMy mpuilMeMo Taki NMPUIYIIEHHS: BXiJHA
eHepreTMYHa Mepeka CHMETpHYHa 1 i BHYTpIIIHIA Omip AOpiBHIOE HyJr0, TpaHsuctopu i miogm IBH
MPEACTABISIIOTECS 1CaTbHIMH KII09aMH, Y3TO/DKyBaJIbHI TpaHC(GOpPMaTOpH B KOXKHIH 3 30H pEryIIOBaHHS
BUXIZIHOT HE MaIOTh BTPAT, @ HABAHTA)KEHHS [IEPETBOPIOBaYa Ma€ eKBIBAJICHTHUH aKTMBHO-1HIyKTUBHHI XapakTep.

Taxka cxema J03BOJISIE peani3yBaTH OaraTokaHaJIBLHUN CIIOCIO EPEeTBOPEHHS apaMeTPiB €IeKTPOMAarHiTHOT
eHeprii Mepexi, mpu sikoMy B CM 3miHCHIOETBCS PO3rally’KeHa MOJYJIAMISI MUTTEBHX 3HAu€Hb (Pa3sHUX HAIPYT
Tpuda3Hoi eHepreTudHoi Mepexki, YacTOTH (1, BIANOBITHWMH EKBiBAIIGHTHUMHU MOJIYJIOIOYNMH BITUBAMH
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' (Otp ) t) , 4aCTOTH M2. B pe3ynbTaTi Takoi onepauii Ha Buxoai koxxHoro 3 IBH ¢opmyeTsest npoMoynboBana

Hampyra
. 1 . .
UZM(p’I’t): k_ul(lit)(l)(lit)\v(a’p!t)’ 1)
T
ne: i = 1, 2, 3 — HoMepHu (a3HHX HAMPYr eHEepreTHYHOi Mepexi, BimmoeigHo A, B, C; kT— Koe(ilieHTH
TpaHchopmariii y3romxkysansHoro tpancdopmaropa; P =1, 2, 3, ..., N — HOMep 30HH PETyIIOBAHHA BUXiJHOI

HanpyTH, 30iraeTbcs 3 HoMepoM iaBepropa CM; (I)(I ) t) — (QyHKIII IPSIMOKYTHHUX CHHYCIB, SIKi CITIBIIaafOTh 3a

TIOJIOXKCHHSIM B YaCOBil 00JIACTi 3 BiNMOBITHIMH (Pa3HUX HAIIPYTaMH MEpexKi:

¢(i,t) =sign sin(m1 —M] ; @)

3
ne: Uy (1,t)— murresi sHauenns GasHux HAIPYT eHEPreTHHOT MEPEXi:
: . i1—-1)2n
u,(i,t)=u,,, sm(ml —%J; @)

U 1m — @MIUTITYIHE 3Ha9EHHA (a3HO1 HANPYTH.

ExBiBaneHTHI MOAYIIOI0OY] BIUTUBH ITOIAMO BUPa30M
1 . .
y(a,t) =EZSIgn(SIn(thi(xp(t)—(p)]) , @)
2

ne o, (t) —xyTtn ynpasninus, 32 paxyHOK 3MiHH sKkuX 3a6e3neuyethes [P BuXiaHOT HANPYTH MepeTBOprOBaYa;
(P — IIO04YaTKOBAa (1)a3a eKBiBaHeHTHI/IX MO,HyJ'IIOIO‘II/IX BHJ'II/IBiB.

i (i,t) 2 ()
— >
‘1'33’ T )

1, (1.5) CMAY L 1Y

I B'ﬁ | —
’ CMBT BB* ‘;\ o

N
CT | 1y (&)
CMCY - 1lt)

ﬂrﬁs - ¥

] - L]
Pucynoxk 1 - Cxema nepemeoprogaua

[pu OaraTo30HHOMY peryJroBaHHI BUXiJHOI HAIIPYTH NEPETBOPIOBaYa 3a0e3NeyyeThCs MOYepProBo 3MiHa
KyTiB ynpasJiHHA B Aiana3oHi Big 0 1o 90°. YMO0BH 3MiHM KyTIB yIIpaBIiHHS y OKPEMHUX 30HaX [OJJAMO Y BHIJISI:

a,(t) =0, sxmo t<%; Otp(t)=180° , AKIIO t>p—T25,aiHaKLue ap(t) = f,(p,251) , ne

f” (p,25,t) — dynkuis, sxa 3anae 3aKoH 3MiHH OL b (t) , sxa 3anexuts Big HOMepa 30HHU P i iX KibKOCTI

Buxigny wnanpyry U, (t)J‘IaHKI/I BHCOKOI YacTOTH IIE€PEeTBOPIOBAYa, 3TiHO 3 HOro CTPYKTYPHOIO

opranizauiero i 3 Bupazom (1), 3anumemMo cymoro

U, (t): '\iszslkiul(i’t)d)(i’t)\lf(ap’t) , 5)

p=l i=1 P

a BUXiJHy Hanpyry nepetsopioada Uy (t) SIK BUIIPSIMIIEHY Harpyry (6) mojamMo BUpa3oM
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HGEDY ;kiul(i,t)¢(i,t)w<ap,t)v(t), ©)

ne: V(t) — dyHKuis NpIMOKYTHOrO CHHyca, IO CIIBIAJAE 33 YACOM 3 TONOKEHHAM BHXiAHOI Hanpyru Uo (t)

JIAaHKH BHCOKOI 4aCTOTH IIepPETBOPIOBaYa
v(t) =sign(u, (1)) - @
Yacosi jmiarpamu BuxigHux Hampyr IBH Uy, ( p, i,t) , JaHku BHCOKOi wactotn U, (t) i

nepeTBoproBada Uy (t) , moOyoBaHi 3a (5) i1 (6) mpu 3MiHI BEIMYNMHHA KyTa YUpPaBIiHHA O p 1o TiHIHTHOMY

3aKOHY B KOOpuHaTax Bix uacy { , momani ua puc. 3.
Jus  OureIn  nmeTampHOTO — aHANi3y BHUXIZHOI HAampyrd IepeTBoproBada B (5) MO3HAYUMO

Ul(i,t)¢(i,t):|ul(i,t)| i, BpaxoByroun (3) Ta (4), a Takox Te, WO B (6) \V(Ocp,t)V(t) Z‘\Il(ap,t)‘ ,

ANTOPUTMIYHE PiBHSHHS IEPETUIIEMO Y BUTIIAIL

1 (&, (i-1)2n
Uy (t)=—— U, sin(ot ————
d() 2k.|_ p_l Z im ( 1 3

i=1

Zsinn(cozti(xp(t)—(p). (8)
2

CTpyM HaBaHTaXKEHHs 3HAWIEMO, SIK peakilifo OJHOKOHTypHOro RL—maHmrora Ha miro Hampyra (6). Jns
boro qud)epeHIiatbHe PIBHSHHS, CKJIa/IeHe JIsl BUXIIHOTO KOHTYpY IepeTBOpIOBaya, NPEACTaBUMO B BH/II

u, (t R
D(t,y)=%—tyo, ©)

ne: Y — BU3HAYAE€ThCA 3 IOYATKOBUX YMOB; R i L — Bi/lNOBIAHO aKTUBHHUI OMIp i IHAYKTUBHICTh HABAHTAKCHHSL.

Pimenns (9) BiIHOCHO cTpyMy HaBaHTa)KEHHs BU3HAYMMO YHCIOBHM METOAOM y BUTJIAI MaTPHI
iy (t) = rkfixed(y,0,k,s, D), (10)

ze: Y — BexkTop no4aTkoBHX yMOB; 0, K — uacoBuii iHTepBan pillleHb; S — KiIbKICTh TOYOK HA 4acOBOMY iHTepBalIi

pimrens; D — Bekrop QyHKIIA AudepeHIITHIX PIBHIHD .
YacoBi [JiarpamMy CTpyMYy HaBaHTaXCHHS B KOOPJAMHATAX BHXiJHOI HANpPyrd I[EpeTBOPIOBada JUIs
JBaALATUI ITU30HHOTO PEryIIIOBaHHS NpeaCcTaBJeH] Ha puc. 2.

" Iy (t) Uqg ®

Pucynok 2 - Yacogi diazpamu cmpymy HA8AHMANCEHHs 8 KOOPOUHAMAX BUXIOHOI Hanpyeu
nepemeoprosayd

BpaxoByroun Ty o0cTaBuHY, 110 HA iIHTEpBaJIaX HYJHOBHUX Hay3 (7) CTPyM HaBaHTAXKEHHS IiATPUMYETHCS
B KOHTYpI HaBaHTa)XeHHs 1 J1ioaiB BB 3a paxyHoKk eHeprii, sKa 3anmacaeTbcs B iHAYKTHBHOCTI 32 MONEPEHI [IUKIH

poOOTH IEPETBOPIOBAYA i 3 EHEPIETHYHOT MEPEKi HE CLIOKUBAETHCA, TO NIl BUSHAYEHHS BUXiZTHOrO CTpyMy o (t)
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JIAHKH BICOKO1 9acTOTH focTaTHRO (10) mepeMuoxxuTi Ha QyHKIio (7), 10 Ma€ OMUHAYHY aMIUTITY 1y 1 CITiBIIaiae

3a gacoMm 3 (6). Toni
I, (t) =1y (D)v(t) (11)

Juis BU3HA4YCHHS BXIAHWX CTPYMIB IHBEPTOPiB KOXKHOi p—i 30HI peryiroBaHHSA Bpaxyemo, mpo | 2(t)

MPOTiKa€e B 3arajdbHOMY KOHTYpi Bcix CM, yTBOPEHOMY IIOCIIZOBHO 3’€THAHHMH BTOPHHHHAMH OOMOTKaMHU
Y3rOKyBaJIbHAX TpaHC(HOPMATOPIB i MPUIIMEMO O yBaru alropuTMidHe piBHAHHA (6) i Te, mo (2), (4) i (7) €
(hYyHKIISIMA OJMHUYIHOT aMILTITY IH.
[Ipu npoMy y 3araibHOMy BHII
o (0w, D93 1)
L(n,it)=
Ky

Js BusHaueHHs BXinHuX CM y BChOMY [iama3oHi peryioBaHHS BHUXiTHOI HAIIPYTH MiACYMyEMO BXiIHI
ctpymu BigmoBigaux IBH. Bpaxosyroun (12), 3aransauii Bupa3 it BXigHux crpyMiB CM momamo y BATIISAAI

(12)

N=25

il(ivt): Z il(p!i’t)v (13)

p=1
ne: I1( p,l ,t) — Bximui crpymu IBH.
YacoBi Jiarpamu BXiHHX CTPyMiB i-X (ha3 eHepreTH4HOi Mepeki B KoopauHatax (asHuX Hampyr,
nobOynosani 3a (13), npezacrasneHi Ha puc. 3.
TakuM YMHOM, TPUBEJCHI PE3yJbTaTH IOCIIKEHb MOKa3yIOTh €(EeKTHBHICTh IOJAHHS MaTeMaTHYHOI
MO/IeIi IepeTBOPIOBaYa BiTHOCHO HAIIPYTH HABAHTAXKEHHS , CTPYMY HAaBaHTAXXCHHSI 1 CTPYMIB, 1110 CIIOYKHBAIOTHCSI

3 BXIHOI Mepexi y3araldbHIOIYNMH (QYHKIIAMH OaraTomapaMeTpUYHOTO BHAY. Y3arajdbHIOIOUi (YHKIIT
OaraTomapaMeTpHYHOTO BUAY e€(DEeKTUBHI 1 [UIS iHIINX MEPETBOPIOBAYIB MOIYJIAIIIHOTO THITY.

u, (i,t)

i, (i.t) (L)
WO~

|: :l *.\\// I

i, (2,t) u (2,t)

\ 4

|

Se——"— T~ t

i (3.t u, (3.t
ﬁ( ) 1/(>’)—\ﬂ —
|>__,,_4| e— t

Pucynok 3 - Yacosi diacpamu exionux cmpymie ma Hanpye i-x ¢pas enepeemusnoi mepexici

|

JlocimimKeHHS TIOKa3yoTh e()eKTHBHICTh BUKOPHCTAHHS OaratornapaMeTpHIHNX MOAYTIOIOYHX (QYHKITIN IS
MOJCJIOBaHHS 1 pO3PaxyHKy €JEKTPOMAarHiTHUX TPOLECIB y  PO3TANY)XCHHX  CNEKTPHYHHX  KOJIax
HaliBIPOBIJHUKOBHX IEPETBOPIOBAYIB 3 0araT030HHUM BHCOKOYACTOTHHM HIMPOTHOIMITYJILCHHM PEryJIOBaHHSAM
iXHPOI BHXIIHOT HAIIPYTH NPH KHBJICHHI RL-HaBaHTa)XeHHSL.

BucHoBku
Ha ocHOBI mociimkeHb MOYKHA 3pOOUTH BHCHOBOK, IO JOIIIEHO BUKOPHCTOBYBABTH NMPOTPAMHHN MaKeT
MATHCAD s aHami3y eneKTpOMAarHiTHMX IMpPOLECIiB Ta ONTUMI3alii MapaMeTpiB HariBIPOBIIHUKOBUX
nepeTBoproBadiB. Takuii MiAXix JO3BOJIAE 3MEHITUTH HECTAOUIBHICT PEKUMIB Y TEXHOJIOTIYHOMY HaBaHTa)KEHHI
Ta PeXMMIB CTIO)KMBAHHS €JIEKTPOCHEPTi] Bil MepeXi €NeKTPOKHUBICHHS.
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ANALYSIS OF PROCESSES IN CONVERTER WITH TWENTY-FIVE-ZONE
VOLTAGE REGULATION AND ACTIVE-INDUCTIVE LOAD

Analysis of the electromagnetic processes is organized beside this article in electric circuit with
semiconductor commutator. Mathematical model is created for analysis electro-magnetic processes in
semiconductor converter with width pulsed regulation of the output voltage. The broughted graphs, which reflect
the electromagnetic processes in electric circuit. Method much parametric functions was used when performing
calculation. The mathematical model of the converter is created for fifteen zoned regulations of the output voltage.
Article is devoted to the development of a method of multi-parametric modulating functions by means of working
out of new mathematical models and definition of functions and the algorithmic equations for the analysis on sub-
system components of electromagnetic processes in electric circuits of variable structure with sinusoidal, direct
and pulsing voltage. Introduction of functions with discrete parameters in the algorithmic equations for analysis
of processes in circuits with semiconductor commutators simplifies modeling on subsystem components. The
mathematical model of steady-state processes and transients in electric circuits of semiconductor converters of
modulation type with multi-channel zonal use of phase and line voltages of a three-phase network of power
supplies is developed. The mathematical model of electric circuits of thyristor shapers of electro-discharge pulses
for the analysis and the matching of capacitors charging modes with decrease several times of electric resistance
of technological load is also created. The obtained results have a great value for development theoretical electrical
engineering in a direction of simplification of calculations of electromagnetic processes in electric circuits with
semi-conductor converters of the electric power. The Electromagnetic processes in electric circuit under width-
pulse regulation possible to analyse with use the algorithmic equations multivariable function, which argument
are a system parameters semiconductor commutator, signal of control, phases to network of the power supply and
time. Introduction multivariable function with discrete parameter in algorithmic equations of the analysis formed
and connecting processes in electric circuit of the variable structure allows to reflect change of this structure
under system components, simplifying modeling and analysis of such processes to account of the generalization
of the got equations. Except specified correlations and diagrams designed model allows to analyse forms of the
output voltages and current of the separate power modules.

Key words: electromagnetic processes, output voltage and current, multi parametric modulating functions,
semi-conductor commutators , modeling.
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ANALYTICAL AND STATISTICAL ASSESSMENTS OF THE
METHODOLOGY FOR EVALUATING THE QUALITY OF
LAMINATED MAGNETIC CORES

The paper solves the relevant issue of improving the reliability of electromechanical converters with a steel
laminated magnetic core by implementing effective measures to diagnose the quality of the laminated core. A
method for assessing the quality of laminated magnetic cores with insulated sheets is proposed. The method is
based on the analysis of the response of electromagnetic interconnected circuits to test transient processes in order
to assess the development of defects in the inter-sheet insulation and the concentration of parasitic eddy currents
associated with specific losses in the magnetic core which is the normative method of magnetic core evaluation
that is closest to the operation of an electric machine under real conditions. Taking into account the complexity
and labour intensity of regulated methods of core quality control, a reasonable assessment of the relationship
between the eddy current time constant and the specific losses in the magnetic circuit will significantly simplify
the test methodology, the implementation of which does not require complex and expensive equipment and high
qualification of the service personnel. In addition to the physical connection, the paper shows the statistical
relationship between the eddy current time constant and the specific losses in a number of real magnetic circuits
and performs statistical processing of the experimental data. A linear regression dependence is obtained and the
correlation coefficient is estimated, which confirms a significant relationship between the above components on
the example of magnetic cores of different geometries. Confidence intervals for defect-free and defective magnetic
cores are estimated, taking into account the geometric dimensions, power, and number of poles of the studied
electric motors.

Keywords: Magnetically coupled circuits, damping time constant, specific losses in magnetic circuit,
reliability, remaining insulation resource, laminated magnetic cores

Introduction

Electromechanical and electromagnetic energy converters use electrical steels with high magnetic
conductivity and low magnetisation losses as magnetic flux conductors. In the process of cyclic changes in the
magnetic structure, processes associated with hysteresis losses and eddy current losses occur. At industrial
frequencies of 50-60 Hz, the hysteresis loss component is dominant. Depending on the steel grade, the
predominance of hysteresis losses over eddy current losses at industrial frequencies ranges from three to six times.
However, in technological and operational processes, the component of eddy current losses, due to deterioration
of the inter-sheet insulation, can significantly exceed hysteresis losses. Methods for assessing the quality of
magnetic cores traditionally use the dependence of the quality of the magnetic core on the specific losses in steel
at induction close to machine operation and industrial frequency. These methods are standardised, but they are
labour-intensive and do not meet modern requirements for the efficiency of control tests. Therefore, there is a need
to develop methods for more effective control methods that can be associated with regulatory tests. It is proposed
to use as a diagnostic feature the relationship between the time constant of eddy currents in a magnetic circuit and
the specific losses that meet the regulated methods.

The purpose of the study is to establish a physical and statistical relationship between the specific losses
in @ magnetic core at a fixed induction and frequency and the time constant of eddy currents for magnetic cores
of different geometries.

The objective of the study is to investigate the physical connection of the fast process of establishing
magnetic flux in magnetically coupled circuits with the reaction of the secondary system in the form of eddy
current circuits in the defect-free and defective level of the laminated magnetic core.

Main Material of the Study

Physical bases of connection between parameters of transient processes and specific losses in
laminated magnetic cores

If a test coil is wound around the back of the magnetic core, it will also induce an EMF. A single sheet can
be considered as an element in a composite magnetic core, if the insulation between the sheets is of high quality.
Let us consider the distribution of EMF, currents and eddy current losses in the cross-section of the sheet under
alternating magnetic flux in the sheet. We assume that the equipotential lines of the elementary circuit are
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symmetrical relative to the centre. As the circuit grows, its cross-section g, increases according to the quadratic
law, and the length of the circuit [, — The induced EMF will depend on the rate of change of the flow. Using the
operator p for ease of writing, the following relations can be obtained for a circuit with a width of 2x:

N ex = pd, = pBg, 1)
Where g, = 2x2 P cross-section of an axisymmetric contour, h — sheet height.
Resistance of a contour with a thickness Ax when section length [ = 1:

Ar, = 2(2x+%x)i‘ﬂ (2)
X
Where p_ — specific losses of steel. The elementary current in the considered circuit will be:
= P
Ai, = ity ?)

This is true for the case when h >> b. When B = B,,;sinwt i pB = 2rnf B, the current value of the EMF
will be:
E, = nﬁfBCIx (4)
It is obvious that when the induction decreases due to the demagnetising effect of parasitic eddy current
circuits, the effective EMF value will decrease with increasing frequency.
The losses in an elementary circuit of length [ = 1 will be:
h 2
_ B2 _ (nV2fBm2px?)
bpy =y = r A (5)
Total eddy current losses:
2m? f2BZ, 20 252p2
Po=[ dpo=""""2 fp Bfy xddx = LA pp (6)

Specific eddy current losses:
Py _ mf2B5b?

Pspec.ec = Tgs (7)
Where m = 2hblg, — considered element mass, g — steel density 7,8 * 103 %. Pspec.ec IS proportional to
2p2
the product f2B2, a constant coefficient in this formula k,, = %.

Thus, for a steel sheet with b = 0,25mm and p = 2 * 1077 losses are Popecec = 0,5 %, which fully
corresponds to the table data for electrical steel. Hysteresis losses are several times higher. For 2013 steel, the total
losses:

w
(pspec.ec + pspec.h) =05+2=25 E (8)

In other words, in order for the total losses to increase significantly, the losses due to eddy currents caused
by defects in the interlayer insulation must increase at least by several times.

For a defective magnetic core, assuming a uniform distribution of defects in the interlayer insulation, in
addition to eddy currents that are confined to individual sheets, there are common integral currents that cover the
entire package. With a uniform distribution of defects, the processes in the package can be described in the same
way as in a single sheet, but it is necessary to take into account electrical anisotropy, i.e. the fact that due to defects,
the specific resistance in the transverse direction is much higher than the resistance of steel [1].

The % ratio can be any, more often less than one. The value of b in this case plays the role of the width of
the entire package, i.e. if the thickness of the sheet was equal to the width of the package.

According to (1) EMF of xth circuit will be:

2hx?
ex = pB b )
And the resistance of the elementary circuit according to (2) will be:

h
z(szdef+§xPs) _ 4Xpdef

x Ax Ax
where p - electrical resistance of the defective circuit.
The current in the elementary circuit according to (3) will be:
h
B_
Ai, = zid:f xAx (1)
1 pByh? uxz(b2—§>
Op= (3 Budx)ax=—p (12)
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For alternating magnetic flux, eddy current losses are determined by the following equation:

2
E2 n'\/fmeZExz
Ap, = = M (13)

Tx 4pgefx
The eddy current losses in a magnetic circuit with integral defects will be as follows:

2,252 ()2
me2f Bm(;) b* _ w?f2B% (hb)?

b
Pec - fO dpx - Pdef 4 2Pdef (14)
P, w2 f2B2 hb
Pspec.ec = f = Zpde:;s = kec.def.szrzn (15)
2hb
k = 16
ec.def. 2pdefds ( )

As can be seen, the relationship between the specific losses for eddy currents in a magnetic core with integral
defects is direct through k.. 4. Which depends on the cross-section of the magnetic core % and the resistance of
the defective circuits p -

In order for the total specific losses to increase compared to a defect-free magnetic core, for example, by a
factor of 2 (up to 5 WI/kg), different degrees of defectiveness are required for magnetic cores of different
geometries.

To do this, we define Paes

2f2BZ hb
pdef - ;TgsPspecec - 0‘63hb (17)

For the magnetic core of a small machine, hb = 0,01 * 0,1 = 0,001 m?, Paey = 6.3 * 10~* Ohm * m. As

the cross-section increases, the same effect will be achieved at higher p ,, s a and the total losses in steel increase

in proportion to the square of the cross-section.

The inertia and demagnetising effect of the defective circuits is superimposed on the magnetic inertia and
the reduction of induction in the magnetic core itself. The decrease of the average induction value will occur faster
in defective magnetic circuits compared to defect-free ones with increasing frequency. Relative to the coil, which
creates a magnetic field in the magnetic core, the total resistance Z will be determined [2]:

U j adhwp ~ D
ZZYZETNZth(l‘l']); (18)

Analysing the above expressions, it can be concluded that the level of defectiveness of a magnetic core can
be determined through the same parameters inherent in the eddy current time constant and specific losses of a
magnetic core at an industrial frequency and a fixed induction, which is usually 1 T. For defect-free magnetic
cores, the relationship between T and Py,ec .. is made through the square of the sheet thickness, electrical
conductivity and magnetic permeability of the steel material. For a defective magnetic core, a parasitic circuit is
superimposed on the eddy current circuit that occurs in a defect-free magnetic core, which depends on the degree
of defective metal overlaps and the overall geometric component of such circuit, which is proportional to the
product hb (18).

Based on the proposed method of quality control of the magnetic cores, model installations were created,
which allowed to conduct large-scale experiments at the enterprises ‘Miskvodokanal’ of Sumy City Council and
ENERSIS UKRAINE LLC company.

The experiment was carried out on a large number of magnetic cores of IMs with power from 0,37 kW to
37 kW with different degrees of defects. The magnetic losses in the cores were measured by the wattmeter method
at an induction of 1 T and the time constant of eddy currents T,. us. The results are presented in table 1. The
experiment included testing more than 200 magnetic cores of different quality and geometry, which corresponds
to a range of motor park capacities available at the enterprises.

As samples for the experiment, both magnetic cores that were not in operation and magnetic cores that are
in operation, as well as magnetic cores that have undergone a repeated technological cycle of heating in a furnace
to a temperature of 350-450 °C in order to burn out the old winding before rewinding electric motors, were used.
Thus, there were two groups of magnetic cores: high-quality and defective, with varying degrees of damage to the
interlayer insulation.

Identification of the correlation coefficient and linear regression analysis of samples on the
relationship between specific losses and the generalised diagnostic parameter

To perform such an analysis, a fully automated calculation was used for the largest sample of N = 200 to
represent the relationship between p - and pgyp,.. for magnetic cores from the experiments shown in table 1, where
i, — is the mean value of a random variable. In this table, the values of specific losses were measured at an
induction of 1 T and industrial frequency are given in W/kg.

Correlation analysis allows to determine the degree of relationship between two or more variables.
However, it is also desirable to have a model of this relationship that would make it possible to predict the value
of one random variable from the specific values of another.
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In our case, the correlation analysis of the data from numerous experiments established a significant linear
relationship between the diagnostic parameters in the magnetic cores under study and the specific magnetisation
losses. The logical next step is to specify this relationship so that this generalised diagnostic parameter could be
used to predict the specific losses P,..

Table 1 - Relationship of specific losses in magnetic cores of different defect degrees with T, [3]
Pspec | 3,28 3,49 3,44 3,28 3,62 3,33 3,62 4,1 4,25 4,36 4,92

Tec 42 43 48 43 48 45 47 51 53 51 49
Pspec | 5,12 5,39 5,62 5,68 5,36 4,38 4,92 5,65 5,34 5,46 511
Tec 53 54 59 66 52 48 51 59 57 58 64
Pspec | 5,62 4,80 4,92 4,75 5,35 5,55 5,98 6,32 6,45 6.0 6,13
Tec 62 55 53 52 55 58 71 75 81 72 87
Pspec | 6,20 6,18 6,4 6,45 6,31 6,4 6,12 6,53 6,27 6,63 6,84
Tec 88 86 91 86 83 84 87 78 82 85 92
Pspec | 6,8 6,32 6,55 6,27 6,35 7,14 7,45 7,05 6,94 6,40 6,4
Tec 91 74 79 84 85 97 91 99 89 77 83

Pspec | 6,78 7,0 7,2 7,24 7,55 7,46 7,9 8,08 7,9 7,46 7,93
Tec 100 107 113 108 102 101 115 119 123 100 128
Pspec | 8,0 8,21 8,36 8,64 7,94 8,2 8,32 8,6 8,2 8,56 9,0
Tec 104 119 121 133 107 116 135 129 132 139 120
Pspec | 9,60 9,21 9,36 8,84 8,05 7,68 8,63 8,43 8,02 8,43 8,68
Tec 130 128 126 117 125 111 134 119 124 127 117
Pspec | 8,9 8,45 9,63 9,2 9,40 10,8 8,72 9,0 9,2 9,34 8,63
Tec 138 132 130 132 138 152 108 114 124 128 136
Pspec | 9,8 9,64 9,55 9,84 9,39 9,69 10,12 | 9,87 11,0 9,85 10,16
Tec 152 142 141 144 138 135 157 148 154 152 158
Pspec | 10,28 | 11,42 | 1123 | 11,0 1152 | 10,63 | 10,05 | 10,48 |1069 | 11,57 | 11,23
Tec 160 150 145 172 174 161 139 144 152 181 175
Pspec | 11,10 | 10,88 | 10,67 | 10,58 |10,85 | 1105 |1145 |11,38 | 10,93 |115 11,43
Tec 172 170 163 158 147 171 173 176 169 177 179
Pspec | 11,89 | 11,71 [ 115 11,25 | 11,8 11,34 | 11,02 | 11,47 | 1125 | 10,96 | 10,74
Tec 186 181 176 174 180 177 166 168 174 169 166
Pspec | 11,43 | 11,28 | 123 11,48 | 11,3 11,85 | 12,05 |1168 | 1155 | 109 | 11,8
Tec 181 174 180 175 172 178 182 172 177 159 172
Pspec | 11,98 | 11,68 | 1135 | 118 11,87 | 123 1145 | 11,36 | 11,8 11,2 12,3
Tec 188 182 180 173 184 185 178 172 173 180 185
Pspec | 11,93 | 11,24 | 1167 |117 12,4 12,38 | 12,87 | 1145 | 12,39 | 12,12 | 1243
Tec 188 169 174 179 190 184 192 182 185 180 183
Pspec | 12,66 | 11,96 | 12,12 | 127 1301 | 12,75 | 1196 | 1356 |12:88 | 134 13,27
Tec 191 189 192 190 200 197 183 214 207 211 209
Pspec | 12,63 | 13,78 | 13,07 | 1454 |13/4 1325 | 12,75 |12/4 12,36 | 12,89 | 13,15
Tec 194 203 209 218 205 211 199 202 201 212 215
Pspec | 13,87 | 13,47
Tec 210 209

Methods for solving such problems are called regression analysis [5]. In our case, x can be a diagnostic
parameter, and y — can be specific losses. The linear relationship between two random variables means that the
forecast of the value of y based on this analysis is as follows:

j=A+Bx (19)

where A and B are, respectively, the segment of the ordinate axis that forms the line and its slope. If the

data are related by a perfect linear relationship r,,, = 1, then the predicted value of ; will be exactly equal to the
observed value of y; for any given x;.

However, in practice, there is usually no perfect linear relationship between the data. Nevertheless,
assuming a linear relationship and an unlimited sample, it is possible to choose such a value of 4 and B, that will
allow to predict the expected value of y; for any given x;. This means that ¥; does not necessarily coincide with
the observed value of y;, corresponding to a given x;, but it will be equal to the average of all such values.
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The generally accepted procedure for determining the coefficients of equation (19) is to choose such values
of A and B, that minimise the sum of the squared deviations of the values from the predicted value of y. This
approach is called the least squares method [5].

Using the data in table 1, let’s define a line that gives a linear prediction of the specific losses in the magnetic
core Py,e. by the diagnostic parameter T.. It should be noted that regression in general has a more complex
relationship than a linear one, but since the correlation coefficient is large, we can use a linear regression function.
As before, let x be the diagnostic parameter, and y = Py,..

125

n |
@
=]

100 150 200

wn
=

X

Figure 1 — Experimental data and regression line

Accordingly, the regression line that estimates the average specific losses by the diagnostic parameter T,,
is as follows:
y =1,3135 + 0,05838x (20)
and is shown in figure 1.
Based on it for T,. = 50 us we get P = 4,23 %; for T,. = 80 us we obtain Py, = 5,98 %; for T, =
130 us we get Pypo. = 8,9 %; for T, = 180 us we obtain Pye. = 11,82 %
Having calculated the confidence interval and prediction interval, we obtained the graph in figure 2.

15.0 ° y
® — Regression
125 line
95%
100 Confidence
interval
> 75 — 05%
Prediction

interval

S0 100 150 200

X
Figure 2 — Experimental data, regression line, prediction interval and confidence interval

Thus, according to the results of correlation and regression analysis of the presented sample, it can be stated
that for the diagnostic parameter T,. = 50 us specific losses according to confidence interval are in the range from
4,05 to 4,37 W/kg, and according prediction interval are in the range from 3,14 to 5,28 W/kg; for T,. = 80 us
specific losses according to confidence interval are in the range from 5,88 to 6,22 W/kg, and according prediction
interval are in the range from 4,93 to 7,06 W/kg; for T, = 130 us specific losses according to confidence interval
are in the range from 8,82 to 8,97 W/kg, and according prediction interval are in the range from 7,83 to 9,95 W/kg;
for T,. = 180 us specific losses according to confidence interval are in the range from 11,68 atoo 11,89 W/kg,
and according prediction interval are in the range from 10,73 to 12,85 W/kg.
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The correlation coefficient R is 0,98, which means that there is a very strong, direct dependence of the
specific losses on the eddy current time constant T,.. And the coefficient of determination R? is 0,961, which
means that 96,1% of the variability of the specific losses is explained by T,..

Selection by the relationship between the time constant of eddy currents and geometrical
dimensions for high-quality magnetic circuits

Table 2 shows a selection of the relationship between the time constant of eddy currents T,. in magnetic
cores at fixed Py,.. and different geometries of high-quality charge magnetic cores. The 45 independent
observations obtained from the results of experiments conducted in the ENERCIS UKRAINE LLC company and
the ‘Miskvodokanal” of Sumy City Council contain 9 groups of 5 motor cores, ordered by increasing power, which
corresponds to the variable geometry of magnetic cores. The magnetic cores of all these 4A series motors had

specific losses Py,ec = ~ 4 % at f =50 Hz and B = 1 T, which is acceptable quality wise.

Table 2 - Relationship of specific losses in defect-free magnetic cores with T, in IMs of different size [3]

Series P, kW Specific losses (1/50 T/Hz)/Eddy currents time constant Tec

W22 80B4 0,75 2,97/32 3,23/41 3,78/46 3,15/51 2,9/34
W22 9054 11 3,85/42 2,7/31 3,13/45 3,25/39 3,4142
W22 90L4 15 2,35/26 2,9/33 3,2/141 3/38 3,2/43
W22 100L4 2,2 3,42/46 3,75/50 3/42 2,95/42 2,827
W22 100LB4 | 3,0 3,4/40 3,56/46 3,45/43 3,2/38 3,15/37
W22 112M4 4,0 3,8/43 3,65/48 3,4147 3,63/52 3,43/39
W22 13254 55 3,65/46 3,35/42 3,1/46 3,6/40 3,3/38
W22 132M4 7.5 3,9/56 3,74/44 3,2/33 3,48/48 4,1/56
W22 160L 15 3,8/53 3,45/54 3,6/47 3,2/34 3,1/30

Statistical analysis involves finding the distribution function of a given random variable x. The Gaussian
(or normal) distribution has a standard density and distribution function [6]:

— —Z2
p(z) = (VZn) ez (21)
where z — random variable that looks like:
g = (22)

Ox
where p, and o, — the corresponding mean and standard deviation of the random variable x(T,.).
Let’s perform the calculation using the data in table 2 and estimate the mean value of a random variable:

x=p =2, x = 42,93 (23)

The variance of a random variable:

o2 =23%, (x—x)" =6957 (24)

The probability density function is shown in figure 3, and the distribution function is shown in figure 4.

As can be seen, this function almost perfectly corresponds to the Gaussian distribution function of a random
variable, unimodal, monotonically varying on both sides of the mode. The fact that the above function obeys the
law of normal distribution allows us to assert that the diagnostic parameter for high-quality magnetic cores is
practically independent of changes in the geometry of magnetic cores.

Next, we need a parameter estimation procedure associated with the construction of an interval in which
the estimated parameter T, is located with a known degree of confidence. Let the sample mean x, found from N
independent observations of the random variable x(T,.), be used as an estimate of the mean .. Usually it is of
interest to estimate w, in terms of some interval x + «, in which p, falls with a given degree of confidence. Such
intervals can be constructed if the sample distributions of the estimates in question are known.

It is known that the following probabilistic statement can be made about the values of the sample mean [7]:

W 70| =1 a (26)
X 2
Formally, this statement is true before the sample is drawn and x is calculated. Once the sample is obtained,

the value of x becomes a fairly definite number, not a random variable. Accordingly, it can be said that the
(x—w)VN
a

Prob |Zi-a <
2

probabilistic statement contained in formula (26) loses its meaning, since the value either falls within the
specified limits or does not. In other words, after obtaining the sample, the following statement is formally correct:

Prob (Zi-a < (E_iﬂ <Za={0,1} (27)
2 x 2
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Usually, the true value of the probability (27), which is either zero or one, is unknown. However, with the
decrease of a (increase of the interval between 21 -« and Za) it is reasonable to assume that this probability is

more likely to be one than zero. In other words, if many samples are taken and the value of x is calculated for each
of them, then we can expect that the value involved in formula (27) will fall into the specified interval with a
relative frequency approximately equal to 1 — a. With this approach, it can be argued that there is an interval in

(E_p‘x)\m

which the value falls with a higher degree of confidence.

).50

045

Probabiilty

0.05
000
Pl 25 3 33 40 45 50 55 G0 (-
Tec
Figure 3 - Probability density function

Probabiity

20 25 ) 5 40 48 50 55 &0 [
Tae
Figure 4 — Distribution function

Such statements are called confidence statements. The interval over which the statement is made is called
the confidence interval. The degree of confidence associated with a confidence statement is called the confidence
level. When estimating the mean, the confidence interval for the mean py can be constructed from a sample value
of x by rearranging the terms in the formula:

a'xZZ O'XZZ
— 2 2
X S <xt (28)

If o, is known, then the confidence interval for p, can be constructed from sample values of x and S by
rearranging the terms in the formula:

Stng Stng
X — WZSu <x+ \/ﬁ? ,n=N-1 (29)
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In formulas (26, 27), the properties Z, _a = —sz are used. These intervals correspond to a confidence level

of 1 — a. Accordingly, the confidence statement isas foIIows the true value of p, falls within the specified interval
with a confidence level of 1 — « or (in generally accepted terms) with a confidence level of 100 * (1 — a)%.
Similar statements can be made for any parameter estimates, as long as the corresponding sample distributions are
known. The following formula allows us to construct a confidence interval with a confidence level of 1 — « for
the variance a2 from the sample variance S? calculated from a sample of size N:
m? g2 <™ N1 (30)
e x
where y2 —is the chi-squared distribution of x, n — is the degree of freedom N. In our case, the sample contains
N = 45 independent observations of the distributed random variable x (the mean p, for good quality magnetic
cores of different geometries).
Let us find 90 percent confidence intervals for the mean and variance of a random variable x. According to
formula (29), a confidence interval with a confidence level of 1 — a for the mean y, is calculated based on the
sample mean x and variance S? with a sample size of N = 45:

Stya Saad
(= ey

From the table of percentage points of the Student's t-distribution given in the source [8], we find for a =
0,1; t44;§ = t44,005 = 1,3011, so the interval is as follows:

[(x —0,194S) < p, < (x + 0,194S)] (32)
According to formula (30), the confidence interval for the variance g2 with confidence level 1 — a is
calculated based on the sample variance S? with a sample size of N = 45:

2 2
M <oz (33)
X4-4;% X44;1;—a
From the table of percentage points given in the source [8], the y-squared of the distribution for « = 0,1
is )(44 @ = Xino0s = 56,37 and ¥}, | _a = Xiuo0s = 32,49 s0 the interval takes the form:
(0,7852) < 62 < (1,355?) (34)

It remains to substitute the sample mean and sample variance into the formulas for the confidence intervals. Sample
mean:

x=-3N, x =4293 (35)
and, sample variance:
1 2
P=——3N, (% —x) =6957 (36)

Thus, confidence intervals with a 90% confidence level for the mean and variance of a random variable x
are as follows:
41,31 < p, < 44,55 (37)
54,27 < 02 < 93,92 (38)
this area is shown in figure 3.
The study suggests that the distribution of high-quality magnetic cores along p, can be performed with a
very high level of accuracy for any core geometry, provided that the p, value itself can be accurately determined.

Conclusions

Transient processes in circuits with ferromagnets were analysed. The analytical and statistical analysis
based on the results of experiments on real samples confirms the theoretical conclusions of the possibility of
estimating the specific losses in magnetic cores by the parameters of transients. A significant correlation between
the specific losses in magnetic cores and the transient time constant has been established, the regression
dependence has been determined, and confidence intervals have been calculated to assess the accuracy of the
measurement parameters.

It is shown that the main destabilising factor affecting the reliability of the results is the failure to take into
account the magnetic delay component in hysteresis phenomena, as well as the geometry of the parasitic circuit
closure of eddy currents.
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'HauionaabHuii TexHiunmi yHiBepcuTeT YKpainu

«KuiBcbknii nojirexniynuii incrutyr imeni Iropst Cikopcbkoro»

AHAJIITUYHI TA CTATUCTHYHI OHIHKN METOJAUKHN OLIHIOBAHHA
AKOCTI IMXTOBAHUX MATHITOITPOBO/IIB

B pobomi eupiwene axmyanvne numauHs niOBUWEHHS HAOIUHOCI pPOOOMU  eNeKIMPOMEXAHTYHUX
nepemeopiosayie 3 WUXMOBAHUM CMALEGUM MAZHIMONPOBOOOM WLISXOM 30IUCHEHHS epeKmUsHUX 3ax00i6 no
0iacHOCMYBAHHIO CMAKY AKOCMI JAAMIHOBAHO20 0CEPOsl. 3aNponoHOBAHO Memood OYIHKU SAKOCHI JNAMIHOBAHUX
MA2HIMONpPoBodi8 3 1301b08AHUMU JTUCMAMU, SAKUL IPYHMYEMbCA HA AHANI3T BIOKIUKY eNeKMPOMACHIMHUX
63AEMONOG A3AHUX KOHMYPIE HA MeCmOo8i WEUOKONIUHHI NPOYecU 3 Memol OYIHKU PO36UHEHOCMI OegheKmi
MIdICIUCMOB0I 13071aYii ma KOHYeHmpayii napasumuux 6UXpoGUX Cmpymis, Wo noe's13aui 3 NUMOMUMU 8MPAMaMU
6 MACHIMONPo8oIi, WO € HOPMAMUBHUM MEMOOOM OYIHKU MACHIMONPOBOOY, HANOLIbIL HAOAUNCEHUM 00 poOOmU
eeKMPUYHOT MAWUHU 8 PedNibHUX ymMosax. Bpaxogyrouu ckradnicme ma mpyooemHicme HOPMAMUBHUX MemMOOi8
KOHMPONO AKOCMi 0cepob 002PYHMOBAHA OYIHKA 36'513KY NOCMINIHOI 4acCy 3a2acanHs GUXPOGUX CMPYMIE 3
RUMOMUMU BMPAMAMU 8 MACHIMONPOB0OI 003801UMb CYMMEBD CHPOCMUMU MEMOOUKY GUNPODY8atb, peanizayis
AKol He nompebye cknaouoi ma 00pozoi anapamypu ma eucoxoi xKeanigikayii oociyeosyrouozo nepcouary. B
cmammi Kpim @i3uyHo20 36'a3Ky NOKA3AHO CMAMUCTNIUYHULL 38'130K MidC NOCMIIHOIO YACY 3A2ACAHHA BUXPOBUX
CMpYMi8 ma NUMoMUMYU UMPAMAMU HA HU3YI PeANbHUX MASHIMONPO800ie i npogedena cmamucmuiia oo6pooxa
pe3yIbmamis excnepumenmanvHux oanux. Ompumana JiHitiHa pecpecuia 3aiedchicms ma oyiHeHo Koe@iyichm
Kopenayii, wo niomeepodcyc 3HaAUYWy 3ANeNCHICMb MIdC HABCOeHUMU Gulye CKIAOHUKAMU HA NPUKIaoi
MazHimonpogoodis piznoi eceomempii. Oyineno 008ipyi inmepsaiu wodo bOe3dehekmuux i Oepexmuux
MA2HIMONPOBOOi8 3 BPAXYBAHHAM 2eOMEMPUUHUX PO3MIPI6, NOMYICHOCMeEN ma KIbKOCmi  Noacie
00CIOACYBAHUX eeKMPOOBUSYHIB.

KirouoBi cioBa: Maenimonog’azani kowmypu, noCmiuHa Yacy 3a2acanHs, NUMOMI eémpamu 8
MacHimonpogooi, HAJIHICMb, 3ATUWKOBULL PeCypC I301aYil, WUXIMOBAHI MAZHIMONPOBOOU
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«KuiBcbknii nositexniyauii incrutyT iMeHi Iropst Cikopcbkoro»

BU3HAYEHHS HAPAMETPIB MATEMATHUYHOI MOJEJII
CUCTEMMU BOJOIIOCTAYAHHSA BAI'ATOIIOBEPXOBOI'O
BYJIUHKY 3A 3MIHU BXI/THOI'O TUCKY

Hocniooceno nepcnexmugu noninuienHs emepeo- ma pecypcoeghekmusHocmi cucmem 6000NOCMAUAHHSL.
IIpoananizosano ocobnusocmi pobomu cucmemu 6000NOCMAYaHHA 6A2AMON0BEPX0B020 IHCUMIL0BO20 OYOUHKY 3A
VMO8 30iNbUenHA MUCKY Ha 6X00i cucmem godonocmayants. Pospobaeno mamemamuyni i npoepamui 3acobu s
@opmysanna pexomenoayill 3 6NPOSAOICEHHS eHepeo- Ma pecypco3bepiealoyux nioxooig npu npoeKmyeanHi
cucmem 6000NOCMAYAHHA 6a2amonosepxosux OYOUHKIG. 3 Memoio po3poOKU YMOUHEHO20 MAmeMamuiHo20
3abe3neueHHs 01 pO3POOKU peKOMeHOayill 3 NnioguiyeHHs eHep2oeheKmMuUsHOCmi cucmem B000NOCHAYAHHS
BUKOHAHO ~ VMOYHEHHS PO3PAXYHKIE 6000CNONCUBAHHA 0A2AMON08ePX08020 OYOUHKY, OMPUMAHO 6UPA3U
PO3NOOINY 8eNUYUH BOOOCNONCUBAHHS 3a NOBEPXAMU. 3aNPONOHOBAHO | OOTPYHMOBAHO 3ACMOCYBAHHA NOKAZHUKA
Pobouoeo pedicumy cucmemu: ROMPedU CHONCUBAUIE Y 600i, SAK GEIUUUHU B6000CHONCUBAHHS 3 MIHIMATLHO
docmamHb020 8Xi0H020 Mucky. Bionogiono 0o yuxnoepamu cnodcueanHs 600u Kopucmysawamu 0YOUHKY,
suUsHaweHo nompeby y 600i, €OUny O0Jis YCix nogepxie. Po3pobieno memooonoeiio po3apaxyHKy 6000CHONCUBAHHS
KOJNCHUM OKPEeMUM NOBEPXOM 34 eKCHEePUMEHMANbHUMU De3YTbMamamu 3MiHU 8000CNOHCUBANHA OYOUHKY i3
3MiHOI0 6XiOH020 MuUcKy. Jlocniodceno 6niue eeautuny HAOTUWKOB020 MUCKY HA 6X00i OYOUHKY HA 6eUYUNY
8000CnoXNCUSAHHA 11020 Mewkanyamu. Ha npuxknadi cemunosepxo6ozo 0YOUMKY 6CMAHOBNEHO, WO Yepe3
HAONUWKOBULL MUCK Y CUCTHEMI, 3 00HAKOB0T NOmpedu MeuKanyis y 800i, pisHUYsA CHONCUSAHHS MIJHC NePUUM MA
cbomMum nogepxom modxce cmarnosumu 9%. Ompumano pe3ynrbmamu po3paxyHKie eumpam Ona HYIbOB020
3HAUEHHS HAOIUUIKOB020 MUCKY HA 6X00i cucmemu 8000NOCMAYAHHA, OMPUMAHO De3yIbmamu pO3PAXyHKIe
sumpam OJid HAOAUWKOBUX MUCKI6 wo eionogioatome 1, 2, 3 ma 4 amm. [na OocniodxceHo2o npuxiady
CeMUN08epxo8020 GYOUHKY PO3PAXOBAHO UMOBIDHI DiuHi 30INbUWeHHs. 6Uumpam 800U OJid KOMCHO20 3 3A3HAYEHUX
uUIe HAOTUIKOBUX MUCKiB, wo ckradaroms 4718, 9400, 14070 ma 18696 m® ionosiowo.

Kntouoei cnoea: cucteMu BOJOIOCTa4YaHHS, €HEProeeKTHBHICTh, 30HHE BOAONOCTAYAHHS,
eJIEKTPOMEXaHIUHI CHCTEMHU

3a nanumu «CaitoBoro Bauky» [1], 3apa3 56% HaceseHHs CBITY uBe y Mictax. OuikyeTbes, 1m0 10 2050
POKy 30epeXeThCsl TEeHCHIlIS 301IbIICHHS KUIBKOCTI MIiCHKOTO HACEJICHHS: BOHO IOJBOITHCS MOPIBHSIHO 3
TENepiliHiM YacoM, 1 maibke 7 3 10 mroneit OyayTh xuth y Mmicrax. BiamosigHo mo [2] min yac excrutryararii
0araTonoBepXoBUX OyAMHKIB, TPETHHA €HEPTil, 0 BUTPAYa€eThCs Ha MIEPEKadyKy BOJIH, BUTpaYaeThCs Ha 11 miiiiom,
1 4nM BUIIe OyIMHOK, THM OO0 € 11 yacTka. 1l{o 1o Ykpainu: 3a qanumu [3] KOMyHaIbHI TOCIOAAPCTBA, B
3araibHiil CTPYKTYpi €HeprocloXHWBaHHS KpaiHu, 3aiiMatoTh nomo y 16% . BigmosinHo, 3 yacoM BOHa MoOKe
3poctu 10 20%. OTKe, 3 4acoM Oyzie POCTH IOIUT SIK Ha eJIEKTPOEHEPTIIo, TaK i Ha Boay — Oyie 3pocTaT IMOMUT
Ha eHeproe()eKTUBHI CUCTEMH BOJONIOCTAYaHHS.

VY nepxaBHUX OyZAiBeIbHUX HOpMax [4] 3a3Ha4AETHCS, 110 SKIIO Yepe3 FeOMETPUYHY BHCOTY OyAiBIII THCK
Ha MepUIoMy MOBEpCi NEPEBHUIILYE MEBHY JOIYCTUMY BEIMYUHY, Mae OyTH 3aCTOCOBAHO 30HHE BOJIONOCTAYaHHSI.
VY [5] Bu3HAYAIOTH 1[I0 BEJIMYHHY 1 TaKOIO BEIUUHMHOK € TUCK 0.6 MIIa. JIOoIibHICTh BUKOPUCTAHHS 30HHOTO
BOJIONIOCTaYaHHsI, KpPiM 3a3Ha4yeHoi y [4] mpuuuMHM — 3HIKSHHS THUCKY BIJIOBIZIHO J0 BCTaHOBIEHUX HOPM,
O0OYMOBJIIOETHCSL METOIO0 ITiABMIIEHHS €HEeproe()eKTUBHOCTI CHCTEMH BOJOIOCTauaHHs. 3a pe3yJbTaraMu
JOCTIKEHHS [6] e(heKTUBHICTD CHCTEMH 3 TBOPIBHEBUMH CTOSIKaMH (30HHE BOJIOTIOCTaYaHH:) € Oinbiroro Ha 30%
32 CHCTEMYy 3 OJHUM CTOSKOM. Y poboTi [6] moOymoBa MaremaTwuHoi Mmojenmi i gocmimkeHHs EMC
BOJIONIOCTaYaHHs 0araTornoBepXxoBOro OyJMHKY BHKOHAHI y INPUIYIIEHHI PIBHOMIPHOTO CIIO)KMBAaHHS BOJIH 32
MOBEPXaMH JUIsl KOXKHOTO TIepiojly IMKIOTpaMy BOAOIIOCTauaHHs. BianoBiaHo 110 [7] 3011bII€HHS THCKY Y CUCTEMI
BOJIOTIOCTaYaHHsI Ha BXOAI OyIMHKY € TPUYMHOIO 30UIBIICHHS CHOXHWBAaHHA BOJAM HOro MEUIKAaHISIMU.
BcranoBneHo, 110 30UIbIIEHHS CIIOKMBAaHHS 3pocTae Ha 5-8% Ha KOXHY arMocgepy InepeBHIIeHHs THCKy. Lle
MOXe OyTH TOB’S3aHO i3 3aCTOCYBaHHSM 3acTapijloro CaHTEXHIYHOrO oONagHaHHA Ta ocoOnMBOCTEN
BUKOPHCTAHHS BOJIU CIIOXKHMBAYaAMH.

To6T0, ekcrepuMeHTaNbHI JaHi CBiAYaTh MPO 3aJICKHICTH BOIOCHOXHWBAHHS BiJ BENWYMHU THCKY Y
cucrteMi. BimoBimHO [0 IIOTO, BPAaxOBYIOYM 3MiHYy THCKY i3 3MIHOIO TOBEpXY, MOYATKOBI yMOBH, IIOJO
MO/IEITIOBAHHS 3 PIBHOMIPHUM BOJIOCIIOKHBAHHSAM 3a TIOBEPXaMH, IOTPEOYIOTh YTOYHEHHS.

MeTto10 po6oTH € TOOYZOBa YTOYHEHNX MaTEMAaTHIHHX 1 IPOTPAMHHUX 3aC001B aHAIII3y CIIOKUBAHHS BOIU
y OaraTomoBepXxoBOMy OYIMHKY 3 YypaxyBaHHAM BIUIMBY pIi3HMX BEIHMYMH THCKY Ha BXOZAl CHCTEMH
Bojonocradyadus. JUIsl JOCATHEHHST METH HEOOXIAHO: pO3pOOMTH MaTeMAaTH4YHI MOJENl BOJIOIOCTAYaHHS
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0araTomoBepxoBOro OYIMHKY, IO YTOYHEHI 3 ypaxyBaHHSAM JaHUX TPO 3aJeKHICTh BOJOCIIOKMBAHHS Bil
BXIJJTHOTO THCKY; BU3HAYUTH MTapaMETPU JaHUX MOJEINEH; JOCIIANTH BIUIMB 3MiHH THCKY Ha CHIO)KUBAHHS; HAJATH
peKoMeHAalil Ha OCHOBI OTPUMaHUX Pe3yJIbTaTiB.

Marepianu Ta pe3yJbTaTH AOCTiTKEHb

[punymenss y [6] npo piBHOMIPHICTh BOJOCIIOKMBAHHS 33 TIOBEpXaMH OyJ10 00YMOBJIEHE yCEPEAHEHHIM
KIJTBKOCTI MEIIKAHIIIB 3a MOBepXaMH 1 HMOAIOHICTIO X PEXUMIB BOJOCIIOKUBAHHS 0€3 ypaxyBaHHS TEXHIYHHX
OCOOJIMBOCTEH CHCTEMH INOMO 30UTBIICHHS BHUTPAT BOAM 13 30UIBIICHHSM BXimHOro THCKY. IlpuiimMmemo, 1o
3aKOHOMIPHOCTI BIUTUBY BXITHOTO THCKY Ha BOJOCIIOKUBAaHHS € OMHAKOBHUMH U BCIX MOBEPXiB. Y IBOMY pasi,
32 yCepemHEHHS KUTBKOCTI MEIIKAHIIIB 3a MOoBepXaMH i MOmiOHICTIO iX moTped y BOAL, y3arajJbHIOIOYNM
MOKa3HUKOM po00YOT0 PeXXIMY MOKE BUCTYIIATH MOTpeda crnoxxkuBaviB y Bofi. [lorpedoro y taHOMY BUTIIAIKY €
Ta KIJIBKICTh BOIM, Ky CIHOXHMBAIOTh MEIIKAHIII MPH MiHIMAIGHOMY ale IOCTaTHROMY I KOM(OpPTHOTO
KOPHCTYBaHHS TUCKY, B TOMY YHCIIi, BiamoBixHo 3a3HadeHnX y JIBH HopM. TobTO moTpeda B «IUCTOMY BUIIIAII»
- e Ta KIIbKICTh BOJH, SIKa CIIO’KUBAETHCS MEIIKAHISIMUA OCTaHHBOTO ITOBEPXY IIPU HAWMEHILIOMY TiIpaBIigHOMY
oropi (MakCUMaJbHO BIAKPUTUX BEHTHIIAX) [8] y BUNAAKY 3aCTOCYBAaHHS CHUCTEMH DEryJIIOBaHHS HAacOCOM i3
cTabini3auiero THCKY B HaMOULIbII BijgianeHii Touwi. /s HeperyapoBaHOT ONTHMaILHOT CHCTEMH JjaHa 1oTpeda
Oy/ie BIIIOBIIaTH CIIOKMBAHHIO TUIBKU Y MEPio]] MAKCUMYMY IIUKJIOTPaMU BOAOCIIOKMBAHH. Y 1HIII epioau Ha
OCTaHHBOMY ITIOBEPCi Oy/ie HAJAIHIIKOBUH THCK.

Jnst mocnipkeHHsT pO3IJsiHYyTO OYAMHOK y ciM mHoBepXiB. Ilomanbini po3paxyHKH BHUXOISTH 3 TOTO
NPUITYIIEHHS, 110 NoTpeda y BoAi JUIs KOXKHOTO MOBEPXY OfHaKoBa. Ha moBepxax HM)K4€ OCTaHHBOTO BHTPATH
OyIyTh BiIpi3HATHCS caMe Ha PI3HHUIO BIUIMBY HAUIMIIKOBUX THCKiB. Ha mepmomy erami OyaeMo BUXOAWTH 3
yMOBH — 5% Ha KOXXHY Ha/UIMIIKOBY aTMoc(epy THUCKY (y HMOAaNbIIOMY, JaHWH mapameTp Oyne YTOYHEHO 3a
SKCIICPUMEHTAJIbHIMH JaHUMH). BHU3HauMMO cucTeMy pIiBHAHb A8 PO3paxyHKy HOTpeOH y BOIi y mepiox

MaKCHUMYMY IHMKJIOIpaMu — TOOTO BHTPATH Ha CbOMOMY IIOBEPCi, SIKi MO3HAYUMO Q7 .Y mpunymieHHi cTanocTi

TipaBIiYHUX OMOPIB AUITHOK CTOSIKY 3a MOBEpXaMH [6] MOXKHA BU3HAUUTH BUTPATH 32 TIOBEPXaMH:
2
Q = Q[+ (b +RQ7)f]
2 2
Q =Q,[1+(h, +h + RQZ +R(Q, +Q, ) )f |

K 2

Qi:Qk+kaZ hj+RZQq ’
a-]

j=i+1
e Qi — mojavya Ha i-My MOBepci; k — kimbkicTs MTOBEPXIB; hj— PI3HHUIA BHCOT MiX ITOBEpXaMU; R-

TiIpaBIivHMii Oip AiISHKH CTOSKY OXHOTO IoBepxy; f = — KOoeiIieHT, IO BPaxoBye 3MiHY MoJadi B

E
100-10
3aJIe)KHOCTI BiJ] TEPEBUILCHHS TUCKY BiTHOCHO MiHIMaJIBHO JOCTaTHHOTO (NEPEBUIIEHHS THCKY BU3HAYAETHCS 32
BEJIMYMHOIO TIEPEBUIIICHHS HATIOPY 13 YMOBOIO, o 1 atMocdepa Binnosinae 10 M BoasHOTO CTOBIA). BiAmosigHo
JI0 BKa3aHOTO BHIIIE BiZICOTOK NEepeBUIEHH fopiBHIOE: F = 5...8%. [l naHoro nociiUkeHHs 00paHo 3HAYESHHS
F=5%.
CyMapHi BUTpaTH CIIOKHABAYiB BCiX MOBEPXiB (BIAMOBIAAOTH MOJadi HACOCY) CTAHOBJIATE:
k-1 k-1 k Kk 2
Q=Qu+ X [Q]=kQ+ QX3 X [hj+Rl >Qq €N
i=1 i=1|j=i+1 q=j
ExBiBasieHTHI BTpaTH HANOpPy y pO3Taiy KeHil rifpaBiidHii Mepexi OyIuHKY, SKi BiAMOBIIAIOTH HATIOPY

HacCcoCy, CTAHOBJIATH:
2

k-1 k
2 2
Hy = Hy +Key RQ™ + ki RQ + RZ ZQq ' )
i=2 \_g=i
k
ze HSt :Zhi — CTaTMYHUH Hamip BOAM HAa OCTaHHBOMY IIOBEpCi; le,kRk — Koe(ilieHTH 301TBIIEHHS

i=1
TiIpaBIIiYHOrO OMOpY MOBEpPXY y 3arajbHill cXeMi TiJpaBiiyHOi Mepexi y BIIHOCHUX OJUHUIISIX OIOpPY CTOSIKY
JIAaHOTO MTOBEPXY 3 YPaxyBaHHSM: i1 OCTAHHBOTO IIOBEPXY — TPyOOIPOBOY HOTO TOPU30HTAIBHOT PO3BOKH, IS
MepIIoro — TPYOOIPOBOLY BijI CTOSIKY JI0 Hacocy, [6].
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3 po3B’s3Ky piBHsHB (1) Ta (2) BU3HAYMMO BUTPaTH Q7 TIpM MakcUMaibHil nojgaui Ta onip R . Po3s’ 30k
CUCTEMU PIBHSHB 3IHCHIOETHCS U TOYKH MaKCHUMAaJbHOI mojadi y pobodomy miama3oHi Hacocy. [Ipu npomy
BBa)Ka€MO, III0: HAIIp HACOCY € MiHIMaJIbHO JAOCTATHIH AJs 3a0e3MeUeHHs CI0XUBaYiB HA OCTAHHBOMY ITOBEPCi;
BEIMYMHA TiPaBIiYHUX OMOPIB BiANOBiTa€ MaKCHMaJbHIH €HEproe(peKTHBHOCTI pEXUMYy POOOTH i3 JaHOIO
P000Y0I0 TOYKOIO (32 MiHIMAJIFHOTO OMIOPY BEHTHIIIB OCTAHHBOTO TIOBEPXY); Hacoc 00paHo i3 BiIMOBiTHICTIO HoTO
MaKCHUMaJIbHOI po60d0i oAadi i MaKCUMyMy HUKJIOTPaMH BOAOCIIOKHBaHHA. MakCHMyM Ioadi 3a JaHUX YMOB
3abesmneuye HacocHuit arperat K-20/30 fe mi moayva i THCK CKIafaroTh BianoBiaao — Q"=23,3 m3/rog ta H"=23,2
M. BigmoBigno mo [6] Takox mpuiiMeMo o hi =281 kRk =250 (y xoedimieHTi kRk =250 BpaxoBaHi:
rigpaBnigHEAN omip TpyO pO3BOIKK KBApTHPOIO MO HAWMBIMAJICHINIOI TOYKH B MEpEXi, MICIIEBi OMOPH 3aIlipHUX
BEHTWJIIB, KyTHHKIB, TPIHUKIB TOIIO) 1, 10 k=7; le = 1. B pe3ynbTati po3paxyHKy OTPUMAaHO, III0 OIIip CKIIalae
nopisuroe: R =0,0008937 ron?/m®; moTpebu 11 1aHOTO MEpiody MaKCHMMyMYy IHKJIOTPAMH CTAHOBIIATH: Q7 =
3,176 m3/ron,

Hdns po3p’sizky piBHaHb (1) Ta (2) Oyno 3acrocoBaHo iTepauiiinuii mertox. Jlist Horo peamizawii
BUKOPHCTaHO (pyHKHiOHANBHY MoxuBicTh Matlab — OibmioTeunuii 610k «Algebraic constrainty. dparmeHt
peasizanii mokasaHo Ha puc.1

3.176

3.225

3215

3.326

3378

3432

b

3.488

s
o

T
M Algebraic Constraint
+ Solve
Q7
* @ fz=0 *? [Q7]
M
w

Qshsh
Algebraic Constraint1

Solve
f(2) fz)=0 * m

232

]

lVVVV @

5

[R]

K R1
[Q7))p{|ui
RI
€D
Ly k_Rk
P+
|-
>
>+
>+

Pucynox 1 — ITionpocpama poss asky meninitinux pisusans (1), (2) iz 3acmocyeanmam 6ioniomeunux 610Kig
Algebraic constraint

OTpuMaBIIHM BeTHUMHY R , MOXHA mepexouTH 10 po3paxyHKiB OTpe6 A1 iHIIKX MepiojliB MUKIOrpaMu
13 BpaxyBaHHSIM BHIIE 3TaJaHO] YMOBH: 331aHOTO 301JIBIIEHHS BUTPATH Ha KOXKHY OJHY atMoc(hepy IepeBUIIeHHS
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THCKY. Anle 11 1boro Tpe6a BusHauntu H — MiHIMaJTpHAN TOTPiOHMIA Hamip Ha MOoBepci (BiANOBigae HATIOPY

rmin
OCTaHHBOTO MTOBEPXY 3 MUISHKH IIUKIOTPaMH 3 MAKCHMAaIBHOIO [T0J1auelo). 3a TaHOi METH TPaHC(POPMYEMO BHpa3
Na/iHHS HATlopy Y TiIpaBIiyHii Mepeki OCTAaHHBOTO MOBEPXY (Y AUISHII CTOSIKY 1 Y MEpeXi PO3BOJIKH KBaPTHPOIO
JIO HAWMBINIANCHINIO! TOYKH):

2 2 2 2 2 2
krRQE = RO + kg RQC — RQ¢ = RQY + Rlk —1)Q¢
1 3amuIiemMo BHpa3 MIiHIMaNbHOTO MOTPIOHOTO HAmopy Ha TOBepci (BUTpaTH BiINOBiNAIOTH MOTpeOi s

MaKCHMYMY IIHKJIIOTpaMu Qk = Qr max ):

2
k k
Hrmin = Hm_Hst_leRQZ_RZ ZQq = R(kRk _1)Qk2' ©)

i=2 \_qg=i

Micns Bi3nauenns H o » U 33JaHUX YMOB J0CIiKeHHs (k=7) 1 BiIMOBiAHO 10 BU3HAYCHOT BETHYMHI

rmi
Q7 , MO)KHA BH3HA4aTH MOTpeOy y BOAI HAa HOBEPX 3a AUISTHKAMH LIUKJIOTPaMH (32 YMOBH, 1110 HA/UTUIIIKOBUH HaIIp

Ha Bxozi 1o Oyauaky H, =0):

Qlc :Qrc + erc [H pc(Qc)+ HA - |_|rmin _leRQ(:2 _hl]
Q2c =Qrc + erclH pc(Qc)"' HA - Hrmin _leRch _h.L_hZ - R(Qc _Qlc)ZJ.

Q3c =Qrc + ercI_H pc(Qc)"‘ HA _Hrmin_leRch —h1—h2 _hS_R( (o _Qlc)z _R(Qc _Qlc _QZC)ZJ;

2

i i-1
Qic =Qrc + erc Hpc(Qc)"' HA - |_|rmin _leRch _hl_ Z hj +R Qc - ZQqc
]j=

g=j-1

Qc = k{Qrc + erc [H pc(Qc) + HA - Hrmin - leRch - hl]}_'_

k 1 2
+ ercZ Hpc(Qc)+HA_Hrmin_z hj+R Qc_ ZQqc
i =t

j=2 q=

: )

ne Qic — BUTPATH BOJM i-TO TOBEPXY 3a AUISHKN IUKIOTPaMH 3 HOMEPOM C; Qrc —motpeba y BOJIi Ha TOBEPX 3a

JITAHKE TEKIOrpaMu 3 HomepoM ¢, H o (QC) — Hamip Hacocy Ui AUISHKY LUKIOTPAMM 3 BUTPAaTaMU ch

BU3HAYAETHCS 32 AIIPOKCUMAIIIEI0 HATIPHOT XapaKTEePUCTHKH HACOCY, [6].

Po3B’ 130K HENiHIHHOTO PiBHAHHSA (4) BITHOCHO Qrc JUTSL KOXKHOT TUITHKH IIUKIIOTPAMH 3 BiJOMOIO QC 3a
YMOBH, IO H A =0, mo3Bonsge BU3HAYMTU HUKIOrpamy notped. s iHpopmanis 1o3Bonse BH3HAYATH HOOOBI

BuTpary 1o crosiky Qy , M3/n00y i3 ypaxysanmsm 3azaHoi Benmmanan H ,

kQy +kfQy, [H pc (Qea) *Ha —Himin— leRchA - h1]+

Nc
Q=XT k i < Yt (5)
c=1 |+ ercZ Hpc(QcA)+HA_Hrmin_z hj"'R quc
i=2 i=2 q=]

ne N, — xinbkicTs ainsHok wukinorpamu; 1', — TpUBAIICT AUISHKM LUKJIOTPAMH y TOJIMHAX.

Js BusHaueHHs BenmnuuHH (5) Tpeba Ha KOXKHIM MUISHII IUKJIOTPaMH 3MIHCHIOBATH PO3B 30K
HeJIiHIHHOTO PiBHSHHA (4) BiJHOCHO QC (y (5) us Benmumna nossauena Qg, ) 3 Bizomumu Qrc i H,. dns
HaamumKy Harmopy 10 M 1000Bi BUTpaTH MOBMHHI 301IBIIATUCH HA 5%, SKIIO Pe3yibTaT iHIIIHA — MOBTOPIOEMO

pospaxyHok i3 immmm f i iTepaniliHum crmocoGoM BHM3HAYAEMO BEIMUMHY LBOTO MApAMETPy, SKa BiIMOBizae

CKCIICPUMEHTAJIbBHUM JaHUM. Yy JaHOMY )IOCJ'IiII)KeHi YTOYHCHA BEJIMYMHA f CTaHOBHJIA: f = 5,562 .
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PospobGiiennmu 3acobamu, y cepenopuini Matlab pospaxyemo 3naueHHst Butpar. JIs po3paxyHKIB
BUKOPHCTAHO LHUKJIOrpamy crokuBands [8]. Bigmosigno mo [8] mukimorpama CroXKHBaHHS BOIAM MEIIKAHIIME
CEMHUIIOBEPXOBOro OyIMHKY Mae BUrIAL: [2; 4; 6; 8; 10; 12; 16; 20] — macus Butpar y m/rox; [4; 2; 3; 2; 2; 3; 3;
5] — BiANOBIAHUIT MACHB MPOMIXKKIB 4acCy 3a3HAUEHOT0 BHIIE CIIOXKHUBAHHS (BUMIPIOETHCS y TOIMHAX ). Po3paxyHku
BUKOHAHO JUIs 4OTHPhOX 3HaueHb HA: 10, 20, 30 ta 40 m. Jleramizamito po3paxyskiB mis HA 10 Ta 20
NpesCTaBIeHo y Tabmumi 1.

Tabmums 1 — PesynbraTsl po3paxyHKy BUTPAT ISl HAUTAIIKOBHX THCKIB HA =10 ta 20 M

3HaueHHS HA=10 HA=20

3a IMKIO- | pospaxyn- | Pisuuns, | Yac (3a [Pasom, m%| Pospaxys- | Pizuums, Yac (3a | Pazom, m®

FP%MOK” KOBE m¥roxg | mwmkio- KOBE m3/ron LHKJIO-

MY/TON | spauenns, rpamoro), 3HAYEHHS, rpamoro,
Me/ron ron Me/ron roxn)

20 20,99 0,99 5 4,95 21,96 1,96 5 98
16 16,81 0,81 3 2,43 17,62 1,62 3 4,86
12 12,62 0,62 3 1,86 13,24 1,24 3 3,72
10 10,52 0,52 2 1,04 11,04 1,04 2 2,08
8 8,422 | 0422 2 0844 | 8843 0,843 2 1,686
6 6,317 0,317 3 0,951 6,635 0,635 3 1,905
4 4213 | 0,213 2 0426 | 4,426 0,426 2 0,852
2 2,106 0,106 4 0,424 2,212 0,212 4 0,848

Pasok 32 12,925 25,751

AHauti3 pe3yibTaTiB pO3paxyHKIB MOKa3aB, MO 3aJEKHICTh MK THCKOM Ha BXOJi CHCTEMH 1 BUTPATOIO €
HeniHilHOI. CyMmapHi 100OOBI 3HaYeHHs 301IbLICHHS BUTPAT JAIOTh MOXIIMBICTH OI[IHUTH 30UIBIICHHS PIYHUX
BUTpaT, 11a 3HaueHs HA — 10, 20, 30 Ta 40 m: 4718, 9400, 14070 ta 18696 Mm? Bigmosigno. OTxe mpu
Ha/UIMIIKOBUX THCKaxX y Mexax BiJ OIHIET 0 4OTHPbOX arMmocdep piuHi 30UIbLICHHS BUTpPAT CIIOKHUBAYaMH
CEMHUIIOBEPXOBOT0 OYAMHKY BOJA JIO SIKMX MOAAETHCS MO OJJHOMY CTOSIKY 3MIHIOIOTHCS BiINoBiaHO Bix 4718 no
18696 m°.

J1Jist OLIIHKH TOTO, SIK PO3MOISIOTHECS HAIJTUIIIKOBI BUTPATH BiJ[ IEPIIOTO MOBEPXY J0 CHOMOT'0, 3p00JICHO

JIeTai3allifo 3a TOBEpXaMH BigNOBITHO A0 piBHAHHA (4). PesymbraTét po3paxyHKy Uit QC =20 m3/rop

npe/CcTaBiIeH] y Tadui 2.

Tabnuus 2 - Posnopisn cnoxkupaHHs 3a noBepxamu (M3/rox)

Q1 Q: Qs Qs Qs Qs Q7
Ha=0 ™M 2,99 2,944 29 2,856 2,813 2,771 2,729
Ha=10 m 3,13 3,084 3,04 2,996 2,954 2911 2,87

PesynbraT po3paxyHKiB MOKa3yIoTh, [0 Ye€pe3 HAIMIIKOBICTh THCKIB 301IBIIY€EThCS CIIOXHUBAHHS BOJIU
MEIIKaHIIMH HIKHIX MTOBEPXIB IO BiJHOLIEHHIO /IO OCTAaHHBHOT'O MOBEPXY: [UISI CEMHIIOBEPXOBOTO OyIMHKY LSl
pisHuLsT Moxe ckimagatd 9%. 3MEHIIeHHS HaJIMIIKOBUX THCKIB Ha TEpIIMX IMOBEpXax IiJBHIIUTh
eHeproe(eKTUBHICT CUCTEMH BOAOIOCTA4YaHHs, Ta 3MEHIIUTh CIIOXKHBAaHHS BOJIM. JIJIsl cCHCTEM BOJOIOCTA4YaHHS
3 OJJHMM CTOSIKOM 32 YMOB pOOOTH B ONTHUMAJILHOMY PEXHMi, e(eKT 3aCTOCYBaHHS PETYIIOBAaHHSA OOMEXEHHUI
23%, [8]. MoOXIMBOCTI peryjgioBaHHS OOMEXEHiI uepe3 Te, IO alTOPUTMH PETyJIOBaHHSA 3a0e3MeuyioTh
ONTHMAaJIbHI YMOBH Ha OCTAHHBOMY IOBEpCi 1 3aJIMIIAIOTh HAIUIIKK HAMOpY Ha Mepuux. B Takomy BHNAKy,
o0 3MEHIINTH Ha/UIMIIKOBI THUCKM 1 TJBHIIUTH €HEProe(eKTHBHICTh CHCTEMH, pa3oM i3 peryJroBaHHIM
JOLIJIBHO 3aCTOCYBATH i mapaiesibHe 30HyBaHHs [6].
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BucHoBkH

Po3pobnieHo yTOUHEHy MaTeMaTWdHy MOJEIb JOCIHIJKEHHS BOAOCIIOKHMBAaHHS 0araTornoBepXOBOTO
Oy/AMHKY 3 ypaxyBaHHSIM 3MiHM TUCKY Ha BXOJli CHCTEMH BOJIONIOCTaYaHHs; BU3HAUEHO I mapaMeTpH; IPOBEICHO
JOCHI/DKEHHST 1 HaJaHO KUIBKICHY OIIHKY BIUIMBY HAQ/UIMIIKOBOCTI THUCKY. 3a pe3yjbTaTaMH IOCIIiIKSHHS
BCTaHOBJICHO, 1110 Ha/UTUIIIKOBI TUCKH, SIKi BAHUKAIOTh y CHCTEMI, BIUTMBAIOTh Ha CIIOXKMBAHHS BOJU MEIIKAHIISIMH:
CIIO’KMBaHHS 32 [TOBEPXaMH € HEPIBHOMIPHUM 1 JJIsl MELIKAHI[IB CEMUIIOBEPXOBOTO Oy TMHKY Pi3HHUIIA CIIOKHBaHHS
MK HEpIIMM Ta OCTaHHIM MoBepxamH ckiaiae 9%. OTpuMaHi pe3ysibTaTH MIPU3HAYCHO JUIsl YTOYHEHOTO aHaJIi3y
1 po3poOKH peKOMEHIAIIIH 3 MiABUIICHHS CHEPTo- Ta pecypcoe(eKTUBHOCTI CHCTEMHU BOJOIIOCTAaYaHHs Oy IMHKIB,
30KpeMa: 3aCTOCYBaHHS apajelbHOTr0 30HHOTO BOJOIOCTAadyaHHS.
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DETERMINATION OF THE PARAMETERS OF THE MATHEMATICAL MODEL
OF THE WATER SUPPLY SYSTEM OF A HIGH-STORY BUILDING UNDER
CHANGES IN THE INLET PRESSURE

Prospects for improving the energy and resource efficiency of water supply systems have been studied. The
peculiarities of the operation of the water supply system of a multi-story residential building under conditions of
increased pressure at the entrance of the water supply system are analyzed.Mathematical and software tools have
been developed for the formation of recommendations for the implementation of energy- and resource-saving
approaches in the design of water supply systems of multi-story buildings. In order to develop a refined
mathematical support for the development of recommendations for improving the energy efficiency of water supply
systems, the water consumption calculations of a multi-story building were refined, and the expressions for the
distribution of water consumption values by floor were obtained. The use of an indicator of the operating mode of
the system is proposed and justified: consumer needs for water as the amount of water consumption at a minimum
sufficient input pressure. According to the cyclogram of water consumption by users of the building, the need for
water, which is the same for all floors, is determined. A methodology for calculating water consumption by each
individual floor based on the experimental results of changes in water consumption of the building with changes
in inlet pressure has been developed. The influence of the amount of excess pressure at the entrance of the house
on the amount of water consumption by its residents was studied. It has been established that due to excess pressure
in the system, for a seven-story building, for same resident's need for water, the difference in consumption between
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the first floor and the seventh floor can be 9%. The results of flow calculations for zero excess pressure at the
water supply system inlet were obtained; the results of flow calculations for excess pressures corresponding to 1,
2, 3 and 4 atm were obtained. For the studied example of a seven-story building, the probable annual increase in
water consumption for each of the above-mentioned excess pressures, which are 4718, 9400, 14070 and 18696
m3, respectively, was calculated.

Keywords: water supply systems, energy efficiency, zone water supply, electromechanical systems
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OPTIMIZATION OF POWER LOAD FOLLOWING MODES FOR
VVER-1000

The need to involve nuclear power plants in daily power regulation is driven by the gradual increase in the
share of renewable energy sources in the Unified Energy System (UES) of Ukraine. Additionally, the conditions
for implementing measures to address climate change and deteriorating operating conditions of the UES in the
face of economic changes play a significant role. There is an increased demand for maneuverable capacity to
ensure the fulfillment of the daily electricity consumption schedule. However, the existing daily power regulation
mode for PWR-1000 in Ukraine has significant drawbacks.

Therefore, this paper proposes a method for optimizing the daily power regulation mode, examines the
shortcomings of the existing power regulation method at nuclear power plants with PWR-1000 reactors in
Ukraine, and suggests an approach for their elimination — utilizing the so-called "grey" rod clusters for power
load following in this mode.

Keywords: VVER-1000, power maneuvering, daily power regulation, "grey" rod clusters, DYN3D.

Testing the Maneuverability of VVER-1000 (KhNPP-2)

Let's take a closer look at the mode of daily power regulation, which involves unloading-loading of the
VVER-1000 nuclear power plant unit according to a clear algorithm, within a strict range and at a rate of change
of the reactor power (established by the technological regulation of safe operation). It is important to ensure strict
control over compliance with the parameters of the power unit operation in accordance with the requirements of
nuclear and radiation safety norms and rules.

So far, the implementation of the daily power regulation mode for the active zone, fully formed with TVZA
(thermal dissipation assembly of alternative designs), is underway at the second unit of the Khmelnytsky Nuclear
Power Plant. During the second fuel campaign in 2006, experimental tests of the daily power regulation mode
were successfully conducted for two moments of the fuel campaign (at the beginning of the fuel campaign - starting
from the 106th effective day and in the middle of it - starting from the 175th effective day). Additionally,
experimental operation of the daily power regulation mode for the second unit of the Khmelnytsky Nuclear Power
Plant was carried out in the tenth fuel campaign.

As a result of these tests, violations of the limits and conditions of safe operation of the power unit were
recorded, but certain measures were implemented, and at the final stage of testing, a stable state of the reactor unit
was achieved. Thus, the presented capability ensures the parameters of the active zone and fuel in transient modes
within limits that do not lead to fuel cladding failure due to the occurrence of fuel sheath defects.

The main control problems in the energy release field during power load following modes in VVVER-1000
reactors are the damping of xenon oscillations and control of axial offset throughout the active zone.

Considering the results of many studies conducted at the second unit of the Khmelnytsky Nuclear Power
Plant, the most expedient ones were found to be the investigation of the power load following mode using
mechanical control devices and boron control systems without using the central control element of the CPS, as
well as the study using the central control element of the CPS in the power load following mode of the power unit.

Based on the results of these studies, taking into account all the advantages and disadvantages of these two
methods, especially the safer operation and minimal axial offset fluctuations with the first method, the first stage
of experimental operation of the daily power regulation mode at the nuclear power plant was carried out precisely
using the method without the central control element of the CPS. The change in the main parameters during the
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experimental operation of the daily power regulation mode for the second unit of the Khmelnytsky Nuclear Power
Plant in the tenth fuel campaign is shown in Fig. 1 [1-2].
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Figure 1 - Change in main parameters during experlmental operatlon of the dally power regulatlon mode
for the second unit of the Khmelnytsky Nuclear Power Plant in the tenth fuel campaign.

During the experimental operation of the daily power regulation mode throughout the tenth fuel campaign,
drawbacks and recommendations were identified, based on which the following measures are recommended:

1) Increase the level of automation of the daily power regulation mode. Despite the fact that the automatic
power regulator during daily power regulation was in automatic mode, its operation was essentially protective.
The automatic power regulator operated if the personnel could not (did not have time to) make adjustments to the
pressure settings in the main steam header and/or influence the control elements of the CPS. The extensive actions
of the operating personnel increase the risk of making mistakes.

2) The appearance of the WP-2 (warning protection) signal during the introduction of distillate limits the
optimization of load execution in both automatic and manual modes. The algorithm for generating the WP-2 signal
does not take into account either the coolant flow rate or the speed and magnitude of reactivity introduction during
the group rise. This leads to restrictions on controlling the reactor power at rates of positive reactivity introduction
significantly lower than the speed achieved by one of these methods when maximizing the design capabilities.

3) Increasing or decreasing the reactor power involves introducing a solution of boric acid or distillate into
the primary circuit. For the operator to strictly adhere to the program during the introduction of the mentioned
media, it is necessary to keep track of seconds, and this approach does not exclude the possibility of inaccuracies
in determining the total time of media introduction.

4) For nuclear power plant units in Ukraine with feed pumps having clearance seals, when choosing the
duration of portions of boric acid solution, it is necessary to take into account that the delay in the arrival of part
of the distillate will be up to 40-50 minutes. This is due to the significant flow rate through clearance seals (up to
12 m3/h per three units). The introduction of boron will also have a similar effect but smaller.

5) Compared to the base mode, the operation of the power unit in the daily power regulation mode increases
the number of actions (often repetitive) of the operating personnel on the control panel many times, increasing the
likelihood of errors.
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Most of the mentioned drawbacks can be eliminated by abandoning boron regulation, only through
regulation using the mechanical control system of the CPS, in particular, the problem of the WP-2 signal that
imposes a ban on introducing reactivity by two means to prevent violations of nuclear safety rules.

Thus, reactivity control during maneuvering can be implemented either through boron regulation or using
the control elements of the CPS. Analyzing the advantages and disadvantages of the two methods, the method of
regulation using the control elements of the CPS, namely using "gray" rod clusters, proved to be more expedient
in my opinion.

As a result of abandoning liquid regulation, there will be a problem of increasing the efficiency of the
control elements of the CPS, which can be solved by increasing the immersion depth of the control elements of
the CPS. However, such immersion of clusters increases the deformation of the energy release field and will also
cause xenon oscillations. Thus, "gray" rod clusters may be a better alternative as they will increase the efficiency
of the control elements through immersion depth but will not cause significant deformation of the energy release
field and xenon oscillations. The implementation of "gray" CPSs in this work will be achieved by changing the
number of clusters in the control elements of the CPS. In standard CPSs, there are 18 clusters, and in this work,
two options for implementing "gray" CPSs are demonstrated:

- CPS with 12 clusters

- CPS with 6 clusters

Calculation of the thermal dissipation assembly model in WIMS with varying numbers of absorbing
rods.

WIMS is a comprehensive reactor lattice code that allows, based on neutron transport theory, the calculation
of neutron flux as a function of energy and position in the lattice. The calculation scheme of the WIMS code is
based on solving the neutron transport equation using the probability method of the first collision, enabling the
calculation of neutron flux distribution depending on energy and position in the grids.

A distinctive feature of my approach to modeling the thermal dissipation assembly of a VVER using the
WIMS program is the conformal transformation of the hexagonal shape of the thermal dissipation assembly into a
circular shape, as depicted in Fig. 2
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Figure 2 - Computational model of the thermal dissipation assembly of the VVER-1000 implemented in
WIMS.

With the specified parameters, the computational model of the thermal dissipation assembly with different
numbers of absorbing rods (with fewer absorbing rods - gray rod clusters) can be depicted, resulting in some
differences. Such computational models of thermal dissipation assemblies in two variants (with 12 and 6 clusters)
are shown in Fig. 3.

The obtained results of calculations on the influence of the number of absorbing rods in the cluster on Koo
are depicted in Fig. 4.

The performed calculations show that the number of absorbing rods affects the change in Koo in the TVZA
with an immersed cluster. With the standard number of absorbing rods, it equals 0.35, while with 12 absorbing
rods it is 0.25, and with 6 absorbing rods it is 0.15.

The obtained results were further used to prepare a library of neutron-physical constants in the DYN3D
program and for the calculation of daily power regulation modes with the proposed variants of gray clusters.
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Figure 3 - Model of the thermal dissipation assembly of the VVER-1000 in WIMS for six and twelve
absorbing rods.
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Figure 4 - Influence of the number of absorbing rods in the cluster on K e

Calculation of daily power regulation modes in VVER-1000 reactors with gray control and
protection system (CPS) in the DYN3D program.

The three-dimensional code DYN3D is widely used for calculating stationary states and transient
processes in light-water reactors with hexagonal layouts of thermal dissipation assemblies, such as VVER. The
capability to calculate time-dependent power distribution is implemented in the code using the internal power
reconstruction method. For the validation of the power distribution calculation module in the DYN3D program, a
constant library was developed [3].

Control of groups of control and protection system (CPS) elements in the mechanical control system was
carried out based on the need to:

- Ensure minimal (permissible) deformation of the axial power distribution (offset);

- Adhere to conditions regarding minimum values of power distribution non-uniformity coefficients and
linear power loads;

- Adhere to the permissible rate of reactor power change set in the Technical Specifications for Reactor
Operation (TSRO);
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- Take into account the accuracy of maintaining reactor parameters during the transient process (offset,
power) and the acceptability of the rates of change in boric acid concentration and movement of CPS elements
from the perspective of the functioning of the reactor facility's technological systems and equipment.

Let's consider the results of the computational modeling of this transient operation mode of the VVER-
1000 while adhering to the daily load schedule in the power system, as depicted in Fig. 5.
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Figure 5 - Change in power distribution non-uniformity coefficients (Kg, Kv, Kr, Ko)

Explanation of the graphs:

- Red graphs represent the daily power regulation mode with the CPS 18 arrangement with 18 clusters
and without boric acid regulation.

- Blue graphs represent the daily power regulation mode with the CPS 12 arrangement with 18 clusters
and without boric acid regulation.

- Green graphs represent the daily power regulation mode with the CPS 6 arrangement with 18 clusters
and without boric acid regulation.

Kq - radial non-uniformity coefficient for thermal dissipation assemblies.

Kv - volumetric non-uniformity coefficient for thermal dissipation assemblies.

Kr - radial non-uniformity coefficient for thermal dissipation elements.

Ko - volumetric non-uniformity coefficient for thermal dissipation elements.

In order to implement power reduction during the daily power regulation mode, only one control element
was used in 5 groups in the standard arrangement of the control and protection system (CPS) components (18 out
of 18 clusters). In the variations with the implementation of "grey" CPS with 12 or 6 clusters out of 18, two
control elements were used (in opposite sectors of the active zone) in 5 or 6 groups. This number of "grey" CPS,
on the one hand, ensures the execution of power maneuvers with minimal deformation of the energy release
field, and, on the other hand, in the event of reactor emergency protection actuation, the number of control
elements in the groups ensures the necessary subcriticality of the reactor.

Considering one of the important issues in the experimental operation of the | mode at the second unit of
the Khmelnytskyi Nuclear Power Plant — the control of axial offset oscillations within permissible limits (+5%),
the calculated modes kept the change in axial offset within £1.5%, which can be considered insignificant
oscillations within permissible limits for power maneuvers.

From the graphs, it can be concluded that the method using CPS with only 6 clusters induces the least
deformation of the energy release field in the VVVER-1000 reactor during the daily power regulation mode.
However, to achieve power changes with "grey'rod clusters, more activated groups and deeper immersion of the
CPS rods into the active zone are required. This may have a negative impact on further operation in the event of
emergency protection system actuation.
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Conclusions
Based on the results of the experimental operation of the daily power regulation mode at the second unit of
the Khmelnytskyi Nuclear Power Plant in the tenth fuel company, taking into account all the drawbacks and
advantages, as well as the obtained results of calculations in the DYN3D program, an optimization method for the
daily power regulation mode is proposed. The proposed method involves the use of "grey" control and protection
systems (CPS) with the abandonment of boron regulation in this mode. The obtained calculation results
demonstrate the fundamental feasibility of using "grey" CPS in this mode. Among the considered options for
implementing "grey" CPS, the most optimal is the arrangement with 12 out of 18 clusters in the CPS rods. This
arrangement induces minimal deformation of the energy release field, ensures the maintenance of axial offset
within permissible limits, and minimally affects the effectiveness of emergency protection during power
maneuvers.
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” lep:KaBHHI1 HAYKOBO-TeXHIYHMI LEHTP 3 siAePHOI Ta paaianiiiHoi 6e3nexn”

OIITUMIBALIA PEXKUMY MAHEBPYBAHHS ITOTYKHOCTI BBEP-1000

Heobxionicme 3anyuenHs amomHux eieKmpocmauyiti 6 pooomy 8 pexcumi 00008020 pecyno8anHs
NOMYACHOCIE 3YMOGAEHA NOCMYNOBUM 3DOCNAHHAM 4ACMKU GIOHOBMI0BANbHUX Odicepen eHepeii 8 O6'conaniil
enepeemuuniu cucmemi Yrpainu. Taxooc 3uauny ponv gidicparoms yMo8u OJisl 6NPOBA0’CEHHS 3aX00i8 U000
3anobicants 3MIHam Kiimamy ma nozipuients ymos Qyuxyionyeanns OEC Vkpainu 6 ymosax smiHu eKOHOMIYHOT
cumyayii: 30inbuleHHs nompebu 6 MAHEGPEHIl NOMYICHOCMI 05 3aDe3NeYeHHsT GUKOHAHHSI 00008020 2pagiKy
CHOJICUBAHHSL eNleKmpoeHepeii, ane iCHyiouull pexcum 00008020 pezymoganus nomyxcnocmi na BBEP-1000 ¢
Yrpaini mae éacomi nedoniku

Tomy 6 Oaniti pobomi 3anPonOHOBAHO MeMOO Onmumizayii pexcumy 00608020 pe2ynO8aHHsA HOMYHCHOCHII,
PO32IAHYMO HeOONIKI ICHYI0U020 Memooy pe2yir08aHHs HNOMYICHOCII HA AMOMHUX eJleKMPOCMAHYIAX 3
peaxkmopnot ycmanoekoio BBEP-1000 ¢ Yxpaini i 3anponysamu nioxio 0ns iX YCYHeHHs —6UKOPUCAHHI OIS
MAaHe8py8aHHs NOMYICHOCII 8 OAHOMY pedcumi max 36ani "cipi”’ Knacmepu .

Kirouosi cjoBa: BBEP-1000, manespysamms NOMYAHCHOCTI, dobose  pe2ynt08aHHs
nomyacnocmi, ”’cipi "xnacmepu.
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'"HauionansHuii Texniunmii ynisepcurer Yrpainu

«KuiBcbkuii moJritexHivynmii incTutyT iMeHi Iropsa Cikopcbkoro»

PO3POBKA MOJEJII ITYYHOI'O IHTEJTEKTY B OBJIACTI
ATOMHOI EHEPTETHKHU AK IHCTPYMEHTY HIATPUMKH Y
HNPUUHATTI PIIEHDb

s cmamms 30cepedacena Ha po3pobyi ma 3acmocy8anui mooeni wimyurnozo inmenexmy (L) y cepi
AMOMHOI eHep2emuKy, aKYeHmyouu Ha i 3HAYeHHi SAK THCMpPYMeHmy RIOMPUMKU Y NPULHAMMI pilieHb.
Hasooumuvcs ingpopmayis npo cyuacnuu cman LI, a makooic 11020 OCHOGHI HANPAMKU PO3GUMKY 6 AMOMMHIlL
enepeemuyi. Ocobnusuti akyenm 3pobieHo Ha CMBOPeHHI 61acHOl IMOBIpHICHOI Kiacugixayitnoi modeni LI, saxa
MOdice BUKOHYB8AMU AHANI3 THGOPMayii ma HAGUAMUCS HA NPUKIAOAX.

30iticnenuil nimepamypruil 02150 w000 MIHCHAPOOHO20 NPOCYBAHHA WIMYYHO20 IHMENeKmy 8 amoMHil
eHepeemuyi maxumu opeanizayiimu Ak Mixchapoone azenmemeo 3 amomnoi enepeii (MAITATE) ma Kowicia 3
a0eproezo pezynoganns CLIA (NRC).

Taxooc Hasooamvcs ocHogui emanu cmeopenus moleni LI ma ii npakmuyne 3acmocy8aHHs O
Kaacugixayii nooii, wo i00YIUCA HA AMOMHUX eleKMpOCManyiax, 3a kamezopismu. [na po3podku mooeni
3aCmMOCco8YIOMbCsL MAKI MEXHONO02TT IK MAWUHHE HABYAHHS Ma 00poOKa NPupoOHbOL MOGU.

Cmamms niokpecuoe akmyanibHicms ma iHHogayiunutl nioxio suxopucmauus LI 6 amomuiu enepeemuyi,
POo32n0aioul 11020 nomenyian y niosuujenti epexmuernocmi npoyecie na AEC.

Pesynomamu 0ocniodicenns nokazyloms 6UCOKY eghekmusHicmy (mounicms) pos3pobienoi mooeni LI nio
yac mecmyeanHs MOOei y Yacmuni Kiacugikayii nooil 3a kamezopisimu.

KoarouoBi caoBa: wmyynuii inmenexkm, mooennb, HEUPOHHA Mepedcd, AMOMHA eHep2emuKd, MAauuHHe
HABYAHHS.

Beryn

I tygnnii intenekt (I111) — e kKoMI'FOTepHA TEXHOIIOT'IS, sIKa JJO3BOJIsIE€ OOUMCITIOBAIBHIM MAIIMHI PO3YMITH
Ta BUKOHYBAaTH 3aBAaHHS, sIKi 3a3BHYail MoTpeOyroTh po3yMoBoro mucieHHs jmoauHu. I Moke BUKOHYBaTH
pO3Mi3HaBaHHSI MOBH, OOpPOOMNATH BENHKI OOCATH JaHWX, MPUAMATH PIICHHS HAa OCHOBI aHami3y iH(opmarii Ta
HaBITh "BUUTHCA" HA MPUKIAIAX.

Sk naykoBa aucrumiina 11 Buepmie Oy 3raganuii y 1950 porri, 3 Takoro po6otoro sk "Tect Teropinra",
110 0yB po3pobieHuii AaHoMm ThIOPIHIOM SIK METOJ BU3HAYCHHSI IHTSJICKTY MAIIMHU.

Ha panumit yac 3arajbHUMM HampsMaMd PO3BHTKY MITYYHOTO IHTEJIEKTY B aTOMHIl eHepreTuui €
3aCTOCYBaHHSl TaKMX TEXHOJOTiH sk: MamuHHe HayaHHs (Machine Learning), oOpoOka HpUpPOAHBOI MOBH
(Natural Language Processing) ta xomm totepuuii 3ip (Computer Vision). Ha pucynky | HaBeneHi 3a3HaveHi

HaIpsMH 3 PO3MOALIOM iX Ha HiArPyIH.

WryyHui inTenexkT

| |
1 1 l

MawmHHe HaBUIHHS 06p067<;nbo‘i MOBM Komn'ioTepuui 3ip
Hagyanus 3 Haguawna Ges ~ Sanuc Teuct
yuurenem (rnuboxe yuuTens
HABYaHHA, AEPEBA  (knacTepusalin)
pilieHb)

Pucynok 1 — Hanpsamu wmyynoeo inmenexmy [1]
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BigmosigHo B enoxy mudpoBoi TpanchopMaliii Ta cTpiMkoro po3BUTKy TexHosorii, Il crae Bce Oimbir
Ba)KJIMBUM IHCTPYMEHTOM Y Pi3HUX TajTy3sX JisTIbHOCTI — BiJl aBTOMaTu3allii pyTHHHHX 3aBAaHb 10 TPOTHO3yBaHHS
cknannux cueHapiis. 111 y 6araTbox HampsiMax BKe JOBIB CBOIO €()EKTUBHICTb Ta MOTEHIIIA.

3 #10T0 31aTHICTIO JI0 MIBUIKOTO 0OpOOIEHHS BEIMKUX OOCATIB ITaHWX Ta BHBYEHHS CKJIAJHHX IIAOIOHIB,
BiH BHCTYTIA€ iJicaJJbHUM IHCTPYMEHTOM JJIs aBToMarun3aiii npouecis y podoti AEC.

AKTyasbHICTh TEMH POOOTH TOJISITAE B TOMY, 1110 31 3pOCTaHHSIM O0OCATIB IJaHUX MOTpeda B aBTOMaTH30BaHMX
cucTeMax MiATPUMKH NPUHHATTS pillleHb cTae Bce OLIblI oueBHaHOIO. BripoBamkenns LI B obmacti aToMHOT
EHEepreTHKH BinoOpakae iIHHOBALIHHUHA MiIX1 10 PO3BUTKY Tajy3i Ta MATPUMKH il KOHKYpEHTOCIIPOMOXHOCTI Ha
CBITOBOMY PHHKY.

VY nmaHiif cTaTTi HABOASTHCS PE3yIBTaTH TOCIiTHUIBKOI poOOTH, sIKi Oy OTPUMAaHHI IIiJ Yac HAMCaHHS
MaricTepchKoi IucepTamii

Metoi0 poGoTn € po3poOKa Ta TecTyBaHHS iMOBipHICHOI kiacuikamifiHoi momemi I, sxa moxe
CIIyTYBATH K iHCTPYMEHT MiATPUMKH Y IPUHHSTTI pillICHb

Jlitepatypuuii orsaa

Hapasi nonynspusamni€eio MTyqIHOrO iHTENEKTy B aTOMHIA €HepreTHIll 3aiiMaeThcs Mi>KHAPOIHE ar€HTCTBO
3 atomHO1 eHeprii (MAT'ATE) ta xomicis 3 saepHoro perymoBanas CLIA (NRC).

¥ 2021 pomi MATATE npoBero 3ycTpid 3 METOIO 0OTOBOPEHHST MOXKIIMBOCTI 3acTOoCcyBaHHs TexHomorii 11
B aroMmHii eHeprerumi. [Tyomikamis "Artificial Intelligence for Accelerating Nuclear Applications, Science and
Technology" [2], umymena MATATE y 2022 pori, Hagae 3araipHuii onisiz motouHoro crany LI B aromHii
EHepreTulll, a TaKOK MOXJIMBOCTEW #oro po3Butky. Oxpim Toro, MATATE Oyna crtBopeHa ruiardhopma oOMiHy
3HAHHSAMH T TApTHEPCTBA 111010 3acTocyBanb 1111 B aromMHiii ramysi [3].

NRC ony6nikyBana «CrpareriyHuii miaH miono mry4yHoro inrenekry Ha 2023-2027 poxm» [4].
Crpareriuanii Tad Bu3Ha4ae O6adeHHs Ta it 1t NRC mono 3acTocyBaHHS IITYYHOTO i1HTEIEKTY B HisUTBHOCTI,
o perymoetbest NRC, a Takox miaATpuMyBaHHS 0013HAHOCTI PO TEXHOJIOTIYHI iHHOBaMIi B 1aHiit oomacti. OxpiMm
TOTO, aKIEHT CIPSIMOBY€EThCS Ha Oe3neuHe Bukopuctanas L1

CrpareriyHnii II1aH BKITFOYAE T’ STh LUTCH:

—3abe3neueHns ToToBHOCTI NRC 10 MpHHAHATTS PeryIsaTOPHUAX PilllcHB;

—CTBOpPEHHS OpTraHi3alliifHOl CTPYKTypH I po3mIsiLy 3actocyBans LI

— 3MIIHEHHS Ta PO3LIMPEHHS MAapTHEPChKUX BiHOCKH B obmacri LUI;

— PO3BUTOK KaJIpiB, siki 00i3HaHi B oOmacTi LL1;

— po3rsin mwisixiB Bukopuctanug 111, mo6 nobymayBsaru iforo ocHoBy B NRC.

Takoxx NRC mpoBesna cepito BiIKpUTHX CEMiHapiB 3 MUTaHb 3aCTOCYBaHHS IITYYHOTO iHTENEKTY [5], mia
yac sikux Mk NRC Ta 3aiikaBieHMMH CTOpPOHaMH BiOyBaJloCh OOTOBOPEHHS CTaHy 3HaHb 1 JOCHiJHUIBKOT
nisutbHOCTI ToB’s13aHO1 3 1111 Ta #ioro 3acTocyBaHHS B aTOMHIH €HEpreTHIII.

Oxpim TorO, ¥ motomy 2022 poky OyB OITyONIiKOBaHHIA 3BIT MPOEKTY HAIIOHAIBHOI JIabopaTopii Afimaxo,
skuii OyB po3poonenuit st NRC, nix Hazeoro "Exploring Advanced Computational Tools and Techniques with
Artificial Intelligence and Machine Learning in Operating Nuclear Plants" [6]. Y maroMy 3BITi ZOCHIIKYIOThCS
MOTEHIIHI MOMIJIMBOCTI BHKOPHCTaHHS INTYYHOTO IHTENEKTY Ha [II0YMX AaTOMHHUX EJEeKTPOCTAHIUSAX IS
MiABUIICHHS 1X 0€3MeKH Ta e(peKTHBHOCTI.

OcCHOBHI eTanu cTBOPEHHS MOJeJi IUTYYHOI0 iHTeJIeKTy

Mopnens I — me anropuT™, SKAH TO3BOJNSE CUCTEMI BUKOHYBATH 3aBIaHHA, TPATUIIHO acOIiiOBaHI 3
JIONCHKUM I1HTEJIEKTOM TaKi SK: pPO3IMi3HAaBaHHSI MOBH, OOpoOKa 300pakeHb 1 BilleO, JIOTiYHE MHCICHHS
(HampuKIIaa, TPUHHSATTS PIlIEHB) TOMIO.

I siBnsie coboro HEHPOHHY MEpesKy, SKa 3a JOMOMOTO0 ITYYHUX HEMPOHIB MOIEIIIOE POOOTY JTIOACHKOTO
MO3Ky (HEHpOHIB), BUpIITye HEOOXi/THE 3aBIaHHS Ta CAMOHABUAETHCS 3 YPaxXyBaHHSM IMOTIEPEIHHOTO JOCBIAY, 1 3
KO)KHHM Pa3oM pOOHTH yCe MEHIIIe IIOMHUIIOK, 32 YMOBH SIKIIIO BOHA € SIKICHO HATPEHOBAHOIO Ta HE IIEPCHABYCHOIO
(He BTpauae 3MaTHOCTI KOPEKTHO BHUPINIYBaTH 3aBaHHS HA HOBHX, paHillle HEBIIOMUX JaHUX).

Ha pucynky 2 300pakeHi 3arajibHi €Tanu il Ui SKICHOTO CTBOPEHHS MOJIENIi IITYYHOTO 1HTEJICKTY.

Mera | eramy monsrae y 4iTko 3po3yMioMy Ta c)opMyJIbOBAaHOMY 3aBJaHHi, K€ MOJEJIb Ma€ BUPIIIUTH.
Takox He0OXiJTHO BU3HAYNTH OCHOBHMH THIT MOZIE (perpecis, knacudikarist ToIo), MicyMKOBI METPHKH SKOCTI,
0OMEXEHHS Ta BUMOI'H O MOJEJII.

Mera 2 erarty nossirae y 300pi HeoOXi1HOT iH(popManii JaHUX 3 MOAAIBIION IX 00POOKOIO Ta IIepeBEICHHAM
y Qopmar, npuaaTHUI U1 MallIMHHOTO HaBYaHHS, 110 nependadeHo erarnoM 3. [Ipore, Takox 10 yBaru moTpioHo
B3ATH eTamn 4, B sikoMy nependadeHo BinOip o3Hak, ToOTO iH(opMmarii, sKy MOaeIb BUKOPHUCTOBYBaTUME JIJIS
HaBYAHHSL.

Konm HasiBHMIA TOTOBHI KOpITyC OOpOONEHMX BXITHMX JAHWX MOYMHAETHCSA €Taml S5, KU HPUCBSIYCHHUHA
MOJISTIOBAaHHIO (3aCTOCYBaHHS PO3POOJEHOI apXiTeKTypu HEWpOoHHOI Mepexki). Ha mpoMy ertami BHOMpaeThCs
ANTOPUTM MAIlMHHOTO HaBYaHHS, 1110 Oy/le BUKOPHUCTOBYBATHCS JJIsi CTBOPEHHS MOJENi, a mapaMeTpud Mojeni
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HaJAIMTOBYIOTHCS TaK, 00 MaKCUMi3yBaTH 1i eheKTHBHICTH (TOUHICTH). Jlami BinOyBaeTbcsi HABYAaHHS MOJEII Ta
MOJAJTBIIIC OTPUMAHHS PE3YJIBTATIB.

1. Busnauenns npo6nemu 2. 36ip naHux 3. O6pobka naHux
.&2
@ °
s = = B
N
— I o
6. JocmimxeHHs 5. MoIeTIoBaHH s 4. BunmineHHsa 03HAK

PucyHok 2 — Emanu 0ns cmeopenus MoOeni wmyyHo2o inmenexkmy

I[Tpore, oxHa cripaBa 1€ HABYUTH MOJEINb, a 1HIIA — LIe IEPEBIPUTH K BOHA aJalTyeThCsl JO HOBUX JaHHX,
TOOTO HEOOXiTHO 3MIHCHUTH AOCITIKEHHS po3po0iieHoi Mozedni (erarr 6).

KoxeH 3 IHX eTamiB € Ba)JIMBHM Yy TIPOILECi CTBOPEHHS €(PEKTUBHOI MOIENI IITYYHOTO IHTENEKTY, i
peTerbHe BUKOHAHHS KOKHOTO €Tary MOXKe 3HAYHO MOKPAIIUTH SKIiCTh Ta HaTiHHICTh KiHLIEeBOT Mozeni. Okpim
TOTO, JaHUH TpoIecC € iTepallifHuM, y TOMY IUIaHi, IO BUXOASYHU i3 pe3yibTaTiB, sKi Oyne BHIaBaTH MOJETb,
MOXYTh 3MiHIOBaTHCA (PO3MIMPIOBATHICS) B IIEBHUX HANPSAMKAX 3aBIAaHHS, AKi HEOOX1THO BHPIIINTH.

CTBOpEeHHs apXiTeKTypH HelipOHHOI Mepe:xKi

Heiiponna mepexxa — Iie aJifOPUTM MAIIMHHOTO HAaBYAHHS, SIKHH CKIAJa€Thes 3 (DIKCOBAHOI KIIBKOCTI
IITYYHUX HEHPOHIB, OpraHizoBaHUX y pi3Hi mapu. Bubip npaBuibHOT apXiTEKTYpH € BaKIMBUM KPOKOM, OCKIJIBKH
1€ BIUIMBAE Ha 3/IaTHICTh MEPEXi KOPEKTHO HABYATHUCS 3 BXIJAHUX JIaHHUX 1 pOOMTH TOYHI IIPOTHO3H.

Byna cTBOopeHa HacTyHa apXiTeKTypa HEWpOHHOT Mepexi, sika HaBe/leHa Ha PUCYHKY 3.

BxigHwit wap MpuxogaHui Wwap Buxignuwi wap
|’, K .| ) " r ‘. : 3 ) - - '-"_ _f-
= Embedding X
lv' ) @) ImxN)xM; /'- \
- - -
: : w: : e[l
A Wi = Bara Y )7
() () L) =< N
’ sara e = ’ i
H - b . J= 1 €
H H BIAXMNEHHS :
() @) O
- m %N = | % A P
) " &3 ) D)
_— Z, = wy =T sy =zwp 4 b
_
X Z ¥ = softmax (z;) y

mx1 I X (mxN)

PucyHok 3 — Apximexmypa netiponnoi mepesici

CrBOpeHa MoyeIb BKIIIOYAe y ceOe Tpu MapH: BXiJHHUH 11ap, NPUXOBaHUH MIap Ta BUXITHUH map.
Bximuuii map npuiiMae mociiioBHOCTI (ikcoBaHOi AOBXHMHH. Lle Moxke OyTm MakcHMaibHa JOBXHHA

pedeHHs 200 TOKYMEHTA, IO MePeaacThCs MOICITI.
[Micns mporo 3actocoByethest map Embedding (oauH 3 eramiB MPUXOBAHOTO INApPY), SIKHA HEPETBOPIOE

LJIOYMCENbHI IHAEKCH CIIiB y X BeKTOpHi BimobGpaskeHHs (Bara Wi, sika Mae po3mipaicte MxN, re m — ue
JIOBXKUHA PEYEHHS/TOKYMEHTY (MaCHB CIIiB, sIKi 3aMiHSIOTHCS Ha yHiKaJbHI iHAekcH), a N — 11e noBKHHA BEKTOpa
KOXHOTO YHIKaJbHOro cioBa). Jami MacuB maHux posmipHocti Mx N mepeTBoproeTbcss Ha OXHOBUMIPHY

PO3MIpHICTB.
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Buxigauii map npuiiMae Ha BXin Bary Wi, Ta 37iHCHIOE MHOXKEHHS 11 Ha Bary W, sika Ma€ pO3MipHICTh
(m-N)xk, a Takox momae 3mimieHHs b, posmipricTio 1x K. [darmi 3actocoByerhest QyHKIisA akTuBauii softmax

(imoBipHicHa QyHKIis), GopMyTia KO BUITISLIA€ HACTYITHUM YHHOM:

Zj

soft max(z;) = ke , (1)
2.
=1
Jie 1 — TIOTOYHUH KJIac 3a SIKUM ITPOBOAUTHCS OOUNCIICHHS MOJIEILIIO,
k — KiJIbKiCTB yCiX YHIKaJIbHUX KJIAciB;
Z — (DyHKLIS 32 KOO 3[1HCHIOETHCS] OOUMCIICHHS.

Oynkuis akTuBalii softmax € 0co0aMBOO QyHKIIEIO aKTUBALLIT, sIKa YaCTO BUKOPUCTOBYETHCS B HEHPOHHUX
Meperkax, 0COOIMBO B 3aBepLIaJIbHUX IIapax OaraTokiiacoBoi kiacudikauii. BoHa nepeTBopioe NoToOYHMH BEKTOP
Yy TpPUXOBAaHOMY IIapi Ha BEKTOpP WMOBIPHOCTEH, [I¢ BIAMOBIAHO KOXXHE YHMCIO BimoOpaykae WMOBIPHICTBH
HaJIe)KHOCTI BXiTHOTO 00'€KTa 110 eBHOTO Kiacy. OcHOBHA mepeBara QyHKIII softmax mossrae B ToMy, III0 BOHA
HE TIIBKHU BUIUTAE HAMOLIBII HMOBIpHUIT KIlac, aje i Hagae iH(pOopMaIito Mpo HMOBIPHOCTI iHMHKX KiaciB. Takum
YHUHOM, MOJKHA OTPHMATH YSBJICHHS HE TiJBKH MO Te, IKUH KI1ac € HaifO1IbI HMOBIPHHM, ajie i Mo Te, HaCKITbKH
BIICBHEHA MOJIEIIb Y CBOEMY IIPOTHO31 HOPIBHSHO 3 IHIIMMH KIIACAMH.

IIpouec TpenyBaHHs Mojaei
[Tpouec TpeHyBaHHsS HEHPOHHOT Mepexi MOXKHa PO3NIAATH SK iTepauliiHU{ Hpolec onTuMizauii, 1e
MeToro € MiHiMizawis ¢yHkuii Brpat (loss function) Ha TpeHyBaJ bHUX aHUX (IUB. PUCYHOK 4).

N— N \\\
Bxig / C ./ | NepenBayenun IcTmsa
v Hed@ipousa mepena Z

NapameTpi Brpara (1)

k

=1
Pucynok 4— Imepamugnuii npoyec mpenysarus mooeni [7]

BinmoBigHO 10 PUCYHKY 4 3arajioM MOKHA BHIUTUTH TaKi OCHOBHI €Tay TPEHYBAaHHS MOJIEITI:

—inimianizanis Bar (W ta W») Ta Bigxunenns (b): nepe no4aTkoM TpeHyBaHHsI Bar Ta BiIXWICHHS MO
IHII[IaTI3yFOTHCS BUIAIKOBUMH 3HAYCHHSIMH;

—npsimuid ipoxin (Forward Pass): BXifHI IaHi mepeiaroThes yepe3 MOAENb, Jalli Ha KOXKHOMY IIapi
BUKOHYIOTHCSI MAaTeMaTHYHI Ollepallii Ta B pe3yJibTaTi OTPUMYEThCSl IMOBIPHICHHI IPOTHO3 MOJIEII;

—IIiCJISE OTPUMAHHS TIepen0aYeHHs MOJIENTi OOUHCITIOETECS (QYHKIS BTPAT, SIKa IMOKa3y€e HACKIJIBKHU MPOTHO3
BiJIPI3HAETHCS BiJl ICTHHHHUX MITOK (KJIaciB);

—3BopoTHu# npoxin (Backward Pass): 3a tornomMororo anroputMy 00epHEHOTO PO3MOBCIOIMKEHHS OMUIIKH
(backpropagation) 0O0UMCITIOIOTBCSI TpaAieHTH (QYHKII BTpaT BiIHOCHO KOXKHOI Baru Ta BIIXWIEHHS B MOAENI
(3acToCcoBY€TBCS 111 BHECEHHS 3MiH Y 3Ha4€HHS Bar Ta BIIXWJICHHS, 00 3MEHIINTH 3Ha4eHHs (QYHKIIT BTpar Ta
MOKPAIIUTH SKICTh MOJIEINI);

—OHOBJICHHS Bar Ta BiIXWJICHHS: Bal'l Ta BiAXMJICHHS MOJEJi OHOBIIOIOTECS 32 TOTIOMOTOI0 ONTHMi3aTopa
(mampuxnaa, SGD, RMSprop, Adam To1mo), siknii BAKOPUCTOBY€E pO3paxoBaHi IPaieHTH I OHOBJICHHS Bar;

—iTeparis: mpomec, MOYMHAIOYM 3 2 eTaly, ITOBTOPIOETHCA NEKiTbKa pa3iB Ha PI3HUX MiIMHOXHHAX
TPEHYBAJIBHUX JaHWUX J0 THX ITip, OKH MOJIENb HE TOCSITHE Oa)kaHOT TOYHOCT1 a00 MOKH He Oy/ie BHKOHAHO 33/1aHy
KIJIBKICTB iTepartii;

—Banigamis (TeCTyBaHH:): MICJIs KOXKHOI iTepalii MO)KHa IepeBIpUTH TOUHICTh MOJIENI Ha BaliJaliiHOMy
(TecToBOMY) HaOOPI IaHUX, 1[0 JTOTIOMOXKE BiJICTEXKUTH, K MOJIEIIb y3araJlbHIOE CBOT 3HAHHS HA HOBUX JIaHHX 1 UM
He BiJI0yBa€THCS NIEpEeHAaBYAHHS, TOOTO YU MOJENb HE BTpadya€ 3/aTHOCTI KOPEKTHO BUPIIIYBaTH 3aBIaHHsS Ha
HOBHX, PaHIIIEe HEBIJIOMHX TaHHX.
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®ynkis Brpat (loss function) oOunCIIOETHCS 32 HACTYITHOIO (HOPMYIIOI0:
k ~
J= _Zi:lYi Iny,, ()
Jie y — ICTUHHHA Kiac (KOPEKTHHH Kiac s Kiacudikaiii MOTOYHOTO TEKCTY, IO MOAAETHCS HA BXiJ 10

MOJICITi, TO3HAYAETHCS YUCIIOM 1, a iHIi kiracu gucyom 0),
Y — nependaueHa iIMOBIPHICTh KJIACiB MOJEILIIO,

k — KinBKicTh yCiX YHIKaIBHUX KIIACiB.

3a JonoMOror0 00YHCICHb TOXITHUX Bil QyHKIII BTpaT 3a BaramMu Wi, W> Ta b BUKOHYeMO OHOBIICHHS Bar
Ta BIIXWICHHA. Y paMKaX JaHOi poOOTH 3acTOCOBYeThCs anroputM omrtumizamii Adam (Adaptive Moment
Estimation), sixuit koMOiHye imei 3 Takux meroniB onrumizarii sk SGD (croxacTudHMi TpamieHTHUH CITyCK) 3
MomeHToM Ta RMSprop.

OnHi€ero 3 mpu4uH nonyisipHocti Adam € Te, 110 BiH 3a3BUYail Mpalroe J00pe Ha NPAKTHIII 3 HEBEIUKOO
HEOOXIZHICTIO HaJaIITOBYBaTH TilleprHapaMeTpH (3Ha4eHHs, SIKI BUKOPHUCTOBYIOTHCS IJIsl YIPABJIHHS IPOLECY
HaBYaHHs MOJIEJi) MOPIBHSHO 3 IHIIMMU aIropuTMaMM onTHMI3alii (nerasipHime aus. [8]).

OcHOBHI iz1ei, siki BUKoprcTOBYe Adam, €:

—MOMEHTH MEpIIOro TOPSAKY: L€ CepeqHe 3 TPalieHTIB, ijes cxoka Ha Meron MoMeHTy B SGD, ne

BUKOPHCTOBY€ETHCSI CEPEIHE MONIEPEAHIX TPAII€HTIB, 00 OHOBUTH Baru;

— MOMEHTH JPYTOTo MOPSAIKY: Ile He3CepeIHEHE BIAXIIICHHS IpaieHTIB (a0 iX KBaaparH), iZiest B3sTa Bij

merony RMSprop;

— KOpUTYBaHHS 3MIIICHHS, SIKE JOTIOMArae yHUKHYTH HA3bKOI IIBHIKOCTI HABYAHHS MOJIEJ Ha TIOYaTKOBHX

eTamnax.

ITix yac koxkHOT iTepanii Adam oO4MCIIOE TPaJiEHTH HA TOTOYHOMY Oardi, OHOBIIIOE MOMEHTH TIEPILOTo Ta
JIPYTOTO TOPSAKY, KOPUTY€ 3MILICHHS ISl IMX MOMEHTIB Ta OHOBIIIOE MTApaMeTPH MOJEIII.

Jnist oOumcneHHs rpaiieHTy (yHKIIi BUTPAT 32 HapaMeTpOM 3aCTOCOBYEMO HACTYIHY (GOPMYITy:

9. =V,J0.,), (3)
ne J — ¢yHkuis BTpar,
t — MOTOYHMI KPOK iTeparii,
6 — mapamerp 3a SIKUM 3HAXOJUTHCS TIOXiIHA.
J17151 OHOBJICHHSI MOMEHTY HEPILOTO MOPSIIKY 3aCTOCOBY€ETHCS HACTYITHA (OopMyIIa:
mt = ﬂ]_m171 + (1_ ﬂl)gt ’ (4)
Je [, — xoedillieHT BTpaTy A1 MOMEHTY MEPIIOro MOpsIKy (3a3BU4ail Mae 3HadeHHs Onu3bko 0,9),
t — IOTOYHMIA KPOK iTeparii,
M — MOMEHT IEPIIOro MOpsAAKY,
g — noxizHa (yHKIIT BTpaT 32 BU3HAYEHUM [apaMeTPOM.

J1J1s1 OHOBJIEHHSI MOMEHTY APYTOTO MOPSIIKY 3aCTOCOBYETHCS HACTYITHA (hopMyIia:
Vi =BV +(1_ﬂ2)gt2 > (5)
Je [, — Koe]ilieHT BTpaTu U MOMEHTY APYroro mopsiaKy (3a3Buyail Mae 3HaueHHs 0,999),
t — MOTOYHUIT KPOK iTeparii,
V — MOMEHT JpyIoro MopsiKy,
g — moxigHa QyHKIIT BTpaT 32 BU3HAYCHUM MapaMeTPOM.

KopuryBaHHs 3MiIlIeHHS 751 MOMEHTY TIEPIIOTo MOPSAKY 3HAXOJUTHCS 32 HACTYITHOIO (hOPMYIIOFO:

i, = ©)
(S
1-4
Jie M — MOMEHT IepIIOTO MOPSKY,
B, — xoedinieHT BTpaTu JUIsi MOMEHTY IIEpLIOTo NMOPAJKY (3a3BHyai Mae 3HaueHHs 6iau3bKo 0,9),
t — MOTOYHUIT KPOK iTeparii.
KopuryBaHHs 3MillIeHHS JAJIsl MOMEHTY JIPYTrOro MOPSIKY 3HAXOJUTHCS 38 HACTYITHOIO (hOPMYIIOH0:
v, = ™
t= )
1-5,

Je V — MOMEHT JIpyTroro HOpsAKY,
B, — koedilieHT BTpaT A1 MOMEHTY JpYyroro HopsaKy (3a3Budaii Mae 3HaueHHs 0,999),
t — HOTOYHMIT KPOK iTeparii.
OHoBneHHS MapameTpa (Bar Ta BiIXHICHHS) BilOyBa€eThCs 3a JIOMOMOTO0 (hOPMYIIH:
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m
— a A—t .
ﬂfvt +&
ne 0 — mapameTp, IKHi OHOBJIIOETHCS,
O — UIBHIIKICTh HaBYaHHS (3a 3aMOBUyBaHHIM fopiBHIOE 0,001),

9t+1 = et (8)

M — 3MilEH s JUIsl MOMEHTY TIEPIIOTO TIOPSJIKY,
V — 3MIIIeHHS ISl MOMEHTY JPYTOro MOPSKY,
& — Jly’e MaJIeHbKe YHCII0, 10 3a100irae JJIEHHIO Ha HyJIb (3a3BKMYail IopiBHIoE 3Ha4enHI0 107%),
t — HOTOYHMIT KPOK iTeparii.
Bapro 3a3HaunTH, 110 Hepe] MoYaTkoM itepauii (Ha HyJboBiil iTepariil) MOMEHTH HEpIIoro Ta JPyroro
HOPSJKY 1HILIAI3YIOThCS HYJISIMU.

TectyBanns momesi

ByB BukoHaHMii 30ip 3BITiB PO PO3CIHiAyBaHHS MOAIN, sKi BinOynucs 3a nepiog 2013 — I miBpivyus 2023
poky Ha AEC CIIIA. Iadopmamis mpo IaHi 3BiTH ZOCTYITHA Y BiIKpUTOMY noctymi Ha BeOcaitti NRC [9].

3araioM momryk OyB 3IiMCHEHMIA JHIIE AJIS MMOMiH, sKi BinOynmcs Ha eHeprodmokax AEC 3 peakTopHOIO
ycraHoBkoto tairy PWR, sika Oyma po3pobieHa TakuMu KommaHisMu sk Westinghouse, Babcock & Wilcox abo
Combustion Engineering.

[Tig gac eramy 300py JaHHUX OIS KOKHOTO 30epeskeHoro 3BiTy y ¢opmarti «pdf» Oymo cTBOpeHe yHiKaIbHE
KOJyBaHHS (JIMB puC. 5).

LER_Millstone-NPP_Unit-3_05-30-2023_50.73(a)(2)(iv)(A)_1_100

Hazpa AEC Homep Hara monii Kracudixaris momii  CTan NH, %

€HEPro6IIoKy 3a KaTeropiero
Pucynox 5— Ilpuxnao xodysanus 36imy y popmami pdf

I[Tix yac eramy 0OpoOH naHUX OyJja BUKOHAHA TOKCHI3allisl peucHb (PO3MOILT PSUCHb Ha CIIOBA), MpUOpaHi
3aiiBi cjoBa (CJIOBa, SIKi HE HECYThb CYTTEBOTO 3MICTy JUIsi MOJIEJi), CTBOPEHUI YaCTOTHMI PO3IOALN CIiB Ta
CJIOBHUK, SIKMH MICTHTb yCi YHIKaJIbHI CJIOBA 3 pEUeHb, a TAKOXK 32 KOKHUM CJIOBOM OyB 3aKpIIUICHUH yHIKaIbHUMA
ingexc. O3Haky, siki Oy BimiOpaHi it Mmomeni — Ha3Ba mofil y podori AEC Ta ii kiacudikaiiist 3a KaTeropiero.
OxkpiM ToTO0, pedeHHs Oyiu po3aineHi Ha TpeHyBaibHi (80 % Bix ycix peuens) Ta TectoBi (20 % Bifj ycix peyeHs)
Ha0OpH TaHUX (JaTaceTH).

3amaua moxeni — 3MIMCHUTH KOpeKTHY Kiacu(ikamito mofii 3a kareropiero. ToOTo Ha BXiZ y MoOIeNb
MOaBAJIVCh JIMIIC HA3BH MO, a pe3yabTaT KU OyB OTPUMaHHU Y BHXIJHOMY IIapi MOIENi TOPiBHIOBAaBCSA 13
peaNbHUMH BHXITHUMH JaHUMHU JUII MOXJIMBOCTI 3MiHM HapaMeTpiB MOAENI 3a/Uli KOPEKTHOTO 3HiHCHEHHS
Ki1acudikanii (MpuUAHATTS piteHHs) Mmoaesutto. Knacudikariist mozuiit 3a kareropisiMu 311HCHIOETHCS BiIOBIAHO J10
NUREG-1022, Rev. 3 [10].

Ha pucynky 6 HaBeIeHI OTpUMaHi Pe3yJIbTaTH MOJENTI. 32 OIUH KPOK iTeparlil BUKOHYEThCS OHOBJICHHS
163311 nmapamerpiB. TouHicTh MOJETI OOUMCIIOETHCS K KUIBKICTh MPAaBHIIBHO NEepeAdadeHuX KaTeropii s
BBEJICHUX HA3B MOJi{ MOAIJICHA Ha KUTBKICTh YCIiX mepeadadeHp (KiTbKIiCTI yCiX Ha3B MOii).

Pesynbrary, siki OyJid OTpUMAaHI IMiJ] 9aC TECTYBaHHs MOJICII, BUTJISIIAI0Th JOCUTh 100pe. MOKHA BUILTUTH
HACTYIIHI KJIFOYOBI MOMCHTH:

—MOJIeNb JocAriia TOYHOCTI O0nm3bko 99,87 % Ha TpeHyBanbHMX manux micas 20 irepaniid. Lle Bucoka
TOYHICTb, 1110 MOXXE BKa3yBaTH Ha J00pe HaBYaHHS MOJIEI;

—TOYHICTh Ha TECTOBHMX JaHMX CTaHOBHUTh Oym3bko 91,98%. lle TakoX JOCHUTh BUCOKHUH TMOKa3HHK,
0co0JIMBO BpaxoOBYIOUH Te, IO BiH He Habararo HWKYHMH, HIX Ha TPEHYBAJIbHUX JaHUX (CBIUUTH IPO TeE, IO
MOJIeJIb 100pe y3arajabHIOE CBOT 3HAHHS HA HOBHX JIAHUX);

—3 KOXKHMM KPOKOM iTeparii BimOyBaeThcs 3MEHIIEHHS (YHKIIi BTpaT, IO BKa3ye Ha aJalTOBAHICTh
MoOJIelTi 10 KOXKHOi KaTeropii.
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Pucynok 6 — I'pagix sminu moynocmi modeni ma (yuxyii 6mpam 3 KO*CHUM KPOKOM imepayii

BucHoBku

VY pamkax BUKOHaHHS JaHOi poOoTh Oyna po3poOiieHa iMOBIpHICHA KiacudikalliiiHa MOAEIb WITyYHOTO
IHTEJIEKTY, TECTYBaHHS SKOi NMPOBOAMIIOCH Y YaCTHHI KOPEKTHOI kiacuikauii mofii 3a kareropismMu. Mogenb
0a3yeThecst Ha HEHPOHHIN Mepexi, sika 103BoJMIa focart 99,87 % TouHOCTI B Kiaacudikallii pi3HOMaHITHUX OIIH
Ha TPeHyBaJIbHUX JaHuXx Ta 91,98% B kinacudikaiii mo/iii Ha TECTOBHUX JaHHX.

Jis HaByaHHA Mozelni Oyno BHKOPUCTaHO Ta 00pobneHo 935 Has3B momiid, ski BigOymucst y podori AEC
CIIIA, e ekcIuTyaTyrThCs peakKTOpHiI ycTaHOBKH THITy PWR.

Y momaneImuX TOCTiKSHHSX IS i IBUIICHHS ¢(eKTHBHOCTI MOJIEIIi MOYKHA 3aCTOCOBYBATH HaHi i3 0a3n
JIaHUX 3a yBech nepion exciuryaranii AEC, mo racte 3Mory HaTpeHyBaTH MOZENb Ha OLIBIIOMY MacHBi IaHHUX /IS
MOJIMBOCTI 11 amanrari.

Mopnenp po3pobneHa y naHid poOOTI Moxke OyTHM BIOCKOHAJICHA Ta aJalTOBaHa B 3aJIS)KHOCTI Bij
MOCTABJICHOTO 3aB/laHHs. EKCIIepMMEeHTYBaHHS 3 MOJICIUTIO € BAXKITUBUM €TaIOM JIJIsl PO3yMiHHS TOT'O YM HEOOX1IHO
JIO/IaBaTH HOBI JIOAATKOBI LIapH Uil o04McieHb. Y AaHii poboTi He Oyno HEOoOXiAHOCTI JoJaBaTH HOBI IIApH,
OCKIJIbKH IMOBipHiCHa Kilacu(ikaliiiHa Moiesib eheKTHBHO BUKOHYE ITOCTaBJICHE 3aBJlaHHs — Kilacu(iKallis Ho/ii
3a KareropisiMu.

3anpornoHoBaHa MOJENIb MOXKe OyTH MOTEHILIHHO 3aCTOCOBaHA 332 TAaKUM HAIPSIMKOM SK PO3CIIily BaHHS
noxii, ski BimOymwcs y pobori AEC, y wactuHi xmacudikamii 3a KaTeropisMu, KOPIHHUMH IpHYHHAMU,
KOPHUTYBaJIbHUMH 3aX0/IaMH, CHCTEMaMH, 110 BIJIMOBWJIM Ta/a00 3a3HaJIN BIUIMBY TOLIO.

3a pesynbraTaMy IPOBEACHOTO AOCIIHKEHHs Oylia BCTAaHOBIIEHA HEOOX1THICTh y pO3po0Ili CJIOBHHKA, KU
Oyze crierianizyBaTUCh HAa TEXHIYHIA TepMiHONOTIT (IpUKiIa miaxomy Hasegenud y [11]). BinmoinHo, e gacth
3MOT'y Ie O1IbII SKICHO 0OpOOIISATH aHi, MiJBUIIUTH TOYHICTh MOJENI Ta JacTh 3MOTY 3/1iHCHIOBATH IOLIYK 3a
KIII0o40BMMH ciioBamu. Etan 300py Ta 00poOKM maHMX Moke OyTH BHKOPHCTaHHN SK OKPEMHH HANpsIMOK IS
JIOCTIiIKeHHSI.

Kpim Toro, sIKIo amantyBaTH MOJEINb ITif 9UCIIOB] popMaTH, TOOTO Ha BXif Oyne npuilMaTHcs HE TEKCT, a
MacHB YHCIIOBHX JIaHMX, TO TOTEHIIHHMM HANpsIMKOM 32 SKHM MO)XXHAa 3acTOCYBaTH MOJEIb MOXe OyTH
Kiacuikamis nepexiJHuX Ta apapiifHuX MporeciB (HanpuKial, BU3HAYEHHS BUX1THOT MOi1 aBapii).

Omxe, LI — 1e cydacHa TEXHOJIOTIS, sIKa BXKE 3HAXOIUTh CBOE 3aCTOCYBAHHSI B PI3HUX rally3sX, BKIIIOYAIOUYH
aToMHy eHepreTuky. OJHaK, He TUBJISTYNCH Ha MUpoki MoxinBocTi 11, BiH He MOXke TTOBHICTIO 3aMiHUTH JIIOIEH
B aromHii ramy3i. Il Mae 3acTOCOBYBaTuUCh y MOEIHAHHI 3 JEOIMHOK, a 1X B3a€MOIis BIAIIOBITHO JIO3BOJUTH
MOKpaINTH e(eKTUBHICTh Ta Oe3neky npoueciB Ha AEC.
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DEVELOPMENT OF ARTIFICIAL INTELLIGENCE MODEL IN THE FIELD OF
ATOMIC ENERGY AS A TOOL OF SUPPORT IN DECISION-MAKING

This article focuses on developing and applying an artificial intelligence (Al) model in the field of nuclear
energy, emphasizing its importance as a decision-making support tool. The current state of Al in nuclear energy
is discussed, with a special focus on the creation of a proprietary classification model.

The article outlines the main stages of AI model development and its practical application for classifying
events at nuclear power plants. It utilizes machine learning technology and natural language processing to develop
the model. The significance and innovative approach of using Al in nuclear energy are emphasized, considering
its potential in enhancing the efficiency of processes at nuclear power plants.

Results demonstrate the high efficiency (accuracy) of the developed AI model during testing for event
classification. The current era of digital transformation and rapid technological development highlights the
increasing importance of Al as a tool in various sectors.

Additionally, the article covers the international promotion of Al in nuclear energy, particularly by the
International Atomic Energy Agency (IAEA) and the United States Nuclear Regulatory Commission (NRC). It
details the efforts of these organizations in exploring the application of Al technology in nuclear technologies and
regulatory activities, emphasizing safe Al use and developing strategic plans for Al applications.

In conclusion, the article suggests the model's potential application in investigating nuclear power plant
events, that can be used for classifying by categories, root causes, corrective actions etc. The article concludes
that while Al is a modern technology finding application in various fields including nuclear energy, it cannot fully
replace human involvement in the nuclear sector. However, AI combination with human input can improve the
efficiency and safety of processes at nuclear power plants.

Keywords: artificial intelligence, model, neural network, nuclear energy, machine learning.
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IHHPEACTABJIEHHA ITA® KPY HAIIPYT'OIO 6 (10) KB
AK KIHOHEBOI'O ABTOMATY

Mema ny6nixayii — pozpobumu memoodonozito npedcmasnenus wiag KPY nanpyeoro 6 (10) kB y euensoi
KiHYe8020 agmomany.

Komnnexmuuii posnooinenuii npucmpiii — ye 0O0uH 3 HAUBIONOBIOANLHIWUX eNeKMPUYHUX anapamis
cepeonvoi Hanpyeu. Haodiiina ix poboma 3abesneyye bOesnepebiiine eleKMPONOCMAYAHHA NPOMUCTIOBOCHI,
AOMIHICIMPamueHO-NoOYMo8UX NPUMILeHb Ma CLIbCbKO20 20CN00apCcmad.

Hogseoeno, wo npunyun 0ii wag KPY nodibnuii 0o demepminosanoco Kinyesoeo agmomamy. 3acmocosana
meopisi Kinyesux agmomamie ma zpa@ie 01 ananizy pobomu wiadu KOMNIEKMHOI pO3NOOLIbHOI YCMAHOBKU.
Iloxkazano, wo meopis Kiyegux asmomamis 00360JA€ 36eCmu BOEOUHO YCi MOXHCIUSI pexcumu pooomu wag KPY.

Ipeocmasnenns mooeni wagu KPY y euensioi oemepMinosanoeo KiHYeo2o aemomamy 00360JI5€
3anpoexmysamu waghy 3 HeOOXIOHUMU pUcamu.

Pospobrena diacpama nepexodie cmanie wagu KPY nanpyeoro 6 (10) kB. Taxa diazpama modice 6ymu
KOPUCHA OJIsL PO3YMIHHA poOOmu wapu KOMNJIeKmHOI po3nooilbHOI YCMAHO8KU, NIOGUUIeHHS Keanipikayii
€/1eKMPOMEXHIYHO20 NEPCOHATY.

Ha npuxnaoi wapu KPY muny K-XIl 3 eumuxauem BMII-10K (npueonanna C/-300 xBm) nagedenuii
nosHuUll onuc pobomu wagu 3a 00NOMO20r MOPPOI02IUHUX Ppas3.

3pobaenuil 8uCHOBOK, Wo 6YOb-aKuil KOMYMAYitiHULl anapam Hanpyeorw Ak 00, mak i suuge 1000 B modrce
oymu npedcmasnenutl y 6uenndi Kinyesoco aemomamy. OKpim Oiacpamu  nepexodie cmarie poboma
KOMYMAyitiHux anapamie noguHHa Oymu 6UKIA0eHa 3a 00nomoz2oio mopgonoeiunux gpaz (AKLIO, TA, AFO, TO,
HE MOJKHA).

KurouoBi cioBa: xinyesuti asmomam, KoMnieKmua po3nooilbHa yCmanosKka, diazpama nepexoois.

Berym.

KoMrutekTHHE pO3NOITBHUN MIPUCTPIH — 1€ CYKYITHICTh €JIeKTPOTEXHIYHOr0 00JIaJHaHHs, HEOOXITHOTO
JUISL CXEMH PO3IOALIBYOT0 IPUCTPOIO, 3SMOHTOBAHOTO OKpEeMUMH IadaMu Ha CIelialli30oBaHUX 3aBOJIaX B yMOBax
CepiiHOTO BUPOOHUIITBA.

KommextHi posnonineai npuctpoi (KPY) Hanpyroro 6 Ta 10 kB € HaliBaXXITUBIIIMME €IeMEHTAMHU CHCTEM
€JIEKTPOIIOCTAYaHHs Ta 6arato B YOMY BU3HAYarOTh HAIHHICTh €JIEKTPONOCTAYaHHs CII0KHUBaUiB.

VY kamepi KPY BucyBHHiI eneMeHT moa0 Kopirycy madu 3aiiMae podode, KOHTpOJbHE (po3'eqHaHe) abo
PEMOHTHE TOJIOXKEHHS: poOoyYe, KOJIM TOJI0BHI Ta JONMOMDKHI KoJia madu 3aMKHYTi; KOHTPOJIbHE, KOJIH T'OJOBHI
KOJIa PO3iMKHYTI, a TOTIOMIXKHI 3aMKHYTI (Y IIbOMY BHIIQAKY JTOITYCKAETHCS PO3MUKAHHS TOTIOMDKHHUX Kil - Take
TIOJIOKEHHSI HAa3UBAIOTh PO3'€JHAHNM); PEMOHTHE, KOJIM BUCYBHHH €JIEMEHT 3HAXOAMTHCS 11033 KOPITyCcOM Hiadu
Ta 1 TOJIOBHI Ta JOMOMIXHI KOJIa PO3IMKHYTI.

Pospizusirors Taki Tunu KPY: KPYH (komrmiekTHI po3noisibHi IPUCTPOT 30BHINIHBOT ycTaHOBKK), KPY
(xomruiekTHi po3noineyi npuctpoi), KCB (kamepu 30ipHi 0THOCTOPOHHBOTO OOCIYTOBYBaHHS).

Bumukaui 6+10 kB cimyxath A7 BiIKIIOUEHHS a00 MiJKITFOUEHHsI CIIOKHMBAYIB €JICKTPOCHEPTil, a TaKOK
JUISL 3HSITTSL JKUBJICHHS 3 OKPEMHX IUITHOK CHCTEMH Il OOCIYroBYBaHHS, JUIS IIBHIKOTO BiJKJIIOYEHHS Bif
CJIEKTPUYHOT CUCTEMH JIISTHOK 3 TTOLIKO/PKEHHSIMH, 1110 BUKJIMKAIOTh NPOTIKAHHS CTPYMiB KOPOTKOTO 3aMHUKaHHS
JuIst 30epeKeHHs eJIEeKTPOIIOCTauaHHsl PEelITH CUcTeMH. Bcei BuieneperiueHi onepanii BUMararoTb BUKOHaHHS
BIZKITIOUEHb (KOMYTAIlii) €JIEKTPUYHOTO CTPYMY, IO € OCOOJIMBO HENPOCTUM 3aBJAaHHSIM Y pasi BiAKIIOUCHHS
MOIIKO/DKEHOI JIUISTHKH, KOJHM BEJIMYMHA CTPYMY, IO BIIKITIOYA€THCS (CTPYM KOPOTKOTO 3aMHMKaHHS) MOXe
JIOCSITaTH JECSATKIB THUCSY aMIlep, a 4ac, BiIBEICHUH Ha BIJKIIIOUYEHHS aBapiliHOT YaCTUHHU CHCTEMH OOMEKEHO
npomikkoM 50 -100 mimicexyHa.

KoHTakTn BUMHKada pPO3MHKAIOTHCS, BUMUKAIOUM aBapiHuii ctpyMm. HapiiiHa poGora Ta OesmeuHe
00CcITyroByBaHHsS BUMHUKAUiB BUCOKO1 HATIPYTH HEMOXKIJIHMBI 0€3 HaJilfHOT0 MPUBOTY, IO 3a0e3mnedye Oe3BiIMOBHE
BUKOHAHHS Omepariiii yBIMKHEHHS Ta BUMKHEHHS BUMHKadiB Ta PO3'€JHyBadiB BPY4YHY Ta aBTOMAaTHIHO. MOHTaX
MIPHUBOJTY MTOBHHEH OyTH 110 MOXKIIMBOCTI IIPOCTHM 1 HE BUMAraTH CIeNialbHUX 3HAHb, BIH HE TOBUHEH BUMAraTH i
TOYHUX POOIT i3 BCTAHOBJICHHS Ta PETYJIIOBAHHS MTPUBOTY.

Komn KkOHTaKkTH, MO SIKMM TPOTIKA€ CTPYM, PO3MHKAIOTBhCS, HE3aJEKHO BiJl THILY JyrOracHJIbHOTO
CepeloBHUINA, Y SKOMY NepeOyBaloTh KOHTAKTH (BaKyyM, piiMHa UM eJiera3), 3-TIOMK HUX BUHHMKAE eJICKTPHYHA
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nyra. Marodm JIOCTaTHIO €NeKTPUYHY TPOBIAHICTH, IO BHHHUKJIA MK KOHTaKTaMH, Ayra 3a0e3rnedye CTpyMy
KOPOTKOT'O 3aMHMKaHHS IIJISIX HOTo NOAaNbIIoro npotikaHug. CTpyM, Marouu MpakTUYHO 1HAYKTHBHUI XapakrTep,
BijicTae Bi Harpyry pkepena Ha 90°, TAKMM YUHOM, KOJIM CTPYM ITIXOJHUTH JI0 HYJIS, HANpyTa JpKepesia JOCsrae
CBOT'O MaKCHMAaJIbHOTO 3HAYEHHS.

Kabeni, Ttpanchopmaropu cTpyMy Ta Hampyrd Ta OOMEXyBaul IEepeHalpyr pO3TallOBYIOTHCS B
KabeNbHOMY BiJICIKY 1033y BUMHKa4ya. BepXHIo yacTHHY ocepeaKy 3aiimMae peneitHa mada um peseitHuii Biacik.

ANbTepHAaTUBHUH MiJIXiZ — PO3TalllyBaHHs BUMHKa4a y cepenuiil yactuni mapu KPY. lllaga npu upomy
YiTKO AUTHTBCA HAa TPU SPYCH: Y HIDKHIM YacTHHI PO3TAIIOBYIOTHCS Kabem Ta TpaHCHOPMATOPH HYIBOBOI
MOCITITOBHOCTI («OyOIHKI»), B CEpeHil - BAMHKAY y T.3. "KaceTHOMY' BUKOHaHHI. BepxHio dacTuHy 3a3BHuait
3aiiMae peneiHni BifCiK. B peneitHOMY BiICiKy BCTaHOBIIOIOTHCS €IEKTPOBHUMIPIOBATIBbHI HPHITAIH, TPUCTPOT
3aXHCTY, aBTOMATHKH Ta KepYBaHHS.

TumoBe koMnoHyBaHHS amapariB y madax KPY naBeneno Ha puc. 1.

Pesneiinnii Bincik
BiZICIK ITHH=-
HUH

i
O

BuxkotHuit Biacik Tparcdop-
eNneMeHT MAaTopiB CTPyMy

[T

Pucynox 1 - Komipxa KPY 3 suxaueHum uxomnum enemeHmom

OcHoBHuM eneMeHToM KPVY, mo BrtnBae Ha HaJiifHICTh, € BUCYBHUH €JIEMEHT 3 BUMHKaueM. Y HbOMY
310paHo OUTBIIICTE HEOOXITHUX OJIOKYBaHb.

T'onoBHi 3 HEX:

- OJIOKyBaHHS, IO HE JO3BOJIIE BKOTHTH y poOOYE TOJIOKEHHS BHCYBHHH €JIEMEHT i3 YBIMKHEHHM
BUMHKAYEM;

- OJIOKYBaHHS, 1O HE JIO3BOJISIE BUKOTHTH i3 3a()iKCOBAHOIO KOHTPOJBHOrO 200 poOOYOTrOo MOJIOKEHHS
BUCYBHHH €JIEMEHT 3 YBIMKHEHHM BHMHKaueM;

- OJIOKYBaHHSI, II0 HE JI03BOJISIE YBIMKHYTH BUMHKA4 MPU 3HAXO/KEHHI BUCYBHOTO €JeMeHTa (BHKaTHOI
YaCTHHH) B IPOMDKHOMY (MK pOOOYHM Ta KOHTPOJILHUM) MOJIOKEHHI;

- OJI0KyBaHH, 1110 HE JI03BOJISIE BKOTUTH BUCYBHHUH €JIEMEHT Yy poOOUe MOJI0KEHHS Mad ¥ NP BKIIOYEHOMY
3a3eMITIOBAJIbHOMY pO3'€/IHyBadi, Ta iH.

st onmey pobotr magdu KoMIuieKTHOI posnoainsHoi ycranoBku (KPY) nmouinbHO 3acTocyBaTH Teopito
KIHIIEBUX aBTOMATIB.

Monens madu KPY, sk i Oyp-gK0r0o eJeMeHTa CHCTEMH eJIEKTPOIIOCTadyaHHsl, MO)KHA CIIPOOyBaTH MOJaTH
Y BUIJIAJI KiHIICBOTO aBTOMATY

Mc =(X,Y,Q,r,9),

Jge X - 0e3Iid BXiJHUX BEIHYHH: X = {Xi = ]ﬁ}, Y - Gesniu BuXinHuX BemmunH: Y = {yj Vj= L_m} X - 6e3miu
crauis: Q = {ql i =1,_p} I - mepexigna gynxmia: I = X xQ = Q; S - Buxigna ¢pynkuis; S= X xQ >Y.

Kinnesuit aBTOMAT B T€Opii arOPUTMIB — MOZEIh JUCKPETHOTO MPUCTPOFO, 1[0 MA€ OIMH BXiJ, OIWH BHXIJT
1 B KO)KEH MOMCHT 4acy 3HaXOJHUTHCS B OTHOMY CTaHi 3 Oe3miui Mo>xiuBHX. [10BeiHKa KiHIIEBOT'O aBTOMATa MOXKE
OyTH TpeCTaBiIeHa AiarpaMoro epexoiB CTaHIB.
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TeopetnuHi 3acagm poOOTH KIHIIEBMX aBTOMATiB BHUKJIAQIEHI B KiIacuuHii poOoti [1]. B mpami [2]
3alpPOIIOHOBAHO BUKOPHUCTOBYBAaTH KIiHIIEBI aBTOMAaTrH JJd IPOECKTYBaHHS CHCTEM EJIEKTPONOCTaYaHHS
NPOMUCIIOBUX MiAnpueMcTB. B myOumikamii [3] mokazaHo poOOTy KOMIIPECOPHHX YCTaHOBOK SIK KiHIIEBOTO
aBTOMATY.

Mera Ta 3aga4i. MeToro 1aHoi poOOTH € Tpe/CTaBIeHHs ahu KOMIUIEKTHOT PO3NOAIIBHOI YCTaHOBKH
Harpyroto 6 (10) kB sk KiHIIEBOrO aBTOMATY.

Marepian Ta pe3yJabTaTH 10CTiZKEHb.

IIpoBeneHuii anai3z BUIIB cXeM KepyBaHHs npueaHanasmu 6 (10) kB.

€ nexinpka BUAIB BTopuHHUX Ki m1ad KPY B 3anexHOCTI Big mpu3HadeHHs kKomipok. e mpuennanns CT,
AlLl, CI, KY, CB, TH, ze:

CT — cunoswuii Tpanchopmarop 6(10)/0,4 (0,22) xB;

AJl — enexTpoIBUTYH aCHHXpOHHHH 6 KB;

CJ1 — enexTpoIBUTYH CHHXPOHHHH 6 KB;

KV - koHzeHcaTOpHa ycTaHOBKa Hanpyroro Buile 1 kB;

CB — cekuiiiHuii BUMHKAY,

TH — TpancdopmaTop Harpyr.

JlominbHO BBECTH CKOPOYCHI MO3HAYCHHS BB PeNeiiHOTr0 3axucTy 3riguHo cranaapty ANSI [4].

OcuoBHi koau ctanaaptyANS| C37.2, mpuitHATI 1u1s O3HAYESHB PENEHOro 3aXUCTy y Mepexax 6-10 kB,
110 3aCTOCOBYIOThCs It 3axucTy miad KPY pisHux npusHaueHb, HaBeeHi B Ta0O. 1.

Tab6muns 1.0cHoBHI koau ctanmapty ANSI C37.2, mo 3acTocoByrOThCS i peneiiHoro 3axucty mag KPY
Hanpyrow 6 (10) xB

Kon ANSI HaiiMeHyBaHHS QYHKIIIT 3aXHCTY
27 3axuct MiHiMapHOI Hanpyru (3MH)
40 3aXHCT BiJl aCHHXPOHHOT'O PEKHUMY 13 BTPATOIO 30y IKCHHSI
49 3axXHCT BiJl MepeBaHTaAKCHHS
50 MakcrMaabHUI CTPYMOBHH 3aXUCT V (ha3ax, MUTTEBUH (CTpyMOBaA BiJICiUKa)
51 MakcuMaabHUI CTPYMOBHH 3aXHUCT V (a3ax, 3 BUTpUMKOIO yacy (MC3)
51N MakcuMaabHUI CTPYMOBHH 3aXUCT Ha 3eMJIIO (3aXKCT BiJl 3aMHUKaHHA Ha 3eMiIio 333)

51INC 3axHCT BiJ CTpyMy HeOaJaHCcy
59 3axucT MaKCUMAaIbHOI HAIIPYTH

87T™M JndepeHiiiHmiA 3aXUCT eNeKTPOIBUTYHA

Bumu peneitHOro 3aXHCTY, IO 3aCTOCOBYETHCS HAa MPUETHAHHIX Y CUCTEMI eJeKTporoctadanHs 6-10 kB
MIPOMHUCIIOBUX IMIAIPHUEMCTB Ta BIAIMOBIAHAHN 3axucT i pisHux mad KPY HaBeneHo y Tadm. 2.

Tabuuns 2.Buiun peneiiHoro 3axucTy B 3aJieKHOCTI Big Tuny mad KPY

Beenenns | CT AT | AVi KY CB

6-10 kB

I'TII

49, 51 50,51 50,51, 51N, 27 | 27, 40, 50, 51, | 27, 50, 51, 5INC, | 51
51N, 87M 59

3rinHO Teopii ynpaBiiHHS KiHIEBHH aBTOMAar — 1€ MOAENb JAWUCKPETHOTO ITPHUCTPOIO, IO Ma€ BXOAM 1
BUXOJM Ta MOKe INepedyBaTH y KOXEH 4ac JMIIe B OJHOMY CTaHi. |HIIMMM ClIOBaMH, KiHIIEBHII aBTOMAT €
CYKyIHICTIO Oe3mivi craHiB 1 (YHKIIH mepexodiB MK HHUMH 3a MOMIAMH. 3a3BHYail KiHIIEBHH aBTOMAT
300paxyeThCsl y BUTIISIII Aiarpamu repexonis. st ocepenky KPY BukoHaBUMM MeXxaHI3MOM € BUCOKOBOJIBTHUH
BUMMKaY, SIKMH BIUTMBAIOTH 30BHINIHI YMHHHUKH 4Yepe3 peleitny 3axuct. douinsHo npexacrasut madpy KPY sk
«HYOpHY CKPUHBKY» (pHC. 2).

Kuormka ckunanas RESET HeoOximHa [uist Toro, mo6u noBepHytd KA y BUXIIHHNA CTaH michsl mopaadi
xusneHas. Hlapy KPY sax KA moxxHa nepe3aBaHTaXxuTH (IOBEPHYTH Y BUXITHUH CTaH) 32 JOIOMOTOI0 KOMaHI!
RESET, sixa qyis magu KPY € abo KHOMKOI0 pyYHOTO BiIKIIIOUEHHS, 00 PYKOSITKOIO PYYHOTO BiKITIOUCHHS.

Hecknagno mpeacrasutu po6oty mad KPY 3a momomororo miarpamm mepexoniB craniB madu KPY
(puc. 3).

I'pad niarpamm nepexomiB Moke OyTH BUKOPUCTAHHUM I HABYAHHS €IEKTPOTEXHIYHOTO MTEPCOHATY.

3a J0omoMororw JliarpamMu IEpexoiiB CTaHiB MOXJIMBO SK MOXKHa IMOBHiIIE omnucaTé (hyHKIiOHAIbHI
MoxJBOCTI KoMipku KPY.

Sk BkazaHO B [2], okpiM nmiarpamu nepexoziB craHiB pobora madu KPY noBunHa OyTn BHKIajgeHa 3a
noromororo mopdoorivaux ¢pasz (SIKIIO, TA, ABO, TO, HE MOXHA Ta ixmi).
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la, Ua, F Switsh on
le, Us, f . O
Komipka

Ic, Ug, F , KPI1 Switsh off

L
_—
KomaHaa Ha knoy
KepyBaHHSA
Reset

Pucynox 2 - [llagha KPYV sk «uopHa cKpunbKa»

BigkiroueHHS 3aXHUCTOM Bif

Bumukau
MEePEBaHTAKECHHS

€ nepe-
P Burpumka
BaHTAKCHHS
qacy

HGpeBaHTa)KeHHiI 3HHUKIJIO 3a 4ac,

BIJKIIO-
YeHUH

BHHedAdoN

WOROIIN BHHIhOIIY

Bumukau

BKJIIO- MEHLINII 32 YCTaBKY

YeHUH

Pucynok 3 - Jiaepama nepexodie cmanis wagpu KPY

[To3HaueHHs HA PUCYHKY 3:

1 — BigKJIFOYEHHS BUMHUKA4a 3aXMCTOM MHTTEBO]I Mii;

2 — BIIKIIFOYEHHS BUMHKa4a KIIFOYOM KEPYBaHHS;

3 — BIIKIIFOYEHHS BIMHKAa4a y BUIAAKY BIJICYTHOCTI OTIEPATHBHOTO CTPYMY.

Ha mpuxnani mwadu KPY tunmy K-XII 3 Bumukauem BMII-10K (nmpuennanns CJ-300 kBt 3
TpaHchopmaTopaMu cTpyMy B ¢a3ax A ta C, ycraBkamu 3axucTiB (CB — 450 A; MC3 — 60A 4”; 333 5 A Ha
BumMKkHeHHS; 3MH — 60 B 4 ”) mo>xHa 3poOuTH 11e# omuc.

SKIIO ctpym B hazax A ta C ne nepesumrye 450A TA ctpym mportikae 10 4 cekynn menme 60A TA
CTPYM 3aMHKaHHS Ha 3eMJiIto MeHte ycTaBku pene 333 (mo SA) TA Tpu niHilHI Hanpyru Mix ¢a3amu A i B, A i
C ta B i C ogHouacHo moBuHHI 0yt MeHmie 60B Ha mpoTs3i 1o 4 cexynn, TO BUMHKad HE BUMHKAETHCS TIPH
poOOTI mpueTHAHHS.

SKIIO crpym B dazax A ta C nepesunrye 450A TA cTpym Ha npotsi3i He MeHIIe 4 cekyHa Oibie 60A
TA ctpym 3amukaHHs Ha 3eMutto Oublire ycraBku pene 333 (monax SA) TA tpu niHiiHI Hanpyru Mk gazamu A i
B, Ai C ta B i C oxgnowyacHo noBuHHI OyTn Oinbie 60B Ha mporsisi wacy Oinbmie 4 cekyna, TO BumuKau
BUMUKA€ETHCS IPU POOOTI NpUENHAHHS
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AKIIO y BUCYBHOTO eleMeHTa (BHKATHOI YaCTHHM) yBIMKHEHWH BuMuKad, TO BKOTHTH y poOode
nonoxkenus woro HE MOXXHA.

SKIIO y BucyBHOrO eineMenTa yBiIMKHeHHH BuMukad, TO BUKOTUTH i3 3a)iKCOBaHOTO KOHTPOJILHOTO 200
pobouyoro nonoxenns oro HE MOXHA.

SIKIIO BuCYBHUIA eleMEHT 3HaXOAUTHCS B IPOMDKHOMY (MDK poOOYMM Ta KOHTPOJIBHUM) TosioxkeHHi, TO
yBiMkHYTH BuMukad HE MOJKHA.

SAKIIO BucyBHuil eneMeHT BukodeHH TA BKIIOYEHHI 3a3eMIIOBaJIbHUI po3'eZHYBay (3a3eMIIIOIOYI
HOX1), TO BKOTHTH BUCYBHHH eneMeHT y poboue monoxenHsa mapu HE MOXXHA.

HafiBaxmuBilmuMy mapaMeTpamMu CHCTEM €JIEKTPOIIOCTAYaHHS € KUTBKICTh (a3 M, dacToTa eIeKTPHUIHOL
mepexi f, Hanpyra U, ctpym |, 3cyB da3 ¢.

Jis dyHKLIT BUX0Ay KiHIIEBOTO aBTOMAaTy MOJKHA 3BECTH yci HeoOXinHi naHi B TabmuIo 3.

Tabmums 3. UncenpHi 3HaUeHHS 17 GyHKIIT Buxoay moxo madu KPY

Besnid ycix miaMHOXHH N
. . . OpOTKE
CJICKTPOCHCPICTUIHNX BCJIMINH [igxmac pynaknionanpanx enemeHTiB OF (s) P
f MMO3HAYEHHS
m U | ®
1 1 1 1 1 KinmpkicTs (a3, gacToTa, Hampyra, cTpyM, 3cyB a3 Fum

Iepexinna ynxuis fj =Q x X —Q xapaxrepusyetses napoio (0, 0j) € Qx X, pusnauaerses xinHow0

BennunHoo Xj € X.  Jlo6yrok wmuoxuH Q X X MicTUTh oOmMc mpouecy y BUIUIAAI TOCTIZOBHOCTI CTaHiB.

EnemenrapHa nepexinHa GyHKIIisS XapaKTepU3yEThCS JBOMA CTAHAMH Ta YMOBAMH, 32 SIKHX 3[IHCHIOETHCSI TIEPEXi]
3 OJIHOTO CTaHy B iHIIHH.

Tabnmus 4.BusHaueHHs nepexiganx GyHKIiH npu npeacrasnerHi madu KPY sk kiHmeBoro aBromMary

o X y qj
BuMkHeHO VBIMKHEHHS VBIMKHEHO VBIMKHEHO
VBIMKHEHO VBIMKHEHHS VBIMKHEHO VBIMKHEHO
VBIMKHEHO BumkHeHHS BumkaeHo BumkaeHO
BumkHeHo Bumkuenus Bumknaeno BumkueHo

BigrocHo mradu KPY mro Tabmimio MoKHA MOSICHATH HACTYITHIUM YHHOM.

SIkmo BMMMKAaY BUMKHEHHH, TO KOMaH/Ja Ha YBIMKHEHHs, NOJaHAa MUIIXOM II€PEMHMKaHHS KI04Ya
KepyBaHHsI, 1Oro BMUKA€ i BUMHUKAY MEPEXOUTh Y CTaH « Y BIMKHEHO».

SIKIo BUMMKa4 BKIIIOYEHHUH, TO KOMaHAa Ha BMHKaHHS HOTO TakK i 3aJIMIIae y cTaHi « Y BIMKHEHOY.

SIKmo BUMMKa4 BKIIOYEHHUH, TO KOMaHAa Ha BAMUKaHHS HOT0 MepeBOANTH HOTO y cTaH « BUMKHEHOY.

SIKio BUMMKa4 BUMKHEHUId, TO KOMaH/a Ha BUMKHEHHS HOro, I0JlaHa IUIIXOM IEePEMHKaHHs KIroua
KepyBaHH:I, TaK 1 3aJIMIIa€e Horo y craHi « BUMKHEHOY.

Ipencranenns monenm madu KPY y BUrIsAAl AeTEpMiHOBAHOTO KIiHIIEBOTO aBTOMATy J03BOJIUTH
3anpoeKTyBaTH 1ady 3 HeOOXiJHUMH PUCAMHU.
SIKII0 BUKOPUCTATH MPUHIMI y3aralbHEeHHS, TO, IPYHTYIOUHCh Ha Oy/I0BI KOMYTal[ii{HUX anapaTiB HApyTroko JI0
1000 B (aBroMaTH4YHI BWMHKadi, KOHTAKTOpH, ITyCKadi, 3amoODKHUKH, perne Tomo) Ta Bume 1000 B
(BUCOKOBOJIFTHI BHUMHKAdi YCIX THIIB, 3alOODKHHUKH, BAaKyyMHI KOHTaKTOPH 1 T.II.) Ta BHUKOPHCTOBYIOUH
Mopdororiuni gpasu taki, sk AKIIO, TA, ABO, TO, HE MOXHA Tomi0, MOXJIHBO MPEICTaBUTH Oy Ib-SIKHN
KOMYTAI[IHHUH anapar y BUIJISAI KIHIIEBOTO aBTOMATy

BucHoBkH

1. Bmepmie pospobnena mozaens madu KPY y Burmsimi  aOCTpakTHOTO JETEPMiIHOBAHOTO KiHIIEBOTO
aBTOMATY.

2. IlpencraBieHo cxeMy poOOTH madu KOMIUIEKTHOI PO3MOAIIBHOI YCTAaHOBKH Yy BHIVIAAL IiarpaMu
MePEeXOo/iB CTaHy, IO Ja€ MOXKIIMBICTh CTUCIIO, 3 MiHIMAaIbHUM 00’ eMOM iH(OpMaIii 3BeCTH BOEIUHO yCi MOXKITHBI
pexxumu pobotu map KPY Ta BukopucTOBYBaTH Il AiarpaMu JUid HAaBYaHHS Ta MiABUIICHHA KBamidikamii
€JIEKTPOTEXHIYHOTO MEPCOHAITY.

3. [IpuBenenwuii moHuit ormc podoru mwad KPY 3a nonomoroto mopdonoriunux ¢pas (AKILO, TA, ABO,
TO, HE MOXHA).

4. 3pobneHuii BUCHOBOK, 110 Oy/Ib-SIKMi1 KOMYTAI[IfHUH anapart MOKHA IPEJICTABUTH Y BUIJISAI KiHIIEBOTO
aBTOMATY, IO 1aCTh MO>KJIMBICTD 3aIPOEKTYBaTH KOMYyTalliiHUI arapat 3 He0OOXiJTHUIMH PHCaMHU.
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USE OF THE THEORY OF FINITE AUTOMATA FOR SUPERVISION
OF THE OPERATION OF THE COMPRESSOR UNIT

The purpose of the publication is to develop a methodology for presenting switchgear cabinets with a
voltage of 6 (10) kV in the form of a state machine. The complete distribution device is one of the most responsible
electrical devices of medium voltage. Their reliable operation ensures uninterrupted power supply to industry,
administrative and household premises, and agriculture. It has been proven that the principle of operation of
switchgear cabinets is similar to a deterministic finite state machine. The theory of finite automata and graphs is
applied for the analysis of the operation of the cabinet of a complete switchgear. It is shown that the theory of
finite state machines allows combining all possible modes of operation of switchgear cabinets. Representation of
the switchgear cabinet model in the form of a deterministic finite state machine allows designing a cabinet with
the necessary features. A 6 (10) kV switch cabinet state transition diagram has been developed. Such a diagram
can be useful for understanding the operation of the cabinet of a complete switchgear, improving the qualifications
of electrical personnel.

A complete description of the operation of the cabinet using morphological phrases is given on the example
of the K-XII type switchgear cabinet with the VMP-10K circuit breaker (SD-300 kW connection). It was concluded
that any switching device with a voltage up to and above 1000 V can be represented as a finite state machine. In
addition to the diagram of state transitions, the operation of switching devices should be explained using
morphological phrases (IF, AND, OR, THEN, NOT POSSIBLE).

Keywords: state machine, complete switchgear, transition diagram.
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OCOBJIMBOCTI TEILIOTIJIPABJITYHUX PO3PAXYHKIB
AKTHUBHOI 30HU MAJINX MOJ1YJIbHUX PEAKTOPIB, 11O
OXOJIOJKYIOTHCSI BOJOIO IIIJI THCKOM, B YMOBAX
IMPUPOTHOI IUPKYJISIII TEILJIOHOCIS

Y oaniti cmammi nposedeno docniodicenns 0CHOBHUX 0COOAUBOCHEN MATUX MOOYIbHUX PeaKmopis, ujo
0X0N002ICYIOMbCS 600010 NIO MUCKOM MA AHANI3 6NAUSY BUSHAYEHUX 0COOIUBOCMEU HA MEeNnIo2iopasiiuHull
PO3PAXYHOK AKMUGHOI 30HU.

Ocobnusa ysaea HAOAHA MAIUM MOOYIbHUM PEaKmopam 3 NPUupoOHbOK YUPKYIAYIEID MEeNnIoHOCIA.
Busnaueno, wo npu pospaxynky akmugHoi 30HU RPUPOOHA YUPKYIAYIA MAE 6NIUG HA BUSHAYEHHS. BMPAm MUCKy
ma koeghiyienm mennogiooaui. Ilpu eusHaueni empam MUCKY DI3HUYA MIdXC RPUPOOHLOI MA BUMYULEHOIO
YUPKYIAYIEI0 MENIOHOCIA NONA2AE 8 CKAA008UX 8mMpam MUcKy, AKi HeoOXiOHo epaxosysamu. [lpu eusHaueni
Koegiyicumy mennogiooaui 20106HUM € GusHaueHHA uucia Hycenoma, Oe peoicum yupkyriayii eniusae Ha
susHauanvbHi Kpumepii. Takoc po32nsiHymo NUManHs 6U3HAYEHH KPUMUYHO20 MEeNnio8020 NHOMOKY 3d 00NOMO2010
memody CHF GROENEVELD LOOK UP TABLET 015 nodanvbuio2o 6u3HA4e Hs 3anacy 00 Kpusu meniooominy,
AKUTL Cyeye Oisk OYIHKU Oe3neKu eKCniyamayii yCmaHoeKu.

B sixocmi npuxnady nio wac 0ocniodcenns 610 UKOHAHO MEN02IOPABIINHUN PO3PAXYHOK AKMUBHOT 30HU
Manoz2o moodyavHoeo peakmopa Holtec SMR-160, ax 001020 3 nepedogux npedcmasHuKie 0ano2o muny peakmopie.
YV pezynomami npogedenozo po3paxynky 6yi0 ompumaHo 3HA4YEeHHs 6Mpam MUCKy, pO3nodin Koegiyichmy
menionepedaii no UCOMI AKMUBHOL 30HU MA MIHIMATbHUL 3anac 00 Kpusu menioooMiHy.

Kawu4oBi cinoBa: amomna enepeemuxa, akmueHa 30HA, MeNAO2IOPABNIMHULL PO3PAXYHOK, NPUPOOHA
yupxynayis, manui mooynvrul peakmop, Holtec SMR-160.

Beryn

ATOMHA eHepreTuka aKTHMBHO PO3BHUBA€ETHCA B YCbOMY CBITi, € OJJHAM 3 NEPCIEKTHBHUX HAMPSMKIB i1
PO3BUTKY € Mani MoxyibHi peakropu (MMP). 3rinHo BusnaueHus MAT'ATE wmani MonynbHI peaktopu — 1e
CyYacHi SIIEPHI PEaKTOPH 3 SJACKTPUUHOO MOTYKHICTIO 10 300 MBT, KOMITIOHEHTH Ta CHCTEMH SIKHX MOXYTh OyTH
BUTOTOBIICHI Ha 3aBOJi, a TOTIM y BHTJISAI MOMYJiB TPAHCIOPTYBATHCS Ha Miciil BcraHoBneHHs [1]. 3uaune
3pocTaHHsI 3anikaBieHoCcTi 1o MMP npoTsiroM ocTaHHBOTO AECSTHIIITTS 3yMOBJICHO, IEPII 32 BCE, MiIBUILEHOO
0e3MeyHICTIO, a TaKOX PSAJAOM 3HAYHUX EKOHOMIYHMX IMepeBar, siki BKIIOYAIOTh B ceOe MEHII KariTalbHi
iHBecTHLIT Ta KopoTiHid yac OyaiBHunTea [2]. Hapasi mepemoBumu BBaxaroThcs peakropu NuScale Power
Module, Holtec SMR-160, Westinghouse SMR.

MMP € HOBOIO TEXHOJIOTIEIO 3 TOYKH 30py KOMEpLiHHOIO BUPOOHMIITBA €IEKTPOCHEPrii, TOMy TrocTpo
CTOITh MUTaHHs Oe3revHoCTI iX ekciutyaraiii [2]. Ockinbku B YKpaiHi iCHYIOTh BEJIHKI MEPCIEKTUBU MOOYA0BH
MMP, 6e3nednicTs ekcIuTyaTamii Oyae BigirpaBaTi KIIFOYOBE 3HAUCHHS i 9ac mporecy JgineH3ysanHs [3]. Came
JUTS TMATBEPHKCHHS HEOOX1MHOTO PiBHA OE3MeKH eKCIUTyartallii Ta oTpuMaHHS Jinensii [4] Oyxe BUKOHYBaTHCh
3HaYHA KIJbKICTh PO3PAaXyHKIB, A€ TEIUIOT1IPABIIYHUN PO3paxyHOK aKTHBHOI 30HH € OJHUM 3 KITIOYOBHUX CTaIIiB.

Mera Ta 3aBAaHHSA

Mertoto poboTH € pO3p0OKa METOIMKH TEIUIOTIAPABIIUYHOTO PO3PaXyHKY aKTHBHOI 30HH MaJIUX MOJIYJIbHUX
pEaKTopiB 3 BOJOI0 TiJ THCKOM, 3 ypaxyBaHHSIM OCOOJMBOCTEH, 1m0 0OyMOBIEHI MPUPOIHOIO IUPKYJIAIIE0
TertoHocis. s ampoOariii MEeTOAMKH BHKOHATH TEIUIOTiAPAaBIIYHAN PO3PAaXyHOK aKTWBHOI 30HM ainsi MMP
Holtec SMR-160.

MartepiaJ i pe3yJbTaTH J0CJHiAKEHD

MMP po3pobisitoThes B pi3HUX KpaiHax, OJHaK MOXKHA BHAUIMTH HACTYIIHI 0COOJIMBOCTI, SIKi IPUCYTHI B
OIIBIIOCT] MPOCKTIB: IHTErpajibHa KOMIIOHOBKA Ta BUKOPHUCTAHHS MACHBHUX CUCTeM Oe3reku [5].

InTerpanbHa KOMIOHOBKA IMOJSITa€ B TOMY, WO IEPIIMA KOHTYp, BKIIOYHO 3 IApOTEeHEpPAaTOpOM,
3HaXOJHUTBCSI B OAHOMY Kopmyci. TakuM YHMHOM BIiZICyTHS BeJMKa KUIBKICTH TPyOONPOBOMIB Ta 3HAYHO
3MEHIIYETHCS IJIO0IA PEaKTOPHOTo BiaineHHs. Takoxk 1ie JO3BOIIsIE Y pa3i aBapii MOBHICTIO 130JII0BaTH MEPIIUHA
KoHTYp. IlacuBHI cucTemMu Oe3neKy MpaIfoloTh ABTOMATHYHO 0€3 BTPYUYaHHS IEPCOHAITY, 38 paXyHOK MPHUPOIHIX
nporneciB. Takuit miaxia 3HAYHO 3MEHIIY€E IMOBIPHICTh MOMUJIOK MTEPCOHATY Ta 3HAYHO TMOJIETIIYE SKCIUTyaTaIliio,
JIOJIATKOBO 3HAYHO ITiIBUIYIOYH ITiBUIIY€ O€3MEeUHICTh eKCIuTyaTarii [6].
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3aBAsKK BiJHOCHO HEBENHWKiH MOTYyx)HOCTI MMP, € MOXIHMBICTh peaizaiii MPUPOTHOI ITUPKYIIAIi
TEIIOHOCISI, 1[0 Ma€ MiIBUIIUTH OE3MEUHICTh YCTaHOBKH, 1 I1e 0COOJINBO CTOCY€ETHCS MOiH i3 BTPaTOIO 30BHILIHIX
Jokepen  eHeproxkupieHHs. [Ipoekth MMP 3 BUMyIICHOIO LHMPKYJSLIE TEIUIOHOCIS 3 TOYKU 30pY
TEIUIOTiIPaBIiYHOI0 PO3PaxXyHKY LMPKYJSIIHHOI METNi IepHioro KOHTYPY € KIAaCHYHMMH peakTopamu i ix
PO3paxyHOK 3HAYHOIO MIpOIO HE BiJPI3HAETHCS BiJ PO3PaxyHKIB PEaKTOPIB BEIHMKOI MOTYXKHOCTI, BIH HaBiTh
CIPOIIYEThCS 332 PaXyHOK BIJICYTHOCTI BEJHMKOI KUIBKOCTI TpyOompoBofiB [7]. Aie y BHNAAKY NPHPOIHOI
LUPKYJISILiT pi3HULS Y BU3HAYEHHI JAESKUX NapaMeTpiB € JI0BOJIi CYTTEBOIO.

JIBi Kareropii TpoIECiB JIOKAIFHOTO IIEPEHOCY B AKTHUBHIM 30HI MOXYTh BIUIMBAaTH Ha MOBEHIHKY
npupoAHol mUpPKyJsmii B cucremi. Ilepma kareropis — TeIUIOBiAmada NajilBa, OCKUTBKH MW MeEXaHi3M
3a0e3mnedye pi3HUIO TYCTHHH TEIUIOHOCIS, sIka Kepye MPUPOIHAM UPKYIAIHHAM MOTOKOM. J[pyra KaTteropis —
e Tepenaj THCKY B aKTHBHIM 30Hi, SKHH, SK MPaBHUJIO, € HAHOUTBIINM KEPEIOM OIOpY MOTOKY B KOHTYPI 3
TIPHPOIHOIO IUPKYJIAIi€to [6].

[IBuAKICTE MPHPOTHOT HUPKYIIALIi B KOHTYPi B yCTAJICHOMY CTaHi BU3HAYAETHCS 3 0alaHCy MiX PyIIiHOIO
CHJIOIO Ta CHJIOIO oropy. PymiiiiHa cuiia € pe3ynbTaToM pi3HHIII TYCTHH Iaps4oro Ta X0JI0AHOTo TeryioHocis. Cuna
OIopy BUHUKAE 4epe3 BTPaTH TUCKY B CHCTeMi. BTpaTn THCKy B aKTHBHIH 30HI B 3araJbHOMY BHUIAIKY
BU3HAYAETHCSA HACTYITHUM YHHOM [8]:

Ap = Apgp + 2 Apy +pgh +Apyp
e Apr— BTPATH TUCKY Ha TEPTS B IyUKy CTPIIKHIB, 1[0 OMHUBAIOThHCS O310BXHBO, [[1a];
2. Ap,,; — CyMapHi BTpaTH TUCKY Ha MicLieBuX omnopax, [I1a];
Apnp — BTpATH THCKY Ha MPUCKOPEHHS MTOTOKY, BHACIIIOK 3MiHHM T€OMeTpil uu rycTuHH pianHwy, [I1a];

pgh — HiBepHa CKJIaJ0Ba BTpAT THCKY, sSika BPaxOBYIO BIUIMB CHJI TpaBiTalii Ha MOTIK TeroHocis, [I1a].

[Tpu TeruoriapaBIiyHOMY PO3paxyHKY aKTHBHOI 30HH B YMOBaX BHUMYIIEHO! IHMPKYJLII TEIUIOHOCIS
3a3BHYail He BPaXOBYIOTh BTPATH THCKY Ha mpuckopents motoky [9]. IIpu po3paxyHKy B yMOBax HPHPOTHOI
IUPKYJISALiT BTpAaTH THCKY Ha IPUCKOPEHHS MTOTOKY € BaXKJIMBOIO CKJIA/IOBOIO 1 000B’I3KOBO MarOTh OyTH BpaxoBaHi
[6]. Onnax Ginmpin miKaBa CUTyallis 3 HIBENIPHOK CKIAJOBOI BTpaT THCKy. Ha pucyHky 1 mpezacraBieHo
cxeMaTH4YHe 300pakeHHS KOHTYpY mupkyrinii MMP. Ilin gac migiioMy TEIUTOHOCIS CHIIH TpaBiTallii cipsMOBaHi
MPOTH HANpsIMy MOTOKY, OJHAK ITICJIS PO3BOPOTY TEIUIOHOCIS iX HAIpSAM CIIBIIAJA€, TAKMM YHHOM BIUTHB CHII
rpaBiTalii CaMOKOMIICGHCY€ThCS. BimmoBimHO, mijg 9ac po3paxyHKY BTpAaT THUCKY B KOHTYpPi 3 TIPHPOTHOIO
LUPKYJISLIEI0 HiBETipHA CKIIaJl0Ba BTPAT THCKY HE BPaxOBY€ThCsl. BaXKIMBO 3a3HAUNTH, 1110 BILIMB CHIIM IpaBiTallii
€ BaXJIMBHMM IIPH BU3HAUSHHI BUCOTU KOHTYPY, OCKUIBKH PO3BOPOT TEIIOHOCIS BiZI0YBa€THCS B MOMEHT, KOJIU
miHOMHA CHJIa HE 3[aTHA MOJ0JaTH BIUIMB cui rpasitaiii. e € oxHiero 3 mpuunH yomy MMP 3 npupoaHo0
IUPKYJISAIIEI0 TSIUIOHOCIST MaOTh BEJIUKY BHCOTY KOpIycy [6].

PymiiiiHOIO CHJIOI0 B KOHTYPI 3 MPUPOIHOIO LIUPKYJISIIEI0 TEIUIOHOCIS € PI3HULI HOr0 TYCTHHU BHACIIIOK
HarpiBaHHs B nanuBa [8]. TeruoHociii HarpiBa€ThCsl 32 paXyHOK TEIUIOTH, SIKy OTPUMYE Bijl NajuBa, TOMY
HEOOXiTHO MPABUIILHO BU3HAYUTU KOE(Ili€HT TeruioBifaai [6], KOTpHii MOKHA BU3HAYMTH HACTYITHHM YHHOM
[10]:

He Aop— KoedinieHT TennonposigHocTi cTinku, [B1/(M-K)];
d — xapakTepHuii po3Mip, [M];
Nu — gucno Hycenpra.

Came Bu3HaueHHs uucia HycenbTa € OCHOBHOIO ITPOOJIEMOIO TIPH PO3PaxyHKY Koe(illieHTy TerIoBiaayi
MIPY TIPUPOIHIN IUPKYIIALI] TEIIOHOCISI, OCKUIBKM BCl Hapasi iCHYI04l KOpeismii MaroTh eMITipUIHAN XapakTep.
Bupimenns miei 3a1a4i aHATITHYHIM IUIIXOM € JTy’Ke BaXXKHM 3 KUTBKOX MPUYMH: T€OMETPis TETUIOBHIUIAIOUOL
30ipKM € CKJIaJHOIO, caM IPOLIEC MAa€ CKJIAJHUH XapakTep, JIFOJCTBO MAE€ HEJOCTATHE PO3YMIHHS 3aydEeHHX
npoueciB [6]. IIuranns ckmagHoi reomerpii TEIIOBUALIAIOUOI 30ipKM 3a3BHYail BHPIIIYIOTH 3aCTOCYBaHHIM
MiIX0/1y 3 3aMiHOIO 11 Ha €KBIBaJIEHTHY MPOCTIIly T€OMETPit0, HAPHKJIA, IMIIHAP €KBIBAUICHTHOTO JliaMeTpy. Y
BUIMAJKY IPUPOTHOT HUPKYIIALIT TAKHIA METOM TEX IOLIIBHO BUKOpUCTOBYBaTH [11].

XapakTepHUMH BEeJIMYMHAMH NPW BU3Ha4eHi unciia Hycenpra y BUnagKy npupoaHOi HUPKYJISILIi € 9nuciio
I'pacroda ta uncno Ipanaris [12]. Pexum pyxy pinmvHE B yMOBaxX HPHUPOIHBOI KOHBEHI BH3HAYA€THCS Y
3JIKHOCTI Bif 3HadeHHS no0yTKy umcna ['pacroda Tta umcna Ilpanarns. BaxiaumBo 3a3HauWTH, MO TPU
TypOyJIeHTHOMY pyci pianHN KoedilmieHT TEIUIOBiAIadi He 3aJeKUTh BiJl XapaKTEPHOTO PO3Mipy i Horo 3miHa
MOJKe BiZ0yBaTHCh 3aJI€KHO BiJ] 3MiHH ITapaMeTpiB TEIUIOHOCIS Ta pi3HUI TeMiiepaTyp. [Ipu nepexigHoMy pesxumi
PYXY piAMHU Koe]imieHT TemyIoBigaadi € HecTabiIbHIM OJHAK HOTO 3HAYEHHS B CEPEeIHHOMY 30UIBIIYIOTHCS 10
3HAYCHB XAPAKTEPHUX IS TYpOYICHTHOTO pyXy piauau [12].
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OnHiero 3 TOJOBHHX IIJIEH TETUIOTIAPABIIYHOTO PO3paxyHKy aKTHBHOI 30HH € OIliHKa Oe3mekd ii
eKCIUTyarTalii, OJHMM 3 MOKa3HUKIB OE3MEeYHOCTi € 3amac a0 Kpusu temtooOminy [11]. Kpuza temnooOminy
BUHMKA€E, KOJIM TETJIOBUH MOTIK IiJBUIIYETHCS 10 TAKOTO BUCOKOTO PiBHS, 1110 HAarpiTa MoBEepXHs OlbIle He MOXe
MiATPUMYBaTH NOCTIHHMNA KOHTaKT pinvHU. Lle# TemnoBumil mMoTik 3a3BH4ail Ha3MBAIOTh KPUTUYHHM TEIJIOBUM
MOTOKOM. BiH XapakTepu3yeTbcst 200 parnToBUM ITiJBHICHHSIM TEMIIEpaTypH MMOBEPXHi, BUKIIMKAHUM ITOKPUTTIM
HarpiToi MOBEpXHi CTaOIIBHUM IIapoM NapH, ab0 HEBEIMKUMH CTpPUOKaMH TeMIIepaTypH IOBEPXHi, IO
BIAMOBIAIOTh TOSBI Ta 3HMKHEHHIO CYXHX IUIIM. MeXaHi3MH KPUTHYHOTO TEIUIOBOTO IOTOKY 3aJISKUTH Bij
PEXUMIB Tedii Ta po3nmoaiy ¢as3, ki, y CBOIO Yepry, KOHTPOIIOIOTHCS THCKOM, BUTPATOIO TEITOHOCIS | BUTPATHUM
MacoOBHM ITapOBMicTOM. [IWTaHHS BH3HAYEHHS KPUTUYHOTO TEIUIOBOTO IOTOKY Ma€ CXOXi mpobieMu, sK 1y
BUTIAJIKy BU3HAYCHHS KOS(IIli€HTy TEIUIOBiIIaYi, BiH Ma€ CKIIAHUIN XapaKTep, SKUHA BaKKO ONICATH aHAJITHIHO,
a icHyroui Kopemsiii MaroTh emmipuuHuii xapaktep [6]. Haiikpammm Hapasi MeTomoM jis BU3HAYCHHS
kputngHoro termioBoro motoky € merox CHF GROENEVELD LOOK-UP TABLE (ormsmoBa Tabmmis
KPUTHYHHX TETUIOBHUX MOTOKiB). CyTh METOMY TIOJISATA€E B TOMY, a0H 3a TOTIOMOTOO0 TaOJHIll KPUTHIHNAX TETLIOBUX
notokiB (KTII), npencraeneniit B [13] momatox C, BU3HAYMTH 3HAUCHHS KPUTHYHOT'O TEIUIOBOTO MOTOKY 32
JIOTIOMOT'OI0 BiJIIOBIIHMX 3HAa4€Hb THUCKY, BUTpATH Ta sikocTi mapu. B Tabmuui KTII 3i6pano Benuky KinbKicTb
EKCIIEPUMEHTAIBHUX JIaHUX, OTPHUMaHHUX B pi3HuX ymoBax. Mexi tabmuui (KTII) oxommoroTh Taki 3HaueHHS
napametpis: Tuck Bia [0,1 g0 20 MIa], Butpara Bin 0 1o 7500 [kr/(M?-c)], BUTpaTHHMI MacoBHi mapoBMicT Bix [-
50 10 100%]. Y Bumaakax, Koy napaMeTpu yCTAHOBKH HE MOMAJAI0Th B YiTKO BU3HAYEHI MEKi JaHUX, HEOOXiIHE
3HAQ4YEHHS KPUTHUYHOIO TEIUIOBOTO IMOTOKY MOXKHA BHM3HAYMTH HUIIXOM JiHIHHOT iHTeprnossmii. OnHak st
OTpHUMaHHS JaHuX, npenacrasineHnx y tadbmuui TKII, nocminu BukoHyBanuch B 71a00paTOPHUX YMOBAaX AJISI OJHI€T
TpyOku [13]. ToMy 3HAUEHHS KPUTUYHOTO TEILUIOBOTO MOTOKY, OTPUMaHE 3 TaONHIl, He BPaXOBYE OCOOIMUBOCTI
reometpii akTuBHOI 30HU. Biamosiguo, y [14] Oynu po3poOiieHi kopuryiodi Koedili€HTH, sIKi BPaxOBYIOTbH
0COOJIMBOCTI aKTUBHOI 30HH DPEAKTOpa, 1| KPUTUYHUHM TEIUIOBHH IOTIK NPOIOHYETHCS BU3HAYATH HACTYITHUM
YHHOM:!

Qip.nyu = Yp.ma6 K1 Ko -K3z-Kg-Kg-Kg-K7-Kg
He Oxp.ma — 3HAYCHHA KDUTHIHOTO TETLIOBOTO ITOTOKY OTPHMAHOTO 3 tabmuui TKII, [kBt/M?];

K1 — Kg — Bu3HaueHi monpaBoyHi koedillieHTH, 3MiCT AKHX HaBeeHO B Tabmumi 1.

Crnoci06 Bu3HayeHHs uux (akrtopiB onucano B IAEA TECDOC-1474 [6], ane Bci BoHU OyjiM OTpHMaHi
EMITIPUYHUM IIUIIXOM Ta MalOTh MEXYy 3acTocyBanHs. Cliji 3ayBaXKUTH, 10 OCTaHHIH KoedilieHT, 3a3BU4ai, He
BPaxOBYEThCS Y BHITIQJKY PO3PAXYHKY JJIsi aKTHBHOI 30HH PEAKTOPY, OCKIIBKH IiJ Yac POOOTH BIACYTHI Taki
HH3bKI 3HAUEHHS BUTPATH, a KOe(]ILliEHT, 110 BPAXOBY€E HANPSIM ITOTOKY, MOXHA MPUAMATH piBHUM oxuHHML [ 14].
Bu3HaueHHs] KpUTUYHOT'O TEIJIOBOTO MOTOKY AA€ 3MOTY BU3HAYMTH KOE(ILIEHT 3aracy 710 KpH3H TEII000MiHY,
SIKAH BU3HAYAETHCS BIMHOIICHHSIM KPHTHYHOTO TEIUIOTO MOTOKY /0 (PAKTUYHOTO TEMIoBOro motoky [9]:

K = QKp.nyv

Yep
CHF GROENEVELD LOOK-UP TABLE meTox € yHiBepcamTbHIM i MOXE BUKOPHUCTOBYBATHUCH, IS Oy
SKHX PEaKTOpiB 3 BOISHUM TEIUIOHOCIEM Ta I OyAb SKUX peXuMiB HUPKyIsmii. Cama TaOMUIs MMOCTIHHO
PO3IIUPIOETHCS, MICIs IPOBEICHHS HOBUX €KCIIEPUMEHTIB Ta jociipkeHsb [13].

Tabmums 1 — [onpaBouHi KoeilieHTH T BpaxyBaHHs 0coONMBOCTel akTuBHOI 30H Ta TB3.

Ne [lo3nauenns | BusHadeHHs
1 Ky KoeditieHT, M0 BpaXxoBye TeOMETPII0 MONEPEIHOTO Tepepizy MPOXiTHOTO
KaHaly
2 K, KoedimieHT, 1110 BpaxoBye reoMeTpito Iy4ka CTPHKHIB
3 Ks KoedirmieHT, 1110 BpaxoBy€e reoMeTpit0 AUCTAHIIIOI0YO0T PEIIiTKH
4 K4 KoedimienT, 1110 BpaxoBye TOBXKHUHY 00irpiBy
5 Ks KoedimieHT, 1m0 BpaxoBye akciaJlbHy HEpiBHOMIPHICTh €HEPrOBUIIJICHHS
6 Ke KoedimienT, mo BpaxoBye pajialibHy HEPIBHOMIPHICTb €HEPTOBUIIIIEHHS
7 K- KoedimieHT, 1110 BpaxoBye HaNpsM pyxy HOTOKY
8 Kg KoeditienT, mo BpaxoBye 0COOIMBOCTI PyXy IPH MaJMX 3HAYCHHS BUTPATH

3a po3poOJIEHOI0 METOAMKOI, sIKa BPaxOBYE 3a3HaueHi OCOOIMBOCTI, BUKOHAHO TEIIOTiAPaBIiqHHMA
PO3paxyHOK aKTHBHOI 30HM Majoro MmojayibHoro peakropy Holtec SMR-160 3 mpupomHO HHUPKYJISIIERO
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TEIIOHOCIS. PO3paxyHOK MPOBOAMBCS ISl CEPEIHBO Ta MAaKCHMaIbHO HABAHTAXKEHO! TETUIOBUAUIAIOUOT 301pKH
(TB3).

Holtec SMR-160 — 11e mManuii MOAYJIBHUIA PEAKTOP, SKHH PO3POOISIETHCS aMEPHUKAHCHKOK KOMITAHIEK
Holtec International [15]. [Tapamerpu Holtec SMR-160 npeacTasneni B Tabmuii 2, a COpOIIeHA CXeMa HUPKYIIALIT
TEIJIOHOCIsT Ha pHUCYHKY 2. KirouoBuMH OCOONMBOCTSIMH — pEakTopy € IHTEerpajibHa KOMIIOHOBKA, aKTHBHE
BUKOPHCTAHHS NACUBHHUX CHCTEM OE3IEKM Ta MPUPOJIHA IMPKYJIALIS TeIIOHOCis. Maiike BCi cucTeMu Oe3neku
MEpIIOro KOHTYPY € TOBHICTIO MACHBHUMH, 116 Ma€ 3HAYHO 3MEHIIWTH BIUIUB JIIOACHKOrO ()akTopy y BHIAIKY
aBapii, a BiZICYTHICTh BEMTUKOI KUTPKOCTI aKTHBHOTO OOJIaJHAHHS 3HAYHO 301IbIIy€e HAaTilHICTH CHCTEM. 3TiTHO
3assB kommanii Holtec Internation, 3a ZOIOMOror0 IMAacHBHHUX CHCTEM B pasi aBapii peakTop MOKe MpPOTITOM
TPUIILITH JHIB 3HAXOIUTHCH B Oe3MeYHOMY CTaHi 0e3 BTpydaHHA mepconaiy [15]. Hapasi peaktop 3HaX0AUTHCA
Ha CTa/ii MATOTOBKY [0 JTIIIEH3yBaHHS, SIKE ITIAHY€E€THCS po3novaTy Ha modatky 2024 poky [5].

Ta6muist 2 — OcHosHi mapameTpu Holtec SMR-160 [5].

TemnoBa nOTykHicTh, [MBT] 525
Enexrpryna notyxHicts, [MBT] 160
Tuck B mepmomy KOHTYpi, [Mna] 15,5
Tuck B Apyromy KOHTypi, [Mma] 3,4
Temneparypa Ha BXOJi B aKTUBHY 30HY, [°C] 241
Temneparypa Ha BHXOAI 3 aKTHBHOI 30HH, 321
[°C]

KinbkicTs mamuBHUX 36ipoK, 1] 57
[ManmBo 17 x 17 GAIA
36arauenns naausa, % 4
ITanuBHA KaMnaHis, MicsL 24
Bucora akTuBHO1 30HH, [M] 3,66
JiameTp akTHBHOI 30HH, [M] 1,94

B sxocTi oTpuMaHMX pe3yJbTaTiB TEIUIOTLAPABIIYHOIO PO3PAaxXyHKY IpEICTaBlIeHI BTPaTH THUCKY,
PO3MOMALT SIKUX MPEICTABICHO B TAOMHIN 3, po3moii KoedillieHTy TEIUIOBiAgayi MO0 BHCOTI aKTHBHOI 30HH,
(pucyHok 3), a TakoX y pe3ysbTaTi po3paxyHKy OyJi0 OTpUMaHO MiHIMajibHE 3HA4YEHHs 3amacy A0 KpH3H
TEIUIO0OMiHY.

Otpumani 3Ha4eHHs M00yTKy umcen ['pacroda Ta IlpaHaTis cBiguaTh, IO B aKTUBHIA 30HI peakropa

Holtec SMR-160 croctepiractbesl po3BUHEHMI TypOyJIeHTHHI pyX pimuan, To6TO 3HauenHs Gr-Pr>6 -101 O,
I[i 3HAYCHHs HaBeACHI B TaOauii 4, BIANOBIZHO IO TOYOK IO BHUCOTI aKTHBHOI 30HM B SIKHX BUKOHYBAaBCSI
po3paxynok. Yucno Hycenbra po3paxoBaHe 3a ¢popMyIior, HaBeAeHO B [12], 1i1st yMOB TYpOYJIEHTHOTO PyXy
PIIMHYM IIPH NPUPOHIN UPKYISLIT TEMIOHOCIS:

0,25
0,33 ( Pry \™
Nu=o,15-(Gr-Pr) | =2
p Pr.,

Tabauist 3 — Po3paxoBaHi 3HaUEHHS BTpAaT TUCKY 4epe3 akTuBHy 30Hy Holtec SMR-160.

Hasga CepenHbo MaxkcuMaiabHO Onunuui BUMIpy
HaBaHTa)xeHa 30ipka HaBaHTaXKeHa 30ipka

Brparu TUCKY Ha 213,7 282,6 ITa
HPUCKOPEHHS TIOTOKY

MicreBi BTpaTu THCKY 1974.8 26127 Ila
Brparu THCcKy Ha TepTs 6478,9 8348,9 Ia
3aranbHi BTpaTH THCKY 8667,5 11244,3 Ila

Yyepe3 aKTHBHY 30HY

Tabmuns 4 — 3nauenns noOyTKy uncen ['pacroda ta [Ipanamis, oTpuMani il 4ac TEIUIOTIAPBIIYHOTO
pO3paxyHKy aKTHBHOI 30HU peakTopa Holtec SMR-160.

BucoTa akTUBHOI 30HH Cepeanbo HaBaHTaxkeHa TB3 MakcumanbpHo HaBaHTaxkeHa TB3

-1,83 8,35E+13 1,36E+14

-1,22 2,28E+14 4,22E+14

-0,915 2,82E+14 5,28E+14

0 3,92E+14 7,41E+14

0,915 3,72E+14 7,35E+14

1,22 3,19E+14 6,52E+14

1,83 3,47E+14 7,25E+14
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Pucynok 2 — Cnpowena cxema yupxynayii
Pucynok 1 — Cxemamuune 3006pasicenis KOHMypy menaonocis ¢ Holtec SMR-160 [15].
yupxkynsayii MMP.

MinimMasbHe 3HAUYCHHS KOehiI[iEHTy 3amacy 10 KPH3H TEINI00OMiHY OTPUMAaHE B X0/l pO3paxyHKY CKJIajae
1,32. Take HHM3bKE 3HAUEHHs 3amacy 0 KpPH3U TEIUIOOOMiHY CHpPHUYMHEHE HU3BKHM 3HAUEHHSM KPUTHUYHOTO
TEIJIOBOTO MOTOKY, L0 € OJJHAM 3 TOJIOBHUX HEIOJIIKIB CUCTEM 3 PUPOTHOIO UPKYJIALIEIO TEIUIOHOCIS. 3a3BUUaii
MPUAHSITO BBAXKATH, 0 1,3 € MiHIMaIbHO TOMYyCTUMUM 15 O€3MeUHOT SKCIUTyaTallil SASPHUX PEaKTOPIB 3 BOIOO
mig TrckoM [11]. OgHaK BaXKJIMBOIO OCOOJIHMBICTIO CHCTEM 3 MPHUPOIHBO0 HUPKYJISAIIEI0 € 3aJCKHICTh 3HAUCHHS
BUTPATH BiJl TEIJIOBOIO MOTOKY, 31 30LIbLICHHSM SIKOTO BiJOyBa€ThCsl 301IBIICHHS BUTpATH, a, BIAMOBIIHO,
301IbIIY€EThCS TEIJIOBIABECHHS Bill aKTHBHOT 30HU Ta 3HAYCHHS KPUTUYHOTO TEIUIOBOTO IOTOKY [6].

Po3noain xoedilieHTy TeIIoBiiga4i o BUCOTI AKTUBHOI 30HH

18 1,9 2

Koeodiuient remnosinmaui, kB1/(m?-K);
—8— Cepennbo HaBaHTakeHa TB3 —@— MakcuManbHO HaBaHTaxxeHa TB3

Pucynox 3 — I'paghix poznodiny koeghiyienmy mennogiodaui no eucomi akmugHoi 30Hu

BucHoBkH

[Ipu TemorinpaBiniYHOMY PO3pAaXyHKY AKTHBHOI 30HM MajJoOro MOAYJIBHOTO PEaKTOpy 3 HPHPOIHOIO
[UPKYJISILIEI0 TEIUIOHOCIST HEeOoOXiHO BpaxoBYBAaTH BIUIMB MPUPOJIHOI IMPKYJALIl HAa BU3HAYCHHS TaKWX
mapameTpiB K BTPATH TUCKY, KOe(IIlieHT TeTTOBi a4l Ta KoedimieHT 3amacy 10 Kpu3n Teruiooominy. Ilpasuisae
BHU3HAYEHHS BTPAT TUCKY € KPUTUYHO BaYKIMBHM, JUIS TIOAAJIBIIOTO BU3HAYECHHS IBUAKOCTI IUpKyawii. I1ig uac
BH3HAYEHHS Koe(]imieHTy HEOOXiJHO BUKOPHUCTOBYBATH KOPEIALii B SIKUX BU3HAYAIHHUMU € umcio ['pacroda ta
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ypcio [IpannTis, sKi € BUSHAYaJIbHUMU [TPU BU3HAYEH] PEXXUMY PYXY PiAMHHU. 3HaYEHHS KPUTHYHOTO TEILIOBOTO
MOTOKY JIOLJIbHO BU3HauaTu yHiBepcaitbuuM MetogomM CHF GROENEVELD LOOK-UP TABLE.

3rifiHO OTpUMaHUX pe3yJsbTaTiB po3paxyHKy it Holtec SMR-160 mMoxxHa mobGayuTy, o BTPATH THCKY €
JIOBOJII HE3HAYHUMH, 3HAUEHHS KOe(illi€HTYy TeIUIOBI a4l 0 BUCOTI aKTHBHOI 30HU ISl CEPEHBO HABaHTa)KEHOT
Ta MaKCHMaJlbHO HaBaHTA)XEHOI TEIUIOBUAUISAIOUOI € IIKOM NPUHHATHUM, a HOro 3MiHa XapaKTepH3YEThCS
3MIHOIO Pi3HUII TEMIIEpaTypy MiX HaJMBOM Ta TerioHocieM. OTpuMaHuil B pe3ysbTari po3paxyHKy Koe]ilieHT
3amacy 70 KpH3H TEIUIOOOMiHY, X04 1 € OJM3bKHUM JI0 MiHIMAQJIbHO JOIyCTUMOTO 3HAUYCHHS, alie 3 YpaxyBaHHIM
0COOIMBOCTEH MPUPOIHOT IIUPKYIIALI] TEIUTOHOCIS, € IITKOM MPUHHATHAM, OHAK MMOTpeOy€e MOJaNbIIOTO aHATIi3y
B XOJIi OITIHKHM Ge3MeKH peakTOpHOI ycTaHOBKH. Ha maHoMy erarti MOKHa Ka3aTH, 1[0 peakTopHa ycraHoBka Holtec
SMR-160 € sickpaBuM IpeICTaBHUKOM MaJHX MOAYJIEHUX PEAKTOPIB 3 MPHPOTHBOIO IUPKYJIISAIIEI0 TETUIOHOCIA, a
OTpHUMaHI pe3yJIbTaTH JOBOIATH OE3MEUHICTD ii eKCIUTyaTallii.
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SPECIFIC OF THERMOHYDRAULIC CALCULATIONS OF CORE PRESSURIZED
WATER SMALL MODULAR REACTORS IN CASE NATURAL CIRCULATION OF
THE COOLANT

The article has been devoted to the study of the main features of pressurized water small modular reactors
and an analysis of the influence of the specified features on the thermohydraulic calculation of the core.
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Special attention is given to small modular reactors with natural circulation of the coolant. It was
determined that in the calculation of the core, natural circulation affects the determination of pressure losses and
the heat transfer coefficient. When determining pressure losses, the difference between natural and forced coolant
circulation lies in the components of pressure losses that need to be considered. In the determination of the heat
transfer coefficient, the key factor is the determination of the Nusselt number, where the circulation flow regime
affects determining criteria. The issue of determining the critical heat flow using the CHF LOOK UP TABLET
method is also considered for the further determination of the departure from nuclear boiling, which serves to
assess the safety of operation of the installation.

As an example, during the study, a thermohydraulic calculation of the core of the small modular reactor
Holtec SMR-160, as one of the advanced representatives of this type of reactor, was performed. As a result of the
conducted calculation, the value of pressure losses, the distribution of the heat transfer coefficient and the
minimum departure from nuclear boiling were obtained. The study shows the departure from nuclear boiling
obtained as a result of the calculation is close to the minimum allowable value, but it is quite acceptable
considering the characteristics of natural coolant circulation. However, it necessitates further analysis during the
assessment of the reactor facility's safety.

Keywords: nuclear energy, core, thermohydraulic calculation, natural circulation, small modular reactor,
Holtec SMR-160.
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AOC/HIKEHHS IMITYJIbCHUX ITEPEHAIIPYI' Y KABEJIBHUX
JIHHIAX BUCOKOI HAITPYI'M 3 TPAHCIIO3NIIEIO EKPAHIB

Y pobomi pospobrena mamemamuuna modens kabenvrol Ninil enekmponepedai 3 MpaHCNO3UYIEIO eKPAHIE
OJ151 O0CIOIHCEHHS MA AHANIZY XUTbOBUX NPOYECI6 IMNYIbCI6 NEPEeHANnPyeU Npu MPaHCno3uUYii eKpanHux KOHMypig.
3anpononosano exgieanenmui ma po3pAxyHKOSI cxeMu Npu MpAHCHO3UYIL eKpauie KabenvHoi iHii, 0ns1 AKUX
OMPUMAHO AHANIMUYHI 8UPA3U 0N PO3PAXYHKY Maxcumymie nepenanpyeu. Ha ocnogi nposedenozo awnanisy
X8UILOBUX NPOYECIB, WO 8I0DYBAIOMbCS 8 MPAHCIIOHOBAHUX eKPAHAX MPUGA3HOI cucmemu, 6CMAHOBLEHO, WO NPU
OYIHYI MAKCUMYMY HANpY2U HA eKPAHAX KabenbHOi MiHii 0onycmumo He 8paxo8ysamu Xeuni, wo 8i0busaromocs
8I0 8Y371i8, PO3MAUOBAHUX 3a BV3I0M, WO pPO32AA0AEMbCA, 68 HANPAMKY NpoxolddxcenHs xeuni. Hasnaku,
PEKOMEHOYEMbCA BPAX08YB8AMU 83AEMHUL 8NIUE (A3, AKUWO NPUOTUZHO NPULIHAMU XGULLOBULL ONIP KAHATLY eKPAH-
3eMIsl, WO OOPIGHIOE XBUTLOBOMY ONOPY MINCEKPAHHO20 Kanany. Bcmanoesneno, wo obnix 63aemnozo enausy gas
npu3800UmMb 00 3MEHUIEHHA AMNAIMYOU IMNYIbCY MA CKOPOUEHHs YAacy o200 6HAU8Y, omdice, OJisl PO3PAXYHKY
MAKCUMyMi6 nepenanpyau HeoOXiono 6paxo8yeamu 63acMOBNIUE MIJC KAHALAMU eKPAH-eKPaK CYCIOHIX ¢a3.

KawuoBi ciioBa: mamemamuyuna mooens, X6unvosi npoyecu, KabenvHa LML, MPAHCNO3UYIsl eKPAawis,
iMnynvc nepenanpyeu.

BeTtyn. OCHOBY IIMPOKHX KJIACIB IEKTPUYHHX KiJl 3 PO3MOAUICHIMH TapaMeTpaMu CKIaaloTh TpUdasHi
SJICKTPUYHI KOJIa 3 PO3MOJIUICHUMH NapaMeTpaMH THILy BHCOKOBOJIETHHMX KaOeNbHHX JiHIH eleKTpornepenadi.
CamMe mepexijHi i cTaii mpoIecH B TAKUX KOJIaX BU3HAYAIOTh HAIIMHICTE 1 CTIHKICTh pOOOTH €HEPTOCHCTEMH.

VY HayKOBO-TEXHIUHil JiTepaTypi MPUIUIIETHCS BEIMKA yBara TEOPETUIHOMY aHANI3Yy Ta IHXCHEPHUM
METOJlaM pPO3PaxyHKY €JIEKTPOMArHITHHX MEPEeXiAHUX IIPOIECIB B EIEKTPUYHUX KOJAX 3 PO3MOIUICHUMHU
napameTpamH.

OnHak ypaxyBaHHS pPO3MOAUICHUX MapaMeTpiB Ta BIUIMB B3a€MOIHIYKINI OAHO(A3HHX KaOemiB
Tpuda3Ho1 JiHIT IPU3BOAUTE O CKIAIHOCTI AOCIIPKYBAHOTO KOJIA, IIOCHICHHS BUMOT JI0 TOYHOCTI 1 IIBUAKOCTI
X po3paxyHKy, a TaKoXX CKJIaIHHH XapaKTep CaMHUX IPOIECiB, SKi 3yMOBIIOIOTh HEOOXIIHICTh MOJAJIBLIOTO
BJIOCKOHAJICHHSI METO/IiB iX aHai3y.

BukopucranHsi KJacH4HOI TeOpii ENEKTPOTEXHIKM 1 TOYHHMX aHAIITHYHUX METOIIB PO3paxyHKY
MEepeXiTHUX MPOIECiB UIS CKIATHUX KT CTae Bce OUIBIN MpoOJeMaTHYHHM. Bimomi HaONrDKeHI aHaIITHIHI
METOJIM MafOTh, SIK IIPABMIIO, OOMEKEHY NPHUIATHICTH 1 HE B 3MO031 OXONUTH IIUPOKHUI1 CIIEKTp 3aBAaHb HOB'SI3aHNX
3 JOCI/DKEHHSM 1 aHaJIi30M eJIeKTPOMATHITHHUX ITePEXiTHAX MPOIIECiB.

Haii0inpIn nepcieKTHBHUMY JIJTsI TAKHX IIUJICH TOCIIKCHHS 1 aHaJi3y € METOIH, TOBHICTIO OPIEHTOBAaHI
Ha 3aCTOCYBaHHS KOMITIOTEpa, TOOTO YHIBEpcalbHI IO BIJHOIICHHIO JO THINB €JIEMEHTIB 1 CKJIaIHOCTI
CNIEKTPUYHMX KiJI, TUITy BUCOKOBOJBTHHX KaOCIbHHX IiHIH 3 OTpUMaHHIM 300pakeHb CTPYMIB 1 HAIPyTH IS
PO3paxyHKY 1 JOCIIXKEHHS iX OpUriHAIB.

[Tpu yncenbHOMY aHadi3l €NEKTPOMArHITHUX MEPEXiJHUX MPOLECIB B KaOEIbHUX JiHIH, Tl OCHOBHOIO
MaTeMaTUYHOI0 MOJICIUIO € AnudepeHiiaibHi piBHSIHHS. Binomi 3aranbHi anroputMu GOpMyBaHHS [UX PiBHSHb,
SIKi CyMiCHI 3 6araTbMa YHCeJIbHUMHU METO/IaMH Ta 1X MOAaIbLUINMH PILlICHHSIMU.

OnHak 1i aJlrOpUTMH JOCHTh CKJIaAHI (0COOIMBO MPH HAsSBHOCTI B KOJIi B3a€MOIHYKTHBHOTO 3B'SI3KY),
BUMaraloTh BUKOHAHHS HEBUIIPAB/IAHO TPOMI3IKNX MaTeMaTHYHUX NIEPETBOPEHb, JI0JIATKOBOI JOTI4HOT 00poOKH
BUXITHMX JaHUX i pe3yabrary [1 —5].

Merta Ta 3aBanaHHs. Po3poOka MmareMaTHIHOT MO/IEN1 KaOeIbHOT JTiHI{ eleKTporepeaayi 3 TPaHCIIO3HINIE0
€KpaHiB ISl TOCII/PKSHHS Ta aHalli3y XBHJIbOBHX IIPOIIECIB IMITYJICIB IEPEHAIIPYTH ITPH TPAHCIIO3UIIIT eKpaHHNX
KOHTYDIB.

Marepianm i pe3yJbTaTH JOCTITKeHb. Y ITPOIIECi eKCIUTyaTallii Ha 130J1s11i0 KaOeJIbHO] JIiHiT BIUINBAIOTh
KOMyTamiiHi Ta atMocdepHi nepeHanpyru. KpiM Toro, y paszi BHHUKHEHHS KOPOTKOTO 3aMHKaHHS 32 MeKaMH
ninii, ctpym K3, mo mpoxoants mo xuimi, iHgykye EPC B expaHi, 3Ha4eHHS SKOi, SK IIPAaBHUJIO, IIEPEBHIIYE
BUNIPOOYBAIbHY HANPYTy €KpaHy kabento [6].

OCKUTBKM MaKcHMallbHa Halpyra Ha i307AIil eKpaHa BHHHKA€E O MOMEHTY NPUXOAY XBHIIb, SKi
BiJIOMBAIOTHCS BijJ 3a36MJICHOTO €KpaHy B KiHIII JIiHi{, TOMY aHaji3 MpOIEeCiB MOJHA MPOBOJAUTH MOJEIIOIOYH
KaOeNbHY JIHII0 Y BUTIISAI HECKIHYSHHOI JOBTOi JiHil.
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Jlist cripoIieHHsT MaTeMaTHYIHOT MOJIEI JJIsT BUSBICHHS OCHOBHUX (DI3MUHUX 3aKOHOMIpPHOCTEH y poOOTi
3HEXTY€EMO BIUIMB JIBOX IHIIUX (a3 Tpuda3Hoi kabenbHOi JIiHIT Ha MpoLecH y KaHali eKpaH-3eMis ¢as3u, Ha
MOYATKY SIKOTO B1IOYJIOCS KOPOTKE 3aMHUKaHHS.

AHaJi3 mapaMeTpiB eNEKTPOMATHITHHX IOJIB, IHIIIHOBAaHUX EJEMEHTAMH KaOeJbHOI IiHil, JO3BOJIIE
3amucaTy TenerpadHi piBHAHHS JJISL HAIPYTH 1 CTPYMIB Y >KHJI Ta eKpaHi Kabelto:

dU Cdly
dx |_| £ Zi2||Llx x |_|Ya Y1 ||Ux
Qg | [Zn Z2]|lE Jdlg | Yy Yg+Yo ]| Up @)
dx dx
ge Z — momepeuHi omopu Ta Y — TMPOAONBHI MPOBIAHOCTI, IO MOB’s3aHI 3 MPOHUKHEHHSIM

EJIEKTPOMArHiTHOTO TIOJIs B )KMITy Ta eKpaH kabento. HabmmxkeHi po3paxyHkoBi popmyiu s BusHauenus Z , Y

TpezcTaBiIeHi y poooTi [7].
PosrnsHemo xBuiboBi piBHAHHA (1) B omepaTopHiil (opMi, MOKHA OTPpUMATH aHAJITHIHI BHpa3d I

ONEPATOPHUX 300pakeHb HANPYTH MiX kU0 Ta ekpanoM (U JKE ), expanom Ta zemreto (U E3):

2 2
E| Z1Y1-75 _ Z1Y1-1 _
Uk (X)=U zp () -Up3(x) =— 2—226 71X—2—21e rex |
Pl -7 72

ZnmaY _ _
QE(X):E%(e 7/2X_e }/1X),
Py —7;

2
Z1Y1+2Z5Y Z1Y1+2Z5Yo
7,12’2: 11222J_r ( ) +Z2 Y Y,

ne Z)| — B3AEMHHIi OTIip MK KaHaJIaMH KHIa-eKPaH Ta eKPaH-3eMJIs.

IIpn mnpoektyBanHi KaOeNbHUX IIHIH eJEKTpolepenadi BHHUKAE TIOTpeda OIiHKA MaKCUMYyMiB
MepeHaNpyry 3a CIPOLICHUMH MaTeMaTHYHHUMU MOZAEJISIMU 0€3 MOTJIMOJICHOr0 aHaji3y Ta 00K BCIX MOXKIMBUX
BIUIMBI Ha XBWJIBbOBI IPOIIECH NpPU BHHUKHEHHI IMIyJIbCIB mNepeHanpyrd. Jlns pimeHHs noaiOHuMX 3a1a4
JIONYCKA€ThCS 3HEXTYBAaHHS 30BHILIHIM OIOPOM JKHJIM, 110 OOYMOBJIEHO €JIEKTPOMATrHITHHM IIOJeM B KW
Ka0eIto, OIoPOM eKpaHy, 110 BU3HAYAETHCS Na[IHHAM HAIlPyTd Ha BHYTPIIIHINA CTOPOHI eKpaHy Bill CTPYMY, IO
MOBEPTAEThCS Yepe3 3eMJI0,  TaK aKTUBHOI CKIAJOBOI OIOpYy, M0 OOYMOBJICHHH NPOHUKHEHHSM
€JIEKTPOMArHiTHOTO TOJIsl B 3¢MITIO Ta IHAYKTHBHOIO CKJIAJIOBOIO B3aEMHOTO ONIOPY MK KaHalaM¥ )KHla-eKpaH Ta
expaH-3emirsl. Lli mpumynieHHs He BHOCATh CyTTEBUX 3MiH HA JOCITIKCHHS XBHJIBOBHX IPOLIECIB Ta PHBOIHUTD
JI0 BITHOCHO HE3HAYHHUM ITOXHOKaM IIPH OLIHIOBAaHHI MAaKCHMYyMY HAmlpyTH Ha i30JMiil ekpany. [licist BHECeHHS
BUIIIE TICPENTIYCHNX JOITYIICHb XBIIIBOBI PIBHSHHS KOAKCiaIbHOTO KaOeIbHOT JiHIT 3aIHUITy THCS Y BUTIISAIL:

du
o | [pmz] 0 ik
dUp | | Re[Zy,] pem[Zp]| L te ]
dx
dl i (2)
Tk || peim[Yq] 0 1Yok
dlp 0 p-Im[Y +Y, ]| | Up
dx

Po3B’s3yeMo xBUIIBOBI piBHAHHA (2) B omepaTopHiil (Gopmi, 3HAXOIUMO OPHTiHAIH, MOXXHA OTPUMATH
AQHATIITHYHI BUPa3y UL HAPYTH MIX JKMJIOI0 Ta eKPaHOM, EKPaHOM Ta 3eMJICIO:

U 5 (X)=E &g (t—715),
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—— [(t—flx) % —(t-72x) 50}

V2 -1V

e og (t—TlX)— y3aranpHeHa onuHndHa Qymkiis; V4 =1/ ¢L101 , Vo =1/ ,chz — IMIBUIKOCTI

PO3IOBCIOUKEHHSL XBWJIb [0 KaHalaM JKWIa-ekpaH Ta ekpaH-zemis; 71y =X/Vq ; 7oy =X/Vo — wac

Ug(X)=E-

MPOXOKEHHS XBHJIb M0 BIAMOBITHUM KaHaJlaM J0 TOYKH 3 KOOPJHHATOO X.

[IpencraBnena MaTeMaTu4Ha MOJIENb PO3PAaXyHKY 3HAYEHb CTPYMIB 1 HAPYTH y )KWIax i eKkpaHax KadOeniB
TpudaszHoi cucTteMu ogHO(PA3HOTO BUKOHAHHS OTPUMaHa 3a YMOBH JBOCTOPOHHBOTO 3a3€MJICHHS €KpaHiB JIiHIi.
OpHak, 3 METOI0 OOpOTHOM 3 TO3MOBKHIMH CTPyMaMH, IO iHAYKYIOTHCS B €KpaHax, y OUTBIIOCTI BHUIAIKIB,
3aCTOCOBY€ETHCS iX OJJHO CTOPOHHE PO33EMIICHHS 1 TPAHCIIO3MLIS, IS SIKUX XBUJIBOBI IIPOLIECH PO3HNOBCIOKCHHS
IMIyJIbCIB TIEpEHANIPYTH OYOYTh MAaTH IHIIUHA XapaKTep depe3 3MiHM XBHIJIBOBHX OIIOPIB 1 €NEKTPUIHOI CXEMHU
Ka0eIpHOI JTiHii ellekTponepenadi.

Jst OLIIHKM MaKCUMYMIB IIEpEHANPYTH Ha eKpaHax y By3JaxX TPAHCIIO3HUIIiT TaKOXK MOKHA HE BPaXOBYBATH
BIIOWTI XBWJI, B3AaEMHUH BIUTMB (ha3 BPaxOBYEThCS 3aMiHOIO B CKBIBAJICHTHIN CXeMi BEJMYMHM 30BHIIIHBOTO
IHIYKTUBHOTO ONOPY KWJIM Ha BEJIMYMHY XBHJIbOBOT'O ONOPY KaHAy eKpaH-eKpaH — Zp. [Ipu ux JOomyIieHHIX
eKBIBaJICHTHA PO3paxyHKOBa CXeMa JUlsl BU3HAUCHHSI MaKCHMAJIbHOT HAIIpyTy Ha €KpaHi y By3Jax TPaHCIO3UIIT,
1110 PO3TALIOBaHA MIEPIIOO 32 HANPSIMOM IOIIUPEHHS €JIeKTPOMArHiTHOT XBHIIi, T PO3MOBCIOIXKYETHCS IO KaHAITY
JKUJIa-eKpaH oJHi€T a3y npencrasieHa Ha puc.l.
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Pucynok 1 — Cxema xabenvroi ninii 3 mpancnozuyicio ekpauis (a), exgisaienmna po3paxynrkosa cxema (6)

3rifHo pHc.l, MAaKCUMYMH HANpyryd MK JKUIIOK Ta eKpaHoM oaHiel 1 Tiel xk dasu y By3nmy TpaHcnosuiii
PiBHI IOIBOEHOMY 3HAUECHHIO HAIPYTH Ha €KPaHi BITHOCHO 3eMJIi:

E 2Uio06.4

UE max =Yt max —Y 41 max = 7 _ 61()6.21
154271 15.2 7

222 222

[IpoBenenuit aHami3 nokasas, IO IIEPEHANpPYTH Ha €KpaHaX KaOero 30UIBIIYIOThCS 31 3MEHIICHHSIM
CHiBBifHOWICHHS. Z1/Z3. OCKiNbKM 3i 3017BIICHHSM IIONEPEYHOro Tepepidy Kabearo XBUIBOBHH OMip
KOAKCIJIbHOTO KaHaly Zi 3MEHIIYeThCs, TO pIBEHb IEpPEHANpYrH Ha i30islii exkpaHy 30UIbIIyeThes 3i
301IBLICHHAM MoNepevHoro nepepisy. Ha puc.2 npusenena 3anexHicte Ue ma/E = f(Z1/Z22), sika po3paxoBana 3a
MOMNepeHbO MPEACTABICHUMH BUpa3aMu. STk BUIHO 13 pO3paxyHKY, IPU TPAHCIO3UIIT eKpaHiB, epeHanpyry, 1o
BUHHKAIOTH y BY3JaX TPAHCIIO3UI{ Ha 130JMi{ eKpaHy MepeBHIIYIOTH i1 iMITyTbCHY AOMyCTUMY HAPYTY Uivn zon-
3MeHIIIeHHS PIBHS HepeHANPYTH Ha 130JIA1I11 eKpaHy MOXHA JOCSTTH IUISIXOM 301IbIIEHHS XBHIHOBOTO OTIOPY Z22,
nUIIXoM 301KeHHS (a3 KabeIbHOT JiHil.
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Pucynox 2 — Pigenb nepenanpyeu Ha i301ayii ekpaHy kabenvroi 1iHii npu mpancnosuyii ekparie

Ha puc.3 mpencraBneHi pe3ynbTaTH pO3paxyHKy INEepeHANpyrHw Ha eKpaHi KaOelmpHOi JiHii y By3iax
TPAHCHO3HUIIIT eKpaHiB IPH BpaxXyBaHHI B3aEMHOTO BIUIUBY CYCiTHIX ¢a3.
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Pucynox 3 — Pospaxynkosi ocyunocpamu nepenanpyau Ha expani Kabeavbroi ninii y 6y3nax mpaucnosuyii ekpamie

AHati3 po3paxyHKOBHX OCHHJIOTPaM pHC. 3 TIOKa3aB, 10 MAaKCUMYMH IIEPEHANIPYTH Ha €KPaHi y MepIioMy
By3]Iy TPAHCIO3UIli, BIiAMOBINAIOTP MOMEHTY NPUXOAY B IIeH BY30J XBWII MO KaHaly, IIBHAKICTH
PO3IOBCIOIKEHHS XBHJIb B IKOMY HE 3aJIS)KUTh Bij iHIIKX (a3.

3HIKECHHS HAIPYyTH Ha ekpaHi a3u A y mepiromMy By3Ji HACTYTIa€ B MOMEHT IPUXOAY MO KaHAIY XBHII,
o BigOWBaeThCA BiA JIpyroro By3ma Tpancmosumii. CymapHa IOBXHMHA IMITyJbCY HAIpPyTH BH3HAYAETHCS

ISSN 2308-7382 (Online) 77



ISSN 1813-5420 (Print). Enepeemuxa: ekonomixa, mexmnonozii, ekonozis. 2024. Ne 3

MOMEHTOM TIPUXOIy IO KaHAIy EKpaH-3eMJIs y TEepIInid By30J TPAHCIO3MWIll XBWJI, IO BiAOWBA€ETHCSA Bif
3a3eMJICHHS €KpaHy B KiHI[l UKITy TPAHCIO3HUII].

Ha ocHoBi npoBezeHOro aHajily MOMKHa IpH OILIHII MakCMMyMy Hamnpyru Ha oOoionkax KJI He
BpaxoBYBaTH BIIOMTI XBWJII BiJ] By3JIiB, PO3TAIIOBAHHUX 3a BY3JIOM, L0 PO3MIISAAETHCS, IO XOAY PYXy XBHII i,
HaBIIaKW, PEKOMEHIYEThCS BPaxOBYBAaTH B3a€EMHHMU BIUIMB (ha3, SKIIO XBHWILOBHUH OMIp KaHATy EKpaH-3eMJIs
NPUHHATH PIBHUM XBHJIEOBOMY ONOPY MIXKEKPaHHOTO KaHay.

BucHoBoK.

3anponoHOBaHO €KBiBAJICHTHI Ta PO3PaXxyHKOBI CXEMH IIPH TPAHCIIO3MIIi eKpaHiB KaOedpHOI JIiHii, 1s
SKUX OTPUMAHO aHATITUYHI BUPA3H IS pO3PaXyHKY MaKCHMYMIB IIepEHAINIPYTH.

Ha ocHoBi mpoBeneHOro aHamily XBHJIBOBHX IPOIECIB, IO BiOYBalOThCA B TPAHCIOHOBAHMX EKpaHAX
TpuazHOI CHCTEeMH, BCTAHOBIICHO, III0 MTPH OIliHIII MAaKCUMYMY HAlpyTH Ha eKpaHaX KaOenbHOI JiHii JoImycTHMO
HE BpaXOBYBAaTH XBUIIi, III0 BiJOWBAIOTHCS BiJ BY3JIiB, pO3TAIOBAHUX 3 BY3JIOM, III0 PO3TIIAAAETHCS, B HAPSIMKY
MPOXOKeHHs XBUili. HaBrnaku, pekOMeHIy€ThCsl BpaxOBYBATH B3a€MHUI BIUTUB (a3, sIKIO MPUOIM3HO NPUHHSATH
XBHJIBOBHH OIp KaHATy €KpaH-3eMJIsl, 110 JOPIBHIOE XBUIILOBOMY OTOPY MIKEKPAHHOTO KaHay.

BcTanoBieHo, mo 00JIK B3a€MHOTO BIUIMBY (a3 NMPHU3BOAWTH /0 3MEHIICHHS aMILUTTYIH IMITyJIbCY Ta
CKOPOYEHHS 4acy HOro BIUIMBY, OTXKe, JJIsl pO3paxyHKY MaKCHMYMIB HEpEeHANpYrH HEOOXiIHO BPaxoBYBaTH
B32€EMOBIUIMB MK KaHaJlaMH eKpaH-eKpaH cyciaHix (a3, mo0 panioHaapHO BUOMpATH 3aXMCHI METOAM IIiJ| Yac
IIPOECKTYBaHH.
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RESEARCH OF IMPULSE OVERVOLTAGES IN HIGH VOLTAGE CABLE LINES
WITH CROSS BONDING CABLE SHEATH

In the paper, a mathematical model of a power transmission cable line with cross bonding of screens is
developed for the study and analysis of wave processes of overvoltage pulses during the cross bonding of screen
contours. Equivalent and calculation schemes for the cross bonding of cable line shields are proposed, for which
analytical expressions for calculating overvoltage maxima are obtained. Based on the analysis of the wave
processes occurring in cross bonding cable shields of the three-phase system, it was established that when
estimating the maximum voltage on the shields of the cable line, it is permissible not to take into account the waves
reflected from the nodes located behind the node under consideration in the direction of wave travel. On the
contrary, it is recommended to take into account the mutual influence of the phases, if we approximately accept
the wave resistance of the screen-earth channel, which is equal to the wave resistance of the inter-screen channel.
It has been established that taking into account the mutual influence of the phases leads to a decrease in the
amplitude of the pulse and a reduction in the time of its influence, therefore, in order to calculate the overvoltage
maxima, it is necessary to take into account the mutual influence between the screen-screen channels of
neighboring phases.

Keywords: mathematical model, wave processes, cable line, cross bonding cable sheath, surge impulse.
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"HamionaxsHmit yHiBepcuTeT «OQnecbka noiTexHika»

Hauionanbunii TexHivnuil yHiBepcuTeT YKpaing

«KuiBchknmii moJtitexniuamnii incruryt imeni Iropst Cikopcbkoro»

MOJEPHI3AIISI CTPATETTH IIJIAHOBUX PEMOHTIB AKTUBHUX
CUCTEM BE3IIEKM AJEPHUX EHEPI'OYCTAHOBOK 3 BBEP

Bcemanosneni mexuwonociuvnumu pecnamenmamu besneynoi excnayamayii AEC 3 BBEP cmpamezii nianosux
8UNPOOYBAHL | PeMOHMIE AKMUBHUX cucmem Oe3neku (3 HACOCAMU) He 8PAX08VIOMb 6a2amopiyHo2co 00C8idy
excnyamayii ma pe3yibmamie YUCIeHHUX SUnpoOyeaHb AKMUGHUX cucmem Oe3neku, NOMOYHUX NOKAZHUKIG
HaOlliHOCMi  ma  3aIUWKOB020  pecypcy  OCHOBHO20 — YCMAMKYBAHHA U [HWUX — YUHHUKIS.
MoOepHizayisn/y00CKOHANEHHA NPOEKMHUX CMpame2iil NIAHO8UX PEMOHMIE I UNPOOYEAHb AKMUBHUX CUCTHEM
be3neku 6uU3HaAYAOMb HEOOXIOHICMb pO3pPOONeHHs GIONOBIOHUX Memoodie Keanigikayii (obrpynmysanns)
MoOepHizosanux cmpameeiu. IIpedcmasieno pusux-opieHmosanuti  memood Keanighikayii mooepHizayiti
cmpameziil NIAHOBUX PEMOHMIE AKMUGHUX CUCHmeM Oe3NeKu, Wo 6paxogye 00C6i0 eKcnayamayii, niaHoeux
pemMonmie [ eunpodyeamvb, a MaKoNiC NOMOYHY HAOIUHICMb OCHO8HO20 001a0HaHHA. Pospobnenuii memoo
IPYHMYEMbCSL HA MAKUX NOJIONCEHHAX. Busnauanehuil noxasnuk uadiinocmi npu keéanigixayii cmpamezii
NAAHOBUX PEMOHMIE AKMUBHUX CUCTEM Oe3neKu - KoepiyicHm He20moBHOCMI 6UKOHAHHS (DYHKYIL be3nexu, o
BUSHAYAE UMOGIPHICMb BUHUKHEHHS KPUMUYHOI 8I0MOBU 8 NOMOYHUL MOMEHM YAC) 3ANeAHCHO 8I0 napamempd
IHMEHCUBHOCMI NOMOKY KPUMUYHUX 8i0MO8, 6CHIAHOBIEHUX V NIAHOBUX SUNPOOYBAHHAX/PEMOHMAX 3d MUHYIUL
mepMmin excnayamayii. I1i0 KpumuyHow 8i0M0OB0H Mym MAEMbCS HA Y8A3i 6I0MO8A 8UKOHAHHSA (DYHKYIN Oe3neKu
(Hanpuknao, 6i0mMo8a 3 YGIMKHEHHA HACOCA, BUMYUICHe BUMKHEHHS HACOCA BHACHIOOK NOPYUIeHHS VMO8
npaye30amHocmi, meyi 8 KOHMypax akmuenux cucmem besnexu ma inwi). Kpumepiu xeanighikayii mooeprizayii
cmpamezili NIAHOBUX PEeMOHMI8 AKMUGHUX cucmem Oe3neku - Yinib0o8a (QYHKYIA pusuKy, wo 6UHAYAE
CRIGBIOHOUICHHST KOe@DIYIEHMI6 He20MOBHOCMI BUKOHAHHS (DYHKYIU Oe3nexu NPoeKmHOI ma MOOepHI3068aHOl
cmpameziil. NIAHOGUX PEMOHMI6 AKMUSHUX cucmem Oesneku. Ymoeu ycniwnol keanigpixayii - roegiyienm
HEe20MOBHOCMI GUKOHAHHS (DYHKYIT Oe3neku MOOepHi308anoi cmpamezii NAAHOBUX PEeMOHMIE He OLnbuull 3a
Koegiyichm He20mosHOCMI NPoeKmuoi cmpamezii nianosux pemonmie. Ha ocnoei po3pobienoeo memoody
00IPYHMOBAHO MOOEPHI308aHYy CMpPAmMezilo NJIAHOBUX DEMOHMIE AKMUBHOI YACMUHU CcUCmeM asapiliHo2o
0X01100%1ceHss akmugHoi 3onu peaxmopa BBEP-1000, a maxooic usnaueno o0OMedIceHHs 3aCmOCO8HOCH
MOOepHi308aHOI cmpamezii.

Karouosi ciioBa: akmuena cucmema 6e3nexu, pemMoHm 3a HAOTUHICMIO.

Beryn

AKTyanbHICTD YIOCKOHAJICHHS/MOJICPHI3aIlil CTpaTeTild IJIAHOBUX PEMOHTIB aKTHBHUX CHCTEM O€3IeKH
(CITP ACB) Bu3HauaeThCs HEOCTATHHOIO OOrpYHTOBaHICTIO peryiameHToBaHoi (npoektHoi) CIIP ACB, sika He
BpPaxOBY€ JOCBiNy eKCILIyaTallii, pe3yJbTaTiB IUIAHOBUX BHUIPOOYBaHb I PEMOHTY, 3aJMIIKOBOTO PECypcy 3a
HaJIMHICTIO Ta IHIIUX YAHHUKIB.

Mopnepni3atist CIIP ACH noBuHHa MaTi ONTHMI3alliiHIN XapaKkTep, OCKIIbKH, 3 0JJHOTO OOKY, 301IbIIECHHS
KIJIbKOCTI TJTAHOBMX BUIPOOYBaHb i PEeMOHTY 30UTBIIy€ BipOTiAHICTH BHABICHHA '"NPHMXOBAaHMX' BIIMOB Ta
nedekTiB; aje, 3 iHIIOTO 00Ky, HEOOTPYHTOBaHE 30UTBIICHHS KUTBKOCTI MJIAHOBHX BHNPOOYBaHb Ta PEMOHTIB
MOX€ MPU3BECTH JI0 HAIMIIKOBOI'O 3HOCY YCTaTKyBaHHS Ta 3HIDKEHHS 3aJIMIIKOBOTO PECYpCy 3a HamilHICTIO
BUKOHaHHS (QyHKIiH Oe3neku, 30UIbIIeHHs BipOTiTHOCTI MOMWIKOBHX JIii IepcoHaiy, 301IbIIeHHS TPUBAJIOCTi
IUIaHOBO-TIONEpeKyBanbHIX peMOHTIB (I1I1P) Ta iHmmMX HeraTMBHUX HACIIKIB.

Hns obrpynryBanns monepHizoBanux CIIP ACB SEY HeoOximHO po3poOMTH BiINOBiAHI METOIM
KBaiQikaIii, 10 BPaxOBYIOTh MOTOYHUH CTaH HAIIHOCTI BUKOHAHHS HEOOXimHMX (yHKIi# Oe3mekw, TOCBif
eKCIUTyaTallii, pe3yJbTaTu NPOBEJCHUX paHille BUnpoOyBanb kaHaiiB ACh Ha HOTY)XHOCTI peakTropa/s mporieci
[P, kimpKiCTh i pe3ydbTaTH HPOBEISHHUX PAHIIIe PEMOHTIB, MO W BH3HAYA€ AKTYyalbHICTH NPENCTAaBIICHOI
poboTH.

AHaJi3 JiTepaTypHHUX JxepeJ i MOCTAaHOBKA NMpodaeMu
YV pobori [1] mpoBeneHo aHai3 periiaMeHTOBaHoi cTpaterii maHoBux BunipoOyBanb ACh SIEY 3 BBEP y
pekrMax poOOTH peakTopa Ha MOTYXKHOCTI. Y pe3ysbTaTi BcTaHoBleHO, 1o npoektHa CITP ACH He BpaxoBye
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MMOTOYHHIA CTaH HaNIHHOCTI BUKOHAHHS (DYyHKIIiH O€31eKH, TOCBi 1 pe3yIbTaTH MPOBEACHNX BUITPOOYBaHb Ta 1HIII
¢axropu. Onnak nutanHs MozaepHizanii/ontumizanii CITP ACB y uiii poOOTi HE po3rIIsIAIUCS.

Y poGori [2] npoBeneHo AeTepMiHICTHYHUKA aHani3 HagidiHocTi HacociB ACBH SIEY 3 BBEP y nporeci
BUIPOOYBaHb y pexxumax poboTH peakropa Ha nortyxHocti Ta [1TIP. OnHak nutaHHs MoaepHizalii/onTumisanii
CIIP ACB y niii poOOTi TaKO HE PO3TJISAAIHCS.

Y pobGoti [3] mpoBeseHO aHami3 BIUIMBY KUIBKOCTI IPOBEJNCHUX BUIPOOYBaHb TEIJIOMEXaHIYHOTO
o0JiaiHaHHS Ha 3HOC 1 3AIMIIKOBHH 3a HaJiiHICTIO pecypc. OnHak po3poliieHi B il poO0TI METOIHM HEOCTATHHO
obrpynToBaHi as kBaui¢ikamnii monepHizamiit CIIP ACBE SEV 3 BBEP.

Y poboti [4] mpencTaBiIeHO PHU3UK-OPIEHTOBaHWII METON MOJEpHi3alii crparterii BUNpPOOyBaHb Ha
repmeTnyHicTh 3axucHOi obomonku SEY 3 BBEP y mpomeci IITIP Ha ocHOBI aHamizy pe3yiabTaTiB MOMEpEIHIX
BumnpoOyBanb. OJHAK e METO/I TaK0XK HEJJOCTATHRO OOTPYHTOBaHUH 11 kBawigikarii monepHizamiit CITP ACB.

Y po6ori [5] mpencTaBieHO pU3UK-Opi€HTOBAaHUN METO] KBaJi(ikaIlii MoaepHi3aliil cTpaTeriii TeXHITHOTO
00cCITyTOBYBaHHS, TJIAHOBUX BUMIPOOYBaHB i peMOHTY cucTeM BaximBux i Oesmeku (CBB) AEY Ha ocHOBI
aHai3y pe3yJbTaTiB BiporigHicHoro aamizy Oesnexu (BAB) eneproGmokie AEC. ¥V mexkax 1pOoro Meromy
OLIIHIOIOTH BIUIMB MOZEpHi3aliil nepiogndyHocTi BUnpoOyBaHb/peMoHTiB CBB Ha iHTerpansHuil iMOBIpHICHUIHA
noka3HUK Oe3nexu eneprodioka AEC - wactoty nomkomkenHst aktuBHO1 300U (UTTA3). OqHak 1OMiHAHTHUME
¢axropamu ouinku YITA3 € iiMOBIpHOCTI BiIMOB i3 3arajJlbHUX NMPHYMH 1 MOMWIKOBUX JIiil MEpcoOHATy MiJ yac
ynpaeiinHs aBapisimu [6]. Tomy Benmumna YITA3 moxke Oyt He "uyriamBa' 10 3MIH NEpiOAWYHOCTI
BUnpoOyBanb/pemonTiB CBB.

TakuM 9uHOM, aKTyaJbHUM IMUTAaHHAM € po3po0ieHHs MeTony kBamidikarii moxepHizaniit CIIP ACB SEY
3 BBEP, mo BpaxoBye MOTOYHHUI CTaH IMOKa3HUKIB HAAIHHOCTI, eKCIDTyaTalidHWA JOCBIX 1 pe3yibTaTH
HonepeHix BUIIPoOyBaHb/peMOHTIB ycTaTKyBaHHA ACD, 1110 BU3HaYae OCHOBHY METY NpEACTaBICHOI poOOTH.

Mertoa kBagidikauii mogepuizauiii CIIP ACh

OCHOBHI TOJIOKECHHS METOJTY:

1. BusHavanpHuii TOKa3HUK HamidHOcTi mpu kBamidikamii CIIP ACB - koedillieHT HEroTOBHOCTI
BUKOHaHHS (YHKLIT Oe3MeKy, 1110 BU3HAYAE HMOBIPHICTh BUHUKHEHHS KPUTHYHOI BiIMOBH B IIOTOYHHHA MOMEHT
yacy t 3ajexHO BiJ mapamerpa IHTEHCHBHOCTI MOTOKY KPUTHYHHUX BiIMOB A, BCTAHOBJICHHX Yy IUIAHOBHX
BUIPOOYBaHHIX/PEMOHTAX 32 MUHYJIUI CTPOK ekcrutyaTauii [7]. [Tin KpUTHYHOIO BiIMOBOIO TYT MA€ThCS Ha yBasi
BiZIMOBa BUKOHaHHs (DYHKIiI Oe3nexu (HarpuKia, BiIMOBa 3 yBIMKHEHHs Hacoca, BUMYIIICHE BAMKHEHHS Hacoca
BHACIIIZIOK TOPYIICHHS YMOB IIpane3aaTHOCTI, Tedi B KoHTypax ACB Tta iHmi).

2.Kpurepiit kBamigikamii moxeprizamii CIIP ACH - mimpoBa QyHKIS pusuky R, mo Bu3Hayae
CHIBBIAHOIIECHHS KOe(]Iili€HTIB HETOTOBHOCTI BUKOHAHHS (PYHKIIiH Oe3MeKu mpoeKTHOI Ta MonepHizoBaHoi CIIP
ACEB.

3.YMoBu ycmimHOI KBamidikamii - KkoedilieHT HETOTOBHOCTI BHWKOHaHHA (yHKIiH Oe3mekn
MozepHizoBaHoi CIIP He 6imbmmii 3a koedirieHT HeroToBHOCTI poekTHOT CITP.

B ocHOBY MeTOAMYHOro 3a0e3leucHHsS OOTPYHTYBaHb MEPeXoay Ha peMoHT 3a HaxiiHicTio ACBH [7]
MOKJIaJICHO PU3UK-OpieHTOBaHui minxij. [lependavaernbes, 1o micis 3ynuHky eneproosioka Ha [P y miaHoBwuit
PEMOHT BHBOAUTHCS oJuH i3 kaHaniB ACB. Ilicis mpoBelieHHS IUIAHOBOTO PEMOHTY HPOBOMASTHCS MOCIIZIOBHI
BUNpoOyBanHs Beix kaHaimiB ACB. Y pasi sikio B pe3ynbTaTi HUX BUIIPOOyBaHb Oy/ie BUSIBICHO BiIMOBY B Oy/ib-
SKOMY 3 HEPEMOHTOBAaHUX KaHaJiB, TOW Mae OyTH mepeBelieHHH y crtaH peMOHTY. [Ipu 11boMy BiAIIOBIZHO 110
MPOEKTHUX BUMOT BiJIMOBAa CHCTEMH B MEPioJl BiICYTHOCTI HallMBa B PeakTopi ab0o B pasi, SAKIIO MPane3qaTHICTh
cHcTeMH He peryiameHToBaHa B npoueci [1I1P, He BrmBae Ha KoedillieHT HErOTOBHOCTI BUKOHAHHS MTPU3HAYCHNX
¢yskmiid 6e3nexu. ToMy TUIBKM B TPaHHYHOMY BHITAJKy (HAHOLIBII KOHCEPBATHUBHO) IHTEPBAJ BH3HAYCHHS
Koe]ilieHTa HETOTOBHOCTI Bi/ITOBIIa€ TPUBAIOCTI PEMOHTY €HEpro0JIoKa Trrp. B 1HITNX BHIAAKAX JJIs iHTEpBAITY
inTerpyBaHHA Ky MPUHAMAIOThCS MEHINI 3HAYEHHS, aXX JO HyJNbOBHX. [lif 4ac OLIHOK WMOBIPHOCTI BiJIMOBH
cucremu B IIIIP nomaTKOBO BpaxoOBYETHCS MOXKIIMBICTH IEPEBEACHHS BHIPOOOBYBAHOTO KaHaly B CTaH
BUKOHAHHS NMPU3HAYCHNUX (QYHKIIH Oe31eKH 3 IHTeHCHBHICTIO IOTOKY BiIMOB Ai. 3a JaHUMU JOCBiAY eKCILTyaTamii
g 6imeimocti ACB mpuitaatao Ai/A > 10. [lependagaeTscst TakoX, IO B pe3ysbTaTi yCHINTHUX BHIPOOYBaHb
kaHary ACH HMOBIpHICTB BiIMOBH BU3HAYA€THCS TUTBKHU AKICTIO TEXHIYHOTO OOCITyTOBYBaHHS 0€3110CcepeTHBO i
4ac X BUIPOOYBAHb.

Kputepissmu npuiHATHOCTI MOJEpHI30BaHOI CTpaTerii € yMOBH HENEPEBUINEHHS MPOEKTHOTO DIiBHA
HaIHHOCTI 3a perfaMeHTOBAHMX 3HAYEHb MepioUYHOCTI BUNPOOYBaHb top 1 MPUIYCTUMOTO Yacy BHBEACHHS B
Herpane3aTHuii ctal kaHary ACB t"°" i yac poOOTH peakTopa Ha HOTY>KHOCTI.

LinboBa dyHkuis pu3uky R 11 MoaepHizoBaHOi cTparerii (II7IaHOBHI PEMOHT TIJIBKH OJJHOTO KaHAITy) Mae
Bursn [7].

R = KHr(tO’ tp) — Km(top, t;t)on) + KHFFIHPZ(tO, tp) _ KHIEHPO(tOp' t,zu?on) )
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ne Kiur(to, tp); Kur(to, tp™°™) — BimmoBigHO Koe(hilli€HTH HETOTOBHOCTI CHCTEMH MIijl Yac poOOTH peakTopa Ha
MOTY’KHOCTI 32 MOJICPHI30BaHUX iHTEpBaIiB BUIPOOYBaHb t,, 4aCy PEMOHTY CHCTEMH {p 1 perlaMeHTHHUX 3HauYCHb
tops G

K" — koedinienT HeroToBHOCTI cuctemu B mporeci I1T1P 3a npoexTHOi cTparerii;

K'"™— goedinieHT HeroroBHOCTI cuctemu B nporeci I1TIP 3a MozxepHi3oBaHOI cTpaTerii.

AHaJi3 pe3y1bTaTiB po3paxyHKOBOT0 MO/IEJIOBAHHS

PesynbraT po3paxyHKiB IOyCTHMHUX 3HaYCHb MEpioliB odiKyBaHHS to™" 11 MOJEPHI30BaHOI cTpaTerii
Oe3 BUNPOOyBaHb KaHAJiB, 110 HE PEMOHTYIOThCS, 3a Pi3HOI HafiiiHocTi obmamuanns (A= 10°— 1073 1/rox)
HaBeneHO Ha puc. | i 2. 3rimHo 3 OTpEUMaHUMH pe3ynbTaTaMu 3a t, > o, BU3HAYANBHUI BIUIMB HA JOITYyCTHUMUH
mepio OYiKyBaHHS Ma€ 3MiHa YMOB IPOBEICHHS IUTAHOBOTO peMOHTY kaHaiiB ACB. B yxBaneniit crparerii 3a
nepiox IIIIP nBa xanamm nepeOyBalOTh y PEXHUMi ONEPaTHBHOI TOTOBHOCTI, i MMOBIPHICTH IXHBOI BiAMOBH
Oe3mepepBHO 301NBIIYETHCSA MPOIOPIIIHO IHTCHCUBHOCTI MOTOKY BiAMOB it obmaananHs ACB A. Tomy
30UIbIICHHS HaJifiHOCTI OOJajHaHHS (3MEHIIEHHS A) IPU3BOAMTH 10 30ULIBIICHHS JOMYCTUMOIO 3HAYEHHS
nepioy odikysanus (nuB. puc. 1). Tak, mpu A < 10 1/4 ™" > 240 roz.
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Pucynox 1 - Pospaxynkogi oyinku donycmumozo wacy nepiody ouixysanus t§" npu tunp = 1440 200 Oe3
BUNPOOYEAHL HEPEMOHNOBAHUX KAHATIS.

V pasi 3MeHIIeHHs 9acy Trnp (200 MPOMIXKKY 4Yacy, Ha sIKOMY HeoOXiJlHa Mpare3JaTHICTh MOHAWMEHIIIe
nBox kananiB ACB y nporneci [1I1P) BB HamiiHOCTI 00JaAHAHHS Ma€ iHITY TeHIEHIIifo (JuB. puc. 2). Y mboMy
BUMIAJIKy BU3HAYaJIBHUM (akTopoM 3a t, > top, € "3amac" 3a HamiWHICTIO, BHKJIMKAHHUA CKOPOYEHHSIM 4Yacy
HeIIaHOBUX peMOHTIB kaHaiiB ACH mix yac poGoTH peakropa Ha MOTYXKHOCTI t, BITHOCHO 10 HPHITyCTUMHUX
3HaYeHb 3a MpoeKToM (tp" =72ron). 3amac" 3a HamiHHICTIO OO MPOEKTHUX yMOB mMpomnopuiiumit At, — t5").
ToMy [t cuTyamii 3i CKOpOUYCHHMH TepMiHaMu Trmp (a00 HE0OXiTHOTO Yacy IMpale3JaTHOCTI KaHaliB, MO He
PEMOHTYIOTBCSI) 301NBIIEHHS HaIIHOCTI OONafHAHHS 3a IHIIMX PIBHUX yYMOB HPU3BOAUTH 1O CKOPOYECHHS
JOIMYCTUMUX 3HaY€Hb MEPioy OUiKyBaHHS tj", ayie He MeHIe Hik 240 rog (nuB. puc. 2). Y 1pOMy BHIAIKY 3a

BEJINKUX 3HAYEHb Trrp TAKOXK BHU3HAYAIBHUM (DAaKTOpPOM ti"e BIUIMB 3MIHHM NPOEKTHOI CTpaTerii IJIAaHOBOTO
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pemonty ACB y npoueci [1ITP. Ognak nposeneHns BunpoOyBans y npotieci I1TTP kaHamiB, 1o He peMOHTYIOTBCH,
MPU3BOJNTH IO 3arallbHOrO MiNBHUIICHHSA HadiffHOCTI cucteMu B mporeci [ITIP (cTocoBHO mOMEpeaHBOrO
BUIIAJIKY), III0 3PEUITOI0 PO3IIMPIOE JOMYCTUMHHN fiama3oH t§". Tak, It BCiX PO3IIISIHYTHX 3HA4€Hb HAamIHHOCTI
o6nagHaaHs 3Ha4eHHS t§" = 320 — 380 rog, i 31 301nbIIEHHSM HaAIHHOCTI 00TaTHAHHS (3MEHIIEHHSM A) 3HAYCHHS
JIOMTyCTUMOTO TEpPIONy OYIKYBaHHS IUIAHOBMX BHIIPOOyBaHb kaHanmy ACDH mig dac poboTm peakropa Ha
MOTY>KHOCTI 30UTBINYIOTECS (pHC. 3).
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PucyHOK 2 - Po3paxyHkosi oyinku 00nycmumozo 4acy nepiody ouixkyeauts t{"npu tamp = 480 200 Oe3
BUNPOOYEAHL HEPEMOHNOBAHUX KAHATIS.

3MeHIIeHHS Yacy peMOHTY Trnp (200 yacy HeoOXiqHOT mpare31aTHOCTI HepeMoHToBaHuX y npoueci [111P)
TaKOX TPU3BOIUTH 10 3MiHM TEHICHIIl BIUIMBY HaIiHHOCTI oOnagHaHHA Ha t§", IO BU3HAYAETHCS BIIMBOM
"3amacy 3a HaJiHHICTIO", CIPHYMHEHNM CKOPOUYCHHSIM dacy pemoHTy kaHamy ACB Ha motyskHOCTI 1, monmo
JOIYCTUMOTO NIPOEKTOM 3HAUCHHS £§" (pHc. 4).

[IpoBeneHUi CTATUCTHYHMIA aHANI3 NMOKA3HUKIB HAJIHHOCTI TEIIOMEXaHIYHOTO OOJIAJHAHHS aKTHUBHOI
yactian CAO3 BBEP-1000/320 Ha 0CHOBI eKcIuTyaTaniiHUX JaHWX 32 MOPYLIEHHSIMH, BiIMOBaMH 1 teeKTamMu
MOKa3aB, 10 IOKa3HUKM HajilHOCTI kaHary ACBH BHU3HA4YalOTHCS TOJOBHMM YMHOM ITOKa3HWKAaMH HAAiHHOCTI
HacoCHOro obnajgHaHHs. IIpu 1LOMY iHTEHCHBHICThH TOTOKY BiJMOB He Nepepuulye 3Hadenb 10 1/ron, yac
BiJTHOBJICHHS/PEMOHTY IIPH BUSBJICHUX BiIMOBaX/TIOMIKOKEHHAX HE TMepeBHIIye 48 roJ.

Hageneni pe3yapTaTi po3paxyHKOBUX OOTpYyHTYBaHb onTHMi3allii nepiogumdHocti ta obcsris TP ACh
00TpyHTOBaHI /U1t pO3TIITHYTHX chcteM akTiBHOI yactuan CAO3 BBEP-1000/320.

BucHoBku

OTpuMaHi pe3ysbTaTh TEXHIYHUX 1 pO3paxXyHKOBHUX OOIPYHTYBaHb JIAIOTh 3MOTY C(OPMYJIIIOBATH OCHOBHI
TIOJIO’KEHHS KOHLIETITYalbHOTO TEXHIYHOTO PIIIEHHS 010 3MiHH €KCIUTyaTaliHOI IPaKTUKH IIIAHOBOTO PEMOHTY
KaHaniB akTuBHOI yacTuHu PAB3 eneproonokis 3 BBEP-1000/320:

ISSN 2308-7382 (Online) 83



ISSN 1813-5420 (Print). Enepeemuxa: ekonomixa, mexmnonozii, ekonozis. 2024. Ne 3

1.V pik kamitansHOTO peMoHTy eHeproomoka BBEP-1000/320 ruraHOBHI peMOHT, KOHTPOJb i TEXHIUYHE
00CIIyrOByBaHHS B IOBHOMY 00CsI31, Mepe10auYeHOMY SKCIUTYaTalliiiHOIO 1 3aBOJICHKOIO JIOKYMEHTAIII€I0, @ TAKOXK
TEXHIYHUW OIS, KaliTaJbHUH PEMOHT 1 pecypcHE OOCTEKEHHS YCTaTKyBaHHs MPOXOSTh YCI KaHAIM CUCTEM
Oe3rnexy, sIKi MIIaHOBO BUIPOOOBYIOTH Mijl YaC pOOOTH PEaKTOpa Ha MOTY>KHOCTI.

2.Y HactymHi cepemHi pemoHTH eHeprooioka BBEP-1000/320 y moBHOMY 00Cs3i IUTAaHOBUI PEMOHT,
KOHTPOJIb 1 TEXHI4YHE 00CITyTrOBYBaHHS IIOCIIIOBHO MPOXOIUTH TUIBKH OJWH 13 TPHOX KaHAIIB CHCTEMH OE3MEKH.
VY pa3i HeoOXiAHOCTI I KaHaJB, 10 HE PEMOHTYIOTECS, Y CEpPEHIH PEMOHT NMPOBOAATH POOOTH 3 BITHOBJICHHS
TEIUTOOOMIHHOI TIOBEpXHI TEIUNIOOOMIHHMKA aBapiifHOTO OXOJIO/DKEHHS peakTopa, METPOJIOTIUHOI arecTartii
3ac00iB BUMipIOBaHHS, KOHTPOIIO METAIY i pECYpPCHOTO 00CTEXEeHHS 3ac00iB aBTOMATHKH Ta €IeKTPOo0IaTHAHHS
(peMOHT KaHaJTy B HETIOBHOMY 00Cs31).

3. OOMeXCHHSM 3aCTOCYBaHHA CTPATETil INTAHOBOTO PEMOHTY OIHOTO 3 TPhOX KaHAJIIB y CepeqHl PEMOHTH
€HeproOJI0Ka € BUKOHAHHA OYIb-AKOi 3 TAKIX YMOB:

®BiZIMOBA KaHAJTy B pPe3yJIbTATi MEPEAITyCKOBHX BUIIPOOYBaHb CUCTEM OE3IIEKH;

eTIepeBUILCHHS 48 T/ HeNpale31aTHOCTI KaHAIly CUCTEMH Oe3MeKH uepes

®HEIUIAHOBUH PEMOHT MiJ Yac poOOTH peakTopa Ha HOTY)KHOCTI;

®TICPEBUILCHHS 3HAYEHHS MMOBIPHICHOTO IMOKa3HMKAa IHTEHCUBHOCTI MOTOKY BiJIMOB KaHaJIy CHCTEMH
Gesnexu nonazn 10 1/rox.
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VPAXYSAHHAM SURPOOYEAHD HEPEMOHMOBAHUX KAHAILE.
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MODERNIZATION OF SCHEDULED MAINTENANCE STRATEGIES FOR
ACTIVE SAFETY SYSTEMS OF NUCLEAR POWER PLANTS WITH VVER

The strategies for scheduled tests and repairs of active safety systems (with pumps) established by the
technological regulations for safe operation of VVER NPP do not take into account many years of operating
experience and the results of numerous tests of active safety systems, current reliability indicators and residual
life of the main equipment, and other factors. The modernization/improvement of design strategies for scheduled
maintenance and testing of active safety systems determines the need to develop appropriate methods for
qualifying (justifying) modernized strategies. The paper presents a risk-based method for qualifying modernization
of strategies for scheduled maintenance of active safety systems, which takes into account the experience of
operation, scheduled maintenance and testing, as well as the current reliability of the main equipment. The
developed method is based on the following provisions. The determining reliability indicator for qualifying
strategies for scheduled maintenance of active safety systems is the safety function unavailability factor, which
determines the probability of a critical failure at the current time depending on the parameter of the intensity of
the critical failure flow established in scheduled tests/repairs over the past service life. A critical failure here
means a failure to perform safety functions (e.g., failure to turn on a pump, forced pump shutdown due to a
violation of performance conditions, leaks in the circuits of active safety systems, etc.) The qualification criterion
for the modernization of active safety systems outage strategies is a target risk function that determines the ratio
of the coefficients of unreadiness to perform safety functions of the design and modernized active safety systems
outage strategies. The conditions for successful qualification are that the unavailability rate of the safety functions
of the modernized scheduled maintenance strategy is not greater than the unavailability rate of the design
scheduled maintenance strategy. Based on the developed method, the modernized strategy of scheduled repairs of
the active part of the emergency core cooling systems of the VVER-1000 reactor is substantiated, and the
limitations of the applicability of the modernized strategy are determined.

Keywords: active safety system, reliability-based repair.
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