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3d-MO.D,eJ1Mp0BaHV|e KOHCTPYKUMUU CUCTEMDbI
KOHOAUUMOHUPOBaAHUA CaMorieTa
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Pesrome. Llenb — hopmupoBanue 3d-MoAenu KOHCTPYKLWM CUCTEMbI KOHOULIMOHMPOBaHUSA camoreTa Ans BbiNonHe-
HUSA YNCIIEHHOTO JKCMEepUMEHTa B aBTOMaTU3WPOBAHHOW cpede MHXeHepHoro aHanusa. NonHoTta gaHHoi mogenu oby-
crnosneHa TpebyembIM pe3ynbTaToM YMCHEHHOro akcnepumeHTa. CyTb SKCnepuMeHTa CBOAWTCS K BOCCO3L4aHUK YCIo-
BUI NpOTEKaHUS aspOAMHaMUYECKUX MPOLECCOB B OKPECTHOCTW Xamnto3uiHOW peLueTkn, UHTErpUpOBaHHON B OBLIMBKY
throzenska B MECTE COOOLLUEHNS CUCTEMbI KOHAWNLIMOHUPOBAHNS C BHELLHEN CPeaoi. Mo3aToMy MHTEpeC NpeacTaBnser Ta
4acTb KOHCTPYKLMUM CUCTEMbI KOHAMLMOHMPOBaHUS, paboTa KOTOPOW HENOCPeACTBEHHO BAMUSET HA MapameTpbl COCTOS-
HUSI MPOYHOCTM Xamnto3MNHON pelueTku. [ins opmupoBaHus LudpoBo konumu opuriHana beina nenons3oBaHa cuctema
aBTOMATKU3MPOBaHHOrO npoekTupoBaHus Siemens NX. Ee WHCTpymeHTapuit obnagaeT BO3MOXHOCTAMM NOCTPOEHMS
BbICOKOTOYHbIX reOMETPUYECKNX Mofenei. PesynbtaTtom npogenaxHoii paboTel ctana 3d-mopenb, kKoTopasi NoO3BONUT B
LUMGPOBON Cpefe NHXEHEPHBIX pacyeToB MOMYYUTb MOENW NPOLEecCa BHELWHEN W BHYTPEHHEN a3poauHaMuK, No3Bon si-
loLLME OLEHUTb NapaMeTpbl COCTOSIHWUS NPOYHOCTM uccneayemoit Aetanu. MNokasaHo, YTo AaHHas Mofenb npeacTaBnsert
coboi coyeTaHue reomeTpuyecknx obbEKTOB, 00pa3oBaHHbIX COBOKYMHOCTBIO COOPOYHBIX eduHuu. B yacTHocTm, pac-
CMOTpPEHbl 3MEMEHTBI CUCTEMbI KOHAMLMOHUPOBAHWS: TypbOXONoaunbHUK, paguatop, knanad. [ns Bocco3gaHust Cnox-
HOWN reOMeTPUK OpPUTMHANoB COOPOYHBIX eAWHNL 3TWX arperatoB Obin paspaboTaH 1 ONTUMW3NPOBAH anropuTM Bblbopa
1 MoCnefoBaTeNbHOCTW BbINOMHEHWS TUNOBLIX onepauui cuctembl Siemens NX Takum obpasom, 4To6bl NOCTPOUTL KO p-
pekTHble 3d-mogenu. MoctpoeHHas 3d-mogenb CUCTEMBI KOHAMLMOHMPOBAHWS CaMoreTa No3BoNnuT B LMGPOBON cpeae
MHXEHEPHbIX PacYeTOB CMOLENMUPOBATH NPOLECCHI BHELUHEN W BHYTPEHHEN a3pOAMHaMUKKM, BNUSIOLME HA NapaMeTpbl
COCTOSIHUSI NPOYHOCTU Xan3nnHon pelteTtkn. C NOMOLLBI NPeaNoKEHHON MOAENN NOMb3oBaTeslb NoyvyaeT BO3MO X-
HOCTb U3Y4NTb YCTPOWCTBO CUCTEMbI KOHAWLIMOHUPOBAHUS camoneTa.

Knroyesnbie csioea: YnCTEHHbI akcnepumeHT, 3d-moaens, CAD-nporpaMmbl, KOHCTPYKLWUS CUCTEMbI KOHOULMOHM-
POBaHWs, NONHOTENas MOAeNb, TOHKOCTEHHOE Teno

Ana yumupoeaHusi: boes A. ®., Kapnos W.B., PacnonuHa B.B. 3d-mogenupoBaHWe KOHCTPYKLMW CUCTEMBI
KOHAMLMOHMpOBaHus camoneTa // iPolytech Journal. 2022. T. 26. Ne 1. C. 10-23. https://doi.org/10.21285/1814-3520-
2022-1-10-23.

MECHANICAL ENGINEERING AND MACHINE SCIENCE

Original article

3D modeling of the aircraft air conditioning system

Arseniy F. Boev!, Ivan V. Karpov?, Vera B. Raspopina®™
3 |rkutsk National Research Technical University, Irkutsk, Russia
"Niganiga1234niga@gmail.com

2karpovivann@mail.ru

Svbr2604@mail.ru, https://orcid.org/0000-0001-8960-5644

Abstract. The study aim was to develop a 3D model representing the aircraft air conditioning system with the pur-
pose of performing a numerical experiment in an automated environment of engineering analysis. The completeness of
this model was associated with the required result of the numerical experiment. During the experiment, we simulated
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conditions for the flow of aerodynamic processes in the vicinity of the louvre integrated into the fuselage skin at the point
of communication between the air conditioning system and the external environment. Of particular interest was that part
of the air conditioning system, which directly affects the louvre strength. The Siemens NX computer-aided design system
was used to form a digital copy of the original. The toolkit of this system allows high-precision geometric models to be
designed. As a result, a 3D-model was obtained applicable to simulate external and internal aerodynamical processes in
the digital environment of engineering calculations for evaluating the strength parameters of the studied part. This model
is a combination of geometric objects formed by a set of assembly units. In particular, such elements of the air condition-
ing system as the cooling turbine, radiator, and valve, are considered. In order to recreate the complex geometry of the
original assembly parts of these units, an algorithm for selecting and performing typical operations of the Siemens NX
system was developed and optimized for constructing correct 3D models. The constructed 3D model of the aircraft air
conditioning system can be used when simulating external and internal aerodynamical processes affecting the louvre
strength in the digital environment of engineering calculations. The proposed model allows users to study the structure of

aircraft air conditioning systems.

Keywords: numerical experiment, 3d model, CAD programs, air conditioning system design, full-bodied model, thin-

walled body

For citation: Boev A. F., Karpov I. V., Raspopina V. B. 3D modeling of the aircraft air conditioning system. iPolytech
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BBEOEHUE

CosgaHne KOHCTPYKTUBHBLIX 3NEMEHTOB C
3afaHHbIMU MEXaHNYECKUMU XapaKTepUcTUKamu
BO3MOXHO TONMbKO B TOM cnydyae, ecrnu 6yayt
yyTeHbl BCe (haKTopbl, BAMUAOLME HA HEro B
npouecce akcnnyatauun. B yacTHOCTM, 3TO ak-
TyanbHO Npu NpoekTupoBaHun camoneta. C oa-
HOW CTOPOHbI, KOHCTPYyKUMs camosfieTa npu
HaMMeHblLEM Bece [OIKHa YAOBNETBOPSATb
TpeboBaHNAM NPOYHOCTHOW HAZAEXHOCTH, C ApY-
ro — Ans atoro HeobxoaMMo y4ecTb BCe (hak-
TOpbl BAMSHUA, 0OYCMNOBMMBaOLWME KAaYeCTBEH-
HYH U KOMMYECTBEHHYK KapTUHbI NapameTpoB
HanpPsKEeHHO-Ae(POPMUPOBAHHOTO  COCTOSIHUS
3nNeMeHTa Npy pasHbiX pexummax aKkcnayatauum
camoneTta. BoO3MOXHOCTM  MHPOPMALMOHHBIX
TEeXHomnornn no GonblUuen YyacTu NO3BONAT A0-
CTUTHYTb NOMNOXWUTENBLHOIO pesynbTaTta npu pe-
WeHWN JaHHoW npobnemMbl Ha 3tane NPOeKTHO-
KOHCTPYKTOPCKMX paboTt
[1-5]. OpHako MHOroakTOpHOCTb YCIOBUM
HarpyXeHusl, Kak KOHCTPYKUMM camorneTa B Le-
NOM, TaK U KaXdoro afieMeHTa KOHCTPYKUMK B
yactHocTy, obycnoBnmBaeT HEBO3MOXHOCTb
3apaHee y4yecCTb BCE Bapuauuu CUNOBbIX NOTO-
KOB MO KOHCTpYyKUMKU. Kak crneacTeue, y HEKOTO-
pbiX OeTanei BbISABNAIOTCA OTKIIOHEHMS nmapa-
METPOB MNPOYHOCTU OT pernameHTUPOBaAHHOIO
YPOBHA Ha Crneaylowmnx 3tanax >XU3HEHHOro
uMkna. JTo TpebyeT onepaTUBHOrO onpejene-
HUSI MPUYMH OTKMOHEHWS C NOCNEAyLUM KX
yCTpaHeHneM.

B aTom cnyyae Heobxoaum AeTanbHbli aHa-
13 Bcex (hakTopoB, BAMSAIOWMX HA napameTpbl
HanpPsHKEeHHO-Ae(POPMUPOBAHHOTO  COCTOSHUSA

getanu [6-9]. A nMEHHO: ee reomMeTpusi, maTe-
puan, TEXHOMOrMs W3roTOBIEHUS, Ha3Ha4yeHue,
BO3JENCTBME COCedHWMX fAeTaned W OoKpyxaio-
wen cpedbl u 1.4. KoppektHas matemaTtuyeckas
moZenb, CqopMMpOBaHHas B aBTOMAaTU3NPO-
BaHHOW Cpefile CUCTEMbl NPOEKTUPOBAHMUS, NO3-
BONSET NONYYUTb LUPPOBYO KOMWKO pearibHoro
npouecca paboTbl AeTanu, OOCTATOYHYK AnS
BbISIBNIEHUS MPUYMH  ee paspyLleHus U KX
ycTpaHeHuss [10-13]. [puuyem BO3MOXHOCTU
UMPPOBBLIX TEXHONOrU NO3BONAT MOCTPOUTH
mMoJenu, yyuTbiBaloLlme pasHble (hakTopbl pe-
anbHOro npouecca, kak no oTAesIbHOCTU, Tak U B
coyeTtaHuu [14-18].

B vactHocTu, ons uccnegoBaHus napamert-
POB HanpsXeHHO-4edOPMUPOBAHHOIO COCTOS-
HUS KOHCTPYKTUBHOrO 3MEMEHTa, WHTErpupo-
BaAHHOrO B OOLUMBKY MaHEBPEHHOro camorneTa,
MIaHUpyeTCa WCMonb30BaTb AaHHYK KOHUen-
UM, OnemeHT npeactaBnsieT cobon LefbHO-
MeTannMYecKy Xant3nnHyto peletky. Hanu-
Yme TaKoro afeMeHTa KOHCTpyKuumn obycnoene-
HO paboTon CUCTEMbI KOHOWLMOHWUPOBaHUS ca-
moneTa. CnepgoBaTesflbHO, Hapsdy C MpoYuMM
thakTopamu, BNMATb Ha NapameTpbl COCTOSHUS
MPOYHOCTM peleTkn OyayT BHYTPEHHUE U
BHELLHME BO34YLUHbIE MOTOKM.

LUENb UCCINIEAOBAHUA

NS OUEHKN BNUSIHWUSA Ha napaMeTpbl COCTO-
SHUA NPOYHOCTM PeLLeTKM BbINO NPUHATO peLue-
HWEe MPOBECTW YNCMEHHBIA SKCNEPUMEHT, LiENbIo
KOTOPOro SIBMSIETCS BbISIBIIEHWE CWUTOBOr0 BO3-
LENCTBUSA BO3QYLUHbIX NOTOKOB HA KOHCTPYKTUB-
HbI 3NEMEHT Tuna LenNbHOMETaNMM4Yeckon xa-
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NI3nAHON  peleTkn. WHTepec npenctaBnset
MONeTHbIN pacyeTHbIn crydan. loatomy ane-
MEHT UCMbITbiBaeT Ha cebe BO3AENCTBUE ABYX
BO34YLWHbIX NOTOKOB. OOMH NOTOK AENCTBYET Ha
3NeMeHT U3HYTpW, TO ecTb obycnosneH pabo-
TOW CUCTEMbl KOHOWLMOHWPOBAHWUS, BTOPOWA —
CHapYyXW, CO CTOPOHbl BHELUHEW BO34YLIHOM
cpegabl. [poBeeHne YNCNEHHOTO 3KCNEPUMEHTa
nnaHMpyeTca B aBTOMaTU3MPOBAHHOW cpene
Creumnanu3vpoBaHHOro NpPorpamMmMHOro Npoayk-
Ta, NO3BOSIAOLLENO Kak BOCCO34aTb MOTOK, TaK U
OLEHUTb ero BO3JenCTBue, (PUKCUPYS 3HAYEHUS
aspoanHamuyecknx napametpos” [19].

B kauectBe npoToTMMA NpuUHATA TUNOBas
cucTeMa KOHAMUMOHMPOBAHWUSA NErkoro MaHes-
peHHoro camoneta [20], puc. 1.

BaxHbIM 3Tanom noAroToBKM 3KCNepUMeHTa
aBnseTca opmuposaHue 3d-modenu Tou va-
CTU KOHCTPYKLMM CUCTEMbI KOHAULMOHUPOBAHMNS
camorneTa, KoTopasi Mo3BOSIMT AOCTOBEPHO BOC-
co3fatb YCroBusa npoTekaHus npouecca obays-
KN peLLeTKu.

OMUCAHUE NPOBNEMbI

MNocTpoexune 3d-mogenu npexae Bcero Tpe-
ByeT 0O4HO3HAYHOr0 NOHWMAaHUS KOHCTPYKTUBHO-
ro pewexus opuruHana. Kak npasuno, KoH-
CTPYKTUBHOE peLleHne CUCTEM KOHAULMOHWUPO-
BaHWa BO3[yXxa CaMONeToB MpencTaBnseT co-
6ol PYHKUMOHANLHO YBA3AHHYIO COBOKYMHOCTb

cnegyoLwmx KOHCTPYKTUBHBIX 31EMEHTOB:

— KOPMYCHbIX AeTanew, BHelWHue o06Boabl
KOTOpPbIX 06pa3oBaHbl NIOCKOCTAMMU U KPUBOSN-
HEWMHbIMX NOBEPXHOCTAMM;

— JeTanew, KoTopble MOXHO Knaccuguuympo-
BaTb KaK MacCuBbl, MNacTuHbl, 060noykn (3a-
MKHYTble W HEe 3aMKHyTble), Opycbs pasHbiX
thopm 1 rabaputos (Monbie 1 CNAOLWHbIE).

HarnsgHelM NpUMepoM CROXHOCTW U MHOrO-

KOMMNOHEHTHOCTW HEMOBTOPSEMbIX AeTanen Ta-
KON KOHCTPYKLMW CIYXXWT 4YacTb KOHCTPYKLWK
CUCTEM KOHOMUMOHUPOBaHWSA camoneToB Boeing
787 n SSJ 100, puc. 2.
Ans dopmupoBaHus 3d-MoAeNU BaXHO MOHATb,
KakoBa CTeneHb ee AeTanusauun. A 31O 3aBu-
CWT OT TOrO, KaKue 3agadmn OOSikHbI ObiTb peLue-
Hbl C MOMOLLbIO (POPMUPYEMOW MOLENN, U KaKoW
napameTp SBNSeTCA uUccnegyeMbiM B pamkax
YUCNEHHOTO AKCMEPUMEHTA.

lNockonbky B 4aHHOM Criyyae uenbio akcne-
PUMEHTa $SBNSETCH WCCNeaoBaHWe  BIUSHUA
BO34YLIHOro NoToka, 0bycnoBneHHoro paboTon
CUCTEMBI KOHAMLMOHMPOBAHNUSA BO34yxa, Ha na-
pameTpbl HanpsXeHHO-4eOPMUPOBAHHOIO CO-
CTOSIHAS  KOHKPETHOW fgeTann, TO W MOAenb
[O/MKHA afekBaTHO 0Tobpa3nTb Ty YacTb reo-
METPUM KOHCTPYKLMK, KOTOpasi HENOCPEeACTBEH-
HO BNUSIET Ha MapaMeTpbl a3pOANHAMUYECKOro
BO34ENCTBUS Ha UCCreayemMblin 0ObEKT.

Puc. 1. Bud cucmembl KOHOUYUOHUpPo8aHusi 8030dyxa ¢ 8bIX00OM Ha obwueKy ¢hro3ensxa
Fig. 1. View of the aircraft air conditioning system with an access to the fuselage skin

*Mukenagse B. I"., Tuto B. M. OcHOBHble reoMeTpuyeckne U aspoamHamMmnyeckme XxapakTepucTuku camoneToB U pa-
KET: CMPaBOYHUK. 2-e u3g., gon. M.: N3p-Bo «MawmHocTpoeHuey, 1990. 144 c.
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Puc. 2. Yacmb cucmembl KOHOUYUOHUPOBaHUS: @ — Boeing 787; b — SSJ 100
Fig. 2. Part of the air conditioning system: a - Boeing 787; b — SSJ 100

AHanus uccnegyemMon CUCTEMbl KOHAWULMO-
HUPOBAHMS C Y4ETOM [aHHOrO KpUTEpPUS NO3BO-
NN BbISIBUTb YacCTb KOHCTPYKLUMK, KOTOpas ak-
TyanbHa [Ans 9KkcnepumeHTta. B vacTHoCTM,
opmupoBanne 3d-mopenu npegycmartpusaeT
MOCTPOEHNE TEOMETPUYECKUX MoJenen crnegy-
OLMX arperaTtoB CUCTEMbI: TypOOXONOAMIbHM-
ka, KnanaHa, paguatopa, 4actu Tpybonposoja.

leomeTpus [aHHbIX OOLEKTOB Becbma
HEeOAHO3Ha4yHa u HenpocTa (cM. puc. 2). Cneay-
eT 06paTUTb BHUMAHME Ha TOT (PaKT, YTO Lienbio
AaHHON paboTbl HE ABNSETCA M3NOXeHWe npo-
Llecca uccrnegoBaHns CMCTeMbl KOHOULMOHUPO-
BaHWS BO3dyxa MaHEBPEHHOro camorneTa B 4a-
CTW €€ KOHCTPYKUMM U NpuHUMNa OYHKLMOHUPO-
BaHus. JToMy OyaeT nocesleHa cregytowas
CTaTbsl O YUCIIEHHOM 3KCNEpPUMEHTE, ANS KOTO-
poro onucbiBaemas 3d-mogens opMmupyeTcs.
Ee dopmupoBaHne B CBOEN OCHOBE COOEPXKUT

TpaHCOpPMaUno CrNOXHON MHOTOMEPHOWN reo-
MeTpuM NPOTOTUMNOB B aeKBaTHblE MOAENN Ny-
TeM 3a4elCTBOBaHWA MaTemaTMyeckoro anna-
paTta, 3aluTOro B MHCTPYMEHTapuii cneymanu-
3nposaHHo CAD-cuctembl. MHOrorpaHHoCTb
reoMeTpun Moaenmpyembix 0OObEKTOB B COYETa-
HUM C KpuTepusMu WX detanusauum Tpebyet
O[HO3HAYHOro, rnyboKoro MOHMMaHUs MaTema-
TUKW, peanusyemon TeM Unn MHbIM (PYHKLMOHa-
nom CAD-cucTtembl. TOMbKO Torga BO3MOXHO
KOPPEKTHO accouumupoBaTb reOMETPUYECKYHO
0CO0BeHHOCTb C MaTeMaTtnyeckum npmemom. Co-
OTBETCTBEHHO, YEM COXHEE reoMeTpus 0Obek-
Ta MOZENMPOBaHWSA, TEM CIOXHEe U YyBCTBU-
TenbHee O0SKeH ObiTb 3a4eVCTBOBAHHbIA Ma-
TeMaTnyeckuin annapat CUCTEMbI.

MpuHuunuaneHas cxema TypboxonoannbHm-
ka® (puc. 3) sBnsieTc GECCMOpPHBLIM MOATBEp-
XOEHWEM BblLLECKa3aHHOrO.

Puc. 3. lpuxyunuanbHas cxema mypboxonodunbHuka (1 — nampy6ok, 2 — «ynumka», 3 — connoeoli annapam, 4 — nonamku
pa6oyezo koneca, 5 — paboyee koneco mypbuHsl, 6 — ean, 7 — NOOWUNHUK, 8 — paboyee Kos1eco eeHMuUIAMopa)
Fig. 3. Schematic diagram of a cooling turbine (1 - exhaust pipe, 2 - ‘snail’, 3 - nozzle unit,
4 —impeller blades, 5 - turbine impeller; 6 — shaft, 7 — bearing, 8 — fan impeller)

*AHToHOBa H. B., [Oy6posuH 1. ., Eropos E. E., Kannuonuu A. K., MNetpos 0. M., Pyxwuukas B. B. [u ap.]. Npoektnpo-
BaHWe aBMaLMOHHbIX CUCTEM KOHAULMOHMPOBaHMS Bo3ayxa: yueb. nocob. M.: U3g-Bo «MawwuHocTpoeHuey, 2006. 384 c.
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[ns Gonee TWaATENbHOrO peLUeHUs 3agayn
3d-mopenupoBaHus cnegyeT BbiOpaTb aBTOMa-
TU3NPOBaHHYO cpedy 3d-modenuposaHus, 06-
nafaroLLyo HaanexalmM UHCTPYMeHTapuem.

NPOLECC »OPMUPOBAHUA MOOENN

[ns moaenupoBaHUst KOHCTPYKLMUU CUCTEMBI
KOHAMLMOHMPOBAHNSA Bbina ucnosib3oBaHa Cu-
cTemMa aBTOMaTU3MPOBAHHOIO NPOEKTUPOBAHUSA
Siemens NX [21].

locTpoeHuto  reomeTpuyeckon  mogenwu
npeaLlecTsoBanu:

— JeTanbHblii aHanM3 BO3MOXHOCTEW aBTo-
maTuampoBaHHoM cpegbl B 4Yactu  CAD-
nporpammei;

— BbISIBIeHWe onepauun, peanusyowmx co-
OTBETCTBYIOLLE BO3MOXHOCTU NpOrpaMmbi;

— MPOCMOTP WHCTPYMEHTOB Cpefbl, M03BO-
NALMX BbINONHUTL KOHKPETHYIO Onepauuio.

BnageHne TakMm CUCTEMHbIM BUAEHWEM
pyHkumnoHana CAD-nporpaMmmbl NO3BOSUMO MO-
CTPOUTL reoMeTpUYECKy0 MoadeNb obbekTa ny-
Tem BbINONHEHNUa Tpebyemoro psga onepauun,
BbIOOP M XpPOHOMOrMA KOTOpbIX 06YCNOBMEHbI
MPWUYNHHO-CNECTBEHHON  3aBMCUMOCTbIO — 3a-
[AHHOW reoMeTpun 1 UMEILLErocs UHCTPYMEH-
Tapua B apceHane cucTembl aBToOMaTU3NPOBaH-
HOro npoekTupoBaHmsa NX.

@ - | Koney| 380+

ModenuposaHue  «myp60x0100UbHU-
Ka». BaxHoM 4acTblo CUCTEMbI KOHAMLMOHMPO-
BaHWs camorneTa sBnsetcs TypboxonognnbHuK.
ObdeKkT oxnaxaeHnss B HEM OCHOBaH Ha npe-
obpa3oBaHunM TENOBON 3HEPruM Bo3gyxa B Me-
XaHuyeckyto paboty. eomeTpua Typboxono-
AVNbHYKa npefcTaBnseT cobon CNOXHYK ABYX-
KOHTYPHYIO CTPYKTYpy. BO MHOrOM CROXHOCTb
mogenupoBaHus TypboxonoaunbHuka obycnos-
neHa HeO4HO3HAYHOCTBIO FEOMETPUM KYTTUTOKY.
MNoaTtanHoe opmMupoBaHME TrEOMETPUYECKON
moZenn TypboxonogusbHuKa 3akniovaeTca B
BbIMOMHEHNN NOrMYECKN YBSA3AHHbBIX cneuuanb-
HbIx onepaumn CAD-cpeapbl.

Mcnonb3ya naHenb WHCTPYMEHTOB, BbiNn co-
30aH 9CKM3 Tena BpalleHus C nocnegyoLlen
aKTMBauMen onepaumn BpalleHUs BOOMb OCK
Oz. CooTBeTCTBYIOLLEE AMANOrOBOE OKHO npep-
CTaBNEHO Ha puc. 4.

lNepexon u3 NOMHOTENOW MOAENU B TOHKO-
CTEHHYI0 MPOMCXOAMT MpWU  MCNONb30BaHUM
yHKuMmM NX «ToHKOCTEHHOe Teno» (puc. 5). B
[ManoroBOM OKHe OCYLLeCTBNATCA Tpebyemble
HACTPOMNKK, No3BonsoLWMe BblIbpaTb NNOCKOCTH,
OTHOCWUTENBLHO KOTOPLIX OydeT npom3BOAWTLCS
yaaneHvue yactu mogenu. B ucxogHom cnyvae
3TO BEPXHAS U HWXKHAS OKPYXKHOCTWU. YKasbiBa-
eTcs TonwmHa Tpebyemon getanm.

Ceuetme A
& BuiGpars kpusyo (3) ¥ E‘J m
b A
7
o 3apam sexTop x J % -
|7

0K QOtmena

Puc. 4. ModenupoeaHue exoda myp6oxonodunbHuka: onepayusi «BpaweHue»
Fig. 4. Simulation of the cooling turbine inlet: ‘Rotation’ operation

14

https://ipolytech.ru



Boee A. @., Kapnoe Y. B., PacnonuHa B. b. 3d-mMo0enuposaHue KOHCmMpyKyuu cucmembl KOHOUYUOHUPOBAHUS ...

Boev A. F., Karpov I. V., Raspopina V. B. 3D modeling of the aircraft air conditioning system

&

£} ToHkocTeHHOe Teno O X

Puc. 5. ModenupoeaHue npoxoda 0151 6030yWHO20 NOMOKa
Fig. 5. Simulation of a passage for air flow

[Nanee 6bin 1CNONb30BaH MHCTPYMEHTApPUM
KackagHoro usobpaxeHus mogenu. [ina atoro B
cBoboaHOM YacTu paboyero ctona 3axuMaeTcs
npaBasl KHOMKa MbIWK ¥ BbiOMpaeTcs Heobxo-
AMMbIA BUAO NpeacTaBfieHHOW mopgenun. Takown
cnocob no3BonseT COCPEAOTOMUTLCA TONBKO Ha
NOCTPOEHNM 3CKM3a ANa Oyaylien «ynmTKu».
NHTepdenc WHCTpyMeHTapus NpPOLEMOHCTPU-
pOBaH Ha puc. 6.

MNpoctoTa MCNONb30BaHWUS BCroOMoraTesb-
HbIX MOBEPXHOCTeN obneryaeTr NOCTPOEHNE 3C-

Ku30B nog yrnom. Npu cozgaHum ackusa «ynuT-
KU» CO3[aeTcs Takxe BCromoratenbHas NiMHUs
C TpebyemMbiM yrnom OTKIIOHEHWUS OTHOCUTESIbHO
ocn Qy. JMobylo NOCTPOEHHYIO NUHWUID MOXHO
npeobpasoBaTb BO BCromoraTtenbHyl (6e3 no-
Tepu ee NOMHOro dyHkumoHana). [ns atoro B
OKHEe MOCTPOeHMs 3ackn3a bbina BoibpaHa Heob-
XOAMMas NIMHUSA, LLENYKOM MPaBOW KHOMKU Mbl-
WM OTKPbITO BbiNagarollee MeHo paboTbl € 3C-
KM30M, 3aTeM BblOpaHa (yHKUMS «npeobpa3so-
BaHWe BO BCMOMOraTenbHbli» (puc. 7).

Kapkacrioe ¢ 3aterentisimi pebpani

3akpacka rpaHed (B BUAE, B KOTOPOM PacnonokeH
Kypcop) no pebpan reoMETpUK, BbIAENEHHE HEBMANMBIX
pEGEp M OBHOENEHIE NP AUHEMIYECKDM BPALLIEHIN
B

Puc. 6. ModenupoeaHue «ysiumku» ¢ NOMOWbH KackaBHo20 u3obpaxeHus
Fig. 6. Simulation of a ‘snail’ using cascade image
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cnonb3oBaHue Takux nWHWA no3sonset
ObICTPO OPMEHTMPOBATLCS B NOCTPOMKE Nobon
CIIOXHON KOHpUrypauuu nepexogHbix dopm
MoZenm.

[epemeHHbI AMaMeTp He MO3BONSET che-
naTb BpalleHne NOo HanpaBnsoLei, no3aTomy
ncnonb3oBanacb (YHKUMS «3aMeTaHue», OHa
Nno3BosnseT co3daBaTb NOBEPXHOCTb PasnnyHOM
hopmbl BOOMb KpnBOW. Heobxoammo ncnonb3o-
BaTb NEHTOYHbLIN MPo8odHUK NX. B ananorosom

ol % % -

ceEZ/N\ B+ PoHEcr =

OKHEe, MNPeACTaBnNeHHOM Ha puc. 8, AaHHbIN
(byHKLMOHanN peannsosaH.

Takon nogxod nossonseT NX pacnosHatb
MMeroLmMecs ceveHnst kak obliee Lenoe, a He
KaK Habop pasnuyHbIX NUHWUIA. B Teme Huxe Bbl-
na BbibpaHa onuusi «HanpaeBnswoLWwas NMHUSAY», B
pesynbTate MNONy4unu MOBEPXHOCTb Pa3HOM
AnameTpanbHon opmbl.  [Ing  noctpoeHus
CUMMETPUYHOW YacT MUCnonb3oBaHa (yHKLMS
«3epKanbHas reoMmetpus», puc. 9.

Om- & mAlMAHPX 14 XY

Mo Crpume ctig

=T

ctrix

ctiec

| obnexre Arch us SKETCH_000

XK vaamms cti-p

S8 amerure orospaxesme.. crie

O\E Ceoiicra

Bing

Puc. 7. MlocmpoeHue modenu «ynumku»: 8CIOMo2amesibHbie MOCMPOEHUs
Fig. 7. Designing of a ‘snail’ model: auxiliary constructions

@ averarme O X
Cevenvs AR
& Buibpate kpueyto (1) X m
a +
[lobagnTs Hossift Habop ‘b
HanpaeasioLwme (3 MakcAMym) A
s
& Buibpars kpueyro (1) (\ T
T p—— j‘
u +
[lobaenTs Hossiit Habop ‘b
OnopHar kpuBaa A

Onumn cevenus A

Hirepnonauns Kybuuecxuii -

Opnertauns

Meroa macLuabnposarinn A

Macwral 6 Moctonmmbif -

Puc. 8. [IpoekmupoeaHue «ynumgu»
Fig. 8. Designing a ‘snail’
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{3} 3epkansHan reomeTpua O X
TeoMeTpua AR OTPaXeHuA A
& Buibpars obwexT (1) q;-
MnockocTs OTpaxeHns A
' 3agats nockocts N D”E .

v
oK Otmena

Puc. 9. ModenupoeaHue «ynumkuy
Fig. 9. ‘Snail’ simulation

Co3gaHHble NOBEPXHOCTU SABASAKTCSH BCMO-
MoraTefibHbIMW, A8 NpuaaHus UM TOMWWMHBI
Bbina ucnonb3oBaHa YHKUWS «YTOMLEHUE»,
puc. 10. BblgeneHne COOTBETCTBYHOLLMX MOC-
KocTen «ynuTku» nossonseT NX noctpouTb He-
obxoaumoe TBepAoe Terio C COOTBETCTBYHOLLEN
TONNLLMHOMN.

MogenupoBaHue kopnyca Typb6oxonogusb-
HUKa BbIMOMHEHO C MOMOLLbI (PYHKLMKU «Bbl-
[aBsnueaHue». 3 3agaHHoOro gmameTpa OKpyX-

Cmewenne 125~

HOCTK Kopnyca BblAaBnMBaeTcs MNONHOTENbIN
06beKT 3agaHHoW AnuHbl. [na co3gaHus nycro-
Tenon mogenu 6bina ucnonb3oBaHa (YHKLWS
«TOHKOCTEHHOE Teno». B pesynbTate nonyunnm
mogenb, NpeAcTaBneHHy Ha puc. 11.

Cnegyrowas vactb reomeTpumn Typboxono-
OVNbHMKA Takke npeactaBnseTr cobon Teno
BpaLleHus. MoaTomy ans ero noctpoexns boina
NCMONb30BaHa (QYHKUMSI «BpaLLeHue», onucaH-
Has BbiLLe.

£ Yronuwenme O X
paHb A
' Buibpars rpars (2) Qj
TonwwmHa A
Cuewenme 1 mm v
Cueugennne 2 0 mm v
Chenws Hanpasnerme 3¢

v

Mpumennts Otmena

Puc. 10. lfpudaHue monuwjuHbl «yaumMKe»
Fig. 10. Thickening the ‘snail’
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{3 BemArvsakue O X
Ceyenve A
& Buibpars kpueyto (1) 1&]\' m
Hanpaenexue v
OrpasuuyeHns
Hauano @ 3HaueHne -
i N Paccrontie B mm v
v Kowey 30~
Kowey @ 3HaueHue -
Paccroanue mm v

[ O6wem w3 otkpeiToro koTypa
Byneebl onepauun A

Bynesbl onepaumm :" Her -

.
Cw ] o

Puc. 11. Co3daHue kopnyca myp60xos100unbHUKa
Fig. 11. Designing a cooling turbine housing

KoHCTpykums Typ6OXONOAnIbHIKA BKIOYAET
B cebsa nonactu. CosgaHue nonacTten Bbinos-
HANOCb B ABa 3Tana:

— MOAEenupoBaHMe OAHOW nonacTu ¢ Nomo-
LibtO BblAABIIMBAHMS;

— MOCTPOEHNE BCEX nonacTen nyTem Bpa-
LEHMsI NepBoiA nonacTu BAOMb BCMoMoraTenb-
HoW NuHKUK unn ocu Oz.

[na BbINOMHEHWS BTOPOro 3Tamna HyXHO
HEnpeMeHHO 3afaTb KONMYeCTBO NonacTen BeH-
Tunatopa. [aHHbIM napameTp yKkasbiBaeTcs B
AManoroBOM OKHE «MaccuB 3N1EMEHTOBY, puc. 12.

AHanornyHo 6bina NnocTpoeHa BTopas YacTb
TypboxonoaunbHuKa ¢ y4eToMm oTnnyms B raba-
PUTHbIX pa3mepax. [MocTpoeHHbIn Typboxono-
AVNbHWK NpeacTaBneH Ha puc. 13.

143 Maccue 3nemenTos O X
I 3nement ans maccuea AR
& Buibpars 3nement (1) %
CeuinoqHan Touka v
Onpeaenexue maccnea A
Komnonoska O Kpyrosoit -

Ocs spawerns A
& T vearop 3¢ \_1__‘ zcﬂ 5
& 3ananue Touxn ;”J f. -
Yrnosoe Hanpasnexne A
Paccronmue Yucno mauanason v
Konmuecteo ‘ 19 =
Yron gnanasona | 36 J v

Paguanshoe Hanpaenesme A
[ Co3nars konuenTpuseckie snemenTsl

Touku Sxsemnapa v

[ Wenomacsars rabny ﬁ

Metoa maccuea A
Meroa MepemerHblii -

MosTOPHO NCMONB3yEMBIE CCHITKM v

v
“ Mpumennts Otmena

Puc. 12. Co3daHue nonacmeli geHmunsmopa
Fig. 12. Designing fan blades
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Puc. 13. Modenb myp6oxonodunbHuUKa ¢ KapKkacHbIM ebldefieHueM HeauAUMbIX 3/1eMeHMo8
Fig. 13. Model of a cooling turbine with the frame selection of invisible elements

ModenupoeaHue «paduamopa». Pagua-
TOP CNYXWT 4SS OXNax4eHus NoToka, mocTyna-
lolero OT ABurartenen u OT BCMOMOraTenbHOM
CWUMOBOWN YCTAHOBKW. [OpSYMA MOTOK MPOXOAUT
yepe3 Tpyby B paguatope n oxnaxaaercs.

[Onsa Havana 6bin cmogenupoBaH kopnyc pa-
amartopa, nocrne 4ero — BepTuKasnbHble nnactu-
Hbl, ¥ 3aTeM pa3MHOXeHbl onepauuen «mac-
cvBy». Cnegytowmm warom cTano mogenvposa-

Hue Tpybbl. [0TOBas MoAenb NpeacTaBneHa Ha
puc. 14.

ModenupoeaHue «knanaHa». KnanaH B
CUCTEME KOHAMLMOHWUPOBAHUS perynupyeT ump-
Kynsaumio BO3AYLWHOrO noTtoka. [ns Mogenupo-
BaHWS KranaHa bblfiv B COOTBETCTBYIOLLEN OYe-
PEeaHOCTM  MCMOMb30BaHbl  BbIWEOMNUCAHHbIE
onepauuu. MonyyeHHass mogenb nNpeacTaBneHa
Ha puc. 19.

Puc. 14. Modenb paduamopa
Fig. 14. Radiator model
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Puc. 15. KnanaH obpamHbiii
Fig. 15. Check valve

MopgenupoBaHue Apyrux KOMMOHEHTOB KOH-
CTPYKUMU CUCTEMbI KOHOWLMOHUPOBAHUA He
npeactaBnser OCOBEHHOM  CROXHOCTW, MO-
CKOMbKY B OCHOBE CBOEWN 3TO «TpybonpoBoaHbIE
Tena». VX noCTpoeHne ¢ NOMOLLbK UHCTPYMEH-
Tapusa cuctembl NX BbINOMHAETCA C NMOMOLLbHO
TUNOBBIX OMNepauun.

Mmoeoeass modensb. [oTOBas mMopdenb ak-
TyanbHON Y4acTU KOHCTPYKLMWU CUCTEMbl KOHAM-
LIMOHMPOBAHUS AN YUCNEHHOTO 3KCNEPUMEHTA

npeactaeneHa Ha puc. 16.

OTa Mopgenb npeacTtaBnsieT cobon Toxe
cBOpKy, MOCKOMbKY OMUCaHHbIE BbILE MOAENM
arperaToB SBNSAKOTCA ee KomnoHeHTamn. CooT-
BETCTBEHHO, AN (POPMUPOBAHUSI 3TOW KOM-
MNeKCHoW Moaenu Obin Takxe 3a4encTBOBaH
apceHan onepauui no cosgaHuio cbopok, nosu-
LIMOHMPOBAHUID KOMMOHEHTOB U  HaNOXEHUHO
CcOOPOYHBIX CBA3EN.

Puc. 16. Fomoeas 3d-modensb ¢ pazpe3om
Fig. 16. Finished 3d model with a section
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3AKJITIOYEHUE

B pesynbtate npogenaHHonm paboTbl no-
cTpoeHa 3d-Mogenb CUCTEMbl KOHAWMLMOHMPO-
BaHWsI camoreTa, koTopasi MO3BONUT B LMGPO-
BOW CPEe MHXEHEepHbIX pacyeToB CMOAENUPO-
BaTb MPOLIECCbI BHELIHEeW M BHYTPEHHeW a3po-
OVHaMVKW, BRMSIOLLME HA NapameTpbl COCTOS-
HWSI NPOYHOCTU XKan3UAHON PELLETKM.

MomMMMO 3TOro, MOCTPOEHHas MoAenb Mo3-

BONSET MONb30BaTeNlo MNOMNyYUTb HarnsgHyo
KapTUHY KOHCTPYKUMM opuruHana. WHCTpymeH-
Tapun ynpaeneHus Bugamu mogenu B CAD-
nporpaMMe JaeT BO3MOXHOCTb OLEHUTb OCO-
GEHHOCTN reoMeTpun MOCTPOEHHOTO 00bEKTA,
kak B 0bLieM Buae, Tak U M3y4nTb AeTanbHO ero
anemeHTbl. OCobeHHbIN MHTEepeC NpeacTaBnseT
BO3MOXHOCTb BM3yanm3auum BHYTPEHHUX Noso-
CTEN 3NIEMEHTOB KOHCTPYKLMM.
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Pesrome. Llenb — uccnepoBaHue KMHEMATUMYECKUX XapaKTepUCTMK npouecca YnbTpas3ByKOBOrO MOBEPXHOCTHO-
nnacTMyeckoro AedOpMMpPOBaHNS C HampaBfieHneM BBoda konebaHui no kacaTtenbHon Kk o6pabaTiBaeMoi NOBEPXH O-
CTU 4N NPOTHO3MPOBaHMS BO3MOXHOCTM €ro NPUMEHEHNS HA AeTansX U3 METANNOB U CNNaBOB PasfiMyHOW TBEpLOCTH.
OnucaHne KnHemMaTU4yeckux napameTpoB (TPaekTopusl, CKOPOCTb, YCKOPEHUE) MpoLecca yrbTPa3ByKOBOrO NOBEPXHOCT-
HO-NMacTu4eckoro 4edopM1MpoBaHua paccMaTpmBanoch B NPsIMOYroNbHOWM CUCTEME KOOpAMHAT. T1onyyeHbl aHanuTuy e-
CKMe 3aBUCUMOCTM, ONpedensiowme AfMHy TPaekTopum, BeNIMUMHbI pe3ynbTUpYoLe CKOPOCTU M YCKOPEHUS Kak (yHK-
LMW OT COCTaBNALMX BUOOB ABWKEHWUI (BpallaTesibHOro, nocTynaTenbHoro, konebartenbHoro). Ha ocHoBaHuM nony-
YEHHbIX YPaBHEHMWIA U UX rpachUyeCcKUX peLUEHWA YCTaHOBIIEHO, YTO NpY YNbTPa3BYKOBOM MOBEPXHOCTHO-NMNACTUYECKOM
AedopMMpOBaHUN NEpPEeMELLEHNE MHOEHTOpPA OCYLLECTBMSETCA NO CMOXHOW TPAEKTOpUM C NEPEMEHHON MO BEeNUYMHE
CKOPOCTbIO M yckopeHneM. lNokasaHo, YTo coobLleHne ynbTpa3ByKOBbIX kKonebaHuin nHAeHTopy oOycnoBnuBaEeT Cnox-
HblIil XapakTep ero ABWXEHNs, CYLECTBEHHO OTNMYALWMACA OT METOAA anMasHoro BbirnaxueaHus. Mpu aTom Habnio-
[AeTCs U3MEHEHWe NapameTpoB MpoLecca (CKOPOCTM U YCKOPEHUS) MO LUKMNUYECKOMY (CUHYyCOMZAnsHOMY) 3aKOHy, ne-
PUOAUYHOCTb KOTOPOTrO 3aBUCUT OT YacTOThl YbTPA3BYKOBLIX koriebaHWil, YTO JOMKHO CKasaTbCs HA UTOrOBOM COCTO Si-
HUM 00paboTaHHOM NOBEPXHOCTU. AHANW3 MOMYYEHHbIX PE3yNbTAaTOB MO3BOMWI YCTAHOBUTb, YTO CMEHA HanpaBlieHNS
BBOAA yNbTPa3sByKOBbIX KonebaHui (C HOPManbHOrO Ha KacaTerlbHOe) AaeT BO3MOXHOCTb U3MEHUTb YCNOBUE KOHTAKT U-
POBaHWS C LMKMUYECKOTO HA MOCTOSIHHOE, YTO OKa3bIBAET BIIMSHWE Ha 3Ha4YeHWe [eOpPMUPYIOLLEro YyCUnus, BO3HMUKaI0-
wero B npouecce 06paboTkn. BbisBneHo, YTo yron BBoAa konebaHuii OTHOCUTENBHO BEKTOPA [MaBHOM CKOPOCTM SBMS-
€TCS TEXHONMOrMYECKAM NapamMeTpoM, CYLLECTBEHHO BIMSIOLMM HA KMHEMATUMYeCKUe XapakTepucTuku. [NpoBefeHHble
“ccrneaoBaHusa MO3BONWIN CAenaTb MPEANONIOKEHNEe O BO3MOXHOCTW MPUMEHEHMSI YNbTPa3BYKOBOrO NMOBEPXHOCTHO-
nnacTmyeckoro AeopMUpoBaHus Mo KacaTeNnbHOW cXxeme Ans AeTaneu, BbiNOMHEHHbIX M3 MeTanmnoB M CnnaBoB pas-
NNYHON TBEPZOCTM.

Knroyeenle cnosa: ynbTpassykoBas 06paboTka, konebaHus, kuHemaTvka npoLecca, NoBEPXHOCTHOE NNacTUieckoe
AedopMmpoBaHue, TPaekTopus ABWXEHUS MHCTPYMEHTa, napameTpbl 06paboTku
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Abstract. We investigate the kinematic characteristics of ultrasonic surface-plastic deformation when the oscillations
are introduced in the direction tangential to the treated surface in order to assess the potential of this method for treating
parts made of metals and alloys of various hardness. The kinematic parameters (trajectory, velocity, acceleration) of ul-
trasonic surface-plastic deformation were calculated in a rectangular coordinate system. Analytical dependencies were
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obtained for the trajectory length, resulting velocity, and acceleration as functions of the constituent types of motion (rota-
tional, translational, oscillatory). The obtained equations and their graphical solutions allowed us to establish that, under
ultrasonic surface-plastic deformation, the indenter moves along a complex trajectory with a variable velocity and accel-
eration. It is shown that the translation of ultrasonic oscillations to the indenter determines the complex nature of its
movement, which differs significantly from that in the diamond burnishing method. In this case, the process parameters
(velocity and acceleration) change according to a cyclic (sinusoidal) law, the periodicity of which depends on the fre-
quency of ultrasonic oscillations and determines the final state of the treated surface. According the obtained results, the
change in the input direction of ultrasonic oscillations (from normal to tangential) ensures the possibility of changing the
contact condition from cyclic to constant, thereby affecting the deforming force during processing. It was found that the
angle of oscillation input relative to the main velocity vector is a technological parameter significantly affecting the kine-
matic characteristics. An assumption is made about the possibility of using the tangential pattern of ultrasonic surface-

plastic deformation for parts made of metals and alloys of various hardness.
Keywords: ultrasonic surface machining, vibrations, process kinematics, surface plastic deformation, toolpath, pro-

cessing parameters

Funding: the study was funded by the Russian Foundation for Basic Research within the framework of the research

project no. 20-31-90059.
For citation:

Samul A. G. Kinematic characteristics of ultrasonic surface treatment. iPolytech Journal.

2022;26(1):24-34. (In Russ.). https://doi.org/10.21285/1814-3520-2022-1-24-34.

BBEOEHUE

HenpepblBHO Bo3pacTatowme TpeboBaHus K
KayecTBy BbINMyCKaeMbIX MaluWH ¥ npubopos
CBsi3aHbl C HEOOXOAMMOCTbIO MOBbLILEHNS WX
TOYHOCTU W HaZEXHOCTU, NPOU3BOAUTENBHOCTU
U KO3(bpUUMeHTa MNoSe3HOro AEenCTBus, KOTO-
pble B 3HAYUTENIbHOW Mepe OnpeaensT ux
(PYHKLMOHanbHbIE XapakTepUCTUKMN.

OKCnyaTaunoHHbIE CBOWCTBA B 3HAYUTENb-
HOW CTEeneHu 3aBUCAT OT MUKPOreoMeTpU4ecKo-
ro (MakpoOTKIIOHEeHWe, BOJSIHUCTOCTb, LIEPOXO-
BaTOCTb) U (PU3UKO-MEXAHUYECKOTO COCTOSHMUS
(MMKPOTBEPAOCTb, OCTATOYHbIE HANPSHKEHUS)
nosepxHocTHoro cnos (MNC) petanen. Yawe
BCEro AOCTWKeHune utoroBoro coctosHua [1C
peanuayeTcs C NOMOLLbI0 NE3BUAHLIX METOA0B
0bpaboTkn. HegoctaTtkom AaHHbIX METOAOB SAB-
NAETCH OrpaHNYEHHOCTb BUSHUA Ha POpMUpO-
BaHWe (PM3UKO-MEXAHNYECKUX XapaKTEPUCTUK
obpabaTbiBaembix noBepxHocTen. [pu 3TOM
npoLecchl pesaHns xapakTepusylotcs opMu-
POBaHMEM OCTATOYHbIX PacTArvBatoLmMxX Hanps-
XEHWIN, HeraTMBHO CKa3blBAKOLLMXCS Ha U3HOCO-
CTOVKOCTM feTanei. Hanbonee paumoHanbHbl-
MW B OTHOWeEHUU oBecrneyeHnss UTOroBoro Co-
CTOSIHUA pabounx NOBEPXHOCTEN ABNSAKTCA Me-
TOAbl MOBEPXHOCTHOrO MNfACTMYECKOro Aedop-
MUpoBaHus. VX npumeHeHne nossonset op-
MMPOBaTb MOBEPXHOCTHBLIN CIIOW AeTanen ¢ on-
TUMasbHBIMU MUKPOrEOMETPUYECKUMU U PU3u-

KO-MEXaHUYECKUMM NapameTpamm.

Cpeau 6onblioro pasHoobpasusi cnocobos
MOBEPXHOCTHO-MacTuyeckoro  aegopmMmpoBa-
Aua (MNJ)° [1] BbIAENsIOTCA METOAbI, CBA3AH-
Hble C MCMOSIb30BaHNEM 3HEPrUM YNbTPa3BYKO-
BbIX KonebaHuii, B 4aCTHOCTW yNbTpa3ByKOBOE
MOBEPXHOCTHO-MNacTuyeckoe  aedopmmpoBa-
Hue. lNepBble YNOMUHAHWS O NPUMEHEHUN N pe-
anu3aumm  ynbTpa3ByKOBOrO  MOBEPXHOCTHO-
nnacTuyeckoro gegopmupoanus (Y3I1) 6binu
npmeedeHbl B uccnegosaHum W. . MyxaHosa
[2]. B paHHOM paboTe nokasaHo, YTO NpUMeHe-
HUe 3TOr0 MEeTOAa MPUBOAUT K CHUXKEHWIO Le-
pOXOBATOCTW, MOBBILLEHWUIO MWUKPOTBEPAOCTU W
(POPMUPOBAHUID  CKMMAKOLMX  OCTATOYHbIX
HanpsHKeHN.

AHanu3 nuTepaTypHbIX WUCTOYHMKOB [3—16]
nokasar, 4to passutue metogos Y3I[ cBszaHo
C NPUMEHEHMEM Pa3NNYHbIX CXEM peanusauuu
[aHHoro npouecca. Mpy 3TOM Kaxabl U3 3TUX
mMeTofoB obnagaet CBOMMM OCOBEHHOCTAMU W
pauMoHansHoM 0bnacTblo npumeHexus. Hanbo-
nee pacnpocTpaHeHHOW SBNSETCS CXeMa C BBO-
oM konebaHui K Hopmanu kK obpabaTsiBaemoii
nosepxHocTu [3-13]. MNpu ncnonb3oBaHnn gaH-
HOro MeToda MMeeT MeCTO APOOHbIA KOHTaKT
MHOEHTOpa C YNPoYHSEeMOi deTanbko, 4To obec-
neynmBaeT peanu3aumio BbICOKOW CTEneHn [Ae-
thopmauuu. B cBa3m ¢ aTUM paumoHasnibHon 06-
nacteto npumeHenus Y3 ¢ BBogom koneba-

20puHuos M. T. YnpoyHeHne u oTthenka getanend NOBEPXHOCTHbIM MacTUYECKUM AeOpMUPOBaHUEM: CRPaBOYHMUK.

M.: N3a-Bo «MawwmHocTpoeHuey, 1987. 328 c.
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HUIA N0 HopManu aBnseTca obpaboTka getanen
13 MaTepumanos BbiCOKOW TBepaocTu. B paboTax
[14—-16] paccmaTpuBaeTcs NpUMEHeHne aMnnu-
TYAHO-MOAYNMPOBAHHLIX U KpyTunbHbIX  Y3K.
Peanusauua gaHHbIX METOAOB MO3BOMSET CHU-
31UTb ycunme AehopMUpoBaHns (Mo CpaBHEHMIO
C HOpMasibHOM CXeMOW) 1 cnocobCcTByeT npoBe-
AeHnto 0bpaboTku pgeTtanen u3 MeTannoB M
CNnaBoOB CpedHen W HW3KOW TBepAoCcTW. Hepo-
CTATKOM [aHHbIX METOLOB SBMSETCA CIOXHOCTb
UX peanusauum.

Takke nssecteH meton Y3 no cxeme ¢
BBOAOM KonebaHuii no kacaTenbHon Kk obpaba-
TbIBAEMOWN MOBEPXHOCTU, OCOOEHHOCTU KOTOPO-
ro B NMTEPATYPHbIX UCTOYHMKAX NPAKTUYECKMN HE
packpbiTbl. OnpefeneHne OCHOBHBIX NapameTt-
pOB 3TOr0 npoLiecca NoO3BONUT caenatb npeg-
NnonoXeHne O pauuoHanbHOW obnactu ero npu-
MEHEHMs1 U NPeacTaBnseT HayyHbld M NpaKTu-
YeCKUn NHTepec.

TEOPETUMECKMWE NCCNEOOBAHUA
PA3JIMYHBIX CXEM NMOBEPXHOCTHO-
NMNACTUYECKOIO JE®OPMUPOBAHUA

N3yyeHne KnHemaTuku U AMHAMWKK npume-
HaeMbIx MeToaoB [ no3BonseT BbISBUTH WX
OCHOBHbIE Pa3nnyMsl U CXOACTBA, a TakKke YycTa-
HOBWUTb OCHOBHbIE (PaKTOpPbl, OKa3blBaoLLME
Hambonbluiee BNMSHWE Ha DOPMUPOBAHUE Kaye-
CTBa MOBEPXHOCTHOTO Crosi Aetanen. Xapaktep
B3aVMHOIO [ABWMXXEHWUS WHCTPYMEHTa W OeTanu
onpeaensieTcs KuHemMaTuyeckumm  dakTopamm,
TakMMU KaK NepemeLleHne, CKOpoCTb U yckope-
HWE, KOTOpbIE CYLLECTBEHHO BMUSAOT U Ha CUMo-
Bble NapamMeTpbl npouecca. [1oaToMy noHMmaHue
AaHHbIX ocobeHHocTew npouecca Y3l Heobxo-
AUMO Onsl NPOrHO3UPOBAHMS COCTOSIHNS MOBEPX-
HOCTHOrO Ccnosi 06pabaTtbiBaeMbIX 13aenuin.

Ona wn3yyeHnss KMHeMaTn4eckmx OCOBEHHO-
cTen pasnuyHblx Metogos MMM npoBeaeHbl aHa-
nu3 1 cpaBHeHne cxem obpaboTkm Y3 ¢ BBO-
[0M KonebaHwuii No HopManu 1 No KacaTenbHOMN,
a Takke NyTem NpPUMEHEHUS LIKMPOKO MPaKTUKye-
MOrO MEeToda anmasHoro BbirnaxusBaHus, 6nms-
KOro Mo CBOWMM NapameTpaMm K ynbTpa3ByKOBOMY
MOBEPXHOCTHO-MacTuyeckoMy  AeopMupoBa-
HUO. OnucaHne KMHEeMaTMYeCKUX NapaMeTpoB
npouecca 0bpaboTku Ten BpalleHus paccMoT-
PEHO B NPSIMOYrOfNbHON CUCTEME KOOPAMHAT, Npu
3TOM BbIOpaHO creaytoLlee HanpaBneHne ocen —

ocb X coBnagaer C HanpaBneHuem rnaBHOro
LBWKeHUs, 0Cb Y UMEET paauanbHoe Hanpasre-
HUEe, OCb Z HaXOAWTCSA B HanpaBneHuM Nopauu.
AHanu3 npoBoguIcsa npu ycnoBsuu, YTo Aetanb
HenoaBuxHa, a BCe BuAbl OBWXEHWs (Bpalia-
TenbHoe, MocTynaTenbHoe, konebaTenbHoe) co-
BEPLUAET MHCTPYMEHT.

B npouecce Y3I1[] no cxeme ¢ BBOOAOM KO-
nebaHnn no kacatenbHon Kk obpabaTbiBaemoii
nosepxHoctu (puc. 1) mHcTpymeHt [17-19] 3a
Bpemsi 06paboTku t ocTaBnseT Ha NOBEPXHOCTY
crned, NpOEeKUMM KOTOPOro Ha OCW KoopauHat
paBHbl [17]:

L, =V, t+ Asin(2r ft)cos S

L, =0 ()
L, =V t+ Asin(2x ft)sin g

rae Vy = mDn — CKOpOCTb MMaBHOIO OBMKEHUS,
Vs = Sn — ckopocTb nogayu; f — yactorta Kone-
GaHui MHCTpyMeHTa; A — amnnuTyga koneba-
HUIX; B — yron mexay BeKTopamu rmaBHON U KO-
nebartenbHoOn ckopoctu (yron BBoga Koneba-
HUI); S — nogaya; n — 0bopoTbl; D — gnameTp
petanm.

Mockonbky MHCTPYMEHTY OAHOBPEMEHHO CO-
obL1aeTcs HecKonbKo BUOOB ABWXEHUS, TO €ro
pe3ynbTUPYIOLLAs CKOPOCTb BbIYMCMSETCS Cre-
aytowmm obpasom [17]:

V,, =V, +V, cos )7 +(Vy +V, sin B)2, (2)

roe Vg = 2mmfAcos(2rrft).

N3 ypaBHEHWS (2) BUOHO, YTO pe3ynbTupytoLas
CKOPOCTb SBMSAETCA NepeMEeHHON BEMUYUHON, Ha
3HaYeHNe KOTOPOW OKasblBalT CYLLECTBEHHOE
BNMsHWe konebartenbHas CKOPOCTb MHCTPYMEH-
Ta u yron . Hannune konebatenbHON CKOPOCTH
obycnoBnuBaeT OAHOBPEMEHHOE W3MEHEHWE

coctasnaiowmx V, 1V, , obecneunsas wmpo-
KUA [OManas3oH BapbUPOBaHWUS BEMUYUHON U
HanpaBfeHNeM CKOpPOCTH \E pacuyeckoe
pelleHne ypaBHeHus (2) npu UKCUPOBAHHBIX
3HaueHnsx V, , V, , V, npuseneHo Ha puc. 2 (B
= const).
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J

Puc. 1. Ynbmpa3seykoeoe noeepxHocmHo-nnacmu4eckoe de¢hopmMupogaHue No maHzeHyuaabHol cxeme
(1 - ynbmpaseykoeoli npeobpa3oeamernsb, 2 — o6pabambieaemasi demanb, 3 — 80sH0800; Pcm — cmamuyeckasi Haepy3ka,
Vs — eekmop ckopocmu nodayu uHcmpymeHma, Vy — eekmop 2naeHoli CKOpoCmu UHCMPYMeHma,
Vk — eekmop koniebamesnibHOl CKOPOCMU UHCMPYMeHmMa)
Fig. 1. Ultrasonic surface-plastic deformation according to the tangential scheme (1 — ultrasonic transducer,
2 - processed part, 3 -waveguide; Pcm - static load, Vs - vector of the tool feed rate, Vy — vector of the main tool velocity,
Vk - vector of the tool oscillating velocity)
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Puc. 2. Cxema HanpaeneHusi ckopocmeli dguxxeHuli UHCMpyMeHma npu yabLMpa3eyKoe8oM M08EPXHOCMHO-MIacmu4eckom
degpopmupoeaHuu (konebaHusi — e kacamenbHol nnockocmu 0° < B < 180°): a — pacnosioxeHue eekmopos ckopocmeli
06pabomku omHocumesbHO MOYKU KOHMakKma UuHcmpymMeHma;

b — npocmpancmeerHoe pacnonoxeHue sekmopoe ckopocmel o6pabomku;
¢ — duana3oH eapbuposaHus pe3ybmupyroweli ckopocmu
Fig. 2. Diagram of the tool movement velocity directions at ultrasonic surface-plastic deformation (vibrations are in the
tangent plane 0° < 8 < 180°): a - location of processing speed vectors relative to the tool contact point; b — spatial location of
processing speed vectors; ¢ — variation range of resultant velocity

[unanasoH W3MEHEHWs pe3ynbTUpyWen  ManbHOW COCTaBNSAIOLLEN CTaTUY4eCcKOro Harpy-
ckopocTu xapaktepusyetca obnacteto OCE.  keHus.

PacnonoxeHne Bektopa V,,, B Nockoctn XOZ MepemeHHbI  XapakTep  pesynbTupyioLei
oBecneunBaeT HenpepbIBHbIi KOHTaKT MHAEHTO- Eg:goggwonozyce”noﬂﬂi: Hi’;ﬂ:ﬂi'\e"M 3(’5')(@9“””’
pa C AeTanblo M MOCTOSHCTBO 3HAYEHWUs HOP- poe orpea yp '

j Vo _ 2% f2Asin(27 ft)((2V, +V,)sin B+ (2V, +V,..) cos )
o YOV +Vi )+ (Y, +Vie)?
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rae Vks = Vksin(B); Vke = Vkcos(B).

Kak cneagyet v3 ypaBHeHust (2), BENMYMHA
pe3ynbTUPYIOLLEN CKOPOCTU 3aBUCUT HE TOMbKO

OT 3HaueHun V,, , V., V5, HO 1 OT yrna BBoda

konebaHun B, 3Ha4YeHMe KOTOPOro MOXeT Bapb-
nposatbca o1 0 go 180°. CtouT OTMETUTDL, YTO
metogdy Y3l c Beogom konebaHui no kaca-
TeNbHOW XapakTepHbl ABa YacTHbIX cryvas — f
=0°n B=90° MNpu B =0° (puc. 3) umeem:

L, =V, t+ Asin(2r ft)

L, =0 . (4)
L, =Vt

Mpu CcKOpOCTU, pe3ynbTupyloLlel nepeme-
LieHNS:

Vpeg = \/(\/V +VK)2 +VS2 ) (5)

N3 puc. 3 BuagHo, 4yto B cnyyae ¢ B = 0°
TONMbKO COCTaBMSOLAsA Pe3ynbTUPYHOLLEN CKO-

pocTn V, MMeeT nepeMeHHbIit xapakTep, ava-
MNa30H M3MEHEHWS! KOTOPOW 3aBUCUT OT BEMNYMH
V, nV,.

[pyrast kapTvHa HabniogaeTcst npu 3Haue-

a

Hum yrna B = 90° (puc. 4). CoctaBnsiowme Tpa-
EKTOpUM NepemeLLeHns onpeaensoTes:

L, =V,t

L, =Vt + Asin(2r ft)

a pesynbTUpytoLLas CKOpPOCTb

Vpe3 = \/VV2 + (VS +VK)2' (7)

Mpu B = 90° coctaBnstowwas pesynbTUpy-
LLen cKopocTH V, CTaHOBWTCS NEPEMEHHON Be-

NnUYKMHOM, @ Vy — NOCTOSIHHOM.

N3 npepncraBneHHbIX cxem puc. 2—4 BUAHO,
4yTo npumeHeHne Y3I[ ¢ BBogom konebaHui no
KacaTeflbHOW MO3BONSIET BapbuMpOBaTb 3Haue-
HUE U HanpaBneHne pe3ynbTUPYHLLEeA CKOPOCTU
B LUMPOKOM AuanasoHe. [lepeMeHHbI XapakTep

V3 M | HCTpPYMeHTa npu Y3 6yaet okasbl-

BaTb BNWSIHWE HA MHTEHCWMBHOCTb M Hanpasne-
HMe TeyeHus matepuana B oyare AedopMupo-
BaHWs, YTO NpUBEAET K WM3MEHEHMIO (PU3UKO-
MeXaHW4eCcKkoro M MUKPOreoOMEeTPUYECKOTO CO-
ctoaHusa NC.

b c

Puc. 3. Cxema HanpaeneHusi ckopocmeli dguxeHuli UHCMpyMeHma npu yabLMmpa3eyKoeoM M08ePXHOCMHO-MIacmu4eckom
de¢popmupoeaHuu (konebaHusi — 8 kacamenbHol nnockocmu, y2on B = 0°): a — pacnosoxeHue 6eKmMopoe ckopocmeil
06pabomku omHocumenbLHO MOYKU KOHMakKma uHcmpymeHma; b — npocmpaHcmeeHHOe pacnosioxeHuUe 8eKMopoe
ckopocmeli o6pabomku; ¢ — duana3oH eapbupoeaHusi pe3ynbmupylouweli ckopocmu
Fig. 3. Diagram of the tool movement velocity direction at ultrasonic surface-plastic deformation (vibrations are in the
tangent plane, angle B = 0°): a— location of processing speed vectors relative to the tool contact point; b — spatial location
of processing speed vectors; ¢ — variation range of resultant velocity
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Puc. 4. Cxema HanpasneHusi ckopocmel dguxeHuli UHCMPyMeHma npu yrnbmpa3eyKoeoM 108epPXHOCMHO-MN/1acmu4yecKkom
degpopmupoeaHuu (konebaHusi — e kacamenbHol nnockocmu, yeon B = 90°): a — pacnonoxeHue eekmopoe ckopocmeu
o0b6pabomku omHocumesbHO MOYKU KOHMakma UHcmpyMeHma; b — npocmpaHcmeeHHOe PacnooXeHUe 8€KMOPos
ckopocmeli o6pabomku; ¢ — duana3oH eapbUposaHus pe3ynbmupyrujeli ckopocmu
Fig. 4. Diagram of the tool movement velocity direction at ultrasonic surface-plastic deformation (vibrations are in the
tangent plane, angle B = 90°): a -location of processing speed vectors relative to the tool contact point; b — spatial location
of processing speed vectors; ¢ - variation range of resultant velocity

Nockonbky 3HaA4YeHMs1 KOMMOHEHTOB pPe3yIb-
TMpylowelt ckopoctu V, , V, , V, onpenensioT-
cs pexumamu 0bpaboTku, TO X BapbMpOBaHue
No3BONSIeT YnpaBnATb NapaMeTpamu \TB B

LUMPOKOM Auana3oHe.
Npu paccmoTtpennn metopa Y3M[ ¢ BBogOM
konebaHui No HOpPManu KOMMOHEHTbI TPaeKTo-
pUM OBWKEHWUS MHCTPYMEHTa B HanpasBfeHuu
ocel KoopaMHaT ONUCHIBAETCS YPaBHEHUAMM:

L, =Vt
L, = Asin(2x ft). (8)
L, =Vt

Mpy 3TOM pe3ynbTUpytoLas CKOpOCTb Me-
pemMelleHnss aedopmatopa pesynbTUpytoLen
obpabaTbiBaemMon MNOBEPXHOCTM OMUCLIBAETCS
BblpaXXEHUEM:

V,, = JQVZ +V, 2 +V 2, (9)

YckopeHue:

j — dVPE3

dt
_ 4’ FPAV, sin(2z ft)

WSZ +V, 2 +V, 2

(10)

KpoMe BenuuuHbl pesynbTUpYoLWen CKopo-
cTv (B TeYeHne nepuoga konebaHus UHCTPYMEH-
Ta), U3MEHSETCA W ee HanpaslieHne OTHOCK-
TenbHo nnockoct XOZ, KOTOPYH MOXHO Xapak-
Tepu3oBaTtb yrnom a (puc. 5 c¢). MNpu atom TaH-
eHC 3TOro yrna onpeaenseTcs OTHOLEHUEM:

to = —X . 11
ga== (11)

N3 aHanu3a KuHemaTWKM BWAOHO, YTO WH-
CTPYMEHT COBEpLUAET ClOXHOE [BWXEHWE B
MPOCTpPaHCTBE, COCTABMSAKLWME KOTOPOro pac-
MonoXeHbl B 3-X NNOCKOCTAX. 3 AaHHOW CXeMbl
(cMm. puc. 5) CTaAHOBUTCA MOHATHLIM Hanuyve
ApoBHOCTM koHTakTa obpabaTbiBaemon getanu
W MHCTpyMeHTa. YacTb BpemeHu 06paboTky,

COCTaBnsioLLas pe3ynbTupytoLLen ckopoctn V, ,

OypneTt coBnagatb C MONOXWUTENbHLIM Hanpas-
neHnem ocn Y (k ocn obpabaTbiBaemoit geta-
nu), obecneuvBas BHEAPEHWE WHOEHTOpa B
nedopmupyemyto  nosepxHocTb. OcTaBlueecs
BPEMS €e HanpaBneHWs U3MEHUTCS Ha NpoTu-
BOMOMOXHOE (0T OCY M3Jenus), YTo NpuBESET K
noTepe KOHTaKTa MHCTPYMEHTa C AeTanbio.
Takxe He0bX0OMMO OTMETUTb, YTO BEMUYM-
Ha W HanpaBneHne pesynbTUPYHOLLEA CKOPOCTH
06paboTKu B 3HAYUTENIBHOW CTENEHW 3aBUCAT OT
ckopocTu KonebatenbHoro apmxkeHus V.
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Puc. 5. Cxema HanpaeneHus ckopocmeli dguxeHuli UHCMpyMeHma npu ynbmpa3eyKkoeoM Mo8epXHOCMHO-N1acmu4yeckom
degpopMupoeaHuu (konebaHusi — N0 HOpMasnu): a — pacrnosioxeHue eeKmopos ckopocmeli 06pabomku omHocumesbHo
MoYKu KOHMakma uHcmpyMeHma; b — npocmpaHcmeeHHoe pacrnosioxeHue eekmopoe ckopocmeli o6pabomku;
¢ — duana3oH eapbUposaHuUs pe3ynbmupyroujeli ckopocmu
Fig. 5. Diagram of the tool movement velocity direction at ultrasonic surface-plastic deformation (vibrations are along the
normal): a —location of processing speed vectors relative to the tool contact point; b — spatial location of processing speed
vectors; ¢ — variation range of the resultant velocity

yTb, NPONAEHHBIN MHAEHTOPOM 3a BPeEMS t,
ByaeT onucbiBaTLCA BbIpaXeHUEM:

L=yL2+L2+L,2, (12)

Hannune gpo6HOCTH KOHTaKTa MHCTPYMEHTa
c obpabatbiBaemon geTanbio NpUBOAMT K TOMY,
4TO NPOXOAWMBIA MHCTPYMEHTOM NyTb HE paBeH
ANVHE cnefa, OCTaBMSAEMOro MHCTPYMEHTOM Ha
petanu. nuHa cnepa L 6yget onpegenatbes
TONbKO NepemeLLEHNAMM No ocaM X 1 Z.

Hanbonee 6nuskum k Y3l ¢ BBogoM kone-
GaHuii Mo kacaTenbHOM $BNAETCA METo4 an-
MasHoro Bbirnaxwueanus (AB) (puc. 6). N3secT-
HO, YTO anMasHOe BbIrMaXuBaHWE MO3BONAET
MoBbILWATbL KAYeCTBO MOBEPXHOCTHOrO Crosi Ae-
Tanen, BbINOMHEHHLIX U3 MaTEPUAsIOB LLUMPOKOTO
Anana3oHa TeepaocTyu [5, 16, 20]. Cocrasnsito-
LMe TPaeKkTopun MNepeMeLLEHNs WHCTPYMEHTa
npu AB onuckiBatoTCS:

30

L, =V, t
L, =0 , (13)
L, =Vt
a pe3ynbTupymLLlas CKopoCTb paBHa
V.., =V, +V. (14)
YckopeHue:
H dVPE3
=—=2=0. 15
J==5 (15)

B cBfian ¢ nocTosHCTBOM BennunH V, , Vg

npu AB pesynbTupylowas CKOpoCcTb ABNSETCA
Takke MOCTOSAHHOW BEMWYMHOW, Kak Mo 3Haye-
HUI0, TaK 1 MO HaMpaBeHWO, U ABNSETCH HEW3-
MEHHOWN Ha NPOTSKEHUN BCero npouecca. 310
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Puc. 6. Cxema ckopocmeli npu eblefiaXxueaHuu: a — pacrnosioxeHue eekmopoe ckopocmeli 06pabomku omHocumebLHO
moYyKu KOHmMakma uHcmpymMeHma; b — npocmpaHcmeeHHoe pacrosioxeHue 8ekmopoe ckopocmel o6pabomku
Fig. 6. Diagram of velocities under burnishing: a —location of processing speed vectors relative to the tool contact point; b -
spatial location of processing speed vectors

00yCnoBNMBAET COXPaHEHWE YCIOBUSI KOHTaK-
TUpoBaHua Aedopmatopa ¢ obpabaTbiBaeMow
aeTanbio.

3AKNKOYEHUE

N3 aHanu3a paccmatpuBaeMblX MeETOLOB
MNn4 sugHo, 4To NPW COOBLLUEHNUN MHCTPYMEHTY
Y3K Habniogatotcs cnegyowme ocobeHHocTH
0bpaboTku:

— CIOXHasi TPaeKkTopusi OBWMXKEHUS UHCTPY-
MeHTa OTHOCWUTENbHO obpabaTbiBaeMon AeTa-
n;

— NEepPeMeHHble NO BENMUYMHE W Hanpasne-
HUI CKOPOCTb W YCKOpeHue aedopmatopa B
npouecce Y3I[;

— BbICOKOYACTOTHOE W3MEHEeHMe KMHemaTu-
4yeckmx napameTpoB 06paboTku;

— M3MeHeHwe yrna BBoga konebanun ()
Nno3BONseT BapbuMpoBaTb CKOPOCTbIO W yCKope-
HUEM MHCTPYMEHTA, U3MEHSS KaK UX BESIMUUHY,
TaK ¥ HanpaBneHwe.

YnpaBneHne KMHEMATUYECKUMU W OUHAMU-
4yeckMmmn napameTpamu npouecca obecnevmBa-
eTCa 3a CYyeT BapbMpOBaHWUSA TEXHONMOMMYECKUX
napametpoB 0bpaboTkn. Kak nasectHo, nobon
meTo 06paboTkn xapakTepusyeTcs TEXHOMOrU-
YECKMMM NapameTpamu, BRUSIOWMMU Ha napa-
MEeTpbl KayecTBa NMOBEPXHOCTHOrO Cos. YBenu-
YEHMWE WX YuCna paclMpsieT BO3MOXHOCTM MO
YNpaBfieHU0  COCTOSIHUEM  MOBEPXHOCTHOrO
cnos. M3 aHanmsa paccmaTpuBaembIXx METOAOB
TEXHOMOrMYeCKUMU napameTpamu SBRSKOTCS:

AB: Vv, S, lg) Pecr.

Y304 no Hopmanu: Vy, S, rq, Per, f, A.

Y3MMA no kacatensHon: Vy, S, 1, Per, f, A, B,
rae Pcr — cTtatnyeckas Harpyska.

Mcxogs m3 BbllLeckasaHHOro, MOXHO cae-
naTtb BblIBOA O TOM, YTO KaXdbl M3 NPUBEAEH-
HbIX MeTodoB obnagaeT pasnnyHbiM Habopom
TEXHOMNOTMYECKUX MNapamMeTpoB M pasHbiM Xa-
PaKTepoOM [ABWXEHMS [eOopMUPYIOLLErO0 WH-
CTPyMeHTa OTHOCuTENbHO obpabaTbiBaeMon
noBepxHocTK. lNpn 3TOM MX HanbonbLUee KOmMu-
yectBo umeet Y3M1[ ¢ BBogom konebaHun no
KacaTenbHOMW, YTO MO3BONSAET (NyTEM BapbUPO-
BaHWsi ycrnosuii 0bpaboTku) ynpasnsaTb MUKPO-
reOMETPUYECKMM N (PUBUKO-MEXAHUYECKUM CO-
CTOSIHMEM MOBEPXHOCTHOrO crnosi B Gonee ww-
POKOM JmanasoHe.

JlonoNHUTENBHO HA OCHOBE KMHEMATUYECKO-
roO aHanusa MOXHO roBOPUTb O TOM, YTO M3Me-
HeHWe cXxeMbl BBOAA KonebaHuii BRUAET Ha
YCNOBWSI KOHTaKTUPOBaHUSI MHCTPYMEHTa C fe-
Tanblo U NO3BONSET U3MEHATb €ro C MOCTOSIHHO-
o Ha LUMKMNYECKUIA.

Hanuune nocTosiHHOrO KOHTakTa aedopma-
Topa ¢ obpabatbiBaemon aetansto npu Y3I ¢
BBOZOM KonebaHwm no KkacaTeflbHOW (aHano-
rmyHo u ans AB) nossonser cgenatb npeano-
MOXXEHWE O TOM, YTO AaHHbIN METOA NPUMEHUM
Ans obpaboTku MeTannoB M CnaBoOB pasnunuy-
HOW TBEPOOCTH.

[MocKonbKy TEXHONOrMYeckne BO3MOXHOCTM
Y3 ¢ BBogoM konebaHuin no KacaTenbHON K
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obpabaTbiBaemMon NOBEPXHOCTM HEOOCTaTOYHO
W3yyeHbl, TO UX YCTaHOBNeHWe npeacTaBnser
Hay4HbIN W MpaKTUYeckun uHTepec. [anbHew-
lMe uccnefoBaHns Heobxoaumbl Ans onpefe-

NeHns BNUSHUS npoLiecca Ha UTOroBoe COCTOS-
HWe gedopMmupyemon fetanu v onpeneneHus
paunoHansHoW 0611acTM NPUMEHEHUs SaHHOro
meToza.
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Abstract. The present work aims to improve the existing technology of reaming bores in hybrid stacks containing a
composite material interlayered with titanium and aluminium alloys. The study was conducted using statistical approac h-
es at the stages of experimental design and data processing in the Statistica 6 and Microsoft Excel 2010 software. The
bore roughness was measured using a Taylor Hobson Form Talysurf i200 contact profilometer. The height of the tool
build-up edge was investigated using a Bruker ContourGT-K1 optical profilometer. Bore diameters were determined us-
ing a Carl Zeiss Contura G2 coordinate measuring machine. An experimental study was carried out using an Atlas Copco
PFD-1500 automatic feed drilling unit and a 14 mm MAPAL reamer with a replaceable head. A methodology for a com-
prehensive experimental study of boring and reaming processes in the “OT4 titanium alloy - VT6 titanium alloy - polymer-
ic composite materials - VT6 titanium alloy - 1933 aluminium alloy” hybrid stack was developed and implemented. It was
found that the most significant factors affecting the parameters of bore accuracy, in particular, the deviation from the true
bore longitudinal section profile, include the cutting speed in the first and the second degree, as well as the feed. The
optimum cutting modes are a cutting speed of 7.24 m/min, a feed of 0.27 mm/rev and a machining allowance of 0.5 mm.
As a result, the time of reaming one bore is reduced by 4.6 times. The optimum cooling method, ensuring the increased
accuracy and reduced roughness of the bore in the aluminium alloy layer, is cooling by carbon dioxide at a temperature
of -56.5°C. As a result of experimental works, basic laws governing the boring and reaming processes in multicomponent
hybrid stacks composed by carbon-fibre-reinforced plastics with titanium and aluminium alloys were investigated.
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Pe3stome. Llenb — onTummsauust TexHonorun o6paboTku 0TBEPCTUIM B CMELLAHHbIX NaKeTax, CoAepXallnx Crnou Ko M-
NO3WULMOHHOTO MaTepuana, TMTaHOBOrO U afiloOMUHWEBOrO CNNaBoB. VccnefoBaHMe NPOBOAMIIOCH C MOMOLLbI CTAaTUCT U-
4eCKMX MOAXOAO0B K MIAHWPOBAHMIO 3KCNEPUMEHTOB U 06paboTke pe3ynbTaToB B Mporpamme Statistica 6, a Takke B npu-
noxeHun Microsoft Excel 2010. M3mepeHne wepoxoBaToCTN OTBEPCTUI NPOU3BOANNOCL HA KOHTAKTHOM NpodunomeTpe
Taylor Hobson Form Talysurf i200. BeicoTa HapocTa Ha pexylieli KpOMKE WHCTPYMEHTA MUCCMeAoBanach ¢ NMOMOLbH
ontuyeckoro npodunometpa Bruker ContourGT-K1, cHATUE napaMeTpoB OMameTpoB OTBEPCTUMW — HA KOOPAWMHATHO-
nameputenbHoi mawuHe Carl Zeiss CONTURA G2. 3kcnepuMeHTanbHOe MCCneaoBaHne nNpou3BOANUIOCE C MOMOLLbH
CBEpnUIbHON MalMHBI C aBTOoMaTtnyeckol nogayeit Atlas Copco PFD-1500 n c6opHoi passepTtkn MAPAL guameTpom
14 mm. PaspaboTtaHa 1 peanusoBaHa METOAMKA KOMMIIEKCHOTO 3KCMEPUMEHTANBHOIO MCCNeaoBaHNs npolecca nomnyye-
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Hua otBepcTuin B CI cTpykTypbl «TuTaHOBLIA cnnaB OT4 — TuTaHoBbIA cnnae BT6 — nonvmepHble KOMMO3ULMOHHbIE
matepuansl — TUTaHoBbIA cnnas BT6 — anomuHuestiid cnnas 1933». YctaHoBneHo, 4To Hambonee 3HauMMbiMK (HakTo-
pamu cpeau UCCNeAOoBaHHbIX, BANSIOWMX Ha NMapaMeTpbl TOYHOCTU OTBEPCTUS, B YACTHOCTM Ha OTKMNOHEHWe npoduns
NPOLONbHOrO CEYEHUs OTBEPCTUS, ABMSAIOTCH CKOPOCTb pe3aHus B NepBON W BTOPOW CTeneHu, a Takke nogaya. Ontu-
MasbHbIMU PEXUMaMKU pe3aHus Ans NOCTABMNEHHOW Lienn SBRSIOTCA CKOPOCTb pe3anus — 7,24 m/MuH, nogada — 0,27
mMMm/06 1 npunyck Ha o6pabotky — 0,5 Mm. Takum ob6pa3om, Bpemsi 06paboTKM OJHOTO OTBEPCTUS Ha OnepaLuu pasBep-
TbIBaHWS CHUXEHO B 4,6 pa3sa. [oka3aHo, YTO OnNTUManbHBEIM CNOCOBOM oxnaxaeHusl, obecneymBaroLLM NOBLILLEHNE
TOYHOCTU M CHUXEHME LLEPOXOBATOCTM MOBEPXHOCTW OTBEPCTUS B CMOE W3 antoMUHWEBOrO CNaBa, ABNSETCs oxNaxae-
HUEe yrnekucnblM rasom ¢ Temnepatypoit -56,5°C. Takum obpasom, B pesynbTaTe BbIMOMHEHUS SKCNepUMeHTanbHbIX
paboT Obinn nccnegoBaHbl OCHOBHBIE 3aKOHOMEPHOCTU npouecca 06paboTKn TOUHBIX OTBEPCTUI B MHOTOKOMMOHEHTHbIX
CMellaHHbIX naketax W3 yrnennacTWMKOB, TUTAHOBLIX U aniOMUHUEBLIX CNNABOB, peanu3yeMoro B TEXHONOrMYECKo no-
CrefoBaTeNnbHOCTM «CBEPNEHNE — Pa3BEPTLIBAHNEY.

Knroyeeble ciioga: pasBepTbiBaHWe, pa3BepTka, YrNennacTuk, CMeLUaHHbIA NakeT, TUTAHOBLIN CNnaB, AUCNEPCUOH-
HbIW aHanu3

Ansa yumupoeanusi: YawmH H. C. OnTumusaums npouecca YucToBo 0O6paboTKN OTBEPCTUIA B MHOFOKOMMOHEHT-
HbIX NakeTax M3 yrnennactukoB M MeTannuyeckux cnnasos // iPolytech Journal. 2022. T. 26. Ne 1. C. 35-42.

https://doi.org/10.21285/1814-3520-2022-1-35-42.

INTRODUCTION

In modern mechanical engineering, existing
materials begin to approach the limit of design
possibilities. Therefore, it is important to search
for and introduce materials with higher mechani-
cal properties. In this study, we investigate pol-
ymeric composite materials (PCM) [1, 2]. The
application of PCM allows the weight of the fin-
ished product to be reduced, which subsequent-
ly decrease the product operational costs. It is
practically impossible to completely abandon
classical materials in highly loaded assemblies;
therefore, metal alloys are used for such pur-
poses. The so-called hybrid stack (HS) is
formed at the points of connecting dissimilar ma-
terials. HS represents a combination of compo-
site materials with metal alloys. Bolted joints are
typically used to connect dissimilar materials

[3-5]. Since the reliability of such joints depends
on the bore quality [6-8], the achievement of
accurate bores [9-11] in dissimilar materials ap-
pears to be a priority.

MATERIALS AND METHODS

The object of the study was a five-layer HS
(fig. 1) containing a composite material interlay-
ered with titanium and aluminium alloys.

The HS machining [12, 13] was carried out
from the OT4 side, which is determined by the
presence of one-sided approach to the stack in
the real product. Bore requirements: a diameter
of 14 mm; a diameter allowance of IT9; the up-
per roughness allowance limit (Ra) for metal al-
loy and PCM layers of 1.6 and 6.3 um, respec-
tively [14-17].

[
OT4 <
VT6 o}
|
Polymer
composite ©
materials F
VT6 ©
|
1933 Ry F

Fig. 1. Hybrid stack
Puc. 1. CMewaHHbIl nakem
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Study tool. The cutting tool [18-20] used in
the study was a 14 mm replaceable-head
MAPAL reamer. The cutting part of the replace-
able head consists of six brazed carbide tips.
The cooling channel is directed to the front sur-
face of each tip. The cutting tool is shown
in fig. 2.

The use of a replaceable-head reamer is jus-
tified by the reduction in tool costs, as well as
the need to remove the tool for investigating the
built-up formation at the cutting edge. This de-
sign ensures quick installation and deinstallation
and reduces the installation error.

Measurement equipment. In order to study
the diameters of the reamed bores, a Carl Zeiss
contura G2 coordinate measuring machine was
used. The bore roughness was measured by a
Taylor Hobson Form Talysurf i200 contact pro-
filometer. A FLIR SC7000 thermal camera was
applied for recording the temperature in the cut-
ting area.

Testing procedure. In order to determine
cutting modes ensuring the highest reaming per-
formance and required quality indicators of
bores, multicriteria optimisation was applied to
establish the degree of the effect caused by
technological factors on the parameters of the
bore in the considered HS. These factors in-
clude cutting modes, allowance, cooling method,
and hybrid stack composition.

The study was conducted using the three-
level composite design with two main and one

block factor. The main factors involve machining
modes of feed and cutting speed with the ream-
ing allowance selected in terms of a block factor.
The choice of these factors is justified by their
influence on the bore parameters, which is con-
firmed by the work performed in a related field.

The composite design is non-full factorial,
which means using fewer experiments than
necessary for testing all the studied modes. This
approach appears to be relevant for machining
studies, since an increase in the number of work
cycles leads to an increase in the cutting tool
wear, thus affecting the obtained results.

The allowance levels of the main factors in
the regression model describing the effect of the
cutting process parameters on the bore quality
are provided in tab. 1.

Table 1. Allowance levels of the main factors
Tabnuua 1. YpoBHM BapbMpoBaHus rmaBHbIX hakTopoB

Factor Level -1 Level 0 Level +1
Cuttl_ng speed, V, 6.1 118 175
m/min
Feed, S, mm/rev 0.16 0.27 0.38

The block factor characterises the reaming
allowance Z. The values of the block factor are
givenin tab. 2.

Table 2. Allowance levels of the block factor
Tabnuua 2. YpoBHU BapbnpoBaHus 6110koBOro akropa

Block Level 1 Level 2

Block: reaming allowance, Z, mm 0.1 0.5

Fig. 2. MAPAL replacebale-head reamer (214 mm)
Puc. 2. Pexxywuti uHcmpymenm MAPAL (@14 mm)
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In order to investigate the influence of the
cutting area cooling method and the composition
of adjacent layers in the hybrid stack on the pa-
rameters of the bore in the aluminium alloy layer
during reaming, a full Box-Behnken factorial de-
sign with two main factors was selected. In
terms of these factors, discrete variables, repre-
sented by the method of cooling the cutting area
and the hybrid stack composition, were used.

The allowance levels of the factors in the 3-
level full Box-Behnken factorial design are pro-
vided in tab. 3.

Table 3. Factor allowance levels
Ta6nuua 3. YpoBHU BapbipoBaHus DakToOpoB

Factor Level -1 Level 0 Level +1
Cutting area no coolinal air coolin -56.5°C carbon
cooling method g 9 | dioxide cooling
Composition of the )
studied object Ti/Al PCM/AI Al

RESULTS

Let us consider the expression for optimising
the process of reaming the HS of the “OT4 tita-
nium alloy — VT6 titanium alloy — PCM - VT6
titanium alloy — 1933 aluminium alloy” structure.

The optimisation task of the reaming process
in terms of performance consists in the minimi-
sation of the cutting time. The cutting time is
calculated by the formula:

(41 + L)nd
C T 1000sv

where | — the thickness of the object, where the
through bore is formed; [, + [, — the tool pene-
tration length and overtravel at the end of cut-
ting; d — the tool diameter; s — the feed; v — the
cutting speed. In this study, the sum of the
penetration length and overtravel is assumed to
be 5 mm.

In this regard, it is necessary to select the
advanced cutting modes providing the surface
roughness within the range of allowed values. In
order to solve this problem, let us determine the
most efficient cutting modes by establishing the
desirability levels of response functions. For the
optimisation in terms of performance, the desir-
ability for the lower and average values of the
studied parameters is taken equal to one, while
the upper value desirability is zero (except for

the “cutting time” parameter describing the pro-
cess performance). Therefore, the desirability
values linearly decreasing with the increase in
the cutting time are selected. Using this method,
the cutting modes both ensuring the optimum
values of the bore accuracy and having high
performance were determined.

The highest desirability value was estab-
lished corresponding to the values of the
V =7.24 m/min cutting speed, S = 0.27 mm/rev
feed, and the reaming allowance of z = 0.5 mm.
In the above modes, the correspondence of
maximum performance (1.01 min cutting time)
with the required parameters of the bore accu-
racy is achieved: the IT9 deviation of diameters
from 14 mm is in the limits of 43 ym, the rough-
ness of the bore surface for metallic material
layers is under 1.6 ym, Ra = 6.3 is used for the
composite material layers.

In order to increase the requirements for the
parameters of the bore surface roughness, let
us take the desirability equal to 0.5 for the aver-
age value levels. Since the optimisation in this
case is aimed at improving the quality, the “cut-
ting time” parameter is the exception and the
desirability is set the same at all levels.

The highest desirability value was estab-
lished corresponding to the values of the V = 6.1
m/min cutting speed, S = 0.22 mm/rev feed, and
the reaming allowance of z = 0.5 mm.

In these modes, the maximum bore quality is
achieved, while the response value of rough-
ness and deviation from the true longitudinal
section profile are decreased (tab. 4). However,
the performance decreases due to the increased
to 1.5 min cutting time of the reaming operation.

During the optimisation of the cutting area
cooling methods and the composition of the hy-
brid stack in terms of surface quality and bore
reaming accuracy, the desirability of a response
at the upper, average, and lower levels was set
equal to 1, 0.5 and 0, respectively, for obtaining
maximum accuracy. The maximum desirability
corresponds to the lower levels of response val-
ues.

The greatest desirability value corresponds
both to the method of cooling (cooling by carbon
dioxide with the temperature of -56.5°C) and the
PCM/1933 composition of the hybrid stack. Alt-
hough the use of these machined material com-

38

https://ipolytech.ru



Chashchin N. S. Optimisation of the bore reaming process in hybrid stacks made of carbon fibre and metal alloys

YawuHn H. C. Onmumu3sayus npouecca Yyucmosoli o6pabomku omeepcmuli 8 MHO20KOMITOHEHMHbIX Nakemax ...

binations is not always possible, they should be
preferred in the case of possible changes in the
product design.

Tab. 4 represents factor combinations ensur-
ing the maximum quality of machined bores.

Fig. 3 shows a histogram of the desirability
function.

Table 4. Combination of factors ensuring the maximum
quality of machined bores

Tabnuua 4. CoueTaHue akTopos, obecnevnBarLLmMX
MaKCKUMyM Mo KayecTBy 00paboTaHHbIX OTBEPCTHUI

Desirability | Factors and levels |Response| "eoPOnse
value
shape | 16 47 um
accuracy
Cooling method: Rain1933) <4 um

carbon dioxide (-56.5°C) | layer

0.57 Hybrid stack composition:|Rz in 1933
PCM/1933 |ayer 342 Hm
Tempera- 15°C

ture

Fig. 3 shows that the minimum level of de-
sirability corresponds to the VT6/1933 combina-
tion during the machining both with and without
air cooling. Therefore, this material combination
should be avoided in the product design. When
other material combinations are impossible,
preference should be given to the selection of
the most effective method of cooling the cutting
area, i.e., the carbon dioxide cooling at a tem-
perature of -56.5°C. The PCM/1933 combina-

~__

1 "l"""""""""""
Hybnr'ds .

t Ck
Com
Po S"t y

tions have desirability values insignificantly dif-
fering from those provided by cutting area cool-
ing methods. A similar situation is observed dur-
ing machining of the aluminium alloy layer only.

CONCLUSION

As a result of experimental works, basic laws
governing the process of precise boring and
reaming in multicomponent hybrid stacks made
of carbon-fibre-reinforced plastics with titanium
and aluminium alloys were investigated. The
following theoretical conclusions and practical
results were obtained:

1. A methodology for a comprehensive ex-
perimental study of the boring process in the HS
of the “OT4 titanium alloy — VT6 titanium alloy —
PCM - VT6 titanium alloy — 1933 aluminium al-
loy” structure was developed and implemented.
The developed methodology is aimed at eluci-
dating the technological possibilites of the
reaming operation.

2. In order to determine the optimum combi-
nation of technological parameters of the bore
reaming in HS, including cutting modes and ma-
chining allowance ensuring the required values
of the roughness and bore accuracy, a method-
ology for investigating the process using the
probabilistic method was applied on the basis of
design experiment and multifactorial variance
analysis.

0,6
0,5
0,4
0,3
0,2
0,1

Desirability

T

— 1
0 ‘.“et\‘od
-1 coo\\'(\%

Fig. 3. Desirability function histogram (see tab. 4).
Puc. 3. FTucmoepamma yHkyuu xenamenbHocmu (cM. mabn. 4)
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3. According to the obtained results, the task
of increasing the performance, surface quality
and bore accuracy in the studied stacks was
solved by selecting the optimum cutting modes
during reaming. The most significant factors,
affecting the parameters of the bore accuracy, in
particular the deviation of the bore longitudinal
section profile, include the cutting speed in the
first and the second degree, as well as the feed.
The optimum cutting modes are a cutting speed
of 7.24 m/min, a feed of 0.27 mm/rev, and a
machining allowance of 0.5 mm. Thus, the time
of reaming one bore is reduced by 4.6 times.

4. During the process of reaming the studied
HS, the major technological problems arise dur-
ing the machining of the aluminium alloy layer.
These problems are related to the effect of the
HS composition and the cooling method. These
factors were investigated using the full factorial
Box-Behnken design. The dependence of the
roughness and accuracy of bores in the alumini-
um alloy layer on cutting area cooling methods

and the HS composition was determined.

5. On the basis of the obtained results, the
task of optimising the surface quality and accu-
racy of bores in the aluminium alloy layer was
solved by selecting the optimum methods of
cooling the cutting area and HS composition.
The best cooling method improving the accuracy
and reducing the surface roughness of the bores
in the aluminium alloy layer was established to
be the cooling with carbon dioxide at a tempera-
ture of -56.5°C.

6. Recommendations are formulated for the
design of hybrid stacks, containing carbon-fibre-
reinforced plastics interlayered with aluminium
and titanium alloys. In order to achieve optimal
parameters of the obtained bores in terms of
accuracy and surface roughness, the aluminium
alloy layer should be located after the carbon-
fibre-reinforced plastic layer (in the machining
direction) and the location of this layer after the
titanium layer should be avoided.
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MoBbIWeHNe KOPPO3NOHHON CTOMKOCTU BHYTPEHHUX
NOBEPXHOCTEN 3HepreTM4YecKkoro 060pyaoBaHUs

HaTtanbs MNaBnoBHa Fepacumosalg, TatbAAHa BanepbeBHa KoBanb’

l'ZMpKyme(ua HayuoHasnbHbIU ucciedosamenbCKull mexHuyeckul yHugepcumem, 2. Mipkymck, Poccusi
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Pe3srome. Lienb — n3yyeHne BO3MOXHOCTY BNUSHUS MHOYKLUMOHHBIX TOKOB Ha MOBbLILEHWE HaAeXHOCTM paboThl 060-
PYLOBaHWS TEMMOBbLIX 3MEKTPOCTAHLUMIA NYyTEM YBENWYEHUS KOPPO3UOHHOM CTOWKOCTM BHYTPEHHUX NMOBEPXHOCTEN 3HE p-
roobopyaoBaHnsi (MOBEPXHOCTEN HarpeBa KOTeNbHbIX arperatoB). CTOWKOCTb K KOPPO3WK BO3pacTaeT 3a CYET MOBbILL e-
HUSA NPOYHOCTU OKCMAHOM NNEHKM, 06pa3yroLLecst Npu NacCMBMPOBaHUW (OKCUAMPOBaHWK). [N NOBbILLEHUS NPOYHOCTU
3alUMTHONM MIIEHKM MPUMEHEH CNOCOD SMEKTPOXMMWNYECKOr0 NacCUBMPOBAHUS METAamNIMYEeCKON NOBEPXHOCTM, OCHOBAH-
HblIii Ha MCMOMb30BaHWUKM WHOYKLWNOHHBLIX TOKOB. C MOMOLLBIO MeToAa MHOTOMEPHOrO MaTeMaTU4ecKoro MOLENNPOBaHNS
MHOronapameTpuUYecknx M MHOrO(YHKLMOHANbHbLIX NPOLECCOB YCTaHOBMEHO, YTO ANs 3MEEBUKOBOrO 3KOHOMawn3epa
MapoBOro KOTna, COCTOALLEro U3 cTanbHbiX TPYy6 C BHYTPEHHUM AnaMeTpom 32 MM (NMpu napansenbHO BKITHYEHHbIX 24
3MmeeBuKax), 06paboTka BOAHbLIM PAacTBOPOM OKUCTIUTENS (KUCNOPOAA) SOMKHA OCYLLEeCTBNATLCSA He MeHee 4 4 npw npo-
nyckaHuu no Bcen cucteme Tpyd nepemeHHoro Toka 25 A. Mpy 3TOM 403MPOBaHWE KUCOPOAa B BOAHLIA pacTBOP AOMX-
HO MPOM3BOAUTLCS Npy TemnepaTtype 130-450°C 1 KoHUEeHTpaLmm kucropoaa 1 r/kr, co ckopocTbio Boabl 0,5-5,0 m/c.
lNokasaHo, YTO NeproanYHOCTL 06paboTKM 3aBMCUT OT YCMOBMIA 3KCNnyaTauum o6opyaoBaHUS: NPeanycKoBOro pexuma,
OCTaHOBa UMK KOHcepBauun. AhdEeKTUBHOCTb cnocoba Takke 3aBUCUT OT BETMYMHBI 3MIEKTPUYECKOr0 TOKa, Nponyckae-
MOr0 M0 METanIMYeckon NOBEPXHOCTH, NPOLOMKMTENBHOCTH 06paboTkK, KOHLEHTPaALWUU OKUCIINTENS, TUNA U pa3MepoB
obpabaTbiBaeMO METanNIM4Yeckon NoOBEPXHOCTU. [peanaraembiinl cnocob naccvMBauum MOXHO NPUMEHSTh kak B 6apa-
DaHHbIX, Tak 1 B MPSIMOTOYHBIX KOTNax. Hanpumep, naccuBaumio aKpaHHLIX NOBEPXHOCTEN HarpeBa pekoMeH4yeTCs Npo-
BOAUTL B pacTonoyHom pexume npu 30-40% Harpyske kOTna, Takke kKak W maccuBauui naponeperpeBaTesibHbIX No-
BEPXHOCTEMN KOTEMbHbLIX arperaToB U 9KOHOMan3epoB. Takum 06pa3oM, NpuMeHeHWe cnocoba aNekTPOXMMUYECKOro nac-
CMBMPOBAHUSA MO3BOMUT MOBLICUTb KOPPO3MOHHYKD CTOMKOCTb METamnsMyeckon NOBEPXHOCTU 060pyaoBaHWS TEMMOBbIX
ANEKTPUYECKMX CTAHLMA.

Knroyeeble cnosa: KOpPpO3WOHHOE paspyLieHue, KOTENbHbIA arperar, HageXHoCTb paboTel aHeprobopyaoBaHus,
BHYTPEHHSAS KOPPO3Wsi, NacCUBaLMS, OKCMOUPOBaHNE

Ana yumupoeanus: Tepacumosa H. IN., Koanb T. B. lNoBbileHe KOPPO3UOHHOW CTOMKOCTU BHYTPEHHUX NOBEPX-
HOCTEN 3HepreTuyeckoro obopynosanus // iPolytech Journal. 2022. T. 26. Ne 1. C. 43-52. https://doi.org/10.21285/1814-
3520-2022-1-43-52.
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Abstract. We investigate the possibility of using induction currents for improving the reliability of thermal power
plants by increasing the corrosion resistance of internal surfaces of power-generating equipment, such as heating sur-
faces of boiler units. Corrosion resistance can be enhanced by improving the strength of an oxide film formed during
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passivation (oxidation). In this work, the oxide film strength was increased by electrochemical passivation of metal sur-
faces with induction currents. Using the method of multidimensional mathematical modeling of multi-parametric and mul-
ti-functional processes, we established that, for a continuous-loop economizer of a steam boiler comprising steel pipes
with an inner diameter of 32 mm (24 coils operated simultaneously), an aqueous oxidant (oxygen) solution should be
passed through the entire system of pipes for 4 h at an alternating current of 25 A. Under this treatment, oxygen should
be added into the aqueous solution at a temperature of 130-450°C, an oxygen concentration of 1 g/kg, and a water flow
rate of 0.5-5.0 m/s. Treatment intervals should be determined depending on the operating conditions of the equipment:
reset, shutdown, or preservation. The efficiency of the method depends on the electric current passed over metal sur-
face, treatment duration, oxidant concentration, as well as the type and size of the treated metal surface. The proposed
passivation method can be used in both drum boilers and single-pass boilers. For example, it is recommended that pas-
sivation of water walls be carried out during boiler warm-up operation at 30-40% of boiler load, as well as passivation of
superheat surfaces of boiler units and economizers. Therefore, the use of electrochemical passivation can increase the
corrosion resistance of metal surfaces of power-generating equipment at thermal power plants.

Keywords: corrosion destruction, boiler unit, reliability of power-generating equipment, internal corrosion, pas-
sivation, oxidation

For citation: Gerasimova N.P., Koval T.V. Improvement of corrosion resistance of internal surfaces in power-
generating equipment. iPolytech Journal. 2022;26(1):43-52. (In Russ.). https://doi.org/10.21285/1814-3520-2022-1-43-52.

BBEOEHME
Koppo3unoHHoe paspylueHue siBnsieTcs npu-
YMHOM nNpobnem HagexHoctn paboTtel 0b6opyao-

AHANN3 NPUYUH KOPPO3NOHHOIO
PA3PYLUEHWA NOBEPXHOCTEWN HATPEBA

BaHWS  TEMMOBbIX  3MEKTPUYECKUX  CTaHLMN
(TOC). BaxHow 3agayeit npu akcnnyaTauum oc-
HOBHOTO M BCroMoraTefnlbHoro 06opynoBaHuUs
TOC aBnaeTca nouck BO3MOXHOCTEN, METOAO0B
1 pa3paboToK N0 COXpaHeHWo pecypca n obec-
neyeHue ux HagexHou paboTbl. B ¢BA3UN ¢ aTUM
BHeApeHne MeTofoB 60pbbbl C KOPPO3MOHHBIM
paspyleHnem npeactaenser cobod OAHO U3
rmaBHbIX HanpaeneHuin obecneyenus Becnepe-
6onHon paboTbl 06opynoBaHusa Ha TOC [1-3].

3pO3NOHHbIE

nedekTbl
10%
MeTannypru-
yeckue aedeKTbl
20%

PaccnoeHue n
nedbeKTbl
CBapHbIX LLBOB
40%

KOTIIOATPEFATOB U CMMOCOBbI 3ALLUTbI
OT HETO

Knaccugumkaums v nNpuunHbl  paspyLleHni
MeTanMyeckmx MOBEPXHOCTEN HarpeBa Ko-
TerbHbIX arperaTtoB NpeactaBneHbl Ha puc. 1 u
2, U3 KOTOPbIX OYEBWMAHO, YTO COBMECTHOE BO3-
[eCcTBMEe BCEX IJKCMNyaTauMOHHbIX (PaKTOpoB
MPMBOAMT K YXYALIEHWUIO ONTUMASIbHbIX YCNOBUM
paboTtbl meTanna [4].

Konbueeble
TPeLlUHbI B

Tpy6ax
30%

Puc. 1. BudbI paspyweHuli 8 MUKpocmpykmype memarsna aHepaemuyeckoz2o o6opydosaHus
Fig. 1. Types of metal microstructure destruction in power generating equipment
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MeperpeB us-3a Aedextbl 6para

HapyweHua BXP n

_ OTNIOXEeHWH
Yy T 15%

la3oBan Koppo3uA T

20% P

TepmoycTanocTHaA
KOppo3KA
20%

NpW pemoHTe
10%

DedekTol meTanna
25%

JederTbl

WU3rOTOBNEHWA
20%

Puc. 2. SkcnnyamayuoHHbie ¢hakmopsbl, enusioujue Ha paspyuweHue nosepxHocmel
Hazpeea KomesbHbIx azpe2amoe (BXP — e 00HO-xumuy4ecKull pexum)
Fig. 2. Operational factors affecting the destruction
of boiler unit heating surfaces (BXP - water-chemical regime)

W3 aHanusa faHHbIX, NPUBEOEHHbIX HA pUC.
2, BUOHO, YTO OCHOBHas NpUYnHa NOBPEXOEHUN
MOBEPXHOCTEN HarpeBa KOTEMbHbLIX arperaros
3aKnioyaeTcs B TeMnepaTypHbIX OTKIOHEHUSX B
CTPYKTYpe MmeTanna Ttpyb (TepmoycTtanoctHas
KOppO3Wsl) BCEACTBME Creundukm ux nsrotos-
neHns (aedeKTbl M3roToBNEHNa 1 aedekTbl Me-
Tanna) u ycnoBsun aKcnayatauuu (neperpes m3-
3a HapyweHuss BXP n oTnoxeHuit), kotopble B
COBOKYMHOCTW MPUBOZAT K KOPPO3UOHHOMY pas-
PYLUEHUIO TEennoaHepreTuyeckoro obopynosa-
HUS.

Kak 13BeCcTHO, KOppo3nst — CamMonpouU3BOsb-
Has OKWUCNUTENbHO-BOCCTAHOBUTENbHAS peak-
umMs, npoTekawwas npu B3aMMOLEWCTBUU Me-
Tanna c oKpyxatLlen cpegon, Bcneactsme Ko-
TOpPOW NpoucxoauT paspyLleHne metanna. po-
LIeCC KOPPO3MOHHOIO paspyLleHnUst MOXHO npea-
CTaBuTb B BuAe CTagui B criegymolen nocre-
[oBaTenbHoOCTH [5-7]:

— TPaHCNOPTUPOBKA  KOMMOHEHTOB  arpec-
CUBHOW Cpefibl K METaNNUYeckon NOBEPXHOCTH;
— XUMMYeckas OKMUCTUTENbHO-

BOCCTAHOBWTENbHAs peakuusi MOHOB MeTanna u
KOMMOHEHTOB KOPPO3MOHHOWN CPeAbl, NPOLYKTOM
KOTOPOW SIBNSIETCA OKUCIEHHasi opma meTan-
na u BOCCTAHOBMEHHasi hopMa KOMMOHeHTa
cpeabl;

— OTBOA NPOAYKTOB XMMWYECKOW peakLium

(Koppo3un) OT NOBEPXHOCTU pasfena ¢as.

BmecTe ¢ Tem paspylieHvne meTanna Benea-
CTBME KOPPO3UM MOXET MNPOUCXOAUTb PaBHO-
MEpPHO MO MeTasnIM4yeckon MOBEPXHOCTU WU fO-
KanbHO (B BMaE A3B).

Ecnu npouecc KOppO3MOHHOIO paspyLleHus
NPOTEeKaeT PaBHOMEPHO, TO MOBEPXHOCTb 3HEp-
retmyeckoro obopyaoBaHus Npu BO3LENCTBUM
arpeccuBHON cpeabl NOABEPraeTcs YTOHEHMIo
MOMHOCTbID C OAHOBPEMEHHLIM YMEHbLLIEHUEM
TONWWMHBLI TPYOG C BHYTPEHHEN W BHELUHEW CTO-
poH. lpn 3TOM MUKPOCTPYKTypa MeTanna He
nsmeHsietca [8]. Ha noBepxHOCTAX Harpesa
3HepreTMyeckoro 06opyaoBaHNs, npexae BCero
B KOTnoarperatax, Takon BuA KOPPO3WOHHOro
paspyLleHnst NPOUCXOAUT BCREACTBUE YrMeKuc-
NOTHOW, 0OLLEen KUCNOPOOHOW KOPPO3WUM BHYT-
PEHHEN MOBEPXHOCTU Tpyb, a Takke BbICOKO-
TEMNEPaTypHOMN KOPPO3UM HapyXHOW WX Mo-
BEPXHOCTW.

TennoaHepreTnyeckoe obopyaoBaHWe M3ro-
TaBNMBaETCS, KaK NpaBuUnio, U3 NepnuUTHbIX cTa-
nen. B nepuop akcnnyatauuuM MNOBEPXHOCTU
HaxogaTca Mo MOCTOSIHHbIM - BO34ENCTBUMEM
PaCTArMBAKOLLMX HaNPsSHKEHWA, BrM3kMx K npe-
[eny Teky4yecTu MeTanna; npu 3ToM OfHOBpe-
MEHHOEe BO3[eNCTBME peareHToB, CnocobCTBy-
tolee MHTEHCMBHOMY MPOTEKaHUID KOppO3uu
MeTannMyecko NOBEPXHOCTU, MPUBOAUT K pac-
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TPECKMBaHWIO MOA HanpsbkeHuem. BosHukaet
nokanbHas Koppo3usi C XapaKkTepHbIM pacTpec-
KMBaHWEM BCMEACTBME  ANEKTPOXMMUYECKOro
pactBopeHnsa Metanna. [lporpeccupoBaHue
PaCTPECKMBAHNS METanIMYeckon NOBEPXHOCTY
13-3a KOPPO3WOHHOTO paspyLUeHUsi, OCMOXHEH-
HOe BO3AEMCTBMEM PaCTATVMBAIOLWMX Hanpske-
HUWA, NPMBOAMT K ee pa3pbiBy, obecneumBas
KOHTaKT arpeccuBHOW cpefbl W aHOZHOW no-
BepxHocTH [9-11].

OnacHblM BUAOM KOPPO3UM MeTannmn4eckoro
obopynoBaHus SBMSIETCA SA3BEHHAs MM 1o-
KanbHasi kopposus. B atom cnyyae paspylue-
HUIO noaBeprawTca Hebonbwune y4vacTku no-
BEPXHOCTU C yrnybneHvem B TOMWYy MeTanna.
Takoe CKBO3HOE NOBpeXAeHWe MeTannmyeckon
MOBEPXHOCTU MPOUCXOAMT MpPU JKCnyaTaumm
3HepreTMyeckoro 06opyaoBaHusa  BCeacTve
KUCNOPOOHOW S3BEHHOW KOPPO3UW, 13-3a Hanu-
4yns B NUTATESIbHON BOAE HUTPUTHbIX MOHOB, a
Takke u3-3a 06pa3oBaHMs PbIXSbIX NPOAYKTOB
KOpPpPO3WK, BKMIOYAIOLWMX B OCHOBHOM ruapaTu-
pOBaHHblE TPEXBANEHTHbIE OKUCIIbI Xenesa.

lMpouyecc KOpPPO3UOHHO20 pa3pyweHus.
MexaHunam KOppO3nOHHOrO npouecca paspylue-
HUa 06opyaoBaHNS pa3nUYeH B 3aBUCUMOCTM OT
TOro, Ha BHYTPEHHEN WM HA BHELUHEW NnoBepx-
HOCTW OCHalLEeHWs OH npoTekaeT. B cBsA3n ¢
3TUM KOppo3no 06opyaoBaHMS  Knaccuguum-
PYIOT Ha BHELLHIOK 1 BHYTPEHHIOH.

Koppo3nss Ha BHYTPEHHEN NOBEPXHOCTM
obopyaoBaHUs  TEMNOIHEPreTUYECKUX CUCTEM
SBMNSETCH MEHee Npeackasyemon N TpyaHO KOH-
TPONMpPYEMOW, MO3TOMY B HacTosiee Bpems
yoensietcs 6onblioe BHMMaHWe noucky Gonee
COBEpLUEHHbIX METOAOB 3aLiMThl 060pya0BaHMS
OT KOPPO3MOHHOIO Pa3pyLLEHNS.

MNoBpexaeHnss OT BHYTPEHHEW Koppo3uu
00bIYHO MMET BUA HEOOMbLUMX CKBO3HBIX OT-
BepCcTUM, obpasylowmeca npu 3TOM  CBULLM
MMEIT He3HaunTenbHble pa3mepbl, KOTopble
TPyOHO OOHapyXuTb WM CBOEBPEMEHHO YyCTpa-
HUTb. B CBSI3W C 3TUM Ha HapPYXHON MOBEPXHO-
CTW Tpybbl nonyyatoTca GnaronpusiTHole ycno-
BUS ONS MHTEHCWBHOTO Pas3BUTUS HapyXHOW
kopposun [12—15]. 3BECTHO, YTO BHYTPEHHSSA
KOppO3nst CNOCOBCTBYET YTOHEHUID MeTanna Ha
fonblwon nnowaan W, Kak npaBuio, Mpw
YMEHbLUEHUN TOMWMHBI CTEHKU TPyObl A0 Kpu-
TUYECKON BEMUYMHBI MPUBOAMT K €e paspyLue-
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HUO. Takum 06pa3oM, BHYTPEHHSS KOPpO3us
ABNAETCH NPUYMHON BOMbLIOTO YMCna OTKA30B
obopygoBaHus Ha TAOC, ogHako OCHOBHOMW Npw-
YMHOWN YKa3blBaeTCsA HapyXHas (BHELUHSSA) Kop-
po3us [16].

Knaccugpumumpytor  cnocobbl  yMEHbLUEHMUS
KOPPO3WOHHOIO pas3pyLlleHus: akTWBHblE, nac-
CVBHbIE N NAaCCUBHO-aKTUBHbIE.

K akmueHbIM OTHOCAT Takue, B KOTOPbIX
OCYLLECTBNSAETCH WHTEHCMBHOE BRUSIHWE Ha
npupoay Metanna u anektponuta. K HuM oTHO-
CAT Takke Cnocobbl, 3ameHsIWmMe MexaHu3Mm
KOPPO3MOHHOIO pPaspyLleHns n ero KUHeTuKy. B
KayecTBe NpuUMepa MOXHO MPUBECTW NpUMEHe-
HUE UHIMBUTOPOB KOPPO3UW U U3MEHEHWE CO-
CTaBa KOPPO3MOHHOW CPEAbl 38 CYET CHUXKEHUS
ee arpeccuBHOCTU. AKTMBHbIMK cnocobamu 3a-
WWTbI OT KOPPO3WM ABMSIOTCA CneuuanbHoe ne-
rMpoBaHne 1 yCTpaHeHWe Cammx NPUYKH, Bbi3bl-
BaIOLLMX KOPPO3MOHHOE paspyLLEHME.

MaccueHble cnocobbl  XxapakTepusyTcs
HENOCPEACTBEHHbIM BIUSIHUEM Ha Npupoay me-
Tanna u mexaHusm npouecca paspywenus. K
HUM OTHOCAT MPUMEHEHWE NAKOKPACOYHbIX W
APYrMX HEMETAaNIMYECKUX NOKPbITUA Ha MeTan-
NNYECKOW NOBEPXHOCTM.

MaccueHo-akmueHble Ccrnocobbl He BKMiO-
4alT BNUSHWE Ha MPUMPOAY MeTanna, a oTnu-
4alTCcsa Tem, YTO MeTansnmyeckas noBepxHOCTb
“30NMpyeTCcs OT arpeccuBHOM cpedbl cneuw-
anbHbIMW MOKPLITUAMM, KOTOpble MOryT ObiTh
BbIMOMHEHbI M3 APYroro MeTanna unu Hemetan-
NNYECKNX HEOPraHUYECKNX MaTepuarnos.

OAHUM 13 M3BECTHbIX COBPEMEHHBLIX U He-
CIMOXHbIX B NPUMEHEHUM CNOCOBOB 3aLMThbl OT
3NEeKTPOXMMUYECKOTO KOPPO3WOHHOIO paspylue-
HUS TEnnoaHepreTn4yeckoro obopyaoBaHNA Ha
OCHOBE M3MEHEHMS1 XapaKTepPUCTUK MUKPOCTPYK-
Typbl €ro matepuana SBMATCA naccMBauus
UNn OKCUAMPOBAHNE.

NACCUBALNA METANNMAYECKUX
NOBEPXHOCTEW HAFPEBA
KOTNOAIPErATOB

MaccmBauus aBnsieTcs cnocobom 3aLuThbl
MeTannoB OT KOPPO3WOHHOTO  paspyLUeHus
BCNEACTBME MNPUMEHEHNA CcreumanbHbiX pac-
TBOPOB WNM NPOLECCOB, NPMBOASALLMX K 0b6pa3o-
BaHUIO OKCUAHOW NIEHKN HA UX MOBEPXHOCTW.

Mpn naccuBaumMn Ha MeTannMyeckonm no-
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BEPXHOCTU npoucxoauT obpasoBaHue apcopb-
LUMOHHOrO Cfnosi B BMAE MUKPOCKOMMYECKOM
MNeHKN, KOTopbI 0bpasyeTcs B pe3ynbTaTe pe-
arMpoBaHusi MeTanna v KOMNOHeHTa pacTBopa B
KOHKPETHOM Auana3oHe noteHumanos. Ccdop-
MMPOBaHHas Takum obpa3om MnoTHas okcuaHas
nneHka npeacraensier cobon HenpoHMLUAEMbIN
Gapbep OnNA NpOTeKaHMs KOPPO3UMOHHLIX peak-
LMiA, TOPMO3S1 UX, @ B HEKOTOPbLIX CryYasx non-
HOCTbIO MpeKpalias KOppO3MOHHOe paspylue-
HUKe.

ABNEeHMsSMM NacCMBHOCTU OObBbACHSETCS 3a-
MeneHne CKOpPOCTWM KOPpO3UWM METAnmoB, YTO
npuBOANT K 0Bpa3oBaHMI0 3aLUMTHOW OKCUOHOW
MeTanIM4yecKo NEHKN Ha NOBEPXHOCTW.

N3BECTHO MHOro COBPEMEHHbIX CMocoboB
naccMBUpPOBaHMS (OKCMAMPOBAHWS) MeTannmye-
CKMX MOBEPXHOCTEN Anst MNOBLILEHUS HaOEeXHO-
CTM paboTbl TennosHepreTmyeckoro obopyno-
BaHUS.

OCHOBHbIMKM, UCNOSIb3YEMbIMU B HACTOsILLEE
Bpemsi, crnocobamu OKCUAMPOBaHMS SIBNAKTCA
xuakoctHele. ObpasoBaHune Gonblwmx 06bemoB
OTXOLOB peareHTOB (OKTadeuunamuH, pasfmy-
Hble WHrMOUTOPbI KOPPO3UM) MpU NPUMEHEHUM
XUAKOCTHBIX CcrnocoboB OKCMAMPOBAHUS MPUBO-
AUT K BbICOKOW 3KOMOrMYECKOM OMaCHOCTU MNpwu
HWU3KOW MPOYHOCTW 3aLLUMTHOM NACCUBHOW MIEH-
k1, (hOPMUPYIOLLENCSH HA MOBEPXHOCTU Tenso-
3HepreTuyeckoro obopyaoBaHus.

B kauecTBe Hanbonee nepcnekTMBHOrO Crno-
coba OKCMOMPOBAHUA MOXHO MPUBECTM METOA
OYMCTKM M NaccuBauun BHYTPEHHUX MOBEPXHO-
CTel HarpeBa TENI0aHepreTnyeckoro obopyno-
BaHWsA (koTnoarperatoB M TypbuH) napoBofo-
KUCNopoaHoi obpaboTkoil, B OCHOBE KOTOPOrO
NEXUT NPUMEHeHMe NapoBOASHOW CMeCcH C KuC-
nopoaoM B KadvectBe okucnutens. CywHOCTb
MeToda 3aKM4yaeTcs B TOM, YTO NpPU OAHOBpPE-
MEHHOM BO3OENCTBUM HaA 3arpsi3HEeHHyl Mo-
BEPXHOCTb MEPErpeToro BOASHOrO napa W Kuc-
nopoga MnpoucxXoasT MHTEHCMBHOE OKWUCIEHWE
OT/IOKEHNN Ha CTEHKe, YMEHblUeHue ux cuen-
NEHNSA C NMOBEPXHOCTLIO METanna, BbIHOC UX U3
O4MLLAEeMOro TpakTa U 0QHOBPEMEeHHoe hopmu-
pOBaHME NACCMBHOW OKCWOHOW NIIEHKM Ha Me-
TannmMyeckon nosepxHoctn [17]. YBenuumtb
MPOYHOCTb 3ALUMTHOW OKCMOHOW MNMEHKM Ha
BHYTPEHHMX  MOBEPXHOCTAX  TpybonpoBoaoB
3HepreTuyeckoro 060pyAOBaHMs, NpeaoTBpa-

Llalollell MX KOPPO3MOHHOE paspylleHue BO
BpeMsi 3KCMyaTaLum Unn KoHcepBauum obopy-
[OBaHUs KOTENbHbIX arperatoB, MOXHO MyTem
WHTEHCUMKaLMK MpoLIecca OKCUMAMPOBAHWS 3a
CYET NPUMEHEHMS MHOYKLUMOHHbIX TOKOB.

OBOCHOBAHUE NMPUMEHEHUA
MHOYKLUUOHHbIX TOKOB NMPU
NACCUBUPOBAHUN BHYTPEHHEMN
MOBEPXHOCTU SHEPIOOBOPYJOBAHUA

PactBop okucnutensi, oboralleHHblii Kucno-
POAOM — 3TO 3MEKTPONMT, NO3TOMY NpW HaBe-
LAEHWN UHOYKLUMOHHBIX TOKOB B HEM MOXHO MO-
NyunTb 3PPEKT, KOTOPbLIN NO3BONUT aKTUBU3U-
poBaTb ANIEKTPOXMMUYECKIE NPOLIECChI.

B opgHom u3 3akoHoB ®apages BkoyeHa
BENMYMHA JNEKTPOOBWKYLLEN CUMbl 3MEKTPO-
MarHWTHOW uHAykuum (E), KOTOpPYO MOXHO Bbl-
pasnTb, 3aMEHUB Yepe3 NepeMeHHbIe napameT-
pbl BESIMYMHY CWUNOBOW XapaKTEPUCTUKW — Mmar-
HUTHYIO  HanpsXKeHHOCTb, WCMONMb3yemMyl B
anekTpoguHamuyeckoM aHanuse [18].

Onektpoasmkywas cuna (34C) uHaykumm
cknagpiBaetca u3 3C (E;), BO3HUMKaOWEN W3-
3a U3MEHEHMS CUITbl TOKA | BO BpEMEHHU, a Takxe
OIC (E,), obpasytowenca BcneacTsne TOKOB —
nepBu4HoOro |y n BTOpMYHOro |, Npu BapbmpoBa-
HUKM paccTosHua Mexay Humu. ObpaTHas npo-
nopunoHaneHocTe JC mHAyKuMM W KBagpaTa
PacCTOSHUS O 3NeKTpofa C TOKOM CBUAETENb-
ctByeT 06 obpa3oBaHMM CBEPXBLICOKMX Hanps-
XEHWN B HENOCPeOCTBEHHOM GnM3ocTn OT nep-
BUYHbIX NPOBOAHMKOB C NEPEMEHHbIM TOKOM, TO
ecTb

E:El—Ezz—A(lﬂ_F I Z'QJ’
27zrc dt

rae A — aMnupuyeckun KoaUUUEHT nponop-
LIMOHANbHOCTU; I — pacCTOSiHWE [0 NMOBEPXHOCTU
meTanna, m; t — BpeMsi BO3AENCTBUA MHAYKLN-
OHHbIX TOKOB, C.

Takum obpa3om, BCrneacteBMe BO3HUKHOBE-
HUA Hanbonbluen BeNMYUHbI 3NEKTPOMAarHUTHO-
ro nons B HENocpeacTBeHHoW 6nm3ocTn ot
anekTpoga cosgaetca obnactb, rge 0cobeHHo
WHTEHCMBHO nNpoTekaeT WoHu3auus. Cneposa-
TenbHO, BOMU3KM NEPBUYHOrO TOKA WHTEHCUBHO
NPOTEKAeT MOHM3aLMA BCEX KOMMOHEHTOB pac-
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TBOpa B pe3ynbTate AeicTBUS MHOYKLUMOHHbIX
TOKOB.

OTO 3aKMYeHne MOXHO MCMoNb30BaTb M
ANs MpOLEeCCOB 3M1EKTPOXMMUYECKOrO B3auMmo-
LENCTBUSA METAmNNOB U KOMMNOHEHTOB pacTBoOpa,
TakuMm 0bpa3om, NpocnexmBaeTcs aHanornyHas
3aKOHOMEPHOCTb MO MHTEHCUUKaLmMm npoLec-
ca MOHM3auuW Mmpy NpPOTEeKaHWN INEKTPOXUMMU-
YeCcKMX peakuun nog BNUAHUMEM WHOYKUMOHHbLIX
TOokOB [18].

BhilwenepeyncneHHble BblIBOAbI MOXHO MNpu-
MEHUTb K pelleHuio npobnembl MHTEHCUUKaA-
LMK mpouecca naccuBaumMn MeTannn4yeckon no-
BEPXHOCTU W YyBENUYeHUA MPOYHOCTHbLIX Xapak-
TEPUCTMK 0bpasylolenca npu 3TOM OKCUAHOW
NNEHKW, 3aliMLLaloWen noBepxHocTb obopyao-
BaHWS OT KOPPO3MOHHOIO paspyLUEHUS.

Cnocob 3nekTpOXMMMYECKOW naccuBaLmm
BHYTPEHHEN NMOBEPXHOCTU MeTannmyeckux Tpyo

3HepreTMyeckoro obopyaoBaHus BKNYaeT Bbl-
AepXKy obpabaTtbiBaemon NOBEPXHOCTM B Cpe-
[e okucnuTens (Hanpumep, NPUMEHEHWE napo-
BOZOKMUCNOpOAHOW 06paboTkn) U O0QHOBPEMEH-
HOe MponycKaHue nepeMeHHoro Toka [19].

NHOoyumMpyeMbii BTOPUYHBIA TOK BO3HWKAET B
pesynbTaTe 0OpasoBaBLUErocsi MNepeMeHHOro
3NEeKTPOMarHUTHOr0 Monst BO3Me MOBEPXHOCTM
aHepreTnyeckoro 06opyaoBaHMs, N0 KOTOPOMY
nponyckaeTcs nepemeHHbld ToK. Bcnencrteue
3TOr0 B HEMOCPeACTBEHHOW 6:mm30cTM OT no-
BEPXHOCTU, HaxodsLlencs nog TOKOM, BO3HMKa-
eT obnactb [AEWCTBMS WHAOYKUMOHHBLIX TOKOB
(puc. 3).

MNpegnaraembin  cnocob ocyLwecTBnseTcs
cnegyowmuMm obpa3om: UCTOYHUK NMEPEMEHHOrO
TOKa MoAaknoyatoT Kk obpabaTbiBaeMon metarn-
NNYECKOW NOBEPXHOCTU, MPUMEHSAS 3NEKTpUYe-
CKyH cxemy (puc. 4).
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Puc. 3. Cxema ycmaHoO8KuU npoyecca 3/IeKmpoxuMuyeckoll naccusayuu eHympeHHel Memasnauyeckol nogepxHocmu
3Hepeemuyecko2o o6opydoeaHusi Ha npumepe deyxmpy6Hol cucmembi: 1 — UCMOYHUK NepeMeHHO20 MOoKa;
2 - anekmponpoeod; 3 - Memasnnuyeckasi 108epxXHOCMb 3Hepaemu4ecko2o o6opydoeaHus (Hanpumep, mpyb6a),
nodsepzaemo20 06pabomke UHOYKUUOHHBIMU MOKaMu; 4 — 003amop oKucumessi; 5 — eMKocme ¢ pacmeopom
okucnumens; 6 — anekmpuyecKue KneMmbl; 7 — WyHmMupyroujue nepemMblyku; 8 — anemMeHmMbl 3Hep2emu4ecKo20
o6opydoeaHusi; 9 — ecnoMo2amesnbHbIld mpy6onpoeod dnss omeoda ompabomaHHo20 pacmeopa; 10 — nepeMbIYKu
Fig. 3. Diagram of the installation designed to implement electrochemical passivation of the inner metal surface of power -
generating equipment on the example of a two-pipe system: 1 — AC source; 2 - electric wires; 3 — metal surface of power
equipment (for the case of a pipe) subjected to treatment with induction currents; 4 — oxidizer dispenser; 5 — container with
oxidizer solution; 6 — electrical terminals; 7 — shunt jumpers; 8 — elements of power-generating equipment; 9 — auxiliary
pipeline for disposal of waste solution disposal; 10 — jumpers

48

https://ipolytech.ru



I'epacumoesa H. I1., Koganb T. B. [TogbiwieHUe KOPPO3UOHHOU CMOUKOCMU 8HYMPEHHUX nogepxHocmed ...

Gerasimova N. P., Koval T. V. Improvement of corrosion resistance of internal surfaces in power-generating equipment

pacmeop oKucrumerss
————

Puc. 4. 3cku3 memannuyeckoli nogepxHocmu (Ha npumepe mpy6bl) ¢ o6pasosaHuem
UHOYKUYUOHHbIX MOKO8 8 HemocpedcmeeHHoUl 6;1u3ocmu om Hee
Fig. 4. A sketch of a metal surface (for the case of a pipe) with forming induction
currents in its immediate vicinity

[NepeMeHHbI aneKTpUYecKkUin TOK NnpoTekaeTt
No MEeTanM4eckon NOBEPXHOCTM 3a CYET BKIHO-
YEHWS UCTOYHMKA NEPEMEHHOrO TOKa, Npu 3TOM
3aluTa oT KOppO3nK BHYTPEHHNX NOBEPXHOCTEN
HarpeBa 3HeproobopyfOBaHMS MPOUCXOAUT B
pesynbTate ux obpaboTkn BOAHLIM PacTBOPOM
okucnutens. MNpu OBMKEHUN NEepEMEHHOrO ToKa
BOKPYr NPOBOAHWKA, KOTOPbIM B JA@HHOM Cryyae
sBNseTcs camo obopyaoBaHue, co3gaeTtcs ne-
PEMEHHOe MarHUTHOe none, BCreacTBMe Yero B
pacTBOpe OKUCNUTENs MHAYLUMPYITCS BTOPUY-
Hble KOPOTKO3aMKHYTbIe TOKM, aKTUBU3UPYS Mpu
3TOM MOHM3aLMI0 KOMMOHEHTOB pacTeopa. Boga-
HblA pacTBOp oboralleH aToMapHbIM KUCNopo-
AOM, NO3TOMY B6IM3N MeTannMyeckon noBepx-
HOCTW co3faeTcs 06nacTb C MOBbILEHHON KOH-
LUEHTpauMen MOHM3MPOBAHHOMO  aTOMapHOro
kucnopoga.

NtaK, B6M3n MeTannmyeckon NoBepXHOCTH,
0bpaboTaHHON B cpeae OKUCNUTENs, Hanpumvep,
NPUMEHSS NAapOBOAOKUCIIOPOAHYD 006paboTky,
co3gaeTtca Haubonee Bbicokas BenuymHa S[1C
WHAYKLWWN B COOTBETCTBUW C 3aKOHOMEPHOCTbIO,
B KOTOPOW BENWYMHA 3NEKTPOOBUXYLLEN CUMbl
(3AC) wHaykumm obpaTHO NpoOMNopLMOHanbHa
KBagpaTty pacCcTosHWs OO0 OBMOTKM MHAOYKTOpa.
OTUM 0OBACHSAETCS MNOBbILEHHAs WMOHWU3aLMS
KOMMOHEHTOB pacTBopa B HENOCPeaCcTBEHHOM
6nmM3oCcTM OT MeTanIMyeckom MNOBEPXHOCTU W,
Kak CneacTBue, akTUBM3MPYETCA UX B3auMoaew-
cTBue ¢ atomamu metanna. O4yeBnaHo, YTO Npw
NPONyCKaHUy NepeMEHHOro Toka no TEN03Hep-
reTuyeckomy 06OpYAOBaHWID  MHTEHCMBHOCTb
npouecca  OKCUAMPOBAHWS  YBENUYMBAETCS.
CTpykTypa OKCMAHOrO crosi, obpasoBaBLIErocs
NPy naccvBauumn, XapaKTepu3yeTcs MOBbILIEH-
HOW MPOYHOCTbIO, Tak Kak OH CHOPMMUPOBAH B

YCINOBUSAX MHTEHCUdMKaLMM npouecca OKCUau-
POBaHUS WMHAYKUMOHHBIMM TOKamu, W B Oalb-
Henwewm, B paboymx yCnoBusX UK Npu KOHcep-
BauunM 06opyaoBaHMs, 3awuLLiaeT MeTannuye-
CKYl0 MOBEPXHOCTb OT KOPPO3UKW, YTO U ABNSET-
CS OOCTMXKEHMEM TexHuyeckoro pesynbtata. C
MOMOLLbI0 METOAa MHOrOMEPHOTO MaTeMaTuye-
CKOr0 MOAENMPOBaHNUS MHOronapamMeTpuyeckmx
U MHOrogOyHKUMOHaNbHbIX npoueccoB [19] no-
NyYeHo, YTO AN1S 3MEEBMKOBOrO 3KOHOMaw3sepa
MapoBOro KOTna, COCTOALLEro 13 ctanbHbix Tpy6
C BHYTPEHHUM AnameTpom 32 MM (npw napan-
nenbHO BKMOYEHHbIX 24 3MeeBuKax), obpaboT-
Ka BOAHbIM PacTBOPOM OKMCNMTENs (KMCMopo-
[ia) OCyLLECTBNSETCA HE MEHee 4 4 nNpu nponyc-
KaHWM Mo Bcew cucteme Tpyb nepemeHHoro Toka
25 A npu [o3MpoBaHUM Kucrnopoda B BOAHbLIN
pactBop npu Temnepatype 130-450°C M KoOH-
LeHTpaumn kucnopoaa 1 r/kr npu ckopoctu BO-
ool 0,5-5,0 m/c. TMepuognyHocte 06paboTku
onpegensieTca B 3aBUCMMOCTU OT YCMOBMIA 3KC-
nnyaTtaumm obopyaoBaHWs: NPeanycKoBOro pe-
X1Ma, OCTAHOBA MU KOHCEPBALM.

A dekTMBHOCTL cnocoba 3aBUCUT OT BeENU-
YMHbI ANEKTPUYECKOrO TOKa, MPOMyCKaeMoro no
MeTannImMyeckoin NoOBEPXHOCTU, BpemeHn obpa-
60TKM, KOHLEHTpaLuu OKWUCIMTENS, Hanpumep,
npv NapoBOAOKMUCNOpoaHoW obpaboTke, Tna u
pa3vepoB obpabaTbiBaemMoOn MeTannmnyeckon
nosepxHocTy [20].

MNpeanaraembit cnocob naccuBauum no-
BEPXHOCTEN HarpeBa KOTENbHbIX arperatos
BO3MOXHO NPUMEHSATb Kak B 6apabaHHbIx, Tak v
B MNPSIMOTOYHbIX KOTMax, Hanpumep, naccuBa-
LMK 3KpaHHbIX MOBEPXHOCTEW HarpeBa peko-
MeHOyeTCs NpPOBOAUTL B PaCTOMOYHOM pexume
npn 30-40% Harpyske KoTna, kak U naccmBaLmio
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naponeperpeBaTenbHbIX NOBEPXHOCTEN KOTEMb-
HbIX arperatoB. PaccCMOTpPeHHbIi cnocob ele
MOXHO NPUMEHWUTb W ANS 3alWTbl OT KOPPO3UM
TypbuHHoro obopyaosanus TAC, Hanpumep, B
nepvog BbiBoga TypOWHbLI B pe3epB Ha CPoOK 7
cyT n 6onee n npu NpoBeAeHNN Mep KOHCepBa-
Lmn obopyaoBaHust TypboyCTaHOBOK 1 T.1.

Takum obpa3om, npumeHeHne cnocoba
3NEeKTPOXMMUYECKOTO MacCUMBMPOBAHWS, KOTO-
pblii BKMoyaeT B cebss 06paboTKy BHYTPEHHUX
NOBEPXHOCTEN HarpeBa aHepreTuyeckoro 06o-
pygoBaHWs oKucnmTenem, oboralieHHbIM aTo-
MapHbIM KUCMOPOAOM, OOHOBPEMEHHO MNponyc-
Kas Mo HUM NEPEMEHHbIA TOK, NO3BOMUT MOBbI-
CWUTb KOPPO3WOHHYI CTOMKOCTb MEeTanmnmM4eckomn
nosepxHocTu obopyaosaHnsa TAC.

3AKNKOYEHUE

1. Tonck BO3MOXHOCTEW M METOAO0B COXpa-
HEHWs pecypca n obecnevyeHns HagexHon pa-
60Tbl OCHOBHOrO ¥ BCnomoraTensHoro obopy-
[I0BaHWS Mpu SKCNnyaTaumum KOoTenbHbIX arpera-
TOB MO3BOMSET BbIAENUTL CPEaN MHOrOYUCIIEH-
HbIX HanpaBfeHWii NOBLIWEHUS HAAEXHOCTY
TennosHepreTuyeckoro  obopyaoBaHus  nep-
CMEKTUBHOE W CPaBHWUTENbHO MPOCTOE BO3AEW-
CTBME Ha CBOWCTBA YrnepoaucTblXx cTanenm c
TOYKM 3PEHUSI COBEPLUEHCTBOBAHUS XapakTepu-
CTUK MUKPOCTPYKTYpPbI, @ UMEHHO — NaccuBaLyio

meTanna.

2. OcHOBHbIMK crnocobamu naccuBauun AB-
NAKTCA XKMOKOCTHbIE C NPUMEHEHWEM OKTage-
UMNaMUHa W pasnnyHbIX MHIMBMTOPOB KOppPO-
3un. ObpasoBaHue 6onblmnx 06 bEMOB OTXOA0B
peareHToB MpU MPUMEHEHWUN XWUOKOCTHBIX Cro-
cob0OB OKCUAMPOBAHWS MNPUBOOMT K BbICOKOW
9KOSOrM4YeCcKon OnacHOCTW MPU HU3KOW MPOYHO-
CTW 3aLMTHON NACCMBHOMN NIIEHKKU, POpMUpPYIO-
LLeca Ha NOBEPXHOCTW TENSI0AHEPreTUYECKOrO
obopyaoBaHus.

3. YBenuuUATb MPOYHOCTb 3aLUUTHOW OKCUA-
HOW MNEHKM Ha BHYTPEHHUX MOBEPXHOCTSAX
3HepreTMyeckoro 0bopyaoBaHUs MOXHO MyTem
MHTEHCUMKALMM NpoLecca OKCUAMPOBaHMS 3a
CYET MPUMEHEHWUS WMHAYKLMOHHBIX TOKOB. [pu-
MeHeHue cnocoba 3neKTPOXMMUYECKoro naccu-
BMPOBaHWS, BKIoYatoLwero o6paboTky BHyTpeH-
HUX MOBEPXHOCTEW HarpeBa 3HEepreTMyeckoro
obopynoBaHus  okucnutenem, oboraleHHbIM
aTOMapHbIM KUCIIOPOAOM, HanpumMep, NpUMeHss
napoBOAOKNUCIIOPOAHY0 06paboTky, u ofHo-
BPEMEHHO MPOMyckas no HUM NepemMeHHbIN TOK,
MO3BOSAET YBEIMYUTL KOPPO3MOHHYHD CTOMKOCTb
MeTannMyeckon NOBEPXHOCTU 3a CYET MNOBbILLE-
HUS1 NPOYHOCTW OKCUAHOW NNEHKN B CBA3MN C UH-
TEeHCUdMKaumen npouecca naccuBauuy UHAYK-
LIMOHHBIMU TOKaMM.
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Pesrome. Llenb paboTbl — aHann3 TEXHUYECKUX PELLEHMA MO KOMOMHMPOBAHHLIM CUCTEMaM PENeNHON 3aluThl OT
3aMblKaHUN Ha 3eMfIi0 B pacnpegenuTenbHbix anektpocetax 6—10 kB. [ns 06bekTOB aNeKTpuyeckunx ceten HanpspKeHu-
eM 6-10 kB Bbinn ncnonb3oBaHbl NPOCThle BUAbI PENENHO 3alWMThI: MakcMMarbHasi TOKOBas 3alluTa M TOKOBasi OTCeY-
ka. C NnomoLLbio CpaBHUTENLHOrO aHanu3a Obinu U3yyeHbl Hanbonee pacnpocTpaHeHHble anropuTMbl ANS PenemnHbIX
3aWmT oT oAHOoa3sHbIX 3aMblkaHWiA Ha 3emmmio. MeToa MogenupoBaHuUs MO3BOMUA COCTaBUTb CXEMY aBTOMATUYECKOro
BKIMOYEHNS pe3epBa. MOCTPOEHbI anropuTMbl paboTel penetHon 3auTbl U aBTOMATHKK, NPW 3TOM ObIN y4YTEHbI CBOW-
CTBa y4acTKa 3MeKTPUYECKON CETU M 0CODEHHOCTN BO3MOXHbBIX pexumMoB paboTel. B anektpocetsix 6—-10 kB ycTaHOBnEH
POCT NOBPEXAAEMOCTH KabenbHbIX MUHUIA C ycTapeBluel ocnabneHHon usonsauunein. OnpeaeneHo, 4To ANUTenbHas pa-
6ota ceTn npu ogHOGA3HOM 3aMbIkaHUK Ha 3eMJIK0 HE JONYCKAaeTCs, NOCKOMNbKY BO3MOXHbI ABOMHbIE 3aMblKaHUs Ha
3eMI0 BCNEACTBME YBENUYEHMS HAaNPSIKEHNS HEMOBPEXAEHHLIX (Da3 OTHOCUTENbHO 3eMmi B V3 pa3. BbinOnMHeHHbIe
pacyeThbl MO OLEHKE CENEKTUBHOCTU M YyBCTBUTENBHOCTW TOKOBOMN 3aLLMTHI CENIEKTUBHON HYNEBOW NOCNEA0BATENBHOCTH
rnoKasanu Ha orpaHu4yeHHoe NpPUMEHeHNe (M3-3a HeJOCTaTOYHOM YyBCTBUTENIBHOCTW) 3TOW 3aliuThl OT Of4HO(Aa3HbIX 3a-
MbIKaHU Ha 3eMII0 B psae crnyyaes. MccnegoBaHbl NpeuMyLLECTBA CXEMHBIX PELIEHWUI, Korga B KayecTBe MyCKOBbIX
OpraHoB 3aluTbl UCMOJb3YIOTCA 3NEKTPOMArHWTHbIE W MHAYKLMOHHbIE pene, a B Ka4eCTBE JIOTMYECKMX SNIEMEHTOB —
COBPEMEHHbIE ManorabapuTHbIE 3NEeMEHTHI B BUAE MWUKPOCXEM C 3MEKTPOHHON 0BBS3KOW. YCTaHOBMEHO, YTO NMpeano-
XEHHbIE PeLeHnss MOryT ObiTb UCNONb30BaHbl OpraHn3aLMsaMKU SHEProcobITa ANs MOBbILLEHWS HadexHOCTU u Ge3aBa-
PUAHOCTW pacnpegenuTenbHbix ceTe 6—-10 KB ¢ MUHUMATbHBIMU KanuTanoBnoXeHUsAMU B CUCTEMY pPeneitHon 3alnThbl.
MpeacTaBneHHbIN aHanu3 CUCTEM W YCTPOWCTB PENEMHbIX 3alMT OT OAHOA3HbIX 3aMblkaHUW Ha 3eMmio NO3BoNseT
3aKMOYNTb, YTO Hambornee NpPOOMEMHBIMU SBNSAKOTCA 3NEKTPOCETU C W3ONMPOBAHHOW HeWTpanbto. Mcnonb3oBaHue
YNPOLLEHHbIX CXEMHBIX peLleHnii KOMOUHMPOBAHHbBIX CUCTEM 3aLLUTHI MO3BOMNUT YBENYUTL PEMOHTONPUTOAHOCTb, YNp O-
CTUTb 06CNyXMUBaHME YCTPONCTB PENENHON 3aLMThI U1 aBTOMATMKK 3@ CYET UX OTKPLITOCTH.

Knroyeeble ciioga: NuHUM, PeneiHas 3alumTa, CXeMHbIE PELLEHMS, MAKPO3NEKTPOHHas 6a3a, MUKPONPOLLECCOPHLIN
TepMUHar, KOmNbLEBbIE 3NIEKTPUYECKMNE CXEMDbI
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Abstract. In the present work, engineering decisions for combined ground-fault relay protection in 6-10 kV power
grids are addressed. For objects in electrical grids having a voltage of 6-10 kV, simple relay protection was used: over-
current protection and current cutoff. The most common algorithms for single phase-to-earth fault relay protection were
analysed and compared. The modelling allowed a scheme for automatic transfer switch to be designed. Operation algo-
rithms of relay protection and automatics were established, considering the properties of an electrical grids section and
the characteristics of possible operating conditions. In 6—10 kV electrical grids, an increase in the damage rate of cable
lines with outdated thinned insulation was revealed. It was determined that long-term grid operation under a single
phase-to-earth fault should be avoided since double earth faults may occur due to an increase in the voltage of healthy
phases relative to earth by V3 times. The calculations performed to evaluate selectivity and sensitivity of the current pro-
tection of selective zero-sequence showed limited application (due to the insufficient sensitivity) of such protection from
single phase-to-earth fault in some cases. The advantages of circuit designs, which use electromagnetic and inductive
relays as protection fault detectors, and advanced compact elements in the form of microcircuits with electronic intercon-
nection as logical elements, were investigated. It is established that the proposed solutions can be used by energy pro-
viders to increase the reliability and fail-safety of 6-10 kV distribution networks with the minimum capital expenditures to
relaying systems. The presented analysis of systems and devices for phase-to-earth fault relay protection showed that
power grids having isolated neutrals are the most problematic in terms of maintenance. Simplified circuit designs for
combined protection circuits can be used for facilitating the maintenance of relaying devices and automatics due to their

openness.

Keywords: lines, relay protection, circuit solutions, microelectronic base, microprocessor terminal, ring electrical cir-

cuits
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BBEOEHUE

KOMOMHMPOBaHHbIE  YCTPOMCTBA  3aLUMTbI
npedHasHaveHbl ANns NpefoTBpalLleHns pas3su-
TUS aBapuii C yMeHblueHneM obnacTtu nospe-
XOEHWIA Npu KOPOTKMX 3amblkaHusx (K3) ¢ oew-
CTBMEM Ha OTKMKOYEHWE MOBPEXOEHHOMO ane-
MeHTa. [pn OTKIIYEHUN MOBPEXOEHHOrO 3re-
MeHTa 3aluTa OEUCTBYET Ha CurHam, cambiMu
OnacHbIMW MOBPEXAEHUSAMN SBMSKOTCA MHOrO-
asHble K3 ¢ 3a3emMneHHON HemTpanblo, Mex-
ButkoBble K3 [1]. C uenblo orpaHnyeHns yHk-
LMOHMPOBAHUA 3aliUTa [OMMKHA BbIMOMHATD
TpeboBaHNA CENEKTUBHOCTW, YCTOMYMBOCTU U
T.4. K 0cobbIM pexmmam oTHocATCA ofHodas-
Hble 3aMbIKaHUS Ha 3eMM0 B CETAX C U30NUPO-
BaHHOW HeWTpanblo, neperpysku obopyaoBaHus
TOkaMmu BHewWwHux K3, yBenuyeHne n ymeHblue-
HUe HanpshKeHWs, YMeHbLUEHWe 4acToThbl, pe-
Xum  konebanua napannensHo paboTaroLmx
SHEprocucTeM MNUHWIA  3NekTpoobopyaoBaHKS
[2]. PacnpegenutenbHas cetb 6(10) kB umeet
Hanbonee TAXENbIN Pexum paboTbl 3NEKTPo-
0b60opyaoBaHMS K AENCTBUIO BHYTPEHHMX nepe-
HanpsikeHun. Hambonee pacnpocTpaHeHHbIMM
NPMYMHAMU aBapUNHBIX MOBPEXOEHUA B 3TUX
3MNeKTPOCETAX ABNANTCA AYyroBble U KOMMYyTa-
LIMOHHbIE NMepeHanpsiKeHus, a Takke eppope-
30HaHCHble npouecchl. [lyroBble 3aMblKaHUA Ha

3eMio SBNATCA ONAaCHbIMU He TOMbKO MO CBO-
€N BenuWYMHe, HO W NPOAOIMKUTENbHOCTbIO,
BCNEACTBME Yero MOXET HapyLlaTbCa 13onauus
anekTpoobopyaoBaHWsl, MNOBPEXAEHWUS  MOTYT
nepexoguTb B ABYX- W TpexdasHble KOpOTKMe
3amblkaHusi. KoMMmyTauuMOHHbIE nNpouecchl B
3NEKTPOCETSAX XapaKTepPU3YOTCS Npexae BCEero
ONacHbIMW  BENWYMHAMKU  NEPEHANPSIKEHUN.
OcobeHHO onacHbl nepeHanpsXeHus, KoTopble
pasBMBaKOTCA BO BPEMS KOMMYTaLMA 3MEKTPO-
ABUratenen, NpUUUCNAIOWMXCS K 3neKkTpoobo-
PYAOBaHMIO C 0BNErYeHHon n3onsaumnen.
CornacHo crtatuctuke, okono 80-90% aBa-
pUN B pacnpenenMTenbHbIX 3MeKTPoceTsaX npo-
ncxogut B KabenbHbix nuHMsx (KIT), ot ogHo-
(hasHbIX 3ambikaHuin Ha 3emnto (O33), BO3HW-
Kalowmx B OGONbLIMHCTBE Cny4YaeB OT MepeHa-
npsbkeHun (MH) n B MeHbLUEN MEPE OT MEXaHU-
YECKMX MOBPEXAEHWA W nonajaHus BRaru.
OYHKUMOHMPOBaAHNE 3TUX CeTel, BO3HUKHOBE-
HUEe B HUX W MPOTEKaHWe aBapuiHbIX npoLec-
COB, @ Takxe obecrneyeHne 3aluTbl OT aBapwii
3aBUCAT rnaBHbIM 06pPa3oM OT PEXMMOB 3a3eM-
nexus Hentpamm [3]. OcHoBHOE 3nekTpoobopy-
[OBaHMe, obecneuynBaioLlee PEXNUM HenTpanm
(HenTpaneobpasylowme TpaHcopmaTopbl, Ay-
roracsiLime peakTopbl, PE3NCTOPbl B HEWTpanu),
npefHas3HavyeHo Ons OrpaHuUyeHust nepeHanps-
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XEHWIA 1 eMKOCTHBIX TOKOB, BO3HMKAOLLMX MpK
033 1 gsngawwmxca Hanbonee onacHbIMK AN
anekTpoceTen. MpUMEHAOT Takke orpaHn4uTe-
nn nepeHanpskeHun HenuHenHble (OlMH), RC-
racuMTenu BbICLUMX TApPMOHWUK, LUYHTUPOBaHWE
033uap.’[4, 5].

OpHako OKOHYaTenbHY (OYHKLMIO MO BbISB-
NEHWo, NoKanu3auuyM v OTKIIYEHUIO aBapun-
HbIX MPUCOEANHEHUI B 3MEKTPOCETAX MPOW3BO-
OWT TONbKO peneiiHas 3awuta (P3). Mpn atom
ANS KaXA0ro pexuma HemTpanu anekTpoceTn u
NPMMEHSEMOro  anekTpoobopyaoBaHus  cyluie-
CTBYIOT OTNIMYUTENbHbBIE YCNOBUS U TpebOBaHWS,
y4eT KoTopbix obecneynBaeT BO3MOXHOCTb Ans
onpegenexHus nospexgeHHoro ugepa (OMNd) n
AanbHenwmx gencteun P3 [6]. B gaHHOM cny-
yae kaxgas TpaHcopmaTopHas noAcTaHuus
(TIT), OCNOXHAETCA C TOYKWM 3PEHUSI KOHCTPYK-
TUBHOrO  WCMOMTHEHUS  pacnpefenuTensHoro
YCTPOWCTBA BbICOKOTO HANPSHKEHWS, MOCKOSIbKY
npeanonaraeTcs MCNonb30BaHWe TPeX BbIKIHO-
yaTenem Ha CTOPOHE BbLICOKOTO HanpsbKeHUs,
TpaHCHOpMaToOpOB TOKA W HaNpsXKeHus Ans
npucoeamHeHns ycTpoucts P3 u aBTOMaTMKM
(A), a Takke nNpubOPOB y4yeTa ANEKTPUYECKOM
aHeprun. B cnyyae nepexoga anekTpu4eckomn
CETV B NMOCneaBapunHbIN Pexnm paboTbl BO3HW-
KaeT W3MEHEeHWe KOHdurypauum cetn, B pe-
3ynbTaTte Yero M3MeHSTCH ee napameTpbl U
XapakTep nNpoTekaHus NepexodHbIX MpPOoLEeCcCoB.
C TOYKM 3peEHNS penenHon 3amTbl NapameTpsbl
3NEeKTPUYECKON CEeTU BIMSIOT HA OCHOBHbIE MNO-
ka3aTenu paboTbl YCTPOWCTB PenerHon 3aliu-
Tbl, TAKNe Kak CENeKTUBHOCTb WM YyBCTBUTENb-
HOCTb. Hanpumep, npu U3meHeHnn KoHdurypa-
LMW CETU MOXET M3MEHWUTLCA TOK KOPOTKOrO 3a-
MbIKaHUs, [JONYCTWM, CHWU3WUTbCA BCMEACTBUE
YBENMUYEHUS MPOTSHXKEHHOCTU  ANEKTPUYECKOMN
ceTn (YBENUYEHNE COMPOTMBAEHWUS MNHWK), YTO
YyMeHbLUaeT KO3(PMUUNEHT YYyBCTBUTENBHOCTU
TOKOBOW penenHon 3aliuTbl, TAaKOW Kak MaKkCu-
manbHas TokoBas (MT3) u TokoBasi oTceuyka
(TO) [7].

B pesynbtate u3MeHeHWs KOHUrypauum
CETW BO3MOXHO M3MEHEHME HanpaBreHns: MOLL-
HOCTW B MaructpanbHbIX CXemMax CUCTEM Jflek-
TPOCHabXeHMs, 4TO MNPUBOAUT K HeCeneKTuB-

HbIM LEVNCTBUSM MaKCMMasibHOW TOKOBOW 3allu-
Tbl M TOKOBOM OTCEYKWU. Takum obpasom, aHep-
rONOCTaBLLUMK MOXET MOSlyYUTb HELOCTaTOYHOE
KONMMYECTBO 3MEKTPUYECKOW IHEPrun Yepes He-
CenekTUBHbIE OEWCTBMSA 3alimTbl M 6e30cHoBa-
TeNlbHOE OTKMKYEHNE Harpyskun Ha Henospe-
XOEHHOW 06nacTu 3neKTpUYeckon CeTW, KOTo-
pas (PyHKUMOHMpPOBana B nocrneaBapuiHOM pe-
Xume paboThbl [8].

MATEPWAIbI U METO[bI

Onsa obbekTtoB anektpuyeckux ceten (AC)
HanpshkeHnem 6—10 kKB ncnonb3yoTcs NpocTble
BMObl PENEnMHON 3aluTbl, TakMe Kak Makcu-
MarnbHas TOKOBas 3alMTa M TOKOBas OTceuka.
YcraHasnueattcs yctponuctea P3 m A Heno-
CPEACTBEHHO B pefieHbIX OTCeKax 3aKpblTbIX
pacnpefenuTenbHbiX  YCTPOUCTB BMeCcTe C
yCTpOMCTBaMU y4eTa 3N1eKTpu4ecKkon aHeprum. B
peasbHbIX YCMOBUSX 3KCMyaTauun KOnbLEBbIX
3NeKTPUYECKMUX CXeM NpoLecc nepesoa CeTH C
HOPMarnbHOro B MocrneaBapuUnHbIN PEXUM ABMS-
eTCs ANMTeNbHbIM BCNeacTBUE HeobXxoaMmMOoCTH
«PYYHOTO», «JIMYHOTO» MOWUCKA NPUYMHBI BO3-
HUKHOBEHUSI aBapun U nepeBefeHUst CXeMbl B
nocrneaBapunHbIN  pPeXxum paboTbl anekTpuye-
ckov cetu u notpebutenen. [ucnetyep onpe-
LEensieT  MocneaoBaTenbHOCTb  BbIMOMHEHUN
onepauun no mnoucKy MOBPEXAEHHOro y4yacTka
Ans ganbHenwero obecnevyeHust danekTpocHab-
XEHNA NOTpebutenen aNeKTPUYECKON SHEPTUN B
nocneaBapuMHoOM pexume pabotbl. OnepaTtue-
HO-Bble3gHas bpuraga (OBB), nonyyns 3agaHune
OT Aucneryepa, Bble3XaeT K MCTOYHUKY NUTaHWS
(dbuaepa noacraHumm), roe ocMaTpuBatoT fu-
HEWHble BbIKIYaTENN U ONPedenstoT BbIKHO-
YEHHYI NuMHUO anektponepegay (N13M). Mocne
atoro OBb HauuHaeT noucKk noBpexaeHHOro
yyacTka anektpuueckon cetu. lNocnepgosarens-
HOCTb BBINOSIHEHUS Onepauun MOXeT OblTb
cneaywowen: OBBb 6puraga Boleaxaet B TI12
(1,2... — notpebuTenn anekTpo3Heprum) u oT-
KnioYaeT BbIKMYaTeNb Harpyskn B CTOPOHY
TM1, Bo3BpaliaeTcss K UCTOYHWKY NUTaHUA U
BKMIOYAET NUHEWHbIN BbIKNYaTens (0Tkas B
kabenbHon nuHum (KIT) 2-3. Bbiknoyatens OT-
kntovaetcs BpyyHyto 1 OBB 6puraga nepeme-

°COY HOK 20.26:2019. CtanpapT npeanpusitis. TexHuyeckas nonutika HOK YkpaHepro B cpepe pasBuTMS U SKCMy a-
Tauum MarmcTpanbHbiX U MEXroCy4apCTBEHHbIX anekTpuyecknx ceteir. Beeed. 25.10.2019; otmeHeH 04.01.2021. Kues.
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waetcsa B CTOpoHy TI12, BKMOYaeT BbIKNoYa-
Tenb Harpysku k TI1 u Hanpasnsetcs k TI14,
OTKMOYaeT BblKMYaTenb Harpysku k  TI13,
HanpaBnseTCs Ha NOACTaHLUMIO U BKIOYaeT nu-
HeVHbIN BbIKMOYaTenb. BblknoyaTenb OTKIO-
YyaeTcs OT [eWCTBUSA penenHon 3awutel. [pu
NOMOLLUM 3TOr0 MeToaa OBHapyXuBatoT, YTO No-
BpeXaeHHbIN yyacTok — KJ12-3 [9].

bpuraga npubebieaet B TI2, oTKNOYaET BbI-
kntovatenb Harpysku Kk T3, nocne yero B T4,
BKITHOYasA BbIKNtoYaTenb Harpy3kn K T3 U OKOH-
yatenbHo B TI15, BKMKYas BbIKAKYaATENb
Harpysku K Tl4, B KOTOPOM B HOpMarnbHOM pe-
XUME OePXKUTCA TOYKa pa3MblKaHUS.

Takum obpasom, TM1 n 2 nonyyawT nuta-
HME OT OCHOBHOMO WCTOYHWMKA MNWUTaHWs, a
TM3,4,5 — ot pesepsHoro. B cnyyae cpabarbl-
BaHWS OCHOBHOWM 3alUWTbl HA OTKMOYEHUE Bbl-
kntoyatenss Ha cdugepe, nutawowen MCI (ro-
NOBHOW coeauHuTEnbHbLIN NyHKT) unn PI1 (pac-
NPeaunuTenbHbI - MYHKT), HEW3BECTHO, rae
MMEHHO MPOM30LIENT aBapWUWHbIA PexuM, no-
CKOMbKY MarucTpanbHble MUTalLWme fuHUK
UMeIT BONbLIYI0 NPOTSXKEHHOCTb U 3HAYUTENb-
HOE KONM4ecTBO npucoeanHeHuit. Mo dukcauum
napameTpoB cpabatbiBaHuA 3awmuTbl Gpuraga
npubbiBaet B TI12, OTKNYaeT BblKNOYaTeNb
Harpysku k TI3, nocne 4yero B Tl14, Bkntoyas
BbIKNtoYaTeNb Harpyskn K TIN3 1 okoHYaTenbHO
B TI15, BKMoYasa BblkntoyaTenb Harpysku k 1114,
B KOTOPOM B HOPMasribHOM peXuMe AepXuTcs
TOYKa pa3MblKaHuUS.

[aHHbIn NpyMep NokasbiBaeT, YTO NOUCK Mo-
BPEeXOEeHUN U nepeBoda CeTU B nocrieaBapun-
HbIN pexum TpebyeT 3HAYMTENbHOro Konuye-
cTBa BpemeHu, paboyero pecypca OBb, obec-
NeYeHUs UX TPaHCMNOPTHbIMK CpeacTBaMU, OCO-
6eHHO B cryyae mMaccoBbIX MOBpexaeHun. He-
CMOTPS Ha TO, YTO B MpUMeEpe PacCMOTPEHSI
FOPOACKME 3MEKTPUYECKMe CeTu, Hado Yy4ecTb
KaTeropmio HageXHOCTW AaHHbIX noTpeduTenen
(Hanuuue 1, 2 KaTeropuii HAAEXHOCTW), ANs KO-
TOPbIX NepepbiB B 3MEKTPOCHAOXEHUN [OKeH
COCTaBNATb BPEMS aBTOMATUYECKOro BBoAa pe-
3epBa uUnu OCyLecTBAATLCA onepaTUBHbLIM nep-
coHanoMm. B paHHOM npumepe noTtpebutenu
anektpuyeckon aHeprum (TM1,2,3,4,5) Haxoou-
NNCb MPaKTUYeCKn 0BECTOYEHHBIMWM Ha Bpems
Moncka NOBPEXAEHHOro yvacTka KabesibHON nu-
HUW, U TOMBLKO MyTEeM MOOYEPELHOr0O BKIOYEHUS
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BblKMtouaTenen Harpysok Ha TI1 6yget HavgeH
MOBPEXAEHHbIN Y4acToK ceTu [5].

OnekTpuyeckass CeTb HanpsbkeHnem 6-10
kB, ot koTopon nutatotca TM1,2,3,4,5, obopy-
[0BaHa BbLIKNOYATENSAMM HArpy3km C PyYHbIM
MPMBOAOM, HE WMEKLWMM PENENHON 3alluThbl,
MPW BO3HWUKHOBEHUW aBapWMHbLIX PEXUMMOB pa-
60Tbl NONHOCTLIO TepsieT nuTaHue. [ns nocTpo-
eHNs PYHKUMOHAmNbHBIX CUCTEM 3NeKTpOocHab-
XEHWS C  BO3MOXHOCTbIO  AMCTAHLMOHHOTO
ynpasneHus HeobxoauMblM yCrioBueMm SBnseT-
CSl 3aMeHa BblKnoYaTenei Harpy3ok Ha BakyyMm-
Hble BblKNoyaTenu Poccuiickon xenesHom Oo-
porn. HecmMoTpsi Ha TO, YTO COBPEMEHHbIE Tep-
MWHasnbl penenHon 3awmTbl (UnMdpoBble pene)
TpebyloT NCTOYHNKOB ONEPaTUBHOMO TOKa, Kak U
anekTpomexaHunyeckas 6asa penenHon 3aluThl
(aneKTpoMarHuTHblE pene), U UMeKT BbICOKYH
CTOMMOCTb, 0COBEHHO COBpPEMEHHblE 06pasubl,
TO MOWCK anbTepHATMBHbLIX BWMOOB peneiHol
3awmTbl npuobpetaet Gonbwoe 3HaveHne. Oa-
HaKO CyLLeCTByeT MHOXECTBO MUKponpoLec-
COPHbIX pene, NUTalLWMXca OT TpaHchopmaTo-
POB TOKa, MPW MCMNOMNb30BaHWUK KOTOPbIX NpUMe-
HSIOTCS ManoMOLUHbIe pacLenuTeny Ha cuno-
BbIX BbIKMoYaTensx. [ns atux uenen He Tpebdy-
€TCS OnepaTuBHLIA TOK, HO HAAEXHOCTb Y Takux
CUCTEM HEBBICOKA, KPOMe TOro, ynpasrneHue
MK ocyLlecTBnsSeTcs BpyyHyto. OcobeHHOCTbIo
FOPOACKMX  TPaHCOPMATOPHbIX  NOACTaHLUMK
SIBNSETCH OTCYTCTBME WCTOYHUKOB OMEpaTUBHO-
ro Toka, a Ux cogepxaHue Tpebyer BonbLIMX
mMaTepuanbHbIX 3aTpar.

PaccmoTpum anropuTmbl paboTbl penenHoi
3awuTel 1 asTomatukn (P3A) ¢ ucnonb3oBaHu-
€M 3MEKTPOMArHWUTHbIX, UHAYKLUMOHHBIX pene u
(POTOINEKTPUYECKAMM  MHAMKATOPaMKU  Hanps-
)XEHUSI C UCMONb30BAHWEM EMKOCTHbIX AenuTe-
nen HanpshxeHwus.

Mpn noctpoeHun anroputMoB pabotbl P3A
HeobxoaMMO y4yecTb CBOWMCTBA Yy4yacTka anek-
TPUYECKON CeTM U OCOBEHHOCTM BO3MOXHbIX
peXMmMoB paboTbl (HOpMasibHOro M nocrneasa-
puiiHoro pexuma) [10]. B 3aBMCUMOCTU OT KOH-
CTPYKTUBHOTO UCMOMHEHUs pacnpeaennTenbHbIX
YyCTPOMCTB (M XapakTepa notpebutenen anek-
TPUYECKON 3HEPrUM), KPOME OCHOBHbIX — Mak-
cumManbHon TokoBow 3awmTbl (MT3) n ToKOBOW
otceykn (TO), HeobXOOMMO Yy4UTbIBATHL UCMOMb-
30BaHWe [ONOMHUTENbHOW 3aLiMTbl, TAKOW Kak
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nornyeckas 3awmrta wwuH (N3W) wnu gyrosas
3awmTa wuH (A3LW) npy Hanuymm cuctembl unm
CeKUMM LIKH, KOTOopble, B CBOK O4vepedb, MOryT
MMETb HanpaBreHHbI XapakTep denctsus. He
MeHee BaXHbIM SBMSETCH WCMOMb30BaHWE aB-
TOMaTVKN B 3MNEKTPUYECKUX CeTAX ONS COKpa-
LLleHs1 BPEMEHW pe3epBUMPOBaHUS noTpeduTe-
nen M yMeHblUeHWe HedoOoTnycka anekTpuye-
CKon 3Heprun. PaccmoTpes npumep, npuseaeH-
Hblii Bblle, Aenaem BbIBOL O HEOBXOAMMOCTM
UCMONb30BaHWSA OCHOBHOTO TOKOBOW Hanpas-
NEHHOW 3aLUMTbl C UCMOSMb30OBAHWEM pene Toka
C HEe3aBWCUMOW XapaKTepUCTUKOM cpabaTbiBa-
Hua [11]. Ona peanu3aumun npeanoxeHHOro Ba-
puaHTa CxemMbl aBTOMATUYECKOrO BKITOYEHUS

pesepsa (ABP) (puc. 2) HeobxoaMMo MUCnosnb3o-
BaTb B KAYECTBE M3MEPUTENBHOrO OpraHa pene,
cpabatbiBaHue kotoporo coctasnseT 0,8U,on. B
CNy4Yae CHWKEHWS HAMPSHKEHUS MNUTaAHUS OO0
YPOBHSI, MEHbLUEro OT 3a4aHHOM YCTaHOBKM,
KOHTaKTbl pene 3amMblKaloTcs, noJaBasi CUrHan
Ha pAd NOrMYecKMX SNeMEHTOB, KOTOpble, B
CBOI 0Yepedb, peanuayloT anropuTM OTKIIYe-
HUS OT 06EeCTOYEHHOro yyacTka Lenu.

Ecnm npu pesepBUpPOBaHUM  U3MEHWUTCA
HanpaBneHWe nepeToka MOLWHOCTW, pene
HanNpaBneHNs MOLLYHOCTU 3aMKHET OpYron KOH-
TakT U U3MEHWUT NOMNOXEHUE acUHXPOHHOro RS-
Tpurrepa (puc. 3).

3C! T2
Py 31 | 35 xB
! 1
110xB
111
I3 Tha
TI5
Puc. 1. 3nekmpuyeckas cxema palioHa
Fig. 1. Electrical circuit of the district
YAT1,2.
R Y L TS il W S ——
| Y
o |
| K ST |
<—{Timer RS-Tpurrep . YACT
| —>—f and »——Timer{- G —|~~C—
(N3LU wnn A3LL) and |
1 &
! |
I RS-tpurrep I
I > and TimerH G _le_g
I ;'/"‘\
/ \ I
—
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Puc. 2. Jloeuyeckass cxema aesmomMamu4ecko20 eKilo4eHus pesepea (ABP - asmomamuyeckoe eKkroYyeHue pe3epea,
RS-mpuezep - Reset, /131U — nozuyeckas 3awuma wuH, 43U - dyzoeas 3aujuma wuH, Timer — matimep, KV - kunoeamm,
YAC - anekmpomazHum eknrwyeHus, YAT — anekmpomazHum omknwyeHusi, G - 2eHepamop, | - uHdukamop)

Fig. 2. Logical circuit of automatic switching on of the reserve (ABP - automatic switching on of the reserve,
RS-trigger — Reset, JI3WW - logical bus protection, 3L - arc bus protection, Timer —timer, KV - kilowatt,

YAC - closing solenoid, YAT - shutoff solenoid, G — generator, | - indicator)
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AcCHHXpOHHKWIT RS-Tpurrep

__\_j KAI
KW1/I l |
I[ | and —
| and(}:—* | &
|
|
|
|
| |
|
: and (B+—e | &
KW1/2 l |
' | and —>
| L1, KAI

Puc. 3. Ucnonb3oeaHue s102U4eCKUX 3IeMeHMOoe 8 Kavecmee pesie (hukcayuu KomMaHObI Ha U3MEHeHUe ycmaeokK
(KA - pene mokoeoe, KW — pene mowHocmu)
Fig. 3. Using logic elements as a change setup value command fixing relay (KA - current relay, KW - power relay)

MNpeablgywasa gukcauns Todku cpabatbiBa-
HUA 3aWuTbl SBNSETCA HEobXogMMON Mepow
Ans obecneyeHnss HagexHocTn paboTel U ce-
NEKTUBHOCTN penenHon 3awumtel [12]. 310 cBS-
3aHO C BO3HWMKHOBEHWEM CrenbiX 30H Hanpas-
NEHHON 3alyuThl, NMOCKONbKY Ans obecneyeHus
HOpManbHOW paboTbl pefnie MOWHOCTU HeobXo-
OMMO CO3[daHue [OBYX MarHUTHbIX MOTOKOB 3a
CYET TOKOBOW OOMOTKM M OBMOTKM HanpspKeHus.
Mpu BKNtoyeHUM pene MowHoctn no  «90-
rpagyCcHoM» CXeme BKMOYEHUS, Mpu Bnm3Kknx
KOPOTKMX 3aMblKaHWSAX, HanpshKeHWe B TOuKe
CeTn NpubnmxaeTcs K Hym, a TOK KOPOTKOro
3aMblKaHUsi OrpaHUYMBAETCS NULWb 3HAYEHUEM

TOB (cnenas 30Ha pene mowHoctun). KombuHa-
UMs  NOTMYECKMX 3nemeHToB obecneymBaet
HafEXHOCTb paboTbl 3aluTbl NPU BO3HUKHOBE-
HUW CnenbiX 30H UHAYKUMOHHOIO pene npu CHu-
XEHUWN HaNPSHKEHWS Ha LWKHe U Bnn3knx KopoT-
KUX 3amblkaHusx. PacyeTbl TOKOBOW 3aLUMTh
CENEeKTUBHOW HYNeBOW nocrnefoBaTeNnbHOCTH
HeHanpasneHHon (TC3H), kak u3BeCTHO, Npo-
“3BOOATCA MO ABYM YCMOBMSIM Bblbopa TOKa
cpabatbiBaHus 3awmThl (puc. 4):

— ycnosue HecpabaTblBaHUS NpW BHELUHEM
033 (Ha gpyrom duaepe) nyTem OTCTPOWKM OT
CODOCTBEHHOrO €MKOCTHOro TOKa 3alluLiaemMoro
dbunpepa;

COMNPOTUBMEHUI 3IEMEHTOB CXeMbl. B pesynb- —ycnoBue cpabaTbiBaHus  (KO3(ULIMEHT
Tate perne MOLWHOCTU TepdaeT prTﬂU.I,I/IIZ MO- ‘-IyBCTBMTeJ'IbHOCTM).
MEHT, YTO NPUBOAUT K pa3MblKaHUIO €ro KOHTaK-

dua. 1 ®dug. 3 duna. 5

Vi i T & TS &

1/ ol ]/ .

V \ V
175 A 09A 1,3A
J

-
= 19,7 A

Puc. 4. Cxema pacnpedesieHuUsi eMKOCMHbIX MOKO8 Ha CeKyuu nodcmanyuu
Fig. 4. Distribution diagram of capacitive currents into substation sections
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PacueTbl ons otxoasawero guaepa 1:
Ic.3.= 12x13x17,5 = 27,3A, (1)

rae | c; — Tok cpabaTbiBaHMs 3awmThbl; 1,2 — Ko-
ahpuUneHT HagexHocTu; 1,3 — KoahPULMEHT
Bpocka (Ans COBPEMEHHLIX LMGPOBLIX penen-
HbIX 3awmTt Tna «MICOM» cocrtaBnsieT 1,2—
1,4); 17,5 — cOBCTBEHHbLIN €MKOCTHbIN TOK (pu-
fepa 2.

Ka = (19,7 - 17,5)/27,3 = 0,08 < 1,25, (2)

roe K, — koadpuumeHT vyscTBUTENBHOCTK; 19,7

— CYMMapHbIf (NOMHbIN) EMKOCTHbIN TOK CETH.
Mockonbky K, = 0,08 <1,25, To ycnosue ce-

NEeKTUBHOCTKM Ans dmaepa 1 He BbINOSHAETCS.
PacueTbl ons otxogsawero guaepa 3:

Ic.3.= 12x1,3x09 = 14 A; (3)
Ke = (19,7-09)/1,4 = 134 > 1,25. (4)

Ycnosue cenekTMBHOCTM Ans duaepa 3 Bbl-
MOMHAETCS, U 3TOT hmaep HaZexHo 3awmwaeT-
cs yctaHosneHHon TC3H tuna « MICOM».

PacueTbl gns otxogswero gugepa 5:

Ic.3.= 12x1,3x13 = 2,0 A; (5)
Ke = (197-1,3)/20 = 91 > 125. (6)

Ycnoeue cenektuBHOCTM ans dugepa 5
TaKXe BbIMONHAETCA, U 3TUM obecneymBaeTcs
HagdexHas 3awuTa yctaHosneHHon TC3H Tuna
«MICOM».

Takum obpasom, ans guaepa 1 ¢ cobeTBeH-
HbIM €MKOCTHbIM TOKOM 17,5 A cyluecTBytoLLas
TC3H He moxeT OblTb 3agencTBoBaHa W3-3a
HEeJOCTaTOYHOro 3Ha4yeHus KoadduumeHTa vyB-
CTBMTENbHOCTU. [1Na Takux criyyaeB NpUMEHSIOT
WHAMBMAYanbHble (ONa Kaxgoro dupepa oT-
AenbHO) P3 Ha OCHOBE HanOXeHHOro Toka unu
PE3NCTMBHOMO 3a3eMJSIEHUS HeWTpanu, LWYyHTK-
poBaHue 033, a Takxke B36poc Toka [13]. OgHa-
KO 3TU Mepbl BECbMa OOPOrocTosILLME U 3HAYM-
TENbHO YCMOXHAOT (PYHKUMOHMPOBAHWE 3MeEK-
TpoceTn. Kpome TOro, HauMHawT NPUMEHSTb
LIeHTpanu3oBaHHble penenHble 3awwutbl oT 033,

UCMOSIb3YHOLLME HECKOSIbKO anroputmoB. B aTmx
3almTax NoBpEexXAeHHbI uaep onpeaenstoT
Mo HanbonblleMy 3HAYEHUO NapameTpa Kaxao-
ro n3 anroputmoB. OgHaKo LieHTpanM3oBaHHbIE
3alMTbl BeCbMa CrOXHble, OOPOrocTosilmne u
npegnonaratT MOSHYI PEKOHCTPYKUMIO penen-
HOW 3aWuTbl Ha [eWCTBYKOLMX MNOACTaHUMSIX,
ANsS uX akcnnyatauum TpebyeTcs nepcoHan
OYeHb BbLICOKOM KBanudukauun. Kcnonb3osa-
HME YNPOLLEHHBbIX CXEMHBIX PELUEHUA KOMOUHM-
POBaHHbIX CUCTEM 3aLLMTbI NO3BOMUT YBENUYNTD
PEMOHTOMNPUrOAHOCTb, YMPOCTUTL 0BCNyXMBa-
HWe ycTponcTB P3 1 aBTOMaTWKKM 3a CYET UX OT-
KPbITOCTU B OT/IMYME OT COBPEMEHHbIX MUKPO-
MPOLECCOPHbIX TepMUHANOB. pu KomBrHauum
ManoMOLLHbIX MUKPOINEKTPOHHbIX KOMMOHEHTOB
N 3NEKTPOMEXAHUYECKMX pene BO3MOXHO YyBe-
NNYUTb CPOK 3KCMyaTauuu YCTPOUCTB penemn-
HOW 3awmTbl. MukpoanekTpoHHas 6as3a no3so-
NSeT MCnonb3oBaTb ManoMOLUHbIE WUCTOYHUKM
onepaTMBHOIO TOKa, YTO AenaeT AelleBrne co-
AepxaHue yctponcts P3 u A, a 3a C4eT yMeHb-
LeHna maccorabapuTHbIX pa3mMepoB NO3BOMSET
pa3MecTUTb YCTPOMCTBA 3alUMTbl U UCTOYHMKA
onepaTMBHOro Toka B ropoackux Tr1.

PE3YJIbTATbI U OBCYXXOAEHUE
MpobnemHble  BOMpPOCHI  3KcnnyaTauuu
YCTPOWCTB penevHON 3aliuTbl HA OCHOBE MMWK-
ponpoLIecCOpHON 0asbl: CyLLEeCTBEHHbIA Hepao-
CTaTOK MUKPOMPOLIECCOPHbIX YCTponcTB P3 — ux
BbICOKasi CTOMMOCTb. Kpome TOro, 3Hauutesnb-
Hble pacxofbl NpeanpuATUS BblOENATCA Ha
obcnyxusaHve MMKPOMNPOLLECCOPHBIX
YCTPOWCTB: HEoOX0AMMO Hanuyme [oporocTos-
wero obopyaoBaHus, NporpaMMHoro obecneve-
HUS, @ TaKKe CneuuanuctoB C COOTBETCTBYHO-
wen keanudukaumen. Ewle oguH HegocTaTok
MMKPOMNPOLECCOPHBIX YCTPOWCTB — Y3KWUI Anana-
30H pabounx TemnepaTyp. TpaguuUMOHHble 3a-
WWTHbIE YCTPOWCTBA, BLINOSHEHHbIE Ha 3MekK-
TpomexaHudeckon 6ase, JOCTaTOYHO HEMNPUXOT-
nvBbI 1 MOryT paboTaTb B LUMPOKOM AMana3oHe
pabounx Temnepatyp. [nsa obecnedveHus kop-

PEKTHOM paboThl MUKPONPOLIECCOPHBIX
YCTPOWCTB HEOOXOAMMO yCTaHaBnMBaTb LOMOS-
HATENbHOE  KNMMaTuyeckoe 00OpyAOBaHMeE.

CnepnyeT [OMOMHUTENBHO OTMETUTHL TaKOW He-
LA0CTaTOK MUKPONPOLLECCOPHBIX YCTPOMCTB, Kak
nepuogmyeckne cbom B nporpammHom obecne-
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YyeHun. HecmoTps Ha 3asiBNeHUst Nnpon3BoamTe-
nen  MUKPOMpPOLLECCOPHbIX 3awuT 06 ux cra-
OUNbHOM  PYHKLMOHMPOBAHMM, OYEHb 4acTo
Habntogaetca cbon B paboTe MNporpamMMHOro
obecneyeHuns (Hanpumep, nepuoguyeckue ne-
pesarpysku TepmuHana). Ecnu B momeHT cbos
nporpaMmHoro obecneyeHns NPouU3ONAET KO-
POTKOE 3amblkaHWe, TO 3TO MOXET MPUBECTU K
noBpexaeHuio  obopydoBaHusi,  Tak  Kak
B TOT MOMEHT MpUCOeaMHeHne Haxoautcs 6e3
3aLMThI.

lepBOOCHOBOW Ans onepauuii U OEeWcTBUM
penenHon 3awmTbl SBMATCA YCTPOMCTBA C
onpeaeneHHbIMM YKUMUSMU, KOTOPbIE MPUHATO
HasbiBaTb anroputMamu. [lpn BO3HUKHOBEHWM
033 oHM NpUHMMAIOT CUrHanbl OT COOTBETCTBY-
OLLe n3MepuTenbHOM annapartypbl, YCTaHOB-
NEHHON B 3MEKTPOCETU U B KaXOOM OTX0AsLLEM
dbuaepe, npeobpasyloT MX M NOAAKT HENOCPea-
CTBEHHO Ha 3nemeHTbl P3. OCHOBHbIMKU K
Hanbonee pacnpoCTpaHEeHHbIMU anropuTMamm
Ans peneHblx 3awmt ot O33, cornacHo [14],
SIBNATCA CreayoLme:

1. AnroputM No MakCMManbHOMY OEeWCTBY-
tOLLEMY 3HAYEHWUHD OCHOBHOW TFapMOHMKM TOKa
HyneBoOW NocnegoBaTeNlbHOCTU B NPUCOEAMHE-
Huax. [Ins ceTen ¢ U30NMPOBaHHON HeUTpasbHo,
0COBEHHO C MamnbiM YUCIIOM OTXOAAWMX uae-
poB, 061acTb NPUMEHEHUS BECbMa OrpaHuyeHa.

2. AnroputM no nepexogHoMmy npoueccy
033 ocHoBaH Ha onpeaeneHnn 3Haka MrHOBEH-
HOW MOLLHOCTU HyneBoOW MnocrnenoBaTenbHOCTU
B HayanbHOW CTaguu NepexodHoro npoiecca.
ObecneunBaeT uUKCaLMIO KPATKOBPEMEHHbIX
camoycTpaHsiiowmxcs npoboes usonauuu. Of-
HAKO AJIMTENbHOCTb Y4acTKa NEpPEexXoaHoro npo-
Llecca, Ha KOTOPOM HYXHO (PUKCUPOBAaTb 3HaKM
curHanos, coctasnget 0,5-2,0 Mc, YTO CHMXaeT
HadexXHocTb [15].

3. AnroputM No HanpabfieHWHD MOLLHOCTM
HyneBoW nocnegoBaTesibHOCTU Haubornee ode-
BUAHbIN W afeKBaTHbIA, TaK KaK UCTOYHUK Hyne-
BOM NOCNefoBaTeNIbHOCTM HaxoauTCa NpsiMO B
Touke O33. Ho npakTnyeckn anroputm Mcnosnb-
30BaTb CMOXHO, YTO 0OBACHAETCA BonbwMMK
YrNoBbIMW NOrPELIHOCTAMU Y HEMAEHTUYHOCTLIO
XapaKTEPUCTUK CYLLECTBYIOLWMX TpaHchopma-
TOPOB TOKAa HYyNeBOW MNOCNenoBaTeNbHOCTU
(THI), ocobeHHo npu ayroebix O33 n B 0bna-
CTU MarbIX TOKOB.
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4. AnNropuTm no CymMme BbICLLUMX FapMOHMK B
THIM ypoBneTBopuTENbHO paboTaeT B LeHTpa-
NN30BaHHbIX YCTPOWCTBAX OTHOCWUTENBHOrO 3a-
Mepa ANna pa3BeTBNEHHbIX CETEW, coaepKalumx
6onblloe KOMMYecTBO deppumarHMTHoro obo-
pyooBaHust  (TpaHcdopmaTopbl, Ayroracsiime
peakTopbl M Ap.). Ho Ons wHAMBMAYyanbHbIX
YCTPOMCTB abCONTHOrO 3aMepa MpaKTU4eCKu
HEBO3MOXHO paccyuTaTb YCTAaHOBKY MO YPOBHIO
rapMoHuK. [Mo3TOMy OHM Manoad@eKTUBHbI B
YCIoBKSAX HECTabWIIbHOCTM coCTaBa M YPOBHS
BbICLUMX FapMOHWK B TOKE HYNEeBOW NocneaoBa-
TESbHOCTMW.

5. AnropuTM no BeENWYMHE FapMOHUK Hasno-
XEHHOro Toka obecneunBaeT Hanbonbluylo ce-
NEeKTUBHOCTb B KOMMNEHCMPOBaHHbLIX ceTsax. Tpe-
ByeT cneumanbHOr0 MCTOYHWMKA HANOXEHHOro
ToKka. Hanbonee LenecoobpasHo npuMeHeHe B
CETAX, YXKE UMEILMX TaKOW MUCTOYHWK, Hanpu-
Mep, AN ynpaBneHus OyroracsymMn peakTo-
pamu. OrpaHWMYeHo MNpUMEHEHUE B CMOXHbIX
Pa3BETBIIEHHbIX ANIEKTPOCETSX.

Kak cnepyeT v3 aHanu3a npeacTaBneHHbIX
anroputmoB, Haubonee npobnemMHbIM C No3u-
UMA PYHKLMOHUPOBAHUS penenHbIX 3awut oT
033 aBnseTcs pexum M30IMpoBaHHOW HeWTpa-
nu. Ona Takmx ceten NPUMEHSIOT B OCHOBHOM
anroput™M No MakCUManbHOMY [EWCTBYHOLLEMY
3HAYEHWNID OCHOBHOW FAPMOHMKM TOKa HYNEBOW
nocnepoBaTtenbHocty  TC3H. OpHako paxe
ANS CambIX YYBCTBUTESIbHBIX LMGPOBLIX 3aLuT
ot O33 ycnosne 4YyBCTBMTENbHOCTW BbIMOHS-
€TCA B Cryyasx, koraa CO6CTBEHHbIN €MKOCTHOM
TOK 3awmwaemoro guaepa He npesbiwaeT 17%
OT CyYMMapHOrO €MKOCTHOro Toka ceTu. JTo
0byCrnoBNEHO O4YEHb Cepbe3HbIM HEAOCTaTKOM
penevHblx 3awmt ot O33, MOCKOMbKy TpaHc-
bopmaTop ToKa HyneBoOW MOCIef0BaTENbHOCTM
NOBPEXAEHHOro huaepa He pearvpyet Ha cob-
CTBEHHbIA €MKOCTHOM TOK, a (OUKCUPYET CyM-
MapHbIl €MKOCTHOW TOK HEMOBPEXAEHHbIX (K-
fepoB. [109TOMy MpW TakOM pPexume HeuTpanu
cet ¢ TC3H BbIHYXAEHHO MPUMEHSIIOT [OMNON-
HUTENbHbIE anrOPUTMbI, 8 UMEHHO: HanpaBneH-
Has P3 cosgaeT HanoXeHHble TOKU WIN BKIHO-
YyaeT pe3ncTop B WCKYCCTBEHHO CO3[4aHHYH0
HeWTpanb anektpocetT. A ato TpebyeT ycTa-
HOBKW [OMOJSIHATENBHOIO ChneunansHoro (B ToM
yuncne BbICOKOBOMbTHOr0) ob6opyaosaHus [16].

Takum o6pa3om, npeacTaBrieHHbIN aHanu3
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CUCTEM M YCTPOUCTB penenHbIx 3awmt ot 033
Nno3BONSeT 3aknwynTb, 4YTO Haubonee npo-
ONeMHbIMM ABNAOTCA 3MEKTPOCETU C M30NMPO-
BaHHOW HeWTpanbto. [ns 3Tux ceTen, B 6onb-
LUMHCTBE Cny4yaeB, WM3BECTHble anroputmbl P3
nnbo COoBEpLLEHHO Henpuemnemble, nmbo npea-
nonaratT YCTaHOBKY [AOMOMHUTENbHOMO CrOX-
Horo obopyaoBanus u npubopos. Kpome Toro,
OHW XapaKTepu3ylTCA BbICOKON BEPOSTHOCTbIO
OTKasa 3awmTbl B cpabaTbiBaHWM M3-3a HECTa-
OMNbHOCTM coCTaBa W YPOBHSI TOKOB HYNEBOW
nocnegoBatensHoCTH [17]. 3TO SBNSETCA OCHO-
BaHMem ccopMynmpoBaTb BbiBO4 00 akTyanb-
HOCTW yKa3aHHOW NpobnemMbl Ans 3NeKTpoceTen
6-10 kB.

MNocTtaBneHa 3agadva obecneveHuss Hagex-
HOCTW paboTbl penenHblx 3awmT ot 033, B KO-
TOPbIX HA YaCTU OTXOAAWMX (PUAEPOB HE MOXET
yHKkumoHmposate TC3H. OTxogsawume duaepsl
B 9TOW CETM M3Ha4anbHO OblM YKOMNNEeKToBa-
Hbl TC3H cdupmbl «MICOM», HO YacTb U3 HUX
He 3anyleHa B paboTy No npeacTaBneHHbIM B
Hawen paborte npuymHam. Ha puc. 2 nokasaHa
pacyeTHas cxema O4HOW U3 CEeKLMA OTXOAALMX
bunaepos., BbINOMHEHHbIX KabenbHbIMU IMHUAMM
(K1) B OCHOBHOM C ycTapeBLlen, ocnabneHHon
BymaxHo-macnsHon wusonsauunen. Kpome Toro,
yacTb KI1 BbINOfHEHA C COBPEMEHHON M30MsL K-
€N M3 CWMTOro MNONMITUMEHA, Takke BecbMa
ys3BUMOW K nepeHanpspkeHuam npu 033. Yka-
3aHHas ANeKTPoCeTb C U30NMPOBAHHON HENTpPa-
Nb0 — HEKOMMEHCUPOBAHHAs, T.€. HE COAEPXKUT
pyroracsuero peaktopa. ObocHoBaHa 3ameHa
TC3H ¢ HepocTaToyHOW cenekTMBHOCTL. [ns
yCTpaHeHus1 ykasaHHoro Hepgoctatka TC3H
Hambonee npeanoyTUTENbHON NpeacTaBnseTcs
3ameHa otgenbHbix TC3H ¢ HepocTaTovHoWM
CENeKTVBHOCTbIO Ha MHOMBUAYanNbHY0, Hanpas-
NEHHYI0 3aLUMTY HYNEBOW NOCNEAOBATENBHOCTM.
MpuHLMN gencTBua HanpasieHHOW 3aLMThl HY-
NeBOV NocnefoBaTesIbHOCTM OCHOBAH Ha TOM,
YTO HanpaBfeHne Toka B NOBPEXAEHHOM uge-
pe NPOTUBOMOSIOXKHO HaMPaBEHNIO TOKOB B He-
noBpexaeHHbIX duaepax. MNpu aTom asouys-
CTBUTENbHbIN 3MIEMEHT 3aLuThl (OpraH Hanpas-
NEHNS MOLLHOCTM) pearmpyeT Ha NosiBUBLLIEECS
n3MeHeHne n gopmupyet curHan o6 O33 Ha
KOHKpeTHoM chuaepe [18].

[JocTonHCcTBa  MHAMBMAYaNbHOW,
NEHHOW peneiHon 3awmTbl oT O33:

Hanpas-

— BO3MOXHOCTb MPUMEHEHUS B 3NeKTpoce-
TAX, cogepxalimx noboe ymcno puaepos ¢ He-
JocTaToyHou cenektuBHocTbio TC3H;

— [OCTaTOYHas NOMEX03aLLMLLEHHOCTD;

— OTHOCUTENBHO HEBbLICOKAs CTOMMOCTb.

BOMbLMHCTBO YCTPOUCTB pPENENHON 3aLumnThl
MOCTPOEHO Ha 3MEKTPOMEXaHUYECKOW annapa-
Type: 3neKTpOMarHuWTHble, MarHuTo3NeKTpuye-
CKMe W MHOYKUMOHHbIe pene. PenenHas 3awmTa
Ha NONyNpPOBOAHMKOBBLIX 3NeMeHTax (pene Ha
OMCKPETHbIX  3neMeHTax) paspabaTbiBanach
CHayana Ha BbINPSAMUTESIbHBIX AMOAax, 3aTem
Ha TpaH3aucTopax, TupucTopax. WX cmeHunu
3alnTbl, BLINOMHEHHbIE HA MWKpPOCXemax: W3-
MepuTeSibHble OpraHbl BbIMOSHEHbI HA onepa-
LMOHHBIX YCUNUTENsX, a Noruka (aHamnor KOH-
TaKkTOB 3NEKTPOMEXaHNYECKMX pesie) cTpounach
Ha NOrMyeckmx mukpocxemax. B nocnegHux o6-
paslax MUKPO3MEKTPOHHbLIX YCTPOWCTB MNOSBYU-
NUCb JOMOMHUTENbHO aHanoro-undgposblie npe-
obpasoBatenu n ungposble cyeTynkn. He me-
HEee BaXHbIM SABMSETCS UCMNONb30BaHWE aBTO-
MaTUKU B 3NEKTPUYECKUX CETAX ANA CoKpalle-
HUS BPDEMEHW pE3EPBUPOBaHNS NOTpebuTenen un
YMEHbLUEHWUS OTNyCKa 3NEKTPUYECKOW IHEPrUM.
Micnonb3oBaHue YNpOLLEHHbIX CXEMHbIX peLle-
HUA KOMBUHMPOBAHHBLIX CUCTEM 3alUWTbl NO3BO-
NUT  YBENWYUTb PEMOHTONPUrOAHOCTb, YMpPO-
CTUTb obcnyxusaHue yctponcts P3 n aBToma-
TUKW 3@ CYET MX OTKPLITOCTU B OTNUYME OT CO-
BPEMEHHbIX MUKPONPOLLECCOPHbLIX TEPMUHAOB.

AnutenbHas paboTta ceTu npu ogHOGa3HOM
3aMblKaHUW Ha 3eMmio He [JonyckaeTcs, no-
CKOJSIbKY:

— BO3MOXHO HapylleHue MexdasHON M30-
NAUMM B MECTe NOBPEXAEHUS U Nepexon Of4HO-
thasHoro 3ambikaHusi B MHorogasHbix K3;

— BEPOSATHbl ABOMHbIE 3aMblKaHUS Ha 3EMITHO
BCNEACTBME YBESIMYEHUS HaMNpsXKEHUs Heno-
BPeXOEHHbIX (Pa3 OTHOCUTENbHO 3emMnn B V3
pas;

— TMOCKOMbKy paboune TOkM, 6e3ycrnosHo,
BonbLue, YeM OONYCTUMbIE TOKW 3aMblKaHUA Ha
3eMI0, TOKOBas 3alymMTa BbINOMHAETCA C BKItO-
YeHMeM Ha (DUNbTP TOKa HyfeBoW MnocrnefoBa-
TENbHOCTMU.

AnbTepHaTMBOW TPaOMUMOHHOW MUKPOMPO-
LIeCCOPHON penenHon 3alute SBMseTCs WC-
Monb30BaHWe MHOYKUMOHHBIX U 3MEKTPOMAarHuT-
HbIX pene ToKa, HanpsXKeHus W HanpasneHus
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MOLLHOCTM B COYETaHUN C MMUKPOINEKTPOHHOM
6ason. B kayectBe NycKOBbIX OpPraHOB 3aLLMTHI
MCMOSb3YIOTCS ANIEKTPOMArHUTHbLIE WU MHAYKL M-
OHHbIE pene, a B Ka4eCTBE NIOTMYECKNX SMEMEH-
TOB — COBPEMEHHbIE ManorabaputHble noruye-
CKMe 3MEMEHTbI B BUAE MUKPOCXEM C 3MEKTPOH-
HoM 0OBA3KOM Ans X aganTauuu K pabote C
KOHTaKTaMy 3MEKTPOMArHUTHbIX W WHAYKLMOH-
HbIX pene. NpenmMyLecTBOM AaHHbIX CXEMHbIX
PELLeHNIA SBMSAKTCS:

— BO3MOXHOCTb  MPOCTOro  obcnyxmBaHus
3NEKTPOMAarHUTHbIX U MHOYKLUMOHHBIX pene;

— UCMOMb30BaHME LENen MOCTOSAHHOrO orne-
PATMBHOrO TOKA HWM3KOTO HanpshKeHWs U manon
MOLLHOCTM, TaKUX KaK NMUTUEBbLIE aKKyMyNATOPbI.

MpenmyLiecTBamMmm Takoro poga CUCTEM $B-
nsTCS:

— YMEHbLUEHNE KOMMYTALMOHHbIX Harpysok
Ha KOHTaKTbl pene, 4yTo BygeT cnocobcTBoBaTh
YBENMUYEHUIO CPOKa UX JKCTnyaTauum;

— YMEHbLLUEHNE MOLLHOCTU UCTOYHMKOB One-
paTUBHOTO TOKa (MCMONb30BaHWE NUTUEBBIX aK-
KYMYnSTOPOB) U YMEHbLLEHNE CTOMMOCTU B CO-
AepXXaHUW penenHom 3aluunTbl;

— YMEHbLUEHNE MaccorabapuTHbIX pasmepoB
nornyeckoro 6noka peneHon 3aLuuThl;

— obecneyeHve NpoTNBOABaAPUIHON aBTOMa-
TUKW, Takoh kak ABP n aBTomaTuyeckoro no-
BTOPHOro BKntodeHus (AlB).

Bonpockl 3awWwuThl OT 3aMbIKaHUN Ha 3EMITO
ncecneayTcs 4OCTaTOMHO aKTUBHO, KONIMYECTBO
MaTepuUanoB Ha 3Ty TEMYy HaCTONbKO BEJIMKO,
YTO BpPEMS OT BPEMEHM NOsBNATCA paboTbl
[19-21], koTOpblE KNaccuuUUpyoT 1 NOMoratoT
pasobpaTbca B pasHOOOpasuM M3BECTHLIX CMO-
coboB 3awuThl. 3BecTHO B 4TO B ceTsax 6-10
KB C NOMOLLbI0 NPOCTbIX TOKOBBIX ¥ HaNpaBieH-
HbIX 3alMT TPYAHO, @ WHOrAa M HEBO3MOXHO,
obecneuntb 3awmty ot 033 c Heobxoaumon
YYBCTBUTENBHOCTBIO U CEMEKTUBHOCTbID. 3JTO
nobyxaaeT K NepeHocy BHUMaHWS C yCTaHo-
BuBLlerocs pexuma O33 Ha nepexogHble npo-
Lecchl, Bo3Hukaowme npu O33. [ononHutenb-
HbIM apryMeHTOM SIBSIETCA TO, YTO TOK HYNEBOK
NnocneaoBaTenbHOCTM BO BPEMS MEPexXoaHOro
npoLiecca 3Ha4YUTENbHO MpPEeBbIlLaeT TakoW TOK
ycTaHoBmBLerocs pexuma nocne O33. [nga nu-
HU 6-35 KB J0mKHbI BbITb YCTAHOBMEHDI 3aLL M-
Tol OT ogHodasHblx K3 Ha 3emnio, a Takke
MexgasHblx K3, koTopble JOMKHbI ObITb BKIHO-
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yeHbl B pasbl A 1 C no BCem yyacTkam CeTW.
3awmTa oT ogHodasHbIx K3 0gHOBpPEMEHHO, KakK
npaBuno, BbINOSHAET €Le U CUTHAmNbHYH (DYHK-
UM Ana nepcoHana. Bo3MOXHO Takke OCHa-
LWEHNe JMHUA YCTPOWCTBOM KOHTPONS M30ns-
umn. Ha maructpanbHbIX JIMHUAX C OQHOCTOPOH-
HUM nUTaHMeM HeobXoauMMO YCTaHaBnMBaTb
ABYXCTYMEHYATY0 TOKOBYH 3alUuUTy OT MEeX-
AaydasHbix K3, To ectb MT3 C Bblaepxkoi Bpe-
MEHM U TOKOBYI OTCeyky 06e3 BblAepXKu no
BpemMeHu [22].

TpeboBaHus K penenHoW 3awuTte: B [OBYX
(hasax yctaHaBnuBaeTCcs OBYXCTyneHyartas To-
koBas 3awmTa. Tak Kak 3aBMCMMasi xapaKkTepu-
CTVKa Hea(pdeKTnBHA, BTOpas CTyNeHb OOMKHa
ObITb C HE3ABWUCKMOWN XapakTEPUCTMKON. 3alin-
Ta o1 K3 Ha 3emnto npucoeamHsaeTcsa K kabenb-
HoMmy TC, Ans KOMNEHCMPOBaHHbLIX CeTen Aei-
CTBYET HA CWrHan, YycraHaBnuBaeTcs Mo
HaNpPaBMNEHWIO aKTUBHOM MOLLHOCTU B HYNEBOW
nocnegosatensHocTW. Ecnu TokoBas 3awmta
HEe BbINOMNHSAET TPebOoBaHNSA NO YyBCTBUTENbHO-
CTW, HeobxoaMMO WCNoNnb3oBaTb KOMOWHMPO-
BaHHble TOKOBble 3aLiMTbl MO MWHUMAmNbHbLIM
YPOBHSIM HanpspkeHus:, No BO3BpaTHbIM COCTaB-
NAOWMM TOKOB WM HanpshkeHun. Ons nuHun,
KOTOpble NuUTalTCA ¢ 06eMx CTOPOH, MM BXO-
ASLWMX B KOMbLEBbIE CETU 3anUTaHHbIX OT OAHO-
r0 WCTOYHMKA, Lenecoobpas3Ho WUCNob30BaTh
3alWNTbl Takme Xe, Kak U Ans JIMHUA C OOHUM
nuTalowmm anemeHTom. Ecnn atn napannens-
Hble JIMHUW C OOHWUM UCTOYHWUKOM MUTaHWS nogd-
KNtoYeHbl K 0gHOMY 06Llemy BbIKIOYaTENo, TO
BO3MOXHO MPUMEHEHWe 3aLUnThl Kak U Ans oau-
HOYHOW nuHuK. Bce ycTpoincTBa penenHon 3a-
WWTbl JOSMKHbI OTBEYaTb MEPEYUCNEHHBIM Tpe-
6oBaHusM:

1. YcTponctBa penenHon 3awmTbl U NpoTu-
BOABapUHOW aBTOMATUKW AOMKHbI ObiTb BbI-
MOMHEHbI HA OCHOBE MUKPOMPOLECCOPOB.

2.Ha oanekTpuyeckon nNOACTaHUMM MUKPO-
npoweccopHoro yctpoiictea (MI1) gomkHbl oTBe-
YaTb NPUHLMNY MaKCUMasibHOW OQHOTUMHOCTM.

3.0na  nogpepxku  oTcYeTa  BPEMEHW
YCTPOWCTBA PENENHOW 3aLUmThl JOSHKHbI ObITh C
noaaepxxkon npotokona PTP v2.

4.[Ins wHTerpauum B asmomamu3upoeaH-
HOU cucmeMe ynpaeneHuss MexHOI02u4ecKuM
npoueccom (ACYTIT) nporpamMMHbIX CUCTEM
(MC) ycTponcTea AOMKHLI UMETb HE MEHEE ABYX
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onTnyeckmx noptos MOK61850 n ewe gonon-
HUTENbHbIA NOPT ANS Hanagku U MOHUTOPWHra
COCTOSIHUS YCTPOUCTB.

5. TepMmuHansl penenHon 3awmTbl OOMKHbI
MMETb TEXHWYECKYI0 BO3MOXHOCTb ObiTb NOA-
KMIOYEHHbIMU K Oy6nupoBaHHOM ONTUYECKOM
WMHe ¢ nomolybto npoTokonos PRP (npotokon
napannenpHOro  pes3epBUpPOBaHWS, OT  aHrm.
Parallel Redundancy Protocol) / HSR (npoTtokon
6eclwoBHOr0  pe3epBMPOBAHNSA  BbLICOKOW [A0-
CTynHoctH, oT aHrn. High Availability Seamless
Redundancy).

MNpeHebperatb MOOLIM M3 MYHKTOB MNpuBe-
AEHHbIX TpeboBaHui He gonyckaetcsd. Ha gaH-
Hov MNC 6bINo peleHo YCTaHOBUTb MUKPOMPO-
LIeCCOpPHOe YCTPOWCTBO penenHon 3awutbl U
asTomatuku (P3A) npoussoactea «ABB» (Asea
Brown Boveri — wwBeacko-wBenLapckas TpaHc-
HaUMOHanbHas KOMMaHWs, cneuuanuavpyoLla-
AcA B 06nacTn aneKTPOTEXHUKU W 3HepreTuye-
CKOro MaLIMHOCTPOEHMS).

BcTpoeHHble dyHKUMM 3aLwmThbl: 610KMpoBKa
N0 MWHUMANbLHOMY M MakCMMasibHOMY Hanps-
XEHMI0; BbICTPbLIA aBTOMATUYECKWIA BO3BPAT Npu
obHapyXeHUn nepeHanpsKeHns; KomneHcauus
nageHus HanpsxeHus B nuHum LDC (komneHca-

umMs nageHuss nuHum ot adrn. Line Drop
Compensation);  komneHcauus  konebaHum
HaNPsKEHUs1 B MHOTOKOHTYpHOM cetn (Z-

KOMMeHcaums); uHOMBMAyanbHO nporpammmpy-
eMble nonb3oBaTenem LudgpoBble BXoAb! U Bbl-
XoZabl.

CornacHo pekoMeHAaLMsM UCTOYHMKA', Ans
3alMnThl IMHUIA 3nekTponepenad u3bupaetcs
MUKPOMPOLECCOPHOE  YCTPOUCTBO  PenenHomn
3aWuThl ¢ yHKUMeNn anddepeHumnansHon 3a-
WKTbI, KOTOpOoe ByaeT dukcupoBaTb MeCTo no-
BPEXAEHNS HA JIMHUA WU C MUHWMAanbHOW 3a-
[EPXKON MO BpPEMEHW nepegaBaTb [aHHble B
ACYTTI. Takxe 6bIn y4TeHbl OTCYTCTBME BbICO-
KOYaCTOTHOM CBSA3WM Ha NMHUAX U NPOEKT nep-
CMEKTUBHOIO pacLUMpeHnsi MOACTaHLMUN B CBA3M
C MPUCOEOMHEHMEM HOBbLIX COMHEYHbIX 3nek-
TpocTaHuui. [Ina npaBunbHOro Bbibopa KOHK-
rypauum penenHon 3awuTtel Obinm npoaHannaun-
POBaHbl BO3MOXHbIE KOH(Urypauun BbINOMHe-

7I'Ipalamna YCTPOWCTBA 3NEKTPOYCTAHOBOK [ONEKTPOHHbIN

pue_tekst.pdf (17.08.2021).

HMS 3awmTbl. PaccmatpuBanuch  pasnuyHble
acnekTbl Kaxaoro BapuaHTa — 3KOHOMMWYECKUN,
TEXHOMOTNYECKMNIA, IKONOrMYECKUI, B UTOre Obin
n3bpaH Hambonee nogxogswmMi KO BCEM MO-
CTaBneHHbIM TpeboBaHusmM. KombuHMpoBaHHas
CUCTEMHAs aBTOMaTWKa NOAOEPXKMBAET B HOp-
ManbHOM pexume paboTbl HeobXxoauMmble 3Ha-
YEHWUS YaCTOTbl, HaMNPSHKEHWUS B y3nax 3HEpro-
CUCTEMbI, @ TaKXe NepeTekaHne akTMBHOMN U pe-
aKTMBHOM MolyHocTH [8]. JlukBmgaumo aBapui-
HbIX PEXMMOB OCYLLECTBNSAET penenHas 3alu-
Ta, TECHO CBAI3aHHasi C YCTPOMCTBAMW aBTOMa-
TUKM Ans BbICTPOro BOCCTAHOBMEHUST HOPMarb-
HOro pexuma. BoccrtaHoBneHwe nuTaHus no-
Tpebutenein OCyLWeECTBNSETCH YCTPOWCTBaMM
aBTOMATMYECKOTO MOBTOPHOrO BKIIOYEHUS UM
aBTOMATMYECKOrO BKIOYEHNS pe3epBHOro 0bo-
pygoBaHus. [poTuBoaBapuiHas aBTOMaTvKa
npenoTBpallaeT pasBuTHe aBapurHbLIX NpPoLec-
COB B 3HEprocucTeme.

CrabunbHas n HagexHas paboTa 3nekTpo-
YCTaHOBOK HaNpsMyK CBsi3aHa C HanM4yneMm B X
Liensix COBPEMEHHbIX CUCTEM PENENHON 3aLLMnThl
1 aBTOMaTUKW, C BHEAPEHNEM KOMMMEKCHON aB-
TOMaTU3aumMm ynpaeneHust aBapuiHbIMu, pabo-
YMMM 1 NOcrneaBapuUHLIMKA pexnmamu paboTsl,
KOTOpble XapaKTepu3YyKTCH HENPEPLIBHOCTbLIO
NMPOM3BOACTBA M €OMHCTBOM pacnpeaeneHust u
noTpebneHns aNeKTPOIHEPTUN.

Mepexon Ha HoByl uudpoyto 6asy ynpo-
WaeT JKcnnyaTauuio, pacwmpsieT ee yHKLMO-
HarnbHble BO3MOXHOCTW. VIMEHHO MO 3TUM Npu-
YMHAM MMWKPOMPOLECCOPHBLIMU pene 3aMEHST
yCTapeBLUNe MWUKPOINEKTPOHHbIE N ANEKTPOMeE-
xaHuyeckme pene. OCHOBHbIE XapaKTEPUCTUKM
MUKPOMPOLECCOPHOM  3alUUTbl  3HAYUTENBHO
BbilUE MMWKPOSNEKTPOHHbIX, TeM Oonee anek-
TpomexaHuyeckux. [loTpebnsemas MOLLHOCTb
OT M3MEepUTENbHLIX TpaHC(OpPMaTOpOB Hanps-
XEHUs n Toka Haxogutcs B npegenax 0,1-0,5
B'A, annapatHas norpeLwHocTb — B npegenax 2—
5%, KoatpbcpuumeHT BO3BpaTa M3MEPUTENbHbIX
opraHoB coctasnset 0,96-0,97. lNpu yBenunye-
HUM KO3(ppULMeHTa yMeHbLIaeTcs ToK cpaba-
TblBAHUA 3aWWTbl, a KOIMMUUNEHT YyBCTBU-
TENbHOCTM YBENUYMBAETCH.
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B vHTerpupoBaHHbIX LUdPOBLIX KOMMEKcax
P3A nosiBnsieTcs BO3MOXHOCTb nepexofa K Ho-
BbIM HETPagWUMOHHBEIM M3MEPUTENbHLIM Npe-
obpasoBaTensiM ToKa WU HanpsKEHWS Ha OCHOBE
ONTO3NEKTPOHHBLIX W 3NEKTPOHHbIX [aTUYUKOB,
TpaHcopmaTopoB 6e3 MarHWTHbIX CepaeyvHU-
KOB U Ap. 3T npeobpasoBaTeny TEXHONOIMNY-
Hble, UMEKT OYeHb BbLICOKWE METPOsiornyeckue
XapaKTepucTknM, HO Manyl BbIXOLHYK MOLL-
HOCTb. OMbIT NPUMEHEHNS MUKPOMPOLIECCOPHbLIX
YCTPOWCTB penerHOn 3alimTbl BO MHOMMX SHep-
rocuctemax Mo3BOMUS He TOMbKO OLEHWUTb WX
NPenMMyLLecTBa, HO U BbISIBUTb CEpbe3Hble He-
poctatkn.  MuKponpoLeccopHble  yCTpoWcTBa
penevHoON 3almnTbl ABMSATCA OYEHb CIOXHLIMU
yCTpOMCTBaMK CO cneuudmyecknuMm NpUHLUNOM
[EeNCTBUSA, HE UMEIT HM4Yero obLiero ¢ obbIY-
HbIMW (TPaAMUMOHHBLIMK) pene 3awuTbl [11].

MukponpoueccopHble pene  uUMelT  psg
(PYHKLMOHAnNbHbIX MPEUMYLLECTB:

1. ABTOMaTyeckn OPMUPYIOT OTYETHYIO
LAOKYMeHTauuo no paboTe 31eKTpoyCcTaHOBOK U
3alyuTe CMCTEMBI.

2. LnppoBon peructpatop aBapuiHbIX CO-
ObiTA 1 ocumnnorpad aBTOMaTUYECKM Bblge-
NSAT aKTUBHYIO U PeakTUBHYID COCTaBnsatLue
3NeKTPUYECKUX napameTpoB, (UKCUPYIOT ak-
TUBHOE W PEaKTUBHOE COMPOTUBIMEHUE, He Tpe-
BytoT 3aTpaTt Ha obcnyxmBaHue, 3ameHy bymaru
“ Op., He UmeroT Yyacten [1].

3. KOHTpONMpyT 1 N3MepSI0T 3Ha4YeHUs To-
KOB, HamnpshkKeHUsi, MOLLHOCTM U YacToTbl. Lindg-
POBOWN BMA MHPOPMaLMKN NO3BONAET OTCTPOUTb-
CSl OT FapMOHWK pasfioXeHneM (QYHKUMW B psf
®ypbe 1 BblgeneHnem nepBon rapMoHUKK.

4. OtnnyaoTca NPOCTOTON HapallMBaHUS U
U3MEHEeHUs paHee BBedeHHbIX (yHKUMA 6e3
N3MEHEHNS TEXHUYECKUX CPEACTB.

5. MmetoT Bonee rmbkyto CTPYKTypy 3alluThbl,
BO3MOXHOCTb BBEJEHUS| — BbIBOA 3aLUMTbl WK
nobON ero YacTu Ha BbIKIKOYEHWE UIN CUrHan C
COXpaHeHWeM peructpauun paboTbl, BO3MOX-
HOCTb B NEpPCneKT1BEe U3MEHEHUS NapameTpoB
«Ha Xo4y» B 3aBMCUMOCTU OT PeXUMOB paboThl
CUCTEMBI U Harpy3oK.

6. MpounsBoaaT GeICTPY CMEHY NapameTpoB
3alLMThl, UMEIOT BO3MOXHOCTb COXPaHATb B Na-
MATU Habopbl NapaMeTpOoB 3aLLMUThI.

7. MoryT onpefenatb mMecTa MOBPEXAEHUS,
YTO 3HAUUTENBLHO COKpaLlaeT Bpems u Tpygosa-
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TpaTbl Ha npoBefeHWe [fdaHHoW paboTbl, no-
CKOJIbKY MpW 3TOM He HYXXHO Bbl3BaTb KBanMu-
LUMPOBaHHLIM MepcoHan W pacwudpoBbiBaTh
ocuunnorpaMmbl Ans noucka no tabnuuam me-
cTa nospexageHuns [11, 15].

OKCNnyaTauuoHHble MpeuMyLlecTsa: npo-
CTOTa AUCTAHUMOHHOIO KOHTPOMS U U3MEHEHWE
napaMmeTpoB 3aLUWTbl; MPOCTON UHTEPPENC KOH-
TPONs W yNpaBneHus; MNOCTOSIHHLIA aBTOMAaTU-
YECKMN CaMOKOHTPOSIb; CHWXEHWE TpyaOeMKo-
CTM 3KCNyaTaLmu; BbICOKas CTENeHb 3aBOACKOW
FOTOBHOCTW. OKOHOMWYECKMEe MNpenmyLlecTBa:
YyMeHbLUEHWE 3aTpaT Ha NPOBOAHWKOBYHK Mpo-
AYKUMIO; BO3MOXHOCTb HapalwmBaTb (YHKLUM
yCTpPOWCTB 6€3 3aMeHbl WM BBELEHWE HOBOrO
obopyaoBaHus; MUHUMYM pabodeit nnowiagu.
MWHYCbl MUKPONPOLLECCOPHON 3aLLMTbI: BHe3an-
Hble NOTepW OnepaTMBHOIO WCTOYHMKA Hanps-
XeHWs BO BpeMsi paboTbl pene, Bbl3BaHHbIE Me-
perpyskon Unu KOPOTKUM 3aMbIKaHUEM B CETU U
cpabatbiBaHMEM aBTOMATWYECKMX BblKNoYaTe-
nen B Lenu onepaTMBHOIO NUTaHUs, nonagaHue
MOSTHAM B NWHWWU 3nekTponepedayu, BAMSHUE
Ha paboTy pene 3neKTPOMarHUTHbIX BO3MYLLe-
HUA CO CTOPOHbI MUTAlOLEeN ceTn; obpbIB Npo-
BOAOB W T.N. B utore BO3MOXHbI Takue Heno-
nagku: cbon B paboTe onepaTMBHOW NaMmsTh,
3aTpyaHeHHas paboTa camoro nmpoteccopa, no-
Teps AaHHbIX 1 ap. [18]. Jlornyeckum 3aBepLue-
HWeM npouecca pa3BUTMS CTan NepeBof
YCTPOWCTB penenHon 3awuTbl Ha KOMOUHMpO-
BaHHYI MuUKponpoLeccopHyto 6a3y. B Hactos-
Lee BpeMS NPOU3BOAUTCS yXe 4YeTBepToe Mo-
KOMeHWe 3aluT Ha MuKponpoueccopax. ®yHk-
LUMOHanbHble 0COBEHHOCTM  MUKPOMPOLLECCOp-
HbIX CUCTEM penerMHON 3aluTbl crnegyeT pac-
cMmaTpuBaTb B CpaBHEHUW C YCTPOWUCTBaMu pe-
NEeNHON 3alunTbl NpeablayLwmnx MOKONeHUn —
3NEKTPOMEXAHNYECKUX U MUKPOINEKTPOHHbIX.
MOXHO BbIgeNUTb Cregyolne OCHOBHbIE OCO-
6eHHoCTY:

1. MHOrO(YHKLMOHANBHOCTL — BO3MOXHOCTb
00beanHUTb B OOHOM YCTPOWCTBE HECKONbKO
yHKUMA 3awmTel 1 aBToMaTukn. OgHO umdpo-
BO€e pene — (OyHKUMOHanbHas 3amMeHa HeCKOSb-
KUX  TPAAULUMOHHbIX  OAHO(YHKLMOHAMBHbIX.
Hanpumep, ans nuuum 10 kB: oTceuka no Toky,
MakcumanbHas 3awuta no TOKy, 3awuta oT
HECUMMETPUYHBIX PEXMMOB, 3aliMTa OT 3aMbl-
KaHu1 Ha 3emnio u ATIB.
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2. WHbopmaTmBHOCTL — Bnarogaps BCTpoO-
€HHOMY JUCNMEe W KHOMKaM, Ha nuueBon na-
HENM onepaTop MMeET BO3MOXHOCTb CYMTLIBATb
W BU3yanbHO HabnogaTb 3HaYeHWe BCTaBOK,
napaMmeTpoB U3MepsSeMbIX TOKOB WU HaNpshHKEHWUN
W BblYMACIEHME YacCTOTbl, MOLLHOCTU, SHEPTUH,
aBapuiiHble napameTpbl (nycku, cpabaTtbiBaHWS
3aluT, BUA KOPOTKOTO 3aMblKaHWs, pacCTOsHWE
[0 MecTa NOBPEeXAeHNUs 1 T.4.).

3. CBs3b C BbICWIMM MepapXU4ECKAM YPOB-
HEM — MO NOKanbHOW CeTW onepatop UMeeT
BO3MOXHOCTb C MOACTaHLMOHHOrO KOMMbOTEPA
WNU  OUCNEeTYEPCKOro MyHKTa  AMCTaHUMOHHO
CYATbIBaTb W W3MEHSATb 3HAYEHWS BCTABOK
YyCTPOMCTBA, W3MEPEHHble napaMeTpbl  HOp-
MasibHOro U aBapuUMHOrO PeXxuMMmoB, NnocnefoBa-
TeNIbHOCTW cpabaTbiBaHWs 3aLLMT U KOMMNEKTOB
aBTOMAaTUKM BO BPeMsi NpPOTEKaHWs aBapuu, a
TaKxe 40 1 nocne Hee v ap.

4. CamopgmarHoctuka — M1 P3A camu no
cebe MMelT psag aKcnyaTauWoHHbIX NpenmMy-
LEeCTB MO CPaBHEHUIO C TPaAULMOHHBIMU. AB-
NAACb CUCTEMAaMW, OMArHOCTUPYKTCS, MOCTO-
SIHHO KOHTPONWPYHT CBOK FOTOBHOCTHL K paboTe.
WcknioyaTca OOCTaTOMHO PacnpoCTpaHEeHHble
crnyyau, korga AencTBylowas cuctema 3awuTol
HepaboTtocnocobHa, a nepcoHan He umeeT 06
3TOM HuKakow nHpopmaumn. MM P3A nocTtosH-
HO WH(OPMUPYIOT O CBOEW TOTOBHOCTK, a,
onpefesniMe HeMCrnpaBHOCTb, NPUHUMAIOT Mepb
Mo €ee YCTpaHEHW0 MpOrpaMMHbIM UKW anna-
paTHbIM cnocobamun 1 falT ykasaHus nepcoHa-
ny Ans NpUMHATASA HeobxoaumbIX mep. PeanbHas
rnybrvHa caMoguarHoCTUKM NO3BONSIET OXBATUTb
80-90% y3noB ycTponctea. B undposbix pene
NnpuM CaMOTECTUPOBAHUM YacTO MCMOMb3yTCA
cnegywowe npuemMbl: CUCTEMbI pernenHon 3a-
WWTbl Ha Ba3e 3NeKTPOMEXaHNYECKUX U MUKPO-
3NEKTPOHHbIX pene 3a CYET HEeBbICOKOW CTOUMO-
CTU ByayT HaxoauTb NPUMEHeHUe elle AOoMrni
nepuos BpeMeHU, B NepByto oyepedb Mpu pea-
NU3aumMn OTHOCUTENBHO MPOCTLIX anropuTMOB
BbISiBNeHMs nospexaeHuin [16]. Ouu moryT wuc-
nonb3oBaTbCd B KOMOWHUMPOBAHHOM BapuaHTe
YCTPOMCTBA 3aLuTbl HAapsdy C MUKPONpPOLLEeCCo-
pamu. [pu aTOM crieyeT yunTbIBaTh, YTO Aasb-
Heunwee pa3BuUTME NOQOOHLIX YCTPOWUCTB penew-
HOW 3aluTbl (NOBbILEHNE TEXHUYECKOro Cco-
BEPLUEHCTBA, HaOEeXHOCTW, COBEPLUEHCTBOBA-
HUS OpraHU3aLnmM KOHTPONS U AUArHOCTUKK Tex-

HUYECKOr0 COCTOSIHUSA) MOXET OCYLLEeCTBATLCA
TONbKO HapaliMBaHWeM [OMOSIHUTESNbHbIX an-
napaTtHbIX CPeAcTB, YTO MpuBEdEeT K yBenmye-
HUK CTOMMOCTHbIX MOKa3aTesnie U CHUXEHWIO
aKkcnyaTaumMoHHON HagexHocTu [23].

Mopasnsiowiee OGOMbLUMHCTBO  YCTPOMCTB
KOMOMHMPOBAHHON penevHOn 3aluTbl BbINOI-
HEHO Ha 3NIeKTPOMEXAHUYECKOM W MMUKPOISEK-
TPOHHOM NpUHUMNax. Takue yCTpoOMUCTBa UMEKT
MO CPaBHEHWID C MUKPOMPOLECCOPHBIMU PSA,
NPEeUMYyLLECTB: MEHbLUYI CTOMMOCTb; HaKOMMEH
3HAYUTENbHbLIA OMbIT UX MCNONb30BaHUA U 006-
CINYXUBaHWS; CyLeCTByeT JOCTaTOMHO OOMbLLION
ob6beM 3anacHbIx YacTei AN PEeMOHTa U eCTb
BO3MOXHOCTb MPOBEAEHUSI peMOHTa COOCTBEH-
HbIMW CuUNamy NepcoHana; CywecTBylT chnewu-
anbHble MHCTPYMEHTbI AN peMOoHTa W perynu-
POBKM XapakTepUCTUK Takux ycTponcTs [24]. Ho
YyCTpPOMCTBAM Ha TPagULMOHHOW 3M1eMEHTHOW
6ase npucywM M [OCTaTOMHO CYLLECTBEHHbIE
HEeLoCTaTKW, KOTOpble MPensaTCTBYT wnu 3a-
TPYOHSKOT KOMMMEKCHYI0 aBTOMAaTM3aumMilo anek-
TPUYECKUX CeTel: 3HauuUTeslbHble BblOEePXKK
BPEMEHN OTKNKYeHUa mexdasHbix K3, ocobe-
HO BOMM3M UCTOYHMKOB NMUTAHWS M3-3a BOMbLUNX
CTEeNneHen CEeneKTUBHOCTU, OTCYTCTBUS B OOnb-
LUIMHCTBE 3MEKTPOYCTaHOBOK 1 T.1.

3AKNKOYEHUE

MpeanoXxeHHble CXeMOTEXHUYECKUE peLle-
HMSI MOTYT ObITb MCNONb30BaHbl 3HEProcHabxa-
OWMMK  OpraHu3aumsmu  Ans  MNOBbILEHNS
HageXxHocTn un 6e3aBapuUMHOCTM pacnpenenu-
TenbHbIX ceten 6—10 kKB ¢ MMHMManNbHbIMK Ka-
MUTaNoOBMOXEHNSMN B CUCTEMY pefieMHoW 3a-
wuTbl. Mo pesynbTatam aHanm3a CTaTUCTUKM
nospexaeHun B anektpocetax 6-10 kB ycra-
HOBIIEH POCT MOBPEXOAEMOCTU KabenbHbIX Nu-
HUA C yCTapeBLeNn ocnabneHHon wn3onauune.
OTmeueHbl Hu3Kas 3PPEKTUBHOCTb 3aLUUTLI OT
nepeHanpskeHnn, a Takke HedoCTaTku penen-
HbIX 3aWwmT oT O33 B yKa3aHHbIX 3NEKTPOCETSIX.
BbinonHeHbl M npeactaBneHbl  pacyeTbl Mo
OLEHKE CENEKTUBHOCTU W YyBCTBUTENBHOCTYU
TC3H, nokasblBawlse Ha OrpaHUYeHHoe npu-
MeHeHune aton 3awmTbl o1 O33 B psage cnyyaes
M3-38  HEAOCTATOMHOW  YYBCTBMTENbHOCTM.
ObocHoBaHa HeobXxoAMMOCTb MOBLILLEHUS Ce-
NEKTUBHOCTU N HAOEXHOCTU penenHbIX 3aluTt
ot O33 ¢ HegocTaTOYHOW YyBCTBUTENBHOCTHIO
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nyTeM 3aMeHbl Ha WHAMBMOYaNbHYK Hanpas-
NEHHYI0 PENENHYIO 3aLLmTY.

AnbTepHaTMBOW TPagULLMOHHOW MUKPONPO-
LIECCOPHOMN penenHomn 3almTe SBnaeTcs UCnosb-
30BaHMe WHAOYKUMOHHBIX W 3NeKTPOMarHUTHbIX
pene ToKa, HanNpPsKeHWs U HanpPaBneHNs MOLLHO-
CTU B COYETAHMM C MUKPOINEKTPOHHON Gason. B
Ka4yecTBe MyCKOBbIX OPraHOB 3aLLUTbl UCMOSb3Y-
l0TCS NEKTPOMArHUTHbIE U UHAYKUMOHHbIE perne,
a B KayecTBe Ormyeckux 951eMeHTOB — COBpe-
MEHHble MarnorabapuTHble Noruyeckue anemeH-
Tbl B BUE MUKPOCXEM C 3MEKTPOHHON 0OBSA3KOM
A8 MX agantauumn K paboTe ¢ KOHTaKTamm afek-
TPOMarHUTHbIX U MHOYKUMOHHBIX pene. [Mpenmy-
LLIeCTBOM [aHHbIX CXEMHbIX peLleHni SBNSTCS
BO3MOXHOCTb MPOCTOr0  0BCNyXUBaHUS 3nek-
TPOMarHUTHbIX U WHAYKUMOHHBIX pene, WUcnosb-
30BaHuWe Lenen NOCTOSIHHOrO OnepaTUBHOMO TOKa
HU3KOTO HaNPSPKEHWUS M Manon MOLLHOCTU, Takux
KaK NIMTUEBbIE aKKyMYNATOPbI.

OneKTpuyeckme cetn HanpskeHnem 6-10 kB
C 3a3eMIeHHON Yepe3 WHOYKTUBHYK  KaTyLUKy
(peakTop) HEWTPanb Ha3blBAOT «KOMMEHCUPO-
BaHHbIMW» . OHW [OCTATOYHO pacnpoCTpaHeHb! B

anekTpuyecknx cuctemax. Pe3oHaHCHO HacTpa-
“Basi PeaKTop, MOXHO YMEHbLUNTb TOKW 3aMbl-
KaHUs1 Ha 3eMII0, NEpeHAanpsXKEHNs U BEPOAT-
HOCTb BO3HMKHOBEHMUA MeXAyasHbIX KOPOTKMX
3aMblkaHWiA, YTO B LENIOM MOBbILAET HadeX-
HOCTb anekTpocHabxeHus notpebuteneir. Cy-
LLLeCTBEHHbIM HEeJOCTaTKOM TaKuWX 3neKkTpuye-
CKUX CeTel SABMSETCS TO, YTO TPagWLMOHHblE
cuctembl peneviHon 3awmtbl ot O33 He obec-
neYymBarT HeobXOANMON CENEKTUBHOCTU U YyB-
CTBUTENIbHOCTU. JTO CBA3AHO OT CTEneHu
HACTPONKN peakTopa, B MOBPEXOEHHOM MPUCO-
€OVHEHWN HanpaBneHne pPeaKkTVBHOWN MOLLHO-
CTW, KOHTPONMPYIOT YCTPOWCTBA 3aLLMTbI, MOXET
ObITb TaKNM, KaK B HEMOBPEXAEHHOM.

[nsa pewennsa aton Nnpobnemsbl NpegnaratoT-
CSl pas3nuyHble METOABI, HO B LIENIOM OHa ELLe He
pelieHa. Bonpockl 3awuTbl 0T 0g4HOMa3HbIX 3a-
MbIKQHWIA Ha 3eMI0 MCCneayrTca [OCTAaTOYHO
aKTUBHO, KONWYECTBO MaTepuanoB Ha aTy Temy
HaCTONMbKO BENUKO, YTO BPEMSI OT BPEMEHW MO-
ABNSATCA paboTbl, KOTOpble KnaccuguumpyoT
1 nomoratT pasobpaTtbcsi B pasHooOpasum m3-
BECTHbIX CNOCOOOB 3aLLUTHI.
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OueHKa BNUAHUSA BbIOPOCOB OT 00LEKTOB 3HEpPreTUKU
Ha BalkanbCcKyo NpMpPoaHYI0 TEPPUTOPUIO

Bnaaumup Pycnanosuy Kyssmun'™, Makcum CepreeBuy 3apoaHtiok’,
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Pe3stome. Llenb paboTbl — co3naHne TeXHONOrMM AN NPOBEAEHNUS KOMMIEKCHBIX NCCNEAOBAHUN NO OLEHKE BRUSHUS
00bEKTOB JHEPreTUKN Ha Okpyxatolyto cpeay. lNpegnaraemas TEXHOMOTWUS UHTErpUpYyeT HOPMAaTUBHLIE METOAVKM OMNS
pacyeTa BbIOPOCOB 3arpsA3HALWMX BELLECTB, METOAWKM pacyeTa pacCenBaHWs 3arps3HALWMX BELWECTB, a Takke pe-
3ynbTaThl NabopaTopHOro aHanusa npob cHera Ha CoAepKaHWe 3arpsA3HALLMX BeWecTB. [ns noaaepKkn TEXHONOrm
Obin pa3paboTaH Hay4HbLIA NPOTOTUM WHTENNEKTYanbHON CMCTEMbI NoAAepPXKKkM NpuHATMS pewennii WIAIS (Web-oriented
Impact Assessment Information System). Co3gaHHas TexHONMoOrnsl BKMYaeT TPU OCHOBHLIX 3Tana: dTan pacyeta Komnu-
YECTBEHHbIX NoKa3aTenen BoIOPOCOB 3arpsA3HSIOLLMX BELLECTB, 3Tan pacyeTa pacCemBaHUs 3arps3HAIOLLMX BELLECTB B
aTMocepHOM BO3[yXxe W aTan oueHKW Npob cHera Ha codepxaHue B HUX 3arpsA3HSOWMX BELLECTB W CPaBHEHWE UX C
nony4yeHHbIMK pesynbTatamu. [Ons anpobauum npegnoxeHHoW TEXHONOruM Obin NpoBeAEH BbIYUCIIUTENbHbIA JKCNep u-
MEHT, B pamKax KOoToporo 6bina Nnpou3BefeHa OLEeHKa BNUSHWS BbIOPOCOB OT KOTESbHbIX, pacnonoXeHHbIX Ha baikanb-
CKOW NPUPOLHOIA TEPPUTOPUM 1 paboTatoLmMx Ha pasnnyHbIX Buaax yrns. Anpobaums npon3Bogunach Ha OCHOBe CBef e-
HUN 0 48 KOTernbHbIX, UCMONb3YoLWMX pasHoobpa3Hoe 060pyaoBaHNEe C pa3HOW YCTAHOBNEHHOW MOLLHOCTbIO M Haxoas-
LMXCH B pas3nuyHbIX MecTax B npegenax bankanbckon npupogHon Tepputopun. B pesynbtaTte anpobaunm 6eiim nony-
YeHbl cBefeHMS 06 OCHOBHbIX 3arpsA3HAOLLMX BELLECTBAX, BbiOpackiBaeMbIx 00bEKTaMu 3HepreTukm (Cynbdathl, OKCUAbI
as3oTa, TBEPAbIE BeLEeCTBa). YCTAHOBMEHbI KONMYECTBEHHbIE MOKa3aTeENK BbIOPOCOB 3arps3HALLMX BeLlecTB: Tak, 00-
WA 00beM 3arpsasHSIOLLMX BELLECTB B OKpYXalkowwy cpedy coctasnsiet 18,33 Teic. T/rof. Takke ycTaHOBNEHbI Haub o-
nee KpyrnHble UCTOUHUKN 3arps3HALLNX BELeCcTB — 3TO KOTenbHble, paboTtatowme B r. CriogsHka, n. EnaHubl, r. Cee-
pobankansck v nrt. HukHeaHrapck. TeXHONOrns MOXeT UCMONb30BaTbCA AN1A NPOBEAEHUS 3KONMOMMYECKMX OLEHOK Kak
CYLLECTBYIOLLMX SHEPTeTUYECKUX NPeanpusTuii, Tak U NpyU NNaHMpoOBaHUM CTPOUTENBLCTBA HOBbIX OBBEKTOB SHEPreTUKM.
Takke TexHONOrMs MOXeT ObiTb MPUMeHEHa npu paspaboTke PeKOoMeHZaLWi Mo CHWKEHUIO BbIBPOCOB 3arps3HSIOLLMX
BELLECTB OT AHEPreTUYECKUX NpeanpuUsTUi.

Knroveeble croea: BbIOpOCH! BpeaHbIX BEWECTB, baiikanbckas NpupogHas TEpPUTOPHSI, 3KOMOTUS, SHEPreTUYeckne
CUCTEMbI 1 KOMMMEKChI, OLeHKa BIIMSHUA

®uHaHcupoeaHue: [laHHoe nuccneaoBaHue ObiNo BLINOMHEHO B pamkax npoekta no rocsagaHuto MC3OM CO PAH
Ne FWEU-2021-0007 AAAA-A21-121012090007-7, oTaenbHble acnekTbl npopabaTtbiBanuch Npu YacTUYHOW (PMHaHCO-
BOW nopaepxke rpaHta POOU Ne 19-07-00351.

Ansa yumupoearus: Kysbmuu B. P., 3apogHiok M. C., Maccens J1. B. OueHka BnusHus BbIOPOCOB OT 00bLEKTOB
3HepreTukn Ha balkanbckylo npupogHyto Tepputoputo [/ iPolytech Journal. 2022. T. 26. Ne 1. C. 70-80.
https://doi.org/10.21285/1814-3520-2022-1-70-80.
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from energy facilities on the Baikal natural area
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Abstract. This work aims to establish a technology for conducting a comprehensive assessment of the impact of en-
ergy facilities on the environment. The proposed strategy combines regulatory methods for calculating pollutant emis-
sions and dispersion, as well as the laboratory findings on pollutant content in snow samples. To assist the technology, a
scientific prototype of an intelligent decision-making support system known as WIAIS (Web-oriented Impact Assessment
Information System) was developed. The proposed technology includes three principal stages: calculating the quantita-
tive indicators of pollutant emissions, calculating the pollutant dispersion in the atmosphere, examining snow samples for
the pollutant content and comparing them with the obtained results. For practical evaluation of the proposed technology,
a computational experiment was performed, which assessed the impact of emissions from the boiler plants located in the
Baikal natural area and powered by different types of coal. The testing was performed using the data on 48 boiler plants
of various installed capacities having different equipment and located all over the Baikal nature area. Data on the main
pollutants emitted by energy facilities (sulfates, nitrogen oxides, solids) were obtained. Quantitative indicators of pollutant
emissions were established; thus, the total volume of pollutants amounts to 18.33 thousand tons/year. Furthermore, the
largest sources of pollutants were identified, including boiler plants in Slyudyanka, Elantsy settlement, Severobaikalsk,
and Nizhneangarsk settlement. Therefore, the proposed methodology can be used for environmental assessments of the
existing power plants, as well as for designing new power facilities and developing recommendations for reducing pollu-
tant emissions.

Keywords: pollutant emission, Baikal natural territory, ecology, energy systems and complexes, impact assessment
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BBEOEHUE B TOM 4uMCIie OKCMaoB cepbl, B cpeaHem Ha 70%,

B Hactoslwee Bpems npobrnembl OLEHKM
BO34ENCTBUA BbIOPOCOB M CHUXKEHWUS BIINSHUS
OT MPOMBILLINEHHbIX 0BBEKTOB, B YACIIO KOTOPbIX
BXOOAT OObBEKTbl 3MEKTPOSHEPreTUKU, CTaHo-
BATCS BCe Oonee akTyanbHbIMK K 06CyxaatoTcs
Kak Ha POCCUICKOM, TaK U Ha MexXayHapOOHOM
ypoBHax. Tak, cornacHo aupektmee EC
2016/2284", k 2030 r. cTpaHbl EC [OMKHbI CHU-
31Tb BbIOPOCHI BPEAHbIX BELLECTB B aTMocdepy,

a BbIbpochbl okcnaos a3oTa — Ha 60% no cpas-
Hennio ¢ 2005 r. [1]. MonpaBka® yxectouaeT
TpeboBaHMS MO CHMXEHUIO BbIOPOCOB NapHMKO-
BbIX ra3oB K 2030 r. ¢ 50% fo 55% no cpaBHe-
Huto ¢ 1990 r. B Poccuiickon ®egepaumm ¢ 2018
r. AEWUCTBYET HaLMOHAaSbHbIA MNPOEKT «IKOMO-
rMs», COrnacHo nacrnopty kotoporo o 2024 r.
npeaycMoTpeHbl NMkBugauus Hambonee onac-
HbIX OOBEKTOB HAKOMMEHHOrO Bpeda OKpYXKato-

“Directive (EU) 2016/2284 of the European Parliament and of the Council of 14 December 2016 on the reduction of na-
tional emissions of certain atmospheric pollutants, amending Directive 2003/35/EC and repealing Directive 2001/81/EC.
[OnekTpoHHbIN pecypc]. URL: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv:0J.L_.2016.344.
01.0001.01.ENG&toc=0J:L:2016:344:TOC (25.06.2021).

*Amended proposal for a REGULATION OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL on establishing
the framework for achieving climate neutrality and amending Regulation (EU) 2018/1999 (European Climate Law).
COM/2020/563 final [OnekTpoHHbIN pecypc]. URL: https://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=CELEX%3A52020PC0563 (25.06.2021).
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Wen cpede M 9KOMOTMYECKOe 0300pOBMEHUE
BOAHbIX OOBEKTOB (B 4YMCNO KOTOPbIX BXOAWUT M
03. bavikan) u cHwxeHne BbIOPOCOB OMaCHbIX
3arpsAsHALWMX BELLECTB, OKa3blBaLWMX
Hanbonbllee HeraTMBHOE BO3OEUCTBME Ha
OKPYXXaloLLyl Cpeay M 340pOBbE YENOBEKA, B
ABa pasa [2, 3]. Takke CTOMT OTMETWUTb, YTO,
COrnacHo JHepreTudeckow ctpaternn Poccuin-
ckon ®epepauunn Ha nepuog go 2035 r. [4, 5],
OOHVMW W3 MPUOPUTETOB ABNAIOTCS: NEpexon K
3KOSOMMYECKN YUCTON U pecypcocbeperatoLLen
SHepreTuke, a Takke paunoHanbHoe npupoao-
nonb3oBaHMe W 3HepreTnyeckas a3PeKkTuB-
HOCTb.

OCHOBHbIMM UCTOYHMKaMKN MHGOPMaLK Ans
3KOMOrMYECKNX OLLEHOK OeATENbHOCTM 0OBEKTOB
SHepreTUkN ABNATCA 3amepbl U MOHUTOPWHT
BbIOPOCOB 3arpA3HALLIMX BELECTB B NpUpoa-
HYl0 cpegy, a Takke [0CydapCTBEHHbIE OTYETHI
W OTYETbl KOHKPETHbIX npeanpusatuii. OgHako B
TOM cnyyae, ecnu nogobHas nHdopmaums oT-
CYTCTBYET, TO OLEHKa BIUAHUA 3HEPreTUYeCcKmnx
00BbEKTOB MOXET ObiTb MpOBEAeHa NO pesyrib-
TaTtaM BbIMUCIUTENIBHOTO 3KCNEPUMEHTA C MUC-
MONb30BaHMEM YTBEPXKAEHHbLIX MeToamk. Cyle-
CTBYIOLLME METOAMKM, UCnOnb3ylwmecs Aans
OLIEHKN BNMSIHWUSA 0OBEKTOB SHEPreTuku, npume-
HSAKTCA N0 OTAENbHOCTU, YTO YCMNOXHSAET Npo-
BeAeHne nodobHbIX uccrnegoBaHuin. ABTOpam
HE yAanocb HaWTh CBEAEHUS O MOMbITKaX MHTe-
rpauum aTuX METOAMK.

B cratbe paccmaTpuBaroTCs pesynbTaTtbl
OLEHKN OEeATENbHOCTUM 3HEPreTUYecKMx obbek-
TOB, PacnonoXeHHbIX Ha bankanbckon npupoa-
HOW TEpPPUTOPUM, @ MMEHHO: KONMUYECTBEHHbLIE
nokasatenu BbIOPOCOB 3arps3HAOLLMX BELLECTB
M pacyeTbl pacCeuBaHWsA 3arpsiHSALWMNX Be-
WwecTB B atmoccepHom Bosagyxe. OueHka npo-
“3BOAUNACL Npyu NOMOLM pa3paboTaHHON TeX-
HOMOMMW NS OLEHKU BIIMSHUS OOBLEKTOB 3HEp-
reTUKN Ha OKpYXaloLLyto cpelly C NpUMEHeHUeMm
YTBEPXKAEHHLIX NpaBUTENLCTBOM PO meToamK v
aBTOPCKOW WHTENNeKTyanbHOW CuUcTembl MNOA-
AEPXKKM MpuHATUS peleHnn «WIS», koTopble
ByayT paccMOTpeHbI B CTaTbe.

TEKYLLEE COCTOAHWE UCCNEQOBAHUN

Kak oTmevanocb Bbiwe, Npobrnembl OLEHKM
BO34ENCTBMS  BLIOPOCOB  NPUBNEKAKT  BCE
6onbluee BHUMAHME.

B Poccun gna onpepenexHus BbIGpOCOB 3a-
TPASHSIOLLMX BELLECTB B aTMOCHEpPYy NpU CxKu-
raHnM TONMBA B KOTNAX 3MEKTPOCTaHUUNA npu-
MEHSIeTCA pad  YTBEPXKAEHHbIX HOPMAaTUBHbLIX
mMeToauk, Hanpumep, «MeTtoauka ans onpege-
NEeHNs BanoBbiX BbIOPOCOB 3arps3HSAOWMNX Be-
LecTB B aTMOCeEpy OT KOTESbHbIX YCTaHOBOK
TAC»® n «MeToanka onpefeneHus BbIGPOCOB
3arpsI3HAOLLMX BELLECTB B aTMOCEpPY Mpu CKu-
raHuM TOMNMBA B KOTMax NPOM3BOANTENBHOCTbIO
meHee 30 T napa B Y unu mMeHee 20 Mkan/u»’.
O6nacTb Nx NPUMEHEHMUs BKMOYaET B cebs:

— YCTaHOBIEHWE NpeaenbHO AoNYCTUMbBIX W
BPEMEHHO COrfacoBaHHbIX BbIOPOCOB;

— MNaHMpOBaHWEe MEepOonpUATUM NO CHUXe-
HUIO BbIBPOCOB;

— KOHTPOSb BbIGPOCOB BpeAHbIX BELLECTB B
aTMocepHbIN BO3aYX.

YKa3aHHble MEeTOAMKM MO3BONAT Onpeae-
nntb 06bembl BbIGPOCOB ra3oobpasHbix Bpea-
HbIX 3arpasHaLwmx BewecTB (3B) (Takmx, kak
oKcuabl Yrnepoaa, cepbl M a3ota) NO AaHHbIM
MHCTPYMEHTAsbHbLIX 3aMEPOB W pPe3ynbTaToB
pacyeToB, 06bembl BbibpocoB TBepabIx 3B. 3Tu
MeToabl YHMBEPCASbHbI U MX MOXHO MCNOSMb30-
BaTb KaK ANs OLEHKU OeATEeNbHOCTU 3MEKTPO-
CTaHuui [6, 7], TaK U OpyrMx MPOMbILLMEHHbIX
npeanpuaTuin [8].

Ansa oueHkn paccevBaHus 3B B atmocep-
HOM BO34yXe, a Takke AN NPOrHO3MpPOBaHMUA
paccenBaHmst 3B C y4eTOM MnaHupyembix npu-
POAOOXPaHHbIX MEponpusTAA, B HacTosLiee
Bpemsi ucrnonbayrTtcs «MeToabl pacyeToB pac-
cemBaHua BbIOPOCOB BpeHbIX (3arpsi3HSAOLLMX)
Bewects B aTmocgepHoMm Bo3ayxe» (MPP-
2017%) u [9]. MPP-2017 npumeHsieTcst Ans pac-
YETOB B Cryyasix:

— onpejeneHns HopmMaTUBOB BbIOPOCOB 3a-
FPASHSAIOLLMX BELLECTB B aTMOCHEPHBbIN BO3AYX
1 pa3paboTky MepOnpUATUA MO 3aliuTe OKpY-
Xawolen cpelbl U MeponpusaThin, KOTOpble OKa-

°P[1 34.02.305-98. MeToauka onpefeneHns BarnoBbIX BbIOPOCOB 3arpsi3HSIOLLMX BELLECTB B aTMOC(EpY OT KOTENbHbIX

yCTaHOBOK T3C. Beep. 01.07.1998. M.: "IMB BT, 1998.

MeToaunka onpefeneHus BoIOPOCOB 3arpA3HSIOLLMX BELECTB B aTMOC(epy Npu CXWUraHuu TONIMBa B KOTNax Npou3Bo-
auTenbHocTblo MeHee 30 TOHH napa B yac unu mexee 20 Mkan B yac. Beea. 01.01.2000. Cn6.: dupma «MHTerpany.
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3bIBalOT BIIMSHWE HA YPOBEHb 3arpsi3HEHUS BO3-
AlyXa, a Takxe OLEHKY UX pe3ynbTaTos;

— 0060CHOBaHNA  pasmMepoB  CaHWUTApHO-
3aLUUTHBIX 30H;

— OLEHKN BO3LEeWCTBMSA NNaHupyemon nes-
TENbHOCTM Ha Ka4yecTBO aTMOCKEPHOro BO3AY-
Xa, a Takke OLEHKN KpaTKOCPOYHbIX W AONro-
CPOYHbIX YPOBHEW 3arps3HEHHOCTM BO3dyxa M
COOTBETCTBYIOLMX KOHLEHTPALMA 3arps3Hsito-
LMX aTMocepy BeLLECTB.

OpHako y MPP-2017 cywecTtByeT HegocTa-
TOK, CBS13aHHbI C HeOOMbLIOW [AanbHOCTbO
pacyetoB — 100 km. lNMogobHoro pacctosHus
MOXET OblTb 4OCTATOYHO ANst HEBONbLUNX SHEp-
reTM4eckMx OOBLEKTOB, OAHAKO AN KPYMHbIX
3NeKTPOCTaHUMN OanbHOCTb OBHapyXeHUs Bbl-
BpocoB BpedHbIX BELECTB MOXET AO0CTUraTb
200-250 km.

Takke NPUMEHSOTCA MeToAbl, OMNUCaHHbIE
M. E. BepnsiHgom B [9], rae npuBogsaTcs pas-
NYHbIE METOAbl U CBEAEHWS ONA NPOBEAEHWS
NCCReaoBaHMWiA, CBA3AHHLIX C OLEHKOW pacceun-
BaHWS 3arps3HsAOWmMX BelwecTB. [lpuBeaeHsl
KPUTEPUM ONACHOCTU 3arpsi3HeHns aTmocdepbl
M NpUMEpPbl UX MCMOMb30BaHWS MpW NPOrHO3eE.
OnwucaHbl u3nmyeckme OCHOBbI MpOrHosa 3a-
rpA3HEHNs BO3fyXxa — MPOrHOCTUYeckue ypas-
HEHWUS, OCPEeAHEHNE KOHLIEHTpaLUK, yYeT Tyma-
HOB M CMOrOB, a TaKxe BMUSHWE, OKa3blBAaEMOe
penbecoM. OnucaHHble MeToAbl MPOrHo3a 3a-
rPS3HEHNS BO3dyXa MOXHO pas3fenuTb Ha ABe
rpynnbl: YMCNEHHbIE W cTaTUcTudeckmne. “uc-
NeHHble MeToAbl NOMOralwT OUEHWUTb MaKCu-
MasbHble pa3oBble KOHLEHTPaLMU npuMecu ot
OTAENbHbIX MCTOMHWKOB W WHTErpanbHble OT
MNOLAAHbLIX M COBOKYMHbLIX MCTOYHUKOB, a TaKXe
NPOrHo3 cmoroB. CTaTtucTuyeckne Metodbl nos-
BOJNAIOT OLEHWUTb FrOJ0BOM M CYTOYHbIN X0 3a-
rPA3HEHNUS BO3dyXa, OLEHUTb KOHLEHTpauuio
NnpMMecen, paccuynmTaTb WHTErpanbHble Nnokasa-
Tenu 3arpssHeHns Bosgyxa B ropoge. Mano-
XEHHbIE METOAbl TakKe MO3BOMSAT CNPOrHO3u-

poBaTb HebnaronpusTHble METeoposiornyeckune
YCIIOBMS U MPOBECTW perynnpoBaHune Bbibpocos
B atmocdepy. lNpuMeHeHne yKa3aHHbIX MeTo-
[I0B OLIEHKM paccemBaHust 3B 6bino onucaHo B

[10-13].
3a pybexom ans npoBeaeHus NOZOGHbIX
“ccrneaoBaHwiA “cnonb3yTes MOAenb

HYSPLIT (Hybrid Single-Particle Lagrangian
Integrated Trajectory) [14] n mogen> AERMOD®.
HYSPLIT nossonseTt npou3BoAnUTb BbIMUCIEHNS
TPaekTopun nepeHoca, pacnpoCTpaHeHue Xu-
MUYECKUX NpeobpasoBaHnn U CUMYNALMIO oce-
[laHns BeLLecTB Ha nosepxHocTn. OgHoM us oc-
HOBHbIX 0bnacTten ee NPUMEHEHWs SIBMSETCS
aHanu3 obpaTHon TpaekTopun (back trajectory
analysis) ¢ Lenbio BbISIBNIEHUS1 UCTOYHMKA Onpe-
LEeNEeHHbIX BO3AYLWHbIX MacC W yCTaHOBIEHUS
B3aMMOCBSI3e/ «UCTOYHUK-peumnueHT» [15-17].
OpHako, HecMOTps Ha LIMPOKOE MPUMEHEHWE
HYSPLIT, areHTCTBO MO 3aliuTe OKpyxarLlen
cpeabl CLIA (U.S. Environmental Protection
Agency, U.S. EPA) He pekoMeHayeT Mcnonb3o-
BaTb 3Ty Mogenb npu pa3paboTke 3akoHoAa-
TenbHbIX U PErYNUPYIOLWNX OOKYMEHTOB, yKasbl-
Bas Ha ToT pakT, yto HYSPLIT He B cocTosiHUM
Yy4eCTb BTOPWUYHbIE XUMUYECKUE peakuun Wu
CUMbHO 3aBUCUT OT METEOPONIOrMYeCcKUX [aH-
HbIX, @ WUMEHHO: OT YacTOTbl MOMyYEeHUs 3TUX
[aHHbIX W WX reorpadMyecko MpPUBS3KK, |
npegnaraet Mcnonb3oBaTb BMECTO 3TOTO CW-
ctemy AERMOD, cocTosilyto u3 3 KOMMOHeH-
ToB™:

— CTauuoHapHas Mofenb KpaTKOCPOYHOro
paccemBaHns BblIOPOCOB  3arpsAsHSAWMX Be-
LecTB B aTMOCepy;

— NpenpoLeccop MeTeopOosIorMyeckux cae-
peHnin AERMET;

— npenpoteccop NanawadgpTta AERMAP.

B nactoawuin momeHT AERMOD npumeHs-
€TCS B PasnuyHbIX UCCMEAOBaHUAX, CBA3AHHbIX
C OLEHKOW pacceuBaHus W uaeHTUukaumen
NcTo4HMKoB Bbibpocos [18-20]. B [20] 6bino no-

8I'Ipvn(aa Munnpupogel Poccun ot 06.06.2017 Ne 273 «O6 yTBEpXAEHUN METOLOB PacYETOB paccenBaHus BbIOPOCOB
BpeLHbIX (3arpsA3HSIOLLMX) BelecTB B aTMocdepHoM Bo3ayxe» (3apeructpuposaHo B Muniocte Poccun 10.08.2017 Ne
47734) [OnekTpoHHbIi pecypc]. URL: https://docs.cntd.ru/document/456074826 (28.06.2021).

*AERMOD: DESCRIPTION OF MODEL

FORMULATION

[ONeKTPOHHbIN pecypc]. URL:

http://www.eng.utoledo.edu/aprg/courses/dm/aermod/aermod_mfd.pdf (28.06.2021).

'°U.S. Environmental Protection Agency, 2015. Guidance on the use of models for assessing the impacts of emissions
from single sources on the secondarily formed pollutants ozone and PM,.5 [OnekTpoHHbii pecypc]. URL:
https://www.epa.gov/sites/default/files/2020-09/documents/epa-454_r-16-005.pdf (28.06.2021).
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Ka3aHO, 4YTO CUCTEMA C BbICOKOW TOYHOCTHHO
onpegensieT MeCTOMNOSIOKEHNE WCTOYHMKA Bbl-
bpoca — cpeaHss owwnbka coctaBuna 25 M,
MPMYEM MaKcUMarnbHble U MUHUManbHbIE OWNG-
kn coctaBunun 57 n 10 m, cooTBeTcTBEHHO. McC-
cregoBaHMe MOenu Takxke nokasano, YTo npu-
MEHEHME pasfMYHblX HabOpPOB [AaHHbIX MO
«CNOXHOMY» naHawadTy HE3HAYUTENIbHO BIU-
SleT Ha TOYHOCTb paboThl [21].

B pesynbTaTe aHanu3a UCTOYHMKOB aBTOpPaM
He yJdanocb HanmTM WHQOPMAaULMIO O MOMbITKAX
VHTErpaLmmn pasfnmyHbiX HOPMaTUBHbLIX METOANK
ANs NpOBEAEHMs] pacyeToB.

OMUCAHUE NMPUMEHAEMbIX METOOOB,
NoaxoaoB U TEXHONOMM Ansa OLEHKK

Ona OueHKN BIMSHUA 3HEPreTUYeckux cu-
CTEM W KOMMMEKCOB Ha OKPYyXaloLyw cpeay
Bbina npegnoxeHa cnegyowas TeXHONorus,
BKIKOYaKOLLAa TpU aTana:

1. PacyeT KonuyecTBeHHbIX MokasaTtenew
BbIOPOCOB 3arpsA3HSAIOLLMX BELLECTB B aTMOCHe-
py MPU CXUraHWM TOMNMBA B KOTNAX 3MEKTPO-
CTaHUMW — ANna pacyeToB npumeHstotcs «Meto-
OVKa ONa onpefeneHvs BanosblXx BblOPOCOB
3arpsasHALWMX BeLecTB B aTMocdepy OT Ko-
TembHbIX ycTaHoBOK»® 1 «MeToauka onpegene-
HUSA BbIOPOCOB 3arpsA3HAIOLLMX BELLECTB B aTMO-
chepy Npu CKUraHUM TONNMBA B KOTNax npoms-
BOAUTENBHOCTBI0 MeHee 30 TOHH napa B 4ac
unn meree 20 Mkan/u»’.

2. PacyeTt paccenBaHunsa BbIOPOCOB BpeaHbIX
BELLECTB B aTMOC(EpPHOM BO3ayxe — Ans pac-
4yeToB ucnonb3ytTcs «MeToabl pacyeToB pac-
cemBaHunsa BbIOPOCOB BPeaHbIX (3arpsa3HAoLLMX)
BELLeCTB B aTMocdepHoM Bosayxe»'' (MPP-
2017) n meToAbl, onucaHHble B [9].

3. CpaBHeHVe pe3ynbTaToB pacyeToB C pe-
3ynbTataMu CHEroCbeEMOB — MCMOMNb3yemMm pe-
3ynbTaThl O KOHUEHTPaUMAX 3arpsa3HSoLLmMX Be-
wectB (Hanpumep, SO,%, NO,, HCOs n ap.)
nonyyeHHbIX nyTem nabopaTopHOro aHanuaa
npo6 cHera, B3ATbIX B TOYKAX UCCNELOBaHMS.

TexHonorms MOXeT WCMnonb3oBaTbCca Ans
NPOBeAeHNs IKONMOrMYECKUX OLEHOK, KaK CyLle-
CTBYIOLUMX IHEPreTUYECKUX NPEANpPUATUIA, Tak U
NpW NAaHWPOBaHWUK CTPOUTENIbCTBA HOBbLIX 00b-

EKTOB JHEpreTukn. Takke TEXHONOrms Moxet
ObITb NMpUMeEHeHa npu pa3paboTke pekomeHaa-
LUMA MO CHWMXKEHUKO BbIBPOCOB 3arps3HALLMX
BELLECTB OT JHepreTnyeckmx npeanpuatuin. Bol-
6op ykasaHHbIX METOAWK AN18 NpoBeaAeHns pac-
yeToB obycnoenmaeTca ux BONbLIMM COOTBET-
CTBMEM MOCTaBMNEHHbIM Lienam, Tak, Hanpumep,
B MPP-2017 npuBefeHbl cBegeHns o psge no-
kasaTenev OnNs pacyeToB, CrneunduyHbIX Ans
pasnunyHbix pernoHos Poccuiickon ®egepauum.

[na nopaepxkn npeanaraeMon TEXHONOrum
6bin paspaboTaH Hay4HbIA NPOTOTUN UHTEMNEK-
TyanbHOM CUCTEMbI MOAAEPXKKN MPUHATUS pe-
wenun (UCIMNP) «WIAIS» (Web-oriented Im-
pact Assessment Information System), apxuTek-
Typa MU OCHOBHble KOMMOHEHTbI KOTOpoW Obinu
paccMOTpPeHbI B NpeablayLmnx paboTtax aBTopoB
[22, 23].

[ns anpobauun npeanoxXeHHON TEXHONOMK
n paspabortaHHon MCIIMP 6bin npoBeaeH Bbl-
YUCIUTENBHBIA KCNEPUMEHT, B paMKax KOTOpPO-
ro BbINOMHAMACH OLEeHKa BIMSIHUA BbIOPOCOB OT
KOTEMNbHbIX, PacnonoXeHHblX Ha bankanbckon
npupoaHon Tepputopumn (BMNT) n paboTtatowwmx
Ha pasnuyHbIX BMaax yrns. Anpobauus npoms-
BOAMNacb Ha OcHoBe cBedeHun o 48 koTtenb-
HbIX, WCMOSMb3YOLWMX pasnnyHoe obopyaoBa-
HUE, WMEKLWMX Pa3NNYHYK YCTAHOBMEHHYIO
MOLLHOCTb M HaxXOAWMXCH B Pa3fMYHbIX Me-
cTax B npegenax briT.

Ha nepsom 3rtane Obin BbINOMHEH pacyet
KONMMYECTBEHHbIX NOKa3aTenen BbIGPOCOB Bpea-
HbIX (3arpasHAOWMX) BelwecTB B aTtmocdepy.
Ons npoBefdeHus 39TOro pacyeta TpebyroTcs
cBedeHuss 006 aHepreTMyecknx obbeKkTax M KX
TEXHUYECKUX XapaKTepuUCTUKax (Takux, Kak Ko-
NNYECTBO M TUMbI KOTNOArperaTos, 06LEM 1 TUN
CKMraemoro TOMNMBA, YCTAHOBMEHHAs MOLL-
HOCTb, CTeNeHb punbTpaumm (NbineouncTku)). B
KayecTBe MCTOYHMKA WMHMOPMaUMK O TeXHW4e-
CKUX XapaKTepucTuKax TONMuB B BblYUCIUTENb-
HOM 3KCMEPUMEHTE UCNONb30BaNCs CNPaBOYHUK
MapoOyYHOro  coctaBa UM NOTPEOUTENBLCKMX
CBOWCTB POCCUMWUCKUX Yrnewn, nsgasaemblii Hesa-
BUCUMbIM  @HanMTUYeCKUM areHTcTBoM «Po-
CUHOPMYTOnby.

Mo pesynbTatam BbINONHeHUs pacyeTa Obl-

11MeTO/ZI,bI pac4yeToB paccenBaHuA BbI6pOCOB BpeaHbIX (3arps|3Hﬂ+ou.w|x) BelleCTB B aTMOC(pepHOM BO3ayxe. Beep.

01.01.2018. M., 2018.
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NN NONyYeHbl CBEAEHNS O KONMUYECTBEHHbIX NO-
kasaTensx BblOpoCcoB OT BblOpaHHbIX 0OHLEKTOB
3HepreTuKM, COrnacHoO KOTOPbIM:

— 06w obbem 3arpAsHALWNX BELEeCTB B
OKpyxXatowy  cpegy  coctasnser 18,33
TbIC. T/roa, u3 kotopbix 11,27 ThiC. T/rog Bbibpa-
coiBaeTca ob6bekTamu, pacnonoXeHHbIMU B
Pecnybnuke bypsatusa, n 7,06 Teic. T/roq  Bbl-
BpacbiBaeTcs 06bekTamu, pacnonoXeHHbIMK Ha
Tepputopumn VpkyTckon obnactu;

— OCHOBHOW BKMag B BblIOpOCHI 3arpsi3Hsto-
WMX BeLlecTB, NOCTynawwwux B atmocdepy,
BHOCAT Bblbpocbl nbinn — 14,3 ThiC. T/rog unu
78% ot obuiero obbema BbIOPOCOB 3arps3HsLO-
LLINX BELLECTB;

— OCHOBHbIMW MWCTOYHMKaAMK BbIOPOCOB 3a-
FPA3HSIOLLMX BELECTB B aTMocdepy SBNATCA
KoTenbHble, paboTaiowue B r. CnoasHka, n.
EnaHubl, r. CeBepobaiikanbck u nrr. HuxHeaH-
rapck.

B Tabnuue npvBeaeHbl pe3ynbTathl pacyeTta
B TabnunyHom Buae, Ha puc. 1 — npeacraeneHune
MOMYYEHHbIX Pe3ynbTaToB C NOMOLLBI0 FEOBU3Y-
anusauuu.

Ha BTOpoM 3Tane Obin BbINOMHEH pac4yet
pacceunBaHusl BbIOPOCOB BpeaHbIX BELLECTB B
atmoccepHom Bo3ayxe. [lepen BbINOMHEHWEM
pacyeToB HeOOXOAMMO BHECTU AOMNOMHUTENb-
Hble CBeEHUS O KOTESIbHbIX, @ UMEHHO: BbICOTY

Mpumep pesynbTaToB pacyeta B TabrMyHoM Buae
Example of calculation results in a tabular form

W ouameTp ObIMOBbIX Tpyb, Temnepartypy yxo-
Asen rasososgywHon cmecu (MBC) (B °C), a
Takke ykasaTb AN 9MEKTPOCTaHUMKU MaKcu-
MasbHYyK [anbHOCTb pacyeTa B kunomeTpax. B
Ka4yeCcTBE MCTOYHMKA CBEAEHUN O KONMMYECTBEH-
HbIX MoKa3aTensx BblopocoB Obln Mcnonb3oBa-
Hbl pe3ynbTaThbl, MOMyYeHHble Ha NpeablayLem
atane. MeTeoponormyeckne cBegeHus (Takue,
Kak TemnepaTypa BO3Ayxa, HanpaBneHue BeT-
pa), Tpebyemble ANna pacdyeTa, 3arpyxawTcs
CUCTEMOW aBTOMATMYECKN U3 OTKPbITBIX MCTOY-
HukoB (npoekTbl Gismeteo n RP5).

MNpy BbINOMHEHUN BbIYUCIIUTENBHOMO JKCMe-
PUMEHTA MO pacyeTy pacCcevBaHWUS 3arps3Hsio-
WMX BeLECTB B aTMOCGEPHOM BO3ayxe Obinm
nonyyeHbl cnegyrowime pesynbTtaTbl:

1. YcTaHOBNEHbl OCHOBHblE HampaBrieHuUs
pacnpocTpaHeHns paccemBaHus 3arpsasHAoLLMX
BELLECTB.

2. OCHOBHas YacTb 3arpsA3HSAIOLLMX BELLeCTs,
BblbpackiBaeMbiXx B atmMocgepy, oceaaeT npe-
MMyLLleCcTBEHHO B paauyce 150-250 m oT uc-
TOYHMKa Bblbpoca. 31O CBA3aHO, BO-NEPBbLIX, C
HM3KOW BLICOTON TPYO Yy paccMaTpuBaEMBbIX
0OBEKTOB, BO-BTOPbIX, C HU3KOW TemnepaTypou
yxoasiwewn MBC.

Ha puc. 2 nokasaHo npegcraBfieHne nony-
YEHHbIX Pe3ynbTaToB NpY NOMOLLY reoBu3yanu-
3aumn.

Bbi6pockl Bcero, | TBepAable Bele- S04, NOy, OuucTka,| YcTaHOBReHHas
O0bekT TonnuBo
TbiC. T/rog cTBa, ThiC. T/ roa| Tbic. T/ roga | ThiC. T/roa % MOLWHOCTb, MBT

OnbXOHCKWIA p-H - 0,704 0,498 0,206 0,0003 - 9,51

c. EnaHupl - 0,671 0,468 0,109 0,0001 - 8,35

I';L‘?;";’;‘;”a” - 0,364 0,252 0,112 0,0001 - 4,06

Koten 1 yrone 0,052 0,036 0,016 0,00002 0 0,58
(4epemxoBCkuit)

Koten 2 yronb 0,052 0,036 0,016 0,00002 0 0,58
(4epeMxoBcCKwit)

Koten 3 yrone 0,052 0,036 0,016 0,00002 0 0,58
(4epemxoBCKuit)

Koten 4 yronb 0,052 0,036 0,016 0,00002 0 0,58
(4epemxoBCKMin)

Koten 5 yrone 0,052 0,036 0,016 0,00002 0 0,58
(4epeMxoBcCKwit)

Koten 6 yrone 0,052 0,036 0,016 0,00002 0 0,58
(4epemxoBCKuit)

Koten 7 yronb 0,052 0,036 0,016 0,00002 0 0,58
(4epemxoBCKuit)
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A8 C. EnaHubl - ueHTpanbHas e

Obwan mowwHocTk: 3.500000 Mkanly
O6wuit 06bem ebibpocos: 0.361158 Teic.7/ron

# Boibpocbi nbinu: 0.251790 Teic.7/rog

Buibpoce! okcugoe asora: 0.000168 Teic.1/ron
Buibpoce! okcugoe cepbi: 0.109200 Teic.T/rog

8 MecTononoxenue: W ckan 00nacte, OnbXOHCKMH, €. EnanLsl

Puc. 1. Feosu3yanusayus pesynbLmamos Koiu4ecmeeHHo20 pacyema ebli6pocos
Fig. 1. Geovisualization of the results of quantitative calculation of emissions

Puc. 2. leosu3syanusayus pe3ynbmamoe pacyema pacceusaHusl bibpocoe
Fig. 2. Geovisualization of the results of emission dispersion calculation

PesynbTaTbl pacyeTa paccevBaHus Bpeg-
HbIX BELLECTB SBNAKOTCA NpeaBapuTeNbHbIMU,
TaK KaK B pacyeTax He yuuTbiBaeTcs penbed
MECTHOCTM, YTO MOXHO BMAETb Ha puc. 2. Tak,
Hanpumep, r. CriogsHka (Ha puc. 2 pacnonoxeH
B HWXXHEM NEeBOM YrIy) OKPYXeH COomnkamu, 4To
NPMBOAMT K TOMY, UTO 3arpssHsiowue Bele-
cTBa, BbibpacbiBaemble B aTMOCHEPHbLIN BO3-
ayx, OyoyT npeumMyllecTBeHHO ocedaTb Ha He-
60bLLIOM PaCCTOSHUM OT HAaCENEHHOro NyHKTa.

76

Ha TpeTbem aTane Gbina npousBepeHa 3a-
rpyska pesynbTaToB aHanu3a npob cHera, B3s-
Toix B BIMT. Pesynbtatel cogepxaT Konuue-
CTBEHHble nokasaTenim 3arpsAsHSAoLWmNX BeLecTB
no 12 napametpam (Hanpumep, Takum kak NOy,
HCO3, SO,%, CI u APYrvM), NOMYyYEHHbIM 13
157 Touyek 3amepa.

[eoBM3yanusaums NOMyYeHHbIX Pe3ynbTaToB
nokasaHa Ha puc. 3.
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294-20 kM oT np. ONbXOHCKWe BopoTa
NO2: 0.0300 mr/n
HCO3: 3.0500 mrin
EC: 0.0000 mr/n
$04: 0.0100 mr/n

MecTononoxenue: 52.80977778
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4

Puc. 3. Feosu3yanusayus pesynbmamoe aHanu3a npob cHeza
Fig. 3. Geovisualization of the analysis results of snow samples

KpacHbiMn Mapkepamu Ha kapte 06o3Haye-
Hbl OOBEKTbl 3HEPreTWKM, Yy4yacTBOBaBLUME B
pacyeTax, ONMCaHHbIX BbILLE; CUHUMWN — TOYKK, B
KOTOPbIX NPOM3BOANOCH B3sATHE NPob cHera.

3arpyxeHHble pesynbTaTtbl aHanu3a npob
cHera MoryT ObITb MCNONb30BaHbI Kak npu uc-
CreoBaHUM NOKanbHOr0 paccemBaHUs 3arpsis-
HSIOLWWMX BeLeCcTB OT ManblX 0ObEKTOB 3Hepre-
TWKW, Tak U NpW UCCNeaoBaHNM AanbHero (peru-
OHamnbHOro) MepeHoca 3arpsA3HALLMX BELLECTB
B aTMOC(EPHOM BO3ZyXe OT KPYMHbIX 3MEKTPO-
CTaHuuih. B HacToAWMM MOMEHT KOppeKTHoe
CpaBHEHWe pesynbTaToB aHanu3a npob cHera ¢
pesynbTatamMmu pacyeToB pacceunBaHus 3aTpyn-
HUTENbHO B CBSI3W C TEM, YTO MpWU pacyeTe pac-
CEMBaHNA He yunTbIBaeTCs penbed MEeCTHOCTW.
OpHako 3arpyXeHHble pesynbTaTtbl MOryT ObITb
MCNOSb30BaHbl ANs aHanm3a KOHLEHTpauuu 3a-
FPSA3HAOLWMX BELWECTB Ha BPEMEHHOM Npome-
XYTKE B TEYEHWNE HECKOSbKUX NeT.

3AKNKOYEHUE

B cTaTbe Obina paccmMoTpeHa Npeanaraemas
TEXHOMOTNA AN OLEHKW BNUSIHUA SHepreTuye-
CKMX CUCTEM M KOMMMEKCOB Ha OKPYXatoLLlyto
cpefly, NpuBefeHbl ee OCHOBHbIE 3Tanbl U Npu-

MEHsSieMble MeToaMKW. JTanbl npeanaraemou
TEXHOMOrMM MOryT BbITb UCNOMb30BaHbI KaK Ans
NPOBeAEHUs KOMMIEKCHBIX UCCIieJOBaHUiA, Onu-
CaHHbIX B CTaTbe, Tak W MO OTAENbHOCTK:
Hanpumep, ANs opraHu3aunn XpaHeHus pesyrb-
TaToB aHanu3a npob CcHera u CpaBHEHUS UX Ha
onpefeneHHoOM BPEMEHHOM MPOMEXYTKE WUn
TONBKO NS OLEHKM O0BBbEeMOB 3arps3HSIOLLMX
BELECTB, BblbpacbiBaeMblX B aTMOCKHEPHBLIN
BO34YX.

MNokasaHbl pesynbTaTbl MPOBEAEHHbIX Bbl-
YUCINUTESIbHBIX AKCMEPUMEHTOB, KOTOpble M03-
BOMUMN YCTAHOBUTbL 3arpssHsioLLMe BELLECTBa,
BblbpacbiBaeMble 0ObeKTaMu 3HEPreTMKM B aT-
MOC(EpPHbIN BO3AYX U UX KONMYECTBEHHbIE MO-
KasaTenu, a Takke OCHOBHble UCTOYHMKM 3TUX
BblbpocoB. B Oyayuiem nnaHupyetcs uHTErpu-
poBaTb B CUCTEMY CBELEHWS O NpeaenbHo Jo-
nyctumblx KoHueHTpauusax (MOK) 3arpasHsio-
KX BelecTs AnA NPOBEAEHUs aBTOMAaTU3NPO-
BaHHOW oueHkM o npesbiweHun MNOK, a Takke
cBefeHns 0 penbede BOKPYr 06bekToB, ANS
KOTOpPbIX MPOM3BOAUTCA pacyeT paccenBaHug,
YTO NO3BONUT KOPPEKTHO paccyuTbiBaTh nepe-
HOC 3arpAsHSALWMX BelecTB Ha AanbHue pac-
CTOSIHUS.
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Pesrome. Llenb — onpefeneHve BIUSIHAS pa3nuyHbiX BUAOB 061a4HOCTN Ha (hyHKUMOHMPOBaHUE hOTO3MNeKTpuYe-
CKOW YCTaHOBKW Ha TeppuTopumn LeHTpanbHoi Yactu Pecnybnuku Caxa (Akytus). B paboTe ucnonb3osaH meTtog onpe-
LENeHNs 3NeKTPO3HepreTMyeckon ahEKTMBHOCTM (DOTOINEKTPUUECKON YCTAHOBKM MPU PasNMYHbIX Bugax 0bnavyHocTy
C npuBedeHWeM rpaduyecknx WHTepnpeTauuin, C NPUMEHEHUEM PAa3NUYHLIX W3MEPUTENbHLIX U PEruCTPUPYIOLLNX
YCTPOMCTB M ONWUCaHWEM nopsidka NPOBEAEHUS 3KCMepUMeHTanbHbIX paboT. Mcnonb3oBaHbl 3aKOHOMEPHOCTU onpege-
NEHNs CPeIHECTATUCTUYECKMX NOKA3aTeNen CHUKEHWUS SNEKTPOSHEPreTMYeckon ahheKTUBHOCTU (hOTOINEKTPUYECKON
YCTaHOBKM AN onpedeneHHoro Buaa 06nayHocTv. KoHKpeTHbIN BKUA 0611a4HOCTM NaeHTUdULMpoBaH NOCPeACTBOM Npo-
BEIEHNS 3aMepOB W BbIYWUCIIEHNS AMANa30HOB OCBELLEHHOCTM MPU y4YeTe rPaHNYHbIX YCNnoBui. [JaHHble nccnegoBaHus
npoBefeHbl B TeyeHue netHero nepuoga 2021 roga Ha 6ase mobunbHoro nonuroHa UOTIMC um. B. M. Mlapuonoea CO
PAH Ha Tepputopun LeHTpanbHow YacTu Pecny6nuku Caxa (Akytus). MonyyeHbl KOHTPOMNbHbIE NapaMeTpbl N3MEHEHUS
BEJIMYMHBI TEHEepUPYIOLLEN MOLLHOCTM hOTO3NeKTpUYeckoit yctaHoBku ans 10 BuaoB obnayHocTy, KOTopble MOTYT Npu-
MEHATLCA MPU MOAENMPOBAHMW 3KCMITyaTaLuMOHHbIX NPOLECCOB M WHXEHEPHBIX pacyeTax pexumoB paboTbl COMHEYHbIX
3NeKTPOCTaHUMA. YCTaHOBMEHO, YTO B Cnyvae aKcniyaTtauuu DOTOSMEKTPUYECKUX YCTAHOBOK MPU PasnuyHbIX BUAax
061a4HOCTN CHWXEHWE reHepupyHoLLelt MOLHOCTM YCTaHOBKM BapbupyeTcsa B npegenax 8—95% oTHOCUTENbHO nokasa-
Tensl reHepupytoLen MoLHocTy npu 6e3obnayHol noroge. MonyyeHHble NOKa3aTeNU U3MEHEHUS TEHEPUPYIOLLEN MO LL-
HOCTU (POTO3NEKTPUYECKON YCTAHOBKW NPW PasnuyHbIX BuAax obnavyHocTu MoryT ObiTb MPUMEHEHbI Mpu paspaboTke
METOAMKM NO OLEHKe BNMSHUSA 0611a4yHOCTU M ee BMAOB Ha MPOMYCKHY0 CMOCOBHOCTb COMHEYHbIX Nyyeil, NagatLmx Ha
NoBepXHOCTb (HOTOANEKTPUYECKNX NaHenei, Ans 6onee TOYHOrO onpeaeneHust IHepreTMYecKoro NoTeHunana conHey-
HOW reHepauun B onpeaeneHHon MeCTHOCTMW.

Knroyeeble cioga: hoTo3nekTpuyeckas yCTaHOBKA, MOHUTOPUHT paboTbl, 06Ma4yHOCTb, reHepPUpYIoLLas MOLLHOCTb,
anekTpo3aHepreTuyeckas aPMEKTMBHOCTb

BnazodapHocmu: Pe3ynbTathl UCCNE0BaHUIA, ONMCaHHbIE B HACTOSALLEN CTaTbe, NOATOTOBNEHBI B paMKax BbiNo -
HEHWS roCyJapCTBEHHOTO 3aAaHus no NpoekTy «MccrefoBaHns nyTen NOBbILWEHUS JKCMyaTaLMOHHON HaaeXHOCTH
3(PPEeKTUBHOCTM MHTENMNEKTyanbHbIX 3MEKTPO3HepreTnyecknx cuctem B ycnosusx Ceeepa u Apktukuy ®HU B PO Ha
2021-2030 rr. no npuopuTeTHOMY HanpaBneHuo «OCHOBbI 3 EPEKTUBHOIO pa3BUTMS U (DYHKLMOHUPOBAHUS 3HepreT u-
YECKMX CUCTEM Ha HOBOW TEXHONOMMYECKON OCHOBE B yCNoBusX rnobanu3auuu, Bknoyas npobnemsl aHeprobesonacHo-
CTU, 3HeprocOepexeHnst 1 paLMoHanbHOro OCBOEHUS MPUPOAHbLIX 3HEPTOPECYPCOBY.

Ana yumupoeaHusi: MectHukos H. ., Bacunbes . ., Qasbigos I. U., XotoTaHoB A. M., Anb3akkap A. M.-H. Uc-
cnefoBaHwe PyHKLMOHUPOBaHWS POTOINEKTPUYECKON YCTAHOBKM B YCNOBUSX 061a4Hon norogbl Ha Tepputopun Cese-
pa // iPolytech Journal. 2022. T. 26. Ne 1. C. 81-91. https://doi.org/10.21285/1814-3520-2022-1-81-91.
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Abstract. This study investigates the effect produced by various types of cloudiness on the functioning of a photo-
voltaic system in the central part of the Republic of Sakha (Yakutia). The electric power efficiency of the photovoltaic sys-
tem under various cloudiness conditions was assessed using graphical interpretations, measuring and recording devices,
as well as a description of the procedure for conducting experimental work. The average indicators of a decrease in the
electric power efficiency of the photovoltaic system were determined using patterns for a certain type of cloudiness. A
specific cloudiness type was identified by performing measurements and calculating illumination ranges, taking boundary
conditions into account. These studies were carried out during the summer period of 2021 using the facilities of the mo-
bile test site of the V.P. Larionov Institute of the Physical-Technical Problems of the North of Siberian Branch of the Rus-
sian Academy of Sciences located in the central part of the Republic of Sakha (Yakutia). Control parameters of altera-
tions in the generating capacity of the photovoltaic system were obtained for 10 types of cloudiness. The obtained pa-
rameters can be used when modeling operational processes and performing engineering calculations of the operating
modes for solar power plants. According to the results, during the operation of photovoltaic systems under various types
of cloudiness, the decrease in the generating capacity of the installation can vary within 8—95% relative to the generating
capacity indicator under clear weather. The obtained indicators of alterations in the generating capacity of a photovoltaic
system under various cloudiness conditions can be applied for developing a methodology for assessing the effect of
cloudiness and its types on the carrying capacity of solar beams falling on the photovoltaic panel surface, as well as to
more accurately determine the energy potential of solar generation in a certain area.

Keywords: photoelectric unit, operation monitoring, cloud cover, generating capacity, power efficiency
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BBEOEHUE NsieTCs CHMXEHMe BbIOPOCOB BpedHbIX BELLECTB

Pa3ButMe COMHEYHOW 3JHEpreTMkn umeet
bonblloe 3HayeHue [ONa ANeKTpPodHepreTuye-
CKMX CUCTEM MHOXecTBa CTpaH. [1o AaHHbIM
EBponenckon accoumauuy COIHEYHOW 3Hepre-
Tvkn, Ha 2020 r. cymmapHas BblpaboTka anek-
TPO3HEPIMMN OT COSTHEYHbIX 3MEKTPOCTAHLMIA CO-
craBnset nopsgka 2,6% [1]. OcHoBHOW Uenbio
akcnnyatauuyM COMHEYHbIX 3NEKTPOCTaHLMA SiB-

BCNEACTBME CropaHus TOMNMBa, B TOM 4uUcne
CO,, B pamkax (hyHKLMOHMPOBAHMUSA LEHTpanu-
30BaHHbIX 3MEKTPOIHEPrETUYECKUX CUCTEM WU
9KOHOMMW [OPOroCTOSILLEro TONMBa ANs aBTo-
HOMHbIX 9HEPreTUYecknx CUCTeM, B OCOBEHHO-
CTU B YAaneHHbIX U TPyAHOLOCTYMHbIX 30HaXx
CeBepa 1 ApKTUKU.

B aBTOHOMHbIX 3MEKTPOSHEPreTUYECKUX CU-

82

https://ipolytech.ru



Mecmnukoe H. I1., Bacunbes [1. 9., lasbidoe I". U. u dp. Viccnedosarue hyHKUUOHUPOBaHUSA homoanekmpuyeckod ...

Mestnikov N. P., Vasilyev P. F., Davydov G. I. et al. Operation of a photovoltaic installation in the North under various ...

cTemMax MNpPenMMyLLECTBEHHO MPUMEHSATCS Tpa-
AVUMOHHbIE  UCTOMHWMKMA  3HEPrMK,  KOTOpble
(PYHKLMOHMPYIOT NOCPEACTBOM CropaHusi pas-
NnYHbIX BMAOB Tonmnuea. K mpumepy, B ceBep-
HbIX panoHax [anbHero BocToka akTMBHO 3KC-
nnyaTMpyloTCA aBTOMATU3UPOBaHHbIE [M3eSlb-
reHepaTopHbIE M ra30TypPOUHHbIE YCTAHOBKM.

OB61bekTbl reHepaLmmn dnNeKTPoIHeprm B aB.-
TOHOMHbIX 3JIEKTPO3HEPrETUYECKUX CUCTEMAX
BCNEACTBME CropaHusi TOMMMBA 3HAYUTESIbHO
noseiwatoT Bbibpockl CO, B aTMocdepy, rae Ha
1 T Ou3enbHOro Tonnuea npuxoautes 2,172 T
CO..

Mo CeBepHOMY 3HepreTM4eckoMy panoHy
Pecnybnukn Caxa (AkyTtnst) 3a 2020 r. napacxo-
foBaHo bonee 64 TbiC. T AM3ENbHOrO TONNMBA,
yTo 3kBMBaneHTHo 139 twic. T CO,. Kpome Toro,
Ha (DOHE HWU3KOro PasBUTUA TPAHCMOPTHOW WH-
pacTpyktypel CeBepa u ApKTuKM, yaenbHas
CTOMMOCTb TOpHYe-CMa304YHbIX MaTepuanos U
KOMMNMEKTYIOWMX AU3ENbHBIX  3NEKTPOCTaAHLMM
noBbiwaetcs 4o 200% npu cpokax AOCTaBKM A0
2,5 ner.

N3BeCTHO, YTO YCTOMYMBOE (PYHKLMOHUPO-
BaHME COJTHEYHbIX 3JMIEKTPOCTaHUMN M (OTO-
3NEKTPUYECKMUX YCTAaHOBOK 3aBMCUT OT cregyto-
LLUX YCIOBUMN:

— NPOAOSIKUTENBHOCTL CONTHEYHOTO CUSIHUS
He meHee 1800 u/r, TO ecTb npeobnagaHune Ko-
nuyecTtBa aHen ¢ 6e3o06naYHbIM HEOOM:;

— Manasi cTeneHb 3arps3HEeHHOCTU OKpYyXa-
toLLie/ BO3AYLLIHOW cpefbl;

— MPUMEHEHME KOMMMEKTYIOWMX (DOTOINEK-
TPUYECKOW YCTAHOBKW BbICOKOIrO Ka4yeCTBa;

— Apyrue ycrnosusi.

Mpn NPOEKTMPOBAHWUN COMHEYHLIX 3NEKTPO-
CTaHUMIN YYMTbIBAKOTCS NokKasaTenu adhgekTuns-
HbIX COSIHEYHbIX 4acoB, MNPOAOIMKUTENBHOCTM
COMMHEYHOro CUSIHWS, COOTHOLLEHUS AOXANMBbLIX
n obnayHbiX OHEW, KNMMAaTUYECKMX YCNOBUW U
ap. OgHako B CyLECTBYHLUMX HOPMaTUBHO-
TEXHWYECKMX TPeOOBaHUAX, MNPUMEHSEMbIX B
UCTOYHMKax [1-3], He yuuTbIBalOTCH (HaKTOpbI
BNUSHUSA Pa3fnyHbIX BUOOB 06na4yHOCTW Ha pa-
60Ty COSMHEYHbIX 3MIEKTPOCTaHUMIA U (POTO3NEK-

TPUYECKUX YCTAHOBOK, YTO CO3[AET pasHuLy
mMexay akTuyeckum M NPOrHO3HbIM MokasaTe-
NnamMu BbIPabOTKM 3NEKTPOIHEPTM 0O HEKTOB.

Bcneacteue BblleykasaHHbIX (hakTOPOB MC-
crnefoBaHWe MeTO4OB MOBLILEHUS 3HepreTuye-
CKOW 9(PEKTUBHOCTM MPU MPOEKTUPOBAHUN W
3KCMnyaTauuMnM COMHEYHbIX 3NIEKTPOCTaHLUMA K
(POTOINEKTPUYECKMX YCTAHOBOK MMKPOMOLLHO-
CTU B aBTOHOMHbIX 3MEKTPOSHEPreTUYECKUX CU-
cremax CeBepa U ApKTUKKM SBNSIETCA akTyanb-
HOW 1 BOCTpeboBaHHON 3agaqent.

AHAINN3 NO TEME UCCNEOOBAHUA

B conHeyHbIx anekTpocTaHuusx Bypatum u
Owmckon obnactn 3adMKCMpOBaH HU3KUA KO-
PUUMEHT  UCMONb30BaHWS  YCTaHOBIIEHHOW
MOLLHOCTK, KoTOpbIn coctaBun 14% npu 3Haum-
TeNbHbIX OTKNOHEHUSX FeHEPUPYHOLLEA MOLLHO-
cTn 15-26% BcneacTeMe BNUSHUA KnumaTtuye-
CKMX YCIMOBUN W pas3fMyHbIX BUAOB 0OnayHo-
cT®. CHUXeHME [aHHbIX 3NeKTpO3HepreTuye-
CKMX napaMeTpoB OOOCHOBLIBAETCH B 3HAYU-
TENIbHON Mepe BNUSHWEM Pas3nuYHbIX BUAOB
obnayHocTu.

Ha npumepe ucnonb3oBaHus NporpaMMHbIX
KOMMMEKCOB MPW OLEHKE 3HEepreTu4eckoro no-
TeHunana OOBLEKTOB reNMOSHEPreTUkn npume-
HAIOTCS ONpefeneHHble 3aKOHOMEpPHOCTU, rae
y4YuTbIBAETCS KOI(PMUUMEHT [0MM  MpoXoaa
CONMHEYHOW pagmaumnn Ha HaKNoHHY NnoLaaky
B YCNOBWSIX 061a4HOCTM TOSbKO B TPEX CyYasx
(nacmypHo, HeGO MOMHOCTLIO NOKPLITO Obnaka-
mu, 6e3 eguHoro ronyboro npoceeta) 6e3 yyeTa
CYLLECTBYIOLMX Pa3fIMyHbIX BMAOB 0611@a4HOCTH
C pa3fnMyHbIMK NoKa3aTensmMu NPOMyCKHOW cno-
COBHOCTM CONHEYHON paguaumm [4-T7].

B pabotax [8—10] npefcTaBneHsbl 1 onncaHbl
MeTOAUKM onpefeneHns BhAnsHUA obnavyHocTu
Ha 3eKTUBHOCTL PaboTbl COSMHEYHbIX 3Sek-
TpocTaHuui. B MeTO,D,I/IKe7 npegnaraeTcs pas-
MelleHne OObLEKTOB renmosdHepreTukm B pac-
npefeneHHoM Buae Ha 6onblion nnowaan ans
CHWXEHWSI BNUSIHUS 0ONAYHOCTW, BCNEACTBUE
koTopon obecneumBaeTcs CTabWNbHOCTb reHe-
pUpytoLLel MOLWHOCTM anekTpocTaHumn. C no-

®Global market outlook for solar power / 2020-2024. 3nekTpoHHbIn pecypc. URL: https://now.solar/2021/04/14/global-

market-outlook-for-solar-power-2020-2024/ (15.06.2021).

7BVICC&pVIOHOB B. W., OeptoruHa T. B., KysHeuoBa B. A., ManuxuH H. K. ConHeuHas aHepretuka: yyeb. mocob. M.: N[

M3W, 2008. 276 c.
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MOLLbI AaHHON METOOMKM [OCTUraeTcst nocTo-
sIHHast BbipaboTka 3MEKTPO3Heprnm B Heobxo-
OMMOM  KONMYECTBE B YCMNOBUAX NEPEMEHHON
obnayHocTw.

BnnsiHme pasnunyHbix BUAOB 061a4HOCTM Ha
paboTy COMHEYHbIX 3NEKTPOCTaHUMA UMEeeT
MrHOBEHHbIN XapakTep C KpaTKOCPOYHbIMK MpO-
Banamy reHepupyrLen MOLWHOCTU. JddekT
06na4yHoro NOKpoBa NPOSBNAETCH HEMEAJSIEHHO,
C YMeHblUeHneM rnobanbHOro COMHEYHOro n3-
NyyYeHus, ¢ nocneaywLwmM npoBanom reHepu-
pytoLLIe/ MOLLHOCTM Ha KopoTKoe Bpems [11-14].

HeycTonumebin xapaktep obnayHoctn 3a-
TPYAHSET JONrOCPOYHOE MPOrHO3MPOBaHME Bbl-
paboTKN 3NEKTPOSHEPrMM OT OOBLEKTOB renmo-
SHepreTUKM C NOrpeLlHoOCTbI0 A0 22% B cpaBHe-
HUW C pacyeTHbIMK nokasaTensmu paboTbl AaH-
HblX OOBEKTOB B Cryvyae NPUMEHEHWS MpPO-
rpaMMHbIX komnnekcoB [15-18]. Heobxogumo
OTMETUTb, YTO JOITOCPOYHOE NPOrHO3NPOBaHNE
BbIPabOTKM 3NEKTPO3HEPTM OT OOBLEKTOB re-
NNO3HEPrETUKA UMEET CMOXHYI0 cneunduky B
BUAE HEOOXOAMMOCTU y4yeTa BCEX BO3MOXHbIX
NPUPOAHbLIX ABMIEHUI, B TOM Yncne 06navyHocTy.

AHanu3 nokasan, 4TO CyLlecTByLNE MC-
CNefoBaHWst HanpaBrieHbl Ha U3y4YeHue npume-
HEHUS1 MPOrpPaMMHbLIX KOMMNIEKCOB NpW pacyeTte
BbIpabOTKM  3MEKTPOIHEPrMM  OT  COJSTHEYHbIX
3NeKTpoCTaHuuI, rae 0bnayYHoCTb YUYMThIBAETCS
B Buae 3 yCpeOHEHHbIX KaTeropuin obnavyHocTu
CO cpegHen pasuuuen B 22% npu CpaBHEHUM C
thakTuyecknmm nokasatensiMm BbipaboTKM anek-

TPO3HEPIUN CYLLECTBYIOLUMX OOBLEKTOB renmo-
SHEPreTUKN.

Takum 0b6pasom, Lenb uccnegoBaHns sie-
NAETCA M3y4YeHWEe W BbISIBNIEHWE BIMSHUSA pas-
NNYHBIX BUAOB 06MayHOCTM Ha 3PPEKTUBHOCTD
(PYHKLUMOHMPOBAHMS CONMHEYHON (HOTOINEKTPU-
YECKOW YCTaHOBKW Ha MpuMepe TeppuTopum
LIeHTpanbHOM YacTn AKyTuu.

OCHOBHAA YACTb

HaTypHble wccnefoBaHuWs NPOBOAUIUCH B
neTHui nepuog (noHb—asryct) 2021 r. Ha Tep-
putopumn LieHTpanbHon AKkyTuM, B pamkax KOTo-
PbIX MPUMEHANachk JKCMepUMeHTanbHas ycra-
HOBKa, cocTosLas u3: HOTOINEKTPUYECKON na-
Henu, KOHTponnepa 3apsda, akKyMynsTOpHOM
GaTapen, BcnomoraTenbHOW Harpysku, ctaumo-
HApPHOro MopTa M MHCTPYMeHTanbHoro obecne-
yeHusa ans cbopa [aHHbIX, NPOrpPaMMHOro
obecneyenus gnsa obpaboTkn AaHHbIX. BHew-
HUA BUL SKCNEpUMEHTaNbHON YCTAHOBKM npen-
CTaBIeH Ha puc. 1.

MecTo npoBedeHUst  AKCMEPUMEHTANbHbIX
paboT uMeeT crepywwme nokasaTenu: npo-
LOMKUTENBbHOCTb COMHEYHOrO CusHUA — Gonee
1800 4 B roa; abCONKTHLIN TemnepaTypHbI
MWHUMYM cocTaBnseT -62°C; abCcontoTHbIN TEM-
nepaTypHeli  Makcumym coctasnseTr +41°C;
cpegHerogoBble ocagknm — MmeHee 250 Mm B rog;
TN NOYBbl — MNHUCTAS; HaNMYMe MHOrONETHEN
BEYHOW MeP3NOThI.

Puc. 1. BHewHuli 8ud akcnepumeHmanbHol ycmaHo8KU
Fig. 1. Exterior view of an experimental installation
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MeToauka NpoBEAEHUS HaTYPHbIX 3KCrepu-
MEHTOB MMEET CReayowmnii Nopsaaok: npoeeae-
HME 3aMepoB OCBELLEHHOCTU AN1A BbIYUCIEHNS
cpegHero nokasaTens npy onpeaeneHHbIX Buaax
obnayHocTH; perucTpaums anekTpuyeckux napa-
METPOB paboTbl yCTaHOBKM (B COOTBETCTBMM C
rnokasaTensMu OCBELLEHHOCTU W BU3yasibHbIM
COMOCTaBMeHNEM XapakTepoB 0651a4HOCTL); y4eT
YPOBHS1 3apsifa akkymynatopHon 6atapewn (ypo-
BEHb 3apsiga coctaBnsieT He meHee 30% B Lensx
obecneyeHns pabotocnocobHocT obopyaosa-
HUSt U He Bonee 55% — B Uensx npegoTepalle-
HUA ObICTporo 3apsina G6atapeu, HegonyLieHus
XonocTon paboTbl ycTaHOBKW); 0bpaboTka OaH-
HbIX HATYPHbIX MUCCeaoBaHUA; 0PopMIIEHNe pe-
3ynbTaToOB HaTypHbIX MCCNeJoBaHMA B Buae
rpadomyecknx UHTEpNpeTaumn.

B xoge m3yyeHus napaMeTpoB OCBELLEHHO-
CTU B YCNOBUSX Pa3fMyHbIX BUAOB 06MavyHOCTU
npoBeAeHbl COMOCTaBNeHNs pe3ynbLTaTtoB 3ame-
POB OCBELLEHHOCTU CO CpeaHUMU MnokasaTens-
MW OCBELLEHHOCTK, npeacTaBneHHbiMn B [19].
PesynbTaTbl CONOCTaBNEHUS NpPeACTaBneHbl B
Tabn. 1.

CpefHee OTKIOHEHWE pPe3ynbTaToOB 3aMeEPOB
OCBELLEHHOCTU B CPaBHEHWM C MokKa3aTensmu
OCBELLEHHOCTK, YyKa3aHHbIMM B [19], npu pas-
NUYHBIX BUAax obnayHoctn coctaBuno 7,95%,
4YTO OOBACHAETCA 3HAYUTESIbHOM CIIOXHOCTbIO
BMU3yasibHOrO onpefeneHns Buaa obnayHoCcTy
n(Mnu) ee nepexofHbIX COCTOAHUN.

Ha pwuc. 2 npeacrasneH rpaduk cpefgHecTa-
TUCTMYECKUX  MOKasaTenenm  reHepupyoLlen
MOLLHOCTN (POTOINEKTPUYECKON YCTaHOBKU Mpwu
onpeaeneHHblX Buaax obnavyHocTn (B CooTBET-
cTBuM c Tabn. 1).

MOHWTOPUHI  OYHKLMOHUPOBaHUS  hOTO-
3NEeKTPUYECKON YCTaHOBKW NPOU3BOAUNCS B Te-
YyeHue neTHero nepuoga (MoHb-aBrycr). padumk
(cM. puc. 2), 3adMKCUPOBAHHLIA CUHWUM LIBETOM,
nokasbiBaeT, YTO CpeaHEecTaTUCTUYECKUA Mak-
CUMYM yaenbHOW MolHocTn coctasnset 0,4
B1/BT npu 6e3obnayHom (sicHom) Hebe. Cpepn-
HECTaTUCTUYECKNE YAENbHblE MOLLHOCTM Mpu
obnayHon noroge Haxoasatca B npegenax 0,03-
0,38 BT/BT B 3aBMCMMOCTU OT BMAa 06nayHOCTL.

Peructpaunsi nokasatenen npov3Bogmnach
BO BpeMeHHbIx npomexytkax 09:00-20:00.
[aHHbI NpOMEXyTOK BpeMeHn 0BOCHOBLIBAET-

CS CpedHecTaTUCTUYECKMMM NoKasaTensamu ne-
puoaa CBETOBOrO [HS U OBWXEHWEM COnHua no
HanpaBneHWI0 «BOCTOK—tor—3anag—ceBep», B TO
BpPeMsi KaK MOBEPXHOCTb (POTO3NEKTPUYECKOM
MaHenu HanpasfieHa CTPOro Ha «r» B COOTBET-
CTBMM C [OEUCTBYHOLMMKU MeToaMKaMu pasmMe-
weHus. Bo Bpemsi nepuoga 6enbix HoYen Guk-
CUpYeTCs MNpakTuyeckn 24-4yacoBoe Hanuyme
COMMHEYHbIX fy4en, HO B HOYHOW nepmog (20:00-
06:00) conHue HanpaBnseTcs B CeBepHoOe
HanpaBneHve W, cnefoBaTeflbHO, npsiMoe no-
nafaHne CBETOBbIX NyYyen Ha MOBEPXHOCTb (PO-
TOSMEKTPUYECKOW NaHenu He npencTaBnsercs
BO3MOXHbIM.

B cootBeTcTBMM C BbipaxeHuem (1), npous-
BOAWNCA pacyeT rokasaTens CHWXEHWs cpeg-
HEeCTaTUCTUYECKON TeHepupytoLLen MOLLHOCTM
(POTO3NEKTPUYECKON YCTAHOBKM MNPU  KaXOoM
BMae obrnayHOCTM Ha OCHOBE [AaHHbIX Npefbl-
AyLiero rpaduka (cMm. puc. 2).

Zi=l Pioﬁﬂ
—0n__).100%, (1)
j=1 fICH

n

A =(-

rae A; — nokasatenb CHWXeHUs cpefHecTaTtu-
CTUYECKOW TeHepupyioLlen MOLHOCTU (POTO-
3NEKTPUYECKON YCTAHOBKM MpW onpefeneHHOM
Buae obnavHoctu, o.e.; Py — cpenHecTarty-
CTUYeCKash reHepupyrwLwas MOLWHOCTb ¢oTo-
3NEeKTPUYECKON YCTaHOBKU Npu onpeaefieHHOM
Buge obnayHoctun, BT/BT; P, — cpeaHecTatu-
CTMYeckas reHepupymowas MOLWHOCTb oTo-
3NeKTPUYECKON ycTaHoBKM npu BeszobnayHom
Hebe, BT/BT; | — HOMep Bnaa obnayHocTn B Co-
OTBETCTBMM C Tabn. 1; n — BpeMeHHOW nepuog
MOHWUTOpPWHIa, B KOTOPOM (PUKCMpOBAncs onpe-
LeneHHbI Bug obnavHoctu, ed. [20-22].

B tabn. 2 npeacraBneHbl pesynbTaTthl pac-
yeTa mnoka3aTens CHWXKEHUS reHepupytolwen
MOLLHOCTU POTOINEKTPUYECKON YCTAHOBKU NpU
pasnunyHbIX BUAax obnavyHocTu.

Ha ocHoBaHuM nony4veHHbIX M obpaboTaH-
HbIX AKCMEPUMEHTanbHbIX AaHHbIX NMPOBOAMUTCS
aHanu3 o BIMSHUW pasfiMyHbIX BUOOB 06nayHo-
CTM Ha 3(PPEKTUBHOCTb (YHKLMOHUPOBAHMUS
(hoTOANEKTPUYECKON YCTAHOBKM.
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Tabnuua 1. ConocTtaBneHue nokasatenemn ocBeLeHHOCTH
Table 1. Comparison of illumination indicators

Ne Bug o6navHocTH KpaTkoe CpenHssa 0CBELEeHHOCTh, CpeAHAs 0CBeLWeHHOCTb PasHuLa, %
0603HavyeHune nk [19] 3aMepoB, Nk
1 | Mepwuctble obnaka Ci 33 000 36 200 8,8
o | Mepucto-kydeseie Cc 30 400 33138 9,0
obnaka
3 | Mepwcro-croucreie Cs 29 800 32377 8,6
obnaka
4 | Boicokokysesbie Ac 26 600 29220 9,8
obnaka
5 BeicokocnouncTble As 29 400 20 401 9.7
obnaka
6 | Cnoucto-kyyeBble Sc 18 200 19 396 6,5
7 | Cnouctble obnaka St 17 800 18 864 5,9
g | Crovcro-aoxaeseie | o poon 11100 10105 9,8
obnaka
9 | KyueBble obnaka Cu 9 500 9 736 2,4
10 | Kydeso-noxqaeseie Cb 2 800 3054 9,0
obnaka
CpegHee oTKNoHeHue, % 7,95

0,80

o
~
=

=]
@
=1

YOENbHAA MOLLHOCTb, BT/BT

@
NS

o S
M) v
N

BPEMSA, Y4:MM
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Cc
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Sc St
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Puc. 2. Mpaghuk cpedHecmamucmu4eckux nokasamesel 2eHepupyroweli MOujHocmu ¢homo3asiekmpuyeckoli ycmaHo8Ku
npu pa3nuyHbix eudax obayHocmu e onpedesleHHOM MPOMEXYyMmKe epeMeHU 8 mevyeHue JlemHe20 nepuoda
Fig. 2. Graph of statistical average indicators of photovoltaic installation generating capacity under different types
of cloud cover in a certain period of time during the summer period

B pacyete napameTpoB M nokasaTenem
9HepreTM4yeckoro  noTeHuMana  TeXHUYEeCKOo-
9KOHOMUYECKOro 060CHOBaHMS NPOEKTUPOBAHNS
W CTPOUTENBLCTBA COSMHEYHbIX 3NEKTPOCTaHLUM
06MayHOCTb Kak BHELUHAS cpefa y4uTbiBaeTCs
NMYWb B YCPEeOHEHHOM MOpsiAKe B BuUAe yyeTa
rofOBOW NPOAOIMKUTENBHOCTU COSTHEYHOrO CUS-
HUS M Tpex KaTeropun obnavyHocTu (nacmypHo,
He®O NOMHOCTLIO MOKPLITO obnakamu, 6e3 egu-
Horo ronyboro npocseta). [Npu npUMeEHeHUU
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CYLLECTBYHOLIMX METOLOB TOYHOCTb pPacyeToB
MCKaXaeTcsl BBUAY OTCYTCTBMS y4yeTa BIUSIHUS
obnayHocTU. B oT4YeTax pervoHanbHbIX ynpas-
NEHWi No rMapoOMeTeopOnoruA ¥ MOHUTOPUHTY
OKpY»KatoLLeli cpeabl perucTpupyroTcst Bce BUAb
06nayHoCTH, a Takke napameTpbl COSHEYHbIX
ny4yen, KoTopble MOryT ObiTb NPUMEHEHbI B NPO-
BEeEHWUM pacyeToB MPOrHo3a BbIPabOoTKM 3nek-
TPO3HEprum oT 06LEKTOB rENMOIHEPTETUKM.
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Tabnuua 2. lMokasaTenu CHWKEHWUS reHepupyioLLei MOLLHOCTU (HOTOINEKTPUYECKON YCTAHOBKW NPK PasnuyHbIX BUAAX

0611a4HOCTN OTHOCUTENbHO NoKasaTens npn ACHOM Hebe

Table 2. Indicators of a decreasing generating capacity of a photovoltaic installation under various types of cloud cover

relative to the clear sky indicator

Ne Bupg o6navyHocTu Kpatkoe 0603HauyeHue CHuxeHune mowHocTH, %
1 | MepwucTble obnaka Ci 8,03
2 | Mepucro-kyyeBble obnaka Cc 25,60
3 | Mepucro-cnonctble obnaka Cs 26,57
4 | BbicokokyyeBble obnaka Ac 49,60
5 | BbicokocrnoucTele obnaka As 51,00
6 | Cnoucto-kyyeBble Sc 53,64
7 | Cnouctble obnaka St 76,83
8 | Cnoucro-goxaesble obnaka Ns, Frnb 85,13
9 | KyyeBble obnaka Cu 87,13
10 | KyyeBo-goxaeBble obraka Ch 95,18
3AKNKOYEHUE Ta MEXBWAOBbLIX TPAHUYHBIX COCTOSIHMIA obna-

Manasi n3y4eHHOCTb BAMSHUA 061a4HOCTYH 1
MPUMEHEHNS CYLLECTBYIOLLEN METOAMKM OLLEHKM
3 dPeKTUBHOCTN  (PYHKLIMOHUPOBAHUS COMHEY-
HbIX 3MTEKTPOCTaHLUA NPUBOAMUT K pasHuue dak-
TUYECKMX M pacyeTHbIX (MPOrHO3HbIX) AAHHbIX
BbIpabOTKM 3MEKTPOIHEPrUN COSTHEYHOW 3MEK-
TpocTaHuuu Ha 22%.

B pesynbtate npoBedeHust 3KCNEPUMEH-
TanbHbIX WUCCNEeLoBaHUA onpeaeneHsl cpegHe-
CTaTUCTUYECKME MOKa3aTenn OCBELLEHHOCTH,
KOTOpble  KOppenupylTca ¢ rnokasatensmMu
OCBELLEHHOCTM MO BMAam obnayHocTu (C pas-
Huuen 7,95%). [lorpewHocTb 06BACHAETCS
PACXOXAEHUAMWU B BM3YyanbHOM OMpeaeneHnm
B1aa 0bnavyHocTH, a Takke BO3MOXHOCTbIO yye-

KOB.

lNokasatenu reHepupyoLlen MOLLHOCTU (o-
TOSNEKTPUYECKON  YCTAHOBKM MO  CTEMNeHAM
OCBELLEHHOCTIN, COOTBETCTBYIOLME OnpeaeneH-
HbIM BMaaM ob6nayHocTM, coctaBumm oT 8 Oo
95% B CpaBHEHUM C MOLLHOCTbIO YCTAHOBKM BO
Bpems sicHoro Heba. [laHHoe 06CTOSTEeNnbCTBO
NPMBOAMT K HEOOX0AMMOCTY NPOBeAeHUs darnb-
HENLIMX NccnefoBaHui 1 pa3paboTke METOANKM
Mo OLEHKE BNUSHKUA 06Na4yHOCTM M ee BUAOB Ha
MPONYCKHY0 CNOCOBHOCTb COMHEYHbIX Tyyen,
nagawowmx Ha MOBEPXHOCTb (DOTOANEKTPUYE-
CKUX naHenen gnsa 6onee TOYHOro onpeaeneHns
9HepreTMYecKoro NoTeHumana conHeYHon reHe-
pauuu B onpeaeneHHon MecTHOCTH.
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Pe3tome. Llenb — paccMoTpeTb BUAbI 3HEPrUU: MexaHu4eckas, Tennosas, XMUMUYeckas, anekTpoMarHuTHas, saep-
Has C TOYKM 3PEHUS OpraHu3aLum MaTepun U YCTAHOBUTb XECTKYI0 CBA3b MEXAY HUMW; NPOBECTU CPaBHEHWUE 3HepreT u-
YECKMX MOTEHUManoB pas3nuyHbIX YPOBHEW OpraHu3auuu BeLlecTBa, AN18 onpedefieHns SHepreTMYecknx noTeHumanos
NPOW3BECTU MX pacyeThbl. B MEXaHMYECKOW SHEeprn pacCMOTPEHbI NOTEHLMAmNbHas 3HEPrust U 3Heprus CTanbHOro aucka
npu YactoTe BpauleHns 100000 o6/mMuH. MNoTeHUMan TENOBOW SHEPrMKM PAcCMOTPEH Ha NpUMepe HarpeBa CTaNbHOro
obpasua ¢ Temnepatypbl 20°C go Temnepatypbl 1400°C. B XMMUYECKOW 3HEPrUM PaCCMOTPEH CaMblii pacnpoCcTpaHeH-
HbIl B TEXHUKE TOPIOYMA dneMeHT — yrnepod. [ns oueHKM SHepreTU4eckoro noTeHumana S1ekTpoMarHUTHOW SHepruu
onpefeneH CyMMapHblii 3apsf BCeX 3nNeKTpoHoB B 1 Kr xenesa. [na aaepHON SHEprum Npou3BefeH pacyeT 3Hepruu,
BblgenstLlenca npu pacnage 1 kr U**. YcTaHoBNEHa 3aBUCMMOCTb CTENEHN 3HEpreTMYeCKoro noTeHumana ot ypoBHs
opraHusaumu BellecTBa. PaccMoTpeHa BO3MOXHOCTb WCMOMb30BaHUSI 3HEPreTMYecKoro noTeHuMana CnegytoLero
YPOBHS OpraHu3auuv BellecTBa. BoigBneHbl 3aKOHOMepPHOCTU YPOBHEN opraHusauuu matepun. Matepuwan, npuseaeH-
HbI B JAHHOW CTaTbe, HOCUT (hyHAAMEHTArbHbIA XapakTep, HO HaLeneH Ha KOHKPETHOe MpakTUYeckoe NpUMeHeHWe B
yCcTpoNncTBe, pa3pabaTbiBaeMOM B pamKkax AOKTOPCKOW AMccepTauuy OJHOTO M3 aBTOPOB Ha Temy «KoreHepaLWOHHbIA
Tenno3HepreTUYeckuii KOMNNeKc, 06 LEANHSIOLMIA NPUHLMMLI TpaHchopMaLnMm aHepruiny. Knaccudukauus ¢opm aHe p-
rMK, B COOTBETCTBUM C YPOBHSIMW OpraHu3aLunu maTepumn, NpOM3BOAMTCS B pamkax BbISIBNEHWUS 0BLMX NPUHLMMOB U1 3a-
KOHOMEPHOCTEN WCMONb30BAHUA HWU3KOMOTEHLMaNbHbIX UCTOYHUKOB PasnuyHbIX (HOpM 3SHEeprum, Kotopas no3sonser
€03[aTb HOBbI TpaHCOpPMaTop TENmnoThl U TEMNOSHEPreTUYECKNI KOMNNEKC Ha ero 0CHOBE. BbiNONHEHHbIE aBTOpamu
HayanbHbIe TEOPETUYECKME MCCrefoBaHWs BnocnencTeum 6yayT 6as3oit Anst CO3AaHUs pasnuyHbiX TpaHCOpMaToOpoB
3HEpPruK, cnocobHbIX paboTaTh C HECKOMbKMMU BULAMM SHEPTUM B OLHOM YCTPOWCTBE.

Knroyesnbie ciioea: MexaHUYeckas SHEPTUS, TENNOBAs 3HEPrus, XMMUUYecKas 3Heprus, dNEKTPOMarHuTHas aHeprus,
SiAepHas aHeprus, opraHu3aums matepum
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Abstract. The study investigates mechanical, thermal, chemical, electromagnetic, and nuclear types of energy from
the standpoint of organization of matter in order to establish a connection between them. In this regard, a calculation and
comparison of the energy potentials for various levels of matter organization were performed. For mechanical energy, the
potential energy and the energy of a steel disk at a rotation frequency of 100,000 rpm were considered. The potential of
thermal energy was discussed using the example of a steel sample heated from 20 to 1,400°C. For chemical energy, the
most common combustible element in technology — carbon — was considered. The energy potential of electromagnetic
energy was estimated by determining the total char%e of all electrons in 1 kg of iron. For nuclear energy, a calculation of
the energy released during the decay of 1 kg of U®® was carried out. A dependence of the energy potential degree on
the level of matter organization was established. The possibility of using the energy potential of the next level of matter
organization was considered. Patterns of the levels of matter organization were revealed. Despite the fundamental nature
of the material presented in this article, it is aimed at a specific practical application in a device developed as part of a
doctoral dissertation by one of the authors on the topic “Cogeneration thermal and power complex combining the princi-
ples of energy transformation”. A classification of energy forms in accordance with the levels of matter organization was
carried out in the framework of identifying the general principles and patterns of using low-potential sources of various
energy forms. This classification allows a new thermal transformer and a thermal and power complex to be created. The
initial theoretical studies carried out by the authors will subsequently form a basis for the creation of various energy trans-
formers capable of operating with several types of energy in one device.

Keywords: mechanical energy, thermal energy, chemical energy, electromagnetic energy, nuclear energy, organiz a-
tion of matter

Funding: The article was prepared with the financial support of a grant from the President of the Russian Federation
MK-2369.2020.8 for state support of young Russian scientists — candidates of sciences.

For citation: Papin V. V., Efimov N. N., Dyakonov E. M., Bezuglov R. V., Dobrydnev D. V., Shmakov A. S. A classi-
fication of energy forms according to the levels of organization of matter. iPolytech Journal. 2022;26(1):92-101.
(In Russ.). https://doi.org/10.21285/1814-3520-2022-1-92-101.

BBEJEHUWE

OHepreTnyeckne nposiBNeHUss B MNpUpoae
pa3HoobpasHbl, 3Heprus nposiBnsieT cebs Ha
Pa3fIMYHbIX YPOBHAX — OT MakpooObLEKTOB A0
KBAHTOBOrO YPOBHSA W rnybxe, npuyem 4Yem
rnybxe ypoOBEHb OpraHW3auuu 3Hepruu, Tem
HabntogaeTca bonblias ee KOHUEeHTpauus. 3Ty
3aKOHOMEPHOCTb MOXHO NpocneauTb B Xoae
Pa3BMTUSI TEXHMYECKOrO Nporpecca Ha Kaxaom
YPOBHE MCNONb3oBaHus aHeprun. Cambld npu-
MWUTMBHBIA BUO — 9TO MEXaHMYEeCKas 3Heprus,
CBOWCTBEHHAA MakpoobbekTam (B3NN KaMeHb,
cosepwmnn paboty). CnegytoLmm ypoBHEM Op-
raHu3aumu maTepumn BbICTYNalT COCTaBHble Ya-

CTW MaKpoOOBLEKTOB — MOSEKyrbl, KOTOpble 06-
napatloT cobCTBEHHOM aHepruen bBpoyHoBckoro
LBWDKEHUS, XapakTEPHON Ans paccMaTpuBaemo-
ro YpOBHS, YTO 06YCNOBNMBAET TENSIOBYIO SHEP-
Mo, 1 ee obbeM Bo3pacTaeT Ha nonTopa no-
psiAKa No OTHOLIEHWMID K MexaHuuyeckow. Cnepy-
tOLLMM YPOBHEM SIBNAETCS 3HEPrusi B3auMopaen-
CTBMSI YacTuL, MOMeEKysn, aTOMOB WnKU XMMUYe-
cKasi aHeprus (TpPeTuii YpoBEHb OpraHusauum).
[anee paccmatpvBaeTcs atoM, NEPBOW Ha NyTy
npeacraeT ero afeKkTpoHHas obonouka, 0by-
CMOBMMBAKOLLAS  3NEKTPOMArHUTHbIE  B3anMO-
[ENCTBUS (4eTBEPTLIN YPOBEHb OpraHu3aumu),
3aTeM S4p0 M B3aUMOAENCTBUE MeXOy HYKMo-
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HaMn — agepHas aHeprust (NATbIA YPOBEHb Op-
raHusauun).

MATEPWAIbI U METOObl UCCNEOQOBAHUA

NepBOHa4yanbHO 4€noBEeYEeCTBO  OCBOWIO
caMbl NPUMWUTUBHBIN, C TOYKN 3PEHUS aBTOPOB,
YPOBEHb 3HEPrUU — MEXAHWUYECKYID SHEpPruto, a
Takxke cnocobbl ee NPUMEHEHNA ANs NPOU3BOA-
cTBa opyaun 6biTa’® [1-3]. OTta aHeprusa oTpa-
XaeT B3aUMOAEWCTBNE MAKPOCKONUYECKUX 00b-
ekToB [4, 5]. B kayecTBe egnHMLbI Macchl BeLe-
cTBa npumem 1 Kr.

[ns npumepa OUEHKM MeXaHW4YeCKOW 3Hep-
MU BO3bMEM BbICOTY, MOTEHLMANbHO BO3MOX-
HYI ANS UCMOMb30BaHWS B MPUMUTUBHBIX MeXa-
Hu4eckux yctpouncteax h = 100 m.

MNoTeHumanbHasa aHeprus paccMaTpuBaemon
eAVHULbI BeLLleCTBa COCTaBUT:

E,=m-g-h=1-98-100 =980 [Ix,

rae g — yckopeHue cBoOOOHOrO nageHus Ha
3ewmne.

MNoTeHuManbHas 3Heprust 3aBUCUT OT BbICO-
Tbl pacnonaraemoro Hag NoBEepPXHOCTbI 3eMK
obbekTa u, 6e3ycnoBHO, orpaHn4YMBaeTCa pauu-
OHanbHbIMK YCNOBMAMM MCNOSb30BaHUA AaHHO-
ro BuOa SHeprum.

Takxe MOXHO pacCMOTPETb JHEPreTUYECKNIA
noTeHUMan paccmaTpuBaeMoro obbekTa ¢ Tou-
KN 3PEHUS NCMONb30BaHNS KNHETUYECKON 3HEp-
Ty BpaLlaloLencs mMaccbl (cynepmaxoBuk). Ee
npegen MOXeT OrpaHW4MBaTbCH BO3MOXHOCTS-
MW NOALUMMHMKOB WM MarHUTHOM MOABECKM, a
Takke MPOYHOCTbIO MaTepuana Ha paspbiB OT
LENCTBYIOLMX Ha HEro LeHTpobexHbix cun. Ha
CErofHAWHNN aeHb Hanbonee nepenoBble TeEX-
HOMOrMK NO3BONAT 06ecneynTb MexaHn4eckoe
BpaLyeHwue ¢ yactoton o 100 000 o6/muH [6].

B kauectBe npumepa paccmoTpum 1 kr cTa-
MM LUNMHOPUYECKon (OpMbl € MIOTHOCTLIO
p =7800 kr/M3, ¢ yacToTamu BpaLueHms ot 10
0b/c po 1666,6 ob/c (100000 06/MUH — TEXHMU-
4yeckui npegen).

Ob6bem cTanbHOro uunuHapa onpeaenuTcs:

V =m/p =1/7800 = 1,28 - 10 m°.

Mpugagnum uunuHapy opmy aucka, 3agas
ero Bbicoty 1cm (0,01 m), Torga ero paguyc
onpeaenuTcs:

R = (T[th)o’5 - (m)o'5 = 0,0639 M = 6.39 cm.

3,14:0,01

MOMEHT MHepuWMU CTanbHOrO AMcka COoCTa-
BUT:

[=05-m-R*=0,5-1-0,0639
=0,0319 kr - M2

Yrnosas CKOPOCTb onpeaennTca Kak
w=2-n-v=2-314-1666,6 = 10466,2 pax/c.

OHeprus CcTanbHOro AWcka npu YactoTe
BpaLeHns 100000 o6/muH (1666,6 c™):

E= Iw? _ 0,0319:10466,22
T2 2

= 1,7 M/Ix.
Tabnuua 1. 3aBUCUMOCTb 3HEPTUM BPALLEHWUS KUOrpam-
MOBOrO CTaslbHOro AMCKa OT YacTOThbl BPALLEHUS!

Table 1. Dependence of the 1 kg steel disk rotational en-
ergy on the rotational speed

Ne YacToTa BpaujeHus KnHeTnuyeckas aHeprus
- Aucka, ob/c BpaweHus, 0x
1 10 62,9
2 50 1572,6
3 100 6290,4
4 500 157 260,6
5 1000 629 042,5
6 1 666,6 1747 200,4
Cnepytowmn  6onee rnybokun  ypoBeHb

3Heprum — TennoBas 9Heprus, OHa oTpaxaeT
COCTOSIHUE MOMeKyn B LerioM (CKOpOCTb WX
BpoyHoBckoro asuxeHust) n oTkpbiBaeT bonee
LMPOKME BO3MOXHOCTM AN YenoBe4vecTBa.
[laHHbI ypoBEHb xapakTepuayetcs 60MbwnMm
MAOTHOCTAMW 3HEPrUM MO OTHOLLEHWIO K Npeabl-
aywemy [7, 8]. TennoBas aHeprus MoxeT pac-

"3Heprus. Bugbl aHeprim u ux ocobeHHocTy // SHepreTuka. McTopus, HacTosiee 1 Gyayluee [ONeKTPOHHbINA pecypc).
URL: http://energetika.in.ua/ru/books/book-2/part-2/section-1/1-3 (25.02.2021).
%0paes W.B., Mamara B.B., Jayc 10. B. Bo3obHoBnsiemble UCTOYHWKM 3Heprum: yyeb. ans By3os. Cl6.: MU3g-so

«Jlanby, 2020. 328 c.

94

https://ipolytech.ru



ManuH B. B., Eppumoe H. H., Obsikoros E. M. u dp. Knaccughukayusi chopm 3Hepauu 8 CO0meememauu ¢ yposHsIMU ...

Papin V. V., Efimov N. N., Dyakonov E. M. et al. A classification of energy forms according to the levels of organization ...

CMaTpMBaTbLCA Kak SBHas TennoTta, oTpaxato-
Wwas TemnepaTtypy unm mepy BbpoyHoBckoro
OBWXEHWS 4YacTuy Tena (MX KMHETUYECKYH
3Hepruio), nmMbo CKpbITYlo TennoTy a3oBoro
nepexoga [9, 10], gaHHasa aHeprusa xapakrepu-
3yeT COCTOSHUE 3HEepProHocuTens, T.e. ABNAeTCs
NoTEeHUWanNbHON.

[ns npumepa uccnegyem cranbHou obpa-
3ey, maccon 1 kr. ABHaa TennoTa, onpeaense-
Mas TeNNOeMKOCTbHO, ANs CTanu paBHa:

¢ = 460 Ix/kr - °C.

PaccmoTpyM MakcuManbHO BO3MOXHYHO ANS
TBEpOoOW CTanu Temnepatypy (Temnepartypy
nnasnexHus):

t, = 1400°C.

[peanonoxum, 4To HarpeB OCYLLECTBMSANCH
oT TemnepaTypbl t; = 20°C, TOrga TenmnoBas
3Heprus paccmaTpuaemoro obpasua onpepne-
nuTca cnepytowmm obpasom:

E=m-c-At=1-460- (1400 — 20)
= 634800 [Ixx = 638,8 /.

Mpu yrnybneHnn B CTPYKTYpy BellecTBa
BUOHO, 4TO CrefylLWWMm YpPOBHEM SABMSETCS
BHYTPUMOSIEKYNSPHbLIA YPOBEHb, a SHEPrns B3a-
MMOAENCTBUSA YaCTUL Ha 3TOM YPOBHE XapaKkTe-
pusyeTcs Kak xummuyeckas aHeprus [11, 12], oHa
packpblBaeT 6onee LMPOKMEe BO3MOXHOCTM AJ1A
ee aKKyMynupoBaHWs U UCMOSIb30BaHMS MO
cpaBHeHuo ¢ npegblgywmmu [13, 14]. Xumunde-
cKas aHeprus oTpaxaeTt SHepruio cBsA3en Mexay
aToMaMu B MOfekyrne, T.e. SBNAETCH 3Hepruen
COCTOSIHUSA UK noTeHumnansHon. [Ansg npumMepa
pPacCMOTPUM CaMblii pacnpoCTPaHEHHbIN B TeX-
HUKE TOpPHYUN 3NEMEHT — Yrnepos, KOTOpbin B
annoTpPoONHOM COCTOSIHUM NpeacTaBnseT cobo
rpacut. B cooteetctBUM ¢’ [15], TennoTa cro-
paHus rpacuta coctasnset g = 33 000 kx/Kr.

Npn paccmMOTpeHWUn Takow e Macchbl Belle-
CTBa 3Heprus, cogepxallasca Ha ypoBHe XUMu-
4eCKOro B3aMMOLENCTBUS, COCTaBUT:

Ey=m-q=1-33000 = 33000 x/Ix.

CnegyowmM ypoBHEM oOpraHu3auun Belle-
CTBa SBMSETCA CTPYKTypa atoma. Yriybnsasch B
HEero, nepBOHaYasnibHO BCTPeYaemMcs C anek-
TPOHHOM 0BOMOYKOW, KOTOpas y4acTByeT KakK B
XUMUYECKMX peakumsx, Tak U CaMOCTOATENBHO
obycnoBnuBaeT cnegyowunii BUG dHeprun —
9MeKTPpOMarHuTHeIn [16]. [1NOTHOCTL [JaHHOro
BUA SHEpruM MOXeT OonpedenaTbcs 3apsaom
3MEKTPOHOB U WX KOHUeHTpaumen [17]. B cba-
NaHCMPOBaHHOM COCTOSHUM OOLWMiA noTeHuuan
aTOMOB HYNEBOW, NOCKOMbKY 3apsif 3MeKTPOH-
HoMW obonoukn paBeH 3apsgy sgpa. OpHako
MMeeTCs NOTEHUMan 3nNeKTPUYECKON 3SHEepruu,
TEOPETUYECKN paBHbIN CyMMe 3apsgoB BCeX
3NEeKTPOHOB B €AMHWLE paccMaTpuBaemoro Be-
wecTtBa. PaccmMoTpuM 3HepreTMyeckuin noTeH-
LMan ypoBHSI OpraHusauuu BelecTBa — 3nek-
TPOHHYO 060n04Ky atoma. lpu ABMXEHWUM aTo-
MOB WX SHEprus ABnseTCs aHepruen LevCTBuUS.
B kayectBe npumepa Bo3bMeM 1 Kr >xenesa.
BaxHO noHWmaTb, YTO B 3aBMCMMOCTU OT BMAA
MPUIOXEHHOrO HanpsKeHus B npolecce nepe-
HOCa 93MEeKTPUYEeCcKoro 3apsga MoryT y4yacTBO-
BaTb HE BCE 3IEKTPOHbI B MeTasfe, a TOMbKo
Te, KOTOpble pacnonoxeHbl 6nvke K nepudepum
NPOBOAHMKA, U YEM BbILLIE YACTOTa, YEM TOHbLLE
3TOT cnov v Bnvke K rpaHULaM NPOBOAHMKA.

[epBOHaYanbHO onpegensiem Mosekynsp-
Hylo Maccy no Tabnuue Menaeneesa'® [18]:

M(Fe) = 56 r/mosnb.
OnpepensieM KONMYeCTBO BELLECTBA:

_m_1000 ..
V—M— cg = 17 MOJIb.

KonuyecTBo aToMOB OnpeaenuTcs:
ny, =v-A=1785-6,022-10% = 1,07 - 1025,

roe A = 6,022 - 1023mosb ! — yucno Asoraapo.
B ogHom aTome xenesa, B COOTBETCTBUU C

Tabnuuen Mengeneesa, 26 NPOTOHOB, COOTBET-

CTBEHHO, S4PO OKPYXalT 26 3MeKTPOHOB, Mo-

*Tennota cropanus rpacguta // CnpaBoYHUK XuMUKa 21. XUMUS U XUMUYecKas TeXHONOrns [QnekTpoHHbIn pecypc]. URL:

https://chem21.info/info/ 764369/ (01.04.2021).

Kum A. M. OpraHunyeckas xumus: yueb. noco6. Hosocmbupck: Cubupckoe yHnsepcutetckoe nsg-so, 2004. 844 c.
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3TOMY KONMMYECTBO 3MEKTPOHOB B 1 Kr enesa
Oyaet cnegyowmm:

ng =ny 26 = 27,96 - 10%.

3apsa OOHOTO 3MeKTpoHa COCTAaBMSET qp =
eTqg = 1,6 10" K1, noatomy cymMMapHblii
3apsg BCEX AMEKTPOHOB B 1 Kr xenesa cocTa-
BUT:

Q=ng- qg =27,96-10%5-1,6-107%°
= 44736 000 K.

OHeprus, KOTOPY MOXET HEeCTW [aHHbIi
3apsd, 3aBUCUT OT HanpsiKEHUs, U MpU Hanps-
XEHWUW TOMNbKO B 0AMH B coctasuT:

E=Q-U=44736000-1=
44736 000/1x = 44,7 MIx .

Tabnuua 2. OHepreTuMyeckuin NOTEHUMAN CyMMapHOro
3apsiga anekTpoHoB B 1 kr xenesa

Table 2. Energy potential of the electrons total charge
in 1 kg of iron

Ne Hanpsokenue, B OHepreTUveckui
noteHuman, MOx

1 1 44,7

2 220 9834

3 380 16986

4 1000 44700

Hanbonee rnybokum ypoBHeM OpraHusauum
SHEpruK, UCnonb3yeMbiM COBPEMEHHbLIM 0bLLe-
CTBOM, SBNSAETCS 3Heprus B3auUMOAEWCTBUA
HYKMoHOB BHYTpW ggpa [19, 20], yto obycnos-
NBaET 3HEPrUD COCTOSIHUS AHEPrOHOCUTENS U
onpeaenseTca crneayowym obpasom: nponsee-
LEM pacyeT 3Hepruu, BblAENSoLWENCS Npu pac-
nage 1 kr U*°, B cootetctBum ¢ [21]. Mpu ge-
neHun opHoro atoma U?® Boigensetcs 200
MaB wmnu:

E, = 200-10%-1,6-1071% = 3,2+ 10711 [x.

MonsipHas macca U

Tabnuuen Menpeneesa:

, B COOTBETCTBMN C

M(U?3%) = 235r/monb = 0,235 Kr/MOJIb.

Yuncno aTomMoB B 1 kr ypaHa:

_ A'm 6,022-10%-1
-~ M(U235) 0,235

N = 2,56 10,

OHepryisi AeneHus Bcex aToMoB B 1 kr U
E=E,- N=32": 10711 -2,56 - 10%*
=8,2- 1013 .

PacyeT noaTBEpKAAeTCS AaHHbIMU, MpuUBe-
neHHbiMu B [21], simepHoe TomnuBo no cpas-
HEHMIO C OpraHNYecKM OTNIMYAETCS OYeHb Bbl-
COKOM MNOTEHLManbLHOW SHEProemKocTelo (~ B
2,5 - 10° pa3 Gonblue).

CPABHEHUE 3HEPIETUYECKUX
NOTEHUMANOB PA3/IMYHbLIX YPOBHEMN
OPIrAHU3ALIUU BELLECTBA

[ns KOppeKkTHOro CpaBHEHUS JHepreTuye-
CKMX NOTEHUManoB pasfuyHbIX YpOBHEW opra-
HU3auuKn BellecTBa HeOBXOAMMO UCNONb30BaTh
KpuUTepuit, KoTopbld obecneynt npuemnemyro
TOYHOCTb CpaBHEHWS, T.K., HAaNpUMep, matepuan
MOXHO HarpeBaTb [0 CBEPXBbICOKMX Temmnepa-
TYP UMW PasroHATb OO KOCMUYECKUX CKOPOCTeW
n Tak ganee. O6wMm KpuTepueM ans npuem-
NeMon OLEHKN 3HEepreTUyecknux mnoTeHunanos
MOXHO Ha3BaTb HOpMarbHbIE YCMOBUS, TO €CTb
Te YCMNOBUS, KOTOpble XapaKTepHbl Af18 Halewn
nnaHeTbl U Ons HOPManbHOro MNPUMPOAHOro Co-
CTOSIHUS BeLeCcTB. JTOT KpuTepuin Heobxoamm
ANs NPUOAM3UTENBbHON OLUEHKU (C TOYHOCTBHO
O[HOro-ABYX MOPSAKOB) AWHAMUKA W3MEHEHUS
9HepreTM4yeckoro noTeHuuana B 3aBUCUMOCTU
OT YPOBHS OpraHu3aLumu BeLecTsa.

Ecnun noctpoutb rpacuk nsmeHeHns nopsg-
Ka 9HepreTnyeckoro noTeHumasna, OCHOBbLIBAACH
Ha CpeaHuX 3HavyeHuax nopsgka, npuBedeHHbIX
B Tabn. 3, nonyumtcs rpadmk, NnpeacTaBneHHbIN
Ha puc. 1.

AHanuampys TeHOEHUMIO NOBbILLEHWS NOTHO-
CTW 3HEpruu ¢ yrnybneHmem ypoBHS opraHusaumum
BELLEeCTBa, MOXHO MPeanonoXuTb, YTO OHa ByaeT
COXpaHATbCA M Janee, W criegylowuM 3tarnom
CTaHeT UCMOMNb30BaHNe 3Hepruy B3aMMo4encTBrs
COCTaBMSAOLLMX HYKIMOHOB W Tak Jarnee.

11Osepona A. H. MaponpounsBoasiume yCTaHOBKM aTOMHbIX 3MEKTPUYECKMX cTaHuui: y4eb. nocob. HoBouepkacck: M3a-Bo

IOPITY, 2008. 227 c.
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Tabnuua 3. 3aBUCMMOCTb CTENEHN SHEPreTUYECKOro NOTEeHUMana oT ypoBHS OpraHu3auumn BeLwecTsa
Table 3. Dependence of the energy potential degree on the level of matter organization

Ne YpoBeHb opraHu3aumu Buga aHepruy MoTeHuManbHOE KONUYECTBO IHEPrUM YPOBHS
B BellecTBa opraHu3aumm (3HepreTuyeckun noteHuman), fx
1 | Makpoobbekr MeXaH14ecKas 10-10°
Tennoeas sigHas 10°
2 | Monekynbl
TENnoBas CKpbITas -
3 | MexXaTOMHbIN YpOBEHb XMMuYeckas 10°
4 | OnekTpoHHas obonoyka 3NeKTPOMarHuTHas 10°-10"
5 | MeXHYKNOHHbII afepHas 10™
15_‘5( 14
=1 10
H1
=10
=2 10
E 10
g
2 10
= 6
510
7 4
L] &
T10
E
L 10
g’# 0
™ 1 2 3 4 5

T*'pOBHII OPTAaHI3ALII BCIIeCTRA

Puc. 1. [pagpuyeckas unnrocmpayusi 3agucuMocmu cmerneHu 3Hep2emu4yecko20 nomeHyuana
om ypoeHs op2aHu3ayuu eewecmea (cM. mabsn. 3)
Fig. 1. Graph of energy potential degree dependence on the level
of matter organization (See Table 3)

DHepreTHdecKHil NoTeHIHan, J[x

1 2 3 a 5 &
VpoBHII OpraHi3amin BellecTEa

Puc. 2. AHanu3 803MOXHOCMU UCNO/IL308aHUS IHEP2EMUYECKO20 MOMeHyuana cnedyou,e2o
YPO8HS opeaHu3ayuu eewjecmea
Fig. 2. Analysis of the application possibility of the energy potential of the next level of matter organization
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CornacHo gaHHbIM aHanusa, npeacraBneH-
HOrO Ha puC. 2, MOXHO NPeanoioXWUTb, YTO
SHepreTMYeckMn noTeHUMan B3anMOAENCTBUS
yactTuy (KkBapKOB) BHYTPU HYKMOHOB COCTaBUT
nopsiaka 10%° Ix. Kak BUOHO M3 OaHHbIX puc. 2,
TEHAEHUMS MO YBENUYEHMIO 3HEPreTUYECKOro
noteHumana 1 kr BewwecTsa npu yrny6neHum Ha
ypOBEHb OpraHu3auumn BewecTsa wnu, ApyruMu
CnoBamu, MNOTEHUManbHOro KonMyectBa 3Hep-
TMW, XapakTepHOro Afs paccMaTpuBaemoro
YPOBHSI, COXpaHsieTCa NpaKkTU4eckn NUHEenHas
3aBMCUMOCTb. Ecnnm  npoBecTn ycpeaHeHHyro
COXPaHSATbCA, TO MOMNy4Yaem crnegywLwmii ypo-
BEHb (TOYKYy 6) M NPOrHO3MpyemMoe noTeHumanb-
HO€ KONMYeCTBO 3HEPIUM, COAEPXKALLEECS B HEM
WNW ero 3HepreTUYECKnin NoTeHLman.

Kakyto e npakTuyeckyr nosib3y MOXHO Mno-
NyunTb AN pelleHus 3agaqn UCnofb30BaHus
HM3KOMOTEHUMaNbHbIX UCTOYHUKOB 3HEPTUU, UC-
nonb3ys AaHHoe HabntogeHwe. 3TO NO3BOAMUT
Bonee npaBunbLHO CMCTEMATM3MpOBaTL NpoLec-
Cbl TpaHcgopmauuyM noTeHuMana pasnmyHbIX
BUAOB 3HEPrun ans bonee HarnsgHoro ux pac-
CMOTpPEHUs 1 onpeaeneHns nogobHelx npouec-
COB W, B utore, Gonee TOYHOro COCTaBMEHMS
mogenu obuero npeobpasosatens (TpaHcgop-
mMaTopa), KOHLEenTyasnbHO NOAXOASALLErO MNOA BCE
paccmaTpuBaemble BUObl SHEPTUN.

Hanpumep, noteHuman  BHYTPUSLEPHON
SHEpPrMn MOXHO PaccMOTPeTb Kak FOTOBHOCTb
[AHHOTO BELLECTBA K SAEPHON peakummn, Hanpu-
mep, U™ aBnsieTcs anepHbIM TONMMBOM (BbICO-
kit noTeHuman), U — coipbem (cpeaHuii no-
TeHuyuan), a clé- HEepPaaMOaKTMBEH (HU3KUIA MO-
TeHuuan).

C yrnybneHvem ypoBHS pacTeT 3HEproem-
KOCTb 1 PYHKLMOHANbHOCTb NPUMEHEHNS SHEp-
reT4eckoro noTeHumana.

Matepuan, npuBegeHHbIN B JAHHOW CTaTbe,
HOCUT (byHOAMeHTamnbHbIA XapakTep, HO Haue-
NEH Ha KOHKPETHOe MpaKTU4eckoe npuMeHeHue
B yCTpoiicTBe, paspabaTbiBaeMOM B pamKax
LOKTOPCKOW AMccepTaumm OOHOTO U3 aBTOPOB
«KoreHepauVOHHbI TEN03HepreTM4ecKnii
KOMMNeKC, 0ObeanHSIWMA NPUHLMNBLI TPaHC-

tbopmaumm aHepruiy. Nepsble rnasbl NOCBSLLE-
Hbl BbISIBMIEHUIO OOLUMX NPUHLMMOB U 3aKOHO-
MEPHOCTSIM UCMONb30BaHUN HU3KONOTEHLUManb-
HbIX WCTOYHMKOB pPasnMyHbIX (DOPM 3SHEPTUN,
HaYMHaKLWMXCA C NPUBELAEHHOW B AAHHOW CTa-
Tbe Knaccuukaumm opm 3Heprum B COOTBET-
CTBWM C YPOBHSIMW OpraHusauum matepuu. [laH-
Hble 3aKOHOMEPHOCTM N10XaTCs B OCHOBY MOfe-
N HOBOro TpaHcdopmaTopa TennoTbl C HOBbI-
MW CBOWCTBaMM, OTnMyarowmmucs ot abcopb-
LUMOHHBLIX W NapOKOMMPECCUOHHbLIX TpaHCgOop-
MaTopoB  3(PMEKTUBHOCTLID  UCMONb30BaHMS
nepBuYHOM 3Heprun. Ha 6Gase HOBOro TpaHc-
bopmaTopa TennoTbl npeanaraeTcs BblCOKO-
9OEKTUBHBIN  TENNOIHEPreTUYECKUA  KOM-
nnekc, paboTtalowmii Ha OpraHN4eckoM TONMBe
M MO3BONANLWMA €ro 3KOHOMUTb BMNOTb [0
400% 3a cyeT 3(PPEKTUBHOrO MCMOSb30BAHUS
HU3KOMOTEHUMamNbHbIX WUCTOMHUKOB. B AaHHbIN
MOMEHT BeAeTCHd W3roToBfIeHMe npoToTMNa
TENno3HepreTM4eCcKoro KOMMeKca.

3AKIMKOYEHUE

B xope npoeegeHHOro aHanusa npocMartpu-
BAeTCA 3aKOHOMEPHOCTb: pPa3fnYHble YPOBHM
opraHu3aummn matepum (MakpooObeKTbl, Mone-
Kynbl, aTOMbl U Tak ganee) obnagawT pasnnuy-
HbIM 3HepreT4Yeckum noteHumanom. [lpuyem
npu nepexode Ha npepblaywmii, 6onee rny6o-
KWW, YypOBEHb 0OBEMBI SHEPrUA YBENUYMBAIOTCA
B CpedHEM Ha [OBa nopsgka. OTO MNO3BONSET
cunTaTb, 4TO Yem rnybxe B maTeputo yrnybns-
eMcsl, Tem Oonblue nonyyaem BO3MOXHOCTEN
MoOYepnHyTb U TPaHCHOPMUPOBATL 3SHEPTUIO.
Mpu nepexode Ha YPOBEHb HWKE COXpaHseTcs
MOCTOSIHHAas TEHAEHUMs YyBennyeHns obbema
3HeprunM Ha nonrtopa-gea nopsigka. Takum 06-
pa3oM, BblefnieHbl OCHOBHbIE (DOPMbI SHEPTUN,
NCMNOSIb3YEMbIE YENOBEYECTBOM, B SHEPrETUKE U
NpMBSA3aHbl K YPOBHIO OpraHu3auuu matepuu,
ANSt KOTOPbIX OHW XapakTepHbl. [laHHoe Habnto-
[AEHWe SIBMNAETCS TeOpeTUYecKnuM ¥ Mo3Bonset
B3rNsHYTb Ha knaccudukaumio aHeprui Gonee
CMCTEMHO, YTO B AanbHeinLeM MOXeT ObiTb no-
NEe3HO ANs NPaKTUYECKOro NPUMEHEHNSI.
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ABTOMaTHYecKas HacTpoOMKa perynsaTopoB 4acTOTbl
N OOMEHHOM MOLLHOCTU B 3HEprocucTteMax Masnou MOLHOCTH
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Pestome. Llenb — paspaboTka anropuTMOB CAMOHACTPOIKM PerynsTopa MOLWHOCTU B pexuMe HOpManbHOM aKcnnya-
Tauum 3HeprobrioKOB NMOKaslbHbIX 3HEPrOCUCTEM C Masioll CUHXPOHHOW reHepaumelt, cnocobHbiXx paboTaTb Kak B aBTO-
HOMHOM pexume, TaK U B napannenbHOM pexuMe ¢ BHELLHEN aNeKTpuYeckoi ceTblo. HacTpolka perynaropa MoLHoOCTH
9Heprobnoka NpoMcxoauT B XO4€e HOPManbHOM 3KCMyaTalum No nokasaTensM KavyecTsa perucTpupyembix nepexoaHbIX
MPOLLECCOB MPW HECKONbKUX KOMMYTaUMsX Harpy3ok ¢ Bapuauunen kosduumeHTta ycunerus. Koppektuposka koadd u-
LIMEHTOB YCUIEHUS NO KaXOOMY U3 KaHaroB perynupoBaHns OCyLLECTBNAETCS B pesynbTaTe ero onTuMu3auumn no yHk-
LMK, annpoKCUMMUPYIOLLER 3aBUCUMOCTb NoKasaTens KayecTBa NepexogHoro npouecca OT 3HayeHWs koadduumeHTa
YCUNEHNS C Y4eTOM pa3HOXapaKTepHOCTM MPOLECCOB U pa3HOMaclTabHOCTW BO3MYyLUEHWI pexuma npu Habpo-
ce/cbpoce MoliHocTH. B kayecTBe nokasaTenst kKa4ecTBa MpoLecca NCNob3yeTcs CyMMa B3BELLUEHHbIX 3HAYEHUN nepe-
perynupoBaHns W NPOJOIKXUTENBHOCTM npouecca. bnarogaps agantauuu, ¢ TEHEHUEM BPEMEHW PErynaTop aBToMartu-
YeCKM HacTpamBaeTCs M KavyecTBO PerynupoBaHus nosbilwaeTcs. [peacTaBneHbl anropuTMbl CaMOHACTPOMKN PerynsTo-
pa MOLLHOCTY MPU PerynmpoBaHum YacToTbl B peXuMe U30NMPOBaHHON paboThl U AN perynupoBaHuns 0OMEHHOro nepe-
TOKa B pexume napannensHoi pabotel MiniGrid. B oTnnune oT camOHacTpoOWKkM perynsatopa 4actoTbl, Npu camoHa-
CTpOWKe perynstopa 06MeHHOro nepeToka MOLLHOCTW MO NEPEXOAHBIM (DYHKLMUSAM, CBA3aHHBIM C KOMMYTaLWSAMU Harpy 3-
K1, anroputMOM Mpou3BOAMTCS (PUINbTPALMUSA BbICOKOHACTOTHLIX U3MEHEHWA MOLLHOCTW B pe3ynbTaTe 3reKTpoMeXxaH u-
yeckux konebaHui. MNpuBoasaTcs pesynbTaThl MOAENMPOBAHUSA NPOLECCOB CAMOHACTPOWKW PErynsatopa MOLWHOCTH Ans
MPOCTENLLEN CXeMbl C OOHUM TeHepaTopoM, MOATBEpPXAaoLme paboTocnocobHOCTb M 3)EKTMBHOCT NPEACTABE H-
HbIX MeToAa M anroputMoB. MpeanoXeHHbIA MeTOA CaMOHACTPONKKU PErynsaTOpoB YacToTbl U 0OMEHHOro NepeToka siB-
NSeTcs NepcneKkTUBHbIM ANS TEXHOMOrMYeckon JopaboTkM M UCMONb30BaHUA B CUCTEMAX PErynuMpoBaHus MOLLHOCTM
MiniGrid.

Knroyesbie cnoea: manas reHepaunsi, 93HEpProcMcTemMbl Manol MOLLHOCTU, HacTpOWKa PerynsTtopoB 4acToThbl W
MOLLHOCTW, SHEProcucTeMa, CUHXPOHHbIE FreHepaTopbl

Ana yumupoeanus: duwos A. ., OcuHues A. A., ®ponos M. 0., Apmees [1. B., MypawukuHa . C. ABTomaTunye-
ckasi HaCTpOWKa PerynsaTopoB YacToThl M 0OMEHHO MOLLHOCTM B 3HEprocmucTemMax mManoi mowHocTu // iPolytech Journal.
2022.T. 26. Ne 1. C. 102-116. https://doi.org/10.21285/1814-3520-2022-1-102-116.
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Abstract. The present work discusses the development of algorithms for power controller autotuning under normal
operation in power units of local energy systems having low synchronous generation, which can operate in stand-alone
and parallel mode with the external power grid. The power controller of a power unit is tuned in the course of routine op-
eration following the quality indicators of recorded transients under several load commutations upon a varying amplific a-
tion factor. The amplification factor for each control channel is optimised by a function that approximates the dependence
of the transient characteristics on the value of this factor, including the diversity of processes and mode disturbances
during power surge/shedding. The sum of weighted overshoot and process duration values is used as a process quality
indicator. Owing to adaptation, the controller automatically tunes itself over time, and the control quality improves. This
article presents algorithms for autotuning the power controller when regulating frequency and interchange overcurrent
under isolated and parallel operation mode of the MiniGrid, respectively. Unlike frequency controller, when the inter-
change overcurrent controller is autotuned by transient functions associated with load commutations, the algorithm filters
out high-frequency power variations resulting from electromechanical oscillations. The simulation results of autotuning
the power controller for an elementary scheme, having one generator, confirm the efficiency of the presented method
and algorithms. The proposed method of autotuning frequency and interchange overcurrent controllers appears promis-
ing for technological enhancement and use in MiniGrid power control systems.

Keywords: small generation, MiniGrid, adjustment of frequency and power controllers, power system, synchronous
generators

For citation: Fishov A. G., Osintsev A. A., Frolov M. Yu., Armeev D. V., Murashkina I. S. Automatic tuning of fre-
quency and interchange power controllers in low-power energy systems. iPolytech Journal. 2022;26(1):102-116. (In
Russ.). https://doi.org/10.21285/1814-3520-2022-1-102-116.

BBEOEHUE

OpHUM M3 OCHOBHbIX TPEHAOB pPa3BUTMS
3NEKTPO3HEPreTMKN ABNSAITCA AeleHTpanu3a-
LMS NPOU3BOACTBA 3MEKTPOIHEPrUM U, COOTBET-
CTBEHHO, YMpPaBleHUs pexuMamun 3nekTpuye-
CKUX CeTen C pacnpefeneHHoW marown reHepa-
uven. Ha nepegHuin nnaH BbIXOAAT B LIENOM
cbanaHcupoBaHHble  3HEProcMCTEMbI  Manown
motHocTi (MiniGrid)® [1-3], cnocobHble pabo-
TaTb Kak napanfieflbHO C BHELHEN 3Heprocu-
CTEMOW B COCTaBe pacnpefenuTenbHbIX anek-
TPUYECKMX CETEN, TaK U aBTOHOMHO, YTO MO3BO-
NAeT 3HaYMTENbHO MOBLICUTL 3KOHOMUYHOCTb

PEXMMOB 3MEKTPOCTAHLMA Manon MOLLHOCTMH W
HaJEXHOCTb 3HEPrOCUCTEMBI B LIESIOM, 0CODEH-
HO 3a CYET €€ XMBYYECTU MPU CUCTEMHbIX aBa-
pusix.

[ns anekTpocTaHuMn Masnon MOLLHOCTMW CY-
LeCTBYeT MHOXECTBO MPUYMH, onpedensioLmx
HeobXxo0aMMOCTb aBTOMaTUYECKON HACTPOWKN UX
PErynAaToOpoOB YacTOThbl M 0OMEHHOrO NepeToka:

— NPOEKTUPOBAHWE W ONPEAENeHne HacTpo-
€K aBTOMaTuKW, B T.4. PerynsaTtopos, OCyLLecTB-
NAKTCSA B YCNoBusIX 6onbluen HeonpeaeneHHo-
CTW MO OTHOLUEHWMIO K OObIYHBIM 3NEKTPOCTaHLW-
AM;

6Pa:fxpa60T|<a uenesol mogenu (npotoTuna) Mini/MicroGrid // Bectu B anektpoaHepreTuke. 2021. Ne 3. C. 2-11. [Onek-

TPOHHbIN URL:

(15.09.2021).

pecypc].

https://www.eriras.ruffiles/razrabotka_tselevoy modeli_prototipa_minimicrogrid.pdf
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—B Mpouecce 3KcnnyaTaumn onepaTuBHO
MOFYT MEHSATbCA TOYKWM NPUCOEANHEHNS K BHELL-
HEeW ceTu Ans pexuma napannenbsHon paboTsl;

— cobctBeHHbIe Harpy3ku MiniGrid nameHs-
l0TCA MO COCTaBy WM B LUMPOKOM [JnanasoHe
MOLLHOCTMK;

— COCTaB M CTPYKTypa BKIMOYEHHbIX reHepu-
PYIOLLMX MOLLHOCTEN TakKe MEHSITCS B LUMPO-
KOM AuanasoHe;

— KBanudmKaums nepcoHana 3neKkTpocTaH-
LM He NO3BOMSeT CaMOCTOATESIbHO BblOUpaThb
W U3MEHSATb HACTPOWKMN PErynsTopoB.

Cpeon nepBblx paboT Mo aBTOMAaTUYECKOW
HaCTPOWKe PerynsaTopos crneayeT BblaenuTb [4],
roe k. I Uurnepom n H. B. Hukonbcom B 1942
r. 6bina npegnoxeHa npoctas METOAMKA pacye-
Ta napameTpoB nponopL1oHanbHO-
UHTerpanbHo-guddepeHumpyowmx (MAL) pe-
rynaTopos, koTopas, 6e3ycrnoBHo, AaeT He ca-
Mble nydyline pesynbTaTbl. HecMoTps Ha 3To,
OHa [0 CUX NOP YacTo MCMOSb3YeTCH Ha NpaKTu-
Ke, XOTS B NMocneayoLlemM nosiBUNoCb MHOXECTBO
bonee ahdekTnBHLIX MeTogoB. k. . Lurnep n
H. B. Hukonbe  npegnoxunu  gBa  MeToda
HacTponku MN-perynatopoB. OgnH U3 HUX OC-
HOBaH Ha napameTpax OTKIMKa obbekTa Ha eaun-
HUYHbIN CKA4YOK, BTOPON — HA YaCTOTHLIX Xapak-
TepucTyKax obbekTa yrnpaBrieHus.

CyulecTBylolime aHanuTU4eCckne MeToAbl
HACTPOWKN PerynsTopoB, Kak npaBusio, OCHOBa-
Hbl Ha annpokcumauunm auHaMuku obbekta mMo-
LENbI0 MepBOro WnuM BTOPOro nopsgka c 3a-
AepXKon. [puunHOM 3TOro SBMSETCA HEBO3-
MOXHOCTb aHaSIMTUYECKOrO peLleHns CUCTEM
ypaBHEHWIA Npu Mcnonb3oBaHuM mopenen 6o-
nee BbICOKOro nopsigka. B nocnegHue rogbl, B
CBSI3M C NOSIBIIEHNEM MOLLHbIX KOHTPONNEPOB U
NePCOHanbHbIX KOMMbIOTEPOB, MOMYYUN Pa3Bu-
TWEe 1 NONYNSPHOCTb YUCMEHHbIE METOAbl ONTU-
mMuzauun. OHU ABNSAIOTCS TMOKUM UHCTPYMEHTOM
ANS HaCTPOWKM NapameTpoB perynstopa Ans
moZenen Nobon CROXHOCTA M NO3BONAIT y4u-
TbiBaTb HEIMHENHOCTW OObeKTa ynpaBfieHMs W
TpeboBaHus kK pobacTHocTH [6-21].

B oTnuume ot knaccuuyeckux cuctem pery-
NUpoBaHWs, rae, Kak npasuno, CTpemaTcs Ao-
BUTbCA BLICOKOW CTaTUYECKOW U AUHAMUYECKON
TOYHOCTU  perynmpoBaHus, ObICTPOAENCTBUS,
nopgaepxaHue 6anaHca akTUBHOW MOLLHOCTY B
MiniGrid B aBTOHOMHOM pexume OCyLLeCTBNSA-
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€TCS 3a CYeT perynupoBaHusi 4acToTbl, a Mpw
napannenbHoi paboTe C BHELLHEW CeTbo — Nno-
CpeacTBOM perynupoBaHus 06MeHHOro nepeTo-
ka. [pn 3TOM B perynsTtopax 4acToTbl ¥ MOLLHO-
CTW 3MIeKTPOCTaHUMA NPUXOOUTCA YYUTbIBATb
HEraTMBHOE BIUSHWE YKa3aHHbIX MapaMeTpoB
Ha 3KOHOMWYHOCTb BbIPabOTKM 3NEKTPOIHEPTUM
W pecypc reHepupymowero 060pyaoBaHuS.
MoXHO roBopuTb O HEOBXOAUMMOCTU [OCTaTOM-
HOr0O U MArKOro perynumpoBanus. [ns atoro cne-
LManbHO BBOASTCS «MepTBble MOMOChI» No Ya-
cTote n obmeHHoW moLyHocTH, Tpebyemoe Bpe-
MSl  PEerynMpoBaHns MCUYUCNSETCH OecsATKaMu
CeKyHd, a, Hanpumep, OOMNyCTUMOe OMHamu4e-
CKOe OTKMOHEeHWe 4acToTbl npu paboTe B aBTO-
HOMHOM pexumMme JoCTUraeT HecKonbKux My,

MpyMeEpPOM CUCTEMBI PErYNIMPOBAHUS MOLL-
HOCTU anekTpocTaHumu MiniGrid moxeT cny-
XWUTb €e peanusaums B MNUMNOTHOM MpOeKTe,
npeacTaBneHHas B [5], roe:

1. B aBTOHOMHOM pexmme 4YacToTa KOHTPO-
nupyeTcs perynatopamy CKOpOCTU Mo Npornop-
LMOHanbHo-uHTerpansHomy (Pl) 3akoHy, obec-
neyvBaroLLemMy MofHOe BOCCTAHOBMEHWE HOMMU-
HaNbHOM 4acTOTbl MOCMe BOCCTAHOBMEHUS Ga-
naHca MOLLHOCTMN PerynsaTopom.

2. B pexume napannenbHonm paboTbl pery-
NATOP 4aCTOTbl MCMOMb3YEeT TOMBbKO NPONOpPLMO-
HanbHOe perynupoBaHue, T.K. obecneynTb cTa-
OGunusaumio YactoTbl B EanHON aHepretTnyeckon
cucteme Poccun aHeprobriokamm manon Molw-
HOCTU He nmony4yutcs, a pabota Pl-perynstopa
3a CYeT MHTerpanbHoro kaHana 6yger npuBo-
[AUTb K NOMHOW 3arpy3ke unu pasrpyske dHepro-
Gnoka npy OTKMOHEHUSX YACTOTbI.

3. PerynupoBaHne nepetoka no Pl-3akoHy,
KaK yxe OTMe4vanoch, HeuenecoobpasHo, ogHa-
KO TakoW PexuM MOXET MCMONb30BaTbCA B He-
KOTOPbIX CreunanbHbIX Criyyasx, 1 asTomaTnye-
CKasi HaCTpoMKa perynsaTopoB Ans 3Toro pexu-
Ma BronHe Bo3MOxHa. bonee uenecoobpasHa
KOppPeKuuMs 3arpy3ku aHeprobnokoB npu BbIXOAE
0OMEeHHO MOLLHOCTW U3 Anana3oHa 3agaHHoro
kopugopa («mMepTBOM MOMOCHI»), NpeacTaBns-
towasa coboit CTyneHyaTylo 3arpy3ky wnu pas-
rPy3Ky aHeprobokoB, NPUYEM PErynNMpoBaHMEM
B MOSIHOM MOHWMaHWM 3TOrO CrOBa OHA HEe SAB-
NseTcs, a Takke He HeceT yrpo3bl BO3HWKHOBE-
HUSI caMmopackauuBaHWs pexuma u3-za Heynaud-
HbIX KO3(D(ULMEHTOB pPErynnpoBaHusi OOMeH-
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HOW MOLLLHOCTH.

4. Tpn HECKONbKMX BKIKOYEHHBIX HA napan-
nenbHyto paboTy reHepaTopax OCyLLeCTBNSeTCA
rpynnoBoe perynupoBaHue MOLLHOCTU C HasHa-
YeHWeM BelyLLEero ¥ NpoyMx BeAOMbIX reHepa-
TOpOB.

5. [py aBapuMMHOM OTKNIOYEHUN WU OTKa3e
PErynaTopoB BeayLlero reHeparopa OCyLLeCTB-
nseTcs aBTOMaTU4Yeckoe nepeHasHayeHue Be-
AyLLero reHepaTopa.

6. lNpn aBTOHACTpPOWKE PEerynsatopoB MOLLHO-
CTU KOHTPONUPYeTCs BO3HWKHOBEHWE camopac-
KauMBaHWS C ero NpepbIBAHNEM MYTEM CHUKEHUS
KO3hPULMEHTOB YCUIEHNS PErynATOPOB.

OBOCHOBAHUE 3AKOHA PET'YJIUPOBA-
HUA Ana CAMOHACTPAUBAIOLLIMXCA
PErynaAToPOB YACTOTbl W OBMEHHOIO
MNEPETOKA U OBLLUAA UOEA METOOA

PaccmoTpum TpeboBaHMs K perynmpoBaHuto
4acToTbl B aBTOHOMHOM pexume MiniGrid u npu
ee napannensHon paboTe C BHELHeEN 3Hepro-
CUCTEMOMN.

Ons aBToHOMHOro pexuma MiniGrid cyue-
CTBYIOT TpebOoBaHMA NO LUMPWUHE 30HbI He4yB-
CTBUTENBbHOCTU PErynsTopoB CKOPOCTU Bpalle-
Hua (50 +\- 0,075 ly), actatmyHoCTU XapakTe-
PUCTWKN perynupoBaHns u BblCcTpoaencTBuS,
onpeaenseMoro  AMHaMUYECKAMW  XapakTepu-
CTUKamu faBuraTenei aHeprobrnokos u pecypc-
HbIMW OrpaHWMyYeHnsMKU nx paboTocnocobHOCTY.
CooTBeTCTBEHHO 3TUM TpeboBaHuaM, peryns-
TOPbl MOTYT HE Y4aCTBOBATb B PerynupoBaHun
npu Manblx KonebaHWsx 4acToTbl, [AOMKHbI
orpaHnyMBaTb €€  KNneBoK npu  Habpo-
cax/cbpocax MOLLHOCTU reHepaTopoB, BOCCTa-
HaBMMBaTb 4acTOTy NOCMEe BO3MYLLEHWI, orpa-
HUYMBATL YBEIMYEHWe 4acToTbl (CKOPOCTU Bpa-
LLeHMs Bana) npu OTKMOYEHWUM HarpyXeHHOro
3Heprobnoka.

B pexume napannensHon paboTbl cuctema
PErynnpoBaHnst 4acToTbl U moLlHocTn MiniGrid
[OMkHa obecnevmBaTb BbINONHeHMe TpeboBa-
HUA [5] no yvactuo SHeprobnokoB B 0bLLEM
nepBu4HOM perynupoBaHun. COOTBETCTBEHHO
3TUM TpeboBaHWSAM, perynupoBaHne nepeToka
MO BHELWHWM CBA3SM JOMKHO obecneynBaTthbCs
npu BbIXO4E 4acTOTbl U3 MEPTBOW NOSIOCHI pery-
nupoBaHus vactotbl (50 +\- 0,075 ly) ¢ Tpeby-
eMbIMU CTaTU3MOM W OWHAMUYECKUMU XapaKTe-

pUCTVKaMM BO BCEM JManasoHe pacrnonaraemom
MOLLIHOCTM 3HEepro6sioKoB.

PaccmoTpM [OBa OCHOBHbIX crocoba uc-
nonb3oBaHWst 06MEHHOro NepeToka MOLHOCTY C
BHELLHEN 3HEeprocucTeMoi no CBA3AM B pexunme
napannenbHoi paboTbl:

1) perynupoBaHue nepeToka Ans noggep-
XaHWS 3a4aHHOr0 3HAYEHUS;

2) pabota 6e3 perynupoBaHus C yaepxaHu-
€M MepeToka BHYTPM [OMNYCTUMOro Kopugopa
ero 3HayeHun (MCnonb3oBaHMe KOPPEKTUPOBOK
MOLLHOCTM  reHepupymowero  obopyaoBaHus
TONbKO Npu Bbixoge OBMEHHOro nepeToka 3a
paspeLLeHHbIe rpaHunLbl).

Cpasy cnegyetr oTMmMeTuTb, u4TO paboTa
MiniGrid B pexume perynupoBaHus nepeToka
O0OMEeHHOI MOLLHOCTU C nogdepxaHWeM 3aaaH-
HOro0 3Ha4YeHWUs MpPaKTUYeCKn HUBENUpPyeT oOc-
HOBHbIE MONOXUTENbHbIE 3(EKTbI OT napan-
nenbHon paboTbl, T.K. NOAAEPXaHuWe Ou-
Hamuuyeckoro GanaHca reHepaumu n notpebne-
HUS TPeByeT MHTEHCMBHOW paboTbl perynsaTopos
MOLLHOCTW. VMIHTEHCMBHOCTb 3TOrO perynupoBa-
HUS, B OTNNYME OT paboThbl PerynsaTopoB 4acTo-
Tbl B @BTOHOMHOM PEXUME, 3HAYNTENBHO BbILLE,
T.K. B nocrnegHem crnyyae HebanaHcbl MOLLHO-
CTK, umetoLmecs npu konebaHnsx 4actoTel, Ya-
CTMYHO AeMnUPYIOTCS BpaLlaloWMMUCA Mac-
camu reHepupytowero obopygosaHus. B pe-
3ynbTaTte reHepatopbl paboTalwT B pexummax
NMEPEMEHHON Harpysku, YTO CHUXaET UX 3KOHO-
MUYECKMEe N pecypCHble nokasaTenu.

PaboTta B kopugope nmpu ero AOCTaTO4MHOM
WMPUHE MO3BONSET peanu3oBaTb OCHOBHbIE
npenmMyLlecTBa napannesibHon paboTol.

[ns ypnosneTtBopeHus TpeboBaHMiA K Kadve-
CTBY PperynupoBaHuMs 4acToTbl U NEpPEeTOKOB
mowHocT MiniGrid goctatoyHo ucnornb3oBaTb
3aKkoH Pl-perynupoBaHus, B KOTOPOM KaHan no
OTKNOHeHW0 cnocobeH obecneunts Tpebyemoe
ObicTpOOeNCTBME pErynmpoBaHns, a no WuHTe-
rpany — ero actatmyeckun xapakrep. lpu atom
Tpebyemoe KayeCTBO peryfimpoBaHust MOXeT
obecneumBaTbCs ONTUMAsbHbIM COOTHOLIEHUEM
KO3(h(HMUMEHTOB MO OTKIIOHEHUIO U UHTErpany
OTKIIOHEHWS BLIXOAHOMO NapameTpa.

B naHHon pabote npegnaraetcs u uccnegy-
eTcs cnocob CamOHaCTPOMKU PerynsTopoB Ya-
CTOTbl M OOMEHHOro nepeToka MOLLHOCTH
MiniGrid nyTem MUHUMM3aLMU KOMMNPOMUCCHOM
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LeneBoil PyHKUMM F 13 B3BELLUEHHbIX HOpMany-
30BaHHbIX 3HAYEHUA NepeperynMpoBaHus U
NPOOOMKUTENbHOCTM PEryriMpoBaHust BbIXOAHO-
ro napameTpa [Ansi HEecKONbKUX OPAWMHAPHbIX
BO3MYLLEHWUIA GanaHca MOLHOCTU KOMMYyTaLu-
OHHOrO xapakTepa, T.e. Ha OCHOBE MoKasaTeneil
NX NEPEXOAHbIX XapaKTEPUCTUK:

F = C]_XAX + szTper d mln,

rae C;, C, — BecoBble k03(hpULMEHTLI, 3aaaBa-
eMble TEXHOIOroM; AX — HOpMasnM3oBaHHoe ne-
peperynMpoBaHne BbIXOAHOTO napameTpa; Tper
— HOpManu3oBaHHas ANUTENIbHOCTb Perynmpo-
BaHWs BbIXOAHOrO NapameTpa.

HapyweHne 6anaHca MOLHOCTM BCrea-
CTBME BKITIOYEHMS/OTKNIOYEHUS Harpysku, OT-
KIOYEHNS Harpy>XeHHbIX reHepaTopoB SABNSETCA
ans MiniGrid yacTbiMu coBbITUSMK, NO3TOMY
nonyyeHnme nepexodHblX XapaKTepuUCTUK npu
JKCnyaTaumm He BbI3bIBAET CMOXHOCTEN, OAHA-
KO crnegyet MMeTb B BMAY, YTO HESNIMHENHOCTb
06bekTa BbI3biIBAaET HECUMMETPUIO NEPEXOAHbIX
XapaKkTepucTuk npu Habpocax/copocax MOLLHO-
CTW, a TaKKe WX pasHoMacwTabHOCTb, 3aBUCS-
L0 OT Benu4uHbl Habpoca/cbpoca MOLHOCTK.

Ha puc. 1, 2 npeacraBneHbl nepexogHble
XapaKTepucTukn (NepexoaHble NpoLecchl name-
HeHuss  yactotbl B MiniGrid ¢ PlI-
perynmpoBaHMeM 4acToTbl) ANs OAHOMALLMHHON
MiniGrid npu ee mogenupoBaHum B Simulink.

U, o.e.

1_\/-\_N—-——MW—

0.5

0 10 20 30
P, MBT :
0.3
0.2}
0.1
o= |
10 20 30

0
f, Ty

Ha puc. 1 MOXHO yBUAETb HECUMMETPULO
npoueccoB (OTNMYMe B XapakTepe U napamert-
pax, B T.4. BENNYMHE KNEBKA, Nepeperynmposa-
HUW, BPEMEHW €ro MakCMMarnbHOr0 BO3HUKHOBE-
HUS) Npu Habpoce MowHoCcTH (Ha uHTepsane 0-
30 c¢) n ee cbpoce (Ha nHtepaane 30-60 c).

CpasHeHue puc. 1 1 2, npouecchl KOTOPbIX
OT/IMYAIOTCA BESIMYMHOW BO3MYLLEHWS, NO3BO-
nseT yBUAETb U caenaTtb BbiBOg 00 Mx Kave-
CTBEHHOM NOJ06OMM 1 KONUYECTBEHHOM OTNNYMK
(pasHomacLiTabHoCTH).

YyeT pasHomacLuTabHOCTW NPOLECCOB MOXET
ObiTb MPOM3BEAEH NPUBEAEHVWEM XapaKTEPHbIX
napameTpoB npouecca npu Habpoce/cbpoce
MoLLHOCTK AP; K npuHaTomy 6asoBomy npoueccy
npu Habpoce/cbpoce mowHocTH APy:

AX| npve = AX| XAPO/AP|

YyeT pasHoXapaKTepHOCTK MPOLEeCcCoB MO-
KeT OblTb MPOM3BEAEH AOMOMHUTENbHLIM MPK-
Be[leHMeM XapaKTepHbIX NapameTpoB npoLecca
K NpUHSTOMY ©Ga30BOMY MpoLeccy npu OTIMYMK
TMNa npouecca ot 6a3oBoro, npuyem npueese-
HWE OCYLLECTBNAETCA WHAMBUIYANbHO K Kaao-
My U3 napameTpoB (KNeBOK, nepeperynupoBa-
HWe, ANUTENbHOCTb NpoLiecca):

AXi npus — AXi anBxAXO/AXi npuBs
roe AXQ — napameTp 6a30Boro npouecca.

40 50 60

40

52
50
48

‘ t,c

0 10 20 30

40 60

Puc. 1. llepexodHble npoyeccbi 8 aemoHoMHOM pexume MiniGrid npu Habpoce/c6poce moujHocmu Hazpy3ku 200 kBm
(eepxHuli npoyecc — HanpsixeHue, CPeOHUll — MOWHOCMb, HUWXHUL — Yacmoma)
Fig. 1. Transients in the off-line mode of the MiniGrid under the load power surge/shedding of 200 kW
(the upper process is voltage, the middle one is power, the lower one is frequency)
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Puc. 2. llepexodHble npoyeccbl 8 aemoHoMHOM pexume MiniGrid npu Habpoce/c6poce MmowyHocmu Haepy3ku 100 kBm
(eepxHuli npoyecc — HanpsixeHue, CPeOHUll — MOWHOCMb, HUXHUL — Yacmoma)
Fig. 2. Transients in the off-line mode of the MiniGrid under the load power surge/shedding of 100 kW (the upper process is
voltage, the middle one is power, the lower one is frequency)

ANrOPUTMbl ABTOHACTPOWKHU
PI-PEFYNATOPOB

Anzopumm aemoHacmpoliku pezynsmo-
pa yacmombi 8 a8MOHOMHOM pPexume:

1. WHuumanusaums (3agaHue) HavanbHbIX
Ko3(ppULMEHTOB ycuneHunsa no oTknoHexuo (K1)
W wuHTerpany oTtknoHeHns (K2) 4yactoTbl OT
yCTaBKW perynsropa.

2. Onpepenenvne KoadULNEHTOB npuBe-
[EHVSI NapaMeTpoB MO TPeM OpAMHAPHBLIM NPo-
Lleccam ans:

a) koahdmumeHTa pasHomacwTabHocTn dl
MPOLIECCOB NpY BapualuyM MOLHOCTU BO3MYLLE-
HUs (d1 = APo/AP;);

b) KO3(h(PMUMEHTOB pPa3HOXapaKTEPHOCTH
npoueccoB d2 npu  BKMOYEHUU/OTKIOYEHNUM
Harpy3ku (d2 = AXo/AXi npus)-

[ns atoro gns a):

— (MKCMPYETCH NPOLLECC BKIIOYEHUS Harpys-
KU MOLLHOCTbIO, CYLLECTBEHHO OT/IMYHOM OT Oa-
30Bou APy;

— onpegensetca AX;

— onpegensetcs KO3(hUUMEHT pasnnmyus
macluiTabos npoueccoB d1 = APy/AP;.

[Ons b):

— (oMKCMpYEeTCSA MPOLECC BKMKYEHUS M OT-
KIOYEHNS Harpy3Kkyn OQMHAKOBOW MOLLHOCTMU;

—onpegensaetca AXy2 U Tper12;

— onpegensetcs Ko3(UUUEHT pasnuyus
napameTpoB BKMIOYEHMS/OTKIOYEHNS
d2 = AXQ/AXi npus-

B nocnepytowmnx UMKIMYECKMX npoLeccax

BCe AX; N0 Mepe NonyyeHnss maclTabupyoTcs
C y4eTOM noKa3aTenen XapakTepHOCTU M Mac-
LWTABHOCTM NPOLIECCOB:

AX| npve = AX|X d1 xd2.

3. Llmknuyeckas yactb anroputma:

— (oMKCMpyeTCs  3HAYUMbIA  OPAMHAPHBIN
npouecc, paccunTbiBaeTcs Fi;

— koadppuumeHT K1 ymeHbluaetca go K1/2;

— (DUKCUPYETCA  3HAYUMbIA  OPAMHAPHBLIN
npouecc, OCyLleCTBNsSeTca npueedeHue napa-
MeTpOB, paccunTbiBaeTcs Fi.y;

—ecnm |(Fisr — Fi)| € AFsaum HacTpoiika K1
perynaropa He npoussoautcs, To K1 yBenuyu-
Baetca oo 1,5 K1, 1.e. go 3 K1 Tekywyero;

— (bUKCUpyeTCca OpAMHAPHbLIN NpoLecc, ocy-
LeCTBNAETCS NpuBedeHne napameTpoB, B Npo-
Liecce KOHTpOnupyeTcs 3aTyxaHue konebaHum,

—npu HesaTyxatowmx konebanusax K1 Boc-
cTaHaBnuBaetcsd, K1 npuHMMaeTcs paBHbIM
K1/4, ocywecTtBnsetcs npuBefeHne napameT-
poB, UKCMpyeTCa opauHapHbIn npouecc. [lo
F(K1/2), F(K1), F(K1/4) npoussoautca pacyet
ontumansHoro K1 ¢ yyetom npusegeHus k 6a-
30BOMY MPOLLECCY U OrpaHUYeHUn Ha 30HY Nouc-
Ka;

—npu 3aTyxatowmx konebaHmsx no F(K1/2),
F(K1), F(1,5 K1) npoussogutca pacyeT onTu-
manbHoro K1 ¢ yyeTom npusefeHui Kk 6asosomy
npoLeccy 1 OrpaHNYeHui Ha 30Hy NOUCKa;

— (bUKCUpyeTCa OpOMHapHbLIN - npouecc U
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NPOBEPSIETCA YCIOBME TMOBLILEHNS KayecTBa
perynmpoBaHus:

F(Konr) < Fi;

—Npy BbINOMHEHUN BepxHero ycnosus K1
npuHUMaeTcs paBHbIM Konr.

[Nanee aHanornyHbIn UMKN (3) BbINONHAETCS
ansa K2.

Anzopumm aemoHacmpouKu peaynsmo-
pa nepemoka Mow,HOCMuU 6 pexume napari-
nenbHolu pabomsl. [NepexogHbIn Npouecc n3-
MEHEHU nepeToka MOLLHOCTM UMeeT [Be CO-
cTasnswowme (puc. 3):

1) 4OCTaTOYHO BbICOKOYACTOTHBIX WU3MEHe-
HUI, CBA3AHHbIX C BO3HUKHOBEHWEM 3MEKTPOME-
XaHW4eckmx KonebaHun poOTOPOB reHepaTopoB
npu Habpocax/cbpocax (ans manoi reHepauyum
BBMOY Masion 3MeKTPOMEXaHWYeCKOW WHepLu-
OHHOCTW 3HeprobnokoB YacToTa Takux koneba-
Hun coctasnset 0,5-1 Iy);

2) [OBOMbHO MeAMEHHbIX M3MEHEHWA nog
LENCTBUEM PErynaTopoB MOLWHOCTM (Bpems pe-
rynNMpoBaHWs AECATKM C).

Mpn ncnonb3oBaHUK NEPEXOLAHON (DYHKLMM
ANSi CaMOHaCTPONKN perynsaTtopos Heobxogumo
OTCTPOWUTBCA OT M3MEHEHUW MOLLHOCTU B pe-
3ynbTate 3neKTPOMEXaHW4eckmx konebaHun,
T.€. OCYLLEeCTBNATb pPerynnpoBaHune no cpeaHen
MOLLHOCTM MNpPU  HanMuum BbICOKOYACTOTHOO
aneKkTpoMexaHu4eckoro KonebartenbHOro npo-
Lecca.

P, MBT

Anroputm:

1. WMHvuymanusauma (3agaHune) HavanbHbIX
koahpmumenToB yeuneHus K1, K2 perynstopa
nepeToka.

2. OnpegeneHne koapduUMEHTOB npuBe-
[EHNA napaMeTpoB MO TPEM OPAUHAPHBLIM MPO-
Lleccam ans:

C) KoadpduumeHTa pasHoMacLuTabHoCTu
NPOLECCOB NpW BapuaLmyi MOLLHOCTW BO3MYLLe-
Hus (d1 = APo/APy);

d) Koa(pbpULMEHTOB  pasHOXapaKTEpPHOCTH
npoLieccos npw BKITIOYEHUW/OTKIIOUEHUN
Harpy3ku (d2 = AXo/AXi npus)-

[Ons atoro ans a):

— hMKCHpyeTCS NPOLIECC BKMOYEHUS Harpy3-
KU MOLLHOCTbIO, CYLLECTBEHHO OT/IMYHOM OT Oa-
30801 APy;

— onpegensetca AX;;

—onpegensetcs KO UUMEHT pasnnyuns
macwTaboB NpoLeCcCoB:

dl = APy/AP;.

Ona b):

— (hMKCUpYeTCH MPOLIECC BKMIOYEHWUA W OT-
KNOYEHUS Harpy3kn 04MHaKOBON MOLLHOCTY;

—onpepenserca AX12 U Tper 1.2,

— onpegensetcs Ko3(h(UUMEHT pasnnuyus
napameTpoB BKMOYEHNS/OTKITIOYEHMS:

d2 = AXO/AX| npwB:

t,c

0 10 20

30

40 50 60

Puc. 3. lepexodHblii npoyecc An15 nepemoka MOUHOCMU NPU 8KTHOYEHUU U O MKT0YEHUU Yacmu Hazpy3Ku
@ MiniGrid u pabome Pl-pecynsmopa moujHocmu
Fig. 3. Transient process for power flow when switching on and off a part of the load
in the MiniGrid and the operation of the Pl power controller
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B nocnegytowymx UMKIMYECKMX npoLeccax
Bce AX i N0 Mepe nonyveHns macwrtabupyroTes
C Y4ETOM MnoKasaTeneil XapakTepHOCTU U Mac-
WwTabHOCTW NPOLLECCOB:

AX| npus = AX| xd1 xd2

3. Uuknmuyeckas yactb anroputMma:

— (DUKCUPYETCA  3HAYUMbIA  OPAMHAPHBI
npouecc, paccuntbiBaetcs Fi;

— koadpuumeHT K1 ymeHbliaetca go K1/2;

— (oMKCUpYEeTCH  3HAYUMbIN  OPAUHAPHBIN
npoLecc, OCyLIeCTBNSeTCA npueedeHne napa-
MeTpOoB, paccynTbiBaeTcs Fiq;

—ecnm |(Fisr — Fi)| € AFsuauum HacTponka K1
perynsatopa He npoussoautcs, uHade K1 ysenu-
ymaetcsa oo 1,5 K1, 1.e. go 3 K1 Tekywero;

— omMKCMpyeTCcs OpAMHapHbIA Npouecc, ocy-
LLLeCTBNSETCS NpuBeAeHNe napameTpoB, B Mpo-
Llecce KOHTpOnuUpyeTcs 3aTyxaHue KonebaHuim;

—npu HesaTyxawwmx konebanmsx K1 Boc-
cTaHaBnmBaetcs, K1 npuHuMMaeTcs paBHbIM
K1/4, ocywectBnsetcs nNpuBeAeHNe napameT-
poB, huKcMpyeTcs opavHapHbIn npouecc. o
F(K1/2), F(K1), F(K1/4) npoussogmtcs pacyer
ontumansHoro K1 ¢ yyetom npueegeHus kK 6a-
30BOMY MpoLeccy U C y4eTOM OrpaHUYeHun Ha
30HY noucka;

— npu 3aTyxatowmx konebanusx no F(K1/2),
F(K1), F(1,5 K1) npousBoguTCca pacyeT OnTu-
ManbHoro K1 ¢ yuetom npusegeHun k 6asosomy
NPOLLECCY W OrpaHNYeHnn Ha 30HY NOMUCKa;

— (oMKCMpYyeTCS  OpAMHapHbIA  npouecc W
NpoBepsieTCA YCNoBWE MOBLILEHUS KavecTBa

perynnpoBaHuA:
F(KOHT) < Fi;

—Mpy BbINOMHEHUN BepxHero ycnosus K1
npuHUMaeTcs paBHbIM Kopr.

[Janee aHanornyHbli UMKN (3) BbINOMHAETCS
ans K2.

MNMpumep 1. ®pacmeHm aemoHacmpoliku
peaynsmopa Yacmombi MiniGrid ¢ 0OHUM
3KeueasleHMHbIM 2eHepamopoM (Modesu-
poeaHue npoueccos Ha Simulink).

Ha pwc. 4-7 npepncraBneHbl nepexogHble
XapaKTepUCTUKU AN 4acTOTbl B mpouecce on-
TUMM3aUMM Koa(puUMeHTa ycuneHnsa no oT-
KNOHEHWI0 YacToThl (K1).

Mo xapakTepucTvkam NpoLeccoB Npu Tpex
3HayeHusx K1 B pesynbtate onTuMmmsaumu Le-
neson yHkumn (F(K1/2), F(K1), F(2 K1)) nony-
YeHo onTumarsnbHoe 3HaveHne K1 =4,1. B Tabn.
1 npuBedeHbl XapaKTEPUCTUKM  MPOLEeCCOB,
npeacTaBfieHHbIX Ha puc. 4-7.

Mpumep 2. ®pacmeHm asmoHacmpolku
peaynsmopa nepemoka MiniGrid ¢ 0OHUM
JKeusasnleHMHbLIM 2eHepamopoMm (Modenu-
poeaHue npoueccos Ha Simulink).

Ha puc. 8-11 npeacrtaeneHbl nepexogHble
XapaKTepucTukM Ans nepeTtoka B mpolecce on-
TUMMU3aLMN KOIPUUMEHTOB YCUSIEHUS MO OT-
KrnoHeHuto nepetoka K1.

Ha puc. 12-14 npeacraBneHbl nepexofHble
XapaKTepucTuKW Ans nepeTtoka B mpolecce on-
TUMM3aLMN KO3 ULMEHTA YCUIIEHUS MO UHTE-
rpany OoTKIIOHeHUs nepeTtoka K2.

f, My :
53
52 - -
51
50
49
48 - -
47 | | I | | t,c

0 10 20 30 40 50 60

Puc. 4. UsmeHeHue yacmombl npu eknrYeHuu (Ha unmepeane 0-30 c) u omknoveHuu (Ha uHmepeane 30-60 c)
Hazpy3ku 200 kBm npu ucxo0HbIx koagpgpuyueHmax Pl-peeynsmopa (K1 =1, K2 = 2)
Fig. 4. Frequency change when switching on (at an interval of 0-30 s) and off (at an interval of 30-60 s)
the load of 200 kW at the initial PI coefficients of the controller (K1 =1, K2 = 2)
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Puc. 5. UsmeHeHue yacmomsl npu eknrYeHuU (Ha uHmepesane 0-30 ¢) u omknryeHuu (Ha uHmepeane 30-60 c) Hazpy3ku
200 kBm npu ymeHbweHuu koaghpuyuenma K1 Pl-pecynamopa (K1 = 0,5, K2 = 2)
Fig. 5. Frequency change when switching on (at an interval of 0-30 s) and off (at an interval of 30-60 s) the load of 200 kW
with a decrease in the coefficient K1 of the Pl controller (K1 =0.5,K2 =2)

f, My,
53
52
51— !
50
49 - s
48 .
47

t,c

\ | | \
0 10 20 30 40 50 60

Puc. 6. UsmeHeHue yacmomsl npu eknroYeHuUU (Ha uHmepeane 0-30 ¢) u omknyeHuu (Ha uHmepeane 30-60 c) Haepy3ku
200 kBm npu yeenuyeHuu koaghpuyuenma K1 Pl-pecynsmopa (K1 =4, K2 = 2)
Fig. 6. Frequency change when switching on (at an interval of 0-30 s) and off (at an interval of 30-60 s) the load of 200 kW
with an increase in the coefficient K1 of the Pl controller (K1 =4, K2 = 2)

f, Ty
53
52+ -
51 .
50
49 - -
48
47

I I I tc

0 10 20 30 40 50 60
Puc. 7. UsmeHeHue yacmombl npu eknroYyeHuu (Ha uHmepsasne 0-30 ¢) u omknroYeHuu (Ha uHmepeane 30-60 ¢) Haepy3ku
200 kBm npu onmumanbHoM KoaggpuyueHme K1 Pl-pezynamopa Ha waze nokoopduHamuozo cnycka (K1 = 4,1, K2 = 2)
Fig. 7. Frequency change when switching on (at an interval of 0-30 s) and off (at an interval of 30-60 s) the load of 200 kW at
the optimal coefficient K1 of the PI controller per step of the coordinate descent (K1 =4.1, K2 =2)

Tabnuua 1. XapakTepuCcTVKM NPOLLECCOB NPy BKMOYEHWN/OTKITIOYEHIUMN HArpy3Kku
Table 1. Characteristics of the processes when switching on/off the load

e BkntoyeHune Harpysku OTKnIYEHUE Harpy3Ku
pucy-m(a knesok, Iy nepepery?SpOBaHme, perynagggn:mﬂ, . Kn?im(, nepeperypﬂpoaaHme, perynagggn:mﬂ, .
4 2,7 0,4 > 30 2,8 0,3 > 30
5 3 0,7 > 30 2,95 1 > 30
6 2,3 0,2 27 2,3 0,05 16
7 2,3 0,2 25 2,3 0,02 15
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P, MBT
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04

03¢

0.2

01} g
o~ -

0.1
| I ] t,c
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Puc. 8. U3meHeHue nepemoka npu eknoYeHuu (Ha unmepesane 0-30 c) u omknroyeHuu (Ha uHmepeane 30-60 c)
Haepy3ku 200 kBm npu HavyanbHbIXx K03ghuyueHmax Pl-peaynsamopa (K1 = 5, K2 =2)
Fig. 8. Change in the flow when switching on (at the interval of 0-30 s) and off (at the interval of 30-60 s)
the load of 200 kW at the initial coefficients of the Pl controller (K1 =5, K2 = 2)

P, MBT

05
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03[

| | | te

0 10 20 30 40 50 60
Puc. 9. UsmeHeHue nepemoka npu ekno4YeHuu (Ha uHmepeaine 0-30 c) u omknroyeHuu (Ha uHmepeane 30-60 c) Hazpy3ku
200 kBm npu ymeHbweHuu koaghpuyuenma K1 Pl-pecynamopa (K1 = 2,5, K2 = 2)
Fig. 9. Change in the flow when switching on (at an interval of 0-30 s) and off (at an interval
of 30-60 s) the load of 200 kW with a decrease in the coefficient K1 of the Pl controller (K1 = 2.5, K2 = 2)
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Puc. 10. UsmeHeHue nepemoka npu eknrYyeHuu (Ha uHmepsane 0-30 ¢) u omknto4eHuu (Ha unmepeane 30-60 c) Haspy3ku
200 kBm npu yeenuyeruu koagpgpuyuenma K1 Pl-pecynamopa (K1 =17,5, K2 = 2)
Fig. 10. Change in the flow when switching on (at the interval of 0-30 s) and off (at the interval of 30-60 s) the load of 200 kW
with an increase in the coefficient K1 of the Pl controller (K1 =7.5,K2 = 2)
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Puc. 11. U3smeHeHue nepemoka npu eknoYeHuu (Ha unmepsase 0-30 ¢) u omknto4eHuu (Ha uHmepeasne 30-60 c) Haspy3ku
200 kBm npu koaghpuyuenmax Pl-peeynsamopa (K. = 4,1, K2 = 2)
Fig. 11. Change in the flow when switching on (at the interval of 0-30 s) and off (at the interval of 30-60 s) the load of 200 kW
at the coefficients of the Pl controller (K1 =4.1, K2 = 2)
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Puc. 12. U3smeHeHue nepemoka npu eknrYyeHuu (Ha uHmepesasne 0-30 ¢) u omknto4eHuu (Ha uimepeane 30-60 c) Haspy3ku
200 kBm npu koaghpuyuenmax Pl-pecynamopa (K1 = 4,1, K2 = 1)
Fig. 12. Change in the flow when switching on (at the interval of 0-30 s) and off (at the interval of 30-60 s) the load of 200 kW
at the coefficients of the Pl controller (K1 =4.1, K2 =1)

| | t,c

0 10 20 30 40 50 60
Puc. 13. UsmeHeHue nepemoka npu eknto4eHuu (Ha uHmepeaine 0-30 c) u omknroveHuu (Ha uHmepeane 30-60 c) Haepy3ku
200 kBm npu koahpuyuenmax Pl-pecynamopa (K1 = 4,1, K2 = 3)
Fig. 13. Change in the flow when switching on (at the interval of 0-30 s) and off (at the interval of 30-60 s) the load of 200 kW
at the coefficients of the Pl controller (K1 =4.1,K2 = 3)
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Puc. 14. U3smeHeHue nepemoka npu eknoYeHuu (Ha unmepsase 0-30 ¢) u omknto4eHuu (Ha unmepeane 30-60 c) Haspy3ku
200 kBm npu onmumanbHbix Ko3ghuyueHmax Pl-peeynamopa (K1 = 4,1, K2 = 0.5)
Fig. 14. Change in the flow when switching on (at the interval of 0-30 s) and off (at the interval of 30-60 s) the load of 200 kW
at optimal coefficients of the Pl controller (K1 =4.1, K2 =0.5)

Tabnuua 2. XapakTepuCTVKM NPOLLECCOB NPy BKMOYEHWW/OTKITIOUYEHIUMN HArpy3Ku
Table 2. Characteristics of the processes when switching on/off the load

Ne BknroueHue Harpysku OTKNI0YEeHMe Harpy3ku
pucy-HKa KNeBOK, | nepeperynvpoBaHue, BpeEMS] KNeBOK, | nepeperynupoBaHue, BpeEMS
KBT KBT perynupoBaHus, ¢ KBT KBT perynupoBaHus, ¢

8 200 65 18 160 65 25
9 200 135 25 170 100 >30
10 150 30 20 160 30 25
11 150 30 15 160 30 25
12 150 20 17 150 22 25
13 150 20 15 150 20 25
14 150 3 15 150 3 23
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padmkn Ha pucCyHKax npuBedeHbl B OTHO-
CUTESbHBIX HOMUHAMbHBLIX eguHuuyax. B Tabn. 2
npvBedeHbl XapakTepucTUKM NpoLeccos, npea-
CTaBJIeHHbIX Ha puc. 9-14.

3AKINKOYEHUE

OcHoBoW npeacTaBneHHoro cnocoba camo-
HACTPONKWN PErynsaTopoB MOLLHOCTM MO rpynne
NnepexoaHbIX XapakTEPUCTUK SBMNAOTCS MCMOSb-
30BaHMe MnokasaTenel kayecTBa NEpPexoaHOro
3aTyxaloLlero npouecca B dHeprocucreme npu

pPexofHOro npouecca B LeneBon (yHKUMKM on-
TUMM3aUMK,  ONTMMM3AUMS  KO3(ULMEHTOB
kaxgoro Pl-perynsatopa MOLWHOCTU (N0 OTKMO-
HEHWIO N MHTerpany OT OTKMNOHEHWUs) MEeTOAOM
MOKOOPAMHATHOrO CMycKa, y4eT pasHoxapakTep-
HOCTM MPOLIECCOB ¥ pa3HOMAaclUTabHOCTM BO3-
MyLLEHUA pexuma npu Habpoce/cbpoce MoL-
HocTK MiniGrid.

PesynbTaTbl NpOBEeAEHHbIX MCCefoBaHNUM
noaTeepxaalT paboTocnocobHoCcTb U adhdek-
TUBHOCTb cnocoba ana camoHaCTPOWKK peryns-

koMMyTaumsax (Habpocax/cbpocax) MOLWHOCTA, TOPOB CKOPOCTM M NepeToka  MOLLHOCTM
ckanspusauus OByx nokasatenen kadectsa ne-  MiniGrid.
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Abstract. The goal is to propose an effective method for locating a fault segment in urban power distribution net-
works. Urban distribution networks have multiple outgoing lines, switches with multiple connections and have variable
topology characteristics. It is found that the fault location method based on matrix algorithm has low adaptive capability
and fault tolerance when dealing with complex and variable topology. Therefore, this paper proposes an efficient fault
segment location method based on special fault indicators, which can significantly improve the accuracy and reliability of
fault location. Accordingly, to improve the accuracy and reliability of fault location, a fault segment location method based
on fault marking is proposed. The approach proposed in the paper relies on the analysis of the incident matrix, which
describes the relationship between nodes and branches, and allows the use of graph theory. The branch state vector is
added to obtain the adjacency matrix, which allows to describe the state of change in the dynamics of the distribution
network topology. In the next step, a set of nodes and branches, which reflect the incoming and outgoing interconnec-
tions of the nodes, is established based on the selected direction of the network binding. According to the direction of the
node fault current, the suspicious branches are identified and labeled to indicate the fault. By cumulative calculation and
analysis of the labels, the target branches are screened out and the faulty sections of the city power supply network are
identified. The results of the case study conducted in the paper show that the proposed method has good adaptability to
the variable topology and increases the fault tolerance and accuracy of the developed matrix algorithm. The topological
operating state of the network can be changed by controlling the switches to optimize the operation and improve the reli-
ability of the power supply. Thus, the algorithm for fast and accurate fault location is of great importance for improving the
safety and quality of urban power supply.
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Jlokanusauma noBpeXaeHHOro y4yacTtka B ropoAcKou
pacnpeaenuTenbHOU ceTU Ha OCHOBE MapKUPOBKU NOBpPEeXAEHUS
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Pe3twome. Lenb — npeanoxnTb 3chheKkTUBHLIA MeTo4 onpedenieHnss MecTONONOXEeHNs CerMeHTa HEMCNPaBHOCTM B
pacnpegenuTenbHble CETU FOPOACKOro 3NeKTpoCHabXeHus. opoackue pacnpenenuTencHble CEeTU UMEKT HECKOMbKO
UCXOLALLMX JIMHWA, KOMMYTaTOPbl C HECKOSTbKUMU COEANHEHMAMU M 06N1afaloT XxapakTepUCTUKaMn NepeMeHHON TOMomM o-
rvn. BelsiBNEHO, YTO MeToA4 ONpeaeneHns MecTOMONMOXEHUS HEUCNPABHOCTM, OCHOBAHHLIA HA MaTPUYHOM anropuTme,
obnagaeT HKU3KOW aJanTMBHOM CMOCOBHOCTLIO U CMOCOOHOCTBLIO K OTKA30yCTOMYMBOCTH Npu paboTe CO CHOXHOW 1 n3me-
Haemoln Tononorueit. MoaToMy B AaHHOW cTaTbe npefnaraeTcs 3PdeKTUBHLIN MeTO OnpeaeneHns MECTONONOXKEHUS
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CEerMeHTa HEMCNpaBHOCTU, OCHOBAHHbLIN Ha creumanbHbIX UHAUKATOpax HEeMCNpaBHOCTU, MO3BONSOLMA CYLLECTBEHHO
MOBbICUTb TOYHOCTb M HAAEXHOCTb ONPEAENeHNs MeCTONONOXEHNS HencnpaBHOCTU. COOTBETCTBEHHO, A4S MNOBbLILIEHUS
TOYHOCTW U HAEXHOCTU ONPEAENeHNs MecTOMNONOXEHNSI HEMCNPABHOCTM NpeasiaraeTcsl MeTod ONpeaeneHns MecTono-
NOXEHWS1 y4acTka HEMCNPaBHOCTM, OCHOBAHHLI Ha MapKUpOBKe HewcnpaBHOCTW. Mpegnaraemblit B pabote nogxon
OnMpaeTCcs Ha aHanu3 MaTpULbl UHLMAEHTHOCTH, ONUCHIBAOLLEN CBA3b MEXAY y3namu 1 BETBAMU, U NO3BONSIOLWNIA UC-
nonb3oBaTb Teopuio rpacoB. Bektop cocTosiHMs BETBEN J06aBnsieTcs 4Ns NONYyYEHUs MaTpuLbl CMEXHOCTU, KOTopast
MO3BONSET ONUCLIBATb COCTOSIHME M3MEHEHWS AMHAMMKM TOMONOrMM pacnpeaenuTenbHon cetu. Ha cnepytowem atane
Habop y3noB v BETBEW, KOTOPbIE OTPAXalT BXOASALUME W UCXOASLLME B3aUMOCBA3M Y310B, YCTAHABNMBAETCS HA OCHOBE
BbIOpaHHOro HanpaBneHus NpMBA3KK ceTu. B COOTBETCTBUM C HanpaBnEHWEM TOKa HEWCNPABHOCTM y3na onpeaensoTcs
MOAO3PUTESbHBIE BETBU M MApKUpyTCS Ans 0603HaYeHNst HemcnpaBHOCTU. [yTem KyMynsSTUBHOMO BbIYMCIIEHWS U aHa-
nn3a METOK OTCEMBAKTCS LieNIEBbIE BETBW U ONPELensioTCs HEUCMPABHbLIE Y4aCTKM CETW FOPOLCKOrO 3neKT pocHabxe-
Hus. PesynbTtaTbl NpoBeAeHHOro B paboTe TeMaTMYeCcKOro UCCEA0BaHNUs MOKa3biBalOT, YTO NMpeanaraemMbin MeTos 06-
najaeT XopoLUel afanTMBHOCTBIO K MEPEMEHHON TOMOMOMMM W NOBLILLIAET 0TKA30yCTONYNBOCTb M TOYHOCTb paspaboTaH-
HOro MaTPMYHOrO anroputMa. Tononornyeckoe paboyee COCTOSiHME CETW MOXKET OblTb M3MEHEHO NyTeM YnpaBfEHUs
nepeknoyaTenaMn ans onTuMmsauun paboTbl U NOBLILEHNUS HAOEXHOCTH 3NeKTpocHabxeHns. Takum obpa3om, anro-
pUTM BBLICTPOrO M TOYHOTO OMPEeAEeneHNUs MecTa NoBpexaeHns uMeet 6onbLIoe 3HAYEeHUe Ans NOoBbllLeHWS 6e30nacHo-
CTW M KayecTBa ropofCKoro 3neKTpocHabXeHus.

Knroyesnbie crioga: MeCTOMNONOXEHUE yyacTka MOBPEXAEHUS, Teopus rpacoB, MaTPUYHBIA anropuTM, ropoackast
pacnpegenutenibHas ceTb, (PUAEPHLIN TEPMUHASIBHBIN Y3en

Ana yumupoeaHus: YxaH XaHb, JTio XaomuH. Jlokanusauus noBpexaeHHOro yyacTka B ropofckon pacnpenenu-
TENbHOW CeTu Ha OCHOBe MapkupoBku nospexaenus [/ iPolytech Journal. 2022. T. 26. Ne 1. C. 117-127.

https://doi.org/10.21285/1814-3520-2022-1-117-127.

INTRODUCTION

The urban distribution network (UDN) has
the characteristics of high load density and high
demand for power supply reliability. UDN gener-
ally adopts closed-loop, multi-outgoing lines de-
sign and open-loop operation mode. The topo-
logical operation state of UDN can be changed
by controlling switches to optimize operation and
improve power supply reliability. Thus, the
quickly and accurately fault section location al-
gorithm is of great significance to improve the
safety and quality of power supply [1-3]. The
feeder terminal unit (FTU) is popularized to pro-
vide real-time and complete fault information.
The fault section location method of distribution
network combined with FTU has become one of
the research hotspots [4-6].

Presently, the fault location methods based
on FTU mainly include matrix algorithm-based
direct methods and intelligent optimization-
based indirect methods [7]. The topology de-
scription matrix of distribution network needs to
be established, and the detected information is
used at both ends of the line section to deter-
mine the fault. This causes the fault tolerance of
matrix algorithm quite weak [8, 9]. To solve the
problems of low fault tolerance of matrix algo-
rithm and slow solution speed of optimization
algorithm, a distribution network fault location
method combining these two algorithms is pro-
posed to make complementary advantages in

[5]. Ref. [10] takes matrix algorithm to describe
the topology of distribution network, and imple-
ment fault section identification and fault isola-
tion, according to multiple detection data provid-
ed by FTU. In [7], the location relationship be-
tween nodes and distributed generations is inte-
grated into the description matrix, and the infor-
mation uploaded by FTU is analyzed and cor-
rected. Ref. [11] combines the advantages of
matrix algorithm, exhaustive method and optimi-
zation algorithm, and then the suspected fault
sections are screened by matrix algorithm.
Intelligent optimization algorithms finds the
optimal solution through approximation and op-
timization theory. In [12-14], a global optimiza-
tion search method for suspicious sections is
proposed based on fitting degree. Ref. [15] uses
the enumeration method of linear integer pro-
gramming to solve the algebraic positioning
model of FTU remote signaling data. In [16], the
switch function of each section switch is intro-
duced into the constructed fitness function, and
finally genetic algorithm is used to screen and
search the fitness function results. In [17], the
upstream and downstream branches are
marked according to the different states of fault
indicators at different positions. The fault section
is the one with the largest fault index value. In
[18], the one-dimensional convolutional neural
network is used to extract the fault features and
locate the fault sections. In [19], fuzzy Petri algo-

118

https://ipolytech.ru



Zhang Ren, Liu Haoming. Fault section location in urban distribution network based on fault marking

UxaH XsHb, JTro XaomuH. Jlokanu3auyusi noepexdeHHo20 yyacmka e 20podckol pacnpedenumesnbHoU cemu Ha OCHOSe ...

rithm is used to analyze multi-source heteroge-
neous data in the network, and the fault sections
are determined through the minimum deviation
index. The aforementioned researches improve
the fault location algorithm in terms of fault tol-
erance, accuracy, applicability and operation
speed. However, the amount of calculation is
quite large and it is easy to fall into the subopti-
mal solution [20]. Moreover, the operation opti-
mization of distribution network needs flexible
topology management to improve power supply
reliability [21]. Therefore, the impact of network
topology changes on the effectiveness of fault
location algorithm should be taken into consid-
eration.

To fill the research gaps in the aforemen-
tioned research, a fault location method based
on fault marking is proposed for UDN. The main
contributions are summarized as follow:

1. The state of branch switches are intro-
duced into the distribution network incidence
matrix to enhance the adaptability of adjacency
matrix, when the topology of distribution network
is changed.

2. The suspicious branch set of nodes is es-
tablished according to the fault current direction
of nodes. Then, the fault indexes of branches
are obtained by accumulative calculation of the
mark value of suspicious branches. The target
branches are screened according to the fault
index of branches. The fault criterion is used to
analyze the screened target branch and deter-
mine the fault branch.

3. A typical UDN with two outgoing lines and
multiple interconnection switches is selected for
example analysis to verify the accuracy and ef-
fectiveness of proposed fault section algorithm
under different fault scenarios of single fault,
multiple faults and FTU information distortion.

DYNAMIC DESCRIPTION OF DISTRIBUTION
NETWORK TOPOLOGY

The distribution network can be described as
an undirected graph according to the graph the-
ory. If the distribution network has m nodes and
n branches, the vertex set and edge set are re-
spectively expressed as:

V={V1.

1'=1,2,---,m}

(1)

E={e,=(v, v,)li=12:n)

(2)

The connection relationship between nodes
and branches of distribution network can be de-

scribed by the incidence matrixA - [a,.]. ]mxn.
The elements a; can be described as:

V; eel.j.

L {1,
70, v, ¢e; ' 3)

The UDN adjusts the network topology
through the control of switches to optimize oper-
ation, so that the connection relationship be-
tween nodes and branches has changed. In or-
der to describe the real-time operation state of
the network topology, a branch state vector of n
dimensions B = (t;) is defined. t;j represents the
on-off state variable of branch:

_ 1, on
710, off (4)

The electrical incidence matrix B is describ-
ing the electrical connection relationship be-
tween branches and nodes. It can be obtained
by the logical bit operation of the row vector of
the incidence matrix A and the branch state vec-
tor 3

5, =[dag(p)a]

The adjacency matrix D describing the to-
pology of distribution network is calculated by
equation (6):

D, =(BB")NT

: (6)

where, | is the unit Boolean matrix; the element
d; of adjacency matrix D represents the connec-
tion relationship of each node. It has adaptive
ability to the topology variability of distribution
network. Meanwhile, it takes the power outflow
direction of the main power supply as the refer-
ence positive direction. This direction has no
physical significance and is only used as the
position reference direction of the node.
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THE DETERMINATION OF FAULT SECTIONS

The FTU equipped at each node is used to
detect the fault current. The node fault current
code is defined as follows:

F.=

=10, 7, =0

—i, Il.f >/, and opposite direction’ 7)

{1, I, >1I_, and positive direction
where F; represents the code of node i, lif repre-
sents the fault current of node i; Iset represents
the setting current value. The fault information
matrix F is generated from FTU detection infor-
mation. The fault judgment matrix P can be ob-
tained from the operation of matrix F and D:

P=D+diag(F) (®)

The positional relationship between nodes,
that is the upstream and downstream relation-
ship, can be obtained through the directed adja-
cency matrix D, and the definition is as follows:

d,=, v)=1 i—>j
d, =, v)=1 jo>x

D, sowm ={ v, v, ), eV}

7
Di-up = DE - Di-dnwn . (9)

When d; equals to “1%, it indicates that the
branch between node v; and v; is connected in
the forward direction; dy represents other
branch electrically connected with the node v;.
Dc is the set of network branches; Di.gown is the
set of downstream nodes; Di, is the set of up-
stream nodes.

In case of single-phase grounding fault in
distribution network, the flow direction of fault
current will be consistent with or opposite to the
reference positive direction, as shown in the
fig. 1:

e T P
di o do-3 o o da5
C 1 2 3 é 45 C

S

L Positive Direction

Fig. 1. Single-phase grounding fault of distribution network
Puc. 1. OdHogha3Hoe 3aMbIKaHUe Ha 3eMITH0
pacnpedenumensHol cemu

In fig. 1, a single-phase grounding fault oc-
curs between node 3 and 4. According to equa-
tion (7), F1, F, and F;3 are coded as "1", indicat-
ing that the fault occurs in the downstream
branch of node 1, 2 and 3. F, and F5 are coded
as "-1", indicating that the fault occurs in the up-
stream branch of node 4 and 5. Therefore, the
suspicious branch set can be determined by the
FTU coding value of the nodes. According to the
definition of the nodes’ upstream and down-
stream relationship in equation (9), the suspi-
cious branch set is defined as follows:

(10)

The suspicious branches of node 1, 2 and 3
are located downstream, while those of node 4
and 5 are located upstream. The upstream and
downstream suspicious branches will be
marked, and the branch marking formula is as
follows:

1, dl.j.eCX
TagValue(di/._X)z -1, di/‘ zC,

R G

where TagValue(d;.,) represents the mark of
node x to branch dj, abbreviated as T-V. The
total marking value MarkValue(d;), abbreviated
as M-V, of all nodes to one branch is expressed
as:

MarkVa]ue(d,/. ) = i TagValue (d - )
V)

The fault mark values of each branch in fig. 1
are shown in tab. 1.

Table 1. Branch fault mark values
Tabnuua 1. 3HauyeHUss METKM HEUCNPABHOCTU OTBETBNEHNS

Node code Fi | Fo [ Fs | Fa | Fs
Su\ézligizus DB M-V
branch set Ci | G| G| GG
di 1 -1 -1 1 1 1
dos 1 1 -1 1 1 3
Branch 4, T 1 1111 5
das 1 1 1 -1 1 3
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Tab. 1 shows that the value of M-V tends to
the maximum near the fault branch. And the
larger the mark value of the suspicious branch
is, the greater probability of failure of the branch
is. Therefore, the fault index of each suspicious
branch is calculated according to the normalized
M-V value. The suspicious fault branch is
screened from the suspicious branch. The fault
index is defined as follows:

(d,/) mm M V

max M V] -min (M- V}>£

Faultndex (d, ) (13)

where ¢ is the threshold value, ranging (0, 1).
When Faultindex(dij), abbreviated as F-I, is
greater than or equal toe, the corresponding
branch will be a suspicious fault branch for fur-
ther fault analysis. The fault judgment formula is:

/.>O, (14)

where, Fi and F; are the code values of FTUs at
both ends of the suspicious fault branch respec-
tively. Its physical meaning is that if the fault
signals at both ends are different from each oth-
er, the fault is determined.

CASE STUDIES

Dynamic description of distribution net-
work topology. This paper modifies the distri-
bution network topology in [17] and takes it for
case studies, as shown in fig. 2. Node N1~N1,
are equipped with FTUs. S; and S, represent
the power supply from different bus lines. S; is
set as the main power supply and S, as the aux-
iliary power supply, which are connected to
power grid through circuit breakers K; and K;
respectively. The interconnection switches tj;
and t;3 are equipped to improve power supply
reliability. The interconnection switches are tak-
en equivalently as virtual branches.

There are nodes connected to the distribution
network with secondary voltage level, such as
node Ny is connected to the low-voltage distribu-
tion network through the section switch t.;. The
low-voltage network is not considered in the fault
location analysis. Fig. 2 is transformed into a di-
rected topology diagram with the power outflow
direction of the main power supply S; as the ref-

erence positive direction, as shown in fig. 3.

M -Circuit Breaker
@-Section Switch
O-Interconnection Switch

Fig. 2. Schematic diagram of distribution network topology
Puc. 2. [IpuHyunuanbHas cxema monono2uu
pacnpedesumenbHol cemu

Ns R Ni
L L
A 6 11 A
CoN, Nu® |
[ Lol |
@ Ligligliglgligli gl @
Ny Ne Noo Ng Np Neo Ng Mg
Sl SZ
LIZ
,,,,,,,,,,,,,, }

Fig. 3. Directed topology of distribution network
Puc. 3. HanpaenexnHass mononozus pacnpedesumenbHol
cemu

The incidence matrix A in fig. 3 is expressed
as:

(100010000001 0]
1100000000000
0110000000000 (15)
0011000000000
0000110000000
4000001000000 1
0000001001010
0000001100000
0000000110000
0001000010000
0000000001100
00 000000O0O0T1O0 1]

In equation (15), the line number represents
the network node number (N; ~ Npp), and the
column number represents the branch number
(L1 ~ L1g). The state of each branch can be rep-
resented by the on-off state of branch switches
(t1~t13), so the branch state vector g is:

https://ipolytech.ru
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pele 6wl

This paper takes switches t;;=t13=0 and
other switch states as “1” for the first topology
state of distribution network. And the second
state of distribution network topology is taking
switches ti3=1, t4=t;,=0 and other switch
states as “1”. The accuracy and reliability of dy-
namic description matrix are analyzed respec-
tively. The branch state vector B; in the first
state and the branch state vector S, in the se-
cond state of distribution network topology are
as follows:

Bl 111111111100

i (17)

ﬂ2=[1110111111101}

: (18)

Through the calculation of equation (5), mul-
tiply the "0" elements in B; and B, is multiplied
by the corresponding elements in the matrix A, t
and the connection relation between nodes and
branches is changed to obtain the electrical cor-
relation matrix B; and B,. Through the calcula-
tion of equation (6), the adjacency matrixes in

two topological states of distribution network are
obtained:

010010000000
101000000000 (19)
010100000000
0010000O0O0T100
100001000000
171=000010000009~
000000010010
000O0O0O0T1O0T1O0T00
00000DO0OT1O0T100
0001000O0T1O0T00
000O0O0O0T1TO0O0GO0TO01
0o o o000 O0O0OO0OTO0T1O0]
(01001000000 0] (20)
101000000000
0101000000O0TO00
00100000O0O0O0O0O0O0
100001000000
17;000010000003
000000O0OT100T10
000O0O0O0OT1O0T1000
0000O0OO0OO0T1O0T1Q00
000000001000
000O0O0OO0OT1TO0O0O0T 01
lo ooo0o021000010]J

In equation (19), di.; and dg.1» are “0”, indi-
122

cating that the switches t;; and t;3 are discon-
nected. In equation (20), de.12 is “1” and dj.10 iS
“0”, showing that the switch 113 is on and the
switch t, is off. The above calculation results are
consistent with the two distribution network to-
pology states. The adjacency matrix describing
topological structure has the ability to adapt to
topological change.

Fault section location of distribution net-
work. Fig. 4 is the schematic diagram of single-
phase grounding fault of distribution network
based on fig. 3. f; and f, are the single-phase
grounding faults on branch Lz and Lg respective-
ly. The accuracy and reliability of the algorithm
are verified under two fault scenarios of single
fault and multiple faults.

Ll

Fig. 4. Single-phase grounding faults of distribution network
Puc. 4. OdHoha3Hble 3aMbIKaHUSI Ha 3eMJT0
pacnpedesiumenbHol cemu

(1) Fault section determination in the scenar-
io of single fault. When fault f; occurs in the dis-
tribution network, the fault information matrix F
and fault judgment matrix P obtained from equa-
tion (7) and (8) are as follows:

diag(F)=[1 11 -1 0 0 41 -1 -1 -1 0 0] (21)
1100 12000 0 0 00]
1110000000 00
0111000000 00
001-10000 01 00
1000 01000 0 00

P:D,+F:0000100000°Q
0000 00-11 0 0 10
0000 001 -110 00
0000 000 1 -11 00
0001 000 0 1 -100
0000 0010 00 01
,000009000010,_(22)

The suspicious branch sets of nodes are an-
alyzed in the fault decision matrix P according to
equation (9) and (10):
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dzz =1,C o ={(123’(134"(14—10’(110—9’?r
d‘)S ! d87 ’ d7—11 ! d11—12

_ {d34vd10-9rd371d931}
S PRI PRTRY < FPRPY
d, =-1, C4-up = {d12 ,dy5,dys,dsy, dss}

d :_1 C :{d12’d15‘d23’d34‘ }
88 d98 ! d56 1 d4—10 4 le—‘) 1

d1zvd15'd231d34,
dgy = -1YC9-up = {d d d
4-101

d,,,d,.,d,,,
dygq0 = _1’C10-up = {dlz d15 ;3 }
340 4-10 Y56

dy; =0,C, = {Q}
dipq, =0,Cp, = {@}

(23)

10-91 ~'56

The marking value of each node to the
branch by using equation (11) and (12), are
shown in tab. 2.

Tab. 2 shows that the larger the value is, the
greater failure probability there is. When the val-
ue of a branch is less than 0, it is indicated that
no failure occurred in the branch. Therefore,
when analyze the failure probability of a sus-
pected branch, it is necessary to add a con-

Table 2. Marking values of suspicious branches

Tabnuua 2. 3HaueHust MapKUPOBKW NOAO3PUTENbHBLIX BETBE

straint M-V(d;)20 to equation (13). The fault in-
dex of each suspicious branch in Tab. 2 are de-
picted in tab. 3.

When ¢ is set to 0.8, branch Ls (ds4) is
screened out. According to equation (14), it can

be obtained that [F.-Fi|=2>0. Then, branch
L5 occurs fault, which is consistent with the as-
sumed fault scenario.

(2) Fault section location in the scenario of
FTU information distortion

When Fs took “1” by mistake and F7 took “0”
by omission, the fault index of branches are ob-
tained as follows.

Tab. 4 shows that the branch with fault index
greater than or equal to 0.8 is still L3, and the
fault determination result is correct. Since the
fault index is determined by the nodes’ judgment
to all the branches, the influence of the FTU in-
formation distortion is diluted. It does not affect
the correctness of the fault determination result.
(3) Fault section location in the scenario of mul-
tiple faults. When faults f; and f, occurred simul-
taneously, the fault information matrix F is:

dag(F)=[1 11000110000 (24

The corresponding fault index of branches
are shown in tab. 5.

Fl FZ FS F4 F5 F6 F7 F8 F9 FlO Fll F12
Node code
1 1 1 -1 0 0 1 1 -1 1 0 0 M-V
SUSpiCiOUS branch set C, C, Cs C, Cs Cs C, Cs Cy Cuo Cin Coiy
Li(d1p) 1 |1 |1 |1 |o |o |1 |1 1 1 0 0 4
Lo(ds) 1 |1 |1 1 Jo |o |1 |1 |1 |1 0 0 6
Ls(dss) 1 |1 1 1 o o |1 |1 1 1 0 0 8
La(da-10) 1 |1 |1 |1 o |o |1 |1 |1 |1 0 0 6
Ls(dys) 1 1 |1 o |o |1 |1 |1 |1 0 0 4
Lg(d 1 -1 -1 1 0 0 1 1 1 1 0 0 4
Branch o(0ss)
Lo(dg7) 1 |1 |1 1 |o |0 |1 1 |- 1 0 0 0
Lg(dog) 1 |1 |1 |1 o |o |1 |1 1 |41 0 0 2
Lo(d10) 1 |1 |1 |1 o |o |1 |1 |1 |41 0 0 4
Lio(d7.11) 1 1 |1 |1 |o |o 1 |1 1 |4 0 0 -2
Lia(d11.12) 1 |1 |1 |1 |o |o 1 |1 |1 |1 0 0 -2
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Table 3. Branch fault indexes in the scenario of single
fault

Tabnuua 3. MiHgekchl 0Tka3oB BETBEN B CLEHApUK
€dMHUYHOWN HEUCNPABHOCTY

nches | MV | R
L, 4 05
L, 6 0.75
L 8 1
L, 6 0.75
Ls 4 05
L 4 05
Ly 0 0
L 2 0.25
L 4 05

Table 4. Branch fault indexes in the scenario of Feeder
terminal unit information distortion

Tabnuua 4. VHOekcbl OTKa3oB BeTBeW B CLeHapuu
UCKaXeHNst MHGopMauum o hmaepHoM TepMuHane

Suspicious

branches M-V F1
Ly 4 0.5
L, 6 0.75
L3 8 1
[ 6 0.75
Ls 5 0.625
Lg 2 0.25
L, 0 0
Lsg 1 0.125
Lo 4 0.5
Lio 0 0
Li 0 0

Table 5. Branch fault indexes in the scenario of multiple
faults

Tabnuua 5. VIHgekcbl 0TKasa BeTBEN B CLLEHAPUN MHOXeE-
CTBEHHbIX 0TKa3ax

Suspicious

branches M-V Fl
L1 1 0
L, 3 0.5
L3 5 1
La 5 1
Ls 1 0
Le 1 0
L, 3 0.5
Lg 5 1
Lo 5 1
L1o 1 0
L1 1 0

According to equation (13), the target
branches are screened out as follows: L3 (dzs),
L4 (d4_10), Lg (d98) and Lo (dlo_g). And these target

branches are calculated respectively by the fault
criterion:

|F,-F,|=[1-0]=1>0
|F,-F,|=0-0]=0
|F,-F,|=|0+1|=1>0
|F,, -F|=[0-0|=0

(25)

According to equation (25), the faults occur
in branches L; and Lg, and the determination
result is consistent with the assumed fault sce-
nario.

From the results analysis of the above ex-
amples, the fault section location algorithm pro-
posed in this paper can accurately determine
the fault section and has good fault tolerance. It
can adapt to the characteristics of UDN.

CONCLUSION

In order to improve the accuracy and reliabil-
ity of fault location of UDN, a fault section loca-
tion method based on fault marking is proposed
in this paper. It solves the problems of low adap-
tive ability and fault tolerance of matrix algorithm
in UDN. The conclusions are drawn through the
case studies:

1. By adding the branch state vector into the
adjacency matrix, the connection relation be-
tween nodes and branches in the adjacent ma-
trix changes with the operation state of branch-
es. The adaptive ability of adjacency matrix to
describe topology changes is enhanced.

2. By calculating the mark value of the
branch, we can get the number of times that the
branch appears in the suspicious branch sets of
all nodes. The larger the fault index of the
branch is, the more times it appears in the sus-
picious branch sets, and the greater the proba-
bility of the branch failure. In addition, the influ-
ence of node information distortion on fault de-
termination results is diluted in the process of
mark value calculation. Therefore, the fault tol-
erance of matrix algorithm is enhanced.

3. The fault criterion is used to analyze
and judge the screened target branches, which
can accurately identify multiple fault branches.
It can be used to locate faults in multiple fault
scenarios.
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3aKkoHOMepHOCTU pacnpeaeneHus 6naropofHbIX MeTannoB
MeXAy LIMakoBOW U WTeMHoBou dha3amMu npu nnaBke
CynbhUOHbIX MeAHbIX U MeAHO-HUKEeNeBbIX KOHLEHTPaToB
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Pesrome. Lienb — npoaHanuaMpoBaTh U CTPYKTYpUPOBaTL MHGOPMaLMI0 0 pacnpeaeneHni 6naropogHbIx MeTannos
npu nupomeTannypruyeckoin nepepabotke CynbGUAHbIX MeOHbIX U MEAHO-HWKENEBbLIX KOHLEHTPATOB, NPUBEAEHHYIO B
OTEYECTBEHHBIX U 3apyDexHbIX HAYyYHbIX UCTOYHMKAX. AHANU3 JaHHbBIX MO BUSHKIO NapLnanbHOro AaBfexHns Kucnopoaa
B CUCTEME, U, KaK CIIEACTBKE, COCTaBa MONy4YaeMblX WTEWHOB, TeMnepaTypbl BEAEHUS npolecca 1 CocTaBa LUIakoBOW
(hasbl Ha pacnpegeneHme MeTansoB NNaTMHOBOW rPynnbl, 30110Ta U cepebpa Mexay NpoAyKTamu NnaBKu MpOBOAUNCS
Ha 0CHOBe 0030pa OTEYECTBEHHOM U 3apyDexHO Hay4YHOW nuTepaTypbl. [poBeeHO UCCNEeAOBaHME WMPOKOTO CNeKTpa
MHGopMaLuMM 0 pacnpefeneHun W3yvyaemblx METANNOB MeXAy LUTEMHOM W LMakoM npu nepepaboTke CynbduaHbLIX
Me[HbIX 1 MEQHO-HUKENEBbLIX KOHLIEHTPATOB. YCTAHOBMEHO, YTO CUCTEMATUYECKOE M3yYeHMe BONpoca O pacnpeaeneHum
GnaropogHbIx MeTansioB Mexzay NPoAyKTaMu NnaBku ¢ NPUMEHEHMEM COBPEMEHHBIX METOLOB aHanu3a HaxoguTcst Bce
€elle Ha paHHuX cTagmsx. B onybnunkoBaHHbIX Hay4HbIX paboTax nMeeTcs BecbMa NpoTMBOpeYnBas nHgopmaumus o no-
BeieHnM 3omota, cepebpa M MeTannoB NNaTMHOBOW TPynnbl NpWU MMPOMETANNYpruyeckon nepepaboTke CynbUAHbLIX
MEeOHbIX U MEAHO-HWKENEBLIX KOHLIEHTPaTOB, YTO CBSI3aHO C PasnMyMsaMy B METOAMKAX MOCTAHOBKW SKCMEPUMEHTOB,
MOArOTOBKM M aHanu3a npob Ans aHanuaa, W, kak crnefcTBue, fanbHelillei MHTeEpNpeTaLui NomyYeHHbIX pes3ynbLTaToB.
Kpome Toro, B Hay4Hoit nuTepaType He BCTPEYaeTCs AaHHbIX O BMSIHUM HA pacnpefeneHue 3o50Ta, cepebpa u metan-
NMOB MNaTMHOBOW rPyNMnbl MEeXAY NPoAyKTamMu NaBkyU TAKWX TEXHOMOMMYECKMX NMapameTpoB Npouecca, Kak CogepXaHue
MarHeTuTa B LUIAKOBOW (pa3e, COOTHOWEHWE MexXOy Mefbl0 W HUKENEM B UCXOQHOW LUMXTE U NOMyYaemblX LITEAHAX.
Takke 0TMEYaeTcs OTCYTCTBME B HAYYHbIX MCTOYHMKAX AaHHbIX O pacnpegeneHuy GnaropoaHbIX MeTannoB npu Bege-
HUM NpoLiecca NMpoMeTannypruieckoro o6eHeHNs LAKOB OKUCTIMTENBHOI NNaBKku MeJHO-HWKENEeBOro Npou3BoaACTBa.
MpUHATO peLleHne 0 NoUCKe ONTUMarbHbBIX TEXHONOrMYECKUX NapameTpoB NpoLecca OKUCIUTENBbHOW NNaBku Cynbgu a-
HbIX MEAHbIX U MEeJHO-HUKENEBbIX KOHLEHTPATOB, a TakkKe MMpOMeTannypruyeckoro obegHeHns WNAKoB, rapaHTUpy -
Wwmx Hanbonee BbICOKME NOKa3aTenu M3BneveHns 6naropogHbIX METasnnoB B LieNEeBON NPOayKT.

Knroyeebie cnoea: meTannbl NNaTMHOBOW rpynmbl, 30M0TO, cepebpo, KOIPULMEHT pacnpeneneHus, MegHo-
HUKeNeBbIE WTeHbI, Neyb BaHokoBa
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Abstract. In this work, we analyse and structure the information on the distribution of noble metals during pyrometal-
lurgical processing of copper-sulphide and copper-nickel concentrates, available in domestic and foreign scientific
sources. The data on the influence of oxygen partial pressure in the system and, consequently, the matte composition,
process temperature, and the phase composition of slag on the distribution of platinum group metals, gold, and silver
between the smelting products were analysed. Broad-ranging information on the distribution of the examined metals be-
tween matte and slag in the processing of copper-sulphide and copper-nickel concentrates was studied. It was estab-
lished that the distribution of noble metals between the products of smelting using modern analytical methods is still in its
early stages. Contradictory information on the behaviour of gold, silver, and platinum group metals during the pyrometal-
lurgical processing of copper-sulphide and copper-nickel concentrates is presented in literature due to the variations in
the experimental procedures, preparation, and analysis of test samples, and, as a result, further interpretation of the ob-
tained results. Furthermore, no data on the influence of such technological parameters as magnetite content in the slag
phase, the relationship between copper and nickel in the initial furnace charge and obtained mattes on the distribution of
gold, silver, and platinum group metals between the products of smelting are available. In addition, no information on the
distribution of noble metals during the pyrometallurgical slags depletion obtained in oxidative smelting of copper-nickel
production has been published. Thus, it was decided to perform further research on establishing optimal technological
conditions for oxidising smelting of copper-sulphide and copper-nickel concentrates, as well as pyrometallurgical deple-
tion of slags, allowing for the highest extraction rates of noble metals into the target product.

Key words: platinum group metals, gold, silver, distribution coefficient, copper-nickel mattes, Vanyukov furnace

For citation: Bogatyrev D. M., Petrov G. V., Tsymbulov L. B. Distribution of noble metals between slag and matte
phases during smelting of copper-sulphide and copper-nickel concentrates. iPolytech Journal. 2022;26(1):128-141.
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BBEOEHME
B HacToswee Bpemsi Poccusa sBnsieTcs of-
HAM M3 MWPOBLIX NAepoB B 06racTu npous-

eHT pacnpegeneHud kakoro-nbo meTanna
Mexay LUTEAHOM M LIS1IaKoM 0ObI4YHO onpegena-
€TCA KaK OTHOLUeHMEe MacCCOBOro cojep>xaHud

BOACTBa GnaropodHbIX MeTansnoB, B TOM Yucne
MeTannoB NnnaTtMHOBOW rpynnbl. [pyu 3aTom OT-
MeyaeTcs, YTO OCHOBHbIM WMCTOYHMKOM AaHHbIX
MEeTanmnoB SBMSKOTCA  CynbUaHblE MEAHO-
HUKeneBble pyabl, nepepabatbiBatowmecs nu-
pomeTannypruieckumMm metogamu. Hakonnes-
Hble 1ccnegoBaTenbCckue AaHHble NMO3BOMSAIT B
HacTosLee BpeMs JOCTATOMHO KOPPEKTHO oLue-
HUTb NOBEAEHWE LBETHLIX MeTannos npu Nupo-
meTannypruyeckon nepepabotke. B 1o xe Bpe-
MS CBedeHus O noBefeHun BnaropodHbIX Me-
TannoB HOCAT OBPLIBOYHLIN XapakTep.
KoadpchuumeHT pacnpepeneHns naeT Bax-
HYHO WH(OpMaUMKO O MNOTepsx MeTannoB Co
Wwnakamu. B HayyHbIX MCTOYHMKAX KOIpdmum-

MeTanna B LUTEMHeK CoAepXaHuio MeTanna B
wnake. OgHako B 3apyOexHbIX UCTOYHMKAX, KakK
NPaBuno, MNPUHATO BbIMUCNATE KOIDPULMEHT
pacnpegeneHns kak OTHOLIEeHMe CcopepXaHus
MeTanna B LMake K codepxaHuio MeTanna B
wrenHe. [ns nydwen HarnsgHOCTU NPUBOAM-
MbIX [aHHbIX KO3UUMEHT pacnpegeneHns
mMeTanna B JaHHon pabote bydeTt onpenensTb-
Csi N0 NEPBOMY BapuUaHTy:

L™ = [macc. % B LWTeliHe)[macc. % B
Lunake].

IMeloTCS MHOrOYUCIIEHHbIE NUTEpaTypHblE
nctouHnkn [1-18] no npobneme notepb 6aso-
BbIx MeTannos (Cu, Ni, B MmeHbLen ctenenn Co)
CO LUfaKkamy MpW nnaBke W KOHBEPTUPOBAHUM.
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MNocneaHss NO BPEMEHN «BOMHa» Takux uccrne-
posaHun B 1980-1990 rr. 6bina Bbi3BaHa pac-
NPOCTPAHEHNEM VHTEHCMBHBIX METOLOB NNABKY,
TakMX Kak B3BELLUEHHas Mnaska, nrnaska B Xua-
koW BaHHe. B TO xe Bpems onybnuKoBaHHbIX
paboT no pacnpegeneHvio GnaropogHbIX Me-
Tannos (Au, Ag, MeTannsl NNaTUHOBON rPynMbl)
ropasfo MeHbLUe, a 3HaYeHne KX, HeCMOTpS Ha
«manble» cofepxaHus, Benuko. B npoussoa-
CTBE Meau, Hanpumep, GnaropogHble MeTansbl
UrparoT 3aMeTHYI0 posib. MI3BECTHO, YTO MeaHble
pyabl SABMSKOTCA BaXHbLIM UCTOYHMKOM 30M0Ta W
cepebpa. B yactHoctu, B 2015 r. B CTPyKTYype
npow3soacTBa nepsu4Horo cepebpa nuwb 30%
NPULWNOCh Ha COBCTBEHHO cepebpsiHble pyaHW-
kn, a 22% cepebpa 6bINo Nony4yeHo B Ka4ecTBe
noboyHoro npogykta nepepaboTkn MedHbIX pya,
(34% — oT nepepaboTKM CBUHLLOBO-LIMHKOBbLIX
pya v 4,8% — npounx pya’ [1]).

CTONT OTMETUTb, YTO B HacTosLLee BpeMS
n3y4yeHue pacnpefeneHns MeTannoB nnaTuHo-
BOW rpynnbl NpW NUpoOMeTansypruiyeckon nepe-
paboTke MeaHO-HUKENeBbIX Pyd npuobpeTaer
Kpa/iHe BaXHOe 3Ha4YeHue B CBSA3M C UX BO3POC-
LLen CTOMMOCTbIO Ha MUPOBOM pbiHKe. B gaHHOM
cTaTbe NpPUBOAATCS OaHHble TONMbKO COBPEMEH-
HbIX Hay4HbIX WCCefoBaHWi, Tak kKak B psge
cnyvaeB B 6onee paHHMx paboTax npuBoasaTcs
Pa3pO3HEHHbIE CBEAEHWS, NONYYeHHble C Heo-
CTaTO4HO TOYHLIMU CPeACTBaMM aHanmaa.

AHanu3 Hay4HbIx uccnedoeaHull. MNpexae
BCEro, CTPYKTYpMPYEM BCE W3BECTHble WCCIe-
[oBaHua Ha 3 rpynnbl. B nepson rpynne pabot
“3y4yanocb BIMSIHWE NapUManbHOro AaBreHus
Kucnopoga v COpPTHOCTW LUTEWHA Ha pacnpege-
neHve 6naropogHbix MeTannoB. Bo BTopow
rpynne nNpuMBOASATCA AaHHblE O BAMSIHUM TeMMe-
paTypbl BEAEHWSI NpoLecca Ha pacnpegenexue
3onota, cepebpa M MeTannoB MNaTMHOBOW
rpynnbl Mexgy npodyKramu nnasku. TpeTbs
rpynna MCCRNeaoBaHUN MOCBSALEHA U3YYEHMIO
cocTaBa LuakoBoW (hasbl Ha nosefeHue bnaro-
POAHbIX METansIoB B MMPOMETaNyprnyeckmx
npoueccax. OCTaHOBUMCS Ha Kaxzow rpynne
nogpobHee.

PacnpeneneHuto 3omnota 1 MeTansioB nnatu-
Hosom rpynnbl (Pt, Pd, Rh, Ru) nocBseHa cTa-

*World  Silver Survey 2021 /| The Silver
content/uploads/2021/04/World-Silver-Survey-2021.pdf

Institute.

Tbst ANOHCKMX uccneposatenen 3. XeHeo [2].
OnbiTbl BbIMONHSANMCE B TUrNax u3 MgO npu
1573 K, pso2 = 10* Ma (po2= 6,3 - 10* - 2,5 - 107,
ps2 =5 — 10% Ma) n copTHoCTY WTeitHa 40-70%
macc. Cu, macca obpasua — okono 12 r, Bpems
BblOEPXKKN — 24 4. PesynbTatbl B CTaTbe npak-
TU4eckn He obcyxaatoTcs. OTMEYEHO NULLb, YTO
B WHTepBasie COAEpPXaHui Meau B LITEWHe OT
40% po 65% koadbdhuumeHTbl pacnpeneneHus
HE npeTepneBalT 3aMeTHbIX M3MEHEHWN, HO
NnPpu OanbHEMWeM MOBbILEHUN COAepPXaHMs
Meau HaumHaetcs poct L™ To ecTb moTepw
MEeTanmnoB NNaTMHOBOW rPynMnbl CO  LUMaKamu
YBENMUYMBAIOTCA NMPW POCTe napumanbHOro aas-
NeHus Kucnopoga B cucteme. ABTOPbI Ha OCHO-
BE MOMy4eHHbIX 3HaueHuin L™ nonaratot, 4to
AparoueHHble MeTansbl PacTBOPEHbI Mpeumy-
WwecTBeHHo B wreiHe. LY ans Ru — okono
107, ana Au, Pt n Pd - 103, ans
Rh - 10™.

Bonbwon BkMag B W3yvyeHWe pacnpenene-
HUS  METansioB MNaTMHOBOW Tpynnbl  Mexay
WMaKoM W LUTENHOM MpW NMpoMeTannypruye-
ckon nepepaboTke CynbMUOHBIX KOHLEHTPATOB
BHECNM (PMHCKME Yy4yeHble yHuBepcuTeTa Aalto
[3-11]. Tak, B pabote [3] nNO paBHOBECHOMY
pacnpegeneHunio aparoueHHblx Metannos (Au,
Pd, Pt, Rh) mexay meaHbim wrenHom (Cu-Fe-S-
O) n xenesocunukatHeliM wWakom npu 1250-
1350°C B ycnoBusiX KOHTPONSA 3a napumasnbHbl-
MU OaBreHUsaMU Kucrnopoga u cepbl 1 oMKeupo-
BaHHOM AaBneHun SO, BbISIBNEHbI cregytowme
3Ha4yeHus KoadduumeHToB pacnpegeneHus: Au
— 1500, Pd - 3000, Pt — 5000, Rh — 7000-8000.
MonyyeHHble B AaHHOW paboTe 3HA4YeHuss Co-
LEepXaHusl OparoLeHHbIX METannoB B Xeneso-
CUNWKaTHOM LUJIaKe YKNagblBalTCca B MHTepBan
ot 1 80 20 ppm (1 ppm = 10™% macc.) u umetot
TEHAEHUMIO K CHWKEHWUIO C YBENWYEHWEM COpPT-
HocTu wTenHa. KoaddmumeHTsl pacnpepene-
HUS MPW COPTHOCTU LWTeiHa 65% Cu TakoBbl:
Au - 1500, Pd - 3000, Pt — 6000, Rh — 10000
(Ag — 100-200 B nHTepBasne COPTHOCTEN LUTEN-
Ha 50-70% Cu). B uenom, no MHEHUIO aBTOPOB
[aHHON CTaTbW, PaBHOBECHOE pacnpenenexune
WTENH/Wnak npenMyLLecTBEHHO onpeaenseTcs
CBOWCTBaMU CyNb(MUAHOIO LWTEHa, HEeCMOTPS

2021. URL: https://lwww.silverinstitute.org/wp-
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Ha TO YTO «MPUMECHbLIE» 3NIEMEHTbl pacTBOpPS-
0TCA B LUNaKe, 04EBUOHO, B BUAE OKUCIIEHHbIX
yactuy. Pesynbtatbl pabotbl [3] nokasbiBatoT,
4YTO PacTBOPUMOCTb AparoLeHHbIX METannoB B
wnake «npeHebpexmnmo Mana». ATO NO3BONSET
3aKnioYnTb, YTO MPW B3BELLEHHOW NfaBke Men-
HbIX KOHLEHTPAaTOB AOMUHUPYIOLWMM MEXaHMU3-
MOM NOTepb AparoueHHbIX MeTansioB sBnseTcs
3axBaT YacTuy WTeNHa, T.e. CKOpee MexaHuye-
CKMe, a He xummyeckne notepu. Koadduumen-
Tbl pacnpefeneHns Ana nnaTuHel, npueedeH-
Hble B paboTe [3], Bbllle, YEM OTMEYEHHbIE B
uccnenoBaHun [2], HO XOPOLLO COrnacyrTcs C
KoahhmumMeHTamMmn pacnpegeneHnaMm, ykasaH-
HbIM B CTaTbe [13], B KOTOPOW BHWMaHWe yae-
NANoCb  PacTBOPUMOCTM YMCTOM NNATUHbLI B
FeO,-SiO, wwnake, T.e. paccMaTpuBaeTcs pas-
HoBecue Lunak/mnatuHa. MeTogmka u ycrnosus
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npoBefeHNs onbIToB B [3] aHanornyHel [2]. As-
TOPbI YCTAHOBUIIN, YTO PACTBOPMMOCTb NNaTUHbI
B LUSAKe YBENUYMBAETCH N0 Mepe pocTa napuu-
anbHOro AaBneHus kucnopoaa.

Uenbto paboTbl [3] ABNanocb m3yyeHue no-
BELEeHNA pacnpeneneHns aparoueHHbIX mMeTan-
NOB MexXay MeAHbIM LUTENHOM W xene3ocunu-
KaTHbIM LUSIaKOM B YCMOBWSX B3BELUEHHON MnaB-
ku (1250-1350°C, psoz= 10* Ma, conepxanue
Cu B wrenHe 55-75% macc.). Ha puc. 1 npuse-
[eHbl KCMePUMEHTasIbHO NosyYeHHble B [3] KO-
adhduumeHTbl pacnpefeneHus ana nannagus,
Hapsiay C AaHHbiMK paboTbl [2], a Takke pac-
YyeTHble KO3(h(UUMEHTbI pacnpedeneHns Ha
OCHoBe npepena getektmposanus (10 ppm). Ha
puc. 1 aHanornyHble NUHUM NOKa3blBaT MUHU-
MarnbHble HadexHble Ko3(hUUMEHTbI pacnpe-
LENeHuns aparoueHHbIX MeTasnsos.
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Puc. 1. 3asucumocms ko3ghhuyueHmoe pacnpedeneHus nannadus (a), 3onoma (b)

U nnamuHel (¢) Mex0y MeOHbIM WMeliHOM U Xese30CusiukamHbIM wiakom om dosiu Medu e wmeliHe
npu napyuansHom daesieHUuU Auokcuda cepbl 10° Na u memnepamypax 1523 K, 1573 K u 1623 K [3]
Fig. 1. Dependence of distribution coefficients of palladium (a), gold (b) and platinum (c) between
the copper matte and iron silicate slag on copper proportion in the matte at partial pressure
of 10* Pa of sulphur dioxide and temperatures of 1523 K, 1573 K and 1623 K [3]
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OyeBMaHO, YTO AaHHble paboThbl [2] oTnMya-
I0TCA OT pesynbTaToB [3], U B 3HAYMTENbHON
cTeneHn — ans boratblx Medbto WTEnHOB (65%
Cu). Pasbpoc gaHHbIx 6onbLion, 0cobeHHO ans
nnaTuHbl U 30M0Ta, FAe KapTMHA 3aBUCUMOCTM
OT JONMW Meau B LUTENHE OOBOMbHO NPOTMBOpE-
yma. OgHako aBTOpbI [3] cumTaloT, YTO B Cpea-
HEM KOHLEHTpauMs NAaTWHbI, BUAMMO, NOCTO-
SIHHA NpY WM3MEHEHWU CcoAepXaHus Mean B
wrenHe Bnnotb Ao 60% macc, nocne Yero oHa
Ha4YMHAeT CHMXKaTbCs. Takoe NoBeAeHWe nnaTu-
Hbl YKa3blBaeT Ha cnegytoliee 06CToATeNbCTBO:
C POCTOM COAepXaHusi Megu W napumanbHoro
[AaBMeHNs KUCNopoaa nnaTuHa Bo Bce 6onbluei
CTEeMeHn «yxoauT M3 LWTenHa». YT1o Kacaetcs
NPOYMUX AparoueHHbIX MeTannos (puc. 1 a), Toy
KOHLEHTpauuu nannagusa uMeeTcs TeHAeHUms K
MOBLILEHWNIO C YBENWYEHWEM [ONW Mean B
WTENHe, B TO BPEMS KaK KOHUEHTpauusa 3onota
ocTaeTcs NpUMePHO NOCTOSHHOW.

PaboT, nocesLLeHHbIX pacnpedeneHnto apa-
FOLEHHbIX METAnNoOB MEXAy LUNAKoOM W HuKesne-
BbIM (MNWM MEOHO-HUKENEBbIM) LUTEAHOM, Ypes-
BblYaliHO maro, Tem 6onee — paboT nocnegHero
BPEMEHW C MPUMEHEHWEM COBPEMEHHbBIX METO-
[0B aHanu3a. MoxHo oTmetutb paboTty, onyb-
NUKOBaHHY0 B HOsiGpe 2017 r. rpynnov pUHCKMX
uccnegosatenei, nog HassaHuem «Pacnpepe-
NeHve [paroueHHbIX MeTansioB npu  nna.ke
HENOCPEACTBEHHO HA  HWKENEBbIN (HU3KOMeaw-
CTbin) banHwTehH» [4]. B gaHHOM nuTepaTyp-
HOM WUCTOYHMKE W3Y4eHO pacnpeneneHne 6aso-
BbiX MeTannos (Cu, Fe, Ni, Co) n aparoueHHbix
(Ag, Au, Pd, Pt) mexgy HuU3KOXeneaucTbimMu
wrenHamu (go 15% Macc.) ¢ COOTHOLLEHWEM
HUKeNs K Meay B LUTENHE, paBHOM 4, 1 xeneso-
CUNWKaTHbIM LUNAKOM (HacblweHHbIM SiO3) npu
Temnepatype 1350-1450°C B KOHTponMpyemoi
ra3oBon atmocdgepe C (PUKCUPOBAHHLIMU 3Ha-
YEHWAMMU Ps2 U Po2.

3HayeHne koadpduumMeHTa pacnpeneneHns
3onota (=10000) B paboTe [4] Ha NOPSAOK Bbille
3HaveHus (=1000),npuBeaeHHoro B pabote [3].
KoathdnumMeHT pacnpeaeneHns nnatuHbl LU
Takke BbllLe, YeM y 30/10Ta, U COCTaBnseT npu-
mepHo 100000. Y nannagus 3aBUCMMOCTb KO-
ahuumneHTa pacnpegeneHns ot CofepxaHus
Xenesa B LUTeWHe BblpaxeHa ropasfo cnabee,
4yeMm y 30m0Ta 1 nnatuHbl. KoadduuneHT pac-
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npedenexnst nannagus no nopsiaky BENUYMHBbI
aHanornyeH KoapuuMeHTy pacnpeeneHus
3onota. ABTopbl cTatb [4] Ha ocHoBe CO6-
CTBEHHbIX JKCMEPUMEHTANbHbLIX AaHHLIX MO
pacnpegeneHnio MeTansioB Mexagy LUTENHOM U
LUNAKOM U UMEIOLIMXCA NUTEPATYPHbIX OaHHbIX
no coctosHuio aen Ha 2018 r. genatoT BbIBOA,
YTO «3aHWXEHHbIe» KO3dUUMEHTbI pacnpene-
NeHns, NpUBEAEHHbIE B HEKOTOPLIX paboTtax, B
KOTOPbIX UCNONb3YTCA TPaaULMOHHbIE CNOCO-
66l NpobooTbopa ¢ NocneayrLLMM XMMUYECKAM
aHanu3oM, SBNATCA pe3ynbTaTOM HejocTa-
TOYHO 3(PPEKTUBHONO MEXAHWUYECKOro pasaene-
HMS WTeHa oT wnaka. OgHako, No Hawemy
MHEHMI0, TaKON NOAXOA NO3BONSAET OLEHUTb CO-
BOKYMHble MOTEPW MeTannoB MiaTMHOBOW rpyn-
Mbl CO LIMakaMu, Tak Kak MO3BONSeT onpefe-
NUTb N MeXaHU4eckne, N XMMUYecKue noTepwm,
YTO, Y4UTbIBAS NPENMYLLECTBEHHbIE NOTEPU Me-
Tannos nnatuHoson rpynnel (MII) ¢ kopornbKa-
MW LWTelHa, Gonee akTyanbHO ONAS MPOMbILL-
NEHHBIX CUCTEM.

MepegeMm K pacCMOTPEHMID W3BECTHbIX
[aHHbIX O BfIMSIHUM TemnepaTypHOro pexumMa
NNaBKu Ha pacnpegenieHne MeTannoB NNaTuHoO-
BOW rpynnbl Mexgy wnakom u wrenHoMm. Co-
rMacHo pesynbTataMm WCCNeaoBaHWii, NpoBe-
LEHHbIM (OMHCKUMU yYeHbIMK [3, 5], TeMnepaTy-
pa HE OKa3blBAET CYLUECTBEHHOrO BAMSHMS Ha
ko3appuumMeHTbl  pacnpegenieHns  MeTannos
nnatuHoBow rpynnbl. OTMeYaeTcs, 4YTo Temne-
paTypHas 3aBMCUMMOCTb KO3hULMEHTOB pac-
npegeneHns obbl4HO cnabo BbipaXeHa, HO B
LIeNoM Hu3kas Temnepatypa GnaronpuatcrTeyeT
nepexoay 6naropogHbix METanoB B LWTENH. Ha
puc. 2 npvBedeHbl OBE NUHWM TpeHda — ans
1250 n 1350°C, nokasbiBalLMX BANSAHUE TEM-
nepatypbl Ha logioL“™" ansi pogumsi. B npounx
crnyyasix TemnepaTtypHasi 3aBMCUMOCTb CMLL-
koM cnabas, 4Tobbl OKkasbiBaTb kakoe-nnbo 3a-
METHOE BIIMSIHME.

AsTopbl paboTbl [14] nccnegosanu npouece
PaCTBOPUMOCTU PYTEHWS B Pa3fnnYHbIX LUMIAKO-
BbIX cuctemax. B pabote BapbupoBanu napuu-
arbHoe faBneHMe B auanasoHe ot 10% go
2,1-10* Ma v Temnepatypy npouecca ot 1155 o
1600°C (puc. 3). Bbino ycTaHOBNEHO, YTO pac-
TBOPUMOCTb PYTEHMS B LUMaKe pacTeT C yBenu-
YeHVeM napuuanbHOro AaBneHNs KUCNOPOAa M
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Puc. 2. Jloeapughm koaghpuyueHma pacnpedenerusi podusi mexady xesie30CuluUKamHOM WnaKkoM U MeOHbIM WMeUHOM npu
1250-1350°C kak ¢pyHKyusi om codepxaHusi medu e wmeliHe [11]
Fig. 2. Logarithm of the coefficient of rhodium distribution between iron silicate slag and copper matte at 1250-1350°C as a
function of the copper content in the matte [11]

npu yMeHbLLEHNUN TEMNEPATYpPbI. Ha ocHoBaHuu
[AaHHOW 3aKOHOMEPHOCTU aBTOpPbl AenakT Bbl-
BOA4 O TOM, 4YTO peaKkuuna pacTBOPEHUA PYTEHUA
B LU1aKe, KoTopad MOXeT ObITb npeacrasrieHa B

Buae  opmynbl: Ru + %Oz(r) + %O*(mn.) =
RuO?~ (1), UMEEeT 3K30TepMUYECKUil Xapak-

Tep. Takum 06pa3om, onmMpasicb Ha NOMyYeHHble
pesynbTaTtbl B pabote [14], MOXHO yTBEpXAaTb,

YTO, Hapsay C MeXaHU4YeCKUMU, PYTEHUIO CBOIA-
CTBEHHbl XMMWYECKME MOTEPU CO LUMaKkamu, B
CBA3N C YeM MOXHO NPEeAnonoXuTb, YTO Mpu
oOedHeHWM LUMaka OKUCIMTENbHOW NnaBKu
TBEPALIM UNM Tra3000pa3HbIM  BOCCTAHOBUTE-
nem, PyTEHUI OOMKEeH JOCTAaTOYHO NOSHO nepe-
XOOWUTb W3 LUNaka B MeTannmyeckyto dasy.
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Puc. 3. 3asucumocmb pacmeopumocmu pymeHusi om memnepamypsl 8 wiakoeol cucmeme Na,0-SiO, npu
¢ukcupoeaHHOM napyuanbHoM 0aeneHuu kucaopoda [14] (Ha puc. po; = 10° Ma)

Fig. 3. Dependence of ruthenium solubility on the temperature in the Na,0-SiO; slag system under the fixed oxygen partial
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pressure [14] (in the figure pop = 10° Pa)
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Takxe B paboTte [14] Bbinn cmogenupoBaHbl
yCrnoBKs npoLecca KOHBEPTUPOBAHWUS MeaMu.
WccnepoBanmna npoBoaunu npu  OMKCMpOBaH-
Hoit TemnepaType 1200°C, napuuanbHoM AaB-
nexHun kncnopoda 1,52 Ma. Coctae wnaka 6bin
cnegyrowmm: 25% SiO,, 70% Fez04, 5% ZnO.
MNpu gaHHbIX YCnoBMsX BbINO yCTAHOBMIEHO CO-
LepXaHWe pyTeHus B LUNAKe, KOTOPOe COCTaBu-
no 47 ppm, n paccuyMTaH Koa(puUUNEeHT pac-
npedeneHns pyTeHWs Mexay KOHBEPTEPHbIM
UMakoM M YEepHOBOM MEAbO, KOTOPbIN paBeH
6,7 - 10,

lNepengeMm K pacCMOTPEHMI0 TpeTben rpyn-
Nbl (haKTOPOB, BMNUSOLWMX Ha pacnpegeneHve
BnaropodHbIX MeTansmoB Mexagy LakoMm W
LUITEMHOM, — COCTaBY LUakoBon dasbl. BrinsHue
cocTaBa Lufaka usyyanock B psge paboT ¢uH-
CKMX U SNOHCKMX yyeHbix [4, 14-18]. B 6onb-
LWMHCTBE paboT ObINO YCTAHOBMEHO, YTO C MO-
BbILUEHMEM COAEPXaHWS OCHOBHOMO OKcuaa
pactBopumocTe MMl B wnake pactet. B yacT-
HOCTW, B wuccnepoBaHun [15] onpepensnacb
pacTBOPUMOCTb POAWS B 3aBMCUMOCTU OT nap-
LManbHOro JaBfieHUs KMCNOpOoAa B AvanasoHe
ot 10 fo 10° Ma, TemnepaTypsl B UHTepBarne ot
1200 no 1600°C u cocraBa wnaka. bbino ycra-
HOBMNEHO (puC. 4), YTO NPU YBENNYEHUN KOHLIEH-
Tpaummn CaO B wnake ¢ 50 go 56% macc. co-
LepXaHve poausa B LWnake yBenuMymMBaeTcs npu-
6nmantensHo Ha 20%.

C apyroii cTopoHbl, B pabote [17], B KOTOpOWA
uccnegoBanacb  pacTBOPUMOCTb  MNaTWHbL B

wnakoon cucteme Na,0-SiO,-(MgO, Fe,0s3,
Al,O3, CuQ), aBTOpbl YKasbiBalOT Ha peskoe
CHWXEHMe pacTBOPUMOCTU MNaTUHbI C yBenuye-
HWEeM KoHueHTpauun MgO B wnake. Takke aB-
TOpbl OTMEYaKT, YTO PACTBOPMMOCTb NSATWHbI
PE3KO CHWKAETCA C YBENUYEHUEM COOepXaHus
Fe,03; n Al,O3, KoTOpble BeayT cebs Kak TUnuy-
Hble KUCIble OKCUAbI B Lunakax. 1o MHeHuo aB-
TopoB [17], HeCMOTpS Ha To, YTo MgO sBnseTcs
OCHOBHbIM OKCMOM, €ro OCHOBHOCTb HUXE, YeM
y Na,O, B CBA3M C 3TUM OH BeaeT cebs kak pas-
6aBuTENb OCHOBHOCTY LUMaKa, YTO, B CBOK OYe-
pedb, NPUBOAUT K YBENMUYEHUIO KO3hMLMEHTA
aKTMBHOCTM OKCMAa NnaTWHbl NpU YBENMYeHUm
COAEPXKaHMS OKCcMaa MarHus.

B pabote y4eHbIx uHCKOro yHuBepcuteTa
Aanto [4], npuBeaeHHOM Bbile, NOMUMO BNUS-
HUS NapuManbHOro AaBfeHUs Kucnopoga B ra-
30BOK (hase, TaKxKe U3yyanocb BNnsSHUE comep-
xaHns MgO B LwnakoBon ase Ha pacnpegene-
HWe 3010Ta, NNaTUHBl U Nannagusa Mexay Lwna-
KOM W LITEMHOM. BbIfo YCTaHOBNEHO, YTO BNUS-
Hne MgO Ha nepexop nannagus, nnaTuHbl W
30M0Ta B WMaK UMEeT OOMHaKOBbLIN XapakTep.
Tak, KoahuUMeHTbl pacnpefeneHus, BblYnc-
nseMble B JaHHOM Crfyyae Kak OTHOLUEeHue Co-
LepXaHus MeTanna B LUTeHe K COoAepXKaHuio
meTanna B LWnake, No CywecTBy, yBeNMYMBatoT-
cs bonee yem BABOE Npu gobaBkax OCHOBHOMO
okcupa. Mo pesynbTataMm aHanusa LUNakoB Co-
nepxanue MgO pasHsnocs 0, 4 1 8,5% macc.
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L 2 50(wt-%)Ca0-50Si0, at 1873K
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Puc. 4. 3asucumocmb pacmeopumocmu podusi om napyuanbHo20 daesieHus Kuciopoda e wilakax pa3jiu4yHo20 cocmasa u
npu pasnuyHbix memnepamypax [15] (Ha puc. paamepHocmb om 10° Na (-3,0 amm) do 10° a (0 amm))
Fig. 4. Dependence of rhodium solubility on oxygen partial pressure in the slags of various compositions and at various
temperatures [15] (the figure demonstrates the numbers of dimension from 10%Pa (-3.0 atm) to 10° Pa (0 atm))
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B cBow ouepenp, BnusHue Al,O3 Ha pac-
npedeneHve nnatuHel M3yyanocb B paborax
ANOHCKMX nccneposatene [16]. CooTHoLwweHne
CaO/SiO, B wnake ABAANOCHL MOCTOSHHBIM Ma-
pameTpom u pasHanoce 1,07, cogepxaHve
Al,O3 BapbupoBanocb oT 3 fo 35% macc. ABTo-
pamy OTMeYaeTcs, YTO B JaHHOM LUIAKOBOW CU-
cteme AlbO; Beget cebs Kkak OCHOBHbIN OKCWA
n3-3a npucytcteus SiO,, KOTOpbIN SBNAETCA
KUCMbIM KOMMOHEHTOM. B uenom B pamkax pa-
60Tbl BbISIBNEHO, YTO MOBbILEHWE KOHLEHTpa-
umn Alb,O3 B WNake yBenuyMBaeT cofepxaHue
NiaTuHbI B LUIAKOBOM pacnase, puc. 5.

3 onybrnmkoBaHHbIX OTEYECTBEHHbIX CTaTew
no Teme pacnpefeneHus bnaropogHbIx MeTan-
NMOB MeXay LTEeWHOM M LUMakoM OTMevaroTcst
paboTbl, BbINONHEHHbIE HA 6a3e AO «MHCTUTYT
«TMHUBETMET» [20, 21], OO0 «WUHcTUTYT -
npoHukenb» [22-24], CaHkT-lNeTepbyprckoro
FOPHOrO yHMBepcuTeTa® [25-29], nUTepaTypHbiit
nctounnk’. Tak, B paGotax [20, 21] aBTopamm
U3y4anucb 3aKOHOMEPHOCTU pacnpegeneHns
MEeTanmnoB MiaTMHOBOW rpynnbl NPUMEHNUTENBHO
K nnaBke Cynb(MWUAHbIX KOHLEHTPATOB B MNeyu
BaHtokoBa, T.e. B YCNOBUSX WUHTEHCUBHOIO Me-
pemelunsaHus pacnnasa. Astopamu [20] oTme-
YaeTCs CHWXeHWe W3BNeYeHWs MeTannos nna-
TUHOBOW IPYNMbl B LIENIEBON NPOAYKT — LUTENH —

npu yBenuyeHun cogepxanuns megu. Kpome To-
ro, aBsTopbl [20] ykasblBalT Ha NATUKpPATHOE
ymeHbleHne notepb MMM co wnakamu ¢ po-
CTOM MacCOBOIr0 COOTHOLEHWS B LWITeWHe
[Ni]:[Cu] ¢ 0,5 po 5.

B pabote [22] aBTOpbLI M3y4anu pacnpege-
nexnne MMM n 30n0Ta NPUMEHUTENBHO K NNaBke
CyNbMAHOr0 MeOHO-HWUKENEBOro KOHLEHTpara.
MeToauka 3akniovanacb B npeaBapuUTENbHOM
obxure KoHLeHTpaTa npu Temnepatype 900°C
ANA NOMyYeHWs LTENHOB PasnUYHOro CocTaea,
rnocre 4ero orapok npogyesanu SO, ons ygane-
Hua Fe,03. [lanee orapok Harpesanu o 1250°C
(Bblle TemnepaTypbl NaBneHns) U OCyLLecTB-
NAnu BbIAEPXKKY pacnnaea Ans pasfeneHns Ha
LUaKOBYO M WTENHOBYO (hasbl. B cratbe [22]
OTMEeYaeTcs, YTO ONTUManbHbIM YCMOBMEM Be-
[EHUA npoLecca ABNseTca nonyvyeHne WTenHoB
C codepXXaHWem CyMMbl LBETHbIX MeTannoB Ha
ypoBHe 50-55%. lMpu paboTte Ha Bonee Gora-
Tble WTeWHbl HabnhaeTcs NoBbllLEeHWEe NOTepb
MMl n 3onoTa co wnakamu. Kpome Toro, aBTo-
pbl YKa3biBAOT Ha CYLLECTBEHHOE CHWXEHNE
n3snevenns MM B WTENWH MNpu yBENUYEHWUM
obbema wnaka. Tak, Nnpu Bbixode LWTENHA Ha
ypoBHe 2% u3BneyeHne Pt n Pd B WTelH co-
ctasuno Bcero 50%.
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Puc. 5. 3aeucumocmb pacmeopumocmu naamuHbl om codepxaHus do6asku okcuda anoMuHus e wnak npu 1500°C [16]
Fig. 5. Dependence of platinum solubility on the content of the aluminium oxide addition to the slag at 1500°C [16]

*CuasikoB B. M., BaxuH B. t0., Bpuukun B. H., MeTpos T. B. MeTtannyprvs UBeTHbIX MeTannoBs: yyebHuk. C6.: Hauwno-
HanbHbI MUHEPanbHO-CbIPbEBON YH-T «OpHbIiy, 2015. 392 c.
®Kotnsip 10. A., MepeTtykoB M. A., Ctpmxko JI. C. Metannyprus 6naropogHbix MeTansios: y4ebHuk. B 2-x kH. KH. 2. M.:

MWUCUC; N1 «Pyga n metannsi», 2005. 392 c.
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ABTOpbI NUTEPATYPHOTO MCTOYHMKA® OMuca-
NN NOBELEHME KaxXO0ro u3 nnaTuHOBbIX MeTarl-
NoB B npouecce pPyaHOTEPMUYECKOW NnaBKu
CYNb(PUOHOr0 HWUKENEBOro KOHLUEHTpaTa u men-
HOr0 KOHLIeHTpaTa, MONyYeHHOro W3 MegHO-
HUKeNeBbIX pya, Npu nnaeke ero B neyu BaHto-
KOBa, KOHBEPTUPOBAHWM LUTEWHA W aHOQHOW
nnaeke.

YCTaHOBMEHO, YTO OCHOBHOE BMUSIHME Ha
notepu Ml okasbiBaeT Hanmuyve wnu OTCYT-
CTBME BOCCTAHOBWTENS B LWMXTE. Takke OTMe-
YeHo, YTO NOTepU NnaTWHbl, Nannagus, 30M0Ta,
PYTEHUS, OCMUSA NMPU HEUTpanLHOW aTMocdepe
B PTIM c yBenuueHnem Cymmbl MeTannos B
wrerHe cHuxkawTtea ¢ 50 go  0,2%.
[anbHenwee cHxeHne HabnogaeTca npu Boc-
CTaHOBUTENbHON aTtMocgepe B neyu B MpUCyT-
ctBun 3% BocctaHoBuTens. Motepu nnaTuHbl B
HenTpanbHoM pexume coctasnstoT 0,2-3,0%, B
BoccTtaHoButenbHom - 0,2-1,0%; nannagus
0,5-3,0 n 0,8%; pytenuss 0,5-5,0 n 0,5-1,5%,
cooTBeTCTBEHHO. OCMMI B WNaKk nNepexoaut B
O[MHaKOBOW CTeneHn B HeMTpanbHOM U BOCCTa-
HOBUTENbHOM pexumMax nnasku. lNepexog vpu-
LS B LWNaK Bollwe, YeM y octanbHbix MM u co-
ctasnsieT 1,5-10%. lNpu nepexoge K okucnm-
TENbHOMY PEeXUMy MNaBkM Pe3Ko BO3pacTaloT
(00 16%) noTepun pyTeHNsi U OCMUS.

ABTOpbI OTMEYatoT, YTO NpU NMaBKe B Neyun
BaHtokoBa 0bpasyeTcs HeKOTOpoe KONU4ecTBO
MeTannuyeckon meau, KOTopas ABNSETCA KO-
nektopom MII, noatomy Ux noTepu Co LWnaka-
MU HeBenuku. B Tabnuue npuBeaeHbl koOahpu-
umeHTbl pacnpegenenuns MMM n ux nasnevexHne
B cuctemax Cu-Cu,S n Cu-Cu,O no /J,aHHbIMS.

[aHHble, npuBefeHHble B UCTOYHMKaX [30-

36], B KOTOpbLIX paccMaTpuBanocb pacnpegene-
HWe MeTarnnoB NNaTUHOBOW rpynnbl MeXay npo-
AyKTaMu nnasku, Takke NoaTBepK4atoT HU3KMe
noTepy [aHHbIX MeTannoB B pPacTBOPUMON
(bopme B LuNakoBoM pacnnaee. Takxke aBTopbl
pabot [33-35] oTmevawT, 4TO CyNbOUAHLIA
pacnnas, NPeAcTaBfeHHbIN WTENHOBOW (ha3on,
ABMNAETCA XOPOLUMM KONMEKTOPOM MeTansoB
nnaTuHoBow rpynnbl. [pyn 3TOM KONNEKTMPOBa-
HWE B LUTENHE MeTannoB MnnaTUHOBOW rpynnbl, B
yactHoctu Pt, Pd, Ru, yBennunsaeTcs no mepe
poCTa KOHLEHTpaLuu cepbl B LUTENHOBOW (ha3e.

3AKJTIOMEHUE

1. O630p M3BECTHbIX NUTEPATYPHbIX AaHHbIX
nokasblBaeT, YTO B Mupe npobneme pacnpege-
neHus 6naropofHbIX METANNoOB MeXay npoayk-
TaMu NnaBkK, Kak B MEOHOW, Tak U B HUKENEBOW
MPOMBILNEHHOCTH, YAENsAT Bonbwoe BHUMA-
Hue [37, 38]. [locTaTOMHO MHOrO uccnegoBaHun
no AaHHOM TemaTuke onybnunkoBaHO B nocnej-
HMe rodbl, NPOBEAEHHbIX C NPUMEHEHUEM CO-
BPEMEHHbIX MeToAoB aHanu3a. OCHOBHbIE WUC-
crnegoBaHust MOCBSILWEHbI pacnpedeneHnto Au,
Ag, Pt, Pd. Becbma oTpbiBOYHbIE CBEAEHMS Ka-
caiotea Rh, Ru, Ir, ansg kotopbix Kpyr nybnuka-
LI PE3KO OrpaHnYeH.

2. MHorve y4eHble CHMTAOT, YTO KOIU-
UMeHTHI pacnpedenenna Lye o yumetot
BbicokMe 3Hauenus (10°-10%) ans Au, Pt, Pd.
Mpuyem Ons nepBbIX ABYX METANMOB AaXe He-
ckonbko Bbiwe. [Nogaenstowee OOMbLUMHCTBO
nccnegoBaTenen cxoaaTcs BO MHEHWM, YTO Mo-
Tepu GnaropodHbiX METAnoB OMNpeaAensrTCs,
rmaBHbIM 00pa3oM, HaNMMYMEM B LUMAKax mexa-
HUYECKOW B3BECU CYNbMUOHO-METaNNYeCKnX

Pacnpep,eneHme MeTannoB NnaTuHOBOW rpynnbl U UX n3sneyeHne B Medb B CUCTEMaAX Me,qb-cyanm,q mean n megb-

okcug megu’

Distribution ofsplatinum group metals and their extraction into copper in the copper-copper sulphide and copper-copper

oxide systems

Cu-Cu,S Cu-Cu,0
Cul[M Cul[M
Meransui = (éﬂ% 3BneyeHune, % = (C[u;g% M3BneyeHune, %
[natuHa 100 99,7 90-100 99,6
Mannagun 140 98,0 80-100 96,4
Ponwit - 99,0 - 98,0
Npugnn 150-450 99,0 100-150 94,0
PyTeHun 60 93,0 1,2-15 30,0
Ocmuii 250-350 97,0 120-140 94,0
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KOPOSIbKOB, A€ W COCpPefoTOYEHa OCHOBHas
4yacTb TEpPSEMbIX CO LIMakoM 6naropogHbiX me-
Tannos. B To xe BpeMs HeKoTopble UccneaoBa-
Tenn OTMevarT Hanuune HebOonbLIOoN pacTBO-
pumoctn Au, Pt, Pd B wnakax, ogHako gaxe
COBPEMEHHbIMM METOAaMW aHanu3a onpefe-
NUTb JOCTOBEPHO KOHLEHTPALMWN PaCTBOPEHHbIX
METannoB, COCTaBMSOWMX NepPBble eanHULLbI
ppm, He npeacTaBnsaeTca BO3MOXHbIM. B ogHown
13 paboT OTMEYAKTCS CKINOHHOCTb K OKUCIIEHMIO
Ru B npoLecce OKACNUTENbHOW NMaBKW W, Kak
CneacTBue, xapakTepHble ANs AaHHOro Metan-
na XMMMYecKne NoTepu Co LWakamu.

3. NccnepoBanns, NOCBSALLEHHbIE U3YYEHWIO
BNUSHUA TemnepaTypbl npouecca Ha pacnpe-
LeneHns MeTansioB NAaTUHOBOW PynMbl MeXay
LUTEAHOBOM W LUNAKoBOW (pasamu, yKasbiBalT
Ha TO, YTO TemnepaTypa npouecca He oKasblBa-
€T 3HaYUTENbHOrO BMUAHUS HA pacnpeaenexHne
nnaTuHel, Nannagusa v sonota. B 1o xe Bpems,
COrnacHoO HeKOTOPbIM [aHHbIM B Ony6nMKoBaH-
HbIX WCTOYHMKAX, YBeSiMYeHWe Temneparypbl
Breyet 3a coboi nepexo B LWNaK pyTeHus
BBMOY NPOTEKaHWUA peakLuu OKUCMEHUS, KOTO-
pasi HOCUT 9K30TEPMUYECKNI XapakTep.
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Abstract. The present work addresses the problem of improving the percolation properties of heap leaching piles of
clay, slime-oxidised and mixed ores. These ores are prone to colmatation, which hinders percolation of the solution
through the ore layer. Laboratory tests on percolation leaching were carried out using a 2 m column having an internal
diameter of 190 mm, loaded with 89.42 kg of ore material having a grain size of -55+0 mm. In order to eliminate colmata-
tion, the ore layer was divided into two equal parts by a drainage layer of polystyrene foam. The research object was ore
material extracted from the northern Nurkazgan deposit (Karaganda region, Republic of Kazakhstan), in which copper is
present in the form of sulphide (53.48%) and oxidised minerals (46.52%), including 23.5% of chrysocolla. The mineral
composition of a test sample determined by optical and electron microscopy, X-ray diffraction, local X-ray spectral, X-ray
fluorescence and inductively coupled plasma mass spectrometry was characterised by 93.78% of rock-forming minerals,
53.23% of which comprised layered silicates, namely, mica, chlorite and kaolinite. Ore mineralisation was characterised
by both sulphide (copper sulphides, pyrite) and oxide (malachite, iron hydroxides and manganese oxides) phases. The
content of easy-sliming minerals equalled 56.30%. Prior to leaching, moisture saturation during the period of one day
was carried out. The ore was top irrigated with a solution of sulphuric acid having a concentration of 60 g/dm3. Pregnant
solutions were processed following a sorption method (sorption/desorption—electrolysis). The copper extraction into the
solution yielded 60.04% with a sulphuric acid consumption of 50.0 kg/t ore at an average irrigation rate of 10.58
dm3/(m2h) or 0.1058 dm/h per clear opening. Therefore, heap leaching of ores at a layer height of lower than 1 m can be
performed following the "leaching—extraction/re-extraction or sorption/desorption—electrolysis” scheme.

Keywords: leaching, column, ore, copper minerals, solution, extraction
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UccnepoBaHua no nepkondauyMoHHOMYy Bblilesnia4ynBaHUIO
MeaAu U3 NMUHUCTbIX CMeLlaHHbIX MeQHbIX pyAa
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Pestome. Llenb — noBsbilleHne uUnbTpaLMOHHbBIX CBOMCTB LWTabens Ky4HOro BbllLeNnaynBaHus rMHUCTbIX, Wamu-
CTbIX OKMCIEHHBIX W CMELIaHHbIX pyJ, KOTOpble CKMOHHbI K KOMbMaTaLMW WU Pe3ko CHUXAKT npocayuBaHue pacteopa
yepes cnow pyael. ins nposeaeHns nabopaTopHbIX UCTbITAHWI MO NEPKOMNALMOHHOMY BbiLLENa4ynBaH1I0 UCNOMb30Ba-
nacb KOJSIOHHA BbICOTOW 2 M W BHYTpeHHUM guameTpom 190 MM, B koTopylo bbina 3arpyxeHa pyga maccon 89,42 kr
kpynHocTblo 55-0 MM. C uernblo yCTpaHeHWs KonbMaTauun pyay 3arpyxanu cnoem BbiCOTOM 1 M, Aanee yknagblsanu
LPEHaXHbIA CITON M3 NEHONONKUCTMPOSA U CHOBA Hacbinanu crnown pyael BoicoTor 1 M. OBBbEKTOM MCCNeaoBaHUin ABnse T-
cs pyda cesepHoro yyacTka HypkasraH (KaparaHauHckas obn., Pecnybnuka KasaxcraH), B KOTOpOi Medb NpakTUYecku
nopoBHY npeAcTaenera cynbduaHbiMu (53,48%) 1 okncneHHbiMK (46,52%) MUHepanamu, U3 HWX XpU3oKonna cocTas-
nset 23,5%. B muHepansHom cocTase npobbl, onpegeneHHOM ¢ y4eTOM AaHHbIX ONTUYECKUX U 3NEeKTPOHHOMMUKPOCKONM u-
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YECKUX WCCNEAOBaHUN, PEHTFEHOCTPYKTYPHOrO, NOKaNbHOrO PEHTTEHOCNEKTPaNbHOro, PEHTreHOMIYOPECLEHTHOTO U
Macc-CneKTPOMETPUMN C MHAYKTUBHO CBSI3aHHOW Nnasmoil, npecbnagatT nopogoobpasyolne MUHepanbl, COCTaBMs to-
e 93,78%, u3 kotopbix 53,23% NPUXOAUTCS HA CMOUCTbIE CUNWUKATLI — CRKAbI, XNOPUT, KAONUHWT. PyaHas MuHepa-
nu3auus npeacTaBneHa Kak cynb@uaHsiMu asamu (Cynbduabl Meau, MMpuUT), Tak U OKCUOHBIMW — ManaxuT, rMapOoKCH-
Obl Kenesa, okcuabl mMapraHua. CopepxaHwe nerkownamyrLmxcs MuHepanoB cocTasuno 56,30%. lNepep Havanom
BblLLieNaunBaHNs NPOM3BOAUNM BMaroHachILeHWe pyabl B TeyeHue cyTok. CBepxy pyay opollany pacTBOPOM CEpPHOM
KUCMOTbl C KOHLEeHTpauven 60 rlam®. MepepaboTKy NpPOAYKTUBHLIX PAaCTBOPOB OCYLLECTBMANM MO COpPOLMOHHON cxeme
(copbuumsi/gecopbumua — anektponus). B peaynbtate NnpoBefeHNs UCCEAOBAHUI U3BNEYEHNE Meu B pacTBOP COCTaBM-
no 60,04% c pacxogom cepHoii kucnotel 50,0 Kr/T pyabl Npu cpeaHei ckopocTh opoluenuns 10,58 nM3/(M2-q) unn 0,1058
OM/4 Ha cBoboaHOE ceyeHne TpyObl. Takum 06pa3om, CMOIb30BaAHKE MOCIIONHOTO LWTabebHOro BhILENAYNBAHUS PYAbI
C BbICOTOI cost He 6onee 1 M MOXeT BbITb peann3oBaHo Mo CXeMe «BbllerniadynBaHne — IKCTPaKLMs/peaKkeTpakumus unm

copbumns/aecopbunst — 3NEKTPONN3».

Knroyesnbie criosa: BbillenaynBaHmne, KONOHHA, pyaa, MeaHble MUHepanbl, pacTBop, M3BeYeHne
Ans yumuposanus: Kapumosa J1. M., Kainpananos E. T. iccnegoBaHus no nepkonsiLMOHHOMY BbILLENAYNBaHMIO

mMeau u3
https://doi.org/10.21285/1814-3520-2022-1-142-153.

INTRODUCTION

Improving the percolation properties of a
leached mineral is essential for the efficient op-
eration of heap leaching plants at deposits char-
acterised by a high content of clay ores. The
colmatation of clay and slime ores occurring dur-
ing their leaching either impedes or reduces the
solution percolation through the ore layer. In or-
der to improve the percolation properties of a
heap leaching pile, the pelletising of clay ores is
widely used [1-18] in industrial mining of weath-
ered gold-containing ores and alluvial and hard
rock gold mining heaps having a high clay
content.

In [2], various ores were pelletised at an av-
erage cement consumption of 5-6 kg per ton of
ore and 3.5-4 kg of chlorinated lime. The
strength of the as-pelletised ore amounts to
73.5-78.4 kPa. A further increase in the binder
content reduces the percolation properties, pro-
longs the leaching process, as well as raises the
cost of ore dressing. Moreover, when pelletising
clay ore and tailings, an increase in cement con-
sumption may lead to an opposite effect, namely,
a decrease in the strength of pellets [10].

Ore material is pelletised using sulphuric ac-
id as a binder [18]. Ore pellets and samples of
various grades are loaded into percolation col-
umns for leaching experiments. Due to the criti-
cal static pressure in the upper part of the pile
(over 73.5 kPa with the strength of pelletised ore
of 68.3 kPa), the leaching rate becomes low,
followed by the formation of fine grains in the
initial ore. As a result, the hydraulic conductivity
of the pile is reduced.

The heap leaching of metals directly in the

FMWHUCTBIX CMeLlaHHblX MedHblx  pya /[ iPolytech  Journal.
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ore pile can be intensified by mechanical loos-
ening (in particular, blasting), which increases
the porosity and ore jointing, thus facilitating the
extraction of the target component to the preg-
nant solution [19-22]. However, during mechan-
ical loosening by blasting, on the first day, the
need for solution irrigation (leaching) increases
by 5-8 times. The resulting ore repacking slows
down the leaching process.

In [23], a cuvette-heap leaching of metals
was carried out by leaching a mineral mass with
a reagent solution, followed by metal extraction
by sorption leaching in two steps: firstly, the
mineral mass is placed in cuvettes having mois-
ture-proof walls, initial reagent solution is intro-
duced, further slime-clay and sand fractions are
separated by hydrocyclone. The sand fraction is
piled and subjected to heap leaching. Following
the leaching of sand and clay-sand fractions, the
remaining liquid phase is strengthened and fed
to heap leaching.

MATERIALS AND METHODS

This research is aimed at improving the per-
colation properties of heap leaching piles of clay
and slime oxidised and mixed ores, which are
susceptible to colmatation. Colmatation is
known to reduce the solution percolation
through the ore layer. In order to solve this prob-
lem, leaching was carried out in layers having
limited height. To this end, a porous material
(polystyrene  foam or inorganic-hydrophilic
sorbent) was placed between the layers, or the
ore was loaded into cuvettes by layers divided
using a filtering material (polystyrene foam or
inorganic-hydrophilic sorbent).
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The residues of the leaching (cakes) can be
utilised as a backfill material in underground
mining [24].

Ore material extracted at the northern Nur-

Table 1. Chemical composition of copper ore
Tabnuua 1. Xumnyeckuit cocTas pyabl

kazgan deposit (Karaganda region, Republic of
Kazakhstan) was used as a research object.
The results of chemical and phase analysis are
presented in tab. 1 and 2.

Component Cu Ag* Au* Fe S Zn Pb As
Ygﬁight percent, %, | 417 1.79 0.33 1037 0.94 0.052 0.001 0.0043

Component P SiO; Al,03 Ca0 MgO K-0 Na,O Mo
}%’ftight percent, %, | 114 53.36 19.64 0.52 2.25 411 0.16 0.004

Table 2. Copper phase analysis in ore
Tabnuua 2. ®asoBbIli aHanu3 meaum B pyae

Metal speciation Cu content, % (abs.) Cu distribution, % (rel.)
Cu in sulphide minerals 0.223 53.48
Cu in oxidised minerals, 0.194 46.52
including chrysocolla 0.098 23.50
Total 0.417 100.0

Note / lMpumeyaHue: abs. — absolute; rel. — relative / abs. — abcontoTHLIN; rel. — OTHOCUTENBHBIN.

Tab. 2 shows that copper is almost uniformly
distributed between sulphide (53.48%) and oxi-
dised (46.52%) minerals, including 23.5% of
chrysocaolla.

Ore mineralisation is dominated by second-
ary supergene phases, including iron hydrox-
ides, hematite, manganese oxides, jarosite, as
well as the rarely occurring malachite. In rare
cases, sulphide minerals, such as chalcocite,
chalcopyrite, covellite and pyrite, are observed.
The investigated ore belongs to the oxidised
type, having predominantly ingrained and collo-
form textures.

The mineral composition of the test sample
determined based on optical and electron mi-
croscopy, X-ray diffraction, atomic emission
spectrometry, local X-ray spectral, X-ray fluo-
rescence and chemical analyses, is character-
ised by 93.78% of rock-forming minerals, includ-
ing 53.23% of layered silicates, namely, mica,
chlorite, kaolinite. Ore mineralisation comprises
sulphide phases (copper sulphides, pyrite) and
oxide phases (malachite, iron hydroxides, man-
ganese oxides). The content of easy-sliming
minerals equals 56.30%, which can reduce the
efficiency of dressing processes.

Microscopic studies revealed that ferrugi-
nised clay-mica-quartz metasomatites are char-
acterised by a relic porphyric structure, visible in
cross-polarised light, and a solid, partly porous
grain resulting from the destruction and leaching
of primary sulphide and carbonate minerals. Iron
hydroxides in the form of fine dust primarily im-
pregnate mica-clay minerals. They occur as
small clusters and films in interstices and over
the grain interface of quartz in the binder mass
and develop as sinter deposits on the walls of
cavities and micropores (fig. 1 and 2).

Iron hydroxides and oxides are the principal
ore minerals in the sample. They are represent-
ed by finely dispersed formations, evenly dis-
tributed over the host rock, resulting in a yellow-
ish-brownish colour; linear aggregations of finely
dispersed particles, developing along the cleav-
age of layered silicates; a non-uniformly distrib-
uted hematite impregnation (10-150 microns),
pseudomorphically substituting pyrite; sinter,
often zonal deposits (films, crusts) on the walls
of pores and solution cavities; continuous solid
isolations, infilling fragmenting cracks in defor-
mation zones, associated with chlorite, kaolinite,
and sericite (fig. 3).

144

https://ipolytech.ru




Karimova L. M., Kairalapov Y. T. Percolation leaching of clay mixed copper ores
Kapumosa J1. M., Kaiipananoe E. T. MiccnedogaHusi o nepKonssyUOHHOMY 8biliesiaqyusanuo Medu U3 efuHucmsiXx ...

c d

Fig. 1. Clay-mica-quartz metasomatite, characterised by a relic porphyric structure: a — polarised-light transmission; b —
cross-polarised light; ¢ —in back-scattered electrons; d - combined in characteristic radiation of elements. Spectrain Fig. c:
1-quartz; 2,3,7,9 -chlorite; 4 — chlorite + sercite; 5 — apatite; 6 —rutile;

8 — covellite + chalcopyrite; 10, 12 — pyrite; 11 - barite
Puc. 1. FnuHucmo-cnoducmo-keapyeenili MemacomMamum, xapakmepu3syroujuticsi penukmosoli nopghuposudHoli
cmpykmypoUl: a — npu 00HOM HuKoJie; b — 8 CKpeujeHHbIX HUKONSX; C — 8 06pamHO paccesiHHbIX 3eKkmpoHax; d -
KOM6UHUPOBaHHOE 8 Xapakmepucmu4YecKoM U3JlyyeHuu anemeHmoe. Cnekmpsbi Ha puc. c: 1 — keapu; 2, 3, 7, 9 — xnopum; 4 -
xsiopum + cepuyum; 5 — anamum; 6 — pymun; 8 — koeennuH + xanbkonupum; 10, 12 - nupum; 11 - 6apum

Fig. 2. Ferruginised clay-mica- quartz metasomatites
Puc. 2. OxenesHeHHble 2/TUHUCMO-CHOUCMO-K8apyeeble MemacoMamumal
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c

Fig. 3. Formation of iron oxides and hydroxides (reflection image): a — sinter deposits on the walls of solution cavities;
b —impregnation of mica-clay minerals by finely dispersed formations; ¢ — dissemination of hematite in pyrite;
d —impregnation of rocks by finely dispersed formations and infilling of pores and voids
by hematite
Puc. 3. dopma ebideneHusi okcudoe u 2udpokcudoe xesnesa (U3obpaxeHue 8 OmpaxeHHOM ceeme):
a - HameyHble 06pa30eaHust M0 cCMeHKaM Nycmom eblwenayueaHusi; b — nponumka moHkoducnepcHbiMU 06pa3oeaHusIMU
cnroducmo-2IuHUCMbIX MUHEPanos; C — 8KpanieHHoCmb 2eMamuma, obpasosaswezocs no nupumy; d — npponumka nopod
moHKoducnepcHbIMU 06pa308aHUSIMU U 8bIMOIHEHUE MOP U mycmom 2eMamumom

Copper constitutes an industrially valuable
component, whose minerals-concentrators are
represented by inherent phases, including sul-
phides (chalcopyrite, chalcocite, covellite) and
carbonates (malachite), as well as iron hydrox-
ides and mica-clay minerals, where copper is
present as an isomorphic impurity.

For percolation leaching, a 2 m column was
used, loaded with 89.42 kg of the ore having a
grain size of -55+0 mm. The ore was irrigated
from the top with a sulphuric acid solution at a
rate of 300 ml/h. However, following one day,
the process was halted due to the high content
of clay and slime components. It is well know
that such components can cause colmatation,
thus reducing drastically the solution percolation
through the ore layer up to its complete halt.

The layer height was reduced to avoid col-
matation during the leaching of oxidised ore
from the Northern section of the Nurkazgan de-
posit. Leaching was carried out in a 1 m high
column having a diameter of 140 mm. About
21.5 kg of the ore having a grain size of -55+0
mm were loaded into the column; leaching was
carried out at the initial sulphuric acid concentra-
tion of 60 g/dm®. The pregnant leaching solu-
tions were processed according to the “sorp-
tion/desorption—electrolysis” scheme. The daily
volume of pregnant solution from the column
was forwarded to the sorption columns filled with
Lewatit MonoPlus cation-exchange resin
(LANXESS Deutschland GmbH (Germany))
[25-28]. Solutions obtained upon sorption ex-
traction of copper, following strengthening to the
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required concentration of sulphuric acid, were
directed to feed the leaching process. The sorp-
tion scheme was selected based on a rather low
copper content in pregnant leaching solutions
(0.3-0.8 g/dm®).

The following parameters were controlled:
copper mass, solution volume and process du-
ration. According to the obtained data, the first
four cycles ensure 84% of copper extraction with
a maximum in the third cycle (fig. 4).

On completing the percolation leaching, the
cake yield equalled 96.42%. The total leaching
time amounted to 14 days. The chemical and
phase compositions of the cake are presented in
Tab. 3 and 4.

Thus, upon percolation leaching in a 1 m
high column, the copper recovery into solution
amounted to 56.06%. Further studies were car-
ried outin a 2 m column.

The research was carried out on a setup
comprising 2 m high plastic percolation columns
("Evonik Operations GmbH", Germany), having

& %

an inner diameter of 190 mm. The ore was
ground to the grain size of -55+0 mm; 89.42 kg
of the ore were loaded into the column. It had
been established earlier that, for an ore layer
height of 2 m, the leaching process halted, while
for a 1 m layer, no colmatation was observed. In
order to address this limitation, 1 m layer of ore
was first loaded, followed by a Styrofoam drain-
age layer, and one more 1 m layer of ore was
added. Prior to leaching, the ore was moistened
for a day. The ore was irrigated with sulphuric
acid solution from the top at a rate of 300 mi/h or
per specific flow rate in the column:

03 0.58dm3/(m? - h
o9z - 10 m>/(m* - h).

This corresponds to a flow rate of 0.1058
dm/h in the column per clear opening (or 1.058
cm/h). Such a feed rate is used in conventional
copper production with low permeability ores
and is selected given the strong colmatation of

7, days

Fig. 4. Dependencies of copper and iron extraction into solution on duration of leaching

Puc. 4. 3agucumocmu useneyeHusi Medu U xesne3a 6 pacmeop om nPodOKUMESLHOCMU 8bIUe1ayueaHus

Table 3. Chemical composition of the ore residue (cake) following percolation leaching in a 1m high column

Tabnuua 3. Xvmuueckuii cocTaB ocTaTka pyabl (keka) nocne nepkonsLUOHHOrO BhILLENa4YnMBaHNS B KONTIOHHE BbICOTON 1 M

Cu Fe Zn Pb Al S Mo, g/t
0.190 9.67 0.039 0.003 8.55 0.84 30.3
P Au, g/t Ag, g/t As, g/t Si Mg Ca
0.080 0.32 1.63 24.9 18.0 1.636 0.394
Table 4. Copper phase analysis in cake following percolation leaching of ore
Tabnuua 4. ®a3oBbIli aHanKU3 Meau B Keke NOCne NEPKONALMOHHOIO BbiLLenaynBaHus pyabl
Copper components Abs. % Rel. %
. . . 0.091 47.89
Oxides, including chrysocolla 0.062 =
Sulphides 0.099 52.11
Total 0.190 100.0
Note / lMpumeyaHue: abs. — absolute; rel. — relative / abs. — abcontoTHLIN; rel. — 0OTHOCUTENBHBIN.
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the column material. The initial solution was fed
from a reservoir by a Qudos 60 Watson Marlow
peristaltic pump to a distribution device installed
at the top of the column, which distributed the
solution evenly over the column section. The
solution passing through the ore mass was col-
lected in a storage tank. Upon reaching a specif-
ic copper concentration in the solution, the latter
was fed for copper sorption. Solutions, fully or
partially strengthened with acid and refilled with
water to the required volume, were recycled for
irrigation. Acidity was adjusted using a pH meter
and chemical analysis for the residual acidity of
the solution. Leaching was carried out up to the
trace level of oxidised copper in ore.

The grain size distribution of the initial ore in-
tended for percolation leaching was studied. The
grain size distribution and chemical composition
of the initial ore are shown in tab. 5.

Fig. 5 shows the scheme used for ore heap
leaching. This method can be carried out as a
cuvette ore loading with a layer height of less
than 1 m. Drainage material is deposited on top
of this layer, followed by the next ore layer of up
to 1 m high. Thereby, the weight pressure of the
ore layer is applied to the drainage material in-
stead of the underlying layer. Therefore, the
permissible accumulation of finer ore fractions
occurs in individual layers, rather than in the bot-
tom layer [29].

Table 5. Granulometric and chemical composition of the initial ore for percolation leaching
Ta6bnuua 5. MpaHynoMeTpUYEeCKUin U XMMUYECKUIA COCTaB UCXOAHON pyAbl AN NEPKONSALMOHHOTO BbILLeNaynBaHus

Class, mm vield, % Components, % . Distribution, %
Cu Fe Al Ag, g/t Si Ca Cu Fe Ag, gt
-55 + 45 6.68 0.459 10.46 10.13 1.86 25.04 0.378 7.36 6.73 7.01
-45 + 40 4.28 0.649 8.5 11.02 1.28 25.84 0.370 6.66 3.51 3.10
-40 + 315 8.88 0.738 10.91 10.05 3.91 24.54 0.258 15.73 9.32 18.42
-315+25 8.69 0.196 10.72 11.14 0.58 23.04 0.347 4.09 8.97 2.90
-25+ 20 6.45 0.502 10.18 10.14 1.36 25.54 0.319 7.76 6.33 4.96
20 + 14 9.61 0.363 9.65 9.66 1.72 26.24 0.329 8.38 8.95 9.33
-14 + 10 8.16 0.325 9.72 10.11 1.42 26.04 0.369 6.36 7.65 6.56
-10+7 5.58 0.307 9.66 10.52 1.45 24.84 0.591 411 5.21 4,58
-7+5 7.42 0.334 9.95 10.18 1.54 24.94 0.385 5.95 7.13 6.46
-5+34 7.46 0.322 10.09 10.49 1.39 26.04 0.383 5.76 7.26 5.87
-34+2 5.58 0.359 10.22 10.68 1.54 24.64 0.371 4.80 5.50 4.86
-2+0 21.21 0.453 11.48 10.66 2.17 24.24 0.468 | 23.04 23.44 25.95
Ore/sum 100.0 0.417 10.37 10.40 1.79 24.95 0.390 100.0 100.0 100.0

Ore stack 1

Ore stack 2

Ore stack 3

Ore stack 4

Fig. 5. Chain of apparatuses of ore heap leaching: 1-5 - leach (ore pile), particle size — 55+0 mm; 6 — heap irrigation system;

7 —drainage layer of polystyrene foam or inorganic-hydrophilic sorbent; 8 — process solution collection header; 9 — solution
ponds; 10 — pumps; 11 - settling tank; 12 - pipelines; 13 - sulphuric acid solution; 14 - freshwater tank; 15 - ore container
Puc. 5. Cxema yenu annapamoe nocsoliHo20 wmabesbHOo20 Ky4HO20 8blujesia4ueanusi pyobl: 1-5 — eblujenayueaemsbil

Mamepuan (pyOHbIlU wmabenb), KpynHocmbro -55+0 mm; 6 — cucmema opoweHusi Ky4u; 7 — OpeHaxHbIlU col u3

neHononucmuposna uiu MuHepanbHo2udpogunbLHo2o copbeHma; 8 — konnekmop c60pa mexHoOI02U4€CKO20 pacmeopa;

9 - npydku dns c6opa pacmeopoe; 10 — Hacockl; 11 - omcmolHuk; 12 - mpy6onpoeodsi; 13 — pacmeop cepHOU KUC/IOMbI;

14 - 6ak ceexeli 800bI; 15 — pyOHasi Kloeema
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The sorption process of ore leaching solu-
tions was carried out in the following stages:
sorption/desorption and sorbent scrubbing. The
solution following the sorption process was re-
cycled for leaching. The sorbent was subjected
to a desorption process (with cycling), yielding
an electrolyte containing > 40 g/dm® of copper.
The wash water following scrubbing of the
sorbent was fed (strengthened) to the leaching
process. Chemical and phase analysis of resi-
due (cake), following percolation leaching of ore,
as well as particle size distribution, are present-
ed in tab. 6-8.

An analysis of cake grain size distribution fol-
lowing percolation leaching showed a minor re-
distribution of grain size grades. The copper

content in grades decreases from 0.649-
0.196% to 0.295-0.114%, indicating successful
leaching. This is also confirmed by the residual
distribution of components by grades in cake
(see tab. 9). Here, the copper content decreases
from 0.417% in the ore to 0.164% in a cake; its
yield of 90.65% corresponds to the 60.04% ex-
traction of copper into the solution.

Given that the ore contains a higher concen-
tration of fine grades (see tab. 5), it can be as-
sumed that sulphide minerals in them are re-
leased more fully, which indicates their higher
activity in the leaching process.

Copper and iron extraction into solution
(relative) depending on leaching duration is
shown in fig. 6.

Table 6. Chemical composition of the residue after percolation leaching of ore
Tabnuua 6. Xumuyecknii coctaB ocTaTka (keka) nocrne nepkonsunMoHHOro BbilenavnBaHns pyas

Cu Fe Zn Ph Al S Mo, g/t
0.164 9.52 0.0385 0.0006 9.46 0.848 48.02
P Au, g/t Ag, g/t As, glt Si Mg Ca
0.0901 0.17 1.753 24.4 18.0 1.353 0.269

Table 7. Copper phase analysis in residue (cake) following percolation leaching of ore
Ta6nuua 7. ®a3oBblit aHanM3 Megun B ocTaTke (KeKe) nocne NepKONSLMOHHONO BblllenavnBaHus pyabl

Copper components Abs. % Rel. %
Oxides 0.079 48.17
Sulphides 0.085 51.83
Total: 0.164 100.0

Note/llpumeyaHue: abs. — absolute; — relative / abs. — abcontoTHbIN; rel. — OTHOCUTENBHBIA.

Table 8. Granulometric and chemical composition of the residue by size classes after percolation leaching of ore (jitalics
— weighted average content in the residue after leaching, cake)
Tabnuua 8. [paHynomMeTprUYecKMin 1 XMMUYECKMIA COCTaBbI Keka No Knaccam KPYnHOCTU NOcre NepKOMSLMOHHOTO BbiLLe-
naynBaHms (KypcuB — CPEAHEB3BELLEHHOE COAEPKAHNE B OCTATKE MOCIE BhILENaYnBaHns (keke))

Class. mm Exit, Components, % . Distribution, %

' % Cu Fe Al Ag, glt Si Ca Cu Fe Ag, g/t
-55+45 5.79 0.295 10.78 9.80 1971 18.7 0.358 10.36 6.41 6.51
-45+40 4.35 0.257 10.62 10.22 1.351 171 0.259 6.79 4.82 3.35
-40+31.5 8.98 0.212 10.84 10.05 1.441 18.4 0.233 11.56 9.48 7.38
-31.5+425 8.81 0.221 8.97 8.45 1574 17.6 0.235 11.82 9.05 7.91
-25+20 6.53 0.179 8.54 11.20 1.662 19.0 0.214 7.10 5.69 6.19
-20+14 9.41 0.141 8.37 10.21 7.729 18.9 0.235 8.05 9.19 9.28
-14+10 9.13 0.131 8.42 10.09 1571 18.7 0.289 7.26 8.85 8.18

-10+7 5.88 0.120 8.52 12.20 1.342 20.1 0.243 4.28 5.86 4.50
-7+5 7.33 0.118 8.77 8.73 1.435 19.1 0.211 5.25 6.39 6.00
-5+3.4 8.79 0.117 9.54 9.97 1.663 18.8 0.200 6.24 8.04 8.34
-3.4+2 4.98 0.114 9.86 8.641 1.944 18.2 0.231 3.44 4.33 5.52
-2+0 20.02 0.147 10.98 9.45 2.351 18.8 0.324 17.85 21.89 26.84
Cake/Sum 100.00 0.164 9.52 9.46 1.753 18.0 0.269 100 100 100
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Fig. 6. Dependencies of copper and iron extraction into solution on duration of leaching
Puc. 6. 3asucumocmu u3seneveHust Medu U xesie3a 8 pacmeop om npodo/mKuUmMenbLHOCMU ebiujesia4ueaHust

Acid consumption increases sharply at a
copper recovery of approximately 40%. At the
initial stage, along with the dissolution of copper,
the readily soluble waste rock compounds (0x-
ides, iron hydroxides, calcium and magnesium
carbonates, etc.) are intensively leached. By
reducing their content in the ore, the efficiency
of the process improves. In the latter case, how-
ever, the dissolution rate of copper and its con-
centration in the solution decreases.

CONCLUSION
In the conducted study, copper extraction into
the solution amounted to 60.04% with a sulphuric

acid consumption of 50.0 kg/t ore or 21 kg per
kilogram of extracted copper at an average irriga-
tion rate of 10.58 dm®(m?-h) = 0.1058 dm/h.

The obtained results show that:

— between 1 and 10 days of leaching, most
of the copper (30%) is extracted into the
solution;

— low copper concentration solutions ob-
tained in the final stages of leaching should be
recycled.

Heap leaching of ore piles having a height of
lower than 1 m can be performed via the follow-
ing stages: "leaching—extraction/re-extraction or
sorption/desorption—electrolysis".
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