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Pa3padorka B MATLAB-Simulink
HCKYCCTBEHHOI HEMPOHHOM ceTH

JJISI BOCCTAHOBJICHUS MCKAKEHHON (PopMbI
BTOPUYHOI'0 TOKA

Yacrs 1

10. B. Pnymuenl), ®. A. Pomaniok”

1)]Senopyccmzn?l HaIlMOHANBHBIN TeXHUYECKUi yHuBepcuteT (Munck, Pecybiuka benapyce)
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Pedepart. B nocnennee Bpems HabM0AaeTCs MOBBILICHHBIH HHTEPEC K MPUMEHEHUIO HCKYCCTBEH-
HBIX HEHpPOHHBIX ceTell B Pa3IMYHBIX OTPACIAX 3NIEKTPOSHEPTETUKH, B TOM UHUCIE B pelei-
Ho# 3amuTte. CyIIecTBYIOIUE MUKPOIPOLIECCOPHBIC YCTPOIICTBA PENCHHON 3aIUTHI UCIIONB3YHOT
TPAANIMOHHYI0 IH(POBYI0 00pabOTKy KOHTPOIMPYEMBIX CHUTHAJIOB, CBOMSIIYIOCS K yMHOXe-
HUIO 3HAUCHUH IOCIJIeIOBATENbHBIX BHIOOPOK KOHTPOJIMPYEMBIX CHTHAJIOB TOKA WM HAIPSIKECHHS
Ha 3apaHee OmpeJeNieHHble KOY(OHUINEHTHI ¢ IeNbI0 YCTAaHOBJICHUS UX JIEHCTBYIOIINX BEIIHMYHH.
[Ipu sTOM BBIYMCIIIEMBIE AEHCTBYIOIME 3HAYEHUs 4acTO HE OTPaKalOT pealbHbIX IPOLIECCOB,
MPOUCXOAAIINX B 3aIUIIAEMOM 3JIEKTPOOOOPYIOBAHUN BBUIY, HAIpHMEp, HACHIIICHHUS TpaHC-
(opmaTopa TOKa anepuOIMYECKO cOCTaBIAIOMIEH TOKa MOBpexaeHUs. [Ipu HackIIeHNH TpaHC-
¢dopmMaTopa ToKa ero BTOPUYHBII TOK MMEET XapaKTEPHYI0 HEMEPHOANUECKYIO0 HCKaXEHHYIO (Bop-
My, CYIIECTBEHHO OTJIMYAIOMIYIOCS OT €T0 MEePBUYHOM (MCTUHHON) (DOPMBI, UTO BEJET K 3aHMMKE-
HHIO BBIYUCIAEMOTO AEHCTBYIONIETO 3HAYEHHs BTOPHMYHOTO TOKA 10 CPABHEHHUIO C €r0 MCTHHHOM
JefcTByIONel BeMYMHON. YKa3aHHOE NMPUBOJUT K 3aTSATUBAHMIO BPEMEHHU cpalaThIBaHUS WIIH
BOBCE K OTKa3zy (YHKIMOHHPOBAHHUS YCTPOMCTB peNelHOM 3aluThl 3JIEKTPOOOOPYHAOBAHHS.
Hcnionp30BaHme MCKyCCTBEHHOW HEHPOHHOM CETH COBMECTHO C TPaJHIIOHHON IuQpoBoi obpa-
0OTKOI CUTHAIOB OOecIIeunBaeT HHOM 1MOX0/] K (YHKIMOHUPOBAHUIO KaK H3MEPHUTEILHON, Tak U
JIOTHYECKOH YacTell MUKPOIIPOLECCOPHOTO YCTPOUCTBA PEIEHHON 3alUThl, YTO IO3BOJIAET 3HAYM-
TEJIHO MOBBICHTH OBICTPOAEIHCTBHE M HA/IEKHOCTh (DYHKIIMOHUPOBAHUS TaKUX YCTPOICTB perneii-
HOM 3allIUTHI 110 CPABHEHHUIO C MX TPaJULUOHHON peanu3anueid. BozMoxkHOEe NpUIIOKEHUE UCKYC-
CTBEHHOW HEHPOHHOW CeTH Ul Iieneil peneifHON 3alnTHI 3aKII0YaeTcsl B ONpeNeNIeHNH (akTa
BO3HHKHOBEHUs TOBPEX/IEHHS U €T0 BH/A, BOCCTAHOBIEHHH (OPMBI HCKAKEHHOTO CHUTHANIA BTOPUY-
HOTO TOKa TpaHc(opMaTopa TOKa BCIEACTBUE €r0 HACBHIECHUS JI0 MCTHHHOTO 3HAYEHHUs, YCTaHOBIIC-
HHMH HCKaKEHHBIX  HEHMCKKCHHBIX y4acTKOB CHUI'HaJIa BTOPUYHOTO TOKa TpaHcdopMmaTopa ToKa MpH
€T0 HACBIIEHHH, BBIBICHUH aHOPMAIIbHBIX PEKUMOB PabOThI CUIIOBOTO 00OPYIOBAHMS, COMPOBOXK-
JIAOIINXCSl MCKa)KEHHEM KOHTPOJNMPYEMBIX YCTPOWCTBAMM peNeHHOI 3aIlUThl BEJNHYMH, TaKHX
Kak OpocOK TOKa HaMarHWYMBaHHs CHJIOBOrO TpaHchopmaropa. B cratee neramsHO paccMoTpe-
HBI 3Talbl NPAKTUYECKON peanu3alid UCKYCCTBEHHOI HEMpOHHOH ceTd B cpefe MMHUTalMOHHOIO
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An Artificial Neural Network Developed in MATLAB-Simulink
for Reconstruction a Distorted Secondary Current Waveform

Part 1
Yu. V. Rumiantsev?”, F. A. Romaniuk®

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Recently, there has been an increased interest in the use of artificial neural networks
in various branches of the electric power industry including relay protection. Artificial neural
networks are one of the fastest growing areas in artificial intelligence technology. Recently, there
has been an increased interest in the use of artificial neural networks in the electric power engi-
neering, including relay protection. Existing microprocessor-based relay protection devices use
a traditional digital signal processing of the monitored signals which is reduced to a multiplying
the values of successive samples of the monitored current and voltage signals by predetermined
coefficients in order to calculate their RMS values. In this case, the calculated RMS values often
do not reflect the real processes occurring in the protected electrical equipment due to, for exam-
ple, current transformer saturation because of the DC component presence in the fault current.
When the current transformer is saturated, its secondary current waveform has a characteristic
non-periodic distorted form, which is significantly differs from its primary (true) waveform, which
causes underestimation of the calculated RMS value of the secondary current compared to its true
value. In its turn, this causes to a trip time delay or even to a relay protection devices operation
failure. The use of artificial neural networks in conjunction with a traditional digital signal pro-
cessing provides a different approach to the functioning of both the measuring and logical parts
of the microprocessor-based relay protection devices, which significantly increases the speed
and reliability of such relay protection devices in comparison with their traditional implemen-
tation. A possible application of the artificial neural networks for the relay protection purposes is
the fault occurrence detection and its type identification, current transformer secondary current
waveform distortion restoration due to its saturation up to its true value, detection the distorted
and undistorted sections of the current transformer secondary current waveform during its satura-
tion, primary power equipment abnormal operating modes detection, for example, power trans-
former magnetizing current inrush. The article describes in detail the stages of the practical
implementation of the artificial neural networks in the MATLAB-Simulink environment by the
example of its use to restore the distorted current transformer secondary current waveform due to
saturation.

Keywords: artificial neural network, relay protection, current transformer, saturation, MATLAB-
Simulink

For citation: Rumiantsev Yu. V., Romaniuk F. A. (2021) An Artificial Neural Network Deve-
loped in MATLAB-Simulink for Reconstruction a Distorted Secondary Current Waveform. Part 1.
Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 64 (6), 479-491. https://doi.org/
10.21122/1029-7448-2021-64-6-479-491 (in Russian)
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BBeaenue

[IpaBunbHOCTH HYHKIMOHUPOBAHUS PENICHHON 3aIUTHI ONpeaensercs, B 00-
meM, (aKkTopoM CiIy4aiiHOCTH W HeompezaeneHHocTH [1]. HeBosmoxkHO 3apa-
Hee IpeAyrajatb, Kakoe IOSABUTCA IMOBPEXKIECHHE M KaKue TOKH IPH 3TOM
OyZAyT ero CONMpOBOXKIATh, B KaKOW MOMEHT BPEMEHH BO3HHKHET IMOBPEX[Ie-
Hue, OyeT 1 IpONCXOIUTh HackieHne Tpanchopmartopa Toka (TT) u ¢ xakoit
CTETIEHBIO.

K naceimenuto TT u, kak cineacTBue, HEMPaBUIBHOMY €ro (YHKIMOHHUPOBA-
HUIO IPUBOJST Clenyrone (pakTopel: HUINYKHE YKCIIOHEHIUAIBHO 3aTyXaroMeH
anepruoANYECKOl COCTaBIAIOLICH B TOKE MOBPEXICHUS, NPEBBILICHHE YCTaHO-
BUBIIUMCS] TOKOM ITOBPEXKACHUS AOMYCTUMOTO 3HAYCHMS, HAJIMYHE OCTaTOUYHOM
HaMarHMYeHHOCTH cTajlu MarautonpoBoga TT u mpeBbllIeHHE OOMYCTHMOTO
COIIPOTHUBJICHUS HArpy3KH, MOJKIIOUEHHON KO BTOPUYHBIM LICTISIM.

IIpu Haceimenuun TT, HampuMmep Npu HAIMYUU SKCIIOHEHIUAIBHO 3aTyXaro-
Hield anepuoJMYecKol COCTABISIOIIEH B TOKE MOBPEXKICHHSA, €r0 BTOPUUHBIHA
TOK MMEET XapakTepHYIO HEMEePUOIUUECKYI0 UCKaKkeHHYI0 Gopmy (puc. 1), cy-
MIECTBEHHO OTIUYAIONIYIOCS OT €ro MepBUYHOM (MeanbHOM, HICTUHHOM) (OpPMBL,
T. €. OT Takod (OpPMBI, TOK KOTOPOW HpoTeKan Obl BO BTOpHYHBIX Hemsax 1T
Y TIOABOAMJICS K YCTpOMCTBaM peneitHoit 3ammtsl (P3) mpu OTCYTCTBUHM Hachl-
mieHns. B pesynbraTe mpoucxoauT 3aHMKEeHHE BbruucisgeMoro P3 neiicTyrorie-
ro 3HA4YEeHHUS MPOTEKAIOIIEr0 BTOPUUHOTO TOKA IO CPABHEHHUIO C €r0 UCTHHHBIM
JIEHCTBYIONUM 3HAYEHHEM, YTO BEJIET K 3HAUUTEIHHOMY 3aTATUBAHUIO BPEMEHH
cpabateiBanus P3 mmm BoBce Kk O0TKa3y ee (pyHKIMOHHPOBAHUS, TaK KaK yCTPOU-
cTBa TOKOBOW P3 cpabarbiBaioT mpH NpEeBBILICHUH MPOTEKAIOLIMM B MECTE HUX
YCTaHOBKM TOKOM 3apaHee YCTAaHOBJIEHHOI'O 3HA4YEHUS — yCTaBKU cpabarbiBa-
Husa [2, 3]. Kak Bumgno w3 puc. 1, Bpems cpabatsiBanmsi P3 t, npu Hamuauum
Haceimenwst TT B ATk pa3 mpeBbIiaeT BpeMs cpabateiBanus P3 t; mpu ero ot-
cyrcTBuM. [lomyuenHas 3amep)kka JTUKBUIAIMKA MOBPEXKIECHUS MOXKET IMOBIEYb
3a cOOOll TepMHUYECKHE MOBPEKACHUS JIIEKTPOOOOPYIOBaHUSI W HapyIICHHUE
CEJNIEKTUBHOCTH ycTpoiicTB P3 paccmarpmBaeMoll dYacTH 3HEPTOCHUCTEMEI,
T. €. MO’)KHO TOBOPUTH, UTO B MIPEJICTABIEHHOM CITy4yae OTCYTCTBOBAJIO MPABUJIIb-
Hoe (PYHKLIMOHUPOBaHUE ycTpoiicTBa P3.

B HEKOTOpBIX COBpeMEHHBIX YCTPOCTBax P3 HCIONB3YIOTCS CHIeTIHaTU3UpPO-
BaHHBIE AJITOPUTMBI, TO3BOJISIFOIIUE 3AIIUTE NPABMIBHO (GYHKIUOHUPOBATH MPH
onpeJencHHbIX creneHsx HachiueHus TT. J[anHble anropuTMbl IOCTPOEHBI HA
TPaAUIIMOHHON TIPPOBOK 00pabOTKE CUTHAIOB ¥ B OCHOBHOM IIPOU3BOJST BOC-
CTaHOBJICHHE HCKaKEHHBIX yYaCTKOB CUTHAJIOB BTOPHUYHOTO TOKa, HCIIONb3Y
criennalibHble MHQOPMAIIMOHHBIE TApaMETPhI, PACCYUTAHHBIC HA Y4acTKaX CHI-
HQJIOB BTOPHUYHOT'O TOKA, MPEALIECTBYIOLUINX HACBHIIICHUIO, — TaK HA3bIBAEMBIX
ydacTKax TOUHOU Tpanchopmanuu [4-6].

Takue anropuTMBI CIOXKHBI, TPEOYIOT OOJBIIOTO KOJWYECTBA BXOJHOW HH-
(dbopmannu, UIMEIOT MHOXKECTBO OTpaHMUYCHHUH U He Bcerna agdexrruBHbl. Hckyc-
crBeHHas HeriponHas ceth (MHC) cBoOoHA OT yKa3aHHBIX HEJIOCTATKOB U JIACT
BO3MOXHOCTb 00€CHeuuTh NpaBwibHOE (yHKUMOHMpoBaHue P3 B ycrnoBusx
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Hacermenns TT (mpumenutenpHO K puc. 1: mcmonszoBanne MHC coBmecTHO
¢ P3 mo3Bossier MakCMManbHO MPHONM3UTH KPUBYIO 3 K KPUBOH 4, TEM CaMbIM

obecreunB MPUOIU3UTEIBHOE PABEHCTBO BpEMEH ty = 1y).
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Puc. 1. opma BTOpHYHOro TOKa TpaHc(HOpPMATOpa TOKA IPH €ro HACBILCHUH:
1, 2 — peanbHBII 1 HACATBHBIH BTOPHYHEIE TOKH; 3, 4 — IeiCTBYIONIEe 3HAUCHUE PEaIbHOTO
U UeaTbHOT0 BTOPHYHBIX TOKOB; 5 — ycTaBKa cpabaThIBaHHS
TOKOBOW peICHHOM 3aILUTBI

Fig. 1. Current transformer secondary current waveform during saturation:
1, 2 —real and ideal secondary currents; 3, 4 — real and ideal secondary currents RMS value;
5 — relay protection trip threshold

ApXUTeKTYypa UCKYCCTBEHHOM HelipOHHOM ceTH

Coum nosienenneM MHC o0si3aHa pa3BUTHIO 3HAHWN O MPUHOHNAX (QYHK-
[IUOHMPOBAHMUS YEIOBEYECKOTO MO3ra, a MMEHHO HEHpOHa, 00IaJaroiero Bo3-
MO>XHOCTBIO TTOJTydeHus, 00pabOTKH M AaibHEHIIEeH mepeiadn AIeKTPOXIMHUYe-
CKUX CUTHAJIOB TO HEpBHBIM myTsM [7]. MckyccTBeHHBIN HelipoH (puc. 2)
B MHC mnpencraBnser coboit enuHUIly 00paOOTKH WHGOPMAIMH W SBISETCS

YIPOIIEHHBIM TPOTOTHIIOM OMOJIOTHYECKOTO HEHpOHa, MpeaHa3HAuYSHHOTO IS
BBITIOJTHCHUS aHAJIOTUYHBIX (DYHKITUI B MO3Te€.

Puc. 2. Monenb UCKyCCTBEHHOTO HEHpOHa

Fig. 2. Artificial neuron model

HckyccTBeHHBIN HEHPOH MOYKHO MPEACTaBUTh KaK BBIUYMCIWUTEIbHBIA y3€ll,
Ha BXOJIbI KOTOPOTO MOCTYNAIOT HEKOTOPbIC BXOHBIC 3HAYCHHS (X1, X2,

ey Xn).
Kaxnpiii Bxox HeHpoHa wHMeeT CBOH COOCTBEHHBIH BecoBOW K03(¢u-
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maeHt (Wg, Wy, ..., Wp), T. €. TIepel MOCTYIUIEHHEM B HEHPOH KaXKI0€ BXOIHOE
3HAYCHWE YMHOXKAETCS HA COOTBETCTBYIONIMHA BecOBoW Kod(ddwuimeHT (Bec) u
TOJIBKO TIOCNIE 3TOTO IMOCTYMAET HEMOCPEACTBEHHO B HEMPOH, IZle CyMMHpPYETCs
C OCTATbHBIMH B3BEIICHHBIMH 3HAUCHHSMH, TOCTYIUBIIUMH HA JPYTHE BXOZPBI,
M C BEIUYMHON CMEIIEHUs D, mpeaHasHaueHHoro Ay 6oiee TOUYHOM MOACTPOMKH
3HAUCHUS HA BBIXOJE HeipoHa. TakuM oOpa3oM, B HEHpOHE (OPMHUPYETCsS] HEKO-

TOPOE TPOMEKYTOUHOE BBIXOAHOE 3HAUeHHE S =(XW, +X,W, +...+ X W, ) +b,

MOCTyMarolee Ha BXOJA aKTHBaUMOHHOW (yHKUMM F, Ha BBIXOZE KOTOPOW
u (dopMHUpyeTcs OKOHYATENIbHOE BBIXOJHOE 3HaueHWe HelpoHa Y. Hasnaue-
HUEM YKa3aHHOH (YHKIUHU SBJISETCS OTPAaHMYCHUE aMIUIUTYIbI 3HAYCHUS S
JI0 YPOBHSI BBIXOAHOM BEIUYHHBI Y.

CymectByeT Ooublioe pazHOOOpasue aKTUBAIMOHHBIX QyHKIWA F. Paccmor-
pUM OJHY W3 Hauboliee PacHpOCTPAHCHHBIX HENMHEHHBIX (YHKIUN — THIep-
OonnYecKkui TaHreHC, KOTOpasl B 3aBHCUMOCTH OT IOCTYIAIOLIETO0 Ha €€ BXOJ
3HAYCHMS S BO3BpAIllaeT HAa CBOW BBIXOJ BEIWYHMHY Y B auamazone (—1)-1.
Takum 00pa3oMm, BBIXOJHOE 3HAYCHHWE HEWPOHA 3aBUCHT OT MHOTUX Tepe-
MEHHBIX

y = (X X0 X s [We, Wy, s W, ], b, F).

Hast moctpoenust MHC obpasyromme ee HeHpOHBI JOHKHBI OBITH ONpEeIIeH-
HBIM 00pa30M OOBEAMHEHbI B TaK Ha3bIBAEMBIE CIIOM, I'Zle KaKIbIi HEHPOH CO-
€IMHEH C KaKIBIM U3 HEHPOHOB MPEIBIAYILETO U IOCIEAYIOIIETr0 CJI0EB, IPUYEM
CBSI3b MEXKJy HEHPOHAMU OJTHOTO CJIOS 0TCyTCTBYeT. B 0o6mmem ciyuae MHC co-
CTOHUT U3 BXOAHOTO CJIOS, OJHOTO MM HECKOJIBKUX CKPBITBIX CJIOEB M BBIXOAHO-
ro cmos (puc. 3). B xadecTBe (pyHKIIMM aKTUBAIlMU IJIT HEUPOHOB BBIXOIHOTO
CJIOSI 4aCTO HCIIONB3YIOT JUHEWHbIE (PYHKIMH, KOTOPbIC BO3BPAIIAIOT HA CBOM
BBIXOZ INOCTYMAIOIIEe Ha BXOJ 3HAUE€HHE. DTO HY)KHO IPU BBIIOJHEHUM 337124
anmpoKcUMaluy, 4ToObl HEe OrpaHW4MBaTh BbixoaHble BenuuuHel MHC kakum-
6o nuanazoHoM. [Ipu oTcyTcTBUM Takoi HEOOXOAUMOCTH (Harpumep, IpH pe-
IICeHNH 33]1a9 KITaCCU(UKAIIHN ) MOYKET UCIIONIb30BATHCS HeJTMHEHHAST (DyHKITHSI.

Bxoxuoii CkpHITHIIT CKpBITBII BrrxosmHoit
CJI0i cloii 1 cloii m Cloi
Y _,_Jf > Y »—»f—-—v Yn
}_./ - ;\H/—/
<N N (D
3 — | 5 [y
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Z :f > z J'—'_J—' 1 ’yn
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Puc. 3. OnHa 13 BO3MOXHBIX KOHQHUTYpalLii MHOIOCIOWHON UCKYCCTBEHHON HEHPOHHOM CeTn

Fig. 3. One of the possible configurations of a multilayer artificial neural network
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Cremyer OTMETHTB, YTO BBIYHUCICHHUS MPOU3BOMATCS TOJBKO B CKPBITBIX H
BBIXOJTHOM CJIOSIX, BXOJHOU CIIOM HE CONEP:KUT HEHMPOHOB M MpPEJHA3HAYEH HC-
KII0UnTensHO it BBoga B MMTHC Bxonmmbix 3HaueHuit. Beca W n cMerenus b
Ha pUC. 3 HE MOKA3aHbI.

J7s momydeHus: BbICOKOM MPOU3BOAUTEIBLHOCTH KOJIMYECTBO CKPBITHIX CIIOEB
MOXKET OBITh 0OJiee OJHOIo, TOrJa CETH Ha3bIBalOTCsA MHOrociaoineiMu MHC.
IIpu >TOM YHCIIO KaK CaMUX CIIOEB, TaK M HEHPOHOB B HUX MOXKET Pa3IundaThCs U
MOJIOMPAETCS OMBITHBIM ITyTeM. B JaHHBIX CETAX BBIXOMBI MPEIBIIYIIErO CIOS
SIBJISIIOTCSA BXOJAAaMM mocienyromero. OQHako A anmpoKCUMalUdd HEJIHHEH-
HBIX 3aBUCUMOCTEH MEXIy BXOJHBIMH ¥ BBIXOJHBIMH 3HAUCHUSMH JIOCTATOY-
HO umetb MHC ¢ oAHMM CKPBITHIM CIOEM U MPUEMIIEMBIM YUCIOM HEHPOHOB
B HeM [8].

[locne Toro kxak BbiOpana koHdurypauus MHC, ee HeoOxoaumo oOydHTS.
ITox mporeccoM 00yYEeHHS TOHUMAETCSI COBOKYITHOCTh JICHCTBUH, MTPUBOISIINAX
k Tomy, yto MHC Ha cBouX BBIXOJaX BO3BpalllacT >Kelaemble (WK OJIM3KHE
K HMM) 3HAYCHUS MPH 3aJaHHBIX BXOAHBIX. [Iy1s 0O0ydyeHHs TpeOyeTcs 3apaHee
MOJIFOTOBJICHHBI HA0Op O0YYaIOUIMX JAHHBIX, COCTOSIIUN M3 Map BXOIHBIX
Y COOTBETCTBYIOLMX UM BBIXOJIHBIX 3HAUCHUN:

[(xfxlq yllyl') (xéxg yéy'z)(xﬁxr? yhLyh )]

e X..X] — BXO/HbIE 3HAYEHHs 00yYAIOIIEH NMapbl; Yi...y) — COOTBETCTBYIO-

mue X-..x3 BBIXOJHBIE (3KeIaeMble) BETMUMHBI 00yUaloIeii naphl.

IIpu 5TOM KOMWYECTBO BXOMHBIX 3HAUEHWH (] 0Oydaromied mapsl MOXKET He
PaBHATHCSA YHCITY €€ BBIXOTHBIX BEIMUYHH I, HO JUIA KaXI0W oOydaromeil mapbl
Habopa yKa3aHHOE COOTHOIIEHUE JO/DKHO OBITh OMHAKOBEIM. KommaecTBo 00y-
YaIOMMX Hap N TOHKHO MO BO3MOKHOCTH OMHCHIBATH MPAKTHIECKH BCE PEKUMBI
¢yakunonuposanus 3amensemoro MHC peanbHOro 00bexTa.

YrpomeHHO 00ydeHHe CBOAUTCS K IOCIICIOBATEIIBHON MHOTOKPATHOM IT0-

nmage Ha Bxoapl MHC 3navennit X}]...xr‘]1 KXo 00ydJaroIiei mapel, CpaBHESHUIO

BosBpamaembix MHC BenuunH Y.y cO 3HAYEHUAMH Y-...y' U BHIYMCICHUIO

ommOKY (pa3HUIBI MEXKITY JKeJlaeMOH M TOJydeHHOH BenmunHam#u). Jlamee mpu
M3BECTHOM BEIMYMHE OIIMOKH IO CIEHUaJIbHOMY JTOPUTMY OOpaTHOTrO pac-
NPOCTPaHEHUs MMPOUCXOJUT KOPPEKTUPOBKA 3HAUCHWN BECOBBIX KOA(PQUIIHEH-
TOB W U CMEIICHUH D ¢ [e/bi0 MUHUMH3AIIUH TT0JTy4aeMOi OIIHOKH 00yJICHHS.
W3 BBImIEU3NOKEHHOTO cienyeT, uro odyuenne MHC — 3to mpomecc moucka
r100ATEHOTO MUHHMYMa MHOTOMEpHOW (DYHKIIMU OIIMOKH, TIEPEMEHHBIMU JIJIS
KOTOPOH SIBJISIFOTCSI BCEBO3MOYKHBIE COUETAHUS BECOB U CMEIICHUIA.

[Ipu ycrienmHOM 3aBepiieHNH 00ydeHHS MOXHO yTBepkaath, uto MHC mpo-
W3BeJa ANNpPOKCUMAIIMIO HETMHEHHOTO OTOOPKEHUS MEXITYy BXOJTHBIMU U BBI-
XOJHBIMUA OOYYaIONUMH JaHHBIMA W IPHOOpENa CIIOCOOHOCTh BO3BpAIIaTh
JKeaeMble 3HaYCHHs Ha CBOM BBIXOJBI MPH I0JIaye HA €€ BXObl BEJIMYHH, PaB-
HBIX WK OMU3KHUX K BXOJHBIM 3HAUSHUSIM 00y4JaroIero Habopa.
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[Iporecc oOydueHms mpeKpamaeTcs MpHu TOCTHKEHHH YCPETHEHHOHN IS BCEX
nap Habopa o0y4aloUMX JaHHBIX OMIMOKON HEKOTOPOTO MaJIOTO 3HAYCHHS, WIH
MPY NPEBBIIICHUN 33IaHHOTO YMCIIa 310X alropuTMa o0ydeHus (Yucia mporo-
HOB Bcex map HaOopa oOydaromux maHHeX depe3 MHC), wim B ciydae mpeBbI-
LICHUS] 3aJaHHOTO BpeMeHH oOyuyeHus. OIHAKO HU OJMH U3 MEPEUHCIICH-
HBIX KPUTEPUEB OCTAHOBKM OOYUYCHHs HE TapaHTHUPYeT YCIENIHOCTh JTAHHOTO
mpolecca, TaKk Kak MpH anlpOKCHMAIMKM HETMHEHHBIX 3aBUCHUMOCTEH OMIMOKa
HNHC ne MOXeT paBHATHCS HYINIO, @ TOYHOE NIPUEMIIEMOE €€ 3HAUCHHE 3apaHee
3HaTh HEBO3MOXXHO. W ake MUHMMH3aLMs OLIMOKM HE CBHIETEILCTBYET O Ka-
4yecTBe 00ydeHUsl, TOcKoNbKy MouiHocth MHC OblBacT B mpuHIMIIE HEAOCTa-
TOYHOM WJIM M30BITOYHOHN I alpOKCUMAIIUU TPeOyeMOoW 3aBUCHMOCTH MO0
K€ HaMJEHHbIH MMHUMYM OIIMOKHM OKa3bIBA€TCs JOKANbHBIM, & HE IJ100ab-
HBIM [9].

Haubonee cepresnas mpobnema npu oOyuennun MHC — ee mepeoOyuenue,
T. €. IOTEPS IJIABHOT'O CBOWCTBA — O0OOIIEHHS, YTO MPOSBISAETCS B HECTIOCOOHO-
ctu MHC npaBuinbHO (YHKIMOHMPOBATH MPH T0Ja4e HA €€ BXOJbI 3HAYCHUH,
KOTOpBIC OTCYTCTBOBAJM B HAO0Ope OOYYAIONIUX JAaHHBIX, HO OJIM3KH K HHUM.
Criocobnocte UHC k 000011eHHI0 IO CYTH SIBISICTCS WHTEPIIOJIIMPOBAHHEM,
BO3MOXKHOCTBIO TIPEJICKa3bIBATh HEW3BECTHBIE 3HAYCHHS (DYHKIUH IO HUX W3-
BECTHBIM CMEXHBIM BennuuHaM. CTouT otMeTuTh, uto MUHC He oOnagaer cBoii-
CTBAMHU JKCTPATONSAIUHN (T. €. CIOCOOHOCTHIO TPENCKa3hIBaTh 3HAYCHHS BHE
JMana3oHa 00y4YaroIuX JaHHBIX), TO3TOMY Ha0Op 00y4YaOIIUX TaHHBIX JOJDKEH
0XBaTbIBaTh BECh BO3MOKHBIN AMana3oH ux nudmeHnenus [10].

[lepeoOydyeHne BO3ZHHKAET MPH YPE3MEPHOM IO OTHOILICHUIO K CIOKHOCTH
pemraemoii 3amaunm konwmdecTBe HelipoHoB B MHC. Torpma BerumcnuTenbHas
MomHOCTh (TnOKocTh) MHC, ompenensiemass 9ucioM CBOOOIHBIX MapaMeTpoB —
BECOB W H CMEIIEHMI D, oka3piBaeTcs HAMHOIO OOJIbIIE, YeM HEOOXOIUMO IS
BEITIOJTHEHHS aNMPOKCUMAIMK HEIMHEWHOTO OTOOpPaKEHUS MEXKIY BXOJHBIMH
Y BBIXOJHBIMU O0Y4YaIOUIMMU TAHHBIMH.

Cy1iecTBYIOT /1Ba ITyTH PEIICHUS YKa3aHHOH BBIIIE MPOOIEMBI: TIOCTETICHHOE
ynpouienue konpurypauun MHC m0 HaxoXIeHHS JOCTaTOYHOTO KOJIMYECTBa
CBOOOIHBIX MapaMeTpOB, OOECTIEYNBAIONINX ONTUMAIBHYIO C TOYKH 3pEHUS pe-
mraeMoii 3agaun koupurypanuo MHC, niubo ucrnons3oBanue crenuaibHbIX HC-
KYCCTBEHHBIX METOAOB orpanuueHus momHoctd MHC 6e3 n3MeHeHus: ee KOH-
¢urypanum.

Yem Oomblive 3HAYEHUs MpPUCBaMBarOTCsA cBoOOaHBIM mapameTpam MHC B
mporiecce 00ydeHHs], TEM BEIIIIE €€ BRIYUCIUTENbHAS MOITHOCTH. [losToMy ecim
HE TMO3BOJHUTH UM MpUOOpecTH OOJbLINE 3HAYEHHsI, 3TO OTPAHUYUT BBIYMCIIHU-
TenpHyI0 MorHocTh THC ¢ HeonTuManbHOU 110 OTHOIIIEHHUIO K pelraeMoi 3aa-
4ye KoH(purypamnueit, u Takas MHC ¢ UCKyCCTBEHHO OrpaHHYEHHBIMU 3HAYCHUS-
MH CBOOOJHBIX IApaMETPOB IO CBOeH MoirHocTu cpasusercs ¢ MHC ¢ onru-
MaJIbHOH KOH(UTypalHeH.

PaccmoTpum oauH U3 MOJOOHBIX METOJOB, TaK HA3BIBAEMYIO PAHHIOIO OCTa-
HOBKY, OCHOBaHHBIN Ha octaHoBKe 00yueHus MHC no MomeHTa pHOOpeTeHHS
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ee BecaMH M CMEIICHUSIMHU OONBIINX 3HaYeHHH. B 3TOM citydae HeKoTopast 4acTb
Habopa oOyyaromnx AaHHBIX pe3epBUPYETCA B KauecTBE MPOBEPOYHOr0 HaOOpa
M HETNOCPECTBEHHO HE y4JacTBYET B Iporiecce oO0yueHus. [lepuoamaeckn oby-
YeHWEe TPEpPHIBACTCS, M TPOBEPOUYHBIM HaOOp momaercs Ha Bxoasl MHC mms
OLIEHKW Toiy4yaeMoil ommnOku. Ecim ommbka ¢ KakKABIM Pa3oM NPUMEHEHHS
MPOBEPOYHOTO HabOpa yMEHBIAeTCs, 3TO CBHUIETENLCTBYET O TOM, UTO Tepe-
obyuyenne MHC otcyTcTBYeT 1 mporecc o0ydeHus mpogoinkaercs. Tak mpouc-
XOIHT A0 TeX MOp, MOKa OIKOKa Ha HA0ope 00yYaromuX JaHHBIX HE YMEHBIIHT-
Cs 10 HEKOTOPOTO MAJOTO 3HAYeHUS WU OyNeT MOCTUTHYTO MaKCHMAallbHOE
YHCIIO0 3MO0X 00yYEeHHs MPH YCIOBUM OJTHOBPEMEHHOI'O MOHOTOHHOTO yMEHbIIIE-
HUs OIIMOKY Ha TIPOBEPOYHOM Habope.

B cmyuae ecnu 00e ommOku B mporiecce 00ydeHHs HE JOCTHTIH JIOCTaTOY-
HOT'O MaJIoTo 3HA4YeHHs 332 MaKCUMAaJbHOE YHCIIO MTEpalui, 3T0 MOXET yKa3bl-
BaTh Ha TO, uro MHC He oOnamaeT HEOOXOMUMOW MOITHOCTBIO JJIS PEIICHHS
MOCTaBJICHHOH 3a/1a4u M €€ KOH(PUTypaIlio ClieAyeT U3MEHHUTh B CTOPOHY yBe-
JINYEHHUS] KOJTMYECTBA HEUPOHOB.

Ecnu monyuaemast ommbka Ha NMPOBEPOYHOM Habope HaYMHAET MOHOTOHHO
YBEJIMYMBATHCS 33laHHOE KOJIMYECTBO 3MOX MOJPSA, 3TO CBUIETEILCTBYET O TOM,
yro MHC mnepeobyuaercsi, T. €. mpHoOpeTaeT H3OBITOYHYIO sl KOHKPETHOTO
Habopa oOy4arolyX JAHHBIX BBIMUCIUTEILHYIO MOIIHOCTH 33 CUET YBEIMUYCHUS
3HAUYEHNI CBOOOAHBIX MapaMeTpoB. B nanHOM ciydae oOy4yeHHe OCTaHaBIMBACTCS
u anroput™m oOyuenus Bo3Bparraer MHC BecoBbie KOd(hHUIMEHTH W U CMelIIe-
aust b, pu KOTOPHIX oImMOKa Ha POBEPOYHOM HAOOPE ObLIIa MHHMMATBHOM.

[Tockonbky mpoBepoUHBI HA0OP B Mpolecce 00yUYeHHs MCIONb3yeTCs] MHO-
TOKpaTHO, OH MOXKET BJIMATHh Ha mporecc oOydenuss MHC, craHoBsCh Kak ObI
yacTpio oOydarorero Habopa, 9To, B CBOIO O4Yepeab, MOXKET MPUBOIUTH K ITOIY-
YEHUIO HEJOCTOBEPHBIX pe3yjbTaToB. B cBs3M ¢ 3TUM U3 Habopa oOyyarommx
JTAHHBIX PE3epPBUPYETCS €Ille OJJHa YaCTh — TECTOBBIN HA0Op, KOTOPBIN MpHUMEHS-
eTcsi OAMH pa3 yxke mocie oxoHdaHws oOydenuss MHC mist monrBepkaeHUS
a/IeKBaTHOCTH TOKa3aTelled KauecTBa ee (DYHKIIMOHHWPOBAHMS, MOJTYUYCHHBIX Ha
oOydJatomeM u mpoBepodHoM Habopax [11].

Eme omauM m3BecTHRIM MeTooM orpaHuueHust momuocT MHC 6e3 m3me-
HEHHsI ee KOH(HTrypauuu sBisieTcs peryispusanus. [Iponecc oOyueHHs KOH-
TPOJHUPYETCS CIENUATBHBIM aITOPUTMOM, MHUHUMH3UPYIONINM HE TOJBKO
omn6ky MHC, HO M KBagpaTHYHYI0 CyMMY 3HAa4eHHMH €€ BECOB M CMEIEHH,
YTO HE MO3BOJIECT UM YBEITMUMBATHCA O OONBIINX 3HaUeHUU. B 3TOM cirydae He
TpeOyercs (hopMHUpOBaHHE MPOBEPOYHOTO HAOOpa JAHHBIX, TTOTOMY OoIbIee
UX KOJIMYECTBO MOXKET MCIOIBh30BaThCS ISl 00y4Jaroero Habopa.

Hns obecrieuenus 3¢p(GHeKTHBHOCTH M cKOpocTH mporecca obyuenus MHC
BXOJTHbIE ¥ COOTBETCTBYIOIINE UM BBIXOJHBIE 3HAUYCHUS 00y4aroImuX map Habo-
pa 0oOydaromux JaHHBIX JOJDKHBI ObITH COOTBETCTBYIOIIMM 0O0pa3oM IpejBa-
putenbHO oOpabotanbl. HampriMep, OCHOBHBIM TpeOOBaHUEM, MPEIbIBISIEMBIM
K BxoaHbIM naHHbiM MHC, sBisiercst ux HopMmanu3auus K uHTepBanty (—1)-1
NPy HAJTMYUHM B HaO0Ope 0O0YyYalolINX JaHHBIX OTPHIATEIHHBIX 3HAYCHUH WIIH K
uatepBany (0-1) mpu HAIUYUK TOJBKO TOJIOKHUTEIBHBIX 3HAUCHHUH. [IOCKONBKY
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9Ta OMepalnus CBsA3aHA C 0COOCHHOCTSIMH (YHKIIMOHUPOBAHUS AJITOPUTMa 00Y-
YeHUs!, K BBIXOAHBIM 3HadeHussM MHC nomkHa puUMeHsThCsl oOpaTHas orepa-
111, BOCCTaHABIIMBAIOIIAs PEAbHBIN MaciTad Habopa 00yJaroIIUX JTaHHBIX.

IIpuio:keHne HCKYCCTBEHHO HEMPOHHOM ceTH
IJIS1 eJied peJieifHOi 3aIuThI

Onno w3 Hambosiee mepcnekTuBHBIX npuinoxennit MHC mis P3 — Boccra-
HOBJICHHE HCKa)K€HHOW (OpMBI CHrHaja BTOpHMYHOro Toka TT BcieacTBue
HACBHIILIEHUSI €r0 MAarHUTONPOBOAA A0 MCTHHHOW ¢opmbl [12—19]. Ecnu moo-
XKUTh, 9TO BTOpHYHBIA TOK TT sBusercs (yHKIMEH ero mepBHYHOTO TOKa,
T0 nenb odydenuss MHC 3akimovaercst B anmpoKcUManyuy HEJTMHEHHOHN 3aBHCH-
MOCTH MEXIy BTOPUYHBIMH H COOTBETCTBYIOIIMMH MM 3HAaUYEHHUSIMU HPUBEICH-
HOTO MEPBUYHOI0 TOKA JUISl HAX0XKICHHUSA MHBEPCHON (DyHKIMHU, IO KOTOPOH Oy-
JIeT OCYILECTBIISITECSI BOCCTaHOBJIEHHE POPMBI CUTHaNa BTOpUIHOTro Toka TT.

Paccmotpum atamel peanuzanuu MHC B cucteMe MMUTAIMOHHOTO MOJIEITH-
poBaans MATLAB-Simulink ¢ ucmonp3oBanreM makera pacmmpeHust Neural
Network Toolbox [11] (B mocnemgHux Bepcusx TMakeT HOCUT HaszBaHHe Deep
Learning Toolbox).

Habop oOywaromux DaHHBIX IOJDKEH COAEP)KaTh Mapbl AMCKPETU3UPOBAaH-
HBIX TI0 BPEMEHU CUTHaJIOB BTOpu4HOTO ToKa TT (BXOAHBIE 3HAUEHUS) U COOT-
BETCTBYIOIMX MM CHUTHAJOB NPHUBEIEHHOTO MEPBUYHOTO ToKa TT (BBIXOIHBIE
WK Kenaemble 3HaueHus). st popmupoBanus Habopa 00y4arOUINX JaHHBIX B
cucreme MATLAB-Simulink ¢ ucrons3oBanueM OJIOKOB TaKeTa PacIIUpEHUS
SimPowerSystems [20] (Simscape Power Systems B mocieaHHX BepcHsiX) pea-
JIM30BaHa MOJIENb YaCTH SHEPTOCUCTEMBI, IPEACTaBICHHAs Ha puc. 4.

Fo=Hz
=—\_\_—h—j|1 = » U » izreald
LPF_1 ADC_1 Buffer 1  Convert2Dto1.n |2 Workspace 1

Y

vy Fo=Hz
’_’; —\\_—FJ_I—L | > Uf:) P i2idealA

Divide LPF_2 ADC_2  Buffer2 ConvertzDto1-D 2z '°Workspace 2
. CT ratio
- | S—n “ n
11 AN Eaw
N 2n— (=]
Eqg. system HB 2en—m[—=]
Ale— oA
Equivalent systemp—l—q Blf=———=(B {
nc
c C
cT Fault

Puc. 4. dDopmupoBanue HabOpa 00yJaIOIIKX JaHHBIX
C UCIIOJIB30BAHUEM MOJICIH YaCTH SHeprocucteMsl, peanuzoBantoit B MATLAB-Simulink

Fig. 4. Training dataset preparing
with the use a MATLAB-Simulink model of an equivalent power system
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PaccmarpuBaemasi Mojienb BKIIIOYAET CIEAYIONIME dJIeMEHTHI. [lutaromias
9KBUBaJICHTHas SHeprocucrema (Equivalent system) npencrasisiercs craHaapT-
HBIM OIIOKOM MoOJenH Tpex(hasHOro HWCTOYHHKA HampsokeHws T hree-Phase
Source. B cBs3u ¢ oTcyTCTBHEM B CTaHIapTHON Onbnmnoreke SimPowerSystems
osioka TT (CT) oH pa3paboTaH U peajar3oBaH C HCIOJIb30BAHUEM CTaHIapPTHBIX
6mokoB Simulink B cootsetctBuu ¢ [21]. IToBpexnenune (Fault) mpeacrasnsiercs
CTaHJApTHBIM OHONMMOTEYHHIM OJIOKOM MOJAEIH Tpex(a3HOro KOPOTKO3aMbl-
karens Three-Phase Fault, mogenupyromum Tpexdasnoe ycTpoicTBO, 3aMbIKa-
toniee (aszbl Mexay co00M, a TaKkKe Ha 3eMJIr0. [ eHepupyeMble CUTHAIBI peallb-
HOT'O BTOPUYHOTO W TPUBEIACHHOTO 4epe3 Kod(h(UIMEHT TpaHChopMalliu mep-
BuyHOro toka TT, mogaBaeMble Ha BXOJ aHAIOrO-IU(GPOBOTO Mpeodpa3oBaTe-
ns (ADC), momkHBI TIpeaBapUTEIbHO TPOXOIUTH Yepe3 (PriIbTp HUBIIHMX dac-
ToT (LPF). ®unbTp HHU3MmMX YacTOT mpezcraBisiercs Onokom monenu 2nd-Order
Filter, ocHoBHOI ero mapameTp — 3HaYEHHE YACTOTHI cpe3a. AHAIOTO-ITU(PPOBOIT
npeobpasoBareib npescrasisiercss 6mokom mozenu Zero-Order Hold, mapamer-
POM KOTOpOTO SIBIISICTCS OTHOIICHWE 3HAYEHUS JIMTEIBHOCTH TEpPHOJa IPO-
MBIIJIEHHON YacTOTHI K BEIMYMHE YHCJIa BEIOOPOK 3a MaHHBIN niepuo. [Ipumem
4acTOTy IUCKPETU3alMH, paBHYI0 32 oTcueTaM (BBIOOpKaMm) Ha HEPHOA IMPO-
MBINIIEHHOHN 9acToThl. M3mepenne nepeuanoro Toka (11 AN) u onepanus nene-
HUs nipencTaBistores 6mokamu Current Measurement u Divide cootBeTcTBEeHHO,
JaHHBIC OJIOKM MapamMeTpoB He uMmeroT. brnoku mopmeneit Buffer, Convert 2-D
to 1-D u To Workspace npennasnauens! it GOPMUPOBAHUS U3 THCKPETUIUPO-
BAaHHBIX CUTHAJIOB TOKOB 1T Habopa oOydaronux MaHHBIX TaKUM 00pa3oM, 4TO
Bxoxuble (i2realA) u BeixonHoe (i2ideal A) 3HaueHus kaxa0it 0Oyyaroniel mapbt
Habopa SIBISIOTCS UPPOBBEIM OTOOPAKEHUEM CKOJIB3SIICTO BIOJb YKa3aHHBIX
CHTHAJIOB TOKA OKHA JIaHHbIX.

dopmupyemblii Habop 0OyyaromMX AaHHBIX JOJDKEH IO BO3MOXKHOCTH OT-
paxath Bce (hopMbl BTOpHYHOro Toka TT, HCKakeHHBIE BCIIEICTBHE €r0 HACHI-
nieHus. Jns ux monydeHus HeoOXOJWMO MPOWU3BECTH MHOT'OKPATHBIA 3aITycK
pa3paboTaHHON MOAETH YaCTH YHEPTOCUCTEMBI C U3MEHSIOINUMHUCS B ITHPOKOM
JIana3oHe MmapaMeTpaMu 0JIoKa, MOAETUPYIONIETO MHTAIOIIY0 SKBUBAICHTHYIO
cuctemy. OOIIee YUCIO 3aITYCKOB MOJICIH OIPENCISeTCs YCIOBHEM, MPH BbI-
MOJTHEHUU KOTOPOTO OCYLIECTBIAETCS mepebop Mexay coboil Bcex coueTaHuit
3HAYCHUI U3MEHSIOIUXCS TTAPAMETPOB MOJICITH C YUETOM IIara UX U3MCHCHHS.

TpancdopmaTop TOKa MPUHAT CO CIECAYIOUIMMHU MapameTpaMu: KodpQuim-
ent tpanchopmanuu 600/5 A (T. e. |y = 600 A), HOMHHANBHAS TIpeCTbHAS
KpatHOCTh (Ki,,) 20, HOMHHaNBHAsT BTOpHYHAs Harpyska (S.,) 20 B-A, dpaxru-
yeckas BropuuHas Harpyska (S,) 20 B-A, kimacc Tounoctu 10P.

JetictByromee 3HaueHue Toka K3 |, wu3MeHseTrcs B 1uamaszo-
He (0,501 40vKion — 3linonKuoyn) A. TToCTOSIHHAST BpeMEHH DKCIOHCHIIMABLHO 3aTy-
XaroIlell anepuouYecKod COCTABJISIONICH TOKa IMOBPEXJCHUS T WU3MEHSAETCS
B quanaszone 0—0,1 C. Yron BO3HUKHOBEHHUS MTOBPEKICHUS () MU3MEHSIETCS B Tna-
nasone 0-360".

B cBsi3u ¢ M3MEHEHHWEM BO BCEM BO3MOXKHOM JMaria3oHe ¢ Habop oOydvaro-
MIMX AaHHBIX (OPMHUPOBAICS C HCHONBb30BaHHEM ToJbKO TokoB TT ¢aser A.
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MOMEHT BO3HMKHOBEHHS TTOBPEKACHHUS COOTBETCTBYET MOMEHTY Hadaja Moe-
JMPOBAHUSI.

Bpemsi cuMynsnmu MOAETH COCTaBISUIO JBa IIEPUOJAa HPOMBIILIICHHOM
gactoTsl — 0,04 ¢c. Takum 00pa3oM, Mocie Kaxaoro 3amycka Mojaenu GopMupy-
I0TCS (C YYETOM CKOJIB3ALIETO OKHA JaHHBIX) Mo 32 mapsl Habopa oOydaromux
JAHHBIX JJIsl KQXKJ0T0 MEepUoJa TPOMBIIUICHHON YacTOTHI, T. €. CYMMAapHO JJIs
JBYX nepuoioB — 64 mapsl. [Iporiecc MHOrOKpaTHOTO 3amycka U M3MEHEHHS T1a-
pameTpoB MOzAenu aBToMaTH3npoBaH cpeactsamu MATLAB.

Pe3ynbraThl BBIOJIHEHHBIX UCCIICAOBAHUI OyIyT MPEICTaBICHbI BO BTOPOM
YacTH CTaThH.
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Pedepat. B crathe paccMOTpeHBI M CHCTEMAaTH3HPOBAHBI NPUYUHEI BO3HUKHOBEHUS BBICOKHX
3HAYEHUH TOKOB KOPOTKOTO 3aMBIKaHHs B 3IEKTPHUECKUX CETAX A0 1kB m ykazaHbl ux HeraTus-
HBIE TTOCIIeACTBHS. [IpHUBe/ieH KpaTKui aHaIN3 HEKOTOPBIX CIIOCOOOB TOKOOTPaHUYCHUS (C AOTON-
HMTEJBHBIM BJIOKCHHEM CPEJICTB M 0e3 HEero), MO3BOJIIOINX CHU3UTh HeraTuBHbIC 3G (EKThl IpH
MIPOTEKAHNH 3HAYUTENLHBIX TOKOB KOPOTKOTO 3aMbIKaHHs. PaccMOTpeHBI BapHaHTHI pealu3aliuiu
JAaHHBIX CIOCOOOB TOKOOTPaHUUEHUSI, PEKOMEHIYEMbIX K MPOpabOTKe Ha 3Tare MPOEKTUPOBAHUS
WU TIpH 3aMeHe 000pyoBaHMs, BEIpabOTABIIEro CBOM pecypc. YKa3aHbI IPEUMYILECTBA U HEIO0-
CTaTKM OIHMCAHHBIX B CTaTh€ METOJUK OTPAHUUYECHHUS] TOKOB KOPOTKOro 3amblkaHus. IIpoanamu-
3MPOBAaHBI BAPHAHTEHI MOJIKIIIOUCHUST 000PYIOBAHHS ¢ HU3KHM YHEPrONOTPEOJICHHEM B y3IIBI HJICK-
Tpudeckoi cetn 10 1kB ¢ BEICOKMMM 3HAUEHUSIMU TOKOB KOPOTKOTO 3aMblkaHMs. Ocoboe BHUMa-
HHUE YZEJIICHO TOKOOTPAaHWYUBAIOIIUM amllapaTaM 3alllUThl, JaHO IMOJAPOOHOE ONMCAHWE KOHCT-
PYKIMH HEKOTOPBIX U3 HMX, yKa3aHbI MPEUMYIIECTBA UX MPUMEHEHHS 10 CPABHEHHIO C WHBIMU
METOJlaMH TOKOOTPaHUYEHHMS, IPEACTaBICHbl COOTBETCTBYIOLINE I'PAdUKU OrPAHUYCHUS IEPHO-
JUYIECKOH COCTaBIIONIEl TOKa KOPOTKOTO 3aMBIKaHUS, yJAPHOTO TOKa KOPOTKOTO 3aMBIKAHUS
U TEPMUYECKOr0 MMIyibca. Ha OcCHOBaHMM aHanM3a TpadUuUecKUX MaTepHaOB PacCMOTPEH
BOIIPOC 0OECIICUCHNsI CEJICKTUBHOCTH 3aIUT. M3ydeHa cTeneHb pacnpoCTpaHeHHOCTH 000pynoBa-
HHs, 00J1aJJa0IIero CBOMCTBOM ToKkoorpaHudeHus. IIpuBeneH crocod onpeneneHus CeNeKTUBHBIX
TOKOOTPAaHWYIMBAIONIMX allapaToB 3aIUThl — METOM YHEPTeTHIECKON CEJICKTUBHOCTH, IIPECTaB-
JIeH COOTBETCTBYIOLIMH rpaduk onpeeneHus SHepreTuueckoii cenekruBHocty. Onucana Gpusnka
NIPOLIECCOB, MO3BOJLIIOIINX BBLIBUTH CTEHEHb 3()(EKTUBHOCTH OTPAHWYEHHS TOKa KOPOTKOTO 3a-
MbIKaHus. [IpesiokeHbl BapHaHThl IPHMEHEHUS] TOKOOT PAHMYHMBAIOLIEro 000py10BaHuS!.
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Abstract. The article discusses and systematizes the causes of high values of short-circuit currents
in electrical networks up to 1 kV and indicates their negative consequences. A brief analysis
of some current limiting methods (both with and without additional investment) is given, which
makes it possible to reduce the negative effects when significant short-circuit currents occur.
The variants of the implementation of these current limiting methods recommended for study at
the design stage or when replacing equipment that has exhausted its resource, are considered.
The advantages and disadvantages of the methods of limiting short-circuit currents described in the
article are indicated. Options for connecting equipment with low power consumption to nodes
of the electrical network up to 1 kV with high values of short-circuit currents are also considered.
Special attention is paid to current-limiting protection devices, a detailed description of the design
of some of them is given, the advantages of their use in comparison with other current-limiting
methods are indicated, the corresponding graphs of the limitation of the periodic component of the
short-circuit current, shock short-circuit current and thermal pulse are presented. Based on the
analysis of graphic materials, the issue of ensuring the selectivity of protections is considered.
The degree of prevalence of equipment with the property of current limitation is determined.
A method for determining selective current-limiting protection devices is given, viz. the method
of energy selectivity, the corresponding graphs for determining energy selectivity are presented.
The physics allowing to determine the degree of efficiency of limiting the short-circuit current
is described. Recommendations on the use of current-limiting equipment are proposed.
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limitation curve, current limitation fuse link, trip, short circuit protection, trip unit, energy based
selectivity, Joule integral, thermal pulse
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BBeaenue

Ha mmnaax 0,4 kB TII 6/0,4 kB u 10/0,4 kB, a Taxoke Ha HEKOTOPHIX pacIpe-
JIeNUTENBHBIX ycTpoiicTBax 0,4 kB 3HaueHHe TOKOB KOpOTKOTO 3ambikanus (K3)
YacTO JOCTUTAET BEJIMUYMHBI B HECKOJBKO NECATKOB Kuioammep. OaHa u3 npu-
YUH JaHHOTO SBJICHUSA — 3HAYUTENbHBIA KO3 (UIIMeHT TpaHchopMaIiy IS Tie-
pemadu TOW e BENWYMHBI JJIEKTPHYECKON MOIIHOCTH Ha JPYroM YypPOBHE
HanpsbkeHus. Bricokoe 3HadeHue Toka K3 Ha paccMarpuBaeMbIX ydacTKax
AIEKTPUUECKON CETU UMEET MECTO IMPH CIAEAYIOIIMNX YCIOBUSIX:

* BBICOKOM MOIITHOCTH SHEPTOCHCTEMBI B MECTE YCTAHOBKH CHIIOBOTO TpPaHC-
dhopmatopa;

e BBICOKOW MOIIIHOCTH CHJIOBOTO TpaHC(hopMaTopa (HECKOJBKO COTCH KHIIO-
BOJIBT-aMIIEP U BEIIIIE);

e HE3HAUMTENIbHON  DIEKTPUYECKON  YOAIEHHOCTH paclpeaeTuTeIsHOr0
ycrpotictsa ot muH 0,4 kB TIL.

Hanmuaue Bpicokoro Toka K3 mpuBOIWT K CYHIECTBEHHOMY TEPMUYECKOMY
M JJEKTPOAMHAMHYECKOMY BO3JIEHCTBHIO Ha 3JIEKTPOOOOpyAOBaHWE, COOpHBIE
IIUHBI ¥ Ka0elu, 4To, B CBOIO 0UEPEe/b, TPEOYET UCIOIBb30BaHuUs JOPOTOCTOSIIE-



A. I0. Kanycmunckuil, C. B. Koncmanmunoga
494 Crtoco0Obl TOKOOTpaHUYCHHS B IJIEKTPHUYECKUX ceTax 10 1 kB

ro (TepMUYECKH W TUHAMHYECKH 0OJiee CTOMKOTO) 000PYyIOBaHMUs, CIIOCOOHOTO
MPOTHUBOCTOSITh JAHHOMY BO3JICHCTBHIO.

OCHOBHOE yJIOPO’KaHME CXEMBI CBS3aHO ¢ HEOOXOIUMOCTBIO MTUTAHHS HEOOIIh-
moi Harpy3ku (10 3 kB-A mpu omHodaznoit Harpy3ke u 10 10 kB A mpu Tpex-
(hazHOM) HEMOCPEACTBEHHO OT pacrpenenuTensHoro ycrpoiictea 0,4 kB TII mam
B 00X0J1 BBOJIHOTO BBEIKJIFOUATEJISI BBUIY HU3KOW TEPMHUECKON CTOWKOCTH Kade-
7€l MUHUMAJIBHOTO JIOITYCTUMOTO T10 YCIOBUIO MEXaHHYECKOU MPOYHOCTH Ceue-
Hist (2,5 MM?). XapakTepHBIMH MOTPEOUTEISIMHA MaOif MOIIHOCTH B JaHHOM
y3JIe SHEPTrOCUCTEMBI SBIISIOTCS, K MPUMEPY, IIUTHI COOCTBEHHBIX HYXK]| TPaHC-
tdhopmatopubix moactannuid (TII), mkadpl aBTOMAaTH3HPOBAHHBIX CHCTEM KOHT-
ponst u yuera snekrposHeprun (ACKVYD), mkadsl tenemexanuku (TJIM) mnu
IIUTHI aBAPUIHOTO OCBELICHHS HEOOIBIINX MTOMEIICHHIA.

3HAYHUTEIILHOE TEPMHIUYECKOE M AIEKTPOAHMHAMIUYECKOE BO3JICHCTBUE HA DIIEK-
TPOOOOPYIOBaHHE TIPUBOJIHT K €0 CYNIECTBEHHOMY H3HOCY.

OcHoBHasl YacTh

Jns cHWXKEHWS HETaTHMBHOTO BO3IEHCTBUS MPH MPOTEKAaHWUH OOJBIIOTO
Toka K3 mpuMEeHSIOT HECKOJIBKO CIIOCOOOB TOKOOTPAHWYEHHS, YMEHBIIAIOIMINX
BEPOSATHOCTH Jie(hopMallui U pa3pylIeHUs 00OPYJIOBaHUS, HAPYIICHUS PaOOThI
COCEHUX M3MEPUTENBHBIX MPUOOPOB, BOSHUKHOBEHUS MOXKapa, YTO MO3BOJISET
YBEJIIMYUTHh CPOK CIY:KOBI 00OpYyHOBaHUS, CHU3UTH KalUTAIbHBIC W JOMOJ-
HUTENbHBIE 3aTPATHl HA CTPOUTEIHCTBO O0BEKTA, MPUMEHATH KAaCKaJHBIE COETH-
HEHUSI.

Hawubonee npoctoii ciocod cHmkeHus Toka K3 — ycraHOBKa CHIIOBOTO TpaHC-
(dopmaropa ¢ moBbimeHHbIM 3HaueHueM HampsokeHus K3 (Uke,). Hampsixe-
nue K3 tpanchopmaropa xapakrepu3yeT ero MOJTHOE CONMPOTHUBIICHHE. Y BEIH-
YeHHE TOJHOTO COMPOTHBICHHUSA TOAKIIOUYEHHOTO ITOCIIEOBATENbHO DIIEMEHTa
CHWXaeT 3HaueHue Toka K3 3a maHHbIM aneMeHTOM. [[jist MHOTHX TpaHCchopMa-
topoB 10/0,4 u 6/0,4 xB cranmaptHeie 3HadeHus HamnpsbkeHuss K3 cocras-
nst0T 6 1 8 % AN OHOTO W TOTO K€ TUMa TpaHcdopmaropa, IPOU3BOAUMOTO
Ha OJHOM 3aBoje. lIpemmyIecTBO MaHHOTO METO/Aa — OTCYTCTBHE IOIIOJIHH-
TEJIbHBIX 3aTpaT Ha YCTAHOBKY OOOPYAOBaHHSA, a HEAOCTATKAMH SIBIISIFOTCS yBe-
JUYEHUE TIOTEPh PEAKTHUBHONH MOIHOCTH W HAIpPsDKEHUS B TpaHChopMmaTope
¥ HECKOJIBKO MEHbBIIasl pacipoCTpaHEeHHOCTs TPaHC(HOPMATOPOB C OMIKEH BHI-
Oopa Hanpspkerns K3.

JlononHUTENBHBIX 3aTpaT He TpeOyeT peKMMHOE TOKOOTpaHUYEHHE, TToApa-
3yMEBalolee 3ampeT Ha BKJIIOYEHHE JOTOJIHUTENBHBIX HCTOYHHMKOB IOATHT-
ku K3 k onpeienieHHpIM y3/1aM JCTIETYEPCKAM ITyTEM HIIA CPEICTBAMH aBTOMa-
THU3allUU 711 YMEHBIIeHUs1 cyMMapHoro 3HadeHus Toka K3. K mpumepy, mpu
HAJIMYUY WMCTOYHUKOB SHEPTUM Ui COOCTBEHHBIX HYXKJ Ha TPOMBIIUICHHOM
NPEANpUITHH, TAe Npeo0iafaoT MOTpeOUTEeN TpeThel KaTeropuu Mo HaIekK-
HOCTH DJIEKTPOCHAOKEHHS, IEIeCO00pa3HO MOAKIYaTh T€HEPHUPYIONIUE WC-
TOYHUKH K Pa3TUIHBIM CEKIISIM H HE IOMYCKaTh WX MapaIeIbHON paOboThI IpH
3aMKHYTOM CEKIIMOHHOM BBIKJIOYaTeNe, T. €. OTKIYaTh HCTOYHUKU OJIHOM
W3 CEKIUH B JJUTEIbHOM PEMOHTHOM WJIM IOCJIE€AaBapUWHOM pexume. Ecin
MPOMBIIIUIEHHOE TIPEANPHUITHAE TOJKIIOYCHO K Y31y OOJBIION MOIIHOCTH JHEP-
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rocuctembl M BennuuHa Toka K3 Ha BeIBogax 6/10 kB Tpanchopmaropos TII
MMeeT BBICOKOE 3HaYeHHE, BKIIIOUEHHE Ha MapajuieNlbHy0 paboTy TpaHchopMma-
TOPOB MOXKET OKa3aThCsl HEJIOMYCTUMBIM, KOTJa COMPOTUBIECHUE DHEPrOCHUCTE-
MBI TOpa3f0 MEHbIIE COMPOTUBICHUS TpaHc(HOpMaTopoB M 3HaveHHe Toka K3
3a Tpancopmaropom 6/0,4 kB mmm 10/0,4 kB ompenensieTcss B OonbIeit crere-
HU COITPOTHUBIIEHHEM TpaHC(opMaTopa.

OpHaKO MOAKIIIOUEHUE 3HAYUTEIBHOTO YKCIa MOTPeOUTENeld SHEPruu Ma-
JIOW MOIIHOCTU HEmocpeACTBeHHO K cOopHbiM mmmHam 0,4 kB TIT 6/0,4 kB
niu 10/0,4 kB man B 00X04 BBOAHOTO aBTOMATHYECKOTO BBIKIIOUATENS HEOO-
xogumo. [lorpeburensiMu Takoro THIMa MOTYT BBICTYNATh COOCTBEHHBIE HYXK-
1wl TI1, oneparuBHbIe BropruyHbIe e staeek 6/10 kB, obopynoBanne ACKYD,
TJIM u aBapwuitnoe ocsenienue. [lepeunciennoe o0opyIoBaHKe, 32 MCKITIOUE-
HUEM aBapUHHOIO OCBEUICHMS, HCOOXOAMMO MOIKIIOYATh K CETSAM DHEPro-
CHUCTEMBI C HCIIOJIb30BaHMEM HCTOYHWKOB Oecrepeboiinoro muranus (MBII).
OHM BKIIIOYAIOTCS B AJIEKTPUYECKYIO CEeTh MocienoBaTensHo, M TOK K3 mepen
BxogoM MBIl octaerca HensmeHHbIM, a Ha Bbixoae MBI 3a cueT ero KOHCTpyK-
1uu (BBIIPSMUTENb U UHBEPTOP B cocTaBe npeobpaszosarenst UBIT) npesbimaet
HOMHUHAaJIbHBIH BeIXOAHOM TOK MBIl He3HauumTenpbHO, OOBIYHO He Oojiee dyeM
B 1,5-2 paza. Takum o0pa3zom, MOAKIIOYEHHE MOTPEOUTENEH AIIEKTPOIHEPTHH
yepe3 UBIT Takxke MOXXHO CUUTATh CIIOCOOOM orpaHuueHus Toka K3.

B cersix mo 1 kB s cHwkeHus BenumuuHbl TOKOB K3 BO3MOXHO TIpUMEHe-
HHE TOKOOTPAHWYMBAIOIINX PEAKTOPOB, YBEIWUMBAIOIINX MOJIHOE COMPOTHBIIE-
nue nern K3. JlaHHBII METO/T HE IMEET MIMPOKOTO PACTIPOCTPAHEHHUS BBUY BEI-
COKOH CTOMMOCTH TOKOOTPaHHUYMBAIOIINX peakTopoB. Kpome Toro, ykazaHHoe
000pyIOBaHHE PACCUYMTAHO HA OTHOCUTEIHLHO HEOOJIbIIME TOKH (KaK MPaBHIIO,
Ha HOMUHAIBHBIN TOK 110 200 A, pexe mo 600 A), 9To MPUBOANT K €ro JeleH-
TPAIM30BAaHHOMY TNPUMEHEHHUI0 W, KaK CJEICTBUE, IOBBIIIEHHIO CTOMMOCTH
JAHHOTO TEXHUYECKOTro pelieHus. PaccmaTpuBaeMblii METOJ] UMEET T€ YK€ HEI0-
CTaTKH, 4TO U MPUMEHEHHUE CHJIOBOTO TpaHC(hopMaTopa ¢ OOJIBIIIMM HAIPSKCHU-
eM K3: yBenuueHne norepb peakTUBHOM MOIIHOCTH U HampsikeHus. [Ipenmymie-
CTBOM JK€ sIBJIsIeTCs yBennueHue HanpsokeHus Ha muHax 0,4 kB TII npu K3 Ha
OJTHOM M3 OTXOJIIMUX JIMHUHM, YTO MO3BOJISICT COXPAHHUTh B pab0OTe MOTpeOuTe-
JIel 3JIEKTPOIHEPTHH, TTOTYUYAIOMUX MUTAHNE 110 TaHHBIM JTUHUSM, P BO3ZHUK-
HoBeHuu K3.

[Ipu meneHTpanM3anmy y3710B Harpy3Kd W MPUMEHEHUH KaOelei 1 MpoBOJIOB
HEOOJIBIIIOr0 CEUYCHHUS JAaXKe MPH BBICOKOM 3HaueHMW Toka K3 Ha mmuax 0,4 xB
TII1 10/0,4 kB u 6/0,4 kB Benuuunbl Toko K3 Ha muHax 0,4 kKB rpynmoBbIx muT-
KOB B PEAKUX CITy4yasX MPEBBIMIAIOT MACTOPTHHIE 3HAYCHUS OTKJIIOYAIOIIEH CIO-
COOHOCTH MOJYJIBHBIX aBTOMATUYECKUX BBHIKITIOYATEIEe BBUAY BBHICOKOTO YAEIh-
HOTO COTPOTHBIIEHHs Kabeneld W MPOBOJOB MAJOr0 CEeYeHWs. TakmM oOpaszom,
palMOHAJIBHOE MOCTPOCHUE CXEMBI JJIEKTPOCHAOKEHHS TAKKE MOXET IPHUBECTH
K YMEHBIIIEHUIO BeTUInHbI ToKa K3. BMecTe ¢ TeM, B CBS3M CO CHIDKEHUEM IIPO-
TEKaIOIIeH 10 JIMHUU JIEKTPOIIepeaull MOIITHOCTH, TTOTEPH aKTHBHOW U PEaKTHB-
HOW MOITHOCTEH, a TaKKe MOTepH HAIPSDKEHHUS B OOJBIIMHCTBE CIyYaeB UMEIOT
TOT K€ YPOBEHb, UTO U MPH IICHTPAIN30BaHHON cxeme. OIHAKO JeTICHTpaTu3aIus
Y3JI0B HArpy3KH HE BCET/Ia pallMOHAbHA, ICHCTBEHHA 1 IPUMEHHIMA.
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OnucanHble perieHns 0a3upyIOTCS Ha TPUHIUIE YBEIHMYEHHUS IOCIeI0Ba-
TEJIbHO BKJIIOUeHHOro B 1enb K3 comporusienus. ['opazgo 6onbiiero s dexra
npu orpanndeHnH Toka K3 MOXHO MOCTHYh NPUMEHEHHWEM aBTOMATHYECKHX
BBIKJTIOYATENIE W TIpelOXpaHHuTeNned ¢ (PyHKIHMEH TOKOOTpaHWYEHHS, IPemy-
CMaTpUBAIOLIEH OTKIIOYEHHE MOBPEXKJIEHHOIO Yy4YacTKa 10 JOCTHXEHHS TO-
koM K3 makcumanbHOro 3HadeHus. Vcmonp3o0Banre JaHHOTO METOa TI03BOJISIET
n30eKaTh YBETUUEHHS MTOTEPh PEaKTUBHON MOIIHOCTH M HampspkeHus. Bmecte
C TEM BBCJICHUC JOIOJIHUTECIILHOTO COIIPOTUBJICHUA B ILICIIb K3 moxer IIPUBECTU
K TOMY, YTO 3HadeHHe Toka ogHodazHoro K3 B pexxnMe ¢ MUHUMAIEHBIM OXKH-
naembiM TokoM K3 Ha BbIBoAax HamOosiee ynaleHHOTro MOTpeOuTens He OyneT
YIOBIETBOPATH TpeboBanusM 1. 1.7.79 IlpaBun ycTpoicTBa 31EKTPOYCTAaHOBOK
(kpaTHOCTP 3 1O OTHOIICHUIO K HOMUHAIPHOMY TOKY TUTAaBKOW BCTaBKHU WJIH HO-
MHUHAJIbHOMY TOKY 06paTH03aBI/ICI/IMOI71 XapaKTCPpUCTHUKU PACHCTIMTEIIA OJId CETU
C TIIyX03a3eMJICHHOU HeHTpanbio) [1].

CHmKeHHe aMIUITUTYIbl M JUIMTEIbHOCTH NpoTekaHus Toka K3 mpusoaut
K YMCHBUIICHUIO KOJIMYCCTBA BI)IIICJIS[GMOﬁ B IIPOBOJHUKAX U aIlllapaTax SHCPIruu,
YTO B CBOIO OYEpPE/b BEJET K CHIYKEHHIO CKBO3HOTO TOKA, POTEKAIOIIEro Yepes3
ABTOMAaTHYECKUH BBIKIIIOYATENb (CIICAOBATEIbHO, CHI)KEHHUIO BIICKTPOIUHAMU-
YECKOT0 BO3JIEUCTBUS MPHU MpOoTeKaHnu Toka K3), 1 CHHKEHHUIO BBIICIISIIOIIETOCS
B 000PYJIOBaHUH TEPMHUECKOTO UMIIYJbca (T. €. CHUKCHUIO TEIIOBOTO BO3JICH-
cTBUA npu npoTtekanuu Toka K3). I'padmueckas 3aBUCHMOCTb, XapaKTEpHU3YIO-
1ast orpaHudeHne yaapHoro Toka K3 u cHmkeHne BhIIENIeMOil TeTIoBOM dHep-
TUH, IPUBEICHA Ha puC. 1.
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Puc. 1. T'paduueckast 3aBHCHMOCTB, XapaKTePU3YIOLLasi OrPaHUYCHHE YIAPHOTO TOKA
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Fig. 1. Surge short circuit current (a) and thermal energy (b) limitation characteristic curve [2]

TokoorpaHMYMBAIOIINI aBTOMAaTUYECKUI BBIKJIIOUATENh B Mpelienax 3ajaH-
HOTO JHalia30Ha TOKa MPEJOTBPAIIAET JOCTIKCHUE CKBO3HBIM TOKOM OXKHIIae-
MOr0 THKOBOTO 3HAUEHUS W OTPAHUYMBACT CKBO3HYIO JHEPTUIO0 3HAUYCHUCM,
MEHBIIINM, YeM CKBO3HAsI SHEPTHUS BOJHBI MOIYIIEPHOAA CHUMMETPHIHOTO OXKH-
nmaeMoro Toka [3]. TokoorpanmueHne aBTOMAaTHYECKOTO BBIKITIOUaTeNs obecrre-
YUBAETCS 332 CUET KOHCTPYKIMM €r0 MOJ0COB. Ilpu pasnuyHOM HampaBiICHUU
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MPOTEKAHUS SIEKTPUYECKOTO TOKA B JBYX MapalICNbHBIX MPOBOJHUKAX BO3HU-
KaroIye 3eKTPOANHAMUYECKHE YCIIINS OTTANKHBAIOT UX APYT OT apyra. Kon-
CTPYKIIMS TIOJI0CA, IPUBEACHHAS HA PUC. 2, O3BOJSET MOJTHOCTHIO MM YaCTHUY-
HO Pa30MKHYTh KOHTaKTHI BBIKIIOUATENs ObICTpee, YeM MepealoTcsl YCHINS OT
AIIEKTPOMATrHUTHOTO PAacIENUTeNs Yepe3 NpuBoa. BemmunHa snekTpoquHammde-
CKHMX YCWJIMH 3aBHUCHUT OT KBaJpaTa TOKa, CIEJCTBUEM UETO SIBISCTCA BBICOKAs

a¢dhexkTBHOCTH MeTo/1a TIpHu Oombmmx Tokax K3.
a b
Fm Fm

| .

Puc. 2. KoHCTpYKIUSI HOTIOCa aBTOMAaTHYECKOTO BBIKIIIOUATEIIS C pealn3alyeil OTTaIKUBaHUSL
KOHTAKTOB BO ()poHTaNBHOI (8) 1 ipoduibro# (D) mpoekumsix [2]: | — mpoTekaromuii ToK;
Fm — BbI3BaHHOE 3/IEKTPOJMHAMUYECKOE YCHIINE

Fig. 2. Design of the circuit breaker pole with implementation of contact repulsion in frontal (a)
and profile (b) projections [2]: i - flowing current; Fm — induced electrodynamic force

TokoorpaHuueHre MPEIOXPaHUTENsI 00ECTICUMBACTCS 38 CYET KOHCTPYKTHB-
HBIX OCOOCHHOCTEH ero IUIaBKOW BCTAaBKH, KOTOpas B Ipollecce U B pe3ysibTa-
Te cpabaThlBaHUSI B YCTAHOBJIEHHOM JHMalla30HE TOKOB OIPaHMYUBAET TOK JI0
0oJiee HU3KOTO 3HAYCHHUS, YeM IMMKOBOE 3HAUCHHE oXumaaemoro Toka [4]. K oco-
OCHHOCTSIM KOHCTPYKIIMM TOKOOTPAaHMYUBAIOIIUX MPEIOXPAHUTENICH OTHOCATCS
MeTauryprudeckuii 3 Qekr, Haauune MnepeneiikoB MEHBIIEr0 CEYCHUs, ycTa-
HOBJICHHBIX MTapaJlIeIbHO TUIABKUX BCTABOK U KBAPIEBOT'O IMECKA.

Mertamtyprudeckuii 3p(eKkT — crmocoOHOCTh PAacTBOPATH HEKOTOPHIE TYTO-
IIJTaBKHUE€ METaJlJIbl B JICTKOIINIAaBKHUX C UIBMCHCHUEM HUX (1)I/I3I/I‘IGCKI/IX rnapamMeTpoB,
B YaCTHOCTH YJICTBHOTO CONPOTUBIICHUS. [IOBBINICHNE CONMPOTUBIICHUS TUIABKOM
BCTaBKH IIPUBOAUT K YBCINYCHUIO BbIHCHHmmeﬁCﬂ B IPCOAOXPAHUTCIIC SHECPIUN
(TaK KaK KOJIMYECTBO BbII[CHSIIOHICﬁCSI TCIUIOTHI NPOMOPUHUOHAIIBHO aKTUBHOMY
COTPOTHBIICHHIO TUTABKON BCTABKHU) W TMOBBIIICHUIO TEMIICPATyphl BCTABKH, YTO
YCKOpSIET ee TUIaBJIeHHe M paspylieHue. Yaie Bcero B KauecTBe MEHEE TYro-
TUIABKOTO METaJlla MPHMEHSIOT OJIOBO. YCTaHOBKAa IAPUKOB JIETKOIUIABKOTO
METaJlla B Mepenieikax MEHBIIErO CEYCHUS YBEIIMYUBACT COMPOTUBIICHHUE JaH-
HOT'O y4acTKa IUIABKOM BCTABKU U YCKOPSIET NPOUCXOAIINE IIPU METAILIYyprude-
ckoM 3 dekTe mporecchl.

Hanuune ycTaHOBIIEHHBIX NapaJljIebHO IJIABKUX BCTABOK MPUBOIUT K TOMY,
YTO MPU Pa3pyLIEHUN OJAHOW U3 HUX BEIMYMHA TOKA, IPOTEKAIOILIETO 10 OCTAIIb-
HBIM, YBECJIMUMUBACTCS, BBIACTIAIOMIAACA B IMPEAOXPAHUTEIIC DOHEPTHUA TOXKE YBCIIN-
YHMBAETCS, YTO MPUBOJAUT K MOBBILICHUIO TEMIIEPATYPHI IUIABKOK BCTaBKH, IJIaB-
JICHHIO U Pa3pyIICHHIO.
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Hanndme xBapiieBoro rnecka crocoOCTByeT 0oJjice HHTEHCHBHOMY OXJIAXKIe-
HUIO 3JIeKTprueckoil nyru. Kak cieacteue, HanpshkeHNE ee TOpeHMst TPEBBILIAeT
HamnpsOKEHHE CEeTH, M YXKE J0 €CTECTBEHHOTO MPOXOXKIEHHS TOKa depe3 HyIb
JIEKTpUYECKast Tyra racHer.

KoHcTpyKuus TOKOOrpaHHYHMBAOLIEH MIABKOH BCTABKU M300paXkeHa Ha pHC. 3.

MNnasknid anemeHT

OnoeAHHLIA Npyunoi

Keapuesslid necok

Puc. 3. KoHCTpyKIIHs TOKOOTPaHUYUBAIOLIIETO
npegoxpanuTens (5]

Fig. 3. Current limitation fuse design [5]

IlommHOE BpeMsi OTKIIIOUEHHUS aBTOMATHYECKOTO BBIKIIOUATENS (BpeMs OT
momenTa K3 10 MOMeHTa moracaHust JJIEKTPUIECKON Tyry) U 3HaYeHHe MpoTe-
Karoriero Toka K3 omnpenensiorcs TakuM mapaMmeTpoM, Kak KiIacc TOKOOTPaHU-
yeHusl. BRIIEISIOT TpH Kilacca TOKOOTPAaHWYECHHS aBTOMATHYECKHUX BBIKITFOYATe-
nel, KaXIpId U3 KOTOPBIX XapaKTepH3yeT MaKCHMAIbHYIO BEIMYUHY TE€pMHYe-
ckoro uMmiyiibca K3, BeiiensieMoro B 000pyI0BaHUM TIpH NpoTekannu Toka K3.
s mepBoro Kilacca TOKOOTpaHWYEHHS] MaKCHMAallbHAs JTOMYCTHMAas BEIHYHMHA
TEPMHUYECKOTO UMIIYJIhCa HE yCTAHOBIIEHA CTAHAAPTOM, a JUISI TPETHETO WMEET
MUHUMAJIEHOE 3HaYeHHEe. MaKkCUMabHbBIE JOMYCTUMBIE TEPMUUIECCKUE UMITYTHCHI
JUTSE aBTOMATHYECKHAX BBIKITFOUATEINEH C Pa3IMIHBIMHU KJIacCaMU TOKOOTpaHHYe-
HUSI, HOMAHATHHBIMU TOKAMH W XapaKTePUCTHUKAMHU CPaOaThIBAHUS MTPUBEICHBI
B cranmapre [6]. Homyctumbie B [6] 3HaYeHHS TEPMHUECKOTO HMMITYIbCA JIIS
aBTOMAaTUYECKUX BBIKIIOYATENCH ¢ HOMHHAIBHBIM TOKOM A0 16 A u oOGpartHO-
3aBUCHMBIMH XapaKTepucTUKaMu Kateropuii B m C BKIFOUHTENBHO TMpEICTaB-
JieHsl B Ta0. 1.

Tabauya 1

JlomycTHMBbIe 3HAYCHHS TEPMIIECKOro HMITyabea 1%, A.c, qus aBToMaTHUIeCKHX
BBIK/II0YaTe/ el ¢ HOMMHAIBLHBIM TOKOM 10 16 A BKIIOUHTETLHO

Permissible values of the thermal pulse 1%, As, for circuit breakers
with rated current up to and including 16 A

TepMudeckuii UMITYJIbC NIPH KJIACCE TOKOOTPAHUYEHUS
OTKITI0YaoNIas 1 2 3
CIOCOOHOCTH, A Jlnis XapakTepuCcTUKI
B, C B C B C
3000 31000 37000 15000 18000
4500 60000 75000 25000 30000
He orpannuen
6000 100000 120000 35000 42000
10000 240000 290000 70000 84000
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OnHako BBUIY TOro, uTo Tok K3 HUKOrIa He NOKEH IPEBBIIATh OTKIII0YA-
IOLIYIO0 CIIOCOOHOCTh BBIKJIIOUATENs (KOTOpas SIBISETCS MaKCHUMAIbHBIM JOILy-
CTHUMBIM CKBO3HBIM TOKOM aBTOMAaTH4ECKOI'O BBIKIIOUATEIN), VIS ONpPENSIICHUS
BEJIMYMHBI OrpaHUYeHHOro Toka K3 u TepMuueckoro uMIryiabca Npu U3BECTHOM
pacueTHOM 3HauyeHMH Toka K3 10 TOKOOrpaHHMYEHHs HPUHATO I0Jb30BATHCS
XapaKTepUCTUKAMH TOKOOTpaHMUYCHHS 000pynoBaHUs. Takxke JaHHbBIE XapakTe-
PHCTHKH YYHUTBIBAIOT Pa3indue MEXIy TpeOoBaHMsMH cTaHaapra [6] u dakru-
YEeCKUMH MapaMeTpaMu 000pYAOBaHHS.

XapakTepHUCTUKH TOKOOTpaHWueHus mnpenoxpanuteneit cepuu IIITH npu-
BElICHBI Ha puc. 4, orpanuyeHust yaapHoro toka K3 u termnoBoit sHepruun K3
MOJyJIbHBIX aBTOMAaTH4ecKux BbIkmovateneir Schneider Electric iC60N —
Ha puc. 5, 6 COOTBETCTBEHHO. BBUY pacnpocTpaHEHHOCTH MOAYJIBHBIX BBIKIIIO-
qarened U MpeJoXpaHuTelNieil CX0kKel KOHCTPYKIIMU CTOUT OTMETUTh, 4TO 0O0ITb-
LI0€ KOJUYECTBO NMPUMEHSEMBIX 3aIUTHBIX ANIApPaToB HA HOMHHAIbHBIE TOKH
10 63 A uMeroT PyHKITNIO TOKOOTPAaHUUIESHHS.

U3 puc. 4-6 MOXXHO ONpenenuTh, 9TO HaHOOJIbIIee OrpaHNYEHHE MIPOITyCKa-
€MOH SHEepruyd M yJapHOIO TOKa B MPOLIEHTHOM COOTHOIICHHH K 3HAYCHHIO
TOKOOTPaHUYEHHSI B CIIydyae MPUMEHEHHUS TOKOOIPaHWYMBAIOLIMX MpPEAOXPaHU-
TeNel M aBTOMAaTUYECKUX BBIKIIOUATEIeH JOCTUraeTcsl Ipu 3HaueHusx Toka K3,
ONMM3KUX K OTKIIFOYAIOIIEH CIOCOOHOCTH arnapara 3aIiuThl.
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Puc. 4. TokoorpaHuyeHne NEPUOINUECKOIN COCTaBIIAIOIICH
TOKa KOPOTKOTO 3aMbIkaHus npenoxpanuteneit [11TH [7]

Fig. 4. Characteristic of limiting the periodic component
of the short-circuit current of the PPN fuses [7]
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Schneider Electric iC60N (3P, kareropust C, knacc 3) [8]

Fig. 5. Limiting the short circuit surge current
of the Schneider Electric iC60N circuit breaker (3P, category C, class 3) [8]
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Puc. 6. Orpannyenune TEII0BOH SHEPTUH KOPOTKOTO 3aMBIKAHHS
aBromarudeckoro Beikimouatens Schneider Electric iC60N
(3P, kareropus C, knacc 3) [8]

Fig. 6. Limiting the short circuit thermal energy
of the Schneider Electric iC60N circuit breaker (3P, category C, class 3) [8]

Jlannbii 3p ekt 00bICHIETCS CIISAYIOIUM 00pa3oM. DPPEKTUBHOCTH TOKO-
OTpaHUYCHUS XapaKTepU3yeTCsl TEM, YTO 3aBUCHMOCTh TEIIOBOM SHEPIrHH, BbI-



A. Yu. Kapustsinski, S. V. Kanstantsinava
Methods of Current Limitation in Low Voltage (up to 1 kV) Electric Networks 501

JenseMoil B 000pymoBaHMH TIpU NpoTekanmu Toka K3, or BenmmumH Toka K3,
a TakKe 3aBUCUMOCTH AIIEKTPOAMHAMUYECKUX YCIIINH TpH MpoTekaHuu Toka K3
ot Bemuns Toka K3 keaapatuuns: (W = I°Rt; F = ¢i®, rne W — s1extposneprus,
pacxomyemasi Ha HarpeB dJIEMEHTa dJIEKTPUIEeCKoi cetr, kBT 4; | — meficTByt0-
mee 3HadeHne Toka K3, A; R — akTHBHOE COTIPOTHUBIICHUE YJIEMEHTA AJICKTPHUe-
ckoii cetn, OM; F — anexTpoaunaMudeckoe ycunue, H; ¢ — pacueTHsiit k03¢ du-
mieHT; | — ynapubiii Tok K3, A. CienosarenbHo, Mpu yMeHbIeHHH Toka K3
Ha 20 % MPOUCXOANT CHIDKEHUE AIEKTPOINHAMUYECKOTO W TEPMUYECKOTO BO3-
neiictBuii Ha 36 %, a npu yMmeHbieHny Toka K3 Ha 50 % — cHIKeHue 31eKTpo-
JUHAMHYECKOTO M TEPMHUYECKOro BO3JecTBUM Ha 75 %, 4TOo rOoBOpUT 00
3¢ (heKTUBHOCTH Pe3yTbTAaTOB TOKOOTPAaHIMYEHHS IPH BBICOKMX 3HAUYEHUSIX TOKOB
K3. B T0 ke BpeMsi mprMeHEeHHEe TOKOOTPAaHWYHBAIOMIMX 3alIUTHBIX AIapaToB
MIPUBOUT K YBEIIMICHHIO TPEJIEIIOB CEIEKTUBHOCTH BBIKITIOYATETICH W ITOMOTaeT
JIOOUTHCS TIOTHOM CEeIeKTUBHOCTH B pexknme K3.

[Ipu HAMMYMU HUKECTOSIIETO anmapara 3alliThl ¢ QYHKIHEeH OrpaHnYCHHS
Toka K3 mpoucxoaut orpaHnyeHre TEPMHUECKOTO MMITYIBCA, BBIACISIONIETOCS
B BBIIIECTOSIIEM BBIKIIOYaTesne 0e3 QpyHKIMH TOKOOTPaHWYEHUS, YTO, B CBOIO
odepesb, MPUBOANT K CHIDKCHHIO BpeMeHH cpabatbiBanus npu K3 Ha cMexHOM
y4acTKe W YBEIMUYCHUIO IPEIETIOB CENIEKTUBHOCTU. B cilyuae eciu BBIMIECTOS-
HIMH anmapar 3alluThl TaKKe UMeeT QYHKIMI0 TOKOOTpaHHYCHHUS, 00ecTiedeHue
CEJIEKTUBHOCTHU TIPU MPOTEKAHWHU 3HAYMTEILHON BeMUUuHBI Toka K3 ocymiecTs-
JISIETCSl COTIACHO JAHHBIM MPOU3BOAUTES.

Kak oTmeuanoch paHee, KOJMYECTBO BBIACIMBIIEHCS TEIUIOBOM 3HEPrUU
B 3aAIIMTHOM ariapaTe ¥ 3al[UIIaeMoi 3JIEKTPOyCTaHOBKE 3aBHCHUT OT KBaJapara
Toka (W = I°Rt). Jlist onpesesieHnst KouuecTBa BbIICTHBIICHCS SHEPIHN HCIIONb-
3yeTcsi MOHSATUE TEPMHYECKOTO UMITYJIbca, MM uHTerpana Jxoys (By = It). MuaTe-
rpan J[koyist — yciioBHas BeJIMYMHA, XapakTepH3ylollas TEIUIOBOE JeiCTBHUE
toka K3 Ha paccmarpuBaeMblil AIIEMEHT AJIEKTPOYCTAHOBKH, YHCIEHHO paBHAs
MHTErpaiy oT KBajgpaTa Toka K3 mo BpeMmeHH B mpeenax OT Ha4aJbHOTO MO-
MeHTa K3 10 MomeHTa ero oTkimodeHus [9].

WnTerpan Jkoymst kKak XapaKTepUCTHKA 3aIIATHOTO ammapaTa ONpeaesseT
KOJINYECTBO DHEPTUH, KOTOPYIO OH CIOCOOCH MPOITyCTUTH 4epe3 cedst 10 Mo-
MeHTa oTkimoueHus Ttoka K3 [10]. BBumgy Toro, 4ro mpu MajnoM BpeMEHH
OTKJIFOUEHUS], COTJIACHO ypPaBHEHHWIO TEIUIOBOTO OajlaHca, TeII00OMEHOM C OK-
pyXXarllei cpeJjoil MOXKHO MpeHeOpeyb, B AIIEKTpUYecKasi JHEPTHs, BBIIEIs-
IOIAsACs B 3aIlUTHOM arllapare, pacxXxoAyeTcs Ha ero HarpeB (HarpeB IUIaBKOM
BCTaBKH TPEIOXPAHUATENS WIA TETUIOBOTO PACHEHUTENSI aBTOMATHYECKOTO BHI-
KITIOYaTesis), YTO MPUBOAMT K OTKIIOUEHHIO armapara. TakuM o0pazoMm, celek-
TUBHOCTH 3all[UTHBIX ammnapaToB OOecTeYMBaeTCs MPU YCIOBHH, YTO SHEPIUS,
BBIIETISIONIASICS TIPH MTPOTeKaHuH Toka K3, momkHa MPUBOIUTE K OTKIIOYCHHIO
HWKECTOSIIEro arnmapara 3alluThl, a BBISNSONIascs 3a BpeMs cpadaThIBaHUsI
HWKECTOSIIEro amnmapara 3alliuThl ¥ BPEMs TallleHHsl AJIEKTPHYECKOH IYTH B
BBILLIECTOSIILIEM amlapare SHEPTusi He NOJDKHA MPUBOIUTH K OTKIIOYCHHIO BBI-
HIECTOSIIErO amnmapaTa 3auiTel. Takoil MeTo/T Ha3bIBAeTCsl SHEPTEeTHUECKOH ce-
JIEKTUBHOCTHIO.
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JlaHHBIE TIPOU3BOIUTENA, TIO KOTOPBIM MOXHO OTIPENEIHTD, CENIEKTUBHBI JTU
JIBa TOKOOTPAaHHYUBAIOIIKX 3alIUTHBIX armapara, MPUBOATCS B TabauaHow [11]
win Tpaduyeckoit popme. 'padukn sHEpreTUUECKON CEICKTUBHOCTH IMOKAa3bl-
BalOT BEIIMYMHBI TEPMHUYECKHX HMITYJIbCOB: TMPHUBOIAMINX K CpabaThIBAaHHUIO
amnmnapara 3alllUThl U BBIIETIOIIMXCS B alapaTe 3a MOJIHOE BpeMs OTKIIIOUEHMUS.
BenuunHa OrpaHWYEHHOTO TEPMHYECKOTO HMMITYJIbCA (TEIIOBOM JSHEPTHH) I
BbIOOpa 000pYIOBaHUS C YIETOM TOKOOTPAHWYEHUS TAKKE MOXKET OTNpEACIATh-
Csl IO yKa3aHHBIM TpadukaM. AHAJOTHYHO TpaduK SHEPreTUUECKOW CENEKTUB-
HOCTH MOXET OBITh ITOJIy4eH U3 XapaKTEPUCTUKN OTPaHUYEHUS TEIUIOBOU dHEp-
ruu K3.

I'paduk onpeneneHust JHEPreTUIECKOM CEIEKTUBHOCTH IUTABKHX BCTaBOK G
npenoxpanuresneii ABB mpusenen nHa puc. 7, rpadux ee oOecriedeHus: mpen-
ctaBneH B [11, 12].
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Fig. 7. Graph of determining energy selectivity of gG fuse links of ABB fuses [12]
BbIBO/JIbI

1. IlpumMeHeHne TOKOOTpaHHUYMBAIOLIETO 00OPYJIOBAHHS B CETSAX C BHICOKHM
3HaYEHHUEM TOKa KOPOTKOTO 3aMBIKaHHUs MO3BOJISIET CYLIECTBEHHO CHU3UTH CTO-
HUMOCTB CeTeH AIIEKTPOCHAOKEHUS M PACTIPECTIUTEIBHBIX YCTPOHCTB MU MTUTa-
HUM OTpeOuTeIel Majol MOIIIHOCTH.
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2. Ucnionb3oBaHue pa3inIHbIX METOJIOB TOKOOTPAaHHUYCHUS B CETIX C HU3KH-
MU 3HAYCHHUSIMH TOKOB KOPOTKOTO 3aMBIKaHHUS HE TOJBKO BJICYET 3a COOOW He-
OIIpaBJIaHHBIC JOTIONHUTEIbHBIC 3aTPaThl, HO U MOXET MPUBECTH K YMEHBIIe-
HUIO YYBCTBUTEIBHOCTH aBTOMATHYECKUX BBIKIIOYATEICH K TOKY KOPOTKOTO
3aMBIKaHUsl B KOHIIE 3allIMIIAEMOT0 YYacTKa JIO 3HAYCHHs HIKE JOMYCTHMOTO
TEXHHYECKUMU HOPMATUBHBIMU MTPABOBBIMH aKTaMHU.

3. Haubonee neiicTBEHHBIM METOJOM TOKOOTPAaHHUYEHUS B ceTsaX 10 1 kB sB-
JIIETCS MPUMEHEHNE TOKOOTPAHUYHMBAIOIINX 3aIUTHBIX aIapaToB.

4. OrpaHnyeHNEe TOKAa KOPOTKOTO 3aMBIKAHHUS ITO3BOJISCT MOBHICUTH 3 (dek-
TUBHOCTH UCIOJ30BAaHUS MUHU-3HEPTOKOMILIEKCOB [13].

5. OnucanHble MEPOIIPHSATHS CIIeTyeT POBOAMNTE HA dTare MPOSKTHPOBAHUS
BBHJIy HEPAIlMOHAILHOCTH 3aMEHBI O0OPYJOBaHHWs, HE BBIPAOOTABIIErO CBOWM

pecypc.
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OnrumMu3anus NapaMeTpoB BTOPUYHOI0 3JIeMEHTA
OTHOCTOPOHHUX JIMHEMHBIX

ACHHXPOHHBIX IEKTPOABHUIraTeIeH

€ HCIOJIb30BAHMEM IeHETHYECKOr0 aJIropurMa
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Pedepat. PaccMoTpeHO nprMeHEHUE TEHETHYECKOTO allTOPUTMa ISl IPOCKTUPOBAHUS JIMHEWHBIX
ACHHXPOHHBIX DJIEKTPOJBHUTATENeH, MPOBEICHO €ro CpaBHEHHE C KIACCHYECKHMMH METOJaMH.
[IpencrasieHsl pe3yabTaThl PEIICHHS ONTUMH3AIMOHHON 3a1a9 IS IBYX KOHCTPYKIHIA: Jabopa-
TOPHOTO JINHEHHOTO aCHHXPOHHOTO 3JICKTPOABHUTATEIs Ha O6a3ze TpexdaszHoro mHaykTopa SL-5-100
U TATOBOTO OJHOCTOPOHHETO JIMHEHHOTO aCHHXPOHHOTO 3JEKTPOABUTATEINS TOPOACKOH TpaHc-
MOPTHOH cucteMbl. KpuTepuii ONTUMaIbHOCTH BKIFOYAJ MAaKCHMHU3AIMIO KOA(PPHUIUEHTOB MOII-
HOCTH U TIOJIE3HOTO JICHCTBUS, a TaKXKe YKECTKOCTH MEXaHUYECKOW XapaKTEPUCTHKU MpH obectie-
YEHUH IIYCKOBOTO TATOBOTO YCHIIMS HE MEHee 33IaHHOTO 3HaueHHs . OMUCaHbl pe3yabTaThl ONTU-
MHU3AIMM TAaKUX NapaMeTpOB BTOPHYHOTO JJIEMEHTA, KaK IIMPUHA W TOJIIMHA IPOBOJSIICH
MOJIOCHI, TOJIIMHA MarHUTONPOBOJIA. AKTYaJbHOCTh 3a[Jaddl ONTHMHU3AINH MapaMeTPOB BTOPUU-
HOTO 3JIEeMEHTa NMPH HEM3MEHHBIX MapaMeTpax MHAYKTOpa 00YyCIOBIEHA TEM, YTO OAWH H TOT XKe
WHIYKTOP MOKET UCIIOIB30BATHCS ISl TOCTPOCHHS Pa3IMYHBIX KOHCTPYKIMK, IPUA STOM BTOPHU-
HBIH 3JIEMEHT CO3AaeTcs MOJ KaKJ0€ KOHKPETHOE MPUMEHEHHE U MHTETPUPYETCS HETIOCPEICTBEH-
HO B pabouunii opraHn MexaHu3Ma JH0O SBJISIETCS MPUBOIUMBIM B JBIKCHUE H3nenueM. J{is pac-
YeTa TATOBBIX M YHEPreTHUYECKUX XApPAKTEPUCTHK JIMHEHHBIX aCHHXPOHHBIX JJIEKTPOIBHraTeNeh
HCIIOJIb30BAJIACH JJIEKTPOMArHUTHAs MOJIENIb Ha OCHOBE JETAM3UPOBAHHBIX CXEM 3aMEIICHUs,
YUYHUTHIBAIOLIAS TPOIOJILHBIN M MOTEPEYHBINA KpaeBbie 3PGEKThI 1 00CCIeYNBAIOIIas BpeMs pacue-
Ta JJIsl OJHOrO Habopa mapaMeTpoB okoJio 1 ¢. B cooTBeTCTBUM € JaHHOM MOJEINBIO DJIEKTPOIBH-
raTejib CBOJUTCA K COBOKYITHOCTH TPEX NETAIM3UPOBAHHBIX CXEM 3aMEIlEHUsI: MarHUTHOM 1LIETIH,
MEPBUYHOM W BTOPUYHOM 3JEKTpUUECKUX Lieneil. Pe3ynbraroM ONTHMH3AaLUMK YKa3aHHBIX JJIEK-
TPOJIBUTATENICH CTaJ0 MOBBINICHUE KO3 duIlMeHTa none3noro jaeiicteus Ha 1,6 u 1,4 % cooTset-
CTBEeHHO, K03 durrenTa momHocTH — Ha 0,9 1 0,2 %, yBelIMYeHNE )KECTKOCTH TATOBBIX XapaKTe-
PHUCTHK U ITyCKOBOTO TSTOBOTO YCHIIHS.

KuroueBbie cioBa: OIITUMH3al N, JTIUHEHHBINA aCPIHXpOHHI)Iﬁ QJICKTPOABUIATCIIb, IMPOCKTUPOBA-
HHUC, TEHETUYCCKUN AJIIrOPUTM, BTOpI/I‘{HHﬁ DJIEMCHT, TATrOBOC YyCHUIIMC, K03(1)(1)I/IL[I/ICHT IIOJIC3HOT'O
HeﬁCTBHﬂ, KO3(1)(1)I/IHI/I€HT MOIIHOCTH, KpI/ITepI/Iﬁ ONITUMAJIBHOCTU, ACTAJIU3UPOBAHHBIC DJICKTPpUYC-
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Design Optimization of Secondary Element
of Single-Sided Linear Induction Motors
Using a Genetic Algorithm

V. A. Prakht?, V. V. Goman?, A. S. Paramonov”

YUral Federal University (Yekaterinburg, Russian Federation),
2Nizhny Tagil Technological Institute of Ural Federal University (Nizhny Tagil,
Russian Federation)

Abstract. The article focuses on the use of genetic algorithms for the design of linear induction
motors. Comparison of genetic algorithm with classical methods in the context of electrical
machines designing has been carried out. The results of solving an optimization problem for
two designs are presented, viz. a laboratory linear induction electric motor based on a three-phase
SL-5-100 inductor and a traction single-sided linear induction electric motor of an urban transport
system. The optimality criterion included maximizing the power factor and efficiency, as well as
the rigidity of the mechanical characteristic while ensuring a starting traction force of at least a set
value. The results of optimization of such parameters of the secondary element as the width
and thickness of the conductive strip as well as the thickness of the magnetic circuit are described.
The relevance of the problem of optimizing the parameters of the secondary element with
unchanged parameters of the inductor is due to the fact that the same inductor can be used to build
various structures, while the secondary element is created for each specific application and
integrated directly into the working body of the mechanism or is a driven product. To calculate
the traction and energy characteristics of linear induction electric motors, an electromagnetic
model based on detailed equivalent circuits was used, taking into account longitudinal and trans-
verse edge effects and providing a calculation time for one set of parameters of about 1 s. In ac-
cordance with this model, the electric motor is reduced to a set of three detailed equivalent circuits:
a magnetic circuit, primary and secondary electrical circuits. The result of the optimization
of these electric motors was an increase in the efficiency by 1.6 and 1.4 %, respectively,
an increase in the power factor by 0.9 and 0.2 %, and an increase in the rigidity of traction chara-
cteristics and starting traction force.

Keywords: optimization, linear induction motor, design, genetic algorithm, secondary element,
tractive effort, efficiency, power factor, optimality criterion, detailed electrical and magnetic
equivalent circuits

For citation: Prakht V. A., Goman V. V., Paramonov A. S. (2021) Design Optimization of Se-
condary Element of Single-Sided Linear Induction Motors Using a Genetic Algorithm. Energetika.
Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 64 (6), 505-516. https://doi.org/10.21122/
1029-7448-2021-64-6-505-516 (in Russian)

BBenenne

Jlunetinpie acuaxpoHHbIe nBuratenu (JIAJl), mHpoKo NpUMEHSEMEBIE B
TPAaHCHOPTHBIX CHCTEMax, UMEIOT Pa3lInuHble KOHCTPYKLWHU: OIHOCTOPOHHHE,
JBYCTOpPOHHME, IUIMHIpHYeckue (TpyOuartsie) u Ap. OT Bpalialomyuxcsi acHH-
XpOHHBIX JBurareneit JIAJ[ oTinuaroTca xapakTepoM MPOTEKaHUS AJIEKTpoMar-
HUTHBIX MPOLECCOB BCIICICTBHE HATTMYUS IIPOAOIBHOTO U MOTIEPEYHOTO KPAeBBIX
a¢¢exToB. JlaHHBIE SBICHHUS XOPOIIO MCcClIe0BaHbl U onucansl B [1-3]. Bompo-
CBI M3YYCHHMS XapaKTEPHCTHK TATOBBIX JJIEKTPOJBHUIAaTENICH aKTyalbHBI B CBSI3H
C UIMPOKUM Pa3BUTHEM ICKTPHUYCCKUX TPAHCIIOPTHBIX cucTeM [4, 5].

[TockosnbKy METOAMKH MPOSKTHPOBAHMS BPAIAIOIIUXCS 3JIEKTPOJBHraTe-
neit [6] u JIAZL oTimgaroTcs, MHOXKECTBO PadOT MOCBSIIEHO U3yUSHHUIO BIFSTHUS
oTnenbHbIX (DakTopoB Ha xapakrtepuctuku JIAJL [5, 7], ontumuszanuu JIAJ]
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Ha OCHOBE Pa3JIMYHBIX Mojejei [8—11], B 4aCTHOCTH C HMCIIOJIb30BaHHUEM T€HE-
tnaeckoro amroputMma (I'A) [12-14]. UM3BecTHO NpPHMEHEHHE ammapara CXeM
3aMeIICHUsI JUIsl aHau3a 3JISKTPOABUraTeNIeld U TeHEPaTOPOB, B TOM YHCJIC JU-
HEWHOTo (BO3BPATHO-MOCTYNATEILHOTO0) neiicTus [15, 16].

Hapsny ¢ merogom koneunsix anemenToB (MKD) mns mccnemoBanus JIA]L
¥ T€HEePaTOpPOB JMHEWHOTO ASHCTBUS IMPOKO PACTIPOCTPAHEH MOIX0] Ha OCHO-
Be cxeM 3amerieHus [ 17-22]. B maHHON cTaThe A1 ONTUMH3AIHOHHOTO pacyeTa
[IPUMEHEHA MOJIENb, B COOTBETCTBUU C KOTOpOoil JIAJ] cBOIUTCA K COBOKYITHOCTH
TpeX JCTATU3UPOBAHHBIX CXEM 3aMCIICHUS: MArHUTHOM IIeNU, TEPBUYHON U
BTOPUYHOM 3JeKTpHUeCcKuX 1enent [15, 16]. DnekTpoMarHuTHas MOJEIb MOXKET
OBITh JIOTIOJIHEHA TEIIOBOM MOJIEJIbIO, TAKXKE OCHOBAaHHOW Ha JCTaTU3UPOBAH-
HBIX TEIUIOBBIX cxemax 3amemneHus [23]. Pacuer xapaktepuctuk JIA]] peanuso-
BaH B cpeae MATLAB. Oxna utepanus pacdera MOACIH Ha OCHOBE CXEM 3a-
MEIIEHNs 3aHIMaeT okojo 1 ¢, B oriamane ot MKD-Mozeneii, pacder mo KOTo-
PBIM JUTMTCS TIOIMHHYTHI Win Oosee [24].

MeToabl M HOAXOAbI

3amaua ONTUMAJILHOTO MPOEKTUPOBAHUSI COCTOMT B TOM, YTOOBI U3 MHOXKE-
CTBa peajJbHO BO3MOXKHBIX BAPUAHTOB BEIOPATH OJMH HAWTYYIIUH 110 33JJaHHOMY
Kkputeputo. llpenMyIecTBO KOHKPETHOTO BapuaHTa OMpEeAeNseTcs] KOomde-
CTBEHHOH OILIEHKOH Han0OjIee Ba)KHOW XapaKTEPUCTHKH (TPYIIBl XapaKTepH-
CTHK) 3JICKTPUYECKOH MAIlIMHBI, T. €. KPUTEPUEM ONTUMANbHOCTH [25]. DTOT
KpUTEepUil TOHKeH NPUHUMATh MaKCUMaIbHOE (MHHUMAIbHOE) BO3MOYKHOE 3HA-
YeHHEe NpHU 33JaHHBIX OrpaHn4eHusAx. Kak npasmiio, mpou3BoAsITCS MaKCUMHU3a-
st KIIJI, TsroBoro ycmnwus (BpallaroIero MOMEHTA), BBIXOJHOW MOIIHOCTH
W MUHUMH3AIMS MacChl M Ta0apuTOoB, a JUIsl psla BUJIOB JJIEKTPOJBUTATEICH
aKTyajJbHa TAaKKe MUHMMM3ALUS YIEP:KUBAIOIIETO0 MOMEHTa U MyJbCallud MO-
MmeHTa [24].

IMpu npoekrupoBanuu JIAJ] neneBbie pyHKIMKA ONTUMH3ALNH, KaK PABHIIO,
He 00NajfaloT SIBHOW 3aBHCHMOCTBIO OT KOHCTPYKTHUBHBIX Pa3MepOB U APYTUX
napameTpoB. Kpome TOro, HEeKOTOphIE MapaMeTpbl MOTYT UMETh CHEKTp JUC-
KpEeTHBIX 3HaueHud. Hanbonee pacnpocTpaHeHHBIMU B 337a4ax LEJIOYHCICHHO-
ro MNporpaMMHUPOBAHUS, KOIJa MapaMETpbl ONTUMU3ALMU BapbUPYIOTCA JUC-
KpPETHO, SIBJIAIOTCS METOJBI IMHAMUYECKOIO MPOrpaMMHPOBAHNUS U MOKCKaA IJIO-
OanpHOrO 3KcTpeMyMa. OAHAKO NP OOJIBIIOM YHCIIE TAPAMETPOB ONTHMHU3ALIUH
MPOCTPAHCTBO MOMCKA BO3PACTAET HACTOJBKO, YTO CTAHOBUTCS CYIIECTBEHHOM
npoOemMa BpeMEeHH BBIYUCIICHHM.

Takum 006pa3oM, OCHOBHBIE TPYTHOCTH MPUMEHEHHUS KJIACCHIECKUX METOI0B
ONTUMH3AINN HETMHEHHOH (YHKIUH, KOTOPOH B OOIIEM ciiydae sIBISIETCS MO-
nenb JIAJL [13], cBsizaHBl ¢ ipobIEMaMy OTBHICKAHUS TI00ABHOTO SKCTpeMyMa
Y JUTUTETFHOCTHIO BPEMEHH IOMCKAa ONTHMyMa MPH 3HAYUTEILHOM YHCIIe Tapa-
MmetpoB ontumuszanuu [25]. Hampumep, metox Hemmepa — Muga [26], coracHo
OTIBITY €Tr0 TPUMEHEHHS JUII IPOSKTUPOBAHUS 3JIEKTPOJIBHUTATENIEH U TeHepaTo-
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POB C MOCTOSTHHBIMU MarHutamu [27—29], CKJIOHEH K «3aCTPEBaHHIO» B JIOKAJIb-
HBIX 3KCTpeMyMax W He d(PGheKTHBEH NMPH HATHYUN O0JIee CEMHU BapbUPYEMBIX
napameTpoB. OHAKO JOCTOMHCTBOM METOJa SBISICTCS OTHOCHUTEIHHO ObICTpOE
MIOJy4YeHUE Pe3yNbTaTa.

B crarbe mccienoBaHa BO3MOXHOCTh MpHMEHEHUs ['A nmns onmTuMu3anuu
KoHCTpyKIuu JIAJl ¢ MCIIONb30BaHUEM MOJICNIA HA OCHOBE JICTATM3HPOBAHHBIX
cxeM 3amenienus [15, 16]. ['eHeTHUECKHUI aNrOpUTM — 3TO METOJ PEUICHUS 3a-
Jla4 ONTHMH3AIUY, OCHOBAaHHBIN Ha €CTECTBEHHOM OTOOpE, T. €. MPEACTaBIISIO-
iy co0oit aHajorui Ouosornueckoro mpoiecca spoonuu [30]. Ha kaxmom
mare ['A ocymiecTBisieTcsl BEPOATHOCTHBIM OTOOp HEKMX HHIWBUAYATbHOCTEH
(BO3MOYKHBIX PELICHHUH 3a1a4K) U3 TEKYIIEr0 POJAUTEIBCKOTO MOKOJIECHHUS U TIPO-
W3BOJIUTCS TIOCIEqyIolIee JoUepHee ToKoneHne. Uepes mocinemoBaTenbHbli OT-
0Op TOKOJEHHH MPOXOIUT BOIIOIMS MPOJBIKEHUS K ONTHUMAILHOMY pellle-
Huto [30]. Yopomennas 6iok-cxema ['A [30] noka3zana Ha puc. 1.

HAYAJIO

v

Munumanusanns: BeiOOp HAYAILHBIX IAPAMETPOB
JIAJL (MCXOHOM NOMYIALME XPOMOCOM)

¢ h 4

Brruucnenne uenceoil hpyHKIHM (OLCHHBAHHE
NPUCTIOCODIEHHOCTH XPOMOCOM B MONYJIALMH)

HET Yeaorue sasepiieHus JA
BLITIONHCHO?

h 4 v
Cenekuus Koneprauus
XPOMOCOM TapamMeTpoB

HaWIy4Iei

l XPOMOCOMBI

B [apaMeTphl
[Tpumenenne ONTHMAJILHOTO
I'CHETHYECKHX JIAJL
oreparopoB

! v

HasnaueHue HOBBIX KOHELL
napametpos JIAJ]

(co3lanmne HOBOI
MOMYIIALHH )

]

Puc. 1. YnpoueHHast 010K-cXeMa KJIACCHYECKOTO TeHETHYECKOT0 arOpUTMa

Fig. 1. A simplified flowchart of classical genetic algorithm
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Kputepuii ontumanbHOCTH 3afaBajicsi TAaKUM 00pa3oM, YTOOBI MpPU IYCKO-
BOM ycuiuu He Hiwke, yeM y JIAJl ¢ ucxogHblM HaOOpOM MapaMeTpoB JUIS
HOMUHAJIBHOTO PEKUMA, IPOU3BOIMIACH MAKCUMU3AIHA KO3 (UIIMEHTOB MOIILI-
HOCTH M TIOJIE3HOTO JEWCTBHUS, a TaK)Ke XECTKOCTH MEXaHMYECKOH Xapakre-
PHUCTHKHU.

LeneBast GpyHKIMS MpenonaraeéT MHHUMH3AIUIO PAa3HOCTH MEXIy KeJae-

MM F . n ncxonueM F

m nom HOMHHAJIbHBIMU TATOBBIMH yCHIIHAMH, UTO obec-

NIEYMBAET TOBBIIIEHUE JKECTKOCTH MEXaHMYECKOH XapaKTepUCTHKH U MUHUMH-
3AITHIO PA3HOCTH MEXKITY JKemaeMbiM Fo,, 1 HCXOmHbIM Fy,, TyCKOBBIMH TSTO-
BBIMU YCHJIMAMHM, WJCAIBHBIMH €IMHUYHBIMU 3HAYEHUSIMU M HCXOAHBIMU
ko3¢ dunnenrtamu momuoctn PR, u KIII n o

F= kl ( I:n*om - I:nom ) + k2 (Fs:art - Fstart ) + k3 (1_ PI:nom ) + k4 (1_ MNnom )! (1)
rae K, , —BecoBble KOA(DPUIIHMEHTH! KaXKJ0T0 KpUTEPHSL.

Pacuer mapamerpoB neneBoit ¢ynkiuu (1) mpoBOAMIM Ha OCHOBE CHUCTEMBI
ypaBHeHUH MaTemaTuiaeckoir moaemu JIAJL [15, 16]:

U=Z"I"+ jowK ®D,;
Ry®; — Ryy®, = WKl
—Rp®; + Ry @, = 1°; )
Z°1° =V,
dv

F-F=M—,
dt

o o o f
rac U - BCKTOP JIMHCUHBIX HAIIPAKCHUU IMUTAIOIICU CCTHU; Z - MaTpuilia KOM-

IIIEKCHBIX COMPOTHBICHMI (a3 uumyktopa, Z' =R" + joL; R' - akruHOE

conporuBnenne (aspl uHAykTOpa; L' — MHmyKTHBHOCTB (assl HHIyKTOpA,
HE yYTEHHas B CXEME 3aMCIICHHMsS MAarHUTHOW LIENH; | — MHUMas CIMHUILIA;
( — YI7IOBas YaCTOTA MIEPEMEHHOr0 ToKa; | ' — BekTOp (hasHbIX TOKOB HHIYKTOPA;

W — 4HciI0 BUTKOB B na3y; Ko — MaTpuua npuseneHus na3oBelx OJ1C HHAYKTO-
pa k koHTypHBIM DJIC; @3, @y — BEKTOPHI MarHUTHBIX IIOTOKOB SIPM MHIYKTOpa
U BTOPUYHOTrO 311eMeHTa; R, R;,, R,, — MaTpuIlbl MarHUTHBIX COIPOTUBIICHUIL;
|

KPR — MaTpulla OpUBCACHUA (I)aSHBIX TOKOB MHAYKTOpPA K IMMa30BbIM; — BCKTOp

TOKOB IPUBEICHHON DJICKTPUYECKON IIENH BTOPUYHOTO dIeMeHTa; Z° — MaTpu-
[[a CONPOTHBIICHUI NMPHUBEIECHHONW 3JEKTPUUYECKOW IIEMM BTOPHUYHOIO 3JIEMEH-
ta; V¢ — 10 xe ¢popmupoBanus D/IC, HABOAUMBIX B YCIOBHBIX KOHTYypax BTO-
puyHOro snemenra; F. — Tarooe ycunme; F, — cymMma CUII CONPOTHUBIICHHS;

M — macca nmoaBmwxkHOU yactu JIAJ; V — CKOPOCTh TIEPEMEIICHUS TTOABIKHON
yactu [21, 22].
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Pe3y1bTaThl H X 00CYKIeHUE

OO0BekTH uccnenoBanus — ytabopatopublii JIAJ] Ha 6aze TpexdaszHoro WH-
nykropa SL-5-100 (puc. 2a) u TsaroBblii ogHOcTOpoHHUE JIAJ] 1U1s TOpoacKoit
TPAHCIIOPTHOM CUCTEMBI, HHIYKTOpP KOTOPOTro mokasaH Ha (puc. 2b). OcHoBHbIC
napameTpbl oooux JIAJ] mpuBeaeHs! B TadI. 1.

a

Puc. 2. IHRyKTOpPBI HCCIEyEMBIX TMHEHHBIX aCHHXPOHHBIX JABHUIraTENCH:
a— SL-5-100; b — tsiroBoro xBurarens

Fig. 2. Inductors of the linear induction motors under study:
a — of the SL-5-100; b — of a traction linear induction motor

Oco0eHHOCTh TUHEHHOTO ACHHXPOHHOTO JJIEKTPOJBUTATENSI B TOM, YTO OH
co3maercs st KOHKPETHOTO MEXaHU3Ma U XOPOIIO C HUM MHTETPHpYEeTCs, T. €.,
10 CyTH, SIBIAETCS MEXaTPOHHBIM MOJAyJIeM. B wacTHOM ciydae BTOPHUYHBIM
3JIEMEHTOM MOXET OBITh MPHBOJIMMOE B JBIDKEHHE W3JICINC WIA HETOCPeI-
CTBEHHO pabouuii opraH MexaHu3ma. [lo 3Tol MpUYHMHE PACCMOTPEHA 3aaada
ONTUMH3ALUU TaPAMETPOB BTOPUYHOTO 3JIEMEHTA IIPU HEU3MEHHBIX ITapaMeTpax
WHAYKTOpa. B KadecTBe HAYaIBLHOTO MPUONIMIKEHUS MCIIONB30BAIM TapaMeTphl
BTOPHUYHOT'O JJIEMEHTA, MIPHUBEIEHHBIC B Ta0M. 1.

Tabauya 1
ITapameTpsl HecIeyeMbIX JIMHEIHBIX ACHHXPOHHBIX JABUIaTeIeil

Specification of the linear induction motors under study

3Ha4YeHHe IS IBUTraTelIs
HammenoBaHue TapameTpa 71a00paToOpHOro | TATOBOTO s
C HHAYKTOPOM | TPaHCIIOPTHOI
SL-5-100 CHCTEMBI
1 2 3
Yacrora nmurtanus, ' 50 23,2
Homunanshoe ¢a3Hoe HampshkeHue, B 220 240
Homunaneasrit ¢ha3Helii TOk, A 7,1 270
Homunanshoe TsiroBoe ycuiue, H 100 2832
MakcumMansHOE TAroBoe ycuaue, H 166 5500
CHHXpOHHAs1 CKOPOCTh, M/C 5 10
Yucrno mosocos 4 8
Yucno nasos 12 50
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Okonuanue mabn. 1

1 2 3
Yuciio BUTKOB B ma3y 420 14
IIMupuHa MarHUTONpPOBOJA UHAYKTOPA, MM 50 240
BpicoTa MarHuTONpPOBOAa HHAYKTOPA, MM 80 110
BeicoTa sipMa MarHUTONPOBOAA UHIYKTOPA, MM 35 40
JnrHa MarHUTONPOBOA HHAYKTOPA, MM 200 1740
3y01oBoe AeeHUE, MM 16,7 35
Mupuna npoBoAdLIel I0JIOCE] BTOPUYHOIO 2JIEMEHTA, MM 50 240
TosuHa MPOBOAAILIEH OJIOCH BTOPUYHOTO JIEMEHTa, MM 3 6
IIMupuHa MarHUTONpPOBOJa BTOPUYHOI'O YJIEMEHTA, MM 50 240
TosuHa MAarHUTONPOBOJA BTOPHYHOTO 3JIEMEHTa, MM 5 20,7
Bo3zaymnslit 3a30p, MM 1 10

Baprupyemble mapaMeTpbl BTOPUYHOTO JIEMEHTA M JTUANa30HbI UX 3HAUYCHUI
st JIAJL ¢ uagykropom SL-5-100 mpuBeneHsr B Tabn. 2, mis Tsarosoro JIAJL
TPAHCIIOPTHOW CUCTEMBI — B Ta0I. 3.

Tabauya 2
Bapbsupyembie napaMeTpbl BTOPUYHOI0 3JIEMEHTA
JJ151 JINHEITHOT0 aCHHXPOHHOTO0 IBUTaTelIsi ¢ MHAYKTOpoM SL-5-100
Variable parameters of the secondary element
for a linear induction motor with a SL-5-100 inductor
3HaueHUE, MM
HaumenoBanue napamerpa Ilar. vy
BTOPUYHOTO 3JICMCHTA min max ONTUMH3H- ’
poBaHHOE

[uprHa npoBOSIICH MOIOCH 35,0 65,0 54,0 1,0

TounmuHa npoBoAsIIeH NOIOCH! 2,1 3,9 3,2 0,1

TomnmuHa MarHUTONPOBOIA 3,5 6,5 55 0,1
Tabauya 3

Bapbupyemblie mapaMeTpsl BTOPHYHOIO 3J1eMeHTa
JJ151 TATOBOrO JIMHEHHOr0 AaCHHXPOHHOT'0 JBUraTeJIsl TPAHCHOPTHOI CHCTEMBbI

Variable parameters of the secondary element
for a traction linear induction motor of transportation system

3HavyeHue, MM

HaumenoBanue napamerpa IIlar. vt
BTOPHYHOTO 3JIEMEHTA min max ONMTHMH3H- ’
poBaHHOE
[Iupuna npoBoAsLIEH MOJIOCH 168,0 312,0 258,0 1,0
TomnmuHa NpoBOJSIIEH OJIOCHI 42 78 6,4 0,1
TounmuHa MarHUTONPOBOJA 14,5 26,9 22,8 0,1
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PesynbTaThl, mosydyeHHbIE B Mpoliecce ontumuzanuu s JIAJ[ ¢ uHaykTO-
pom SL-5-100, mpencraBnensl Ha puc. 3, 4a. [lo cpaBHEHUIO ¢ UCXOMHON KOH-
crpykuueit JIAJl ko3¢ dunment Momuocty yBenuuwics Ha 0,9 %, HOMUHAIb-
ueiid KITJ] — Ha 1,6 %. Kpome Toro, yaanock nomyduTh Oojiee KECTKYI0 MeXa-
HUYECKYI0 XapaKTEPHCTUKY MpU OOJbIIEM ITyCKOBOM YCHJIHMH M YIyYLIEHHBIX
SHEPreTHYECKUX MoKa3aTeisx (puc. 4a).

a b
0,65 0,35
cos(/) | — 1
0,55 T oash / . |
0,50 = L
¥ \,
045 0201/ % i
0,40 0.15F \,
y < El \
0,35 ra g \
’ 0,10 %
030} |
0,25 0,05 \ 1
N,
0,20 . : .
0 02 04 06 08 10 0 02 04 06 08 10

CKoJIb)KeHUE § CKoJIb)KEHUE §

Puc. 3. 3aBucumMocTb K03 HUIHEHTOB MOILIHOCTH () ¥ MONe3HOro AeiicTBrs (b) OT CKOIBKEHUS
JULs JINHEHHOI'O aCUHXPOHHOIO JABUraTells ¢ HuHIyKkTopoM SL-5-100:
—— — CIPOEKTUPOBAHHBIN IBUIATENb; — UCXOHBIN IBUTATENb
Fig. 3. Dependence of power coefficients (a) and efficiency (b) on sliding
for a linear SL-5-100 induction motor
—— — the designed motor; - — the original motor

Pesynbrarel ontumusanuu tsrosoro JIAJ] nokasansl Ha puc. 4b, 5.

a b
180, - 6000
160 e N 5000 AT T
o= 140¢ T T |
L e |
[} r 2 [}
= | =
£ 80/ 5 3000
3] | Q y
> 60! ”2000F
401 1000+ / ‘
20 ,-/
| ; Y
0 02 04 06 08 10 0 02 04 06 08 10

CKOJIb)KEHHE § CKOJIbKEHHE §

Puc. 4. MexaHn4eckasi XapaKTepUCTHKA JIMHEHHOTO ACHHXPOHHOTO IBUTATEIIS:
a — ¢ uaaykropoM SL-5-100; b — TaroBoOrO;
——— — CIIPOCKTHUPOBAHHBIII ABUraTEb; -+ — UCXOJIHBII1 ABUraTesb
Fig. 4. Mechanical characteristics of a linear induction motor:
a — with a SL-5-100 inductor; b — of a traction one;

—— —the designed motor; -+ — the original motor

[To cpaBHeHuto ¢ ucxomHOM KOHCTpYyKIueH JIAJ] HoMuHABHBIN KOA(hdUIH-
€HT MOIIHOCTH yBenuuuics auib Ha 0,2 %, nomuHansHbelid KIIJ — Ha 1,4 %.
VYpanoch moayuuTh Oosie€ JKECTKYH0 MEXaHHYECKYH XapaKTepUCTUKY IIpH
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MPUOM3UTETHFHO TOM K€ IyCKOBOM YCHJIMM M T€X KE YIYUIICHHBIX SHEPreTH-
YeCKHUX Tokazarensx (puc. 4b).

0,8 . . " ’ : 0,35 =
cos(f) i kot / ™

0,6 y e g 025" ;.—'":' \

05t/ ] 0201/

041 / - 0,15} A

03/ 1 0,10t \.

0,2 f i 0,05+ :

0,1 . . . . J L . . " " N
0 0,2 0,4 0,6 0,8 1,0 0 0,2 04 0,6 0,8 1,0

CKoubXeHHE § CKOJIb)KEHUE §

Puc. 5. 3aBucumMocTb K0P PUIMEHTOB MOLIHOCTH () U mose3Horo aeiictus (b)
OT CKOJIBXKESHUSI ISl TSTOBOT'O TMHEWHOTO AaCHHXPOHHOTO JBUTATEIIS:
——— — CIIPOCKTUPOBAHHBIN JIBUTATEIID; -+ — MCXO/IHBIN TBUTATEIh

Fig. 5. Dependence of power factor (a) and efficiency (b) on slip
for traction linear induction motor:
—— — the designed motor; -+ — the original motor

BBIBO/1bI

1. PaccMoTpeHa onTUMHU3AIUs JTUHEHHBIX aCHHXPOHHBIX JIBUTATeNied ¢ To-
MOIIBI0 TEHETHYECKOTO anroputMa. Mcnoab3oBaHa 3JEKTPOMarHuTHas MO/IENb
JBUTATENs HA 0a3e JeTalM3UPOBAHHBIX CXeM 3aMeleHus. /s apuratens n1a6o-
pPaTOpPHOH YCTAHOBKH M TSTOBOTO JBUTATENS TPAHCIIOPTHOW CHCTEMBI OTHCAHBI
pe3yNbTaThl ONTUMH3AIMK TapaMeTPOB BTOPUYHOTO 3JIEMEHTAa, B Pe3ylibTaTe
Yero yJIy4IlieHbl X JHEPIeTUUCCKHE U MEXaHUUCCKUE XaPaKTCPUCTHKH.

2. JInst TMHEHHOTO aCHHXPOHHOTO IBUTATENs Ha Oase mHmykTopa SL-5-100 on-
penenensl 3HaYeHUs HPUHBI (54,0 MM) ¥ TOMUHE (3,2 MM) TPOBOJSIIEH ITO-
JIOCHI, TOJIIUHBI MATHUTOMIPOBOJA (5,5 MM), IPU KOTOPBIX JIOCTHTAKOTCS MaKCH-
MaJtbHbIe KO3 (OUITUEHTHI TTOJIE3HOTO IEHCTBUS ¥ MOIIIHOCTH.

3. Jlns TATOBOTO MABHWraTellss TPAHCHOPTHOH CHCTEMBI OIPENEICHBI Clie-
IYIOIME ONTHUMAJIbHBIC 3HAYCHHUS MMapaMeTPOB BTOPHYHOTO 3JCMEHTA: IIHPH-
Ha (258,0 MM) u TommuHa (6,4 MM) TIPOBOIAIICH ITOJIOCHI, TOJIIIMHA MAarHUTO-
mpoBoja (22,8 Mm).

4. HaliieHHbIe ONTHMAaIbHBIC TApaMETPhI MO3BOJISIFOT 00CCIICYUTh MOBBIIIC-
HUE JKECTKOCTH TATOBBIX XapaKTEPUCTHK U ITyCKOBOTO TATOBOTO YCHITHSL.
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Abstract. This article considers the principal theoretical possibility of regulating a nuclear power
reactor under changing operating modes conditions when external periodic disturbances take place
in conditions of changing the operating mode. By the external periodic perturbation a downward
change in the conditions of the heat sink was meant. The magnitude of the changes was
preliminarily calculated in such a way that the operating conditions of the power plant did not
exceed the boundaries of the safe operation zone of the reactor. In the case of approaching the
operation parameters to the critical ones, the heat sink was increased until the working conditions
returned to their previous state. In this work the amplitude frequency response of a non-linearly
enhanced system in the nuclear power plant operating conditions when non-linearly reacting
to external periodic influences has been studied. The external cyclic disturbances effect produced
on the reactor that initially existed under stationary operating conditions has been considered.
The research was carried out by numerical simulation of the competition between processes occur-
ring in a nuclear power plant and determined by the system’s reaction time and relaxation time
while responding to periodic external influences. Calculations of the relaxation time dependence
on the fixed frequency-revealing external influence’s temperature are presented. Also, the relaxation
time dependence on the frequency of external influence at a fixed temperature for systems with various
relaxation periods was calculated. It is determined that when the dependence between system tempe-
rature and the external influence time is calculated, there exists a wide range of possible frequency
control. To evaluate the behavior of a nuclear power reactor under conditions of operating modes
changes, a fundamental physical mathematical model of the reactor’s state under external harmonic
influence is presented. It is based on the nonlinear Riccati equation. The external harmonic effect was
simulated by changing the heat supply and heat removal conditions near the critical point.
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HUccaenoBanue napaMeTpu4ecKMX B3auMOACHCTBUI
MPHU peryJTUPOBAHUM SIIEPHOTO PEAKTOPa ¢ 00PATHOI CBA3BIO

B. B. OrmTlolcl), . JI. KO3J‘[OB1), B. . Ckanosyﬁonl), M. A. Ocranenko?

YOnecckuit Hanmonanb b moTuTeXHIIeCKuil yHIBepcuTeT (Onecca, Ykpanna),
JHauuoHAIbHBIH TEXHHYCCKHUIT yHHUBEpCUTET YKpauHbl «KHeBCKuil MOTUTEXHUUECKHH HHCTUTYT
umenu Uropst Cukopckoro» (Kues, Ykpanna)

Pedepar. PaccMoTpeHa npuHLMIMAIBHAS TEOPETUYECKAs BO3MOKHOCTb PETYIMPOBAHMA SAEp-
HOTO SHEPreTHYECKOr0 pPEeaKTopa, HAXOMSIIErocs IMOoJ BO3ACHCTBUEM BHEIIHMX MEPUOANYECKHX
BO3MYIIIECHHH, B YCIOBHAX M3MEHEHHS PEKHMOB paboThl. 1o/ BHEITHUM MEPHOIMIECKAM BO3MY-
LIEHUEM I0J[Pa3yMEBaIOCh U3MEHEHHE YCIOBUI TEIIOOTBOAA B CTOPOHY yMEHbIIeHH. Bennunna
U3MEHEHHI MpeBapHTEIbHO PACCUUTHIBAIACH TAKUM 00pa3oM, uTOOBI yCIoBHsI PabOTHI BHEpre-
THYECKOW yCTAaHOBKHM HE BBIXOJWIIM 33 TPAHUIBI 30HBI Oe30omacHOH paboThl peakropa. B cirywae
NIpUOIMKEHNS TTapaMeTPOB PAOOTHI K KPUTHIECKHM TEIUIOOTBOJ YBEIMUIHUBAJICS 10 MOMEHTA BO3-
BpAalICHUs] YCIOBUH pabOTHl B IpexHee cocTosHue. M3ydyeH aMIUIMTYAHBIA YaCTOTHBIM OTKIMK
HEIMHEHHO 00OCTPEHHOH CHCTEMBI B YCIOBHSX PabOTHI SICPHOM 3HEPreTUUECKON YCTaHOBKH,
HEJIMHEHHO pearupyrolleil Ha BHELIHNE IIepHOAXYECKUe Bo3aeiicTBus. PaccMoTpeno Bo3aeiicTBue
BHEIIHUX LMKJIMYECKUX BO3MYLICHUH HAa PEaKTOP, NCXOJHO HAXOSIIMICS B CTAllHOHAPHOM pabo-
yeM cocTosiHuH. IIpoBeneHsl McceoBaHUS IyTeM YHCIEHHOTO MOJEIMPOBAHHS KOHKYPEHLUH
MIPOLIECCOB, NPOTEKAOLUX B AJCPHON DHEPreTUUECKON YCTaHOBKE, KOTOPBIE ONPEIEIA0TC Bpe-
MEHEM peaKlUM U BPEMEHEM peIaKCaluyd CHCTEMbl Ha IEPHOJUYECKOE BHEIIHEE BO3ICUCTBHE.
IIpencraBiaeHsl pacueThl 3aBUCHMOCTH BPEMEHH PellaKCcal[iy OT TEMIIEpaTyphl BHEIIHETO BO3JEH-
CTBHA NpH (HUKCHPOBAHHOH 4acTOTE, BPEMEHH PEJIaKCallid OT YacTOThl BHELIHETO BO3ICHCTBHS
npu (UKCUPOBAHHON TeMIIepaType JUIi CHCTEM C Pa3HBIM BpeMeHeM penakcanuu. Ompenere-
HO, YTO TPH pacueTe 3aBUCHMOCTH TEMIEPATyphl CHCTEMBI OT BPEMEHU BHEMIHETO BO3JEHCTBUS
CYILECTBYET IMIMPOKAs 30HA BO3MOXHOTO YaCTOTHOTO PEryianpoBaHMs. 11 OIEHKH MOBEICHUS
SZIEPHOTO SHEPTETUYECKOTO PEaKTOpa B YCIOBHUAX N3MEHEHUS PEKUMOB pabOTHI CO31aHa IPUHIIH-
nuanbHas (GU3NKO-MaTeMaTHIecKass MOJEIb COCTOSHUS PEaKTopa, HaXOJIIEToCs I10][ BHEIIHHM
rapMOHUYECKUM BO3/IECHCTBUEM, Ha OCHOBE HEIMHEMHOTO ypaBHeHMs Puxkatu. Bueminee rapmo-
HUYECKOE BO3ACHCTBUE MOAEIHUPOBAIOCH IIyTEM M3MEHEHUS YCJIOBHH TEMJIONOABOAA U TEMIOOT-
BOJIa BOJIN3M KPUTHUECKOH TOUKHL.

KiroueBble cj10Ba: aMIUIMTYIHBINA YaCTOTHBIA OTKIIUK, LUKIMYECKHE BO3MYIIECHHS, TapMOHHUYE-
CKH€ BO3JEHCTBUS, BPEMS PEeaKLUH, BpeMsl pellakcalliy, MOIUIUKIMIHOE PETyIUPOBaHUE, alepu-
onyecKasi HeyCTOMUHUBOCTh

Jas nutupoBanusi: VccnenoBaHue mapaMeTpHUYECKHX B3aUMOACHCTBHIH IIPH pETyIHPOBAHHU
SJIEPHOTO peakTopa ¢ oOpatHoif cBs3bo / B. B. Omsariok [u np.] // Ouepeemuxa. Hzs. gvicui. yueo.
3agedenutl u sHepe. oovedunenusi CHI. 2021. T. 64, Ne 6. C. 517-524. https://doi.org/10.21122/
1029-7448-2021-64-6-517-524

Introduction

At present, the nuclear power plant’ nuclear reactors mainly operate in a sta-
tionary operational (basic) mode, when the reactor’ specified power level re-
mains constant for a long time.

Dynamic modes with changes in the reactor power level are associated with
transient processes during unit starts and stops, or in cases of emergencies of
various types’ [1-4].

Recently, the public and experts in the field of nuclear energy use have been
actively discussing the issue of NPP’ nuclear power plants units engagement into
daily power control. The ability of nuclear power plants to participate in total
energy supply and consumption system load control is a crucial factor in further
development of nuclear energy domain [5, 6]. As an example of such general
power system load regulation, we can mention France, where more than 75 %
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of electricity is produced at nuclear power plants (PWR — type reactors are ana-
logs of WWER ones), and maneuvering modes have been introduced since
the mid-70s of the last century. Parameters of maneuvering mode at some
French nuclear reactors are shown in Fig. 1 [7].

However, when the reactor operates in transient modes, a complex inter-
weaving of heterogeneous physical processes occurs, which processes form in-
ternal feedbacks that cause a destabilizing effect [8].

When these feedbacks are strong enough and changes in the reactor opera-
ting parameters reveal proper phase shifts, the reactor’s stationary opera-
tion mode turns out to be unstable [9-11] and can go to the upper critical
state (UCS) zone, which is unacceptable from the point of view of the thermal
explosion theory.
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Fig. 1. Power history for a one year from a French PWR (units of 900 MW) in procent
of rated power [12] from July, 2008 — August, 2009

The study of transient processes and stability of oscillations in a nonlinear
system under parametric excitation allows evaluating its power, amplitude, and
frequency characteristics. The analysis of transient processes and stability
of oscillations clearly shows the relationship between the initial conditions
of impact and the system response in the form of periodic repeated oscilla-
tions (polycyclic) [13, 14]. Consideration of transient processes and issues of
oscillation stability in nonlinear parametric systems is of considerable scientific
and practical interest for creating new methods applied in designing controlled
influence modes. This article purpose is to show the principal theoretical possi-
bility of the nuclear reactor polycyclic regulation under changing operating
modes conditions through studying the parametric interactions of the system
under external harmonic influences.

It is shown in [15-18] that chaotic fluctuations in the neutron density can
occur in specific type’s nuclear reactors due to the action of internal reactivity
feedbacks. In boiling reactors, dynamic chaos can be excited due to feedback on
the vapor content in the core [19-21], at reactors with gaseous nuclear fuel due
to density feedback [22, 23], and in pulsed batch reactors they are due to the
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combined action of feedback on the fuel temperature and external periodic
changes in reactivity [24].

Theoretical and experimental studies of the nuclear reactors stability show that
additional feedbacks due to the presence of regulation and control bodies can also
cause unstable operation of the reactor. Steady-state instability can take a variety of
forms, the most common of which are aperiodic and oscillatory [25] ones.

Aperiodic instability is characterized by the fact that after small perturbations
of the stationary regime, the neutron density and other values characterizing the
reactor are monotonically, aperiodically shifting from their stationary values
over time.

Oscillatory instability is characterized by self-excitation of increasing fluc-
tuations of the values describing the reactor operation near their stationary
values. Due to the nonlinear relationships between these values, oscillations
with finite amplitude determined by the reactor parameters (self-oscillations) are
established in the reactor.

Main part

To solve the problem of polycyclic regulation for a nuclear reactor under
conditions of changing its operating modes, the amplitude frequency response in
nonlinear — enhanced systems was studied.

The effect of external periodic disturbances on a reactor initially in a stati-
onary state has been considered. The supposed process is shown in Fig. 2.

In order to adjust the power characteristics, it is assumed to shift the reactor’s
operating point, for example, to the level of 70 % of the design capacity and
periodically produce effects to the reactor by changing the heat exchange condi-
tions. Reducing the frequency of exposure will lead to a decrease in the released
power of the operating reactor.

Higher frequency exposure will lead to increased power during reactor ope-
ration [26]. In this case, the main condition shall be to prevent the reactor from
operating at mode close to the UCS.

70 %

Fig. 2. Supposed process of the nuclear reactor operation under polycyclic control

This process is described by the following Riccati equation [27, 28]:

a0 _ ke’ —0+0,cos0'T, (1)
dt

where 6 — dimensionless temperature parameter; t = t/ry — dimensionless expo-

sure time; «=rt,/t,— Semyonov parameter; o' — dimensionless frequency;
0, — amplitude of external harmonic influence in dimensionless form
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0, =T,E/RTZ, 2)

where T, — temperature in the reactor, K; 7., — temperature of the cooling me-
dium, K; E — activation energy (5.75 MeV); R — universal gas constant [29].

The dimensionless frequency in its physical sense is the ratio of two charac-
teristic times of the process: the relaxation time and the period of disturbance
action.

There is no analytical solution to equation (1), since the right-hand side con-
tains a source written in harmonic form. Therefore, the numerical parametric
calculation of this equation solution that includes the temperature parameter
variation with the amplitude of the external harmonic action 6, and the perturba-
tion frequency ' is carried out.

Also, the research was carried out by computer calculations of the compe-
tition between processes that are determined by the system’s reaction time and
relaxation time against the periodic external influence.

The calculation of the system temperature amplitude parameter dependence
on the external influence time [30] is shown in Fig. 3, where it can be seen that
there exists a wide range of possible frequency control.

A
04

-
v

L
10 20 30 40 1,5

Fig. 3. Graph of the dependence between the 6, amplitude temperature parameter
and the time t of enhanced system under the influence of external factors

The K zone shown in the right part of the graph represents an intolerable
mode of reactor operation. In the future, for each set of parameters, the induction
time t; was found, which means the duration of nonlinear critically enhanced
system transition from a stable initial state to an unstable explosive one.

Interpretation of the results and their approbation

Fig. 4, 5 show the results of the induction time 1; dependence on the tempera-
ture parameter of amplitude 6, and the external influence frequency o,
respectively. The Fig. 4 shows the descending dependence of the induction time
on the temperature perturbation amplitude at various fixed frequencies. This result
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is obvious, since for a nonlinear system of an exothermically reacting medium,
its response to the heating phase is stronger than the response of the system cooling
phase. The Fig. 5 shows an increase in the induction time with increa-
sing frequency when the external perturbation amplitude temperature parameter
is fixed. This is due to the fact that, with increasing frequency, the response of
a nonlinear system to external influences decreases due to its thermal inertia.
Thus, the induction time is a function of the amplitude temperature parame-
ter and exposure frequency t; = f(eA, oa’).When this transition time is fixed,

the amplitude temperature parameter depends on the frequency. This relation-
ship is shown in Fig. 6 for different transition times. It can be seen with high
accuracy (~1 %) that curves 1-3 are approximated by a linear function.

A A
Tiy S Tiy S
2\1 3
300 3001
200{ 3 200 2
100 1007 !
0,1 0.2 0.3 e: 1 2 3 o
Fig. 4. Graph of the t; induction time Fig. 5. Graph of the t; induction time
dependence on the external influence dependence on the external influence
amplitude 0, at a fixed frequency: frequency o' = o, at a fixed temperature:
1 — pulsation period of 1000 s; 1- 500 K; 2-700 K; 3-900 K
2-2000s; 3-3000s
A So, in order for the transition
® of an enhanced system from one
3 .
3 state to another, a higher frequen-
Cy requires more energy, since
2 2 the temperature is proportional
to the thermal energy. That is, the
1 1 external influence energy, which
is sufficient to transfer the system
from one stable state to another,
o is proportional to the impact fre-
01 02 03 0, quency. This result echoes the

Fig. 6. Graph of the o’ = wt, external influence
frequency dependence on the 6,4 external influence
amplitude for an enhanced system, in which
the transition from a low-temperature
to a high-temperature state was observed
for a fixed time:
1-3000s; 2-2000s; 3-1000s

well-known  quantum-mechanical
relation [31, 32], where, just as
in our case, the energy is propor-
tional to the frequency in the first
power.

The considered solution to the
polycyclic reactor power control
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problem is possible only after the development of new general recommendations
for the technological regulations and technical conditions of reactor operation,
operation of control and measuring equipment and safety systems for such a nu-
clear reactor control conditions.

CONCLUSIONS

1. The principal possibility of polycyclic control for a nuclear reactor under
conditions of operating modes changing through investigation into the system
parametric interactions under external harmonic influences has been considered.

2. The relations for studying the stability of a nonlinear system oscillations
in parametric excitation zones have been described.

3.1t is determined that the response of a non-linearly reacting system is
directly proportional to the frequency and amplitude of the harmonic effect.

4. The results of study on the assessing the induction time dependence from
amplitude temperature parameter and frequency of external impact, respectively,
have been presented.

5. The necessity of new recommendations development and elaboration
of algorithms for the technological regulations and technical conditions of a nu-
clear reactor operation in conditions of polycyclic control has been outlined.
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Abstract. An assessment is given to the problems of urban wastewater sludge utilization in our
country and abroad, with determination of formation and usage level. Global trends in the reduc-
tion of carbon dioxide emissions exacerbate the urgency of solving the designated tasks. At the
same time, recently, in connection with the EU’s plans to introduce a cross-border carbon levy,
it has become necessary to reduce the carbon footprint from burning traditional fuels, which is an
urgent problem of modern society. One of the directions that provide a solution to this problem
is the replacement of part of the hydrocarbon fuel by the consumption of multicomponent solid
fuel based on the use of combustible waste that is part of the multicomponent fuel. This solid fuel
can be used to meet the needs of small consumers, for example, in the autumn-summer period to
generate a drying agent for the preparation of grain on the threshing-floor, in small boiler houses,
in sand drying plants of locomotive depots, heat installations of hangars and workshops, as well as
in other heat-generating installations operating on solid fuels. At the same time, solving the prob-
lem of reducing the carbon footprint for Belarus is closely related to another urgent task — reducing
the energy component of industrial products and the environmental consequences of storing accu-
mulated and generated waste. The paper presents the results of joint scientific research in the field
of application of modern technologies and equipment using electrohydraulic treatment to reduce
and minimize the level of anthropogenic and polluting substances in wastewater sludge. The de-
scribed technological equipment, technology and post-treatment modes reduce the content
of harmful substances in the wastewater sludge composition even with short-term treatment.
An assessment of the effectiveness of the developed technology for the use of sewage sludge
is given, using the method of wet multicomponent briquetting to obtain a multicomponent fuel.
The presented process flow diagram of multicomponent briquetting using sewage sludge and
plant-wood waste directly shows the undeniable advantages of using watered wastewater sludge
as a raw material for the production of solid fuel. At the same time, the optimally selected ratio
of components and moisture content of the briquetted composition solves a number of technolo-
gically difficult problems that cannot be realized using traditional briquetting technologies.
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The presented data of the conducted research and the developed technology make it possible to
expand the area of using wastewater sludge as a secondary renewable material resource.

Keywords: waste, combustible secondary energy resources, wastewater sludge, municipal waste
of the city, industrial waste, ecology, fuel, briquette, multicomponent solid fuel, carbon tax, vo-
lume of waste generation, electrohydraulic treatment
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(Xanotii, Conmanuctuyeckas Pecrry6inka BoetHam)

Pedepar. [lana ornenka npodiaeMaM yTIIIH3AMN O0CAIKOB TOPOJCKHAX CTOYHBIX BoA B Bemapycn u
3a pybeKoM C OmpeJereHHeM YpOBHS MX 00pa30BaHUS M HCIONb30BaHHSA. MHUPOBBIE TEHICHIUH
COKpAILlEHUs] BBIOPOCOB IHOKCHAA YIiIepoaa OOOCTPSIIOT aKTyalbHOCTh PEIICHUS yKa3aHHBIX 3a-
nad. B cBsa3u ¢ mmanamu EBponeiickoro coro3a 1o BBEACHHIO TPAHCTPAHUYHOIO YIIIEPOTHOTO cOO-
pa BO3HHKJIA HEOOXOIUMOCTb CHIDKEHHUS YIJICPOAHOTO ClIe[ia OT CKUIAaHUS TPAAULMOHHBIX BHIOB
TOIUIMBA, YTO SABJISETCS aKTyaJbHOW MPOOIEMON 11 coBpeMeHHOro obmecta. OfHO U3 Hampas-
JIEHUH ee pellleHHs — 3aMelleHUe YacTH YTJIEBOAOPOJAHOIO TOIUIMBA MHOTOKOMIIOHEHTHBIM TBEp-
JBbIM Ha OCHOBE TOPIOYMX OTXOA0B. TBEpHOE TOMIMBO MOXHO HCIOJNB30BaTh AN 0OECTeueHus
HYX]] MEJIKUX MOTpeOuTeNnel, HanpuMep B OCCHHE-JICTHUH IEePHOJ Ul eHEepaliy CYIIIIHHOTO
areHTa IpyU IOATOTOBKE 3e€pHa Ha TOKAX, HA MEJKUX KOTEIBHBIX, B CYIIMIBHBIX YCTAHOBKAX ITeCKa
JIOKOMOTHBHBIX JIETIO, TEINIOYCTaHOBKAaX aHTapoB M MACTEPCKHX, a TaKKe B MHBIX TEIUIOTCHEPH-
pyfonmx ycraHoBkax. [Ipum stom mms Bemapycu cHmkeHHe yriaepomHOTO cliefla TECHO CBS3aHO
C JIpyroi akTyanbHOH 3aaaueil — yMeHbIIEHHEM SHEPTeTHYECKON COCTaBIISIONIEH MPOMBIIIJICHHON
TIPOJYKIMU W IKOJOTUYECKHX IOCIEACTBHI XpaHEHHS HAKOIUICHHBIX M 00pa3yIOMUXCsl OTXOJIOB.
B craTbe mpezncTaBieHs! pe3ylbTaThl COBMECTHBIX HAyYHBIX HCCIIECOBAHUK B 00IacCTH NMpHUMEHe-
HHSI COBPEMEHHBIX TEXHOJIOTHH U 000pYHOBaHMs, HCHONB3YIOMINX AJIEKTPOTUIPABIHYECKYIO0 00-
pa60T1<y JJIA CHMKEHUS U MUHUMU3ALUU YPOBHA COLACPIKAHWSA aHTPOIIOTC€HHBIX WU 3arpA3HAIOIIUX
BCHICCTB B OCAaJAKE€ CTOYHBIX BOJ. OmnucaHHble TEXHOJOTHYECKOE 060pyz[03a1-me, TCXHOJIOTUA U
PEXXKUMBI TOOYUCTKU MO3BOJIAKOT CHU3UTH COACPKAHUE BPEAHBIX BEIIECTB B OCAIKE CTOYHBIX BOJ]
JTaKe TIPU KPaTKOBpeMEHHO# o0padoTke. JlaHa oreHka 3¢ (EeKTHBHOCTH pa3pabOTaHHOM TEXHOJO-
THH HCIIOJIb30BaHUS 0CaKa CTOYHBIX BOJ C IPHMEHEHHEM METOJa BIQ)KHOI'O MHOTOKOMITOHEHT-
HOTO OpUKETUPOBAHMUS IS MOJTYYSHUs] MHOTOKOMIIOHEHTHOTO TOIUTHBA. [IpencraBieHHas NpUH-
IUNUaTbHAsE TEXHOJIOTHIECKas CXeMa MHOTOKOMIIOHEHTHOTO OpPHKETUPOBAHMS C HCIIOIb30BaHUEM
ocaJika CTOYHBIX BOJ M PACTHTEIBHO-IPEBECHBIX OTXOJO0B MOKa3bIBA€T HEOCHOPUMEIE MPEHMYIIle-
CTBa MpPUMEHEHHs OOBOJHEHHOTO OCaJKa CTOYHBIX BOJX B KadeCTBE CHIPHS OIS TPOM3BOJCTBA
TBEPZOTO TOIUHMBA. [Ipn 3TOM ONTHMAIbHO MOZOOPAHHOE COOTHONIEHNE KOMIOHEHTOB M BIAXKHO-
cTH OpUKETHPYEeMOTO COCTaBa PEIIAeT PsA TEXHOJIOTHUECKH TPYAHBIX 3ajad, HE Pealn3yeMbIX
C MOMOIINBIO TPAAUIMOHHBIX TEXHOJIOTHI OpHKeTHpoBaHUs. [IpoBeneHHBIE NCCIETOBAHNS U Pa3-
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pa60TaHHa$I TEXHOJIOTUS MO3BOJIAIOT pacIIupUTh 00J1aCTh HUCIIOJIb30BAHUS OCaaKOB CTOYHBIX BOJ
B Ka4€CTBE€ BTOPUIHOI'O BO300HOBJISIEMOTO MaTEepUaJibHOI'O pecypca.

KnroueBble c10Ba: OTXO[bI, TOPIOYNE BTOPUYHBIE SHEPTETUYECKHE PECYPCHI, OCATOK CTOUHBIX
BOJI, KOMMYHaJIbHBIE OTXOJbI I'OPOAA, IPOMBILUICHHBIC OTXOABI, 3KOJOTHs, TOIUIMBO, OPHKET,
MHOTOKOMITOHEHTHOE TBEpAO€ TOILIMBO, YIJIEPOAHBINH cOOp, 00beM 00pa30BaHUs OTXOAOB, JJIEK-
Tporuapasadeckas oopadborka

Jnst nutupoBanusi: TexHONOr s MPOM3BOACTBA MHOTOKOMIIOHEHTHOTO TBEPOr0 TOIUIMBA C HC-
MOJIb30BaHUEM OTX0J0B cTouyHbIX Bog / A. H. Ilexota [u ap.] // Ouepeemuxa. H3e. gvicui. yueo.
3agedenuil u snepe. obveounenuit CHI. 2021. T. 64, Ne 6. C. 525-537. https://doi.org/10.21122/
1029-7448-2021-64-6-525-537

In the complex of problems pertaining to housing and communal services of
the Republic of Belarus, one of the most important problems continues to be —
the choice of directions for the disposal of sewage sludge. The problem of utili-
zation of urban wastewater sludge is an important environmental challenge for
the cities of our country, as well as the cities of our border neighbors and the CIS
countries. The amount of precipitation released during wastewater treatment
at modern wastewater treatment plants ranges from 2 to 10 % of the flow rate of
incoming water. At the same time, 4-5 % of the total volume of them is used
in the national economy, as a rule, in the field of soil-improving compositions,
in connection with which, in significant volumes, sediments are stored on the
territory of treatment facilities, that creates an unfavorable environmental situa-
tion near the city limits. The main reason for this situation is the fact that the
problem under consideration has not been formulated initially in all aspects,
the question was not considered in such a way that the accumulation of waste
in a limited area in the future would lead to the need to solve the problem at sig-
nificantly higher costs. It should be borne in mind that a wastewater treatment
technology can be considered as a waste-free one only when it, at the end of the
process, has effective and environmentally friendly ways for using or disposing
of sludge.

All of the above is of particular importance because over the past decades,
many countries, as part of the development of the concept of national sustainable
development strategies, have been making a rapid transition to the efficient use
of industrial, municipal waste and biomass using combustion and fuel produc-
tion technologies. For example, the countries of the European Union declare,
by 2030, the replacement of a quarter of the fuel consumed for transport by
liquid types of biofuels, the production of which will be carried out using tech-
nologies for processing various waste and biomass.

Reducing the carbon footprint, in line with the global trend to reduce carbon
dioxide emissions, exacerbates the urgency of solving the designated tasks.
Naturally, the carbon footprint of waste disposal remains, but there is a reduction
in CO, emissions associated with the replacement of a part of natural gas by
the consumption of anthropogenic waste included in the multicomponent fuel.
The latter can be used to meet the needs of small consumers, for example, in the
autumn-summer period to generate a drying agent for the preparation of grain on
the threshing-floor, in small boiler houses, in sand drying plants of locomotive
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depots, heat installations of hangars and workshops, as well as in other heat-
generating installations operating on solid fuels.

The topic of carbon regulation has become aggravated in connection with
the EU plans to introduce a cross-border carbon levy which directly affects
the tax on the export of chemical and paper products, nitrogen and potash ferti-
lizers, the oil and gas industry and metallurgy are directly subject to the tax. The
prospect of transboundary carbon charges and trade in carbon dioxide emissions
provided for by the Paris Agreements, taking into account the current geopoliti-
cal situation which affects the interests of not only the Republic of Belarus,
but also other European countries. Finally, solving the problem of reducing
the carbon footprint for Belarus is closely related to another urgent task of dra-
matically reducing the energy component of industrial products.

The required achievements in the use of non-conventional and renewable
energy sources in the energy sector, which meet the challenges of the current
moment, are possible only through the use of all the accumulated research, tech-
nological and practical experience in the involvement of combustible indu-
strial and household waste, as well as biomass as a source of chemical energy.
The development of this direction of using combustible waste as non-
conventional and renewable energy sources in the energy sector is primarily as-
sociated with the increasing world consumption, provided by the growth of both
national and world Gross Domestic Product in recent decades. So, according
to the Institute of Economics of the National Academy of Sciences of Belarus
(Minsk) [1], presented in Tab. 1, the population on our planet has been increa-
sing by 1 billion people over the past 60 years, with dynamics every 13 years.
In the short term, this period will decrease to 8-11 years, which is inextricably
linked with the growing need to use waste from human life and production.

Table 1
Dynamics of population growth on planet Earth
Years in which it is possible Population of planet Earth, | Period between years,
to perform calculation of population people in years

1805 1 000 000 000 555 (from 1250)
1927 2 000 000 000 122

1959 3 000 000 000 32

1974 4000 000 000 15

1987, July 11 5000 000 000 13

1999, December 31 6 026 548 295" 12

2011, December 31 7001 071 861" 12

2020, December 31 7851 163 856" 9

“Revised data — according to UN fund estimates number of population for 31.12.2020
(https://countrymeters.info/ru/World).

Comprehensive analysis of the data shows that the world’s population has
increased by about 110 % per year over the past three years, with an average
annual population growth of 81 million.
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All this suggests that the development and implementation of technologies
for the use of various wastes of human life is the most important strategic task
for the entire civilized world community, to which we also count ourselves.

At the same time, at the present stage, based on the numerous results of sci-
entific research and developed available and effective technologies, they prove
that sewage sludge is a demanded secondary resource that can and should
be used in various areas of the national economy.

The relevance of using briquetted fuel from wastewater sludge (WWS) is
based on the fact that the main component is renewable, and its volume inc-
reases annually in proportion to the growth of population and production [2].
The use of secondary energy resources is acquiring additional relevance, also
in connection with a decrease in reserves of fossil fuels, the need to strengthen
energy security, as well as the economic and environmental need to increase the
level of waste use. At the same time, for example, the use of wood waste in con-
junction with other renewable fuels can reduce carbon dioxide emissions into the
atmosphere [3]. This does not completely solve the problem of climate change -
but in combination with other actions can mitigate its catastrophic changes.

At this stage, one of the limiting factors for the widespread use of WWS in
various developed technologies are high humidity, the presence of mineral (me-
chanical) impurities and an increased content of heavy metals in the fuel.

One of the solutions to these constraining factors is the use of electrohydrau-
lic treatment of this type of waste, as a result of which, according to the con-
ducted studies, a decrease in the quantitative content of sulfur, zinc, nickel,
chromium, copper, manganese and lead has been noted. On the whole, this
makes it possible to regulate and ensure the permissible content of these
elements in the physicochemical composition of the used WWS at an environ-
mentally safe or normatively required level. The external view of the installation
assembled using the device “ZEVS Profi” of the “UChT-220P” type, which con-
verts energy into current pulses of microsecond duration for electrohydraulic
treatment of wastewater sludge of urban facilities, is shown in Fig. 1.

Fig. 1. Scheme and device of electrohydraulic plant for treatment of wastewater sludge
of urban facilities: a — general view of the plant; b — dashboard for electrohydraulic impulses
control; ¢ — type of charging and power units generating electrohydraulic impulses
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A schematic view of the equipment included in this device, which provides
preparation and disposal of waste, is shown in Fig. 1a. The effect is achieved due
to the fact that electric discharges occur in a humid environment of sewage
sludge, creating an ultra-high pulsed hydraulic pressure, while hydrodynamic
effects lead to the appearance of shock waves with sonic and supersonic speeds,
which form a block of high voltage transformer 1, having a high-voltage diode
bridge and a battery of storage capacitors, controlled by a control panel unit 2,
equipped with a low-voltage part of the power supply, the appearance of which
is shown in Fig. 1b, ¢. In reactor 3, as a result of a specially formed pulsed
(spark, brush) high voltage electric discharge between the electrodes, powerful
pulsed cavitation processes are created, which, depending on the duration, fre-
quency, power and duration of the electric pulse of the discharge current, trigger
mechanical resonance phenomena allowing material processing.

All of these factors have a variety of physical and chemical effects on the
liquid and objects placed in it. Shock displacements of the liquid near the dis-
charge zone, arising from the development and collapse of cavitation cavities,
can destroy non-metallic materials and cause plastic deformation of metallic ob-
jects. At the same time, electrohydraulic waste treatment, performed without
intermediate mechanical links, is accompanied by a wide range of physical and
chemical phenomena such as: infra- and ultrasonic radiation, intense pulsed
light, thermal, ultraviolet radiation, multiple ionization of compounds and ele-
ments contained in the processed waste [4].

All these phenomena, in combination, acting on the processed waste compo-
sition, make it possible to reduce the content of such chemical elements as Zn,
Ni, Cr, Cu, Mn, Pb, S affecting the formation, for example, of emissions
of harmful substances during the combustion of multicomponent fuel with using
WWS, as well as with direct combustion of sewage sludge as a single-
component fuel composition [5].

Tab. 2 presents the data obtained in the study of WWS of urban wastewater
treatment plants in the city of Gomel for the content of various metals in liquid
samples. Laboratory studies have been executed on an atomic absorption spec-
trometer “MI'A-915M” (MGA-915M). The studies have been carried out in ac-
cordance with the methodology developed by Republican Unitary Enterprise
“Central Research Institute for Complex Use of Water Resources” (Minsk,
Republic of Belarus) and approved in accordance with the established procedure
by “Methodology for measuring the content of metals in liquid and solid matri-
ces by method of atomic absorption spectrometry. MVI. MN 33-69-2010".

Thus, the use of electrohydraulic treatment of sewage sludge with a high-
voltage short-pulse (at the level of 10-20 ps) electrohydraulic discharge for
3 min allows to reduce the concentration of some chemical elements in the wor-
king composition of the WWS. There is a change in the concentration of such
elements as Zn, Cu, Ni (Fig. 2a, d, e) within 2.277-2.474 times, respectively,
and the concentration of Mn, Cr, Pb (Fig. 2b, c, f) decreases within 1.412-1.567 ti-
mes, respectively.
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Table 2
Comparisons in degree of concentration change after electrohydraulic treatment

of wastewater sludge

Serial number Metal type Volume, cm® Degree of concentration change
1 Zn 50.0 2.277
2 Ni 50.0 2474
3 Cr 50.0 1.497
4 Cu 50.0 2.467
5 Mn 50.0 1.567
6 Pb 50.0 1412
a b
1000
30
500 20
10
o 0
n Mn
W Initial WWS W After processing for 3 minutes W Initial WWS W After processing for 3 minutes
c d
30 100
20
50
10
0 0
Cr Cu
W Initial WWS W After processing for 3 minutes W Initial WWS W After processing for 3 minutes
e f
10 -
13
8
10 6
4
3
2 -
0 0 <
Ni Pb
W Initial WWS W After processing for 3 minutes W Initial WWS W After processing for 3 minutes

Fig. 2. Diagram of changes in the content of heavy metals in wastewater sludge:
a —zinc; b — manganese; ¢ — chrome; d — copper; e — nickel; f — lead
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The analysis of the results obtained shows that the use of an industrial instal-
lation, which provides, in certain operating modes, the conversion of electrical
energy into mechanical energy, obtaining a highly effective effect on the pro-
cessed material in the form of electrohydraulic treatment of the sludge, which
subsequently can find a wider technological application.

One of the directions of the integrated WWS management scheme is the
energy-saving technology of sludge briquetting to obtain fuel briquettes,
while WWS can be considered as a secondary energy resource that can be
further burned in boiler houses.

The problems of its use to obtain solid fuel, using typical widespread tech-
nologies (RUF, C. F. Nielsen, Pini Kei, etc.) are high humidity and impurity con-
tent. However, when using the developed technology for briquetting multicom-
ponent solid fuel [6], such a disadvantage as high humidity, is a technological
necessity, which is more an advantage when using this technology than a tech-
nological disadvantage. In this case, sewage sludge is a dispersed system.
The degree of dispersion, which ranges from 10 to 107 cm™, allows the sedi-
ments to be considered as colloids with increased viscosity. The viscosity of
heterogeneous masses, in particular sewage sludge, has not yet been studied
due to the exceptional variety of phenomena and the complexity of the issue.
However, it can be argued that on the basis of the data obtained from the com-
plex of studies carried out by the authors, during which it has been revealed
that WWS, having a high viscosity and high heat of combustion [7, 8] can be
effectively applied in multicomponent briquetting. At the same time, its physical
state and characteristics allow the sludge to be used both as a binder component
and as a filler in fuel.

Mechanically dewatered sludge contains 65-80 % water. After thermal
drying, the calorific value can reach 9-6 MJ/kg, and the processing of 1 ton of
WWS (calculated on dry weight) makes it possible to obtain, depending on
the composition, 531-556 kg of standard fuel [7]. Taking into account the Re-
public-wide volume of previously accumulated sewage sludge and the growing
need for their processing, one of the ways to utilize this waste may be the
production of boiler and furnace fuel for local heat supply systems.

The production of such fuel is achieved by using the developed technolo-
gies of multicomponent briquetting, which is called multicomponent solid
fuel (MSF) [5-7, 9, 10].

Fig. 3 shows a schematic process flow diagram of multicomponent briquet-
ting using sewage sludge and plant-wood waste.

The technology for producing MSF is based on wet briquetting of multicom-
ponent mixtures with the use of binding components or materials that provide, in
the composition of the briquetted mixture, the processes of combining small un-
coupled particles into large structural compounds with the required geometric
and mechanical parameters and the necessary energy properties. In this case, the
wastewater sludge in MSF briquetting acts as a binder, but if necessary, a spe-
cialized binder can be used to provide additional physical characteristics speci-
fied during briquetting.
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Fig. 3. Principal technological scheme of multicomponent solid fuel production using sewage
sludge by the method of continuous briquetting of wet multicomponent compositions

The principal technological scheme of multicomponent briquetting is the use
of various crushed combustible waste of plant and wood origin. These, as a rule,
include waste of woodworking, logging, husk, fire, etc. In most of the developed
multicomponent compositions, they are both the basic component, to which
other types of combustible waste can be added in a certain (investigated) ratio,
and auxiliary, i.e. its addition provides a reduction in certain indicators in the
fuel in general. For example, ash content, sulfur content, etc. decreases. At the
same time, it is possible to add in the developed compositions of multicompo-
nent fuel, such combustible components that have not found technological appli-
cation, such as spent oil-containing sorbents, fuel and oil filter elements, sawdust
and rags saturated with oil products, sewage sludge from treatment facilities,
animal and poultry waste, municipal waste, etc. An important condition for their
use is a certain technological cycle for the preparation of these materials,
which we will consider separately.

Depending on the composition, morphological state and moisture content
of the waste entering for processing, as well as taking into account their priority
ratio in the prepared briquetted mixture, the most technically simple and eco-
nomically justified system for obtaining the required moisture content of the
mixed components of the mixture is used [11]. The moisture content after the
preparation process is the most critical technological cycle, which further
ensures the maximum productivity of the briquetting equipment and the for-
mation of a static wet frame of the fuel supplied for drying. At the same time,
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the optimally selected ratio of components and the moisture content of the com-
position solves many technological problems, the main of which are:

« the intensity of adsorption of wet components with briquetted particles with
the formation of a thin film of the binder on the surface;

« high-quality formation of the surface, shape, density and required standard
sizes of briquettes;

« the ability to regulate the heat of combustion (using oil-containing compo-
nents, organic and combined binders);

« creation of the required intensity of hardening and strength of the briquette
during drying.

The multicomponent compositions of MSF developed to date with the use
of various wastes ensure complete combustion of the combustible materials used
in it with the release of specified thermal and technical characteristics. At the
same time, the requirements of transportation and storage are met, ensuring
the preservation of the properties and quality characteristics of the combustible
mass [3, 5, 12].

Determination of the main physical and chemical indicators of the composi-
tions of briquetted fuel in order to obtain the optimal component parameters
have been carried out with the participation of the accredited laboratory “Scien-
tific Research Institute of Physical and Chemical Problems” of the Belarusian
State University.

Taking into account the problems of the need for the preferential use of se-
wage sludge and the determination of the optimal component composition of
fuel briquettes with due account of the requirements that ensure the standardi-
zation of indicators for so-lid fuel, four intermediate compositions have been
developed to determine the ranges and ratios of the chemical composition of the
corresponding optimal quality, suitable for use in economic activities at Utility
Production Unitary Enterprise “Gomelvodokanal” with the possibility of being
burnt in boilers of the existing industrial boiler house.

The main results of experimental studies in accordance with the developed
grades of briquetted fuel are summarized and in the form of a comparison in
respect of indicators pertaining to the content of carbon, hydrogen, nitrogen,
oxygen and sulfur in the working composition of the fuel are presented in Tab. 3.

Table 3
Change in elemental composition of combustible mass
of various fuel grades while using wastewater sludge

Working composition of fuel (by mass), %

C 0 H N S

MSF of WWS containing wood waste 50 % 40.3 34.0 5.3 1.77 0.62
MSF of WWS containing wood waste 25 % 394 24.6 5.4 2.24 1.09
MSF of WWS without wood waste 404 12.7 5.7 2.38 1.18
MSF of WWS containing wood waste 67 % 434 31.1 5.6 1.66 0.54

Type of fuel

In addition, a study on the shape dependence of the briquetted component
composition on the productivity of the installation has been carried out. In the
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course of the experiment, the female die shapes of the press working channel
have been changed in order to determine their influence on the productivity and
quality indicators, as well as the optimal conditions for packing and transporting
the resulting briquettes. In experimental studies, dies having the shape of
a square, a circle and a square with rounded edges have been used.

In turn, tests and calculations have been also carried out to determine
the density of dried samples of briquetted solid fuel, for which we used ran-
domly selected briquettes-samples with a length of 200 mm, dried to a moisture
content of 10.4 %. The error of instrumental dimension measurements of the
samples was 0.1 mm.

One of the important performance indicators of fuel is its heat of combustion.
A comparative analysis of the calorific value of solid fuels and multicomponent
fuels using WWS of urban wastewater treatment plants is presented in the form
of a diagram in Fig. 4.

7000
kcal/kg

6000

13
5000
4000
3000

2000 |

1000 |

Fuel types

Fig. 4. Diagram comparing the calorific value of various solid fuels with multicomponent
solid fuel using sewage sludge: 1 — fire wood (round timber), water content W = 15 %;
2 — multicomponent solid fuel (with WWS 33 %), W = 15 %; 3 — peat briquette with W not
more that 16 %; 4 — multicomponent solid fuel (with WWS 25 %), W = 15 %;
5 — multicomponent solid fuel (with WWS 50 %), W = 15 %;

6 — multicomponent solid fuel (with WWS 25 %), W = 15 %; 7 —wood chips, W = 10.4 %;

8 — fuel briquette RUF, W = 12 %; 9 — brown coal of B-2-rank, W = 15 %;
10 — multicomponent solid fuel (with oil sludge 100 %), W = 15 %; 11 — fuel pellets, W = 7.7 %;

12 — fuel briquette Pinykey, W = 9 %; 13 — coal anthracite of AM-rank

According to the data obtained, we note a clear advantage in terms of calori-
fic value, since according to this characteristic, fuel obtained using sewage
sludge, in various ratios, has a calorific value significantly higher than wood
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fuel. Also, in terms of calorific value, fuel used in WWS in a ratio of 25, 50
and 100 % exceeds the calorific value of peat fuel. At the same time, the diffe-
rence in the heat of fuel combustion using in the WWS composition in the
ratio of 100 and 50 % is 135-350 kcal/kg, respectively, from fuel chips and fuel
briquettes of the RUF type. Accordingly, the obtained values of the MSF com-
bustion heat using WWS differ from the generally accepted compared fuels
insignificantly, not exceeding the range of values within 3.3-8.5 %.

Taking into account the obtained results of comparing the heat of combus-
tion, it can be concluded that there is a potential for obtaining alternative energy
resources using waste in the form of wastewater sludge from urban structures,
which is an urgent state task in solving the problems of waste use.

Comparative analysis of MSF samples has been also tested in other para-
meters, such as density, strength, water absorption, assessment of emissions
of harmful substances from combustion, etc. In the tests, samples of various
component compositions have been used, briquetted under the same pressure,
but at different humidity, their appearance is shown in Fig. 5.

Fig. 5. Appearance of briquette samples using wastewater sludge

CONCLUSIONS

1. The use of the developed specialized device in certain operating modes of
the installation for short-term electrohydraulic treatment of sewage sludge makes
it possible to improve the physicochemical characteristics of the composition
in the terms of environmental parameters, which allows, after electrohydraulic
treatment, to use wastewater sludge in other technologies, including thermal
neutralization.

2. Research and comparative analysis of physical and thermotechnical
characteristics, has made it possible to find the optimal ratio of components in
the fuel composition and to determine that wastewater sludge has a significant
energy potential and high energy efficiency indicators of this type of waste, even
despite the increased ash content in the working composition of the fuel.

3. The use of optimal, environmentally sound ratios of working compositions
of multicomponent solid fuel using wastewater sludge will make it possible
to create a stable raw material base for the production of local energy resources
with a high energy potential for replacing wood fuel sources, as well as to reduce
the amount of wastewater sludge waste storage, which will reduce construction
and maintenance costs of new sludge maps and undoubtedly improve the envi-
ronmental situation in general.
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4. The proposed directions for the utilization of wastewater sludge, in addi-

tion to the above, correspond to a low-carbohydrate strategy for the further
development of the country’s economic complex, which is implicitly formed

in

the context of solving the current tasks of increasing the competitiveness

of products and preserving its export.

10.

11.

12.
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¢ GeKTHBHOCTH NAPOKOMIIPECCHOHHOM TPpaHchopManuu
JHEPreTHYEeCKUX MOTOKOB JJIsl TEIJIOCHAOKEHUS
Ha OCHOBE MOPCKOM BOAbI
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YOpnecckas rocymapcTBenHas akageMus CTPOHTEIECTBA i apxuTeKTypsl (Onecca, Ykpanna)
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Pedepart. B cratse pesynpraTaMu aHaIUTHIECKOTO HCCIIEOBAaHUSI 000CHOBAHBI PEXKUMHBIC YCIIO-
BHS BBICOKOA(D(hDEKTHBHOTO HCIIOIB30BAHMUS TEMIEPATypHOTO MOTEHIMATa MOPCKOH BOMIBI B TeII-
JIOHACOCHBIX CHCTEMaxX TEIIOCHAOXEHUs 3[aHHil C COOTBETCTBYIOIINM YIIYYIIEHHEM JKOJIOTHUe-
CKUX TIOKa3aTeliel okpyxaromiei cpeapl. Ha ocHOBe aHanmm3a pernoHaiIbHBIX ycnoBuih Omecckoit
akBaTOpHU UepHOTro MOps OIpeieNieHbl HCXOHbIE MapaMETPhl U pallHOHATBHBIE PEXKUMBI PaOOTHI
YCOBEpIIEHCTBOBAHHOI TETIOHACOCHONW CHUCTEMBI C LEHTPANbHBIM, JELEHTPAIN30BaHHBIM JTHOO
JIOKAJIBHBIM JIOTPEBOM a0OHEHTCKOro 3HeproHocurens. Ilokasarensmu ouneHkH 3Q¢dekTuBHOCTH
TEIIOHACOCHBIX CHCTEM B HCCIIEOBAHHU IPHHATH KO3()(GHUIUEHT MpeoOpa3oBaHus SHEepreTHde-
CKHX IIOTOKOB, YZ€JIbHbIE 3aTPaThl BHEIIHEI SHEPIuM HA NPUBOJ KOMIIPECCOPa M IUPKYIISIAOH-
HOTO Hacoca OXJaXIaeMOi BOABI B paboTe TEIUIOHACOCHOM yCTaHOBKH. Ha mpoTspkeHnu Bcero
OTOIUTENILHOTO NEPHOo/ia B KaUeCTBE HCXOIHBIX PACCMATPHBAIIUCH CIIEIYIOIINE JaHHbIE: TeMIepa-
Typa BoJpbl Ha Bxoze B ucnapurens (5—10) °C, na Berxone 1 °C; pacueTHbI mepenaa TeMneparyp
TermtoHocuTens B cucreMe ororuienus (50—40) °C, soznyxa BHyTpu nomenienus 20 °C; pacuetHast
TeMIeparypa HapyxHoro Bozayxa (—18) °C. YuuTsBanioch XapakTepHOE COOTHOIIEHHE PACXO0/I0B
OXJIaXKIaeMOH MOpPCKOH BOJABI M HAarpeBaeéMOrO SHEPrOHOCHTENSI CHCTEMBI TEIIOCHAOXKEHMSI.
OO0O0CHOBaHBI YCIOBHSI BBICOKOH 3((QEKTHBHOCTH pabOTHI TEIUIOHACOCHOH CHCTEMBI TEIIOCHA0-
JKEHHs, NP KOTOPBIX NEHCTBUTENBHBIH KO3()(GHUIMEHT IpeoOpa3oBaHMs NMPEBBIIAET CE30HHOE
HOPMHPOBAaHHOE pacuyeTHOE M MHHHMAJIBHOE 3HA4YCHHsS HpU TeMIlepaType HapyKHOTO BO3.Iy-
xa (=10) °C B mpeenbHBIX YCIOBUSIX MOHOIHEPTETHYECKOTO PEXMMA KakK JUlsi HOBBIX, TaK U IS
PEKOHCTPYHpPYEMBIX 3[aHHH. B Xxone MccieoBaHMs YCTaHOBIICHO, YTO OOIIME y/eIbHbIE 3aTpa-
THl BHEIIHEH SHEPruM Ha IPHBOJ KOMIIPECCOpa M IUPKYISIMIO OXJIaXIaeMOH BOAbI B pabore
TETJIOHACOCHON YCTaHOBKHU C XapaKTEPHBIM COOTHOIICHNWEM BOJSHBIX YKBHBAJICHTOB JJaXKe B IIpe-
JETBbHBIX YCIOBUSIX MOHOIHEPIETHYECKOTO PEKMMa IKCIUTyaTallMH CHCTEMBI TETIIOCHA0KEHUS
mpu temmeparype Hapyxuoro Bozayxa (—10) °C HaxomsTcs B quana3oHe OOIICTIPHHSTHIX 3HAUYE-
nuii (W =0,28-0,34).

KumroueBbie ci1oBa: Mopckas BoJa, MApOKOMIIPECCHOHHAs YCTAaHOBKA, TETUIOCHAOXKEHHE, TETIOBbIE
Hacockl, k03 dHULIeHT npeodpa3oBaHusl, YIETbHbIH PacX0/ SHEPTUH, KOHAEHCATOP, HCTIAPUTETb
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The Efficiency of Vapor Compression Transformation
of Energy Flows for Heat Supply Based on the Sea Water

V. D. Petrash?, V. O. Makarov®, A. A. Khomenko®
YOdessa State Academy of Civil Engineering and Architecture (Odessa, Ukraine)

Abstract. The results of the analytical study substantiated the operating conditions for the highly
efficient use of the temperature potential of seawater in heat pump heating systems (HPHS) for
buildings a building with correspondingly improved environmental indicators. Based on the analy-
sis of the regional conditions of the Odessa water area of the Black Sea, the initial parameters have
been substantiated and rational modes of operation of an improved HPHS with central, decent-
ralized or local heating of the subscriber energy carrier have been determined. As indicators
for evaluating the efficiency of the HPHS operation, the conversion factor of energy flows and
the specific consumption of external energy for the drive of the compressor and the circulating
pump of cooled water in the operation of heat pump units were considered. For seawater in the
Odessa water area of the Black Sea during the entire heating period, the following temperatures
were considered as initial data for analysis: water at the inlet to the evaporator (5-10) ° C, at the
outlet (1 °C); calculated temperature difference of the coolant in the heating system (50-40) °C,
indoor air (20 °C); estimated outdoor temperature (-18 °C). The characteristic correspondence
between the flow rates of the cooled sea water and the heated energy carrier of the heat supply
system was taken into account. The prerequisites of high efficiency of the heat pump heat supply
system in which the actual conversion coefficient exceeds the seasonal normalized calculated and
minimum value at an outdoor temperature of (-10) °C under the limiting conditions of the mono-
energy regime for both new and reconstructed buildings were substantiated. In the course of
the study, it has been determined that the total specific consumption of external energy for
the compressor drive and the circulation of cooled water in the operation of a heat pump unit with
a characteristic ratio of water equivalents, even under the limiting conditions of the monoenergetic
mode of operation of the heat supply system at an outdoor temperature of (-10) °C, are within
the range of generally accepted values (W = 0.28-0.34).

Keywords: sea water, vapor compression unit, heat supply, heat pumps, transformation coef-
ficient, specific energy consumption, capacitor, evaporator
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BBenenue

[Ipu coBpeMEHHOM COCTOSTHUM 3HEPrOTEXHOJOTHYEeCKOro komruiekca r. Omec-
CBI aKTyaJlbHa MpobJeMa NepPCIeKTUB Pa3BUTHSA TETIIOCHA0KEHUSL.

B [1] mpuBemeHsl pe3yabTaThl HCCIIECIOBAaHUS TEINIOHACOCHOM CHCTe-
Mmbl (THC) HH3KOTEMIIEpAaTypHOTO OTOIUIEHHUSI HA OCHOBE HCIIONB30BAHUS DHEP-
TeTUYECKOro MOTEHIMaja TPYHTOBOM BOJIbI, YCTAHOBJIEHA palMOHAlIbHAsl CTe-
MEHb €€ OXJIAXJICHWS B HCIApUTeNe TPW MHHAMAIBHBIX 3aTpaTax dHEprud Ha
MpuBOJ] Komrpeccopa temioBoro Hacoca (TH) u Ha paboTy mupKyIsSIIMOHHOTO
Hacoca. [loka3aHo, 4yTo Tpu 00ecTeYeHNH ONTUMAILHON CTENCHH OXJIaXICHHS
BozbI B ricriapurene TH MuHUManbHBIE 3aTpaThl JHEPTUN HanOoJee CyIIeCTBEH-
HO BO3pacTaloT C YMEHBIICHHEM TEeMIIEpaTyphl Ha BXOJI€ B HUCIAPUTENb U Me-
HEe CYIIECTBEHHO YBEIMYMBAIOTCS C TOHWKEHHEM TEMIIepPaTypbl OKpPYyKalo-
e cpepl.
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B amanormunom wmccnegoBanmn THC ¢ BOOSHBIM KOHTYpOM TPYHTOBOTO
KOJUIEKTOpa [2] ycTaHOBIIEHO, YTO OOIIME 3aTpaThl SHEPTUU B CUCTEME OTOILIC-
HUS 3HAYMTEIIFHO YMEHBIIAIOTCS C MOHIKEHNEM PACUETHON TeMIepaTyphl TeT-
JIOHOCHUTENSI B CHCTEME OTOIUIEHHWS W PACTyT C TOHMKEHHEM TEeMIIepPaTyphl
OKpY’KaroIe cpeibl M YCTAHOBJICHHOTO KOMITJICKCA MOCTOSHHBIX BEJIMYHH.,

PesynbraThl HaTypHOTO M3MEPEHHS TeMIIepaTyphl XOIOMHOW BOABI, MOCTY-
naroleil U3 CUCTEMBI LIEHTPAIN30BaHHOTO BOJOCHA0XKeH!s B 31aHist OeccKoro
peruona, u3noxkeHsl B [3]. YcTaHOBNIEHA CHHYCOUAANbHAS 3aBUCUMOCTh CE30H-
HOT'O HM3MEHEHHsI TeMIIePaTypbl BOABI CO cMeleHueM amrumTyael Ha 9,0 °C
OTHOCHUTEJILHO €€ CpeIHeroaoBoil Temmeparypsl 16,5 °C. OO0ocHOBaHa IeNeco-
00pa3HOCTh UCIOJIB30BAHUS YHEPTUU XOJIOAHON BOJBI B KAYECTBE HU3KOTEMIIC-
patyproro ucrounuka amsi THC termnocHaOXeHusI HHTETPUPOBAHHO C TETUIOTOM
YAAISEMOr0 BEHTUWISIIMOHHOTO BO3JyXa B TPOIECCE €ro IMPEeABapUTEIIEHOTO
oxnaxJaeHus. Ha ocHOBe yka3aHHOTO IMOIX0/Aa aBTOpaMHu pa3paboTaHa HOBas
THC ropsiaero BogocHaOxeHwus [4], ycTaHOBIIEHA 3aBUCUMOCTD JICHCTBUTEIHHO-
ro koddduimenta npeoOpa3oBaHUs, MO3BOJIAIONIAS MMPOTHOZUPYEMO aHAIH3HU-
pOBaTh palMOHAIBHBIC YCIOBUSA paOOThl A0DOHEHTCKUX CHUCTEM, YUUTHIBAS BIIUS-
HHE OCHOBHBIX (PAaKTOPOB 0TOOpA TEIIOTHI OT HU3KOTEMIIEPATYPHOT'O UCTOYHHUKA
SHEPTHUH.

Mopckas Bofa MO TEIJIOTHAPABIMYSCKUM XapaKTCPUCTHKAM SBISICTCS XO-
pOIINM HU3KOTEMIIEPATYPHBIM HCTOYHUKOM TEILIOTHI JUIS CHCTEM IEHTPAIA30-
BAHHOTO TeruiocHaOkeHus [5—7], mockonbky naxke Ha riayoune 20-50 M ee TeM-
mepatypa Haxomurcs B mpegenax (5-8) °C, 1. e. mpobieM m3-3a 00pa30BaHS
Tbaa B OOJBIIMHCTBE CIy4acB HE BO3HHKAaeT. Bmecre ¢ TeM HE0OXOIUMO
MpeIOoTBpaIlaTh HAKOIUIEHHE OPTaHWYEeCKUX OTIOKEHHH BHYTpHU TPYyOOIIPOBO-
JIOB U UCTIApUTEIICH.

[Ipu pa3paboTke CUCTEM TEILUIOCHA0KEHUS PErIIAMEHTHPYETCS PACXO BOJBI
C TPEJOTBpAIIEHWEM arpecCHBHOTO BO3JCHCTBUS Ha OOOPYIOBAaHWE TETLIO-
HacocHbIX yctaHoBOoK (THY), B ToM umcie myreM NpuMEHEHWS BTOPHYHOTO
koHTypa [8, 9]. JlelicTBuTenbHBIN KOI(DDHUIIMEHT CE30HHOTO MPEOOPA30BAHUS HE
MOXXET OBITh HW)XE MHWHHUMAIbHO YCTAHOBIEHHOTO W PACYETHOTO 3HAYCHUH
JUTSL COOTBETCTBYIOIINX 3IAHMM.

Ha ocHoBe ananu3a 3((eKTUBHOCTH MAPOKOMITPECCUOHHBIX MPOIIECCOB B
cuctemax TerutocHaOkeHus [10] momydena o0oOmIeHHas 3aBUCHMOCTD JIIST UH-
TErPUPOBAHHOIO y4eTa KOA(PQUIMEHTa JCHCTBUTEIBHOIO MPEoOpa3OBaHUsI
SHEPrUM M PAIlMOHAIBHOTO 3aMEIICHUS MOIIHOCTH CHUCTEM a0OHEHTCKOrO II0-
TpeOJIeHNUS TEIUIOTH JTOTIONHUTENBHBIM UCTOYHHKOM. [IpoBeseHpl mpOorHO3upy-
EMBbIi aHAJIM3 BIIMSHUS IEPEMEHHOTO PEXKMMa COOTHOIICHHUS TEILIOBBIX MOTOKOB
CTPYKTYPHBIX IOJCUCTEM B IMPOLECCE IKCILTyaTAI[MOHHOTO PEryJUPOBaHUs Ha
“3MeHeHue 00meil APEeKTUBHOCTH SHEProcOepeeHns C MUHUMH3AIMeH 3a-
TpaT Ha JOTOJIHUTEIbHBIN UCTOUHUK SHEPTHU.

B r. Crokronbsme, Tie MPOIOIKUTEIBHOCTh OTOIUTEIBHOTO MEPHOa MOYTH
monrona, B 1986 r. 6puta nocrpoeHa THC terocHaOxeHUs HA OCHOBE TOTEH-
[[Majia MOPCKOM BOABI ¢ pacueTHOU Temmeparypoit 4 °C, momHocTsio 325 MBT,
MapaJuieTbHBIM COCTMHCHUEM OTAENbHBIX Moayiei. Cuctema obecnieumna 60 %
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00IIel TEeIIoBOH HAarpy3KH CETH IIEHTPAIM30BAaHHOTO TETUIOCHA0KEHHS BCETO TO-
pona. Pemrenvie ykazaHHOW 33lauy pacCMaTPHUBAIOCH TAKXKE B MHOTOYHCIIEHHBIX
paboTax ¢ MPUMEHEHHEM Pa3IMYHbBIX MOAX010B [5, 6, 11-13].

OcoGenHocti M ycnoBuS 3(PPEKTHBHOTO HCIOIB30BAHUSI MOPCKOW BOIBI
B KauyecTBE HHU3KOTEMIIEPaTypHOrO HCTOYHHMKA TEIJIOTHI NpuBeneHsl B [6, 11]
Ha TIPUMEpPE COBEPIIICHCTBOBAHUS CHCTEMBbI TeIuiocHaokeHus r. Ctokrombpma. Ter-
JIOHACOCHBIE CTaHIMH O0OPYIOBaHBI 13 MapansierbHO COSANHEHHBIMA MOYITbHBI-
MH TEIUIOHACOCHBIMH arperaTtaMy, KaXIblii MOITHOCTBIO 25 MBT, ¢ anmekTpude-
CKHMH TypOOKOMIIpEeCcOopamMu; MOAYJIH PACIIONOKEHbI Ha OapXax B 3aJHBe MO-
psa. B [11] ananusupyercs He TOJIBKO Pa3BUTHE CUCTEMbI IEHTPATH30BAHHOTO
TEIUIOCHAOKEHU, HO M €€ COBMEIICHHWC B CJIMHBIA MPOU3BOJICTBEHHBIH KOM-
IJIEKC ¢ CUCTEMOM LEHTPAITM30BaHHOTO OXJIXKJCHHS 3/JAHUM B JICTHUH MEPHO/L.
Oco00 uHTEpeceH OIBIT MHTETPAllU PACTIPOCTPAHEHHBIX HE3aBHCHUMBIX HHIH-
BHIyaJbHBIX ITOCTABIINKOB IAPOKOMIIPECCHOHHOW TE€HEpPHPYEeMOil TeIIOTH B
SJMHYI0 CHCTEMY LIEHTPAIBHOTO TEIIOCHAOKEHUS ropoJia Kak B 00paTHYIO JIH-
HUIO, TaK U B MarucTpajb Mmojaayu. Bce 3T0 MOJOKUTENHLHO OTPa3wIoCh HA KO-
JIOTU3AIIUU CHCTEMBI TOPOJICKOTO TeIuIocHa0XkeHHs T'. CTOKroJIbMa.

Hapsiny ¢ meponpusiTisiMu 1o OBBIIIEHUIO 3G (HEKTHBHOCTH UCTIOIB30BAHHS
sHeprun 10 20 %, mporpammoii [6] mpeaycCMOTPEHO TTOTHOE MPEeKpaIeHIe pH-
MEHEHHSI YTJIEBOJOPOJIHOTO TOIUIMBA JUJIS TEIJIOCHAOXKCHUS 3[aHUM IyTeM IIH-
POKOTO BHEPEHUS aJIbTCPHATUBHBIX HCTOUHUKOB SHECPTUU.

B [5, 13] ormeuaercsi, 4TO B MPOU3BOACTBE TEILIOTHI CISAYET KOMILIEKCHO
WCIIONB30BaTh PA3WYHBIE CPEACTBA TEHEPaldd TEIUIOTHl C MOCIEAYIOIIHM
BHEJIPEHNEM TEIUIOHACOCHBIX TexXHoNoruil. MHTepeceH TOT (akT, 4TO cUCTeMa
LHEHTpaln30BaHHOTO TeruocHaOxkenuss (2800 kM) ¢yHKIMOHANIBHO 00BEAU-
HSET TAKXKE CUCTEMY IEHTPAJIBHOrO oxiaxacHus 3naHuil (300 KM) B TEIUIBIH
MepHOJI Tofa.

Takum o0pa3om, I perieHus MPoOJIeMBl TOBBIMICHUS 3(P(HEKTUBHOCTH
JHEProcOepeKEHU U PKOJIOTH3AINN IEHTPAIBHOTO TeIIocHa0XKeHus T. Omecchl
HE00XO0JUMO Pa3BUBATh CJICIYIOIINE HATIPABICHHUS:

— 3aMeIIeHUE TPAJUIIMOHHOTO TOIUIMBA SHEPTUCH BO30OHOBIIIEMBIX U BTO-
PUYHBIX HU3KOTEMIICPATYPHBIX HCTOYHHKOB C IIMPOKUM mnpuMeHeHuem TH
C BO3MOKHOCTHIO CYIIECTBEHHOTO YJIYUIIEHUS 3KOJOTHYECKHX TIOKa3aTesen
CHCTEM TEIUIOCHA0XKEHHSI ¥ OKPYKaIOIIEeH Cpebl;

— TpPUMEHEHUE B TOPOACKHX CHUCTEMax IEHTPAIBHOTO TEILUIOCHAOXKCHUS
MomHbIXx THY wHcxoas W3 NOJNOKUTENBHOW NPAKTUKU HX HCIOJIb30BaHUsA
B I'. CTOKToJIbMe JIJIsl S3HEPTOCOSPEIKEHUS TIPU OOSCIICUESHUH TEIUIOTOM a0OHEH-
TOB JKHAJIUIIHOTO (hoHMIa;

— HCIIONIB30BaHUE B pa3pabOTKe MEPCIIEKTHBHBIX WHBECTHIIMOHHBIX TPOEK-
TOB TOCYJapCTBEHHO-YACTHOT'O MApTHEPCTBA CTOKTOJBMCKOTO OIBITA TOKIIO-
YCHHS HE3aBHCHUMBIX MHIMBUAYAIBHBIX MMOCTABIIUKOB TEIIOTHI HA OCHOBE TEI-
JIOHACOCHBIX TEXHOJIOTUH K CHUCTEMaM IICHTPAJIIM30BAHHOI'O TEILIOCHAOXKEHUS,
YTO TMO3BOJIAT YTHIN3UPOBATH WMEIOIIMIACA IMOTSHIIHAT MHOTOYNCICHHBIX HH3-
KOTEMIIepaTyPHBIX HCTOYHUKOB YHEPTHH.

Ilenp HacToOsIEH CTaTbu — OOOCHOBAHHME PETMOHAIBHBIX HCXOJHBIX Tapa-
METPOB H TIOCJEIYyIOIee aHAIUTUYECKOE HCCIEeOBAaHHE B IOWICKE dHEpProdd-
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(DeKTHBHBIX TEIUIOTEXHOJOTHMUECKUX PEKUMOB PabOThI IMPEIIOKCHHBIX CHC-
TeM TeruiocHaOxkeHus 3naHuii r. Omecchl Ha OCHOBE IMAapOKOMITPECCHOHHOM
TpaHc(popManuy SHEPTHUHN PACIIONIATraeMOTO TEMIIEPaTypPHOTO MOTEHIIHAaIa MOp-
CKOM BOJIBI.

AHAJIN3 HCXOAHBIX JAHHBIX

TemmepaTypHBIi pexXUM BOABI B IPUOPEKHON 30HE CeBEpPO-3amMagHOl YacTu
UepHoro Mopsi AeTaabHO TMpoaHANM3WpoBaH B [14] Ha OCHOBe pe3yIbTaTOB
Oonee 115-1€THUX CE30HHBIX M MECSYHBIX H3MEPEHUH C MOUCKOM MPUYHMH POCTa
ee TeMIepaTypsl B YCIOBHSAX IIIOOANTBHOTO MOTEIUICHUSI KIMMaTa 3a TOCIeIHUE
necsaTmetns. OTMeUeHo, 9ToO Ha TEMIepaTypy BOJBI B paCCMaTPUBAEMON aKBa-
TOPUU BIIUSIOT €€ CEBEPO-3allalHOE PACIIONIOKEHHE MO OTHOIICHHUIO K JIPYTHM
paiioHaM MOpsi, MEJTKOBOJHOCTh PUOPEKHON 30HBI, BOJHBIE TOTOKH JIHecTpa,
Hynas u /[Henpa, a Takke TITyOOKOBOJHAS THAPOAMHAMUKA W BETPOBBIC BO3-
JIEUCTBUA.

Ha BceM npoTsbkeHHHU 3TOW NPUOPEKHON 30HBI camasi HU3Kas TeMmIeparypa
BOJIBI OTMEUaeTCs B sSHBape — (eBpajie B COTVIACYIOIIUXCS YCIOBHAX C MMEIO-
IMMCS MUHUMYMOM TEMIIepaTyp Hapy>KHOTO BO3ayxa. MUHUMAaNIbHBIE CpelHe-
MecsuHbIe TemrepaTypsl Boabl Ha ypoBHe (—0,9)—(1,1) °C ormeuvanuch B Onec-
CKOM 3aJviBe B mepro] cypoBbiX 3uM 1940-1950-x rr. B mociennue aecstunerns
B YCIOBHSX TCIUIBIX 3UM B CEBEPHBIX YACTIX MOOCPEKbS B JeKaOpe — (eppaie
CpeIHEeMECSIUHBIE TeMIepaTyphl Boabl coctaBisu (4,0-5,6) °C, a MakcUMalIbHEBIE
3HaueHus pocturamu (6,0-11,0) °C. Takum o0pa3oM, B pacyeTHO-aHAIUTH-
YECKUX MCCIICIOBaHMIX dHepreTuyeckoi addexkruBHoctr padorsl THC Terio-
CHa0KEHUS JIOTUYHO PACCMATPHUBATh U3MEHEHUE TEMIIEPATYPbl MOPCKON BOJIBI
Opnecckoii akBaTopuu B quanaszone (5,0-10,0) °C 3a oronuteabHBINA TEPUOST.

Jl1s palfoHHOTO TETUTOCHAOKEHMSI 37JaHIH, PACITOIOKEHHBIX HEMTOCPEICTBEH-
HO y OeperoBod 30HBI, KPOME TEMIIEPATYpPHOTO YPOBHS MOPCKOW BOJBI Kak
MCTOYHUKA HU3KOIIOTEHIIMAIBHOM TEIUIOTHI CIEeAyeT YUYUTHIBATh €lle U ee KOp-
PO3HOHHYIO aKTHBHOCTB, @ TaKXKE€ XapaKTEPUCTHKH TEIIOOOMEHHOTO 000py-
nmoBaanga. OcOOEHHOCTH BBIOOpPa BapHAHTOB CTPYKTYPHO-(PYHKIIHOHAIEHOTO
YCTPOHCTBA CHCTEM C aHTUKOPPO3UIHOM 3amnuToi 000pyIOBaHUs NpU OTOOpE
TETUIOTHI U3 MOPCKOW BOJBI 3aKJIFOYAETCS B CIIEAyIOImEeM. B ciydae mpuMeHeHHS
TPaJULHMOHHOTO TEIUIOOOMEHHOTO O0OpYyIOBaHUS MPEAYCMAaTPHBAIOT CXEMBI
C YCTPOHCTBOM IPOMEKYTOYHOTO KOHTYpa, HAallpuMep M3 TUIACTHKOBBIX TPYO,
3aroJHeHHbIX Bogon ¢ 20%-M pacTBopoM riukons [15], mpokiaaky KOTOporo
OCYIIECTBISIIOT B MPUOPEKHON aKBATOPUW HA TIIyOUHE 10 4—5 M C AIOKSpHBIMH
npurpy3aMu. Takyke NPaKTHKYIOTCS BapHaHThl OTOOpa TEIUIOTHI 1O CXeMam
KOMIIAKTHO Pa3NIOKEHHBIX WA PAa3BEPHYTHIX OYXT TPyO, MOTPYKEHHBIX B BOJIO-
€M, C MpeIBapUTENILHO OMpPECICHHOW UX JAMUHOW. bonee sHeproddhdexkTHBHEIHA
¥ BMECTE C TEM JIOPOTOCTOSIINI BapHaHT — NPUMEHEHHE CIIEIHaIbHOTO 000pY-
JIOBaHMS C aHTHKOPPO3UIHON 3allIUTON HcTiapuTesel (MCTIoNb3yeTcsl B CUCTeMax
TeruiocHaOXeHus 3JaHui B cTpaHax banruiickoro pernona). Beibop BapuanTa
OasupyeTcss Ha pe3yabTaTax OIEHKH JHEPreTHUYECKOM M TEeXHHKO-DKOHOMHU-
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qecKkol 3P (EeKTHBHOCTH 00OPYHOBAHUS C YYETOM IPAKTHYECKOTO OMBITA €ro
9KCIUTyaTalluy ¥ HaJEKHOCTU PabOTHI.

U3 conocTaBneHns: KIMMAaTHYeCKUX YCIOBUH M PErHOHAIBHBIX TeMIepaTyp-
HBIX YPOBHEW BOABI B Onm3nexameM Oacceitne bantuiickoro mops a0 r. CTok-
rombMma [5, 11, 13] u ceBepo-3anagHoi akBatopuu YepHoro mops [14, 16] cie-
IyeT, 94To Mopckasi Boga Onaecckoro 3ainBa Ha TIyOMHE A0 3—5 M OTJIMYaeTCs
MOBBIILIEHHBIM ITOTEHIIMAIOM U BO3MOXKHOCTSIMM HH3KOTEMIIEpaTypHOW TEro-
ThI, Onarogaps dyemy MOXeT Oosee 3QPEeKTHBHO HCIOIB30BATHCS B ITAPOKOM-
MPECCHOHHBIX CHCTEMax TeIUIOCHaOKeHHs. B oceHHMI M BECEHHWH MHTEpBAJIbI
MEPEXOAHOTO OTOMHUTENBHOIO NIEPHUOA B MOCIEIHNE JECATHIICTHS HaOMI0AaeTCs
MHOT0()aKTOpPHAsl B3aUMOCBS3b MTOBBILIECHHUS TEMIEpaTypbl MOPCKOM BOABI OTHO-
CUTEJIbHO aHAJIOTHYHBIX 3HAYEHUH B 3MMHHUX YCIIOBUSIX C aMITUTYAHBIM CHIKE-
HueM Ha (5-12) °C OTHOCUTENBHO CPEIHECYTOYHON TeMIepaTyphl Hapy>KHOTO
BO3yXa. 3aKOHOMEPHO, YTO TeMIIepaTypa MOPCKOM BOAbI B Hayajie M KOHIIE
oTtonuTenpHOro nepuoaa gocruraer (9-14) °C u xapaktepusyercsi MOBBIIICH-
HOW 3HEPreTHYECKOH BO3MOKHOCTBIO JUIS MCIIOJIb30BaHUS B PAcCMAaTPUBAEMBIX
CHUCTeMaXx TeMJIOCHA0XKEHUS 3TaHNH.

CTpyKTypHO-(YHKIIHOHAJLHOE YCTPOHCTBO CHCTEMBI

OnHa u3 0000IIEHHBIX CXEM CHUCTEMBI TEIJIOCHA0KEHHS C HCIIOIb30BaHUEM
SHEPreTHUYECKOr0 MOTEHLIMANa MOPCKOM BOJBI B IpOIlECCE MapOKOMIIPECCHOH-
HOW TpaHC(OpMaIMK IHEPreTUYECKUX ITOTOKOB C OTOOPOM TEIUIOTHI Ul yCJO-
BUH KaK LIEHTPAJIM30BAHHOIO, TaK M JELEHTPAIN30BAHHOIO JOTPEBAHUS BOJBI
B JIOTIOJIHUTENLHOM HCTOYHMKE 3Hepruu ([JMD) ¢ mpenmMyiiecTBeHHBIM MTpUMe-
HEHHEM €ro B OMBaJICHTHO-TIOCJIEOBATEILHOM PEXKUME JIOTPEBaHUs SHEPrOHO-
cuTesst 1uig aDOHEHTCKUX MOJICUCTEM NIPEJCTaBIeHa Ha puc. 1.

CrpykTypHO-(DYHKIITMOHATIBHOE YCTPOICTBO TOACHCTEM JHEPTOCHAOKEHHS
COUYETaeT KOHTYpP TEIUIOBOrO HAacoca MapOKOMIIPECCHOHHOTO THMA M CHCTEMY
HU3KOTEMIEPAaTypHOI'O MAHEIbHO-TyUYHUCTOrO OTOIJIEHUSI C MOJCUCTEMOMN Trops-
4ero BOJOCHAOKEeHHA. TeruioBoi HAacoC BKIIOYAET 3aMKHYTHIM TpyOOmpOBOI-
HBIH KOHTYp ¢ HHU3KOTEMIIEpaTypHBIM pabO4YMM TEJIOM, IIOCIEIOBATENbHO 00b-
eAMHAIOINHN HUCTIapUTENh, KOMIIPECCOP, KOHJEHCATOP U IPOCCENbHBIN BEHTUb.

CucteMa ropsiuero BOJOCHaA0XKEHHUs C TOCIEI0BATEIbHBIM HATPEBOM XOJIO/-
HOU BoJbl B TerooOMennnkax T1, T2 u B IUD obecrieurBaeT HEOOXOIUMYFO
ee TeMIIepaTypy COIJIaCHO YCTAHOBJICHHBIM TPEOOBaHHUSM.

B kauectBe D ¢ morpeBaHMeM BOIBI Ui HOKPBITHS MMKOBBIX TETIOBBIX
Harpy30K IpW TeMIlepaTypax HapyKHOTO BO3AyXa HM)KEe OMBAaJICHTHOW TOYKH
MPUMEHSIIOT HarpeBaTesid, KOTOPbIE JIETKO MOJAAI0TCS aBTOMAaTH3aluu paboThl,
B YaCTHOCTHU Ta30BbI€ JINOO JIEKTPUUYECKHUE OTPEBATEIN U TEIUIOI€HEPATOPHI.
OHM yCTaHaBIMBAIOTCS B OCHOBHOM IIOCJI€IOBATEIbHO AJISI BO3SMOXHOCTU JAJIb-
HEHIero AorpeBanusi BOABI 1O HEOOXOAMMOW TeMIlepaTyphl COracHO rpadu-
Ky 9KCIUTyaTalldOHHOTO PETYJIUPOBAHUSI CHCTEMbI B OHBAaJ€HTHOM pEXHME.
Hx ycraHOBKa MOKET OBITH IIEHTPATHHON C COBMEIIEHHBIM YCTPOMCTBOM C Tel-
JIOHACOCHOM CTAaHIMEW WM C MECTHBIM M JECLEHTPAIU30BAHHBIM JOIPEBaHUEM
BOJIbI HENIOCPEACTBEHHO B CTPYKTYpe CUCTeM abOHEHTCKOTO MOTpeOIeHus Ter-
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J10TEl. 13 BO3MOXKHBIX IIPUHOUIIAAJIBHBIX CXEM TEIIJIOHACOCHOI'O TerIocHa0xke-
HUsA BI:I6I/IpaIOT HanOoJee ONTUMATLHBINA BapHaHT [JIs1 pETrUOHAJIbHBIX YCJ'IOBI/Iﬁ
C OHeHKOﬁ PE3YIBTATOB TCXHUKO-OKOHOMUYCCKUX MoKa3aTelieH u OPaKTU4YCCKO-
IO OIIbITA.

—71t/ r-a
pT3L & _pTa g

—————
= ]
K1 T | L
. . | CTB CILJIO
TH 1 )
K
1> L)
(I
[ 1 [ H
T1 |

”7777E < :
I -

< - ( PT1 t’
A — o XIIB T HH °

Puc. 1. IlpyHnunuansHas cxeMa TeIJI0CHA0KEeHNs Ha OCHOBE SHEPTHH MOPCKOM BOJBIL:
TH - remmoBoii Hacoc; U — ucnapurens; K] — kougencarop; T1, T2 — TeriooOMeHHHUK;
BA - 6ak-akxymyisitop; KM — kommnpeccop; JIP — npoccensHblif BeHTHIIB; H — Hacoc;
CIUIO — cucrema naHenpHO-Ty4rcToro oromteHus; L{H — nupkynsnuoHHsli Hacoc;

JND — nononuutenbHbIil ncrouHuk 3Heprun; PT1-PT6 — teMneparypHblii peryastop pacxoaa
temtonocutens; XI1B — xo3siicTBenHo-uTHeBOU Bogonposox; CI'B — cucrema ropsdero BoJgo-
cHa0keHus; t, ,x — TeMIeparypa SHEproHOCUTEIIsI Ha BXOJIe B uctapurels, °C;
t5 sux — TO JK€ Ha BBIXOJIE M3 Mcnapurens, °C; t), t) — HauaabHas M KOHEYHas TEeKyIHe

T! "0
TeMIIepaTyphbl SHEPrOHOCUTEIS B CHCTEME TEIUIOCHA0KEHUSI IIPU COOTBETCTBYIOIIEH TeMmepaTrype
Hapy>KHOTO BO3/yXa Ha MPOTSHKEHUH OTONHUTEIHLHOTO Neproaa, °C;
t, — Temmeparypa BHyTpu nomenienus, °C

B

Fig. 1. Schematic diagram of heat supply based on seawater energy:

TH - heat pump; U — evaporator; KJI — capacitor; T1, T2 — heat exchanger; BA — storage tank;
KM - compressor; JIP — throttle valve; H — pump; CIIJIO — radiant panel heating system;
ITH - circulation pump; WD — an additional source of energy; PT1-PT6 — temperature regulators
of the coolant flow rate; XTIB — utility and drinking water supply; CI'B — hot water system;

t, . — €vaporator inlet temperature, °C; t, ,,.x — evaporator outlet temperature, °C;

t/, t. —the initial and final current temperatures of the energy carrier in the heat supply system

at the corresponding outdoor temperature during the heating period, °C; t, — indoor temperature, °C

Onucanue Tenja1000MeHHOT 0 nmpoiecca

B paccmaTpuBaemoii cucteme Bona ¢ pacxonoMm G, u TeMriepatypoii Ha BXO-
ne 1, ;x HacocoM mojaeTcs B ucnapurens TH, rme oxmaxmaercs A0 Temrepary-
Pl t;pux HA BeIxoJe. il KOMIIEHCAMU MOTPEOsIeMON TEIIOTHl COOTBETCTBY-
IOMUMH a00OHEHTCKUMHU CUCTeMaMU Q. MCIIONB3YeTCs TEIUIOBOW MOTOK KOH-
nencaropa Q. TH ¢ Temmeparypoit TemmoHocutens t,, KoTopas SBISCTCS
HaYaJIbHOU TEMIIEPATYPOX BOABI HA BXOJI€ B CUCTEMY OTOILIEHUA ;.
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Jlyis aHanmu3a SHEPreTHUECKOM 3(P(GEKTUBHOCTH MapOKOMIIPECCHOHHOHN CH-
CTeMBbl TEIUIOCHAOXKEHMsI JCHCTBUTENBHBIH Ko3(QQuIueHT mnpeoOpa3oBaHus
onpexaenseTcs u3 cootHomenus [17-19]

_Q .

(p WK’ ( )

rae W, — BHEIIHSSl TPUBOHASI SHEPTHUS B pa0b0OTEe KOMIIPECCOpa, TEIUIOBOM 3KBU-

BanieHT kotopoit [18] B pabote TH ompemensieTcs: COrIacHO IHEPTETUICCKOMY
Oamancy

WK :QK _Qni (2)

rae Q, — MOIIHOCTh TEIUIOBOTO TMOTOKA, KOTOPBIH OTOMPAETCS OT HU3KOTEMIIE-
PaTypPHOIO HCTOYHHKA SHEPIHH.

PacyeTHass MOILIHOCTH KOMIIpECCOpa OMpeaesseTcss oOIIeiH MOTPEeOHOCTHIO
a0OHEHTCKOI0 NMOTPEOICHHS TEIUTOTHI Q,p;

Qu = Qo =G, (6~ 1), 3)

rae G, — pacxo/1 TEINIOHOCUTENIS B CUCTEME TSIUIOCHA0KEHUS, KI/C; ¢, — CPEIHSS
yAenbHas TeII0EMKOCTh TertoHocuTens, kJx/(kr-°C);

Momnocts ucnaputens TH ¢ ycTpoiicTBOM MpOMEXYTOUHOTO KOHTYpa ISt
0TOOpa TEIUTIOTHI MOPCKOW BOABI (HAmpuMep, BOJAHOTO PacTBOpPa MPOIHIICHTIIHU-
koist) [20, 21] ¢ TETUIOEMKOCTBIO ¢; MOXKET OBITH OTpeeiieHa KaK

Qn = GI/ICB (tB,Bx - tB,BHX ) (4)

C ydJeToM B3aUMOCBSI3H DHEPTreTUUYCCKUX IOTOKOB (2)—(4) HHM3KOTEMIIEpa-
TYpHOI'O MCTOYHMKA U 3HEPrOHOCHUTEINSI CHUCTEMbI a0OHEHTCKOIO MOTpeOsIeHuUs
TEIIOTH! ypaBHEHME IS ONPEAeCHHs JCHCTBUTEIHFHOTO KO QHIMEHTa Tpe-
obpazoBanus [19, 22] nprobpeTaeT ciaeqyommi BUL:

-1
GI/ICB (tB,BX - tB,BLIX ) 5
P= 1- G , , il ( )
rcr (tr - t0 )

rae G, — pacxoj BOJIBI Yepe3 UCIapUTENb, KI/C.

W3BeCcTHO, YTO ISl PEKOMEHIYEMbIX IBYXTPYOHBIX HHU3KOTEMIIEPATYPHBIX
cucteM (s 00eCTeYeHUs PAIHOHATILHBIX YCIOBUH MX KA4eCTBEHHOTO DKCILTya-
TAI[IOHHOTO PETYJIMPOBAHKS B TEUCHHE OTOMUTEIBHOTO MEPHO/IA), MPEXKIe BCe-
TO C MaHEIbHO-YYHUCTHIM OTOIUICHHEM C XapaKTCPHOW ISl HUX MOBBINICHHOM
TEIUTOTHUIPABIUYECKON YCTOHUHUBOCTHIO, TEMITEPATypa TCIIOHOCHUTENS B TMOJa-
fomeii Maructpaiu t 1 o6paTHOM TpybompoBoe t! ompenernseTcst H3BECTHBIMU

3aBUCHUMOCTAMHU u3 [23, 24]. [ns yKa3aHHBIX YCIOBHN 3aBHCHMOCTH Pa3sHOCTH
TEMITEpaTyp TOPSYEro U OXJIAKIACHHOTO SHEPrOHOCHTEINSI B CHUCTEME OTOILIe-
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HUS B TIPOIIECCE IKCIUIYaTAIIMOHHOTO PETYIHPOBaHUA [23] MMEET CIEIyIONTyIo
B3aUMOCBSI3b!

-t )"
=t -t)| 2] ©)

rae t, {, — HauanpHAas W KOHEYHAsl PacueTHBIC TEMIIEPATyphl YHEPTOHOCHTEIS
B cucteMe TeruocHaOxkenusi, °C; t, — pacdeTHas TeMmmepaTypa BHYTpPCHHe-
ro Bosayxa, °C; t , t! — pacdeTHas M TeKyIlas TeMIEpaTypbl Hapy)KHOTO BO3-
nyxa, °C.

C yuerom (6) 3pPeKTUBHOCTH TAPOKOMITPECCHOHHON TpaHC(HOPMAIUH SHEP-
reTUYeCKUX MMOTOKOB B TEIUIOHACOCHOUW CHCTEME JOTONHUTEIHLHO YUUTHIBACTCS
B YpaBHEHUU JICWCTBUTEIHLHOTO Ko3(duimenta npeodpasoanus (5) B 3aBUCH-
MOCTH OT TIEPEMEHHON TeMITEPaTypbl HAPYKHOTO BO3/IyXa

(tB,BX - tB,BLIX ) N

o (7
(t -t >~

Qo= 1-G

tB _tH

rae G — COOTHOIIICHUE BOJSHBIX JKBUBAJICHTOB PAcXOIIOB MOPCKOHM Boubl G
1 SHEPTOHOCHUTEIIS B CUCTeMe oToruieHust G, IpH ¢, = ¢;.

AHanu3 pe3yabTaTOB pacueToB

3aBUCHMOCTh JIEHCTBUTEIHHOTO KOX(PQUIIMEHTa MPeoOpa3oBaHusi B HHU3KO-
TEMIIEPAaTypHOU CHUCTEME OTOIUICHHUS OT TEMIIEPaTyphl HAPYKHOTO BO3IyXa CO-
rnacHo (7) wimrocTpupyeTcs rpadukamu, npeacTaBieHHpIMU HA puc. 2. C yue-
TOM aHajH3a TUIPOMETPOJIOTHICSCKOTO U3MEHEHHSI TEMIIEPATyPhl MOPCKOH BOJIBI
B Onecckoil akBaTOpuu Ha MPOTSHKCHUH BCETO OTOMMTEIBHOTO MEPHOA B Kaue-
CTBE UCXOHBIX JAHHBIX JJII CUCTEMbI OTOILICHHS TIPUHSATHI CICAYIOIINE TeMIIe-
patypsl: t, . = 5,0 (7,5, 10,0) °C; typx = 1 °C; t.= 50 °C; t, = 40 °C; t, = 20 °C;
t, = —18 °C. CooTHoIIeHNE OXJIKIAEMON BOABI W SHEPTOHOCHUTEIS B CHCTEME
termmocHabxenns — B npenenax G, /G, = 1,0-1,5, uro xapakTepHO I COBpe-
mernbIx TH cepuiinoro nponssoactsa [20, 21].

B pe3ynbrare ncciaenoBaHuiA YCTAaHOBIICHO, UTO MOpckas Boga Omecckoi ak-
BaTOPHUHU SIBIISIETCS BBICOKOA(Q(PEKTUBHBIM HH3KOTEMIIEPATYPHBIM HCTOYHUKOM
SHEPIUU JJIsl TEIJIOCHAOKEHUsI 31aHuil B YCIOBUSIX 0OOCHOBAHHOI'O HCIIOJB30-
Banus JIUD nmns mocneayromiero JorpeBaHHs BOJBI B OWHApPHO-TIOCIIEAOBA-
TeJIbHOM pexume. Kpome Toro, aHamu3 TeMIiepaTypbl MOPCKOH BOJIBI TP COOT-
BETCTBYIOIIIEH TeMIepaType Hapy»KHOTO BO3JyXa B OTOIMHUTEIBHBIA MEPUOJ| TIO-
Ka3bIBACT, YTO B MAPOKOMIIPECCHOHHOM TEIIOCHA0KEHUM 3HAYCHUE JICHCTBU-
TETHLHOTO K03 duImenTa mpeodpa3oBaHUS dYHEPTETUICCKUX ITOTOKOB OOIBIIE
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HOPMAaTUBHO YCTaHOBJICHHBIX MUHHMAJBHBIX U PACUETHBIX 3HAYCHUH Qmin = 3,8
U ¢, = 4,2 114 HOBBIX M PEKOHCTPYHPYEMBIX HozcHcTeM [9], KoTophle obecrie-
YMBAIOTCSl JaXK€ TMpPH CYIIECTBEHHOM CHIDKCHHH TEMIIEPaTyphl HapyKHOTO
Bozmyxa 1o t, = —10 °C. JlambHeiimee cHwkenne t, oOycnoBmuBaeT padboumit
PEXUM CHUCTEMBI TEINIOCHA0KEHUS C IIEHTPAIBHBIM, JICIICHTPAITM30BAaHHBIM WITH
WH/IMBUIyalIbHBIM JIOTPEBAHHEM 3HEPTrOHOCUTENSI B CUCTEMaX OTOIUICHHUS C HC-
nonp3oBanueM IO B cooTBeTCTBHU C TPapUKOM HUX ONTUMAIBHOTO JKCILTya-
TAIMIOHHOTO perynupoBanus. Takum o00pa3oMm, paboTa yCOBEpPIICHCTBOBAHHOMN
CHUCTEMBI TEIUIOCHAOKEHMSI Heprod3peKkTrBHA M paIlMoHaIbHA JJIS MTpaKTHUe-
CKOTO BHEJIPCHHUSI C COOJIIOJICHUEM PEKUMHBIX YCIIOBHH 3KCIDIyaTalldd C pac-

4eTHO OMBAaJICHTHOW TeMIlepaTypoii Hapy»kHoro Bosayxa t; =—10 °C.
oF ‘ ‘r
10 /
AN /| ;
8 SE. /
. 1 ] -
; AREE 4
- / 2k ~
s * s .' e .
2 Jn' B .
0
-20 -15 -10 -5 0 5 8 t,°C

Puc. 2. 3aBucumocTts k03 dunrenTa npeodpazoBaHus B CHCTEME TEIUIOCHAOKECHHS
OT TeMIIepaTyphl HapyxHOro Bo3ayxa: 1 — G = 1,0 (— - tyx= 10,0 °C;
— — 4 =75°C; e — 1,,,=5,0°C); 2 - G =15 (—e— —t,:x=5,0°C)
Fig. 2. Dependence of the conversion factor in the heat supply system on
the outside air temperature: 1 - G = 1.0 (— —t,5=10.0 °C;

—— =1, =75°C; eee —1,,=50°C);2- G =1.5(—+— —t,,=5.0°C)

st ompeneneHuss ONTUMAIBHBIX PEXUMOB pabOTHI TEIJIOBOTO M LUPKYIIS-
LIUOHHOTO HACOCOB, 00ECIEUNBAIOIINX MPOXOKACHUE OXJIaXAaeMOM BOJbI Yepes3
WCTIAPUTEINh, TTPOAHAIN3UPYEM YENIbHbIE 3aTpaThl YHEPTHHA U TePMOINHAMIYE-
ckoe coBepmeHcTBo padotel THY B cucteme temnmocnabxenns [17, 19].

3aBHCUMOCTh 3aTpaT SHEPrHMM Ha MPHUBOJA KOMIIPECCOpa OT YCTaHOBJIEHHOTO
3HAYCHUS EHCTBUTELHOTO KOd(GHUITHEHTa TPeoOpa30oBaHmsl SHEPTETHUSCKUX T10-
TOKOB coryiacHO (7) U TEIIoBoi MOLIHOCTH ucnaputens Q, mpuobpeTaer ciemyro-
uwii Bua [1, 16]:

W= ®)
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3aTpathl SHepruM Ha paboTy Hacoca, 00eCIIeYNBAIOMIETO ITUPKYIIAIUIO MOP-
CKOM BO/IbI uepes3 ucnapuresib TH, onpeaensitoTcsi COriacHO ypaBHEHHUIO

G,AP

W, = ,
PN

9)

rae W, — IOmoNHHUTENbHAST MOIIHOCTh BHEIIHETO NMPHUBOJA BOASHOTO HAcoca B
pabote cuctemsl TertocHaoxkermst ¢ THY; AP — cymmapHbIe TOoTepu JaBICHUS
B WCIapuTeNe W TPYOHOW YacTH CHUCTEMBI O0TOOpa TEIIOTHI M3 OXJIAXTaeMOM
BoAbl, [la; p, — MIOTHOCTH OXJIAXKAAEMOU CpEAbL, KI/MS; Nw Nip — KIIJL Hacoca
U €T0 MPHUBO/JIA.

Ha ocHOBe yCTaHOBJIEHHBIX COCTAaBJISIONIMX 3aTpaT SHEPTHUH UIsT paboTHI
KoMripeccopa (8) m obecrieueHHss HACOCHOW ITUPKYJSAIIMA MOPCKOM Boawl (9)
3aBHCHUMOCTH OOIIETO YACTHHOTO pacxoaa SHEPriuH B paboTe CHCTEMBI TEIUTOCHA0-
JKEeHHS MOIITHOCTBIO Q, = Q- 3aIHIIIETCS B BUC

_ W +W,
WOB =~
Q.

Ha puc. 3 npezncrasnena rpaduyeckas WHTEpIpeTals U3MEHEHHsT 00IIero

(10)

YIEIBHOIO pacxojia BHEIIHEH NPHUBOJHON dHEprumM W,, OT TeMIEpaTyphl Ha-
!
PYXKHOTO BO3IyXa t' B TeueHHe OTONUTENBbHOro mnepuozpa coriaacHo (8)—(10).

B xauecTBe NCXOIHBIX JaHHBIX JJIs peallbHbIX YCIOBUN COOTHOLICHUS PacX0l0B
sHeproHocureneit [2, 20, 21] n 1eHCTBUTENBHBIX TEMIEPATYp B HU3KOTEMIIEpa-

TypHO#i cucTeMe TeruiocHa®xenus npunats:: G = 1,0-1,5; t, t, = (50-40) °C;
t,sx = 5,0 (7,5) °C; AP, = 50 kIIa; n, = 0,8; n,, = 0,96.

W,

OB

0,4
osl TN\

\\\
0.2 2 N

0.1 N\

N\
\\
N
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Puc. 3. 3aBECEMOCTb YAEIBFHOTO pacxoja oOIei YHepTuy Ha IPHBOJ KOMIIpeccopa
1 paboTy LUPKYJIALHOHHOTO HAcOCa OT TeMIEepaTyphl HAPYKHOTO BO3LyXa:

1-G=151t,=50°;2-G=101t,=75°C
Fig. 3. Dependence of the specific consumption of total energy for the compressor
drive and the operation of the circulation pump on the outside air temperature:
1-G=15,t,=50°C;2-G =10,t,,,=75°C
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W3 ananmsa rpaduueckux 3aBucumocreii (puc. 3) cimemyer, 9ro pabora pac-
CMaTPUBAaEMOW CHCTEMBI TCILUIOCHAOXKEHUS JTAXKE B MPEACTHHBIX YCIOBHIX MO-
HO3HEPreTUYECKOT0 PeKMUMa IIPU TeMIIepaType HapyKHOTo Bo3ayxa t, = —10 °C
C peanbHEIM COOTHONIGHHEM BOASHEIX dKBHBaneHTOB G = 1,0-1,5 xapaktepu-
3yeTCsl yIOBJICTBOPUTEIILHBIMUA OOIIUMU y/ICIBHBIMY 3aTpaTaMK BHEIITHEH dHEp-
run (W, = 0,28-0,34), HeoOXomuMol Il MPHBOJA KOMIIpEccopa U paboThl
IUPKYIBSIITHOHHOTO HACOca IS TIEPEMEIIEHUS OXIaKIaeMOM BOJIBI.

WsBectHo [17, 19], uTto TepMmoauHamuyeckoe coBepuieHcTBO TH kak ogun
M3 ToKa3zaTeliell dHepreTuueckoil 3(h(HEeKTHBHOCTH €ro paboThl ONMPeAesaeTCs
COOTHOIIICHHEM

N, =, (11)
(0

rae ¢, — Teopetuueckuii koadpumment tpancdopmaruu TH cormacHo UKy
Kapno, onpenensemsrii kak [17-19]:

-1
T T + tB BbIX - AtB BbIX

— K — _ 5 5 , (12)

T -T, T+t +At,

Oy

rae T, — TemmepaTypa KoHJeHcanuu pabouero Tena B koHaeHcatope TH, K;
T, — 10 xe ucnapenus: pabouero tena B ucnapurene TH, K; At, .« — pa3Huna
TEMIIEpaTyp BOJBI U pabouero Tena Ha BeIxonae u3 ucnapurens, °C; At, — To xe
pabouero Teina TH u HarpeToit BoIbI Ha BEIXOJIE U3 KOHAeHCaTopa, °C.
Temnepatypa ucrapeHus pabodero Teia MpeACcTaBiIseTCs B BUC

T,=273+t,,. . —At (13)

B,BBIX B,BBIX "

TemnepaTypa KOHACHCAIUM PabOUYETro Tena, 00ECIICUHBAOIIAs TIOBBIIICHUC

TEMIIEpPaTypbl BOABI B CHCTEME TEIUIOCHAOXEHHSI 1O HEOOXOAMMOTO YpPOBHS,
ompeenseTcs 0 3aBUCUMOCTH

T, =273+t +At, (14)

rae t, — Temmeparypa BOAbl Ha BBIXOJAE M3 KOHIECHCATOpPAa, COOTBETCTBYIOLIAS
TeMIIEpaType ropsueil Boasl Ha BXoJe t. B cuctemMy oromieHus, °C.

Jna onpeneneHuss TEPMOIMHAMHUYECKOTO COBEPIIEHCTBA 1), MCIIONb30BAHbI
UCXOJHBIC TaHHBIC B paHee BBINOIHCHHOM pacdeTe NeHCTBHUTEIBHBIX KOd(du-
LUEHTOB NpeoOpa3zoBanus 1o (7), a TakKe AOTOIHUTEIbHbIC 3HAUCHUS Aty 5« =
=5°CuAt.=5°C.

ComocraBienue pe3ynbTatoB pacuetoB 1o (7) u (12) moaTBepk aaeT BBICO-
KYI0 CTENEHb TEPMOJMHAMHYECKOTO COBEPIIEHCTBA 1), B IPOILECCE MapOKOM-
MPECCHOHHOM TpaHC(OpMALMM SHEPTeTHYECKUX MOTOKOB B YCOBEPIIECHCTBO-
BaHHOM cHCTEME TeIUIOCHaOXKeHusl. B 4acTHOCTH, B IpeAebHBIX YCIOBHSX
MOHOZHEPIreTUYECKOro pekuma paboThl IIPU TEMIIEpPAType Hapy>KHOIO BO3MY-
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xa t, = —10 °C n, mHaxomutcs B npenenax 0,53—0,66 cOOTBETCTBEHHO IPH TEMITS-
paTypax Mopckoii Bogbl by, =5 °C (G =1,5) ut,, = 7,5 °C (G = 1,0).

IIpencraBnser uHTEpec manpHeimee coBeprieHcTBoBanue THC Ha ocHOBe
MIPETOKEHHOTO ToaxoAa [24] ¢ MCIONB30BaHUEM SHEPTUH BETPOBBIX ITOTOKOB
JUIL aBTOHOMHOT0 ipuMmeHeHus B THY.

BbIBO/JbIL

1. IlpencraBieHBl UCXOMHBIC MAPAMETPHI M ONPE/CIICHBI PAIlMOHAILHBIC Pe-
JKUMBI Pa0OTHI TETUIOHACOCHBIX CUCTEM TEIUIOCHAOXKEHUS C ICHTPAIBHBIM JTHO0
JISIICHTPAIN30BAHHBIM U JIOKAJIBHBIM JIOTPEBOM a0OHEHTCKOTO SHEPTOHOCHUTEIS
B MIPEIETBHBIX YCIOBHIX OMBAJICHTHOTO PEXUMa MPH TEMIIEpAType HApy>KHOTO
Bo3ayxa Hmke (—10) °C.

2. O60CHOBaHBI YCIOBHS BEICOKOW DHEPreTHIEeCKOU 3(PPEKTUBHOCTH PabOTHI
TEIUIOHACOCHOW CHUCTEMBI TEIJIOCHAOKEHUS, MPH KOTOPBIX ICHCTBUTEIBHBIM
KO3 GUIMEHT IpeoOpa30BaHMsl MPEBHIIACT CE30HHOS HOPMHUPOBAHHOE pacyeT-
HOC U MUHHMAIBLHOE 3HAYEHUS MPH PAIMOHAIBHON TeMmIepaType Hapy>KHOTO
Bo3ayxa t, = —10 °C B MOHOPHEPreTHYECKOM peXHMe pabOTHl (COOTBETCTBEH-
HO Qmin = 3,8, ¢, = 4,2) KaK 1714 HOBBIX, TaK U JUI1 PEKOHCTPYUPYEMBIX 3/1aHUIA.
YkazaHHBIC pE3yNIbTaThl CYIIECTBEHHO MPEBHIIAIOT aHAIOTUYHBIC TOKa3aTeln
cucteM TeruiocHaOxeHwus T. CTOKroiabpMa.

3. O0mue yaenpHble 3aTpaThl BHEIIHEH SHEPTUU Ha TPUBOJ] KOMIIpeccopa U
MUPKYJIBIIIIO OXJIAXK/IaeMOU BOABI B padOTE TEIUNIOHACOCHOW YCTaHOBKH C Xapak-
TEPHBIM COOTHOIIICHHEM BOSIHBIX 3KBHBAJIEHTOB JIaXKe B MPEIEITbHBIX YCIOBHUIX
MOHORHEPIreTUYECKOr0 PEKMMa IKCIUTyaTallid CUCTEMBI TEIUIOCHAOKEHUsS TIPH
t, = —10 °C HaxofsTcs B muamna3oHe o0nienpuHaThix 3Hauenuit (W = 0,28-0,34).
IIpn 5TOM TEpPMOAMHAMHUYECKOE COBEPIIEHCTBO TETUIOHACOCHOW YCTaHOBKH
B paboTe CHCTEMBI TEIUIOCHAOKCHHUS B YCIOBHUAX OOOCHOBAHHOTO peXHMa
mpu t, = —10 °C xapakrepu3yeTcs yIOBICTBOPUTEIHLHBIMI TTOKA3aTEISIMHU B TIpe-
nenax n, = 0,53-0,66.
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Pedepar. B Pecriybimke bemapycs co3mano 153 Bomoxpanwnmma. B nmepuon mpoxoxaeHus mo
peKe KaTacTpo(HUIECKUX ITABOAKOB U MOJIOBOANM BOSHUKAET PUCK MEPETIOTHEHUS BOIOXPAHIIIHIII,
HepesiBa 3TUX Macc 4yepe3 rpeGeHb 3eMIITHOW IUIOTHHBI U 3aTOIUICHHS 3HAYMTENIbHBIX TEPPUTO-
puit. PaspyIieHne MIOTHHBI CONPOBOXKAAETCS 00pa3oBaHMEM IPOPaHa M UCTEUEHHEM 4epe3 HEro
B HIDKHUH Obe() HEyCTaHOBHBIIErocs MOTOKAa BOJBI B BHAE BOJHBI MPOpEIBAa. BomHa mpopsiBa
U KatacTpo(uueckoe 3aTOMICHHEe MECTHOCTH SIBJISIFOTCS. OCHOBHBIMHU Pa3pyLIAIOIIUMU (haKTOpaMu
THAPOIMHAMHUUYECKUX aBapuil. PacueTsl Mo ompeneneHuo mapamMeTpoB BOJHBI M OILIEHKE BO3MOX-
HBIX TIOCJIE/ICTBUIT 3aTOIUICHNSI HEOOXOJMMBI IIPU COCTaBJICHUH OTIEPATHBHO-TAKTUIECKHX IIIIAHOB
10 TPEIYIPEXKICHUIO U JTUKBUAAINN UPE3BBIUAHHBIX CUTYallWi TP aBapHAX Ha ITOJIOPHBIX CO-
OpY)KEHHUSIX, ONpEeICHHH BEpPOSTHOIO yIiepOa OT 3aTOIUICHHsS TEPPUTOPHU B HIDKHEM Obede
TU/IPOTEXHUYIECKOTO COOPYKEHHUs] B Pe3yNbTaTe IPOXOXKACHUS BOJHBEI mpopbiBa. Heobxomaumo
OLICHUTD 30HY 3aTOIUICHHS M TUAPOJMHAMUYECKHE MapaMeTphl IIOTOKA: MAKCHMAaJIbHBIC 3HAUCHHS
TIIyOWHBI ¥ CKOPOCTH IIOTOKA B 30HE KAaTaCTPO(HUIECKOTO 3aTOILUICHUS, BpeMsl OT Hadajla aBapHu
JI0 IIPUXOJa B JaHHYIO TOYKY MECTHOCTH NPOPHIBHOHM BOJIHBI, IPOJODKUTEIBHOCTD 3aTOILUICHHUS,
TPaHUIBI 30HBI KaTacTPO(HUIECKOTO 3aTOIUICHMS, TUAporpad pacxojga B CTBOPE pa3MbIBacMON
IUTOTUHBI U TpadyK MaJeHus YpOBHS BepxHero 6beda. CTeneHb JOCTOBEPHOCTH NMPOTHO3HBIX pac-
YEeTOB OIPEeIsIeTCs] TOYHOCTBIO JBYX IPUMEHSAEMbIX MaTeMaTHUeCKHX Mojeneil: 1) pa3mbiBa
IUIOTUHBI; 2) IBU)KEHUS BOJIHBI IIPOPBIBA. AHAIM3 IOKa3bIBACT, YTO VI PacuyeTa JBHXKCHUS BOJIHBI
MIPOpBIBA BO BCEX CIIydasX MPHMEHSIOTCS THIAPOAMHAMHYECKHE MOJENIH, OCHOBAaHHBIC Ha OIHO-
W AByMEpHBIX ypaBHeHHAX byccunecka — Cen-Benana. [lapaMeTps! BOJMHBI — ee BBICOTa M CKO-
POCTb PacHpOCTPaHEHHUs — MOJHOCTBIO 3aBUCAT OT rHAporpada pacxojia B CTBOPE pa3MbIBaeMOMH
TUIOTHHBI, KOTOPBIH, B CBOIO OUYEpEb, ONpEENAeTCs JUHAMUKON ee pa3MmbiBa. llenp uccnenoa-
HHUSA — pa3paboTKa METOAWKH pacdeTa 3aTOIUIEHHs HIDKHEro Obeda B pe3ynbTaTe pa3pyIICHUs
I'PYHTOBOM IJIOTUHBI.
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Simulation of Unsteady Movement in the Downstream
of a Hydroelectric Complex During the Destruction
of a Soil Dam

V. V. Veremenyuk®, V. V. Ivashechkin®, O. V. Nemeravets®
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. 153 reservoirs have been created in the Republic of Belarus. During the period of pas-
sing catastrophic floods and high waters along the river, there is a risk of overflowing reservoirs,
overflow of water masses through the crest of an earthen dam and flooding of significantly large
areas. The destruction of the dam is accompanied by the formation of a breach and the outflow
through it of an unsteady flow of water in the form of a breakthrough wave into the downstream.
A breakthrough wave and catastrophic flooding of the area are the main destructive factors of
hydrodynamic accidents. Calculations to determine parameters of the wave and to assess the pos-
sible consequences of flooding are necessary when drawing up operational-and-tactical plans for
the prevention and elimination of emergencies in case of accidents at retaining structures, deter-
mining the probable damage from flooding of the territory in the downstream of a hydraulic struc-
ture as a result of the passage of a breakthrough wave. It is necessary to assess the flooding zone
and the hydrodynamic parameters of the flow, viz. the maximum values of the depth and velocity
of the flow in the zone of catastrophic flooding, the time from the beginning of the accident to the
arrival of a breakthrough wave at the particular point of the terrain, the duration of flooding,
the boundaries of the zone of catastrophic flooding, the hydrographic flow rate in the section of
the eroded dam and the graph of the fall headwater level. The degree of reliability of predictive
calculations is determined by the accuracy of the two applied mathematical models, viz.: 1) ero-
sion of the dam; 2) the movement of the breakout wave. The analysis of the applied mathematical
models shows that in all cases the hydrodynamic models based on the one- and two-dimensional
equations of Boussinesq — Saint-Venant are used to calculate the movement of the breakthrough
wave. Wave parameters, i. e. wave height and speed of its propagation, completely depend on
the hydrograph of the discharge in the section of the eroded dam, which, in its turn, is determined
by the dynamics of its erosion. The aim of the work is to develop a methodology for calculating
the flooding of the downstream as a result of the destruction of a soil dam.

Keywords: discharge, flood, water reservoir, dam, erosion, breach, overflow, flooding, hydrody-
namic accident, breakthrough wave, hydrograph of the discharge
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BBenenue

B Pecriybnuke benmapych cozmano 153 BogoxpaHMIAIIA ¢ OOIIEH IUTOMIA b0
3epkana 822 kM’ TlonesHblil 06beM Bojoxpanumui 1,20 KMS, MTOJHBIN 00b-
eM 2,95 km°. HefaBHO IOCTPOEHBI TPH HOBBIX BomoxpaHmuima (I'poxHeHCKas,
Burebckas u [ononkas ['DC). [Ipu skcmmyaTannu BOJAOXpaHWINIA BOSHUKACT
psAn mpoOiieM, CBSI3aHHBIX C TporieccaMu BogooOMeHa [1] m abpasmeir Gepe-
roB [2], HO caMylO CEpbE3HYIO OMACHOCTh HECET PUCK MEPENOTHEHHs BOAOXpa-
HWJIHIL, TIepEeITUBa BOAHBIX Macc depe3 TpebeHb 3eMIISTHOM TIOTHHBI M 3aTOTLIe-
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HUS 3HAUUTENIBHBIX TEPPUTOPUI NPH MPOXOXKICHUH 110 PEKe KaTacTPOYUIECKUX
IIaBOJIKOB U IOJIOBOAMH. Pa3pyliieHne mIoTHHBI CONPOBOXKIAETCS] 00pa30BaHUEM
npopaHa ¥ UCTEUEHUEM Yepe3 HEero B HIKHHUM Obe() HEYCTaHOBHBIIETOCS TOTO-
Ka BOJbl B BUJI€ BOJIHBI IIPOphIBa. BosiHa npopsiBa 1 karacTpoduyeckoe 3aTorl-
JICHHE MECTHOCTH — OCHOBHBIE paspyllaromye (akTopbl THIPOANHAMHYECKHX
aBapuil.

B Pecniybnuke benapych porHo3HbIe pacdeThl TapaMeTpOB BOTHBI TPOPHIBA
U 30H BEPOATHOI'O 3aTOIICHUS HPU Pa3pyLICHUH IUIOTHH IPOM3BOIATCA IIPU
pa3paboTKe NMPOEKTHOH JTOKYMEHTALMH Il BHOBb CTPOSILMXCSI U PEKOHCTPYU-
pyembIX IIOTHH U Bopoxpanunuil [3]. Takike NPOrHO3HbBIE pacuyeThl IPUMEHS-
I0T IIpU pa3paOOTKE OLIEHKU BO3JEHCTBUS Ha OKPY)KAIOLIYIO Cpemy Ajsl 0ObeK-
TOB, K KOTOPBIM OTHOCSTCSI HCKYCCTBEHHBIE BOJOEMBI C IUIOLIA(bI0 BOAHOM IIO-
BepxHOCTH Ootee 50 ra, IWIOTHHLI BEICOTOM 2 M 1 Goiee [4, 5].

[IporHo3upoBaHue pa3BUTUS M MacIITaO0OB BO3MOXKHBIX THAPOJUHAMUYC-
CKMX aBapuii Ha BOAONOANOPHBIX TrUApoTexHHUYeckux coopyxkenusix (I'TC)
BKIIIOYaeT B ce0si mporHo3upoBaHue crerneHu paspyuenus ['TC, mapameTrpos
BOJIHBI MIPOPBIBA, MOCTABAPUHHOTO COCTOSIHMSL pyclia M TMOHMBI B BO3MOXKHOM
30HE 3aTOIUICHUS U TIOCJIEACTBUI aBapuil Ui HaCEICHUs] U TEPPUTOPUN B 30HE
BO3MOXKHOTO 3aToruieHus [6]. PacueTbl Mo ompeneneHuio mapaMeTpoB BOJHEI
NpPOpBIBA M OLEHKE BO3MOKHBIX TIOCIIEACTBUH 3aTOIUICHHS HEOOXOAWMBI MPH
COCTaBJICHUH ONEPaTHBHO-TAKTHYECKUX IUIAHOB MO NPEAYNPEKICHUIO U JTNKBHU-
JalM{ 4pe3BBIYalHBIX CUTYAIlMi MpPU aBapusX Ha TOAMOPHBIX COOPYKEHUSIX,
YCTAHOBJICHUH BEPOSITHOTO yliepOa OT 3aTOIUICHUS TEPPUTOPHH B HWKHEM
Obede THAPOTEXHUYECKOTO COOPYKEHHS B PE3yJbTaTe MPOXOKACHUS BOJHEI
npopsiBa [ /—9]. Bo Bcex mepeuncieHHbIX CiIydasX HyKHO OLCHUTH 30HY 3aTOI-
JICHUS. ¥ TUAPOJUHAMHUYECKHE MapaMeTpbl MOTOKA: MaKCUMaJbHbIC 3HAYCHUSI
rIIyOUHBI M CKOPOCTH MOTOKA B 30HE KaTacTPOPUUECKOTO 3aTOIUICHUS, BPEMsI OT
Hayana aBapud A0 MPHUX0oJa B AAHHYIO TOYKY MECTHOCTH HMPOPBIBHOW BOJHEI,
MPOIOJKUTENILHOCTD 3aTOIUICHHS, TPAaHHIIbI 30HBI KATacCTpPOQHUIECKOTo 3aTOILIe-
HUSI, THApOrpad pacxoaa B CTBOPE pPa3MbIBAEMOM TUIOTHHBI M rpaduK MaleHUs
YpOBHS BepxHeEro Obeda.

CreneHb AOCTOBEPHOCTU MNPOTHO3HBIX PACUYCTOB OHNPECACIIACTCSA TOYHOCTHIO
JIByX NMPHUMEHSEMBIX MaTeMaTHUeCKUX Mozeneil: 1) pa3MblBa MIOTUHBL 2) JIBU-
JKEHHS BOJIHBI IPOPBIBA. AHAIN3 IMOKA3bIBAET, YTO AJISI pacyeTa JIBHXKEHUS BOJI-
HBl TIPOPBIBA BO BCEX CIIydyasX HCIOJB3YIOTCS THAPOJMHAMHUYECKHE MOJEIH,
OCHOBAaHHBIE Ha OJHO- M JABYMEpHbIX ypaBHeHUsX byccunecka — CeHn-Bena-
Ha [7-9]. B paMkax mocTaBJICHHBIX 33714 OHH JAI0T MPaBIONOA00HbIC PE3yiib-
TaThl, HO3TOMY OoJiee TOYHOE PELIeHHe ¢ MOoMoIublo 3D ruapoanHaMUYECKHX
MojieTieil, OCHOBaHHBIX Ha TONHOM cucTeMe ypaBHeHHH Hasbhe — CTOKca, 37ech
He TpeOyercs [10-11]. [TapameTpbl BOIHBI — BRICOTA U CKOPOCTH PaCIpOCTpaHe-
HUSI — IIOJIHOCTBIO 3aBUCST OT Tuporpada pacxoja B CTBOPE pa3MbIBaeMOil 11o-
THHBI, KOTOPBIH, B CBOIO OY€pe.lb, ONPEAEIACTCS JUHAMUKON pa3MbIBa INIOTHHBI.
B To ke BpeMsi aHaJIM3 HCHOIb3YEMbIX MaTeMaTHYECKUX MOJENEH Ul pacdera
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JUHAMHKH Pa3MbIBa IJIOTHHBI, OCOOCHHO €¢ MEepPBOU CTaJWH O PACIIUPCHHS
MpopaHa, MoKa3al, YTO OHU HEJTOCTATOUHO COBEPIICHHBI U 0a3UPYIOTCS Ha MpPU-
OJMOKEHHBIX 3aBUCHMOCTSIX [7-9)].

[enp uccnenoBanuii — pa3paboTKa METOJUKH MOJEIUPOBAHUS MPOIecca 3a-
TOIUICHUS HIDKHETO Obeda.

MoneaupoBaHue TeYeHHUs B HIKHeM Obede

Pemenue mocraBieHHOW 3aauyM 3aKIOYaeTcs B MOJCIUPOBAHUU ITOTOKA
B HW)KHEM Obede ¢ momomipio ypaBHenuii Cen-Benana. Jlist 3Toro HeoOxoaumo
3HATh TPaHWYHBIE (HA TPaHUIle IPOpaHa U HIDKHETro Obeda) M HadalbHBIE YCIIO-
BUS JJIS1 CKOPOCTH M TIIyOMHBI TOTOKA. ['paHUYHBIE yCIOBUSI MOXHO TOIYYUTh
TOJIBKO B Pe3yJIbTaTe PEIICHHUS 3aJa4k O Pa3pyILICHUU IPYHTOBOI TUIOTUHEI [12].

Cucrema ypaBHeHuil CeH-Benana 11 TedeHHUs] BOIBI B OTKPBITOM pycie
MPOU3BOJIBHOTO Tpoduis umeeT By [ 13-15]:

2
a@+iQ— +gW(a—h+if—ip)=0;
ot ox\W OX )
w_ Q_,
ot ox

rae o — KO UIMEHT, YUUTHIBAIOIINI HEPAaBHOMEPHOE pACIpeleieHue CKO-
pocCTeii 110 KUBOMY CEUCHHIO MIOTOKA; T — BpeMs, C; X — IPOTSHKEHHOCTH 110 BOJIO-
Toxy, M; Q(X,t) — pacxom Bomsl, M/c; W(X,t) — MIOMAs KHBOTO CEUCHHS
MOTOKA, HAXOJSIIEroCs Ha PACCTOSHUHM X OT Hadajia MOTOKa B MOMEHT BpeMe-
HE t, M°; § — ycKopeHHe cBOGOmHOTrO mamenms, m/c’; h(X,t) — rnyOuHa, M;
it (X,t) — yKJIOH TpeHHs IOTOKA; I, — YKJIOH JIHA PEKU B HIUKHEM Obee.

B [13] oTMeuaeTcs, 4TO UMEETCS TOCTATOYHO yIOBJIETBOPUTEIIbHAS CBSI3b O
¢ ko3h¢unuenToM miepoxoBaroctd no Mannunary: o =14,8n+0,884, mpu-
YeM eclM B pe3ylbTare pacyera mo 3toid Qopmyne o > 2, peKOMEHIyeTcs
MIPUHUMATh Ol = 2,

CKOpOCTh TTOTOKA HAXOIUM TI0 hopMyIre

vixt) = 2 @)
W (x,t)
VKJIOH TpeHus MOTOKA iy onpenenumM u3 dpopmyisl [esn
. Q>  vin?
h = 2n7n = R (3)
W C°R R
rae C — ckopoctHoii ko3pdunuent Llle3u, BeruncneHuslii mo ¢popmyne Man-
1
Hunra C = —R% , M*%c; R= % — TU/IPaBIMYECKUI paJlnycC )KUBOTO cede-
n X,
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HHS TIOTOKA, HAXOJSIIErocsl Ha PAacCTOSIHMM X OT Hayajia MOTOKa U MMEIOIIETo
rnyouny h, m; P(X,h) — cMoueHHBII mepumerp cedeHus, M; N — KO3 ULKEHT
mepoxoBatocTy aHa pycia [16], ¢/m™>.

C yuetom (2) u (3) cucrema (1) npeodpasyercs K BULy:

W aww) _

ot OX ’

o @+v@ + @-ﬁ- ﬁ—i =0 ()
o ax) 9T R e T

JansHelime ucciaeqoBaHus OyaeM IPOBOINTE C YYETOM CUCTEMBI (4).

Crnocob onucanust nogepxnocmu 8 HudxicHem dveghe. UToObI cuctema (4) Obua
3aMKHYTOM, HEOOXOIMMO 3HATh 3aBUCHMOCTH TuTomanu sxusoro ceuenus W(X, h)
u cModeHHoro mepumerpa P(X,h) oT riaybuusr h U paccTosHHS X OT IpopaHa.
DTO mpeArnoyiaracT 3HaHUE T'EOMETPHH MOBEPXHOCTH B HWXHeM Obede. Hmxke
NPUBEJICHA METOANKA ONHMCAHUSI 3TOW IMOBEPXHOCTU, KOTOPYIO HECIOXKHO MpHU-
MEHUTh Ha MPAKTUKE W KOTOpas MO3BOJISET OCTATOYHO JIETKO IMOJYyYUTh HYX-
ueie 3aBucumoct 1t W u P. Crienys [17], cnenaem omnpeieneHHbIe TPEATIoNo-
JKEHUS O TIOBEPXHOCTHU B HIDKHEM Obede.

1. MOXHO BBIICTUTh HEKOE MPSAMOYTOJBHOE PYCIIO MPENIoiaragMoro Io-
TOKa, T. €. yKa3aTh CpPEJHHUE 3HAuCHWs ero IMMpHHEI B, BbICOTHI Oepera hg,
YKJIOHA JHa ip, mepoxoBaTtocTu N (B [17], B oTIuuMe OT HAIIEro ciydas, pedb
UIET O TIOWMe KOHKPETHON PEKH U BCE ITH IMapaMeTphl H3BECTHHI). Pycio momk-
HO HAYMHATHCS B paliOHE Mpe/IojaraeMoro npopana. BeiOpaTh ero MOXHO Kak
OKPECTHOCTh JIMHHHU, COCTOSIIEH M3 TOYEK C CAaMBIMH MAaJICHHKUMH T'€0JIe3U-
YECKHMH OTMETKaAMHU.

2. [ToBepXHOCTH JIOIMHBI BHE PYCIIa SBISETCS KYCOUYHO-THHEHHOW. JTO 03Ha-
YaeT, YTO Ha KaKIOH CTOpOHE MOJMWHBI (JIEBOM W TIPaBO) OTHOCHTEIHLHO

BBIOPAHHOTO PyCiia MOJKHO BBLICTHTH N mummit yposrs L™, .., LA™ (rxe mmx-

HUI MHIEKC — HOMEp JIMHHU yPOBHS, BEPXHHI — JIeBasi WM TIpaBas CTOPOHA),
00pa30BaHHBIX TOYKAMH C PaBHBIMH OTMeTKaMH BbIcoT N = hy <h<...<h, o1-

HOCHUTEJIBHO JHA TPEAIOIaraeMoro pycia (Kaxmaas JHHUS Lﬁ(“) COOTBETCTBYET

BBICOTE N, a Lg(") — nuHUM Oepera); Ha KaXKIOM U3 YYaCTKOB MEXIy cOcel-

Ln(n)

anvu smEmamu LY u L'} Geper sBmsieTcss KycOuHO-THHEiHOH MOBEpX-

HOCTBIO, HANPaBIISIOMIMMHU JIUHUSAMH KOTOPOH CIY)KaT OrpaHUYHMBAIOLINE 3TOT
y4acTOK JIMHHM YPOBHSA, a OOpasyloUMMH — TpPSMBIC, COCAMHSIONINE TOYKU
JUHUHA YpOBHS, KOTOpBIE JIEKAaT B IUIOCKOCTH S = Sp, TJ€ S — pacCTOSHHE
BJOJIb pycia MOTOKA A0 TUIOTHUHBI (INIOCKOCTD MEPINEHANKYIISPHA PYCIly B HaXO-
JIMTCSI HAa PACCTOSHUM So OT IUIOTHHBI). BBICKa3aHHOE NpEAIIONOKEHHE TOsiC-
Hser puc. 1.
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a b
5= Sp

! So wh we W W

Puc. 1. Cxema yuyactka (JISBOT0) JOJMHBL: a — IUIaH; b — MONEPEeYHBIN pa3pes3

Fig. 1. Diagram of the (left) valley section: a — schedule; b — cross section

Ha puc. la MPEACTABJICH IIJIaH Y4YacCTKa, rI€ INIOCKOCTh § = §o MCPECCKACT

A2 I I
JIMHUM YpoBHEH L, u L

,» COOTBETCTBYIOIINE BBICOTaM / U h,, B Toukax 4 u B.

CrnenoBatesibHO, OTPE30K AB cuutaeTcst 0Opasyrolieil 6eperoBoil MOBEPXHOCTH
Ha 9TOM y4acTke (MexIy nuHusAMH ypoBHed L u L)). Ha puc. 1b mokasano ce-
yeHnue OeperoBoil MOBEPXHOCTH IIOCKOCTBIO § = So, TAe Ay <h, < hy <h, — BbI-
COTHI OTHOCHUTENBHO J1HA pyciaa Touek A, B, C m D COOTBETCTBEH-
HO, W, < Wy <Wg < Wp — PacCTOSIHHS OT 9TUX Touek 1o Oepera pycia. Takoe

MPEINONIOKEHUE HE MPOTUBOPEYUT OOBIYHOMY YCTPOWCTBY PEUYHBIX JOIHH
B pecnyOiHKe, XOTS W BHOCUT ONPE/CIICHHBIC MOTPEIIHOCTA B BBIYHCICHHS.
[Ipu 3TOM TOTPEIIHOCTH OYJET YMEHBIIATHCA C YBEIMUYCHHUEM YHCIA JTHHUH
YPOBHSI 1 00JIee TOUYHBIM 3aJaHUEM 3TUX JIMHUH.

3agaBaTh TUHUU YPOBHS MOKHO TadmmuHo [17]. Kaxmas ctpoka TaOmuIlsI

comepkut wucia s, wi P <wiG) < .. <wi'™ (rme s, — paccTosHME O PyCITy OT

TUTOTHHEI, w,f(n';) — paccTosHHe OT Oepera pycia J0 TOYKH HEepeceueHns: m-i -

HUU YPOBHS, COOTBETCTBYIOIIEH TITyOuHe /A, C IUIOCKOCTBIO § = s; (pHcC. 1b)).

m?°

3HaueHne w,?fé” =0 s aroboro k. CkazaHHOE WIUIIOCTPHPYET PHUC. 2, TJI€ pPH-

BEJICHBI MATh JIMHUHA YPOBHS JUIS 00OMX OeperoB HWXKE CTBOpa IJIOTHHBI
Bojoxpanmwmmma Kisctumer Ha p. Hwmma (PoccoHckmii paiion BurteOckoit
obmacTm).

PaccMoTpuM mporiefypy ONpeeleHus TUIOMAau XKUBoro ceueHus W(x,h),

a TaKKe CMOYEHHOro mnepumerpa P(x,4) Ha pacCTOSHMM X OT IUIOTHUHBI IPH

NIyOWHE TIOTOKAa A TIpW CHCJIAHHBIX IPEAIIONIOKEHISIX O CTPYKType Oepero-
BOU TMOBEPXHOCTU (CUMTACM, YTO JHMHHHM YpPOBHS 3alaHbl Tabmu4no). [IpuBe-
JIEM TOJBKO KOHECYHBIC pPE3yJbTaThl, OMyCKas HECIOXHbIC MPOMEXKYTOUHBIC
BBIKJTAJIKH.

UTtak, 3a71aHbl pacCTOSHHE X 1O PYCIIY OT IUIOTHHBI U TTyOWHA MOTOKA /.
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W, KM W, KM
4 o

16 0,60]

13 LN 048 o
| i R [—"
.———’\‘

1,0 f— 0,36

0,6

0.3 \ ~— 012 /

0 05 10 15 20 x,xm 30 0 05 10 15 20 x,xm 3,0

Puc. 2. Jluaun ypoBHsi, 3amanHble TabaundaHo yepe3 500 M, 11t OeperoBoii MOBEPXHOCTH 3a
WIOTHHOU Bojoxpanmnina Kisicruupr Ha pexe Huia: a — nessiii 6eper; b — npassiit Geper;
—-h=25m; — -50mM; — -75mM; — -10,0M; — -h=150m

Fig. 2. Level lines, set in a table at intervals of 500 m, for the coastal surface behind
the dam of the Klyastitsy reservoir on the Nisha river: a — left bank; b — right bank;
—-h=25m; — -50m; — -75m; — -100m; — -h=15.0m

Haxoauwm nensiii mapamerp K u3 ycinoBus: oTpesok [S,; S,,;] comepxuT tou-

(1)

Ky X. Onpenensiem paccrosuust X, < xwy5) < ... <xwg") 1o pycma mis To-
YK MePECCYCHHs TMHUH YPOBHSI C IIOCKOCTBIO S = X

Wf(“) _ IJ:(H)
) <) A
Si1 — Sk

JT

3HauCHUS XW, (0“) =0 s mo6oro K (370 3HAUMT, YTO TOUKU (X; XW, (O")) Iie-

JKaT Ha Oepery pycia).
Jlanee HaXOAMM LIeNBIN IMapamMeTp M u3 ycinoBus: otpe3ok [h.;h. ;] conmep-

KHUT Touky h. OnpenesnsieM pacCTOsIHUE Wﬁ'(") JIo Oepera BHIOPaHHOTO pycia OT

TOYKH, HAXOMAIIEHCS Ha Oepery Ha pacCTOSHHMM X OT IUIOTHHBI, Ha BBICOTE h

ot mua pycina. Ecmn h<h,, to W™ =0. Mycts h>h,. Torna

(1 (1 (1 h—h (1 (1
wy " = XWk,(m) +Wo = XWk,(m) "‘—h T} (XWk,(mil - k,(m)) -
m+1 ~ ''m
Tenepb HaxoAuM IJIOMIAb kHUBOro ceueHuss W (X,h) U cMoueHHBIN mepu-
metp P(x,h). Ecim h<hg, To W(x,h)=B,h n P(x,h) =B, +2h.
Iycts h>h,. Torna:
b3 I u hi_'hi—l b3 1 i i
W (x,h) = (Wh +B, +Ww, )h - Z—(xwk,i — XW Ly + XW | — xwk’H)—

(5)

h—h
T (w{]' = XW W = XW );
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m
P(x,h) =B, +2h; +Z\/Ahi2 +(XW£J —XW )2 + \/Ahrf] +(er: —XW |, )2 +
i=1
(6)

S 2 hi hi 2 2 i hi 2
i=1
Bce npuBeneHHBIC BBINIE BEIYACICHUS IPOUIUTIOCTPUPOBAHBI Ha pHC. 3.

Iy Puc. 3. Ceuenue mpasoro epera
TLTOCKOCTBIO § = X

Fig. 3. Section of the right bank
by schedule s = x

By XWp  XW  XWy Wh XWj3

ITpu UCTONB30BAHUN JTAHHON METOJMKH CIEAYEeT BHIOUPATh MAKCHMAILHYIO
BBICOTY N, IJIs TTOCIeIHEH JIMHUU YPOBHS TaK, 9TOOBI OHA Oblia GOJIBIIE MPEI-
MoJjlaraeMoil MaKCUMAaJTbHOM TTyOHHBI 3aTOTICHUS.

I'panuunvie u nauanvhvle ycaosus 0ns cucmemol (4). Penenune 3amaun Mojie-
JIMPOBAHMS PA3PYIICHHS TIOTHHBI HA KAKIOM M3 JTATOB TMO3BOJIACT OMPEACITUTE
pacxon Q(t) Ha rpaHuIle HIKHETO Obeda, 4TO, B CBOKO OYepe/ib, JIAeT BO3MOXK-

HOCTb Haiftu QyHKIME ckopoctH V,(t) u rmyounsl hy(t) moToka, BO3HMKAIOIIETro

Ha rpanune X = 0 B HkHEeM Obede. [ aToro ucmonszyem dhopmyns lesn, (2),
(5) u (6) u peraem cucTeMy ypaBHEHUIA:

Q) = vo (W (0, hy(1));

Q(t) =W (0, hy(t))C \/ﬁ , (7

rae R — rugpaBnmaeckuil pagnyc Ha9adIbHOTO CEUCHUS, M, ip — VKJIOH JTHAa PEKH

B HkHeM Obede; C — kooddumment [esn, m*%/c.
Taxum 00pa3om, 3aaeM yCIOBHsI JJist cucTeMbl (4) Ha rpanuie X = 0:

V(Ov t) =Vy (t)’

h(0, t) = hy (t). ®)

Kak moka3anu BeIYHCIICHHS, TIPOBEICHHBIC M0 METOIUKE, OMUCaHHOH B [12],
JUTSE TPYHTOBOH IIOTHHBI BOJOXpaHmna KIscTUIEI HA TIEpBOM 3Tamne MoJie-
JIUPOBAHUS Pa3pylICHUs TUIOTHHBI (Pa3MbIB TPEOHS TUIOTHHBI) MOCTYIAIONINAN
pacxof B HIKHUIT Gbed, Kak IPaBHIIO, BHAYaIe Man (MeHee 2 M°/C) H MeUICHHO
MEHSIETCS, & BPeMsl 3Tara JOCTaTOYHO MpojoiukuTensHoe. [loaToMy mpesmona-
raeM, 4TO Ha JaHHOM JTare MPOUCXOAWT PaBHOMEPHOE JIBU)KCHHE TOTOKA IO
BBIOpaHHOMY pyciy B HibKHeM Obede. Torma B kadecTBe HavYalbHBIX YCIIOBHI
roJiaraeM:
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V(X’ tO) EVH; (9)
h(x, t;)=h,,

rae fp — HauMEHBIIMH MOMEHT BpPEMEHHM Ha IEPBOM JTarie, JJIsi KOTOPOTO
Q(t)) > 1; h,, v, —onpenensrores u3 cucteMsl (7) o pacxony Q(t,).

Tpubnusicennoe pewenue cucmemol (4). YpaBHerus (4) SBISIOTCS HEITUHEH-
HBIMH C TIEPEMEHHBIMH KO3()(PHUIIMEHTaMH, TaK YTO OTHICKAHHE WX WHTETPAJIOB
pecTaBisieT 0oJbiue MaTeMaTudeckue TpyaHoctu [18]. Pemenue (4), (8), (9)
WILEM YHCICHHBIMH METOJIaMH, & UMEHHO METOJIOM CETOK, UCIIOJIB3YsI PEKOMEH-
Janvu, n3noxenusie B [13, 18, 19].

[Mockounbky (5), (8), (9) Tpedyercs pewmars A AOCTATOYHO OOJBIIMX OTPE3-
KOB KaK 10 TiepeMeHHO! ! (HEeCKONBKO CYTOK), TaK W MO MEePEeMEHHOH X (He-
CKOJIBKO KHJIOMETPOB), I O60see 3(pPEeKTUBHOTO MPUMEHEHHUS YHCICHHBIX Me-
TOJIOB B cucteMe (1) mMeeT CMBICH ceaTh 3aMeHy BPEMEHHU U MPOCTPAHCTBEH-

. . t X
HOW mepemenHou [19]: = = S =2 h(s,t) =h(x,t), v(s,t)=Vv(xt),
W, (s, t1)=W(x,t), rme M, Z — npocratouHo Oonblive uuciaa (HaIpH-

Mep, Z =10-1000 — xonuuyectBO MeTpoB B 10 km; M =120-3600 — KoIU4YECTBO
CEKYH]I B IISITH CyTKax).

B kxayecTBe pa3HOCTHOI CXEMBI, allIpoKCUMuUpyromiei nuddepeHnnaibHbIe
ypaBHeHUs (4), UCTIOIB3yeM SIBHYIO PA3HOCTHYIO CXeMmy. BO MHOTMX HCTOYHH-
kax (Hampumep, B [13]) ykaseiBaeTcs, uro mns ypaBHenuii CeH-Benana Goiee
paIFoOHAIBHO HCIIONIB30BaTh HESIBHYIO CXeMY, HO JJIS ee IpUMEeHeHHs TpedyeTcs
3HAHWE TPAHUYHBIX YCIOBHIA, KPOME ydacTKa rpaHuIbl X = 0, Kak MUHUMYM eIlIe
¥ Ha KOHEYHOM YYaCTKE X = Xpmax MU3y4AEMOTO TE€YEHHs, UTO IJII paccMaTpuBae-
MO 3a]1a4H, OYEBUIHO, HEBO3MOKHO.

PazHOCTHast cxema CTPOWTCS C WCIIOJNB30BaHWEM MIa0JI0OHA, TPUBEICHHOTO
Ha puc. 4.

Puc. 4. 111abnoH 11st pa3HOCTHON CXEMBI:
(iAs, MAT) — KOOpIHMHATBI Y3JIOB CETKH,

rne i=0,1,2,...; m=0,1 2,...; AS — mar ceTku
o ocu OS; At — mar cetku 1o ocu Ot

Fig. 4. Template for the difference scheme:
(iAs, mAt) — coordinates of grid nodes,

here i=0,1,2,..; m=0,1,2,...; As —grid step
along the axis Os; At —grid step along the axis Ot

0] AS As S

Jlns npoussonsHol ynkimu  f(s,1) o6oszmaumm f" = f(iAs,mAT) — ee
3HAYEHUS B y3JIaX CETKU W alpPOKCUMHUPYEM MPOU3BOIHBIE B y3iax (iAS, MAT)
COOTHOIICHUSMHU:
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of L @rd) " - 2d) ™ 4 df " ot
ot (iAs,mAt) At (10)
-1 -1
05 |(is,mar) 2As

rae d €[0;1] — HexoTopbIii 3a1aBaeMbIil Tapamerp (MMeet cMbica Opats d = 0,5,

of .
IMOCKOJIBKY B 3TOM CJiy4ac HpI/I6J'II/I)KeHI/IG JJIs a— HUMCECT BTOPOU HNOPAJOK TOY-
T

HOCTH 110 AT; B UTOre 00a HCIIOIB3yeMBIX MPHUOIMKEHUS OYIyT UMETh BTOPOM
HOPSI0K TOYHOCTH 0 COOTBETCTBYIOIIMM MPUPALICHHUsM MepeMeHHbIX). B [13]
PEKOMEHIyeTCs HCIIOIIBb30BaTh BTOpoe U3 cooTHomreHui (10).

IIpu pemieHny cucteM pa3sHOCTHBIX YpaBHEHUI ClleAyeT HCIOJIb30BaTh TOT
daxr, uro pynkuus W =W (X,h) npu mo6oM X MOHOTOHHO Bo3pacTaer 110 h,
MOTOMY ypaBHEHHE OJHO3HAYHO Pa3pelInMO OTHOCHTEIBHO N, T. €. 1Mo 3Haye-
a0 W BCerzia MOXKHO OJHO3HAYHO ONpeneuTh Bemmauny N =W 7 (x,W) u mo
3TOMY 3HAYEHUIO, UCTIONB3Ys (6), Haiith ruapasmuyeckuii paguyc R =R(X,W).

Ipumep pacuema. C UCTIONB30BAHNEM METOIHMKH, OTIMCAHHOM B [12], mpuse-
JIEM Pe3yJIbTaThl MOJISIIMPOBAHUS 3aTOIUICHUS TEPPUTOPUH HIDKHErO Obeda mpu
00pa30BaHHUN BOJIHBI TIPOPHIBA BCIIEJCTBUE PAa3pyIICHUS] OJTHOPOTHON 3eMIISTHOM
IUIOTUHBI Ha Bojoxpanwumiie Kiscrurst Ha p. Hura.

Hcxonnbie naHHbIE:

e JIJIsA INIOTHHBI. OTMCTKA rpe6H51 TIJIOTHHBI er = 5,5 OTHOCHUTCIIBHO OTMCTKH

rpeOHs BogocOpoca; mupuHa TpeOHS TUIOTHHBI brp = 6 M; TMaMeTp YacTHIl TPyH-
ta Tema mwiothHel 0 = 0,5 MM; cpemHee 3al0KEHHE OTKOCOB IUIOTH-
Hbl M’ =2,75; IIOTHOCTH 'PYHTA Tena IWIOTHHB P = 1600 kr/m’; rumpasimde-

ckast KpynHoctb W = 0,05 M/C; mocTOSIHHASI, 3aBUCSAINAS OT TPAHYJIOMETPUIECKO-
r0 COCTaBa Pa3MBIBAEMOrO TPYyHTa, [3=2; K0dQHUIHMEHT pacxoda Ui MepBO-

ro srama m; = 0,35; koadduimeHT pacxoma s BTOPOTO M TPETHErO 3Ta-
nos M, = 0,5; nputounocts Q, =174 m°/c; mapametp TypOyneHTHOCTH ¢ = 1;
ko3¢ ¢uuuent noxaromwieHuss o, =0,6; xoapdumuent Kopuomuca o = 1,4,
HayaynbHas IMpPHHA IpopanHa B = =10 w;

e JUIs pyciia 3a IUIOTHHOM (CpeHue 3HayeHus): wupuHa pycna B =15 wm;

BbIcOTa Oepera hy =1,2 M; xoaddumuent mepoxosaroctu pyciaa n = 0,03;
cpennuii ywion pycna i, =0,0004. Jlunun ypoBHs GeperoBoil MOBEPXHOCTH
3a1aHbl TAOJIMYHO U NMPOMJLIIOCTPUPOBAHBI HA PUC. 2;

¢ BBIYKCJICHHBIC MOKa3aTeNn: KOI(D(OHUIMECHT MIEPOXOBATOCTH MOBEPXHOCTH
HHM30BOrO OTKOCa, HalneHHbI 1mo ¢opmyne I'onuaposa, n, =0,0125; koad-
¢urment o [13] B cucreme (4): o =14,8n+0,884=1,328.

Pe3ynbTaThl pacuera mapaMeTpOB BOJIHBI B HIKHEM Obede MpeacTaBiIeHBI
B BHJIC KPUBBIX H3MEHEHMS BO BPEMEHHU BBICOTHI BOJIHBI h =h(t) oTHOCHTENBHO

JTHA BLIOPaHHOTO pyCiia, CKOPOCTH BOJHBI V = V(t), NIMPHHBI 3aTOTUICHUS TOWMBI
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nmeoro W = f (t) u mpaBoro wr = f_(t) OeperoB B pasHEIX CTBOpax pyc-
na (puc. 5), HaXOASIINXCSI Ha PACCTOSIHUU S OT IUIOTHHBI.

a b
4 h! M v, M/c
77 2,1
62 \\ | [ = \
4.6 P 13 —
~— —
3. f; \E 0.8 e
-—-__'_‘—_-—_
LJ - | 04
0 , 0 :
0,5 1.5 Z5 35 4,5 55 05 L5 2.5 3.5 4.5 5.5
1,4 [
c d
Wna KM “er, KM
0,5 0.5
0.4 0.4
[ —
03 03 i
—
0.2 0,2
0,1 0,1
0 > 0 »
0.5 15 2.5 3.5 45 55 05 1,5 25 35 45 55
f,4 L4

Puc. 5. Pe3yJ'II>TaTLI MOACIIUPOBAHUSA TCUCHUS B HU’KHEM 6]:6(1)6: a — BBICOTA BOJIHEI,
b — ckopocTk BosHBI; C, d — MIKPHHA 3aTOIUICHUS JICBOH U IIPABO# MTOWM;
— —-5=0;——-08xmM;— -14xmM, — - 2,2 kM, — -5 =3,0 kM
Fig. 5. Downstream flow simulation results: a — wave height, m; b — wave speed, m/s;
¢, d — flood width of the left and right floodplains;
— -5=0;—— -08km;,— —-1.4km;— -2.2km; —— —s=3.0 km

OOpaboTaB MONyYCHHBIE PE3YyJIbTaThl M HAHECS WX HAa CITyTHUKOBBIC Kap-
THI (B MMKOBBII MOMEHT BpeMeHH t = 1,5 1), MO’KHO OLICHUTD TPAHULIBI 3aTOIICHHS,
a TaKoKe OTCIECANTH OOBEKTHI, TIONAAIONIHE B 3Ty 30HY. PacueTHble rpaHuIlbl 30HBI
3aTOIUIeHHs HIbKHEro Obeda KisicTrikoro ruapoysia mokasaHsl Ha prc. 0.

Puc. 6. PacueTHble rpaHUIBI 30HBI 3aTOIUICHUS] TEPPUTOPHHU HIDKHETO Obeda
BoJOXpaHmIAma KIsscTHITB! TPy pa3pyIIeHnH IOTHHBI

Fig. 6. Estimated zones of flooding of the territory of the lower pool
of the Klyastitsy reservoir during the destruction of the dam
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Amnanu3 puc. 6 mokasal, 4To B 30HY 3aTOIUICHHS TIOMAIA CEBEPHAsT OKparHa
ar. Knsctunet u 1. 3a0ophe, a TAKXKE yUaCTOK IIOCCE MEXKTYy HUMH.

BBIBO/IbI

1. Coznana mMeronuka pacyeTa 30HBI 3aTOIUICHUS] TEPPUTOPUHU HIDKE 3EMITS-
HOM IUIOTMHBI BOJOXPAHWIMINA MPU €€ pPa3MbIBE, MO3BOJAIOIIAS PACCUUTATh
CKOpPOCTh W TITyOMHY BOJHBI ITPOPHIBA, OIIEHUTH TPAHUIIBI 30HBI 3aTOTIJIEHHS TEp-
puTOpHH HIKHETO Obeda, TITyOnHY ¥ BpeMs CTOSHHS TTAaBOJKOBBIX BOJ, & TAKXKeE
YPOBHH BOJIbI B BepXHEM Obede THApPOy3/ia BO BPEMEHU U CKOPOCTh Pa3BUTHS
npopana. VICXOIHBIMU JaHHBIMH SBJSUTACH TTAPaMETPhI TUIOTHHBI, THIPOIOTHYe-
CKY€ JaHHBIC, JINHUU YPOBHS PEYHON JOIHHEI PEKU.

2. MeTouka pacyera OCHOBaHA Ha MPEIBAPUTEIBHOM PEIICHUH YUCICHHBIM
METOJIOM CHCTEMBl YPaBHEHH, OMFCHIBAIOUINX pPa3MbIB TPYHTOBOW IIIOTH-
HbI [12], 4TO MO3BOJIAET MONYYUTh TUAPOTPaAd pacxojaa B CTBOPE Pa3MbIBAEMOM
IUIOTUHBI, & TAKXKE TPAaHUYHBIC M HaYaJIbHBIC YCIOBHUS U1 CKOPOCTH U TIIyOUHBI
MOTOKa B 3TOM cTBOpe. Pemenne cucremsl ypaBHeHnii Cen-BeHnana maet BO3-
MOKHOCTh OTIPEICIUTh apaMeTPhl BOJHBI IPOPHIBA B HIDKHEM Obede THAPOY3-
na. Pazpaborana kommeroTepHast mporpamma. [IpuBeaen npumep pacuera.

3. [IpemnaraeMyro METOJIMKY MOKHO TIPUMEHSTH JJIsl OLIEHKH yIepoa oT 3a-
TOIUICHUSI TEPPUTOPUM, a TaKKe IPHU COCTABICHUH ONEPATHUBHO-TAKTUYECKUX
IJJAHOB MO MPEAYNPEKACHUIO U JTUKBUAAIIMU UYPE3BBIYANHBIX CUTyallUd MpU
aBapysIX Ha MOATIOPHBIX COOPYKEHHUSX.
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