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VAK 621.311.22

KOHTpOJIb AOCTOBEPHOCTH I/I3MepeHI/II7[ Harpy3sku
NMPOMBIIIJICHHOI'O IIPECANNPUATHSA
Ha OCHOBC aHAaJIM3a JTMHAMHUKH €€ H3MEeHEeHM

B. A. Aunmenko”, T. B. Iucapyk”
DBenopycekuii HaMOHATBHBI TexHIUecKHi yHIBepcuTeT (MuHCK, Pecry6mnuka Benapycs)

© benopycckuil HallMOHANBHBINA TeXHUYECKUH yHUBepcuTer, 2020
Belarusian National Technical University, 2020

Pedepar. HopMupoBanHast TOYHOCTh YCTaHOBJIEHHBIX CPEJCTB N3MEPEHHUH ONpEAeNseT 3arulaHu-
POBaHHYIO TOYHOCTh M3MEPEHUH CYTOYHON aKTUBHOW HArpy3Kd IPOMBILIUICHHOTO MPEIIPHSTHS.
Jlns ee nopnepaHus B XOJe IKCIUTyaTallid MOTYT NPHMEHSTHCS CHHTAKCHYECKHE U CeMaHTHUe-
CKHE METOJbI KOHTPOJS JOCTOBEPHOCTU M3MepeHHi Harpy3ku. IIpu cMHTakcH4ecKoM KOHTPOIE
UATHOCTHPYETCSl COCTOSIHUE CPEICTB M3MEPEHHi, coOnparonmx u 00padaTeBalomuX HHPOpMa-
IUI0 O Harpy3ke npeanpusaTusi. CeMaHTHYeCKHil KOHTPOIb OCHOBBIBACTCS Ha HCHOJIB30BAaHUU
BEPOSTHOCTHBIX XapaKTEPUCTHK M3MepsieMON Harpy3Kd. Y CIIOBHEM, HEOOXOIMMBIM JUIsl OCYIIECT-
BJICHHSI CEMAHTHYECKOTO KOHTPOJIS, SBJISETCSI HAIMYME MH(POPMALMOHHON M30BITOYHOCTH O 3HA-
YEHHSX KOHTPOJIMPYEMOil Harpy3ku. Bo3MorxeH KOHTPOJIb IO MpeIesIbHBIM 3HaYeHHsIM (YCTaBKaM)
Harpy3KH, KOrjia U3BECTHa anpuopHas HHGOPMAIMs O HWKHEH U BEepXHEH IpaHULAaX, B KOTOPBIX
MOTyT HaXOAUTHCS JOCTOBEPHO M3MEPEHHBIC 3HAYEHHS HArPy3KH B HOPMAIBHOM PEXHME paboThI
HnpennpuaTHsi. B craTbe paccMOTpPEHBI METOABI KOHTPOJIS, UCTIOIB3YIOINE allOCTePUOPHYIO N30BI-
TOYHYI0 MH(OPMAIMIO O AMHAMHUKE M3MEHEHHH Harpy3Kd Ha pa3iIH4YHBIX ydacTKaX CyTOYHOTO
rpaduka. K 3THM MeTomaM OTHOCST KOHTPOJIb IO INEPBBIM HMPUPALICHUSIM HArpy3Kd, XapakTe-
PHU3YIOIIUM CKOPOCTb €€ M3MEHEHUH, a TaKKe KOHTPOJb C IMOMOILIbIO JUHEWHON U HEIMHEHHOU
SKCTPANONAIMN NMepBIX MpupanieHuid. [IpuBeneHs! pe3yabTaThl aHAIN3a BEPOATHOCTHBIX Xapak-
TEpUCTHK CYTOYHOH aKTUBHOM HArpy3Kd IMPEANpHSTHS U €€ MEePBBIX NPUPAIICHUH, XapaKTepH-
3YIOIINX CKOPOCTh M3MEHEHUs Harpy3ku. [loka3aHO BIIMSIHUE BEpPOSITHOCTHBIX XapaKTEPUCTHK
HEepBBIX NPHUPAIIEHAN HArpy3KW Ha TPaHUIBl MPUHATHS PEIICHHS O JOCTOBEPHOCTH H3Mepe-
nuid. [IpoBeneH cpaBHUTENBHBIA aHaNMN3 3()(HEKTHBHOCTH METOIOB KOHTPOJIS JOCTOBEPHOCTH IIO
MEPBBIM MPHUPALICHUAM HAaTPy3KH U X 3KCTPAMOIUPOBAHHBIM 3HAUEHUSAM Ha IIPUMEpE U3MEpeHHUit
CYTOYHBIX TpauKoB akTHBHOM Harpy3ku OAO «MUHCKHI MOTOPHBIN 3aBOI.

KiroueBble ciioBa: Harpyska IMPOMBIIUIEHHOTO MPENPUATHS, NEpBble NpUpAIEHUs Harpys3Ku,
BEPOSATHOCTHBIE XapaKTEPUCTUKH HATrpy3KH, WH)OPMAIMOHHAs U30BITOYHOCTh, KOHTPONb JOCTO-
BEPHOCTH U3MEPEHUI
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Monitoring the Accuracy of Measurements
the Load of Industrial Enterprises

V. A. Anishchenko”, T. V. Pisaruk”

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The normalized accuracy of the installed measuring instruments determines the sche-
duled measurement accuracy of the daily active load of an industrial enterprise. To maintain
it during operation, syntactic and semantic methods can be used to control the reliability of load
measurements. During syntactic control, the state of measuring instruments that collect and pro-
cess information about the enterprise’s load is diagnosed. Semantic control is based on the use
of probabilistic characteristics of the measured load. The condition necessary for semantic control
is the presence of information redundancy about the values of the monitored load. It is possible
to control the load limit values (settings) when a priori information is known about the lower and
upper limits in which reliably measured load values in normal operation of the enterprise may
be contained. The article considers control methods that use a posteriori redundant information
about the dynamics of load alterations in various sections of the daily schedule. These methods
include monitoring by the first increments of the load, which characterize the speed of its alte-
rations, as well as control using linear and nonlinear extrapolations of the first increments.
The results of the analysis of probabilistic characteristics of the daily active load of the enterprise
and its first increments, which characterize the rate of load change, are presented. The effect of
probabilistic characteristics of the first load increments on the boundaries of making a decision
about the reliability of measurements is demonstrated. A comparative analysis of the effectiveness
of reliability control methods based on the first load increments and their extrapolated values
has been carried out on the example of measurements of daily active load schedules of the “Minsk
Motor Plant” JSC.

Keywords: load of an industrial enterprise, first increments of load, probabilistic characteristics
of load, information redundancy, control of measurement reliability

For citation: Anishchenko V. A., Pisaruk T. V. (2020) Monitoring the Accuracy of Measure-
ments the Load of Industrial Enterprises. Energetika. Proc. CIS Higher Educ. Inst. and Power
Eng. Assoc. 63 (5). 393-410. https://doi.org/10. 21122/1029-7448-2018-63-5-393-410 (in Russian)

BBenenne

Metonpl OmepaTUBHOTO KOHTPOJISL H3MEPHUTEIBHOM WHPOPMALMH MOYKHO
pa3fenuTh Ha CHUHTAKCHYECKHE M CeMaHTH4eckue. [Ipu CHHTaKCMUecKOM KOH-
TpoOJIe pe3yJIbTaThl U3MEPEHUH PAacCMaTPUBAIOTCS KaK I10CIEI0BATEIbHOCTD He-
KOTOPBIX CHMBOJIOB, CBSI3aHHBIX MEXAY CO0OH ONpeneneHHBIMH KOHCTPYKTHB-
HBIMHU TIPaBHJIAMH B paMKax (opMaln30BaHHOW cucTeMbl. [Ipn TakoM KOHTpoIe
JVAarHOCTUPYETCS COCTOSHHE CpPEACTB M3MEpEeHUH, coOMparomux U oOpadaThl-
BAIOIIMX HW3MEPUTEIbHYI0 HH(POPMALHUIO, METOAAMH aNlapaTHO-IOTHYEeCKOTo
KOHTPOJISI C TIOMOIIBIO PA3ITHYHBIX HUPPOBBIX KOIOB [1—4].

IIpu cemanTH4YecKOM (CMBICIOBOM) KOHTPOJIE HEJOCTOBEPHBIC HM3MEPEHUS
00pabaThIBalOTCSl 32 CUET MCIOJIB30BAHUS XapaKTEPUCTHK KOHTPOIHPYEMOTO
nponecca. CeMaHTHYECKUH KOHTPOJb [OONpENessieT Ha COAEP’KaTEeIbHOM
YPOBHE CHHTaKCHYECKMH KOHTPOJb M IOBBIIIAECT Pa3peIIaAONIyI0 CIOCOOHOCTH
KOHTPOJIA, T. €. BEPOSITHOCTh OOHApYKEHHs HEJOCTOBEPHO M3MEPEHHBIX Iepe-
MEHHBIX [5].
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Heo0xoauMbIM yCI0BHEM KOHTPOJIS JIOCTOBEPHOCTH SIBIISICTCS HATUYUE WH-
(hopMaIMOHHOW H30BITOYHOCTH 00 HM3MEpsAEMBIX TMepeMeHHBbIX. KoHTpomb 10-
CTOBEPHOCTH M3MEPECHUI HATPY3KU MPOMBIIICHHOTO MPEANPHUITHS MOXKET ObITh
OCYILECTBIICH METO/IOM MPE/CIbHBIX 3HAUCHHH MyTEM HCIONb30BaHUS APUOP-
HOHM (OOTBITHOH) MHGpOPMANUKA O HIKHEH W BEpXHEH TI'paHMIAX, B KOTOPBIX
MOTYT HaXOJHUThCS B HOPMAIBHBIX YCIOBHSIX JKCIUTyaTalldid 3HAYCHUS CyM-
MapHOM Harpysku npeanpuarus. JlOCTOBEpHBIMU IPU3HAKOTCS PE3YJIbTaTh
M3MEPEHUH, TMOMaNaroIie B JUANA30H MEXIY ITUMHU TpaHumamu. OIHAKO
Harpy3ka OOJIBIIMHCTBA MPOMBINUICHHBIX MPEANPUITAN CUIBHO WU3MEHSETCS
B TCUCHUE CYTOK, UYTO PE3KO YCJIOXKHSCT OINMpE/CICHUES TPAHUIl TPHHSITHS Pe-
HICHUS O JOCTOBEPHOCTH U3MEPECHUH M 3aTPyIHACT PEAU3alUI0 METOJa Mpe-
JIEJIbHBIX 3HAYCHUH.

Hwxe paccMaTpuBarOTCs METOJbI KOHTPOJS JOCTOBEPHOCTH MO TEPBBIM
MPUPANICHUSM HArpy3Kd M MX SKCTPAIOIUPOBAaHHBIM 3HaueHusM. [lepBbie mpu-
pallleHus] XapaKTepU3yT CKOPOCTh U3MEHEHHS HArPy3KH M 00CCIICYMBAIOT aro-
CTEPHOPHYIO M30BITOYHOCTh HH(MOPMAILIUU O 3HAYCHUSX HATPY3KH, 00pa3yIomux
TIEPBbIE MPUPALICHHS.

MartemaTu4eckasi MojieJib MEePBbIX NPUPALLEHUI HATPY3KH

CyTouHble U3MEPEHUSI aKTUBHOW HArPy3KH IMPOMBIILICHHBIX MPEeAnpUsSTUN
HOCST, KaK IPaBUJIO, IUKINYECKUl xapakrep. OHU MPEACTaBISIIOT COOOW HecTa-
[MOHAPHBIN CIy4yaiHbIil mporecc P(f), COCTOAmMI W3 HU3KOYAaCTOTHOM Je-
TEPMHHAPOBAHHOW (QYHKIUU P4(f) ¥ BBICOKOYACTOTHOW CIy4YaiHOH cocTaB-
nstrotet Pyy(?)

P(0) = By (1) + Py (0). (1)

OnepaTUBHBIN, B TEMIIE TEXHOJIOTHUYECKOTO MPOIeCcca, KOHTPOJb JOCTOBEP-
HOCTHU H3MepeHHﬁ Harpys3ku BO3MOXKCH I10 MPEACIbHBIM €€ 3HAUCHUAM (MeTO):[
«BWIOK®) [1, 2]. YciioBUE OCTOBEPHOCTH B 3TOM CIIydae BBITJISIUT CIIEIYFO-
M 00pa3oMm:

a(t) < P(t) < b(t), )

rae a(t), b(f) — HWKHAS U BEpPXHssl TPAHUIBl JOMYCTUMBIX (ZOCTOBEPHO H3Me-
PCHHBIX) 3HAUCHHWN HATPY3KH B HOPMAILHOM PEKUME pabOThl MPEIANPHSITHS,
KOTOPBIC MMPAKTUYECKU BCE BPEMST U3MEHSIFOTCS U3-3a HECTAIIMOHAPHOCTH CYTOY-
HOTO Tpaduka HArpy30K MPEINPHUSITHS.

st onipenenenus rpaaui a(¢) u b(f) HEOOXOIUMO TTPOTHOZHPOBATH HU3KO-
YaCTOTHYIO COCTaBISIONIYIO P, (f), 9TO MpeAcTaBiIseT co00il CIOXKHYIO TPYIO-
eMKyro 3amady [S5]. Jlamee paccmarpuBaeTcst albTEpHATHBHBIM METOZ KOHTPO-
751 JOCTOBEPHOCTH M3MEPEHHH Ha OCHOBE aHalIM3a €€ IMEPBBIX NPHPAICHUH,
KOTOpBIi He TpeOyeT MpOorHO3a HU3KOYACTOTHOW COCTaBISIOIICH HArpy3KH.
CyIIHOCTh METOJIa COCTOUT B CPABHEHUH CKOPOCTH M3MEHEHHS HArpy3KH C e
NpeeIbHO JTOMYyCTUMBIM (JJOCTOBEPHBIM) 3Ha4YeHHeM. [locie AucKpeTH3aiuu
CYTOUYHOTO rpaduKka Harpy3KH W Tepexoja OT HeMpephIBHOTO CIyYaiHOTO Mpo-
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lmecca K ClydyallHOM MOCIeN0BaTebHOCTU JUHAMUKY W3MEHEHUN Harpys3ku
XapaKTepHU3YIOT €€ TMePBhIC MPHUPAIIECHHS.

IlepBoe mpupamieHne 3a WHTEpPBAI BpeMEHHU (f, ¢ — &) TpeICTaBIsIeT COOOM
Pa3HOCTb pe3yNbTATOB M3MepeHui Harpy3ku P(f) m P(¢f — h), mpousBeleHHBIX
B MOMEHTHI BPEMEHHU ! U ¢ —h, TOe h — MHTEpBal BPEMEHHOH AMCKPETHU3aLNH
poriecca [6]

AP(t,t — ) = P(t) - P(t - h). 3)

IlepBbie pupameHus o0pa3yioT MOCISA0BATEIFHOCTD CIIYIAHHBIX (DYHKITHI
C IETIOYNCIICHHBIMU 3HAUYEHUSIMHU apTyMEHTOB (1, { — /). BeposSTHOCTHBIE Xapak-
TEPUCTUKHU CIYyYaHHOTO HEMPEPHIBHOTO MPOIECCa U3MEHEHUM HArpy3Ku OCTaI0T-
Csl B CHJIE ¥ TIPUMEHHUTENHHO K CIy4YailHOH mocienoBareabHOCTH. OOMmenpuHs-
TO, YTO pacHpe/elIeHue BHICOKOYACTOTHON COCTABIISIOIICH HArpy3KH JTOCTATOY-
HO OJU3KO K HOpMalibHOMY. Torma MOXKHO CUHTAaTh, YTO TEPBBIC MPUPALICHHS
TaKXKe TMOAYMHSIIOTCS HOPMAJIFHOMY 3aKOHY ¢ (DYHKIHEH pacrpeneieHus IIoT-
HOCTH BEPOATHOCTEH [7]

1 1{ AP-M
f[AP]—GAP—\/%eXP oy el “)

Gap

IZle Gpp — CPEAHEKBAJpAaTHYHOE 3HAYCHHE NEPBBIX MpHpalleHuid; M — maTema-
THYECKOe OXHUJaHue (LEHTP pacIlpeleleHns) IePBhIX MPUPAIECHHIH.

Ha puc. 1 nokazana kpuBas QyHKIHMH pacHpeAeiIeHus] INIOTHOCTH CHUMMET-
PUYHOIO HOPMAJIBHOTO PACIpeAEICHUs MEePBbIX MPUPALICHUIl, I1ie Y — I'paHua
JOCTOBEPHOCTH, ONpeAeNsonas HeA0CToBepHbIe (00macTs 1) M IOCTOBEpHBIE
(obuacTh 2) u3mMepeHus.

AP

—30,p -y 0 Y 30ap
Puc. 1. KpuBast INIOTHOCTH CUMMETPUYHOTO PaCIIpECIICHUS
MEPBBIX MPHUPANICHUI HATPY3KH

Fig. 1. The density curve of the symmetric distribution
of first load increments

Jucniepcust D,, = Gi, XapakTEPU3yeT PACCEAHME HM3MEPEHHBIX MEPBBIX
MpHUpAIIEHUH OTHOCHUTENBHO LIEHTpa pacrpeneieHus. JoCTOBEpHOCTh MEPBOro
IIPUPALICHUS [103BOJISIET CUUTATh JOCTOBEPHBIMH O0Pa3yIOIINE €ro Pe3yJbTaThl
HU3MEpPEeHHH Harpy3Ku.
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B Teopum u mpakTHKE OICHKM HAJIEKHOCTH HWH(OPMAIMOHHO-U3MEPH-
TEJILHBIX CHCTEM NpHU BBIOOpE Mpejena AOMYCTHMOW MOTPEIIHOCTH CPEencTBa
M3MEpEeHHs, T. €. HauOOJIbIIIEro YCTaHABIMBAEMOTO HOPMHUPOBAHHOTO JOKYMEH-
TaMH 3HAYEHUS, TP KOTOPOM PE3yNbTAThl U3MEPEHUN MPU3HAIOTCS TOCTOBEP-
HBIMH, UCTIOJIE3YETCS TMOHATHE KBAHTHIHHBIX OIEHOK [8, 9]. DTOT moaxonx mpen-
JlaraeTcsl pacIpOCTPaHUTh U Ha 3aJady HOPMHUPOBAHUS JOCTOBEPHOCTH HEPBBIX
MpUpaIleHuil Harpy3KH MPOMBIIUIEHHOTO MPEANPHUSTHS.

KpanTune K, orpaHI4MBaeT HHTEPBAII JOCTOBEPHBIX 3HAYEHUH NIEPBBIX IIPH-
palIeHU B HOPMAJIbHBIX YCIOBHSIX SKCILTyaTallud IPEIPUSITHS ¢ Ha3HAYEHHON
JIOBEPUTENBbHOM BEepOATHOCTBIO p. BriGop kBanTHIA K|, M3-3a CilydaiiHOll mpu-
POJIBI TOTPENTHOCTEH U3MEPEHHUI B 3HAUUTEIHLHOW CTENICHN CyOBEeKTHBEH, U MIPH
pelIeHU TEXHUYECKUX 3aJla4 HaJEeKHOCTU HCIONB3YIOT pa3iuyHbIE ero 3Haye-
Hus. [Ipu KOHTpoOJIE TOCTOBEPHOCTH U3MEPEHHH YacTO Ha3HA4atoT KBAaHTUIb Ko g
¢ nmoBepuTenpHOW BeposiTHOCTRIO p =0,8. Torma mpemensHO IOMyCTHMOE OT-
KJIOHEHUE MEPBOrO IMPUPALICHUS OT LEHTPa CUMMETPUYHOIO PaCHpeleiIeHUs
[P HOPMAJIBHOM 3aKOHE

Agg = KogGap = 1,30, )

B sTOoM ciiydae MHTEPKBAaHTHIIBHBIA MPOMEXYTOK IMPOTSHKEHHOCTBIO 2A(g
BKItouaeT B ceds 80 % Bcex BO3MOXKHBIX CIIyYailHbIX 3HAYEHHUH MEPBBIX IpHUpa-
IEHUH HArpy3KH.

IIpu oTcyTCTBUM HANEKHBIX JaHHBIX O 3aKOHE PACIPEIEICHUS MIEPBbIX MIPU-
paleHni 1eiaecoodpa3Ho MCIONb30BaTh KBAHTWIb Koo C JOBEPUTEIBHON Bepo-
arHocTbio p = 0,9. Torna uMeer MecTo OJHO M TO K€ COOTHOLLUCHHE MEXIY OT-
KIIOHEHUSIMHU Agg9 ¥ CPEIHEKBAIPATUYHBIM 3HAYEHUEM Gpp BHE 3aBHCHMOCTH OT
BUJIa 3aKOHA PACIPEAEICHUS

Ay =Ki90,p =1,60,p. (6)

VHTepKBaHTUIBHBIN POMEKYTOK 2A¢9 oxBaTbBacT 90 % BO3MOMKHBIX 3Ha-
YEHUI NEepBbIX MPUpPAILIECHUH.

[Ipr acuMMeTpUYHOM pacnpelesieHUH NEePBBIX MpUpaleHni, 00ycIoBIeH-
HOM OTJIMYHBIM OT HYJISI CpeAHUM 3HaueHueM (M # (), peKOMEeHAyeTCs HCIOIb-
30BaTh JOBEPHUTEIBHYIO BEpOSTHOCTH p = 0,95 M mpenesbHO IOIyCTUMOE OT-
KJIOHEHHE

Agos =Ko 950sp =2,00,p. (7

AJITOPUTM KOHTPOJISI AOCTOBEPHOCTH U3MepPeHUil HATPY3KHU
METO0M NePBBIX NpUpalIeHu

[lepBoe mpupaleHne HArpy3KH COJEPIKUT IBE COCTABISIONIME: UCTHHHOE
3HaUeHHe TepBoro npupamenus AP,(t, t — h) 1 MOTPENTHOCTb €ro OMPeASICHIS
An(t, t —h)
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AP(t,t — h) = AP.(t,t — h) + An(t,t — h). (8)

HcTrHHOE 3HAuYeHHE TEPBOrO MPHUpAIEHHUsS NPEACTaBIsAeT co0OW pa3sHOCTh
HWCTUHHBIX 3HAUYCHU HATPy3KH B CMEKHBIE MOMEHTHI BpeMeHH P, (7) u Py(t — h)

AB,(t,t—h) = B, (1)~ P,(t— h). ©)
[MorpenrHocTs pacyeTa MepBOro MPHUPAIICHHUS PaBHA PA3HOCTSM MOTPEIIHO-
CTel M3MepeHuit Harpy3KH B ATH K€ MOMEHTHI BpeMeHu n(t) u n(t — h)

An(t,t —h)=n(t) = n(t - h). (10)

YcioBue IOCTOBEPHOCTH TepBOro mnpupamenus AP(f, t—Hh) U cooTBeT-
CTBEHHO JIOCTOBEPHOCTH U3MepeHHH Harpy3ku P(f) u P(¢ — h) BBITIAOUT cliemy-
FOIIUM 00pa3oMm:

v, SAP(tt—h)<¥,. (11)

Jns ompeneneHus IpaHULl NPUHATHS PELICHHS] O JOCTOBEPHOCTH Yi U Y2
HEO0OXOMMO 3HATh TPEHJ, XapaKTePU3YIOMINN CPEIHIOI CKOPOCTh M3MEHEHHS
HArpy3KH Ha Pa3iIM4YHBIX YYacTKax CyTOYHOTo rpaduka. KoiaumyecTBeHHBIM MO-
Ka3aTesneM TPEHa SIBJISETCS MAaTEMATHYECKOE 0XKUIAHHUE TIEPBOrO IIPUPALIEHUS,
paccunThiBaeMoe o Gpopmyie

1 n
M=——-> AP, (12)
n—-173

I7ie 1 — YUCII0 M3MEPEHUI Ha paccMaTpPHBAEMOM yYacTKe CYTOYHOTO rpaduka

Harpy3KH.
Jucnepcust nepBbIX NPUPALLCHAN HATPY3KU
1 < 2
DAP=—12(A13 -M)". (13)
—li=2

Ipy MONOKHUTETBHOM TPEH[E, KOrJa HHU3KOYaCcTOTHAs JeTePMUHUPOBAHHAS
COCTaBIISOIIAS HArpy3Ku Py,(f) BO3pacTaeT, MOJOKUTEIbHbIC TEpBbIe MpUpa-
IIeHUs TIPeo0IaJaloT Hajl OTPULIATEIbHBIMU. B ciyyae oTpunaTessHOro Tpenaa
HHU3KOYACTOTHAsI COCTABIISIOIIAsl HATPY3KU CHIIKACTCS, U OTPUIIATEIIbHBIC Iep-
BbIC MIPUPAIICHHS OOJIBIIE MOIOKUTEIBHBIX.

I'paHMIIBI IPUHATHS PELICHHS O JOCTOBEPHOCTH MEPBOTO MPHUPAIICHHUS 3aBH-
CAT OT MAaTeMaTHYECKOrO OXKHJIAHUS M IPEIETbHO JOMYCTUMOIO OTKIOHEHHS
OT Hero A, onpesienieHHoro coriacHo (5), (6) umm (7).

HwxHss rpaHunia 1OCTOBEPHOCTH IIEPBOTO IPUPALLCHUS

n=M-A, (14)

BepxHsist rpaHuIa TOCTOBEPHOCTH TIEPBOTO TPUPAIEHHS
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T, =M +A (15)

Jlnama3oH AOCTOBEPHBIX 3HAUYEHUN (MHTEPKBAHTUIIBHBIN MPOMEKYTOK) Iep-
BBIX MPHUpPAILCHUH HArpy3KH onpenaensercs rpanunamu (14) u (15).
Jucniepcus nepBbIX NpUPALICHUI HATPY3KU PaBHA CyMMe aucnepeuit Dy u D,

D,y =D, +D,. (16)

Hucnepcust D; XxapakTepu3yeT paccesHHe HEM3BECTHBIX UCTUHHBIX 3HAUCHUM
NEepBBIX OpupatieHuit AP, (¢, ¢ — h), mpencTapisromux, cornacHo (9), pazHocTH
WCTUHHBIX 3HaYeHUI Harpy3Kd B MOMEHTHI BpeMeHH ¢ U ¢ — /. C yBennueHuem
TpeHAa Harpy3ku auctepcus Dy Bo3pactaet. ducnepcust D, XapakrepusyeT pac-
CesiHHE MEePBBIX NPUPAIIEHUH 13-3a MOTPELIHOCTEH CPEACTB U3MEPEHUH U MpaK-
TUYECKH OJlHA M Ta K€ Ha JI0OOM BPEMEHHOM YYacTKE CYTOYHOro rpaduxa
Harpy3KH IpU OTCYTCTBUH I'pyOBIX MOTrPELIHOCTEN.

Bosznukaer npoGiiema omnpeneneHusl rpaHull JOCTOBEPHBIX NEPBBIX IpuUpa-
HICHUH, TOCKOJIbKY WX HWCTHHHBIC 3HAUEHHS HEIOCTYIHBI Uil HAOMIOJCHUN |
HESICHO, JIEUCTBUTENFHO JIM U3MEHUJIOCh UCTMHHOE 3HAYEHHE HArpy3Ku WIH HKe
Harpy3ka M3MepeHa C HEeJOIyCTHMO OOJbIION morpemHocThio. [Ipemiaraercs
pemarp 3Ty mpobieMy, B3sB 3a OCHOBY PE3yJIbTaThl KaIMOPOBKH M3MEPHTEIIb-
HBIX KaHaJIOB aBTOMATU3MPOBAHHOW CHCTEMbl KOMMEPUYECKOTO yueTa 3JIeKTpH-
YEeCKOM SHEPTUU MpeIIpUsITHS.

Hopmartusabiii mokymenT [10], perramMeHTHPYIONIUH KaIHOpPOBKY, ycTa-
HaBJIMBAET, YTO JO €€ IPOBEACHUS IPOU3BOIUTCS PETYJINPOBKA WIH PEMOHT
o0BbeKTa KaIMOPOBKU. DTO yCTpaHseT NPUYUHBI TOSBICHHS HEIOMYCTUMO
0OJBIINX MOTpEIIHOCTEH U3MepeHus: Harpy3ku. [lo pesyibpraraM KaauOpoOBKH
YCTaHaBIUBAETCA MpPENeNbHO JOIMYCTUMOE OTKJIOHEHHE Harpy3ku (OTHOCH-
TeNbHAs pacUIMpEeHHasi HEONPEIEICHHOCTh) C 3aJaHHON TOBEpUTENILHOW BEpo-
ATHOCTBIO. DTOMY HPEIEIBbHO IOMYCTUMOMY OTKIOHEHHIO HArpy3KH COOTBET-
CTBYET IPEJENBHO JIONyCTUMOE OTKJIOHEHHME €€ IEpBOro INpHpameHus A,.
PaccumuTaB cpa3sy mocie OKOHYaHHUS KaJIUOPOBKH BEPOSTHOCTHBIE XapaKTepH-
CTHKH (JUCIIEPCHIO, MAaTEeMAaTHYECKOE OXKHJaHWE) TMEPBBIX MpHpaIleHUul, nX
NpeaesNbHO AonmycTUMoe oTKiIoHeHue, 1o (14) u (15) ompenensieM rpaHHLBI
NPHUHATHUS PELICHUsT O JOCTOBEPHOCTH MEPBBIX NpupauieHuid. llepuogudecku
MOBTOPSISL 3TY MPOBEPKY C ONPEIEICHHBIM HHTEPBAIOM (IIOPSAIKA HECKOJIBKUX
HeZlelb, MECSLEB) U CpPAaBHUBAs HOBbIE IMPENENbHO IOIYCTHUMbIE OTKIOHEHMS
NEPBBIX NMPHUPAILICHUN HAarpy3Kd ¢ TEMHM MX 3HA4EHHUSMHU, KOTOpbIE ObUIM pac-
CUYMTAHBI CPa3y IOCJE MPOBEAECHUS KaJTUOPOBKH, MOKHO CBOEBPEMEHHO OIIpe-
JENATh TOSIBIIEHUE TPYOBbIX M CHCTEMAaTHYECKHX MOTPEUIHOCTEH W3MEpEeHHS
U TPUHAMATh PEUICHHS O HEOOXOAMMOCTH TMPOBENCHHsSI HOBOH KalHOPOBKH.
OT0 JaeT BO3MOKHOCTH MEPEHTH OT JKECTKO PEerjJaMeHTUPYEMOW MpPOI0JIKH-
TEIBHOCTH MEKKaIMOpPOBOYHOTO MHTEPBAJIa U3MEPEHHI K MHTEPBAIy, Olpeie-
JSIEMOMY B 3aBHCUMOCTH OT (PaKTHUECKOM TOYHOCTH M3MEPEHHH B TEKYLIHH
MOMEHT BPEMEHHU.
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bonee ctporoe 000CHOBaHHE SKBUBAJIEHTHOCTU KOHTPOJS IOCTOBEPHOCTH
W3MEPEHHH 10 MpeIesIbHBIM 3HAUE€HHUSIM Harpy3KH U 110 €€ IePBbIM IIPUpPALICHU-
M MOJKHO IIOJyYMTh IIyT€M aHajlu3a KOPPEIMMOHHOW (DYHKIMH HArpy3KH
U morpemHocTd AU HepeHIIMPOBaHNs JUCKPETHO W3MEPEHHBIX BEIUYWH Ha-
rpy3ku [11].

AJITOPUTM KOHTPOJISI AOCTOBEPHOCTH U3MEPEHHUIl HATPY3KHU
HAa OCHOBE 3KCTPAIOJIAIMH ePBLIX NPUPALIECHUH (PUILTPOM
C IOCTOSHHOM CTPYKTYpOii

I'panuIpl OpUHATHS pEIIeHUs O JOCTOBEPHOCTH IMIEPBOTO TMPUPAIICHHS
Harpy3Kd CHJIBHO 3aBHCAT OT €T0 MPEeNbHO JTOMYCTUMOTO OTKIOHEHHS OT LIEH-
Tpa pacnpeneneHus A, T. €. OT JOBEpUTEeNIbHON BeposTHOCTH p. OGOCHOBATH
BEIIMYMHY P, UCXOMS TOJIBKO W3 YHCTO METPOJOTHYECKHX COOOparkeHWH, B
T BO3MOKHO. OUEBUIHO, TOBEPUTENbHYIO BEPOSTHOCTH CIIEAYyeT Ha3HAYUTH
C YYETOM TEXHHUKO-3KOHOMHUYECKHX TOCIEICTBUI, K KOTOPEIM OHA MOXET IpH-
BecTH. He 3aTparmBast TUCKYCCHOHHBIN BOIIPOC O BHIOOPE JOBEPUTEIHHOU BEPO-
ATHOCTH IIPHU KOHTPOJIE AJOCTOBCPHOCTU I/ISMepeHI/II\/'I Harpy3ku IpOMBIIIJICHHOI'O
MIPEeANPUATHS, YCTPAUBAIOIICH KaK MOTpeOUTENeH, TaK 1 TIPOU3BOIUTENCH DIICK-
TPOSHEPTHH, PACCMOTPUM BO3MOXXHOCTh OOOCHOBAaHHOI'O CYKCHHS JUANa30Ha
JIOCTOBEPHBIX PE3yJIbTATOB M3MEPEHHUM MpU OJHOM M TOU K€ JOBEPUTEIHHOM
BEPOATHOCTH. DTOTO MOXKHO JIOCTHTHYThH IEPEXOJIOM OT KOHTPOJISI TIO TEPBBIM
MIPUPAIICHUSM K KOHTPOITIO TI0 UX SKCTPANIOJIMPOBAHHBIM 3HAYCHHSIM.

VYcnoBue MOCTOBEPHOCTH MPHU HCIIONB30BAHUHM IKCTPANIOIHPYIOMETO (priTh-
Tpa BRITJISANT CIAeAyomuM obpaszom [6]:

v SAR(D)<v,, (17)

rae AP,(f) — 9KcTpanoIupoBaHHOE TMEPBOE MPUPAIICHHE HATPY3KH, ONpeense-
MO€ KaK pa3sHOCTh HM3MEPEHHOTO B TEKYIIUH MOMEHT BPEMCHHU !¢ 3HAYCHHS
Harpy3ku P(f) U SKCTpanoJUpOBAaHHOTO B MPEAbIAYIINA MOMEHT BPEMEHU f — T
3HadeHus P,(f) Ha TeKyIIuii MOMEHT BPEMEHHU

AP (1) = P(1) - B, (1); (18)

T — UHTEPBAJ 3KCTPAIOJSILNY; V1, Y2 — HWKHAS U BEPXHSS TPaHULBI JOCTOBEP-
HOCTHU.

Ecnu u3BecTHa CHEKTpajibHAsl MJIOTHOCTH MJIM aBTOKOPPEJSLUOHHAS (PyHK-
1S CTAIlMOHAPHBIX CIYYaiHBIX KoJeOaHuil KOHTPOIUpyeMOH repeMeHHon P(f),
MO’KHO CHHTE3MPOBaTh ONTHMAIBHYIO CTPYKTYPY JMHEHHOIO 3KCTPAIOIHPYIO-
miero GuiubTpa MO KPUTEPUIO MAaKCUMyMa CPEAHEKBaApPaTUYHOH HMOIPEIIHOCTH
sKcTpamnosinuu MetogoM Bunepa — Konmoroposa [12]. Ilpu oTcyTcTBUM WU
HEJIOCTATOYHO TOYHOM MH(OpMAIMK O BEPOSTHOCTHBIX XapaKTEPHCTHKAX CIy-
YalHBIX KOJIEOAHUI HArpy3KH NpUEMIIEMBIH IJisi pelleHHs 3agadd KOHTPOJIS
JOCTOBEPHOCTH pe3yJbTaT o0ecrednBaeT (HUIbTP, COCTOSIIMN U3 YCHIMTEIBHOTO
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¢ koad¢unuenTom ky 3BeHa u auddepennupyromero ¢ xodddunuentom k
3BEHa, TJe s = d/dt — oneparop auddepenimponanus [S5, 13—15]

L(s)=ky +ks. (19)
DKCTpanoIMpOBaHHOE 3HAYCHHE HATPY3KH Ha BBIXOJIE JIMHEHHOTO (uitbTpa L(s)

P,(t) = kyP(t —h)+ k[ P(t — h)— P(t - 2h)], (20)

IJIe T — UHTEPBaJ SKCTPAIOJISAIINY, IPUHAT PAaBHBIM WHTEPBAITY JAUCKPETH3AINH
mportiecca 4.

B ciydae oTHOCHTENHHO HEOOJNBIINX, TOPSIAKA HECKOJIBKUX MHUHYT, UHTEP-
BajJaxX JKCTPAMNOJSAIUN HATPY3KH MPEINPHITHAS MOXHO CUUTATh KOI(PDUIIUCHT
YCUJIMTENBHOTO 3BEHA NPUMEPHO pPaBHBIM eauHuie, W Torga (20) mpuHU-
MaeT BUJI

P.(t)= P(t — h) + k[ P(t— ) - P(t - 2h)]. 1)

Ilpu paBHOM HymO K03(QdUIMEHTE MPHU TEPBOM NPHUPAIICHHH MOTy4aeM
HaWBHYIO, T. €. 110 MPaBHy «0e3 U3MEHEHHI», IKCTPAIMOISLHUIO, KOTJa SKCTpa-
[IOJIMPOBAHHOE 3HAYEHUE NEPEMEHHOU PAaBHO INPEALIECTBYIOIIEMY IOCIEIHEMY
pe3yIbTaTy U3MEPEHUS

P(t)=P(t—h). (22)

B »TOM YacTHOM ciy4ae KOHTPOJIb C NOMOIIBIO HAWBHOHM SKCTPAIOJISIIUH
SKBUBAJIEHTEH KOHTPOJIIO 110 MIEPBBIM MIPHPAIICHUSM.

HwxHAS y; ¥ BEpXHSS Y, TPAHUIBI IPUHATHUS PEIICHHS IIPH KOHTPOJIE C JIU-
HEWHOHN SKCTpamnossinuell TPUHUMAIOTCS PaBHBIMU TPAHULIAM IIPU KOHTPOJIE TI0
MePBBIM MpupamnieHnsM 0e3 sxcrpanoisnun (14), (15), 9To MO3BOIUT CPaBHUTH
pasperaroIre crrocOOHOCTH 000X METOIOB KOHTPOJIS.

[TorpenrHoCcTh SKCTPANOIMPOBAHHBIX IEPBBIX TNPHUPAIIEHUH ITOTINHSIETCS
HOPMaJIbHOMY 3aKOHY pacIpeeieHus

1 AP?
S(AP) = exp| ——— |- (23)
O,V 2T 202}),3

. 2
Jlucriepcust SKCTPanoaMpOBAHHBIX NEPBBIX NpUpamenuil D,, , =Gy, Olpe-

JeNsieTCs MyTeM CTaTUCTUYECKOH 00pabOTKH peau3aliy Harpy3Ku

Dyp., :nljzn‘,(APa,i _M)2’ (24)
3

€ n — 4uciio I/I3MepeHHﬁ B pcajin3aiuu.
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Hucnepcust Dap, 3aBUCUT OT KO3(pPHUIUEHTA k IKCTPANOIUPYIOLIETO (HUIIb-
Tpa. ONTUMaBHBIM PUHUMACTCS 3HAYEHUE ITOT0 KO QHUIHEHTa, KOTOPOE MUHH-
MHU3UPYET IUCIEPCUI0 W TOBBIIAET Pa3pellarollyl0 CIIOCOOHOCTh KOHTPOJIS
JOCTOBEPHOCTH 32 CUET YMEHBIICHHUS! BEPOATHOCTH MPOIycKa rpy0oi morper-
HOCTH u3MepeHus. Takum 00pa3oM, MOKHO OOOCHOBAaHHO YBEIWYHUTH (haKTH-
YeCKYI0 JIOBEPUTEIBbHYIO BEPOSTHOCTH IPH OJHUX M TeX K€ TPaHHUIaX JOCTO-
BEPHOCTH Yj, Y2. 3aMEHa HEJOCTOBEPHBIX PE3YJIbTAaTOB HM3MEpEeHUH Hambolee
BEPOSITHBIMU 3HAYCHUSMH IO3BOJMT YMEHBIIUTH HEONpaBAaHHO 3aBBIIICHHYIO
OLIEHKY TOTpeOsIeMOi NPEeANPUATHEM 3JICKTPOIHEPTUU TIPU OJHOM M TOM XKe
YPOBHE JI0BEpUTEIBHOM BEPOSTHOCTH.

AJITOPUTM KOHTPOJISI A0CTOBEPHOCTH U3MEpPEeHN HATPY3KH
HAa OCHOBE 3KCTPAINOJISIUY NePBbIX NPUpaLleHuil GUIbTPOM
¢ epeMeHHO# CTPYKTYpOil

O} PeKTHBHOCTH KOHTPOJISI JOCTOBEPHOCTH IO ycioBuio (12) 3aBucHT OT
TOYHOCTH DKCTPAIOJSAIUUA TIEPBBIX IpuparieHuii Harpysku AP, (18). Dkctpa-
MOJIUPYIOUUHM (PUIBTP C TEPEMEHHOW CTPYKTYpOM, OOYyCIIOBJIEHHOW OWHAp-
HOCTBIO KO3(h(UIMEHTa NP MEePBOM NPHUPAIIECHHH, TO3BOJUT MOBBICUTH TOY-
HOCTb 9KCTPANOJISIINY 110 CPABHEHHIO € (GHIBTPOM C ITOCTOSHHON CTPYKTYPOH.

Crioco0 mprMEHEHUs SKCTPATIOSILUN MIPH MIPOBEACHUH KOHTPOJIS TOCTOBEP-
HOCTH TPUHIMITHAIBFHO WHOW MO0 CPAaBHEHHUIO C €€ WCIOJB30BaHHEM B 3a/adax
ABTOMAaTHUYECKOTo perynupoBanus. OTINYre COCTOHUT B TOM, YTO MPH PEryIHPO-
BaHUM B TEKYIIMH MOMEHT BpEeMEHH (OPMUPOBAHHS YNPABISIONICTO CHTHaja ¢
€lle HE WM3BECTHO 3HAYCHME DPETYNMPYEMOM IEPEMEHHONW B MOMEHT BpeMe-
HU { + T, B TO BpeMs KaK IPH KOHTPOJIE JOCTOBEPHOCTH PE3yJbTaT KCTPAIIONs-
LIUU TIEPEeMEHHON P,(f), TPON3BEIEHHON B MPEIBI YNl MOMEHT BpEMeHH ¢ — /1,
YK€ U3BECTEH, U MOYKHO €ro CpaBHUTH C (PaKTUIECKUM, U3MEPEHHBIM B MOMEHT
BPEMEHHU {, 3HAUCHHEM ITepeMeHHO P(7).

Ecnmu KOHTpOJIh JOCTOBEPHOCTH B MPEABLIYIIEM BPEMEHHOM ITUKJIE W3Mepe-
HUH ¢ — h, t — 2h TIOKa3aJ IOCTOBEPHOCTDH MEPBOT0 SKCTPANOIMPOBAHHOTO TPH-
pamenust AP(t — h, t —2h), 3TO SBISETCS CBHJIETEILCTBOM TOTO, UYTO PE3yNIbTaT
nu3MepeHnii Harpy3ok P(f) u P(t—2h) He coaepHT rpyObIX MOTPEHIHOCTEH.
CrnemoBaTenbHO, TOCTOBEPHOCTh TIEPBOTO HKCTPAIMIOIMPOBAHHOTO IIpHpAIe-
Hus AP(t, t—h) B mocieayoomeM ITUKIe f, ¢t —/ 3aBHCHT TOJBKO OT TOYHO-
CTH TeKymiero m3Mmepenust P(f) m mpu3HakoM HemocToBepHOCTH AP(t, t—h)
U COOTBETCTBEHHO H3MEPEHHOT0 3HA4YeHUs Harpy3ku P(f) OyAeT CIUIIKOM
0oJbIIoe paccoryiacopanue P(f) U ero SKCTPANoJIMPOBAHHOTO B MOMEHT Bpe-
MEHH ¢ — h 3Ha4YeHUs P,(f), paCCUMTaHHOTO 10 pe3yJibTaTaM m3MepeHuit P(t — h)
u P(t—2h).

TOYHOCTH IKCTPANOJSIIUN CIyYallHOW TMOCIIEeIOBATEIbHOCTH HArpy3KH pes-
KO CHIJKAeTCs OT IMEPEMEHbl 3HaKa MEpPBOrO IMPHUPALICHUS! MPH Iepexoje OT
MPEbITYIEro ¢ — h, t —2h K mocieaywmemy ¢, t — i 1uKiry KoHTposst. OTcrona
MTOSIBUIIACH IS MCKIIFOUNTh BOHHUKAIOIIYIO TIPH 3TOM OOJBIIYIO TIOTPEIIHOCTh
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AKCTPAIOJISALUU IyTeM 3aMEHbl 3KCTPANOJIUPYIOMIEro (QHILTPA C MOCTOSH-
HOW CTPYKTYpOU (HIETPOM C TIEPEMEHHON CTPYKTYpPOH, KOTOpasi ONMpeAeseTCs
OWHAPHBIM 3HAYCHUEM KOX(PUIMEHTa MPU MEPBOM MpHpamieHud. [IpuHuMaem
OJTHO W3 JIBYX 3HAUCHHI 3TOro K03(D(HUIMEHTa COTIACHO CIEAYIoIIeMy mpa-
BHiy [6, 13]:

ko » €CIN PP(t;z_PI(’t_h;h >0;
e (t—h)- (f—h ) (25)
0. com _FPO=Pu=B)

P(t—h)— P(t - 2h)

B cnyuae, xoraa nepsole npupamenust AP(t, t — h) u AP(¢ — h, t — 2h) pa3Ho-
WMEHHBIE, TpuHUMaeTcst Koddduuuent k£ =0 1 UMeeT MecTo JTMHEeHHas HKCTpa-
HOJSAKS 10 TpaBmiy «0e3 m3MeHeHui» (puc. 2). B mpoTHBHOM ciydae mpu
k = ko IOTTy4aeM ONTHMAIBHYIO CTATHCTUYECKYIO SKCTPAIOIAIHNIO (pHC. 3).

DKCTpanoysuus ¢ MPUMEHEHHEM (HUIbTPa MEPEMEHHOH CTPYKTYPHI YMEHbB-
IIUT BEPOATHOCTH NPOITyCKa IPyOOH MOTPEIHOCTH U3MEPEHHs M MOBBICUT pa3-
PEMIAIOIIYI0 CIIOCOOHOCTh KOHTPOJISI MO CPAaBHEHHUIO C IKCTpanoisnuen ¢uib-
TPOM TIOCTOSTHHOHM CTPYKTYpBI U TeM Ooliee TP KOHTPOJIE IO MEPBBIM IpHUpa-
HIEHUSM 0e3 SKCTPAIOJISIIHH.

PO

P | ——— —
1 mb————

P(t - 2h) | P(tfh)————T

——1 |
Pt)=P(t—h) _|___r__+ P2 |- — | |
I B | !

%
| | |t | | !
0 t-2h t-h t 0 ¢t-2h t—h t
Puc. 2. DxcTpanonsauys NepBbIX IpUpaIICHUHA Puc. 3. Cratuctuueckas SKCTpanosaus
Harpys3KH 110 MpaBuiTy «0e3 H3MEHEHUI» MEPBBIX MPUPAILEHUI Harpy3Ku
Fig. 2. Extrapolation of the first load increments Fig. 3. Statistical extrapolation
according to the “no changes” rule of the first load increments

HrmkHss 1 BepXHSS TPAHULBI PHHSITHS PEIISHHS O JOCTOBEPHOCTH Ha OCHOBE
SKCTPATIONHPYIOIETO (GHiIbTpa ¢ HEPEMEHHOH CTPYKTYpPOI OCTAIOTCS TaKUMH XK,
Kak 0e3 SKCTPAIOJISIIHHU U C SKCTPANoIsiiued GUIBTPOM C IOCTOSTHHOM CTPYKTYpOH.

Jucniepcuist IEPBBIX MPUPAIICHHUH, SKCTPANIOIUMPOBAHHBIX (PHUIBTPOM C Iepe-
MEHHOH CTPYKTypOH, paBHa

* 1 1 * 2
D, =——Y (AP -M), (26)
AP,> n— 2 ;( 9,i )
rac Af);; — 3KCTPANOJHUPOBAHHOC IIEPBOC MPUPALLCHUC TTPU k() =1mn k: var co-

rinacHo (25).
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AnpoGauusi METO0B KOHTPOJISI JOCTOBEPHOCTH U3MEPEeHNi HATPY3KH

AmnpoOanus mpeiaraéMblX METOAOB KOHTPOIISL JOCTOBEPHOCTH HA OCHOBE
aHaJIM3a MEePBBIX MPUPALIEHUH HAarpy3KH U €€ IKCTPANOJIMPOBAHHBIX 3HAYCHUN
nposeneHa Ha npumepe OAO «MuHCckuil MOTOpHBIN 3aBoa». Ha puc. 4 npen-
CTaBJICHbl YYacTKH Ipadyika aKTUBHOW Harpy3Kd B YTpEHHHE 4Yachl B OyaHHE
JTHU HEZIeIH.
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Puc. 4. Tpadpuku yrpenneit Harpy3ku OAO «MuHCKHiT MOTOPHBIH 3aBO/I
Fig. 4. Graphs of the morning load of “Minsk Motor Plant” JSC

WnTepBan muckpernsanmu rpaduka cocraBimsn 2 =3 muH. Ha puc. 5 nzobpa-
YKEHBI [IEPBbIEe IPUPAIIEHHUS HAIPY3KH HA 3TOM Y4acTKe rpaduka.
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Puc. 5. Ilepsbie npuparienus Harpy3ku OAO «MuHCKUH MOTOPHBIN 3aBOJ» B yTPEHHUE YaChl

Fig. 5. First increments of load of the “Minsk Motor Plant” JSC in the morning

YuacTku rpaduka co cTaOMIBHON HArpy3KOH B THEBHBIC YaChl M COOTBET-
CTBYIOIITHUE TIEPBHIE IIPUPAIICHUS TTOKa3aHbI Ha pucC. 6, 7.
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Puc. 6. I'paduku nueBHO# Harpy3ku OAO « MUHCKHII MOTOPHBIH 3aBO)

Fig. 6. Graphs of the daytime load of “Minsk Motor Plant” JSC
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Puc. 7. Ilepsoie npupamenus Harpy3ku OAO «MuHCKHNA MOTOPHBIN 3aBOI
B JIHEBHBIC JaCHI

Fig. 7. First increments of load of the “Minsk Motor Plant” JSC
in the daytime

Amnanoruunbie rpaduKy B ocieoOeJeHHbIe Yachl IPUBeIeHbI Ha puc. 8§, 9.
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Puc. 8. T'paduxu nocneobenennoit Harpy3kd OAO «MUHCKHI MOTOPHBIN 3aBOI»
Fig. 8. Graphs of the afternoon load of “Minsk Motor Plant” JSC
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Puc. 9. Ilepsrie npupamenus Harpy3ku OAO «MuHCKHIA MOTOPHBIN 3aBOI)
B 110CJ1€00€ICHHbIE Yachl

Fig. 9. First increments of load of the “Minsk Motor Plant” JSC
in the afternoon

AHanu3 IIOTHOCTEW paclpenencHysl MEepBhIX NpUpaIeHNil Harpy3ku MuH-
CKOr0 MOTOPHOTI'O 3aBOJa IOKa3aj, YTO MX pacIpeleseHne NOCTaTOYHO TOYHO
OTIMCHIBaeTCS HOPMAIBHBIM 3aKOHOM (puc. 10-12).
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Puc. 10. I'pad¥k IIIOTHOCTH pacIipeiesICHs IIePBBIX NPUPAILCHUI Harpy3Kn
B YTPEHHHE YaChl

Fig. 10. The graph of density of distribution of the first load
increments in the morning

0,0025 F(AP)
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Puc. 11. T'paduk IIOTHOCTH pacipeiesieHs IePBbIX MPUPAILCHUI HArpY3KN
B JIHEBHBIE YaChl

Fig. 11. The graph of density of distribution of the first load
increments in the daytime
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Puc. 12. T'paduk IIOTHOCTH pacpeiesieHs IePBbIX MPUPAILCHUI HArPY3KN
B TIocIe00eIeHHBIE Yachl

Fig. 12. The graph of density of distribution of the first load
increments in the afternoon

B tabn. 1 mpuBeneHbl pe3yabTaThl PacueTOB AUCIIEPCHI MEPBHIX MpUpale-
HUH («HaWBHAsD SKCTpanoisaius ¢ k = () U X JMHEHHO W HENWHEHHO 3KCTpa-
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TMMOJIMPOBAHHBIX 3HAYCHHUI C ONTUMAJIbLHBIMU BEJIMYHMHAMU KOB(l)(l)I/IL[I/IGHTa k npu
[IEPBOM IIPUPALIECHUH.
Tabnuya 1
Jlucnepcusi nepBbIX NPHPALICHUI HATPY3KU H UX IKCTPaNoJIMPOBAHHBIX 3HAYCHUM

Variance of the first load increments and their extrapolated values

Bpems cyTok Dap, MBT, k=0 Dyp.,, MBT D’ xp,, MBT?
VrpenHee 71871,48 34473,56, kowy= 0,7 25620,29, komr= 0,9
JHeBHOE 38517,70 38517,70, koyy =0 30530,94, ko= 0,6
ITocneobenennoe 60732,39 51697,21, ko= 0,4 40308,39, kone= 0,7

3aBUCUMOCTH TPaHUI MIPUHATHS PEIICHUS O TOCTOBEPHOCTH H3MepeHui (14),
(15), omMHAKOBBIX KaK MPH SKCTPAIOJISAILIMU, TaK U 0e3 Hee, OT JOBEPUTEIbHON
BEPOSATHOCTH B pa3IMYHbIE Yachl CYyTOUYHOW Harpy3KH IMOKa3aHbl Ha puc. 13.

Y2 4
550 ——m™ ™
5
¥, KB // 6
150
=50

7250\ 3
—_—

~650
0,80 0,90 0,95 p,

Puc. 13. I'paHnmpl JOCTOBEPHOCTH B yTpeHHHE (KpUBBIE 3, 4), THEBHBIC (KpUBEIE 2, 5)
1 mociieo0eIeHHbIe Yackl (KpuBkIe 1, 6)

Fig. 13. Confidence limits in the the morning (curves 3, 4), daytime (curves 2, 5)
and afternoon (curves 1, 6)

B Tabn. 2 npuBeneHbl TEOPETHYECKUE Py U (PAKTHUECKUE Pgacr JOBEPUTEIBHBIC
BEPOSTHOCTH, XapaKTEPU3YIOIINE pa3pellatollylo CIIOCOOHOCTb KOHTPOJIsSl JOCTO-
BEPHOCTH TI0 TIEPBBIM MPUPAIICHUSIM U HX 3KCTPANIOIUPOBAHHBIM 3HAYCHHSM.

TeopeTHueckie JOBEPUTEIbHBIC BEPOSTHOCTH COOTBETCTBYIOT BBIpake-
HUsM (5)—(7), pakTHUecKrue pacCUUTHIBAIHCH 1O (hopMyTie

Pparr = r—ﬂ > (27)

HA a

TJIE 7'y, Vg — KOJIMYECTBO JOCTOBEPHBIX U HEJIOCTOBEPHBIX PE3YIIBTATOB U3MEPEHHUIA.

AHanu3 IpUBEJICHHBIX B Ta0J. 2 pe3yJIbTaTOB pacdera JOBEPUTEIbHBIX Be-
POSATHOCTEH IMOKa3all, YTO KOHTPOJb JOCTOBEPHOCTH MO SKCTPANOIUPOBAHHBIM
MEPBBIM TPUPAIICHUSIM TOBBIIIACT PA3PEHIAIOIIY0 CIMOCOOHOCTh KOHTPOJIS
B YTPEHHHE U TTOCIIC00eIeHHbIE Yachl paOOTHI.
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Tabnuya 2
Teopernyeckue u pakTHUYECKHE JOBEPUTEIbHbIE BEPOATHOCTH

Theoretical and actual confidence probabilities

Z[OBepI/ITeJILHaSI BEPOATHOCTDL

MeTox KOHTPOJISI TOCTOBEPHOCTH p.=0,80 p:=0,90 pr=0,95

"n | Tap |P¢am "'n
VYTpeHHss Harpy3ka

Tup | Paxr T'n | Ty |pd)a1<T

KoHTpOoIb 110 EePBBIM MPUPAIIICHUSIM
(«HAMBHAS KCTPAITOIISIINS) 64 52 0,55 | 78 | 38| 0,67 | 94 | 220,81
KoHTponb 1o nepBbIM MpUpaIeHusIM
C JIMHEHHOU AKCTpanoIsIe 90 26 0,77 | 101 | 15| 0,87 | 110 | 6 | 0,95
KoHTpob 10 mepBBIM MpUpaIeHUSIM
¢ HEeJIMHEIHOM AKCTpanossiueit 96 20 0,83 1103 [ 13| 0,89 | 112 | 4 [0,97

JlHeBHas Harpy3Ka

KOHTpOJ’IL T10 IEPBBIM NPUPAICHUIM

(«HAMBHAS HKCTPAIIOIISLINSA) 318 | 410,89 | 333 26| 0,93 | 347 | 12 | 0,97
KoHTpOoIb 110 MEepPBBIM MPUPAIICHUSIM
C JINHEWHOHN 3KCTPaNOIALUCH 289 | 70 | 0,81 | 319 | 40 | 0,89 | 339 | 20 | 0,95
KoHTponp 1o nepBbIM MpUpaIeHusIM
C HEJIMHEHHOHN dKCTpaNoIsIHe 331 28 1092 | 342 | 17 10,95 |352| 7 {098

[ocneobenennas Harpyska

KoHTpob 10 nepBhIM MPHUPAIIEHASIM

(«HauBHAas) IKCTPATIOJISLINS ) 59 43 10,58 | 80 [ 221 0,78 | 90 | 12 | 0,88
KoHTpoIb 10 TepBBIM MPUPALICHUSIM
¢ JINHEWHOH 3KCTpanossiuuei 72 300,71 | 87 | 151085 | 94 | 8 |0,92
KoHTpOoIb 110 EPBBIM MPUPAICHUSIM
C HEJIMHEHHOMN dKCTpanossiuen 77 251075 | 91 |11 | 0,89 | 97 5 10,95

KanuOpoBka n3MepuTenbHBIX KaHAaJOB aBTOMAaTH3UPOBAHHONW CHCTEMBI KOM-
Mepueckoro yuera siekrpuueckoi sHeprun OAO «MuUHCKMII MOTOpPHBIN 3a-
BOA», mpoBeneHHass 16—18 nexabps 2015 r., ycraHOBHJIA PacCMOTPEHHYIO He-
OIIPEJENICHHOCTh U3MEPEHUH, COOTBETCTBYIOLIYIO YPOBHIO JOBEpUSI MPUOIH3H-
tensHO 0,95 mpu p =2,0 [16]. [IpakTuueckue coBmageHUs KaaHOPOBOYHOM
(TeopeTHdeckoil) JTOBEpUTEIBHON BEPOSATHOCTH M (AKTHUECKHX €€ 3HaueHHi
B JHEBHBIE Yachl HArpy3KH, PAaCCUMTAaHHBIX IO pe3yJbTaTaM KOHTPOJS IOCTO-
BepHocTH 9—11 ampens 2018 r., mokazanau, 4TO 3a OPOIIEAUIMI MPOMEKYTOK
BpeMeHH (2,5 ros1a) TOUYHOCTHBIE XapaKTEPUCTUKU CUCTEMBI yUeTa 3JIeKTPOIHep-
MM HE W3MEHMJIMCh, U PEKOMEHIYEMbIH MEKKaIMOpOBOYHBIA MHTEpBal — ABa
roia — MOXeT ObITh IIPOJUIEH.

BbIBO/IbI

1. ITokazana m 000CHOBaHa BO3MOXXHOCTh KOHTPOJSI JJOCTOBEPHOCTH H3Me-
pEHMI aKTUBHOW HArpy3Kd IMPOMBIIIJIEHHBIX MPEANPUATHNA HA OCHOBE NIEPUO/IU-
YECKH IIPOBOAMMOIrO AaHAIM3a XapaKTEepU3yIOIUX JUHAMUKY W3MEHEHUN
Harpy3KH ee MEPBbIX MPUPALICHUH U UX SKCTPANIOIMPOBAHHBIX 3HAYCHUH (UITb-
TpaMu C MOCTOSIHHOW U IEPEMEHHON CTPYKTYpaMu.
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2. Pa3paboTraHbl aaropuTMbl KOHTPOJIS IOCTOBEPHOCTU U3MEPEHHI HATPY3KH
M0 TEPBBIM MPUPALIEHUSIM U UX IKCTPAMOIUPOBAHHBIM 3HAYCHUSIM, TTO3BOJISIO-
e ONPEeeNATh HEOOXOAMMOCTh POBEICHUS OUePETHON KAITNOPOBKU N3MEPH-
TENhHBIX KaHAIOB aBTOMATH3UPOBAHHOW CHCTEMBI ydeTa JJIEKTPOIHEPTHH IPH
CYIIECTBEHHOM IPEBHIIIEHNH BEPOATHOCTH HEIOCTOBEPHBIX PE3YyJIhTaTOB H3Me-
pEHUI, ONIpe/IeICHHON B TEKYIIUM MOMEHT BPEMEHH, BEPOATHOCTU HEJIOCTOBEP-
HBIX HM3MEPEHHH, XapaKTepU3YIONMX TOYHOCTh H3MEPEHHH CHCTEMBI IOCTE
PETYJIMPOBKM W PEMOHTa IO UTOraM TMOCJEIHEH KaauOPOBKH. DTO TO3BOJIMT
MEPEeUTH OT JKECTKO PErIAMEHTHPYEMOTO MEXKATHMOPOBOUYHOTrO HWHTEpBaIa
M3MEPEHUN K MHTEPBATY, IPOJOJKUTEIBHOCT KOTOPOTO OMpEEsIeTCs B 3aBU-
CHUMOCTH OT (haKTUIECKOTO COCTOSIHUS CUCTEMBI y4eTa dJIEKTPOIHEPTUH.

JIMTEPATYPA

1. 3unrep, M. C. ObecnieueHne OOCTOBEPHOCTH NAHHBIX B aBTOMATH3MPOBAHHBIX CHCTEMAax
ynpasienus npousBoyctsoM / U. C. 3unrep, b. C. Kyusik. M.: Hayka, 1974. 298 c.

2. MamukonoB, A. I'. JlocroBepHOCTh, 3ammuTa M pe3epBHpoBaHHe uHpopmammu B ACY /
A.T. Mamukonos, B. B. Kyns0a, A. b. lllenkos. M.: DHeproatomusaart, 1986. 304 c.

3. JleBun, I'. 51 O COOTHOIIEHNH CHHTAKCHYECKOIO0 M CEMAaHTUYECKOTO IMOAXOA0B K 3aJaue IOMC-
Ka JOIyCTUMBIX 3HaueHui napamerpoB / I'. 5. Jlesun // UsBectust CIIGI'DTY «JIDTW». Ipo-
Osiembl oBbILeHHS (P dekTuBHOCTH pousBoacTBa. 1977. Bremm. 225. C. 53-56.

4. 'mazynos, JI. II. OcHOBBI TEOpHUH HAJEKHOCTH ABTOMATHYECKHX CHCTEM yIpaBieHHs /
JI. I1. T'ma3yHos, B. I1. I'paboBenxuii, O. B. Illepbaxos. JI.: Oneproatomuzaar, 1984. 208 c.
5.Bboun, JI. B. CpaBHHTEIbHBIE MOJAENH IPOTHO3UPOBAHHS JJICKTPUUSCKOH Harpy3ku /

. B. bonn, E. . ®apmep; nep. ¢ anrin. M.: Dueproaromusgar, 1987. 200 c.

6. Anunmenko, B. A. HagexHocTh M3MepUTENbHOM MHGOPMALUKM B CHCTEMax JJICKTPOCHabXe-
uus / B. A. Auunmenko. Munck: BI'TIA, 2000. 128 c.

7. KaBasnepos, I'. . Beenenne B unpopmannonnyio teoputo m3mepenuit / I'. W. Kasanepos,
C. M. Mounpnensmtam. M.: Dueprus, 1974. 375 c.

8. HoBunkwmii, I1. B. Ouenka morpemHocTeid pe3ynbratoB m3mepenuit / I1. B. HoBumkwid,
U. A. 3orpad. JI.: Dueproaromusnar, 1985. 248 c.

9. HoBumkwii, I1. B. lunamuka norpemHocTet cpeacts m3mepenuii / [1. B. Houmxwit, U. A. 3o-
rpad, B. C. JIabynen. JI.: Dueproaromusaar, 1990. 192 c.

10. Heompenenennocts uzMepenns. Y. 3: PykoBoACTBO MO BBIpaKEHHIO HEOTIPEACICHHOCTH M3Me-
penusi: TOCT 34100.3-2017. Beeaen 01.09.2017. M.: Cranmaptundopm, 2017. 77 c.

11. UukoBuy, D. JI. KoHTpob MPOU3BOICTBA C MOMOIIBIO BEIYUCIUTENBHBIX MamuH / O. JI. Y-
koBu4. M.: Dueprus, 1975. 416 c.

12. Cemrukos, A. A. [IpukiagHple METOABI TEOPHU CITydalHBIX QyHKIUHA / A. A. CBEIIHHKOB.
M: Hayxka, 1968. 464 c.

13. Annmenko, B. A. KoHTpoIs 10CTOBEpHOCTH U3MEPEHHH TapaMeTPOB YHEPTETHIECKUX 00BEK-
TOB Ha OCHOBE JKCTpanonupymomux ¢uastpos / B. A. Anunienko // 3Bectus By30B. DHepre-
tuka. 1990. Ne 8. C. 49-52.

14. Anunmenko, B. A. KoHTposib 10CTOBEpHOCTH U3MEPEHUH B 3HEPrOCHCTEMAax IO MEPBBIM IpH-
palleHusM U Ha OCHOBE AKCTparoaupylomux ¢uistpos / B. A. Annmenko, T. B. ITucapyk //
Ouepretuka. M3B. Beicul. y4e0. 3aBeneHuit u sHepr. ooveauaennii CHI. 2018. T. 61, Ne 5.
C. 423-431. https://doi.org/10.21122/1029-7448-2018-61-5-423-431.

15. Arnmenxko, B. A. D¢ ¢peKTHBHOCTS KOHTPOIS AOCTOBEPHOCTH M3MEPEHU B aBTOMATH3HPO-
BaHHBIX CHCTEMax YIPaBJICHUS YHEPrOCHCTEMaMHM IO NpelesbHbIM 3HaueHusM / B. A. Ann-
menko, T. B. [Mucapyk // DHepretuka. M3B. Bbicul. yued. 3aBeeHUN M SHEPr. 0ObEAMHCHUN
CHI. 2017. T. 60, Ne 5. C. 407—416. https://doi.org/10.21122/1029-7448-2017-60-5-407-416.



B. A. Anuwenxo, T. B. [lucapyx

410 Kontpons gocroBepHOCTH H3MEPEHUI HArPy3KU POMBIIIICHHOIO IPEIIPUATHU. . .

16.

CaunerensctBo BY 01 Ne 905/13 o xanuOpoBke U3MEpUTENBHBIX KaHAJIOB aBTOMAaTH3HPOBAH-
HOW CHCTEMBI KOMMEPUYECKOro ydera anekrpudeckoil sHeprun OAO «MuHCKMHA MOTOPHBIH
3aBoa». 2015 1.

Iocrymmna 21.11.2019  INoanucana B medats 18.02.2020  Omy6nukoBana onnaita 30.09.2020

—_—

10.

11.

12.

13.

14.

15.

16.

REFERENCES

. Singer 1. S., Kutsyk B. S. (1974) Ensuring Data Reliability in Automated Production Mana-

gement Systems. Moscow, Nauka Publ. 298 (in Russian).

. Mamikonov A. G., Kul’ba V. V., Shelkov A. B. (1986) Reliability, Protection and Reservation of

Information in the Automated Control System. Moscow, Energoatomizdat Publ. 304 (in Russian).

. Levin G. Ya. (1977) On the Ratio of Syntactic and Semantic Approaches to the Problem

of Searching for Acceptable Parameter Values. Izvestiva SPbGETU “LETI”. Problemy
Povysheniya Effektivnosti Proizvodstva [1zvestia SPbGETU “LETI” the Problem of Improving
the Efficiency of Production], (225), 53-56 (in Russian).

. Glazunov L. P., Grabovetskii V. P., Shcherbakov O. V. (1984) Fundamentals of the Reliability

Theory of Automatic Control Systems. Leningrad, Energoatomizdat Publ. 208 (in Russian).

. Benn D. V., Farmer E. D. (1987) Comparative Models of Electric Load Forecasting. Transla-

ted from English. Moscow, Energoatomizdat Publ. 200 (in Russian).

. Anishchenko V. A. (2000) Reliability of Measurement Information in Electric Power Supply

Systems. Minsk, BGPA. 128 (in Russian).

. Kavalerov G. L., Mondel'shtam S. M. (1974) Introduction to the Information Theory of Mea-

surements. Moscow, Energiya Publ. 375 (in Russian).

. Novitskii P. V., Zograf I. A. (1985) Estimation of Errors in Measurement Results. Leningrad,

Energoatomizdat Publ. 248 (in Russian).

. Novitskii P. V., Zograf I. A., Labunets V. S. (1990) The Dynamics of the Errors of Measuring

Instruments. Leningrad, Energoatomizdat Publ. 192 (in Russian).

State Standard 34100.3-2017. The Uncertainty of the Measurement. Part 3. The Guide to the Ex-
pression of Uncertainty in Measurement. Moscow, Standartinform Publ., 2017. 77 (in Russian).
Itskovich E. L. (1975) Production Control with the Use of Computers. Moscow, Energiya
Publ. 416 (in Russian).

Sveshnikov A. A. (1968) Applied Methods of the Theory of Random Functions. Moscow, Nau-
ka Publ. 464 (in Russian).

Anishchenko V. A. (1990) Control of Reliability of Measurements of Parameters of Energy
Objects Based on Extrapolating Filters. Izvestiya Vysshikh Uchebnykh Zavedenii. Energetika
[Proceedings of the CIS Higher Education Institutions. Energetika], (8), 49-52 (in Russian).
Anishchenko V. A., Pisaruk T. V. (2018) Control of Reliability of Measurements in Power Systems
According to the First Increment and on the Basis of Extrapolating Filters. Energetika. Izvestiya
Vysshikh Uchebnykh Zavedenii i Energeticheskikh Ob’edinenii SNG = Energetika. Proceedings
of the CIS Higher Education Institutions and Power Engineering Associations, 61 (5), 423-431.
https://doi.org/10.21122/1029-7448-2018-61-5-423-431 (in Russian).

Anishchenko V. A., Pisaruk T. V. (2017) The Effectiveness of Validation Measurements in Auto-
mated Systems of the Power Supply Systems Control in Accordance with Limit Values. Energetika.
Izvestiya Vysshikh Uchebnykh Zavedenii i Energeticheskikh Ob edinenii SNG = Energetika. Pro-
ceedings of the CIS Higher Education Institutions and Power Engineering Associations, 60 (5),
407-416. https://doi.org/10.21122/1029-7448-2017-60-5-407-416 (in Russian).

Minsk Motor Plant (2015) Certificate BY 01 No 905/13 on Calibration of Measuring Channels
of the Automated System of Commercial Accounting of Electric Energy of the “Minsk Motor
Plant” JSC (in Russian).

Received: 21 November 2019  Accepted: 18 February 2020 Published online: 30 September 2020



DHepreruka. V3. BbicI. yue0. 3aBeienuii 1 sHepr. oovequHenuit CHI'. T. 63, Ne 5 (2020), c. 411-422
Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. V. 63, No 5 (2020), pp. 411-422 411

https://doi.org/10.21122/1029-7448-2020-63-5-411-422
VK 621.316.925
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Pedepat. PaccmoTpens! crioco0s! pOpMUPOBAaHUS TOPMO3HBIX U TU(QEpeHINATBHBIX TOKOB IS
i depeHManbHOM 3aMMTH IUH, UX IPEeUMYyIIecTBa ¥ HepocTatku. OTMedeHo, uyto auddepen-
[MaJIbHAs 3alIUTa 110 MTHOBEHHBIM 3HAYEHUSIM MMECT MEHblee COOCTBEHHOE BpeMs cpabaThiBa-
HUS, YeM II0 JEHCTBYIOIMM, ITIOCKOJBbKY HE HCIIONb3yeT Im(ppoBble (GuibTpsl. VccremoBaHb
XapaKTepUCTHKa CpadaThIBaHUs M HPHHIMIIBI BBIOOpa yCTaBOK. [IpoaHamM3MpoOBaHO BIUSHUE
JMCKpETH3alUK Ha paboTy nuddepeHranbHOil 3aIHThl 10 MTHOBEHHBIM 3HaYCHHUSIM. BBIsSBICHO,
4ro 6e3 IMPUMEHEHHUS CIIELMAIBHBIX MEp B 3aBUCHMOCTH OT LIara AUCKPETU3alUH M YaCTOThI CUT-
Hajla TOK cpabarbiBanus OyJeT KonebGaThes B Ipeesiax MaTeMaTHYECKOil MOrPEIIHOCTH, BbI3bIBa-
emoif nuckperusanueii. [IperoxkeHo penienue faHHO# mpooiueMsl. Criocod 3aKII04aeTcst B IpH-
MEHEHHH KyCOYHO-KBAJIPATHYECKON MHTEPIOJISIMY U B ONPEACICHUH 3HAUYSHUIl TOYeK reperuda
CHUTHAJIOB MTHOBEHHOTO An((epeHIHAIFHOTO M TOPMO3HOTO TOKOB. [Ipomn3BeneHa oneHka 3¢ dek-
THUBHOCTH TIPEIJIOKEHHOTO CII0co0a. Y CTaHOBJIEHO, YTO €r0 HCIIONB30BaHUE YMEHBIIAET ITOrpenl-
HOCTb OIpe/ielieHHs! ToKa cpabarbiBaHus. 1 CMHYCOMAAIBHOTO CHIHAJIA MAKCUMAJIbHO BO3MOXK-
Has norpemHocTs coctaBmia 0,02 %. [Ipoanann3upoBaHbl TPAGKTOPHUH IBIDKEHHUS PA0OUNX TOUCK
i depeHranbHOM 3aKUThl IPYU BHEITHEM KOPOTKOM 3aMbIKaHHU C HACBHINICHHEM TpaHchopMa-
TOPOB TOKA. B TaHHOM pexxnme 3amuTa 10 MrHOBEHHBIM 3HAYEHUSIM O0JIee MO/IBEpIKEeHaA JIOKHBIM
cpabaTeIBaHMAM, YeM IO AeHCTBYIOMMM. PacCMOTpeH M HCCIIe0BaH METOJ| SKCIIOHEHIMATILHOTO
CIUIa)KUBAHUsSI TOPMO3HOTO TOKA. [IpeasyioxkeH u MpoaHaaIu3upOBaH ajJrOPUTM SKCIIOHEHIIMATEHOTO
crnaxxuBanusi. CHenaH BBIBOJ, YTO SKCHOHCHIMAIBHOE CIVIQKMBAHHUE ITOBBIIACT YCTOWYHBOCTD
i depeHranbHOM 3aMMTE 10 MTHOBEHHBIM 3HAUYEHMSIM K BHEIIHUM KOPOTKUM 3aMBIKAHUSIM.
OKCMOHEHINATBbHOE CTIAKUBAHUE HE HCKIIOYAeT BO3MOXKHOCTB JIOKHOTO cpabaTbiBaHHs UG-
(hepeHIMaNbHOMN 3aIUTH] IPH BHELTHUX KOPOTKHX 3aMBIKAHHSIX.

KunroueBble ci1oBa: IucCKpeTH3alysl, BEKTOPHbIE 3HAUCHUS], MTHOBEHHBIC 3HAYCHUsI, OIMOKaA JIiC-
Kperu3auy, nuddepeHiranpHas 3anmra muH, JuddepeHnanbHbIi TOK, TOPMO3HOH TOK, 9KCIIO-
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Formation of Instantaneous Differential
and Restraining Currents for Differential Protection
of Busbar Assemblies

V.S. Kachenya", M. S. Loman"
YJSC “Belelektromontazhnaladka” (Minsk, Republic of Belarus)

Abstract. The methods of forming differential and restraining currents for busbar differential pro-
tection are reviewed; their advantages and disadvantages are considered. It is noted that differen-
tial protection according to instantaneous values has a shorter proper response time than for cur-
rent ones, since it does not use digital filters. The response characteristic and principles of setting
selection are studied. The effect of sampling on the operation of differential protection according
to instantaneous values is analyzed. It was found that without the use of special measures, depen-
ding on the sampling step and the frequency of the signal, the response current would fluctuate
within the mathematical error caused by sampling. A solution to this problem has been proposed.
The method consists in applying piecewise quadratic interpolation and determining the values of
inflection points of instantaneous differential and restraining current signals. The efficiency of the
proposed method has been evaluated. It was found that its use reduces the error in determining the
response current. For a sinusoidal signal, the maximum possible error was 0.02 %. The trajectories
of operating point s of differential protection in case of external fault with saturation of current
transformers have been analyzed. In this mode, protection for instantaneous values is more suscep-
tible to false positives than for active ones. The method of exponential smoothing of the restrai-
ning current was considered and investigated. An exponential smoothing algorithm has been pro-
posed and analyzed. It is concluded that exponential smoothing increases the stability of the diffe-
rential protection according to instantaneous values to external faults. Exponential smoothing does
not exclude the possibility of false positive of differential protection in case of external fault.

Keywords: sampling, vector values, instantaneous values, sampling error, busbar differential pro-
tection, differential current, restraining current, exponential smoothing, differential protection
characteristic, interpolation, peak values hold element
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BBenenue

COopHbBIE IIHMHBI — OJWH W3 HAaUOOJIee OTBETCTBEHHBIX OOBEKTOB CHJIOBBIX
anekrpuueckux cereil. Koporkue 3ampikanus (K3) Ha cOOpHBIX MIMHAX OOBIYHO
COTIPOBOXKITAIOTCSI OOJBITUMHI TOKaMH M TPEOYIOT OBICTPOIT U CEIEKTHBHOM JIUK-
Bujanun. g atux menei myummm obpazoMm monxoauT auddepeHnmanbHas
TOKOBAs 3aIUTa, KOTOpast SBJSIETCS 3aIUTOH ¢ a0COIIOTHOM CENEKTUBHOCTEIO U,
KaK MPaBHIIO, BBITIONHsSETCS Oe3 Bhimepkek BpeMeHH [1]. s pabotel mudde-
pEHITHATHFHOM TOKOBOHM 3alUTHl HEOOXOMUMO BBIYHCIATH AWQhepeHITHATBHBIN
1 TOPMO3HON TOKM Ha OCHOBAaHMHM TOKOB IPHUCOEIMHEHHH, BXOIAIIMX B 30HY
3amuThl. Pacuer auddepeHanbHbIX 1 TOPMO3HBIX TOKOB MOYKET BBITIOTHSITHCS
10 BEKTOPHBIM ¥ MTHOBEHHBIM BEJIHMYHUHAM.

g momydeHus: BEeKTOPHBIX 3HaUEHUI HEOOXOIUMBI MIpeaBapuTeIbHas aHa-
JoroBasi pUIBTPaLUs BXOAHOTO CUTHAJIA, TUCKPETH3aLUs TOIy4YEeHHOTO CUTHaJa
u tmudpoas GuiIbTpaId JUCKpeTH3upoBaHHoro curHana [2]. [Ipomnecc mudpo-
BOW (UIBTpAIIMM HOCUT MHEPIUOHHBIN Xapakrep. CTerneHb HHEPIHUOHHOCTH 3a-
BUCHUT OT Habopa K03 UIHEeHTOB HH(POBHIX (UIBTPOB M Iara AUCKpETH3a-
uuu. Kak npasuio, Bpems 1udpoBoit hunbTpanuu uist ceterd ¢ gactoroit 50 '
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coctasinsieT He MeHee 20 mc [3]. Takum 0Opa3om, pH peanu3aluy U3MEPUTETb-
HOTO OpraHa 1O BEKTOPHBIM 3HAYEHUSM BpeMs ycrpaHeHuss K3 ompenensercs
WHEPITMOHHOCTRIO TU(PPOBBIX QHIBTPOB.

[Ipu onpeneneHNr MrHOBEHHBIX BEIWYHH JTOCTaTOYHO MPOM3BOAMUTH aHAJIO-
TOBYIO (UIBTPALMIO W AUCKPETH3AIMI0O BXOAHOTO curHana. CrenoBaTeNbHO,
M3MEpUTEIbHBIN opraH muddepeninanbHoi 3amuThl cOopHbIX muH (JI31) mo
MTHOBEHHBIM 3HAYCHHUSM HMMEET MEHbIee BpeMs cpabaThIBaHHS, YeM MO Jei-
CTBYIOIIMM. MTHOBEHHBIC BEJIMYMHBI HOCSAT JUCKPETHO-TIEPUOJNUECKIH XapaK-
TEep W TOIYYaroTCs M3 BBIXOJHOTO curHama tpancdopmaropa toka (TT), uro
HeoOxomuMo yuuThiBaTh mpu peanmsarum [[3111. B cratbe paccmaTtpuBaeTcs
cnoco0 GopMupoBaHusi TOPMO3HBIX U Ju(depeHInaTbHbIX TOKOB I U3MEPH-
TenpHOro oprana /{3111 mo MrHOBEHHBIM 3HAYCHUSM.

Hpunnun paéors! (U@ depeHINATLHBIX 3aIIAT

[IpuaImn paboThl auddepeHITMATBFHIX 3alUT OCHOBAaH HA TIEPBOM IIPABHIIC
Kupxroda [4]. CneacTBreM TaHHOTO MpaBHa SIBJSICTCS TO, YTO B HOPMAJIBHOM pe-
JKUMe WM Tipu BHelmHeM K3 cyMMa TOKOB IuIed y3iia 3JISKTPHUYECKOM CETH paBHA
HyJTI0 (prc. 1a), a Ipu BHYTPEHHEM — TOKY KOPOTKOTO 3aMBIKaHUS ix3 (pHC. 1b).

Moysib CyMMapHOTO TOKa BCEX IJICY MPHHATO Ha3biBaTh AuddepeHnmnaib-
HBIM TOKOM. Ero BeIMYMHA MOXET paCCUUTHIBATHCS KaK 10 MTHOBEHHBIM, TaK H
10 BEKTOPHBIM 3HaYEHUsIM [5]:

; (M
; 2)

iy =iy +iy ..+,

L=l +1,+..+1,

TAe iy, iy, [, — MTHOBEHHOC 3HAYCHHUE TOKA IUIeY, BXOIAIIUX B 3alUIIIAEMbIi 00b-
eKT; [, I, I, — BEKTOpHOE 3HaUEHHUE TOKA IIeY, BXOISAIINX B 3aIIUIIAEMbIi 00b-
€KT; iy, [y — MTHOBEHHBIH U JeHCcTBYyomMiA 1uddepeHnanbHble TOKH.

a b
K3

-— ® ® P

ix3

HEAC AL AT AT
£
4 k3
0=i +iy+i3+iy ikiy=h tiptiztiy

Puc. 1. HanpaBiieHus TOKOB 1J1€4 COOPHBIX LIHMH IPU KOPOTKOM 3aMbIKaHUH:
a — BHEIIHEM; b — BHyTpEHHEM

Fig. 1. Directions of busbar assemblies arm currents in case of fault:
a — external; b — internal

I[J'ISI ITOBBIIICHUA YCTOﬁqHBOCTH 3alIUThl K BHemHUM K3 MMpoOU3BOAAT TOP-
MOXCHHUCE. TOpMO3HOI>i TOK OIPEACIACTCA 110 MIHOBCHHBIM H BEKTOPHBIM BE-
JIMYUHaM:
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ip =|i| +[i,) +..+

l}’l

; )

I =|L|+L|+..+|L,], (4)

rae it, It — MTHOBEHHOE U JEHCTBYIOIIEE 3HAUCHHS] TOPMO3HOT'O TOKA.

CpaBHUBasI 110 OIpeJIeICHHBIM [IPaBUIIaM 3HAYEHUs TOKOB iy U it MO0 Iy u I,
peamm3ytor JI311I 1m0 MTHOBEHHBIM WM JEHCTBYIOIIMM 3HAYCHHSM COOT-
BETCTBEHHO.

XapakTepuctuka cpadarbiBanus Au¢depeHIHAIBLHON 321U THI IIMH

[pousBoauts ananu3 padotsl 31 MOKHO ¢ MCMOIB30BaHUEM ABYMEPHON
IUIOCKOCTH [5], Ha KOTOPOH CTPOMTCSA XapaKTEPUCTHKa CpabaThIBaHUs U aHAIIU-
3upyeTcs noseneHue paboueil Touku. B coorBercTBHM € pHCc. 2 Ha ocu abcuucc
pacrioylararoTcst 3HaueHus Toka Ir, a Ha ocu opauHat ;. Koopaunatsl Touek It
u Ij U1l KOHKPETHOIO MOMEHTAa BPEMEHU Ha3bIBAIOTCSA paOOUMMU TOUKAMU.

Ve
e Vyactok 1 |
| | | | |
T T T T T >
0 1 e 3 4 5 I

7

Puc. 2. Xapakrepuctuka cpabateiBanns 1udhepeHantbHOi 3aUTh! IIHH

Fig. 2. The response characteristic of busbar differential protection

3oHa cpabaTbiBaHus (HOPMHUPYETCS] XapaKTEPUCTHKOM cpabaThIBaHUSA, KOTO-
past IMeeT /1Ba yJyacTKa:

—y4acTok 1 ompenensercss ycTaBKaMH Ijiyer, Ityer U yUUTHIBAET HeOalaHC
Harpy3o4Horo pexuma. B obmem citydae Ijyer U Iryer OTCTPaUBAIOTCS OT TOKA
HanOoJiee HArpyKEHHOTO TPHUCOSAWHECHIS TaKUM 00pa3oM, YTOOBI P OOpBIBE
TOKOBBIX LIETIel He MPOHU30IILIO JIOKHOE cpabaThIBaHHUE 3AIIUTHI;

—Yy4yacTok 2 ompezenseTcss norpemHocTsio TT M UCHOIB3yeT TOpMOXKe-
HHe [6]. IHTEHCUBHOCTb TOPMOKEHHSI PETYJIUPYETCsl YITIOM HAKIOHA fycr, KOTO-
P BBIOMpaeTcs ucxons u3 xapakrepuctuk TT.

YcnoBus cpabaTeiBaHUsI MOKHO OITUCATH JIOTHUYECKUM BBIpa)KEHHEM

Ly > Iy &Ly 2t fooy ) ( Iy = Fryer ) + g (5)

I/IHTepno.]mponalme NMUKOBbIX 3HAYEHUI

Jis GYyHKIIMOHUPOBAHUS MUKPOITPOIIECCOPHBIX YCTPOUCTB TpeOyeTcsl Impeoo-
pa3oBaHUE HETPEPHIBHOTO aHAJIOTOBOTO CUrHaja B LU(POBOil IUCKpeTHbIA [7].
IIpn nuckperuzanyMy € BBICOKOM BEPOSITHOCTBE) TEPSETCS IMKOBOE 3HAUe-
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Hue (puc. 3). [laHHast ommOKa MPUBOAUT K KOJICOAHHUIO BEJIMYUHEI CpabaThIBaHUS,
YTO CHIDKAET HaJeKHOCTH 3alUThI. ISl CHHYCOMIAIbHOTO CHTHAIA 3HAYEHHE TI0-
TPEIIHOCTH OMPEACNAETCS IAaroM JUCKPETH3aluu Af M 9acTOTOW TEePEeMEHHOTO
HaIpsHKeHUs f

€, = (1—cos(nf'At))-100 %, (6)

TOE &g, — MOTPENTHOCTD OIPEAENICHUsT MMUKOBOTO 3HAYCHHS MOMIYJS CHUHYCOH-
JaTBHOTO cUTHana, %; At — 1Iar TUCKpETH3AITHH.

u(n—2)

u(n—4) un—1)

>

n—4 n-3 n—2 n—1 n

Puc. 3. TlorpemHocTh onpeeneHus MTMKOBOro 3HAYCHUS:
n — HOMep oTcuera; u(n) — 3Ha4YCHHEe CUTHaJIa JJIsl BBIOOPKH 71, SKBUBAJICHT u(f)

Fig. 3. Error of determining peak value:
n — sample number; u(n) — signal value for n sample, the equivalent u(z)

B cooTBeTcTBHE € (6) MOTPEIIHOCTD &g, = 1,23 % mis At = 0,001 mMc u &g, =
= 0,86 % mra At =0,0008(3) mc. UToOpI MUHIMH3UPOBATh ITOTPEIIHOCTH, HEOOXO-
JIMMO OTIPEIENTh MIKOBOE 3HAYEHUE BXOAHOTO CHTHANIA. [laHHas 3a1a4a pemaercs
MIPUMEHEHHUEM KyCOYHO-KBAIPATUUECKON MHTEPIIONSLUH [§ ]

u,(t)=a, +a1t+a2t2, @)

rae uft) — MHTEPIOIUPOBAHHOE 3HAUCHHE; ! — MOMEHT BPEMEHH; do, di, d —
K03 PUIIMEHT HHTEPIIOISIINH.

KoadduimeHTsl MHTEPIONSAIMHA PACCUNTHIBAIOTCS HA OCHOBaHHU TpPEX IO-
CJIEZIOBAaTEIbHBIX BHIOOPOK MIHOBEHHOTO CHUIHAla U BBIPAKAIOTCS CHUCTEMOM
YpaBHEHUI:

u(t)y=a,+at, + aztzz;
u(t—At)y=a, +at, + aztlz; (®)
u(t—2At) = a, +at, +at;,

THe t, > 1 > ty — BpEeMs COOTBETCTBYIOLINX BBIOOPOK u(?); u(t — Af); u(t — 2A¢).
[TpunsB 3a Hayano orcyera 4y = 0, Ha OCHOBaHUH (8) MOy YHM:

u(t) = a, +2a,At +4a,At*;
u(t —At) = a, + a,At +a,At’; )
u(t—2At) =a,.

U3 (9) MOKHO BBIpa3uTh 3HaYeHUS KO (HUIIHMEHTOB HHTEPIIOISALHH:
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0,5u(t) —u(t —At)—0,5u(t — 2At)
“= AL
0= —0,5u(t) + 2u(t — At) —1,5u(t — 2At)
1= 5
At

b

(10)
a, =u(t).

Takum 00pa3oM, il ONpECTCHUsT TUKOBOW BETMYMHBI HEOOXOIUMBI TPH
ITOCIIeTOBATEIbHBIC BEIOOPKH Ha Tiepern0e GyHKIMHA. ITO 3HAUCHHE PACCUUTHI-
BaeTcs i1 TOYKH dKcTpemyMma ¢yHkimu (7). Bpems skctpemyma Haxoaurtcs
npu auckpuMuHante (7), paBHO# HYJIO:

49
0,
4

(an

TAE fo; — MOMEHT BPEMEHU IIUKOBOT'O 3HAYEHHUS.

IlosydyeHHOE 3HAaUEHNE MOXET HE JIeKaThb B MHTEPIOIUPYEMOM AHMAINa30HE,
MO3TOMY JUIsl KOPPEKTHOTO OTNpeAesieHHs] MUKOBOW BEIMYUHBI HEOOXOIMUMO,
YTOOBI BpeMs IKCTPEMyMa JIeXKaJlo B HHTEPIIOJIMPYEMOM AUaNa3oHe:

2Mt>t,, > AL (12)

[pu BemonHennn HepaBeHcTBa (12) 1o (7) HAXOIUTCS TMKOBOE 3HAUCHUE Uy.
Korna u,,, sBIsieTcst TOUKoii mepernoda, OyieT NCTHHHBIM CIIEIYIOIIee YCIOBHUE:
max(u(?), u(t —At), u(t —2At))<u,, K &

ext (13)
L1Imax(u(t), u(t — At), u(t —2At)) > u,,,.

B cnyuae Bemonuenus (12) u (13) 3Hauenue u,,, (pUHAMaETCst BMECTO u(t — Af).
Hwxe mpezncraBieH mpuMmep peaaH3allid ONMHCAHHOM ONepanuy Ha S3bIKe
MatLab [9] mns At = 0,001 c:

function u = peak_value_fixing_fun(yl, y2, y3)

u=y2;

dt = 0.001;

t2 = dt;

t3 = 2 * dt;

a=(0.5*y3 -y2+ 0.5*yl) *10.76;
b=(05*y3+2*y2-1.5=*yl) * 10"3;
c =yl;

X = -b / (2*a);

u_interpolation = 0;

u max = max([yl y2 y3]);

if t2 < x && x < t3
u_interpolation = a * X * x + b * X + c;

else
return;

end

if (u_interpolation >u_max && u_interpolation <u max * 1.1)
u = u_interpolation;

end

Peanmzarust anroputMa uKcanuy MUKOBBIX 3HAYCHUH JUIA JHUCKPETH3HPO-
BaHHOTO CUTHaJa IpUBeeHa Ha pHcC. 4.
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1 5 |i(n—-2
i(n 52 (‘ ) > i
DyHKIUA
o |u(n=1) MTUKOBOTO i*(n)
‘ > ¥ (ukcaropa
) (peak_value fixing fun)
i(n) >l V3

Puc. 4. Anroputm QuKcay NMKOBBIX 3HAYEHHM: 1, n — 1, n — 2 — HOMepa BBIOOPOK,
COOTBETCTBYIOILUX £, t — At, t — 2At; i(n) — BBIOOpPKA 1 BXOAHOTO CUTHAJIA;
K ~ o
i (n) — BBIOOpPKA 1 cUTHAaJA ¢ UKcaIel MMKOBBIX 3HAUCHUH

Fig. 4. Peak value holding algorithm: n, n — 1, n — 2 — sample numbers that correspond to ¢, t — Az,
t = 2At; i(n) — n sample of input signal; i"(n) — n sample of signal with holding of peak values

Ha puc. 5 npuBeneHbl BXOJHbIE HENPEPHIBHBIN U TUCKPETU3UPOBAHHBIN CHUT-
HaJIbI, CHTHAJI C BBIX0/1a TUKOBOTO (hUKcaTopa.

1L,OA
Puc. 5. CpaBHeHHE CUTHAJIOB: i,0.e.
i(t — Af) — BXO#HOM HeTIpepbIBHBII
N . 09 L
CHUTHAJ C 3aJepKKoil Ha At; i(n — 1) —
BXOJHOM AUCKPETU3UPOBAHHBII
CHTHAIL; i (/1) — CHTHAII C THKOBOTO
¢uxcaTopa 0,8 |
Fig. 5. Signal comparison: i(t — Af) —
input analog signal with Az delay;
i(n — 1) — input sampled signal; oyllb/— . . . ..., =Ty
i"(n) — signal from the peak value 1.7 3.7 57 tLwMc 77
hold element —_— () —in-1) —i(t—Ap)

Kak BugHO U3 puc. 5, mpu Bo3pacTaHWU WM yOBIBAHWH BXOJAHON BETHYHHBI
JIMUCKPETU3MPOBAHHBIN CUTHAJI W 3HAYCHHUS MHKOBOTO (BHUKCATOpa COBIIAJAIOT,
a MpH JOCTI)KEHWH MOMEHTA Iepernda MIKOBBIA (PUKCATOp ONpeneisieT MaKCH-
MaJIbHYIO BETHYUHY.

[IpoBeneHHbIE UCCIIEIOBaHUS aTOPUTMa (PUKCAIMY MMKOBBIX 3HAYCHUH I10-
Ka3aJii, 4To:

— TIOTPEIIHOCTh BBIYHMCIICHHS TMKOBOTO 3HAYEHHSI MOIYJISI CHHYCOHJATBHOTO
curHajua coctasiset He oonee 0,02 %;

— IPUMEHECHHE AITOPUTMA HE YBEIUYHUBACT TIOTPEIIHOCTH ONPE/ICIICHUS KA
HECHUHYCOMJIAJILHOTO CUT'HAJIa, BOSHUKAOILETO B pexumax HachbimeHus TT.

[Ipennaraemslil anropuT™ I0DKEH HIPUMEHATHCS K TOKaM it(n) U ing(n), B pe-

3yIbTaTe 4ero GyyT MOIydeHbl TOPMO3HOI ip (1) u auddepenimanbubii iy (1)

TOKH ¢ (pUKcanuel MMKOBBIX 3HAYCHHIA.

3KCHOHCH].[I/IaJ1bHOC CIIA’KUBAHUE TOPMO3HOI'0 TOKA

Hauxynmummu ycnosusimu pabotst 3L sBisitoTest peskumbl BHemHUX K3 ¢
riryookuM HackimenueMm TT omHoro u3 ried. B 3THX pexumax MOTrpemHocTb
Tparchopmanuu MoxkeT qocturatb 90 %, 9TO MPUBOIUT K 3HAUYNTEIIEHOMY YBe-
maeHuto uddepennuansHoro Toka [10].
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Ha puc. 6 nmokasansl nepeMereHus padoYnuX TOUYEK M0 XapaKTePUCTUKE Cpa-
OarpiBanwmst st [I311 mo MrHOBEHHBIM U JEMCTBYIONIMM 3HAYEHUSM IIPH BHEIII-
wem K3 u nepuognaeckom Haceimennn TT.

4

L

Iy, 0. ¢,
3

2

—~
E
. 6 7 Ipo0.e. 9
in(ir) |

Puc. 6. Tlepememienne paboynx TOUEK MO XapaKTEPUCTHKE CPpadaTHIBAHUSA
[P BHEIIHEM KOPOTKOM 3aMbIKaHUH M IIEPHOIMYECKOM HACHIICHHHU TpaHcdopmarTopa Toka:

In(Iy), izl(i;) — paboune Toukn qudHepeHIHATBLHON 3aUTHI ITHH
T10 ICHCTBYIONIMM ¥ MTHOBEHHBIM 3HAUCHUSIM

Fig. 6. Moving of operating points by response characteristic during external fault
with periodic saturation of the current transformer:

In(Ir), izl(i;) — operating points of busbar differential protection according

to the effective and instantaneous values

B cootBercTBHM ¢ pucC. 6 TpacKTOpHs ABMKCHHS pabodeil TOUKH sl Jei-
CTBYIOIIIMX TOKOB UMEET OoJiee paBHOMEPHBIN XapaKkTep U He MepeceKaeT Xapak-
TEPUCTUKY cpabaTbiBaHHs. TpaeKTopusi IBUKEHUS paboueil TOYKW AJSl MTHO-
BEHHBIX 3HAYCHWH MMeEeT IUKIMYECKHI XapakTep W MEePHOAMYECKH MOIajaeT
B 30HY cpabaThIBaHUsI.

B nauane nepexomHoro mnpoiecca (touku 1-3) TT tpanchopmupyer Toku Oe3
HACKXCHUSI C HOPMATBHOU TorpertHOCThI0. [t Touek 4-12 TT maxomures B pe-
JKFME HACBINIEHWS, ¥ B TOYKaX 5—11 TpaeKTopus NEKHUT B 30HE CpadaThIBAHHUS.
Ha Bropom nosynepuonae (touku 13-23) cutyarms nmosropsiercst (uist 13—16 Toku
TpaHChHOPMHUPYIOTCS 0€3 UCKAKESHHUS, a Il 1 7—22 HacTyIaeT HaCHIIICHHE).

Korma TT mepexoauT B pexXuM HACHIIIEHUS, TPOUCXOAUT YMEHBIIIEHUE TOP-
MO3HOTO U YBEIHYCHHE TUPPepeHIHaILHOTO TOKOB (Touku 5 u 17), 3arem
B 3aBHCHMOCTH OT CTEIIEHH HACBHIIICHUS TOPMO3HOU 1 auddepeHnnansHble TOKH
pactyT nanbiie (6—7) niu cHmkarores (18-21).

Ha puc. 7 nmoka3zaHbl nepeMenieHus: pabovnx TOUEK [0 XapaKTEPUCTHKE cpa-
OarpBanwst s [I311 mo MrHOBEHHBIM M JEHCTBYIOIIMM 3HAYEHUSM IIPH BHEIII-
Hem K3 u anepuoanyeckom HaceimeHnu TT ogHOro U3 miey.

Kax BumHO U3 puc. 7, mporecc Ha mepBoM noiynepuoze (Touku 1-12) pas-
BHBAETCS MOJO0HO PEKUMY IEPHOJAMUYSCKOTO HACBIIIEHHS, M B TOYKax 8—12
TpaeKkTopHs TonagaeT B 30HY cpabareiBaHus. Ha BTOpoM momyneprojae Hachl-
LIEHU HE MPOUCXOANT, U TOUKU 14—23 pacronaraiorcs Ha JTUHUM HOPMAJIbHOM
norpemHoct TT.
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1 z 1-13 5
g 23 g
2201 | — i
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>
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—— Iyl) o= iy (i) ‘

Puc. 7. Ilepemerenne pabodnx ToYEK IO XapaKTEPHCTHKE cpabaTHIBAHMS
IIPY BHELITHEM KOPOTKOM 3aMbIKaHHU M allepHOJIMYECKOM HACHIICHUH TpaHc(opmaTopa ToKa:

In(Ir), i;l(i;) — TO K€, 4TO HA pHC. 6
Fig. 7. Moving of operating points by response characteristic during external fault
with aperiodic saturation of the current transformer:

Iy(Iy), in(iy) —same as in Fig. 6

W3 puc. 6 1 7 MOXXHO caienaTh CIeAYIOIINE BEIBOBI:

— /131 mo MrHOBEHHBIM 3HAY€HHsSIM Oojiee YyBCTBHUTEJIbHA K HACHILIE-
Huto TT, uem no JIeUCTBYIOLINM;

— 1o Toro Momenta, kak TT HaceITuTCs, pabouas Touka 31 mo MraoBen-
HBIM 3HaYEHHSIM [TEpEMENIAETCs BJOIb 30HBI HOPMaIbHON MOTPEIIHOCTH;

— npu neproandeckoM Hackimennu TT pabouas touka /31 mo MraoBeH-
HBIM 3HaYEHHUSIM MEPECEKaeT XapaKTEPUCTHKY cpabaThIBaHUA Ha KaXIOM TIOJY-
MIEPHOJE;

— npu anepuoanyeckoM Hacwimenun TT pabdouas Touka A3 mo MraoBeH-
HBIM 3HaYCHHUSM IIEPECEKACT XapaKTEPUCTUKY CpadaThIBaHUs pa3 B IEPUOL;

— B ciiyyae nepexosa TT B peXUM HaChIIIEHUS MPOUCXOJUT YMEHbIICHUE
TOPMO3HOTO U yBesnnueHue auddepeHnnanb-Horo TOKOB.

M5t moBeimenus cenekTuBHocTH JI311I 1o MrHOBEHHBIM 3HAYEHUSIM CIIELyeT
IIPUMEHATh 3KCIOHEHIIMAIBHOE CrJIAXXMBAaHUE TOPMO3HOTO TOoKa. B coort-
BETCTBHHM C [9] mepuonx 3aTyxaHUs 3KCIOHEHTBHI I, PEKOMEHAYETCS MpH-
HuUMaTh 64 Mc. Peannzanus anroputMa SKCIOHEHIIHAIBHOTO CTIIaKUBAHUSA TOP-
MO3HOT0 TOKa IIpe/ICTaBlIeHa Ha pucC. 8.

ae< z

i:T (n)

i) MAX
—>—

Puc. 8. Anropurm 5KCIOHEHIUAIBLHOI'O CIIIAKUBAHUSA TOPMO3HOI'O TOKA!
a, — K03 GUIMEHT 3aTyXaHUs SKCIIOHEHTBI;

i71(1) — PKCTIOHEHIMANBHO CTIAKEHHBIH TOPMO3HOH TOK

Fig. 8. The algorithm of exponential smoothing of restraining current:
a, — damping coefficient exponents;

i:y(n) — exponentially smoothed restraining current
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KoadduiueHt a, 3aBUCUT OT miara JAUCKPETH3AIMHM U IEPUONA 3aTyXaHWUsI
SKCIIOHEHTBI
_ AT

e

CpaBHEHHE BXOIHOTO M BBIXOAHOIO curHajioB anroputMma st At = 0,001 ¢
u T,= 0,064 ¢ (a.~ 0,985) npencrasneno Ha puc. 9. 3 pucyHka BHAHO, 9TO
HapacTaHHe BBIXOJAHOTO CHTHAllAa TPOWCXOTUT OJHOBPEMEHHO C BXOIHBIM,
a crmajz — Mo JKCIIOHEeHTe, YeM obOecIieunBaeTcsl 0OJbIlas HaJAeKHOCTh Hecpada-
ThIBaHUS Ipu BHeIHUX K3.

Ha puc. 10 u 11 noka3zansl nepemenienns padounx touek s 31 mo nei-
CTBYIOIIIUM U MTHOBEHHBIM 3HAYEHHSIM CO CTJI)KHBAHUEM TOPMO3HOTO TOKA IS
MEPUOIUYECKOTO U alepruoANUECKOro HachlmeHus TT COOTBETCTBEHHO.

IIpu cpaBHenuu puc. 6, 7 ¢ puc. 10, 11 MoxkHO caenaTb BBHIBOJBI, YTO MpH-
MEHEHHE JKCIOHCHIIMAIBHOTO CIVIAKMBAHUS CHIDKAET BEPOSTHOCTH JIOKHOTO
cpabareiBanus J[3111 B pesxkumax BHemHero K3, HO He UCKITIOYAET €ro.

1,0

i,0.€.

0,8

0,6

0,4

0,2
0 10 20 30 40 t,mc 50

— - —— i) —— i
Puc. 9. DKCTIOHEHIHAIBHOE CTIIa)KHBaHHE TOPMO3HOTO TOKA:
. ¥ K o
i(t — Af), i (n) —T0 e, 4TO Ha pUC. 5; i’ (n) — SKCHOHEHIHAIBHO CTIIAXKEHHBIH TOK

Fig. 9. The exponential smoothing of restraining current:
i(t — AY), i"(n) — same as in Fig. 5; i;(n) — exponentially smoothed current

4 il 7

,’, T - el
Iy, 0.e. . 71 ) 17
3 ’ I & 19 ____/"
/]
'_/ |
1 / ' .';L 21
23—
0 —>
1 2 3 4 5 6 7 Ir,o.e. 9

° - ]Zl([T) ® - l);[(leT)
Puc. 10. Tlepemerienne pabouux TOYEK 10 XapaKTEPUCTHKE CpabaThIBaHUs
[P BHELIHEM KOPOTKOM 3aMbIKaHUH M IIEPHOIMYECKOM HACBIICHHH TpaHcdopmaropa Toka:
In(It) — To *e, UTO HA PHC. 6; i;[(i:T) — paboune Touku qudhepeHIMATBHOM 3aIUThI LIHH
[0 MTHOBEHHBIM 3HAUCHHUSM IPH 3KCIIOHCHINAIBHO CTIIaKEHHOM TOPMO3HOM TOKE

Fig. 10. Moving of operating points by response characteristic during external fault
with periodic saturation of the current transformer:

Iy(It) — same as in Fig. 6; iz[(i:T) — operating points of busbar differential protection
by the instantaneous values, using exponential smoothed restraining current
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Iy, 0.e.

—e— —In(l) - i}_i(i:T)

Puc. 11. Ilepemernenne pabodnx TOYEK MO XapaKTEPHCTHKE CPabaTHIBAHHS
IIPY BHEIITHEM KOPOTKOM 3aMbIKaHHUH W allepHOJINYECKOM HACHIIIEHUH TpaHc(opMaTopa TOKa:

In(Iv), in(izy) —To0 xe, uro Ha puc. 10
Fig. 11. Moving of operating points by response characteristic
during external fault with aperiodic saturation of the current transformer:
In(Iy), in(izy) — same as in Fig. 10

BbIBO/IbI

1. st TOBBIINIEHUS TOYHOCTH CpabaThIBaHUS CTYIEHEH 110 MTHOBEH-
HBIM 3HaY€HHUsIM HEOOXOIUMO OIpEenelsiTh MAaKCUMYM BXOJHOTO aHAJIOTOBOTO
CHUTHaJA.

2.[lpn BHEmIHEM KOPOTKOM 3aMBIKAaHUM W TEPHOAMYECKOM TITyOOKOM
HaCBHILIEHUH TpaHcopMaTopa Toka paboyast Touka AuddepeHnranbHON 3amu-
THI IIMH [IEPECeKaeT XapaKTEPUCTHKY cpabaThIBaHMs HAa KaXKIOM IIOJyTIEPHOJIE,
a TP arlepruoJUIecKOM — pa3 B 1Ba MOIYEPHO/IA.

3. Ilpu BHemIHEM KOPOTKOM 3aMBIKAHWUHU B TEPBBIE MOMEHTBHI MEPEXOAHOTO
mpolecca TOPMO3HOM TOK HapacTaeT ObicTpee nuddepeHnuanbHoro. B Moment
HACBIIIEHNS TpaHC(OopMaTopa TOKa MPOUCXOAUT CHIDKEHHE TOPMO3HOTO W yBe-
nyeHne au¢GepeHInatbHOTO TOKOB.

4. HpI/IMeHeHI/Ie OKCIIOHCHIIUAJIBHOI'O CIJIAXKUBAHUA [JI1I MITHOBCHHOTO TOP-
MO3HOTO TOKA TOBHIIIAET HAICKHOCTh AU PepeHITaT HON 3aUTH IIHH U yBe-
JIMYMBACT YCTOWYMBOCTh K BHEIITHUM KOPOTKUM 3aMbIKAHUSIM.

5. HpI/IMeHeHI/Iﬂ SKCIIOHCHIUAJIBHOT'O CIJIA’)KUBaHWA HEJOCTATOYHO JIsI OT-
CTPOMKH OT TITyOOKHMX HACHIIIEHUH TpaHCPOPMATOPOB TOKA.
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Abstract. Incompliance of the settings of the system to control actual values of the parameters
of a variable frequency induction electric drive may sometimes result in complete non-operability
of a variable frequency electric drive as well as in the considerable reduction of the dynamic qua-
lity parameters. Such parameters as active rotor resistance, rotor inductance, and inductance of the
magnetization circuit are available for the immediate measuring. They are not identified in terms
of the acceptance tests, and the values presented in catalogues and reference books are calculated
ones that may differ considerably from the real values of a certain machine. Despite constant stu-
dies by the researchers, a task to identify electromagnetic parameters of the equivalent circuit of an
induction motor is still important and topical. The objective of the paper is to develop a method of
online-identification of the electromagnetic parameters of an induction motor making it possible to
implement accurate regulator adjustment of the frequency control system in terms of operational
changes in the driving motor parameters. For the first time, the paper analyzes a steady mode of induc-
tion motor operation which does not apply T-network of the equivalent circuit of an induction motor.
An approach has been proposed relying on the equation of an induction motor in three-phase fixed
coordinate system obtained on the basis of the theory of generalized electromechanical converter.
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HepabOTOCIIOCOOHOCTH YacTOTHOTO JJIEKTPONPHBONA, K CYIIECTBEHHOMY CHIDKCHHUIO AWHAMHYe-
CKHUX MOKa3aTenel kadecTBa. Takue mapaMeTpsl, KaKk aKTUBHOE COIPOTHBIICHHE U HHIYKTHBHOCTh
poTOpa, MHAYKTUBHOCTD LIENH HAaMarHWYMBAHUS, HEJOCTYIHBI ISl HENOCPEICTBEHHOTO H3Mepe-
Hus. [Ipyu npHeMo-CIATOYHBIX WCHBITAHUSX OHM HE ONPEIEISIOTCS, a BEJIMYHMHBI, IPHBOIUMBIC
B KaTaJlorax M CIpaBOYHUKAX, SBIISIOTCS PACUETHBIMU M MOTYT CYIIECTBEHHO OTIMYAThCA OT pe-
aNbHBIX 3HAUEHUM KOHKpETHOW MamuHbl. HecMOTps Ha NMOCTOSHHBIE YCHIIUSI UCCII€OBaTelleH,
3a7a4a NACHTU(GUKAINY 3JIEKTPOMAarHUTHEIX ITapaMeTPOB CXEMBI 3aMEIICHUSI aCHHXPOHHOTO JIBH-
rateisl OCTaeTcs BaKHOW M aKTyaJbHOW. ABTOpBI CTaThM pa3pabOTald METOJ OHJIAWH-MICHTH-
(HKaIMN NIEKTPOMArHUTHBIX NTApaMeTPOB ACHHXPOHHOTO JBHUIATENS, YTO MO3BOIUT PEATU30BaTh
TOYHYI0 HACTPOIKY pETyJSITOPOB CHUCTEMBI YaCTOTHOTO YHPABICHHS MHpPH IKCIUTyaTallMOHHBIX
HU3MEHEHUSIX XapaKTepUCTHK NPHBOIHOIO ABUTATENs. BBHINOJIHEH aHaNIN3 YCTAaHOBMBILETOCS pe-
JKMMa paboThl aCHHXPOHHOTO ABHUraTens 0e3 ucrosb30Banus T-o0pa3HON CXEMBI €ro 3aMEIeHHUS.
[IpenyioxkeH mMoOIXon, OMUPAIOIIWICS HA ypaBHEHHS ACHHXPOHHOTO IBHTATENs B Tpex(asHoi
HETIOJBIDKHON CHCTeMe KOOPIUHAT, MOTyYeHHBIC HA OCHOBE TEOPUH 00OOIEHHOTO JIeKTpoMexa-
HHUYecKoro npeodpaszosatens. C yueToM aHaIMTHYECKUX IpeoOpa3oBaHuii 3Tux GopMmyI momyde-
Ha CHCTEeMa HEJIMHEHHBIX anreOpanyeckux ypaBHEHHH YETBEPTOrO IMOPS/AKA, PELICHHE KOTOPOi
TI03BOJISIET OTPEJETUTh AKTUBHOE COMPOTHBIECHHE POTOPA, CONMPOTHBICHNE PACCEHMBAHMS H TJIaB-
HYIO B3aUMHYIO HHAYKTUBHOCTh ACHHXPOHHOTO JBUTAaTeJsl B IPEIIION0KEHHH, YTO aKTHBHOE CO-
IIPOTUBIICHHE cTaTopa u3BecTHO. [IpousBeneHa Bepudukanus npeaigaraeMoro merona. Ha ocHo-
BaHUM JaHHBIX YCTAHOBUBILETOCS PEXHMa paOOThl aCHHXPOHHOTO ABHraTtess Tuma 4A250M2Y3
BEIIIOJTHEHA HJACHTH(QUKAIMS €ro JJICKTPOMAarHUTHBIX I1apaMeTpOB, HCCICIOBAaHO BIMSHHE
HaAyaJIbHOTO NPHOIIKEHHS HAa TOYHOCTH MOJYYEHHBIX pPE3YJIbTaTOB, KOTOPBIC MOATBEPKIAIOT
paboTocriocoOHOCTh PaccMaTPUBAEMOr0 METOA HACHTU(PUKALIUH.

KnioueBble cjI0Ba: >IEKTPONPUBOA, METOJ MACHTU(HKAIMH, CHCTEMA YpaBHEHHH, ypaBHEHHE
AIEKTPUIECKOTO PAaBHOBECHs, MaTeMaTH4YecKash MOJeNb, YpaBHEHHE IOTOKOCLeIUIeHus, ¢asa,
yTIIOBasi CKOPOCTh, YCTAHOBHBIIUICSA PEXUM, YUCIEHHBIH METOJ, TOYHOCTh MAECHTU(PUKALINH, PO-
TOp, CTaTOP, TOK, CXEMa 3aMEIICHHS

Jns uurupoBanus: OmialiH-MICHTHGHUKANMS DJIEKTPOMATHUTHBIX [MAPAMETPOB ACHHXPOHHOTO
neuratenst / B. K. Teitiok [u 1p.] // Dnepeemuxa. H36. svicus. yued. 3a6edenuil u sHepe. 06veduHe-
nuti CHT. 2020. T. 63, Ne 5. C. 423-440. https://doi.org/10.21122/1029-7448-2020-63-5-423-440

Introduction

High performance variable-speed machines incorporate a model for the
system in either the controller or state estimation stages. The accuracy and
general robustness of the machine is dependent on this model. Therefore, it must
represent accurately both the electrical and electromagnetic interactions within
the machine and associated mechanical systems.

Accurate and reliable parameter estimation techniques for an induction
machine are critical for the design and development of high-performance drive
systems in which the parameter estimates are used in the field of orientation,
motion control, self-sensing, and other advanced algorithms. There are two basic
approaches to this problem, viz.:

« online-identification methods — utilize state observer theory (e.g. Kalman
filter) and Least Square based techniques;

« offline techniques — rely on statistical curve fitting to the measured data
under specific conditions.

To be able to identify the unknown parameters of an induction motor,
two main tests will be done on the induction motor according to IEEE test
procedure [1]. The standard technique of using the short — circuit, no-load, and
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blocked-rotor tests seems to be inaccurate and, consequently, not suitable for
the synthesis of high dynamic performance systems.

Reference [2] suggested using an extended Kalman filter for parameter
estimation. The machine’s response to load perturbations was measured, and the
resulting changes in current, voltage, speed, and torque were used to estimate
the values of currents, mechanical damping, and magnetizing reactance.

Reference [3] dealt with creating a solution to identify the parameter of an
induction motor by using ¢, d, 0 axis for the induction motor modeling. Genetic
algorithm was applied to identify the parameters.

Reference [4] demonstrated the use of genetic algorithm to identify an induc-
tion motor by adding 4 different levels of noise. Kron’s voltage equation was
the applied mathematical model.

In reference [5], a parameter identification method was applied to identify all
the electric parameters simultaneously. The method assumes that the motor can
be described by a time-varying linear model.

Reference [6] presented a new approach to identify the nonlinear model of an
induction machine. For simulation purposes, the measured stator voltages and
rotor angular speed were treated as input, and the stator currents were simulated
as output.

In reference [7], an approach to identify the induction motor parameters in
parallel to the normal field-oriented controlled drive operation was represented.
Besides an overview of the suitable system identification methods, the parameter
estimation approach combined with a FIR-filter to determine the derivatives
of measured signals was analyzed in detail as well as the use of the extended
Kalman filter or the unscented Kalman filter for combined state and parameter
estimation.

Reference [8] discussed an effect of the parameters variation on a variation
in the performance characteristics of the motor. In order to identify parameters
which have the most impact on motor performance, sensitivity analysis calcula-
tions were performed for a particular machine size.

Reference [9] proposed an adaptation mechanism (supervisor) for the
Pl-gain, allowing improvement of the classical controller, by introducing a cer-
tain degree of intelligence in the control strategy of the controller. Estimation
of induction motor parameters based on fuzzy rules was represented.

Reference [10] proposed a new method, which derives induction motor (IM)
parameters based on the equivalent network of the machine. The approach com-
bined skin effect and saturation of the stator and rotor leakage paths, modelling
rotor parameters as a function of the slip.

In reference [11], procedure of the identification was based on the model
reference adaptive control (MRAC) system theory. An appropriate choice
of the reference model allowed building a Lyapunov function by means of which
the updating law of the rotor time constant can be found.

In reference [12], a new method of identification of the induction motor
equivalent circuit parameters was introduced and discussed. The proposed method
uses single-phase test results as a base test for calculating the equivalent circuit
parameters of the induction motor.
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Reference [13] described three methods for estimating the lumped model
parameters of an induction motor using startup transient data, which was based
on Levenberg — Marquardt method.

Reference [14] proposed an off-line parameter identification method that
is suitable for self-commissioning of an electric drive in cases when machine
and converter comes from different producers. The method was carried out
entirely by means of a standard power inverter only by the impressed stator
voltages.

Reference [15] proposed an identification method for induction motor
parameters at standstill using integral calculations. The rotor time constant and
magnetizing inductance were identified. References [16—18] dealt with different
identification methods for the induction motor parameters at standstill too.

Reference [19] proposed a novel stator resistance estimation approach for
stator winding temperature monitoring based on the wavelet network and
parameter identification by the use of wavelet network that accurately localizes
the characteristics of a signal in the time frequency domains.

Reference [20] also involved wavelet-transformations to identify the parameters
of an induction motor. The approach is based on obtaining a 2D time-frequency
plot representing the time-frequency evolution of the main components in an elec-
trical machine transient current. The work used frequency B-spline (FBS)
wavelets.

Reference [21] developed and substantiated experimentally new algorithms
to identify unknown parameters of induction motors during self-commissioning
procedure. To guarantee asymptotic identification, we design adaptive stator
current controller based on stator flux observer.

Reference [22] was devoted to the parameter identification of large induction
machines from the no-load acceleration-deceleration tests.

References [23, 24] considered solution of the problem of the IM parameters
identification on the basis of the analysis of characteristics of external electro-
magnetic fields generated by an induction motor during the operation.

References [25-27] were mostly the reviews dealing with the analysis of
standard procedures of diagnostics and determination of the induction motor
parameters, description of the prospects of different methods for IM parameters
identification, and comparative analysis of the accuracy of different identify-
cation methods and error introduced by the computational methods.

Use of T-network equivalent model for induction machine to analyze
the steady mode or for differential IM equations in the system of coordi-
nates d, g, 0 are the general features specific to the known papers. The methods
proposed in the well-known scientific and technical literature are not suitable
for the online-identification of the induction motor parameters being necessary
for the development of a system of continuous monitoring of their technical
condition.

For the first time, the paper proposed to use the known equations, obtained
on the basis of the theory of generalized electromechanical converter, as the
theoretical basis of the induction motor description [28]. Advantage of the
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method is in the much higher accuracy of a theoretical model of an induction
motor compared with the known approaches; that makes it possible to obtain
principally new equations to identify the induction motor parameters.

Rearrangement of the equations of induction motor
in the three-phase fixed coordinates

While generating the equations, we use following assumptions connected
with the idea of an ideal motor:

e motor steel is unsaturated;

« phase windings of a rotor are symmetric and displaced uniformly in space;

« MMF of windings and magnetic fields are propagated sinusoidally along
the circumference of an air gap;

« the rotor is symmetric both electrically and magnetically;

« factually arranged windings are replaced with the concentrated ones; MMF
is taken as equal to the MMF of the real winding.

Multiphase IM is represented as the

Phase m Phasel o system of magnetically connected circuits

Phase 3 located on the stator and rotor (Fig. 1).
Equation of electric balance for stator
windings of a multiphase IM is as follows
d
Ug) =igRs + Yo ;
dt
dy
Us, =i, Ry +—22;
S2 S244S dt (1)
dy
' , Ugy =ig Ry +—32
ol | ® sm = Lsm s di
) .
Phasen | /o o1 Equation of electric balance for rotor
? E " Phase 2 windings of a multiphase IM is as follows
i '\ Phase 3 dvy
| _ = R1 .
=9 Up =i Ry + ;
dt
~
. avy
/ U, =ip,R, +—L%;
§2 R27'R dt (2)
Fig. 1. Scheme of mutual arrangement d
of the stator and rotor windings U.. =i.. R + Wy
. . . RN RN**R .
of a multiphase induction motor dt

In terms of the aforementioned equations, following designations are

d¥ . .
adopted: Uy, Ii, Ry, y k _ voltage, current, resistance, and derivative of flux
t

linkage of the corresponding circuit.



B. K. Teimtox [u op.]
428 OnnaitH-uIeHTUHUKALUS SJICKTPOMArHUTHBIX TAPaMETPOB aCHHXPOHHOTO JIBUTATEIIS

Equation of flux linkages for each of the stator phases is
Jj=N,j#k
Y, =L+ > IM, 3)
j=1
Equation of flux linkages for each of the rotor phases is
j=M,j#k
Y, =LL+ Y I,M, (4)
j=1

3 1

where vy, I;, L, — flux linkage, current, and inductance of the K™ circuit; 2
current of the /" circuit and mutual inductance of the & and ;™ circuits.

While developing a mathematical model, there is the major difficulty due
to the fact that mutual spatial arrangement of the rotor and stator windings expe-
riences certain changes resulting in the changing value of the mutual inductance
between those windings. As it is known, maximum value of the mutual induc-
tance corresponds to the case when the axes of two phases coincide.

Basing on the geometrical ideas (Fig. 1) formula for mutual inductance
between the rotor winding with » number and stator winding with m number

may be represented as follows:

My —

u Y cos(y 2n(m—1)+2n(n—1)J (5)
SmRn 0 - M N .

In the general case, equation of flux linkages of the stator winding with m
number may be written as follows:

\VSm =(LS _MS)ISm +Moi(COS(Y— 2n(m_1) + 27[:(]_1)\]113]} (6)

J=1 M N

Equation of flux linkages of the rotor winding with #» number may be written
as follows:

Vi = (Lg = M) I, +Mozﬂi(co{y_ Zn(j\;_l) N Zn(]iz]—l)}]sj} -

For a case of standard three-phase induction motor, equations (1)—(7) are
rearranged in the known form [15]:

2 2
v, =L1,+Mi,cos(y)+Mi, cos(y +?n)+MiC cos(y—?n}

v, =L1,+Mi, cos(y —i—nj + Miy cos(y)+ Mi, cos(y +27nj; (8)

2 2
Ye=LI.+Mi, cos(y +?nj + Mi, cos[y —?nj +Mi, cos(y).

Equation of flux linkages of a rotor:
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2 2
v, =Lyi, + MI  cos(y)+MI, cos(y—?nj+MIC cos(y+?nj;

2 2
v, =Lyi, + MI, cos(y+Tﬂj+MIB cos[y]+MIC cos(y—%}; 9)

y.=Li +M, cos(y—z?anrM[B cos[y+2?nj+MIC cos[y].

The represented system of equations is characterized by the clear redundancy
for a case of IM operation without a neutral conductor for which a sum of phase
currents is equal to zero at any moment of time according to Kirchhoff’s first law:

I, +1,+1.=0; i, +i,+i =0.

The relations are met in three-phase systems without a neutral conductor
according to Kirchhoff’s first law even in terms of any asymmetry of windings.

Rewrite equations of flux linkages (8) and (9), excluding phase current C
of a stator and phase ¢ of a rotor respectively. As a result, we obtain the simpli-
fied, reduced equations for IM phase flux linkages in a phase coordinate
systems; general order of the IM equation system will reduce by two.

Rewrite the equation of flux linkages of phase 4 of a stator excluding current
phase C from them using Kirchhoff’s first law. Thus, we will have the following:

Va=Li, +M(ia cos(v)+4, COS[Y+2—n]+(—ia —ib)cos(y—z—nn =
. 3 (10)

v, =LI, +M(ia (cos(y) —cos(y —%D +i, [cos[y +%) —cos(y —%“D]

Finally, simplifying trigonometric expression in brackets in (10), we obtain:
v, =L1, —M\/gia sin(y —gj —M\/gib siny.

Similarly for phase B of a stator:

2 2
y,=L1, +M[ia cos(y—?njﬂ'b cos(y)+(—ia —ib)cos(y+?nD:>

Vy=L1,+ M(ia (cos(y —2?“) —~ cos(y + 23—“]} +i, [cos(y) —~ cos(y + %”DJ

vy=LI, —M\/gia sin(y)—M\/gib sin(y+§j.

Similarly for phase a of a rotor:
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v, =L, +M[IA cos(y)+IB cos(y—z?nj+(—IA —IB)cos(y+2?nD:

v, =L,i, +M[1A [cos(y) —cos(y +2?“D +1, [cos[y —2?”] —cos(y +2?“D]

v, =L, +M\/§IA sin£y+§)+M\/§IB sin(y).

Similarly for phase b of a rotor:

v, = Ly, +M(IA cos(y+2—3nj+13 cos(y)+ (-1, —IB)cos(y—z?nD:

v, =L,i, +M[1A (cos(y +%)—cos(y —23—“D +1, {cos(y) —cos(y—z?nDJ.

v, =L,i, +M\/§IA sin(y)—M\/ng sin(y—gj.

For the clarity of presentation, represent the reduced equations of flux lin-
kages of separate IM windings:

v,=L1, Mfz sm(y—gj Mfzbs1n(y),

)

waszia+M\/§IA51n[y j+MfI s1n( );
Wb:inb—M\/gIAsm(y) M\/_] sm(y—gj

\|/B=LIIB+M\/§iasm(y +M\/_zbsm( +

w|;]

(11

Assuming that the angular velocity is known and constant and considering
that stator and rotor currents are sinusoidal for a steady mode, it is possible
to obtain expressions for amplitudes and phases of the stator and rotor currents
as well as the values of IM electromagnetic moments.

Write the expressions for phase currents of stator and rotor in terms of
a steady mode:

I, =isin(wt—¢);

. 2m ).
I, =i sin wlt—(pl—? ;
(12)

i, =i, sin(wyt — @, );

()
i, =1, sin wzt—(pz—? ,

where ij, i, — amplitudes of the stator and rotor currents respectively; wy, w, —

circular frequency of the stator and rotor respectively; ¢;, ¢, — phase angle of the
stator and rotor currents respectively.
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Use symbol w, for the angular velocity of a rotor.
It is known from the theory of electric machines that following ratio is com-
pleted in terms of steady mode

W =W, +0,.

Moreover, it is required to take into consideration that the turning angle of
a rotor during the uniform motion under the steady mode may be calculated
as follows:

Y =m,t.

Substituting equations (12) in equations (11), it is quite possible to obtain
the equations of flux linkages of separate IM windings under the steady mode.
Thus, in terms of phase 4, we obtain:

vo= L1 +3iM [Cos(gmzt}m[w_%]_Sin[mzt]Sin(wzt_% _23_71:)}

Simplify the products of trigonometric functions using the known trigonometric
identities. After simple arrangements and combining similar terms, we will have:

v, =L1, 4—%Mi2 sin(wzt—(pz).

Applying similar method for equations of the rest IM windings, in the end
we obtain following equations for flux linkages of separate IM windings under
the steady mode:

v, =L1, +%Mi2 sin(wz—@,);

v, =L1, +%Mi2 sin(wlt—(p2 —Z?E];
(13)

vy, =L, +%Mil sin(w,t — @, );

3

v, = L,i, -‘r%Mil sin(wzt—(pl —2—nj

As it is clear from the obtained equations, 120-degree shifts are preserved
between the flux linkages; that demonstrates the symmetry of flux linkages
relative to each other.

Using equations (1), (12), and (13), represent the reduced system of equa-
tions of electrical equilibrium in terms of steady mode. Expressions for supply
voltages of separate stator windings are as follows:

U, =U,sin(wt);

. 2
Uy,=U, sm(wlt—?nj.
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The objective of the further actions is to determine the unknown amplitudes
of stator and rotor currents #;, i, and their phase angles @, ¢, in terms of the
specified parameters of supply voltage and angular rotor velocity w,.

After differentiation (13) and substitution of the obtained results in (1),
reduced system of the equations of electrical equilibrium in the steady mode will
be as follows:

3
U,=1,Rg +5Mw1i2 cos(wt — @, )+ Lwi cos(wit — ¢, );

P 2
U, =I4R, +%Mw1i2 cos(wlt -0, —?RJ+L1W11'1 cos(wlt—(Pl —?ﬂ;);
(14)

0=i R + %szil cos(wyt — @, ) + Lyw,i, cos(wyt — ¢, );

2 2
0=iR, + %szi1 cos[wzt - —?ﬂ;j + Lyw,i, cos(wzt -¢, — ?TEJ

The obtained system of equations is of fourth order having four unknowns,
i. e. it is a defined system.

Write equation system (14) for the moment of time ¢=2nn, n=0...0.
For definiteness, set ¢ = 0, which is not a critical assumption taking into account
the periodicity of sinusoidal currents and voltages. At the moment of time ¢ = 0,
instant values of the supply voltages and currents of separate windings will be
equal to:

U,=0;
(2
Uz =-U, sm(—nj;
3
1o =—isin(¢,);
o [ 275}
Ipy =—i,sin| ¢, +— |;
3
Iy =1, Sin((p2 );
. . ( 27:]
iy ==, sin (P2+T .

Then, system (14), taking into consideration (15) for moment ¢ = 0, may be
represented as follows:

(15)

0=—i, sin(q, ) Ry +%Mwli2 cos(, )+ Liwj cos(@, );
U, Sm(?ﬂ:j = Sln((Pl + ?n) Ry + %Mwliz COS((PQ + ?nj + Liwi, cos((p1 + ?nj

0=—i, Sin((p2 )Rr +%MW2i1 COS((P1 ) +Lywy, COS(‘Pz );

0=—i, sin((p2 + %}Rr + %szi1 cos((pl + %) + L,w,i, cos[(p2 + %)
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To find the currents and phase angles, it is required to solve the obtained
system of nonlinear equations. Introduce following substitution of the variables
to simplify the equation system and for its reduction to the system of linear alge-
braic equations:

i sin(@; ) =X;
iy cos(p ) =X,; 16)
isin(@,) =¥
i, cos(¢,)=1,.

Initial equation for the phase of stator 4 is:
. 3 : .
0=— sm((pl )RS +5M cos((pz)wlz2 + cos((p] )L]w]z].

Applying the aforementioned substitution of variables, reduce the equation
to the following form:

3
0=—X\R, + Xy L+ MEyw.

Initial equation for the phase of stator B is:

3

. . 2n) 3 . 2n ) 27
TUO =—i Ry s1n((p1 + T) + EMWﬂz cos((p2 + ?) + Lw g cos((p1 + ?j
Taking into consideration following trigonometric identities:

. 2m)_ 3 1
sinf 0,28 = o) - sin(o )

2nj V3

. 1
cos((p2 +? = —7s1n((p2 ) —Ecos((p2 ),

(17)

we obtain the equation for the phase of stator B in the following form

?UO =—i Ry [?COS((PI)_%Sin((Pl )J—%Mwliz {?Sin((pzﬁ-%c()s((pz )J_
(3 1
—Lywy, (TSm((Pl )+ Ecos,((pl )j =
\/g 1 \/5 1 3\/5 3

= _TRSXZ +ERSX1 _LIWI TXI _ELIWIXZ _TMWIYI —ZMWIYT

After reduction of the similar terms, we will obtain the following:
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1 1
QUO =X,| =R, —Llwlﬁ + X, —ﬁRS -—Lw —ﬂMwlY1 —EMWIYZ.
2 2 2 2 2 4 4

Initial equation for the phase of rotor a is:

0=—i,R, sin(g,)+ %szi1 cos (@, )+ Lywyi, cos(@,).
Applying substitution of variables (16), we obtain
0= %MWZXZ ~RY, + Lw,Y,.
Initial equation for the phase of rotor b is:

0=-i,R, sin((p2 + 2%} -F%szi1 cos((p1 + 2%} + L,wyi, cos((p2 + %j

Taking into consideration trigonometric identities (17), we will obtain:

0=—i,R, {?cos((p2 ) —lsin((p2 )J —iszi1 [gsin((p1 ) +%COS(([)1 )J -

2 2

V3 1
— Lywyi, [%sm((p2 )+ Ecos((p2 )]

Applying substitution of variables (16), we have:

3 1 3J3 3 3 1
0 =—§R Y, +ER 4 —T\/_szXl _ZszXz _§L2W2Y1 _§L2W2Yz-

r r

After reduction of the similar terms, we will obtain the following:
0= —#sz)(1 —%MWZX2 +Y [%Rr —ngwzJ +7Y, (—g& _%szz]-

Write the obtained equation in the form of a system:

0=—X,Ry +X,Lw, +%MW1Y2;

ﬁUO - X, (lRS —%Llwl J +X, [—?RS —%LIWIJ—

2 2
(18)
_¥MW1YI _%Mwlyz;

0 =%Mw2)(2 —RY, + Lyw,Y,;

0=—£Mw2)(1 —észX2+Y1 er —ﬁsz2 +7, —ﬁR,.—lew2 .
4 4 2 2 2 2
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Identification of the induction motor
electromagnetic parameters

Assume that following values are known: supply voltage Up; amplitude and
phase of stator current -i;, @;; active resistance of stator Rg; angular velocity
of rotor m,. Voltage and current of a stator may be defined easily by the imme-
diate measuring in terms of the steady mode with the following processing
and determination of the first harmonic parameters. It means that variables X
and X, defined with the help of formula (16), are also known.

Online-determination of active resistance of stator Rg is of the highest diffi-
culty. That problem is possible to be solved on the basis of the analysis of star-
ting conditions of an induction motor [29]. The paper [30] proposes a universal
method to determine active resistance of the phase of the alternating-current
motor stator, according to which the resistance maybe calculated as the ratio
of average values of integral functions of the supply voltage and phase current,
where averaging is performed from the moment of energizing according to
the function:

1 T(t
lim | [U,,dt |dt
TooT 0\ 0 iUAmean
R = =
’ 15 f i,
}13010? JlAdl‘ dt

0

The proposed solution makes it possible to determine active resistance of the
IM stator phases even in terms of the available parametric asymmetry of a stator
at each starting, maintaining the importance of the value of active resistance
while operating.

Analysis of equation system (18) shows that six parameters remain to be
unknown, i. e. active resistance of rotor R,, complete inductances of stator and
rotor phases L; and L,, main IM mutual inductance M, and rotor current deter-
mined by variables Y}, ¥, according to (16).

Since, according to [15], L1=L15—%M; LZ:LQS—%M, then complete

inductances of stator and rotor phases L, and L, differ by the value of the
difference in resistances of stator and rotor dissipation, i. e. the difference is
slight.

Additionally, assume that L, = &M, L, = &;,M, where ¢, and &, are known
numerical coefficients. Thus, we may exclude complete inductances of stator
and rotor phases from the unknowns and reduce the number of unknowns down
to four: R,, M, Y1, Y.

Rewrite system (18) relative to the adopted unknowns:
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3
0=—X\Ry + X2, M+ M1y

ﬁUozXl lRS _ﬁglMWl +X, _ERS 1 (M, —ﬁMwlYl—EMwle;
2 2 2 2 2 4 4

0 %MWZX2 ~RY +&,MwY,;

O=—¥MW2X1 —%MWZX2 +Y{%Rr —?szsz}rY{—gRr —%SZMWQJ;

3
X\ Ry = X, 6, Mw, + EMWIYZ;

V3o V3 V3 1
TUO —EXIRS +7X2RS = _TSIMXIWI _EXZSIMWI -
_¥MW1Y1 _%Mwlyz;

3
0= M, Xy = R Y, + ;M

1 1
0= —%MWZX1 —%MWZX2 +5Y1R, —gszsz —gR Y, —EszszYz.

r

NEI NE)

Designate K =7U0 _EXIRS +7X2RS.
We will obtain the following from the first equation:

_2X\Ry 2Xpe .

MY,
3w, 3

BM
and substitute that expression in the remained equations:

3
0= X,e,Mw, +EMWIY2 - X|Ry;

3 1 3

3 33
0=-K —ZWI(X.—[TSIXIWI +§X281W1 —ZWIB]M _TMWIYI’
3
0282W20L+(5W2X2 —SzwzﬁJM—RrYl; (19)

1 33 3 1
0= _582W2a+[_TWZX1 —ZWZXZ +582WZBJM +

+%R,Yl —gszszYl —?R Y,.

7
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The obtained system is the system of nonlinear algebraic equations of fourth
order which may be solved numerically.

To verify the proposed approach, the MatlLab application was applied;
the programme has rather wide range of the implemented numerical methods
to solve the systems of nonlinear equations and to offer ample opportunities for
their setting. Function fso/ve was used to find solution for system (19).

Induction motor of 4A250M2V3 type was used to test experimentally the
obtained equations; the motor had following technical characteristics: nominal
rated power P, = 90 kW; nominal linear voltage U, = 380 V; nominal rotation
frequency n = 2940 rot/min; nominal efficiency 0.938; nominal power coeffi-
cient cos@ = 0.88; starting current ratio k; = 7; and surge capability &, = 2.7.

In terms of that motor, parameters of the equivalent circuit were specified:
active resistance of stator and rotor phase Rs = 0.0312 Ohm, R, = 0.0236 Ohm;
inductance of dissipation of stator and rotor phase Lgs = 0.0003394 H, L,s =
=0.0004604 H; and inductance of magnetization contour M = 0.0158 H.

Fig. 2, 3 demonstrate the results of mathematical modeling of the steady
mode; the figures indicate the values necessary for further calculations.

4.845 b
200 f )\:310,3 ' X4.866
- Y2524

0"

X4.841
Y 9.906
=200

4.84 4.85 4.86 487 s 4.88

s

Fig. 2. Diagrams of phase voltage and current in the steady mode
of induction motor operation

4.6 4.8 5.0 52 54 t,s 56

Fig. 3. Diagrams of rotor current in the steady mode of induction motor operation

The graph of the rotor current is given to control the performed identification.

Use the represented diagrams to determine following numerical values
necessary to specify the coefficients of equation system (19): U, = 310.3 V;
I10=252.4 A; fi; = 0.351858; Rg=0.0312 Ohm.
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The required initial approximation of the solution may be found using
the rated values of the machine. While solving equation system (19), missing
IM parameters were identified. Tab. 1 represents the data concerning the accu-
racy of the obtained solutions.

Accuracy of the identification of the induction motor parameters e
Parameter Exact value Valuc? foufld dufing Relative error, %
the identification
Ly, H —0.0158 —0.0145 8.23
R,, Ohm 0.0236 0.0238 0.85
L, A 246 245.1816 0.33

The fulfilled study of the parametric sensitivity of equation system (19) has
shown that the obtained solutions do not depend practically on the initial appro-
ximation of the solution; numerical method provides convergence to the para-
meter values indicated in Tab. 1.

CONCLUSIONS

1. A reduced system of electrical equilibrium equations of fourth order has
been developed on the basis of general system of equations of multiphase induc-
tion motor in the coordinate system fixed relative to a stator; the developed
system of equations describes the operation of an induction motor in the steady
mode.

2. A system of equations has been obtained to identify electromagnetic
parameters of an induction motor on the basis of the analysis of the steady mode
data; efficiency of the proposed method of identification has been substantiated
experimentally. In terms of the induction motor with the power of 90 kW,
relative identification error for certain parameters was up to 8 %.

3. High convergence of the solution of the system of nonlinear equations
and tolerance of the obtained results to the initial approximation of the para-
meters being identified has been proved experimentally.
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Abstract. Photovoltaic power plants have non-linear voltage-current characteristic, with specific
maximum power point, which depends on operating conditions, viz. irradiation and temperature.
In targeting the maximum power, it is by far known that the photovoltaic arrays have to operate
at the maximum power point despite unpredicted weather changes. For this reason the controllers
of all photovoltaic power electronic converters employ some method for maximum power point
tracking. This paper makes an emphasis on model predictive controller as a control method for
controlling the maximum power point tracking through the utilization of the well-known algorithm
namely the Perturb and Observe technique. Further, during the advanced stages of this research
study, the model will compare the results obtained for tracking the maximum power point from
model predictive controller and a PID-controller as they are integrated Perturb and Observe
algorithm. The obtained results will verify that the adaptive PID-controller Perturb and Observe
algorithm has limitation for tracking the precise MPP during the transient insulation conditions.
As compared to the proposed adaptive/modified model predictive controller for Perturb and
Observe algorithm we illustrate that by adopting this method we will get to establish more accurate
and efficient results of the obtained power in any dynamic environmental conditions: advantages
as on regulation time (six times under the accepted experimental conditions) and by the number
of fluctuations.
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3aBHCSILECH OT YCIIOBHH SKCIUTyaTalluy — TEMIIEPATyphI U yPOBHS COHEYHOH pauaryu. [lostomy s
MOBBIIICHUST A(PHEKTUBHOCTH  (POTOREKTPUUECKOrO MpeoOpa3oBaHUs HEOOXOMUMO OOCCIICUHTh
padory ®3C B Touke MBM. D10 nmocturaercs NPUMEHEHHEM COOTBETCTBYIOIHMX aJTOPUTMOB
yhpaBiieHus], HanOonee W3BECTHBIMU U3 KOTOPBIX sBILIIOTCA P&O («BO3MyIleHHE U HAOMIOACHUEY).
OTU alNropuTMBl OCHOBAaHBI HAa W3MEHEHHH HAIpsDKeHHsl mocTosHHoro Toka ®3C ¢ momorubio
npeoOpa3oBareisi IOCTOSHHOTO TOKa (PEeryysTopa), BBIXOAHOE HAIpsDKEHHE KOTOPOro JOJDKHO
HU3MEHATBCS TI0 ONpPENCIICHHOMY 3aKOHY C HW3MEHEHHeM YCIOBHH OSKkciuryatamuu. llpm sToMm
HCTIONB3YIOTCS peryisTopsl: nponopruoHansHele (I1), unrerpanshsie (1), muddepenunansasie (1)
wii yaiie Bcero ux komOuuaumu [TUJI. B cratee uccnemyercst 3GQeKTUBHOCTh MPUMEHEHHS
peryiaTopa ¢ MpOrHO3HBIM aganTuBHbIM yrpasinenueM (MPC). TlocpencTBoM UHCIEHHBIX 3KCIIE-
PHUMEHTOB Ha pa3pabOTaHHOI MMMTAIMOHHOM MOJenH mokaszaHo, uto [IM]I-perynsTopbl B MHTe-
rpatmu ¢ P&O u INC amropurmamm He 00€CHEYMBAIOT JIOCTATOYHO OBICTPOM pEaKIuH IpH
W3MEHECHHH ycnoBWi BHemHeil cpembl. B To ke Bpems MPC B coweranmu ¢ P&O wmmeer
MpeNMyIIeCTBAa KaK MO BPEMEHM DPETYIHpOBaHUA (B IIECTh pa3 IPU IPHUHATHIX YCIOBHSX BKCIIE-
PHYMEHTa), TaK U MO KOJIMYECTBY KOIeOaHUH.

KnroueBble ci1oBa: (oToanekTpudeckas CTaHIHs, 00ecIedeHHe MaKCUMAaIbHOIM BBIXOJJHOW MOIII-
HOCTH, QITOPUTM «BO3MyIleHHe W HabmoxeHue», [T /I-KOHTpOIIEPEl, MOJETb YIPEKIAIOUIErO
YTIPaBJIEHUs, KOMIIBIOTEPHOE MOJICITHPOBAHHE.

Jas uuTupoBanus: Dm3eiiH, M. AnanTuBHas cucteMa o0GecriedeHHs] MaKCUMAJIbHOM BBIXOTHOM
MOIIHOCTH (DOTO3JIEKTPUYCCKON CTAHIMH HAa OCHOBE POOACTHOrO MPOTHO3HOIO YIMpaBicHHS /
W. Dmseiin, 0. H. Iletpenko // Duepeemuxa. H36. evicui. yueb. 3a6edenuil u sHepe. 00vbeouHe-
nuti CHI. 2020. T. 63, Ne 5. C. 441-449. https://doi.org/10.21122/1029-7448-2020-63-5-441-449

Introduction

Driven by anxieties over energy saving and environmental protection and ener-
gy accessibility, the installation of photovoltaic (PV) energy-productions systems
has been noticeably enlarged during the last years. The decreasing prices of PV
modules and more highly efficient power conversion systems have supported that
trend by augmenting the economic viability of the installed PV systems [1, 2].

Renewable energies like solar and wind are environmentally friendly sustai-
nable sources of energy. One of the most efficient and well-accepted renewable
energy sources is photovoltaic systems [3]. For these reasons the research in the
field of PV application, based on modeling, including application of modern means
like SimPowerSystems and MatlLab/Simulink is conducted in many countries [4].
Adequate and efficient maximum power point tracking (MPPT) is needed, due to
the nonlinearity of PV sources. Several techniques have been proposed for maxi-
mum power tracking [5-7]. MPPT algorithms have to be stable, robust, fast,
and efficient. Due to fast changes in environmental conditions, MPPT algorithms
should respond quickly to changes in atmospheric conditions [8—10].

The Perturb and Observe (P&O) method is one of the most commonly used
techniques [11, 12] due to its simplicity, ease of implementation, and good per-
formance. Nevertheless, it is observed that there are some power losses due to
the perturbation, and that it fails to track the power under fast varying atmos-
pheric conditions [13]. Perturbation determines the system response and the
steady state error. For lower oscillations a small perturb value is required, while
large perturb values cause higher oscillations. Unfortunately, smaller perturb
values result in a slower response. One solution is to use a perturb value that
varies, as proposed by the authors of [14—16].

Finite-set model predictive control (MPC) is a promising control techni-
que [17-19]. MPC does not involve any complex control loops. It deliberates the
controlled plant as a finite set of linear models, each demonstrating a physical
switching state. The controlled variable is predicted in every switching state.
The control is assessed and applied at intermediate instants of time. This results
in a variable switching frequency where the maximum switching frequency
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is limited to half the sampling frequency. Under a variable switching frequency,
it is problematic to control electromagnetic interference (EMI) and to preserve
a desired output voltage quality [20].

Perturbation and Observation algorithm

The Perturbation and Observation (P&OQO) algorithm is one of most widely
used methods for controlling DC/DC converters due to its easy implementation.
This algorithm works based on this idea when the PV module is not working
in MPPT point, the operating voltage of the module is disturbed periodically
in small voltage V' through DC-DC converter duty cycle.

Then the change on the output power AP of photovoltaic is measured.
If AP > 0, the operating point is near to the maximum power point (MPP) and
same disturbance of V" will occur in the same direction as the previous one.
However, if AP < 0, the system has moved away from MPP and next disturbance
will occur in the opposite direction.

Once the MPP has been reached, the P&O makes the point of operation
of the photovoltaic module to work around it. However, if AP < 0, the system
has moved away from MPP and next disturbance will occur at opposite direc-
tion. Once the MPP has been reached, the P&O makes the point of operation
of the photovoltaic module to work around it [21-23].

Fig. 1 shows the Perturb and Observe algorithm and how does it function
in perturbing the step size. Knowing that ¥V, and I are the voltage, and current
at previous and current time and this is the same for the power P.

‘i’f‘

Measure Vy, Ii, Vi_yand I,

4

| Pr=Vi i Peo1 = Vil |

Apply correction

Fig. 1. Flowchart of the maximum power point tracking
Perturb & Observe algorithm
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Model predictive controller scheme

The ultimate achievement over the next discussions is to improve the opera-
tion of the P&O algorithm. This can be performed through the usage of predic-
ting the future behavior of the desired control variables until a predefined hori-
zon in time. As we utilize the predicted variables, the switching state will be ob-
tained through minimization of a cost function [24-26].

P&O determines the reference current for the MPC which determines the
next switching state. This technique predicts the error of the next sampling time
and based on optimization of the cost function g. The inputs to the predictive
controller are the PV system current, voltage, and the reference current. By de-
riving the discrete time set of equations, the behavior of control variable can
be predicted at next sampling time k. The proposed methodology is based on the
fact that the slope of the PV array power curve is zero at the predicted MPP,
positive on the left and negative on the right of the predicted MPP. Predicted
behavior of control variables at the next sampling time &£ + 1 can be described
by a discrete-time set of equations by the following [27-29]:

e when switch is “ON”:

Ly (k+ D) =T/ LV Vy (k) + Lpy (K); (1
Volk+1)=(1-T,/RC)V, (K), 2

where Ipy — photovoltaic current; T, — switching period; Vpy — photovoltaic vol-
tage; V. — capacitance voltage; R — resistance; C — capacitor;
o when switch is “OFF”:

Loy (k+1) =1y (k) =T, /InV,(k); 3)

g = f(x(k), u(k), ..., u(k + N)). 4
The cost function can be obtained as per the following
g, =01|1py =0,I(k+1)= 1|, ®)

where g, — cost function; /py; — photovoltaic current; /.., — reference current.

The objective is to minimize the cost function g. The final switching state
for MPPT can be determined using procedure illustrated in Fig. 2. Model predic-
tive control approach is used for controlling the input current of the DC-DC
converter [30].

Knowing that the Vpy and /py are the voltage and current of the photovoltaic
station and /.. is the reference current. The cost function is defined as g,.

Model predictive control approach is used for controlling the input current of the
DC-DC converter. The designed controller should provide the capability of tracking
the reference current generated by the suggested MPPT method with satisfactory
dynamic and steady-state performances. Based on the MPC concept, the future
behavior of the input current should be predicted separately for each of the two dif-
ferent switching states of the converter using appropriate equations [31-33].
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VPV(k)7 ipv(k), iref
¥

Calculate:
Ipy, =01 (k+ 1)

¥

8s=01" |in,s:0,1(k+ 1)7iref|

Fig. 2. Model predictive control process for the maximum power point tracking
Ipy
Fig. 3 depicts the proposed control scheme for a stand-alone PV system.
In this system, the PV panel is coupled directly to a boost converter, used to rea-
lize the MPPT operation with a resistive load.

T, >

‘M + > +
%mmm |

%}mg Voy s J £ o=Fe R

DD *

] - =
EEI'IIIIIIEID ' ’ *
PV array —'l

" Model
— ¥ predictive [,
control

Ipy
MPPT

Fig. 3. Photovoltaic station control scheme using model predictive control:
Ipy — photovoltaic current; Vpy — photovoltaic voltage; D — diode; V. — capacitor voltage

The MPPT algorithm uses PV voltage and current measurements to generate
the PV output current reference. Then, a predictive current controller is aimed
to regulate the PV current according to the reference current. Simulations
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have been conducted and an experimental validation has been achieved to
confirm the feasibility and performance improvement of the proposed control
scheme [34, 35].

Implementation and results

From the orientation of the system above we will make simulations based on
using a Kyocera KC-200-GT which can produce a maximum power of around
200 W. The technical data sheet from the manufacturer is listed below in Tab. 1.

Table 1

Technical datasheet for Kyocera solar panel

Parameter name PV parameters value
Open-circuit voltage V. 329V
Optimum operating voltage V,,, 264V
Short-circuit current 7, 821 A
PV current Ipy 8213 A
Optimum operating current /,,, 795 A
Maximum power at STC P,y 200 W

According to the following figures we generated through the Simulink the
simulations for adaptive P&O using PID-controller and compared with P&O
using MPC controller. The irradiance that was selected for both controllers
was set to 1000 W/m? at a constant temperature of 25 °C. As shown in Fig. 4,
we observed that the PID-controller as used as a controller for the P&O was
oscillating during the period of time up to roughly 0.6 s and a fluctuation in the
power curve was observed as it was trying to make the corrective measures
in tracking the maximum powerpoint which was supposed to be 200 W.

P, w T T T T T T T T T
200}, i :

150}.].|.-

0.1 02 03 04 05 06 07 0..8 t,s 1.0

Fig. 4. Perturb and Observe using PID-controller — STC condition

Eventually the controller was almost trying to reach its detection goal
of reaching the maximum power point MPP between the time frame of 0.65 s
onwards with lower oscillation rates as detecting and tracking the MPP.
As comparing the results of Fig. 4 to those in Fig. 5 where we applied an
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adaptive P&O using MPC we can conclude that the MPC was able and being
faster in tracking the MPP at a time frame of 0.02 which as compared to those
results from the PID-controller we see that MPC was more reliable with faster
response time to extract the most efficient power of the system and thus being
faster by almost six times in reaching the MPP at power factor of 200 W.
Oscillation through the utilization of MPC was suppressed as proved in Fig. 5.

P, W ' T ; ' - 4 J ; '
200 S— S
175
150
125
100

0.1 02 03 04 05 06 07 08 +ts 1.0

Fig. 5. Perturb and Observe using model predictive
controller — STC conditions

CONCLUSION

In this paper we introduced a comparative scenario to use an adaptive
Perturb and Observe algorithm for both PID and model predictive controller
controllers. It was noticed that adapting an model predictive controller to the
Perturb and Observe algorithm produced better results in tracking the maximum
power point and reaching it in a very fast responsive time and thus made the ex-
traction of power more efficient under fixed and fast environmental weather
conditions. The overall performance using model predictive controller was better
than that of PID and the simulations were showing these attestations as we used
the algorithms Perturb and Observe.
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JKOJOTHYEeCKHE XAPAKTEPUCTUKH COBPEMEHHBIX CHCTEM
OBITOBOI0 UCNOJIL30BAHMS TOMJIMBA

Yactb 2

OOpa3oBaHne BpeJHBIX BellleCTB NMPU CKUTAHUH MPHPOIHOIO ra3a
B aTMOC(epHBIX ropejIkax: IKCIepuMeHTaIbHbIe HCCJIeI0BAHUS

B. C. Copoka”, B. B. I'opyna"
I)I/IHCTI/ITyT ra3za HaunonanpHol akagemun Hayk Ykpaunsl (Kues, Ykpanna)

© Benopycckuil HalMOHATIBHBINA TEXHUYECKUI yHUBepcuTeT, 2020
Belarusian National Technical University, 2020

Pedepat. B Uncturyre raza HAH YkpauHbl BBIIONHSIOTCS KOMIUICKCHBIE HCCIEnOBaHUA (Hop-
MHPOBaHUSI TOKCHYHBIX BBIOPOCOB B IIIAMEHH aTMOC(EPHBIX TOPENIOK H 3a MpeeslaMHi BUANMBIX
TOpsIIUX KOHYCOB («Ooraroe» mepBH4HOE IutaMsi). [IpoBemeHHEe HKCIEPHMEHTOB OOYCIIOBIECHO
JIOKa3aHHBIM CYIIECTBEHHBIM COJCpP)KAaHUEM BPEIHBIX BEIIECTB B MPOJYKTaxX CrOPAHUS Ta30BOIO
TOIUIMBA B OBITOBBIX NMpPUOOpax M HEMOCPEICTBEHHBIM KOHTAKTOM MOTpeOHTENel C ra30BBIMU
BEIOpocaMu Tpu pabote mmT. [IpemroskeHa MeTOHONOTHS H3Y4eHHs OOpa30BaHUS BPEIHBIX
BBIOPOCOB, M3rOTOBJICH OrHEBOH KOMIIBIOTEPH30BAHHBIA CTEH]| JUISl MCCICJOBAHUS COKUTAHHS YI-
JIEBOJIOPOHBIX I'a30B B ropenkax OBITOBBIX IUNIUT. B kauecTBe TOKCHYHBIX BHIOPOCOB paccMaTpH-
Batorcst okcuasl yriepona CO u azota NO u NO,, a Kak BapbupyeMble MapameTphl MPUHSITHI
k03¢ GUIIEeHT N30BITKa IEPBIYHOTO BO3/yXa U TEIUIOBAsl Harpy3Ka ropesiku. B ycmoBusx skcmry-
aTalMy ra30BOH IUIMTHI €€ BapbUPyEMble XapaKTEPUCTHKH — 3TO JABJICHUE Ta3a Hepel COIIOM
aTMOc()epHOI TOPEJIKM M €€ TeIUIoBas MOIIHOCTb. IIpM ONTHMHU3AaLMM KOHCTPYKLHUH TOPEJIOK
OTIPEAEIAIOMEH BEIMIHMHON YCTOMINBOCTH TOPEHUSI, YJHEPTeTHIESCKHX M KOJIOTHUECKUX IOKa3a-
TeJeH CKMIaHHUs TOILUIMBA ABNISAETCS KO3(P(HUMEHT N30bITKA MEPBUYHOTO BO3AYyXa A, MPH 33/laH-
HOM JIaBJICHHMH Ia3a MepeJi ropesikoi. Y CTaHOBIICHO BIMSHUE 3TOro Kod(duimenTa Ha oOpa3oBa-
mue CO, NO, NO,, nokazaHa BO3MOXHOCTb TOSIBIICHHS BBIOPOCOB C BBICOKOH KOHIIEHTpamuei
auokcuaa azora. Ilockonbky koHuenTpauus [NO] ¢ HOBBHILIEHHEM A, YMEHBIIAETCA, a Ha abco-
JIOTHBIA ypoBeHb KonueHtpauuid [NO,] BenuuuHa A, BIHSET HE3HAYUTEILHO, ONPEAEIEHO, YTO
noust kornentpauun [NO,] B emecu [NO,] = [NO] + [NO,] Bo3pacraer ¢ yBenuueHueM ko3 du-
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Environmental Characteristics of Modern Systems
of Domestic Use of Fuel

Part 2

Pollutants Formation by Natural Gas Combustion
in Atmospheric Burners: Experimental Studies

B. S. Soroka", V. V. Horupa"
DThe Gas Institute of the National Academy of Sciences of Ukraine (Kyiv, Ukraine)

Abstract. The Gas Institute of the National Academy of Sciences of Ukraine performs compre-
hensive studies of the formation of toxic emissions in the flame of atmospheric burners and be-
yond the visible burning cones (“rich” primary flame). The experiments are based on the proven
significant content of harmful substances in the combustion products of gas fuel in household
appliances and on direct contact of consumers with gas emissions during the operation of the
stoves. A methodology for the experimental researches of the harmful emissions formation has
been proposed while the computerized firing rig serving as the diagnostic facility has been deve-
loped for studying the combustion of hydrocarbon gases in the burners of household stoves.
Carbon oxides CO and nitrogen oxides NO and NO, are considered as toxic emissions, while the
primary air excess coefficient and the heat load of the burner are considered as variable parame-
ters. Under operating conditions of a gas stove, its variable characteristics are the gas pressure in
front of the nozzle of the atmospheric burner and its thermal power. When optimizing the design
of burners, the determinant value of the stability of burning, energy and environmental indicators
of fuel combustion is the coefficient of excess of primary air A, at a given gas pressure before the
burner. The influence of this coefficient on the formation of CO, NO, NO, is established, and the
possibility of emissions with a high concentration of nitrogen dioxide is proved. Since the concen-
tration of [NO] decreases with an increase in A, and the absolute level of [NO,] concentrations
is not significantly affected by the value of %, it is determined that the proportion of [NO,] con-
centration in the [NO,] = [NO] + [NO,] compound increases with an increase in the primary air
excess coefficient.

Keywords: atmospheric burner, household gas stove, diagnostic facility, nitrogen dioxide, envi-
ronmental pollution, computerized firing rig, primary air excess coefficient, nitrogen oxides,
carbon monoxide, natural gas

For citation: Soroka B. S., Horupa V. V. (2020) Environmental Characteristics of Modern Sys-
tems of Domestic Use of Fuel. Part 2. Pollutants Formation by Natural Gas Combustion in Atmos-
pheric Burners: Experimental Studies. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng.
Assoc. 63 (5),450-461. https://doi.org/10.21122/1029-7448-2020-63-5-450-461 (in Russian)

BBenenue

Hecmotps Ha kaxyIIyrocs Malo3HAaYMMOCTh HAYYHBIX WM TMPHUKIATHBIX ac-
MEKTOB MPOOJIEMbl 00pa30BaHUSl BPEIHBIX BEIIECTB IPU CKHUTaHUM TOIUIMBA
B OBITOBBIX Ta30BBIX MPHOOpax, yKa3aHHBIE MPOILECCHl CYIIECTBEHHO BIIHSIOT
Ha 370pOBbE HACENeHHs, KOTJa MPUTOTOBJICHHE MHUINA M HArpeB >KHIKOCTEH
obecreunBarOTCs OBITOBBIMU Ta30BBIMH ITUTAMHU. 1aKoe CUIBHOE BIUSHUEC BEI-
OpOCOB BpEIHBIX BEIIECTB OT aTMOC(EPHBIX TOPEIOK KyXOHHBIX TUTHT BHI3BAHO
WX WUCIIOJNF30BAHHWEM B YCJIOBHSAX OTPAHMYEHHOTO MPOCTPAHCTBA YKHIIBIX ITOME-
IIEHUH, 3a9aCTyI0 He UMEIOIINX BBITSKHBIX YCTPOHCTB.

PaccmaTpuBaemas npobiema u3ydeHa Majo, a KOHCTPYKIIMH TOPENIOK 0 CUX
MOp HEIOCTAaTOYHO COBEPIIEHHBL. BcenencTBue 3TOTO B TUIaMEHaX OBITOBBIX
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rOpeioK HaOJII0JAr0TCs 3HAYMTENbHBIE KOHLEHTPALUU BPEIHBIX BBIOPOCOB,
K YUCITy KOTOPBIX OOBIYHO OTHOCSTCS Okcuabl yriepoma CO wm azora NO
u NO; [1-3].

B omimune oT cucteM CKUTAaHUS Ta3a B TOMOYHBIX yCTPOMCTBAX MPOMBIII-
JICHHOT'O M HEPreTHYECKOro Ha3HAYEHHUs, B TOM YHCIE BOJIOTPEHHBIX KOTJIOB,
JUIS 9KOJIOTMYECKOTO COBEPIIEHCTBOBAHUS KOTOPBIX PEKOMEHAYETCS «CTYIEH-
4aToe M HECTEXHMOMETPHUYECKOE COKUTaHUE TOIUMBa» [4], CHUCTEeMbI CXKUTaHUS
TOIUIMBa B OBITOBBIX BOJOHArpeBAaTEIsX M Ta30BBIX IUIMUTAX KOMIUIEKTYIOTCS
aTMOC(EPHBIMU KEKIIMOHHBIMU TopenkaMu. CyTh UX pabodero mporecca co-
CTOUT B OpraHU3alMU ABYCTaJUIHOTO TOPEHUS ra3a ¢ OpraHu3anuen «0oraTeix»
IUTaMEH Ha MEPBOH CTAaAWU TOPEHHMS, C MOCICIYIOUINM A0KUTaHUEM (DaKesoB C
HEIOTOPEBIIMMH MPOAYKTAMU M pa30aBIeHUEM MPOAYKTOB 3aBEPIICHHOIO Cro-
paHus B OKPYKAIOLIEM BO3IyXe JKHIIBIX TOMEIICHHIA.

Craenyer OTMETUTh, YTO OTPaHUYEHHOCTH MCCICAOBAHUN B 00JacTH 3KOJIO-
i OBITOBOTO HCIOJB30BaHUS Ta3a, B YACTHOCTH MPUMEHHTENLHO K Tra30BBIM
IUITTaM, B HEKOTOPOH Mepe KOMIIEHCHUPYETCs pa3paboTKaMH IO 0Opa30BaHHIO
BpEIHBIX BEUICCTB MPU C)KUTAaHUH MPUPOTHOTO Ta3a B OBITOBBIX BOJOHArpeBate-
nax [5, 6]. CooTBercTByIOmUE WcciaenoBanus, mposeneHasie B CIIA, HOCAT
IPSAMOM SKCIEPUMEHTANBHBIN XapakTep M MmocBAuieHsl oopasoBanuio CO, NO,
MpU CTaAMHHOM CXKUTAHMH Ta3a B aTMOC(EPHBIX KEKIHUOHHBIX TOpPEIKax B
YCIOBUSIX HEYHPaBIIEMOIO IMOABOJAA BO3AyXa-OKHCIUTENS. ['Openku Ta3oBBIX
IUTUT U OBITOBBIX BOJOHArpeBaTelicii MMeoT MHOTO o0miero. OCHOBHYIO 4acTh
COBPEMEHHBIX aTMOC(HEPHBIX TOPEIOK YKAa3aHHOTO Ha3HAYEHUS COCTABIIAIOT TaK
HasbIBaeMble OJMIMHOOOpa3Hbie ropenku (pancake burners) [6], uMmeromue, Kak
[IPaBUIIO, TOPU3OHTAIBHOE PACIIONOKEHHE HAaJ COIUIOM IIOJadd I'a30BOH CTpyH
C BEPTUKAJIbHOU OCBIO.

B [5, 6] paccMaTpuBaeTCsl BIUSHHE OCHOBHBIX PEKHMHBIX XapaKTCPUCTHK:
ko3 dunnenTa U30bITKAa MEPBUYHOIO BO3MyXa A, (primary air ratio, primary
aeration), oOmero ko duunenTa u30bITKa Bo3ayxa B AbiMoxoze (overall excess
air), BKJIIOYas M30BITOK BTOPHUYHOTO BO3Myxa (secondary air excess), a Takxke
TEIUTOBOW Harpy3ku ropeiku (firing rate, port loading) Ha oOpazoBaHue TOKCHY-
HBIX KOMIIOHCHT.

B kauecTBe BpeAHBIX BHIOPOCOB aHAIM3UPYIOTCS NpuBeaeHHbIE K 3 % O,
B npoaykTax cropanust koHnentpauuu CO u NO, [4]. YcTaHOBIEHO, UYTO BBI-
opocel NO, COKpaIarTcs ¢ pocToM A, B AuanasoHe A, € {0,35-0,6}, a koH-
nentparus [CO] cnabGo 3aBUCUT OT A, B yKa3aHHOM JHalla30He 3HAYEHHUH mep-
BUYHOTO M30BbITKa Bo3myxa. [lomyueHsl namHble 0 Bo3MokHOCTH pocrta [CO],
B TOM YHCJ€E CYILECTBEHHOIO, IpU HNPUOIMKEHUU A, K CTEXHOMETPHUECKOMY
coctaBy (A, — 1,0), B 4aCTHOCTH B YCJIOBHAX OTPAaHUYEHHOIO MO/IBOA BTOPHY-
HOTO BO3JyXa.

B Gojee mo3mHUX MccIeqOBaHUSIX M3Y4allCh JOMOJIHUTENBHBIE BO3MOKHO-
CTH COKpAILeHUsI BBIOPOCOB BPEIHBIX BEIECTB 3a CUET PELUPKYIILUH IPOTyK-
toB cropaaus (FGR). Mcnertanus nmpoBoaniuch myTeM BBoaa N, B METaHOBO3-
QYLTHYIO CMECh.
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B [6], roe B xadecTBe XapaKTEPUCTHK COCTaBa CMECH MCIOIB3YIOTCS 3Ha-
uenns Kod(QuuuenTa H36bITKa TommBa (equivalence ratio ER = A'), paccMot-
peHa 3aBUcUMOCTb BbIOpocoB NO, OT A, NpHU IBYCTaJUHHOM CHKUTAHUU
(0 MaHHBIM Pa3TUYHBIX HCCIEAOBAHUN) C YKA3aHHEM Ha OMPEISIIIONIee BO3-
JIeHCTBHE THKOBBIX TEMIIEpaTyp B IUIaMEHH (TEpMUYECKHI MEXaHU3M 00pazo-
Banus NO,).

Ycranosneno, uro uaaukatop NO, — EINO, (konuyectBo BEIOPOCOB, OTHE-
ceHHoe k 1 xr TorumBa [7]), mo gaHHEIM Lyle, nMeeT MUHUMAaNbHOE 3HAYCHHE
npu A, = 0,65; cornacHo Gore—Zhan, A, = 0,50; mo gannsM Kim, — A, = 0,45.
B kauectBe oOmiero 3amedanusi MpUBOIUTCA BBIBOZA O TOM, 4TO [NO,|min COOT-
BeTCTBYET (ER),, = Xp,_l e {1,5-2,2}. Yro kacaercs [NO,]oz-3%, TO IpH YMECHb-
wenun (ER), ¢ 4,8 no 2,1 (mosbimenue A, ot 0,208 no 0,476) HaGmopa-
ercsi TeHIeHIHMs K cokpameHuio NO,. B cinyuae manmpHeifmiero ymeHsblie-
Hua (ER),, < 2,1 npu obmem TpeHae K cokpameHuo [NO,] HaGmrozaercs
HEYCTOHUYMBAs CTPYKTypa INIaMEHH.

Bri6pocsr CO, o ganubeIM [6], cymectBenHsl pH (ER), > 3,8 (A, < 0,263),
KoTJa HaOMroaeTcsi HEMOJHOE CropaHhe, a TaKKe IOSIBICHHE JKENTBIX SI3bI-
KOoB muaMmeHu. B caydae (ER), < 3,6 3amerHo pes3koe cokpamenue [CO] —
npaktudecku 1o 0, 4TO BBI3BIBAET COMHEHHS U TpeOyeT creunuagbHOTO
000CHOBaHUS.

MeTo10/10THSI NPOBEAEHUA HCCIETOBAHUM

B Mucrutyre raza HAH Ykpauns! co3maH OTHEBOW KOMITBIOTEPH30BAHHBIN
cteHn (puc. 1), mpeaHa3HAUYEHHBIN AT ONpeleNeHNs] SHEPreTHUecKuX (1o 3¢-
(DEeKTHMBHOCTH HMCIOJIB30BAaHMSI TOIUIMBA) U KOJIOTHUYECKUX XAPaKTEPUCTHK (TI0
00pa30BaHMIO BPEIHBIX BENIECTB) 3KEKIHMOHHBIX TOPENOK OBITOBBIX TIa30-
BBIX IUIHT.

Puc. 1. KoMObIOTepH30BaHHBIN OTHEBOW CTEH]T

Fig. 1. Computerized firing rig

W3mepenne TemnepaTypsl Bo3yXa (IIEpBUYHOIO, BTOPHYHOTO) M TOPIOYETO rasa
obecrieunBaeTcsl ¢ MOMOIIBIO TIPOMBIIUICHHOTO JAECSITHKaHATBHOTO MOIYJISl BBOJA
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curHasioB M-7018Z-G/S u repmomnap (tum «K»). O6paboTKy 1 BEIBOI HHPOPMAITIH
B mporpammuoii cpene EZ Data Logger oOecneunBaer mpeoOpa3oBaTeib-
koHTpoiuiep [-7561U ¢ mpeobpazoBanuiem curaanoB B USB n3 RS-232/422/485.
DnexTponuTaHue WHPOPMANMOHHO-U3MEPUTENEHON CHCTEMBI OCYIIECTBISIIOCH
MIPOMBINUIEHHBIM HcTouyHNKOM nutanust MEAN WELL MDR-20-24.

AHanm3 IpoJyKTOB CTOpaHUs M YMCIIEHHOE OTpeieieHle KOHIIEHTPAINi OKCH-
noB yriaepona ([CO] u [CO,]), okcumoB azora ([NO], [NO,], [NOy]), kuciopomaa
[0,], okcuna cepst (SO,) TPOBOAMIM € MTOMOIIBIO TPOMBIIUICHHBIX Ta30aHaIN3aTO-
pos TESTO 350 XL (I'epmanust), UNIGAS (Utamus) u OKCU-5M (Ykpauna).
B xadecTBe roprovero raza B yCTaHOBKE MPEAYCMOTPEHO HCIOIb30BaHUE IPH-
POIHOTO Ta3a, KOTOPBIA MOAAETCSl OT FTOPOJICKON MarucTpajy, a TAKXKE CHKIDKEH-
HOTO Ta3a 13 0AJJIOHA ¢ COOTBETCTBYIOIIUM PEIYLIUPOBAHUEM.

XVWMUYECKHE COCTaBbI OMPEIEISUINCH: MPUPOJIHOTO Taza — M0 JTaHHBIM Mpo-
TOKOJIOB aHaju3a Oimkaiimiel razopacnpenenurensHoi cranuuu (I'PC-TOL-5),
CXKIDKEHHOTO Taza — B jaboparopuu MuctuTyTa raza HAH YkpanHbl Ta30BBIM
xpomarorpadom Hewlett Packard Agilent HP-5890.

Ha ycranoBke moj nupaMuaanbHBIM KOJIIAKOM OBLIH OTPaOOTaHbI CIEoyIO-
e CXeMBI KCTIEPUMEHTAIBHBIX NCCIIEIOBAHUN BPEIHBIX BEIOPOCOB:

1) mpu OTCYTCTBHM TEIIONPHEMHON €MKOCTH, 3allOJHEHHOW HarpeBaeMoii
BOJIOH;

2) IIpU YCTaHOBKE TEIIOMPHUEMHON €MKOCTH ¢ HarpeBacMOM BOJOM.

B o0ownx ciydasx uCIONb30BajCs MepecdeT W3MEPEHHBIX KOHIEHTPAIlHi
TOKCUYHBIX BEIIECTB Ha KOHIECHTPALUIO MPOIYyKTOB cropanus ¢ [O;] = 3 %, uro
IUISL IPUPOIHOTO Ta3a COOTBETCTBYET KO PuuneHTy n30piTka Bo3ayxa A = 1,15
(mo dakTuueckomy A u 3amepeHHON KoHUeHTpauun [O,]).

[Ipsimoe ompeneneHne BBHIOPOCOB B OTHEBOM CTEHAE HMMEET JOCTOMHCTBA
u HenmocTaTkd. [lepBbie COCTOST B BO3MOYKHOCTH BapbUPOBaHUS JIOKAIBHBIX H3-
OBITKOB BO3JyXa B MecTe 0TOOpa mpod BIUIOTEH 10 A ~ 10 u Gonee (Teopernde-
CKH — 110 OeckoHeuHOcTH). OrpaHMYEHHOCTh TaKOTo Moaxoa 00ycIoBIeHa IMo-
Tepeil TOYHOCTH IMPH 3aMepax KOHIEHTpaIHUH, OCOOCHHO MpU OONBIINX HU30BIT-
Kax BO3/lyXa, B TOM YHCJIE CBS3aHHON ¢ IPUOOPHOW UyBCTBHUTEIHHOCTBHIO M3Me-
peHM ManbIX KOHIEeHTpanuid. OMMOKY ¢ 3aMepaMy MaJIbIX KOHIIEHTpALMK MpH
0OJIBIINX 3HAYCHUAX KOI(PGHUIMEHTa M30BITKA BO3JyXa CHUJIBHO CKa3bIBAIOTCS
Ha OrpyOJeHHH 3aMepoB NpPH TOCIEIyIoIeM Iepecdere KoHueHTpanui [NO],
[NO;], [CO] Ha cocTaB npoaykToB cropanus ¢ [O,] =3 %.

PesyanaTm IKCIIEPUMEHTAJIBbHBIX HCCIeT0BAHUMA U UX 06cymelme

3aa4a IKCIepPUMEHTAIBHBIX UCCIIEOBAHNN 3KOJIOTHUECKUX XapaKTEePUCTUK
aTMOC(EepHBIX TOPEIIOK COCTOsIIa B MONyYeHUH 3HAUYEHUI KOHIEHTPAIUil Bpea-
HBIX BBIOpOCOB — okcuioB azoTta [NO], [NO,] u yraepona [CO] B 3aBUCUMOCTH
OT OCHOBHBIX PEKHUMHBIX ITApaMETPOB PabOTHI ropeiiok: ko3 uIrenTa u30bIT-
Ka MIEPBUYHOTO BO3/yXa A, U IaBJICHHs ra3a epeji ropenkoi Ap,.

Od4eBHuIHO, YTO B JKCIUTyaTallMOHHBIX YCIOBHSIX (C)KUTaHWE Ta3a B ILIH-
Tax) A, ABIAETCA €AMHCTBEHHOW (DMKCHPOBAHHOM BEIMYHMHOW IJIS paccMaTpH-
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BAa€MOM KOHCTPYKIIMH KEKIIHOHHOM TOPENKH U 3HAYEHUS Ap,, 9TO HE JIAET BO3-
MO>KHOCTH yCTaHOBIIEHUs 3aBucumoctu [X] = f(A,,). ChnennanpHO CO34aHHOE
JIMATHOCTUYECKOE YCTPOMCTBO, YIMOMSHYTOE BBIIIE, YCTPAHSET 3TO OrpaHHue-
HUEC, COMYTCTBYIOIICC UCIILITAHUAM B YCIIOBUAX ra30BOH IUIUTHI.

Konuenrpanus [CO],,, ppm

Puc. 2. 3aBucumocTs npuseieHHoN koHneHTpanuu [CO],,
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(ipu [O,] = 3 % B mpomyKTax cropaHusi)

oT k03 urreHTa N30bITKAa IEPBIYHOTO BO3TyXa
MPU Pa3IMYHBIX JABJICHHUIX MPUPOIHOTO ra3a

nepen coruiom, [Ta: a—1000; b — 1500; ¢ —2000;

o, M — TOYKH B Pa3INYHbIX CEPHSX OIBITOB

Fig. 2. The dependence of the reduced concentration

of [CO],, (When [O,] =3 %
in the combustion products)

on the coefficient of primary air excess by varying
the natural gas pressure ahead of the nozzle, Pa:

a—1000; b —1500; ¢ —2000;

o, m — points in different test series

Pesynomamut cmenoogwix uc-
credosanuti. Ha puc 2, 3 mpen-
CTaBJICHBI 3aBUCHMOCTU KOHIICHT-
pammii [CO] u [NO] B npoayk-
Tax CropaHusl MOCJIEe UX JOKH-
raHus BO BTOPUYHOM BO3IY-
xe (Ay > 1,0) ot ko3¢ dunmen-
Ta M30BITKA TTEPBUYHOTO BO3.IY-
Xa A, IPH CXKUTAHUM TIPUPOJ-
Horo raza B ropenke Whirl-
pool (CHIA). PesynbraThl momy-
YeHBbI MPU HCTOJB30BAHUH CTCH-
Ja C BEpPXHUM Ta30(IbIMO)CO-
OMpaloImM  KOJITAKOM  ITyTeM
nepecueTa MO KOHIECHTPAIUSIM
JaHHBIX (PAKTHUECKHX 3aMEpOB
0 COZIep’KaHUU BPEIHBIX BBIOPO-
coB mpu A = Ay > 1,0 Ha cocTaB

CMECH HpO,Z[yKTOB CFOpaHI/ISI
c [0:] =3 %: X = [CO], [NO]
1 [NO,]
[X]02:3% =
21-3 (1)
=X}, ——,
21-[0,];,

rae [X]02:3%5 [X], — xoHuen-

Tpamusi BPEIHOTO  KOMITOHEH-
Ta [X] mpu [O,] = 3 % u Qukcu-
POBaHHOM KO3 (HHUIIUCHTE U30bIT-
Ka BO3IyXa Ay COOTBETCTBEH-
HO; [O;], — xonmeHTpanus [O,]
B TNPOAYKTaX CropaHusi Mpu
kodpduumente u30bITKa BO3-
oyxa A.

Bce nccnenoBanus, pe3ynpTaThl KOTOPBIX MPEICTAaBICHBI HA pUC. 2—5, mpo-
BOJMJINCH TpU paboTe TOPEeNKH Ha IPHUPOJHOM ra3e B clydyae yCTaHOBKH TETlIO-
nprueMHON eMkocTd nuamerpoMm 180 MM ¢ HarpeBoM BOIBI B COOTBETCTBHUH
c JACTY 2204-93 [8].
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Kak cnenyer u3 npuBejaeH- 60
HBIX JaHHBIX, XapakTep 3aBH-
cumoctet [NO] u [CO] ot A, a0 [
IIPOTUBOIIOJIOKEH JIPYyr OpYry: .
HaOII0JaeTcss ~ MOHOTOHHBIH i .
poct [CO] ¢ yBennueHHeM A,
u nonwkenue [NO] npu poc- | | | |
T€ A, Il0 3TOH mpuunHe onTH-
MHU3aLHUs PEKUMOB 10 3KOJIOTH-
YECKUM KPUTEPUSIM 3aTpyAHEHA.
Jns aHanW3a IMONyYEHHBIX Be-
JIMUYUH, NIPEXIE BCEro, conocra-
BUM TCHICHLUM, HailleHHbIE
IPU OLCHKE OMBITHBIX JaHHBIX,
C U3MEHEHHEeM TepMOJUHAMHU- 60 f—

YEeCKH paBHOBECHBIX KOHIICH- .
Tpaluil IOJ IEHUCTBHEM OIIpe- a0 - =
JEISIOMUX (haKTOPOB. iy

Tenoenyuu oopazosanus CO 0 —

8 YCl08UAX MepMoOuHaMUye- c

I I I | |
CKO20 paBsHOBeCUAL. Okcun yrie- 05 06 0.7 08 09 A, 10

pora CO — BaxXHEUITUI KOM-
HOHEHT B IIDOLECCAX TOPEHIS Puc. 3. 3aBucumocTb npuBeeHHOH KoHIEHTparmu [NO],,
pon p (mpu [O,] = 3 % B mpoxyKTax Cropanusi)

YIJIEBOMOPOIOB,  SBJIAKOLIMKCS oT Koo dunrenTa n30bITKa HEPBUYHOIO BO3TyXa
OCHOBHBIM peareHTOM B I[ec;[T_ TIPpU Pa3JINYHBIX JABJICHUAX IPUPOJHOTO ra3a
Kax peakumii, HOPMHPYIOLIIX nepen comioM, Ia: a, b c, o, m —T0 ke, 4To Ha puc. 2

JIFO00M M3 M3BECTHBIX MEXaHU3-

i

&
|
™

Konuentpanus [NO],,, ppm

Fig. 3. The dependence of the reduced concentration
of [NO],, (when [0,] =3 %

MOB IOpEHU: IIPUPOAHOTO Tasa. in the combustion products) on the coefficient

MoHookcua yriepoga — Ipo- of primary air excess by varying the natural gas

MEKYTOUHBIIT u KOHEUHLIA pressure ahead of the n.ozzl.e, Pa:
KOMIIOHEHT TOpPEHHUSI B XOJIe 2 bc, ¢, - same as in Fig. 2

Ipoliecca BBITOPaHUs TOIUIMBA, a €T0 KOHIIGHTPALMH BapbUPYIOTCS Ha MHOTHE
MOPSIIKK B 00beMe (hakera B CHITY ONPEACISIONICH PO Pa3IMuHbIX peaKuil Ha
pasHBIX 3Tanax ropeHus. Takas cuTyauus clieyeT U3 OJHOBPEMEHHOTO MpoTe-
KaHAA XUMHYECKHUX PeaKnuii (KMHETHKa), C OJHOW CTOPOHBI, MPOIECCOB Tepe-
HOCa HMMITyJIbca (BIDKEHHE), Macchl (TlepeMelMBaHne) W TeIUIOTHl (TeMIepa-
TYPHBIH (haKTOp) — C IPYTOH.

B coorsercTBuM ¢ paBHOBecHOH TepmoauHamukon [CO]., yBennumsaercs
IIPH TIOBBIIIEHUH TEMIIEPaTyPhl U YMEHBIIEHUN KO3 PHUIMEeHTa N30BITKAa BO3IY-
Xa B YCIIOBHSX TOPEHHs MPUPOIHOTO ra3a ¢ Bo3ayxom. [Ipu 3ToM B ycCrioBusX
mepexoja uepe3 CTEXHOMETPHUYECKOE COOTHOIIEHHE BO3IyX :Tra3 maje-
Hue [CO],, oTmeyaercs Ha mopsaku: ¢ yeeaudenueMm A ot 0,95 no 1,00 mpu
temnepatype 1600 K — 6onee uem Ha aBa mopsaka (¢ 1,146 mo 0,018 % 06.),
a mus A ot 1,00 g0 1,05 — Ha nopsimok. C y4eToM COIMyTCTBYIOIIETO POCTY H3-
ObITKa BO3myxa (00macth A > 1,0) MOHMKEHHS TEMIIEPATyPhl 0 MEpe yBeJINYe-
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HMA U30BITKA BO31yXa paBHOBecHoe cojepkanue [COJ,, B IpOdyKTax CropaHus
YMEHBIIIAeTCs €Ile CUIIbHEE.

Uro kacaercst NO, TO paBHOBECHBIE KOHIICHTPALIMH 3TOT0 TOKCUYHOTO KOM-
MIOHEHTa NMPOAYKTOB CTOPaHMs BO3PACTAIOT IPU YBEJINYEHUH A U TOBBIIICHUH
TEeMIEepaTyphl MPOAYKTOB cropaHus [9].

Cpasnenue peanbHbiX NAAMEH C PABHOGECHLIMU CUCTEMAMU

» ObpazoBanne CO npu CKUTAHUH TTPUPOTHOTO Ta3a

HeoObI4HbIN, TPOTHBOMONOKHBIN TEPMOANHAMHYECKH PaBHOBECHOMY pac-
npenenenuto [COJ,, B 3aBucuMocTu oT A [9], xapakTtep usmenenus [COJ., =
= [CO](A,) 00ycnoBiaeH KOMOMHUPOBAHHBIM BIUSIHUEM HECKOIBKUX (PAKTOPOB.
B uactHOCTH, npuBeneHHbIN XapakTep 3aBucuMoctd [CO] oT A, (puc. 2) o0y-
cnoenen teMm, 4T0 3Ha4eHus [CO]J,, OmpenensroTcs Kak NEPBUYHBIM OyH3e-
HOBCKHMM TOpPEHHEM TIOJITOTOBICHHONH CMECH B KOHYCax, TaK M JO)KUTAaHUEM
(axenoB (BTOPUYHOE TOPEHHE), M CBA3aH, B YACTHOCTH, C TPaJHUEeHTAMU U3MEHE-
HUA A (d\) IO IIUHE TUTAMCHU:

[CO],, =[COJ(Ay) =/ {(lpr); %} 2)

dh gy, hyohy,

- , 3
dl ~ AL Ay 3

st

rae Alg, Als — pacCTOSTHUE OT BBIXO0JIa TIEPBUYHON CMECH W3 TOPEJIKH JI0 JIOKa-
JU3aldid COOTBETCTBEHHO CTEXMOMETPHUYECKOW CMECH M KOHEYHOI'O COCTaBa
MPOAYKTOB CrOPaHUs IOCIIe TOAMEIIMBAHUS BTOPUYHOTO BO3/yXa U JTOKUTAHUS
IPOIYKTOB IIEPBUYHOIO TOPCHHUS.

U3 sTOorO Cremyer cymiecTBEHHAash PONb CXEMBI B3aMMHOIO PACIOJIOXKEHUS
BBIXOJJHBIX OTBEPCTHUI TOPENOYHBIX YCTPOMCTB MO OTHOIICHHIO K HArpEeBacMOM
MTOBEPXHOCTH (COCYy), GOPMUPYIOMIECH a’dpOAMHAMHUKY ITOTOKA MPOIYKTOB CTO-
paHus. JTa cxema onpeAessieT BpeMsl IPeObIBaHUS PEArHPYIOLINX TA30B Tyecr U,
KaK CJEeICTBHE, MEHAET BBIXOJHbIC KOHIEHTPALUUH KOMIIOHEHT, B TOM YHC-
1e [CO].y, IO OTHOIIEHHIO K COOTBETCTBYIOLIMM PaBHOBECHBIM 3HaueHHAM [CO],,.

JlononuutensHeIM (GakTOpoM paccMarpuBaeMoro BiusgHus AL, Ha [CO],,
SBJIETCS TOBBILIEHHE TEMIIEPATYPbl TOPEHUS C YBEIUYEHUEM Ay, 110 1,0, KoTO-
polii caBuraetr pasHoBecue peakuuu 2CO+0, 5 2CO, npu modoMm GuKCHPO-

BaHHOM A B cTopony CO.

BMecTe ¢ TeM B peanbHBIX IUIaMeHaxX HaONIOArOTCS WHBIC TEHJICHIIUU IO
CPaBHEHUIO C TEPMOJIMHAMHYECKU PABHOBECHBIMUA CHCTEMAaMHM, YTO MOXKET OBITh
CBSI3aHO C KUHETUKON TOPEHMS: NPU MOHMKEHUU TEMIIEpaTypbl pearupyromein
CMECH MaaeT CKOPOCTh XUMHUECKHUX PEaKI[fii, pABHOBECHUE B IJIAMEHH HE yCIie-
BaeT HACTYNHTh, U TEPMOJAMHAMUYCCKIE TPECHIbI TEPSIOT CUITY.

OmnpeneneHHas HEOMHO3HAYHOCTh BIHSIHUS (DAKTOPOB Ha BBIXOJl BPEIHBIX
BEIIECTB CKa3bIBACTCS B TOM, YTO MPHU BBIXOJE A 3a MpeAesbl 00JacTh CTEXHO-
METPHH BO3MOXKHOCTH yBenwueHUs KoHmeHTparuu [CO] npu MOHWKEHUH JIO-
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KalTbHBIX TEMIIEpaTyp ¥ HEPaBHOBECHOCTH TIpoIlecca JOKHTaHUs oOpa3zoBa-
unue CO Bo3pacTaeT B Tak Ha3bIBaeMOii 30He pucka oopazosanus CO [10].

C omHO# CTOPOHBI, IO AaHHBIM [11], mpu moBeimeHnn A 10 1,6 B yCIoBuUsX
(hakena HaumHarOT HapactaTh [CO], u B obmactu A = 1,60—1,75 3nagenne [CO]
CYIIIECTBEHHO YBEJMYMBAETCS, a MPOIECC TOPEHUS MPUOIMKAETCA K CPHIBHOMY
npeneny. C apyroit — umeercss HUHPOPMAIKSL O TOM, YTO MPH 3HAYEHHSIX KOI(-
(umenta n30bITKa Bo3ayxa mopsanka A = 2,0 (u30eiTok TormmBa ER = 0,5)
U cyxoM Bo3ayxe KoHueHTpauus [CO] B ycCHOBHSIX MOATOTOBICHHBIX CMECEH
oueHb Hu3Kag [10].

C yBenmdeHneM kod(duimeHTa M30bITKAa BO3Ayxa Onmke K 0OJacTH He-
YCTOHYHMBOTO TOPEHHsI (TIOBHCAHWE M OTPHIB) IIPOUCXOIUT YBEIMUICHUE BHIOPO-
coB CO B CBSI3U C IyJIbCAIMSIMU TUIAMEHH TIPU MMOHMKEHUU €r0 TeMIIepaTypHhI.
Horopanne CO B 3TUX YCIOBHSIX OCIA0ISIETCS U3-32 TOPMOKEHUS KHHETHUECKO-
ro Mexanusma. [Ipu ymenbuiennu ko3ddunrenta n30bTka Bo3ayxa (pocta ER)
BbIOpockl CO oOmpenensioTcs XUMHYSCKUM pPaBHOBECHEM (TEPMOJIMHAMHUKON
peaKIum) U TMOBHIIAIOTCS C YBEIHUEHHEM TEMIIEPaTyPhI.

PaBHoBecHast kouueHtparus [CO] Bo3pacTaeT npu yMeEHbIIEHHH A (poc-
Te ER) 1O OTHOUICHHIO K CIydYal C)KUTaHus OeAHBIX cMmecedl (B YacTHOCTH,
B TypOMHaX) U MPU COOTBETCTBYIOIIEM TOBBIIIEHUH TeMmepaTypsl [11].

o OOpa3oBaHKe OKCHJIOB a30Ta MPU CKUTAHUU TPUPOHOTO Ta3a

[Ipu aHanM3e NOMYYCHHBIX JAHHBIX 10 OOPA30BAHHUIO OKCHUJIOB a30Ta CIEIY-
€T MMEeTh B BUJY JBYCTYIIEHYATHI XapaKTep CXXHUraHUS raza B aTMOC(hEpHBIX
ropeskax, pe3ylbTaTbl KOTOPOrO PacCMaTpUBAIOTCS B 3aBUCHMOCTH OT A, Ha
mepBoil cramuu mporecca. [loaToMy OTIMYNe HAKOIUIEHHBIX JAHHBIX OT TEPMO-
JUHAMHYECKU PaBHOBECHBIX Ipu oreHke 3aBucumoctedl [NO] u [NO;] oT ko3d-
(urmenTa U30bITKA BO3/IyXa M TEMIIEPATYPhl MOXKET OBITH CBSI3aHO JIMOO C TEp-
MOJIMHAMUKON JOTOpaHUsI MEPBUYHBIX (haKEIOB, JINOO C KHHETUKOW KaXI0H H3
cranuii roperns. Kpome Toro, 60ibi1oe 3Ha4eHHe UMEIOT (DaKTOPhI HEYCTOWYH-
BOCTH TOPEHHSI ¥ MYJIbCAIIMH TTPH MTPOTEKAHNH XUMHUECKON PEaKIi.

O600menne maHHBIX MO [NO;] (puc. 4) mMoOKa3wpIBaeT, YTO KOHIICHTpa-
mus [NO,] Ha BEIXOZE W3 IBIMOBOTO KaHaJIa MPAKTHYCCKH HE 3aBHUCHUT OT KO-
s(duirieHTa U30bITKA MEPBUYHOIO BO3AYXa A, IMOCTYNAIOIIETO B TOPEIKY,
a TaKKe OT TEIUIOBOW HArpy3KU rOpPENKH (JaBJICHUS ra3a).

3
"

Puc. 4. 3aBucUMOCTb IPUBEIEHHON 0
koHueHTpauuu [NO,],, (mpu [O,] =3 % - o . ® i e =
B MIPOAYKTaX Cropanus) oT kodduireHra LA L
n30bITKA IEPBIYHOTO BO3/TyXa: P - [ "o .

¢, B — TOYKH B PA3JIMYHBIX CEPUSIX OIIBITOB

=

Fig. 4. The dependence of the reduced
concentration of [NO,],, (when [O;] =3 %
in the combustion products)

on the coefficient of primary air excess: | | | | |
e, m — points by different test series 0.5 0.6 0.7 0.8 09 Apr

L

Kownuentparms [NO,].., ppm
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0.6 Bwmecrte ¢ tem nmoings NO, B 00-

05— i A ieM BBIOPOCE OKCHJIOB a30Ta MPH
A

04— A OTIpEIETICHHBIX PEXKUMHBIX T1apa-

UEY S MeTpax pabOThl TOPENOK MOXKET

02 coctaBiath 10 50 %. Ha pmc. 5

01— a MPEACTABICHbl 3HAYEHUSI COOTHO-
| IICHUST KOHIEHTPAIMi BHIOPOCOB
os = [NOLJ/(INO] + [NO,]) mmst ucusITy-
a  emoii ropenku. U3 rpaduxoB BUIHO,

3_-. 04—
+ s
g sl " yto oJis NO;, B BEIOpOCaX OKCHJIIOB
= . » a30Ta yBEJIMYHUBAETCS C POCTOM KO-
g 02—
= b s ¢unrenTa H30BITKA TMEPBUYHO-
01—
| | | l ro BO3lyXa A, U HE3HAYMUTEIIb-
o5 HO YMCHBIIACTCA C TMOHHWXXCHHUEM
s L Harpy3Ku Ha TOPENKy. ITO yKasbl-
03 a BACT Ha OIPCACIAOINYI0 POJIb KH-
U; |, . . . HETUYECKUX (aKTOPOB B YCIIOBHUSIX
HeycToiunBoro ropeHus (A, — 1,0).
01—
| | | | |
0.5 0.6 0.7 0.8 0.9 }\fpr‘ BBIBOH])I
Puc. 5. 3aBUCUMOCTb OTHOIIEHUSI KOHLIEHTPALUU
[NO,J/(INO] + [NO,]) ot ko3 dunuenTa 1. BrimmosiHeH KOMILIEKC HCCIIe-

MEPBUYHOIO M30BITKA BO3AYXa P PA3IUYHBIX JIOBaHUM mponecca CXuUuraHus rasa

JaBIEHUSAX TPHPOIHOTO rasa nepey comnom, ITa: - g aTMOC(EPHBIX TOPENKaX OBITOBBIX
a— 1000; b— 1500; ¢ — 2000

Fig. 5. Dependence of the concentration

TUIMT, HANpaBJICHHbI Ha H3ydeHHe
ratio [NO,]/([NO] + [NO,]) on the coefficient DKOJIOTHHACCKIX aCTICKTOB  MCHOTb-
of the primary air excess various natural gas 30BaHMs TOIMHBR. lIpeioxkena opn-
pressures in front of the nozzle, Pa: TnHajlpHasg MCTONOJIOTHA M paspa-
a—1000; b— 1500; ¢ — 2000 00TaH KOMITBIOTEPU30BAHHBIA OTHE-
BOM CTEHA AN KOJMYECTBEHHBIX
WCCIIeIOBAaHUH BIMSHUS pab0odnX MapaMeTpoB Mpolecca CKUTaHus TPUPOITHOTO
raza Ha ypoBeHb BbIOpocoB CO u NO,. BpinomHeH KOMIUIEKC pacdeTHO-
TEOPETUUECKUX IKCIIEPUMEHTOB U CTCHIOBBIX MCIBITAHUI TECTOBBIX aTMochep-
HBIX TOPEJIOK Ta30BBIX TUIUT B OTHEBBIX YCJOBHSAX, HAIIPABIEHHBIA HA ONTHUMHU-
3alMI0 HKOJIOTHYECKUX XapaKTEPUCTHK CHUCTEM HCMOJIb30BAHMA Ta3a B KOMMY-
HaJbHOM XO35UCTBE.

2. YCTaHOBJIEHO, YTO OCHOBHBIMH BPEIHBIMHU BEIECTBAMH, HPUCYTCTBYIO-
IIMMH B BBIOpOCAx ra3oBbIX IUINT, SIBISIIOTCS okcuabl yriepoaa CO u azora NO
u NO,, npuuem koHueHtpauuu [NO,] oOHapyxuBatoTcs B cousmepumbix ¢ [NO]
BenuyMHaX. Takue BBIOPOCH! CO3JAIOT ONACHBIM HMCTOYHHUK IPSMOrO KOHTAKTa
C YEJIOBEKOM HEMOCPEICTBEHHO B MECTE UX 00pa30BaHMUsI.

3. Ilpu sKcriepuMEHTaNbHBIX MCCIEJOBaHUIX CHCTEMHO M3Y4YEHO oOpa3oBa-
Hue okcunos yriepona CO u azota NO u NO, B 3aBHCUMOCTH OT KO3 PHIIEH-
Ta U30BITKA IIEPBUYHOTO BO3/YXa A, IOCTYHAIOLIETO B FOPENKY. Y CTAHOBJIEHBI
3HAYECHHs JTOrO IMapaMmerpa, MPEANOYTHTEIBHBIE C DKOJOTHMYECKOW MO3UIVH,
U BBIABIECHO IPOTHBOINOJIOXKHOE BIMAHHE A, HA H3MEHEHUE KOHIIEHTPALUii
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TOKCHYHBIX KOMIOHEHT mpoayktoB cropanus ([CO]., u [NO].,) Ha BBIXOZE W3
neiMoxona. Beropocet CO yMEHBIIAOTCS C YBEIMYSHUEM Harpy3KH M BO3pacTa-
10T C yBEJIMYEHHEM A,.. B nuanasone A, = 0,45-0,70 3HayeHHs KOHLEHTpALUK
[CO] ne mpesbimator Hopmy o JCTY 2204-93 npu maBnenusx raza 1000 u
1500 ITa. Beiopocst NO, yMEHBIIAIOTCS € yBETMYEHUEM HArPY3KH U POCTOM A,
MakcUMabHOe 3HaueHne (0koj0 60 ppm) 3aUKCUPOBAHO TIPH JABJICHHUH Ta3a
nepen ropenkoit 2000 ITa u A, = 0,45.

4. TlonTBepxneHsl HenaBHO mnoiydeHHble aaHHble (CILIA) o 3HaumTeND-
HOM BbIXoie NO, NpH CXKUTaHWU ra3a, YTO MPEACTaBISET 0COOYIO OMAacCHOCTb
IUIsl TIonb30Batened ra3oBux mwinutT [12]. Beiopocst NO, AeTeKTHpOBaIHCh MpH
Bcex wucnbiTanusax. Kounenrparws [NO,| 3adukcupoBaHa B Juana3oHe 3HaA-
yeHu#l 15-20 ppm, He3aBUCHMO OT AABIICHHUs ra3a Imepej comioM u kodhdu-
LMeHTa N30BITKA MEPBUYHOTO BO3TyXa.

5. llpencraBneHHble pe3yibTaThl WCCIEJOBAHUN MPAKTUYECKH HE aHAIHM3H-
POBAIINCH U B JIUTEPATYPE HE pACCMATPUBAIIHCE.

YcaoBHbIE 0003HAYEHHS:

EINO, — nnnexc BeiopocoB NO,, mpuBEeICHHbIH K | KI' CXKATaeMoOro TOIUMBa; A — Kodddu-
LMEHT U30bITKA BO3ayXa; [X] — oObeMHas (MOJsIpHas) KOHLEHTpALUsl KOMIIOHEHTa X B pearupyro-
mied CMecH.

HHpekcobI:

eq — IUIsl pAaBHOBECHOTO COCTaBa MPOJYKTOB PEAKIHHU; ex — Ha BBIXOJE U3 AbIMOXO0Ja; pr — OT-
HOCHTENILHO K MEPBUYHOMY M30OBITKY BO3/yXa; react — Uil KOMIOHEHTOB PEAKIMi (PEaKIOHHOM
CMECH); St — CTEXHOMETPUYECKHUIT; X — JUISl peaKIMOHHON CMECH B CTAJIMHU JOXKHUI'AHHUS U HOCIEy-
IOILETO BO3/YLIHOTO pa30aBiIeHus..
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Pedepar. IIpuseneno o6ocHOBaHHE BHIOOpA TITyOUHBEI YCTAHOBKH HE(TSHOTO CTPYHHOTrO Hacoca
B CKBa)XHHE, 00eCIIeunBaloIlel ero paboTy B pe)KMMe MaKCUMaJILHOIO Kod(duUIMeHTa 0JIe3HOr0
JeicTBusl. PexuMHble mapaMeTpsl »KEKINOHHOW CUCTEMBI ONPEAENSIOTCS COBMECTHBIM PELICHH-
€M ypaBHEHHH XapaKTepHCTHKH BBEICOKOHAIIOPHOTO CTPYHHOTO HAcOCa M THUAPABINYECKOH CHCTe-
MBl. B mporecce pemieHnsi CHCTeMbl YpaBHEHHH MCHOJB30BaHbI METOJ MOCIIEOBATENbHbBIX IPH-
o6mmxenuii, nporpammuas cpezaa Delphi u pecypcst PTC Mathcad. YpaBHeHue xapakTepUCTHKH
THAPABIMIECKON CHCTEMBI CTPYHHOTO Hacoca MOJydeHO Ha OCHOBE ONpEeTCHHs JaBICHUH B ee
OTJIIMYUTENEHBIX CEYEHHSX C MOCIEYIONNM NPEACTaBICHHEM MX 3HAYCHUH B BHJE OTHOCHTEIb-
Horo (6e3pa3MepHOro) Haropa MKEKIMOHHOH CHCTeMBI. BennunHbl aBieHui cMemanHoro, pado-
Yero M KEKTUPYEMOro IOTOKOB MpeACTaBIeHbI B Oe3pa3MepHoil (hopMe B BUAE OTHOCUTEIBHOTO
Haropa »KeKIMOHHOH cucTeMbl. CMeHa IIyOHHBI YCTaHOBKH CTPYHHOTO Hacoca M3MEHSeT Xapak-
TEPUCTHKY €T0 I'MAPAaBIMIECKON CHCTEMBI, TapaMeTpsl pabodel TOYKKM HAaCOCHOI YCTaHOBKH U ee
KIIA. ITpu 3TOoM MHHHMAaIBHO AOMyCTUMas INyOMHA YCTAHOBKH CTPYMHOTO Hacoca Onpenenser-
Cs1 BENMMYMHOW MUHHMMAJBHOTO JABICHHUS B MIEMEHTaX YKEKIMOHHOH CHCTEMBI, KOTOPOE JOIDKHO
NIPEBHIIATh 3HAUCHHE NaBIEHHS YHPYTOCTH HACHIIEHHBIX IApoB HE(TEra30BOASHOTO MOTOKA
1 o0ecreyrBaTh ee SKCIUIyaTaltio B JOKaBUTAIMOHHOM peXHMe. BeposTHOCTE paboThI CTpyitHO-
ro Hacoca B KaBUTALOHHOM PEXHME MCCIEOBaHA C HCIONb30BaHHEM ypaBHeHuil bephymm,
Hapcu — Beiic6axa 1 CIUIOITHOCTH MOTOKA. BrIsBICHA 00paTHO MPONOPUUOHAIBHAS 3aBUCHMOCTh
koo ¢umenta »xexuun u KIIJ| crpyiiHoro Hacoca OT TIyOMHBI €O YCTQHOBKH B CKBa)KHHE.
B ciiyuae ycTaHOBKHM CTPYWHOTO Hacoca B CKBaXKMHE Ha omTuMaibHOM riayoune ero KIIJI yBesu-
yuaetcst Ha 30 %.
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Abstract. The article presents rationales for choosing the depth of installation of an oil jet pump
in the borehole that which ensures maximum efficiency of its operation. The operating parameters
of the ejection system are determined by the joint solution of the characteristic equations of the
high-pressure jet pump and the hydraulic system. In the process of solving the system of equations,
the method of successive approximations, the Delphi software environment and PTC Mathcad
resources were used. The equation of the characteristics of the jet pump hydraulic system was
obtained by determining the pressures in its distinctive cross-sections and then presenting their
values as the relative (dimensionless) head of the ejection system. Alteration the installation depth
of the jet pump changes the characteristics of its hydraulic system, the parameters of the operating
point of the pumping unit and its efficiency. In this case, the minimum permissible installation
depth of the jet pump is determined by the value of the minimum pressure in the elements of the
ejection system, which must exceed the value of the elastic pressure of saturated vapors of the
oil and gas flow and ensure its operation in pre-cavitation mode. The probability of operation of
a jet pump in cavitation mode was studied using the Bernoulli, Darcy — Weisbach and flow conti-
nuity equations. The inversely dependence of the ejection coefficient and efficiency of the
jet pump on the depth of its installation in the borehole has been revealed. If the jet pump is
installed in the borehole at the optimal depth, its efficiency is increased by 30 %.

Keywords: ejector technologies, ejection system, pump efficiency, hydraulic system, working
point of the pump unit, ejection coefficient, cavitation in the jet pump

For citation: Panevnyk D. A., Panevnyk A. V. (2020) Improving the Energy Efficiency of the Use
of Borehole Jet Pumps. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 63 (5),
462-471. https://doi.org/10.21122/1029-7448-2020-63-5-462-471 (in Russian)

BBeaenune

Pa3zpaboTka MECTOpOKACHUI YTIIEBOJOPOJOB COMPOBOKAACTCS HEMPEPHIB-
HBIM YCJIO)KHEHHEM T'OPHO-TEOJOIMYECKHX YCJIOBHH CTPOUTENLCTBA U 3KCILIya-
Taluu HePTIHBIX CKBakWH. [ouck myTei moBwiieHus 3()PEKTUBHOCTH pa3pa-
00TKHM He(Tera30BbIX MECTOPOKACHHUH MPUBEN K YBETUUECHHIO 00BEMOB HCIIOIb-
30BaHUSl HETPATUIIMOHHBIX 3KEKIMOHHBIX TeXHONOTWd mpu Oypenuu [1, 2],
ocBoeHMH [3], skcruryaTaruu [4, 5] u pemonTe [6] HEDTAHBIX U Ta30BBIX CKBa-
uH. CTpyHHBIE HACOCHI UMEIOT MPOCTYI0 KOHCTPYKIUIO, HE COJEPKAT JBUXKY-
MIMXCA YacTeld M COXPAHIIOT PabOTOCHOCOOHOCTh B arpecCHBHBIX cpelax, Co-
JEp KalluX PacTBOPEHHBIM ra3 U MEXaHMYECKHE IPUMeCH. 3HAYUTEIbHBIM IIpe-
UMYIIECTBOM TPUMEHEHUS CKBOKHHHBIX 3KEKIHOHHBIX CHCTEM SBIISETCS
BO3MOKHOCTh YBEIUYEHHsT IOOBIYM HHU3KOHAIOPHOTO IOMYyTHOTO Tras3a, 4To
B 3HAUUTENBHON CTemeHu omnpeaessieT 3PQeKTUBHOCTh MPOLECCOB OBITOBOTO
ra3ocHa0OkeHus [7], a Takke BHEIPEHUS aBTOMATUYECKUX CHUCTEM YIPAaBIICHUS
TPYNIIOBBIM Ha3eMHBIM HACOCHBIM MPHUBOIOM, KOTOPBIH MOXET HCIOJIb30BaAThCS
MIPH IKCIUTyaTaluu 3a00MHBIX CTpyHHBIX HacocoB [8]. Lllupokuii criekTp mpu-
MEHEHHUSI KEKIMOHHBIX TEXHOJOIMH HOATBEP)KIAET MX MHPOBOE 3HAUYCHHE
U aKTyallbHOCTh MCCJICIOBATENILCKUX pabOT, HAMPABICHHBIX HA MX JlAJIbHEHIIee
COBEPILICHCTBOBAHUE.

OO6nacTh KCHOJB30BAHUS HKEKLIHOHHBIX TEXHOJIOTUH OTpaHHWYEHa HU3KOU
3Heprodp(HeKTUBHOCTHI0 paboUero mpoiecca CTpyHHOro Hacoca, Ko UIUeHT
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noneznoro aeiictBus (KIIJ[) xotoporo oObrano He mpessimaer 35 % [9-11].
Henocrarounas senmmumnaa KI1J] crpyiiHOoro Hacoca o0ycioBIMBaeT HEOOXOIH-
MOCTh ONITUMU3AIMH YCIOBUN €ro SKCILTyaTallii B CKBOKUHHBIX KEKIIMOHHBIX
cucreMax. K dnciy sKcmTyaTallmOHHBIX (aKTOPOB, UMEIOIIUX OIpeaesioIiee
Biusane Ha BemumumHy KIIJ cTpyiiHOTO Hacoca, MOKHO OTHECTH TUIYOHMHY €ro
YCTaHOBKM B CKBa)XWHE. Pa3nmuuusi B WCHOJB30BAaHMH HEPTSHBIX CTPYHHBIX
HAcOCOB He(TeNOOBIBAIOIIMMY MpeanpusaTusiMu Poccuiickoit denepanuu u Be-
OYLITUMH MHPOBBIMH KOMIIAHMSMHU 3aKJTIOYAIOTCSA B CX€MaX pa3MeEIIeHUs KeK-
[IMOHHBIX CHCTEM B CKBakmHe. Ecim poccuiickme HedTemoOBIBatONINe Mpe-
MIPUATUS TIPUMEHSIIOT HCKIIOYUTEFHO CKBOKHHHBIC CTPYWHBIE Hacochl [12],
TO MHUPOBBIE He()TECEpPBUCHBIE OpraHW3alUU B He(TETOOBIYE HCIIONB3YIOT KaK
nryOouHHbIe [13], Tak U MOBEPXHOCTHBIC [4] KEKIMOHHBIE CUCTEMbI. 3ajadycii
HCCIIEIOBAaHNH, Pe3yIbTaThl KOTOPBIX HMPUBEACHBI B CTaThe, ObLJIO aHaIHTUYE-
CKoe 00O0CHOBaHWE BHIOOpA ONTHUMAIBHOW TIIYOMHBI pa3sMEIICHUS CTPYHHOTO
Hacoca B CKBaXHMHE, KOTOpas obecrieunBaiia Obl €ro 3KCILTYyaTallui0 B PEXIME
makcumanbHoro KITJI.

CxBakMHHas KEKIMOHHAs CUCTeMa BKJII0Yajia KOJIOHHY HACOCHO-KOMIIpEC-
copubix Tpyo (HKT) 1 (puc. 1) u cTpyliHBI HAacOoC, COCTOANINI U3 KaMmephl
cMemmuBaHus 2 ¢ quddyzopoM u pabodeld Hacagku 3 ¢ pa3MELICHHBIMU Ha ee
BHEIIHEW MOBEPXHOCTH JIEMEHTaMH JUIA 3aKPYTKHU 3KEKTHPYEMOro MOTOKa.

Qﬂl
4 4 O,
/ 1
H) 2 Puc. 1. CkBaXWHHas »KEKIIMOHHAS CHCTEMA!
1 — BepXHHMil y4acTOK KOJIOHHBI HACOCHO-
3 KOMIIPECCOPHBIX TPYO; 2 — KaMepa CMEIIHBaHUs
H, ¢ mubdysopom; 3 — pabouast Hacanka; 4 — paguagbHOE
OTBEPCTHUE; 5 — CTCHKH CKBa)XHHBI; 6 — MaKep;
O, | 4 7 — HIDKHMH y4aCcTOK KOJIOHHBI HACOCHO-
Y 5 KOMIIPECCOPHBIX TPYO; 8 — MPOAYKTUBHBINH TOPH30HT
6 Fig. 1. The borehole ejection system: 1 — overhead area
of a tubing string; 2 — mixing chamber
7 with a diffuser; 3 — working attachment;
s o B 4 —radial opening; 5 — walls of a borehole;
A 4 i i 6 — packer; 7 — lower area of a tubing string;

i 8 — productive horizon

Pabouas Hacaaka ¢ MOMOIUBIO PagUaIbHOTO OTBEpCTHS 4 coobmaercs ¢ 3a-
TpyOHBIM TIPOCTPAaHCTBOM, OOpa3yeMbIM BHEIIHEH IMOBEPXHOCTBIO KOpITyca
CTPYHHOTO Hacoca U CTEHKOW CKBaXXUHBI 5. YCTAHOBJIEHHBIA HMXKE CTPYHHOTO
Hacoca nakep 6 pasaesnsieT 001acTH BHICOKOTO U HU3KOI'O AAaBJICHUS B CKBAXKUHE.
CrpyiiHbIif Hacoc coo0IaeTcs ¢ MOANaKepPHONW 00JacThIO ¢ IIOMOIIBI0 HHYKHETO
yuactka kojnoHHbl HKT 7, xoTopas ruapaBiIdyecKH CBS3BIBAET BCACBHIBAIOLIYIO
JUHUIO YKEKIIMOHHOW CUCTEMBI W MPOAYKTUBHEIN TOpu30HT 8. Paboumnii mOTOK,
CO3[1aBaeMblii TOBEPXHOCTHBIM HACOCHBIM arperaTtoM (CHJIOBBIM IIPHUBOJIOM),
MoJlacTCcsl B 3aTpyOHOE MPOCTPAHCTBO CKBAXKHUHBI, TPOXOIUT PaHaIbHOE OTBEp-
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crue, pabouyro HacaaKy U MOMaAaeT B KaMepy cMellnBaHusl. BeneacTBre BEICOKOM
CKOPOCTH MCTeueHHs paboueil KHUIKOCTH Ha BBIXO/e pabodeil HacaJKu CO3aaeTcs
00J1acTh HU3KOTO JABJICHUS, KOTOpPask MPUBOAUT K BOSHUKHOBEHHIO BOCXOJISIIETO
(9KEKTHPYEeMOro) MOTOKA IIACTOBOM KMIKOCTH B TMAPABIMYECKOM KaHalle HIK-
Hero y4dactka kojoHHEI HKT. B xamepe cmenmmuBanus ¢ muddy30poM IpOUCXOTUT
BBIPAaBHUBAHHUE CKOPOCTEH CMEIINBACMBIX MOTOKOB W 0OpaTHOE MpeoOpa3zoBaHUe
UX KUHETHYECKOH SHEpPriuM B MOTCHIMAIBHYIO SHEPrHI0 AaBieHHs. HaxioHHbIE
JIOTIATKH, PacIiONIOKEHHBIE Ha BHEITHEH MOBEPXHOCTH padodel HacaJKH, CIioco0-
CTBYIOT 3aKpYUYHBaHHUIO MKEKTUpyeMoro noToka. [Ipu atoM ymydrmarorcst sHepre-
THYECKUE XAPaKTEPUCTUKH CMEIIMBaHHs PadOuero W KEKTHPYEMOIO MOTOKOB,
MTOBBITIIAETCS KOAPHUIMEHT IOJIC3HOTO JCHCTBHSI CTpYWHOTO Hacoca. 1o kojoH-
He HKT 1 cMemanHpli HOTOK HapaBisieTcsl Ha MOBEPXHOCTb.

B cooTBeTcTBUM C rHAPABINYECKON CXEMON 9KEKIIMOHHON CUCTEMBI (pHC. 2)
pabounii MOTOK ¢ pacxomoM (,, TI0 KaHaTy 3aTpyOHOTO IMPOCTpaHCTBa 1 Hampas-
JsieTCs Ha pabovyr0 HacaaKy 2.

3—f -3
O, | QLR-* 5
1 o
- ___[ -
f
L__;_,.- 4
Puc. 2. T'unpaBnuyeckas cxema CKBa)KUHHOTO CTPYIHOro Hacoca:
1 — kaHaJ 3aTpyOHOTO MPOCTPAHCTBA; 2 — pabouasi HacaIKa;
3 — HWKHHI y4acTOK KOJIOHHBI HACOCHO-KOMIIPECCOPHBIX TPYO; C
4 — kamepa cMenBaHus ¢ 1UQGdy30pom; 5 — BepXHHIl yIacTOK i —
KOJIOHHBI HACOCHO-KOMIIPECCOPHBIX TPYO
Fig. 2. The hydraulic circuit of a borehole jet pump: w
1 — channel of an annular space; 2 — working attachment; ) b3

3 — lower area of a tubing string; 4 — mixing chamber
with a diffuser; 5 — tubing string flow

B npuemHoii kamepe cTpyiiHOro Hacoca (Touka () MPOUCXOAUT COSTUHEHHE
paboyero u KEKTUPYEMOTO MMOTOKOB. DKEKTUPYEMBIH TOTOK ¢ pacxoioM Qg
BCACHIBACTCS 110 HIDKHEMY y4uacTKy kKomoHHbI HKT 3. CMemaHHBIH TOTOK ¢ pac-
xonoM (,, uepe3 kamepy cMmenrnBanus ¢ Auddy3opom 4 1o BepXHEMY yUACTKY
konoHHsl HKT 5 moctymaer Ha moBepxHOCTh. B Toukax w, m, S ruapaBnuye-
CKOHl CHCTEMBI COOTBETCTBEHHO OIPENEISIOTCS NaBIEeHHS pabodero p,,, cMme-
LIAHHOTO P, ¥ 3KEKTUPYEMOTO Py IIOTOKOB.

MunnmManpHas TIyOMHa YCTaHOBKH CTPYHHOTO Hacoca B CKBaKHMHE Ompese-
JIIETCS BO3MOKHOCTBIO €r0 paboTHl B KaBUTAMOHHOM pekume [14]. B cTpyii-
HOM Hacoce KaBUTalUsA BO3HMKAET NMPEUMYIIECTBEHHO B CTPYHMHOM IMOTpaHHY-
HOM CJIO€ Ha TpaHHIle pa3zesia paboyero 1 3>KeKTUPYEMOro IMOTOKOB, Ie BCIIEA-
CTBHE WHTEHCHBHOTO BUXPEOOpPa30BaHUS B KaMepe CMEIINBaHUS (OPMUPYIOTCS
30HBI MUHHMAaJIbHOTO JaBiieHus. [Ipouecc cMmemmnBaHUS H3-32 MHTEHCHUBHOIO
BbIJIEJICHNA Tapora3oBBIX ITy3BIPHKOB HapylIllaeTcs, a Hamop CTpyHHOro Hacoca
u ero KIIJ] (puc. 3) pe3ko CHUXKAIOTCH.
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h Toukn K, u K, Ha puc. 3 — 3TO Hayajuo
BO3HUKHOBECHMSI KaBHUTallMM B IPOTOYHOH
4acTU CTPYHHOro Hacoca. JlaipHelinee yBe-
1 TYeHne KOdPQPHULIMEHTa HKEKUUH COOTBET-
CTBYeT HepabounuM ydacTKaMm (pHc. 3, MyHK-
TUPHBIC JIMHWM) HAallOpPHOW W SHeprerude-
CKoi xapakTepucTHk. Kpome Toro, pabota
CKBOKMHHON 2KEKIIMOHHON CHUCTEMBI B Ka-
" BHATAI[IOHHOM PE&XHME yBEINYMBACT HAIps-
KR JKEHHsI, BO3HUKAIOIIUE B 3JIEMEHTaxX CTpyH-
\ Horo Hacoca [15, 16], u uaTeHCUpHUUIUpPYET
W3HOC JeTaleil ero NpOTOYHOM YacTH.
HccnenoBanneM JABWKEHHUS JKUIKOCTH B
MIPOTOYHON YacTH CTPYHHOro Hacoca ycTa-
HOBJICHO, 4YTO BO3HHMKHOBEHHWE KaBUTALUH
HanboJiee BEPOSATHO B JIBYX OOJIacTSAX: Ha
BbIXO/Ie pabovero MoToka M3 HACaJKH U BO
BXOJHOM CEYEHHH KEKTHPYEMOT0 MOTOKA B
KaMepe CMeIuBaHus. B ciydae MCIONB30BaHUSI CKBAKUHHBIX CTPYHHBIX HACO-
COB TEPBOOYEPEAHON 00JIaCThI0 BOSHUKHOBEHHUS KaBUTAIMM SBJISICTCSA padouas
Hacagka. JlaHHOe 00CTOSTENbCTBO HEOOXOAMMO YUYUTHIBATH NPH ONpPEACICHUH
KaBUTALMOHHOHN XapaKTePUCTUKH CKBaKUHHOIO CTPYIHOIO Hacoca.

h Pexxum paboThI 3KEKITMOHHON HACOCHOM
YCTAaHOBKHU OIIPENENIEeTC COBMECTHBIM pe-
IIEHHWEM YpaBHEHHUH HAIlOPHOW XapakTepH-
CTHKH CTPYWHOTO HAacoca M XapaKTePUCTHKU
€ro rufpaBiInyecKoil cuctemsel. Touka nepe-
CeUCHMs MAaHHBIX XapakTEPHCTHK (pabouast
TOYKAa HACOCHOM YCTaHOBKH) OIpelesieT
peXMMHBIE TMapaMeTpbl CTPYHHOro Hacoca:
OTHOCHUTEJIbHBIM Hamop 4 W KO3 HUIUEHT
MKEKIHH i (puc. 4).

i TIpuBenennas Ha puc. 4 cepusi KpuBbIX 1-5

iKBB
Puc. 3. KaputanlnoHHBIN pesxum
paboTsl cTpyiHOrO Hacoca

Fig. 3. Cavitation mode of a jet pump
operating

0,6

0 05  COOTBETCTBYET XapaKTEPUCTUKAM T'UIpaBIIU-
Puc. 4. Onpepernenne pexnma YECKOW CHCTEMBI CTPYHHOro Hacoca AJIs pas-
paoTe! cTpyiiHOro Hacoca JUYHON TIyOWHBI €ro YCTaHOBKM B CKBa-

Fig. 4. Determination of the jet pump  kuHe. Touka A; ompenenseT peKuM pabOThI
operation mode CTPYHHOr0 Hacoca MpU €ro pasMelIeHHH Ha

MakCUMaJbHOH riyoune. KoopauHatel Tou-
K As COOTBETCTBYIOT PEXHMY pPaOOTHI MOBEPXHOCTHOIO CTPYHHOro Hacoca.
Hanopnas xapaktepucTuka cTpyiiHOro Hacoca (puc. 4, kpuBas 6) ocraeTcs
HEM3MEHHOW HE3aBHCUMO OT IIIyOHHBI €r0 Pa3MEIICHHUs B CKBaXKHHE.
XapakTepUCTHKA BBICOKOHAIIOPHOIO CTPYMHOTO HAcoca ONpenesieTcs CH-
cTeMoit ypaBHeHui [17]:

3

- ; /, /, 1+i) | A
h:pm Ps :(P—l 2(p2i+2(p2i_(2_(p2)( ) _ pk’ (1)
pw _pS Kp pr ]{1.'2 Kp App
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P
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A
&Z 1+ﬂ; (3) &:;’ 4)
fpz Apl’ ﬁz K _@
P

re /4 — OTHOCHUTENBHBIN HAloOp CTPYHHOTO HACOCA; Py, Ps, Pw — JaBICHHUE CMe-
[IAHHOT 0, 3KEKTUPYEMOTO B pab0vYero MOTOKOB; (1, (2, O3, (P4 — SMIUPUIECKHIA
K03 QHIUEHT CKOPOCTH XapaKTEPHBIX CEUEHUH CTpyHHOro Hacoca; Kj, — OCHOB-
HOM reoMeTpuyecKuil mapaMeTp CTpyHHOro Hacoca, paBHBIM OTHOLIEHMIO IIIO-
Iajeil KaMepbl CMELIMBaHus U paboueii Hacanku; f, , f, — IUIOIIAlb CeYCHHs

pa60qer0 IIOTOKA Ha BBIXOAEC U3 pa60qef/'1 HaCaJlK1 U Ha BXOJ€ B KaMEpy CMCIIN-

BaHWS; f; — IUIOLIAJb CCYCHHUs KCKTUPYEMOro IOTOKA HA BXOIE B KaMmepy
- o . Ap,
CMEIIMBAHUS; | — KOOPQHUIMEHT MKEKIUU CTPYHHOTO Hacoca; v OTHOCH-

Pp

TeJIbHBIE THAPABINYECKUE MOTEPU B paboueM MOTOKeE.

Cucrema ypaBHenwmit (1)—(4) pemeHa METOIOM MOCTIEIOBATENEHBIX TPUOIH-
YKEHUH ¢ UCIOJIb30BaHUEM TIporpaMMHBIX pecypcoB PTC Mathcad u s3p1ka mpo-
rpammupoBanus Delphi.

BeiBon ypaBHEHHS XapaKTEPHCTHKH THAPABIMYECKOW CHCTEMBI IpEemdy-
CMaTpUBAeT IIPEIBAPHTEIIFHOE ONpEeNICHue aBJICHUI CMEIIaHHOro, pabo-
Yero W KEKTHPYEMOTrO MOTOKOB B XapaKTEPHBIX CEUEHHSX CTPYWHOrO Haco-
ca (puc. 2):

8,.0H, 0 (1+i)
P =pgH , + ;2 E ; (5)

8L,pH, 00 (1+1)  8p07
n’d’ muldt’

P, =pgH , + (6)

“’ln(Rc/rw)Qwi 8}\'3p(HW _HP) ‘ilz
2nkh,, n’d’

Ds =Py — ) (7

rae p — IUIOTHOCTh HOTOKA JKUAKOCTH; g — YCKOPEHHE CBOOOIHOTO MaleHHMS;
H, — riry6uHa yCTaHOBKM CTPYHHOro Hacoca; A, — K03()(QHIHUEHT JTHHEHHOTo
THUAPABIMIECKOTO COTPOTHBIICHHS BepxHero yuacTka kanana HKT; O, — pacxon
pabouero moToka; d, — BHyTPEHHUI IuameTp BepxHero ydactka kaHana HKT;
L, — K03 hUIMEHT pacxoaa padodel Hacaakw; d,, — AMaMeTp paboueit HacaaKu;
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Pst — TIACTOBOE JaBJlieHKE; [ — KOA(PPHUINEHT THHAMUYECKOH BSI3KOCTH ILIACTO-
BOM JKUAKOCTH; R, — panuyc KOHTypa MUTAaHUs; 7, — PaJuyC CKBaXHUHBI; kK — KO-
3GOUIKMEHT TNPOHUIAEMOCTH TPOAYKTHBHOTO TOPU30HTA; /i; — TOJIIUHA
MIPOTYKTUBHOTO TOPH30HTA;, A; — KOX(DGOUIMEHT TUHEHHOTO THAPABINICCKOTO
COTIPOTUBJIEHNUA HWXHEro ydacTka KonoHHsl HKT; H, — riyOuHa CKBa)KUHBI
d; — BHYTpEeHHUI nuaMeTp HIbkHero ydactka kanana HKT.

IlepBbIe 1 BTOpBIC COCTABIAIONTHE ypaBHEHUH (5), (6) ONMpenemnstoT COOTBET-
CTBCHHO BEIIMYMHY THAPOCTATUYECKOTO MJaBJICHUS B CKBAXWHE Ha TIyOHHE
YCTaHOBKH CTPYHHOTO Hacoca W JIMHEHHbIe THIPaBIMYECKHE MMOTEPU MPH JIBU-
xeHnn kuakoctu (popmyna Jlapcu — BeiicOaxa) B kaHaje BEpXHETO ydacTka
HKT. Tpetwst cocrapisromast (6) onpenenseT BETUYHHY THAPABIUICCKUX IT0-
Tepb B pabouell Hacagke CTpyHHOTO Hacoca. BTopas M TpeTbs COCTaBIsIO-
e (7) XapakTepu3yloT BEJIMYUHY THIPAaBIMYECKHX MOTEPb B MPOAYKTHBHOM
ropusonTe (hopmyra [romon) 1 THHEHHBIX MOTEPh B KaHAIE HIDKHETO y9acTKa
koiouHsl HKT. VYpaBuenus (5)—(7) mosydeHbl C HUCHONB30BAaHHEM 3aKOHA
CIUIOLIHOCTU TIOTOKA, a TaK)Ke€ COOTHOILLIECHHH, CBA3BIBAIOIIUX PAacXoAabl paboue-
ro Q,, YKekTupyeMoro Os 1 cMemnanHoro {J,, TOTOKOB

0,=0,+0,=0,+0,i=0,(1+). ®)

XapakTepucTUKy THAPABIMYECKON CUCTEMBI CTPYMHOIO Hacoca MOJyYUM
B Buje Oe3pa3MepHOro (OTHOCUTENBHOro) Hamopa /= (p, — ps)(pw—ps), UC-
nomnb3ys ypasaenus (5)—(7)

h= : ©)
L 8p0. /(r'uidy)
87\‘ P _ uln(Rc/rw') . 8}b~"p(HW_HP) 2.2
2d5 Qw(1+l) +pgH , pst+TkhstQ7l+n2—dewl

Hccnemyem BO3MOKHOCTh paOOTHI CKBXXKMHHOTO CTPYWHOTO HACOCa B KaBH-
TaIMOHHOM pEXXHME C HCIIOJIb30BaHUEM YpPaBHEHHs bepHyiutn, 3ammcaHHOTO
JUISL CEUEHUH, PacIloJIOKCHHBIX Mepen paboueil Hacaakow, mociie paboyeit Ha-
CaJIKU Y Ha BBIXOJIC CMEIIAHHOTO TIOTOKA U3 CKBAYKHUHBI HA TIOBEPXHOCTH (pUC. 2):

2 2
Zo+ P o a7 P2 2 g s (10)
pg 2g pg 2
p v2 V2
Z+ o, =27, +—+0.3 +h s, )
pg 2g pg 2g

rae Z,, Z,, Z3 — OTMETKa T€OMETPUUECKOTO MOJI0KEHUSI CEUCHHUS; Vi, V;, V3 — CKO-
pOCTh TIOTOKA B CEUCHUH; p1, Pa, P3 — JABIICHUE TIOTOKA B CEYCHHH; COli, Olp, Ol3 —
koadurmentsl Kopuonuca; /iy ,, i 3 — mMOTepH HAMOpa COOTBETCTBEHHO MEKTY
ceueHussMu 1-1 u 2-2 u 1-1 u 3-3.

IIpoananmm3upyem ciaraemeie ypasaenuit (10), (11):

Z,=2,; o, =0, =1 (TypOyJIeHTHBII PEKUM JBUKEHH KUIKOCTH); (12)
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Z, =0 (mnomanap cpaBHEHHUS NPOBEZEHA uyepe3 ceueHue 1-1);
Zy=H,; o,=1 v =v;; p;=0 (B ceuenun 3-3 (13)
JIEHCTBYET aTMOC(EPHOE JaBJICHUE).

Yenosus (12) 3anmcanst aiisa ypasaerws (10), a yemosus (13) — ms (11).

ITocne ynpolieHuii, 3aMeHbl CKOPOCTE MOTOKOB pacxoJaMy W MCIOIb30Ba-
Hus dopmynbel [lapcu — Beficbaxa momydnM ypaBHEHHUE TSI OTIPEICIICHHS TaB-
JIEHHsI p;, KOTOPOE COOTBETCTBYET MUHHUMAIBLHOMY MABJICHUIO Py = Pmin B TPO-
TOYHOM YacTH CTPYMHOro Hacoca

8ph, H, 02 (1+i)" 8p02( 1 1
2d’ + i E_?' (14)

c & w

P2 = Puin :ngp +

B cooTBeTcTBHM € TIONYyYEHHBIM yPaBHEHHWEM BEIHUYHMHA NABIICHUS Py MPSIMO
MIPOTIOPIMOHANIFHA ~ TAIyOWHE yCTAaHOBKH CTPYHHOTO Hacoca B  CKBa)XKHHE
1 pacxomy pabouero moroka Q,,. JlaBienue p, CHIKaeTCS IPH YMEHBIICHAN TITyOH-
HbI YCTaHOBKH Hacoca f, 10 BEIMYMHBI JABJICHHUS YIPYTOCTH HACBILEHHBIX [1apOB
XKHUIKOCTU Py = Prin = Psy- JlATbHEHIIIEE YMEHBITICHHE TITyOUHBI YCTAaHOBKH CTPYHHO-
TO Hacoca B CKB)KWHE COOTBETCTBYET €T0 padOTe B KABUTAIIMOHHOM PEXXKHME.

Benuunny KIIJ[ crpyiinoro Hacoca

ia M5 Pmin
ompeessuH 1Mo hopmyIie
hi K
n=—- (15) .
1-h !
B npoiiecce cOBMECTHOTO pelIeHUs —_—
YpaBHEHUH XapaKTEPUCTHKH CTPYH- K] -
HOTO Hacoca M €ro THAPaBIMYECKOMN I
CHCTEMBI OTpeeneHo (puc. 5), dUro Donin
yMEHBIIEHHEe TIyOWHBI  yCTaHOBKH
Hacoca IPUBOAUT K YBEJIMYEHHIO KO- K Psv H/H,,
sappunmenta xexun U KIIJ xek-
[IUOHHOM CUCTEMEL. Puc. 5. Cxema onpenenenust OonTUManabHON
MaKCI/IMaHBHLIe 3HAUYEHUS TaHHBIX FJ'Iy6I/IHI>I YCTaHOBKH HacoCa B CKBAXXKUHE
napaMeTpoB COOTBETCTBYIOT pa3Me- Fig. 5. The scheme of determination
LIEHUIO CTPYMHOI'O0 HAacoca Ha MOBEpX- of optimal depth of a jet pump
HOocTH. [Ipr 3TOM CHM)KAETCs BETHYH- installation in the borehole

Ha JaBJICHUS pp, pabouero moToka

B BBIXOJHOM ceueHHMH paboueil Hacamku. B Touke K MHUHHMalbHOE NaBJIECHHE
paboyero MOTOKa YMEHBINAETCS O NABJICHUS YNPYTOCTH HACBHIIICHHBIX MapoOB
KUAKOCTH Ppin = Psy- PA00Ta B KaBUTAIMOHHOM DPEXHUME BBI3BIBAET PE3KOE CHHU-
xenne kodpdunmrenta »xekuuu i v KIIJ ) crpyiinoro Hacoca. Touku K;, K, co-
OTBETCTBYIOT MaKCHMAJIbHBIM 3HaYeHUSAM Hamopa (A = hy,) 1 KIIA (N = Nmax)
U ONpEeAesIIOT MUHMMAJIBHO AONMYCTHMYIO TIIyOWHY pa3MelleHHsl CTPYyHHOTO
Hacoca Hiyin B CKBaJKHHE.

B mporecce mpoBeneHHOro aHalinM3a YCTaHOBJIEHO, YTO KaBUTAIMOHHBIE
SBJIEHUS] B IPOTOYHON YacTH CTPYMHOTO Hacoca, T€OMETPUYECKUI IMapaMmerp
KOTOpOTO paBeH 2,507, BO3MOXHBI IIPH YMEHBIICHHN OTHOCHTEIBHOW TITyOHHEI
€ro pasMelleHHs B CKBakuHe 10 Benuuunsl H,/H,, = 0,0107. [lns Takoit riay0u-
HBI YCTaHOBKH cTpyiHOro Hacoca ero KIIJ] Bo3pacraer ma 30,1 % mo cpaBHe-
HUIO C pa3MelIeHneM Ha 3a00e CKBa)KHWHBI.
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BbIBO/IbI

1. HccnemoBaHa 3aKOHOMEPHOCTh HM3MEHEHHS BeNWYHMHBI Ko3(ddummenta
akekiuu, KIIJ[ ¥ MUHUMAIBHOTO AAaBJI€HUS B MPOTOYHOM 4YAaCTH CTPYHHOIO
Hacoca I pa3uuHBIX TIyOHWH ero yCTAaHOBKU B HEPTAHOW ckBaxkuHe. [ myOuna
YCTaHOBKHM CTPYHHOIO Hacoca HMMeEeT OOpaTHO IPONOPIHOHAIBHOE BIHSHHUE
Ha BenmuuHy Koadduuuenta m»xekuun u KIIJ] u mpsMo mponopunroHanibHOE
Ha 3HaYeHUEe MUHUMAJIBHOTO JAaBJICHHUS B €r0 IPOTOYHON YaCTH.

2. Ha ocHOBE COBMECTHOTO aHaJIM3a HAIOPHOM, SHEPreTHYECKOW M KaBHUTallU-
OHHOM XapaKTEePUCTHK HKEKUMOHHOW CHCTEMBI MPEIUIOKEH METO]l aHATMTHIECKOTO
BBIOOpA ONTHMAJIFHON TITyOMHBI YCTAaHOBKU CTPYWHOro Hacoca B He(DTSIHOW CKBa-
XHHE, obecnieunBaroyii MakcuMansHbI KI1J] ero skcrmyararym.

3. OntumanpHas TiTyOrWHA YCTaHOBKU CTPYWHOTO Hacoca MO3BOJISET YBEIH-
yuthk KIIJl ero pabouero npouecca Ha 30 %. [Ipu 3TOM CHIKAIOTCA 3aTpaThl HA
pealiM3anuoo THIPOCTPYHHONH HeTeqo0hYl, yMEHbIIAeTCS CeO0eCTOMMOCTD
MPOAYKLMH CKBRXXKUHBI M BO3PACTAET MEPHOJ €€ PEeHTa0eNbHON 3KCIITyaTalluy.
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CosaHeyHbIE KOJLIEKTOPbI
HA OCHOBE MeIHbIX ABYX(a3HbIX TepMOCU(POHOB

B. U. Mapunenko”, B. C. Kyauanu"

YHaunoHansHeli TeXHAHECKHIT yHUBepcUTeT YKpauHbl «KueBckuil MoJTuTeXHUUECKUNH HHCTUTYT
nmenu Urops Cuxopckoro» (Kues, Ykpanna)

© Benopycckuil HalMOHAIBHBINA TEXHUYECKUI yHUBepcureT, 2020
Belarusian National Technical University, 2020

Pedepat. TepmocudoHbl 1 TEIIOBBIE TPYObI OTKPBHIBAIOT LIMPOKHE BO3MOXKHOCTH IIPH CO3IaHUHU
MIACCUBHBIX CUCTEM TeIUloMacconepeHoca. M3BecTHBl pa3iuuHble KOHCTPYKTHBHBIE PELICHUS
C HCIOJIB30BAaHHEM TEIUIOBBIX TPYO (TepMOCH(OHOB) B CONHEYHBIX JHEPreTHYECKHX CHCTEMaX.
ComHeuHast YHEPTHS — OJUH U3 NEPCHEKTUBHBIX HCTOYHUKOB SHEPTHH, IIar K YMCHBIICHUIO 3aBH-
CHMOCTH OT APYTHX SHEPreTHUECKUX pecypcoB. CeroiHs yxe CyLIeCTBYET NMPOMBIIIIIEHHOE po-
U3BOJICTBO COJIHEYHBIX KOJUICKTOPOB Ha OCHOBE TEPMOCH(OHOB (TEILIOBBIX TPYO). Mcnonb3oBanue
TepMOCH(POHOB (TEIUIOBBIX TPyO) ympomiaeT cOOpKy KOHCTPYKIWH, OOECIeYHBacT €€ BBICOKYIO
MOyJIBHOCTb, PEMOHTOIIPUTOJHOCTh U HaJIEXKHOCTh. B mporecce nccnenopanuit aBTopamu paspa-
OoraHa 1 000CHOBaHA KOHCTPYKIMS COJIHEYHOT'O KOJUIEKTOPA Ha OCHOBE TEPMOCH(OHOB, 3aKper-
JICHHBIX Ha MaHeNsAX, MOTJIOIAIONIUX COJHEeYHble JTyuu. s aHanmm3a 5(QEeKTUBHOCTH PabOTHI
COJTHEYHOTO KOJUIEKTOpa Ha OCHOBE MEAHBIX ABYX(a3HBIX TEPMOCH(POHOB OBLTH M3TOTOBIIECHBI ABA
MakeTa — C IUIOCKOH M LIIMHIPUYECKOH MorIomaromuMy nasenamu. [lnomann noriaomaromumx
MoBepXHOCTel oxmHakoBble. OO0 MOIENM HCCIIENOBAaHBI METOIOM TEIUIO(U3HIECKOr0 JKCIe-
pumenra. Ilomyuens! pe3ynpraTtsl 3((EKTHBHOCTH TpEIIaraéMbIX KOHCTPYKIHH COJHEYHBIX
KoJUIeKTOpoB. Koa(hGUIUMEHT 1ONe3HOro IeHCTBHS CONHEYHOTO KOJUICKTOpA Ha OCHOBE MEIHO-
ro asyxdasHoro TepMocudoHa, 3aKpeIICHHOr0 Ha ILMIMHIPUYECKOH IOrjomaromeil naxeny,
Ha 2-5 % OoubIe, 4eM Ha OCHOBE TAaKOTO e TepMOCH(OHA, 3aKPEIUICHHOTO Ha IIOCKOH IIOTIIo-
maromeid nanend. MakcumanbHoe 3HaueHue KIIJl, moigydeHHOe mpH HU3KUX HAdalbHBIX TEMIIe-
paTypax BOJIbI, JUIl COJIHEYHBIX KOJUICKTOPOB C IMJIMHAPUYECKOW U IJIOCKOH IOIJIOMIAIOIIMMU
nosepxHocTIMHU — 60 %.

KnioueBble cj10Ba: COTHEUHBIH KOJUIEKTOP, MEAHBII IBYX(a3HbIH TepMOCH(OH, IIMIHHIPUIECKast
1 ITOCKAs! MTOTJIOMAIOIIHE TAaHEIN
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systems are known. Solar energy is one of the promising energy sources, a step towards reducing
dependence on other energy resources. To date, there is already an industrial production of solar
collectors based on thermosyphons (heat pipes). In solar collectors, the use of thermosyphons (heat
pipes) makes it possible to simplify the assembly of the structure, ensures its high modularity,
maintainability and reliability. In the course of research, the authors have developed and justified
the design of a solar collector based on thermosyphons fixed on panels that absorb solar rays.
In order to analyze the efficiency of the solar collector based on two-phase copper thermosyphons,
two models of solar collectors were created, viz. the one with a flat absorbing panel and the one
with a cylindrical absorbing panel. The areas of the absorbing surfaces were the same. Both
models were studied by the method of thermophysycal experiment. The results of studies of the
effectiveness of the above-mentioned solar collectors have been obtained. The efficiency of the
solar collector based on a copper two-phase thermosyphon, which is fixed on a cylindrical absor-
bing panel is 2—5 % more than the efficiency of the solar collector based on a copper two-phase
thermosyphon, which is fixed on a flat absorbing panel. The maximum efficiency value obtained
at low initial water temperatures for solar collectors with a cylindrical and flat absorbing surface
was 60 %.

Keywords: solar collector, copper two-phase thermosyphon, cylindrical and flat absorptive panels

For citation: Marynenko V. 1., Kulynych V. S. (2020) Solar Collectors Based on Copper Two-
Phase Thermosyphons. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 63 (5),
472-484. https://doi.org/10.21122/1029-7448-2020-63-5-472-484 (in Russian)

BBeaenne

TexXHONIOTUU CTPOUTENBCTBA COOPYKCHHH C HHM3KHM SHEPronoTpediIeHHneM
TpeOYIOT UCIOIB30BAaHHUS METONOB U CUCTEM C MHHHUMAJIBHBIMHU YHEpro3arpara-
mu. Eciu cTaBuTh 3amady co3laHMA MTACCHBHBIX CHCTEM TEILUIOMAacCOIepeHoca,
to npumenenne repmocudonos (TC) u temnoBeix Tpyo (TT) oTKphIBaeT mmpo-
KM€ BO3MOXKHOCTH IS pEIIeHUs] MpobeM TerIonepeadd B COTHEYHBIX dHEp-
reTuueckux cucremax [1-5].

Texnonoruu ucnons3oBanus TC u TT uzBectHs gaBHo [6, 7]. Tepmocudo-
HBI (TETUIOBbIE TPYObI) 001aal0T OTIUYHBIMHE BO3MOYKHOCTSIMU JUISI TeTUIoNepe-
Jaud, BBICOKOH 3(()EeKTUBHOCTBIO M 3a4acTyl0 KOHCTPYKTHBHOHM NPOCTOTOH.
Kpome TOro0, 3T0 aBTOHOMHBIE CHCTEMBI, HE UMEIOIINE MEXaHHUECKUX JBHKY-
muxcsa yacteil. M3BecTHBI pa3auyHble KOHCTPYKTHUBHBIC PELICHUS! TPUMEHEHUS
TEIJIOBBIX TPYO B ycTaHOBKax 3HeprocoOepexenus [1, 7-9], a Taxxke Kak sie-
MEHTOB CHCTEM, paboTaromux Ha BO30OHOBISEMBIX MCTOYHHKAX dHepruu [10].
TepMOCHU(OHBI U TEIIOBBIE TPYOBI MOTYT OBITH HCIIONB30BaHBI B CONHEYHBIX
sHepreTuyeckux cucremax. ComHeuHast 3HEPrusl — OAUH U3 NEPCHEKTUBHBIX HC-
TOYHUKOB »Hepruu [11, 12], mar Kk yMEHbIIEHUIO 3aBUCUMOCTH OT IPYTUX 3HEP-
rerudeckux pecypcoB. Ilpumenenne TC u TT B CONHEYHBIX HHEPTETHUCCKUX
cuctemax paccmatpupaercs ¢ 80-x rr. XX B. [13]. CeronHs yxe CyLIECTBYET
MIPOMBIIIUIEHHOE TPOU3BOJICTBO BaKyyMHBIX CONHEYHBIX KosiekTopoB (CK) Ha
ocHoBe TepmocudonoB [14]. Ucrmonp3oBanue TepMOCHUPOHOB YIIpoIIaeT cOOpKy
KOHCTPYKILHH, 00ECIICUNBAET €€ BHICOKYIO MOIYJIBHOCTh, PEMOHTOIIPUTOJHOCTD
U HaJIeKHOCTb.

PanyioHanbHBIM pelieHueM AJsl BRICOKOA(P(GEKTHBHBIX 000JI0YEK TETIOBBIX
Tpy0O, mpenHazHaueHHbIXx mnsi CK, sBisiercs mpoduibHas IIaBHUKOBAs KOH-
CTPYKITHS, TIOTyICHHAs METOJIOM dKcTpy3uu. O6omouka TT BMecTe ¢ MmIoCKoi
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MOTJIOIIAIOIEH TAHEIbI0 IPOU3BOANTCS CIUIOIIHBIM 3JIEMEHTOM C Hape3aHHBIMU
10 BHYTPEHHEH CTOpPOHE TPyObl MPONOJIBHBIMH AKCHATBHBIMHA KaWLISIPHBIMH
OMerooOpa3HbIMU KaHaBKaMu [15].

ABtopamu [15] pa3paboTraH W CcO3/1aH COJHEYHBIH KOJUIGKTOp Ha OCHO-
BE AJIOMHHHUEBBIX NPOQUIBHBIX TEIUIOBBIX TPYO C aKCHAIBHBIMH KaHaBKaMH
omMerooOpasHoli GopMel, paboTaromux B pexxuMme AByX(hazHoro TepMmocudoHa.
[lanenp KoJUIEKTOpA, MOTJIOMIAIOIIAS TEIUIOTY CONHEYHBIX JIydeil, COCTOUT U3
amtoMUHUEBBIX 1T, M3rOTOBICHHBIX W3 IUIOCKOTO AJIOMHHHUEBOTO MPO(UIIA.
TemnoTa BocprHUMAETCs IIOCKOH MOBEPXHOCTHIO 30HBI ucnapenus 1T u me-
penaercst KUIKOCTHOMY TEIUIOOOMEHHHKY, PACTION0KEHHOMY Ha 30HaX KOHACH-
caru. Takas cucTema Terionepenadyn obecrneynBaeT HU3KOe THAPaBINYECKOe
COIIPOTHUBJICHNE TEIUIOOOMEHHHMKA COJHEYHOIO KOJUIEKTOpPa U COOTBETCTBEHHO
MaJible SHEPro3aTparsl Ha paboTy Hacoca.

B [16] paccmorpenst CK Ha ocHOBe MemHOro jaByX(dazHoro Tepmocudo-
Ha ([TC) ¢ ucnonbp3oBaHWEM MEIHOHM IUIOCKOH MOTJIOIIAONIeH maHeau, mpe-
CTaBJICHbI HCCIICIOBAHUS €T0 TEIUIOBOH 3(h)(heKTUBHOCTH, BHIIIOJIHEHO CPAaBHEHHE
¢ CK Ha ocHOoBe amomuHHEBHIX TpodmibHbIX TT, paboTarmux B pexumMe
nByxda3Horo repmocuoHa.

Henocratkom BeimeykazaHHbix CK gBisieTcst To, 4TO OHM UMEIOT TEIUIOBbIE
[OTEpU IpHU IepeAade pajuallMOHHOIO TEIUI00OMEHa B AJMHHOBOJIHOBOM JAHA-
[Ia30HE MEX/1y MOTIOIAIOIIEH MIIOCKOW HaHEeNbl0 U TEPMOCH(OHOM.

Lenp uccnenoBaHusi aBTOPOB CTaTbu — pa3paboTKa KOHCTPYKLHUH AJIEMEHTA
COJIHEYHOT'O KOJIJIEKTOPa, Ha OCHOBE KOTOPOTO MOKHO TOBBICUTH €ro 3(dek-
THUBHOCTbH 3a CUET pPEaM3aluy AOIOJIHUTEIBHOIO PAJUALlMOHHOIO TEII00OMe-
Ha B JJMHHOBOJIHOBOM JHamna3zoHe Mexay mnoriomawomeid manenso u JATC
¢ TemioHocuTeneM. [lomepeyuHslil pa3pe3 MOJTHOMACIITAOHOTO KOJJIEKTOpa I0-
Ka3aH Ha puc. 1.

6 7
/ /’ '// ) 2
| 3 ,

Puc. 1. Tlomepednslii pa3pe3 MOTHOMACIITAOHOTO COTHETHOTO KOJUICKTOpa:
1 — xopmyc; 2 — Teruon3ossinust; 3 — abcopOep; 4 — HMIMHAPUIECKUI CETMEHT;
5 — pebpo; 6 — nByxda3Helii TepMOCU(DOH; 7 — CTEKIISTHHAS KPBILIKa

Fig. 1. A cross-section of a full-scale solar collector:
1 — case; 2 — heat insulation; 3 — absorber; 4 — cylindrical segment;
5 — edge; 6 — two-phase thermosyphon; 7 — glass cover

Texauueckasi 3afadya pemiaeTcs 3a CUeT CO3JaHHsS MaHENH, MOTJIOMA0IeH
CONHeuHbIe JIyud. YUTOOBl HE W3roTaBIMBATh MOJTHOMAcIITaOHBIM HOBBIH CK,
OBUT BBHITIOJHEH DJIEMEHT CIEIUALHO MPO(UINPOBAHHON MOTJIOMIAIOIICH TaHe-
JI B BUJE UWJIMHIPUYECKON TOBEPXHOCTHU. B ee BHyTpeHHEN YacTu 3aKperieHo
pebpo, Ha cBOoOOIHOM KOHIE KoToporo pacnonaraercs JTC. Hunmmaapudeckas
MOBEPXHOCTH MAHEIH UTPaeT pOJib KOHIIEHTPATOpa OTPAXKEHHOM YaCTH U3Iyue-
HUS U COOCTBEHHOTO M3JTyUeHUs MMaHEeM B paiioHe TepMmocudona [17].
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Jnst ananuza 3((GeKTUBHOCTH pabOThl COTHEYHOTO KOJIEKTOpa Ha OCHOBE
Meanbix JITC ObUIO M3TOTOBJICHO JIBa MaKeTa — C IJIOCKON M UIHHPHYCCKOM
MOTJIOIIAIOIIUMH MTaHETISIMU.

B mporecce skcriepuMeHTOB:

— ompenaeneHa 3()PEeKTHBHOCTL co3manHbIX 3eMeHToB CK Ha ocHOBe Men-
veix ATC;

— nonydensl 3HadeHuss KIIJ] coaHeYHBIX KOJUIEKTOPOB C UCIOJIb30BAHHEM
anpoOMPOBAHHBIX METOMK HCCICIOBAHUIA TEIUIOTICpEIayy;

— MpOBeJIeHa CpaBHUTENbHAs oleHKa 3¢ dektuBHOCTH 3nMemenToB CK Ha oc-
HoBe JITC.

IKCcIepUMEHTAJIbHbIE Hcc/Iel0BaHusl P (PEeKTUBHOCTH 3JIEMEHTOB
COJIHEYHBIX KOJIJIEKTOPOB HA OCHOBE ABYX()a3HBIX TepMOCH(POHOB

Jns mpoBeneHHUs HCCIENOBaHUK OBLIM CO3AaHBI JIBE SKCIEPHUMEHTAIbHBIE
YCTaHOBKHU B cooTBeTcTBUU ¢ [18]. Ha puc. 2 nokasaHa KOHCTPYKLHMS COTHEYHO-
IO MOJOrpPEeBaTeIsl BOABI, BBIIOJHCHHOTO M3 3JE€MEHTa BbICOKOI((EKTHBHOM
TETIIONIOTIIONIAOIICH MeTHOH MmaHenu u ogHoro MexHoro J[TC, 3akperieHHOTO
Ha TaHeIH 30HOW UCTIapeHus, a 30Ha KOHACHCAIMH pa3MellleHa B KUAKOM TeTl-
N000MEHHUKE THMA «Tpyba B TpyOe», KOTOPBIM MOAKIIOYEH K OaKy-akKyMy-
nsTopy. B kauectBe TeruoHocurens ans meansix JTC ncnomnb3oBanu HHU3KO-
KUITAIIAN 3TaHOI.

Puc. 2. Conneunslii noporpesaTeib
BOJBI: | — repMETHYHBIH KOPITYC;
2 — CTEeKJITHHAS KPBIIIKA;

3 — TemIonorIoNmaIas Na"esb
2JIEMEHTa COJTHEYHOT'0 KOJUIEKTOPA;
4 — nByxda3ublii TepMocu}OH;

5 — TemI000MEHHHK THIA «TpyOa
B Tpy0Oe»; 6 — BXOJ TEINIOHOCHUTEIIS;
7 — BBIXO/J] TETUIOHOCHTEIIS;

8 — 0ak-akKyMyJIsITOp; 9 — TepMOMETD;
10 — Tennon30NALUOHHAs KPBIIIKA;
11 — Tepmonapbl Meib—KOHCTAHTAaH;
12 — MOy b aHAJIOTOBOT'O BBOJIA;
13 — amanrtep cUrHasoB;

14 — nepcoHaIbHBINA KOMIIBIOTED

Fig. 2. A solar water heater: 1 — hermetic case; 2 — glass cover;
3 — heat-absorbing panel of the solar collector element; 4 — two-phase thermosyphon;
5 — pipe-in-pipe heat exchanger; 6 — heat carrier inlet; 7 — heat carrier outlet;
8 — tank-accumulator; 9 — thermometer; 10 — thermal insulation cover;
11 — copper-constantan thermocouples; 12 — analog input module; 13 — signal adapter;
14 — personal computer

Uccnenosanne snementoB CK Ha ocHOBe MeIHBIX NBYX(]a3HBIX TepMochpo-
HOB, 3aKPEIUICHHBIX Ha IUTOCKOH (puc. 3a) u nunuHApudecKoi (puc. 3b) morio-
HIAIONIUX [aHEJSX, OCYIIECTBISJIOCh C HCIONb30BAHUEM COJIHEYHBIX JIydei
B JIETHUW NEpUoJ] BpeMEeHH. MOUIHOCTh TEIMJIOBOTO MOTOKA COJIHEYHBIX JIy4yen
onpenensuiack nupomerpom OOI1-4.
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B cocTaB 3xciepuMeHTaIbHBIX YCTAHOBOK COJHEUYHBIX MOJOTpeBaTenell BO-
JAbl BXOOUJIN:

— pTyTHBIA TepMoMmeTp ¢ 1ieHoit aenenus 0,1 °C mig onpeneneHus TeMnepa-
TYpBI BOJIBI B 0aKe-aKKyMYJISITOPE COJIHEYHOTO TIOAOTPEBATENS BOJIBL;

— MeIb-KOHCTAHTaHOBBIE TEPMOMaphl ¢ AuameTpoM mpoBoga 0,15 mm s
M3MEpPEeHHsT TEeMIIEPaTypHOTO TIOJIS TIOTJIOMIAIOIIEeH TaHeNd, TeMIepaTyphl
BHEIIHEH CTeHKH IBYX(ha3zHoro TepMocu(oHa, TeMIeparypsl Ha BXOJIE H BBIXO-
JI€ U3 TEII00OMEHHHKA;

— MOJYyJIb aHAJIOTOBOT'O BBOJIA;

— aJianTep CUTHAJOB;

— MePCOHAJIBHBIN KOMITBIOTED;

—nupomerp ®OII-4 1d m3MepeHHs BENMUYUHBI PaJUAllMOHHOTO IOTOKA
COJTHEYHOTO M3ITyYeHUsI, MaJaroIlero Ha SKCIIEPIMEHTAIbHbBIE YIACTKH.

Puc. 3. DneMeHT COTHEUHOT0 KOJIEKTOpa
Ha OCHOBE MeIHOro AByX(a3zHoro tepmocudoHa,
3aKpEIUICHHOTO Ha TUIOCKOH (a)
U IHHApHYeckoi (b)
TEIJIONOTIIONIAIOIINX MTAHEIIX

Fig. 3. A solar collector element based
on a copper two-phase thermosyphon,
which is mounted on a flat (a)
and cylindrical (b) heat-absorbing panels

3D-Monmenu yCTaHOBKH COJIHEYHOTO ITOJOTPEBATENsi BOABI M KOHCTPYKIIHH
CO3JaHHBIX COJTHEYHBIX KOJUICKTOPOB MTOKA3aHKI Ha pUC. 4, 5 COOTBETCTBEHHO.

Puc. 4. 3D-Moaenb yCTaHOBKU COJTHEYHOTO ITOIOTPEBATEN BOIBI HA OCHOBE METHOTO
nByxdasHoro TepMocudoHa ¢ mIockoi (a) u muMHApHIeckoii (b) mornonamuMy naHeIIMu

Fig. 4. A 3D-model of the structure of the solar water heater installation based
on a copper two-phase thermosyphon with a flat (a) and cylindrical (b) absorbing panels
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Puc. 5. 3D-Monens KOHCTPYKIUH COTHEYHOTO KOJUIEKTOPa HAa OCHOBE METHOTO BYX(a3HOTO
TepMocu(OHa ¢ TUIOCKOH (a) 1 uaHHApUUecKoi (b) MOTIOMAIINME TaHETSIMU

Fig. 5. A 3D-model of the design of the solar collector based on a copper two-phase thermosyphon
with a flat (a) and cylindrical (b) absorbing panels

I'eomeTpuueckne XapakTepUCTUKA MEAHBIX IBYX(a3HBIX TepMOCH(OHOB,
IUIOCKOW W MUJIMHAPUYECKOW moriomamux naneinedd u3z menu MOK mpu-
BeZICHBI Ha puc. 6 1 B TabI. 1.

1,2

32

R38,2

1,2

Puc. 6. CeueHue 3KCIEPUMEHTAIBHOTO YYacTKa COTHEYHOTO KOJIJIEKTOpa HA OCHOBE MEIHOTO
IBYX(ha3HOTO TepMOCU(OHA, 3aKPEIUIEHHOTO Ha MEIHBIX IUIOCKOH (a)
U IIWIAHAPIYECcKOH (b) MOTIOIAOIINX TaHEITX

Fig. 6. Section of the experimental section of the solar collector based on a copper two-phase
thermosyphon mounted on a flat (a) and cylindrical (b) absorbing panels

KonuuecTBo TEMaoBO# 3HEPruu, MOTJIOIMIEHHOW BOJOM B COJIHEYHBIX MOJI0-
TpeBaTesiX, OMPEENSITH 10 hopMyJie

Q:cBMB (tBl _tBZ)’

rae ¢, — TemwioeMKocTb Boasl, [Ix/(kr-K); M, — xonmmuecTBo HarpeBaeMoil BO-
IIBl, KT 31, 1y — CPEAHSS TeMIeparypa BOAbl B 0aKe-aKKyMyJISATOpE TOcie U 10
HarpeBanus, °C.
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VYenbHbI TEMJIOBOM IMOTOK, BOCIPUHHUMAEMBIM TEIUIONOIIONIAIIEH o-
BEPXHOCTHIO COTHEYHBIX KOJUIEKTOPOB:

q9=—>
Fr
rac F— I1o1maab TCHJ'IOHOFJ'IOIJ.I&IOH_ICI\/’I MMOBCPXHOCTHU IJIOCKOTO HUJIN NUIUHAPU-
YECKOTO KOJIJICKTOPa, M?; T — BpeMs pabOThI COJIHEUHOTO MOJAOTPEBATEINS MEKITY
3aMepaMu TeMIepaTyphl BOABI B 0ake-aKKyMyJIsATOpE, MUH.

Tabnuya 1
I'eomeTpuyecKkue XapaKTePUCTHKH 3JIEMEHTOB
Geometric characteristics of elements
Menusiii [Nornomaromas nanens u3 meau MOK
AByX(astblit TepmOCHpoH IJI0CKast OWITHHIpHYCCKast
Hapy:>xHblit
nuametp d,, MM 10 |dnuna [, MM 810,0 |[dnuua [, MM 810,0
BuyTpennuii [Hupuna b, MM Paguyc nunmmsapudeckoit
HAMETD gy, MM 8 120,0 |moBepxHOCTH R, MM 38,2
OO6mmas quHa [, MM 1000 |Tommwuaa S, MM 1,2 Tonmuna S, MM 1,2

[Inomany TEMIOMOTIOMAIINX TOBEPXHOCTEH IUIOCKOTO W [MJIHHIpHYE-
ckoro CK npuHMMaNuch paBHbIMHU.

KoaddummenT mone3noro mefdcTBUS COJTHEUHOTO IMOAOTPEBATENS PACCUUTHI-
BaJIi KaK OTHOIICHHWE BEIMYHUHEI YACIHHOTO TEIIOBOTO MOTOKA ¢ K CO3TaHHOMY
COJIHLIEM MOTOKY Majarouieil comHeuHon panuanuu £ = 850 Br/m*

n I

Jna cpaBHenus KIIJ[ pasnuunsix TunoB KoHcTpykiuit CK wucmosnszo-
BTN XapaKTEPUCTUKY HX IPQPEKTUBHOCTH — TEPMHUYECKOE COMPOTHBIICHHE
X =%, rIie ¢, — TeMIepaTypa BoAbl B Oake-akkymynsrope, °C; t,, — TeMre-
paTypa OKpy’KallIlero Bo3ayXa; E — IMOTOK Majarolledl CoJHe4YHOH panua-
11N, Br/Mm.

Pesynprathl nccnenoBaHUi 3J€MEHTOB COJIHEUHBIX KOJJIEKTOPOB Ha OCHOBE
Menubix JTC, 3akperuieHHbIX Ha MUIOCKOM M IMJIMHAPUYECKOH MOTJIOIIAIONINX
TTaHeJISIX, IPUBEACHBI B Ta0J. 2 W 3 COOTBETCTBEHHO. Y CJIOBHBIC 0003HAUCHUS
B Tabm. 2, 3: #1, t, — remneparypa ATC B 30Hax ucmapeHust U KoHaeHcauu, °C;
t; — cpeHee 3HadeHHEe TeMIepaTyphl morjomarei nanenu, °C; f,; — Teme-
patypa okpykaromero Bo3ayxa, °C; f; — Temmeparypa BOIBI B Oake-aKKyMy-
nsiTope, °C; At — mpupalieHne TeMIlepaTypbl BOABI B 0aKe-akKKyMYJISITOpE MEXITy
3amepamu, °C; T — BpeMs BBINOJIHEHUS 3aMepOB, MUH; () — KOJMYECTBO TEILIO-
BOH SHepruu, MOTJIOIIEHHOH BOJOH uepe3 TeIIOOOMEHHHK 3a OINpelesIeHHbIH
MIPOMEXYTOK BpeMeHH, JIk; O, — TEII0BOH NMOTOK, BOCIPUHUMAEMBIN TeIio-
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MOTJIOIIAIONIECH TMOBEPXHOCTHI0O COJTHEYHOTO KOJUIEKTOpa, BT, ¢ — yaenbHbII
TEIJIOBOM MOTOK, BOCIPUHUMAEMBIN TEIJIOMOTJIOMAIIEH MTOBEPXHOCTHIO
CK, Br/m*; 11 — KIIJ] conHe4HOro KomiekTopa; X — TePMUIECKOE COMPOTHBIIC-
Hue KoHcTpykiuu CK.

Tabruya 2

Pe3y.]'leaTl)I HCCIeJ0OBAHUH 3JIeMEHTA COJTHEYHOI 0 KOJ/UIeKTOpa
HA OCHOBE MEC/THOI0O ZlBde)a3HOF0 TepMocml)ona ¢ IUIOCKO#i MeTHOM MOTJI0IIA0IIeH TaHeIbI0

The results of the studies of the element of the solar collector based
on a copper two-phase thermosyphon with a flat copper absorbing panel

Temmepatypa, °C

X-10°
1, muH|Q, kx| O, BT | g, Br/m? n 0
L [5) 13 tos ts At K-M“/Bt

51,5 | 46,8 | 49,2 | 31,5 | 36,6 | — 1 - -

53,8 | 46,8 | 499 | 31,5 | 383 | 1,7 3 3198 | 26,6 | 271,9 | 0,320 9.4
56,1 | 48,0 | 50,7 | 31,1 | 40,0 | 1,0 5 1881 15,7 1599 | 0,188 10,6
7
9

584 | 492 | 51,5 32,0 41,0 | 05 941 | 7.8 | 80,0 [0,094] 11,2
584 [ 492 51,5 320415 13 2445 | 204 | 2079 0245 12,7
584 | 492 | 53,8 [ 32,0 | 42,8 | 0.8 1505 | 12,5 | 128,0 |0,151] 13,6
60,7 | 51,5 | 538 [ 31,8 [ 436 | 09 | 13 | 1693 | 14,1 | 1440 |0,069| 147
60,7 | 51,5 | 53.8 [ 32,0 [ 445 | 08 | 15 | 1505 | 12,5 | 1280 |0,151| 156
60,7 | 51,5 | 554 [ 32,0 [ 453 ] 08 | 17 | 1505 | 12,5 | 1280 |0,151| 16,6
63,0 | 52,7 [ 56,1 [ 320461 ] 09 | 19 | 1693 | 14,1 | 1440 [0,069| 176
63,0 | 538 [ 56,1 [ 315470 08 | 21 | 1505 | 12,5 | 1280 [0,151| 186
60,7 | 51,5 | 546 [ 320478 05 | 23 | 941 | 78 | 80,0 [0,004| 192
60,7 | 538 | 56,1 [ 313483 ] 08 | 25 | 1505 | 12,5 | 1280 [0,151| 201
60,7 | 53.8 | 584 [ 30,6 [ 49,1 | 02 | 27 | 376 | 3.1 32,0 |0,038] 204
63,0 | 56,1 | 584 [ 31,8493 05 | 29 | 941 | 78 | 80,0 [0,004| 2009
60,7 | 56,1 | 584 | 31,8 | 498 | 0.8 | 31 | 1505 | 12,5 | 1280 [o0,151| 219
584 | 56,1 | 588 [ 31,8 51,7 1,1 | 35 | 20609 | 86 | 880 [0,003| 232
63,0 | 56,1 | 60,7 | 31,8 [ 530 13 | 39 | 2445 | 102 | 1040 [0,122]| 247
63,0 | 584 | 60,7 [ 325|540 1,0 | 43 | 1881 | 7.8 | 80,0 [0,004| 259
664 | 584 | 60,7 [ 320550 1,0 | 47 | 1881 | 7.8 | 80,0 [0,004| 271
67,5 | 584 [ 63,0 [ 31,5560 | 1,0 | 51 | 1881 | 7,8 | 80,0 |[0,004| 282
67,5 | 60,7 | 63,0 [ 32056707 ] 55 | 1317 | 55 | 560 [0,066| 291
67,5 | 60,7 | 63,0 [ 325 ]575] 08 | 59 | 1505 | 63 | 640 [0,075] 300
67,5 | 60,7 | 63,0 [330]582]07 ] 63 | 1317 | 55 | 560 |0,066| 308
67,5 | 60,7 | 63,0 [ 335590 08 | 71 | 1505 | 3.1 320 |0,038] 318
67,5 | 60,7 | 62,6 [ 332592021 79 | 376 | 08 80 [0009] 320
69,8 | 60,7 | 645325596 04 | 87 | 752 | 16 16,0 [0,019| 325
653 | 584 [ 63,0 [ 31,8602 06 | 95 | 1129 | 24 | 240 [0,028| 332
653 | 584 [ 60,7 [ 325|613 | 1,1 | 103 | 2069 | 43 | 440 [0,052]| 345
653 | 584 [ 60,7 [ 325620 07 | 111 | 1317 | 2,7 | 280 [0,033| 353

Ju—
Ju—

3asucumoctu KIIJ] ot mapamerpa X xouctpyknuu CK Ha ocHoBe JTC, 3a-
KPEIJICHHBIX Ha MEJHBIX TUIOCKOW W IMITUHIPUIESCKOH MOTIIOMIAIONINX TaHEsX,
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Y TIpUpAIICHUs TEMIIEPaTyphl BOJBI B 0aKe-aKKyMYJISITOpE OT BPEMEHHU IpPHBE-

JIEHbI HA PUC. 7 U 8§ COOTBETCTBEHHO.

Tabauya 3

Pe3yabTaThl HCC/Ie10BaHMI 3J1EMEHTA COJTHEYHOr0 KOJLUIEKTOPA HA OCHOBE ME/IHOIO
aByx¢a3Horo repMocudoHa ¢ HUIMHAPHYECKOH MeIHOH MOIJIOLA0IIeH MaHeJIbI0

The results of studies of the element SC based
on a copper two-phase thermosyphon with a cylindrical copper absorbing panel

Temnepatypa, °C ) X-10%
. tz t3 - - o T, muH | O, kx| Oy, Bt | ¢, Bt/™m n Ka/Br

51,5 | 41,9 | 47,3 | 31,5 | 373 | — 1 - - - - -

53,6 | 42,8 | 49,2 | 31,5 | 37,5 | 0,2 3 376 3,1 32,0 | 0,038 53
554 | 43,5509 | 31,1 | 39,0 | 1,5 5 2822 | 23,5 | 239,9 |0,178 7,1
57,1 | 449 | 52,8 | 32,0 | 40,0 | 1,0 7 1881 15,7 | 159,9 | 0,188 8,2
58,7 | 46,1 | 54,3 | 32,0 | 40,5 | 0,5 9 941 7,8 80,0 | 0,094 8,8
60,5 | 46,6 | 554 | 32,0 | 41,5 | 1,0 11 1881 15,7 | 1599 |0,188| 10,0
61,4 | 47,5 | 56,5 | 31,8 | 42,5 | 1,0 13 1881 15,7 | 1599 | 0,188 | 11,2
62,6 | 48,5 | 57,8 | 32,0 | 43,2 | 0,7 15 1317 | 11,0 | 112,0 | 0,132 | 12,0
63,0 | 48,9 | 582 | 32,0 | 44,1 | 0,9 17 1693 14,1 144,0 | 0,169 | 13,1
64,2 | 50,1 | 59,2 | 32,0 | 45,0 | 0,9 19 1693 14,1 144,0 10,169 | 14,1
64,8 | 50,6 | 60,1 | 31,5 | 46,0 | 1,0 21 1881 15,7 | 1599 |0,188| 153
64,8 | 51,0 | 60,5 | 32,0 | 46,7 | 0,7 23 1317 | 11,0 | 112,0 [ 0,132 | 16,1
62,8 | 50,3 | 57,5 | 31,3 | 47,4 | 0,7 25 1317 | 11,0 | 112,0 | 0,132 | 16,9
64,4 | 51,7 | 60,1 | 30,6 | 47,9 | 0,5 27 941 7,8 80,0 10,094 | 175
65,5 | 524 | 61,1 | 31,8 | 484 | 0,5 29 941 7,8 80,0 |0,094 | 18,1
66,4 | 52,9 | 61,9 | 31,8 | 49,0 | 0,6 31 1129 9,4 96,0 |0,113 | 18,8
68,2 | 54,7 | 63,5 | 31,8 | 50,3 | 1,3 35 2445 | 10,2 | 104,0 | 0,122 | 204
69,1 | 559 | 64,7 | 31,8 | 51,5 | 1,2 39 2257 9,4 96,0 |0,113| 21,8
70,0 | 56,8 | 66,1 | 32,5 | 52,8 | 1,3 43 2445 10,2 | 104,0 | 0,122 | 233
70,5 | 57,7 | 65,8 | 32,0 | 54,0 | 1,2 47 2257 9,4 96,0 |0,113 | 24,7
71,2 | 584 | 67,4 | 31,5 | 55,0 | 1,0 51 1881 7,8 80,0 0,094 | 259
72,5 | 59,4 | 68,3 | 32,0 | 56,0 | 1,0 55 1881 7.8 80,0 |0,094| 27,1
73,8 | 61,0 | 70,0 | 32,5 | 57,0 | 1,0 59 1881 7.8 80,0 |0,094| 282
75,6 | 62,8 | 71,2 | 33,0 | 57,5 | 0,5 63 941 3,9 40,0 | 0,047 | 28,8
65,5 | 63,7 | 70,1 | 33,5 | 60,5 | 3,0 71 5643 11,8 | 120,0 |0,141| 324
653 | 61,9 | 65,1 | 33,2 | 60,5 | O 79 0 0 0 0,050 | 324
673 | 63,7 | 68,2 | 32,5 | 60,8 | 0,3 87 564 1,2 12,0 |0,014 | 32,7
68,0 | 642 | 70,0 | 31,8 | 62,2 | 1,4 95 2633 5,5 56,0 |0,066| 344
68,7 | 65,7 | 71,6 | 32,5 | 64,0 | 1,8 | 103 | 3386 7,1 72,0 10,085 | 36,5
70,3 | 66,9 | 72,2 | 32,5 | 65,0 | 1,0 | 111 1881 52 53,3 0,063 | 37,6

Ha puc. 7 nokasano, 4To B HaualbHbIA Tiepuoa Harpesa Bojbl KIIJ conmneu-
HOTO0 KOJUIeKTOpa Ha ocHoBe MeaHoro J[TC, 3akpernyieHHOro Ha MeTHON TUIOCKOM
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norjomaromel nanenu, Ha 2 % mensire, uem y CK na ocnose menuoro JTC,
3aKPEIJICHHOTO Ha METHOW HMJIMHIPHYECKON MOTIIOMIAIOIIeH MaHeld, a B KOHIIE
HarpeBa — MeHbIe Ha 5 %.

n |
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Puc. 7. 3aBucumocts KIIJ] ot napameTpa X KOHCTPYKIMH COIHEYHOIO KOJUIEKTOPa
Ha OCHOBE ABYX(a3HbIX TepMOCH(OHOB, 3aKPEIUICHHBIX HA MEAHBIX [IOCKOH
Y IUIMHAPUYECKOH MOIIOIAOIUX TaHEeAX

Fig. 7. Dependences of current values of efficiency on the parameter X of a solar collector designs
based on two-phase thermosyphons mounted on copper flat and cylindrical absorbing panels
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Puc. 8. 3aBuCHMOCTD IPHUpPAIIEHNS TEMIIEPATyPHI BOJBI B 0aKe-aKKyMyJIATOpe OT BpEMEHH
JUISL COJTHEYHOTO KOJUIEKTOPA Ha OCHOBE IBYX(a3HBIX TEPMOCU(OHOB,
3aKPEIUICHHBIX Ha MEAHBIX IIIOCKOH M IIIMHAPUIECKOH HOTIOMAIOMINX TAHEIIX

Fig. 8 Dependence of the increase in the temperature of the water in the accumulating
tank on time for a solar collector based on two-phase thermosyphons
mounted on copper flat and cylindrical absorbing panels
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MakcumanbHoe 3Hauenue KIIJI, moinydeHHOE MNpHU HUBKUX HAYaJIbHBIX
teMrrepaTypax Boabl, ;s CK ¢ MuIMHAPHIECKON U TIIOCKOM TOTIIONIAIONTIMHI
noBepxHocTsMu 60 %. [Ipu mpoBeAeHUN UCCIIEIOBAHUN CPEIHSsS TeMIeparypa
OKPYIKaIOIEro BO3MyXa f,; = 32 °C; HavanbHas TeMIlepaTypa BOIBI B Oakax-
akkymynsartopax 37 °C; xkoHeuHas TemIeparypa BOJAbI B 0ake-aKKyMyJSITOpe
coirHeyHOTO TroxorpeBarens Boabel Mg CK ¢ mmockoit morsomaromeld moBepx-
HOCThIO 62 °C u ¢ nunuHapuyeckoi 65 °C.

BbIBO/IbI

1. CoTHEUHBIH KOJJIEKTOP Ha OCHOBE METHBIX IBYX(a3HBIX TEPMOCH(OHOB
1esiecooOpa3Ho HMCMOIb30BaTh B BOAOHArpPEeBaTENbHBIX yCTAaHOBKAxX Ui Camo-
CTOSATENHFHOTO TOPSYETr0 BOAOCHAOKEHHS B CE30HHBIA MEPUON HA TEPPUTOPHSIX,
IJi¢ BEIMYHHA COJTHEYHON pajMAllMd MOXET COCTaBisTh 850 BT/M’, a Tarxke
B YCTaHOBKaxX KPYTJIOTOAWYHOTO MPUMEHEHUS C IENbI0 MPEABAPUTEIHHOTO T10-
JOrpeBa BOJIBI JUIA TPAIWLHOHHBIX CHUCTEM TOPSYEro BOJOCHAOXEHHUS JOMOB
¥ HarpeBa BOJIBI B OaccelHax.

2. YuuTeIBasi Majoe THAPABIMYECKOE COMPOTUBICHUE Pa3pabOTaHHOIO COJI-
HEYHOTO KOJUIEKTOpa (ITACCHBHEIN CONIHEYHBIN KOJUIEKTOP), €r0 HCIOJIb30BaHHE
0COOEHHO 3KOHOMHMYHO B Ciy4yae, KOIrJla B OJHOM BOJOHAarpeBaTeNbHOM ycTa-
HOBKE COJIEPKHUTCS OOJBIIIOE KOTMIECTBO TAKUX KOJUIEKTOPOB.

3. KIIJI comHeYyHOro KOJUIEKTOpa Ha OCHOBE METHOTO JBYX(ha3HOTO TepMO-
cudoHa, 3aKPEIUICHHOTO Ha MEIHOHN IIOCKOHN MOTIIONIAMONIEH MaHeln, B Cpel-
HeM Ha 2—5 % MeHbIIIe, YeM Ha OCHOBE TaKOro ke TepMOCH(OHA, 3aKPEIUICHHO-
ro Ha MeIHOW MIMHAPUIECKON NOTTIOUIAIONIeH TaHeH.

4. MakcumansHoe 3HadueHue KIIJI mis comHeYHOro KOJJIEKTOpa ¢ ITHJIMH-
JpUYECKON U TIIOCKON MOIVIOIAIOUTUMHU MoBepXHOCTIMH 60 %.
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