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Coaep)xaHue

MawuHocTpoeHue

Byabix H.B., MoHomapeB B.b. MoaeAnpoBaHue U pacyET HanpsXXeHHO-AeDOPMUPOBAHHOTIO
COCTOSIHUSA MUKPONPOOUAS NMPU OPTOrOHaAbHOM BO3AEWUCTBUMM B 3aBMCUMOCTM OT YCAOBUM
2211017 L= 1 SRR
Ep3un O.A., BacuH C.A., KneHtak A.C. AHaAM3 BapuaLUMi YrAOBbIX KOOPAMHAT PeXxyLlero
WMHCTPYMEHTa MNP U3MEHEHUU YCAOBUIM pe3aHnsl B NpoLEecce BbIMOAHEHUSA TEXHOAOTMYECKMX
Lo T[T oY= 111

JHepreTuka

BbenocBeTtoB A.B., MaHycoB B.3. AHaAU3 BAUSIHUS CKUH-90PEKTa Ha aKTUBHOE CONPOTUBAEHUE
B MPOBOAAX AMHUM SAEKTPOMEPEADUM «.vverrureeirseessisessssessssessssesssssesssssesssssesssseessssesssssesssssessassnssas
MpwuH C.C., lNoproHos B.H., MetpoBa E.B., KpuBonanoe B.A., AeeB B.A., LLlep6akoB K.C.,
HukonaeB M.KO. KOHTPOAb TeMNepPaTypbl TOKOMPOBOAALLEN XUAbI 3ALLUMLILEHHbBIX MPOBOAOB
BO3AYLUHBIX AMHWI MO 3HAYEHUAM TeMNepaTypbl Ha MOBEPXHOCTU NUBOAALMM ...eevereeerseeesirenanas
Aao MuHb XueH, Bo BaH UbloHr, Ato ®aHr, Cupopos A.H. [1oaxoa Ha OCHOBE HEMPOHHbIX CETEN
KoamoropoBa-ApHOAbAA K OLEHKE COCTOSIHUA 3apsAa U OLLEHKE UHTepBaAa NPOrHO3MPoOBaHKUA
ANST AUTUMA-MOHHBIX @KKYMYAATOPOB (HA @HTA. 513.) weeiireeirrersseesssssesssseessssesssssesssssesssssesssssnsssssessnes
KupnuunukoBa W.M., 3aBapyxuH B.A., CepoB B.A. O6HapyXeHWe nNOTEHUMAAbHbIX
HeucrnpaBHOCTEN GOTOINEKTPUUECKMX MOAYAEN B pPeaAbHbIX YCAOBUSIX SKCMAyaTauMu Mo MX
BOABT-@MMEPHBIM XAPAKTEPUCTUKAM .eevieureeerrsinreressaseeesssasseessssssseesssssssesssssssessssssseesssssseessssssseess
KprokoB A.B., CepeakuH A.A., BopoHuHa E.B. YueT rapMOHMYECKUX WCKaXEHUU npwu
MOAEAMPOBAHUM INEKTPOMArHUTHbIX MOAEN B UCKYCCTBEHHbIX COOPYXEHUSX KEAEe3HbIX
Y0 Lo )
TymaHoB W.E. KoHCTpyMpoBaHWE W aHaAM3 MYABTUPUIMUYECKON MOAEAU TPEXPaA3HOro
3NEKTPOMArHUTHOIO BO36YAUTEASI HU3KOUYACTOTHbBIX KOAEBAHUI C YETBIPEXKOHTYPHbIM CUAOBBIM
1Y L0773 SRR

MeTannyprusa

BoiBanbueB A.B., BounowHukoB [U., XmenbHuukaa O.A. MeToaMKa MNOATOTOBKM
YIAMCTOCOAEPXALLMX XBOCTOB LIMAHWMPOBAHUA K NPOBUPHOMY aHaAU3y 30A0Ta (Ha aHrA. A3.)....
lWWapunoBa Y.P.,, Tpetbak M.A., KapumoB K.A., PoroxHukoB A.A. [MapoTEpMaAbHOE
B3aMMOAENCTBUE cHanepuTa ¢ pacTBOpamMm Cyabdata MeAU B MPUCYTCTBUU AUTHOCYAbPOHATA
HOTI M 1uuuuuuunnnnnsnnnsnsnsssssnsssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssnnnnnsnnnnns
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MoaeAupoBaHUe U pacuéT HanpAXXeHHO-AePOpPMHUPOBAHHOTO
COCTOAHUA MUKPONPOPUAA NPU OPTOrOHAAbHOM
BO3AEMCTBUU B 3aBUCMMOCTHU OT YCAOBUM Harpy>xeHus

H.B. ByAbixY“, B.B. NoHomapeB?
L2UDKYTCKMI HaLMOHAAbHbIF MCCAEAOBATEALCKMI TEXHUYECKUI YHUBEpCUTET, MpKyTCK, Poccus

Pe3trome. Llenb — ycTaHOBUTb MeXaHWKy GOpMO0obpa3oBaHUs 1 HaNpPsXXeHHOe COCTOAHUE MUKPOMNPOdUAA Ha Mo-
BEPXHOCTSX A€TAAel MallWH MpU BO3AEWCTBMM, COMOCTABMMOM C HauyaAbHOM LLEPOXOBATOCTbIO, B 3@aBUCMMOCTU OT
YCAOBWIA HarpyxeHus. B pacueTtHo MOAEAM MUKPOHEPOBHOCTEN MPUMEHAAN GUINKO-MEXaHUUECKUE XapaKTEPUCTUKK
MAMKOro Matepuana, UMUTUPYOLLEro MeAb. PadpabotaHa YMCAeHHAs MOAEAb OCAAKM MUKPOMPODUAS Ha MOBEPXHO-
CTAX AETaAEeN MaLLUWH AAA PA3AUMYHBIX YCAOBUIM HarpyxeHus. YCTaHOBAEHO, YTO YBEAUUYEHME CTEMEHU CTECHEHUSA MOAE-
A MUKPOHEPOBHOCTEN NMPW NEPEXOAE OT CBOBOAHOM K CTECHEHHOM CXEME HarpyXeHus cnocobCTBOBAAO NOBbILLIEHWIO:
yrAa y ocHoBaHMA AebOPMMPOBAHHOIO MUKPOMPOOUASE ¢ 35 A0 58°, OTHOCUTEABHOWM AAMHBI CTAGXEHHOIO y4yacTka
¢ 0,46 po 0,8, a Takxe BEPTUKAABHOIO MOAbEMA TOUKM BnapuH mukponpodmaa ¢ 0,012 ao 0,21. Mpu BbICBOOOX-
AEHUU dUKCaUMKM OAHOM M3 nap HGOKOBbLIX MOBEPXHOCTEN MUKPOMNPOGUAS OPTOrOHaAbHasi K Hel AedpopMUpoBanach
B OOAbLLUEN CTENEHU OTHOCWUTEABHO COOTBETCTBYHOLLIEM MOBEPXHOCTU NPK CBOOOAHOM 3aKpenAeHun. MakcrManbHas
BbITSXKKa obpasLa B HanpaBA€HUU OCU OX cocTaBuAa 7%, B HanpaBAeHWM ocu 0Z - 13%. HanpsixeHHoe cocTosiHWe
NnoA MUKaMKU MUKPOHEPOBHOCTEN MPU MOAHOW OCaAKe, B 3@aBMCMMOCTW OT TUMA Harpy>XXeHUs U pPacnoAOXEHUS MU-
KpPOBbICTYNOB, coctaBAAno oT 1050 po 1370 MIMa 1 npeBbICMAO NPeAEA NPOYHOCTU 06pa3LoB B 5-7 pas. Bo Bnaau-
Hax HanpsXXeHHoe COCTOAHUE AOCTMIAO MaKCMMaAbHOTO 3HaueHus B 1190 MIMa AAA XECTKOM CXeMbl 3aKpeNAeHUS U
NMPEB30LIAO OCTaAbHbIE CXEMbI 3aKpenAeHus B 4-12 pas, ¢ NpeBbllLEHUEM Npeaera NPoYHOCTH obpasuoB B 0,5-6
pa3. HanmeHbLuasi OAHOPOAHOCTb HaMPSXXEHHOIO COCTOSIHUSI MO CEYEHUIO MUKPONPOOUASt Bbina y 06pa3LIOB CO CBO-
60AHBIM 3aKpenAeHneM, Hanbonbluas - y 06pa3LOB C XECTKUM 3aKpenAeHUEM. TP CXeMe HarpyXeHWs ¢ XECTKUM
3aKpenAeHUemM MPOUCXOAMAO HanboAee KauyeCTBEHHOE BbIrAaXWBaAHUE MUKPOMPOPUAA ¢ dopMuUpoBaHMeEM Bonree
OAHOPOAHOIO HaMPSAXXEHHOTO COCTOAHUA MO CEYEHUKD MUKPONPOPUASA. McCAep0BaHMA MOAE3HbI NPU HAa3HAYEHUN YC-
AOBUIA 06paboTKKM 3aroToBOK AOKaAbHbIMKW crocobamu AepopMUpPoBaHUS, NPU BapbUPOBAHUKN CTENEHU CTECHEHHOIO
HarpyXeHusi B npeaeAax rpaHul, obpabatbiBaeMblx NOBEPXHOCTEN.

KaroueBbie cAoBa: LLEPOXOBATLIN CAOM MOBEPXHOCTU, KOHEYHO-3AEMEHTHbIN aHaAn3, CTeCHEHHOE AedOPMUPOBa-
HUe AeTanen, Hanps)XeHHOe COCTOAHME

Ans uutnpoBanus: Bynabix H.B., NoHomapeB B.b. MopeaMpoBaHMe M pacyéT HanpsKeHHO-AePOPMMPOBaH-
HOTO COCTOSIHMSI MUKPOMNPOG®UAS MPU OPTOrOHAAbHOM BO3AEMCTBUW B 3aBUCMMOCTM OT YCAOBWI HarpyxeHus //
iPolytech Journal. 2025.T. 29. Ne 1. C. 10-21. https://doi.org/10.21285/1814-3520-2025-1-10-21. EDN: OUJGOC.

MECHANICAL ENGINEERING
Original article

Stress-strain state simulation and calculation of a microprofile
under orthogonal impact depending on loading conditions

Nikolay V. Vulykh'*, Boris B. Ponomarev?
12Irkutsk National Research Technical University, Irkutsk, Russia

Abstract. The present study aims to establish the effect of loading conditions on the shaping mechanics and
stress-strain state of a surface microprofile for machine parts under the initial roughness impact. The used cal-
culation model of microroughness includes physical and mechanical characteristics of a soft copper-simulating
material. A numerical model of microsettlements on the surfaces of machine parts is developed for various loading
conditions. The transition from free to restrained loading of the microroughness model increases the angle at the
base of the deformed microprofile from 35 to 58°, relative length of the smoothed section from 0.46 to 0.8, and
vertical rise of the microprofile depression point from 0.012 to 0.21. For one unfastened pair of side microprofile

© Bynbix H.B., NMoHomapes b.b., 2025
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surfaces, orthogonal pair is deformed to a greater extent relative to the corresponding freely fastened surface. The
maximum elongation of the sample in the direction of oX and oZ axes is 7 and 13%, respectively. Depending on load-
ing conditions and location of microprotrusions, the full-settlement stress under the microroughness peaks ranges
from 1050 to 1370 MPa exceeding the ultimate strength of the samples by 5-7 times. The stress of depressions
on rigidly fastened samples reaches a maximum value of 1190 MPa, which exceeds the values for other fastening
options and ultimate strength of the samples by 4-12 and 0.5-6 times, respectively. The lowest stress homogeneity
across the microprofile cross-section has been found in freely fastened samples; rigidly fastened samples have the
highest stress homogeneity. The optimal microprofile smoothing is typical for rigid fastening loading with a more uni-
form stress across the microprofile cross-section. The studies are relevant for assigning the conditions of workpiece
processing using local deformation methods under the varying degree of restrained loading within the boundaries

of the processed surfaces.

Keywords: rough surface layer, finite element analysis, constrained deformation of parts, stress state

For citation: Vulykh N.V., Ponomarev B.B. Stress-strain state simulation and calculation of a microprofile
under orthogonal impact depending on loading conditions. iPolytech Journal. 2025;29(1):10-21. (In Russ.).
https://doi.org/10.21285/1814-3520-2025-1-10-21. EDN: OUJGOC.

BBEAEHUE

NoBEpPXHOCTHOE MAacTUUeckoe AedopMHU-
poBaHue (IMA) yacto NPUMEHSAIOT AAA GOPMU-
pOBaHMA ONPeAEAEHHbIX CBOMCTB NOBEPXHOCT-
HOrO CAOSI MOYTU FOTOBbIX A€Tanen. TEXHOAOTUMK
MMA BKAKOYAOT AOKaAbHble Crocobbl BO3AEW-
cTBMA (0OKATKa LLIAPUKOM, POAMKOM, aAMa3HOe
BbIrA@xuBaHue U Ap.) [1-9]. MNpu AOKaAbHbIX
MNMNA yseAnyeHne CUAOBOrO BO3AEWCTBUSA WUH-
CTPyMEHTa Ha 3aroToBKY MPUBOAUT K BO3pac-
TaHWIO B HEW HanpshxeHHoro coctosHus (HC) -
KaueCTBEHHOW cocTaBAsItOLLLEN 06paboTKu (Npu
aAMa3HOM BbIrAaxuBaHuu). OAHaKO AOKaAU3a-
LUMSA KOHTAKTHOMO BO3AEWCTBUSI MHCTPYMEHTA
Ha 3aroToBKY NMPUBOAWUT K CHUXEHUIO MPOU3BO-
AUTEABHOCTM Mpouecca. Apyron nyTb, cUMTato-
LMMCA coBpeMeHHbIM [4, 10] 1 UHTEHCUDULK-
pytomin HC noBEPXHOCTHOIO CAOS1 3arOTOBKM,
3aKA0YaeTcs B MPUMEHEHUU METOAUKW CTec-
HeHHoro aedopmmpoBaHma [10-16]. Mpu Ao-
KanbHbIX MeToaax [MIMA MoryT BCTpeyatbes pas-
AMYHbIE CTENEHW CTECHEHHOrO COCTOSAHUSA, Ha-
npumep, y rpaHunL, noBepxHocten obpabatbiBa-
€MblX 3aroToBOK, a TakXe He KOHTaKTUPYHOLLMX
C WHCTPYMEHTOM NOBEPXHOCTEWN, CTENEHb CTEC-
HeHusa (CC) ByaeT MMHUMMaAbHOM, a B CAy4yae
NPaKTUYECKON HEBO3MOXHOCTK NepeMeLLEHNS
MeTaAAa 3arotoBkU npu aedopmmpoBaHnn CC
BbyaeT NpUBAMXKATLCA K MAKCMMAAbHOM — AAS
YCAOBUWSI BCECTOPOHHEro cxatus. Aedopmauu-
OHHOE BO3AEWNCTBME MHAEHTOPA Ha MUKPOMpPO-
®OWAb MPOMCXOAMT OPTOrOHaAbHO. B pabotax
[11, 17-22] nokasaHO, UYTO AA MOAEAMPOBa-
HUA MUKPOMPOPUAA MOXET OblTb MPUMEHUM
peryAsipHbIn TPEYroAbHbIM MUKPONPOOUAL, NPU
3TOM KOHTaKTUPOBaHWE MHCTPYMEHTa MPOUCXO-
AWT MO PSAAY NMUKOB LLEPOXOBATOCTH.

B cratbe pelieHa 3apada no GpopmMousme-
HEHUIO MUKPOMPOGUAA 3aroToBKM MPU CUAOBOM
BO3AEMCTBUM Ha MOCAEAHION, C OMPeAEAEHUEM
HanPsXeHHO-AEPOPMUPOBAHHOTO COCTOAHUA MU-
KPOBBICTYMOB AAA PA3AMUHbBIX CXEM HarpPyXeHus.

MATEPUAN U METOAbI UCCAEAOBAHUA

OueHky HanpsxeHHO-AebOpPMUPOBAHHOIO
COCTOSIHUA MUKponpoouaa [11, 18] BbINOAHU-
AW C MOMOLLLIO NporpamMmHoro Mmoayaa ANSYS
Workbench [23].

AedopmurpoBaHne MUKPONPOPUAST OCYLLECT-
BASIAM MO cxeMme (puc. 1), NoKa3biBaOLWEN AUHA-
MWKy AedopmMaLIMmM MUKpoBbicTynoB [11, 17, 18].

[eoMeTpUYECKUE N MeXaHUYeCKUe napamMe-
TPbl MUKPONPOOUAS LWIMPUHOM b — 25 MM (CMm.
puc. 1) 1 MHAEHTOpa NpeAcTaBAEHbl B pabotax
[11, 18]. MaTtepnan MUKPONPOPUAS ABASIETCS
NAACTUUYHbIM, MPUMEHSAEMbBIM AAA MPOKAAAOK
3anopHOW apmMatypbl C LEAbO repmMeTnsaumm
COCYAOB BbICOKOIo AaBAeHUA [20, 24-28].

BeAMunHa NOANOXKKM CpaBHUMaA C BbICOTOM
MWKpOHepoBHocTen [18]. YcnoBua apedpopmu-
poBaHusi: CBOBOAHOE, MOAYCTECHEHHOE ABYX
TUNOB U CTECHEHHOE.

YcnoBus npouecca ynpyronaactMueCKon 0caa-
K1 MUKPOMNPOdUASA MpUBEAEHDI B pabotax [11, 18].

Ha puc. 2 npeapctaBAeHa KOHEYHO-INEMEHT-
Hasa (KJ) ceTka o6pasuoB, umetowas cryuie-
HME Ha NMOBEPXHOCTU, B MECTE KOHTaKTa C WH-
AEHTOPOM. A TakXe NMpUBEAEHbI XapaKTepucTu-
YeCKne TOUKU MUKPONPODUASA BEPLUMH - a, b,
C M BNaauvH - d, e, f, cAyxawmx AAA pacuyeta
MHTEHCMBHOCTU HanpsXXeHun2,

AAA pas3AMYHBIX BUAOB HarpyxeHus obpas-
LOB YCTAHOBAEHbI CAEAYIOLLME TPaHUYHbIE YC-
AoBUS (Taba. 1, puc. 3).

2CamyAb B.M. OCcHOBbI TEOPUM YNIPYrocTH U NAACTUUHOCTU: yueb. nocob. 2-e nepepab usa. M.: Boiclas wkona, 1982. 264 c.

11

https://ipolytech.elpub.ru


https://ipolytech.elpub.ru
https://doi.org/10.21285/1814-3520-2025-1-10-21
https://elibrary.ru/oujgoc

iPolytech Journal

4b| b

2025.T.29. Ne 1. C. 10-21

ISSN 2782-4004 (print)

2025;29(1):10-21

ISSN 2782-6341 (online)

/‘

— B h o
.
I D
.
Al / Al

- -
- -

-~
C -

Puc. 1. Qusmnueckasi MOAEAb HArPyXeH1sh MUKDPOHEPOBHOCTEH XECTKMM MHCTPYMEHTOM: 1 — uHaeHTop; 2 - 6oHAaX; 3 - obpasel
Fig. 1. Physical model of exposing microroughness to the rigid tool impact: 1 - indentor; 2 - device body; 3 - sample

10,00

Puc. 2. KoHeYHO-aNeMEHTHas ceTka obpasua (Ymncao K3 - 4834, y3nos - 23963)
Fig. 2. Fnite-element grid of a sample (4,834 finite elements, 23,963 nodes)

Tabamua 1. Xapaktepuctnku dprkcaumm o6pasuoB
Table 1. Fixing characteristics of samples

Bup Harpy)xeHus (pukcauum) obpasua

cBobopHoE
3aKpenAeHne

noaycsoboaHoe
3aKkpenneHune Ne 1

noaycBobopHoe
3akpenaeHue Ne 2

XXECTKOE 3aKpenAeHne

Xapakrep

dukcauum obpasua (puc. 3)

OCHOBaHuWe obpas-
Uua orpaHuymMBanu
B NepeMeLleHnn

ocHoBaHWe obpa3sua orpaHu-
UnMBaAM B MeEpPeEMELLEHUN MO
ocK oY U oX;

ocHoBaHWe obpasua orpa-
HWYMBAAM B MepeMeLLEHUU
no ocu oY 1 0Z;

nepemMelleHve no Topuam 06-
pasua orpaHuuMBaAM Mo OcCuU OX
(Displacement D, E);

no ocu oY nepemeLleHve no topuam ob- | e nepemelLeHue No 6OKOBbIM nepemMeLLeHre no 6OKOBbIM rpaHAM
pasua orpaHuuYMBaAM Mo OCH rpaHsm obpasua orpaHuYu- orpaHuuMBanun y obpasua no ocu oZ
oX BaAM MO ocu 0Z (Displacement B, C);

OCHOBaHWe 06pasua MOAHOCTbIO

dukcuposanu (Fixed Support F)

Tun Harpy)xeHus (¢pukcauum) obpasua (puc. 4)
1 2 | 3 | 4

12 https://ipolytech.elpub.ru
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Puc. 3. XapakTep 3aKpenreHns 1 3apaHns Harpy3kn Ha MMKPOHEPOBHOCTHU

Fig. 3. Nature of fixing and load setting on microroughness

Ocanky MUKPOMNPODUAA OCYLLLECTBASIAU My-
TEM OPTOrOHAABHOIO MNepPeMeLLEHUA UHAEH-
TOpa Ha MOAOBMHY WMCXOAHOW BbICOTbI MUKPO-
npooduas h (Joint-Displacement), cm. puc. 1, 3
[11, 17, 18].

PE3YAbTATbI U OBCY>)KAEHUE

BAvsiHMe TMna HarpyxeHus (cm. Taba. 1)
MOAEAU MWKPOHEPOBHOCTEM HA OTHOCWUTEAb-
HYH AAMHY Ip CTA@XEHHOTO y4acCTKa, BEPTUKaAb-
HOEe CMeLLEHHE [, TOUKM BNAAUH MUKPOMNPOOU-
A U U3MEHEHUWE YIAa Oy NPU OCHOBAHUU Ae-
dopmupoBaHHOro MuKponpoduaa [18] npea-

D;, Si.

CTaBAeHO Ha puc. 4, 1A Ip=—; I, =-;

oy _ Dby b h

cosag = —2-—2; & = 100% npu h = 6 mm
(cm. puc. 1, 5).

Mp1 MakcCMMaAbHOM OCaAKe MUKPOMPOPU-
AS1 (CM. puC. 4) yBEAUYEHUE CTEMEHU CTECHEHMUS

Jlunus enaduH
HedechopmupoeaHHoz0
Mukponpoguns

a

I lﬂd, rpax
0.8 90
0,7 T I/ 80
0.6 21 /'/ 70
0.5 — 4 |

T m | 3]

0,4 —\ 4 %
03 /
40
0.2
0,1 o {2 F 30
0 20
1 2 3 4

Tun nazpyscenus

Puc. 4. BAusiHue Tvna HarpyXeHnsi MOAEAM MUKDOHEPOBHOCTEN
Ha OTHOCUTEAbHYK) AAMHY CIAG@XeHHOro ydyactka Ip - 1;
BEPTUKAaAbHOE CMELLEHME BNAaANHBI Iy — 2; YroA Mpy 0CHOBaHUM
MUKPOMPOPUAS g — 3

Fig. 4. Influence of the microroughness model loading type
on the relative length of the smoothed section Ip - 1; valley
vertical displacement I, - 2; microprofile base angle oy - 3

JNuHus enadun

deghopmuposaHHO20
Mukponpodguns

b

Puc. 5. Cxema $popMOU3MEHEHNSI MOAEAW LLEPOXOBATOCTM: @ — HEAePOPMMPOBaHHbIN NPOPHAb, b - MpoduAb nocae i-ro
AepopmupoBaHus; D — AAMHa eAMHMYHOIO BbICTYNna MUKPOMPOPUAS, MM; D; — AAMHa CrA@XEHHOr0 yYacTka MUKPOMPOYHAS MocAe
i-ro pepopmupoBaHus, MM; h — BbicoTa MUKPONPOYHAS, MM; S; - BEAMYMHE MOABEMA BaAUHbI MOCAE i-ro AEPOPMUPOBAHUS,
MM; Olg — YrOA pu OCHOBaHWM Ae(OPMMPOBAHHOTO MUKPONPOGUAS, rpaA

Fig. 5.Diagram of microroughness model form change: a - unstrained microprofile; b - microprofile after the i-th strain;
D - length of a microprofile single protrusion, mm; D; - length of the microprofile smoothed section after the i-th strain, mm;
h - microprofile height, mm; S; - valley elevation after the i-th strain, mm; oy - angle at the strained microprofile base, deg.
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MOAEAU MUKPOHEPOBHOCTEW CNOCOOCTBYET Mo-
BbILLIEHWIO YrAa@ Y OCHOBaHUA AepopMUpOBaH-
HOMO MWKPOMPOPUASA, OTHOCUTEABHOW AAMHBI
CrAQXEHHOro yyacTka M BEPTUMKAAbHOMO MOAbL-
ema TOYKMU BNaprH MUKPONPOdUAA. ITO yKa3bl-
BaeT Ha TO, YTO YeM 6OAbLUE CTECHEH MUKPO-
NPOPUAb, TEM CUAbHEE AEDOPMMUPYHOTCHA €ro
MWKPOBbICTYMbl. YCTAHOBAEHO, 4YTO OrpaHuye-
H1e BOKOBOro nepemeLLeHUss MUKPOMPOPUAS
Mo OCK OX (TUN Harpy>XeHus 2) He NPUBEAO K Cy-
LLEeCTBEHHOMY M3MEHEHUIO rEOMETPUU Aedop-
MUWPOBAHHOIO MUWKPOMPOPUAST OTHOCUTEABHO
CBOOOAHOWM CXEMbl 3aKpenAeHUs (TUM Harpyxe-
Hus 1). OrpaHuyeHne GOKOBOIro NepeMeLLEHNS
MWUKPOMPOPUAA NO OCK OZ (TUN HarpyxeHusa 3)
cnocobCcTBOBANO 3HAYUTEABHOMY MOABEMY TOY-
k1 BnaauHbl (¢ 0,012 po 0,12) n B MEHbLLEN

1,6689 Max
1,3654
1,062
| 0,75858
] 0,45515
0,15172
-0,15172
-0,45515
-0,75858
-1,062
-1,3654
-1,6689 Min

- g —
7,500 22,500
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CTEMEHN — YBEAMUYEHUKOD OTHOCUTEABHOW AAUHbI
CrFA@XEHHOro yyacTtka Mmukponpoduas (¢ 0,46
7O 0,6) M NOBbILEHUIO YIAQ Y OCHOBaHUA Ae-
dOpMMPOBaAHHOIO MUKponpoduaa (¢ 35 Ao
39°). XecTkoe 3aKpenAeHUe MUKPOMPODUAS
(Tvin HarpyxeHus 4) NPUBEAO K MOABEMY TOUKHM
BrnaauHbl A0 0,21, BO3pacTaHMUO OTHOCUTEAb-
HOM AAMHbI CTA@XEHHOrO yvyacTka MUKPOMPO-
ounnsa po 0,8, 1 yBEAMYEHUIO yrAa Y OCHOBaHUS
AEDOPMUPOBAHHOTO MUKPOMPOOMASA A0 58°.

Ha puc. 6 noka3aHbl NOAOBUHbI M30MOAOC
AEGOPMUPOBAHHOTO MUKPOMPODUAA — AAS Bbl-
ctynoB 1, 2 n 3 (cm. puc. 3) [5, 8]. U3onoaochl
nokasaHbl AN BEPTUKAABHOTO (0Y) M FOPMU30H-
TaAbHbIX (0X) 1 (0Z) HanpaBAEHUK AEPOPMMPO-
BaHWSA MUKPOHEPOBHOCTEN AO CTEMEHN OCaAKHM
(en) paBHOM 50%.

0,17042 Max
0,169
04042
L0601
L] 007881
42661
15534
18407
L2108
24153
27027
2,99 Min

0,78634 Max
0,44536

) 20,000 (mm)
— E— )
X 15,000

N e

1,3602 Max
11129
0,86555
0,61825
0,37095
0,12365

- - —
1,3602 Min 7500 22,500

Puc. 6. YuacTku pacnpeAereHns: NAacTUYecKux AedpopmaLimi MUKPOMPOPUAS: @ - HanpaBAeHue oX, Tun Harpyxenus 1, &, = 50%;
b - HanpaBAeHue oY, Tun Harpyxenuus 1, €, = 50%; ¢ - HanpaBaeHue oX, Tun HarpyxeHus 3, €, = 50%; d - HanpasAeHue oY, Tun
HarpyxeHnusi 3, €y = 50%; e - HanpaBAeHue 0Z, Tun Harpyxeuus 2, &, = 50%; f - HanpasaeHue oZ, Tun Harpyxeumns 1, €, = 50%
Fig. 6. Distribution areas of microprofile plastic deformations: a - oX direction, loading type 1, €, = 50%; b - oY direction,
loading type 1, €, = 50%, ¢ - oX direction, loading type 3, &, = 50%; d - oY direction, load type 3, €, = 50%; e - oZ direction,
loading type 2, e, = 50%; f - oZ direction, loading type 1, &, = 50%
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AHaAM3 M30MOAOC MAACTUYECKOrOo GOPMO-
N3MEeHEeHUs MUKPOBLICTYNOB B TPEX HarnpaBAe-
HUAX MOKa3aA: AAS XKECTKOIO 3akpenAeHus (Tmn
HarpyxeHust 4 Ha puc. 6 He npeAcTaBAEH, Mo-
AOOHbIE M30MOAOChI paccmoTpeHrbl B [11, 18])
NAOLLAAb MYCTOT OCTaAaCb HE3HAUMTEABHOM, NPU
3TOM TAYOMHA MyCTOT COCTaBMAA OKOAO 1,7 MM
- 28% OT nepBOHAYaAbHOM BbICOTbI MPOGUAS.
AAS cBOBOAHOTO 3aKPENAEHMSA (TUM Harpy>XeHus
1) NoAbEM TOUKM BNAAUHbBI NPAKTUYECKM HE Ha-
6At0pancs, cM. puc. 4 n 6 b, npu 3ToM rayburHa
MyCTOT COCTaBMAA OKOAO 2,9 MM - 48% OT UCXOA-
HOW BbICOTbl MPODUASI, YTO ABUAOCH CAEACTBUEM
BbITArMBaHMA 06pa3ua B HanpaBA€HWM OCU OX
W yLUMPEHWUEM B HanpaBAEHUN OCK 0Z, CM. PUC.
6 a, . AN OCTaAbHbIX CXEM HarpyXXeHus noAb-
€M TOUYKM BNaAUHbI U TAYBMHA NyCTOT MUKPOMPO-
OUAA UMEAM NPOMEXYTOYHOE 3HAUEHUE MEXAY
XECTKMM U CBOOOAHbBIM 3aKPENAEHUEM, CM. PUC.
4, 6. Pa3pava 06pasLoB B HaNnpaBAEHMM OCU 07
(cM. pUc. 6 e, f) Mena CAeAyHOLLIMI XapaKTep:
paspava KpamHUX NMUKOB MUKPONPODUAS MPOU-
30LLUAA B MEHbLLEN CTENEHU, YEM Y LIEHTPAABHbIX
(TMN HarpyxeHus 1), uTo MoXeT ObITb CAEACTBU-
€M CBOOOAHOrO TeYEeHUsA MEeTaAAa B HanpaBAe-
HWMK ock oX. Mpu NoAycBOBOAHOM 3aKpenAeHUM
(TMN Harpy>xeHusa 2) NAaCTMYECKOE TeYeHUe Me-
TaAAa UMENO CUMMETPUYHbIV XapaKTep, a Takxe
NPEeBbIWAAO COOTBETCTBYIOLLYK) BEAUUUHY AAS
CBOOOAHOWM CXEMbI 3aKPENAEHWS.

N3meHeHWe rpaHMUUYHbIX YCAOBUIM 3aKpenne-
HWSA (BbICBOBOXAEHUE BOKOBbLIX CTOPOH MUKPO-
NPOPUAA) BHECAO 3HAUMTEABHOE U3MEHEHWE B
xapakrep AepopMUPOBaHHUSA.

B 1abA. 2 npeacTaBAeHa BEAMUYMHA BbITSXKK
H6OKOBbIX CTOPOH MUKPONPODUASI B HAanNpaBAEHWM
0CU OX M YLLMPEHMSA BOKOBBIX CTOPOH MUKPOMPO-
®UAA B HanpaBAEHUM ocu 0Z npu €, = 50%.

BbITsxXKy 06pasLoB MUKPONPOOUAS B Ha-
npaBAEHUM OCU OX OLEHMBaAWU, COOTBETCTBEH-
HO, Kak 2Al/1x100%, ywmpeHre 60KOBbIX CTO-
POH MWKPOMPOPUAA B HanNpaBAEHWW OCU OZ
oueHmnBann kKak 2Ab/bx100%, cm. puc. 1.

AHaAn3npysA XapaKkTep cMelLeHna BOKOBbIX
CTOPOH MUKPOMNPODUAS,, MOXHO 3aKAKOUNUTD, UTO
npv BbICBOOOXAEHMM GUKCALMM OAHOM M3 nap
6OKOBbIX NMOBEPXHOCTEN MUKPOMNPOPUAST OPTO-
roHanbHas K Hen pedopmupoBanacb B 6OAb-
LLIEeW CTENEeHU OTHOCUTEABHO COOTBETCTBYHOLLEN
MOBEPXHOCTM MpK CBOOOAHOM CxeMe 3aKpenae-
HUA. TIpK XKECTKOM 3akpenAeHWW BblAaBAMBaA-
HWE MeTaAna NMPOUCXOAMAO HABCTPEYUY ABMXE-
HUIO MHAEHTOpa [11, 18].

BeAnunHy ynpouHeHus matepuana o; (Mla)
MWUKPOMNPOPUASI OMPEAEASIAU MO UHTEHCUBHO-
CTW HanpsXeHuin:

— 1 (ax - ay)z + (Uy - 02)2 +
V2 (o, —0,)? + 6(t2, + 13, +12,)

i

Ha puc. 7 nokasaHO BAWAHWE CTEMNEHMU
OCaAKM MUKPOHEPOBHOCTEW €, HA WHTEHCWB-
HOCTb HanNpPsiXXeHWW 0; AN CBODOOAHOIO M XECT-
KOro 3aKpenAeHns MUKPONPOPUAS (CM. puc. 2,
Taba. 1).

Ha puc. 8 npeacTtaBAEHO BAUSIHUE TUNA Ha-
rPYy>XeHMUs MOAEAU MUKPOHEPOBHOCTEM Ha WH-
TEHCUBHOCTb HaNPsXXeHUN 0; AN MUKPOBBICTY-
nos 1, 2 n 3 npun nx ocapke Ha 50% (cm. puc.
2, 3, 1aba. 1).

MN30noAOCbI MHTEHCMBHOCTM HaNpPsXXeHUM
MWKPOHEPOBHOCTEN O; NPEACTABAEHbI Ha pUc. 9
npu aepopmupoBaHnn Ha 50% AAS UCCAepye-
MbIX CXEM HarpyXeHus (cm. Taba. 2).

BospactaHne  ocapkM  MUKPOMNPOOUASA
(cM. puc. 7) NPUBOAUT K YBEAUUYEHUIO WUHTEH-
CMBHOCTM HanpsxeHnn. CAepyeT OTMETUTb, UTO
AO BeAMYMHbI ocapkm B 20% HC noa nukamu
BO3pacTaeT CUAbHEE (0COBEHHO AASl XKECTKOIO
3aKpenAeHus), 3atTeM WHTEHCMBHOCTb BO3pac-
TaHusA napaet. Ha npotaxeHnn aepopmMmnpoBa-
HUS B 5-35% HC AAA XeCcTKoro 3akpenaeHus
npeBbilaetT HC 0CTaAbHbIX CXeM 3aKpenAeHus
MUKPONPOPUAS. Y NOCAEAHMX HabAtopanca
cnaa yBeanyenua HC npu ocapke B 5-10%,
3areM rpapnMeHT MHTEHCMBHOCTM BO3pacTaHusA

Ta6auua 2. BeAnunHa BbITAXKU W YLLIMPEHUA BOKOBbIX CTOPOH MUKPOMPOGUASA

Table 2. Value of microprofile sides drawing and widening

Bua Harpy)xeHus (pukcauum) obpasua

nonycBo6oaHoe

cBOHOAHOE 3aKpenAeHne
A P 3akpenAeHune Ne 1

noaycsobopHoe

XECTKOE 3aKpenaeHue
3akpenaeHune Ne 2

MepemeleHune no ocam, %

oX oZ oX oZ

oX oZ oX oZ

4 11 0 13

7 0 0 0
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Puc. 7. BansiHne cteneHn AeopMupoBaHms MUKPOMPOPUASI Ha MaKCMMaAbHYH MHTEHCUBHOCTb HaNPSKEHMI:

a - noA BEPLUMHOM MUKponpoduasi: 1 - 1. a (cBObOAHOE 3aKpenAeHue); 2 - T. b (cBOBOAHOE 3aKPENAEHHE);

3 - 1. ¢ (cBObOAHOE 3aKpenaeHue); 4 - T. a, b, ¢ (KecTKoe 3aKpenAeHne); b - oA BaaMHON MUKPOMPOPUAS:

1 - 1. d (cBOb0oAHOE 3aKpenreHme); 2 - T. e (cB0BOAHOE 3akpenieHne); 3 - T. f (cBoboAHOEe 3akpenneHune); 4 - 1. d, e, f (xecTkoe

3aKpenieHne)

Fig. 7. Influence of microprofile deformation degree on maximum stress intensity: a - under the microprofile peak:
1-m. a(freefixing); 2 - m. b (free fixing); 3 - m. ¢ (free fixing); 4 -m. a, b, c (rigid fixing);
b - under the microprofile valley: 1 - m. d (free fixing); 1 - m. e (free fixing); 1 - m. f (free fixing); 4 - m. d, e, f (rigid fixing)
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Puc. 8. BavsiHMe TMna HarpyxeHusi MOAEAM MMKPOHEPOBHOCTEM Ha MakCUMaAbHYH) MHTEHCUBHOCTb HAMPSXEHWIH AAS
MUKPOBbICTYNOB 1, 2 1 3: @ - N0A BEPLUMHOM MUKPONPOYuASA (T. a, b, €); b - noA BNaanMHoM MUKPOnpoouAs (T. d, e, f)

Fig. 8. Influence of the microroughness model loading type on maximum stress intensity for microprotrusions 1, 2 and 3:

a - under the microprofile peak (m. a, b, ¢); b - under the microprofile valley; (m. d, e, f)

yBeAruuAcs. HeobxoaMmo oTMeTuTb, uto HC y
NOAYCBOOOAHbBIX CXEM 3aKpernAeHWss He3Hauu-
TEAbBHO MpeBbicMAO (Nopsiaka 70-100 MIa)
HC XeCTKon CXeMbl 3aKPEMAEHUA HA KOHEY-
HOM 3Tane ocapku. YBeanyeHue HC noa Bnaau-
HaMW MUKPOHEPOBHOCTEN MMEAO NPAKTUYECKHM
AMHEWHbIN XapaKTep AAA CBOAHOW M MOAYCBO-
OOAHbIX CXEM 3aKPENnAeHUs. Y XEeCTKOM CXeMbl
3aKkpenaeHnsa nocae 5% ocapku rpapAMEHT MH-
TEHCUBHOCTU BO3pPaCTaHUA ObIA BbllLE OCTaAb-
HbIX CXEM 3aKpenAeHusa n npu ocapke B 50%
npeBocxoama ux no HC B 4-12 pas.

16

Xapaktep nameHeHuss HC noa BepiMHamu
M BNapAMHaMKM MWKPOBbICTYMOB MPEACTABAEH
Ha puc. 8. BUaHO (CcM. puc. 8), UToO MakCUMaAb-
Hoe 3HauyeHne HC noa BepluMHaAMKU HabAoAa-
AOCb Yy BTOPOrO TUMNa HarpyXeHus, SBASIAOCH
OAMHAKOBbIM MO BCEM MMWKPOBbICTYNam U
coctaBuno nopsiaka 1370 MIMla. AAS XecTko-
ro 3akpenAeHus (TMn HarpyxeHus 4) MUKpPo-
npoduna HC coctaBuno nopspka 1170 Mlla,
M Takke ObINO OAMHAKOBO MO BCEM MMUKPO-
BbiCTynam. [1oa BnaaAMHaMW MUKPOBBLICTYMNOB
MakcumManbHoe 3HauyeHne HC Habaropanoch y
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5,000 15,000

5,000

Puc. 9. YyacTku pacnpesereHns MUHTEHCUBHOCTM HanpsXeHni Mukponpoduas ai (eh = 50%): a - cB06OAHOE 3aKpenAeHue;
b - nonycBoboaHoe 3akpenreHne Ne 1; ¢ - noaycBoboaHoe 3akpenaeHne Ne 2; d - xecTkoe 3aKkpenieHne
Fig. 9. Distribution areas of a; microprofile stress intensity (e, = 50%): a - free fixing; b - semi-free fixing no.1; ¢ - semi-free

fixing no.2; d - rigid fixing

XECTKOro 3aKpenAeHusi, 6bINO OAMHAKOBbLIM MO
BCEM MWKPOBbLICTYMAM M COCTABASIAO MOPSAAKA
1190 MMa. Pa3bpoc HC no MUKpoOBbLICTYNam
NPUCYTCTBOBAA y CBOOOAHOM CXEMbI 3aKpenAe-
HUSA, @ TaKXe y CTECHEHHOM MO ocK 0Z. Mpuuem
B 060Mx cAyvyasx yBeanyeHne HC HabAatopanochb
NpU ABUXEHUU OT KPamHEro MMKpoBbICTyna 1
K UeHTpanbHOMY 3 (cMm. puc. 3). UCKAtoueHue
COCTaBMAA CPEAHSISt 30Ha MOA TPETbUM MUKOM
MWKPOBbICTYNa (TUM HarpyXxeHusa 3), y KOTOPO-
ro HC coctaBuno nopsiaka 1050 MMMa un 6bino
MeHbLe npumepHo Ha 100 MIa oTHOCHUTEABHO
1 1 2 MUKPOBBLICTYNOB.

Mpn ocapke mukponpodumasa B 50% paBHO-
MepHoe pacnpeaereHne HC no MUKpPOBbLICTY-
nam HabAoAaNOCh MPU MOAYCBOBOAHOM 3aKpe-
naeHun Ne 1, a Takxe NPU XEeCTKOM 3akpernae-
HUU. OAHAKO NpW NOAyCBOHOAHOM 3aKpenae-
HuM Ne 1 nepenap HC noa NMKOM M BNaANMHOM
coctaBun nopspka 950 Mlla (cm. puc. 8),
npuuyem HC 6bINO CKOHLEHTPUPOBAHO y BEp-
LWWH MUKponpoduAs. MpKn XeCcTKoOM 3akpenae-
HUK MUKponpoduaa nepenaa HC noa nMkom u
BNaAMHOW cocTtaBuMA okono 20 MMMa (cm. puc.
8), npun atom pacnpeaeneHme HC no ceuyeHuto
MWKPOBBICTYNOB ObIAO 6OAEE  OAHOPOAHBLIM
(cm. puc. 9). Ans cBOBOAHOM M MOAYCBOOOAHOM
cxeMbl 3akpenaeHnsa Ne 2 HC nmeno HepaBHO-

MepHoe pacrnpepereHre No MUKPOBLICTyNam 1
B 06AacTu BnapuH (cm. puc. 9). OAHOPOAHOCTb
HC no ceueHnto MUKpONPOPUAA BO3pacTana B
CAEAYIOLLEN MOCAEAOBATEABHOCTU: CBOBOAHOE
3aKpernAeHre, MOoAyCBOOOAHOE 3aKpenAeHue
Ne 2, nonycBob6oaHOe 3akpenaeHue Ne 1, xecT-
Koe 3aKpenaeHue (cMm. Taba. 2, puc. 8, 9). Ta-
KUM 06pa3om, TeopeTnyeckn GopmMrMpoBaHMe
HC B noBEpXHOCTHOM CAOE 3aroToBKM Npu 06-
pabotke AoKaAbHbIM TMMA MOXET CHUXaTbCA Y
rpaHu, obpabaTbiBaeMbIx NOBEPXHOCTEMN.

YCTAHOBAEHO, UTO Y CXEMbl Harpy>XXeHus ¢
XECTKMM 3aKpenAeHMeM MPOUCXOAMT Hamnbo-
AEE KayeCTBEHHOE BbIrAaXnBaHWE MUKPOMNPO-
dunsa ¢ dopmmupoBaHremMm HBoree OAHOPOAHOMO
HC no ceueHuto Mmukponpooduaa. AaHHana cxe-
Ma Harpy>XeHusi TEOPETUUYECKU MOXET SIBAATLCA
Hanbonee 3PPEKTUBHON MPU AOKAAbHbIX CMO-
cobax 0bpaboTkm peTtaner mamH MMA.

3AKAKOYEHUE

1. YBeAnyeHue cteneHn CTEeCHEHUSA MOAE-
AU MUKPOHEPOBHOCTEWN, XapaKTepuaytoLlencs
OrpaHMUYEHHON MNOABMXHOCTbIO ee OOKOBbIX
rpaHenm WU OCHOBaHMA, NPU NEPEXOAE OT CBO-
60AHOM K CTECHEHHOW CXeMe HarpyXeHus
CcnocobCTBOBAAO MOBbLILWEHWIO YIA@ Y OCHO-
BaHUA AePOPMUPOBAHHOIO MUKPOMPODUAA
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¢ 35 A0 58°, OTHOCUTEABHOW AAMHbBI CTA@XEH-
Horo yyacTtka ¢ 0,46 po 0,8, a Takxe BepTu-
KaAbHOIO MOAbEMA TOUYKM BMaAUH MUKPOMPO-
ounsa ¢ 0,012 po 0,21.

2. MNpun BbICBOBOXAEHUN PUKCALMM OAHOM
13 nap 60KOBbIX MOBEPXHOCTEN MUKPOMPOOU-
ASl OPTOrOHaAbHas K Hel pAedopmMMUpoBanach B
60AbLLEN CTeNeHW OTHOCUTEABHO COOTBETCTBY-
tOLLLEM MOBEPXHOCTM MPU CBOOOAHOM 3aKpe-
nAeHnn. MakcumanbHasa BbITAXKa obpasua B
HanpasAeHWU OcK OX cocTaBuAa 7%, B Hanpas-
AeHun ocu 0Z - 13%.

3. HC noa nukamMmu MUKPOHEPOBHOCTEN NPU
NMOAHOM OCaAKe, B 3aBUCUMOCTU OT TUNa Harpy-
XEHUA U PacnoAOXKEHUA MWKPOBLICTYNOB, CO-
ctaBAsino ot 1050 po 1370 MIa u npeBbICUAO

ISSN 2782-6341 (online)

npeaen Npo4YyHoctu o0bpasuoB B 5-7 pa3. Bo
BNaAMHaAX HanpsXeHHOe COCTOSIHWME AOCTUIAO
MaKCMManbHOro 3HauyeHusa B 1190 Mlla anq
XECTKOM CXEMbl 3aKPEnAeHUss U MNPEB3OLLAO
OCTaAbHbl€ CXeMbl 3aKpenAeHnsa B 4-12 pas, ¢
NpeBbILEHNEM NpPeAeAa NPOYHOCTM 06pa3LOoB
B 0,5-6 pas.

4. HanmeHbluasa opHopoaHocTb HC no ce-
YeHUto MUKponpooduaa bObina y 0bpasuLoB Cco
CcBOOOAHbBIM 3aKpPENAEHMEM, HaubOAblLAs -
y 06pasLOoB C XECTKUM 3aKpeNAEHUEM.

5. MMpn cxeme HarpyxeHuss C XECTKUM
3aKpENAEHMEM MNPOUCXOAMT Hamboree Kaue-
CTBEHHOE BbIFA@XUBAHUE MUKPOMPOPUAA C
dopmupoBaHnem bonee opHopoaHoro HC no
CEUYEHUID MUKPOMPOPUAS.
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AHaAK3 BapuauuMn YrAOBbIX KOOpPAUHAT
PEeXYLLEero MUHCTPyMeHTa Npu U3MEeHEHUU YCAOBUM pe3aHus
B npouecce BbINOAHEHUA TEXHOAOTMUYECKUX onepaLum

0.A. Ep3aun?, C.A. Bacun?, A.C. Knentak®

L2TyAbCKMIT roCyAapPCTBEHHbIN YyHUBepcuTeT, Tyaa, Poccus
SCamapCKu1i HaLMOHaAbHbIM MCCAEAOBAaTEAbCKUI yHUBEPCUTET MMeHM akaasemuka C.I1. Koporéaa,
Camapa, Poccus

Pe3rome. Llenb - onTMMMU3aLMS YCAOBUM pe3aHust NyTeM yNpPaBAEHUS KUHEMATUUYECKUMU YTAAMU pPeXxyLLe-
ro MHCTPyMeHTa npu o0bpabotke GacoHHbIX MOBEPXHOCTEN U TEXHOAOTMUECKM OOYCAOBAEHHOM WM3MEHEHWUU pe-
XUMHbIX NapamMeTpoB npouecca pe3aHusa. O6bEKTOM UCCAEAOBAHUI SBUAUCh YCAOBUS pe3aHua npu obpaboTke
$aCoHHbIX MOBEPXHOCTEN, UX BAUAHWE Ha PEXUMHblE NapaMeTpbl Npouecca pe3aHus, KUHEMaTUUECKUE YIAbl
pexyLero MHCTpyMeHTa (NepeAHUin U TAaBHbIM B MAAHE) U HAKAOHA peXyLlen KpoMKW. Mpu nocTpoeHnn mate-
MaTUYECKUX MOAEAEN UCMOAB30BAAUCh METOAbLI TEOPUM PE3aHUSA, TEOPETUUECKON MEXAHWUKU U TEPMOANHAMMUKN.
MpoBeAEHHbIM aHAAN3 TEOMETPUN AE3BUA PEXYLLETO MHCTPYMEHTA KakK B CTAaTUKe, Tak U B KUHEMATUKE NoKasaa,
4YTO M3MEHEHMUE YIAOBbIX KOOPAMHAT NEPEAHEN NOBEPXHOCTU AE3BUS NMPU PA3AUUHbIX YCAOBUAX Pe3aHMNA B NPOLIEC-
ce BbINOAHEHWSI TEXHOAOTMUYECKUX onepauunin TpebyeT BHEAPEHUSA YPaBASIEMbIX OCEM NOBOPOTA. ITU OCU AOAXKHbI
peryAMpoBaTb OCHOBHbIE YIAbl A€3BUWS: TAA@BHbIN, NEPEAHUIN U YTOA HAKAOHA pexyLlen KpoMKU. Mpn 3arnybreHum
MHCTPyMeHTa bonee 85% KMHEMATUUECKUE YTAbl MHTEHCMBHO U3MEHAIOTCA AaXe MPU OTHOCUTEABHO HEBOAbLLIMX
NOrpeLlHOCTSIX ero ycTaHOBKM. [peANOXeHO BBECTU YNpaBASIEMble OCM MOBOPOTa NepeAHElN NOBEPXHOCTU AE3BUS
PEXYLLErO MHCTPYMEHTA NO €€ OCHOBHbIM YrAaM: TAaBHOMY, NEPEAHEMY U YTAY HAKAOHA pexyLler KpoMKU. [Moka-
3aHO, YTO KUHEMATUYECKME YTAbl UHTEHCUBHO U3MEHSIOTCA AaXe MPU OTHOCUTEABHO HEOOABLLIMX MOrPELIHOCTAX
€ro yCTaHOBKMW. BbIABAEHO, UTO AQHHbIE YIAbl KOHCTPYKTMBHO OrpaHM4YMBatloT AMana3oH peryAupoBaHuWAa NepeaHe-
ro yraa pexyLliero MHCTPyMeHTa B CBSI3W C HEAONYCTUMbIM YMEHbLLIEHWMEM 3AAHETO yrAa, HEOOXOAMM WX YUET Npu
pacyete CMAOBbIX XapaKTePUCTUK npolecca pe3aHus. Takum obpas3om, AAA pelieHnsa npobaembl cTabruansaumm
KMHEMATUYECKMX YTAOB PEXYLLETO MHCTPYMEHTA HYXHO pa3pabaTtbiBaTb HOBble METOAbI M TEXHOAOTMK, KOTOPbIE
No3BOAAT HOAEEe TOUHO KOHTPOAMPOBATb KUHEMATUUECKME napamMeTpbl B Npolecce pe3aHns. BaxHo yuuTbiBaTb
BAMSAHWE Pa3AUUHbIX GAKTOPOB, TAKUX Kak MaTepuan obpabaTbiBaeMOn AETaAU, TUM PEXYLLEr0 MHCTPYMEHTA U
pPEeXUMbI pe3aHus.

KaroueBble cnoBa: ynpaBAEHWE KMHEMATUUECKUMU YIAAMU, PEXYLUMA MHCTPYMEHT, 06paboTka, ¢acoHHble Mno-
BEPXHOCTW, MapamMeTpbl NpoLecca pe3aHus, ONTMMM3aLumns, YCAOBUA pe3aHus
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CTPYMEHTa NPU U3MEHEHMU YCAOBUM Pe3aHnsi B MPOLIECCE BbIMOAHEHUSA TEXHOAOTMUYECKUX onepaumit // iPolytech
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MECHANICAL ENGINEERING
Original article

Analysis of changes in angular coordinates of cutting tools when
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Abstract. This study aims to optimize cutting conditions by controlling the working angles of cutting tools
when machining shaped surfaces and changing operating parameters of the cutting process for technological
reasons. The study object includes cutting conditions for machining shaped surfaces, their influence on the
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operating parameters of the cutting process, the working angles of cutting tools (rake angle and lead angle),
and cutting edge inclination. When developing mathematical models, we used methods of the theory of cutting,
analytical mechanics, and thermodynamics. Static and kinematic geometry analysis of a blade in a cutting tool
showed that changes in the angular coordinates of the front surface of a blade require the introduction of con-
trolled rotation axes when conducting technological operations under different cutting conditions. These axes
should control the main blade angles, i.e., lead angle, rake angle, and cutting edge inclination. With more than
85% of the tool penetration, the working angles considerably change even when its installation errors are relative-
ly small. It is proposed to introduce controlled rotation axes of the front surface of a blade in a cutting tool by its
main angles, i.e., lead angle, rake angle, and cutting edge inclination. It is shown that working angles considerably
change even when its installation errors are relatively small. The study revealed that these angles constructively
limit the regulation range of the rake angle of a cutting tool due to the impermissible reduction of the back re-
lief angle; these angles should be taken into account when calculating the power characteristics of the cutting
process. Thus, in order to solve the problem of stabilizing the working angles of cutting tools, new methods and
technologies should be developed, which would make it possible to control kinematic parameters in the cutting
process more accurately. It is important to take into account the influence of various factors such as workpiece

material, cutting tool type, and cutting conditions.

Keywords: kinematic angle control, cutting tool, machining, profiled surfaces, cutting process parameters, opti-

mization, cutting conditions
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BBEAEHUE

YnpaBAsieMble KOOPAMHATbI B METaAAOpe-
XYLMX CTaHKax C UYMCAOBbIM MPOrpaMMHbIM
yrnpaBaeHnem (YY) pewator 3apaun Gopmo-
obpasoBaHUA noBepxHocTerM obpabaTbiBae-
MbIX AETAAEN UAU HACTPOEUHbIX NEPEMELLEHUMN.
PeXxunMmbl pe3aHusa onpeAensitoTcs CKOPOCTAMMU
pe3aHnss U nepemelleHnii No ynpaBAeMbIM
KOOPAMHATaM, a TakXe BEeAMUYMHOW CHUMae-
MOrO NpUNycKa, Kotopas B 0OLLIEM CAyYae Tak-
Xe 3aBMCUT OT HanpaBAEHUM 3TUX CKOPOCTEW,
ONPEAENSIOLLMX CEUYEHME CPE3AEMOro CAOS.
KoopaAMHaTbl MHCTPYMEHTA — MOAOXEHUE PEXY-
LLIEM KPOMKM B CUCTEME KOOPAMHAT CTaHKa UAM
AETAAU CUMUTAOTCSH HEU3MEHHBLIMU M 3aAaOTCA
KoppekTopamu B YIY.

[eomeTpusa Ae3BUST PEXYLLET0 MHCTPYMEHTA
OMNUCbLIBAETCA B CTATUYECKOM WM KUHEMaTUue-
CKOM cucTemMax KoopauHat. M3BEecTHO, UTo oc-
HOBHbIE YIAOBbIE XapaKTEPUCTUKM MHCTPYMEHTa
[1, 2] onpepeAstoT MOAOXEHWE €ero nepepHen
NMOBEPXHOCTU OTHOCUTEABHO BEKTOPOB CKOPO-
CTeN pe3aHusa 1 nopaun. B npouecce 06paboTku
OHU MOTIYT U3MEHATLCS, HanpMmep, B COOTBET-
CTBMM C KOHTYpOM obpabaTtbiBaeMOMn NOBEPXHO-
CTM MAM CKOPOCTWU pe3aHus, B 3TOM CAyYae OHU
Ha3blBalOTCA KUHEMaTUYeckummn [3-7]. Aas-
Hbl GaKT NO3BOASIET PacCMaTPUBaTb PEXYLLMM
MHCTPYMEHT KaK CAOXHY MHOFOKOOPAWHATHYHO
WMHCTPYMEHTaAbHyto cuctemy (MC) [8].

B npoBeaeHHbIX paHee nccaepoBaHusx [9]
OTMeYeHbl crneunuduyeckme 3akOHOMEPHOCTH,
OTpaxatrolmMe OCOBEHHOCTM TOKApHbIX onepa-
UMM OTPE3KK: UBMEHEHWNE NEPEAHETO YrAa Mpu-

BOAUT K YMEHbLLUEHUIO HOPMAAbHOM COCTaBAS-
FOLLEW CUAbI CTPY)XKOOOpPa30BaHWS, @ MOMEHT
NMoBOPOTa PEXYLLErNO0 KAMHA BOKPYr pexyllen
KPOMKHW, OBOYCAOBAEHHbIV AENCTBUEM 3TOM CU-
AOW, HOCUT 3KCTPEMAAbHbIM XxapaKkrep. B 1o xe
BpPeMS 3HaUEeHUA MOMEHTa NOBOPOTA PEXYLLENO
KAMHA OTHOCWUTEABHO PEXYLLEN KPOMKU He3Ha-
YUTEAbHbI U YKa3blBatOT Ha BbICOKYIO SHEProad-
GEKTMBHOCTb YNpaBAEHUS €ro NepeAHUM YrAOM.

B nccaepoBanmax [10-12], B 3aBUCMMOCTH
oT NpodurAs 0bpabaTtbiBaeMon AeTaAl, NOKa3a-
Hbl Pa3AUYHbIE BapUaHTbl PACMOAOXKEHUSA LIEH-
Tpa NOBOPOTa pe3ua U AAS YNPABAEHUS TAaB-
HbIM YTAOM B NMAGHE U NEPEAHUM YIAOM pes3ua.
MpeANOXEHO B CUCTEMY KOOPAMHAT MHCTPYMEH-
Ta BBECTU ABE MEPEHOCHbIE UUAMHAPUYECKUE
CUCTEMbI YyNIPaBASEMbIX KOOPAMUHATDI.

B uccaepoBaHusax [13] ycTaHOBAEHO, 4TO
YCTPOMCTBO YNPaBAEHUA MPOLECCOM pe3aHus
Nno NepPeAHEMY YIAYy PEXYLLEro KAMHA TEXHWUYe-
CKK peaAmsyemo.

Ha puc. 1 npeactaBAeHa cUCTEMA KOOPAU-
HaT UHCTPYMEHTa 1 UX B3aumocsaau [1, 4, 6]. B
COOTBETCTBMM C U3BECTHBIMU ONPEAEAEHUAMM,
Ha puc. 1 nokasaHbl:

- OCHOBHasl MAOCKOCTb — NAOCKOCTb 0pXpYp;

- MAOCKOCTb pe3aHusl — KacaTeAbHas K pe-
XYLLEW KPOMKE B paccMaTpMBaEMOW TOUKE U
nepneHAMKYAIpHas OCHOBHOW MAOCKOCTH;

- nonepeyHas MAOCKOCTb - [MAOCKOCTb
0pXpZp;

- TA@BHas cekylwasi MNAOCKOCTb - MAO-
CKOCTb, MEPNEHAMKYASIPHAA MPOEKLMM TAaBHOM
pexyLlen KPOMKU Ha OCHOBHYH MAOCKOCTb.
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Puc. 1. Cuctembi KOOPAMHAT MHCTPYMEHTa 1 X B3aUMOCBA3N: C-C - cTatnyeckas NNOCKOCTb pesaHus; A-A - raBHas cekyluas

MAOCKOCTb pe3aHus

Fig. 1. Tool coordinate systems and their relationships: C-C - static cutting plane; A - main cutting secant plane

N3BECTHO, UTO YCAOBUA pPe3aHWUs B 3HaAUU-
TEAbHOW CTENEHU ONPEAEASIIOTCA MO NEpPEAHEN
noBepxHocTn Ae3ua MC. OHa xapakrepusyer-
ca GOPMOK, PEXYLLMMU KPOMKaAMKU U BepLUU-
HOW. [ToAOXEHME 3TOM MOBEPXHOCTU OTHOCU-
TEAbHO CKOPOCTU pPe3aHns ONpPeAENIET YCAOBUS
pe3aHus, TEXHOAOTMYECKUE BO3MOXHOCTHU U MO-
KasaTeAn onepaumin, CBA3aHHbIX C OTAEAEHMEM
npUNycKa OT 3arotoBku [2-7].

K ocHOBHbIM yraam Ae3Bus UC, onpeaens-
IOLLMM MOAOXEHWUE €ro nepepHer NnoBepPXHO-
CTWU, OTHOCATCA NEPEAHUI YTOA ¥, TA@BHbIN YIOA
B MAGHE @, YTOA HAKAOHA PEeXYLLEN KPOMKKU A
[1, 2]. COOTBETCTBEHHO, 3TO:

- YFOA MEXAY OCHOBHOWM NMAOCKOCTbIO U AW-
HUEW nepeceyeHnsa nepeaHen NoBEPXHOCTH C
TAaBHOW CEKYLLEN MAOCKOCTbIO;

- HauMMEHbLUMK YrOA MeEXAY MpoeKUMen
FA@BHOM pPEXYyLLEW KPOMKWU Ha OCHOBHYIO MAO-
CKOCTb W NOMEPEYHOMN MAOCKOCTbIO;

24

— YFOA MEXAY FAaBHOW pPeXyLLerh KPOMKOM
M OCHOBHOM MAOCKOCTbIO (PaCnOAOXEH B MAO-
CKOCTU pe3aHus).

B kauectBe nprMmepa pasAMUHbIX BUAOB re-
omeTtpumn Ae3Bus UC Ha pUc. 2 NpUBEAEHbLI Cxe-
Mbl MPOAOABHOIO TOYEHUA U OTPEIKM.

CeueHune cpe3aeMoro CAOSt ONPEAENSIET OC-
HOBHbIE XapaKTepPUCTUKU MpoLecca CTPYXKO-
06pa3oBaHUA M MOLLHOCTb pe3aHus:

tp
sin @ ’

Vs
a=§—(,3+)/);§01:77_((/)+€k),

a; - by =Sy tp; a1 =Sp - sing; p, =
(1)

rA€ aq, by — TOALLMHA U LULUPUHA cpeda, M; Sy, tp —
nopada Ha 060poT M TAYOMHA pe3aHus, M;
@, P1,Ek - YrAbl B NAAHE: rAaBHblA, BCNOMOra-
TeAbHbIV M NPU BepLunHe pesua, °; v, a, B - ne-
pPeAHWI, 3aAHUI YIAbI U YTOA 3a0CTPEHUS, ©.
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Puc. 2. CxeMbl TOKapHOH 06paboTKM: @ — NPOAOAbHOE TOUEHUE; b — OTPE3Ka M NPOpPe3kKa KaHaBOK
Fig. 2. Turning diagrams: a - longitudinal turning; b - cutting and grooving

LEAb UCCAEAOBAHUA HUA, @ TaKXe XapaKTepucTMKamMu 3arotoBOK,
LieAbto ABASIETCA ONTUMM3ALMA YCAOBUIM pe-  MHCTPYMEHTaA M 060pyAOBaHUA. K aeTepmMu-
3aHUA NyTeM YNpaBAEHUS KMHEMATMUYECKMMW  HUPOBAHHbIM daKTopamM OTHOCATCS TEXHO-
yrAaMW PEXYLLETO MHCTPYMEHTa NMpu 06paboT-  AOTMUYECKM MNPEAONPEAEAEHHbIE WM3MEHEHUSA
K€ GACOHHbIX MOBEPXHOCTEN U TEXHOAOTUYECKM  CKOPOCTU Pe3aHUs, UTO 0COBEHHO aKTyaAbHO
006yCAOBAEHHOM M3MEHEHUU PEXMMHbIX Napa-  AASl ONepauni, TakKUX Kak oTpes3ka, Npopeska
METPOB Mnpouecca pesaHus. KaHaBOK, MOAPEe3Ka Topua WMAM MnonepevyHoe
ToueHue [4, 6, 7, 9], AU HanpaBAEHUA BEK-
MATEPUAADbI U METOAbI UCCAEAOBAHUA Topa nopayu npuv GacoHHOM TouyeHuu [4, 6,
HapylweHue craumoHapHoctM npouecca 7, 10]. K HUM B TOM YUCAE CAEAYET OTHECTU
pe3aHua BAMAET Ha BCE TEXHOAOTMYECKME  U3MEHEHUE KUHEMATUUYECKUX YIAOB AE3BUSA
napamMmeTpbl onepauui ToueHuss M obycnoB- WNC B 3aBMCMMOCTU OT €ro YCTaHOBKM, MOKa-
AEHO MHOXECTBOM GaKTOpOB, KOTOPble MO-  3aHHOe Ha puc. 3 [6, 9].
ryT UMETb Kak CTOXaCTUUYECKWMW, TaK U AeTep- KHMHEeMaTUYeCKNe YrAbl BbIYUCAAKOTCA Ha
MWHUPOBAHHbIKN Xxapaktep. CToOXaCTMYeCKMe  OCHOBE WM3BECTHbIX MEOMETPUUYECKUX MPUHLM-
baKTopbl CBA3AHbI C KOAEDAHMUAMM NPUMNYCKA  MOB COOTHOLLUEHWUI CAEAYHLLMM obpa3om [6]
Ha 06paboTKy, NapameTpamMun pexuma pesa- (Ha puc dy,h):

T

Puc. 3. BAUsiHME NOAOXEHMSA PEXYLLEH KDOMKM PE3LIa OTHOCUTEABHO AMHUM LIEHTPOB Ha €r0 NEPEAHMI U 38AHUI KMHEMaTUYECKHE
YIAbL: @ — HUXEe LeHTpoB; b - Bblle UeHTPoB; O-T - AAOCKOCTb pe3anus; O-N - AuHUS, NPOXOAALLas Yepe3 0Cb BpalLeHUs
3aroTOBKM M TOYKY NEPECEYEHUS PEXYLLEH KDOMKOH CEKYLLEH MAOCKOCTH

Fig. 3. Effect of the cutter cutting edge position relative to the center line on its front and rear kinematic angles: a - below the
centers; b - above the centers; O-T - cutting plane; O-N - line passing through the workpiece rotation axis and the intersection
point of the cutting edge and the cutting plane
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Y =V + dyiy + dyry; A =%— B +vi);
P =@ = dPir; Q1 =T — (i + &);
dowr = arctg(F/E); dyyy = arcsin(Zhp_/Dy);
dyry = arcctg( + ctg@vg), (2)

So'ng-sinOys

ANA OTPE3KU By = — = — dYyyy 5
Dy =Dy —Sp-n-t=Do(1—Ton);
T cp o= Do
otn—av k_2'50~nq’

TA€ Yk, A, Pr» P1x — KAHEMATUYECKUE YTAbI AE3-
Bust UC: nepeaHni 1 3aAHUI, @ TakXe MaBHbIN
M BCMOMOraTeAbHbI B NA@HE COOTBETCTBEHHO,
°; dYky, dYky - UBMEHEHWEe NepeAHero KuHema-
TUYECKOTO YrAQ, BbI3BaHHOE OlMbKaMu ycTa-
HOBKM MHCTPYMEHTA U KOAEDBaHUSIMU CKOPOCTU
pe3aHus; dpyr — U3MEHEHWE TAaBHOMO KUHe-
MaTMUYeCKOro yraa B MNAaHe, 0OYyCAOBAEHHOE
M3MEHEHMEM COOTHOLUEHUA COCTABAAROLLMX
nopaym nNo KOOPAUHaTHbIM ocam E,, E,, F., F,,
Oys — YTOA MeXAYy BEKTOpaMKU CKOPOCTU pesa-
HUA 1 PE3YABTUPYIOLLIEN NOARYH, °; hy,—, Do, Dy —

zam=f{Totn h)
] ] l
404 — — —1
30- t— s /

"$:

11

5 NN
[]5:: Dﬁl} {}6: E]I"{] D?) {}SU []83 DS‘[} {}93\[
-1 | | | Tom | | | ’l

Y 1 O O A ) T O T I

L ]
— b D=(.1% === h/D=-0.3% == hT=0.7%
m— i D=0.1% ==+ h/D=0.3% o
a

ISSN 2782-6341 (online)

MOrpeLlHOCTb YCTAHOBKW pe3la, HauyaAbHoe
N TEKylllee 3HaYeHWe AMaMeTpa 3aroToBKU B
npouecce oTpe3kn, M; T,i, - OTHOCUTEABHOE
BPEMSA BbINOAHEHUA onepaLun; n, - CKOPOCTb
BpalLeHMs 3arotoBKu, c2.

Hanpumep, no xoay onepaupmii OTPe3ku 1 npo-
PE3KN KaHaBOK, YMEHbLUEHWEe CKOPOCTU pesa-
HUS, BblI3BAHHOE M3MEHEHWEM AMaMeTpa obpa-
6aTbiBAEMOIN NMOBEPXHOCTH, ABAAETCA MPUUNUHOM
CYLLIECTBEHHOIO WM3MEHEHWUS YCAOBUI pe3aHus,
CBSA3aHHOIO C YMEHbLLIEHWEM CKOPOCTU pe3aHus:

a2 (3)

VP = VO(l Txt st

Totn) Vo
rae V, - PeKoMeHAOBaHHOE 3HaYeHUe CKOpo-
CTW pe3aHus Npu BbINOAHEHWWM OMepauuin oT-
pPE3KU U NPOPE3KU KaHaBOK, M/MUH; Tp — Ne-
PUOA CTOMKOCTU pesua, MUH; C,, xt, xs — NOCTO-
AHHbIE KOIDDULMEHTBI*S,

Ha onepauun oTpesku B npouecce 3aray-
O6AeHMA MHCTPYMEHTa B 3arotoBky 6e3 yuyeTta
YMEHbLUEHUA CKOPOCTU pe3aHud, U3SMEHEHUe
KUHEeMaTnyeckmx yrnos Ae3suss UC npuy = 10°,
B = 58° 1 pa3AnyHbIX 3HAYEHUAX NOrPeLHOoCTH
€ro yCTaHOBKM MpuUBeAeHbl Ha puc. 4.

n3 NPUBEAEHHbIX 3aBUCUMOCTEN BUA-
HO, 4TO TMp#H 3ar/\y6/\eHMM MHCTPYMEHTa
alfa=f{Totn h)
601 |
504 ,
404 - /’,
30- t—r t—
| o --'_’../ .
2047 : ————
T NN
10
Y
G T T T L] T T T T L] 1‘
055 060 065 070 075 080 085 090 0
-1 Totr ll
-204 !
— h/D=-0.1% = *  h/D=-0.3% == = h/D=-0.7%
— h/D=01% = * h/D=013% :
b

Puc. 4. 3aBrcumocTy nepeaHero (a) v 3aaHero (b) yrAoB A€3BUSI MHCTPYMEHTaAbHOM CUCTEMbI OT BEAMUMHBI 3arAyOAEHUS Npu
PasAMYHbIX 3HAYEHUSAX NOrPELLIHOCTH ero yCTaHOBKM (KpacHble AMHUU h/D > 0, yepHble AuHun h/D > 0)
Fig. 4. Dependences of the front (a) and rear (b) tool edge angles on the penetration depth at different values of the tool

installation error (red lines h/D > 0, black lines h/D > 0)

“AuepkaH H.C. CnpaBouHuK MmetaaimcTa. B 5 7; 1. 4. M.: Mawrus, 1959. 778 c.
SKocunoBa A.T., Mellepsiko P.K. CnpaBoYHWK TeXHOAOra-MalLMHOCTPOeHUA. B 2-x T; T. 1. M.: MawwuHoctpoeHue, 1990. 495 c.
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(Dy—Dy)/Dy = T,, 60NeE 85% KMHEMATUYE-
CKMWE YrAbl MHTEHCMBHO U3MEHAIOTCA AaXe Mpu
OTHOCUTEABHO HEOOABLLMX MOTPELLIHOCTSAX E€ro
YyCTaHOBKMW. [lpnyem norpeLiHoCTb YyCTaHOBKMU
MHCTPYMEHTA KOHCTPYKTUBHO OrpaHuMuMBaeT
AMana3oH PEryAMpoBaHUs NEpPEeAHEro yraa pe-
XYLLLErO MHCTPYMEHTa BBWMAY HEAOMYCTUMOIO
YMEHbLLEHUA 3aAHErO Yyraa. ATO ABAEHUE Tpe-
byeT yueta Npu pacyete CUAOBLIX XapaKTepu-
CTUK npouecca pes3aHna [14-16].

CnaepyeT OTMETUTb, UTO, UCXOASI U3 KOHCTPYK-
TUBHbIX COOTHOLLIEHWIW NPY BapUaLMSaX KWUHEMA-
TUYECKMX YTAOB NEPEAHENO U TAABHOIO B NAAHE,
YIAbl 3a0CTPEHMUSA U MPU BEPLLUMHE B NAQHE pes-
La ocTaroTC HEM3MEHHbIMM.

METOAUKA UCCAEAOBAHUM

B3anmocBA3b MexXay OCHOBHbIMU YrAaMM
Ae3Bust UC onpepensietca U3 M3BECTHbIX reo-
METPUYECKUX COOTHOLLEHUM [6, 11, 12] puc. 1:

tgyy = cos@ - tgy —sing - tg4;

tgyy =sin@ - tgy + cos @ - tg4, (4)
AU

tgy = sin@ - tgyx + cos @ - tgyy;
tgA = cos @ - tgyx — Sin@ - tgyy:

— A=-10——A0=0

== 10=10
—— 0= 40.00000000

== A0=10

a

A€ ¥y Yy — YTAbl, OOpasyembie MexAy nepea-
HeW NOBEPXHOCTbIO pe3la N OCHOBHOM MAOCKO-
CTblO B MPOAOAbHOM M MOMEPEYHOM CEYEHUSIX, °
(cm. puc. 1).

AaHHas B3aMMOCBS3b MNPEACTABAEHA Ha
puc. 5, rae NokasaHo, UTo B UCCAEAYEMOM AMa-
na3oHe M3MEHEHUA NepepHero yraa (¥) u yraa
HaAKAOHA pPEXyLLEN KPOMKK (A1) 3aBUCUMOCTH
(4) moryT 6bITb NPeobpasoBaHbl B AMHEWHbIE U
NPeACTaBAEHbI CAEAYHOLLMM 06pa3oMm:

Yy =Y -cos@ — A-sing;
Yx =Y -Sing + 1- cos ¢. (5)

Mpn M3MEHEHUWN 3TUX YIAOB B TPAAWULIMOH-
HOM AmanasoHe A = +10° u A= £15° no-
rPELHOCTM annpoKCUMaLMU  TPUTOHOMETPU-
yeckux BbipaxeHun (4) paaamu (5) pocTuratot
MaKCMMaAbHbIX 3HaAYeHW nNpu @ = 45° n He
npesbiwatoT 1,6%. YkazaHHOro BNOAHE AOCTa-
TOUHO AASI OLEHKW XapakTepa NOBEAEHUS 3TUX
3aBUCUMOCTEN.

N3 HWX BMAHO, NpU @ > 45° yron Hakno-
Ha 3aBuUCMMOCTU ¥y = f(¥) Oonblle, Yem
Y« =f(y), a npu ¢ < 45° - Haoboport. Mpu
BO3pacTaHWW @ y 3aBUCUMOCTHU Vx = f (¥), oH
yBeAMumnBaetcs, a y ¥y = f(¥) ymeHbluaetcs,
npuyem 6onee MHTEHCHMBHO.

—— i0=-10
—=—i0=0
—— 90=75.00000000

— A0=-10——40=0
= =A0=10 == A0=10

b

Puc. 5. 3aBUCUMOCTM YIAOB MEXAY NEPEAHEN MOBEPXHOCTBH M OCHOBHOM MAOCKOCTbIO B MPOAOABHOM M OMEPEYHOM CEYEHUSX
(Yy Yx) OT OCHOBHbIX YIAOB A€3BUA MHCTPYMEHTaAbHOM cucTembl (P, A, V) (Vy - KpacHbie AuHuM, Vx — CHHUE AUHUK):

a-® = 40% ,_@ =75°

Fig. 5. Dependences of the angles between the front surface and the main plane in longitudinal and transverse sections
(Yy Yx) on the main angles of the tool system edge (@, A, Y):(Yy - red lined, Yx - blue lines): ¢—¢ = 40°% ,_¢ = 75°
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Mpn ¢ < 45° ero BAWAHWE MeEHAETCA Ha
MPOTUBOMOAOXHOE. YroA A MNpPaKTUYecKu He
OKa3blBaeT BAUAHUA Ha YIAbl HAKAOHa 3aBUCK-
mocteit ¥x = f(¥) n vy, = f(¥). Ero usmere-
HHe or A = —10° A0 A = +10° NPUBOAUT K UX
napanreAbHOMy cmelleHuio ara ¥y = f(¥) B
OTpULaTEABHOM HanpasaeHuu, a aa Yy = f(¥)
- B MOAOXWUTEABHOM.

MpeacTaBAfieT  WMHTEPEC CpaBHWUTEAbHaA
OLleHKa W3MEeHeHUsA 3TUX YrAOB, Hanpumep
AYxy = Vx — Vy- OHa MAAOCTPUPYET BbilLECKa-
3aHHOe, OMnpeAeAsieT MPenMyLLEeCTBEHHOe Ha-
NMpaBAEHUE ABWXEHWUS CTPYXKU U NpPeACTaBAe-
Ha Ha puc. 6 a. B 4aCTHOCTU, MOXHO BMAETD,
4TO U3MEHEHUE @ MPUBOAUT K USMEHEHUIO UH-
TEHCUBHOCTU MpPeobAapaHna OAHOTO M3 YIAOB
Yy = f(¥) wam v = f(¥) B 3aBucumoctn ot
nepeAHero yraa.

NHTepecHO, 4TO MCXO0AA W3  3aBUCUMO-
cte (B) MOXeT OblTb MOAYYEH HEKOTOPbIN
aHanor MOAYASl BEKTOpA B MAOCKOCTU Vx U Yy

Rangt = /Vy2+)/x =22 +y2. OH He 3aBuCUT

B SIBHOM BMAE OT NMEPEAHEr0 yrAa B NMAaHe ¢.
3T0 NO3BOASIET C TOYKM 3pPEHUss ynpaBAsie-
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MbIX KOOPAMHAT WMHCTPYMEHTAAbHOW CUCTe-
Mbl (YOUC) paccmarpuBaTb €ro Kak nepByto
NOBOPOTHYtO ynpaBasgemyto ocb (YO). ®dasa

Bektopa Rangi onpeaensetcs Takke u3 (5):

Pangt = arctg(yy/yx) = arctyg (%). Mpu
NMOCTOSIHHbIX 3HAYEeHUAX ¥ U 1 dpasoBasa xapak-
TEPUCTUKA NPEACTABAAET CODOM AYry OKPYXHO-
CTW, MOAOXEHME KOTOPOW W €€ LEHTPaAbHbIM
YroA 3aBUCST OT @.

Torpa ¢as3oBble XapaKTEPUCTUKU B KOOP-
annatax Yy f (v, 4, ¢), v« f(v, 4, @) npu name-
HEeHUMU @ oT 25° po 90" npeacTaBAAOT cOOOM
KOHUEHTPUYECKUE OKPYXXHOCTU (CM. pUC. 6 b).
MOXHO BMWAETb, UTO XAPAKTEPUCTUKU AAS
yrnoB A = 10° MAEHTUYHbI  XapaKTepPUCTH-
KaM AAA A = —10°, noBepHyTbiM Ha 1807,
a ¢das3oBaa xapakrepuctnka npu A =0° u
y = 0° BbIpOXAAETCA B HOAb. ITO YKasblBaeT
Ha TECHYI MX B3aUMOCBA3b C TOUKU 3peHUSA
Bblbopa YO noBopoTta Ae3sus UC u caepyet
M3 OYEBUAHbIX COOTHOLWIEHUW: npu @ = 90°
)/y=—/1, Vx =VY; npu @ =0° ¥y =Y, Y = A;
npu @ =45° u 1=0° y, = 0,707 - (y — 1),
Y« = 0,707 - (y + 1).

| -10 -5 ) 3 IJ{] Fx
| | )':
' I S _<] S A P 3

N i 5
N ] = |
S, 9 {
| [l 1 I

| i
— A0 = =0 AD=-10
== A=10—"—10=0 A0=-10
—— A0=0 —— A0=10 AD=-10

b

Puc. 6. 3aBUCHMMOCTb OTHOCUTEABHOIO U3MEHEHMS YIAOB HAKAOHA MepeAHEs MOBEPXHOCTU (Ayyy) OT OCHOBHbIX YIAOB A€3BUS
MHCTPYMEHTaALHOM CUCTEMBI (@) (¢ = 40° — CMAOLUHASA AMHMS, @ = 50° - MYHKTUPHAS AMHUS, @ = 90° - NYHKTMPHAA AMHUS
C TOYKOH); pa30Bble XapaKTEPUCTUKKU YIAOB (b) MEXAY MepeAHed MOBEPXHOCTbIO M OCHOBHOM MAOCKOCTbIO B MPOAOALHOM M
MONEPEYHOM CEUEHMAX Vx U ¥y (v = 10° - crirowwHas AuHus, y = 0° - NyHKTUPHas AuHUA, ¥ = —10° - nyHKTUpPHas AMHUA C

TOYKOM)

Fig. 6. Dependence of relative variation of front surface (Ayxy) inclination angles on the main angles of the tool system edge (a)
(¢ = 40° - solid line, ¢ = 50°- dashed line, ¢ = 90° - dashed line with a point); phase characteristics of angles (b) between
the front surface and the main plane in longitudinal and transverse sections vy and vy (v = 10° - solid line, y = 0° - dashed

line, y = —10° - dashed line with a point)
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MpoBEAEHHbIN aHAAM3 NOKa3aA, UTO HECMO-
TPSi HA ONPeAENEHHbIE AOCTUXEHUA B yrpaBAe-
HUU KMHEMATUUYECKUMW YIAAMWU PEXYLLETO WH-
CTPyMeHTa, 3apava ux ctabuamsauumn npu ob-
paboTke PpacoHHbIXx nosepxHocTen [10] u Tex-
HOAOTMYECKOM OOYCAOBAEHHOCTU W3MEHEHUSA
PEXUMHbIX MapaMeTpoB MNpoLecca pe3aHus
[9, 14, 15-20] octaeTtca BeCbMa aKTyaAbHOMW.

OBCY)XAEHUE PE3YABTATOB
UCCAEAOBAHUH

Mcnonb30BaHME MOBOPOTHLIX CUCTEM KOOP-
AMHAT AN YIPABAEHUSA KUHEMATUYECKUMM yrAa-
MK Ae3Busa UC cTaBMT BOMPOC O paLMOHAAbBHOM
BblbOpe LieHTpa noBopoTa [10]. Kputepuem on-
TMMaAbHOCTU ABASILOTCS XapaKTep U KOAUYECTBO
HEOOXOAMMbBIX AOMOAHUTEABHbIX ABUXEHWN, AO-
NyCTUMblE WX CKOPOCTU WU YCKOpeHus. Heypau-
HbI BbIOOP LEHTPa MOBOPOTA MOXET NPUBECTU
K NPUHUMNWAABHOM HEOCYLLECTBUMOCTU Op-
MOO0DOpPa30BaHUS HEKOTOPbIX MOBEPXHOCTEN UAK
npouecca o6paboTKM C 3aAaHHOW KOHTYPHOM
CKOpPOCTbIO nopaun [10]. 310 cBA3AHO C HEBOS3-
MOXHOCTbKO 06ecneunTtb OAHO3HAYHOCTb MO-
AOXEHUA PEeXyLLErn KPOMKU OTHOCUTEABHO OCH
noBopota Ae3Bust MC AR pa3AMUHbIX YCAOBUM
pes3aHus U COMPOBOXAAETCH CHUXEHWEM TOu-
HOCTU WU YXYALLEHWEM KauyecTBa MOBEPXHOCTW.
Moatomy B OCHOBY MpeAAaraemMoro noaxoaa no-
NOXEHO TpeboBaHWE COBMELLEHUS] HAYaAa BCEX
ocer NoBOpPOTa PEXYLLUEN KPOMKU U NepeAHen
NOBEPXHOCTH C BepLunHom UC.

Takon NOAXOA MNO3BOASIET HAa OCHOBaHMU
PACCMOTPEHHbIX BbilEe OMNPEAEAEHUN YIAOB
ne3Busi UC Bbibpatb cuctemy YO. Ucxoas m3
M3BECTHbIX ONpeAeneHun [2, 5, 6] n NpuBeAEH-
HbIX BbIlLIE€ PACCY)XAEHUN MOXHO BUAETb, UYTO
ornpeAeAeHHble TPYAHOCTM B €ro peaAnsaumu
CBSI3aHbl C TPAAULMOHHO MPUHATLBIMU Pa3HbI-
MW HanpaBAEHUAMW KOOPAMHATHbIX ocent B UC
N METAANOPEXYLLMX CTAHKAX.

B craHkax ¢ UYIY cuctema KOOpAMHAT WH-
CTPYMEHTa NpeaHa3HayeHa AAA ONpeAeneHUs
MOAOXEHUA €ro HAaCTPOEYHOM TOYKU, B YACTHO-
CTU BEpPLUMHbI pe3la, B CUCTEME KOOPAWHAT,
Hanpumep aetanm 0:X1Z; (cm. puc. 1). Tex-
HMUYECKM OHa 3apaeTcs OTHOCUTEAbHO HYAEBOM
TOUYKM MHCTPYMEHTaAbHOro 6aoka Og. Ero ocu
KoOpAMHaT OAOKa OpXpYpZp nNaparenbHbl
OCSIM CTaHAQPTHOM CUCTEMbI KOOPAMHAT CTaHKa
N HanpaBAEHbl B OAHY U TY XX€ CTOPOHY.

Ne3Bue UC xapaktepusyeTcsa MNOAOKEHUEM
€ro BEPLUMHbI U PEXYLUMX KPOMOK B CUCTEME

KOOPAMHAT, CBA3aHHOW C €€ OCHOBHOM MAOCKO-
ctbto U BeplimnHon OpXpYpZp. BeplunHa 3apa-
€TCH paAUyCOM CKPYrAEHWUSI T U KOOpAMHATaMu
Xopp, Zopp €70 LIEHTPA B CUCTEME KOOPAMHAT
OpXgYgZy WHCTPyMEHTaAbHOrO OAOKa (CM.
puc. 1). OHM NepeBOAATCA B CUCTEMY KOOPAU-
HaT CTaHKa Yyepes ero 6a30Byto TOUKY Op.

Kak 0TMeueHO Bblle, NMOAOXKEHWUE TAABHOWM
pexylen kKpomku (pesua) aessua UC nomu-
MO FA@BHOIO yrAa B MAaHE @ 3apaeTcs YrAOM
€€ HakAOHa K OCHOBHOM MAOCKOCTM A U AOO-
npeAeAsieT, Takum 06pa3oM, MOAOXKEHME €ero
nepeaHen MOBEpPXHOCTU. JTO 0OyCAOBAMBAET
HEOOXOAMMOCTb MPUHATUA B KauyecTBe BTOPOM
ynpaBASEMOM KOOPAMHATbl YrOA MOBOpoTa A
BOKPYr ocu 0pXyp1, MPOXOAALLEN uepes Bep-
LWKHY Ae3BUA MC nepneHAMKYASIPHO pexyLuen
NMAOCKOCTU. AAAl OAHO3HAUYHOIO 3apaHus MOAO-
XEHUA nepepHen MNOBEPXHOCTU OYEBUAHO B
KauyecTBe TPeTbEW YNpPaBAAEMOW KOOPAMHATHI
AONKEH BbICTYNaTb NepeAHu Yyroa y, onpeae-
AsieMblid 0Cbto NMoBopoTa 0pZy,;,;, MPOXOAALLEN
no pexyLien kpomke rnes3susa UC (cm. puc. 1).

YOWC byaem obo3HauaTb no aHarorum ¢ YO
CcTaHKoB ¢ YIY TokapHoM rpynnbl. [TAOCKOCTb,
obpa3oBaHHasi CKOPOCTAMM MOAAY CTaHKa
0pXupoZupo, COBNAAAET CO CTATUYECKOW OC-
HOBHOM NAOCKOCTbIO NC 0pXpYp.

3AKAKOYEHUE

B pesynbTate NpoBEAEHHbIX UCCAEAOBAHMIA
BbIMOAHEH aHAAM3 MPEAMETHOM 06AaCTU Onu-
CaHUA reoOMEeTPUN AE3BUSA PEXYLLErO WHCTPY-
MEHTa B CTaTMKE U KUHEMATUKKU. B pesyabrate
aHaAM3a M3MEHEHUNA YrAOBbIX KOOPAMHAT ne-
pPEeAHEN MOBEPXHOCTU MPU UBMEHEHUM YCAOBUM
pe3aHnst B NPOLIECCE BbIMOAHEHUSA TEXHOAOTU-
YeCcKMxX onepaunin NPeArOXeHO BBECTU ynpas-
ASIEMbI€ OCM NOBOPOTA NEePEAHEN MOBEPXHOCTU
AE3BUA PEXYLLErNO MHCTPYMEHTA NO €€ OCHOB-
HbIM YrA@M: rA@BHOMY, NEPEAHEMY U YrAy Ha-
KAOHA PEXYLLUEN KPOMKM.

Mokas3aHo, YTo KUHEMATUUYECKMNE YTAbl UHTEH-
CMBHO U3MEHSIIOTCA AaXe NPU OTHOCUTEABHO He-
OOAbLLMX MOMPELLUHOCTSAX €ro YCTaHOBKW, U OHU
KOHCTPYKTUBHO OrpaHW4YMBaloT AMAnal3oH pery-
AMPOBAHWSA MEPEAHErD yrAa PEXYLLEro UHCTPY-
MEHTa B CBA3U C HEAOMYCTUMbIM YMEHbLUEHUEM
3aAHEr0 yraa v TpebyroT KX yueTa npu pacyerte
CUAOBbIX XapaKTEPUCTUK NpoLIecca pe3aHus.

HecmoTpa Ha onpepeneHHble AOCTUXEHUSA
B YNPaBAEHUN KMHEMATUYECKUMU YrAaMU pe-
XYLLEro WMHCTPYMeHTa, 3apadva ux crtabuam3a-
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LMK NpU 06paboTKe GaCOHHbIX MOBEPXHOCTEN  PEXMMHbIX MapamMeTpoB MNpoLecca pesaHus
1 TEXHOAOTUUYECKM 0OYCAOBAEHHOM U3MEHEHUM  OCTAETCA BECbMa aKTyaAbHOMW.
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AHaAU3 BAMAHUA CKUH-3dPEeKTa Ha aKTUBHOE
CONPOTUBAEHUE B NPOBOAAX AMHUU INEKTpOoNepeAauu

A.B. BenocBetos>, B.3. MaHycoB?

1CnbupcKmMi rocyaapCTBEHHbIN YHUBEPCUTET BOAHOIO TpaHcrnopta, HoBocnbupck, Poccus
2tOropckuii rocyAapCTBEHHbIN YHUBEPCHTET, XaHTbl-MaHcuicK, Poccus

Pe3srome. Llenb - aHaAM3 BAUSIHUA CKUH-9QdEKTa Ha aKTUBHOE COMPOTUBAEHWE aAtOMUHUEBBIX MPOBOAOB C UCMOAb-
30BaHMEM MartemMaTMyeCcKOn MOAEAM, OCHOBAHHOW Ha TEOPUM INEKTPOMArHUTHOIO MOASl. B ucchrepOBaHMAX NPUMEHS-
Aacb nporpamma mopeampoBaHus ELCUT, ncnoab3ytollias METoA KOHEUHbIX INEMEHTOB. B KauecTBe 06beKTa MOAEAW-
poBaHMS BbIAM MPUHATLI MPOBOAA: KPYIAbI aAOMUHWEBDIN U LMAMHAPUYECKUI CTaneaAtOMUHKUEBBIN cedeHrem no 339
MM?, a Takxe npoBoa Mapku AC 300/39. B pabote 6bIA0 yUTEHO, UTO peanbHas MOAEAb AMHWUU IAEKTPOMNEPEAAUU SIBASIET-
€l HEOAHOPOAHOM, T.e. MPeACTaBASIET COOOI MPOBOAOUHYHO KOHCTPYKLIMIO CTaAeaAkOMUHUEBOTO NpoBoAa. Bepudunkaums
pacyeToB B MCMOAL3YEMOW KOMIMbIOTEPHOM NPOorpamMMe OCyLLECTBASAACH Yepes pasbreHrne aAtoMUHUEBOTO NPOBOAA Ha
ABE COCTaBASOLWIME: KPyr ceueHrem 39 MM? 1 BHeLIHee KOoAbLo ceueHrem 300 Mm2. MpUu OLEHKE PE3YALTaTOB MOAE-
AMPOBAHUS aAKOMUHUEBOTO MPOBOAA Ha Pa3HbIX FAPMOHUKAX YCTAHOBAEHO COBMAAEHWE MOAYYEHHbIX KOIOOULMEHTOB
CKMH-3ddPEKTa C MaTeEMaTUUECKON MOAEABIO (AaHHbIM KO3DDULMEHT OTpaXaeT YyBEAUUEHUE aKTUBHOIO COMPOTUBAEHUS
NPOBOAA Ha BbICLLEN rAPMOHMKE MO OTHOLLEHMIO K COMPOTUBAEHUIO MOCTOSAHHOMY TOKY). AAST @aAFOMWHMEBOTO NPOBOAA
ceveHneM 339 MM? aKTMBHOE COMPOTMBAEHWE Ha 5-1 rapMOHUKE YBEAMUMAOCH Ha 24%, Ha 7-i - Ha 40%, Ha 11-i
- Ha 71% u Ha 13- - Ha 84%. 310 06CTOATEALCTBO NMOATBEPAUAO HEOOXOAMMOCTb yUeTa CKUH-addEKTa NPU OLEHKE
NoTEPb INEKTPOIHEPTUN B AMHUAX INEKTPONEPEAAUMN Ha BbICLUMX raPMOHUKax. ABTOpaMK NPEANOXKEHO pacCMaTpmBaTh
KOHCTPYKLMIO NpoBoaa Mapki AC B BUAE LMAMHAPUYECKOTO HEOAHOPOAHOTO NPOBOAA, COCTOALLENO U3 CTaAbHOMO Kpyra
BHYTPM 1 MOAOTO aAKOMUHWEBOIO Kpyra cHapyxu. Ha npumepe nposoaa AC 300/39 npu onpepereHun KoadpduumneHTa
CKMH-3bPEKTa AQHHBIM CMOCOBOM MOrPELIHOCTb HE MpeBbiana 5% Ha WCCAEAYEMOM WMHTEPBAAE FAPMOHMK. Takum
06pa3omM, NPEANOXKEHHBIN METOA UCCAEAOBAHMS, 3aKAKOUAOLLMICA B PACCMOTPEHUIN MPOBOAOB Mapkh AC Kak KPYrAbIX
LUMAMHAPUYECKMX, MOKA3blBAET BO3MOXHOCTb YTOUHEHUSI MAaTEMAaTUUYECKON MOAEAU AQHHBIX MPOBOAOB.

KnaroueBbie cAOBa: aKTUBHOE COMPOTUBAEHUE, CKUH-9DDEKT, BbICLLUME FAaPMOHUKK, SINEKTPOMArHUTHasi COBMECTU-
MOCTb, NOTEPU INEKTPOIHEPIUMU

BaarosapHocTti. Pabota BbiNOAHEHA C NMPEAOCTAaBAEHMEM aBTopaM AocTyna k nporpamme «ELCUT npodeccuo-
HaAbHbIV» MO 3aABKE AASI BbINOAHEHWSA YyuebHOM paboTkl, otnpaBAeHHoN B 000 «Top», CaHkT-Netepbypr.

Ansa untupoBaHusa: benocsetoB A.B., MaHycoB B.3. AHaAu3 BAUSIHUS CKUH-9dEKTA Ha akTMBHOE COMPOTUB-
AEHWE B MPOBOAAX AMHWI anekTponepeapauun // iPolytech Journal. 2025. T. 29. Ne 1. C. 33-50. https://doi.org/
10.21285/1814-3520-2025-1-33-50. EDN: LBGQWS.

POWER ENGINEERING
Original article

Skin effect and active resistance of power transmission line wires

Anton V. Belosvetov: ™, Vadim Z. Manusov?

1Siberian State University of Water Transport, Novosibirsk, Russia
2Yugra State University, Khanty-Mansiysk, Russia

Abstract. The study aims to analyze the skin effect as applied to the active resistance of aluminum wires us-
ing a mathematical model based on the theory of electromagnetic fields. The study uses the Elcut finite element
simulation software. The simulated object includes round aluminum and cylindrical steel-aluminum wires with a
cross-section of 339 mm? each, as well as AS 300/39 wire. The nonuniformity of a real power transmission line with
steel-aluminum wires is considered. Calculations were verified in the Elcut software by dividing the aluminum wire
into two components: a circle with a cross-section of 39 mm? and an outer ring with a cross-section of 300 mm?.
The results of aluminum wire simulation at different harmonics have established a coincidence of the obtained skin
effect coefficients with the mathematical model. This coefficient reflects an increase in the active resistance of the
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wire at the highest harmonic in relation to direct current resistance. For an aluminum wire with a cross-section of
339 mm?, the active resistance at the 5th, 7th,11th, and 13th harmonic has increased by 24, 40, 71, and 84%,
respectively. This circumstance confirmed the need to consider the skin effect in the assessment of power losses in
power transmission lines at higher harmonics. We propose to simulate the AS wire as a cylindrical nonuniform wire
consisting of a steel circle inside an aluminum ring. For AS 300/39 wire, the error of determining the skin effect
coefficient using this method is below 5% in the studied harmonic range. Thus, the proposed research method con-
sidering AS wires as round cylindrical shows the possibility of refining their mathematical model.

Keywords: active resistance, skin effect, higher harmonics, electromagnetic compatibility, power losses
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BBEAEHUE

B HacTosllee BpeMS UHTEPEC K BAUSIHUIO BbICLLIMX FAPMOHUYECKUX COCTABASIOLLMX NEPEMEH-
HOro TOKa Bo3pacTtaeT. PaHee BAMAHME BbICLUMX rapMOHKK (Bl) BbIAO XapaKTepHO AASt CETEN HU3-
KOro HanpsXXeHus. Ha ceropHsIlHW AEHb Pa3BUTUE INEKTPUUECKUX CUCTEM MAET NO MYTU MOAKAIO-
YEHUSA MHOXECTBA KPYMHbIX HEAMHEWHbIX HArpy30K Ha YPOBHSIX CPEAHErO U BbICOKOrO Hanpsxe-
HUA [1]. B 9AEKTPO3HEPrETUUECKMX CUCTEMAX Poccrm xapakTepHO HaAMUME MOLLHbIX HEAMHEWHbIX
Harpy3oK, MOAKAIOYEHHbLIX Ha pa3HbIX CTYMEHAX HaMpPsXeHUs nepepavyn U pacnpepeAeHUs SAEK-
TPO3HEPIUU, UTO U NOPOXAAET BO3HUKHOBEHWE Bl B BbICOKOBOABTHbIX AAEKTPUUECKMX ceTax [2].

Harpyakamun Takoro poaa SIBASOTCS CUCTEMbI TArOBOrO 3AEKTpocHabxeHus (CTI), noayvato-
LLIME 3HEPIUIO OT CUCTEM BHELLHEro aneKTpocHabxeHuns (CB3) HanpsixeHnem 110-220 kB [3].
Mpu nutannu CT3 no AMHKUAM aaekTponepepaun (AIM) 3HAUUTEABHOM MPOTIXEHHOCTU BO3HUKAIOT
pe30HaHCHble IBAEHUS, OKa3blBalOLLME HEraTUBHOE BAUAHWE Kak Ha TArOBYHO CETb, TaK U Ha CU-
CTEMY BHELLHEr0 3AEKTPOCHabXEHMUS.

Tak, Hanpumep, B [4] onucaHO BAUSTHUE NPEANPUATUI TAXEAON NPOMBILLAEHHOCTU MO A0DbIYE
yras Ha OPMUPOBAHUE TAPMOHUK U UHTEPrapMOHKUK. 3TO 0OYCAOBAEHO TEM, UTO HA FOPHO-Nepe-
pabaTbiBatoLLMX MPEANPUSATUAX POCCUMM B OCHOBHOM MCMNOABL3YHOTCA TUPUCTOPHbIE Npeobpal3oBare-
AV HaNpsxxeHus 1 npeobpasoBaTeAn YacToTbl MOLHOCTLIO A0 750 KBT [5], cHMXatoLwme 3aTpartbl
Ha nepepaboTKy PyAbl, HO Bbi3biBatOLUME NOABAEHWUE BbICLLIMX FAPMOHUK MU UMMYAbCHbIX NepeHa-
npsxeHun [6-9].

BansHue pacnpepeneHHoMW reHepauuu (PI) Ha ¢opmrpoBaHME BbICLLIMX FTAPMOHUK, BbiAa-
BaeMbIX B AOKaAbHYHO CeTb, NpeAcTtaBAeHO B [10], rae OTAEAbHO NPUBEAEHA CBA3b PE30HaH-
ca Ha yacToTax rapMOHWK C UHTerpaumen Pl B ceTb, BKAOUAS pe3yAbTaTbl MOAEAUPOBAHUSA
[11, 12].

PoCT uncAa M MOLLUHOCTU HEAMHEWHbIX Harpy3oK, NOPOXAAQIOLLMX rapMOHUYECKME COCTaBAS-
IOLLME B 3HEPrOoCUCTEME, BEAET K YXYALUEHUIO MOKa3aTeAEN KadecTBa IAEKTPOaHeprun (MKII)
[13]. HecootBetctBUE MKII TpeboBaHusam MOCT 32144-20133 npMBOAUT K COKPALLEHUIO CPOKa
CAYXObl 3AEKTPOOOOPYAOBAHMSA U NPEXAEBPEMEHHOMY BbIXOAY €70 U3 CTPOSI, YTO HAHOCUT CyLle-
CTBEHHbIN 3KOHOMUYECKMI yLLEpPO ana aHeprocucTembl [14, 15]. Hapsaay ¢ 3TMM oTpULATEAbBHOE
BAMSAAHWE TOKOB BbICLLUMX FAPMOHMK Ha BO3AYLLHbIE AMHWUK (BA) aneKTponepeaaym BbICOKOro Hanps-
XEHUSA 3aKAUAETCA B YBEAMUEHUN MOTEPb IAEKTPOIHEPTUU UAU TaK Ha3blBAaEMbIX AOOABOYHbIX
NoTEPb, YTO TaKXE YXyALLAET TEXHMKO-9KOHOMUYECKUE NOKa3aTeA N aHEProadGEKTUBHOCTb INEK-
TPO3HEPreTUUECKUX CUCTEM®.

o pe3yAbTatam MHCTPYMEHTaAbHbIX 06caepoBaHUM [16], npuBeAeHHbIX 3a 2011-2012 rr., no-
TEePU INEKTPOIHEPTUN OT HECUHYCOMAAABHOCTU TOKOB B BO3AYLLUHbIX AMHUSIX B CPEAHEM COCTaBASAAU
nopsiaka 2-2,5%, a B oTAeAbHbIX cAaydasx [17] 3a 2009-2010 rr. oHn pocturanm 25% [18-22]. B
HacTosLLlee BpeMs AOAS MOTEPb OT BbICLLIMX rTAPMOHUK MPOAOAXKAET pacTi, B CBA3KU C YEM UX pac-
YeT U OLIEHKA ABAAIOTCS aKTyaAbHOW 3apayent.

STOCT 32144-2013. dnekTpuueckasn aHeprisi. COBMECTUMOCTb TEXHUUECKMX CPEACTB SAEKTPOMArHuTHas. HopMmbl kKauectBa anek-
TPUUECKON SHEPTUM B CUCTEMAX INEKTPOCHABXEHMA 06LLero HasHaveHus. Beea. 01.07.2014. M.: CtaHpapTuHdopmM, 2014.
“Power System Harmonics Causes and Effects of Variable Frequency Drives Relative to the IEEE 519-1992 Standard. Pexum
poctyna:  https://igate.alamedaelectric.com/Modicon%20Documents/AC%20Drive%20Power%20System%20Harmonics.pdf
(naTa 0bpalleHus: 28.09.2024).
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BenocsetoB A.B., MaHycoB B.3. AHaAu3 BAUSIHUSI CKUH-3¢pEeKTa Ha aKTUBHOE COMPOTUBAEHNE B NMPOBOAAX AMHW...
Belosvetov A.V., Manusov V.Z. Skin effect and active resistance of power transmission line wires

AAS BbIABAEHWS MPUPOAbI BOBHUKHOBEHMA NMOTEPb OT BbICLUMX FAPMOHUK HEOOXOAMMO YTOU-
HUTb MaTeMaTUUYECKNE MOAEAU BCEX INEMEHTOB INEKTPUUYECKMX CETEN, U, B NEPBYHO OYEPEAb, MO-
AEAb AVHUIM 3AEKTPONepeAayun ¢ YYeTOM CKUH-aGGdEKTa Ha BbICLLMX rapMoHUKax. C dusnueckom
TOYKHK 3PEHUS, CKUH-9DDEKT 3aKAKOUAETCA B HEPABHOMEPHOM PACNPEAEAEHUU MAOTHOCTU INEK-
TPMUYECKOro TOKa MO MOMNEPEUYHOMY CEYEHUID NMPOBOAHMKA. MHaue roBops, SAEKTPUYECKUN TOK B
NPOBOAHWKAX BbITECHAETCA OT LEHTPA BAMXE K NOBEPXHOCTU, NPUYEM AAHHbIN 3G dEKT NPOABASIET-
CAl CUAbHEE MPU YBEAMUYEHUM YaCTOTbl MPOTEKAIOLLETO TOKa. B pabotax [23-25] aBTOpbI NOAPOOHO
N3yvyaroT CKMH-3ODEKT AN CMIAOLLIHBIX KPYTAbIX MPOBOAHMKOB, 0ObIYHO MCMOAB3YEMBbIX B CUCTEMAX
pacnpeAeneHUsa SAEKTPOIHEPIUK, OAHAKO TaM He paccMaTpuMBaloTCa CTaAeaAtOMUHMEBbLIE MPO-
BOAa (HEOAHOPOAHbBIE), @ TaKXe MPOBOAA C MPOBOAOYHOM CTPYKTYPOW, Hanpumep, mapku AC. B
[26] aHaAM3UPYIOT BAUAHUE CKUH-3QDEKTA HA MHAYKTMBHOE COMPOTUBAEHWE NPOBOAOB BA, HO B
paboTe HET yNOMUHAHUA 06 MBMEHEHUN aKTUBHOIO COMPOTUBAEHUS, KOTOPOE B AQHHOM CAyvae
60AbLLE MOABEPXKEHO BAUSHUIO BbICLUMX FAPMOHUK U3-3a CKUH-3hDEKTA.

B Hactosllllee BpeMsi eAMHble M CTaHAQPTU3UPOBAHHbLIE MOAEAU, YUUTbIBAKOLLIME BAUSHUE
CKUH-3¢dEeKTa Ha npoBopa BA, HepocTaTouHO M3yueHbl. Taknm obpasom, pa3pabotka matema-
TUYECKOM MOAEAU, aAEKBATHO OTpaxatolen NPoLEeCC BbITECHEHUA TOKa K MOBEPXHOCTM MPOBO-
AHVKa, ABASIETCA BECbMa akTyaAbHOW 3apadver. OTCropa BO3HUKAET HEOOXOAMMOCTb YAyYLLIEHUS
MOAEAN, MO3BOASIIOLLIEN BOAEE AOCTOBEPHO OMPEAEASITb KOIDDULUMEHT yBEAUUEHNST AKTUBHOIO CO-
NPOTUBAEHUS MPOBOAOB BA k,(f) - OTHOLLEHWE aKTUBHOIO CONPOTUBAEHUS Ha V- TapMOHUKe R(T)
K OMUYECKOMY COMPOTUBAEHUIO Ry (CONPOTUBAEHMUIO MPOBOAHMKA MOCTOAHHOMY TOKY).

MATEMATUYECKAA MOAEADb 3O PEKTA BbITECHEHUA TOKA

MaTtemaTtnyeckoe onncaHue CKUH-addGeKTa NP NPOTEKAHUM NEPEMEHHOIO TOKA MO MPOBOAHMU-
Ky KPYrAOro ceveHust yhobHO NPeACTaBAATb B LMAMHAPUUYECKON cucteme kooparHaT (LICK) r, z n
6, coBmecTrB ocb OZ ¢ oCbto NpoBoAa (pUC. 1). KOHCTPYKLMIO CAAOLLHOIO KPYrAOro npoBOAHMKA
XapakTepuayLoT uepes paaunyc, kotopbln B LLCK npuHMmaet 3HaveHue r = R, M. B T0 Bpems kak ero
ANMHA — Z = L, M. AAVMHY OKPY>XXHOCTU (MOBEPXHOCTb NPOBOAHMKA) U MNAOLLAAbL MONEPEYUYHOrO ceye-
HUSA ONUCbIBAOT Yeped yron 6. Mpu 3ToM noAaraem, Yto obpaTHbIM MPOBOA HAXOAUTCA HACTOAbKO
AANEKO, UTO BAUSTHUEM NMEPEMEHHOINO MAarHUTHOIO NMOTOKA, BbI3BAHHOIO TOKOM B HEM, Ha pacnpe-
AEAEeHUE TOKa B MCCAEAYEMOM NMPOBOAE MOXHO NpeHebpeub°.

————

r4

Puc. 1. [lpeacTaBAEHME CIIAOLLIHOIO KPYIAOro npOBOAA B LUMAMHAPUYECKON CUCTEME KOOPAMHAT
Fig. 1. Representation of a solid round wire in a cylindrical coordinate system

MaTtemaTnueckoe NpeAcTaBAEHUE ABAEHUS CKMH-9OPEKTA OCHOBAHO HA TEOPUKU IAEKTPOMaATr-
HUTHOTO MOAS®. I3 Hee CAeAytOT ABa ypaBHEHWS, Ha3blBaeMble AMHENHBbIMU AMbdEpPEHLIMAaAbHbI-
MW YPABHEHUSMWU AAST KOMMNAEKCHbIX aMMOAUTYA NMAOTHOCTM TOKa J M HaNPsXXEHHOCTU MArHUTHOMO
noas H.

SHelmaH A.P., KanaHtapoB M.A. TeOPETUUECKUE OCHOBbI IAEKTPOTEXHKKM. YacTb 3. TeOpUs SAEKTPOMArHUTHOTO NOAS: yUyebHuK. 5-e
u3p., nepepab. M.: focaHeprouspart, 1959. 232 c.

SAemupusH K.C., HelimaH A.P., KopoBkuH H.B., YeuypuH B.A. TeopeTuueckne 0CHOBbI IAEKTPOTEXHUKK: yuebHuK. T. 3; 4-e usp. Cr6.:
Mutep, 2003. 377 c.
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d2J +1dJm ~ joprd .

dar? r ar Y’ (1)
d*H, 1dH, H_ . .

+— ~—3t = jouyH,, . (2)

ar> r dr r

Mocae BBEAEHWA HOBOW NEPEMEHHON X = r\/—jouy ypaBHeHus (1), (2) npuBoaaTcs K bonee
MPOCTOMY BUAY:

) )
sz’" +l%+Jm:0; (3)
dx X dx

) :
d H’"+1de+(1—inm:O. (4)

dx®>  x dx x?

YpaBHeHus (3), (4) ABAAKOTCH YaCTHbIMUK CAyYasaMU ypaBHeEHUA beccens:

d’y 1dy n®
A 3

X
QYHKUMK, YAOBAETBOPSIOLLME YpaBHEHUIO beccens, HasbiBatoTca GyHKUMSAMWU beccena [27,
28], 06LLUMIN UHTETPAA KOTOPbIX BbITASAWUT CAEAYHOLLIMM 06pa3om:

y =AJ,(x)+BN,(x), (6)

rae A n B - Nnpou3BOAbHbIE NOCTOSAHHbLIE; Jo(X) — GYHKUMA Beccena nepBoro poaa nopsaka n; Ny(x)
- OyHKuma beccena BTOpPOro poaa nopsaka n.

Mpn n = O noAyyaem ypaBHEHUE AASI MAOTHOCTM TOKa, NpU N = 1 - COOTBETCTBEHHO, AASA Ha-
MPSXKEHHOCTU MarHUTHOIO MoAsl. O6LLME MHTErpanbl 3TUX ypaBHEHWI MOTYT ObITb MPEACTAaBAEHbDI B
CAEAYIOLLEM BUAE: )

I = Agdo (X) + BNy (X); (7)

H,, = Ad,(x)+BN,(x), (8)

rae Jo(x) n No(x) - dyHKUuMK Beccena nepBoOro M BTOPOro posa HyAeBOro nopsaaka; Ji(x) n Ni(x) -
byHKUMKM Beccens nepBOro U BTOPOro poAa NepBOro nopsiAka.

Tak Kak, onupaschk Ha Tpyabl A.P. Heimana®, K.C. AemupusHa® u popyrux aBTopoB, Ha OCU NMPo-
BOAA@ BEAUUUHBI J, U Hpy HE MOTYT UMETb 6eCKOHEUHO BoAbLLIME 3HaUYeHus, To0 Bo= 0 n B; = 0. Toraa
ypaBHEHUS (7) 1 (8) MPUHUMALOT CAEAYIOLLMIK BUA:

Jm = AOJO(X) ; (9)
H, =AdJ/(x). (10)

N3 [29, 30] pewieHne ypaBHeHUA beccens — eAUHCTBEHHOE C TOUHOCTbIO A0 KOHCTAHTbI NyTEM

Pa3NOXeHWs B PAAT:
2k+n
X
B L
(3]
——'n

Jn(x)= &) (n+ k)

>0. (11)

Mpu NoACTaHOBKe B ypaBHeHWe (5) X = X./—j obLiee pelleHne UMEET CAEAYHOLLMI BUA!

y=AJ (x\/q) (12)

"CapoBoit B.A. AnddepeHumanbHoe ypaBHeHne beccens: yueb. nocob. 2 u3a., ucnp. 1 pon. M.: MOCKOBCKUIA aBTOMOBUABHO-
AOPOXHbIM roc. Tex. yH-T, 2019. 100 c.
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PeweHnem ypaBHeHUs (12) ABAFETCA PAA C MHUMbIM @apryMEHTOM X+/—j :
2k+n
k| XN—J
(=1) —

J,,(x —j):z PIEETS , n>0. (13)

5 (ei)= 2 K1(0 + k)! =X (K1) =2 2 B
. (—1)k[XJ (=) . jk(XJ
2 2
= :Z .

P (k!)* = (kY

B pesyAbtate noayuymm KOMMAEKCHbIN 3HaKOI'IepeMeHHbIﬁ PAA:

NG

&7 (k1Y e @y @y

OTAe/\l/IB AeVICTBMTe/\bHyI'O 4acCTb OT I\/IHI/IMOI‘;I, NnoAydyaem
x\* 1 (xY 1 (x\"” 11 (xY 1 (xY°
b= { @ sz +(4!)2(5j _W@ +"1“[(1!)2(5j _(3!)2@ '
+ 12(£jm— 12[1J14+..}. (16)
BIY\2) @)\ 2

YpaBHeHUe (16) yaobHO 3anucbiBaTb B BUAE

(x\/—) ber,(x)+ jbei,(x), (a7)

1 X 4 1 x 8 1 12 o 4k-
Pert) =1y (Ej +<4!)2(5j <6')( j Zo (2k)' ( j ’ 18

v )~ 5 (2] e (x) e
M l2) @1l2) (B2l 2 7l2)

i (1))(x]+. 19)

k:O 2k +1)!

(14)

rAe

®yHKuMK bery(x) (Bessel reelle - Beccenn BelecTBeHHbIE) U beig(X) (Bessel imaginaire - beccenan
MHMMbIE) MPEACTABASIKOT COOOM Tak Ha3biBaeMble GYHKLMM beccens, cBsidaHHbIe C QyHKUMEN J, (x\/— j).

BbipaxeHue (17) B nokazateAbHOM GOpME UMEET CAEAYIOLLMIN BUA:

(x\/—) ber, (x)+ jbei,(x) = by(x)e” ™, (20)
rae bo(x) - MoAyAb GYHKUMM Beccens
by(X) = \Jber?(x) + bei?(x); (21)
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Bo(X) - aprymeHT dyHKUMN Bbeccens

Bo(X)= arctg[ (22)

ber,(x) )

AHaAOTMYHbIM 06pa30|v| 3apavya MOXET ObITb pelleHa npu NOACTaHOBKe N = 1 B YpaBHEHUE

(13), B UTOre noAyvyaem
Jy (x=i ) = =i - (ber,(x)+ joeiy(x), (23)

1 5 9 13
ber, (x) = —— 1 (x)y 1 (x N 1 (xy 1 (x L
o1l2) 2131l2) 4aLs1l2) eL7il2)

beio(x)j

rAe

» k X 4k+1
; 24
Z<2k)'<2k+1>'( j .
. 1 (xY 1 (xY 1 (x\" 1 (x)"®
bei(X) = ——| 2|~ | 2| 4| 2| o 2] 4=
11.21( 2 3141 2 51.61\ 2 7181\ 2
) - (_1)k i 4k+3 (25)
o 2k + D (2k +2)!1\ 2 '
YpaBHeHue (23) B NoOKa3aTeAbHON GOpMe NPUHUMAET CAEAYIOLLNI BUA:
(x)-2 ,
(xf ) 1-M,(x)- e( 3 = b,(x)e’™, (26)
rae bi(x) - MoayAb GyHKUMM Beccens
2 2
by(x)= (g] {%} . \Jber?(x)+bei?(x) = \Jber?(x) +bei?(x); (27)
B1(X) - aprymeHT dyHKUMK beccens
T bei(x)) «
x)=0,(x)-~==arctg| —-~-% |-~ 28
Bi(x) = 6,(x) 4 g(ben(X)J 2 (28)

Kak nokasbiBatoT ypaBHeHUa (18), (19), (23), (24), moayAan 1 apryMmeHTbl GyHKUMA Beccens,
noAyyaemble B ypaBHeEHUSX (21), (22), (26), (27), - uicna pencTBuTeAbHbIE. CAEAOBATEABHO, AAS
NX ONPEAEAEHUA MPU aHaAU3€e CKUH-aQPEKTA NPOBOAHWKA AOCTATOMHO ONPEAEAUTb NEPEMEHHYO
X = R\Jouy , /A€ R - paanyc npoBoAHWKa, M; @ = 2xf - yraoBas yactota, paa; f — yactota anek-
TPMYECKOTO TOKa, MPOTEKAIOLLENO Yepes NPOBOAHUK, [U; 1 - aBCOAIOTHAsi MarHMTHas NPoHMLae-
MOCTb NMPOBOAHMKA, [H/M; ¥ — yAeAbHasA MPOBOAUMOCTb, CM/M.

Mcnonb3yst COOTHOLLEHWE AN MPOBOAA KPYrAOro CeveHus, npuBeaeHHoe B Tpyaax A.P. Helma-
Ha®, K.C. AeMupusaHa®n Apyrvx aBTopoB, NOCAE NMOACTAHOBKU X = Ry/@uy NOAYYUM OTHOLLEHWE
KOMMAEKCHOIO CONMPOTUBAEHUSA K OMUYECKOMY COMPOTUBAEHUIO MPOBOAHMKA:

Zauymp _ |Z|3Hymp oo =X, bo(x)'e/[ﬂou)—m(x)—%j
o fo 2 b1(X)

, (29)

T o
npu 3TOM ¢7=,30(X)—,31(X)—Z - YrOA, Ha KOTOPbIN 3ana3abliBaeT Mo ¢ase HanpsaXeHHOCTb Mar-
HUTHOTO MOAS OTHOCUTEABHO HaMpPAXEHHOCTU IAEKTPUYECKOrO MOASi Ha MOBEPXHOCTU MPOBOAQ;

38 https://ipolytech.elpub.ru



https://ipolytech.elpub.ru

BenocsetoB A.B., MaHycoB B.3. AHaAu3 BAUSIHUSI CKUH-3¢pEeKTa Ha aKTUBHOE COMPOTUBAEHNE B NMPOBOAAX AMHW...
Belosvetov A.V., Manusov V.Z. Skin effect and active resistance of power transmission line wires

| Z| guyrp — MOAYAb KOMMAEKCHOIO COMPOTUBAEHUA MPOBOAHWKA paBeH ,/r;ymp + xijmp; bo(x), bi(x),
Bo(X), B1(X) = MOAYAU 1 @apryMeHTbl GyHKLUUIK Beccens nepBOro poAa HyA€BOro U NePBOro NOPSIAKOB
KOMMAEKCHbIX Yncen Jo(X) 1 J1(X) Ha NOBEPXHOCTU NPOBOAA.

Bbipa3ne AEUCTBUTEAbHYIO YacTb B ypaBHEHUU (28), MOAYUYUM KOIPDULMEHTbI YBEAUYEHUS aK-

TUBHOIO COMPOTUBAEHUA I K CONPOTUBAEHUIO MOCTOAHHOMY TOKY o AA PA3HbIX YaCTOT:

r x b,(x)
k (f)=—==-—2".cos(B,(x)- B,(x)-45). (30)
D= =5 (Bo(x)- Bi(x)-45")
TakvM 06pa3om, OLeHKa BAUSHWUSA CKUH-O9GGEKTa Ha NPOBOAHUKM CBOAWMTCA K OMPEAEAEHUIO
MOAYAEW U apryMeHTOB GyHKUMIA Becceas nepBoro poaa HYAEBOTO M MEPBOTO MOPSAKOB bo(X),

Bo(x), b1(x), Ba(X).

METOA UCCNEAOBAHUA

NceaepoBaHUS BAUSIHUA CKUH-3QdEKTa NMPOBOAUMAUCL B nporpamme moaeanmpoBanus ELCUT
METOAOM KOHEUHbIX 3AEMEHTOB.

lNepBOHAYaAbLHO PACCMOTPEHO BAMSAHUE CKUH-addeKkTa Ha npoBop AC 300/39 6e3 yueTa npo-
BOAOYHOW KOHCTPYKLMU U HEOAHOPOAHOW (CTan€aAtOMUHUEBOWN) CTPYKTYPbl. KOHCTPYKTUBHO AdH-
HbIVi MPOBOA MPEACTaBAAET COOOM aAtOMUHUEBDLIN KPYr ceueHrem 339 MM?, reoMeTpus KOTOPOro
onucaHa B nporpamMmme AByMsi cnocobamu.

Ha nepBoHayaAbHOM 3Tane pacCMOTPEHO BAUAHUE CKUH-3OdEKTA HA NPOBOAHUK, aHAAOTMY-
HbI npoBoay AC 300/39 6e3 yueta NPOBOAOUYHON MU HEOAHOPOAHOM CTPYKTYpbI. HUXe npeactaBae-
HO MOAEAMPOBaHWE CNAOLLHOMO aAOMUHUEBOTO NMPOBOAHMUKA ceveHneM 339 MM? KpyrAor GOpMbl
B BUAE ABYX KOHCTPYKLIMI:

- Kpyr ceyeHnem 339 MM?, MPUBEAEHHbIN Ha puUC. 2 a;

- OAHOPOAHbIN NMPOBOAHMK, COCTOALLMI M3 Kpyra 39 MM? 1 BHELLIHEro KoAbLa (MOAbIA NPOBO-
AHUK) ceveHnem 300 MM?, NPUBEAEHHbIN Ha puc. 2 b.

a

Puc. 2. MonepeyHoe ceyeHne CrAOLLHOro aAtoMUHUEBOro MPOBOAHMKA: @ — Kpyr cedeHnem 339 MM b - KpYrabli COCTaBHOM
MPOBOAHMK
Fig. 2. Cross-section of a solid aluminium conductor: a - circle with the cross-section of 339 mm?; b - round composite conductor

Ha puc. 3 a npuBeaeHa cxema 3AEKTPUUYECKOW LEeNU AASE CIAOLLIHOIMO aAkOMUHWEBOIO NPOBO-
AHUKa ceyeHnem 339 mm2. Ha puc. 3 b npeacTaBAeHA CXeMa SAEKTPUUECKOM LEENK AASI COCTaB-
HOro MPOBOAHWKA, NMPX 3TOM BHELlHee KOAbLo cedeHnem 300 MM? MMeEeT COonpPoTUBAEHUE R4,
a BHYTPEHHUI Kpyr ceueHrem 39 Mm? - R,. CTOUT OroBOpUTbL 3apaHee, UTo TOK M3 BHELLHEro
KOAbLL@ HE NMepeTeKkaeT BO BHYTPEHHUI Kpyr, U HaobopoT. MNoctaHOBKa 3apauum TpebyeT paccma-
TpUBaTb COCTAaBHOM MPOBOA Kak ABa NMPOBOAHWKA, MOAKAKOUEHHbIX MAPAAAEAbHO K UCTOYHWUKY
anekTpoaBmxylen cunabl (AAC). AAC BblpaeT CpeAHEKBAAPATUUECKOE 3HAYEHUE NEPEMEHHOIO
HanpshxeHus |U| = 1 B (1 VAC - ot aHrA. Volts alternating current - HanpsixeHne nepeMeHHOoro
TOKa) pa3AMUYHOM YacTOTbl, MPUAOXKEHHOE K MCCAEAYEMbIM NPOBOAHUKAM.
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1VAC @ |::| R (339 mm2) 1VAC ’\D E‘] R1 (300 mm?) [] Rz (39 Mm?)
- b

a

Puc. 3. Cxema aAeKTPUUECKOM LEMU AASI pacyeTa aAlOMMHUEBOrO NMPOBOAHMKA: @ - Kpyr ceyeHnem 339 MM2 b - KpyrAbii
COCTaBHOH MPOBOAHMK

Fig. 3. Electrical circuit diagram for aluminium conductor calculation: a - circle with the cross section of 339 mm? b - round
composite conductor

ConpoTMBAEHUEM, MPUBEAEHHBIM Ha pPUC. 3, ABASETCS caM MPOBOAHUK, AAMHA KOTOPOro
L = 50 m. 310 06yCAOBAEHO TEM, UTO NMPOBOAHUK CaM SIBAIETCS OrpaHUYnTenem Toka |/|, Be-
AMYMHA KOTOPOro He MpeBblllaeT AAMTEAbHO AOMYCTUMOIO 3HaYEeHUA AAA MPOBOAA AAHHOMW KOH-
CTPYKLMMW.
Pe3yAbTaT MOAEAMPOBAHUA B BUAE 3HAUEHUS TOKa |I| 1 da3bl ¢ NPUBEAEH K BUAY, YAOOHOMY
ANl CPABHEHUA C MaTeEMaTUYECKOM (3TAAOHHOM) MOAEABIO CKUH-3GdEKTa N0 GOPMYyAE HUXKE:
1

R(f)= W x COS(—¢yr)) - (31)

MOAEAUMPOBAHUE CIMAOLWWIHOIO AAFOMUHUEBOTO NMPOBOAA

Ha puc. 4 a-d npeacTaBAEHbl pe3yAbTaTbl MOAEAMPOBAHUS B BUAE CMEKTPOrpaMmM pacnpeae-
AEHWUSA NAOTHOCTM TOKa N0 NonepevyHoMy CEYEHUIO NPOBOAOB AASI PA3AMUHbIX YACTOT, A€ BUAHO, UTO
Ha rpaHuLLax NOBEPXHOCTU NAOTHOCTb TOKA HE MEHSIETCSH, B TO BPEMS Kak CepeArHa NpoBoOAA pas-
rpyxaetcs. AAA 060MX KOHCTPYKLMIM pacnpeAeAeHne NAOTHOCTM TOKa MOAYYMAOCb OAMHAKOBLIM,
MOCKOAbKY COCTABHOWM NPOBOAHWK MPeACTaBASIET COOOW CMAOLLHOM NPOBOA ceveHnem 339 Mm2,

MnoTHocTs Toka
Jrons. (105 A/MZ)
[LelicTBytowee
3HaueHHe

7.10
6.39

5.68

4.97

4.26

2.84

213

1.42

0.71

0.00
c d

Puc. 4. CnektporpaMmMa pacrnpeAeNeHns ToKa Mo nonepeyHoMy CeYeHMI0 aAOMUHMEBOIO NPOBOAA: a - Ha yactote 50 [u;
b - Ha yacrtote 200 IL; ¢ - Ha YacTote 400 [L; d - Ha yacTote 800 [

Fig. 4. Spectrogram of current distribution through the aluminium wire cross-section: a - at the frequency of 50 Hz; b - at the
frequency of 200 Hz; ¢ - at the frequency of 400 Hz; d - at the frequency of 800 Hz

3.55
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MnoTtHocTb ToOKa j, ¥x10° Aim?

0+t |
1110 -9 -8 -7 6 -5 -4 -3 2 -1 0 1

OuameTtp npoBoaHuKa d, MM

Puc. 5. PacnpeaeseHne NAOTHOCTM TOKa Yepe3 nonepeyHoe ceyeHme NpoBOAHMKA Ha Pa3AMYHbIX YacToTax
Fig. 5. Current density distribution through the conductor cross-section at different frequencies

Puc. 5 uMcneHHO oTobpaxkaeT yMeHbLLIEHWE MAOTHOCTU TOKa NPU NPUOAMXEHUMU K LIEHTPY NPO-
BOAHMKA Ha pasHbIX YacToTax, OAHAKO HaWbOOAbLLMIA UHTEPEC NPUBAEKAET KPUBAs, NOAYYEHHAS Ha
yactote 800 [, Mpu ybbiBaHUM OT nepudeprm NPOBOAHWKA Ha paccTosiHue O =~ 3,644 MM NAOTHOCTb
TOKa YMEHbLLAETCS B € pa3 U CTaHOBUTCA PaBHOM jo/€. BeAnurHa O HasbliBaeTcsi ITAYOMHOM CKUH-CAOSI.

MprMep UYMCAEHHbIX Pe3yAbTaTOB MOAEAUMPOBAHMUS CMAOLLIHOMO aAlOMUHWEBOrO MPOBOAHWKA
ceyeHnem 339 MM? AN HECKOABKKMX 4acToT cBeaeH B TabA. 1. CyMMapHbIi TOK, NPOTEKAOLLMI
yepes CoOCTaBHOM NPOBOAHUK (CM. pUC. 2 b), paBeH TOKY, NPOTEKAIOLLIEMY Yepe3 CNAOLLIHOM aAto-
MWHWEBBIM NPOBOAHMK B GOpMeE Kpyra (CM. pucC. 2 a), U 3TO CMpaBeAAMBO AN AHOOOKM YacToTbl
f NpUKAA@ABbIBAEMOIO HanpshXeHnsa. Haanume yraa ¢, roBOpUT 0 CMELLEHWUM TOKA OTHOCUTEABHO MPU-
KAAAbIBAEMOTO K KpasiM NMPOBOAHMKA HanpsxeHusa |[U| = 1 B (cm. puc. 3), boaee 3T10ro, AaHHOE
cMelleHne cTpemMuTes K -45° npu yBeAMYEHUM YacCToTbl.

Tabamua 1. Pe3ynbtaThl MOAEAMPOBAHWSA aAtOMUHUEBBIX NMPOBOAOB B nporpammve ELCUT
Table 1. Simulation results of aluminium wires in ELCUT software

Kpyrabiii cocTaBHOM NPOBOAHUK
Yactora CocTtaBHOWM NpoBOA KPY;;;‘:;’;:'GM
f, Ty, KonbLo 300 Mm? Kpyr 39 mm? 339 v
[, A o, ° [, A o, ° [, A o, ° [, A o, °
0 212,280 0 27,597 0 239,880 0 239,880 0
50 206,890 -9,266 26,666 -20,020 233,140 -10,489 233,140 -10,489
200 162,510 -26,764 18,671 -67,698 177,040 -30,727 177,040 -30,727
400 123,850 -33,354 10,935 -106,540 127,440 -38,065 127,440 -38,065
800 93,105 -37,650 4,767 -155,560 90,971 -40,304 90,971 -40,304

Mo BbIpaxeHuto (30) onpeAeneHbl akTUBHbIE COMPOTUBAEHUA NPOBOAA AA PA3AMYUHbIX YaCTOT.
Hanpumep, Ha yactote O I, (npu noctoaHHOM Toke) R(0) = (1/239,880) - cos(0°) = 4,169 - 103
Owm, B T0 Bpems Kak Ha yactote 800 [y R(800) = (1/90,971) - cos(40,304°) = 8,383 - 102 Om.
MprmeHuB ypaBHeHUe (29), 6biAM NOAYYEHbI KO3OOULMEHTBI yBEAMYEHUS aKTUBHOIO COMPOTUBAE-
HUA k,(f), @ TakxXe nepecymnTaHbl CONPOTUBAEHUSA o HA EAMHULY AAMHBI (MOTOHHbBIE COMPOTUBAEHUSA)
AN rapMoHUKK oT O a0 20. Mpu onpeaereHrr MOFOHHOMO aKTUBHOMO COMPOTUBAEHUSI CAEAYET NOM-
HWUTb, UTO AAMHA MOAEAMPYEMOTO NPOBOAHWKA 3apaHa L = 50 m.
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Pe3yabTaTtbl AQHHbIX, MOAYYEHHbIX MPY MOAEAMPOBAHMU CMAOLLIHOTO aAOMUHWEBOIO NPOBOAA
ceyeHnem 339 MM?, M pacyeTbl MO ATAAOHHON MOAEAU CBEAEHbI B TabA. 2.

Tabanua 2. KoaddUUMEHTbI yBEAMUEHUSA aKTUBHOIO CONPOTUBAEHUS K,(f) U MOTOHHbIE CONMPOTUBAEHUS o CMAOLLIHOMO
ANtOMUHUEBOTO NPOBOAa ceveHreM 339 MM? Ha PasAUUYHbIX FaPMOHKUKaX

Table 2. Coefficients of increase of active resistance k,(f) and resistances per unit length r, of a solid aluminium
wire with the cross-section of 339 mm? at different harmonics

Yacrora Maremartuueckas MoaeAnpoBaHue MoaeAMpoBaHUe COCTaBHOIO
f, M FapmoHuKa v MOAEAb CMNAOLUHOrO Kpyra npoBoaa
ky(f), o.e. ro, OM/KM ky(f), o.e. ro, OM/KM k\(f), o.e.
0 (DC) 0 1 0,083 1 0,083 1

50 1 1,012 0,084 1,012 0,084 1,012
100 2 1,046 0,087 1,046 0,087 1,046
150 3 1,098 0,092 1,098 0,092 1,098
200 4 1,165 0,097 1,165 0,097 1,165
250 5 1,240 0,103 1,240 0,103 1,240
300 6 1,320 0,110 1,320 0,110 1,320
350 7 1,402 0,117 1,402 0,117 1,402
400 8 1,482 0,124 1,482 0,124 1,482
450 9 1,560 0,130 1,560 0,130 1,560
500 10 1,634 0,136 1,634 0,136 1,634
550 11 1,705 0,142 1,705 0,142 1,705
600 12 1,772 0,148 1,772 0,148 1,772
650 13 1,836 0,153 1,836 0,153 1,836
700 14 1,897 0,158 1,897 0,158 1,897
800 16 2,011 0,168 2,011 0,168 2,011
900 18 2,117 0,176 2,117 0,176 2,117
1000 20 2,216 0,185 2,216 0,185 2,216

Pe3tomupyst AaHHble 13 TabA. 2, Ha BbICLLMX FAPMOHUKAX BO3PACTAET aKTUBHOE COMPOTUBAEHWUE
NMPOBOAHUKA MO OTHOLLEHUO K OMUYECKOMY COMPOTUBAEHMIO: Ha 5-1 FAPMOHMKE YBEAMYEHME COCTaB-
AAET 24%, Ha 7-1 — 40%, Ha 11-1 - 71% v Ha 13- - 84%. IT0 06CTOATEABHO FOBOPUT O HEOOBXOAMMO-
CTU yueTa CKMH-adpdEKTa NPK OLEHKE «A0OABOYHbIX MOTEPL» B MPOBOAHWUKE OT BbICLLMX FAPMOHMUK.

OTHOCUTEABHAsA NOrPELLHOCTb MOAEAMPOBAHNA CMAOLLIHOIO aAFOMUHUEBOIO MPOBOAA CEUYEHUEM
339 MMm? B cpaBHEHUU C MAaTEMATUYECKON MOAEABIO MPUBEAEHA Ha PUC. 6 a, B TO BPEMS Kak AAS CO-
CTaBHOI0O NPOBOAA AAHHbIW NOKa3aTeAb NMPEACTABAEH Ha puC. 6 b. TakMm 06pa3omM, pasHULA MEXAY
pacuetamu ¢ NPUMEHEHNEM AUDDEPEHLIMANABHBIX YPaBHEHUI Beccenst n MporpaMmMHbIM MOAEAUPO-
BaHWem coctaBura meHee 0,004%, uto 06YCAOBAEHO MOrPELLIHOCTbIO METOAA KOHEYHbIX SAEMEHTOB
NPy 3aAaHUN HAYaAbHbIX HACTPOEK ANl pacyeTa PacCMOTPEHHbBIX MOAEAEN NMPOBOAOB.

4 4

2 2
.E';E =2
i «
g’ S °
* X
S <
r3) =)

-4 -4

-5

0] 10 20 30 40 50 0 10 20 30 40 50
NapmMmoHuka v MNapmMmoHuka v
a b

Puc. 6. [TorpellHOCTb pe3yAbTaToB MOAEAMPOBAHMSI M0 OTHOLUEHUHO K MaTEMAaTMUYECKOM MOAEAM: @ — CMAOLLHON aAOMUHWEBbIH
npoBoA ceueHnem 339 MM?; b — COCTaBHOM aAtOMUHUEBbIN MPOBOA

Fig. 6. Error of simulation results in relation to the mathematical model: a - solid aluminium wire with the cross section
of 339 mm?; b - composite aluminium wire
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MopaBOAA UTON, B pe3yAbTaTe MOAEAMPOBAHMSA CMAOLLIHOIO aAlOMUHUEBOIO MPOBOAA ceye-
HHem 339 MM? B BUAE COCTAaBHOro (CM. puUc. 2 b) A0OKasaHa COCTOATEAbHOCTb OLEHKWU BAU-
AHUA CKUH-9PdEKTA Ha NMPOBOAHUKU METOAOM KOHEUHbIX 3IAeMEeHTOB. Ha OCHOBaHWK 3TOro
npeAAaraeTcs paccmaTpuBatb BAMAHUE CKUH-aPdEKTa Ha CTareaAtoOMUHUEBbIE NpoBoaa BA
C UCMOAb30BAHUEM CXEMbI IAEKTPUUECKOM LEeNnu (CM. puc. 3 b) 6e3 yueta CKPYTKMU MPOBOAOK
MeXAy cobolr Ha nepBoHaYaAbHOM 3Tane. Kpome Toro, MOAEAb, yYnTbiBatOLWAA ABAEHUE 30-
deKTa BbITECHEHUA TOKA B NpoBoaax BA, npeanoraraet npeHebpexeHne adpdekTtom 6AU30CTH,
NMOCKOAbKY PaCCTOSHUE MEXAY CaMUMKU NPOBOAAMU 3HAYUTEABHO NPEBbLILIAET AMAMETP NPOo-
BOAHMWKa [31].

MOAEAUPOBAHUE CTANEAAKOMUHUEBOIO MPOBOAA AMHUU SAEKTPOINEPEAAYMA

Pe3yAbTaTbl MOAEAMPOBAHUA KPYTAOrO HEOAHOPOAHOIO NPOBOAA NPEACTAaBAEHbI Ha pUc. 7 a-d
B BMAE CMNEKTPOrpaMm pacnpeAeAeHUss MAOTHOCTM TOKa MO NONepevyHOMy CEYEHUIO.

CornacHoO cxeme aAEKTPUYECKOW Lenu (CM. puc. 3 b) 1 BbiIBOAGM, NPUBEAEHHBIM paHee, Npo-
BEAEHO MOAEAMpoBaHMe npoBoaa Mapkm AC 300/39, paccmaTpnuBaeEMOro B BUAE ABYX KOHCTPYK-
LMR:

- HEOAHOPOAHbIM NPOBOAHMK, COCTOSILLMIM U3 CTAAbHOTO Kpyra 39 MM?2 U BHELLHEro aAkoMUHU-
€BOro Konblia ceueHnem 300 mm? (puc. 2 b);

- NPOBOAOYHANA KOHCTPYKLMA NPOBOAA (puUcC. 8).

Ha puc. 8 a-d (aHaAorM4yHo puc. 7 a-d) NpUBEAEHbLI pe3yAbTaTbl MOAEAMPOBAHUSA NMPOBOAA
AC 300/39. Ha puc. 9 uncaeHHo otobpaxxeHo pacnpeAereHne NMAOTHOCTU TOKa Mo nonepeu-
HOMY CEUYEHMUIO KPYrAOrO CTaAeaAkOMUHUEBOTO NPOBOAA, rae HabAatopaeTca nepenaa NAOTHOCTH
TOKa Ha rpaHuLe MeXAY CTaAbio U antoMUHKUEM. Pruc. 10 nAaArOCTpUpyeT nepenaabl MAOTHOCTU
TOKa no nonepevyHomy ceuveHuto nposopa AC 300/39 B COOTBETCTBUU C AMHUEN pa3pesa npo-
BoAa (puc. 8).

UMCAEHHble pe3yAbTaTbl MOAEAMPOBAHUA KPYrAOrO CTaA€aAtOMUHUEBOIO NPOBOAA MPEACTaB-
AeHbl B TabA. 3, ana npoBoaa AC 300/39 - B TabA. 4. Ha BbICLLUMX TAPMOHUKAX CMeLLEeHWEe yraa

®
®

c
Puc. 7. CnekTporpaMma pacrnpeAeAeHnst Toka Mo MOoMepeyHOMY CEYEHUIO HEOAHOPOAHOMO CTaAeaAlOMUHMEBOrO MPOBOAA:
a - Ha yacrore 50 [u; b - 200 [1; ¢ - 400 [y; d - 800 Iy
Fig. 7. Spectrogram of current distribution through the cross section of an inhomogeneous steel-aluminium wire: a - at the
frequency of 50 Hz; b - 200 Hz; ¢ - 400 Hz; d - 800 Hz
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Puc. 8. Crnektporpamma pacrnpesereHuss Toka no nonepeyHomy ceuenHunto npososa AC 300/39: a - Ha vactote 50 [u;
b - 200 Iu; ¢ - 400 Iu; d - 800 I

Fig. 8. Spectrogram of current distribution through the cross-section of the 300/39 steel-aluminium wire: a - at the frequency
of 50 Hz; b - 200 Hz; ¢ - 400 Hz; d - 800 Hz

NPOTEKAIOLLLETO TOKA () CTPEMUTCSA K -45° AN KPYTAOTO HEOAHOPOAHOMO MPOBOAA, OAHAKO AASI MPO-
Boaa AC 300/39 310 cmelleHne NPOAOAKAET YyBEAMUMBATLCA 3a CUET HAAUYUS AUINEKTPUYECKON
CpeAbl. ATO 06CTOATEALCTBO HE OKa3blBAET BAUSAHUA HA aKTUBHOE COMPOTUBAEHME MPOBOAA, Pac-
cmaTtpvBaeMoe B AaHHOM paborTe.

[e2]
t

[,
}

B~

w
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[\S]
}

MnoTtHocTb TOKa j, X10° A/m?

—_
+
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OuameTtp npoBoAHUKa d, MM

0

Puc. 9. PacripeseneHne NAOTHOCTU TOKa Yyepes MonepeyHoe CeYeHne HEOAHOPOAHOrO CTaAeaAtOMUHUEBOrO NMPOBOAHMKA Ha
PasAnYHbIX YyacToTax

Fig. 9. Current density distribution through the cross section of an inhomogeneous steel-aluminium conductor at different
frequencies
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Puc. 10. PacnipeaseneHne NAOTHOCTHM Toka Yepes nonepeyHoe ceveHme AC 300/39 Ha pasanyHbIx yactorax
Fig. 10. Current density distribution through the 300/39 steel-aluminium wire cross-section at different frequencies

Tabauua 3. PesyasTaThl MOAEAMPOBAHUS HEOAHOPOAHOTO CTAaA€aAlOMUHUEBOTO NPOBOAHMKA
Table 3. Simulation results of the inhomogeneous steel-aluminium wire

-8-7654-3-2-1012 3 45 6 7 8 9 101112

CnAOLIHON HEOAHOPOAHDBIN CTareaAlOMUHUEBBIW NPOBOAHUK
Yacrora ANOMUHUI Cranb HeoapHOPOAHbBIV NPOBOA
f, Iy (konbLo 300 MMm?) (kpyr 39 Mm?) 339 mm?
[, A o, ° [, A o, ° [, A o, °
0 212,280 0 5,652 0 217,940 0
50 208,920 -7,723 1,752 -54,996 210,120 -8,074
200 176,180 -25,804 0,735 -92,860 176,470 -26,023
400 132,570 -36,650 0,360 -126,360 132,580 -36,806
800 91,761 -40,968 0,136 -168,480 91,678 -41,036
1200 75,086 -41,438 0,068 -199,050 75,023 -41,458
1600 65,571 -41,763 0,039 -224,630 65,532 -41,761
2000 59,037 -42,098 0,024 -247,120 59,015 -42,088
Tabauua 4. Pe3ynstathl MoaeAMpoBaHus nposoaa AC 300/39 B nporpamme ELCUT
Table 4. Simulation results of the 300/39 steel-aluminium wire in ELCUT software
Mpoeop mapku AC 300/39
YacToTa 7
™ s re300/29
[, A o, ° I, A o ° [, A o °
0 213,411 0 5,595 0 219,006 0
50 209,280 -8,513 3,567 -53,127 211,834 9,191
200 173,540 -27,874 1,265 -100,002 173,932 -28,271
400 128,730 -39,442 0,577 -133,870 128,687 -39,698
800 87,918 -45,285 0,203 -175,800 87,786 -45,386
1200 70,695 -47,307 0,097 -206,010 70,605 -47,336
1600 60,467 -48,835 0,054 -231,040 60,414 -48,833
2000 53,328 -50,038 0,032 -252,840 53,298 -50,025
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PE3YAbTATbl UCCAEAOBAHUA U UX OBCY)KAEHUE

YBeAnueHne akTMBHOIO COMPOTUBAEHUS, BblipaXKeHHoe yepes K,(f) AAS CMIAOLLIHOTO aAtOMUHUE-
BOro npoBoaa ceyeHnem 339 Mm? (cM. puc. 2 a), KPyrAoro HEOAHOPOAHOTO CTaA€aAtOMUHUEBOTO
npoBoaa (cM. puc. 2 b) n nposoaa Mapkn AC 300/39 npomnAAKOCTPUPOBAHO B TabA. 5.

Tabamua 5. CpaBHUTEAbHAs ouUeHKa K (f) CMAOLIHOITO AAOMWHMEBOrO MPOBOAA cedeHuem 339 MM?, KPYrAoro
HEOAHOPOAHOIO CTaneaAtoOMUHMEBOrO nNpoBoaa U nposoaa AC 300/39 Ha pas3AnUHbIX FAapMOHUKaX

Table 5. Comparative estimation k,(f) of a 339 mm?2solid aluminium wire, round inhomogeneous steel-aluminium
wire and 300/39 steel-aluminium wire at different harmonics

Yacrora MatemaTtuueckasn MoaeAb HEOAHOPOAHOTO MoaeaupoBaHue
f FapmoHuKa v MOAEAb cTaneaAtoOMUHUEBOTo NPOBOAHUKA AC 300/39
k,(f), o.e. ky(f), o.e. ky(f), o.e.
0 (DC) 0 1 1 1

50 1 1,012 1,027 1,021
100 2 1,046 1,046 1,044
150 3 1,098 1,073 1,073
200 4 1,165 1,110 1,109
250 5 1,240 1,154 1,152
300 6 1,320 1,203 1,201
350 7 1,402 1,258 1,254
400 8 1,482 1,316 1,309
450 9 1,560 1,376 1,367
500 10 1,634 1,438 1,424
550 11 1,705 1,500 1,482
600 12 1,772 1,561 1,539
650 13 1,836 1,621 1,595
700 14 1,897 1,680 1,649
800 16 2,011 1,793 1,752
900 18 2,117 1,899 1,849
1000 20 2,216 1,998 1,939

BAansiHue cKUH-9ddeKTa Ha aKTMBHOE COMPOTUBAEHUE CTaA€aAtOMUHUEBBIX NMPOBOAOB Bblpae-
HO B MEHbLUEW CTENEHM B CPAaBHEHUN CO CNAOLLHbIM aAtOMUHUEBBLIM NPOBOAOM. Hanpumep, Ha 5-1
rapMOHMKe yBEAMUYEHUE COCTABASET 15% OTHOCUTEABHO OMUYECKOTO CONPOTUBAEHUS, Ha 7-1 — 25%.

OTHOCUTEABHAsA NOrPELLHOCTb MaTeEMaTUYECKON MOAEAM CNAOLLIHOIO aAtOMUHWEBOMO MPOBOAA
ceuyeHrnem 339 MM? B cpaBHEHWUM C pe3yAbTaTamMu MoaeArpoBaHus nposopa AC 300/39 (puc.
11) npeBblwaeT 5%, HaunMHasa ¢ 4- rapMOHUKK. [TOrpeHOCTb MOAEAMPOBAHUSA CMAOLLHOMO CTa-
AEaAtOMUHWEBOIO NPOBOAA (CM. puc. 11) oTHocutenbHO Mopenn AC 300/39 He npesblwaeT 4% Ha

nHTEpBane rapmoHuk ot 0 po 40.
18

&(f), %

0 5 10 15 20 25 30 3% 40
MapmoHuka v

CnnoLHoli antoMuHueBblil npoeog, 339 mMm2
CTaneantoMUHUEBLIl Kpyrnblii NPOBOOHUK

Puc. 11. [lorpelHoCTb KOAQPUUMEHTA CKUH-3DPEKTa LUMAMHAPUYECKMX MPOBOAOB OTHOCHMTEABHO NMpoBoaa AC 300/39
Fig. 11. Skin-effect coefficient error of cylindrical wires relative to 300/39 steel-aluminium wire
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Bbllwe 6bIAO pacCMOTPEHO BAMSIHWE CKUH-3OdEKTa Ha akKTMBHOE COMPOTMBAEHME NMPOBOAOB
Pa3AMYHOM KOHCTPYKUMK Npu Temnepatype 20 ° C B UHTEpBAAE rapMOHUK, NPEACTAaBAAIOLLMX NpakK-
TUYECKUIA MHTEepec. OTMETUM, YTO NPU HarpeBe NPOBOAA AEUCTBUE CKMH-3ddEKTa Ha ero akTMBHOE
COMNPOTUBAEHWE OCAABAAETCS M3-3@ YMEHbBLUEHWUS YAEAbHOW MPOBOAMMOCTH (3TO OTPA3UTCA Ha ne-
peEMEHHOMN).

3AKAKOYEHUE

B pabote paccMOTPEHO BAMAHUE CKMH-39DPEKTA HA YBEAUUYEHME AKTMBHOIO COMPOTUBAEHMUS
k,(f) cnAOLLIHOrO aAtOMUHUMEBOTO NPOBOAA B dopMe Kpyra ceueHrem 339 mm2. o pesyabtatam
MOAEAUPOBAHMUS NMPOBOAHMKA MOXHO 3aKAKOUYMTb, UTO YBEAUYEHME YacToThl f UcTouHUKa IAC |U|
(1 B) BbI3bIBaeT CKUH-3ODEKT, KOTOPbIM NPOABAAETCA B MOHUXEHUN IPDEKTUBHOIO 3HAYEHUS MPO-
NyCKaemoro Toka |/| uepe3 NpoBOAHUK (CM. TabA. 1). ATum ABAeHMEM U 0OYCAOBAEHO HEPABHO-
MepHOe pacnpeAeAeHne TOKa NPONyCKaeMoro rno cevyeHnto NPOBOAHMKA (CM. pUC. 5), NpK NOBbI-
LLIEHMM YacTOTbl. TakuM 06pa3oM, C NOBbILIEHWMEM YaCTOTbl YBEAUUMBAETCA NMOTFOHHOE aKTUBHOE
COMPOTUBAEHUE MPOBOAHMKA Ip (CM. TabA. 2).

PacueTbl KPyrAOro aAtoMMHUEBOIO NPoBoAa cedeHneM 339 MM?, MOAyYEHHbIE NMPU MOAEAU-
POBaHUK, COBMNAAAIOT C MATEMATUYECKON MOAEABK), OCHOBAHHOW Ha TEOPUN SAEKTPOMArHUTHOIO
noas. bonee Toro, MmopeAMpoBaHME METOAOM KOHEUHbIX 3AeMEHTOB pacKpbliBaeT BO3MOXHOCTb
aHaAM3a BAUSIHUSI CKMH-3OdEKTa Ha CTaAeaAtOMUHUEBLIE MPOBOAQ, UTO ObIAO MOATBEPXKAEHO Ha
npumepe nposopa AC 300/39.

CKUH-9DdEKT B NpoBoAax Mapku AC NposBASIETCA MEHEE 3aMETHO B CPaBHEHUU C KOHCTPYK-
LiMEN CNAOLLIHOIO aAOMUHUEBOIO NPOBOAA CEYEHMEM, PABHbIM CYMME aAOMUHUEBOM U CTAAbHOM
yacTtam npoBoaa BA. MNpu OLEHKE aHAAMTUYECKON MOAEABIO (PopmMmyAaa (30) BAUSSHUA CKUH-3DdEK-
Ta Ha akTMBHOe conpotuBaeHne nposoaa AC 300/39 norpelHocTb, NOAydaeMas B pacuyetax,
npeBbicUT 5%. Takum 06pa3om, HEOOXOAMMO YTOYHEHME MATEMATUUECKON MOAEAU MPOBOAOB BA,
UMEIOLLMX MPOBOAOUYHYIO KOHCTPYKLMIO.

Ha npumepe nposopa AC 300/39 poka3aHa BO3MOXHOCTb PACCMOTPEHUS AQHHOIO NPOBOAA
B BUAE LIMAMHAPUYECKOTO HEOAHOPOAHOIO MPOBOAA, COCTOALLLErO U3 Kpyra BHYTPU ceueHnem 39
MM? 1M NOAOTO aAtOMUHUA CHapyXu ceueHrem 300 MM?. ITO NOATBEPXKAEHO pe3yAbTaTaMKu UCCAE-
AOBaHWW, B KOTOPbIX NMOrPELLHOCTb HAa UCCAEAYEMOM MHTEPBAAE rapMOHUK He npeBblwana 5%.
KOHCTPYKLMIO APYrMX NPOBOAOB Mapku AC AAA MaTeEMATUYECKOrO NPeACTaBAEHWUS NpeAAaraeTcsa
paccmaTtpuBaTtb aHaAOTMYHO.
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KoHTpOAb TeMnepaTypbl TOKONPOBOASA LLLEU XKUADI
3aLMULLEHHbIX npoBOAOB BO3AYLUHbIX AMHUMH
no 3HaYeHuAM TemMmnepatypbl Ha NOBEPXHOCTU USOANALUHU

C.C. 'mpwun®~, B.H. loproHos?, E.B. Netposa®, B.A. Kpusonanos?,
B.A. Aees®, K.C. WLep6akos®, M.}0. Hukonaes?

7OMCKMI rocyaapCTBEHHbIN TEXHUYECKMI yHuBepcuteT, OMcK, Poccus

Pe3rome. Llenbto rccaepoBaHUIM ABASIETCS pa3paboTka M UMCAEHHasA NPOBEPKa METOAMKU OMPEAEAEHUs TeMe-
paTypbl XWUAblI K30OAMPOBAHHOIO NMPOBOAA HA OCHOBE M3MEPEHUIN INEKTPUUECKOTO TOKa M TemMnepaTypbl NOBEPXHOCTU
M30AALMK MPU UCNIOAB30BaHUK TexHOAOTMK Smart Grid. B uccaepoBaHUAX MCNOAB30BaAaCh MatemMaTMyeckas MOAEAb
TENAOBOIO pexuma NpoBoaa B dopme aarebpanyeckoro ypaBHEHUS YETBEPTON CTENEHU, AAA PELLEHWS KOTOPOTO ObIA
npumeHeH metoa Peppapu. MopeAMpoBaHUE TEMMEPATYPHbIX MOAEN, HEOOXOAMMOE AAS MOAYUYEHMS PE3YALTATOB
CpaBHEHWS, NPOU3BOAUAOCH METOAOM KOHEUHbIX anemeHToB COMSOL Multiphysics. MaeHTUdMKaumua Temneparypbl
XWABI C YY4ETOM MOrPELUHOCTEN U3MEPEHNS OCYLLLECTBASIAGCb HA OCHOBE METOA@ HaUMEHbLUMX KBaAPaTOB COBMECTHO
C METOAOM 30A0TOr0 cevyeHus. Ha 0CHOBE MEeTOA@ KOHEYHbIX SAEMEHTOB M3y4YeHO pacrnpeseneHue TemnepaTypbl B
ceyeHuun 3almileHHoro nposopa CUM-3, a Takke Ha NMOBEPXHOCTU €ro U3oAAuMK. B pesyabtate MOAeAMpOBaHUA
NOAYY€EHbI 3aBUCUMOCTU M3MEHEHWUA MaKCMMaAbHOW U MUHUMAAbHOW TeMnepaTypbl NOBEPXHOCTU U3OASILIMK MPOBO-
AQ B 3aBMCUMMOCTM OT CKOPOCTWM BETpa MpU MPeAeAbHO AOMYCTMMOM TemnepaTtype XWAbl. [TokasaHo, 4YTo pa3HOCTb
MaKCUMaAbHON U MUMHWMaAbHOW TEMMNepaTypbl MOBEPXHOCTU MOXET AOCTUraTh NpumepHo 25°C npu CKOpOCTM BeTpa
3-4 wm/c. Mo pesyAbTatam UCCAEAOBaHMI NOAYUYEHA GYHKLMSA, MUHUMKU3ALMS KOTOPOW MO3BOASIET HAWUTW TEMMNepaTypy
TOKOMPOBOASALLEW XMAbI 3aLUMLLEHHOrO MPOBOAA MO 3HAYEHUAM TeMnepaTypbl Ha MOBEPXHOCTU M30AALMK. CpaBHU-
TeAbHbI aHaAU3 pa3paboTaHHOro MeToAa OMPEAEAEHMA TeMMepaTypbl XUAbI U METOAA KOHEYHbIX 3AEMEHTOB AaeT
norpeLwHocTtb pacyetos B 0,44°C npu yCAOBUKW TOYHOIO 3apaHMs 3HAUEHWS INEKTPUUECKOTO TOKa. Pe3ynbTaThbl UCCAe-
AOBaHWA YKa3blBalOT HA HEOOXOAMMOCTb yuyeTa HepaBHOMEPHOCTU PACMpPeAEAeHUs TEMMepPaTyPbl Ha NOBEPXHOCTH
U30ASILMK 3aLUMLLEHHBIX MPOBOAHWMKOB MPWU MOHWUTOPUHIE AMHWUIA IAEKTponepepayuun. PaspabotaHHan MeToaMKka pac-
yeTa TeMNePaTypbl XMUAbI MO UBMEPUTEABHLIM AQHHBIM AAET BbICOKYH TOUHOCTb MPU AKOBOM NPAKTUUYECKM BO3MOXHOM
HepPaBHOMEPHOCTU TeMNepPaTypbl MOBEPXHOCTU, ECAM NOTPELLHOCTb M3MEPEHMSA TOKa He NpeBbiwaeT 5%.

KnrouyeBbie caoBa: ypaBHeHWe TENAOBOro banaHca, NPonyckHasa CnoCoOHOCTb, 3alUMLLEHHbIM MPOBOA, BO3AYLL-
HasA AMHUA, METOA KOHEUHbIX AAEMEHTOB, TEMNepaTypa XUAbI

Ana uutuposanus: MmpwuH C.C., foptoHoB B.H., MeTtpoBa E.B., KpnBonaanos B.A., Aees B.A., Llepbakos K.C.,
Hukonaes M.HO. KoHTpoAb TeMnepaTypbl TOKOMPOBOASALLEN XMAbI 3aLUMLLEHHBIX MPOBOAOB BO3AYLLIHbLIX AMHWI MO 3Ha-
YeHUAM TemnepaTypbl Ha NOBEPXHOCTU n3oAsumMK // iPolytech Journal. 2025. T. 29. Ne 1. C. 51-65. https://doi.org/
10.21285/1814-3520-2025-1-51-65. EDN: JMKLAJ.

POWER ENGINEERING
Original article

Temperature control of aerial current-carrying
conductors by insulation surface temperature

Stanislav S. Girshin**“, Vladimir N. Goryunov?, Elena V. Petrova?®,
Vladislav A. Krivolapov*, Vladislav A. Deev®, Kirill S. Shcherbakov®, Mikhail Yu. Nikolayev’

170Omsk State Technical University, Omsk, Russia

Abstract. This study aims to develop and carry out numerical analysis of a methodology for determining the
temperature of conductors of insulated wires, which implies measuring electric current and insulation surface tem-
perature as well as using Smart Grid technology. We used a mathematical model of thermal conditions for conduc-
tors in the form of an algebraic fourth-degree equation and the Ferrari method to solve this equation. Simulation
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of temperature fields providing comparison results was carried out using the finite element method in the COMSOL
Multiphysics. The temperature of conductors was measured taking into account measurement errors and using the
least squares method together with the golden-section search. The finite element method made it possible to study
temperature distribution in the section of SIP-3 shielded wire as well as in its insulation surface. The dependencies
of changes in the maximum and minimal temperatures of the wire insulation surface were obtained as a result of
simulation; these dependencies were influenced by wind speed changes at the maximum permissible temperature
of conductors. The difference between the maximum and minimum surface temperatures was shown to reach
approximately 25°C at wind speeds of 3-4 m/s. Our study resulted in function, the minimization of which makes it
possible to find the temperature of current-carrying conductors of shielded wires by values of the insulation surface
temperature. Comparative analysis of the developed method for determining the temperature of conductors and the
finite element method provided the calculation error of 0.44°C given accurate settings of electric current value. The
study results substantiate the need to take into account the nonuniformity in temperature distribution on the insu-
lation surface of shielded conductors when monitoring power lines. The developed methodology for calculating the
temperature of conductors by measurement data provides high accuracy at almost any nonuniformity in the surface
temperature provided that the current measurement error equals 5% or less.

Keywords: heat balance equation, transmission capacity, protected wire, overhead line, finite element method,
core temperature

For citation: Girshin S.S., Goryunov V.N., Petrova E.V., Krivolapov V.A., Deev V.A., Shcherbakov K.S., Nikolayev M.Yu.
Temperature control of aerial current-carrying conductors by insulation surface temperature. iPolytech Journal.
2025;29(1):51-65. (In Russ.). https://doi.org/10.21285/1814-3520-2025-1-51-65. EDN: JMKLAJ.

BBEAEHUE

B yCcAOBUAX CTPEMUTEABHOTO POCTA SIAEKTPUUECKUX HArpy3ok’® aas boaree TOUHOM OLIEHKKU NPo-
NMYCKHOM CNOCOBHOCTU AMHWUI B HACTOALLEE BPEMS aKTMBHO BHEAPAIOTCA METOAbl OLIEHKU AMHA-
MWYECKOM NPOMYCKHOM cnocobHOoCTM [1-5], TaK KaK KAACCUYECKME PEeLleHUs UMEKT BbICOKUE
dMHAHCOBbIE U BPEMEHHbIE 3aTpaTthbl [6-8]. AaHHble METOAbI TPEOYOT HAAUUYMA AOCTATOYHbIX Bbl-
YMCAUTEABHbIX MOLLHOCTEN, OAHAKO MO3BOASAIOT UCMOAB30BATb AAS OLEHKWU PEXMMOB AMHUKW BECb
MacCMB METEOPOAOIMUYECKMX AQHHbIX: TEMMepaTypy OKPYXatoLLen CpeAbl, CKOPOCTb BETPA, UHTEH-
CUBHOCTb COAHEYHOIO U3AYYEHNSA U aTMOChEPHOE pAaBAEHKE [9].

AN HEMOCPEACTBEHHOTO KOHTPOAS PEXMMA AMHUKU HEOBXOAMMO 3HaTb GaKTMUYECKoe 3Haue-
HUe Temnepatypbl XKAbl [10]. AAS BO3AYLUIHbBIX AMHUA C TPAAMLMOHHBIMU HEWU3OAMPOBAHHbLIMMU
CTaAneaAtOMUHEBBLIMW NMPOBOAAMW OMNPEAEAEHNE TeMMepaTypbl XUAbl AOCTAaTOYHO MPOCTO BbIMOA-
HUTb TENAOBU3UOHHbIM METOAOM [11] UAM Ha OCHOBE CMELMAAbHbIX MAaTEMaTUYECKUX MOAEAEN
[12, 13]. AAS 3alUMLLEHHBIX MPOBOAOB ONMPEAEAEHME TEMNEPATYPbl XUAbl BO3MOXHO C MOMOLLbIO
MatemMmaTuyeckon moaenn [14] uepes tTemnepatypy Ha NOBEPXHOCTM M30ASILIMKU, NPEANoAaras, 4to
3Ta TemnepaTtypa BO BCEX TOUKAX HA MOBEPXHOCTM U3OASILMK OaMHaKoBa. OAHAKO AAS MPOBOAOB,
06AaAaOLLMX CAOEM M30AALMK, TENAOMPOBOAHOCTb KOTOPOrO Ha TPU NOPSAKA MEHbLLIE TEMAOMNPO-
BOAHOCTM aAntoMUHKA [15], Arobas HepaBHOMEPHOCTb MO YCAOBUIO TENMAOOTAQUMU NMPUBOAUT K HEOA-
HOPOAHOCTM TeMnepaTtypbl Ha ero NOBEpPXHOCTU [16]. B AaHHOM CcAyyae TENAOBU3MOHHbIN METOA
AACT 3HAUUTEAbHYO HEOMPEAEAEHHOCTb B ONPEeAEeAeHUU TeMnepaTtypbl MOBEPXHOCTU NPOBOAHUKA,
a paBHO3HAYHO U B OMPEAEAEHUN TEMNEPATYPbI XUAbI.

M3BECTHO, YTO MHTEHCUBHOCTb KOHBEKLIMW HA NOBEPXHOCTU TEAA BO3PACTAET C YBEAUYEHUEM
CKOPOCTU 0OTEKAHUS Ero XWUAKOCTbIO MAM ra3om [17]. O6TekaHMe NPOBOAOB BETPOM MpaKTU4e-
CKM BO BCEX CAyYasiXx HAXOAMTCS 3a NpPeAeAaMn PEXMMOB AAMUHAPHOIO TEYEHUS, UTO NMPUBOAUT K
CAOXHOM KapTMHE pacrnpeAeneHns CKOPOCTEN B OKPECTHOCTAX NPOBOAA. Ha NoBEpPXHOCTM NPOBO-
AQ BO3HUKAOT 06AACTM CpbIBa MOTOKA M 3HAUUTEAbHbIX 3aBUXPEHWI, UTO ABASIETCS NEPBONPUYU-
HOW HEPaBHOMEPHOCTU B PEXMMaX KOHBEKTMBHOM TEMAOOTAQUM M TeMNepPaTypbl NO MOBEPXHOCTU
NPOBOAA.

LleAbto A@HHOIO MCCAEAOBAHMS ABASIETCA U3YUYEHME BAUSHWE pacnpeAeAeHna TeMnepaTypbl Ha
NMOBEPXHOCTM U30ASILIMM 3aLLMLLEHHbBIX MPOBOAOB Ha TEMNepaTypy TOKOMPOBOAALLEN XMAbI.

"Energy Outlook 2024 // British Petroleum. Pexxum pgoctyna: https://www.lexology.com/library/detail.aspx?g=ee43ab35-
ac17-4862-97a2-bd67c5d981c3 (nata obpalyeHus: 26.09.2024).

8World Energy Investment 2024 // International Energy Agency [OnekTpoHHbii pecypc]. URL: https://www.
connaissancedesenergies.org/sites/connaissancedesenergies.org/files/pdf-actualites/WorldEnergylnvestment2024 . pdf
(nata obpatuenusi: 26.09.2024).
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MATEPUAADbBI U METOAbI UICCAEAOBAHUA
YCTaHOBUM OYHKLMOHAABHYHO CBSA3b MEXAY CUAOM TOKa | 1 aBCOAOTHOM TEMNEPaTypPOr NOBEPX-
HOCTM NpoBoAa. YpaBHEHMe TennoBoro 6banaHca [14]:

AR|1+a ...
ﬁ = [ 80 (To =T )+ 76, (T = T2 )= A ] (1)

rae APy = I°Ro - NoTepU aKTUBHOM MOLLIHOCTM Ha €AUHULY AAMHbBI, BbIUMCAEHHbIE NPU COMPOTUBAE-
HuK, npuepeHHOM K O°C, BT/M; Bavew = Tonew — 273,15 — TeMnepatypa noBePXHOCTU NPOBOAa, °C;
dnp - AMAMETP MPOBOAA, M; S,; — TENAOBOE CONPOTUBAEHNE U3OAALMU HA EAMHULLY AAMHBI NPOBOAA,
MK/BT; Ogor — KOIPPULMEHT TEMAOOTAAUM BbIHYXAEHHOW KOHBEKUMER, BT/(M?K); €, - k0addULm-
€HT YepHOTbl NOBEPXHOCTU NPOBOAA AAA MHdpPaKpacHoro naayveHus; Co = 5,67-10°8 - nocrtosiH-
Hasa U3AyYEHMSA aBCOAOTHO YepPHOTO Tena, BT/(M?*K*); Tauew U Toxp — @BCOAIOTHBIE TEMMEPATYPbI MO-
BEPXHOCTM MPOBOAA M OKpyXatoLlewn cpeabl, K; As — noraolateAbHasi CnocobHOCTb MOBEPXHOCTU
NPOBOAA ANl COAHEUYHOTO U3AYYEHUS; Qeons — MAOTHOCTb MOTOKA COAHEYHOW papMaLMK Ha MPOBOA,
BT/M; 0o - TeMnepaTypHbii KO3GOULMEHT INEKTPUUECKOTO CONPOoTMBAEHMS Npu 0°C, °CL.
CornacHo ypaBHeHuto (1):

4 4
AE) —d T (Z;Hezu - Tz‘mp )+ e, CO (]:snem - T;Kp )_ As 9eom (2)
l-aARS, " la+,(T,,, —273,15) '
MoAyYeHHOe ypaBHEHME NMPUBEAEM K CAEAYIOLLEMY BUAY:
AR) [ 1+ aO (7:1’H(,’lll - 273’ 15)] = dnp (1 - aOAPOSu:f )[ﬂaebm (7:11-1@144 - ]—;Kp ) + ﬂ-gnCO (Y;flem - T::cp ) - Asqco,7yj| : (3)
OKOHYaTeAbHO NMOAYYMM
dnp [ﬂaebw (]—;wem - 7:1Kp )+ ﬂgﬂ CO (T::fem - T;J:; )_ As qcuam:| (4)
AP, = ;
’ 1+ aO (T;Hem - 273’ 15) + dnpaOSus |:ﬂ-a61’m (]—;Hem - 7:71\”p )+ ﬂ-gn CO (]:f:em - Tz‘n; )_ Avq('o.w:l
12 — T;:tew + A]lT;Hem _A()] (5)
A22 Eiem + A]ZY—;HGLM - AT)Z
rae Azz, Aoz, Aoz, Az, Aoz — BCNOMOTaTeAbHbIE KOO PULIMEHTDI:
a
A — BblH ;
e, (6)
a T A q
— T4, + 6bIH ™ OKp + s Lconn ; 7
AO] OKp gn CO 72'8" CO ( )
A22 = aOSlL?RO; (8)
R R R
A]z — 0% +a0Suxassz 0 _ gyt 1 +05,;,,,H Sm ; (9)
ﬂ.dnp gn CO gn CO gn CO ﬂ.dnp
273,15, -1
Ay = {aOSMAm e jRO' (10)
ﬁdnpgnco

TemnepaTypbl B pa3Hbix TOYKaX NMOBEPXHOCTM NPOBOAA, B YaCTHOCTU Ha MOABETPEHHOM U Ha-
BETPEHHOW CTOPOHAX, HEOAMHAKOBbLI. [103TOMYy M3MepeHUsa TemnepaTtypbl Bg.en LEAECOOOPA3HO
NPOU3BOAWUTb B HECKOABKMX TOUYKax. TOUKM BblGMpatoTcs Tak, YTobbl 3HAYEHUA TeMmnepaTtypbl No-
BEPXHOCTM OTAUYAAUCH APYT OT APyra Kak MOXHO 60AbLIE (MMHUMAAbHOE KOAMUYECTBO TOUEK U3MeE-
peHun - 2). B pesyabrate GUKCUpyeTca MUHUMAAbHOE U MAKCUMaAbHOE 3HAUYEHUR Bpin, Omax. 3a
OKOHYaTEeAbHbIN pe3yAbTaT 3MepeHUsa NPUMEM B,y = 0,5(0min + Omax)-
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M3-3a NOrpeLIHoCTeN U3MEPEHHUS, a TaKXKe NOrPELLIHOCTEN, CBA3AHHbIX C OTKAOHEHMEM TEMAOBO-
ro pexuma ot CTaLMOHaPHOCTU, UBMEPEHHOMY TOKY I,y M TEMNEPATYPE B,5, MOTYT COOTBETCTBOBATH
HECKOABKO pa3Hble 3HAUeHUsl TeMnepaTtypbl XuAbl 0. TpebyeTcsi cornacoBbIBaTh (CKOPPEKTUPOBATH)
M3MEPEHHbIE 3HAUEHWA TOKA I,y M TEMMEPATYPbI O, TAK, YTOObI UM COOTBETCTBOBAAA OAHA U Ta Xe
Temneparypa Xuabl 6. Ita Temnepatypa u byAeT OKOHUATEAbHBIM PE3YALTATOM pacyeTa.

0603HaUMM COrAacoBaHHbIE 3HAUYEHWUA TOKa U TeEMMEePaTypPbl MOBEPXHOCTU U3OAALUMU KaK leom,
Ocom. KpuTEPMEM COrAGCOBAHMA BYAET MUHUMYM CYMMbl KBAAPATOB OTKAOHEHWUI 3MEPEHHbIX 3Ha-
UEHWI OT COrAACOBaHHbIX, NEPEBEAEHHbIX B 6€3pasdMepHyo COnocTaBUMyto Gopmy.

AAS OTKAOHEHUSI TEMNEPATYPbl UCMOAL3YEM OLIEHKY BUAA:

0, -0
A 9 — gus.u coan . ( 1 1)

usm OKp

Mo CMbICAY 3TO OTHOCUTEABHAS Pa3HOCTb NPEBbIWEHMI TeMNepaTypbl MOBEPXHOCTU NPOBOAA
HaA TeMNepaTypor oKpyxatoLen cpeabl. ECAM 3HameHaTenb GopMyAbl (11) paBeH HyAwO, TO NPo-
BOA MaA03arpyXxeH AM60 COBEPLLEHHO HEe 3arpyXeH Mo Toky. Toraa KOPPEKLUUS HE UMEET CMbICAQ,
N CAEAYET NPUHUMATL O = O,p.

MOCKOAbKY NPEBbILLIEHUE TEMMNEPATYPbI ONPEAEAAETCH KBAAPATOM TOKa, TO BMECTO OTKAOHEHUI
TOKOB BYAET OTKAOHEHWE X KBAAPATOB:

2 2
AI — quw[z [coz.‘l . ( 12)

uzm

Takum 06pa3om, 3HaUeHUE O, HAXOAMTCA MYTEM MUHUMMUIALMU QYHKLMW:

2 4 2
- 273.15] + 4 273.15] -
F(0,,)=A0>+AI’= O o | |1 (o 27 ]j O $27315] A Lz — min. (13)
- 6, -6 A,[6,,, +273.15] + 4,[6,,, +273.15] -4y, Lo

usm OKD usn

I3M

PellieHMe MOXHO HalWTM METOAOM 30A0TOr0 ceyeHus. IHTepBaA, Ha KOTOPOM OCYLLECTBASAIETCS
MOUCK, CAEAYET OrpaHUYnTb 3HAUYEHUAMMU O,su U Osuew(lisw). TlOCAEAHEE OMpeaenseTca nytem pe-
LLIEHMA YpaBHEHUA TENAOBOIO HanaHca meTopoM Deppapu Npu TOKE lysy. ECAU Bsew(lusu)> Busuy TO
NHTEPBAA BYAET B,5n < Bcom < Banew(lusu). B MpoTMBHOM caydae Oapew(lusm) < Bcom < Busu

OKoHuaTeAbHOE 3HauUeHue TeMnepaTypbl XUAbI:

0, +PS, 0, +I RS

0 — _coen — _coen 20021 us . ( 1 4)
1-a,AF,S, l-ay I, RS,

us coan

®opmyny (14) MOXHO MCMOAb30BaTb B TOM CAy4Yae, eCAM TemMnepartypa Ha NOBEPXHOCTU U30-
AAILMKU NPOBOAHMKA B PA3AMYHbLIX TOUKAX MO OKPY>XHOCTU MU3-3@8 COAHEUYHOMO U3AYYEHUSA UAK BETpa
MMEET OTAMYAOLIMECH 3HAYEHUA. ITOT CAyYa COOTBETCTBYET BaXXHOMY Ha MPaKTUKE BapuaHTy
3KCNAyaTauMm BO3AYLLHbIX AMHUIA SAEKTPONEepPeAaUM C HOBbIMW 3aLUMLLEHHBIMU U30ASILMEN MPOBO-
Aamu CUTT (caMOHeCyLLMI M3BOAMPOBAHHbIV MPOBOA).

PaccmatpuBaemas METOAMKA, CTPOro roBops, CrpaBeAAMBa TOAbKO AAA YCTAHOBMBLLENOCA Te-
MAOBOI0O pexuma MNpoBOAA, KOrAa TOK U TemnepaTtypa XWAbl He 3aBUCAT OT BpemeHu. OAHaKo,
MOCKOAbKY METOAMKA NpeAnoAaraeT HaAMuMe NorpeLLlHoOCTEN U3MEPEHUSA, TO OHa ByAeT AoMycKaTb
N ONpPeAeAeHHble OTKAOHEHMA OT CTaUMOHAPHOCTU. AHAAM3 BapuauMi napamMeTpoB BO BPEMEHMU,
NMPU KOTOPbIX METOAMKA AGET AOMYCTUMYHO TOYHOCTb BOCCTAHOBAEHUA TEMMEPATYPbl XUAbI, BbIXO-
AWUT 3@ PaMKW AQHHOW CTaTbM.

3HaueHne TemnepaTypbl 3alMLLEHHOIO NPOBOAA MOXHO ONPEAEAUTb C MOMOLLbKD HEMOCPEA-
CTBEHHOIO MU3MeEpeHUsa Temnepatypbl Ha MOBEPXHOCTM MPOBOAA CNeuManbHbIMU AaTYMKaAMU C
MOCAEAYHOLMM BblYMCAEHUEM. KOHCTPYKUMS AaTUMKa, KOTOPbIM MOXET ObiTb PEKOMEHAOBAH AAA
OAHOBPEMEHHOIO M3MEPEHUA TEMMEPATYPbl B Pa3AMYHbIX TOUKaX C pa3HOM TeMnepaTypomr Ha no-
BEPXHOCTU U30AALMU, NPEACTaBAeHa B [18].

AaTumnK BKAKOUaeT B cebst TpaHchopmatop Toka (TT) AAA reHepaumnmn sHeprun, 6A0K Nnutanus, TT
ANSI AGTUMKa TOKa, OAOK pAaTuMka TemnepaTtypbl U OAOK ynpaBAeHMs/ 6ecnpOBOAHOM CBSI3W. TpaHCc-
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dopmaTtop Toka AAA BbIPabOOTKM SAEKTPOIHEPTUU TEHEPUPYET MHAYKLIMOHHBIM TOK HA OCHOBE Mar-
HUTHOTO MOASl, CO3AaBAaEMOro TOKOM AMHUKU IAEKTponepeaaun. bBAok nutaHus npeobpasyeT nepe-
MEHHbIM TOK, BbipabaTbiBaeMbili TT, B NOCTOAHHbIN TOK. BAOK AGTUMKOB TEMNEpPATYPbl OCYLLECTBAS-
€T U3MEepPEeHNe TeMnepaTtypbl AMHUX 3AEKTponepeaayn. bAoK ynpaBaeHUs/6ecnpoBOAHOM CBS3U
obpabatbiBaeT NOAYyUYEHHbIE AQHHbIE O TEMMNepPaType U 3HaYEeHUM TOKA, MOCAE Yero nepepaeT ux Ha
KOHLEHTPaTOp NOCPEACTBOM MHOTOKaHaAbHOW CBA3M.

MOHTaX AaTyMKa BKAKOUYAET B cebsa dUKcaLmio ero NpoOBOAHUKOBOW YaCTW Ha AUHUKU SAEKTPO-
nepeAayu ¢ NOCAEAYHLLIMM 3aTArMBaHMEM BUHTOB N0 HokaM LIMAMHAPUYECKOTO kopnyca. Cnuctema
He TpebyeT HaAUUUA aKKyMyASITOpa, NOCKOAbKY 0BAaAa€eT cnoCOOHOCTBIO K camMo3apsaKe. AaTumnk
TemMmneparypbl CNPOEKTUPOBAH TakMM 006pa3omM, UYTOObl €ro MOXHO ObIAO YCTAHOBUTb HEMOCPEA-
CTBEHHO Ha MPOBOAHMK AAS MOBbILLIEHUSA TOYHOCTU U3MEPEHUN. PaccTosHMe MeXAYy OCHOBHbIM
OAOKOM U AATUMKOM, a TaKXe MOAOXKEHME CAMOro AaTuMKa MOXHO PEryAMpoBaTh, YTo obecneun-
BaeT BO3MOXHOCTb YCTAHOBKM B Pa3AMUHbIX KOHOUTypauusax. TepMuHan paspaboTtaH aasa obecne-
YeHUs GYHKLMOHUPOBAHUA B YCAOBUAX NOBbILLEHHbLIX TeMNepaTyp, AocTuratouimx 90°C. AaHHble
AONKHbI NepepaBaTbCsa Ha cepBep ¢ MUHUMAAbHO BO3MOXHbIM UHTEPBAAOM BPEMEHMW.

METOA KOHEYHbIX 3AEMEHTOB

B kauecTBe meTopa MCCAEAOBaHUA pacnpeAereHUsa TemnepaTypbl B 3alUMLLEHHOM NPOBOAE
BblOpaH OAMH U3 Hanbonee IPPEKTUBHbIX METOAOB — METOA KOHEUHbIX 3AeMeHTOB [19].

MeTOA KOHEYHbIX INEMEHTOB NOAPa3yMeBaET Pa3AENEHNE CAOXKHOW MaTeMaTUYeCKOM MOAEAU
Ha MHOXECTBO HEBOAbLLIMX HENEPEKPbLIBAOLLMXCA KOMMOHEHTOB C NPOCTOM reoMeTpUen, U3BECT-
HbIX KaK KOHEYHbIE IAEMEHTbl. 3T IAEMEHTbI MOTYT NPUHUMATb PasAMUHblie GOPMbI, TakKUe Kak
TPEYrOAbHUKHK, YETbIPEXYTOABHUKM MAW TETPA3APbI, B 3aBUCUMOCTU OT KOHKPETHOM 3apaun. Ine-
MEHTbl COEAMHAIOTCA MeXAY COO0M B 06LLMX Y3AOBbIX TOUKax. AAS KaXKAOTO SAEMEHTa UCMOAb3Y-
eTcsl NPUBAMXKEHHAA GYHKUMA AN MPEACTAaBAEHWUS MOBEAEHUA GUBNYECKMX BEAUUMH BHYTPU HEFO
(TaKMX Kak HanpsXxeHWe UAM Temnepatypa). YpaBHEHMS, ONUCbIBAOLLME NOBEAEHUE KaXAOIO IAe-
MEHTa U UCXOAHbIE A@HHbIE, MHTErPUPYIOTCA B €AMHYIO CUCTEMY YPaBHEHUM, KOTOpasi NpeACTaB-
ASIET BCHO M3yuyaeMmyto obAacTb. Pe3yabTnpytoLlan cuctemMa obbl4HO NpeACcTaBASET coO0M BOAbLLON
HabOpP AMHEMHbBIX AU HEAMHENHbBIX YPABHEHWIW, KOTOPbIV PeLIaeTCs C MOMOLLBbI YUNCAEHHbIX METO-
AOB, TaKMX KakK UTEPALIMOHHbBIA METOA. MEeTOA KOHEUYHbIX AINEMEHTOB MO3BOASIET TMOKO YUMUTbIBATb
WA UTHOPMPOBATb Pa3AMUHbIe PU3MUYECKME IPPEKTBI U MPUMEHSIETCA AAST aHAAM3a CAOXKHbIX 00b-
€KTOB U IBAEHUM B UHXEHEPUU, PUIUKE U HaYKeE.

OCHOBHbI€e 3Tanbl MOAEAMPOBAHWS BKAKOYALOT:

1) co3paHune reomeTpun 0b6bekTa UAKM 0BAACTH;

2) pa3bueHne Ha KOHEYHbIE SAEMEHTbI;

3) ykazaHue GU3NYECKNX CBOMCTB MatepuanoB U rpaHUYHbIX YCAOBUMK;

4) BbINOAHEHWE PACYETOB;

5) aHaAM3 pe3yAbTaToB.

MN3BECTHO, UYTO AMHEMHOE BbIAEAEHWE TEMAA B NPOBOAE ONMUCLIBAETCS BblPaXEHUEM:

AP(6)=I'R,(1+,0), (15)

rae | - cuAa TOK B MPOBOAHUKE, A; Ry — MOrOHHOE CONpPOTUBAEHKWE MpoBoAHMKa npu O°C, Om/Mm; B - dak-
THyeckas Temnepartypa Xuabl, °C; AP(B) - Harpy304Hble NoTePU MOLLIHOCTU Ha EAMHULY AAMHBI, BT/M.

Takum 06pasom, NPU HAXOXAEHMU MPEAEABHOIO TEPMUYECKOTO pexuma napameTp Ry MOXHO
cuMTaTbh NOCTOAHHOM BEAUYMHON, @ MOAEAMPOBAHME NPOU3BOAUTL, TOALKO pellas ypaBHeHUs Oy-
pbe 1 HaBbe-CToKca, 4To 3HAaUUTEABHO 0OAEryaeT MoaeAb. Mpu 3ToM 06beMHOE TENAOBbLIAEAEHUE
BO3MOXXHO 3aAaTb CAEAYHOLUUM AMHEMHBIM 3aKOHOM:

q(0) =g, (1+a,0), (16)

- 9 . 2
rae q(6) - obbeMHoe TENAOBLIAEAEHHWE NPK AHOOOI Apyroi Temneparype, Bt/m3; g, = i*p, =(1/S) p, -
obbemHoe TennoBblaeneHue npu 0°C, BT/m3; j - NAOTHOCTb TOKa, A/M?; S — ceueHre NPOBOAHUKA, M2,
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PE3YAbTATbl UCCAEAOBAHUA

YKa3zaHHbIM METOAOM NPOBEAEM U3yuyeHMe NPOBOAHUKA Mapku CUMM-3 ceueHnem 35 mm2. Ans
yNnpoLleHWUst TENAOBOM MOAEAW M3 pacyeTa UCKAKOUYAETCS MHOTONPOBOAOUYHbIM XapaKTep XWUAbI, a
NOTOMY BCE CEUEHMS MPOBOAHUKA NPeAnoAaratotca cnAoWHbIMK. feomeTpus CUM-3 npruBeaeHa
Ha puc. 1.
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Puc. 1. [eomeTpusi UCCAEAYEMOrO NMPOBOAHMKA
Fig. 1. Geometry of the conductor under study

PacueTt TenAOBOro COCTosiHUSE MPOBOAA NPOU3BOAMACA B MPOrpaMMHOM CUCTEME aHaAM3a Me-
TOAOM KOHeUHbIx anemeHToB COMSOL Multiphysics. MicxoaHble AaHHbIE NPEACTaBAEHbI B TabA. 1.

Tabauua 1. MicxopaHble AaHHbIE
Table 1. Input data

TenAonpPoOBOAHOCTb aAOMUHUA® A, BT/M-K 237
TenAonpoBOAHOCTb CLUMTOTO MOAMSTUAEHA Acn, BT/MK [15] 0,28
Temnepatypa okpyxatoLien cpeabl Ooxp, °C 0
YAeAbHOE COMPOTUBAEHUE antoMUHKUA npu 20°C P, OM:M, 2,83x10°8
TemnepaTypHbIi KO3GOULMEHT cONPOTUBAEHMSA Mpu 20°C 0rzo, °C2 0,004
KoadpdrUMEHT N3AYUEHMST NOBEPXHOCTM NpoBoAa € [20] 0,8
MHTEHCHBHOCTb COAHEYHOTO U3AYUYEHUS Qoon, BT/M? 0
ATmocdepHoe paBAeHME p, MNa 101325
CeueHune NpoBOAHMKA S, MM? 35

AASl pacyeTta UCMOAb30BAAUCH CAEAYOLLME MHTEPDENCDI:

- Heat Transfer [ht] (TenAronepepaya B TBEPAbIX TEAAX);

- Turbulent Flow [spf] (TypbyAreHTHOE TeUueHUE);

- Nonisothermal Flow [nitf] (Hen3oTepmmuecKoe TeueHue).

B KauectBe OCHOBHOW MOAEAU TypOYyAeHTHOCTM BblibpaHa Shear Stress Transport, Tak Kak Ha
CErOAHALIHUM AEHb OHa ABASETCS MUPOBLIM CTaHAAPTOM B aHaAM3€e TeYEeHUA XUAKOCTU UAKN ra3a
KaK ANl HAyUHbIX LEAEN, TaK U AAST LIEAEN MPOEKTUPOBaHWSA. PasbreHne OKPECTHOCTEN UCCAEAYE-
MOrO MPOBOAHMKA NOKa3aHOo Ha puc. 2. MoaeAb coCTOUT U3 Bonee ueM 45 TbiC. INEMEHTOB AYEEK
ceTkn. CpepHee BpemMs pacueta MOAEAU cocTaBaseT meHee 4 MuH (npoueccop: AMD Ryzen 5
2600; onepatnBHaa namaAtb: DDR4 16 Gb 3200 MHz).

931HoBbEB B.E. Tennodpu1snueckie CBOMCTBA METAANOB MNP BbICOKMX TEMMepaTypax: cripaBouHuk. M: Metaayprus, 1989. 384 c.
TepacumoB B.I. IAEKTPOTEXHUUECKMI CNIPaBOYHUK. B 4 T; T. 2. IAEKTPOTEXHHUUECKUE U3AEAUS U YCTpoicTBa. M.: MO, 2003. 519 c.
HlepacumoB B.I. dnekTpotexHUUeckuit cnpaBouuk. B 4 T, 7. 1. 06LMe BONPOCkl. INEKTPOTEXHUUECKUE MaTepHanbl. M.: M3W,
2003. 440 c.

56 https://ipolytech.elpub.ru


https://ipolytech.elpub.ru

TupwuH C.C., loproHoB B.H., lMetpoBa E.B. u Ap. KOHTPOAb TEMneparypbl TOKOMNPOBOASALLEH XUAbI 3aLUMLLEHHBIX TPOBOAOB...

Girshin S.S., Goryunov V.N., Petrova E.V., et al. Temperature control of aerial current-carrying conductors by insulation surface...

yAYA
A TAVAVAYA

AT LTAVAVAY

Y, M < w‘g&}%}%‘

AV
S
v;ﬂz%v‘%

<
%
i,

7
X

s’

NUAN
VEAVAVA

TAVAVAVA
VAVAVA

g

oy LR
s }4}4‘ AR SR
Pdred KELKS

<] R KERkS

R TRR

s

22 BK

Mh e B
Davay, s S

o7 i

VAR RO o FEERY
O A s

@ AV, A KRRk
Ay AL KERH

Yavaviyi, /Ava.;' .%g E:gg

K
o
s
SR
KEEK
L
K

i
vy
A

IRILARX

Yaviriiip!
avanas 20
AR
s,

L

S
S
XX

s
ARSI

Kk
s
SR
ORI

at

4
2 '%A
by
, LR
N SOEERRN
VAV il AL e
O R B R RS
R R RGO T LR BRRY
S R R L
) S R LT
R SRRISSEES
OREf LS KA
TR KK
RN AV, FRERREE TEREL
%
SVaY) FEEREES SERIS
R e

o
o

vay
ey

VAV,

AVAY

L4
XK
A
A0

NAVAYAYAYAVAYavav,
YAVAYAVAY

RRLEEERRE

vav
iy
s

VAVAVAVAVAVA
o
i
o
D

AVAWAVAYA
AR
AVAYA
O

TAVAY
s

V4 \VAVAVAY/\V

A4
vay)

X %
AvAS
YAVAVAV/
VAVAYAY
WA

DERIRRIIRANK
2y
V4

ALV SAVAVAVaTs
R RRRIIIER

1%
>
"y

i
e TATATLYATLTAO)
BRI

,%
=
S5¢
2
:
5
:
‘

R IR

RN

L
>
&
:
|X
5
</
KV

Ya)

V\
TR

v
A ATATATATATA
o

R

L

T AATTATATL,
KRR

T AVAVAVAVAVA
RS

5
BRI,
5

5
R ER R
S

S,
AT VI S F v

O RPN

&
IS
o

Puc. 2. AereHusi OerCTHOCTeﬁ UCCAEAYEMOrO MPOBOAHUKA Ha KOHEYHbIE IAEMEHTbI

Fig. 2. Finite element mesh of the studied conductor vicinity

Cama obracTb MOAEAMPOBAHUA NPeACTaBAAET cobor KBaapaT co ctopoHamu 400 Ha 400 mwm,

B LEHTpe KoToporo pacnonoxeH CUM-3 1x35 (puc. 3).

Input, w = 1.20 M/c, 8,,= 0 °C

okp

Output, p=0a,B,,=0°C

400

I

»

400

Qutput, p=01g8,,=0"C

0Kp

Output, p=0Ma,B,,=0"°C

Puc. 3. [paHnyHbIe ycA0BHST 06AaCTH MOAEAMPOBAHMS
Fig. 3. Boundary conditions of the modeling domain

CornacHo KAMMaTMYeCKUM CNpaBOYHMKaM, CPeAHEroAOBasn CKOPOCTb BeTpa B OMckon obaacTu
cocTtaBAsieT 2,6 M/C € 3adUKCMPOBAHHBIM MakcuMymMoMm B 24,8 m/c. AAA aHaAn3a ObIAO peLLeHo

OrpaHUYMUTBLCH 3HaYeHMeEM CKopocTh BeTpa B 20 m/c.
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PesyAbTatbl MOAEAMPOBAHUSA MPK ckopocTh 20 M/C NoKasaHbl Ha puc. 4 n 5.

Y MM [

1]

10r

-10f

-12¢

Puc. 4. 30KOHTYpbI CKOPOCTH BETPaA B OKPECTHOCTAX MCCAEAYEMOro NPOBOAHUKA, M/C
Fig. 4. Wind speed isocontours in the studied conductor vicinity, m/s
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Puc. 5. [lone Temnepatypbl B OKPECTHOCTA UCCAEAYEMOTO MPOBOAHMKA
Fig. 5. Temperature field in the studied conductor vicinity

MOCKOABKY pelleHne METOAOM KOHEYHbIX SAEMEHTOB AQET KAPTUHY NMOAEN, BO3MOXHO MOAYYUTb
NOAPOOHYIO KapTUHY PacnpeAeAeHUss TEMNepPaTypbl Kak B AOOOM CEYEHUU, TaK U HA NMOBEPXHOCTH
NPOBOAHMKA, YTO NOKA3aHO Ha pPUC. 6 1 7.
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Fig. 7. Diagram of temperature distribution over conductor surface in the limiting thermal mode

MpeacTaBAEHHAA Ha puc. 7 3aBUCMMOCTb TeMnepaTtypbl NOBEPXHOCTU MPOBOAA OT YrAOBOMW
KOOPAMHATLI MOKa3blBAET 3HAUYUTEABHYIO Pa3HWLYy B TemMneparypax, cocraBastowyro 18,5°C. MNo-
rPELHOCTb ONPeAeAeHUA TEMMEPaTypPbl XUAbI AASE 3TOTO CAyvas coctaBaseT 20,5%.

AN OLEHKM pasHULbl TeMNepaTyp B LUMPOKOM AManal3oHe CKkopocTer BeTpa bbina npose-
A€eHa cepusa MOAEAMPOBaHKA ¢ warom B 2,5 m/c. Pe3yabTatbl MOAEAMPOBAHUSA NPUBEAEHDI
B TabA. 2.
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Tabanua 2. MaccuB NOAYUYEHHbIX AQHHbIX
Table 2. Array of received data

Cuna ToKa npu
MuHUManb-
MOAEAUPOBaHUU CpepHan MakcumanbHasn nas MoroHHble Temnepa
CkopocTtb MEeTOoAOM Temnepartypa Temneparypa norepu B Typa
Temnepartypa
BeTpa, m/c KOHEYHbIX NOBEpPXHO- NOBEPXHOCTH Opnay, npoBoA- YKUAbI
NOBEPXHOCTH
3AE€MEeHTOB ctu, °C °C HUKe, BT/m BOuks, °C
emaxv oc
Ivika, A
1,0 281,91 64,554 74,455 52,995 82,260 90,003
2,5 325,56 56,046 68,429 43,169 109,73 89,994
5,0 362,43 47,960 61,167 35,454 136,04 89,989
7,5 384,82 42,664 55,582 31,022 153,35 90,017
10,0 400,36 38,732 51,079 27,956 165,95 89,983
12,5 411,95 35,659 47,324 25,639 175,71 89,987
15,0 421,24 33,212 44,321 23,830 183,69 90,011
17,5 428,74 31,174 41,728 22,329 190,34 89,997
20,0 434,99 29,445 39,532 21,054 195,94 90,000

Mcxoaa M3 MOAYUEHHbBIX AAHHbIX, MUK PA3HOCTM TeMnepaTyp HabAOAQETCA NMPU CKOPOCTH 2,5-
5 m/c, UTO COOTBETCTBYET Hanbonee BEPOSITHOM CKOPOCTU BeTpa. padrueckn ata 3aBUCUMOCTb
npuBeAeHa Ha puc. 8. Npu HU3KKMX CKOPOCTSIX BETPA YCAOBUA OXAQXAEHUA HA MOABETPEHHOM U
HaBETPEHHOW CTOPOHAX MPUMEPHO 3KBUBAAEHTHbI, YTO MPUBOAUT K HEOOABLLLIOW pasHULE TeMne-
paTtyp Ha NOBEPXHOCTU U30AALMK. 10 Mepe yBEAUYEHNSA CKOPOCTU BETPA 3Ta pa3HuMLA CTAHOBUTCSA
6oAbLLE U3-3a YBEAUYMBAIOLLETOCH Pa3AMUMA B YCAOBUSX OXAQXAEHUSA MEXAY MOABETPEHHOM U
HaBETPEHHOW cTOpoHaMKU. OAHOBPEMEHHO C 3TUM Pa3HOCTb MEXAY TEMMNEePaTypPor NOBEPXHOCTH
N30AILMKN U OKPYXatoLEen cpeabl yMeHbluaeTcs. AaHHas TEHAEHLUMA B KOHEYHOM UTOre NPUBOAUT
K COAMXEHUIO MAaKCUMaAbHON U MUHUMAAbHOM TEMMNePaTypPbl MOBEPXHOCTU U3OAALIUMN.

19

PasHuua Mexdy MaKCUMYMOM U MUHUMUMOM memnepamyp, °C

18

=
(%)
=

6 8 10 12 14 16 18 20
Ckopocms Bempa, M/c

Puc. 8. 3aBMCHMOCTb pasHULIbI MEXAY MaKCUMYMOM M MUHUMYMOM TEMIeparTyp Ha NoBEpXHOCTH MPOBOAA OT CKOPOCTH BeTpa
Fig. 8. Difference between maximum and minimum temperatures on wire surface vs wind speed
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PesynbTaTbl CpaBHEHUSA MaTeEMATUYECKOM MOAEAU C pe3yAbTaTaMu MEeTOAQ KOHEUYHbIX AAEMEH-
TOB NPU CKOPOCTU BeTpa 5 M/c otobpaxeHbl B TabA. 3. AAa BOAbLLETO aHaAn3a BBEAEHA UCKYC-
CTBEHHAA NOrpPeLIHOCTb M3MeEPEHHOIo Toka Al s, B AMana3oHe oT -25 po +25% ¢ warom 5%.

Tabamua 3. CpaBHUTEAbHbIN aHAAW3

Table 3. Comparative analysis

A[uy,u = IMI(3 x Agm — Aeﬁ))l — A[mz.t =
Bl % | x [l M| Bcom °C leams A 6, °C —0-0,,, | =0 -0, | =lemTle,

100 ] Lo

4 c c x100%

25 271,820 29,939 302,071 56,040 133,949 118,372 11,128
-20 289,940 34,413 319,411 64,456 25,533 113,897 10,163
_15 308,070 38,630 334,158 72,398 17,591 9,681 8,470
-10 326,190 42,386 346,204 79,482 110,507 5,924 6,137
5 344,310 45,576 355,731 85,503 4,486 2,735 3,318
362,430 48,181 363,089 90,426 0,437 0,129 0,182

5 380,552 50,248 368,677 94,334 4,345 1,937 3,120
10 398,673 51,849 372,865 97,364 7,375 3,538 6,473
15 416,794 53,063 375,964 99,663 9,674 4,752 9,796

20 434,916 53,065 378,225 | 101,372 11,383 5,655 13,035

25 453,038 54,619 379,841 | 102,610 12,621 6,308 16,157

AAst 6OAbLLIETO aHaAM3a BBEAEHA MCKYCCTBEHHAS NOTrPeLIHOCTb U3MEPEHHOro Toka Al,:, B Ana-
nasoHe ot -25 A0 +25% ¢ warom 5%.

3AKAKOYEHUE

PasanyHble cueHapum pa3Butna aHepretuk Net Zero, Accelerated, New Momentum-nporHo-
3UPYIOT EXErOAHOE YBEAMUEHME NMPOU3BOACTBA INEKTPUYECKON IHEPTUN. B 3TUX YCAOBUAX BO3HU-
KaeT NoTPebHOCTb MOBbLILLIEHUA MPOMNYCKHOW CMOCOOHOCTU AMHUI 3IAEKTponepesaun. PeanbHOM
aAbTEPHATUBOM TPAAWLMOHHBIM MYTAM pelleHns NpobAeMbl (CTPOUTEABCTBO HOBbIX AMHWI, MOBbI-
LEeHME HaMpsXeHUs U T. A.) ABASIETCS UCMOAb30BaHME AAHHbIX O MOTOAHbIX YCAOBUSX U NPUMEHE-
HWE HOBbIX TUMOB NPOBOAOB C 3aLLMTHLIM CAOEM U3OASILIUM.

YKa3zaHHasA aAbTepHaTMBa TPebyeT M3yuyeHUss 0COOEHHOCTEW MPUMEHEHUS 3aLUMLLEHHbIX
NPOBOAOB M pa3paboTKM COOTBETCTBYHOLLErO0 MaTemMaTuvyeckoro obecnevenus. MponyckHan
CNOCOBHOCTb AMHUI IAEKTPOMEPEAAUM 3AaBUCUT OT 3HAUYEHUA TeMNepaTypbl TOKONPOBOASALLEN
XWAbI. 3Ty TEeMnepaTypy AAA 3alLUULLEHHBIX MPOBOAOB MOXHO HAWUTK Yepes3 TeMmnepartypy Ha no-
BEPXHOCTU U30ASALMKN NO GOPMyAaM, paHee NOoAyYeHHbIM aBTopamMu ctatbl. OAHaAKO 3T ¢op-
MYAbl MOAYYEHbI MPU NPEANOAOXEHUU, UTO TeMnepaTtypa Ha NOBEPXHOCTU U30ASILMKU BO BCEX
TOUKax OAMHAKOBaA.

PesyAbTatbl MOAEAMPOBAHUSA METOAOM KOHEUHbIX SAEMEHTOB MPW HaAMUMK BETPA MOKa3aAu,
yTo TEMMEpaTypa Ha NOBEPXHOCTU U3OASLMK padAnyHa. OTMedatoTca NPaKTMYEeCKU HEM3MEHHbIE
3HauyeHWs TeMnepaTypbl B NpeAenax XUAbl U 3HAUUTEAbHbIE UBMEHEHUS B 0OAACTU M3OAALMK. Ae-
TaAbHOE U3yyeHWe pacrpepeneHUss TeMnepaTypbl MOBEPXHOCTU 3alumLLeHHoro nposoaa CUIM-3
M UCMNOAb30BaHWE ypaBHEHMS TENAOBOro 6anaHca NO3BOAMAM MOAYUYUTb COOTHOLLEHUS, CBA3bIBA-
tOLME MaKCUMaAbHbIE U MUHUMAaAbHbIE 3HAYEHUSA TEMNEPATYPbl, KOTOPblE HAOAKOAQIOTCA HA MO-
BEPXHOCTM M3OAALMKU, C TEMMNEPATyPOr TOKONPOBOASLLEN XMAbL. AONYyLLIEHUEM NPU MOAEAMPOBA-
HUU ABASIETCA CNAOLLHOW XapaKTep MaTteprana XWAbl, B OTAUYME OT MHOTOMPOBOAOUYHOM PEAAbHOM
KOHCTPYKUMU C BO3AYLLUHBIMUK MPOMEXYTKaMM.

YcTtaHOBAEHO, YTO MpKu cKkopocTn 20 M/C MakCMMaAbHasa pasHuUa B Temnepatypax cOoCTaB-
Aset 18,5°C. BbinoAHeHa oleHKa BAUAHUSA BEAUYMHBI CKOPOCTM BETPA Ha pPasHULYy MexXAy Mak-
CUMaAbHbIM U MUHUMAAbHbIM 3HAYEHUSAMK TeMMepPaTypbl Ha NMOBEPXHOCTU U3OAALMKU. Anana3oH
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ckopocTen B akcnepumeHTe (1-20 m/c) ¢ HTepBanoM 2,5 M/C COOTBETCTBYET CTaTUCTUKE BETPOB
B OMCKkoM obAacTU. BeAnumHa TOKa B TOKONMPOBOASILLIEN XMUAE 3aAaBaNaCh UCXOAA U3 NPEAEAbLHOM
Temnepatypbl XuKAbl 90 °C. Ha 0CHOBE YMCAEHHOIO 3KCNEPMMEHTA BbISIBAEH MaKCUMYM Pa3HOCTU
Temnepatyp B 26 °C npu CKOPOCTM BETPA B AManal3oHe oT 3 A0 4 m/c.

CpaBHUTEAbHbIN aHAaAU3 MaATEMATUUYECKOM MOAEAM C METOAOM KOHEUYHbIX SAEMEHTOB NpPKU TOY-
HOM M3MEPEHUU CUAbI TOKA AAET NOTrPELLHOCTU pacyeTa TemnepaTypbl Xuabl B 0,44°C. Mpu ownb-
Ke U3MEPEHUST CUAbI TOKa B +5% NOrpeLtHOCTb TeEMMNepaTypbl XWAbI BO3pacTaeT NPpUOAU3UTEABHO
A0 +4,5°C. MeTOA KOHEUYHbIX AAEMEHTOB MPUHSAT NPU CPaBHEHUN B KavyeCcTBe aTanoHa. CpaBHeHME
NPOBOAMAOCH MPU CKOPOCTM BeTpa 5 M/C, KOTOpas HECKOAbKO MPEBbLILLAET 3HAYEHUEe, COOTBET-
CTBYHOLLIEE MAKCUMYMY Pa3HOCTU TeMMepaTyp B Pa3HbIX TOUKAxX NOBEPXHOCTU NPOBOAA. BAM30OCTb
K MaKCUMYMYy Pa3HOCTM TeMMepaTyp NOBEPXHOCTU MO3BOASET B AOCTATOUHOW CTEMEHU YYECTb MO-
rPELHOCTU U3MEepPEHUsT TeMnepaTypbl MOBEPXHOCTU, @ HEKOTOPOE MOBbILLEHWE CKOPOCTM BETpa
AAET BO3MOXHOCTb MOBbICUTb TOK MPKU AONYCTUMOM TEMNepaTtype, YTo YCUAMBAET BAUSIHWE NorpeLu-
HOCTU TOKa.

lNpoBeAEHHbIE UCCAEAOBAHUS MPEACTABASIIOTCA NMOAE3HbIMU B 3apadax YBEAUYEHUST NMPOMYCK-
HOM CNOCOOHOCTU AMHUI SAEKTPONEPEAAUM C 3aLLMLLEHHBIMU U3OASLMEN NPOBOAAMM.
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Abstract. This study aims to thoroughly examine the potential of the Kolmogorov-Arnold Network (KAN) and its appli-
cation to improving energy management efficiency, particularly in lithium-ion batteries. The study employs a novel method
that utilizes one-dimensional adaptive activation functions parameterized by splines, in contrast to traditional neural
networks, where activation functions are fixed. Traditional methods for activation function selection are based on empir-
ical approaches and do not guarantee accurate approximation, potentially leading to suboptimal results. This approach
enables the KAN to flexibly adapt to complex data structures, ensuring precise state-of-charge estimation. To objectively
evaluate the algorithm's effectiveness, experiments were conducted on real datasets, focusing on analyzing the accuracy
of state-of-charge estimation at confidence intervals of 95%, 90%, and 85%. The test results for various charge-discharge
cycles demonstrated that the proposed method achieves high accuracy and maintains stability throughout the operation.
The proposed method reduces the maximum error by at least 4.26% and significantly improves key performance metrics
such as Mean Absolute Error, Root Mean Square Error. Thus, the obtained results confirm the efficiency and innovative
nature of the KAN in energy management. This method holds great potential for energy management and can be effec-
tively implemented in areas requiring precise time-series forecasting, including smart home systems, electric vehicles,
and industrial devices. Future research will optimize the network architecture and expand its practical applications. Signifi-
cantly, this method can be flexibly adapted to different types of batteries and energy systems, broadening its applicability
in real-world conditions.
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Dao Minh Hien, Vo Van Truong, Liu Fang, et al. A Kolmogorov-Arnold neural networks approach to state of charge estimation...
Aao MuHb XueH, Bo BaH UbioHr, Ato ®aHr n Ap. [10AX0A Ha OCHOBE HEHPOHHbIX ceTer KOAMOropoBa-ApHOAbAA K OLIEHKE...

B paboTe npuMeHsieTCs HOBbIM METOA, UCMOAb3YHOLWMI OAHOMEPHbIE aAaNTUBHbIE GYHKLMW akTMBaUMK, napa-
MeTPM30BaHHbIE CNAAMHaMM, B OTAMUME OT TPAAMLMOHHbBIX HEMPOHHBIX CETeW, B KOTOPbIX GYHKUMU aKTMBaLMU
bUKCUPOBaHbI, MX BbIOOP 3MMUPUYECKMI U HE FapaHTUPyeT TOYHOW anmnpoKCHMMaLMKU, YTO MOXET NMPUBECTU K
HEONTUMAAbHbIM pe3yAbTaTaM. TakoW NOAXOA NMO3BOASET CETU KOAMOropoBa-ApHOAbAG TMOKO apanTMpoBaThCs K
CAOXHbIM CTPYKTYpaM AaHHbIX, obecneunBas TOUHYIO OLEHKY YPOBHSA 3apspa. Ytobbl 06bEKTUBHO OLEHWUTbL 3d-
GEKTUBHOCTb aAropuTMa, HBbiAM NPOBEAEHbI IKCMEPUMEHTbI HA pPeanbHbiXx Habopax AaHHbIX, HanpaBAEHHbIE Ha
aHaAM3 TOYHOCTU OLEHKM YPOBHS 3apsiAd akKyMyAsiTopa NMpuW AOBepPUTEAbHbIX MHTEpBarax 95%, 90% n 85%.
Pe3ynbTaTtbl UCNbITAHWUIM MPU Pa3AMYHbBIX LMKAAX 3apsaa-pas3psasa Nnokasanu, UTo MPEANOXKEHHbI METOA AOCTUTaeT
BbICOKOM TOUHOCTU 1 cOXpaHaeT cTabUAbHOCTb B npolecce paboTbl. MpeararaemMblii METOA CHUXAET MakKCUMaAb-
HYt0 OWMOKY KaK MUHUMYM Ha 4,26% 1 3HAUUTEABHO YAy4YlLAET TakMe MoKasaTeAu, Kak CcpeaHAas abcoAaoTHaA
ownbKka n cpepHekBappaTUyHasa ownbka. Takum obpas3oM, MOAYYEHHbIE Pe3yAbTaTbl MOATBEPXAAT 3PPEKTUB-
HOCTb M MHHOBALMOHHOCTb ceTU KoAMOropoBa-ApHOAbAA B yNpaBAEHUM 3Heprvein. AaHHbl MeTop obrapaet
BbICOKMM MOTEHLMAAOM B YNpPaBAEHUU IHEPTETUYECKUMU CUCTEMAMMU U MOXET OblTb 3GGEKTUBHO BHEAPEH B
obhracTu, TpebytoLime TOYHOro NPOrHO3MPOBaAHUA BPEMEHHLIX PAAOB, BKAOUAS CUCTEMbI YMHOTO AOMa, 3AEKTPO-
MOOUAU U MPOMBbILLIAEHHbIE YCTPOMCTBA. AaAbHENLLIME UCCAEAOBAHUA BYAYT COCPEAOTOUYEHbl HA ONTUMMU3aLMK
APXMTEKTYPbl CETU U PaCLUMPEHUN ee NMPAKTUUYECKOrO MCMOAb30BaHUA. MNpuMeyatenbHO, UTO 3TOT METOA MOXET
6bITb TMOKO apAaNTUPOBAH K PA3AMYHbIM TUNAM aKKYMYASITOPOB M 3HEPTeTUUYECKMUX CUCTEM, UTO 3HAYUTEABHO pac-
LWMPSIET €r0 NPUMEHEHMWE B PEAAbHbIX YCAOBUSAX.
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INTRODUCTION

In recent years, the Kolmogorov-Arnold
Network (KAN) has become an advanced
solution in machine learning, especially for
complex nonlinear problems. KAN boosts
the accuracy of predictive models and en-
hances the representation and learning
capabilities of neural networks, making
them better at handling nonlinear relation-
ships in multidimensional data. This devel-
opment has broadened the applications of
KAN across various fields, particularly in
estimating the State of Charge (SoC) of Li-
ion batteries.

Accurately estimating the SoC is crucial
for effective energy management, optimizing
battery performance, and ensuring system
reliability [1, 2]. In the context of the rapidly
growing electric vehicle and large-scale ener-
gy storage systems, accurately determining
SoC helps prevent failures, optimize operating
costs, and extend the lifespan of equipment.
Furthermore, calculating confidence intervals
for SoC estimates improves the results’ accu-
racy and reliability and provides a comprehen-
sive assessment tool, aiding in the analysis of
KAN’s SoC estimation performance in various
situations.

https://ipolytech.elpub.ru

Many machine learning methods have
been researched and developed to tackle the
challenges of estimating the SoC. Traditional
methods like Feedforward Neural Networks
and Long Short-Term Memory (LSTM) net-
works are widely used because they can effec-
tively handle nonlinear data and time series
[3, 4]. Especially in smart grid applications,
these methods have played a significant role
in optimizing energy distribution and minimiz-
ing waste [5].

Building on our previous work [6], this
study further explores the potential of KAN in
improving the accuracy of SoC estimation. This
study builds on the methods and findings of
the previous research to extend the applica-
tion by focusing on real-time SoC estimation
for lithium-ion batteries and integrating the
confidence assessment method to significant-
ly enhance the model’s accuracy, reliability,
and transparency.

This paper is structured as follows: Sec-
tion 2 presents the research’s theoretical
foundations. Section 3 describes the archi-
tecture and functioning principles of KAN
in estimating SoC. Section 4 introduces the
dataset and experimental methods. Section
5 presents the results and analyzes the key
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findings. Finally, Section 6 summarizes the
main contributions and suggests directions
for future research.

METHODOLOGY

Kolmogorov - Arnold Networks is a nov-
el neural network architecture that replaces
traditional Multi-Layer Perceptrons (MLPs).
The concept behind KANs originates from the
Kolmogorov-Arnold representation theorem
[7, 8], while MLPs are based on the universal
approximation theorem [9]. These different
theoretical foundations have led to variations
in how KANs and MLPs handle and represent
complex relationships in data.

The Kolmogorov-Arnold representation
theorem suggests that any continuous func-
tion pf multiple vatiables f ,which depends on
X = rxlaxza---axn], within a bounded domain,
can be decomposed into a finite combination
of more straightforward, continuous functions
that involve only a single variable. Specifically,
a smooth, annd continuous multivariate func-
tionf:[O,l] — R can be expressed as a fi-
nite superposition of certain univariate func-
tions[10]:

2n+l1

S = f (x50 X,) = Z@(Z@p( )j (1)

where ¢  :[0,1]]> Rand @ :R —R denote
the so-called outer and inner functions, re-
spectively.

In terms of its  structure, a
KAN layer can be represented as
O ={g, L p=12,m,,  q=12,-n,,
where t e functions ¢ are parameterlzed

functions with adJustabIe learnable parame-
ters. This distinctive structure enables KAN to
effectively detect and model complex nonlin-
ear relationships in data, outperforming tradi-
tional MLPs.

To maximize the potential of KAN, deeper
network architectures have been developed.
A KAN with a depth L is formed by stack-
ing multiple KAN layers. The structure of this
deeper KAN is represented by an integer array
[1g.my,-+ nL], where n, indicates the number
of neurons in the 1” Iayers Each I KAN layer,
takes an input with a certain number of dimen-
sions and transforms it into an output with #,,
dimensions, effectively converting the input
vector fromx, € R" to x,,, € R"'[10].
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¢1,1,1 () ¢1,1,2 () ¢1,1,n, ()
¢1,2,1 () ¢1,2,2 () ¢l,2,n, ()
xl+1 = xl ’ (2)
¢l,n/+1,l () ¢l,n,+, 2 () ¢1”’1+| 1y ()
@,
where @, is represents the function matrix

correspondlng to the I” KAN layer in the net-
work.

The Kolmogorov-Arnold Theorem states that
the function f(x) can be represented as a com-
position of inner and outer function matrices ap-
plied directly to the input vector x [11, 12]:

f(x)=0,, D, -x, (3)
where @, is a matrix consisting of univariate
functions:

¢1,1 () ¢1,2 () ¢1,n ()
¢2,1 () ¢2,2 () ¢2,n ()
o — . . .
" '(4)
¢2n+1,1 () ¢2n+1,2 () ¢2n+1,n ()
@, is a row vector containing univariate
functions:
q)out :(q)l () (D2n+1 ())' (5)

These matrices represent a Kolmogor-
ov-Arnold layer, which is the KAN’s fundamen-
tal component by stacking such layers. Thus, a
KAN is constructed by layering multiple Kolm-
ogorov-Arnold layers [10]:

KAN(x)=(®,_ o®@, ,0---0®)x. (6)

The depth of the KAN, defined by the num-
ber of layers, enables the network to identify
and capture more intricate patterns and re-
lationships within the data. Each KAN layer
processes the input x through a series of
learnable functions, making the network high-
ly flexible and capable of adapting to various
scenarios.

https://ipolytech.elpub.ru
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The Kolmogorov-Arnold representation theo-
rem enables the development of new neural net-
work architectures by replacing conventional lin-
ear weights with univariate B-spline-based func-
tions, which serve as learnable activation func-
tions. These B-splines are expressed through
the basis functions N, ;(¢). The Oth-order basis
function N, (¢) is defined as follows [13, 14]:

t<t<t and
0 otherwise

i+1

" (7)

Higher-order basis functions N, (¢) are
calculated using the recursive formula:

t-t t..,—t
Ni,j(t) =t”—l i,j—1(t)+L

i+j i ti+1

Ni+1,j—1(t)’ (8)

i+j+1 T

where j =1, 2, ..., p. The B-spline curve is de-
fined by the following equation:

C(t)= 3PN,y (0) ©

is called B-spline.

Voltage [V]
Current [A] -

TempBottom [C] -

Features

Voltage_MA [V]

Current_MA [A]

TempBottom_MA [C] -

Voltage [V] -
Current [A]

TempBottom [C]

This approach provides flexibility in the
design of neural network architecture while
also enhancing the KAN model’s learning and
representational capabilities. It enables the
model to handle nonlinear relationships within
complex data better.

DATASET DESCRIPTION

This paper explores a Li-ion battery type,
using data from Mendeley, specifically the LiPo
5450 mAh battery dataset [15]. This battery
is famous for applications requiring high en-
ergy and portability while supporting multiple
recharges.

The study aims to use this battery to train
and test the KAN predictive models and eval-
uate how well these methods can estimate
the battery's SoC and other performance-re-
lated parameters. The dataset includes 48
charge-discharge cycles, collected in re-
al-time at 1-second intervals and thoughtful-
ly divided for different purposes within the
study.

Additionally, Fig. 1. illustrates the correla-
tion matrix of six indicators, including voltage,

1.0
0.8
-0.6
-0.4
-0.2

-0.0

Current_MA [A] -

Voltage_MA [V] -

TempBottom_MA [C]

Features

Fig. 1. Correlation matrix chart of the data
Puc. 1. Avarpamma KOppeasiuMOHHON MaTpuLibl AGHHbIX
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current, temperature, and their corresponding
moving average (MA) values. It shows a robust
correlation (>0.95) between the original fea-
tures and their MA values, meaning the MA
values accurately reflect the raw data trend.
Notably, a moderate negative correlation exists
between voltage and current (around -0.44 to
-0.47). At the same time, temperature has a
weak correlation with both voltage and cur-
rent (with correlation coefficients ranging from
-0.35 to 0.1). The MA filter in this study plays
a crucial role in eliminating noise and short-
term signal fluctuations, especially when data
is collected at a high frequency (once per sec-
ond). MA helps smooth out sudden variations

ISSN 2782-6341 (online)

in voltage, current, and temperature, thereby
providing more apparent trends for KAN pre-
dictive models while enhancing the reliability
of battery SoC estimation.

Each data sample collected provides three
basic input parameters: temperature, voltage,
and current, which help define the operating
conditions of the energy storage device. How-
ever, to improve the quality and accuracy of
predictions, the dataset was further expand-
ed with additional parameters like moving av-
erage voltage, moving average current, and
moving average temperature, as illustrated in
Fig. 2. This not only helps reduce noise in the
data but also highlights key trends, thereby en-

Voltage [V] vs Voltage_MA [V]

4.05 —— Original
—— MA Filtered
4.00
o
353,95
o)
>
3.90
851 ——
(1] 200 400 600 800 1000
Time Points
+5.45 Current [A] vs Current_ MA [A]
0.00041 ==
—— Original
—— MA Filtered
0.0002
i}
r_=u 0.0000 -
>
—0.0002 -
—0.0004 -
) 200 400 600 800 1000
Time Points
5178 TempBottom [C] vs TempBottom_MA [C]
—— Original ”7
24.50 1 . | 1
—— MA Filtered
24.25
o
3 24.00 rﬁ
)
= 2375
23.25 I"-

1} 200 400

600 800 1000

Time Points

Fig. 2. Time series analysis chart: voltage, current, and temperature using a moving average filter
Puc. 2. [paguk aHaA3a BPEMEHHOrO psiAa: HamnpsykeHue, TOK M Temnepatypa C MCMOAb30BaHUEM PUALTPA CKOAb3ALLErO

CPeAHEro
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hancing the stability and accuracy of the mod-
el when assessing the performance of energy
storage devices.

KOLMOGOROV-ARNOLD NETWORKS FOR
STATE OF CHARGE ESTIMATION

Let us consider the application of the KANs
network to the SoC estimation problem using
the LiPo 5450mAh Battery dataset, as illustrat-
ed in Fig. 3. The dataset includes six input vari-
ables: temperature, voltage, current, moving
average voltage, moving average current, and
moving average temperature, with the SoC.

The relationship between the inputs and
the SoC can be described by a multivariable
function as follows [16]:

SoC = F (T; V; C; Tva; Vua; Cua), (10)
where T is temperature, V is voltage, C is cur-
rent, 7,,, is moving average temperature, V,,,
is moving average voltage, C,,, is moving aver-
age current.

According to the Kolmogorov-Arnold The-
orem, this multivariable function can be ex-
pressed as a composition of univariate func-
tions that depend independently on individual
features:

X =g (D) +¢ V) +4(O)+ ¢ (T,,) .

+¢, Vi) + ¢, (Co)), (11)

where X is the representation of univariate
functions that reflect the influence of each input
variable, @, is the function representing the influ-
ence of T, ¢, is the function representing the in-
fluence of V', ¢, is the function representing the
influence of C, ¢, is the function representing
the influence of T,,, ¢, is the function repre-
senting the influence of 7,,,, %c,, is the function
representing the influence of C,,,.

More generally, the relationship can be ex-
tended across multiple functions:

Y =3 1.6, D)+, ) +4. (O)+ 4, (T,)*
g V) rhe (G (12)

where Y is the sum of multiple nonlinear
functions that describe the general relation-
ship between the input variables and the SoC
value to be estimated, mis the number of
functions fp that aggregate the input factors,
S, is nonlinear functions. ¢ is the univari-
ate functions depend on each input variable,
T,v,C,1T,,,V,>C,, is the input variables.

Fig. 3. Kolmogorov-Arnold network architecture for the State of Charge
Puc. 3. Apxutektypa cetm KoamoropoBa-ApHOAbAA AASI COCTOSIHUA 3apsiAa
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CONFIDENCE INTERVAL

In addition to predicting the SoC as a single
value, we also make predictions within a confi-
dent interval. We assume that future observed
values and prediction errors follow a normal
distribution. Below is the formula for calculat-
ing the confidence interval [17, 18]:

yinterval = yiza 'O,
2
where Vinenar 1S the confidence interval of the
output variable, )7 is the value of the point
estimated result, Z, is normal distribution
2

value, o is the standard deviation of the esti-
mated distribution.

The value of o is estimated through the
estimation error, called the residual (e, ), with
n representing the number of observation, as
follows [19]:

(13)

Prepare data
1 Data collection. preprocessing, and splitting the
dataset into fraining and testing sets

v

Formation of feature vectors
2 Identify the necessary features to capture the
complex relationships in the data

|

Model Architecture
Design the KAN architecture and use activation
functions to improve the accuracy of SoC
predictions

!

Training and Validation
Optimize the B-spline functions and network

ISSN 2782-6341 (online)

(14)

The process of building a model to estimate
SoC using KANs is carried out through several
steps, as illustrated in Fig. 4. First, the data
is meticulously prepared, including validation,
cleaning (removing NAN values), and normal-
ization. Then, the dataset is divided into two
parts: 65% for training, 15% for validation,
and the remaining 20% for testing. Next, key
feature vectors such as voltage, current, and
temperature are identified to capture relation-
ships within the data.

In step three, the KAN network archi-
tecture is designed with the integration of
B-spline activation functions to enhance the
accuracy of SoC estimation. Step four focus-
es on training and validating the model by

~

Randomly initialize the parameters of
B-spline for each function at each layer

parameters to minimize prediction error and evaluate
the model's performance

.

Evaluation and Fine-Tuning
Evaluate the model's performance based on the
following metrics: RMSE. MAE. MAX Error. and
fine-tune the model

v

Visualize the results
Compare the predicted values with the actual values

v

Prediction interval
7 Calculate and provide the upper and lower
confidence interval predictions

Pass the input features
through each layer of the
network to obtain predictions.
Calculate loss with
respective to ground truth
Repeat and ‘
Train

E?.a(‘kpropagation tima
r Y

Update weights

Training KAN with B-splines

for the B-spline

-

Fig. 4. Diagram of the training process using Kolmogorov-Arnold networks
Puc. 4. Avarpamma npouecca 0by4eHus ¢ MCroAb30BaHUeEM ceTel KoAMoropoBa-ApHoAbAa
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optimizing the B-spline functions and net-
work parameters. Subsequently, the model
is evaluated and fine-tuned based on perfor-
mance metrics such as Root Mean Square Er-
ror (RMSE), Mean Absolute Error (MAE), and
MAX_Error. Step six involves visualizing the
results by comparing predicted values with
actual values.

The final stage involves calculating and
providing the upper and lower confidence in-
tervals of the estimated SoC. This helps deter-
mine the reliability of the estimates, allowing
the prediction of potential fluctuation ranges
of the SoC under different operating condi-
tions, thereby assessing the system’s perfor-
mance and stability.

The battery SoC processing and predic-
tion pipeline has five main stages, as illus-
trated in Fig. 5. First, in Stage 1 (Input Data
Sources), the raw battery data is divided into

two groups: the feature group (including cur-
rent, voltage, and temperature) and the SoC
label, a key element in data preprocessing
and model training. Next, in Stage 2 (Data
Preparation Phase), the data undergoes pre-
processing steps such as cleaning, removing
NaN values, normalization, and applying a
moving average filter to improve signal qual-
ity. Afterward, the dataset is split into three
parts: training (65%), validation (15%), and
testing (20%).

Once the data is prepared, Stage 3 (Train-
ing) focuses on training the KAN model, the
system’s core component, using the Back-
propagation algorithm to optimize the Loss
function. Upon completion of training, Stage 4
(Final Outputs) generates two key outputs:
the estimated SoC and its corresponding con-
fidence interval. Finally, in Stage 5 (Testing),
the model's performance is evaluated using

B Data Cleaning A
g RAW BATTERY DATA £
]
; ! :
g v v NaN Removal —» Nommalization — Moving Average Filter g
5 )
= eemmeees [ Dataset Splittin =
v v v ' . 3
Current Voltage Temperature SoC e S b ' «
v v v
Training Set (65%) Validation Set (15%)  Testing Set (20%)
Backpropagation
KAN
- o
&
=
5 3. Training
=
A/
A J =
- Performance Metrics =
E SoC estimates ]
% 1 =
2 | . e o
g Y Y E I\vll tri
i - - rror Metrics
< Confidence Intervals Relative Error Metrics (RMSE. MAE, Max Abs Efror,
(R-squared, NMAE) Error SoC (%)
Fig. 5. State of Charge estimation architecture diagram
Puc. 5. AnarpaMma apxXMTEKTYPbI OLEHKM COCTOAHMSA 3apsaaa
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two main groups of metrics: Relative Error
Metrics (R-squared, NMAE) and Error Metrics
(RMSE, MAE, Max Absolute Error, and Error
SoC).

The training process is thorough in the
training block, where the KAN network, the
core component, takes in the features and
labels to calculate the loss. Once training is
finished, the model provides two main out-
puts: an SoC estimate and confidence inter-
vals. In parallel, the testing set is used to
assess the model's accuracy through met-
rics like R-squared, NMAE (Relative error
metrics) and RMSE, MAE, and Max Absolute
Error (Error metrics).

This structured approach ensures a
systematic transition from raw input data
to final results, with built-in validation and
assessment steps. The clear separation of
stages allows for effective tracking, main-
tenance, and optimization of each system
component, ensuring orderly and efficient
operation.

RESULTS AND DISCUSSION

This study used the KAN network mod-
el [20] to train and estimate the SoC for a
5450 mAh LiPo battery. We use various met-
rics like RMSE, MAE, NMAE, Max Abs Error,
and SoC error rate (%) to assess the model's
effectiveness.

The test results presented in Table 1
and Fig. 6 show that the KAN model per-
formed well when predicting point. The model
achieved low values in MAE and RMSE, and
the high R-squared value reflects its superior
accuracy. Additionally, the model demonstrat-
ed stability during the prediction process, as
the NMAE and MAX Abs Error indicate the re-
liability of the prediction results.

The error charts in Fig. 7 show that the
KAN model maintains high stability through-

ISSN 2782-6341 (online)

out the prediction process, with small and
consistent error fluctuations, especially
within O to 100,000 samples. Overall, with
superior performance across all evalua-
tion metrics, the KAN model accurately es-
timates the state of charge of the battery
accurately.

An essential part of the study is deter-
mining the confidence intervals for the
SoC estimates. This enhances the accura-
cy and reliability of the results and allows
for a more detailed assessment of the KAN
model’s performance. Through this, we can
evaluate the reliability of the estimates and
identify the expected SoC range under dif-
ferent operating conditions, contributing
to a better understanding of the system’s
stability, as shown through the evaluation
metrics in Fig. 14.

The estimation results with 95, 90, and
85% confidence levels, as presented in
Tables 2, 3, and 4, indicate that forecast
intervals were applied every 1200 steps.

R-squared

5

NMAE [%]

MAX Abs Error RMSE

MAE

—o—KAN network

Fig. 6. Performance metrics of Kolmogorov-Arnold Network
models to predict point

Puc. 6. MeTpuku NporM3BOAUTEABHOCTH MOAEAEN CETU KOAMO-
ropoBa-ApHOAbAA AAST TPOrHO3UPOBAHUS M0 TOYKaM

Table 1. Error table of Kolmogorov-Arnold Network models to predict point
Tabaunua 1. Tabanua onboK Moaenen ceTv KoAMoropoBa-ApHOAbAA AASI MPOFHO3MPOBAHMA MO TOUKaM

Index KAN network
R-squared 0.9987
RMSE 0.98
MAE 0.69

NMAE, % 1.41
MAX Abs Error 4.26
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Fig. 7. Experimental results with Kolmogorov-Arnold Network

Puc. 7. 3xcriepMMeEHTaAbHbIE Pe3yAbTaTbl C CETbH) KOAMOropoBa-ApHOAbAA

The number of future prediction points was
set to 200, with a window size 1200. These
parameters help determine the potential fluc-
tuation range of SoC under different operat-
ing conditions, enhancing the system's stabil-

high reliability, with 86.41% of actual data
falling within the estimated range at a 95%
confidence level (Fig. 8 and 9), 81.84% at a
90% confidence level (Fig. 10 and 11) and
maintaining 79.16% at an 85% confidence

level (Fig. 12 and 13).
With 95% confidence interval:

ity assessment. Specifically, in the confidence
interval analysis, the model demonstrated °

Table 2. Kolmogorov-Arnold Network State of Charge results with 95% confidence interval
TabAuua 2. PesyAsTaThl COCTOSHUA 3apsipa ceTn KoOAMOropoBa-ApHOAbAG C AOBEPUTEABHBIM MHTEPBaAOM 95%

Index Evaluate the lower bound estimates Evaluate upper bound estimates
R-squared 0.9947 0.9952
RMSE 2.15 1.87
MAE 1.84 1.40
NMAE [%] 3.77 2.87
MAX Abs Error 6.66 7.24
Percentage of actual data within the estimation interval: 86.41%
TN
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Fig. 8. Model performance metrics chart with 95% confidence Interval
Puc. 8. [papuk METPUK NPOU3BOAUTEABHOCTU MOAEAM C AOBEPUTEABHBIM MHTEPBaAOM 95%
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Fig. 9. Battery State of Charge Estimation with 95% Confidence Interval
Puc. 9. OueHka cocTosiHUS 3apsiaa akKyMyAATopa C AOBEPUTEAbHbBIM MHTEpBaAOM 95%

e With 90% confidence interval:

Table 3. Kolmogorov-Arnold Network State of Charge results with 90% confidence Interval
Tabamua 3. Pe3ynasTaTthl COCTOSIHUS 3apsiaa cetTh KoAMoropoBa-ApHOAbAA C AOBEPUTEAbHBIM MHTEPBAAOM 90%

Index Evaluate the lower bound estimates Evaluate upper bound estimates
R-squared 0.9951 0.9968
RMSE 1.97 1.66
MAE 1.59 1.31
NMAE [%] 3.26 2.68
MAX Abs Error 6.39 6.20
Percentage of actual data within the estimation interval: 81.84%
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Fig. 10. Model performance metrics chart with 90% confidence interval
Puc. 10. [paduk METPUK NPOU3BOAMTEABHOCTY MOAEAU C AOBEPUTEABHBIM MHTEpBaroM 90%
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Fig. 11. Battery State of Charge estimation with 90% confidence interval
Puc. 11. OLeHKa COCTOSIHUSA 3apsiaa akKyMyAsiTopa ¢ AOBEPUTEAbHbIM MHTepBaroM 90%

e With 85% confidence interval:

Table 4. Kolmogorov-Arnold Network State of Charge results with 85% confidence interval
Tabaunua 4. Pe3yabTaThl COCTOSIHMA 3apsina ceT KOAMOropoBa-ApHOAbAA C AOBEPUTEAbHBIM UHTEpPBAAOM 85%

Index Evaluate th_e lower bound Evaluate upper bound estimates
estimates
R-squared 0.9937 0.9962
RMSE 1.89 1.52
MAE 1.54 1.22
NMAE [%] 3.16 2.50
MAX Abs Error 6.20 6.20
Percentage of actual data within the estimation interval: 79.16%
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Fig. 12. Model performance metrics chart with 85% confidence interval
Puc. 12. [padprk METPUK MPOU3BOAMTEABHOCTU MOAEAU C AOBEPUTEABHbBIM MHTEPBaroM 85%
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Fig. 13. Battery State of Charge estimation with 85% confidence interval
Puc. 13. OueHka COCTOSIHUS 3apsAa akKyMyAsTopa ¢ AOBEPUTEAbHBIM MHTEPBaAOM 85%
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Fig. 14. Performance metrics: bounds estimation with 95% (a), 90% (b) and 85% (c) confidence interval
Puc. 14. MeTpuKu npom3BOAMTEABHOCTH: OLIEHKa rPaHuL, C AOBEPUTEAbHbIMM MHTEpBaramu 95% (a), 90% (b)

1 85% (c)

Above, we analyzed the results of the KAN
neural network method combined with a con-
fidence interval to assess the accuracy and
reliability of the state of charge estimates for
lithium-ion batteries. At the same time, we high-
lighted this method’s advantages and disadvan-
tages. Next, we will move on to the conclusion.

CONCLUSION

The results from our experiments indi-
cate that the KAN Network can estimate the
SoC with greater accuracy. Moreover, KAN
has shown remarkable effectiveness in gen-
erating prediction intervals, as a significant
portion of actual values falls within these
estimated ranges. This capability boosts the

reliability and stability of SoC predictions,
making them more dependable. However,
to maximize the potential of KAN and min-
imize the risk of overfitting, it's crucial to
adjust the network’s architecture and acti-
vation functions carefully. This fine-tuning
becomes especially important when deal-
ing with smaller datasets or more complex
modeling scenarios. Looking ahead, we aim
to broaden our research by integrating KAN
with other types of neural networks, such as
LSTM and possibly Transformer architecture,
along with various traditional neural models.
Our objective is to create a hybrid model that
delivers the highest level of performance for
estimating SoC in energy storage systems.
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O6Hapy)xeHue NoTeHUuUaAbHbIX HEUCNPABHOCTEHN
$OTOINEKTPUUECKUX MOAYAEN B peanbHbIX YCAOBUSAX IKCNAyaTauuu
No UX BOAbT-aMMEPHbIM XapaKTepucTUKam

U.M. Kupnuunukosa®, B.A. 3aBapyxuH?, B.A. Cepos?
1310xHO-YparbCKUI rocyAapCTBEHHbIN yHUBEpPCUTET, YeasbuHCk, Poccus

Pe3rome. Llenb - NpoOBECTU 3KCNEPUMEHTAAbHOE UCCAEAOBAHWE MO AOKAAM3ALIMK BO3MOXHbIX AeDEKTOB POTOI-
AEKTPUYECKOTO MOAYASl, ONEPUPYSA AQHHBIMU MOAYYEHHbBIX BOABT-aMMNEPHbIX XapaKTepUCTUK. MiccanepoBaHme peakumn
HOTOINEKTPUUECKOTO MOAYASI HA UBMEHEHWE BHELLHUX U BHYTPEHHMX GAKTOPOB B YCAOBUSAX FOPOACKOW cpeabl . Ye-
AAOUHCK. AAA MPOBEAEHUSI UBMEPEHUIN U KOHTPOASI COCTOSIHUSA MOAYASt UCTIOAb30BAACS NPOrPaMMHbIA KoMnAeke 1V
Swinger 2, CUMTbIBAOLWLMIN AGHHbBIE C MOAYASI AASt MOCTPOEHUST BOABT-aMMEPHbIX XapPaKTEPUCTUK U OMPeAENEHNS TOUKK
MaKCUMaAbHON MOLLHOCTU B peXUMe peanbHOro BpemeHu. UMutaums UI3MeHeHUs BHYTPEHHUX NapaMeTpOB MOAYAS
NpPOM3BOAMAACH NPU NMOMOLLIM MOAKAKOYEHUS AOBABOYHbIX CONMPOTUBAEHWI PA3HOTO HOMWHAAa K BHELLHWUM BbIBOAAM
MOAYASl, YCTAHOBAEHHbIM AASl TPOBEAEHWSI AKCNEPUMEHTOB. B pesyabTate NpoBeAEHHbIX MCCAEAOBaHUM Bbina NOKa3a-
Ha CBA3b MeXAY UBMEHEHNEM HOPMbI BOALT-aMMEPHOM XapaKTEPUCTUKM GOTOSAEKTPUUECKOTO MOAYAS U AODABOUHbBIM
COMPOTUBAEHMEM, BKAKOUYAEMbIM Kak MOCAEAOBATEABHO, TAK WU MAPAAAEAbHO B PaA3AMUHbIE YUACTKU SAEKTPUUECKON
uenun Moayasi. ConpoTMBAEHMUE UMUTUPYET OCHOBHbIE HEUCMPABHOCTU COrAACHO MPUBEAEHHON KAACCUPUKALMK. YCTa-
HOBAEHO, YTO NPKU HaAUYMKU AOBABOYHOIO COMPOTUBAEHUSA B LIEMU AYEEK MOMEHT NEPEXOAA LUYHTUPYIOLLIETO AMOAS B
NPOBOASALLIEE COCTOSIHWE COOTBETCTBOBAA MHTEPBaAY 3HaueHui ot 0,71 Ao 1,06 Om, B TO BpeMs Kak npu A06aBOYHOM
COMNPOTUBAEHWUW B LEEMW MEXAY MOAYASIMU COMPOTUBAEHME MOXET PACTH B LUMPOKOM AMaNasoHe 3HaUYeHUM U AMOA He
nepemnaeT B NPOBOASLLEE COCTOSIHWE. YCTAHOBAEHO, UTO HaAMUuMe A0OABOYHOrO COMPOTUBAEHUS CMOCOOHO CHWU3UTb
reHepauunto GOTOIAEKTPUUECKOTO MOAYAA. OLEHEHO BAMAHWME PA3AMUHOIO YPOBHSA 3aTEHEHUA AYEEK Ha BblpabOTKY
3HEPrnuu MOAYAEM. YCTAHOBAEHO, YTO NPU HAaAMUNK PE3YABTUPYIOLLETO LLIYHTUPYHOLLLErO CONMPOTUBAEHUA AASl BCEX siue-
€K OAHOTO MOAYAS YTOA HAKAOHA XapaKTePUCTUKKU pacTeT Mo Mepe YMEHbLUEHWUS CONPOTUBAEHUSA, TaK Kak pacTyT TOKK
yTeuku. Takum obpa3om, onepupys AaHHbIMU BOALT-aMMEPHbIX XapPaKTEPUCTUK U yrAa HakAOHa BOAM3KM TOUEK MaK-
CMMaAbHOW MOLLLHOCTU, MOXHO MpOaHaAM3MpPOBaTh M BbIABUTb BO3HUKAIOLLME HEUCNPABHOCTM GOTOIAEKTPUYECKOTO
MOAYASl U NPOBECTU OLEHKY 3HAYEHUSA €r0 COMPOTUBAEHUSA.

KaroueBble cAoBa: POTOINEKTPUYECKUI MOAYAb, BOALT-aMMepHas XapakTtepucTuka, A0baBoYHOE CONPOTUBAEHNE,
AedeKTbI, Aerpapaums

Ara uutnpoBanma: KupnuuHukosa W.M., 3aBapyxuH B.A., CepoB B.A. O6HapyxeHWe NoTeHLUMaAbHbIX HEUCNPaB-
HOCTeN GOTOINEKTPUUECKUX MOAYAEN B peanbHbIX YCAOBUSAX IKCMAyaTaLMK MO UX BOALT-aMMEPHbIM XapaKTepuctukam //
iPolytech Journal. 2025. T. 29. Ne 1. C. 82-95. https://doi.org/10.21285/1814-3520-2025-1-82-95. EDN: IAXHRB.

POWER ENGINEERING
Original article

I-V curves for detecting faults of operating photovoltaic modules

Irina M. Kirpichnikova®~, Vladimir A. Zavarukhin?, Viktor A. Serov®
13South Ural State University, Chelyabinsk, Russia

Abstract. The present paper focuses on |-V curves for localizing possible defects in a photovoltaic module. The
study considers the response of a photovoltaic module to changes in external and internal factors of the urban
environment in Chelyabinsk, Russian Federation. To carry out measurements and control the module condition, we
use the IV Swinger 2 software package reading data from the module to plot I-V curves and determine the maximum
power point in real time. Changes in the internal parameters of the module are simulated by connecting additional
resistances of different values to the external terminals of the experimental module. The conducted research has
demonstrated additional resistance changing the shape of the |-V curve of the photovoltaic module regardless the
type of connection and electrical circuit section of the module. This resistance simulates the main faults according
to the given classification. Additional resistance in the cell circuit makes the shunt diode a conductor in the range
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of values from 0.71 to 1.06 Ohm. If additional resistance is installed between modules, the resistance can increase
in a wide range of values without the diode transition to the conducting state. Additional resistance can reduce the
power generation of a photovoltaic module. Therefore, we have assessed the impact of different cell shading levels
on the module power generation. Given the resulting shunt resistance for all cells of one module, the slope of the
I-V curve is inversely proportional to resistance due to the increased current leakage. Thus, the data of the |-V curve
and the slope angle near the maximum power points is appropriate to identify and analyze the emerging faults of

the photovoltaic module by evaluating its resistance.

Keywords: photovoltaic module, |-V characteristic, additional resistance, faults, degradation
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BBEAEHUE

B npouecce akcnayataunmn GOTOSAEKTPUYE-
CKMX Moaynert (ODIM) NPOUCXOAUT U3MEHEHUE
Kak X GU3NYECKUX, TaK M SHEPTETUYECKMX Napa-
MEeTPOB. B nepBoM cAyuae peub naet 06 nsmeHe-
HUSAX NapaMeTPOB OTAEAbHbIX IAEMEHTOB, Y3A0B
AW AETANEW MOAYAEW, BbI3BaHHbIX, HANpumep,
UX Aerpapaumen. MameHeHue aHepreTMyeckmx
napameTpoB OTpaXaetcs Ha BOAbT-aMMEPHbIX
xapakrepuctnkax (BAX) moaynen, kotopoe 06-
YCAOBAEHO HE TOAbKO KOAEDAHWSAMMW YPOBHSA W
PaBHOMEPHOCTU COAHEYHOM OCBELLEHHOCTH, HO
1 TEMNepaTypon OKpyxatoLlen cpeabl [1, 2].

CHuxeHune adpdpektuBHoCTM OIOM ABASETCSH
OAHOM U3 KAOUEBbLIX NPobAeM B chepe Bo306-
HOBASIEMOW COAHEYHOW 3HepretTmkn. Addek-
TUBHOCTb PaboThbl GOTOINEKTPUUECKMX MOAYAEN
konebaetcs B npeaenax 14-23% no npuunHe
HaAMUYMA B COAHEYHOM CBETE LUMPOKOro Crnek-
Tpa GOTOHOB Pa3AMYHbIX AAMH BOAH. B npo-
Luecce reHepaummn 3HePrmMmn UCNOAb3YETCA AULLb
BMAMMAs 4acTb CMNEKTPa SAEKTPOMArHUTHOM
BOAHbI, B TO BPEMS Kak MHPPaKpacHas cocTaB-
ASIIOLLAA, KOoTopasi NPEeACTaBASET 3HauyUTEeAb-
HYHO AOAKD COAHEYHOrO M3AYUYEeHMSs, MOrAOLLaET-
CA KPEMHWUEBBLIMU NMAACTUHAMM, HO HE NPeobd-
pasyeTcsa B SAEKTPUUYECTBO, a AWLLb HarpeBaeT
MOAYAb. HarpeB noAynpoOBOAHUKOBbIX SAEMEH-
TOB BHYTPW MOAYASI MPUBOAUT K CHUXEHUIO MX
3QPEKTUBHOCTU. ITO CBA3AHO C TEM, UTO MpPWU
NOBbILLEHWN TEMMEPATYPbl YBEAUUMBAETCA Be-
POSITHOCTb PEKOMOUHALMN IAEKTPOHHO-AbIPOY-
HbIX Map, UYTO CHUXAET BbIXOAHOM TOK MOAYAS.

Kpome Toro, CyLIeCTBYOT AONOAHUTEABHbIE
daKTopbl, BAUAKOLLME HA CHUXKEHUE IDDEKTUB-
HocTM ®OM [3], Takune Kak:

1) oTpaxeHue - yacTb COAHEYHOro CBeTa
OTpaXxxaetTca OT NOBEPXHOCTU MOAYAS U HE AO-
CcTUraet GOTOINEMEHTOB;

2) NOTeEpPU Ha COEAMHEHUAX — COEAMHEHUS
MEXAY Pa3AUUHbIMKU SAEMEHTAMU MOAYAS MO-
ryT o6AapaTb COMPOTUBAEHUEM, UTO MPUBOAMT K
NnoTEPSIM SHEPTUK;

3) noTepu OT 3aTEHEHUS — AaXe He3Hauu-
TeAbHOE 3aTeHeHMe CMoCOOHO CyLLECTBEHHO
YMEHbLLNTb NPOU3BOAUTEABHOCTb MOAYAS;

4) perpapauma - C TeYEHWEM BPEMEHMU
appekTnBHOCTE PIM MOXET CHMXATLCH MU3-3a
€CTEeCTBEHHOro CTapeHus MaTep1ManoB, 3arpas-
HEHWA NMOBEPXHOCTU U APYTMX GaKTOPOB.

Ha ceropHALWHWN AEHb yYeHble OLEHUBAtOT
MaKCUMaAbHbIA YPOBEHb AOCTUXEHUA 3ddek-
TMBHOCTM DIM, paBHbI 68% [4]. MNoayueHue
TAKOro 3HAYeHUA MOKa BO3MOXHO TOAbKO B
pe3yAbTate AabopaTopHbIX UCTIbITAHUIW MPU CO-
OAOAEHUU MHOTMX NAapaMeTpPoB, 3TO:

- ONTUMaAbHbIX YrOA HaKAOHa MOBEPXHO-
CTU MOAYASE;

- AAMHA BOAHbI COAHEYHOTO CBETa;

- BbICOKMIW YpOBEHb OCBELLEHHOCTMH.

EcAv npuHUMaTL BO BHUMaHWE ecTecTBEH-
Hble NapamMeTpbl OKPyXatowen cpepbl U CcTe-
neHb Aerpapaumm Co BpeMEHEM, TO IPPEKTUB-
HOCTb Y peanbHOro ®3M Ha NOPAAOK CHU3UTCA
Nno CpaBHEHMIO C AabopaTopHbIM 06pPa3LOM.

O6blYHbIM TEMN Aerpapaunmn 6OAbLUMHCTBA
moaenen coctaBasetr 0,3-0,8% B roa [4, BI.
OpHaKo MccaepoBaHuA [6, 7] NOKasbiBaOT, UTO
MWHWUMaAbHasi CKOPOCTb Aerpapalmn UCCAEAY-
€eMbIX OMnbITHbIX 06pa3uoB coctaBura 0,79%
B rop, @ MakcMumanbHaa - 1,67%. 310T Noka-
3aTenb B PSIAE CAyYaeB OCTaeTcsl 3aBUCHMMbIM
OT BMAQ Aerpapauunu, KOTOPbIM BAUSET Ha CKO-
pPOCTb MpoLecca U MOXET 3HAUYUTEABHO COKpa-
TUTb CPOK addeKTMBHOM pabotbl ®IM [3, 8].
Bce MoayAn NoABEPXEHbBI AerpapaLn, HO CKO-
POCTb Npouecca 3aBUCUT OT YCAOBUM 3KCMAYa-
TaLUMKU U KOHKPETHOTO cAyvast. MNpu 3TOM BaXXHO
yuuTblBaTb TUN AErpapaunm Npu oLEHKe Cpoka
CAYXObl peanbHoro ®3IM.

Llenbto paboTbl ABASIETCA 3KCMEPUMEHTaAb-
HOe onpeAeneHue BO3MOXHbIX HEeWCrnpaBHO-
cTen/pedeKToB  GOTOSNEKTPUYECKOTO MOAYAA
METOAOM CPaBHUTEABHOIO aHaAM3a C UCMOAb-
30BaHMEM TEKYLLMX NMOKa3aHWW ero BOAbT-aM-
NePHbIX XapaKTEPUCTUK.
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MoBbiweHUe 3dPeKTUBHOCTU paboTbl GIM
ABASIETCA OAHOM M3 KAKOUYEBbIX 3aAay pPa3BUTUSA
COAHEYHOW 3SHEPreTMKU Hallew CTpaHbl U Ha-
npaBAEHUEM AAAbHEWLLUX HAy4YHO-UCCAEAOBA-
TeAbCKUX pa60T. PewweHue atnx 3aAad NMo3BOAUT
CHU3UTb CTOMMOCTb 3AEKTPO3HEPTUU, MOAYYEH-
HOW W3 COAHEYHOro CBETa, U CAeAaTb COAHEY-
HYIO 3HEpPreTnky 6onree KOHKYPEHTOCMOCOOHOM
Ha 3HEPreTUYECKOM PbIHKE.

MATEPUAN U METOAbI UCCAEAOBAHUA

JAKcnepuMeHTaAbHble UCCAEAOBaHUA Mpo-
BOAMAUCHL B ceHTsbpe 2024 r. B UueHTpe I. Ye-
AABUHCK, MMELOLLIEro reorpadruyeckme KOopAK-
HaTbl: ceBepHas wupoTta - 55,162°% apoarota -
61,369°. TemnepaTtypa BO3Ayxa BO BPEMS 3KC-
nepumeHTa coctaBasina 21°C, ypoOBeHb COA-
HEUYHOW MHCOASILMM PaBHAACS NPUMEPHO 750-
800 Bt/Mm>2.

BbIAO NPUHATO AONYyLLEHUE, YTO AAA ACHOIO
COAHEYHOI0 AHSl BO3MOXEH YPOBEHb 3aTEHEHUSA
OT paccesiHHbiX 06AaKOB M BbIOPOCHI OT NpPo-
MbILUAEHHbIX MTPEANPUATUIA. B TeueHne akcnepu-
MeHTa (OTOINEKTPUUECKMI NpeobpaszoBaTenb
ObIA YCTAHOBAEH MOA YTAOM HakKAOHa 57,7° (UTo
npeactaBAseT cobon NpUbAMXKEHHOE 3HaYeHue
B COOTBETCTBMW C reorpapuyeckomn LIMPOTOM
r. YenabuHCK, paBHOM 55°) 1 OPUEHTUPOBAH Ha
tor (puc. 1 b). UsmepeHue TemnepaTtypbl MOAYAS
NPOU3BOAMAOCL C MPUMEHEHUEM PEKOMEHAA-
UMK, M3AOXEHHbIX B TOCT P M3K 60891-2013%.
CornacHo namMepeHuam, cpeaHss Temneparypa
fAueek MoAyAs cocTaBuaa 42,5°C (puc. 1 ¢).

MapameTpbl GOTOINEKTPUUECKOTO MOAYAs BSP 32-100°
BSP 32-100° photovoltaic module parameters

ISSN 2782-6341 (online)

NceaepoBaHUS MPOBOAMAUCH Ha POTOINEK-
Tpuueckom moayne BSP 32-100 (puc. 1 a) Ku-
TancKoro npousBoAcTBa (Tabanua) [9]. Mepea
HaA4YaAOM 3KCMEPUMEHTA MOBEPXHOCTb MOAYAS
ouuLLaNacCh.

o

P

c

Puc. 1. ObpaseL 1 ycAOBUSI NPOBEAEHHUS IKCEPUMEHTA AAS
CHATUS BOAbT-aMMEPHbIX XapaKTePUCTUK COAHEUYHOIO MOAYAS:
a - COAHEYHbIN MoayAb BSP 32-100; b - yron HakaoHa MOAYAS
K ropu3oHTy; ¢ - nupometp PCE SCANTEMP 490

Fig. 1. Sample and setting conditions of the experiment for
measuring |-V characteristics of the solar module:

a - BSP 32-100 solar module; b - module inclination angle to
the horizon; ¢ - PCE SCANTEMP 490 pyrometer

Napamerp YcnoBHoe 3HaueHue
o0603HaueHue napamerpa
HanpsixeHne XoAOCTOro xoaa Uxx 19,2B
TOK KOPOTKOTrO 3aMblKaHuUs lka 6,68 A
HanpsxeHue B Touke MakCUMaAbHOWM MOLLIHOCTH Umm 16 B
TOK B TOUKE MaKCUMaAbHON MOLLHOCTH Ivim 6,25 A
TemnepaTypHbI KO3ODOULMEHT MO TOKY Ki 0,036 %/°C
TemnepaTypHbIi KOAGOULMEHT NO HANPSKEHUIO Ky -0,31%/°C

4TOCT P M3K 60891-2013. focyaapcTBEHHAs cucTeMa obecreueHns eAnHCTBa MamepeHuit. Mprnbopbl otoarekTpruueckue. Meto-
AVKW KOPPEKLIMK MO TeMnepaType 1 S3HEPreTUUYECKON OCBELLIEHHOCTU PE3YALTATOB M3MEPEHUS BOALT-aMMNEPHON XapaKTepPUCTUKK.
Beea. 01.07.2015. M.: CtaHpaptMHOOpM, 2015.

5ConHeuHast naHeAb MopeAr BSP 32-100 6peHaa JINGYANGPV. Pexum poctyna: https://aliexpress.ru/store/4433198?spm=
a2g2w.detail.100005.1.28a565a1r22zC6&_ga=2.190830251.1872709940.1652500190-1697940568.1652500190 (pata
obpalueHus: 30.09.2024).
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B ctaHpapTHOM ®3M COAHEUHbIE SAEMEHTDI
INEKTPUYECKU COEAMHEHDBI MOCAEAOBaATEABHO.
Takaa kKoHPUrypaumua NpMBOAUT K GOpMUPOBa-
HUIO BbICOKOIO HaMNpPsKEHUA B LEMU MOAYAS.
OAHaKo CAeAyeT OTMETUTb, YTO CMAA TOKa, Mpo-
TeKalolas vYepe3 KaxAbl M3 MOAKAKOUEHHbIX
9AEMEHTOB, OCTAETCH HEM3MEHHOM.

AN NPOBEAEHUSA 3KCNEPUMEHTAABHOIO UC-
cAepoBaHMs MoayAb BSP 32-100, coaepxalmii
32 Auenkun, bbIA pa3peNeH Ha ABE UAEHTUUYHbIE
ceKkummn no 16 Aueek. B kaxayro cekumto BbIA UH-
TErpupPoOBaH OAMH LUYHTUPYIOLLIMI AMOA C pabo-
UMM TOKOM A0 15 A 1 HanpsixxeHnem Ao 50 B ana
obecneyeHna bannacHOro COEAMHEHUA (puc. 2).
C nomoubo CcrneuMarbHO CMOAEAMPOBAHHbIX
BbIBOAOB, AASl MOAKAIOUEHUST K 3AEKTPUUECKOM

[+ (] o

>
©

16 sayeek

Puc. 2. [puHumnuanrbHasi cxema moayas BSP 32-100 and
ucnbiTaHum

Fig. 2. Schematic diagram of the BSP 32-100 module for
testing

P
e

16 Ayeek

uenu 6biAM CO3AaHbI YCAOBUSI, UMUTUPYIOLLME
Pa3AMYHbIE TUMbl HEUCMPABHOCTEN MOAYAS.
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Puc. 3. KOHTpOAbHas1 BOAbT-aMnepHas xapaktepuctnka moayas BSP 32-100

Fig. 3. Control -V characteristic of the BSP 32-100 module
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Bo Bpewms UCMbITAHUA AAS CUMTbIBAHUSA
napameTpoB W MNOCTPOEHUA BOALT-aMMNEPHOM
XapPakKTePUCTUKN MOAYAA NCMNOAb3OBaAaCb MpPo-
rpamma «IV Swinger 2»°.
loAyuyeHHaa xapaKTepuUCTUKa UCCAEAYEMO-
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ro ®3M (puc. 3) B AQAbHEWLLIEM UCMNOAb30Ba-
AACb Kak KOHTpoAbHas [10].

MopsAAOK MOAYYEHUSA 3KCNEPUMEHTAAbHbIX
AAHHbIX Pa3AMYHbIX BUMAOB HeucnpaBHOCTEN
®3M unzobpaxeH Ha puc. 4.

YcranoBka ®3MHa
OTKPbITOM BO3yXxe

n3MepuTenbHOMY ycTpoicTBy IV Swinger 2

MoaKntoyeHne BLIBOAOE S3M K

]

/

I'Iony\-lemne AaHHbIX

TemnepaTypbl S3M,

OCBELIEHHOCTH, Yra
HaknoHa

/

MoaknioyeHne

WmntupoBsanve

CONPOTUBNEHNS L—na

COIMACHO pUc.5

I

Monyyetue
BOMbLT-aMNepHOR
XapaKTepUCTUKK

Pe3ynbTar
/[ OBNETBOPHUTEIBHBIN?

Aa
¥

AHarnus nosy4eHHbIX
pe3ynbTaros

Ovon B COCTOAHNM
KOPOTKOTO 3aMblIkaH1A?

Het
CGopka CXEMI:I cornacHo Coopka CXEMI:I cornacuo
puc pm:
I'Ionyqeuue nony-ieuue
BONLT-aMNepHon BONLT-aMNepHO#H
XapaKTepNCTHKN XapaKTePUCTUKN

AHanu3 NOMY4YeHHbIX Pe3ynbTaros

" AHanu3 NOMy4YeHHbIX pe3yNnbTaTos

Puc. 4. bnok-cxema aaropuTMa npoBEAEHUS SKCNEPUMEHTa
Fig. 4. Flow chart of the experiment algorithm

Aveek?

VMUTHpOBaHUe HapyLIeHNs
LIeNOCTHOCTH KOHTaKTa Mexay
MogynamMu?

MoAakntoueHne CONPOTUBNEH A
cornacHo puc.8

I
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/ /|

Het
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WYHTMpYIolLero auopa?

Ha

3

[AHanM3 NoJlyyeHHbIX pe:ymﬂa'mﬂli

Aerf
MaTepuana aveex?

Oa

| MoaknioyeHWe conpoTUBREH UA

cornacHo puc.13

I

Monyuenne
BONLT-aMnepHo#
XapaKTepUCTHKN

7

Het

PesynbTar
[OBNETBOPUTENBHLIA?

Oa
4

| nony X pesynbTar |

/

Het

|
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La
'3

| nony X pesynbTar I

6V Swinger 2 — PCB (PV Module, SSR). Pexum poctyna: https://www.instructables.com/IV-Swinger-2-PCB-PV-Module-SSR/ (pata

obpalueHus: 30.09.2024).
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PE3YAbTATbl UCCAEAOBAHUA
U UX OBCY)KAEHUE

McecaepoBaHUS MPOBOAMAUMCE B COOTBET-
CTBUK C pa3paboTaHHbIM aATOPUTMOM AASI Pas-
AMYHbIX BApMAHTOB MOAKAIOUYEHUA AOBABOUYHbIX
CONPOTUBAEHUN.

AobaBouHOe CONMPOTUBAEHHE B LieNU A4e-
€K poToaNeKTPpUUEeCKOro MoAyAs. B xoae aKc-
nepumeHTta Bce 32 auenku OIM GYHKUMOHU-
poBaAM B HOPMAAbHOM pexume. AT MOAEAU-
POBAHUA MOBPEXAEHUSA MEXCEKLMOHHOMO CO-
€AVHEHUSI BbINO MPUMEHEHO AOMOAHUTEABHOE
COMPOTUBAEHME Ha WCKYCCTBEHHOM Y4yacTke
CBSI3M ABYX CeKuMi No 16 aueek (puc. 5). Takow
NOAXOA MO3BOASIET MMWUTUPOBATb HapyLUeHWe
KOHTAKTa MexXAy siuerkamMu, KOTOpOe MOXET
BO3HUKHYTb B PEaAbHbIX YCAOBUSX SKCMAyaTa-
LMW BCAEACTBUE OKMCAEHWUS UAU MEXAHUYECKUX
nospexaenun [11, 12].

AaQHHbIN 3KCMEPUMEHT HArAAHO UAAKOCTPU-
pYeT NpUHUMN GYHKUMOHMPOBaHUA HBannacHo-
ro (LUyHTUPYHOLLLEr0) AMOAA C AOBABOUYHbLIM CO-
npotMBaeHrMemM B uenu 20 Om. lMpu pocTUxe-
HUWU KPUTUYECKOrO 3HAYEHWUA COMPOTUBAEHUS
TOK NepeHanpaBAseTcsa uepes AMoA (puc. 6).

Tok I, A

0 1 2 3 4 5 6 7 8 9

>
O

16 sueek

>
©

16 aueek

Puc. 5. MpuHumunmuasbHas cxema MOAYAS C A0BABOYHbLIM
CONPOTUBAEHUEM B LIENMU AYEEK

Fig. 5. Schematic diagram of the module with an additional
resistance in the cell circuit

JKcnepuMMeHTaAbHblEe pe3yAbTaTbl NOATBEP-
AVAU TEOPETUYECKME NPEANOAOXKEHMUSA. Tpun Ao-
CTUXEHWUWN ONPEAENEHHOTO 3HauYeHusa pobaBou-
HOro CONPOTUBAEHMUS (B AaHHOM cAaydae 20 Owm,
CM. pucC. 6) OTKpbIBaeTca HannacHbIM AMOA U
LUYHTUPYET COOTBETCTBYIOLUMM YUYaCTOK MOAY-
A, B pesyabtate GyHKUMOHUPYIOT OCTaBLUMECS
16 Aayeek ®IM. lNpu 3HAUYEHUAX COMPOTUBAE-
HUA B AManasoHe 0,15-0,5 Om 6amnnacHbIN

10 11 12 13 14 15 16 17 18 19 20

Hanpsbkenue U, B

- R =20 Om (Pmax = 38,0 BT)
~———— R =0,50 Om (Pmax = 68,3 BT)
—— R =0,350m (Pmax = 72,9 BT)

= R =20 Om, aBapuitHblii pexum paboTtbl guofa (Pmax = 10,7 BT)
R =0,15 Om (Pmax = 78,7 BT)
== = KoHTponbHaa BAX (Pmax = 84,6 BT)

Puc. 6. BoAbT-amMrepHble XapakTepUCTUKM MOAYASI TPM Pa3HOM 3HadeHun A06aBOYHOro COMPOTUBAEHMS B LIENU AYEEK
Fig. 6. |-V characteristics of the module at different values of the additional resistance in the cell circuit
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AMOA HE OTKPbIBAETCA, YTO YKa3blBaAET Ha HEAO-
CTaTOUYHOE 3HA4YeHWEe COMPOTUBAEHUSI AAS €ro
cpabaTtbiBaHUA.

AHanmn3 BAX, noOAy4YeHHOM AASt AQHHOTO Ba-
puaHTa, NO3BOASIET CAEAATb BbIBOA O HAAUYUMK
HEWCNPABHOCTU B MOAYAE, NMOCKOAbKY HabOAHO-
AAETCA CHUXEHWE 3HAYEHWM TOUYEK MaKCH-
MaAbHOM MoLHocTH (MPP, ot aHrA. Maximum
Power Point). MOLIHOCTb KOHTPOAbHOIO 06pas-
La cocTtaBAsieT 84,6 BT U AMHEWHO YMeEHbLLaeT-
CH C yBEAUYEHUEM COMNPOTUBAEHUS.

BbiIA cMOAeAMpOBaH BapuaHT, Koraa npu
3HauYeHun A06aBoOUYHOro conpotTnBAeHUa 20 Om
H6annacHbIM AMOA NO ECTECTBEHHbLIM NPUUNHAM
nepectai OTKpbIBaTbCA. AaHHbIN GAKT BU3YaAb-
HO BbIABASIETCS NO Xapaktepy kKpuson BAX u
noKasaTeAld yMeHbLUEHUS MOLLHOCTU, KOTopas
CHu3KUAach ¢ 84,6 po 10,7 BT N0 cpaBHEHUIO C
KOHTPOAbHbIM 0Hpa3LOM.

JKcnepuMeEHTaAbHbIM METOAOM, NoAbBUpas
pa3Hble 3HAYEHUSA COMPOTUBAEHUI, BbIA onpe-
AENEH WHTEPBAA 3HAUY€HWUM, NPU KOTOPOM Ha-
OAOAQETCS HAaYaA0 NMPOBOAUMOCTU LLYHTUPYHO-
Lero aAnoaa (puc. 7).

Tok 1, A

0 1 2 3 4 5 6 7 8 9

ISSN 2782-6341 (online)

YrOA HaKAOHa  XapaKTepUCTUK/CTyNneHb
npu 3HaveHusax conpotuBaeHui 0,71, 1,06 u
1,42 Om cBUAETEABCTBYET 00 OTKPbLITUM Bal-
nacHoro Auopa. MHTepBan 3HAYeHUM conpo-
™mBAeHus ot 0,71 po 1,06 Om cooTBeTCTBYET
obnacTu nepexopa AMOAQ B MPOBOASLLEE CO-
cToAiHMe. bonee TouHOE onpepeneHne 3Hade-
HUS COMPOTUBAEHUSA, NMPU KOTOPOM AMOA Mepe-
XOAWUT B NMPOBOASILLIEE COCTOAHUE, MOXET ObITb
NOAYYEHO MOCPEACTBOM PACUYETHOINO METOAA C
MCMOAb30BaAHMEM MapamMeTPOB BOAbT-aMMep-
HOW XapPaKTEPUCTUKKN LUYHTUPYIOLLIETO AMOAQ.

PoCT COMpPOTUBAEHUA MEXAY fYenkamu/
anemeHtamm ®IM aBAAeTcs cepbe3HOn MNpo-
6AeMOM, KOTopasa NPUBOAUT K CHUXEHMUIO MPO-
NM3BOAMTEABHOCTM MOAYASA, MEPErpeByY, NOABAE-
HUIO Pa3AMUHbIX AEDEKTOB.

K Haubonee pacnpocTpaHeHHbIM npobae-
MaM OTHOCHATCA CAEAYHOLLME: OTCAOEHWE repme-
TMKa, NPOoSBASAIOLLEECA B BUAE DeAbIX NATEH Ha
NMOBEPXHOCTU; OKUCAEHUE KOHTaKTOB, OCOOEHHO
NPV NOBbILUEHHOM BAAXHOCTU; Pa3pyLLUEHNE KOH-
TAKTOB, BbI3BAaHHOE HEKaYeCTBEHHOM MNaNKOM,
BMOpaUMEN U MEXaHUUYECKUMU MOBPEXAEHUAMMN.

10 11 12 13 14 15 16 17 18 19 20

HanpsixeHue U, B

== = KOHTpONbHas BAX (Pmax = 84,6 BT)
— R = 1,06 OMm (Pmax = 45,6 BT)
R =0,35 Om (Pmax = 54,8 BT)

R =1,42 Om (Pmax = 42,8 BT)
R =0,71 Om (Pmax = 48,4 BT)
R =0,50 Om (Pmax = 68,3 BT)

Puc. 7. IkcrepuMeHTanbHOE OMpeAeNeHHe 3Ha4YeHu A06aBOYHOr0 MOCAEAOBATEALHOMO COMpPOTHUBAEHUA B LIENN AYEEK AAA

onpeaeAeHna MOMEHTa OTKPbITUA LLYHTUPYIOLLLEro AMOAa

Fig. 7. Experimental measuring of series additional resistance values in the cell circuit to identify the moment of shunt diode

opening
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BHeaApeHWe cBOEBPEMEHHBIX Mep Mo 06Ha-
PYXEHMIO U NPEAYNPEXAEHMIO MOAOOHbIX HEUC-
npaBHOCTEN CNOCOOCTBYET YBEAUUEHMIO CPOKaA
akcnayataummn O3M n nopaepXaHuto ux pabdo-
UMX XapaKTEPUCTUK Ha 3aAaHHOM YPOBHE.

AobaBouHOe COMPOTUBAEHHWE B UEMNU
MeXAy MOAYAAMM. ANA MOAEAMPOBAHUS MNo-
BPEXAEHUSA HA yvyaCTKe 3AEKTPUUECKOW Lenu
(prc. 8) MeXAY MOAYAAMU ObIAO MCMOAB30BAHO
AODBABOYHOE COMPOTUBAEHME. AAHHbBIN NOAXOA
NO3BOASIET UMUTUPOBATb Takue AEDEKTbl, Kak
OKMCAEHME WAM HEeKauyeCTBEHHOE COeAUHe-
HWE KOHTaKTOB. BkaoueHne O3M B UENOUKY
(CTPUHT) NPUBOAUT K TOMY, UTO YBEAUUYEHUE CO-
NPOTUBAEHUSI HA YYaCTKE MEXAY ABYMSI MOAY-
AIMU NOBAMAET Ha BAX Bcel uenu.

AaHHbIN 3KCNEPUMEHT OCHOBAH Ha TOM Xe
npUHLMNE, YTO U NnepBbii. OAHAKO UMEETCA Cy-
LLLEeCTBEHHOE OTAMUME: B NEPBOM IKCMNEPUMEH-
Te 6bIAO YCTAHOBAEHO, UTO MPU BO3HUKHOBEHUU
HEMUCNPABHOCTU COMPOTUBAEHUE MOXET YBEAU-

>
©

16 sueek

>
Q2

Puc. 8. [puHUMManbHas cxeMa ¢ A06aBOYHbIM COMPOTMBAEHUEM
B LIENY MEXAY MOAYASIMM

Fig. 8. Schematic diagram with additional resistance in the circuit
between the modules

UMBaTbCSH TOALKO AO 3HaudeHus 0,71 Om, nocae
Yyero yyacCToOK Lenu HauyuMHaeT LWYHTUPOBaTbCA
AMOAOM. B HacToALeM Xe CAyyae ConpoTUBAe-
HUE MOXET pacTu B LUMPOKOM AManal3oHe 3Ha-
YEHWW, U LUYHTUPYIOLLMN AMOA HE NEPEXOAWT B
npoBoAALLEE COCTOSIHUE (pUC. 9).

Tok I, A

0 1 2 3 4 5 6 7 8 9

===« KoHTpONbHas BAX (Pmax = 84,6 BT)
—— R =1,06 Om (Pmax = 41,8 BT)
R = 0,35 Om (Pmax = 53,8 BT)

10 11 12 13 14 15 16 17 18
Hanpsbkenue U, B

—— R =1,42 Om (Pmax = 36,4 BT)
——— R =0,71 Om (Pmax = 47,4 BT)
R =20 Om (Pmax = 10,7 BT)

Puc. 9. BoabT-aMniepHble XapaKTepUCTUKKU GOTOINEKTPUUECKOTO MOAYAS MPU Pa3HOM 3Ha4YeHUU A06aBOYHOro COMpPOTMBAEHUA

B LIenu MEXAY MOAYAAMMU

Fig. 9. I-V characteristics of the photovoltaic module (PVM) at different values of additional resistance in the circuit between

modules
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CpaBHeHue Touek MPP Ha BAX npu poba-
BOYHOM conpotneaeHnn 0,35 OM B ABYX 3KC-
nepMMeHTax NnokasaA0 CyLLECTBEHHYIO Pa3HU-
Ly: B NEPBOM OMNbITE MakCMMaAbHasA MOLLIHOCTb
cocTtaBasina 72,9 BT, a Bo BTopom - 53,8 Br.
AaHHbIN  daKT CBMAETEABCTBYET O TOM, 4TO
pasHuLa PacrnoAOXEHUSA MNOCAEAOBATEAbBHOMO
COMNPOTUBAEHUST OKa3blBaeT BAUSIHUE Ha peak-
umto BAX moaynen.

Mepuoanuecknit aHanms kpmuaoin BAX no po-
CTY TAKOIo COMPOTUBAEHNSA MO3BOAAET BbIABUTb
NPUYMHBI ero NOABAEHUA. Aaxe He3HaYUTeAb-
Hble 3HAYeHUa COMPOTUBAEHUS MOIYT YKa3sbl-
BaTb HA MECTO AOKaAM3aUnK AedekTa.

Umntauna pabotbl 6aKnacHoro amoaa.
B pamkax AaHHOro akcnepuMeHTa MOAEANPO-
Banacb paboTa LLyHTUMPYIOLLErO AMOAA NPU Pas-
AMUHbIX YPOBHSIX 3aTeHeHua 6e3 MCMOoAb30Ba-
HUSA AOBABOYHOIO CONPOTUBAEHUS. 3aTEHEHME
AYENKM MNPOMCXOAMAO MNEPEKPLITUEM MNOTOKA
COAHEYHOro CBeTa AUCTOM Bymarv AN OAHOM
Auyenkun (puc. 10 a) n vetbipex (puc. 10 b).

B cayuae, ecan fauenka 3aTeHSAEeTCs Kaku-
MU-AMB0 BHELLHMMUK GpaKTopamMu, OHa nepecTa-
HeT BblpabaTbiBaTb IAEKTPUUECKYHD IHEPTUHD
n ByaeT BecTu cebsi Kak MOAYMpPOBOASLLEE CO-
NPOTUBAEHUE, CUABHO YMeEHbLLIAsA 0bLLee KOAU-
YeCcTBO 3HEpPruu, NPOU3BOAMMOMN MOCAEAOBA-
TEABHOW LIEMbK COAHEUHOIO MOAYAS. [1pn 3TOM
MOLLHOCTb, reHepupyemasi He3aTeHEeHHbIMU
AYernKamu, paccerMBaeTCsl 3aTEHEHHOW SYen-
KOW, Bbl3blBasi NEPErpeB 1 NOABAEHUE rOPAYNX
Touek (hot spot/point) moayas [13-15].

BarinacHble AMoAbl MOTYT nepectatb QyHK-
LMOHMPOBATb BCAEACTBME MNEpPEHaNPsXXEHUs,
K NpUMepy, B NEPUOA FPO30BbIX ABAEHUI AMBO

ISSN 2782-6341 (online)

Puc. 10. Mmutaums 3aTeHEeHNs A4eeK GOTOINEKTPUUYECKOTO
moayAas BSP 32-100: a - 3aTeHeH1e 0AHOM AYenKM;

b - 3aTeHEHHE YETbIPEX AYEEK

Fig. 10. Simulation of BSP 32-100 photovoltaic module cells
shading: a - one cell shading; b - four cells shading

neperpeBa. CTOMT OTMETUTb ABa XapaKTEPHbIX
BMAA €ro HEMCrnpaBHOCTU: 06PbIB MAU KOPOT-
koe 3amMblkaHue (K3). MNpr HopMaAbHOM pabo-
Te ®3M 6e3 3aTeHeHNst 0OPbIB LUYHTUPYIOLLLETO
Amopa (puc. 11 b) cebsi HUKaAK He NPOSABASIET
N BAMAHUA Ha paboOTy MOAYASl HE OKa3blBaeT.
Ha puc. 11 a noka3aH BapuaHT, KOraa AMOA B
pexume K3 NpMBOAUT K CHUXEHUIO FrEHEPUPY-
€MOM 3Heprun onpepeneHHon yactn O3IM wu
YCKOPSAET NPOLECC UX AErpasaLmM.
MpuHUMNUanbHbIE cxeMbl (puc. 11 a, b) aB-
ASIKOTCSI @aBapUMHbIMK peXxrMmamMun paboTtbl Mo-
AyAEN. B nepBOM cAyyae LUYHTUPYIOLMK AMOA
HaXoAMUTCA B pexume K3 1 BbIBOAWUT U3 paboTbl
YyacTb MOAYASl, @ BO BTOPOM CAyYae AMOA Haxo-

P

f o
\>/

16 Ayeek

TN
2

16 Aayeek
a

OB

N
2

16 ayeek 16 aueek

b

Puc. 11. [puHLUMNMaAbHAS CXeMa aBapHUiAHOM paboTbl OTOIAEKTPUYECKOTO MOAYAS: @ — AMOA B PEXMUME KOPOTKOrO 3aMbIKaHMS;

b - Anoa B pexume 0bpbiBa Lenu

Fig. 11. Schematic diagram of emergency operation of the photovoltaic module: a - diode in short circuit mode; b - diode in

open circuit mode
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AUTCA B COCTOSIHMKM 06pbiBa LEMWU U HE 3alUu-
LaeT MOAYAb OT YaCTMUYHOIO 3aTEHEHUS.

Mcnonb3yss METOA CPaBHUTEABHOIO aHaAKU3a,
CTAHOBUTCSH MOHATHO, KAKOro pPoAa HeWUcnpas-
HOCTb MPUCYTCTBYET B pPEXMUME PaboTbl MOAYAS,
onepupya AaHHbIMKM BAX M 3HAUYEHUAMU TOUEK
MaKCUMaAbHOM MOLIHOCTU (puc. 12), U Kak
MOXHO ANOKaAM30BaTb BbIABAEHHbIN 3PPEKT.

Y nceaepyemoro ®3M Bce AUEKU OAMHAKO-
Bble, COEAMHEHbI MOCAEAOBATEABHO U pa3pene-
Hbl HA ABE paBHble CEKUMU. [TPU HaAAMUMK Ha
KaXXAOM CEKLMU NPOBOASILLETO LYHTUPYHOLLETO
amopa Uxxciy HampsixeHue XOAOCTOro XoAa
MOAYAS C TAKMM AMOAOM OYAET HUXE Hanpsxe-
HUA xonocToro xopaa U km McnpaBHoro ®3M
Ha BEAMUMHY HanpsXeHua AU LWyHTUPOBaHHOM
rpynmnbl AYEEK, KOTOPOE PaBHO:

Uxx KM

AU = XN X Z, (1)
rae Uy xm — HanpshkeHne XOAOCTOro XoAa KOH-
TpoAbHOM BAX uccaeayemoro moayas, B; n -
KOAMYECTBO AYEEK B MOAYAE, WT.; N — KOAUYe-
CTBO AlYEEK B rpynne Ha LYHTUPYIOLLMK AUOA,
WT.; Z — YACAO Tpymnm, WYHTUPYEMbIX AUOAOM.

Ha kpmBown BAX (cm. puc. 12) 3aMeTHO cMme-
LLLEHWE MO OCU HaNpPAXeHWUs Ha BEAUYUHY AU:
OT Uxxkm AO Uy cug-

Tok I, A

0 1 2 3 4 5 6 7 8 9

BAMsSHMe HaAM4YUA LWIYHTUPYIOLWEro co-
NPOTUBAEHHUA B Lenu POTOINEKTPUYECKO-
ro MmoAaynsi. B NOAHOCTbIO UCMNPABHbIX MOAY-
ASIX C KQYEeCTBEHHbIMU AYEMKaMKU 3HAYEeHUEe
LIYHTUPYIOLWLEro COMPOTUBAEHUA OYEHb Be-
AMKO. WM3-3a NPOM3BOACTBEHHbLIX AeDEKTOB
(HEOAHOPOAHOCTb MaTEPUAAOB SYEEK) UAU
HEKaueCTBEHHOIO Cbipbsl (HaAMuMe npume-
Cen), NCNOAb3YEMOIO AN CO3AQHUS COAHEU-
HbIX 3AE€MEHTOB, MOTYT BO3HWKaTb HEXEAa-
TEAbHbIE MYyTU AASl MPOTEKAHWUSA TOKOB, 4TO
CHMXAaeT MOAE3HYlD reHepauuio BCEW Lenu
®OM [16].

MoakAtOUEHME A0OABOYHOIO COMPOTUBAE-
HUS (puc. 13) UMUTUPYET pe3yAbTUpytoLLee
LUYHTUPYIOLLEE COMPOTUBAEHHUE AN BCEX AUEEK
OAHOIo MoayAs [17].

Yroa HakAOHa NpU WYHTUPYHOLLEM COMpo-
TUBAEHUWN pacTeT No Mepe YMEHbLIEHUS Co-
NPOTUBAEHUSA, TaK Kak pPacTyT TOKU YTEUYKU
(puc. 14). Mo yray HakAOHa XapaKTePUCTUKHK
BOAM3U TOUKM KOPOTKOIO 3aMblKaHUA MPO-
BOAMTCS OLEHKA 3HAUYEHUS COMPOTUBAEHMUS
[2, 18].

Kpome TOKOB YyTeuek, NpoTeEKaloLMX B
AYenKax, MoryT BO3HUKaTb TOKM yTEUKM Uepes
repmMeTu3npyroLLne matepuanbl MoAyAen. Ta-
Koe fAIBA€HWE Ha3blBaeTCs NOTEHLMAAbHO-UH-

10 11 12 13 14 15 16 17 18 19 20

Hanpsxexue U, B

3akpbiTa ogHa s4eiika (Pmax = 39,7 BT)

- 3aKkpbIThl YeTbipe s4eiiku (Pmax = 41,1 BT)

BakpbiTa ogHa s4eiika, VD B pexvme obpbiea (Pmax = 5,3 BT)

== KoHTponbHas BAX (Pmax = 84,6 BT)

Puc. 12. BoAbT-aMnepHbIE XapakTepUCTUKM GOTOIAEKTPUUECKOrO MOAYAS MPU Pa3HOM YPOBHE 3aTEHEHUS YeeK
Fig. 12. |-V characteristics of a photovoltaic module at different levels of cell shading
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Puc. 13. [lpuHuMImMarbHas CXeMma BKAKYEHMSA LYHTUPYIOLLETO
COMPOTUBAEHUS B LEMb MOAYAS

Fig. 13. Schematic diagram of including bypass resistance
in the module circuit

AyuMpoBaHHOW aerpapaumen (PID, oT aHrA.
Potential-Induced Degradation) 1 Bo3HMKaeT
npu cbopkax MOAYAEN B NMOCAEAOBATEAbHbIE
uenu ¢ HanpsxeHunem ot ~600 B u Bbllle.
JT0 ABAEHME CBSAI3AaHO C HEKaAYeCTBEHHbIMMU
repMeTM3nMpyrowmMmMmmM MatepMaramMm 1 3ava-
CTyO ABASIETCA 0OpaTMMbIM TUMOM AErpaaa-
umun [19, 20].

Tok I, A

o 1 2 3 4 5 6 7 8 9
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3AKAKOYEHUE

Ha paHHbIA MOMEHT AMarHoctka ®9OM B
6OAbLLIEN CTENEHM MPOBOAUTCS BPYUHYHO. Bu3y-
aAbHbI OCMOTP WU @aHaAU3 BOAbT-aMMEpPHbIX Xa-
PaKTEPUCTUK 3aHUMAaOT BOAbLLOE KOAMUYECTBO
BpeMeHUu. Cektop AmarHoctukn ®IM aBasercs
HECPOPMUPOBAHHbLIM, W MHOIMME KOMMAHWMU
npeanaratoT CBOW BapUaHTbl OLEHKWU COCTOS-
HUS MoayAen. Mpobaembl DIM, onncaHHble B
pabote, UMEKT XapaKTePHblE OTAUYUS, KOTO-
pble MOXHO HabAtoAaTb Ha rpadukax BAX. Uc-
NMOAb3YS TOABKO KpuBYtO BAX 1 3HaueHue aHep-
reTM4eCcKor OCBELLEHHOCTU B MECTE PaCMOAO-
XeHusa ®3IM, MOXHO OnpeAeAnTb COCTOAHME
MOAYAEW B LENU, a TAKXE NPUUUHY CHUXEHUS
MOLLIHOCTM NPU BO3HUKHOBEHMWU Npobaem. Ta-
KUM o0bpas3om, IKOHOMMUTCSA BPeEMS Ha npoBe-
AEHUEe AMArHOCTUKKM HoAbLIMX MaccuBoB OOM
COAHEUHbIX ANEKTPOCTaHLMN.

PaccmoTpeHHbIM B cTaTbe cnocob obHa-
PYXXEHUS MNOTEHUMAAbHbIX HEWCMPaBHOCTEN
GOTOINEKTPUYECKMX MOAYAENM B pPeaAbHbIX
YCAOBUAX 3KCNAyaTaUMM cuuTaetca MHPOop-
MaTUBHbIM AAS OAMHOYHBLIX DIM 1 MOXET pe-

10 11 12 13 14 15 16 17 18 19 20

HanpshxeHne U, B

=R =150m (Pmax = 60,3 BT)
e R = 35 OM (Pmax = 78,3 BT1)

R=250m (Pmax = 73,7 BT)
== = KoHTpONnbHas BAX (Pmax = 84,6 BT)

Puc. 14. BoAbT-aMnepHble XapakTepPUCTUKM C HAAMYMEM LLIYHTUPYHOLLIErO COMPOTUBAEHUSA B LIEMM GOTOSAEKTPUHYECKUX MOAYAEN
Fig. 14. |-V characteristics with the presence of bypass resistance in the photovoltaic module circuit
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MOHCTPUPOBATb AAHHbIE O HEUCMPABHOCTAX,
KOTOPble BU3YyaAbHO NpobAeMaTUUHO obHapy-
XWTb.

HanpaBAaeHWEM AaAbHENLLIMX WCCAEAOBa-
HUA ABAAETCA PacCCMOTPEHME BOMPOCOB UC-
MOAb30BaHWA  pas3paboTaHHOro  aAroputMa
aHaAM3a COCTOAHUA (HOTOINEKTPUUYECKUX MO-
AYAEW Ha COAHEYHbIX IAEKTPOCTaHUMAX. Mbl

noAaraem, 4to MOAYYEHHbIE 3aKOHOMEPHOCTH
OyAyT XapaKTePHbI U AAS HECKOABKUX MOAYAEWN,
06bEAMHEHHbIX B OAHY LIEMb, MOCKOAbKY Takoe
COeAMHEHWE TaKkxe npeactaBaseT cobon no-
CAEAOBATEABHO COEAMHEHHbIE AYENKH, T.e. BAX
Takon uenu ByaeT OTAMUYaTbCH OT PACCMOTPEH-
Hbix B cTatbe BAX oapnHOuHOro ®3M TOABKO
Macwtabamu.
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YUéT rapMOHUUYECKUX UCKAXKEHUW NPU MOAEAUPOBAHUU
3NEKTPOMAarHUTHbIX MOAEN B UCKYCCTBEHHbIX COOPY)>XEHUAX
YXeAe3HbIX AOpor

A.B. Kprokos?“, A.A. Cepeakun?, E.B. Boponuna®

UpKyTCKMI HALIMOHAAbHbINA MCCAEAOBATEABCKMI TEXHUYECKUI YHUBEpCUTET, MpKyTCK, Poccus
L3UpKyTCKUI rocyAapCTBEHHbIN YHUBEPCUTET NyTer coobLueHUs, MpkyTcK, Poccus

Pesrome. Llenb nccrepoBaHuii — pa3pabotka MOAEAEN AN ONPEAEAEHWA INEKTPOMATHUTHBIX MOAEN B MCKYCCTBEH-
HbIX COOPYXEHUAX XENE3HBIX AOPOT C YUETOM reHepaLMm BbICLLMX rapMOHUK AEKTPOBO3aMu. B kauecTBe o6bekTa 1c-
CAEAOBaHWIN pacCcMaTpUBaAMCh MOAS B CAEAYHOLLMX COOPYXEHUSAX: TYHHEAb, Fanepes], a TakKe MOCTbl C €3A0M MOHWU3Y U
nosepxy. AASt CPaBHEHWSA BbIMOAHEHbBI PaCcUYeTbl MOAEN YUYacTKa C NAOCKMM peAbedOM 3eMHOM NOBEPXHOCTH. Mpu paspa-
60TKE UMOPOBLIX MOAEAEN UCMOAL30BAH MOAXOA, 6A3UPYIOLLMICA Ha NPEACTAaBAEHWU INEKTPOIHEPTETUUECKUX CUCTEM
B da3HbIX KOOPAMHATAX, PEaAM30BaHHbIM B MPOorpaMMHOM komnaekce Fazonord, Bepcuna 5.3.7.0-2024. Aast coopyxe-
HUI MPUMEHSAUCL HAbOPbl MPOBOAHMKOB, 3A3EMAEHHbIX C ABYX CTOPOH. IAEKTPOMAarHWTHbIE MOAS OMPEAEAAAUCH Ha
OCHOBE MOAEAMPOBAHWUS ABWXEHMS MATM NOE3A0B Maccor 3192 T B HEUETHOM HamnpaBAEHUU C UHTEPBAAOM 22 MUH.
YCTaHOBAEHO, UTO MaKCMMaAbHble AEMCTBYHOLLME 3HAYEHWS HAMPSXKEHHOCTU AAEKTPUUECKOTO MOASI Ha paccMmaTpuBae-
MOM Y4aCTKe AAST HEKOTOPbIX COOPYXXEHMI NPEBbILLAAM AOMYCTUMYIO BEAMUMHY 5 KB/M: Ha MOCTY C €3A01 NOBEpPXY STOT
napametp pocturan 9,8 kKB/M, a anl TOHHeAR — 5,9 KB/M. Moka3aHo, YTo BBMAY BOAbLLMX MEXMNOE3AHbLIX UHTEPBAAOB
HanpPsXXeHHOCTb MarHUTHOIO NMOASA HE BbIXOAMAA 3@ HOPMAaTUBHbIN NpeaeA (80 A/Mm). B pesyabtate NPOBEAEHHbIX UCCAE-
AOBaHWI BbIABAEHO, YTO BbICLLUME FAPMOHMKK, CO3AABAEMbIE INEKTPOBO3AMM, MPUBOAUAN K 3aMETHbIM UCKaXEHUSAM
roporpadoB MarHUTHOro NMoAsl. A HaAMYME UCKYCCTBEHHbIX COOPYXXEHWI BbI3bIBAAO CYLLIECTBEHHbIE BapuaLMuK Xxapaktepa
pacnpeAeAneHns NMOAeN B CEYEHMU TAroBoM ceTh. TakuM obpasom, paspaboTaHbl LdPoBbIE MOAEAU CUCTEM TSrOBOrO
9INEKTPOCHaOXEHMA. OHU NMO3BOASIOT aAEKBATHO OMPEAEAATb AUHAMUKY M3MEHEHUS HaMpPSKEHHOCTEN IAEKTPOMArHUT-
HOrO MOASI B MPOCTPAHCTBE, OKPYXAaKOLLLEM TArOBYHO ceTb 25 KB, CMOHTUPOBaHHYIO BHYTPW UCKYCCTBEHHBIX COOPYXEHUN,
KOTOpPbIEe COAEPXAT 3HAUMTEABHOE YUCAO METAAMUYECKUX AeTanen. PaspabotaHHasa aBTopaMu KOMMbOTEPHAsS TEXHOAO-
rnst MOXeT 3G GEKTUBHO MCMOAL30BATLCHA Ha NPAKTUKE NPU pa3paboTke MeponpUATUIA N0 06eCNeYEeHNI0 INEKTPOMArHUT-
HOI 6€30MacHOCTU B UCKYCCTBEHHbIX COOPYXKEHUSX SIAEKTPUDULIMPOBAHHOIO XEAE3HOAOPOXHOIO TPAHCMOopTa.

KAaroueBble cA0Ba: INEKTPOMArHUTHbIE MOASI, UCKYCCTBEHHbIE COOPYXEHUA, MOAEAMPOBaHUE

®uHaHcupoBaHMe. VIcCAepOBaAHUA BbIMOAHEHbBI B COOTBETCTBMM C NPOrPaMMON rpaHTa Ha npoBeaeHue dyHAa-
MEHTAAbHbIX M MOUCKOBbIX Hay4YHbIX UCCAEAOBAHWM MaAbIMW OTAEAbHbIMW HayuyHbIMK rpynnammn Ne 25-29-00937
«Pa3paboTka METOAOB, aATOPUTMOB M CPEACTB MaTeMaTUYECKOr0 MOAEAMPOBAHKA PEXMMOB MHTEAAEKTYAAbHbIX AEK-
TPO3HEPTrETUYECKNX CUCTEM C aKTUBHO-aAANTUBHOWM CETbIO HAa OCHOBE da3HbIX KOOPAMHAT AASI MOBbILLEHWUS KauecTBa
INEKTPUUECKON SHEPTUU U INEKTPOMATHUTHOW 6€30MacHOCTM».

Ana uurnpoBanma: KpiokoB A.B., CepeaknH A.A., BopoHrHa E.B. YUET rapMOHMUYECKMX UCKaXKEHWI NPU MOAE-
AMPOBAHWN INEKTPOMArHUTHBIX MOAEN B UCKYCCTBEHHbIX COOPYXEHUAX XeAne3Hbix aopor// iPolytech Journal. 2025.
T. 29. Ne 1. C. 96-106. https://doi.org/10.21285/1814-3520-2025-1-96-106. EDN: YOYFSO.
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Consideration of harmonic distortions in electromagnetic
simulation of artificial railroad structures
Andrey V. Kryukov®, Dmitry A. Seredkin?, Ekaterina V. Voronina®

lIrkutsk National Research Technical University, Irkutsk, Russia
3Irkutsk State Transport University, Irkutsk, Russia

Abstract. This study aims to develop models for defining harmonic distortions in electromagnetic modeling of artificial
railroad structures, taking into account high harmonic generation of electric locomotives. The research objects included tun-
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nels and galleries, as well as through-type and deck-type truss bridges. Calculations of sites having a flat relief were carried
out for comparison. When developing digital models, an approach representing power supply systems in phase coordinates
in the Fazonord software package (5.3.7.0-2024 version) was used. Sets of conductors grounded on both sides were used
for constructions. Electromagnetic fields were defined by simulation of five down trains weighing 3192 tons and moving at
intervals of 22 minutes. For several constructions, the maximum working values of electric field intensity at the studied sites
exceeded the permissible value of 5 kV/m, i.e., 9.8 kV/m for the deck-type truss bridge and 5.9 kV/m for that of the tunnel
type. Due to extended train intervals, magnetic field intensity had never exceeded the specified limit of 80 A/m. Our study
revealed that high harmonics of electric locomotives provoke severe distortions in the hodographs of magnetic fields, while
artificial structures significantly change field distribution in the section of the electric traction network. Thus, digital models
of traction-energy systems were developed. These models make it possible to accurately define the dynamics of changes in
electromagnetic field intensity in a space surrounding the electric traction network of 25 kV inside artificial structures con-
sisting of many metal parts. The computer technology developed by the authors can be effectively used in the development

of measures to ensure electromagnetic safety in artificial structures of electrified railway transport.

Keywords: electromagnetic fields, man-made structures, modeling

Funding. The research was carried out in accordance with the grant program for conducting fundamental and
exploratory scientific research by small individual research groups No. 25-29-00937 “Development of methods,
algorithms and means of mathematical modeling of modes of intelligent electric power systems with an active-adap-
tive network based on phase coordinates to improve the quality of electrical energy and electromagnetic safety.”
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BBEAEHUE

Bonpocbl MoOAEAMPOBaHUA YCAOBUI SAEKTPO-
MarHuTHomn 6e3onacHoct (AMB) B6AM3KN 0ObEK-
TOB XXEAE3HOAOPOXHOro TpaHcnopTa NnpuobpeTa-
FOT B COBPEMEHHbIX YCAOBUSAX OCOOYHO aKTyaAb-
HOCTb [1, 2]. KAtoueBble acnekTbl ee obecneue-
HWS1 COCTOAT B OMPEAEAEHUN INEKTPOMArHUTHbIX
MOAEN U MPUMEHEHUU Ha 3TOM OCHOBE MEPONpPU-
ATUIA NO CHUXEHUIO NX YPOBHEN [3-5]. BaxHOCTb
NPOBEAEHUA UCCAEAOBAHWI, HaMPaBAEHHbIX Ha
pa3paboTKy METOAOB M CPEACTB MOAEAMPOBAHMA
INEKTPOMArHUTHbIX noAen (AMI1) noaTBeEpXAA-
eTcA BOAbLLUMM YMCAOM OTEUYECTBEHHbBIX U 3apy-
6EeXHbIX MyOAMKALMK, MNOCBALLEHHbIX AQHHOM
TemMaTtuke. Tak, Hanpumep, BOMPOCbI aHaAM3a
ANEKTPOMATrHUTHOM 0OCTAHOBKM B TATOBOMW CETU
MpW KOPOTKUX 3aMblkaHKsaX (K3) pacCMOTpeHbI B
[6]. Ha ocHoBe Teoprn MHOFONPOBOAHbBIX AMHWI
aNeKTpornepeAayn U MeToAa KOHEYHbIX SAEMEH-
TOB aBTopaMu MNPEeAANOXEHa MaTematTnyeckas
MOAEeAb TAroBow cetn (TC) AAA M3yueHus pacnpe-
AENEHUA TOKa NPU NaAEHUN KOHTAKTHOMO MpoBO-
Ad Ha peAbC, YTO MO3BOAMAO NMPOU3BECTU pacyeT
MarHUTHOro NoAs. AHaanM3 SMI1 B 30Hax pacno-
NOXEHUA XENEIHOAOPOXHOrO 060PYAOBaAHUS U
YCTaHOBOK CAeAaH B [7]. MpuBeAEHbl pesyAbTa-
Tbl MOAEAMpPoBaHUS IMIT BOAM3KU KOHTAKTHbIX
NMOABECOK WM BOKPYr 3a3eMAAIOLLErO KOHTYpa.
BbinoAHEHa MpoBEpKa KOHCTPYKUMA INEKTPOY-
CTAHOBOK MO KPUTEPUIO IAEKTPOMArHUTHOM CO-
BMECTUMOCTU. OUEHKa 3AEKTPOMarHWTHom 06-
CTAHOBKM Ha OObEKTaXx XEeAe3HOW AOPOrU, NEK-
TPUOGUUMPOBAHHON Ha MOCTOAHHOM TOKe, Mpu-
BeAeHa B [8]. MpeacTaBAEHbI METOAMKM NPUBAK-

)XEHHOIO pacyeTa CyMMapHbIX HAanNpPsSXXEeHHOCTEN
AMI1 B BO3AYLLHOM cpeae. AaHbl aHAaAUTUUYECKUE
3aBMCUMOCTM, MO3BOASIOLLME OLEHUTb OCHOB-
Hble UCTOYHMKM SMI1, CyLLECTBEHHO BAMSIOLLME
Ha XapaKTepuUCTMKKU cpeAbl. NlokasaHo, uTo pac-
yeTbl AT YAOBAETBOPUTEABHOE COBMAAEHUE C
3KCMEPUMEHTOM, UTO NMO3BOASET PEKOMEHAOBATb
NX AN @HAAM3a SAEKTPOMArHUTHOM 0BCTaHOBKM.
Pesyabtatbl uccaepoBaHua SMIN TC B pexumax
K3 npuBeaeHbl B [9]. Ans moaeAmpoBanunsa TC
aBTOPbl UCMOAbL30BAaAM MOAEAb MHOIOMPOBO-
AHOM AMHMUK anekTponepeaaun (AIMM); npu atom
YUMTbIBAAOCb HEPABHOMEPHOE pacnpesereHne
TOoKOB B TC, METAAAMUYECKMX AETAAEN TYHHEAR U
APyrue CAOXHble daKTopbl. AAS yIPOLLEHMS pac-
yeTa MaTpulbl NapaMeTpoB MPUMEHSAAACh pe-
rPECCUOHHAA HEMPOHHASA CETb.

B couetaHMmM ¢ METOAOM KOHEUHbIX Pa3HO-
cTer BO BPEMEHHOM 0OAACTU NPOrHO3MPOBAAOCH
pacnpepeneHne TokoB M IMII, a TOYHOCTb Mpo-
BEPAAACH MOAEBbLIMU UCTIbITAHUSAMU. M3MepeHuns
MarHuTHOro noAs yactotroi 50 [ Ha UTaAbSHCKOM
BbICOKOCKOPOCTHOM XEAE3HOAOPOXHOW CUCTEME
npeactaBAeHbl B [10]. Pe3yastaTtel 3amepoB cpas-
HWBAAMCb C AQHHbIMUW, NOAYYEHHbLIMW C MOMOLLBHO
UMUTaALMOHHOM MoAeAr. AHaan3 SMI, co3paBae-
MOF0 3AEKTPUPULMPOBAHHBIM YHACTKOM XKEAE3-
HOM AOPOrK, BbiNOAHEH B [11]. MpeacTaBAeH Me-
TOA pacyeTa COBCTBEHHbIX M B3aMMHbIX CONPOTHB-
AeHui TC, ncnonb3yemom B PymbiHMKU. AaHa OLEH-
ka BAMAHUA OMI1 TC Ha MeTarmmnyeckmne oObeKTbl,
HaxoasALLmecs BO6AM3M poporu. MoAyyeHHble pe-
3yAbTaTbl MOATBEPXKAEHbLI UCMbITAHUAMW. AHAAMU3
9AEKTPOMArHUTHON CPEeAbl B COBPEMEHHOMN Xe-
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AE3HOAOPOXHOW CUCTEME, OCHOBAHHbIN HA U3Me-
PEHMSIX, NPOBEAEHHbIX aBTOPaMU AAST MOHOPEAD-
ca Mymbau, BbINoAHEH B [12].

Llenb nccnepoBaHMS COCTOSIAG B OMpPeAe-
AEHUKN HanpskeHHocTen IMIT 1 OUEHKE INek-
TPOMarHUTHOM COBMECTUMOCTU AAS CUCTEMDbI
yrnpaBAEHUA NOEe3A0M. YAeAbHas! SHEPTUSA INEK-
TpOMarHuTHoro noAs Yactoron 50 Iy, paccuntaHa
B [13]. MpeacTaBAEHa MOAEAb B3aUMOAENCTBUSA
yenOBEKA C MarHUTHbIMKW NOASIMK, CO3AABaAEMbI-
Mun AN, MpoaHaAM3MpPoOBaHbl MAOTHOCTU 3AEK-
TPUYECKOro TOKa, MHAYLIMPOBAHHbIE MarHUTHbIE
noas (M) uactotor 50 I, B MOAEAN YENOBEKA,
pa3MeLLleHHON B HENOCPEACTBEHHOW BAM30CTM
o1 A\3l. YaeAbHasa CKOPOCTb MOrAOLLEHUST UCCAE-
AOBanaCb AAA Pa3AMYHbIX TOUYEK MOA AUHUEMN.
Takxe onucaH caydan obeayxmBanus AN noa
Hanps>XXeHUeM, Korpaa MepcoHaA MOXET HaXxo-
AMTbCA BOAM3M dasHbIX MPOBOAHUKOB. Bonpochkl
BAMsaHMA OMIT Bokpyr TC Ha MarHWUTOMETpbI
paccmoTpeHbl B [14]. Moka3aHo, YTO TOK CUAOM
300 A, npoTekaloLLMit Yepe3 KOHTaKTHYIO MOA-
Becky (KI1), koTopasi nMTaeT BbICOKOCKOPOCTHOM
noesp, reHepupyetr CUAbHOE MarHWTHOE TMOA€.
MpoBeaeHo namepeHune IMIT Bokpyr KI1 1 npo-
aHaAM3UMPOBAHO €ro BAMSIHWE Ha MarHutome-
Tpbl. AAA 0e3Aa, ABUXYLLENOCA CO CKOPOCTbHO
300 Km/4, MIT 6bINO M3MEPEHO Ha PACCTOSTHUM
3 ™M ot KIl. AKkcnepuMeHTanbHO NMOATBEPXKAEHA
NMOrpeLLUHOCTb MarHUTOMETpa, Bbi3BaHHasa KIT,
N AOKa3aHO, YTO AAA €€ YMEHbLLIEHUA MOXHO
MCMOAb30BaTb GUALTP. 3apada  BblUMCAEHUS

ISSN 2782-6341 (online)

3NEKTPOMArHMUTHOro BAUSIHUA TC nepemeHHo-
ro TOKa Ha XEAe3HOAOPOXHble AMHUKW CBSA3M
(\C) pelueHa B [15]. MNprBEAEHbI 3aBUCMMOCTH
HanpsXKeHUs OT WnpuHbl coamxenns AC n TC.
MpoBeAEHbI 3KCNEPUMEHTaAbHbIE WM3MEPEHUSA
rapMOHMK B TAFOBOM TOKE W BbINOAHEH aHaAU3
ux BAMAHUA Ha AC. Pesyabtatbl UCCAEAOBAHUSA
AMI1, co3paBaemMoro BbICOKOBOALTHbIMU AWUHU-
AMU, C Ucnoab3oBaHnem Comsol Multiphysics
npvBeAeHbl B [16]. Ha aToi ocHOBE BbINOAHEHDI
pacueTtbl IMI1, codpaBaemMbix AI[. [oAyyeHHbIEe
YPOBHUW HaNpPsH)XEHHOCTEN NOASI CPaBHUBAAMUCH C
pekoMeHpauuaMrU MexXayHapOAHOM KOMWCCUM
NO 3aLLMTE OT HEUMOHU3UPYHOLLIMX UBAYHEHWUIA.

Ha ocHoBe aHaaM3a nNpeACTaBAEHHbIX
Bbile MyOAMKaUMM MOXHO CAEAaTb BbIBOA O
TOM, UTO B HUX A@Hbl PeLIEeHUA BaXHbIX 3apad
No OMPEAEAEHUIO IAEKTPOMArHWUTHLIX MOAEW,
co3paBaemMblx TC. OpAHaKO METOAbI, NMO3BOAS-
OLLME KOPPEKTHO YUMUTbIBATb METAAAUYECKUE
KOHCTPYKLUMM  UCKYCCTBEHHbIX  COOPY>XEHWUH
(UC), Taknx KakK TOHHEAW, MOCTbI, raAepeu, Cy-
LLLEeCTBEHHO MCKaxalollmMe pacnpepeneHue
HanpsxeHHocTern 3MIT B npocTpaHCcTBe, B
ONMUCaHHbIX Bbille paboTtax He PacCMOTPEHbDI.
AAA peLLeHna 3TOM 3apayun MOXHO WMCMOAL3O0-
BaTb MOAXOA, 6as3upyroWMCA Ha NpUMeHe-
HUM MyAbTUGa3HOro npepctaBaeHnss 33C B
dasHbIx KoopamHatax [17], peaAn3oBaHHbIV B
nporpamMmmMHoOM Komnaekce Fazonord [18-20].
Ero otTAnuMTEABHBIE OCOBEHHOCTU NPEACTABAE-
Hbl Ha Auarpamme puc. 1.

CHCTEMHOCTB - BO3MOKHOCTh
Mogenuposanus OMII ¢
Y4ETOM BCEX CBOMCTB U
XapaKTEPUCTHK CIIOKHOU
CT3 u muraroment 99C

YHuBepcaabHOCTD -

KomiiexkcHOCTS -

BO3MOYKHOCTB ¢
moaenupoBanust JISI u TC
JIFOOBIX KOHCTPYKITHIA

. COBMEIIEHHE pacyera
peXxuma M OnpeneacHus
HanpsbkeHHocterd OMIT

AleKBaTHOCTb BHEIIIHEH cpefie
- BOBMOXXHOCTb yueTa mpopuiist
MOICTUJIAIONIEH TOBEPXHOCTH,
MOJ3€MHBIX KOMMYHHUKAIHH,
HCKYCCTBEHHBIX COOPYKEHUN

Puc. 1. OcobeHHOCTH paccmaTpuBaemMor MEeTOAMKH
Fig. 1. Features of the considered methodology
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NMOCTAHOBKA 3AAAUU

AMHWU SAEKTpOrepesaUmr n aINEKTPUPULINPO-
BaHHblE XeAe3Hble AOPOrM OKa3blBatOT OCHOB-
HOe BAUSIHWE Ha OObEKTbl B «OAMXHEN 30HE»,
UTO MO3BOASIET UCMOAB30BaATb KBA3MCTaLIMOHAP-
HbI MOAXOA M paccMmaTpmMBaTb Pa3AEAbHO INEK-
TPUYECKYO N MArHUTHYO COCTaBASIIOLLLME MOAS.

AHannzdy IMI1 aAeKTPUOUUMPOBAHHBIX Xe-
AE3HbIX AOPOr NEPEMEHHOIO TOKa MOCBALLEH
psa pabotr aBTOpPOB, B 4yacTHOCTM [19-21].
B paHHOWM cTaTbe NpUBEAEHbI HOBbIE MOAEAW,
NO3BOASIIOLLME PACCUMTbIBATb HAMPAXEHHOCTH
3MI1 B UC ¢ y4eToM BbICLLMX TAPMOHUK, FreHe-
PUPYEMbIX BbINPAMUTEABHBIMU 3AEKTPOBO3a-
MW MEPEMEHHOr0 Toka. AAA pelleHus 3apad
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onpeaeneHnss OMIT B nNpoCTpaHCTBE, OKpyXa-
towem TC, pacnoAOXEHHbIX B UCKYCCTBEHHbIX
COOPYXEHUAX, WCMOAL30BaACA MPOMbILLAEH-
HbI nporpamMmmHbii komnaeke (MK) Fazonord,
Bepcua 5.3.7.0-2024.

PE3YNbTATbl MOAEAUPOBAHUA
PaccmartpuBanacb cuctemMa TAMOBOIO 3AEK-
TpocHabxeHusa (CT3) oaHonyTHOM TC ¢ KOHCOAb-
HbIM MUTAHWEM, BKAIOUAOLLAS ABa yyacTka. Ha
nepBom bbina npeacTtaBAeHa TC TpaAULIMOHHOM
KOHCTPYKUMK, @ NPU MOAEAMPOBAHUU BTOPOrO
MCNOAb30BAAUCH CAEAYHOLLIME BapUaHTbl UCKYC-
CTBEHHbIX COOPYXEHWW: TYHHEAb, ranepes, a
TaKXe MOCTbI C €3A0M1 MOHM3Y 1 NOBEPXY, PUC. 2.
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Puc. 2. CoopyXeH1s XENE3HOAOPOXHOrO TPaHCMopTa: @ — MOCT C €3A04 MOHU3Y; b — MOCT C €3A04 MOBEPXY; C — TYHHEAB; d - ranepesi
Fig. 2. Railway transport structures: a - lower-deck bridge; b - deck bridge; ¢ - tunnel; d - gallery
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AAS cpaBHEHWS BbIAM NPOBEAEHbI PACUETbI
3MI TC ¢ nAOCKMM penbedOoM 3EeMHON NOBEPX-
HocTU. [MpeanoAaranocb, uto TC BbINOAHEHA
nposopamu MBCM-95, M®-100 n peAbcamu
P65. B cOOTBETCTBUM C METOAMKOM, ONMUCAHHOM
B [10], npn mopeampoBaHun UC ncnonb3oBa-
AMCb Habopbl MPOBOAHUKOB, 3a3€MAEHHbIX C
ABYX CTOPOH, puc. 3.

BbiCOTbl NOBEPXHOCTEN MOCTOB 3aAaBaAUCh
paBHbIMK 10 M. HanpsxxeHHocTn AMIT onpeae-
ASIAUCb HA OCHOBE MOAEAMPOBAHUA ABUXEHUS
NSATM Noe3A0B Maccon 3192 T B HEYETHOM Ha-
npaBAEHUN C UHTEPBAAOM 22 MWUH, pUC. 4.

Hanps»eHHocT OMI1 BbIYMCASAAUCL C y4e-
ToM Bl A0 39 rapMOHUKU BKAKOUUTEABHO, PUC. D.

Pesyabtatbl pacueta SMI npuBepeHbl Ha
puc. 6-9 ana ananasoHa BpemeHn 82...94 MuH,
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OTBEYaloLLEro NOAHOMY 3aMOAHEHUIO yyacTka
noespamu. Mcnoab3oBaracb NPaBOCTOPOHHASA
CUCTEMA KOOPAMHAT CO CAEAYIOLLIMM PacnoAo-
XeHnem ocen: ocb z B ceyeHun TC Obina Ha-
npaBAeHa Ha HabAKOAATEASR, OCb Y — BEPTUKAAb-
HO BBEPX, OCb X — MEPNEHAUKYASIPHO Tpacce
XENe3HON AOPOTK.

Toukn o¢ukcauum 3IMI B ceueHnn TC BbI-
6upanucb Ha Bbicote 1,8 M oT ocHoBaHuA UC.
MaKkCHMMaAbHble 3HAYEHUA  HanpPsHXXeHHOCTEeN
nonen B NC 1 AAST CAyYasi, OTBEYAOLLIETO MAO-
CKOMy penbedy, CBepeHbl B Tabauuy. AHaAM3
MOAYYEHHbIX PE3YALTATOB MO3BOASIET PA3AEAUTb
pacCcMOTPEHHbIE BapuaHTbl BbIMOAHEHWA TC Ha
ABe rpynnbl. MNepByto 0b6pasytor UC, B KOTOPbIX
TAroBasi CETb MOAHOCTBIO UAK YACTUUYHO OKPYXe-
Ha 3a3€MAEHHbIMW MPOBOAHUKAMMU.
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Puc. 3. KoopanHaTbl TOKOBEAYLLMX YaCTel U MPOBOAHUKOB, MMUTUPYIOLLMX MC: a - rarepes; b - TyHHeAb; C — MOCT C €340/

noBepxy; d - MOCT C €340/ MOHU3Y

Fig. 3. Coordinates of live parts and conductors simulating man-made structures: a - gallery; b - tunnel; ¢ - deck bridge bridge;

d - lower deck bridge
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IInkeT, KM
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Puc. 4. [papuk ABUXEHUS (a) U TOKOBbIM NPoPHAb (b)
Fig. 4. Motion graph (a) and current profile (b)

50 —
I..%
40 i
Pexynepamm
3 =+
Tara moesnoe
20 §
10
. s £ ]

3 5 7 9 1 13 15 Kk
a

1001,

Puc. 5. lapMoHUKM Toka anekTpoBo3a: I, = ,%

1007,

Fig. 5. Harmonics of electric locomotive current: I, =
1

Ko BTOpoKn oTHocATcs TC, NPOAOXEHHbIE Ha
NAOCKOM penbede, U MOCT C €301 NoBepXy. AAS
nepBOM rpynnbl HAOAKOAAETCS CHUXEHWE MaK-
CMMYMOB HanpsheHHocTen 3l No cpaBHEHMIO C
orcytctBUEM MIC Ha 55% ana ranepeun, 34% ana
TOHHeAs!, 56% AAST MOCTa C €3A0M MOHU3Y. AAS
MOCTa C €3A01 NOBEPXy MMEET MECTO MOBbILLIE-
HWe AaHHOro nokasateAs Ha 10%. AHaAOrMYHbIe
BbIYMCAEHUS, BbINOAHEHHbIE NPUMEHUTEABHO K
MI1, pAatOT CAeAyroLUME pe3yAbTaThl: ranepes —
42% NOoHWXeHUS; TYyHHEeAb — 11%, MOCT ¢ e3p0M
noHu3y - 59%. A MOCTa BTOPOro TMna HabAo-
AAETCA YMEHbLUEHWE AAHHOro napameTtpa Ha
16%. lonyyeHHble pes3yAbTatbl MOATBEPXAQNOT
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aKTyanbHOCTb yyeta MC npu aHaAM3e ycAOBUI
3NEKTPOMArHuTHOM besonacHoctn. CaepyeT OT-
METUTb, YTO HOPMATMBHbIN MPEAEA Ha BbiCOTE
1,8 M, paBHbIt 5 KB/M no pencTBytoLeMy 3Ha-
YEeHUIo, HapyllaeTcs AAA Tpex BapuaHTtoB TC:
NMPOAOXEHHOM MO NAOCKOMY penbedy (8,9 kB/m),
MOCTY C e3p01 noepxy (9,8 KB/M) 1 npoxoas-
LLIEeN BHYTPU TYHHEAR (5,9 KB/M). BBHAY 60ABbLLIMX
MEXMNOE3AHbIX UHTEPBAAOB HaNPsXeHHOCTb M
He BbIXOAMAA 3a HOpMaTMBHbIN npeaen 80 A/m.
OaHaKo npu paboTte Ha KOHTAKTHOM CETU C U30-
AVPYIOLLMX MAOLLAAOK 6€3 CHATUSA HaNpPsHXeHUs
BO3MOXHO NPEBbILLEHNE AOMYCTUMbIX YPOBHEN
3INEKTPUUYECKOTO U MArHUTHOIO MOAEW.

MaKcuMaAbHble 3HAUYEHUA aMMNAUTYA HANPSXXEHHOCTEN SAEKTPOMArHUTHbIX MOAEW
Maximum values of electromagnetic field strength voltage amplitudes

MocrT c e3pon
Mapametp Mhockas 3emana Fanepen TyHHeAb
nosepxy MOHU3Y
Max(Emax), KB/M 12,6 5,7 8,3 13,9 5,5
maXxX(Hmax), A/M 20,1 11,6 11,1 16,9 8,2
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MaKCUMaAbHbIE 3HAYEHWS  HaMPSKEHHO-
ctert AMI oTBeyatoT Touke HabAIOAEHUSA, pac-
MOAOXEHHOM Ha OCU MyTW, puc. 6. OTAMuMS
max (E,,. ),max (H,,, ) N0 OTHOLIEHNIO K MAO-
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CKOM 3eMAEe NPOUAAOCTPUPOBAHbI HA puUC. 7.
BpemeHHble 3aBUCUMOCTM aMMNAUTYA Ha-

npsbxeHHocten OMIT B Touke x = O, pacnono-

XXEHHOW Ha OCU NyTH, NPEACTaBAEHbI Ha puUC. 8.

max (H fl,i 1
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20 A5 -0 05 00 05 10 15 XGM

b

Puc. 6. PacnpeaereHne MakCMManbHbIX 3HAUYEHUM aMIAUTYA HaMpPsXKEHHOCTEN SAEKTPOMAarH1THbIX MOAeH B CEYEHUM TAroBOM
cetu: 1 - nAockas 3eMAS; 2 - ranepesi; 3 - TYHHEAb; 4 — MOCT C €340/ MOBEPXY; 5 — MOCT C €340/ MOHU3Y

Fig. 6. Distribution of maximum values of electromagnetic field strength amplitudes in the traction network section: 1 - flat
ground; 2 - gallery; 3 - tunnel; 4 - deck bridge ; 5 - lower deck bridge
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Fig. 7. Differences of max (E,,, ),max (H,,, ) in relation to the flat ground
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Fig. 8. Graphs of E,, =E, (¢) H, =H,,_ (¢): numerical symbols are similar to Fig. 6
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Puc. 9. loporpagsl E = Ey (Ex ) (ayn H = H ) (H B ) (b) BTOUKE X = 2 M Ha 68 MUH: UMPPOBLIE 0603HAYEHNS aHAAOTMYHBI

puc. 6

Fig. 9. Hodographs of Ey =F ) ( Ex) (@) and H )= H ) (Hx) (b) at point x = 2 m at 68 min: numerical designations

are similar to Fig. 6

Ha puc. 9 npuBepeHO cpaBHEHWE roAOrpa-
doB HanpsxeHHocTern AMIT oA TOUKK, OTBEYa-
IOLEN X = 2 M. 3Ta KOOpAMHATa OTBEYAET Hau-
6onee BEPOATHOMY PaCMOAOXEHUIO MEPCOHa-
Aa, 0BCAYXXMBaOLLLEMY IAEKTPUOULMPOBAHHbIE
XEAEe3Hble AOPOTW.

MoAyvyeHHble pe3yAbTaTbl MO3BOAAKOT CAE-
AaTb CAEAYOLLME BbIBOADI:

- MaKCUMaAbHble AEUCTBYIOLLUME 3HAYEHUS
HanpsixeHHocT 3l Ha paccmatpMBaemMom
yyacTke AAA HeKkoTopbix MC npeBbiwan Aony-
CTUMble 3HauyeHua 5 KB/M: Ha MOCTy C e3p0M
noBepxy 3T0T NnapameTp pAocTturan 9,8 KB/wm, a
AN TOHHeAS - 5,9 KB/ M.

- BBMAY DOOAbLLIMX MEXNOE3AHbIX UHTEPBA-
AOB HanpshkeHHocTb Ml He BbIXOAMAA 3a HOP-
MaTuBHbIK npeaen 80 A/m.

- BbICWUME TApMOHWKKW, CO3AaBaeMble
3NEKTPOBO3aMU, NMPUBOAUAU K 3aMETHbLIM UC-
KaXeHUsIM roporpadoB BEKTOPOB HaMpsiXeH-
HocTU MI1. HaAnMuMe WCKYCCTBEHHbLIX COOpPY-
XEHUM BbI3blBAAO CyLLECTBEHHbIE BapuaLMn
xapaktepa pacnpeaeneHna SMI1 B npocTpaH-
cTBe.

- HaAMYME WCKYCCTBEHHbIX COOPYXEHWI
NPUBOAUT K Pa3BOPOTY roporpadoB BEKTOPOB
HanpshkeHHocTern IMI; Kpome Toro, 3KpaHu-
pytownit 3GGEKT CHMUXAET UX rapMOHUYECKUEe
NCKaXeHus.

3AKNHOYEHUE

MpeANOXEHbI METOANKA M LMbPOBbIE MOAE-
Am CT3, no3BOASIKOLLUME pacCUMUTbIBaTb Hamnps-
XEHHOCTU IAEKTPOMArHUTHbIX MOAEN B WUCKYC-
CTBEHHbIX COOPYXEHUSIX XEAE3HOAOPOXHOMO
TpaHCMnopTa, TakUX Kak TOHHEAW; ranepeu, a
TakXe MOCTbl C €3A0M MOHU3Y M NOBEPXY. ITU
06beKTbI copepxaT BOAbLLOE YUCAO 3a3EMAEH-
HbIX METAAAMUECKUX AETaAen, CyLLEeCTBEHHO
BAMAIOLMX Ha ypoBHU IMIT, xapaKrep ux pac-
npeAeAeHnss B NPOCTPaHCTBE U GOPMbl MOAO-
rpadoB BEKTOPbI HaMNpshXeHHocTen. HayuHas
HOBM3HA MPEACTABAEHHbIX PE3YALTATOB Onpe-
AENAETCA CAEAYHOLLMMU MOAOXKEHUAMM:

- AT MOAEAMPOBaHMA MC MCNoAb3yoTCSt HAabo-
Pbl TOKOBEAYLLIMX YACTEN, 3a3EMAEHHbIX MO KPasMm;

- TAroBble Harpyskn GOpPMUPYHOTCS Ha OC-
HOBE MMWUTaLMU ABUXEHUA COCTABOB NO pPeanb-
HbIM MPOGUAAM NYTK;

- OCYLLECTBASIETCA MOAEAMPOBAHME CMECH
3MI, 06pa3oBaHHOM COCTABAAIOLLMMKU OCHOB-
HOWM 4YacTOTbl U BbICLUIMMW FapMOHUKaM A0 39
BKAKOUYUTEABHO.

MpakTMyeckaa 3HaAYMMOCTb pa3paboTaH-
HbIX MOAEAEN COCTOMT B BO3MOXHOCTU WX WUC-
NoAb30BaHUS AA Bbibopa Haubonee addek-
TUBHbIX MEPOMNPUATUN MO YAYULLEHWUIO YCAOBUM
3NEKTPOMArHuTHom 6esonacHocTu B UC xenes-
HOAOPOXHOIO TPaHcNopTa.
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KoHcTpyuMpoBaHue U aHaAU3 MYALTUPU3UUECKOU MOAEAU
TPEXxPa3HOro aNeKTPOMarHUTHOro Bo36yaAuTens HU3KOUACTOTHbLIX
KoAe6aHUN ¢ UETbIPEXKOHTYPHBIM CUAOBBIM MOAYAEM

U.E. TymaHoB ™~
1Kasaxckuii HauMoHaAbHbIN yHUBEPCUTET UMeHU Aab-Dapabu, AAMa-Ata, KasaxctaH

Pe3rome. Llenbto HayuHOM pa3paboTky ABASETCA CO3AaHME PEBEPCHUBHOM IAEKTPUUECKON MaLLUHbI NEPEMEHHOIO
TOKa BpaLaTEAbHOIO ABMXEHWA Ha OCHOBE UETbIPEXKOHTYPHOIO CMAOBOIO MOAYAS 3AEKTPOMArHUTHOro BO36yAMTe-
Al HU3KOYACTOTHbIX MEXaHWUYECKMX KOAeDaHWM, ABAAIOLLErOCA 3AEKTPUYECKOW MalUMHOW BO3BPATHO-NMOCTYNaTeAb-
HOro (konebatenbHOro) ABMxXeHUsA. OBbEKTOM MCCAEAOBAHUI CAYXMUT TpexdasHbld IAEKTPOMArHUTHbIN BO3ByAMTEAD
HU3KOYACTOTHbIX MEXaHWUYECKMUX KOAeOaHWI, CUAOBOM MOAYAb KOTOPOTO COCTOMT M3 CMapeHHbIX YeTbIpeX MAEHTUY-
HbIX PE30HAHCHbIX KOHTYPOB. KOHTYpbl BKAOYAOT MHAYKTMBHOCTb M MOCAEAOBATEABHO BKAKOUEHHbIM KOHAEHCATOP
B LieMb NUTaHMUA. KOHCTpyMpOBaHUE AAHHOM SAEKTPUYECKOW MallMHblI MPOBOAMAM B nporpaMmMHon cpeae COMSOL
MULTIPHYSICS. AAa npeobpa3oBaHUst 4acToTbl HanpskeHus nutaHua (50 M) BO BXOAHOM LEMU B HU3KOYACTOTHbIN
AManasoH MexaHUYecKnx KonebaHWI Ha BbIXOAE KaXXAOr0 CUAOBOTO MOAYAS! OCYLLLECTBASIAGCh HACTPOMKa NapaMeTpoB
(mocAep0BaTEABHO BKAKOUEHHbIX) MHAYKTMBHOCTM KaTYLLIKW M KOHAEHCATOpa Ha pe3oHaHC HanpsXXeHun. AAA cO3paHusA
YCUAEHHOI0 BpaLLaoLWero MOMeHTa ClapeHHbIe KOHTYPbl CUAOBBIX MOAYAEW MOOYEPEAHO BO3AEMCTBYIOT Ha SIKOPb,
PacrnoAOXEHHbIM B LEHTPE MO aHAAOTUU C INEKTPUUYECKUMW MalLlMHAMW BpaLLATEAbHOrO ABMXEHUSA. [TOAyYEHHbIE B
pesyAbTaTe KOMMbHOTEPHOTO MOAEAMPOBAHUS aHUMaLUMK NPOLECCOB BUEHUI BXOAHbBIX BbICOKOYACTOTHbLIX CUrHAAOB
BHYTPU MEAAEHHO M3MEHAIOLLENCS CUMHYCOUABI TATOBOIO YCUAUA AEMOHCTPMPYHOT BO3MOXHOCTb MX MAABHOW MOAY-
AAILMU B HU3KOYACTOTHOM 0BAACTM Ha BbIXOAE. TakXXe MOAYYEHHblE AaHHbIE AEMOHCTPUPYHOT BO3MOXHOCTb CO3AaHUSA
pPEBEPCMBHOMO BPaLLATEABHOIO ABMXEHUSA AKOPSA IAEKTPOMArH1Ta npuv M3MeHEeHUU NOASIPHOCTU (HanpaBAEHWA ABW-
XEHUSA INEKTPUUECKMX TOKOB) COOTBETCTBYHOLLIMX NAp B PE30HAHCHbIX KOHTYpaX, BbIMOAHEHHbIX C YY4ETOM AOMYLLEHMS
06YCAOBAEHHOW AMHEWHOCTW MaCCUBHbIX SAEMEHTOB B PE30HAHCHbIX KOHTYPax 3AEKTPUUECKON Lienu NepeMeHHoro
TOKa U AMHEapU3aLUMn 3aBUCUMOCTU aKTUBHbIX NapaMeTPOB OT NacCHBHbIX. TakMM 06pa3oM, MOXHO PEKOMEHAOBATb
cAepyoLme 0bAacTh NPUMEHEHWA SAEKTPOMArHUTHbIX BO30yAUTEAEH HU3KOUACTOTHbIX MEXaHUUYECKHX KoAebaHui: B
ABWUraTenbHOM pexrme GYHKUMOHUPOBAHWUS — B KaYeCTBE MCMOAHUTEABHOIO OpraHa B TEXHOAOTMYECKMX npoLeccax
nepemMeLLMBaHUS U NOATOTOBKMW XXMAKUX NMPOAYKTOB AO OAHOPOAHOM KOHCWUCTEHLIMM, B FEHEPATOPHOM - B KauyecTBe
npeobpasoBaTtenst SHEPTMU BO30OHOBASIEMbIX UCTOUHUKOB B SAEKTPUUECKYHO.

KaroyeBblie cA0Ba: SNEKTPOMArHWUTHbIN BO3BYAUTEAb HU3KOUYACTOHbIX KOAEBaHWUI, BUBPOABUIaTEAb, ABYXTAKTHbIN,
TpexdasHbIi

Ans uutupoBaHus: TymaHoB W.E. KOHCTpyMpoBaHWe 1 aHaAu3 MyABTUDUINUECKON MOAEAN TPEXPAZHOTO SNEKTPO-
MarHWTHOro BO36YAMTEAS HU3KOUYACTOTHbIX KOAEBAHUI C UETLIPEXKOHTYPHbLIM CUAOBbLIM MoayAeM // iPolytech Journal.
2025.T. 29. Ne 1. C. 107-122. https://doi.org/10.21285/1814-3520-2025-1-107-122. EDN: BLIGHS.

POWER ENGINEERING
Original article

Design and analysis of a multiphysical model of a three-phase
electromagnetic exciter of low-frequency oscillations with
a four-circuit power module

Isakul E. Tumanov®~

1Al-Farabi Kazakh National University, Almaty, Republic of Kazakhstan

Abstract. The creation of a reversible AC electric machine with rotary motion based on a four-circuit power mod-
ule of an electromagnetic exciter of low-frequency mechanical oscillations, i.e., an electric machine of reciprocating
(oscillatory) motion, represents a relevant research task. The research object includes a three-phase electromagnetic
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exciter of low-frequency mechanical oscillations, whose power module consists of four paired identical resonant cir-
cuits. The circuits include an inductor and a capacitor connected in series in the power supply circuit. The design of
this electric machine was carried out using the COMSOL MULTIPHYSICS software environment. In order to convert the
frequency of the supply voltage (50 Hz) in the input circuit to the low-frequency range of mechanical oscillations at
the output of each power module, the parameters of the series-connected inductance of the coil and capacitor were
adjusted to achieve voltage resonance. In order to generate an increased torque, the paired circuits of the power
modules alternately acted on the anchor located in the center by analogy with electric machines of rotary motion. The
animations depicting the processes of beating of the input high-frequency signals inside a slowly changing sinusoid of
the traction force obtained as a result of computer simulation demonstrate the possibility of their smooth modulation
in the low-frequency region at the output. The obtained data also demonstrate the possibility of creating a reversible
rotary motion of the electromagnet anchor when changing the polarity (direction of movement of electric currents)
of the corresponding pairs in the resonant circuits, performed taking into account the assumption of conditioned
linearity of passive elements in the resonant circuits of the alternating current electric circuit and the linearization of
the dependence of active parameters on passive ones. The following areas of application of electromagnetic exciters
of low-frequency mechanical vibrations can be recommended: (1) in the motor mode of operation, as an actuator in
technological processes of mixing and preparing liquid products to a homogeneous consistency; (2) in the generator
mode, as a converter of energy from renewable sources into electrical energy.

Keywords: electromagnetic exciter of low-frequency oscillations, vibration motor, two-stroke, three-phase

For citation: Tumanov |.E. Design and analysis of a multiphysical model of a three-phase electromagnetic exciter
of low-frequency oscillations with a four-circuit power module. iPolytech Journal. 2025;29(1):107-122. (In Russ.).
https://doi.org/10.21285/1814-3520-2025-1-107-122. EDN: BLIGHS.

BBEAEHUE

Co3patenem aneKTPOMarHWTHbIX BO3byauTe-
AEM HU3KOYACTOTHbIX KOAebaHWI aAeKTpoMar-
HUTHOIO BO3OYAMTEAR HU3KOUACTOTHbIX MEXaHU-
yecknx konebaHui (AMB HYK) 1 0CHOBOMOAOX-
HUKOM TEOPUN GYHKLMOHUPOBAHUS SABASIETCH
HO.E. HuTycoB. B TexHuueckon Autepatype -
«BUbpoaBUrateann cepumn tuna MBTY» (MockoB-
CKOMo BbICLLErN0 TEXHWUYECKOIO YUMAULLE MMEHH
H.3. baymaHa) [1]. BnepBble cxema Takoro npe-
obpaszoBatens Oblna MPEANOXEHA W onucaHa
UM B XypHaAe «IneKTpuyectBo» [1]. Hanpasae-
HUE MCCAEAOBAHWM MOAYYMAO MPOAONMKEHME B
AMYHbIX Tpypax HO.E. HuTycoBa u Tpyaax ero Ta-
AaHTAMBbIX yueHuKoB: A.N. KourobuHckoro, b.W.
KptokoBa, 3.A. Kyanesa, H.M. lMoaakosa, WU.C.
BabaeBa, P.A. TacbimoBa, @.A. labapaeBa U Ap.

B paborax nepeuncAeHHbIX aBTOPOB ObIA  UC-
CAEAOBaAH MPUHLUMIM MCMOAb30BaHUA «PEe30HaH-
Ca HanpshKeHWW» B KayecTBE WUHCTPyMEHTa AAA
npeobpa3oBaHUS BbICOKOYACTOTHbLIX COCTaBAS-
IOLLMX aKTMBHbIX MapamMeTpPoB 3AEKTPUUYECKOM
NMOACUCTEMbI Ha BXOAE (HanpsiXeHue MUTaHKS,
TOKa B LENW U MarHWTHbIM NOTOK) B HU3KOYACTOT-
HYIO COCTaBASIIOLLYHO aKTMBHOIO Napamerpa Ha
BbIXOAE (TArOBOE YCUAME IAEKTPOMArHuWTa) AAS
BCEX TUMOB U MOAUPUKALMN KOHCTPYKTMBHOIO
ncrnonHeHnsa AMB HYK: opHOPa3HbI OAHOTAKT-
HbI1, OAHO®A3HbIN ABYXTAKTHbIM, OAHOGMA3HbIN
C YETbIPEXCTOPOHHMUM BO3AEMCTBMEM Ha SIKOPb
INEKTPOMArHuTa, TpexdasHbii OAHOTAKTHbIN,
TpexdasHbli ABYXTAKTHbIN U TpexpasHbli C Ye-
ThIPEXCTOPOHHMUM BO3AENCTBMEM?® Ha AKOpb
3AAeKTpoMarHuta (puc. 1).

OnekTpuyeckas
konebaTternbHas cuctema
(anekTpuyeckas uenb
aKTUBHbIX Y PEAKTUBHbIX
COMNpPOTMBIEHUI)

— BN

OneKkTpomMarHuTHas
KonebartenbHas cuctema
(MarHuTHas uenb
MarHUTHbIM CONPOTMBMEHNEM
CepAeYHMKa 1 KaTyLLKK
areKkTpomarHmTa)

MexaHu4eckas
konebartenbHas
cuctema
(nogBwkHasa Macca Ha
NPY>XMHHOM nofgece)

—> —)

Puc. 1. (DyHKLlMOHa/\bHaFI MOAEAb SAEKTPOMArHUTHOro BO36yAMTe/\FI HM3KOYACTOTHbIX MEXaHMUYECKMX KOAeDaHMI KaK uenun
0CAEAOBATEALHOIO MPEe0bPa30BaHUS INEKTPUHECKON SHEPIUM MUTAHUSI B MEXAHMYECKYIO paboTy
Fig. 1. Functional model of an electromagnetic exciter of low-frequency mechanical vibrations as a chain of electrical energy

serial conversion into mechanical work

2A.c. Ne 1762371, CCCP, A1, H 02 K 33/14. [IByxTaKTHbI ariekTpoMarHuTHblin Bubpatop / A.W. KoutobuHckuia, HO.E. Huty-
coB, B.A. LLlep6uHuH. 3asen. 20.03.90; ony6n. 15.09.92. Bron. Ne 34.
3A.c. Ne 1363392, CCCP, A1, H 02 K 33/12, B 06 B 1/04. Bubponpusog / t0.E. Hutycos, A.U. KoutobuHckuit, PA. MackimoB.

3aaen. 19.05.86; ony6n. 30.12.87. bron. Ne 48.

4A.c. Ne 912476, CCCP, B 23 P 19/04. YcTpoiicTBO Ans BUGpauuoHHoi coopku nagenuii / KO.K. Mankun, [.A. Kyaacos,
B.A. Msankuna, K0.E. Hutycos. 3asen. 29.04.80; ony6n. 15.03.82. Bron. Ne 10.
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Obaacti npumeHeHna OIMB HYK: B pBura-
TEABHOM pexmnme GYHKUMOHMPOBAHUA — B Ka-
4yecTBe UCMOAHUTEABHOIO OpraHa B TEXHOAOIU-
YecKMx npoueccax nepemMellnBaHUa U NOAro-
TOBKE XMUAKMX NMPOAYKTOB AO OAHOPOAHOM KOH-
CUCTEHLUMM [2], B reHEPATOPHOM - B KauyecTBe
npeobpasoBaTens 3HepPruM BO30OHOBASIEMbIX
NUCTOYHUKOB B 3AeKTpuueckyro [3]. MpumeHe-
HMe meToaa uccaepoBaHuit — CAIP (cuctembl
aBTOMATM3MPOBAHHOIO MNPOEKTUPOBAHUS) B
06AaCTM SAEKTPOMEXAHUKM.

LieAbto HayuHoWM pa3paboTkm SBASETCHA KOH-
CTPyMpOBaHUE PEBEPCUBHOM 3ANEKTPUUYECKOM
MallWHbl NEPEMEHHOr0 TOKa BpallaTeAbHOro
ABUXEHWUS HA OCHOBE YETbIPEXKOHTYPHOIO CU-
AOBOIr0 MOAYASt SAEKTPOMArHUTHOIO BO3OyAUTE-
ASl HU3KOYACTOTHbIX KOAeBaHWUI, ABASIOLLErocs
INEKTPUYECKOW MALLUHOW BO3BPATHO-NOCTYNa-
TEAbHOTO (KOAEHATEABHOIO) ABUXEHMUS.

AAS AOCTUXEHUSA LEAN HEODXOAMMO peLle-
HUE CAEAYIOLLMX 3aAaY:

- BbIABUTb U ONPEAEAUTb aHANOTUU MEXAY
INEKTPUYECKMMMU MaLUMHAMMK BpPaLLATEAbHOMO
ABWXEHWUS M BO3BPATHO-NOCTYNaTEAbHOIO ABU-
XEHUA U MPOBECTU NATEHTHO-AMLEH3UOHHbIN
nouck no 6asam nareHToB Coto3a COBETCKUX
Coumnanuctnueckux Pecnybamnk (CCCP), Poc-
curickon ®epepaummn (P®) n Pecnybamkmn Ka-
3axctaH (PK) Ha npeaAMET onpeAeneHust aHano-
roB M NPOTOTMMNOB UCCAEAYEMOTO 0ObEKTA;

- OMPEAEAUTb METOAbI U BblbpaTb MHCTPY-
MEHTbl AAl KOHCTPYMPOBaAHUA 0ObEKTA MCCAE-
AOBaHMUA.

CO3AAHUE MOAENU

Moaenb byaem co3paBaTb Ha OCHOBE aHa-
AOFOB W NPOTOTUNOB M306peTeHni 13 H6asbl Na-
TeHToB CCCP® n PK’.

M3BECTHO TEXHWUECKOE pPELLEHWE MO aB-
TOPCKOMY CBUMAETEABCTBYS, B KOTOPOM OMUCaH
BUOPOPMBOA. B HEM AAA pacLLUMPEHUs YHKLIM-
OHaAbHbIX BO3MOXHOCTEM CO3AQOTCA CAOXKHbIE
MAOCKOCTHbIE TPAEKTOPUWU ABMXEHMUS SIKOPA B
BUAE duUryp Auccaxy. BUbponpruBOA COAEPXKMT
ABE Mapbl 3AEKTPOMArHWTOB, PACMOAOXEHHbIX

B Nape Apyr NpotTyB Apyra B NEPNEHANKYAAPHbIX
MAOCKOCTSIX MO FOPU3OHTAAHOM U BEPTUKAABHOM
ocsiM. Mpu aTom nepBas 06MOTKa aAeKTpoMar-
HWUTa 4Yepe3 KOHAEHCATOp BKAKOYaeTcs B OAOK
MUTaHKUA, a NPOTUBOMOAOXHbIN — KO BXoAy da-
30BpalLaTensi, K BbIXOAGM KOTOPOro MOAKAKOUa-
FOTCS1 Uepe3 CBOM KOHAEHCATOPbl 0OMOTKM ApY-
roM napbl 9AEKTPOMAarHWTOB TaK, YTO CUAOBOE
BO3AENCTBME KaHana Ha AKOpb Yepes da3oBpa-
LLATEAb HE COBMaAaEeT No BPEMEHU C KaHAAOM,
COAEpPLLALUMM  IAEKTPOMArHUTbI, PaCMOAOXKEH-
Hble MO FOPWU30HTAABHOM OCU. 3TO BpPEMEHHOEe
paccornacoBaHue, onpeaeniemMoe yraAoM CABUra
das, U NPMBOAUT K BO3ZHWUKHOBEHWIO CAOXHOMO
NMAOCKOMapaAeAbHOTO ABUXEHUA AKOPS, 3aKpe-
NAEHHOIO Ha yNpyron NOABWMXHOM cucTeme. B Ha-
lemM cAayyae A obecneyeHusa BpalaTeAbHOro
ABWXEHUST IKOPS BMECTO YMPYroM MOABWXKHOM
CUCTEMbI MCMOAB3YEM KOHCTPYKLIMEO CBOOOAHOMO
BpaLLEHMA AKOPS BOKPYr COBCTBEHHOM OCM.

Mpn co3paHUN MYABTUDUIUUYECKON MOAEAU
6yAEM PYKOBOACTBOBATLCA CAEAYHOLLEN NPULIK-
NMUaAbHOM CXEMOM, B KOTOPOW UMeTCs 4 CUAO-
BbIX BUOPOMOAYASA MO @aHAAOTUM C SAEKTPOMaAr-
HUTHbIM BMO6pPaTOPOM’ 1 BUOPONPUBOAOM®:

B kauectBe OCHOBHOIO MHCTPYMEHTA KOH-
CTPYMpOBaHUA BbiOUpaeM NporpaMmMHbIi Npo-
AYKT Comsol Multiphysics.

AASt peanmn3aummn KOHCTPYMPOBAHWUA MYAbTU-
dnsunyeckon mopenn AMB HUYK B nporpamm-
Houn cpepe Comsol Multiphysics anroputm aen-
CTBUM CAEAYIOLLNN:

1. YctaHOBKa ¥ NOCTPOEHUE reoMeTpuye-
CKOM MOAEAU C YETbIPEXKOHTYPHBLIM CUAOBbLIM
moayrem SMB HUK (puc. 2).

2. OnucaHne  GU3UYECKOTO
GYHKUMOHUpPOBaHKs AMB HYK.

3. OnpepeneHune 1 BbIBOP KOHCTPYKLMOHHbIX
MaTepuanoB IAEMEHTOB 1 MoayAen IMB HUK.

4. OnpepeneHne ypaBHEHUN OUBUYECKMX
NpoLEeCcCOB AAA MOCTPOEHUA KOHEUYHO-IAEMEHT-
HOW CETKU ANl YUCAEHHOTO pelueHus (Mesh).

5. KoHCcTpyrMpoBaHue 1 co3paHne MOAEAU B
3aBUCUMOCTH OT GOPMbl U GU3UKK NPOLLECCOB
(Moving Vesh).

npuHUMNa

°A.c. Ne 1356136, CCCP, A 1, H02K 33/12, BO6B 1/04. OnektpomartutHbin Bubpatop / O.E. Hutycos, A.U. Koutobuh-
ckuit, N.C. babaes. 3asen. 02.10.85; ony6n. 30.11.87. bion. Ne 44.

®A.c. Ne 1405099, CCCP, A 1, H 02 K 33/14. [IByXTaKTHbI 3MeKTpOMarHuTHbIi BUbpatop nepemerHoro Toka / A.M. Kouto-
BuHckun, b.W. Kprokos, 10.E. Hutycos, ®.A. labapaes. 3assn. 27.09.84; onybn. 23.06.88. bron. Ne 23.

TA.c. Ne 1727927, CCCP, A 1, B 06 B 1/04. OnektpomarHuTHbiii Bubpatop / A.Il. AkuypuH, HO.E. Hutycos, W.E. TymaHos,
K.B. Acnanauspos. 3assn. 17.01.90; ony6n. 23.04.92. Bion. Ne 15.

8A.c. Ne 1332475, CCCP, A 1, H 02 K 33/02. Bubponpueog / A.N. KoutobuHckuia, C.A. Koutobunckun, FO.E. Hutycos. 3a-

aBn. 27.09.84; ony6n. 23.08.1987. bron. Ne 31.
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KonTyp 1
(Solenoid)

KoHTyp 3
(Solenoid)

KoHTyp 4
Solenoid)

Puc. 2. [puHUMNMaAbHasa cxema TPeXpasHoro NEKTpoOMarHu
UETBIPEXKOHTYPHbIM CUAOBBIM MOAYAEM

Fig. 2. Schematic diagram of a three-phase electromagnetic
power module

BbinoAHAEM MoLWaroBo BCE AENCTBUA B CO-
OTBETCTBUW C aATOPUTMOM NOCTPOEHUSA MOAEAN.

LWar 1: noctpoeHne reoMeTpuYeCKOMU Mo-
AeNn. B KOHCTPYKLIMK AKOPS MPEAYCMOTPUM Ye-
Tblp€ MOAKCHbBIX HAaKOHEYHWKa, PaCMOAOXKEH-
HbIX MO AMAroHaAM paBHOYAAAEHHO TaK, YTOObI
NpW BpaLLLEHMM SKOPA Mbl MOMAKM GUKCUPOBATb
€ro NOAOXeHue B AoboM MOMEHT BpeMeHM. Mo
yeTbIpeM CTOPOHaM AKOPS PacnoAOXuMm 4 cna-

1 1 1 1 1

KoHTyp 2
(Solenoid)

THOIo BO36yAMTe/\FI HM3KOYACTOTHBIX MeXxaHUYEeCKUX KorebaHuii ¢

exciter of low-frequency mechanical vibrations with a four-circuit

PEHHbIX 3AEKTPOMArHuTa ¢ TpexdasHbIM nuTa-
HWewm (puc. 3).

Mpu co3paHuM reomeTpum Obin BbliOpaH
CTEPXEHb C pa3MepamMm: BbICOTa C MAYHXEPOM
- 75 MM; WKMpUHa - 45 MMm; TOALMHA - 15 Mmm.
Pasmepbl pynoHa: BbicoTa — 40 MM; WIMPUHA
- 16 MM; KOAMYecTBO 06MOTOK — 500 LWT.; AW-
amMeTp NpoBOAOKK - 1,5 MM (puc. 4, pa3mepsbl
NPMBEAEHbI AAST OAHOW das3bl).

1 1 1 1

mm

]

-

[ |
—

—
—

L
St

>
i

]

T T T

-100

50 0 50 100 150

Puc. 3. [eomeTpuyeckass MOABAb TPEXPA3HOIO YEThbIPEXKOHTYPHOTO CMAOBOIO MOAYAS SAEKTPOMArHUTHOro BO30yAUTEAS

HU3KOYaCTOTHbIX MEXaHMYECKUX KoAebaHmi

Fig. 3. Geometric model of a three-phase four-circuit power module of an electromagnetic exciter of low-frequency mechanical

vibrations
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| HasBaHue 3Ha4yeHun Onucanue

em_w 100[mm] Width, electromagnet

em_h 60[mm)] Height, electromagnet

core_w 30[mm] Width, core

pl_h 15[mm] Height, plunger

plunger_travel 6[mm] Total stroke, plunger

N 500 Number of turns, primary coil

d 1.35[N*s/m] Damping constant, return spring

kr 24.2[N/m] Spring constant, return spring

10 plunger_travel*0.1  Undeformed length, contact spring
op plunger_travel*0.7  Opening, electrical contact

dc 2.7[mm] Diameter, shading coil

kc 255[N/m] Spring constant, contact spring

C 7[N*s/m)] Damping coefficient, contact spring

Puc. 4. 3apaHne reoMeTpuyecKux napameTpoB MOAEAU AAST OAHOIO KOHTYPa CUAOBOIO MOAYAS
Fig. 4. Setting geometric parameters of the model for one contour of the power module

WWar 2: OnucaHne U3UYECKOro npurH-
umna ¢yHkunoHuposaHua IMB HYK, no-
CTaHOBKa 3aAayM M HacTpornKka ¢usnuye-
CKOro MHrepgenca. 3apaverl AaHHOro Mo-
AEAMPOBaHWUS ObIAO MCCAEAOBAHUE YCAOBUMA
pe3oHaHca M co3paHue paboyen cxembl BU-
6poaBuratens. lpaHUUHbIE YCAOBUA AASI MO-
AEAU 3aAAI0OTCA NPU HACTPOMKe GU3UYECKOTO
nHTEepdenca. Mexay NAYHXEPOM U LUTOKOM

& Default Model Inputs
= Materials
4 § Component 1 (compl)

Label:  Spring Foundation 1

= Definitions ~ Domain Selection
Geometry 1
- o Selection:  Manual
¥ Materials
4 F Moving Mesh 5
y Deforming Domain 1 E
! Symmetry/Roller 1

4 Solid Mechanics (solid)
B Linear Elastic Material 1
59 freet
EB Initial Values 1
25 Contact 1
Fixed Constraint 1
@ Spring Foundation 1
Roller 1
Symmetry 1
Magnetic Fields (mf)
@ Ampére's Law Solid
2 Magnetic Insulation 1
B initial Values 1
@ Ampére’s Law iron
& Ampére’s Law 3 air
@ Coil 1, primary
@ Coil 2, shading
Symmetry Plane 1

Override and Contribution
Equation

¥ Coordinate System Selection
4

2

Coordinate system;
Global coordinate system
¥ Spring

Spring type:

Total spring constant

@ force Calculation, for Postprocessing il

¥ Electrical Circuit 2 {cir2) Isotropic
Multiphysics

A Meshes Loss Factor Damping

AoDaBASIETCA NPYXUHHbBIK AeMndep. 3apatoT-
cA napamMeTpbl 06MOTKU U NUTaHUEe 0OMOTKHK
KoHAeHcaTopa (puc. b).

[MOCKOAbKY Ha SIKOPb BO3AEWCTBYET Tpexdas-
HbI LLI-06pasHbii 9AEKTPOMArHUT ¢ Tpexdas-
HbIM CUMMETPUUHBIM NMUTAHUEM, TO HA BbIXOAE
CUCTEMbI Mbl AOAXHbI MOAYYMUTb FapPMOHUYE-
CKMN CUHYCOMAAABbHbBIM CUTHAA BpaLLATEAbHOIO
ABUXEHUA AKOpSA (puUc. 6).

Model Builder

s Btv Bl Biv

b & Materials
4 4¥ Moving Mesh
g Deforming Domain 1
o Symmetry/Roller 1
&' Solid Mechanics (solid)
@ Linear Elastic Material 1
,?: Free 1
J B Initial Values 1
- £= Contact 1
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@ Spring Foundation 1
Roller 1
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Magnetic Fields (mf)
@ Ampére's Law Solid
- Magnetic Insulation 1
B Initial Values 1
@ Ampére’s Law iron
@ Ampére’s Law 3 air
= & Coil 1, primary
@ Coil 2, shading
Symmetry Plane 1
@ Force Calculation, for Postprocessing
"2 Electrical Circuit 2 (cir2)
./ % Ground Node 1 (gnd1)
N/m Capacitor 1 (CT)
¥ Voltage Source 1 (V1)
» Resistor 1 (R)
External Uvs. 11 (UvslT)
"y Multiphysics
N Magnetomechanical Forces 1 (mmfl)

Puc. 5. Hactporika ¢puamndeckoro MHTepgernca u rpaHuyHbIX YCAOBUH
Fig. 5. Setting up physical interface and boundary conditions
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o

Puc. 6. [apMoHMYECKME BXOAHBIE U BbIXOAHBIE NAPAMETPbl MYALTUGUIMUECKON MOAEAU
Fig. 6. Harmonic input and output parameters of a multiphysical model

KapTrMHa CUAOBBIX AMHUIA MarHMTHOIO NOTOKAa OAHOM Mapbl MOKa3aHa Ha puc. 7.

Graphics Probe Plot 3 Probe Plot 7 Probe Plot 1 Probe Plot 2 Probe Plot 8
AFEEkF aa@ L Svyay
Time=0 ms Surface: Magnetic flux density norm (T)
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Puc. 7. PacripeaeneHme CUAOBbIX AMHUIA MarHUTHOIO MOTOKa AASl OAHOM napbl KOHTYPOB CUAOBOIO MOAYAS
Fig. 7. Distribution of magnetic flux lines of force for one pair of power module circuits
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LWar 3: Bbi6op KOHCTPYKLUMOHHbIX Mare-
pranoB. Bo3spyx (keataa yactb) - «Bospyx» B
paspene «Marepuanbl» OTHOCUTCH K 3apaHee
OnpeAeAeHHOMY MaTtepuany no ero ¢usunye-
CKMM CBOMCTBaM, TaKMM KaK MNAOTHOCTb, Te-
NMAOMNPOBOAHOCTb U TEMNAOEMKOCTb. «Msrkoe
XeAe30o» (cepasi U CUHAS YacTu) NpeACTaBASIET
coboi onpepeneHHbI Matepuan ¢ COOTBET-
CTBYKOLLUMMU MArHUTHBIMKU U GUIUYECKUMHU
CBOWMCTBAMM, TaKUMM KaK BblICOKAsA MarHMTHas
NPOHULAEMOCTb M HU3KaA KOSPLUMTUBHASA CUAA.
«ANFOMUHUW» (KpacHasa 4acTb) — 370 MaTeEpUan
C BbICOKOW MPOBOAMMOCTbIO, KOTOPbIM MOXET
3OHEKTUBHO NPOBOAUTL INEKTPUUECTBO, CBOAA
K MUHUMYMY NOTEPU 3HEPTUK (purC. 8).

LLiar 4: OnpeaeneHne ypaBHeHUN ¢pu3nye-
CKUX NpoLeccoB ANl MOCTPOEHUS KOHEYHO-
3AE€MEHTHOU CETKH AAS YHUCAEHHOro pelle-
Hus (Mesh). MNepexopHble MOAEAU BKAKOYAIOT B
cebs1 BblMMCAEHWE UBMEHSIOLLLErOCs BO BpeMe-
HU pelleHns. AAA 3Toro nporpamma 3anycka-
€Tca C 3aAaHHbIMW HaYaAbHbIMWU YCAOBUSMM
N pacCYMUTbIBAET 3BOAOLMIO HEU3BECTHbIX, UC-
NMOAb3Ysl OAHY M3 HECKOABKMX Pa3AMUHbIX CXEM
WMHTErpupoBaHUs No BpPeMeHU. UHorpa oHu
cobupatotcsi MEANEHHO MAM He cobupatotcs

"""""""" i bt Bb N R A o N e SRR R e e Bl

mm
90

BOBCe. B paHHOM cTaTbe NpUBEAEHbBI PEKOMEH-
AAUMN HEOBXOAUMBIX AEMCTBUI B TaKUX CUTYa-
LMAX.

3TU ypaBHEHMA MOTYT NPEACTaBAATbL COOOM
Habop He3aBMCUMbIX OObIKHOBEHHbIX AUDdE-
peHUManbHbIX ypaBHeHUH (OAY) uAM Habop
CBSI3@HHbIX YpaBHEHWW, BO3HUKaKOWMX B pe-
3yAbTaTe MNPOCTPAHCTBEHHOW AMCKPETU3aLMK
KpaeBOW 3apayM C MCMNOAb3OBAHMEM METOAA
KOHEYHbIX 3AEMEHTOB. BOAbLUMHCTBO 3apau
COMSOL, pelwatowmx AN MOAEW, U3MEHSIO-
LLIMXCA BO BPEMEHU WU MPOCTPAHCTBE, OTHOCUT-
CSl KO BTOPOM KaTteropuu. Bmecte ¢ npuBepeH-
HbIM BbllLE€ YpaBHEHWEM MporpaMmma MOXET
paccmaTtpuBatb Habop o06wux asrebpanue-
CKMUX ypaBHeHUIW: M(u,t) = O 1 3TM ABE CUCTEMDI
ypaBHEHUN.

AvddepeHumanbHo-anrebpanyeckne  ypas-
HeHus (AAY) 0b6pasytoT cuctemy. MIMeHHO 3Ta cu-
ctema AAY MOAHOCTLIO OMPEAENSET MOAEAL Ne-
pexoaa U_unit ¢ HABOPOM HauYaAbHbIX YCAOBW.
CaepyeT Takxke OTMETUTb, YTO MOXHO paccMaTpu-
BaTb MOAEAU C OOAbLLUMM KOAMYECTBOM MPOMU3-
BOAHbIX MO BPEMEHMU, KOTOPbIE MPOCTO TPebytoT
BBEAEHUA  AOMOAHWUTEABHbBIX  MPOMEXYTOUHbIX
nepemMeHHbIx. AobaBAEHbI ABA Y3Aa, CBA3AHHbIX
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Puc. 8. Bbi60op KOHCTPYKLMOHHbIX MaTEpPHUar0B Ha NMPUMEPE OAHOH pasbl KOHTYpa CMAOBOIO MOAYASI
Fig. 8. Selection of structural materials for the case of one phase of the power module circuit
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C ABUXYLLIEWCSI CETKOM BO BPEMSI CO3AAHUSA CET-
Ku: Aedopmupyemasi 06AaCTb M rPAaHUYHOE YCAO-
Bue «Symmetry/Roller. MexaHuyeckoe nepe-
MELLEHNE KOHTAKTHOMO 3AEMEHTa MCMNOAb30Ba-
AOCb BO M3bexaHne NOAHOIO 3aKpbITUSI BO3AYLL-
HbIX OTBEPCTUIN, MOCKOAbKY Takoe W3MeEHeHWe
TONOAOTMKU ObINO HECOBMECTUMO C MOABMXHOM
CETKOM (B BEHTUAALMOHHbBIX OTBEPCTUSAX). Kpome
TOro, MOCKOAbKY CETKa (puc. 9) cTaHoBUTCH bonee
MCKaXXEHHOW NPWU 3aKPbITUM OTBEPCTUM, CAEAYET
BKAKOUMTB OMNUMIO aBTOMAaTUUYECKOIO OTKAKOUEHUS
B Y3A€ LWara nccaepoBanus [4-13].

War 5: KoHcTpyupoBaHue U co3AaHHUe
mMoAeAu B 3aBUCUMOCTH OT pOpMbl U PpU3U-
ku npoueccoB (Moving Vesh). B xope uccne-
AOBaHWSI U CO3AAHMA AQHHOW MOAEAW OblAM
NMOAYYEHbI FPAPUKM U3MEHEHUA CUAbI TOKA M
nepemMeLlleHnsa nAyHxepa. B pesyabtrate Mbl
MOXEeM NpoaHaAM3npoBaTb MBMEHEHUA TOKa B
OCHOBHOMW M 3aTeHSOLWEN (KOPOTKO3aMKHYTOM)
KaTywkax (puc. 10).

B cootBeTCTBUM C pe3oHaHCOM Hanpsaxe-
HWUM B CUAOBOM KOHTYpP€ MHAYKTUBHOE COMpPO-

Graphics
QA @b L~

[ | 1

ISSN 2782-6341 (online)

TuBAEeHUE (XI) N eMKOCTHOE COMPOTUBAEHUE
(XC) B 3AEKTPUYECKOM LIENU PaBHbl APYr APY-
ry no MOAYAKO, TaKOe COCTOSIHWME Ha3blBaeTCs
paBHoBecneM. B paHHOM cayyae A06poT-
HOCTb (6e3pa3mMepHbl napameTp, KOTOPbIM
NnoKasblBaeT HACKOAbKO CUAbHO OCAaBAEHbI
reHepaTop WMAM pe3oHaTop) ONUCbIBAET, Ha-
CKOAbKO BbICTPO 3aTyxatoT KoAebaHUsA B LEenu
NOCAE BbIKAIOUEHUSI UCTOUHMKA KOAeOaHWM.
Uem Bbille AOBPOTHOCTb, TEM MEAAEHHEE
3aTyxatoT KonebaHusi. B cayuae paBeHCTBa
mMoayAaer Xl = Xc A0BPOTHOCTb KOHTYpPa AOCTU-
raeT MakCMMaAbHOTO 3HAUYeHUs, T.e. koneba-
HUA B KOHType 3aTryxaloT O4YeHb MEAAEHHO.
ATO COCTOSIHME UCTMOAB3YETCH BO MHOTUX NPU-
AOXEHUAX, TAKNUX KaK MPOEKTUPOBAHNE PE30-
HaHCHbIX Lenen, COAepPXaLLUnX pe30HaHCHbIe
KOHTYp®bI.

[MocAe BbIMOAHEHWUS BCEX 3TarnoB MOAEAU-
poBaHUA Tpexpa3HOro UYEeTbIPEXKOHTYPHOIO
CUAOBOIo MOAYAA Ha 6ase OMB HYK moxem
NOCMOTPETb aHUMALMK BPALLATEABHOIO ABU-
XeHuns akops (puc. 11-14).
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Puc. 9. KoHeYHO-aAeMEeHTHas CeTKa AASI OAHOM napbl TPEXPA3HOr0 CUAOBOIO KOHTYpa
Fig. 9. Finite element grid for one pair of a three-phase power circuit
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Graphics Probe Plot 7 Probe Plot 3 X | Probe Plot 2 Probe Plot 1 v 1
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Puc. 10. [padukn 3MeHEHUS TOKA U BEAMUMHBI CMELLEHMS TAYHXEPA B 0OMOTKE KaTyLLKU AASl OAHOM Napbl KOHTYPOB CMAOBOIO
MOAYAS
Fig. 10. Graphs of current and coil winding plunger displacement value variations for one pair of the power module circuits

AMB HYK C 4YeTbIpEXKOHTYPHbIM CUAOBbIM  MaTEAbHOro (KoAebaTeAbHOro) SKopb COBeEpLLA-
MOAYAEM OTAMYAETCA OT OAHOKOHTYPHOIO U ABYX- €T PEBEPCUBHOE BpallaTeAbHOE ABUXEHUE, KaK
KOHTYPHOIO TEM, YTO BMECTO BO3BPATHO-NMOCTY- B CMHXPOHHOMW MallMHE NEPEMEHHOMO TOKA.

Puc. 11. AHumaLmsi BpaLlaTeAbHOro ABMXEHUS SKOPS YETbIPEXKOHTYPHOIO CUAOBOIO MOAYAS B Ha4aAbHOM MOAOXKEHUM (CAEBa -
BpalLieHHne Mo 4aCoBOK CTPEAKE, CripaBa - BpalLeHUe MPOTHUB YaCOBOM CTPEAKH)

Fig. 11. Animation of four-circuit power module armature rotation in the initial position (left - clockwise rotation, right -
counterclockwise rotation)
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e f

Puc. 12. AHuMmaLma BpalLaTeAbHOro ABWXEHUSA IKOPS (CAeBa (a, C, €) - 10 YaCcoBOM CTpeAke, cnpaBa (b, d, f) - mpoTMB yacoBoy
CTPEAKM)
Fig. 12. Animation of armature rotation (left (a, c, €) - clockwise rotation, right (b, d, f) - counterclockwise rotation)

DYyHKUMIO peBepca BbINOAHAEM B COOTBET- 30HAHCHOIO KOHTYpPa — MPWU pa3HbiX 3HAYEHUAX
ctBun ¢ [11]. AHAAM3 aHUMALMIA OCLMAAOTPAMM  YacTOTbl, MHAYKTMBHOCTM KaTyLUKXU U €MKOCTU
npouecca OBUEHUN N MOAYALIMK KOAEDAHUI pe-  KOHAEeHcaTopa.
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AHaAM3 aHUMauMih OCUMAAOTPAMM MO-
Ka3blBaeT, 4YTO0 NpuM CTabUAbHO HEUIMEH-
HOW WMHAYKTUBHOCTM KaTywku (0,1 TH) anek-
TpomMarHuta npu nowarosom (1 war 5 M)
YMEHbLLUEHUN YacToTbl KoAebaHun oT 15 T, A0
1 My ¥ yBEAMUEHUN EMKOCTU KOHAEHcaTopa

(or 1 MK® po 340 mk®D) Hamboaee nnaB-
HblM MPOLECC MOAYAALUMU KOAeOaHWW Ha-
ctynaet npu vactote 1 M4 MU €MKOCTU KOH-
AeHcaTopa 340 mMk® (puc. 13). Busdyannb-
Hble aHUMauuu KOAeBaTEeAbHbIX  ABMXE-
HUW SKOPS IAeKTpomarHuta (puc. 14-16)

Global: Voltage across device L1 (V) o

200

150

100

50

Voltage across device L1 (V)
(=]

-100

-150

-200

s O e I
—— Voltage across device L1 |

0 1000 2000

3000 4000

Time (ms)

Puc. 13. Ocumrnorpamma npoiecca 6MeHuin u MoAyAsiummu KorebaHui npu vyactore 1 [, uHAyktMBHOCTH 0,1 [H, emMKoCcTH

KoHAeHcaTopa 340 MKk®

Fig. 13. Oscillogram of oscillation beating and modulation at the frequency of 1 Hz, inductance of 0.1 H, capacitor capacitance

of 340 uF
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Puc. 14. Ocumarorpamma npouecca bUeHuin M MOoAyAsiummM KoaebaHmi npu yactote 5 iy, mHAykTMBHOCTH 0,1 [H, EMKOCTH

KOHAeHcaTtopa 9,5 MK®

Fig. 14. Oscillogram of oscillation beating and modulation at a frequency of 5 Hz, inductance of 0.1 H, capacitor capacitance

of 9.5 uF
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Global: Voltage across device L1 (V) o
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Puc. 15. Ocumarorpamma npouecca bueHuin u MoayAsLiMM KoaebaHui npu yactote 10 [, uHayktuBHoctH 0,1 [H, eMKOCTU
KoHAeHcaTopa 2,5 MK®
Fig. 15. Oscillogram of oscillation beating and modulation at a frequency of 10 Hz, inductance of 0.1 H, capacitor capacitance
of 2.5 uF
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Puc. 16. Ocumnarorpamma npouecca OUEHUI 1 MOAYAALIMM KoaebaHuii npu dactote 15 [, uHayktuBHocTr 0,1 [H, emKoCTH
KOHAeHcaTopa 1 MK®

Fig. 16. Oscillogram of oscillation beating and modulation at a frequency of 15 Hz, inductance of 0.1 H, capacitor capacitance
of 1 uF

NMOKa3bIBAKOT MNEPUOAUYECKUIA MPOLECC YCTOM- BO3MOXHbIM OAaropapsa noovyepepHoMy BO3-
YMBOIO MOSABAEHMA W WUCYE3HOBEHUA pPEe30- AEUCTBUIO Napbl CUA (BpalLatoMKW MOMEHT)
HaHca HanpsxeHun [14-21]. Mpouecc Bpa- YETbIPEXKOHTYPHOIrO CWUAOBOro Moayas 3MB
LATEABHOTO ABWXEHMA skopsa cTaHoButcA HUK (cm. puc. 6).
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PaccMoTprMM aHUMaLUMKU PE3OHAHCHBIX KPU-
BbIX NPU Pa3AUYHbIX 3HAUEHUAX AOBPOTHOCTM Q

KoAebaTeAbHOI0 KO HTYypPa.

Global o
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Takum 06pa3oM, CreHepuMpoBaHHas ceTka

nokasaHa Ha puc. 8, aHaAM3 aHUMaUnin pPe3o-
HaHCHbIX KPMBbIX — Ha puc. 17-19.
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Puc. 17. AHuMaLmMK Pe30HaHCHbIX KPUBbIX Mpu AOBPOTHOCTH KoAebaTeAbHOro KoHTypa Q = 0,5 (caesa) u Q = 1 (cnpaBa)
Fig. 17. Animations of resonant curves with the tuned circuit Q-factor: Q = 0.5 (left) and Q = 1 (right)
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Puc. 18. AHMMaLMKU Pe30HAHCHbIX KPMUBbIX MPY AOBPOTHOCTH KorebaTeAbHOro KOHTypa Q = 6 (cAeBa) u Q = 12 (cnpaBa)
Fig. 18. Animations of resonant curves with the tuned circuit Q-factor: Q = 6 (left) and Q = 12 (right)
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Puc. 19. AHumaLmMm pe3oHaHCHbIX KPUBbIX pu A0BPOTHOCTU KoAebaTeabHoro KoHTypa Q = 0,1 (caeBa) u Q = 15 (cnpasa)
Fig. 19. Animations of resonant curves with the tuned circuit Q-factor: Q = 0.1 (left) and Q = 15 (right)
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Ha ocHoBe MOAyYeHHbIX PEe3YALTAaTOB MOX-
HO KOHCTaTMpOBaTb, YTO LEAb MCCAEAOBaHUSA
- KOHCTPyMpOBaHWE PEBEPCUBHOM 3IAEKTPUUE-
CKOW MallMHbl NEPEMEHHOIO TOKa Ha 6ase ue-
ThIPEXKOHTYPHOIO CUAOBOro Moayas IMB HUK
AOCTUTHYTa Ha OCHOBE MYALTUGUIUYECKOTO MO-
AenvpoBaHna B8 COMSOL Multiphysics.

3AKNAHOYEHUE

B aAeKkTpomMexaHWUYeckor cucteme MoA-
TBEPXAEH MNPUMHUMN npeobpasoBaHUs BbICO-
KOYaCTOTHOM COCTaBASIIOLLEN Ha €€ BXOAE B
HM3KOYACTOTHYIO COCTaBASIOLLYIO Ha BbIXOAE
npu obGecneyeHnn YCAOBUA - COXPaHEHUe
3HEPrUM U MOLLHOCTM NPU COOTBETCTBYHOLLMX
npeobpal3oBaHUAX — AN 3TOW MOAMOUKALMUK
ABYXKOHTYPHOTO M YETbIPEXKOHTYPHOIO CUAO-
Boro moayas AMB HYK npu ero tpexpazHom
MUTAHUMN.

Ha ocHoBe ®YHKLUMOHAAbHON MOAEAU C ye-
TbIPEXKOHTYPHbIM CUAOBbLIM MOAYAEM BbINOAHE-
HO KOHCTPYMPOBaHME INEKTPUYECKON MaLLUHbI
nepemMeHHOro Toka BpaLaTEAbHOrO ABUXEHMUS
M3 COCTaBHbIX YacTen (CUAOBbLIX MOAYAEN) Ma-
LLUMHbI BO3BPATHO-NOCTYNATEAbHOIO ABWXEHUS
(AMB HYK).

ISSN 2782-6341 (online)

Ha ocHoBe MyALTUPU3NYECKOTO MOAEAUPO-
BaHWUA OCYLLECTBAEHO KOPPEKTHOE MpeACTaB-
AEHUWE W BU3yaAr3aUMs KapTUH KoaebaTeAbHbIX
ABWXEHUN sikopsa AMB HYK ¢ ABYXKOHTYPHbIM
CUAOBbIM MOAYAEM, TakXe CreHepupoBaHa
KOHEUYHO-IAEMEHTHAA CeTKa MOAEAU, MOA-
TBEPXKAQKOLLAA aArOPUTM MOAEAMPOBAHUA U
BbIOOP MCXOAHbBIX AAHHbIX 06bEKTa.

Ha ocHoBe ABYXKOHTYPHOW MOAEAM NMOCTPO-
eHa MyAbTUdU3Myeckaa mopenb OMB HYK ¢
YETbIPEXKOHTYPHbBIM CUAOBBIM MOAYAEM, OTAM-
YaKLWLMMCHA OT MPEAbIAYLLUX WUCXOAHbIX MOAU-
du1Kaumr BpalLaTeAbHbIM TUNMOM ABUXEHUSA MO
aHaAOTUU C CUHXPOHHBLIMW MallMHaMU nepe-
MEHHOI0 ToKa.

AHUMaUMK U BU3YyaAU3aLMA AUHAMUYECKUX
NPOLLECCOB KOPPEAUPYIOT C TPAHUUYHBLIMU YCAO-
BUAMWU U TEOPETUUYECKUMU BbIKAGAKAMU TMPU
ONpeAeAeHUU aKTUBHbIX U MACCUBHbIX NapamMe-
TPOB AAEKTPOMEXaHNUYECKON CUCTEMDI.

AKTyaAbHOCTb 3aAa4 M BaXHOCTb NMPOAOAXE-
HUSA UCCAEAOBAHUIM MOATBEPXKAEHbI MHHOBALM-
OHHbIMUK NateHTamun PK 1 cBUMAETEALCTBAMU O
rOCyA@pPCTBEHHOW perucTpaumm nporpamMmm AAA
9BM PoclateHta P®%!, onybAMKOBaHHbIX B
2025 .
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A procedure for preparing carbonaceous
cyanidation tailings for gold fire assay
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Abstract. The aim is to develop a procedure for gold analysis of carbonaceous ore cyanidation tailings bearing
gold in an adsorbed form. The proposed procedure includes high-temperature washing of the solid phase of tailings
using a filter followed by transferring the adsorbed gold to the washing solution. The filtrate is analyzed separately,
the solid phase undergoes standard fire assay, and the total gold grade is calculated by summing the gold in the
solution and that in the solid phase. Using the proposed procedure, the proportion of adsorbed gold not detected
by standard fire assay decreased by 4.1 times, from 38.2% to 9.3%. The studies were conducted using additions of
gold solutions with a gold balance estimation. This additionally allowed gold adsorption isotherms to be studied by
natural carbonaceous matter under cyanidation conditions. It was shown that at a gold concentration of 0.01-0.05
mg/dm3 typical of industrial cyanidation tailings, the adsorbed gold value was significant at the level of 0.1-1.1 g/t.
These gold losses are directly determined by the preg-robbing activity of the raw material. The K constant of Freun-
dlich isotherms plotted as the Au loading of organic carbon, g/t vs Au concentration, mg/dm3 was 303-3037 g/t,
which is only an order of magnitude lower than that for commercial activated carbons. However, the greater mass
of natural carbonaceous matter and its extended surface result in substantial gold losses with cyanidation tailings.
The developed analytical procedure can be used to refine the actual gold losses with cyanidation tailings of carbo-
naceous raw materials.

Keywords: gold, cyanidation tailings, preg-robbing activity, carbonaceous matter, fire assay
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MeToAMKa NOArOTOBKU YIAUCTOCOAEPIKALLUX XBOCTOB
LMaHUPOBaAHUA K NPoO6UpPHOMY aHaAU3Y 30A0Ta

A.B. BbiBanbues?, IU. BoinowHukos?~, 0.A. XMenbHULKaA®
L3 pKYTCKMI HayUYHO-MCCAEAOBATEALCKUI MHCTUTYT BAGropOAHbIX M PEAKMX METAAOB M aAMa3oB, MpkyTck, Poccusi

Pe3rome. Lienb - pa3paboTka METOAMKM aHaAM3a 30A0Ta B XBOCTax LMAHMPOBAHUA YTAMCTOCOAEPXALUMX PYA,
COAEpXaLLMX 30A0TO B copbupoBaHHOM dopme. B npeanaraemoit MeToanke nepeBop cOpOUPOBAHHOMO 30A0Ta B
pacTBOpP OCYLLECTBASIACA MYTEM BbICOKOTEMMEPATYPHOM OTMbIBKM TBEPAOM $a3dbl XBOCTOB Ha GUAbTPe. Mpu 3TOM
dUABTPAT aHaAM3UPYETCA OTAEAbHO, TBepAas dal3a NoABEpraeTcs CTaHAAPTHOMY NPoBUPHOMY aHaAM3y, a pacuyet
COAEPXaHUSA 30A0Ta B UCXOAHOM 06pasLie BEAETCA Mo CyMMe 30A0Ta B pacTBOpe M TBepAol dase. Mo UcnbiTaHHOM
METOAUKE, AOASI COPOUPOBAHHOIO 30A0Ta, HEONPEAEAAEMOTO NPOOUPHBLIM aHAAM30M, B CPEAHEM CHU3UAACK C 38,2
70 9,3% - B 4,1 pasa. MccaepoBaHUA NpoBeAEeHbl METOAOM A0ODABOK M3BECTHOIO KOAMUYECTBA 30A0Ta, UTO, KpOMe
OCHOBHOM LIEAW, MO3BOAMAO M3YUUTb M30TEPMbI COPOLMM 30A0Ta NMPUPOAHBIM YTAMCTbIM BELLECTBOM B YCAOBUSX
uMaHMpoBaHusa. NokasaHo, UTO NPU KOHLIEHTPaLMK 30A0Ta B XUAKOW dase nyabnbl Ha ypoBHe 0,01-0,05 mr/ame,
XapaKTePHOMN AASt XBOCTOB LIMAHMPOBAHUSA NMPOMbILUAEHHbIX NPEANPUATUIR, AOASI COPOMPOBAHHOIO 30A0Ta COCTABUAA
0,1-1,1 r/1. AaHHble noTepu Au HanpAMY OMNPEAEASIOTCA COPOLMOHHON aKTUBHOCTbIO Cbipbsi. KoadduumeHT K
nzorepm OperHAANXa, NOCTPOEHHBIX B BUAE 3aBMCUMOCTU COAEPXaHUA AU B YTAUCTOM BeLLECTBE (B I/T) OT KOH-
LeHTpaunn Au B Xuakon dase (B mr/ame), coctaBua 303-3037, UTO AULLb Ha NMOPAAOK HUXKE, YUEM AAA TOBAPHbIX
06pasLoB akTUBHbIX yrAen. OAHAKO MPEBOCXOASILLLEE KOAMUYECTBO NMPUPOAHOIO YTAMCTOrO BELLLECTBA M €ro pa3BuTas
NMOBEPXHOCTb MPEAONPEAEASIIOT BbICOKME MOTEPU 30A0Ta C XBOCTAMW LMaHMpoBaHWA. PaspaboTtaHHass MeToAMKa
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aHaAM3a MOXET 6bITb MCMOAb30BaHA AAS YTOYHEHUA PEAAbHbIX NOTEPb 30A0Ta C XBOCTaMW UMaHNPOBaAaHUA YTAUCTO-

COAEpPXaLLEero CblpbA.

KaroueBble cAoBa: 30A0TO, XBOCTbI LIMAHUPOBAHMWS, COPBLMOHHAA akTMBHOCTb, YTAMCTOE BELLECTBO, NPOBUPHbIN

aHaAn3

Ans uutupoBaHus: boiBanbleB A.B., BonnaowHnkos LU., XmeabHuuKkas O.A. MeToaMKa NOArOTOBKU YTAMCTOCOAEP-
XaLllWX XBOCTOB LMaHWPOBaHUS K NpobupHOMY aHaAmn3y 3oA0Ta // iPolytech Journal. 2025. T. 29. Ne 1. C. 123-132.
https://doi.org/10.21285/1814-3520-2025-1-123-132. EDN: IOWITS.

INTRODUCTION

Studies show that preg-robbing ores and
ore processing products cannot be easily pro-
cessed by cyanidation and require additional
treatment to increase gold recovery* [1-13].
The chemical analysis of preg-robbing ores
and ore processing products can be challeng-
ing since the results of gold fire assay are often
lower than actual [14-17]. The authors explain
the difference by the volatility of carbonaceous
gold species at a temperature above 300°C.
An improved procedure was developed to de-
termine gold in the samples of preg-robbing
ores and ore processing products by fire assay
[18]. The procedure includes the pretreatment
of samples by roasting with the addition of cal-
cium and barium oxides and peroxides which
minimize the formation of gaseous carbon and
sulphur oxides and the losses of gold species
with gases during fire assay.

Irgiredmet has been studying preg-robbing
ores and ore processing products for many
years. The institute discovered that the results
of the gold fire assay are lower than actual
when the tailings of preg-robbing ore cyanida-
tion are analyzed [19]. Fire assay often cannot
determine up to 50% of gold adsorbed by the
solid phase during cyanidation. The authors
explain the difference between fire assay re-
sults and actual gold content by the presence
of gold in the solid phase in the adsorbed
form, i.e. nonmetallic, atomized state. A frac-
tion of atomized gold does not form any large
enough metallic particles during the analysis.
Also, it does not get wet by lead and remains
encapsulated by borosilicate slags in the form
of a real solution or nanoscale inclusion caus-
ing the erroneous results of fire assay. Similar-
ly, this assumption is confirmed by lower fire
assay results when the evaporated samples of
cyanidation tailings are analyzed that consist
of non-preg-robbing ores without organic car-
bon and carbonaceous gold species but con-

tain some gold in a nonmetallic form before
fire assay.

The studies were carried out to improve the
accuracy of fire assay when it comes to the cy-
anidation tailings of preg-robbing ores and ore
processing products. The method involves the
recovery of hard-to-determine detect adsorbed
gold from the solid phase into solution. The
solution is analyzed for gold separately. Then,
the solid phase is analyzed by standard fire as-
say. The gold content in the feed sample is cal-
culated by summing gold in the solution and
the solid phase. The high-temperature wash-
ing of the solid phase was tested to recover ad-
sorbed gold from the samples before fire assay.
The solid phase is washed using a filter. The
slurry is heated to 90°C and retained for a cer-
tain time followed by the filtration and washing
of cake with heated water or a specific solution
using a filter. Increasing water temperature re-
duces the preg-robbing of the solid phase. The
equilibrium distribution of gold also decreases
and shifts towards the solution while absorbed
gold transfers to the liquid phase of the slur-
ry. In addition to temperature, the method in-
volves the washing of cake with heated water
which contains no gold. As a result, the equi-
librium further shifts towards the solution and
the extra-elution of adsorbed gold takes place.
The method has been already patented by the
authors for commercial application [20] but it
can be also practical for analytical purposes.

OBJECTIVE OF STUDY

The objective of the study was to investi-
gate gold adsorption from cyanide solutions by
natural carbonaceous matter and develop a
procedure for the analysis of gold in carbona-
ceous cyanidation tailings.

MATERIALS AND METHODS
The materials of the study were the cyani-
dation tailings of preg-robbing ores and ore

4Suzdal: Launch of HiTeCC Technology. Available from: https://minedocs.com/20/Suzdal_Presentation_06282016.pdf

[Accessed 25th September 2024].
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processing products from four mines in Rus-
sia. The chemical composition and size dis-
tribution of the products are summarized in
Table 1. The experimental procedure included
the “contamination” of samples with a speci-
fied quantity of gold. Then, a fraction of each
sample was divided into two parts. One part
was analyzed by direct fire assay with atomic
absorption spectrometry (AAS) finish while an-
other part was subjected to high-temperature
washing followed by the analysis of a resulting
solution and the fire assay of a washed sample
with AAS finish.

Preparations. All cyanidation tailings had
been produced during “standard” static labo-
ratory experiments under the following condi-
tions: each subsample mass of 1.00 kg; tem-
perature of 22-24°C; pH (slurry) = 10.8-11.2
(adjusted by the addition of CaO); NaCN con-
centration of 1-2 g/dm3; liquid-to-solid ratio
(L/S) = 2:1; cyanidation time of 48 h; fresh
activated carbon addition of 10 vol. %.

After “standard” cyanidation at room tem-
perature, activated carbon had been replaced
by fresh adsorbent followed by high-tempera-
ture treatment under the same conditions
except temperature (85-90°C) and time
(3 hours). Then, activated carbon was again
replaced by fresh one followed by the second
stage of high-temperature treatment. The pur-

pose of these manipulations was to maintain
the integrity of the experiments, i.e. to maxi-
mize the recovery of adsorbed gold from cyani-
dation tailings. The tailings of high-tempera-
ture treatment contained 0.33-2.76 g/t of
gold. It was presumed that this gold was fine-
ly disseminated in minerals and could not be
leached with cyanide.

After the separation of activated carbon,
the slurry was cooled and sampled (~10% of
the slurry volume) for the analysis of gold con-
tent in solid and liquid phases (3 replicates),
see Table 1. The gold concentration in the
liquid phase was below the detection limit
(<0.005 mg/dm?3) and assumed as 0 mg/dm?3
in calculations.

Main experiments. The cake of each cy-
anidation tailings slurry sample was divided
into 5 equal parts (0.18 kg of solids each) and
mixed with the various quantities of synthetic
Na[Au(CN),] solution containing 86.2 mg/dm?3
of gold. Then, the samples were agitated at
room temperature for 48 hours to adsorb gold
by the solid phase. After agitation, 1/2 (0.09 kg
of solids) of each slurry sample was collected
and filtered using a Buchner filter funnel. The
filtrate was subjected to AAS for gold analysis.
The wet cake was weighted, dried to a constant
mass at 105°C, and analyzed for initial mois-
ture content calculated by weight loss. The dry

Table 1. Characteristics of the studied carbonaceous preg-robbing cyanidation tailings
Tabaunua 1. XapakTepucTMKu UCCAEAOBAHHbBIX YTAUCTBIX COPOLIMOHHO-aKTUBHbIX XBOCTOB LIM@HWMPOBaHMSA

Product characteristics Value
Qre . Ore cyanidation | Tailings of gravity Tailings of flotation
cyanidation ) . s concentrate
Product s tailings - tailings cyanidation S
tailings - Mine 2 ~ Mine 3 cyanidation -
Mine 1 Mine 4
Name Product 1 Product 2 Product 3 Product 4
SiO2, % 67.8 76.4 61.9 41,5
Al,O3, % 14.2 12.4 18.4 11,2
Component Feiwr, % 3.40 4.18 1.16 15,4
P Ser, % 0.40 0.55 0.27 11,9
Corg, % 0.34 0.60 0.52 2,8
Au*, g/t 0.33 0.56 0.45 2,76
Mass fraction of -0,071 mm size, % 89 94 95 98
Mass fraction of -0,16 mm size, % 100 100 100 100
Slurry L/S 2:1 2:1 2:1 2:1
Slurry pH 10,9 11.0 11.2 11.0
NaCN3concentrat|on in liquid phase, 12 18 15 11
g/dm
Au concentration in liquid phase,
3 <0.005 <0.005 <0.005 <0.005
mg/dm

Note: Au content after two stages of cyanidation tailings treatment by high-temperature adsorption process.
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cake was subjected to gold fire assay with AAS
finish (3 replicates); the results were averaged.

The second part of each “gold-contaminat-
ed” sample (0.09 kg of solids) was washed at
high temperature to recover adsorbed gold into
solution and calculate the quantity of recovered
Au. For this purpose, the slurry was heated to
90°C and retained at this temperature for 10
min. Then, the slurry was collected and filtered
using a heated Buchner filter funnel and washed
with 0.20 L of water heated to 90°C combin-
ing barren and washing filtrates. After measur-
ing the volume of each combined filtrate, it was
subjected to AAS for gold analysis. The washed
cake was dried to a constant mass at 105°C
and subjected to gold fire assay with AAS finish
(3 replicates); the results were averaged. The gold
content in the solid phase before washing was
calculated summing precious metal contained in
filtrate and washed cake and normalized to the
initial sample mass. Table 2 summarizes the re-
sults of gold washing from the solid phase.

3.5
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2.5 y = 10.33%089

R2=0,99
2.0 [y=8.66x062 '
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15
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0.5

0.0 ¢

0.00 0.10

y = 1.57x057

0.20
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The time of bullion smelting was 45 min at
1080°C. Flux composition was as follows (per
25 g of a sample): 40 g of lead oxide, 120 g
of soda, 30 g of borax, 3 g of metallic iron,
and 3 g of flour. The time of cupellation was
45 minutes at 905°C. The resulting gold
beads were dissolved in aqua regia followed
by AAS of solutions.

RESULTS AND DISCUSSION

Table 2 presents the results of sample
“contamination” with gold. Adding a specified
amount of Na[Au(CN),] was used to determine
the correct isotherm of gold adsorption by the
solid phase and organic carbon directly under
cyanidation conditions, i.e. without the pre-
liminary removal of carbonaceous matter and
at a characteristic composition of salt in the
slurry liquid phase. The isotherms are shown
in Fig. 1 and Fig. 2.

Fig. 1 a indicates that the fraction of ad-
sorbed gold was 0.1-0.4 g/t, 0.2-0.8 g/t,
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Fig. 1. Isotherms of gold adsorption by the solid phase of cyanidation tailings (a) and natural organic carbon in cyanidation

tailings (b)
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Table 2. Results of experiments on carbonaceous cyanidation tailings “contamination” with sodium dicyanoaurate
Tabauua 2. Pe3yAbTaThl ONbITOB MO «3apaXeHnto» YIAMCTOCOAEPXKALLMX XBOCTOB LIMAHWPOBAHUSA AMLMaHOaypaToM

HaTpus
Experimental Design
Produced by fll'_tratlon after Added Au
an experiment .
- . Adsorbed Au undetermined
_ Added Auin Au in cake by fire assay
Experiment | Au for Au Filter cake (Igy Au Iqss
No. solid |concentration ! ke by fire in liquid
phase, in liquid mg?sttejre assay phaseand | gper1t| gper1lt
g/t phase, o | with | residual cake | of solid | of organic| g/t %
mg/dm3 content,% AAS, | moisture), g/t | phase | carbon
g/t
Product 1
1
(blank) 0 0 16.2 0.33 0.33 0 0 0 0
2 0.33 0.015 175 0.54 0.63 0.30 88 0.09 31.1
3 0.67 0.029 15.5 0.71 0.95 0.61 180 0.24 | 39.1
4 1.00 0.054 18.9 0.93 1.23 0.89 262 0.30 | 33.3
5 1.30 0.073 17.0 1.14 1.50 1.16 340 0.36 | 30.8
Product 2
6
(blank) 0 0 14.3 0.56 0.56 0 0 0 0
7 0.33 0.008 14.7 0.70 0.88 0.31 52 0.18 | 56.6
8 0.67 0.023 18.4 0.90 1.19 0.62 104 0.29 | 455
9 1.00 0.035 15.0 1.08 1.50 0.93 155 0.42 | 445
10 1.30 0.058 15.5 1.37 1.76 1.19 198 0.39 | 32.3
Product 3
11
(blank) 0 0 14.3 0.46 0.45 0 0 0 0
12 0.33 0.037 15.5 0.62 0.71 0.26 49 0.09 | 35.3
13 0.67 0.13 17.2 0.73 0.89 0.41 79 0.15 35.2
14 1.00 0.18 16.9 0.94 1.13 0.64 123 0.18 | 26.8
15 1.30 0.26 16.8 1.04 1.28 0.78 150 0.24 | 29.3
Product 4
16
(blank) 0 0 19.1 2.75 2.78 0 0 0 0
17 0.99 0.073 20.8 3.19 3.62 0.84 30 0.43 | 50.2
18 2.01 0.11 17.6 3.74 4.57 1.79 64 0.83 | 45.9
19 3.02 0.23 17.9 4.17 5.37 2.56 91 1.20 | 45.9
20 3.88 0.31 18.3 5.13 6.09 3.26 116 0.96 | 28.8

and 0.3-1.1 g/t at an Au concentration in the
liquid phase of 0.01 mg/dm? (typical for cyani-
dation tailings from existing mines), 0.03 mg/
dm3, and 0.05 mg/dm?3, respectively. It should
be noted that this fraction is quite significant
and represents direct gold losses with cyani-
dation tailings caused by preg-robbing. In oth-
er words, this gold would have been recovered
without preg-robbing.

As Fig. 1 b illustrates, the K factor of Fre-
undlich isotherms (Au concentration (mg/
dm?3) of the liquid phase vs. Au content (g/t)
in carbonaceous matter) for organic carbon

https://ipolytech.elpub.ru

was 303-3037. K value for activated car-
bon typically varies from 3,000 to 30,000.
It means that preg-robbing is only one order
of magnitude lower for natural organic car-
bon than activated carbon. However, a larg-
er quantity of natural carbonaceous mat-
ter in the feed (proportional to the process
streams of activated carbon and natural
carbonaceous matter in a cyanidation plant)
resulted in significant adsorbed gold losses
with cyanidation tailings.

From 30.8% to 56.5% of adsorbed gold
(38.2% on average) was not determined in

127



https://ipolytech.elpub.ru

2025.T.29.Ne 1. C. 123-132

ISSN 2782-4004 (print)

IPolytech Journal 2025;29(1):123-132

“contaminated” samples by direct fire assay
with AAS finish.

Table 3 summarizes the results of the
experiments on the high-temperature wash-
ing of adsorbed gold from cyanidation tail-
ings to improve the accuracy of fire assay.
The combined filtrates from washing con-
tained 0.073-0.82 mg/dm?3 of gold. It is

ISSN 2782-6341 (online)

higher than the gold concentration in the
initial liquid phase (0.015-0.31 mg/dm?3),
even at the ~1.8-times dilution of solutions
using washing water, and confirms the re-
covery of gold from carbonaceous matter.
The washed solid phase contained less gold
(0.34-3.04 g/t) than the solid phase with-
out washing (0.54-5.13 g/t, see Table 2)

Table 3. Results of experiments on high-temperature washing of adsorbed gold from carbonaceous cyanidation

tailings

Ta6auua 3. Pe3ynbTaThl OMbITOB N0 BbICOKOTEMMNEPATYPHOI OTMbIBKE COPBMPOBAHHOIO 30A0Ta U3

YIAUCTOCOAEPXALLMX XBOCTOB LMaHNPOBAHUA

Experimental Design
Added before each Produced after each experiment by
experiment slurry filtration Au content
in initial Added Au
Experiment Initial Au Au content solid undetermined
Initial Au . Final Au . phase by | by washingand
No. content concentration Combmed concentration | " washgd balance |washed cake and
I Solid 11 liquid phase, | M18% lin jiquid phase, | @K€ Y i€ | (washed | solution analysis
phase, 3 volume, L 3 assay with
mg/dm mg/dm cake +
gt AAS, &/t |filtrate), g/t
gt | %
Product 1
21
0.33 0 0.364 0 0.34 0.34 0 0
(blank)
22 0.63 0.015 0.359 0.073 0.34 0.60 0.03 10.6
23 0.95 0.029 0.360 0.15 0.37 0.91 0.04 5.7
24 1.23 0.054 0.352 0.21 0.41 1.12 0.11 12.3
25 1.50 0.073 0.371 0.25 0.45 1.33 0.17 14.2
Product 2
26
0.56 0 0.367 0 0.54 0.54 0 0
(blank)
27 0.88 0.008 0.353 0.071 0.58 0.84 0.03 10.5
28 1.19 0.023 0.355 0.15 0.59 1.14 0.05 8.5
29 1.50 0.035 0.371 0.20 0.62 1.37 0.12 13.0
30 1.76 0.058 0.351 0.28 0.68 1.66 0.10 8.4
Product 3
31
0.45 0 0.363 0 0.45 0.45 0 0
(blank)
32 0.71 0.037 0.363 0.079 0.45 0.69 0.02 7.0
33 0.89 0.13 0.374 0.16 0.47 0.87 0.01 2.7
34 1.13 0.18 0.370 0.22 0.51 1.05 0.07 10.7
35 1.28 0.26 0.354 0.31 0.50 1.20 0.08 10.2
Product 4
36
2.76 0 0.363 0 2.80 2.80 0 0
(blank)
37 3.62 0.073 0.362 0.20 2.85 3.51 0.12 13.3
38 4.57 0.11 0.350 0.44 2.90 4.39 0.18 10.0
39 5.37 0.23 0.345 0.72 2.97 5.27 0.10 3.7
40 6.09 0.31 0.373 0.82 3.04 5.82 0.27 8.1
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Fig. 2. Fraction of adsorbed gold undetermined by direct fire assay according to the standard procedure vs fraction of adsorbed

gold analyzed using high-temperature washing

Puc. 2. 3aB1CUMOCTb AOAM COPOMPOBAHHOIO 30A0Ta, HEOMPEABASEMOro MPOBMPHbLIM aHaAM30M, M0 CTaHAAPTHON METOAMKE U
10 METOAMKE C MPEeABapUTEAbHOMN BbICOKOTEMMEPATYPHON OTMbIBKOH 30A0Ta

as specified by the analysis data. However,
the head gold content was higher in the ini-
tial solid phase without washing (0.60-5.82
g/t) by balance calculations than by direct
analysis and closer to actual values deter-
mined by the amount of gold added in the
experiments.

From 2.7% to 14.2% of gold (9.3% on
average) was not determined in the “con-
taminated” samples by high-temperature
washing followed by the analysis of solu-
tions and washed cake as well as by balance
calculations. It means that the proposed
procedure reduced the fraction of such
gold from 38.2% to 9.3% on average, or by
4.1 times.

Fig. 2 shows the fraction of adsorbed gold
undetermined by direct fire assay with AAS fin-
ish and by the proposed procedure as a func-
tion of the amount of adsorbed gold in the sol-
id phase.

CONCLUSIONS

Gold losses due to preg-robbing were esti-
mated using the isotherms of gold adsorption
by carbonaceous matter. The value of loss-
es varied from 0.1 g/t to 1.1 g/t for the slur-
ry liquid phase with a gold concentration of
0.01 mg/dm?3 to 0.05 mg/dm? which is typical
for cyanidation tailings from existing mines.
The data and the procedure can be used in
the scientific and engineering studies of new
gold-bearing materials.

The paper describes a new procedure for
the analysis of gold in the liquid phase of car-
bonaceous cyanidation tailings. The advantag-
es of the procedure include less measurement
error compared to standard fire assay; the er-
ror was reduced from 38.2% to 9.2% during
the experiments. The procedure can be used
in existing mines for a more accurate estima-
tion of actual gold losses with carbonaceous
cyanidation tailings.
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f'MapoTepmanbHoe B3aumoaeucTeue cpanepura ¢ pactsopamu
cyanbdata MmeAU B NPUCYTCTBUU AMTHOCYAbJOHATA HaTpPUA

Y.P. lWapunosa?!, M.A. Tpetbak®“, K.A. Kapumog?, A.A. PoroxxHukos*
4YpanbCckuii peaeparbHbii YHUBEPCUTET MMeHM nepBoro lpeauaeHTta Poccun b.H. EabLmnHa, EkaTtepuHbypr, Poccus

Pesrome. Lenb - nccnepoBaHme adGEKTMBHOCTH BBEAEHMSA NOBEPXHOCTHO-aKTUBHOIO BELLECTBA — AUTHOCYAbGOHA-
Ta HaTpUs — B NPOLLECC rTMAPOTEPMANLHOM 06paboTku CyabdMAa LMHKA pacTBOpamMu cyabdaTta Mean. PacTBopbl aHaAU3K-
pPOBaAW ONTUKO-3MUCCUOHHBIM CMEKTPAAbHbIM METOAOM, KEKM — Ha BOAHOBOM PEHTIEHODAYOPECLEHTHOM CNIEKTPOMETPE
ARL ADVANT’X. O6paboTka NoAyYEeHHbIX A@HHbIX MPOBOAMAACH C MCMOAB30BAHWEM MAKETOB NPUKAAAHBIX Nporpamm: MS
Excel, OriginPro u Statgraphics. AHaAM3 pa3mepa YacTuL, OCYLLECTBASIACA METOAOM Aa3epPHOM AMdpaKkLMmK Ha npubope
Bettersize ST. M3yueHa adpHEKTUBHOCTb AOBABAEHUSI AMTHOCYAbGOHATA HATPWS Ha FTMAPOTEPMAABHOE M3BAEUEHME LIMHKA
u3 chaneputa. YCTaHOBAEHO, UTo A0BaBKa AQHHOIO NOBEPXHOCTHO-aKTMBHOIO BELLECTBA YAYULLIAET OCAXAEHWE MEAMU Ha
NOBEPXHOCTU cdhanepuTa, YTo MOBbLILLAET YPOBEHb U3BAEUYEHUS LIMHKA B PAcTBOP. BbIAO M3yUEHO BAUSIHUE CAEAYHOLLMX
napameTpoB: KoAMUecTBa AUrHocyAbdoHata (0-1 r/ame), Temnepatypbl (180-220°C), KOHLEHTPALIMI CePHOWM KUCAO-
bl (10-30 r/aM3) 1 Mmeam (6-24 r/am3); BbIABAEHbI ONTUMAAbHbIE YCAOBUS AASI MAKCHMAAbHOTO M3BAEUYEHUA LIMHKA
(55-71%) B NpOAYKTMBHbIM pacTBOp M ocaxaeHUsa meam (45-83%) Ha keke. lNoka3aHo, YTo NoBbILLEHKE TeMNnepaTypbl
CnocobCTBYET YBEAMUEHMIO CKOPOCTU PeaKLMK U PacTBOPMMOCTU METAAAOB. BbISIBAEHO, UYTO UBMEHEHWE KOHLIEHTPALMN
CEPHOM KUCAOTbI U MEAM BAMSIET HA paBHOBECHE peakumi 1 aPpGEKTUBHOCTb M3BAEUYEHNS LIMHKA B PACTBOP U OCaXAEHWE
MeAM M3 pacTBopa. B xoae NpoBeAEHHbIX 9KCMEPUMEHTOB YCTaHOBAEHb! ONTUMaAbHbIE NapamMeTpbl TMAPOTEPMaAbHOM
06paboTKK: KOHLEHTPaLUMA AMTHOCYAbdOHaTa — 0,25 r/am3, Temnepatypa — 220 °C, KOHLEHTPALUS CEPHOM KUCAOTbI —
10 r/am3, HayaAbHasa KOHUEHTpauusa mean — 15 r/am3. Mpun AaHHbBIX NapameTpax 3a 120 MUH B pacTBOP U3BAEKAETCA
74% uMHka 1 ocaxpaetcs 83% mean Ha keke. TakuM 06pa3oM, BbISBAEHO MOAOXMTEABHOE BAMSIHUE AUTHOCYAbGOHaTA
HaTpWA Ha NPOLIECC MTMAPOTEPMaNbHOM 06paboTKKn chanepuTa: BBEAEHWE AaHHOW A0BaBKM B KOAMUecTBe He bonee 0,25
I/ AM3 MHTEHCMOULIMPOBAAO NPOLECE, yeKopsia 06paboTky coaneputa B 1,5-2 pasa.

KaroyeBble cA0Ba: aBTOKAAB, TMAPOTEPManbHas 06paboTka, charepuTt, AMTHOCYAbGOHAT HATPUS, MEAb

®uHaHcupoBaHMe. Viccrep0BaHME BbIMOAHEHO B pamMkax npoekta POCCUMMCKOro HayudyHoro ¢oHpa Ne 22-79-
10290. AHaAUTUYECKNE UCCAEAOBAHUSA BbINMOAHEHbBI NPU GUHAHCOBOM Nopaepxke foc3apaHusa PO no MpaHty Ne 075-
03-2021-051/5 (FEUZ-2021-0017).

Ansa uuntupoBaHusa: LLlapunosa Y.P., Tpetbsik M.A., Kapumos K.A., PoroxxHukoB A.A. TMAPOTEPMAAbHOE B3auUMO-
AevicTBME chanepuTa ¢ pactBopamu cyabdata Mear B MPUCYTCTBMU AUITHOCYAbGOHaTa Hatpusa // iPolytech Journal.
2025.T. 29. Ne 1. C. 133-147. https://doi.org/10.21285/1814-3520-2025-1-133-147. EDN: IQOOPV.

METALLURGY
Original article

Hydrothermal interaction of sphalerite with copper sulfate
solutions in the presence of sodium lighosulfonate

Uliana R. Sharipova?, Maksim A. Tretiak®, Kirill A. Karimov?,
Denis A. Rogozhnikov*

4Ural Federal University named after the first President of Russia B.N. Yeltsin, Ekaterinburg, Russia

Abstract. The present paper aims to study the efficiency of using sodium lignosulfonate surfactant for hydro-
thermal treatment of zinc sulfide with copper sulfate solutions. The solutions were analyzed by the optical emis-
sion spectral method; an ARL ADVANT’X wave X-ray fluorescence spectrometer was used to study cakes. MS Excel,
OriginPro, and Statgraphics software packages were used for data processing. Particle size was determined using
a Bettersize ST laser diffraction particle size analyzer. We have studied the effect of sodium lignosulfonate on the hy-
drothermal extraction of zinc from sphalerite. The addition of this surfactant enhances the precipitation of copper on
the sphalerite surface, thus increasing the degree of zinc extraction into the solution. Effects of temperature (180-
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220°C) and concentration of lignosulfonate (0-1 g/dm3), sulfuric acid (10-30 g/dm?), and copper (6-24 g/dm?)
has been studied; optimal conditions for the maximum zinc extraction of 55-71% into the pregnant solution and
copper cake precipitation of 45-83% were identified. Elevated temperatures increase the reaction rate and solu-
bility of metals. Changes in the concentrations of sulfuric acid and copper affect the equilibrium of reactions and
the efficiency of copper precipitation and zinc extraction into the solution. The performed experiments have result-
ed in the optimal parameters of hydrothermal treatment: 0.25 g/dms2 lignosulfonate concentration, 220°C tem-
perature, 10 g/dms3 sulfuric acid concentration, and 15 g/dm3 initial copper concentration. For these parameters,
74% of zinc is extracted into the solution in 120 min and 83% of copper is deposited on the cake. Thus, the effect
of sodium lignosulfonate on the hydrothermal treatment of sphalerite can be stated as positive: the concentration

of this additive below 0.25 g/dm?3 accelerates sphalerite treatment by 1.5-2 times.

Keywords: autoclave, hydrothermal treatment, sphalerite, sodium lignosulfonate, copper
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BBEAEHUE

CoBpeMeHHble TEXHOAOTMM nepepaboTku
MEAHO-UMHKOBbIX PYA, COAEPXaLLMX MUHEPAADI
XaAbKOMUPUT U CHaNepuT, NPEACTaBAAIOT CO-
60M CAOXHbIE U MHOFOCTYNeHYaTble NPOLIECCHI,
HanpPaBAEHHblIE HA CEAEKTMBHOE W3BAEUYEHUE
MEAM, LUMHKa U APYTMX LEHHbIX KOMMOHEHTOB
[1]. B nocaepHue AecaTUAETUSs HabAtopaeTcs
3HAUMTEABHOE YCAOXHEHWE cocTaBa AOObIBae-
MOr0 MEAHOIO Y MEAHO-LIMHKOBOTO Cbipbs. Mpo-
6AEMbI, BO3HUKAOLLUME NPY 060ralleHnr Takmx
PYA, YaCTO CBSA3aHbl C B3aUMHbIM BKPaNAEHUEM
4aCTUL, OCHOBHbIX MUHEPAAOB, UTO 3aTPyAHSIET
X paspeneHre. Hanpumep, XaAbKONUPUT U
cdanepuT HaxoAATCS B TECHOM CBA3M, UTO TPeby-
€T NPUMEHEHUA BOAee CAOXHbIX METOAOB pas-
AEAEHUA. K TOMY Xe HaAMuMe HeXenaTEeAbHbIX
NPUMECEN, TAKUX KaK MbILUbAK, MOXET 3Ha4u-
TEAbHO YXyALLIATb KQUECTBO KOHEYHOIO MPOAYKTa
N YCAOXHATb TEXHOAOTMYECKME npoLeccehl [2, 3].
YyeHble N0 BCEMY MUPY aKTUBHO TPYAATCHA HaA
pa3paboTKoM HOBbIX TEXHOAOTUI NepepaboTku,
HanpPaBAEHHbIX Ha MOBbILEHNE 3PPEKTUBHO-
CTW M3BAEUYEHUSA METAAAOB U3 CAOXHbIX PYA. UTO
BKAOUAET B cebs Kak yCOBEPLLUEHCTBOBAHWE
TPAAMLMOHHbBIX METOAOB GAOTaLMK U rpaBuTa-
LIMOHHOro oboralleHus, Tak U BHEAPEHUE WH-
HOBALMOHHbIX MOAXOAOB, TAKUX KaK rMApPOME-
TanAyprust U buonepepaboTka.

MupomMeTanrypruyeckme TEXHOAOTUK, Ta-
KMe Kak pyAHas NAaBKa U 00XuUr, MO-NpexHemy
3aHUMALOT LEHTPAAbHOE MEeCTO B MeTaAAypru-
YeCKMx cxemax nepepaboTku, SBAAACb OCHOB-
HbIM cnocobomM NoAyvyeHuUst MeTannoB. Hanpu-
Mep, AR NepepaboTkn BEAHBIX PYA C BbICOKUM
CoAEpXaHMEM NMPUMECEN YCAOXHAETCs anna-
paTypHas cxema no npMuMHe BBEAEHUS HOBbIX
onepauunin, TPebyLWMX 3HAUUTEAbHbIX Kanwu-
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TaAbHbIX 3aTpaT (B YaCTHOCTWU, OUUCTKMU MbIAE-
W ra3oBblHOCA OT HEXeAaTEeAbHbIX SAEMEHTOB
- MblWbsAKa, CYpbMbl U T.A., AMOO BTOPUUHOM
nepepaboTkM LAAKOB), YTO B WTOre MOXET
NPUBECTU K MOHMXKEHUID 3KOHOMWYECKON 3¢-
GEKTUBHOCTM MMPOMETAANYPrMUYECKUX npoLec-
cos [4, B].

Cpean rMpApOMETAANYPIrUUYECKUX TEXHOAOTUN
nepepaboTkn MEAHO-LMHKOBOIO CbiPbS B MU-
POBOM MPOMbBILUAEHHOCTU OAHWM W3 pacrnpo-
CTpaHEHHbIX METOAOB SBASETCS aBTOKAABHOE
BbllleraunBaHue [6-9]. OAHMM M3 YaCTHbIX
CAyYyaeB aBTOKA@BHOrO BbllLEAAYMBAHUS AB-
ASIETCS  TMApoTepManbHas obpaboTtka (I'TO),
KOTOPas UCMOAB3YETCS HE TOAbKO AAA oboralle-
HUA MEAHbIX KOHLEHTPATOB, HO U AAS YAAAEHUS
HeXeAaTeAbHbIX NPUMECEN, TaKMX Kak UMHK,
XEAe30 U MblllbsiK. MHOrMe nccaepoBaHms no
npumeHeHuto FTO noatTBepxaatoT 3ddPeKTUB-
HOCTb B3aUMOAEWCTBUS MEAHbIX KOHUEHTpa-
TOB C pacTBopamMu cyabdata mepmn [10-14],
rA€ NPeMMYLLLECTBEHHO B pacTBOP U3BAEKAOT-
ca Fe, Zn u ppyrue metannbl, a Cu 13 pactBo-
pa ocaxpaeTcs Ha Keke, obpasya BTOPUYHbIE
CcyAbOUADI, TEM caMbiM oboralas kek no Cu Ao
50-60%. B yactHOCTH, B3anMOAENCTBUE Cha-
Aeputa (ZnS) u nuputa (FeS,) ¢ pactBopammu
CuS0O,4 nNpuBOAMT K 06pa3oBaHUIO BTOPUUHbIX
cynbdnpoB Meau (CuS, Cu,S) [11-16] no peak-
unamm (1)-(4):

ZnS + CuS04 — CuS + ZnS04 (1)
5ZnS + 8CuS0,; + 4H,0 — Cu,S +
+ 57ZnS04 + 4H,S04 (2)

FeS, + CuSO4 = CuS + FeS0, +S°  (3)

4FeS, + 7CuS0,4 + 4H,0 = 7CuS +
+ 4FeS0,4 + 4H,S0, (4)

https://ipolytech.elpub.ru



https://ipolytech.elpub.ru
https://doi.org/10.21285/1814-3520-2025-1-133-147
https://elibrary.ru/iqoopv

LWapunoBa Y.P., Tpetbsak M.A., KapumoB K.A. n Ap. [1apoTepManbHOe B3aUMOAENCTBUE CharepuTa C pacTBopamm Cyabdara...

Sharipova U.R., Tretiak M.A., Karimov K.A., et al. |-V curves for detecting faults of operating photovoltaic modules...

AeTanbHble KMHETUYECKME WCCAEAOBaAHUS
3TOro MexaHu3mMa NPoBeEAEHbI aBTOpaMu pabo-
Tbl [11], KOTOpbIE AOKA3aAW ABYXCTYMeEH4YaToe
npoTekaHue peakuuMm obpas3oBaHWS BTOPUY-
HbIX CYAbOMAOB MEAM Ha MOBEPXHOCTU chane-
puta C XapakTtepHbiMU AUGPY3MOHHBIMU 3a-
TPYAHEHUSMMU.

McnoAb30BaHUE MOBEPXHOCTHO-aKTUBHbIX
BELLECTB B aBTOKAABHbIX Mpoueccax no3Bo-
ASIET NOBbLICUTb MOKa3aTeAU BbllLEAAUMBAHUSA
meTannoB (Cu, Fe, Zn, Ni) n3 CyAbOUAHbBIX
MuHepanoB (CuFeS,, FeS,, Fe;Ss, ZnS, NiS)
[17-20].

BBeaeHMe B NPoLIECC OTXOAOB LIEAAKOAO3-
HO-OYMa)XHOM MPOMBbILLIAEHHOCTU, @ WMEH-
HO TEXHWUECKOr0 AMFHOCYAbPOHATa HaTpus
(ACH) B KauecTBe MOBEPXHOCTHO-aKTUBHOIO
BellecTBa, MOXeT cnocobcTBOBaTb WHTEH-
cudmnkaumn npouecca TO Kak nNo M3BAe-
UEHUIO LMHKa M3 KOHUEHTpaTa B pacTBOp B
BMAE cyAbdaTta UMHKa (ZnS0,), Tak n obpa-
30BaHUIO BTOPUUHbIX CyAbOMAOB Meaun (CuS,
Cu.S) B Keke.

Llenbto pAaHHOM paboTbl ABASETCA UCCAEAO-
BaHWe 3pPEKTUBHOCTM BBEAEHMA MOBEPXHOCT-
HO-aKTMBHOIO BellecTBa - AMIHOCYyAbpOHaTa
HaTpUs - B NPOLECC TMAPOTEPMAAbHOM 0bpa-
60TKM CyAbOMAAQ LUMHKA pacTBopaMu cyAbdaTa
MEAMN.

MATEPUAADBI U METOAbI UCCAEAOBAHUA

NcecaepoBaHUS INEMEHTHOMO cocTaBa MC-
XOAHOMO Cbipbsi U TBEPAbIX MPOAYKTOB FMAPO-
TepManbHOM 06paboTkM MPOBOAMAM Ha YCTa-

HoBke ARL ADVANT’X (Thermo Scientific, CLLIA)
- METOA PEHTTEHOPAYOPECLIEHTHON CMEKTPO-
MeTPUU. XMMUYECKUIA COCTaB MCXOAHOM XKUA-
KOM ¢a3sbl U KOHEUYHbIX PACTBOPOB OMpPeAens-
AN METOAOM aTOMHO-3MWCCUOHHOW CMEKTPO-
MeTpun Ha yctaHoBke ASC-UCTI, Expec-6500
(Kutan). Pacnpeaenerune yactuu, no ppakumsam
ONpeAensinu Aa3epHoOr aMdpakuMen Ha ycTa-
HoBKe Bettersize ST, Bettersize Instruments
Ltd., Kutan.

O6bEeKT UCCAEAOBAHUI — MUHEpPaA chane-
PUT YYaAUMHCKOrO MecTopoxaeHus (Yensbuh-
ckaa obaactb, Poccus). MuHepan npepBapu-
TEAbHO ObIA M3MEAbYEH A0 KpynHocTU 95%
(-0,075 Mm). [paHyAOMETPUUYECKMK aHaAU3
NPEACTaBAEH Ha puc. 1, AMdbpakUMOHHOE pac-
NPEeAEAEHUE YacTuL, N0 PPaKLMSAM NPMBEAEHO
B TabA. 1. SAeMEHTHbI aHaAU3 UCXOAHOIO MU-
Hepana NpeACTaBAEH B TabA. 2.

B cBSI3u C OrpaHWYEHHOM AOCTYMHOCTbIO
BbICOKOOUULLEHHOTO MUHEpPaAa CyAbOUAA LIMH-
Ka (ZnS) B NPUPOAHbLIX YCAOBMSAX, MPUOPUTET-
HbIM HanpaBAeHWEM AaBOPaATOPHbIX MCCAEAD-
BaHWK CTaAO NAAHUPOBAHUE 3KCMNEPUMEHTOB,
HanpaBAEHHbIX Ha OUEHKY 3¢$PEKTMBHOCTH
pa3paboTaHHOro MEeToAA M3BAEUEHWUSI METAA-
AMUECKOTO LMHKA M3 PYAHbIX MatepyanoB W
KOHUeHTpatoB ¢ npumeHeHnem NACH. OcHoBs-
HO€E BHMMaHMWE YAEAIAOCb ONTUMM3ALUK TEXHO-
AOTUYECKMX NapaMeTpoB Mpouecca, BKAKOUASA
BbIOOP peareHToB, TeMNepPaTypPHbIX PEXUMOB,
BpeMeHu 06paboTkn 1 ApyrMx ¢pakTopoB, BAW-
AOLWMX Ha CTENEHb U3BAEYEHUA LEAEBOMO Me-
TaAAa.
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Puc. 1. [paHYAOMETPUYECKMI aHaAn3 npobsl chareputa
Fig. 1. Granulometric analysis of the sphalerite sample
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Tabanua 1. AndpakuMoHHOE pacnpeaseneHre npobbl chaneputa

Table 1. Diffraction distribution of the sphalerite sample

d. MKM 0,00- 0,50- 1,00- 2,00- 5,00- 10,00- | 20,00- | 45,00- | 75,00- | 100,00-
! 0,50 1,00 2,00 5,00 10,00 20,00 45,00 75,00 | 100,00 | 200,00
% 0,39 1,91 3,88 10,34 13,78 22,25 30,93 13,72 2,52 0,28
Tabauua 2. XuMnyecknin coctaB npobbl chareputa
Table 2. Chemical composition of the sphalerite sample
AAeMeHT Zn Fe S Mpouee
CopepxaHue, % macc. 56 1 38 5

YuntblBaa BbllleyKa3aHHOE OrpaHuvyeHue
UMEILLErocs KoAMYecTBa Matepuana (ZnS),
6bina BbibpaHa AabopaTopHas ycTaHOBKa, Mo-
3BOAAIIOLLAA MPOBECTU OOAbLLIEE KOAMUYECTBO
OMbITOB AASI M3YUYEHUS LUMPOKOro AManas3oHa
AAHHbIX. YCTAHOBKa COCTOUT M3 ABYX OCHOBHbIX
yacTen: rOPU3OHTAAbHOM NMEUN U FTEPMETUYHbBIX
TUTaHOBbIX PeakTopoB. Meub (puc. 2 a) obecne-
yMBaET HEOBXOAMMbIN TEMMEPATYPHbIN PEXUM,
a peakTtopbl (pUc. 2 b) NO3BOAAIOT MPOBOAUTL
3KCNEPUMEHTbI B YCAOBUSX, MCKAKOUAIOLLMX
AOCTYI KUCAOPOAQ, UTO KPUTUUYHO AASI MPOLEC-
ca rupporepmanbHOM 06pabotkn. Peaktopbl
nmetror o6bem 50 cM® 1 COCTOSIT U3 CTakaHa ¢
KPbILLKOWM Ha pe3bbe, a Takxe GToponAacToBOM
NPOKAAAKM C KOP3UHKOM AAST MaTepuana. Takas
KOHCTPYKUMA MNO3BOASIET M3b6exaTb KOHTaKTa
MEXAY MaTepuaAOM U PacTBOPOM MpU BEPTU-
KaAbHOW YCTAHOBKE CTakaHa B Meuu, UYto paeT
BO3MOXHOCTb KOHTPOAMPOBATb HA4YaAO peak-
LMK A0 AOCTMXEHMSA 3aAaHHOM TemnepaTypbi.
Temnepatypa B peaktopax aBTOMaTUYECKN pe-
ryampyetcsi GAOKOM ynpaBAEHUSI C TOYHOCTbIO
+2°C 1 uamepseTca ¢ NOMOLLbIO TepMonapbl.

HaBecky muHepana maccon 0,5 r nome-
lWwaAn Bo GTOPONAACTOBYIO KOP3UHKY. PactBop
C 3aAaHHbIMU KOHLEHTPAUMAMU CEPHOU KMUC-
AOThI, cyabdata meaun (lI) n anmrHocyabdoHata
o6wnm ob6bemom 30 MA 3arpyxaan B peakum-
OHHbIW CTakaH. epep Ha4YaAOM 3KCNEPUMEH-
Ta TUTAHOBbIWM pPeaKkTop yCTaHaBAMBaAAM Ha BaA
rOPU3OHTAAbHOW MeYn B BEPTUKAABHOM MOAO-
XEHUK, Neub HarpeBaAn A0 3apaHHOW Temne-
paTypbl M MNOCAE €€ AOCTUXEHUA 3anyCkKaAu
BpallleHWe BaAa, TEM CaMbiM CMeELIMBAA Ha-
BECKY C PacTBOPOM M GUKCUMPYST HAYaAO 3Kcne-
pumeHTa. 10 3aBepLIEHNM IKCNEPUMEHTaA pe-
aKTOp OCTYXaAn B 06beMe XONOAHOM BOAbI AO
KOMHAaTHOW TemnepaTtypbl, MOAYYEHHYIO MyAbMy
OUABTPOBAAM CaMOTEKOM. N3 MOAYYEHHbIX NPO-
AYKTOB (Keka, ¢uabTparta) GpopmMmrpoBann npo-
Obl AAST XUMWYECKOTO aHaAn3a Ha COAEpPXaHue
LUMHKa, MeAM.
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b

Puc. 2. \abopaTopHas ycTaHOBKa: @ — roOpU30HTaAbHasi neyb;
b - TMTaHOBbLIM peaKTop (aBTOKAGB)

Fig. 2. Laboratory setup: a - horizontal furnace; b - titanium
reactor (autoclave)

PE3YAbTATbl UCCAEAOBAHUA
U UX OBCY)KAEHUE

B pamkax MCCAeAOBaHWS ObIAM U3YUEHBDI
OCHOBHblE NapameTpbl, BAUAIOLLIME HA BbllLE-
AQUYMBaAHME LUMHKA U3 ZNS N OCaXAEHWE MEAU B
BUAE BTOPUUHBIX CyAbOUAOB Meau (CuS, CusS)
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Ha Kek. B uyacTHOCTM, aKCnepuUMEHTbl NPOBO-
AVMAUCH NPU TeMnepaTtype B Aana3oHe ot 180
A0 220°C, ¢ BapbMpyeMOM UCXOAHOM KOHLIEH-
Tpaunen cepHon Kucaotbl oT 10 po 30 r/am3
M CBOOOAHBIX MOHOB MeAn OT 6 A0 24 r/am3.
Bpema peakumm Takxe U3MEHSAAOCb OT 1 A0
120 MUH.

Puc. 3 naaocTpupyet 3aBUCUMOCTb U3BAE-
YEHUSA LIMHKA U OCaXAEHUA MEAMN OT MPOAOAXKM-
TEAbHOCTM NpoLecca NPU Ppas3AMUHOM UCXOAHOM
KoHuUeHTpaumn ACH (0-1 r/am3®) B pactBope.

BansHue pobaBkn ACH Ha nokasateau ru-
ApoTepManbHON 06paboTKn chareputa okasbl-
BaeTca BecbMa 3HauuTEAbHbIM. Tak, HaAMune

70

ACH B pactBope npu npouecce TO cyule-
CTBEHHO YCKOPSIET NPOLECC MTMAPOTEPMANbHOM
06paboTtkn chaneputa B nepsble 40 MUH OAa-
ropapsi CBOMM NOBEPXHOCTHO-aKTUBHbIM CBOW-
ctBaM. pU KOHLEHTpPaLMKU AUFHOCYAbdOHATA
0,25 r/am3® u3BaeveHue uUuHka 3a 120 MuH
COCTaBASIET OKOAO 64%, a OCaXAeHUe Mepn -
6onee 65%. BaxHO OTMETUTb, UTO A0BaBAEHME
NACH 60nee 0,25-1 r/AM3 0Ka3blBaAO HEraTUB-
HOE BAMSIHWE HA WU3BAEYEHWE LIMHKA U OCax-
AEHME MeAU. ATO CBA3AHO C AECTPYKTUBHbIMMU
n3meHenusammn NACH npu temneparypax Bbille
130°C, uTO NOATBEPXAAETCA WMCCAEAOBaHUSA-
MW APYrMX aBTOPOB, GUKCMPOBABLLUX CHUXE-
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Puc. 3. 3aB1CHMOCTb CTENEHMN U3BACUEHUS LIMHKA (@) U 0CaXAEHUSA MeAM (b) OT MPOAOAKUTEABHOCTU MPU PA3HbIX KOHLEHTPALMAX
AMrHocyAbpoHarta Hatpus (t = 200°C, [H.S04]o = 20 r/am?, [Culo = 15 r/am°)
Fig. 3. Degree of zinc recovery (a) and copper precipitation (b) vs experiment duration at different concentrations of sodium

lignosulfonate (t = 200°C, [H2S04]o= 20 g/dm?®, [Cu], = 15 g/dm?3)
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HUe addekTMBHOCTM ACH Npu NoBbILLEHUU €O
KOHLIEHTPaLUKWK B YCAOBUSAX CpeAHETEMMNEPATYP-
HOro aBTOKAABHOIO BbilllerauMBaHua [21]. Ha
OCHOBAHWM NOAYYEHHbIX AQHHbIX, AAST AQAbHEW-
lIMX pacyeToB Obina BblibpaHa onTMMaAbHas
KOHUeHTpauusa ACH - 0,25 r/am3. Pe3yabtathl
CAEAYIOLLMX JKCNEPUMEHTOB AEMOHCTPUPYIOT
3aBUCUMOCTb U3BAEUEHUS LIMHKA M OCaXAEHUS
MeAM OT MPOAOANKMTEABHOCTU NMpPU Pa3AUUYHOM
Temnepatype (180-220°C), uto npeactaBAe-
HO Ha puc. 4.

C yBeAMuyeHUEM TemnepaTtypbl HabArOAQET-
CS1 POCT U3BAEUEHUS UMHKa (puc. 4 a, ¢) 1 ocax-
AeHnsa meaun (puc. 4 b, ¢) B nepBble 60 MUH.
3T0 NoOAUEPKMBAET BaXHOCTb TEMMEPATYPHOroO
KOHTPOAS B MPOLECCe BblLlEAQUMBAHUSA, Tak
kKak 0Oonee BbICOKME TemnepaTtypbl Cnocob-
CTBYIOT aKTMBM3ALMN PeakUmMi U YBEAUUYEHULO

ISSN 2782-6341 (online)

CKOPOCTU M3BAEUYEHUSA METAANOB. [lpn Temne-
patype 180°C un ucnoabsoaHun ACH uepes
40 MUWH B pacTBOp YAAAOCb M3BAeUb 37,9% Zn.
B 10 xe Bpemsa 6e3 pobaBreHna ACH npu Ton
Xe Temneparype 3a 10T Xe MHTEPBAA BPEMEHMU
M3BAEYEHUE ZNn COCTaBUAO AULLIb 16,8%. boaee
TOro, npu Temnepatype 220°C 3a 120 MUH C
ncrnonbzoaHnem ACH HabatopaeTcs noBbiLLe-
HMe ocaxaeHus Ao 81% Cu, B otanumne ot 70%
6e3 npumeHeHunsa ACH.

HecmoTpa Ha BO3MOXHOCTb AAAbHEWLLIETO
YBEAMUEHUS MOKA3ATEAEN M3BAEUYEHUS LMHKA
N OCaXAEHUA MeAM NpU elle 6oree BbICOKMX
TemMnepaTtypax, B HalleM 3KCMepUMEHTEe Cy-
LLLECTBYET PUCK NMOBPEXAEHMA AabopaTopHOro
obopypoBaHus npu npesbiweHnn 220 °C. Mos-
TOMY AASI TOCAEAYHOLLIMX PACUYETOB Mbl GUKCUPY-
em Temnepartypy Ha ypoBHe 220 °C.
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Puc. 4. BAvsiHue npoAOAXUTEABHOCTH Ha M3BAEYEHUE LMHKA (@, C) M ocaxaeHne meau (b, d) npu oTcyTCTBMM (@, b) M HaAUuMK
AMIHOCYAbQOHaTa Hatpus (¢, d) npm pasanuyHoi Temnepatype ([H2SO04lo = 20 r/am3, [Culo = 15 r/am3, [ACH]o = 0,25 r/am?)

Fig. 4. Experiment duration vs degree of zinc recovery (a, ¢) and copper precipitation (b, d) in the absence (a, b) and presence
of sodium lignosulfonate (c, d) at different temperature ([H.S04]o= 20 g/dm?, [Cu]o = 15 g/dm?, [SLS], = 0.25 g/dm®)

Ha puc. 5 npeactaBAeHa 3aBUCUMOCTb U3-
BAEUEHUA LMHKa U3 cdaneputa B pactBOp U
OCaXAEHMSA MEAMN HA KEK OT MPOAONKUTEABHOCTH
SKCNEPUMEHTA NPU Pas3AMUYHOM UCXOAHOM KOH-
LieHTpauum cepHoi kncaotbl (10-30 r/amd).

YBEAMYEHME HAYaAbHOW KOHUEHTpauuu
CEPHOM KWUCAOTbl OKa3blBaeT HeratMBHOE
BAMAHWE Ha CTEMeHb U3BAEYEHWUA LMHKa, a
TakXe Ha OCaXAeHWe MeAU B YCAOBUAX OTCYT-
CTBMA AWUFHOCYAb®OHATa, YTO COOTBETCTBYET
BblBOAAM  MCCAEAOBaATEAEN, MNPEACTABAEH-
HbiM B pabote [21]. B 10 xe Bpems pobaBae-
Hue ACH B cucTtemy Bbi3biBaeT adpdeKT obpart-
HOW 3aBUMCMMOCTU BAUSIHUA CEPHOM KUCAOTbI

Ha U3BAEYEHME METAAAA U OCAXAEHUE MEAU
Ha cdaneput. B TeueHne 60 MUH rnuaportep-
MaAbHOM 06paboTKK chanepuTa NP KOHLLEH-
Tpaumax 10, 20 un 30 r/aAm3 M3BAEKaAIOTCH,
COOTBETCTBEHHO, 62, 66 1 71% unHka. MNpwu
3TOM TaKXe MPOUCXOAUT OCaXAEHUE MEAMH,
pocturatowee 79, 82 1 86% B TeX Xe YCAOBMU-
AX. 9TO CBUMAETEABCTBYET O TOM, YTO YBEAUYE-
HME KOHLEHTPaLUKU KUCAOTbl MOAOXUTEABHO
CKa3blBaeTCsa Ha U3BAEUYEHUU LIMHKA, OAHAKO
pasHuLA B NokasaTeAnslx He ABASETCS 3HAUU-
TEABHOW. AAS AAABHEWMLWIUX 3KCNEPUMEHTOB
6bina BblbpaHa HayaAbHaA KOHLEHTpauusa
CEepPHON KUcAOTbl, paBHasa 10 r/am3, uTo no-
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Puc. 5. BavsiHue npoOAOAXKMTEABHOCTM IKCNEPUMEHTa Ha M3BAEYEHUE LMHKa (@, C) M ocaxaeHue meam (b, d) npu oTcyTCTBUM
(@, b) M Haanumm AMrHocyabpoHata Hatpums (C, d) npu pasAnyHOK MCXOAHOM KOHLEHTPpaLMKU CEPHOMN KucAoThl (t = 220°C, [Cu], =

15 r/am3; [ACH]o = 0,25 r/am?3)

Fig. 5. Experiment duration vs zinc recovery (a, ¢) and copper precipitation (b, d) in the absence (a, b) and presence of sodium
lignosulfonate (c, d) at different initial concentration of sulfuric acid (t = 220°C, [Cu], = 15 g/dm?; [SLS], = 0.25 g/dm?)

3BOASIET BOAEE TOUHO OLEHWUTb BAUSIHUE APY-
rmx ¢akTopoB Ha npouecc.

Ha rpaduke, npeaCTaBAEHHOM Ha puc. 6,
0oTOHpaXeHO BAUSAHME NPOAOAKUTEABHOCTU IKC-
nepumMeHTa Ha M3BAeUYEHME UUHKa 13 chanepu-
Ta, a TakXe Ha CTEeNeHb OCaXAEHUS MEAMU Ha
KEeKe Npu PasAMYHON MCXOAHOW KOHLIEHTpaLUK
Mean (6-24 r/amd).

MHTEpPECEH TOT aKT, UTO YBEAUYEHUE KOH-
LEeHTpauumM MOHOB MEAM HE MPUBOAMT K 3Ha-
UUTEABHOMY M3MEHEHUIO CKOPOCTU U CTEMNEHMU
M3BAEYEHNA UWHKA, KaK B YCAOBMUAX OTCYT-

cTBuA, Tak 1 B npucytcteun ACH. OpHako cro-
UT OTMETUTb, UTo AobaBaeHue MAB B cuctemy
3HaUYUTEABHO YAYYLLaEeT U3BAEYEHME LMHKaA. Ha-
npumep, Npu KOHUEHTpaumm meamn 24 r/ams3 u
BpemMeHn peakuum 60 MUH M3BAEYEHME LIMHKA
pocturaet 72% B npucytcteuu NAB, B TO BpeMs
Kak B otcyTcTBuMe [NAB 3TOT NnoKa3aTeAb COCTaB-
ASIET BCEro 57%. IT0 NOAYEPKMBAET BaXXHOCTb
ncnoAb3oBaHna [AB AAA YCKOPEHUST U3BAe-
YeHUA MeTaarOoB M3 MUHepanoB. bonee Toro,
B ycAoBUSIX NpucyTcTBUA MAB npouecc n3saeue-
HUA LUMHKA AOCTUIaeT CTabMAbHOIO YPOBHS YXe
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Puc. 6. BavsiHue npoAOAXMTEABHOCTM SKCMEPUMEHTa Ha M3BAEYEHUE LIMHKA (@, C) M ocaxaeHne meau (b, d) npu oTcyTcTBUM
(a, b) U HAAMYMM AMTHOCYAbGOHATA HATPMS (C, d) Py Pa3AMYHON MCXOAHOM KOHLEHTpaLMu MeAM ([H2S04]o= 10 r/am3; t = 220°C;
[ACH]o = 0,25 r/am®)

Fig. 6. Experiment duration vs zinc recovery (a, ¢) and copper precipitation (b, d) in the absence (a, b) and presence of sodium
lignosulfonate (c, d) at different initial copper concentration ([H.S04]o= 10 g/dm?3; t = 220°C; [SLS], = 0.25 g/dm?)
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yepes 40 MUH, TorAa Kak B otcytcTBue MNAB aTto
3HayeHue pocTuraetcsl ToAbKo nocae 120 MuH
06paboTkK. AaHHble pe3yAbTaTbl NOATBEPXAA-
tOT rmnotesdy o Tom, 4yto [AB cnocobcTBytOT
MHTEHCUPUKALUUM UIBAEUYEHUA METAAAOB, Be-
POATHO, 3@ CYET CHWUXEHWUSA MOBEPXHOCTHOro
HaTXKEHUA W YAyYLLEHWUS] B3aUMOAEWUCTBUS
MeXAY peareHtamu. YTo KacaeTtcs ocaXAeHUs
MeAMU, TO 3AeCb BAMSAHKE [TAB He CTOAb 3aMETHO
NPU HU3KON HaYaAbHOWM KOHLIEHTPALUK MEAUN B
6 r/Am3. 3T0 MOXET yKasbiBaTb Ha TO, 4TO
npu 6oAee HUBKMX KOHLEHTPAUMAX MEeAU APY-
rme ¢akrtopbl, TakMe Kak Temrnepartypa M, Kak
CAEACTBME, AABAEHME MNapoB BOAbl, MOryT
OKasblBaTb 6oAee 3HAUUTEAbHOE BAWSIHWE Ha
npouecc ocaxpeHua. OAHako, eCAM paccmo-
TpeTb pe3yAbtatbl ocaxaeHus Cu npu 24 r/am3
NCXOAHOW KOHUEHTpauum noHos meau (1), To B
ycaoBusix npucyteteua ACH 3a 120 MUH noka-
3aTeAb OCaXAeHUs1 cocTaBASIET 64%, UTO 3HaAUK-
TEeAbHO BbIlle, YeM 51% npu otcytcTBMM ACH.
3T0 MOXET ObITb CBA3AHO C TEM, YTO HaAUUUE
N\CH B pacTtBOpe cnocobcTByeT, BEPOSITHO, 06-
pa3oBaHWO 6oree CTabUAbHBIX KOMMAEKCOB C
MEAbHO, UTO B CBOK o4yepeAb obAeryaet npo-
Llecc ocaxaeHus. Takum 06pa3om, MOXHO cae-
AaTb BbIBOA, YTO UCNOAb30BaHWe ACH He TOAb-
KO cnocobCTBYET MOBbILLEHWUIO CTENEHU U3BAE-
UEeHUSA UMHKa, HO M BAUAET Ha 9OPEKTUBHOCTb
oCaxXAeHWsa Mepn. Takxke CTOUT OTMETWUTb, UTO
rmapoTepManbHas obpabotka chaneputa SBAS-
€TCA CAOXHbIM MPOLECCOM, B KOTOPOM BbIGOP
NMOAXOASILLMX PeareHToB U YCAOBMI ONTUMMU3a-
LMW NPOLECCOB MOIYT BAUATb APYr Ha Apyra.
Hanpumep, Temnepatypa npouecca W AaB-
AEHMEe NapoB BOAbI, @ TakXe BpeMs peakuuu
MOTYT CYLLLECTBEHHO M3MEHATb 3PPEKTUBHOCTL
n3BAeYEHUA. BaXHO yunTbIBaTb, YTO KaXAas M3
3TUX NEPEMEHHbIX MOXET ObITb ONTUMU3NPOBA-
Ha AAS AOCTUXEHUS HAUAYULLIMX PE3YALTATOB.

AanbHellne MCCAepOBaHUA B 3TOM 0bAa-
CTM MOTyT npuBecTU K Honee 3PPEKTUBHbIM
TEXHOAOTUSIM NMEePepPaboTKM LIMHKOBbLIX U MEA-
HO-LIMHKOBbIX KOHLIEHTPATOB, UTO BYAET CNOCO6-
cTBOBaTb 6O0OAE€ LUMPOKOMY WCMNOAL30BAHUIO
CAOXHbIX MO COCTaBY MMWHEPAAbHO-CbIPbEBbIX
pPecypcoB B METAAAYPrUUYECKOW MPOMbILLAEH-
HOCTH.

3AKNHOYEHUE

McenepoBaHMA Mokaldanu, uto pobaBAeHME
0,25 r/aM3 AMTHOCYAbGOHATa HaTPUSA 3HAUUTEAD-
HO yAyuLLIAeT 3GPEKTUBHOCTb TMAPOTEPMAABHOM
06pabotkn chanepuTa, YMEHbLUAA MPOAOAKMU-
TEAbHOCTb npouecca npumepHo B 1,5-2 pasa.
3T10T CcNOCO6 MMEET BaXHOE 3HAUYEHWE AAS TOP-
HOM U METaAAYPrMYEeCKON OTpacAeM, MOCKOAbKY
No3BOASIET bonee IDDEKTUBHO U3BAEKATb LIEH-
Hble MeTaAAbl M3 pyA. OAHAKO CTOUT OTMETUTD,
yTO NPU AAAbHEWLLEM YBEAMYEHUWU KOHLIEHTPA-
LMW NOBEPXHOCTHO-aKTUBHOMO BELLLECTBA B NPO-
uecce MO cyabdmaa UMHKa NOKa3aTeAn BblLLe-
AQUMBaHUSA LMHKA U3 3TOMO0 COEAMHEHMUSA - OC-
HOBbI ChanepuUTa — HaYMHAKOT CHMXATbCH. ITO
MOXET ObITb CBA3AHO C TEM, UTO BbICOKME KOH-
LeHTpaumMm A0BaBKM MOTYT BbI3blBaTb HEXeAa-
TEeAbHbIE 3QPEKTbI, TAKME KaK arperauus yactumy,
AW U3MEHEHME CBOUCTB pacTBoOpa, UTo, B CBOKO
oYepeAb, HEraTMBHO CKasblBaETCH Ha npouecce
M3BAEYEHUA LUMHKA. Takxke ObIAM YCTaHOBAEHDI
ONTUMaAbHbIE MapaMeTpbl AASI TUAPOTEPMAAb-
HOW 0O6paboTKK chaneputa ¢ MCNOAb30BAHUEM
pacTBOpoB cyAbdaTta Mmean B npucytcteumn ACH.
B Xxoae aKCneprMMEHTOB ObIAO OMPEAEAEHO, YTO
NPU KOHLEHTPALMKU CEPHOM KUCAOTbI, PaBHOM
10 r/am3, Temnepatype 220°C 1 HayaAbHOM
KOHLUEHTPaLMN MeAMn, paBHoW 15 r/am3, npu
pobaBaeHnn 0,25 r/am3 ACH MOXHO AOCTMUb
MaKCMMaAbHOIO M3BAEUEHUSI UMHKA - A0 74%
3a 120 MuH obpabotkn. B T0 xe Bpemsa B npo-
uecce ocaxpaerca 83% MeaHn, UTo TakkKe ABAS-
€TCs BbICOKMM pe3yAbTaToM. Takum 0bpas3om,
pe3yAbTaTbl MCCAEAOBAHUM OTKPbIBAKOT HOBbIE
FTOPU30HTbI AAA  MOBbILLEHUA 3OPEKTUBHOCTU
M3BAEYEHUSA METAAAOB M3 CyAbOUAHBIX PYA M
KOHLIEHTPATOB, UYTO MOXET MPMBECTU K Bonee
YCTOMUMBbBIM M 3KOHOMWYECKU BbIFOAHBIM TEX-
HOAOTUSIM B METAAAYPIMUYECKOW MPOMBbILLAEH-
HOCTWU. BaXXHO NpPOAOAXaTb M3YyYeHWUE BAUSIHWUSA
MCMOAb30BAHUA Pa3AMUHbIX MOBEPXHOCTHO-AK-
TUBHbIX A0BABOK Ha Moka3aTeAn aBTOKAABHbIX
NpoLEeCccoB, B YacTHOCTU [ TO, U UBMEHAIOLLMXCSA
YCAOBWIA Ha MPOLECCHI BblLLEAAYMBAHUS, UTOObI
BbIABUTb ONTUMaAbHbIE NMAapaMeTPbl AAHHOW 06-
paboTkK cyabdaToM Mear npu pas3paboTtke Tex-
HOAOTMK NepepaboTKm CharepUT- u MMPUTCOAEP-
XaLMX PYA U KOHLIEHTPATOB.
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