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ApanTauus TOKapHbIX TEXHONOMMYECKMX CUCTEM AN NONyYeHus
CNOXHONPO(UNbLHBLIX NOBEPXHOCTEN B NONEPEYHOM CeYeHUn aeTanu

© A.B. Ayaykano*, M.C. Yenuypos*, M.10. BarHep**
*benezopodckuli 20cy0apcmeeHHbIl mexHonoauyeckul yHusepcumem um. B.I". LLlyxosa, e. benzopod, Poccus
**OAO «Ockonbckuli anekmpomemannypaudyeckuli kombuHamy, 2. Cmapeili Ockon, Poccus

Pesrome: Lienbio paboThl SBNSETCS CO34aHME anropuTMa, Ha OCHOBE KOTOPOro nporpaMmHoe obecneyeHne no3sonuT
CMPOrHO3MPOBaTb MOMyYaeMyt0 TPAEKTOPUD CHATUS MPUMyCKa, YTO MPEAOCTaBUT BO3MOXHOCTb CO34aBaTb TOYEHMEM
pasnuyHble NOBEPXHOCTU. DKOHOMUYECKIUE peanii B NPOU3BOACTBEHHOM CEKTOPE SKOHOMMUKI NOCTOSIHHO NOATaNKUBaKT
I'IpOI/I3BOLWITeJ'IeI7I K CHUXEHUIo 3anaT Ha I'IpOI/I3BO,ElCTBO I'IpO,EWKLWII/I, I'IpI/I 9TOM KayeCTBeHHble MoKasaTenn OOMKHbI
TONbKO BO3pacTaTb. AHanM3 1 NpUMEHEHNE WHHOBALMOHHOIO cnocoba 06paboTky NO3BONSIOT NO-HOBOMY B3rMSHYTL Ha
1CMoMnb3oBaHMe M MOLEPHWU3aLMI0 COBPEMEHHOr0 000pyAOBaHWS, MMeloLerocst Ha NpoM3BOACTBE, W PacLUMPUTL €ro
TEXHONOIMYECKNe BO3MOXHOCTH 3a CYET COKpALLEHUS Yacna onepaLunid, BEINOMHEHHBIX HA PasnMYHbIX TUMaX MeTanmnop-
exyliero obopyaoBaHusa, a Takke aBTOMaTM3aLuu npouecca nonyyeHust Tpebyemon KoHMrypauuu noOBEPXHOCTH C
BO3MOXHOCTbIO GbICTPOI NepeHanafku, YTo BEAET K YBENUYEHMIO NPOM3BOAMTENBHOCTU M PacLUMPEHWI0 HOMEHKNATYPbI
BbINyCKAeMbIX M3Lenuii. BoinonHeHa cxema NomnyyeHust NOBEPXHOCTU NpuW ToKapHO 06paboTke BpallaloLMMCst UHCTPY-
MEHTOM, MonyyeHbl opMyIbl Ans NPOU3BOACTBA CMOXHOMO HECUMMETPUYHOTO NPOUNSA U3LENNS, COCTABIEH anropuTMm
n paspaboTaH nporpamMMHbIA koA B cpefe Scilab ans MopenupoBaHUst C LENbK MOMYYEHUs NEPEMELLEHUST PEXYLLEro
WHCTPYMEHTa MO CMNOXHOW TPaeKTopumu W ero aHanusa. PaccuutaHbl NnepeMeLLeHns MHCTpYMeHTa 3a oauH 060poT 3aro-
TOBKM, NOCTPOEHA MO/ENb TPAEKTOPUM NepemMeLleHns MHCTpymeHTa. CcopmupoBaHa Tabnuua AaHHbIX MOLENUpoBaHUs!
npoduneit, Nony4yaembix Npu PasfnyHbIX YacToTax BpalleHWUs MHCTPYMeHTa W 3aroToBku. Co3gaHHble aBTopamu anro-
PUTM 1 Ha €ro OCHOBE MporpammMmHoe obecrneyeHme No3BOMSIOT CNPOrHO3MPOBATb NOMYYaeMyo TPAEKTOPUIO CHATMS NP K-
nycka, YTo 4acCT BO3MOXHOCTb TOMEHWEM [enaTb pasfuyHble NOBEPXHOCTM, B T.4. MOMy4aTb AMNMNCHI, MHOTOrPaHHUKM,
Kynaqu B BnAe niocKmnx cnmpaneﬂ nT.M.

Knroyeenie cnoea: obpaboTka, TpaekTopus MHCTPYMEHTa, (yHKLMOHANbHAS 3aBUCMMOCTb, aganTuBHOe 06opyaoBa-
HWe, MOAENUpOBaHNe TPAEKTOPUM, anropuUTM

UHpopmayusa o cmamee: Jata noctynnenus 11 dpespans 2020 r.; gata npuHatusa k nedatn 19 mapta 2020 r.; gata
oHnanH-pasmeleHns 30 anpens 2020 r.

Ansa yumupoeaHus: [yoykano [O.B., Yenyypos M.C., Barbep M.HO. AganTtaumus TOKapHbIX TEXHOMNOMMYECKUX CUCTEM
AN NOMyYEHUs CNOXHONPOMUIIBbHBIX NOBEPXHOCTEN B MONEPEYHOM ceudeHun geTtanu. Becmuuk Mpkymckoao eocydap-
CMeeHHo20 mexHuyeckoeo yHusepcumema. 2020. T. 24. Ne 2. C. 250-261. https://doi.org/10.21285/1814-3520-2020-2-
250-261

Adaptation of turning technological systems for obtaining
complex profile surfaces in part cross-section

Denis V. Dudukalo, Mikhail S. Chepchurov, Maxim Yu. Vagner
Belgorod State Technological University named after V.G. Shukhov, Belgorod, Russia
Oskol electrometallurgical plant JSC, Stary Oskol, Russia

Abstract: In this paper, an algorithm is presented for enabling software to predict the trajectory of machining allowance
removal, which will provide the possibility to create various surfaces by the turning process. Economic realities in the
manufacturing sector of the economy constantly push manufacturers to reduce production costs simultaneously increas-
ing quality indicators. The analysis and application of an innovative processing method allows a fresh look at the applica-
tion and modernisation of modern equipment available at a factory and expansion of its technological capabilities by re-
ducing the number of operations performed by various types of metal-cutting equipment, as well as by automation of the
process of obtaining the required surface configuration with the possibility of quick readjustment, which results in in-
creased productivity and an expanded range of products. A pattern of surface obtaining under turning with a rotating tool
is developed. The formulae for complex asymmetric product profile production are derived. The algorithm is compiled
and the software code is developed in the Scilab environment for modelling in order to obtain the cutting tool movements
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along a complex path and its analysis. The tool movements per one revolution of the workpiece are calculated and a
model of the tool trajectory is constructed. A table of profile modelling data obtained at various rotation speeds of the tool
and workpiece has been compiled. The presented algorithm and algorithm-based software allow the trajectory of machin-
ing allowance removal to be predicted, which can facilitate the production of various surfaces by turning, e.g. ellipses,
polyhedrons, cams in the form of flat spirals, etc.
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1. BBEAEHUE

MNpuMeHeHNe CyLLeCTBYIOWMX CMoCo-
6oB onTMMM3ALMM NPOLIECCOB MNOSYYEHUS W3-
OEMUA  MeTodaMM  MEXaHUYECKOrO CHATUS
npunycka Ha 3Tane COBEPLUEHCTBOBAHUA M
pa3paboTKM TEXHOSOMYECKUX MPOLLECCOB U3-
rOTOBMEHWS [feTanen no3BonseT MOBbICUTb
NPOM3BOAMUTENBHOCTb U KayecTBO 0bpaboTky,
a TaKkke CHM3WUTb cebecToMMOCTb MX MpPOu3-
BoACTBa. MoaepHM3npoBaTh CyLLeCTBYHOLWUM
unu paspabotatb HOBbIN TEXHOMOrMYECKUN
npoLecc W3roToBMeHWs AeTanen — BecbMa
CMOXHas 3ajada, KOTOPYK MOXHO oOcyLe-
CTBMTb MPW HanMU4YMM maTemaTU4eckux mope-
nen, NO3BONAWYMX onpefennTb pauuoHasb-
Hble ycnoBusi ¢opmoobpa3oBaHus npu pas-
NMNYHBIX BUAAX U metogax obpabotku [1, 2].

BaxHbiM dhakTopom npu chopmoobpa-
30BaHUM NOBEPXHOCTU SBNSAETCH (POopMMpoBa-
HUe TpaekTopuu MHCTpymeHTa. [na obecne-
YyeHus OopMUPOBaHUS TPAEKTOPUM WHCTPY-
MeHTa npu TokapHon obpaboTke Lenecoob-
pasHO BOCMOMb30BaTbCA afanTUMBHbLIM ynpaBs-
neHveM, No3BOMSOLWMM nepeHacTpoutb 06o-
pygoBaHue K rnofy4aemomn nosepxHocTu. [pu
TakoM ynpasneHun Heobxoaumo cchopmupo-
BaTb MMEIOLLYI0 BO3MOXHOCTb M3MEHSATb na-
paMeTpbl UK CTPYKTYPY perynstopa B 3aBu-
CUMOCTM OT M3MEHEHMSI COCTOSHWS 0ObekTa
WNW BHELLUHMX BO3MYLLEHMA Ha 00bekT [3], HO
npeaBapuTenbHYlD  MOCTAHOBKY  3adauu
ynpasneHus HeobxoauMO BbINOSHUTL TEXHO-
nory no MexaHudyeckon obpaboTke, T.e. nony-
YUTb MOZENb Npouecca, BbINOMHAEMYIO HE B
aBTOMAaTUYECKOM peXuMeE.

Teopust ynpaBneHWss urpaet 3Hauyu-
TENbHY POfb B COBPEMEHHBIX MEXATPOHHbIX
cuctemax [4], NO3BOMSALWMX 3HAYMTESNBHO
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pacLMpUTb TEXHOMOTMYEeCKMe BO3MOXHOCTM
obopyaoBaHUs MexaHU4eckon obpaboTku.

2. OB bEKTbI UICCNIEQOBAHUA

[ns nonyyeHuns usgenui ¢ pasnuyHbl-
MU (bopMamu NMOBEPXHOCTU U YUCIIOM rpaHei
Lenecoobpa3Ho MCNONb30BaTb METOh MOMnu-
FOHaNbHOrO POTaLMOHHOrO ToYeHus. [Monwuro-
HanbHOE TOYEHWe — 3TO METOA, KOTOPbIN 3a-
KNMYaeTcs B CUHXPOHM3ALMM  CKOpOCTEW
BpaLLeHNa Jetanu v BpaLLaloLwerocs UHCTpy-
MeHTa. KonuyecTtBo rpaHen nofy4yaemon mno-
BEPXHOCTM 3aBUCUT OT KonmyecTBa 3yObeB
MHCTPYMEHTa M COOTHOLWEHMS YacToT. CTouTb
OTMETUTb, YTO MOJSlyYaeMble MOBEPXHOCTU
MUMEIOT KPUBOSIMHEWHYO (hopMy B NONepeyHoM
CeYeHun, Kak aTo npeacrasneHo Ha puc. 1. K
TOMY XXe ecnu npeacTasneHHble Ha puc. 1 a—d
MOBEPXHOCTU [eNCTBUTENBHO MOXHO Mony-
YUTb NPOCTbIM LEeNbHOYNCNEHHBIM KPaTHbLIM
COOTHOLLUEHMEeM 4acToT BpaLleHusi, TO MoKa-
3aHHas Ha puc. 1 e NoBEpXHOCTb MosyvaeTcs
3HA4YMTENbHO CMOXHee, HO npedcTaBnseTr
BonbLNA MHTEPEC, T.K. OrpaHKy NOBEPXHOCTE
MOXHO BbINOSMHUTL U ApyruMu  criocobamm
CHATMS npunycka (Kpome ToyeHus). 3Ta no-
BEPXHOCTb MNONyYeHa HeSBHbIM LeNbHOYUC-
NEHHbIM COOTHOLLEHWEM YacToT, 1 TeM bonee
HE PeXyLmx KPOMOK, COOTHOLLEHWUE KOTOPbIX
BCcerga faet uenoe yucno. 3agada ynpasne-
HUS BpPaLLEHMEeM WHCTPYMEHTa W 3aroTOBKM,
MO0 MHEHWIO aBTOPOB, COCTOMT B TOM, YTOObI
HaWTVX MeTop, NO3BONAIOLLMIA HAa3HAYUTb Takme
napameTpbl pe3aHus, KOTopble MO3BONAT MO-
NyunTb 3afaHHYd MOBEPXHOCTb  CHOXHOW
koHdpurypaumn. O6bEKTOM nccnegoBaHms npu
peleHnn aHanuTUYecKo 3agadn SBnsSeTcs
caM NpoLEeCC CHATMSA NpuUnycka unm nepemMe-
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AODNDO

d e

a b c

Puc. 1. FTeomempuyeckue hopmbl, Mosry4aembie nNpu pasuyHbIX COOMHOWEHUSIX Yacmom,
a makXe npu pa3/luYHbIX KoJlu4ecmeax pexywux 3/1eMeHmos UHcmpyMmeHma:
a — wecmuzpaHHuk; b — oean; c -mpeyzosbHUK; d —keadpam e — osoud
Fig. 1. Geometric shapes obtained at different frequency ratios and at different numbers of cutting elements
in atool: a-hexagon; b — oval; ¢ ~triangle; d —square; e — ovoid

LEHNe PEXYLLero MHCTPYMEHTa U 3aroTOBKM
ANs NONyYeHWUsl CROXHOW TpaekTopuu. Cre-
AYET YYecCTb, YTO TPAEKTOPUS CHATMS Mpunyc-
Ka B MONepeYHoOM HarnpasneHum popmmpyeTcs
3a CYET CIOXEHWs! OBYX ABWKEHWIA: nepeme-
LleHWeM (BpalleHMeM) 3aroTOBKU U WHCTPY-
MEHTa, YTO CO3L4aeT TPYAHOCTU NpU MAEHTU-
drKaLMM ee OMOPHbLIX TOYEK, MO3BOMSALIMX
BbINOMHWUTL anmnpoOKCUMaLMI, YTO YCNOXHSET
NOCTaBIIEHHYIO 3aaauy.

3. METOAbI

PaccmoTpm  nonyyeHume NOBEPXHO-
CTen npu TokapHon obpaboTke BpaLLaloLwyM-
CS MHCTPYMEHTOM, cxema obpaboTku npen-
CTaBJieHa Ha puc. 2.

CornacHo cxeme (puc. 2), 3arotoBka
paguycoMm R, BpawiaeTtca BOKpYr ueHTtpa O C
KPYyroBoW CKOPOCTBbI0 g, UMEKLEN 4acToTy
BpaweHusa ng[5, 6]. MNpn 3TOM WMHCTPYMEHT
Takke BpallaeTcs BOKpyr ueHtpa O;, CMme-
LLLEHHOTO OTHOCWUTESIbHO LEHTpa BpalleHus
3arotoBkM Ha X W Yy, B CXeMe YyKasaHbl
HanpaBneHWs CMeLLEeHNst B NPOTUBOMONOXEH-
Hble HanpaBNEHWSM CTOPOHbLI OCHOBHbIX OCEW
koopauHart [7], T.e. pagnyc UHCTPYMeHTa R; u
pacrofioxXeHWe ero LeHTpa Mno3BonsT (Co-
rmacHo cxeme) npeanosnioXuTb, YTO CbEM
npunycka BbINOMHAETCA TOMbKO B TPETHEM
KBagpaHTe CUCTEMbl KOOpAWMHAT. YuuTbiBas
3TOT (hakTop, NpM pacyeTax MOXHO WCMOMb-
30BaTb TOMbKO abCOMTHbIE 3HAYEeHUs CMme-
weHus X n Yy [8]. Mpu BpaLleHun MHCTPY-

MeHTa paguyc npu BepLUMHE PexXyLLen vyacTu
onpegensieT TPaeKkTOpUID Cbema MpuUIycka,
MOKa3aHHOro Ha puc. 1 3alTPUXOBaHHOW N-
Huen [9]. AHANOrMYHO PacCMOTPEHHOMY Bbille
CbeMy npunycka ¢ MMHENHbIMU NepemeLLeHu-
MU MHCTPYMEHTA MPUMEHSIIOT  YCroBUS
Cbema npunycka, rae R;)<R;, T.e. Bpaliato-
wmnca BekTop R hopmupyeTcs nepeceveHu-
€M TPaeKTopuM BpaLLEHWUS WHCTPYMEHTa U
3aroToBKM MeHblle paguyca 3aroTosku [10].
Hauano BekTopa pacnonoxeHo B TOYKe Bpa-
LLleHWs 3aroTOBKM, a KOHeL, BeKTopa onpeje-
NAETCA KaK nepecevyeHne BeKTopa, MMetLLero
Hayano B Touke O; W Yron HanpaBnexus i,

TakKe BblYUCISAEMbIA 13 TEKYLLENO NOSOXKEHNS
PEXYLLEro MHCTPYMEHTA, @ TOYHEE — TOYKM,
obpasytollen  3KBUAWUCTAHTY  UHCTPYMEHTa
[11].

Memod  nonyveHuss  C/IOXHO20
HecuMMempu4yHo20 npodgpunsa  u3sdenus.
MNepengem OT KpyroBoW CKOPOCTW BpalleHus
3aroTOBKM wg U MHCTPYMEHTA w; K obopoTam,

ng ng
T.. ng U n; — 06/MUH MM B o 0b6/c un p ob/c.
Pa3obbem Kpyrosyto TpaekTopulo nepemele-
HUS 3aroToBKM Ha N y4acTkoB, NpU4YeM Ha Ta-
KOe Xe KOSIMYEeCTBO Y4acTKOB pasobbem W
TPAEKTOPUI0 NEePEMELLIEHNS UHCTPYMEHTA, HO
MPW pasnuyHbIX YacToTax BpalLeHWs NonHas
OKPYXXHOCTb NEpPeMELLEHNS MHCTpyMeHTa Oy-
O0EeT UMEeTb OTMNYHbIe OT OKPYXHOCTU napa-
METPbl 3aroTOBKM Y4acTKOB, YTO OyAeT Bblpa-
XaTbCA COOTHOLUEHWEM YacTOT BpaLLEHUS:

N, = % [12].
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_Jazomabxa (Stock)

N LHumaersi npunyck

x'll \
| | W

—<_ Wicmpumerm (Tool)

Puc. 2. Cxema nosny4eHusi mogepxHocmu npu mokapHol o6pabomke epawjarowuMcss UHCMPYMeHMoM
Fig. 2. Diagram of surface obtaining by turning with a rotating tool

Bce pacyeTbl npou3BefeM B OAHOW
CUCTEMe KoopauHaT — CUCTEME KOoopauHat
3aroToBku. OnpegenumM KOOpAMHaTHl paguyc-
BekTopa R; oTHocutenbHo O, ANA Yero y3Ha-
eM BENUYMHyY yrna wara nepemetlexus [13]:

2mng
Pty = —=. 1)

ng
Onpe,qenMM KoopauHaTbl KOHUa pagun-
yC-BEKTOpa:

Xi=—Xgt+ Rt-sin((pt-i) ; (2)
Yi=—Yst+ Ry-cos(ot+i) .

nn onpegenum KoopAwHaTbI, BbINOS-
HWB NOACTaHOBKY U3 BblpaxeHus (1):
Xi=—Xgt+ Rt-sin<21::s-i) ;

(3)

2 Nng .
Yi=—Y+ Rt-cos( ot -1).

Mpu 3TOM 3aroToBKa MOBOpayMBaeTCs
Ha HEKOTOpbI Yron ¢, CreaoBaTenbHo,
Yron Mexay YCRoBHbIM MOMIOXEHUEM pagunyc-
BEKTOpa ¥ MOMyYEHHbIM paauyc-BeKTOPoOM R;
ONPEAEensoT Kak CyMMy Yria @ 1 yrna Mexay

BEKTOPOM R 1 ocbto Y; 0603Ha4YMm ero yepes
P;, Takum obpasom, yron Mexay HavanbHbIM
paguvyc-BEKTOPOM M TeKkywuMm  paguyc-
BEKTOPOM R; ByadeT onpegeneH BbipaxeHnem
[14]:

o
o= ity (4)

Haxogmm BenuunHy yrna ;.
Y, =R-cos-§.(5)

i

COOTBETCTBEHHO, HaXOAWM BESNMYMHY
TEKyLLero paanyc-sektopa R;:

R, = /Xi2+YiZ.(6)

MNogcTaBum K3 BblpaXeHus 3 cooTBeT-
CTBYIOLLNE 3HAYEHNA:

- j(_xﬁ esin (225 ) o (e aas (22240 L (7)
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dopmMupoBaHMe NOBEPXHOCTU CO Cbe-
MOM Mpunycka NPOUCXOAMUT TOMNbKO TOrAa, KO-
raa paguyc R; MeHblue paguyca WCXOAHOW
3aroToBKM Ry, YTO MPW HanMuum CMeLLeHUs
LEHTpa BpaLleHUst MHCTPYMEHTa BMOfHE BO3-
MOXHO W NpW HayasibHOM (CTapTOBOM) NOo-
XEHUN pafdunyc-BeKTopa, T.e. CbeMm npunycka
HaYMHaeTCs He C OnpeaensiemMon CTapToBbIM
WNU HyneBbiM paguyc-BEKTOPOM TOYKWU, a C
APYroro NonoXxeHus, onpeaenseMoro cmelle-
HUe LieHTpa BpaLleHus UHCTpyMeHTa [195].

ModenuposaHue nony4yeHusi nepe-
MewjeHus1 pexyuje2o UHCmMpyMeHma o
CNOXHOU mpaekmopuu. BbinonHum nposep-

Pacsem 8,

)

K=k+l

&
=

“em

Ky BbICKa3aHHbIX NpeanosioXeHnn o popmu-
POBaHUW MOBEPXHOCTU PEXYLUMM UHCTPYMEH-
TOM C WUCMONb30BaHWEM NPOrPaMMHOr0 cpep-
ctBa. ABTopamu BbiGpaH nakeT Scilab' [16,
17]. CocTtaBMM npeaBapuTesibHO anropuTMm
pacyeTa, CxeMa KOTOPOro npefcTaBfeHa Ha
puc. 2. OH He HyxaaeTcs B cneumanbHbIX
KOMMEHTapusX, 3a MCKIIYEHEeM TOro, 4TO
paspaboTaH 6e3 yyeTa OTBOAA WMHCTPYMEHTA
nocne BbINOMHEHUS MEPBON  TPAEKTOPUM
Cbema npunycka, a ux MoxeT OblTb HECKOMb-
KO, B 3aBUCMMOCTU OT COOTHOLUEHWUS 4acToT
BPALLEHMS1 PEXYLLEero WHCTPyMeHTa M 3aro-
TOBKM.

Empoums 2000

)

Puc. 3. Cxema anezopumma ¢hopmupoeaHusi paduyc-eeKmopoe
Fig. 3. Radius-vector formation algorithm

1A|-|,qp|/|e|30|<v||7| A.B., AHgpuesckuii B.P., KanutoHos A.A., ®pagkos A.J1. PelweHne nHxeHepHoix 3agayd B SCILAB: yueb.

noco6. CM6.: HAY UTMO, 2013. 97 c.
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[ns obecnevyeHnss OTPUCOBKKN Ha rpa-
(buke TONMbKO OZHOW TPAEKTOPWUM B anropuTM
BBeJeHbl nepemeHHbie’ [18]: k — nepsoe
BXOXAeHne B 30HY R; < Rg; SS — HEBO3MOX-
HOCTb OTOBpaXeHns BTOPOM W NOCMEeAYLLEN
TPaeKTopuM, ecnu nepeast yKe BbINOMHEHa.
Mo MHeHWo aBTOpOB, MOAOGHO 3TOMY ane-
MEHTYy, NpW YCNOBWM, €Cln n; > ng, Nerko
MOXHO BbINOMHUTL U ApYrMe npocTble ane-
MEHTbl MyTem ObICTPOro nepemelleHus cyn-
nopTa, 4YTO BMOSIHE BO3MOXHO C PEXYLUAM WH-
CTPYMEHTOM B NPOAOMNBLHOM HanpaBfeHWn C
nocnegylwmM ero Bo3BpaToM B HavanbHYH
TOYKY pe3aHusi N0 Mepe AOCTMXEHWUS Havanb-
HOro yrna pesaHus — yxe npu nogsoge. Anu-
Ha OTBO4a MpW 3TOM COOTBETCTBYET ANMHE
obpabaTbiBaemMoi MNOBEPXHOCTM, a uvacToTa
nogsoga cocrtasnsetr 30 [y npu yacrtote
BpaweHna 1800 06/MWH, 4TO BMOMHE OOCTU-
XMUMO Ha COBPEMEHHOM 060pYya0BaHMUN.

Hwxe npencTaBneH TEKCT Nporpammbi
Ha s3blke ScilLab, no3sonsowen Moaenmpo-
BaTb NOMyYeHue pasfnnyHbIX Npogunen.

clear

/Mucno wazo8 Ha OKpyxHocmu

N=360

//Macmoma  epalwieHus  wnuHoesns,
06/MuH

n=880;

//Paduyc 3a2omosKu, MM

Rs=20;

//Paduyc uHcmpymeHma, Mm

Rt=10

//CmeweHue uHcmpymeHma

Xt=20;Yt=20

//Macmoma epauweHusi uHcmpymeHma,
06/MuH

nt=2000

//Bpemsi ebinoniHeHuss 00H020 060po-
ma 3a20moeKu, ¢

tr=1/(n/60)

//Bpemsi 8binonHeHus 00Ho20 060po-
ma UHcmpymeHma, ¢

tt=1/(nt/60)

//Yaon cMeweHusi UHcmpymeHma

fiT=0

//Pac4em paduycoe o yyacmkam
i=1;R(1)=0;k=0;s5=0

while i<N

Ifi=2*%pi/N
fit(i)=fiT+2*(%pi/N)*(nt/n)*i
X(i)=Xt-Rt*cos(fit(i))

Y (i)=Yt-Rt*sin(fit(i))
R(1)=sart((Y(i))"2+(X(1))"2)
fi(i)=(2*%pi/N)*i+asin(X(i)/R(i))
fig(i)=fi(i)*180/%pi

if R()<Rs then

k=1

end

if (R()> Rs) | (R()=Rs) then

if k=1 then

ss=2

end

R(i)=Rs

I1fig(i)=360/N*i

Il else

Ili=i-1

Il for j=L:i
IIRR()=R():AiR()=fi():figR()=fig ()
/lend

IIbreak

end

if ss=2 then

R(i)=Rs

end

i=i+1
end
polarplot(fi,R,style=2).

B Tabnuue npvBedeHbl pe3ynbTaThl
MOAENUPOBaHNUS C  MCMOMb30BaHUMEM 3TOM
nporpamMmb..

4. PE3YNbTATbI U OBCYXXAEHWE

B 1-3 ctpokax Tabnuubl, korga 4Yacro-
Ta BpalleHWs UHCTpyMeHTa B [Ba pasa npe-
BbILLAET YacTOTy BPALLEHNSA 3arOTOBKU, YETKO
MPOCMEXMBaTCA [Be MoflyYaemble NOBEpX-
HOCTK, HO UX NPOGMIb HE UMEET NPSIMOro ce-
YyeHusl, Kak B BbinonHeHHow [.J1. bekacoBbim

I'pomos 10.10., Auppux U.B., MBaHoea O.I. MHbOpMaLMOHHbIE TexHomorM: yyebHuk. Tambos: Wag-so TITY, 2015.
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ModenupoeaHus npoghuneli, mosydaembix npu pasnuyHbIX 4Yacmomax
epaujeHusi UHCmpymMeHma u 3a20moeKu

Modeling of profiles obtained at different rotation speeds of the tool and workpiece
YacToTa BpaLleHus Yron HayanbHbli
NeNe palll : TpaekTopus
3arOTOBKM | MHCTPYMEHTa rpag.
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pabote [19], T.e. nony4YeHne rpaHei M NbICOK
noka He mMoxem yTBepxaaTb. O4YeBUAHO, YTO
nogobpaB COOTBETCTBYOLLEE COOTHOLLUEHUE
4acToT BpaLLEHUs 3aroTOBKM M MHCTPYMEHTA,
MOXHO MOMNyYUTb PaHW, NpUYeM KX Konuye-
CTBO OydeT KpaTHO COOTHOLUEHWO YacToT
BpalleHus. B 3aBMCMMOCTM OT BENWUYMHBI
Ha4yanbHOrO yrrma YCTAHOBKM WHCTPYMEHTA
N3MEHSETCS TOMbKO PacrnosiokeHne nony4vae-
MOro Npomns Unu ero NoBOPOT OTHOCUTENb-
HO LieHTpa BpaLleHus 3arotosku [20].

opa3go 6onbLuMin MHTEpPEeC nNpeacTas-
NS0T AaHHble B CTPOKax Tabnuubl, Ha4YnHas ¢
7: Npyu YacToTe BpaLLEHWUs 3aroToBKM, 60Onb-
Wen, YeM 4YacTtoTa BpaLleHUs WHCTPYMEHTA,
NPONCX0aUT (POPMUPOBaHME HEKOTO NPOduns
C U3MEHAIOLMMCA PaguycoM, Takxe, Kak vy
Kynayka. lNpu M3MEHEHWM HayvanbHOro yrna
npeobpasyetcs BenuunHa GopMMpyemoro Ha
3aroToBKe paguyca npu cHATUM npunycka. Ta-
kum obpasom, 3afjaB 3apaHee 3afjaHHoOe Co-
OTHOLUEHWEe Y4acTOT BpalLeHWs 3aroTOBKW W
WHCTPYMEHTA, a TaKXe BENUYMHY HavanbHOro
yrna MOXHO MOMy4YWTb KynayoK C 3adaHHbIM
npocunem, npuyem no BceW AnNUHE 3aroToB-
K, HO NpW BbINOMHEHUN TOKApHOW onepawuum.
Ecnu npoaHanusupoBaTb  BblpaxeHnue 7
HacTosWwen paboTbl, TO MOXHO chenaTtb 3a-
KMOYEeHNe 0 TOM, YTO MUMEHHO OHO SABMSETCH
KIYeBbIM B onpegeneHuy npogunsa nonyya-
eMOro Kynayka W no3BonseT aganTupoBaTb
TEXHOMOMMYECKYH CUCTEMY Ha Base TOKapHOro
0b6opyfoBaHMS K MONyYEHUIO M3Oenuii ¢ pas-
NNYHBIMK CROXHBIMK Npodmnamu. MNpu Heob-
XOAMMOCTM 3TOT NpPocunb MOXET ObiTb M3me-
HEH BOONMb OCW [JeTanu, a B KavyecCTBe Liara
U3MEeHEHUs NPonNs MOXHO NPUHATL Benu-
YMHY NPOAONBHON NOAAYN UHCTPYMEHTA.

PaboTbl, BbINOSIHEHHbIE MO MOMYyYEHUIO
CINOXHOMPOMUIbHBIX MOBEPXHOCTEN MpU TO-
kapHoi 0bpaboTke paHee, B T.4. OQHUM M3
aBTOPOB, He npeanonaran CMELLEHUs npo-
L0NBbHON OCU BpaLLEHWUs MHCTPYMEHTA M Bbinu
HanpaBneHbl Ha MOMyYeHWe MNPSMOSIMHENHBIX
MOBEPXHOCTEN, @ BO3MOXHOCTb CMELLEeHUS
OCM BpaLLEHUs WMHCTPYyMeHTa Mo BepTUKanu
OTHOCMUTENBbHO OCY BPaLLEeHUs 3aroTOBKW 3Ha-
YUTENbHO pacLUMpsieT TEXHOSorMyeckne BO3-
MOXHOCTU TOKapHoro obopygosaHnus. Mputom
He TpebyeTca NUHEeNHOe nepemMeLieHne WH-
CTPYMEHTA OTHOCWTENbHO LEHTpa BpaLleHus
3aroTOBKW, YTO YNpoLlaeT ynpasneHue npo-
LLECCOM CHATWS Mpunycka.

CoBpeMeHHble  TOKapHO-Gpe3epHble
TEXHONOrMYeCKne CUCTEMbI, OCHALLEHHbIE A0-
MONMHUTENBbHLIM hpe3epHbIM NPUCNOCo6eHm-
€M, NO3BONAT MNOSyYUTb aHamnormyHble no-
BEPXHOCTN (MOMyYEHWE 3KCLEHTPUYHbBIX MO-
BEPXHOCTEN Ha TOKApHOM CTaHKe CTOWT pac-
cMaTpuBaTb Kak YacCTHbIW Cryyan), HO cneay-
€T y4eCTb, YTO 3TO JOCTATOYHO CMOXHble J0-
POroCTOsILLME CUCTEMbI U HEKOPPEKTHBIE C NO-
3MUMIA  TEXHOMOTMKM  MOMyYeHUss  KOHTYypa.
HanomHum: ocblo Z npu TokapHoin obpaboTke
SBMSETCS OCb BpaLLEHWs 3aroTOBKM, a Mpw
tbpesepHon 0bpaboTke aTOW OCbi ABNAETCA
OCb BpaLLlEHNs WHCTPyMeHTa, 4TO Tpebyet
nepexoga K Apyron CUCTEMe KoopauHaT mpu
nonyyYeHun Nnpoduns Kynayka gpesepHon 06-
paboTKOW, a, COOTBETCTBEHHO, CHWXaeT TOY-
HOCTb nony4aemoro npocuns. [la n camo ne-
pemeLlleHne B Nnockoctn obpaboTkn aBnseT-
CS MHTepnonsuuen, COCTOALWEN U3 NPAMbIX
OTPE3KOB, YTO TaKXKe BMUSET Ha TOYHOCTb U
KayeCTBO MOMNy4YaeMblX MNOBEPXHOCTEW, a B
npegnaraeMoM aBTOPOM MOAX04e CKOPOCTb
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BpalleHNs WMHCTPYMEHTa He W3MEHSieTCs B
TeyeHne ofgHoro obopoTa 3aroToBKW, criedo-
BaTenbHO, Monyvyaembli NPognnb MnaBHbIN,
6e3 pesknx, XOTS W He3HauuTeslbHbIX, nepe-
xofoB.. lNepexod OT NOMyYeHUs LMIMHOpUYe-
CKOW NOBEPXHOCTW um3genus ¢ bonee Crnox-
HOW, HE WMEILWEN BbIPAXEHHOrO LEHTpa
BpaLleHus, BbINOSHAeTcs 6e3 CMeHbl cucTe-
Mbl KOOpAMHAT.

5. 3AKINOYEHUE

JokasaHo, 4TO Npu nonyyeHun Gonee
OAHOW NOBEPXHOCTW TpebyeTca npeBbilleHVE
4acToTbl BpaLleHUsi MHCTPYMEHTa Haj 4acTo-
TOW BpaLleHWs 3aroToBKW, a npu obpaTHOM
COOTHOLLUEHMN BO3MOXHO NOMNy4YeHne nosepx-
HOCTEWN, onucbiBaembIX cnupansio Apxumesaa.
Npy 3TOM LUMPMHA CHUMAEMOrO Cros 3aBUCUT
OT COOTHOLUEHUS pPafuyCcoB WHCTPYMEHTa M
3aroTOBKW, a TaKkKe pacrnonoXeHus LeHTpa
BpalleHUs WHCTPYMEHTa, €eCln Xe LeHTp

BPaALLEHMs1 WHCTPYMEHTa pacnofioXeH no
06enmM 0csM Ha pacCTOSHUAX, NPEBbILLAKLLNX
€ro paguyc, T0 CHATWE MpUMycka HEBO3MOX-
HO.

Co3gaHHble aBTOpaMM anroputM M Ha
€ro ocHoBe nporpamMmmHoe obecnevyeHve nos-
BOMNSAOT CMNPOrHO3MpOBaTh NOMyvyaemyl Tpa-
EKTOPWIO CHATUSA Npunycka, YTo NO3BOMSAT CO-
34aBaTb TOMEHMEM Pa3fNUYHbIE MOBEPXHOCTH,
B T.4. MOnyyaTb 3MNWNCHI, Kynaykun B BuUAe
MMAOCKUX cnupaneun u T.n.

CnegnyeTt yyecTb, YTO B NPEANOXEHHOW
aBTOpamu cxeme 06paboTKM 3aroTOBOK B BW-
[ie CTpexHen (CM. puc. 2) 3aTpaymBaemas Ha
CHATVE NpUNycka MOLWLHOCTb pacnpeaensercs
Ha KpyroBoe [ABWKEHME 3aroTOBKM W WHCTPY-
MeHTa. BblpaxeHHoe Yepes rmaBHOe [BWXe-
HUe ycunue, 3aTpaunBaemMoe Ha CHATUE Npu-
nycka, Hefb3si OTHECTU K Kakomy-nmbo ofHo-
My npuBody, 4To TpebyeT npumeHeHus Ans
MPUBOAOB WHCTPYMEHTA MPaKTUYECKN TaKow
X€ MOLLHOCTM, KaK 1 Ans NpuBoAa 3aroTOBKM.
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Abstract: The aim of the study is to develop an installation for increasing the hardness of the surface layer of cylindrical
low-carbon steel components. An argon-arc welding apparatus was used as a plasma-arc source. The movements of the
burner and the workpieces are provided by a numerical control to perform specific operations according to preprogramed
commands, i.e. the unit operates during a work cycle according to a specially-designed program without operator inter-
vention. Thus, the setup is designed for processing parts having complex geometric shapes to a given tolerance. For
carburisation, a paste composed of graphite, sodium silicate (waterglass) and water was used. The waterglass is dis-
solved in water; then, after drying, a colloidal solution is formed with graphite powder. The layout of the installation was
elaborated and the main components were selected. The installation comprises the following components: a personal
computer for process control; a TIG 250P power source; a plasma arc source; guides fitted with mechanisms for ensur-
ing the movement of tables and burners located on them; a table for affixing flat workpieces; a table equipped with a jaw
chuck for securing and rotating cylindrical workpieces. The personal computer used to control the entire process of in-
creasing hardness comprises a key element in the operation of the installation. The results of the study of workpiece
samples following processing by means of the designed installation are presented. The installation provides a controlled
process for heating the surface layer of a metal workpiece. A light-grey layer of increased hardness is observed on the
surface of the hardened metal. The hardness of this layer achieves up to 50-55 HRC, while the roughness is in the range
of 3-10 microns. Due to the high accuracy of the plasma carburisation process automated by means of the developed
installation, it is possible to significantly reduce the carburisation time and ensure uniform quality properties of the carbu-
rised layers.
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Pa3paboTka ycTaHOBKM ANS NOBbIWEHUSA NOBEPXHOCTHOM
TBEPAOCTU LUNIMHAPUYECKUX aeTanen

C.A. 3anpgec®, By Ban lNoun**, [loan TxaHb Ban**

*MpKkymckul HayuoHanbHbIl uccnedogamenbCcKul mexHudeckul yHusepcumem, e. pkymck, Poccus
**Pocculicko-BbemHamckuti Tponuyeckuti Hay4yHo-uccnedosamenbecKuli

U mexHonoau4eckul yeHmp, 2. XowumuH, Boemuam

Pesrome: Llenb — paspaboTtka ycTaHOBKM AJ11S MOBLILIEHWUS] TBEPAOCTY NMOBEPXHOCTHOIO CNOSI LUNMHAPUYECKUX aeTanen
13 HU3KOYrNepoamUCTbIX cTanen. B kayecTBe MCTOUHMKA NNa3MeHHO Qyrv UCNONb30BaH annapaT aproHo4yroBon CBapKy.
[BwxeHus ropenku u getanu obecneynBaroTCs YMCMOBLIM MPOrPaMMHbLIM YNpPaBlieHMEM, MO3BOMAOWMM BbIMNOSHATbL
onpefeneHHble onepauun no KOMaHaam, T.e. yCTaHoBKa paboTaeT Nno pexumam cneuuansHo CO3AaHHOW NporpaMmbl B
TeueHne pabouero uukna 6e3 BMeLaTenscTBa onepaTtopa. [103TOMy AaHHas yCcTaHOBKa no3sonsieT obpabatwiBaTh fge-
Tanu CNoXHOW reoMeTpnyeckon opmbl C 3aaHHON TOYHOCTLIO. [118 OCYLLECTBAEHNS LLeMeHTaLumn cnosib3oBaniu nac-
Ty crielylolero cocTasa: rpadmT, Xuakoe cTekno, soga. XKugkoe CTekno pacTBopsieTcs B BOAE, U NOcne CyLUKu obpasy-
€TCA KOMMOWAHBIA pacTBOP C MOPOLWKOM rpadura. bbina paspabotaHa KOMMNOHOBKA YCTAHOBKM W BblOpaHbl OCHOBHbIE
y3nbl. YCTaHOBKa COCTOMT U3: NEPCOHANbLHOrO KOMMNbIOTEPA AN YNpaBneHus NpoLeccom; MCTOYHUKa nutaHus TIG 250P;
MCTOYHMKA MMA3MEHHON AYru; HanPaBnsLWMX, C PaCnonoXeHHbIMU Ha HUX MexaHM3mMamu obecneveHnst ABKEHUS CTO-
NOB M FOPESKW; cTona Anst 3akpenneHus Niockoi AeTanu; cTona, CHabXeHHOro KynaykoBbiM NaTPOHOM ANs 3aKpenne-
HUSA W BpaLWEHWs LUIMHAPUYECKon aeTanu. BaxHbiM anemMeHToMm B paboTe Ha ycTtaHoBke saBnsieTcs MK nepCoHanbHbi
BECTHWK UPKYTCKOIO rOCYOAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2020;24(2):262-274
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KOMMbIOTEP, KOHTPONMMPYIOLMIA BECH TEXHOMOTMYECKUIA NMPOLLECC NOBbILEHUsS TBEPAOCTU. [puBEaeHbl pesynbTaThl Uc-
cnepoBaHus obpasloB nocne o6paboTkM Ha CNPOEKTUPOBAHHOW YCTaHOBKe. YcTaHOBKa obecneynBaeT KOHTPOMMpYe-
MbIl MPOLIECC HAarpeBa NOBEPXHOCTHOrO Cnosi MeTanmna. Ha noBEpXHOCTM YNPOYHEHHOr0 MeTanna HabnogaeTcs TEMHO-
Oenblii cnoi noBbliLLEeHHOW TBepAOCTM. TBEpAOCTb AaHHOro cnost gocturaetcst Ao 50-55 HRC, wepoxoBaToCTh Haxo-
autesa B npegenax 3-10 mkm. Pa3paboTaHHas ycTaHOBKa MO3BOMSIET aBTOMATM3MPOBATL NMPOLIECC NTa3MEeHHOW LieMeH-
TaluW C BbICOKOW TOYHOCTLIO, CledoBaTeNlbHO, MOXHO 3HAYUTENBHO COKPATUTb BPEMSI LeMEHTaLuUn 1 obecneunTb pas-
HOMEPHOE KayecTBO CBOMCTB LIEMEHTUPYEMbIX CMOEB.

Kno4eenie crioga: noBepxXHOCTHOE YNPOYHEHWE, NNasMeHHbIN Harpes, nacta, MakpoTBepAOCTb, MUKPOTBEPAOCTb,
npoLecc niasMeHHoW LeMeHTaLum

Unpopmayus o cmamee: [Jata noctynneHns 20 cdespans 2020 r.; gata npuHATUSA K nevaTtn 24 mapta 2019 r.; pnata
oHnanH-pasmeLeHns 30 anpens 2020 r.

Ansa yumuposanus: 3anpgec C.A., By Ban lNou, [loaH TxaHb BaH. PaspaboTka ycTaHOBKM NS MNOBLILEHWS NOBEPX-
HOCTHON TBEPZOCTU LUNUHAPUYECKUX AeTanei. BecmHuk MpKymckoz2o 20cydapCmeeHH020 MEeXHUYECK020 yHUBEPC U-

mema. 2020. T. 24. Ne 2. C. 262-274. https://doi.org/10.21285/1814-3520-2020-2-262-274

1. INTRODUCTION

Effecting an increase in the superficial
hardness of metals is widely used in various
industries to improve the wear resistance of
steel parts such as gears, shafts, mill rolls,
dies, etc. This is generally achieved by con-
verting the structure of the surface layer of
steel from austenite to martensite by heating it
above the phase transformation temperature,
followed by rapid cooling of the heated metal
layer by means of thermal conductivity or the
use of various cooling media.

The process is typically carried out us-
ing a plasma arc, a laser beam, an electron
beam or a gas flame [1-5]. The first attempts
to use cold plasma to accelerate the transfer
of carbon during carburisation date back to the
1970s [5]. The 1980s were marked by major
developments in this process along with the
first industrial applications, while the next dec-
ade marked the widespread introduction of
this technology into various industries. Plasma
carburisation offers a promising alternative for
increasing hardness and wear resistance [6,
7]. This consists of a thermochemical process
[1, 8] applied to accelerate the diffusion of
carbon through the surface layer of a metal. At
high temperatures, carbon exhibits maximum
solubility in the stable austenite equilibrium
phase. Carbonised surface layers contain 0.8
and 1.0 wt.% carbon. Following diffusion satu-
ration of the surface layer, cooling is neces-
sary for carbon fixation. Subsequently, the sur-
face carbon-saturated metal layer is reheated
to austenitisation temperature and then rapidly

cooled to obtain a martensitic structure having
a high degree of hardness. The content of the
carbon gradient in the surface layer deter-
mines the hardness distribution over the depth
of the surface layer, increasing its wear-
resistance [5-7]. Plasma carburisation is
among preferred alternative procedures for
various reasons, including the possibility of its
operation in an oxygen-free atmosphere [8]. In
this case, active carbon can be formed directly
by the ionising effect of the plasma. Therefore,
more uniform carburisation throughout the
depth of the surface layer of the metal can be
accurately controlled by varying flame for-
mation parameters [9-11]. In addition, the fa-
tigue properties of products are improved due
to the absence of oxides forming at grain
boundaries [8]. The temperature- and time-
dependent diffusion process of plasma carbu-
risation follows the square root of the time re-
lation [9, 12-14]. Therefore, it is evident that
the results of low-temperature and high-
temperature plasma carburisation will depend
on the processing time. A known vacuum pro-
cess uses glow discharge technology to intro-
duce active soluble carbon onto a steel sur-
face for its subsequent diffusion, leading to a
greater depth of carburisation than with tradi-
tional gas carburisation approaches [8, 9]. On
the other hand, despite the higher tempera-
tures that allow plasma carburisation, the con-
trol of high temperature and sample geometry
is limited by plasma-based methods, especial-
ly for industrial applications. Thus, many stud-
les are focused on low-temperature plasma
carburisation processes, as well as their effect
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on increasing the hardness of various steels
[4, 5, 7, 8, 15, 16]. Most studies emphasise
the mechanical and tribocorrosion properties
of low-carbon steels obtained through carburi-
sation processes carried out at low tempera-
tures. Nevertheless, there are several studies
in which the evolution of the microstructure
following a plasma carburisation process car-
ried out at a high temperature and over a long
period of time was described. So, for example,
in [5-7] a coating composition (graphite, wa-
terglass, water, oil for cutting fluid) was con-
sidered for applying various parts of machines
and tools to the surface, which allows the sur-
face of the metal to be saturated with carbon
without reflow and with surface reflow [2-5].
Recent works by various authors [4, 5, 7, 17—
19] demonstrate the potential of plasma-arc
carburisation of steel products. At the same
time, the number of works devoted to compar-
ing actual industrial plants used for plasma-arc
carburisation to their laser and electron-beam
processing counterparts, is insignificant [16].
During the 1940s in the USSR, a test
was conducted on the use of a welding arc
obtained via a graphite electrode for the sur-
face hardening of steel [17]. Although the use
of an alternating field to produce an oscillating
arc prevents the surface from melting [2], this
technology was not industrially implemented
due to the significant accumulation of heat in
the treated workpiece. An approach for the
automation of an argon-arc welding process
used in the USA involved a continuous supply
of additional metal (powder) to the arc [18, 19].
During the 1980s, plasma devices started to
become widely used in industry for welding,
cutting, spraying and hardening parts such as
mine equipment and automobile camshafts
[19-21]. Equipment for arc welding in an inert
gas medium with a non-consumable tungsten
electrode can also be used to produce a
plasma arc [20]. Although relatively simple and
widely available, the use of this type of equip-
ment for surface treatments (quenching, car-
burisation) is limited due to plasma arcs ob-
tained in this way having a small heating spot,
resulting in a very narrow hardened track (~
5-8 mm). The use of a magnetic field to per-
form oscillations of the arc, expanding the

track width to 15-20 mm is described in the
works [2, 7, 17-20]. It should be noted that an
arc generated from plasma arc welding
equipment (direct arc) is highly sensitive to
changes in the parameters of the combustion
mode on the metal surface. As a result, the
process of surface hardening without melting
easily deviates from the optimal mode during
manual hardening, causing fusion of the sur-
face, which is unacceptable according to the
principles of classical surface hardening.
Thus, in order to eliminate this phenomenon, it
IS necessary to automate the process of hard-
ening machine parts and tools.

The aim of the present work is to de-
velop an apparatus for automating a selective
surface carburisation (hardening) process us-
ing a graphite coating and an electric (plasma)
arc as used in the TIG welding process.

2. MATERIALS AND METHODS

An argon-arc welding apparatus was
used for forming a plasma arc. Here, the
movements of the burner and the parts are
provided by a computer numerical control
(CNC) to perform specific operations accord-
ing to the commands, i.e. the unit functions
during a work cycle according to a specially-
designed program without operator interven-
tion. Thus, the setup is designed for the to a
high-tolerance processing of workpieces hav-
ing complex geometric shapes.

The plasma carburisation process was
carried out by applying to the samples a hard
coating having the following composition:
graphite, waterglass, water. After dissolving
the waterglass in water and subsequent dry-
ing, a colloidal solution is formed with graphite
powder. The composition of the graphite, wa-
terglass and water coating paste is described
in detail in [5-7]. Due to its high electrical con-
ductivity, the use of graphite as the main satu-
rating component makes it possible to reduce
the electrical resistance at the interface be-
tween the contact between the heating spots
of the plasma arc and the coating. The me-
chanical strength of the coating is achieved by
the use of a waterglass-based adhesive mass
as a hinder. The experiments reported in [5, 7,

264

BECTHUK UPKYTCKOIO rOCYAAPCTBEHHOIO TEXHUWYECKOIO YHUBEPCUTETA 2020;24(2):262-274
e

ISSN 1814-3520

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2020;24(2):262-274




Zaides S.A., Vu Van Huy, Doan Thanh Van. Developing installation to increase cylindrical part surface hardness

3atidec C.A., By BaH lMNou, [Joan TxaHb BaH. Paspabomka ycmaHoeku 051 NoebiweHUsi T08EePXHOCMHOU ...

13, 14] showed that a solution consisting of
40% waterglass, 30% graphite and 30% water
provides the best adhesion of the graphite
coating (before drying) to the surface of cylin-
drical workpieces. The order of preparation of
the paste was as follows: a fine-grained form
of the powder was combined to form an even
mixture. The pastes were made by mixing the
mixture of powders in silicate cement at a vol-
ume ratio of 1:1. The resulting paste was ap-
plied with a thickness of about 1 mm onto the
cylindrical surface of the workpiece samples.
Following plasma processing, samples were
cut on a Polilab P100A automatic cutting ma-
chine. A Polilab C50A press was used to fab-
ricate the metallographic sections. For polish-
ing the surface of microsections, a Polilab
P12M grinding and polishing machine was
used. Prior to carrying out the microstructure
examination, the samples were etched in 5%
nitric acid. The microstructure was observed
using a Micromed MET-2 optical microscope
(Russia) and a JEOL JIB-4501 scanning elec-
tron microscope (Japan). Microhardness was
measured using a Lonroy HBRV-187.5 (Chi-
na) and Emcotest DuraScan G5 series hard-
ness tester (Germany).

3. RESULTS AND DISCUSSION

Based on the analysis of literary
sources [1-22], the schematic configuration
was determined and the main units of the in-

stallation were selected. The installation (Fig.
1, 2) consists of: a personal computer (PC) (1)
for controlling the process; a TIG 250P (2) -
power source; a plasma arc source; guides (3)
fitted with mechanisms for ensuring the
movement of tables and burners located on
them (4); a table (5) for affixing flat workpiec-
es; a table (6) equipped with a K80 jaw chuck
(7) for securing and rotating cylindrical work-
pieces. An important element in the operation
of the installation is the PC (1), which provides
the signals for the installation commands and
supports the uninterrupted operation of the
equipment. The computer (1) is installed with
the Mach 3 software package, comprising an
economical installation management station.
The Mach 3 software runs on a PC with a
Windows 2000, Windows XP, or Windows 7
32-bit operating system. The developers of the
program recommend using a computer with a
processor of 1 GHz or more and at least 1 Gb
of RAM. The TIG-250P welding source is a
commercially-available inverter power source
designed for argon-arc welding of materials
such as stainless-, carbon- and alloy-steels,
aluminium, alloys of titanium, nickel, copper,
brass, etc, using a non-consumable tungsten
electrode. The frame (3) of the installation
(Fig. 2) is made of seamless aluminium profile
(wall cross section 30 mm). The reinforced
profile of the frame allows it to withstand
heavy loads, while maintaining reliability and
structural rigidity.

Fig. 1. Configuration of plasma surface hardening installation
Puc. 1. Komnnekmayus ycmaHoeku 011si njia3MeHHO20 1108epXHOCMHO20 YPOYHEHUs
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The movement of the burner (4) (see
Fig. 2) in forward, backward, right, left, up and
down directions relative to the tables (5, 6),
according to the coordinate system (X, Y, 2),
is performed using leadscrew actuators (8, 9,
10), consisting of a screw having a diameter of
12 mm, two screw brackets, a GFD-12 nut
holder and R12-5T4-FSI nuts. The use of the-
se leadscrews eliminates play when moving
coordinates, providing high precision pro-
cessing and positioning, as well as smooth-
ness and good wear resistance. The rotation
of the K80 type cam chuck is provided by a
toothed belt drive (11), consisting of a driving

pulley, driven pulleys and a belt having a width
of 10 mm. To move along the axes, 57x42
stepper motors having a step of 0.8-1.8 de-
grees with a rotation moment of 3 nm are
used, allowing the manipulation of workpieces
with a weight of up to 15 kg. The main ad-
vantage of stepper motors consists in their
accuracy and low cost. Tables (5), (6) are
used to fasten the workpieces for processing
on the installation. The T-shaped grooves in
the aluminium table allow the workpiece to be
attached using clamps in any working area.
Installation parameters are given in the table.

Main technical parameters of the installation
OcHo8Hble mexHuU4YecKue napamempbl yCmaHO8KU

Axis travel XxXYXZ (mm) 750x550x300
Table size, XxY (mm) 200x200; 200x300
Overall dimensions of the machine, 800x600x600
XXYXZ (mm)
Frame seamless aluminium profile
Table type grooved aluminium table
Control system Mach 3
Free movement on axes X, Y, Z (mm/min) 1500

X, Y, Z axis guides

Leadscrew actuators

A axis guides Toothed belt drive
Drive type stepper motors
Operating system Windows XP / 7 (32)

Power Source 220V ~ 50 Hz

VA

Fig. 2. View of movement and rotation mechanisms of a plasma hardening installation
Puc. 2. BHewHuli 6ud MexaHU3Mo8 fnepemMeuleHUs U epaujeHusi ycmaHoeKu 0J1s1 Na3MeHHO20 YNPOYHEeHUs
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Installation operation procedure:

1. A "computer numerical control" is
created. The CNC, generally presented in the
form of a G-code file, contains a set of com-
mands by which surface cementation will be
performed. The G-code language comprises
two groups of commands: G-commands and
M-commands. G-commands specify the coor-
dinate system and working plane, as well as
the origin and type of movement (accelerated,
working), the type of motion trajectory (linear,
circular), positioning coordinates, cartridge
rotation speed and processing speed. A group
of auxiliary commands referred to as M-
commands are used to turn the plasma arc on
and off. G-code control programs can be com-
piled manually or by using computer-aided
design CAD/CAM application.

2. The CNC file is then transferred to
the installation control program (in this case,
Mach 3).

3. The control program reads the CNC,
translates it into a language that the installa-
tion control system understands and uses the
information to control the tool that processes
the workpiece with a graphite coating. The
Mach 3 program, which runs on a PC, sends
the signals to the drive cards (controllers).

4. The signals from the control pro-
gram are amplified by the axle drive circuit
boards in such a way that they are supplied
with power and an appropriate duration to con-
trol the motors mounted on the machine axes.

5. Movement along the machine axes
is carried out using helical (X, Y, Z axis) and
belt (axis A) gears, whose rotation is transmit-
ted from stepper motors.

An example of a control program for
carburising a cylinder having a diameter of 10
mm is given below.

GO YO (accelerated movement of the
burner to position Y0)

GO X0 (accelerated movement of the
burner to position X0)

GO Z3 (accelerated movement of the
burner to position Z3 — with a distance be-
tween the electrode and the surface of the
workpiece of 3 mm)

M3 (Actuation of plasma arc)

G91 (assignment  of  relative

positioning)

G1 A355 F2800 (rotation of workpiece
by 355" at a speed of 2800 deg/min)

G1 X2 F1000 (movement of the burner
2 mm along the axis O X)

G1 A355 F2800 (rotation of workpiece
by 355° at a speed of 2800 deg/min)

G1 A350 F2800 (rotation of workpiece
by 355° at a speed of 200 mm/min)

G1 X4 F1000 (movement of the burner
2 mm along the OX axis)

M5 (Deactuation of the plasma arc)

G90 (assignment of absolute position-
ing)

GO0 Z20 (burner raised by 20 mm along
the OZ axis)

GO X0 YO (movement of the burner at
X=0Y=0)

M30 (Process shutdown)

The workpiece in the form of a cylinder
rotates at a speed of 2800 rpm; the burner can
move in the range of 0.5-2 mm per revolution.
An important condition for the movement of
the burner consists in the diameter of the heat-
ing spot and the length of the cylinder [2]. This
fact must be considered when setting the
hardening rate. The practical part is as follows:
following mixing, the solution is stirred with an
AREX / F20520163 heating magnetic stirrer
for 15 minutes to form a colloidal solution.
Samples are immersed in the resulting solu-
tion (held for 5 s and rotated through 360°),
removed and placed in a JP Selecta 2000367
furnace, heated to a temperature of 50°C, for 1
h. Following this stage, graphite from the solu-
tion is firmly adhered to the surface of the
samples. Coating by this method ensures uni-
form thickness along the sample length. Coat-
ing thickness is measured along the length of
the samples using a Defelsko Positector 6000
FNS coating thickness gauge.

Initially, an operation was carried out
to control the plasma carburisation process on
rectangular test pieces. A hard coating with a
different carbon content was applied to the
surface of these samples. Hardness meas-
urements were carried out on the upper part of
the control sample (surface open to the plas-
ma), as well as on the lower part (surface not
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exposed to the plasma). Following low-
temperature plasma carburisation, a signifi-
cant increase in the hardness of the material
as when comparing the values measured at
the top of the sample (carbonised) with those
measured at the bottom (untreated). A change
in the carbon content in the hard coating in the
range from 0.25% to 1.00% led to a slight in-
crease in the hardness of the upper surface of
the sample from 589 to 638 HV, 3. On the oth-
er hand, an average value of 375 HV,3 was
obtained on the lower surface as a result of
the tempering effect from heating the sample
during processing. These values are very simi-
lar to those obtained for other samples in [2—
5], which can be attributed to the carburisation
effect, since the upper part is exposed to the
physicochemical plasma environment. In con-
trast, where it came into contact with the hold-
er, the lower surface of the sample showed a
significant decrease in hardness due to a lack
of interaction with the plasma medium. It is
well-known [5, 8] that it is necessary to carry
out tempering immediately following quench-
ing in order to reduce the residual stresses
caused by the martensitic transformation. In
the present work, carburisation, leading to an
increase in hardness, is carried out simultane-
ously with hardening. At the same time, due to
the accumulation of heat and consequent de-
crease in hardness, a tempering effect is pos-
sible. Since they are thermally activated, both
effects are directly dependent on the pro-
cessing temperature. The increase in hard-
ness may be due to the formation of carbide or
even to the obtaining of other phases. In the
converse case, the decrease in hardness will
be associated with the martensite tempering
effect. The above results clearly indicate that
low-temperature carburisation is effective for
surface hardening, with no martensite temper-
ing. The carburisation rate — and, consequent-
ly, the hardness of martensite — is affected by
various processing parameters, including volt-
age, the distance between arc source and
samples, arc current, as well as the time of the
carburisation process [5, 7].

Fig. 3 shows the change in coating
thickness along the length of the workpiece
during testing of the installation. When using a

coating with 40% waterglass, it can be seen
that the thickness is in the range of 104-112
pum; following processing, no surface fusion
was detected. After that, the samples are sub-
jected to plasma treatment at a plasma arc cur-
rent of 90 A, an arc length of 3 mm and an ar-
gon flow rate of 5 I/min. A visual representation
of the processing process is shown in Fig. 4.

Fig. 5 shows the appearance of the cy-
lindrical part before processing (right side) and
after processing (left side). A dark white layer
of increased hardness can be observed on the
surface of the coated part following plasma
heating. The hardness of this layer reaches
50-55 HRC, which agrees with the figures in
[2-4, 7, 14, 21], while the roughness is in the
range of 3—10 microns [24].

It was determined that the thickness of
the carbonised layers increases with increas-
ing arc source current. From this it follows that
high arc currents lead to the formation of a
high-density plasma, involving significant flows
of active particles that bombard the surface of
the sample, and, consequently, to the rapid
formation of carbonised surface layers. With
increasing distance between the arc source
and samples, the thickness of the carburised
layers decreased. This result can be explained
by the fact that greater distances result in a
lower ion current, leading to a high probability
of ion scattering and, consequently, to a loss
of energy of the ions used to bombard carbon
ions. All this will lead to a decrease in the car-
bonisation rate. In the course of the experi-
mental studies, it was demonstrated that the
carburisation rate increases with increasing
arc voltage. This can be attributed to the high
fluxes of ions bombarding the surface of the
samples resulting in the deposition of carbon
particles. In addition, intense ion bombard-
ment will lead to a high density of structural
defects on the surface of the sample and,
consequently, to the creation of channels for
the rapid diffusion of carbon atoms into the
steel. At the same time, carbon diffusion also
accelerates with increasing temperature.

Fig. 6 shows the microstructures and
distribution of microhardness along the width
of the hardening zone in the mode without
surface melting at a degree of overlap of the
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Fig. 3. Results of cylindrical sample coating (40% — waterglass, 30% — graphite, 30% — water): a — sample after
drying; b — coating thickness distribution along the length of the cylindrical surface
Puc. 3. Pesynomamsl noKpbimusi YunuHopu4yecko20 obpasuya (40% — xudkoe cmekio,
30% - epaghum, 30% - eoda): a — o6pa3ey nocne cywku; b — pacnpedesieHue MoauwjUHbI NOKPbIMUS
no OnuHe yunuHApuUYecKol nosepxHocmu

Fig. 4. Plasma treatment on the installation
Puc. 4. lpouecc nnasmeHHolU 06pabomku Ha ycmaHoeke

hardened tracks of 25%. The structure of the
carburisation zone of the surface layer is pre-
sented: ledeburite + residual austenite + mar-
tensite (up to the overlap zone) and martensite
and residual austenite in the overlap zone.
Microhardness was measured to a depth of 30
um from the surface. It can be seen that the
distribution of microhardness is relatively uni-
form, without significant cavities, as indicated
in [2-4].

A thin and continuous carbon-rich sur-
face layer was obtained for all experimental
conditions. The results show that the outer
layer becomes thicker with increasing carbon
content in the hard coating. It can also be not-
ed that carbon diffusion in the bulk material
does not appear to cause significant micro-
structural modifications at the interface be-
tween the carbon-saturated layer and the base
metal. The surface carburisation layer consists
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b

Fig. 5. Sample after processing:
a - after plasmatreatment; b — after coating removal
Puc. 5. O6bpa3sey nocne o6pabomku:
a— noce nnasMeHHol o6pabomku; b — nocne ydaneHusi Nokpbimusi

Hv 0,2

Fig. 6. Microhardness distribution at 25% overlap of hardening tracks under modes without surface melting
Puc. 6. PacnpedeneHue mukpomeepdocmu npu 25% nepekpbimuu OOPOXeK yNpOoYHeHUsl
npu pexxumax 6e3 onsaesieHus1 nogepxHocmu
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of a diffusion layer and a phase transformation
layer. This suggests that the higher flux of at-
omised carbon formed by an increased plas-
ma discharge temperature results in a higher
flux of carbon impinging on the surface, while
all the diffused carbon dissolves in solid solu-
tion in the diffusion layer of the surface layer of
the metal. It was shown in [5] that the quantity
of carbon capable of diffusing into the surface
during plasma carburisation depends on the
temperature and thickness of the hard coating.
Therefore, the best approach for controlling
this phenomenon in plasma carburisation is to
transfer as much carbon as possible to the
surface and maintain this high carbon flux until
the carbon content on the surface reaches the
solubility limit in the austenite of the steel. At
the same time, it is known [2-8] that carburisa-
tion is a thermochemical diffusion process in
which carbon atoms diffuse in the form of in-
terstitials through an iron matrix, creating typi-
cal diffusion profiles depending on tempera-
ture and time. With increasing temperature,
the depth of diffusion increases along with the
carbon content on the surface, which reflects
the increased solubility of the matrix of y-iron
for carbon. Thus, the carbon flux to the sur-
face is dependent not only on gas and plasma,
but also — significantly — on the temperature of
the workpiece. This suggests that a higher dif-
fusion flux caused by an elevated temperature
leads to a higher carbon flux impinging on the
surface. To date, the question remains open
concerning how carbon penetrates the surface
of a workpiece during plasma carburisation.

In terms of the physical process, flows
of active carbon particles with high dynamic
energies are used to bombard the surface of
the steel, with the penetration of carbon atoms
into the samples beginning at individual points
and only then spreading throughout the vol-
ume of the surface layer to all surfaces (diffu-
sion of carbon atoms will occur homogeneous-
ly within the samples). However, the detailed
mechanism for this carbon transport cannot be
fully described. It is known that approximately
70% of carbon particles from a graphite coat-
ing source can be ionised during an arc pro-
cess [8]. The ion energy is 30-40 eV [8] de-
pending on the voltage across the arc. lons or

carbon particles will accelerate under voltage
to the substrate (sample); intense bombard-
ment of the surface of the sample will lead to a
large number of defects on its surface. It is
significant that a large number of point defects
should form in the cascades of collisions, sig-
nificantly increasing the diffusion of carbon
atoms. It was suggested in [5, 7] that the car-
burisation process will begin with the formation
of cementite inside the plasma column and
then condense on the surfaces of the sam-
ples. Subsequent decomposition of the precip-
itate then becomes a source of carbon atoms
[5, 7]. Some authors believe that the use of
plasma will not affect the diffusion rate of car-
bon atoms in steel [2-4]. However, due to a
high rate of transfer of carbon patrticles in the
plasma leading to a rapid increase in the con-
centration of carbon on the surface, carbon
diffusion will begin earlier, which will lead to a
reduction in processing time [5, 9].

When designing the installation, all the
above theoretical aspects of the saturation of
metals with carbon were considered. In partic-
ular, the introduction of automatic control over
the saturation process by setting commands in
the program unit allowed processing errors
involving overlapping hardening tracks to be
minimised.

Thus, the above-presented research
results demonstrate the possibility of surface
plasma carburisation using the developed in-
stallation, where the significant technological
parameters are the thermal power of the
plasma arc, the coefficient of overlap of the
hardening tracks, the composition of the car-
burising paste (coating) and the cooling rate of
the surface metal layer. Adjustment of techno-
logical parameters is provided by a combina-
tion of installation design parameters and the
ability to automatically control them using a
computer program.

4. CONCLUSION

Thus, as a result of the studies, a de-
sign for the plasma carburisation of cylindrical
parts was developed and implemented. The
developed installation for increasing surface
hardness permits automatic control of the
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technological surface hardening parameters.
Plasma carburisation, in which an arc dis-
charge plasma is used as a heating source, is
more efficient than conventional processes
due to the bombardment of intense energy
carbon ions generated by a direct current arc
discharge and accelerated by a bias voltage to
the sample surface, resulting in increased car-
bon diffusion due to the high defect density

caused by the bombardment.

Taking cognisance of the important ef-
fect that other parameters of plasma pro-
cessing can have on the properties of the
treated surface, experiments were carried out
in order to evaluate the effect of gas pressure
and applied voltage on the plasma carburisa-
tion process in automatic mode.
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BbI60Op WMPUHBI LUNMHAPUYECKOrO NeNeCcTKOBOro Kpyra
ANS PeBONIbBEPHOW rONOBKU NPU 3a4UCTKE KPYNMHOrabapuTHbIX
o6Boa000Opa3yoOWMX aeTanen

© Ile Ym Bunb, B.MM. Konbuos, B.b. Pakuukas, [1.A. CtapoaybueBa
Wpkymckull HauuoHarnbHbIlU uccnedosamenbCKuli mexHU4Yeckul yHusepcumem, e. Mipkymck, Poccusi

Pestome: B aBuacTpoeHum gns nonyvyeHuss Heob6xoaumon opmbl ANMVHHOMEPHBIX NaHenen u OBLWMBOK YCNELHO UC-
nonb3yeTtcs TexHonorus apobeyaapHoro hopmoobpa3oBaHus ¢ NocneayoLelt 3a4nCTKON NIeNecTKOBbIM KPYrom, BKIHO-
yawwas B ceba nocnegoBaTenbHO BbINONHAEMblE onepauun apobeyaapHoro dopmobpasosBaHus, 3aumcTku u apobe-
yOapHOro ynpoyHeHus. [na peanusauuy 3Tol TexHonornu Bbina CMpoekTMpoBaHa M M3roTOBNEHA CneuuansHas ycTa-
HoBka Y[®-4 (opobeynapHoro popmoobpasoBaHus — 4 BapuaHT MogepHusauum). ng onTuMusaLlmum onepawum 3a4mcT-
K1 NOCNeJHWA BapuaHT 3TON YCTAHOBKM OCHALLEH CMCTEMOM YMCIIOBOTO MPOrPaMMHOTO YNPaBIIEHNS U PEBOJSIbBEPHON
3a4NCTHOW FONOBKOW C 4 NEnecTKOBbIMK KpyraMmuun. 3a4ncTka NoOBEPXHOCTEN ABOMHON KPUBU3HBI NpeagycMaTpuBaeT uc-
Monb30BaHMe Kak LUIMHAPUYECKMX, TaK W MPOGUNMPOBaHHbIX KPYroB. B npeactaBneHHon paboTe paccMOTpeH BapuaHT
MCMOMNb30BaHUs LMNMMHAPUYECKMX NIENEeCTKOBbIX KpYroB. BoamoxHOCTb BbibOpa B MpoLecce 3a4UCTKn B 3aBUCUMOCTM OT
KPMBU3HBI W LUMPUHBI NaHen unm obLwmBKM HEOOX0AMMOro No WMPKUHE 1 hopMe Kpyra 3aMETHO pacLuMpuny TEXHOMOT U-
4ecKMe BO3MOXHOCTU YCTaHOBKW. B To xe Bpemsi Bo3HMkna npobnema BbiGopa KOHKPETHOro NenecTKoBOro Kpyra Ans
Tekywmx ycnosuii o6pabotku. Lienb paboTsl — BIGOP LWIMPUHBI LUAUHAPUYECKOrO NenecTkoBOro Kpyra Ans peBonbBep-
HOW TOMNOBKM NMPU 3a4MCTKE MOBEPXHOCTEW ABOMHON KPMBW3HLI. B paboTe npuBeaeHbl pesynbTaThl UCCNeA0BaHNS BN S-
HUS KPUBM3HbI 3a4NLLAEMOIN NOBEPXHOCTM ANS YeTbIpeX 3HaYeHUN WMPUHBI Kpyra npy pasfMyHON BenMuMHe ocaku (Be-
nuymrHa gedopmaummn Kpyra oT ero npuxaTus k obpabartsiBaemoit noBepxHocTH). MNpuBeaeHsl aHanuTuyeckue u rpadu-
YecKMe 3aBUCUMMOCTU CBS3W BEMWUYMHBI OCAAKM WM KPUBW3HBI NAHENM ONS KOHKPETHbLIX 3HAYEHUA LUMPUHBLI BbIOpPaHHBIX
Kpyroe, No3BossOWME OLEHUTb BO3MOXHOCTW YCMELHON NO NPOM3BOAUTENBHOCTM 3a4UCTKU KpynHorabapuTHeIX 068 0-
poobpasylolwmx getanei. Micxoasa u3 npuBeAEHHbIX JaHHbIX, NIENeCTKOBbIA Kpyr wupuHon 100 MM MOXeT NpUMEHATLCS
Anst 06paboTku NaHenen ¢ paguycom KpueuaHbl 0T 2,5 M 1 6onee npu noboit BenuynHe ocagku nenectkos (ot 0,5 go
3,5 mm). Kpyr wupmHon 200 mm MOXeT NCMonb3oBaTbes Anst 06paboTku naHenen ¢ pagnycom KpuemaHbl 6onee 10 m B
paccMaTpvBaeMoM uanasoHe gedopmauuy nenecTtkos, a kpyr wupuHon 300 mm — ansg obpaboTku naHenemn c paguy-
COM KPUBM3HbI CBbILLE 22,5 M.

Knroyesnie cnoea: kpynHorabaputHble 06Bog006pa3sytoLime feTanu, 3a4ncTka, peBoNibBEpPHas roNoBKa, NenecTkoBbIi
Kpyr, aecdopmauusi, BbIGOp LWMPUHBI 06paboTku

Unpopmayusa o cmamee: [ata noctynneHus 27 gekabps 2019 r.; gata npuHatus k neyatu 09 mapta 2020 r.; pgata
oHnanH-pa3meleHus 30 anpens 2020 r.

Ana yumupoearus: le Yn Buub, Konbuos B.I1., Pakuukas B.B., Ctapoay6uesa [1.A. BbiGop WMpUHBI LUIUHAPUYECKO-
ro NenecTkoBOrO Kpyra Ansi PeBOSIbBEPHOI TONOBKM MpW 3auncTke KpynHorabapuTHbix 06Bogoobpasyowmnx getanen.
Becmuuk Upkymckoeo eocydapcmeeHHo20 mexHu4ecko2o yHusepcumema. 2020. T. 24. Ne 2. C. 275-283.
https://doi.org/10.21285/1814-3520-2020-2-275-283

Selecting width of cylindrical flap wheels for turret heads
when grinding large size outer-forming parts

Le Tri Vinh, Vladimir P. Koltsov, Valentina B. Rakitskaya, Daria A. Starodubtseva
Irkutsk National Research Technical University, Irkutsk, Russia

Abstract: In order to obtain the desired shape of long size panels and skins for the aerospace industry, the technology of
shot peen forming with subsequent grinding with a flap wheel is successfully applied. This includes sequentially-
performed operations of shot peen forming, grinding and shot hardening. In the present study, a special UDF-4 (shot
peen forming equipment of the 4th version of modernisation) installation, designed and manufactured for this purpose, is
described. The latest version of this installation is equipped with a numerical program control system and a turret grinding
head with 4 flap wheels for optimising grinding operations. Grinding of double curvature surfaces involves the use of both
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cylindrical and shaped wheels. The present paper considers the option of using cylindrical flap wheels. Depending on the
curvature and width of the panel or skin under grinding, the possibility to select a wheel of desired width and shape has
significantly expanded the technological capabilities of the installation. At the same time, there is a problem of selecting a
specific flap wheel for the current processing conditions. The purpose of the work is to select the width of the cylindrical
flap wheel for the turret head when grinding double curvature surfaces. The paper provides the research results of the
influence of ground surface curvature for four values of the wheel width at the different values of hold-down (the amount
of wheel deformation depending on its pressing to the machined surface). In order to evaluate the possibilities of efficient
grinding of large size outer-forming parts, the analytical and graphic dependences between the values of hold-down de-
formation and panel curvature for specific values of the width of selected wheels are presented. According to the given
data, a flap wheel of 200mm width can be used for processing panels with the curvature radius from 2.5 m or more at
any value of flap hold-down (from 0.5 to 3.5 mm). A flap wheel with the width of 200 mm can be used for processing of
panels having a curvature radius of more than 10 m in the considered range of flap deformation, while a flap wheel with a
width of 300 mm can be used for processing panels with a curvature radius of more than 22.5.

Keywords: large size outer-forming parts, grinding, turret head, flap wheel, deformation, selection of machining width
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1. BBEAEHUE

B aBuacTtpoeHun Ons  nonyyveHus
CNOXHbIX KPUBOSMHENHBLIX (POPM MOBEPXHO-
CTen naHenem n obLUMBOK, a Takke onepawLui
YNPOYHEHWS YCMEeLWHO WCnonb3yeTcs paspa-
6oTaHHas B MIHCTUTYTE aBMamMallMHOCTPOEHMNS
W TpaHcnopta TexHonorusa apobeyaapHoro
copmoobpasoBaHus 1 apobeygapHoro
yNpoYHeHusl. 3a4nctka abpasmBHbIM fienecT-
KOBbIM Kpyrom nocne gpobeyaapHoro popmo-
obpasoBaHus sBnseTca oba3aTtenbHon Ya-
CTbIO TEXHONOrMYecKoro mnpotecca MU3roTos-
NeHns  ANUHHOMEPHBIX  KpynHorabapuTHbIX
NOBEPXHOCTEN TUNa «naHenb» U «obLIMBKaY.
OHa npoBOAMTCA C Lenbio ynyylleHns Kaye-
CTBa WCXOAHOW MOBEPXHOCTM, CGHOPMUPOBAH-
HOW oTnevaTkamu apobu [1-6]. [ins peanusa-
UMM 9TOW TexHomormm B MpKyTCKOM Haumo-
HanNbHOM KCCreaoBaTeNbCKOM TEXHUYECKOM
yHuepcutete (MPHWUTY) coemectHo ¢ Wp-
KYTCKUM aBMaLMOHHbIM 3aBOAOM Obina pas-
paboTaHa ycTaHOBKa C 4MCMOBbLIM Mporpamm-
HbIM ynpaenexnuem (1Y) mogenu YOO-4.

[na nNOBbILEHEHNS NPOU3BOANNBLHO-
CTU W TUOKOCTU 3a4YUCTKU KPUBOSIMHENHBIX
chopM noBepxHoOCTEN NaHenen n obLWNBOK ANs
Y®-4 B8 UIPHUTY 6bina paspabotaHa, unaro-
TOBMEHA M YCMeLWHO WCNonb3yeTcs pPeBOSib-
BEpHas 3a4nCTHas rofoBka C YETbIPbMS e-
necTkoBbiMK Kpyramu wmpuHon 100-200-300-

400 mm, cooTBeTcTBEHHO [7—10]. B 3aBucumo-
CTV OT KPUBU3HBI U LUMPUHBLI 0BpabaTbiBaeMoii
[eTanu npu 3a4ncTtke BolbupaeTtcs Kpyr Heob-
xogumoro pasmepa. omumo 3Toro, pesonb-
BEpHas 3a4yucTHas ronoska (puc. 1) umeet
BO3MOXHOCTb MOBOpOTa Kopnyca OTHOCK-
TeNbHO rOpPU30OHTanbLHOM Ocu. [ns 3TOro oHa
cHabxeHa cuCTemMon ynpaBneHns NO3NLNOHN-
pOBaHMEM NEenecTKOBOro Kpyra OTHOCUTENBHO
MOBEPXHOCTW NaHenu, YTo NO3BONSET MNoA-
LEePXunBaTb NOCTOSIHHOE 3HAYEeHMe OCaaKM ne-
NeCTKOB Ha NMOBEPXHOCTU NaHEeNW.

Mockonbky NenecTkoBbIN KPyr MMeeT
LMIMHAPUYECKYHO (NpsiMoro npodouns) opmy,
npu 06paboTke MOBEPXHOCTEN ABOWNHOW Kpui-
BM3Hbl [lechopmaums nenectkoB no nepede-
puM Kpyra pacnpegensietcsa HepaBHOMEPHO,
Tak HanbonbLias BenuuuHa npuxatus LocTu-
raetcs no LEHTPY Kpyra, MUHUManbHas mno
kpasiM. BcneacTeue aToro Bosgenctaue abpa-
3MBHbIX 3epeH NenecTkoB Ha MNOBEPXHOCTW
NATHa KOHTakTa ByaeT pasnuyHbIM, YTO Npu-
BOAWT K HEPaBHOMEPHOMY CbeMy MeTanna no
wmpuHe obpaboTtkn. Ha npaktuke gns obec-
NeYeHns paBHOMEPHOTO CbeMa 3a4MCTKa Bbl-
MOMHSAETCH pasgeneHMemM MOBEPXHOCTM Ha
HECKOmnbKO nosioc 06paboTkn ¢ nepekpbiTUeM
yxe 00paboTaHHbIX, 4YTO B CBOK OYepegb
NPUBOANT K YBENMYEHNIO BPEMEHN 06paboTku
[11-20].
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Puc. 1. PeeosibeepHas 3a4ucmHasi 20/108Ka 0J1s1 3a4UCMKU KpueosuHeliHbIx naHenel
camonema Ha ycmaHoeke Y[ ®-4
Fig. 1. Turret grinding head for grinding curved aircraft panels on UDF-4 installation

2. AICCNNEAOBAHUE BITUAHUA
KPMBU3HbI NAHEJTA U LLMPUHbBI
NENECTKOBOI'O KPYrA HA
ANE®OPMALIMIO NENECTKOB KPYTA.
OMPEQENEHUE PALIMOHATIbHON
LUWPUHBI KPYTA NMPU OBPABOTKE

Ha puc. 2 npepgctaeneHa ycrnoBHas
mMoZesnb B3auMOLenCTBUSA N1enecTkoBoro Kpyra
W KPUBOSIMHEMHOM NaHenu npu 3a4ncTke B
MOMEHT KacaHusi LieHTpasribHON YacTu Kpyra ¢
MOBEPXHOCTbIO nNaHenu [21, 22] (Ha pwuc. 2
Toukon O 0603HAYeH YCMOBHbLIN LEHTP Npo-
duns KPMBONMHENHOW MOBEPXHOCTU NAHEnNM,

OA=0B=R - paguyc kpuBu3Hbl naHenu, BC=t
— Haubonbluas BenuyMHa Aedopmaunn ne-
nectkoB). [Ana acpHeKTUBHOrO NCMOSb30BaHNS
PEBOMNbBEPHON TOMOBKM MPU 3a4UCTKE KPMBO-
NMHENHOW (POPMbI MOBEPXHOCTU NaHenu ne-
MECTKOBbLIM KPYroM KOHKPETHOW LWMPWHbI HEO6-
xoaumo obecneunTb MaKCUManbHO BO3MOX-
HbIii KOHTAKT Kpyra U NOBEPXHOCTW MaHenm no
BCEN wupuHe obpaboTku. MNpu atom npu no-
CTOSIHHOM KpWBW3HE NaHenu Havbonbluas Be-
nnymHa cbema bygeT HabnogaTbCA B LEH-
TpanbHOM YacTu Kpyra, COOTBETCTBYHLLAS
GonbLuel BennunHe aedopmaLmm NenecTkos t.

Puc. 2. 3ayucmka KpueonuHelHOU naHesu ienecmkoebiM Kpy2om: 1 — nenecmkoebil Kpye;
2 — KpueosnuHeliHasi naHesb; R — paduyc Kpueu3Hbl 8 30He KOHMakma ¢ Kpyaom; b — wupuHa kpyaa;

T - MakcumanbHas eenu4yuHa degpopMayuu Kpyaa npu MosIHOM KOHMakKkme Kpyaa ¢ No8epxHOCMbi0 NaHenu
Fig. 2. Grinding of curved panel with flap wheels: 1 —flap wheel; 2 — curved panel; R — curvature radius
in contact zone with flap wheel; b - flap wheel width; T — maximum deformation of wheel
under full contact of flap wheel and panel surface
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Takum obpasom, Ansi BBEAEHMS fe-
nectka B 06paboTky no BCEN LUMpPUHE Benwu-
yuHa obwen pgedopmaumm nenectka T B
KpalHWX ToYKax (Touka A Ha puc. 2) JorkHa
ObITb OOMbLLUE BbICOTbI KPUBM3HLI t HA pacyeT-
HYH BEJIMYKHY, T.€.

T =t+At, (1)

roe T — cymmapHas fedopmMaums nenecTtka B
LeHTpasibHOW YacTu kpyra; At — MUHUManbHas
AedopMaumns KpaeBblX TOYEK fnenecTka, He-
obxoaumas AN OCyLleCTBREeHWs npouecca
3a4MCTKM.

N3 BoipaxeHus (1) cneayer:

t=T —At, 2)

Ha npakTtuke gns ocylectsneHuns 3a-
YUCTKM 3HAYEHUE At NpUHMMAETCst TEeXHOIo-
FOM Ha OCHOBaHWW OMbITHBIX AAHHbIX (MUHU-
manbHoe 3HayeHne At = 0,5 mm). lNpu atom
obwasa gecopmaums nenectkoB Kpyra (KOH-
TPONbHbLIN NapameTp B CTATUYECKOM COCTOS-
HUM Kpyra 6e3 yyeTa pacTarMBaHusl nenectka
B pesynbTaTe BO34EWCTBUA LIEHTPOOEXHOM
cunbl npu BpaweHun) 1 < T < 4 mm. Kcxoas
n3 atoro, 0,5<t< 3,5 mm.

HeTpyaHo 3aMeTUTb, YTO NENECTKOBbIN
KpYr OOSDKEH MMEET TaKytlo LUMPUHY, KOTopast
6bl obecneymna 06paboTKy KPUBOMMHEWHOW
MOBEPXHOCTW MaHEeNM No BCEW LUMPUHE Kpyra,
T.6. 3HayeHne T, BblOpaHHOE TEXHOMOroM,
[OIMKHO OblTb HE Bonee BeNMYMHbI Ha4YanbHON
pedopmaumn nenectkos, koTopas Tpebyetcs
ANS CHATMS HeobxoamMMoro npunycka npu 3a-
YUCTKe.

N3 cxembl puc. 2 cnepyet, 4TO Makcu-
ManbHas BenuuMHa dechopmauun nenectka
npum obecneyeHun MOMHOTO KOHTaKTa Mo
AJIMHe Kpyra C MOBEPXHOCTbI0 MaHenu pasHa
BbICOTE YCINOBHOIO CEKTOpa W 3aBMCUT OT pa-
AMyca KPWBU3HbI NaHeNW B 30HE KOHTaKTa W
LUMPWHBI NPUMEHSEMOTO Kpyra

t:R—,/R - (3)

/13 BbipaxeHus (3) HeCnoxHo onpepne-

NUTb 3HaYeHWe LUMPUHLI Kpyra ans obecneve-
HWS MOMHOrO KOHTaKTa Kpyra C NoBepXHOCThIO
naHenu ¢ KpUBMU3HOM R:

b=2V2Rt-t2, (4

A Takxe HaWTU MUHUManbHOE 3Have-
HWe paguyca KpWBU3HbI NaHenu, KoTopoe
MOXHO 06paboTatb Kpyrom BblOpaHHON LUK-
puWHbI Npy ocake t:

1(, b?

~—

Ha puc. 3 npeactaBneHbl pesynbTarhl
pacyeToB BeNUYMHbI Aecopmaumnn t, Heobxo-
oumon ana obecneyeHust NOMHOrO KOHTaKTa
Mo BCeW LUMPWHE NenecTKoB Kpyra C noBepx-
HOCTbIO NaHenu B 3aBMCMMOCTU OT LUMPWHDI
Kpyra v paguyca KpWBM3HbI MaHenW B 30He
koHTakTa (0T 4 g0 40 ™).

3 aHanu3a gaHHbIX, NpUBEAEHHbIX Ha
puc. 3, cnegyet, YTo ecnu Ans Kpyra Lumpm-
Hon 100 MM paguyc KpMBM3HbI NAHENMN HE3Ha-
YUTENbHO BNUSIET HA BENWYMHY HavanbHOW
nedopmaumm nenectkoB kpyra t, To gns 6o-
nee LWMPOKNX KPYroB 3Ty BeNWYMHY HeobXxo-
OMMO y4uTbiBaTb, 0COBEHHO Ans 0bpaboTku
y4acCTKOB NaHENW C ManblM pagnycom KpuBu3-
Hbl. [Ins y4acTKOB maHenu ¢ paguycom Kpw-
BU3HbI MeHee 12 M 1 20 M NPUMEHATb Kpyr
wupuHon 300 n 400 MM, COOTBETCTBEHHO, He-
npuMemnemMo, T.K. B 9TOM Crnyyae npaKkTU4ecku
He Habnogaetcs 06paboTkm no kpasm ne-
NECTKOB, YTO NPUBOAMUT K CHKEHWIO NPOM3BO-
OWUTENbHOCTM 3a4UCTKN, HEPABHOMEPHOMY M3-
HOCY NEenecTKOB M CHWKEHWIO KavecTBa obpa-
60TaHHON NOBEPXHOCTM.

Ha puc. 4 npegcraBneHbl pesynbTarhl
pacyeToB 3aBMCHUMOCTM BENWUYMHBI AehopMa-
UMM NnenecTkoB OT paguyca KpUBW3HbBI MO-
BEpPXHOCTH, obecneymBaroLlen HanbomnblLUyHo
NPOV3BOANTENBHOCTL NPU NPUMEHEHUN KpPY-
roB pasnUYyHON LUMPUHbI.

13 aHanusa nonyyeHHbIX rpapuyeckux
3aBucumocTen (cm. puc. 3, 4) cnepyet, 4To
nenecTtkoBbin Kpyr wupuHon 100 MM MoxeT
npuMeHsTbea ans obpaboTkn naHenen ¢ pa-
AMYCOM KpMBU3HbI OT 2,5 M 1 6onee npu nto-
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Puc. 3. Pacyem eenuyuHbl depopmayuu nenecmkos t, obecneyuesarowell NonHbIl KOHMakm fenecmkoe ¢
nogepxHOCMbIO MaHenu 8 3agucumMocmu om WupuHsl kpyea (100, 200, 300, 400 mMm)
u paduyca Kpueu3Hbl MaHesu 8 30He KOHMakma
Fig. 3. Calculation of flap deformation value t, which ensures full contact of flaps with panel surface depending
on width of flap wheel (100, 200, 300, 400 mm) and radius of panel
curvature in contact zone

45000
40000 -
35000 -
30000
25000 -

20000 -

PHEHIHBI NCHETIH, MM

15000

10000 -

Paamve K

S000 -

0 - ¢ —d ——

—4— 100 mm
—&— 200 mm
—— 300 mm
=400 mm

Y

25 3 35

BemnHa qu]mpunuuu JCNMCCTROB KPNTA, MM

Puc. 4. 3asucumocms eenuyvuHbl deghopmayuu s1erecmyKoeo20 Kpyaa om paduyca KpueUu3Hb!
obpabamsbieaemoli nogepxHocmu 0ns Kpyzoe wupuHol 100, 200, 300, 400 mm
Fig. 4. Dependence of flap wheel deformation value on machined surface curvature radius for flap wheels with
width of 100, 200, 300, 400 mm

bon BenuumHe dedhopmaummn nenectkos (0T
0,5 o 3,5 mm). Kpyr wwpwrHoi 200 Mm mMOXeT
npuMeHaTbCA ana obpaboTkn naHenen ¢ pa-
ANycoMm kpuBusHbl 6onee 10 M B paccmatpu-
BaeMoOM JuanasoHe gedopmauuu nenecTkos,
a kpyr wupuHon 300 mm — ana obpaboTku na-
HEnew ¢ paguycoM KpuBK3HbLI CBbIe 22,5 M.

[ns noBbllEHNS NPOM3BOAMTESNIBHOCTU 3a-
YUCTKM HEOBXOAMMO NPUMEHSTL NENeCcTKOBLIN
Kpyr ¢ 6onblien wupnHon. B 3asucumocTn ot
3afjaHHON BeNWYMHbI Aedopmannmn nenecTkos
HeobxoaMMo paccyuTatb MUHUMANbHOE 3Ha-
YyeHue paguyca KpvBM3HbI NaHenu B 30He 3a-
YUCTKM.
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3. 3AKNIOYEHUE

C uenbl0 nOBbIWEHMS MPOW3BOAW-
TENbHOCTW 3a4MCTKM 1 0becneyeHns kayecTsa
NOBEPXHOCTW MaHenu cnegyeT BbINOMHUTD
Hanbonee pauMoHanbHbIN BbIGOP LIMPWHBI
NenecTKoBOro Kpyra, Npu KOTOPOM Heobxoau-
MO  YuYMTbiBaTb B3aWMOCBS3b  BEMUYMHBLI
HayanbHOM Aedopmaum NenecTkoB B 30HE
KOHTaKTa Kpyra C NOBEPXHOCTbIO, LUMPUHY KPY-

ra v pagnyc KpMBW3HbI MaHenm B 30HE KOHTaK-
Ta.

MNpeactaBneHHas B gaHHoW paboTe
METOAMKa pacyeTa BenuuuHbl Aedopmauum
NenecTkoB B 3aBUCUMMOCTU OT MUHMMAIIbHOIO
paguyca KpuvBM3HbI NaHenu no3BOnseT Ao-
BUTbCA MaKcMManbHOW MPOU3BOAUTESNIBHOCTH
3a4MCTKM Ha PeBONbBEPHON 3a4NCTHOMN rONOB-
Ke, CBOEBPEMEHHO MCMOMnb3ys HeobXoanMyHo
LUMPUHY NENeCTKOBOrO Kpyra.
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TennoBU3NOHHbLIN KOHTPOSb MHOIOCIOMHLIX U3aenumn
MeToAaMM AUHAMUYECKOWN TennoBOM Tomorpacdum
Ha 6a3e nporpammbl « ThermoFit Pro»

© A.B. llykbsiHoB, A.B. KowkuH
Upkymckull eocydapcmeeHHbIl yHUsepcumem nymetl coobuwieHus, e. ipkymcek, Poccus

Pesrome: Llenb — 0bHapyxeHne BHYTPEHHUX AedeKTOB (TOHKME MyCTOThI, HEMPOKNEN, AedEKTbl MaNku 1 CBAPKM) B MHO-
rOCMOWHBIX KOHCTPYKLMOHHBLIX MaTepuanax (MeTanfmn4yeckux MHOrOCMOWHbIX M3Aenusx, yrnennacTukax, nnacTMaccoBbIX
1 TOHKOMMEHOYHbIX U3AENNSX) C MCMOSIb30BAHNEM COBPEMEHHBIX CPEACTB TEMSOBU3NOHHOTO KOHTPONS U 3P MEKTUBHBIX
nporpamm 06paboTku AaHHbIX. B cTaTbe npuBedeHbl pe3ynbTaThl U3yYeHWst MeToda AMHAMUYECKOW TENNOBOW TOMOrp a-
humn B 3agavax BbISIBNIEHUS BHYTPEHHWUX AeEKTOB MHOMOCMONHBIX U OQHOPOAHbLIX u3genuini. C ncnonb3oBaHMeM BbiCO-
KONpPOM3BOAUTENBHOTO MeTofda AMHAMUYECKOW TEmnsioBOM ToMorpadguu npoBedeHbl UCCnedoBaHWst No OOHApYXEeHWo
TOHKMX BHYTPEHHWX AeeKTOB B BUAE NYCTOT, HEKAYECTBEHHOW CKNEMKN COEB B MHOTOCIOWHBIX n3genusx. MNpu npose-
LEHNM 3KCNepUMEHTOB mcnonb3oBanuck Tennosusop FLIR E60, nporpammuas cpega FLIR Tools u nporpamMmmHoe obec-
neveHne ThermoFit Pro. JuHamuyeckas Tennosas Tomorpacus no3sonseT 6onee T04HO OLEHMBATH NApaMeTpbl BHY T-
PEHHWX AedeKToB. B TennoBom KOHTPONEe MakcurpaMmbl U TakMorpaMmbl 3aBUCUMBI OT FyBUHbI U TONWKUHBLI AeheKTOB
W, crnegoBaTeslbHO, MOryT ObITb NpUMeHEHbl B AedekTomeTpun. Mcnonb3yeTcst 04HOMEPHbIA anropuTM onpeaenexus
napameTpoB AedeKTOB, Npy KOTOPOM He YUMThIBAKOTCS nonepeyHble pa3Mepsl AedekToB. ANrOpUTM OCHOBAH Ha Kom6 u-
HUPOBAHUM MAKCMrpaMm v Tanmorpamm. MonyyeHbl pe3ynbTaThl TEMNNOBM3NOHHOTO KOHTPOMS B BUAE NOCNeaoBaTeNbHO-
CTU MH(paKpacHbIXx u3obpaxeHuid. [laHHas nocnegoeatensHocTb 06paboTtaHa B nporpamme ThermoFit Pro gna nony-
YEHWs1 TaMOrpamm 1 Makcurpamm. Ha oCHOBaHMM NONYYeHHbIX pPe3ynbTaToB GblM CHOPMYNMPOBaHbI NPEUMYLLECTBA W
HEAoCTaTKM uccnefyemoit METOAMKN W NPOrPaMMHOro 06ecneveHms TENNOBU3MOHHOTO KOHTPONs. MeToa AMHaMUYeCcKoi
TEnnoBon ToMorpaum MoXeT LUMPOKO NPUMEHSATHCS AMS1 KOHTPOMS MHOTOCNOWHBIX W3AENWUIA M3 pasfMUHbIX MaTepua-
OB, B YACTHOCTY, B @aBUACTPOEHW MPU M3TOTOBNEHWUMU 1 KOHTPOSIE KOMMO3UTHBIX MaTepuanos.

Knroueebie cnoea: HepaspyLlawLnii KOHTPOMb, TENMOBU3UOHHBIA KOHTPOSb, TEMNEPATYPHbBIA CUTHAN, AUHaMUYECKas
Tennosasi Tomorpacusi, TaiMorpaMmma, Makcurpamma

Unpopmayus o cmamee: [ata noctynneHus 03 cespans 2020 r.; gata npuHaTus k neyatn 04 mapta 2020 r.; pata
oHnanH-pasmeLeHus 30 anpens 2020 r.

Ans yumupoearus: NlykbsHoB A.B., KowkuH A.B. TennoBusnoHHbIN KOHTPOSIb MHOTOCMONHBIX U34eNniA MeTogaMmn au-
HaMW4eckoli Tennosoi ToMmorpadum Ha 6ase nporpammbl «TermoFit PRO». BecmHuk Mpkymckoao 2ocy0apcmeeHH020
mexHuyecko20 yHugepcumema. 2020. T. 24. Ne 2. C. 284-294. https://doi.org/10.21285/1814-3520-2020-2-284-294

Use of ThermoFit PRO dynamic thermal tomography
in imaging control of multilayer products

Anatoliy V. Lukyanov, Artem V. Koshkin
Irkutsk State Transport University, Irkutsk, Russia

Abstract: In the present study, issues affecting the detection of internal defects, such as thin voids, adhesion failure and
soldering / welding defects in multilayer construction materials, are considered. The approach involving thermal imaging
control and data processing programs can be used to investigate materials including plastic and thin-film products, metal-
lic multilayer products and carbon-fibre reinforced plastics. Results of applying the dynamic thermal tomography method
to identify internal defects in both multilayer and homogeneous products are presented. The study assessed the use of
the described method to detect thin internal defects in the form of voids and poor-quality gluing of layers in multilayer
products. In the experiments, the FLIR E60 thermal imager and FLIR Tools software environment were used in conjunc-
tion with the ThermoFit Pro software program. Dynamic thermal tomography is acknowledged to provide for accurate
evaluation of internal defect parameters. Maxigrams and timegrams used in thermal control applications are applicable in
defectometry due to the dependence on the depth and thickness of the defects. In this case, a one-dimensional algorithm
for determining defect parameters is used with the disregarded defect transverse dimensions. Thus, the algorithm is
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based on a combination of maxigrams and timegrams. During the study, the results of thermal imaging control are ob-
tained in the form of an infrared image sequence. This sequence was processed in the ThermoFit Pro software for both
timegram and maxigram construction. Based on the results obtained, the advantages and disadvantages of the studied
method, as well as the software for thermal imaging control, were formulated. The method of dynamic thermal tomogra-
phy is feasible for wide application in control of various material multilayer products of such sectors of industry as the
aircraft engineering, as well as the manufacture and control of composite materials.

Keywords: nondestructive control, thermal imaging control, temperature signal, dynamic thermal tomography, timegram,
maxigram
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April 30, 2020.

For citation: Lukyanov AV, Koshkin AV. Use of ThermoFit PRO dynamic thermal tomography in imaging control of multi-
layer products. Vestnik Irkutskogo gosudarstvennogo tehnicheskogo universiteta = Proceedings of Irkutsk State Tech-

nical University. 2020;24(2):284-294. (In Russ.) https://doi.org/10.21285/1814-3520-2020-2-284-294

1. BBEAEHUE

B HacTosiee Bpems Bce H6onee BbiCO-
KUMW CTAHOBATCS TpeboBaHWS K KayecTBy W3-
roTaBMMBaeMON MPOMbILLNIEHHOW NPOAYKLMM
U34ennin MalMHOCTPOEHUS Y CBOEBPEMEHHO-
My BbISIBNIEHMIO UX OeDEKTOB NpW JKcnyaTta-
umn. Psig nagenui npeacraesnseT cobon MHoO-
FOCMONHbIE KOHCTPYKLMMW, CKPENSEHHbIE Knee-
BbIMW UNW CBAPHbIMW COeAMHEHUAMU. X He-
npaBunbHOe (PYHKUMOHMPOBAHWE, Bbl3BAHHOE
HaNMMUMEM CKPbITbIX OedekToB (HEMNpoKnen,
HEKayeCTBEHHast nanka WM ceBapka, Hanuuue
NycTOT), CTUMYNMPYET pa3BUTUE Pa3fUYHbIX
METOOOB Hepaspyllallero KOHTPOns, B
4aCTHOCTW, TENIOBOrO MeToda KOHTPOSS.
PasHOBMOHOCTb TENnoBoro MeToda — Tenso-
BU3WMOHHOIO — 6asnpyeTcs Ha MCNOMb30BaHMK
COBPEMEHHbIX NpuWBOPOB BM3yanusauuu pac-
npeaeneHns TEnnoBbIX NOMel Ha KOHTPONu-
pyemblx wagenusix' [1-4]. O6paboTkol no-
crnefoBaTeflbHOCTM  TepMou3obpaxkeHun, a
TaKkke COBMeCTHOW 06paboTkoi Buaeo- W
TepMOM306paxxeHWii NOBLILLAKTCS Ka4eCTBO W
LOCTOBEPHOCTb TEMSioBOrO KOHTPONsA M pe-
WaTCa 3ajayvM aBToOMaTm3auum MOHUTOPUH-
ra u3genun B mpolecce WX 3Kcnnyatauum
[5, 6].

CoBpeMmeHHasi TennoBM3MOHHas anna-
patypa nNo3BONSET BbIBMATb CKPbITble Ae-
(PekTbl NpU HOpManbHOM (DYHKLIMOHUPOBaHUN
n3genun (NacCUBHbIA  KOHTpoOnb) [7-9] w
npeaBapuTENbHOM  MPOrPeEBE  KOHTpOnupye-
MbIX U3[ennii (aKTUBHbLIA TENTOBOW KOHTPOb)
[10]. Obnagasa BbLICOKON TemnepaTypHON 4yB-

CTBMTENbHOCTBIO (40 HECKONMbKUX COTbIX [0-
nen °C), npu COBpPEMEHHbLIX MeTogax obpa-
BOTKM AaHHbIX, TENIOBN30PbI MOTYT BbISBNSATH
reoMeTpUYecKMe XapakTepuCTKM (KOHTYpBI,
rnyOuHy 3aneraHnst u TOMLWMHY) CKPbITbIX de-
(hekToB MeTannImyecknx M HemeTannmyeckux
n3genuin. PassuBatowmecs MeToamku, TEXHO-
Norvn TenmnoBoro KOHTPONS W MporpamMMHoe
obecneyeHne o6paboOTKM AaHHbLIX MO3BONAT
yBenuuutb obnactn 3EKTUBHOrO npume-
HEHWS 3TOro0 COBPEMEHHOIO MeToAa KOHTPONS
[10]. Mcnonb3oBaHWe TEMOBUM3MOHHON BU-
geocbemkn ¢ vactoton 30-60 kagpos B ce-
KyHOY ¥ nporpaMMm aBTOMaTuU3WPOBaHHOW 06-
paboTkn Tepmon3obpaxeHnn No3BONSET Bbl-
ABNATb OeeKTbl B Pas3nUYHbIX LENbHbIX W
MHOTOCIMOMHbIX WM3AENUAX, U3rOTOBNEHHbIX U3
pepesa [11], meTtannos [7, 12] unu komnosu-
TOB [13-15].

B noTeHumanbHO onacHbIX 30HaX CO-
30al0TC BHYTPEHHWE, (hMKCUpyeMble Tenso-
BU3OpamKu,  AedOpMaLMOHHbIE  UCTOYHUKM
Tenna, KOTopble MO3BONSOT KOHTPONMPOBATb
Tpy4oeMKue npoLecchl B ynpyrow, ynpyronna-
CTMYEeCKON cTagusx paboTbl CTanu npu 3a-
POXOEHUN W PasBUTUM paspylieHnnd [7-9].
PasBuBalTCA METOAWMKN BCTPOEHHLIX B KOM-
MO3WTbl BOMTOKOHHO-OMTUYECKUX OaTYMKOB (KO-
TOpble B nepcnekTuBe MoryT pabortartb B 06-
nacTn MHpPaKpaCHOro nanyyexHus) ans obHa-
PYXXEHUS pa3fnyHbIX AedeKTOB CTPYKTYpbl W
nedopmauum komnosutos [16, 17]. OAns co-
BPEMEHHbIX MaTepuanoB C HOBbIMU CBOW-
CTBaMM pa3pabaTbiBalTCA TEXHONOTMN U Ma-
TemaTuyeckne MOLENU OnpedeneHns Takux

lHeCTepqu [.A. TennoBomn KOHTPONb W gnarHoctuka: yueb. nocob. Tomck: Msg-so TITY, 2007. 104 c.
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TENNOU3NYECKUX XapaKTEPUCTUK KaK Tensno-
€MKOCTb 1 TemnepaTyponpoBogHocTb [18-20].
OcHoBHas ngea Tomorpacum cocTouT
B TOM, YTO BPEMEHHbIE WHTEpBasbl MosiBre-
HUS MaKCMMasibHbIX TemnepaTypHbIX CUrHa-
NnoB Hag AedeKTaMmu HanpsMyilo CBsi3aHbl C
rnybuHon 3aneranus gedektos [1, 4]. B gax-
HOW CTaTbe NpuBeaeHbl pe3ynbTaTbl U3yYeHNs
mMeToda AMHaMUYecKoW TensioBoM Tomorpa-
(um, anroputm KOTOpOW B 3agadvax BbisiBre-
HUSI BHYTPEHHWUX Oe(eKTOB MHOTOCMONHbIX U
OHOPOAHbIX M3genun 6bin npegnoxeH B.I1.
Basunoseiv 1 B.B. LLnpsesbim [1].

Llenbto nccnenoBaHus, NpeanoXeHHo-
r0 B JaHHOW CTaTbe, SBMSETCA MPUSIOXEHWE
MeTo4a AMHaAMWUYECKOW TennoBoW ToMorpa-
un  ona  KOHTPONSA OTHOCUTENIbHO TOHKMX
Ae(eKTOB TUNa HeKaYeCTBEHHOIO CKIenBaHus
W NyCTOT B MHOTOCMNOWHBIX HEMETAamNNUYECKNX
nsgenuax. OB6paboTka akcnepuMeHTanbHbIX
[aHHbIX Benacb C WCMonb3oBaHWeM npo-

rpammHoro  obecnevyennss ThermoFit  Pro
(TOMCKWIA  MONMUTEXHUYECKUA  YHUBEPCUTET,
Hay4HbIn  pykoBoauTens paspabotkn 10O

npocpeccop B.lN. Basunos).

2. ONMPEAENEHWE rMYBWUHbI 3ANErAHUA
ANEDEKTA HA OCHOBE AHAJTU3A
TENJIOBOIo CUrHANA

Ecnmn obpaseL, COCTOUT U3 OAHOPO/IHO-

ro matepuana u ero TtennoBad WHepLuua e
MNOCTOAHHA BO BpPEMEHWU, TO noboe OTKMOHe-

ele,; A

HUE 3KCNepUMEHTAmNbHbIX AaHHbIX MO Temnno-
BOW MHEPUMWM OT €e 3TanoOHHOTO 3HaYeHus
MOXHO MHTEPNPETUPOBATb KaK NPUCYTCTBME B
obpasle 30H C HEOAHOPOAHbIMU TENNogU3N-
yeckumun napameTtpamu. [padmk M3MEHeHUs
MOBEPXHOCTHOW Temnepatypbl T OT BpEMEHU 7
06bl4HO OTOOpaxalT B norapuMUYeckux
koopauHatax "In(T)—In(z)". Ons ogHoposd-
HOro apmabaTnyeckoro nonybeckoHeYHoro
Tena 3ToT rpacdmk B maeane otobpaxaercs
npsamMon nuHuen. PakTUYECKU TEnnoBOW UM-
MySfbC KOHEYHOW ANUTENbHOCTM, TennoobmeH
C OKpyXawLen cpefon, a Takke ToSLWwMHa
n3genus UcKaxarT NUHENHbIN BuA Temnepa-
TypHOW (pyHKUmK [10].

Ons MCKNYeHns HeraTMBHOTO BNUS-
HUS BO3MYyLLAKOLWWMX (HaKTOpOB paccmaTpuBa-
0T TennoBylo MHepuuto 6e3nedekTHON 30HbI.
Torga ans AedekTHbIX y4acTKoB rpaduk oT-
HOLEHNS  TeKyLlero 3Ha4yeHus  TennoBoW
MHepuun K 3TanoHHOMy 3HauveHuo Byget oT-
KNOHATBCA OT NPSMOKW, MapannensHol ocu
BpemeHu. [lpy atom pana 6e3nedekTHbIX
y4acTKOB 3TOT rpachmk ByaeT napanneneH ocu
BpemMeHun. Ha puc. 1 npuBegeH npumep aKkcne-
PUMEHTANbHbIX AAHHbIX.

C yBenuyeHnem rnybuHbl aedekta
yBENMYMBaETCA 3anasgblBaHne HenMHeNHOro
NCKaXEHNs  paccMaTpuBaemMon  OyHKLMK
e/e,, NpU4YeM yMeHblUaeTCcqd U amnnuTyaa

aTOro uckaxeHusi. CTeneHb pasBuTus aedek-
Ta MOXHO onucaTb AByMsi 6e3pa3mepHbIMU

=1,

12

/

’L;m'n (F Oq mfu)

* » T,C

0,01 0,1

1,0

10

Puc. 1. U3meHeHUe OmHOWeHUs1 MeKyu,e20 3Ha4eHus1 mensiogoll UHepuuu K 3majloHHOMY
Fig. 1. Variation of thermal inertia current value vs reference value
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napameTtpamn Bi, n Fo,. Kputepun «Bno»

xapaktepusyet 0006LEeHHY0 TONWWHY n3ge-
nua Bi,:

|
AR,

Bid = ) 1)

roe | — rnybuHa 3aneranunsa gedekra, m; A —
koadpcpuumeHT TennonposogHoctn, BT/(m-K);
R, — TemnepaTypHoe conpoTusnexune aedek-

Ta.

Yncno nopgobusa Oypbe xapakrepusyet
TeyeHne Ge3pasmepHOro BpeMeHn B AedheKT-
HoM obnacTu:

T
Fo, = al—z, (2)

rae a — TeMnepaTyponpoBOAHOCTb, M2/C.
Kaxgomy gedekty ¢ TENoBOW MHep-

LIMEN HWXe TENNOBON MHEPLMM OCHOBHOIO Ma-

Tepvana Ha rpaguke (puc.1) cootBeTcTByeT

Touka ¢ koopavHatamu (e/ey) . n Foy..,

min
KOTOpble CBS3aHbl C nNapameTpamu Aedekta
hopmynamu

(e/end )min = Fod min—0,528; (3)
Fo,,,, =1+0,62-Bi;". (4)

dopmyna ana onpegenexust rnyGuHbl

dT/ dx

3aneranus aedexta yaeTt UMeTb BUL;
| = Ve Thin '[(e/end )min]om' (5)

MuHumym 3HaueHns (e/e,,) . COOT-

BETCTBYET MaKCcMManbHOMY TemnepaTypHOMY
curHany AT,. B To xe Bpems, peleHne o6-

paTHOM 3afayu TEMnoOBOrO KOHTPONS MOXHO
nony41Tb W ANs BpEMEHU 7,,,, KOTOPOE COOT-

BETCTBYET MOMOBMHE BPEMEHU [JOCTUXEHMUS
curHana AT,.

Ecnn gns onpegeneHvs TONWMHbBI W
rnybuHbl 3aneraHus gedekta Tpebyerca no-
nyyeHme n obpabotka TemnepaTypHOro Ccur-
Hana, TO mnonepeyHble pasmepbl AedeKToB
nogdalTca  BM3yanbHOMY M3MEPEHUID Mo
TemnepaTypHbIM curHanam, Tem Honee, 4To
pasmepbl Ae(eKTOB 3HauuTesnbHO 6onblue,
4yeM npuBedeHHble Bbllle ABa KOHTpoOnupye-
MbIX napameTpa [4].

OnpepeneHue reomeTpuyeckux pas-
MepoB AedekTa Npou3BOAUTCA MO MPOEKLMM
TOYEeK, COOTBETCTBYIOLMX MOMOBUHE MaKCU-
ManbHOro TemnepaTypHoro nepenaga
AT /2. B pabote [1] noka3aHo, 4TO 3KCTpe-

MyMbl NPOU3BOAHbLIX OT (PyHKUMKM T (X,y) o
NMPOCTPaAHCTBEHHbLIM KOOpAMHATaM X,y C Oo-

CTaTOYHOWM TOYHOCTbK COOTBETCTBYIOT NPOEK-
LUMAM rpaHuL, CKpbITbIX Ae(EKTOB Ha KOHTPO-
NpyeMyto NOBEPXHOCTL (puc. 2).

SE E - 8 LR S
Puc. 2. Hopmanu3osaHHble npoghusiu memnepamypbl

Fig. 2. Normalized temperature profiles
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B 60onbWWHCTBE NpaKTUYECKux crnyya-
€B owwmnbka NPOCTON BM3yarbHON OLIEHKW pas3-
mepoB AedekToB He npesbiwaeT 30%.

3. MPOLIECC NOCTPOEHMA
TAMMOIrPAMM U MAKCUTPAMM

TepMuHOM «TennoBas Tomorpadus»
obo3HavaeTca npoueadypa akTUBHOMO Tenno-
BOr0 KOHTPONS U3genus, no3sonslas pas-
LENATb €ro Ha oTAesIbHbIE Croun, B npeaenax
KOTOPbIX HabnogaeTcs «TennoBas CTPYKTY-
pa» crnos, Bkntovas gedekTbl. CornacHo Teo-
puM TENSIOBOr0 KOHTPONS, Tomorpadus BO3-
MOXHa TOMbKO B Mpoueaype O4HOCTOPOHHMX
UCMbITAHUN (MCTOYHUK HarpeBa W perucTpu-
PYIOLLMIA TENSOBM30P HAaXOAATCS C OOHOMN CTO-
poHbl obpasua), rae BpemMs MakCMManbHOro
MPOSIBNEHNA CTPYKTYPHbIX HEOQHOPOAHOCTEN
YBENUYMBAETCH C POCTOM MX rny6uHbl (3), (4)
B [3, 4]. 3HaK curHanoB v NOMOXeHWe Xapak-
TEPHbIX TOYEK 3aBUCAT OT TUna dedekra, ero
pasMepoB, NapameTpoB HarpeBa, a Takke OT
TOro, Kakasi NOBEPXHOCTb U3denus (nepegHsas
UnNu 3agHss) ncenegyeTcs.

Mobas auHamuyeckas TemnepaTypHas
(PyHKLMS MOXET OblTb OXapakTepu3oBaHa He-
KOTOpbIMU creuuduyeckummn Todkamu. B cny-
4yae TENSI0BOro KOHTPONs peyb naeT o6 uame-
HEHUM BO BpeMeHu AuddepeHumansHOro

TemnepaTtypHoro curHana (AT ), onpeaeneH-

HOTO KaK pasHOCTb Temnepatyp AeqeKTHON
(Ty) n GespnedbextHoit (T, ) obnacteir. B

onpe,qeneHHbuZ MOMEHT BpeMeHun t ., Hadbl-

BaeMbIM «OMTUMasibHbIM BpeMeHeM Habnio-
OeHWsi», OOCTUraeTcs MakcUMmanbHoe 3Haue-
HWe TemnepaTypHOro curHana AT, .

Mapbl 3Havenut AT, u 7, obpasyioT
Tanmorpammsl (7, — U306paxeHnst) n Makcu-
rpammsl (AT, — n3obpaxeHus).

[padvk npouecca Tennonepegayun
npv UMNYNbCHOM HarpeBe nokasaH Ha puc. 3.

Mpes ucnonb3oBaHUS CUHTETUYECKMX
n3006paxeHnt, Ha3BaHHbIX MaKCUrpammon W
TaMOrpaMMon BO3HWKIA B TEMNOBOM KOH-
Tposfie Npu aHanuse W3MEeHEeHUs BO BPEMEHM
MOBEPXHOCTHOW TemnepaTypbl. JTOT anro-
putM TpebyeT Bblbopa 3TAnNOHHOW TOYKU

(i Jur ) TakM 0Bpasom, uto BCe Apyrue
nukcenun nsobpaxeHns ByayT npoaHanuanpo-
BaHbl OTHOCWUTeNbHO Hee. Kak cneagyet us3
TEOpWUU TENMOBOrO KOHTPOSS, MaKCUrpammbl

coaepxar MakcumalibHble Pa3HOCTHbIE TEM-
nepartypHble CurHarbl

AT, (i, j,rm)=LT(i, j.7)-T <(iref,jref,r)J

He3aBNUCMMO OT BpeMeHn 7, (i, j), Koraa oHu

max

NnoABNAKTCA B NOCNegoBaTENIbHOCTH.

(‘),A)KA
oL T,c
[LK
8
/1 ™~Tud
/ | .I."r___ MepeaMan NOAEPXHOCTL
ATm LT S
TK o Tm /€
1
? 3aAHAR NOBEPXHOCT
S T
£ Tnd
Tm
e (4] \b\ ‘ / r,C
-ATm TR

Puc. 3. 3asucumocmb memnepamypHoO20 cu2Hasa om epeMeHu
Fig. 3. Temperature signal vs time
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TaliMorpaMmbl  MOKa3biBalOT ~ BPEMS
7, (i, ]), Koraa MMelT MecTo CooTBETCTBY!O-

lMe MakcUMarbHble TeMnepaTypHble CUrHa-
nel AT, (i, j.7, ), noatomy nioGas nocriefo-

BaTENbHOCTb M300paxeHun MoxeT OblTb 3a-
MeHeHa napoV CUHTE3WPOBaHHbIX (Makcu-
rpamMmma u Tammorpamma). B 0QHOCTOPOHHMX
npouegypax TennoBoro KOHTPOMsS Taumo-
rpamMbl NO3BONSAOT NOMYYUThb rNy6UHy 3ane-
raHus gedekta, NoaToOMy OHW YacTO UCMOMb-
3yl0TCA ANs NOCTPOEHUS nNpodouneint rnybuHsl,
Hanpumep, B OWHaMW4eCKOW TennoBoW TOMO-
rpadouu. Mporpamma TermoFit Pro nossonseT
NMPUMEHSATb  KOHLENUMI0  «Makcurpamma  —
TaimorpaMma» K NobblM CurHanam, passu-
BalLWuMcs BO BpeMeHW. VHTepnpeTtauusa pe-
3ynbTaToB B 3TUX Cnyyasx TpebyeT fanbHen-
LIMX UCCeoBaHui.

MporpamMma no3BoOnseT onpeaensTb
rnybuHy 3aneraHust u TENNOBOE COMPOTMBIE-
Hue (TONWMHY) aedektoB. Anroputm onpege-
neHna napameTpoB AedeKTOB O4HOMEPHBIN,
T.€. OH He NPUHUMAET BO BHUMaHUe nonepey-
Hble pa3Mepbl Ae(eKTOB U OCHOBAH Ha KOM-
BMHMPOBaHMM MakcUrpaMmbl ¥ TauMorpaMmel

Mukcenn (ij)

B CreaytoLLeM Buae:

I =A(a, L7y, 4)-Cll -7 (6)
Ry = A (e, L7, 44)-Chr - 75, (7)

rae |, R, — rnybuHa gedekra B MM 1 ero Ten-

noBoe conpoTuBreHne B M*KBT L - Tor-
WWMHa u3penua; r, — ANUTENbHOCTb Harpesa;

7, — ONTUManbHoe Bpems HabmogeHus; C_

m

— MaKkCMMarnbHbIl HOPManu3oBaHHbIA TeMMe-
patypHbid KoHTpact;, A, A, B.7,u,{ — Ko-
ahpuUMNEHTbI, 3aBUCSALLME OT CBOMCTB MaTe-
puana u napameTpoB NpoLeaypbl KOHTPONS.
Tennosoe conpoTuBneHve Jdedekta
CBSI3aHO C ero TOSWMHOW d BblpaXeHuem:

Ry =d/ 4
d d, (8)
roe A, — TennonpoBOAHOCTb AedekTa.

MpuHUMN nonyvyeHus Tammorpamm W
Makcurpamm rnokasaH Ha pwc. 4.

Tm ~1300pakcnne

e Ly
A GS 555
7

Taiimorpasmva

AT,, - mabGpascnne

Marcurpamma

Puc. 4. lpunyun nony4yeHuss maiimozpaMm U Makcuzpamm
Fig. 4. Principle of obtaining timegrams and maxigrams
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Makcurpamma uUnnOCTpUpyeT Makcu-
MYMbl CUrHanoB BO BPEMEHM U COOTBETCTBYET
MaKCUMasibHbIM OTHOLLUEHUAIM «CUrHamM-LyM».
Torga kak Taumorpamma OTpaxaeT nocnego-
BaTeNbHOCTb ONTUManbHOro BPEMEHM
HabnogeHnss M COOTBETCTBYKOT MakCMMarb-
HbIM 3HAYeHWsM TemnepaTypHbIX CUrHanoB
AT. B TennoBom KOHTpone Makcurpammbl u
TauMorpaMmmel MpuBsA3aHbl K rnybuHe n TOM-
WMHe [edeKToB W, crnegoBaTefibHo, MoryT
ObITb NCNONB30BaHbI B A€EKTOMETPUN.

4. ICCNEAOBAHME METOZIOM
ANHAMMUYECKOUM TEMNJIOBOWU
TOMOIPA®UN

B pamkax nccrnegoBaHusi Npov3Boau-
CS TENNOBU3NOHHBIN KOHTPOSIb MHOrOCIIONHOW
nnacTuHbl (M3 MONMMBMHWNXNOpuZa) wHdpa-

kpacHon kamepon FLIR E60. lMnactuHa pas-
HOMEPHO HarpeBanacb BO3ZYLIHOW MYLUKOW
MOLLHOCTbIO 1,8 KBT B TE4EHME OQHON MUHYTHI.

Bbin nonyyeH Habop Tepmorpamm, 06-
paboTaHHbIn B nporpamme ThermoFit Pro,
mMeHlo Maxigram & Tomography. PesynbtaThbl
npegcrtasfeHbl Ha puc. 5.

Ansa nonyyexnus HanbonbLwero obbema
MHPOPMaLMK O BHYTPEHHMX AedekTax Heob-
X0AMMO 60MbLIOE KONMYECTBO MHPPOKPACHBIX
n3obpaxeHut, 3aMKCMPOBaHHLIX NpU ASn-
TenbHOM HabnwgeHnn. OTNMYNTENBHON OCO-
GEHHOCTbI0 MakcurpaMM U Taumorpamm §iB-
NAeTcs BO3MOXHOCTb YMEHbLUUTL BIUSHKE
abekTa, Korga npu 3Ha4YUTENLHOW MPOAOS-
XWUTENbHOCTM HabnoaeHns Temnepatypa 06-
pasua CTpeMuTcs K TemnepaTtype OKpyxarto-
Len cpefpl, YTO yXyAwaeT paspelleHue Tep-
MOrpamMmbi.

A |
46,4 .. .—---.—f—-o ~o—o—0—o
11
4507 7‘ ‘
4354 T 1
42.26 + ‘f\ .-
i § Y1
4088 M 74
L UL LY i B
1 | 1‘ ! |
B IANANER |
- Mo [ 1111
i 3 62 92 122 152 w2 212 42
b

-'ﬁ-&”‘w’\\m%"“ R

B R

C

d

Puc. 5. Pesaynbmambl QuHamu4yeckol mensioeoli momozapaguu: a — mepMo2pamma obpasya; b — epagpuk
pacnpedeneHuss memnepamypbl 800/b 06pa3ya; ¢ — Makcuzpamma obpasua; d — malimoepamma obpasua
Fig. 5. Results of dynamic thermal tomography: a— sample thermogram; b — graph of temperature distribution
along the sample; ¢ — sample maxigram; d — sample timegram
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MpvBeaeHHble Ha puc. 5 pesynbTaThl
nokasblBalT, 4YTO Makcurpamma ¥ TanuMo-
rpaMMa OTpaxalT He TOMbKO NOANOBEPX-
HOCTHble, HO U rnyboko 3aneratowme gedek-
Tbl (KOHTpONUpyemasi rnybuHa 3aneraHus
nponopuuoHanbHa TemnepaTtype Harpesa
BO3JYLUHOW npocronku fedekra). Yem bnvke
k 6enomy LBeT obnactu Ha puc. 5, Tem BbllLE
TemnepaTtypa gedekta OTHOCUTENbHO Temne-
paTypbl obpasua, 3T0 COOTBETCTBYET Marnoun
rnybuHe 3aneraHus fedekta. Yem TemHee
uBet obnactu, TeM Hwxe Temnepatypa (OTHO-
CUTENbHO TemnepaTtypbl obpasua), YTo CooT-
BeTcTBYeT 6onee rnybokoMy 3aneraHuio ge-
cdekta. Tepmorpamma xe nokasbiBaeT TOSbKO
NOAMNOBEPXHOCTHbIE AeEKTHI.

Mpadhuk pacnpegeneHus Temneparypel
BOONb o6pasua no3sonser obHapyxmBaTb
aHomanuu B BMAe MakCUMyMOB TemnepaTyp-
HOro CUrHana, KoTopble Bbi3BaHbl AedeKTamu.
OTU HepaBHOMEPHOCTW TeMMepaTypHOro Cur-
Hana HecyT WHGopMauuw O pa3vepax [e-
(bekta W ero pacnonoXeHun OTHOCUTENbHO
apyrvx  gecdektoB. [lpouecc AuMHaMUYECKON
Tennoson Tomorpadum BbICOKONPOU3BOAMTE-
NeH M MOXeT NPUMEHATbCH AN 06beKToB

KOHTPONSI, BbINOSHEHHbIX U3 GonbLOro ne-
peYHsi MaTepuarnos.

5. 3AKINIOYEHUE

MeTton OuHaAMU4Yeckonm TEnnoBOW TO-
morpacum Ha 6ase nporpamMmmHoro obecneve-
Hus ThermoFit Pro He TpebyeT 6onbLluoro Ko-
nunyectBa 06opyaoBaHusa (TENOBU3OP U KOM-
MblOTEP), NPM 3TOM MO3BOMNSET OaBaTb Npu-
BnmnanTenbHy OLEHKY pasmMepoB OedeKTOB,
PacnoONOXEHHbIX MO MOBEPXHOCTLIO, B rMy-
OvHe ux 3aneraHus. B otnmume ot meTtoaa
NPOCTOro TENNOBU3NOHHOTO KOHTPONS W aHa-
nusa Tepmorpamm, AaHHbIN MeToa 6onee WH-
bopmaTvBEH,  BbLICOKONPOW3BOANUTENEH U
HarnsgeH Npu ConoCTaBUMbIX BPEMEHHbIX 3a-
Tpatax Ha BbINOMHEHME TENI0BU3NOHHOM
CbemMKkM obpasuos. [pocToTa U yHMBEpcanb-
HOCTb MeTo4a AMHaMUYECKOW TENNOBON TOMO-
rpacoum 0BycnoBnMBaKOT aKTyanbHOCTb WUC-
NONb30BaHWSI AAHHOrO MeToda AN KOHTPOns
MHOTOCMONHBIX U34eNIMA U3 pPasnnyHbIX maTe-
puanos. LUupokoe npumeHeHne 3TOT MeTon
MOXET NONy4YnTb B aBWACTPOEHWUM MPU WU3ro-
TOBMEHUN W KOHTPONE KOMMO3UTHbLIX MaTepu-
anos.

Bubnuozpaghuyeckuli cnucok

1. Baeunoe B.l. WHdpakpacHas Tepmorpacusa v Ten-
noson koHTponb. M.: U3a. gom «Cnektp», 2009. 562 c.
2. Balageas D., Maldague X., Burleigh D., Vavilov V.P.,
Oswald-Tranta B., Roche J.-M., Pradere C., Carlo-
magno G.M. Thermal (IR) and Other NDT Techniques
for Improved Material Inspection // Journal of Nonde-
structive  Evaluation. 2016. Vol. 35. P. 18.
https://doi.org/10.1007/s10921-015-0331-7

3. Ibarra-Castanedo C., Maldague X.P. Infrared ther-
mography // Handbook of Technical Diagnostics: Fun-
damentals and Application to Structures and Systems.
Berlin: Springer, 2013. P. 175-220. [OneKTPOHH®Ii pe-
cypc]. URL:
https://link.springer.com/chapter/10.1007/978-3-642-
25850-3_10 (25.09.2019). https://doi.org/10.1007/978-
3-642-25850-3

4. Hai Zhang, Verberne P., Meguid S.A., Ibarra-
Castanedo C., Maldague X.P.V. Autonomous high reso-
lution inspection of kiss-bonds skins of carbon nanotube
reinforced nanocomposites using novel dynamic line-
scan thermography approach // Composites Science
and Technology. 2020. Vol. 192. P. 108111.
https://doi.org/10.1016/j.compscitech.2020.108111

5. Xomenko A.l., NlykesHos A.B., Kanyctun A.H. Pas-
paboTka anropuTMOB pacnosHaBaHus obpasos no bGa-

30BOMY U306paxeHWD B 3afgavax TEnIOBM3UOHHOMO
MOHWUTOPUHra NokoMoTuBoB // CoBpemMeHHble TEXHOMO-
run. CuctemHelii aHanua. MogenuposaHue. 2004, Ne 3.
C. 51-58.

6. JlykbsHoB A.A., KanyctuH A.H., llykbsiHoB A.B. Anro-
PUTMUYECKOE W NporpaMmHoe obecnevyeHne aBTomarm-
3MpPOBaHHOrO TEPMOMOHUTOPUHIA W AUarHoCTUkM 060-
pygoBanus // KoHtponb. OuarHoctuka. 2005. Ne 9. C.
45-53.

7. Moyseychik E.A., Vavilov V.P. Analyzing patterns of
heat generated by the tensile loading of steel rods con-
taining discontinuity-like defects // International Journal
of Damage Mechanics. 2018. Vol. 27. Issue 6. P. 950—
960. https://doi.org/10.1177/1056789517715087

8. Moyseychik E.A., Vavilov V.P., Kuimova M.V. Infra-
red Thermographic Testing of Steel Structures by Using
the Phenomenon of Heat Release Caused by Defor-
mation // Journal of Nondestructive Evaluation. 2018.
Vol. 37. P. 28. https://doi.org/10.1007/s10921-018-
0482-4

9. Kanegut B.O., BaykvH E.C., Bsaukuna E.A., BygaguH
O.H., Kosenbckas C.O. WAccnepgoBaHne BO3MOXHOCTU
TEensioBOr0 KOHTPOMS1 KOHCTPYKUMA W3 MOMNMEPHbIX
KOMMO3ULIMOHHBIX mMaTtepuanos npu Harpese
BHYTPEHHUM WUCTOYHUKOM // KOHTpOMb W AuarHocTuka.

BECTHUK WPKYTCKOIO rOCYOQAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2020;24(2):284-294
PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2020;24(2):284-294

ISSN 1814-3520

291




MawunHocTpoeHne U MaluMHOBeAEHUE
Mechanical Engineering and Machine Science

2019. Ne 5. C. 26-31.
https://doi.org/10.14489/td.2019.05.pp.026-031

10. Shepard S.M., Lhota J.R., Rubadeux B.A., Wang
D., Ahmed T. Reconstruction and enhancement of ac-
tive thermographic image sequences // Optical Engi-
neering. 2003. Vol. 42. Issue5. P. 1337-1342.
https://doi.org/10.1117/1.1566969

11. Chulkov A.O., Pradere C., Puiggali J.R., Batsale
J.C., Vavilov V.P. Estimating the Humidity of Wood by
Terahertz Infrared Thermography // Russian Journal of
Nondestructive Testing. 2016. Vol. 52. No. 12. P. 753-
757. https://doi.org/10.1134/S1061830916120044

12. Cadelano G., Bortolin A., Ferrarini G., Molinas B.,
Giantin D., Zonta P., Bison P. Corrosion Detection in
Pipelines Using Infrared Thermography: Experiments
and Data Processing Methods // Journal Nondestruct
Eval. 2016. Vol. 35. P. 49,
https://doi.org/10.1007/s10921-016-0365-5

13. Meola C., Carlomagno G.M. Impact damage in
GFRP: New insights with infrared thermography //
Composites Part A: Applied Science Manufacturing.
2010. Vol. 41. Issue 12. P. 1839-1847.
https://doi.org/10.1016/j.compositesa.2010.09.002

14. Meola C., Carlomagno G.M. Monitoring Materials
Under Impact with Infrared Thermography // Thermo-
mechanics & Infrared Imaging, Hybrid Techniques
and Inverse Problems: Conference Proceedings
of the Society for Experimental Mechanics Series.
2013. Vol. 8. P. 177-185. [OneKkTpoHHbIA pecypc.
URL: https://link.springer.com/chapter/10.1007%2F978-
3-319-00876-9_22 (25.09.2019).
https://doi.org/10.1007/978-3-319-00876-9_22

15. Boccardi S., Boffa N.D., Carlomagno G.M., Meola
C., Ricci F., Russo P., Simeoli G. Infrared thermogra-
phy to impact damaging of composite materials /

Health Monitoring of Structural and Biological Systems.
2017. Vol. 10170. [OnekTpoHHbIN pecypc]. URL:
https://www.researchgate.net/publication/315866805_In
fra-

red_thermography_to_impact_damaging_of_composite
_materials (25.09.2019).
https://doi.org/10.1117/12.2261077

16. ®epotos M.IO., bygaguH O.H., Bacunbes C.A,,
MepsegkoB O.U., Kosenbckas C.O. WccnepoaHue
BCTPOEHHOW BOJIOKOHHO-OMTUYECKOW CUCTEMbI AMarHo-
CTUKM yrnennacTuka nocne BO3LeNCTBUS TEXHOMOTMYe-
Ckux pexumoB dopmoBaHus // KoHTponb u guarHoctu-
ka. 2019. Ne 1. C. 42-49,
https://doi.org/10.14489/td.2019.01.pp.042-049

17. ®epotos M.IO., bynaguH O.H., Kosenbckas C.O.
TexHonormyeckme acnekTbl CO34aHWS  BOIIOKOHHO-
ONTWYECKOW CUCTEMBbI Hepaspylualowlero KOHTPOons
TPEXCMOWHBIX KOMMO3UTHBIX KOHCTPYKUUIA // KOHTpOrb 1
JnarHocTuka. 2019. Ne 7. C. 24-29.
https://doi.org/10.14489/td.2019.07.pp.024-029

18. bynanosa B.O., bynaHos E.B., MoHomapes C.B.,
OvenH A.l. YcTaHoBKa ANna usmepeHus Tennoguanye-
CKMX CBOMCTB TENIOM30MSALMOHHbIX MaTepnarnos MeTo-
AaMn NMIMHEWHOTO W NMOCKOTO WMMNYMbCHBIX MCTOYHUKOB
Tennotbl // N3BecTus BbiCWKX Y4eBHbIX 3aBedeHui.
Mpubopoctpoenwne. 2019. T. 62. Ne 11. C. 1022-1029.
https://doi.org/10.17586/0021-3454-2019-62-11-1022-
1029

19. Muxees B.A., Cynabepugse B.LU., Mywenko B.[.
3aBUCUMOCTb  TENnONpPOBOAHOCTY  KOMMO3ULMOHHOMO
maTtepuana Ha OCHOBE CWUMMKOHa OT O06BLEMHOMO Co-
AepxaHus HuTpuga 6opa // N3BecTus BbICLWIMX yYeBHbIX
3aBegeHui. MpubopoctpoeHne. 2016. T. 59. Ne 4. C.
317-322. https://doi.org/10.17586/0021-3454-2016-59-
4-317-322

20. Sfarra S., Cheilakou E., Theodorakeas P., Ibarra-
Castanedo C., Zhang H., Koui M., Maldague X. Inspect-
ing historical vaulted ceilings by means of physical and
chemical analyses: an integrated approach combining
active infrared thermography and reflectance spectros-
copy // Insight — Non-Destructive Testing and Condition
Monitoring. 2020. Vol. 62. No. 3. P. 144-151.
https://doi.org/10.1784/insi.2020.62.3.144

References

1. Vavilov VP. Infrared Thermography and Thermal
Control. Moscow: Spectrum Publishing House; 2009,
562 p. (In Russ.)

2. Balageas D, Maldague X, Burleigh D, Vavilov VP,
Oswald-Tranta B, Roche J-M, Pradere C, Carlomagno
GM. Thermal (IR) and Other NDT Techniques for Im-
proved Material Inspection. Journal of Nondestructive
Evaluation. 2016;35:18. https://doi.org/10.1007/s10921-
015-0331-7

3. Ibarra-Castanedo C., Maldague X.P. Infrared ther-
mography. Handbook of Technical Di-agnostics: Fun-
damentals and Application to Structures and Systems.
Berlin: Springer; 2013, p. 175-220. Available from:
https://link.springer.com/chapter/10.1007/978-3-642-
25850-3 10 [Accessed 25th  September 2019].
https://doi.org/10.1007/978-3-642-25850-3

4. Hai Zhang, Verberne P, Meguid SA, lbarra-
Castanedo C, Maldague XPV. Autonomous high resolu-

tion inspection of kisshonds skins of carbon nanotube
reinforced nanocomposites using novel dynamic line-
scan thermography approach. Composites Science and
Technology. 2020;192:108111.
https://doi.org/10.1016/j.compscitech.2020.108111

5. Khomenko AP, Lukyanov AV, Kapustin AN. Devel-
opment of Algorithms for Image Recognition according
to Base Image in the Tasks of Locomotive Thermal
Imaging Monitoring. Sovremennye tekhnologii. Sis-
temnyj analiz. Modelirovanie - Modern technologies.
System analysis. Modeling. 2004;3:51-58. (In Russ.)

6. Lukyanov AA, Kapustin AN, Lukyanov AV. Algorith-
mic and Program Support of Automated Termomonitor-
ing and Equipment Diagnostics. Kontrol. Diagnostika =
Testing. Diagnostics. 2005;9:45-53. (In Russ.)

7. Moyseychik EA, Vavilov VP. Analyzing Patterns of
Heat Generated by the Tensile Loading of Steel Rods
Containing Discontinuity-Like Defects. International

292

BECTHUK UPKYTCKOIO rOCYAAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2020;24(2):284-294
e

ISSN 1814-3520

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2020;24(2):284-294




JlykbsiHoe A.B., Kowkur A.B. Tennoeu3uoHHbIl KOHMPOJIb MHO20C/OUHbIX u3desuli Memodamu ...

Lukyanov A.V., Koshkin A.V. Use of ThermoFit PRO dynamic thermal tomography in imaging control ...

Journal of Damage Mechanics. 2018;27(6):950-960.
https://doi.org/10.1177/1056789517715087

8. Moyseychik EA, Vavilov VP, Kuimova MV. Infrared
Thermographic Testing of Steel Structures by Using the
Phenomenon of Heat Release Caused by Deformation.
Journal of Nondestructive Evaluation. 2018;37:28.
https://doi.org/10.1007/s10921-018-0482-4

9. Kaledin VO, Vyachkin ES, Vyachkina EA, Budadin
ON, Kozelskaya SO. Investigation of the Possibility of
Thermal Control of Polymer Composite Structures while
Heating by the Internal Source. Kontrol. Diagnostika =

Testing. Diagnostics. 2019;5:26-31.
https://doi.org/10.14489/td.2019.05.pp.026-031 (In
Russ.)

10. Shepard SM, Lhota JR, Rubadeux BA, Wang D,
Ahmed T. Reconstruction and Enhancement of Active
Thermographic Image Sequences. Optical Engineering.
2003;42(5):1337-1342.
https://doi.org/10.1117/1.1566969

11. Chulkov AO, Pradere C, Puiggali JR, Batsale JC,
Vavilov VP. Estimating the Humidity of Wood by Te-
rahertz Infrared Thermography. Russian Journal of
Nondestructive Testing. 2016;52(12):753-757.
https://doi.org/10.1134/S1061830916120044

12. Cadelano G, Bortolin A, Ferrarini G, Molinas B, Gi-
antin D, Zonta P, Bison P. Corrosion Detection in Pipe-
lines Using Infrared Thermography: Experiments and
Data Processing Methods. Journal Nondestruct Eval.
2016;35:49. https://doi.org/10.1007/s10921-016-0365-5
13. Meola C, Carlomagno GM. Impact Damage in
GFRP: New Insights with Infrared Thermography.
Composites Part A: Applied Science Manufacturing.
2010;41(12):1839-1847.
https://doi.org/10.1016/j.compositesa.2010.09.002

14. Meola C, Carlomagno GM. Monitoring Materials
under Impact with Infrared Thermography. Thermome-
chanics & Infrared Imaging, Hybrid Techniques and
Inverse Problems: Conference Proceedings of the So-
ciety for Experimental Mechanics Series. 2013;8:177-
185. Available from:
https://link.springer.com/chapter/10.1007%2F978-3-
319-00876-9_22 [Accessed 25th September 2019].
https://doi.org/10.1007/978-3-319-00876-9_22

15. Boccardi S, Boffa ND, Carlomagno GM, Meola C,
Ricci F, Russo P, Simeoli G. Infrared Thermography to

Kputepumn aBTOpCTBa
JlykbsiHoB A.B., KowkuH A.B. 3a9Bnst0T 0 paBHOM y4a-
CTUM B MOMNYYEHUN U OCHOPMIIEHUN HAYYHbIX pPesynbTa-
TOB U B PaBHOW Mepe HecyT OTBETCTBEHHOCTb 3a nna-
rmar.

KoHdnukT uHTepecoB
ABTOpbI 325BnA0T 06 OTCYTCTBUM KOH(IIMKTA MHTEpe-
COB.

Impact Damaging of Composite Materials. Health Moni-
toring of Structural and Biological Systems.
2017;10170. Available from: URL:
https://www.researchgate.net/publication/315866805_In
fra-
red_thermography_to_impact_damaging_of _composite
_materials___[Accessed 25th  September  2019].
https://doi.org/10.1117/12.2261077

16. Fedotov MYu, Budadin ON, Vasilev SA,
Medvedkov Ol, Kozelskaya SO. Research of the Inte-
grated Fiber-Optic System for the Diagnosis of Carbon
Fiber Reinforced Plastic after the Impact of Technologi-
cal Molding Modes. Kontrol. Diagnostika = Testing.
Diagnostics. 2019;1:42-49. (In Russ.)
https://doi.org/10.14489/td.2019.01.pp.042-049

17. Fedotov MYu, Budadin ON, Kozel'skaya SO. Tech-
nological Aspects of Creating a Fiber-optic Non-
Destructive Testing of Sandwich Composite Structures.
Kontrol. Diagnostika = Testing. Diagnostics. 2019;7:24—
29. (In Russ.)
https://doi.org/10.14489/td.2019.07.pp.024-029

18. Bulanova VO, Bulanov EV, Ponomarev SV, Divin
AG. Installation for Measuring Thermophysical Proper-
ties of Heat-Insulating Materials by Methods of Linear
and Planar Pulsed Heat Sources. lzvestiya vysshih
uchebnyh zavedenij. Priborostroenie = Journal of In-
strument Engineering. 2019;11:1022-1029. (In Russ.)
https://doi.org/10.17586/0021-3454-2019-62-11-1022-
1029

19. Mikheev V.A., Sulaberidze B. Sh., Mushenko V.D.
Dependence of Thermal Conductivity of Silicone-Based
Composite on Volume Concentration of Boron Nitride.
lzvestiya vysshih uchebnyh zavedenij. Priborostroenie =
Journal of Instrument Engineering. 2016;59(4):317-
322. (In Russ.) https://doi.org/10.17586/0021-3454-
2016-59-4-317-322

20. Sfarra S, Cheilakou E, Theodorakeas P, Ibarra-
Castanedo C, Zhang H, Koui M, Maldague X. Inspect-
ing historical vaulted ceilings by means of physical and
chemical analyses: an integrated approach combining
active infrared thermography and reflectance spectros-
copy. Insight — Non-Destructive Testing and Condition
Monitoring. 2020;62(3):144-151.
https://doi.org/10.1784/insi.2020.62.3.144

Authorship criteria
Lukyanov A.V., Koshkin A.V. declare equal participation
in obtaining and formalization of the scientific results
and bear equal responsibility for plagiarism.

Conflict of interests
The authors declare that there is no conflict of interests
regarding the publication of this article.

ISSN 1814-3520

BECTHUK UPKYTCKOIo roCYAAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2020;24(2):284-294
e

293

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2020;24(2):284-294




MawunHocTpoeHne U MaluMHOBeAEHUE
Mechanical Engineering and Machine Science

Bce aBTOpPblI nNpoynTann wn O,EI,O6pI/IJ'IVI OKOHYaTenbHbIN
BapuaHT pyKonucu.

CBEJJEHUA Ob ABTOPAX

JNlykbsiHoB AHaTonui BanepuaHoBuy,

[OKTOp TEXHUYECKUX HayK, npodeccop,

npodeccop kageapbl UK, MEXaHUKK

1 npubopocTpoeHus,

MpKyTCKUI roCyAapCTBEHHbIN YHUBEPCUTET

nyTel coobLyeHus,

664074, r. UpkyTck, yn. YepHbiwesckoro, 15, Poccuns;
™ e-mail: loukian@inbox.ru

KowkuH Aptem BacunbeBuy,

MarucTpaHT,

MpKyTCKUI roCyAapCTBEHHbIN YHUBEPCUTET

nyTel coobLyeHus,

664074, r. MpkyTck, yn. YepHolweBckoro, 15, Poccus;
e-mail: artyomvaskosh@gmail.com

The final manuscript has been read and approved by all
the co-authors.

INFORMATION ABOUT THE AUTHORS

Anatoliy V. Lukyanov,

Dr. Sci. (Eng.), Professor,

Professor of the Department of Physics, Mechanics
and Instrument Making,

Irkutsk State Transport University,

15 Chernyshevsky St., Irkutsk 664074, Russia;

04 e-mail: loukian@inbox.ru

Artem V. Koshkin,

Master Degree Student,

Irkutsk State Transport University,

15 Chernyshevsky St., Irkutsk 664074, Russia;
e-mail: artyomvaskosh@gmail.com

294

BECTHUK UPKYTCKOIO rOCYAAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2020;24(2):284-294
e

ISSN 1814-3520

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2020;24(2):284-294



MawunHocTpoeHne U MaluMHOBeAEHUE
Mechanical Engineering and Machine Science

OpurunanbHas ctatbs / Original article
YOK 621/9
DOI: http:/ldx.doi.org/10.21285/1814-3520-2020-2-295-302

OueHKa U3HOCOCTOMKOCTU MHCTPYMEHTaNbHbIX NOKPbLITUM
Ha OCHOBE MMMTALMOHHOIro MoAeNMpPOBaHUS

© B.4. Mokpuukuu, 3.C. CutamoB

Komcomonbckul-Ha-Amype eocydapcmeeHHbili yHugepcumem, 2. Komcomonbck-Ha-Amype, Poccus

Pestome: Lienb — pazpaboTatb pekomeHgauum no Belbopy MHCTPYMEHTanNbHbIX MOKPbLITWIA, paLyoHanbHbIX NpW TOKApHOU
06paboTke KOPPO3MOHHOCTOWMKON CrneLmanMsnpoBaHHON Hepxasetowwen ctanu mapku 09X17H7H0. [na umutaumnoHHoro
MOZENMpPOBaHWS UCMoNb3oBaHa nporpamMmHas cpega Deform. MogenvupoBaHwe BbINMOMHEHO MO HECKOMNbKMM Napamert-
pam, B T.4. N0 nMapaMeTpam «TemnepaTtypa», «HanpsxeHue», «gedopmauusy. Pesynbtatsl MOAENMpoOBaHMS conocTa B-
NeHbl C 3KCMyaTaLMOHHBEIMU NapaMeTpamm (BENUYNHON U3HOCA MHCTPYMEHTANbHOrO MaTtepuana). MMuraumoHHoe mo-
[ENMpoBaHWe NPOBEAEHO ANs pasnuyHbix 11 BUOOB NOKPLITUIA HA TBEpAOCNNaBHOM cybcTparte mapku BK8. B kayecTBe
6a30B0Oro MHCTPYMEHTaNbHOTO MaTtepuana B3ST MHCTPYMeHTanbHbl TBepablit cnnae Mapku BK8, octanbHble WHCTPY-
MEHTarnbHbIe MaTepuarbl OTNINYAOTCS NMULb apXUTEKTYPOI (KOHCTPYKLMS, COCTaB, CTPYKTYpa U METO4 HaHEeCeHWs) no-
KPbITUA, HaHeCeHHbIX Ha cybctpaTt BK8. MHcTpymeHTanbHble MaTtepuansl pacnpegeneHbl B NocrefoBaTensHOCTH no
paLuoHanbHOCTN MPUMEHEHNS Ana 06paboTKM KOPPO3MOHHOCTOMKOW CNeLuani3MpoBaHHON HepXXaBeLWen CTanyu MapKu
09X17H710, He umeloLen aHanoroB No CBOUM (PU3UKO-MEXaHUYECKUM XapaKTepuCTnkam 1 3KCnnyaTauMoHHbIM CBOM-
ctBam. O6nacTb NpUMEHEHUS AAHHOM CTanM NOCTOSHHO pacluMpsieTcs. YCTaHOBMEHO, YTO AN NPOAOJSIbHOW TOKapHOM
obpabotku ctanu mapku 09X17H7H0 Haubonee paumoHanbHbl MHOTOCMOWHLIE MHCTPYMEHTaNbHble MokpbiTUs TICN (5
MKkM) + (TIAN (3 mkm) + Al,O3 (5 Mkm) + TiC (5 mkm); Al,O3 (2 Mkm) + (Ti)CN (5 mkm) + (TIAIN (3 Mkm) + TiN (3 MKm);
(TIADN (3 mkm) + Al,O3 (3 mkm) + (TIAN (3 mkm) + Al,O3 (3 MkM). PesynbTathl, NONYYEHHbIE UMUTALMOHHBIM MOAENUPO-
BaHWeM, 6binu NPoBepeHbl aKkcnepuMeHTansHo. [JocTUrHyTO Xopollee coBnageHue pe3ynstaTtoB (KO3 MULUEHT perpec-
cum nsmeHsincs B npegenax ot 0,9806 go 1,0). B pe3ynbtaTe MMUTALMOHHOTO KOMMBIOTEPHOTO MOAENUPOBAHWS BbISIB-
neHbl U NOATBEPXAEHbI JKCMepUMeHTanbHO Haubonee pauuoHanbHble MHCTPYMeHTanbHble MOKPbITUS, Heobxoanumble
npu TokapHon 0bpaboTke cneunanu3MpoBaHHoO Hepxasetolwen ctanu mapku 09X17H71O.

Knioueenlie cnoea: nMUTALMOHHOE MOMENMPOBaHWE, BLIGOP WHCTPYMEHTAmNbHOrO MaTepuana, TokapHas obpaboTka,
TBEPLOCMaBHbIi cyb6CTpaT, CTanb, NOKPbLITUE

UHpopmayusa o cmamee: Jata noctynnenus 13 dpespana 2020 r.; gata npuHaTusa k neyatn 16 mapta 2020 r.; gata
oHnanH-pasmeleHns 30 anpens 2020 r.

Ansa yumupoeaHus: Mokpuukuit 5.4., Cutamos 3.C. OueHka M3HOCOCTOMKOCTU MHCTPYMEHTANbHBIX MOKPLITUNA Ha OC-
HOBE MMWTALMOHHOIO MOAENUpoBaHus. BecmHuk Mpkymckoz2o 20cydapcmeeHHO20 MEeXHUYeCcKo20 yHusepcumema.
2020. T. 24. Ne 2. C. 295-302. https://doi.org/10.21285/1814-3520-2020-2-295-302

Evaluation of wear resistance of tool coatings
based on simulation modelling

Boris Ya. Mokritskii, Eraj S. Sitamov
Komsomolsk-na-Amure State University, Komsomolsk-na-Amure, Russia

Abstract: This simulation study was aimed at developing rational recommendations on the selection of tool coatings
when turning 09H17N7YU corrosion-resistant specialised stainless steel. The performed simulation, carried out in the
Deform software environment, comprises the parameters of temperature, stress and deformation. The simulation results
were compared with the operational parameters, i.e. the extent of tool material wear. Simulation modelling is performed
for 11 various types of coatings on a VK8 hard-alloy substrate. A hard-alloy tool of the VK8 brand is taken as a base tool
material. The other tool materials differ only in terms of the architecture (design, composition, structure and coating
method) of the coatings applied to the VK8 substrate. Tool materials are distributed according to their rational application
for processing 09H17N7YU corrosion-resistant specialised stainless steel, which has no analogues in terms of its physi-
cal and mechanical characteristics and operational properties. The application range of this steel is constantly expanding.
It was found that the most rational multi-layer tool coatings for longitudinal turning of 09H17N7YU steel are TiCN (5 pm)
+ (TIAIN (3 um) + Al,O3 (5 um) + TiC (5 ym); Al,O3 (2 pm) + (Ti)CN (5 ym) + (TIADN (3 pm) + TiN (3 pm); (TIAN (3 um)
+ AlLO3 (3 pm) + (TIAIN (3 um) + Al,O3 (3 pm). The results of simulation modelling were tested experimentally. A good
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match of results was achieved (the regression coefficient varies between 0.9806 and 1.0). By means of the computer
simulation, the most rational tool coatings required for turning of 09H17N7U specialised stainless steel were identified
and experimentally proved.

Keywords: simulation modeling, tool material selection, turning, hard-alloy substrate, steel, coating
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1. BBEAEHUE

BbibopoM  paumoHanbHbIX  MOKPLITUIA
ANS TeX WM WMHbIX YCMOBMWA 3KcnyaTauuu
3aHMManucb pasnuyHble uccneposatenn [1-
4]. B ycnosusix Poccuinckon denepauuu
Hanbonee B 9TOM npeycnena Hay4yHas LiKona
MoCKOBCKOr0 rocyapCTBEHHOrO YHMBEPCUTE-
Ta «CTaHkuH». 3apybexHble Begylme WH-
CTPYMEHTanbHble (OMPMbl CBOM LOCTUXEHWS
csenu [5] B OCHOBHOM K MH(OpMaumn B KaTa-
norax, calTax W crnpaBo4YHMKax 6e3 ykasaHus
MPUHUMNMANBHO BaXHbIX CBEAEHUW, TakuX,
Hanpumep, Kak cnocob HaHEeCEHWs MOKPbITHS,
ero CTpyKTypa.

OpHako nonyyeHHble UMK pe3ynbTaThl
HE NPUMEHSIOTCH CEerogHs Mo CcrnegyLnmm
npUYMHaM:

1. Ucnonb3dyemas Hamn KOPPO3UOHHO-
CTOMKas cneumanuaMpoBaHHas HepXaBetoLas
ctanb Mapku 09X17H7HO cospgaHa B nepBo
nonosuHe XX B. ANA HYyXJ NOABOAHOMO Cyno-
cTpoeHusi. Pa3paboTaHHble Torga peKkoMeH-
Aauum no ee obpaboTke cerogHs MoparnbHO U
busnyeckn ycrapenm yxe notomy, 4YTo Ha ce-
FOOHALWHWIA AEHb HET TOro CTaHOYHOro 0bopy-
[0BaHWSl, Ha MPUMEHEHWE KOTOPOro Obinn
OPWEHTMPOBAHbI peKoOMeHaaLMu.

2. OTCYTCTBYIOT NpsiMblE aHANorM 3Ton
ctanu 3a pybexom. Noatomy pekomeHdaumu
BEAYLWMX 3apybexHbIX UHCTPYMEHTanbHbIX
OVPM NPUMEHUTENBHO K CBOMM MNOAOOHbLIM
cTansaMm OKasblBalOTCH HENPUMEHUMbI UMEHHO
ansa ctanu 09X17H710.

Hapsgy co Bcem aTum, cerogHs obna-
CTM npumeHenus ctamnm 09X17H7HO pesko
pacwupunuce. OHa BocTpeboBaHa B XxuMuye-
CKOM NpPOW3BOACTBE, B MWLLEBOW MNPOMBbILL-
NEHHOCTW, B aBMaCTPOEHUN U NpW U3roToBMe-
HUM MalWH W YCTpOMCTB, paboTatowmx B

YCNOBWSIX arpeCCUBHbIX COMNSHbIX PACTBOPOB.

YKa3aHHOe BbIE OTCYTCTBME HOPMa-
TUBHbIX PEKOMeHZauui no BblIGOpY WHCTPY-
MEHTanbHbIX MaTepuanoB npexane BCero, no
MHEHMIO aBTOPOB, CBSI3@HO C OTCYTCTBMEM
mMeTponoruyeckoro obecneyeHmss B LENOM B
Poccuiickon ®epepauum 1 no sonpocy Bbibo-
pa WHCTPYMEHTanbHbIX MaTepuarnioB B 4acT-
HOCTK [6-9].

PelweHna 3agay MHCTPyMEHTanbHOro
obecneyenns usBectHbl [10-18], ogHako B
HUX JaHbl YacTHble pelwenuns. O6obuwatowme
pekoMeH4aumun, cucTemaTuavpylowme n nos-
Bonsowme co3gatb OaHK cBedeHun, OTCyT-
CTBYIOT.

B aton cutyauum BCTan Bonpoc O
HeobxogMMocT paspaboTku pekoMeHaaumn
no BblGOpy pauMOHanbHbIX WHCTPYMEHTasnb-
HbIX MOKPLITUA MPUMEHWUTENBHO K COBPEMEH-
HbiIM ycrnoBusim ana  obpaboTkn  cTanw
09X17HTHO.

Llenbto nccnepoBaHus siBnsieTcs pas-
paboTka pekoMeHZaumn no BbIOOPY WHCTPY-
MEHTanbHbIX MOKPLITUNA, pauUOHanbHLIX NpK
TOKapHon 06paboTke KOPPO3MOHHOCTOMKOM
Cneunann3npoBaHHON HepxaBelLen cTanu
mapku 09X17HT7HO.

2. MATEPUAN U METOObI
UCCIENOBAHUA

MporpammHas cpega Deform nosso-
nseT NpoBOAUTbL WMMWTALMOHHOE MOZENUPO-
BaHWe Oonee 4yem MO AecATU NapameTpam.
Hamu oTobpaHbl M3 3TOro Yncna napameTpoB
(kak Hambonee uHQoOpPMaTUBHLIE) CReayto-
LiMe: Temnepatypa pe3aHus, HanmpshkeHus B
WHCTPYMEHTaNbHOM MaTtepuane, Aedopma-
LMS MHCTPYMEHTanbHOro Matepvana u Benu-
YMHa M3HOCA MHCTPYMEHTaNbHOro MaTepuana.

296

BECTHUK UPKYTCKOIO rOCYOQAPCTBEHHOIO TEXHWYECKOIO YHUBEPCUTETA 2020;24(2):295-302
e

ISSN 1814-3520

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2020;24(2):295-302




MawunHocTpoeHne U MaluMHOBeAEHUE
Mechanical Engineering and Machine Science

B HekoTOpbIX Cryyasix AONOSHUTENbHO Nony-
yanu pesynbTaTbl N0 NapameTpy «cuna pesa-
HUAY,

PaccmoTpeHbl 13BECTHbIE WHCTPYMEH-
TanbHble MaTepuanb:

1.BK8 + TIiCN (5 mkm) + (TiAN
(3 Mkm) + Al,03 (5 Mkm) + TiC (5 MKM);

2.BK8 + ALO; (2 wmkm) + (Ti)CN
(5 MKm) + (TIAIN (3 Mkm) + TiN (3 MKM);

3.BK8 + (TIADN (3 mkm) + Al,O3
(3 Mkm) + (TIAIN (3 MkMm) + Al;O3 (3 MKM);

4.BK8 + TiN (3 mkm) + TiC (3 mkm) +
+ TiN (3 mkm) + TiC (3 mMkm);

5. BK8 +TiC (3 mkm) + TiN (3 mkm) +
+ (TIAIN (2 mkm);

6. BK8 + TiCN (2 mkm) + TiC (3 mkm) +
+ TiN (1,5 Mkm);

7.BK8 + TiC (1,5 mkm) + TiN (3 MKm);

8. BK8 + TiN (2 mkm) + TiC (5 Mkm);

9. BK8 + TiCN (0,5 mkm) + TiN (1 Mkm);

10. BK8 + TiN (0,5 mkm) + TiC (1 mkm);

11. BKS.

B kayecTBe 6a3oBoro matepuana B3AT
WHCTPYMEHTasbHbIA TBEPAbIN CNNaB  Mapku
BK8, octanbHble WHCTpyMeHTanbHble MaTte-
puanbl OTANYAKTCS NN apXUTEKTYPON (KOH-
CTPYKUMS, COCTaB, CTPYKTypa M MeToq HaHe-
CEHMs) MOKPbITWI, HaHEeCEHHbIX Ha cybcTpar
BK8. KOHCTpyKLMSI NOKPbITUS, €r0 COCTaB yka-
3aHbl B MPUMEHEHHON Bbille (hopMe Hanuca-
HUS WHCTpYMeHTarnbHOro Mmartepuana. [losic-
HUM Ha Npumepe maTtepuana, ykasaHHoro nog
Ne 1 (cM. Bblwe). HwKHUIA (T.€. HAHECEHHbIV
Ha cybctpat BK8) cnon asnsetcs kapboHUT-
pugom TutaHa TICN, TonwwmHa atoro cnos 5
MKM, Ha HEro HaHeceHO MOKPbITUE HUTpMAA
TuTaHa ¢ anomuHvem (TIADN TonwmHon 3
MKM, Ha Hero HaHeceHo anmasonogobHoe no-
KpbiTWe okcnaa antomuHus Al,Oz TonwmHon 5
MKM, Ha HEro HaHeCeH BEPXHWI CRoN NOKpbl-
TS kapbugom TuTaHa TiC TONWMHOW 5 MKM.
TexHOMOrMS CO3A4aHMS TaKoro UHCTPYMEH-
TaNbHOrO MaTepuana pasfMyHa npuMeHu-
TeNbHO K KaXgoMy Cnok nokpbitus. Hanpu-
mep, HutpuaHble (TIAI)N-NOKpbITUS HaHOCU-
MCb METOAOM KaTOAHO-UOHHOW 6ombapau-
poBkM (0ObIMHO MCMOMNb3yKT 0003HaYeHMe
KWB) ¢ yckopeHHbIM accucTUpOBaHWEM MOHOB
npu NpUMeHeHUK paboTbl ABYX KaTOAOB (OAWH
TuTaHoBbIN (Ti), Apyron anomuHuesbin (Al)).

KapbonuTtpugHoe nokpeitne TiCN BbINOMHEHO
Toxe metogom KMUB B a3oto- (N) u kapbugo-
copepxawen cpege (C). KapbugHoe nokpebl-
e TiC nony4eHO METOAOM ra3oTepMmnyecko-
ro BbICOKOTEMMEPATYPHOro ocaxaeHus. Cee-
LEHNS O TOHKOCTSAX OCaXOEeHUs Takux MOKpbl-
TWA 1 O NPUMEHsIeMOM Ans 3Toro obopyaoBa-
HUS MMEKTCA B MHOIOYUCREHHBIX paboTtax
npoceccopoB A.C. Bepewaku, C.H. puropsb-
eBa, B.l1. TabakoBa.

[na  yKasaHHbIX MHCTPYMEHTanbHbIX
MaTepuanoB NpeanoYTUTESIbHbIE PEeXUMbI TO-
yeHus ctanu mapku 09X17H7HO BbisBRsSAn
cneaywowmm obpasom. [Ana BelbpaHHOro pe-
XMMa pes3aHnst UMUTALMOHHBIM MOAenupoBa-
HMEM BbISIBNANN paLMOHANbHOCTL (MO BENu-
YMHE WM3HOCA) WHCTPYMEHTasbHbIX MOKPbITUN.
[nsa aToro ux BbICTpaueanu B paHAOMETpuYe-
CKuiA psig no yoeiBaHWIO paboTocnocobHOCTM
MHCTpyMeHTa (T.e. Marepuan, nokasasLLmni
MUHUMAnbHY0 BENWYMHY W3HOCA, CTaBUIIU
nepeBbiM B psdy, a MaTtepuan, nokasaBLUMK
MaKCUMaribHyl BEMUYMHY M3HOCa pesua no
3agHewn rpaHu — CTaBuM nocnegHum). 3aTem
UCMbITBIBANIM UX B pearnbHbIX YCNOBUAX pe3a-
Hua. Takke paccTaBnsanu ux B paHLOMETPM-
YeCKWii psia No BenWYMHE U3HOCA 3a paBHOe
BpeMs aKcnnyaTauuu. JTO genanu npu pas-
HbIX BenuuuHax usHoca: 0,1 mm; 0,2 mm; 0,3
MM. [lonyyeHHyl0 nocnenoBaTenbHOCTb pac-
MONOXEHUS MHCTPYMEHTasbHbIX MaTepuasnos
B PaHOOMETPUYECKOM psdy Npy UMUTALMOH-
HOM MOZEeNIMPOBaHUN U B PaHLOMETPUYECKOM
psay NpU HaTyYpHOM 3KCMEPUMEHTE CpPaBHM-
Banu mexagy cobon. OHa coBnana. Ha atom
OCHOBaHWW caenaH npefaBapuTenbHbli BbIBOA,
06 afeKBaTHOCTM pe3ynbTaToB UMUTALMOHHO-
ro MOAENMPOBaHWS.

3aTem cTaBunM 3agadvy onpegenuTb
«4yBCTBMTENbHOCTbY MMMUTALMOHHOMO MoZe-
NUPOBaHWSA Ha NpUMepe U3MEHEHNS TOMNLMHBI
kakoro-nubo cnos nokpbiTns. Okazanocb, 4To
nporpammHas cpega Deform no wuccnegye-
MbIM Hamu napameTpam NO3BONSET OTIMYNTD
MHCTPYMeHTasbHble  MaTepuanbl, TonwuHa
Crosi NMOKPbITUS B KOTOPLIX OTnnyaeTcsa Ha 0,5
MKM. Mbl COYM 3TO AOCTATOMHBIM ANS peLle-
HUS HaLLen 3agayn.

B kauecTBe BXOOHbIX NapaMeTpoB MNpw
NPMMEHeHUn nporpammHoi cpeabl  Deform
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3afaBany reomeTpuyeckne napameTpbl pe-
KYLIMX CMEHHbIX TOKapHbIX MNACTWH, KOH-
CTPYKUMIO M COCTaB MOKPbITUA, NapaMeTpbl
npouecca pesaHust (CKOpPOCTb pesaHusl, rny-
OvHa pesaHus, BenuuuHa nogayun) u psag du-
3MKO-MEXaHUYECKUX  XapaKTepucTuk  cranu
09X17H7IO. B kayecTBe BbIXOAHLIX nNapameT-
pOB nony4vanu:

1) BENMUMHY n3HOCa h MHCTPyMeHTa 3a
3agaHHoe Bpems paboTsl;

2) TemnepaTtypy B pasHbIX Yy4yacTkax
30Hbl pe3aHns (NpuHMManack K yyeTy Benu-
YMHA MakcMManbHoil Temnepatypbl t B6MN3M
peXyLlero nesBus NAacTUHbl N0 nepegHen
MOBEPXHOCTK);

3) KapTUHY nonew HanpsKeHwWn B WH-
CTPYMEHTanbHOM Martepuane, B CTPYXKe, B
06paboTaHHON NOBEPXHOCTH;

4) BENMUYMHbI MaKCUMarbHbIX U MUHU-
MasibHbIX HanpsbkeHWn, (HOpMUPYIOLLMXCS B
WHCTPYMEHTanlbHOM MaTepuane 3a nepBble
600 ¢ ToyeHus (M3 HOpManbHbIX, KacaTenb-
HbIX, CXMMAILLMX, PacTArvBalLWmMX U 3KBMBA-
NEHTHbIX MaKCUManbHbIX W  MWUHUMASbHbIX
HanNpPsHKeHUA MPUHUManK BO BHWMaHWe Te
HanNpsPKeHUs g, KOTopble OKa3biBanmcb 60nb-
WMMKN NO BENWYKHE, N Te, KOTOpble SBNANMCH
pacTarmBalommMmn a1 kak Hambonee nNpoBoL M-
pytowe obpasoBaHMe MUKPOTPELLMH B CIOSX
MOKPLITUA W MPUBOASALLME K NNIACTUYECKOW
pedopmaumum (TeveHunto) kobanbToOBOW CBA3KK
B cybcTpate BK8);

5) BenuuuHy MakcMmasibHOW OTHOCK-
TenbHoW pedopmaumm & cyberpata BK8 ¢
Y4ETOM apXUTEKTYPbI KaXA0ro NOKPbITUS;

6) BenuuMHbI Tekylleh (Ha NpoTsKe-
HUM ykasaHHbiX 600 c) gedopmaumm (cy6-
cTpata BK8 ¢ yyeTom apxuTekTypbl KaXgoro
13 MOKPbLITUA) BO B3aWMOCBSA3N C TEKYLLUMMU
U3MEHEHNSIMU TeMNepaTypbl U HANPSHKEHWUA.

3. PE3YJIbTATbI UCCIIEAOBAHUA

pacmnyeckas unncTpauns ogHoro m3
npumepoB (BK8 + TiCN (0,5 mkm) + TiN
(TMKM)) NMPUMEHEHMSI pe3ynbTaToB MMUTALM-
OHHOrO MoJenMpoBaHus npueegeHa Ha puc. 1.

N3 paHHbIX puc. 1 npocnexusaeTcs
O6LHOCTb TEHAEHUMIA NO NPUPOCTY U3Hoca h,
TemnepaTypbl t°, HanpskeHuit ¢ u abconioT-
HOW pedopmaumm e. Temnbl NpupocTa aTUX
napameTpoB pasHble, HO MPUPOCT Ha BCeX na-
pameTpax oyeBuzeH. Hanbonee MHTEHCKBEH
MPUPOCT no m3Hocy h n no gedopmaumn e.
HaumeHbLumit npupoct no Temnepartype t° pe-
3aHMsA. 3TU pesynbTaTbl He npoTMBOpeYaT
CMOXMBLUMMCSA B MWPOBOW NpakTUKe npeg-
CTaBneHusM. B cuny aToro Hamu caenaH Bbl-
BoA 00 afekBaTHOCTW pe3ynbTaToB, Nosfy4va-
€MbIX MPW UMUTALUOHHOM MOLENMPOBAHUN.

PacwupeHHasa nHpopmauus npusese-
Ha Ha puc. 2.

WHcTypmMeHTanbHbili matepan BK8 + TiC (0,5 mkm) + TiN (1 mkm)
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Puc. 1. B3aumoces3b meHOeHYuu U3MeHeHUs1 U3HOoca 00HO20 U3 UHCMPYMeHmasbHbIX Mamepuasnoe
8 HavasibHblIl nepuod pesaHus (0o 600 c) (e ckobkax yka3aHa moJiWjuHa cJ10s1 MOKPbIMUs)
Fig. 1. Correlation of the trend of one of the tool material wear variation in the initial cutting period (up to 600 s)
(thickness of the coating layer is specified in brackets)
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Puc. 2. Peaynbmambl uMumayuoHH020 MOdejlupo8aHusi o napamempam (4Yucno, yka3aHHoe 0K0/10 eQUHUUbI
U3MepeHusl MKM, MoKa3blieaem moJsiwuHy 0aHHO20 cJ1051 NOKpbIMUs): a — memnepamypa (t), °C; b — HanpsikeHue
(o) 8 uHcmpymeHmanbHoMm mamepuane, Ml1a; ¢ — eenuyuHa usHoca (8 ycnoeHbix npoyeHmax): 1. BK8 + TiCN (5
Mkm) + (TIAIN (3 mkm) + Al,O3 (5 Mkm) + TiC (5 mkm); 2. BK8 + Al,05 (2 mkm) + TiCN (§ mkm) + (TiAIN (3 mkm) + TiN

(3 Mkm); 3. BK8 + (TiAl)N (3 mkm) + AL,Os (3 Mkm) + (TiAI)N (3 mm) + Al,O3 (3 mkm); 4. BK8 + TiN (3 mkm) + TiC (3
Mkm) + TiN (3 mkm) + TiC (3 Mkm); 5. BK8 +TiC (3 mkm) + TiN (3 mkm) + (TiAl)N (2 mkm); 6. BK8 + TiCN (2 mkm) + TiC

(3 mxm) + TiN (1,5 mkm); 7. BK8 + TiC (1,5 mkm) + TiN (3 mkm); 8. BK8 + TiN (2 mkm) + TiC (5 mkm);
9. BK8 + TiCN (0,5 mkm) + TiN (1 mkm); 10. BK8 + TiN (0,5 mkm) + TiC (1 mxkm); 11. BK8
Fig. 2. Results of simulation modeling by parameters (the number specified near the unit of measurement in
microns shows the thickness of the given coating layer): a — temperature (t), °C; b - stress () in the tool
material, MPa; ¢ —wear amount (in conventional percentages): 1. VK8 + TiCN (5 um) + (TiAl)N (3 um) + Al,O; (5
pm) + TiC (5 um); 2. VK8 + Al,O3 (2 um) + TiCN (5 um) + (TiAl)N (3 um) + TiN (3 um); 3. VK8 + (TiAl)N(3 um) + Al,O;
(3 um) + (TIADN (3 pm) + Al,O5 (3 um);

4. VK8 + TiN (3 um) + TiC (3 um) + TiN (3 um) + TiC (3 um); 5. VK8 +TiC (3 um) + TiN (3 um) + (TiAI)N (2 um); 6.

VK8 + TiCN (2 um) + TiC (3 um) + TiN (1.5 um); 7. VK8 + TiC (1.5 um) + TiN (3 um); 8. VK8 + TiN (2 um) + TiC (5

um); 9. VK8 + TiCN (0.5 um) + TiN (1 um); 10. VK8 + TiN (0.5 um) + TiC (1 um); 11. VK8
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[JaHHble puc. 2 cBMOETENbCTBYHT O
TOM, YTO B PaHLOMETPUYECKUX psaax yKasaH-
Hble WHCTPYMEHTasbHble MaTepuanbl UMeKT
OAMHaKOBYK TEHOEHUMI0 No napameTpam
«TemnepaTtypa pesaHusty, «HanpsbkeHne B UH-
CTPYMEHTANbHOM Matepuane», «U3HOC WH-
CTpyMeHTa». JTO No3Bonuno eule pas ybe-
ONTBbCA B aeKBATHOCTW pe3ynbTaToB UMUTA-
LIMOHHOTO MOAENMPOBaHNS U BbISBUTL Hanbo-
nee paumoHasnbHble WHCTPYMEHTanbHbIE Ma-
Tepuan.i.

Puc. 2 ¢ unnoctpupyeT OOCTUXEHMe
NOCTaBNEHHON Lienn, a UMEHHO: U3 HEero oye-
BWAHO, YTO MPW NPOAOSILHOM TOYEHUM CTanw
09X17H7KO Hambonee paumoHanbHbl MHOrO-
crnonHble nokpbiTuss BK8 + TiCN (5 mkm) +
(TIADN (3 mkm) + Al,O3 (5 mkm) + TiC (5 Mkm);
BK8 +Al,03 (2 mkm) + TiCN (5 mkm) + (TiAIN
(3 MkMm) + TiN (3 Mkm); BK8 + (TIAIN (3
MKM) + Al,03 (3 Mkm) + (TIAIN (3 mkm) + Al,O3
(3 MKM). 3TO B OCHOBHOM 0OBACHSAETCA CAMUM
(HaKTOM MHOrOCIIONHOCTM MOKPLITUSA (Ha Kax-
[ON rpaHuUe pasfena crnoes MoKpbITUS Npo-
NCXOOMT TOPMOXEHWE MPUMPOCTa MUKPOTpe-
WwuH). Ha puc. 2 ¢ BMAHO, YTO HaumMHasa C
TpexcrnonHoro nokpbiTusi 5 BK8 + TiC (3 Mkm)
+ TiN (3 mkm) + (TiAl) N (2 MKM) nsHocoycTon-
YMBOCTb  MHCTPYMEHTasnbHbIX  MaTepuanos
CHWxaeTcs bonee 3ameTHO. OTO B3aMMOCBS-
3aHO C aHanornyHbIM M3MEHeHUeM npupocTa
Temnepatypbl (puc. 2 a) n HanpskeHun (puc.
20).

PesynbTaTbl, MOSyYEHHblE WMUTALN-
OHHbIM MOAenMpoBaHuem, Obinn NPOBEPEHDI
aKcnepuMeHTanbHo.  [OoCTUrHYTO  XOopollee

coBnageHune pesynbTaToB (KO3ULMEHT pe-
rpeccumn nsmensinca B npegenax ot 0,9806 go
1,0).

[JononHutenbHble cBeaeHWs NpuBefe-
Hbl B paboTtax [19, 20] aBTOpOB.

4. 3AKITIOYEHUE

AHanu3  MOMyYeHHbIX  pe3ynbTaToB
no3BONSET CAenaTb creayoLme BbiBOAbI:

1. Mo pesynbTataMm WMWUTALMOHHOTO
KOMMbIOTEPHOIO MOAENIMPOBaHNS BbISBMEHbI U
NOATBEPXAEHbI AKCNEPUMEHTanNbLHO Hanbonee
paunoHanbHble WHCTPYMEHTAmNbHbIE MOKPbI-
™M, Heobxoaumble Npu TokapHow obpaboTke
cneunanu3npoBaHHON HepXxaBetowen cranu
mapkn 09X17H7H0. MmutaumoHHoe mopenu-
pOBaHMe BbINOMHEHO MPU NPUMEHEHUM MNPO-
rpammHoi cpeabl Deform no HeckonbkuM na-
pameTpam.

2. WHcTpyMeHTanbHble MOKPbITUA B
cpaBHeHun ¢ cybctpatom BK8 3ameTHO CHu-
XaloT YPOBHW [JOCTUraemon TemnepaTypbl,
HanpsbkeHun, dedopmaumnii. MakcumanbHas
TemnepaTtypa pesaHust 1 MakCMMarnbHbIA TEMN
ee nNpupocTa OTMEYEHbI Y MHCTPYMEHTasIbHOro
mMaTepuana 6e3 noKpbITUs.

3. XapakTep npoTekaHus gedopmauiu-
OHHbIX MPOLIECCOB MPU MPUMEHEHUN WHCTPY-
MEHTa C MOKPbITUEM BbILLE, YEM NpK NpUMe-
HEHUW MHCTpyMeHTa 6€e3 NoKpbITUA. JTO MO3-
BOMSET NPOrHO3MPOBaThL CHUXEHWE CUMbl pe-
3aHMS W, COOTBETCTBEHHO, MPUPOCT M3HOCO-
CTOVKOCTW MHCTPYMEHTA C MOKPbITUEM.
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UccnepnoBaHue n moaepHu3aumnsa TennoBon cxembl kotna TTME-444
C Uenblo NOBbIWEHUA HAAEXHOCTU U AIKOHOMUYHOCTHU ero paboThl

© |A.H. BesrpewHos|, H.B. Ycukos, E.M. [bsikoHOB
FOxHo-Poccutickuti 2ocy0apcmeeHHbIl nonumexHu4eckul yHugepcumem
um. M.W. lNMnamosa, e. Hoso4Yepkacck, Poccusi

Pestome: Llenb — n3yyeHne OCHOBHbLIX NPOEKTHBIX PELLEHNI, 3aMOXeHHbIX B KOHCTPYKUMIo kotna TITME-444, obecneun-
BaloLUMX HaAexHylo paboTy NMOBEPXHOCTeW HarpeBa M BbICOKME SKOHOMUYECKME MoKa3aTenun npu cxuraHum masyta. C
1973 no 1993 r. koTnbl paboTanu UCKNIYUTENBHO Ha MasyTe, a ¢ 1993 r. 1 No HacTosLee BPEMS — TOMbKO Ha NpPUpoa-
HOM rase. [inuTenbHbIl ONbIT 3KCnayaTauum KOTANOB NpU CKUraHU1 NPUPOAHOTO rasa nokasan, YTo no YCHnoBMAM Haae X-
HOCTW TEMMNEPATYPHOro pexuMa LUIMPMOKOHBEKTUBHOMO NaponeperpesaTens OnyckHOro rasoxofa KOTnbl He MoryT pabo-
TaTb C Harpy3kamu 6onee ~117 kr/c (420 T/4). MpUYMHBLI NMOBBILLEHHBIX BNPLICKOB NPU CXUraHWy NPUpPOAHOro rasa oby-
CNOBIIEHbI NPUHATLIMUA B NMPOEKTE PELUEHUSMM MO COCTaBy NOBEPXHOCTel HarpeBa koTna. OCHOBHble TEXHUYECKUe pe-
WeHUs No TensoBOW Cxeme KOTNa NpUMHUManuch no Hambonee TSHXENOMy TOMNMBY — Ma3yTy. PaccMOTpEHO HECKOMbKO
BapuaHTOB TEMNMOBbIX CXeM, CHOPMMUPOBAHHbBIX C Y4ETOM BO3MOXHOCTEN UX UCMOMHEHWs B CyLLecTBYlOWMX rabaputax
TOMKK ¥ KOHBEKTUBHbIX ra30X0A0B KOTNa C y4eTOM NepeBofa ero Ha CxuraHue npUpoAHOro rasa: 3ameHa naponeperpe-
BaTerbHbIX TOMOYHBIX LUMPM Ha napoobpasylolpe C BKITIOYEHWEM UX B CXEMY LIMPKYNAUWW KOTNa; yBenuyeHue Tenno-
BOCNPUSATMS BOJOCOAEPXKALLMX NOBEPXHOCTEN HArpeBa (MPU CHUXEHUW pacxoda Ha BNpbICKW) BBEAEHUEM B TOMKY rasoB
peumpkynaumn, otbupaembix nocne akoHomansepa. PacyeTbl BLIMOMHANUCHL C UCMONL30BAHWEM NPOrpaMm TEnIoBoro u
rnapasnuueckoro pacyeta naposbix kotnos TRAKT, M'iapasnuka, Boiler Designer. o pesynbtatam paccuMTaHHbIX Ba-
pUaHTOB ObINO YCTAHOBMEHO, YTO U3MEHEHWEM KOHCTPYKLWM M TENNOBOCMPUATUS maponeperpeBaTenbHbIX NMOBEPXHO-
CTeli HarpeBa KOTna MOXHO AOBUTLCS 3HAUNTENBHOTO CHUXEHUS PACXO40B Ha BMPbLICKM, CHU3WUTb TEMMOBYI Pa3BepKy U
MOBbICUTb HAAEKHOCTb UX PaboTbl C COXPaHEHUEM BLICOKOTO YPOBHSI 3KOHOMUYECKUX NokasaTtenen; Haubonbwun ad-
(DeKT CHUXEHNs paCXOA0B Ha BMPLICKM AOCTUraeTcs B Ciyyasx, korga naponeperpesatesibHble TONOYHbIe WHUPMbl 3ame-
HSIOTCA Ha napoobpasylollne C BKIIYEHMEM UX B CXEMY LMPKYNAUMW KOTNa; yBerMYeHWe TEennoBOCNPUATAS BOAOCO-
JepxaLumx NoBepxXHOCTEN HarpeBa 3a CYeT nepeBoda naponeperpeBaTenbHbIX LWKWPM B TOMKe B napoobpasyoLine npu-
BOZMT K YBENWUYEHWIO HEQOrpeBa BOAbl HA BbIXOAE U3 9KOHOMa3epa, YTO NOBbILWAET YCTONYMBOCTb ero paboThbl.

Knroyeenie cnoea: naposoit koten TITME-444, BuxpeBas Tornka, NOBEPXHOCTU Harpesa, TENSIOBOCNPUATUE BOAOCOAE P-
XaLLMX 1 MaporeHepupyoLLMX NOBEPXHOCTEN, COBEPLIEHCTBOBaHME TENSTIOBON CXEMbI

UHpopmayusa o cmamebe: [ata noctynnenus 10 gekabpsa 2019 r.; gata npuHatua k nevatn 30 sHeaps 2020 r.; gara
OHnanH-pa3melenuns 30 anpens 2020 r.

Ana yumupoeaHnus: be3rpewHos A.HJ, Ycukos H.B., [lbsikoHoB E.M. UccneposaHne u MogepHu3aums TennoBomn cxe-
Mbl kKoTna TITME-444 ¢ uenbto NOBbILEHNS HAAEXHOCTM N SKOHOMUYHOCTW ero paboTbl. BecmHuk Mpkymckoao eocydap-

CcMeeHHo20 mexHu4yeckoeo yHusepcumema. 2020. T. 24. Ne 2. C. 303-317. https://doi.org/10.21285/1814-3520-2020-2-
303-317

Research and modernisation of TGME-444 boiler thermal
circuit in order to increase its reliability and efficiency

Alexander N. Bezgreshnov), Nikolay V. Usikov, Evgeniy M. Dyakonov
Platov South Russian State Polytechnic University, Novocherkassk, Russia

Abstract: This paper is aimed at studying the main design solutions of the TGME-444 boiler, which ensure reliable oper-
ation of heating surfaces and high economic indicators when burning fuel oil. In the Russian context, such boilers relied
on fuel oil from the period 1973-1993, whereas, from 1993 to the present time, the fuel was switched to natural gas. Ex-
tensive experience of boiler operation when burning natural gas shows that, according to the temperature regime reliabil-
ity of the curtain convective superheater of the drop flue gas duct, the boilers cannot operate with the loads more than
~117 kg/s (420 t/h). The reasons for the increased injections when burning natural gas are due to the project decisions
on the composition of boiler heating surfaces. The main engineering solutions for the boiler thermal circuit were opti-
mised for fuel oil as the heaviest fuel. Thus, consideration was given to the several variants of thermal circuits formed
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with regard to their potential implementation within existing furnace and convective gas duct configurations taking the
conversion to natural gas fuel into account. These are: replacement of steam superheating furnace curtains with steam
generators and inclusion of the latter in the boiler circulation cycle; increase in heat absorption of water-containing heat-
ing surfaces (under reduced injection flow) by the introduction of recirculation gases withdrawn after the economiser into
the furnace. Calculations were performed using TRAKT, Hydraulics, Boiler Designer programs for thermal and hydraulic
calculation of steam boilers. The results of calculated variants informed changes in the design and heat absorption of
boiler reheating surfaces that significantly reduced the cost of injections and thermal upset, whereas operational reliability
was able to be increased while maintaining a high-level of economic indicators. The greatest effect of reducing injection
costs is achieved in cases when reheating furnace curtains are replaced by steam generating curtains, with the latter
included in a boiler circulation scheme. Thus, increasing the heat absorption of water-containing heating surfaces by
converting superheating furnace curtains into steam-generating curtains decreases water overheating at the economiser
outlet, improving operational stability.

Keywords: TGME-444 steam boiler, vortex furnace, heating surfaces, thermal absorption of water-containing and
steam-generating surfaces, thermal circuit improvement
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1. BBEAEHUE

Bonpockl 3KOHOMWUM 3aTpaT Ha Npous-
BOACTBO 3NEKTPUYECKON U TEMSOBON 3HEPTUK
Bcerga Obinu B LEHTpe BHUMAaHWUA TensoTex-
HUKOB. VcyepnaHune unu yxydleHune kayectsa
NPOEKTHbIX 3anacos Tonnuea (TBepabIX, Xua-
Kux u razoobpasHbix), BBO4 B 0O60OPOT HOBbLIX
BMOOB, Hanpumep, TBepAblX ObITOBLIX OTXO-
[10B, OTXOJOB pasfuyHbIX npou3Boacts (B
4aCTHOCTW, HE(PTAHOrO KOKCa) U T.N., BONPOCHI
OXpaHbl OKpyXarLen cpefbl, CTPYKTYpHble
W3MEHEHUS LEH Ha NepBUYHOE TOMMMBO, MO-
CTynawliee Ha 3nekTpocTaHuuu, npugatT
ocoboe BHMMaHWe HeobXoAMMOCTU COBeEp-
LLEHCTBOBaHMS 3HepreTuyeckoro obopyaosa-
Hua. Bo Bcepoccunckom TennoTexHUYeCcKkoM
uHctuTyTe (BTW) cuctemaTnyeckn npoBoOAsT-
CS MexXayHapofHble KOHMepeHuun, nocBs-
LLEHHbIe PeLLEHNO BO3HMKatOWMX 3aday [1, 2],
oyepegHas HameuyeHa Ha okTsbpb 2020 r.

WccnepoBaHve n aHanu3 OTAENbHbIX
CUCTEM TENnOBbIX AMEKTPOCTAHLMIA U KOTEMb-
HbIX NPOBOAUMNCL OTEYECTBEHHLIMU YYEHBIMM
1 KoHcTpykTOpamun — H.B. [onosaHoBbIM, J1.U.
MNaBneHko, A.A. lMapwuHbiM, B.M. LWnende-
pom, B.B. Mutopom, B.A. [IBOMHULLUHWUKOBBIM,
tO.M. Jlunosbim u ap. WiccnegoBaHus, noces-
LEeHHbIE OMUCaHWMI0 TEXHOMOTUYECKUX CXEM,
pexumam paboTbl 060pyaOBaHMS KU NpakTUye-
CKMM BOMpOCaM ero aKcnnyatauuum, paspaboT-
Ke MeTOAOB pacyeTa, MPOBOAWNWUCL B Beay-
LMX Hay4YHO-UCCNEA0BATENbCKUX MHCTUTYTaX
CTpaHbl, KOHCTPYKTOPCKUX NpeanpusTusx wu
BY3ax'® [3-14]. Bbin1 B OCHOBHOM pa3pabo-
TaHbl TeopeTWyeckne BOMPOCHI popMUpOBa-
HUS1 TEMNOBbIX CXEM KOTIOB, NPUMEHSIEMbIE B
npakTuke npoekTuposanusi™*° [10], B yacTHo-
CTM Ha TaraHporckom KOTEnbHOM 3aBoAe
«KpacHbI KOTENbLLMKY.

MHOro BHMMaHMS 3TUM  BOMpOCaM
yoensietcsa v 3a pybexom [15-20], xota npu-

15e3rpeLuHOB A.H., Maenenko J1.W., Mapwux A.A., LUnelidep b.M. Bribop TeNNOBON CXeMbl NMPW NPOEKTMPOBaHUM Nap o-
reHepaTopoB: y4eb. nocob. Hoeovepkacck: M3g-so HMW, 1979. 79 c.
AkumoB 0.U., Bacunbes A.B., AnTponoea [.B. TennoBon pacuyeT kotnoarperatos: y4e6. nocob. Capatos: M3g-Bo

CITY, 2006. 95 c.

3Tunb A.B. dopmMupoBaHne UCXOAHBIX AaHHbLIX AN NPOEKTMPOBAHUA U MOLENUPOBaHNUS NapoBbIX KOTNOB: y4eb. nocob.

Tomck: N3ag-so TIY, 2013. 72 c.

45e3rpeLuHoex A.H. MNpuHATHE NPOEKTHBLIX PELLEHNUI NpU NPOEKTUPOBaHWUK NApPOBLIX KOTMOB: y4eb. nocob. HoBouepkacck:

M3g-o HITY, 1997. 124 c.

5|/|3P0MOB M.A. MeTogonorus MPUHATUA TEXHUYECKUX peLueHvM Ha CTagun NpPOEeKTUPOBaAHUA MaApPOBbLIX KOTJIOB: yqe6.

noco6. M.: N3g-s8o M3, 2000. 108 c.
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MeHsieMble noaxodbl ANs pelleHns BO3HMKa-
oWMX 3aday OOBOMbHO CUMBbHO OT/IMYAKTCA
OT NpuHATLIX B Poccuu. MNpu npoeKkTMpoBaHum
KOTESIbHbIX YCTAHOBOK MPUMEHSTCH METOAbI
YUCMEHHOTO MOAENMPOBaHMUS NPOLIECCOB CXM-
raHus Tonnuea, TennoobmeHa, aspoavMHaMu-
kn. LWnpoko ucnonb3yTca MeToabl TEPMO-
9KOHOMWYECKOW  ONTUMM3ALUMN  KOTEMbHbIX
YCTaHOBOK, OCOOGEHHO MNpW MPOEKTUPOBAHUM
napora3oBbix GMOKOB.

OCHOBHble ~ XapakTepuCTUKM  KoTna
TIME - 444 (koHCTpyKuMsl, TENNOBas CXema,
pesynbTaTbl paboTbl Ha MasyTe) B3fATbl MO
AaHHbIM [3-6, 8]. PaspaboTka BapuaHToB pe-
KOHCTPYKUMW KOTNa MpW 3ameHe masyta Ha
NPUpoaHbIN raz notpeboBana akTU4eCKmX
[aHHbIX O napameTpax paboyen cpegbl U
NPoadyKTax CropaHust B pasfunyHbIX pexuMax.
M3-3a HeBO3MOXHOCTU peanusauum Tpebye-
MbIX PEXUMMOB MO TEXHUYECKOMY COCTOSHMIO
KoTna (HeBO3MOXHOCTb MOOHATb  Harpysky
Bolwe ~116,7 kr/c (420 T/4) npu paboTe Ha
NnpuMpoaHoOM rase) Obinu npoBedeHbl Tensno-
rmapaenuyeckme pacyeTbl MO nporpamMmam
TRAKT, Mapasnuka®, Boiler Designer”®.

2. XAPAKTEPUCTUKA OB BEKTA
UCCNEANOBAHUA (KOTNOATPETATA)

OnbITHO-NPOMBbILUSIEHHbIE KOTMbI TWMA
E-500-140 'MBH (TITME-444) c ecTecTBeH-
HOW UMpKynsiunen ¢ BuxpeBon Tonkow Llex-
TpanbHOro  KOTMOTYPOWMHHOTO ~ MHCTUTYTa
(LUKTW) BbINONHEHBI 13 ra3onfoTHLIX NaHenen
W npefdHasHaveHbl Ana paboTbl nog Hagdy-
BoM. Kotnbl pabotatot B 6roke ¢ Tennogmka-
LUMOHHBbIMK TypOuHamm Tna MT 80/100-130
JIM3 nnm T-110/120 YTM3. OHu nmetoT Tpex-
XOAOBYIK KOMMOHOBKY MOBEPXHOCTEN Harpesa
C pasmepamMu B nMnaHe MO OCAM KOJIOH
17,0x13,75 m. OTmeTka banku BepxHero ne-

pekpbiTna — 22,700 M, HaMBbICLLIAA OTMETKA —
23,924 w.

KoTnoarperat cOCTOUT M3 TOMOYHOW
Kamepbl, FOPU3OHTANbHOrO rasoxoda, OMyCkK-
HOrO ¥ NOABEMHOrO KOHBEKTMBHbIX ra30X00B
(puc. 1).

B TtonoyHon kamepe, o6pa3oBaHHOW
NCNApUTENbHBIMKA ~ 3KPaHaMK,  pas3MELLEH
LMPMOBLIA  Maponeperpesatenb, pacnosno-
XEHHbIN B Kamepe OXNaXAeHus y 3agHero
9KpaHa. B onyckHoM rasoxofe v B cpegHen
4yacTu NOOBLEMHOrO rasoxoda pPacnonoXeHsbl
LUMPMOKOHBEKTUBHbIE  3NEMEHTbI  naponepe-
rpeeatens. B BepxHenm 4actu MOLBEMHOroO
rasoxoga HaxogaTcs [ABa nakeTa BOASHOro
3KOHOMaw3epa.

MoobeMHbIA  KOHBEKTUBHbLIN ra3oxof
LBYMS ra3oxodamu COeMHEH C pereHepaTus-
HbIM BpalLaloWyMcs  BO3ayxonogorpesare-
nem PBIl1-88, ycTaHOBNEHHbLIM BHe 3[daHuS
KOTENbHOW C opoHTa KOTMa.

OCHOBHble pacyeTHble XapaKkTepucTu-
Ku npvBedeHbl B Tabn. 1 1 2.

YyutbiBas BecbMa OPWUrMHANbHY |
HOBYIO KOHCTPYKLMIO ManorabaputHOro kotna
pa3paboTkn LIKTW, xapakTepHble 0COGEHHO-
CTW pPacCMOTPEHbI HecKonbko Bonee nogpob-
HO, YeM 3TO 0ObIYHO MPUHSATO.

Tono4yHass kamepa COCTOAT W3 ropu-
30HTaNbHON LUMINHOPUYECKOW BUXPEBON Kame-
pbl TOPEHUS N NPU3MATUYECKON Kamepbl Oxna-
xoenus. [uametp (YCnoBHbIM) Kamepbl rope-
HUS 1 rnybuHa kamepbl No ocam Tpyd — 3,920
M, LUMPWHA TOMOYHOW Kamepbl MO OCAM —
13,658 M. [1Ba ABYXCBETHbIX 9KpaHa, pacrnono-
XEHHble napannenbHo GOKOoBbIM CTeHam, ae-
NAT TOMOYHYKO KaMepy Mo BCEN BbICOTE Ha TPM
OTCeKa, COEAMHEHHbIE B HUMXKHEW YacTu mexay
cobon nasamu B 3KkpaHax. Bce akpaHbl TOMKM
BbINOMHAIOTCA B BUAE rA30MMOTHbLIX LENbHO-
CBapHbIX NaHenewn 13 NnaBHUKOBbLIX TPYO.

*CeupeTenscTBo 06 oTpacnesoi pernctpauun paspabotkm Ne 5251 / A.b. bapaHHukos, A.A. benos, B.C. ®epnopos.
lNpaBoobnagaTtens MOCKOBCKUIA rocyaapCTBEHHbIN YHUBEPCUTET feca.
"Hockos A.W. PykoBogcTBo Ans nonb3oBatenen «CnpaBoyHble MaTepuans! no nporpamme TRAKT». Mogonkck: 3UO0,

1984. 40 c.

S,D,osepmaH I.W. PykoBoacTBo Anst nonb3oBatenei «CnpaBoyHble matepuansl no nporpamme BOILER DESIGNERYy.

M.: OPTSIM-K, 2004. 215 c.

*Ha ocHoBaHuM mucbma Ne 19/4105 ot 23.11.99 . TaraHporckoro KoTenbHOro 3aBofa-u3rotoButens «KpacHbli Ko-
TENbLUMK» MaKCMManbHO AOMYyCTMMas Harpyaka no YCnoBMAM HafEXHOCTM TEMNEpPaTypPHOro pexuMa 3uroB coctaBnseT

420 T/u.
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B panoHe 3agHen CTeHbl Kamepsl
OXNaxgeHus pacnonoxeHo 12 BepTuKanbHbIX
WMpM naponeperpesaTens M3 MNnaBHUKOBbLIX
Tpyb. JloboBas TpyOka Kaxgow WMpMbl 3a-
WwMeHa OoT  u3nyyeHuss dpakena Tpybdon,
BKIOYEHHOW B 3aQHUN 3KPaH TOMKW.

Ha ¢poHTOBOW CTEHE KaMepbl ropeHus
nog yrnom 12° K ropumsoHTanu pacronoxeHo
WeCTb NPSAMOTOYHBIX ra3oMasyTHbIX FOPenok
(N0 OBe ropenkn B Kaxgom OTCeke TOMOYHOW
kamepbl).

JKpaHbl Tonkn coctosT u3 20 6nokos.:
6 6rnokoB (hpOHTOBOrO 3KpaHa, 6 611okoB 3a4-
Hero akpaHa, 4 6nokoB HGOKOBbLIX 3KpaHOB U 4
BnokoB [OBYCBETHbIX 3KpaHOB. Bce akpaHbl
BKIMIOYEHbI B KOHTYPbl €CTECTBEHHOW LMPKY-
naumm.

C uenbl YMEHbLUEHUS BAUSHUA He-
paBHOMepPHOCTM oborpeBa Ha HaAEXHOCTb
LMpKynaumm 61oku ABYXCBETHBIX U GOKOBbLIX
9KpPaHOB CEKLMOHMPOBAHBI.
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NaporeHepaTop UMeeT ABYXCTyneH4a-
Tyl0 cxeMmy ucnapexus. lNapoBogsHas cmech
NepBON CTYNEHW MUCNapeHus M3 (PPOHTOBOrO,
3afHero, ABYXCBETHbIX W MPUMbIKAIOLNX K
(PpOHTY cekumii BOKOBBIX 3KpaHOB MOCTynaeT
BO BHyTpubapabaHHble UMKIOHbI. Bo BTOpYHO
CTyneHb UcnapeHust BKMOYeHbl 6roku (cek-
Lmn) BOKOBbBIX 3KPaHOB, NPUMbIKAIOLMX K 3a4-
HEN CTEHKe TOMKW W YeTblpeX BbIHOCHBIX LiMK-
NOHOB, PACMNONOXEHHbIX NOMApPHO Y GOKOBbIX
CTEH TOMNOYHOW Kamepsbl.

lMaponepezpeeamenb. B coctaB na-
poneperpeBaTens  BXOAAT  orpaxgatoLme
9KpaHbl FOPU3OHTANbHOrO, OMYCKHOMO W NOAb-
€MHOr0 rasoxofoB, TOMOYHbIE WMPMbI W LWKP-
MOKOHBEKTMBHbIE  3NIEMEHTbl  OMYCKHOTO W
NOABEMHOMO ra3oxo4oB. OJKpaHbl TFOPU30OH-
TanbHOro, OMYyCKHOTO M MOABLEMHOrO rasoxo-
[0B BbINOMHEHbI 13 NnaBHMKOBLIX Tpyb. Lnp-
MOKOHBEKTMBHbIN naponeperpesatesns (LK)
COCTOUT U3 ABYX YacTen. [TaponeperpesaTtenb

SONoeoR  mpan
MO D MI0NOSE

N 3agesit pan
S\ HOMoexTHENOR Sl

LLWT™Or Do Twiasd
NaponeDerpeoaTe s J “BCT

DN, oDt ROAMNCIODOS

% One sepoes sDANSXTONOS

Puc. 1. KomnoHoeoyHasi cxema komna TITME-444
Fig. 1. TGME-444 boiler layout
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Tabnuuya 1

KoHcmpykmueHble (pac4yemHble) xapakmepucmuKku Kkomia

Boiler design characteristics

Table 1

Npon3BoanTENBLHOCTb KOTNA, Kr/C (T/4) 138,9 (500°)
[NasneHwne B 6apabaHe, Mla (6ap) 15,5 (155)
[NasneHne neperpetoro napa, MlMa (6ap) 14,0 (140)
Temnepatypa neperpertoro napa, °C 560
Tonnmeo MasyT, NPUPOAHLIN ras
Ty4eBOCNpUHMAIOLLAS NOBEPXHOCTL Harpesa, M°
a) KaMepbl rOpeHus 264
6) Kamepbl OXNaxaeHus 545
B T.4. LUMPMbI 140
lNoBepxHOCTM Harpesa: 963
FOPWU30HTANLHOTO MOLBLEMHOIO M ONYCKHOTO ra30X0A0B, M
LUMPMOKOHBEKTUBHOIO NaponeperpesaTens:
a) 1 yacTb 1503
6) 2 yacTb 1112
BOJSHOrO 9KOHOMali3epa, M’ 2515
pereHepaTMBHOrO BO3AyXonoJorpesartens, M-
a) ropsyei Yactu 44636
6) xonogHoM YacTu 10978
[laBneHue rasa B BepxHemn 4acTu Tonku kotna, Ma (MM Bog. CT.) 3924 (400)
Tabnuua 2
PacyemHbie nokazamenu pabomsl komna
Table 2
Boiler estimated performances

MNapameTpsl Ma3yt a3
Temnepatypa nutatensHon Bogel, °C 230 230
KM naporeHepatopa, % 94,63 95,37
TemnepaTtypa XonogHoro Bo3sgyxa, °C 70 30
Temnepatypa yxogsawumx rasos, °C 131 112
N36bITOK BO3ayXa, O 1,03 1,05
Pacxop Tonnuea, Kr/c (kr/v), 9,44 (34000) 10,22 (36800)
TemnepaTypa ropsyero Bosgyxa, °C 353 336
TemnepaTtypa ra3oB Ha Bbixoge 13 Tonku, °C 1348 1377

OMYCKHOrO ra3oxofa BbINOSIHEH U3 LWMPMOKOH-
BEKTUBHbIX 351IEMEHTOB, NPEACTaBNSAOLLMX CO-
6on couyetaHve wupm u 3uraros, 12 psgos
3uUrsaroB pacrnonaralotcs B MPOMEXYTKax
mexay wupmamu. B BepxHen yactu 3ursaru
UMET npsMble (LUMPMOBbIE) YYaCTKM BbICO-
TON 4,5 M OT NoTornKa.

B naponeperpeBatene nogbeMHOro
rasoxofa LUMPMbl HEMoCpPeaCTBEHHO Mepexo-
AST B 3ursarn 6e3 npoMexXyTOYHbIX KOMNeKTo-
poB. LUnpmoBas yacTb BbINOMHEHA M3 MnaB-

HUKOBBIX TPYD, 3uraaru rnagkoTpybHbIe.

PezaynuposaHue memnepamypbl
napa. [lna perynupoBaHus Temnepatypbl na-
pa Ha KOTMe yCTaHOBMEHbl NOCNEeA0BATENBHO
TPU BMpbICKMBAOWMX napooxnagutens. B ka-
4yecTBe OXNaxgatoLen cpedbl UCMonb3yeTcs
COOCTBEHHbIN KOHAEHCAT.

MepBbl BMPLICK PacronoXeH nepeq,
TOMOYHBIMU WMPMaMU U CIYXWUT ANS 3awwuThl
Tpy® TOMOYHOrO LUMPMOBOrO MaponeperpeBa-
Tens.
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BTopon BNpbICK pacrnonoxeH 3a To-
NOYHbIMK WMpMamun (nepeg LMpMamMm Onyck-
HOro rasoxofa) W CryXxuT Ans 3awmtbl Tpyb
LUMPMOKOHBEKTUBHOTO  MaponeperpesaTens
OMYCKHOrO ras3oxofa.

TpeTun BnpbICK pacnonaraetcs nepeg
LUMPMOKOHBEKTUBHBIM  NaponeperpesaTtenem
NOABLEMHOrO ra3oxoda v CAYXWT ANna perynu-
pOBaHUA TemnepaTtypbl NeperpeToro napa Ha
BbIXO4E M3 KOTNa Mpu NepemMeHHbIX pexmmax
paboTbl.

CyMMapHsbIA pacxod BoAbl Ha BNPbICKM
Ha HOMWHAnNbLHON Harpyske COCTaBfSeT OKOSIO
~27,8 kr/c 100 T/M. Bonbluass BennM4YMHa
BMPbLICKOB 00YyCnoBneHa paclumpeHmem npe-
[ena perynupoBaHns C nopaepXaHnem Ho-
MUHaNbHOW TemnepaTypbl napa 3a KOT/OM B
ananasoHe 100-50% npoM3BOAUTENBHOCTM
koTna. Ha BCex BMPbLICKMBAOWMX JIMHUSAX
YCTaHOBMEHbI U3MepUTENbHbIE AnadparMbl.

BodsiHol 3koHOMalizep pacnonara-
eTCA B BEPXHEeW 4acTi NOAbEMHOrO ra3oxoaa.
OH cocTouT K3 ABYX NaKeTOB OBYX3aXO4HbIX
3MEEBWKOB B Kax4oM nakeTe. PacnonoxeHue
TpyO — wWwaxmaTHoe. DKOHOMawW3ep pacrnono-
XEH nepneHauKynsapHoO (POHTY KoTna, ABU-
XEHWe BOAbl — NOABLEMHOE.

KoHdeHcayuoHHasi ycmaHoeka. [ns
nony4yeHnss cobCTBEHHOrO KOHAEHcaTa Ha KoT-
e yCTaHOBIEHbl ABE KOHAEHCALMOHHbIE yCTa-
HOBKM (MO OQHOM Ha KaX[OW CTOPOHE KOTna).
KoHZOeHCaUMOHHbIE  YCTAHOBKM pacrnonoXeHbl
Ha MOTOMOYHOM MEPEKPbITUM KOTNa Hag KOH-
BEKTMBHOWN LLIAXTOW U COCTOAT M3 6-TW KOHAOEH-
CaTOPOB W ABYX KOHAEHCATOCOOPHUKOB.

KoHZeHcauus HacblWeHHOoro napa, no-
cTynawouwero u3 6apabaHa KkoTna, Npou3BO-
OUTCA NYTEM OXMaxAeHWs ero nuTaTeslbHOW
BOAOWN.

BapabaH u cenapayuoHHoe
ycmpotiicmeo. bapabaH 13rotosneH u3 cra-
m 16"’HMA. BHyTpeHHuin gnameTtp 6apabaHa
— 1600 MM, TOnwWMHaA cTeHKN — 115 MM, AnvHa
6apabana — 19900 mm.

MapoBogsiHass CMeCb M3 3KpaHoB MNoO-
cTynaet B 52 BHyTpubapabaHHbIX LMKIIOHA.
MNpombiBKa Napa OCYLLECTBNAETCSA B CroOe Nu-
TaTenbHOW BOAbI, NOAAEPXKMBAEMOM Ha Ablp-
yatom nucte. lNap NpoxoanT Yepes OTBEPCTUS
OMaMETPOM 5 MM B AblpyatoMm nncte u bap-
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6oTMpyeT 4epe3 Cnon nuTaTeslbHOW BOAbI,
ocB0ob0XaasACh OT MMEIOLLMXCS B HEM COMeENn.
Cnov BoAbl NOAAEPXKMBAETCA MOCTOSHHbIM,
M3NULLIKW CTEKAKOT Yepes cnmBHble kopoba. Ha
MPOMbIBKY Mapa nocTynaeT MonoBMHA Pacxo-
[ia nuTaTenbHOW BOAbl, OCTanbHas YacTb Mo-
[aeTcsa B HWXHIOKW YacTb 6apabana. [ns ce-
napauum Bnaru, yHoCUMOW C Napom npw npo-
MbIBKE, YCTAHOBMEHbI NOTOMOYHbIE Xanto3u.

OCHOBHble MpPOEKTHblE peLleHuns, 3a-
NOXEHHble B KOHCTPYKUMIO KOTNa, AOIMKHbI
Bbinn obecneynTb HadexHy paboTy noBepx-
HOCTEN HarpeBa W BbICOKME 3KOHOMMUYECKME
nokasaTtenu npu CXuraHuy masyTa.

CHuxeHve TemnepaTypbl NPOAYKTOB
CropaHust 4O 3afaHHOro 3Ha4YeHWs Ha BbiIxode
U3 TOMKW [OOCTUraeTcs yBeINMYEHWEM Jy4uu-
CTOW NOBEPXHOCTM TOMKM 3a CYET YCTaHOBKM
[BYCBETHbIX 9KPAHOB M TOMOYHbIX Maponepe-
rpeBatenbHbiX WKUPM. [prMeHeHMe HOBbIX
9NeMeHTOB — LUMPMOKOHBEKTMBHbBIX napone-
perpesaTtefieil B OMYCKHOM W NOABLEMHOM ra-
3oxogax obecneynno HeobxoaMMbIN neperpes
napa npuv npuemMnemMbiX pacxofax Ha BnpbICK
npw cxuranuy masyTa [9, 12, 13].

3. UEJIb NCCNEOQOBAHUA

C 1973 no 1993 r. kotnbl pabortanu
NCKMIOYMTENBHO Ha masyTe, a ¢ 1993 r. u no
HacTosliee BpeMs — TOSbKO Ha MPUPOAHOM
raze. [inutenbHbIN OMbIT 3KCniyaTauuu KoT-
NOB NpU CXUraHWyM rasa nokasan, 4to mno
YCNOBUSIM HA[EXHOCTU TemnepaTypHOro pe-
XMMa LUMPMOKOHBEKTMBHOMO Mmaponeperpesa-
Tens onyckHOro rasoxofa KOTIbl HE MOryT pa-
6otatb Cc Harpyskamu 6onee ~116,7 kr/c (420
T/4) [9].

Mpobnembl ¢ HAaAEXHOCTLIO Naponepe-
rpesatenen npu pabote Ha NpUPOLHOM rase
Havyanu BbiaBnATbes nocne ~50000 4 paboThi
B 1988 r. — cTanu nponcxoautb paspbiBbl TPYO
3MroB LUMPMOKOHBEKTMBHOMO MaponeperpeBa-
Tens onyckHoro rasoxopa. o pesynbTatam
nccnegosaHmn OAO TK3 «KpacHbln KoTenb-
LMK ObINIO BbISBNEHO, YTO OCHOBHOW MpU4m-
HOW YTOHEHWS1 CTEHOK Tpyb ABNAETCH WHTEH-
CMBHasl HapyxHas Koppo3us MeTanna, npowc-
XOASLAsa Npu HapY>KHOM TemnepaTtype CTEHKU
okonio 600°C, 4yTO 3HAUNTENBbHO BbIE MNpe-
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LENbHO JOMYCTUMOrO 3HAYeHUs MO XapoCTow-
koctn ctanu 12X1M®. lNpeBbiweHne Temne-
paTypbl Ha4YMHaeTCs Npu Harpyskax kotna 6o-
nee ~116,7 kr/c (420 T1/4).

4. METOAbI NCCNEOOBAHUA

[nsa BbISBNEHNS NPUYKUH CHWKEHUS NO-
kazaTenen paboTbl KOTNa Npu CXUraHum npu-
POAHOro rasa Ha kKadpegpe naporeHepaTopo-
cTpoeHust HOxHo-Poccuiickoro rocynapcTeeH-
HOrO MOMUTEXHWUYECKOr0 YHMBEpcUTETa Oblnn
npoBefeHbl O6LWMpHbIE pacyeTHble uccneao-
BaHWS KOTNa Npy CKUraHum mMasyta v npupoa-
HOTO rasa, KOTOpbl€ BKMOYanu TEMNoBble M
rMopaBnuyeckne  pacyeTbl  NOBEPXHOCTEW
Harpesa®’ [9, 21-24].

OcCHOBHbIE pesynbTaTbl pacyeToB npu-
BeAeHbl B Tabn. 3.

W3 tabn. 3 BUAHO, YTO TENNOBOCNPUS-
TWe 3KPaHOB TOMKM MNPU CXWUraHWM MasyTa
3HaYMTENBHO Bonblue, Yem NpU CXUraHwn ra-
3a. ObycnoeneHo 970 6Gonbluen CTENEHbO
4epHOTbI hakena, YTo, COOTBETCTBEHHO, NMpW-
BOAWT K YMEHbLUEHUIO TemnepaTypbl NpoaykK-
TOB CropaHusl Ha Bbixode U3 Tonku. Pacxoabl
Ha BMPbLICKX NPU CXUraHUW NPUPOAHOro rasa B
~ 10 pa3 6onbLue, YEM NPK CXUraHUM MasyTa.

MpUYMHBI NOBBILLEHHBIX BRPLICKOB NpW
CKWUraHuM nNpupogHoro rasa 06ycroBneHbI

MPUHATLIMKA B NPOEKTE PeLUeHnsIMU NO CocTa-
BY MNOBEPXHOCTEW HarpeBa KoTna. Kak 370
MPUHATO B NpaKTUKe NPOEKTUPOBaHUA ra3oma-
3yTHbIX KOTIOB, OCHOBHbIE TEXHWYECKME pe-
LWeHNs Mo TennoBoW Cxeme KoTna (cxema
CKWraHusi, COCTaB MNOBEPXHOCTEN Harpesa,
30Hbl UX pa3MELLEHNs B MOTOKE MPOAYKTOB
CrOpaHvsl ¥ BKIOYeHWe no pabodyemy Teny)
NPMHUMALOTCS MO Hawbonee Tsxenomy Ton-
nuBYy — MasyTy.

Manble rabapuTbl TOMOYHOW Kamepbl nNpes-
onpegenunu yCTaHOBKY B HEW OBYX ABYCBET-
HbIX 3KpaHOB [AONns obecneyveHns 3agaHHOW
TemnepaTtypbl NPOAYKTOB CrOPaHUsi Ha BbIXO-
ae un3 Tonku. OBbIYHO B KOTMax BbICOKOTO M
CBEPXBbICOKOrO OaBfEHNS NOsIBNAETCA Heob-
XOOMMOCTb B pa3meLLeHUN Ha CTEHKaXx TOMKK
HaCTEHHOro paguaumnoHHOro naponeperpesa-
Tensa, ogHako B kotne TITME-444 3to oka3sa-
NOCb HEBO3MOXHbLIM M3-32 Marnow NOBEPXHO-
CTW CTEH TOMKK, NO3TOMY pagMaLMOHHbIA na-
poreperpeBartenb BbIMOMIHEH B BMAE LUMPM
nnowaabto 140,5 M?, BKMIOYEHHBIX B 0OBHEM
Tonku. Manoe TennoBocnpusiTUe pagnaumoH-
HOro nmaponeperpeBatens notpebosano pas-
BUTbIX MOBEPXHOCTEN KOHBEKTMBHbIX Mapone-
perpesaTtefieit B ONYCKHOM W NOALEMHOM ra-
30xo4ax (LLUMPMOKOHBEKTMBHBIX naponeperpe-
Barenen).

Tabnuua 3
OcHoeHble pe3ynbmambi pacyemos 0151 cyuwjecmeayrowel
(npoekmHol) cxeMbl Komia
Table 3
Main calculation results for existing (design) boiler circuit
Tonnueo
BenuunHa
masyT ras
Maponpon3BoAUTENBHOCTb, Kr/C (T/4) 139 (500) 139 (500)
Temnepatypa neperpetoro napa, °C 560 560
[laBneHwue neperpeTtoro napa 3a kotnom, Mla 13,7 13,7
Apnnabatuyeckas TemnepaTypa ropeHus, °C 2280 2028
TemnepaTtypa ra3oB Ha Bbixoge 13 Tonku, °C 1261 1355
TennosocnpusaTue Tonku, x/Kr (kkan/kr) 20500 (4896) 13775 (3290)
TennosocnpusTue akoHomawsepa, IDx/Kr (kkan/kr) 5736 (1370) 4551 (1087)
CymmapHbIf pacxon COBCTBEHHOrO KOHAEHCATa Ha 4,0 (14,4) 41,2 (148,4)
BMPbICK, Kr/C (T/4)
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B cuny noBbIWEHHOrO M3nyyeHus da-
Kena npu CxuraHum masyTa reHepaums napa B
napoo6pa3syoLmx akpaHax'® DM 6nmaka K Ho-
MUHanbHON naponpoussoguTenisHocty D. [lo-
3TOMY Ha BMpbICK MOXET ObITb MCMOMb30BaH

pacxop, pasHbiit d* =D—-D".

Mpy cxXuraHum NpUpoaHOro rasa npo-
UCXOAUT nepepacnpegeneHne TennoBocnpus-
TN MeXay MOBEPXHOCTAMU TOMKU U KOHBEK-
TUBHOW WaxTbl. /13-3a Manow cBeTumocTun a-
kena TennoBocnpusiTue  napoobpasyoLmx
3KpaHoB nafaet (1, cnegoBaTenbHO, nagjaeT
reHepauus napa B HUX Dj), @ B KOHBEKTUBHbIX
nosepxHocTax Harpesa LWKIIM onyckHoro u
NOABLEMHOrO rasoxodoB M 3KOHOMaMsep) pac-
TeT. OTO BbI3bIBAET 3HAYUTENbHBIA POCT NpU-
paLleHns SHTanbnuy B naponeperpesaTene u
pacxodoB Ha BMPbICKY.

Pacxop reHepupyemoro napa B Bofo-
codepxawmx nosepxHocTax Harpesa D,
onpeaenseTcs TEnnoBOCMPUATUAMU Napoob-
pa3yloLLMX KPAHOB TOMKM Q) 1 SKOHOMAIA3e-

pa Qg:

_(2+Q])B,

Ecnu y4yectb, 4TO npu nepexoge Ha
CKUraHume rasa (QF YMEHbLUAeTCs B 3Hauu-
TenbHO GOnbLUEN CTEMNEHN, YEM YBENNYMBAET-
CA TennoBoCnpusaAThe 3KOoHOMamsepa Qf, TO
KONMMYECTBO reHepupyeMoro B BOAOCOAEpXKa-
WMX MOBEPXHOCTAX napa Dg ymeHbluaeTcs,
YTO MPUBOAMT K POCTY pacxodoB Ha BPbICKY.
MaponeperpeBateflb B 3TOM Cry4ae OOMKEH
He TONMbKO neperpeBaTb nap, HO KU paboTaTtb
KaK naporeHepmpyoLlas NOBEPXHOCTb.

YT0bbl CHU3NTL TennoBocnpusaTe na-
poneperpesaTens Npu CXuraHuu NpUMpPOaHOro
rasa, HeobXoaMMO yMeHbWMWTb naponeperpe-
BaTenNbHbIE MOBEPXHOCTM HarpeBa M OAHO-
BPEMEHHO YBENWYUTL TENSIOBOCNPUATUE BO-

1°3neck 1 fanee 0603HauEHIst COOTBETCTBYIOT [9)].

L0COAEPXKaLLMX MOBEPXHOCTEN.
PaccmoTpMM BO3MOXHble Hanpasne-
HUSI PELLEHNS MOCTaBNEHHbIX 3aday.

5. HAMPABNEHUA MOOEPHU3ALIUN
TEMNIOBOW CXEMbI KOTNA NPU
CXXUTr'AHUWN NPUPOOHOIO rA3A

B naposom koTnie npoucxoasT mnpo-
Lileccbl noJorpesa BOAbl, NPeBpalleHns ee B
nap 1 neperpesa napa [0 3aJaHHON Temne-
patypbl. TennoTty, Heobxoaumyk Ans nogo-
rpesa u napoobpasosaHus Q,°" U neperpes
napa Qp, ', BbIDA3WM C Y4ETOM pacxoaa KOH-
neHcarta Ha Bnpbick d, criegytolm o6pasom
[10]:

Qe =D(i"-i,)—d,-r;

B

QU™ = D(ine —i”)+dK -T.
[JencTButenbHble  TennoBOCNPUATUA
BOAOCOAEpXaLWMX M naponeperpeBaTenbHbIX
MOBEPXHOCTEN HarpeBa B CYLECTBYHOLLEM
KOTNe OnpeaensiTcs BenMYMHamu Mux nno-
Waaen n NNoTHOCTAMM TENOBbLIX NMOTOKOB:

Q' =Q/+Q: Q. =Q7 +Q7,

rne Q=0;-Hj; Q. =0, -H);
Q =0:-H; QF=0°-HS — paanaumoh-
Hbleé W KOHBEKTUBHbIE COCTaBMALLMe Tensno-
BOCNPUATUIA BOAOCOAEpXalLMx W naponepe-
rpeBaTesibHbIX MOBEPXHOCTEN HarpeBa; ¢y
qr¢ — cpegHue NMoTHOCTU TENSIOBbIX MOTOKOB
Ha pagWauvOHHbIX M KOHBEKTUBHbLIX BOLOCO-
[epxawux W naponeperpeBaTenbHbIX MO-
BEPXHOCTSAX HarpeBa; HP H¢ — nnowaau pa-
AMALMOHHBLIX U KOHBEKTUBHLIX BOZOCOAEpXKa-
LWMX 1 naponeperpeBaTesibHbIX NOBEPXHOCTEW
Harpesa.

Mpyv  npoekTMpoBaHuMKM HeobXxoamMmo
BblAepXMBaTb  COOTBETCTBME  MOTPebHOM
0;°", Qe u pencTBuTENBHON QF, QF, Tennot
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Ha BOOOCOAEPXKALLMX W maponeperpeBaTenb-
HbIX NOBEPXHOCTAX Harpesa.

Kak BMOHO W3 NpWBEAEHHbIX 3aBUCH-
MOCTER, W3MeHUTb Q" © N Que' " MOXHO,
BIIMSIS HA BESIMYMHY PaCXOA0B Ha BMPbICKK dy,
a Ha AeNCTBUTENbHbIE TENMNOBOCTPUATUA QF U
Ql, — U3MEHEHMEM MX MOBEPXHOCTEN Harpesa
B TOMKE W KOHBEKTMBHbIX rasoxogax (Hy, HE,
HY¢, HI) n 30H nx pacnonoxeHuns (Bnusas Ha
CpeaHue MIOTHOCTM TEennoBbIX MOTOKOB gk
qx°)-

MpUMEHNTENBHO K YCMNOBUAM peluae-
MOW 3agayn, Korga W3MeHeHue TennoBoMu
CXeMbl KOTNna He [OMKHO BbI3blBaTb 3HAYM-
TeSbHbIX KanuTanbHbIX 3aTpart, reoMeTpuye-
Ckue pasmepbl TOMKM JOMKHbI OCTaBaTbcsa 6e3
n3meHeHuns. Ho coctaB noBepxXHOCTEN Harpe-
Ba B Tonke (napoobpasywuime akpaHbl U na-
poneperpeBaTenbHble LWMPMbl) MOXET ObITb
U3MeHeH B npefenax CyLEeCTBYHOLLeh nyyu-
CTOW NOBEPXHOCTM TOMKMW, MO3ITOMY BNUSATH Ha
OEeiCTBUTENbHbIE TennoBocnpuatua Qf, Q.
MOXHO, U3MEHSSA TOMbKO NMoLwaan SKOHoOMam-
3epa u WKMM, octaBnsga 6e3 n3MeHeHUs
CTPYKTYPY paguaumoHHbIX NOBEPXHOCTEN Ton-
kn (nepBoe HanpaBneHue W3MEHEHWS TENNO-
BOM CXEMbl), U U3MEHSATb NOBEPXHOCTU BO-
focofepxawimx 1 - naponeperpeBaTesibHbIX
NOBEPXHOCTEN Kak B TOMKe, Tak U B KOHBEK-
TWBHbIX ra3oxodax (BTOpPOe HanpaBfieHue u3-
MEHEHWS TENI0BON CXeMbl KOTNa).

B cywecTBytoLemM NapoBoM KoTne, rae
Bnpbickk goxoasat Ao 30% OT HOMWHamnbHOM
Nnaponpou3BOANTENIbHOCTM, TennoTa, OTAaH-
Has NPOAyKTamn CropaHusi B KOHBEKTUBHbIX
naponeperpesaTensx %€ CYLLEeCTBEHHO
bonblue TennoTbl, BOCNPUHATON 3KOHOMamn3e-
poM QF. YMeHbLUTb pacxofbl Ha BMPbLICKY,
Hanpumep, 00 10% Dyoy MOXHO CHWXEHWEM
TennoBOCNPUATAS KOHBEKTUBHOMO naponepe-
rpesatena ¢ 13009 x/kr (3107 kkan/kr) oo
10409 Ox/xr (2486 kkan/kr). ns obecneveHus
Takux nokasatenen noTpebyTcs cooTBeT-
CTByOLWME U3MeHeHns nosepxHocTen LUK
1 3KOHOMaKn3epa.

NpakTuyeckyl peanu3auunio U3MeHe-
HUA TEnnoBOW CXeMbl KOTMa Mo YyKa3aHHbIM
HanpaBneHusM LenecoobpasHo NpoBoanTb C
Y4ETOM peasnbHbIX BO3MOXHOCTEN U3MEHEHNS
BENWYMH Nnowagen NoOBEPXHOCTEN Harpesa

KaK B KOHBEKTMBHbIX raszoxofax, Tak U B TO-
noyHon kamepe. Moatomy 6bino paccMOTPEHO
HECKONMbKO  BapuaHTOB  TEMSIOBbIX  CXEM,
CPOPMUPOBAHHBIX C YY4ETOM BO3MOXHOCTEW
MX UCNOMHEHUA B CyLLeCTBYOLWMX rabaputax
TOMKM U KOHBEKTWBHbIX ra30X040B KOTna v 3a-
TpaTaMu Ha BbINOMHEHNE MOAEPHU3ALNN.

B kauectBe 6a3oBoro BapuaHTa pac-
CMOTpeHa ucxodHas TennoBas cxema cylue-
cTByloLWero kotna no npoekty LIKTW.

6. OCHOBHbIE PE3YJIbTATbI
UCCIIENOBAHUA

BapuaHt 1 npegycmaTtpusaet OTCyT-
cTBMe B nopgbemHoMm rasoxoge LUKMM. Mpwu
9TOM TemnepaTypa nepes 3KOHOMaW3epoMm
yBENIMYNBAETCSH, YTO Bbl3blIBAET POCT €ro Ten-
NnoBOCNPUATUA W, CrneaoBaTenbHO, yBenuye-
HUe reHepauuy napa B BOAOCOAEpXKaLumMx no-
BEPXHOCTSAX Harpesa W CHWXeHWe pacxoga Ha
Bnpbickn. B BapuanTe 2 Bmecto LUKMIM nogb-
€MHOro ra3oxofa ycrtaHaBnmBaeTCs eLle ofHa
CTyneHb 3koHoMamsepa nnowaabio 1000 M2,
4YTO NPUBOOMT K [OasibHEMLEMY CHWXEHWIO
pacxodoB Ha BrpPbICKY.

XapaKkTepHo OCOBGEHHOCTbI0 BapuaH-
Ta 3 ABNAeTCH TO, YTO B OTSIMYMM OT UCXOQHO-
ro BapuaHTa, B HEM W3 maponeperpeBaTesb-
HOro TpaTa WUCKMYATCH TOMOYHbIE LUMPMBI.
OHu BKMOYaKOTCA B OTAENbHbLIN Napoobpasy-
OLWMA  LUMPKYNSLMOHHBIA KOHTYp. BapuaHT 4
nogpasymeBaeT OOHOBPEMEHHO YCTaHOBKY
napoobpasytLLen TONOYHON LUMPMbI U JSINKBU-
pauuto LLKMIMT nogbemHoro rasoxoga. Ycra-
HOBKa NapoobpasytoLleit WupMbl B TOMOYHOM
kamepe 1 3ameHa LUK Ha gononHuTensHyo
CTyneHb 3KOHOMamsepa (BapuaHT 9), Kak no-
Kasanu pacyetbl, NPUBOAUT K U3OLITOUHOW re-
Hepauuu napa, COMpPOBOXZAEMOW HyneBbIM
PacxofoM Ha BMPbICKK.

BkntoueHve B OTAENbHbLIA KOHTYP Lup-
Kynauum LMPMOBBIX 3NEMEHTOB  OMYCKHOTO
rasoxofga (BapuaHT 6) Takxe CHWXaeT pacxo-
Obl Ha BMpbLICKA NO CpaBHEeHU ¢ 6a3oBbiM.
[anbHelwee yBenuyeHne TeENIOBOCNPUATUS
BOAOCOAEPXKALLMX MOBEPXHOCTEN HarpeBa B
BapuaHTe 7 3a cyet 3ameHbl WKMIMN Ha po-
MOMHUTENbHYI0 CTYMEHb 3KOHOMawn3epa npu-
BOOMT K HEBO3MOXHOCTM obecrnevyeHuns 3a-

ISSN 1814-3520

BECTHUK WPKYTCKOIO rOCYOQAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2020;24(2):303-317
e

311

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2020;24(2):303-317




BbeszpewHos A.H., Ycukoe H.B., bsikoHos E.M. UccnedoeaHue u ModepHu3ayusi mensosoli cxeMbl Koma ...

Bezgreshnov A.N., Usikov N.V., Dyakonov E.M. Research and modernisation of TGME-444 boiler thermal cycle ...

[@HHOrO 3HaYeHNs TemnepaTypbl NeperpeToro
napa Ha HOMUHabLHOWN Harpys3ke.

PesynbTaTbl pacyeToB  BapuaHTOB
TEennoBbIX CXeM NpeacTaBneHbl B Tabn. 4.

YBenuyeHne TennoBoCnpuaTUS BOLO-
cogepxalux MOBEPXHOCTEN HarpeBa W CHU-
XEHWEe pacxodoB Ha BMPbLICKM NPUBOAAT K
YMEHbLUEHNIO NapOCOAEPKAHUA Ha BbIXOAE U3
9KOHOMaKsepa, U B CxeMax ¢ napoobpasyto-
WVYMU LUIMPMaMKU BO3MOXEH Heaorpes BOAb!
Ha ero BbiIXxode, YTO YBENWYMBAET YCTONYM-
BOCTb paboTbl 3KOHOMaw3epa.

OfHako C yMeHblUEeHWeM pacxodoB Ha
BMPbLICKK HabMAaeTCcs CHWKEHWE AnanasoHa
perynmpyemblx Harpy3oK KoTna BhnoTb 40 HY-
ns (B BapuaHTax 5 u 7). Pacwmputb ananasoH
perynmpyemMon Harpysku KoTia MOXHO BBede-
HUEM peuupKynauMu npoayKTOB CropaHus.
Takum obpasom, ecnu nogdatb B TOMKY rasbl
peunpkynsumm B konmyectee  15%, TO
HaMMeHblUas perynupyeMasi Harpyska B Ba-
puaHTe 3 cHuautca go 270 T/4, T.e. cocTaBuT
54% oT Dyon.

CnepoBaTesbHO, NS CyLLECTBYOLEro
pexuma paboTel naposoro kotna TFME-444 ¢
€AVHCTBEHHbIM TOMMBOM — MPUPOAOHbLIM ra-
30M — CyLleCTBYeT BO3MOXHOCTb YNyYLIeHUs

€ro 9KCnnyaTtauMoHHbIX nokasaTenen nyTem
N3MEHEHUs TEennOBOW CXEMbI.

CnepyeT OTMETUTb Manyk 4yBCTBU-
TENbHOCTb K W3MEHEHWUID TENSIOBLIX CXEM
TEMNEpaTypbl YXOOAWMX ra30B W rOpsYero
BO3dyxa. BeposTHO, 3TO CBOWCTBO MPUHATOW
KOMMOHOBKM KOTNa.

Hapsgy ¢ HeobxoaMmocTbio ynydiue-
HUS TENNOBOM CXEMbl NapoBOro KoTna, cne-
OyeT OTMETUTb Ha3peBLUY HeobXxoaMMOoCTb
nepecMoTpa u ero Bo3ayLwHoro Tpakta. 3a 40
net paboTbl KOTNa ¢ Bo3gyxonogorpesatens-
mu Tuna PBI1-88 nepetoku xonogHoro Bosay-
Xa BCEerga HaxoAuSIMCb Ha BbICOKOM YpPOBHE
[8, 9]. B nocnegHue rogbl ux BENMUMHA GUK-
cupoBanack Ha ypoBHe okono 60%. HeogHo-
KpaTHO NpeanpUHUMAaBLUMECS MOMbITKN CHU-
3UTb MEPETOKM pe3ynbTaToB He Janu, no3To-
My B paMKax uccrnefgoBaHust Obin pacCMOTPEH
BapWaHT 3aMeHbl pereHepaTMBHOIO BO34YXO-
nogorpesartens Ha Tpybyatbin. bbinu BbINON-
HEHbl BapWaHTHble TEMNnoBble pacyeTbl KoTna.
PaccmaTpuBanucb Tpybyatble BO3AyXONOZo-
rpesatenn (TBI) c¢ Tpybammn @51x1,5,
@40x1,5 n @29x1,5 MM 1 pasnn4HbIMK 3HaYe-
HUSMW MOBEPXHOCTU HarpeBa. B pacuyertax
YYUTBIBANOCh, YTO NPU CKMUraHUM NPUPOSHOIO

Tabnuua 4
Pe3ynbmamsbi eapuaHmHbIX pac4emoe menyoebiX CXem
Table 4
Calculation results of thermal circuit variants
> 5 L :
. s 2z 29
g T o © © = D oo T & a2
= 82 | coe pEe|fg%| 287 | %% |8%:zg
g S 5 SL s | 2Zad| 38| §ct 230 (3239
S S 5 oo | 238|28x| =e Ss=t |oFgs
o0 ) sof [SRXc| 5908 £9¢E =2 |EgXxC
8 = PO >3 Q 3L =ag =033
© 2 = = [ [ ) T = ooz
=5 i | 22 | Es
basosbin | 139 (500) 560 108 330 |41,2(148,4) | 52,8 (190) 12,9
1 139 (500) 560 107 329 25,2 (90,8) | 56,9 (205) 75
2 139 (500) 560 103 310 23,5(84,7) | 59,7 (215) 8,9
3 139 (500) 560 103 311 19,2 (69,1) | 94,4 (340) -12,4
4 139 (500) 560 104 314 4,1(14,9) | 118,1 (425) -11,2
5 139 (500) 558 94 275 0 (0) 0(0) -1,7
6 139 (500) 560 101 303 11,9 (39,5) | 97,2 (350) -27,4
7 139 (500) 549 102 307 0 (0) 0(0) -24.4
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rasa Temnepatypa ropsidero Bosgyxa B COOT-
BetctBUM ¢! JomkHa BbiTb Ha ypoBHe 230°C,
Npuyem 37O 3HAYEHNE HE SBNSETCA PUKCMPO-
BaHHbIM, @ JOIMKHO ONpeaensTbCs TePMOIKO-
HOMUYeCKUM pacyeToM. [lpucockl XONogHOro
BO34yXa npuHUManuce paBHbiMu 3%. B kauve-
CTBE OCHOBHOIO OrpaHuyMBaroLiero cakropa
npw Bbibope KOHCTpykumm TBIT npuHaTa mac-
ca Ha yposHe cyuwectsytowero PBI1. Pacuet
BapwaHTta TBI1 ¢ Tpybamn @40x1,5 Mm noka-
3an, Yto npu 3TOM TemnepaTypa ropsyero
BO34yXa CHuxaeTtcs fo 225°C, Temnepatypa
rasoB Ha BbIXOAE W3 TOMKM CHMXaeTCs Ha
12°C, KM kotna 6pyTTo yBENM4MBaeTcs Ha
2% BCNeACTBME CHWKEHUSt MOTepb Tenna C
yXO4ALMMM raszamu.

[JanbHenwee noBbllleHne nokasaTe-
nemn a(pPeKTMBHOCTN BO3MOXHO TOJLKO C y4ye-
TOM paboTbl NapocunoBoro 6rnoka B LENOM.
MoryT 6bITb pacCMOTPEHbI BapuaHThl, Npu pe-
anu3aumm KOTOpbIX BO3MOXHO CHUDKEHUE TeM-
nepaTypbl YXOAALMX ra3oB 3a CYET YCTAHOBKM
TypbuHHOro akoHomaisepa (T3K). B aTtom
crnyvae TensioBasi MOLLHOCTb NMapoBOro KoTna
CcKnagblBaeTcs U3 ABYX COCTABMSAOLLMX:

Qnk = Eﬂ + On¢
rme Qok = Qi°™ + Qu™ — TennosocnpusTHe
NapoBOASHOTO TpakTa KoTna;, Qpai— Tenno-
BoCnpuATME TYpOUHHOIO 3KOHOMaKn3epa.

BkntoueHve B cxemy kotna TOK moxeT
paccmaTpuBaThbCs B ABYX BapuaHTax:

1) TennoBocnpusaTME MNapOBOASHOMO
TpakTa KOTna OCTaeTCcsl HEM3MEHHbIM U BBe-
neHve TOK npusoaut Kk 6onee rnybokon yTu-
nu3aumm Tenna yxogawmx rasos. lpu pac-
CMOTPEHUM [AHHOTO BapuaHTa Heobxoammo
y4nTbiBaTb HE TOSbKO noBbiweHne K[ kotna
3a CYeT CHWXEHWUS TemnepaTtypbl YXOAALMX
rasoB, HO U yBenuyeHue BbIpaboTkn 3NeKTpo-
3Heprum 3a cYeT yMeHblUeHns otbopa napa u3
LUMIMHAPa BLICOKOTO JaBfIEHUs, a TakKe CHU-
XeHne 3(P@EeKTMBHOCTM UMKNa B LESoM 3a
CYeT yBenuueHus pacxoga pabodyero Tena
yepes KoHeHcaTop;

2) TennoBoCNpuUATHE NapOBOASHOMO

TpaKkTa KOTra yMeHbLUaeTcsl, a TennoBoCnpu-
sTMe TypbGUHHOrO 3KOHOMaW3epa yBenuumBa-

etcs. Takum o6paaoM, BO3MOX€EH NouckK of-

TUMAIEHOTO COOTHOLWEHNS Qi U Qe Mo Kpu-

TEPUI0 MakcUMarnbHoOW addeKkTUBHOCTM pabo-
Tbl 610Ka B LIENOM;

3) Tennoeasi MOLLHOCTb KOTna yBenw-
YyMBaeTCA A0 [OOMYCTUMbIX C TOYKM 3pPEHMS
HaJeXHOCTW paboTbl 3KPAHOB TOMKK U TeMNe-
paTypHOro pexuma Haubosiee HanpsKEHHbIX
naponeperpeBaTenbHbIX MOBEPXHOCTEN
HarpeBa. B aTom cryyae B TYpOWHHbLIA 3KOHO-
Mai3ep HanpaBnseTcs 4acTb NOTOKa nuTa-
TenbHOW BOAbI, ¥ OH paboTaeT napansensHo
C rpynnov noforpesarenen BbICOKOro aasse-
HUS.

JlononHuTEeNbHbLIN MONOXWUTENbHbIA
apdekT MOXeT AaTb YCTaHOBKa TeNI00OMeH-
HUKa, B KOTOPOM MOOOrpeBaeTcs Boga Ans
TennoBon cetu (TennouKaunoHHbIA 3KOHO-
Man3ep). B aTom cnyyae MOXHO A06UTbLCS
Bonee rnyboKoro oxnaxaeHus yxogswmx ra-
308, BNMOTb 40 TEMnepaTtypbl, 6rnskom K Tem-
nepatype TOYKM pocbl APdEKTUBHOCTb BO3-
MOXHbIX BapWaHTOB AOMKHA TaKkKe OLEHU-
BaTbCA C YY4ETOM IKOHOMMYECKMX MoKasaTe-
nen paboTbl CTAHLWK B LIENOM.

7. 3AKINOYEHUE

BbiBOAbI M pekomeHaauumn no n3meHe-
HUIO TENNIOBOW CXEMbI KOTIa.

1. VI3meHeHneM KOHCTPYKLWK 1 Tenno-
BOCMPUATUSA NaponeperpesaTeribHbIX NoBEpPX-
HOCTeW HarpeBa KOTna MOXHO J0buTbCs 3Ha-
YMTESIbHOrO CHWDKEHWUS PacxofoB Ha BrPbICKY,
CHU3UTbL TEMMOBYID pPa3sBEPKY W MOBbLICUTb
HafexXHOCTb MX paboTbl C COXpaHEHWEM Bbl-
COKOr0 YPOBHS 9KOHOMUYECKMX NoKa3arenen.

2. Haunbonbwuin 3addekT CHUKeHUs
pacxo[oB Ha BMPbLICKM OOCTUraeTcs B Cry4a-
X, Korga naponeperpeBaresibHble TOMOYHbIE
WMPMbl 3aMeHsITCS Ha napoobpasyolme ¢
BKITOYEHMEM WX B CXEMY LIMPKYNSALMM KOTHa.

3. YBenuyeHune TennoBoCnpuATUa BO-
[ocofepxalymx noBepxHoCTel HarpesBa 3a
cYyeT  nepeBofa  naponeperpeBaTenbHbIX

"Tennosoit pacyeT koTnos (HopmaTuBHbIi MeToa). Mag. 3-e. HMO LIKTW — BTW. CM6, 1998. 256 c.
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WMpM B ToMnke B napoobpasyoline npuBoauT
K YBENMMYEHWIO HEeOorpeBa BoAbl Ha Bbixode 13
9KOHOMaW3epa, YTO MOBbILWAET YCTONYMBOCTb
ero paboTbl.

4. CHwkeHue [uanasoHa perynupye-
MOW Harpysku KoTna npu yBenuyeHun Tensno-
BOCMPUSATMS BOZOCOAEPXALLMX NMOBEPXHOCTEN
Harpesa (MpW CHUXEHUM pacxoda Ha BhPbICKK)
MOXHO KOMMEHCMPOBaTb BBELAEHWEM B TOMKY
rasoB peumpkynsaumu, otbupaemblx nocne
9KOHOMaw3epa.

5. lNepcnekTuBHbIM ONS AanbHeENLWen
npopaboTku crnegyeT Npu3HaTb CXembl KOTNa
C BBejeHMEM B KOHBEKTUBHbIE ra3oxofbl Ten-
NOUKALMOHHBIX MU TYPOUHHBIX 3KOHOMaW-
3epoB, a TaKke MOBEPXHOCTEW Harpesa,
oxnaxgaembix paboyen cpefont C MOHWXKEH-
HbIM YpOBHeM AaBnenus. LlenecoobpasHocTb
UX NPUMEHEHNS JOSHKHA onpeaenaTbcs ¢ yye-
TOM WX BMUSIHUA HA 9KOHOMWUYECKME MOKa3a-
Tenu pabotbl TOL-2 B Lenom.
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AHanu3 BO3MOXHOCTU NPUMEHEHUSA aKTUBHbIX (pUNbTPOB
AN CHUKEHUS HeCUHYCOMOANbHOCTU HaNpPsKeHUs B cUCTeMe
3NEeKTPOCHabXeHMA OQHOro U3 YyronbHbIX KapbepoB BbeTHaMa

Byn Hrok Xynr*, J1.1. KoBepHukoBa*,**
*MpKkymckul HayuoHanbHbIl uccnedosamesbCKull mexHuveckul yHueepcumem, 2. ipkymck, Poccusi
“*Wucmumym cucmem aHepeemuku um. J1.A. Menenmsesa, 2. Mipkymck, Poccus

Pestome: Llenb — o60ocHOBaHWe NPUMEHEHWUs aKTUBHOTO (UNbTPa rapMOHUK ANS CHUKEHUS HECWUHYCOMOanbHOCTM
HanpshkeHUs B CUCTeMe 3NeKTPOCHaBXKeHWs OQHOTO W3 YronbHbIX KapbepoB BbetHama. Cuctembl anekTpocHabxeHus
YrofbHbIX LWAXT U KaPbePOB UMEKT MHOTO YPOBHEN HANpsXeHUs, pa3nuyHbX TUNOB Harpy3ok. HoBoe anektpoo6opyao-
BaHue paboTaer napannensHo ¢ 06opyaoBaHUEM, KOTOPOE MOPanbHO W (PU3nYeckn yctapeno. B yronbHbIX WaxTax u
kapbepax UMEeLTCS Harpy3ku 60MbLION MOLHOCTM C HENWHEHBIMYU BOMbT-aMnepHbIMW Xapaktepuctukamu. OHu BHOCST
UCKaXEHWS B 3NeKTPUYECKYIo ceTb. [10aTOMy ANs CUCTEM 3NEKTPOCHAGXEHUS NPOMBILLIIEHHBIX PANOHOB ¢ A0BbIYel yrns
XapaKTepHO KayeCTBO INEKTPUYECKOW JHEepruu, He COOTBETCTBYILee TpeboBaHNSM HOPMATUBHbLIX JOKYMEHTOB BbeT-
Hama. Huskoe Ka4yecTBO aNEKTPUYECKOI SHEPrumM Bbi3blBaeT AOMNOMHUTENbHBIV SKOHOMUYECKUA ywep6. [ns nosbileHus
KayecTBa 3neKTPUYECKON 3HEPrU HeoBXxoauMo NpUMEHEeHUe cneuuarnbHbIX TEXHUYECKUX CPEACTB, OAHUM U3 KOTOPbIX
SABNAIOTCA aKTUBHbIE UNLTPbI rapMoHuK. OLeHKa KayecTBa 3MEeKTPUYECKOW SHEPTMW B CUCTEME 3MEKTPOCHabxeHNs
YrOMbHOTO Kapbepa BbIMOMHEHA WHCTPYMeHTanbHbIM MeTogom npubopom PQ-Box150 gns mamepeHus nokasatenew
KayecTBa 3NeKTPUYECKOW dHeprum W napameTpoB pexuma. [poBeaeH aHanu3 M3MepeHHbIX MokasaTenen kavecTtsa
3MNEKTPUYECKON 3HEPruM U napameTpoB HECUMHYCOMAANbLHOMO pexuma. PesynbTaThl aHanusa nokasaternen, xapakrepu-
3YIOLWMX CTeneHb MckaxeHns OpPMbl KPUBOW HamnpsieHWs, CBUAETENbCTBYIOT O NMPEBbILUEHNN UMW Npeaena, YCTaHoB-
NEHHOro B HOPMaTUBHBLIX JOKYMeHTax BoeTHama. PesynbTaThl aHanusa u3MepeHHbIX napameTpoB HECUHYCOMAANLHOMO
pexvuMa CBUAETENbCTBYIOT TakkKe O HaNWYWUK LUMPOKOrO CNeKTpa MHTEPrapMOHUK HanpsxeHus 1 Toka. MpoBedeH aHanms
pexnMMa peakTUBHOW MOLLUHOCTM Ha OCHOBHOW YacToTe. AHanu3 nokasarn, 4To KoaduUNeHT MOLLHOCTW Harpy3ku B 0f-
HOM 13 (pa3 MeHbLUe 3HaYeHWs, YCTaHOBMNEHHOMO B HOPMATUBHbLIX AOKYMeHTax BoeTHama. Ha ocHoBaHWW aHanusa pe-
3ynbTaToB M3MEPEHU MoKasaTeriel KayecTBa SMEKTPUYECKOW 3HEPrMM M napaMeTpoB HECHHYCOMAANbHOTO pexuma
BEMNUYMH KO3 DULMEHTA MOLLHOCTW HArpy3ku U PeakTUBHOW MOLLHOCTW OCHOBHOW YacCTOTbl, XapaKTepUCTUK aKTUBHbIX
(PMNbTPOB rapMOHUK NMPUHATO PeLLEeHNe O BO3MOXHOCTW NPUMEHEHNS aKTMBHOTO (UnbTpa rapMOHKK ANS CHUKEHNS He-
CUHYCOMAANbHOCTN HaNPSXXEHUs U MOBbILEHUS KO3@UUMEHTA MOLLHOCTM Harpy3ku B CUCTEME 3NEKTPOCHabXeHWs
YrornbHoro kapbepa.

Knioueenle cnoea: kauyecTBO 3NEKTPUYECKON IHEPTMM, HECUHYCOMOANbHBIN PEXUM, FAPMOHUKU, UHTEPrapMOHUKIA, 13-
MEPEHUSI, CUCTEMA 3MEKTPOCHABKEHUS

Unpopmayusa o cmamee: [Jata noctynnenns 11 oktabpsa 2019 r.; gata npuHaTusa k nevatu 28 cespans 2020 r.; gata
oHnanH-pasmeLeHus 30 anpens 2020 r.
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CHWXEHWUS HECUHYCOMAANBHOCTU HANPSXKEHUS B CUCTEME INEeKTPOCHabXeHWs 0OHOTO M3 YrofbHbIX KapbepoB BbeTHama.
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Abstract: The study is aimed at the provision of an underlying rationale for the use of active filters to reduce voltage non-
sinusoidality in the power supply system of a coal mine in Vietnam. Power supply systems of coal mines and quarries are
characterised by many voltage levels and various types of loads, with new electrical equipment working in parallel with
outdated equipment. Coal mines and quarries are maintained under high power loads, with non-linear current-voltage
characteristics introducing distortion into the electrical network. Therefore, power supply systems for industrial coal min-
ing areas are determined by a quality of electric energy that is inconsistent with Vietnamese regulatory requirements.
Additional economic damage is caused by low quality of electric energy. In order to improve the quality of electric energy,
it is necessary to apply special technical means, such as active harmonic filters. The quality assessment of electric ener-
gy in the coal mine power supply system was carried out using the PQ-Box150 instrument for measuring electric energy
quality indicators and mode parameters. An analysis of the measured quality indicators of electric energy is conducted,
including the parameters of non-sinusoidal mode. For indicators characterising the distortion degree of the voltage curve
shape, the results of the analysis indicate them to exceed the limit established in the regulatory documents of Vietnam.
From the analysis of measured parameters in non-sinusoidal mode, the presence of a wide range of voltage and current
interharmonics is also detected. According to the analysis of the reactive power mode at the fundamental frequency, the
load power factor in one of the phases is established to be less than the minimum value given in the Vietnamese regula-
tory documents. In accordance with the measurement results of electric energy quality indicators and parameters of the
non-sinusoidal mode of the load power factor and reactive power of the fundamental frequency, as well as characteristics
of active harmonic filters, the application of an active harmonic filter was demonstrated to be appropriate for reducing
voltage non-sinusoidality and increasing the load power factor in the power supply system of a coal mine.

Keywords: quality of electrical energy, non-sinusoidal mode, harmonics, interharmonics, measurements, power supply
system
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1. BBEAEHUE

[obbiya yrns Bo BbeTHame sBnsetcs
OHOM M3 BaXHEWLUMX OTpacnen 3KOHOMMKM.
CucTembl aneKkTpocHabXeHMs YronbHbIX WaxT
W KapbePOB COXHbIE, coYeTaloT B cebe MHO-
roobpasune ypoBHeW HanpsKeHus, pasnuyHble
TWNbl Harpy3ok. HoBoe anekTpoobopyaoBaHune
06bIYHO WCMOoNb3yeTca napannensHo ¢ 06o-
pyOOBaHMEM, KOTOPOE MopanbHO U cusnye-
CKM ycTapesno. B yronbHbIX wWaxTax U Kapbe-
pax MMEeKTCs Harpysku GOMbLUION MOLLHOCTH,
B T.4 HENVHeWHble, BHOCALLME WCKAXKEHUS B
3NEKTPUYECKYD CeTb, W, Takum obpa3om,
yXyawarLme KayecTBO 3NeKTPUYECKON aHep-
rmn. Ans cuctem anekTpocHabxeHus npo-
MbILSIEHHbIX paiioHOB BbeTHama, roe npowus-
BOAUTCS [o0Oblva yrns, XapakTepHO HU3KOe

Ka4yeCTBO 3MEKTPUYECKON 3Heprum.

B Poccun cteneHb uckaxeHus opmel
KPMBOW HanpsKeHUst OorpaHuyeHa HopmaTue-
HbIMX  3HAYEHWAMM, YCTAHOBMEHHbIMU [OMs
nokasarenen Ky u Kym B COOTBETCTBUM C
FOCT 32144-2013". Bo BbeTHame HOpMaTmB-
Hble 3HAaYEHWs YCTaHOBMEHbI KaK Ans nokasa-
Tenew, xapakTepusyLwmx nckaxeHme qopmbl
KPVMBOW HaNpshKeHWUs, Tak U TOKa B LMpKynspe
Ne 39%n Ne 25°,

B cTaTbe npvBeaeHbl pe3ynbTaThbl Bbl-
MONMHEHHOro aHanm3a CXeMbl CUCTEMbl 3fiek-
TPOCHabXeHWsi OIHOro U3 YronbHbIX KapbepoB
BbeTHama, ero Harpy3ok, kayectBa 3nekTpu-
YeCKOW 3Heprun Ha OCHOBE M3MEpPEHUN noka-
3aTenen KayectBa 3NEKTPUYECKOW SHEpruu u
napameTpoB PEXVWMOB FapMOHUK, MPOBEAEH-
HOrO aHanu3a XapakTepUCTUK  aKTUBHbIX

'rOCT 32144-2013. 3nekTpuyeckas aHeprusi. COBMECTUMOCTb TEXHUYECKUX CPEACTB NeKTpoMarHuTHas. Hopmbl kaue-
CTBa 3MeKTPMYECKOW SHEPTUM B CUCTEMAX 3NEKTPOCHabxeHus obLlero HasHayeHus. BBed. mexrocyfapCTBEHHbIM COBE-
TOM no cTangaptusauum 01.07.2014. M.: CtaHgapTuHdopm, 2014.

2L|,1/|p|<yn$1p Ne 39/2015/TT-BCT ot 18.11.2015. BBea. MUHMCTEPCTBOM MPOMbILLNIEHHOCTW U TOProBnu BoeTHama no pac-
npeaeneHnio aneKkTpuyeckoin aHeprun. BeetHam, 2015.

3L|,1/|p|<yn91p Ne 25/2016/TT-BCT ot 30.11.2016. BB€A. MUHMCTEPCTBOM MPOMbILINIEHHOCTH M TOProBnu BoeTHama no ne-
pefdave anekTpuyeckoi aHeprm. BoeTHam, 2016.
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UNbTPOB, KOTOPble MOrYT BbITh UCMONb30Ba-
Hbl ANS YIYYLWEHUS KayecTBa 3MeKTpUYeckoi
SHEPruM B YrofbHOM Kapbepe.

2. CACTEMA 3NIEKTPOCHABXEHUA
YroNnbHOIo KAPbEPA

Cxema 3neKkTpoCHabXeHWst yronbHoro
Kapbepa npueedeHa Ha puc. 1, rae nokasaHo,
4TO AneKTpoCHabXeHne Kapbepa BbINOSHAET-
Cq OT [ABYXTPaHC(OPMATOPHOM MNOACTaHLMK
110 kB, koTOpas nuTaeTcs OT ABYX HE3aBUCK-
MbIX MCTOYHMKOB MO NNHWUAM 3nekTponepeaa-
un 110 kB. OauH 13 TpaHcopmaTopoB ABMS-
eTcs paboynm, BTOpon — pe3epBHbIM. Ha Hu3-
KOV CTOPOHE TpaHCcopMaTopoB UMEKTCH [ABe
cekumn WwuH 22 kB (yanbl 6604 n 6643).
YronbHbI Kapbep Nonyyvaet 3nekTpu4eckyto
3Heprui oT cekummn WnH 22 kB (y3en 6643)

110 kB

yepes MOHMXAOLLMIA TpaHcdopmaTtop
22/0,4 kB. Yronb pobbiBaeTcs 3KCKaBaTOPOM
1 C NOMOLLbIO KOHBEWEPOB HanpasnsieTcs Ans
nepepaboTkn Ha COPTUPOBOYHLIN KOMOWHAT.
CopT1POBOYHbIN KOMOMHAT UMeEeT ABa uexa:
COPTMPOBKM YINsi U LEX 3NEKTPOBOAOCHAOXeE-
Hus. Obwan AnvHa NUHMA 3nekTponepeaayn
Bcex Hanpsbkenun (110, 22 un 0,4 kB) okono
60 km. K wuHam 0,4 kB npucoeanHeHbl MCTOY-
HUKN PEaKTUBHON MOLLHOCTW — KOHOEHCcaTop-
Hble B6aTapen mowHocTbio 450 KB-Ap (34eck p
— PEaKTUBHBIW).

CopTMPOBOYHbIA ~ KOMBMHAT — UMeeT
pasnnyHoe TexHonornyeckoe ob6opyaoBaHue
— BubpaTtopsbl, Apobunkn, KoHBenepsbl, nebea-
Kn, Hacockl 1 T.4. bonblwasa Yactb aToro 06o-
PYOOBaHWS NPUBOAUTCS B AEWUCTBME aCUH-
XPOHHbIMW ABMraTeNAMM, MOLLHOCTb KOTOPbIX
HaxoauTcs B AnanasoHe ot 4 o 185 kBT.

110 kB

1000 kB-A
22/0,4 kB

B-60A A39

|
|
|
|
|
|
|
|
|
i
04kB A41| 0,4«B |
|
|
|
|
|
|
|
|
|
|
|
|

OkckaBaTop

Llex anekTpo-
BOAOCHabXeHus

Puc. 1. Cxema cucmembl 371eKmMpocHabKeHus y20/IbHO20 Kapbepa
Fig. 1. Diagram of a power supply system of a coal pit
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MNepepaboTka yrns 3aknwyaetcs B
COPTMPOBKE YroNbHbIX KYCKOB MO KPYMHOCTM C
NOMOLLbI BMOpaLMOHHBIX cuT. B copTtupo-
BOYHOM Liexe Ne 1, TexHonormyeckui npowecc
nepepaboTkn yrns KOTOpPOro npuBedeH Ha
puc. 2, rae d — guameTp KycKoB yrns, UMeeTcs
17 en. anekTpoobopyaoBaHus. MowHocTb
anekTpoasuratenen NexuT B AgnanasoHe ot 4
Ao 50 kBt. Lex pabotaet ¢ 7 4 ytpa fo 17 4
Beyepa. C 17 4 0o 7 4 cneaytowero aHa B Le-
Xe MepepbiB, U OCHOBHOE TEXHOSOrMYeckoe
obopynoBaHue He paboTaeT. B aTo Bpems B
paboyeM COCTOSHUM HaxXO4UTCS TONbKO 3MeK-
TpoobopyaoBaHWe Lexa 3nekTpoBogocHab-
XKEHMS.

B copTtupoBoyHoM Lexe Ne 2 npogon-
xaetca nepepabotka yrns. B TexHonornye-
CKOM npouecce yyactByeT 18 ed. anekTpo-
obopyaoBaHMsi C aCMHXPOHHLIMU ABUraTens-
MU MowHocTblo oT 4 go 185 kBt. Pabouni
[leHb COpPTMPOBOYHOrO Lexa Ne 2 Takke npo-
L0/MKaeTCs HenpepbiBHO ¢ 7 4 yTpa o 17 v
Beyepa. lNocne 17 4 B pabote ocratTcs BO-
ASHble HAcoCbl W MeLuanku, npogoshkatoLime
crneumarnbHbIN TEXHOOMMYECKUI npoLiecc.

Liex anekTpoBogocHabxeHus, ocy-
LECTBNAOLWMA OCBELLEHNE COPTUPOBOYHBIX
LexoB, nogadvy Bodbl AN COPTMPOBOYHOIO
kOMOWMHaTa, TPAHCMOPTUPOBKY YrNs Ha CKnag
umeeT 23 en. anekTpoobopyaoBaHWs, MOL-
HOCTb 3MEKTPOABUraTeNen KOTOPOro NEXWUT B

ananasoHe ot 4 go 160 kBrT.

Ha coptupoBoyHOM KOMOMHaTE ucC-
Monb3ylTCA rMaBHbLIM 06Pa30M aCUHXPOHHbLIE
[BUraTenn ¢ YaCTOTHbIM perynuposaHuem. Ha
puc. 3 npuMBedeHa cxema MUTaHUS aCUHXPOH-
Horo asuratens (ALl).

ACVHXPOHHbIN ABUraTeslb C YaCTOTHbIM
perynmpoBaHmem noTpebnsetr  HeCcuMHycom-
panbHbii Tok. OH ABNAETCS HENUHEWHON
Harpyskow, T.e. UCTOYHWKOM FapMOHUK U WH-
TEpPrapMOHVK TOKa, BbI3blBAKOWMM YXYALLEHNE
KayecTBa anekTpuyeckon aHeprum. [ina oueH-
KW KayecTBa 9NeKTPUYECKON 3JHeprun Obinu
npoBefeHbl U3MepeHus nokasaTenen kade-
CTBa 3MEKTPUYECKON JHEPrM W napameTpoB
HeCUHycouaanbHoro pexuma. PesynbraThbl
N3MepeHuii NprBedeHbl HUXe.

3. PE3YNIbTATbI U3MEPEHUH
NMOKA3ATENENA KAYECTBA
NEKTPUYECKOW SHEPTUU
W NAPAMETPOB PEXUMA

amepeHns Bbinn BbINOMHEHbI Npnbo-
pom PQ-Box150, npowsBeneHHbIM B [epma-
HUM. OHWM NPOBOAWNMUCHL CO CTOPOHbI HWU3KOTO
HaNPsHKeHUs MOHWXatoLero TpaHcopmaTtopa
22/0,4 kB B y3ne 4143 B TeyeHue 24 4 C WH-
TepBanioM M3MEpPeHWn nokasartenen u napa-
METPOB pexuma 1 c.

yrosnb 13 Kapbepa —| BUOpaLNOHHOE CUTO 1|———— d > 15 MM
KOHBewnep KOHBewnep
l d<15 mm l
6 MM < d <15 mm) <——BuBpaumnoHHoe cnTo 4| | BubpaumoHHoe cnto  ——» d >50 Mm
v d <6 mm v d <50 mm
& YrofnbHasi —— pe3epByap BMOpaunoHHoe cnuto 3 Menknun o
S Nbinb a 2
m () 0]
I d <13 Mm 3 2
< m o
T x
o
N4
\i \
v KOHBenep  J
o YroribHbIN cknag YronbHbI cknag

Puc. 2. TexHonoz2uyeckuli npoyecc copmuposo4Hoao yexa Ne 1
Fig. 2. Technological process of the sorting shop no. 1
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Puc. 3. Cxema acuHxpoHHO20 d8u2amesisi C YaCMOMHbIM peayiuposaHuem
Fig. 3. Diagram of induction motor with frequency control

Pesynbmamsbl u3mepeHul akmus-
HbIX U peakmueHbIX MouwyHocmeu. Ha puc.
4 npuBedeHbl KPUBbIE W3MEHEHUSI BESIMYUH
aktuHow (P) n peaktneHomn (Q) mMoLHOCTEN B
Tpex ha3ax, NoTpebrieHHbIX Harpy3Komn yrosb-
HOro Kapbepa 3a 24 4 usmepeHun. Makcu-
mMasnibHoe noTpebneHne akTUBHOW MOLLHOCTH
coctasuno 1035 kBT, peaktmBHoM —
419 kB'Ap. B Ho4yHOe Bpemsi B paboTe Haxo-
autcs  anektpoobopygoBaHue, noTtpebnsito-
wee 203 kBT akTmMBHOM MowHOCTM 1 94 kB 'Ap
peakTMBHON MOLLHOCTW.

B tabn. 1 npuBegeHbl cTatucTUYeckme
OLEHKM BEMUYMH PEaKTUBHbIX MOLLHOCTENR U
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COS® g paboyee Bpems 1 BO BpeMsi Nepepbi-
Ba B pabote. B 1abn. 1-9 «max» n «min» —
MaKCMManbHOe W MWHMMAarnbHOE 3HaYeHus,
MO - matemaTtnyeckoe oxuaanue. M3 tabn. 1
cnegyeT, 4TO, HECMOTPS Ha MUCMONb30BaHMe
ONS1 KOMMNEHCauuM pPeakTUBHOM  MOLLHOCTM
YCTaHOBSIEHHbIX KOHAEHCATOpHbIX GaTtapen
mMoLwiHocTelo 450 kB'Ap, cpegHee 3HayeHue
ko3ahpmumeHTa MowHocT B ¢hase B paBHO
0,83, YTO MeHblle HOPMATMBHOIO 3HAYeHMWs
0,85, ycraHosneHHoro B umpkynsape Ne 39. o
9TON NPUYMHE KaXAbI MECAL, KOMNaHus, BNna-
[elwas KapbepoMm, BbHYXAeHa nnaTuTb

wrpad.
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Puc. 4. CymouHbie epagpuku nompebneHusi akmueHol (P) u peakmueHol (Q) mowjHocmel
Fig. 4. Daily schedules of active (P) and reactive (Q) power consumption
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Tabnuua 1
Cmamucmud4eckasi OyeHKa 8esludUH peakmueHbIX MOUjHocmeli U cosq
Table 1
Statistical evaluation of reactive power and cos¢
Paboyee Bpems BpeMmsi nepepbiBa
3 daza A daza B ®aza C daza A daza B ®aza C
HayeHne ) 9 9 9 0 9
KB'A cosQy KB'A CoSQg KB'A cosQc KB'A cosQy KB'A CoSQg KB'A cosQc
Max 27,1 | 0,97 | 173 | 0,91 | 136 | 0,97 | 71,5 | 0,98 |102,7| 0,92 | 64,9 | 0,99
Min 286 | 089 | 67 077 | 29 |089 | 149|089 | 437|072 | 0,0 | 0,91
MO 945 | 0,94 | 140 | 0,83 | 96,8 | 0,93 | 34,9 | 0,94 | 65,9 | 0,81 | 28,2 | 0,96
Hopma - >0,85| - |=208| - |[=20,85| - |=2085| - [=20,85| - [20,85

Pesynbmambl u3smepeHulu 2apmo-
HUK HanpsbkeHus. Ha puc. 5 npuBefeHa gua-
rpamma Koa(ULMEHTOB N-X rapMOHUYECKMX
COCTaBMSAOLWMX HanpsXKeHus ANs  pexmmoB
MUHUMANbHLIX  (Kymmin) W MakCUManbHbIX
(KU(n)max) Harpysok.

[na 6onblIMHCTBA rapMOHWK BENWUYM-
Hbl Kym) B PeXuUMe MakcuMarnbHbIX Harpy3ok
NPEBLILLAKT 3HAYEHUS] B PEXMME MUHUMASb-
HbIX Harpy3ok.

Ha puc. 6 npuBeneH rpauk m3meHe-
HUS BENWYMHBI CYMMapHOro KoadduumeHTa
rapMOHUK HanpsbkeHus Ky B dhase A, a Takke
ero HopmatuHoe 3HayeHue Kyy. U3 puc. 4
04EBMOHO, 4TO OBOMbLWMHCTBO M3MEPEHHbIX
3Ha4yeHnn Ky npeBblllaeT HOpMaTWBHOE 3Ha-
yeHue 6,5%, yctaHoBneHHoe B Umpkynspe Ne
39. Haubonblwee 3HaveHne Ky cocrasnser

a2

Tapmormma
— — [
e

=
=

16,7%; HanmeHbLee — 3,8%; cpeaHee — 9,2%.

B tabn. 2 n 3 npuBeaeHbl cTatucTnye-
ckue oueHkn Kyp B tase A ana paboyero
BPEMEHN W BPEMEHW nepepbiBa B paboTe.
NpeBbIlLEHNST HOPMATUBHOMO 3HAYEHUs Ans
Kum paBHoro 3% umetoT mecto ang 5 u 7
FapMOHUK, WCTOYHMKAMM KOTOPbIX SIBMSIHOTCS
TpexdasHble 6-MynbCHble CXeMbl BbIMpsAMIe-
HUS, MUTaOLLME ACMHXPOHHbIE ABWraTenu ¢
YaCTOTHbLIM PErYNNPOBAHNEM.

Ha puc. 7 npusegeHbl rpadpukun name-
HEHUA U3MepEeHHbIX KOIPMULNEHTOB Ky K
Ku) B ase A, 13 KOTOpbIX BUAHO, YTO BENW-
4nHbl Kyi) U Kyzy 3Ha4YUTENbHYO YacTb Bpe-
MEHW W3MEPEHWUN MPEBLILWAT HOPMaTUBHOE
3HayeHne 3%, YCTaHOBMNEHHOE B LMpKynspe
Ne 39. Hanbonblune 3Ha4YeHUss OHU UMEIOT BO
Bpemsi nepepeiBa B pabote.

m K Liin) min
o K Litn) sere

-

jl‘ H‘L '-I”' IJ|J'|_|IJ]|J'U'1“'

=
[

4

i

K, %

Puc. 5. QuazpamMma 2apMOHUK HanpsxeHus e ¢hase A
Fig. 5. Diagram of voltage harmonics in the phase A

ISSN 1814-3520

BECTHUK WPKYTCKOIO rOCYOQAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2020;24(2):318-332
e

323

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2020;24(2):318-332




7N OHepreTuka
{é}! Power Engineering

18

16
14 L KU

K %
=

(=T

— e ———— — o - — —

Puc. 6. U3meHeHus1 cyMmapHO20 KoaghghuyueHma 2apMOHUK HanpsixeHus 8 haze A
Fig. 6. Change of the total voltage harmonic distortion factor in the phase A

Tabnuua 2
Cmamucmudyeckas oyeHka Ky, e ¢hase A 0ns paboqe2o epemeHu, %
Table 2
Statistical evaluation of Kypin the phase A for the working time, %
3HayeHwue FapmoHika
3 5 7 9 11 13 15 17 19 21 23 25
Max 25|62 |11 |19 |30 |21 |18 |33 |16 |15 |29 |19
Min o6 /11,34 ,03,01,01/01/|01/|01|01|01]|01
MO 15|34 |71|10| 06|07 |08 )| 14|05 |06 |09/ 06
Hopma <3,0
3HayeHwue FapmoHika
27 | 29 | 31 | 33 | 35 | 37 | 39 | 41 | 43 | 45 | 47 | 49
Max 1119|1006 |10 | 05|04 |04 |03 |02 |02/ 02
Min 0,02 | 0,05 | 0,02 | 0,02 | 0,02 | 0,01 | 0,02 | 0,01 | 0,01 | 0,01 | 0,01 | 0,01
MO 03 06 03|02,04|01}01|01]01/01]|01]| 01
Hopma <3,0
Tabnuua 3
Cmamucmudyeckas oyeHka Ky, 8 ¢pase A dns epemeHu nepepbiea 8 pabome, %
Table 3

Statistical evaluation of Ky in the phase A for the idle time, %
SHauenme ["apMOHUKa
3 5 7 9 11 13 15 17 19 21 23 25
Max 21 (12,7128 | 16 | 46 | 19 | 08 | 15 | 15 | 21 | 31 | 18
Min o5/01{14 0101|0101 |01 00 1(01]01] 01
MO 12 | 54 | 69 |08 18| 05|03 )|07 |04 03|08 04
Hopma <3,0
apMoHMKa
27 29 31 33 35 37 39 41 43 45 47 49
Max 10,14 09 08|08 |04 04|04 )] 021]|02]02]| 01
Min 01,0101} 01)|0000)|00]|00]|00]00¢|O00] 00
MO 0303|0202 /020101 |01]01,01]01] 00
Hopwma <3,0

3HayeHune
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Puc. 7. Mpagpuku usmenenus Ky U Kyz) 8 ghase A
Fig. 7. Graphs of Ky and Ky var|at|0n in the phase A

Pesynbmambl u3mepeHuli 2apmo-
Huk mokos. B 1abn. 4 n 5 npuBeaeHbl ctaTn-
CTUYECKME OLEHKM KOI(PUUMEHTOB N-X rap-
MOHWYECKMX COCTaBNALMX ToKa Ky Ansa He-
KOTOPbIX FApPMOHWK, U3 daHHbIX Tabnuy cne-
AYyeT, 4TO BenuuuHbl Kyn He npesbialoT
HOpMaTuBHOE 3HayeHue 12%, yCcTaHOBNEHHOE
B umpkynape Ne 25. Hambonblune 3HaveHus
KO3(PPULMEHT UMEET Ha 3, 5, 7 rapMOHMKaX,
npuMyeM BO BpeMS nepepbiBa B pabore.

Pesynbmambl u3mepeHuli uHmep-
2aPMOHUK HanpspkKeHuu u mokos. VHTep-
FApMOHUKW, B OTNMYME OT FapMOHUK, UMEIOT
ApobHble HOMepa. Ux yacToTa He kpaTHa 4va-
ctoTe nutatowen cetn 50 Iy, MHTeprapmoHu-

KW MOSIBNSATCA Npu paboTe Takux Harpysok
KaK cTtaTtuyeckne npeobpasoBaTeny 4acToTbl.
OHu oKka3blBatoT BOMbLUOE BIMSIHUE HA PEXUM
ANEKTPUYECKON CETW, MOCKOSIbKY BbI3bIBAOT
OOMNOMHUTENbHbIE  NOTEPU  ANEKTPUYECKON
SHeprum [1]. B OencTByoWMX HOPMATUBHbLIX
LOOKYMEHTax MO KayecTBY 3NEKTPUYECKOW
aHeprum B Poccun 1 Bo BobeTHame HET Hu no-
KasaTenen, XapakTepuU3ylLmMX WHTeprapMmo-
HUKW, HA HOPM Ha X BEMUYMHDI.

Mpn npoBefeHUN U3MEPEHWU MOKa3a-
Tenel KayecTBa JNEKTPUYECKOW ISHEPruM WU
napameTpoB  HECUMHYCOMAANbHOTO  pexuma
ObinM M3MEPEHbI 3HAYEHWUS HANPSHKEHUS W
TOKa MHTEPrapMOHUYECKMX LIeHTPUPOBAHHbIX

Tabnuuya 4
Cmamucmudyeckas oueHka K e ¢haze A dnsi paboyez2o epemeHu, %
Table 4
Statistical evaluation of K, in the phase A for the idle time, %
SHauene "[apMOHWKa
3 5 7 9 11 13 15 17 19 21 23 25
Max 56 | 60 [ 34 | 22 |12 |15 |10 19 (13 | 08 | 27 | 11
Min 16 [ 04 | 04| 04|00/ 00|00)01]|007] 001|001/ 00
MO 33 |36 (14 10|03 |06 |04 07 |03]02]|05]03
Hopma <12
3HaueHwne lapmonia
27 29 31 33 35 37 39 41 43 45 47 49
Max o6 |11 (06 | 03,0502 |0102|01]01]01]00
Min 00 01/|00)|00),)00]00]|O00)|00|00]O00]O00]00
MO o1/02(01,00)|01|00(]00)|00]001] 001|001 00
Hopma <12
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Tabnuua 5
Cmamucmuvyeckas oyeHka K, e ¢haze A dnsi epemeHu nepepbiga 8 pabome, %
Table 5
Statistical evaluation of K,y in the phase A for the idle time, %
3HaueHwne Fapmotmka
3 5 7 9 11 13 | 15 | 17 19 | 21 | 23 | 25
Max 71168 |67 |29 |39 |19 |12 |23 |19 | 23| 25| 24
Min 1700|0307 |00)|00)|00]|02]001|00] 01|00
MO 40 20| 28|16 |13 |07 | 05|10 | 05|04 | 10 | 05
Hopwma <12
3HaveHue rapwmorika
27 | 29 | 31 | 33 | 35 | 37 | 39 | 41 | 43 | 45 | 47 | 49
Max 13|12 06 | 08|08)|05 04 |04]03]|02]01]|02
Min 00|00 /] 00)|00]00]00]|O00]00] 00| 00| 00] 00
MO 03/03)02,01}01}01|01]01] 00| 0071|0000
Hopma <12

noarpynn (TOCT 30804.4.7-2013%), uactota
WHTEPrapMOHNYECKOW LIEHTPUPOBAHHON NoJ-
rpynnbl onpeaensieTca Kak cpeaHee 3HayeHune
ABYX 4aCTOT, KpaTHbIX OCHOBHOW YacToTe, T.€.

fisg,n = (fa + fre1)/2,

roe N — HoMep rapMOHUKK, iSg. — UHTeprapMo-
HWYeckasi LeHTpMpoBaHHas noarpynna.

B tabn. 6-9 npuBedeHbl cTaTucTnye-
CKME OLEHKM BENWYMH HanpshKEHWs U Toka
ONS MHTePrapMOHUYECKMX LEHTPUPOBAHHbIX
noarpynn B ¢ase A kak ana paboyero Bpeme-
HW, TaK U AN BpemMeHu nepepbiBa B pabore.
Homep WHTEprapMoOHWKW, NpeacTaBMeHHbIN,
Hanpumep, Kak «1-2», 03Ha4aeT, 4TO HomMep
WHTEPrapMOHUKM LLeHTPUPOBAHHOW NOATPYNMbl
i=(1+2)/2=15.

Tabnuuya 6
Cmamucmuvyeckasi oueHKa 8eJIUMUH HanpshkeHUsi UHMep2apMOHUYeCKUX
yeHmpupoeaHHbIx nodzpynn e ¢haze A dns paboyezo epemeHu, %

Table 6
Statistical evaluation of the interharmonic centered
subgroup voltages in the phase A for the working time, %
3HaveHMe NHTeprapmoHuka
1-2 3-4 5-6 7-8 9-10 | 11-12 | 13-14 | 15-16 | 17-18 | 19-20 | 21-22

Max 3,9 1,1 1,7 1,8 1,0 1,3 1,3 0,9 1,2 15 2,3
Min 0,1 0,1 0,1 0,1 0,0 0,0 0,1 0,1 0,1 0,1 0,1
MO 0,2 0,1 0,1 0,1 00 | 01 0,1 0,1 0,1 0,1 0,1
WHTeprapmoHuka
23-24 | 25-26 | 27-28 | 29-30 | 31-32 | 33-34 | 35-36 | 37-38 | 39-40 | 41-42 | 43-44
Max 2,9 2,3 1,4 1,3 0,8 0,6 04 | 04 | 03 0,3 0,3
Min 0,1 0,1 0,1 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0
MO 0,1 0,1 0,1 0,0 0,03 | 0,0 0,0 0,0 0,0 0,0 0,0

3HayeHue

“rOCT 30804.4.7-2013. COBMECTUMOCTb TEXHUYECKUX CpefcTB anekTpomarHuTHas. Obliee pykoBOACTBO MO cpef-
CTBaM W3MEpPEHUNA U U3MEPEHUSM TaPMOHWK U MHTEPrapMOHUK AMS CUCTEM 3NEKTPOCHABXKEHWS U NOAKIYaeMbIX K
HUM TEXHWYECKUX CpeacTB. BBen. MexrocyfapCTBEHHBIM COBETOM NO CTaHAapTU3aLMuM, METPOSIOrMK U cepTudmkaLum
01.01.2014. M.: CtaHgapTuHopm, 2013.
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Tabnuua 7
Cmamucmuyeckasi oyeHKa 8e/IU4UH HanpsiKeHuss UHmMep2apMOHUYEeCKUX

yeHmpupoeaHHbIX nNodzpynn e ¢ghaze A 05151 epemeHuU nepepbiea 8 pabome, %

Table 7

Statistical evaluation of the interharmonic centered
subgroup voltages in the phase A for the idle time, %
NHTeprapmoHuka

1-2 3-4 5-6 7-8 | 9-10 | 11-12 | 13-14 | 15-16 | 17-18 | 19-20 | 21-22
Max 1,6 1,0 1,6 1,8 1,0 1,3 0,9 0,8 1,1 0,9 2,2
Min 0,1 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0
MO 0,2 0,1 0,1 0,1 0,1 0,1 0,0 0,0 0,0 0,1 0,1
NHTeprapmoHuka
23-24 | 25-26 | 27-28 | 29-30 | 31-32 | 33-34 | 35-36 | 37-38 | 39-40 | 41-42 | 43-44
Max 2,8 2,2 1,3 1,3 0,8 0,6 0,4 0,3 0,3 0,2 0,1
Min 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0
MO 0,1 0,1 0,1 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0

3HayeHue

3HayeHune

Tabnuua 8
Cmamucmudyeckasi oueHKa 8e/lu4UH moka UHmepaapMOHUYeCKUX
ueHmpupoeaHHbIx Nodzpynn e ¢ghaze A Ans paboye2o epemeHu, A

Table 8
Statistical evaluation of the interharmonic
centered subgroup currents in the phase A for the working time, A
NHTeprapmoHuka

1-2 3-4 5-6 7-8 | 9-10 | 11-12 | 13-14 | 15-16 | 17-18 | 19-20 | 21-22
Max 16,6 | 6,0 4,6 4,0 3,9 51 5,1 4,5 7,5 8,5 6,6

3HayeHne

Min 0,7 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1
MO 3,7 0,8 0,6 0,4 0,3 0,3 0,3 0,3 0,4 0,3 0,3
NHTeprapmoHuka
3HaueHwue

23-24 | 25-26 | 27-28 | 29-30 | 31-32 | 33-34 | 35-36 | 37-38 | 39-40 | 41-42 | 43-44
Max 4,2 3,4 2,9 2,4 2,1 1,7 1,5 1,3 11 0,9 0,8
Min 0,1 0,1 0,1 0,1 0,0 0,0 0,0 0,0 0,0 0,0 0,0
MO 0,3 0,2 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1

/3 paHHbIX, NpuBeaeHHbIX B Tabn. 6-9 HOPMaTMBHOrO 3HayeHWst Heobxoaumo npu-
crnegyeT, 4To B paboyee Bpemsi BeNUYMHbI MEHSITb  CreumanbHble  Mepbl, HarnpuMmep,
WHTEPrapMOHMK HanpsPKEHWUSt U TOKa NpeBbl- YCTaHOBWTb aKTUBHbIA OUILTP.

WaKT BeNUYMHbI MHTEPrapMOHUK BO BPEMS

nepepeiBa B pabote. M3 pesynbTtatoB usme- 4. XAPAKTEPUCTUKN AKTUBHbBIX

PEHUI BUOHO, YTO HArpysKkn YronbHOro Kapbe-
pa ABMATCA WCTOYHUKAMM TAPMOHWUK U WH-
TeprapMOHMK TOKa, KOTOpbIE BbI3blBAKOT NOSAB-
NeHne rapMoHMK U UHTEprapMOHUK HanpsKe-
Hus. KoadpduumeHTbl Kys) M Kyr) B pabodee
BPeEMS M BO BpeMsi nepepbiBa B pabote npe-
BbILIAKT HOpMaTuBHOe 3HadveHne 3%, ycTa-
HOBNeHHOe B Luupkynsape Ne 39.

Ona cHwxeHnna BennunH Kyes) 1 Kyr) A0

®UINbTPOB

OcHOBHble NpuHUMNbLI paboTbl aKTuB-
HbIX (MNbTPOB Obinu paspaboTaHsbl elle B 70-e
rogbl NpoLwnoro Beka. MoBbilleHHOe BHUMaHWe
OHW CTanu npuenekaTtb B rnocregHee BpeMs B
CBSI3M C NOSIBNEHWEM OUNONSPHBLIX TPAH3WUCTO-
POB C W30MNPOBAHHbLIM 3aTBOPOM W LIMPPOBLIX
CUrHanbHbIX npoLeccopos [2, 3-22].
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Tabnuua 9

Cmamucmuyeckasi OyeHKa 6e/lu4UH MoKa UHMepP2apMOHUYECKUX
ueHmpupoeaHHbIX nodzpynn e ghase A 05 epeMeHU nepepsiea 6 pabome, A

Table 9
Statistical evaluation of the interharmonic
centered subgroup currents in the phase A for the idle time, A
SHauenme NHTeprapmoHuka
1-2 3-4 5-6 7-8 | 9-10 | 11-12 | 13-14 | 15-16 | 17-18 | 19-20 | 21-22
Max 129 | 53 51 4,3 3,7 4,0 3,6 3,6 4,6 4,8 9,6
Min 0,6 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1
MO 1,8 0,3 0,3 0,2 0,2 0,3 0,2 0,2 0,3 0,3 0,6
NHTeprapmoHuka
3HayeHue
23-24 | 25-26 | 27-28 | 29-30 | 31-32 | 33-34 | 35-36 | 37-38 | 39-40 | 41-42 | 43-44
Max 13,1 | 125 | 7,0 75 54 4,7 3,3 2,4 2,8 1,8 1,3
Min 0,1 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0
MO 0,7 0,5 0,2 0,1 0,1 0,0 0,0 0,0 0,0 0,0 0,0

MpuHUMN OEeNCTBMS aKTUBHOIMO (uib-
Tpa COCTOUT B TOM, YTO CUIIOBas 3MEKTPOHUKA
(bunbTpa reHepupyeT B 3NEKTPUYECKYID CeTb
rapMOHUKM TOKOB paBHble MO BEMWYMHE rap-
MOHMKaM TOKOB, MOTPebNsemMbIX HEeMHENHON
Harpy3Kkom, HO C NPOTUBOMOSIOXHLIMU (pasamu.
Tok Harpy3ku nsmepsieTcs TpaHcopmaTopom
TOKa, 3aTeM aHanusupyeTcs LugpoBbIM CUr-
HanbHbIM MPOLLECCOpPOM Afs  onpeneneHus
CreKkTpa rapMOoHVK TOKa, WX BENUYMH W as.
lNonyyeHHas vHOpMauUMs UCronb3yeTcs re-
HepaToOpOM rapMOHUK TOKa Ons reHepauuu B
CeTb B CreayoLeM Nepuoae rapMOHUK TOKa C
BenMYMHamu n hasamu, HeobxoauMbIMK ANs
KOMMeHCaUMn rapmMoHUK TOKa U peakTUBHOW
MOLUHOCTK,  NOTPebnsemMbiXx  HENMHEWNHOMN
Harpysko. B CBA3M C TeM, 4YTO aKTUBHbIN
punbTp ynpaBnseTca ¢ NOMOLLbIO MHGOpMa-
UMK, nonyvyaemon oT TpaHcgopmaTtopa Toka,
OH AMHaMW4Yeckn afjantTupyetcs K U3MEHeHW-
SIM rapMOHWK TOKa Harpysku. lNpouecchl aHa-
nn3a 1 reHepauum rapMoHUK TOKOB KOHTPOMU-
pyKTCS nNporpammHblM obecneveHnem, no-
9TOMY aKTUBHbIA (PUNLTP Nerko nporpammu-
pyeTcs Ha KOMMEHcaUMIO MoBbIX rapMOHMUK.

AKTUBHble (MNbTPbI  Knaccuuumpy-
0TCA MO BENUYMHE FeHepUpyeMOoi MOLLHOCTH
[4]. BbibpaHHbIN AN KOMNEHCALMWU FapMOHWK
TOKOB (pUSIbTP  JOSDKEH COOTBETCTBOBATb
MOLUHOCTM HENMHENHOW Harpysku u notpeo-
NSIEMOWi €10 PeaKTUBHON MOLLHOCTW.

AKTVBHblE (DUNbTPLI Manon MOLHOCTK
MUMEKT HOMUHAMbHYK MOLLHOCTb MeHbLwe 100
kB'A. OHM npefHa3HayeHbl NS UCMOSb30Ba-
HUS B TpexdasHblX CEeTAX XWMblX parioHOB,
KOMMepYeckux 34aHun, 60nbHUL, ManblX W
CpedHWUX 3aBOACKUX HarpysoK, Npeanpustum,
NCNOMb3YOLWMX  3NekTponpueog. AKTUBHbIE
PuNbTPbl Manon MOLLHOCTU UMEIDT CKOPOCTb
peakuMM Ha W3MEHeHMe TrapMOHUK ToKa
Harpysku B WHTepBane OT [OeCATKOB MKC A0
MC. B TeyeHue 3TOr0o BpEMEHU aKTUBHblE
puUnNbLTPLI reHepupyoT B CETb rapMOHMKK TOKa
M pEeaKTUBHYK MOLLHOCTb, KOTOpas COOTBeT-
CTBYET NOTPEBHOCTAM 3NEKTPUYECKON CeTU B
MecTe YCTaHoBKM hunbTpa [2, 5].

AKTUBHbIE (OUMBLTPBLI CpeHen MOLLHO-
CTW UMET HOMMHasbHble MolHocT oT 100
kB'A no 10 MB'A. OHn npegHasHayeHbl Ans
1Cnonb3oBaHusa B TpexdasHblx pacnpegenu-
TenbHbIX CETAX CPedHero W BbICOKOro Hanps-
XEHWS, B T.4 NPU HE3HAYUTENBHON HECUMMET-
pun HanpsbkeHus. 13 3KkOHOMUYECKMX C006-
paXeHun B pacnpeenuTesibHbIX CeTsX BblCO-
KOro HanpsikeHUs akTuBHble (UNbLTPbI Ans
KOMMNEeHCcaUMn peakTUBHOM MOLLHOCTM HEe WUC-
Monb3YKTCS, MOCKOMNbKY BO3HWMKaOT npobie-
Mbl C n3onsaumen. CKopocTb peakummn akTUBHO-
ro ounbTpa cpegHen MOLLHOCTM Ha M3MeHe-
HWEe rapMOHUK TOKa Harpysku COCTaBnsieT ge-
CHATKN MC.

AKTVBHblE (bUNbTPbl 6OMBLLION MOLLHO-
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CTU MMEeKT HOMWHanbHble MoLWHOCTK Bonee
10 MB'A. OHM 04YeHb JOPOrocTosiLLME, NOTOMY
YTO B HacCToslLiee Bpemsi OTCYTCTBYET 3nek-
TPpOHHOE 0bopyaoBaHue, KoTopoe paboTaet
MPU BbICOKOM HanpshKEHWM M Ha BbICOKUX Ya-
ctotax. Paborta atux unbTpoB AOMKHA
obecneymBaTtbCs crneumanbHbIMU  JaTYMKaMm
TOKa W WU3MEpUTESIbHBIMU TpaHcdopmMaTopa-
MM, KOTOpble OOMKHblI paboTaTb Npu BbICOKMX
HanpspkeHusx 1 6onblmx Tokax. Bpems peak-
LMW aKTMBHOrO (omnbTpa 60MbWON MOLHOCTH
cocTaBnsieT gecatkm cekyHg. OHO Heobxoau-
MO Ansi paboTbl KOHTAKTOPOB W aBTOMAaTUye-
CKUX BblKNoYaTenen nocne NpUHATAS ONTK-
MasibHOro peLLeHNs O NEPEKITYEHNN TPaH3N-
CTOpPOB.

Mo cnocoby noakntoyveHnus K ceTu oT-
HOCUTENbHO HEeNIMHEWHOW Harpysku pasnuya-
0T nocrnegoBaTenbHble W napannenbHble ak-
TUBHblE (PUMBTPbI.

MNapannenbHbi akTUBHBIA UNBLTP KC-
nonb3yeTca Kak Ans KOMMeHcauun rapMOHWK
TOKa, TaK U pPeaKkTUBHOW MOLLHOCTU HeSMHEN-
HOW Harpysku [6-8, 13, 15]. Ha puc. 8 a npu-
BeJieHa cxema NpucoeamMHEHNs napannensbHo-
ro ounbTpa K ceTn, Ha puc. 8 b — cxema no-
cnefoBaTesibHoro uibTpa. AnekTpudeckas
ceTb npeacraeneHa NCTOYHNKOM
HanpPsPKeHUs, a HenMHenHas Harpyska — uc-
TOYHMKOM TOKa.

a

Ha puc. 8 a, b o6osHaueHo: U, — Bek-
TOp HanpskeHMs ceTh; |, — BeKTop Toka ceTy;

Z. — conpoTuenexue cetu; |, — BekTop ToKa
unbTpa; Y, — NpoBOAMMOCTb HENUHENHON

Harpysku; |, — BEKTOp TOKa WCTOYHMKA TOKa
HenuHenHon Harpysku; U,. — HanpsbkeHue

MOCTOSIHHOTO TOKa KOHAeHcatopa unbTpa;
L, — WHOyKTMBHOCTL punbTpa; C, — KOHAEH-

catop unbTpa.

[MocnegoBaTesibHble aKTUBHbIE (HUIb-
Tpbl [9—-11] ucnonbaytotcs, ecnn Heobxogumo
KOMMEHCMPOBaTb TOMbKO TapMOHMKM  TOKa.
OHM  NpUCOEOMHSAITCH MeXay WCTOYHUKOM
HanpPsHKEHUs1 CeTU WU HENMUHENHOW HarpysKow
yepe3 TpexdasHble TpaHcopmaTopbl MNu
TpU ofHOasHbIX TpaHcdopmaTtopa, kak no-
kazaHoO Ha puc. 8 b. MaBHbIM HegocTaTKOM
nocrnefoBaTtenbHOro  unbTpa  SBRSETCSH
HeobxoaMMoCTb BblaepxuBaTb Gomnblune mno
BEMUYMHE TOKWM Harpysku, YTO yBEnn4MBaeT
HOMMWHASbHbLIN TOK (PUNbTPa, MO CPABHEHUIO C
napannenbHbIM, BO BTOPWUYHOW OOMOTKE CO-
eAnHUTenbHoro TpaHcopmatopa. OcHoBHOE
NPeuMyLLECTBO  NocrnegoBaTeNibHbIX — (PUnb-
TPOB nepen napanfienbHbIMU COCTOUT B TOM,
YTO OHW MOAXOASAT ANS YCTPaHEHUs rapMOHUK
HanpsXkeHUss U CUMMETPUPOBAaHUA Tpexdas-
HbIX HanpskeHun [12].

. Tpancdopmarop
ze e U,
— Y Y Y\
—r— |
Lof  Co |
o.M A
{TH H

Puc. 8. CxemMbI npucoeduHeHUs1 K cemu napasieslbHo20 akmueHo20 ¢hunbmpa (a) u
nocnedoeamenibHo20 akmueHo20 ¢hunbmpa (b)
Fig. 8. Network connection diagrams of (a) a parallel active filter
and (b) a serial active filter
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5. 3AKNIOYEHUE

Ha ocHoBe aHanu3a CXeMbl 3MeKTpo-
CHabXeHUs YronbHOro Kapbepa, COCTaBa
aneKkTpoo6opya0BaHNS COPTUPOBOYHOTO KOM-
OuHaTa, pe3ynbTaToB M3MEpPEeHUIn MnokasaTe-
nen KayecTBa aNeKTPUYECKON 3Hepruu W na-
paMeTpPOB HECHHYCOMAANbHOMO pexuma, Xa-
PaKTEPUCTUK aKTUBHbIX (PUNLTPOB  MOXHO
caenaTb BblIBOA O BO3MOXHOCTU MPUMEHEHWS
aKTUBHOTO (OUNbTPa AN CHUKEHUS HECUHY-

CoMAanbHOCTU HanpspKeHWs 1 Toka ao Tpebo-
BaHWiA, YCTAHOBMNEHHbIX B HOPMaTWBHbIX [O-
KYMEHTax Nno KayecTBYy 3MEKTPUYECKON 3HEp-
rMn, gencTeyowmx Bo BoeTHame. lNpu BbIGO-
pe Tuna, MOLLHOCTY 1 NapaMeTpoB aKTUBHOIO
unbTpa HEO6X0AMMO NPOBECTY TLLATENbHbIN
aHanu3 pesynbTaToB U3MEPEHWUIN NapaMeTpoB
pexuma ceTn, B KOTOPOM OH OydeT ycTaHaB-
NMBaTbCS, KaK Ha YacToTax rapMOHWUK U WH-
TeprapMOHWK, TaK ¥ Ha OCHOBHOW YacToTe.
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MaTtemaTuyeckasa mogenb dCUHXPOHHOIO reHepatopa B 3agayde
oueHUBaHUA COCTOAHUA 3neKTp03HepFeTVI‘-IECKOVI CUCTEeMbI

© A.M. 'nasyHoBa, E.C. AkcaeBa

WHemumym cucmem aHepeemuku um. J1.A. Menenmeesa, e. pkymck, Poccus

Pestome: Llenb — pa3paboTtka pekomeHAauun no BbIbopy MaTemMaTWyeckolh MOAENN acCMHXPOHHOIO reHepaTopa B oue-
HUBaHWW COCTOSIHUSA BNEKTPOSHEPreTUYECKOW CUCTEMDI, T.K. HA CErOAHSALIHWIA AeHb pacnpeaenuTensHble CeTU HeJocTa-
TOYHO OCHaLLEHbl M3MEPUTENBHBIMK NpUbopamu, CIEeACTBUEM YEro SBMSETCH HU3Kas M3BbITOYHOCTb U3MEpPEHWIA. Bme-
CTe C TEXHWYECKUMU MEPONPUATUSIMUA NO YBENMYEHUI0 00BbEMOB MHOpMaLmMM HeobXxoaumo pasBuBaTb METOAbLI MaTe-
maTtudeckon 06paboTku faHHbIX, K KOTOPbIM NpUHAANEXaT 3agayvn JOCTOBEPU3aLnM M3MEPEHWUI U OLeHUBAHWS COCTO S
Husa. B paboTe paccmatpuBaetcs npobrnema Bbibopa MaTeMaTUYECKON MOLENW aCMHXPOHHOTO reHepartopa, koTopast
nonyyuna LMPOKoe pacnpocTpaHeHe Ha BETPOBbLIX 3NEKTPOCTaHLMAX B 3a4aye OLEeHMBAHWS COCTOSHUSA 3MEKTPO3HEp-
reTUYeckon cuctembl. B gaHHOM paboTe NpUMEHAIOTCS BE MaTeMaTM4Yeckne MOAENM aCMHXPOHHOTO reHepaTopa: PQ-
RX-mopenu. MNposeaeHbl uccnefoBaHus kayecTBa Nofyv4eHHbIX OLEHOK akTUBHOW MOLLYHOCTM aCUMHXPOHHOTO reHepartopa
B 3aBMCMMOCTM OT MCMOMNb3yeMON MOAENM reHepaTopa, ¥ BbldaHbl pekomeHgauum no Beibopy mogenu. BeibpaHHas ma-
TemaTuyeckas Modenb AoMmKHa ob6ecneynTb BO3MOXHOCTb peLIeHUs 3ajaun JOCTOBEpU3aLUMu U3MEepPEHU 1 He cTaTb
npu4uHon noTtepu HabnogaemocTy y3na. PekomeHaaumm paspaboTaHbl Ha OCHOBe aHanuaa matpuubl Akobu, cTpykTypa
KOTOpOWA onpefensieTcs COCTaBOM U3MepeHuin. PacueTbl BbinonHeHsbl Ha 30-y3noBol TecToBol cxeme IEEE npu ucnons-
30BaHNM CMOJENUPOBaHHbIX Ha Base 3agaHHbIX rpadMKoB Harpy3km W reHepauun gaHHbIX BETPOBOW CTaHuuu. o pe-
3ynbTaTam uccnegoBaHuin paspaboTaHbl crnedylolwne peKkoMeH4aUnn: ecnu n3MepeHne akTMBHOW MOLLHOCTW aCUHXPO H-
HOrO reHepaTtopa NpPUHAANEXUT K rpynne ¢ HU3KOW U3BLITOUHOCTLIO, TO criedyeT ucnonb3oBatb RX-mofens Ans Bos-
MOXHOCTU PELLEeHUs 3ajaum JOCTOBEpU3aLMmM N3MEPEHUIA aKTUBHON MOLLHOCTH aCMHXPOHHOIO reHepaTopa W nepeToka
aKTUBHOW MOLLHOCTM B JIMHWW, OTXOAALIEN OT 3TOr0 y3na; ecnv U3MepeHue akTUBHOW MOLLHOCTU SBMSETCSH KpUTuye-
CKuM, TO cregyeT ucnonb3oBatb PQ-mogenb ans obecneveHuns HabmogaemocTy 4aHHOro yana.

Knroyeebie croea: anekTpoaHepreTuieckas cuctema, oLleHUBaH1e COCTOSAHNSA, aCUHXPOHHbIN reHepaTop, MaTemaTnye-
ckasi Mofiernb, aHanu3 MaTpuLbl Akobu, 3agava AocToBepu3aLmm

BbnazodaprHocmu: PaboTa BbinonHeHa B pamkax HayyHoro npoekTta Il1.17.4.2 nporpammbl hyHAaMeHTanbHbIX uccneao-
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Mathematical model of an asynchronous generator
for assessing the state of an electrical power system

Anna M. Glazunova, Elena S. Aksaeva
Melentiev Institute of Energy Systems, Irkutsk, Russia

Abstract: The study is aimed at determining criteria for a mathematical model of an asynchronous generator used to
assess the state of an electrical power system. The relevance of the study is predicated on the current inadequacy of
measuring instruments for electrical distribution networks, resulting in low measurement redundancy. Mathe matical data
processing methods, including tasks of measurement verification and state assessment, are developed to support tech-
nical measures for increasing the volume of information. The paper considers the problem of choosing a mathematical
model for an asynchronous generator widely used in assessing the state of an electric power system at wind turbine
power plants. In this paper, PQ and RX mathematical models of an asynchronous generator are used. Quality studies of
the obtained active power of the asynchronous generator depending on the generator model are carried out and recom-
mendations concerning the choice of model presented. The selected mathematical model should provide the opportunity
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to solve the problem of measurement verification, causing no loss in the node observability. The recommendations are
based on an analysis of the Jacobi matrix, with the structure determined by the measurement elements. The calculations
were performed on an IEEE 30-node test circuit using simulated load schedules and generation of wind farm data. Based
on the research results, the following recommendations were developed. In the case of asynchronous generator meas-
urement where the active power belongs to a group with low redundancy, the RX model is appropriate for authenticating
measurements of the asynchronous generator active power and its flow in the line leaving this node. In the case of criti-
cal active power measurement, the PQ model should be used to ensure the observability of this node.

Keywords: electric power system, state estimation, induction generator, mathematical model, Jacobi matrix analysis,
reliability problem
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1. BBEAEHUE

BHeapeHue BO30OHOBMSEMbIX WCTOY-
HUKOB 3Heprun (BN3) B anekTpoaHepreTuye-
ckyto cuctemy (33C) MEHSIET CTPYKTYpPY 3HEP-
reTM4eckom oTpacnm u  TpaHcgopmupyeT
NPUHUMMBI yNpaBReHWs CUCTEMOW, a Takxke
ycnoxHsieT cobnogeHne 6anaHca MOLHOCTM
BCNEACTBME 3aBMCUMOCTU reHepauuu, Bblpa-
GaTbiBaemMoii Ha BETPOBbIX W  CONMHEYHbIX
CTaHUuMsIX, OT NOrogHbIX ycrnosun. [ns obec-
neyeHns Bcex notpebutenen 6ecnepebont-
HbIM 3nekTpocHabxeHnem 33C pomkHa 06-
nagatb CcnocobHOCTLIO pearMpoBaTb Ha Kone-
BaHus u HeonpeaeneHHOCTW, Bbl3blIBaEMbIE
Harpy3kom ¥ reHepauven, nogaepXxuBaTb W
BOCCTaHaBNMBaTb CTabunbHyto 1 6e30nacHyto
pabory.

OTcneauTtb M CNpPOrHO3MpOBaTb U3Me-
HeHust B 33C BO3MOXHO NPU HANMMYMM TOYHOW
WHGOpMaLMKM O TeKyLleM COCTOSIHUM CUCTe-
Mbl. MIH(bopmauus o napameTpax pexuma no-
CTynaeT B NyHKTbl ynpaBnexHnsa 33C ¢ nomo-
wbto cuctembl SCADA (0T aHrn. Supervisory
Control And Data Acquisition — cuctema guc-
NeT4epcKoro KOHTpons W cbopa AaHHbIX pe-
anbHoro BpemeHnn) 1 WAMS (ot aHrn. Wide
Area Measurement System — cuctema MOHU-
TOPUHra nepexofHbIX pexumoB). Ha cero-
OHSLWHWA [eHb npobnema HabniogaemocTu
cuctemoobpasytowmx ceten I3C npakTuye-
CKU pelleHa, Yero Henb3s ckasaTb O pacrnpe-
penuTenbHblx ceTax. B pabote [1] gaHa konu-
YyecTBEHHas OLleHKa HabngaemMoctTn o0bek-

TOB AMCMETYEPU3aLMM CUCTEMHOIO OnepaTto-
pa. M3 obwero konuyecTBa NOACTaHLMWNA,
HaxoasLWMXcs B BeAOMCTBE CUCTEMHOrO one-
paTopa, ToNbko 64% HabnogaTca YacTUYHO
UNn NomnHocTblo, 36% NOACTaHUMIA OCTaTCS
HeHabngaembiMn. Hapsgy € TeXHUYeCcKumu
MeponpuATUSMA MO YBENWYEHUID 06BHEMOB
MHopMaumn HeobxoanmMo passuBaTb METO-
Obl MaTemaTuyeckon 06paboTkM AaHHbIX, K
KOTOPbIM NpUHaANexaT 3agayn 4OCToBepu3a-
UMM M3MEPEHUA U OLEHMBAHUS COCTOSIHUS
(OC). Ans nonyyeHus Hanbonee NpuBANXKEH-
HbIX K peanbHbiM 3HAYeHWsIM OLEHOK napa-
METPOB pexuma HeobxoauMMmbl TOYHblE Mope-
nm kaxgoro anemeHta J3C (reHepatopsl,
TpaHcgopmaTopbl, JIMHUM  3neKkTponepeaau,
Harpysku).

B Hactoswee Bpemsa B EBponenckux
CTpaHax Ha bonee yem 85% mmerowmxcs BeT-
POBbIX 3MEKTPOCTAHLMAX YCTAHOBMEHbI acWH-
XPOHHbIE FEHEpATOpbl C OBOMHLIM MUTAHWEM
(QCMHXPOHM3MPOBAHHBIN CUHXPOHHbIN reHepa-
TOp), KOTOpblE WMMEKT nepes CUHXPOHHLIMM
reHepatopaMu psg nperMyLecTs: npocToTa
KOHCTPYKUMW; HagexXHoCTb; Bblcokui KI [2].

B pacyetax yCTaAHOBMBLUMXCA pexu-
MOB [3] M B 3afayax OLEHMBAHUS COCTOSHUS
[4, 5] ucnonbaytoTca RX-moOenn aCMHXPOHHO-
ro reHepartopa. Pabotbl [6-8] nocBsLEHbI
npobneme npumeHeHnss RX-mogenu npu pac-
yeTax ycraHoBuBLUMXCA pexumoB (YP). ABTo-
pbl [6] Ana pacyeTa napameTpoB yCTaHOBMB-
LLErocs pexuwma OpraHu3yloT ABa UTEpaLMOH-
HbIX npouecca. CHayana BblYMCAATCA napa-
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meTpbl YP (nepBbIn TepauLMOHHbIN NpoLecce),
3aTeM ONpeaenseTcs BENMYMHA CKOSbXEHUS
aCMHXPOHHOTO reHepaTtopa (BTOpoW utepauu-
OHHbIN npouecc). B [7] npeanoxeHa mogens
WTGS (Wind Turbine Generating Systems) Ha
6ase PQ-mogenn. B paspaboTaHHon mogenw
aKTMBHas WM peakTMBHAsi MOLLHOCTM 3aBUCAT
OT MOAYNSA HaNPSHKEHUs, MEXaHN4YeCKoN MOLL-
HOCTU 1 3KBUBASIEHTHOW CXEMbI.

B pabotax [9, 10] pewaeTtcs npobne-
Ma npuMmeHeHusa RX-mogenu B 3afjadax oue-
HUBaHUA cocTosHMS. B pabote [9] BbINOMHSA-
€TCSH OLeHMBaHME MOLLHOCTM BbIpaboTkM re-
HepaTopa DFIG (Doubly Fed Induction Gener-
ator — aCWMHXPOHHbLIN reHepaTop C ABOWHbIM
nuTaHneMm) c nomowblo dunbTpa KanmaHa
UKF (ot aHrn. Unscented Kalman Filter — cur-
mMaToueyHbl punbTp Kanmana). MNpu ucnons-
30BaHuMM unbTpa KanmaHa nonyvatoTtcs fo-
CTaToO4HO TOuYHble pesynbtaTthl OC 33C, rae
YCTaHOBMEHbI aCUHXPOHHbIE reHepaTopsbl, Xa-
PaKTEepPU3YIOLLMECH BbICOKOW CTEMEHbI0 Henu-
HeHocTn. ABTopbl [10, 11] npumeHsioT RX-
MofJeslb aCUHXPOHHOro reHepatopa B 3afjaye
OC, koTopas pellaeTcs 3a OOWH UTEpaLMOH-
HbIW npouecc. lNpu 3TOM yBENuYMBaeTCcs pas-
MepHOCTb MaTpuubl Akobu 3a cyeT BBeAeHUS
CKOJTbXXEHUS B BEKTOP COCTOSIHUS.

ABTOpbI BbILLEYNOMSAHYTEIX paboT He
aKUEHTUPYIOT BHUMaHWE Ha (hakTe BblbOpa
MOZENN aCUHXPOHHOTO reHepartopa, CYMTaloT,
YTO K 3ajave OLEeHMBAHUA COCTOSHUS cregyeT
noaxoautb 06aymaHHo, 4Ttobbl, C 0OQHOW CTO-
POHbI, HE NOTepATb HabnogaemocTb y3na,
OPYro — YBENUYUTb LUAHC OBHapyXeHus
OLUMBOYHBIX U3MEPEHW.

Llenbto nccnenoBaHus sBnseTcs pas-
paboTka pekomeHdauun no Bblbopy maTema-
TUYECKOW MOAENN acUHXPOHHOTO reHepartopa
B 3ajaye OLEHMBAHWS COCTOSIHUA 3NeKTpo-
3HepreTuyeckon cuctembl. B paHHow pabote
paccMaTpuBaloTCA [Ba BapuaHTa martemaTu-
4eCKOro MOAENMPOBaHNS aCHXPOHHOTO reHe-
patopa PQ- n RX-mopgenu. PQ-mopens Tpa-
OMLUMOHHO UCMOSb3yeTCs B 3a4adax OueHuBa-
HUS COCTOSHMA, RX-MoZenb no3BONseT yuu-
TbiBaTb  3aBUCUMOCTb  COMPOTUBMEHWUS  OT
HarpysKu.

2. MATEPUANDbI U METOObI

O6buwue ceedeHust 06 aCUHXPOHHOM
2eHepamope. Cxema 3amewjeHusi. ACWH-
XPOHHbIE TFeHepaTopbl MOMYYUNN  LUMPOKOE
pacnpocTpaHeHne Ha BETPOBbLIX 3feKTpuye-
CKMX CTaHumsX. Micnonb3oBaHne reHepaTopoB
[AHHOro Tuna no3BonseT pewuTb npobnemy
MonyyYeHnst CTabuIbHbIX MapameTpoB 3nek-
TPUYECKON 3HEPrM OT HenpeackadyeMblX WC-
TOYHWKOB SHEPTUM, OAHUM W3 KOTOPLIX SBMS-
eTcs BeTep. AhPEKTUBHBIM Cnocobom peLle-
HUS 3TOW nNpobnembl sBnseTca npeobpasoBa-
HUE MeXaHWYeCKOW 3HEePrn B ANEKTPUYECKYHO
C MOMOLLbK aCUHXPOHM3MPOBAHHOMO CUH-
XPOHHOro reHepartopa [12], koTopbli ABNseTcs
Pa3sHOBWUOHOCTbIO MalUMHbI ABOWHOMO MNUTa-
Hus. MawuHa OBOWHOrO MUTAHUS KOHCTPYK-
TUBHO $BNSETCA aCUHXPOHHOW MaLUMHON C
(hasHbIM  pOTOPOM, UMelolWas pasfenbHoe
nuTaHne obMoTOK cTatopa u potopa [13].

OOHOM M3 OCHOBHBIX XapaKTepucTuK
ACMHXPOHHbIX reHepaTopoB SBMSETCA CKOMb-
xeHne. OHO M3MeHsieTca B 3aBUMCMMOCTU OT
pexuma paboTbl, Harpy3ku Ha Bamny W nuTato-
LLIero HanpsKeHwsI.

Ha puc. 1 nokasaHa T-obpasHas cxe-
Ma 3ameLLeHNst aCUHXPOHHOWN MaLUWHbI.

Ha puc. 1 U, - nogeogumoe k 06-

MOTKe cTatopa Asuratens asHoe Hanpsike-
Hue; |, — Tok obmoTku ctatopa; I} — akTue-

HOe COMpoTUBrEeHne oBMoTKM cTaTtopa; X —
WHOYKTUBHOE COMPOTUBIIEHWE paccesiHust 06-
MOTKM cTaTopa; |, — npuBeaeHHbIli Tk 06-

MOTKW poTopa k obmoTke cratopa; I, — npu-
BEAEHHOEe aKTUBHOE COMPOTUBIIEHUE Lenu
oOMOTKM poTopa K Lenu 0BMOTKM cTaTopa;
X, — NpuBEAEeHHOe WHAYKTWBHOE COMpOTUB-
neHne paccesiHust Lenu obMOTKM poTopa K
uenn obmotke cratopa; |, — Tok xonocToro

xofa (HamarHuumBanwus); X.,, — UHAYKTUBHOE
CONPOTUBIIEHNE KOHTYPa (HaMarHN4MBaHus).

1-s

AkTusHoe conpoTusneHune 1, = S

3aBUCUT OT CKOJIbXXEHUA (I'Ipl/l OTCYTCTBUA
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I1

. Io$

-

I'2=1-s)/s

Puc. 1. T-o6pa3Hasi cxema 3aMell{eHUs1 aCUHXPOHHOU MaWUHbI
Fig. 1. Equivalent T circuit of the induction motor

Harpyskn Ha Bany CKOMNbXEHMe MpaKTU4ecKu
paBHO Hynt: s = (0), cnegoBaTenbHO COMpPo-
TUBMNEHNE paBHO OECKOHEYHOCTMW; Npu nepe-
rpyske gsuratens s = 1, a 3Ha4MT CONPOTMB-
NEeHne paBHO HyMio).

Mamemamuyeckue Mmodenu acuH-
XPOHHO20 2eHepamopa. [pu pelleHnn 3a-
paaym OC B gaHHoW paboTe NpUMEHSIOTCS ABe
mMaTemaTU4eckne MOoOenn acUHXPOHHOro re-
Hepatopa: PQ- n RX-mogenw.

Mpu ncnonb3oBaHnm PQ-mogenu 3Ha-
YEeHUS aKTUBHOW N PEeaKkTUBHOM WHBLEKUMA B

yane | BbluMcnsaoTCA Kak cymma nepeTokos B
NWNHKSIX, COEAMHEHHbIX C AaHHbIM Y3MOM:

WK W
-1

Q=2Q,+U/B, @)
-1

rae U; — Hanpsxenue B ysne i, P, Q; — ne-

PETOK aKTMBHOW M PEaKTUBHOM MOLLHOCTEW B
nmHuM ij, G,,B, — aKTMBHas M peakTWBHas

MpOBOAMMOCTH LUYHTa B yane 1; k — konude-
CTBO COEMHEHHbIX C Y3IIOM | NIUHWIA.

MNpun ucnonb3oBaHum RX-mogenu 3Ha-
YeHMe WHBbEKUMU aKTVBHOW MOLLHOCTM onpe-
LEenseTca 4epe3 MOAYyMb HanpsKeHus U
CKONnbXeHue reHepatopa no dopmyne [14]:

_ sRu? G
" S(X, +X,)+RY

~—

rae s — cKonbXeHue reHepartopa; R, X, — ak-

TUBHOE N pPeaKTUBHOE COMpoTUBNEHNUE POTO-
pa, COOTBETCTBEHHO, X  — PEaKTUBHOE CO-

npoTMBneHne ctatopa. MHbekumst peakTUBHO
MOLLIHOCTW paccunTbiBaeTcd no PQ-mopenw.

UsmepumenbHasi uHgopmayusi u
ueneeasi pyHkuyusi. OLeHNBaHNEe COCTOSHUS
— 9TO pacyeT YCTaHOBMBLLETOCS pexuma no
M3MEpPEHHbIM NapameTpam pexuma, KoTopble
3anuCbIBAlOTCS B BWOE BEKTOpa M3MEPEHUN
[15, 16]:

yz(ui’é}’F)i’Qi’F)ij’Qij)l (4)

roe U, - MoZymb HanpsikeHusi B yane 1; &,
— (ba3a HanpsxeHus B yane | (ecnu ycTaHos-
NEeHO YCTPOMCTBO U3MEPEHWSI BEKTOPHbIX Be-
NW4MH B 3TOM y3ne); P,Q, — akTuBHas 1 peak-

TUBHAsi MHbLEKUMN B y3ne i; Pij Q. - aktus-

HbIl W PeaKTUBHbLIN NEpeToK B NuHWMKM i-j (B
TpaHcdopmaTope).

Uenesas cdyHkums OC ¢ PQ-mopensto
ACMHXPOHHOrO reHepaTopa BbIrMAAUT Cregy-
oM obpasom:

J(U,é) = (y—y(Ulé))T R;l()_)—y(U,é)), (5)
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roe Ry — KOBapuauuoHHadA MaTtpula owmnbok

N3MepEHNN.

Y100bl BbIMUCIUTL BEKTOP COCTOSIHMS,
uenesass yHkums (5) MUHUMUM3MPYeTCH, W
PEeLIaeTCs CUCTEMA HESIMHENHBIX YPaBHEHMWIA:

H'R™(Y-y(x))=0, (6)

roe H — matpuua Akobu, x = (U, §).

LleneBas yHkuMa ¢ RX-mozenbto
aCUHXPOHHOTO reHepartopa BbIrnaauT cneay-
oMM obpasom:

J(U,5,S) = (y_y(ul5))T X
xR (T -y, 0))+ (7)
+(P,~P,(U,8))'R/(P,~P,(U,5))

roe Py — aKTMBHas MOLLHOCTb BETPOBOM
cTaHumu; Ry;! — BecoBble KOIMMULIMEHTHI N3~
MEPEHWN  aKTUBHOW MOLLHOCTM BETPOBOW
CTaHUMK.

[na BbluMCNEHMs BEKTOpa COCTOSHUSA
npounssogHas yHkumm (7) No X npupasHMBa-
€TCA K HYM0 W pellaeTcs cucTema HenuHen-
HbIX YPaBHEHUI:

HTR™(Y-y(U,5)=0; (8)

HyR,' (Ry =Ry U,s)) =0. 9)

Cuctembl ypaBHeHun (6), (8), (9) pe-
watotca metogom HbtoTtoHa. Ha kaxgon ute-
pauun ypaBHEHWS NMMHEAPU3YOTCS, U nonpas-
KW K KOMMNOHEHTaM BEKTOpa COCTOSHUS Bbl-
YUCNATCA No cneayoLen gopmyne:

axV =P (HTOR(y-y(x))); (20

P =(HTORH') . (11)

[na onpeneneHnst BeKTopa COCTOAHMA
ucnonbayercsa cneayouias opmyna:

X" =X+ AX, (12)

rae x = (U,8) B cnyyae PQ-mogenn u
x = (U, 4, s) B cnydyae RX-mogenw.

i o
Ecru AX' <d, 10 utepaumoHHbIit

npouecc cowencs, rae d, — TouHocTb UTe-

PaLUMOHHOr0 npouecca, M Mo MNOMy4YEHHOMY
BEKTOPY COCTOSIHWSI BbIMMCNAKTCA BCE Napa-
METPbI pexuma.

OnpedeneHue owubKku oueHuU8aHusl.
Owmnbkn oueHVMBaHMS BbIMUCNAKOTCS MO op-
mynam [17]:

erry, =

N

=N (abs(PR,, ~P(U,8))/Po )x (23

1

x100%;

err,, =
N

=N (abs(R,,, ~P(U.8))/ P, )x (14)

1

100%,

roe €M — owmnbka oLeHMBaHNS npu Ucnorsb-

30BaHuM PQ-mopenu, errzy — OWINGKA OLEHM-
BaHWSA Npu UCNoNb3oBaHUN RX-Mopenu, Py
— aTanoH, N — Konnm4yecTBo CpPe30B..

Pekomendayuu no ebibopy modenu
acCUHXPOHHO20 2eHepamopa e 3adaye ouye-
HueaHusi cocmosiHus. [Npu BbIGOpe Mogenu
ACMHXPOHHOrO reHepartopa B 3agave OLEHU-
BaHWA COCTOSIHUS PEKOMEHOYETCA WUCXOAUTb
M3 TOro, 4TO Yy3en [AOMMKEH OCTaBaTbCs
HabnogaemblM, 3agada AOCTOBEpU3ALIMM W3-
MepeHun — 06s3aTenbHO peLLeHa.

Y3en sengetca HabnwogaembiM npu
HanMuum B matpuue Akobu npons3BOAHbIX MO
yriy U no MOAYN0 HanpsbkeHus. 3To ycrnoswue
BbINOSTHAETCH, €CN KOMIMOHEHTLI BEKTOpa Co-
CTOSHUS M3MEPSIOTCS UM CyLLEeCTBYeT BO3-
MOXHOCTb WX BbIMUCNEHUSA MO WU3MEPEHHbIM
napaMmeTpam pexuma.

Mpy HanUuuMM M3MepeHun aKTUBHOW W
peakTMBHOW MOLLHOCTEN Ha BETPOBOW arek-
TPOCTaHUMK, @ Takxe Npu OTCYTCTBUU U3Mepe-
HUIA MOAYNA U (hasbl HANPSHKEHNSA B 3TOM y3ne:

— B cnyyae Bblbopa PQ-mogenu B
maTpuue Akobu umeroTcs Npou3BOAHbIE MO
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chase 1 MOy HANPSHKEHMS, T.K. MHBEKLMS —
3T0 cymma nepeTokoB MowHocTn (1), (2), a
nepeTokn SBNSAIOTCA (PYHKUMAMM MOAYNsa M
a3bl HanpsbkeHus. CrnefoBaTesibHO, 3Hadve-
HUA dasbl U MOAYNS HANPSHXKEHUS MOTYT BbITb
BbluncneHsl (6), (10)—-(12), n atoT y3en sBns-
eTcs HabnwgaembiM;

— B cnyyae Bblbopa RX-mogenu ak-
TUBHAs MOLLHOCTb SIBMSIETCS (PyHKUMEH OT
MOZYNA HanpshKeHWS U CKONMbXEHUs, cnego-
BaTesIbHO, B MaTpuue Akobu nmetTca npons-
BOAHbIE MO CKOMBXKEHUIO U MOAYIII0 Hanpsixe-
HUS, N UX 3HAYEHNSI BbIYMCNAOTCS N0 hOpMYy-
nam (8)—(12). ®asa HanpsxeHUss MOXET BbITb
onpeaeneHa, TONbKO €CNU M3MEPAOTCS nepe-
TOKU aKTUBHOW MOLLHOCTU B JIMHUSAX, OTXOAS-
WMX OT AaHHoro ysna. Ecnu namepexue ak-
TUBHOW reHepauum KpUTU4eckoe, TO nmpu uc-
nonb3oBaHun RX-mogenu 3TOT y3en CraHo-
BMTCS HEHabMoaaeMbIM.

PeweHve 3agauM pgocToBepu3aumm
TpebyeT M3ObLITOYHOCTM U3MepeHuin. Hanbo-
nee TOYHbIM METOOOM OOHapyXeHus rpyobix
OWKNBOK B M3MEPEHUSAX ABNAETCA METOA KOH-
TponbHbIX ypaBHeHun (KY) [18]. N3 namepen-
HbIX NapameTpoB pexuMa COCTaBNSAETCA KOH-
TponbHOe YypaBHeHue (banaHC MOLLHOCTU B
y3ne Unu B NIUHWKM) N aHanU3npyeTcs ero He-
BA3Ka. B cnyyae otcyTcTBMS OWNOOK B U3Me-
peHusix, Bxoaawmx B KY, ero HeBsizka OKasbl-
BAETCs MeHblUe HekoToporo nopora. MNpu Hus-
KOW MH(OPMaLMOHHON M3BLITOYHOCTU MeTod
KY He pabotaert. Nog rpynnon n3amepeHun c
HU3KON M3ObITOYHOCTLID MOHUMAOTCH W3Me-
peHus, obecneunBatome HabnooaeMocTb
paccmaTpuBaemoro ysna, HO MX KONMYeCTBO
HEAO0CTaTOYHO ANS COCTaBMEHWUS KOHTPOMbHO-
ro ypaBHeHus. B [19] paspabotaH gpyrow
Nnoaxo4 K peLleHno 3agadn ocToBepusaumm
N3MEPEHMIA, OTHOCALLMXCA K paboTe BETPOBOM
3NeKTPOCTaHUWK, rAe YCTAHOBMEH aCWMHXPOH-
HbIW reHepaTop.

[na HarnsgHoro npeactaBneHus npa-
BUNa BbIGOpa MOAENN aCMHXPOHHOTO reHepa-
TOpa, yCTaHoBMEeHHOro B y3ne W, paccmatpu-
BalTCA 4 cuTyauun, oTnuyalowmecs apyr ot
[ipyra coCTaBOM M3MEpPeHWUN U UCMONb3yeMON
MOZENbI aCUHXPOHHOTO reHepatopa. B Tabn.
1-4 nokasaHbl MaTpuubl AKoOW AN YeTbipex
cuTyaumn. Mo BepTKanu NpeacTaBneHbl 13-

MEpEeHUs, N0 ropusoHTann pasMeLleHbl KOM-
MOHEHTLI BEKTOPA COCTOSHUSA. 3HaK «+» O3Ha-
4yaeT NpUCyTCTBME NPOU3BOAHOW NO paccmaT-
pvBaeMoW KOMMOHeHTe. Hanuumne npoussoa-
HOW MO base 1 MOAYMH HaMPSHXKEHUS TOBOPUT
0 TOM, 4TO y3en Habnwogaembin. Hanuune
NPOU3BOAHLIX MO (hasze HanpsKeHus u Mo
CKOJIbXXEHUIO ONS OOHOro M TOro Xe ysna ro-
BOPUT O BO3MOXHOCTM BbINOSIHEHWUS LOCTOBE-
pusauum U3MepeHuii, oT KoTopbix Gepetcs
npOn3BOAHas.

Cwutyaumn 1 (tabn. 1), 2 (tabn. 2). Co-

, 2
ctas namepennin P, Q,, P,

Tabnuuya 1
PQ-modenb
Table 1
PQ-model
y BekTop cocTosHUSA
3MepeHne

P Uy By Sw

Py - + -

Ry-i - + -

Qu + - -
Tabnuya 2

RX-modenb
Table 2
RX-model
y BekTop cocTosiHUSA
3mMepeHune

P Uw By Sw

Py - - +

Ruv_i - + -

Qu + - -

AHanu3 Tabn. 1 n 2 nokasblBaerT:

1. Habniogaemoctb  obecneynsaeTcs
kak npu Bblibope PQ-mogenu, Tak u npu Bbl-
6ope RX-mogenu (ecTb npom3BoaHble No da-
3e 1 N0 MOAYNt0 HanpsXKeHus).

2. [Ina pelleHns 3agayvM JOCTOBEPU-
3aummn Heobxoammo BeibpaTe RX-mogens.

Cutyauum 3 (tabn. 3), 4 (tabn. 4). Co-

cras usmepennin B, Q, -

AHanma Tabn. 3 n 4 nokasblBaerT:
1. ns obecneyeHnss HabnogaemocTu
y3na Heobxoaumo Belbpate PQ-Mogens.
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Tabnuya 3 POATHOCTb CKOPOCTW BETpa OLEeHMBaeTcs no
PQ-modennb pacnpegenexuio Benbyna [20] npn a = 9,2, b
Table 3 =5, rge a, b — noctosHHbIE. Ha puc. 2 noka-
PQ-model 3aHa TUNoBas KpyBas BETPOBOW TYPOMHbI.
BekTop cocTosHus /3 puc. 2 BUAHO, YTO NpU JOCTKEHUN
VismepeHne Uy, Sy Sy ckopocTu Betpa V. ;, = 7 M/c BeTpoBas Typ-
= _ N _ BuHa HaumHaeT pabotatb (C_in (cut_in) — mMu-
W HUManbHas paboyas ckopocTb), npu V. =
Qw + - - 12 m/c BeTpoBas TypbuHa AOCTUraeT HOMU-
HanbHON MoLHocTu (r — rated). [Jo ckopocTu
Tabnuya 4 BeTpa V. gyt = 29 M/C MOLLHOCTb TYPOUHbI
RX-modenb 0CTaeTca MOCTOsAHHOI (C_out (cut_out)— mak-
Table 4 cumanbHas pabodas CKopoCTb).
RX-model
BekTop cocTosHus MowHOCTb BETPOBOro reHepaTopa Bbl-
Wsmeperine Uy, Suy Sy yMcnsaeTcs no popmyne:
EW * Ry =1/2pAv’c,, (15)
Quw + - -

roe p— nnoTHocTb Bosayxa (1,605 krim®);
v — CKopocTu BeTpa (m/c); A — nnowaab po-
Topa (1124 m?), Cp — KOI(PULMEHT MOLLHO-
CTM.

2. Peluenne 3agaun goctoBepusaLnm
HEBO3MOXHO B 060KX CryyasX.

3. PE3YNIbTATbI UICCNEOQOBAHUA
Ha puc. 3 nokasaHa kpmBasi MOLHOCTM

ModenupoeaHue ckopocmu eempa BETPOBOTO reHeparopa.

u 2eHepayuu Ha eempoeoli cmaHyuu. Be-

: T T T T T
“3" """"" ) g e ot Ity T U T D e T Yttt odetor o o
: V_ > - - :
£ R R LSRR tomeoeonson PELES SEE L domonommnnne beveoromees bowmens o B
' ' ‘ ' '
=] PRORBH 0w 05N VRS PE RO ann b2 bt Aol Syt do ol LT PR 0 4% W o 4 Py yeases P~
' ' ' ' \V
14 : ) ; ' ' c_out
B T N R e ) Y e (RO Pk R o ' Jgl =t shacycky: 1
L] . . L] '
TR | — S o —  meemmmnm SO KO- A
= ' ' ‘ ; :
£ ' ) L] L] '
2 WEmensonenss e Pl o e e s S =
' . L] '
G i S  RRE R ekt PR T g
L] . L] L] '
Bfineesaesaes 3 4 gt 3 D b T HsresmaiaSs Memessamaes ekl o
'\L“ill ‘ . L] ‘
Hssanavanin P wilos Sarasunuman abansaannnd Y aas s S annbaadn =
' ' ‘ ’ '
P bt SR TP SCELE CREEEREEEEE: SEEEEEEEELE bemsmemeees beeesnnas =
' ) L] L] '
0 i i i i i
0 5 10 15 20 25 30

CropocTs BeTpa, M/c

Puc. 2. Tunoeas kpueasi eempoeoli myp6uHbi (P — MowHoCcmb, VC in — MUHUManbHas paboyas ckopocms

eempa, V,

¢_oit — MaKcumanbHas pa6oyasi ckopocms eempa, \, — HOMUHanbHasi CKOPOCMb eempa)

— maximum

Fig. 2. A typical curve of a wind turbine (P -power, V., —minimum working wind speed, VC out

working wind speed, V. — nominal wind speed)

BECTHUK WPKYTCKOIO rOCYOQAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2020;24(2):333-344
e
PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2020;24(2):333-344

ISSN 1814-3520 339




FnasyHoea A.M., Akcaeea E.C. Mamemamuyeckasi MoGeJib aCUHXPOHHO20 2eHepamopa e 3adaye O yeHU8aHuUsl ...

Glazunova A.M., Aksaeva E.S. Mathematical model of an asynchronous generator for assessing the state ...

b - -

Bpems, u

Puc. 3. AkmueHasi MOUWJHOCMb 8€MPOB0O20 2EHepamopa
Fig. 3. Active power of the wind generator

26

Puc. 4. 30-y3noeass mecmoeasi cxema |EEE
Fig. 4. IEEE 30-bus test system

ModenupoeaHue cpe3oe u3mepe-
Hut. Cpesbl W3MEpPEeHUN MOOenupylTcs B
VMWTaLMOHHOM 3KCMepuMeHTe Ha 6ase 3a-
AaHHbIX rpacvKoB Harpy3ku U rpadmka reHe-
pauum Ha BETPOBOM cTaHuuu. CHavyana Bbl-

yucnaetca yCTaHOBMBmMVICﬂ pexum Y. , 3a-
TeéM K 3Ha4YeHMAM U3MepAeMbliX MapameTpoB
pexnma pobaensetcs norpewHoCTb, CreHe-
pupoBaHHaa [AaT4YUKOM CﬂyqaﬁHbIX yucen
X

rand *

y = ytrue + Xrand O-y ’ (16)

roe o, — CPeaHeKBaapaTuiHoOe OTKIOHEHMe.

PacyemHasi cxema. PacuyeTtbl BbINon-
HeHbl Ha 30-y3noBon TectoBon cxeme IEEE,
coctosawen u3 tpex A3C (oT aHrn. Electric
Power System EPS1, EPS2, EPS3), (puc. 4)
Mo CUEHapusiM, OMMCaHHbIM B pa3aene 2 (Cwm.
Tabn. 1-4).
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OC BbInonHaeTCa No ABYM apxuBam C
pasHbIMW MOZENSMU ACUHXPOHHOIO reHepa-
Topa. BeTpoBasi anekTpocTaHuua obo3HavyeHa
y3nom Ne 13. banaHcupylowmm y3nom sBns-
etca y3en Ne 2. TOYHOCTb M3MeEpeHuit
Pi3, P1,-13 OAMHaKoBas.

[lns npoBeaeHna uccneaoBaHuin Obinu
cMofenupoBaHbl aBa apxusa. ApxuB 1 co-
aepxut 128 wnamepeHuit, B T.M. Pyi3, Piy_q3.
ApxuB 2 copepxut 127 namepeHun (Pj,_q3
OTCYTCTBYET).

OnucaHue pacyemos. BoinonHsetcs
OLleHMBaHWe COCTOSHUA NO apxuBy 1 Ans AByX
Ccrny4yaes:

Cnyyai 1. Boibpana PQ-mogens.

®a3za HanpsxeHus B y3ne 13 Bbluuc-
NSAEeTCs U3 CUCTeMbl ypaBHEHUN (6):

oP —
> A513 = P13 - P13 (U13’ 513) (17)
0043

NHbekumMa akTMBHOM MOLLHOCTU Bbl-
yucnsertca no opmyne (1).

Cnyyai 2. BblbpaHa RX-mogenb.
CKosbXeHMe acUHXPOHHOTO reHepaTopa B y3-
ne 13 BblMMCNSETCH U3 CUCTEMbI YpaBHEHUN

9):

oP —
P = Asl3 = PlB - PlS (U13’ S13)- (18)
S

NHbekuMs akTMBHOW MOLLHOCTU pac-
cuntbiBaeTca no cdopmyne (3), rae 3HayeHue
U wu3mepsietcs, X,=02; X, =0,076;
R, =0,007 .

®a3sa HanpsxeHus B y3ne 13 onpepge-
nsieTcs U3 cucTemel ypaBHeHun (6):

oP,

13-12 _p _
Ab;; =Py,

06, (19)
_P13—12 (U13’ 513'U12 J 512 )

BbinonHseTcs oueHWBaHWe COCTOSHWUS
Mo apxuBsy 2 Ansa AByX Cry4aes:

Cnyyai 1. BoibpaHa PQ-mogens.

®asza HanpsxeHus B y3ne 13 BbluKC-

nsetca no dopmyne (17).

Cnyyaii 2. BblbpaHa RX-mogens.
CKomnbXeHne acMHXPOHHOro reHepaTtopa B y3-
ne 13 onpegensetcs u3 cdopmynsl (18). Bbl-
yucneHne asbl HanpskeHus B ysne 13 He
NpeacTaBnseTcsa BO3MOXHbIM, CrnefoBaTeslb-
HO, y3en 13 saBnseTtcs HeHabnogaembiM Mo
aKTMBHOW MOLLHOCTH.

OwunbKM OUEeHMBaAHWS, BbIYUCMEHHbIE
no copmynam (13), (14) ans 137 paccmatpm-
BaeMblX CPe30B WM3MEPEHWU, PaBHbl errp, =
0,013%, errgy = 0,01%. W3 cpaBHeHWs OByx
pesynbTaToB MOXHO CAenaTb BbIBOA, YTO
TOYHOCTb OLIEHOK MpW pasHblX MOAENsX acuH-
XPOHHOrO reHepaTopa HaxoguTcsa B npeaenax
TOYHOCTU U3MEPEHW.

AHanu3s nosnyyeHHbIX pe3ysibmamos.
B T1abn. 5, 6 nokasaHbl 4Yactu Matpuy Akobu
MPU BbINOMHEHUN OLEHMBAHUSI COCTOSIHUSA MO
OBYM apxuBam W3MepeHwii npu Bbibope pas-
HbIX MOZes1en aCUHXPOHHOTO reHepaTopa.

Tabnuuya 5
Bud mampuybi 5lkobu (apxue 1)
Table 5
Jacobi matrix form (archive 1)
N3mepe-
U 0
HUe Moaenb 13 13 S13
P - + -
P PQ - + -
Qs + - -
Pis - - +
P RX - + -
Qs + - -
Tabnuua 6
Bud mampuunbi Slkobu (apxue 2)
Table 6
Jacobi matrix form (archive 2)
N3mepe-
U 0
e Mognenb 13 13 S13
Pis - + -
— P
Qi Q + - -
o RX - -+
Qi + - -

Ana apxuea 1 pekomeHayeTcs Bblbu-
patb RX-mogesnb, T.K. MOSBNSETCH BO3MOX-
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HOCTb pelnTb 3adady AOCTOBEpU3aLun u3-
mepennin P,, P, ,. Mpu atom y3en 13 octa-

eTcs HabnogaembiM. [Ina apxuBa 2 peKoMeH-
Ayetcs Bblbupatb PQ-Moaens, T.K. npy Bblbo-
pe RX-mopenu ysen 13 CTaHOBWUTCH HeHa-
onogaembim.

4. 3AKITIOYEHUE

B ctaTbe npuBeaeHbl pesynbTaThbl pe-
WweHnst npobnemel Boibopa mexay PQ- n RX-
MOAENsSMU aCUHXPOHHbIX FeHepaTopoB B 3a-
[laye oLeHMBaHus cocTosiHusA. Npn ncnonb3o-
BaHun PQ-mogenu BblMUCHAKTCA (Da30BbIv
yron u mogysb HanpskeHus B paccMaTtpuBa-
emom yane. [pu ncnono3oBaHun RX-mogenw
ONpefensoTca CKOMbXeHWe reHepatopa W
MOAYIb HaNPsXKeHUS.

B paboTe npoBedeH CpaBHUTEMbHbIN
aHanu3 OLEHOK aKTMBHOW MOLLHOCTU acuH-
XPOHHOrO reHepartopa, BblYUCMEHHbIX No PQ-

n RX-mogensiM. lNokasaHo, 4To Ans paccmart-
PMBAEMOro crnyyasi KayecTBO OLEHOK aKTWB-
HOM MOLLHOCTN aCMHXPOHHOrO reHepaTopa,
MONyYeHHbIX npu ucnonb3osaHun PQ- n RX-
Modenen, HaxoauTcs B npedenax TOYHOCTM
N3MEPEHUN.

o pesynbTatam uccnegoBaHUA pas-
paboTaHbl cneayowme pekoMmeHaaumnm:

— €CN U3MepeHne akTMBHOW MOLLHO-
CTW aCMHXPOHHOrO reHepaTtopa npuHagnexuT
K rpynne C HWU3KOM M3ObITOYHOCTLIO, cregyeTt
ucnonb3oBatb RX-mMogenb Ans BO3MOXHOCTU
peleHna 3agayv OOoCTOBEpM3auun umamepe-
HWA aKTUBHOW MOLLHOCTW aCUHXPOHHOIO reHe-
patopa M nepeToka akTUBHOW MOLLHOCTM B
NUHKUK, OTXOASALLEN OT 3TOro y3na;

— €CNN U3MepPEHNE aKTUBHOW MOLLHO-
CTU ABNAETCHA KPUTUYECKUM, CriedyeT UCMOonb-
3oBaTb PQ-mogens gns  obecneyeHus
HabnogaemMocT aHHOro yana.
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AHanu3 aHepreTM4eCKUX nokasaTtenen
UMMNYNbCHbIX Npeobpa3soBaTeneun

© C.Y. Oosypnos, M.I. yHaes

Wpkymckull HayuoHanbHbIl uccnedosamenibckuli mexHu4eckuli yHusepcumem, 2. Mipkymck, Poccus

Pe3srome: Llenbto uccnegoBaHus NpeiCTaBeHHOW CTaTbu ABNSETCA aHanU3 SHepreTMYeckux nokasarenen MMNynbCHbIX
nonynpoBOAHUKOBLIX NpeobpasoBaternen, B T.4. TAKON BaXHON XapakTEPUCTUKM UX PaboTbl Kak KO3 MULMEHT NONE3Ho-
ro 4encTBus. [Ans QOCTWKEHWUS AaHHONM Lienu NpUMEHSNNCh METOAbl MMUTALMOHHOrO ModenupoBanus B cpege Simulink
nporpammHoro komnnekca MATLAB 7.5, B YacTHOCTM ucnonb3oBanuck 651oku u3 6ubnuotekn SimPowerSystem. ABTo-
pamu paspaboTaHbl Mogeny NonmynpoBOAHMKOBLIX NpeobpasoBaTenen C WWPOTHO-UMNYNbCHOW MOZYyNAUUER C OOHUM
CUMOBLIM KMIOYOM Ha TpaHaucTope Tuna IGBT n nonynpoBOAHWKOBOrO Npeobpa3oBaTens ¢ YacTOTHO-UMMYbCHOW MO-
AynsAumMeit ¢ YeTbIPbMS CUIOBBIMW KIYaMK Ha Hesanupaembix Tupuctopax tuna SCR. KoppekTHOCTb (hyHKLMOHMpOBa-
HUA pa3paboTaHHbIX aBTOpamMn MoZenei fokasaHa C MOMOLLbI0 3KCMEPUMEHTANbHBIX UCCNEA0BAHUA, NPOBEAEHHBIX HA
nabopaTopHbIX MakeTax UMMYNbCHbIX NpeobpasoBaTenen, peann3oBaHHbIX B nabopaTopuu CUIIOBOWN ANEKTPOHUKM Ka-
(beopbl aMEKTPONPUBOZA W SMEKTPUYECKOrO TpaHcmopTa. B cTtatbe npuBedeHbl pesynbTaTthl WCCneaoBaHun paspabo-
TaHHbIX MoZenen NonynpoBOAHUKOBLIX NpeobpasoBaTenen C WMPOTHO-UMMYNbCHON U 4aCTOTHO-UMMYNbCHON MOAYNS-
UMeW, CHATbI QWHAMWYECKWe U CTaTWYecKne XapakTepUCTUKW WMNYMNbCHBIX MONYNPOBOAHMKOBLIX npeobpasoBaTenen.
AHanm3 nonyvyeHHbIX CTaTUYECKUX XapaKTepUCTUK CXeM MMMYMbCHbIX Npeobpa3oBartenen nokasasn, YTo XEecTKOCTb Bbl-
XOOHbIX XapakTepucTuk npeobpas3oBaTens ¢ YaCTOTHO-MMNYNbCHOW MOZynsuuen Bollwe, Yem y npeobpasoBaTens ¢ Wwu-
POTHO-UMNYNbCHOW MoZynsauMen. Pe3ynbTaTtel pacyeToB KO3(MULMEHTA NONE3HOro AENCTBUA UMMYNLCHLIX MOMynpo-
BOAHWKOBLIX Npeobpa3oBaTeneil, NPOBEAEHHbIE HA OCHOBE aHanu3a CTaTUYeCKUX BbIXOAHbLIX XapaKTepucTuk, NpuBoasT
K 3aKMOYeHn, 4YTO KO3((ULMEHT NOME3HOTO AEWCTBMS NOMYyNpPOBOAHMKOBOrO npeobpasoBaTens C 4acTOTHO-
UMNynbCHOW Mogynauuen 6onee Yem Ha OOMH NPOLEHT Bbllle KO3 MULUMEHTa NONE3HOro 4ENCTBUA NONYNPOBOAHNKO-
BOro npeobpasoBatens ¢ WMPOTHO-UMMYNbCHOW Moaynaumei. PaspaboTanHble Mogeny npeobpasoBaTeneil C LWMPOTHO-
UMMYIbCHOWM U 4aCTOTHO-UMMYNbCHOW MOZynALuMel MOryT NPUMEHATLCA ANS UCCNeoBaHUs YnpaBneHus YyrnoBoW CKO-
POCTbLIO 3NEKTPONPUBOLOB NMOCTOAHHOIO TOKA.

Knro4esbie cnosa: WpOTHO-UMNYNbCHBIA NpecbpasoBaTterb, YaCTOTHO-UMNYNbCHbIA NpecbpasoBaTenb, Modenb, Xa-
pakTepucTuka, KoauLUUEHT NONE3HOTO A CTBUSA, NONYNPOBOAHUKOBLIN NpeobpasoBarernb

UHpopmayus o cmamse: [ata noctynnenus 22 oktabps 2019 r.; gata npuHsTus k neyatn 12 mapta 2020 r.; gata
oHnanH-pasmelyeHns 30 anpens 2020 r.

Ansa yumupoeaHus: [losygos C.Y., lyHaes M.M1. AHanu3 aHepreTU4ecKkux nokasaTtenen nmnynbCHbx npeobpasosare-
nen. BecmHuk Mpkymckoeo 2ocydapcmeeHH020 mexHu4yeckozo yHusepcumema. 2020. T. 24. Ne 2. C. 345-355.
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Analysis of energy indicators of pulse converters

Sarfaroz U. Dovudov, Mikhail P. Dunaev
Irkutsk National Research Technical University, Irkutsk, Russia

Abstract: The aim of this study was to analyse the energy indices of pulse semiconductor converters, including efficien-
cy as an important characteristic of their operation. This aim was achieved through the use of the simulation modelling
methods in the MATLAB 7.5 Simulink environment. In particular, blocks from the SimPowerSystem library were used.
The authors developed the models of semiconductor converters with pulse-width modulation having a single power
switch on the IGBT type transistor, coupled with a semiconductor converter with pulse-frequency modulation having four
power switches on the permanently-open SCR type thyristors. The operation accuracy of the models was confirmed in a
series of experimental studies carried out on the laboratory mock-ups of pulse converters implemented in the power elec-
tronics laboratory of the Department of Electric Drive and Electrical Transport. This article presents the developed mod-
els of semiconductor converters with pulse-width and pulse-frequency modulation. The dynamic and static characteristics
of pulse semiconductor converters are determined. An analysis of the obtained static characteristics of pulse converter
diagrams showed that the stiffness of output characteristics of the converter with pulse-frequency modulation is higher
than that of a converter with pulse-width modulation. The calculation results of the efficiency of pulse semiconductor con-
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verters conducted on the basis of the analysis of static output characteristics presume that the efficiency of the semicon-
ductor converter with pulse-frequency modulation is more than one percent higher than the efficiency of a semiconductor
converter with pulse-width modulation. The developed models of converters with pulse-width and pulse-frequency modu-
lation can be used for studies of DC electric drive angular velocity controls.

Keywords: pulse-width converter, pulse-frequency converter, model, characteristic, efficiency, semiconductor converter

Information about the article: Received October 22, 2019; accepted for publication March 12, 2020; available online

April 30, 2020.

For citation: Dovudov SU, Dunaev MP. Analysis of energy indicators of pulse converters. Vestnik Irkutskogo gosudar-
stvennogo tehnicheskogo universiteta = Proceedings of Irkutsk State Technical University. 2020;24(2):345-355. (In

Russ.) https://doi.org/10.21285/1814-3520-2020-2-345-355

1. BBEAEHUE

CyulecTByeT 3HauMTENbHOE KOMUYe-
CTBO CMOCOBOB ynpaBneHns anektpoasurate-
namu [1-3], HO NyywuM M3 HUX CcyUTaeTCcs
cnocob ynpaBneHns ¢ NPUMEHEHWEM LUMPOT-
HO-uMnynbcHo mogynsuum  (WAM)  [4-6].
J70T cnocob nossonset copmupoBaTb Tpe-
Byemble ¢opmy, 4YactoTy W aMmnnuTyay
HaNPSHKEHUS NUTaHWs ABuraTtens, A0OUTbCS
BbICOKOW NMIABHOCTW W AManasoHa perynmpo-
BaHWS YrMOBOM CKOPOCTM MNpU  U3MEHEHWUK
Harpysku B LUMPOKKUX npegenax [7-9].

K coxaneHnuto, y cnocoba ynpasneHus
¢ WM unmeeTcsa u psag HeQoCTaTKOB: HEKOTO-
poe cHuxeHve KIM, BbicOkas CTOMMOCTb CU-
NOBbIX KIt0Ye (TPaH3UCTOPOB), MOBbILLEHHbIE
anekTpomarHutHble nomexu [10, 11].

OpHako cyLiecTByeT elle oauH cnocob

MMNYNbCHOrO  YNpaBMeHusi, a WMEHHO —
ynpassneHue nocpeacTBom 4aCTOTHO-
umnynscHon  mogynsumm - (MMM).  [daHHbliA

cnocob mMoxeT BbiTb peanu3oBaH ¢ NpUMeHe-
HUEeM YacTOTHO-UMMNYNbCHOrO npeobpa3oBa-
Tena noctosHHoro Toka (YWIT), koTopbin B

nepcnekTyBe MMeeT npeumyllecTBa Hag Me-
TogoMm LWWM: noBbIWEHHBIN KOS PULMEHT
nonesHoro paewcteua (KMO), Huskyto ctou-
MOCTb CWUMOBBIX KMtoyew (TUPUCTOPOB), NOHU-
XEHHbIE 3MEKTPOMArHuTHble nomexm [12, 13].

2. MOAEJTUPOBAHUE CXEMbI
LWWMPOTHO-UMMYJIbCHOI'O
NMPEOBPA3OBATEINA

LM npegctaBnseT cobon rnaBHbIN
OGnok  cMCTEMbl  ynpaBfieHWs  LUMPOTHO-
umnynbcHoro npeobpasosatens (LWWM). LWn-
POTHO-UMNYNbCHBIA  Npeobpa3oBatenb, npe-
obpasytolwmin NocTosHHOE Hanpsbkenue [1] B
UMMNYNbCHOE, CpefHee 3HayeHWe KOTOpOoro
(T.€. €ro NOCTOSIHHYK COCTaBAOLLYIO, Bblge-
NSeMyl0 B Harpyske unbTpamu) MOXHO pe-
rynuposatb. [puHUMN perynupoBaHus Bbl-
xogHoro HanpskeHnus WM ocHoBaH Ha ne-
PUOANYECKOM 3aMbIKaHWUK U PasMblKaHUN BEH-
TUNbBHBIX KMIOYEN — TPaH3UCTOPOB WUNKU TUPU-
cTopoB. Ha puc. 1 npueedeHa npocrewuas
6asoBas cxema UM [14] (puc. 1 a) n gna-
rpaMma HanpskeHust Ha Harpyske (puc. 1 b).

VT1 U B
m H,
+ i % ;T tn )
Un [} R
T Le

a

b

Puc. 1. CxeMa wupomHo-uMnynbcHO20 npeobpazoeamens (a) u duazpamMma
HanpsixeHusi Ha Haepy3ke (b)
Fig. 1. Pulse width converter diagram (a) and the load voltage diagram (b)
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Cxema cocTtouT U3 TpaHaucTtopa VT1
(IGBT-TpaH3ucTop), koTopbld paboTtaeT B pe-
XUMe Kno4a, uctovHuka nutanua (Un) u
Harpy3kn (RH). Takas cxema obecneumBaet
TONbKO  OJHONONSAPHYK  Mogynaumi. [pu
BKNtOYeHun TpaH3uctopa VT1 (B pexume
Kntoyva) Ha Harpyske opMupyeTcs Mosnoxu-
TenbHbIN UMNYNbC HanpsxeHus. [pu BbIKIHO-
YyeHun TpaHanuctopa VT1 dopmupyeTcsa naysa
HaNPSXXEHUS Ha Harpyske.

BaxHenwunm napameTpoM, KOTOPbIN
xapaktepusyet pabory LWWM, saBnsetcs
CKBaXXHOCTb 7, KOTOPYI0 MOXHO BbIYMCIUTL MO

copmyne (1):

y=3=r2 (1)

roe t, — NPOJOIKUTENIbHOCTL MOMOXUTENbHO-
r0 UM OTPULATENBHOrO UMMYySbCa Hanpsixe-
HUS, MPUIIOXEHHOrO K Harpyske; t, — npogon-
XWUTenbHOCTb nay3bl; T — nepuog paboThl
WM.

lpacuk 3aBucmumocTn U, OT CKBaXHO-
CTU ¥ Ha3blBaeTCA PerynupoBOYHON XapakTe-
puctukon WM [1], kOTOpyd MOXHO paccyu-
TaTb no popmyne (2):

Uy =Uy . (2)

N3meHass y, MOXHO perynupoBaTb
cpefHee 3HAYeHVe HanpsKeHWE Ha Harpyske.
MakcumanbHoe HanpsbkeHue Ha Harpyske no-
nyyaeTcs npu 3HaYeHUn CKBaxXHOCTH y = 1.

B cpege MATLAB 7.5 ¢ ncnonb3oBa-
Huem  6rnokoB n3  OGubnmuotekm  Sim-
ulink/SimPowerSystem® [15-18] cmopenupo-
BaHa cxema LUWIM (cm. puc. 1 a) ¢ ogHum
TpaHsuctopoMm. Cnocob moagenupoBaHus wu
afgekBaTHoCTb paboTtbl mogenun WU gokasa-
Ha C NOMOLLbID 3KCMEePUMEHTanbHOro uccne-
[0BaHUs, KOTOPOE onncaHo noapobHo B [14].

Mogenb LUWII, koTopas nokasaHa Ha
puc. 2, cogepxut: Onok perynmpoBaHus
HanpsbkeHns ynpasneHus (U,), KoTopoe MOX-
HO perynupoBatb oT 0 go 10 B; 6nok cuctembl
ynpaenenus LWWM n 6nok cunoBoi cxembl
WM, cocroawmin ns IGBT-TpaH3ucTopa, ak-

TUBHOWN HarpyskM RH 1 CUNOBOro (NUTatoLLEro)
3BEeHa, NpeacTaBlieHHOro B Buae GaTapen C
HanpsbxeHnem 100 B.

PaspabotaHHaa wmogenb LWWM yHu-
KanbHa B TOM CMbICNEe, YTO OAHOBPEMEHHO
KPOME TOKa M HanpsiKEHUst Harpy3ku nokasbl-
BaeT u Kl npeobpasoatens. 3To no3Bons-
€T 1ccneaoBaTento TpaTUTb MEHbLLE BPEMEHM
LA pacyeTa 3HepreTMYeCcKUX XapakTepucTyuK
cxembl LUAM.

Ha puc. 3 nokasaHbl guvHamuyeckue
xapaktepuctukn  LUWM  npu  cKkBaXHOCTU
y =0,6.

3. MOAENNPOBAHME CXEMbI
YACTOTHO-UMNYJIbCHOIro
NMPEOBPA3OBATENA

MpuvHUMN  perynupoBaHnst BbIXOOHOTO
Hanpspkenust YA [10, 19] 3akntoyaeTcs B M3-
MEHeHWUn BbIxogHou YacTtoTbl YW npu nocro-
SIHHON ANUTENbHOCTM (LUMPUHE) UMMynbCa Bbl-
XO[HOro HanpsbkeHus t,, T.e. hakTM4eckn us-
MEHSIETCSH ANUTENbHOCTL Nay3bl t, (puc. 4 b).

Mpumepom cunoson cxembl YNM mo-
XET CNyXuTb CXema, NnokasaHHas Ha puc. 4 a.
dakTnyeckn 310 cxema o0AHO(Aa3HOro MHBEp-
TOpa, Harpyska R, KOTOpOro BKfOYeHa Ha
CTOPOHE NOCTOSHHOTIO (NyNbCUPYHOLLEro) ToKa.

Cxema cOCTOWT M3 crnegyrowmux ane-
MeHTOB: VS1-VS4 — cunoBble TMPUCTOPSI, CO-
eAMHeHHble Mo MocToBoM cxeme; C — KoMMy-
TUPYIOLLMIN KOHAEHCATOop; L —KOMMYTUPYHOLLNIA
apoccenb; RH — akTMBHas Harpyska.

Cxema paboTaet cnepgywowmm obpa-
3oM. [looyepenHo uMMynbCaMu ynpaBneHus
OTKpbIBalOTCA napbl TMpuctopoB VS1-VS4 u
VS2-VS3. lNpoucxoant nepesapss KOMMYTU-
pyloLLEero koHaeHcaTopa no konebartensHoMy
3aKOHY B KOHTYypax, cogepxaLiux KOMMyTuUpy-
IOLLWIA ApocCefb, aKTUBHYHO HarpysKy u Kakyo-
nbo u3 nap TupuctopoB (VS1-VS4 nmbo
VS2-VS3).

OcHoBHOW pexum paboTbl CxeMbl (CM.
puc. 4 a) — 3T0 pexum NPepbLIBUCTOrO TOKa B
Harpyske. B aTom cnyyae nmeet MecTo ecTe-
CTBEHHasi KOMMYTaLuWs TUPUCTOPOB, T.€. TUPHU-

'Anydpues W.E., CmupHoB A.B., CmupHosa E.H. MATLAB 7: Camoyuutens. CI6.; BXB-MetepGypr, 2005. 1104 c.
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Puc. 2. Modens wupomHo-uMnynbCHO20 npeobpazoeamens
Fig. 2. Model of a pulse width converter

Puc. 3. JuHaMuyeckue xapakmepucmuku pabombl WUPOMHO-UMMYJIbCHO20
npeobpasoeamens npu ckeaxHocmu y = 0,6. nepebili 2paghuk — mok Ha Hazpy3ke (IH);
emopol epaghuk — HanpsixeHue Ha Haepy3ke (UH); mpemuti epaghuk — mok (1k3)
mpax3ucmopa VT1; yemeepmoili 2pachuk — HanpsixeHue (Uka) mpaHaucmopa VT1
Fig. 3. Dynamic characteristics of pulse-width converter operation with the duty cycle of y =0.6: the first graph
shows the load current (In); the second graph shows the load voltage (UH); the third graph shows VT1 transistor
current (Ik3); the fourth graph shows VT1 transistor voltage (Uk3)
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Puc. 4. Cxema yacmomHo-umnynbcHo20 npeobpazoeamens (a) u duazpamma
HanpsikeHus1 Ha Haepy3ke (b)
Fig. 4. Pulse frequency converter diagram (a) and load voltage diagram (b)

cTopbl paboTatoLlelt napbl 3aKpblBalOTCA, KO-
roa 3apsgutcs koHgeHcatop C v TOK YMeHb-
wutcs go Hyns. OTMETUM, YTO Takon cnocob
KOMMYTaLWy BECbMa HafeXeH.

AHanormyHo rpadgwmk sasucumoctn U,
OT YacTOTbl CNefOBaHUS BbIXOOHbIX UMMYMb-
coB f HasblBaeTCA perynupoBOYHOW XapakTe-
puctukon YUI, KOTOpbI MOXHO BbIMUCNSATH
no popmyne 3:

Uy = Uyaxc * ﬁ)TH. ) (3)

rae Uyake — MakcumanoeHoOe BblIXOAHOE Hanps-
XeHue cunoson cxembl Y. MakcumanbHoe
HanpsbkeHne U, nonyyaertca npyu Makcumans-
HOM 3HAYE€HUN OTHOCUTENbHOW BbIXOOHOW OT-

HOCUTEMBHON YaCTOThl fipy, =f/f . Mawme-
MaKc.

HAs f, MOXHO perynupoBaTtb cpegHee 3Haue-
HUEe HanpsXKEeHUs B Harpyske.

Pa3paboTtaHHasa mogenb cxembl YAI ¢
YETBIPbMS TUPUCTOPHLIMM KItoYamu (puc. 4 a)
B cpeae MATLAB 7.5 ¢ ucnonb3osaHuem 6no-
koB 13 6ubnmotekn Simulink/SimPowerSys-tem
nokasaHa Ha puc. 5. Cnocob mogenmpoBaHus
1 agekBaTHOCTb paboTbl Mogenu YNI gokasa-
Ha C MOMOLLbIO JKCMEPUMEHTANIbHOMO UCCe-
[0BaHUs, KOTOPOE onncaHo nogpobHo B [20].

Mogenb LUWI, koTopasi nokasaHa Ha
puc. 5, cogepxut cnegytoLiune 6oKku:

— 3agaowwmn renepatop (3) umnynbs-
COB;

— pacnpegenutens umnynscos (PW)
Mo KaHanam ynpasneHus;

— cunoeasa cxema YW, koTopas co-

ctout n3 VS1-VS4, RH, L, C 1 ncToyHmKa nu-
TaHus ¢ HanpskeHrem 100 B.

HanpsokeHne Upu? noctynaet Ha
ynpasnsiiowue anekTpoasl Tupuctopos VS1 un
VS4 un BkntoyaeT nx. Yepes MHOYKTUMBHOCTbL L,
Harpysky RH, napy TupuctopoB VS1-VS4 u
koHgeHcatop C npoTekaeT ToOK. [lpu aTOM
koHgeHcatop C 3apsbkaetcsa. [lpu nopade
HanpsbkeHuss Upu2 Ha ynpasnstolime asnek-
Tpoabl Tupuctopos VS3 n VS2 paHHas napa
TMpUCTOpOB BKMoYaeTcsa. KoHgeHcatop C 3a-
nupaet napy tupuctopoB VS1-VS4 u tok By-
[OEeT npoTekaTb 4epe3 MHAYKTMBHOCTL L,
Harpy3ky RH. KoHgeHcaTop C onsTb HauMHaeT
3apshkaTbcs. Takum obpasom, oTnvMpaHue Tu-
PUCTOPOB NPOUCXOAWUT MPW Mofadye UMNynb-
COB, nocTynawwmx u3 6noka PY. 3anupaHue
TUPUCTOPOB MPOMCXOAMUT 3a CYET nepesapsaa
koHaeHcatopa C.

PaspaboTtaHHasa mogens YWUI, kak u
mogenb WM, ogHoBpeMeHHO paccunTbiBaET
1 MoKasblBaeT TOK Harpysku, HanpshkeHue Ha
Harpyske u KI[ npeobpasosatens. Ha puc. 6
npvBedeHbl AMHAMUYECKUE XapaKTEPUCTUKM
pabotbl YUI npu yactote f = 145 Ty (y =
0,6), Nofy4YeHHble B pesynbTaTe MOAenMpoBa-
HUS.

Kak BugHO 13 gmarpammbl puc. 6, npu
HU3KMX YacToTax Mexay MMnynbscamu umaet
naysa, a npu 4acToTe COOTBETCTBYHLLENO HO-
MWUHANbHOro pexuma pabotbl npeobpasosa-
TeNns MMNynbCbl HanarawTCa Apyr Ha Apyra,
13-3a Yero craTuyeckass perynmpoBoYHas xa-
paktepuctuka YUIM nonyyaetca HenMHENMHOW
[20].
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Puc. 6. JuHamuyeckue xapakmepucmuku pabombl YacmMomHo-uMnysLCHO20 npeobpasosamers
npu yacmome f =145y (y = 0,6): nepebili epaghuk — mok Ha Hazpy3ke (IH); emopoli 2paghuk — HanpsixKeHue
Ha akmueHoe Hazpy3ke (Ug); mpemuti epachuk — HanpsixxeHue (Uak) mupucmopa VS4; yemeepmbil
epagpuk — HanpsikeHue (Uak) mupucmopa VS3
Fig. 6. Dynamic characteristics of pulse-frequency converter operation at the frequency of f = 145 Hz
(v = 0.6): the first graph shows the load current (IH); the second graph shows the active load voltage (Ug);
the third graph shows VS4 thyristor voltage (Uak); the fourth graph shows VS3 thyristor voltage (Uak)

4. CPABHEHUE XAPAKTEPUCTUK
LWXAPOTHO-UMMNYJIbCHOI'O

N YACTOTHO-UMIMYNbLCHOIo
NPEOBPA3OBATEJIEU

Ha paspabotaHHbix mogenax LWAM wn
YNIM npoBegeHbl nccnegoBaHusa Ans cpaBHe-
HUS 3HepreTuyeckux nokasatenen LWAM wu
YNM. PesynbTaTbl uccrnenoBaHuii MNokasaHbl
Ha puc. 7 n 8.

Ha puc. 7 npeacrtaBneHbl BbIXOAHblE
xapaktepuctukn WM n YA npu HoMuHanb-
HbIX pexumax pabotbl. Kak BUOHO, BbIXOAHAs
xapaktepuctuka YUIM obnagaet 6Gonbluen
XECTKOCTbIO, YEM BbIXOAHAsS XapaKTepucTuKa
WM. 370 cBsI3aHO C Tem, YTO TPaH3UCTOp
obnagaet 6onblIMM BHYTPEHHUM COMPOTUB-
neHvem, 4yem Tupmuctop. Ha puc. 8 npeacras-
neHbl xapaktepuctuku KM vmnynbcHbIX npe-
obpasoBaTtenen Npu HOMUHAMbHBLIX PEXUMaX
paboThbl.

OuesungHo, yto Krf YN npesbiwaeT
Kng Wmn na 1,33 %. 310 sBnsetca cnen-
CTBMEM TOrO, YTO BbIXOAHAs XapaKTepucTuKa
YU obnagaet OOnblUen XeCcTKOCTbl, YeMm
BbIXOAHas xapaktepuctuka LM,

5. BAKNIOYEHUE

B craTtbe nccnegoBaHbl Mogenu nony-
NPOBOAHMKOBBLIX MNpeobpa3oBaTtenen c LWu-
POTHO-UMMNYNIbCHON W Y4aCTOTHO-UMMNYNbCHON
mogynsaunen. [ns paspaboTku ucnosib3oBa-
NUCb MeToAbl MMWTALMOHHOIO MoAenmpoBa-
Hus B cpegde Simulink/SimPowerSystem Kom-
nnekca MATLAB 7.5.

MNpuBegeHbl pesynbTaTbl MccenoBa-
HUS Ha pa3paboTaHHbIX MOAENsX B BUAE Au-
HaMWYECKMX W CTaTUYECKUX XapaKTEPUCTUK
npeobpa3oBatenen. AHanM3  MOMYYEHHbIX
XapaKTepUCTUK noKasasn, YTO MNPUMEHEHME
cnocoba ynpasneHus ¢ Y/IM noBbiwaeT xecT-
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HanpsakeHue Harpysku, B

ToK Harpysku, A
—o—Lwunn —m—4yun
Puc. 7. BbixoOHble xapakmepucmuku UMnysbCHbIX npeobpazoeamesnell npu

HOMUHanNbHbIX pexumax pabomal
Fig. 7. Pulse converter output characteristics at rated operating modes

HoMMHanbHbIN peXkum

Puc. 8. KoaghcpuyueHm nonesHozo delicmeusi uMnynbCHbIX Npeobpasosamenell
npu HOMUHanbHbIX pexumax pabomsi
Fig. 8. Pulse converter efficiency at rated operating modes

KOCTb BbIXOOHbIX Xxapaktepuctuk u KM nony- PaspaboTtaHHble Mogenu MoryT npw-
NPOBOAHMKOBbLIX NpeobpasosaTenen no cpas- MEHSATbCA ONd  UCCnefoBaHust  ynpasneHus
HEHWo co cnocobom ynpasneHus ¢ WM. 3MeKTPOonpuBOAOB NOCTOSAHHOIO TOKA.
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Kputepun Bbibopa cocTaBoB TONMMUB NPU UX CHUraHUN
B ra30TypOUHHbIX YCTaHOBKaX C He3HAYUTENbHbIMU
nepeaenkaMmu TONIMBHON CUCTEMbI

©T.E. Mapbun***, 6.M. OcunoB**

*AO « Tamanepaoy, punuan «KaszaHckas TOL-2», e. KazaHb, Poccusi
**KazaHckuli eocydapcmeeHHbIl aHepeemudeckuli yHugepcumem, 2. KazaHb, Poccusi

Pesrome:Llenbio naHHow paboThl SIBNSIETCS MCCnedoBaHWe KpuTepueB BbiOOpa COCTABOB TOMMMB MPU MX CXUraHUK B
ra3oTypbuHHbIX YCTAHOBKAX C HE3HAYMTESlbHbIMU nepeaenkamMu TONIMBHOM cuctembl. pu pabote u nyckax rasotyp-
OMHHBIX YCTAHOBOK BCEe NapameTpbl TOMMMBA LOMKHbI YAOBNETBOPATL TpeboBaHWsM no kadyecTBy. OCHOBHLIM BWZOM
TONnMBa Ans rasoTypOUHHBIX YCTAHOBOK, BXOAALWMX B COCTAB Mapora3oBbiX YCTAHOBOK, SIBNSETCS NpupogHbln ras. Oa-
Hako rasoTypbuHHbIE YCTaHOBKM 06nafaloT CnoCOGHOCTBIO CXMraTh LUMPOKKUIA CNEKTP rasoobpasHbix Tonnme. CBOWCTBA
Ka)X4oro TOMnMBa MOryT CYLLECTBEHHO pa3nnuyaThCs U3-3a COAEPXKaHUS OCHOBHbLIX KOMMOHEHTOB U MPUMECEN B COCTaBeE,
YTO CYLUECTBEHHO BMMSIET HA COCTaB MPOAYKTOB CropaHusl, T.e. Ha ero TepmoauMHammuyeckme ceoicTea. O4YeBuUaHO, YTO
3TO0 BIMSIHWE OKA3bIBAETCS W HA WHTErpanbHbIe NapameTpbl ra3oTypbuHHoOI ycTaHoBKU. Cepbe3HbiM NapaMeTpoM B 3TOM
cnyyae sIBNSETCS pacxofHas xapakTepucTuka TOMMBHOMO rasa, T.K. CUCTEMa aBTOMaTUYECKOro PerynmpoBaHus MOXeT
yCTONUMBO paboTathb, BbIMOMHAS CBOM (DYHKUMM, B ONpedesieHHOM npepenie 3TOWM pacxOAHOW xapaktepuctuku. Cylue-
CTBYIOT CheumarnbHble MeTOAUKM, Hanpumep, nHaekc Bobbe, KOTOpLI NO3BONSET C ONpeaeneHHOoN TOUHOCTbIO PeEKOME H-
[0BaTb NMPUMEHEHWEe TOro WM UHOTO TOMMMBHOIO rasa Afs AaHHOW ra3oBon TypOuHbl 6€3 nepeHacTponku CMCTEMbI aB-
TOMaTWU4eCcKoro perynupoBaHus. B gaHHoi paboTe B kayecTBe uccnepyemon TypbuHbl BeibpaHa rasotypbuHHas ycTa-
HoBka GE PG111 6FA. [Ina uccnenoBaHus BIMSAHUS TOMNMBA Ha XapaKTepUCTUKM TypOuMHBI Co3haHa MaTemaTtuyeckas
moaenb. Ans UCKIYeHNs NOBPEXAEHWI KaMepbl CropaHust U TpakTa ropsiymx ra3oB HeoOXoaMMO BLINOMHSATL TpeboBa-
HUS NO KOHAEHCAUMM Bnarv 1 yrnesoaopofoB B TOMSIMBHOM rase, No3ToMy NpeAcTaBrieHbl 3aBUCUMOCTU KOHZAEHCaLMK
YrneBOAOPOAOB U Bnaru B TONAMBHOM rase. loka3aHo BNusiHWE 3HavyeHUn nHaekca Bo6be Ha paboTocnocobHocTb Ton-
NUBHBIX CUCTEM ra30BOW TYpOUHbI, e AoMyCTUMO UCMONb30BaTh TONNMUBHbIN ras, ya0BNeTBOpALWMA nHaekcy Bob6e. B
paboTe paccMOTPEHO 4 TOMMMBHBIX rasa, HO TONbKo ra3 CTenaHOBCKOro MECTOPOXAEHUS YAOBNETBOPSeT TpeboBaHMsM
uHaekca Bobbe, ero MoXHO UCMONb30BaTh B3aMeH UCX0AHOro 6e3 MoaepHuU3aLmMn 1 nepeaenki TONMUBHOM CUCTEMBI.

Knioueenie cnoea: naporasoBas ycTaHOBKa, ra3oTypGuHHasi yCTaHOBKa, TOMNMBHBIN ra3, cOCTaB TOMnMBa, NHaekc Bo6b-
Oe, yrneesogoposbl

UHpopmayusa o cmamee: [Jata noctynnenus 09 aueapsi 2020 r.; gata npuHaTvs k nevatn 03 mapta 2020 r.; gata oH-
naviH-pasmellerns 30 anpens 2020 r.
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Choice criteria in the composition of fuel applied in gas
turbine installations with minor fuel system modifications

Georgiy E. Marin, Boris M. Osipov
Tatenergo JSC Branch of Kazan TPP-2, Kazan, Russia,
Kazan State Power Engineering University, Kazan, Russia

Abstract: The present study is aimed at determining criteria for selecting the optimal composition of fuel applied in gas
turbine installations while avoiding major alterations of the fuel system. During operation and commissioning of gas tur-
bine units, all fuel parameters must meet quality re-quirements. Although the primary fuel used in gas turbine units in-
cluded in combined-cycle plants is natural gas, it is possible to apply a wide range of gaseous fuels. Due to the content of
the main components and impurities, the thermodynamic properties of each fuel can vary significantly, af-fecting the
composition of the combustion products, as well as the integral parameters of the gas turbine installation. In this connec-
tion, since the automatic control system must reliably perform its functions within a certain limit of this characteristic, the
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flow rate of the fuel gas comprises a critical parameter. The Wobbe index is applicable in technical approaches for ap-
proving the use of a particular fuel gas for a given gas turbine with a certain accuracy and without reconfiguring the au-
tomatic control system. In the present study, a GE PG111 6FA gas turhine unit was used. A mathematical model was
created to study the effect of fuel variant on turbine performance. In order to eliminate damage of the combustion cham-
ber and hot gas path, it is necessary to fulfil the requirements for condensation of moisture and hydrocarbons in the fuel
gas. Therefore, conden-sation dependences for hydrocarbons and moisture in the fuel gas are also presented. In cases
of acceptable application of fuel gases satisfying the Wobbe index, the effect of these values on the performance of gas
turbine fuel systems is shown. Out of four types of gas fuels considered in the study, only the gas obtained from the Ste-
panovskoye field met the requirements of the Wobbe index, allowing its substitution for the originally-intended fuel with-
out necessitating alterations to the fuel system.

Keywords: combined cycle gas turbine, gas turbine plant, fuel gas, fuel composition, Wobbe index, hydrocarbons
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1. BBEAEHUE

B HacToslwee Bpems napora3oBble
YCTaQHOBKM SBMSIOTCA OCHOBHbIM TUNOM 060-
pygoBaHus npu MmogepHu3auun obopynosa-
HUSA TENOANEKTPOCTAHLMIA, a TaKKe UCTOYHM-
KOB HOBOW reHepaumu.

OCHOBHbIM BMOOM TOMMMBa AnNs ra-
30TypOUHHbIX ycTaHoBoK ([TY), Bxogawwmx B
COCTaB Mapora3oBblX YCTaHOBOK, SBMSETCS
npupodHeln  ra3. OpgHako ra3oTypObuHHblE
yCTaHOBKM 00nagatoT CnocOBHOCTLIO CXMraThb
WMPOKNA  CMEKTp  ra3oobpasHblX  TOMMMB.
CBolcTBa Kaxgoro TOmnMBa MOryT Cylie-
CTBEHHO pasnuyaTbCa U3-3a COAEepXaHus oc-
HOBHbIX KOMMOHEHTOB M NPUMECeN B COCTaBe.

OCHOBHble YCoBKSA Npy 3KCnnyaTauum
rasoBblX TypOWH, KOTOpbIE AOMKHbI ObITb Bbl-
NONHEHbl HE3aBUCMMO OT BMAA MUCMONb3yeMO-
ro Tonnuea:

1) yCTONYMBOCTb K CAMOBO3rOPaHMIo;

2) cooTBeTcTBME TpeboBaHWsSM  Bbl-
6pocos (NO,, CO);

3) yCTOMYNBOCTb K MUKPOB3PbIBaM;

4) npuemMnemoe AuMHaMuyeckoe Aa.-
neHve npu cropaHuu [1, 2].

[na cooTBeTCTBMS Takum pabounm
TpeboBaHuaM npu BbIOOPE KaMepbl cCropaHus
rasoBoil TYpOWHbI yYNTLIBAKOTCA Takke napa-
MeTpbl TOMNMBA: COCTaB KOMMOHEHTOB, TEMIO-
TBOPHasi CNOCOBHOCTb, YPOBEHb 3arpsA3HEHUS
Tonnuea. o cepeauHbl 70-X ro4oB MPOLUSIOro
BeKa 0OblYHbIM BbLIOOPOM MO MPUYMHE CBOEW
NPOCTOTbl Ans TypOuH Obln Anddy3noHHbIe

kamepbl cropaHus. o mepe Toro, kak Tpebo-
BaHMA K Bblbpocam CTaHOBWMNCL KecTye,
Ony3nOHHbIE Kamepbl CropaHvst MOAEPHU-
3MpoBanMcb CMCTEMaMM NoaBoAa BOAbI WK
napa Ans yMeHblueHus TemnepaTtypbl U Bbl-
6pocoB NO,. YxectoueHne TpeboBaHMin Mo
Bblbpocam npuBeno K BHeOPEHWO Kamep
npeaBapuTENbHOrO  CcMelwmBaHus  «b6egHon»
TONNMBOBO3AYLWHON cmecu. o mepe pa3su-
TS TexHonornn u TpebosaHun Gonee HU3KOro
konuyectBa BbIOPOCOB HEKOTOpPbIE Mogenu W
CUCTEMbI Kamep CropaHusi CTanu noafiexatb
OrpaHN4YeHNsaIM No MPUNYECKUM N XMMUYECKUM
CBOMCTBAM MCMOSIb3yeEMOro TOMMMBHOIO rasa
ans 3 eKTMBHOrO 1 6e30MacHoro CXuraHus
Takoro Tonnuea. YKasaHHble OrpaHuyeHns no-
CTOSIHHO OOHOBRSAITCA NO Mepe pa3BUTUA
TexHonorun rasotypboctpoenus [3-5].

2. KNACCUDPUKALINA
TOMINBHBIX TA30B

OcCHOBHbIM BMOM TOMMMBA, WCMOMb-
3yemMoro B ka4yecTBe TOMMBHOrO rasa (tabn.
1) ra3oBbIX TYpOVH, ABNAETCA NPUPOAHLIN ras.
TennotBopHas cnocobHOCTb NPUPOAHOrO rasa
HaxoguTca B amanasoHe ot 29,304 po
109,968 kOx/M® (7115 mo 26700 kkan/m®).
[encreutenbHas TeNNOTBOPHAs CNOCOBHOCTb
3aBUCUT OT CofepXaHus B rase yrneBofopo-
[0B U MHEPTHbIX ra3oB [6-9].

MpvpoaHble rasbl U3BnekalT U3 noa-
3eMHbIX MeCTOPOXOEeHUNA. ITU «Cbipbley rasbl
MOryT COAEepXaTb PasnuyHbleé KOMMOHEHTHI,
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Takue Kak asoT, YrneKkuCnbli ras, cepoBogo-
pod, necok, Boda. CXWXEHHbI MPUPOAHbIN
raz (CIl) TpaHcnopTupyeTcs U XpaHUTCA B
XWUOKOM cocTosHuM. B ero coctase oTCyT-
CTBYIOT MHEpTHble rasbl U Bnara, NO3TOMY OH
SBNSETCH BbICOKOKAYECTBEHHBIM NPUPOLHBIM
rasoM. AnbTepHaTMBON MOXET CIYXWTb CXW-
XEHHbIN yrnesogopoaHbi ra3 (CYI), Ho ero
BbICOKasi KOMMep4Yeckasi CTOMMOCTb MO3BONSA-
eT MCnosb30BaTb AaHHbIN B TONNMBA TOMb-
KO B Ka4eCTBE pPe3epBHOro.

B HacTtoswee Bpemsi Bce Oonbliee
pacnpocTpaHeHne nonyyvaet TOMMMBO, KOTO-
poe npov3BOAMTCA NpyU MOMOLM npoLecca
rasudukaumm ¢ NpoayBKOM KWUCIIOPOLOM MU
BO3JYXOM, B Ka4yeCTBE WCXOAHOMO Cbipbs UC-
Nonb3ylTCA Yrofib, HEPTAHON KOKC W TsXe-
nble XnaKocTu. Y Takux TONUB TENNOTBOPHAs
CMOCOBHOCTb HWKE, YeM Y APYrnX TOMSMBHBIX
rasoB. [ina paboTbl rasoBovt TypbuHbl HEOO-
XO4MMa MoZepHU3auus TOMNSIMBHOW CUCTEMBI,
a TaKkke cneyunasnbHble TONMBHbIE (POPCYHKM.

O60CcoBnEHHO TPYyNNoW CTOAT TEXHW-

yeckue rasbl, OHW 06pasyloTcs B pesynbTarte
XMMUYECKMX MNPOLECCOB U MOryT ObITb WC-
NoNnb30BaHbl B KayecTBe TOMMMBHOMO rasa
['TY, Hanpumep, XBOCTOBOW UK He(hTe3aBOA-
CKOM ra3. OTu rasbl 4YacTo COCTOSAT U3 METaHa,
BOAOPOAA, YrapHOro rasa, aTaHa, nponaHa,
YIMEKNUCNOro rasa, KoTopble 06bIYHO SABNSAOTCS
noboYHbIMKM NPOAYKTAMU HEDTEXMMUYECKOTO
npou3BoACTBa. VIMes B KayecTBE KOMMOHEH-
TOB BOAOPOA W yrapHbii ra3, JaHHOE TOMMNMBO
Xapaktepusyetcs GonblwnMm npegenoMm BOC-
nnameHsieMocT. [loMeHHble ra3bl UMelT
OYeHb HU3KYK TENNOTBOPHY CMOCOBHOCTD,
Nno3ToMy UX HeobxoaumMo cmellnBaTb C Apy-
TMM TOMMMBHBLIM ra3oM, Y4TOObl MOAHATb Ten-
NOTBOPHYt0 €cnocobHOCTb. KokcoBble rasbl 60-
raTbl BOOOPOAOM W MEeTaHOM, codepxaT cre-
Obl TSHXKENbIX YrneBoaopofoB. [aHHbid ToM-
NUBHBIA ra3 06s3aTenbHO J0MKeH ObiTb 04K-
LeH OT TSKeNbIX YrneBOAOPOAOB nepen no-
[iayeit B TONSIMBHYKO CUCTEMY ra3oBon Typbu-
Hbl [10-12].

Tabnuuya 1
Knaccugpukauyusi monnueHbix 2a3o8
Table 1
Fuel gas classification
Hu3wasa TennoTBopHas T
. 3 ensioTa cropaHus
TonnuBHbIN ras CNocobHOCTb, KK/M 3 KoMnoHeHT
3 Tonnuea, Kx/m
(kkan/m”)
MNpupodHbIn ras, 29,78-44,798 29,78-44,78
CXKMXKEHHbIV NPUPOAHbIN ras3 (7115-10700) MeTaH
CXKMKXEHHbIN 85,829-95,877 nponat,
YrneBoAOPOAHbIN ra3 (20500-22900) 8581-119.1 ByTtaH
a3, NofyyYeHHbIN B
npouecce rasupukalmu: yrapHbI ras,
y _ 3,722-5,652 3,72-5,65 BOAOpOA,
— NPOAYBaEMbIi BO3OYXOM; (889-1350) a30T,
— NpoJyBaeMbIn 7,452-15,072 BOAAHOW Nap
KMCMOPOAOM (1780-3600) 7,45-15,06
MeTaH, BOAOpOoa,
yrapHbIn ras, aTaH,
y 11,304-111,787 9TUNEH,
TexHonornyeckun ras (2700-26700) 11,3-111,76 npona,
asoT, yrnekncnbli
ras
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3. KPUTEPUU OLIEHKU TOMJINBA

TennomeopHasi cnocobHocmb SB-
NAETCS OCHOBHOW M CaMOW BaXHOW XapakTe-
PUCTUKON TONnuBa. TennoTBopHas cnocob-
HOCTb TOMMMBHOIO rasza MOXeT ObITb onpeae-
NeHa 3KCnepuMMeHTasnbHO C MOMOLLbIO Kano-
puMeTpa, B KOTOPOM CXMUraeTcs TOMNMBO B
NPUCYTCTBMM BO3ayXa Npu MOCTOSIHHOM AaB-
neHun. TpogykTel OCTbIBAOT [0 MCXOA4HOM
TemnepaTypbl, NOCNE Yero NPOU3BOAUTCA W3-
mepeHnue [13-15].

TpeboeaHue no KoHAeHcayuu yane-
80dopodoe u eslacu MOIMJIUBHO20 2a3a B-
NAETCH BaXHbIM KPUTEPMEM OLIEHKM TOMMBa
pna 'TY. [aHHoe TpeGoBaHve yCTaHOBNEHO
ANns Toro, 4tobbl rapaHTMpoBaTb MOMHOE OT-
CYTCTBME XWUAKOCTW B NMOAABAEMOM B ra3oByto
TypbuHy Tonnmee. [aHHoe TpeboBaHue He
3aBUCUT OT KOHLUEHTpauumn yrnesogoponos. B
3aBMCMMOCTM OT KOMMOHEHTOB rasa XuaKocTu,
CBSI3aHHbIX C ra3oM, MOTyT NPUBECTU K pa3py-
LWEeHW0 TONMMBHBIX (DOpCyHOK. KoHaeHcauws
Bfarm Hegonyctuma, T.K. BeAeT K obpasoBa-
HUIO ra3oBbIX MMapaToB U cOopy KOHAEHCaTa B
HWXHUX TOYKaxX TOMNIMBHON CUCTEMBI.

TpeboBaHusi N0 KOHAEHCALMMN YrNeBo-
LOPOOB OMUCLIBAETCS 3aBUCHMOCTbIO, MOKa-
3aHHOW Ha puc. 1.

Yrtobbl n3bexatb KoHAeHCauun Bnaru
B UCCnegyeMon Touke, HeobXoaMMO Y4YuThbl-
BaTb TpeboBaHMe NO KOHAEHCauuu Bnarv B

a5 p

3

MMa

rasa’s

35

3

25

Tonnuee. Ha puc. 2 npeactaBneHa 3aBUCK-
MOCTb KOHAEHCaLMM BNaru B TONIMBHOM rase.

To4yka KoHOeHcauuu yanesodopoda
— TemnepaTypa, npu KoTopon obpasyetcs
«nepBas Kanns» yrnesogopoda npu yMeHb-
WeHU TemnepaTypbl rasa npu 3agaHHOM
[aBNeHUW, OHa aHamnornyHa TOYKe KOHAeHca-
umv Bnaru. [laHHas Touka OyaeT onpeaensTtb
MUHUManbHY0 JONYCTUMYK TemnepaTtypy ra-
30BOr0 TOMMBA, NOOABAEMOrO B TOMSIMBHYHO
cucTemy rasoBomn TypOuHbl. B HekoTopbIx cry-
4yasx TOYKa KOHOEHCaLMK YyrneBoAOpPOAOB MO-
XeT ObITb CTONMb HW3KOW, YTO TpeboBaHue no
KOHOEHCauMn Bnarym CTaHeT WMMETb pelato-
LLiee 3HaYeHue.

Toyka KOHOeHcauyuu enaau TOMNMUB-
HOrO rasa 3aBWCUT OT KOHLIEHTpauuu Bnaru v
[aBneHus rasoBoro Tonnuea. MakcumanbHoe
L0NyCTUMOE CofepXaHue Braru orpaHuyvBa-
T 112 Kr/M®, 0TS (pakTMyeckoe 3HaueHMe
yalle BCEero 3Ha4YMTeslbHO MEHbLUE.

Undekc eocnnameHssemocmu. Ton-
N1BHbIE rasbl, cofdepxalive Bogopod, yrap-
HbIN ra3, ¢ 6oNbLWMM coaepXaHMeM UHEPTHBIX
rasoB, OyayT MMeTb BbLICOKOE COOTHOLUEHWE
BEPXHErO N HWXHEro npedena BocnnaMeHsie-
MOCTK, T.€. FpaHuUbl BOCMIAMEHAEMOCTU MO
«boraTbiM» U «BefHbIM» CMecsM CyXatoTcs
MO CPaBHEHWIO C NPUPOAHBLIM ra3oMm, NO3TOMY
BO3MOXHbI Npobnembl nogdepXaHust CcTa-
BMnbHOro ropeHnst BO BCeM AuanasoHe pabo-
Tbl ra30BON TypOuHbI [16, €. 27-49].

"rl OHY ll(‘

5 10 15 20

Puc. 1.TpeboeaHus no koHdeHcayuu y2neeodopodos
Fig. 1. Requirements for hydrocarbon condensation
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Ha rpacbuke (cMm. puc. 1) nokasaHbl co-
NPsKEHHbIE MapaMeTpbl TeMnepaTtypbl U AaB-
NeHns rasa, nNpu KOTOpbIX He npou3onget
KOHAEHCaLMs yrneBoaopoaos.

AnpokcumMarnbHas 3aBUCMMOCTb Bbipa-
XEHa B criegyoLem Buge:

Tkoud (Pzaxa ) = 0’ 00009(Peaaa )3 -
~0,0005(P,  Y+0,0637P, + (1)

asa

+2,9803 = 0;000004( qus’a )4’

rae Tions — TPEOOBAHME KOHOEHCAUMM AN yr-

NeBodOpPOOOB B UCCNeQyeMon TOUKe; P.asa —

[A@BMNEeHVWe rasa Ha BXo4e B TOMIMBHYK CU-
cTemy ra3oBovi TypOuHbI.

Ha rpacbuke (CM. puc. 2) nokasaHbl CO-
NPsKEHHbIE MapaMeTpbl TeMnepaTtypbl U AaB-
NEeHna rasa, Npu KOTOPbIX He npousonaet
koHAeHcaumu Bnarn. Ans crabunbHon paboTbl
HeobxoauMo nogaBaTh B TOMNSIMBHYIO CUCTEMY
ra3 C napameTpamiy Bbllle TOYKM KOHOEHCa-
Lmn.

AnpokcumarnbHas 3aBUCUMMOCTb Bblpa-
XeHa B cneayoLiem Buge:

Tzasa (Ijeasa ) = 0’ 0000 7(})2a3a )4 +
+0,0029( P, )*+0,0346(P. Y+  (2)
+0,3918P_+5,4149,

asa

’ Prasar M2

55
S
45
3
35
3
25
2
15
1
05
0

KoHuyeHmpauyusi npumecel B TOnN-
NBHOM rase — 0fHa U3 COCTaBNSAOLWWMX, KOTO-
pyto Takke Heobxoamnmo yunTeiBaTh. [ockonb-
Ky He CyllecTByeT npocToro crnocoba name-
PUTb KOHLIEHTPaLMIO NPUMecen, TO 3Ha4YeHue
3TOW BENWUYUHbBI AOMKHO ObiTb BbIYMCIEHO:

W = Ge XW@ +Gmon XWm(m ' (3)

npuH

raoe Ge — pacxop Bo3sayxa, kr/c; Wg — KOHLEH-
Tpauus NpuMMecen B BO3AYyXe, KrIM, Gon —
pacxod Tonnuea, Kr/c; Wpyo, — KOHUEHTpaUms
npuMeceli B Tonnmee, Kr/m®.

Ecnmn xe TypbuHa co BnpbickoMm napa
W BOAbl B MPOTOYHOW 4acTW, TO [AaHHoe
YPaBHEHWE NPUMET BUA;

WllpltH = GR XWB + Gmon X
W +G  xW

mon napa napa’

(4)

rae Gpapa— PACXof Napa, Kr/c; Wiapa — KOHLEH-
Tpauus npumeceit B nape, kr/m®.

W}’lpl{H = GB XWR + G X

W +G,,. xW (5)

60001 60001 !

rae Geos — pPacxop Bogbl, Kr/c; Weoas — KOH-
LIeHTpauusa npumeceii B Boae, kr/m®.

54149

U(‘

Puc. 2. 3asucumocmsb KoHOeHCcayuu esla2u 6 MornjaueHoM 2ase
Fig. 2. Dependence of moisture condensation in fuel gas
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UHOekc Bobb6e. [asoBble TypOUHbI
MOryT paboTtaTb Ha pasHbIX TOMMMBHbIX rasax,
MMEIOLLMX OYeHb BonbLIoON pa3bpoc B 4Mcno-
BOM 3HAY€HWM TEMsIOTBOPHOW CMNOCOBHOCTM,
HO KOHKpeTHas TOMMWBHAs CuUCTeMa MOXeT
pabotatb B OnNpeaeneHHon yskou obnactu
3HaveHun. MsmeHeHne cocTtaea rasa npuBo-
OWT K U3MEHEHWIO TENIOTBOPHON CNOCOBHO-
CTMW, YTO BedeT K HeobXoaMMOCTU M3MEHEHNS
konuyecTBa (POPCYHOK, MX Tuna, Temnepary-
pbl W JdaBfieHWs NO4ABaemMoro B TOMMMBHYHO
cucTemy rasa.

CTeneHb B3aMMO3aMeHSEeMOCTW raso-
06pasHbIX BUAOB TOMNMBA ANS TONNBHON CU-
CTeMbl ra3oBov TypOUHbI U3MEPSETCA UHOEK-
com Bo66e (W,,, MOx/m®) [17-19].

[aHHbI noka3aTenb ABNAETCH OTHO-
CUTENbHOW MepOW 3HEPrUn, UHXEKTUPYEMbIN
B Kamepy cropaHusi ras ¢ (OUKCMPOBaHHbLIM
[laBfIEHNEM BbICUMTBLIBAETCS MPWU UCMONb30-
BaHWM 3HAYeHUs1 HU3LIEN TernnoTBOPHOW Crno-
COBHOCTM TONNWBA, YAENbHOW MIIOTHOCTU OT-
HOCUTENbHO BO3dyxa W TemnepaTtypbl TONMAu-
Ba. [Ina maeanbHoro Ttonnuea mMHaekc Bobbe
paccYnTLIBaETCS:

W=

Lo o7
28,96 °

roe Hy — HM3Wwas TennoTBopHas cnocobHOCTb:
U> — MONEKYNsipHas Macca ra3oBoro TONnMBa;
T,— Temnepatypa ra3oBoro Tonnunea.

Ecnm yunTbiBaTb yAENbHYIO NAIOTHOCTD
rasa, To nHaekc Bobbe npumet Bug

roe Pe — nnoTHOCTb rasa, P8 — nnoTHOCTb
BO3ayxa.

3. PE3YJIbTATbI UCCJIIEAOBAHUA

[nsa npoBedeHus nccnegoBaHWi Bhu-
SHMA TOMMMBHOMO rasa Ha paboTy rasoBon
TypOuHbI Bbina cosgaHa mateMaTuyeckas Mo-
nenb rasoson TypbuHbl GE PG111 6FA B AC
FPAT! [20]. B cBSI3M C TeM, YTO AaHHas raso-
Bas TypbuHa paboTtaet B coctaBe aHeprobno-
ka Mry-110MBT, Heobxoanmo noaaepxuBatb
MOCTOSIHHYKO MOLLHOCTb W TemMnepaTtypy Ha
Bbixoge ¢ ['TY npu 6a3oBoi Harpyske. 3Have-
HUSI OCHOBHbIX NapameTtpoB [TY npu pabote
Ha cTaHZapTHOM TOMMMBE:

1) Temnepatypa Ha Bxoge B ABuUratenb
288,15 K (15°C);

2) paBneHue Ha BXoae B ABuratenb
0,1013 MMa;

3) CyMMapHbI - pacxog BO3gyxa Ha
Bxoae B auratens 210 kr/c;

4) mowwHocTb 77000 kBT;

5) KNA 35,73%;

6) TemMnepaTtypa Ha Bbixoge W3 ABuWra-
Tens 874 K (600,85°C).

TennoBoi pacyeT ras3oTypOUHHOrO
[BUratens npov3BoanTCa Ha TOMMUBHOM rase
pasHbIX MecTopoxaeHuit. CocTaB TOMNMBHOIO
rasa npeactaefieH B Tabn. 2, B pesynbrare
pacyeToB MOSyYeHbl OCHOBHbIE XapakTepu-
cTukn ['TY, NnpeacTaBneHHble B Tabn. 3.

B tabn. 4 npeacraBneHbl NoMyyYeHHble
3Ha4YeHns 1 OTKNOHeHMs nHaekca Bobbe.

[onycTumbin ~ AnManasoH M3MeHeHUs
nHaekca Bobbe 3apaetcsa Tak, uTobbl rapa-
TUPOBaTb NpaBWSIbHYO paboTy TOMMMBHOM
cucTeMbl B aKcnnyataumm TypbuHbl. Mpu uc-
NONb30BaHWUKN HECKONbKNX BMOOB ra3oobpas-
HOro TOMMMBA, HanpuMep, OCHOBHOTO WU pe-
3epBHOro, HeobX0AMMO Y4MTbIBaTb OTKMOHE-
HMe nHaekca Bobbe. [onyctumbin amanasoH
N3MEeHeHns 3HayeHun uHaekca Bobbe +5%,
4TO no3BonsieT pabortatb ra3oBon TypOuHe B
[ONYCTUMbIX Npefenax n3MeHeHust BblopocoB
M OMHAMUKN TOPEHMsi, pacxofa TOMMMBHOIO
rasa, npu GonblieM OTKMOHEeHUW TypbuHa He
Bynet pabotatb B ONTUMANIbHOM peXume.

'Ocunos B.M., TuTos A.B. ABTOMaTU3MPOBAHHAs CUCTEMA ra304MHAMUYECKUX PACYETOB JHEPTrETUYECKUX TypboMaLLnH:

yyeb. nocob. KasaHb: M3g-so KIAY, 2012. 277 c.
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Tabnuya2
Cocmae monsueHo20 2a3a
Table 2
Fuel gas composition
MecTtopoxaeHune
CopepxaHue ®ooMvNa TonnuBHbIN ras

KOMMoHeHTa, % pMy KTOL-2* CrenaHoBckoe | 3anonsipHoe | KpanuBuHckoe
MeTaH CH4 94,44 95,100 87,895 58,015
JTaH C,Hs 3,16 2,300 5,260 9,270
MNponaH CsHs 1,09 0,700 2,130 13,300
M306yTaH C4H1o 0,464 1,200 1,270 12,410
Kucnopoa 0, 0,005 0,025 0,025 0,025
AsoT N, 0,625 0,475 2,440 4,890
Auokeup CO, 0,216 0,200 0,980 2,090
yrnepoga
*KasaHckast TOLL-2

Tabnuua 3

OcHoeHble xapakmepucmuku 2a30myp6UHHbIX yCMaHO8O0K
Table 3
Main characteristics of gas turbine plants
MecTtopoxaeHue
TonnuBHbIN ras
KoMnoHeHT KT3LI2
L CtenaHoBckoe 3anonspHoe KpanusuHckoe

Temnepatypa
Ha BXoJe B ABUra- 288,15 288,15 288,15 288,15
Tenb, K
Aasnenve Ha Bxone B 0,1013 0,1013 0,1013 0,1013
asuratens, MlMa
KNad, % 35,73 35,15 33,6 31,6
MowHocTb, KBT 77000 77000 77000 77000
gggﬁ;i?ﬂ@%gﬁ? 756000 767520 744840 735120
ABuratensb, Kr/y (kr/c) (210) (213,2) (206.9) (204.2)
CymMMapHbIf YacoBoi 16687,8 17701,1 20940,33 37754,26
pacxog Tonnunea, Kr/y
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Tabnuuya 4
3HayeHust uHOekca Bobbe
Table 4
Wobbe index values
Mapamer TonnueHbIN ra3 MecTtopoxaeHue
P P KT3OL-2 CrenaHoBckoe | 3anonsipHoe | KpanuBuHckoe
Whpekc Bo66e, MIx/m* 49,70 49,65 51,9 67,9
OTKNOHeHMs B 3Hoaqe|-|vmx 0 1,006 8,451 26,804
nuaekca Bobbe, %

4. 3AKITIOYEHUE

1. Mpwn paboTe n nyckax rasoTypobuH-
HbIX YCTAHOBOK BCe MNapameTpbl TONnIuea
LOMKHbI YOO0BNETBOPSATL TPEOOBaAHMAM MO Ka-
yecTay.

2. TonNNMBHbINA ra3 AoMmKeH ObITb NoAro-
TOBMEeH (ouuLleH) neped WCMOSIb30BaHWEM B
Ka4yecTBe TOMMNMBA ra3oBON TypOUHbI.

3. NS NCKMNOYeHUst NOBPEXAEHUN Ka-
Mepbl CropaHusi M TpakTa ropsYMx ra3oB

HeobxoauMOo BbINONHATL TpeboBaHWS NO KOH-
[EeHcauun Bnarum u yrneBogopoaos B TOMNMB-
HOM rase.

4. Nlonyctumo ucnonb3oBaTb TOMMUB-
HbIN ra3, yooBneTBOPSAOWMN nHaekcy Bobbe.
B paboTe paccmMoTpeHo 4 TONNMBHBLIX rasa, Ho
TOnbko ra3 CTenaHOBCKOrO MECTOPOXAEHMS
yooBneteopsieT TpeboBaHusam uHgekca Bob-
Oe, ero MOXHO MCNonb3oBaTb B3aMeH UCXOA-
HOro Tonnuea 6e3 MoaepHU3auumn u nepeaen-
KV TONMMBHOW CUCTEMBI.
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AHanu3 ¢akTopoB, BAUAIOLMX HA COBOKYMNHOE
anekTponoTpebneHne rapaHTUPYOLLEro NocTaBLIMKa

© H.A. CepebpsikoB

Anmatckuli 2ocydapcmeeHHbIl mexHuyeckul yHusepcumem um. .U, lNonsyHosa, e. bapHayn, Poccus

Pestome: Llenb paboTbl — pacCMOTPETb BOMPOCH (hOPMUPOBaHUS BbIGOPKN JaHHbIX, HEOOXOAUMON AN 00YyYeHus u Te-
CTUPOBaHNS HENPOCETEBLIX anrOPUTMOB KPaTKOCPOYHOTO MPOTHO3MPOBAHWS 3NeKTPONnoTpe6neHus, Ha OCHOBaHWM aHa-
nn3a hakTopoB, BIMUSIOLMX HA NMOBEAEHWe BPEMEHHOrO psifa NeKTPUYEecKon Harpysku noTpebuteneii rapaHTupytoLLero
nocTasluMka. B gaHHOM uccrnefoBaHUM UCNONb30BaHbl METOALI MATEMATUYECKON CTATUCTUKM, KOPPENALMOHHOTO U dhak-
TOPHOrO aHanu30B. PaccMoTpeHo BNnsiHWE (haKTOPOB BPEMEHMW, MeTeOpONIOrMYeckiX YCIIOBUA, HAaZeXHOCTU 3NeKTPoCe-
TEBOro 060pyaoOBaHus, pexnma paboTbl KPYNHbIX NOTPeGUTENe aNeKTPOIHEPri1, HanMuuUs LEHTPANbHOTO OTOMNEHUS 1
BOAOCHAOXEHUS B HaCeNeHHOM MyHKTe Ha 9NEKTPUYEcKylo Harpysky noTpeGuteneil rapaHTMpYIOLLEro NOCTaBLUMKA.
OcyuiecTeneH oT60p OCHOBHbIX (DaKTOPOB, OKa3biBALMX PeLIaloLIee BO3LE/CTBME HA NOBEAEHWe BPEMEHHOTO psiaa
noTpe6neHus anekTpoaHepruu. BoiNonHeHo 06beaMHEHWE HECKOMBKUX (hakTOPOB B OAMH C LIEMbl0 CHUXEHUS pasme p-
HOCTM (haKTOPHOTO MPOCTPAHCTBA. PaccMOTpeHbl BOMpoCchl (hopMUPOBaHUS BbIGOPKK CTAaTUCTUYECKUX AaHHbIX, HE0OXO-
AUMOI [N KPAaTKOCPOYHOTO MPOTrHO3MPOBAHUS NOTPEGNEHUs 3MEKTPOSHEPTUN C MOMOLLBI0 MHCTPYMEHTOB UCKYCCTBEH-
HOTO WHTENNEeKTa 1 MallNHHOro 06y4yeHuns. Ha ocHOBaHWUM AaHHOW BIGOPKM MponcxoauT obyyeHne n TeCTUPOBaHWe npo-
THO3HbIX Mofeneii. MoBeaeHne BPEMEHHOTO psda NOTpebneHust aNeKTpoIHepruM B OCHOBHOM ONpenensieTcs BpeMeH-
HbIMU 1 METEOPONOTMYECKUMI (hakTopamu. [ns BpeMeHHOro psaa anekTponoTpebneHus rapaHTMpYIOLLEro NocTaBLyuka
Takke ONpeAensoWmMI SBNSITCS (haKTOpbl: OTKIIOYEHWE 3MneKTpoceTeBoro obopynoBaHus 6-220 kB; pexwum paboThl
notpebuTenei aNekTpO3HepruM ¢ MoLLHoCTbio 670-10000 KBT; Hannyue LeHTPansLHOTo OTONNEHUs U BOLOCHAOXEHUS B
OTAENbHOM HaCeNeHHOM MyHKTe, KOTOPLIE CYMTAKOTCS HE3HAYUTENbHBIMI [Ms SIEKTPUYECKON Harpy3ku SHEProcUCTeMbl
B LesioM. Mpy paccMOTPEHUM TpynMbl METEOPOIIOrMYECKX (PaKTOPOB BLICHEHO, YTO HA NOYaCcoBble 06GBEMbI 3MEKTPO-
notpeGneHus BNNSIET He TOMBKO BeNUYMHA TeMNepaTypbl HApPYXXHOro BO3AyXa, HO U U3MEHEHUs TeMNepaTypHOro pexu-
Ma, MPOUCXOAALLME B NPEeLIECTBYOLMIA nepuoa,.

Knioueenie croea: KpaTKOCPOYHOE MPOrHO3MPOBaHWE MOTPEONEHUsI 3MEKTPOIHEPrUM, HaKTOpbl, UCKYCCTBEHHBbIA MH-
TennekT, obyyatoLlas BbiGOpKa, rpynna Touek NoCTaBKW ANEKTPOIHEPTUMN, ONTOBbIA PbIHOK MEKTPOSHEPTUM 1 MOLLHOCTH

Unpopmayus o cmamee: [Jata noctynnenns 24 oktabpsa 2019 r.; gata npuHatus k nevatu 19 despans 2020 r.; pata
oHnawH-pa3meLLieHus 30 anpens 2020 r.

Ansa yumupoeaHus: CepebpskoB H.A. AHanu3 ¢hakTopoB, BIUSIKOLMX HA COBOKYMHOE 3nekTponoTpebneHue rapaHtu-
pytoLLero nocTtaslymka. Becmuuk Mpkymckoao 2ocydapcmeeHH020 mexHu4Yecko20 yHusepcumema. 2020. T. 24. Ne 2.
C. 366-381. https://doi.org/10.21285/1814-3520-2020-2-366-381

Analysis of factors affecting the electricity consumption
of a delivery point cluster default provider

Nikolay A. Serebryakov
Polzunov Altai State Technical University, Barnaul, Russia

Abstract: This paper considers data retrieval issues associated with the training and testing neural network algorithms for
electric load short-term forecasting based on the analysis of factors affecting the behaviour of the time series of the elec-
tric load of default provider consumers. The study uses mathematical-statistical, correlation and factor analysis methods.
In the context of district central heating and water supply, the paper considers the influence of time factors, meteorologi-
cal conditions, reliability of power grid equipment and the operation mode of large electric energy consumers on the elec-
tric load of default provider consumers. The main factors having a decisive effect on the time-series behaviour of electric
energy consumption are identified. In order to reduce the dimension of the space factor, several factors are combined
into one. Issues concerning the sampling of statistical data necessary for short-term forecasting of electric energy con-
sumption using artificial intelligence and machine learning tools are considered. The sample is then used as a basis for
the training and testing of predictive models. The behaviour of electric energy consumption time series is mainly deter-
mined by temporal and meteorological factors. The following factors are also determining for the electric load time series
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of the delivery point cluster default provider: blackouts of 6-220 kV electric grid equipment, operation mode of consumers of
670-10000 kW electric energy, availability of central heating and water supply in a certain town or settlement. However, the-
se factors are considered insignificant for the electrical load of the energy system as a whole. Having considered the group
of meteorological factors, we found that hourly volumes of power consumption are affected not only by the temperature of
the outside air, but also by the variations in the temperature regime having occurred in the previous period.

Keywords: short-term load forecasting, factors, artificial intelligence, training sample, electric energy delivery point clus-
ter, wholesale electricity market
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1. BBEAEHUE

B coBpemeHHbIX peanusx 6onbluas
4yacTb 0OHLEMOB 3MEKTPOIHEPTUM HA ONTOBOM
PbIHKE 3MEKTPO3Heprum n MowHoctn (OP3M)
perynupyeTcs ¢ NOMOLLBK PbIHOYHBLIX Mexa-
HU3MOB «pblHKa Ha cyTku Bnepea» (PCB) u
«BanaHcupyowlero poiHka» (BP). B ycnosusx
(PYHKLUMOHMPOBAHNS pblHKA 3MEKTPOIHEPTUU
TOYHOCTb MPOrHO30B noTpebneHus cyuie-
CTBEHHO BMMSET Ha TEXHOMOMMYECKNe U KO-
HOMMWYeCKMe nokasatenu aHeprocuctemsl [1].
PesynbTaTbl KpaTKOCPOYHbLIX MPOrHO30B 3MeK-
TponoTpebneHnsa  KpynHbIX — NOTpebutenen
3NEKTPO3HEPIUN  YYUTLIBAKOTCS  CUCTEMHbIM
onepaTtopom EAMHOM 3HEpreTmyeckom cucre-
Mbl (CO EOSC) npy npuHATAM pelueHunii no
ynpaBsneHuo aHeprocuctemon. Owmbku npo-
FHO3MPOBaHUA, Kak NPaBuno, NpUBOAAT K He-
000CHOBaHHbIM NyckaM ¥ OCTaHOBaM reHepu-
pytowiero obopyaoBaHus, a Takke K Bblbopy
HEONTUMANbHOWN CXEMbI ANIEKTPUYECKMX CETEN.

PedopmMa MUpPOBOro pblHKa 3MeKkTpo-
9Heprum 3acTaBnseT 3JHepreTUyeckyw oT-
pacnb MOCTENEHHO TPaHCHOPMUPOBATLCS OT
MOHOMONMM K KOHKypeHuun. Kak y4acTHUKM
pblHKA, KaXAbll MOCTaBLYMK W noTpebuTens
XOTAT NONYYMTb HaMbornblUyto Bbirogy oT 06o-
poTa 3nekTpo3Heprum [2]. LieHoBasi KOHbIOHK-
Typa Ha OP3OM cknagbiBaeTcs Tak, 4TOObI
CTUMYNIMPOBaTb KPYMHbIX MOKynaTenen anek-
TPO3Heprun (rapaHTUpYIOLLMX MNOCTaBLUMKOB)
npuaepxmBaTbCcs COBCTBEHHBLIX NPOrHO30B. B
[@HHON cTaTbe aHanusy noaBepraeTcs Bpe-

MEHHON pag 9nekTponoTpebneHus 3aka3uu-
KOB rapaHTUpYOLWMX MNOCTaBLUMKOB, YKasaH-
HblX B « OCHOBHbIX MONOXEHUAX (PYHKLMOHU-
POBaHMSI PO3HWUYHBLIX PbIHKOB 3MEKTPUYECKOM
aHeprum»'. Tpynna Touek MOCTaBKM SMEKTPO-
SHEPrUK ABNSETCA YCMOBHOW TOYKOW B 3HEP-
rocucteme, npegHasHavyeHHoON Ansa ukcaumm
CyMMapHbIX OObLEMOB 3MEKTPOIHEPrUM, MNO-
TpebneHHOW 3akaszymkaMu Ha  PO3HUYHOM
PblHKE 3MeKTpo3Heprun. [ns  [OCTUXEHMS
afeKBaTHbIX (OMHAHCOBLIX pPe3yNnbTaToB ra-
PaHTUpYKOWMM  NoCTaBLMKam  Heobxoanmo
NnPOrHo3npoBaTb COBCTBEHHOE  MOYacoBOe
anekTponoTpebrneHne 3aka3yvkoB MO BCEM
rpynnam TOYeK MOCTaBKM 3MEKTPOIHEPTUN
(F'TM) Ha OP3M ¢ BbLICOKOW TOYHOCTBHO.

Takke 3abnaroBpeMeHHasi OLEHKa
HadeXHOCTU SABNseTCcs HeobXoauMbIM yCno-
BMEM AN (PYHKUMOHMPOBAHWSA W Pa3BUTUS
COBPEMEHHBIX  3NEKTPOIHEPreTUYECKUX Cu-
ctem (Q3C), KOTOpbIE XapaKTepuaylTca pas-
BUTMEM pacnpefeneHHon reHepauun Bo306-
HOBISIEMbIX WMCTOYHWKOB 3HEPruW, UHTENNeK-
Tyanusauuewn, 4to ycnoxHser 33C n BHOCUT
CBOV KOPPEKTMBbI B MPOLIECC OLEHKM HaOex-
Hoctn Q3C [3]. Kpome TOro, pacrywas fgo-
CTYNHOCTb  BO30OHOBNSAEMbIX ~ MCTOYHMKOB
3Heprum yBenuunBaeT HecTabunbHoCcTb Oa-
naHca MOLLHOCTU 3HEprocucTeMmbl, NOCKOSIbKY
NosIBNSETCA AOMONHUTENBHOW HeonpeaeneH-
HOCTbIO Ha CTOPOHE MPOW3BOACTBA 3MEKTPO-
aHeprm [4, 5]. COBOKYNHOCTb aHHbIX (haKkTo-
pOB AenaeT KpaTKoCPOYHOEe NMPOrHO3MpoBaHue
anekTponotpebnexnus (ot aHrn. short-term

'O (hyHKLMOHMPOBAHMN PO3HUYHBIX PIHKOB 3MEKTPUYECKO SHEPUM, MOTHOM U (M) YAaCTUYHOM OFPaHUYEHUM PeXUMa
noTpebneHus aNeKTPUYECKON SHEPruK: nocTaHoBneHne MNpaButenscTa Poccuiickon ®eaepauumn Ne 442 ot 04.06.2012 .
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load forecasting — STLF) kputunyeckum acnek-
TOM obecneyeHnss HagexXHoCTn n aheKTUB-
HOCTW 3HeprocucTemsl [3].

Hanbonee aheKkTnBHbIM MyTEM Mo-
BblleHnst ToyHocTn STLF sBnsetca dopma-
nn3aums gaHHoro npouecca. [JocTmkeHue Bbl-
COKOM TOYHOCTM MPOrHO3MPOBaHWUSA 3aTpyaHe-
HO HanU4YMeM MHOXeCTBa (PaKTOpOB, BRKSIO-
LMX Ha AMEKTPUYECKYo Harpysky [6]. Hanuune
MHOXeCTBa (DaKTOpOB, BIIMSAIOWMX HA NO-
TpebneHve anNeKkTPo3Heprun, a Takke CToxa-
CTMYECKMN XapaKTep HEKOTOPbIX W3 HWX, Ae-
nawt 3agady STLF cnabogopmanusyemoit. B
YCINOBUSAX HEONPEeAEeneHHOCTU TPaanLMOHHbIE
MeTodbl MaTemMaTM4eCKOM CTaTUCTUKWM Wnn
UMWUTALMOHHOTO MOAENUPOBAHNUSA He M03BO-
NS0T CTPOUTL afeKBaTHble MoAeNN 0OBbEKTOB
[7]. CnocobHocTb Kk 0606LeHnto nHopma-
LUK, ONUCbIBAKOLLIEN HENUHENHblE 3aBUCUMO-
CTU B CNOXHbIX 0ObeKTax, npoueccax u sene-
HUAX — HEOTbeMIEMAs YepTa WUCKYCCTBEHHbIX
HEVWPOHHBIX CETEN, MPUCYLLAA UM MO BHYTPEH-
HEen nNpupoge, CTPYKTYpe 1 cnocoby yHKUMO-
HUPOBaHMS Ha ocHoBe 06yyeHus [8]. HecmoT-
pA Ha TO, 4TO TeopeTuyeckas OCHOBa ANS
NPUMEHEHNS HEMPOCETEBbLIX anropuTMoB Obl-
na paspaboTtaHa ele BO BTOPOW MOMOBUHE
XX B., 0 HedaBHero BPEMEHWU NPUMeHeHue
WHCTPYMEHTOB MalUMHHOrO 0byyeHus ans
pewexuns 3agaun STLF caepxwusanock Hepo-
CTaTKOM BbIMUCNNTENbHON MOLHOCTH OBM.

3a nocnegHuwe HeCKONbKo aecsaTuine-
TWIA yyeHble paspaboTany MHOXECTBO MeETO-
[0B noBblleHns ToyHocTn STLF, koTopble
MOXHO pasgenuTb Ha MeTodbl mMaTemMaTuye-
CKOW CTaTUCTUKWU, UCKYCCTBEHHOrO MHTEMNEKTa
n rmbpuaHole metoabl [3, 6]. HeB3aupass Ha
Bonbloe KONMMYEeCTBO CYLLECTBYHOLUMX anro-
PUTMOB  KPaTKOCPOYHOrO  MPOrHO3MPOBaHUA
3NeKTponoTPebeHns, HU OAMH U3 HUX HeNb3s
Ha3BaTb yHMBepcasnbHbiM. B pabotax [9-21]
MPUMEHEHbI yCTapeBLwMe anropuTMbl MaLlWH-
HOro OOy4YeHus, Takme Kak MeTon OMOPHbIX
BEKTOPOB M MaBHbIX KOMMOHEHT. B HacTos-
LLiee Bpems nepefoBble No3uLMu B MaLUMHHOM
00y4yeHun 3aHUMalT anropuTMbl  ryHOKMX
HEMPOHHbIX CeTen: MHOrOCMoWHbIE nepcen-
TPOHbI, CBEPTOYHbIE HEWPOHHbIE CETU U pe-
KYPPEHTHble HENPOHHbIE ceTU. [aHHble anro-
PUTMbl MOKa3bIBaKOT Nyyllne pesynbTatbl Npu

pelleHnn npakTUYecKnx 3agad pacno3HaBa-
HUs 06pa3oB, NPOrHO3MPOBAHUA BPEMEHHBIX
pAgoB, annpokcumaumm yHKUMA 1 T.4. Takke
TOYHOCTb KPaTKOCPOYHOrO MPOrHO3MPOBaHMS
3aBMCUT Kak OT MaTeMaTM4eckoro anroputma
NPOrHO3MPOBaHMUs, Tak U OT Habopa cBsi3aH-
HbIX cTaTucTMyeckux AaHHbix [9]. CywecTBy-
oLWMne MaTemMaTUyeckne MOAENU 3MEKTPONO-
Tpebnenunsa aHeprocuctem [1, 12, 14] He yuyu-
TbIBAKT PsA4 (PaKTOpOB, KOTOPLIA OKa3biBaeT
3Ha4YMTenNbHOE BMUSIHME HA BPEMEHHOW psaf
COBOKYMHOro 3nekTponoTpebnenns 3akasuyu-
KOB rapaHTMPYIOLLMX NOCTaBLLMKOB:

— OTKMIOYEHMe Ha ceTeBOM 0060pyao-
BaHun 6—-220 kB;

— pexum paboTbl noTpebutenen anek-
TPO3HEPTUN C MOLLHOCTbIO cBbiwe 670 KBT;

— Hanuune LEHTPANbLHOrO OTOMMEHNS 1
ropsiyero (xonogHoro) BogoCHabxeHust B OT-
[EeNbHOM HAaCENEHHOM MyHKTE.

BbiGopy OCHOBHbIX BRAMAKOLMX (haKTO-
poB yaensietca ocoboe BHWMaHWE npu WUc-
NoNMb30BaHWN CPEACTB  WUCKYCCTBEHHOTO UH-
Tennekta Onsg nporHo3vMpoBaHNUA 3nekTpu4ye-
CKMX Harpysok. B crnyyae ecnum yyTteHbl He Bce
hakTopbl, NPOrHO3Has ModefNb He CMOXeT
aflekBaTHO onucaTtb NOBeAEeHWE BPEMEHHOIO
psaga anektponotpebnexus. B To xe Bpems
YyY4ET BTOPOCTENEHHbIX (DAKTOPOB BbI3OBET
HeoBOCHOBaHHOE YBENMUYEHUEe pPa3MEPHOCTM
¢hakTopHOro npocTpaHcTBa. JTO, B CBOK OYe-
pedb, NpuBedeT K YCMOXHEHWO MPOrHO3HOM
MOZENN W 3HAYMTENIbHOMY YBENIMYEHUIO 3a-
TpaT BbIYUCIIUTENBHOW MOLLHOCTU Ha ee 0by-
YyeHwue.

2. KNTACCUDPUKALINA ®AKTOPOB,
BNUAIOLLUX HA ANIEKTPOMNOTPEBJIEHME
FAPAHTUPYIOLLIEIO MOCTABLUMKA

TOYHOCTb NPOrHO3MPOBAHWUSA 3aBMCUT
He TONbKO OT A(PPEKTUBHOCTM MUCMOMb3YEMbIX
anropuTMOB, HO Takxe OT KayecTBa npoaHa-
NU3MPOBAHHBIX  OAHHbIX U BO3MOXHOCTU
BKMIOYMTb BaXHble BHELLUHWE (haKTOpbl B MO-
pgenb [10]. Ctatuctnyeckme nogxodbl kK STLF
00bIYHO HYXZalTCs B MaTemaTu4yeckom Mo-
Lenun, KoTopasi NPeacTaBnseT ANeKTPUYECKYHO
Harpysky kKak qyHKUMIO pasfinyHbIX (PakTopos.,
TaKuX Kak Bpemsi, moroga u knacc notpedute-
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nen [11]. MNpeasapuTenbHbLIM 3TanoM NPOrHo-
3MpoBaHus Nboro BpeMeHHOro psga sBns-
eTCca aHanu3 (hakTopoB, BMMSIOLWMX HA NOBe-
[leHne [aHHOW (OYHKLMOHANbHOW 3aBUCMMO-
cTu. B cnyyae nporHo3npoBaHns BpeMEHHOro
psga anektponotpebnenuna I rapaHTupy-
toLLero MocTaBLyMKa C MOMOLLbK MHCTPYMEH-
TOB MCKYCCTBEHHbIX HelpoHHbIX ceten (MHC)
[AaHHbIA aHanu3 npuobpeTtaeT ocoboe 3Haye-
Hue. KayectBo obyvarowien BbiGOpKM, COCTO-
SLEN U3 CTAaTUCTUYECKUX AAHHbIX O BEMUYK-
Hax OCHOBHbIX BRMAOWMX (haKTOpPOB, Hanps-
MYI0 BRnSieT Ha ToyHocTb STLF, nonyyeHHoro
¢ nomowbto MHC. Beibop BeICOKOKOPPENUPO-
BaHHbIX BXOAHbIX [OaHHbIX MMEeT KI4YeBoe
3Ha4yeHWe [ans MOZEenenm MNpOrHo3MpPOBaHUS
noTpebreHns 3neKTposHeprum, NOCTPOEHHbIX
Ha OCHOBE MCKYCCTBEHHOro MHTennekTa [12].

B nepeyto ouepeab HeobxoamMmo
onpeaenuTb Habop hakTopoB, KOTOPbIE MOTYT
oKasaTb BO3[eWCTBME Ha pexumM noTpebneHuns
anektpoaHeprum 'TT1. Yucno gaktopos Bnns-
€T He TOSbKO Ha CnocOBHOCTb HEMPOHHOW Ce-
TW K NPOrHO3MPOBAHUIO NOBEAEHNS BPEMEHHO-
ro paga anektpuyeckon Harpysku ['TT1, HO u
Ha KoHwurypauuo NHC. To ecTb HegocTaTokK
y4TeHHbIX (hakTtopoB He no3sonut NHC apek-
BaTHO OnucaTb NOBEAEHWNE BPEMEHHOIO psaa,
a Hanuune B obyuvatowlen BbIOOpKe 3akopen-
NNPOBaHHbIX (PaKTOpPOB MM (HaKTOPOB, He
OKa3blBaOLLMX 3aMETHOr0 BfIMSIHWA Ha MoBe-
LEeHVe psiga, npueedeT K HeobOOCHOBaHHOMY
yBenuueHunto ceobogHeix napametpos UHC.
3JT0, B CBOW 04epedb, 00YCNOBUT 3HAYUTENb-
HOe yBenuyeHne BpeMeHu o0byyYeHUs HENMPOH-
HOW CeTU 3a CYEeT [AOMNOSIHWUTESNbHbIX 3aTpar
BbIYUCIIMTENBHOW MOLLHOCTM Ha onepauun ¢
BonblMMN MaTPUYHLIMKU MaccuBamm, OMUCHI-
BaOLWMMK NpOXoxaeHne curHana vyepes NHC.

dakTopbl, BNMSIOLME HA PEXUM Mo-
Tpebnennsa anekTpoaHeprun [T rapaHTupy-
towero noctaswmka (1), nogpasgensoTcs
Ha yuuTbIBaKOLLME:

— CE30HHbIE U LMKIINYEeCKNe N3MEHEHMNS
BPEMEHHOTO  psiga  3nekTponoTpebneHns
((bopMa CyTOYHOrO rpadmka 3neKTpuyeckon
Harpysku ['TTT (COH) B pasnunyHble gHu Hepae-
nn, Bpems rofa, a Takke B NpasgHNYHbIE OHW);

— METeoposnormyeckylo  06CcTaHoOBKY
(BEMMYMHBI TEMNEpATYpbl HApYXHOro BO34Y-

Xa, OCBELLEHHOCTK, CKOPOCTUN BETpa U T.4.);

— CfyYyanHble W YCNOBHO-AETEPMU-
HUPOBaHHbIE BO3AENCTBUA HA BPEMEHHON psif
(nnaHoBble W aBapuNHbIE OTKIOYEHUS Ha
anekTpoceTeBoM 060pyaOBaHUK, OTKIOYEHNE
rops4yero M  XOsogHOro  BOZOCHabXeHwus,
Hayano u KoHel, OTOMWUTENbHOrO Ce30Ha, pe-
XuUm paboTbl KpynHbIX notpebutenen anek-
TpoaHeprun [T1, Ha4yano W KOHeL, CEe30HHbIX
pabor);

— OKOHOMMYECKYH CUTyauuio B peru-
OHEe Wnu CTpaHe B LIeNTOM.

/3 BbllenepeyncnerHbix rpynn gak-
TOPOB NpW KPaTKOCPOYHOM MPOrHO3MPOBAHUM
anekTponoTpebneHns HeobXOAMMO  y4UTbI-
BaTb LMKIIMYECKME, METEOpPONnornyeckne u
criyyanHble BO34EWCTBUS.  OKOHOMMUYECKME
(hakTopbl HE OKa3blBalOT 3aMETHOrO BIIMSHUS
B KPaTKOCPOYHOW MepcrnekTuse. YYeT OaHHbIX
thakTopoB LenecoobpaseH npu cpegHecpoY-
HOM W JOITOCPOYHOM MPOrHO3UPOBAHUN 3MEK-
TPUYECKUX Harpysok. [letanbHoe noHWMmaHue
(hakTopoB, BAMSAIOLMX HA CNIPOC ANEKTPOIHEP-
TMK, MOXET MOMOYb CMAMYUTb NOCNEACTBUS OT
HecTabubHOCTM NPOV3BOACTBA 3NEKTPOIHEP-
TMM 3a cyeT TapuHOro CTUMYNUPOBaHWS NO-
TpebneHns aneKkTpo3Heprum B onpeaeneHHble
4acbl CyTOK [4].

3. AHANNZ BNUAHNA BPEMEHHbIX
®AKTOPOB HA NOBEAEHUE
BPEMEHHOI'O PAOA NOTPEBJIEHUA
ANEKTPOJHEPIMU TAPAHTUPYIOLLEIO
NMOCTABLUMKA

BpemeHHble hakTopbl 06yCroBneHs.l
HanMV4YMem LMKNNYECKUX 3aKOHOMEPHOCTEN B
MoOBEeAEHNN BPEMEHHOrO psia 3M1eKTpUYeCcKon
Harpysku [TI T1 pasnuyHon OnMTenbHOCTH
(cyTkun, Hepens, rod). [aHHasa rpynna dakto-
poB 00yCnoOBMMBAaET OCHOBHblE TEHAEHLMN
nsmeHeHuss CI'OH B TeyeHne onpeaeneHHoro
MHTEpBana BpemeHun. 3HaHue OTIIMYUTENbHbIX
0COBEeHHOCTEN M3MEHEHUS BPEMEHHOrO psaa
B pasfuyHble (hasbl LMKNa NO3BOMSET NPOU3-
BOAUTL Bonee KayeCTBEHHYKO KnacTepu3auuio
ncxodHbIx aaHHbix npu STLF. Lenbto knacte-
pusaummn aBnseTca  pasbueHune  UCXOLHbIX
[OaHHbIX B  OAHOPOAHble  MOOMHOXECTBa,
HasblBaeMble knactepamu. OpHOPOAHOCTb
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n3mepsieTcs B COOTBETCTBUM C PasfMyHbIMK
KpUTEPUSIMU, TaKUMKU KaK BHYTPUKNACCOBbIE M
MEXK/acCOBble OTKIIOHEHUS WNU Mepbl pas-
nnuna [13].

®opma rpacuKkoB HOCUT LMKNNYECKUN
Xapaktep, anektponotpebnenume obnagaet
Ce30HHOCTbI0. OZHOM W3 LMKIIMYECKUX CO-
CTaBNSALWMX rpadmka notpebneHns ssnset-
CA CyTOYHbI umkn [14]. CyTouHbIn rpadmk
notpebnenuns anektpoaHeprun [Tl umeet
SIPKO BbIP@XXEHHbIE YTPEHHWUI N BEYEPHUIA Nu-
K. YTPeHHuA nuk oByCcnoBneH 3anyckom oc-
HOBHOro 060pyAOBaHMS MPOMMPeanpPUATUNR,
BKITIIOYEHWEM WCKYCCTBEHHOMO OCBELLEHUS B
Havyane paboyero gHS B LIKOMaAx, OETCKUX ca-
Aax, NOMMKNUHUKAX U OPYrUX YYpexaeHusx.
BeuepHuin nuk obycrnoBneH akTWBHOM NOAro-
TOBKOW HaceneHus k npecrosiwemy paboye-
My [HI0, BKITOYEHMEM WCKYCCTBEHHOIO OCBe-
LLleHns B Jomax u keaptupax. Mexgy nukamm
HabngaeTcd  OTHOCUTENbHOE  CHUDKEHUe
anekTponoTpebneHus, kotopoe 06ycrnoBfieHO
OTKIMOYEHNEM UCKYCCTBEHHOrO OCBELLEHUS B
CBETSIOE BPEMS CYTOK, OCTAHOBKOW OCHOBHOIO
obopygoBaHusi npomnpeanpuatTuid Ha obe-
LEHHbIV NepepbIB.

MNpn panbHenwem aHanuse MOXHO
BbIAENUTb UMKN ONMUTENBHOCTBIO OfHa Hefe-
na. CI'OH kaxporo gHA Hepenu uMeeT cne-

umcuyHyto opmy. Ha puc. 1 npegcraBneHbl
CYTOuYHble rpadmkn anektponoTpebnenms AO
«AnTankpanaHepro» 3a nepuog ¢ 13 no 19
mapta 2017 r.

Ans HarnagHocTy BblbpaHa Hegens co
CXOXMMU  METEOPONOrNYECKUMU  YCIOBUSMM
Ha Tepputopun Antanckoro kpas. NoHegenb-
HUK 13 mapTa oTnmyaeTtcs HebomnblIOW Npo-
cagkon noTpebneHns anNeKTPUYEeCcKon aHEprm
B MepBble [Ba Yaca CyTOK, a TaKkKe He3Hauu-
TenbHbIM  POCTOM  3nekTponoTpebneHns B
panbHenwem. B Havane pabouen Hemenm
npoucXoaaT 3anyck, oTnagka u TecTupoBaHue
obopyaoBaHus nocre NpocTos; NoHeaeNbHUK
MMeeT xapakTtepHoe ans nwboro pabouyero
OHSA novacoBoe anektponoTpebnexue; 6Gya-
Hue gHu ¢ 14 no 16 mapta 2017 r. umetot
CXOXMWe CYTOYHble rpadmkn anektTponoTpeb-
neHus.

MatHuua 17 mapta 2017 r. (KaK KoHew,
paboyen Hepenu) xapaktepusyeTcs npocag-
KOV 3nekTponoTpebneHnss BO BTOPOW MNOno-
BMHE CYTOK. [laHHOe sBneHwe 06yCnoBneHo
OCTaHOBKOWN OCHOBHOrO 06opyaoBaHWs npo-
MbILLAIEHHbIX NPEANPUATUN Ha BbIXOAHbIE OHM,
a Takke OTCYTCTBMEM HEOOXOAMMOCTW MOArO-
TOBKM K crnegytowiemy paboyemy aHo y 6onb-
LIeW YacTn HaceneHus.

21
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Puc. 1. CymouHbie 2pagpuku anekmponompebneHuss AO «AnmalikpaliaHep20o»
e nepuod c 13 no 19 mapma 2017 e.
Fig. 1. Daily power consumption curves of Altaykrayenergo JSC for the period from March 13 to March 19, 2017
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Kak Bugum un3 puc. 1, CI'OH rapaHTtm-
pytoLLero nNocTaBLyMKa B BbIXOAHbIE OHU UMe-
0T HETUMUYHY OAns OyaHWX AHen dopwmy,
npuyem dopmbl Cy6OOTHEr0 M BOCKPECHOrO
CI'BH otnuuatotesa apyr oT gpyra. YTPeHHui
nuk B cybbOTYy CMeLLaeTcs Ha Yac Bnepeq, B
[OHEBHbIE Yacbl ANEKTPUYECKAs Harpyska He-
CKOMbKO YBENWYMBAETCA, NO CPaBHEHUIO C pa-
6ouum pgHeMm. HaceneHuwe 3aHumaeTca [o-
MalHWMW genamn, KOTOpble HaKOMMMChb 3a
paboyyio Hegento. [lanee, BO BTOPOW Momno-
BHe cyb00Thl M B NEpBOi MOMOBUHE BOCKpe-
CeHbsl, MPOUCXOONT 3HAYUTENLHOE CHIKEHME
anekTponoTpebneHns, CBA3aHHOE C OTAbIXOM
HaceneHus nepeg npeacroswen paboyen
Hepenen. JnektponoTpebneHne BO BTOPOM
NONOBMHE BOCKPECEHbS HAXOAUTCA Ha YPOBHE
NATHUUBI. 3aTeM UMK MOBTOPSIETCA BHOBb.
KnacTepusauns JaHHbIX NO NPU3HAKy OHSA He-
[JENV SBMSETCA BaXHeMWen 3ajadver npw
STLF TTIM rapaHTupylOWwmMx NOCTaBLLMKOB
3NEKTPO3HEPruun.

CyTouHble  rpadmkm  noTpebneHus
anektpoaHeprm [T Tl NOCTOSHHO U3MeHS-
0T CBOW (hOpMy B TeuyeHue roga. JTo 0by-
CMOBSIEHO CMEHOW TemnepaTtypbl BO34yXa,
ASIMTENBHOCTBIO CBETNOT0 BPEMEHU CYTOK, a
Takke Ce30HHbIMW pabotamu U T.4. TeHAaeH-

295

umu n3meHeHus opmbl CIOH exerogHo no-
BTOpAOTCA. Ha puc. 2 nokasaHbl CyTOYHblE
rpadoukn  anektponotpebnenns AO  «An-
TanKpanaHepro» B pasnuyHoe BpeMs roga.

Ha ocHoBaHumn CI'OH Ha puc. 2 MOXHO
coenatb BbIBOA O TOM, YTO BPEMS YTPEHHErO
nuKa 3nekTponoTpebneHns rapaHTupyowero
NOCTaBLUMKa HE U3MEHSETCA B TEYeHWE roaa.
CmelLeHne YTPEHHero nuka B fieTHee BpeMms
roga Ha vac Bnepef 06yCnOBNEHO KaHUKyna-
M1 B 0OpasoBaTesbHbIX yypexaeHusix. Haps-
Oy C 3TUM, BPems BeYepHero nvka notpebne-
HUS 3NEKTPOIHEPTUN MOCTOSHHO U3MEHSIeTCS,
4TO 0OYCMOBMEHO MOCTOSHHBIM W3MEHEHWUEM
MOMEHTa HacCTYNNeHUsi TEeMHOro BPEMEHW
CYTOK W BKIHOYEHWEM WCKYCCTBEHHOIO OCBe-
LLIeHMS.

Takke CTOMT OTMETUTb OTCYTCTBUE
npocagkn noTpebneHnss anekTpo3Heprum no-
Crne YTPEHHEro nuka B Nepuog aKCTpemarnbHO
BbICOKMX TemnepaTyp. [Npu yBenuyeHun cpea-
HECYTO4YHON TemnepaTypbl HapyXHOro BO3Ay-
xa Bblwe 20°C nosiBnsetcs noTpebHOCTb
BKMNIOYEHNS  «KnumaTuyeckoro» obopyaosa-
HUS, TAKOTO KaK KOHAWLUWOHEPbI, BEHTUNATO-
pbl, yBNaxXHUTENN BO3ayxa. Bo Bpems paboThi
[aHHOro obopyaoBaHWUs 3HAYUTENbHO YBEMU-
YMBaeTCAa 3neKkTponoTpedneHwe.

Mongroers P(t), MBr
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Puc. 2. CymouHbie epagpuku nompebieHusi anekmpoaHepauu AO «AnmalikpaliaHepao»
8 pasnuyHble peMeHa 200a
Fig. 2. Daily power consumption curves of Altaykrayenergo JSC in different seasons

ISSN 1814-3520

BECTHUK WPKYTCKOIO rOCYOQAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2020;24(2):366-381
e

371

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2020;24(2):366-381




%)

OHepreTuka
Power Engineering

INg
334
314
204
&
S 274
254 /
: /
5 234
(=]
2 /
3214 v
= /
104 4 f
//A’//f/(
174 {4=% -
k3
154 T T T T T T T T T T T Ll T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
—A—2512 ——31.12 —%101 —®-201 Hac CYTOK L, 4

Puc. 3. CymouHbie epagpuku anekmponompebnerusi AO «AnmalikpaliaHep20»
e nepuod c 25 dekabps 2016 no 2 aHeaps 2017 2.
Fig. 3. Daily power consumption curves of Altaykrayenergo JSC for the period
from December 25, 2016 to January 2, 2017

Mpn paccMOTpeHUM UumMKna AnuTenb-
HOCTbIO OMH rof TakKe CTOMT YYnUTbIBaTb, YTO
nepuoa nNpasgHUYHbIX OHEN XapakTepuayeTcst
HETUNUYHON (POPMON  CYTOYHBIX rpadmKoB
anekTponoTpebnexuns. IT0 KacaeTcs He TOSb-
KO roCygapCTBEHHbIX, HO W PEnuUrmo3HbIX
npa3gHuKoB, Takmx kKak Poxgectso, [Macxa,
Pooutenbcknn geHb. Ha puc. 3 npeacraene-
Hbl CYTOYHbIE rpadouku 3nekTponoTpebneHus
AO «AnTankpanaHepro» B nepvod npasgHo-
BaHus HoBoro 2017 T.

Mpy paccmoTpeHun NOBEAEHUS Bpe-
MEHHOro psiga notTpebneHns anekTpo3Heprum
B nepuos NpasfgHUYHbIX OHEN MOXHO OTMe-
TUTb 3HAYMTENbHY Npocaaky noTpebneHus
3NEeKTPO3HeprnM B npasgHuyHble gun (1 un 2
SHBaps), N0 CPABHEHMIO C OObIYHBIMU CyTKaMu
(25 pekabps), a Takke POCT 3NEKTPUYECKON
Harpy3kv B AHEBHbIE Yackl NpeanpasgHUYHbIX
cyToKk (31 gekabps). YyeT npusHakoB npasg-
HUYHBIX W NpeanpasgHUYHbIX AHel no3sonseT
n3bexatb 3HAYUTENbHbLIX OTKMOHEHUN (haKTu-
4yeckoro noTpebrieHns 3NeKTPoO3Heprnm OT
MPOrHO3HOrO B Nepuog npasgHOBaHWs rocy-
[APCTBEHHBIX U PENUTMO3HbBIX NPa3aHMUKOB.

4. AHANN3 BITUAHUA
METEOPOJIOr'MYECKMUX ®AKTOPOB
HA SNEKTPONOTPEBJIEHUE
FAPAHTUPYIOLLENO MOCTABLLMKA

[TOMUMO BHYTPEHHWUX TEHAEHUMH, no-
BEAEeHWe BpeMeHHOro psiga notpebneHns
3NEeKTPO3HEPrM B KPaTKOCPOYHOW nepcrnek-
TVBE onpegenseTcsa rpynnon MeTeoposiornye-
CKMX (hakTopoB. [orogHble YCrnoBus SBASOTCA
Hanbonee BNUATENbHLIMWA 3K30TEHHBLIMW Ne-
PEeMEHHbIMM NPU KPaTKOCPOYHOM MPOrHO3UPO-
BaHWM 3MEKTPUYECKON Harpyskm [12].

Ha ocHOBaHWM CXOXMX MccneaoBaHum
[15] MOXHO caenaTtb BbIBOA, YTO MEXAy Bpe-
MEHHbIMW psgaMu noTpebneHus anekTpo-
SHeprum ¥ TemnepaTypbl BO3gyxa WMeeTcs
cunbHas oTpuuaTtenbHas  KoppensuuMoHHas
CBSA3b. YMeHbLUEeHWe TemnepaTypbl HapyXHOro
BO3JyXa Bbl3blBAET POCT  3MEKTPUYECKOM
Harpy3ku n Haobopot. OgHako npu yBenude-
HUW CpPEOHECYTOYHOW TemnepaTtypbl Bblle
komdopTHbIX 20°C KOppensaunoHHas 3aBucu-
MOCTb W3MEHSIETCA C OTpULATENIbHOM Ha Mo-
NOXUTENbHYI, aHHOE SBMEHMNE CBA3AHO C
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Puc. 4. CymouyHble epaghuku anekmpuyveckoll Hazpy3Ku 2pynnbl MoYyeK nocmasku
«KynyHouHckasi» anekmpoaHepauu e nepuod ¢ 20 no 24 mapma 2017 2.
Fig. 4. Daily electric load curves of electric energy delivery point cluster Kulundinskaya
for the period from March 20 to March 24, 2017

HEOOXOAMMOCTBIO  BKIMIOYEHUS  «KUMaTh4e-
ckoro» obopygoBaHusa B xapkyto norogy. Ha
puc. 4 npeacraBrieHbl CyTOYHblE rpadouku
3NEKTPUYECKON Harpy3ku rpynnbl TOYEK no-
ctaBknm «KynyHamHckas» 3MEKTPO3HepruM B
nepuog ¢ 20 no 24 mapta 2017 r.

TN «KynyHouHckas» OTHOCUTCA K
Cnasropopackomy aHeproyany. B nepwog ¢ 20
no 24 mapta 2017 r. npousowwno peskoe no-
BblleHne TemnepaTtypbl B ropode Cnasropo-
pe: ¢ —13,3°C 20 mapta go —2°C 23 n 24 map-
Ta 2017 r. Np¥ HEN3MEHHOM COCTOSIHUM Heba.
Ha ocHoBaHuu puc. 4 MOXHO caenaTb BbIBOS,
4TO U3MEHEHWE 3NEKTPONoTpebneHns B CBA3N
C U3MEHEHMEM TeMmnepaTypbl XxapakTepuayeT-
CA HEKOTOPOW WHEPUMOHHOCTLI. HecmoTps
Ha TO, YTO MnoTenneHuve Havanocb 20 mapta
2017 r., npocagka noTpebneHns anekTpo-
3Heprum HauymMHaeTCcs TONbKO B BeYepHue 4a-
cbl 21 mapta Toro xe roga. O4yeBuUaHO, 4TO
[axe nocne crabunusauum cpegHecyTOYHOM
Temnepatypbl 23 mapta 2017 r. CHWXeHue
novacoBblx 06bemoB NOTpebneHns anekTpo-
aHeprumn [T npogomkaetcs OO BTOPOW No-
noBuHbI cyToK 24 mapta 2017 r. NHepumon-
HOCTb W3MEHEHWS MOBedEeHUs BPEMEHHOrO
psfa anekTpuyeckon Harpy3ku ['TI1 cBsasaHa ¢

TeM, YTO U3MEHEHWE TemnepaTypbl B OTannu-
BaeMbIX MOMELLEHMSX 3ana3ablBaeT no OTHO-
LEHW0 K U3MEHEHUAM TemnepaTypbl Hapyx-
HOro BO3gyxa. To ecTb HeobxoaMMOCTb BO
BKMIOYEHUMN N OTKIIOYEHUN «KITUMATUYECKUX»
npnMbopoB BO3HUKAET NOCMe U3MEHEHUN TeM-
nepaTtypHoro pexuma. [pegnaraetcs y4uThbl-
BaTb [JaHHOE SIBfIeHWe Mpu MOMOLM Aucnep-
cumn BbIGOPKM U3 24 npepblayWwnx 3HaYEeHUN
TemnepaTtypbl:

2

D:ii(ti —E) , (1)

i=1

roe D — BbI60pO‘-IHaF| ancnepcua nocnegHunx
24 3HaJeHuii TemMmnepartypbl BO3ayxa, Temne-

patypa Bo3gyxa B 4ac, i; t - BblbopouHoe
cpefHee.

BnnsaHve BETPOBOM Harpysku Ha anek-
Tponotpebnenne [Tl HEBO3MOXHO OAHO-
3Ha4yHO oueHuTb. B pabote [16] rosopwuTtcs,
4TO MCMONb30BaHME CKOPOCTU BeTpa Kak OT-
nenoHoro ¢haktopa npu STLF cHuxaeT Tou-
HOCTb MporHosupoBaHus. OfgHako MOXHO
yTBEpXOdaTb, YTO BETEp BMMUSET Ha CyObek-
TUBHOE OLUYLLEHME YeSIOBEKOM TemnepaTypsbl
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HapYXXHOro Bo3gyxa. Takxe BeTpoBas Temne-
paTypa HeCKOMbKO yBeNMYnBaET TENNONOTePH
B OTannuBaeMblX noMelleHusx. N yem Huxe
TemnepaTtypa Bo3ayxa, Tem 6onblue cka3biBa-
eTcs AaHHbIA appekT. OQHOBPEMEHHbIN yYeT
BENWYMH TEMMEpaTypbl HAPYXXHOro BO3dyxa u
CKOpPOCTU BeTpa BO3MOXHO NPOU3BECTU C MO-
MOLLbI0 BETPOXONOAOBOr0 MHAEKCa, KOTOPbIN
PaCCYMTLIBAETCSH HA OCHOBAHWMN BbIPaXEHUS:

Tuc =33+(0,474+0,454,fv, -
~0,0454v, )-(T -0,33),

roe T,. — BETPOXONOAOBOW MHOEKC, v, — CKO-
wcC B

poCTb BETPA, M/C; T - TemnepaTtypa Bo3ayxa, °C.

Vcnonb3oBaHue BETPOXO0S1I040BOr0
nugekca npu STLF nossonset yvyectb cpasy
TemnepaTtypy HapyXHOro Bo3gyxa u CKOpOCTb
BeTpa. JTO, B CBOK oOyepedb, NO3BoOnseT
YMEHbLUNTb PasMepHOCTb (PaKTOPHOro npo-
cTpaHcTBa 6e3 moTepu Mnones3Hom uHdgopma-
LMK, OMUCbIBaKOLLEN MOBEAEHNE BPEMEHHOrO
psiaa notpebnexus anektpoaHeprum M.

Cnegaytowwmum METEOPONOr1M4eCcKUM
(hakTopoMm, BIMSIOLMM Ha novacoBble 0bbe-
Mbl noTpebnenus anektpoaxeprum T [T,
SBNAETCA €eCTeCTBEeHHas OCBeLLleHHOCTb. Ha
puc. 5 npeacrasnedsl CIOH MM «Bnacuxa»
3a 18 n 19 anpena 2017 r.

bonblwas 4yactb notpebutenein [Tl
«Bnacuxa» HaxogsaTca B OKPeCTHOCTU T.
Anenck. [ng HarnsgHoCcTU BMAUSIHUA OCBe-
LLEeHHOCTN Ha anekTpuyeckyto Harpysky [TT1
BblOpaHbl ByaHMe OHU C MOEHTUYHOW CpeaHe-
cyTouHov Temnepatypou. 18 anpens 2017 r. B
r. Aneinck Habnoganca nuBHeBbIn AoxAab. 19
anpens 2017 r. coctosiHne Heba xapaktepu-
30Banocb He3HauuTenbHOM 06M1aYHOCTHI0 B
OTAenbHble Yacbl. JfeKTpuyeckas Harpyska
[T B cBETNOE BpEMSA CYTOK yBenuumMBanacb
B cpeaHeM Ha 10,55%. lMNpwu atom notpebne-
HUE 3NEeKTPO3IHEPrUM MNPaKTUYECKN HEe W3Me-
HSMOCb B TEMHOE BPEMS CYTOK.

B 3HauMTenbHOM Mepe CHWxXeHue
€CTECTBEHHOW OCBELLEHHOCTU  MpOoMCXOoauT
TOMIbKO MPU  HanuMuMu OOXAeBbIX 0bGnakos
HWXHero spyca. Obnaka cpegHero U BepXHero
SIPyCOB B MEHbLUEN Mepe BMUAKT Ha OCBe-
LLLeHHOCTb.

Takke Henb3s  yTBEpPXOaTb, u4TO
YMEHbLLEHWE OCBELLEHHOCTU HEU3MEHHO Bre-
yeT yBenuyeHue anektponoTpebnenus 1. B
neTHee BPeMS rofa CHWXEHNe OCBELLEHHOCTH
CONPOBOXAAETCA YMEHbLUEHWEM dneKTpuye-
ckoii Harpy3kn. OCOBGEHHO 3TO XapaKTEpHO
ansa [Tl, BKNHOYaOLWKUX CENbCKOXO3SANCTBEH-
HbIX noTpebutenein. [JaHHoe 06CTOATENLCTBO
00BACHSAETCSA TEM, YTO B AOXOSIMBYIO MacMyp-
HYI0 Norogy OTKMNYaeTCs YacTb «KnMMaTtuye-
ckoro» obopygoBaHus, oTnagaer Heobxoau-
MOCTb MONMBA CENMbCKOXO3SMCTBEHHBIX KyIlb-
TYp.

Ha ocHOBaHMM BbILEN3NOXEHHOTO, a
Takke B CBSA3W C NPoBNemMaTUYHOCTbIO Nony-
YEHWs CTaTUCTMYECKUX [AaHHblX 06 ecTe-
CTBEHHOW OCBELLEHHOCTU MO BCEM paioHam
13 30Hbl OEeATENbHOCTU rapaHTUpyoLLero no-
CTaBLLMKa, MOXHO caenaTb BbIBOA O LieNneco-
obpasHOCT NpuUMeHeHus akTopa Hanuyms
ocaakoB npu STLF.

B npouecce aHanusa BNuAHUS rpynnb
METEopOnornyecknx akTopoB He ObiNO Bbl-
SIBNEHO KOPPENALMOHHON 3aBUCUMOCTU MEeX-
Oy BEnuYMHaMu novyacosblx 06bLEMOB Mo-
Tpebnexus anektpoaHeprumn TN Tl n atmo-
C(PepHOro [aBfieHns, a TaKke BMaXHOCTW
BO34yXxa. [aHHble chakTopel 3a-
KOppenupoBaHbl C ApyruMu MeTeoponornye-
CKUMM (haKkTopamu.

5. AHATNIU3 BNUAHUA CNTYYAUHbIX
BO3OEACTBUX HA BPEMEHHOW PAQ
NMOTPEBNEHUA SNTEKTPO3HEPT U
FAPAHTUPYIOLLETO MOCTABLUUKA

He Bce HaHHble, HeobxoauMble Ans
COCTaBMEHNA MNporHosa noTpebneHns anek-
TPO3Heprnn, ABNATCA AEeTEPMUHUPOBAHHbI-
MU (KaK MHbopMaums 0 AHe Hegenu, BpeMeH
roga unm CTaTUCTUYECKMe daHHble O MeTeo-
poniornyecknx ycnosusx). K crtoxactuyeckum
(hakTopam, KOTOpble OKa3blBalOT BMUSHWE Ha
pesynbtatbl STLF, MOXHO OTHecTM aBapumn-
Hble OTKMIOYEHUS Ha 3NeKTpoceTeBOM 060pY-
[0BaHWK, a TakxKe MOSIOMKUM OCHOBHOrO 060-
PyOOBaHUS KPYMHbIX NOTpebutenen anekTpo-
aHepruu 'TM T'T1. Temon oTaenbHoOro muccne-
LOBaHWs SBNSETCH NPOrHO3npoBaHWe aea-
PUAHBIX OTKA30B 3/1IEMEHTOB 3M1EKTPOCETEBOIO
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Puc. 5. CymoyHbIl epachuk anekmpuyeckol Haepy3ku 2pynn moyek nocmaeku «Bnacuxa»
e nepuod c 18 no 19 anpens 2017 2.
Fig. 5. Daily electric load curve of electric energy delivery point cluster Vlasikha
for the period from April 18 to April 19, 2017

obopyaoBaHMsi C MOMOLLbK HEMpOCEeTEBLIX
anroputMoB [17]. lNepcnekTUBHLIM NyTEM No-
BbILUEHMS TOYHOCTM KPaTKOCPOYHOrO MPOrHo-
3MpoBaHus  anekTponoTpebneHns sABnseTcs
y4yeT pesynbTaToOB MPOrHO3a OTKa3a dfeMeH-
TOB 3MEKTPOCETEBOro 060pyaoBaHNS Npu Co-
ctaBneHun STLF.

OfHaKo CyLlecTBYIOT AaHHble 0 COObI-
TUSX, KOTOPbIMK MPUXOAMTCA OnepupoBaTh B
npouecce coctasnenus STLF, He asnsiowme-
CS eTEePMUHUPOBAHHLIMMW, HO B TO € BPEMS
BEPOSITHOCTb MX BO3HMKHOBEHMUS JOCTATOYHO
Benuka. K HMM MOXHO OTHECTW MPOrHo3 Mme-
TEOPOSIOrMYEeCKUX YCNOBWUIA, WHGOPMALMIO O
MNaHOBbIX PEMOHTHLIX paboTax Ha anekTpo-
ceTeBOM 0060pyAoOBaHUM, a Takke AaHHble O
pexume paboTbl KpymHbIX noTpebutenen
anektpoaHeprim 'TI T, 3T dpakTopbl co-
30al0T OOMNOMHUTENbHYK HeonpeaeneHHOCTb
npu coctaBneHun nporHo3a. OgHako 6e3 umx
yyeTa pe3ko CHuxaeTcst To4HoCTb STLF.

Kak 6bIf0 BbISICHEHO paHee, MeTeopo-
NOrnYeckne ycrnoBus B 3HaYUTESIbHOWM cTene-
HU BMUAKOT Ha NOBEeAEHWE BPEMEHHOMO psaa
anekTponotpebnenns I B KpaTKOCPOUHOW
nepcrnekTuee. B To e BpeMs npu NporHo3u-
pOBaHWM NO4YacoBbIX 06HLEMOB NOTPebNeHus
anektpoaHeprun TN Ha PCB Heobxogunmo
Kak MOXHO TOYHee 3HaTb MH(OpPMaLMo O Me-
TEOPONOrMYeCckMX YCMOBUSX Ha crnegylowme
cyTkn. OgHako HM oauH M3 GecnnaTHbIX UC-

TOYHUMKOB He MOXET pacnoniaratb BbICOKOW
TOYHOCTbK MPOrHO3MPOBaHUA. N5 CHUXEHUS
HeonpeaeneHHOCTH, CBA3aHHOW C AaHHOW Cu-
Tyauuen, Heobxoaumo noagsepraTb CpaBHU-
TenbHOMY aHanu3y MHOPMaLMID O METEOPO-
nornyecknx ycrnosusix. To eCTb [JaHHble, Mno-
NnyYeHHble U3 OQHOro UCTOYHKKA, HeobXxoanmMo
CPaBHUTb C AaHHbIMU U3 OPYrMX UCTOYHMKOB
Ha npegMeT coBnageHus. TOMbKo nocne npo-
BEPKM MOXHO OnepupoBaTb UMM C LieSIbio Npo-
rHo3a.

OHeprocbbIToBOE NpeanpuaTue ABns-
€TCA MNOCPedHNKOM MexX[y 9neKTpoCcTaHuus-
MW, 3aHUMaloLWMMUCA BbIpabOTKOW 3MEKTPO-
aHeprum n npobnemamu notpebutenein [18].
AO «AnTalkpanaHepro» cyMTaeTcs rapaHTu-
PYIOLLMM MOCTaBLUMKOM 3MIEKTPOIHEPTUN Ha
yactu Tepputopun Antamnckoro kpas. Ha OP-
OM panHbin T npegctaBneH 15 rpynnamu
TOYEK MNOCTaBKM 3MEKTPOIHEPrUU, KOTOPbIe
BKMoYatoT oT 2 go 82 gmgepos 10-35 kB. B
NUTEepaTypHbIX UCTOYHMKAX XOPOLUO OCBeLleH
BOMNpOC pa3paboTkn MoAeNen KpaTKOCPOYHOTO
MPOrHO3MpPoOBaHUsa anekTponoTpebnenns Kkpyn-
HblX OOBEKTOB, TakMX Kak 3Heprocucrema
cybbekta Poccuiickon Pepepauum [1, 14, 18].
Npn KpaTKOCPOYHOM MPOrHO3MPOBAHWUMN 3NEK-
TPUYECKON HArpy3Kku Takmx KPYmHbIX 0ObEKTOB
MOXHO HE YYMTbiBaTb PEMOHTHbIE PaboTbl Ha
ceTeBoM obopyaoBaHum Huxke 220 kB, a Tak-
Xe pexuMm pabotbl notpebutenen anekTpo-
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3Heprum ¢ MoLyHocTblo MeHee 10 MBT. B 1o
Xe BpPeMs OTKMYEHNE Ha ceTeBOM 06opyao-
BaHun 10-110 kB B 3HaumTenbHOM Mepe cka-
3blBaeTCA Ha MOTPEeBNEeHUn 3NEKTPOIHEPruK
TN ITI. Ha puc. 6 npegctaBneHbl CyTOYHbIE
rpadoukn anekTponoTpebneHuns rpynnel ToYek
noctaBku «KopumHckas» 3neKTPO3Heprun npu
MNaHOBbIX OTKMIOYEHMSX Ha 3MEKTPOCETEBOM
obopygosaHuu cpunmnana NMAO «MPCK Cubu-
pu» — «AnTanaHepro».

26 anpens 2017 r. Ha noAacTaHUMAX
«PomaHoBckass» n «MamoHTOBCKasi», BXoas-
wux B [TM  «KopunHckas», npoBOAUIUCH
nnaHoBble paboTbl MO uncTke m3onsaumun. M3
puc. 6 BuAHO, YTO anekTponoTpebnexune 1
«KopumHckas» BO BpeMsi PEMOHTHbIX paboT
yMeHbLUMNOCh B cpeaHeM Ha 69,77%, T.K. OT-
CYTCTBYET BO3MOXHOCTb JOCTaBWUTb 3MEKTPO-
3Heprui A0 YacT KOHEeYHbIX noTpebuTenen
panHown [T, Takxke (nocne nogayn Hanpsxe-
HMS) HabnogaeTca pocT anekTponoTpebne-
HUA Ha 6%, NO CpaBHEHWIO C noTpebneHnem
anekTpoaHeprin 25 anpens 2017 r. Bo nsbe-
XaHue OonbluMX OTKMOHEHUN (haKTUYEeCKOro
noTpebneHns aneKTpoO3HepPrnn OT NPOrHO3HO-
ro, Heob6xoOMMO YyuWTbIBaTb MNNAHOBbLIE pe-
MOHTHblE PaboTbl Ha anekTpoceTeBOM 0bopy-
[0BaHuM, obecneymBatoLiemM TPaHCNopT dNek-
TPO3HEpPrMK 40 KoHeYHoro notpebutens M.

3asBkn Ha obcnyxuBaHMe W PEMOHT
3neKTpoceTeBoro 0bopynoBaHua npeaocTaB-
NSATCH rapaHTUpyoLwemMy nocTaBLLMKy B Buae

10

onepaTWBHON OMUCMETYEPCKON MHGopMaL K O
nnaHoBbIX paboTax Ha anekTpoceTeBoM 0060-
pyooBaHuu. B 3asiBKax ykasblBalTCS MOMEH-
Tbl OTKMKOYEHNUS W BKMIOYEHNS 3NEKTPOCETEBO-
ro obopyaoBaHusi, HauMeHoBaHWe 0ObLeKTa,
Mo KOTOPOMY MPOUCXOOMT OTKIIKOYEHUE, a TaK-
Xe gons notpebuteneit, KOTOPbIX BO3MOXHO
3anuTaTb Mo pe3epBHON NINHUN.

Mpyn 3TOM Hepeaku CuUTyauuu, korga
PEMOHTHbIE PaboTbl OTMEHSTCH NO TEM WU
MHbIM NPUYMHAM, NPOU3BEAEHLI HE B MOJTHOM
obbeme (OTNMYaEeTCs KONMMYECTBO OTKM4ae-
MbIX KOMMMEKTHbIX TPaHCGOPMATOPHbIX NOA-
ctaHumm 10/0,4 kB, Bpemsi OTKMOYEHUS K
BKIMIOYEHNSI NMUHKMK), a TaKkKe 3asiBKa Ha nna-
HOBble PaboTbl (OTMEHY PEMOHTHbIX paboT) He
[OBOAMTCS [0 rapaHTUPYHOLLEro nocrasLumka
BCneacTBMe  owmbBOK  onepaTMBHO-AWCHET-
4epcKoro nepcoHana unu no TEXHUYECKUM
npuuvHam. [ns yyeta HEAONOCTaBKW 3nek-
TPO3HEPrMM [0 KOHEYHbIX noTpebutenen
(BCneacTBne pemMoHTHBIX paboT) HeobxoaMmo
CKOPPEKTUPOBATL  MPOrHO3Hble  NO4YacoBble
ob6bembl noTpebnenns anekTpoaHeprum [T
Ha obbem noTpebrneHnss B TOYKax MOCTaBKW,
nUTaeMblx OTKNKYaembiMu uaepamu. Noya-
COBble 06bEMbI HELONOCTABKW ONPeAensTCS
Ha OCHOBaHWW JaHHbIX aBTOMaTU3MPOBAHHOM
CUCTEMbI KOMMEPYECKOTO y4eTa 3NeKTPOIHEp-
rMu, ucnonb3yemon ans onpegenexnus obbe-
MOB MOKYMKN 3NEKTPO3Heprim Ha OPOM.
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Puc. 6. CymouHbie epacpuku anekmponompebienusi epynnsi moyek nocmaeku «Kop4yuHckasi» npu niaaHoebIix
OMKJIIOYEHUsIX Ha afiekmpocemesom obopydoearuu ¢unuana MAO «MPCK Cubupu» — «<AnmaliaHep20»
Fig. 6. Daily energy consumption curves of electric energy delivery point cluster Korchinskaya at scheduled
repairs on electric grid equipment of the branch of IDGC of Siberia — Altaienergo PJSC
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Mpy  NPOrHO3MPOBaHWM  MOYACOBbIX
obbemoB anektponotpebnenus I rapaHTu-
PYIOLLMX NOCTABLUMKOB, HAXOASALLMXCSA B Ceflb-
CKOW MECTHOCTM, Heo6X0aAMMO yuMTbIBaTb pe-
XM paboTbl KPYMHbIX NPOM3BOAMTENEN CEMb-
CKOXO3SIICTBEHHbIX TOBAapOB C MOLLHOCTbIO
cabiwe 670 kBT. Yuet pexuma pabotbl 6onee
Menkux notpebutenen anekTpoaHeprum [TT1
Ml 3HAYNTENbHO YCMOXHUT aPXUTEKTYPYy MO-
Lenv NporHo3mpoBaHus 6e3 yBennyeHns Tou-
Hoctn STLF. Ha puc. 7 npeactasnexsl CMOH
MM «Bnacmxa» npu pasnuyHbIX pexumax
pabotbl OO0 «YcTb-KanmaHckui anesaTopy.

[pon3BOACTBEHHBIN LieX npeanpusaTus
A0 4:00 31 aerycta 2018 r. pabotan B wrart-
HOM peXxuMe, Nocrie Yero HavyanoCb TEXHUYe-
ckoe obcnyxuBaHWe OCHOBHOro obopyaosa-
HuA. B cBA3M ¢ 9TMM noTpebneHne anekTpo-
aHeprum 'TI «Bnacuxa» B nocnegyrowue ya-
cbl cytok 31 aerycta 2018 r. cHusunochb Ha
650 kBT (B cpeaHem Ha 5,74%), no cpasHe-
HUKO C MOYacoBbIM anekTponoTpebneHnem 30
asrycta 2018 r. npu aHanoOrMyHbIX YPOBHAX
BO3JencTBua apyrux paktopos. Ha ocHoBa-
Hum CI'OH, npeactaBneHHbIX Ha puc. 7, anek-
TpUYeckass Harpyska 4aHHOro Mpou3BOAMTENS
CeNbCKOXO35NCTBEHHbIX TOBApOB COU3MeEpPUMa
c Harpyskon Bcen [Tl [T1. OTcyTCcTBUE WH-
opmauum o pexume paboTbl fJaHHOrO Npej-
NPUATUS MOXET AaTb OTHOCUTENbHYH OLUINOKY
nporHosupoBaHus 6onee 5% 6e3 yyeta BNns-
HUA ApyrMx haKkTopoB.

Ha puc. 8 npencrtaBneH CyTOYHbIN
rpadouk anektpuyeckon Harpysku [T «HOx-
Has» Npyu OTKMIOYEHWN XOSIOOHOW BOAbI B T.
Py6u0BCK.

Mpy OTKMIOYEHHOM XONMOAHOM BOAO-
cHabxeHun B BockpeceHbe 19.08.2018 B T.
Py6uoBck noTpebneHne anekTposHeprum CHu-
3unockb B cpegHem Ha 13,4%, NO CpaBHEHWUIO C
12 aBrycta 2018 r. npy CXOXMX METEOPOSOrK-
yeckux ycnosusx. [aHHbl akT obbsacHaeTcs
OTCYTCTBMEM BO3MOXHOCTW Yy HaceneHus 3a-
HUMaTbCS NOBCEOHEBHLIMU [enamMu, OTKIIH0-
YEHWEM MPUBOAOB HACOCHbIX CTaHUMWA U T.4.

Nocne B0306HOBNEHUS BOAOCHABXEHUS Anek-
Tpuyeckas Harpyska sospocna Ha 8,7%. PocTt
noTpebneHns aNeKTPOIHEPrMM CBS3aH C Mac-
COBbIM BKJIOYEHMEM ObITOBLIX NPMOOPOB MO-
crie npocTos, MONMMBOM CENbCKOXO3ANCTBEH-
HbIX KynbTYp.

PaccMOTpeHHble B OaHHOM MyHKTE
thakTopbl MOryT nokasaTbCA He3HauuTeslbHbI-
MU NpW aHanu3e CyTOYHbIX rpaduKkoB 3HEPro-
cuctembl permoHa B uenom. OgHako OHM B
3HAYMTENbHOW CTEMEHM BMMAIOT Ha COBOKYM-
HOe anekTponoTpebrneHne rapaHTUpYOLWMX
MOCTaBLLMKOB.

B cootsetctBun c [pasunamm OP-
OM?, paspellalolWwymMK MOCTaBLNKAM TpaHC-
nupoBarb (T.e. 3aKnagplBaTh B LiEHY Ha anek-
TPO3HEPrnio) Ha KOHEeYHbIX noTpebutenen
TONMbKO 5% OTKMOHEHUA (PaKTUYECKOro mno-
TpebneHns 3NeKTPOSHEPrun OT MPOrHO3HOrO,
[aXe HecyLLeCTBEHHbIE U3MEHEHUS rpadpuKoB
MOryT NPUBE3TW K 3HAYUTENbHbIM YObITKAM.
MoMMMO YObITKOB ANSi CAMUX FrapaHTUPYHOLLMX
MOCTaBLUMKOB, BEMUYMHA OTKIOHEHUN (PaKTm-
4yeckoro noTpebrnieHns 3NeKTPosHeprum ot
MPOrHO3HOTO BIIMSIET HA LLEHY 3MEKTPO3HEPrUK
L9 KOHeYHbIX notpebutenen (B Buae ctou-
MOCTHOTO  HebanaHca  «BanaHcupytoLero
pblHka» Ha OP3M, KoTopbI yBenMunBaeTcs
NPOMOPLMOHANbHO BeSIMYMHE  OTKIOHEHUN).
MoaToMy y4eT BCEX OCHOBHbIX (haKTOPOB Npu-
obpeTaeT 0cobyto BaXHOCTb NpK KpaTKOCpPOu-
HOM MPOrHO3MPOBaHUM ANEKTPONOTPELNEHMS.

MporHo3upoBaHue nNoTpebneHns anek-
TPO3HEPrn ABNAETCA CMOXHOW 3aJayed, T.K.
OHO 3aBMUCUT OT CIIOXHOTO MOBEAEHWUS 3Nek-
TPUYECKON Harpysku 34aHun (COOPYXEeHW) u
HeonpeaeneHHOCT!  BAUAIOWMX  (PaKTopoB,
4TO B CBOK OYepedb NpMBOAMUT K 4acTbiM KO-
nebaHunam cnpoca Ha anekTpoaHepruto [20].
Takum obpa3oM, K OCHOBHbIM (hakTopam, OKa-
3blBalOLMM pellatollee BO3AENCTBME Ha MNo-
BEAEHNE BPEMEHHOro psiaa 3anekTponoTpeb-
NeHns COBOKYMHOro cnpoca noTtpebutenei
rapaHTUpyHLLEero nocTaBLmKa, B KpaTKOCPOY-
HOW NEepCneKkTMBE MOXHO OTHECTH:

06 yTBEpXaeHUu [MpaBnn ONTOBOrO pbiHKA ANEKTPUYECKON 3HEPTUN N MOLLHOCTW U O BHECEHUWN U3MEHEHWUI B HEKOTO-
pble akTbl paBuTenscTea Poccuitckon ®eaepaunn no BonpocaM OpraHW3aumm yHKLMOHMPOBAHWS OMTOBOMO PblHKA
3MEeKTPUYECKON 3HEpPrMM U MOLWHOCTW: nocTaHoBneHwe [lpasutensctBa Poccuiickon ®epepauun Ne 1172
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Fig. 7. Daily load curve of electrical energy delivery point cluster Vlasikha at various
operating modes of Ust-Kalmansky Elevator LLC
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Puc. 8. CymoyHbIli epaghuk anekmpuyeckol Haepy3Ku 2pynnbl MoYyeK Nocmasku 31eKmpoaHepauu
«lOxHasi» npu omknYeHUU xo0100H020 8000CHabxeHus e 2. Py6yoeck
Fig. 8. Daily load curve of electrical energy delivery point cluster Yuzhnaya under shutdown
of cold water supply in Rubtsovsk

— NOPSIOKOBbLIA HOMEp AHS B FoAY; — oyYacoBble  3HaYeHWs  BETpo-

— NOPSAAKOBLIA HOMEP AHS! B HEAENE;

— ANVHY CBETOBOrO [HS;

— NpU3HaK NpeanpasaHUYHOrO HS;

— NPU3HaK NPasaHUYHOrO AHS;

— MpW3HaK kaHuWkyn B obpasoBaTenb-
HbIX YYPEeXaeHusX;

— MpW3HaK Hanuyus LEHTParibHOro
OTOMMEHUS;

— MNpU3HaK Hanuuusi ropsiyero BOO-
CHabXeHus;

— NPUW3HaK Hanuuusi XONoAHOro BOAO-
CHabXeHus;

X0noaoBoro niaekcea, °C;

— gucnepcuto 24 npenblaylumx 3Hadve-
HUI TemnepaTypbl HapyXxHoro Bo3ayxa, °C;

— KONMYECTBO 0CaAKOB, MM;

— pexum paboTbl Bcex notpebutenen
anekTpoaHeprum [Tl ¢ MOLWHOCTbI CBbILLE
670 kBT;

— NNaHOBble OTKMOYEHUs naepos,
nuTalWwmMx noTpedbutenen 3neKkTpo3Heprum
ITr.

Ha ocHoBaHuu
opmupyetca  BbiGOpKa,

Habopa dakTopoB
npegHasHavyeHHas
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ona obyyennsa u TtectmposaHus WHC. U3
MHOXeCTBa NapaMeTpoB,  ONpeaenstoLwmx
3NeKTPUYECKyo Harpysky, BblbupawoTca Te,
KOTOpble MOryT ObITb BHECEHbI B 00y4atoLLyto
BbIGOPKY, T.€. JOCTYMHbIE B OTKPbITbIX UCTOY-
HUKaxX WNW BbIYUCINSIEMblE HA OCHOBAaHUW OT-
KpbITON MHGopMaLum [19].

6. 3AKITIOYEHUE

1. B xoge wccnenoBaHust BbISICHEHO,
YTO BPEMEHHOW PS4 COBOKYMHOrO 311EKTPOMNO-
TpebneHns notpebutenen rapaHTUpyOLEro
MOCTaBLUMKA XapaKTepu3yeTcs CE30HHbIMU U
LUMKIIMYECKUMU  U3MEHEHUSIMW  Pa3fIMYHON
LASMTENBHOCTU: CYTKW, Hedens, roa. [lpea-
npasgHNYHbIe U NPasgHUYHbIE OHU UMEOT He-
TUNUYHYO  (DOPMY CYTOYHOrO rpadmka no-
TpebneHnst 3aNeKTPoIHEpPrum.

2. Mexgy noTpebneHuem anekTpo-
SHeprum 1 TeMnepaTypon HapyXHOro Bo3ayxa
MMEEeTCs CuMbHas KOppensuMoHHash CBA3b,
T.K. UBMEHEHWE TemnepaTypbl B 34aHUAX 3a-
nasgbiBaeT MO OTHOWEHWHD K W3MEHEHWSIM
TemnepaTtypbl HapyXHOro Bo3ayxa (MMeeTcs
HEKoTopas MHEPLMOHHOCTb); Ha 06BbEMbI Mo-
TpebneHns aneKTPO3HEPrun BIUSIET HE TOMb-
KO BenMumMHa Temnepartypbl, HO ¥ U3MEHEHUS
TemnepaTypHOro pexuma, Npoucxoameline B
npegwecteytowmn  nepuod. [pepnaraetcs
yunTbIBaTb AAHHOE SIBMEHWE MPU KPaTKOCPOY-

HOM MNPOrHO3MpPOBaHWM 3NEKTPONOTPEONEHNS
C nomowblo gucnepcun  Bolbopkn un3 24
npeablayLWwmx 3HaveHwii Temnepatypbl. Takke
(B LensX CHWXEHNS pasMepHOCTM (DaKTOPHOTO
NpOCTpaHCTBa) LenecoobpasHo  yyuTbiBaTb
TemnepaTypy HapyXHOro Bo3fyxa v CKOpOCTb
BETPA C  MOMOLWbK  BETPOXOSI040BOrO
NHOeKca.

3. EctecTBeHHas ocBeLLEHHOCTb BAW-
feT Ha 06beMbI 3NEeKTPONOTPEONEHNS TOSNBKO
B CBETII0E BpeMsi CyTOK. CTOMT OTMETUTb, YTO
YMEHbLLEHWNE OCBELLEHHOCTM He Bcerga npu-
BOAMUT K YBESIMYEHUIO INEKTPUYECKON Harpys-
kn. B netHee Bpems roga CHUXEHWE OCBe-
LLIEeHHOCTW BbI3bIBAET YMEHbLUEHNE 3NEKTPO-
notpebneHns BCNEACTBME OTKMIOYEHNS YacCTy
«KnumaTnyeckoro» ob6opyaoBaHus.

4. Bblbopka CTaTUCTMYECKMX OaHHbIX,
Heobxoaumas Ans KpaTkoCPOYHOro MPOrHO3u-
pOBaHMSi COBOKYMHOrO 3nekTponoTpebneHms
rapaHTUpymLero nocTaBlUMKa, OOSDKHA Y4u-
TbiBaTb NOMWMO CTaHOAPTHbIX BPEMEHHbBIX U
METEopONornyecknx (PakTopoB Takxe akTo-
pbl OTKMIOYEHWS 3MEKTPO-ceTeBoro obopyao-
BaHMa 6-220 kB, pexumbl paboTbl KPYMHbIX
notpebutenen 3nNeKTPO3IHEPruM,  Hanuyme
LLEHTPasIbHOro OTOMNMEHUS U XONOAHOrO (rops-
4yero) BOAOCHAGXeHMs B OTAENbHbIX Hace-
NEHHbIX MyHKTaX, KOTOpble CYATAKOTCA HEe3Ha-
YUTENbHBIMW AN 3MEKTPUYECKON Harpy3ku
9HEProcuUcTEMBI.
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[eueHTpanu3oBaHHas peKoH(UrypaLma aneKTpu4eCcKon
cetu ¢ Microgrid ¢ ucnonb3oBaHMeM pPeKknoy3epoB
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Pesrome: Llenbto paboTbl ABNseTCS MCCNefoBaHWe BOSMOXHOCTEW MOBLILIEHUS HALEXHOCTW 3neKkTpocHabxeHus oTaa-
NEHHBbIX NOTPeBbMTENEN B SNEKTPUYECKUX CETAX C PacnpeneneHHon Marnol reHepaumeii myTeM NMPUMEHEHUS peknoy3ae-
pOB M COOTBETCTBYIOLLEro ynpaBneHus. B pacnpeaenutenbHbIX 3NeKTpUIeckux CETIX pacTeT JoNsS Manon reHepauum Ha
6a3e BO30OHOBNSAEMbBIX UCTOYHUKOB 3HEPTUM B TOKASIbHBLIX paiioHax ¢ COBCTBEHHbIMK NOTPEBUTENAMM, NpK STOM NOTP €-
Butenu, HaxogsLwmecs B OTAANEHHbIX paioHax, NPEUMYLLECTBEHHO CENTbCKMX, BCE ELle CTPaAaloT OT NOCTaBNSAEMON UM
HEeKa4yeCTBEHHO 3NEKTPOIHEPTUM N HU3KON HAZEXHOCTM 3NEKTPOCHAOXEHNS, XOTS, B Clyvyae NoTepu OCHOBHOTO UCTOY-
HUKa, 3NEKTPOCHabXeHMe BCEX UMM YacTu NoTpebuTtenei B Takux paioHax MOXET OCYLLECTBMATHCA OT UMEIOLLENCS B
HUX Manow reHepauuun. OTCYTCTBUE Haanexalle TEXHONOrUM ynpasneHus CeTbio C pacnpeaeneHHoN Manown reHepad u-
€l Npy NoTepe OCHOBHOTO MCTOYHMKA He MO3BONSET MOMHOLEHHO UCMONb30BaTh 3Ty BO3MOXHOCTb 006ecneyYeHns Hage X-
HOro anekTpocHabxeHust noTpebuTtenei B Takux panoHax. MpeanaraeTcsa u uccneayetcs cnocod AeLeHTpanM3oBaHHOMO
ynpaBneHus OTAENEHNEM PalioHOB CETM C COBCTBEHHOW reHepauuen npyn noTepe OCHOBHOTO UCTOYHWKA ANEKTPOCHa b-
XEHUs C MOCreayoLWwmmM BOCCTaHOBNEHEM HOPMArIbHOW CXEMbl M PEXUMA Ha PEKIOYy3epax 3neKTpuieckol ceTu. Takue
panoHbl npuobpeTatoT ceoncTea Microgrid, cnocobHon paboTtaTb kak aBTOHOMHO, TaK 1 MapanmnenbHO C BHELWHe! CETbHO.
[eneHve 1 BoCCTaHOBMEHWE LIENOCTHOCTW MPOMCXOAWT B aBTOMATUYECKUX MYHKTaX CEKLIMOHWPOBAHWS C PEKNOYy3epamu,
npu 3TOM BOCCTaHOBMEHME LIENIOCTHOCTW CETW C napannensHon paboTol UCTOYHMKOB HYXAAeTCs B NPOBEAEHWU CUH-
XPOHM3aLMK YacTen Ha ydaneHHbIX OT MCTOYHWKOB peknoysepax. [Ans peweHns gaHHow 3agaqum npegnaraetca gobas-
NeHne CUHXPOHKU3aTopa B LWKad ynpaBreHus peknoysepa.

Knro4yeenie cnoea: manas rmngporeHepaumd, neueHTpann3oBaHHoe ynpaBneHune, Microgrid, pexXnmMmHaa u npoTmBoasa-
p|/||7|Ha;| aBTOMaTMKa, aBTOMATUYECKII NYHKT CEKUNMOHUPOBaAHUA, peknoysep

UHpopmayusa o cmamee: [ata noctynnenns 17 oktabpsa 2019 r.; gata npuHatvs k nevatn 12 cespand 2020 r.; gata
OHnanH-pa3melenuns 30 anpens 2020 r.

Ansa yumupoeaHus: ®vwos A.l'., N'ynom3oga A.X., Kacobos J1.C. [leeHTpanusoBaHHas pekoHUrypaLmns anekTpuye-
ckomn cetu ¢ Microgrid ¢ ncnonb3oBaHueM peknoysepoB. BecmHuk Mpkymcko2o 2ocydapcmeeHH020 MeXHUYECK020 yHU-
gepcumema. 2020. T. 24. Ne 2. C. 382-395. https://doi.org/10.21285/1814-3520-2020-2-382-395

Decentralised reconfiguration of a Microgrid
electrical network using reclosers

Alexander G. Fishov*, Anvari Kh. Ghulomzoda*, Loik S. Kasobov**
*Novosibirsk state technical University, Novosibirsk, Russia
**Tajik technical University named after Academician M.S. Osimi, Dushanbe, Republic of Tajikistan

Abstract: The present study is aimed at investigating possibilities for increasing the reliability of power supply to remote
consumers via electric networks having distributed power generation sources by means of automatic circuit reclosers
(ACRs) and appropriate management systems. At the present time, the number of small electrical networks based on
renewable energy generation sources in local areas is growing. Although consumers located in remote rural areas con-
tinue to suffer from low power supply reliability, in case of loss of the main source, all or part of the consumer base in
such areas can be supplied with electricity from available small power generation sources. However, the assurance of
reliable power supply to consumers in remote areas is hampered by a lack of appropriate technological solutions for
managing such networks when the main power source fails. A decentralised method for controlling a network with auton-
omous power generation in case of loss of main power source supply, allowing the subsequent restoration of normal
circuit and mode for a recloser electric network, is proposed and studied. Such networks acquire the properties of a Mi-
crogrid, capable of working both autonomously and in parallel with an external network. Division and restoration of inte g-
rity occurs at automatic sectioning points using reclosers, while the restoration of the integrity of the network with parallel
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operation of sources requires synchronisation of components at reclosers remote from sources. As a solution, the addi-
tion of a synchroniser at the recloser control cabinet is proposed.
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system, automatic unit for sectionalizing, recloser
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1. BBEAEHUE

B HacToswee Bpems cyliecTBYeT He-
Mano TexHOnornm, obecrnevymBarOWUX Kade-
CTBEHHOE W HagexHoe 3neKkTpocHabxeHne
notpebutenen OT NOKaNbHbIX WCTOYHMKOB
SHEpPruun, MMELLMX BO3MOXHOCTb B aBapuii-
HbIX pPeXuMax NonyyuTb NUTaHue OT pe3eps-
HbIX MCTOYHMKOB. [Mpyn 3TOM 3nekTpocHabxe-
HMe noTpebutenen, Haxoaswwmxcs B oOTaa-
NEHHbIX CeNbCKUX panoHax, Ha CEeroaHsILHMK
[eHb SBNAETCA BECbMa CINOXHOW 3adaven ans
3MEKTPOCETEBLIX KOMMAHUN.

C Takumu TpyAHOCTSMU CTanKMBaeTCs
W 3NEKTPOIHEPreTMYECKas cuctema TamKuku-
CTaHa, rae aneKkTpocHabxeHne notpebutenei
NPOWN3BOAMUTCS LIEHTPANM30BaHHO, a B OCEHHe-
3VMHUIA Mepuoa NOSIBMSETCA 3HAYUTENbHbIN
AedUUMT  3NEKTPOIHEPrun,  BbIHYXKOALWNN
BBOAMTb OrpaHNYeHus B ee JOCTyne, YTO OCo-
OEeHHO CUIIbHO OTpaxaeTca Ha CEeNbCKOM
HaceneHun, coctasnsowem okono 70%
HaceneHns CTpaHsbl.

B cTpaHe vMeeTcsi OrpoMHbIM 3anac
rMapopecypcoB, No AaHHOMY nokasaTento Ta-
[DKUKUCTAH CTOWT Ha MEPBOM MecTe Ccpeau
cTpaH LleHTpanbHoM A3un M Ha BOCbMOM — B
mupe. CTpaHa obnagaeT 4% BCEro MMpOBOro
rMOPO3HEPreTMYeckoro noteHumana. Obwmi
rMOPOSHEPreTMYeckui  noTeHumMan CTpaHbl
npesblwaeT 527 mnpa kBT-4 B rog. MoTeHuu-
anbHble 3anacbl Manow rMapo3HepreTuUkn Co-
crasnawT 184,46 mnpa kBty B rog [1, 2]. K
MaroW reHepauum B CTpaHe OTHOCAT manble
anekTpocTaHuum molHocTeto 10-10000 kBrT.
B nepuog ¢ 1990 no 2013 r. Ha TeppuTOpUM
CTpaHbl ObINI0 MOCTPOEHO U CAAHO B 3KCMnya-
Tauulo  MHOXECTBO MarblX MOPO3NEKTPO-
ctaHumn (MIr3C) pasnuyHon molHocTn [3],

OVHaMMKa CTPOWUTENbCTBA KOTOPbLIX NpuBEAe-
Ha Ha puc. 1.

B passutum manon rugporeHepaumn B
CTpaHe OrpoMHO€ 3HayeHWe WUMeeT MNpPOEKT
«CASA-1000» [4], pa3paboTaHHbIn U corna-
coBaHHbIv B 2011 r. Mexay npaBuTenscTBamm
4 ctpaH (TamxukuctaH, Kuprusus, AdpraHu-
cTaH u [MakucTaH), npefycMaTpuBaoLLmniA 3KC-
nopT W3BLITOYHON 3NEKTPOIHEPTUK, MOABNS-
loLLenca B NeTHUI Nepuos, B cocegHue cTpa-
Hbl. B NpousBoACTBE 3NEKTPOIHEPTUM PaBHO-
npaBHO OyayT yyacTBOBaTb HE TOMBKO Kpyn-
Hble M'C, Ho 1 MI3C. Peanusaums BbllLeyka-
3aHHOro MpoekTa No3BOSNUT 3PPEKTUBHO UC-
nonb3oBatb MIOC u pa3BuBaTb AaHHYK 06-
nacTb 3HepreTuKN B CTPaHe.

HeobxoaumbiM ycnosuem ans 3Toro
asnsetca uHTerpaums MIMAC B cylwecTsyto-
LMe anekTpudeckme cetn, obbeanHeHne He-
CKOMbKMX NOKasbHbIX CUCTEM 3HeprocHabxe-
Hus (J1IC3) Ha 6asze MI'AC B M30nMpOBaHHbIE
(ocTpoBHbIE) UNKN CBA3AHHbLIE C OOLLEN 3nek-
TPUYECKON CEeTbI0 (MOMYyOCTPOBHbLIE) NOKanb-
Hble 3HeprocucTembl. Kpome TOro, aBTOHOM-
Has pabota MIOC umeeT u3BECTHble Hepo-
ctatkn. K HUM OTHOCAT HU3KME HaZEXHOCTb
ANeKTpoCHabXeHNs N Ka4eCTBO ANEKTPOIHEP-
rMn. OTU HEOOCTaTKM B 3HAYUTENbHOW Mepe
YCTPaHSAKTCA NPU CUHXPOHHOW NapannenbHowu
pabote JICO C BHeLWHeN 3HEProcUCTEMOMN.
MNonoxuTencHble 3hdEKTbl B BUAE CHKEHUS
noTepb, BO3MOXHOCTU MNOAKMIOYEHUS A0MNOos-
HUTENbHBLIX NOTpebuTenen 3a cyet pasrpysku
CEeTW, a TakKe NOBbILEHNA KayecTBa 3M1eKTpo-
3Heprum (No HanpsKEHUK0) B panoHe MpUco-
€AMHEeHNs Manon reHepauuu nonyyaeT u ca-
Ma BHELLUHAS dMeKTpuyeckas CeTb, K KOTOPOK
npucoeauHsetca J1IC3.
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Puc. 1. JuHamuka cmpoumesibcmea Masbix 2udpoasnekmpocmaHuyull 8 TadxukucmaHe
e nepuod ¢ 1990 no 2013 a.
Fig. 1. Construction dynamics of small hydroelectric power stations in the Republic
of Tajikistan in the period from 1990 to 2013

Takum 06pa3om, Ans peleHus Bbille-
yKa3aHHbIX 3agay Heobxoauma cneuuanbHas
TexHonorus ynpaenewus pexumamun J1C3,
paboTalLWmnx napannesibHo C  BHELUHUMY
3NeKTPUYECKUMU CETAMM.

2. CMEHA KOHUENUWA
AJNIEKTPOCHABXEHUA

B HacTosllee BpeMsi aKkTyanbHbIM SB-
nseTcs nepexof OT LeHTpanvM3oBaHHOW K [e-
LEHTPaNIM30BaHHON CUCTEME 3MEeKTPOCHab-
XEHWSt OTAanEeHHbIX NoTpebutenen, nNo3Bons-
lolWen 1Cnonb3oBaTb pacnpedeneHHble Mo
3NEeKTPUYECKON CETU UCTOYHUKW SNEKTPOIHEP-
MW, B T.4. BO30OHOBMSeMble, Ha3blBaemble
pacnpeneneHHon reHepauuen [5, 6].

C pa3BuUTVEM CWIIOBON 3IMEKTPOHUKU K
TEeopun ynpaBneHUst BO3HWKMA KOHLEeNuus
Microgrid, koTopasi oTpaxeHa B uccrnegoBa-
Tenbckux pabotax, npoBedeHHblx B CLUA, EB-
pone u Asum [7-9]. Microgrid — aT0 Hebonb-
Was He3aBucCUMas cuctema, Kotopass 00b-
eanHsieT manyto reHepaumio (MI), noTpebu-
Tenemn, yCTPOMCTBA HAKOMSIEHUS 3Hepruu, a
Takke YCTpOWCTBa ynpaeneHus, obpasys ue-
NOCTHYIO  yNpaBnsiemMyld CUCTEMY 3Hepro-

CHabxeHuna. Ha puc. 2 nokasaHa 6asoBas
CTpyKTypa rubpuaHon Microgrid.

Microgrid moxeT “MeTb Kak aBTOHOM-
HbI, TaK U NapannenbHbIi C BHELUHEN CeTbio
pexum paboTbl, B KOTOPOM OBMEHHas MoL-
HOCTb MOXET HOCUTb PEBEPCUBHBIN XapaKTep.
B aBapuiiHon cutyauum Microgrid moxeT ca-
MOCTOSATENbHO OTAENATLCA OT BHELIHEN CETu
N NepexoauTb B aBTOHOMHbIN pexum. lNocne
ycTpaHeHus aBapuu Microgrid MoxeT cHoBa
nepenT B pexum napannesnbHon paboTbl C
BHeWHeN ceTbto. Takum obpasom, Microgrid
SBNAETCA WHTENNeKTyanbHOM aBTOMaTU3npo-
BaHHOW CUCTEMOW, KOTOpas CaMOCTOSTENbHO
pekoHurypupyeTcs, ynpaenset 6anaHcom u
pacnpegensieT noToku MOLLHOCTH.

B paboTe npepnaraetcs peleHune 3a-
Aaun npucoeamHeHus Microgrid Ha 6a3e ma-
NON reHepauun K BHELUHEN 3neKTpU4ecKomn
CeTW 3a CYET ee MPSMOro BKIIKOYEHUS B CETb
MOCPEACTBOM CUHXPOHHbIX CBA3EW WM CO-
3gaHus Microgrid B cyuwiecTBytowen cetn 6e3
LeHTpanu3aum ynpaefneHus Ha KOHLenuum
MynbTUareHTHbIX cuctem. Heobxogumas ans
9TOr0  aBTOMaTWKa SBMSETCA  PEXUMHO-
npoTMBOaBapuiHon ¢ asToonepatopom [10].
[JlaHHas aBTOMaTMKa NpUMEHWMa Kak Ha nna-
HUPYeMbIX 0ObeKTax C Manon reHepaumen,
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Puc. 2. ba3zoeass cmpykmypa 2ubpudHol Microgrid
Fig. 2. Basic structure of a hybrid Microgrid

Tak U Ha yxe CylecTBylLWmux obbekTax, pa-
6oTa KOTOPbIX B TakMX PEXMMax UCXOOHO He
npegnonaranace.

[ns obecneyeHnss 6esonacHonm na-
pannenbHon pabotbl Microgrid B aBTOMaTuke
NpeanoXeH U peanu3oBaH crneumanbHbIA cno-
cob PeXMMHO-NPOTMBOABAPUMHOMO YyrpaBse-
Hua [11]. Wpea cnocoba — onepexarollee
cbanaHcmpoBaHHoe oTaeneHue Microgrid no
3apaHee M3BECTHbIM (PMKCUPOBAHHLIM Ceve-
HUAM CETW NPV HapyLeHWsSX HOPManbHOro
pexuma ¢ NepexonoM B aBTOHOMHbIA PEXUM
paboTbl C nocrnegyrLwmM aBTOMaTUYECKUM
BOCCT@HOBIEHWEM CMHXPOHM3MaA M HOpManb-
HOro pexuma ¢ Tpebyemon 3arpyskon obopy-
[0BaHMS.

3. PACMNPEAEJNIEHHOE YNPABIEHUE
PEXXUMOM 3NEKTPUYECKOWN CETH

C MICROGRID C NOMOLLbIO
MHTENNEKTYAJIbHbIX YNIPABJIIAEMbIX
PEKITOY3EPOB

PacnpegenutencHole cetn 0,4-6-10
KB cuctembl Cenbckoro aneKkTpocHabxeHus
XapakTepuayoTcs 6OMNbLION MPOTSKEHHOCTbIO
NMHWIA 1 Pa3BETBNEHHOCTLI0. K OCHOBHbLIM He-

[OCTaTKaM TaKuxX CeTel MOXHO OTHECTU HU3-
KYH0 HaOeXHOCTb, HEBbICOKOE KayecTBO Mo-
CTaBNSIEMON 3MEKTPOIHEPTUM N 3HAYUTENb-
Hble noTepu. B 3Tux ceTsx aBapwiiHble OT-
KMOYEHMS NIMHUIA, @ UMEHHO OTKIMIOYEHMNS BO3-
aywHbix nmHuin 0,4 n 10 kB, moryT cocTaBnsThb
40-90% o1 obuiero KonmMyectsa aBapuiiHbIX
OTKMYeHu [12]. HagexHocTb anekTpocHab-
XEHWS B pacnpeaenuTenbHblX CENbCKUX CETSAX
yXyOLWAeTCs Takke B CBA3WN C UX 3HAYUTESb-
HbIM M3HOCOM. Hanpumep, B CETSX Hanpspke-
Huem 6-20 kB nponcxoaut B cpeaHem 30 oT-
kntoyeHun B rog Ha 100 KM ANWHBI NMHWK, a B
cetax HanpspkeHnem 0,4 kB — go 100 oTknto-
YeHuit B rog Ha 100 km* [13].

CokpaTuTb YMCNO aBapUMHbLIX OTKIIHO-
YeHuii NoTpebuTENEn MOXHO NyTEM NPUMEHE-
HUSI @aBTOMaTWUYECKOro NOBTOPHOTO BKMHOYEHUS
(AlNB) B nnHusix anektponepenayu (J130M). Kak
nokasbIBalT uccneaoBaHusl, okono 60% no-
BpexaeHuin JIOMN okasbiBalTCs HEYCTOWYMBLI-
M u yctpaHsaiotca AlMB [14]. OpHako, T.K.
CenbCKkMe pacnpegenuTensHble CeTU B OCHOB-
HoM nocTpoeHbl B 1960-1970 rr., B pacnpege-
NUTENbHBLIX MYHKTaxX, r4e CTOAT B OCHOBHOM
ManoMacnsiHble BblKNYaTenu crapbiX TUMOB,
¢pusnyeckn HeBO3MOXHO nNpumeHeHue AllB.

"Nonoxerne OAO «POCCETU o €0MHOW TEXHWYECKOW MONMUTUKE B INEKTPOCETEBOM KOMMIekce. Beed. NpoTOKONIOM
Ne 208 Coseta aupektopoB OAO «®CK EQC» o1 27.12.2013. M., 2013.
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N3BeCTHO, YTO 3aLLMTHbIE OpraHbl pac-
npefenuTenbHbiX CETEN HaxoAsaTCA Ha noa-
CTaHUMSAX W B pacnpefenuTenbHblX MyHKTax.
[pn BO3HWMKHOBEHWM aBapPUMHLIX CUTyaLuK
cpabaTtbiBaeT COOTBETCTBYOLWAA 3awuTa, Aa-
eTCs KOMaH4a Ha OTKMIOYEHWE BbIKNoYaTenNs
dupepa, n Bce notpebutenn dguagepa ocrta-
toTca 6e3 nuTaHusa, a WHOrAa — Ha AnNWUTenb-
Hoe BpeMms. [Ina HaxoXOeHus mecTa nospe-
XOEHUS W ero nokanusauum Ha oTxogsiime
NHUM puaepa Bble3xaeT onepaTueHas bpu-
raga. lNytem nocnegoBaTenbHbIX NEpeKnoYe-
HUA pasbeduHuTenen BOONb uaepa U pyd-
HOr0 MOBTOPHOrO BKIIOYEHUS BbIKIOYaTENS
LEXYPHbIM NepcoHanomM NoAcTaHuuMn no co-
OTBETCTBYIOLLEN KOMaHZe aucnetyepa onpe-
LenseTca v OTAeNseTCs NoBpeXAeHHas YacTb
cetn (puc. 3). Takasa cxema BOCCTaHOBMEHUS
nuTaHna notpebutenen TpebyeT 3HauUTENb-
HOro BpEMEHM, NpuBeYeHns 6onbLWOro Konm-
4yecTBa nepcoHana u TEXHUKW.

3HaunTenNbHY YacTb aBapuUWHbIX OT-
KIYEeHUA 1 NepepbIBOB B NOTPEONEHNN MOX-
HO COKpaTUTb, W TeM CaMbiM MOBbLICUTb
HaOEXHOCTb 3anekTpocHabxeHus. OgHUM K3
Hanbonee 3 eKTUBHbIX cnocoboB SBMSETCS
NPUMEHEHWE MYHKTOB CEKLMOHUPOBAHUS C
pasgeneHveMm dugepa KOMMYTaLMOHHBIMU
annapataMu Ha 4actu. TpaauLUMOHHbIE MYyHK-
Tbl CEKLMOHMPOBAHMS BbINOMHANUCL Ha 6ase
f4eeK KOMMMEKTHbIX  pacnpefenuTenbHbIX
YCTPOWCTB HapyXHOW ycTaHoBkW. B 3aTtux
f4yerkax MOHTUPOBanNUCb HeobXxoauMble TOKO-
Bble 3alMTbl, TeM cambiM 3awmwas J13 ot

I1C

TOKOB KOPOTKOrO 3aMblkaHusl, 0QHAKO HUKaKOM
asTomatuku (Hanpumep, AlB) He npumeHs-
NOCb BBUAY PA3MMNYHbBIX MPUYKH.

C pa3BuTMEM TEXHUKM U TEXHOMOrUU
Ha 6a3e aBTOMaTMYEeCKUX MYHKTOB CEKLMOHM-
poBaHus (AlC) ynaetca 3HaYMTENbHO MOBbI-
CUTb HaOEXHOCTb ANEKTPOCHabXeHus noTpe-
butenen, oco6EHHO B CEMbCKOW MECTHOCTW.
Takylo BO3MOXHOCTb  Aa€T  NPUMEHEHME
PEKII0Y3€ePOB.

Peknoysepbl — 3TO 3N1eMeHTbI, BbINOM-
HAOLWMe YHKUMM pasgeneHns, pe3epBupo-
BaHMS YacTen anekTpuyeckmnx ceten 6-10 kB,
nmewwmx anuHHele  JISM  marucTpanbHo-
paguanbHoM  KOHdurypauum.  Peknoysep
(puc. 4) obbveauHseT B cebs BaKyyMHbI Bbl-
KntoyaTesnb, cucteMy npeobpasoBarenen Toka
W HanpshkeHWsi, aBTOHOMHYIO CUCTEMY onepa-
TUBHOTO NWUTaHUSA, MUKPOMPOLIECCOPHYD pe-
NENHyo 3almMTy 1 aBTOMaTuKy, cuctemy nop-
TOB ANS NOAKIYEHUs YCTPOMCTB Tenemexa-
HUKW, KOMMSIEKC NporpamMMHOro obecneyeHus
[15].

CoBpeMeHHble peknoy3epbl BbIMNOSHS-
0T cnepytowme yHkummn [16]: aBTomaTuye-
CKOe OTKIIYEeHNe NOBPEXAEHHbIX Y4aCTKOB
NHWUK; aBTOMaTUYeCcKoe MOBTOPHOE BKIIHOYE-
HUe; aBTOMaTMYeCKUn BBOS PE3EPBHOMO NUTa-
Husi (ABP); onepaTvBHblE MECTHYO U AUCTaH-
LMOHHYI0 pPeKoHUrypauum ceTtu; camoaua-
THOCTUKY; U3MEpeHne napaMeTpoB PEXMMOB
CeTW; BedeHMe >XXYpHanoB OnepaTuBHbLIX W
aBapuHbIX COBLITUN B NUHWUKM; OUCTAHLMOH-

HO€e yrnpaslieHKe.

K pe3epBHOMY

UCTOYHUKY
Pas

— e— — —

Puc. 3. BoccmaHoesnieHue anekmpocHabxeHus nompebumeneli no Knaccuvyeckoll cxeme
Fig. 3. Restoration of consumer power supply according to the classical scheme
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Puc. 4. O6uwuli eud peknoysepa (8 bICOKO80IbMHbIU 8aKyyMHbIU 8blK/TI04amersib CO WKaghoM yrnpassieHus)
Fig. 4. General view of arecloser (high-voltage vacuum circuit breaker with a control cabinet)

MwukponpoueccopHas penenHas 3alyu-
Ta ¥ aBTOMaTVKa COBPEMEHHbLIX PEKNOY3EPOB
BbIMOMHSAKT Takme yHKUMM Kak [17] TokoBas
OTCeYKa, HanmpaBlieHHast U HeHanpaBlieHHas
3aluTa MakcuMmanbHOro Toka, HanpasfieHHas
3awuTa OT 3aMblkaHW Ha 3eMnto, 3awuTta
MUHUManNbHOrO HanpsKeHWs, 3aluTa Makcu-
ManbHOro HanpsiKeHus, aBTOMaTU4eCcKoe no-
BTOPHOE BKIKOYEHME (4-KpaTHOE), aBTOMaTU-
yeckasi YyacToTHas pasrpyska, BOCCTaHOBIe-
HWEe HOPManbHOro pexuma, AUCTaHUMOHHAs
3awwTa, 3awmTa oT obpbiBa has, N3MepeHue
ANEeKTPUYECKNX XapaKTePUCTUK, 3aluta oT
04HO(a3HbIX 3aMblkaHWA Ha 3eMnto, onpeae-
neHve mecTta NoBpeXAeHUs, YaCTOTHOE aBTo-
MaTU4YeCcKoe NOBTOPHOE BKITHOYEHME.

OCHOBHbIMU npov3BoaMTENSAMU
PEKNOY3epOoB B MUPE Ha CErogHALWHWUA AeHb
asnatca  komnaHum  «Cooper  Power
Systems» (CLUA), «TaBpuaa Onektpuk» (Poc-
cust), «NuLec Industries» (AscTpanus),
«Wipp&Bourny (AHrnus) u ap.

BHeapeHue peknoy3epoB B pacnpege-
NUTEnNbHbIE CETU NPUBOAUT K AeLeHTpanusa-
UMW YyNpaBrieHUs aBapuUMHbIMK  pPeXMMamm,
obecneuynBaeT HesaBucumocTb pabotbl AlC
OT BHELUHEro ynpaBneHus, MUHAMU3aLMo Ye-
noseyeckoro aktopa, ObICTpOe BOCCTAHOB-
NEeHVe NUTaHWUS B HEMOBPEXAEHHbLIX y4YacTKax

CeTM U, COOTBETCTBEHHO, MUHUMU3NPYET
HEOO0O0TNYCK 3MEeKTPOIHEPrUM NoTpeduTensm
[18, 19].

Mpvmepbl  MCMONb30BaHWS peknoy3ae-
POB NMPUBEAEHLI HWXE. B NpoTsKEHHbIX Maru-
cTpanbHbix JIOM, roe nutaHue ocyulecTBns-
€TCA C OQHOW CTOPOHbI (OTCYTCTBME pe3epB-
HOr0 WMCTOYHWKA), NP BO3HWKHOBEHWUM KOPOT-
koro 3ambikaHus (K3) oTknroyaeTcs peknoysep
P2, npexge 4em OTKMOYMTCA FONOBHOW Bbl-
kntovatenb B (puc. 5). B atom cnyyae notpe-
Butenn B HEMNOBPEXAEHHbIX Yy4acTKax CeTw
NPOAOIKAT HOPMasbHO (PYHKUMOHMPOBATb. B
cXemax, rge MMeeTcsi BTOPOM MCTOYHWK Anst
pe3epBMPOBaHNS, AOMNOMHUTENBHO YCTaHaB-
nuBaeTcs peknoysep B kayecTse nyHkra ABP
(puc. 6). MNpu Bo3HMKHOBEHMM K3 OTKMHOYaoT-
cs peknoysepbl P1, P2, nokanusmpys mecto
nospexaeHns, u cpabaTbiBaeT peknoysep B
ponu ABP, nogaBas nutaHne octasbHbIM Mo-
Tpebutenam.

HyXHO OTMETUTb, YTO peKnoy3epbl Mo-
YT NPUMEHATLCS HE TOMNBKO B MPOEKTUPYEMbIX
PaVOHHBIX 3MEKTPUYECKUX CETSX, HO U B CY-
LLECTBYIOLMX, YTO CHMXAET 3aTpaTbl Ha pe-
KOHCTPYKLMIO M COXpaHsSeT NpUrogHocTb u-
3MYECKN M3HOLIEHHBIX CETEN, CTPOMBLUMXCS B
panekux 1960-x rogax.
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Puc. 5. Cxema ycmaHo8KuU peKoy3epoe npu 00HOCMOPOHHEM numaHuu
Fig. 5. Recloser installation diagram with single side power supply

PezepBHbIit
HCTOYHHUK

FODH e

Puc. 6. Cxema ycmaHo8KuU peksioy3epoe npu 08ycmopoHHeM numaHuu cemu
Fig. 6. Recloser installation diagram with duplicate power supply

4. UCMNOJIb3OBAHME PEKITOY3EPOB
AnsA NOBbIWEHUA HAOEXXHOCTHU
ANEKTPOCHABXEHUA B MICROGRID

OO0LLEen3BecTHO, YTO B CETAX, IAe ecTb
reHepupytowme ycrtponctea (M B Hawem
crny4ae), 3anpeLyaeTcsi NOBTOPHOE BKMKOYEHUE
nuHUiA, ceasbiBatowmx Microgrid ¢ BHeLLHen
3neKTpu4eckon cetblo. Mpu Kaxgom BKKYe-
HUM TakuX NWHWA HeobXOAMMO BbINOSHUTD
yCNoBwsl CUHXPOHM3aLuK. [Mpn HecobnogeHuu
3TOr0 npaBuna NpyM HECUHXPOHHOM BKIIKOYe-
HUM TEHEepPUPYIOLMX YCTPOWCTB BO3HUKAKOT
3HAYMTENbHbIE AWHAMWUYECKMEe MOMEHTbI, YTO
MOXET MpedCTaBnsaTb Yrposy noBpexOeHUs
reHepaTopoB W WX MNEPBUYHLIX ABUraTenen
[20]. 3T0 HeobxoaMMO yuuTbIBaTL NpK yCTa-
HOBKE PEKII0Y3EPOB B CETSAX C rEHEPUPYIOLL M-
MW yCcTpoWcTBamu. BO3MOXHOCTb WCMONb30-
BaHWS PEKNOY3epoB AN BOCCTAHOBMNEHUS Na-
pannenbHon paboTbl MCTOYHWUKOB Heobxoam-
MO MccnenoBarth.

CoBpeMeHHble pekoy3epbl He UMetoT
CUHXPOHU3NPYIOLLEN (PYHKLMOHANBHOCTH, He-
obxogmmon npu nx paboTte B CETAX C HANUYK-
em MI. Tak KaKk peknoysepbl ycTaHaBNMBaKOT-
CS ydaneHHo OT reHepaTopoB, npeanaraeTcs
NPOV3BOANTb CUHXPOHM3ALIMIO HA HKX, @ He Ha
reHepaTopHbIX BbIKMOYaTeNax. [na  3Toro
npeanaraeTcs  yYCOBEPLUEHCTBOBaHME (PYHK-
LIMOHanNbLHOCTK peknoy3epoB nytem fobasne-
HUS BNOKa CMHXPOHMU3aLMK B KX LKag ynpas-
NeHnst BakyyMHbIM BbIKriodaTenem (puc. 7).

B kayectBe cuHxpoHusaTopa npegna-
raeTcs WCMonb3oBaTb COBPEMEHHbIE MMKPO-
MPOLECCOPHbIE  YCTPOWCTBA CUHXPOHM3ALIMM
Mo AC-M, CrpuHT-M 1 SYNCHROTACT?
[20, 22]. lMepeuucneHHble ycTponctBa obec-
MeYnBatoT BbINOSIHEHWE BCEX YCIOBUN TOYHOM
CUHXPOHM3aUMM UCTOYHMKOB. OHK peanuaytoT
(PyHKUMM n3MepeHns, aHanu3a u (Npu Heob-
XOAMMOCTMW) NOATOHKW NapaMeTpoB Af1S CUH-
XpoHusauuu. odroHka 3nekTpuyeckux napa-
METPOB NPOM3BOAUTCS CUCTEMON Tenemexa-

’BensieB H.A. CUHTE3 CUCTEM aAanTUBHOI CMHXPOHM3aALUN TEHEPATOPOB C ANEKTPUYECKON CETbI0 HAa OCHOBE METOAOB
aBTOMATMYECKOro ynpaBneHus ¢ 3TaNOHHON MOAENbIO: ANC. ... KaHA. TexH. Hayk: 05.14.02. Tomck, 2015. 170 c.
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A CHHXPQHU3ATOP

Monayne ynpaBieHUst
BBIKJIIOYATEIIEM

 MecTo 11 KOMMYHHKaIMOHHOTO

e 000pyIOBaHHSA

Puc. 7. llikagh ynpaeneHusi eakyyMHbIM 8biK/to4amesieMm ¢ dobasneHueM CUHXpoOHU3amopa
Fig. 7. Control cabinet of the vacuum circuit breaker with added synchronizer

HWKM C MCMONb30BaAHMEM Pa3fIMYHbIX KaHAasoB
cesA3n (GSM, pagmo, ONTUKO-BOMOKOHHbIE u-
HUW CBA3U) C Bblga4yel CUrHanoB aBToMaTuye-
CKUM perynsTopam CKOpOCTM W BO3BYXAeHUS
reHepaTtopos. [1pn BbINOSIHEHNN BCEX YCNOBWIA
CUHXPOHW3Ma YCTPOMCTBO  CUHXPOHMU3ALMK
bopmmpyeT KoMaHZy Ha BKIIOYEHWE BbIKMHO-
yatensa peknoysepa. Takke Heobxoaumo OT-
MeTUTb, YTO YCTPOWCTBA CUHXPOHM3aLMK
MMEKT BO3MOXHOCTb MPOBEAEHUS camoaua-
FTHOCTUKM 1 BbIBOAA UHPOPMALMKN Ha aucnnee
0 COCTOSHUM CMHXPOHM3ATOpa, YTO SABMSETCH
6e3ycnoBHbLIM JOCTOMHCTBaM paccmaTtpuBae-
MbIX YCTPOUCTB.

5. \CCNEAOBAHUWE NPEONATAEMOIo
CMOCOBA OELIEHTPAJIN3OBAHHOIO
BOCCTAHOBJEHUA LEJIOCTHOCTHU
AKTUBHOM CETU

MogenupoBaHue BbINOMHEHO ANS Of-
HOW M3 CXEeM 3MEeKTPOCHAOXEHMsI CenbCKOoW
MECTHOCTM Jlaxwckoro panoHa Tamxukucta-
Ha. B cxeme JICO gaHHOM MeCTHOCTM npucyT-
cteytoT ase MI3C. 3nektpocHabxeHue no-
TpebuTenei npou3BoaMTCA B OCTPOBHOM pe-
XUME WM B peXUMEe MUTaHWUS OT BHELUHEW
cetTn Ha HanpskeHun 10 kB. Takon pexum

anekTpocHabxeHus 0BycnoBneH TeM, 4YTO BO
BHELLHEW CeTn NMPOUCXOAAT YacTble BO3MYLLe-
HUS, a B cfyyae napannensHon paboTbl
MI'OC c BHelLHel ceTblo CMHXPOHHaA paboTa
reHepaTopoB 4acTo HapyluaeTcs, Y4TO NpuBo-
OMT K 0becToumBaHuio notpebutenei Lenoro
hugepa. YuutbiBas BbICOKYH) aBapvMHOCTb B
cxeme, NpMBOASALLEN K BOMbLIOMY KONNYECTBY
OTKIOYEHWIA, ONUTENBHOMY NPOCTOK U Hepo-
OTMYCKy  9NIeKTPO3Heprun  notpebutensm,
npeagnaraeTcs yCTaHOBKa PeKnoy3epoB B pas-
HbIX MecTax aToro dugepa (puc. 8).

MecTa yCTaHOBKM peEKSIOy3epoB Ha
cxeme puc. 8 BblIbuparTcs Ucxoas u3 ycrnoBus
6anaHca MOLLHOCTEN reHEPUPYHOLLMX
yctponcts o6emx MIOC u Harpy3ok noTpebu-
Tenen. Takasa paccTaHoBka  MO3BONSET
Microgrid aBTomaTnyeckm BbICTPO OTAENATHCS
OT BHELWHEN CEeTW B aBapunHbIX pexumax. B
KayecTBe MPOTUBOABAPUNHOW aBTOMATUKW,
BbINOSHAIOLLEN Takyl (DYHKUMIO, NpegnaraeT-
CS aBTOMaTuKa onepexatowiero cbanaHcupo-
BaHHoro genenuna (AOC[) [10], [11]. B aTtom
criyyae reHepaTtopbl CTaHUM He ByayT Bbina-
0aTb B ACMHXPOHHbLIN PEXWUM, COXpaHss
ycTonumsyto paboty co cbanaHCMpOBaHHOM
Harpy3Kkon B OCTPOBHOM pexume.
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Puc. 8. Modenupyemas cxema afiekmpocHabxeHus1 ceslb.CKoU MecmHocmu
Jlaxwckozo palioHa Pawmckux anekmpuyeckux cemeli TadxuKkucmaHa
Fig. 8. Simulated power supply scheme of the rural Lakhsh district
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B cxeme yctaHaBnuBawTCca 4 pekro-
y3epa, 2 n3 kotopbix (P1, P2) npegHasHayeHsbl
ans otaenenns Microgrid OoT BHeLWHen ceTu
(BblgeneHHas obnactb cxembl puc. 8) u ee
BKIOYEHMSI Ha MapannenbHyl paboTy ¢ ce-
Tbl0 C BbIMOMHEHWEM YCMOBWUN CUHXPOHMU3a-
umn. Peknoysep P3 npegHasHaveH ans o6b-
eavHeHus (BKMoYeHo) AByx vacTen Microgrid
NP1 OCTPOBHOM PEXMME W UCKMIOYEHNS LLYH-
TUPOBaHMS CxeMbl (OTKMIOYEHO) Npu ee na-
pannensHon paboTe ¢ ceTblo, a peknoysep P4
— ONS BbINOMHEHUS aBTOMATUYECKOW 4acToT-
HoW pasrpy3ku (AYP).

Al 5B r] |

MogenupoBaHue BbinonHanack B NBK
Rustab 6a3bl RastrWin3. Pesynbtatbl moae-
NNPOBaHNS U OCLMUANOrpamMMbl NEPexogHoro
npouecca npu Bapuaumm Harpysku Microgrid
npegcrtasneHbl Ha puc. 9-11.

Ha puc. 9-11 npeacraBneHbl n3MeHe-
HUA TOKOB Yepes peknoy3epbl P1, P2 — [(P1),
I(P2), A; MowHocTb reHepatopoB [1-[4 —
P(r), P(r2), P(r3), P(r4), MBT; vactoty B
Microgrid — f, Tu; BepTWKanbHble MOMOCHI,
0bo3HayeHHble BykBamu A-[1 sBnawTCA Yyka-
3atensmu pgencteus. [llpyu mogenupoBaHum
ucnonb3oBanacb npoTusoasapuitHas AOC/[,

Puc. 9. [NepexodHbIli npoyecc 8 cemu ¢ Microgrid ¢ 20% Hazpy3kol
Fig. 9. Transient in an electrical network with Microgrid with 20% load

o 14

Puc. 10. lMepexodHnbil npoyecc 8 cemu ¢ Microgrid ¢ 60% Hazpy3kol
Fig. 10. Transient in an electrical network with Microgrid with 60% load
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Puc. 11. [NepexodHnbili npoyecc 8 cemu ¢ Microgrid ¢ 100% Hazpy3koli
Fig. 11. Transient in an electrical network with Microgrid with 100% load

LENCTByOWAsa MO onpedefieHHbIM  anropuT-
MaM Ha OTKIYEHWe reHepaTopoB Npu Bapu-
auum pgonu Harpyskum Microgrid. CueHapuu
MOZEnNMPoBaHuUs: nNpu Bo3HMKHOBEHUM K3 (cwm.
puc. 8), onepexas cpabaTbiBaHMe TOKOBbIX
3awut, AOC/[ pacnpeneneHHO OeicTByeT Ha
OTKMtoYeHne peknoysepos P1, P2 ¢ nocnegy-
oMM BKMIOYEHMEM peknoy3sepa P3 (Touka A,
npu t = 1,5 ¢, cMm. puc. 9-11) 1 OTKNIOYEHNEM
reHepaTopoB (Touka B, npu t = 2,27 ¢; ', 2
Ha puc. 9 n 3, I'4 Ha puc. 10), ycTpaHsoLWwmx
N3ObITOYHYD  MOWHOCTb B OTAENSEMON
Microgrid, a B cnyyae gedvunta MOLHOCTHU B
Microgrid cpabatbiBaeT AYP 1 oTKnoYaeT BblI-
kntovatenb peknoysepa P4 (Touka B npu t =
4,85 c Ha puc. 11); cpabaTtbiBaeT TpaaWLMOH-
Has 3awwmTta MT3 (Touka b npu t = 2 ¢ Ha puc.
9-11) n OTKMIOYaeT rofIOBHOW BbIKNOYATEND
B6; npoucxogut camoycTtpaHeHune K3 u cpa-
6aTbiBaeT AlB BbikntoyaTens B6 (Touka IM npw
t = 5 ¢ Ha puc. 9-11); ¢ nosiBNeHMem Hanps-
XEHWs C [OBYX CTOPOH Ha BbIKMOYaTENAX
peknoysepoB P1, P2 3anyckatotca ux AlB ¢
aBTOMaTMYECKUM MNOBTOPHbLIM BKIIOYEHUEM C

OXWAaHWEM CUHXPOHWU3MA, U NPK BbINONTHEHUN
YCMOBWUA  CUHXPOHWU3ALWMW  aBTOMAaTUYECKU
BKMtoYatoTcs peknoysepsl P1, P2, oTknovaeT-
cs peknoysep P3 (Touka [l npu t = 6,5 ¢ Ha cwm.
puc. 9-11). HopmanbHas pabota cCxembl
anekTpocHabxeHus noTtpebuteneir BoccTa-
HaBnuBaeTca. HapyleHwin anekTpocHabxe-
HUS noTpebuTenen npu Bapuauuu Harpysku B
yactax cetn ¢ MIM He npoucxoguT 3a CYET Co-
XpaHeHusi B paboTe reHepaumu.

6. 3AKNIOYEHUE

MpegnoxeH u wuccnegoBaH cnocob
pacnpefeneHHon CUHXPOHM3auuM npu noa-
kntouyeHun Microgrid Ha napannenbHyto pabo-
Ty C BHelWHen ceTbto. Cnocob npepnonaraet
NCNONb30BaHNE YCOBEPLLEHCTBOBAHHBIX PEK-
noysepoB. PesynbTatbl MogenMpoBaHus noa-
TBEPXKAAKT NONE3HOCTb NPEASIOKEHHOrO Crno-
coba, obecneyvBatoLEero noBbILLEHNE Kaye-
CTBa MOCTABMSIEMON  ANEKTPOSHEPrnn 1
HaOEeXHOCTU 3NEKTPOCHABXEHNS OTAANEHHbIX
notpebutenen.
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AHanu3 pe3oHaHCHbIX PEXUMOB B 3NIEKTPO3IHEPreTU4eCKUX
CUCTEeMax C TArOBOW Harpy3Kou

© A.A. lWanppsbiruu, B.MN. Qosryw, O.3. Eropos, M.B. MaHbwuH

Cubupckuli pedeparnbHbili yHusepcumem, 2. KpacHosipck, Poccusi

Pestome: Lienbio nccnefoBaHus ABNSETCA aHaNM3 pe30HAHCHBIX PEXWUMOB B 3NIEKTPO3HEPreTUYECKUX CUCTEMAX C TAro-
BOW Harpyskomn, a Takke W3y4yeHne B3aWMHOTO BAMSIHUS TArOBOW CETU U CETU BHELIHero anekTpocHabxenus. OgHon u3
OCHOBHbIX MPUYMH YXYALWEHWS KA4YECTBA ANEKTPOIHEPTUN B CETAX BbICOKOrO HAMPSPKEHWNS SBMAIOTCH MOLUHBIE HENWHE -
Hble Harpy3ku. K yucny Takux Harpy3ok OTHOCSTCS CUCTEMbI TArOBOTO 3N1EKTPOCHAOXEHMUS, 3HAYNTENTBHOE BIIMSIHWE OHW
OKa3blBAKOT Ha CUCTEMbI SNIEKTPOCHAGXKEHNS C Manoi MOLLHOCTbIO KOPOTKOrO 3aMblkaHus. PaccMoTpeHa uMuTaLnoHHast
MOZENb CUCTEMbI 3NEKTPOCHABXEHNS C TATOBOW HarpysKoi, peanu3oBaHHas B NporpamMHoM komnnekce Matlab. C no-
MOLLbIO NPeanoXeHHOW MOAENN UCCMEAOBAHO BMUSHWE HA PE30HAHCHbLIE PEXMMbl PA3NMYHbIX NapaMETPOB CUCTEMBI
3NeKTPOCHabXeHMs, B TOM YACHE AIMHY MUHUA, MOLLHOCTb KOPOTKOrO 3aMblKaHWSi CUCTEMbI BHELLHETO 3M1eKTpoCHabxX e-
HUS, @ TaKkKe CNeKTpanbHbIA COCTaB TOKOB 3NEKTPONOABMXHOMO COCTaBa Ha CTENEHb UCKAaXEHUS HANPSXKEHUA B TArOBON
1 BHeWHeln ceTsix. [onyyeHbl aHanNMTUYECKMe BblpaXeHWsl, MO3BONALWME ONpeaeuTb YacTOThl PE30HAHCOB CUCTEMBI
«BHELLHSIS CeTb — TArOBLIN TpaHcopmaTtop — TaroBas ceTb». C NOMOLLbI0 UMUTALMOHHON MOLENW NPOBEAEH aHanu3
PE30HAHCHBIX PEXWMOB B CUCTEME 3MEKTPOCHABXKEHNS, BKIHOYAIOLWEN TArOBY CeTb NEPEMEHHOTO TOKa W BHELUHIOK
ceTb. [oka3aHo, YTO MPUYMHOW UCKAXKEHWIA HANPSHKEHUS B CUCTEMaX ANEKTPOCHAOXEHUS C TATOBOW Harpy3Kow SBMSHOTCS
HeCUHycouaanbHbIe TOKM U PE30HAHCHBIE PEXMMbI TATOBOW CETU, BO3HUKAKLLME B CUCTEME BHELIHErO 3M1eKTpOCcCHabxe-
HuA. Tpyu UccnegoBaHuM pe3oHaHCHBIX PEXUMMOB CUCTEMY TAFOBOTO 3/IEKTPOCHAOXEHMS N BHELLHIOW CETb CMEAyeT pac-
CcMaTpuBaTh Kak e4uHY0 cucTeMy. Ee YacTOTHbIE XapaKTepUCTUKU UMEIOT Pe30HaHCHbIE MakCUMYMbl, YacToTa U amnnu-
Ty4a KOTOPbIX 3aBUCAT Kak OT MapaMeTpoB TATOBON CETW, TaK U MapaMeTPOB CUCTEM BHELLHErO 3NIEKTPOCHAbXeHMS.

Knro4eenbie cnoea: Kayectso ANEKTPOIHEPrnun, CUCTEMbI TATrOBOro C-)J'IeKTpOCHa6)KeHI/I$|, CUCTEMbI BHELLUHEro aNeKkTpo-
CHabxeHus, PE30HaHCHbIE PEXUMbI

Ungpopmayus o cmamee: [Jata noctynnenns 28 cdespans 2020 r.; gata npuHatus k nedatn 17 mapta 2020 r.; gata
oHnanH-paameLeHus 30 anpens 2020 r.

Ana yumupoeanus: Wangpeirnd O.A., JoeryH B.MM., Eropos [.3., MaHbwuH M.B. AHanu3 pe3oHaHCHbIX PEXUMOB B
3NeKTPOIHEPreTUYECKUX CUCTEMAX C TArOBOW Harpyskol. BecmHuk UpKymcko2o 2ocy0apcmeeHHO20 MexHUYecKo20
yHusepcumema. 2020. T. 24. Ne 2. C. 396-407. https://doi.org/10.21285/1814-3520-2020-2-396-407

An analysis of resonant modes in electric
power systems with a traction load

Denis A. Shandrygin, Valery P. Dovgun, Denis E. Egorov, Maxim V. Manshin
Siberian Federal University, Krasnoyarsk, Russia

Abstract: This research aims to investigate resonant modes in electric power systems with a traction load, as well as to
study the cross-effect of the traction network and the external power supply network. Powerful non-linear loads represent
one of the major reasons for the deterioration of the quality of electricity in high voltage networks. Among these loads are
traction power supply systems, which have a significant effect on power supply systems with low values of the short cir-
cuit power. In the present study, a Matlab simulation model of a power supply system with a traction load was developed
in order to investigate the effect of various parameters of the power supply system, such as the line length and the short
circuit power of the external power supply system, on the resonant modes. Additionally, the effect of the spectral compo-
sition of currents in electric vehicles on the degree of voltage distortion in the traction and external networks was consid-
ered. Analytical expressions were obtained for the resonance frequencies in the "external network — traction transformer
— traction network" system. Using the developed simulation model, an analysis of the resonant modes in the power sup-
ply system comprising a traction AC network and an external network was carried out. It is shown that voltage distortions
in power supply systems with a traction load result from non-sinusoidal currents and the resonant modes of the traction
network emerging in the external power supply system. When studying resonant modes, the traction power supply sys-
tem and the external network should be considered as a single system. The frequency response characteristics of this

BECTHUK UPKYTCKOIO rOCYAAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2020;24(2):396-407
300 ———— |SSN 1814-3520
PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2020;24(2):396-407



http://dx.doi.org/10.21285/1814-3520-2020-2-396-407

LWandpbieuH O.A., osayH B.I1., E2opoe [.3. u Op. AHanu3 pe30HaHCHbIX PEXUMO8 8 3/IeKMPOo3Hep2emuyecKux ...

Shandrygin D.A., Dovgun V.P., Egorov D.E. et al. An analysis of resonant modes in electric power systems with ...

system have resonance maxima, the frequency and amplitude of which depend on the parameters of both the traction
network and the external power supply system.

Keywords: electric energy quality, traction power supply systems, external power supply systems, resonant modes
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1. BBEAEHUE

OfHOM M3 OCHOBHbIX MPUYWH yXyALle-
HUA KayecTBa 3MEKTPOIHEPrUM B CETAX BbICO-
KOro HanpsKeHUs SBMSIOTCA MOLLHbIE HENu-
HENHble Harpy3ky MPOMBILLSIEHHbIX NOTpebu-
Tenen. K uucny Takmx notpebutenenm OTHO-
CATCA CUCTEMbI TATOBOrO 3NEKTPOCHaBXEHNS
(CT3). TdaroBble nogctaHUuMM 3neKkTpuULm-
POBaHHbIX Xefe3HbIX OOpor MonyyarT 3Hep-
T OT CUCTEM BHELUHEro 3NeKTPOCHabXeHUs
(CB3) HanpsbkeHvem 110-220 kB. HeraTue-
HOe BNUSHWE TArOBbIX HArpy3oK Ha KayecTBO
3NEKTPO3HEPrUN 3aKIIYAETCA B UCKaXEHUH
CUHYCcOMZanbHON (POPMbl HamNpPsHKEHUN B TS-
roBOW CeTW, a TaKke 3Ha4YuTenbHOW HecuM-
METPUM N HECUHYCOMAANbHOCTWN HamnpsXXeHUN
B CHUCTEME BHELHero 3neKkTpocHabxeHus.
OcobeHHO 3HaunTensHoe BnusHWe CTO oka-
3bIBalOT Ha CUCTEMbl 3NEKTPOCHAOXEeHUs C
Manon MOLLHOCTbI KOPOTKOrO 3aMblkaHus. B
HEKOTOpbIX PerroHax CTpaHbl CUCTEMbl TAro-
BOTO 3fIEKTPOCHAGXEHUS ABNATCA NEPBO-
MPUYMHOW YXYOLWEHUS KayecTBa afekTpuye-
ckoit aHeprun™ [1, 2].

CucTteMbl TArOBOro aneKTpocHabxeHns
nepemMeHHoro Toka obnapalT 0cobeHHOCTS-
MU, KOTOpble OTAUYAKT UX OT 0BLLENPOMBILL-
NEHHbIX CeTel. JNeKTPOnoABWXHOW COCTaB
(3MNC) nepemeHHOro Toka NpeacTaBnsieT Cco-
6o  MOWHY OOHOA3HY  HEMUHENHYIO
HarpysKy, U3MEHSIOLLYIOCS BO BpemeHu. [ap-
MOHWMYECKWUIA COCTaB TOKOB 3aBWUCUT OT TUNa W
pexuma paboTbl NokomMoTMBOB. OCHOBHOM
CXeMon cunoBbIx npeobpasoBaTenen, wuc-
NonNb3yeMblX B OTEYECTBEHHbIX 3MEKTPOBO3aX
NnepemMeHHOro ToKa, SIBNSeTCs MOCTOBasi CXe-
Ma, peanu3oBaHHas Ha OCHOBE CWMOBbIX TK-

puctopoB [3]. TupuctopHble npeobpasoBaTte-
NN 3MEKTPOBO30B BbI3bIBAKT 3HAYUTENbHbLIE
NCKaXeHMs1 NoTpebnseMoro ToKa, COMPOBOX-
patoumecs obpazoBaHMEM BbICLUNX FAPMOHK-
YECKMX COCTaBNANLMX HANPSHKEHNA HA TOKO-
npuemHuke anekTpososa [4, 5]. K Tomy xe Ta-
kne npeobpasoBaTeny WMEKT HU3KUA KO-
MUMEHT MOLLHOCTMK.

Ha HOBbIX NOKOMOTMBAX MCMOMb3YHT-
CS aCUHXPOHHble TAroBble ABUraTenu, nosny-
yalowme nutaHne oT npeobpasosaTtenen ya-
CTOTbl C LUMPOTHO-UMNYSIbCHOW MOAYNSALMeEn
(WAM). Takue npeobpasoBatenu wumetoT
6nmsknii Kk 1 k03 prUMEHT MowHocTh. Cym-
MapHble rapMOHUYECKNE UCKAXKEHUS TOKOB HE
npesblwatoT 5% [6-8]. OgHako BXOOHbIE TOKM
npeobpasoBatenen ¢ LM umeroT wnpokuii
CNEKTp. 3TO MOXET Bbl3BaTb MWCKaXEHME
HanpshKeHUA Kak B TArOBOW, TaK WM BHELUHEW
CETSX U3-3a PE30HAHCHOrO YCUNEHUA OTAEeNb-
HbIX FaPMOHUK [6].

Btopass ocobeHHOCTb 3neKkTpoaHepre-
TUYECKMX CUCTEM C TATOBLIMU Harpyskamu co-
CTOUT B TOM, YTO MO OTHOLUEHMIO K FApMOHMU-
Kam BbICOKOrO Mopsiaka Kak BHELUHSS, TaK W
KOHTaKTHasi CeTb SBMAOTCA CUCTEMaMK C
pacnpefeneHHbIMK napameTpamu. BonHoBble
NpoLecChl B TaKMX CUCTEMAxX COMPOBOXAAT-
CS PE30HAHCHLIMW SIBMEHWUSMM, KOTOpPbLIE Bbl-
3bIBAlOT 3HAYUTENbHbLIE WCKAXEHUSI Hanpshke-
Husl. BsaumHoe BnusiHne CB3 n TtaroBow ceTtu
NPMBOAAT K TOMY, YTO (DaKTUYECKME 3HAYEHNS
nokasaTenen KayectBa JNEKTPUYECKON 3Hep-
MM B TArOBOM CETW M B CUCTEME BHELLUHErO
aneKkTpocHabXeHWs BbIXOOAT 3a npedesbl Cy-
LLLEeCTBYOLWMX CTaHAApTOB. Pe3oHaHCHble siB-
NEHUsI B TATOBbLIX CETSAX OKa3blBAKOT MeLlato-
Liee BMSHWE Ha YCTPOMCTBA NPOBOAHON CBS-

1KapTaUJeB .., Tynbckuin B.H., Wamowos P.I'., Wapos t0.B., Hackipos P.P. YnpaBneHne ka4eCcTBOM 3EKTPOSHEPTUL:

y4eb. nocob. M.: 3g. pom MAWU, 2017. 347 c.
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31, XpynKkoe 3nekTpoHHoe obopypoBaHue [7-
10]. 310 onpegenseT HeobxoAMMOCTb NpUMe-
HEHWs cneuuanbHbiX Mep Ana aemnduposa-
HUS PE30HAHCHbIX PEXUMOB.

B cratbe npuBedeHbl pe3ynbTathl
aHanusa pe30OHaHCHBIX PEeXUMMOB B CUCTEMeE
3NeKTPOCHabXeHMs, BKNIOYAKOLWENA TATOBYIO
CeTb MEPEMEHHOTO TOKA W BHELLHIOW CeTb.
MonyyeHbl aHanNUTUYECKME BbIPAXEHWUs, No3-
BONSIOLLME OLEHWUTb YaCTOTbl PE30HAHCOB CU-
CTEMbl «BHELUHSS CeTb — TATOBbIA TpaHCop-
mMaTop — TaroBasi ceTby». PaccMoTpeHa umu-
TaUMOHHas Mopenb CUCTEMbl 3NeKTpocHab-
XEHWUS C TArOBOW HArpyskow, peanu3oBaHHas
B nporpammHomMm komnnekce Matlab. C nomo-
Wbl NPeanoXeHHONW MOZENU WCCNefoBaHO
BIIMSIHUE HA PE30HaHCHbIE PEXWMMbl pPasnuny-
HbIX MapaMeTpoB CUCTEMbl 3NEKTPOCHabXe-
Husa (C3C), B T.4. ANWMHY NWUHWIA, MOLLHOCTb
KOPOTKOTO 3aMblkaHWS CUCTEMbl BHELLHErO
anekTpocHabxeHus, a Takke CrnekTpanbHbIi
COCTaB TOKOB 3NEKTPOMNOABMKHOIO COCTaBa Ha
CTENEHb WUCKaXEHUs1 HanpshKeHW Kak B TAro-
BOW, Tak 1 BO BHELUHEN CETAX.

2. ICTOYHUKU TAPMOHUK B CUCTEMAX
TAroBoro AJIEKTPOCHABXEHWUA

B cnekTpax HecuHycomaanbHbIX TOKOB
W HaNPSHKEHUN B CUCTEMaxX TArOBOro 3NeKTpo-
CHabXeHUs MPUHATO BbIAENATb TPW TPynMbl
rapMOHWK [6-8].

K nepsou rpynne oTHoCATCA (hOHOBbIE
FAPMOHWKM HaNpshKeHWs, cos3gaBaeMble Henu-
HEeWHbIMW YCTPOMCTBaMK, MNOAKMHOYEHHBIMU K
CUCTEME BHELLHEro 3anekTpocHabxeHus. Kak
npaBuno, B CrnekTpe (POHOBLIX rapMOHUK Y4u-
TeiBaOT 5, 7, 11, 13 rapMoHuKK. YpoBeHb OT-
[enbHbIX (POHOBbLIX FAPMOHWK MOXET YBenu-
YUTbCS U3-3a PE30HAHCHBIX SBMEHUN B CUCTE-
Me 3M1EeKTPOCHabXeHus.

BTopylo rpynny coctaBnsiloT xapakTe-
PUCTUYECKME FapMOHWMKM, KOTOPbIE 3aBUCHT OT
Tna AMNC n pexxumos ero paboTel. B cnektpe

Toka |, omHohasHOro TMpMCTOPHOTO Mpeob-
pasoBaTens npeobnanawT 3, 5 1 7 rapMOHUKK

[4-6]. PacyeTHble 3Ha4YeHWUs rapMOHUYECKUX
coctaBnsowmx Tarosoro Toka AMNC ¢ Tupm-
CTOPHbIM nNpeobpasoBaTenem (B npoueHTax
OT OCHOBHOW TFapMOHWKWM) NpPEeAcTaBfieHbl B
Tabnuue [10].

3HayeHus1 2apMOHUYeCKUX
cocmasnisilowux msi208020 MoKa
3/1eKmponodeuXxHo20 cocmasa
Values of harmonic components of electric
rolling stock traction current
n* 3 5 7
I, 17-24 7,2-8,9 3,3-8,2

*N — nopsidkoebIli HOMep 2apMOHUKU

B anekTpoBo3ax C aCMHXPOHHbLIMW TS-
roBbIMM [OBUraTeNsMU  XapakTEPUCTUHECKME
rapMOHUKM TOKOB MMEIOT Bonee BbICOKUA MO-
PSAOK. VX YacToTbl KpaTHbI YacToTe KOMMYTa-
umn  WKM-npeobpasosatenen. Hanpumep,
€Cnun YacToTa KommyTauum pasHa 1250 Iy, 1o
B CMEKTpe Toka npeobnagatoT rapMOHuKK 45—
55 nopsigka® [6-8, 12, 13]. HuskouacToTHble
FapMOHUKM 3MEKTPOBO30B C ACUMHXPOHHbLIMM
OBUraTensaMn SBRSIOTCA HexapakTepucTuye-
CKUMU U UMEIOT 3HAYUTENbHO MEHBLUMIA YpO-
BeHb. Kak npaBuno, cymmapHbin ko3ghdpuuu-
€HT TapMOHMK ToKka, co3gaBaembix JlC ¢
ACMHXPOHHBIMW ABUraTeENsMU, HE NpeBbilaeT
5% [6].

B TaroBov cetn moxeT HabnogaTtbes
ycuneHue oTaesbHbIX rapMOHKK, eCrn MX Ya-
CTOTbl BnM3KM MnK CcoBNadaldT C PE30HaHC-
HbIMK YacToTamm C3C. Takune rapmMoHuKm B [6,
7] HasBaHbl pe3oHaHCHbIMK. B npeobpasoBa-
Tensax ¢ WM pesoHaHCHbIMKM MOryT okasaTb-
CS HEKaHOHWYECKME HMU3KOYACTOTHblE rapmo-
HUKW.

3. AHAIIU3 PE3OHAHCHbLIX YACTOT
B CUCTEME 3NIEKTPOCHABXEHUA

Mpeactasum paccmatpuaemyto COC
B BUAE 3KBMBANEHTHON CXeMbl, 06pa3oBaHHON
KackagHbiM COeAMHEHNEM YEeTbIPEXNOOCHMN-
koB puc. 1 (3mecb Z,,. — BXOQHOE COMpOTHB-

2I'Ipae;mna 3almMThl YCTPONCTB NPOBOLHOW CBA3M U NPOBOAHOIO BELAHUS OT BMWUSHUA TATOBOW CETU 3NeKTpuduump o-
BaHHbIX XeNe3HbIX JOPOr MEPEMEHHOr0 ToKa. YTB. MUHUCTEpPCTBaMM CBS3M U nyTen coobuieHms CCCP B okt. 1987 T.

M.: Tpancnopt, 1989. 134 c.
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neHve cetn, U — HanpsixeHue, L — UHAYKTUB-
HOCTb ceTh, C — EMKOCTb CETH).

BHewHas v TAroBas ceTu npencras-
neHol  l-obpasHbiMu  LC-yeTbipexnontoc-
HUKaMn. OOHOBbIE FAPMOHMKN BHELLUHEN CETU

MOZENUPYET UCTOYHWK HanpsbkeHus E, (k —

NOPSAKOBLIA HOMEP TrapMOHUKK). MCTOYHMK
TOKa MofenupyeT rapMOHWKW TOKa, co3faBa-
eMble npeobpasoBatenem anekTpoBo3a. [ns
YNPOLLEHNA pacYeToB TAroBbIN TpaHcopma-
TOp NpeacTaBneH MnpocTenlen Mogesnbio B
BUAE naeanbHOro TpaHcgopmartopa, matpuua
LleMHbIX NapamMeTpoB KOTOPOro

a1

n

rae N — Ko dumumeHT TpaHcopmaumu.

AHanM3npys aKBMBaNEHTHYO CXemy Ha
puc. 1, nonyyum, 4YTO BXOOHOE COMPOTUBIE-
HWE CETN OTHOCUTENbHO TokonpueMHuka AMNC
onpeaensieTcs BbipaxeHnem

p(p’+hby)

Z o = ,
C,(p*+p’a +a)

a11C

(1)

rAe p — KOMMNJIeKCHas YacToTHas NepemMeHHas;
ao, a1, bg — KO3 DMUMEHTBI NONMHOMOB.

MNepenaToyHOE COMPOTUBIIEHNE MEXOY
TokonpuemHukom IMC n nepBuYHON 0OMOT-
KOW TAroBOro TpaHcopmartopa

CHcreMa BHELIHErO
MEKTPOCHADKEHHA

Li

n:i

S____ @

B nocnegHux BblpaxeHusx U,

HanpsbkeHWe NepBUYHON OBMOTKM TArOBOrO
TpaHchopmaTopa. KoadhduumeHTbl MNonuHo-
MOB Y/CNUTENS U 3HamMeHaTens onpeaenstoT-
CS BbIP@XEHNSAMU:

8, - 1 - 1 N 1 N 1
L1L2C1C2 , n2L201 L1C1 L2C2 1
(L)l
° LLC, ' n’LCC,’
KopHu nonuHOMOB uucnutenenm B

copmynax (1) u (2) onpegenstoT 4acToThbl No-
crnefoBaternbHbIX, @ KOPHW MOSMIMHOMOB 3Ha-
MeHaTenen — 4acToTbl mapannesibHbiX pe3o-
HaHCOB B CUCTEMe 3nekTpocHabxeHus. B co-
otBeTCcTBUM C (1) 1 (2) HA pe3oHaHCHble Ya-
ctotbl COC BNMAIOT Kak TAroBas, Tak U BHeLU-
HAA ceTu. [lockonbKy 3HameHaTenu B 06eux
hopmynax cosnagarT, 4acTOTbl MakCMMyMOB

Loge W Zoyeq, (30€Ch Tp — NepepatodHoe

CONpPOTUBIIEHME  MeXay  TOKOMPUEMHUKOM
JMNC w»n nepBuyHO OOMOTKOM THArOBOrO
TpaHcopmaTopa), COOTBETCTBYyHOLWME nNa-
pannenbHeIM pe3oHaHcaMm, oauHakoBbl. Cne-
[0BaTenNbHO, NPOUCXOAMUT YCUNEHUE rapMOHUK
HanpPshKeHUs1 OAMHAKOBOrO Mnopsiaka Kak Ha
TokonpueMHuke JMC, Tak 1 BO BHELLHEW CeTu.

Cucrema TRrosoro
MIEKTPOCHADKEHHA
L2

G ——

l
l
I
l
|
l
I
1
l
l
I
f
l
l

[
|
|
|
|
|
|
: Cr—=
|
|
t
|
|

Puc. 1. Cxema 3aMeujeHus1 cucmeMbl 8HEWHe20 3/IeKMPOCHabKeHus!
U cucmembl Msi208020 3JIEKMPOCHabKeHuUs
Fig. 1. Equivalent circuit of external power supply and traction power supply systems
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4. MOOENb CUCTEMbDI
QNEKTPOCHABXEHUA

AHanUTUYECKMEe BbIPAXeHUs, nony-
YeHHble B Mnpeablaylwem pasgene, sBnsTCS
npubnuxkeHHbiMu.  OHKM  MO3BONSAKT  Kaye-

CTBEHHO OLEHUTb BMMSHWE NapameTpoB CU-
CTEMbl 3MEKTPOCHAOXEHUS HA PE30HAHCHbLIE
yacToTbl. [ns noapobHOro aHanusa npouec-
coB B COC, nuTalowlen THATOBYI Harpysky,
Heobxoauma 0Gonee pgeTanbHas  MOAErb.
Cxema npegnaraemon MMUTALMOHHON mope-
NN CUCTEMbI 3MEKTPOCHaBXEHMs nokasaHa Ha
puc. 2. OHa BKMOYAET CUCTEMY BHELLUHErO
anekTpocHabxeHns HanpskeHnem 220 kB,
TArOBbLIN  TpaHcopmaTop, TAroByW CeTb
HanpspkeHnem 27,5 kB. 3OneKkTponoaBuKHOM
COCTaB MOAENUPYeTCs UCTOYHMKaMM TOKa.
Mogaenb BHeELWHeN ceTu npeacTasnseT
kackagHoe coeauHeHne [1-006pasHbIXx 4YeTbl-
PEXMNOMCHBIX cekumn. Kaxagaa cekums cooT-
BeTcTBYyeT yyactky anuHon 10 kM. Mopenb
YYUTbIBAET aKTUBHOE W WHOYKTUBHOE COMpo-
TUBMEHWE NPOBOAOB, EMKOCTb MexXay MpoBO-

JInana sEemHero 3nekTpocHat:kennn 220 kB

LOM U r1yX03a3eMIeHHON HeWTpanblo TpaHc-
dopmatopa. lpn MogenmpoBaHWM BO3AYLU-
HOW JIMHWK YYUTbIBANUCh NapaMeTpbl NPoBoAa
AC-300/39. AKTBHOE COMPOTUBNEHNE MPOBO-
na pasHo 1,08 OM/KkM, WHOYKTMBHOCTbL CO-
ctasnset 0,0013 MH/KM, eMKOCTb Mexay npo-
BOAOM W HenTpanbto npuHsta pasHon 0,0086
MKD/KM.

CeTb TAroBOro  anekTpocHabxeHus
Takxe npeacraeneHa Moaensto B (hopme Kac-
kagHoro coeauHeHuss [1-006pasHbiX CeKuuii
anvHon 10 km [14]. B Mogenu KOHTakTHOM ce-
TV NPUHATBI CredyoLwme yCrnoBus: mapka Tpo-
ca NBCM-95, koHTakTHbIM nposog M®-100,
™n penbca P75. [enctyowee 3HayeHue
Toka JlNC npuHsaTo pasHbiM 780 A. lpu no-
CTPOEHUM WMUTALMOHHOW MOZENn THAroBOro
anekTpocHabxeHus cunTaem, 4to dasel A n B
MUTAaOT pasHble NNIeYn TArOBOW MOACTaHLUMM,
¢hasa C nogknroyeHa K penebcy.

AMNC mogenupyeTtcs UCTOYHMKAMK TO-
ka. [encTByoliMe 3HA4YEHNS TOKOB rapMOHWK
npvBeaeHbl B Tabnuue.

r@
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Puc. 2. UmumayuoHHasi Mmodesib cucmeMbl 351eKMPOCHabXeHust
Fig. 2. Simulation model of the power supply system
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MNpeanaraemasi Mogenb 3Heprocucre-
Mbl MO3BONSET MCCNeaoBaTh BNMSHWME MOLL-
HOCTM KOPOTKOro 3amblkaHusi CB3 u cnek-
TpanbHOro CocTaBa TOKOB 3MEKTPONOABWKHO-
r0O COCTaBa Ha CTENeHb WCKaXKEeHMs Hanpske-
HAUA KaKk B TArOBOW CETW, TaK U B CUCTEME
BHELLUHErO 3MeKTPOCHabXeHNS.

Ha puc. 3 a—c nokasaHbl 4acTOTHble
XapaKTEPUCTUKN CONPOTUBNEHUS TArOBOWN ce-
TW OTHOCUTENbHO TokonpuemHuka JIMC npw

12000

MU3MEHEHUN AnWHbI BHelwHen cetn ot 10 go
100 km. [InuHa TAroBow ceTn (UKcHpoBaHa u
paBHa 30 KM. OnNeKTpoBO3 HAaXOAUTCS B KOHLE
yyacTKka TAroBoW CETU Ha MOCTY CEKLMOHMPO-
BaHMS.

Ha puc. 4 a—Cc nokasaHbl 4acCTOTHble
XapaKTepUCTUKN NepeaaToyHOro ConpoTuene-
HUS MEeXZy TOKOMNPUEMHWKOM 3EKTPOBO3a U
nepBunYHON OOMOTKOW TAroBOro TpaHcdopma-
Topa.
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Puc. 3. YacmomHbie xapakmepucmuku conpomueJieHusi msi2080l cemu: a — 0nuHa eHewHel nuHuu 10 km;
b — dnuHa eHewHel nuHuu 50 km; ¢ — OnuHa eHewHel nuHuu 100 km
Fig. 3. Frequency characteristics of traction network resistance: a — 10 km external ling;
b - 50 km external line; ¢ — 100 km external line
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Puc. 4. Yacmomubie xapakmepucmuku nepedamo4Ho20 CONPoOMmMueieHus:: a — 05uHa eHewHel nuHuu 10 km;
b — dnuxa eHewHel nuxHuu 50 km; ¢ — AnuHa eHewHel AuHuu 100 km
Fig. 4. Frequency response characteristics of transfer resistance:
a-10 km external line; b — 50 km external line; ¢ — 100 km external line

N3 puc. 3 n 4 cnegyeT, YTO YaCTOTHbIE
XapaKTEPUCTUKN paccMaTpuBaEeMoi CUCTEMbI
3NEKTPOCHABXEHMS  UMEKT  Pe30HaHCHbIe
MaKCMMyMbl, 4aCTOTbl KOTOPbIX 3aBUCAT OT
AnunHbl J1I9M 220 kB, T.e. MOLWHOCTM KOPOTKOro
3aMblKaHWS BHELLHen ceTu. BaxHO oTMeTuTb,
YTO YacTOTbl MakCUMyMOB OAMHakoBbl. Crie-
[0BaTefIbHO, NPOUCXOONUT PEe30HaHCHOE YCu-
NEeHne rapMOHUK OAMHAKOBOrO nopsiaka Kak B
TArOBOW, TaK U BO BHelHen ceTsax. [pu cHu-

XEHUM  MOLLHOCTM  KOPOTKOTO  3aMblKaHus
BHELUHEN CETW 4acTOTbl MAaKCMMyMOB CABWra-
0TCA B 06MacTb HU3KMX YacTOT. Pe30HaHCHbIe
SIBMEHUS1 MOTYT BbI3BaTb YCUIIEHWE FAaPMOHUK
HanpsbKeHus 1 Toka B Amana3oHe yactot 500-
1000 Ny kak B TArOBOW CETU, TaK M Ha LLUMHAX
220 kB. Cnegyet yuuTbiBaTbh Takke, YTO Ha
PE30HaHCHbIE YacTOTbl BAUSKT U U3MEHEHUS
pexumos CBO.

Ha puc. 5 nokasaHbl cnekTpbl Hanps-
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XEHWA Ha TOKOMPUEMHMKE JIOKOMOTMBA MpW
NMUTaHUM TAroBoro TpaHcgopmatopa no JIOM
220 kB. CnekTpbl HanpshKeHUA Ha CTOPOHe
NHWWN BHELLHErO 3NeKTPOCHabxeHns nokasa-
Hbl Ha puc. 6. PaccmartpuBanuchb BapuaHThl,
korga anvHa nuHmm coctasngana 10, 50 n 100
kM. OCOBEHHO 3aMEeTHO YCUNEHUE rapMOHWUK,
4acToTbl KOTOpbIX BMM3kM K YacToTaMm naparn-

35 -

30 4

oT ocloBitoi, %o
— (=] [ 3]
w =] w

—
o
L

OTrnoucuue AMIDIMTY/IbI TADMOHHKH
W

1 23 456 789

NenbHbIX pe3oHaHcoB cuctemMbl. CymMMapHbIN
KO3(PPUUMEHT rapMOHMK HanpsikeHuss Ha To-
KONpuemHuke fokoMoTuBa npesblwaeT 50%,
a CYMMapHbld  KOSMUMEHT  rapMOHMK
HanpskeHnss Ha wuHax 220 kB pocturaet
5,23%, 4TO MpeBbIlIaeT NpeaensHo onycTu-
Moe gHaqume, onpeaensiemoe NOCT 32144-
2013°.

& Tmma mooos 100 kv
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Puc. 5. Cnekmp HanpsikeHusi Ha mMoKonpueMHUKe JlokomMomuea
Fig. 5. Voltage spectrum of the locomotive current collector
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N
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Puc. 6. Cnekmp HanpsixeHuUsi Ha CMopPOoHe JIUHUU 8HEWHEe20 371eKMpPOoCHabKeHus
Fig. 6. Voltage spectrum on the side of the external power supply line

rOCT 32144-2013. OnekTpuyeckas sHeprusi. CoBMECTUMOCTb TEXHUYECKUX CPEACTB 3NeKTpoMarHuTHas. Hopmbl Kave-
CTBa ANEKTPUYECKON SHEPTUM B CMCTEMAX 3neKTpocHabxeHust obLero HasHayeHusi. Been. depepanbHbIM areHTCTBOM
Mo TEXHUYECKOMY perynupoBaHuio 1 metponorum (Pocctanaapt) 01.07.2014. M.: CtaHgapTtuHdgopm, 2014,
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Haunbonee Tsxenbin pexum Habnoga-
eTCs Npy Masnoi MOLLHOCT KOPOTKOro 3aMbl-
KaHWs1 BHELLUHEW ceTw, Koraa AnvMHa nuHum 220
KB makcumanbHa.

5. SAKINIOYEHUE

lNpoBedeHHbIN aHanuM3 nokasan, 4To
MPUYMHON UCKAXKEHWUN HaNPsHKEHWUst B CUCTe-
Max 3NeKTPOCHabXeHWs C TArOBOW Harpyskomn
SIBNATCA UCKaXkeHUst (DopMbl TOKOB, NoTpeb-
nsembix AlC, N pe3oHaHCHbIE PEXMMBbI, BO3-
HuKawowue B cucteme «CB3 — taroBas cetby.
Mpu umccnenooBaHUMM PE30HAHCHBLIX PEXMMOB
CUCTEMY TArOBOTO  3NEKTPOCHAOXEeHMs W
BHELLHIOW CeTb CriefyeT paccmaTpuBaTb Kak
eAvHyto cuctemy. Ee 4yacToTHble Xapaktepu-
CTUKA UMEIT PE30HAHCHbIE MaKCUMYMbI, Ya-
CTOTa M aMnauTyaa KOTOPbIX 3aBUCHAT Kak OT
napaMeTpoB TATOBOW CETU, TaK U NapaMeTpoB
CBO. Npn yMEHbLUEHNN MOLLHOCTU KOPOTKOrO
3aMblKaHUA BHELLUHEN CETH, T.e. Npu yBenmye-
HUM ee OSIMHbI, 3KCTPEMYMbI YaCTOTHbIX Xa-
PaKTEPUCTUK CMELLAOTCS B 00NacTb HU3KUX
4acToT. JTO BbI3bIBAET YCUNEHUE TapMOHMK
HaNpPsUkKeHMs1 X TOKA MEHbLUEro nopsiaka,
MMEILWMX, Kak npaBuio, GOMbluyo aMnnuTy-
Ay.

Takum 06pa3om, pe3oHaHCHble sBre-
HUS, BO3HMKAKOLLME MPWU MUTAHUM CUCTEM TS-
roBOro 3nekTpocHabxenuss no JIBM 3Hauwu-
TeNbHOW NPOTSHKEHHOCTU, OKa3biBAlOT Hera-
TUBHOE BIUSIHWE KaK Ha TArOBYH CETb, TaK K
Ha CWUCTEMY BHELUHEro 3neKTPoCHabXeHus.
[1ns NoBbILWEHNS KAaYecTBa ANEKTPOSHEPTUN U
3HeproaHeKTBHOCTM  CUCTEM  TATOBOrO

anekTpocHabxeHus HeobxoaMmo npoBeaeHue
KOMMMeKCca OpraHn3auWOHHbBIX U TEXHUYECKMX
MepOonpUATUN, HanpaBfeHHbIX Ha Hopmanu-
3aLMI0 Ka4yecTBa ANEKTPOIHEPTUN.

OCHOBHbIM  TEXHWUYECKMM CPeaCcTBOM
HOpManu3auum KayectBa 9NeKTPO3Heprun B
CTO 4aBnAwTCA nNaccuBHble W  aKTUBHbIE
(punbTpOKOMNEHCHPYIOLLME ycTponcTBa
(PKY), ocyuwecTBnsiowme KOMNEHcaumo pe-
aKTUBHOM MOLLHOCTM W MOAABMEHWE BbICLUNX
rapMOHUK TOKa W HanpsbkeHus [15-17]. Bna-
rogaps CBOen MNpoCTOTE W HAAEXHOCTW, OC-
HOBHbIM BWOM KOMMEHCUPYIOLWMX YCTPOUCTB
B CUCTEeMax TAroBOrO 3NeKTPOCHabXeHms
OCTalTCA MaCCUBHbIE (UIIbTPOKOMMNEHCUPY-
lowme ycTponctea. B TAroBbIX ceTax Ucnonb-
3yloTCS TUNOBbIE Y3konosiocHele ®KY, ocy-
LWEeCTBNAOWME KOMMNEHCALMIO  pPeakTUBHOW
MOLLHOCTM W nogasneHue Hambonee MOLLHbIX
3 1 5 rapMOHUK TOKa TArOoBOW Harpysku [18—
20]. HepoctaTok y3kononocHbix ®KY 3aknto-
4yaeTcs B TOM, YTO OHM OCYLLECTBNAKT noaas-
NeHne TOMbKO HU3KOYaCTOTHLIX 3 U 5 rapmo-
HUK. AHanu3, nposedeHHbIN B [17], nokasan,
4yTO npumepHo Ha 50% nogcTaHumii Heobxo-
onma yCTaHOBKa KOMMEHCUPYHLLIMX
YCTPOWCTB, MO3BOMSAIOWMX YMEHbLUNTL CyM-
MapHbIA  KO3I(MULMUEHT TFapMOHUK Hanpske-
HUS Ha TOKOMPWEMHUKE JIOKOMOTMBA U CHU-
3UTb NepeHanpskeHus 3a cyeT AemMndgupoBa-
HUS PE30HAHCHbIX pexumMoB. Heobxoaum no-
NCK HOBbIX, Bonee 3EKTUBHBIX CTPYKTYP
OKY, obecneunBaolimx 3nEKTPOMArHUTHYHO
COBMECTUMOCTb CUCTEM TSATOBOrO U BHELLHEro
aneKkTpocHabxeHns 3a CHET KOppPeKLMM UX Ya-
CTOTHbIX XapaKTepUCTUK.
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PacueTt oxnaaeMon aKoHoMu4eckoun 3achpeKTMBHOCTH
NPOU3BOACTBA aNIlOMUHUA 3a CYET YBENUYEHUSA NPUMEHEHUSA
rMMHO3eMa OTe4eCTBEHHOro NPoM3BoOACTBa

© A.B. AnekcangpoB*, H.B. HemunHoBa**
*000 «PYCAIJT UHxeHepHO-mexHonoau4eckul yueHmpy, 2. KpacHosipck, Poccus
*Upkymckul HayuoHasbHbIlU uccnedogamenbCcKuli mexHuyeckul yHueepcumem, 2. pkymck, Poccusi

Pestome: Llenb paboTbl — pacyeT oxuaaemMon 3KOHOMUYECKON 3DEEKTVBHOCTM NPOM3BOACTBA NEPBUYHOTO ANMOMUHNS
(Ha npumepe AO «PYCAIT KpacHosipck») 3a c4HeT yBeNnM4YeHns NpUMEHeHUs rmHo3ema, nony4aeMoro u3 HedermHoBoro
CblpbSi METOAOM CMEKaHWS HA AYMHCKOM TMMHO3EMHOM KOMbUHaTe. beina npoBefeHa cepusi SKCMEPUMEHTOB MO Onpe-
JENeHunio ONTUMaNbHbIX YCNOBWIA OXNaxXaeHuss HedenmHOBbLIX CMEKOB C UCMONMb30BaHWEM NlabopaTopHON MydenbHOM
neum SNOL 6,7/1300. B kayectBe obbekTa uccrnegoBaHWi MCMONb30BaNM NPOMbIWEHHON 0Bpa3sel, M3BECTHSAKOBO-
HedbennHo-coaoBon WKXThl. [ns onpegeneHus ¢as3oBoro coctaBa CrekoB ucnonb3oBancs andgpakrometp OPOH-6
(Poccms). YcnoBus cnekaHusi WMXT: CKOPOCTb HarpeBa HaBecku Wwuxtel — 10,4°C/MuH, BblgepXKKa npu Temnepartype
1250°C - 15 MuH. YCTaHOBMNEHO, YTO BIIMSIHUE CKOPOCTU OXNaXAEeHWsl Ha codepxaHue a'-moandukaumm B 2Ca0 ' Sio,
cneka HocuT obpaTHbIl xapakTep. o gaHHbIM (pa30BOro aHanu3a He OTMEYEHO U3MEHEHWI Ka4eCTBEHHOMO U Konuye-
CTBEHHOrO cocTaBa No ApyruM asam (anomuHaT HaTpus, PeppuT KanbLWsi, KapHEruuT), COCTaBMSAWMX CTPYKTYpY
cneka. OTO ykasbiBaeT Ha TO, YTO MPW OXNaXAEHWM MPOUCXOAUT pPasBUTUE TONbKO TBEPLAOdA3HbLIX Peakuuin nepekpu-
crannu3auun 2Ca0'SiO,. /13 nonyyeHHbIX 3aBUCUMOCTEN M3MEHEHUS COAEPXaHNS MOAMGUKALMIA NPy OXNaXaeHun cne-
KOB C pasfiMyHbIMW CKOPOCTAMU BMAHO, YTO HabMogaeTcs XxapakTepHoe U3MEHEHNE HaKNOHa KPUBOI, OTpaxaroLel co-
pepxaxue a'-, B-popm 2Ca0'SiO, B cnekax npu Temnepatype 1000°C gns Bcex ckopocTel oxnaxgeHus. beino ycra-
HOBMEHO, YTO [OCTaTO4MHO MeZAJIeHHO (CO ckopocTblo He Gonee 15°C/MuH) oxnaguTb HeheNMHOBBIA CMek TOMbKO A0
1000°C, 4T0bbI NpoLecc nepexoda u3 a'- B B-moaudukaumm 2Ca0'SiO, nonHOCTbI0 3aBepLunncs. o pesynbTatam npo-
BEEHHOIO TEXHOMOMMYECKOrO BhILLENAYMBAHMS MOMTYYEHHBIX CMEKOB M 06paboTKM KCMepUMEHTaNbHBIX AaHHbIX OXMna-
xaenus (npu 1250-1000°C) cnekos Ha cogepxaHue a'-chopmbl 2Ca0'SiO, B cneke YyCTaHOBNEHO, YTO CHUXEHWE coaep-
XaHWst JaHHOM moandmKauum Ha kaxabid 1% NpUMBOAUT K MOBBILLEHWIO M3BNEYEHNs rmuHo3ema Ha 0,2%. Oxuaaembiii
rogoBoN 3heKT OT CHUXKEHUS CeDEeCTOMMOCTM MONyYeHnst 1 T NepBUYHOTO anMiOMUHWS 3@ CYET 3KOHOMMUW Ha npuobpe-
TEeHMWe rnuMHo3ema UMNopTHOro nponaeogcTea coctaemn 55830 Toic. py6.

Knro4eenie ciioea: NpoM3BOACTBO IMMHO3EMa, CNeKaHue HedenmnHoB, N3BNEYEHNE TIIMHO3eMa, 3KOHOMUYECKas adhdek-
TUBHOCTb, TEXHOMOMMYECKOE BhlLLenaynBaHme, HedennHoBble pyabl

Unpopmayusa o cmamee: [ata noctynnenns 09 aHeaps 2020 r.; gata npuHaTtua k nevatn 03 mapta 2020 r.; gaTa oH-
nawnH-pasmelyenuns 30 anpensa 2020 r.

Ansa yumuposanus: AnekcaHgpos A.B., HemunHoBa H.B. PacyeT oxugaemon akoHOMWUYeckon ahhekTUBHOCTM Npou 3-
BOZCTBA allOMWHKSA 3a CYET YBENWYEHUS NPUMEHEHUS TTIMHO3EMa OTEYECTBEHHOIO NPOM3BOACTBa. BecmHuk Mpkymcko-
20 2ocydapcmeeHH020 mexHu4Yecko20 yHusepcumema. 2020. T. 24. Ne 2. C. 408-420. http://dx.doi.org/10.21285/1814-
3520-2020-2-408-420

Calculation of the expected economic efficiency of aluminium
production by increasing the use of domestic alumina

Alexander V. Aleksandrov*, Nina V. Nemchinova**
*RUSAL Engineering and Technology Center PLC, Achinsk, Russia
**Irkutsk National Research Technical University, Irkutsk, Russia

Abstract: In this work, we aim to calculate gains in the economic efficiency of primary aluminium production (on the
example of RUSAL Krasnoyarsk JSC) when increasing the use of alumina obtained from sintering nepheline raw
materials at the Achinsk alumina plant. A series of experiments was conducted to determine the optimal conditions for
cooling of nepheline cakes using a SNOL 6.7/1300 laboratory muffle furnace. An industrial sample of limestone-
nepheline-soda mixture was used as a research object. In order to determine the phase composition of nepheline cakes,
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a DRON-6 diffractometer (Russia) was used. The sintering conditions of charges were as follows: the heating rate of the
sample charge was 10.4°C/min; exposure at the temperature of 1250 °C was 15 minutes. It is determined that the effect
of the cooling rate on the content of a'-modification in 2Ca0.SiO2 cake is inverse. The analysis of phase data does not
demonstrate any changes in the qualitative and quantitative composition of other phases (sodium aluminate, calcium
ferrite, carnegieite) that make up the cake structure. This indicates that solid-phase 2Ca0.SiO2 recrystallisation reactions
develop exclusively under cooling. The obtained dependences of modification content variation upon cake cooling with
different rates show that there is a characteristic change in the slope of the curve, which reflects the content of a'-, -
forms of 2Ca0.Si02 in cakes at the temperature of 1000°C for all cooling rates. It was found that slow cooling (at the rate
of no more than 15°C/min) of nepheline cake up to only 1000°C is sufficient for the completion of 2Ca0.SiO2 transition
from a'- to B-modification. The results of the conducted technological leaching of the obtained cakes and the processing
of experimental data of cake cooling (at 1250-1000 °C) for the content of 2Ca0.SiO2 o'-form in cakes demonstrate that a
1% decrease in this modification content provides a 0.2% increase in alumina extraction. The expected annual effect of
reducing the production cost of 1 tonne of primary aluminium due to savings on purchase of imported alumina amounts
to 55.83 million rubles.

Keywords: alumina production, nepheline sintering, alumina extraction, economic efficiency, technological leaching,
nepheline ores
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1. BBEAEHUE 1100 TbIC. T B rog) nosyyatoT MONYTHO, MpW
NPOU3BOACTBE anaTUTOBOro KOHUeHTpaTa. U3

Mpaktyeckn 98% rnmHo3ema [ans OPYIMX MUHEeparnbHbIX WCTOYHUKOB Haubonee

antOMUHNEBON  MPOMBILSIEHHOCTM B MuUpe
NPOM3BOAAT M3 BbICOKOKAYECTBEHHbIX HGOKCKM-
TOB [1-4] 1 TONbKO 2% — NyTEM KOMMNMEKCHOW
nepepabotkn HedenuHoB [5-7]. Mo pobblye
6okecnToB Poccusa ctout Ha 6 mecte B Mupe, a
cpeau ctpaH CHI — Ha nepBom (62,7% o6Luen
A06b14K) [8].

[NMHO3eM Ans NpeanpuaTuiA nNo nony-
yeHuto nepsuyHoro antoMuHna OK «PYCAT»
B OCHOBHOM npou3BogaT u3 Gokcutos, 41%
Nony4awT npu nepepabotke HedennHos
[9-14]. B Poccun BnepBble B Mupe npeaso-
XEH W OCBOEH B MNPOMBbILIEHHOCTH Cnocob
NonyYyeHns rmuHosema m3 HedenmHoB MeTo-
[IOM CrneKaHus.

banaHcoBble 3anacbl HegenMHOBbIX
pyn B Poccum 3akniodeHbl B 12 MecTtopoxzae-
Husx, npudem 81,2% npuxogsatcs Ha Konb-
CKU/A NOMyoCTpOB (anatut-HedhenmHoBbLIE Me-
cTopoxaeHus KonbCKoro nosnyocTtpoBa pas-
pabaTtbiBaeT OTKpbITbIM crnocobom AO «Ana-
TMT»). HedenuHoBble KoHueHTpatbl (1050-

Goratbl HedenmHoMm ypTuToBble pyabl (Kus-
WanTteipckoe mectopoxaenne ans AO «PY-
CAJl A4mHCK» — AYMHCKOrO rMNHO3EMHOrO
kombuHara (ArK)).

B pesynbTate wuccnenoBaHuii, Hava-
TbIX BCKOpe nocfie OTKpbITUS  anaTuTo-
HeEenMHOBbIX pyd, POCCUUCKUMU YYeHbIMU
BMepBble B MUPOBOW NpakTuke paspaboTaHa u
BHEZpPEeHa B NPOM3BOACTBO TEXHONOMUA nepe-
paboTkn Konbckoro HedenuHa nyteMm cneka-
HUSI ero C M3BECTHAKOM [9]. JTOT xe cnocob
3anoXeH B OCHOBY TEXHOMOrMM nepepaboTku
pyn Kus-Wanteipckoro mectopoxaeHus [14]
Ha ATK (puc. 1).

AlK Beinyckaet 6onee 950 Tbic. T B
rog rnuHosema. BTopbiM npeanpusTeM no
obbemam npowussofcTBa Asnsetcs [ukanes-
CKAW TMIMHO3EMHbIN  3aBOA, BbINyCKaLLMIA
exerogHo 6onee 250 Tbic. T npoaykumm [15].
KomnnekcHbli nogxod K nepepabotke Hede-
NHOB NO3BONSET U3BNEKaTb PSS CONyTCTBY-

'TornHosa U.B., Kbipunkos A.B. MpounssoacTeo rnnHosema: yueb. nocob. Exkatepunbypr: YITY-YIA, 2010. 186 c.
’Cussikoa E.B. MosbileHue abekTMBHOCTH cnocoba KoMNneKkCcHon nepepaboTkn HeENMHOB Ha OCHOBE MCMOSb30-
BaHWsi kapboantoMnHaTHbIX COEANHEHUI: OuC. ... KaHA. TexH. Hayk: 05.16.02. CI16., 2007. 186 c.
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Puc. 1. [lpuHyunuanbHas cxema nosy4yeHus esiuHo3eMa u3 HeghesluHO8 MemoAdoM CrieKaHus
Fig. 1. Schematic diagram of alumina production from nephelines by sintering

OLMX NPOAYKTOB: COAY, MOTal, cynbgaT u
xnopua kanus, rannui, uement [10].

Kak wu3BectHo, cnocob cnekaHus
HedenvHoB COCTOWUT B MepeBode OKcuaa
aniMnHKS, cogepxaluerocs B HedenvHe, B
anioMuHaTbl HaTpua M kanus ¢ oblen gop-
mynon — (Na,K),0-Al,0O3, xopoLwo pacTBopu-
Mble B BOAHbIX W LLEMOYHbIX pacTBopax, K
CBS3bIBAHMM OKCMAA KPEMHWS B ManopacTBo-
pUMbIi ABYXKanbumeBbin cunukat 2Ca0-Sio,
(C,S). WuxTta coctomT M3 HedbennHa, n3BecT-
HsiKa, 6enoro wnama, Nony4YeHHOro B pesysb-
TaTe 00ecKpeMHMBaHWUSA antMUHATHOMO pac-
TBOpa, U 06OPOTHOM BOAbI (M3 pacyeTa nony-

YEHUS KNOKOTEKYYeln Nynbfbl C BMAXHOCTbIO
28-31%). Ha AI'K Ha npurotoBneHue WnXTbl
BBOAAT TaKXe 4YaCTb COAOBOro pacTteopa no-
cne nepegena kapboHu3aumMn M vacTb yna-
PEHHOro pacTBopa M3 Lexa KaSbLMHWPOBaH-
How cofpl (B Kusa-LlanTeipckoi HedhennHoBon
pyge HeJoctaTovHo wernoun ans obpasosa-
HUS MpW  CNEeKaHUW LUUXTbl antoMUHATOB).
Lnxta nopaetcs Ha cnekaHue BO Bpaluato-
Lwytocs nevb (4nuHon 185 m n gnameTtpom 5
M) 1 CriekaeTcs Npu HarpeBaHWn 4O Temnepa-
Typbl 1250-1300°C, koTopasi obecneunBaet
B3aVMOAENCTBME KOMMOHEHTOB NO peaKLmu:
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(Na,K),0'Al,O52Si0, + 4CaC0y =
= (Na,K),0°Al,03 + 2(2Ca0'SiO;) + 4CO,.

B kayectBe TonnuBa B nevax McCnonb-
3YI0T TOHKOM3MENbYEHHbIN yronb. OTxoasLme
rasbl NOCMe CUCTEMbl ra3004UCTKN UCMONb3Y-
oTca Ansg KapboHusauum pacteopa, a M3bbl-
TOK UX BblbpacbiBaloT B atmocdepy. Npoayk-
TOM CneKaHusi SBnsieTca HedenuHOBLIA cnek
(puc. 2), KOTOPbIN OOMKEH XapaKTepu3oBaTb-
CS MaKCUMarnbHbIM COAEpPXaHMeM antoMuHaTa
(Na;0-Al,O3) un  pepputa  (NapO-Fe,03)
HaTpUs, a Takke NPOYHOW U MOPUCTON CTPYK-
Typoi, obecneuvBarollen  MakCUManbHYyto
CTeneHb BbIWENAYMBAHNSA MNONE3HLIX KOMMO-
HEHTOB M MUHMManbHYIO CTENEHb PA3NOXEHNS
C,S ¢ nonyyeHveM Lwnama nocne Bbilenayu-
BaHWs, Nlerko oTAensiemoro U npoMbIBAaeMOro
OT asnloMMHATHOrO pacTeopa.

ABTOpPOM B COBCTBEHHbIX MCCneaoBa-
Husix® BriepBble Gbina yCTaHOBMEHa B3anUMO-
CBSI3b BESIMYMHbI BTOPWUYHbLIX MOTEPL FMMHO-
3eMa ¥ cTeneHn OedeKTHOCTU CTPYKTYP a'- K
B-moamuKaumMn ABYXKanbLMEBOrO CuMKaTa,
cofepxawmxca B HedenumHosom crieke [16,
17]. Takxke TeopeTmyeckn 0b6OCHOBAHO BNUSA-
HMe ycnoBun TepmoobpaboTkun HepenMHOBOro
cneka Ha dopmMmupoBaHue B-moaudukaumm

20kV x1,000

OBYXKanbLMeBOro cunukarta, YCTOMYMBOW K
B3aNMOZEVNCTBUIO C antOMUHATHO-LLENOYHBIMU
pacTBOpaMMW: CKOPOCTb OXNaXAEHWUs Creka,
onTMMarnbHas ero Temnepartypa Ha BbIXO4e 13
neyv v BblaepXKa Npu onpeneneHHon Temne-
patype. Kpome TOro, Gbinin yCTaHOBMNEHbI KOp-
PEnALMOHHbIE 3aBUCUMOCTU WU3BNEYEHUS TNU-
Hozema (Eu,o,) ¥ wenoun (Na,K).0 (Eg,o) B
pacTBOp NpU UX BbllLenayMBaHum u3 Hedenu-
HOBOrO Cneka OT CoAepXaHus crnekoobpasy-
toLmx pas [18].

B pesynbtate nabopaTopHbIX UCMbITa-
HWA aBTOPOM ObiMK onpedeneHsbl YCrnoBus
TepMoobpaboTkn Ana nonuMopdHoOro nepe-
X04a «0-—B-ABYXKanbLMEBbIN CUMNKATY: CKO-
POCTb OXNaXaeHus cneka B uHTepsane 1250-
1000°C — He 6onee 20°C/MuH, onTMmanbHas
ero TemnepaTtypa Ha BbIXO4e W3 neun -
1000°C; Bblgepxka — no 30 muH npu 1160°C un
680-620°C°.

C nomoLLbio NporpamMMHOro Komnnekca
ANSYS CFX paspabotaHa KomnblOTEPHAS
MoZeNnb TEennoBon paboTbl Meyn CrnekaHus,
NO3BONAKOLWAA OLUEHWUTb BIUSHUE OCHOBHBIX
pexumoB paboTbl neyn (pacxoga Bo3ayxa OT
25100 go 36300 HM*/4, AManasoHa w3MmeHe-
HUSI CPEeAHero aMaMeTpa YacTul, KaMEHHOrOo

20 30 SEM_SEI

Puc. 2. O6wuli eud obpa3ya HeghesluHOB020 crieka (CKaHUpPyroujasl 3J1IeKMpPOHHasi MUKPOCKOMUS Ha pacmpoeom
3JIEKMPOHHOM MUKPOCKoe ¢ uoHHol nywkot JEOL JIB-Z450 npu yeenuyeHuu 1000x)
Fig. 2. General view of a nepheline cake sample (SEM on a scanning electron microscope with an ion gun JEOL
JIB-Z450 at 100x magnification)

3AJ‘IeKcaH,ELPOB A.B. MNoBblWweHne apekTMBHOCTM NPON3BOACTBA MMMHO3EMA HA OCHOBE (hOPMMPOBAHMS ONTUMANbHOMO
(hazoBoro coctaBa HeENMHOBOrO cneka: Auc. ... kaHa. TexH. Hayk: 05.16.02. UpkyTck, 2017. 186 c.
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yrna ot 57 go 93 MKM) U MoZepHu3aumu ee
KOHCTPYKLMOHHBLIX ~ 3IEMEHTOB  (M3MEHEHWS
AnameTpa TonnueHOM hopcyHkm ¢ 0,39 po
0,41 m 1 yBenuyeHus ee gnuHel ¢ 1,5 0o 5 wm;
YCTaHOBKM JOMNOMHUTESIbHOro NOAMOPHOro Mo-
pora Ha Bbixoge u3 neuyum Bbicoton 0,5 M) Ha
PaBHOMEPHOCTb M CKOPOCTb OXMaXAeHus ma-
Tepwana [19].

MNpeqnoxeHa ycoBepLUEHCTBOBAHHAS
KOHCTPYKLMS MEYN CreKaHuss C YCTaHOBKOW B
30HE OXNMaXAeHus crnupanu AnuMHom 3 M C
HanpaBneHWEM 3aKPYTKU MNPOTUBOMONOXHO
BpaLLEHW0 neyn, nossonsioLlein obecneynTb
Tpebyemyo CKOPOCTb OXNaxaeHus Hedenu-
HoBoro cneka [20].

2. NABOPATOPHBIE UCCJIE[JOBAHUA
Mo BNNAHUIO CKOPOCTU OXNAXOEHUA
HE®EJIMHOBbIX CMEKOB

Ana  onpefeneHnss  onTUManbHbIX
YCINOBUI OXNaXaeHUs1 HedernMHOBbLIX CreKoB
Bbina nposefeHa cepusi nabopaTopHbIX MC-
crnefoBaHun.

OKCMEPUMEHTBI  NMPOBOAUINCL C  UC-
nonb3oBaHMem nabopaTopHOW MydenbHON
neun SNOL 6,7/1300 npomussoactea AB
«UMEGA» (JlutBa). Xumndeckuin coctas npob
mMaTepuanoB aHanu3npoBasncs Ha PEHTreHOB-
ckom cnektpomeTpe Simultix 13. Ans onpege-
neHnst a3oBOro COCTaBa CreKOB PEHTreHo-
AMGPaKUMOHHBIM - MeTodom aHanuda (POA)
MCNONb30BanNcs PEeHTreHOBCKUA  AnpakTo-
meTp APOH-6 (Poccus). Cywka matepuanos
npoussogunace B cywunbHoM wkady FD 53
upmbl «Binder» (Fepmaxus).

Ana wccnegoBaHWs  MCnosib3oBasu
NPOMbILWMEHHOW  oBpasel,  U3BECTHAKOBO-
HeEeNMHO-COA0BON LWMXThI, NpeaBapuTensHO

BbICyLLIEHHbIN npu TemnepaType 150°C B cy-
WWNBbHOM WKady C LENbl yaaneHuss BHEL-
Hen Bnarn. XMMUYeCcknin coctaB roTOBOW LLUMX-
Tbl NpUBEAEH B Tabn. 1.

OKCNepuMMeHTbl NPOBOAMNMCL B ABa
aTana: Ha nNepBoM Obinu NpoBeAeHbI 4 onbiTa,
B KOTOpPbIX NpoBbl crneka (MMetoLme oauHaKo-
BbIl XMMWYECKMA COCTaB) OXxnaxganuicb B
TemnepatypHoM WuHTepBane 1250-25°C ¢
pasnnYHbIMK CKOpoCTAMU. TemnepaTypa cne-
Ka KOHTPONMpOBanacb B HEMpPepbLIBHOM PeXu-
Me C MOMOLLbI0 AOMOMHUTENBHO YCTAHOBNEH-
HOM Tepmonapbl, NOACOEAUMHEHHON K obpas-
LUaM cneka. YCNoBWSI CMEKAHWS LUMXT: CKO-
pocTb HarpeBa HaBecku WwuxTbl — 10,4°C/MuH,
Bblaepxka npu Temnepatype 1250°C - 15
MuH. Pesynbtatel PIA 06pa3LoB cnekos npu-
BEAEHbI B Tabn. 2.

Kak BUaHO 13 gaHHbIX Tabn. 2, Habnto-
[aeTca npsamas 3aBUCUMOCTb Mexay copep-
xaHuem B-C,S 1 ckopocTblo oxnaxaenus (V).
BnnsHue ckopocTn oxnaxaeHus Ha coaepka-
Hue a'-C,S B crneke Hocut obpaTHbI Xapak-
Tep. Mo gaHHbIM POA He OTMEYEeHO M3MeHe-
HUA Ka4eCTBEHHOTO M KOMMYECTBEHHOrO CO-
CTaBa no Apyrum asam (antoMuHaT HaTpus,
epput  kanbums CaO-Fe,03;, KapHeruut
Na,OAl,032Si0;), cocTaBnaLwWwmux CTPYKTypy
cneka. OTO yKasblBaeT Ha TO, YTO Npu oxna-
XOEHUM NPOMCXOANT pasBUTME TONMbKO TBEp-
[0ha3HbIX  peakumMn nepekpucTannusaumm
C,S.

CpaBHuBas hasoBble coctaBbl 06pas-
LIOB CMEKOB, MOXHO caenaTb BblBOA, YTO Npwu
CHMXXEHUW CKOpPOCTU oxnaxaeHus oo 2°C/MuH
NPOMCXOAUT POCT codepxaHus B-C,S Ao mak-
CUManbHOro YPOBHA 3a cyeT Bonee NOMHOro
nepexogda C,S u3 o'- B B-popmy. Takum obpa-
30M, Npy OAMHAKOBOM XMMWUYECKOM COCTaBe

Tabnuua 1
Xumuyeckuli cocmas wuxmal
Table 1
Chemical composition of charge
Copaepxaxue, % macc.
mnr* A|203 Fe,O; S|02 CaO MgO Na,O K,O npO‘-I.
26,41 11,58 2,19 16,81 | 32,39 | 0,98 6,44 2,24 0,96

* IOTEpU Npu NpokKaneaHum
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Tabnuua 2
U3meHeHue ¢ha308020 cocmaea crnekoe npu oxnaxoeHuu
Table 2
Cake phase composition variation upon cooling
Ne /i CkopocTb oxnaxaeHus CopepxaHue, %
) cnekos, °C/MWH o-C,S B-C,S
1 2 2 68
2 ~25 15 55
3 ~ 100 35 35
4 ~ 1000 60 10

NCXOQHOrO MaTepuana BO3MOXHa u3bupa-
TenbHasa ctabunusauus: a'- nubo B-C,S.

MNpuHMMas BO BHUMaHWE, 4YTO TEPMU-
yeckasi CTabunmnsaums BbICOKOTEMMNEPaTYPHbIX
opm C,S, CMHTE3NPOBAHHOIO M3 XUMUYECKMU
YUCTLIX MaTepuanoB, HEBO3MOXHa, MOMNyYeH-
HbIn pesynbTaT MoKa3blBaeT OrpaHWYeHHoe
BNUsSHUE npumecen Ha nepexoq d'-— [B-C,S
MPW M3MEHEHWM CKOPOCTU oOxnaxaeHus. Ha
3TO Takke ykasblBaeT u oTcyTtctBue y-C,S B
nony4YeHHbIx cnekax. Ctabunusaumsa B-C,S
NPUMMECSMUN 3aTPyAHSET NONMMOPCHLIN nepe-
X0A4 B Y-MOAMUKaLMIO ABYXKanbLMEBOrO CU-
nukaTa.

Ha cnepytowem atane wccnenoBaHun
Obina onpefeneHa Temneparypa, HKe KOTOPOW
BUSIHWE HanW4Ms NPUMECEN Ha npouecc nepe-
xopa o'-—f-C,S cylwectBeHHO ocrabeBaer.

YCnoBust CnekaHusi LUKXT: CKOPOCTb
HarpeBa HaBecku wWuxtbl — 10,4°C/MuH, Bbl-
nepxka npu Temnepatype 1250°C — 15 muH.
OxnaxpgeHve cnekoB B WHTepBane 1250-
600°C npom3Boaunocb B nabopaTopHoW neyu
C pasnunyHbIMK ckopocTsamu, °C/MuH, cooTBeT-
ctBeHHo: 15, 20, 25, 85 n 200. B kavectBe
6a3oBon ckopocTu Bbina NpuHATa CKOPOCTb
20°C/MUH, T.K. C JAHHON CKOPOCTbK MPOMUCXO-
AT OXNaXaeHune cneka B NPOMbILLIIEHHON ne-
4n, ¢ warom +5°C 6binm BbIOpaHbl AONONHM-
TeNbHbIE CKOPOCTW; 3HAYEHMs CKOPOCTEN
85°C/MuH 1 200°C/MuH Bbinn BbIOpaHbl Ans
CPaBHUTENbHOW OLEHKU U3MEHeHUst has npwu
BbICOKMX CKOPOCTSIX oxnaxaeHus. B npouecce
9KCNEPUMEHTOB MPW  Pa3fMNYHbIX CKOPOCTSAX
OXNaXZeHnsi B M3y4aemoM TeMmnepaTypHOM
nHTepeane ¢ warom 20-50°C nponssogunach
BbleMKa Creka W3 neun u norpyxeHuwe ero B
BOAHbIN PACcTBOP 3TUIIEHINUKONS.

Ans kaxgon Temnepatypbl AN BCeX
PEXUMOB MPOM3BOAMIIOCH OTAENIbHOE cheka-
HMe wWwuxtbl (C cobniogeHnemM OAMHAKOBOro
XMMUYECKOro coctaBa). JTO ObiNo BbI3BaHO
TEM, YTO MPU KaXKOON BbIEMKE Creka M3 neym
NPOWCX0OMT HapylleHne CTabuibHOCTM TeM-
nepaTtypbl B €e BHYTPEHHEM NPOCTPaHCTBE, a
97O BefdeT K M3MEHEHWID 3adaHHOro pexuma
oXnaxgeHust apyrux npob cneka, HaXoAALMX-
cs B neyn. lMNpu npoBeaeHUnN MHAMBMAYaNbHO-
ro CNeKaHusi BNMSHWE JAHHOro dhakrtopa wuc-
KntoyeHo. M3  nonyyeHHbIX  3aBUCKHMOCTEN
(puc. 3) BMOHO XapakTepHOEe W3MeHeHue
HaKmnoHa KpWBOW, OTpaxarolen coaepxaHue
a'-, B-C,S B cnekax npu Temnepatype 1000°C
A5 BCEX CKOPOCTEe OXNaXKAEHWS.

I3 nonyyeHHbIX 3aBUCUMOCTEN (CM.
puc. 3) BMAHO, YTO HabniogaeTcs xapakrep-
HOEe W3MEHEHWEe HaKnoHa KpWBOW, OTpaxato-
wen cogepxaHve a'-, B-C,S B cnekax npwu
Temnepatype 1000°C gns Bcex CcKoOpocTew
oxnaxaeHus. Tak, npu Temnepatypax 1250-
1000°C npu oxnaxzgeHun CO CKOPOCTbIO
20°C/muH copepxanue a'-moamdukaumm C,S
yMeHblwaeTcad Ha 62%, a npu yBenuyeHuu
ckopoct go 200°C/mMuH — Tonbko Ha 47%.
Mpy 3TOM OXNaXOgeHWe CO  CKOPOCTbHO
20°C/MWMH NpMBOAMT K MOBLILLEHMIO Codepxa-
Hus B-C,S Ha 61%, nsmeHeHne ckopocTu Ao
200°C/MuH yBennuMBaeT ero cogepxaHue 4o
46%. CHwKeHMe CKOPOCTWU OXnaxaeHus Ao
15°C/MMH He NpVBOAMT K M3MEHEHUIO COAep-
xaHus a'- n B-C,S.

Takum obpasom, Habnogaetcs npo-
NOpLUMOHANbHOE M3MEHEHME COAEPXaHWUsA Mo-
MMOPMHBIX MOANMPUKALMA NPU U3MEHEHUM
CKOPOCTM OXNMaXAeHUs: pOCT coaepKaHus B-
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Puc. 3. U3meHeHue codepxaHusi Modugbukayuli npu oxnaxdeHuUU Cnekoe C pasnuyHbIMU CKOPOCMSAMU:
a-a-C,S; b -B-C,S
Fig. 3. Variation of modification content when cooling sinters with different speeds: a - a'-C,S; b - 8-C,S

C,S moert 3a CYeT CHWXeHWa copepxaHus
G'-Czs.

B nanbHenwem npu CHUXeHUU Temne-
patypbl o1 1000°C go 600°C He npoucxoaut
n3MeHeHus cogepxanus ao'-, B-C,S B cnekax,
konebaHna HaxogsaTcs B npegenax norpetu-
HOCTU N3MEPEHNSI.

o ypOBHIO OCTATOYHOrO COAEPXKaHMS
a'-C,S B cnekax MOXHO caenaTb BbIBOA O KO-
NMYecTBe «3aMOpPOXeHHOM» a -C,S € KOHLEH-
Tpauuen npumecn BOMbLWEN Cnp, (FPAHUYHON
KOHLeHTpauuu). Tak, npu U3MEHEHUU CKOPO-
ctn oxnaxaeHusa ot 15°C/muH go 200°C/MuH
KONMMYeCTBO O'-MoAaudmMKaumu AByxkasbLuue-
BOro cunukara ysenuunsaetcs ot 1 go 10%.

M3 nonyyeHHbIX OaHHbIX CnegyeT, 4To
[AOCTAaTOMHO MeANEHHO O0xNaguTb cnek (co
ckopocTbto He 6Gonee 15°C/MuH) TOnbKO [0
1000°C, 4tobbl Npouecc nepexoda u3 a'- B B-
C,S nonHocTbto 3aBepLumncs [16, 21].

3. PACYET OXXULOAEMOWN
9KOHOMMWYECKOW 9O OEKTUBHOCTHU
OT BHEAPEHUA NPEANOXEHHbIX
PELLUEHWI MO YBENWUYEHUIO
WU3BJIEYEHUA INMMHO3EMA

MNP NEPEPABOTKE HE®EJIMHOB

CornacHo npoBefeHHbIM naboparop-
HbIM 3KCMEpUMEHTaM YCTaHOBMEHO, YTO [J0O-
CTATOYHO MEAJSIEHHO OXMaguThb crnek (Co CKo-
poctblo He Gonee 20°C/MWH) TONMbKO [0

1000°C, ytobbl npouecc nepexoga u3 a'- B 3-
C,S 3aBepwuncs; COAepxaHWe B cheke
0'-C2S npu 3TOM YMEHbLUAETCS B CPEAHEM
10 1%.

[ns onpefeneHus cTeneHn Ey o, W
Eg,o (MO XMMU4ECKOMY aHanM3y CrexkoB W
WwnamoB) ObINO NPOBEAEHO TEXHOMOrMYECKoe
BbllLieNlaynBaHme MOSMYYEHHbIX  CMEYEHHbIX
npooykToB no Mmetoauke [22]. Ob6paboTtkoin
9KCNEPUMEHTaNbHbIX  JaHHbIX  OXJIaXAEeHWS
CnekoB B WHTepBane Temnepatyp 1250-
1000°C Ha cogepxaHue a'-C,S ycTaHOBMEHO,
YTO CHWXEHMWE cofepXaHus gaHHOW moaundu-
Kauumn B cneke Ha kaxabin 1% npuBoauT K No-
BbILUEHWIO Eyy, o, HA 0,2%, puc. 4.

B ycnosusx pabotel AIK nosbiwexue
n3pneyeHmss Ha 1% 9SKBMBANEHTHO MOBbILLIE-
HUIO BbiMycka rnuHo3ema Ha 1%.

MpvHMMas BO BHUMaHWe, 4YTO coaep-
xaHue a'-C,S B NpOMbIWMEHHBIX HEdENUHO-
BbIXx crnekax AIK coctaenset nopsgka 10%,
cHuxeHve 8o 1% moxet obecneunTb, cornac-
HO MONYYEHHON 3aBUCUMOCTU (CM. puc. 4),
noBbllEHNE u3BneveHns Ha 2%. Torga Ao-
MONMHUTENbHbIN BbIMYCK FMMHO3EMa COCTaBWT:

950000%0,02 = 19000 T /rog,

rae 950000 — nnaHoBbIA BbIMYCK MMHO3EMA,
T/rog.
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Fig. 4. Alumina extraction variation depending on a'-C,S content in sinter

JanbHenwmn pacyeT 3KOHOMMWYECKOM
3(pPeKTUBHOCTM OT NOMYYEHNS OONONHUTENb-
Hbix 19000 T rMnHO3ema B ro nNpoBegemM Ans
AO «PYCAJl KpacHosipck» (KpacHosipckoro
aniOMUHNEBOro0 3aBoda), SABMALLErocsa 0n-
HUM 13 OCHOBHbIX NOTPEOUTENEN AAHHOTO BU-
fa coblpbs, Bbinyckaemoro AlK, ons npous-
BOACTBA MNEPBMYHOrO antoMuHUS. [daHHbIN
antMUHMEBBIN 3aBOA NMPOU3BOAUT NEPBUYHBIN
anoMUHUIA 3MEKTPONN3OM KpronuT-
[MUHO3EMHBIX PaCMnaBOB Ha 3NEKTPONM3epax
C caMoobXurawLMmMnca aHogamu; npuHUMma-
eM Ans pacuyeta rogoson obvem notpebne-
Hus rnumHozema AO «PYCAJT KpacHosipck»
paBHbI 1933655 T.

PacyeT npoussegem gns OByx Bapw-
aHTOB.

BapuaHt 1. npu ycnosuu, 4to 40%
(1933655*0,4 = 773462 T) umcnonb3yemoro
rMMHO3emMa Ha NpeanpusTUM — NPOoM3BOACTBA
AQO «PYCAIl AunHcky; ocTanbHoe 3akynaercst
no 300 gonn CLUA 3a 1 T.

BapwaHt 2: npuHumaem, 4to notpeb-
nexune rnnHosema nponssoactesa AO «PYCAI
AunHck» yBenmumtca po 40,9% (773462 +
19000 = 792462 T/roq nnu
792462/1933655*100 = 40,9%).

B T1abn. 4 npuBegeHa kanbKynsauus
ceb6ecToMmMoCTM anMUHUS-Chipua Mno Bapu-
aHTy 1 C yCTaHOBKOW 3MneKTPOsM3epoB C ca-
MOOOXMraLmMMcs aHOOAOM U BEPXHUM TOKO-
noaBoOdOM Ha cuny Toka 167 kA, B Tabn. 5
npeacTaBneHa Kanbkynsauus cebecTtoMmocTy
no BapuaHTy 2.

[ns pacyeta npMHMMaeM:

— cebectoumocTb rnmMHO3ema Ccob-
CTBEHHOro npoussoacTea — 248,26 gonn 3a
1 1 (wnn 15757,06 pyb. npu kypce 63,47
py6./nonn);

— CTOMMOCTb 3aKyrnaemoro rivHo3ema
— 300 gonn CWA 3a 1 1 (unn 19041 py6. npu
Kypce 63,47 pyb./gonn).

CHuxeHne cebecToMMOoCTM COCTaBUT:

100 — ((76793,33/76737,5)*100) = 0,073%.

Torga rogoBon addekT Ans, Hanpu-
mep, AO «PYCAJ1 KpacHosipck» (npu rogoBom
obbeme npou3BoACTBA NEPBUMYHOTO antoMu-
Hus ~1000000 T B 2019 1.) cocTaBuT:

(76793,33 — 76737,5)*1000000 =
= 55830 000 py6.
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Tabnuuya 4
Kanbkynsayus cebecmoumocmu anroMUHUSI-Cbipya yexa 3Jekmposiusa
npu nompebsieHuu 2nnuHo3ema o eapuaHmy 1
Table 4
Cost estimation of electrolysis shop raw aluminium
under option 1 of alumina consumption

Ha eamHuly npogykumm
CraTtbm 3atpat Ea.
U3M. PacxogHbiv Liera, py6 CvMMa. DV
ko3ahpuumeHT » PYO. ymma, pyo.
1. Cblpbe 1 OCHOBHbIE 1935
) * —

martepuansl . 1.935%0.4 = 0,774 0,774*15757,06 = 12195.96
— [MWHO3EeM, B T.M.: T 12195,96 +22106.6
npoussogctea AO «PYCAJ 1935 0.774 = 1,161*19041 = ~ 34302 ;56
AYMnHCKY; ' 1 16’1 22106,6 ’
3aKynaemoro rmmHo3ema '
— (bTOPUCTLIN anOMUHWIA /T 0,0223 30000 669
— aHogHas Macca T/t 0,508 11676 5931,4
— KPVOMUT CMeLUaHHBbI
(bnoTaumoHHbIN 1 T/t 0,0153 12000 183,6
pereHepaLyoHHbI)
Wtoro no cT. 1 - - 41086,56
2. DHepreTnyeckue 3atpatbl THIC
— 3NEKTPOo3Heprusa KBT"-I./T 15,9 1957 31116,3
TeXHonorn4yeckas
— oKaTbif BO3AYX J“"n'g‘j'T 0,792 260,82 206,57
WNtoro no cT. 2 - - 31322,87
3. O3[T* 0CHOBHbIX paboymx - - 1143,1
4. OTuyMcneHmne Ha coumanbHble HyXabl B B 355 5
(30% + 1,1%) ’
5. Pacxogbl Ha cogepxaHue u akcnnyaTa- B B 1932 7
umto obopyaoBaHus ’
6. LlexoBble pacxoapbl - - 952,6
Wtoro no nn. 3-6 - - 4383,9
LlexoBas cebectommocTb - - 76793,33

*tboHp 3apaboTHoO NnaThl
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Tabnuua 5
Kanbkynsyus ce6ecmoumocmu anoMuHUsi-CbIpya uexa asiekmposiu3a
npu nompebsieHuUU 2a1uHo3ema no eapuaHmy 2
Table 5
Cost estimation of electrolysis shop raw aluminium
under option 2 of alumina consumption
c Ha eguHuly npoaykuum
a. y
Cratbu 3atpar PacxogHbiii
n3m.
KOO XDMLIMEHT Liena, py6. Cymma, pyb.
1. Cblpb€ 1 OCHOBHbIE 1935
1 * —_
martepuarnsl . 1,035%0.400 = 0,791 0,791*15757,06 = 1246383
— MMWHO3EM B T.4.: T 12463,83 +21782.9 =
* - '
NpoM3B0ACTEA AO «PYCAI 1,035- 0,791 = 1,144*19041= 34246.73
AUYNHCKY; 1144 217829
3aKynaemoro rnvHosema ’
— (PTOPUCTLIN aNOMUHII T/t 0,0223 30000 669
— aHofHas macca Tt 0,508 11676 59314
= KPUOTWT CMELUaHHBI (prioTa- |, 0,0153 12000 183,6
LLMOHHBIN N pereHepaLyoHHbIN)
WNtoro no cT. 1 - - - 41030,73
2. SHepreTnyeckme 3atpathbl ThiC
— ANEKTPOSHEPIUNS TEXHOMOTNYe- ' 15,9 1957 31116,3
KBT-u/T
cKas
— CXaTblvl BO34YX ThIC.HM®/T 0,792 260,82 206,57
Ntoro no cT. 2 - - 31322,87
3. ®3I1 oCHOBHbIX paboymx - - 1143,1
4. OTuncneHne Ha coumanbHble HYXabl 355 5
(30% + 1,1%) '
5. Pacxogbl Ha cogepxaHue n akcnnyarta-
- - 1932,7
Lm0 0bopyaoBaHus
6. LlexoBble pacxogbl - - 952,6
Wtoro no nn. 3-6 - - 4383,9
LlexoBas cebectonmocTb - - 76737,5

4. 3AKITIOYEHUE

MpoBeaeHbl UccnefoBaHUs No mayde-
HUIO OXMaXAeHUs HeenuHOBOro crneka C Le-
NbIO CHWKEHUA BTOPUYHBIX NOTEPb rMUHO3EMa
W YBENMUYEHUS ero BbiNycka B YCMOBUSAX Aen-
CTBYIOLLEr0 NPOM3BOACTBA — AYMHCKOrO rnu-
HO3EMHOro 3aBofa, SBMSIOLLErOCH OCHOBHbIM
NOCTaBLUMKOM AaHHOro BUAA Cblpbs Ans Mo-
nyyeHus nepsuyHoro anommuua Ha AO «PY-
CAJl KpacHosipcky.

MpeanoxeHHble TeXHUYeckne pelle-
HUSI, HAaNPaBIEHHbIE HA MOBLILLEHNE M3BMEYE-
HUS TMMHO3EeMa 3a CYeT ONnTUMM3auuM npo-
Llecca CrnekaHuss BO BpaLLaloLMXCA nevax,
no3BONAT NofyYaTb gononHutensHo o 19000

T rMMHO3eMa B rof.

Oxunoaemblin roaoBot adhdeKkT npoms-
BOACTBA MEPBUYHOrO aniOMUHKUSA Ha NpUMepe
AO «PYCAIJ KpacHosipck» (npu rogosow npo-

n3sogutenbHoctn ~1000000

55830 TbIC. pyob.

T) cocTasut
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TexHoNoruyeckme BO3MOXHOCTU MeTanypruyeckon nepepadboTku
NPOMNPOAYKTOB 00OralleH1sa NonMMeTannnuyeckux pya u odegHeHus
LUNaKkoB MeAennaBuibHOro NpousBoacTBa B arperate «Mobeaa»

© K.B. bynartos, B.I1. XykoB
OAO «YpanmexaHobp», 2. EkamepuHbype, Poccus

Pestome: Llenb — akTyanbHas npobnema yTunusauuy HakONMEHHbIX MeAbCOoAepXallyX NpOoMNPOAYKTOB oboralyeHus.
Onpegensnu paBHoBecHoe pacnpegeneHune Pb, Zn, S B cucteme «Cu-Zn npomnpogykT—CaCOs;—C—cynbduaHo-
MeTannuyeckuin npoaykT-rasosas gasa (Bo3roHsl Ph, Zn)», COOTBETCTBYIOWEN YCIIOBUAM MPOKAIKN Me4HO-LIMHKOBOrO
cynbguaHoro npomnpoaykta. nsg peleHns nocTaBneHHoN 3ajaym MCnonb3oBany MeTod TepMOAMHAMUYECKOTO Mof e-
NUpOBaHWS C NPUMEHeHMeM nakeTa npuknagHblx nporpamm «HSC Chemistry 6» (PuHnaHaus). B kayecTBe UCXOOHBIX
peareHToB NpUHUMany Cynb@UaHbIA MEAHO-LMHKOBBIA NPOMNPOAYKT C coaepxanunem, % macc.: Cu — 10,14; Zn — 22,70;
Pb - 0,49; Fe - 21,00; S - 36,29; CaO - 0,51; SiO,- 2,49; Al203 - 5,47; kokc ¢ cogepxanuem — 80,0% macc. C n ns-
BECTHSK — ¢ 94,91% macc. CaCO;. Takke MOAeNMpoBanocb PaBHOBECHOE pacnpepefieHne KOMMOHEHTOB MefHO-
LIMHKOBOrO MPOMMPOAYKTa MeXAy WCXOOHbIMU peareHTaMu U NpoAyKTaMu nNpokarku B 3aBUCUMOCTW OT TeMnepaTypbl,
XapakTepHoW Ans TBepAodasHbiX peakuuin. BoinonHeHo TepMoanHaMnyeckoe MOAenMpoBaHue TBepaodasHoro paBsHo-
BECHOr0 pacnpefeneHns KOMNOHEHTOB 3yyaemoin cmecu npu Temnepatype 1150°C. MokaszaHa BO3MOXHOCTb M3BNeYe-
HUA UWHKa B rasosyto hasy 6onee 90%, meTannusaumm xenesa u obpasosaHus CaS. Teepabl octaTtok nocne obec-
LMHKOBaHMs codepxuT, % macc.: CaS — 48,7; Feyer — 15,0; C — 3,4. U1 moxeT GbITb MCnonb3oBaH Anst 06egHeHns wna-
KOB aBTOreHHOW NnaBku B nnaBunbHoM arperate «[Mobega». BbinonHeHHoe TepMOAUHAMUYECKOE MOLENVMPOBAHNE Me-
Tannypruvyecknx CUCTeM, B YaCTHOCTM, NPOKariku MEAHO-LIMHKOBBIX MaTepuarnoB B CMECH C W3BECTHAKOM W KOKCOM, CBU-
[eTenbCTByeT O BO3MOXHOCTU PelleHUs ONTUMMU3AUMOHHBIX 3afay C NpUMEHEeHUeM MHMOPMALMUOHHBIX TEXHOMOrUM.
TexHonornyeckas adEeKTUBHOCTb NPUMEHEHUs Cynb(UOHO-METANNNYECKOro NPOAYKTa AoKasaHa Ha npuMmepe anek-
TponeyHoro obeHeHNs1 KOHBEPTEPHBIX LUNakoB cocTaea, % macc.: Cu — 3,75; Zn — 6,64; Fe — 43,79; SiO, — 21,88. [o-
CTUrHYTO M3BreYeHne Mean B WreinH 96%, 6binu nonyyersl wrenH (>20% Cu) v otBanbHbI wnak (0,3% Cu). Pacxon
CynbMOHO-METANNNYECKOrO NPoayKTa Npy aToM cocTasun 15% 0T macchl Wwnaka.

Knoueenle croea: metannyprus meau, LWnak, nnasunbHbid arperat «Mobega», oTxoasiume rasbl, TepMoanHamMuye-
CKOe MOAEenupoBaHue, MegHO-LIMHKOBbIA MPOMMPOAYKT

Ungpopmayus o cmamee: [ata noctynneHus 30 gekabps 2019 r.; gata npuHatusa k nevatn 05 mapta 2020 r.; gata
OHnanH-pa3mellenuns 30 anpens 2020 r.

Ansa yumupoeaHus: BynatoB K.B., Xykos B.M. TexHonornyeckne BO3MOXHOCTU MeTannypruyeckoin nepepaboTku
NPOMMPOAYKTOB 06O0raLleHns nonMMeTannnyeckux pya n obegHeHns LWnakos MeAennaBnibHOro NpoU3BOACTBa B arpe-
rate «[obepa». BecmHuk WpKkymckoeo eocydapcmeeHHo20 mexHu4eckoz2o yHugepcumema. 2020. T. 24. Ne 2.
C. 421-433. http://dx.doi.org/10.21285/1814-3520-2020-2-421-433

Technological capabilities for metallurgical processing of industrial
products in polymetallic ore preparation and copper smelting slag
depletion in the Pobeda smelting unit

Konstantin V. Bulatov, Vladimir P. Zhukov
Uralmekhanobr OJSC, Ekaterinburg, Russia

Abstract: The study is aimed at the urgent problem for disposal of accumulated copper-containing enrichment by-

products. The equilibrium distribution of Pb, Zn and S was determined in the "Cu-Zn intermediate product — CaCO; - C -

sulphide-metal product — gas phase (Pb, Zn sublimates)" system corresponding to the calcination conditions of the cop-

per-zinc sulphide intermediate product. In order to solve this problem, the thermodynamic modelling method was applied

using the HSC Chemistry 6 software application package (Finland). A copper-zinc sulphide intermediate product with the

following composition (wt%) was taken as the initial reagents: Cu — 10.14, Zn - 22.70, Pb — 0.49, Fe — 21.00, S — 36.29,
BECTHMWK UPKYTCKOIO rOCYJAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2020;24(2):421-433

ISSN 181 4-35 210 o —————— (D]
PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2020;24(2):421-433



http://dx.doi.org/10.21285/1814-3520-2020-2-421-43

Bynamoe K.B., Xykoe B.I1. TexHono2u4yeckue 803MOXHOCMU Memanypau4yeckol nepepabomku ...

Bulatov K.V., Zhukov V.P. Technological capabilities for metallurgical processing of industrial products ...

CaO - 0.51, SiO, -2.49, Al,05 — 5.47, having 80.0 wt% C coke and 94.91 wt% CaCOs; limestone. Additionally, the com-
ponent equilibrium distribution in the copper-zinc intermediate product between the initial reagents and the products of
calcination was simulated, depending on the temperature characteristic of solid-phase reactions. A thermodynamic mod-
elling of the component solid-phase equilibrium distribution in the mixture under study at a temperature of 1150 °C was
carried out. The possibility of 90% zinc extraction into the gas phase, metallisation of iron and the formation of CaS was
demonstrated. Following dezincification, the solid residue was established to contain CaS, Fene and C in amount of 48.7,
15.0 and 3.4 wt%, respectively, with the possibility of application for autogenous smelting slag depletion in the Pobeda
smelting unit. The performed thermodynamic modelling of metallurgical systems — in particular, the calcination of copper-
zinc materials mixed with limestone and coke — demonstrated the possibility of solving optimisation problems using in-
formation technologies. The technological efficiency of a sulphide-metal product application is evidenced by the example
of an electric furnace used to reduce the converter slag composed by Cu, Zn, Fe and SiO, in amounts of 3.75, 6.64,
43.79 and 21.88 wt%, respectively. The matte (> 20% Cu) with a copper recovery of 96% and dump slag (0.3% Cu) was
obtained. The consumption of sulphide-metal product in this case comprised 15% of the slag weight.

Keywords: metallurgy of copper, slag, Pobeda smelting unit, flue gases, thermodynamic modeling, copper-zinc middling
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1. BBEAEHUE

Mpon3BOACTBO  LBETHbIX  METansoB
SIBNSIETCA HEOTHEMIIEMON YaCTblO POCCUNCKON
9KOHOMWKM W BO MHOTOM OMNpeaensieT ee KoH-
KYPEHTHOCTb Ha MUPOBOM pbiHKe [1]. TexHu-
Yyeckun nporpecc B obnactu LBETHOM meTan-
nyprum passmBaeTcs Mo NyTU COBEPLUEHCTBO-
BaHWs [OEWCTBYIOLLEr0 MPOW3BOACTBA, peLle-
HUSI BOMPOCOB MO OXpaHe OKpYXaloLlen cpe-
Obl, BeAeHns pa3paboTok no yTunusaumm Tex-
HOrEHHbIX OTXOO0B W MOBLILWEHUS KavecTBa
Npoun3BOAMMON NpoayKumm [2—-17].

MegennaesunbHoe MPOU3BOACTBO BO
BCEX CTpaHax-npou3BOAWTENsX meau Xxapak-
Tepu3yeTcs BbICOKUM BbIXOAOM LUS1aka, fOCTu-
ralowmm 5-6 T Ha 1 T MeTanna, B KOTOpbIX
Haxogutcsa 0,5-0,8% meam u gpyrux LBETHbIX
MEeTanmnoB, COAEPXaLLMXCA B PYyAHOM Cbipbe
[18]. Tonbko B YpanbCKOM permoHe Hakomnne-
HO cBblwe 110 MnAH T MeaHblX wnakos [19],
rae nof oTBasibl MCMOMb30BaHbl AECATKM ThIC.
rekTapoB 3emnu. Hammume TeXHOreHHbIX OT-
XO[OB HebNaronpusTHO BMMUSIET HA 3KOMOru-
4eCKyto 0O6CTaHOBKY B MECTaX UX XpaHEHUS.

Ha npegnpusatnax YpanbCKon ropHo-
MEeTannypruyeckon KOMMaHWM B Pas3fnyHbIX
0oTX0f4ax MefennaBWnbHOTrO NPOM3BOACTBA
cogepxutca > 860 Toic. T Mean, > 2,5 MIH T
umHka, > 150 Thic. T cBMHUA, ~ 100 T 30n0Ta 1

> 2000 1 cepebpa [14]. MMoaTomy pelieHue
npobnembl NOYYEHUS LUNAKOB C HU3KUM CO-
LepXaHWeM Meay v COnyTCTBYHOLLUMX LIBETHbIX
METanmoB, YTUNM3auMM HaKOMMEeHHbIX Mefb-
cogepxalimx npoMnpoaykToB  oboralleHms
SBMSETCS aKTyaslbHbIM.

B Hactoswee Bpemsi Ha OO0 «Meg-
HOrOPCKWUA MeaHO-CEPHbIN KOMOMHAT» OCBOE-
Ha TexHonorus nepepaboTkn nonumeTanu-
4eCKoro KoHueHTpara cocrasa, % macc.: Cu —
9-13; Zn - 11-21; Pb - 19-24; Fe - 6-20; S -
19-31 B nnaewunbHom arperate «[lobega»
(MATIT) ¢ nepepaboTkon 06OPOTHLIX LUMAKOB B
waxtHon neun (puc. 1). Hanuuue TTAI B
CTPYKTYpe Me[ennaBuiibHOro Npou3BOACTBA,
HAKOMMEHHbIV OMbIT ero aKcniyaTaumy OTKpbl-
BalOT NepCnekTUBbI AN PEKOHCTPYKUMK anna-
paTypHO-TEXHONOTMYECKOW CXEMbI Mpeanpus-
TS C NepeBodoM npouecca obefHeHus Lwna-
KOB W MPOMMNPOAYKTOB B BbICOKOMNPOM3BOAM-
TenbHbIN arperat 6apboTaxHoro Tuna.

2. YCTPOWCTBO NNABUNbLHOIO
ATPETATA «MMOBEOA»

MoaepH13npoBaHHbIA AN MNaBku U
btomuHrosanms MNAI otnnyaeTca TeM, YTO B
KOHCTPYKLMK annapata AONOSHUTENbHO K 60-
KOBOMY psigy NpeayCMOTPeH elle OOWMH HUX-
HUA psg ypm (puc. 2). KomnnekcHas npo-
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AlyBKa pacnnaBa HWXHUM 1 BOKOBbIM OyTbeM
WHTEHCUULMPYET NepeMeLunBaHue pacnna-
Ba B 06beMe BaHHbI, YTO NPUBOAUT K yBenu-
YEHWUID CKOPOCTU TETEPOreHHbIX peakuui C
yyactTuem pasnuyHbiX ha3 peareHToB obep-
HEHUs (KOKC, NPUPOAHBIN ra3, cynbguansaTop
n np.). Npn koMBGUHMpoBaHHOW 06paboTke
pacnnaBa GOKOBbIMU U JOHHBLIMW CTPYSIMU CO-
3gaTca  bnaronpusiTHele  TepMmoguHamuye-
CKME N KUHETWYECKME YCMOBUS ANS1 BO3MOHKM
NETYYNX KOMMOHEHTOB MOSIMMETaNIMYECKUNX
wnakos. MAI obopyaoBaH CMeLLEHHON K TOp-
Ly ropsfioBMHOW 4SS OTBOAA ra3oB W cneuw-
anbHbIM oTBEpCTUEM AnameTpom 400 Mm ans
3arpys3ku TBepAblX peareHToB; yTepoBaH
XPOMOMArHe3auToBbIM  KMPMUYOM.  YrneBos-
[yWHYK CMecb npeanonaraeTtcs BAyBaTb B
pacnnas Lwwnaka yepe3 6okoBble dypMbl crie-
LMasIbHOW KOHCTPYKUMK, @ MNbiNeyronb, npu-

POAHbIV ra3 ¢ AyTbeM, oboraweHHbIM KuUcno-
poaoM, 4epes [OHHble. DypMEHHbIM NOSC
obopyaoBaH CUCTEMOWN BOAAHOIO OXNaXaeHns
nof paspexenueM. [na sanueku wnaka Al
MOBOPAYNBAIOT Ha 52° B CTOPOHY, MPOTMBOMO-
NOXHY nuHUM pypM. Lnak 3anuearT npu
MOMOLUW KpaHa koBlamu o6bemom 5 m° ne-
pUOaNYECKM.

Ha Ttopuesown kpbiwke [TAl, 6nm3ne-
Xalleh K 3arpy3odyHOMy OTBEPCTMIO, pacno-
NOXEHO OTBEPCTME ANS BbiNycka B KOBLU. Bbl-
MyCcK OTBanbHOrO LUfiaka npousBoaMTCS C npo-
TUBOMOMOXHOINO  TOpUA,  PaCnONOXEHHOro
Bnvxe K ropnioBnHe Ans BbIxoda rasos, Yepes
netky. Mo xenoby wnak nogaetcs B KOBLU
UMK Ha PasfnMBOYHbLIE MALUWHbI, TAe BbIrpyxa-
etca B OyHkep v oxnaxgaetca. BosmoxeH
CNVB OTBAnbHOrO LWfaka B KOBLUW Yepes rop-
NOBUHY.

< {BpMKeTmposane]
6 NONUMETannnyeckue
PUEST KOHL|EHTPAaTkI
l dpntockl
Ha nepepaboTtky [ nnaeunbHbI arperaT ]: J
WaxTHbE Nneyn
¥ $ B ¥
wnak boraTb oTxogAue
05 0p OTHL I W TEWH rasol
’ |
lKOHBSpTMpOBaHHe]
|
¥ v L 4
wnak yepHOBaA oTxoaAuue
0bOpOTHLI Menb rasbl
Ha nepepaboTky OTrpyaka OYMCTKA B PyKaBHOM
B lWaxTHbIe neun |(noTpebutento hunsTpe
¥ » ¥
obecnbneHHbIN NPOMNpPOy KT
ras cBMHUAa

Puc. 1. [lpuHyunuanbHas cxema nepepabomxu

|

Ha NpPOu3BOACTEO
H2S0,

OTrpy3Ka
norpebutento

noaumemansiu4eCKux KOHUeHmpamoe

Ha 000 «MedHozopckuli MeGHO-cepHbIl KOM6UHam»
Fig. 1. Schematic diagram of polymetallic concentrate processing at Mednogorsk copper-sulfur combine LLC
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asbl 13 Al oTBOAATCA Yepes ropro-
BMHY pasmepoM 2x3 M U Janee 4yepes napo-
UCNAPUTENbHBIA  HaMNbIMbHUK  MOCTYNalT Ha
OXNaXgeHWe B YCTAHOBKY MCNapuUTEnbHOro
oxnaxgeHus (YWO). OxnaxgeHHble rasbl Bbl-
xoadaT n3 YO n HanpaBnsaTca No ra3oxoay B
pyKaBHbIN ~ ULTP  ONA  OKOHYaTenNbHOW
oumnctkn. O6wwmin KIMQ ra3oo4ncTHOM cucTembl
(«HanbinbHUK — nbinesBas kamepa — YNO -
PYKaBHbIN  uNnbTp») cocTaBnseT Gonee
99,9%.

MNepnognyHOCTL 3ameHbl paboTaroLle-
ro B pexume nnasku ypmeHHoro nosca [MAll
— 0o 180 cyT, NPOAOMKUTENBHOCTL TEKYLLErO
pemoHTa — 14 cyt. KanutanbHbli pPEMOHT
NPOBOAMTCHA OAMH pas B rof. Hekotopble Tex-
Huveckne xapakrepuctuku MNAl npueeaeHbl B
Tabn. 1.

B cBsi3n C BbILWEN3NOXKEHHBIM, Onpe-
[EeNeHHbIN UHTepec npeacTaBnseT UCNosb3o-
BaHWe btomuHroBoro arperata [AI B o6wwen
TEXHOMOrMYECKon cxeme nepepaboTkn Tpya-
HOMOAOAKOLLMXCS Cenekumnnm MegHO-LMHKOBBIX
CyNb(UOHbLIX  MaTepuanoB  (KOHUEHTpaTbl,
NPoOMNpoaykTbl) W o0beaHeHuss 06OPOTHLIX
LU1IaKOB aBTOrEHHOW NMaBKWU KOMMEKTUBHbLIX W

0.75m |

nonnMeTanimyeCckmMx KOHLUEHTPaToB.

3. PU3NKO-XMMUYECKWUE OCHOBbI
NMPOLIECCOB OBEAHEHUA LUTAKOB

Cpeon  pasHoobpasHblx  cnocobos
obeaHEeHNs1 WNakoB OAHO M3 BeayLiMX MecT
3aHuMaet BOCCT@HOBUTENbHO-CYNbnam-
pylolas TEXHONorus, no3BonsowWwas OfHO-
BPEMEHHO NEPEBOAUTb NETYYNE KOMMOHEHTDI
Lunaka W pasfnuyHbiX CepocomepXalimx mMarte-
pranoB B BO3roHbl, a Meau — B WwrewH [20, 21].
lNpouecc ocywecTBNAOT ¢ HaBedeHeM 6es-
Horo (10-25% mepgw) wrenHa Ans nonyyYyeHus
PaABHOBECHOIO OTBANbHOrO LUfaka C HU3KUM
copgepxaHuem (< 0,3-0,35%) meaun. B kave-
CTBE BOCCTAHOBWTENS WUCMOMNb3YIOT KOKC (Me-
noyb), KNWHKep, MocTynawLwme ¢ LMHKNPOM3-
BOOALMX 3aBoadoB, cogepxawmx Ao 20%
csobogHoro yrnepoga, 10-20% Feyer 1 Apy-
rme yrnepoguctble matepuansl. B kavecTse
CyNnbuan3aTopoB MPUMEHSIOT  CEPHUCTbIE
pyabl, MUPUTHBLIA KOHUEHTpaT, 6edHble No Me-
OV cynbuaHble NONynpoayKThbl, KOTOpble
COBMECTHO C yrnepoaomM obpasyloT BOCCTaHo-
BUTENbHO-CYNbMUANPYIOLLMIA KOMMNEKC

—
——3=

0,4-0,8m

Puc. 2. Cxema nnaeunbHo20 azpe2ama «flo6edax:
2opsioguHa; 3 — 2azoeas 20pJsioguUHa; 4 — Koew Ans

1 - yunuHOpuyYeckas N06OPOMHas ne4b; 2 — 3a2pPy30YHast
npuema wmeliHa; 5 — cmayuoHapHas Yacmb HanblbHUKA;

6 — nogopomHas Yyacmb HanblIbHUKA; 7 — cmayuoHapHbIl wmeliHo8bIll Xenob; 8 — nemka dns ebinycka
ob6ozaweHHo20 wmeliHa; 9 — pypmbl Ons nodavu 803dyxa, 0602aujeHHo20 Kucsopodom; 10 — nemka ons
ebinycka wnaka; 11 - cmayuoHapHbIl wnakoebll xenob; 12 — wnakopasaueoyHas MaWUuHa usu Koeuw;
13 — dononHumeneHsbIl psad hypm

Fig. 2. Diagram of Pobeda smelting unit: 1 - cyl
4 - matte ladle; 5 — stationary part of a dust cap;

inder rotary furnace; 2 - feed mouth; 3 - offgas mouth;
6 — rotary part of adust cap; 7 — stationary matte chute;

8 — concentrated matte taphole; 9 —tuyeres for oxygen enriched air supply; 10 - slag taphole;
11 - stationary slag chute; 12 - slag filling machine or ladle; 13 —additional row of tuyeres
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(BCK). U3BecTHO [22], 4TO Hanbonee aghdek-
TBHbIE cnocobbl 06paboTku wnakos BCK no-
nyyYeHbl Ha OCHOBE KOMMMEKCHbIX cuctem Fe—
FeS,-C, CaO-FeS,-C, CaSO,-Fe-FeS,—C,
KOTOPbIE B OKYCKOBAaHHOM W TLATENbHO ne-
PEMELUaHHOM BMAE 3arpyXawT Ha MOBEPX-
HOCTb LUMAKOBOW BaHHbl. B aTOM cnyyae npwm
HarpeBe Ha OTKOCax MpoTeKalT TBepaodas-
Hble NpoLiecChbl:

CaO (CaCOg3) + FeS,+ C —
— CaS + Fe + CO (COy,). (1)

A Takxe peakuuu:
FeS, + Fe = 2FeS; (2)
CaO + FeS =CasS + FeO; (3)
CaSO0, + 4Fe = CaS + FeO + 3FeO. (4)
Tabnuya 1

TexHuU4YecKue xapakmepucmuku
nnaeusibHo20 azpezama «lobeda»

Table 1
Technical characteristics
of Pobeda smelting unit
MapameTp 3HauyeHune
AuameTp kopnyca, M 3,95
AnuHa kopnyca, M 16,5
[JuvameTp 3arpy304HOro 0.4
OTBEpPCTUA, M ’
[nunHa ropnosuHbl, M 3
LLinpnHa ropnoBuHbI, M 2
EmkocTb arperata 140
no pacnnasy, m
Pacxon ayTbst, AM/4 0-40000
Pacxon kucnopoaa, HM*/y 0-2000
Conepmaone Kucnopoaa 29_27
B AyTbe, % (06.)
[laBneHue gyTtba 0,1-0.2
B konnektope, Mla
ObLee yncno ypm, wr. 24
OuameTp ypmbl, MM 47

B pesynbTate obpasyotcs ahekTuBs-
Hble  BOCCTaHOBWTESIbHO-CYNbMUanpYyoLLme
peareHTbl CaS, Feyer, Y4acTBytOWME B Aanb-
HENLNX BOCCTaHOBUTENbHO-0OMEHHbIX B3au-
MOAENCTBUAX:

CaS + 3Fe304 = CaOyy + 9FeOy + SO 5 ; (5)
(Cu20)un + [Feluer=2[Cuur + (FEO)uwn ; (6)
(Fe304)un + [Fe]uer= 4(FEO)uwn ; (7)

CaS + (Cuz0)un = [CU2S] wr + (Ca0)un ; (8)
CaS + (FeO)yn = [FeS]ur + (CaO)y . (9)

Obuwen r3nNKO-XMMNYECKON OCHOBOW,
HECMOTPS Ha pasHoobpasne CyLeCTBYHOLNX
TEXHOMOTMN W annapaTypHOro ogopMIIeHns
npoueccoB obefHeHMs LWnaka, SBMSETCS
HanuMune XMMUYECKUX CTaaun BOCCTaHOBIE-
HUS MarHeTuTa pasnuyHbiMK peareHTamu (R):

aFe;0,+ bR — cFeO + dRO. (10)

A Takxe cynbduaMpoBaHUa okcuga
meam (1) wnaka cynbpugamm MeS c nepeso-
nom Cu,O B u3Bnekawwyw dasy LwrenHa
Cu,S:

(Cuz0)yn + [MeS] = [CuzS]ur + (MeO)yn . (11)

B atom cnyyae ocraTtouHas KOHUEH-
Tpauua Meau B LWNake onpegensercs TepMmo-
OVNHAMUYECKUMU YCIIOBUSAMU MPOTEKaHUsa pe-
akumm (ll) »n cooTBeTCTBYyeT paBHOBECHOMY
pacnpefeneHvto MeTannos mexay asamu. B
kayectBe OObeKkTa wuccrnegoBaHWii paccmar-
puBaeTca [BYXCTagunHas Cxema, BKMNoyalo-
Was npokasnky MegHO-LMHKOBOrO MNpOMMpo-
OyKTa U (ObOMUHIOBaHWE 0BOPOTHOrO Lufaka
aBTOr€HHOW MNaBkM C MNPUMEHEHMEM CyIlb-
ugHo-meTannnyeckoro npogykra  (CMII).
VlccnepoBaHne TepMOOMHAMUYECKUX 3aKOHO-
MepHoCTen TBepAodasHbIX B3auMOOENCTBUN
MOXET UMETb 3HaYeHWe He TOMbKO MPUMEHM-
TENbHO K NpoKarnke, HO U AN TeXHOMorMn aBs-
TOreHHomn nnaeku ¢ yyactnem BCK Ha cTagum
Harpesa npu nnaefieHUn WKXTOBbLIX MaTepua-
nos.
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4. PE3YJIbTATDI
TEPMOAMHAMUYECKOI'O
MOAEJIMPOBAHUA U UX OBCYXAEHUE

Ha nepsom atane paboTbl onpepens-
N1 paBHOBecHoe pacnpegenexue Pb, Zn, S B
cucteme «Cu-Zn npomnpopykt—CaCOs;—C—
CMTr-ra3oBas hasa (Bo3roHsbl Pb, Zn)», coot-
BETCTBYIOLLEN YCMNOBMSAIM MPOKanku MeEAHO-
LIMHKOBOro CcynbguaHoro npomnpogykra. [Ans
PELLUEHMSI NOCTaBNEHHOW 3adayv UCMonb30oBa-
N MeToa TepMOAMHAMUYECKOro MOAENUpo-
BaHWS C MNPUMEHEHMEeM NakeTa npuKnagHbIX
nporpamm HSC Chemistry 6 (PuHnsHaus),
paspaboTaHHOro komnaHuen «Outokumpuy, 1
BXO4sLME B Hero mognporpammbl Reaction
Equations, Equilibrium Calculation, nogpo6Ho
onucaHHble B paboTe’. B kauecTBe MCXOOHBIX
peareHTOB MpUHUManu cynbMUOHbLIN MegHO-
LMHKOBbIN MPOMMPOAYKT C copepxaHuem, %
macc.: Cu - 10,14; Zn - 22,70; Pb - 0,49; Fe
- 21,00; S - 36,29; CaO - 0,51; SiO,— 2,49;
Al,O3 — 5,47; kokc, % macc.: C —80,00; SiO;, —
11,20; CaO - 2,00; nssectHsK — 6,80; CaCOs
- 94,91; SiO; - 3,19; Al,O3 — 0,95; Fe,03 —
0,95.

MNepBOHavanbHO onpeensanu nocne-
[0BATENbHOCTb XMMUYECKMX NPEBPALLEHUN C
y4yacTMem MegHO-LMHKOBOrO NPOMMPOAYKTa W
BO3MOXHble (ha3oBble coctasnsowme CMIT,
HeobxoauMble ANna NOCneayLLero Tepmoau-
HaMWYECKOr0 MOAENUPOBaHNS PaBHOBECHOTO
pacnpegeneHnss  KOMMOHEHTOB  WCXOAHOW
WwuxTel. B Tabn. 2 npueeaeHsl TBEpA0da3Hble
peakuun, BeNMYMHbI U3MeHeHus cBoboaHOM
aHeprun Mnb6bca (AG®, KIX) U KOHCTaAHT paB-
HoBecust (K,) mpu 3apaHHOW Temnepatype
npokanku 1423 K.

AHanu3 npeacTaBfieHHbIX B Tabn. 2
[AaHHbIX MOKa3blBaeT, 4TO BbICLUME U KOM-
MnekcHole cynbguabl Meau, xenesa cnocob-
Hbl 3ppekTMBHO B3ammopgencteoatb ¢ CaO
W YyrNepoaoM, O Yem CBUAETENLCTBYHOT BENU-
YMHbI OTpuLaTENbHbIX 3HaueHnn AG® u K,
(peakuum (2), (3), (5)). MNMpwn atom obpasytoTcs
Fewer, CaS, koTopble Hapsay C yrnepogom
y4acTBYIOT B BOCCTAHOBIIEHWM MarHeTuTa no

peakumuam (9), (13), meau no (15), (18), a Tak-
xe Bo3roHke PbS, Zn, Pb ((12), (19), (20)).

ManoBeposiTHO BOCCTAHOBMEHWE Mar-
HeTuTa cynbugom xenesa no peakuum (17),
OKCMAA LMHKa MeTannmyeckum xenesom (14)
n obpasoBaHWe MeTacunukata uuHKa (24).
MpoTekaHne AaHHbIX peakuun, a Takke obpa-
30BaHME OCHOBHbIX a3 wnaka (Fe;SiOy,
CaO'AI203'28i02, A|203'28i02, Zn0, PbO,
ZnFe;04, ZnSiOz, PbSiOs3, Pb,SiO,, Fes0q,
Al,O3, Cu,0), wrenHa (FeS, Cu,S, Cu, Fe,
ZnS, PbS), rasa, Bknoyasa TOHKYH nbinb (SO,
S03, CO,, CO, Ny, Zn, Pb, PbS) B 6onbLen
CTeneHn cnegyeT oxwaaTb Npu TemnepaType
(bbtOMUHTOBaHMS. YunTbiBas Hambonblee OT-
puuatenbHoe AG® ang XMMUYecKux npespa-
weHun (2), (3), (10), (22), a Takke BEPOATHbLIE
peakumu (7), (8), (12), OCHOBHbIMM cOCTaBnS-
lOWMMU B KOHOEHcUpoBaHHOM dhaze CMII
npunsatel CaS, CaO, Fe, FeS, Cu,S, ZnS,
PbS, C, SiO,, a Ang BOCCTAaHOBUTENbHON UMK
HeWTpanbHon atmocepel — CO, CO,, SOg,
Zn;, PbS;.

B panbHedwem Hamu mopgenupoBa-
Nnocb paBHOBECHOE pacnpefeneHwe Kommno-
HEHTOB  MEOHO-LMHKOBOTO  MPOMMPOAYKTa
MeXOy WCXOOHbIMW peareHTaMu U npogykTa-
MW NpOKanku B 3aBUCUMMOCTW OT Temneparty-
pbl, XapakTepHoW ANns TBepaodasHbIX peak-
umn. PesynbTaTbl MOAENMPOBAHUS B OpPUIK-
HanbHOM rpadm4yeckom opopMneHnn Moayns
nporpammbl HSC Chemistry 6 (Equilibrium
Calculation) nokasaHbl Ha puc. 3-5.

N3 puc. 3. BMOHO, 4YTO BOCCTaHOBW-
TenbHas atMocgepa B paBHOBECHOM pacnpe-
[eneHun  KOMMOHEHTOB  rasoBon  hasbl
Habnopaetca npu Temnepatype Gonee 780°C
N Hayano 3aMEeTHOM OTFOHKW LHKa MpOMUCXO-
VT B MHTepBane Temnepatyp 880-920°C, o
4yeM CBMOETENbCTBYET BOCXOASLLMA XapaKTep
KpMBOWM  KOHUEHTpauum Zn. Cybnumauus
cBuHUa B hopme PbS B rasoByt ¢hasy npouc-
xoauT npu BGonee BbLICOKOW TemnepaType u
xapaktepusyetcs 6onee HWU3KOM KOHLEHTpa-
LMeil B CPaBHEHWM C Napamu LuHKa Npu no-
CTOsSIHHOM TeMmnepatype. lloatomy Temnepa-
Typa MOJEenMpoBaHus TepMOOMHAMUYECKOro

'Arees H.I"., Ha6oitueHko C.C. MeTannypruyeckme pacyeTbl C UCMOMb30OBaHMEM MakeTa npuknagHelx nporpamm HSC
CHEMISTRY: yueb. nocob. Ekatepunbypr: UML Yp®Y, 2016. 124 c.
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COCTOSIHMS1 KOHAEHCMPOBaHHbIX ha3 paccmart-
pMBAEMOW CUCTEMbI AOMKHA ObiTb HE MeHee
1000°C.

Ha puc. 4, 5 npeacraeneHbl pesynbTa-
Tl MogenupoBaHus no coctasy CMI1 n kok-
LeHTpaumnm MeTaninyeckoro LMHKa u Cynb-
upga ceBuHUA (BCMEACTBME HU3KOM KOHLIEH-
Tpauumn PbS Ha puc. 4, 5 oToenbHO He noka-
3aH) B 3aBMCMMOCTM OT Macchbl Yyrriepopga.
AHanus gaHHbIX puc. 2, 3 CBUAETENBCTBYET O
TOM, YTO C YBESIMYEHNEM KONU4ecTBa BOCCTa-
HOBUTENS B CUCTEME BO3PaCTalOT KOHLEHTpa-
umm CaS n Fe B CMIT, 4yTo B L,ENOM COOTBET-

CTBYET TEPMOAMHAMUYECKAM [aHHbIM, NpuBe-
OeHHbIM B Tabnuue. MNMpuyem MakcumanbHoe
3HaYyeHWe YyKasaHHblX (ba3 COOTBETCTBYET
macce yrnepopga, pasHon ~32-35 kr. [Jo yka-
3aHHOr0 3HAYEeHWs NPOMCXOAUT Hambonbluee
CHmxeHne ZnS B CMIT n 3aKOHOMEpPHEIA ne-
peBof Zn B ra3osyto ¢asy (cm. puc. 3). Heob-
XOAMMO OTMETWUTb, UYTO Ha 3TOM Yy4yacTke
HabnogaeTca HUCXOAALWMIA XapakTep KpUBOWA
koHueHTpaumn CO,, 4TO CBMOETENLCTBYET O
npakTnyeckn nonHom pacxogosavun CO B
PaBHOBECHOM COCTOSIHUM.

Tabnuua 2
Peakyuu u mepmoduHamuyeckue eenuyuHsbl (AG®, K,) npu memnepamype 1423 K (1150°C)
Table 2

Reactions and thermodynamic values (AGo, K;) at the temperature of 1423 K (1150°C)
No Peakums -AG° Ko
1 CaCO3=CaO + CO, 37,1 22,9
2 FeS, + 2Ca0 + 2C = Fe + 2CaS + 2CO 282,9 2,42:10"
3 CuFeS, +2Ca0 + 2C = Fe + Cu + 2CaS + 2CO 177,9 3,4'10°
4 FeS+CaO +C=Fe +CaS+CO 76,7 6,5°10°
5 CuS +Ca0O +C=Cu +CaS +CO 132,7 7,4:10°
6 Cu,S + Ca0 + C = 2Cu + CaS + CO 58,8 1,410°
7 ZnS + CaO + C =Znt + CaS + CO 47,4 54,8
8 PbS + Ca0 + C =Pb? + CaS + CO 57,5 129
9 CaS + 3Fe;0,4 + 5,55i0, = CaSiO; + 4,5Fe,Si0, + SO, 68,4 324
10 CaS + Cu,0 = Cu,S + Ca0 113,9 1,510
11 CaS +7ZnO =7nS + CaO 11,2 2,6
12 CaS + PbO = CaO + PbS? 42,1 35,0
13 Fe + Fes0,4 + 2Si0, = 2Fe,Si0, 57,6 130
14 Fe + ZnO = FeO + Zn? -75 0,53
15 Fe + Cu,0 = 2Cu + FeO 106,6 8,3'10°
16 Fe + PbO = Pb? + FeO 33,5 16,9
17 FeS + 3Fe;0, + 5Si0, = 5Fe,Si0, + SO, -2,5 0,8
18 C +Cu,0=2Cu +CO 177,8 2,2°10°
19 C+2Zn0O=2Zn1+CO 58,6 141,7
20 C + PbO = Pbt + CO 99,6 4,510
21 Cu,0 + CO = 2Cu + CO; 94,7 3,010°
22 Cu,0 + FeS = Cu,S + FeO 1245 3,7'10*
23 ZnO + Fe,05 = ZnFe,0, 29,7 12,3
24 ZnO + Si0, = ZnSiO; 2,4 0,8
25 PbO + SiO, = PbhSiO4 22,7 6,8
26 CaO0 + Al,O3 + 2Si0, = Ca0'Al,052Si0, 124.6 1,210°
27 6FeO + O, = 2Fe;0, 370,3 1,1-10%
28 ZnS + 1,50, = ZnO + SO, 334,2 1,810%
29 PbS + 1,50, = PbO + SO, 327,2 8,4'10"
30 Zn; + CO,=2Zn0 + CO 19,5 5,2

BECTHUK WPKYTCKOIO rOCYOQAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2020;24(2):421-433

ISSN 1814-3520

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2020;24(2):421-433

427




Bynamoe K.B., Xykoe B.I1. TexHono2u4yeckue 803MOXHOCMU Memanypau4yeckol nepepabomku ...

Bulatov K.V., Zhukov V.P. Technological capabilities for metallurgical processing of industrial products ...

MonyyeHHbIn B pesynbTate MoAenu- nepecyntatb KOHLEHTPaLMOHHbIE 3aBUCUMO-
POBaHUSI JKCTPEMAnbHbIA BUA (PYHKUMA CO- CTW Ha MaTepuasnbHble MOTOKM pPeareHToB U
ctaBa CMI1 n rasoeon hasbl No3BONMN C MNO- OLEHUTb COCTaB MPOAYKTOB, @ TakkKe KO3p-
MOLLbIO BCTPOEHHOr0 B MNporpammy Mogyns (PMUMEHT N3BNEYEHNS LiMHKA B BO3MOHbI.
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Puc. 3. 3agucumocms KoHUeHmpayuu (% macc.) Memannu4yecko2o YuHka (a) u cyno¢puda ceunya (h) e 2asoeol
¢haze om memnepamypsbi npokanku ( C) npu coomHoweHuu maccbl Cu-Zn npomnpodykm: CaCO;: C
pasHom 1:1: 0,25 (HUXHUL PUCYHOK Npu yMeHbWeHHOM Macwmabe KOHUeHmpauuu)

Fig. 3. Dependence of concentration (% wt.) of zinc metal (a) and lead sulfide (b) in a gas phase on the
calcination temperature ( C) at a mass ratio of Cu-Zn middling product: CaCOj;: C equalsto 1: 1: 0.25 (lower
figure at areduced scale of concentration)
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Fig. 4. Change in sulfide-metal product composition (% wt.) (a) depending on the mass of carbon at t = 1150 °C
and the ratio of Cu-Zn middling product: CaCO; = 1:1 (b) at the smaller scale of concentrations
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Puc. 5. KoHueHmpauyus Memannu4ecko20 UuHKa e 2azoeoli ¢haze npu UaMeHeHUU Macchl yanepooda
Fig. 5. Concentration of zinc metal in the gas phase when changing the mass of carbon

Tabnuua 3
Cocmas npodykmoe npokasnku
Table 3
Composition of calcination products
Ocratok
(cynbdoumpaHo- KT %
MeTanM4ecknin NpoayKT)
CaO 3,48 | 2,61
CaS 65,00 | 48,68
Fe 20,10 | 15,05
FeS 3,83 | 2,87
Cu 9,41 | 7,05
Cu,S 0,86 | 0,64
ZnS 17,60 | 13,18
PbS 0,46 | 0,35
C 4,58 | 3,43
SiO, 8,20 | 6,14
Wtoro 133,52 | 100,00
A3
SO, 0,00 -
S 0,00 -
CO 77,80 | 86,72
CO, 091 | 101
Zn 10,90 | 12,15
PbS 0,11 | 0,12
Wtoro 89,71 -
BCEIO 223,23 100,00

Hwxe (Tabn. 3) npeactaBneH xumunye-
ckun coctas CMI1 v rasoBon hasbl, COOTBET-
cteytowmn npokanke 100 kr Cu-Zn npomnpo-
aykta, 100 kr CaCO3 u 25 kr Kokca.

Ha ocHoBaHMM BbilENpUBELEHHbIX
[aHHbIX Obln paccuMTaH KO3 UUMEHT u3-
BIleYEHWs LMHKa B BO3rOHbl AN Makcumarb-
HOro pacxoga yrnepoga 35 kr, COOTBETCTBY-
loLLero ONTUManbHOMY COAEPXaHWio LiMHKa B
rase (CM. puc. 3), KOTOpbIN OKasancs paBHbIM
90,3%.

5. 3AKNIOYEHUE

BbinonHeHHOe  TepMoAavHamu4eckoe
MOZenMpoBaHue MeTannypruiyecknx CuUcTem,
B YaCTHOCTM, MPOKanky MeaHO-LIMHKOBLIX Ma-
TepuanoB B CMeCW C U3BECTHAKOM W KOKCOM,
CBUAETENLCTBYET O BO3MOXHOCTM pPELLEHUS
ONTUMM3ALMOHHBLIX 3ad4ay C MNPUMEHEHUEM
MHPOPMALMOHHBIX TEXHOMOIMW Ha npumepe
nporpammbl HSC Chemistry 6 u oueHkn BO3-
MOXHbIX TEXHWUKO-IKOHOMMUYECKMX MOoKa3aTe-
nen Npou3BOACTBA.

TexHonornyeckas 3(h(heKTUBHOCTb
npumeHernnss CMIT gokasaHa [21] Ha npumepe
AneKTponeyHoro obeaHEHNS KOHBEPTEPHbIX
Wwnakos coctaea, % Mmacc.: 3,75 Cu; 6,64 Zn;
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43,79 Fe; 21,88 SiO,. [oCTUrHyTO M3BneYe-
HMe Meau B wrtenH 96%, Obinu nonyveHbl
wrenH (>20% Cu) n otBanbHbI wnak (0,3%
Cu). Pacxog CMI npu atom coctasun 15% ot

mMacchl wnaka. Cnegyet npegnonaraTb, YTO
aHanornyHble 3agadn MoryTt ObiTb Takke pe-
LWeHbl ¢ ucnonb3oBaHuem arperata ATrl.
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WUccnepoBaHue npouecca TepMUYECKOrO PasnoXeHus
OKUCNEHHbIX U cynbduaHbIX pya O3epHOro MecTopoXaeHus

© MN.A. N'ynawwuHos, U.I'. AuTponosa, A.H. lN'ynsawuvHoB
Batikansckuli uHcmumym npupodononbs3o8aHus Cubupcko2o omoeneHus
Poccutickoli akademuu Hayk, 2. YnaH-Y03, Poccusi

Pestome: Lienb paboTbl — NoNyveHne HOBbIX CBEAEHWI O NOBEAEHUN OKUCIIEHHBIX U CynbuaHbix pya O3epHOro Mecto-
POXOEHUS Npu TEPMUYECKOM pasnoxeHun. OCHOBHOM CbipbeBOW 6a30M CBMHLIOBOWM U LIMHKOBOW MPOMbILUIEHHOCTN S1B-
NATCA KOMNMEKCHbIE NONMMETANMYECKNE CBUHLIOBO-LUMHKOBbIE pyabl, 0ObIYHO cofepkKallue 1 Apyrne nonesHble Kom-
MOHEHThI, Takne Kak Medb, cepebpo. B Poccuiickon ®egepauum n Ha MUPOBOM PbIHKE COXpaHSETCH AedULMT LuHKa 1
CBMHUA. B 31O cBA3N 0CcBOEHME KpynHeliwero O3epHOro nonuMeTannmyeckoro Mectopoxaenus (Pecnybnuka bypatus)
no3s0/1N0 Bbl NOHOCTLIO MOKPbLITh AEUUMUT CTPaHbI MO LMHKY W YaCTUYHO CHU3WUTb €ro No APYruM LBETHbIM MeTan-
nam. OgHako pyabl MECTOPOXAEHUS N0 MUHEpanbHOMY U (ha3oBOMY COCTaBaM SIBASIOTCA HEOLHOPOAHBIMUA M CHIOXH bl-
MU, XapakTepusylTcs yBenuieHnem Jonu TpyaHooboraTumbix pya ¢ 6onee TOHKON BKPANNEHHOCTbIO Cynb@UAHbLIX MU-
HEpanoB 1 MOBbLILIEHHEIM COAEPXaHUEM OKWUCNEHHbIX (opM. O deKTUBHOCTL NepepaboTKn TOHKOBKPANAEHHbIX Cynb-
(PMOHBIX M OKUCMEHHBIX CBUHLIOBO-LMHKOBbIX Py4 MOXET ObiTb OCTUTHYTA HOBbIM METOZLOM, BKKYAKLLMM KOMOUHUPO-
BaHHble MeTOAbl Ha OCHOBE NaporasoBOW TEXHOMOMMK, NO3BONSIOWEN B OAHOM annaparte peanusoBaTb NPOLECCH! Ce-
NeKTUBHOTO BCKPbITUS M @KTUBMPOBAHMS CIIOXHbLIX MUHEPanbHbIX KOMMANEKCoB. [uddepeHumnanbHbiil TepMUYECKNIA aH a-
nu3 nposoguncsa Ha npubope Netzsch STA 449 F1 Jupiter. TepmMorpammbl CHUManu B NNaTMHOBOM TWrMe, B aTMocdepe
aproHa v nuHeiHom Harpese 4o 850°C. Mo pesynbTatam NPOBEAEHHOrO TEPMUYECKOrO aHanmaa TEXHONOrMYeckux npob
pya O3epHOro MeCTOPOXKAEHUS YCTAHOBIIEHO, YTO TEPMUYECKOE Pa3fOXEHNe OKUCNEHHOW pydbl OTHOCUTENBHO NoTepw
Macchl NPOUCXOAMUT B ABa aTana (npu 246-318°C — pnerupgpataums retuta; csbie 360°C — pasnoxeHue kapboHaToB 1
nniomMb0sipo3nTa), a pasnoxeHue cynbMuaHON pyabl — B Tpu (NOCNegoBaTeNbHOE pas3noxXeHne pasnuyHbIX kapboHaTos,
TepMuyeckas guccouuaums nuputa ¢ obpasoBaHMem marHeTWTa U BbigeneHuem cepbl). beinn onpegeneHsl Tennosble
3 ekTbl peakuuii U TeMnepaTypHble MHTepBanbl PasfoXeHUs OCHOBHbIX COEANHEHUI uccneayeMblx 06pasLioB.

Knroueenie cnoga: KoMNNeKCHbIE NONUMETANNMYeckue CBMHLOBO-LIMHKOBLIE pyabl, O3epHOEe MecTopoxXaeHue, TepMu-
Yeckuil aHanua, canepuT, raneHnT, CBUHeL

Ungpopmayus o cmamee: [Jata noctynnenust 10 sHeapsi 2020 r.; gata npuHaTus k nedatn 03 mapta 2020 r.; gata oH-
nanH-pasmeltenus 30 anpens 2020 r.

Ana yumupoeaHus: l'ynawmHos MN.A., AnTtponosa W.I., l'ynswwuHos A.H. iccnegosaHne npolecca TepMUYeckoro pas-
NOXEHMUS1 OKUCMEHHBIX W CynbduaHbix pya O3epHoOro MectopoxaeHus. BecmHuk Mpkymckoao 20cydapcmeeHH020 mex-
Huyeckoao yHugepcumema. 2020. T. 24. Ne 2. C. 434-443. https://doi.org/10.21285/1814-3520-2020-2-434-443

Thermal decomposition of oxidised and sulphide
ores in the Ozernoye deposit

Pavel A. Gulyashinov, Inna G. Antropova, Anatoly N. Gulyashinov
Baikal Institute of Nature Management SB RAS, Ulan-Ude, Russia

Abstract: This study seeks to obtain new information on the behaviour of oxidised and sulphide ores in the Ozernoye
deposit during their thermal decomposition. Lead and zinc are produced from complex polymetallic lead-zinc ores con-
taining other valuable components, such as copper and silver. The market demand for zinc and lead remains high both in
Russia and globally. In this regard, the development of the Ozernoye polymetallic deposit (Republic of Buryatia, Russia)
is of particular importance, since its resources can cover the domestic deficit in zinc and other non-ferrous metals. How-
ever, in terms of mineral and phase composition, the ores in this deposit are heterogeneous and complex, containing an
increased fraction of refractory ores with finely disseminated sulphide minerals and a high content of oxidised forms. The
required efficiency of processing finely disseminated sulphide and oxidised lead-zinc ores can be achieved by a new
method on the basis of steam-gas technologies allowing the selective decomposing and activation of complex mineral
assemblages in a single technological step. A differential thermal analysis was performed using a Netzsch STA 449 F1
Jupiter instrument. Thermogramms were recorded in a platinum crucible under argon atmosphere and linear heating to
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8500C. The conducted thermal analysis of technological ore samples from the Ozernoye deposit showed that, in terms of
weight loss, the thermal decomposition of oxidised ores consists of two stages — goethite dehydration at 246-3180C and
carbonate and plumbojarosite decomposition at 3600C and higher. However, the decomposition of sulphide ores under-
goes three stages, i.e. a sequential decomposition of various carbonates and thermal dissociation of pyrite followed by
the formation of magnetite and the reduction of sulphur. The thermal effects of the reactions and the temperature de-
composition ranges of the main compounds in the studied samples were determined.

Keywords: complex polymetallic lead-zinc ores, Ozernoye field, thermal analysis, sphalerite, galena, lead
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1. BBEAEHUE

OcHOBHOM CbipbeBOW 6a30i# CBUHLLO-
BOM W LIMHKOBOW NPOMbILUNEHHOCTY SBNSIOTCA
KOMMMEKCHbIE NONMMETannMYeckme CBUHLO-
BO-LIMHKOBbIE PyZAbl, 0ObIMHO OHW copepxart W
Lpyrve nonesHble KOMMOHEHTbI, Takue Kak
meab, cepebpo. Pyabl, copepxawme LMHK,
AobbiBatoTCA M nepepabaTbiBalOTCH B LIMHKO-
Bblll KOHLEHTpaT B 42 cTpaHax Mupa, OCHOB-
Hoe npou3soacTeo (6onee 51%) npuxogutes
Ha Kutan, Mepy u Asctpanuio. CBUHLOBbIN
KOHLeHTpaT npou3sogutca noytn B 40 crtpa-
Hax mupa. Jlngepamu otpacnm ssnstoTca Ku-
Tan, Asctpanus, CLUA, Mepy n Mekcuka, npo-
nssogsawme 78% mMupoBoro obbema CBUHLO-
BOro KOHUeHTpara [1, 2].

B onybnukosaHHoM B KoHue 2018 .
oyepegHom otyeTe ILZSG (International Lead
& Zinc Study Group — MexayHapogHon rpyn-
Mbl M3y4YeHMs CBMHUA W LMHKA) coobliaeTcs
06 oxungaemom coxpaHeHun B nepuog 2019-
2020 rr. gedpuumta Ha MMPOBOM pblHKE padu-
HUPOBAHHOIO LMHKa 1 cBMHUaA [3]. B aToM cBS-
31 ocBoeHue KpynHenwero O3epHoro nonw-
MEeTannmMyeckoro mectopoxaeHus B Pecny6-
nuke bBypatna no3sonmno 6bl NOMHOCTBLIO NoO-
KpbITb AeULNT CTPaHbl NO LMHKY W YaCTUYHO
CHU3WUTb €ro No ApyruM LBETHbIM MeTannam
[4-T7].

OCHOBHbIM WCTOYHWMKOM AN15 nony4ye-
HUA CBMHLA W UMHKA SBMSIOTCA CyNbduUaHbIe
pyabl, KOTOpble codepKaT raneHuT u cgane-
pUT, a TaKxe NUPUT, XanbKonupuT, apCeHonm-

put. OKUCNEHHble pyabl UMEKT BTOPOCTENEH-
HOe 3HaYeHue B Ka4ECTBE UCTOYHMKA NOny4e-
HUS CBMHLA W LMHKa U npeacTasnsaT cobou
Xenesucrtble oxpbl M 6apUTOBbIE CbINyYKK, CO-
[epxalime LepyccuT, aHrnesnuT, CMUTCOHWT,
KanamuH, Manaxur .

B HacTosiLee Bpemsa nposiBnseTcs no-
BbILWEHHbIN MHTEpPEC K nepepaboTke GeaHbix
py4 W nexanblX XBOCTOB OTPabOTaHHbIX Me-
CTOPOXAEHUN CBMHUA W UmMHKa. Paspabatbl-
BalTCA cnocobbl nepepaboTkn, KOTOpble OC-
HOBbIBAlOTCA Ha (PNOTALMOHHBIX METOAax
oboralleHnss ¢ npegBapuTenbHON cynbuam-
3aumen okcmaoB CBMHUA U uuHKa [8-11]. B
nuTepaTypHOM UCTOYHUMKE [12] nokasaH Bapu-
aHT NMPUMEHEHMs nonucynbguga Kanbuus B
kayectBe cynbdmamsatopa npu notaumoH-
HOM 00OraLleHnn OKWUCIEHHbIX CBMHELCOAEP-
Xalmx pya.

O3epHoe CBUHLO0BO-LIMHKOBOE MECTO-
poXxaeHue HaxoguTcs B EpaBHUHCKOM paiioHe
Pecnybnukn Bypatua B 160 kM K ceBepy OT
XENe3HOOOPOXHOW CcTaHumMm MorsoH TpaHc-
cubupckon maructpanu, B 60 KM oT paileH-
Tpa CocHoBo-O3epckoe; AaHHOEe MECTOPOX-
[EHNEe BXOAWUT B AECATKY LMHKOBLIX MECTO-
poXaeHMn B Mupe no obbemam 3anacoB W
KayecTBy pyabl.

B baikanbCkoM MWHCTUTYTE MNpUpoao-
nonb3oBaHus CO PAH (r. YnaH-Yge) paspa-
6oTaHbl yHMBEpcanbHble cnocobbl nepepa-
BOTKM OKUCMEHHBIX CBUHLOBO-LMHKOBLIX pYyA.
Cytb cnocoboB 3aknioyaetcs B rnybokom
CyNbUAMPOBAHUN OKWUCIIEHHBIX MUHEpPanoB

'MeTopmueckne pekoMeHaaLMM No npuMeHeHnio KnaccudukaLi 3anacoB MecTOPOX/AEHNIA 1 MPOrHO3HBIX PECYPCOB
TBepAbIX NOME3HbIX UckonaeMbix. YTB. pacnopsxxeHnem MNP Poccuiickon ®egepaumn Ne 37-p ot 05.06.2007.
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CBUMHLA M UMHKa B npolecce ux obxura ¢ nu-
PUTHBIM KOHLIEHTpaToOM B atmocdepe nepe-
rpeToro BOASHOro napa Ha crtaguu NoaroToBs-
K1 K cprioTaumMoHHoMy oboralueHuto. Npu aTom
[OCTUraeTca  cTeneHb  CyNb(UaNPOBaHUS
CBMHLA 1 UmMHKa cBbiwe 95% [13, 14].

PaHee aBTopamu 6biNnn NpOBELEHDI
uccnegoBaHus No TepMOANHAMUYECKOMY MO-
LENUPOBAHMI0O W KUHETWUKE npouecca nupo-
CyNb(MONPOBAHNS  OKUCIIEHHBIX CBUHLIOBO-
umHKOBbIX pya [15, 16]. Ans noaTeepxaeHus
paHee MpOBEefEeHHbIX WccregoBaHuA U nony-
YEHUs1 HOBbIX CBEAEHUN MO COBMECTHOMY 06-
XWUrY  TOHKOBKPAMMEHHbIX  CyNMb(UOHbIX W
OKWUCIMEHHbIX MUHEPANOB TepMUYECKOMY pas-
NOXeHWo nogsepranu npobbl OKUCAEHHbIX K
cynbuaHbix pyg O3epHOro MeCcTopoXaeHUs.

2. MATEPUATIbI U METOADI
UCCNEANOBAHUA

Obbektamy uccnenoBaHus ABNANNCH
TexHonornyeckne npobbl  CyNbUOHBIX U
OKUCNEHHbIX pyd O3epHOro MeCTOpOXAEHWS.
OCHOBHbIMW LI€HHbIMWU KOMMOHEHTaMMN OKMUC-
neHHon npobbl  pydbl  SBASKOTCA  CBUMHEL
(2,42%), cepebpo (8o 100 r/T) n umHk (0,53%).
Cepebpo pacnpefensercd nNo MuHepanam
apreHTUT (Ag2S) 1 kepaprmput (AgCl), koTo-
pble B BuAe NNeHoKk ob6BOMakvMBalT OTAeNb-
Hble 3epHa oOKucneHHoro raneHuta. OCHOB-
HbIMW XMMWUYECKUMU COCTaBNAIOLWWMMN  pyAabl
ABNSAKTCA oKcuabl KpemHus (37,3%), xenesa
(29,2%) v anomuuug (7,8%), 3a HUMKM cnegy-
toT okcuabl MarHus (1,88%), kanbums (0,87%),
kanus (2,2%), mapradua (1,98%). Coaepxa-
Hue cepbl B pyae coctasnset 1,37%, a Bpea-
HbIX NPUMecel MbillbsiKa — AECATbIE U ThiCAY-
Hble 40N NpoLeHTa.

YCTaHOBNEHO, YTO MO MMUHEpPanbHOMY
COCTaBy pyda B OCHOBHOM MpefcTaBreHa
kBapueM (SiO,), retutom (FeOOH), nnrom6o-
spo3ntom (PbFes(OH)12(SO4)s), kanueBbIM
nonesbiM wnatom K(AISizOg) 1 reteponMtom
(ZnMn204).

OCHOBHbIMM ~ pyAHbIMKW  MUHEpPanamu
CynbgumaHoM npobbl SBRSOTCS nNuput FesS,,
cchaneput ZnS wn ranenut PbS (nocnegHun —
B MeHblweMm konunyectse). lNopogoobpasyto-
LMe MUHepanbl NpeacTaBfieHbl KBApUEM, Ka-

NWeBbIM NOMNEBbLIM LUMATOM W KapboHaTamu
(cupeput FeCOs, gonomut Ca,Mg(COs3),).

LIeHHbIMM  KOMNOHEHTaMM B [OaHHbIX
pygax sSBRStoTCA LUMHK, CBUHeL u cepebpo. Ux
cpedHue codepxaHus B CynbuaHom pyge
CoCTaBnsAoT: Zn — 6,7%; Pb — 1,2%; Ag — 34
r/t. [ocTaTO4YHO BbLICOKME COAEPXaHWUA LEH-
HbIX KOMMOHEHTOB MO3BOMSAKOT OXMAaTb MNpw
UX NPOMbILLNIEHHON NepepaboTke He MeHee
HU3KNE TEXHUKO-3KOHOMMYECKME NoKasaTenu.

AudpepeHumnancHbli  TePMUYECKUI
aHanu3 (OTA) nposoguncs Ha npubope
Netzsch STA 449 F1 Jupiter. [JaHHbI npnbop
XapaKTepusyeTcs MOBbLILWEHHOW TOYHOCTbHIO
N3MEPEHNS W LUMPOKUM AMana3oHoM paboumx
Temnepatyp ot 100 go 1400°C. Tepmorpam-
Mbl CHAManu B NIaTMHOBOM TWrMe, B aTMo-
cepe aproHa, npu Harpese 10°C B MUHYTY
no 850°C, macca obpasua cocrasnsna 20 Mmr.
Bo Bpems aHanusa B aBTOMaTUY4ECKOM PEXM-
Me perucTpupoBanuchb criefylolime nokasarte-
nu: Temneparypa Harpesa (T), Mmacca HaBecku
obpasua (TT), nameHenne maccel (ACK), Ten-
nosble agppekTbl (B [k/r). KoHeyHble TBepable
NPOAYKTbl peakuni onpegensnm ¢ nomoLlbio
PEHTTEHOBCKOIo AndpaktTomeTpa D8
ADVANCE. [JaHHble uccnefoBaHus matepua-
noB npoBoaunucb Ha obopypnoBaHum LleHTpa
KOMMeKTUBHOrO  nosib3oBaHus  bypsTckoro
HayyHoro ueHtpa CO PAH. Takxe nposoaun-
CA  PeHTreHocnekTpanbHbl  MUKpOaHanu3
(PCMA) Ha pacTpOBOM 3MEKTPOHHOM MMWKPO-
ckone JEOL JSM-6510LV ¢ mukpoaHanusaTto-
pom INCA Energy 350, Oxford Instruments B
LieHTpe KkonnekTuBHOro nosib3oBaHus «lpo-
rpecc» BocTo4HO-CnbUpCKoro rocygapCcTBEH-
HOro0 yHMBEpCUTETa TEXHOSOMMA W ynpaene-
Hua (r. YnaH-Yaa).

3. PE3YJIbTATbI UCCJIIEAOBAHUA
U X ObCYXOAEHUE

OTA HaxoOuT NpUMeHeHWe B aHanuTun-
YECKOW W OpraHM4eckod XuMMuM, a Takke B
reoniorMyeckMx U3bICKaHUSX, Kak ObICTpbIl
cnocob onpeaeneHus MMHepanoB B pasnny-
HbIX FTOPHbIX Mopoaax. [ns npoBeaeHust aHa-
nusa TpebyeTca MMHUMArbHOE KONMUYECTBO
uccnegyemoro Mmarepuana. OTA BO3MOXHO
ncnonb3oBaTth AN M3y4YeHUs MUHepasibHOro

436

BECTHUK UPKYTCKOIO rOCYAAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2020;24(2):434-443
e

ISSN 1814-3520

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2020;24(2):434-443




Fynawunoe M.A., AHmponoea WU.I"., l'ynawuxoe A.H. UccnedosaHue npoyecca mepMu4eCcKo20 Pa3sioKeHUst ...

Gulyashinov P.A., Antropova I.G., Gulyashinov A.N. Thermal decomposition of oxidised and sulphide ores ...

Cblpbsl KaK AOMOMHUTENbHbLIN BUA, UCCNefoBa-
HUA K CTaHZApPTHOMY XWMWYECKOMY aHanuay
[17]. OaHHbIA MeTOA MccrnegoBaHUs yCnewHo
NPMMeHanca u npeacrasneH B pabote [18],
KoTOpasi NMocBsLLeHa OOXWry okcuaa UuHKa ¢
nuputoMm. Takxke B pabote [19] onucaHo npw-
meHeHne [OTA Ona w3yyeHuss TepMUYecKow
ctabunbHoctn coeauHennn ZnCly, ZnSO,4 m
ZnO. PaHee aBTOpamun paboTbl NPOBOAUIUCH
uccnegoBaHust No TEPMUYECKOMY passioxe-
HUIO MbILbAKCOAEPXALMX PYA U KOHLEHTpa-
T0B [20].

MonyyeHHble pesynbtatel ATA obpas-
Lla OKWUCIEHHON pyAabl nokasaHbl Ha puc. 1. B
COOTBETCTBMM NonyyeHHbIX kpuBbix T n [JCK
BMAHO, YTO HarpeB obpa3ua Jo TemnepaTyp
246,0-318,4°C conpoBoxgaeTcs pasnoxeHu-
em retuta FeOOH Ha Fe,O3 1 Kpucrannusa-
LMOHHYI0 BOAY, AdHHAa peakuus npoTekaet C
notepen maccol 00 4,92% wn aHpoTepmuye-
ckum adhdekTom -56,29 [x/r. Takke B MHTEp-
Bane temnepatyp ot 350°C go 800°C Habnto-
[aeTcs He3HaumTeNnbHas noTeps mMacchl (OKo-

no 2%). B gaHHOM uHTepBane pasnoXeHuto
noggepratoTcs kapboHaTbl, 3aTem CTyneH4a-
T0, Bbiwe 700°C, nnrombosipo3nt ¢ obpasoBa-
HMEeM OKCMIOB CBWHLA W Xene3a.

Mocne ocTbiBaHWs obpasel pyabl 6bin
HanpaBfieH Ha pPeHTreHoasoBbIN aHanus
(P®A). KoHeuHbIMM NpoayKTamn pasnoxeHus
OKWCIEeHHOW Npobbl pyabl (Mpy HarpeBaHWn 4o
850°C) ssnstotca Fe,03 1 PbO.

Ha puc. 2 npegcraeneHa Tepmorpam-
Ma pasnoxeHus obpasua cynbuaHoOW pyabl
OsepHoro MecTopoxaenus. CormacHo AaH-
HbIM aHanu3a yCTaHOBIIEHO, YTO CynbduaHas
pyga guccouumpyeT B Tpu aTana.

Ha nepBom 3atane npu TemnepaType
514,2°C n notepe maccbl o 4,25% npomcxo-
OWUT pasnoxeHuwe cugeputa ¢ obpasoBaHuem
cMellaHHoro okcmga FesO4 € aHOoTepmuye-
ckum acbcpektom -30,39 [x/r.

Ha BTopom aTane npu TemnepaTtype
581,4°C »n He3HauMTenbHOW MoTepe Macchl
npoucxXoauT pasnoxeHue kapboHaTta marHms ¢
obpasoBaHneM okcmaa MarHus.
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Puc. 1. Tepmo2pamMma pa3sioxeHusi oKucreHHol pydbi O3epHO20 MeCmMOPOXOeHUs
Fig. 1. Thermogram of Ozernoe field oxidized ore decomposition
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Hanbonblunii MHTEpec BbI3bIBAET 3K-
3otepmuyeckmii nuk (11,02 Ix/r) npu Temne-
patype pasnoxeHuns 635,7-643,5°C. B atom
AManasoHe NpoucxoauT Tepmuyeckass oncco-
LMaLus nupuTa C BblgeneHneM S mo peak-
Lmu:

FeS, — FeS + 1/2S5,+ Q.

[anee cepHUCTOE Xeneso pearupyet ¢
NPOZYKTOM Pa3roXeHWst kapboHATHBbIX MUHe-
panoB — OKCMAOM yrnepoda ¢ o6pasoBaHueM
MarHeTuTa:

3FeS +4C0O;, = Fe30, + 4CO + 3/2S;, + Q.

Boigenstowascs cepa B 3TUX YCNOBU-
SIX MCMapsieTcsl, C Yem CBsi3aHa NoTeps Macehbl
okono 3,39%.

Mo paHHblIM P®A, maTtepuan nocne
CUHXPOHHOTO TEPMMYECKOro aHanusa (Harpe-
BaHne ao 850°C) npeactaeneH Fez04, ZnS,

AT NOSIHOE pasnoXeHne KapboHaTHbIX MUHE-
panoB ¢ 0bpa3oBaHMEM OKCUAOB, MUPUT B OT-
CYTCTBMM KMCMOpPOZA BO3dyxa MOMHOCTbLIO ne-
pexoauT MarHeTMToByt hOpMy 3a CYeT B3au-
MOZEWCTBUA C OKCUAOM Yrriepoda, a cynbdug,
LIMHKa B COCTaBe pyAbl B 3TUX YCMNOBUSX OCTa-
eTcsa 6e3 usMeHeHus.

BbiNno NpUHATO pelleHne NpoBECTU
[OMONMHUTENbHbIE NAabopaTopHbIE  3KCnepu-
MeHTbl no pesynbtatam [OTA npo6 okucneH-
HOW ¥ cynbuaHon pyg O3epHOro MecTopox-
LEHNS MO COBMECTHOMY OOXUry CMECK OKMC-
NEHHON 1 cynbUAHON pya B aTMocdepe BO-
ASHOTO napa.

[JaHHble unccnegoBaHus no  06xury
NPOBOAMIUCL Ha nabopaTopHOW YCTaHOBKE B
cooTHoweHun aByx tunoB pyn 1:1. Cxema
YCTaHOBKM NpefcTaBneHa Ha puc. 3. JTa ycTa-
HOBKa COCTOWT M3 YETbIPEX OCHOBHLIX YaCcTeN —
anekTponeyu, naporeHepaTopa, peakTopa U
nornoTuTenen rasoB. TemnepaTypHbIN PeXuM
B MNevyax perynupyetcs MUKPOMPOLECCOPHbIM

SiO,. Takum obpa3om, npu HarpeBaHuu 3NeKTPOHHbIM Tepmoperynatopom MIMPT-22
cynbuaHon npobsl pyabl 4o 850°C npowncxo- n3mepsieTcs Tepmonapamm tuna XA.
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Puc. 2. TepmoepaMma pa3noxeHusi cynbgudHol pydbl O3epHO20 MECMOPOXKOeHUs
Fig. 2. Thermogram of Ozernoe field sulfide ore decomposition
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PeakTop v naporeHepaTop M3rotoene-
Hbl U3 Hepxasetowen crtanu 12X18H10T. B
naporeHepaTop MNOCTynaeT XOnofHas BoAa
yepe3 potameTp PM-A. OcobeHHoCTb0 AaH-
HOW YCTaHOBKWU SBMSIETCA PacrofioXeHHas B
HWKHEN YacTh peakTopa (DOpCyHKa, 4epes
HEe B peakTop nodaeTtcs neperpeToii BOAS-
HOW nap u3 naporeHepaTopa. BepxHas yactb
peakTopa coeMHEHa C NOrnoTUTENsSMU ra3os.

YctaHoBka paboTtaet cnegylowmm 06-
pasoM: Npu OOCTUXKEHUW 3afaHHOW Temnepa-
Typbl B peakTope M naporeHepatope B Hee

nogaetcs Bofa. [locrne NPOMbIBKM CUCTEMbI
napamv BOAbl B peakTop 3arpyxaeTtcs HaBec-
Ka uccregyeMmoro matepuana (LMXTbl) mac-
con 40 r. Temnepatypa obxura coctaensna
700°C npu 30-MUHYTHON NPOAOIMKUTENBHOCTU
obxura.

[MonyyeHHble nocne obxura orapku
Obinu HanpaBneHsl Ha P®A. Ha peHTtreHo-
rpamme (puc. 4) BUAHO, YTO KOHEYHbIMU MPO-
OyKkTamu obxura CMecu OKWUCIIEHHOW W Cynb-
ugHon pya ssnswtes ZnS, PbS, FesO04 u
SiOs.

2

4

54>

Puc. 3. lpunyunuanbHas cxeMa sjabopamopHol ycmaHoeku: 1 — pomamemp; 2 — anekmponeyu;
3 — napozeHepamop; 4 - peakmop; 5 - noznomumenu 2a3oe
Fig. 3. Schematic diagram of the laboratory installation: 1 — rotameter; 2 - electric furnaces;
3 — steam generator; 4 —reactor; 5 - gas absorbers
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Puc. 4. PeumezeHozpamma (1) oeapkoe: 2 — Fe;0,, 3 - SiO,, 4 - ZnS, 5-PbS
Fig. 4. XRD patterns (1) of calcines: 2 — Fe30,4, 3 - Si0O,, 4-2nS,5-PbS
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3NekTpoHHOEe u3ohpaxkeHue 1

1mm
Cnestp Berar, O Mg A St S K Ca T An Fe Cu Zn Fb Hror
Coextpl | Ja 4125 102 519 1079 991 224 143 041 1921 108 748 100.00
Cnesxtp2 | d2 3921 013 105 2911 411 033 005 023 440 027 113 100,00
Coextp3 | Jda 3072 011 332 2845 1242 333 034 1886 091 1352 100.00
Crextpd | T2 2677 083 401 647 2205 198 0353 2823 085 849 100.00
Cnextp5 | Ja 3937 109 574 864 756 240 084 029 2061 107 495 744 10000
Maxc. 5921 109 574 2911 2205 333 144 041 023 2823 108 849 744
Mo 2677 011 105 647 4.11 033 003 029 — 4.40 027 113 =

Puc. 5. Cnekmpozpamma o2apka
Fig. 5. Cinder spectrogram

Ha puc. 5 nokasaHO 3neKTPOHHOE
n3obpaxeHue orapkos (pesynbratel PCMA).
Mo pesynbTaTtaM peHTreHo(a3oBOro M pPeHT-
reHOCMEKTPasibHOro aHanus3oB YCTaHOBMEHO,
4TO NpY COBMECTHOM 0BXUre CMecu OKUCNEeH-
HOW 1 CynbMUAHOW pyd B atmocdepe Boas-
Horo napa npu 700°C npoucxoauT NMpoCynb-
(puampoBaHue OKUCNEHHbIX MUHEPAroB CBUH-
La ¥ UMHKa, cynbduabl CBUHLA U LMHKA B CO-
CTaBe WCXOAHOW LUMXTbl ocTarTcs 6e3 usme-
HEHWI, a NUPUT oKMcnseTcs ¢ obpa3oBaHWeEM
MarHeTuTa.

4. 3AKNOYEHUE

Takum obpasom, nonyyeHbl HOBbIE
CBEAEHUS1 O TEPMUYECKOM PA3NOXEHUN OKUC-
NEHHbIX U cynbuaHbix pyq O3epHoOro mecro-
POXOEHWS, YCTAHOBIEHO, 4TO OKMCIEHHas

pyha pasnaraetca B [fBa dTana: npu 246-
318°C - permgpatauus retuta, a CBbille
360°C — pasnoxeHve kapboHaToB 1 nnomM60o-
Apo3uTa. TepMuyeckoe pasfiokeHue Cysb-
ugHon pyapl npomcxoauT B TpW dTana (B WH-
Tepeane 514-607°C - nocneaosaTtenbHoe
pasnoXeHne pasnuyHblX kapboHaToB, TEpMU-
yeckas guccoumaums nuputa ¢ obpasoBaHu-
€M MarHeTuTa v BblaeneHmeM cepbl npu 635—
644°C). OnpeaeneHbl TennoBble 3PEEKTbI
NPy PasnoXeHUN OCHOBHbIX MWHEpPanoB WC-
cnegyemMbix 06pasuoB M yCTaHOBMEHbI ha3o-
Bbleé COCTaBbl KOHEYHbIX MPOAYKTOB Mocne
CMHXPOHHOTO TEPMMYECKOr0 aHanu3a (Harpe-
BaHwue o 850°C).

lokasaHo, 4YTO COBMECTHbIN 0OXMr
TOHKOBKPAMMEHHbIX C TECHbIM  B3aWMHbIM
npopactaHuem cynbgugos Fe, Zn, Pb u
OKWCMNEHHbIX CBMHLOBO-LMHKOBLIX Py B aTMO-
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ccepe BOASHOrO napa MNO3BOMSIET peanunso-
BaTb HECKONbKO MPOLIECCOB: TepMMUYeckoe
pasnoxeHne TpyaHOO60raTMOro OKUCNEHHOTO
MUHepana csuHuUa (nniombospo3nTa), cenek-
TUBHOE OKUCNEHWe Ccynbuaos xenesa ¢ 06-
pa3oBaHMEM CEepoCOodEepXkallMX areHToB, COo-
NpoBOXJalLLeecs Ae3vHTerpauuert B3anmo-
MPOPOCLUMXCSA CYNbUAOB CBMHLUA, LUWHKA, U

nnpocynbuaMpoBaHme pa3noXmBLUKXCA
TPYAHOOOOraTUMbIX OKUCIIEHHBIX MUHEPANOB.
MpoBeaeHHbIe WCCNEeaoBaHNS TEPMMUYECKOro
Pa3NOXEHWs1 AaHHbIX TUNOB PYA U pesynbTathl
Mo COBMECTHOMY 0BXuWry mMoryT GbiTb NONE3Hb
npu paspaboTke TexHonoruM nepepaboTku
TpyAHOOB0raTMMbIX CBUHLOBO-LIMHKOBLIX Py4 C
BbICOKVM COAEPXaHNEM LIEHHBIX KOMMOHEHTOB.
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Effect of silicon oxide reduction operational aspects
on material and heat flow ratio in ore-thermal furnace
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Abstract: A study was carried out into the effect of the loading method and surface distribution of charges at the furnace
top on the parameters of carbon reduction of silica in submerged arc furnaces. In the study, the direct physical modelling
method was applied. The experiments were carried out under large-scale laboratory conditions using a 200 kVA single-
electrode furnace of the Zh. Abishev Chemical and Metallurgical Institute (Kazakhstan). An additional dynamic industrial
experiment was conducted in the 30 MVA furnace of Tau-Ken Temir LLP. In a large laboratory furnace, two smelting
campaigns were performed, each using different approaches to the treatment of the furnace top. In the first campaign, no
balancing in the energy and material flows of the system took place, resulting in forced slipping and an uncontrolled feed
rate of the charge. The second campaign, conversely, included the specified balancing measures. A similar study took
place over 3 days under industrial conditions. The following technological parameters were empirically determined: spe-
cific electricity consumption, furnace average active power and performance, as well as power per unit area of the fur-
nace hearth. The Fe, Al, Ca, Si material balance of the smelting was compiled. In order to assess the load balance, the
concept of charge excess in relation to charge demand at the current furnace power was used for the first time. This con-
cept value was determined as the ratio of number of batches actually loaded relative to the theoretically-calculated num-
ber ensuring the harmonisation of material and energy flows in the furnace. As a result of the research, an increase in the
interval between the furnace top treatments up to 30 min and maintenance of harmonisation between material and ther-
mal flows in the ore smelting furnace was established for increasing silicon extraction efficiency by 10-15%. In addition,
oscillations in the phase current were stabilised. The proposed balancing concept was established to support the rapid
elimination of crisis conditions in an industrial furnace.

Keywords: silicon metallurgy, technical silicon, thermal and material balances, electric current distribution, ore-thermal
furnace, charge loading
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306HuUH H.H., BaiicaHoe C.O. u dp. BnusiHue onepayuoHHbIX acleKkmoe npouecca 80CCMaHO8JIEHUS KPeMHUS ...

Pestome: Llenb — BnusiHme cnocoba oCyLLeCTBNEHNS TEXHOMOTUYECKMUX ONEpaLUi 3arpy3ku Coipbs Ha KOMOLIHWK NeYu 1
€ro pacnpefeneHve no NOBEPXHOCTWM Ha MoKa3aTenu npouecca BOCCTAHOBMEHUS KPEMHe3eMa YrrepojoMm B nedvax ¢
MOrPY>XEHHOW 3NEKTPUYECKO ayron. MpumeHsnu npsamoe usnyeckoe mogenmpoBaHue. KCNepUMEHTLI NPOBOAUNNCH B
KpynHonabopaTopHLIX YCIOBUAX Ha O4HO3NEKTPOAHON neun MowHocTbio 200 KB-A XUMUKO-METannypruyeckoro MHCTU-
TyTa um. XK. Abuwesa (KasaxcraH). Takxe Npou3BOAWUNM aKTUBHbIA MPOMbILISIEHHbIA 3KCMEPUMEHT B NEYM MOLLHOCTHIO
30 MB-A TOO «Tau-Ken Temir». B kpynHonabopaTopHo# neyn NpoBeAeHO ABe KaMNaHWW MiaBoK C pa3nnyHbIM NOAX0-
AoM k 06paboTke KonoLHuKa: B nepBblii nepuog — 6e3 cobniogeHus 6anaHca SHepreTMYeckoro U maTepuanbHoro noTo-
KOB B CUCTEME C MPUHYAWUTENBHOW OCAAKOW LUMXThl HEKOHTPONMUPYEMON MHTEHCMBHOCTBIO NOJAYM LKXThI, BO BTOPOM — C
obecneyeHneM ykaszaHHoro 6anaHca. AHanornyHas pabota npoBogunack B TedeHne 3 CyTOK B MPOMBILLIIEHHbIX YCOB U-
gX. Bblnu paccumtaHbl akTUYecku LOCTUrHyTble TEXHONOrMYECKMe MoKasaTenu: yOEnbHbIA Pacxod 3neKTpO3Hepruu,
CpefHss aKTMBHAs MOLLHOCTb W MPOM3BOAMTENBHOCTL MEeYn, MOWHOCTL Ha eauHuLy nnowaau noga neun. CocrasneH
maTepuanbHbii 6anaHc nnasku no Fe, Al, Ca, Si. Bnepsble ans oueHku cbanaHcnpoBaHHOCTH 3arpy3ku MCNob30Bani
MOHATWE M3BbLITKA LMXThI MO OTHOLIEHWIO K MOTPEOHOCTH B LUMXTE MPU TEKyLLEN MOLLHOCTM neyn. MpuHUmanu aTy Benu-
YMHY KaK OTHOLUEHME (hAKTMYECKW 3arpyXEHHbIX B NeYb HABECOK K TEOPETUYECKU PacCUMTaHHOMY KONMYECTBY HaBECOK,
obecneunBaroLLeMy rapMOHU3aLMI0 MaTepuanbHOrO U 3HEPreTMYeckoro NoTokoB B meuun. B mpouecce uccrnegoBaHum
ObINo JoKasaHo, YTO yBeNIMYEHNE HTepBana Mexay obpaboTkamm konowHuka o 30 MUH 1 JOCTUXKEHWE rapMOHM3aLIMK
Mexay MaTepuanbHbIM W TENMOBLIM MOTOKAaMM B PyAHO-TEPMUYECKOW NeYn NO3BOMSIOT YBESIMUYUTD U3BIIEYEHNE KPEMHUS
MUHUMYM Ha 10-15%. CTabunuaunpyloTcsa konebaHns asHoro Toka. YCTaHOBMEHO, YTO HA OCHOBE KOHLenuum 6anaHcu-
POBaHWst BO3MOXHO B KpaTkue CPOKW BbIBECTY MPOMBILLIIEHHYIO NEYb N3 CIOXHbIX KPU3UCHBIX COCTOSIHUN.

Knioueenle cnoea: meTannyprus KpeMHUs, TEXHUYECKUIA KpeMHUIA, TENMNOBOIA 1 MaTepuanbHbIi GanaHckl, pacnpeaene-
HWe 3NIEKTPUYECKOro TOKa, PyAHO-TEPMUYECKas Neyb, 3arpy3ka LWnXThb

BnazodapHocmu: ABTOpbI Bbicka3biBatoT rnybokyto 6naropgapHoctb pykoBoactsy AO «HIK «Tau-Ken Samruky», koTo-
pas siBnsieTca matepuHckoi komnanuein TOO «Tau-Ken Temir»: rmaBHOMY AMpeKTOpy no pa3sutuio 6usHeca AO «HIK
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1. INTRODUCTION

The production of silicon is based on
carbon thermal reduction of silica-containing
raw materials in an ore smelting furnace. This
development of this branch of metallurgy pro-
ceeds in the directions of expanding the silica-
containing raw material base and carbon re-
ducing agents, as well as solving various envi-
ronmental problems associated with silicon
production® [1-14]. Thus, despite positive re-
sults achieved in terms of technological pa-
rameters, the problem of improving parame-
ters for commercial silicon production remains
highly relevant [15-17]. However, smelting
parameters are often affected by instability
associated with the electrical mode of the ore

smelting furnace (OSF). In industrial settings,
both single- and three-phase ore smelting fur-
naces are utilised. Here, a key role in the
smelting process is played by the magnitude
of the current flowing through each electrode.
At the same time, temporal changes in current
magnitude also appear to be of great im-
portance. An example of a phase current dia-
gram under conditions of silicon production at
the FESIL RANA Metall AS company (Nor-
way) is shown in Fig. 1 [16]. As can be seen
from the figure, the arc repeatedly jumps onto
the cavity wall, about 30 cm up the lateral sur-
face of the electrode, and then gradually de-
scends again after a period of about half an
hour ending the full charge “accumulation-
collapse” cycle having 60 min duration.
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Fig. 1. Example of an electric arc phase current diagram
Puc. 1. lpumep anekmpuyeckoll dyau

Although under ideal silicon smelting
conditions, a constant phase current should be
ensured, in practice, this is unachievable,
since changes in current strength are deter-
mined by the various technological operations.
Among the most important of these are charge
loading and OSF top treatment.

The charging of furnaces is carried out
in a cyclic manner. At the first stage, fresh raw
material is loaded in the top without move-
ment. Next, heating proceeds with the remov-
ing of moisture and volatiles. In this case, a
fresh charge is supported by a layer of raw
material sintered into the monolith. This mono-
lith forms the cover of the gas cavity (Fig. 2).
At the bottom of the cavity, thermally-prepared
materials are localised, having fallen there
during the previous smelting period, referred
to in terms of “accumulation”. At the bottom of
the cavity, reduction processes occur with the
formation and accumulation of liquid silicon.
During this period, the volume of the cavity
increases. The electric arc moves from the
side of the electrode down to the end part. The
majority of the current flows not through the
solid wall of the cavity, but rather through the
liquid melt. The electrical resistance of the
melting bath decreases, leading to a gradual
increase in current from the minimum to the
maximum value (see Fig. 1). At the end of the
accumulation, the partially-melted sintered
layer flows down under the fresh charge. Dur-
ing this time, the fresh charge has already
been heated up and is losing moisture and

volatiles due to evaporation. The thickness of
the sintered layer in the upper part of the cavi-
ty then decreases, followed by a new portion
of the charge falling into the cavity under its
own weight. This period is referred to as
“charge collapse”.

The new portion of raw materials ac-
cumulating at the bottom of the cavity cools
the melt, thereby reducing its electrical con-
ductivity. The strength of the arc current in the
end part of the electrode (“end current”) is re-
duced and a current redistribution appears in
the increase direction of the side arc current
(“side current”). A gradual decrease in the cur-
rent is observed due to an increase in the
electrical resistance of the smelting bath. As
can be seen from the diagram presented in
Fig. 1, the periods of accumulation and col-
lapse, involving the possible appearance of
anomalies, last about 30 minutes. Thus, fol-
lowing the end of the collapse period, at about
10:15, a period of sharp increase in current
strength is observed for 5 min (see Fig. 1).
Such sharp fluctuations are undesirable, re-
sulting in a violation of the OSF cyclic opera-
tion, increased energy consumption and re-
duced extraction of silicon (Xs;). Several pos-
sible explanations for such fluctuations can be
provided. Some malfunctions in furnace op-
erations can be attributed to operator error
when loading raw materials into the furnace
using a special machine for their surface dis-
tribution (Fig. 3).

'Katkov OM. Smelting of commercial silicon: textbook. Irkutsk: ISTU Publishing House, 1999. 243 p. / KaTkos O.M. Bbi-
nraBKa TEXHUYECKOTO KpeMHust: yueb. nocob. WpkyTck: M3g-so UplTY, 1999. 243 c.
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Fig. 2. Schematic representation of the area around one electrode
(based on the drawings of Schei, Tveit and Tuset [15])
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Fig. 3. Surface distribution of raw materials in the furnace: a — correct operation; b —incorrect operation
Puc. 3. PacnpedenieHue Cbipbsi Ha MO8EePXHOCMU feYyu: a — npasusibHoe eedeHue onepayul,
b — HenpaeunbHoe sedeHue onepayuli

If the operator inserts the working
mechanism too deeply into the OSF, wall de-
struction occurs in the silicon carbide-
containing cavity where low electrical re-
sistance is present. When SiC falls to the bot-
tom of the cavity, the current increases rapidly
due to the low electrical resistance of silicon
carbide. A similar carbide effect on the distri-
bution of current (lateral and end) is described
in detail in the literature [18, 19]. This repre-
sents a negative factor: the mechanism of the
process changes, carbide in the normal state
acts as a collector of gaseous silicon monox-
ide and reaction (1) proceeds. In the case of
silicon carbide entering the bottom of the cavi-
ty, reaction (2) occurs [2]. When the silicon

carbide in the wall of the cavity is consumed,
silicon monoxide is carried out by the exhaust
gases from the furnace, resulting in decreased
silicon extraction:

SICs + SO, = 2Si| + COy, (1)
2SiCs + SiOy = 3Si| + 2CO. 2)

In addition, if insufficient time is provid-
ed for heating the charge in the upper part of
the furnace, it enters the cavity too early. As a
result of this, the temperature at the bottom of
the cavity decreases. The cold charge then
mixes with liquid products, giving rise to a high
viscosity magmatic “swamp” formed at the bot-
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tom of the cavity. During the tapping of liquid
silicon, this magma closes the tap hole and
prevents liquid silicon from flowing freely. In
such cases, high-viscosity magma has to be
extracted through the tap hole using manual
devices (Fig. 4 contains a sample of such ma-
terial extracted through the tap hole of the
OSF).

The magmatic mixture has the form of
cylinders with a diameter of 100-150 mm and
a length of 3-4 m with characteristic trans-
verse notches from the hand tool.

In cases where OSF operators lack
adequate training, the number of above-
described smelting violations increases. In try-
ing to speed up the process, such a poorly-
trained operator typically loosens the raw ma-
terials in the upper part of the furnace when
loading the charge by immersing the working
device of the processing machine deep in the
charge. As a result, the current diagram ac-
quires the form shown in Fig. 5 (this diagram
was obtained under the production conditions
of Tau-Ken Temir LLP). At this enterprise, the
furnaces are installed according to the de-
scription provided in a previous work [20]. As
can be seen from Fig. 5, the phase current is
very unstable. These effects are partially ex-
plained in terms of phase transformations of
quartz into its modification, cristobalite, and
the physical processes of softening and melt-
ing of quartz [21, 22]. From the standpoint of
physical modelling, the cyclical nature of the
side and end current distribution is described
by the authors of [19]. However, is also nec-
essary to establish a connection between the
process model and the practical implementa-

tion of technological operations.

Intensive loosening of the charge leads
to an imbalance between material and thermal
flows in the furnace. Observing the reduction
in the volume of the cavity, a poorly-trained
operator may wrongly conclude that the next
portion of the charge should be fed into the
furnace. Thus, the actions of the operator are
based on a subjective assessment of the OSF
loading requirement, but the quantity of charge
introduced into the furnace is not provided with
sufficient energy. The importance of accurate
exergetic balancing is discussed by the au-
thors in [23]. However, this technique must
also be coordinated closely with the order of
the operator actions, with raw materials loaded
per unit of time in accordance with the con-
sumption of electricity for the same previous
period. With insufficient energy, the reaction
remains incomplete, stopping at the stage of
SiO formation. This partially explains the in-
creased formation of silica fume under the con-
ditions of Tau-Ken Temir LLP equal to 1 t/t Si.

It is important that the tapping of liquid
silicon be accomplished following 1-2 cycles
of “accumulation - collapse’, i.e. at the end of
accumulation under maximum phase current
strength and not at an arbitrary moment. If the
tapping of silicon is carried out during the col-
lapse period, the mixture falling to the bottom
of the cavity will impede the tapping.

However, since there are differences of
opinion among experts in the field concerning
the above-described approach to OFS charg-
ing, the present study is devoted to demon-
strating the correctness of the concept.

Fig. 4. Magmatic mixture of fused silica and slag with various content of residual
silicon oxide and reduced silicon
Puc. 4. Maezmamuyeckasi cMeCb M71agJ1eH020 Keapuya, wiiaka ¢ pa3nuyHbiM codepaHueM Hepasnoxueueaocs
oKcuda KpeMHUSs1 U 80CCMaHOB/IEHHO20 KPeMHUS!
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Fig. 5. An example of the phase current diagram under conditions of incorrect technological operations
at Tau-Ken Temir LLP with an “accumulation — collapse” cycle time of 15-20 min
Puc. 5. [lpumep duazpaMMbl ha3HO20 MOKa 8 yCr108USIX HENPaeUIbHO20 8e0eHUSI MeXHOJI02UYeCKUX
onepauyuti TOO «Tau-Ken Temir» ¢ npodosmkumensHOCMbIO UUKa
«HakonneHue — o6ean wuxmsi» 15-20 MuH

2. MATERIALS AND METHODS

At the initial stage, the study of the
charge loading operation was carried out in a
200-kVA electric arc furnace located in the
laboratory of the Zh. Abishev Chemical and
Metallurgical Institute (Karaganda, Kazakh-
stan). The main silica-containing raw material
used for the study was quartz obtained from
the Sarykul deposit. The chemical and granu-
lometric composition of raw materials and car-

bonaceous reducing agents are presented
in [20].

The study was carried out in a two-
electrode electric furnace with one electrode
coked in the hearth with a bottom mass (Fig.
6), that is, the electric furnace has a structure
similar to an Mige type electric furnace (Ja-
pan). The transformer was powered by a volt-
age of 380 V. The electric furnace was pow-
ered from two OSU-100/0.5 single phase dry
type transformers connected in parallel.

Fig. 6. The structure of the melting bath of the furnace with a 200 kVA transformer: 1 — electrodes;
2 —initial charge; 3 — softened charge zone; 4 —transition zone;
5-wall lining; 6 — melt and silicon, carbide crust
Puc. 6. CmpoeHue eaHHbI pyOHO-mepMuyeckoli neyu ¢ mpaHcghopmamopom MoujHocmbio 200 kB-A:
1 - anekmpodbl; 2 - ucxodHas wuxma; 3 — 30Ha pa3Msi24eHHOU Wwuxmel; 4 — nepexodHas 30Ha;
5 — npucmeHHbIl 2apHucax; 6 — pacniae u KpeMHul, kapbudHasi HaCMbislb
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The arc discharge temperature of
2500-4500°C was provided by a graphite
electrode having a diameter of 150 mm. The
furnace is lined with fireclay bricks and the
round furnace bath is 40 cm in diameter. The
distance from the electrode to the tap hole
block and the rear wall of the furnace com-
prises 21-22 and 29-30 cm, respectively. The
bath depth is equal to 40 cm. Up to the fur-
nace tap hole level, the hearth is sintered of
the electrode mass coked for 12 hours under
current with periodic shutdown of the furnace.
The electrode is moved manually. The furnace
is equipped with an electric meter connected
via a 400/5 current transformer (with a ratio of
80). Additional devices are used for measuring
secondary and primary currents, as well as
secondary voltage. On the low-voltage side,
the variation limits of current and voltage com-
prise the value of 0-4000 A and 0-50 V, re-
spectively. Silicon is drained through a tap hole
closed and opened by a wooden pole. The
possibility of a stepwise change in the second-
ary voltage was also considered, since the fur-
nace transformer has four voltage levels of
18.4, 24.5, 36.8 and 49.0 V. The voltage reduc-
tion in the furnace operation was about 4-8 V,
depending on the voltage stage (a larger volt-
age drop was recorded at high stages).

The main electrical parameters of the
ore smelting electric arc furnace with a 200-
kVA transformer are given in Table 1.

3. RESULTS OF THE LARGE-SCALE
LABORATORY STUDY

Prior to the start of study, work was car-
ried out to prepare the OSF for electric smelt-
ing. The electric furnace was heated for 12
hours on a coke bed in order to conduct electric
current and maintain hearth integrity. Following
heating, the electric furnace was completely
cleaned of the coke bed remnants. The electric
heating mode period involved a secondary
voltage value of 24.6 V and current strength

from the high side equal to 150-200 A.

The start of the furnace for heating
took place on 2 December, 2017 at 20:00 fol-
lowed by charging on 3 December, 2017 at
08:30. The following electrical parameters of
the smelting were maintained: nominal sec-
ondary voltage of 36 V (32 V given the voltage
drop) and current strength of 2500 A. For the
formation of the lining, the first two heavy
charges composed of coal, charcoal and
quartz in quantities of 4.2, 2.3 and 20 kg, re-
spectively, were loaded in the absence of a
reducing agent. The lack of reductant from
stoichiometry comprised 56%. These charges
were loaded until 12:00 on 3 December. Next,
the loading of the standard charge was com-
menced. The standard charge composition
included coal, charcoal, special coke®, wood
chips and quartz in quantities of 8.3, 4.7, 1.2,
3 and 20 kg, respectively. The excess reduc-
ing agent was 3.3%. For more precise control
over the process, the charge volume was
halved to 10 kg in terms of quartz content
starting from the second charge. Loading of
the standard charge was carried out until
19:00 on 3 December. At the same time, there
was an increase in the characteristics of the
furnace operation in the absence of a reducing
agent, i.e. intense gas emission from the tap
hole, deep electrode landing, sintering of the
top and unstable current load. In order to solve
this problem, the composition of the charge
with an excess of carbon was established con-
taining coal, charcoal, special coke, wood
chips and quartz in amount of 3.8, 0.6, 1.5 and
10 kg, respectively. The excess reducing
agent comprised 42%. The top was raised to
the upper level by 01:00 on 4 December. The
charge mass of 246.2 kg was spent to fill the
melting bath. The process was conducted with
such a composition of the charge until 09:00,
December 4. By 03:00, 4 December, the first
tapping of silicon took place, with subsequent
tapping carried out every 2 hours. From this
moment, the excess of reducing agent was

“Ulieva GA. The study of the physical-chemical properties for special types of coke and its application for smelting high-
silicon alloys: Abstract. Cand. Thesis: 05.16.02. Yekaterinburg, 2013. 151 p. / YneeBa I.A. WccnepoBanue guanko-
XUMUYECKUX CBOWCTB CMEeLManbHbIX BWOOB KOKCA W €ro MpUMeHeHWe Ans BbiNfaBKM BbICOKOKPEMHWUCTLIX CMIaBoOB:

OWC. ... KaHg. TexH. Hayk: 05.16.02. Ekatepunbypr, 2013. 151 c.

450

BECTHUK UPKYTCKOIO rOCYAAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2020;24(2):444-459
e

ISSN 1814-3520

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2020;24(2):444-459




Zobnin N.N., Baisanov S.O. et al. Effect of silicon oxide reduction operational aspects on material and heat ...

306HuUH H.H., BaiicaHoe C.O. u dp. BnusiHue onepayuoHHbIX acleKkmoe npouecca 80CCMaHO8JIEHUS KPeMHUS ...

Table 1
OSU-100/0.5x2 transformer rating for a furnace with a total power of 200 kVA
Tabnuua 1
HomuHanbHbIe anekmpu4ecKkue xapakmepucmuKku mpaHcgopMmamopa
0CY-100/0,5x2 Ha ne4u obuweli moujHocmbio 200 kB-A
High voltage side Low voltage side
Power, kVA : :
Outputs | U,V | I, A | Connections | Outputs | U,V [, A | Connections
200 AX 380 | 526 X-a, X-a X3-a 49.0 | 4070 -
150 AX 380 395 X-a, Xo-a X3-a 36.8 | 4070 az-Xy
100 AX 380 263 a-X1 X3-a 24.5 4070 X1-ao
75 AX 380 | 197.6 a-Xo X3-a 18.4 | 4070 ay-Xo

optimised at the level of 15-25% creating the
conditions for the commencement of the
study. The countdown for the amount of ac-
cumulated silicon and the charge used for its
production was started from the moment of the
second tapping.

The effect of charge loading operations

on smelting process parameters was studied
over the course of large-scale laboratory tests.
The time between the technological operations
of top processing and the intensity of their per-
formance was alternated with silicon extraction
monitoring. The study was carried out in two
stages. At the first stage, smelting was carried
out for 14 hours in the mode of continuous top
processing, with new portions of the charge
being supplied with minor interruptions in this
process. The cavities were intentionally
pierced and a fresh mixture loaded into the
thus-formed voids (this represents the process
under the conditions of Tau-Ken Temir LLP).
After analysing the intermediate results, the
second mode was implemented with pauses
between top treatments equal to 30 minutes.
In this case, only natural changes in the struc-
ture of the cavity occurred. The duration of the
second stage comprised 65.5 hours.
Following completion of the large-scale labora-
tory tests, experiments were carried out under
semi-industrial conditions of Tau-Ken Temir
LLP enterprise using the previously-used
equipment as described in [20].

4. RESULTS OF INDUSTRIAL TESTS

The methodology for achieving the
balance of material and thermal flows in indus-

trial OSF of the Tau-Ken Temir LLP was
adopted as follows. For example, the amount
of electricity consumed by the furnace over the
past period, e.g. consumed power for 1 hour,
was determined from the control devices.
Consumption for 1 h was equal to 19.5 MW of
active power. Hence, the consumption of raw
materials per elemental silicon is 19.5/12.5 =
1.56 t/h. Here, 12.5 MWHh/t is the generally ac-
cepted energy consumption per 1 tonne of
commercial silicon according to published data
[15-17]. Equivalent to silicon dioxide, this val-
ue comprises 1.56-60/28 = 3.3428 t/h. At Tau-
Ken Temir LLP, it is customary for the charge
consumption to be recorded in batches. A
batch consists of a charge portion of a certain
composition having a typical batch weight of
1100-1200 kg. The amount of quartz in the
batch is always fixed and equal to 600 kg (0.6
t). Therefore, the number of batches is
3.3428/0.6 = 5.57 batches/h. In weight terms,
this comprises 5.57 - 1.15 = 6.4 tonnes of
charge/h.

The existing control system provides
no direct accounting the amount of charge
loaded for a certain period of time. Therefore,
to account for and maintain a fixed charge
feed rate, the following method was applied.
The charge was loaded approximately 2 times
per hour for implementing the cycle according
to Fig. 1. Hence, 6.4/2 = 3.2 tonnes of charge
must be placed in the furnace in one load. The
charge is fed evenly from six furnace bunkers
with 3.2/6 = 0.53 tonnes of charge each. The
furnace bunker charge control has the discrete
property of a fixed amount of charge being
provided with a single press of the control but-
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ton. For our purposes, this is = 0.25 t. In each
particular case, this value must be determined
empirically. Therefore, when feeding the
charge from each bunker, the button should
be pressed by operator no more than
0.53/0.25 = 2 times. The amount of charge
can be increased by =20%, corresponding
with achievable silicon extraction of 80%.
Here, the human factor appears to be key: the
operator should not feed the OSF with more
charge than calculated even if this amount
subjectively seems insufficient. The operator's
skill consists in distributing the calculated
amount of the charge so as to evenly cover
the entire top and prevent the development of
local gas emissions, i.e. so-called “blowholes”.
The technologist must monitor the consumed
power hourly and adjust the amount of charge
fed when the active power consumption
changes.

In practice, it was not always possible
to maintain a 30-minute pause between the
top treatments. In addition, the treatment is
carried out at different speeds by different op-
erators. In this regard, under industrial condi-
tions, the parameter of I intensity of furnace
top processing in time was used. By this defi-
nition, the ratio refers to the time spent on top
treatment to the total time of treatment and
pauses between treatments (this parameter
was evaluated every hour during operation).

Unfortunately, it was not always possi-

ble to convey an understanding of the bal-
anced charge loading to each operator. Here,
the lack of operator experience was the main
adverse factor. In this regard, over a certain
period of time, a charge was loaded into the
furnace in various quantities, both upward and
downward. In order to assess the load bal-
ance, the concept of charge excess (CE) in
relation to the required charge at the current
furnace power was used. This value is taken
as the ratio of the actually charged batches to
their theoretically calculated number. The ratio
was also calculated every hour with Xg; esti-
mated by the weight of solid commercial sili-
con after refining.

5. RESULTS AND DISCUSSION

The consumption of raw materials and
the yield of silicon, obtained as a result of the
study for a 200-kVA furnace, are presented in
Table 2.

As can be seen from the results pre-
sented in Table 2, the change in top-treatment
and charge-feeding modes significantly re-
duced the consumption rate of raw materials.
Thus, the consumption of quartz comprised
2,7 tit Si approached the values characteristic
for the production of silicon in Norway, i.e. 2,5
t/t. The magnitude of the phase current was
significantly stabilised, with a large and con-
stant cavity volume and freely tapped silicon.

Table 2

The amount of consumed charge and obtained silicon during experiments
in a 200-kVA furnace

Tabnuua 2

Konu4ecmeo uspacxodoeaHHOU wuxmabl Mosy4eHHO20 KPpeMHUsl 8 xode Onbimoe
Ha neyu MmowHocmbio 200 KB-A

Charge composition
Smelting campaign Hard coal | Charcoal | Quartz Sggli:éal Wood chips| Silicon, kg
: Consumed per
Sligsé stage, kg 45 90 13 5 28
d Consumption rate, t/t| 1.61 1.25 3.21 0.18 0.46
Consumed per
Ssetgor(;d stage, kg 134 128 340 8 46 196
J Consumption rate, t/t| 1.06 1.02 2.70 0.06 0.37
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In addition, the most important techno-
logical parameters were calculated as follows:
Xsi —amount of electricity consumed per stage
(consumed power); W; — silicon specific con-
sumption of electricity; average active power
of the furnace; G — furnace performance; and
W; — power per unit area of the furnace
hearth. The above parameters are presented
in Table 3. As can be seen from the Table 3,
due to a change in the method of charge load-
ing in the reduction process, Xsg; is significantly
increased, yet no rise in power and perfor-
mance was established. This is possibly due
to the small number of experiments; in the
case of a larger number, other positive chang-
es can be expected.

The calculation of silicon-, iron-, alu-
minium- and calcium- extraction from charge
materials into commercial silicon with other
elements is presented in Tables 5 and 6 as

the balance of reduction smelting process in
the first and second stages of study. In Table
4, the calculated amount of the above ele-
ments transferred into a commercial silicon
product at the first stage of the study is pro-
vided. These data were used in calculating the
material balance. As can be seen from the re-
sults, the Xg; value is justified and takes the
amount of technical silicon obtained in each
tapping into account along with its chemical
composition. The reliability of the results is
also confirmed by the coincidence of the pro-
cess balance in relation to the amount of iron
completely transferred to silicon melt, accord-
ing to the published data [24]. This statement
Is confirmed by conducted experiments. Alt-
hough an uncertainty is observed regarding
the extraction of aluminium and calcium, alu-
minium extraction was 78 and 46% in the first
and second stages, respectively, yet the Xg;is

Table 3

The main technological parameters of the commercial silicon smelting during the study

Tabnuua 3

OcHOBHble mexHo/02uYyecKue nokazamesiu npu ebinjaagke MexHU4YecKo20 KpeMHUsl
8 xo0e npoeedeHust ucciedosaHull

Stage |Consumed power, kWh| Active power, KW | W, kWh/kg | Xs.% | G, kg/h | Ws, kW/m?

First 1096 78.2 39.14 63.62 2.00 622.6
Second 5112 78.0 40.50 78.07 1.92 621.0
Table 4

Calculation of iron, aluminium and calcium amounts transferred
to commercial silicon during smelting

Tabnuya 4
Pacyem konuyecmea xene3sa, alllOMUHUSI, Kanbyusi, nepeweowux
8 mexHu4ecKkull KpeMHUl npu niaeke
, Mass of Chemical composition
Taﬁlpmg commercial Fe Al Ca Si
© | siiconkg [ % | kg | % | kg | % | kg | % | kg
1 2.2 3.03 | 0.066 | 3.99 | 0.087 | 0.12 | 0.002 | 92.36 | 2.031
2 4.3 2.4 0.103 | 3.66 | 0.157 | 0.21 | 0.009 | 93.28 | 4.011
3 2.2 2.57 | 0.056 3.8 0.083 | 0.23 | 0.005 | 92.96 | 2.045
4 0.8 2.67 | 0.021 | 2.97 | 0.023 0.2 0.001 | 93.68 | 0.749
5 3.0 2.77 | 0.083 | 248 | 0.074 | 0.16 | 0.004 | 94.27 | 2.828
6 4.7 2.7 0.126 | 3.21 | 0.150 | 0.26 | 0.012 | 93.49 | 4.394
7 6.0 2.17 | 0.130 3.6 0.216 0.3 0.018 | 93.61 | 5.616
8 4.9 1.1 0.121 | 393 | 0.192 | 0.31 | 0.015 | 929 | 4552
Total 28.0 - 0.709 - 0.986 - 0.068 - 26.228
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Table 5
Iron, aluminium, calcium and silicon balance of the reduction smelting
(first stage of study)
Tabnuua 5

BanaHc npoyecca eoccmaHosumesnbHOU NnagKu Mo xesnesy, alloMUHUI0, Kanbyuro
U KpeMHUro (nepebiti aman ucciedosaHuli)

Consumption Charge mass, Fe Al Ca Si
kg % kg % kg % kg % kg
Quartz 90 0.65 | 059 | 1.14 | 1.03 | 0.50 | 0.45 | 44.88 | 40,39
Hard coal 45 0.19 | 0.09 | 044 | 020 | 0.16 | 0.07 | 1.71 | 0.77
Charcoal 35.1 0.22 | 0.08 | 0.04 | 0.01 | 0.73 | 0.25 | 0.10 | 0.04
Special coke 5.4 0.17 | 0.01 | 0.38 | 0.02 | 0.17 | 0.01 | 0.52 | 0.03
Total 0.76 1.26 0.79 41.22
Yield Fe Al Ca Si
kg X*Fe,% kg Xa,% kg XCaa% kg XSi;%
Silicon 0.71 | 93.86 | 0.99 | 78.09 | 0.07 | 8.71 | 26.23 | 63.62
* extraction of the corresponding elements
shown to increase. The extraction of alumini- hough this is slightly lower than the generally
um at the first stage is close to the literature accepted value (40-70%), this discrepancy
data of 85%. Possibly, the deviation at the se- can be explained in terms of the minimisation
cond stage is explained by fluctuations in the of excess carbon in the mixture with respect to
chemical composition of quartz raw material. stoichiometry.
This usually occurs due to a change in the In general, the adequacy of the results
fraction of Al,O3 in the form of inclusions and is confirmed by the extraction of silicon at the
clay impurities entering the OSF. In order to first stage of the study coinciding with the re-
identify the causes of this contradiction, longer sults obtained at Tau-Ken Temir LLP under
studies are required. Calcium extraction is at a the same conditions of technological opera-
relatively low but stable level of 8-13%. Alt- tion.
Table 6

Iron, aluminium, calcium and silicon balance of the reduction smelting
(second stage of study)
Tabnuua 6
BanaHc npoyecca eoccmaHogumersibHOU niaaeKu Mo Xxese3y, aloMUHUIO, Kanbyuro
U KpeMHur (emopoli aman uccsedosaHuli)

. Charge Fe Al Ca Si
Consumption
mass, kg | % kg % kg % kg % kg
Quartz 340.3 0.70 | 2.38 1.14 3.89 0.50 1.70 | 44.85 | 152.61
Hard coal 134.3 0.19 | 0.26 0.44 0.60 0.16 0.22 1.71 2.29
Charcoal 8.1 0.22 | 0.02 0.04 0.00 0.73 0.06 0.10 0.01
Special coke 18.7 0.17 | 0.03 0.38 0.07 0.17 0.03 0.52 0.10
Total 2.69 4.56 2.01 155.01
_ Fe Al Ca Si
Yield
kg XFe;% kg XA|1% kg xCal% kg XSH%
Silicon 2.67 | 99.28 | 2.14 | 46.86 | 0.28 | 13.94 | 121.01| 78.07
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Based on the results of the large-scale
laboratory studies, new approaches for the
implementation of the reduction smelting pro-
cess were evaluated. The results of studies
conducted under industrial conditions of Tau-
Ken Temir LLP are as presented in Tables 7
and 8. As can be seen from the results of 26
December, 2017, the applied charging mode
was characterised by significant instability.

With a charge excess was 70-90%, the cavi-
ties were small and the furnace could not gain
full power due to the regular collapses of the
thermally-unprepared charge to the bottom of
the cavity. As a result, a severe violation of
technology and poor process performance
was observed. The tapping of silicon was
greatly hampered by abundant slag clumps
(see Fig. 4). Over the next two days (8 hours

Table 7
Parameters of the reduction smelting process in conditions of Tau-Ken Temir LLP
Tabnuua 7
lMapamempsbi npoyecca eoccmaHogumesnibHOU n1asKu 8 ycrioeusix
TOO «Tau-Ken Temir»
Time, h Number of charge batches Consumed power, MWh Iy, % CE,%
per hour
26 December, 2017
8:48 5.8376 17.7 37 15.4
9:48 3.976 18.1 38 -23.1
10:48 8.964 18.3 38 714
11:48 4.074 18.6 43 -23.3
12:48 3.2812 16.1 45 -28.7
13:48 5.951 17.2 49 21.1
14:48 10.104 18 50 96.5
15:48 6.8052 19.2 57 24.1
16:48 6.869 19.7 54 22.0
27 December, 2017
8:20 7.629 19.8 50 34.9
9:20 6.169 18.1 37 19.3
10:20 5.822 18.7 37 9.0
11:20 6.337 19.7 36.2 12.6
12:20 5.9563 19.7 42 5.8
13:20 6.9817 19.8 42 23.4
14:20 6.4561 19.6 30.7 15.3
15:20 6.342 19.6 28.6 13.3
16:20 6.62 19.7 56.8 17.6
28 December, 2017
8:50 6.479 19.55 51.6 16.0
9:50 7.734 19.45 60.5 39.2
10:50 5.2443 20 43.4 -8.2
11:50 6.726 18.9 53.5 24.6
12:50 6.9222 16.8 43.7 44.2
13:50 4.6155 19.8 60 -18.4
14:50 7.8447 19.9 60 38.0
15:50 5.6397 19.8 41 -0.3
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Table 8
Comparative analysis of various options for conducting the reduction smelting
in conditions of Tau-Ken Temir LLP
Tabnuuya 8
CpasHumenbHbIl aHanu3 pa3iuYHbIX apuaHmMoe eedeHus npoyecca eo0ccmaHogumesibHoU
nnaeku e ycnosusix TOO «Tau-Ken Temiry

Consumption
T b The amount of Consumed
Date Ofcr;:j;‘ eer Ouartz, t commercial silicon, oower, MWh W;, kWh/kg | Xsi,%
batches,gpcs | g |
55.862 * 0.6 = 162.9/6.24
* Dzegign "eh| 55,862 33.5172 6240 162.9 61 | 39.89
27 December, 58.3131*0.6 174.716.24
2017 58,313 = 34.987 11140 174.7 -1568 | 6822
28 December, 51.2054 * 0.6 154.2/10.62
2017 51,2054 =30.7232 10620 154.2 =14.52 74.07

per day), an excess of charge was maintained
in the range of 10-40%. Initially, the charge
level in the OSF decreased significantly, but
later the cavity acquired a stable skeleton, the
top became more rigid and less loose, the
charge level returned to normal and the
charge went into the reaction zone inde-
pendently without forced treatment. Within 2
days, the furnace was removed from the state
of crisis.

6. CONCLUSION

On the basis of our studies, the effect
of technological operation mode on the Si re-
duction parameters in an ore smelting furnace
can be considered as having been demon-
strated. Increases in silicon extraction of at
least 10-15% were achieved by means of ex-

tending the interval between furnace top
treatments to 30 min and achieving a balance
between material and thermal flows in the fur-
nace. By this means, oscillations in the phase
current were stabilised. By maintaining the
correct balance, it is possible to quickly rescue
an industrial furnace from complex crisis con-
ditions. However, further studies are required
for solving the issue of coordinating the top
treatment and the tapping of silicon. The fur-
ther implementation of smelting method with
liquid silicon tapped at the end moment of its
accumulation at maximum phase current
strength appears to be promising. The authors
considering all options for collaboration aimed
at a further practical implementation of new
operational aspects in the production of com-
mercial silicon.
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TepMOAMHaMM‘-IeCKVIe 3aKOHOMEPHOCTU rMAPOXUMUYECKOro
OoKucneHus Cyﬂb(bVIIJ,HbIX MUHepanoB UBETHbLIX MeTannoB
B a30THOKUCJIbIX Cpeaax
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Ypanbckuli oedepanbHbil yHUgepcumem um. nepeozo lpesudeHma Poccuu b.H. Enbyuna, 2. EkamepuHbype, Poccus

Pestome: Llenb paboTbl — nccnegoBaTb HEKOTOPbIE (U3UKO-XUMUYECKME 3aKOHOMEPHOCTW MMAPOXUMUYECKOro OKUCne-
HUA CyNb(UAHBIX MUHEPanoB LBETHLIX METan/oB B a30THOKUCMLIX cpedax Ans YCTaHOBNEHWUs TEPMOAWMHAMWUYECKON
BEPOATHOCTM NPOTEKAHUS TEX UIN WHbIX B3aUMOAENCTBUIA 1 onpedeneHus Hanbonee BbIroAHbLIX YCNOBUI BeAeHWUs npo-
LIECCOB B 3afiaHHbIX pexxumax. [Ansi OLEeHKM BO3MOXHOCTY MPOTEKaHUSA TEX UMM UHbIX PeakKuuii MeXay asoTHOW KUCIOTOMN
¥ OCHOBHbIMU MUHEpanamu, NpUCyTCTBYIOWMUMA B CyNbMUOHOM Cbipbe LBETHbIX METANIIOB, PACCYUTaHbl 3HAYEHUS U3-
MeHeHUIn aHeprum Mmb6ca n norapudmbl KOHCTAHT PAaBHOBECKS PeakUMi NpK pasnuYHbIX TemnepaTypax npouecca. Ans
HarnsigHoOro 0TobpaxeHUs TePMOLMHAMUYECKM YCTONYMBBLIX COEAUHEHNIA MPU U3MEHEHUN OKUCNUTENBHBLIX YCITIOBUIA U3Y-
YaeMbIX reTeporeHHbIX CUCTEM NMOCTPOeHbl Anarpammebl [yp6a Eh-pH. [ng Hanbonee TOYHOro MporHo3a nonyyveHus He-
00X0aUMbIX MPOAYKTOB B3aMMOZEWCTBUS a30THOM KUCMOTbl W UCCredyeMblX CyNb(UOHbIX MUHEPAnoB NpPOU3BeLEHb
pacyeTbl paBHOBECHOrO pacrnpeeneHns KOMNOHEHTOB M3yYaeMblX CUCTEM AN XWAKOW 1 TBepaon das. Bece Tepmoau-
Hamu4yeckvne pacyeTsl nposogunu B nporpamme «HSC Chemistry» (®uHnsHams). B pesynbtate pacyeToB U3MEHEHMS
3Hepruu Mmbbca u norapudMoB KOHCTaHT PaBHOBECUS peakLMii B3aUMOLENCTBUS CyNbGUAHLIX MUHEPANIOB C a30THOM
KUCIOTOW yCTaHOBIIeHa JOCTaToOYHO Gorbluas TepMoaMHaMuyeckas BEPOSTHOCTb UX NPOTEKaHUs ¢ 0bpa3oBaHWEM UC-
KOMbIX coeauHeHuin. MocTpoeHnem guarpamm [lyp63 ycTaHOBNEHbI YCMOBWSI MPOTEKAHWS TEX UMM WHbIX B3auMOAe -
CTBUM M CTabUNbHOTO COCTOSIHUS OBHapyxuBaeMblX NPOAYKTOB B LUMPOKWX AManasoHax 3HayYeHWi noTeHumanos u pH
paccMaTpUBAEMBbIX reTEPOreHHbIX cucTeM. MNpoBeaeHHbIE pacyeTsl PABHOBECHOTO pacnpefesieHnst KOMMOHEHTOB U3y4a-
€MbIX CUCTEM Aanu BO3MOXHOCTb NOATBEPAUTH pPesynbTaThl TEPMOAMHAMUYECKUX PAcyeToB U MPUBSA3aTb UX K pearnb-
HbIM TMOPOXMMUYECKMM YCMOBUSM a30THOKMCIIOTHOTO BbILENAYMBAHMS MO Pacxoay KUCMOTbl AN MONYYEHNs MCKOMbIX
NpOAYKTOB. BbINONHEHHbIE UCCnefoBaHUs NO3BONSAT CYyAUTb O XOA4E NMPOTEKAKOLMX peakuuid 1 obpasoBaHUM Tex unu
MHbIX NPOAYKTOB NPV B3aMMOAENCTBUM OCHOBHBIX KOMMOHEHTOB Chipbsi C a30THOW KUCIOTOM C T.3p. TEPMOAUHAMUYECKUX
3aKOHOMEPHOCTEW N3y4aembiX NPOLLECCOB.
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paBHOBECHOE pacrnpeferneHie
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Thermodynamic patterns for hydrochemical oxidation
of non-ferrous metal sulphide minerals in nitric acid media

Denis A. Rogozhnikov, Oleg A. Dizer, Pavel S. Potapov, Sergey V. Mamyachenkov
Ural Federal University named after the first President of Russia B.N. Yeltsin, Ekaterinburg, Russia

Abstract: The paper represents the results of studying certain physicochemical patterns occurring during hydrochemical
oxidation of non-ferrous metal sulphide minerals in nitric acid media. The study was aimed at establishing the thermody-
namic probability of the occurrence of particular interactions and determining the most favourable conditions for effecting
processes in given modes. Changes in the Gibbs energy and the logarithm of the reaction equilibrium constants at vari-
ous process temperatures are calculated to assess the possibility of various reactions between nitric acid and the main
minerals present in sulphide raw materials of non-ferrous metals. For the purpose of visualising thermodynamically stable
compounds when changing the oxidising conditions of the studied heterogeneous systems, Purbe Eh-pH diagrams were
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constructed. In order to obtain most accurate prediction of obtaining the necessary interaction products of nitric acid and
the studied sulphide minerals, the equilibrium component distribution was calculated for liquid and solid phases of the
studied systems. All thermodynamic calculations were performed using the HSC Chemistry software (Finland). As a re-
sult of calculations for the Gibbs energy change and the logarithms of the interaction equilibrium constants of sulphide
minerals with nitric acid, the significant thermodynamic probability of the reaction occurrence with the formation of the
desired compounds is established. By constructing the Purbe diagrams, the necessary conditions for the occurrence of
certain interactions and stable state of the detected products across a wide range of potentials and pH values of the het-
erogeneous systems under consideration are established. The calculations of the component equilibrium distribution in
the studied systems confirmed the results of the thermodynamic calculations, relating them to the real hydrochemical
conditions of nitric acid leaching in terms of acid consumption for obtain the desired products. The performed study al-
lows an assessment of the reaction progress and the formation of certain products during the interaction of the raw mate-

rial main components with nitric acid carried out from the perspective of thermodynamic patterns.
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1. BBEAEHUE

AKTyanbHOCTb [aHHbIX UCCrneaoBaHWUN
3aknoyaeTcs B HeobxoaMMOCTV moucka Ho-
BblX CnocoboB nepepaboTkM HU3KOCOPTHBIX
YNOPHbIX MaTepuanoB, COAepXKalux Cylb-
puaHble MUHepanbl LUBETHbIX MeTannos, B
T.4. 30noTocodepxalyux, T.K. BCneacTsne uc-
TOLLEeHMs 3anacoB pyf 6oraTbix NONE3HbIX UC-
KonaembIX M yXyalweHus Kavectsa nepepaba-
TbIBAEMOTO CblpbS AeNCTBYIOLIME TEXHONOIM
HE MOryT 6blTb 3PPEKTUBHBIMU U peHTabemNb-
HbIMW KaK C 9KOHOMWUYECKOW, TaK 1 3Konornye-
CKov Touyek 3peHus [1-7]. [laxe coBpeMeHHbIe
BbICOKOMHTEHCUBHbIE  METOAbl, Takue Kak
CBEPXTOHKOE WM3MenbyeHue, bakTepuanbHoe
BbllLenayvMBaHue, BbICOKOTeMnepaTypHoe aB-
TOKNaBHOE OKUCMEHWE, He BCeraa no3BonsoT
AOCTUraTh NPUEMIIEMbIX NMOKasaTenen Ha KOH-
KpeTHbIX o6bekTax™ [8-18].

B HacTosilee Bpemsi U3BECTHO 3HAYW-
TenbHOEe KONMUYEeCTBO MECTOPOXAEHWUN, CO-
AepXalmx 3HayuTesNlbHble KOMMYecTBa LEH-
HbIX KOMMOHEHTOB — 30M0Ta U Apyrux bnaro-
POAHbIX METansoB, HO COCTOSALLMX U3 pa3fny-
HbIX YMNOPHbLIX COEAWHEHWN, B KOTOPLIX LEH-
Hble MeTasnmbl HaXo4ATCA B TPYAHOL4OCTYNHOM
BUAE: HaHOpa3MepHoe 30M0TO, TOHKasa BKparn-
NEHHOCTb B CYNbUAHYI0 MaTpuULy, Hanuuue B

coCTaBe pyabl BbICOKOTOKCUYHbIX COEANHEHMI
nT.4. [19-23].

C yyeTom BbIlECKA3aHHOrO 0COBYH0
Hay4yHYK 3HauMMOCTb npuobpeTaeT noMck
CNocoboB BCKPbITUS NOAOOHBLIX YNOPHbLIX Ma-
Tepvanos ¥ AarnbHEMWero BblaeneHns LBeT-
HbIX W 6naropoAHbIX METansioB C Lenblo Co-
KpaLleHWs UX NoTepb Ha PasnU4HbIX CTaguaX
TEXHOMOrMYeCcKoro npouecca.

MN3BeCTHO, 4YTO a30THasa KucnoTa sBns-
eTca 3EKTUBHLIM OKUCIIUTENEM W peareH-
TOM A4Ns BblEnayMBaHWs BCMEACTBME TOrO,
4yTo obnagaeT BbICOKMMK TennoBbiM 3ddek-
TOM M CKOPOCTbIO peakuuin okucrneHus, obec-
neymBaeT HarpeB pacTBopa 3a CYeT Tenna
9K30TEPMMUYECKMUX pPeakumnii U NOSIHOTY U3Bne-
YeHWs LEHHbIX MeTannoB B pacteop 6e3 uc-
NONMb30BaHWS [JOMOMHUTENbHbLIX peareHToB.
Obpasytowmeca npu B3anMOQENCTBUN CyIb-
hngoB 1 a30THOW KMUCNOTblI HUTPO3HbIE ra3bl
MOryT ynaBnuMBaTbCs C JanbHenWwen pereHe-
paumen azoTHOM KUCNOTbI [24-27].

Xumusm npomekarowux peakyud.
BsanmopencTteume cynbuaoB C a30THOW KUC-
NOTOW MOXET npoTekatb ¢ obpasoBaHNeEM BO-
[0pacTBOPUMBIX, TBEPAbIX W rasoobpasHbix
NPOAYKTOB, B CyMMapHOM BuAe NpeacTaBns-
eMblX MHOroobpasneM XUMUYECKUX peakuui.
Mpy 3TOM AN OOHWMX U TEX XEe MUHepanos

1K0TJ‘IF|p 0.A., MepetykoB A.C., Ctpmxko J1.C. MeTtannyprust 6naropogHeix metannos: y4ebHuk. M.: MUCUC, 2005.
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MOXEeT MpOoTeKaTb OAHOBPEMEHHO HECKOMbKO
KOHKYPUPYIOLLMX peakuuii, Kak, Hamnpumep,
ANs XanbKonupuTa:

6CuFeS; + 22HNO; =
= 6Cu(NO3), + 3Fe,03 +
+12S% + 10NO + 11H,0; (1)

3CuFeS, + 20HNO; =
= 3Cu(NO3), + 3Fe(NO3); + 6S° +
+5NO + 10H,0:; )

6CUFeS, + 22HNO; =
= 6CuSO, + 3Fe,05+ 65° +
+22NO + 11H,0. 3)

B3anmopencteme Apyrux nepBUYHbIX
MWHEpanoB Meaw, Hanpumep, OopHMTaA W”
3Hapruta, MOXeT npoTekaTb cregylowmm 06-
pasoMm:

3CusFeS, + 32HNO; =
= 3CuFeS; + 12Cu(NOs), +
+6S + 8NO + 16H,; 4)

3Cu3zAsS, + 29HNO; =
= 9CuS0O, + 3H3As0O, +
+ 10H,0 + 29NO + 3S. (5)

MNpeobnagaHne TON UNK MHOW peakLum
Oynet 3aBuceTb OT YCMOBWW NPOBELEHWS
npouecca, BMga M cocTaBa MCXOOQHOrO KOH-
LleHTpaTa u T.4.

B cBot oyepedb BTOPUYHbIE MeOHbIE
cynbuabl MOryT pearmpoBaTb C a30THOW
KUCMOTOMN NO creyowmnmM peakuusm:

Cu,S + 14HNO; ==2Cu(NO3), +
+ H,S04 + 10NO; + 6H,0; (6)

CU,S + 12HNO; = Cu(NOs), +
+ CuSQy + 10NO, + 6H,0. (7)

Cxoxum obpa3om MoryT npoTtekaTb
peakuuMn B3auMOLENCTBUSA caneputa u ra-
NeHnTa ¢ a30THOWM KUCMOTOMN:

3ZnS + 14HNO; = 3ZH(N03)2 +
+ 3H,S0, + 4H,0 + 8NO; 8)

3PbS + 8HNO; =
= 3PbSO;, + 8NO + 4H,0; 9)

3PbS + 8HNO; = 3Ph(NO3), +
2NO + 4H,0 + 3S. (10)

YKenesocogepxalwe MuHepansbl, Ta-
Kue Kak NUpuT, apCeHonMpUT U NUPPOTUH, MO-
ryT pearmpoBatb C a30THOW KUCMOTOWN NO cre-
AYIOLUM peaKkLmsm:;

2FeS, + 8HNO; = Fez(SO4)3 +
+ 3% + 8NO + 4H,0; (11)

FeS, + 8HNO; = FE(NO3)3 +
+ 2H,50, + 2H,0 + 5NO; (12)

3FeAsS + 12HNO; =
= 3FeAsOy + 2H,S0, + S°
+ 12NO + 4H,0: (13)

3FeAsS + 13HNO; =
= 3Fe(N03)2 + 3H3AsO,4 +
+3S% + 8NO + 4H,0. (14)

Heckonbko nHaye Beget cebs B aTUX
yCrnoBusiX CTUOHUT, 0Bpa3ys nnoxo pacTBopu-
Mble OKCMAbl W 3MEMEHTHYI cepy, KOoTopble
MOTyT OKa3blBaTb HEraTWBHOE BIMSIHWE Kak Ha
OKUCNEeHWe Apyrnx cynbuaoBs, Tak U npensT-
CTBOBATb B AallbHENLLIEM M3BMEYEHMIO 30M10Ta:

Sh,S; + 10HNO; =
Sh,05 + 10NO, + 3S? + 5H,0. (15)

[na onpegeneHnsa mexaHu3ma obpa-
30BaHWS TEX UMW MHbIX NPOAYKTOB, UX B3aNM-
HOr0 BMWSIHAS MPW OKWUCNEHMM CynbdWAO0B,
BO3MOXHOCTU 1 yCnoBuin 06pa3oBaHnst HOBbIX
a3 HeobxoOMMO, KpoMe XMMU3Ma, WU3YYUTb
TepMOAMHaMMYecKkme 3aKOHOMEPHOCTM NpoTe-
KatoLLMX NPOLIECCOB.

2. PACHETbI U3BMEHEHUA SHEPTUU
MMBBCA N KOHCTAHT PABHOBECUA

[N oueHKn TepMoaMHaMUYecKon Be-
POSITHOCTM  BbILLEMNEPEYMCIIEHHbIX  PeakLmi,
onpefeneHns WX HanpasfeHuss M MNOMHOTLI
NPOTEKAHNA pacCcUnTaHbl BaXHEWLLME TepMo-
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OMHaMUYeCKMe XapaKTepUCTUKM — 3HaYeHus
n3meHeHun aHeprum mbbeca (AG, kx/Monb)
(tTabn. 1) n norapndmbl KOHCTAHT paBHOBECHUS
(Kp) (Tabn. 2). PacyeT 3TUX BEIMYMH MPOU3-
BefeH ans temnepatyp 20, 50 n 90°C, oxsa-
ThiBalOLMX Tpebyembli, N0 Halemy MHEHWIO,
WHTEpBaN Ons NPOTEKaHWsi M3yvyaemblX Mpo-
LeccoB. B pacyetax mcnonb3oBanu crnpaBoy-
Hble AaHHble TEPMOANHAMMYECKMX BENWNYMH, a
Takxe nporpammHbln komnnekc «HSC Chem-
istry».

Takum obpasom, B pesynbTaTe BbINon-
HEHHbIX pacyeToB ANs NPUBEAEHHbIX PeaKLui

B3aUMOZENCTBUSA CynbgUOHbIX MUHEPANOB C
A30THOW KMCMNOTOW YCTaHOBMIEHA AOCTATO4HO
BbICOKAs TepMOAMHAMUYECKass BEPOSTHOCTb
NX NpOTeKaHMsi ¢ 0bpa3oBaHWEM 3IEMEHTHON
cepbl, BOAOPACTBOPUMBIX HUTPATOB W Cyflb-
hatoB MeTannos, AN MbIWbAKCOAEPKALLMX
MWHEpPanoB — apCeHaToB W MblLLbSAKOBUCTOW
KMCNOTbI, HUTPO3HbIX ra30B C Pa3fIM4yHOMN CTe-
NeHb OKMCNeHus1 a3oTta. Ha npaktuke Heob-
XOOMMO OnpeaenuTb YCroBuUs PaBHOBECHOIO
CYLLECTBOBaHMS YKa3aHHbIX COEAMHEHWIA npu
MaKCMMarnbHO BO3MOXHOM MOAABNEHUN He-

XenaTenbHbIX peakLuit.

Tabnuua 1
UsmeHeHus aHepauu Mu66ca, kx/monb
Table 1
Gibbs energy variations, kJ/mol
o Homep peakuum
Temnepatypa, °C 1 5 3 4 5 5 7 3
20 -1697,6 | -1097,3 | -3968,1 | -596,5 | -655,1 | -349,3 | -1754,4 | -1549,2
50 -1711,6 | -1078,1 | -4037,9 | -627,8 | -648,0 | -353,9 | -1781,0 | -1577,6
90 -1724,9 | -1046,4 | -4129,2 | -666,8 | -633,5 | -359,3 | -1815,7 | -1614,7
o Homep peakuum
Tewmneparypa, °C/—g 10 11 12 13 14 15
20 -2480,9 | -951,8 | -936,3 -988,0 | -487,6 | -1549,2 -128,9
50 -25229 | -961,4 | -941,3 | -1037,6 | -478,8 | -1577,6 -137,7
90 -2578,0 | -972,8 | -946,1 | -1100,9 | -464,8 | -1614,7 -149,1
Tabnuuya 2
Pe3ynbmamsbi pac4emoe s102apughmoe KOHcmaHm pasHogecusi
Table 2
Results of equilibrium constant logarithm calculation
o Homep peakuum
Temnepartypa, °C 1 > 3 4 5 6 . 3
20 302,5 1955 | 308,0 | 106,2 116,7 | 260,4 | 308,0 | 169,6
50 276,7 174,2 | 308,0 | 101,4 | 104,7 | 239,3 | 2879 | 1554
90 248,1 150,5 | 308,0 95,9 91,1 216,2 | 2612 | 1399
o Homep peakuum
Temneparypa, °C —— 10 11 12 13 14 15
20 96,1 276,0 | 308,0 | 176,0 86,8 276,0 166,8
50 93,1 255,0 | 308,0 | 167,7 77,4 255,0 147,8
90 89,7 232,2 | 308,0 | 158,3 66,8 232,2 136,0
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3. NOCTPOEHME AWATPAMM NMYPBJ

B ycnosuax paBHOBecus cuctema
MMEET CBOW OnpenenieHHbI OKUCIUTESbHBbIN
noTeHumnan, ero 3aBUCMMOCTb OT KOHLEHTpa-
uMm noHos H' Bblpaxaetcs auarpammamu
MNyp6a Eh-pH, nossonsiowen onpenenutb
COCTOSIHNE PaBHOBECUS 3TON CUCTEMBI.

Ona  onpepeneHns  aPMEKTUBHBIX
YCINOBUWIA NMPOTEKAHUSI TEX UMN MHBIX B3aNMO-
LENCTBUIA N 06pa3oBaHNs UCKOMbIX MPOOYKTOB
B pearnbHblX YCNOBMSIX MPUBEAEHHbIE MUHE-
panbl 6bInNM pasgeneHbl Ha HECKOSBbKO rpynn —
MEeHO-MbIWbAKOBUCTBIE  (puC. 1), Keneso-
mMefHble (puC. 2), Xeneso-MbllbSKOBUCTbIE
(puc. 3) 1 CBUHLOBO-LIMHKOBbIE (pUC. 4).

Ovarpamma, npefcTaBneHHas Ha puc.
1, NokasblBaeT, 4YTto npu noteHumane -0,9 B
XanbKOMMPUT HayMHaeT [auccouumpoBaTb C
obpasoBaHMeM BTOPUYHOrO Cynbuga meau
Cu,S un FeS,. OkucneHue aHapruta npomucxo-
ant npw 3HaYeHUm OKUCIUTENbHO-
BOCCTaHOBUTENbLHOrO noteHuymana 0,5 B ¢ 06-

pasoBaHuem CuS u As,S; npu pH meHee 6.
MNpu aTom npm Gonee BLICOKOM 3Ha4YeHWn pH
BO3MOXHO 0bpasoBaHue okcngos mean Cu,O
(Eh ot 0,2 go 0,5 B) u CuO (Eh 6onee 0,5 B).
[anee c nosbleHMeM MoTeHUMana cepa w3
MPOMEXYTOYHbIX  CYNbMUAHLIX  MWHEPAnoB
okucnaeTcs o cynbdaTHoOM SO4'2, MbILLIBbAK
n3 As (Ill) okucnsetca go As (V) B Buae Mbi-
LWbSAKOBWUCTOMN KUCNOThI, MEAb B CBOK OYeEpPEb
NepexoanT B KaTMOHHYt chopmy Cu'*2. Mpu pH
bonee 6 Meab MOXET HaXOAUTbCS B BUAE OK-
cuga CuO.

AHanu3 guarpammbl, NpeacTaBieHHON
Ha puc. 2, NOKasblBaeT, YTO NpU OKUCIUTENb-
HO-BOCCTAHOBUTESIbHOM NOTEHLMasne CUCTEMbI
-0,5 B xanbkonupuT u KybGaHUT HauuHaoT
pasnaraTbcs ¢ obpasoBaHnem Cu,S u FeS;
nocrnefHWn, B CBOK Ouvepedb, MaeHTUduuu-
pyeTtcs B y3kom mHTepsane Eh 0,2-0,25 B Bo
BCEM paccMmaTpuBaeMoM [duanas3oHe pH, aa-
nee nepexons B Fe304 1 Fe,03. Mpn BbICOKMX
3HaveHusx pH Takke BeposATHO obpa3oBaHue
OKCUAHBIX (POPM Meau.

Eh (Volts) Cu-As-5-H20 - System at 25.00 C
2.0 T T T T T T T T T
Cu(+2
15 b u(+2a) S04(-2a) 1

AsO4(-3a)

-1.0 | .
_ Cu3AsS4 CuFeS2
-15 | -
H20 limits
—2.']' 1 1 1 1 L 1 1 1 1 L L 1 L 1 L 1
-4 -2 0 2 4 6 5 10 12 14
pH

Puc. 1. O6buwas duazpamma lMyp623 0nsi cynbhudHbIX MUHepanoe Medu U MbiWbsKa
Fig. 1. General Pourbaix diagram for copper and arsenic sulfide minerals
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Eh (Volts)
2.0 T T T T T T

Cu-Fe-§-H20 - System at 25.00 C

CuS04

CuFe253

CuFeS2

H20 limits

Puc. 2. O6bwas duazpamma lyp63 0ns cynbphudHbIX MUHepasoe Medu U Xxenesa
Fig. 2. General Pourbaix diagram for copper and iron sulfide minerals

C panbHewnwwum yeenuueHneM Eh cepa
nepexogut B CynbaTtHyo opmy, MeTannsl,
COOTBETCTBEHHO, B KaTWOHHYK BO BCEM pac-
cmaTpuBaeMoM nHTepsane pH.

Ha puc. 3 BUAHO, YTO NpW OKUCNEHUM
apceHonupuTa NpoMcxXoauT ero guccounaums
c obpa3oBaHMEM MPOMEXYTOYHbIX Cynbdua-
HbIX COEAUHEHWIA Xenesa W Mbllbska Mnpu no-
TeHumane Bbiwe -1,0 B, npu atom FeS obHa-
pyxuBaeT ceba nuwb B y3koM nHTepBane Eh
ot -1,0 go -0,7 B, zatem pauccouumpysa no
FeS,. B cBoto ouepeab As,S3 (MpogykT awmc-
coumaumn apceHonuputa) ctabunen npu Eh -
0,3-0 B.

Mpu 3HaveHunax pH = 5-1 MbIWbsK
HaxoguTca B hopme As,O3, npu 6onee BbICO-
KX 3Ha4eHusx pH — B BUAe apceHaTa xenesa
(II). B atux xe ycnosusix obHapyxuBaeT cebs
FeSQ,. Mpu noteHumnane cuctemol >0,7 B xe-
ne3o okucnsetcs go Fe (Ill) ¢ obpasosaHnem
COOTBETCTBYIOLLMX apCeHATOB U CynbdaTos.

CoBmMecCTHas guarpamma cyLlecTBoBa-
HUS COEAMHEHWI LMHKA U CBMHLUA NoKasblBa-
€T, YTO raneHut npu noteHuuane Boiwe 0,5 B
AN19 BbICOKMX 3Ha4yeHun pH cpasy nepexoguTt
B CyNb(aTHYyl0O HepacTBOpUMYK  opMmy.

CcpanepuT xe npu pH 6onee 6 nepBoHavanb-
Ho nepexogut B ZnO. lNMpu pH meHee 6 u no-
TeHumane ot -0,2 B uMHK npeacTaBneH B Ka-
TUOHHOW BOZOPaCTBOPUMON hopme.

Kak BMOHO M3 MOSlyYEeHHbIX Auarpamm
MNyp63, ona nonyyYeHss NCKOMbIX COeONHEHWIA
npy a30THOKUCIOTHOM BbILENaYnBaHnM pac-
CMaTpuBaeMblX  CynbMUAHbIX  MUHEPAroB
HeobxoOMMO npuaepXmMBaTbCa AOCTATOYHO
BbICOKMX 3HAYEHWUWA OKUCINUTENbHO-BOCCTAHO-
BMTENbHOrO noteHumana He meHee 0,7 B B
KUCMbIX Ccpedax Ans WUCKMoYeHuih obpasoBa-
HWUS OKCUAHbIX HepacTBOPUMbIX hOpPM COOT-
BETCTBYHOLLUMX SNIEMEHTOB.

4. PACYETbI PABHOBECHOI'O
PACNPEAENEHUA KOMIMOHEHTOB
U3YYAEMbIX CACTEM

[ns Hanbonee TOYHOro NpeackasaHus
nony4yeHnss HeobxoauMMbIX MPOAYKTOB B3au-
MOOENCTBMUA a30THOM KUCMOTbl U Mccneaye-
MbIX CYNb(UOHBIX MWHEPANOB MPOU3BEAEHbI
pacyeTbl PaBHOBECHOrO pacnpeaeneHns Kom-
MOHEHTOB U3y4yaeMbIX FETEPOreHHbIX CUCTEM B
nporpamme «HSC Chemistry».
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Eh (Volts) Fe - As-5-H20 - System at 25.00 C
Zl} 1 1 | 1 | 1 | | 1 1
i H3As04(a)
LS o N AsO4(-3a)
e Fe2(504)3
Lo L As203 ST |
Fe3(AsO4)2 [ T L
0.5
0.0
05 L Fes2 " T —
FeS
1.0 E _
FeAsS
15 | ]
H20 limits
2.0 I I I I I I I I I I I I I I I I I I
4 2 0 2 4 6 8 10 12 14

pH

Puc. 3. O6was duazpamma lyp63 0ns cynbphudHbIX MUHEPasIos Kese3a U MblWbsiKa
Fig. 3. General Pourbaix diagram for iron and arsenic sulfide minerals

Eh (Volts) Zn -Pb-S - H20 - System at 25.00 C
2.0 . .

ZoSO4(a)

Zas PbS

H20 Limits

-4 -2 0 2 4 6 8 10 12 14

pH

Puc. 4. O6buwasn duazpamma lyp63 0ns cynbhudHbIX MUHEpPanoe yuHKa U ceuHya
Fig. 4. General Pourbaix diagram for zinc and lead sulfide minerals
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Ha puc. 5 n 6 npeacrasneHsl aua-
rpamMMbl PaBHOBECHOIO pacnpefeneHns oc-
HOBHbIX MUWHEpanoB xefie3a npu a3oTHOKUC-
NOTHOM BbILLENayYMBaHU, COOTBETCTBEHHO, B
TBEpPAOW W Xuakoh pasax. ApceHonuput B
nepByld oYyepedb [OMCCOLMMPYET Yyxe Mpu
HaYyanbHOM MOBLILEHUN KUCMOTHOCTU cpeabl
A0 3Hayenuss 1 M. OOHOBPEMEHHO C 3TUM
NPOUCXOAUT YBENUYEHWE COAEpPXaHus nupwu-
Ta, 06pa3yemMoro npu pasnoxeHun apceHonu-
puTa, OJHAKO MO [AOCTMXEHUW HEKOTOpPOro
MUHUManbHOrO  KONM4YecTBa  NOCNELHero
(1 M HNO3) cogepxaHue nupuTa HaumHaet
CHUXaTbCS, YTO FOBOPUT O AOCTMXKEHUM CU-
CTeMbl HeoBX0AMMOW KUCIIOTHOCTU AN1s Hava-
na guccoumauun nuputa. CogepxaHve xanb-
KONMpUTa HaYMHaET YMEHbLIATLCS TOMLKO Mpu
3,5 M HNO;.

OTW [aHHble MOATBepXJalTca pe-
3ynbTataMu pacyeToB AnA 9TUX KOMMOHEHTOB
B Xuakonm ¢ase (puc. 6). Jo coaepxaHus
asoTHou kucnotel 1 M npoucxoguT nocrenek-
Hoe HakonneHue B cucteme Fe,O3 1 Mbllbs-
KOBWUCTOW KMCMOTbl — NPOAYKTOB Anccoumnaumm
apceHonuputa. [1o 3aBepleHun [OaHHOro

npouecca npu CoAepXaHuM a3oTHOW KUCMOTbI
6onee 1 M u ¢ Hayanom pasnoxeHus nuputa
NMPOUCXOAMT  MOCTENEeHHOe  HaKomneHwe
FeSO,.

Janee, pocTurHyB  onpeesnieHHON
KOHLIEHTpaLMN a30THOM KWUCNOTLI MpW ee Cco-
nepxanun 5,5 M, Fe (Il) nepexogut B chopmy
Fe (lll) ¢ obpa3oBaHneM COOTBETCTBYHOLLMX
Cynb@aToB U HUTPATOB.

Bo3amoXHO, N0 Mepe HacbIWeHns cu-
ctembl coeauHeHusmu Fe (Ill), B uHTepsane
3HayeHnn HNO3; 6-7 M npoucxoguT HesHauu-
TenbHOe noBblWeHne copepxaHus Fe,Oz no
peakumsm (1), (3), cBA3aHHOe, BEPOSATHO, C
HacbILLEeHWEM XUaKoW hasbl NPogyKTaMu pas-
NOXeHWUs Cynb(UAOB Xenesa U NpakTU4ecku
NonHOM pacteopeHunn FeS,. OgHako ganee ¢
MOBbILLEHWEM KWUCIIOTHOCTU Cpefbl B CUCTEME
BHOBb npeobnaaatot coeamHerus Fe (l11).

Puc. 7 n 8 nokasbiBaloT paBHOBECHOE
pacnpegeneHve Cynb@uAHbLIX  MWHEPanoB
Meau, UMHKa 1 CBMHLA NpW a30THOKUCIIOTHOM
BblLLENa4YMBaHnM B TBEPAON M Xuakon asax,
COOTBETCTBEHHO.

New System 1

I
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1,85 3
0,80 3
0,75 3 i FeS2
0,70 : :

0,65 3

=
m
=]
|

=
i
[}
|

0,50 3
0,45
0,40

0,35 3

Equilibrium Amount, kmol

0,30 3
0,25 _
0,20
0,15 _
0,10 3
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R =

-

0,50 1,00 1,50 2,00 2,50

3,00 3,00 4,00
Amount (HNO3(1}), kmol

4,50 700 5,50 6,00 6,50

Puc. 5. Juazpamma pasHoeecHO20 pacnpedesieHUs1 0CHOBHbIX MUHEpPasoe
Xesie3a 8 meepdoli ¢hasze
Fig. 5. Diagram of equilibrium distribution of main iron minerals in solid phase
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New System 1
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Puc. 6. JuazpamMmma pagHogecHO20 pacnpedesieHUs1 MUHEPasoe xese3a 8 Xudkol ¢hasze
Fig. 6. Diagram of equilibrium distribution of iron minerals in liquid phase

New System 1
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Puc. 7. Juazpamma pasHoeecHO20 pacnpedeneHusi MuHepanoe Medu, YuHKa u ceuHua e meepdoli ghase
Fig. 7. Diagram of equilibrium distribution of copper, zinc, and lead minerals in solid phase
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New System 1

Equilibrium Amount, kmol

L2

Cu(NO3)2

Pb(NO3)2

3,50 4,00
Amount (HNO3(1}), kmol

4,50 5,00 5,50 6,00 6,50 7,00

Puc. 8. Juacpamma pasHoeecHO20 pacnpedesieHusi MUHepanoe Medu, YUHKa U ceuHya 8 Xudkol ¢hase
Fig. 8. Diagram of equilibrium distribution of copper, zinc, and lead minerals in liquid phase

Kak BMOHO W3 npeacTaBheHHbIX pac-
YeTHbIX JaHHbIX, ChanepuT HayMHaeT pasna-
rateca npu 1 M HNO3; ¢ obpasoBaHuem cooT-
BETCTBYIOLLErO cyfbgaTa, KOTOpbIA ocTuraet
HEKOTOPOro NpeaesibHoOro 3HaveHns npu 2,5 M
HNO:s.

MepBbIM U3 MeAHbIX MUHEpanoB Hayu-
HaeT auccouumpoBath KoBennmH (2 M HNO3),
W OOHOBPEMEHHO C 9TUM Ha Auarpamme Xua-
koW hasbl HaunHaeT obpasosbiBaTbCs CuSOy,.
Xanbko3uH Gonee ycTtonuvB B paccmaTtpuBa-
eMblX cpedax W pasnaraetcs nuwb npu [o-
CTWKEHUN CodepXaHns a3oTHOM Kucnotel 3,5
M, 1 B cooTBeTCTBUM C peakumsamu (6), (7) 06-
pasyetcsa Hutpat meam (Il). BeposiTHO, Heko-
TOpOe npefefibHoe 3HayYeHue CoAepXaHus
Cu(NOs), Ha puarpamme (5,5 M HNO3) cBs-
3aHO C BbICOKMM cofep)KaHuem a30THOW Kuc-
NnoTbl B CUCTEME W nepepacnpefeneHnem Ka-
ToHo Cu () mexay cynbgaTHON U HUTpaT-
HOW COCTaBNSAOLLMMU.

VcxopHoe copepxaHvwe raneHuta B
CUCTEME HEBLICOKO, OH Cpa3y Xe HayuHaeT
pasnaratbcs ¢ 0bpa3oBaHNEM HEPACTBOPUMO-
ro PbSO, n pacteopmumoro Pb(NO3), no peak-
umam (9), (10), ogHako corfacHo BbINOSHEH-

HbIM TepmoaunHamuyeckum pacyetam (AG, Kp)
Bonee BEpOSATHOW ABNSIETCA peakuust ¢ obpa-
3oBaHuem PbSO,, uto noateepxaaerca gua-
rpamMMoWn, NpeacTaBeHHOW Ha puc. 8.

Ha puc. 9, 10 npeacraeneHbl pesysb-
TaTbl pac4yeToB pPaBHOBECHOrO pacnpegene-
HUS CyNbGMOHLIX MWHEPANoOB MblllbsKa WU
CYPbMbl NpPU a30THOKWUCIIOTHOM BblLLeSa4mBa-
HUM B TBEPOOW W Xuakou ¢pasax, COOTBET-
CTBEHHO.

CambiM nepBbIM Ha4yMHaeT OWUCCoUUN-
poBaTb apceHonupuT ¢ obpasoBaHWeM apce-
HaTa xenesa. [Tpy nNpakTMYeckn NonHOM pas-
NOXEHUN apceHonMpuTa M HacbIWEHUN Xua-
koW (pasbl apceHatom xene3a (2 M HNOj3)
HauMHaeTcs auccoumaums aHapruta ¢ obpa-
30BaHMEM MbILLbAKOBUCTOW KUCNOTLI MO peak-
umu (5).

Hanbonee crovikui 3 npeactaBneH-
HbIX MUHEpanoB — CTUOHWT — ocTaeTcs B CU-
CTeMe [0 AOCTMXKEHUS 3HAYEHUSI KONMYecTBa
a30THou kucnoTel 5 M. [Janee ¢ NoBbILLEHNEM
KMCMOTHOCTM OH Ha4yMHaeT pasnaratbcs ¢ 06-
pa3oBaHWEM COOTBETCTBYIOLLMX OKCMAOB MO
peakuum (15).
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5. 3AKNIOYEHUE

PasHoobpasne  MUHEepanornyeckoro
cocTaBa WCCReQyemMoro ynopHoro cynbdua-
HOro Cblpbsl LBETHLIX METannoB He AaeT of-
HO3HAYHOro OTBETa OTHOCWUTENBbHO X0A4a Mpo-
TeKalLMX peakuun n obpasoBaHns TeX UK
WHbIX MPOAYKTOB MNpWU B3aWMOLENCTBUM OC-
HOBHbIX KOMMOHEHTOB CbipbSi C a30THOWM KWC-
NOTOW.

Ans  duranko-xummnyeckoro obocHoBa-
HUSI NPOXOXAEHUS PEaKLUUN U BbISCHEHUSI Me-
XaHu3ma 06pa3oBaHUSt UCKOMbIX COEAUHEHUN
B AaHHOMN paboTe npvBeaeHb!:

— 3aKOHOMEPHOCTU FMAPOXMMUYECKOTO
OKWCIIEHMS1 OCHOBHbIX CyNbMUAHbLIX MUHEpa-
NTOB M3y4aeMoro Cbipbsi B a30THOKUCHbIX Cpe-
Aax;

— pacCyMTaHHble BaXHenwue TepMo-
AVNHAMUYECKNE XapaKTEPUCTUKM OaHHbIX B3a-
MMOOENCTBUIA: M3MeHeHuss 3Heprumn [1b6ca,
norapudMbl KOHCTAHT paBHOBECUSI ANS TeM-
nepatyp 20, 50 n 90°C, 4TO NO3BONMNO BbI-
SIBUTb Hanbonee BEPOSTHbIE U3 HUX C TEPMO-

OVHaMUYECKOW TOYKN 3PEeHUs;

— MOCTPOEHHble Anarpammbl Myp6s B
LUMPOKMX AnanasoHax 3Ha4eHnn NoTeHunanos
n pH paccmatpuBaembix TeTepoOreHHbIX Cu-
cTem;

— YCTaHOBIIEHHbIE YCMOBUSI MpPOTEKa-
HUS TeX WM MHbIX B3aMMOOENCTBUA M CTa-
BUNBHOrO COCTOSIHMS OBHApPYXMBAEMbIX NPO-
LYKTOB;

— pacyeTbl paBHOBECHOrO pacrnpege-
NEeHNsi KOMNOHEHTOB M3y4aeMblX CUCTEM, KO-
TOpble Janum BO3MOXHOCTb NOATBEPAUTL pe-
3ynbTaThl TEPMOAMHAMUYECKMX PaCYETOB W
npuBs3aTb UX K peasibHblM rMaPOXUMUYECKUM
YCNOBWSIM @30THOKMCNOTHOMO  BbllLeia4ymBa-
HUS MO ee pacxody ANs NOMyYeHUs UCKOMbIX
MPOAYKTOB.

[MonyyeHHble pesynbTaTbl TEPMOAM-
HaMWUYECKMX pacyeTOB NO3BOMSAIOT YCTAHOBUTb
yCNOBWS NPOBeAeHMs peanbHbiX MNpPOLEeccoB
a30THOKWCIIOTHOrO  BbILLENaYnBaHNsa  Cynb-
buaHbIX MWMHEPAnoB LBETHbIX METanIoB W
MONyYUTb UCXOAHbIE AAHHbIE 4115 NPOBEAEHMS
9KCNEPUMEHTaNbHbIX MCCNEAOBAHUN.
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Ina aBTOpoOB

YBaxaemble konneru!

MbI npurnawaem Bac K yyacTuio B HaleM XXypHane B KauyecTBe aBTOPOB, peknamoparenen U yutatenei u
coobuaeM TpeGoBaHMA K CTaTbAM, NPUHUMAEMbIM K Ny6nuKaumm

I. CtaTbs npeacTaBnseTcsi B 3MEKTPOHHOM M pacneyaTaHHOM BuAax. PekoMeHAyeMblli 00beM cTaTbi HE MeHee
10 000 3HakoB.
K ctaTbe npunaratoTcs:

1. OkcnepTHOE 3aknioyeHue.

2. HasBaHue py6puku, B KOTOpOM AOMmkHa ObiTb pasmelieHa Bawa ctatbst; YOK; Ha3BaHue cTatbu; pedepat
(aHHOTaums), konmyecTBo crnoB B pedepate — He MeHee 200; knwouyeBble crnoBa (4-5); ceegeHuss 06 aBTopax:
Ha3BaHWe yupexaeHus, ero agpec; hamunus, UMs, 0T4eCTBO (MOMHOCTBIO); YYeHas CTENeHb; 3BaHNe U JOMKHOCTb;
KOHTaKTHbI TenedoH n e-mail (ecs uHghopmayus npedocmaesisiemcsi 0OHUM ghalisiom).

3. CraTba OoMmKHa WMETb NWYHYI NOAMWUCH aBTOPA; Ha CTaTbAX aAbIOHKTOB W acnmMpaHTOB JOMKHA CTOSATb TaKke

MOAMMUCb HaYYHOTO PYKOBOANTENS.

Il. TekcT cTaTbu, cBeAeHUA 00 aBTopax, pedepar, KIHOuYeBblie CNOBa, aApec Y4YpexaeHUsi, KOHTaKTHbIN
TenedoH u E-mail gomkHbl ObiTb Takke NpefcTaBneHbl NO 3MEKTPOHHOM noyTte: pgp@istu.edu B BMAe ¢hamna c
pacwupenmem *.DOC — goKyMeHTa, NocTpoeHHoro cpeacteamm Microsoft Word 97 unn nocneayrowmx Bepcui.

Mpwn Habope cTaTtbn B Microsoft Word pekomeHayHTCA crnieaytoLmue yCTaHOBKM:

1) napameTpbl cTpaHuMubl 1 ab3aua: OTCTyNbl CBEpXy M CHW3Y — 2 CM; CrieBa M crnpasa — 2 ¢M; Tabynauua — 2 cm;
OpWeHTaUus — KHUXHaS;

2) wpudpt — Times New Roman, pasmep — 12, MEXCTPOYHbIA WHTEpBan — OAMHAPHbLIA, MEpPeHoC CroB —
aBTOMaTUYeCKU;

3) npwu BcTaBke dopmyn ucnonb3osatb Microsoft Equation 3 npu ycTaHOBKax: anemMeHTbl hOpMynbl BbINOMHSAOTCA
Kypcueom; ns rpevecknx OYKB M CUMBONOB HadHavaTb WpndT Symbol, ana octanbHbiX 3nemeHToB — Times New
Roman. Pasmep cuMBOMOB: 0BbIYHBIA — 12 NT, KPYMHbIA MHAEKC — 7 NT, MENKUA UHAEKC — 5 NT, KpyNHbIA CUMBON —
18 nT, menkun cumson — 12 nT. Bce akcnnukauum anemMeHToB OopMyn HeobX0AMMO Takke BbINOMHATL B BuAe
thopmyn;

4) PUCYHKM, BCTaBMEHHbIE B TEKCT, JOMKHbI ObiTb BbINOMHeHbl ¢ paspewenuem 300 dpi, B&W — ansa yepHo-6enbix
unnocTpauun, Grayscale — onst NONyTOHOB, MAaKCMMarbHbIA pasMep PUCYHKa C Haanuchio: WwupuHa 150 MM, BbicoTa
245 MM v npefcTasneHbl B Buae daiina ¢ pacwmpenunem *.BMP, *. TIFF, *.JPG, gomxHbl gonyckaTb nepemeLleHune
B TEKCTE W BO3MOXHOCTb U3MEHEHMS pasmepoB. Cxembl, rpadpmku BbINOMHATCA BO BCTPOEHHOW nporpamme MS
Word nnu B MS Excel, c npunoxeHuem cainnos (npeacraBnsiemMble UNMOCTPaUUU AOMKHbI ObITb YeTKUMMN U
AICHBIMW BO BCEX dNeMeHTax);

5) ©Gubnuorpadmyeckne CCbinku JOMKHBI 6bITb 0chopmneHbl B cootBeTcTBUM ¢ FOCT P7.05 2008.

BHumaHue! My6nukauma ctatbu aBnseTca 6ecnnaTHom.
Croumoctb xypHana — 500 py6. (be3 CTOMMOCTM NMOYTOBLIX PAaCX0LoB).

«BecTHuk MplTY» BknoveH B epeyveHb BEAYLUMX HAYYHBIX XYPHANOB W M3[4aHWA, B KOTOPbIX AOJDKHbI ObITh
ony6nuKoBaHbl OCHOBHbIE Hay4HblEe pesynbTaThl AUCCEPTALMA HA COMCKaHWe YYeHbIX CTeneHen JOoKTopa W kaHauaaTta
Hayk, B DOAJ, mexpayHapoaHbli katanor nepuoauyeckmx msganun «UlrichsPeriodicals Directory», EBSCO, B HayyHyto
aneKkTpoHHylo OGubnuoteky (eLIBRARY.RU), npeactaBneH B HayuHoit anekTpoHHoi 6ubnuoteke «KubeplleHnHka»
(CYBERLENINKA), paccbinaetcs B Poccumckyto kHuxHyto nanaty, BUHUTU PAH.

Cratbm, onybnukoBaHHble B xypHane «BectHuk Upl'TY», pedepupytotca u peLeH3npytoTcs.
Pepakums octaBnsieT 3a o601 NpaBo OTKNOHATL CTaTbU, He OTBeYaloLlwne yKka3zaHHbIM TPeOOBaHMUAM.

Mo Bonpocam ny6nukauuu ctaten obpawatbest: 664074, r. UpkyTck, yn. JlepmoHToBa, 83, ®IEQY BO «MpKyTCKMiA
HaLMOHanbHbIM UccnefoBaTeNbCKUA TEXHUYECKUI YHUBEPCUTET», [1-215.

TenedoH: (3952) 40-57-56 - Mpueanosa anuHa NeTpoBHA, OTBETCTBEHHBIN 3a BLIMYCK.

®dakc: (3952) 405-100, e-mail: pgp@istu.edu
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MWHUCTEPCTBO HAYKMW W BLICIWIETO OEPA3OBAHUS POCCUNACKON GEJEPALUN

HayuHbIn XypHan
Ne 2 (151) 2020

Pepaktop A.B. MakwaHueBa
XynoxecTBeHHbIN pegakTop E.B. XoxpuH
OTBeTcTBEHHbIN 3a Bbinyck [.I1. NMpnBanosa

MepeBopn Ha aHrmunckmn a3bik B.B. batuukon
Bepctka H.I'. O3toHa3s

Bobixog B ceeT 30.04.2020 r. dopmat 60x90/8.
Bymara ocetHas. NeyaTb TpadapetHas. Ycn. ney. n. 30.
Tupax 500 ak3. 3aka3s 103. Mo3. nnaHa 3H.

W3naHue pacnpocTpaHsieTcs 6ecnnaTHo

MpKyTCKUIA HALMOHanNbHbIA UCCNeaoBaTENbCKUN TEXHUYECKUIA YHUBEPCUTET
664074, r. pkyTck, yn. llepmoHTOoBa, 83

OtnevataHo B Tunorpacuun N3pnatensctea
PrBOY BO “MpKyTCKMIA HALMOHaNbHbIN
nccnenoBaTtenbCkuin TEXHUYECKUn yHuBepenTeT”

664074, r. pkyTck, yn. JlepmoHTOBa, 83

N3OATENBCTBO

UsnatenbcTBO NpKYTCKOro HaLMoHarnbHOro UccrenoBaTernbCKoro TeEXHNYecKoro yHusepcureta, 2020
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