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(I)OpMI/IPOBaHI’Ie OPTOroHaJbHbBIX COCTABJIAIOIIIUX
BXOAHBIX TOKOB B MUKPOIIPOECCCOPHLIX 3alllUTaX
IJICKTPOYCTAHOBOK

D. A. Pomamolcl), 10. B. Pnymuenl), B. 10. PyMﬂl—[].leBl), H. B. Hopam”
DBenopyccmﬁ HaIlMOHANBHBIN TeXHUYECKUi yHuBepcureT (Munck, Pecybnuka benapyce)

© benopycckuil HallMOHANBHBINA TEXHUYECKUH yHUBepcHuTeT, 2021
Belarusian National Technical University, 2021

Pedepar. Vcnosnb3yemMble B MUKPOIIPOLIECCOPHBIX 3aI[UTaX AJICKTPOYCTAHOBOK METOMBI (hOpMH-
POBaHMSI OPTOrOHAJBHBIX COCTABIISIOLINX BXOJHBIX TOKOB 00ECIICUHBAIOT JOCTOBEPHOE X BBIjIC-
JICHHE TI0CNIe M3MEHEHHs PEXHMa [0 MCTEYCHHH OJHOIO WIIM HECKOJBKUX IIEPHO/I0OB OCHOBHOIL
4acTOThl. DTO 00YCIOBJICHO HHEPLHOHHOCTBIO (QyHKIMOHAIBHBIX 3JIEMEHTOB, B YaCTHOCTH LH(-
POBBIX YaCTOTHBIX (UIIBTPOB, @ TAKIKE HACBIIICHHEM CTalIH MarHUTOIPOBOJOB TPaHC(HOPMATOPOB
TOKa. JIJIsl MOBBIICHUS OBICTPO/CHCTBUS BBIICIACHHUS OPTOTOHAIBHBIX COCTABJISAIONIIMX BXOIHBIX
TOKOB TIPE/IOKEHO (HOPMUPOBATH UX KAK SIKBHBAJICHTHBIC [0 3HAYCHHUSM KOCHHYCHOI ¥ CHHYCHOIT
COCTaBJISIIOLIMX, MOJTYYEHHBIX C HCIONB30BaHHEM HHGPOBBIX GuiibTpoB Dyphe, MyTeM yYMHOXKeE-
HHSl Ha pe3yNbTHUpYIOUiA KoddduuueHt. PazpaboTaHHas METOAMKa ONPEIENCHHUS yKa3aHHOTO
koaddunrenTa obecriedynBaeT KOMICHCALMIO 3ala3/iblBaHusl, 00YCIOBICHHOTO HHEPIHOHHOCTHIO
(pOBBIX (HUIBTPOB, a TAKKE HACHILICHHEM CTaJId MarHHUTOIPOBOAOB TpaHC(HOPMATOPOB TOKA.
IMpennoxeHHslit MeTox (HOPMHUPOBAHKS OPTOrOHATBHBIX COCTABJSIOLIMX OTJINYACTCS BBICOKOMH
9 (HeKTHBHOCTBIO B PEKMMAX CHIIBHOTO HACHIIICHUS MarHUTONPOBOJA IIPU CIIO)KHOM BXOIHOM
BO3/ICHCTBUM NIPH HAJIMYUK B HEM alepHOJUYCCKON COCTABISIONICH ¢ GOJBIION MOCTOSHHON Bpe-
MeHH 3aryxaHus. OueHka 3p(eKTHBHOCTH (YHKIMOHUPOBAHUS Pa3pabOTaHHOTO METOJa BBIIIOJI-
HSJIaCh C MOMOIIBI0 KOMIUIEKCHOH IM(POBOil MO/ieNH, pean30BaHHOH B cpeae TMHAMHYECKOTO
mopemupoBanust MatLab-Simulink. B pesynbrare mccinenoBanuii yCTaHOBIEHO, YTO MPH OTCYTCTBHU
HACBILICHUS] MATHATOIPOBO/A TPAHCHOPMATOPOB TOKA, & TAKIKE NMPHU HE3HAYUTENBHON U CpeHel
€ro CTerneHu pa3paboTaHHBIl MeTOA (POPMHPOBAHHS SKBUBAJICHTHBIX OPTOTOHAIBHBIX COCTABIIS-
FOIMX BXOJHBIX TOKOB OOJNagaeT AMHAMHYCCKHMH CBOMCTBAMH, OIH3KAMH K XapaKTepUCTHKAM
paHee mpeIoXKeHHbIX. [IpH CHJIPHOM HACHINICHHH MAarHHUTONPOBOJA TPAaHC(HOPMATOPOB TOKA
obecrieynBaeTCsl MOBBIMICHHE OBICTPOACHCTBYS TOMYUYCHHs JIOCTOBEPHBIX 3HAUCHHM YKa3aHHBIX
cocrapisonux B 1,5-2 pasa.

KaroueBbie CJI0Ba: OPTOTOHAIBHBIE COCTABIISIOIINE BXOIHBIX TOKOB, MUKPOTIPOIIECCOPHAs 3aIl[H-
ta, uudpossie GuibTpel Dypbe, HACHIIIEHHE CTAM MATHUTONPOBOIA TPaHC(HOPMATOPOB TOKA,
KOppekTupyomuii ko3hdunuent, mudposas Mojenb, TectoBoe Bosueiicreue, MatLab-Simulink,
PEe3yIbTaThI HCCIIE0BaHMS, OBICTPOICHCTBYOIINI METOT
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Formation of Orthogonal Components
of Input Currents in Microprocessor Protections
of Electrical Equipment

F. A. Romaniuk®, Yu. V. Rumiantsev”, V. Yu. Rumiantsev”, I. V. Novash®
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The methods used in the microprocessor protection of electrical equipment for forming
orthogonal components of input currents ensure their reliable isolation after changing the mode
followed by one or more periods of the fundamental frequency. This is due to the inertia of the
functional elements, in particular, digital frequency filters, as well as the saturation of the steel
magnetic cores of current transformers. To increase the speed of the selection of orthogonal com-
ponents of the input currents, it is proposed to form them as equivalent ones in terms of the cosine
and sine components obtained using digital Fourier filters by multiplying by the resulting coeffi-
cient. The method that has been developed for determining the specified coefficient provides com-
pensation for the delay caused by the inertia of digital filters, as well as the saturation of the steel
of magnetic cores of current transformers. The proposed method of forming orthogonal compo-
nents is highly effective in the modes of strong saturation of the magnetic core with a complex
input action in the presence of an aperiodic component with a large damping time constant.
The evaluation of the efficiency of the proposed method was performed using a complex digital
model implemented in the dynamic modeling environment MatLab-Simulink. As a result of the
performed studies, it was found that in the absence of saturation of the magnetic core of current
transformers, as well as in the presence of a small and medium degree of saturation, the proposed
method for forming equivalent orthogonal components of input currents has dynamic properties
close to the ones of those that had been previously proposed. With a strong saturation of the mag-
netic core of current transformers, the speed of obtaining reliable values of these components
is increased by 1.5-2 times.

Keywords: orthogonal components of input currents, microprocessor protection, digital Fourier
filters, saturation of the steel of the magnetic core of current transformers, correction factor, digital
model, test effect, MatLab-Simulink, research results, fast-acting method

For citation: Romaniuk F. A., Rumiantsev Yu. V., Rumiantsev V. Yu., Novash I. V. (2021) For-
mation of Orthogonal Components of Input Currents in Microprocessor Protections of Electrical
Equipment. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 64 (3), 191-201.
https://doi.org/10.21122/1029-7448-2021-64-3-191-201 (in Russian)

BBenenne

TpaguIoHHO TpHUMEHsSEMble B MHKPOIPOIECCOPHBIX 3aIIUTaX 3JIEKTPO-
YCTaHOBOK METOIBI BHIICIICHUS OPTOTOHANBHBIX cocTaBisronuX (OC) BXOTHBIX
TOKOB 0OECTIEYHBAIOT BO3MOXKHOCTH JTOCTOBEPHBIX M3MEPEHUH IMOCIe H3MEHe-
HUSI PeKUMa JIMIIb 110 MCTEYEHNH BPEMEHH, PaBHOT'O OJHOMY WMJIM HECKOJIBKHM
nepuoJaM OCHOBHOM 4acToThl [1]. OTo 00ycnoBIeHO B OCHOBHOM JIByMs TJIaB-
HBIMU TPUYHUHAMHU.

IlepBast U3 HUX CBs3aHA C MHEPIIMOHHOCTHIO (PYHKIIMOHAIHHBIX 3JIEMEHTOB,
C TIOMOIIBIO KOTOPBIX peamsyercst popmupoBarne OC, B 4aCTHOCTH YaCTOTHBIX
¢ posbix GuiasTpor (LIP) [2]. Hampumep, knaccuueckuii LD dypbe mo3poss-
€T TIOJTyYUTh JOCTOBEPHBIE PE3yIbTATHI JIHIIE Yepe3 BPeMs OJHOTO MepHroaa oc-
HOBHOMW 4acCTOTBHI.
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Bropast mpuunHa 00yCIOBJICHA MOSBICHUEM MPU IMOBPEKICHHUSIX B TO-
Kax amnepuoJMYEeCKHX W TapPMOHUYECKUX COCTABISAIOIINX, B pPE3yibTaTe
4Yero MPOUCXOAMT HACHIIICHHE CTajld MarHUTOMPOBOIOB TpaHCHOPMATOPOB
toka (TT) [3-5]. IIpu 3TOM HCKaXkaroTCst hOPMBI BXOTHBIX TOKOB M 3HAYUTEIEHO
YMEHBINAIOTCS MX BEIMYMHEI, 2 BHOCUMOE 3aME/IJICHHE B MOJYYCHUE HCTUHHBIX
3HaueHuit OC n3MepseTcsi HeCKOIBKUMHY ITEPHOAaMHA OCHOBHOW YaCTOTHI.

B pesynbrare BAMSHMS Ha3BaHHBIX BBIIIC HMPUYMH 3aTSATHBACTCS BPEMs IO-
my4deHHus: AocToBepHBIX 3HaueHHit OC, KOTOpoe B OCHOBHOM U OIpeesseT
ObICTpOEHCTBIE IU(DPOBBIX U3MEPUTEIHHBIX OPTaHOB 3aII[UTHI.

Jis noBeimeHust OvictpoperictBus BoiAeneHUs OC BXOAHBIX TOKOB B [6]
MPEII0OKEHO (POPMHUPOBATh SKBHBAJICHTHBIC OPTOTOHAJILHBIC COCTABJISIOIIKE,
KOTOpBIE, B CYIIHOCTH, MOKHO pacCMaTpUBaTh KaK MPOTHO3HBIC. DKBHBAJICHT-
HbIC KOCHHYCHASI leqen ¥ CHHYCHAS lgqen OC ABIAIOTCS (yHKIMEH TaK Ha3bIBACMO-
T'O KOpPEKTUpPYIomero kosddunnenta K., 1 ognonmeHHbx OC 0CHOBHOM 4acTo-
TBI BXOJAHOTO TOKA g, Isn, BEIIEIIEMBIX ¢ TIoMOIIIBI0 LD Dypehe:

logen = Kpnl

eqen rnicn?

logsn = Kyl

egsn rn'sn*

)

ITpu sToM Tekymmue 3HaYeHHS K, JOJUKHBI OMPENEIATHCA TaKMM 00pa3oM,
9TOOBI OCYIIECTBIUIACH KOMIICHCAITHS 3ama3apiBanms BeiaeneHus OC, o0yciioB-
JICHHOTO KaK WHepIuoHHOCThI0 1[D, Tak W HACHIIIEHWEM CTaal MarHUTO-
nposoaa TT.

OcHoBHAfl YaCTh

[MpuHMMas BO BHUMaHUE U3JI0KEHHOE BHIIIE, KOPPEKTUPYIOIMUN KO3 huIu-
eHT Ky, MOXHO MPEACTaBUTh B BHJIE MPOH3BEACHHS JBYX aHATOTMYHBIX KO-
¢burmenToB Kz, 1 Ky, TEpBBI M3 KOTOPBIX 0OeCIeunBaeT KOMIICHCAIMIO 3a-
nas3jbplBaHusl BeiieAcTBUE MHepuuoHHOCTH 1D, a BTOpoil — HACHIIIEHUS CTalll
Marauronposoja TT:

k., =k

Zn an : (2)

BrIpaskeHue st TEKYIUX 3HAYCHUI KOPPEKTUPYIONMIETO KodddummeHta Kz,
MTOJTY9ICHHOE 110 M3JI0’KEHHOH B [7] METOAMKE, UMEET BUJI

m

k _ I52xn (3)
Zn | 2 1
In
rae |,y — Tekyee neicTByolee 3HaYeHUEe BXOIHOTO TOKa; |1n — TO K€ OCHOB-
HOU rapMOHUKHU BXOJIHOT'O TOKA.

[Ipu3nakom HaceieHUs: MarauTonpoBoaa TT cuuTaercst HAIMYUE B MTOJTHOM
BTOPUYHOM TOKE, KOTOPBIH SIBISETCS BXOIHBIM, KPOME OCHOBHOM, BBICIITUX Tap-
MOHUK [8, 9]. [Ipu Bo3pacTaHuU CTENEHU YKa3aHHOTO HACBILIEHUSI TPOUCXOTUT
YBEJIMUYCHHE COCTaBa BBICHIMX TapMOHUK BO BXOAHOM TOKE, a TEKyllee Aei-
CTBYIOIIIEE 3HAUYECHNE OCHOBHOM TrapMoHUKH |1, ymeHbImaercs. Benencreue sToro
KoppekTupyromuii kodddurment Kz,, onpemensemsiii mo (3), yBeanMuHBaeTCs,
Onmarofapsi 4emy JOCTHTaeTcsl YacTHUYHAs KOMIICHCAIWsS 3ama3/biBaHus, 00y-
CJIOBJIGHHOTO HACHIILIEHUEM CTanu MarauTonposoaa TT.
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B pesynbrare BBIMOJHEHHBIX HCCIIEAOBAHUN YCTaHOBJIEHO, YTO KOPPEKTH-
pyromnit kod3ddunueHt Kz, odecrieunBaeT KOMIICHCAIMIO 3ala3bIBaHMs, BHO-
CHUMOTI'0 KakK MHEepIHOHHOCThIO L|d, Tak M HACBILIEHUEM CTaJId MarHUTOIPOBO-
na TT mpu He3HaunTeNbHOM W cpedHel ero creneHu. [Ipu riyOokol cremeHu
YKa3aHHOT'O HACBIIIEHUS, KOI'Jla B IIEPBUYHOM TOKE IPUCYTCTBYET 3HAUUTEIIbHAS
anepronYecKasl COCTaBIISIONas ¢ OONBIION MOCTOSHHOW BpEMEHH 3aTyXaHHS,
HEOOXOIUM OTAEIbHBIN JOMOJHUTEIBHBIN €ro y4eT ¢ IOMOLIbI0 KOPPEKTUPYIO-
mero kodduimenta Ky,. B ocHoBe momydenust Beipaskerus s Ky, nexar cie-
JIYIOTITHE COOOpaKEHUS.

Jns ¢ukcanun pexrMa HaCBIMEHUST MarHuTonpoBoga TT MOXKHO TOTB30-
BaTbCA KOAPPHUIUEHTOM rapMOHUYECKUX HcKaxeHuil THD,, Tekymue 3HaueHus
KOTOPOTO ONPEENAI0TCA YPOBHEM COJEPKAHMS BBICIINX TAPMOHUK BO BXOJTHOM
Toke. IIpu HEeydeTe MOCTOSIHHOM COCTaBIIAOIIEH B YKa3aHHOM TOKE, YTO BIIOJIHE
JIOTTyCTUMO, 3Ha4YeHHs THD),, paccUuTHIBatOTCS TI0 BEIPA)KCHUIO

(4)

CremneHb UCKa)XEHHUS BXOIHOTO TOKA BCIIEJICTBHE HACHIIICHHUS MarHUTOIPO-
Boga TT omenuBaercs kodddurmentom uckaxeHus Kl,, KOTOPBIA SBISIETCS
dyukmmeit THD,,

B pexumax rimy0okoro HackllmieHHss MarHuTonpoBona TT mpu Hanuuuu
B NCPBUYHOM TOKE arlepUOJUYECKON COCTABISIONICH C OOJBINON TOCTOSHHOM
BpeMeHU 3atyxanus 3HaueHus Kl, TOmKHBI CyIIECTBEHHO BO3pacTaTth B COOTBET-
cTBUM C yBemuaenueMm 1HD,, mocturas HanOompieid BenmmumHel pu THD, = 1.
IIpy MemIeHHOM BBIXOAE W3 YKA3aHHBIX PEKUMOB H3-32 OOJBIION TOCTOSHHOMH
BpPEMEHH 3aTyxaHWs HeoOXoamMo obecrieunTth TUiaBHoe cHkenue Kl mo 3Hade-
HUSI, PABHOTO HYJIIO, TIPH TIOJTHOM 3aTyXaHUH allepUOTUUECKON COCTABIISIOIICH.

Ipocras Henuneinas 3aBucumocts Kl = f(THD,), mo3ponstomas BbIIOJI-

HUTb YKa3aHHBIC YCJIOBUA, UMCCT BU/

e
2| ®)

BXN

KI, =mTHD? =m|1-

rJie M — MOCTOSIHHBINA KO3 GUIIMEHT, TOCPEACTBOM KOTOPOTO 33JIa€TCsl TUANAa30H
n3menenwnst Kl,.

B ycraHOBHMBIIMXCS peXMMax P OTCYTCTBUHM HachliieHus1, korga THD, = 0,
koadumment Kl, = 0, a B cimydae rimybokoro Haceimenus npu THD, — 1 3Ha-
yenne Kl, — m.

Koppektupyrommii  koadduitneHt Ky, T0DKEH BO3pacTaTh C yBEIHUCHH-
em Kl, ¥ miaBHO CHWXAThCA MO MEpe 3aTyXaHUs IEPEXOJHOTO Ipolecca,
NpUHUMAas B ycTaHOBHUBIIeMcs pexume, korga Kl, = 0, 3Hauenue, pasHoe 1.
[MpuHuMasi BO BHUMaHHE M3JIOXKEHHOE BBIIIIE, TIOJTYYUM BBIpXKEHHE JUISL TEKY-
IIMX 3HAYEHHUH KOPPEKTUPYIOIIEro Kod(hdurmenTa Ky,

2
ky, = KI, +1=m 1—:% +1. (6)

BXN
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IMocse moacranoBku B (2) 3HadeHuit Kz, u Ky, cootBercTBeHHO 13 (3) 1 (6)
dbopmyna mys pacdera TEKYIIUX 3HAYCHHWH pe3yIbTHpYIOMEro kodddurmenTa
Ken IPEMET BH

I 2
p— BXN
krn —(m +1)|—2—m. (7)
1n
TeKyU.Iee ZLeI?'ICTBy}OHlee 3HAUYCHUE BXOJHOI'O TOKa IBXH BBIYHUCIIACTCA 11O BBI-
PaKEHUIO

(8)

rae N — 9uciio BEIOOPOK 3a IEpHO1 OCHOBHOM YaCcTOThI, KOTOPOMY COOTBETCTBY-
eT okHO HaOmromeHus; N = 1...N — HOMep BHIOOpKH BXOIHOTO TOKa B OKHE
HAOJIOICHUSI; Ipy, — BEBIOOPKH BXOJTHOTO TOKA.

OnpeneneHne TEKyIIETo JCUCTBYIOIIETO 3HAYEHUS OCHOBHOW TapMOHUKH
BXOHOTO TOKa |1, OCYIIECTBIETCS 10 KOCHHYCHOM iy ¥ CHHYCHOM i, OC myTem
peanm3anuu GOpPMYIIbI

(9)

[Ipu sTom popmupoBarre OC 0CHOBHOM TapMOHHMKH BXOJHOT'O TOKa ITPOM3-
BoJiuTCs ¢ omoliibio [{®D Dypbe 10 BRIPAKEHUSIM:

a. i

N
2
n'\Il (10)
Z 'sn Bxn !

T7I€ 8cn, Asn — KOAIPUIMEHT COOTBETCTBEHHO KOCHHYCHOTO M cHHycHOTO LD
dypnbe.

BxonHbie TOKHM, TOABOAMMBIE K MHUKPOITPOIIECCOPHOM 3aIIUTE, MOTYT H3Me-
HATHCS B 3aBUCUMOCTH OT MMEIOIIET0 MECTO PEKUMa pabOThI AIEKTPOYCTAHOB-
Ki. B HOpMaJIbHOM PEKMME U B YCTAHOBUBIIEMCS PEKHME KOPOTKOTO 3aMbIKa-
Hus (K3) ykazaHHBIE TOKHM OCTAIOTCS MPAKTHUYECKU HEM3MEHHBIMH, BO3PACTAIOT
pu Bo3HWKHOBeHNH K3 1 cragaroT mocie ero oTkirodeHus. CoriacHO 3TOMY Ha
KPHBOW M3MEHEHHMS JCHCTBYIOIIErO 3HAYCHHUS BXOAHOTO TOKa |4 (t) Bcerma Mox-
HO BBIJENIUTH TPU XapaKTEPHBIX YIaCTKa C MPUCBOEHUEM MPU3HAKY ¢ YACICHHO-
ro 3HadeHus: C = 1 — Tok Bo3pacraeT; C = 0 — Tok He u3MeHsercs; C = —1 — Tok
CHUKACTCA.

OnpeneneHue MpuU3HAKa ¢ OCYIIECTBIISICTCS IO JIBYM CMEXHBIM BBIOOD-
KaM |, () ¢ ncnosp30BaHEM METOIUKH, IIPEACTABIECHHON B [7].

OKBHBAJICHTHBIC KOCHHYCHAS lggcn M CHHYCHAS loqn OC B Ipenienax ydacTka
BO3PACTAIONIETO BXOAHOTO TOKa |y (1), roe ¢ = 1, Berumcnsrores cormacuo (1)
C MCTIONBb30BaHUEM TEKYIIUX 3HAYCHUi Ky, paccunThiBacMbix 1o (7). Ha yuact-
Ke Hen3MeHHOTO |y (t), korma ¢ = 0, BRIMOJHSIETCS TO Ke camoe, HO mpu Ky, = 1.
[Ipu sTtom 3HaueHus 3kBUBaIEHTHBIX OC IMOJHOCTBIO COBIAJAIOT CO 3HAUe-
ausmu OC, chopmupoBanubix [[D Pypee. st yuactka cHinkaromierocs ly(t),
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rae C = —1, xapakTepHO HaJH4YMe B TOKE MEPEXOIHOTO PEXIMa, TOMHMO COCTaB-
JISIOIIE OCHOBHOM TapMOHUKH, MMOCTOSIHHOM COCTAaBIISIONICH U BBICIIUX TapMoO-
HUK, aMIUTUTYJIbI KOTOPBIX BHAYalle BO3PACTAIOT, a 3aTEM CHIDKAIOTCS A0 HyJe-
BBIX 3HAYEHUH MPU HACTYIJICHUU YCTaHOBUBIIErocs pexuma. [Ipu stom Teky-
mee JiefCTByIoIee 3HaYeHHEe OCHOBHON TapPMOHWKH MOCTEIIEHHO YMEHBIIACTCS
JIO TOCTIDKEHUS] COOTBETCTBYIOIIECH BEIIMIMHEI MTOCTIE 3aBEPIICHHUS IIEPEXOTHOTO
mporiecca.

DTO MO3BOJISIET HA OCHOBAHUM MPUBEJCHHBIX B [7] pe3yJabTaTOB HCCIEIOBA-
HHUH HCTONB30BaTh 11 GopMupoBanus 3kBuBaICHTHBIX OC Ha yuacTke | (t)
npu C = —1 KoppekTupymuil K03(h(QUIMEHT, BEIYUCISIEMBIN KaK OTHOIIECHUE
KBaJ[paTOB TEKYIIMX JEUCTBYIOIIUX 3HAYEHUNW OCHOBHOM TapMOHHMKU BXOJIHOTO
TOKa |1, ¥ ero 1momHo# BEMUIUHBEI |4y,:

I 2

— _In
K, = TR (11)

BXN
C y4eToM H3MOKEHHOTO BBIIIE OOIee BBIPAKEHWE I OIMpEdeNeHus pe-
3YIABTUPYIOMIETO KOPPEKTHPYIOMIET0 KoddpuIperTa st Mpou3BOIHBHONU BEIOOP-

KM N, pacIIoIOKEHHOM Ha TF0OOM M3 y4acTKOB KpuBOi |, (1), OymeT umMeTs BU

2 2
K, =0,5(|c[+c)| (m +1)|I“—;“— m |+0,5(|c|-¢) IIZ‘” ~|e|+1. (12)
In BXN
Cremyer OTMETHTB, YTO C YBEIWYCHHEM IOCTOSHHOTO Kodddwuimenta Mm
Bo3pacTaeT OwIcTposeiicTBue (opmupoBanus dkBuBajeHTHRIX OC. Bmecte ¢
TEM TP MPEBBIIIEHUH M HEKOTOPOH BEJIMYMHBI HA TIEPEXOTHON XapaKTepUCTH-
K€ DKBUBAJIEHTHOIO TOKA legn MOABIAIOTCA BBIOPOCHL. ONTHMAaIbHBIM SBISAETCS
3HaYeHUEe M, MPH KOTOPOM O0ECIIEUMBACTCS BBICOKOE OBICTPOJICHCTBUE MOTyYe-
HUs 3kBUBaJEeHTHBIX OC Ipu I7IafKol NepexopHOM XapaKTepUCTHKE legn ¢ OT-
CyTCTBHEM Ha HEW BHIOPOCOB.
B pesyibraTe NpoBEEHHBIX METOJOM BBIYHUCIUTEIHLHOTO 3KCIIEPUMEHTA
UCCIIEIOBAHUH YCTaHOBIICHO, YTO ONITUMAalIbHAS BeMYHHA K03 (duIrieHTa M Ha-
xoaurcs B nuamnaszone 0,3-0,4.

MoaesimpoBaHue

OreHka padboTocnocoOHOCTH U 3HHEKTUBHOCTH (YHKIIMOHUPOBAHUS IPEI-
nmaraemoro Merona hopmupoBanus OC BXOMHBIX TOKOB B MHKPOIIPOIIECCOPHBIX
3alIUTaX BBITIOIHSIACH C TIOMOIIBEO KOMIUIEKCHON ITU(POBOI MOIeNH, peannso-
BaHHOM B cpejie quHaMHUueckoro Moaeauposanus MatLab-Simulink.

B crTpykType yka3aHHOI MOJENTH COJIEPIKATCS SHEProcucTema, TpexdasHas
rpynna TT, narpyska, 6ok K3, a Takke MOAEIH 3JIEMEHTOB, 00€CIICYHBAFOIINX
peaM3annio ONMMcaHHOTo BbIie MeToAa monmydeHuss OC BxomnHbx TokoB [10].
MopenupoBanne (pyHKIIMOHATHHBIX OJIOKOB M 3JIEMEHTOB IHU(PPOBON CTPYKTYPHI
BBITIOJTHEHO C MCIOJIb30BAHHEM METOIOB U MPABUII, H3J0KEHHBIX B [11-14].

Pe3y.]'ll>TaTbl HCCJICeJ0BaAaHUA

UccnenoBanue pabotocnocobHOCTH U 3PPEKTUBHOCTH MPEIJIOKEHHOTO Me-
tona ¢popmupoBanus OC BXOAHBIX TOKOB B MHUKPOIIPOLIECCOPHBIX 3aLIUTaX MPO-
M3BOJIMIIOCH NIPU Pa3IMYHBIX TECTOBBIX BO3JCHCTBUSIX.
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B pesynbraTe mpoBeneHHBIX UCCIEAOBAHNN YCTAHOBIEHO, YTO TEKYIHe 3HA-
YeHHsI Pe3yJIbTHPYIOIIET0 KOppeKkTupymomiero kodhounuenta Ky, ompenemnse-
MbIe 110 (12), B IEPEXOMHBIX PEKUMAaX MOTYT 3HAYUTEIEHO BO3PACTaTh. DTO SB-
JIIETCS CIICJICTBUEM BIIMSHUS CIIy4alHBIX (PAKTOPOB, a TAKKE CKAYKOOOPa3HOTO
M3MEHEHUS BXOJIHOTO TOKa, KOTJa B MEePBbIe MOMEHTHI kKoMMyTanuu B 11® npo-
HCXOJIUT 3aMEIICHUE JI0aBApUNHBIX BEIOOPOK aBapUitHBIMU. B pe3ynbTare 3T0oro
Ha TEPEeXOJHON XapaKTePHCTHKE SKBUBAJICHTHOTO TOKA legn MOTYT MOSBIATHCS
BBIOPOCHL. JIJIT MX MCKITFOUEHUS M TOTYISHUS TIaIKON MepexoqHON XapaKTepH-
CTHKH YKa3aHHOTO TOKa HEOOXOIMMO OrPaHHYHMTh TEKyIIHe 3HaueHus Ky, Mak-
CHUMAJIbHBIM YPOBHEM Kimax. AHATUTHYCCKOE OMPEACTCHUE Kimax SBIACTCS OT-
HOCHTEJIBHO CIIOKHOHM 3ajayeii, pelieHue KOTOPOH CYIIECTBEHHO YIPOIIACTCS
C WCIIOJIb30BAHUEM PE3YJIbTATOB BRIYHCIUTEILHOTO SKCIICPUMEHTA.

Ha puc. 1 npuBenens! pe3ynbTaThl pacdeTOB MPH TAPMOHMYECKOM BXOJTHOM
BO3/eiicTBUA (KprBas 1) W3MEHEHHs] OTHOCUTEIHHOTO JIEHCTBYIOMIETO 3HAYCHHUS
SKBHBAJICHTHOTO TOKa (KpWBas 2) B Pa3MYHBIX pPeXUMax pabOTHI dIEKTPOyCTa-
HOBKHU: HOPMaJbHBIH PEKUM — BO3HUKHOBeHHE K3 — YCTaHOBUBIIMICS PEXHUM
K3 - otxmouenne K3 — 6ecTokoBas maysa — yclelmHoe TOBTOPHOE BKIIOUEHUE.

15
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Puc. 1. VIamMeHeHne OTHOCUTEIHHOTO Z[eﬁcTByIOI.HCI‘O 3Ha4YCHHUS SKBUBAJICHTHOT'O TOKa
B PA3JIMYHBIX PEXKUMAX MTAPMOHUYECKOTO BXOJHOI'O BO3ICHCTBUS

Fig. 1. Change in the relative effective value of the equivalent current
in different modes of harmonic input action

Ha puc. 2 mpencraBieHo corjiacoBaHHOE MO BpPeMEHHM C pHUC. | n3MeHe-
HHUE TEKYLIMX 3HAUCHUN Pe3yIbTUPYIOIIETO KOPPEKTUPYIOIEero ko3 duimenTa.
Kak BUIHO M3 yKa3aHHOTO PHCYHKA, B HOPMAJIBHOM PEXKUME U PeKHUME yCTaHO-
BuBierocss K3, a tarxke mocie yCHemHoro MmoBTOPHOTO BKIOYeHUs Ky, = 1.
Jlro6oe ckaukooOpa3sHOe N3MEHEHNE BXOJHOTO BO3IEHCTBUS C HYJIEBOTO YPOBHS
WK JI0 HETO COINPOBOXKAACTCS Bo3pacTaHueM Koddunumenra Ky, 94To moarsep-
XKIaeT HeOOXOIUMOCTh ero orpanndenusd. B mepexomnom pexume K3, Bo3HU-
KaloIero ¢ YPOBHS HOPMaJIbHOTO pexuMa B MoMmeHT Bpemenum t = 0,06 c,
HauOoubIIas BenuuuHa Ky, Tocturaet 3HaueHus mopsiaka 2. [Toatomy ¢ yuerom
BO3MO’KHOT'O BIIHMSIHHS PA3IMYHBIX (PaKTOPOB MOXKHO MPHHSATD Krmax = 2,5.

IIpu orcyTcTBUM HACKIIIEHU MarHUTONpoBoja TT, a Takke Mpu HE3HAUNTEIb-
HOH W cpeHeH ero cTerneHH NpeaiokeHHblil Mmeton ¢popmupoBanus OC BXOJHBIX
TOKOB 00NazaeT TaKUMU € OBICTPOJCHCTBHEM M IEPEXOAHOM XapaKTepHCTH-
KOM legn, KaK M pealM30BaHHBIA paHee, ONMCaHHBIA B [7]. DTO moaTBEpKIacT-
csl IPUBEJCHHBIMY HAa pUC. 3 pe3yibTaraMu HccienoBaHuid. [Ipu ciokHOM BXOI-
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HOM BoO3zeHcTBUH (KpwBas 1) W HeCyIeCTBEHHOM HACHIIIEHWH MarHUTOIIPOBO-
na TT mepexoIHble XapaKTEPHCTHKHU len MpeaioxkeHHOro meTona (hopMupoBa-
Hust OC (KpuBast 2) ¥ peann30BaHHOTO paHee (KpyBas 3) IPaKTHYECKH COBMAIAOT.

12 T T T T T T T

ke

1 1
0,04 0,06 0,08 0,10 012 014 0,16 0,18 0,20 tc 0,24

A — e ’I\ —

Puc. 2. VI3mMeHeHne 3HaUCHUH Pe3yIbTHPYIOMET0 KOPPEKTHPYIomero kodddpunuenta
Fig. 2. Changing the values of the resulting correction factor
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Puc. 3. I3meHnenue NeiCTBYIONIETO 3HaUE€HUS SKBUBAJICHTHOTO TOKA
[IPY HECYILIECTBEHHOM HACBILICHMH MarHUTOIIPOBO/IA TPAHC(HOPMATOPOB TOKA

Fig. 3. Change in the effective value of the equivalent current in conditions
of insignificant saturation of the magnetic core of current transformers

Bonee Bricokast 3¢ dekTBHOCTE pazpaboranHOro merona gopmuposanus OC
B CPaBHEHHH C ONMCAHHBIM B [7] MIMeET MECTO B PEKMMAaX CHIIBHOTO HACHIIICHUS
marauronpoBoga TT. Kak cnemyeT u3 npeacTaBieHHBIX HA pUc. 4 Pe3ybTaToOB HC-
CIIeIOBaHUIA, IIPY CIIO’KHOM BXOJHOM BO3/IeHCTBUM (KpHBasi 1) ¥ CHIIBHOM HachIIIIe-
HAM MarHuTornpoBoga TT mepexomHas XapaKTEpHCTHKA SKBHBAJICHTHOTO TOKa
NPETIOKEHHOr0 MeTofa (KpuBasi 2) pacroyiaractcs Bble (mpu Oojee OBICTpOM
JOCTIDKCHUH yYCTAHOBUBIIETOCS 3HAYEHMS) AaHAIOTMYHON XapaKTEPUCTHKH pealti-
30BaHHOTO paHee Merofa (KpuBas 3). B pesynbrare oOecrieunBaeTcs MOBBIIICHUE
obicTposeiicTus hopmupoBanust 3kBuBasieHTHHIX OC B 1,5-2 pasa.

Kak BugHO u3 puc. 3, 4, npu cnaae BXOJHOTO TOKa NPEIIOKEHHBIM U W3-
BecTHBIN MeTob! hopmupoBanus OC QyHKIIMOHUPYIOT UACHTUYHO.

B xauectBe mapamerpa AJsl OTHOCHUTENBEHON OLEHKH AWHAMHYECKUX CBOWCTB
pa3muuIHBIX MeTonoB (opmupoBaHuss OC MOKHO HCIOJIB30BaTh N3MEHEHHE OTHO-
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MICHAS JCHCTBYIOMNX 3HAYCHUH SKBUBAJICHTHBIX TOKOB, TIOYICHHBIX C IIOMOIIBIO
CpaBHHMBaEMbIX METOIOB. [Ipy 3HaYCHUAX YKa3aHHOTO MTapaMeTpa, ONMM3KHX K e/d-
HUIIE, METOJIBI SIBJISTFOTCS MPAKTUICCKN UIACHTHYHBIMHA, M 9eM OOJIBITIC OHU OTJIH-
YalOTCS OT €AUHHIILI, TeM 00jiee BHICOKMMH JUHAMHUYECKHMMHU CBOMCTBaMH 00J1a-
JIaeT OJIMH U3 HUX JUIs1 YCIOBUH KOHKPETHOTO PEKKUMAa BXOJIHOIO TOKA.
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Puc. 4. VI3ameHeHue 1eHCTBYIOLIETO 3HAYEHUS SKBUBAJIEHTHOT'O TOKA
IPH CHJIBHOM HACBIIIEHHH MarHUTOIPOBO/A TPAHC(HOPMATOPOB TOKA

Fig. 4. Change in the effective value of the equivalent current at high saturation
of the magnetic core of current transformers

Ha puc. 5 mpuBegeHO coriacoBaHHOE MO BpEMEHH ¢ puc. 3, 4 U3MECHECHHE
OTHOIIICHUST JCHCTBYIOIIUX 3HAYCHHH DKBHUBAJCHTHBIX TOKOB K, MOIydeHHBIX
C TIOMOIIBIO TIPEAJIOKEHHOTO W M3BECTHOTO METOOB, NIPU CHIIBHOM (KpuBas 1)
U cinabom (kpuBast 2) HachIeHUIX Marautonposoga TT. AHaau3 mpeacTaBiIcH-
HBIX 3aBUCUMOCTEH CBHUJICTENBCTBYET O 00Jiee BHICOKUX ITUHAMHYCCKHUX CBOW-
cTBax paspaboranHoro merona popmupoBanns OC BXOIHBEIX TOKOB B CpaBHE-
HUM C MPEJIOKEHHBIM B [7] AUt yCIOBUH TITyOOKOTO HACHIIIEHHUST MarHUTOIIPO-
Boga TT m 0 mMpakTHYECKOM COBIMAJCHUH yKa3aHHBIX CBOWCTB IPU €0 MAallOi
CTENeHH J00 OTCYTCTBHH.
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Puc. 5. OTHOIIEHNE AEHCTBYIONINX 3HAYCHUI SKBUBAJIICHTHBIX TOKOB,
MOJTy4YEeHHBIX MPETOKEHHBIM H U3BECTHBIM METOaMU, IPH CHIbHOM (KpuBas 1)
1 cnaboM (KpuBas 2) HACBIIEHUSIX MAarHUTONPOBOAA TpaHC(HOPMATOPOB TOKA

Fig. 5. The ratio of the effective values of equivalent currents

obtained by the proposed and known methods for strong (curve 1)
and weak (curve 2) saturation of the magnetic core of current transformers



@. A. Pomaniox, FO. B. Pymanyes, B. 0. Pymanuyes, U. B. Hosaw
200 ®opmupoBaHHE OPTOrOHANBHBIX COCTABIAIONINX BXOAHBIX TOKOB B MUKPOIIPOLIECCOPHBIX. ..

JanpHelimee moBbImenne ObicTpoaeicTBus GopmupoBanuss OC BXOTHBIX
TOKOB MOYET OBITh OCYLIECTBJICHO 32 CUET peaju3alyy NPUHLUIA aJanTHBHO-
CTH TIyTEM COOTBETCTBYIOIIETO TEKYIIETo M3MeHeHus1 Bxossmero B (12) koad-
(dbummenTta m.
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Kputepun BbIsIBJIeHUS] MEKBUTKOBBIX 3aMbIKaAHMIi
B CTATOPHBIX 00MOTKAX € HCMOJIb30BAHHEM
BEKTOPHOI'0 aHAJN3a (Pa3HBIX TOKOB JIEKTPOJABUTATEJIsI

H. B. )Kemeﬂemcol), B. E. Kpl/lBOHOCOBl), C. B. Bacuienko”

Y AzoBckuit Mopckoii nuctaTyT Hanmonanssoro yrmsepcutera «OIecckas MOPCKAs aKaIeMHUs)
(Mapuymnons, YkpauHa)
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Pedepat. B s5ekTpoTexHUUECKUX KOMILIEKCAX MPOMBIIIICHHBIX NPEIIPUATHH, MOPCKUX ITOPTOB,
cynos 6onee 80 % oOOpynOBaHUS COCTaBISIIOT AaCHHXPOHHBIE JBUTAaTeNl. B psime cirydaeB oHH
paboTaroT ¢ pe3Ko MepeMEeHHOI Harpy3Koii, B YCIOBUSX arpecCUBHOM Cpelibl, IPH 3TOM MOTYyYaroT
MHUTaHHE OT CeTH C OTKJIOHEHHSIMH TIOKa3aTeled KauecTBa 3NIEKTPOIHEPTHH OT HOPMATHUBHBIX,
YTO NMPUBOAUT K BBICOKOH moBpexaaeMoctd. Oxono 40 % ciydaeB MOBpEXICHHUS U30JSIIHU 00-
MOTOK aCHHXPOHHBIX JBUraTelIed COCTABIIOT BUTKOBBIC 3aMbIkaHUs. HecBoeBpeMEHHOE BBLABIIC-
HHUE HAa4YaJbHOTO MOMEHTA IOSBICHUS Ne(EeKTOB B aCHHXPOHHBIX ABUTATENSIX WM HapyIICHUS
pEeXUMOB pabOTHI NMUTAIOIIEH CETH U TOKOBBIX LieTeil MPUBOAUT K aBapUHHBIM CUTYALUAM 3JIEK-
TPOTEXHUYIECKOT0 KOMILIEKCa, TPOCTOI0 000pyAoBaHUs 1 yuiepOy. B cTathe paccMoTpeHs! BOIpo-
CBl JMarHOCTUKHM HENOJHO(A3HBIX PEKHMOB TOKOBBIX ILETEH, HANpSDKCHUI CeTH M BHTKOBBIX
3aMBIKaHUH B CTATOPHBIX OOMOTKAaX aCHHXPOHHBIX J[BHTATeNIeH, MOJIyJaIOIUX IMHUTaHUE OT CeTH
B YCIIOBHSAX HECHMMETPUH HampsokeHui. IIpoBeeH aHamu3 BEKTOPHBIX AMarpamMM TOKOB, Hampsi-
KEHUH M JONOJIHUTEIbHBIX (a30BBIX YIJOB cIBUra (hasHbIX TOKOB, BOSHHMKAOIIMX IPHU HECHM-
METpUM HAIPSKEHUI CETU U MEKBUTKOBBIX 3aMblKaHMAX. IloirydeHHBIE pe3ynbTaThl IO3BOJIUIN
copMyIIpOBaTh KPUTEPHHU BBISBICHUS HAYAILHOTO MOMEHTA BUTKOBOTO 3aMBIKAHHUS U IBYX(has-
HBIX PEKHMMOB CETH M TOKOBBIX LieTel pu cTallMoHapHBIX pexumax. Pazpaboransl cnocob Hepas-
PYILIAOIIEr0 KOHTPOJISI COCTOSIHUSI aCHHXPOHHOTO JBUTATeNs, a TAKXKe YCTPOHCTBO sl €T0 peany-
3anuu. Crioco6 OCHOBaH Ha CPaBHEHMH BEKTOPOB M3MEPEHHBIX (Da3HBIX TOKOB C MX PaCUETHBIMH
3HaueHUSIMU. [IpUBeeHBI pe3ynbTaThl MOJEINPOBAHHS M3MEHEHHS! BEKTOPOB (Pa3HBIX TOKOB OT
KOJIMYECTBA 3aMKHYTHIX BUTKOB B 0OMOTKE aCHHXPOHHOTO JBHTATENs. Y CTAHOBIECH MOIIHOCTHON
psAA aCHHXPOHHBIX ﬂBHFaTeHeﬁ, JUISL KOTOPBIX YYBCTBUTEIIBHOCTD BBISIBJICHUSI HAYaJIbHOI'O MOMCH-
Ta MECXKBHUTKOBOI'O 3aMbIKaHHUs MaKCHUMAaJIbHaA. nOqueHbI AHAJIUTUYCCKUE PE3YIIbTAaThl 3aBUCUMO-
cTH K03((HUIHEHTa YyBCTBUTEIFHOCTH PH MEXBUTKOBBIX 3aMBIKAaHUSX OT a0COJIOTHOTO IpHpa-
IIeHHs] MOJIyeH (ha3HBIX TOKOB M COOTBETCTBYIOMNX (pa30BEIX yIJIOB.

KuroueBble cji0Ba: aCHHXPOHHBIN JABUTATENb, MEKBUTKOBBIE 3aMBIKAHUS, HECUMMETPHS HaIpsi-
JKEHUH CeTH, OTKIOHEHHUS HANpsDKEHHH, BEKTOPHAS JHarpaMma, KpUTEpHU JHArHOCTHUKH, 3allUTa
JJIEKTPOBUTaTENs], MOJECIMPOBAaHNUE, YyBCTBUTEIBHOCTD 3aLUTh], HEPA3PYIIAIOMINI KOHTPOIb
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Criteria for Detecting Turn-To-Turn Short Circuit
in Stator Windings Using Vector Analysis
of Electric Motor Phase Currents

I. V. Zhezhelenko®, V. E. Kryvonosov?, S. V. Vasilenko®

YAzov Maritime Institute National University “Odessa Maritime Academy”
(Mariupol, Ukraine)

Abstract. At industrial enterprises, seaports, ships, more than 80 % of all electrical engineering
equipment is asynchronous motors. In a number of cases, asynchronous motors operate with
a sharply variable load, in an aggressive environment; herewith they receive power from the net-
work with deviations of the power quality indicators from the normative ones, which causes their
high damageability. Turn circuits in the stator windings account for about 40 % of cases of damage
to the insulation of the asynchronous motors windings. Untimely detection of the initial moment
of the appearance of defects in the asynchronous motors or disruption of the operating modes of
the supply network and current circuits result in emergency situations of the electrical complex,
equipment downtime and damage. The article discusses the issues of diagnostics of non-full-phase
modes of current circuits, mains voltages and turn circuits in the stator windings of the asynchro-
nous motors that receiving power from the networks in conditions of voltage asymmetry.
The analysis of the vector diagrams of currents, voltages and additional phase angles of the phase
currents displacement arising from the asymmetry of the mains voltages and turn circuits in the
stator windings has been fulfilled. The results obtained made it possible to formulate criteria for
identifying the initial moment of the turn circuit and two-phase modes, both in the network and in
current circuits, in stationary modes. A method for non-destructive testing of the asynchronous
motors state as well as a device for its implementation has been developed. The method is based
on comparing the vectors of the measured phase currents of the asynchronous motors with their
calculated values. The article presents the results of modeling the change in the vectors of phase
currents from the number of closed turns in the winding of the asynchronous motors. The power
series of asynchronous motors was established, for which the sensitivity of detecting the initial
moment of the turn-to-turn short circuit is maximum. Analytical results of the dependence of the
sensitivity coefficient for turn-to-turn short circuit on the absolute increment of the modules
of phase currents and the corresponding phase angles have been obtained.

Keywords: asynchronous motor, turn-to-turn short circuit, mains voltage unbalance, voltage
deviations, vector diagram, diagnostic criteria, motor protection, simulation, protection sensitivity,
non-destructive testing

For citation: Zhezhelenko I. V., Kryvonosov V. E., Vasilenko S. V. (2021) Criteria for Detecting
Turn-To-Turn Short Circuit in Stator Windings Using Vector Analysis of Electric Motor Phase
Currents. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 64 (3), 202-218.
https://doi.org/10.21122/1029-7448-2021-64-3-202-218 (in Russian)

BBeaenue

[IpocToTa KOHCTPYKIMHU U IKCILTyaTallMOHHBIE KAYeCTBA ACHHXPOHHBIX IBH-
ratenei (AJl) MO3BOJISIOT MPUMEHITh MX B JJICKTPOTEXHHUECKUX KOMITICKCAX
MIPOMBINIUIEHHBIX MPEANPUATHI, MOPCKHX MOPTOB, CYIOB M JIPYTHX OTPACIAX.
IIpu skcnnyaranuu AJl B yClOBUSIX, OTJIMYHBIX OT HOPMATHUBHBIX, CPOK HX
CITyX)OBI cHIKaeTcs B 2—5 pa3 [1]. Kak mpaBmiio, 3T0 BEI3BaHO CHIDKCHHUEM JIH-
ANEKTPUIECKON MPOYHOCTH M3OJSIIHKA OOMOTOK CTaTOpa, BIMSHUEM OKPYXKaro-
el cpeasl, TEXHOJIOTHYEeCKUMH Tmeperpy3kamu u np. [2]. Tak, 70-80 % aBa-
puitHBIX BBIXOAOB AJ] MPOMCXOOAT B pe3ysbTaTe MOBPEKIACHHUS W3OJALNH, W3
HuX 110 40 % ciryyaeB npo0ost u3omsMu 0OMOTKH cTatopa A/l cBsi3aHbI ¢ BHT-
KOBBIMHU 3aMBIKaHUSIMH. CTOUT OTMETHTh, YTO BUTKOBBIEC 3aMbIKaHMsI HA PaHHEH
cragu (1,5 % KOpOTKO3aMKHYTBIX BUTKOB OOMOTKHM CTaTOpa OT OOIIEro 4ncia),
a TaKKe HECMMMETPUYHBbIE OTKJIOHEHHsS HANpsHKEHUH MUTAIOLEH ceTH, 3Ha-
YEeHUs! KOTOPBIX HE MPEBBINIAIOT BenuuuH, HOpMupyembix ['OCT 13109-97,
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HE NPHUBOAAT K 3HAYNUTENBHBIM IlepekocaM TokoB B ¢azax AJl. Ilpu takux ycio-
Busix A/l mpojomkaeT paboTaTh B OOBIYHOM PEKUME, HO B MECTaX MEKBHUTKOBBIX
3aMBIKaHWH, KOTJa MHAYKTHBHOCTb CTaTOPHOW OOMOTKH cHmkaeTcsi Ha 10-15 %,
TOK B IOBPEXIECHHON OOMOTKE MOKET Kak yBennuuBaThest Ha 15-18 % ot pabo-
Yyell BEJIMUMHBI, TaK U CHWKATHCS, CAMMETPUPYsI ocTajlbHble (azHble TOku A/l
VYBenanueHue TOKOB B MECTaX MEKBUTKOBOTO 3aMbIKaHMs MPUBOAUT K JOIOJIHU-
TEIbHOMY JIOKAJIbHOMY HarpeBy M30JIALUU COCEAHMX HEMOBPEKIECHHBIX BUTKOB
Y Pa3BUTHIO JABYX-, TpeX(a3HbIX 3aMbIKaHUH U 3aMbIKaHU{ Ha Kopmyc [3].

BrisiBnenne HemoiHO(A3HBIX PEKUMOB (TOKOBBIX W HANpsHDKEHUH CETH),
HayYaJbHOIO0 MOMEHTa 0Opa30BaHUSI BUTKOBOTO 3aMbIKaHHS B CTaTOPHOH OOMOT-
ke AJl sBisieTcs cioxkHOM 3aiadeit [4—6], ocobenHo korma A/l monydaer nutanue
OT CeTH C W3MCHSIOIMMMUCS ToKazaresiMu KadecTBa 3jekTpodHeprum (I1KD).
CBoeBpeMeHHOE IUarHOCTHPOBAaHHE aHOPMAIBHBIX PEeXUMOB paboTel A/l mo3Bo-
asier Oe3aBapuilHO MPOBECTH KOMMYTALIMOHHBIE MEPEKIIOYEHHS U IUIAHOBO BBI-
BECTH 00OpyIOBaHME ISl MPOBEACHHS MPOPHIAKTHIECKOTO PEMOHTA, a 3HAUMWT,
CHU3UTb aBAPUHHOCTD 3JIEKTPOTEXHUIECKOTO KOMILIEKCA B IIETIOM.

AHAJM3 NMOCJIeTHUX HCCJIEeAOBAHNI M MyOIuKamui

MeToabl AMarHOCTUKH MEKBHUTKOBBIX 3aMBIKAHHH KaK B MOMEHTHI TEXHOJIO-
TMUYECKHUX I1ay3, TaK U B Ipolecce dKcIuryaTanuu AJl paccMOTpEeHbl BO MHOTHX
OTEYECTBEHHBIX H 3apyOeKHBIX paboTax.

MHOro4uciIeHHbIME U HauOoJiee N3yYEHHBIMU SIBIISIFOTCS. METOJbI TECTOBOMN
JuarHocTuku [7]: B oOMoTke craropa AJl Bo30yXJar0T MarHUTHOE TOJIE, C TO-
MOLIbI0 JAaTYUKA BBIBISIIOT €r0 HEOJHOPOAHOCTH, KOTOpAsl BBICTYNAET KpHTe-
pHUeM ompeJieNIeHsI MECTa BATKOBOTO 3aMBIKaHHSL.

B [8] m3mepeHna snexTpoABIKymas cuiia U 3a()UKCHPOBaHA CKOPOCTh €€ 3a-
TyXaHus, IPOBEIEHO CPaBHEHHE 3TUX JAHHBIX CO 3HAUCHHUSAMH, MOTYYEHHBIMH
HI0CJI€ OTKJIFOUEHHUH 3JIEKTPOIBUTATEIS OT CETH.

AHanmu3 METOAOB TECTOBOM IuarHocTHKH mpoBeaeH B [9]. Ilokazano, uto
OCHOBHA$ NOTPELIHOCTh CBA3aHA ¢ HECTAOWJIBHOCTBIO PabOThl M3MEPHUTEIBHOM
anmapartypsl. J{Jsl MOBBIIEHHSI JOCTOBEPHOCTH BBISBICHUS Ae(EeKTOB B 0OMOT-
kax AJl ¢ moMoOIIBIO YKa3aHHBIX METONOB HEOOXOAMMO IPOBOIUTH W3MEPEHUS
XapaKTePHBIX YaCTOTHBIX COCTABISIOMINX U3MEPSEMOT0 CUTHAJA.

M3BecTeH MeTOJ HENpPEpBIBHOW TUArHOCTUKH, OCHOBAHHBIN Ha KOHTPOJIE IO-
Tpebisiemoro Toka [10], B KOTOPOM W3MEPSIOT JIMHEHHBIEC HANPSDKEHNS TTUTAOIeH
cetd 1 (azabie Toku AJl, onpenensroT BemnanHbl Ko3(p()UITHEeHTOB HECUMMETPHH
HanpsHKeHUS U TOKa, a TakkKe TeMIeparypy craropa apurarteist. [lo makcumans-
HOMY 3HA4eHHIO KO3((HLIMEHTa HECUMMETPHU HANPSDKEHUS CYIAT O HEHOJIHO-
(ha3zHOM peKUME MUTAIONIEH CeTH, IO MaKCUMAaJbHOMY 3HAUYEHHIO KO3 HUIMeHTa
HECHIMMETPHH TOKa — 00 0OpbhIBe TOKOBOH Iend. Pa3HuIla 3HaYeHNI BETHMYHH KO-
3¢ QHUINEHTOB HECUMMETPUM TOKa M HAIlpsHKEHHH M TOBBILICHHAs TeMIlepaTypa
o0MoTKH cTatopa AJl yKa3pIBarOT Ha BUTKOBOE 3aMBIKAHUE.

B [11] pa3pabotan crioco0 3amuTbl A/l OT BUTKOBBIX 3aMbIKaHHUIi: OJHOBpE-
MEHHO M3MEPSIOT aMIUIUTYIbl IEPBOH U PE30HAHCHBIX TAPMOHUK TOKa M H3Me-
PSAIOT HMX YACTOTHI, CYIIECTBYIOIIME B JAMANa30HE W3MEHEHHS HWHIYKTUBHO-
ctu A/l OT mycKa 10 YCTaHOBUBILIErOCS PEXUMA.

B [12] mpencraBiieH MeTOJ, OCHOBaHHBIM Ha (HOPMHUPOBAHWUHU Toporpada
BEKTOpa BPAILAIOIIErOCsi MarHUTHOTO IOJISl M CPaBHEHHMU €ro ¢ roporpadamu
BEKTOPOB BPALIAIOLINXCS] MATHUTHBIX MOl ucrpaBHoro AJl.
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MeTobl TECTOBON AUArHOCTUKH HAIILIHA IIHPOKOE MPUMCHEHHUE TIPU aHaJIU-
3axX JI0- M IOCJIEpeMOHTHBIX coctosgHuii AJl. OOopynoBaHue IJisd HPOBEICHUS
TECTOB IOJIY4aeT TOJBKO CHMMETPHYHOE IHUTAIOIIEe HANPsKEHNE, YTO obecIie-
YUBACT 3a/IaHHBIC UYYBCTBUTEIBHOCTH M JIOCTOBEPHOCTH BBISBICHHS MEKBUT-
KOBBIX 3aMbIKaHHUH.

W3BecTHBIE METOABI NHATHOCTHKH BUTKOBBIX 3aMBIKAHUH B CTaTOPHBIX 00-
MoTKa AJ] He MO3BOISIOT ONPEACINTh HaYalbHBI MOMEHT UX IOSBIICHHUS IIPU
m3Mmensronuxcs [TKD nuraromieii cetu. B yerpolicTBax, pealn3ylonux 3TH CIIO-
cOoOBI, HAIMYKME HECHMMETPUH HAINPSOKCHHUS MHUTAIOMECH CETH TpeOyeT CHIDKE-
HHUS YyBCTBUTCIBLHOCTH 33 CUCT YBCIMUCHHUS 30HBI TJOBEPUTEIBHBIX HHTCPBAJIOB,
a B psAJie CAyYacB JOCTOBEPHO BBISBUTH HAYAIBHBI MOMEHT OOpa30BaHUSI MEXK-
BHTKOBOTO 3aMbIKaHUs HEBO3MOXKHO.

Jia nzyuenus Binusaus [1IKD muTaroie ceTh Ha JUArHOCTHKY MEKBHTKO-
BBIX 3aMBIKaHMii B 0OOMOTKax craropa AJ] mpoBeneHbl H3MEPEHHS YPOBHEH
HaNpsDKEHUsS, YaCTOThI, M3MEHEHUS KO3 (PHUIINeHTa HECUMMETPHH CETH Ha IIIH-
Hax TpaHChOPMATOPHBIX MOACTAHIIMH MOIIHOCTEIO0 136 1 250 kBT Mapuymnons-
CKOT'O MOPCKOT'O TOPTOBOTO MOPTAa.

I'padviku n3MeHeHHs yCPETHEHHBIX HA MHTEPBAJIC B OJIHY MUHYTY JCHCTBY-
OIMNUX 3HAYCHWH (a3HpIX HanmpspkeHwd Ha muHax 0,4 kB momcranmuu TIT-4A
[IpUBEACHBI HAa pUC. 1. MUHUMAaNbHBIE 1 MAKCUMAJIbHBIE JICHCTBYIOIINE 3HAUYECHUS
HanpspkeHus: coctaBwd: 225,1 u 235,24 B — mns daser 4; 225,92 u 236,98 B —
s dasel B; 225,1 u 236,12 B — ang daszel C. Marematudeckue oxxuganus ¢as-
HbIX Hanpspbkenuit 230,86, 231,38, 230,75 B mist ¢a3 4, B u C COOTBETCTBEH-
Ho. C BeposiTHOCTBIO 95 % (asHble HamNpsHKEHUs] HAXOIWINCh B TIpee-
nax: 227,4-233.9 B — ms dazer 4; 227,8-234,5 B — nnst paser B; 227,5-233,7 B —
s dazer C.
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Puc. 1. I'padukn neficTBylomux 3HaueHni ¢asupix Hanpspxenni 0,4 kB
noacranimu TII-4A: a — dasa 4; b — pasa B; ¢ — daza C

Fig. 1. The graphs of the effective values of the phase voltages of 0.4 kV
of the TP-4A substation: a — phase A; b — phase B; ¢ — phase C
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I'padyiku u3MeHEHUsT 4acTOThI M KO3 UIMEHTa HECUMMETPHH HANPsDKCHUN
o oOpaTHo# mocnenoBarenbHOCTH Ha mmHAX 0,4 kB moacrammm TII-4A mpuse-
JICHBI Ha prc. 2. MaTeMaTHIecKoe OXKXHUIAaHUe YaCTOTHI CeTH cocTaBmwio 49,968 ',
YTO HE NPEBBINIAET HOPMHPYEMOTo 3HadeHus. Paszmax koddduiieHTa HecHM-
meTpuu nuraromei cetu 0,08-0,33 %.
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Puc. 2. Tpaduku n3MeHeHuit 4acTOThI (4epHast KpUBas) U K03 HHULHESHTa HECUMMETPHH
HanpspkeHud (cuHAA KpuBasi) Ha muHax 0,4 kB noacranuuu TII-4A

Fig. 2. Graphs of changes in frequency (black) and voltage unbalance coefficient (blue)
on 0.4 kV buses of the TP-4A substation

I'paduku (puc. 1, 2) mokaspiBao, YTO IMPOMBIIUICHHBIE CETH YCIEIIHO pa-
6otator ¢ otknoHeHMsME [IKD, He MpeBBIIAIONMMHI 3HAYCHWH, yCTaHOBJIEH-
HeIx ['OCT 13109-97, u He3HAYMTEIHHO, HO BIMSIOT Ha pacmpencieHre Gha3HbIX
ToKOB B 00MOTKax AJl [13]. AHanu3 pe3ysibTaTOB HaydHbBIX IMyOIMKAIMi B 00IaCTH
JIMarHOCTHKHA MEKBUTKOBBIX 3aMBIKaHUM B CTATOPHBIX 0OMoTKax A/l mokazam, 94to
piwstare [1KD mmrarorieii cet Ha JOCTOBEPHOCTh U TyBCTBUTEIILHOCTD BBISIBIICHUS
HA4YaJIbHOr0 MOMEHTA MEKXBHUTKOBOT'O 3aMBIKaHHUS U3y4eHO HEJJOCTATOYHO.

Lens maHHOTO WCCIENOBaHHS — yCOBEPIICHCTBOBAHWE METOJA BBISBICHUS
HAYaJbHOTO MOMEHTA IOSBJICHUS BUTKOBOTO 3aMBIKaHWs B OOMOTKaX CTarTo-
pa AJl Ha ocHOBaHMM BEKTOPHOTO aHaM3a ()a3HBIX TOKOB, KOHTPOJIS HETOJIHO-
(ha3HBIX PEIKUMOB TOKA M HAIPSIKEHUH MHUTAIOIIEH CETH B YCIOBUSAX H3MEHSIIO-
muxcs [TKD muraromiei cetu.

IIpoBenenue ucciaenoBanui

Wzmensiromuecst ypoBHH (ha3HBIX HANPSKEHUH MHUTAIOMICH CETH U MEXBUT-
KOBBIE 3aMBIKaHUSI MMPUBOJASAT K M3MEHEHHUIO YPOBHEH TOKOB U (pa30BBIX YIIIOB
B 00MoTke ctatopa A/l. BektopHsie auarpammel (0e3 yuera Macmtada) ¢pazHbIX
TOKOB, HAIPSDKCHUH MUTAIONIEH ceTH, (ha30BbIX YIJIOB MEXIy TOKAaMH U Hampsi-
KEHUSMH M JIOTIONHUTENBHBIX YIJIOB cABUra (ha3HbIX TOKOB, BBI3BAHHBIX
HECUMMETPHEH HaNpsDKEHHH CETH, BUTKOBBIMH 3aMBIKAHUSIMH U UX COBMECT-
HBIM BO3JEHCTBUEM, IPUBEIEHBI HA PUC. 3.

O603nauenus Ha puc. 3: U,, Uy, U, — cummerpudnbie (a3Hbie HanpspkeHus; |,
I, Ic — paGounre ¢azHble TOKK NPU CUMMETPUYHOM HAIMPSLKEHUH; Oy, P, ¢ — (azo-
BbIE YIIIbI MEXTY HanpspkeHusMU Uy, Up, U 1 Tokamu Iy, Iy, Ic; U, Uy, U — das-
HbIE HANPsHKEHHs TIPY HECUMMETPUYHOM IHUTAIOLIEM HanpsbkeHud; 1), 1), — das-
HBIC TOKH, BBI3BAHHBIC HECUMMETPHEH (ha3HBIX HAMPsDKEHUI; AQ,, AQy — DOTIOTHA-
TeNbHBIC YITbl CABMra ()a3sHBIX HANPHKCHUH IIPH HECHMMETPHU; @y, Py, —
(asoBble yribl Mexay hazHeiMu HanpsokeHusMu Uy, U mtokamu 1), 17,5 AQuu,
A,y — IONOIHUTENBHBIEC YIB! CIBUTA (ha3HBIX TOKOB, BBI3BAHHBIE HECHMMETpPHEH
Y OTKJIOHEHHEM HanpsUKeHUH, paBHblE AQp, A@, COOTBETCTBEHHO; |, — (asHbIi
TOK, BBI3BAHHBII BUTKOBBIM 3aMBIKAHHEM B NApaJUICIIbHBIX MPOBOIHUKAX KATYIIKH
obmoTkH (asel 4; @5 — dazoBbiit yron Mexny U, v 1s; AQr = @, — @pg — 10-
TIOJTHUTENBHBIN yroi ciBUra (asHoro TOKa IPU BUTKOBBIX 3aMBIKaHUSX B Mapa-
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JeNbHBIX NPOBOAHMKAX; |, — (a3HbBIA TOK, BHI3BAHHBIH BUTKOBBIM 3aMbIKaHHEM
B 00MOTKe (pazbl A, HAMOTAHHOM OJHMM IPOBOAHHMKOM; @, — (ha30BbIA yroiu
mexay Uau 1, (op;, 9., 114 ¢a3 B, C COOTBETCTBEHHO); AQ,z = ¢, — ¢y, — JO-
MOJTHUTENBHBIN YToJ cABUTra (Da3sHOTO TOKA MPH BUTKOBBIX 3aMBIKAHUAX B OOMOT-
ke ¢aspl 4; 1., Iy, |1 — da3Hble TOKH NPH HECHMMETPHYHBIX HANPSDKEHUAX U
% . ' ’

BUTKOBOM 3aMBIKaHHHU B OJTHOM 13 da3; @y, ¢, — (a3oBble yriel Mexy (asHbIMU
HanpsokeHusiMu Uy, U u tokamu 1, |, A@y = AQy + A@yz — 1OTIONHUTETBHBIH
yroi ciBura (pasHOro TOKa IMpU COBMECTHOM BO3JICHCTBUH OTKJIIOHCHUS HAIIpshKe-
HUI 1 BUTKOBBIX 3aMbIKaHUM B (paze B.
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Puc. 3. BexTopHble quarpaMMbl pasHbIX TOKOB aCHHXPOHHBIX JBUTATENEH U HANPSKEHUI
B YCJIOBHSIX CHMMETPUU U HECUMMETPUHU HAIPSKEHUH CeTH T Pa3IMYHbIX BHIOB

MEXBUTKOBBIX 3aMbIKaHUI B OOMOTKaX: a — OTCYTCTBHE MEXBUTKOBOT'O 3aMbIKAHUS
[PH HECUMMETPHYHBIX HAMPSOKCHHUSX UTAIOLICH CETH; b — 3aMbIKaHne B MapajuielibHBIX
MPOBOJTHUKAX KATYIIKH CTATOPHOH 0OMOTKH (pa3bl 4 MpH CHMMETPHYHBIX HAMPSIKCHUSIX

MUTAIOIIEH CeTH; C — MEXBHUTKOBOE 3aMbIKaHHE B OJHOIPOBOAHON KaTYIIKE CTATOPHOH OOMOTKH
ACHHXPOHHOT'O IBUTaTeN sl IPU CUMMETPUYHBIX HAIPSHKEHUSAX MUTAIOIIEH ceTu;
d — MEXBHUTKOBOE 3aMBIKAHUE B KATYIIKE IPU HECUMMETPUIHBIX HAMPSKEHHUSAX CETH

Fig. 3. Vector diagrams of asynchronous motors phase currents and voltages in conditions
of symmetry and asymmetry of the mains voltages for various types of turn-to-turn short circuits
in the stator windings of the asynchronous motor: a — absence of turn-to-turn short circuit
at asymmetrical supply voltage; b — short circuit in parallel conductors of the stator winding coil
of phase A in conditions of symmetrical supply voltage; ¢ — turn-to-turn short circuit in a single-wire coil
of the stator winding of the asynchronous motor, under conditions of symmetrical supply voltage;
d — turn-to-turn short circuit in the coil at unbalanced mains voltages
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AHanu3 BEKTOPOB TOKOB U HampshkeHu# (puc. 3):

— YBEJIMUYCHUE UM yMEHbIIeHHEe ypoBHEH (a3HbIx TokoB I, ;, 1, 1 pa3oBbix
YIIOB @y, ¢, OOYCIOBICHO M3MEHEHHEM YPOBHEH (ha3HBIX (MM JTHMHEHHBIX)
Hanpspkenuii cetn U], U/, U/ (puc. 3a);

— 3aMbIKaHKe MapajlieNIbHBIX MPOBOJHUKOB B KATYIIKE CTATOPHOH OOMOT-
ku AJl, Haripumep (a3pl A, TPUBOANUT K YBEIHUEHUIO aKTUBHOM COCTaBIISIOMICH
¢azHoro Toka |z ¥, COOTBETCTBEHHO, (pa3oBoro yria ¢,, (puc. 3b);

— BUTKOBOE 3aMbIKAHHE B OJHOCJIOMHOH OOMOTKE, BBIIIOJHEHHOH OJHHM
IPOBOJIOM, NPUBOAUT K M3MEHEHMIO BeKTopa (azHoro Toka |}, ¥ 10moiaHu-

TenpHOro (a3oBoro yria Ae,, (puc. 3C);

— BUTKOBOE 3aMBbIKaHHE B KaTyIIKe, B JaHHOM ciydyae B oOMoTke (asbl B,
IpH U3MEHSIOIUXCA ypoBHsAX HampsbkeHnidt U], U/, U! HeoqHO3HauHO M3Me-

HAET BEIMYMHBI BEKTOpOB (asHeix TokoB |, 1], || M 1ONOIHUTENBHBIX yT-

10B A@y, A@.y (puc. 3d). IIpu MakcHMaabHOM 3HAYCHUH YPOBHEH HAIIPSLKEHUM,
HOJIaHHBIX Ha OOMOTKY ¢ MEKBUTKOBBIM 3aMbIKaHHEM, (ha3HbIE TOKH MOTYT yBe-

!

muauBaThest (17, 1)), npu MuHEManbHOM — ymeHbmatees (1]).

JI5s BBIABICHUS] HAUATBHOTO MOMEHTA MEXBHUTKOBOTO 3aMBIKAHHS B OOMOT-
ke 1 3amuThl A/l OT HenmoHO(Ma3HBIX PEKUMOB CETH U OOPhIBa TOKOBBIX LieTICH
pa3paboTaH METOJ, OCHOBAHHBIM HAa CPAaBHEHWH BEIMYMH W3MEPEHHBIX (ha3HBIX
tokoB |}, I}, || u da30oBBIX yriaoB ¢, ¢, ¢, C pACIETHBIMU 3HAYECHHAMH COOT-
BETCTBYIOIUX TOKOB lap, lpp, lcp B YTIIOB Qup, Pop, Ocp.

BennuuHbl pabouero u pac4eTHOro TOKoB A/l 3aBUCSAT OT MOIIHOCTH, YpOB-
Hell HaNpsDKCHUH M YacTOThI CETH, CXEMbl COSIUHEHHsS OOMOTOK M HMX KOH-
CTPYKIIMH, TOYHOCTH OTpEJICIICHHs TIapaMeTPOB CXeMbI 3ameleHus. [IpoBeeH-
HBIC HCCJICAOBaHUA ITOKasajiM, 4TO M3MCHCHHA BCJIIMYUH TOKOB IIpHU HAJIWUYUU
MEKBHTKOBOTO 3aMBIKaHUSI B CTAaTOPHOH OOMOTKE 3aBHCAT OT MaCHOPTHOM
MOIIHOCTH U KOHCTpyKumu AJl. Onpenenuts 00iacTh UCIONB30BAHHS METOJA
MO3BOJISICT aHANHN3 3aBUCHMOCTH KOJ(D(HUIIMEHTOB YYBCTBHTEILHOCTH H3MEHE-
Hui da3Horo ToKa Al, NpU BUTKOBOM 3aMbIKaHUM B (a3ze 4 u ha30Boro yria

cABUT'a Aq);z OT KOJIMYECTBA 3aMKHYTBIX BUTKOB B KaTyHIKE OOMOTKH.

Koo durmeHTs! 9yBCTBUTEIBHOCTH 110 TOKY Ky, asoBoMy yrity K, ¥ K030-
(UIMEHT U3MEHEHHUS YHCIIa BUTKOB B Ma3y Ka, OMPEICIAIOTCS MO BHIPAKEHHUSIM:

Al

kA| ZI_aZ; (1)
a
A !

Kpp = =22 @)
Pa
W,

Kaw = S_k’ 3)

rae Wy — KOJINYeCTBO 3aMKHYThIX BUTKOB B MMa3y; S, — KOJMYECTBO BUTKOB B Ma3y
OOMOTKH.
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I'paduxm 3aBHCHMOCTH KO3(Q(PUINCHTOB UyBCTBHTEIBHOCTH Ko, Kai OT
kodpumenta K,, mis asurareneit mommoctero 0,75; 1,1; 5,5; 15; 22; 55;
75 kBT npuBeneHs! Ha puc. 4.

a b
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Puc. 4. 3aBucumoctu ot Ky K03 buIeHToR:
a — 4yBCTBHUTEIBLHOCTH (pazHOro Toka Ky;

b — uyBcTBUTENEHOCTH CABUIa (a30BOTO yria Ky,
1-4A160M6Y3 15 kBt; 2 —4A71A4Y3 0,75 xBt; 3 — 4A112M4VY3 5,5 kBT;
4 - 4A80A4Y3 1,1 kBt; 5-4A160S4Y3 15 kBt; 6 — 4A18054Y3 22 xBT;
7-4A250M6VY3 55 kBt; 8 —4A250S4Y3 75 kBt

Fig. 4. Dependencies on k,,, of coefficients:

a— current sensitivity ky; b — phase angle sensitivity ky,,
1-4A160M6U3 15 kW; 2 - 4A71A4U3 0,75 kW; 3 - 4A112M4U3 5,5 kW;
4 — 4A80A4U3 1,1 kW; 5 — 4A160S4U3 15 kW; 6 — 4A180S4U3 22 kW;
7 - 4A250M6U3 55 kW; 8 — 4A250S4U3 75 kW

Amnamu3 rpagukoB (puc. 4) nokaseiBaeT, uro ais A/l momHocThIO 15 KBT
W BBILIE, UMEIOIIUX OIHO- U ABYXCJIOMHBIE OOMOTKH C MapajiedbHBIMHU MPOBOI-
HUKaMH{, U3MEHEHHE NPHUPAIICeHHH BEKTOPOB (ha3HBIX TOKOB, naxke mpu 90 %
3aMKHYTBHIX BUTKOB B N1a3y, — aBapUHHBINA peXuM, K03 (HUIHUEHTH YyBCTBUTEIb-
HOCTH CTPEMSTCS K HYJII0, YTO HE MO3BOJISIET IPUMEHATh METOJ], OCHOBaHHBIN Ha
aHaJIM3€ BEKTOPHBIX BEJINYHH.

Hns AJl momrHocThio 15 kBT M Hibke ¢ 0OMOTKaMH, BBITOJHCHHBIMH Ha-
MOTaHHBIMHM OJHUM IIPOBOJOM KaTyIIKaM{, U3MEHEHHE KO3((UIMEHTOB YyB-
cTBUTEJIBHOCTH OT 2 % mnpu 3ambikaHuu 10 % BUTKOB masza (Y4TO COOTBETCTBY-
eT 2—8 BUTKaM) TI03BOJISIET UCTIOIb30BaTh MPEAIOKEHHBIA METO/I.
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brok-cxema ycTpoiicTBa, peaau3yIoniero MeTo A JMarHOCTHKHU U 3aIuThl A/l
OT aHOPMAJBHBIX PEKUMOB CETH U TOKOBBIX LIETICH, a TaKkKe IMO3BOJISIIOIIETO
BBISBIISITh HA4aJbHBIE MOMEHT MEXBUTKOBOTO 3aMBIKaHHsI B CTATOPHON OOMOT-
Ke, IpUBEJIEHA Ha pUC. 5.

B ycTpolicTBe HEMmpephIBHO KOHTPOJMPYIOTCS MapaMeTphl MUTAIOMICH CETH
u AJl. OrcyrctBue ogHOrO M3 (Da3HBIX TOKOB M HAJUYME TPEX JIMHEHHBIX
HANPSOKEHUH BBISBISICT HEMOMHO(MA3HBIN PEXUM TOKOBBEIX Iemneir. OTCyTCTBHE
OJIHOTO W3 JMHEWHBIX HANpsHKCHWH YyKa3blBaeT Ha HEMOJMHO(DA3HBIN pekuM
MATAIONMEH ceTH. BBIABIICHHBIN HEMOIHO(MA3HBIA PEKUM COIPOBOXKIACTCS CHT-
HaJu3alued, U C BBIACPKKON BpeMeHH 2—2,5 mocTosiHHOTO HarpeBa AJl oTKIIIO-
YaeTCs OT CETH WU OJIOKUPYETCS OT MOIKIIOUYCHHUS K CeTH. BRIsSBICHHE HaYallb-
HOTO MOMEHTa IMOSIBIICHUSI MEKBHTKOBOTO 3aMBIKaHHUS COIPOBOXKIIAETCS CHT-
Hamuzauued. [Ipu JOCTHKEHUM KPUTUYECKOW BEIWYMHBI 3aMKHYTBIX BHUTKOB
B a3y (06oxee 10 %) A/l oTkiItOYaeTcs OT CETH.

IIuraromas ceTh

y Y ¥ A\

Buok 1 13 Biiok u3mepenuii 7 boox 10
| KOMMYTaLHOHHBIX Buok mutanus (pasubIX HANpSLKEHHIT M3MEPEHHS YacTOThI
anmnapaTos 1 (a30BBIX YIIIOB CeTH IUTAHUS
¢ v ‘
Bitok namepenmii2 Ananoro- 3 »  Anamoro- 8 Ananoro- 11
(a3HBIX TOKOB H  [— ] 1 poBoii 1wipoBoii undposoii
(hasoBEIX yrIIOB npeoGpasoBaTeh npeobpasoBatenh npeobpasoBatenb
y '
L 9
y
> MUuKPOKOHTpOILIIE]
N Brok usmepenus g Ananoro- 0 P pouiep
AcHHXPOHHBII M g
(st CKOPOCTH BpallleHus —»|  HHPPOBOI
JBHTaTENb
JIBUTATENs npeobpazoBarens
> Brox 12

YHPaBICHHUS 1
CHTHATM3ALMH

Puc. 5. biok-cxema ycTpoicTBa IMarHOCTUKH U 3aLUThl ACHHXPOHHOT'O IBUraTes

Fig. 5. Block diagram of the device for diagnostics and protection of asynchronous motor

Jns paboTel yCTpOWCTBa Ba)KHO YCTAHOBJICHHE KPUTCPHAIBHBIX 3aBUCH-
MOCTEH MEXIy HW3MEpSIEMBIMH M PACUCTHBIMU BEIWYMHAMH IApaMETPOB CETH
u AJl. B nanHOM ciydae 1ieecoodpasHo UCIIONh30BaTh TEOPHIO MHOKECTB CIIy-
YaiHBIX COOBITHH M 3neMeHTsl ByneBoii anreOpel. PaccmarpuBatoTcs ciemyto-
I11i€ MHOKECTBA 3HAUYEHUI:

— U3MEPSEMBIX BEKTOPOB Paboumx (ha3HBIX TOKOB

la E{la}; Iy E{lb}; I e{lc}; (4)

— U3MepIEMBIX BEKTOPOB (pa3HbIX (JIMHEHHBIX) HANPSKSHUH

Ua e{Ua}; Uy e{Up}; Uc e{Uc}; )
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— YaCTOThI CCTH

frc € { fn.c.}; (6)
— CKOPOCTH BpalleHus potopa AJ]
Mpor € {Npor }5 (7)

- KO3(1)(1)I/ILII/ICHT3, OMPEACTIAOIICTO U3SMCHCHNUEC Y1 CJIa BUTKOB B a3y 00MOT-
KH CTaTopa IpU BUTKOBBIX 3aMBIKAHUAX

Kaw € {Kaw | - (8)

KputepunansHble 3aBUCHMOCTH OINPENENEHB] )1 YCTaHOBUBIIETOCS pPeKUMa,
YCIOBHAMHU KOTOPOro ABsitoTes: fric. = const; U,, Uy, U — const; n,,, — const.

Kpurepuem HopmansHOl paboTsl AJl ABISIOTCS (QYHKIIUH:

a) F(L_Ja'L_Jb'L_Jc):{ll 1 1} :L_Ja/ub/L_J 1pu Qa 7&0’ L_Jb 7&0’ L_Jc #0 co-

OTBCTCTBYCT UICTUHHOMY 3HAYCHUIO — JIOTUYCCKAA «1»;
6) F({La NLap {1 N1y {1 N1y} ) =40 1 2 = {1 N {1, N {1 Ny

pu {la ﬂlap}, {lb ﬂl_bp}, {lc ﬂlcp} COOTBETCTBYET UCTUHHOMY 3HAYCHHIO —

c!

noruyeckas «1», tae 1., Iy, |, — pacyeTHble 3HaYCHHUST BEKTOPOB (asHbIX

ToKOB A]l,

I_ap 'lbp ’lcp =F ({L_Ja’lib ’L_Jc} ’ npOT’ fH.C ’ {Zwi })’ (9)

rae Z,,; — HOJIHOE KOMIUIEKCHOE CONPOTHUBICHHE CXeMbl 3amerneHus AJl B i-i

daze.
Kpurepuem HemomHodasHOro pexxnuma HanpspKEHHH MUTAIOMIEH CeTH SIBIA-
eTcs QyHKUUS

F(U,Up U, )={0,004={U, /U, }v{U,/U_}.

Kpureprem oOpwiBa, HEAOBKITIOUECHUS OMHOW M3 (a3 TOKOBBIX IICTICH, TTOBpE-
KJIeHNs KaOeTbHOW JIMHNUY U IPYTUX CUTYALUH SBISIETCS BBITIOTHEHUE YCIIOBUS

F{F(UaUp o) Fladylo)f =(Ua /U, 10 ) ({La /1) v {1/ L)),

rre F(U,Up,U.)={111}=U,/U, /U  COOTBETCTBYeT HAIMIMIO HEHYICBbIX

3HaueHnii (asubix Hampsokenmit; F(1,,1,,1.)={0,0,0}={1,/1,}v{l,/1}

COOTBETCTBYET OTCYTCTBHIO TOKa B oxHOM u3 ¢a3; 1, #0, 1, #0, 1, #0 coor-

BETCTBYIOT HICTUHHOMY 3HA4EHUIO — JIoTHUecKast «1».
Kpurepun BbIBICHHS HAYaJBHOIO MOMEHTa MEKBUTKOBOI'O 3aMbIKaHUS
B 00MOTKe ctaTopa A/l:

a) F(UgUpUo)={1 1, 1} =U, /U, /U;
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6) F({La\Lap {1 Vg {1 Ve }) = {0,000 = {1 VL V{1, Vi V{1 VL

pH {la ﬂlap} : {lb ﬂlbp} ,{I_C ﬂlcp} COOTBETCTBYET HUCTHHHOMY 3HAYEHUIO —

jgorudeckast «1».

KpurtepuasbHbie 3aBUCHMOCTH MO3BOJIMIIH pa3paboTaTh mporpaMMHoe obec-
neueHne Uit paboThl MHUKPOKOHTPOJIIEpA YCTPOWCTBA, PEAU3YIONIET0 CIIo-
co0 [14].

Ha m0cTOBEpHOCTH M YyBCTBHUTEIBHOCTH BBISBICHUS MEKBHUTKOBOTO 3aMbI-

KaHHs BJIMACT TOYHOCTH OIIPEACIICHUA l | BCJIMYUHBI KOTOPBIX 3aBU-

ap? lbp! —cp!
CAT OT TOCTOBEPHOCTH OIpeIeieHus mapamMeTpoB cxembl 3amerneHus (I11C3) AJL.

Jns anammza pexuMoB paboTel AJl, TEIIOBBIX MoJHENeH HCIOIB3YeT-
cs T-o6pasnast cxema 3amenieHusi. CymecTBYIOT pa3indHble METOIUKH OIpeie-
nerus [1C3 AJl: mo karagoKHBIM JaHHBIM; METOJOM HIACHTH(HUKAITIHN; METOIOM
HCITOJIB30BAHUS OITBITAa XOJIOCTOTO XOJa M KOPOTKOro 3amblkaHus [15, 16].
B [17] BbImOMHEH CpaBHUTEIBHBIM aHaMU3 IOTPEIIHOCTEH MpHU ompeiaene-
Huu [1C3 no kartanoXKHbIM JaHHBIM U METOJIOM HICHTU(HKAIIMU, TTOKA3aBIIHMA
cnenyromee: 1ya Al momHocTsio 10 1 kBT norpemHocTs cocraBmnsier 17 % s
CONPOTHUBJICHUIN paccessHUs W aKTUBHBIX CONPOTUBICHUN W He Bbime 18 %
Juisi BeTBU HamaramuuBanus;, ;uist AJl ot 1 no 15 kBT morpemHocTs cocrapis-
er 13 % 11 cCompOTUBIICHUN pacCessHUS U aKTUBHBIX CONPOTHUBJICHUM U HE BbBI-
me 15 % nnsa BeTBM HamarHuuuBanus. B [18] mpeacrtaBien meron OHIaiH-
UACHTU(UKAIIMN DJICKTPOMATHUTHBIX TmapamMeTpoB AJl, MO3BOJISIOMUN BHI-
MOJIHATh AHAIMW3 YCTAHOBWBIIErOCs pexxkuMa pabotel A/l 0e3 wucmonb3oBa-
Hust T-00pa3HOW CXEMbI 3aMEIICHHS, JJIS Yero HEOOXOJIUMO PEIIUTh CHCTEMY
anreOpanveckux ypaBHCHHUH Y€TBEPTOTO MOPSIKa.

B [19] npoBeneH cpaBHUTENBHBIN aHATH3 U3BECTHBIX, YACTO MPUMEHSIEMBIX Me-
tonoB pacueta [IC3 AJl ¢ yroyHeHHON METOAUKOM. 3HAYCHUS MTOTPEITHOCTH BEJIU-
yun [1C3 AJ] komebnrorcst B mpenenax 8—12 % mns AJl momHOocTEIO 5-10 KBT
u 15-22 % nnsa AJ] momHocThIO 0,555 KBT.

KomrnekcHoe compoTuBieHue Kaxaon (as3sl AJl, umeroliel oJHOCIOWHYIO
00MOTKY, HAMOTaHHYIO OJIHUM IPOBOTHUKOM, OTIPEACISACTCS BEIPAKCHHEM

[rsz+jx§j rl*;2+jx“
1—
2=t | [ s o k)

% - , (10
k r ., . 2
z (;+szj+<r*‘+1(l_kz) XH)

k
rae k, =" — ko3 PHUIMEHT OTHOIICHHS 3aMKHYTHIX BUTKOB B T1a3y K 0OIIe-
1

My YHCIy BHTKOB B OOMOTKE; (; — KOJHMYECTBO Ma30B (a30BOii OOMOTKH;
l1, X1 — aKTUBHOE U MHJIYKTUBHOE COIIPOTUBJICHUS PACCESHUS CTATOPHOI 0OMOT-
KH; ), X, — NPHUBEJCHHbIE K CTATOPHOH OOMOTKE aKTMBHOE M MHIYKTUBHOE
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o n,—n
COTIPOTHBJICHHUS DPACCESHUS POTOPHON OOMOTKH; §=-—o MM — CKOJIBKECHHE
n

o
AJl; Ny — CKOPOCTh BPAIIECHUS MarHUTHOTO MOJIS CTATopa; Ny, — H3MEpEeHHas
ckopoctb poropa AJl; r,, X, — aKTHBHOE M HHIYKTHBHOE CONPOTUBICHHS
HaMaroHu4nBaroIgero KOHTypa.
KomruiekcHoe compoTtuBieHue Kaxaon (as3pl Al ¢ 0HO- U JBYXCIOHHBIME
06MOTKaMI/I, C ImapaJiyICJIbHBIMU IIPOBOAHUKAMU OIIPCACIIACTCSA BBIPAXKCHHUEM
Zy=|—H ix, |+

(rSZIJr jxgj(rH + jxu)
Kz

Lo ., .
o m, —n (s+ JX2]+(ru+ jX“)

1)

rae M; — 9YuCjiao MHNapanajejbHbIX IIPOBOJHHUKOB B KaTyIIKE 00MOTKHU cTaTropa,
N — 4KMCJI0 3aAMKHYTBIX HapaljeIbHbIX IPOBOJHHUKOB.
®dazHoe HaIMpsOHKECHUEC ITPU HATMYHUU OTKIIOHCHHWA HAIIPSXKCHUA CETU

Uy = (1+ AU, )ejA(pi Upn» (12)

rae U, — U3MEpeHHOE HANpPsKCHUE B i-it paze; AU i — OTKJIOHEHHE HaNpsiKe-

HUS B i-if pase; AQ; — AOMONHUTENBHBIH yroJl caBura (ha3HOro HaNpsHKEHHS PU
HecummeTpur; U, — KOMIUIEKCHOE HOMHHAJIbHOE (pasHOE HANPSIKEHHE.

Bennunns! ¢azHeix TokoB A/l ompenenstoTes Kak

Yy
~ip _Z_

Z=wi

(1+ AU, )equ’i(_/

- , (13)
% it i

-k |[ (5o ey

1-k, —+ jX |+

1

-k r, ., . 2
z (52+ JX2]+(I’H+ i(l-kz) Xu)

rae |, — pacuetnHoe 3Hauenue (pasHoro Toka B i-i (ase MpH HECUMMETPHH

HaTpPSOKEHUI U BUTKOBBIX 3aMBIKAHUAX.

Ha ocHoBaHMM TOJIy4EHHBIX BbIpaKEHUN MPOU3BENICHBI pacueThbl U3MEHEHUI
3HAYeHUI KOMIUIEKCHBIX compoTusieHuid AJl mo (10), mpupamenust ¢a3HbIX
TOKOB COTJIaCHO ypaBHEHH!0 (13), TOMOTHATETHLHOTO yIIIa c/iBUTa (ha3HOTO TOKA,
KO2(DPUITMEHTOB YyBCTBUTEINBHOCTH i AJl pa3nmnyHOW MOIIHOCTH TIPU CHM-
METPUYHOM MUTAIOIIEM HANpsHKeHWH. PacdeTsl mapaMeTpoB CXEeM 3aMeICHUS
npoBeJieHsl 110 MeToauke [19] s pabouero Toxa l, = 0,8 lyom.
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PesynbraTel pacueroB mapamerpoB s AJ] moraocteio 1,1 u 15,0 kBt (00-
MOTKa ojHocnoMHast, m; = 0), 22,0 kBt (o6moTka oaHocnoitHas, m; = 3), 75,0 kBt
(o6MoTKa aBYXCioiiHast, My = 4) mpuBeaeHs! B Ta0II. 1.

ITapameTpbl aCHHXPOHHBIX ABUraTeJIei
MPHU Pa3JHYHOM KOJHYECTBe 3aMKHYThIX BHTKOB

Tabnuya 1

Parameters of asynchronous motors with a different number of closed turns

3HadyeHue napamerpa

IIPU KOJIMYECTBE 3aMKHYTBIX BUTKOB Wy B I1a3y 00MOTKHU

H?aM:::;aI;He acunxponHoro nsuratens 4A80A4Y3 (P =1,1 kBr,
paMeTh n = 1500 06/mum, M;=0,S, =60, lyom=2,65A, I,=0,8 lon)
5 15 20 25 30 | 35 40 50 60
1 2 3 4 5 6 7 8 9 10 11
IIpupamenue yrna Ag,z,
rpajayc 0,54 |1,63|218|2,74|3,30 |3,85 441|553 6,63
Ipupamenue Toka Al z, A 0,032|0,1020,140|0,179 {0,221 |0,265|0,312 | 0,414 | 0,527
KommekcHoe conpoTus-
aeuue |Z,|, Om 104,3{102,7| 99,4 | 97,8 | 96,1 | 94,3 | 92,6 | 90,8 | 87,1 | 83,4
Koadduiuent uyscTBu-
TEJIFHOCTH O (ha3HOMY
yriy Ka, 0. €. 0 |0,013|0,038|0,051|0,064|0,077|0,091|0,103 {0,129 {0,155
Koadduiuent uyscTBu-
TenbHOCTH 110 TOKY Ky, 0. € 0 |0,015]0,048|0,066 | 0,084 {0,104 |0,125(0,147 {0,195 (0,248
acuaxponHoro asurarenst 4A160M6Y3 (P =15 kB,
n=1000 o6/mun, m;=0,S,=34, lxn=26,4 A, 1,=0,8 lyom)
0 3 7 11 15 20 25 27 30 34
[Tpupammenue yria Ag,z,
rpaayc 0 | 097|245 |4,04 579|819 |10,83|11,95(13,69|16,11
ITpupamenue Toka Al,;, A | 0 [ 0,34 |085| 146|218 | 3,28 | 467 | 533 | 6,44 | 8,24
KomrutexkcHoe conpoTus-
nenue |Z,|, Om 10,32/10,15| 9,92 | 9,65 | 9,36 | 8,94 | 8,46 | 8,25 | 7,92 | 7,44
Koappunuent ayBcTBH-
TEJIFHOCTH O (ha3HOMY
yriy Kag, 0. €. 0 |0,030|0,075|0,123|0,176 |0,250|0,330| 0,364 | 0,417 | 0,490
Koappunuent ayBcTBH-
TEeJBHOCTH 110 TOKY Ky, 0. €| 0 |0,016|0,0400,068 (0,102 |0,154|0,219|0,250 | 0,302 | 0,386
acuaxponHoro asuratens 4A180S4VY3 (P =22 xBr,
n=1500 06/mun, My =3,S, =23, lyom=382A,1,=0,8 lom)
0 3 5 7 9 13 15 17 21 23
[Tpupammenue yria Ag,z,
rpagyc 0 |003]|005|006|008]|010 011|012 | 0,14 | 0,14
Ipupamenue Toka Al ,z, A | 0 |0,045|0,073(0,099 (0,124 |0,168|0,188|0,206 | 0,240 | 0,256
KomrutexkcHoe conpoTus-
aeuue |Z,), Om 729|728 | 728 | 727|726 725|725 |7724 723|723
Koadduiuent uyscTBu-
TENBHOCTH 10 (hazHOMY
yriy Ka, 0. €. 0 10,0010/0,00200,0025/0,0030/0,0040|0,0045|0,0050(0,0054(0,0060
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Okonuanue mabn. 1

End of Table 1
1 2 3 4 5 6 7 8 9 10 11
Koaddument uyBcTBu-
TEJILHOCTH 110 TOKY Ky, 0. .| 0 [0,0010(0,0020(0,0030(0,0040(0,0054/0,0060(0,0067|0,0080/0,0084
acuHxpoHHoro asuratens 4A250S4VY3 (P = 75 kBr,
n=1500 o6/mun, Mm;=4,5,=9+9, lon=1268 A, 1,=0,8 lnom)
0 1 2 3 4 5 6 7 8 9
[Ipupamenue yrna Ag,z,
rpanxyc 0 |0,011|0,021|0,030|0,038|0,044|0,0500,055|0,059|0,062
Ipupamenne Toxa Al,z, A| 0 [0,069|0,134(0,195(0,251(0,303(0,351|0,397 (0,439 (0,478
KommiekcHOE cOnpoTHB-
nenue |Z,|, Om 2,113|2,111|2,110| 2,109 | 2,108 | 2,107 | 2,106 | 2,105 | 2,104 | 2,103
Koa¢dumreHt ayscTBu-
TEJIHOCTH 10 (pazHOMY
yry Kag, 0. €. 0 |0,0004|0,0008]0,0012(0,0015|0,0018|0,0020(0,0220/0,0230|0,0025
Koaddument uyBcTu-
TEJILHOCTH 110 TOKY Ky, 0. €. 0 [0,0007/0,0013|0,0020(0,0024(0,0030/0,0034/0,0038/0,0042/0,0046

[lo manHBIM Tabn. 1 mOCTpoeHa BEKTOpHAs auarpaMma TOKOB M CHMMET-
pyuaHBIX HampspkeHuit mpu 5, 11, 20 u 30 3aMKHYTBIX BHTKaxX B a3y OOMOTKH

(ha3er 4 (puc. 6).
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Puc. 6. BexTopHas 1uarpaMmMa TOKOB M CHMMETPHYHBIX (Da3HBIX HAIPSHKEHUH
IIPY Pa3IMIHBIX 3HAYEHHUSIX 3aMKHYTHIX BUTKOB B (haze A
U1 aCHHXPOHHOTO fBurarens tuna 4A160M6Y3 mourHoctsio 15 kBt

Fig. 6. Vector diagram of currents and symmetrical phase voltages at different values
of closed turns in phase A for type 4A160M6U3 asynchronous motor with a power of 15 kW
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BbIBO/JbI

1. Jlist acHHXpOHHBIX ABUTATENICH MOIIHOCTHIO 15 KBT M BBINIE, HMEIOIIHX
OJTHO- ¥ IBYXCJIOMHBIE OOMOTKH C MapayuIeTbHBIMUA MMPOBOIHUKAMH, U3MEHEHHE
NpUPALICHUH BEKTOPOB (a3sHBIX TOKOB, Aaxe rnpu 90 % 3aMKHYTBIX BUTKOB, —
ABapUIHBIN PeKUM, U KO3(D(DHUIIMEHTH YyBCTBUTEIHHOCTH CTPEMSTCS K HYIIIO,
YTO HE TO3BOJSET MPUMEHITH METOJl, OCHOBAaHHBIN Ha aHAJIM3€ BEKTOPHBIX Be-
TUarH (a3HBIX TOKOB IPH BBISBICHUY BUTKOBBIX 3aMBIKAHUI B MapaylIeIbHBIX
MIPOBOTHUKAX.

2. JIms acHHXpOHHBIX JABUTATENIed MOIMHOCTHIO 15 kBT u HIke ¢ oOMOTKa-
MU, BBIIIOJIHEHHBIMA HAMOTAaHHBIMU OJHUM IPOBOJOM KaTYIIKaMH, H3MEHEHUS
K03()QHUIIMEHTOB YyBCTBUTEIBEHOCTH Kaj U Kpo OT 2 % mipu 3aMbikanun 10 % BuT-
KOB B Ma3y MO3BOJISAIOT UCHOIb30BaTh METOJl, OCHOBAHHBIA Ha aHAJMN3€ BEKTOp-
HBIX BETHMYUH (Pa3HBIX TOKOB, JJIs JUATHOCTUKYA BUTKOBBIX 3aMBIKaHUH.

3. YcTaHOBNICHHBIE KPUTEPHAIBHBIC 3aBUCUMOCTH MEXKIY KOHTPOJIUPYEMBI-
MU TapaMeTpamMH CeTH M ACHHXPOHHOTO JABHIaTeNs TO3BOJIWIN pa3padoTaTh
YCTPOMCTBO AMArHOCTHKH U 3aIUTHl aCHHXPOHHBIX JIBUTATENEH U MpOrpaMMHOE
obecriedeHue.
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Abstract. The article presents a detection system with spider web coil-based wireless charging.
Commonly available metal detectors are sold as handheld systems, which enable only progressive,
lengthy, time-consuming search. Importantly, a part of the investigated area can thus be easily
missed, and the probability that a metal object will not be found increases substantially. This prob-
lem, however, is eliminable via the automatic position tracking mode embedded in the solution
obtained through our research. The proposed system facilitates using the spider web coil simultane-
ously for wireless charging and metal detection by pulse induction. The topology of the detector can
emit variable pulse lengths, thus allowing the device to detect more types of metal and to adapt itself
to the permeability of the soil. The coil has a branch in a relevant part of the winding to reduce unde-
sirable electromagnetic interference during the charging. On the transmitting side of the topology,
impedance matching is included to maintain the maximum spatial gap variability. By changing
the position of the receiving side, the output voltage changes; therefore, a high efficiency DC/DC
converter is employed. The individual battery cells demonstrate different internal resistances, requi-
ring us to apply a new method to balance the cells voltage. The system can be utilized on self-guided
vehicles or drones; advantageously, a GPS resending the coordinates to a mesh radio allows for accu-
rate positioning. With the mesh topology, potential cooperation between the multiple systems is pos-
sible. The setup utilizes the same coil for wireless power transfer and detection.

Keywords: wireless power transfer, metal detector, power delivery, active battery management
system, pulse induction
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B BUJIC IEPEHOCHBIX CUCTEM, KOTOPBIE TO3BOJISIOT OCYIIECTBIATh TOJIbKO IOCTECIICHHBIN, IJIUTEIb-
HBIH U TPYIOOEMKHH MOMCK. BaXHO OTMETHTh, YTO 4YacTh MCCICIYyEeMOW 30HBI, TAKUM 00pa3oM,
MOXET OBITh JIETKO TPOIYyIIEHa, W BEPOATHOCTh TOTO, YTO METAIMYECKHH OOBEKT He OyaeT
HaliIeH, CyIIECTBEHHO Bo3pacTaeT. JTa mpoOiieMa yCTpaHAeTCs C MOMOIbI0 aBTOMAaTHYECKOTO
pexuMa OTCIEKUBAHUS MECTOIOJIOXKEHHUS, BCTPOEHHOTO B PEIIEHHE, MOITyYeHHOE B pe3yibTaTe
Hamwmx ucciepoaHuid. [Ipemmaraemas cuctema oOJierdaeT OZHOBPEMEHHOE HCIONB30BAaHHE Ka-
TYIIKA C KPEeCTOOOpa3HON IepeMBIYKOi Uit OecrpoBOJHON 3apsiky M OOHApyXeHHs MeTajula
C IOMOIIBIO UMITyJIbCHOM MHIYKIMU. TONOIOrHs AETEKTOPa MOXKET U3IydaTh IEPEMEHHYIO JUINHY
HMITYJIbCOB, YTO IIO3BOJIIET YCTPOMCTBY OOHAapyKHBAaTh OOJBINE TUIIOB METAUIOB W aJanTH-
poBaThCs K MPOHHMIIAEMOCTH IMOYBHL. KaTylika MMeeT OTBETBICHHE B COOTBETCTBYIOIEH dacTu
0OMOTKH, YTOOBI YMEHBIINTh HEKEIATENbHBIE 3JIEKTPOMAarHUTHBIE TIOMEXH BO BpPEMs 3apsAKU.
Ha nepenaromieii cropoHe TOMONOTMH BKJIIOUEHO COTJIACOBAHME HMIIEIAHCA OIS MOJAEP KaHMS
MaKCHUMaJIbHOH M3MEHYHBOCTH MPOCTPAHCTBEHHOTO 3a30pa. Ipyu M3MEeHEeHNH MOT0XKEHUS MPUEM-
HOHM CTOPOHBI M3MEHSETCS BBIXOJHOE HANPsHKEHHE, TI09TOMY HCIONB3YeTCsl BBICOKOI((EKTHBHBIIH
npeoOpazoBaTeb IIOCTOSHHOTO TOKAa B MOCTOSIHHBIA. OTIENbHBIC 2JIEMEHTHI 0aTaper JIEeMOHCT-
PHUPYIOT pa3yIMyHble BHYTPEHHUE CONPOTHUBIIECHMS, YTO TpeOyeT IPHUMEHEHHsI HOBOTO METOAa JUIs
OaNaHCUPOBKN HANpPSDKEHUs deMeHTOB. CHCTeMa MOXKET OBITh HCIIOJIb30BaHA HA CaMOHABOMS-
MUXCSI TPAHCHOPTHBIX CPEACTBAX WM OECHMIIOTHBIX JieTaTenbHBIX ammaparax; GPS, ycmemrno
OTHPABIISIONINE KOOPIMHATEI HA MHOTOKAHAIBHOE PAJN0, 00ECTIeUHUBAIOT TOUYHOE MO3HUIIMOHUPO-
BaHue. [Ipy HaIMYMM MHOTOKaHAJIBHOW TOIMOJOTHH BO3MOKHO TOTEHIHANEHOE COTPYIHHIECTBO
MEXy pa3sHOOOPa3HBIMM CHCTEMaMH. B ycTaHOBKE MCIONMB3yeTcsl OJHA M Ta K€ KaTyIIKa IS
GecrpoBOHON Mepenadn U 0OHapyKEHHS SHEPTUH.

KumroueBbie ciioBa: GecripoBoiHas nepejaya MUTAaHHS, METAJUIOUCKATeNb, MOAa4a MUTAHUS, aK-
THBHAsI CHCTEMa YIIPaBJICHUS aKKyMyJIATOPOM, HMITyJIbCHAs HHAYKINSA

Jas nutupoBanmus: Cucrema oGHapyKeHUs ¢ OECIPOBOJHOM 3apsIKOi Ha OCHOBE KaTyHIKH C
KPECTOBU/IHOI MepeMBIUKOi M AKTHBHOM CHCTEMOI ynpaBieHHs akkymymsrtopom / M. Ilokop-
HBIH (U 1p.] // Ouepeemuxa. H3zs. evicu. yuebd. 3asedenuii u snepe. obveounenuti CHI'. 2021.
T. 64, Ne 3. C. 219-227. https://doi.org/ 10.21122/1029-7448-2021-64-3-219-227

Introduction

Wireless charging has been used for more than a hundred years influencing
the development of Tesla transformer. At the present, wireless charging can be used
in small electronics to charge electric cars and it is heavily involved in electrical
engineering department. There is no use of charging connectors, but the number of
components increases. The trend is a resonant or inductive charging. Both methods
use different topologies and geometric shapes to transfer the energy. The resonance
method carries the possibility of charging up to several tens of centimeters [1, 2],
while induction results in higher efficiency and lower interference [3-5].

Pilot's intervention is not necessary as the unmanned aerial vehicle's (UAV)
flight path is controlled by the real-time image detection where the variability and
a number of various detected waypoints need to be processed. It is possible to per-
form a completely autonomous flight from take-off of the aircraft to landing [6, 7].

Various speed and altitude may be set during the flight and additional acces-
sories may be controlled by the drone. The use of real-time image detection
on an autonomous flight of the UAV can serve for package delivery, mapping of
large areas, or for military missions and other security forces [8-12].

System topology

The design of the wireless power transfer and pulse induction detection sys-
tem consists of transmitting and receiving parts (Fig. 1). The first block of the
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transmitting part is a power source for the whole unit. The power source can be
realized by an adapter or a power bank that contains standard power delivery and
can supply up to 100 W of power. This standard includes the CYPD3135 [13]
chip with the CCG3 standard from Cypress which also has a 32-bit ARM
processor and can be used as a station monitor.

Irarsmitting sicle: - ——~—— === === s———e s a=——ay e e e e &) Receiving side

Adapter or
Powerbank, USB-C
adapter i ] Data
- 4 processing &
save position

€CG3, MCU S el
and ABMS &
Monitoring of arge Monitoring
station I |

Fig. 1. Topology of the detection and charging system

The chip enables the supply of power to the DC/AC block, which gene-
rates an alternating voltage for the serial resonant circuit with transmitting
coil Ly and capacitor Cy. The impedance tuning block adjusts the impedance
of the transmission resonant circuit Ly and Cy and can improve the transmission
efficiency even if the coils are not exactly offset. It also adjusts the mutual
inductance M between the coils which is effective by the coupling factor k
according to the equation (1) as follows

M zk\]L[erx [H]' (1)

where L, — receiving coil.

The mutual inductance in this equation is given only by the coupling factor k,
which varies with the distance of the coils and the current consumption of the
receiving part. The degree of interaction between the receiving coil L., and the
transmitting coil Ly is a function of the distance and the positional arrangement.

On the receiving side, the coil is realized as a spider web coil with a threaded
branch for charging. Part of the coil can be used for charging called L, or the
whole winding L, + Lge Can be used for metal detection. The rectifier makes for
rectifying the energy. This energy is adjusted to the required voltage to the bat-
tery cells by the DC/DC converter. The battery cells are controlled by an active
battery management system (ABMS). To suppress the electromagnetic field,
an L coil with an optimized flowing current according to the charging power
is reversed by means of a transistor Q.

For metal detection, the charging system disconnects part of the charging
winding L, and the entire winding Lgg is used. Then the signal response is pro-
cessed by the analog-to-digital converter (ADC) part discussed in the next block
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diagram, see Fig. 2. The combination of subsequent processing and logging
the position saves the data on the charger monitoring. Both parties can have
a mesh radio that transmits data to the receiving party. The mesh radio is imple-
mented by the XBEE SX 868 module [14]. The structure of the output data
frames depends on the transmission mode. Received data together with coordi-
nates from the navigation module (GPS) can be forwarded to the transmitting
party. Then, it is stored via the universal asynchronous receiver-transmitter
or serial peripheral interface on a storage device and it can send the coordinates
of the detected targets.

Pulse
forming
™~ 4
e Pulse . Save and
I ’ ‘ b ’ ’

Fig. 2. Block diagram of metal detector

I sdet h
T/R
Switching

Pulse induction detector topology

The basic topology of the pulse induction metal detector in Fig. 3 is detected
by the L4 detection coil using formed pulses from the HV 7361 module [15].
The module implements T/R switching with a voltage pulse height of £100 V at
the current of 2.5 A with the possibility of operating frequency up to 35 MHz.
The module also has adjustable switch between reception and transmission using
the input logic gates that shape the pulse.

To adjust the received pulse, the AD8331 variable gain amplifier is used for
pulse detection and guarantees a dynamic range throughout the amplifying the
signal up to 48 dB due to the programmable gain and input resistance set-
ting [16]. The ADL5511 pulse detector [17] can send an envelope of received
signal or RMS voltage to the transmitter. Then the signal is further sampled by
the ADC 10-bit AD9200 [18] converter with a maximum sampling frequency
of 20 Msps. For a conventional embedded system, signal processing is sufficient
for the conventional metal detection. For experiments with more complex pro-
cessing and visualization of more complex structures, it is necessary to use
an array of programmable gate arrays. The processed data can be stored on
a storage device or sent by the mesh radio together with the coordinates using
the ISM band only if an important object is detected or can be sent permanently.

Design of spider web coil

The spider web coil was widely used in older radio receivers on the long
waves up to very short waves (A = 2000 m to 1 m). Wireless charging works on
the similar frequencies. The advantage of this coil is its small parasitic capacity
due to the method of winding. Another advantage is the high inductance
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achieved by the presence of a large surface area by which it can receive or
transmit. The coil design is based on the Archimedean spiral, where the mass
point rotates around the z-axis into three-dimensional space at an angular velo-
city o and starts from the point at time t [19]. The position of the point relative
to the z-axis is then as follows:

v, =vcos(ot)—o(vt +c)sin(ot); @)

v, =vsin(t)+ (vt +c)cos(ot),

where (vt + ¢) — modulus of the position vector of the mass point at time t, from
which the velocity components v, and v, for the x and y axes are derived.
If we integrate the given equations (2) in parts, their parametric expression
are as follows:
x=(vt+c)cos(wt); @)
y =(vt+c)sin(wt),
where the point at time t must change sinusoidally.
The coil model is plotted in Fig. 3.

close all;

L e

= 100; %outer radius

= 70; %inner radius

%incerement per rev % Jos: changed to see the spirall!

S o o 3
I

1;
= (r - a)./(b); %number of revolutions
th = 2*n"piz  %angle
Th = linspace(e,th,n*360);
x = (a + b.*Th/(2*pi)).*cos(Th);
y = (a + b.<Th/(2*pi)).*sin(Th);
angle| = linspace(®,2*pi,360)
z = 10*cos(9*Th/2); % -----------------

Fig. 3. Spider web coil: a — coil design according to equations (3); b — script for MatLab

Active battery management

It is beneficial to choose ABMS due to the tolerances in the internal
resistance or temperature conditions of individual batteries. If an undervol-
tage occurs on one cell, the balancer disconnects the battery from the load.
The advantages of the topology are simplicity and complexity at the expense
of the size of the hardware design.

A pair of MOSFETS of Fig. 4 switching the coil is used. The pair is charged
from the lower cell for a time given by the inductance of the coil and the voltage
of the Cell,,, cell according to (4)

al
St LSU [s]. (4)

where the length of the MOSFET switching time &t is given by the influence of
inductance L and the inductive energy given by the voltage difference 6U and
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current difference 81. This time is crucial for not exceeding the maximum cell
voltage.

+
Cellpigh =

1
1
1

Fig. 4. Balancing between individual cells

During this time, the N-FET must be turned on. In the next cycle, the coil
is discharged into the Cellyg, cell via a parallel Dyg, diode. The same principle
can be used for charging a Cell,,, cell from a P-FET. The gates of the transistors
can be controlled by a controller or a PWM regulator according to the voltage
of individual cells, but mostly by the capacity of the accumulators, from which
the size of the inductor and the length of switching are derived.

Simulations

The theoretical induc- Table 1
tance is compared with the Comparison of measured and calculated values
actual inductance in Tabl. 1. for the spider web coil
As expected, the coils of [\wire diameter 0.65 mm
these values have large [inner radius 120 mm
tolerance (usually 20 %). [Outer radius 156 mm
Theoretical values of the |Number of turns for charging 6

multiple threads differ. Calculated inductance for charging 8.4 yH

. . . Measured inductance for charging (10 kHz)|  10.1 pH
The first factor is winding DC resisiance RS
of the threaqs’ and Fhe Number of turns for detection 26
second factor is neglecting [Calculated inductance for detection 184.22 pH
of the supply wires. The coil |Measured inductance for charging (10 kHz)|  154.8 puH
will have different properties [DC resistance 0.73Q

for different frequencies.

With the entered parameters, the simulation was performed for a step change
in voltage (Fig. 5a). There is 1, 5, 10 and 30 ps of the pulse lengths in the simu-
lation. Fig. 5 visualizes the responses of the coil oscillation due to its para-
sitic capacity. R, forms the series of the winding resistance and C; the parasitic
capacitance. According to equation (5), the induced voltage on the coil is given
by the pulse size of the source Vi, the ratio of the resistor divider R; and R,,
and the exponential function of the negative pulse t length divided by the tran-
sient state of the coil

8i, |, R+R, =

t)=L—=-V,———=e-". 5
u(t) =L =M= e (5)
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154.8
C1
15p

TOPEN = (T}
R1
0.73

u

S:
V
»

PARAMETER
T=1u

100V
TD=1n
TR =9.5n
TF=9n
PW = T}
ER = 100u

vi=0
V=

Fig. 5. Coil response without discharge resistance for pulse lengths 1, 5, 10 and 30 ps:
a — connection of the coil to the pulse source; b — voltage peak when opening switch U,

By adding the resistor R, in the diagram in Fig. 6a, which simulates the input
impedance of the HV7360 module [14], the parasitic capacitance of capacitor C;
to R, is not applied and the voltage peak is induced due to the very fast current
dissipation by the coil L;. The exact value can be determined accordingly to the
equation (5), where 7 is the time constant.

a b
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5 T
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& 0 L%
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’:l -
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e :
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"
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<> orETde
4k wa o Moy u(iny
<(w rNOEuLSW
o = >0

Fig. 6. Coil response with discharge resistance for pulse lengths 1, 5, 10 and 30 ps:
a — adding impedance; b — overvoltage peak on the coil without oscillations
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Simulation for recharging the cell

For a Li-lon cell with a capacity of 2500 mAh with a nominal voltage
of 3.7V, the switching time for charging an inductor of 15 pH is equal by the
equation (4). Equation (6) provides a calculation of the switching time of tran-
sistors ot for a specified Li-lon cell

Sl 2.5

=15.10°° 37 =1013 ps. (6)

ot=L

Cellygy

The discharge time in equation (7) is slightly shorter due to the higher
voltage drop across the Schottky diode. To improve power transfer efficiency,
the power MOSFET is in parallel with an open Schottky diode on at 8.92 s

dt=L ol =15‘10’6L=8.92 us. (7
5(UCe”mgh +Up ) 3.7+05

For given calculation, the scheme from Fig. 4 in P-spice was performed fol-
lowed by the time analysis for the course of the voltage on the Cellygn. In the
connection, the cells represent resistors Rs and Rg because the ideal batteries
hold a constant voltage; thereby, it represents an ideal voltage source. The pulse
source has parameters according to equation (4). The bottom graph in Fig. 7
shows the voltage peak from 95 mV coil as a result of the mean value of the
voltage on the Cellyg, increases by 220 pV and periodizes at 160 pV
from 150 ps until the balancing stops and the Cellyg, voltage is equal to Celliqy.

8s
o U{CELL2)

Fig. 7. Voltage increase on Cellyig, at switching time t = 10 ps of N-FET transistor

CONCLUSION

The article describes a proposed topology that allows wireless charging
without the need for the precise centering due to the fine tuning with the use of
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the impedance matching which is not addressed in this article. The proposed
charging via the USB-C connector allows charging with the use of standardized
adapters or power banks. A coil winding like spider web coil also allows the
detection of various objects according to the settings and processing of the
amount of pulse energy. The active balancing system makes it possible to trans-
fer the energy between adjacent cells in the event of different internal resistance
and thus use their full capacity. Advantageously, it can be used for an auto-
nomous system for easy charging and detection of metal objects.
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HccnenoBanue BOSHUKHOBEHHSI Pe30HAHCA
NPH BO3ACHCTBUU IMHAMMUYECKHUX yCHIIMIA
HA KOHCTPYKTHBHBIE 3JIEMEHTBI 3JIEKTPOYCTAHOBOK

s1. B. Horaunm®
l)BGJ]opyCCKI/Iﬁ HaIMOHAJbHBINH TeXHUYecKuil yHuBepcureT (Munck, Pecrybnuka benapycs)

© benopycckuil HallMOHAIBHBIA TeXHUYECKUH yHuBepcurer, 2021
Belarusian National Technical University, 2021

Pedepat. Poct ypoBHeil TOKOB KOPOTKOTO 3aMbIKaHUs B 3Heprocucreme PecryOnuku bemapycs Tpe-
OyeT HCCIENOBaHUA MApPaMETPOB 3NIEKTPOAWHAMHYECKOW CTOMKOCTH OCHOBHBIX KOHCTPYKTHUBHBIX
9JIEMEHTOB 3JIEKTPOYCTAHOBOK C THOKUMH IPOBOAHHMKAMH. B pexxrMe KOpOTKOT0 3aMBIKaH 110 TIPO-
BOJIHHKAM 3JIEKTPOYCTAaHOBOK IIPOTEKAIOT TOKH, B COTHU Pa3 IIPEBHIMIAIONINE TOKU Pab0Uero pexunma.
Ipu B3auMoneHCTBUY MarHUTHBIX MONEH, 00pa30BaHHBIX 3TUMH TOKaMH, BO3HUKAIOT 3HAYUTEIIbHbIC
3NIEKTPOMAarHUTHBIE YCHUIHS, OKa3bIBAIOIINE pa3pylIarollee BO3JEHCTBUE Kak HA CAMH TOKOBEIYILHE
YacTH, TaK M Ha KOHCTPYKTHBHEIE 3JIEMEHTHI AJIEKTPOYCTAaHOBOK: OIOPHBIE H30JSITOPHI, KOMMYTAIIU-
OHHBIC aIaparsl, N3MEPUTEIBHYIO anmapaTtypy. JIBIDKeHHe IIPOBOLOB B PEXXHUME KOPOTKOTO 3aMbl-
KaHUs MPHBOAMT K MOSIBICHUIO B HUX CYIIECTBEHHBIX JUHAMUYECKHX HArpy30K, KOTOpHIE, B CBOIO
odepe/ib, MEPEAAIOTCS Ha MOPTallbL, OIIOPHBIE MU30JATOPHI U 3MIEKTPHUYECKUE anmaparhl. AKTyalbHON
Tpo06IeMOH SBIIETCS BOSHUKHOBEHHE B OCHOBHBIX KOHCTPYKTHBHBIX JIEMEHTAX HENOIYCTHMBIX Me-
XaHWYECKUX YCWIIMH, CHOCOOHBIX BBI3BATh MX paspylleHue. Tak, aHanm3 (QU3MKO-MEXaHHYECKHX
MapaMeTPOB U T€OMETPUUYECKHX Pa3MepOB T'MOKOH OLIIMHOBKH PacHpeieMTENbHBIX YCTPOUCTB MOKa-
3bIBAET, YTO HApYIIEHHWE YCIOBHS 3JIEKTPOANHAMUYECKOH CTOMKOCTH MO TSHKEHHIO MAaJIOBEPOSTHO
B CHJIy BBICOKON MEXaHHMYECKOH MPOYHOCTH MPHMEHSEMBIX CTAICATIOMHHEBBIX MPOBOIOB OOJIBIIOTO
cedyeHust. BMecte ¢ TeM orpaHHYIMBAIONIHE IIPOJIET TOPTANBI, OOPHBIC N30JIITOPHI U APYTUE DIEKTPHU-
YJecKHUE anmapaTsl HIMEIOT 3HAYUTEIBHO MEHBILHE J0MyCTUMBbIE H3rubaronye Harpysku. IIpu Bo3aeii-
CTBHU AUHAMHYECKUX YCWIIMI IMPOBOJHUKU M3THOAIOTCS M MEPEAAIOT HArpy3Ky Ha KOHCTPYKTHBHbIE
JJIEMEHTBI, KOTOPBIE 00JIA/IAI0T OTPEIEICHHON yIpyrocThio. Takum 00pa3oM, TOCTOBEPHOE OIperie-
JIeHHe JUHAMUYECKHX Harpy3oK ¢ y4eTOM AEHCTBYIOIIMX HA OIOPHBIE KOHCTPYKIIMH TOKOBETYIINX
YacTel BO3MOXKHO JIMIIb PH MOCTAHOBKE AUHAMHIYECKOH 3a1aui. B craThe m3mararorcss METOIbI Ma-
TEMaTHYECKOTO MOJEIMPOBAHHUS U BBIUMCIMTENBHOTO SKCIIEPUMEHTA IJIs aHAIM3a TapaMeTPOB 3JIeK-
TPOANHAMUYIECKOH CTOMKOCTH OCHOBHBIX KOHCTPYKTHBHBIX 3JIEMEHTOB, KOTOPBIE OINpEENSIOTCS
C TIOMOIIBIO KOI(Q(MHUIIMEHTOB, 3aBUCAIIMX OT COOCTBEHHBIX 4acTOT KoeOaHHil M XapaKTepa N3MeHe-
HUSL TUHAMHYECKUX YCHIIMH BO BpeMeHH. JJJIst pemeHnst OCTaBICHHBIX 3a/1a4 COCTABIIEHbI MaTeMaTH-
YECKHe MOAENH, chOPMYITUPOBAHBI KPAEBbIE 331a4M pacdeTa JIEKTPOAMHAMHIECKON CTOMKOCTH KOH-
CTPYKTHBHBIX 3JIEMEHTOB C YUETOM BEPOSTHOTO COBIMAJEHHS YAaCTOT BBIHY)KAEHHBIX M COOCTBEHHBIX
KOJIe0aHUH KOHCTPYKTHBHBIX HJIEMEHTOB.

KumroueBbie ciioBa: rubkie MPOBOAHHUKHY, ONMOPHBIE KOHCTPYKIUH, KOMMYTAI[MOHHBIE aIllapaThl,
CBOOOJTHEIE KOJICOAHNs!, BBIHYXKICHHBIC KOJICOAHHS, THHAMIYCCKUE yCHIIHS
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A Study of the Occurrence of Resonance under the Influence
of Dynamic Forces on the Structural Elements
of Electrical Installations

Y. V. Potachits®
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The increase in the levels of short-circuit currents in the power system of the Republic
of Belarus requires the study of the parameters of the electrodynamic stability of the main struc-
tural elements of electrical installations with flexible conductors. In case of a short circuit in the
network, currents tenfold exceeding the rated one hundreds of times can flow through the current-
carrying part of the device. When the magnetic fields formed by these currents interact, significant
electromagnetic forces arise, which have a destructive effect both on the current-carrying parts
themselves and on the structural elements of electrical installations, viz. support insulators, swit-
ching devices, measuring equipment. The movement of the wires in a short-circuit mode leads to
the appearance of significant dynamic loads in them, which, in turn, are transmitted to the portals,
support insulators and electrical devices. A topical problem is the occurrence of unacceptable
mechanical forces in the main structural elements that can cause their destruction. Thus, the analy-
sis of the physical and mechanical parameters and geometric dimensions of the flexible busbar
of switchgear shows that a violation of the condition of electrodynamic resistance to tension
is unlikely due to the high mechanical strength of the large-section steel-aluminum wires used.
At the same time, span-limiting portals, support insulators and other electrical devices have signi-
ficantly lower permissible bending loads. When exposed to dynamic forces, the conductors bend
and transfer the load to the structural elements which have certain elasticity. Thus, a reliable
determination of dynamic loads, taking into account the current-carrying parts acting on the sup-
porting structures, is possible only if a dynamic task is set. The article describes the methods
of mathematical modeling and computational experiment for analyzing the parameters of the
electro-dynamic stability of the main structural elements which are determined using coefficients
that depend on the natural frequencies of oscillations and the nature of changes in dynamic forces
over time. To solve these problems, mathematical models are compiled and boundary value prob-
lems are formulated for calculating the electrodynamic stability of structural elements, taking into
account the possible coincidence of the frequencies of natural and forced oscillations of structural
elements taking into account the probable coincidence of the frequencies of forced and natural
vibrations of structural elements.

Keywords: flexible conductors, supporting structures, switching devices, free oscillations, forced
oscillations, dynamic forces

For citation: Potachits Y. V. (2021) A Study of the Occurrence of Resonance under the Influence
of Dynamic Forces on the Structural Elements of Electrical Installations. Energetika. Proc. CIS
Higher Educ. Inst. and Power Eng. Assoc. 64 (3), 228-238. https://doi.org/10.21122/1029-7448-
2021-64-3-228-238 (in Russian)

BBeaenue

JlnHaMudeckue yCwius Tpu KOpoTkoM 3aMmbikannu (K3) ormacHBI miist omop-
HBIX KOHCTPYKIUI M anmnapaToB pacHpeeUTENbHBIX YCTPONUCTB U3-3a X HENO-
CTaTO4YHON MeXaHW4eCKOH NMpouyHocTH. Hampumep, B COOTBETCTBUM C THIIOBBIMU
MPOEKTHBIMU MaTepuajaMU HUHCTUTYTa «DHEProceTbIIPOEKT», HOIMYCTUMbIE HU3IHU-
Oarorye Harpy3ku OT THOKUX mpoBonHUKOB 110 kB Ha anexTpuyeckue anmaparsl
He noikHbl npepbimats 100-200 gaH. YcnoBue mexaHW4eckoil MPOYHOCTH IS
TMOKHMX TPOBOAHMKOB OTKPBITHIX paclpeAenuTeNbHbIX yeTpoiictB (OPY) 3anwmchl-
BaeTcs B crienyronieM Buze [1]:



A. B. [lomauuy

230 HCCIIGZ[OB&HI/IG BO3HUKHOBCHUS pesoHcha l'[pI/I B03Z[eI71CTBI/II/I JUHAMHUYCCKUX...
P < Poniv 1=X,Y,2, (D)

rae Pmayx — MakCUMallbHAsl pacyeTHAs Harpy3Ka Ha amnmapaTsl U U30JATOpkl, n1aH;
P 1on — JOTIycTHMAast M3rubaroiias Harpy3ka anmnapaToB U H30JsTOpoB, AaH.

MakcumanbHble TsHkeHUsT Tpu K3 SBISIOTCS WMITyJIBCHBIMH YIaPHBIMU
Harpy3kamu [2], pe3yiabTaT MEUCTBHsI KOTOPHIX HA OIOPHBIE KOHCTPYKIIUHA H
JNEKTPUYECKHE alapaThl MOXKET ObITh YCTAHOBJICH JIMIIb C YYETOM BIIHSIHHUS
WX WHEPIUOHHBIX U YIPYTHUX XapaKTEPUCTHK, YTO CIIEAYET YUYUTHIBATh MPU MPO-
BEpKE MEXaHMUYECKON MPOYHOCTH.

OcHoBHasl YacTh

IIpoBoma BMeCTe ¢ KOHCTPYKTHBHBIME dieMeHTaMu OPY 00pa3yroT eauHyIo
Kose0aTeNbHy0 cucteMy (puc. 1), Mo3TOMy ypaBHEHHS IBIKCHHS TOKOBEIY-
mux 4yacted u annaparoB OPY nomkHel pemartbcs coBmecTHO [2]. Ilpu mate-
MaTHYECKON TIOCTaHOBKE 3a7aud MPUMEHSETCS MPHUHIUI CBI3€H MEXaHWKH,
T. €. IeHCTBHE TIPOBOTHUKOB Ha 3JIEKTPUIECKUE aIapaThl 3aMEHIETCS] PEaKIUIMHU
cBszeil. [lo oTHOLIECHHUIO K M30JSTOpaM MPOBOJA SIBISIIOTCS BHEIIHUMH CHJIAMHU.
Ynpyrasi MoJaTianBOCTh OMOPHBIX H30JIATOPOB 00YCIIOBIICHA COOCTBEHHOM MOJAT-
JMBOCTHIO, JIeopMallisiIMU HECYIMX KOHCTPYKIMH, TOABMKHOCTBIO OOJTOBBIX
COCIMHCHHH, HATMYUEM JIACTUYHBIX MPOKIIAIOK 1Mo pranmamu u ap. [3].

PaszbenuauTenn
3azeMiuTenn PT'HIIII-110
3P-110

Tpanchopmarop
MerasuiokoH- toka TOI'd-110
CTPYKLUHU
PazbenunuTenn g?;nﬁ‘éamnb
PI'H-110 _

Puc. 1. KoMnakTHbIl MOLYJIb U1 OTKPBITOIO PaCIpeAeIuTeIbHOr0 yerpoiictsa 110-220 kB

Fig. 1. Compact module for the 110-220 kV switchgear

I'nbkxve TPOBOAHHUKY TPEICTABIAIOTCS THOKOW yNpyrod HUTHIO, THHAMHKA
KkoTopoii ipu K3 omuceiBaeTcsi ypaBHEHHEM IBM)KEHUSI B BEKTOPHO-TIApaMeTpH-
yeckoit opme [1]

R dTOR — &R
— t et f=r=7 ()
ot oS 0S ot
rae T — quHAMUYecKoe TsbkeHre poBofa, H; R — MrHOBeHHOe 3HaueHne paanyc-
BEKTOpa, OMMCHIBAIOIIETO NPOCTPAHCTBEHHOE pACIOJIOKEHUE MPOBOAA, M;

f — BekTOp YyIENBHOTO AJIEKTPOJAMHAMHYECKOTO YCWIIHS, JCHCTBYIONIETO Ha

eJMHHUILY JUTMHBI poBoza, H/M; p — Macca e IMHUIIBI JJTMHBI TPOBOJIA, KI/M.
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CrepKHEBBIC OMOPHBIE U30IATOPHI, puMeHsseMble B OPY 110 kB u BpIe,
MPEJICTABISIFOTCS. KOHCOJIBHBIMU CTEPXKHSMHU C PACIpeIe]ICHHON Maccoil U 1o-
CTOSIHHOM KECTKOCTBIO TI0 BBICOTE M30JsTOpa. [Ipu 3TOM C OJHOTO KOHIIA M30-
JISITOP JKECTKO 3allleMJICH, a C JIPYroro MOJBEpracTcsl JeUCTBHIO JHHAMHYECKIX
ycuIni, 00yCIIOBICHHBIX TSDKCHUSMU B TIpoBojax (puc. 2, rue H — BeicoTa n3o-
astopa; h; — BeicoTa BepxHero ¢manma; h, — To ke HmKHEro (IaHI@;
D — naubosnpinuii quaMeTp M30JSIIUOHHON YacTH). ECiu He y4uThIBaTH COCMIU-
HUTEJbHBIC (IIAHIIbI, MOKHO CYMTATh, YTO YIPYTHUE CTEP)KHU UMEIOT paBHOMED-
HO pacrpezesieHHyIo Macey [4].

f
t

—
=

300 mMm

320 MM

320 MM

h,
260 MM

e

Puc. 2. Mopaens m3onsitopa mapku OC-110-600:
a — KOHCTPYKTHUBHOE HCHONIHEHUE; b — pacuerHas cxema

Fig. 2. A model of an ISC-110-600 insulator:
a — constructive version; b — calculation scheme

B o0miem ciiyyae Ha OTIOpHBIE H30ISATOPHI ICHCTBYIOT CHIIBI, paBHbIE [ 1]
P=>T,i=12.,n (3)
i=1

rjie T, — BEKTOPBI TSUKEHUS B TOUKAX KPEIUIEHUS TPOBOJIA K H30JIATOPAM.

IIpu BO3JEHUCTBUMU JUHAMHYECKUX CHUJI OIOPHBIM HM3O0JSATOP HCIBITHIBAET
BBIHYKJICHHBIC U3rnbaromnyie kouebanus. JleneHne Ha OTPE3KH 10 BBHICOTE H30-
JATOpa OOYCIOBICHO HEOOXOJAMMOCTBIO OIPECIIUTh XapaKTepHBbIC CEYCHUS,
B KOTOPBIX OYIyT HAOIONATHCS HAWOONBIIHE BETMYMHBI MTEPEPE3BIBAOIINX CHII
¥ MOMEHTOB (puc. 3).
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BrHYXIeHHBIMU TIPOJIOJIBHBIMU KOJTE-
0aHUSMH, BBI3BAHHBIMH COCTaBJISIOIIIMU
JUHAMHYECKOH CHIIBI BIOJNb H30JSATOpA,
_, npeHeOperaeM, Tak Kak yrpyras moJaTiIu-
. o— 81 BOCTh H3OJISITOPOB B 3TOM HAIPABICHUH
' He3HaunTenbHa [5]. Jlns BeIOpaHHOI pac-
YETHON MO BBIHYKICHHBIC TIOTICPEY-

80 MM
300 MM

320 MM

z HbIE KOJICOaHUsl OMOPHBIX H30JATOPOB Oe3
] g ydeTa 3aTyXaHHsi, BIAUSHUS WHEPLUH Bpa-
ve - IICHUS] U TIONIEPEYHON CHIIBI TIPEACTABIIS-
f =
S 10TCA B BUE pana [4]
o = 4 . .
E R=>¢;X;, i=xy; j=12 ...n, (4)
. 81z =
o
g rae N — KOJMYECTBO YYHTHIBAEMbBIX Ya-
AL,

CTOT COOCTBEHHBIX KOJICOQHHI H30JSTO-

Puc. 3. BozneiicTBue EIPIHaMI/I‘leCKOPI CHJIBI pa; ¢j — (1)yHKIII/II/I BPEMCHH; Xj — HOp-

Ha OIOPHBIN U30JIATOP

MaJIbHBIE (YHKIIUH, COOTBETCTBYIOIIUE

YCIIOBUSIM 3aKpEIUICHHUsS Ha KOHIAX KO-
TeOIIOMIET0Cs CTEPKHSL.

Jns npuHATOM pacyeTHON MOJEIM OIMOPHOr0 M30JISITOpa B BHUJIE KOHCOJHU

HOpMaJibHbIE (DYHKIHUN UMEIOT BHT [3]

X =chk;z' —cosk;z' - o (shk;z' —sink;z'), (5)

Fig. 3. Impact of the dynamic force
on the support insulator

rae K — mapameTpbl COOCTBEHHBIX YacTOT KOJEOaHWH ONOPHOrO H30JISTOpa,
OMPCACITIAIOTCA KaK
k; =chk;lcosk;l =-1; (6)

| — nnuHa W30ATOpA; Z' — TeKyIask KOOPIUHATA [0 JUTHHE u3oJsTopa, Z' = | — Z;
o — K03 (PHUIHMEHTH, pacCUMTHIBAEMbIE MO 3HAYEHHSIM KOPHEH YacCTOTHOTO
YpaBHEHUS U3 BBIPAXKEHUS

cosk;l +chk;l
O = (7)
sink;l +shk;l
@DyHKIUK BPEMEHH (jj ONIPEAETIAIOTCS U3 ypaBHEHHS [3]
d’o; 2P, i
dtzj +(D?(pij :W(_l) y 1=XY, (8)

rjle j — YrJIOBble 4acTOTHI IOCIEI0BaTEIbHBIX (PopM KojeOaHuil, onpenense-
MBIE KaK
. EJ

(DJ
m

k{; ©)

EJ — u3rubHast keCTKOCTh OIOPHOTO H30JIATOpa; M — Macca €AMHUIBI JUTUHBI
2
H30JITOPA, paja/c”.
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Marematnyeckass MOJENh AWHAMHKHA OIIOPHOTO H30JIATOpa TpEACTaBIcHA
B 00IIEM BHJIC M aKTyaJbHa BHE 3aBUCUMOCTH OT WU3MEHCHHH JUHAMHYCCKUX
ycumii. OHa TIPOBEPEHA N0 aHAIMTHYECCKOMY PEIICHHUIO 33/1a4H, MOTyYeHHOMY
JUIsl cUHycouJanbHOW cunbl [4]. [ns ompeneneHus mepepe3bIBAIOMIUX CHI
U MOMEHTOB C TIOTPEUTHOCTHIO, HE MpeBbImaromiel 3 %, ciemyer y4YuTHIBaTh
muHUMYM 11 rapmonuk psina (4) [6].

B xo1¢ BBITTOTHEHMSI HCCIIEAOBAHMS B KAYECTBE IPUMEpa MIPOU3BEACH pacyeT
COOCTBEHHON 4acTOThl KojieOaHuil omopHoro usossropa mapku MOC-110-600,
MacIIOPTHBIE JTaHHBIE KOTOPOTO MpuBeneHbl B Tabm. 1. IlapameTpsl m3omsitopa
TIPUHATHI B COOTBETCTBUH C KOHCTPYKTHBHBIMHU YEPTEKAMH.

Tabruya 1
IMapameTps1 onopuoro u3oasitopa mapkun HOC-110-600
Parameters of the reference insulator of the brand 10S-110-600
MuHuManbHas HauGonsmmii | BeicoTa duanua,
Homunamns- Bricota
Tun paspywmaromas |Macca, JIUAMETP HU30- MM
HOE Harpsi- M30JI1TOPA| N
U30JITOpa erme, kB Harpyska KT H, M TALMOHHON  |pepxHero|HUKHETO
Ha u3ru06, naH yactu D, Mm h, h,
MNOC-110-600] 110 600 71 2100 225 94 94

PacdeTsl BBIMOJHSINCHL C UCIOIB30BAaHUEM MPOTPAMMHOTO KOMILICK-
ca JINPA-CAIIP [7], mO3BOJISIONIETO OMPEACTUTEL HE TOJBKO YHCICHHBIC 3HAYC-
HUSl TAPMOHHMK COOCTBEHHBIX KOJIeOaHWi, HO M WX (opMy. 3HAYCHHS YaCTOT
COOCTBEHHBIX KOJIeOaHUH Tt ormopHOro u3oisropa Mmapku MOC-110-600 npea-
CTaBIICHBI B Ta0J. 2.

Tabauya 2
YacToTsl cOGCTBEHHBIX Kolebanuii m3oasiTopa mapkn MOC-110-600
Natural oscillation frequencies of the insulator of the brand 10S-110-60
Howmep rapmonuku Yacrora, pan/c Yacrora, ' Ilepuon, ¢
1 0,137039 0,0218104 45,8497000
2 0,690178 0,109845 9,1037200
3 2,013330 0,320432 3,1207900
4 4,147060 0,660025 1,5151000
5 5,841330 0,929676 1,0756400
6 9,523090 1,515650 0,6597850
7 11,794900 1,877210 0,5327050
8 14,288500 2,274080 0,4397380
9 27,195900 4,328370 0,2310340
10 41,146500 6,548670 0,1527030
11 53,914200 8,580720 0,1165400
12 73,649500 11,721700 0,0853120
13 89,879000 14,304700 0,0699071
14 108,185000 17,218100 0,0580783
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DKCIIEpUMEHTAILHO J0KAa3aHo,
YTO yIpyras cucTema ¢ pacrpene-
JICHHBIMU TIapaMeTpaMu U MajbIM
nemndupoBaHUEM TIPH TapMOHU-
/ YEeCKOM BO30YKAEHUM HCIIBITHI-
\ I /4 BaeT PE30HAHCHBIC KOJICOaHUs Ha
\ HEKOTOPBIX SIBHO  BBIPAXKEHHBIX
\ xapakTepHbIx uyactorax [8]. Kaxk-
| JIOH TakoW Pe30HaHCHOH WM cO0-
'l CTBEHHOM YacTOTE COOTBETCTBYET
; : : COOCTBEHHass WJIM HOpMalbHas

200 maH & 200 naH «— 200 maH

N,

4

Puc. 4. TlepBoie Tpu coOCTBeHHBIE (POPMBI (I)OpMa pacrnpeieNieHdsl aMIUTUTY T
KoneGanmi n3oATOpa xonebGaumii m3onaTopa. IlepBble

Fig. 4. The first three natural waveforms TpH cOOCTBEHHBIE (POpPMBI KOIIEOa-
of the insulator Huil u3omstopa (puc. 4) u CBsI3aH-

HBIC C HUMH YaCTOThI OMPEACIAIOTCS TeOMETPUISCKON GopMoil U pazMepamu
CaMoro M30JISITOPa, He 3aBUCAT OT BHEIIHUX HATrPy30K M SBJSIOTCS BEChbMa Bax-
HBIMH JTHHAMUYECKUMH XapaKTePUCTHKAMH PACTIPEEICHNS €T0 WHEPIHOHHBIX
1 )KECTKOCTHBIX CBOMCTB [6].

CoOcTBeHHBIC KOJICOAHUS BO3HUKAIOT B HM30JUPOBAHHOW CHCTEME BCIICI-
CTBUE BHEIIHETO BO3JICHCTBHS, BBI3BIBAIOIIEIO Y TOYEK CHUCTEMbl HAdaJIbHBIC
OTKJIOHCHHS OT TOJIoeHUs paBHOBecus [9]. Tlocie ynaneHus BHEIIHErO BO3-
JEHCTBUSI JBIDKEHHE CHCTEMBI MPOMCXOTUT OJjaromaps HAIWYHIO BHYTPEHHUX
YIPYTUX CHJI, BOCCTAHABIMBAIOIINX paBHOBecHe [4].

CornacHo [2], mpH COBMaJACHUN YaCTOT COOCTBEHHBIX KOJIEOAHUH KOHCTPYK-
TUBHBIX 371eMeHTOB OPY ¢ 9acToTOi BO3AEHCTBYIOMIETO AMHAMUYECKOTO TshKe-
HUSI BO3MOXKHO JBYKPAaTHOE YBEIIMYCHHE MEPEPE3bIBAIONIUX CHI U MOMEHTOB 10
CPaBHEHHUIO C aMILTUTYION MPUIOKEHHOTO TspkeHus. ClieZjoBaTenbHO, IS aHa-
JU3a  AICKTPOJAMHAMUYECKONH CTOMKOCTH HEOOXOJMMO TPOBECTH YaCTOT-
HBI aHann3 BBIHYXJIEHHBIX KoyieOaHwil. B kadecTBe mx BO30OymuTens B NaH-
HOM CITydae BBICTYMAIOT MOJBIKHBIE JIEMEHTHI KOHCTPYKIIMH — TOKOBEIYIIHE
YaCTH OTKPBITOTO paclpeAeauTeNbHOro ycTpoiictea. C momoniso pa3padoTaH-
HOM Ha kadenpe «InekrTpuaeckue crannum» BHTY koMmbproTepHO# mporpam-
Mel FLEBUS 2.0 monmy4eHpl XapaKTepHBIA OCHMLIOTPAMMEI JTUHAMHYECKUX
ycwiuii B pe3yibTate MozenupoBaHus AByxgaszHoro K3 Bemnumnoit 30 kA
B stueiike TumoBoro OPY 110 kB (puc. 5).

Ha puc. 5 ungpoii 1 o6o3navuensr kpusbie TsbkeHHs ¢assl B, C. OctanbHbie
KPUBBIC SIBJITIOTCS PE3yJIbTATOM YaCTUYHOW WHTEPIIOJSAIUU U Ha OTPEICICHHBIX
MPOMEXYTKaX MPUOIMKEHHO ONMHUCHIBAIOT HAYAIbHBINA TPaduK.

OcoO0bIil MHTEPEC IPEACTABIIAECT KpuBasg 5 (puc. ), Tak kKak UMEHHO OHA Ha
mpomexxyTke 0,53-0,70 ¢ coBmamaer ¢ XapakT€pHbIM MaKCHMYMOM TSKCHUS,
MPUHATHIM B Ka4€CTBE PAcUETHOTrO yCwius Ha u3oisaTop. CorimacHo rpadukam,
BEJIMUMHA 3TOro yeunus coctapmnsgeT 200 gaH.

C momorisio mporpaMmmbel Advanced Grapher [10] MeTOIOM perpecCUBHOrO
aHaNM3a MmojrydeHa (PyHKIHs, OMUCHIBAIONIAs KPUBYIO 5 THHAMHYECKUX YCIITHI!

f(x)=(7,36-10°)x® +(2,71-10°)x" - (4,12-10°)x" + (3,34-10°)x° -

(10)
— (1,51-10°)x2 + (3,71-10°)x — (3,72-107).
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Puc. 5. Tpaduku THHAMHYIECKUX TsOKEHHN: & — Basel B; b — daser C
Fig. 5. Graph of the dynamic tensions: a — phase B; b — phase C

[l 9acTOTHOTO aHanM3a JaHHOH QyHKIMK pasznoxuM ee B psag Pypoe [11]:
nx TTnNX
f(x) =243 q, cos| 2 +b,sin ;
-3 B2 (2]
1,7
a, =?J._T f(x)dx
R

=—J' sm(nnxjdx

raenN=1, 2, 3... — KOJIMIECTBO YUUTHIBAEMbIX TAPMOHHK.

IMpu T'=0,17; a, = 0 17.[ f dx=7678283, 65 monyunm:

(11)

a, = {1, 42867°n° | 12403311, 2(~1)" ~ 180810000 | +

+1,42867°° | 21551376,0(~1)" + 4811604000 | - (12)
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~1,4286mn| 5522914656,0(~1)" + 38118276000]} / (='n");

17 . TnX
bn:—j f (x)sin| — |dx=0.
T T
OkKoHYaTENBHO pAaa U1 TICPBBIX OAUHHAAIATU YJICHOB UMCCT BU

f(x) =a, +a,c0s18,47x + a, c0s36,94x + a, C0s55,41x + a, c0S 73,88x +
+ a,c0s92,35x + &, c0s110,82x + a, c0s129, 29X + a, C0s147,76X + (13)
TTNX

+ a,c0s166,23x + a,, c0s184, 71x + a,, C0s 203,17x...+ a, cos( = j

3HaYCHUS YacTOT BBIHYXX/ICHHBIX KoJleOaHuit npeaACTaBJICHBI B TabmI. 3

Tabauya 3
YacToThl BLIHYK/ICHHBIX KOJIeOaHUi
Frequencies of forced oscillations
Howmep rapmonuxu Yacrora, paxn/c Hacrora, I'ng Ilepuon, ¢
1 18,47 2,9411 0,3401
2 36,94 5,8821 0,1701
3 55,41 8,8232 0,1133
4 73,88 11,7643 0,0850
5 92,35 14,7054 0,0680
6 110,82 17,6464 0,0566
7 129,29 20,5875 0,0485
8 147,76 23,5286 0,0425
9 166,23 26,4697 0,0377
10 184,71 29,4124 0,0339
11 203,17 32,3519 0,0309

W3 nanubIx u3 Ta0m1. 2, 3 BUAHO, YTO HEKOTOPHIC YaCTOTH TAPMOHUK BBHIHY K-
JIEHHBIX KoJjieOaHuM OJM3KM K 3HAYEHHSM COOCTBEHHBIX YacCTOT KoJIeOaHHM
OTIOPHOTO H30JIATOpa, T. €. pacCMaTphBaeMasl CHCTEMa IMOTEHIHAIEHO MOXKET
BOWTH B pE30HAHC, CJICJIOBATEIHHO BEIIMYMHEI IIEPEPE3bIBAIOIINX CUJI U MOMEH-
TOB OyIayT OOJBINE TOMYCTUMBIX, YTO MOXET IMPUBECTH K BO3HUKHOBECHHIO
OTNACHBIX MEXaHWYECKHUX HAIPSDKEHWH B MaTepHae KOpIyca H30JsITopa U €ro
pa3pylICHHIO.

[ToxBoas WTOT, MOXKHO 3aKJIFOUUTH, YTO MPH BHIMOTHCHUN TUHAMHYECKOTO
pacdeTa HaIJICKUT 005I3aTEIHHO ONPEACIIATh YaCTOThI CBOOOIHBIX KOJICOAHMA 1
MIPOBOJUTH UX CPaBHEHUE C YACTOTAMHU BBIHYXAaoImux cui [12]. Pekomenayer-
s, 4TOOBI YacToTa CBOOOJHBIX KOjcOaHUi Oblia OOJbINE YacTOTH BHIHYKIICH-
HBIX KoJieOaHuii. B OONBIIMHCTBE CITy9aeB HENb3s TOOUTHCS M3MEHEHHS 9acTOT
BBEIHY)KJICHHBIX KOJIeOaHUH, ClIeIOBaTEIbHO, HEOOXOAMMO HM3MEHATH YacCTOTHI
cBOOOAHBIX KoneOanuii. Kak mokaszan BEIYMCIIUTEIBHBIN 3KCIICPUMEHT, Ha BEITHU-
YUHY YaCcTOT COOCTBEHHBIX KOJEOAHHWH KOHCTPYKTHBHBIX JJIEMEHTOB MOKHO
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BIUATh IyTeM H3MEHEHHS WX MEXaHHYeCKHX M TeOMETPUYECKHX IapaMer-
poB [13]. Hampumep, gacTtoTa COOCTBEHHBIX KOJICOAHMII OTIOPHOTO H30JIATOpa
BO3pacTaeT MpH YBEIWYCHUHU JKECTKOCTH MaTepHalia KOpIyca Wil YMEHbIICHUH
BBICOTHI H30JISITOPA.

BBIBO/IbI

1. Pa3paboTan 4MCIICHHBIN METOJ pacdeTa AICKTPOAMHAMHUICCKOW CTOMKO-
CTU KOHCTPYKTHBHBIX AJIEMEHTOB PaCIpEICIUTENbHBIX YCTPOUCTB, B KOTOPOM
ruOK¥e TMPOBOAHUKH BMECTE C OTOPHBIMH KOHCTPYKIHSAMH PacCMaTpPHBAIOTCS
KaK enuHas KoyebaTeiapbHas CHUCTeMa NPH KOPOTKOM 3aMbIkaHHWH. JlocToBep-
HOCTh PacyeToB MOJTBEPKACHA CPABHEHUEM UX PE3YJIbTATOB C ONBITHBIMU JIaH-
HBEIMHU. BBINMOTHEH 9acCTOTHBIN aHaIN3 COOCTBEHHBIX M BBIHYKIICHHBIX Koyeba-
HUU KOHCTPYKTUBHBIX 3JIEMEHTOB PACHPEACIUTEIbHbBIX YCTPOIMCTB.

2. [TocTaBieH BBIYUCIUTEILHBIA SKCIIEPUMEHT TI0 OIIEHKE BIWSHUS MEXaHH-
YECKUX U FeOMETPUUYECKUX MapaMETPOB KOHCTPYKTUBHBIX 3JIEMEHTOB Ha mapa-
METpPbl  JJIEKTPOJAMHAMUYECKOW cTOoMKocTH. [loaTBepxaeHa BO3MOXKHOCTD
HACTYIUICHHS pe30HaHCa TPU COBIAJCHUH YacCTOT BBIHYXKICHHBIX U COOCTBEH-
HBIX KOJICOaHHIA.

3. Pe3ynbTaThl MCCIIEOBaHUS MOTYT OBITh HCIOJIB30BAHBI MPH MPOCKTHPO-
BaHUU AJIEKTPOYCTAHOBOK ¢ THOKMMH mpoBoAaMu. [IpenioxkeHsl peKOMeHIaInH
[0 YBEJIMWYCHUIO YaCTOTHI COOCTBEHHBIX KOJICOAHUI KOHCTPYKTHBHBIX JJICMCH-
TOB pacHpeIeIUTENbHbIX YCTPONUCTB.
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Pedepar. DKOHOMHYHOCTH CHCTEMBI 3JIE€KTPOCHAOKEHHs MNPEANPUSATHS 3aBHCHT OT KadecTBa
3NEKTPUYECKOI SHEPTUH U €€ NOTEPh B INEKTPUUECKUX CETAX, B 3HAUUTENBHOM CTENeHH ompese-
JIIEMBIX PEKUMAaMU PEryIMPOBaHMs HANPSKCHUS M KOMIICHCALIMKM PEAKTHUBHOM MOIIHOCTH. 3ada-
CTYIO Ha MPAKTHUKE 3a/la4d peryJupOBaHUs HANPsDKEHUA U KOMIICHCAMKM PEaKTHBHOW MOILHOCTH
B CHCTEMaX 3JIEKTPOCHAOKEHHUS NMPOMBIIUICHHBIX NPEANpPUSTHH, BKIOYAIOMUX 3JICKTPUUCCKHE
ceTu HanpspkeHueM 10 1 kB, a Taxke 6, 10 kB u Bbllle, pemaroTces pa3aeabHo. OTo BeIeT K Hepa-
LUOHAIILHOMY MKCIIOJIb30BaHUI0 MMEIOIIUXCS YCTPOMCTB perylUupOBaHUs HANpPsDKEHUs, HENOMC-
MOb30BAHUIO YCTAHOBJICHHONH MOIIHOCTH KOMIIEHCHUDPYIOIIUX YCTPONCTB, OKa3bIBAacT BIUSIHUE
Ha peryjiMpoBaHHE HANpsHKEHHs B DIEKTPHUUECKUX CETAX SHEProcHaOXkarolled opraHu3aIuu.
IMockonbKy yka3aHHBIE PEXKHMBI HEPA3eTbHO CBSI3aHBI, IIPABIIIBHO UX OMPEASITUTh MOXKHO JIHIIh
C UCIIOJIb30BaHHEM KOMITIEKCHOTO TI0JIX0/]a, OCHOBAHHOTO Ha TEXHUKO-KOHOMHUYECKUX KPHTEPH-
AX M YYUTHIBAIOLIETO TEXHUUECKHE TPeOOBaHUS U MECTHbIE YCIIOBUA. B HacTosmIel cTaThe aHanu-
3UpyeTcss B3aUMOBIUSHHE PEXHMMOB PETyIMpPOBaHHS HANpsDKEHHs U KOMIICHCAIIMM PEaKTUBHOM
MOIIHOCTH B 3JIEKTPHUYECKUX CETSAX NMPOMBIIIIEHHBIX IPEANPHUATHI C TOUYKH 3pEHUS 00eCTIeUueHUs
KauecTBa JJIEKTPOIHEPIMU M MUHMMH3AIMU HAarpy304HBIX MOTEpPh MOLIHOCTU. [IpencraBneHsl
METOAMKa U Pe3yJbTaThl pacyeToB (Ha MpHUMepe KOHKPETHOTO MPOMBIIUICHHOTO OOBEKTa) IO
OTIPEAENICHNIO OTKIIOHEHHI U MOTEeph HAIPSDKEHUS B MJICKTPUIECKOH CETH M BHIOOPY ITapaMeTpoB
PETyINpOBaHMS HANPSHKEHHSI W KOMIICHCAIINH PEaKTHBHON MOINHOCTH. Benencrsue TecHoi B3am-
MOCBSI3M yKa3aHHBIX PEKHMMOB, 3aTParvBaroLiell BCe YPOBHH HANpsDKeHUs, 3P PpEeKTUBHOCTE Mepo-
HPHUATHH HEBO3MOXKHO oOecreynTh 0e3 HCIOJb30BaHUsI MHOTO(YHKIHOHAJIBHBIX YCTPOMCTB
yIpaBiIeHHs: 000pyROBaHHEM TPAHC(HOPMATOPHBIX HOACTAHIUH.

KiroueBble ciioBa: 3JeKTpHueckas ceTb, TpaHc(HOpPMATOpHAS MOJACTAHLMS, PEryJIHPOBaHUE
HaNPSDKEHHs!, KOMIICHCALNS PEaKTHBHOH MOILIHOCTH
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On the Mutual Influence of Voltage Control Modes
and the Compensation of Reactive Power
in the Electrical Networks of Industrial Enterprises

V. P. Schasny®, A. 1. Zhukouski?

DBelarusian National Technical University (Minsk, Republic of Belarus),
2PUE “KRM Ingineering” (Minsk, Republic of Belarus)

Abstract. The efficiency of an enterprise’s power supply system depends on the quality of elec-
tricity and the losses of the latter in electrical networks; both being largely determined by the
modes of voltage control and reactive power compensation. In practice, the problems of voltage
control and reactive power compensation in power supply systems of industrial enterprises, inclu-
ding electric networks with a voltage of up to 1 kV, as well as 6, 10 kV and higher, are often
solved separately. It triggers an irrational use of existing voltage control devices, underutilization
of the installed capacity of compensating devices, and affects the voltage control in the electrical
networks of the power supply organization. Since voltage management and compensation modes
of reactive power are inseparable, they can be correctly determined only with the use of an inte-
grated approach based on technical and economic criteria and taking into account technical
requirements and local conditions. This article analyzes the mutual influence of voltage control
and reactive power compensation modes in the electrical networks of industrial enterprises from
the point of view of ensuring the quality of electricity and minimizing load power losses.
The method and results of calculations (on the example of a specific industrial facility) for deter-
mining voltage deviations and losses in the electrical network as well as for selecting parameters
for voltage control and reactive power compensation are presented. Due to the close relationship of
these modes that affect all voltage levels, the effectiveness of measures cannot be ensured without
the use of multifunctional devices for controlling the equipment of transformer substations.

Keywords: electric network, transformer substation, voltage control, reactive power compensation

For citation: Schasny V. P., Zhukouski A. I. (2021) On the Mutual Influence of Voltage Control
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BBenenne

C BBeJIcHHMEM B 3KCIUTyaTalMI0 TeHEPUPYIOIINX MoOIIHOcTeil benmopycckoit
ADC m ee mHTerparueil B 0ajaHC DHEPrOCHCTEMBI OXKHIAIOTCS W3MCHECHHS B
CTPYKType 3JeKTpornoTpelneHusi, 00ycIoBIeHHbIE YBEIMYCHHEM OOBEMOB TO-
TpeOJIeHUsI DJEKTPOIHEPTUH TPOMBIIUIEHHBIMH M CEICKOXO03IHCTBEHHBIMHU
OPEANPUITUAME, NIEKTPUPUIMPOBAHHBIM JKEIE3HOLOPOKHBIM M TOPOICKUM
TpaHcnoptoM. Poct anektponoTpebieHus, B CBOIO ouepeab, TpeOyeT MOBbIIIe-
HUSI IPOITYCKHOM CHOCOOHOCTH 3JIEKTPUUECKUX CETEH, T. €. YBEIMUYCHUS MaKCHU-
MaJIBHO JIONyCTUMBIX BEJIUYMH MOIIHOCTH, KOTOPbIE MOTYT OBITh NEPEIaHBbl 110-
TPEOUTEIISIM C YYETOM YCJIOBHI AKCIUTyaTallMd, HOPM Ka4eCTBa AICKTPUUCCKOM
SHEPTUH U NapaMeTpOB HAAEKHOCTH (YHKLIMOHUPOBAHUS SHEPTOCUCTEMBI.

B pamkax OrtpacieBoid nOporpamMMbl pasBUTUA BJIEKTPOIHEPrETUKU
Ha 20162020 rr. peann3oBaHbl MacIITaOHbIE TPOCKTHI CTPOUTEILCTBA H PEKOH-
CTPYKLHMH 3JEKTPUUECKUX CETel U MOACTaHIMI 3HeprocucteMsl. I1pu 3ToM poct
NIEKTPONOTPEOICHNS IPOMBIIUICHHBIX MPEAIPUSTHI TpeOyeT yBeTudeHHs po-
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MYCKHOM CITOCOOHOCTH MX COOCTBEHHBIX CETEH 3a CUET MOJICPHH3AIMH CHCTEM
snekTpocHabkenus [1-2].

IHoaxons! k pemieHUIO MPOOGJIEMBbI

[lpuaNMas pemeHus] Mo MOAEPHHU3AIMH CHCTEM BJIEKTPOCHAOKEHHS MpPO-
MBIIUICHHBIX TPEANPUSITHA, B MEPBYI0 OYepelb HYKHO paccMaTpUBaTh BO3-
MOKHOCTH TIOBBIIIIEHHS MPOIMYCKHON CIIOCOOHOCTH DIIEKTPHYECKUX CEeTel U pe-
TYJIUPOBAHUS HAMPSDKCHUS, NPEIOCTaBIsIeMble KOMIICHCAIIMEH pPEeakTUBHOM
motHocTH (KPM) npu Mcnosib30BaHUM KOMIICHCUPYIOIIUX YCTPOWCTB pa3iind-
HbIX THIOB. CleyeT 3aMeTHTh, YTO BCJIE/ICTBHE MHOTOJIETHETO OTCYTCTBHS B
Benapycu muaTel 3a peakTHBHYIO SHEPTHIO (TJIaBHBIA HSKOHOMHYECKHH pblYar
ctumynupoBanuss KPM) 3 ¢heKkTUBHOCTE €€ KOMIICHCAIlMM Ha OOJIBIIUHCTBE
NPOMBILUICHHBIX NPEAIPUITHIA KpailHe HU3KAS.

s HOpManbHOW pabOThl AJIEKTPONPUEMHHUKOB B PAa3JIMYHBIX PEKHMAX
Harpy3Kd Ha WX BBIBOJAX JOJDKHBI MOJICPKUBATHCS HOPMHUPOBAHHBIE YPOBHHU
HaMpPSDKEHUS TyTeM BCTPEYHOTO PETYIMPOBAaHUS HANPSHKEHHS B LIEHTpaxX IMHTa-
Hus. B HacTosIee Bpems 3T0 oOecreunBaeTcs Juilb Ha muHax 6, 10 kB nox-
cranimit 110/35/10(6) xB, o0opynoBaHHBIX TpaHC(HOPMATOPAMH C YCTPOWCT-
BaMU pETyJIUpOBaHUs HampspkeHus mop Harpyskoit (PIIH), mpu ycnmoBuwm, dro
nocjenHre paboTaloT HOPMAIbHO. TEeXHUYECKUX CPEJCTB JJISi BCTPEYHOTO pe-
ryJIUpoBaHus HanpspbkeHus Ha muHax 0,4 kKB moTpeOUTEeNbCKHUX ITOACTAHIIHMMA
HET, MO3TOMY NPH MAaKCUMAIIbHOW Harpy3Ke OTKJIOHEHHS HAIPsKEHUS OOBIYHO
OTpHIIATETIFHBIC, a P MUHUMAIBLHON — TOJIOKUTEIBHBIE, T. €. TIPUHIUI BCTPEU-
HOTO PEeryJIMpOBaHMA HaIPsDKEHUs AecTByeT HaobopoT. [lonoxxenue ycyryomus-
€TCs TaKkKe OCCKOHTPOJIBHBIM MOTPEeOJICHHEM M BbIJauell PEaKkTUBHOW MOIIHO-
CTH TIOTPEOUTEIISIMH.

Hcmonp30BaHne yCTaHOBOK KOMITGHCAIIMK peakTuBHON MormHocTa (YKPM)
C TIOJIKITIOYCHUEM WX K IIIMHAM HU3IIETO HANPSDKEHUS TMOACTAHIUN TpeOyeT yde-
Ta OTpaHWYCHUN Kak IpH BEIOOpe mapameTpoB YKPM, Tak u mipu omnpeneacHun
PEXUMOB pabOTHI UMEIOIIUXCS YCTPOMCTB PEryINPOBaHUS HANPSHKECHNS.

[Toteps nanpspkenus B cetu ¢ KPM, mpunsTas paBHOUM IpOJ0JIbHON COCTaB-
TSIONIEeH MaJeHus HAMPsDKEHUs, IPH IpeHeOpeKeHNH TOMIEPEYHON COCTaBIISIO-
el onpeensercs: BRIpaKeHUEM

AU = PR + (Q_QK)X ’ (1)

U
rae P — moTok akTUBHOI MOIIHOCTH B ceTH, KBT; Q — To ke peakTHBHOI MoIl-
HOCTH B C€TH, kKBap; R, X — akTUBHOE W PEaKTUBHOE COMPOTUBIICHUS ceTH, OM;
Qx — momrOCTE YKPM, OM; U — Hanpspkenue cetu, KB.

Brnusaune KPM Ha BenuuuHy NMOTEpU HANPSIKEHUS B CETH M OTKIOHEHHE
HaNpsDKEHUS y TMOTpeOuTens ynoOHO paccMaTpuBaTh, ONEPHPYS IMOKa3aTeleM
CTeTeHN KOMIICH cAIMH, onpeaensiemoii cootHorennem C = Qy/Q, o. e. Beeas
B BeIpaxkeHUe (1) CTEreHh KOMITCHCAITUH, TTOTyYUM
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PR + QX (1-C
AU = % a-C), @)

C momouipio BbIpaXKeHUS (2) MOXHO ONpEAETHTh (aKTHYECKYIO MOTEpIO
HaIpsHKCHUSI B JIIOOOM 3JIEMEHTE CeTH IpU JI000M 3HAUE€HHU CTETIeHH KOMIICH-
Callly PeaKTUBHON MOITHOCTH.

Hetictytomuii crangapt [3] ycTaHaBIMBAaeT HOPMBI KadeCTBA AJICKTPHUC-
CKOM SHEpPTUH B TOUKAX €€ Iepeiadn MOIb30BATEISAM JCKTPUUECKUX CeTeH HU3-
KOT0, CPEIHEro M BHICOKOTO HANPSDKEHMS, T. €. Ha TPaHULAX OalaHCOBOH MpH-
Ha/JISKHOCTH 3JIEKTPUUECKUX ceTedl. Ha MpOoMBIIIICeHHBIX NPEANPHUITUSIX, HMe-
IOLIMX Ha OanaHce MOJCTaHIMM TyOokoro BBoaa HampspkeHueM 110/10(6) kB,
35/10(6) kB, Touku nepenaun ACKTPUYSCKOW IHEPTUH, KaK MPABUIIO, TPHHSTHI
Ha IMPHUCOEAMHEHUAX MNUTAOIMX JHUHUN Hanpsbkenuem 110, 35 xB. Bennun-
Ha COTJIACOBAHHOTO HAMNpPSDKEHWS W JIOIYCTUMBIE OTKIIOHEHUsS HAINPSDKCHHS B
YKa3aHHBIX TOYKaX OTOBAapHUBAIOTCS B JIOTOBOPE 3JIEKTPOCHAOXKEHHUS, 3aKIII0vae-
MOM MEXAy 3HeprocHadKaromel opraHu3anuedl W MoTpeduTeneM 3JeKTpuye-
ckoii sHeprun (aboneHtom). Takum 0Opa3oM, OTBETCTBEHHOCTh SHEProCHa0Xa-
IONIel OpraHu3ali PAcIpPOCTPAHIETCS Ha JJIEKTPHUYECKYIO CETh JI0 TOYKH IIe-
pellavr 3JeKTPUUECKON SHEPTHH, Jlaee — OTBETCTBEHHOCTh a0OHEHTA.

CucreMa 3eKTpOCHA0XKEHHS KPYITHOIO MPOMBILIIEHHOTO MPEIIPHATHS BKIIO-
YaeT OJHY JIMOO HECKOJIbKO TJIABHBIX TMOHHM3HMTENLHBIX TMOJICTAHINNA HampsKe-
auem 110/10(6) kB, 35/10(6) kB, pacnpeaenuTensHble MyHKTHI, MOACTAHIIUN H
JMHUHM 3NeKTporepenayn HanpsbkenueM 10, 6 kB, a Taxoke TUHUM HanpsHKEHUEM
1o 1 kB. OTknoHeHne HaNpsDKEHUSI HA CTOPOHE HU3IIEro HaNpspKEHHS MOACTaH-
uun dUyy paBHO cyMMe OTKIIOHEHUS! HaNpsDKEHHsI Ha CTOPOHE BBICLIETO HATIPS-
xennst OUpy m HagbaBku TpaHcdopmaTtopa dUpp 3a BBIYETOM MOTEPH HAmps-
xenus: B Tpancopmarope AUr. IIpu noaxmouennn YKPM k mmnHam Husiie-
ro HampsOHKCHUS MOJCTAHIMU OTKJIOHEHUE HANPSDKEHHUS Ha CTOPOHE HM3LLIETO
HaNpsLKEHUS] COCTaBUT

PR, + QX; (1-C)

8U = 8Upy, + 08U, — AU, = U, + U, - "

®3)

3HauCHUS OTKJIOHEHUS HANpPsHKEHHMs HA CTOPOHE HM3IIEr0 HAIpsDKEHUS IMOA-
CTaHIIMH TIPH U3MEHEHUHU CTeneHn KomneHcamu ot 0 1o 1 u pa3nuuHbIX HanOaB-
kax TpaHcdopmaropa co crymensmu PITH £(9 - 1,78) % npuBenenst B Tabm. 1.
B kauecTBe mnpumepa paccMOTPEH OJUH U3 TpaHcHOPMATOPOB Map-
ku TPJIH 25000/110, ycranoBnennbiii na [T 110/6 kB «'panut-
Has» (PYIIII «I'PAHUT»). PacuerHsie mapameTpsl Harpy3kd B MaKCHMallb-
HOoM pexkume: P = 15,0 MBt; Q = 11,6 MBap. B pacuere ycnoBHO mpuHS-
10 dUpy = +5 % — const.

JomycTuM, 4TO, COIJIaCHO 3aJaHHOMY PEKUMY PeryJIMpOBaHUs HAIIPSDKEHUS,
Ha CTOPOHE HM3ILIETO HaNpsbKEHHS MOACTAHIMHU JOJDKHO MOANEPKUBATHCS ITO-
JIOKUTENFHOE OTKJIOHEHWE HamlpspKeHHUs B nuamasone 4—6 %. Kak BumHO U3
JMaHHBIX TabJ. 1, TpeOyeMoe OTKIIOHCHHE HAIPSDKCHHSI MOYKHO O0SCIIEYHTh IT0I-
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06opom HanOaBku TpaHchopmaropa B quanazone 0-5,34 % u obecrieueHHUeM co-
OTBETCTBYIOIICH CTEIeH! KoMreHcanuu B auamna3one 0-1. C Touku 3peHus Mu-
HUMHU3AIUN HArpy30YHBIX MOTEPh MOIIHOCTH B CETH MPEANOUYTUTEIbHEE MpU-
HAMATbh CTETICHb KOMIICHCAIINH PaBHOW MM OJIM3KOH K 1, a Auama3oH peryaupo-
Banus PITH onpenensite ucxons U3 NpUHATON CTEIEHU KOMIICHCALIUH.

Tabauya 1
OTKJI0OHEHHE HalpA’KeHUsl HA CTOPOHE HU3IIEr0 HANPSKeHUSI NOACTAHIIUA
NPH Pa3JINYHBIX 3HAYEHUSIX CTeNeHH KOMIeHCAllMu U Ha10aBKHU TpaHcpopmaTopa
€ YCTPOHCTBOM peryJiMpOBaHHsA HANPSAKEHUS MO/ HATPY3KOM
Voltage deviation on the low voltage side of the substation at different values of the degree
of compensation and surcharge of the transformer with a load voltage control device

HanGaska OTKJIOHEHHE HANPSKSHHS HA CTOPOHE HU3IIETO HAMPSKCHHS MOACTaHIUK
Tpch¢013MaTopa TP Pa3JIMYHBIX 3HAYEHUAX CTEIEeHH KOMIeHcauuH, %o
C YCTPOUCTBOM
peryiupoBaHus
HaIpPsHKSHHS C=0 Cc=0,2 Cc=04 Cc=0,6 c=0,8 c=10
10/ Harpy3Koi, %
-16,02 -16,2 -15,2 =142 -13.2 -12,3 -11,3
-14,24 -14,4 -13,4 -12,4 =115 -10,5 -9,5
-12,46 -12,6 -11,6 -10,7 -9,7 -8,7 -1,7
-10,68 -10,8 -9,9 -8,9 -7,9 -6,9 -5,9
-8,90 -9,1 -8,1 -7,1 -6,1 =51 -4,2
-7,12 -7,3 -6,3 -5,3 -4,3 -34 -2,4
-5,34 -5,5 -4,5 -3,5 -2,6 -1,6 -0,6
-3,56 -3,7 -2,7 -1,8 -0,8 0,2 1,2
-1,78 -19 -1,0 0,0 10 2,0 3,0
0 -0,2 0,8 1,8 2,8 3,8 4,7
1,78 1,6 2,6 3,6 4,6 55 6,5
3,56 34 4,4 54 6,3 7,3 8,3
5,34 5,2 6,2 7,1 8,1 9,1 10,1
7,12 7,0 7,9 8,9 9,9 10,9 11,9
8,90 8,7 9,7 10,7 11,7 12,7 13,6
10,68 10,5 115 12,5 135 14,4 154
12,46 12,3 13,3 14,3 15,2 16,2 17,2
14,24 14,1 15,1 16,0 17,0 18,0 19,0
16,02 15,9 16,8 17,8 18,8 19,8 20,8

B ornuuue OT IiaBHBIX MOHU3UTENBHBIX MOJCTAHIMN, IIEXOBbIE IOJCTAaH-
UM TPOMBIIUICHHBIX NpennpusaTuii HampsokenneM 10(6)/0,4 kB He uMmeroT
ycrpoiicte PIIH. Takue mojacTaHIMM TMO3BOJAIOT PEryJIMPOBAaTh HaIpSKEHHUE
B Y3KOM JHana3oHe IOCPEICTBOM TNepekmoucHus 6e3 Bo30yxmenus (I1bB).
IIpu yctanoBke YKPM Ha cTOpOHE HU3LIET0 HANPSDKEHUS LEXOBBIX MOJ-
cTaHIU{ 700 Ha MPOMEXYTOUYHBIX PACIPENEIUTENbHBIX IMyHKTaX HampsKe-
nuem 0,4 kB BaxxHO oOecnieunTh TpeOyeMble YpOBHU HaNpsDKEHUs Y OTpeduTe-
neit. Iloatomy mpu BeiOope momuocTn YKPM crneayeT mpow3BOIWTE pacyeT
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HalnpsoKeHUH B DJIEKTPUYECKOW CETH W MPOBEPKY OTKJIOHEHWH HaNpsKEHUA
y MOTpeOuTeNCH B pa3IMYHbIX peKUMaxX Harpy3Ku.

OTkJIOHEHHE HanpspkeHus y morpedutenst oUp, Moaydaroniero muTaHue 1o
cetu 0,4 kB, MOXXHO BBIpa3uTh uepe3 OTKIOHEHHE HAIPSDKEHUS HA LIMHAX HU3-
IIET0 HANpsDKEHUS TJAaBHOM NOHU3UTENbHOM mnoactaHuuu OUny, HambaBKy
HanpsbkeHus: Tpancopmatopa nexosoir TII 10(6)/0,4 kB 8Uys 1 cymMmapHyto
MOTEPIO HANPsDKEHHS B dJIEKTpUUecKoil cetn HanpspxenueM 10(6) u 0,4 kB AU

U, = 8U,, + 8U,; — AU. )

[Moteps HampspKEHWS B SJICKTPHUECKON CETH BKITIOYAET MOTEPU B OCHOBHBIX
ee ayeMeHTax (JIMHUU BbICOKOro HampspkeHus AUgy, Tpancdopmarope AU+, jau-
HUH HU3KOTOo HanpspkeHust AUyy) U onpesienisieTcs BRIPaKeHUEM

AU =AU, +AU; + AU, =

— PBJ'IRBJ'I + QBHXBJ'I + PTRT + QTXT + PHJ'IRHJI + QHJ'[XHJ'[ (5)
UB.TI UT UHJ'I

rae Pgyn, Qs Pty Qry Py, Qun — MOTOKM aKTUBHOM U PEaKTHBHON MOIIHOCTH B
JIMHUH BBICOKOTO HANpsOKCHHS, TPaHC(HOPMATOPE, TUHUUA HU3KOTO HAMPSIKCHHS
cooTBeTCTBeHHO; Rpy, Xg1, Rt, X1, Run, Xun — aKTHBHOE M pEaKTHBHOE COIIPO-
TUBJICHHUS JIMHUM BBICOKOTO HAIPSDKCHUS, TpaHchopMaTopa, JIMHUM HH3KOTO
HanpspkeHus: cootBeTcTBeHHO; Upy, U, Uyy — HampspkeHHE JTUHUW BBICOKOTO
HaIpsHKEHUS, OOMOTKH BBICIIIETO HAINPsDKEHHS TpaHchopMaTopa, JUHUN HU3KO-
T'0 HAINPSHKEHUS COOTBETCTBEHHO.

Ilpu nmonkmoyenun YKPM Kk 1IMHaM HM3IIEro HANpSKEHUS TMOACTaHIUU
YMEHBIIAIOTCS TTOTEPH HANPSHKCHHS B JIMHUU BBICOKOTO HATPSDKEHHS M TPaHC-
dhopmarope. CymmapHas IoTeps HAMPSDKEHUS B 3JICKTPUICCKON CETH

AU = PBJ'IRBJ'I +(QBJ'I _QK)XBJ'I +

UBJI
+ PTRT +(QT _QK)XT + PHJ'[RHJ] +QHJ'IXHJ'1 ]
UT UHJI

(6)

C yd4eTroM CTemeHH KOMITCHCAnd M Kod(QuImeHTa MOITHOCTH Harpy3KH
BBIPOKEHUS JUIs ONpEACTICHUS TMOTEPH HANPSHKEHUsT B CETH M OTKIIOHEHWUS
HANPSDKEHUS Y TOTPEOUTENS MOXKHO NIPEJICTABUTh B BUJIC:

PR )
AU =F[1+tg(p (1-C)]; @)

PR
8U,, :8UHH+6UHB—F[1+tg(p2(1—C)]. (8)

3aBUCHUMOCTH IIOTEPU HANpPsDKEHUs B CETH OT CTEHNEHH KOMIIEHCALUU
NpU pa3iUYHbIX 3HAYCHUSAX COSQ HArpy3ku mpuBeneHbl Ha puc. 1. Kak BuanO
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u3 rpaduKoB, YBEJIWYCHUE CTEIICHH KOMIICHCAI[MH BEJET K CHIDKEHHIO TTOTEPH
HaTpsDKEHUs, TpudeM Ipu Ooliee HU3KOM COS(Q TIOTEeps HANPSHKCHUS YMEHb-
maercs pe3de. YBEIWYCHHE CTETICHH KOMIICHCAIMU TPUBOJHUT K YBEINYCHHIO
OTKIJIOHEHUsI HAIPSDKEHHs y TOTpeOuTeNss. Ecnu mpeamnonokuts, 4to J0my-
CTUMOE OTKJIOHEHHE HampsOKeHHs y moTpeOuTenst cocraBiuser +5 % Uy, ToO
npu cose = 0,7 u nagbaBke TpanchopmaTopa dUyp = +5 % (puc. 2) odecrneuuTsb
MaKCHUMaJbHYIO CTCTICHb KOMICHCAUU Helb3st. Takum ob6pazoM, C = 1 MOXKHO
MOJTyYUTh JIUIIb TP YCIIOBHH YMEHBIICHHUS BEITUYMHBI HAJ0aBKU TpaHChopMa-
TOpa Ha OJJHY CTYIEHb, B yacTHOCTH Tipu dUpp = +2,5 %. [Ipu paznuaaom COSQ
HArpy3KH OTKJIOHCHHE HAIpsDKEHHWS y MOTPEeOUTENs NpEBbIIIaeT JOIyCTHU-
MO€ 3HaUCHUE MPU PA3TUYHBIX 3HAYCHUSX CTeNeHH koMmeHcarmu (puc. 3). Ecnu
mpu €0se = 0,7 crenerb KPM MoxkeT npuHuMaThes paBHoit 0,56, To mpu cose > 0,8
KPM B 351eKTpHUYECKON CETH B YKa3aHHBIX YCJIOBUSAX MPAKTUUECKH HEBO3MOXKHA.

AU, % U, %oy © leosp=07)
14 | |
120 coecrecte 3 5Us = +5 %
1,0f--T ‘ ; |

SUns=+25% |
; ‘ : dUps =0 3
0.6 ; s : : : -1 s . . ‘ ‘
0 0,2 04 0,6 C,o.e. 10 0 0,2 0,4 0,6 C,o.e. 10
Puc. 1. 3aBUCUMOCTD [TOTEPHU HAIPSHKEHUS Puc. 2. 3aBUCUMOCTb OTKJIOHEHUSI HAIIPSKEHUS
OT CTCIICHNU KOMIICHCALIUU IIPU PA3JIUYHBIX y HOTpe6PITeJ'I$[ OT CTCIICHU KOMIICHCAIluH
3HAYEHHAX COS(p HATPy3KH IPH pa3IM4HbIX HajgOaBKax TpaHchopmaropa
Fig. 1. Dependence of the voltage loss ¢ mepeiioeruem 6e3 BosoyraeHNA
on the degree of compensation Fig. 2. Dependence of the voltage deviation
for different values of the load cosp of the consumer on the degree of compensation

for different surcharges of the transformer
with switchover without excitation

[Ipu BBIGOpe TpeOyemoii mommHOCTH YKPM B ceTsx ¢ TOJOKHUTEITHLHBIMH
OTKJIOHCHHMSMU HANpsDKEHUs! Y MOTpeOuTeNe Hy>)KHO B IIEPBYIO o4yepenb 3aeii-
CTBOBATh MMEIOIUECS BO3MOKHOCTU PETYIUPOBAHUS HANPSKEHUS 3a CUET IIe-
pexmoyenns: HanoaBok Tpanchopmaropos ¢ IIbB. Eciau Takoil BO3MOXXHOCTH
HEeT (HampuMmep, yCTaHOBJIEHb MUHHUMaJbHbIE Hag0aBKU TpaHC(HOPMATOPOB),
ClIeyeT yMEHbINTh MoIIHOCTE YKPM, mycTs 1 B ymep6 3¢ hekTHBHOCTH KOM-
MICHCAllUN PEaKTHBHOI MOIIHOCTH, HO 00ecreunTs TpedyeMoe Ka4ecTBO Harps-
JKEHUSI Y OTPEOUTEIIS.

Ha mpakTHke 3a4acTyio peryJmpoBaHHE HalpsHKSHUsI Ha MIMHAX TpaHcgop-
matopoB ¢ PITH ocymectBisercs B pydHoM pexume. 11onkiIoueHHbIe K ITMHAM
nozactaniii YKPM Takxke yaiie Bcero ynpasidroTcs BpyuHyro. B psze ciaydaes
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MIPUMEHSIOTCST JIOKAJIbHBIE YCTpPOMCTBAa aBTOMaTH4eckoro ympasienus PITH
Tpanchopmaropa u peryaupyemoit YKPM, (yHKIpoOHUpYOMHKE HE3aBUCHMO

JIPYT OT 1pyTa.

SUHE: +5%:

Uy, %

+5,2

Puc. 3. 3aBUCHMOCTb OTKJIOHEHUS
HATIPSDKEHUSI Y TOTPEOUTENS OT CTEIICHI
KOMIICHCAIIUH TIPU PA3IMIHBIX
3HAYCHUIX COS( HArpy3KH

+5,0

+4,8 . oo o

Fig. 3. Dependence of the voltage

+4,6 "coszp':"OE‘? ------------------ bereeeneeenns b § deviation of the consumer on the degree
= ' ‘ of compensation for different values
0 0,2 0,4 0,6 C,oe. 10 of the load cosop

Hu ogwme n3 yKka3aHHBIX CTIOCOOOB YIIPABICHUS HE TO3BOJISIET 00ECTIEYNBATh
3¢ deKTUBHBIE PEKUMBI PErYJIMPOBAHUS HAMIPSKEHNUSI U KOMIIEHCALIMU PEaKTHB-
HOM MOUIIHOCTH B DJIEKTPUYECKHUX CETIX NpeanpusTuil. [[ns pemeHus ykasaH-
HOW 3aJa4d MEepCNEeKTUBHBIM BUAWTCSA MPUMEHEHHE NPEIOKEHHBIX aBTOPAMH
MHOTO(YHKIIMOHANBHBIX YCTPOMCTB ymnpaBieHus oOopydoBaHHeM TpaHchop-
MaTOPHOW TMOJCTAaHIINM C aBTOMATHYECKUM DPETyIUPOBAHUEM HANPSIKCHHUS H
KOMIIEHCAIINY PEaKTHBHON MOIHOCTH, a TaKKe IMOAJEPKAHHS YIPABISIONNX
cBsizell ¢ Oonee BBICOKMM ypoBHEM 3HeprocucteMsbl [4-9]. [lonxoab! u onbIT pe-
IIeHUS yKa3aHHBIX 33/a4 MOAPOOHO W3IIOKEHBI B TMPEIBIIYIINX CTaThsIX aB-
topos [10-17].

BbIBO/JbL

1. VBenuueHne o0beMOB MOTPEOICHUS DIEKTPOIHEPTUH TPOMBIIUICHHBIMH
U CeIIbCKOXO3AMCTBEHHBIMU TPEANPUATHIME, 3IEKTPUPUITIPOBAHHBIM TpaHC-
MOPTOM | TIp., 00YCIIOBJICHHOE BBOIOM B JACHCTBHE ICHEPUPYIOMIUX MOIIHOCTEH
Benopycckoit ADC u ee uHTErpaunueii B 0ajaHC 3HEPrOCHCTEMbI, HEHU30EKHO
noTpeOyeT MOBBILECHHUS MPOIYCKHON COCOOHOCTH ANIEKTPUUECKUX CEeTel dHep-
TOCHCTEMBI U MPOMBIILICHHBIX NPEANPUATHH, OCOOCHHO CEeTeH M IMOACTaHIIHIA
HanpsbkeHueMm 110 kB u Huxe. [lpu permieHnn naHHOM 3amayMl CTOUT paccMOT-
pPETh BO3MOXKHOCTH, IPEIOCTABIsIEMbIE KOMIIEHCAIINEH PEaKTUBHOW MOITHOCTH
(Hanbosee OBICTpHIN B peallu3alvy U JemeBbId crioco0).

2. Cucrema 3JIeKTPOCHAOKEHNSI MPOMBIIIEHHOTO NPEANIPUATHS, BKIIOYAI0-
mas cety 10 1 kB, a Takke ceTn u moacTaHIuy HanpspkerneM 6, 10 kB u Brime,
npeacTaBisieT co0oi eArHOoe 1eloe, W MPaBUIbHO ONPEAEIUTh PEKUMBI KOM-
MEHCALMHN PEAKTUBHON MOIIHOCTH W PETYIMPOBAHMS HANPSLKEHUS MOXKHO TOJIb-
KO TP COBMECTHOM pEIICHHH YKa3aHHBIX 3a/lad Ha BCeX ee ypoBHsX. Bcerma
CIIeyeT CTPEMHTBHCS K JOCTM)KEHUIO HauOOJbIIeH 3KOHOMHUYHOCTH (PYHKIHO-
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HUPOBAHUS CHUCTEMBbl IEKTPOCHAOKEHUS, HO NPU 3TOM Uil 00ecIedyeHus Tpe-
OyeMoro KadecTBa HAIPsHKCHHS y TTOTPEOUTENeH HEOOXOIUMO YUNTHIBATH OTpa-
HUYEHHUs] TpPH BBIOOpPE MapaMeTpOB YCTPOWCTB KOMIICHCALMM pPEaKTHUBHOM
MOITHOCTH M ONPEAEICHUH PEXUMOB pabOThl YCTPOWCTB pPEryIHPOBaHUSA
HanpsDKEHUSL.

3. IIpu BBIOOpE MapaMeTpOB M PEKHUMOB PaOOTBHI YCTPOHCTB KOMIICHCALIUH
PEaKTUBHOW MOIITHOCTH HA IJIaBHBIX OHU3UTEIbHBIX NOJACTAHIMAX HANPSDKEHU-
em 110/35/10(6) kB, o6opymoBaHHBIX TpaHC(hOpMAaTOpaMu C YCTPOHCTBOM pery-
JIUPOBAHUS HANPSKEHUS TI0J] HAarpy3KOM M pean3yomuX BCTPEYHOE Peryaupo-
BaHUE HAIPSDKEHMSA, CIIEAyeT NPUHUMATh CTENEHb KOMIICHCALMM PEaKTHUBHOM
MOIIIHOCTHA PaBHOW wim ONMM3KO#M K 1, 9To 0OecrednT MHUHUMANbHEIN yPOBEHb
noTpeOJIeHNs] PeakKTUBHONH MOIHOCTH M3 BHEIIHEH ceTw. [Ipu 3TOM auamnazoH
PEeryaupOBaHusl HANpPsDKEHHUS IO HArpy3KOH ClIeAyeT NMPUHUMATh UCXOAS W3
YCTaHOBJICHHOW CTEIIEHH KOMIICHCALHH.

4. Ilpu BBIOOpE MapameTpoB M PEKUMOB PabOTHI YCTPOWCTB KOMITEHCAIUH
PEaKkTUBHOW MOIIHOCTH Ha MojacTaHusax HampsbkeHuem 10(6)/0,4 kB, He nme-
IOIIUX YCTPOHUCTB BCTPEUYHOTO PETYINPOBAHUS HANPSHKCHUS, HY)KHO YUUTHIBATh
BO3MOXKHOCTH CHIDKEHHS HAPSHKEHHS 3a CUET MEepeKIIIoYeHNns Hal0aBOK TpaHC-
¢dopmaTtopoB ¢ mepekioucHHEM Oe3 BO30yxkzaeHHA. Ilpu MONTOKHUTENBHBIX
OTKJIOHEHHAX HANpPSHKEHUS U YCTaHOBJIEHHBIX MUHUMANIBHBIX Hag0aBKaxX TpaHC-
(hopMaTopoOB CleayeT OrpaHNYMBATH MOIIHOCTh YCTPOWCTB KOMITEHCAIIH PEaK-
TUBHON MOII[HOCTH.
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Abstract. Solar radiation is an environmentally friendly and affordable energy source with high
release of energy. The use of a photovoltaic thermoelectric battery makes it possible to increase
the efficiency of converting solar and thermal radiation into electrical energy, both on serene
and cloudy days. An original battery structure with photovoltaic and thermoelectric converters
is proposed. The 3D model of the proposed photovoltaic thermoelectric battery was realized in
the COMSOL Multiphysics software environment with the use of a heat transfer module.
The simulation was performed for the geographical coordinates of Minsk and taking into account the
diurnal and seasonal variations of both the ambient temperature and the power density of the con-
centrated AM1.5 solar spectrum, the maximum value of which being varied from 1 to 500 kW/m?
The dependences of the maximum temperature values of the photovoltaic thermoelectric battery
and the thermoelectric converters as well as temperature gradient patterns in the thermoelectric
converters have been calculated. The dependences of the maximum temperature gradient values
inside the thermoelectric converters on the solar power density are obtained. The graphs of
the temperature gradients inside the thermoelectric converters of the photovoltaic thermoelectric
battery by concentrated solar radiation versus the time of day in the middle of July and January
are provided. It is shown that the output voltage increases up to the maximum values of 635
and 780 mV, respectively, in January and in July were achieved due to the temperature stabili-
zation of the back side of the external electrodes of the proposed device

Keywords: thermoelectric converter on the basis of CulnSe,, numerical simulation, COMSOL
Multiphysics, solar radiation concentrator, solar power density, temperature stabilization, tempera-
ture gradient, output voltage amplitude
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B DJIEKTPUYECKYIO SHEPTHIO KakK B SICHBIC, TAK U B TACMYypPHEIE MHU. B nanHOl pabore mpemoskeHa
OpHTHHAJIbHAS CTPYKTypa Oarapen ¢ GpOoTo- M TepMOdIEKTPHISCKUMHU HpeodpazoBaTesiMu. Tpex-
MepHasi MoJeNnb (POTOTepPMO3IEKTPUUECKOil OaTapen peain30BaHa B MPOrPaMMHOM 00ECIIeueHUH
COMSOL Multiphysics ¢ ucronezoBanuem Moyt «Teruonepenaya». MoaenIupoBaHiue POBO-
JIMIIOCH I Teorpaduieckux KOOpANHAT I'. MUHCKA ¢ y9€TOM CYTOYHOTO M CE30HHOTO U3MEHEHHH
TEMITepaTyphl OKPYKaIOIIEeH cpe/ibl U INIOTHOCTH MOIIHOCTY KOHIIEHTPUPOBAHHOTO COTHEYHOTO H3IIY-
wenms criektpa AM1.5, MaKCHManbHOE 3HAYCHHE KOTOPOil BapbHpOBaNoch oT 1 g0 500 kBr/™2
PaccunTanbl 3aBUCHMOCTH MaKCHMAJBHBIX 3HAYEHHH TeMIlepaTypbl ()OTOTEPMOIIEKTPHUECCKON
Garapen, TEPMOAJIEKTPUYECKHUX IpeoOpa3oBarelield, a Takke Mpo(IIN pacipeieseHus TpaanueH-
Ta TEMIEpaTypbl B TEPMOVICKTPUYECKHX IpeoOpasoBarensix. I1oaydeHbl 3aBUCHMOCTH MaKCH-
MaJIbHBIX 3HAYEHHMII IPaIMeHTa TeMIepaTypbl BHYTPU TEPMOIICKTPHYECKUX IpeodpaszoBareineii ot
IUTOTHOCTH MOIIHOCTHU COJIHEYHOTO M3iydeHus. [locTpoeHs! rpaduky 3aBHCHMOCTEN IrpaJHeHTOB
TEMIIepaTypbl BHYTPU TEPMOIEKTPUIECKOTO Ipeobpa3oBarelisi (OTOTEPMOIIEKTPUIECKOH Oara-
peu IpH BO3EHCTBUM KOHLEHTPUPOBAHHOTO COJHEYHOI'O H3JIyYCHHUs OT BPEMEHH CYTOK B cepe-
JMHe uions U sHBaps. [TokazaHo, 4TO 3a CHET TepPMOCTaOWIM3ALMY ThUIBHOH CTOPOHBI BHEILIHHUX
JIEKTPOIOB NPEATI0KEHHOTO YCTPOICTBA YNAJIOCh JOCTHYD YBEIHUECHHS BBHIXOAHOTO HAIPSKEHUS
JI0 MaKCUMaJIbHBIX 3HaueHui 635 MB B sHBape u 780 MB B urone.

KiroueBble ciloBa: TepMO3JIEKTpUUSCKHI NpeoOpa3oBaTens Ha ocHoBe CulnSe,, uncieHHoe Mo-
nempoBanre, COMSOL Multiphysics, KOHIEHTPAaTOp COJHEYHOTO U3ITy4EHHS, IUIOTHOCTH MOII-
HOCTH COJIHEYHOTO M3IIy4eHHMsI, CTaOMIM3aIys TeMIIEPaTyphl, TPAANCHT TeMIIepaTyphl, aMIUIUTY1a
BBIXOJIHOTO HAIPSKEHUS

Jnst untupoBaHus: MojaenupoBaHHe XapaKTePUCTHK (GOTOTEpMOdNIEKTpUdeckoil Garapen /
A. K. Ecman [u np.] // Dnepeemuxa. H3ze. gvicui. yuebd. 3asedenuii u snepe. oo6veounenusi CHI.
2021. T. 64, Ne 3. C. 250-258. https://doi.org/10.21122/1029-7448-2021-64-3-250-258

Introduction

A special place among alternative and renewable energy sources is occupied
by photovoltaic (PV) batteries [1-4] due to their minimal negative impact on the
environment. Despite the improvement of the technology for the production of
solar cells (SCs) and the manufacture of new structures of semiconductor mate-
rials, scientists continue to search for other possibilities for more rational struc-
tures and algorithms for the operation of PV batteries. One of the reasons of the
decrease in the efficiency of SCs is that part of the absorbed energy is converted
into heat, which can lead to overheating of both single SCs and the entire
battery; moreover, performance characteristics deterioration and their service life
decrease can occur when using solar radiation concentrators [5-7].

The purpose of this paper is to develop and realize a 3D model of the PV
thermoelectric battery in the COMSOL Multiphysics software environment,
to calculate and evaluate its temperature characteristics and output voltage
obtained under conditions of the diurnal and seasonal variations of the ambient
temperature and the power density of the concentrated solar radiation.
The search for ways to improve the conversion efficiency of solar energy into
electric energy has been carried out.

Construction of the photovoltaic thermoelectric battery

The structure of the proposed PV thermoelectric battery is shown in the
Fig. 1 [8]. In it, semiconductor PV cells 1 are interconnected through molyb-
denum metal layers 5 ((x = 25-90 um) x (y = 1000 pm) x (z = 700-1000 pm)
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in size, see Fig. 1, 2), which located at the interface between these elements. Each
of the PV cells includes diffusion doped p-type 2 and n-type 3 silicon layers (the
size of each layer is (x = 0.8 um) x (y = 1000 um) x (z = 500 um)). TiO, structured
dielectric coating 4 ((x =300 um) x (y =1000 pm) x (z=0.5 um) in size) are
deposited on the front side of diffusion doped p-type and n-type silicon layers, as
well as on silicon semiconductor material 6 ((x = 298.4 um) x (y = 1000 um) x
X (z = 0.5 pm) in size). Aluminum mirror coatings 7 are located on the front exter-
nal surface of the metal layers and are optically connected through structured
dielectric coatings to the diffusion doped p-type and n-type silicon layers, as well
as to the semiconductor material of PV cells. CulnSe,-based thermoelectric con-
verters 8 with external 10 and internal 11 molybdenum electrodes are thermally
connected to the molybdenum metal layers through Al,Os-based dielectric
layers 9 ((x = 27-92 um) x (y = 1000 um) x (z = 1 um) in size).

Fig. 1. The photovoltaic thermoelectric battery structure: 1 — PV cell;

2, 3 —diffusion doped p- and n-type silicon layers respectively; 4 — TiO, structured dielectric
coating; 5 — molybdenum metal layer; 6 — silicon semiconductor material; 7 — aluminum mirror
coating; 8 — CulnSe,-based thermoelectric converter; 9 — Al,O3z-based dielectric layer;

10, 11 - external and internal molybdenum electrodes respectively
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Fig. 2. Screenshot of the setting window of the external radiation source
by using the Solar Position option in the COMSOL Multiphysics
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Operation algorithm
of the photovoltaic thermoelectric battery

The PV thermoelectric battery works as follows. The input solar radiation,
incident on the surface of the structured dielectric coating, penetrates through
it directly (Fig. 1, rays I) and after reflection from the mirror coating (Fig. 1,
rays Il). Therefore, due to the antireflection effect of the structured dielectric
coating, this radiation enters almost completely into the PV cells and is absorbed
in them, which causes photogeneration of charge carriers. One part of the gene-
rated charges is separated by the fields of the p—n junctions of the PV cells. This
leads to the generation of the photo-ElectroMotive Force (photo-EMF). Another
part of the generated charges recombines. This provides the heating of the semi-
conductor material. The thermal energy of the semiconductor material, due to
the heat transfer, heats the metal layers in respect of the ambient temperature.
As a result, the temperature gradient arises inside the thermoelectric converters,
since the external electrodes are kept at the ambient temperature. This causes
the appearance of the corresponding thermo-EMF and thereby increases the
efficiency of the device.

Computer simulation

The COMSOL Multiphysics software environment was used to simulate
the characteristics of the proposed PV thermoelectric battery. This software
environment allows taking into account all of the specified and/or variable
parameters when solving most applied problems. The simulation was performed
using the heat transfer module of this software environment [9-13], in which the
developed numerical model of the PV thermoelectric battery was implemented
and its characteristics were calculated in the presence and absence of its tempe-
rature stabilization. The presence of the temperature stabilization means that
the temperature of the external electrodes 10 is kept equal to the ambient tem-
perature. The calculations were performed for the geographical coordinates
of Minsk. The simulation was performed taking into account the diurnal and
seasonal variations of both the ambient temperature and the power density of
the AM1.5 solar spectrum, the maximum values of which manually ranged
from 1 to 500 kW/m? (Fig. 2, see area, marked by red ellipse) by using concent-
rators. In climatology, the diurnal variation of the ambient temperature is usually
considered. This diurnal variation is averaged over long-term period, when non-
periodic temperature changes offset each other and the diurnal variation curve
of the ambient temperature follows a simple 24-hour periodic sinusoidal distri-
bution around the average temperature:

Tomp (1) = Tayg + AT cos(Zn t 241,4}

where Ty, AT stand for two adjustable parameters corresponding to the average
temperature and half diurnal temperature variation, respectively; t stands for the
variable time in hours.
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The above-mentioned function is used when performing simulation. Average
minimum (T,q — AT) and average maximum (Tag + AT) monthly ambient tem-
peratures data in Minsk were taken from the site: http://belmeteo.net. In addi-
tion, the solar radiation incident angles on the battery were determined by the
geographic location and time of day [9].

Thus, the PV thermoelectric battery was divided into finite tetrahedral ele-
ments in the simulation (Fig. 3). The grid density of each layer was customized
by taking into account the tetrahedron geometry by selecting one of the preset
modes: from extremely fine to extremely rough. If it is necessary to use a finer
grid in any area, the partitioning was performed by manually setting. The pro-
gram facilities enable to handle and visualize calculated numerical data for all
the reviewed operating regimes of the PV thermoelectric battery.

HEE E e FBL i SO0vkrn TR0 S L S A D00mirm_Mindd 71507 20+ 130+ 2361 mgh - COMSOL Multiphysies = 80 IETN

Sequence type

User-centezled meth

Fig. 3. Screenshot of the mesh operation of the PV thermoelectric battery
in the COMSOL Multiphysics

Analysis of the results

According to the results, the uneven heating of both the surface and inter-
nal layers of the PV thermoelectric battery without temperature stabilization
occurs during its operation under conditions of diurnal and seasonal variations
of the ambient temperature and the solar radiation power density. The in-
crease in the solar power density, the maximum value of which is varied
within 1 kW/m® < Prax < 500 KW/m?, leads to the temperature variations of
the PV thermoelectric battery in the range from 36.5 °C to temperatures corres-
ponding to its failure. As it follows from [4, 14, 15], the operating temperatures
of the PV thermoelectric batteries in various systems can vary from 25 to 60 °C,
depending on the used materials, design features and the solar radiation concen-
tration. The temperature stabilization of the back side of the external electrodes
of the PV thermoelectric battery at the ambient temperature makes it possible to
reduce the operating temperature (up to +22.8 °C in January and up to +48.2 °C
in July at Prax = 500 kW/m? (Fig. 4, curve 1) of this battery and, in particular,
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the operating temperature (up to —0.7 °C in January and up to 24.7 °C in July,
when P,z = 500 KW/m? (Fig. 4, curve 2) of the thermoelectric converter and to
increase the temperature gradient (by a factor of 7.6 in July and 10.9 in January,
when Ppa = 500 KW/m? (Fig. 5, curves 2, 2')) inside the thermoelectric conver-
ters. It should be noted that a significant temperature gradient occurs inside
thermoelectric converters regardless of the ambient temperature (Fig. 6).

50
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3 20
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o g 15
N o35 L g
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0 100 200 300 400 500 0 100 200 300 400 500
Praxs KW/m? Prax KWIM?
Fig. 4. The maximum operating temperature Fig. 5. The maximum values of the temperature
values of the PV thermoelectric battery gradient inside the thermoelectric converters
(curve 1) and its CulnSe,-based thermoelectric of the PV thermoelectric battery without
converter (curve 2) in case of the temperature (curves 1, 1") and with (curves 2, 2")
stabilization of the back side of the external the temperature stabilization of the back side
electrodes in the middle of July versus the solar of the external electrodes in the middle
power density, the maximum value of which of January (curves 1', 2') and July (curves 1, 2)
is varied from 1 to 500 kW/m? versus the solar power density, the maximum

value of which is varied from 1 to 500 kW/m?

x10°

Fig. 6. The temperature gradient patterns inside the thermoelectric converter
of the PV thermoelectric battery in one of the cross sections parallel to the XZ plane
under concentrated solar radiation conditions with maximum power density of 500 k\W/m?
at 12 o’clock in the middle of: a — January; b — July
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Our calculations allowed us to estimate how much the amount of incident
solar radiation on the southeast and southwest sides of the PV thermoelectric
battery differs between themselves and from the amount of incident solar radia-
tion on the other sides. At the same time, at about 12 o’clock the southeast side
receives this amount of solar radiation, and at about 14 o’clock the southwest
side receives this amount of solar radiation. As a result, without taking into
account cloudiness, the temperature gradients reach maximum values at the begin-
ning (at about 12 o’clock) on the southeast side and then (at about 14 o’clock) on
the southwest side. The temperature gradients are lower by ~12 % on the north-
east and northwest sides. The dependences of the temperature gradients are pre-
sented only for the southeast side of the thermoelectric converters. For all other
sides, the dependences of the temperature gradients are similar in appea-
rance, only are shifted in time (northwest and southwest sides) and/or are lower
(northeast and northwest sides).

Fig. 7 shows the diurnal changes of the temperature gradients inside
the thermoelectric converter of the PV thermoelectric battery under conditions
of irradiation of its surface by the concentrated solar radiation with the maxi-
mum power density values of 1 and 500 kW/m? in July (curve 1) and January
(curve 2). As follows from the graphs shown in Fig. 7, the maximum tempe-
rature gradient values are reached at about 12 o’clock in the middle of January
(2.5 - 10° K/m) and in the middle of July (2 - 10° K/m). In January the maximum
temperature gradient values are about 20 % higher than in July (Fig. 5, 7), which
caused, on the one hand, by the temperature stabilization of the back side of the
external electrodes of the PV thermoelectric battery at the ambient temperature,
which in January is lower than in July, and, on the other hand, by the concen-
trated solar radiation exposure on all cells of the PV thermoelectric battery
throughout the daylight hours. However, owing to the daylight hours in July
are longer than in January, the total energy gain, obtained throughout the day
in July, inside the thermoelectric converters of the PV thermoelectric battery
is greater than in January.
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Fig. 7. The temperature gradients inside the thermoelectric converter of the PV thermoelectric
battery under exposure of the concentrated solar radiation versus the time of day in the middle
of July (curve 1) and in the middle of January (curve 2) with maximum power density:

a- 1 kw/m? b - 500 kW/m?
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The reached maximum values of the temperature gradients (Fig. 7) between
the external and internal electrodes of the thermoelectric converters of the PV
thermoelectric battery under exposure of the concentrated solar radiation
with maximum power density of 500 kW/m? lead to the fact that the potential
difference generated between these electrodes in January and July also reaches
maximum values of 81.1 and 64.9 mV, respectively, at about 12 o’clock.
The total generated potential difference throughout the day (at Py = 500 kKW/m?)
in the middle of January and in the middle of July is 635 and 780 mV, res-
pectively.

CONCLUSION

The 3D model of the proposed PV thermoelectric battery was developed and
realized in the COMSOL Multiphysics software environment. Using this model,
the temperature characteristics and output voltages of the proposed PV thermo-
electric battery were calculated and evaluated under conditions of the diurnal
and seasonal variations of the ambient temperature and the power density of the
AML.5 solar spectrum. In these conditions, the values of the solar power density
were varied by using concentrators, and their maximum values were varied in
the range from 1 to 500 kW/m?. The temperature stabilization of the back side of
the external electrodes of the PV thermoelectric battery at the ambient tempera-
ture makes it possible to reduce the uneven heating of the surface and to reduce
the operating temperature of the PV thermoelectric battery (up to +22.8 °C
in January and up to +48.2 °C in July at the maximum value of the concentrated
solar power density P, = 500 kW/m?) and to increase the temperature gradient
(by a factor of 7.6 in July and 10.9 in January, when Py = 500 kW/m?) inside
the thermoelectric converters. Calculations have shown that the maximum
values of the temperature gradient of the PV thermoelectric battery in January
are about 20 % higher than in July. However, the total energy gain, obtained
throughout the day in July, inside the thermoelectric converters of the PV ther-
moelectric battery is greater than in January. In this case, the amplitude of the
output voltage generated by the thermoelectric converter reaches maximum
values of 81.1 mV (in January) and 64.9 mV (in July) at about 12 o’clock.
The total amplitude of the output voltage of the PV thermoelectric battery gene-
rated by the thermoelectric converter throughout the day (at Ppax = 500 KW/m?)
in the middle of January and in the middle of July is 635 and 780 mV, respec-
tively. The carried out analysis has shown that under conditions of intense
irradiation, the examined PV thermoelectric battery allows not only to increase
the energy release per unit area, but also to increase the efficiency.
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Pedepar. Dxcepreruueckuii METOX TEPMOIMHAMUYECKOTO aHANIN3a CIOXKHBIX TEIUIOHEpreTHde-
CKUX CHCTEM B IIOCJIEAHHE TOABI MOJXY4YHI MIHMPOKOE IPH3HAHUE, JOKa3aB CBOIO 3((EKTHBHOCTH
IIPU TIOMCKE ONTHUMATBHBIX BapHAaHTOB DHEPrOCHAOXKEHUsI M dHepromnorpebnenus. Bmecte ¢ Tem
€ro IPHMEHEHHE CIIeP)KUBACTCS OTCYTCTBHEM COOTBETCTBYIOIIUX HAYYHO OOOCHOBAHHBIX METO-
JIMYECKUX TTOIXO0/I0B K TEIIOTEXHOJIOTHSIM, B X0JIe KOTOPBIX MMEIOT MECTO HE TOJBKO SHEepreTHde-
CKMe, HO M MaTepHalbHble NpeBpaiieHus. TermoBas 00paboTka GETOHHBIX M KeJNe300eTOHHBIX
U3/IeNnil OTHOCHTCS MMEHHO K TaKMM TEXHOJOTHAM. B JMaHHOM craThe HpeICTaBICHBI HOBBIC
Hay4HBIC PEe3yJIbTaThl, CBA3aHHBIC C Pa3pabOTKON IKCEPreTHUECKHX OalaHCOB MPOLECCOB MPHIO-
TOBJICHHs OETOHHOM CMECH B CMECHTENIE M TEIUIOBOH 00pabOTKH OETOHHOTO M3JENHs B TEIIOTEX-
HOJIOTHYECKOM ycTaHOBKe. J[Jsi KaXKA0ro U3 ATUX CIydaeB OCYLIECTBJICH aHAIM3 SKCEPreTHUSCKUX
HIOTOKOB, OIpeJie/ieHa CTPYKTypa dKCcepruu OETOHHOM cMecH M TBepAeroero 6erona. Ha ocHoBe
aHajin3a Hay4YHbIX pa60T 0 XUMHUYCECKOM COCTaB€ LEMEHTHBIX KIMHKEPOB, LIEMEHTOB U IIPOAYKTOB
TUIpaTaliy [PEUIOKESHBI HOBBIE 3aBHCHMMOCTH JUIsl pacyera SKCepruH MOoTOoKa OETOHHOW cMmecH
¥ OETOHA MPH €ro TEeIioBoi 00paboTKe, BKIIOYAs TEPMOMEXaHUUECKYIO, PEAKI[HOHHYIO 1 KOHIICH-
TPaLMOHHYIO cocTaBiisitoliye. Pa3paboTanbl abCOIIOTHBIE dKcepreTuueckue nokaszarenan. Ha xoH-
KpPETHOM IIpUMepe C HCIOJIb30BAaHHEM pPa3pabOTaHHOTO HAyYHO-METOJMYECKOro OOecreueHus
BBINIOJIHEH pacyeT yKa3aHHBIX BEIWYMH. Bo BTOpoll yacTu OyAyT OImyOJIMKOBAaHBI PEe3yJIbTAThl HC-
CJICIOBAHMS 110 OINPEACIICHUIO OTHOCHTENIBHBIX DKCEPreTHYECKHX IOKa3aTeNei, MO3BOJIIONINX
BBIMIOJTHATE OLICHKY SHEPreTHUecKoi 3(peKTHBHOCTH MPOIIECCOB TEINIOBOH 00pabOTKH OETOHHBIX
W3/ENUA B TEIUIOTEXHOJIOTUUECKHUX yCTaHOBKaxX. [lonydeHHbIe pe3yabTaThl MOTYT HCIOJIB30BATHCS
npu BBIOOpE IHEProcOeperarolix PEKHUMOB TEIUIOTEXHOJIOTMYECKOro 000pYHOBaHMS IS IIPO-
MBIIICHHOW TEIUIOBON 00pabOTKN OCTOHHBIX M3/ICITHIA.
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Abstract. Having proven its effectiveness in finding the best options for energy supply and energy
consumption the exergetic method of thermodynamic analysis of complex heat and power systems
has been widely recognized in recent years. However, its application is hindered by the lack of
appropriate scientific and methodological heat technology support, especially if their application
involves not only transformation of energy, but also transformation of substances. Heat treatment
of concrete and reinforced concrete products belongs to such technologies. This article presents
new scientific results related to the development of exergetic balances of the processes of prepara-
tion of concrete mixture in a mixer and heat treatment of a concrete product in a heat-technological
installation. For each of these cases, the analysis of exergetic flows was carried out, the structure
of the exergy of the concrete mixture and the hardening concrete was determined. Based on the
analysis of the literature data on the chemical composition of cement clinkers, cements, and hydra-
tion products, new dependences have been proposed for calculating the exergy of the concrete
mixture flow and the exergy of concrete under its heat treatment, including all their components,
viz. thermomechanical, reaction, and concentration constituents. Absolute energy indicators have
been developed. The calculation of the mentioned values was performed on a specific example
with the use of the developed scientific and methodological support. In the second part of this
paper, the results of the study related to the determination of relative exergetic indicators that
allow evaluating the energy efficiency of the processes of heat treatment of concrete products in
heat technology installations will be published. The results obtained in this paper can be used for
the selection of energy-saving modes of heat-technological equipment intended for industrial heat
treatment of concrete products.

Keywords: heat technology, thermal technological equipment, energy efficiency, heat treatment of
concrete products, exergy of concrete, exergetic balance, exergetic criteria of energy efficiency
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BBenenne

[pumeHeHre KCEPreTHUeckoro MeTo/1a TEPMOJIMHAMIYECKOTO aHajn3a Tpedy-
€T ydera 0cOOEHHOCTeH KOHKPETHOM TeIuioTexHomoru. B psae pabdor [1-5] mpen-
NPUHUMAJIKCH TOMBITKH BBIMOJIHUTh JKCEPreTUYECKUN aHalU3 TEIIOTEeXHOJO-
THH W3TOTOBJICHHSI OCTOHHBIX CMeceil U OCTOHHBIX W3JCIHMA, OJHAKO 3aJa4yu
oTpesieNiCHHUs] BEIMYMHBI TOJIC3HONH 3KCEPrUM, HEOOXOAMMOHN I TOTyUYCHHS
OCTOHHBIX M3NENHN C TPeOyeMbIMH (DU3MKO-MEXaHUYCCKHUMH XapaKTePUCTHKA-
MU, a TAaK)KEe HAXOXKJCHHUS OCHOBHBIX COCTABJISIFOIINX YKCEPreTUIECKOTO Oananca
OCTaJUCh HEPEIICHHBIMHU.
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JIJis BBINOJIHEHHUS KOJIMYECTBCHHON OLIEHKH TEPMOAMHAMHUYECKON 3(deK-
TUBHOCTH TE€XHUYECKHUX CHUCTEM M IPOIECCOB, MCIOIB3YyEMBIX IMPH MPOU3BOI-
CTBe OCTOHHBIX W3JEIUI, HEOOXOAMMO CO37aTh COOTBETCTBYIONICE HAYYHO-
METOJINYEeCKOe OOecTieueHme, MO3BOIISIONIEe MPUMEHSITh IKCEPreTHIeCKHid Me-
TOJ B JAHHON TEXHUYECKOI 00JIacTH.

Terutotexnonorndeckas ycranoBka (TTY) mus teruoBoit 06pabotku (TO)
0eToHHOTO M3Jenus 00ecredrnBaeT MOJBOM TETUIOBOW PHEPTHH K €ro MOBEepX-
HOCTH B TEUCHHUE 33JJaHHOTO BPEMEHH C ILIEIbI0 HA0Opa MM TpebdyeMoii pacrma-
my06ouHOi mpouHocTH. B mporecce TO mMpouCXOAST TEXHOIOTHYECKHE TIpe-
BpallleHUs1, TJIABHON OCOOCHHOCTBHIO KOTOPBIX SIBJISSFOTCS XMMHUYECCKHE PEAKIHH
TUIpaTallid aKTUBHBIX YaCTeH HEMEHTHOTO KJIMHKEpa, 00JIaJaroliue 3K30Tep-
MudeckuM dddexrom. OOpa3yercs CI0KHAS CHCTEMa XUMHUYSCKH U (DU3UIECKU
MPOYHO B3aUMOCBS3aHHBIX KOMIIOHEHTOB, COCTOSINAs W3 HOBBIX XHUMHYECKUX
BEIIECTB, MPOMEXYTOYHBIX MPOIYKTOB PEAKIIH THAPATAINH, €llle HeTpopearu-
POBABIIIMX BEIIECTB, a TAKKE XUMUYECKH HEHTpabHBIX MaTepuanos. [locie 3a-
BepmreHuss TO XUMHUYECKHe peakiiuil He 3aBepIIaroTCs, a MPOAOKAIOTCS B Te-
YEHHUE NIUTENbHOro BpeMeHu [6—11]. McxoaupiM MaTepuanbHbIM MOTOKOM Ha
Bxojae TTVY BreicTymaeT 6€TOHHAS CMECh, COCTOSIMIAS U3 MECOHS, ITecKa, IIeMEHTa
Y BOJIbI, COETMHCHHBIX B 33/IaHHBIX IIPOIIOPIIUSX B CMECUTENe. beToHHas cMech,
KaKk ¥ OETOH, SBJISAETCS CIIOKHON (PU3MKO-XMMUYECKOW MHOTOKOMITOHEHTHOM
CHUCTEMOM.

Llenp mepBoii yacTH JaHHOHN CTAaThU — MPEACTaBUTH pa3pabOTKy IKCEpPreTH-
yecKkuX 0ajaHcoB M 00OCHOBAaHHE 3aBHCHMOCTEH, MO3BONIAIOMINX OCYIIECTBISATH
pacdeTr a0CONFOTHBIX SKCEPreTHIECKHUX ToKa3aTelel, IKceprun OETOHHON CMecH
u TBepaetoniero oeronnoro uznenus npu TO B TTY. Bo BTOpOit wactu Oymyt
MPEIJIOAKEHBI AHAIMTHYECKUE 3aBUCUMOCTH JJIsl pacieTa OTHOCUTEIBHBIX dKCep-
TeTHYECKUX TOKa3aTelleld M OIEHKH YHEPTeTHUeCKON 3 (HEKTUBHOCTH PEKUMOB
paboThI TEILUIOTEXHOJIOTMYSCKOr0 000pya0BaHUS MpH MpoMbinuieHHoi TO Oe-
TOHHBIX W3genu B TTY.

Onpenenenne Ikcepruu 6eTOHHOI cMecH

YaensHas MaccoBasi SKCEPrusl MOTOKAa OCTOHHON CMECH MOXKET OBITh TIpe/I-
CTaBJIeHa CYMMO# ciaraembix [12—15]

€c =C€roc T €oe T C€procr 1)

TIE €rgoer Ckoer pToc — PEAKIIMOHHAS, KOHIIEHTPALMOHHAS, TEPMOMEXaHMYECKas
COCTAaBIISIIOIINE YAETHHON MacCOBOW KCEPruu OETOHHOM cMecH, KJ[K/KT.
IIpuroToBieHne GETOHHOW CMECH 3aKJIIOYAeTCs B COSAMHEHHU COCTaBIISIO-
LIMX €€ TBEPAbIX KOMIIOHEHTOB C BOJOH M MX IEPEMELIMBAHUM B CMECHUTEISX
ukinyeckoro aeicteus (60—150 c). Ilpu coenHeHHn IEMEHTa U BOJbI HAYH-
HAaeTCs peaKlys ruApaTaliyd HEMEHTHOro KirHKepa. OmHaKko B MEpBbIi Yac Ta-
KOT'O B3aMMOJEHMCTBUS THApaTanuy mnoasepraercs: He 6omee 1 % ot olmero Ko-
JYecTBa IleMeHTa [6, 8], YTO MO3BOJISIET MPU BHIUYUCICHUU PEAKIIMOHHON CO-
CTaBIIAIOIIEH SKCEPruu OETOHHOW CMECH BBIHECTH BeCh I(PQPEKT XUMHUECKUX
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MIPEBpAIICHNAN 32 MPeaeIbl CMECUTEINA, IIETUKOM OTHecs ero Ha craamio TO Oe-
TOHHOTO M3nenus. [lorpenHocTp, cBsi3aHHAA C TAKUM YIPOILEHUEM, 3HAUUTEIb-
HO MEHBILE MOTPEUIHOCTH HCXOAHBIX AAHHBIX M IMOTPEUIHOCTH ONPEICICHUS
XUMHYECKOHN cocTaBistonieil skceprun. CxeMa dKCepreTHUeCKuX MPeBpaleHui
MIPH MOJYYCHUU OCTOHHOW CMECH B CMECHTENe mpejcraBicHa Ha puc. 1. Kon-
TPOJBbHASI TIOBEPXHOCTH BHIOPaHa 110 TPAaHHUIIaM aKTUBHOW 30HBI CMECHTEISL.
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Puc. 1. DxcepreTrdeckue MpeBpaLIeHUs B MPOIECCEe NPUTOTOBICHUS
OETOHHOW CMECH B CMECHUTEIe
Fig 1. Exergetic transformations during the production of concrete mix in the mixer

Ha puc. 1 ucnons3oBansl cienyromue 0603HaueHus: Eqr o, Egrn, Eprsy Epr —
TEPMOMEXaHUYECKUE COCTABIISIOIINE 3KCEPrUU TMOTOKOB IIEOHS, MEcKa, BOABI
U IIEMEHTa COOTBETCTBEHHO, kJ[Xk; E,, — peakimoHHas cocTaBisonas 3KCepruu
NOTOKa IIeMeHTa, KJIK; Ey . — KOHIIEHTpallMOHHAs COCTABJISIONIAs SKCEPruu Io-
ToKa O6eToHHOH cmecH, kJx; W,, — MexaHnuecKast SHeprus, MOJBOJNMAs K CMe-
curento, Kx; Y De, Y'Di — BHewIHue 1 BHYTPEHHHE ITOTEPH IKCEPTUM COOTBET-
ctBenHo, kJIx; unaekc (') — Ha Bxoe; uHaekc () — Ha BBIXOJIC.

Kak cnenyer u3 puc. | u npUHATHIX JOMYIIEHUH, SKCEPTUsi TOTOBOM OETOH-
HOU cMecH (HOpMHUPYETCs 3a CYET COCTABIIAIOLINX AKCEPTUH BXOIHBIX MOTOKOB
LIEMEHTAa, BOJBI, LICOHS M MECKa, a TakKe KOHIEHTPAMOHHON COCTABISIOLICH,
00YyCJIOBIICHHON MeXaHWYIeCKOH paboToH, MOABEACHHON K KOMIIOHCHTaM OETOH-
HOM cmecH. [Ipu 3TOM M3MEHEHMS] PEaKIMOHHON COCTaBIISIIOLIEH IKCEPrUu Iie-
MEHTa U TEPMOMEXaHHMUYECKOW COCTABIIAIOLIEH SKCEPry KOMIIOHEHTOB CMECH
B TEUCHUE HENPOIOJDKUTENBFHOTO MEPEMEIIMBAHUS MOXHO IOJlaraTh HE3Hadu-
TEJIbHBIMU.



V. N. Romaniuk, A. M. Niyakovskii
Scientific and Methodological Bases of Exergetic Analysis of the Processes of Heat... 263

Y aenpHas MaccoBas KOHIICHTPAIIMOHHAS COCTABIISIONIAs SKCEPTHH OCTOHHOM
CMECH €y . OTpENesIeTcd MHHIMAIbHONH TEPMOAMHAMUYECKONW pabOTOH, KOTO-
Py HEOOXOIUMO MPOU3BECTHU IS paszeiicHUs 00pa3yomuX CMeCh KOMIIOHCH-
ToB [14, 15]:
€ e — STKWaHv (2)

K

I7Ie Sy — YHelbHas TOBEPXHOCTb CMECH KOMITOHEHTOB OETOHHOTO pacTBO-
pa, m%/xr; W, — yaenpHast paboTa aare3HOHHOTO B3auMoaeicTBst, JIK/M .

Beronneie cMmecu SBISIFOTCS MHOTO(A3HBIMH CHCTEMaMH, B KOTOPBIX JIHC-
MEPCUOHHON CpesloN BBICTYMAeT BOJAA, a AUCIIEPCHOM (a30if — YaCTHIIBI 3aI0JI-
HUTENS, BOKYILETO U BO3AYLIHbIE BKIIOUEHUs. BO3HUKaAKOIINE B HUX HA PAHHUX
CTagusIX B3aMMOJEHCTBUS (0 Haydala MPOLECCOB CXBATHIBAHHSA) OOYCIOBIICHBI
B OCHOBHOM Pa3IMYHBIMHU THIIAMH aJIT'€3HOHHBIX CBsi3eit [6, 8—11].

YuuthiBas HEOPOAODKUTEIBHOE BpEMsl MEPEMEIIMBAHUSA B CMECHTEIE,
a TakXXe MPUHUMAsi BO BHUMaHUE BBIBOJ 00 YCJIOBHON HEM3MEHHOCTH NPUBHE-
CEHHOU LIEMEHTOM PEaKLUMOHHOW COCTABIISIFOLIEH 3KCEpruu MOTOKAa CMECU B Te-
YeHHE MePEeMENTNBAHN, MOXHO 3aKJIFOUUTh, 9YTO OCHOBHBIM (haKTOpOM, OIpeie-
JSIOIMAM TEPMOAMHAMHYECKYIO Pa0OTy pasleleHus] KOMIIOHEHTOB OETOHHOMN
CMECH MPUMEHHUTENFHO K Y3IIy CMEIIeHs], BIseTcs paboTa aAre3n0OHHOTO B3a-
MMOJICHCTBUS, 00YCIOBJICHHAS CMauyUBaHUEM TBEPAOH AUCIICPCHON (ha3bl BOIOM
B CaMoil HavalbHOW CTaJuy MpEeBpalIeHUI leMeHTa. Y ienbHas paboTta aaresu-
OHHOI'0 B3aMMOJEHCTBUS BOJIbI U TNIaJKON MOBEPXHOCTH CyXOI'0 TBEPJAOro MaTe-
puaia B CUCTEME «IIOBEPXHOCTh — BOJAA — BO3YX» ONpEJENIeTCs Ha OCHOBaHUHU
ypaBHenus Jrorpe — KOHra mmu ero moaudukaimii [16]

W,z = o, (1+c0s6), ©))

IJIC Gy, — IOBEPXHOCTHOE HATSDKEHHE BOJBI, JUK/M’; O — KpaeBoil yroin cMadmBa-
HUS BOJIBI K TIOBEPXHOCTH MaTepHana.

Crnenmyet y4ecTs, 9TO, BO-TIEPBBIX, B YCIOBHIX MTPOU3BOACTBA MIPH TPAHCTIOP-
TUPOBKE W XPAaHCHUM HAa TMOBEPXHOCTH TBEPIBIX KOMIIOHEHTOB (HOpMHUpPYETCS
CJIOM BOABI 3a CYET aJcOopOIHH ee MapoB M3 arMoc(epHOro BO3AyXa H, BO-
BTOPBIX, TIOBEPXHOCTHh MaTEPHANIOB SBIISICTCS MIepoxoBaToid. st ruapodrimsHOM
[IEPOXOBATOM MOBEPXHOCTU KPACBOM YroJl CMauMBaHMs BCETAa MEHBIIE, YeM
Jutst rnankoi. Taxke BoJa 3aTBOPEHHUS HE SIBISIETCSI XUMUYECKU YHUCTOM, coaep-
JKUT PaCTBOPEHHBIC B HEMl XMMUYECKHE BEIIECTBA, B TOM YHCIIE MTOCTYIHBIINE B
MOMEHT CMEIIICHUS C KOMITOHEHTaMHU OETOHHOUM CMECH.

B cuny ykazanabpIX (hakTOpOB JEWCTBUTENbHAs padoTa aare3ud HE MOXKET
OBITh ONpEICIICHA OJHO3HAYHO W OTIMYACTCS OT BEJIMYUHBI, CICAYIOUICH U3
ypaBHeHus (3). Pabota aare3noHHOTO B3aUMOACHCTBHS BOJBI C MIOBEPXHOCTIMU
MUHEPATbHBIX KOMIIOHEHTOB OETOHHOH CMecH MpH KpaeBbIX YIiaX CMaduBa-
uust 0, paBuex 0-90°, mexut B mpenemax W, = (69 - 107°)—(150 - 107°) /M.
[TockonmpKy TBepABIE KOMIIOHEHTH OETOHHON CMECH OTHOCATCS K XOPOIIO CMa-
YUBAEMBbIM MaTepuaiaM, IpUMeM JJI TOCIACAYIOMEH OLEHKH CTPYKTYPBI dKCep-
i OETOHHOW CMecH BEeMHYNHY PaOOTHI aAT€3NOHHOTO B3aUMO/ICHCTBYSI pABHOM
B pacCMaTpHUBAEMBIX yCIOBUsIX 125 107 Jox/m®.
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Benmmunna paboThl aare3MOHHOTO B3aMMOJCHCTBUS MaTepHajoB OCTOHHOMN
CMECH B CMECUTEIIC HAaXOJUTCS B IMPSMOW CBS3U C YACIbHOW TOBEPXHOCTHIO
KOMIIOHEHTOB cMecHu. Ecim m3BecTeH rpaHyIoMeTpUYIECKH COCTaB 3allOTHATE-
7eil, To WX yAenbHas TOBEPXHOCTb MOXKET OBITh BBIpaXX€HAa B BHJIE CYMMBI
M0 MPOIEHTHOMY COOTHOIIICHHIO COOTBETCTBYIOIMX (PAKIMA W MX YJICIBHOM
noBepxHocTH [6, 10].

PacueTsl, BBIMOMHEHHBIE HA OCHOBAHWUU CBEACHHUN O (DAKTHUECKOM (PpaKiiv-
OHHOM COCTaB€ KOMIIOHCHTOB, HUCIOJB3YCMbIX JIsI HU3TOTOBJICHUSA 66TOHHI)IX
cMecei, JaroT CpelHue YMCIICHHBIC 3HAYCHHS WX yIEIbHBIX MMOBEPXHOCTEH: Iie-
MeHT — 333 M?/kr, mecok — 3,08, mebens — 0,173 mM¥/kr. Y nenbHast MTOBEPXHOCTh
BCEX TBEPJIBIX KOMIIOHEHTOB OCTOHHON CMECH BBIUUCIISCTCS 110 YPABHCHHIO

- sTK,ngK,j

Sw = 2 4)
<~ 100

T1IE Sy — yA€IbHas MOBEPXHOCTh TBEPAOTO KOMIIOHEHTA, M/KT; Oxxj — IPOLIEHT-
HOE COJICP>KaHUE TBEPIOTO KOMIIOHEHTA B CMECH TBEPJIbIX KOMIIOHEHTOB.

ConepxaHne IEMEHTa, Mecka W IMeOHS B OCTOHHOH CMECH OmpeeiscT-
cs TpeOOBAaHUAMH, MPEABIBISCMBIMU IPU IMPOCKTUPOBAHUHM COCTaBa OCTOHOB.
B gactHOCTH, 17151 GETOHA OOIECTPOUTEIHLHOIO Ha3HaYeHHs Kiacca B15 (Bona —
199 xr, uement — 300, mecok 714, mebensr — 1156 kr) yaenpHas TOBEPXHOCTH
cornacuo dopmyse (4) paBua 47,2 MY/kr.

Takum 00pa3oM, B COOTBETCTBHU C U3JIOKEHHOW METOAMKOW U MPHHATHIMH
JIOMTYIIICHUSIME  yJIeJIbHAsI MaccoBasi KOHIIGHTPAIIMOHHAS COCTABJISIONIAs dKCep-

ru¥ OETOHHOM CMECH COCTABHT: €, ¢ = STKWMl = 47,2(125 - 107%) = 5,90 JI/xr.

K
TepMoMexaHu4eckass COCTaBISIONIAs 3KCEPTHH IMOTOKA OCTOHHOW CMECH
OTIpeIeIIAETCS IPH HEN3MEHHOM JaBJICHUH M3 COOTHOMICHMS |14, 15]

T C
ep-r,ﬁc = Z g6c,j (Epﬁc,j TOG ((Tﬁc _To)_To -In (Tsc/To)))' (5)

v Tﬁc
rae Js.j — MaccoBas [0Js KOMIIOHEHTa B OETOHHOI CMECH, KI/KT;

p.6c,

TO
yaeabHas MaccoBas M300apHas TEIUIOEMKOCTh KOMITIOHEHTAa OCTOHHOW CMecH,
CpelHsisi B MHTEPBAJIC TeMIleparyp OT Tg 10 Tg., KJDk/(krK); To, T — TeMre-
paTtypa OKpyKaroIien cpe/ibl 1 OETOHHON CMeCH COOTBETCTBEHHO, K.

B ¢dakTtnvecknx Mpou3BOJICTBEHHBIX YCIOBUSX COOTHOIICHHE TEMIIEPATYPHI
OCTOHHOW CMECH M OKPYXKAIOIICH Cpellbl 3aBUCUT OT TEMIICPATyphl HAPYKHOTO
BO3/lyXa M BO3JyXa IOMEIICHHN, TBEPJbIX KOMIIOHEHTOB W BOJBI. MHTepBai
BO3MOXKHOTO M3MEHEHHS TEMIIEpaTyp B 3THX Tporieccax cocTtaBisier 5—50 °C.

Y nenbHas MaccoBasi n300apHas TEIUIOEMKOCTh (cpenHsist B uHTepBajie 5—50 °C)
OTIPEJISNIIETCS M3BECTHBIM JIJIsi CMeceld COOTHOIIEHHEM MO 3aJJAHHOMY COCTaBY
M TEIII0EMKOCTH KOMIIOHEHTOB

n
Cooe = 2 ool
j=1

T6C
T gﬁc, j" (6)
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s 6erona kimacca B15 ymenpHas nzobapHasi CpeqHsis TEIIIOEMKOCTh CMe-

cu T,s = 1,097 x/b/(xrK). CrnenosarenbHo, TepMOMEXaHUYECKAs COCTABIIS-

IOILAst PKCEPTUH €yt 60 = 5,42 KJDK/KT.

PeakumonHast yaenpHas MaccoBasi COCTaBIISIONIAs SKCEPTUU TOTOKa MHOTO-
KOMITOHEHTHOW CHUCTEMBI, K KOTOPOU CIIEAyeT OTHECTH OCTOHHYIO CMECh, MOXKET
ObITh onpesieneHa [13, 14] kak

€ o =2 YooiCuejs (7

TIE €6 — YACIbHBIE MACCOBbIE XUMUYECKHE COCTABIAIONINE DKCEPTUH KOMIIO-
HEHTOB OCTOHHOM cMecH, KJ[K/KT.

CocraBnfrolye KCEpruil HHEPTHBIX MaTePHaiIoB (TIeCKa U MIEOHS) C yYeTOM
X XUMHYECKOTO COCTaBa MOTYT OBITh IPUHATHI paBHBIMH HYIIO [17]. Dkceprus
LEMEHTA €y JOJDKHA OIPENeAThCs UCXOsl U3 €ro MUHEPaJOTHUeCKOro cocTa-
Ba U JUCIIEPCHOCTH.

Ha ocHOBaHMHM 9KCHEPUMEHTAJbHBIX JaHHBIX pa3HbIX mpousBoauTenei [18]
JUISL AaNbHEHIINX PAcyeTOB NMPHUHAT COCTaB KJIMHKEpa €O CIEAYIOUIMMH Xapak-
tepuctukamu: C3S —53 %, C,S - 21,28, C;A — 7,66, C,AF — 12,16, runc =5 %.
BenuuuHbl peakIMOHHOM 3KCEPIUU BEIIECTB OIPEIENCHBl B COOTBETCTBUU
¢ nanubivu [17] (Tabm. 1).

Tabauya 1
PeaknmoHHasi cOCTaBJISIIONIAs JKCEPIUH [IeMEHTA Ha yCPeIHEHHBII cOCTaB
HEMEHTHOT0 KJINHKepa

Reaction constituent of cement exergy on the average composition of cement clinker

PeakiioHHast
VnenbHas MaccoBas
Copepxanue IKCeprus
HaumenoBanue peakuuoHHas
O6o3HaueHHe B KJIMHKEpe [KOMITOHEHTOB
MUHepasia COCTaBJISIIONIAst SKCEPTrUU
gKn,jr % e . KI[)K/KF gj : eu,xn,jy
KoL) kJx/Kr
Anut CsS 53,00 2035,0 1078,6
Benut C,S 22,20 1500,0 333,0
AfoMHHAT C:A 7,66 2540,0 194,6
emur C,AF 12,14 1663,0 201,9
Tumc CaS0,4-2H,0 5,00 -28,7 -1,435
Hroro Ha Bech KIIMHKED, [SH—
100,00 - ’
Z(gkﬂ,j : eu‘m‘j) = 1806,7

OKceprus TOTOBOH IIEMEHTHOW CMECH IPEACTaBIICT CYMMY PEaKIIMOHHOU

AKCEPTUU IEMEHTHOTO KIIMHKEpa U SKCEPTUU JUCIIEPCHOTO COCTaBa IeMeHTa [4]
C YYETOM MpPOYMX MHUHEPAIBHBIX COCTABISIOIIUX, MTO0ABISEMBIX B IEMCHT
(HanpuMep, IIIaK U TPETe):

eueM = (er,rcm/n—nc + ed,ueM )(1 - gMMH.COCT )’ (8)

T €k — PCAKLIUOHHAA dKCEPrusl KIMHKepa, KJDK/KT; €q ey — DKCEprus Ha
CO37IaHUE 3aJaHHOTO JHUCIIEPCHOTO COCTaBa, KJK/KT; Qymucoer — JOJS TPOUHX
KOMITOHEHTOB IIEMEHTA, IIOMUMO KJIIMHKEPA.
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CoracHo pe3ynbTaTaM UCCIIeIOBAaHUH [4], BEIMUNHA DKCEPTHH IIEMEHTA SIB-
JSETCSl UHAVBUIYAILHOW XapaKTEPUCTUKON KaKJOW €ro MapTHH U HAXOIUTCS
B mpenenax 7000-10000 x/[x/kr, aro B 4-5 pa3 NpeBBINIACT PEAKIMOHHYIO
9KCEPIruI0 IIEMEHTHOr0 KIMHKepa. [IpupocT sKkceprum roToBOo 1eMEHTHOM cMe-
CH II0 CPAaBHEHUIO C 3KCEepruel KIMHKepa 00yCIIOBIICH MMOTOKOM MEXaHHYECKOM
paboTHI, 3aTpadeHHON Ha TTOMOJI KIMHKepa /10 HY>KHOW CTETIeH! THUCTIEPCHOCTH.
B paccmaTpuBaeMoM mpuMepe ¢ YYETOM JaHHBIX [4] s JalbHEUIIUX pacueToB
IMpUMEM, 4TO IAJid CpEAHETO COCTaBa HCMCHTHOﬁ CMECH BCIIMYMHA 3KCCPIryuu 1ec-
MEHTA €,¢,, = 8000 K JIK/KT.

Takum 00pa3oM, €CliM IPHUHATH B PAcUeT, YTO XMUMHUYECKAsh DKCEPrusl mecka
U 1meOHs paBHA HYJIO, yJAeIbHAas MaccoBas 3KCEPrus MOTOKa OCTOHHON cMecH
MOJKET OBITh OTpeZieNieHa U3 ypaBHEHUS

e60 = eIIeM gueM + ek,6c + epT,Gc ’ (9)

TJI€ Qyuey — MACCOBAS JIOJISI [IEMEHTA B OETOHHOW CMeCH, KI/KT.

[l 6erona kiacca B15 maccoBast 101 eMeHTa (., = 0,1266 kr/kr. B utore
3Kceprus OETOHHOM CMecH, TOKUAaroIIel cmecutenb, coctaBut 0,1266 - 8000 +
+ 590 + 542 - 10° = 1018,7 x[I&/Kr ¢ yd4eToM 3aTpaT HA H3MENbUCHHE
u 0,1266 - 1816,7(1 — 0,05) + 5,90 + 542 - 107 = 223,2 kJlx/kr 6e3 ydera
atux 3atpat (3mech 0,05 — 1H0Jds MPOYMX KOMIIOHEHTOB B LEMEHTE, MOMHMO
KJIMHKEPA).

B monydeHHON BenMMYMHE DKCEPTUHA OCTOHHOW CMECH COCTaBJISIONIAsl, MPH-
BHECEHHas LIEMEHTOM, Ha HECKOJIbKO MOPSIKOB MPEBbIIIAET OCTaJIbHBIE cllarae-
Mble. TakuM 00pa3oM, MOKHO OTPaHUYUTHCSI JOCTUTHYTOHW TOYHOCTBIO TOINY-
YEHHOTO PEIICHHsS] B OTHOUICHUW KOHIICHTPAIMOHHOW M TePMOMEXaHHYECKOM
COCTABIISIIOIIMX 3KCEPTUU M MPU3HATH MPHEMIIEMBIMHU C/ACIaHHBIC paHee JOIY-
HICHUS TP UX OTIPECeIICHHN.

DKceprust MOTOKa OETOHHOW CMECH, MCIIONB3YeMOH JIst JOPMOBKH OETOHHO-
TO U3aeiivs, BEIpAXKACTCA YPAaBHCHUCM

Ef =M (10)

Ger !

rae Mg.: — Macca OeToHa, KT.

VYkazaHHast SKCeprus NpPEACTaBIIsIET cOO0W KOMIIOHEHTY 3KCEPreTHYECKOTro
Bxoxa B TTY, mpennHazHaueHHYIO UIsi (POPMOBKM M YCKOPEHHOH THApaTalluH
1ieMeHTa. V3 BBIOJIHEHHBIX PacyeTOB CIEAYET, YTO IKCEPrHsl LIEMEHTA SIBIIAETCS
OJTHUM M3 TJaBHBIX DHEPTETHYECKUX PECYPCOB B XOA€ TEXHOJIOTHUYECKHX MPeoo-
pazoBanmii BemecTra B npouecce TO B TTVY.

Onpe;le.ﬂelme IKCEPruu 0€TOHHOTI0 U3/1eJIHs

Beronnoe nuznenue popmyercsa u noasepraerca B TTY temioBoit o0paboTke,
Onmaroznaps KOTopoil OeTOH HabMpaeT Ha3HAUYEHHYIO TPOYHOCTH B 3aJJaHHOE Bpe-
Ms1. Habop mpounoctu obecrnieunBaeTcsl MpOTEKaHUEM peaKUii THApaTalu aK-
TUBHOM 4YacTH IIEMEHTHOIO KIMHKEpa, B pe3ylbTaTe 4Yero obdpasyeTcs TBEp-
IIBIA TIEMEHTHBI KaMmeHb. TeroBas oOpaboTKa YCKOpseT HaOOp IPOYHOCTH.
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[Ipu mocTkeHUH OETOHOM B M3ACIUHU Paclaiy0o4yHoi mpoyHocT npoiece TO
CUMTAETCSl 3aBEpIICHHBIM, OJHAKO HAOOp MPOYHOCTH NPOJOIDKACTCA IyTeM
€CTECTBEHHOT'O TBEPACHUS 3a CUET OCTaTOYHON PEaKIMOHHOW CrIIocoOHOCTH Oe-
TOHHOT'O pacTBopa, HO yxe 3a npeaenamu TTY. CxeMa skcepreTH4eckux MmoTo-
koB B xo1ie TO B TTVY nmoka3zana Ha puc. 2. KoHTponbHas MOBEpXHOCTH BBIOpaHa
0 TPaHUIIaM OT(GOPMOBAHHOTO OETOHHOTO M3/ENHs, HAXOIAMIETOCS B Ipeeax
00beMa, OrpaHUYECHHOr0 PaboYuMH MI0CcKOCTIMHU TTVY.

- o
“{.noJs
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E:' Ger
1 ”
i “nonein
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Puc. 2. DxcepreTrHyecKue MPEBPAICHUS B MIPOIECCE TEIIOBOH 00paboTKu
OCTOHHOTO U3/ICNHUS B TEINIOTEXHOJIOTHICCKON YCTAHOBKE

Fig. 2. Exergetic transformations in the process of heat treatment
of a concrete product in a heat technology installation

!
Q,mozs

Ha puc. 2 ucmomb3oBabl ciemyroniie oOo3Ha4YeHUS: E — DKCeprust

14

TIO/IBEZICHHOTO TemnoBoro motoka, kJ/x; E'c. — peakumonnas skceprus mpo-
JYKTOB ruaparauud B usnenuu, k/x; E/ ;.. — KOHIEHTpaIMOHHAS COCTABIISIO-

ias sKkcepruu 6erona B 6eronHom wm3znenuu, k/x; E”  — monesHas skceprus

nosesn
Oerona B m3nenuu, kJxk; Eg. — akceprust moroka OeroHHOU cmecH, KJk; E; g,
Ekocr Eprsc — pEaKIMOHHAs, KOHIEHTPAIIMOHHAS U TEPMOMEXaHUYECKas COCTaB-
JISIOIIHME SKCEPriM OeTOHHOH cMecH cooTBeTcTBeHHO, KJIk; E' — TpansutHas
JKCEprusl MPOYuX MOTOKOB, KJ[X; D De, > Di — BHeTHUE U BHYTPEHHHUE ITOTEPH
9KCEPTHU COOTBETCTBeHHO, KJ[x; uHmeke (') — Ha BXone; uuaeke (") — Ha BBIXO-
ne. Ciaenyer OTMETHTDH, YTO BHELIHHE MOTEPH AKCEPrUu OOYCIOBJIECHBI TEILIO-
BbIMU TIOTepssMU TTY B OKpyKaroulyro cpemy.
Okceprerudeckuit 6ananc nponecca TO B TTY BrlpaxkaeTcs: ypaBHEHHEM
E +Efow + E" =(E/

Q. 1018 r,oer

+ Ek",ﬁﬂ)+ E.+E"+>'D,+> D, (11)



B. H. Pomaniox, A. M. Husakoeckuii
268 Hay4HO-MeToIUYeCKIe OCHOBBI 9KCEPTETHYECKOTO aHAII3a MPOIECCOB TEIUIOBOM. ..

Takum 00pa3zom, 3KCeprusi TBEpACIOMEro OSTOHHOTO HM3ZENWs Ha BBIXOE
TTY, HO nocJie OCTBIBAHUS 10 TEMIIEPATYPhI OKPY>KAIOIIEH Cpeabl COCTABIISIET

El =(Ele + ;',Gﬂ)+ El +E". (12)

r,oer

Paccmorpum Bemmunnbl, Bxogamue B (12). Cymma sxcepruit E/ . +E/ ., =

=E’ acCOLMUPYETCSl ¢ TOCTUTHYTOM K MOMEHTY okoH4yaHus TO mpouHo-

TOJIE3H
cThi0 OeToHa, BenmmunHa E; mpencrasiser coOoi HKCEpPrHIO HE 3aBEPIIUBIIETO

THUApPATAIHAIO [IEMEHTA TTOTOKa OSTOHHOW CMECH, IMMOTEHITHA KOTOpoi Oyaer mc-
MOJIB30BaH MpHU JaNbHEUIIeM TBEpACHUH U3aenus 3a npegenamu TTY. Dkceprust
KOHEUYHBIX MPOAYKTOB THIpaTalldi 3aBUCUT OT HX PEAKUHUOHHBIX 3KCEPruil.
CoOOTBETCTBYIOIINE CBEIICHHSI TIPEICTABIICHBI B TA0J. 2, PU COCTABICHUH KOTO-
POH HCTOJIB30BAINCH JaHHbIe padoT [5, 7, 17-20].
Tabauya 2
PeaRHHOHHbIe COCTABJIAKOIIME JKCEPIrUuH MOTOKA NPOAYKTOB ru/ipaTaliui ieMeHTa

Reactionary exergy consituents of the flow of cement hydration products

Coneprxanne VienbHas MaccoBast
Xumuyeckas B IIEMEHTHOM KaMHe g, %0 peaKkuroHHas
HaumenoBanue dbopmyma I COCTABISIONIAs
PHHSTO
fpoayKTa win 0603HaYEHHE I;Ing:nm JUISl PACHETOB 9KCEpruu
MSMEHCHHA | JIaHHOM paboTe €yi» KJpK/xr
I'nnpocunukar
KaJIbLIUs C-S-H 50-60 60,0 1178
I'mppoxenn KaibIus Ca(OH), 20-25 25,0 1831
- 3Ca0-Al,05-3CaSO

Tunpocymso A Al ‘¥ 1520 150 364,9
AJIIOMUHAT KaJbLHUs x (31-32)H,0
Ha Bech npuHSTHIN U1 pacyeToB COCTaB 100,0 1219,3

Jlanapie Tabn. 2 TO3BOJSIOT OMNPEACIUTh PEAKIIMOHHYIO COCTABJISIOINIYIO
YIENbHOW MacCOBOH SKCEPrMH TBEPICIOIIETO OCTOHA €.y M MAKCHUMAIbHYIO
TEOPETHUYECKH BO3MOXKHYH) PEaKIMOHHYIO COCTABJISIOIIYIO 3KCEpruH OeTo-

Ha E™ Ha MOMEHT MOJHOrO 3aBepIIeHus mporecca TBepAcHus (P CTENEHN

ruaparanuu H = 100 %):

B =8 eMaut@; (13)
€ ber = i(gh,iep,i ) ’ (14)

i=1

rIe Y — MaccoBas 0Nl aKTMBHOW YacTH I[EMEHTHOTO KJIMHKEpAa B IIEMCHTE;
(¢ — TO XK€ TPOIYKTOB THIApaTAIlMH B 3aTBEPJEBIIEM OETOHE, OlpeaelsseMas u3
MaTepHaIBHOTO OallaHca peaKIMH THAPATAIINN KaKk CyMMa MacCOBBIX JOJICH I1e-
MEHTa ¥ BOJBI B OETOHHOW cMecH; (h; — MaccoBas J10JI1 KOMIIOHEHTa, COCTaBJIs-
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FOIIETO CMECH MPOMYKTOB THAPATAIINN, B 00IIEM KOJUICCTBE MPOTYKTOB THAPA-
Talluy; €,; — yJelbHas MacCoBass PEaKIMOHHAsS COCTABJIAIONIAs DKCEPrHMH KOM-
MTOHEHTOB MPOJIYKTOB THIpATaIluy, KJ[K/KT.

Peaknus ruppaTtanyu EMEHTHOTO KJIMHKEpa MPOTEKAeT Ha MPOTSHKSHUU
BCET'0 JKU3HEHHOTO IUKJIa OSTOHHOTO U3/eNus. B cuily BHyTpEeHHHX MOTEPh pe-
aKITMOHHON COCTaBJIAIONIEH dKCepruy O€TOHA, BEI3BAHHBIX HEJOCTATOYHBIM B3a-
AMOJCHCTBHEM KOMITOHEHTOB IIEMEHTA C BOJIOM, MaKCHMaJbHas PEaKITMOHHAS
COCTABJISIONIAsT PKCEPTHH MPOIYKTOB THIApATAIIMH B TOTOBOM OCTOHHOM H3JIE-

nun B mpakTHYecKu He IOCTUraeTcs M BCErja COCTaBIseT (HhakTUIECKYIO Be-
mauny EX
JUtst OIIEHKH yKa3aHHOW OCOOEHHOCTH IMpOIlecca TBEPACHHUsI OETOHA BBEIEM

KO3 (UITUEHT Y, TTO3BOJISIONINI YIECTh HETIONHOTY NMPOTEKaHUs peaklinuu THl-
paTtanuu B pe3yJbTaTe BHYTPEHHUX MOTEPh DKCEPTUU:

E?f:“ =yE"™". (15)

Benmuunna xo3ddunmenTa \y 3aBUCUT OT KayecTBa IEMEHTA, a TaKKe OT CO-
OM0AeHUs TEXHOJIOTHI npuroToBieHus: OeronHoi cmecu u TO GetoHa. B Hayd-
HOH IuTepaType OTCYTCTBYIOT OJHO3HAUYHBIC PEKOMEHJIALUU MO 3TOMY MOBOY.
Omnpenenenue ero 3Ha4eHUS SBISIETCA 3aJadeil CTPOUTEIBLHOTO MaTepUaioBeie-
Hus. OHAKO ¢ JOCTaTOYHON JUISI PEABAPUTENBHBIX PACUETOB TOYHOCTHIO MOXK-
HO MPHHATH, 4T0 Kodpdurment y = 0,8-0,85.

Konnenrpamuonnas cocTaBisiomas dKCepruy M3Aeus, BXOIIIas B ypaB-
HeHnue (12), ompenensercss MUHUMAJILHOW TEPMOIUHAMUYCCKON pabOTO#, KO-
TOPYI0O HEOOXOOMMO MPOM3BECTH Ui pa3felicHHus oOpasyloUIMX CMech HIIU
pacTBOp KOMITOHEHTOB. CBSI3b MEXAY MPOTHAPATHPOBABIINM IIEMEHTOM (BSKY-
IIMM) ¥ MHUHEPAIBHBIME KOMIIOHEHTAMH TBEpCIoIero 0etoHa (medeHb U Iie-
COK) OOyCIIOBIIEeHa CHJIAMH aJre3MOHHOTO B3aWMOJICHCTBHSI, BO3HHKAIOIIMMH
npu GOPMHUPOBAHUH [IEMEHTHOTO KaMHs [21, 22].

B ob6mem ciayuae paboTa aAre3MOHHOTO B3aMMOJIEHCTBUS BBIYHUCIISETCS 10
ypaBHeHUIo (2). OmHAKO IS ee ompeeneHus TpeOyeTcs 3HaTh yAeIbHYI0 pado-
Ty CHJI aAre3ud. B HaydyHO-TEXHUYECKOW JTUTEpaType B KaUeCTBE XapaKTepPUCTU-
KU aJITe3UOHHOTO B3aUMOJICHCTBHS B IIEMEHTAX UCTIOIB3YIOTCS IMOHSATHS aire3u-
OHHOM MPOYHOCTH WM aBIICHUA aare3uu [22], onpeaeneHue BeIUUYUH KOTOPbIX
JIOCTYITHO KCIIEPUMEHTAIBHBIMU MeTonaMu. OIEHUTh KOHIIEHTPAIMOHHYIO CO-
CTaBJIAOIIYIO SKCEPTUU MOKHO UCXOHS W3 pabOThI CHII YIPYro# aedopMaliim
B OeToHe. Ha Takyio CBs3b MEXKAY PHEPreTUYCCKUMH M MPOYHOCTHBIMHU Xapak-
TepucTukamu O6etoHa ykaswiBaa M. H. AxeepnoB [6, c. 425-427]. Pacuerts! no-
Ka3bIBAIOT, YTO TPEJACIBbHOE 3HAYCHHE MOTCHIUAIBHON 3HEprHH JiehOopMaIum
oeronHoro wm3menus cocrasiser 0,045 x/kr. M3 3Toro ciemyer, 4To BiIMs-
HUE KOHIIEHTPAIMOHHOMN COCTaBJISIONICH KCEpTHH OETOHA HAa dKCEPreTUIECCKHMA
Oamanc npu TO He3HaUMTENFHOE W OTAEIHHOTO YTOYHEHHUs He TpedyeT. DTo
TaK)Ke IIO3BOJIIET IMOJIaraTh, YTO KOHIEHTPAIIMOHHOW COCTAaBISIONIEH 3Kcep-
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THUH TBEPCIOMIEro OETOHA MOXHO MPEeHeOpeyYh B CHIIy €€ MallOCTH II0 CpaBHe-
HUHU C PEaKIIMOHHON COCTaBIAIONIECH.

Tpau3uTHas SKceprus nmpounx notokoB E' B (12) sBiusercs cyMMoil sKcep-
THid KOMIIOHEHTOB, HE YYaCTBYIONINX B (DU3HKO-XMMUYECKHX IPEBPAICHUIX
(apMaTypsl, yTEITUTENs, 3alllUTHBIX MaTepuanoB). X skcepruu ocTarTcs Io-
CTOSIHHBIMM WJIM HE3HAUYUTENbHO M3MeHAI0Tcs B mporecce TO B TTY. Takum
00pa3oM, BeTMYMHA TPAH3UTHON 3KCEPTHH MOXKET OBITh MPUHSITA HEU3MEHHOU H
PpaBHOI HaYaILHOMY 3HAYCHUIO Ha SKCEPTETUICCKOM BXOJIE.

Onenka 3¢ dexrurHoctd TO B TTY n0/mKkHA OCYIIECTBIATHCS O BEIUYHHE
JMOCTUTHYTOW TPOYHOCTH H3JAEHS, XapaKTepH3yeMOW CTETEeHBIO THIpaTalliy.
Jns pacueTa skcepruu OETOHHOTO H3/ETHS, JOCTUTTIIETO TEIJIOBOTO PAaBHOBECHS
¢ OKpykaromiei cpenoit mociue 3aBepuenus TO, (12) MoxkeT OBITH MIPEJICTABICHO
B 00IIeM BHUJE, YUYUTHIBAIOIIEM CTEICHb THIPATallii [IEMEHTA U TI03BOJISIONIEM
BBIUMCIISITE 3KCEPTuto OeToHHOTo u3aenus nocie TO B 3aBUCMMOCTH OT COCTaBa
U CTEIICHU THIpaTalliy IIeMeHTa B OeToHe (MPU ero OXJIAXKISHUH JI0 TeMIIepary-
PBI OKpYKaroIeH cpempl):

H

H
E! =| —ve, ..M +E" |[+|1-——|e.M__, 16
oun (100W r,oer 66Ty(p j ( 100) 6c oer ( )

rae H — crenenp ruapatanuy meMEHTa B W3JICIHU, JOCTUTHYTAas K MOMEHTY
okonuanust TO, %; €., ompeaensiercss mo (14) ¢ wWcmoiab30BaHUEM AaHHBIX
Tabm. 2.

B ypaBaennn (16) cymma B IEpBBIX CKOOKaX BBIpAKAeT IKCEPTUIO OCTOHHO-
ro M3JeNusl B TIpeesiaXx JOCTUTHYTOW CTETICHHW THAPATAIMH IIEMEHTA, a MPOU3-
BEJICHUE TIOCTIC 3HAKA CJIOMKEHUS MOKA3hIBAET IKCEPTHUIO €Ile HEe TPOTHAPATHPO-
BaBIIeii 0eToHHON cMecu. C MO3UIUH OLEHKH 3HEProd(h(HEKTHBHOCTH MMEHHO
IIEPBOE ClIaragMoe XapaKTepU3yeT pe3yNbTaT, JOCTUTHYTHIH B mpouecce TO Oe-
ToHHOrO M3nenusd B TTVY:

"

H '
pe3 = mwerﬁﬂ M 6eTY(p + Et ' (17)

Benvmumnna sKcepruu TEIUIOBOTO MOTOKA, TOJBEJCHHOTO K OETOHHOMY H3/ie-
o B TTY, ompenensercst Ha OCHOBE ypaBHEHMs TepMoarHaMuKy [11-14]

, 2
Ed o = J, 7.0Q, (18)

rae dQ — TemaoTa anMeMeHTapHOTo mporiecca, kKJK; T — Oe3pasmepHast sKcepre-
THYECKas TeMIlepaTypa mporecca
e =1-T,./T; (19)

T, Toc — TeMmepaTypa B DJIIEMEHTapHOM IPOIIECCE M OKPYKAIOIICH cpelie COOT-
BETCTBEHHO, K.
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B ciydae ecnu BenmuyMHA TEIUIOBOro motoka Q W Temmeparypa B dJIeMEH-
TapHOM TIporiecce T NMPUHUMAIOTCS TOCTOSHHBIMU, ypaBHeHHe (17) ynporaer-
cs [12-15]

Ef o = Eg = T.Q- (20)

Tounoe pemenue ypaBHeHus (18), a takke pacder gocturayrodt npu TO
B TTY crenenu ruapaTtanmyi H MOTYT OBITh BHITIOJIHEHBI C UCIIOJIB30BAHUEM Ma-
TEMaTUYECKON MOJEH, pa3pab0TaHHON aBTOpaMU NTaHHOW CTAaThU (COBMECTHO
¢ A. H. Ynuko u 1O. B. SukeBuuem) [23-27].

B kadecTBe mpuMepa MCIONB30BaHUS pa3pabOTaHHOW METOIUKH Ompererne-
HUA dKceprun 0eTOHHOU cMecH U OeToHa paceMoTpuM TO omHOPOIHOTO OETOH-
HOro m3xenus oobemMoM 1 M° i mmotHOCTBIO 2369 Kr/mM® M3 GETOHHOH cMecH
cienyromero cocrasa: Boga — 199 xr, nement — 300, mecox — 714, mebeHp —
1156 xr. XapakTepuCTUKH HCIOIB3YEMOr0 IIEMEHTa COOTBETCTBYIOT yKa3aH-
HbIM B TaOn. 1, copepkaHue W CBOMCTBA MPOIYKTOB THAPATAIUN MPHHATHI CO-
rinacHo Tabn. 2. B coorBerctBum ¢ (10) mcxomHast skceprust OSTOHHOW CMecH B
chopMOBaHHOM U3zenvH, HanpasisieMoM Ha TO, coctaBut 0e3 ydera 3aTpaT Ha
m3MenbueHue kiamHKepa E; = 223,2 - 2369 = 528,8 M/Ix, a ¢ y4eToM TakKHX

sarpar E; = 1018,7 - 2369 = 2413,3 M/Ix. Dkceprusi 6ETOHHOTO U3JEIHs B pe-

synsrate TO B cootBerctBun ¢ (17), Ho Ge3 TpamsuTHOI skcepruu (E™ = 0) u ¢
yaetoM (13)—(15) coctaBUT npu TOCTUTHYTOM 3HAYEHUH CTEICHU THApPATaLuU B
50 %: E,=50/100-0,8-1219,3-2369-0,95- 0,2106 + 0 = 231,16 M][x.
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Pedepar. CHMXEHIE HAIOPHOM XapaKTepUCTUKU MOTPYKHOTO Hacoca B MPOLEcce IKCILTyaTallul
MIPOUCXOANT B pe3yibTaTe COBOKYIHOTO AeiicTBHs psia npuunH. HacocHoe obopynoBanue nU3Ha-
MIMBAETCS BCIEACTBUE THAPOAOPA3HBHOIO pa3pylIeHHs] MPOTOYHBIX KaHaoB. CHATHE XapaKTepH-
CTUK IOTPYKHBIX HACOCOB IPOM3BOAMUTCS B 3aBOJACKUX YCIOBUSX Ha CHELUAIBHBIX CTCHJIAX.
Ha xpymHBIX rpyNNoBEIX BOJ03a00pax MOJI3EMHBIX BOJ CKBaKHHBI 000PYI0BaHBI aBTOMaTHU3UPO-
BAaHHON CHCTEMOIl yIpaBieHHs, MO3BOJIIONIEH TeCTUpOBaTh Hacoc Ha pabodyeM MecTe M omepa-
TUBHO MPHUHUMATh PEIICHHE O €T0 3aMeHe NPU HEeJOMyCTUMOM CHI)KEHHHU HANOPHOU XapaKTepH-
crukd. DaKkTHYECKYIO0 HAOPHYIO Xapakrepuctuky Hacoca H" = f(Q) ¢ mocraroumoil creneHsio
TOYHOCTH MOKHO TTOCTPOUTH HETIOCPEACTBEHHO HA CKBaxkuHE. [l onpeeneHus CTeNeHn H3Hoca
HAcoca IPOU3BOAUTCS CPAaBHEHUE €r0 HAIOPHBIX XapaKTEPUCTUK JIO YCTAHOBKH U B MOMEHT CHS-
TSI TIOKa3aHui. B cTaThe ommcana cxema 0OBS3KM CKBa)KHHBI JUIS U3MEPEHHs YASNBHOTO Je0uTa
U HaIlOPHOM XapaKTepUCTUKU MOrPY:KHOro Hacoca. Llenb uccienoBaHus — BEIBECTH 3aBUCUMOCTh
JUISL TIOCTPOEHMSI PacXOAHO-HAMOPHOHM XapaKTepUCTUKH MOTPY)KHOrO Hacoca Ha ero pabodyem
MecTe U pa3paboTaTh METOAUKY ydeTa ero H3Hoca B Ipornecce paboThl, MO3BOJIIONIYIO IPOTHO3H-
pOBaTh CHIXKCHUE IPOU3BOAUTEIBHOCTU CKBaXXUH BO BpeMeHU. IIpenioxkeHO BbIpaKeHUE AL
ONMKCAHUS HAOPHOW XapaKTEPUCTHKU Hacoca B JHOOOM MOMEHT BPEMEHH, HCUHCIIEMBI OT €ro
YCTaHOBKU B CKBaKMHY. IIpuBelieH aHanW3 CHUXKCHUS HAIOPHBIX XapaKTEPUCTHK HACOCOB pas-
JIMYHBIX TPOU3BOANTENEH Ha CKBaXXMHAX AEHCTBYIOIIETO BOA03abopa moa3eMHbIx Boj. IToaTsep-
JKAEHO, YTO MHTEHCUBHOCTb CHMIKCHUS HAIOpPa 3aBUCUT OT IPOAOJDKUTEIBHOCTU JKCILTyaTallul
Hacoca Ha JJaHHOH CKBaXKHMHe, MaTepuala pabodnx KoJiec Hacoca M COJAEpKaHUs IecKa B Mepeka-
4Y1BaeMOH BOJE.

KiroueBrbie ciaoBa: l'[Ol"py)KHOIjI HACOC, CHUIKCHHE HaHOpHOfI XapakKTECPUCTUKU, U3HOC CKBAXKHWH-
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Methodology for Analyzing the Actual Technical Condition
of Downhole Pumping Equipment

V. V. Ivashechkin®, V. I. Krytskaya®, V. N. Anufriev”, O. A. Avrutin?

YBelarusian National Technical University (Minsk, Republic of Belarus),
2UE “Minskvodokanal” (Minsk, Republic of Belarus)

Abstract. The reducing in the pressure characteristic of the submersible pump during operation
occurs as a result of the combined action of a number of reasons. Pumping equipment wears out
due to waterjet destruction of flow channels. The characteristics of submersible pumps are cap-
tured at the factory on special stands. At large group groundwater intakes, wells are equipped with
an automated control system that allows testing the pump at the workplace and promptly making
a decision on its replacement if the pressure characteristic is unacceptably reduced. The actual
pressure characteristic of the pump H" = f(Q) can be plotted directly in the well with a sufficient
degree of accuracy. To determine the degree of wear of the pump, its pressure characteristics are
compared before installation and at the time of taking readings. The article describes a well strap-
ping scheme for measuring the specific flow rate and pressure characteristics of a submer-
sible pump. The purpose of the study is to derive a dependency for constructing the flow-pressure
characteristics of a submersible pump at its workplace and to develop a method for accounting for
its wear during operation, which allows predicting a decrease in well productivity over time.
An expression is proposed to describe the characteristics of the pump at any time, calculated from
its installation in the well. The analysis of the reducing in the pressure characteristics of pumps
produced by various manufacturers in the wells of the existing water intake of underground water
is presented. It is confirmed that the intensity of the pressure reduction depends on the duration
of the pump operation in a given well, the material of the pump impellers and the sand content in
the pumped water.

Keywords: submersible pump, pressure reduction, downhole pump wear, pump test at the work-
place, pressure gauge

For citation: Ivashechkin V. V., Krytskaya V. ., Anufriev V. N., Avrutin O. A. (2021) Metho-
dology for Analyzing the Actual Technical Condition of Downhole Pumping Equipment. Ener-
getika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 64 (3), 275-286. https://doi.org/10.
21122/1029-7448-2021-64-3-275-286 (in Russian)

BBenenne

CHmKeHHEe HamoOpHOW XapakTePUCTUKH MOTPYKHOTO HAacoca MPOMCXOAUT
B pe3ysbTaTe COBOKYIIHOIO JAeHCTBUA pAAa NpHUMH (aOpa3uBHBIM H3HOC KOJIEC,
YBEJIMYEHHE 3a30pOB MEXTy pabovmMM KOJECOM M HAIPaBILIOMIMM aIlllapaToM
u T. A.). HacocHoe obopynoBanue U3HAIIMBACTCS BCICACTBHE THIPOAOPA3UBHOTO
pa3pyIIeHus MPOTOYHBIX KaHanoB. CormacHo [1-8], morpy»xHo#t HaCOC MOXKET Te-
PAITH exeMecsiuHo 2-3 % TepBOHAYAIbHON POU3BOAUTEIEHOCTH BCIIENICTBUE (H-
3M4YECKOro M3Hoca Aetaneil. [IpruueM Hacochl, MPOLIEIINE OAWH WIN HECKOJIBKO
KalUTaJIbHBIX PEMOHTOB, W3HAIIMBAIOTCS OOJIbILE, YEM HOBBIE.

KpuBbie M3MeHEHUs MPOU3BOUTEIHHOCTH HACOCOB CKBKWH BO BPEMCHH,
00yCJIOBIEHHOT'O M3HOCOM MOTPY>KHBIX HAcOCOB, ITOKa3aHbl Ha puc. 1 [1].

AHanmu3 KpHBBIX MOATBEPXAACT, YTO WHTEHCHUBHOCTb CHIDKCHHS AeOHTa
CKB&)XMH C HOBBIMU HacOCaMH HHXe, YeM CKBaKHH C HACOCAMH TOCTIE PEMOHTA.

[porecc ymeHbIeHns 1eOUTa CKBKUHBI TIPU W3HOCE HACOCA TIPOWIITIOCTPH-
poBaH Ha puc. 2. HanmopHo-pacxoaHas XapakTepUCTHKa HAcOCa NePEeMEIaeTCsl 13
noJjioxkeHus 4 B 5, Torna Kak XapakTepUCTHKHM CKBaKHHBI 1 u TpybompoBoaa 2,
a TaKk)Ke X CyMMapHas XapakTepHCTHKa 3 OCTal0TCsl HeM3MeHHBIMU. Pabouas Tou-
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Ka A; cMemaeTcs BJIEBO 0 KPUBOK 3 B TIOJIOKEHUE A, UTO MPUBOINT K YMEHBIIIC-
HHUIO TTOJIAYM HACOCA, & 3HAYHUT, U (DAKTUUECKOTO JeouTa CKBaKUHBI (Qpr < Qay)-

Q, Mlu
80
70
60 —@— Hacoc Ne 1 noczie pemonta
50 —@— Hacoc Ne 2 nocsie pemonTa
40 —@— Hoswiii nacoc Ne 1
30 —&— Hoswiit Hacoc Ne 2
20
1GO 2 4 6 8 10 At, mec.

Puc. 1. 'paduxy ©3MEHEHHS IPOU3BOJUTEILHOCTH HACOCOB CKBAXKUH BCIIE/ICTBHE UX H3HOCA

Fig. 1. Graphs of well pumps productivity over time due to its wear

H, m

W + 777

Puc. 2. Tunpapianyeckue XapakTepUCTHKU: | — CKBaXUHBI; 2 — TPYOONIPOBO/A;
3 — ckBaXXMHBI M TPYOOIIPOBOJIa; 4 — HOBOTO HACOCa; 5 — HACOCa BCIEACTBUE U3HOCA

Fig. 2. Hydraulic characteristics of: 1 — well; 2 — pipeline; 3 — well and a pipeline;
4 — new pump; 5 — reduced pump performance due to wear

Kax moxa3piBaeT OMBIT SKCIUTyaTalli CKBAXHHHBIX HACOCOB Pa3IMYHBIX
npousBoAuTenei, okonao 80 % ciay4yaeB BBIXOAA U3 CTPOS CBSI3aHBI C ITOJIOMKOM
anekTpoasurarensi. Kpome Toro, k CHIbKEHHIO pecypca Hacoca IPUBOIUT SKCILTya-
Tanus 3a npenenaMu pabodero auanazona. [loatoMy npaBuibHBINA MOAOOP Hacoca
MTO3BOJISICT 00ECTIEUUTh €ro (YYHKITMOHUPOBAHUE B ONTUMAIBHOW TOYKE paboucit
XapakTepucTuku ¢ MakcumanbHeiM KI1JI 1 pozsieBaet ero cpok ciyxOsi [2].
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CHATHE XapaKTEpUCTHK IOIPYXKHBIX HACOCOB IPOMU3BOAMTCS B 3aBOICKHX
YCIOBUSIX Ha CHENMANbHBIX cTeHHgax corjacHo TpeboBanusm ['OCT 6134 [9].
JaBnenne u3Mepsercs MAHOMETPOM, YCTaHOBJICHHBIM Ha BBIXOJIE U3 BOAOIOAb-
eMHOH TpyOBl. OTHOBPEMEHHO M3MEPSIOTCS JTUHAMUYECKUI YPOBEHD B KOJIOHHE
U mojada BOJbI BogoMepoM Ha HamopHoM TpyOomporoae. [OCT 6134 Taxke
[IpeycMaTpUBaeT BO3MOXKHOCTh IIPOBEJCHUS IIPUEMOYHBIX HCIBITAHUM Hacoca
Ha pabodeM MeCTe ¢ LENbl0 MOATBEPKACHUS €ro PacuETHBIX XapaKTEPUCTUK.
B sToM cimywae Hacoc CHaOXalOT BCeMH HEOOXOAMMBIMU BOAOIIOXbEMHBIMU
TpyOamu, OMyCKalOT B CKBRXUHY M MPOBOAAT UCIBITAHUS, OTOBOPEHHBIE C IO-
kynareneM. [loTepu Hamopa B BOJOMOABEMHBIX TPYOax ONMpenessioT no Gopmy-
JlaM THAPABIHKH.

Ha xpymHBIX TPyNMOBBIX BO03a00pax MOA3EMHBIX BOJ CKBKHHBI 000pY-
nmoBanbl cuctemoit ACY, mpeaycmaTpuBaronieil yCTaHOBKY BOZOMEpa M JIBYX
JATYNKOB JaBJieHWs (HA YCTbe W BXOJI€ B JIMHUIO IOJKIIOYCHUS CKBAXKHHEI
K cOOpHOMY BOJOBOY), 0OECIIEUMBAIOIINX MOHHTOPUHT JABJICHHUA W pacxoia
BOJIBI, TT0/IaBaeMoOil HacocoM B cOOpHBIN BooBoA. Kpome aToro, B cTBOJIE CKBa-
YKUHBI CMOHTHPOBAH JaT4MK, peIHa3HAUYCHHBIN s ONPeaeNICHUs] CTaTHYEeCKO-
ro U IMHAMHUYECKOTO YpOBHEH BOAbI. JlONONHUTENHHO KOHTPOJIMPOBATH MOJIO-
JKEHHE YPOBHEW MOKHO € TIOMOIIBIO 3JIEKTPO- WM MTHEBMOypoBHeMepa. [lepe-
YHUCJICHHBIX MPUOOPOB JIOCTATOYHO IS TECTUPOBAHUS HACOCA Ha paboveM MecTe
U TPUHSTHSL PEUICHUSI O €r0 3aMeHe MPH HEJAONMYCTHMOM CHW)KCHUH HAIMOPHOM
xapakTepucTiku. PakTHYECKYIO HAOpHYI0 XapakTtepuctuky Hacoca H" = f(Q),
MOKAa3bIBAIOILYIO CTENEHb €r0 M3HOCA, C JOCTATOYHOM TOYHOCTBIO MOKHO TO-
CTPOUTH HENOCPEJCTBEHHO Ha CKBa)KMHE. DTO TO3BOJUT CIKOHOMHUTH BpeMS
Ha JIEMOHTaX Hacoca, €ro TPaHCIOPTUPOBKY Ha HCHBITATENBHBIA CTEHI IS
TECTUPOBAHMUA.

Lenp HacTosIEH pabOThl — BBIBECTH 3aBUCUMOCTD ISl IOCTPOCHUS PacXoj-
HO-HAIOPHOH XapaKTEPUCTUKH MOTPYKHOT'O HacOCa Ha CKBKMHE M pa3paboTaTh
METO/IMKY yueTa €ro U3Hoca B IpoLecce padoThl.

OcHoBHAf 4aCTh

TurmmaHas cxema OOBSI3KM CKBAKHUHBI TPYIIIIOBOTO BOI03a00pa MOA3EMHBIX BOJI,
TIOZIAFOIIEH BOY Ha CTAHIMIO 00e3KeJIe3uBaHus, MpeCcTaBlicHa Ha puc. 3, rae H —
CTaTHYECKUH YpOBEHb BOABI, M; H, — muHamMuueckuii ypoBeHb BOABI, M; S — T0-
HIDKeHue, M; |, — JummHa TpyOku mHeBMOypoBHeMepa, M; h' — paccrosHHE OT
TUTATHI OTOJIOBKA JIO OCH JIMHUHU TOAKIIOYCHUs, M; N, — 3ariayOneHue Hacoca
10J] IWHAMUYECKUN YPOBEHb BOJBI B CKBaXKHHE, M; N, — BEICOTA HACOCHOM YacTH
arperata, M. HacocHas ycTaHOBKa B JOCTATOYHOW CTEIEHH YKOMILIEKTOBaHa
3aIMOPHO-PETYIUPYIONICH apMaTypoit (0OpaTHBIA KialaH, 3aJBHKKa) U KOH-
TPOJLHO-U3MEPHUTEIFHON anmapatypoid (MaHOMETPHI, MATYHKH JTABJICHHS, BO-
JIOMeD).

Hamop H" morpykHoro sacoca npu CHATHH (DaKTHYECKOM HAIOPHOU Xa-
pakrepuctuku H" = f(Q) na paGouem MmecTe HaiijieM Kak Pa3HOCTH ITOJHBIX
yAENbHBIX 3Heprui E; 3a HacocoM B ceueHuu 1-1 u E3 Ha BXOZE B HACOC B ce-
YyeHUU 3—3 OTHOCUTEIBHO IUIOCKOCTU cpaBHeHUs 0—0, mpoXosiieil mo ypoBHIO
BOJIBI B CKBa)KHMHE:
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Py Ps
=E -E= zl+—+— —| Z3+ —+— , (1)
Py 29 P9 29

TJIe Zj — TeOMETPUYECKas BBICOTA, M; Pj — MbE30OMETPUYECKOE TABJICHUE; P —
IUIOTHOCTB BOJBI, KI/M°; § — YCKOPEHHE CBOOOJHOTO MameHMs, M/c% o — KOOd-
¢unment Kopuosnuca; Vi — CKOPOCTh IBHIKSHHUS KHIKOCTH B i-M CCUCHUH, M/C.

Puc. 3. Cxema 00BSI3KH CKBa)KIHBI
UTSL I3MEPEHUsI yAEIbHOTo Je0nuTa
1 HallOPHOM XapaKTEPUCTHUKHU MOTPY>KHOTO
Hacoca: 1 — Hacoc; 2 — BOJONOIbeMHas
Tpy0a; 3 — BHyTpHCTaHLIMOHHAs TPyOa;
4 — BogoMmep; 5 — 0OpaTHBII KJlamaH;
6—8 — MaHOMETpEI; 9 — THEBMOYPOBHEMED;
10 — xommpeccop; 11 — 3agBmkka

Fig. 3. Borehole strapping scheme
for measuring the specific flow rate
and pressure characteristics of a submersible
pump: 1 — pump; 2 — water lifting pipe;
3 —internal pipe; 4 — water meter;
5 — check valve; 6-8 — pressure gauges; :
9 — pneumatic level gauge; /
10 — compressor; 11 — gate valve g |

CornacHo pacueTHO# cxeme (pHc. 3) MOTyIHuM:

zl = h3arn' pl leaH' Vl = VBl'l :0)&’ 23 = _hzarn - hH’ p3 = pr; V3 = VBX ~ O! (2)

BIT

TA€ Piyar — MaHOMETpUYECKOE AaBiieHue, [la; V,; — CKOpOCTh B BOJOMOABEM-
HOW TpyOe, M/c; Q — mojgada Hacoca, MS/‘-I; Mgy — IUIOMIAAb CEUYECHUS BOJOIOIE-
E€MHOM TpyOBI, MZ; Psx — AaBJIEHUE HA BXOJi€ B Hacoc, [1a; Vg — CKOPOCTh Ha BXO-
JIe B Hacoc, M/c.

U3 puc. 3 cnenyet, 4to B cedeHUH 3—3 MbE30METPUUECKAsl BHICOTA Ps 4uC-

pg
JICHHO paBHa 110 a6COHIOTHOﬁ BCJIIMYHNHC FCOMCTquCCKOﬁ BBICOTC 23, HO OTHO-
CUTCJIBHO IINIOCKOCTH OTCUCTA 0—0 OHU UMCIOT PAa3HbIC 3HAKU U UX CyMMa paBHA
HYJIIO
2+ (h —hy+ s @3)
3 - 3ari
pg pg

Uto0Obl HAWTH AaBICHUE Py B ceueHun 1—1, 3amuinem ypaBHenue [l. Bep-
HYJUTH Uil cedennst 1—1 Ha BBIXOZE W3 HAcoCa W CEUSHHUs 2—2, MPOXOJISIIe-
ro Yepe3 TOUKY MOIKITIOUEHUST MAaHOMETpa 7, OTHOCHUTEIHHO TUIOCKOCTH CpaBHE-
Hus 0-0, coBnanaromei ¢ AMHAMUYECKUM YPOBHEM
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p av? p av?
Zj_ + 1man + 1 _ 22 + 2Man + 2 + ZhT L (4)
2 2 P
Py g pY g

rae » h,, , — ToTepu Ha TpeHue B Tpybe Ha yqacTke 1-2.

Torma coriacHo cxeme (pucC. 3) HOTYyIHM:

7 = _hsam; Pi = Piyanr Vi =Ven = o ;
BIT
®)
_ — v oy . Q
ZZ_Hu+h’ p2_p2MaH’V2_VBCT_(D '

BCT

T7I€ Vger — CKOPOCTH BO BHYTPHUCTAHIIMOHHOM TPYOOIIPOBOJIE, M/C; My — ILIO-
I1a]b CEYCHUS BO BHYTPUCTAHIIMOHHOM TPYOOIpOBOJIE, M”.
[oncraBus (5) B (4), NOTy4YrUM BBIpaXECHUE [T THE30METPHUECKOTO HAIIOpa

Hacoca Pran B ceueHnu 1-1
P9
plmaH =H +h + hI+Zh s + p2maH + G’VECT _ (X,an . (6)
Pg o PTopg 29 29

ITocne moactanosku (2), (3), (6) B (1) u mpeoOpa3zoBaHuii IOTyIUM BEIpaKe-
HUE JIJIs Harmopa Hacoca

2 2

H ' pZMaH G'VBCT G'VBH
H"=H_+h'+)>»h_, ,+ + - : 7
I Z Tpl-2 pg Zg 29 ( )

[lorepu Hamopa Zth]_z Ha yyacTke 1-2 CKiIaapIBarOTCsS M3 MOTEPh 10

JJIMHE hLIJ'I 1 Ha MCCTHBIX COIIPOTUBJICHUAX hM
thpl—Z = h;[n + hM = ABI’IIBI'IQZ + CJI‘IOBQZ /(zgszCT)’ (8)

rae Ag; — YZICJIBHOE CONPOTHBIICHHE BOAONOABEMHOI TpyOHI; |5, — utnHA BoJO-
OLEMHO# TPYObI, M; G0 — KO PHUIHMEHT MECTHOTO COMPOTUBIIEHHUS TIOBOPOTA
BHYTPHUCTAHIIMOHHOTO TPYOOIIPOBO/Ia, IPUHUMAETCS IO CTIpaBouHUKY [10].

B ciyqae, ecnii MaHOMETp 7 B C€UCHHH 2—2 OTCYTCTBYET, a €CTh MAaHOMETP 8
B ceyeHnu 2'-2', B pacuere Hamopa Hacoca H" HeoOXoauMo ydecTh moTepu
Haropa Ha Bogomepe h,,, (3aBucar ot pacxona h,,, = f(Q), onpenensrorcst mo
3aBOJICKMM TAaCIIOPTHBIM XapaKTEPUCTHKAM)

2 2
. v av
HY = H, +h'+ S h o h,,, + Pz P Doy 9)

pg 29 29

Ecnu 3a30psl Mexxay ¢uaHumamu (MyQTamu) BOIOMIOIBEMHBIX TPYO CIIMIIKOM
MaJTbl JJISl CITYCKa 2JIEKTPOa DIIEKTPOYPOBHEMEpPa, THHAMUYECKUIH YpOBEHb BO-
Il H,, omipeesnsroT ¢ moMoIpio maeBMoypoBHeMepa (puc. 3). OH npeacTaBiseT
c000¥ TIACTUKOBYIO TPYOKY C BHYTPCHHHM THaMETpPoOM Topsaka 8 mMm. Hmk-
HUI KOHEI[ TPYOKH YKEeCTKO 3aKpeIuieH Ha BOJONOABEMHOI TpyOe BHhIIIEe HAcCOCa,
a BEpPXHHI BBIBEJICH Ha OTOJIOBOK CKBa)XKHHBI. [IpH 3aMepe ypoBHS BOJIBI B CKBa-
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KUHE K BEpXHEMY KOHI[y MOJKIIOYAI0T KOMIIPECCOP WM PYYHOW IMTHEBMOHACOC
C MaHOMETPOM U TOJIAI0T B TPYOKY BO3IyX, HAOIIOAAS 32 TOJIOKEHHEM CTPEIIKH

MaHOMETpPa Ha BBIXOJC MHEBMOHAcoca. MaKkcHMajbHOE AaBjiIeHHE P, (GUKCH-
pytoT. Jlunamuyeckuil ypoBeHb BBIYUCIAIOT IO (hopMyIie

H}:[ = ITp - h3arn = ITp - p;lax /pg (10)

AHaJIOTUYHO ONPEAEISIIOT MOJIOKEHUE CTATHIECKOT0 YPOBHA H MpH BBIKIIO-
YEHHOM Hacoce.

[l mocTpoeHus HaOPHOH XapaKTEPUCTUKU HAcOca CTYINEHYaTO U3MEHSIOT
ero mojady ¢ TMOMOIIBIO 3aJBMKKH M (UKCHPYIOT MOKa3aHUS MaHOMETpa
B ceueHuH 2-2 unu 2'-2', BoroMepa, mHeBMoypoBHeMepa (puc. 3). Hamop nHaco-
ca BBIYUCIAIOT o Gopmynam (7) umu (9).

Jlns OLEHKH CTENeHW CHIKEHHsS HAllOPHOW XapaKTEePHUCTHKM Hacoca B pe-
3yabTaTe M3HOCA B OOMIEH KOOPIMHATHOM CETKE HAHOCAT XapaKTepPHUCTH-

Ky Hy = f(Q), cHATylo Ha 3aBOze-M3roTOBHTENE (IACTIOPTHYIO XapaKTEPHCTH-

Ky, €CJIM HAacoC HOBBIﬁ) WM Ha CTCHAC PCMOHTHBIX MACTCPCKUX IKCILTYaTHUPY-
IOH.Ieﬁ OpraHu3alnuu (GCJ'II/I HaCoC II0CJIC pCMOHTa) nepen YCTaHOBKOfI Ha CKBa-

’KUHY. 3aTeM ee CPaBHHBAIOT C XapaKTepPUCTHKON Hacoca H .

= f(Q), cusroit

H
obcn

Ha pabouem mecte. Ecmun H
TOPBII U3HOC Hacoca.

B craThe nmpoaHanM3MpoOBaHbl HACOCHI, YCTAHOBJICHHBIC HA CKBRKUHAX BOJO-
3abopa Ne 2 «[letposuuna» r. MUHCKA.

Hanopuble xapakTepucTHKH TorpyxsHoro Hacoca Wilo-EMU K85-3+
NUS501-2/22, ycraHOBiIeHHOTO Ha CKBaknHe Ne 4B, mpexacTaBiieHbl Ha puc. 4.
Hacoc moseprancs ucneitanuam: 03.10.2018 — Ha ruapaBIMYecKkoM CTEHIE B
pemonTHO-MexaHndeckoM nexe (PML[) VII «MwunHckBogokanam» (kpuas 1);
28.05.2019 — na pabGouem MecTe MO TNpenjaraeMol Metomuke (kpuas 2);
30.08.2019 — Ha ToM ke TUAPABIMYECKOM CTeH IC (KpuBas 3).

= f(Q) mmwxe Hj, = f(Q), umeer mecto HEeKoO-

H, m

75

65 IIpoTokon ucnbITaHUI:
1 —na crenze or 03.10.2018

55 2 — Ha cBaxkuHe ot 28.05.2019
3 —na crenze ot 30.08.2019

45 —

35

25

0 20 40 60 80 100 120 Q, m%u

Puc. 4. Tpaduku HanmopHbIX XapakrepucTuk Hacoca Wilo-EMU K85-3+NU501-2/22
Ha ckBaxxuHe Ne 4B

Fig. 4. Graphs of the pressure characteristics of the Wilo-EMU K85-3+NU501-2/22
pump at the well No 4c

Takum o00pa3oMm, pacxokJeHHE TpadUKOB HAIMOPHBIX XapaKTEPUCTHUK CO-
craBiaser He Oojiee 1,5 M. DTO 3HAYMT, YTO METOAMKA HCIBITAHWM Hacoca
B CKB2)KHHE MOXKET UCTIOIB30BaThCS DKCILTYaTHPYIONICH OpraHu3aiuei.
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CHmwKeHHe HAIlOPHBIX XapaKTEPUCTUK IOTPY)KHBIX HACOCOB BCIJIECICTBUE
M3HOCA MPEJICTABICHO Ha puC. 5.

Iorpyxwnoit Hacoc SAER SPC151-B/9 (mpousBoacTBo Mrammst), ocHaeHHBIN
YYT'YHHBIMH PaOOYMMH KOJIeCaMH, YCTaHOBJIEH Ha ckBaykuHe Ne 8a (puc. 5). [losep-
rasicst ucnpitanausaM: 17.07.2014 — aa ruapasimmdeckoM cterne B PMI YIT «Munck-
BOJIOKaHaJ» Tepell yCTaHOBKOM Ha ckBaxuHy (kpusas 1); 21.05.2019 — na pa-
0oueM MecTe Mo mpejiaraeMoll MeToarke (KpuBas 2). AHaJIU3 KPUBBIX MOKAa3bl-
BaeT, uTo 3a 4 roga u 10 MecsIeB HarmopHast XapaKTePUCTHUKA CHU3WIACH Ha 4,5 M.

[Morpyxuoii Hacoc DB 10-65-65 (npouspoacteo . JIMBHBI) ¢ pabounMu
KOJIecaMU M3 HEp>KaBEIOLIEH CTajy yCTaHOBJIEH Ha ckBakuHe Ne 120 (puc. 6).
IToseprancs ucneitanusaM: 09.02.2018 — Ha rugpaBauyeckoM crenne B PMII
VII «MuHCKBOJOKAaHA» Iepel] YCTAaHOBKONW Ha CKBaxuHy (kpuBas 1);
19.06.2019 — na paboueM MecTe MO mpenjgaraeMod MeToauke (Kpusas 2).
AHanu3 MOJOXKEHUsI KPUBBIX MOKa3bIBACT, YTO 3a | rox u 4 mecsna HarmopHas
XapaKTepUCTHKA CHU3UIIACh Ha 8 M.

Hwm H M
.\\ 90
120 \ g5
115 80 1 B
110 ’\\Q‘\ 75 =
105 70
100 - BS ‘.““\ 2
95 60 P~

55

90

50
43

85

80

40
29 39 49 40 50 60 70 0, mic

75

.. IIpoTtokon ucneiTaHuit:
ITpoToKoI NCTIBITAHU:
1-ma crenge ot 17.07.2014 1 -na crenne or 09.02.2018

2 — na ckpaskune ot 21.05.2019 2 — na ckBakuse ot 19.06.2019

Puc. 5. I'paduxu HamOpHBIX XapaKTEPUCTUK Puc. 6. I'paduxu HamOPHBIX XapaKTEPUCTUK
Hacoca SPC151-B/9 Ha ckBaxune Ne 8a Hacoca LB 10-65-65 na ckBakune Ne 126

Fig. 5. Graphs of the pressure characteristics Fig. 6. Graphs of the pressure characteristics
of the SPC151-B/9 pump in the well No 8a  of the ECV 10-65-65 pump in the well No 12b

HarmopHsie xapakTepucTHKH morpy:xHoro Hacoca D1[B 10-65-65, ycranos-
nenHoro Ha ckBakmHe Ne 10B, mpemcraBieHsl Ha puc. 7. [loBepraics ucmbiTa-
HusM: 31.08.2018 — nHa rungpaBiauueckom cteae B PMI VII «MwuHckBog0Ka-
Ha» Tepesl yCTaHOBKOM Ha ckBaxwuHy (kpuBas 1); 17.05.2019 — Ha paGouem
MecTe TI0 TIpeIaraeMoii Metoauke (KpuBas 2).

AnmpokcuMupyeM KpuByo 1 (puc. 7) MOJTUHOMHAIBHOM 3aBUCUMOCTBIO BU/IA

Hy =c-aQ’-bQ, (11)

IJie ¢ — HEKOTOPBIi (PUKTHUBHEIN HAIOp Hacoca; a, b — Koa(hGHUIMEHTH KPUBOI,
XapakTepu3yomne GUKTUBHOE THAPABINIECKOE CONPOTHBIICHHE.
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IIpoTokon ucnbITaHUIA:
1- na crenge or 31.08.2018 2 — na ckBakune ot 17.05.2019

Puc. 7. Tpadpukn HanmopHbIX XapakTepuctuk Hacoca D1[B 10-65-65 na ckBaxxune Ne 108
Fig. 7. Graphs of the pressure characteristics of the ECV 10-65-65 pump in the well No 10c

H
oben

OmpenensoT aMIDIUTYXy CHIKeHHUS Hamopa AH KaKk cpemHee apudme-

THYECKOEe 3Ha4eHMH paccTosHMi 1o BepTHKanu AH" Mexay ykasaHHBIMH Xa-
paKTEepPUCTUKAaMU TPU HECKOIBKUX pacxonax Q; B 30He MakcuManbHbIX KIT/]

D AH!
Mo =7 (12

Torna BelpakeHHE U XapaKTEePUCTHKK Hacoca H

o6es HA MOMEHT 00c1es10-
BAaHMS MOXKHO IPE/ICTABUTH B BHJIE

HY = 1—% c—aQ’ -bQ. (13)
C

oben

H
obcn 2

CHKeHUE Haropa AH XapaKTCpU3yromiec M3HOC HacCoCa, 3aBUCUT OT

NPOAOJKUTENBHOCTA €ro JKCIUlyaTalud Ha JaHHOM ckBaxxubHe. Ha npyroii
CKB2)XHHE WHTCHCUBHOCTH CHIDKCHHUSI HAIOpPa MOXET ObITh HHOW B CHITY pa3iiu-
Ml B XUMHUYECKOM COCTaBE TIOI3EMHBIX BOJI, COJICPYKAHUU TTeCcKa B MepeKavynBa-
eMOoM BOJIe, YaCTOTe BKIOUYeHUH Hacoca U T. 1. [10].

[lpu HaNM4MKM NaHHBIX HAONIONECHUN B pa3lIMYHbIC MOMEHTHI BPEMCHHU 3a
CHIDKCHHEM HATNlOpPHOW XapaKTEPUCTUKHW HACOCA MOXKHO TOJIYYHTH SMITUpUYC-
ckyio 3aBucumocts AH" = f(t) Buma

AH! = AH

oben

eV, (14)

rae ¥ — ko3 OUIMEHT HHTEHCUBHOCTU CHI)KCHHUS HAIopa HAcocCa, 3aBUCSIIHMA
OT €ro Mapku (IUIs OTpeeNIeHUs \y HeOOXOAUMO TPOBECTH HE MEHEe JIBYX 00-
CJICTOBAHMIA).

OT0 maeT BO3MOXKHOCTB JIENaTh MMPOTHO3 M3MCHECHUS HAMOPHOW XapaKTepH-
CTHKH Hacoca depe3 3aJaHHBbId MPOMEXYTOK BpEeMEHHU {, OTCUMTHIBAEMBIH OT
MomeHTa oOcienoBanus. Torma ¢ yaeroM (11) u (12) momyanm

AHE_ e"
H' = 1———%?3— ¢—aQ® —bO. (15)
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daxTHyeckoe Bpems pabOThl Hacoca Ha CKBR)KUHE MOXKHO MOJYYHUTh M3
COOTBETCTBYIOIIMX OT4ETOB. Tak, MCXOJs M3 JaHHBIX OT4eTa Mo pabore Haco-
ca DIIB 10-65-65 Ha ckBaxune Ne 10B (Tabn. 1), U3 TEOpeTUUECKH BO3MOXK-
HBIX 10224 MoTo4acoB oH oTpaboTan Bcero 6709. [IponomkuTensHOCTh paboThI
B TOZlax OINPEEISETCS O BBIPAKECHUIO

e /8760 =1, (16)

r1€ tpaq — GakTHUECKOE KOIMYECTBO 4acoB paboThl; 8760 — KOJIMYECTBO MOTO-
4acoB B OJTHOM roJy.
Janneie 0 pabore HacocoB mapku DL[B 10-65-65 na ckBaxkunax Ne 126
u 10B mpeacTaBiaeHs! B Ta0M. 1.
Tabauya 1
Jannsbie o pa6ote Hacoca DLB 10-65-65 na ckBa:kunax Ne 126 u 108
Data on the operation of the ECV 10-65-65 pump in the wells No 12b and 10c

DaKTHUECKOE Teopetnueckoe
Jlata KOJIMYECTBO YaCOB PAOOTHI Ly KOJIMYECTBO YaCOB PAObOTHI Lyeop
126 108 126 108
2018 r.
Mapr 618 - 744 -
Anpenb 598 - 720 -
Maii 676 - 744 -
UioHb 281 - 720 -
Uronp 76 - 744 -
ABrycr 273 - 744 -
CeHts0pb 120 217 720 720
OkTs0pb 17 207 744 744
Hos6ps 50 429 720 720
Jexabpb 369 636 744 744
2019 r.

STHBapn 190 611 744 744
Despaib 31 299 672 672
Maprt 17 352 744 744
Arnpenb 20 330 720 720
Maii 391 533 744 744
UioHb 428 604 720 720
Uronp 236 680 744 744
Asrycr 134 417 744 744
CeHts0pb 145 699 720 720
OkTs6pB 640 695 744 744
Bcero 5310 6709 14640 10224

Hcxons u3 maHHbIX TaOI. 1, MPOIOIDKUTEIBHOCTD paboThl Hacoca DB 10-65-65
Ha ckBaxkuHe Ne 10B coctasuser 0,77 roga; Ha ckBaxkune Ne 120 — 0,61 roza.

Kpome Toro, BEISIBIEHO, YTO U3HOC YKa3aHHBIX HACOCOB He oAuHakoB [11].
Tak, HaropHas XapaKTeprucTuka Hacoca Ha ckBakuHe Ne 10B 3a 0,77 roma cHU-
3ujack Ha 4 M; Hacoca Ha ckBakmHe Ne 126 3a 0,61 roma — Ha 8 M. Boib-
masi CTeNeHb M3HOCAa BBI3BAHA TEM, YTO CKBaKWHA No 120 HEKOTOpoe Bpemst
IECKOBAJIa.
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®daktrueckoe cHwkerne K11/ HacocoB onpeaensioch mo hopmyie

n, =Nun 100 9= PIOH 100 g5, (17)
Noors N, V31U coso

1€ Npos, Nporp — HONE3Hass ¥ norpebiseMas MOIMIHOCTH HACOCAa COOTBETCTBEH-
Ho, Br;m,, — KIIJI neurarens; | — cuna toka, A; U — nanpsokenune, B; cose—

KO2(DPUITUCHT MOTITHOCTH.
ITone3Hyto MOIIHOCTh ONMPEAEISUIM 0 CHATOM Ha CKBa)XMHE HAMOPHOM Xa-
paKTepuCTHKE Hacoca, moTpebiseMyto — mo gaaasiM ACY Bogo3adopa.
Pe3ynbrarhl BEIYHCICHMIA TIPEICTABIICHBI B TA0. 2.
Tabruya 2

Jannsbie pacuetoB crenenu cHuzkeHuss KIIJI nacocoB mogenu DB 10-65-65
Ha ckBakuHax Ne 10B u 126

Data of the calculation of the degree of decrease in efficiency of ECV 10-65-65
pumps in the wells No 10c and 12b

Howmep ITonaua ’HHHaMIf_ Hozeswaz [Torpebnsemas KIIQ CreneHn
Jlata YECKUWA | MOIIHOCTh
CKBa- 3aMepOB Haco;:a Q, YPOBCHD Hacoca MOIIHOCTb JIBUTATENS | CHUKEHHMS
0 0
JKUHBI M”/a H, M N Br Hacoca Nyor, BT| 1y, % KIII, %
10 31.08.18| 63,33 66,37 11,72 21,15 55,40 318
? 17.05.19| 72,33 59,00 10,49 27,80 37,73 '
126 09.02.18| 65,23 66,03 11,44 22,74 50,31 446
19.06.19| 67,60 57,00 11,62 41,70 27,87 '
BbIBO/bI

1. Ionyuyena aHanUTHYECKask 3aBUCUMOCTD JIJIS1 OIIPENIENICHUs] Harlopa MorpyxX-
HOTO HAcoca, YCTAHOBJIEHHOTO B BOA03a0OpHOM CKBa)XKMHE, M pa3paboTaHa MeTo-
JIVIKa CHSITHS SHEPTeTHYECKNX XapaKTEPUCTHUK Hacoca Ha ero pabodueM MecTe.

2. llpuBeneH aHAM3 CHIDKEHHS HATIOPHBIX XapaKTEPUCTHK HACOCOB Pa3iimd-
HBIX TIPOM3BOJIMTENEH Ha CKBAXMHAX JEWCTBYIOIIETO BOJ03a00pa MOA3EMHBIX
Boa. [lonTBepkIIeHO, YTO MHTEHCHBHOCTh CHM)KEHUSI HAmopa 3aBHCUT OT IPO-
JOJDKUTENBHOCTH AKCIUTyaTallMd Hacoca Ha JaHHOM CKBa)KMHE, MaTepuaia pa-
004rX KOJIeC Hacoca M COJCPKaHusl MecKa B NepeKaunBacMOi BOJE.

3. Pazpaborana MeTouKa y4eTa U3HOCA MOTPYKHBIX HACOCOB C IEJBIO MPO-
THO3a CHW)KEHHS MPOM3BOAMTEIHHOCTH CKBAXHH B Ipoliecce padoTsl. [Ipemmo-

JKCHO BBIPpAKCHUC JId OIMMMUCAHUA XapPAKTCPUCTHUKU HACOCaA Htl-l B JII000I1 MOMEHT
BpPCMCHU, HCYMCISEMBII OT €0 YCTAaHOBKH B CKBAXXUHY.
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