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Komnencanusi amHamMudeckoit ¢pa3oBoi NOrpeiiHOCTH
npu popMUPOBAHUH OPTOrOHAJIBLHBIX COCTABJISIOLIMX
BXO/JHBIX CHTHAJIOB B MUKPOIIPOLECCOPHBIX 3aIIMTAX

D, A. POMaHIOK1), 10. B. PyMsmueBI), B. 10. PyMSIHIIeBl), H. B. Hosam”

DBenopyccmﬁ HaIlMOHANBHBIN TeXHUYECKUi yHuBepcuteT (Munck, Pecybnuka benapyce)

© benopycckuil HallMOHANBHBINA TEXHUYECKUH yHUBepcUTeT, 2022
Belarusian National Technical University, 2022

Pedepar. B MukpomnpomneccopHsIX 3aIuTax 3JIEKTPOIHEPTETUUECKUX CHCTEM OMpeJielieHHe KOH-
TPOJIUPYSMBIX MH(OOPMALOHHBIX MapaMETPOB BXOAHBIX CHI'HAJIOB OCYILECTBIAETCS C UCIIONIB30-
BaHHEM HX OPTOTOHAIBHBIX COCTaBILIOIMX. [l (GOpPMHPOBAaHMS yKa3aHHBIX COCTABIISAIOLINX
HanboJiee IUPOKO NMpUMEHSIOTCA IudpoBbie GHIbTPEl Dypbe, KOTOphIe 00NaNal0T MHEPIMOH-
HOCTBIO. BcellenicTBie 3Toro mnepexomHble PeXXUMBI (POPMHPOBAHUS OPTOTOHAIBHBIX COCTABIIIO-
KX COIPOBOXKAAIOTCS MOSBICHHEM AWHAMHYECKOH morpemrHocTd. OHA COCTOMT U3 AWHAMHYE-
CKHMX aMIUIMTYHOW 1 (ha30BOH IMOrpeLIHOCTEH, KOTOPBIE MOTYT CYIIECTBEHHO BIMATh Ha (QDyHKIH-
OHUPOBAHMUE COOTBETCTBYIOUIMX H3MEPUTENbHBIX OPraHOB M CO37aBaTh BO3MOXKHOCTb Ul HX
W3UITHAX CpabaThIBaHMI NIPU BHEIIHHX KOPOTKHX 3aMBIKAHUAX W 3aMeUICHHs cpabaThIBaHUS
IIPY BHYTPEHHHUX KOPOTKUX 3aMbIKaHUSIX. CHIDKEHHE BIUSHUS yKa3aHHBIX ()aKTOPOB Ha IIOBEHe-
HHE U3MEPUTENBHBIX OPTaHOB 00ECTIEUHBACTCS UCIIOIB30BaHUEM TS BHIJICTICHHS OPTOTOHABHBIX
COCTaBIISIONINX OBICTPOJCHCTBYIOMNX (GopMUpOBaTEsIeiH, a TakkKe MOCPEACTBOM KOMIICHCAINH
IMHAMu4YecKkoi (aszoBoil morpermHocTH. [Ipennaraemelii METOX OCHOBBIBACTCSI HA MHONyYEHHH
OPTOTOHANIBHBIX COCTABIIOMINX Dyphe ¢ MoCIeyomnM ONpesielieHeM 0 UX BBIOOpKaM pac-
YETHBIX COCTABILIOMINX, KOTOPHIE COBIAJAIOT WM CABUHYTHI IO (pa3e OTHOCHUTENHHO MHEpBEIX
COOTBETCTBEHHO B YCTQHOBMBIIIEMCSI U TIEPEXOIHOM pekuMax. [1o BEIOOpKaM pacdeTHBIX OPTOro-
HaJbHBIX COCTABIIOIINX U COCTABISIOMINX Dyphe BBIUHCIAIOTCS PEe3yJIbTUPYIOIINE OPTOrOHANb-
HBIE COCTABILIONINE C MHHHMAJIBHBIMH AWHAMHYECKUMH ()a30BBIMH ToOrpentHocTsMu. OreHka
3¢ PEeKTHBHOCTH MPETOKEHHOTO PEIICHNUs BBIIOIHATIACH METOAOM BBIUHCIUTENHFHOTO 3KCIEPH-
MEHTa ¢ MOMOIIbI0 [U(POBO MOJIENH, PEaTM30BaHHON B Cpe/ie TMHAMUYECKOTO MOJISIMPOBAHUS
MATLAB-Simulink. TIpu 5ToM B KauecTBe TECTOBBIX BO3JCHCTBHI MCIIOJIb30BAIMCH KaK CHHYCO-
UAIBHBIE BXOJHBIE CUTHAJBL, TAK U CIOXKHBIE C COACPKAHHEM alepHOAUIecKON COCTaBILIONIEi
U BBICHINX TApMOHUK. B pe3ynbrare nccieqoBaHUH yCTaHOBIEHO, YTO NMPEAIaraeMblii METON KOM-
MICHCAIMH THHAMHUYECKOH (ha30BOH MOTPEHIHOCTH IMpU (HOPMUPOBAHUH OPTOTOHATBHBIX COCTAB-
JSIFOLIMX SIBISIETCST PabOTOCIIOCOOHBIM U (G (GEKTUBHBIM KaK NMPU CHHYCOWAAIBHOM, TaK ¥ IpPHU
CJIO)KHOM BXOJHBIX CHTHANaX. Pa3paboTaHHBI METOI KOMIICHCAIMU OOCCIEeUNBACT CHHUKCHUE
JMHAMUYECKOH (ha30BOH MOrpentHoCTH NU(POBIX GuIbTpoB Dyphe B TpH-4ETHIpE pasa.

KiiioueBbie €J0Ba: MUKPONPOLECCOPHAs 3aIUUTa, [HHAMUYECKAs MOIPEIHOCTh, JMHAMUYECKAs
(hasoBas MOTrPENIHOCTh, OPTOTOHAJBHBIE COCTABISIONINE, HHUPPOBbIE GUILTPEl Pyphe, MOIEINb,
TECTOBOE BO3/ICHCTBHE, BRIYUCIUTEbHBIN sKcriepument, MATLAB-Simulink
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Compensation of Dynamic Phase Error
in the Formation of Orthogonal Components
of Input Signals in Microprocessor Protections

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

Abstract. In microprocessor protections of electric power systems, the controlled information
parameters of input signals are determined using their orthogonal components. To form these
components, digital Fourier filters which have inertia are most widely used. As a result, transient
modes of orthogonal components formation are accompanied by the appearance of a dynamic
error. It consists of dynamic amplitude and phase errors, which can significantly affect the func-
tioning of the corresponding measuring elements and cause the possibility of their excessive trig-
gering during external short circuits and slowing down the triggering during internal short circuits.
The reduction of the influence of these factors on the behavior of measuring elements is ensured
by the use of high-speed shapers to isolate orthogonal components, as well as by compensating
for dynamic phase error. The proposed method of forming orthogonal components of a signal with
compensation for dynamic phase error is based on obtaining orthogonal Fourier components,
followed by determining from their samples the calculated components that coincide or are shifted
in phase relative to the orthogonal Fourier components, respectively, in steady-state and transient
modes. The resulting orthogonal components with minimal dynamic phase errors are calculated
in accordance with samples of calculated orthogonal components and Fourier components.
The efficiency of the proposed solution was evaluated by a computational experiment using a digi-
tal model implemented in the MATLAB-Simulink dynamic modeling environment. At the same
time, both sinusoidal input signals and complex ones with an aperiodic component and higher
harmonics were used as test actions. As a result of the studies carried out, it has been found that
the proposed method of compensation for dynamic phase error in the formation of orthogonal
components is workable and effective for both sinusoidal and complex input signals. The deve-
loped compensation method reduces the dynamic phase error of digital Fourier filters by three
to four times.

Keywords: microprocessor protection, dynamic error, dynamic phase error, orthogonal com-
ponents, digital Fourier filters, model, test action, computational experiment, MATLAB-Simulink

For citation: Romaniuk F. A., Rumiantsev Yu. V., Rumiantsev V. Yu., Novash I. V. (2022)
Compensation of Dynamic Phase Error in the Formation of Orthogonal Components of Input
Signals in Microprocessor Protections. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng.
Assoc. 65 (3), 197-208. https://doi.org/10.21122/1029-7448-2022-65-3-197-208 (in Russian)

BBenenne

B MHKpOIpOLIECCOPHBIX 3aIUTaX JIEKTPOIHEPTETUUECKUX CHCTEM OIpejielie-
HHUe WH()OPMAIMOHHBIX MapaMeTPOB BXOJHBIX CHTHAJIOB OCYIIECTBISICTCS TJIaB-
HBIM 00pa3oM C HCIOJIB30BAHMEM HMX OpPTOroHATBHBIX coctaBismomux (OC) [1].
st dopmupoBanmss OC B COBpEMEHHBIX 3aIllUTaX IMPEUMYIIECCTBEHHO IPHMeE-
Hstorcst udpoBeie  GmibTpel (LIP) Ha OCHOBE MHMCKPETHOTO Ipeodpa3oBa-
Hust Oypre [2], KOTophle 001aMar0T WHEPITMOHHOCTRIO. Bemenersue aToro mepe-
XOIHBIE pekUMBI (popmupoBannst OC COMPOBOKIAIOTCS TIOSBICHIEM B HUX THHA-
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MUYECKOW TIOTPENTHOCTH, M3MEHSIOIIEHCS ¢ TCUYCHHEM BPEMEHH M HCYUE3aroInei
BOOOIIE TPY HACTYIUICHUW YCTAHOBHBIIETOCS PEXHMMA. YKa3aHHAs MOTPEITHOCTh
Kak (YHKIUS BpPEMEHH TIPEICTABIsieT CO0OW pa3HOCTh MEXAY BBIXOIAHBIM
1 BXOAHBIM curHaiamMu (opmupoBaterss OC. OHa COCTOUT M3 TUHAMHYCCKIX aM-
IDIMTYAHOW M (ha30BOM ITOTPEITHOCTEH, KOTOpPBIE MOTYT CYIIECTBEHHO BIIUSATH
Ha (QYHKIMOHUPOBAHME COOTBETCTBYIOIIMX H3MEpUTENBHBIX opranos (MO) u co-
3/1aBaTh BO3MOXKHOCTD JUTS X W3JIHIIHUX CpaOaThIBAHWI MPY BHEIIHUX KOPOTKHX
3aMBIKaHUSX U 3aMeNICHHsT CpabaThIBaHMS TIPY BHYTPEHHUX KOPOTKHUX 3aMbIKaHH-
sx. Jlost cHbKeHus BiusiHES Ha oBesieHre VIO MUKpPOTIPOIIECCOPHBIX 3aIHT TIep-
BOro (akropa HEOOXOANMO OOECHeUYHTh OBICTpOEe 3aTyXaHWe B TIEPEXOMHBIX
peXMMax MUHAMHUYECKOW aMIUTMTYIHON IMOTPEIIHOCTH 3a CUeT HWCIOIBb30BAHUS
s Beigenerns OC OpicTpoaeiicTByromux (opmupoateneid. [IpuHIMTBI peanm-
3allil U OCHOBHBIE XapaKTEPUCTUKH YKa3aHHBIX (opMHpoBaTeneil MpHBEICHBI
B [3]. YMmensmenve Bnustaus Ha (yHKIuonuposanue MO Broporo ¢akropa sBis-
eTcs 3amadeit 0oree CI0KHOW, IS PEIIeHuUs] KOTOPOi TpeOyeTcsi HECKOIBKO HHOM
TTOJTXO/T.

OcHoBHasl YacTh

Juaamuyeckas ¢a3oBasi MOTPEMIHOCTh KaK (PYHKIHS BPEMEHH IMPECTaB-
JIIeT cOo00¥M pa3HOCTh TEKYIMX 3HAaYeHWH (a3 BBIXOJAHOTO W IEPBOM rapmo-
HUKHA BXOJAHOTO cHrHaimoB. OHA MMEET MECTO B MEPEXOJTHOM PEXHUME, 00YCIIOB-
JIEHHOM KOppEeKIIMel aMIUIATYIpI, TeKyried ¢as3pl au00 WX OJHOBPEMEHHBIM
M3MEHEHUEM.

[Tpu popmupoBanuu OC nepBoii TapMOHHUKH ¢ TOMOLIbIO Kilaccuyeckux LD
®dypbe MakcuManbHas (azoBas MOTPELIHOCTb MOXKET JOCTHraTh aOCOJIIOTHOTO
3naueHus 90° [4]. CHmkeHue BIMAHUS yKa3aHHOW MOTPEIIHOCTH Ha TIOBEACHUE
ornpenesneHHbIX 1O MUKPONPOLIECCOPHBIX 3aIUT MOKET OBITh MOYYEHO 32 CYET
OTCTPOWKH OT €€ HEeIPUEMIIEMBIX YPOBHEH MyTEM BBEIIEHHS COOTBETCTBYIOIIETO
3ama3fplBaHusA B CpadaThIBaHMHM OpraHa MO0 MOCPEICTBOM €€ KOMIICHCAIHH,
XOTs1 OBl yacTU4HOW. BTopoii moaxon mpeacrasisieTcss Oosnee MpennoyYTUTENb-
HBIM, TIOCKOJIBKY HE BBI3BIBAcT yXyAmenus Obicrpoaeticteus HO.

[pennaraemsrit meton popmuposanusi OC curHana ¢ KOMIEHcAlMeH TuHa-
MHUYECKOH ()a30BOH MOTPEIIHOCTH OCHOBBIBAETCS HA TONYYEHHH OpPTOTOHAIIb-
HBIX COCTaBJSIIOIIUX Dypbe ¢ MOCIEAYIOMNM ONpEAeTICHUEM 110 MX BBIOOpPKaM
pacdetHsix OC, KOTOpBIE COBMAAAIOT WM CIBHHYTHI IO (haze oTHOCUTEensHO OC
@ypbe COOTBETCTBEHHO B yCTAHOBHBIIEMCS M MEPEeXOqHOM pexumax. [lo BbI-
OOpKaM pacyeTHBIX OPTOTOHAIHHBIX cocTaBisoMuX 1 OC Dypbe BEIYUCISIOTCS
pesynprupytomme OC BXOAHOTO CHTHANa ¢ MHHUMAIBbHBIMA TUHAMHYECKUMH
(ha30BBIMH MTOTPETTHOCTSIMHU.

Ha puc. 1 mpuBenena ynporieHHas cTpykTypHas cxema Gopmupoarens OC,
B KaXIOM OJIOKE KOTOPOW OCYIIECTBIISIETCS OMpeAeNieHHOe IMpeoOpa3oBaHHE
CUTHaJa WIN Peaan3yeTcs MaTeMaTHIeCKoe BBIPAKEHHE B COOTBETCTBHHU C pac-
CMOTPEHHBIM BBIIIIE aJTOPUTMOM.
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Puc. 1. YupoleHHas CTpyKTYpHas cxema (pOpMUPOBAHHS OPTOTOHAIBHBIX
COCTaBJISIIOIIMX CHI'HAJIA C KOMITEHCAMeH THHAMHIeCKOH (a30BOM ITOTPEIIHOCTH

Fig. 1. Simplified block diagram of the formation of orthogonal components
of the signal with compensation of dynamic phase error

Br160opky BXOAHOTO CUTHANA Xy, TOTYUYEHHBIE B PE3YJIbTaTe €ro 00paboTKH,
aHaJIOrOBOM (UIBTpALMM M aHAJIOr0-UMU(POBOr0 Mpeodpa3oBaHusi, NOCTYHAIOT
Ha BXOJIBI cuHyCcHOTO Itudposoro ¢uistpa (CL®P) 1 xocuHycHOTO 1IHPOBOTO
¢unprpa (KLI®) Dypee, koTopbie GopmupyioT ogHouMmeHHble OC OCHOBHOI
TapMOHUKH Xgn U Xy COTITACHO BBIPAKEHUSM:

N

Xsn = Zasn Xan ;

n=1

)

Xen

N
z a‘cn Xan '
n=1

TIE Xzn — BBIOOPKA BXOTHOTO CUTHANA; dgn, den — KOAPGUIUESHTH CHHYCHOTO U
kocunycHoro L[®; n = 1...N — HOMep BBIOOPKH BXOJHOTO CUTHala B OKHE
HabmoaeHwst; N — 9MCII0 UCTIONB3yEeMBIX BRIOOPOK.

[To cMexHBIM BBIOOpKaM, pa3JelICHHbIM IaroM JMCKpeTH3auu At, cuHyc-
HOHI OC Xgn M Xs(n — 1), @ Takke KOCUHYCHOM OC Xon M X(n - 1), KOTOPBIE MOJAIOTCS
HAa BXOJIbI COOTBETCTBEHHO KOCHHYCHOTO (POPMHPOBATENS OPTOTOHAIBHBIX CO-
crapmsromux (PKOC) u cuHycHOTrO (pOpMEpOBATENST OPTOTOHAIBHBIX COCTaB-
asromux (PCOC), onpenensrorest pacyeTHble 3Ha4EHUA OC Xepn U Xspn'

Xsn COS (X)At - XS(n—l)

X, = : 2
e sin mAt )

X _ Xc(n—l) - ch COS (l)At (3)
spn sin At '

TJIe ® — YIJIOBas 4acTOTa CHTHAJIA,
C ucnons3oBanueM BbIO0OPoK OC Dypre Xsn, Xcn, @ Takke pacdeTHBIX OC Xgpn,
Xepn B OpMHUpOBaTENe pe3yabTUPYIOIIHX OPTOroHanbHbIX cocTaBisomux (PPOC)
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OTIPENIEISAIOTCS CUHYCHAS Xgrn U KOCHHYCHAS Xon OC BBIXOMHOTO CHWTHaja IIO
BBIPOKCHHSIM:

Xsm = Xsn — Il (Xsn ~ Xspn );

(4)
Xern = Xen — |2 (ch ~ Xepn )’
rae |y, |, — mocrosiHHbIe, SIBNAIONIMECS NeHCTBUTEIBLHBIME YHCITAMH.
B ycraHoBUBIIEMCS peXUME BBHITY OTCYTCTBHUS TUHAMUYECKOH (ha30BOH ITO-

IPEHIHOCTH: X, = X Xen = Xepn» T03TOMY pesynbTupyromue OC MmoaHoCTbI0

spn ; cpn !

coBnazaor ¢ OC dypwe: X, =Xg; Xen = Xp- Korzma no mro6oil U3 Has3BaH-
HBIX BBIIIE NPUYNAH HACTYNACT MEPEXOAHBIA PEKHUM, TO Xgy # Xgpn,  Xgn # Xgpn

Y BCIIEJICTBHE TMOSIBJIICHUS pa3zHocTel cooTBeTcTBYIONMX OC BBIONHSCTCS (a-
30Bast Koppekuus pesyiabTupyromux OC. CreneHb 3TOH KOPPEKIHH MOKHO
peryimpoBath MyTeM U3MeHeHus 3HaueHui |y, .

B koHeuHOM wrTore Oyaromapsi yKa3aHHON KOPPEKIMH PEau3yeTcs KOM-
MeHcanysi AHHaMU9ecKord (a30BON MOTPEIIHOCTH TEKyIIeH (a3bl BBIXOIHOTO
CUTHAaJA.

MogaeanpoBaHue

Onenka 3((EKTUBHOCTH MPEIOKEHHOTO PpEIICHHs], 00eCIeunBaroIero
KOMIICHCAIMI0 AMHAMHYECKON (a30Boil morpemHoctd npu GpopmupoBannun OC
BXOJIHBIX CUTHAJIOB, BBINNOJHSUIACH METOJOM BBIYMCIMTEIBHOTO DKCIIEPUMEHTA
C MCIIONb30BaHUEM LM(PPOBON MOAEIH, PEATU30BaHHON B Cpeie TUHAMUIECKOTO
mozaenupoBanust MATLAB-Simulink [5-7].

B crpykType ykazaHHOH MOJENU COIEP)KATCA HSHEProCUCTEMA, TIPYIIIbI
TpaHcGopMaTOpoB TOKa M TpaHCPOPMATOPOB HAIMPSDKEHUS, Harpy3ka, OJOK
W3MEHEHUS! PeXUMa BXOJHOTO CHTHaNa, a TaKKe MOJETH 3JIEMEHTOB, olec-
MEYNBAIOININE PEATU3ANHI0 TPOIEAYPHl KOMIICHCAIMA JUHAMHUYECKO Qa3o-
BOU MOTPEMIHOCTH B COOTBETCTBUM CO CTPYKTYPHOM CXEMOW, Mpe/CTaBJICH-
HOM Ha puc. 1. Bxoasmue B {uppoByr0 CTPYKTYpy MOJENHN 3JIEMEHTOB U OJI0-
KOB, a TakKe HMX KOMITBIOTEPHOE BOCIPOM3BEACHHE MOJIPOOHO paccMoOTpe-
HbI B [8-11].

PeSyJILTaTbI BBIYUCIUTEJIBbHOIO YKCIIEPUMEHTA

st cpaBHUTENBHON OLIEHKH 3()()EKTUBHOCTH MPEIIOKEHHOTO METOAa KOM-
MIEHCANNH TTOJyYeHbl YNCIICHHBIC 3HAYCHUS JUHAMUIECKOH (ha30BOi MOTpemHo-
CTH TIPH TECTOBOM BO3ACUCTBHU B ()OpPME CHHYCOMIAIBHOTO BXOIHOIO CUTHAJA
JUIsl PEKUMOB M3MEHEHHUS €r0 aMIUIUTYAbI, a TaKKe MPU OJTHOBPEMEHHOM H3Me-
HEHUH aMIUTATY/BI ¥ TeKymel (asbl B 3aganHble MOMEHTHI BpeMeHu. CooTBeT-
CTBYIOILIME 3aBUCUMOCTH, IMO3BOJISIOLIME JaTh OLEHKY pacCMaTpUBacMOMY Me-
TOJly, IPEACTaBJICHBI Ha puUc. 2, 3. TaM e npUBeICHBI aHATOTUYHbIE 3aBHCUMO-
ctu ipu popmuposarnu OC curnana LD Dypee.
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Puc. 2. Pe3ynpraThl KOMIIEHCAIIMN THTHAMUYECKOH (ha30BOI MOTPEMIHOCTH NP H3MCHEHUHN
aMIUTUTY bl BXOJHOTO CHHYCOUAAIbHOTO CHI'HANIA: & — BXOAHOH CHHYCOMIAIbHBIN CUTHAI;
b, ¢ — cuHycHBIE 1 KOCHHYCHBIE OPTOrOHAIBHBIC COCTABISIONINE, CHOPMHUPOBAHHbIE:

1 — mudpossivu punsTpamu Oypre; 2 — IpeaIoKeHHBIM METOJIOM ¢ KOMIICHCAIUEeH;

d — nunamudeckue GazoBbie norpentHocTy: 1 — nudpoBsix GuasTpoB Pyphe;

2 — IPeNIOKEHHOT0 METo/1a C KOMIIeHcaliei (OkoH4aHue puc. Ha c. 203)

Fig. 2. The results of compensation of dynamic phase error when the amplitude
of the input sinusoidal signal changes: a — input sinusoidal signal;
b, ¢ — respectively sine and cosine orthogonal components formed by:
1 - digital Fourier filters; 2 — the proposed method with compensation;
d — dynamic phase errors of: 1 — digital Fourier filters;
2 — the proposed method with compensation (ending of the Fig. is on p. 203)
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Fig. 2. Ending

B pesynbraTe BBINONHEHHBIX HCCIENOBAHUN OIPEAEICHbl ONTHMAJIbHBIC
3HAUCHHUS MOCTOSHHBIX |1, |, MO KpuTepuio MuHMMU3aIMU (Pa30BBIX MOTPEIIHO-
CTel NpH HACTYIUIEHUH IIEPEXOJHOI0 PEXUMa B pa3lIUIHbIe MOMEHTHI BPEMEHU
1o JM000# U3 paccMaTpUBaeMbIX IPUYHMH, HAXOISIINECS B TUala30HaxX COOTBET-
creenno 0,70-0,75 u 0,75-0,80.

Ha puc. 2 nokazano, kak U3MEHSIIOTCSI COOTBETCTBYIOLINE CUTHAIBI U BEJIH-
4YuHBI 1711 BapuanToB ¢hopmupoanus OC mudppossivu punstpamu Oypbe (Kpu-
Bble 1) ¥ mpeIoKeHHBIM METOIOM (KpPHBBIE 2), IPH HApPACTaHWHU U CIaje BXOJI-
HOTO CHUHYCOWAAJIBHOTO cHrHaja ¢ KpaTHocThio 20. Ha oTpeske Bpeme-
Hu t = 0,00-0,04 ¢ umeer MecTO HOPMaJbHBIH YCTAHOBHBIIMICS PEKUM BXOJI-
HOTO CHUTHaNa X () (puc. 2a). Ipu atom cunycubie OC, chopmuporannsie 1D
dypbe (kpuBast 1) U MpemIoKeHHBIM METOIOM (KpHBas 2), coBmanarot (puc. 2b).
Tarxke coBmazaloT u KocuHycHble OC, TONydeHHBbIE YKa3aHHBIMH METOa-
MU (puc. 2C, kpuBble 1, 2), a auHamMuyeckas (a3oBas HOIPEIIHOCTE A IIPU 3TOM
orcyrcrByer (puc. 2d). Bemencrue ckaukoobGpasHoro ysenmdenust B 20 pas
B MOMEHT BpemeHH t= 0,04 ¢ amMmuuTyasl BXOAHOTO CHUTHAla BO3HHKAeT Iepe-
XOJIHBI PEXUM, KOTOPBIM JUTUTCS B TEUEHHE TEepPHOJIa M3MEHEHHs YKa3aHHOTO
curHana ao t= 0,06 c, mocie 4ero HaCTyHaeT yCTaHOBUBILMICS aBapUUHBIA pe-
xuM. B mepexonHom pexrme cunycHeie OC @ypbe U MoTydeHHbIE MPEIOKEH-
HBIM METOJIOM UMEIOT OJIMHAKOBBIC aMILIUTY/Ibl, HO CABUHYTHI 1O (ase (puc. 2b).
Hanmune yriioBoro capura Mexxay HAMH, KOTOPBII C TEUCHUEM BPEMEHH W3MEHS-
eTcs, SBISETCS MPU3HAKOM JICHCTBUSI (pa30BOM KOMIIEHCAMU. AHAIOTHYHBIM 00-
pasom BeayT cebst i kocurycHbie OC cpaBHUBAEMBIX METOIOB (pHcC. 2C).

Junamudeckue (a3oBble MOTPEITHOCTH, BO3HUKAIOIINE B TIEPEXOJHOM pe-
xume (puc. 2d), mis Bapuantos popmuposaruss OC LI Dypwe (puc. 2d, kpu-
Bas 1) u npemIokKeHHbIM MeTo1oM (puc. 2d, KprBasi 2) UMEIOT IPUMEPHO OfIU-
HaKOBBII XapakTep U3MEHEHHUs, HO CYILIECTBEHHO Pa3IMYaroTcs 0 YPOBHIO.

IlepBomy MeTomy mpucymm Ooijiee BBICOKHE AWHaMU4eckue (ha3oBble MO-
TPEIIHOCTH C TIPEBBIIICHUEM MAaKCUMAalbHBIMH HX 3HAUCHHSAMH aHAJOTHYHBIX
BEJIMYMH, CBOMCTBEHHBIX AJISI BTOPOTO METOMA, B TPU-UETHIPE pasa.
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Puc. 3. Pe3ynbTaThl KOMIICHCALIMN THHAMUYECKOH (ha30BOM MOrPEIIHOCTH
HPH U3MEHEHHH aMIUTUTY/IBI U TeKylIeil (ha3bl BXOJHOTO CHHYCOMAAIBHOIO CHIHAJIA!

a—d, 1, 2 — 70 e, 4TO Ha puC. 2

Fig. 3. The results of compensation of the dynamic phase error when changing

the amplitude and current phase of the input sinusoidal signal:

a—d, 1, 2 — the same as in Fig. 2
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B moment Bpemenu t = 0,08 ¢ mponCXOIUT CKadKOOOpa3HOE CHIKEHUE aM-
IUIATYABl BXOJHOTO CHTHAJIAa OO YPOBHS HOPMaJbHOTO PEXKHMa U BO3HUKAET
MEePEeXOoAHBINA Tpolecc, 00yCIOBICHHBIN CIIaJjOM CHTHajla, KOTOPBIA 3aKaH4KBa-
ercsa npu t = 0,1 c. [Ipu 3T0M aHanU3UpyeMble CUTHAJIbI U BEIMYUHbBI U3MEHSIOT-
Csl C COXpaHEHHEM 3aKOHOMEPHOCTEH, Kak M MPU HapacTaHWUH BXOJHOTO CHHY-
COMIAIBHOTO CHUTHANA Xy, (1) (puc. 2a). JuHamudeckue (pa3oBbIe MOTPEITHOCTH
nproOpeTaloT OTPULATEIFHBINA 3HAK, & COOTHOLICHUSI MEKAY HUMH JAJIsl aHAIIU-
3upyeMbIXx MeToaoB dopmupoBarus OC coxpansrorcs. [locne 3aBepiieHus me-
pexonHoro npouecca npu t > 0,1 ¢ ykazaHHbIE OIPEIIHOCTH UCYE3aAOT.

Ha puc. 3 nokaszassl, Kak ¥ Ha puC. 2, 3aBUCUMOCTH AJIS1 PEKUMOB HapacTa-
HUS M ClIajja BXOJHOTO CHHYCOWIAJIbHOTO CHI'HAJIA C OJHOBPEMEHHBIM YBEIIN4e-
HUEM B MOMEHT CKauKOOOpa3HOI'0 M3MEHEHHUsI aMIUIUTYAbl YKa3aHHOTO CHTHajia
U ero TekyIen ¢assl Ha yroi .

AHanm3 NMpeJCTaBICHHBIX 3aBUCUMOCTEH MO3BOJISIET OTMETUTD, YTO OTIMYH-
TENBHOW OCOOCHHOCTBIO HCCIEIYEMOIO PEKUMa SIBISIOTCS OoJiee BBICOKHE
YPOBHU JTUHAMUYECKOW (Pa30BOM MOTPEIIHOCTH C COXPAHCHUEM B OCHOBHOM Xa-
paKkTepa U3MEHEHUW U COOTHOIICHUI OLIEHUBAEMbBIX BEJIUYKH.

D¢ eKTUBHOCTh W KauecTBO (PYHKIMOHHPOBAHUS MPEIUIOKEHHOTO METoJa
KOMITCHCAIIMM JHHAMHYECKOH (a30BOM MOTPENIHOCTH TaKKe OIEHHUBAIHCh Ha
OCHOBE aHaJHM3a W3MEHEHUH COOTBETCTBYIOIIMX CHUTHAJIOB M BEJIMYUH IPHU Te-
CTOBBIX BO3JICUCTBUSIX B (POpME CII0KHBIX BXOTHBIX TOKOB.

Ha puc. 4 mpencrasiensl HauOoJiee XapakTEpPHbIE PE3yJIbTaThl, BKIIOYAIO-
LIMe U3MEHSIOIMECS] BO BpEMEHHU 3HAUYeHUs! TeKylel (asbl (¢ OCHOBHON rapMo-
Huku (puc. 4b), nuHamMudeckoit Ga3oBoii morpenHocTd A (puc. 4C) i Bapu-
antoB ¢opmupoBanust OC [[d Dypee (kpuas 1) u pazpaboTaHHBIM METOIOM
(kpuBast 2) mpu CKauYKOOOPa3HOM W3MEHEHHH BXOJHOTO TOKa Iy (puc. 4 a), co-
JepKalleM B aBapUMHOM peXHMe, IIOMHMO OCHOBHOM, alepHoIUYecKylo Co-
CTaBJISIIOIILYIO M CHEKTP BBICIIMX TAPMOHHUK, YTO COOTBETCTBYET MaKCUMaJIbHO-
My MPUOIMKCHUIO Iy K pEaIbHOMY BTOPHYHOMY TOKY KOPOTKOTO 3aMBIKAHUSL.

Ha otpeske Bpemenu t=0,00-0,04 c cymectByeT HOpMaJIbHBIH YCTaHO-
BUBIIMHCS pexxuM. [Ipu 3ToM Tekymue (as3bl BHIXOAHOTO TOKa, OMpeAeisieMble
mo OC dypee u OC ¢ KoMITeHCaned TUHaMUYECKOH morpemHocTr (puc. 4b),
COBIIAJAIOT M M3MEHSIOTCS TaK JKe, KaK TeKyIast (paza BXOAHOro Toka (puc. 4b, kpu-
Bag 3). B moment Bpemenu t= 0,04 c BO3HMKaeT aBapWIHBIN PEXUM, KOTO-
PBI MOKHO KBAJIM(HUIHMPOBATh KAK KOPOTKOE 3aMBbIKaHHUE, C TIOSBICHUEM B TOKE
JIOTIOJTHUTENEHO K OCHOBHOM BBICHIMX TapMOHHUK U alepuOJUYecKOl COCTaB-
msromied. Ilpu sTtom Tekymas ¢asza BBIXOAHOTO TOKa, noiydeHHas nmo OC
¢ KommeHcanueit (puc. 4b, kpuBas 2), MEHBIIE PACXOAUTCS C H3MEHEHHEM
¢daser BxomHoro Toka (puc. 4b, xpuBas 3), uem paccumrtanHas mo OC
®ypee (puc. 4b, xpusas 1).

Kak BumHO U3 puc. 4C, IpU CI0KHOM BXOJIHOM CHTHaje AWHamMH4yeckue da-
30BBIE TMOTPELIHOCTH MpeIoKeHHOro Mertopa nomydeHus OC 3HAYUTENBHO
MEHBILIE AHAJIOTMYHBIX BEJIIMYMH IIPU HCIONB30BaHUM Ui 3ToM nenmu LD
®dypoe (kpussie 1, 2).
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Puc. 4. Pe3ynbTaTbl KOMIICHCALMN THHAMUYECKOH (ha30BOM MOrPEIIHOCTH
P CIIO’KHOM BXOJHOM CHIHAJIE: 8 — BXOJHOM TOK; b — Tekymiast ¢asa curnaia:
1, 2 — BEIXOTHOTO IIPH OTIPE/ICJICHUH COOTBETCTBEHHO 110 OPTOrOHANBHOI cocTaBistonelt Pypre
U OPTOTOHAJILHON COCTABIISIIOIICH ¢ KOMICHCAIkeil; 3 — BXOAHOro; C — quHaMuyeckas (a3zoBast
norpenHocTs: 1 — nudposbix GuiibTpoB Pypbe; 2 — NPEATOKEHHOTO METO1a C KOMIICHCALUEeH

Fig. 4. The results of compensation of dynamic phase error when a input signal is complex:
— input current; b — current phase of the signal: 1, 2 — of an output one when determined
respectively by the orthogonal Fourier component and the orthogonal component
with compensation; 3 — of an input one; ¢ — dynamic phase error of: 1 — digital Fourier filters;
2 — the proposed method with compensation
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B 3akiroueHne He00OXOAUMO OTMETUTb, UTO MPEUIOKEHHBIM METOl KOMIIEH-
canuu AuHaMu4eckoil pazoBoit morpemHocTr npu popmupoBanun OC sBiseTCs
paboTOCTIOCOOHBIM U 1OCTATOUHO 3P (EKTUBHBIM KaK MPH CUHYCOUAATIBHOM, TaK
U TIpY CJI0)KHOM BXOJHOM CHTHAJIE.
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CuMMeTpHITHO-PE30HAHCHBII MeXaHU3M KOMIIEHCAIIUN
Mapa3uTHHIX MOMEHTOB reHepaTopa
HA MOCTOSIHHBIX MATHUTAX NPH CTA0WIBHON HATPy3Ke
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Pedepar. Bubpanuu 1 HepaBHOMEpHOCTh MOMEHTA Ha OCH F'€HEpaTOpa Ha MOCTOSIHHBIX MarHUTAxX
MPUBOMAT K €T0 YCWICHHOMY H3HOCY, IIyMHOCTH, CHIDKEHUIO 3(dexTrBHOCTH paboThl. B craTthe
TEOPETUYECKH PACCMOTPEHA BO3MOXKHOCTh YCTPAaHEHHs OCHMIIALUA MOMEHTa BpAIEHHs TIeHe-
paropa Ha NOCTOSHHBIX MarHWUTax IIPH IIOCTOSHHOH Harpys3ke 3a CUeT B3aUMHON KOMIIEHCAIUn
B3aUMOJIEHCTBUS KaTyIIEK C MOJIEM MOCTOSHHBIX MAarHUTOB IIPU OMPEIEIeHHOI CUMMETPHUHU 3TOTO
nomst. JlanHbld >¢dexT HazBaH NMU-pe3oHaHCOM. [l 3aJaHHOTO Kilacca MOJIENBHBIX (YHKIHI
IUIOTHOCTH MarHUTHOTO MOJISl IIOCTOSIHHBIX MarHUTOB MOKa3aHO, YTO MOJHAsI KOMIIEHCALUsI HACTYy-
naeT npu omnpezaeneHHoM uncie karymek (Ng) u marantoB (N;), B To BpeMs Kak JUIsi IPOYHX KOM-
ounammit {Ns, N} B3aumozelicTBue HOCHUT XapakTep ocuwuLinuid. [IpuBenensl TabGuumbl mu-
pe3oHaHca UL psAfa MOJCHBHBIX (YHKIWI IUIOTHOCTH IIOJS, IpencTaBUMBIX pspamu Dypoe
JI0 TATON cTeneHu. [In-pe3oHaHC mpexke BCEro pealM3yeTcsl B Clydae HEOOJNBIIOrO Pa3iIHdus
B 3Ha4eHUAX N, 1 Ng, 9TO COOTBETCTBYET PACHOIOKEHHIO BOJM3M INIABHOM IMAroHaIN TaOIHLIbI
IIH-Pe30HaHCOB, a Takxke Ipu N, Ng, COOTBeTCTBYIOIMX MPOCTHIM ynciaM. KomndecTBo koHbUry-
pammit  {N;, N}, obecneumBaromux MOU-PE30HAHC (KOMIICHCAIMIO MAPa3UTHBIX MOMEHTOB),
HanOoJIbIIIee I CHHYCOUAAIBHOM INIOTHOCTH MAarHUTHOTO NOTOKA M YMEHBIIAETCs, ecnu (PyHK-
¥ TUIOTHOCTH MarHUTHOTO MOTOKa ammpokcumupyetcs psgom dypbe BbICOKOH cTemneHu. B ciry-
Yae OTCYTCTBUSI CEpACYHUKOB KaTylIeK IMu-pe3oHanc Bo3MoxkeH npu Ng = N,. IToka3ana nononHu-
TeJIbHAsi BO3MOYKHOCTh ITH-PE30HAHCA MPH Pa3MELIEHHU KaTyIIeK C MPOTHBOMOIOXKHBIX CTOPOH
oT poTtopa. OOOCHOBaH yIPOLIEHHBIH METOJ HCCIEJOBAHUS CUCTEMEI (0€3 HHTErpUpOBaHHs ypaB-
HEHUsl A7 TOKa MHAYKUUH). Pe3ynpTaThl MOTyT OBITH MCMOIB30BaHbI MPH KOHCTPYUPOBAHUU
TeHEepaToOpOB U MOTOPOB Ha IIOCTOSIHHBIX MarHUTAX.

KiroueBble cj10Ba: MOMEHT TpOTaHUs, [€HEPATOP, MArHUT, HEPAaBHOMEPHOCTb MOMEHTA, Iapa-
3UTHBIE MOMEHTBI, MOJIETUPOBAHNUE, IIEKTPOMOTOP, CTATOP, POTOP, MATHUTHOE TI0OJIE
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Symmetric Resonance Mechanism for Elimination
of Parasitic Torque of a Permanent Magnet Generator
under Stable Load

K. V. Dobrego?, I. A. Koznacheev?

DBelarusian National Technical University (Minsk, Republic of Belarus),
2A. V. Luikov Heat and Mass Transfer Institute of the National Academy of Sciences of Belarus
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Abstract. Vibration and torque ripple of the permanent magnet generator axis cause excessive
wearing up of the generator, noise, efficiency reduction. The article theoretically considers the
possibility of eliminating the oscillation of the rotation torque of the permanent magnets generator
at constant load due to mutual compensation of the interaction of coils with the field of permanent
magnets in the case of certain symmetry of this field. This effect is called pi resonance. For a given
class of model functions of the magnetic field density of permanent magnets, it is shown that full
compensation occurs with a certain number of coils (Ns) and magnets (N,), while for other combi-
nations of {N;, N, } the interaction is in the nature of oscillations. Pi resonance tables are given for
a number of model field density functions represented by Fourier series up to the fifth power.
Pi resonance is primarily realized in the case of a small difference in the values of N, and N,
which corresponds to the location near the main diagonal of the pi resonance table, as well as at
the values of N,, Ns corresponding to prime numbers. The number of configurations {N,, N¢}
providing pi resonance (compensation of parasitic torques) is the largest for the sinusoidal mag-
netic flux density and decreases if the magnetic flux density function is approximated by
a high-degree Fourier series. It is shown that in the absence of coil cores, pi resonance is possible
at N, = Nq. An additional possibility of pi resonance is shown when placing coils on opposite sides
of the rotor. A simplified method of investigating the system (without integrating the equation
for the induction current) is substantiated. The results can be used in the design of permanent mag-
nets generators and motors.

Keywords: starting torque, generator, magnet, torque ripple, parasitic torque, modeling, electric
motor, stator, rotor, magnetic field

For citation: Dobrego K. V., Koznacheev I. A. (2022) Symmetric Resonance Mechanism for
Elimination of Parasitic Torque of a Permanent Magnet Generator under Stable Load. Energetika.
Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 65 (3), 209-223. https://doi.org/10.21122/
1029-7448-2022-65-3-209-223 (in Russian)

BBenenne

Ocumnnsinuu (TIoAepruBaHysi) MOMEHTA BpallleHHs [pu padoTe reHeparopa —
W3BECTHBIE SIBJICHHS, OOYCIOBIICEHHBIE HEPAaBHOMEPHOCTBHIO MArHUTHOTO TOJA
Y CHUJIOBOTI'O B3aMMOJEHCTBUS OOMOTOK CTAaTOpa M poTopa (WX MarHUTOB POTO-
pa ¢ KaTylKkaM{d MHIYKTUBHOCTH), OTHOCHMBbIE K Mapa3uTHbIM MoMeHTaM [1].
OHM IIPUBOZAT K YBEIMUYCHUIO LIYMHOCTH PaOOThI CUCTEMBI, YCKOPEHHOMY H3-
HOCY OMOpHBIX y370B, cHkeHnto KIIJ[. boprbe ¢ 3TuM siBjIeHHMEM mOCBsIIIe-
HO 3HAYUTEIBHOE KOJUYECTBO HAYYHBIX HCCIIEOBAHMH M TEXHHUYECKHUX pe-
enuit [2-7].

B [8] paccmoTrpena 3amaya MONMHON KOMIIEHCAIWU MAapa3HTHBIX MOMEHTOB
IIpA TPOraHWU U BpallEHUM HAa XOJOCTOM XOAy I€HEepaTropa Ha IMOCTOSHHBIX
MarfuTax. YHCICHHBIM SKCHEPUMEHTOM I[OKa3aHO, YTO MAJSl OIpPEeSICHHOTO
KJIacca NMOTEHIMATIOB B3aUMOCHUCTBHS TIOJII MATHUTOB U CEPACYHUKOB KaTyIIEK
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BO3MOJXKHO TOJTHOE YCTpPaHEHHE YKa3aHHBIX MOMEHTOB. OIpenessifomuM ycio-
BHEM IpPU 3TOM SBJISIETCS CTpOrasi CUMMETPUYHOCTb IIOJIS, I'€OMETPUYECKHU
TOYHOE PACIIONIOKEHUE KATyIIeK U MarHUTOB, a TAaKXK€ MX UYMUCIEHHOE COOTHO-
menne. [lokazano, uto 3¢pdexT ncue3HoBeHNUsT MOMEHTA TPOTAHUS W OCIHILIS-
LM MOMEHTa MpPU BPALIEHUU HA XOJIOCTOM XOAY, Ha3BaHHBIM NU-PE30HAHCOM,
OBICTPO MPOTAIACT MPHU HEBBIMOJHCHUY BBIIICTICPEUYHUCIICHHBIX YCIOBHH.

He MeHee BaxxHOU IpencTaBisieTCs 3aJaya CHUKEHUST WINA MOJIHOM KOMIICH-
caruy Mapa3suTHBIX MOMEHTOB TpH paboTe reHeparopa IMOJ Harpy3Kou, Korjaa
TpeOyeTcss MakcUMalbHas TIABHOCTh xoja. OnpejeneHHas cTa0MIbHOCTh CKO-
pOCTH BpalleHHsI TeHepaTopa OOeCTeunBAETCs MAacCOBOW HMHEPIEN Bpalaro-
LIUXCSl 4acTeH, OAHAKO MEXAHMYECKHE MOJCPrUBAHMS MOMEHTA CHJIBI HA OCHU
CO3/AI0T IIIyMbI, BUOPALIMH, BIUSIOT HA W3HOC MOJIIMITHAKOB. Bompoc o kom-
MIEHCAINH TAKHX MOMEHTOB PACCMOTPEH B CTaThbe C ITOMOIIIBIO alpOOUPOBaHHON
B [8] METOAMKM YHUCIIEHHOT'O aHaJIN3a.

OOBEKTOM HCCICIOBaHMSI SIBJSCTCS CUHXPOHHBIM T'€HEpaTOp C TOPIEBBIM
PACIIOIOKEHUEM MOCTOSHHBIX MAarHUTOB M MPOCTPAHCTBEHHO Pa3HECEHHBIMU
KaTylIKaMi WHAYKTUBHOCTH. C TOYKH 3peHUs (PU3UKU paccMaTpuUBaeMasi CUTY-
aIusl CYIISCTBCHHO OTJIMYAETCS OT Ciydasl CTAaTHYSCKOro B3auMoaencTrus dep-
POMAarHUTHBIX CEPICYHUKOB M TOCTOSHHBIX MarHutoB [8)]. JloOaBnseTcst nuHa-
MHYECKUM KOMITOHEHT, CBSI3aHHBIM C B3aMMOJAEHCTBHUEM IIOJISI pOTOpA C TOKAMHU
WHIYKIIAA A CAMOWHIYKITMU KaTyineK. JIOKanpbHBIE CHIBI M MarHUTHBIC ITOJIS
CTaHOBATCS (PYHKIMSMHU HE TOJBKO YIJIIOBOTO PACIIONIOKEHUS poTopa (KOOpIu-
HaTa y), HO U CKOPOCTH €ro Bpamenust o = dy/dt.

Hcxons w3 3aKk0Ha MarHUTOMEXaHHUYECKOTO Mpeodpa3zoBaHus dHepruu [9],
MOXXHO YTBEPXKJaTh, YTO CYMMapHOE MarHUTHOE IMOJie¢ CUCTEMBI BpallacTCs
CO CKOpPOCTBIO BpallleHusi poTtopa . Kaxjas kaTylika ctaTopa HaXOJWUTCS BO
BpaIaroeMcsi MAarHUTHOM ToJie, KOHQUTYpalusi ¥ WHTEHCUBHOCTh KOTOPOTO
MPEOIAraloTCs HEU3MEHHBIMU MPU IMMOCTOSHCTBE M U AJICKTPUUCCKOHN Harpys-
ku. [lepHogNMIHOCTh OOINEro MOJIs OMPEACTSCTCS KOTMYECTBOM IMOCTOSTHHBIX
MarHuTOB, TIOCKOIBKY B CHCTEME H3HAYAlbHO OTCYTCTBYET HHAs CUMMeET-
pusi MarHuTHOTrO mojsi. [Ipu 3TOM Kakaas KaTyIlIKa HMCIBITHIBACT MEPHONYC-
CKOE CHJIOBOC B3aHMMOJICHCTBHE C MArHUTAMH POTOPA, W COOTBETCTBYIOIIUEC
MEPUOTNUECKUE U3MECHEHHS HCTIBITHIBAET SHEPTHSI KATYIIKHA (MArHUTHOTO JTUTIO-
JI51) B MArHUTHOM TIOJIE.

B nanHO# cTaThe 3aja4a paccMaTpUBAcTCs HE B OOIIEM BHUJIE, C HCIIOIL30Ba-
Huem Dypbe-pasnokeHus GyHKIIMA MAarHUTHOW MHAYKIUM W TOYHBIX aHAJTUTHU-
YECKHUX BBIKIIAJIOK, & C TIOMOIIBIO 9BPHCTHYECKOTO METO/Ia — HA OCHOBE YHCJICH-
HBIX 3KCIEPUMEHTOB C MOJIEIbHBIMA CHCTEMaMHU CTATOP — POTOP JEIAIOTCS
0000II1aI0IIIHEe BBIBOJIBI, HMEIOIIHNE MPAKTHUECKOE H TEOPETHUECKOE 3HAUCHHE.

Pazpaborana mpocrtas Mojenb JUIS U3YUYCHHUS XapaKTepa B3aMMOJCHCTBUS
cTaTopa M poTopa HpHU MOCTOSHHOW Harpy3ke. MeTOJ0M YUCIIEHHOTO MOJIEIH-
pOBaHHA MOKa3aHO, YTO, KaK W MpH paboTe TeHeparopa 0e3 Harpy3Ku, MOMEH-
ThI B3aUMOJICHCTBHSI OJIA C KATYIIKaMH MOT'YT OBITh CTPOI'0 KOMIICHCHPOBAHBI
MPH OIPENICICHHBIX KOH(MUTYPAUAX TUIOTHOCTH MArHUTHOTO TIOJS MarHUTOB
n cootHomeHusix unciaa marautoB (N;) m karymek (Ng), 9TO, aHaIOTHYHO
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ciaydaro [8], Ha3BaHO MHU-PE30HAHCOM. Y CIIOBHSI TaKOW KOMIICHCAITHHU TIPEJICTaB-
JIeHBl TAOMUIAMKM TMH-Pe30HaHca. [Ipu OTCYTCTBUM CEpIEYHHMKOB KaTYIICK
nu-pe3oHanc Bo3MoxeH 1pu Ny = N,. JlononHHTENbHAsT BO3MOXHOCTh KOMITCH-
CallMy OCIWUISIMN MOMEHTA TOSBIISETCS MPH Pa3MENICHUU KaTyIIEK ¢ MPOTH-
BOTIOJIOXHBIX CTOPOH OT POTOPa U UX OMPEJICIICHHOM YIJIOBOM CMEIICHUN OTHO-
CUTENbHO JpYT Apyra (CkpbiTas cuMMmeTpusi). OOG0CHOBaH YIPOIIEHHBIH METOJ
UCCJICJIOBAHUS CUCTEMBI 0€3 UHTETPUPOBAHUS YPABHEHUS JIJIsl TOKA MHITYKITHH.

[TosydeHHbIe pe3yNbTaThl MO3BOJIIOT IIEJICHANPABICHHO BBIOUPATH KOH(DU-
TYpali0 TEHEPaTOpPOB HAa IMOCTOSIHHBIX MArHUTAaX, OOCCICYMBAIOINIYI0 MHHU-
MaJIbHBIC MTapa3uTHBIE MOMEHTHI TIPU €ro padoTe.

IlocTanoBKa 3agaun

PaccMoTpuM CHHXPOHHBIN T€HEpaTOp C TOPLEBBIM PACIOJIOKEHUEM IOCTO-
SHHBIX MarHuToB. Ha cTatope cMOHTHpOBAaHBI MPOCTPAHCTBEHHO Pa3HECEHHBIE
TUTOCKHE KaTYIIKH 0e3 CepIeYHNKOB, Ha POTOPE 3aKPEIUICHBI TUIOCKUE MAarHHUTHI
C TIOCTOSIHHOM WJTH Yepe/IyIoleiicss opueHTaIue noiaspuoctu (puc. 1).

Puc. 1. CxemMa MarHITHO-MEXaHUYCCKON
CHCTEMBI CTaTop — POTOP:
1 - potop ¢ N; BMOHTUPOBaHHBIMH
MMOCTOSIHHBIMHA MarHUTaMu; 2 — CTaTop
¢ Ns pa3HeCEeHHBIMH KaTyLIKaMU

Fig. 1. The diagram of the magnetic
and mechanical stator — rotor system:
1 - rotor with N, mounted permanent

magnets; 2 — stator with N
separate (spaced) coils

B pamkax Haieit MozIenu cuctema cTaTop — pOTOp — MarHUTHOE IOJIe pac-
CMAaTpUBAETCA KaK JBYMEpHas: 3aBUCUMOCTb OT KOOPJUHATHI Z OTCYTCTBYET, BCE
3HaYUMBIE TIOJSI M MPOIECCH], OOECIIeYnBAIOIINE JIIEKTPOMEXaHUIECKOe IIpe-
o0Opa3oBaHHe DJHEPTrUH, COCPEAOTOYECHBI B HEKOTOPOH KOJBLEBOHW MOJOCe
U HE TPeOYIOT pa3pelieHus 0 paualibHOW KOOPAMHATE, MO3TOMY Bce (hu3mue-
CKHE TapaMeTphl CHCTEMBbI CUUTAIOTCS (PYHKIHSMH €IWHCTBEHHOW IepeMeH-
HOM — yrna y. MHOyKiuss MarHUTHOroO mojisi B paccMaTpuBaeTCs Kak 3KBH-
BaJICHTHAs IUIOTHOCTh IOTOKAa MAarHUTHOM WHAYKIMH B OECKOHEYHO MajioM

CCKTOpEC oA YIjoM Yy dB(’Y) IToTtokocuemicHmne KaTyYIIK! OIPCACIACTCA UHTC-

rpanom dB(y) 10 yrity, COOTBETCTBYIONIEMY pa3Mepy KaTyIIKH:

o +p/2

o(y,n)=F [ dB(y)dy, 1)

o — /2

IJIe O — YTOJI PacloIOKEHUS i-i KaTyIIKH; | — YIJIOBOH CEKTOP, 3aHMMAaEeMBIi
OTHIeNbHON KaTymKkol; F — koadunueHt (popm-hakTop) pasMEepHOCTH ILIOMIA-
ITH, OTIPEIeNIIEMBII TeOMETPUEH KaTYIIIKA H MATHUTHOTO TTOJIS.
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JludpepeHnmran MoTOKOCHEIIIEHUs ONPENENAETCS HEMOCPEACTBEHHO (DYHK-
uueii dB(y)

ddD(y, p)

» :F(dB(yﬂ,t/Z)—dB(y—u/Z)). 2

CpenHee 3Ha4Ye€HHE MArHUTHON HMHAYKIMH MOJIS, B3aHMMOJIEHCTBYIOIIETO
C I-i KaTymIKou:

o + /2

B(v,op,m)= [ dB(y)dy. ©)

o —pl/2

Ecii kaTyIky pacronoKeHsl BILIOTHYIO APYT K JpYry, TO 3HaUeHHe [ 61n3-
KO K 6a30BO# Benmuune yria W, = 360/N,, B 1poTuBHOM ciyuae [ < L.

CyTb QyHKIMOHMPOBAaHUS T€HEPATOPa — NPeBpallleHe MEXaHHIeCKOH pabo-
ThI B 9HEPTHUIO HJIEKTPOMArHUTHOTO OIS U 3aTEM B PabOTy 3IE€KTPUUECKOTO TO-
Ka motpeburens (puc. 2).

i
E mons katymex

|:> U karyIuek B noe |::>Ui

E DJICKTpOMArH. mnoJjis

EMCXBHH‘]
E kunetnu. poropa

Puc. 2. Cxema nipeoOpa3oBaHUs SHEPTUU B TEHEPATOPE

Fig. 2. The diagram of energy transformation in electric generator

[Ipy MOCTOSHHOM ITOTOKE IIOCTYIAIOIIECH W BBIIABaEMOW JHEPTUU JIIOOBIE
HEpPaBHOMEPHOCTH MOMEHTa BpAIIEHUs poTopa (Mapa3uTHBIE MOMEHTHI) CBS3a-
HBI C MyJbCaluel MOTEHIIMAIBHON SHEPTUM KAaTyIIEK B MAarHUTHOM I10JI€ CHUCTe-
MBI, KOTOpas MOXET OBbITh BBIPAXKECHA KaK CyMMa CKAISIPHBIX MPOU3BEICHHIMA
MAarHUTHOTO MOMEHTa Ka)JOW KaTyIIKH Ha COOTBETCTBYIOLIYIO CPEIHION IS
KaTYUIKA UHIYKIIUIO MarHUTHOTO 1oJist cucteMsl [10]:

)= 33 m(r WB() @

rae M; =i;NS — MarHUTHBIII MOMEHT KaTyIIKH, 33aBaeMbIil IPOTEKAIOIIIM TO-

KOM lj, uriciioM BUTKOB N M III0IIa b0 ceueHus S.

OtMeTnM, YTO MHIYKIHUS, paccMaTpuBaemas B (4), co3gaercsi He TOJIBKO T0-
CTOSIHHBIMM MarHUTaMH pOTOpa, HO U BCEMU COCEIHMMH KaTyIIKaMH CTaTopa.
OnHako B epBOM MPHOJIMKEHUH (II0 KpaiHel Mepe, IpY MaJlbIX TOKaxX Harpys-
KH) MO>KHO OTPaHUYUTBCSA YIETOM TOJBKO MOJISI MOCTOSHHBIX MarHUTOB.
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CoracHo 3aKOHY MarHuTHOU MHAyKIUK, DJ]C, BO3HUKAIOMAN B i-i KaTyIII-
K€, TIPONOPIHOHAIEHA CKOPOCTH M3MEHEHUSI MATHUTHOTO MOTOKA (TIOTOKOCIIE-
JISHWsT), a TIPH TTOSBJICHNN TOKa Takxke Bo3HHKaeT JJIC caMoOmHIyKIInu

DAC;(y)=—F 0 -L— o, (5)

rae L — uapykruBHOCTS Katymku, ['H; @=dy/dt — ckopocts BpaueHus poro-
pa, m/c.

VYuureiBasi c¢Bsizb DJIC, TOKa ¥ CONPOTHBICHUS, MOJyYaeM YpPaBHEHHE IS
TOKa B I-i KaTyIIIKe

ﬂJrﬂi.( )z_ldﬂ (6)
dy oL ' ! Ldy'
rae R, r — compoTuBieHHE HArpy3KH M BHYTPEHHEE CONPOTHBIICHHE KaTyIl-
ki, Om.

PemmmB (6) ansg MomenbHBIX (QYHKUME IUIOTHOCTHM MAarHUTHOM WHIYK-
i 0B ans kaxmoil KaTymikd, paccudTaeM MarHUTHBIE MOMEHT BCEX Kary-

mek m; (v, n)=0i;NS 1 cymMapHyIo SHEpIHIO KaTyLIEeK B TOJIE COIACHO (4) Hil
yuuthIBasi, uro B(y)=®,/S:

N,

U (1) =-N2 (i (1)@ (v))- (7)

n=1

Takum obpazom, (1)—(3), (6), (7) MO3BOIAIOT BEIYUCIATH BEIMYNHY MTOTCH-
OUaJbHOM SHEPruM KaTylIeK B I0Jie TeHepaTtopa W MpOaHalM3UpPOBaTh paB-
HOMEPHOCTh Pa0OTHl T'eHEpaTopa INPH Pa3INYHBIX KOHPHUTYpalusX CHUCTEMEI
MarHUTOB M KaTyIIeK.

B onpenenennom npubmmkennn pynkmnuo U (y, p) MOJKHO 3aITHCaTh B SIB-
HOM Buje, 0e3 mHTerpupoBanus (5). s sroro mepemnuiiem (6) B KOHEUHO-
Pa3HOCTHOM BHUJIE

i (y+9)—i; +r(. o do,
19k ety 0 00) .

rae 8 << |\ — MaJbli yrod.

IR

)]
® ——. Takum 00-

R+r dy

U3 (8) cnenyer, uro ecmu & =

(DLr, 10 I (y+8)=-

pa3oM, MpH OTHOCHUTEILHO HEOOJBIIOM 3HAYEHHWH MapaMerpa O = TOK

B KaTYyIIIKEe OMNPEACNSASTCS MEPUOTUICCKON (PYHKIHMEH W3MEHEHHs MOTOKa CO
CIBHUTOM I10 (pa3e, paBHBIM J:

i (v)=-

R+r dy

)
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Iockombky ©L << (R+r) (ycIoBHE MajOCTH TOKa) JETKO BBHITIOJIHACTCS

B CJIydac€ KaTyHICK 0e3 CCPACYHUKOB, TCM Ooiee JUIsL HI/I3KOO60p0THLIX reHepa-
TOPOB, 3aIIMIIEM BBIPAXKCHUE IJI DOHCPI'UU KAaTYIIECK B CUCTEME B IBHOM BH/IC

FNo & 360n 360n
U(Y:H)=ﬁ dB +y+up/2-8|-dB +y-p/2-8|x
n=1 S S
(10)
x| [dB 3ZO”+y+M/2 ~[dB 3zon+y—u/2
S S

[Ipeanonoxxum, 9to omnpeaeneHHas npu oMo (10) kapTuHa MHU-pe30HAH-
COB B CHCTEME OYJET COXPAHATHCS ISl JTFOOBIX TOKOB (0€3 HAIOXKECHUS YCIIOBUS
MaJOCTH 0), TOCKONBKY OTCYTCTBYIOT (PU3MYECKHE MPUYMHBI HAPYIICHUS CHM-
METPUM MarHUTHO-MEXaHHYECKOH CHCTEMBI CTaTOp — POTOP C BO3paCTaHUEM
TOKa Harpy3kd. |'mmoresza mpoBepeHa MPsSIMbIM CPAaBHEHHUEM PacueTOB, BBIIOII-
HeHHbIX 10 (10) U myTeM 4KciIeHHOro MHTerpupoBaHus (6). YCTaHOBJIEHO, YTO
Ta0JIUIBI MU-PE30HAHCOB, IMOJyYaeMble YKa3aHHBIMH CIIOCOOAMH, HUICHTUYHBI,
BO BCSKOM cCliydyae Ui PaCCMOTPEHHBIX MOJACIbHBIX (DYHKIIMH MarHUTHON HH-
nykiud. [Ipu atom Beraucnenus mo (10) cyecTBeHHO MpoIIie.

YncaeHHbIN IKCTIEPUMEHT

B kauecTBe MOAENBHBIX (YHKIMH IJIOTHOCTH MAarHUTHOTO IIOTOKA HCIIOJIb-
3yeM (U3MYECKH NPaBAONOAOOHBIC TJaJKue IMEPUOANYECKAE CHMMETPHY-
HBIC (B paMKax OJHOTO MEpHOAa) QYHKIMH:

dB, (y)=sin(y)", (11)

TZie 71 — eJI0€ TOJIOKUTETBbHOE YHCIIO.

®yuknuu (11) MOryT paccMaTpuBaThCs Kak 0a3uc IS allipoOKCHMaIiuu 00-
Jee CIOXHBIX (YHKIUI moTeHimana. OCHOBaHHEM Il TAKOTO yTBEPIKIACHUS
SIBIIICTCS TO, YTO (PYHKIIMU CUHYCA B CTETICHU N MPEICTABUMBI B BUJIE KOHCUHBIX
psanoB Oypbe ¢ BBICIIUM WICHOM IMOPsIKa N, U, TaKUM 00pa3oM, JTUHEHHAS KOM-
OuHarus MomenbHBIX GyHKIHNA (11) g0 cTenmeHu N obecrnednBaeT armmpoKCHMa-
IUI0 TPOU3BOJIGHOM (DYHKIIMM C TOYHOCTBHIO, DKBUBAICHTHOUW Dyphe-pasio-
XKEHHIO 3TOro ke mopsaka. llepBooOpasHbie (HeOIpeleNeHHbIE HHTErpabl)
¢ynaxmmii (11) Berpaxatorest B aBHOM Buze [11]:

Isiny=COSy;
Loov2 X sin2y,
Ism(y) =
3
jsin(y)3 = COZ Y _cosy; (12)

. 4 3x sin2y sindy
Jontr) =54
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JInst HarJsSITHOCTH TIPUBEAEM BHI (GYHKIIMA CHHYCA, €r0 YeTHBIX U HEUCTHBIX
creneneii (2)—(5) (puc. 3).

a b
1,0 T T T 1,0 T T
EE(al) |- 4 EE@l) -
of | 0
-0,5\- 4 -05F .
—l,O 1 1 I _1'0 1 1 1
0 100 200 al 300 0 100 200 al 300
C
1,0 T T T
Puc. 3. MonenbHble (GYHKINH INIOTHOCTH
EE(al) - T MarHUTHOI'O MOTOKA:
0 a — CHHYCOMIAJIbHBIN; b — QyHKIus sin’x;
¢ — QyHKmms Sin®x
-0.5- . Fig. 3. Model functions of magnetic
flow density: a — sinusoidal;
-1,0 1 1 1 X e . . 3
100 200 al 300 b — function sin“x; ¢ — function sin°x

OYHKIUM ¢ HEYCTHBIMU CTETICHAMH N XapaKTepU3YIOTCS CHMMETPUYHBIMU
MaKCUMyMaM{d ¥ MUHHUMYMaMH, B TO BpeMsl Kak y (YHKIUH C YETHBIMH CTeTle-
HIMH N MaKCHUMYMBI 1 MUHUMYMBbI pa3iuuHbl (puc. 3). BBuay storo QpyHkimu
C HEYCTHBIMH CTETICHSIMH aJICKBaTHBI CHCTEME C YEPEAYIOLICHCs OpHeHTaIuei
MOJISIPHOCTH MAarHHUTOB, & C YETHBIMH — CHCTEME C IMIOCTOSIHHOW OpUEHTAITUCH X
HOJIIOCOB. PaccMOTpHM OTIENBHO B3aMMOACHCTBHUSI CTATOP — POTOpP IS psina
MoenbHBIX (hyHKIHH (11) ¢ HEYSTHBIMU M YETHBIMH CTETICHSIMH.

CymMapHasi SHEprHsl KaTylleK B MOJie KaKk (YHKIHs yriia IOBOpOTa poTopa
MOJTy4aeTCsl TIOJICTAHOBKOM cooTBeTCTBYIoMUX ¢yHkiwmii (11), (12) B (10) u mo-
CII/TyIOLIMM YHCICHHBIM pacueToM. [Ipocreiiliee kadyecTBEHHOE MCCIICIOBAHUE
rpaduka QyHKINN TO3BOJSET MOCTPOUTH TAOIUIBI MMU-PE30OHAHCOB IS CIydast
paboThl TeHepaTopa MpH cTadmIbHON Harpy3ke (Tabn. 1-3), rme Ns — uucino ka-
TYIIEK ¢ CepAcYHUKaMu Ha ctatope, Ny — 4iCI0 MarHuTOB Ha porope (A cu-
CTEM C TIOCTOSTHHOM MOJISIPHOCTBIO MarHUTOB) MJIM TIEPHOAOB (PYHKIMHU TJIOTHO-
CTH MarHUTHOTO TOJIsl (JIJIsl CUCTEM C YePEAYIOLICHCS TOJIIPHOCTHIO MarHUTOB),
udpamu 0003HaYeHO uncio ocuwuissnuid Gyakuu U(y) 3a onuH 000poT poTo-
pa, MycTble SYeiKM TOKa3bIBAIOT OTCYTCTBHE OCHWUIAIHi. C MpakTHYecKoi
TOYKH 3pEHHS TH-PE30HAHC 00ECIIeYNBACT IUIABHBIN X0/ POTOpA.

B Tabn. 1 npencTaBieHbl MU-PE30HAHCHI B CHCTEME CTaTOp — poTop ¢ 0a3o-
BOW MOJIENIbHOM (QDYHKITHEH MIOTHOCTH MarHuTHOTO 1oiist dB4(y) = siny.

UatepecHo, 4to s MoxeisHoil ¢yskmun dBy(y) = sin’y TaGmuma mmu-
PE30HAHCOB KaueCTBEHHO He oTIMyaercs oT ciy4as dB,(y) = siny.

Pacder coOTBETCTBYIONMUX B3aUMOJCHCTBHI i1 MOIEIBHBIX GyHKINN (11)
C Pa3IMYHBIMU N MMOKA3bIBaeT OOIIYI0 3aKOHOMEPHOCTbH: C MOBBIIICHUEM CTeIIe-
HU N MHOkecTBO komOuwHarwmii {Ns;, N}, oOecrmeunBarommx mHU-pe30HAHC,
YMEHBIIIAETCS, OCIHMLIMPYIONIEe CHUIOBOE B3aMMOJICHCTBHE CTAHOBUTCS Oolee
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YHUBEPCAIBHBIM CBOMCTBOM CHCTEMEI. IIpH 3TOM aMIUMTyAa HEPTHUH B3aWMO-
NEHCTBUA, KaK IPABUIIO, YMEHBINIASTCS I BHOBH IOSBIISIONINXCS KOMOWHA-
it {Ng, N;}, a Takke ¢ TIOBBIIIICHHEM KOJIMYECTBA TIEPUOJIOB (YACTOTHI) OCIIHII-
TSN B3aUMOJICHCTBHS.

Tabruya 1

ITu-pe3oHaHCHI B CHCTEME CTATOP — POTOP HATPY’KEHHOT0 reHepaTopa
10151 QYHKIMH NUIOTHOCTH MarHuTHOW mHaykuuu dB(y) = siny

Pi resonances in the stator — rotor system of a loaded generator
for the magnetic induction density function dB;(y) = siny

N
N: 2 | 3 516 |7 |89 ]10|11|12 |13 |14 | 15| 16
1 6 10 | 12 | 14 | 16 | 18 | 20 | 22 | 24 | 26 | 28 | 30 | 32
2 4 | 6 | 8 |10 (12 |14 |16 |18 |20 |22 |24 | 26 | 28 | 30 | 32
3 6 12 18 24 30
4 4 8 12 16 20 24 28 32
5 10| O 20 30
6 6 12 18 24 30
7 14 28
8 8 16 24 32
9 18
10 10 20 30
11 22
12 12 24
13 26
14 14 28
15 30
16 16 32

[MpuBeneM cBomHBIC TaOMMIBI, B KOTOPHIX OOOOIIEHBI KaueCTBCHHBIC pe-
3yJIBTATEl PAacueToB s psma byHKIMiA Siny, Sin®y, sin®y, coOTBETCTBYIOLIErO
CIIy4ai0 YepeyIOMHXcs OMI0COB MArHUTOB (TaGl. 2), U psiga GyHKIuiL Sin%y,
sin®y, sin®, COOTBETCTBYIOLIEro CIy4al0 MOCTOSHHOIN OPHEHTALHH MOMIOCOB
MarauToB (Taoim. 3).

B Tabn. 2 0e3 3aTeMHEHHUs OCTaBJICHBI SYEHKH, COOTBETCTBYIOIIHME ITH-pE-
30HAHCaM JUIS TPEX MOJENBHBIX QyHKimi ¢ N = 1, 3, 5. TeMHO-CephIM LBETOM
BBIJICTICHBI STYCHKHU, UCKIIFOUCHHBIC M3 MU-PE30HAHCA ISl MOJICIBHON (yHKIIMH
cunyca (N = 1), cepbIM — JOMOJHUTEILHO MCKITIOYaEMbIe U3 MMU-PE30HAHCA TIPH
MOJIEJIbHOW (YHKIMH € N = 3, CBETIIO-CEPhIM — JIOTIONHUTEIBHO UCKITF0UacMBbIC
Y3 MU-Pe30HAHCa MPU MOJIENIBHOM QyHKImuU ¢ N = 5. [{udpsl B sueiikax mokasbl-
BaIOT YUCJIO TIEPUOJIOB B 3aBUcHUMOCTH U(y), MPUXOASIUXCS HA OJHMH IOJIHBIH
o0opoT poTopa, mnsi ciaydas ¢ N = 5. XapakTepusysl TaOIMIly KadeCTBEHHO,
MOKHO CKa3aTh, 9TO OoJiee CBETIIbIE STMeHKH COOTBETCTBYIOT OoJiee OIaronpusr-
HBIM ITapaMeTpaM CHUCTEMBI C TOYKHU 3PSHUsI TUNIABHOCTU X0J1a POTopa (YMEHbIIIe-
HUS TIOJICPTUBaHM ).
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Tabauya 2
IIn-pe3oHaHCchI B cHCTEMe CTATOP — POTOP HATPYKeHHOI'0 reHepaTopa
1s1 GYHKIHM IJI0THOCTH MArHUTHOM uaayknun dB;(y) =sin"y mpu n=1,3,5
Pi resonances in the stator — rotor system of a loaded generator
for the magnetic induction density function dB,(y) = sin"y at n=1, 3,5

AmnanorudHo B Taba. 3 TEMHO-CEPBIM LIBETOM BBIJCICHBI SUYCHKH, HCKIIO-
YEeHHBIC U3 MU-PE30HaHCa yXe Mpu 0a30BOM MOAENbHON (QyHKIMM cuHYyca (Ka-
YeCTBEHHO CIydad SiNy M SIN‘y He OTIMYAIOTCS), CEPhIM — JOIOTHHTEINb-
HO UCKJII0YaeMble U3 MU-pe30HaHca MpH MOJeIbHON QyHKUUU ¢ N = 4, CBETIO-
CepblM — JIOMOJHHUTENBHO HCKIIOYaeMble W3 NH-PE30HAHCA MPU MOJAEIBHOM
¢yHkuuu ¢ N = 6. Ludpsl B sueiikax MOKa3pIBalOT YHCIO NEPUOJO0B (PYHK-
i U(y), Tpuxoasimuxcs Ha OJWH MONHBI 000pOT poTOpa, AN clydas
¢ n = 6. Kak u i tadin. 2, Ooliee CBETIbIC STUSHKH COOTBETCTBYIOT Oosee OJia-
TONIPUATHBIM IapaMeTpaM ¢ TOYKH 3PEHHs IUIaBHOCTU XOJa poTopa Ul CHCTe-
MBI C TIOCTOSIHHOW OpHEHTalrel MarHuTOB.

B 1enom psin MoaenbHBIX (QYHKIMH YETHBIX CTETEHEH 00eCeunBaeT HECKOIBKO
Oosee GraronpHATHBIE YCIOBHS JUIS MU-PE30HAHCA, MOCKOIBKY B Tabiu. 3 Oosblie
sTYEEK, COOTBETCTBYIOLIMX ITU-PE30HAHCY B CUCTEME, TI0 CPaBHEHUIO C TaoJI. 2.

UHCIEHHBIM 3KCIIEPUMEHTOM YCTAHOBJIEHO, YTO ANl PSAAOB MOZEIBHBIX
(yHKUIUH Kak ¢ YeTHBIM, TaK U HEYETHBIM N IPHU NOCTOSHHBIX 3Ha4eHUAX Ns, N;
4yrcao ocuwusinui (mepuonos) B U(y), mpuxoasmmxcs Ha MOJIHBIA 000pOT po-
TOpa, HEe MEHAETCS IIPU YBEIMUCHUN WM YMEHBIICHUU N HA YETHOE YHUCIIO, €CIIU
TOJILKO TIPY MEHBIIEM U3 3HauUeHHH N He oOecreunBaeTcs nu-pe3oHaHc. Iloato-
My yKa3aHHBbIE B TaOn. 2, 3 3HaueHHs YHUCIa MEPUOJOB PACIPOCTPAHSIIOTCS Ha
BCe N OJHOU YETHOCTH.
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Tabauya 3
ITu-pe3oHaHCHI B CCTEME CTATOP — POTOP HATPY’KEHHOT'0 reHepaTopa
nast QYyHKIAM IUI0THOCTH MArHUTHOI uaaykuun dBy(y) = sin"y mpun=2,4,6

Pi resonances in the stator — rotor system of a loaded generator
for the magnetic induction density function dB,(y) =sin"y at n=2,4,6

N Ne

1

2 | |
3/316 13033123942 57 160
444 112[4]20[12]28 8 |36[20|44 1252 (2860|1668 [36]76|
5[5 110]15]20 [F6F 3035 [40 | 45 \m
666 42 | 24 | 78 [ 42
7 L

8 8

9 9

10 10

11

12 1212

13

14

15 15

16

17

18 18

19

20

OOwieii 0cOOCHHOCTHIO, KaK U B ciIydae paboTel O6e3 Harpy3ku [8], sBisercs
TO, YTO sYCHKH, 0OO3HAYAIOIINE MH-PE30HAHC, OCTAIOTCS JIOKAIN30BaHHBIMU
OKOJIO JMaroHaNbHBIX 3JIEMEHTOB TaOmumbl. Kpome Toro, mm-pe3oHaHc mpe-
umyecTBeHHO HabmoaaeTcs npu Ny, N, COOTBETCTBYIOMIMX MPOCTHIM YHCIIAM.

KomneHcanusi napa3uTHbIX MOMeHTOB npu ycjioBuu Ny = N

[Ipu paBeHCTBE YMCITa MATHATOB W KaTyIek craropa (tadn. 1-3, quaroHais-
HBIC sTYEHKM) B OOIIEM clTydae BO3HHUKAET OCIMIUIAIIAS MOMEHTA BpAlllCHUs Bajia
redepaTopa. OTHAKO TPU OTCYTCTBUM MAarHUTHBIX CEPJICYHUKOB KATYIICK JaH-
HOE CBOWCTBO HE sIBJISIETCSl YHHBEpcalbHbIM. HepaBHOMEpHOE 3alerieHue cTa-
TOpa B POTOPa MOXKET OBITh KOMIICHCUPOBAHO 32 CUET BBIOOPA pa3Mepa KaTylieKk
1 uX nepekpbITis (3)(HEKTUBHOTO CEeKTOpa, 3aHUMAaEeMOT0 KaTylikoi). JlelicTBu-
TEJIbHO, B paccMaTpUBacMON IMOCTAHOBKE 3aJlaud B3aUMOJICHCTBHE KaTYIIKU
¥ ToJs poTopa ompenensiercss marerpaioM (10), koTopelit OepeTcs mo yriy U,
3aHHMaeMOMY KaTyIIKOW. BBHUy CyIIeCTBEHHOHN IUIOMIAAN CEYCHUS TTPOBOIHU-
KOB KaTyIeK 3QQeKTUBHAS IIOMaAb CEUCHUs KATYIIIKU MEHbIIIe BHEIIHeH (Ta-
OapuTHOI) ee IIIOMIA, ¥ MPU Pa3JelIbHOM PACIIOJIOKEHUH TIOCIEAHUX CEKTOP
MarHMTHOTO TIOJIsI, B3aUMOJCHCTBYIOIIETO ¢ KAaTYIIKOH, MEHbIIIE 0a30BOTO CEK-
Topa 1y =360/ N,. VIMeHHO TaKoe yci1oBUe IPUHUMANIOCH [IPU pacyere Tab. 1-3.

OpHako MpH yBEIMYEHUH pa3Mepa KaTyIIeK U ONpPENeICeHHOM HAJOXEHUHM HX
Opyr Ha JApyra Yroi |[I MOXET CTaTb PaBHBIM WM TPEB3OUTH . YmcieH-
HBII pacdeT IOKa3bIBAET, YTO KOTrJa |l = |l;, IU-Pe30HaHC UMEET MECTO U B CIIy-
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gae N; = Ns. IIpu aTOM ocTanpHas 4acTh TAOJMIIBI MMU-PE30HAHCOB HE TIPETep-
neBaeT m3MeHeHus. Ha puc. 4 mpencraBieHa aMIUTUTy[Ja OCHHMIUTHPYIOIICH
¢ynkuuu U(y) B 3aBucHMOCTH OT Oe3pazMepHOro 3p(EeKTHBHOTO CEKTOpa, 3a-
HHUMAaeMOr'0 KaTYMIKOH, Uil Pa3NuuHbIX 3HadyeHWd N,. 3HaueHHEe KOMILICK-

ca FN oo/ ( R+ r) npu pacuete (10) npuHUMaNOCh paBHBIM 1.

+U, JIx

T t T

05 06 07 08 09 11 12 13 14 15
Puc. 4. Avmmnryna Gyaxuun U(y) B 3aBHCHMOCTH OT OTHOCHTEIIFHOTO YTIIa CEKTOPa,
3aHMMaeMOoro KaTymkoi Wy 1 =N, =Ng=5;2-9

Fig. 4. Amplitude of U(y) as a function of the relative angle of the sector occupied
by the coil W/pe: 1 -N,=N;=5;2-9

U3 rpaduka (puc. 4) BuaHO, yro amrumtyna U(y) siBIsSeTcs CyIIECTBEHHO
HenuHeHoW (yHkuued. VHTEeHCUBHOCTh OCHWUISIMHA MOMEHTa oOpariaercs
B HYJIb TIPH WW/|lg = 1, pacTeT Mpu OTKJIIOHEHWH OT 3TOTO 3HAYCHUS (KaK B MCHB-
IIYI0, TaK ¥ B OOJIBIIIYIO CTOPOHY) M IOCTUTaeT MaKCuMyMa Tipu W/ ~ 0,5.

Cayuaii a1ByX craTopoB. CKpbITasi CHMMETPHUSI CHCTEMbI

IIpu UCTIONB30BaHKH JBYX CTATOPOB, PACTIONIOKEHHBIX C IBYX CTOPOH OT PO-
TOpa, XapakTep B3aWMOJICHCTBHSI ¢ KXKIBIM M3 HUX IO OTJCILHOCTH OCTAETCSI
NPEXHUM. B criy aJIMTHBHOCTU M HE3aBUCUMOCTH B3aWMO/ICHCTBUS, €CIH ITU-
PE30HAHC peanu3yeTcs i OJHOTO CTATOPa, OH COXPAHUTCSA U JUIS IBYX OJUHA-
KOBBIX CTATOPOB, HECMOTPSI HA UX B3aUMHOE YTJIOBOE PACIOIOKEHHE.

Eciu tipu 5TOM J1Ba cTaTopa pacIoiararTcs ¢ yriaoBbiM casurom 360/(2Ns),
COOTBETCTBYIOIINM YTy CHMMETPHUU CUCTEMBI KATYIIEK, OHH 00pa3yioT MepHoO-
JIUYECKYIO0 CTPYKTYPY M B3aMMOJCHCTBYIOT KaK elWHas CUCTEMa C YABOCHHBIM
KOJINYECTBOM Karymek. Hampumep, Uisl CHHYCOMAILHON TJIOTHOCTH MAarHHT-
Hoit uHaykiwu pu Ny = 9, Ng; = 6, Ny, = 6 (uanekcs 1, 2 0003Ha4aI0T MEPBBIHA
U BTOPOM CTATOPBI) CHCTEMa 3aKOHOMEPHO JaeT OCIHMUTUPYIOIIHI TOTEH-
man U(y) ¢ 18 mepromamu, kKak v IpH B3aUMOAEHCTBUH € KaXKIBIM IO OT/IEIBHO-
cri. OmHAKO eCiM CHIBHT YIIa pachojiokeHus oboux cratopoB 360/(2Ns) = 30°,
NPOM30HIET TIOJNHAS KOMIICHCAIMsI IMapa3sUTHBIX MOMEHTOB B COOTBETCTBUH
¢ Tabn. 1. Xapakrep NpUONMKCHHS K IH-PE30HAHCY IIOKa3aH Ha pHC. 5,
IJIe MITPUXOBOM BEPTHKAIBHOM JMHMEH 0003HAYECH YroJ CABHUIa, COOTBETCTBY-
FOIMI CUMMETPUYHOMY PaBHOYJAIICHHOMY PACIIONIOKEHHIO cTaTopoB. U3 mpu-
BEJICHHOTO I'padMKa BHJIHO, YTO HMEET MECTO JIMHEHHOE MPHUOIMKEHUE K COCTO-
SIHUIO TTU-PE30HAHCA.
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r's U: H)K

30

Puc. 5. DHeprus B3aUMOJCHCTBHS POTOP — CTATOP B 3aBUCUMOCTH OT YTJia CABHTA
TIEPBOTO U BTOPOTO CTATOPOB Oghift: Ny = 9, Ng; =6, N, = 6

Fig. 5. Stator — rotor interaction energy as a function of angular shift between
the first and the second stators agps: Ny =9, Ng; =6, Ny, = 6

B paccmarpuBaeMoii cucTeMe, Kak U B CIydae 3aJa4d O HYJCBOM MOMEHTE
Tporanus [8], oOHaApPYKUBACTCSA CKPHITAS CHMMETPHS: IMH-PE30HAHC pPealln3yeT-
cs HE TOJNLKO TPH CHMMETPUYHOM PABHOYIAJCHHOM pACIOJIOKEHUU CTAaTO-
poB (agnit = 30°), HO ¥ TPH JaTBHEHIIEM CMEIIEHUH OJHOTO M3 HUX Ha IEN0oe
4KciI0 0a30BBEIX YIJIOB CHMMETPHH MarHMTHOMN cucTeMbl 0y = 360/(2N,) (B man-
oM ciryuae 20°) (puc. 5). Pasymeercs, Takoit a(HeKT MOKET BO3HUKHYTH TOIIb-
KO TIPH BBICOKOM M€OMETPHUYECKON TOYHOCTH Pa3MEINEHHS KATYIIEK ¥ CHMMET-
PUYHOM PACIHOI0KEHUH CTATOPOB IO 00€ CTOPOHBI OT POTOPA, YTO TPEeOYET crie-
IUATBLHOTO TOAXO0Ja MNP KOHCTPYMPOBAHMM M H3TOTOBICHUH TeHeparopa.
3aKOHOMEPHOCTH, CBSI3aHHBIE C TOYHOCTBHIO IMOJIOXKEHUSI MAarHUTOB M KaTyIIEK,
o0cykJIeHbI B [8].

Jlpyroif THN CKPBITOH CHMMETPHUH CHCTEMBl OOHApYXHBACTCS, KOT-
ma Ngg = Ng; # Ny = Ngg + Ng. B 2TOM ciiydae mipu CHMMETPHYHOM pPaBHO-
YIaJICHHOM BBICTPAUBAHUM KaTYIIEK MH-PE30HAHC HE BO3HHMKaeT (Tabm. 2, 3).
OnHAKO OH MOXET IMOSIBUTHCS TPU CIBUTE OJHOTO POTOPA OT CHMMETPUYHOTO
pacroyioKeHHsT Ha TOJIOBHHY 0a30BOT0 yria CHMMETPHHM MAarHHUTHOW CHCTe-
Mol 09/2 = 360/(4N;) (B manHOoM cirydae 9°) (puc. 6).

B cayuae N # N, nu-pe3onanc B cucteme He BbIABIEH. boiee momHoe

paccMOTpeHHe BOMPOca O CKPBITOH CUMMETPUH B CUCTEME TPeOYeT OTACIHHOTO
HCCIICIOBAHUS.

4U, Jix
1,5t

<

1,0

0,51

Puc. 6. DHeprus B3aUMOJCHCTBHS POTOP — CTATOP B 3aBUCUMOCTH OT YTJia CIBHTA
MIEPBOTO U BTOPOTO CTATOPOB Oghif: Ny = 10, Ngg =5, Ny =5

Fig. 6. Stator — rotor interaction energy as a function of angular shift between
the first and the second stators agps: Ny = 10, Ng; =5, Ny, =5
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BBIBOJIbI

1. MeTo/1oM YHCIIEHHOTO SKCIIEPUMEHTA HCCIeIoBaHa paboTa reHeparopa Ha
MOCTOSTHHBIX MarHWTax MpH CTaOWIBHON Harpyske. PaccMOTpeH Bompoc o cuM-
METPUHHO-PE30HAHCHOM MEXaHHM3Me KOMIICHCAIUU OCUMJUIAIMNA MOMEHTa Bpa-
IICHUA T€HepaTopa MpH ONpeAeNICHHOW CHMMETPHUHU TONS MOCTOSHHBIX MarHu-
TOB. OQdeKT MOTHOW KOMIICHCAIIMH OCIWUIAINA Ha3BaH ITH-PE30HAHCOM.
ITokazaHo, 9TO KOMITEHCANHS MTaPa3UTHBIX MOMEHTOB B T€HEpaTOpe Ha IMOCTOSH-
HBIX MarHUTax MpH paboTe C MOCTOSHHON HArpy3KOW peann3yeTcsl aHaJOTHIHO
CIIy4aro TpOTaHMsI TeHepaTopa W paboTel Oe3 Harpysku. Konburypamun gucia
MarauToB # Katymek {N;, N}, obecneunBaronux mu-pe3oHanc, JOKATH3YIOTCS
BOJIM3M TJIABHOW JUArOHAIM TaOJIHUITHI MMH-PE30HAHCOB U NpHU 3HaueHUAX N, N,
COOTBETCTBYIOIIUX MPOCTHIM YUCIIaM.

2. OOmieit TeHAeHIMEH SBISEeTCS TO, 4TO Yucio KoHgwurypamwid {N,, N},
00eCIevnBaONUX MH-PE30HAHC, YMEHBIIACTCS ¢ YBEIMUCHUEM CTEIICHU CHHYCA
JUTSL CeMEHCTBA MOJCIBHBIX (DYHKIMN TUIOTHOCTH MarHUTHON wHmykimu (11).
IMockonbky MomenbHble GyHKIMU SiN(y)" pasmaratrorcst B psg Pypbe crere-
HU /1, OTOT K€ BBIBOJ OTHOCHUTCA U K IPYTMM (PYHKIIHSM, ammmpOKCHMHPYEMBIM
panamu Oypbe TOU Ke CTEIECHHU.

3. Ilokazano, 4TO 3a cUeT BHIOOpa pa3Mepa KaTyIIeK U CTETICHH TEePEKPBITH
TUTOIIA/TA TOTOKOCHETVICHNSI BO3MOKHA KOMIIEHCANNS OCHMJUIAINAN TIPH paBeH-
CTBE YHCJIA TEPHOIOB MOCTOSHHOrO MarHuTHoro mojst u Karymek (N; = Ng).
OpHaKo MU HATHMYUY CEPIICTHUKOB KAaTYIIIEK TaKas KOMIICHCAIUS HEBO3MOXKHA.,

4. Paccmotpena paboTta reHepaTopa Mpy HAJIMYKH JBYX CTaTOPOB, Pacrojo-
JKEHHBIX C JIByX CTOPOH OT poTtopa. [lapa3uTHbIe MOMEHTHI B TaKOH CHUCTEME
MOTYT KOMIICHCHPOBAThCS aHAJOTUYHO CIy4ard OJHOTO CTaTopa IPH YCIOBHUH
CUMMETPUYHOTO PABHOYAAJICHHOTO PaCIOJIOXKEHUsS CcTaTopoB. [Ipu 3Tom B cu-
CTEME C JByMsI CTaTOpaMH OOHapy)KeHa JOTOJIHHUTENbHAs (CKPHITasi) CUMMET-
pusi, B CHIIy KOTOPOW MU-PE30HAHC MOXKET PEeaTM30BaThCS HE TOJBKO MPHU CHM-
METPUYHOM B3aMMHOM WX DPACIIOJIOKECHUU, HO W MPHU CIBUTAX, ONPEACIAEMBIX
CUMMETPHEH MO MOCTOSTHHBIX MATHATOB M KaTyIIEK CTaTopa.

5. HccnenoBanue mo3BoJiA€T JIaTh PEKOMEHAAIMU 110 CUMMETPUMHON KOH-
(urypanmy ¥ KOJTMYECTBY MAarHATOB M KaTyIIeK B CHCTEME CTaTOp — POTOp Te-
HEpaTopa Ha MOCTOSHHBIX MarauTax. [lomydeHHbie pe3yapTaTel MOTYT OBITH HC-
IT0JI30BaHbl MIPH KOHCTPYHPOBAHHUH JJIEKTPOMOTOPOB HAa TOCTOSHHBIX MarHu-
Tax, IS KOTOPBIX 3a7ada KOMIEHCAIMW TMapa3suTHBIX MOMEHTOB TaKKe BaXK-
Ha [12]. [IpomomkeHrneM HACTOSIIETO UCCIICIOBAHUS MOXKET CTaTh PEIICHUE 3a-
Jla4d O KOMITCHCAIIUH Tapa3uTHBIX MOMEHTOB B CIy4ae KOHKPETHBIX CXEM KOM-
MYTallUU KaTYIICK ¥ HArPy3KH DJICKTPUICCKON MAITUHEI.
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Pa3pa0oTka aHaIuTHYECKON MOJeIH

JJIS oMIpeesIeHHs] MATHUTHOIO IIOTOKA paccesiHUs

yepes 3y0uUbl CTATOPA CHHXPOHHOM

JEeKTPUYECKOIl MALLIMHBI ¢ APOOHOI 3y0L10BOH 00MOTKOM

A.B. Meﬂmnncxnﬁl), C. B. HaHTeneenl), A. H. Manamun”

YBoennas axagemus Pecrry6nmixu benapycs (Munck, Pecriyoimka Benapycs)

© benopycckuil HallMOHAIbHBINA TEXHUYECKUH yHUBEpcuTeT, 2022
Belarusian National Technical University, 2022

Pedepar. B cratbe npencraBieHa AByMepHas KOHEYHO-3JIEMEHTHAs MOJEIb MarHUTHOTO IOJIS
MarHUTHOH CHCTEMbI CHHXPOHHOH 2JIEKTPHYECKON MAIIMHBI C APOOHBIMHU 3yOLOBBIMH OOMOTKAMH.
BrrsBieHB 0COOEHHOCTH PacIpe/ieNIeHUs] MArHUTHBIX ITOTOKOB (OCHOBHOTO, KpaeBoro sddexra,
paccesiHusl) B MATHUTHOI CHCTEMe W HOCTPOCHBI SKBUBAICHTHBIE CXEMbl MAIHUTHOW LIENH HCCIIe-
JyeMOH 3JIEKTPUYECKOH MAIlMHBI IPH Pa3IMYHBIX MOJIOKEHUAX 3y0la craropa OTHOCHTENBHO
noJrocoB poropa. O60CHOBaHa HEOOXOIMMOCTh ydeTa KpaeBoro 3d@dexra U 3aBUCHMOCTU BEJH-
YHHBI TIOTOKA PAcCesHUS depe3 3yOIbl cTaTopa OT KOOPAWHATHI MOJIOXKEHUSI POTOpA, YTO HAILIO
OTpa)KeHHE B Pa3pabOTAHHON aHANTUTUYECKOH MOJEIH I ONPEEICHHUs OTOKA PAacCessHUS uepes
3yOIIbI CTaTOpa CHHXPOHHOM AJIEKTPUYECKOI MAIIHHBI ¢ APOOHOH 3yO1oBoii 06MoTKOi. [IpoBene-
Ha MPOBEpKa aJeKBATHOCTH aHATUTHYECKHX BBIPAKEHMII MOCPEACTBOM YHMCICHHOTO MeToza (Me-
TOZa KOHEUHBIX 3JeMEHTOB). [loiydeHHas MOTPEIIHOCTh PAcuyeToB OOYCIIOBJIEHA MPUHATHIMU
JOMYIICHUAMU NIPU TTIOCTPOCHUU SKBHBAJEHTHOW CXEMBbI MarHHTHOMH nenu HCCHC}lyeMOﬁ JJICKT-
pudeckoil MaminHbl. He3HAa4YnTENbHOE DPACXOXKICHHE pPEe3yJbTaTOB aHATMTHYECKOrO pacuera
W YHCICHHOTO SKCHEPUMEHTA IOKa3bIBACT, YTO MPEAJIOKEHHAs MOJENb JaeT BO3MOXHOCTh pe-
IIUTH 3a/1a4y KOJUYECTBECHHOI'O OIPEACIICHUSA BEIUYMHBI MAarHUTHOI'O IOTOKAa pacCesaHUus 4epe3
3yOIIBI cTaTOpa C BBICOKOH TOYHOCTHIO. KpoMme Toro, oHa mo3BoJIsieT YCTAaHOBUTD BIIMSTHUE TE€OMET-
PHMYCCKUX [TapaMeTPOB MarHUTHOM 11NN Ha XapaKTep W3MEHEHHUS NIEPHOANYECKOi (DYHKIIMHU MOTO-
Ka paccesHHs 4yepe3 3y0el| cTaTopa NMpU HAUMEHBIIMX BPEMEHHBIX 3aTpaTax, 4TO UMEET OYCBH/I-
HYIO INPAKTUYCCKYI0 3HAYUMOCTD. HpeﬂCTaBHeHHafl AHAJIMTUYECKasd MOACIIb MOXET NPUMEHATH-
Csl B IPOIIECCE ONTUMHU3ALMU CHHXPOHHOW DJIEKTPUYECKON MAlIMHBI C JIPOOHBIMH 3yOLIOBBIMU
0OMOTKaMH.

KioueBble ciioBa: CHHXPOHHAs JJIEKTPUYCCKasA MallnHa, MarHUTHBINA TTOTOK paccesaHus, Teopus
MAarHuTHBIX ueneﬁ, MECTOJ KOHCYHBIX 3JICMCHTOB

Jas uutupoBanus: Memwxkunckui, A. b. Pa3zpaboTka aHaMTHYECKON MOJEIH IS ONIPEICTICHUS
MarHUTHOTO TIOTOKA pPaccestHusl yepe3 3yOIbl CTaTopa CHHXPOHHOM 3IEKTPHUYECKON MaIlIUHBI
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Development of an Analytical Model for Determining
the Magnetic Flux of Scattering through the Gears

of the Stator of a Synchronous Electric Machine

with a Fractional Gear Winding

A. B. Menzhinski®, S. V. Panteleev?, A. N. Malashin®
YMilitary Academy of the Republic of Belarus (Minsk, Republic of Belarus)

Abstract. The article presents a two-dimensional finite element model of the magnetic field of
a magnetic system of a synchronous electric machine with fractional gear windings. The specific
features of the distribution of magnetic fluxes (main effect, edge effect, scattering) in the magnetic
system have been revealed and equivalent circuits of the magnetic circuit of the electric machine
under study have been constructed at different positions of the stator gear relative to the rotor
poles. The necessity of taking into account the edge effect and the dependence of the scattering
flux through the gears of the stator on the coordinate of the rotor position has been justified, which
is reflected in the analytical model that has been developed for determining the scattering flux
through the gears of the stator of a synchronous electric machine with a fractional gear winding.
The adequacy of analytical expressions was verified by means of a numerical method (finite
element method). The resulting calculation error is due to the assumptions made when construc-
ting an equivalent circuit of the magnetic circuit of the electric machine under study. A slight dis-
crepancy between the results of the analytical calculation and the numerical experiment shows that
the proposed model makes it possible to solve the problem of quantifying the magnitude of
the magnetic flux scattering through the gears of the stator with high accuracy. In addition,
this ensures an accurate determination of the influence of the geometric parameters of the mag-
netic circuit on the nature of the change in the periodic function of the scattering flow through
the stator gear in the shortest time, which is of an obvious practical significance. The presented
analytical model can be used in the process of optimizing a synchronous electric machine with
fractional gear windings.

Keywords: synchronous electric machine, magnetic scattering flux, theory of magnetic circuits,
finite element method
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BBenenue

B cucremax anexTpocHaOXeHHS aBTOHOMHBIX OOBEKTOB ITUPOKO MPHUMEHS-
FOTCSI CHHXPOHHBIC DJIEKTPHUYECKUE MAIIMHEI C TOCTOSTHHBIME MarHuTamu (I11IM),
4TO0 OOBACHSCTCS WX HAIEKHOCTHIO, MPOCTOTONW KOHCTPYKIIUH, BBICOKHMH
K03 UIIMEeHTaMH TIOJIE3HOTO JIEHCTBHUSI M MOIIHOCTH IO CPaBHEHHUIO C APYTH-
MU KJIaccaMu 3jeKTpudeckux mamuH [1, 2]. B 3ToM Kitacce BBIACHSIOT TpyIi-
Iy CHHXPOHHBIX JJICKTPUYCCKUX MAIIHH C APOOHBIMH 3yOIIOBEIMH OOMOTKA-
mMu (COM c¢ [30), KoTopble UMEIOT CHWKCHHYIO YJCIBHYIO MacCy 3a CYeT
YMEHBIIEHUS JIIUHBI JJOOOBBIX YacTel OOMOTKH, OCEBBIX Pa3MEpOB AJIEKTpHUE-
CKOW MAIlUHbI, IIMPHUHBI SpMa MarHUTOMPOBOAA cTaTtopa U spMa potopa [3].
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OpHako ABYCTOPOHHSSI 3yO4aTocTh (HAJWYHME OTKPBITBIX W TOJTY3aKpPBITHIX
mazoB) MarHuTHOM cucteMbl COM ¢ J/[30 1 MHOTOIONITOCHAS CTPYKTypa poTopa
00yCIIOBJIMBAIOT TIOBHINICHHBIA MarHUTHBIN IMOTOK PacCesHUs yepe3 3yOlbl cTa-
TOpa, KOTOPBIH MOKET cocTaBiATh 50 % u Gomee oT 00IIeTo MOTOKA paccesHusI.
OTO BBI3BIBACT JOMOJHUTEIBHBIC MMOTEPH, HETIOCPEACTBCHHO BIIHSAIOIINE HA Be-
JUYMHY OCHOBHOTO MarHUTHOTO IOTOKa 4epe3 paboduyio OOMOTKY M COOTBET-
ctBenHo Ha JJIC mccnenmyemoit asnextpudeckoil mammuel [4]. IloaTomy yuer
BEJIMYMWHBI MAarHUTHOTO TIOTOKA paccesHus depe3 3yOIIpl cTaTopa BeCbMa BaKeH
MPH MaTEMaTHYECKOM MOJICIIMPOBAHUU W DIIEKTPOMArHUTHOM pacuere COM
¢ 130 [5-7]. Kpome Toro, Hamu4re ameKBaTHOW WH(OPMAITMH O BEITUIHHE 00-
IIET0 MarHUTHOTO MOTOKA PaCCESHUS HEOOXOAUMO ISl PEIICHUS 3a/1ay CUHTE3a
cucrem yrpasienus COM ¢ /130 [8].

CymecTByomye HaydHbIe TPYAbl B 00JACTH H3y4YeHHsS M OIEHKH TOTEPH
COBM c¢ /130 B 0OCHOBHOM COCPEIOTOUYCHBI HA HCCIICAOBAHUH ITOTOKOB PACCESTHIS
KaK (QYHKIUH OT BEJIMYUHBI BO3IYLIHOTO 3a30pa [9] U reoMeTpUyecKuX Imapa-
METpOB ayiekTpoMarHuTHOi cuctemMbl COM ¢ /130 [9-11] unm 3aBHCHMOCTH
IIOTOKOB paccesiHus 0T KOHCTPYKIKU poropa [12]. OnHako mpH aHATUTHYSCKOM
MOJIEJIMPOBAHHH TTOTOKA PacCesHUs depe3 3yOIlbl CTaTopa He yUYUTHIBAIOTCS Kpa-
eBOi d(PQeKT M 3aBUCUMOCTh BEIHMYHUHBI TAKOTO TOTOKA OT KOOPAHMHATHI ITOJIO-
JKEHUS pOoTOpa.

Takum 06pa3om, HEOOXOIUMO pa3padOTaTh AHATUTHIECKYIO MOIECIb JIJIS OTI-
peneneHnss MAarHATHOTO TIOTOKA paccessHus gepe3 3yOorsr ctatopa COM ¢ /130,
YYUTHIBAIOIIYIO KpaeBor 3P EeKT M 3aBUCHMOCTh BEJIMYHHBI TIOTOKA PACCESTHUS
yepe3 3yOIbl CTaTopa OT KOOPAWHATHI OJIOKEHHS POTOpa.

Pa3paﬁoTKa aHAJIUTHYECKOH Moaean

Ocob6ernocteio COM ¢ 130 sBniseTcs TO, 9TO OJHOMY ITOIOCHOMY Iele-
HUIO POTOpPa COOTBETCTBYET HE IIe0€, a APOOHOE YHCIIO 3yOIOBHIX (ITa30BBIX)
JeneHuii cratopa. [Ipu 3TOM B TaKUX 3JIEKTPUUYECKUX MAIlHHAX cXeMa OOMOTKH
HaJT MTOJIFOCOM WJIH MApoii MOI0COB HE MOXKET OBITh JyOIHMpoBaHa Jisl TIOCTpOe-
HUsI Bcell oOMoTku. [IpaBuina ompenesieHUs] CXeMbI M MapaMeTpoB OOMOTKH,
a taxoke grciaa [IM ms COM ¢ 130 npusenens B [3].

Ha puc. 1 nmokazan Baemmanid Bux COM ¢ 130 co crenyromumn napaMeTpa-
MH: 9HACIIO TIap TOJIFOCOB poTopa P = 7/, "uciio 3y01ioB MarauTornpoBoaa (MIIp)

cratopa z; =12, umcino 3y6uoB Ha momtoc u dazy (=2/7. CxeMsbl IuHEiHON

pa3BepTKU 3JIEKTPOMArHUTHOW CHCTEMBl M Tpex(das3Hoil OOMOTKH Hcciexye-
moit COM c 130 npeacrasnensl Ha puc. 2 (A, B, C — Hagano $a3Heix 0OMOTOK;
X, Y, Z — xoHIIbI (pa3HbIX 0OMOTOK).

Jns  aHanuTHYecKOro MpeAcTaBiIeHUs MOTOKOB paccesHus COM c 130
NPUMEHSIETCS] SKBUBAJIICHTHASI CXeMa 3aMENICHUs] MAarHUTHOM LEeNnH 3JeKTpuYe-
CKOW MaIIHBI, TIOCTPOCHHAsI ¢ YY4eTOM HauOojee BEpOSTHBIX MyTeH pacrpo-
CTpaHEHHsT MATHUTHEIX TTOTOKOB B MarHUTHOM cucteme [13-15].
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Puc. 1. BHemHuil BUJ| CHHXpOHHOM
EKTPUIECKO} MaIINHEI
¢ IpOoGHBIMH 3yOIIOBEIMH OOMOTKaMH

Fig. 1. Exterior appearance of the synchronous
electric machine
with fractional gear winding

A YC

Puc. 2. CxeMbl JTHHEITHOH pa3BepTKH 3JIEKTPOMArHUTHOM cucteMsl () U ooMoTkH (D)
CHHXPOHHOH JICKTPHIECKOI MalIuHBI ¢ IPOOHBIMU 3yOIIOBEIMHA OOMOTKaMHI

Fig. 2. Diagrams of the linear sweep of the electromagnetic system (a) and the winding (b)
of the synchronous electric machine with fractional gear winding

Mooenupoeanue macnumnozo nona CIM c¢ /130. ]Ins BbIABICHUS OCHOB-
HBIX MarHUTHBIX IIOTOKOB B MArHUTHOW CHCTEME W MOCTPOCHHS IKBUBAJICHTHOM
CXEeMbl MarHUTHOW IIETIH JIEKTPUYECKONW MAITMHBI HEOOXOAMMO CO3[aTh M HC-
CIIEIOBaTh JIByMEPHYIO KOHEUYHO-3JIeMeHTHYI0 Monenb (AKOM) marnutHoro
nosist (MIT) marauTHO# cuctembr COM ¢ J130.

OcHoBHble 3tanbl cozmanus JJKOM MIT [16-19]: BBoa reoMeTpHyYecKuX
00BEKTOB; 33JaHUE CBOMCTB Cpejl, ICTOUHUKOB MOJIs (3aJaHre TOKa B OOMOTKaX,
i [IM — KOSpUMTHBHOM CHJIBI) M TPAaHUYHBIX YCJIOBUH (Ha BHYTPEHHUX H
BHEITHHUX T'paHUIlax o0jacTeil 3aqatoTcs rpaHudHbIe yenoBus Hevimana n upu-
XJIe); TIOCTPOCHUE CETKH KOHEUHBIX DJIEMEHTOB BO BCEX OJIOKaX, BXOMSIIMX B
pacueTHy0 00JacTh.

Ha puc. 3 mpencrasnenst [IKOM MII Tex obmacteii MarHMTHOH cHcTe-
Mbl COM ¢ 130 (obnactu 1-4), KoTopble IMEIOT MaTHUTHBIE TIOTOKU Pa3IHYHO-
To XapakTepa ¥ IOTOMY OCOOCHHO MHTEPECHBI B HCCICIOBAHUM KapTUHBI pacrpe-
nenennst MIL. OGo3HaueHHBIe 00NIAaCTH MarHUTHOM CHUCTEMBI OMPEACISIOT YeThIpe
THUITOBBIX CITy4asi OTHOCHUTEIIFHOTO MOJIOXKEHHS 3y0Olla CTaTopa | IOJI0ca POTopa:

— CTPOTO paccoriliacoBaHHOE cocTosiHHE (00macTsh 1);

— YaCTUYHO PacCOTIIACOBAHHOE COCTOsIHUE (007acTh 2);

— YaCTUYHO COTJIACOBaHHOE COCTOsiHUE (001acTh 3);

— CTPOTO COrIaCOBaHHOE COCTOSIHUE (00J1aCTh 4).
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Pabouas
00MOTKa

Ix&ﬁ
N =
=

MaruauronpoBoj w.j,
potopa A
TTOCTOAHHBIH |
MarHuT

MaruauronpoBoj
poTopa

P

il

e

Puc. 3. I[ByMepHa;[ KOHCYHO-3JICMEHTHAA MOJCJIb MAIrHUTHOTO ITOJIA MarHATHOM CHCTEMBI
00OMOTKH CI/IHXpOHHOﬁ 3IIGKTpI/I‘IeCK0171 MallluHbI C IIpOGHI)IMPI 3y6HOBI)IMI/I 00MOTKaMH

Fig. 3. Two-dimensional finite element model of the magnetic field of the magnetic system
of the synchronous electric machine with fractional gear winding

Kaxk mokazan anamm3 JIKOM MII, B marautHo# cucteme COM c¢ [I30 cymre-
CTBYIOT pa3IMYHbIE MAarHUTHBIE TIOTOKU:

e OCHOBHOW MarHUTHbIA NOTOK Dy, copepKaIuii MArHUTHBIM TTOTOK, COCpe-
JMIOTOYCHHBIA B BO3IYIITHOM 3a30pe MeX Iy nojiocamu @z, 1 kKpaeBoit MOTOK (T10-
TOK KpaeBoro 3 dekra) D,. Crueruisercs ¢ BUTKaMu paboueit ooMoTku (popMu-
pyeT MOTOKOCIICTICHNE) U MMEEeT BaKHOE 3HA4YCHHE B IpoIlecce MpeodpazoBa-
HUS DHEPTUH;

e MOTOK KpaeBoro 3ddekra d,, mpoxosimuil Yepe3 BO3AYIIHBIE TPOMEKYT-
KM TI0 Kpasim ToJitocoB (3y01ioB MIp) u 3ambikatomuticst mo MIIp. Taxxe crien-
JIIETCS ¢ BUTKaMH pabodeii 00MOTKH ((OpMHPYET MOTOKOCIICTUICHHUE);

e NOTOK paccessHuss @, KOTOPBIA HE CIEIUISCTCS ¢ BUTKaMU paboueii 00-
MoTKHU reHeparopa. s COM c I30 cyirecTByeT HECKOIBKO MOTOKOB paccesi-

sl
o’

z
(o4

. 5
Hus: uepes 3yoenr D, masoBoro paccesHus P, uyepes Bozmyuinslii 3a30p P,

M
Ha kone [IM @, . VI3 HUX TOJILKO TIOTOK paccesHus depes 3yden OF 3aBucut

OT KOOPAHMHATHI MOJIOXKEHUsT poTopa. DyHKUMS ero U3MEHEHHs HOCHT MEePHOAU-
yeckuid xapaktep. lIpm 3TOM 4YMCIIO TMEpPHOAOB H3MEHEHHs TaKOH (YHKLIUH
BII0JIb BO3IYLIHOTO 33a30pa UCCIEAYEMOM 3JEKTPUUECKON MAaIIWHBI ONpeiesieT-
sl Kak HanOOJIbIINK OOIIMI AETUTENb Yucia 3y00B cTaTopa U YHcia MOJII0COB
poropa (z;,2p).

Ikeusanenmuasn cxema maznumnou yenu COM c /130. Tlpu mocTpoeHUH
SKBUBAJICHTHOMU cxeMbl MarHUTHOHU 1ien COM ¢ /130 npuHAT psia TpaauIoH-
HBIX nonymenuit [1, 6, 7, 13]: morepu B MIIp oT BUXPEBBIX TOKOB M MAarHUTHOE
comportusnenne MIIp He yuwmteBatoTcs; [IM craOunmsupoBaH, MOJIOXKEHHUE
paboueit Touku [IM A, (puc. 4) B npouecce pabotsl He Mensercs; MIIp He
HACBIILECH.
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AB, Tn

H,Alm H; H.

Hy

Puc. 4. KpuBast pa3sMarHM4MBaHUS MTOCTOSIHHOTO MarHUTa

Fig. 4. Demagnetization curve of permanent magnet

Ha puc. 4: B, — ocrarounas unaykuus [IM; A — pabGovas touka I[IM;

B, — MaruuTHas uaaykuus paboueii touxn [IM; H, — nanpspkennocts MII pa-

0oueii Touku IIM; H,— xoopuuTuBHas cuia nmo uHAykuuu; H — duxrtuBHas

KOJPIMTUBHAS CUJIA.
C y4eToM BBISBICHHBIX OCHOBHBIX MarHUTHBIX IOTOKOB (pucC. 3), a TaKxke

MIPUHATHIX JomyIneHnit MmaruntHo# cucteme COM c J[30 (puc. 2) MoxeT OBITh

MOCTaBJICHA B COOTBETCTBHE SKBUBAJICHTHASI CXeMa MarHUTHOU 1ien (puc. 5).

sl
sl G
\ F /7™ F /7,
O (g 1)
r ¢)50 8o
S z
~ . @
E z z
: Gel Gél GG] Gcz G52 GeZ
L1
(Al |
1
as
1 Dy} Doy
....... 5
5 G, ™
QG ®0
JIBymMepHast KOHEUHO-2JIeMEHTHast :l
MO/IEJIb MATHUTHOTO TTOJISI G G
M M
™ ™
GG GG
Foni Fivz

Puc. 5. DxBrUBareHTHas cXeMa MarHUTHOM LI CUHXPOHHOH 3JIeKTPUYECKON MallluHb
C IpOOHBIMH 3yOLIOBBIMH 0OMOTKAMH

Fig. 5. Equivalent circuit of the magnetic circuit of the synchronous electric machine
with fractional gear winding

Ha puc. 5: Gei) — MareuTHasi IpOBOJMMOCTh BO3AYHIHBIX HPOMEXKYTKOB
1O IyTsAM INOTOKOB KpaeBoro 3ddexra; Ggs ) — TO e BO3IYIIHBIX 3a30pOB;
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GZ GS GHM GS|
o1 I Og 1 Uy — TO XKC BO3AYIIHBIX IIPOMEIKYTKOB II0 IIYTAM IIOTOKOB pac-

CesSIHHUS COOTBETCTBEHHO Hepe3 3yOel], BO3AYIITHBIA 3a30p, Ha koHie [IM, mazo-
Boro; Gp,, — 10 xe IIM; le(z) — marauTonBmwkymas cwia (M/C) paboueit

00MOTKH; Fmvn(z

)~ MJC IIM; ungekcel 1, 2 oTHOCATCS K JIEBOMY U IPABOMY
IIM (katymike 3y01a) COOTBETCTBEHHO.
B COM c 130 notok paccesHus 4epe3 3y0ell n3MEHSETCS B 3aBUCUMOCTH OT

OTHOCHUTCJIIBHOI'O ITOJIOKCHUS 3y6ua cTaTopa " IOJKCOB pOTOpAa. COOTBETCTBECH-

z o
HO IpOBOAUMOCTD G(7 SABJIACTCA 3aBUCUMOUM OT KOOPAWHATHI IMOJIOKCHUA pOTOpa

nepemenHo. Xapaktepubie st COM ¢ /130 nBycTOpOoHHSS 3y0YaTOCTh KOH-
CTPYKIIMM M MHOTOTIOJFOCHAS! CTPYKTYpa POTOpa OO0YCIIOBIMBAIOT CIOXKHBINA Xa-
paktep u3meHeHuss MII B BO3JyIIHOM 3a30p€ HMCCIEAYEMOM AJIEKTPUUECKOU
MamuHbl. [103TOMY JJIsl TIOBBIIMIEHHST TOYHOCTH pacdeTa MarHUTHOTO MOTOKa
yepes padbouyro oomMoTky COM ¢ JI30 HeoOX0IuMO ONpeIeTUTh MOTOK pacces-
HUs depe3 3y0ell cTaropa Kak (YHKIMIO OT KOOPAWHATHI TOJIOKEHHS POTOpa
C Y4eTOM KpaeBoro 3QeKTa B BO3AYLIHOM 3a30Pe.

A
Pacyer noroka paccesnus yepe3 3yoer craropa @ BEHINONHACTCS aHAIUTH-
YECKUM METOJIOM C HCHOJIb30BAHHEM JKBUBAJIEHTHOM CXEMBI MarHUTHOHM LEMH
UIEKTPUYECKOH MAIIMHBI IIOCPEACTBOM pacueTa MAarHUTHBIX IIPOBOANMO-
o z A
creit G, 1o myrsm notokoB @, mnpy pasIMYHBIX MOJOKEHUSIX 3yOLia cTaTopa

OTHOCHTEIBHO TIONIFOCOB poTopa (puc. 3, obmactu 1-4).
Ha puc. 6-9 BbIjeneHbl dJeMEHTapHbIE MAarHUTHBIE TPOBOJMMOCTH pac-

! 14 ! n

CesTHUSA dGMl(z), dGMl(z), dGam(z)v d airi(2) 1O TYTSM MarHMTHBIX TOTOKOB
2 12

D, CD;Zl( ), Cbgz() U TPEJCTABICHBI COOTBETCTBYIOIIHE WM DKBUBAJICHTHBIC

CXEMBI MATHUTHBIX Tlenei i oonacteld 1-4 MarHUTHOW cUCTeMEI (puc. 3).

Puc. 6. DnemenTapHbIe IPOBOAUMOCTH PacCesHAUS (a)
W OKBUBAJIEHTHAs cxeMa MarHuTHOM uenu (b) s obnacty 1

Fig. 6. Elementary scattering conductivities (a)
and the equivalent circuit of the magnetic circuit (b) for area 1
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Crarop
de, @

dGe:ir AX1

d Ga’lri i dG "2
d M

dG;, NI 5

M T Bl
B

dG/,
a Potop

b2y S

-

Puc. 7. DneMeHTapHbIC IPOBOAUMOCTH paccesiHus (a)
1 9KBHUBAJICHTHas cxeMa MarHuTHOH tenw (b) aust obnactu 2

Fig. 7. Elementary scattering conductivities (a)
and the equivalent circuit of the magnetic circuit (b) for area 2

Cratop
dG:irZ @
AX dG, dGairZ

, 2 airl
dGairl dp — dG\":2

9G., P s dG, dG/,
h

M .
M

T _) Fmvn Fmvm

By /2 ) 2 ] Porop

TIM al

Puc. 8. DnemeHTapHbIC IPOBOAUMOCTHU paccesiHus (a)
1 DKBUBAJIEHTHAs cxeMa MaruuTHoi uenu (b) s obnactu 3

Fig. 8. Elementary scattering conductivities (a)
and the equivalent circuit of the magnetic circuit (b) for area 3

Ha puc. 6-9: dGh’“(z), dG;l(z) — 3JIeMEeHTapHasl MPOBOAUMOCTh y4acTka [IM

1(2 12
110 1myTH M0TOKOB Kpacsoro sddexra ®'*P y posaymmoro sazopa ®"*?) co-

OTBETCTBEHHO; dG;irl(z)’ dGz:irl(Z) — TO K€ Y4acTKOB MO BO3AYXY IO MyTH MOTO-

71(2 z1(2
KOB KpaeBoro 3¢pdekra O @y BO3/yLIHOTO 3a30pa D 2) COOTBETCTBEHHO;
brv — mmpuna [IM, M; b, — mmpHHA MEXIIOTIOCHOTO Y4acTKa, M; Ax — H3Me-
HEHHE KOOPIUHATHI TOJIOKEHHS POTOPAa OTHOCHTEIBHO MOJIOKEHUS CTATOPA, M;

. i z1(2
hmv — Tonmuuaa I[IM, M; 8 — BeaMUYMHA BO3AYIIHOTO 3a30pa, M; rcl( ), I‘Gz( )
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BHYTPEHHWH M HApPYXXHBIM pagMyChl, OrpaHHYUBAOIINE 30HY IOTOKOB pacces-
. v21(2)

HUS depes 3yoem, M; X — dacTb [IM, Haxonsdmascst B pabodeM BO3IYIIHOM

3a30p€e U 30HE MIOTOKA paccesHus yepes 3yoel, M.

a b

Cratop[ l o l

®

AX dG’ dG, dG;'irZ

air2 airl

dG;

airl
o \& dG", 1 T
il %/ 5 dG/, dG/,
v A
r i 7 FHMI FHMZ

Potop
by /2 b o x? @’

< |4

Puc. 9. DnemeHTapHbIC TPOBOAUMOCTH paccesHus ()
U OKBUBAJIEHTHAs cxeMa MarHuTHoM uenu (b) mwis obnactu 4

Fig. 9. Elementary scattering conductivities (a)
and the equivalent circuit of the magnetic circuit (b) for area 4

71(2) 71(2) 71(2)
7, r;7, X7 3aBHCAT OT KO-

IIpn nepemenieHny NOABMKHOM YacTH
OpAMHATHI MOJIOKEHU poTopa. Kaxnas mapa sneMeHTapHBIX NPOBOAUMOCTEH
JUIs OECKOHEYHO TOHKOro ciiosi dp miam dx cOCTOMT M3 JBYX MOCIIEAOBATEILHO
COCIMHEHHBIX YYacTKOB: BO3AyIiHoro mnpomexyrka u IIM [13]. Ilomaraewm,
YTO 3JIEMEHTapHbIE MarHUTHbIE IPOBOJMMOCTH PACCESHUS IO BO3AYXY MNpel-
CTaBISIFOTCSL B BHUJIE TOHKHMX CJIOEB (P, OFpaHMYCHHBIX JYraMH OKPYKHOCTEH
panuyca p, COIpPSDKEHHBIX C HEOONBLUIMMHU NPSMOJIMHEHHBIMHM Y4YacTKaMH,
a B 30HE BO3/IYLIHOTO 3a30pa — TOJIBKO MPSIMOJIMHEHHBIMH ydacTkamu [13].

DJeMeHTapHbIe MPOBOAMMOCTH pAacCesHHsI SKBUBAJIEHTHBIX CXEM MAarHHT-
HBIX IIEMeH HOCAT OJMH M TOT ke xapakrep (puc. 8b, 9b). ITosTomy 1emecoo6-
Pa3sHO SKBUBAJIECHTHBIE CXEMbl MATHUTHBIX LIEII€il C 3JI€MEHTapHBIMHU IPOBOAU-
MocTsaMmu paccesiaus (puc. 6b, 7b, 8b, 9b) npencrasuts B Buze puc. 10.

CyMMapHbIe 3JIEeMEHTapHbIE MarHUTHBIE MPOBOJMMOCTH paccesHus Mo Iy-

21(2 21(2
TSAM MarHUTHBIX TTOTOKOB @ @) o @) DL

-1

dGéi(z) =dG},;dGy ) (dG;u(z) + dGém(z)) , @
"z " 14 14 ”n -1

dGgy(z) =dGy,(,)dG (z)(dGMu(z) + dGairl(z)) , )

I( airl

dGél(z) = dG;i(z) + nglz(Z)' 3)
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Puc. 10. IlpeoOpa3zoBaHHbIE IKBUBAJICHTHBIC CXEMbl MATHUTHBIX IIeTICH
C DJIEMEHTapHBIMH TIPOBOJMMOCTSIMH paccesiHust 1u1s odmactu: a—1;b—-2;¢-3,4

Fig. 10. Transformed equivalent circuits of magnetic circuits
with elementary scattering conductivities for area:a—-1;b-2;¢c-3,4

Ilopsaook pacuema 3neMeHMapHvIX NPOCOOUMOCHIEH pACCesHUs. DIICMCH-
TapHbIC MATHUTHBIC MMPOBOAMMOCTH PACCESIHUS IIPEICTaBUM B CIICAYIOIIEM BUJIE:
— g obnactu 1:

, Hrldpl(z) _ , Holdpy,)
Gy ==+ WCane =5 g5my
M T0,51py )
, Heldx, ) , Holdxy,
AGlip) = dGyz) = T()? (4)
M
— [u1g obnactH 2:
oo pldpy oldp, .
dGMl = ;]—1’ dGalrl = #’
M &+ 0,5mp,
oo W) Rl
dGm(z) = m’ airy(2) — 5 ®)
— [1g obnactd 3:
O I R L LR A O
i 6 +0,57p, N 5
— 1g obnact 4:
, Id , Id y ldx ” ldx
dGMl - “rr] pl; dGail’l = By : dGMZ = B 2 ; d air2 = Ho 2 ' (7)
nl 0 +mp, P 8
rae |, — BHyTpeHHss nponunaemocts IIM, I'n/m; | — nnuna [IM B Hampas-

JICHUHW, TIEPIEHAMUKYISIPHOM IUIOCKOCTH pHUCYHKa (3(QQEKTHBHAS [JIMHA), M;
W, — aOCONIOTHAsI MAarHUTHAs IPOHULIAEMOCTD BakyyMa, I H/M.
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C yuerom Beipakenwii (1), (2) momyunm:
— s obmacty 1:

d dx
! B I pl 2 . "z K I 1(2
G/}, = 2 B CR 4G, _ Mo TR ®)
0,57 a+py,) 051 a
e a=2m" (Ho“?lhnM + 5);
— 1t objacTu 2
dG’? = I'L_OI dpl - dG" .. = I-LOI dxl(Z) i (9)
' 05m a+p, ) 7?7 05% a
— 1t objacTu 3:
dG’z = }"'OI & ©dG" = }lol dﬁ (10)
° os5rla+p,) 7 05t a’
— s obiacty 4:
I{ d
dG(;Zl :u—o[ﬁJ, ngZZ :M_Oldﬁ’ (11)
T\ A tpPg T a.

e a. =71 (uou;lhnM +8).
[poexns unrerpuposanue (8)—(11), momayunm:
— 151 obnmacth 1:

G/Z _ uOI In a+r5221(2) . GI/Z — l”LOI X(il(Z) . (12)
°2 7 05n | a+ 22 ) " 0s5x a
— U1 obacTu 2;
| (a+r? w,l x4
GIZ — HO In 62 1 G/rz — 0 G 1 13
05 |a+ r 7?05t a (13)
— U1 obactu 3:
= Hol [T | g ol X (14)
°' 0,5 a+rit ) 05t a
— s obacty 4:
| (a +r% | x?2
R T ®

U3 (12)—(15) c¢ ydyerom (3) mody4uM TMOJHBIC MPOBOAUMOCTH PACCESHUS

GZ, GL:

cl?
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— st ooactu 1:

p bl a0 (16)

ol2) ~ 057 |a+ rczll(z) 0,5t a

— st oOacty 2:

1 71

ol (fa+ry |, ml X3 pol X5~ .
Gl =N 5 |+ G = (17)
05n |a+r 0,57t a 0,5t a

— st oOacty 3:

z1 z2
2 _ Mol a+r; | o~z Mol X7,
Gcl - In GZ]_ ’ GGZ - 2 ’ (18)
0,5n a+r; 0,57t a
— g obnactu 4.
z1 z2
z _ “’OI In ax + r02 . z _ “’OI XO' 19
ol — . a. ’ 62— T a ' ( )

Ha puc. 11 npexacraBieHa SKBHBaJICHTHAs CXeMa MAarHUTHOW IIETH C yue-
ToM (16)—(19) mis pacuera MONHBIX MPOBOJUMOCTEH PACCESHUS MO MYTSIM MO-
ToKa "epe3 3yderr craropa COM c J130.

¢)Z
z z
Gol GGZ
Puc. 11. DxBuBajCHTHAs CX€Ma MarHUTHOM LIETIH
C NIOJIHBIMHU ITPOBOJAUMOCTSAMU PACCEAHUA F F
Fig. 11. Equivalent circuit of a magnetic circuit M1 V2

with total scattering conductivities

s onpeneneHus: moToka CDCZs C YYE€TOM 3KBHUBAJIEHTHON CXEMbl MarHUTHOMN
uenu (puc. 11) coctaBum ypaBaeHune pasnosecust MJIC:

-1
Fioni + Frne = P (Gél +G;, )(GélGéZ) : (20)
U3 (20) cnemyer, 4TO MarHUTHBIHM ITOTOK pacCcesHus depes 3yoerr

®; =G;,G,, ( o1 +Ggy )_1 (Frinas + Finez )- (21)

Pe3y.111>TaT1>1 MOACIUPOBAHUSA

ITpoBepKy ameKBaTHOCTH AHAJIMTHUYECKUX BBIPAKECHUH ML ONpeAeTIeHHs
MarHUTHOTO IOTOKa paccestHusl uepe3 3yben cratopa COM c 130 KOppeKTHO
MPOBOJIUTH B CPABHEHUH C pe3yJbTaTaMH PacdeTa IMOCPEACTBOM UYHCICHHOTO
MeToaa (MeToma KOHEUHBIX AiieMeHToB). Pacder mpoBoautes mis COM ¢ 130
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C BHCIIHMM POTOPOM M paananbHO HamarHwdeHHeMu [IM (q=2/7, puc. 1).

I/ICXOI[HBIC JAaHHBIC IJId pacdyeTa NPpCACTABJICHLI B Tadm. 1.

Tabauya 1
Hcxonnble naHHBIE 1UISI MO THPOBAHUS
Initial data for modeling

HanmenoBanue napamerpa 3HaueHue
Uucino 3yOLoB craropa z; 12
Umncrto moIocoB cTaTopa 2p 14
Paguyc cratopa, m 11,35 - 1073
D dexrusHas amHa |, M 12,5-107
TonmuHa spMa MarHUTONPOBOJIA POTOPA, M 1,1-107°
TonmuHa spMa MarHUTONpPOBOJIA CTATOPA, M 11-10°°
Bennuuna Bo3ayurHoro 3asopa o, M 05-107
TonmmuAa MOCTOSHHOTO MarHUTa Ny y, M 2,0- 10°°
IMupuHa NOCTOSHHOIO MarHuTa, M 45.107°
OcTtaTo4yHasi MarHUTHAsA MHIYKLHS TOCTOSHHOTO MaruuTa By, Tn 1,1
Tupuna nasa craropa, M 2,4-10°°
IMupuHa OTKpBITHA Ia3a CTATOPA, M 16-107°
Bricora nmaza, m 50-107
Marepuan DOCTOSHHOTO MarHUTA NdFeB
Mapka 3JIeKTPOTEXHUUECKOM CTann 3406

Ha ocnoBe ucxoanbsix nanHbeix nocrpoera JKOM MII uccnenyemoit
COM c¢ /130 B pexxkume X010cToro Xoaa (puc. 12) npu pa3audHbIX MMOJI0-
KEHUAX 3y0Ila CTaTOpa OTHOCUTENIBHO IOJIFOCOB POTOpA.

Puc. 12. JIBymepHasi KOHEYHO-3JIEMEHTHAs! MOJIEJIb MAarHUTHOI'O MOJIS CAHXPOHHON
AJIEKTPUIECKOM MAIIMHBI C JPOOHBIMH 3yOIIOBEIMA OOMOTKAMH B PEKHME XOJIOCTOTO XOIa:
a-obmacte 1;b-2;¢c-3;d-4

Fig. 12. Two-dimensional finite element model of the magnetic field of the electric machine
with fractional gear winding in idle mode: a—areal;b-2;¢c-3;d-4

MakcuMasbHBI ¥ MUHUMAaJIbHBIA TOTOKH PACCESIHUS Yepe3 3y0erl MOKa3aHbI
Ha puc. 123, d, mpomMexyTouHbIe 3HAUSHHUs TOTOKA — Ha puc. 12b, . Touku 1 u 2
BBIOpaHbI BJIOJIb OCH Maphbl MOJOCOB Ha HHUKHEH KpOMKE 3yOlla W Ha TPaHHMIIE
MOTOKA paccesiHus uepes 3y0el] CTaTopa COOTBETCTBEHHO.
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B takom ciryuae MOTOK paccesHHs depe3 3y0ell ctaTopa MOXKET OBbITh pac-
CUUTAH KaK

Z
<I>G=|A,—A2I, (22)
rae A;, A, — MarHUTHBIC BEKTOPHBIC ITOTCHITMANIBI B TOUKAxX 1 1 2.
B Tabn. 2 npuBeneHbI pe3yabTaThl pacueTa OTOKOB paccessHUS depes3 3yO0er]
CTaTopa aHAJTUTUYSCKUM M YMCIICHHBIM METOJaMU MPU PA3JIUYHBIX MOJIO0KESHUSIX
3y0I1a cTaTOpa OTHOCUTEIBHO MOJIIOCOB POTOpa (mmojoxkeHus 1-4).

Tabauya 2
Pe3yabTaThl pacyera NOTOKA paccesiHUA depes 3y0el craTopa
AHAJIUTHYECKHUM U YUCJTCHHBIM ME€TOAAMH
Results of calculating the scattering flux through the stator gear
by analytical and numerical methods

Ne nonoxenus 3ybua Ananutudeckuii MeToqy | YMCICHHBIH METOJ I o
craTopa OTHOCUTEIIBLHO ~ . OTPEIIHOCTh, %
HOIJ;}OCOB poTopa (D‘Z’ 10 6’ Bo CD‘Z’ 10 6’ Bo b
1 23,66 25,12 58
2 14,65 15,50 55
3 4,81 5,04 4,6
4 0,98 1,05 6,7

PacxoxkneHue pe3ynbTaToOB, MONYYEHHBIX IOCPEACTBOM AHATUTHYECKOTO
M YUCIIEHHOTO METO/OB, He mpeBbimaeT 7 %. Takas morpenrHocTs mpueMiemMa
JUTst OOJTBIITMTHCTBA WHKEHEPHBIX PACYeTOB U 00YCIIOBIIEHA MPUHATHIMU JOITyIIe-
HUSMHU TIPU NOCTPOCHUH SKBUBAJICHTHOM CXEMbl MAarHUTHOU I KUCCIEAYEeMOM
BIEKTPUUECKON MAITUHBI.

BBIBO/IbI

1. BrisiBiieHBI 0COOEHHOCTH pacnpeieieHus MarHUTHBIX IOTOKOB (OCHOBHOTO,
KpaeBoro 3¢ddekra, paccesHus) B MArHUTHOW CHCTEME CHHXPOHHBIX 3JIEKTpUye-
CKHMX MAIlINH C JPOOHBIMH 3yOLIOBBIMH OOMOTKaMH. I10CTpOCHBI SKBUBAJICHTHBIC
CXEMBbl MArHUTHOHN LIEMH UCCIEAYEMOM AIEKTPUIECKON MAIIMHBI IPU Pa3IHYHbBIX
MOJIOXKEHMSX 3yOlla CTaTOpa OTHOCUTEBHO MOJIOCOB POTOpa M 000CHOBaHA HEOO-
XOIMMOCTB y4eTa KpaeBoro 3pdekxra 1 3aBHCHMOCTH BEIWYMHBI TIOTOKA pacces-
HUS yepe3 3yOIIbl cTaTopa OT KOOPAMHATHI TTOJIOKEHHS POTOPA.

2. Pa3paboTtana aHamuTHYECKas MOJENb JUIs ONPENENICHNs IOTOKA PAcCesHUs
4epe3 3yOIpl cTaTopa CHHXPOHHBIX AIIEKTPHUYECKAX MAIIUH C JIPOOHBIME 3yOI0-
BBIMH OOMOTKaMHM, YUHMTBIBAIOIIAS KpaeBOi 3(QEKT M 3aBUCUMOCTh BEIUYUHEI
MOTOKA PaccesHHUs 4epe3 3yOubl craropa OT KOOPAWHATHI MOJOXKEHHS POTOpa.
[IpentoskeHHass MOJENb MO3BOJSAET PELINTh 337a4y KOJIMYECTBEHHOIO OIpeese-
HUSI BETMYUHBI MAarHATHOTO TIOTOKA pacCestHUS Yepe3 3yOIlbl CTaTopa ¢ BBICOKOM
TOYHOCTBIO. [IpakTHdeckas 3HaUMMOCTh pa3pabOTaHHOW aHATUTUYECKONW MOIEIU
3aKJII0YAeTCs] B BO3MO>KHOCTH YCTaHOBJIEHUS BIMSHUS T€OMETPUUIECKHUX TapaMeT-
POB MarHUTHOH IET HAa XapaKTep M3MEHEHHs TEePUOIMUYECKON (QYHKIIUU TOTOKA
paccessHUS yepe3 3yOel] cTaTopa ¢ BBICOKOM TOYHOCTHIO MPU HaMMEHBIIUX Bpe-
MEHHBIX 3aTparax. Moaenb MOXKET IPUMEHATHCS B MPOLECCE ONTUMHU3ALNN CHH-
XPOHHBIX JIEKTPUUECKUX MAIIHMH C APOOHBIMH 3yOLIOBBIMH OOMOTKAMH.
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Abstract. The article deals with the district heating systems transition to intelligent systems
by developing a united information system and obtaining a high level of controllability of the en-
tire system. During the implementation of automated control systems of district heating, a number
of information tasks of the lower level are being introduced, including the data collection for ther-
mal and hydraulic modes of operation for monitoring, operational management and analysis of the
effectiveness. One of the problems of intelligent systems is data collection and its further storage
and processing. Methods for data collection for real energy facilities are considered and the usage
of multi-level system with the allocation of the upper level in the cloud storage has been proposed.
In addition to the currently implemented data collection scheme in automated control systems,
a generalized method of data acquisition with the introduction of duplicate streams has been pro-
posed to ensure their integrity. The paper presents the approaches to identifying the collected data,
ensuring the stability of the collection process, reliability of data storage and their integrity. Role-
based security model with a dedicated single certification authority helps to protect data.
Approaches to further processing of the collected data are shown, differing in the way of parallel
data processing. The next stage of development is global monitoring systems that will be aimed
to prompt response at all levels. The accumulated data will allow bringing the operating systems to
a new level through the use of tools such as forecasting and simulation modeling, which will allow
creating digital twins of heat supply systems. The proposed data collection system will perform
forecasting and modeling at a higher level, and, as a result, help in the formation of more balanced
management decisions.
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BBICOKOI'O YPOBHs yIIPABIISIEMOCTH Beeill cucreMsl. B paMkax BHEIpEHUs IPOCKTOB aBTOMATH3ALUI
TEXHOJIOTHIECKUX IPOIECCOB PEeIIaeTcsl psif MHGOPMANMOHHBIX 3a1ad HIDKHETO YPOBHS, B TOM
YHCIIE 110 COOPY JaHHBIX O TETIOBBIX U T'HAPABINYECKUX PEXKUMAX pabOTHI 0OBEKTOB CUCTEM TETI-
JIOCHAOXEHHUS UL OCYIIECTBICHUS KOHTPOJIS, ONEPATUBHOIO yNPABICHUS U aHanu3a 3(QexTHs-
HOCTH UX pyHKIHOHMpoBaHHs. OJHA U3 MPOOIEM MHTEIUIEKTYaIbHBIX CHCTEM CBsI3aHa cO cOOpOM
nH(opMarmy I ee JaybHeinero xpaHeHus u oopabotku. PaccmoTpens! MeTonsl coopa HHPOP-
MalMi Ha PealbHbIX SHEPreTHYECKUX 00BEKTaX M MPEIOKEHO UCIOJIL30BATh MHOIOYPOBHEBYIO
CHCTEMY C BBIJEJICHHEM BEpXHETO YPOBHS B 0OJauyHOE XpaHWIHIIe. Peann3oBanHas B HacTosIIee
BpeMsI cxeMa cOopa JaHHBIX B aBTOMAaTHU3MPOBAHHBIX CHCTEMax YIPABICHUS TEIUIOCHAOXKEHHEM
MOXKET OBITH JOMOJIHEHA 00OOIICHHBIM METOOM aKKYMYJIHPOBaHHsS JIaHHBIX C BBEIACHHEM J1y0-
JHUPYIOIIUX TIOTOKOB, TO3BOJISIIOIINX OOCCHEYUTh HMX IIEJIOCTHOCTh. [IpeyioxKeHbl MOAXO0.IbI
K uAeHTH(UKaINN cOOMpaeMBIX JaHHBIX, 00eCIeYeHHI0 yCTOMYMBOCTH Mporecca coopa, HaIex-
HOCTH XPaHEHUS U LEIOCTHOCTHU. I 3alUThl JaHHBIX MOXKHO HCIOJIb30BaTh POJIEBYI MOJEIb
0€30MacHOCTH C BBIICICHHBIM €MHBIM LIEHTPOM CepTH(HKAIMHU, a TAKKe MapauleNbHylo 00pa-
60TKy maHHbIX. CIIeIyIOMINIA 3Tl pa3BUTHUsI — CO3/IaHNE CUCTEM INI0OATEHOr0 MOHUTOPHHTA, JIes-
TENBHOCTh KOTOPBIX HAIpaBJICHAa HA OIEPATUBHOE PEarupOBAHUE HA BCEX YPOBHAX. AKKYMYIHpPY-
€MBbIil MacCUB JaHHBIX ITO3BOJIMT BBIBECTH IKCILTyaTUPYEMbIe CUCTEMBI Ha HOBBIM YPOBEHB 3a CUET
UCIIOJIb30BAaHUsI TAKUX MHCTPYMEHTOB, KaK NMPOrHO3MPOBAaHHE U MMHUTALIOHHOE MOJICIUPOBAHUE,
U co3maTh IU(POBBIE IBOMHUKH CHCTEM TEIUIOCHAOXKEHUs. JOMOIHUTENEHOE MPEHMYIIECTBO
CO37]aBacMOi CHCTEMBI cOOpa JaHHBIX — BO3MOXKHOCTH NPOTHO3MPOBAHHUS W MOJCIHPOBAHHS HA
YPOBHE BBILIE OTJEIBHO B3ATON YCTAaHOBKH HJIM NMPEANPUITHS U, KaK CICACTBHE, IIOMOLIb B (Op-
MHpPOBaHHHU 00JIee B3BEIICHHBIX YIPABJICHUECKUX PEIICHHUH.

KnroueBble cjioBa: CHCTEMBI IIEHTPAIM30BAHHOTO TEMIOCHAOXKEHNUS, MHTEIIEKTYalbHBIE CHCTE-
MBI, aBTOMAaTU3UPOBAHHAs CHUCTEMa YNPABICHMS, XPAHEHHE, WMHUTALMOHHOE MOJEINPOBAHME,
MOHHTOPHHT, IU(POBOH ABOWHMK, pacipeseneHHas oOpaboTka AAHHBIX, TOMOJIOTHS BBIYUCIH-
TEJIbHOM CeTH, 001auHbIE BEIYUCICHUS

Jdas uutupoBanusi: CenauH, A. B. O moxxome k 00paboOTKe JaHHBIX U HHTEIUICKTYalTbHBIX
CHCTEM LEeHTpann3oBaHHOro TemtocHadxenus / A. B. Cemnmn, A. B. Xepeno // Ouepecemu-
Ka. M3s. vicut. yueb. 3asedenuti u suepe. obwveounenuti CHI'. 2022. T. 65, Ne 3. C. 240-249.
https://doi.org/10.21122/1029-7448-2022-65-3-240-249

Introduction

District heating systems (DHS) has a great potential to be one of the main
parts of future low-carbon energy systems [1]. The implementation of smart
energy systems is a key factor of fulfilling the objectives of future low-carbon
strategies [2—3]. As it stressed in [4], the smart energy system concept represents
a transition from single-sector development to a coherent energy systems and
understanding of how to benefit from the integration.

Through the information network, different parts of DHS (thermal source,
network of pipes, substation, and heat user) are connected together and integ-
rated into a long-distance management controlled and intelligent system [5, 6].
The automated control systems for technological processes are being replaced
by intelligent control systems with a multi-parameter industrial computer and
controllers that provide control of technological processes based on big data
analysis. Numerous sensors and devices need to be installed to secure the data
collection [7]. The system obtains the real-time data from different parts and
builds a running database, in order to realize the storage and analysis of all
the information on a uniform platform of management in accordance with
algorithms of processing and analyzing big data [8]. Based on the smart district
heating system, the smart forecasting of load, the smart regulation of heat,
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the smart optimization of scheduling and the smart diagnosis of fault could
be realized [5].

Digital technologies have been seen to be effective as an enabler of innova-
tion across various economic sectors [9]. A wider implementation of information
and communication technologies opens up for better network management based
on real time measurement data and for the integration of new digital busi-
ness processes. Digitalization or the wide implementation of digital technologies
in energy systems are believed to make systems smarter, more efficient and
reliable [10]. According to [11] for design smart thermal grids implementation
of real-time operation monitoring shall ensure that all technological process is
being performed according to the plan. Aggregating data and performing opera-
tional analytics are necessary.

According to [10] the digitalization in district heating systems is demanding
a large number of different sensors, automated data storage and analyses sys-
tems. Data collection and storage is the first step of proposed in [10] basic struc-
ture of methodology of identifying efficiency potentials through digitalization
of district heating.

Information structure and data collecting methods

This article aims to offer some opportunities for data collection and storage
systems for smart district heating. The entire information that can be obtained
from the object can be divided into two main classes:

e objective data — the information collecting from sensors and presented
by personnel and representing some physical parameters of the investigated
object, for example, temperature, pressure, etc.;

e expert data — information generated by personnel, which cannot be ex-
pressed in numerical form or in the case when it is formed on the basis of value
judgments.

Taking into account the proposed ways of collecting data, the following
methods can be introduced: automated, based on sensors measurements; manual,
based on application, which helps personnel to enter the necessary data.

Globally, the current trend is the transition to complete automation of the
data collection with the formation of the Internet of Things (loT).

It is proposed to use a multi-level system, where at the lower level of instal-
lations, information is obtained from sensors and operators, and the high level
is a cloud data storage, which is referred as DatalLake [12].

Intermediate levels are aggregation levels for grouping an incoming data
according to some criterion (for example, territorial) in order to ensure the pos-
sibility of a prompt response, preliminary processing, additional control and
recovery of the general data array.

Fig. 1a shows generalized diagram of data collection with main data streams.
Note, it is proposed to use actually two duplicate data streams, one of which is
organized traditionally, i. e. hierarchically, and the second one is a generalized
bus through which data is transmitted immediately to all levels. Implementing



A. V. Sednin, A. V. Zherelo
An Approach to Data Processing for the Smart District Heating System 243

this scheme, the main load of data transmission is assigned precisely to the
second stream, while hierarchical data transmission is used primarily to ensure
data integrity.

Currently, within the development of automated control system of Minsk
district heating system (DHS), the lower level of data collection has been im-
plemented [13-14]. The implemented control system primarily aims to increase
reliability and quality of operational control for different parts of DHS. Simulta-
neously, a number of information and technological tasks are being solved,
including the data collection and archiving representing the information about
thermal and hydraulic regimes of heat sources, heat pipelines, pumping stations.
These data are necessary for monitoring, operational management and analysis
of the DHS efficiency. The process of creating the information base for solving
optimization problems is also underway.

In the compound software complex of DHS, it is necessary to select moni-
toring servers (usually two servers), which completely duplicate each other's
functions and are interchangeable [15]. The exchange with data users external
to the software and hardware complex is carried out through an intermediate
server — a retranslation server. Fig. 1b shows the general scheme of data collec-
tion in the process control system. It should be noted that a bi-directional flow
of information exchange is essentially organized between the monitoring ser-
vers, while the relay server can only receive information and this is limited due
to the use of the internal data request protocol.

a b
External storage &
Data Lake S Data processing
Antermediate Y ‘
levels . .
> Region level N Replication service
[ 1
1 Monitoring service Monitoring service
. rimar — secondar
Site level  «— P T Y T 2
(" Installation level " Data source ) [ Datasource [ Datasource )

\

Fig. 1. Generalized diagram of data collection (a) and general scheme of data collection
in the process control system (b)

Regardless of the methods of data collection, the main problem in their
aggregation is the identification of data in the total volume. In this direction, it is
proposed to use a hierarchical approach to identifying a chunk of data based
on digital lines. In this paper, we propose the following general approach to the
formation of an identifier:

e CC - country;

e DD — department;

¢ RRR - region;

o TT —type of installation;
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e NN — number of installation;

o [11111 — data source device number.

Then the identifier can be expressed as CCDDRRRTTNNIIIIII.

In the above identifier, each digit represents the number 0-9, since in the future
it is supposed to use these identifiers in the form of linear bar-codes in order to simp-
lify the maintenance of the information system being created (for example, search
and identification of sensors/objects in case of need for repair or replacement).

The data volume that needs to be collected and processed is a classic BigData
problem [12]. It is quite difficult to estimate directly the volume of data coming
from one installation, because it depends on number of information sources and
the time rate which the data are collected with. Two ways of collecting
information can be proposed. In the first case, at the initial phase data is prelimi-
nary filtered and processed and then sent to the storage system. The second
approach is based on the collection of the “raw” data with subsequent processing
and using dedicated computing resources.

The first approach significantly reduces the requirements for data communi-
cation channels and computing resources used for following data storage and
processing. However, at the stage of system deployment, this approach is rather
difficult to use, since the quality of the collected data directly depends on the
formed rules of the primary processing and, accordingly, in the process of the
subsequent analysis, some important patterns will not be revealed. Therefore,
at the stage of the initial implementation of the information collection system,
it is better to use the second approach, although it is more demanding on resources.

Ensuring the sustainability of the data collection process

While collecting data, especially telemetry, it is necessary to highlight
the formation of time series that correctly reflect the operation of the observed
object. It is well known that gaps in the observed time series significantly comp-
licate subsequent analysis and lead to filter out data or generate gaps. Such prob-
lems may occur due to the territorial distribution of the data collection system and
the need to use the data communication channels of the third-party organizations,
which may be either unstable or do not provide the required bandwidth.

To solve above the mentioned problems, it is useful to build a multi-level
two-channel hierarchical data collection system using an intermediate storage.
The key part of the proposed collection system is that data transmitted simulta-
neously through two logical channels. The first channel (I) transfers data to all
intermediate data storage systems, and directly to the DatalLake located in the
cloud. The second channel (II) sequentially aggregates data to the enterprise-
level storage, and then transfers it to the intermediate-level storage, for example,
regional, etc. These channels are a technical implementation of the generalized
data collection scheme shown in Fig. 1.

Transmitting data through the first channel could lead to possible loss due to
the use of unstable communication lines, but this channel cannot be abandoned,
since it provides information necessary for possible operational control. To elimi-
nate the problem of completeness of incoming data, the second data transmission
channel will be used, where local storage will be rewritten only after confirma-
tion that data is transferred to the higher level.
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Fig. 2 shows the approximate diagram of data transmission channels. In par-
ticular, only one intermediate level “Region” is used. The number of inter-
mediate levels can be increased. Channels (1) are marked with double-headed
arrows, supposed that they can be used in both directions. Since this channel,
as mentioned above, will be used primarily to ensure data integrity, to organize
data transmission, it will use session-type protocols based on the use of TCP as
a transport layer protocol.

Channels (I) imply the immediate data transfer over the generalized bus at once
to all points in the hierarchy. For this type of transmission, in order to reduce the
load on transport networks and transmitting nodes, it is proposed to use protocols
that do not establish connection and control data delivery, as well as that allow mul-
ticast broadcasting (for example, protocols based on the use of UDP). With this
approach, partial data loss is possible. To eliminate this problem, it is also proposed
to use channels (II). If the upstream density is high, it is technically possible to
implement several independent buses for transmitting data to the cloud, uniting,
for example, geographically localized resources (Fig. 2).

C Datalake )

D) (1M

( Re:ion ) DI { Re:ion )

(1 (m
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( Installation ) 0] Ui ( Installation )

Fig. 2. An example of a data transmission channel organization scheme

Due to the importance of the processed data, it is necessary to ensure reliable
storage at all system levels. At the level of an individual installation, like boiler-
house, it is possible to use hardware data backup systems, for example, RAID of
various modifications [16], which is currently used in automated control system
for Minsk DHS. In the case of large volumes, it is possible to use storage sys-
tems such as SAN [16].

However, at the upper levels, the total amount of data and the necessity
of data processing requires the organization of storage reflection on distributed
file systems, for example, Hadoop, Ceph, Gluster, etc. [17, 18]. Note that file
systems of this type are already focused on ensuring reliable storage and allow
setting the administrative factor of replication of stored data. Due to the peculiar-
rities of the implementation of distributed file systems, access to stored data na-
turally reflects on the cloud infrastructure. The technical implementation of the
access points to cloud resources can be realized in many ways, which increases
the fault tolerance of the information collection process.
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Data processing

Perhaps the processing of collected data is the main problem of the proposed
system. The total amount of incoming data is large, so the dimension reduction
could be possible, especially for solving the time restriction problems (for
example, forecasting or control). Currently the dimension reduction is carried
out according to the expert judgment, but, the amount of information that an
expert can operate on is limited.

The purpose of collecting and processing data systems for industry is to ac-
cumulate the complete information for decision-making process. Even for full-
accumulated information, there is a problem of insufficient computing resources
to perform the required tasks such as searching, filtering data and calculating the
simplest statistical indicators.

Here two approaches can be proposed. The first one involves the creation
of a single computing center with significant computing resources in the form
of the dedicated computing cluster. This approach is beneficial when it is neces-
sary to carry out constant massive calculations (for example, as in meteorology).
The essence of this approach is data transfer of to the point of computation.

The second approach is based on performing computations simultaneously
with data storage, particularly for tasks related to primary data processing, since
it does not require significant investments in computing infrastructure. It is more
flexible due to the possibility to increase computing performance and storage
space. For example, Hadoop framework could be used, which allows to solve
problems both for storing large amounts of data, and for processing chunks of
data directly at the nodes of storage.

The protection of communication channels is supposed to implement both at
the physical level, by organizing isolated or dedicated communication channels,
and at the presentation level, based on encryption of transmitted data. To orga-
nize data encryption and provide a unified network infrastructure the use of VPN
with channel identification by a cryptographic key is more appropriate [19].

To protect data, a role-based security model with a dedicated single certifica-
tion authority is proposed. Currently, in embed automated control system for
Minsk DHS; such center operates in offline mode, while electronic keys are used
for personal providing their authorization and authentication. However, if data
processes in DatalLake, due to the impossibility of determination of specific
place for direct data processing, it is necessary to move to the online center.
To consolidate information about users, their interconnections and rights, it is
necessary to use a resource directory with standard interface, such as lightweight
directory access protocol (LDAP).

Currently, a transition from reactive systems to proactive is required. Direct
data collection and management system is not sufficient. The system should
support operational and management decisions. Such systems demand signi-
ficant resources, and some steps of building the system cannot be carried out
in parallel due to the existing dependencies between them (for example, it is
impossible to go to the modeling stage passing the data processing).

Fig. 3 shows the directions of development of the data processing.
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Fig. 3. Development of the data processing

At the moment, the data collection has been implemented and local moni-
toring tools allow prompt response to events reflected in the system at the local
level (installation level). At the next stages, it is necessary to build up the moni-
toring system for the operational decision not only at the enterprise level,
but also at the regional and global levels, as well as the introduction of primary
data processing systems, for filtering, data validation and further analysis.
As mentioned above, it is difficult to process data at the enterprise level due
to the large amount and the variety of possible criteria, while a cloud solution
allows processing with the involvement of additional computing resources on
the temporary or permanent basis, for example, using MapReduce or Spark
technologies [20].

After the preliminary data processing, statistical processing is possible,
which helps to identify non-obvious patterns and relations in industrial process.
The additional advantage of global data storage and processing is the possibi-
lity of deep comparative analysis of installations, industrial enterprises, re-
gions, etc., which is impossible with the traditional approaches that do not stimu-
late the exchange of experience and the introduction of universal management
solutions.

The proactive approach allows making actions to control the ongoing
processes without expecting the occurrence of some event. At the moment,
the elements of a proactive approach have been introduced into the implemented
system, for example, there are preventive measures aimed at preventing emer-
gencies. However, due to the complexity of the systems in operation, the compe-
tence and responsibility of personnel have a significant impact on reliability.
The accumulated data storage will allow bringing the operating systems to a new
level through the use of tools such as forecasting and modeling, and, as a result,
the allocation of priority areas. For technological forecast it is advisable to use
both classical approaches based on statistical approaches (for example, time series
analysis) and relatively new methods for processing intelligent data (for example,
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using neural network approaches) [21], which will allow cross-checking the re-
sults obtained on different stages.

Mathematical and imitating modeling based on the mathematical formali-
zation of physical processes is another important element of the proactive
approach. The imitating modeling is aimed to produce the mathematical model
that describes the functioning of the modeled system and its components as fully
as possible, which is often called the digital twin of the system. They are conti-
nuously adapting to the current status of the system to ensure the ongoing accu-
racy with regard to the system status.

To describe a number of physical processes, without possibility to collect the
information, it becomes necessary to switch to mathematical modeling. Regard-
less of the chosen modeling approach, it is not usually possible to conduct this
type of research within enterprise due to the lack of necessary computing
resources and the lack of personnel with the appropriate competencies, and, as
a result, the joint work of specialists from various fields of science and industry
is required.

CONCLUSIONS

1. District heating systems have a great potential and will remain one of the
main parts of future low-carbon energy systems. The implementation of smart
energy systems needs the real-time data from different parts and builds a running
database, in order to realize the storage and analysis of all the information on
a uniform platform of management in accordance with algorithms of processing
and analyzing big data.

2. Based on current experience of data collection process while introducing
automated control system of Minsk district heating system, a generalized method
of data acquisition with the duplicate streams is proposed to ensure their integ-
rity. The accumulated data will allow bringing the operating systems to a new
level through the use of tools such as forecasting and simulation modeling,
which will allow creating digital twins of heat supply systems.

3. For proposed data collection systems different aspects was discussed, such
as data identification, storage volume, ensuring the sustainability, reliable sto-
rage and data integrity, data processing. The principles of development of data
collection system were formed, focused on possible processing by using the
existing technologies. The proposed approaches can be used in the formation of
technical requirements for industry systems focused on the cloud technologies.
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Pedepart. [IpuBeseH cpaBHUTENBHBIN aHATN3 METOAUK MPHOIMKEHHOTO TEIJIOBOTO pacyeTa KOH-
JIEHCATOpa MEeperpeToro napa MapOKOMIPECCHOHHOTO TEIUIOBOTO HAacoca CHCTEMBI TEIIOCHA0-
eHus. Pabodee BEIIeCTBO TEIUIOBOTO HACOCAa M KOHAEHCHpYIOIIErocs mapa — xiagarentT R410a.
IIpy OJHO30HHOW METOIHMKE KOHIECHCATOP PACCUMTHIBACTCA IO OJHOMY Y4YacTKy C BKIIOYe-
HMEM TeIUIOTHI [IeperpeBa B TEIUIOTY KOHJEGHCALMK U HCII0JIb30BaHUEeM KO3 dHUIIMEeHTa eperpesa.
JIByX30HHasi METOJHMKA MPEIIOJIaracT pacueT KOHJECHCATOpa MO JBYM pa3JelbHBIM yJacTKaM:
OXJIAXKJICHUSI TIEPETPETOro Mapa U COOCTBEHHO €ro KOHAEHCAIMH. ANpoOanus IpoBOAMIACE IPH
YHCJIEHHOM HCCIIEJOBAHUH KOHJICHCATOpa HU3KOTEMIICPATYPHOH TEIJIOHACOCHOW CHUCTEMbI OTOI-
JICHHS U TOPSYIETO BOJOCHAOKEHUS C TIOBEPXHOCTHIO TEIIOOOMEHA B BUJIE CIMPATEHOTO 3MEEBHKA
TpyOa B TpyOe, MOrpy’»KEHHOT0 B HarpeBaeMyIo *KHUAKOCTb. B mepBoM moaxoxae pacxon U Temiepa-
Typa HarpeBaeMoil BOIbI OIpaHUYEHBI TEMIIEPaTypoil HACBILICHNS KOHICHCUPYIOIIErocs Xiaja-
reHTa HEe3aBHCHMO OT CXeMBI TeUeHUs pabounx cpen. MeToarka IByX30HHOTO pacyera KOHJeHca-
TOpa MeperpeToro mapa ¢ MPOTHBOTOYHOHW HJIM MEPEKPECTHO-TPOTUBOTOYHOH CXEMOH TeueHUs
pabounx cpel MO3BOJISIET MOJIYYUTh peaibHbIe Pe3yIbTaThl 0 TeMIIEpaType HarpeBacMoil BOABI,
HPEBBIIIAIOIIEH TEMIIEPATYPy HACBHILIEHHOTO Iapa XJIaJareHTa, ¢ y4eTOM Pacxoja HarpeBaeMoi
BOABL. B maHHOM ciiydae TeMmeparypa CTEHKH Ha y4YacTKe OXJIXICHHUs BBIIIE TEMIIEPaTyph
HACBILICHHMS, a P KOHACHCALUN — HIXKE, YTO JIOMOJHUTEIBHO TTOATBEPKIAeT a/IeKBaTHOCTh JIaH-
HOM MeToauku. Vcnonab30BaHue IBYX30HHON METOJMKH C OTACNIBHBIM YCpEeAHEHHEM (QU3MYeCcKuX
CBOWCTB pabOYMX Cpell Ha y4acTKaxX OXJIKACHHs IMEPerpeToro mnapa M KOHJCHCALUM, a TaKkKe
TEeMIepaTypHBIX HAINOPOB JaeT Oojiee TOYHOE 3HA4YCHHE MOBEPXHOCTH TEIIOOOMEHa, KOTOopas
B PacCMOTPEHHOM citydae ymeHbmmaercs 10 20 %. Ha ocHoBaHMM IpOBEICHHBIX HCCIIEAOBAHHI
PEKOMEH/IYeTCsl MCIIOJIb30BaTh ABYX30HHYIO METOJMKY, MO3BOJIAIOLIYIO IMOJNYYUTh JOCTOBEPHbBIC
JJAHHBIE O TTapaMeTpax KOHJEHCATOpa IIePerpeToro mnapa.
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Approximate Thermal Calculation
of the Superheated Steam Condenser of Heat Pumps

V. I. Volodin®, S. V. Zditovetskaya®
DBelarussian State Technological University (Minsk, Republic of Belarus)

Abstract. A comparative analysis of the methods of approximate thermal calculation of the super-
heated steam condenser of the steam compression heat pump of the heat supply system is pre-
sented. The working substance of the heat pump and the condensing steam is the refrigerant
R410a. When the single-zone method is applied, the condenser is calculated by one area with the
inclusion of the heat of overheating in the heat of condensation and the use of the overheating
coefficient. The two-zone method assumes the calculation of the condenser in two separate areas,
viz. the cooling of superheated steam and its actual condensation. The approbation was carried out
during a numerical study of a condenser of a low-temperature heat pump system for heating and
hot water supply, with a heat exchange surface in the form of a spiral coil pipe in a pipe immersed
in a heated liquid. In the first approach, the flow rate and temperature of the heated water are li-
mited by the saturation temperature of the condensing refrigerant, regardless of the flow pattern of
the working media. The method of two-zone calculation of the superheated steam condenser with
a counter-current or cross-counter-current flow scheme of working media makes it possible to
obtain real results of the temperature of the heated water that exceeds the temperature of the satu-
rated refrigerant vapor, taking into account the flow rate of the heated water. In this case, the wall
temperature in the cooling area is higher than the saturation temperature, and during condensation
it is lower, which further confirms the adequacy of the presented technique. The use of a two-zone
technique with a separate averaging of the physical properties of the working media in the areas
of superheated steam and condensation cooling, as well as temperature pressures, provides a more
accurate value of the heat exchange surface, which in the case under consideration is reduced
to 20%. Based on the conducted studies, it is recommended to use a two-zone technique that
makes it possible to obtain reliable data on the parameters of the superheated steam condenser.

Keywords: condenser, heat pump, refrigerant, heat supply, condensation, superheated steam,
physical properties, heat transfer, temperature pressure, heat exchange surface
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of the Superheated Steam Condenser of Heat Pumps. Energetika. Proc. CIS Higher Educ. Inst.
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BBenenue

[TapoxoMITPECCHOHHBIE TEIUIOBBIE HACOCHI MOJMYYHIN IIUPOKOE PacHpoCTpa-
HEHHE B CHCTEMax TeIIOCHAaOKeHMs 31aHui [1, 2]. MuUpoBO#i ONBIT IOKA3bIBAET
11es1eco00pa3HOCTh UX BHEAPEHUSI B HU3KOTEMIIEPATYPHBIX CHCTEMaX OTOIUICHHS
1 Topsiuero BopocHaOkenus. B EBpomne, roe mpumepHo 244 MITH KWIBIX 3aHHMH,
JIOJIsl PHIHKA TEIUIOBBIX HACOCOB B CTPOHUTENBEHOM (DOHJIE COCTABIIIET OKOJO 6 %.
Tax, ux nponaxu B 21 ctpane EBponeiickoro coroza Beipocnu B 2020 1. Ha 7,4 %
(1,62 mnu enuamn) [3]. [lockonbKy 03KUIaEMbIH CPOK CITY>KOBI TETUIOBBIX HACOCOB
okoJ10 20 JIeT, uX TeKyIi eBporeicKuii 3amac 14,86 MITH e TUHUAIL.

Konpencarop — onmuH M3 OCHOBHBIX DJIEMEHTOB TEIUIOBOTO HACOCA, BO MHO-
TOM ONPEICISIONINI ero TEXHHKO-DKOHOMHYECKHE MOoKa3zaTend. B mapokom-
MPECCHOHHBIX TEIUIOBBIX HAacOCAaX Ha BXOJ B KOHJEHCATOp IOCTYIMaeT Iepe-
TPeTHIii Map Tocje KomIpeccopa. B KoHAeHcaTopax TeIIONpOU3BOAUTEIHHO-
ctbio 70 20-30 kBT peanmsyercst mieHOYHas KOHJCHCAIUS MEPETPETOro mapa
B TOPU3OHTAIBHBIX TpyOax. [ MpOEKTHUpOBaHMS KOHIIEHCATOPOB U aHAIH3a
WX pabOThI B COCTAaBE TEIUIOBBIX HACOCOB TPEeOyeTCs aJeKBaTHBIA METOJ| UX pac-
yeta. Ha npakTuke Juisi u3y4eHus Ipolecca MISHOYHONW KOHACHCAIUU U 000C-
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HOBaHUS 3aBEPIICHHBIX MPOEKTHBIX PEHICHUI MPUMEHSIOT JBYXMEpPHBIC H O/I-
HOMEPHBIC JIOKATBHBIC MaTEMATHUECKUE MOJICIH [4].

WuTerpanbHble METOJUKHM pacueTa KOHJCHCATOPOB MEPErpeToro mapa Hc-
MOJIB3YIOT B HEPACUETHBIX PEKUMaX HM3-3a MPOCTOTHI MX aJanTallid K KOHKPEeT-
HBIM YCJIOBUSIM 3KCIUTyaTalldd. YYeT MeperpeBa Iapa NpU IUICHOYHOW KOH-
JICHCAIIMH TIPOBOJSAT BBEJCHHEM IONMPABOK K PAaCUETHBIM (opmyrnam ko3 u-
[UCHTOB TEIUIOOT/IaYH HACBHIIIEHHOTO TMapa WIH pa30ueHHEeM MOBEPXHOCTH
KOHJICHCAI[UX Ha JIBE 30HBI — OXJIAXJICHUS TEPErpeToro napa W KOHJICHCAIUH.
B nmepBoMm ciydae mpenmonaraercsi, 9To KOHACHCAIUS TEPErpeToro napa Hadu-
HAETCsl cpa3y INPH KOHTAKTE C OXJIAXKIIAeMOW MOBEPXHOCTHIO C TEMIIEPATypO
HACBIIIICHUA Ha CBO60,ZIHOI71 IMMOBEPXHOCTHU IUICHKHM KOHJACHCAaTa, KOHTAKTHUPYIO-
et ¢ mapowm [5, 6].

[Ipu namuHApHOH MIEHOYHON KOHACHCAIIMH, KOT/a B (hOpMYITy IS pacdera
KO3 GUIIMEHTa TEIUIOOTAAYd BXOIUT TEIUIOTAa KOHICHCAIMHM, PEKOMEHIYIOT
TEIIoTy (ha3oBoOro nepexona hy, cyMMupoBaTh ¢ TeIIoToi meperpesa [5, 6], T. e.

MCIIONB30BaTh BRIpakenne hi =hg +Cp (tz —t), Tae Cr — TEMIOEMKOCTH
napa, J[x/(xr-°C); tr, ts — TeMIIepaTypa IeperpeToro u HacklmeHHoro napa, °C.

Hns pacuera ko3(duIMeHTa TEIUIOOTIAYN TIPH KOHACHCAIMU MEPErpeToro
mapa WCTIONB3yeTcs MapaMeTp meperpesa &= Cpp (tq —'[S)/hfg [7, 8]. B [7] on
NPUMEHSIETCSI B COCTABE IMOMPABOYHOIO KOA(PQHUIMEHTa K TEIUIOOTAa4e HAChI-
IIEHHOTO Tapa

05
1+&)°
arag 2] &)
1-p
rae oy — KOIpQHUIMEHT TeIIOOTAaYM HaCHIIEeHHoro mapa, Br/(m*-°C);

B~0,/q — monHOTa KOHEHCALMH; (| — MIIOTHOCTh TETIOBOTO MOTOKA CKOHJICH-
CHpOBaBIIErocs napa, BT/M%; (, — To ke, OABOIMMOrO K TICHKE KOHACHCATA OT
HE CKOH/ICHCHPOBABIIIerocst mapa, Br/m?; mpu mosHoi kouaencarmu B = 0.

Beipaskenue ist pacdera ko3 duIeHTa TeiooTIaur Mpy MOJHON KOH/ICH-
carnuu uMeeT Buf [8]

o= o (1+8)"%. )

Takum 00pa3oM, peKOMEHIALMK [0 y4YeTy MeperpeBa MpH MOJHONW KOHICH-
cauuu napa myTteM BeefeHus nonpasku (1+&)" k koddduimenty Tennooraaun

OTJINYAIOTCS YUCICHHBIMH 3HAYCHUSIMU MTOKa3aTens cTenenu N [7, 8].

HenocraTtkoM paccMOTpEHHBIX MOJAXOAOB IPU pacdeTe KOHIEHCATOpPOB Ie-
pETPEToro mapa TEeIIOBBIX HACOCOB CHUCTEM TEIIOCHAOKEHUS SBISETCS OTPaHH-
YeHHEe MO TeMIlepaType HarpeBaeMoW BOJBI, KOTOpas HE MOXKET OBITh BBIIIC
TeMnepatypsl HacblmeHus. Ha puc. 1 mokaszaH xapakrep AEHCTBUTEIBHOTO U3-
MEHEHHS TEMIIEpPaTyp XJIaJareHTa U HarpeBaeMon BoJbI o aAnuHe L moBepxHo-
CTH TeIUIOOOMEHa KOHJICHCATOpa TpH TNPOTUBOTOYHON WM TeEpPEeKpecTHO-
MIPOTUBOTOYHOM CXeMe UX TEUCHHUS.

[Ipu u3mMeHeHnH TeMnepaTypsl XJaJareHTa 1 HarpeBaeMoil BOIbI OT by U
Ha BXoJIe anmnapata a0 ty, U 1, Ha BBIX0Jle BO3MOXKEH MTOJIOTPEB BOABI 0 TEMIIE-
paTypsl 1, mpeBbImaoneil TeMneparypy HaceimeHus ts. [loatomy memnecoo6-
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pa3HO MPOBOJAUTH PACUCT KOHACHCATOPA, BBIACIIAA 30HBI OXJIAXKACHUA NICPLTpPe-
TOrO Mnapa u COOCTBEHHO KOHJICHCAIu.

t,°C

tx 1

tE 2

&

XitagareHt

>

I to1

L, M
Puc. 1. PactipezieneHue Temneparyp XJagareHTa 1 Bobl B KOHAEHCATOPE IPU IPOTUBOTOKE:
1 — oxnaxxaeHue neperperoro napa; 2 — KOHICHCAIMS; 3 — OXJIAXKICHUE KOHIeHCcaTa

Fig. 1. Temperature distribution of refrigerant and water in the condenser under counterflow
conditions: 1 — superheated vapor cooling; 2 — condensation; 3 — condensate cooling

Ha ocHoBe uucienHoro uccienoBanus [9] U MPOBEACHHOTO IKCIICPUMEH-
ta [10] ycTaHOBIIEHO, YTO HCIIOJIb30BAHUE B CXEME TEILIOBOI'O HAacoca OXJia-
JUTEI TIEPErpeToro mapa padoyero BeIIecTBa MO3BOJSCT MOIYYHTh TEIUIO-
HOCHUTENIb Ha BBIXOAEC M3 KOHJIEHCATOpAa C YPOBHEM TEMIIEPATyphl OOJbIIE
TeMIiepatypsl Haceimerus [9, 10].

B [11, 12] Ha ocHOBE TepMOIMHAMHYIECKOTO aHAIIN3a pabOTHl KOMIIPECCHOH-
HOT'O TEIUIOBOTO HACOCa MOKA3aHO, YTO OJWH M3 CIIOCOOOB TMOBBIIICHUS 3P QeK-
TUBHOCTH — MPUMEHCHUE OXJIAJUTENS MEeperpeToro mapa padodyero Tena, ycra-
HAaBJIMBACMOT0 OTJCIBHO OT KOHACHCATOpa, YTO IMO3BOJISET UMETh TEIUIOHOCH-
TeIh Pa3UYHBIX TEMIIEPaTYPHBIX YpOBHEH. MOXKHO TMONYYHUTH HEKOTOPOE
KOJIMUYECTBO TEIUIOTHI TIPH O0Jiee BEICOKOHN TeMIIepaType 3a CUeT NCTIOIh30BAHMS
neperpeBa pabodero BemecTBa, BHIXOIIEr0 U3 KoMmpeccopa. B otomutensHOM
TEIJIOBOM HACOCE 3Ty TEIUIOTY HAIPABISIOT JUIsl JOHOIHUTEIBHOIO MOJ0TPEBa
BOJIBI TIPH TOPSYEM BOJOCHAOKEHHH.

[IpeioxkeHbl CXeMHBIC PEIICHUS sl peaTi3alii JBYXCTYIICHYATOr0 Harpena
TEIUIOHOCUTENISL B TEIUIOBOM Hacoce [13—16], omHaKo MOCKOJIBKY OHU HE MOJKPEMN-
JICHbI KOJIMYECTBEHHBIMH JTAHHBIMH, HEIb35 CyIUTh 00 3PPEKTUBHOCTH ITOTIOTHH-
TEJEHOTO MCIIOIB30BaHUS OXJIaIUTEINS TIeperpeToro mnapa ((popKoHaeHcaTOpa).

TakuM 00pa3oM, pacCMOTPEHHBIC METObl aHaIM3a KOHICHCATOPOB TEILIO-
BBIX HACOCOB JJIs ITOJOTPEBA BOJBI CUCTEM TEIUIOCHA0KECHUS HE JIal0T KOHKPET-
HBIX JAaHHBIX O MapaMeTpax HarpeBacMoro TEIUIOHOCHTENS NPU KOHICHCAIUH
meperperoro napa. MiMerTcs pa3muvHbIe MOIX0bl K ONpeesieHuto Kodhduiu-
€HTa TeIUIOOTJa4YM IMPH KOHJEHCAIMU Tieperperoro mapa. Hampumep, He pac-
CMaTPUBAIOTCS BOTIPOCHI BIUSHUS KOJIMYECTBEHHOTO 3HAYEHUS TOMPABOK K KO-
3¢ UIMEHTY TEIUIOOTAAYH, Pacxoja IMOJAOIPEeBacMON BOJBI HAa €€ BBIXOIHYIO
TeMIIEpaTypy U IUIOIIAh TeIiooOMeHa ammapaTta. Hacrosias paborta mocss-
I[CHa PACCMOTPEHHUIO 3TUX BOIIPOCOB.

OcHoBHasl YacTh

B crathe mpoBeneH cpaBHHUTENBHBIN aHAIH3 JIBYX MHTETPAJHHBIX METOJOB
TEIUIOBOTO pacdeTa KOHAEHCATOpa TEIIOBOrO Hacoca. B mepBoM ciydae oxia-
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JKICHHUE TIEPErPeToro mapa W KOHACHCAIMS OCYIIECTBISIIOTCS B ammapare Kak
€MHBIN MPOLECC C MCIOIB30BaHUEM MONMPABOYHOTO KO PHUIMEHTa Meperpena.
Bropoii monxon ocHOBaH Ha pa3/ieleHUMH TOBEPXHOCTH TEIIooOMeHa Ha JBa
y4yacTKa — OXJIKACHHS MeperpeToro mnapa u coOCTBEHHO KOHAeHcanmu. Ha kax-
JIOM M3 HHUX TEIUIOOOMEH OIKCHIBAETCS OTAENBbHON CUCTEMON ypaBHEHUH Temo-
nepesayd ¥ TerioBoro Oamanca. [Ipu sToM mpHOMMKEHHO MPUHUMAETCS, YTO
BHaYaJle TIeperpeThIid Mmap OXJIaKIAeTCs 10 TeMIIepaTyphl HACKHIIICHHUS, a 3aTeM
KOHJICHCHPYETCs HaCBIIIEHHBIN map. XOTs BO3MOXHBI cllyyaH, KOrja KOH/AEHca-
U TIEPETPETOr0 Mapa HAUMHAETCS paHbIle JTOCTHKEHHS TeMIepaTyphl Hachl-
mienus [7, 17], ogHako ux aHanu3 TpeOyeT OTIENBHOIO PACCMOTPEHHUS Ha OCHO-
BE JIOKaJIbHON MOJIENI KOH/IEHCAITHH.

4 OOBeKT uccieoBaHus — KOHJIEHCATOp HH3-
TT KOTEMIIEPaTypHOU TEIJIOHACOCHOM CHUCTEMBI
Tl ﬁ_{owﬂm OTOIUICHUSI M TOPSYETO BOAOCHAOKEHUS C Tep-
) pona CHEKTUBHBLIM XxJamareHToM R410a HOMHHAIB-

HOM TEIUIONPOU3BOAUTENLHOCTHIO 10 KBT, BHI-
1 TIOJTHSIOIINY OTHOBpEeMEHHO (pyHKIHI0 Oydep-

Hoil emkoctu (puc. 2) [18]. B xoHmeHcarope
- peaimsyeTcsl TOoTHass KOHJCHCAIUS TTePEeTPeTo-
ro mapa.

Arnmapat BBINOJIHEH B BUJE TEIUIOM30JIUPO-
BaHHOTO Oaka oOvemoMm 500 11 ¢ BHYTpEHHHM
nuametpoM eMmkoctu 0,75 M. IloBepxHOCTb
B=cy Xonomas TeruiooOMeHa KOHJEHcaTopa TpeicTaBlieHa

~ soma CIIUpPATbHBIM 3MEEBUKOM Tpyba B TpyOe, To-
TPY’)KCHHBIM B HarpeBaeMylo XHIKOCThb. Pas-
Mepbl BHYTpeHHei TpyObl d x & = 14 x 1 mm,
HapyxkHOH D x A = 20 x 1wmm. [duamerp
3meeBuka 0,5 M. Bo BHyTpeHHIOIO TpyOy 3Mee-
BUKa MOCTYIAeT IMEeperpeThiil map XjaJareHTa
¢ teMnepatypoit 105,3 °C, nasnenunem 3,4 Mlla,
ero pacxon 0,0346 kr/c. Temneparypa Harpesa-
€MOH BOJBI Ha BXOJe B KoableBoil kanan 10 °C.
XomnoaHas BoJa MOJAETCs CHU3Y, KOHACHCUPYEMBIH Map — CBEPXY, YTO COOTBET-

CTBYET IMEPEKPECTHO-TIPOTUBOTOYHOM CXeMe ABIKEHUs TeruioHocureneil. Mcko-
MBI TIapaMeTpbl — TeMIepaTypa BOJbl Ha BBIXOJE KOHICHCATOPa M IUIOIIAJb
MOBEPXHOCTH TETJI000OMEHa.

Pe3ynbpraThl YHCIIEHHOTO aHAIKM3a MOJyYeHbl HA OCHOBE CPaBHEHMS yKa3aH-
HBIX BBIIIE TIOJXO/J0B K pacueTy KOHAEHCATOpa MEepEerpeToro mapa XxjajareHTa:
B I1eJI0M (OTHO30HHAsI MOJIETIh) M 110 ABYM y4acTKaM (JIByX30HHAsI MOJICTh).

IIpu pacuere KoHAEHCATOpa MO y4yacTKaM KOHJICHCAIUH W OXJIaKICHUSA IIe-
perpeToro mapa TEIJIOBOW MOTOK M MOBEPXHOCTh TEIJI000OMEHa KOHJECHCATOpa
HaXOJIAT 0 MPaBWITy afauTHBHOCTH [19]:

Q=0Q,+Qy; )
F=F+F,

ol

{ Konnencar
Puc. 2. KoHCTpyKIHST KOHIGHCATOpA-
akkymyJsaTopa: 1 — kopiyc;
2 — 3MeeBHK TpyOa B TpyOe
Fig. 2. Design of the condenser-

accumulator: 1 — casing;
2 — coil pipe in the pipe

rac Ql’ Qz — TCIJIOBOM IOTOK Ha y4aCTKax KOHACHCAIIUNU U OXJIAXKIACHUSA TICPC-
TpeTOro mapa xjJaaarcHra, BT; Fl, Fz — IUI0IIaAb MOBCPXHOCTHU TEII000MEHA Ha
TEX XK€ ydJacCTKax, M2.
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Ilpu pacdere KOHIEHCATOpa C HMCHOJB30BaHHEM KOA(QQUIMEHTa Teperpe-
Ba (1+&)" TemnoBoil MOTOK M IUIONIA/AL MOBEPXHOCTH TEIUIOOOMEHa OepyTcs
Kak OJHO 1ejoe. B 000ux aHanu3npyeMbIX MOAXOAax PelacTcsi CUCTEMa YpaB-
HEHUU TerioBoro Oanmanca u Teruionepenadu [19], momomHseMasi 3aMbIKAOIIN-
MU COOTHOIICHUSIMH JIJISl OTIpeIeTIeHUs] KOAPPHUIMEHTOB TEIUTOOTIAYH.

B o6rieM ciydae nporiecc OmMuChIBaeTCsl ypaBHEHUSMH:

Q=Gg[hyy +Cpe(ta—t,) | (4a)
Q = GBCpB (tB2 _tsl )7 (4b)
Q =kATF, (4c)

rae Gg, G, — MaccoBblif pacxoJl XJIaJareHTa 1 BOABL, KI/C; Cpy — TEIIIOEMKOCTb
Boabl, JIx/(xr-°C); t,, t,; — TeMmepaTypa BOABI Ha BXOJE M BBIXOJE y4acTKOB
KOH/ICHCAIIMH 1 OXJIAXKICHUS WK KOHIeHcaTopa B 1esoM, °C; K — ko dunueHt
teronepenaun, Br/(m*-°C); AT — cpemmenorapudmuueckuii TemmepaTypHbiit
Harop, °C.

Cucrema ypaBHeHUi (4) pemraercs Ui KOHACHCATOPA B IIEJIOM C TEIUIOBBIM
nmoTokoM Q WM OTAENBHO /IS YYaCTKOB KOHACHCAIIMU U OXJIXKJICHUS Teperpe-
TOTO Mapa XJajareHTa JJisi COOTBETCTBYIOIIUX TEIUIOBBIX MOTOKOB Qq, Q, 1 10-
MOJTHSAETCS PAcYeTOM KOA(P(DHUIIMCHTOB TEIUIOOTAAYH, BXOSIIUX B ypaBHEHHUE
Teruronepenaun (4¢).

g pacyera koa(pumeHTa TEIUIOOTIAYN CO CTOPOHBI KOHIEHCHPYIOIIET0-
Csl IOTOKA XJIJIareHTa JUIsi pacCMaTpUBaeMOi KOHCTPYKIIMHM KOHIEHCAaTOpa HC-
TOJTH30BaHA 3aBUCUMOCTH JJIsSI TOPU30HTAIBHBIX TPYO [20], KOTOpas moKa3bIBaeT
VIOBIIETBOPHUTENBHYO KOPPEIAIMIO IPH KOHAeH camu xnagareara R410a [21]:

Nu,, =0,05Re}*Pry®, (5)

rae Re — yncino Petinonbpaca; Pr— uncio [Ipanamis; B WHAEGKCAX: K — XKHUJIKOCTh;
€ — DKBUBAJICHTHBIH;
0,8
Re, =Re, P L= Re,, (6)
Pu My
TJIe p — IIOTHOCTB, KI/M’; | — IMHAMHYECKas BA3KOCTb, I1a - ¢; B MHIEKCe IT — map.
Jlsa pacueTa KOA(POUIMEHTOB TEIIOOTAYH CO CTOPOHBI OXJIAKIAEMOTO T10-
TOKa TIEPErpeToro mapa XjiajarcHTa W JUIs HarpeBaeMoil BOJBI MCIOJB3YIOT-
ca obmue 06a30BBIC yYpaBHEGHHS IOJOOMS, OTIMYAIOIINECS 3HAYCHHWEM OJKBHU-
BaJICHTHOTO rujapaBauueckoro auamerpa d.. Tlpu OXJaxieHWH MOTOKa mapa
XapaKTepHBIM pa3MepoM 0, sBisieTcs BHYTpeHHUH Iuamerp Tpyosl d =d, =

=d - 25, a mpu HarpeBe BOABI — YJBOCHHAs TOJIIMHA KOJBIIEBOTO 3a30-
pad =D- 2A-d.

st pacuetra KO3(QQHUIMEHTOB TEIUIOOTAAYN UCIIONB30BAIIM YPaBHECHUS JIJIS
CIICAYIONINX PEKUMOB TEUECHHSI TOTOKOB:

o TypOyIeHTHOTO [22]
0,023Re%2Pr

Nu=12 2,14Re ** (Pr°7 —1);

()
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e TIepexXoaHOTO [23]

B

2/3
Nu = 0,037(Re°’75 —180) Pro42 1+(de , (8)

rae L — mmna kaHana, M;
 TaMHHApHOTO [23]

019(Pe d,/L)*® ©
1+0,117(Pe d,/L)**"

Nu =3,65+

rae Pe = RePr — uncno Ilekne.

KoaddurmenT TemiooTaaun co CTOPOHBI HarpeBaeMOMW BOJIBI B KOJBIIEBOM
KaHaje ¢ aauabaTHOW BHEIIHEHW MOBEPXHOCTBIO ISl pacCMaTpUBAEMON KOH-
CTPYKIIUM KOHJICHCATOpPa PACCUYMTHIBACTCS C YYE€TOM IMONMPABOYHOTO KOAPQU-
nueHTa [24]

a, =a

016
045 (D, =
Pl 244Pr

dB g, (10)

T/ Oy — KOOQQUIUEHT TEIIOOTAYH, ONpEIesieMblii B 3aBHCUMOCTH OT pe-
XnMa TedeHns mortoka mo (7)—(9), Br/(m?-°C); D, =D-2A - BHyTpeHHHI
JIHaMeTp HapyKHO# TpyOBI 3MeeBHKa TpyOa B TpyOe, M; d — HapyXHbIH ana-
MeTp TpyObl C XJaJareHToM, M; € — HONpaBouyHbd Kodddumment (=1
mpu d/D > 0,2); B uHAEKCE B — BOJIA.

PesynbTarhl TEMIOBOTO pacyera McciIe yeMOro KOHAEHCATOpa B HOMUHAIb-
HOM DPEXHUME, TIOITYICHHBIE C HMCIONB30BAHNEM OJHO- M JIBYX30HHOW MOJEIeH,
MpUBeIeHB! B Ta0M. 1. du3ndeckne CBOWCTBA Cpe ONPEAeIISIUCE 110 3HAYCHHSIM
CpPEeIHUX TEeMIIepaTyp Ha pacCMaTPUBAEMBIX ydacTKaxX. B 0IHO30HHOHN Mosmenn

B nonpaske (1+&)" K kK0d(QQUIMENTY TEMIOOTAAUN MPH KOHIECHCAIMH TIOTOKA

XJIaJlareHTa IPUHUMAIICS TIOKa3aTelb cTerneHu N = 0,5 B COOTBETCTBHU C PEKO-
MeHaanuen [7].

W3 Tabn. 1 BugHO, YTO Temrmeparypa MoJOrPeTOH BOABI Ha BBIXOJE KOHJICH-
caTopa B Ipejenax TOYHOCTH pacyeTa B O0OMX CilydyasXx MMEET MPaKTHYECKH
onuo 3Hauyenue (49,8 u 49,9 °C) s AByX30HHOTO M OJHO30HHOI'O KOHIEHCATO-
POB COOTBETCTBEHHO. JTO ClelyeT U3 YpaBHEHHsI TEIJIOBOro OanaHca amnmapara
JUIA 3alaHHBIX TEIUIOBOTO IIOTOKA, Pacxoja W TeMIepaTryphl BOABI Ha BXOJE
B anmapar.

B 1o xe Bpems u3 Tabn. 1 u puc. 3 BUAHO, YTO MOBEPXHOCTH TEIIOOOMEHA
KOHJIEHCATOpa, KOTOpasi MpPOMOpPLHOHAIbHA AJMHE 3MEEBUKA, U IapaMeTpBhl,
BIIMSIIOLME HA €€ pa3Mepsbl, — KO3 (HUIIMEHTH! TeTIonepeiaur 1 TEMIIEPaTypHbIE
HaIopbl OTJIHNYAIOTCA.

[Tnomanas MOBEpXHOCTH TEILIOOOMEHA MPH pacdeTe Mo ABYX30HHON MOJENn
MeHble Ha 20 %, 4eM 1Mo 0JTHO30HHOM. DTO OTJIMYKE BHI3BAHO Pa3HBIMHU 3HAUE-
HHUSMH TEMIIEPAaTypHBIX HANoOpoB M KO3(D(GHUIMEHTOB Teruionepenaun (puc. 3).
3HaueHHe MHTETPAJIBHOTO TEMIEPATYpHOI'O HAopa MpU HCIOJIb30BAaHUU OJHO-
30HHOM Mozenu B 1,65 paza MeHbIIE O CPABHEHUIO C YYACTKOM OXJIAXKICHUS
U B 1,46 pa3a MeHbIIEe O CPABHEHUIO C YyYaCTKOM KOHJeHcauuu. Temmepatryp-
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HBIA HAmop B OJHO30HHON MOJIENM OTpaHHWYEH TEMIIEpaTypOoll HACBIIICHHUS Ha
BXOJIe M BBIXOJIE€ KOHJEHCAaTopa. B NBYX30HHOW MOJENW JIOKaNbHbBIE TeMIlepa-
TypHBIE HANOpPHI Ha BXOJI€ M BBIXOJE PAacCMATPUBAEMBIX YYaCTKOB BBIIIE, YTO
SIBJIICTCSl TIPUYUHOW TIOBBINICHUSI HAa HUX CPEAHEIOrapuMUUECKHX TeMIIepa-
TYPHBIX HAIIOPOB.

Tabruya 1
Pe3ybTaThl TENJI0BOr0 pacueTa KOHAEHCATOPA
(Q = 10 kB, Gy = 0,0346 kr/c, G, = 0,06 kr/c)
Results of thermal calculation of the condenser
(Q =10 kW, Gg = 0,0346 kg/s, G, = 0,06 kg/s)
JIByX30HHBII KOHJIEHCATOP
Tapamerp 30Ha 30Ha O1HO30HHBIH
OXJIAXKICHUS KOHzleHCauy | KOHACHCATOp
MIeperpeToro napa |HachIIIeHHOTro Iapa
TennoBoii norox, Bt 2284 7712 10000
JlmmHa 3MeeBHKa, M 2,05 5,80 9,74
XJjagareut
Temmeparypa Ha BXoae/Bbixoze, °C 105,3/55 55/55 105,3/55
Yucio Peitnonbaca 208471 48432 48432
ITapamerp neperpesa - - 0,296
Koagdumment neperpesa - - 1,138
Kos(durpent remoornaun, Br/(m2-°C) 1341 2762 3143
Bonaa
Temmepatypa Ha BXome/BbIxoae, °C 40,7/49,8 10/40,7 10/49,9
CKkopocTh, M/C 0,60 0,60 0,60
Yucimo Peitnonbaca 3989 2676 2988
Kos¢durment remmooraun, Br/(m%-°C) 3247 2770 2533
1270
— YYACTOK OXJIK/ICHHST
1200 — Y4aCTOK KOHZCHCALI 1131
— OJIUH y4acTOK
1000
834
800 > ! IN
1 30,3
30 1 26,8
2. 184
10
0 T T T
At °C k, Br/(M%°C)

Puc. 3. I3MeHeHre TeMIiepaTypHOro Hamnopa At u kosddumrenra Temionepeaadn k
HA y4acTKax KOHJeHcaTopa

Fig. 3. Change in temperature pressure At and heat transfer coefficient k
in the condenser areas
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Kospouuuent rtemnonepenayn B OXHO30HHOH MOJIETH COOTBETCTBEHHO
B 1,52 u 1,12 pa3a Bble, ueM Ha yKa3aHHBIX ydacTkax (puc.3). Ha yuactke
OXJIXKJIEHHUs TeIJIoOTAaua Mapa XJaJareHTa SBJSIeTCS ONpeAessromeii, 4ro
3aKOHOMEPHO, W TIPUBOJAMT K TMOHWKEHHUIO Kod(dduimenra Temonepeaayn
110 834 Br/(M*°C). Ha yuacTke KOHICHCALHH, T/Ie KOI(bHUIHCHTbI TEIIOOTIAH
cpaBHUMEL, Kod(duupent Temronepexaun 1131 Br/(M*°C). YMeHblucHHe
kodddrmmenTa Teroor a4 Boas! 10 2770 Br/(M*°C) Ha y4acTke KOHICHCALHH
10 CPABHEHMIO C yYaCTKOM OXJIAXICHHS mapa, rae OH paseH 3247 Br/(m*°C),
BBI3BaHO B OCHOBHOM HM3MEHEHHEM BS3KOCTH BOJIbI, KOTOpas pacTeT ¢ MOHMXKe-
HHEM TeMIlepaTyphbl MOToKa (Tadi. 1).

B urore paznuuue temmnepaTypHbIX HaropoB M K03()(UIIMEHTOB TEILIONEpe-
Jaud B OJHO- M JABYX30HHOH MOJENSAX NPUBOIUT K YBEIHMYEHHIO MOBEPXHO-
CTH TeIIOOOMEHa TPH HCIIOIH30BaHUN OXHO30HHOW Mozenu B 1,24 pasa m3-3a
HeaJeKBaTHOCTH PacueTHOM MOAENH Mpoliecca KOHACHCAINH IEPErpeToro napa.

JIONOTHUTENFHO pacCCMOTPHM BIIMSTHHE BETUYWHBI MOMPABKH K KO3 UIH-
€HTY TeIUI00TauM (2) Ha mapaMeTpbl 0OJTHO30HHOI0 KoHAeHcaTopa [7, §8]. Bo3sb-
MeM JIMara30H U3MEHEeHHs mokasatesst crenenu N ot 0 o 1 (puc. 4).

4500-] 24 voatbibrmmekT Termootyiaun o, Br/(M%-°C)
40004 =Y koadhrrment Termornepenaun k, BT/(m%°C)
1 BZ38 momanp nosepxXHOCTH TermioodMena F, M2 7

2500 7 7
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Puc. 4. BiiusiHue 1IoKa3aTelst CTENeH! N MONPaBKU K KO3 GUIMEHTY TEIIO0TAa4N
HAa [apaMeTpbl OJHO30HHOIO KOHIEHCATOPa IeperpeToro napa

Fig. 4. Influence of the index of the degree n of the correction of the heat transfer
coefficient on the parameters of a single-zone superheated steam condenser

Brusiaure storo mapamerpa Ha koddduimeHt tertonepenaun K, a cooTser-
CTBEHHO M Ha IUIOILAAb MOBEPXHOCTH TEIUIOOOMeHa F cyliecTBEHHO MeHbIIe,
4YeM Ha 3HaueHHe Kod(dHIlMeHTa TeIiooTaaYu og CO CTOPOHBI KOHIIEHCHPYIO-
nrerocs moToka napa. Hanpumep, npu N = 0,5 1o cpaBHEHUIO CO clydaeM, KOraa
TIOTPaBKa HE YUYHMTHIBACTCS, KOI(D(MUIMEHT TEIUIOOTHauu yBenuumics B 1,14 pasa,
a xod¢ppunueHT temonepenauu — B 1,07 paza. [lnomane NoBEpXHOCTH TEILIO-
oOmeHa ymeHbInmiach B 1,07 pasa, oHa U3MeHsAETCsl 00paTHO MPOTOPLUOHATEHO
koaddumenty temmtonepenayn. [Ipu n = 1,0 koaddumuent remooraaun yBe-
muawmiics B 1,36 pasza, kodddumnuent temtonepenaun — B 1,13 pasza. C poc-
TOM 3Ha4eHUs N yBeiawdeHue KodIG(UIMEHTa Teruionepeadyd W yMEHbIIle-
HHUE IUIOUIAJN TOBEPXHOCTU TETIOOOMEHa 3aMeUIsieTca. JTO BBI3BAHO TEM,
YTO C POCTOM MOKa3arTess N ONpelelsomuM sIBiseTcd KodQ(UIMEeHT TerooT-
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Ja4d HarpeBaeMoil BOIBI, KOTOPBIH OCTAeTCS MOCTOSIHHBIM M MMEET MEHbIIIee
3HAUCHHE [0 CPABHEHHMIO C TEIUIOOTAAYeH KOHICHCHPYIOIIETocs IMOTOKA XJIaja-
renTa. M3 maHHOTrO aHanIM3a CiemyeT, YTO IPH PaCCMOTPEHUH KOHICHCUPYIOIIe-
rocsi IOTOKA MEePErpeToro napa HeoOXOJUMO YYUTHIBATH HE TOJIBKO COOCTBEHHO
npolecc KOHAECHCAH, HO U BIMSHUE OXJIaxkaatomei cpeapl. Hanbonpmmm He-
JOCTaTKOM METOIa TEIIOBOIO pacueTa KOHAEHCATOPa ¢ UCIOIb30BaHUEM OJIHO-
30HHOW MOJICNH SBJISIETCS OTpaHWYEHHE Ha BBIXOTHYIO TEeMIIepaTypy HarpeBae-
MO BOJIBI, KOTOpas JOJDKHA OBITH HIDKE TEMIIEpaTyphl HACHIICHUS.

Tak Kak TemIiepaTypa HarpeBaeMoi BOJIbI Ha BBIXOJIE KOHJICHCATOpa TIPH TO-
CTOSIHHOM TEIUIOBOM ITOTOKE U TeMITepaType Ha Bxone (puc. 5, muHus 1) 3aBUCHT
OT pacxojia, pacCMOTPUM €ro BIUSHUE Ha MOAOTPEB BOJBI C UCIOIb30BAaHUEM
JBYX30HHOH MOJIEIH KOHJIEHCATOPA.

5000 | ——— YYaCTOK KOH/ICHCALIH
4500 4 —-— Ha CTHIKE YYACTKOB OXJIKICHHS U KOH/ICHCALIN
— — - YYACTOK OXJIK/ICHHSI

g
\
AV

20

0 T T T T
0,040 0,045 0,050 0,055 0,060 G, xr/c

Puc. 5. I3meHeHue nmapaMeTpoB BOZbBI HA YUaCTKaX OXJIaXICHHS IeperpeToro napa
U KOHJIGHCAIK: | — TemmepaTypa Ha BXO/€ B KOHIEHCATOD;
2 — TO e Ha BBIXOJIE yuacTKa KOHICHCAIMU U Ha BXOJIE yJacTKa OXJIAXKISHHUS mapa;
3 — To e Ha BbIXOAE KOHIeHcaTopa; 4, 5 — uncio Peitnonbaca

Fig. 5. Changes in water parameters in the areas of superheated steam cooling and condensation:
1 — water temperature at the entrance to the condenser; 2 — water temperature at the outlet
of condensation section and at the entrance to the cooling section of steam;
3 — water temperature at the outlet of the condenser; 4, 5 — Reynolds number

Ha puc. 5 BugHo, uto mpu pacxone Boasl Menble 0,054 kr/c Temneparypa
Ha BBIXOZE KOHJAEHcaTopa (JMHHUSA 3) CTAaHOBHUTCS OOJbLIC TEMIEpaTyphl HACHI-
menus ts. Ilpu 5ToM Ha yuacTke oxmaxaeHus napa (puc. 6, ITpUXoBast JTUHUS 2)
CpeIHss TeMIepaTypa CTEHKH BBIIIE TEMIIEPATyphbl HACBHILEHUS. DTO MOATBEP-
KIaeT HaAJMYME ydYacTKa OXJaXIeHHs meperperoro mapa. JaHHBIA >¢dexT
B OJHO30HHOW MOJENM HE y4yuThIBaeTcs. [ paccMaTpuBaeMoro ciydas Mak-
CUMaJbHBII HarpeB Boabl 66,9 °C npu pacxone 0,042 kr/c. Yucno Pefinonbaca
BOJIbl HA YJacTKaxX OXJIXJCHHUSA U KOHJEHCAIMM Iapa OTJIMYaeTcs U3-3a Cylle-
CTBEHHOT'O YMEHBIIICHHS BI3KOCTH C POCTOM TEMIIEpaTypsl (puc. 5, muanu 4, 5).

Koaddumuent temnonepenadn Ha ydyacTKe OXJIAXAEHHs Iapa C yBeJnd4e-
HueMm pacxomga ot 0,042 mo 0,060 kr/c moHOTOHHO BO3pactaer B 1,07 pasa
(puc. 6, wTpuxoBas JuHUA 1), a HA ydacTKe KOHAEHCAIMH (pHC. 6, CIUIOLIHAS
nuHUA 1) moBBIIaeTCs] NPUOIU3UTENBHO B JBa pasa U3-3a CMEHbI PEeXHMa Teue-
HHS TIOTOKA BOJIBI OT JJAMHUHAPHOTO K NEpeXoaHOMY (pHc. 5, nmuHus 4).

3T0T (haKTOp MPUBOAUT K YBEIMUCHHUIO TIOBEPXHOCTH TEIJIOOOMEHA Ha y4acTKe
KOHJICHCAIIUH TP JIAMUHAPHOM TEYEHUH TTOTOKA BOJIBI (pHC. 6, TMHKH 4).
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Puc. 6. WN3menenune napaMeTpoOB KOHJICHCATOPA Ha y4aCTKaX OXJIaXKJACHUS NEPErpeToro rnapa
u kongencaruy: 1 — kosddumpent remmonepenaun k, Br/(m%°C); 2 — TeMeparypa crenkd t,, °C;
3 — TemmeparypHslii Hanop At, °C; 4 — II0Iab TOBEPXHOCTH TemioooMena F-10, v
Fig. 6. Changes in the parameters of the condenser in the areas of superheated steam cooling
and condensation: 1 — heat transfer coefficient k, W/(m?-°C); 2 — wall temperature t,, °C;
3 — temperature pressure At, °C; 4 — heat exchange surface area F-10, m?

W3meHeHune teMreparypbl CTEHKH OTHOCUTEIBHO TEMIIEpAaTypbl HACHIILEHUS
(puc. 6, TMHUY 2) OATBEPKIACT HAJTHMYUE ABYX YUACTKOB — OXJIAXACHUS mepe-
TpeToro napa M ero KoHaeHcanuu. Ha ydacTke oxJakJeHUs OHa BBILIE TEMIIe-
paTypsl HachIIEHUS, HA Y9aCTKE KOHIECHCAI[MH — HHXKE.

BbIBO/JbL

1. Meroanka OIHO30HHOTO pacyeTa KOHIEHCATOpa TEIJIOBOTO Hacoca C
BKIIFOUEHHEM TEIUIOTHI TIeperpeBa B TEIUIOTY KOHACHCAIIMU U WCIOJIh30BAaHHEM
koadduimenta neperpeBa WMeeT OrpaHHMUCHHE Ha TEMIIEpPaTypy I0J0TrpeBa
HArpeBaeMoro TEIUIOHOCHUTEISI BOJIBI, HE MPEBBIIAIONIYIO TEMIIEPaTypy KOHJICH-
CaIiy MpH 3a1aHHOM JaBJICHUH.

2. Meronnka IByX30HHOTO pacdeTa KOHAEHCATOpa NMeperpeToro mapa ¢ mpo-
THBOTOYHOHN HIIM TTEPEKPECTHO-TIPOTUBOTOYHON CXEMOMW TEUECHHs padOdnX cpen
U pa30MCHHEM KOHJEHCATOpa HA YYaCTKH OXJIAXJICHHUS IEPEerpeToro mapa
U KOHJCHCAIIMH MO3BOJISIET MONYYUTh aJICKBaTHBIC PE3yIbTaThl IO TEMIIEpaType
HarpeBacMoM BOJIbI, MPEBBIIIAONICH TEMIEPATYPy HACBHIIIEHHOTO Mapa XJjaja-
TeHTa, C YUYETOM pacxoja HarpeBaeMoi BoJbl. Temmeparypa CTEHKH Ha y4acTKe
OXJIQXK/ICHUSI BBIILIE TEMIIEPATyPhl HACBILICHUS, a IIPU KOHACHCALIUU — HUXKE, YTO
MOATBEPKIAET NPUMEHUMOCTh TAaHHOU METOJIUKH.

3. Vcnons3oBaHHEe B METOAMKE IBYX30HHOI'O pacdeTa KOHJEHcaTopa OT-
JIENBHBIX YCPEIHEHHBIX (M3HMYECKIX CBOMCTB pabOUYMX cpej] Ha ydacTKax OXJia-
JKICHHUS TIEPETPeToro Mapa M KOHACHCAINH, a TAaKKEe TeMIIePaTyPHBIX HAMOpOB
JIaeT Ooyiee TOYHOE 3HAYEHHUE TMTOBEPXHOCTH TETIOOOMEHa, KOTopasl B pacCMOT-
peHHOM citydae yMeHsbImaercs 10 20 %.
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TpurenepaunoHHbie TYPOOYCTAHOBKH
HA OCHOBE HU3KOKMIISIIMX padoumnx Tes

A. B. OBCﬁHHHKl), B. I1. Kiniounucxuii?

YT omenbekmii rocynapcTBeHHbIN TexHuueckuil yausepcutet umenu I1. O. Cyxoro
(I'omens, Pecniy6nuka benapycs)

© benopycckuil HallMOHANBHBINA TEXHUYECKUH yHUBepcUTeT, 2022
Belarusian National Technical University, 2022

Pedepar. IIpencrasneHo ommcaHue pa3pabOTaHHONW IMPOrPaMMBI, MO3BOJLIIOMIEH MOIEIHPOBATS,
TEPMOJNHAMHUYECKH ONTUMU3UPOBATh M IIPOM3BOAUTH SKCEPreTHUECKHH aHamu3 Ooiee 4eM CTa
Pa3IMYHBIX CXEM TPHUICHEPALMOHHBIX TypOOYCTAHOBOK HAa OCHOBE HU3KOKHILAIIMX Pabouux Tell.
C moMoIIbI0 MPOrpaMMbl IPOU3BEAECH IKCEPreTHUECKUIl aHaNu3 LIECTH CXEM TPHIeHEpalMOHHBIX
TypOOYCTaHOBOK Ha OpPraHMYECKOM IHKJIe PeHKHMHA: Ha IeperpeToM mape ¢ MapoKOMIIPECCHOHHON
XOJIOMIIBHOM yCTAaHOBKOH; C IIPOMEXKYTOYHBIM HEePErpeBoM pabodero Tela U MapoKOMIIPECCHOHHON
XOJIOJIUIBHOM YCTAQHOBKOH; Ha IEperperoM Mape ¢ XOJOAWIBHOM YCTaHOBKOHM € IPOH3BOJCTBOM
YTJIEKHUCTIOTHI; C TIPOMEXKYTOYHBIM MEPErpeBOM pabodero Teia M XOIOHIFHOH YCTAHOBKOH C IPOM3-
BOJICTBOM YTJIEKHCIIOTHI, HAa IEPErpeToM Hape ¢ XOJOJWIFHOH YCTAaHOBKOH C MPOM3BOJCTBOM yTiIe-
KHCJIOTBI U OXJIAXKICHHEM KOHIEHCATopa TypOOYCTaHOBKHU JKHUAKOW YIJIEKHUCIOTOMH; C MPOMEXYTOU-
HBIM IIeperpeBoM pabouero Tesa, XOJOAWIBHOW YCTaHOBKOM C IPOM3BOJCTBOM YIJIEKHCIIOTHI
U OXJIAXJECHHEM KOHJECHCATOpa TypOOYCTaHOBKH JKHIKOH YIIEeKHCIOTOH. B kauecTBe mcrodHMKa
SHEPTHH UL HEePEedNCIICHHBIX CXEM HCIIONB30BaHAa Ta30TypOHHHAs yCTaHOBKA. M3ydeHa BO3MOXK-
HOCTh NPUMEHEHHUsI MOJIy4aeMOH JKMAKOH YITIEKMCIIOTHI JUIsl OXJIK/ICHHsI KOH/IeHcaTopa TypOoycra-
HOBKHM Ha opranuyeckom uukie Penkuna. [IpoBeneH cpaBHUTENbHBINA aHAIM3 JBYX METOIOB MOJIyYe-
HHS X0JI071a (TIPH MOMOIIH TAPOKOMIIPECCHOHHON XOJIOMIBHON YCTAaHOBKU U XOJNOAWIBHON YCTAHOBKU
C POM3BOJICTBOM YIJIEKHMCIIOTHI) [UIsI HCIIOJIB30BaHUs B cXeMax Tpurenepauuu. MccienoBanus 6a3upo-
BAJIMCh HA METOZE 3KCEPreTHYECKOro aHajIn3a, pe3yJbTaThl KOTOPOro IMpPECTAaBIEHbI B BUIE YKPYII-
HEHHBIX auarpaMMm ['paccmana — llapryra. [IpoBeneH TeXHHKO-?KOHOMIYECKHH aHATIN3 IPUMEHEHHS
MIPOMEXYTOYHOTO TIeperpeBa B OPraHUIECKOM IHKIIe PeHkiHa, B KadecTBe pabodero Tena MCIob30-
Basicst 030HOOe30macHbI (peoH R245FA. ChopmynnpoBaHbl peKOMEHIAIMH 110 TPUMEHEHHIO HCCITe-
JIOBaHHBIX CXEM TPUICHEpalli Ha OpraHUYeCKOM IHKIIe PeHkuHa.

KnroueBble ci1oBa: oprannyeckuii nuky PeHknHa, HU3KOKHUILIIEe pabodee TeIo, IPOU3BOJICTBO
YIIIEKUCIIOTBI, SKCEPreTHYECKUil aHalu3, NOBbILeHHE 3)OEKTUBHOCTH, TPUI€HEPaLs, XJIa1areHT,
OXJIaK/IEHWE KOHJEHCATOpa YTJIEKUCIOTOH, ONTUMHU3aLUs, CXeMa TpPUTEHEpalluH, Auarpamma
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Trigeneration Turbine Units Based
on Low Boiling Working Fluids

A. V. Ovsyannik?, V. P. Kliuchinski®
YSukhoi State Technical University of Gomel (Gomel, Republic of Belarus)

Abstract. A program that allows modeling, thermodynamically optimizing and performing
exergetic analysis of more than a hundred different variations of the schemes of trigeneration
turbine units based on low-boiling working fluids. With the aid of the program that had been
developed, an exergetic analysis of six schemes of trigeneration turbine units on the organic
Rankine cycle was performed, viz. on an overheated steam with a steam compression refrigeration
unit; with an intermediate overheating of the working fluid and a steam compression refrigeration
unit; on an overheated steam with a refrigeration unit with carbon dioxide production; with
an intermediate overheating of the working fluid and a refrigeration unit with carbon dioxide
production; on an overheated steam with a refrigeration unit with production carbon dioxide and
cooling of the turbine condenser with liquid carbon dioxide; with intermediate overheating of the
working fluid, a refrigeration unit with carbon dioxide production and cooling of the turbine unit
condenser with liquid carbon dioxide. A gas turbine unit was used as an energy source for the
above-mentioned schemes. The possibility of using the resulting liquid carbon dioxide to cool the
condenser of a turbine unit on an organic Rankine cycle has been studied. A comparative analysis
of two methods of obtaining cold (using a steam compression refrigeration unit and a refrigeration
unit with carbon dioxide production) for use in trigeneration schemes has been carried out.
The research was based on the method of exergetic analysis, the results of which are presented in
the form of enlarged Grassmann — Shargut diagrams. A technical and economic analysis of the use
of intermediate overheating in the organic Rankine cycle has been carried out, ozone-safe freon
R245FA was used as the working fluid. Recommendations for the application of the studied
trigeneration schemes on the organic Rankine cycle are formulated.

Keywords: organic Rankine cycle, low-boiling working fluid, carbon dioxide production, exerge-
tic analysis, efficiency improvement, trigeneration, refrigerant, cooling of the condenser with
carbon dioxide, optimization, trigeneration scheme, Grassmann — Shargut diagram

For citation: Ovsyannik A. V., Kliuchinski V. P. (2022) Trigeneration Turbine Units Based
on Low Boiling Working Fluids. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc.
65 (3), 263-275. https://doi.org/10.21122/1029-7448-2022-65-3-263-275 (in Russian)

BBenenne

Tpureneparust — 3¢ GEeKTUBHBIA CMOCO0 YAOBIETBOPEHHS IOTpEOHUTENeH
9NEKTPOIHEPTUEH, TEIUIOTON M XO0J0A0M, HEOOXOIUMBIMH B Pa3lNUYHBIX OTpac-
JSIX TIPOMBIIUIEHHOCTH (U peann3alii TeXHOJOTHYECKHX MPOLECCOB), a Tak-
XKe B cdepe yCIyT U KWINITHO-KOMMYHAITBHOM X03stiicTBe [1]. B onpenenenHbx
YCIIOBUSIX TPUTEHEpaIHs IO3BOJSICT CHHU3UTH 3aTPaThl TOIUTUBHO-dHEpPreTHYC-
CKHX pPECypCOB M VIYYIIUTh DKOJOTHYECKUE II0KA3aTEAM TEHEPUPYIOLINX
YCTaHOBOK [2].

Jns yrunuzanuu HU3KOMOTEHITMANIBHBIX UCTOYHUKOB HEPTHH (HAIpUMED,
TCIIJIOBBIX OTXO10B Hpe,ILHpI/IﬂTHﬁ, BBIXJIOIIHBIX I'a30B I‘aSOTyp6PIHHOI71 YCTaHOB-
ku (I'TY), npoayKkToB CxKUraHus OMOTOIUIMBA M JPYTUX HU3KOMOTCHIMATBHBIX
TOIUIMB) BCE YaIlle MCIOJB3YIOTCSA TypPOOYCTAHOBKY HAa HU3KOKHUILAIIMX Pabodnx
tenax (HKPT) [1, 3—18]. B ciayuae korma pabodee Teso uMeeT 0oJjiee HU3KYIO,
YeM y BOJbI, TEMIIEPATYPY KUIICHHS, €r0 UCIAPSHUE MPOUCXOIUT MPHU OTHOCHU-
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TEJIBHO HEBBICOKOH TeMIepaType, YTO M II03BOJSIET yTWIM3UPOBaTh HU3KOIO-
TEHIMAIbHYIO0 SHEPIHIO.

OnHako BeIOOp paboyero Tena — 3TO CIOXHAs U MHOTOKpHUTEpUalIbHAs 3a/1a-
ga [19-21]. Pemrerne MoHpeanbCKOTO MPOTOKOJIa KOPEHHBIM 00pa3oM M3MEHHU-
JI0O MOAXOX K TPaAWLHOHHBIM O30HOPAa3pyIIAOIIUM XJIaJareHTaM, W, HauuHas
¢ 1990-x TT., Ha OTHO M3 MEPBHIX MECT BHILIET BONPOC 00 OMACHOCTH H3MEHEHHUS
KJIMMAaTa ¥ COXPaHEHUs 3MUCCUU MTAPHUKOBBIX I'a30B, BBI3BAHHON IPUMEHEHUEM
TaKUX XJIaJareHToB. /|y aHann3a SKOJOTHYECKON Le1ecO00pa3HOCTH PUMEHE-
HUS XJIAJIareHTOB MCIOJIB3YIOT Takhe MapaMeTphbl, KaK 030HOPa3pyIIarOIIuii
norernuan (OPII) n moTeHnman riaobambHOTO MOTEIDIeHHs (TTApHUKOBOTO 3(-
¢ekra). [l xmamarentoB rpymmsl xiaopdropyriaepogos OPIIL > 1, rugpoxiop-
¢ropyraeponos OPII < 0,1, ruapodropyrneponos OPIT = 0 [2].

Brigenstor rpynmer Tpedoarnii k HKPT: skonormueckue, TepmoguHamMmde-
CKH€, HKCIUTyaTallMOHHBIE U 3KOHOMHUYecKue. HaliTi xyagareHTsl, oTBevaronue
BCEM MEPEUYNCIECHHBIM KPUTEPHSIM, MPaKTHIeCKH HEeBO3MOXHO [5]. C Tepmou-
HaMHMYECKON TOYKM 3pPEHHs, OJIMH M3 IVIABHBIX ITOKa3aTejel mpu BeIOOpE pado-
4ero Teja — MaKCHMallbHas yelbHas paboTa WM MakCHUMalbHBIH KO3(QQHIIH-
€HT I0JIC3HOI0 ACHCTBUS LUKJIA.

Okceprusi — npeAeabHOe 3HAYEHHE HEPTrUH, KOTOPOE MOXKET OBITH IMOJIe3-
HBIM 00pa3oM HCTOJB30BaHO (TIONYYEHO WM 3aTPayueHo) B TEPMOJMHAMHUYE-
CKOM TMpOIeCCe C YYETOM OTPAHWYCHUH, HAKIaJbIBACMBIX 3aKOHAMHU TEPMO-
JUHAMHUKH. DKCEpPreTHYeCKUH aHaju3, YYUTHIBAIOIIUK IOTEpU OT HEepaBHO-
BECHOCTH IIPOLIECCOB B CHCTEME, II03BOJISET BBINOJIHUTH KaK OTHOCUTEIbHYIO,
TaK ¥ a0COMIOTHYIO OLIEHKY CTENIEHH TEPMOJIUHAMUYECKOrO COBEPILICHCTBA, [IPU-
MEHSIEMBIX TEXHOJOTHH, B OTJIMYME OT aHAIN3a, OCHOBAHHOI'O Ha HEpreTude-
cxom KIIJT [6-8].

IIpoBenem 3kcepreTUdecKUil aHaIM3 TPUICHEPALMOHHBIX TYypOOYCTaHOBOK,
WCTIONB3YIOMIMX HU3KOKHUITIIINE pabdoune Tena. MeToanka TepMOAMHAMHYECKO-
ro aHaJM3a TypOoAeTaHAePHBIX IIUKIIOB IPEACTaBIeHa B [6].

Onucanue U NPUHIMI PadOTHI MPOrPaMMBbI

g u3ydeHust sxcepreTudeckoi 3(HEeKTUBHOCTH TPUTE€HEPALIMOHHBIX TYp-
0oycTaHOBOK pa3paboTaHa MporpamMma, IMO3BOJISIONIAs IPOU3BOIUTE IKCEPreTU-
YecKui aHaiuu3 Oosiee 4eM CTa Pas3IMYHBIX BAPUAHTOB CXEM C IIPUMEHEHUEM
paznuuHbix HKPT. B kauecTBe UCTOUYHUKOB 3HEpruu ucnoib3yrres: I'TY, BTo-
pUYHBIE SHEPreTudeckue pecypcesl U komioarperar. Pacuer I'TY npousBoautcs
C Yy4eTOM JOMYCTUMON (TI0 TEXHUYECKHUM COOOPAKEHHSIM) TEMIEepaTyphl Mpo-
IYKTOB CTOPaHUs, IOCTYNAOIIUX B Ta30BYIO TYpOHUHY.

[IporpaMma Mo3BONSIET MPOM3BECTH pacueT TpPeX PazIUYHbIX BapHUaHTOB
TypOOYCTaHOBKHM Ha opranmieckom nukie Penkuna (OLIP): Oe3 meperpeBa, Ha
MEPErpeToM Mape U ¢ MPOMEKYTOUYHBIM IeperpeBoM. ONTUMAaNbHBIE C HKCEpre-
THYECKOW TOYKH 3PEHUs mapameTpbl padodero Teia mepej TypOWHOW ompene-
JSIFOTCS. METOJIOM PAaBHOMEPHOTO MOMCKa. Takke MpOBEPSIOTCA AOMYCTHMOCTh
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NOJIY4YEHHBIX LMKIOB M BO3MOKHOCTh YCTAHOBKM PEr€HEPAaTUBHOIO TEII000-
MEHHOTO amnmapara Ha BBIXOZE U3 TYpOHHBI.

Kpurepuem momycrtumoctu OL[P sBnsieTcst crenens cyxoctu pabodero Tena
B IIpoliecce paciiupeHust B TypOuHe. IlomydeHHbIN UK HE MOXET HCIIOJIB30-
BaThCs, KOTJIA CTENEHb CYXOCTH pabodero Tejia: mepen TYpOMHOW HIDKe J0-
nycTumMoi (puc. la), B MPOMEXYTOUHBIX CTyMeHsX TypOunsl (puc. 1b) win me-
pel MOCIeTHUMH CTYNeHSIMHU (pHC. 1C) MOCTHUTraeT HEMOMYCTHMBIX 3HAYCHUIA.
s onpeneneHust BO3MOKHOCTH peaii3alii UKJIA IporpaMMa YCTaHABIUBAET
CTENeHb CYXOCTH pabouero Tejna B pa3jIMYHBIX TOUYKAX MPOLECCA PACIIUPEHUS
" CPAaBHUBACT 3TU 3HAYCHUA C NOITYCTUMBIMU (HaHpI/IMCp, aonycruMmas CTCIICHb
CYXOCTH HE J0JDKHA ObITh HIKe 1). B ciryuae eciu XoTs OBl OJJHO M3 TIOJNTy4EH-
HBIX 3HAUYEHHUH HE COOTBETCTBYET 3alaHHOMY KPUTEPHIO, LUK BHIOPAKOBBIBAET-
Cs U JAIBHEHUINUHN €r0 pacyeT He NMPOU3BOAUTCS, IIporpaMMma IEPEXOJNUT K aHa-
T3y IUKJIA ¢ APYTHMH TTapaMeTpaMH.

a b c

Temneparypa 7, K
Temneparypa 7, K
Temnepatypa 7, K

t

F
JTHUS HACBILLICHUS JINHWS HACBIICHHSI JInHuA HACKILICHHUST

[
Outponus S, /K Outponus S, JHx/K Outponus S, /K

Puc. 1. Ciiyqan HEJOMYCTUMBIX LUKIIOB U1 TYpOOYCTAaHOBOK Ha HU3KOKHITAIINX Pa0OUYMX Tenax:
& — CTENeHb CyXOCTH pabodero Tena JOCTUraeT HeJOITyCTUMBIX 3HAUCHHMI B Hadalle mpouecca
pacumpenus; b — B porecce paclIMpeHus; ¢ — B KOHIIE POLEcca PaCIIMPeHHUs

Fig. 1. Cases of unacceptable cycles with the use of turbine units on low-boiling working fluids:
a — the degree of dryness of the working fluid at the beginning of the expansion process reaches
unacceptable values; b — the degree of dryness of the working fluid during the expansion process
reaches unacceptable values; ¢ — the degree of dryness of the working fluid at the end
of the expansion process reaches unacceptable values

B mporpamme Takke NperycMOTPEH pacdeT JABYX BapUaHTOB XOJOAMIBHBIX
ycTaHOBOK (XVY): HmapOKOMIIPECCHOHHOW € BO3MOYKHOCTBIO TEPEOXIaKACHUS
pabouero Tena ¥ yCTaHOBKHU ISl IIPOM3BOJCTBA JKUAKON M ra3000pa3HON yriie-
KHCIIOTBI C BO3MOYKHOCTBIO NONTydeHus xonona (puc. 2) [8, 9, 11].

Ha puc. 2 npexacraBieHa cxema TPUT€HEPAIIMOHHOW YCTaHOBKH C TIPOHU3BO/-
CTBOM YTJIEKHCIIOTHI, BKITFoUaromiasi: 1 — TemnooOMeHHbIN ammapar; 2 — abcop-
oep; 3 — mecopOep; 4 — OPBIBTOOTACIUTEINL; 5 — OCYIIUTENb; 6 — UHKEKTOD;
7 — pecuBep; 8 — KoMmIpeccop; 9 — KOHACHCATOP XOJOIWIBHON YCTaHOBKU;
10, 14 - perymupytommii BeHTHIB; 11, 15 — cemaparop; 12, 5T — Hacoc; 13, 16 —
HCIIapUTelb; 1TO — MogOrpeBaTesb TEIUIOBOM HATPY3KH; 1T — KOTEN-yTUIIN3aTop;
21 — typbuny Ha HKPT; 31, 4r — renepatop; 4t — konaencarop OLIP; 6T — pere-
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HEpaTUBHBIN TEIUIOOOMEHHBIN ammapar; 1t — kommpeccop I'TY; 2r — kamepy
cropanus ['TY; 3r — razoByro TypOuHy.

Tonnweo
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Puc. 2. Cxema TpureHepalOHHON YCTaHOBKHU C IIPOU3BOJCTBOM YTIJIEKUCIOTHI

Fig. 2. Diagram of a trigeneration unit with carbon dioxide production

Bo3ayx u3 aTMocdepsl mocTynaeT Ha BcacklBaHUE B KOMIIPECCOP, CKUMAET-
Csl M [IOJAETCs B KAaMEpY CropaHusi OJHOBPEMEHHO ¢ ToiuMBoM. Ilocie cropanus
ropsiyMe ra3bl COBEpIIAIOT PabOTy IO BpaIIEHUIO Basla TYpOUHBI, COEANHEHHOTO
C BaJIOM TeHeparopa. 3aTeM MPOTyKThl CTOPAHUs BCE €I C JOBOJIBHO BBICOKOW
TEeMIIepaTypol MOMaJaroT B MOJOIPEBaTelb TEIIOBOM HArpys3KH, IepenaBas
4acTh CBOEW PHEPIUU TEIIOHOCHUTENIO, M Janee — B KOTeN-yTWIN3aTop, TJe U
oTaaT ocrtaBiryrocs yactk sHeprud HKPT. Huskoxumsmee pabouee Terno,
NIPEBPATUBIIKCEH B MAp B KOTJE-yTWJIN3ATOPE, a MPU HEOOXOIMMOCTH U MPOHAS
mpoliecc neperpesa, MocTynaerT B TypOHHY, Tlle coBeplIaeT padoTy Mo Bpalle-
HUIO €€ Baja, a 3aTeM M CBSI3aHHOTO C HUM BaJia reHepartopa. 3areM HKPT, Oy-
Iy4H BCE €lIe B IIEPErpPeTOM COCTOSHUM, HANIPABIISIETCS] B PEreHEPaTUBHBII Tell-
J00OMEHHBIH anmapar, B KOTOPOM HarpeBaeT CKOHICHCUPOBABIINECS B KOHICH-
catope OLIP mapst HKPT. /lanee nacoc 5t moBeimaet nasnenne HKPT, paGouee
TEJIO NMPOXOAUT PereHepaTUBHBIN TEINIOOOMEHHBIH anmapar U CHOBa IOCTYMAeT
B KOTeJ-yTuim3atop. [IpoayKTel cropanus MonajaloT B yCTaHOBKY abcopbep —
necopbep, rae otaensiercs yucTeiii CO,. [lomydenHas yriekuciaora mpu MmoMo-
LM MHXEKTOopa IoJaeTcsi B pecusep. Jlanee cxarblii B KOMIpPECCOpe ITUOKCUA
yriepoAa MojaeTcss B KOHICHCATOP XOJOAMJIBHOM YCTAaHOBKH, OXJIAXKIaeTcs,
JIpOCCENNPYETCs B PETYIMPYIOLIEM BEHTHJIE M CEHapUpyeTcsl B CermapaTope.
YacTh XKHUIKOM YIJIEKUCIIOTHI OTIIPABISIETCS HA CKJIAJA, OCTABILIASCA IOCTYIAET
Ha BTOPYIO CTyNEHb JApoccenupoBaHus 14 u cemapupyercs B cemapartope 15.
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Kunkas yriiekucinoTa 4acTHYHO MCIIONB3YeTCsl I TIOMy4YeHUs xoioa (Tpure-
HEpalus PHEPrHH) B UCIAPUTENAX U KOHJACHCAIMK pabodvero Teja B KOHJCHCA-
tope OILIP. DTO MPUBOAWT K TOBBIMIEHUIO 3HEPreTHUeCKOW A()PEKTHBHOCTH
YCTaHOBKH.

Pe3ynbrarel BRIBOASTCS JABYMs CIOCOOaMU: rpa)MYecKUM — B BHJC CXEM,
Ha KOTOPBIX MPEICTABICHbI HEOOXOAUMBIC TTApaMeTpPhl, U TEKCTOBBIM — B BHJIC
TEKCTOBOTO (haitna (0TyeTa), CO3AaBACMOI0 MPOrPAMMOI B 3aBUCUMOCTH OT BBI-
OpaHHOTO BapHaHTa CXEMEI.

Pe3yabTarsl HccieqoBaHui

[Ipu nmomomn pa3pabOTaHHOW MPOTPaMMbl MPOU3BEAEH JKCEPreTHYECKHUN
aHAJIN3 CIEAYIOUIMX CXEM TPUTEHEpaluu C. MOJOTPeBATE]IEM TEIJIOHOCHUTENS,
TypOOYCTaHOBKOH Ha TEPErpeToM Mape, NapOKOMIIPECCHOHHOW XOJOAMIBLHOMN
yCTaHOBKOH (puc. 3); mojorpeBareneM TEIUIOBOW Harpy3KH, MPOMEXYTOYHBIM
neperpeBoM pabodero Teia B TypOOYCTaHOBKE M IAPOKOMIIPECCHUOHHOW XOJO-
MWIHFHOW yCTaHOBKOW (pHuC. 4); momorpeBareiieM TEIJIOBOW Harpys3kH, TypOo-
YCTAHOBKOH Ha MEPErpeToM Iape, XOJOAMWILHON YCTaHOBKOM C TTPOU3BOJICTBOM
YIJIEKUCIIOTHI (pUC. 5); MogorpeBaTeneM TEIUIOBONH HAarpy3KH, IPOMEXYTOYHbIM
neperpeBoM paboudero Tena B TypOOYCTAaHOBKE M XOJIONWJIBHOW YCTaHOBKOM
C MPOM3BOJCTBOM YTJIEKUCIOTHI (puUC. 6); mojorpeBaTeseM TeIUIOBOW Harpy3KH,
TypOOYCTaHOBKOI Ha MEpPErpeToM nape, XOJIOIUIbHONH YCTaHOBKOM C MPOM3BOI-
CTBOM YIJIEKHCIOTHl U OXJaKACHUEM KOHICHCATOpa TypOOYCTaHOBKHM JKHIKOM
YTIIEKUCIIOTOH (puC. 7); MogorpeBaTelieM TeIIOBOW HArpy3KH, MPOMEKYTOUHBIM
neperpeBoM pabouero Ttena B TypOOYCTaHOBKE, XOJIOJMIILHOW YCTaHOBKOU C
MPOU3BOJICTBOM YIJIEKHCIOTH M OXJIAX/ICHHEM KOHJIEHCATOpa TypOOyCTaHOBKH
JKAIIKOHM YTIIEKHUCIIOTOH (puc. §).

HcTouHuk 3HEpruM sl BCEX MCCIEAYEMbIX BAPHAHTOB CXEM — Ta30TypOHH-
Has ycraHoBKa. B kauectBe pabouero tena OLIP npunsat ¢ppeon R245FA — onun
n3 Hauboliee TepMoAMHAMUYIECKH 3 heKTUBHBIX 030H0Oe30macHsix HKPT [10].
s ynoOcTBa cpaBHEHUS LIMKJIOB Pa0OYMM TEJIOM ISl XOJOJMIBHON YCTaHOBKH
C TPOM3BOJACTBOM YIJIEKUCIOTH M MapOKOMIIPECCHOHHON XOJOIWIBHOM ycTa-
HOBKH BbIOpaH R744 (yrnekuciora). McxonHble naHHbIE 1 HEOOXOAUMBIE TEp-
MOJJMHAMUYECKHUE MTapaMeTPhl IIUKIJIOB PUBEICHBI B Ta0I. 1.

Pe3ynbraThl 3KCEpreTHYeckoro aHalu3a MpeACTaBICHbl Ha pUC. 3—8 B BUE
yKpynHeHHbIX auarpamMm ['paccmana — Illapryra [20-24]. Ucnonb3oBaHbl clie-
nyromue cokpamenus: II — mogorpeBarens TeIoBo Harpysku; XY — Xxono-
IuiIbHast ycTaHoBKa; 1Y — TypOoycraHoBka; I'TY — razorypOuHHas ycTaHOBKA.
Bce mapamerpsl Ha quarpamMmax yKasaHbl B IPOLIEHTAX, B Ka4eCTBa CTa MPOLICH-
TOB MPHUHATA SKCEPTHs TOIUIMBA, MTOCTYMAIOIIETO B KaMepy CropaHHs Ta3oTyp-
OMHHOW YCTaHOBKH, a 3KCEPTHUs BO3/yXa, 3a0MpaeMoro U3 OKPYKAaIoIIeH Cpe/ibl
¢ temneparypoir 15 °C, npunsTa 3a TOUKy OTCcUeTa. Torga sKCeprust BO3AyXa,
o0majamoouero mapaMeTpaMu OKpYXKarolleil cpeabl (Temmeparypa, AaBJeHHE,
KOHLIGHTpALMs U T. 11.), OyZeT paBHa HYJIO.
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Tabauya 1
HcxoaHble JaHHBIE M TEPMOIHHAMHYECKHE MAPAMETPbI HCCIETyeMBIX HUKJIOB

Initial data and thermodynamic parameters of the cycles under study

I'azoTypOuHHAs1 ycTaHOBKA

CTerneHb MOBHIIICHMS TaBJICHUS, €]1. 14,6
Husmas Tertora cropanus Tomnmmsa, kJk/kr 33500
Honyctumast TemrepaTypa Ha BXOJe B Ta30ByI0 Typouny, °C 1100
TemnepaTypa BBIXJIONHBIX ra3os, °C 550

HonorpeB aTellb TCIJIOHOCUTEIs

I'pacdux pabots! Temtocern, °C 110/70
Oprannyecknii nukja Penknna
TemmepaTypa IbIMOBEIX T'a30B Ha BXOJIe B KOTeN-yTHim3arop, °C 437
MakcuMalbHO JOIyCTHMAs TeMIepaTypa HU3KOKUIIAIIEro pabodero Tena 250
nepex TypouHoii, °C
MakcuManbHO JOIyCTHMAs TeMIepaTypa HU3KOKUIIAIIEro pabodero Tena 250
MIPOMEKYTOYHOr0 neperpesa, °C
TemmnepaTypa HU3KOKHIISAILETO0 paboYero Tejia Ha BBIXOJE 5
13 KOHAeHcaropa, °C
TemmnepaTypa HU3KOKHITAILETO pabovero Tela Ha BRIXOAE U3 KOHAEHCATopa 4
B CITy4yae HCIHONb30BaHUS JUIS €T0 OXJNaKACHUS KUIKOH yriaekucnotsl, °C
ITapokomnpeccrHoHHas X0JOAMILHASA YCTAHOBKA
¥ YCTAHOBKA 10 NPOM3BOJCTBY YIJIEKHCJIOTHI M X010/
Ilomy4aemas Temmnepatypa xonoga, °C 2
Temneparypa okpysxatomeii cpensl, °C 15
TeMnepaTypa HU3KOKHUIIALIETO pabovero Tena Ha BBIXOJE U3 KoHAeHcaTopa, °C 22

IIpumeuanue. [lapiaenue pabouero Tena mepen TYpOWHOH M B MPOMEXKYTOYHOM Iepe-
rpeBartene ompeneNseTcs NpPorpaMMol aBTOMATHYECKH KaK TEPMOAMHAMUYECKH ONTUMAaJIbHOE
st naHHoro nukia [21]. Hanpuwmep, ans puc. 3 ontumanbsHoe aasinenue 5,89 Mlla.

Horepu B I'TY Horepn 8 11 loTepu B TY XajonocHrelh Iorepn B XY
41,21 7,42 11,42 0 16,33

DKeeprus Ty I1 v Xy
BO3JIyXa A :
0 / 29,97

‘/ \‘21,09 | \:
28,82 9,67

0 1,46 22,93 6,60
TemonocHTeh XJFI,FI.UHUCI‘IT\:.T}-
100 715,56
IKceprus TOIUTHBA EKTPHYCCTBO

Puc. 3. lnarpamma I'paccmana — [llapryTra TpureHepaluoHHOU YCTaHOBKU
HAa [IepPErpeToM nape ¢ NapoOKOMIIPECCHOHHOM X0NIOAMIBHON YCTaHOBKOM

Fig. 3. Grassmann — Sargut diagram of a trigeneration unit on superheated steam
with a vapor compression refrigeration unit
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Totepn s I'TY lorepusll  Ilotepu s TY XJMAIOHOCHTENE 11 yeny y Xy
4121 7,42 10,69 0 16,33

DKCepIrus Ty 1T Y Xy

BO3YXA

0 29,97
‘/ \‘ 21,09
28,82 0 1,46 22,93 6,60

100 .

"IKceprHs TOIIHEA

Tennonocurens

16,29

XJIAJIOHOCHTE I

DICKTPHYCCTRO

Puc. 4. lnarpamma I'paccmana — [llapryra TpureHepalliOHHON YCTaHOBKU
C IPOMEKYTOUHBIM [IEPErPEBOM U NTAPOKOMIIPECCUOHHON XO0IOAUIBHON yCTaHOBKOM

Fig. 4. Grassmann — Shargut diagram of a trigeneration unit with intermediate
superheating and a steam compression refrigeration unit

0
T"azo-
Xnano- o0pa3Hast
Iotepu B I'TY HOT?]:Z‘P; BII HOTepﬂIz;fY nocutens Iotepu B XY er[;e—
41,21 ) , 0 24,27 KHCIIOTA
DKceprust v BTl v ] v
BO3IyXa 29,97 3,45
0 H — Kunkas
— 21,09 yrie-
| L. _— L.— KHCI0Ta
28,82 0 1,46 9,67 34,33 6,60
Tennonocurenn X1a10HOCHTENb
100 ~74,16
DKceprus TOmBa OIEKTPHIECTBO

Puc. 5. Tnarpamma I'paccmana — [llapryTta TpureHepallMOHHOM YCTaHOBKM Ha IIEpErpeToM Iape
C YCTaHOBKOM IO ITPOU3BOJICTBY YTIEKUCIOTHI

Fig. 5. Grassmann — Shargut diagram of trigeneration unit on superheated steam
with a carbon dioxide production unit

Xmnapno-

00pazHast
Horepu B I'TY Totepu B IT HOTep]%BGgy Hocutens Ilorepu B XY er[;e—
41,21 7,42 ' 0 24,27 KHCIIOTA
DKceprus T [ 11 | v
303%}”‘3‘ 29,97 3,45
JKunkas
21,09 Dyrne-
8820 9 1d 10,40 433 e o
TemmoHocuTenb XJ1aJ0HOCHUTENb
100 ~74,89
DKceprus TOIUIMBa OIEKTPH1ECTBO

Puc. 6. lnarpamma ['paccmana — LllapryTa TpureHepaunoHHON YCTaHOBKHU C MIPOMEXYTOYHBIM
NIEPErpeBOM U YCTAHOBKOH 110 IPOU3BOJACTBY YIJIEKUCIIOTHI

Fig. 6. Grassmann — Shargut diagram of a trigeneration unit with intermediate
overheating and a carbon dioxide production unit
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XK -
WIKas YIIIEeKUCIIoTa | 0
<1 T"azo-
1,28 Xano- obpa3Has
n Ty A
OTcpH B Totepwu B IT Hotepu B TY [yocyrens Hotepn B XY yrie-
41,21 7,42 11,52 27,47 KHCJIOTA
pevoilia u ]
Ay 29,97 345
0 Kunkas
21,09 yrie-
| L KHCIIOTa
28,82 1 38,80 6,60
%ennonocuTen'L X1a0HOCUTEITh
100 ~~0,87
DKceprus TOIIMBa OneKTpHUECTBO

Puc. 7. Tnarpamma I'paccmana — IllapryTra TpureHepaluoOHHON YCTaHOBKU
Ha [IEPErpeToM nape ¢ IpOU3BOACTBOM YIICKUCIOThI
U OXJIKACHUEM KOHJICHCAaTOpa TYpOOyCTaHOBKH KUJIKOH YIIEKHCIOTOMH

Fig. 7. Grassmann — Shargut diagram of a trigeneration unit on superheated steam with carbon
dioxide production and cooling of the turbine unit condenser with liquid carbon dioxide

)KPIHKEUI YIJIEKUCIOTa

0

123 X lazo-
azo-
Horepu BI'TY  Tlorepu 5 I1 Totepu B TY [yocurens Torepu B XY obpasHas
41,21 10,68 yrne-
’ 7,42 ' 9 21,35 KHCIIOTa
Okceprus Y 11 1 vl v
BO3ayxa 29’97 3,45
0 D)KPII[K&SI
21,09 J yrie-
e .. L. KHCIIoTa
28,82 0 1,46 11,64 38,63 660
TenyuoHOCHTENh XI1a10HOCHTEITb
100 ~~183
DKceprus TOIINBa OneKTpuuecTBO

Puc. 8. lnarpamma I'paccmana — [llapryTra TpureHepaunoHHON YCTaHOBKU
C MIPOMEKYTOUYHBIM MEPETPEBOM, NIPOU3BOACTBOM YTIIEKUCIOTHI
1 OXJIXIEHHEM KOHAEHCATOpa TypOOyCTaHOBKH XKUAKOH YIIeKUCIOTOM

Fig. 8. Grassmann — Shargut diagram of a trigeneration unit with intermediate superheating,
carbon dioxide production, and cooling of the turbine unit condenser with liquid carbon dioxide

ITpomesxyTouHblil nieperpeB pabouero Tejaa BO BCEX HCCIELYyEMBbIX BapUaH-
tax (puc. 3—8) O6osee > PeKTHBEH 0 CPAaBHEHHUIO ¢ TypOOYCTaHOBKOW Ha Iepe-
TpPEeTOM Tape. DTO CBsI3aHO CO CHIKeHHEeM Toteph dkceprum B OLIP. TexHnko-
9KOHOMMYECKHE ITOKA3aTelN JBYX BapUAHTOB TypOOYCTaHOBKH (Ha IEPErpeToM
nape ¥ ¢ IpOMEXYTOYHBIM TeperpeBoM) (Talim. 2) TakKe CBUACTENBCTBYIOT 00
9KOHOMMYECKOH 11eJIeCO00Pa3HOCTH NMPUMEHEHUS CXEM C IMPOMEXYTOUYHBIM I1e-
perpeBom.

TpurenepanioHHass TypOOyCTaHOBKA C MPOU3BOACTBOM YIIIEKUCIOTHI 00ia-
JlaeT HECKOJNbKO MeHbLINM 3kceprernyeckuM KIIJI, ueM ¢ mapokoMipeccuoH-
HOW XOJOIMIbHOW MammHOW. OMHAKO OHA MIMEET JOTIOTHHUTEIBHBIN dKCepPTeTH-
yeckuil 3(eKT B BUIE MPOU3BOJUMON JKHIKOM M Ta3000pa3HOM yriICKUCIIOTEHI,
YTO HE YUUTHIBAIOCH B pacyeTax.
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Tabauya 2
TeXHHKO-IKOHOMHUYeCKHE MOKAa3aTeJd TYPOOYCTAHOBKH Ha NeperpeToM mnape
H ¢ MPOMEKYTOYHBIM MEPerpeBoM

Technical and economic indicators of turbo units on superheated steam
and with intermediate overheating

TypboycranoBka
ITapamerp Ha [EPErPeToM | ¢ IpoMeskyTounbiM | [Ipumeuanne
nape TePerpeBoM
KonnuectBo Ternotsl Q, mocrynaromeit
B KoTel-yruim3atop, I'Jlx 17,90 17,90 Hcx. nanHbie
Pa6ouee Teno R245FA R245FA
TemmepaTypa HU3KOKUIIALIETO pabovero
TeJia epe; 4acThIo BEICOKOTO JaBienust, °C 250 250 Wcx. manabie
JlapneHne HU3KOKUIIAMIETO paboyvero Tena X
Hepel 4acThio BBICOKOTO naBnenus, Mlla 5,90 7,70 [Iporpamma
TemmepaTypa HU3KOKUIIAIIETO pabovero
TeJa Mmepe] YacThio HU3KOTo AaBieHus, °C - 250 Iporpamma’”
JlapneHne HU3KOKUIIAMIETO pabovero Temia X
nepes 4acThio HUu3Koro aasnenus, MIla - 1,80 IIporpamma
KIIAn, % 22,80 24,50 Iporpamma’”
BripabateiBacmas anekrposneprust N, kBt 1133 1216 N = Q/0,36p
Croumocts ycranosku Cy, x10° py6. 7,02 7,49 [25, 26]
CTOUMOCTb 3JIEKTPOdIHEP-
ruu C,, x1072 py0./(kBt4) 28,70 28,70 Ucx. nannsie
Sxoromust AC, x10° py6./r. 2,28 2,44 AC =NC,
Yucras npuOsuib 32 10 1er skcruryaTa-
i 11, X108 py6. 15,78 16,91 IT=10AC - Cy
IporpamMma’ — JaHHBIE TONYYCHBI ABTOPAMH.

OxJnakaeHue KOHAEHcATopa TypOOYCTAaHOBKHM KHIKOW  YIIEKHCIOTON
MPUBOANT K YBEITMYEHHWIO BBIpabaThIBaeMoi diekTpudeckoi sHeprum B OL[P.
3TO CBA3aHO CO CHIDKEHHEM MapaMeTpOB pabodero Tena Ha BBIXOJE U3 TYPOHHBI
U, KaK CJeJICTBHE, C YBEIMUECHHEM pacronaraeMoro Temionepenana. [Ipu stom
3aTpaThl IKCEPTUH Ha TPOU3BOJICTBO YTIIEKUCIOTH YBETNIUBAIOTCS, TPEBOCXOIS
noJoxuTenbHbil 3pdekt. Ho 310 mo3BossieT nmpeaoTBpaTUTh BBIOPOC yTrIIEKHC-
JIOTBl B OKPYXKAIOIIYIO0 CPEAY M OTKa3aThCsl OT BHEUIHETO MCTOYHHMKA OXJIaX/e-
HUS (CHCTEMBI 00OPOTHOTO BOAOCHAOKEHUS H T. II.).

BbIBO/IbI

1. Mcnonp30Banme B TPUTCHEPAIIMN CXEMBI C TPOM3BOICTBOM >KUIKOH M Ta-
3000pa3HON YIIIEKUCIOTHl YBEIMUUBAET 3aTPAThl SKCEPTHUH HA IPUBOJ] KOMITpec-
copa, HO NPH 3TOM TOSBISETCS OMOJTHUTENBHBIN MPOMYKT TeHEepaluy — yriie-
kucnoTa. TakuM o0pa3oMm, JaHHBIE CXEMBI (C MPOU3BOJCTBOM YIJIEKHCIOTHI)
MOTYT OBITh 1IeTIeCO00pa3HBbl I MOTpeOUTeNeH, Hy>KAAIOLINXCS B YIIEKUCIOTE
(TIemroI03H0-0yMakHble KOMOMHATEI, (hapMalleBTUIEeCKHe TPeAIpPUsITH, TIpe-
OPUSATHS TUILEBON 1 XMMUYECKOH MPOMBIIIIIEHHOCTH U JIp. ).
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2. OxnaxnaeHue KOHICHCATOpa TYpPOOYCTAaHOBKH JKHIKOW YTIIEKHUCIOTOM
MO3BOJISIET MPEAOTBPATHTL BBIOPOC MOCIEIHEH B OKPYKAIOUIYIO CPely U OTKa-
3aThCS OT BHEIIHEr0 MCTOYHUKA OXJIaXIEHHs (CHCTEMBI 000OPOTHOTO BOAOCHAO0-
JKEHWS), OJJHAKO 3TO MPUBOIUT K CHIDKCHHIO dKCEpreTHIecKor 3(h(peKTHBHOCTH
TPUTCHEPAIMOHHON YCTAHOBKH B IEJIOM.

3. IIpomMexyTO4HBIH MeperpeB padovero Tejaa B OPraHUYecKoM LHKie PeH-
KHHA MMEET CMBICN TPUMEHSATh BHE 3aBHCHMOCTH OT CXEMBI TPUTCHEpAIIHH.
IMony4yeHHBIE pe3ynbTaThl CBUICTEIBCTBYIOT HE TOJNBKO O TEPMOJUHAMUICCKOM
3G PEKTHBHOCTH CXEM C IMPOMEKYTOYHBIM IIEPETPEBOM, HO U 00 UX IKOHOMHUYE-
CKOM 11e51eco00pa3HOCTH (UncTas NpuObUIb yBeIn4KUBaeTcs Ha 7,2 %).
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TeopeTnyeckne 0OCHOBBI pacyeTa pa3MbIBa
TPYHTOBBIX IUIOTHH NPH NepeuBe BOJAbI Yepe3 rpedeHb
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Belarusian National Technical University, 2022

Pedepat. MacmrabHoe THAPOTEXHIUECKOE COOPYKEHHUE, CBI3aHHOE C BO3BEJCHHEM M IKCILTya-
Tanueil OONBIIMX IUIOTMH M BOJOXPAHWIHII, OKA3bIBACT BIMSHUE HA SKOCHUCTEMY M (HU3UKO-
reorpaddecKie XapaKTepUCTHKH paifoHa cTpouTenbcTBa. [IoMIMO 3TOro, B MEPHOJ MPOXOXKIE-
HMS KaTacTpO(MYECKUX IaBOAKOB M MOJIOBOAMH BO3PACTaeT ONACHOCTh T'MAPOJHMHAMHYECKOH
aBapuy, T. €. NEPETIOTHCHUS BOJOXPAHWINII, TIepeInuBa 4epe3 TpedeHb 3eMIISTHOH IUIOTHHBL U ee
pa3pyLICHUs, COIPOBOXIAEMOro 00pa30BaHHEM IPOpaHa M HCTCUECHHEM depe3 Hero B HIDKHHUH
Obed) HEYyCTAaHOBMBILIETOCS TIOTOKA BOJBI B BUJIE BOJIHBI NpophsiBa. IIporecc pa3MeiBa rpyHTOBOI
TUTOTUHBI BCIEACTBHE NEpPEIBa BOABI UYepe3 rpeOeHb MOXKHO pa3/elIuTh Ha aABe craguu. Ha mep-
BOW pa3MbIBAETCsI HU30BOW OTKOC, IO KOTOPOMY BOJa IBIIKETCS Kak Mo ObIcTpoTOKy. IIpoduinn
IUTOTUHBI, BHAYaje TpalelenaIbHbIH, K KOHI[y pa3MbiBa IpHHHMaeT (Gopmy, OIHM3KyI0 K Tpe-
YTONBHOH, IPHUYEM OTMETKa TPEOHS CO CTOPOHBI BEPXOBOT'0 OTKOCA OCTaeTCs MOCTOSHHONW. Bropas
CTaus XapaKTepU3yeTcs] HHTEHCUBHBIM CHIDKEHHEM TPeOHs, INIOTHHA OBICTpO mpuodperaet Gop-
MY BOAOCINBA MPAKTUIECKOTO MPOQUIIs, KOTOpas COXPAHIETCs 40 KOHILA pa3MbiBa. B 370 ke Bpe-
Ms IPOMCXOAUT MHTEHCUBHOE pacluupeHue npopana. Kak mokaszan aHanus, CyIECTBYIOIUE Ma-
TeMaTU4ecKHe MOJEIH, HCIONb3yeMble Ul pacyeTa JUHAMHUKH Pa3MbIBa IIOTHHBI, OCOOEHHO ee
TIEpBOH CTaJMU JI0 PacIIMpeHHs NpopaHa, HEeCOBEPIICHHBI. B craThe mpexcTasieHa pazpaboTaH-
Has aBTOpaMH YTOUHEHHAas METOJMKa MOJEIHPOBAHUS IPOIECca Pa3MbIBa I'PYHTOBBIX IJIOTHH
IIpU TIepenuBe BOABI depe3 rpedeHb. IIpomsBoanMble MO HEH pacdeTsl MO3BOJIIIOT MOCTPOUTH
ruaporpad pacxoia B CTBOPE pa3MbIBaeMOil IUIOTHHBL. METOIMKAa MOXET IPUMEHATHCS HPH
pa3paboTKe NMPOEKTHOH JOKyMEHTalWH HA NEepPBOH CTaJuM NPOEKTHPOBAHHS IUIOTHH, a TaKXkKe
IIpU ONpPEJCICHUU IPOTHO3HBIX KOJMYECTBEHHBIX U KAYECTBEHHBIX XapaKTEPUCTUK BOJHOIO
pexuMa BOIOXPaHUIIHUIIL.

KiroueBble cj10Ba: pacxoj, NMaBOAOK, BOJAOXPAHWIHIIE, IUIOTHHA, Pa3MbIB, IIPOpaH, IEpEIuB,
3aTOIUICHUE, PHAPOJUMHAMUYCCKAs aBapysl, BOJIHA IPOPBIBA, IPEOCHB IUIOTHHBI, MOCIHPOBAHNE
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Theoretical Foundations for Calculating the Erosion
of Soil Dams during Overflow of Water over the Ridge

V. V. lvashechkin®, P. M. Bohaslauchyk”, V. V. Veremenyuk®, O. V. Nemeravets®

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Large-scale hydraulic engineering construction associated with the erection and opera-
tion of large dams and reservoirs has an impact on the ecosystem and physical and geographical
characteristics of the construction area. In addition, during the passage of catastrophic floods and
high waters, the danger of a hydrodynamic accident increases, i. e. overflow of reservoirs, over-
flow of masses over the ridge of an earthen dam and its destruction, accompanied by the formation
of a closure channel and the outflow of an unsteady water flow through it into the lower reaches
in the form of a breakthrough wave. The process of erosion of an underground dam due to the
overflow of water over the ridge can be divided into two stages. During the first one, the lower
slope is eroded, along which the water moves as if by a rapid current. The profile of the dam,
initially trapezoidal, by the end of the erosion takes a shape close to triangular, and the ridge mark
on the side of the upper slope remains constant. The second stage is characterized by an intensive
reduction of the ridge; the dam quickly takes the form of a practical profile spillway, which per-
sists until the end of erosion. At the same time, there is an intensive expansion of the closure chan-
nel. As the analysis showed, the existing mathematical models used to calculate the dynamics
of the erosion of the dam, especially its first stage before the expansion of the closure channel,
are not perfect. The article presents a refined methodology developed by the authors for modeling
the process of erosion of ground dams during water overflow over the ridge. The calculations
made in accordance with this methodology make it possible to construct a flow hydrograph in
the location of the eroded dam. The methodology can be used in the development of project docu-
mentation at the first stage of dam design, as well as in determining the forecast quantitative
and qualitative characteristics of the water regime of reservoirs.

Keywords: discharge, flood, reservoir, dam, erosion, closure channel, overflow, flooding, hydro-
dynamic accident, breakthrough wave, dam ridge, simulation

For citation: Ivashechkin V. V., Bohaslauchyk P. M., Veremenyuk V. V., Nemeravets O. V.
(2022) Theoretical Foundations for Calculating the Erosion of Soil Dams during Overflow
of Water over the Ridge. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 65 (3),
276-284. https://doi.org/10.21122/1029-7448-2022-65-3-276-284 (in Russian)

BBenenue

JUsisl HaKOIJIGHUS U XpaHEHUs BOJBI B LEJISIX €€ UCIOJIb30BaHUs B HAPOJIHOM
XO3AHCTBE MOCTOSIHHO MPOEKTHPYIOTCS M CO3AAIOTCS HOBBIC BOJOXPAHMIIHUILA.
B Pecny6nuke bemapyck co3mano 153 BomoxpaHwnmina ¢ oOmIeH IJIOMIaAbIO
3epkana 822 KM’, MONE3HBIM 00beMoM 1,2 kv®. CpaBHHUTEIBHO HEJABHO BBEJC-
HBl B fAeiictBue Tpu KpymnHele I'DC: I'pognenckas Ha p. Heman, BureOckas
u Ilomonkas Ha p. 3amagHas J[BuHa. IlognopHbIe COOpYKEHUS BOAOXPAHIITHII
YAEPKUBAIOT OIPOMHBIE MACChl BOJBL. B 3KCTpeManbHBIX CHUTyauusix MpH Mpo-
XO0XKJICHHHU IO PeKe KaTacTpopUIECKUX MaBOAKOB U TIOJOBOJNI BO3ZHUKAET PHCK
NEPENOoIHEHUS] BOJOXPAHWINI, NIEPEINBa ITUX MAcC 4epe3 rpeOeHb 3eMIIHOM
IUIOTUHBI W 3aTOIUICHHWS 3HAYUTENbHBIX Teppuropuit [1-3]. [Ipm HOpMamhHBIX
YCIOBHUAX OKCIUTyaTallMd BO3HUKAIOT HpO6.HCMI)I, CBA3aHHLIC C PA3pyHICHUEM
OeperoB u 0TKOCOB [4]. Pa3pylieHne mIoTHHBI COMPOBOXKAAETCS 00pa3oBaHHEM
IIPOpaHa U UCTEYEHUEM Yepe3 Hero B HIKHUM Obe() HEeyCTaHOBHMBILIETOCS HOTO-
Ka BOJBI B BUJIe BOJIHEI ITPOphiBa. BosHa mpopeiBa u karactpoduyeckoe 3aTor-
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JIEHHE MECTHOCTH SIBIISIOTCS OCHOBHBIMHU pa3pyIIAIOMUMU (aKTOpaMu THIPO-
JUHAMUYECKUX aBapuil.

AHaNIM3 MCHONB3yEeMBIX MaTeMaTHYECKUX MOJENEH Ui pacdeTa AWHAMUKH
pasMbpIBa IIOTHHBI (OCOOCHHO €€ TEepBOM CTaAuH 10 PACITUPEHHs TPOpaHa)
MOKa3all, YTO OHH HECOBEPLICHHBI U 0a3UpPyIOTCs Ha NPUOIIKEHHBIX 3aBUCUMO-
ctax [5-7]. Lens Hacrosmed craThyl — pa3paboTKa YTOUYHEHHOW METOIUKH
MOJIEMPOBAHUS MpoIlecca pa3MbIBa I'PYHTOBBIX IUIOTHH MpPU IEPEIUBE BOJBI
yepe3 rpeOeHb.

MoaeaupoBaHue NPOIECCOB Pa3pylieHUsi TPYHTOBOI MJIOTHHBI

[Iponecc pa3mbiBa OXHOPOAHBIX IJIOTHH MOJAEIHPYETCS B COOTBETCTBHHU
C METOMKOM, pa3pab0TaHHON 1 onucaHHO B [8]. B HEM BBIIENAIOT JBE CTAIUU.
Ha nepgoii (puc. 1a) pasmMbIBaeTCsl HU30BOM OTKOC, TT0 KOTOPOMY BOJIA IBHYKETCS
Kak 1o ObIcTpoTOKY. [Ipoduins muoTuHbI, BHaYaie TpalneleuAalbHbIH, K KOHILY
pasmbiBa HU30BoM mpu3Mbl ABCD nmpunnmaet hopmy, OIU3KYIO K TPEYTOJIBHOH,
IpUYeM OTMETKA IPeOHs CO CTOPOHBI BEPXOBOTO OTKOCA OCTAETCSI MOCTOSHHOM.
Bropast cragus (puc. 1b) xapakrepusyercs HHTEHCHBHBIM CHIXKEHHEM TPEOHS,
wIoThHa OBICTPO TpHOOpeTaeT (GOopMy BOAOCIMBA MPAKTHUECKOTO MPOQHII,
KOTOpasi COXpaHsAeTcs 10 KOHLA pa3MbIBa. B 3T0 jxe BpeMs NpOUCXOAUT UHTEH-
CHBHOE pacUIMpPeHHE NPOpaHa.

Puc. 1. Cxema pa3MbiBa IPYHTOBO# IUIOTHHBI IIPH TIEPEITUBE: & — TIEPBasi CTAINS;
b — Bropas cramus

Fig. 1. Scheme of erosion of a soil dam during overflow: a — first stage;
b — second stage
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IIponiecc paspyiieHus: TPyHTOBOM IUIOTMHBI M BO3HUKHOBEHHS IPOpaHa
MO’KHO OIIHCAaTh CUCTEMOM YeThlpex nubdepeHInaNnbHbIX YpaBHEHUH.
1. YpaBHeHue 1y onucaHus NepBOM cTaauu pa3MsbiBa [8]:

=1,275 1,45 0,725
dMm i (o m 2 2175
M _ o055 (o:m)_(29) B(z-Y, )", 1)
dt r]2,55 p
1
rae M — macca rpyHTa HH30BOM TPH3MBI, Kr; t — Bpems, ¢; | — YKJIOH JIHA
Ha OBICTpOTOKE, i=SiN0y; 04 — Yroid HAaKIOHa HU30BOTO OTKOCA K TOPH30H-

Ty; Gy — KodGuiueHT noaromienns (¢, =1, ecau NOATOIJIEHUS HET, G, < 1
B IIPOTHBHOM ciIy4ae); M, — Ko3((dHULUUEHT pacxoa BOJOCINBA; § — YCKOpEHHE
cBoGoaHOro manenus, g =9,80665M/c’; n; — KOAPQUIHEHT MEPOXOBATOCTH

TNOBEPXHOCTH HU30BOTO 0TKOCa, N, =0,0324d™® npu h/r or 1000; h — roy6una

MOTOKA, M; I — PajMyC YacTHI[ pa3MbIBacMOro rpyHTa, M (hopmyna ["onuapo-
Ba) [9]; B — mmpuHa npopana, mpenoiaracMasi HOCTOSTHHOHM B TSUEHUE TIEPBOTO
3Tana pasMblBa IUIOTHHBI, M; Z — OTMETKA ypOBHs BepxHero Oveda, M; Yy, — 0T-
METKa rpeOHS TIOTHHBI, M.

B cnyuae menko3epHucThIX TpyHTOB (d < 1,0 MM) MOXHO ClienaTh HOMyIIe-
Hue [8], YTO HM30BOH OTKOC, Pa3MbIBasICh, OCTACTCS MMAPAIIICIIEHBIM CaMOMY
cebe. YauteiBas 31o, nmpeodpazyeM (1), uToObI OTYYINUTh BBIpAXKEHUE IJIS IITH-
pHHBI YacTh TpebHst mwrotuHbl b(t), ocraBmeiics He pa3sMBITONW K MOMEHTY Bpe-
Menu t. [Ijis 3TOro npeacTaBuM JICBYIO 4acTh BhipakeHus (1) B Buze

dM _ pY,Bd(b,-b)
dt dt

: )

3.
ra€ p — INIOTHOCTb I'PYHTaA IJIOTHUHBI, KI/M y brp — HavaJIbHas MMHUpPUHA rpe6H$[

IUIOTHUHBL, M.
Torma u3 (1) u (2) momyanm
db i1’275 (Gnm1 )1,45 (Zg )0,725

— =-0,055
dt ni’SSper

(z-v

2,175
byy) ) .

©)

2. YpaBHEHHE AN U3MEHEHHS IMIMPUHBI POpaHa B 3aBUCUMOCTH OT BpeMe-
Hu. B pabote K. P. [lonomapuyka [10] mo uroram ruapaBIndecKoro MOAEIHPO-
BaHMS TIOCTPOCHBI rpa)KK U3MEHEHHUSI BO BPEMEHH IIUPHUHEI popana B = B(t),
Ha OCHOBaHMHU KOTOPHIX BBIBEJICHA HIMIIUpHUECKas (popMyIia

45
d_B =0, 035g_hzt, (4)
dt W,

rae hy — pasHOCTh ypOBHEH BOJBI MEXIy BEpXHHM ObeOM M THOM MpopaHa
(nelicTByromuii Harop Ha mpopase), M; Wy, — miomaas MonepeyHoro CeYeHus
IUIOTHHBI MEXTy €€ TPeOGHEeM U JJHOM MpOopaHa, M.
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3amedaeM, yto h, =z—y, rae y — orMerka rpeGHa BOAOCIMBA B MpeJenax
npopaHa (IHa mpopaHa), M; Iomans ceyeHus W, = [brp + rﬁ’(Yrp -y )](er - y),
_ . mh; + m;h,
rie M — cpenHee 3aJOKEHHE OTKOCOB IUIOTHHBI, M T
J’_
1 2

rae my, h, ,my, h, —3am0KeHus U BHICOTHI COOTBETCTBEHHO BEPXOBOT'O M HH30BO-

ro otkocoB. Torxa (4) 3anumem B Buje

9B _ 5 035 Ja([_ifﬁ . )
dt [brp + m,(er - y) }(er - y)

3. YpaBuenue mist ormetku Y(t) rpeOHs BoaocivMBa B Mpejaeiax MpopaHa

(yrouneno aBropamm) [8]:

dy be 0,407 0.61
—_— = m Z—- B 6

1-1,263m3

rae £=2g m, — ko3duineHT pacxona BogocnuBa (Kak IpaBuUio,

OTIMYAETCs OT M, ); B — IOCTOSHHAS, 3aBUCAIIAs OT IPAHYJIOMETPUUECKOTO CO-
CTaBa pa3MBIBAEMOT0 TPYHTA; mapameTp b Haxomar no dpopmye

3,33
B =2,224(1 + ¢)d 5,64n,429 21651952
oW

>

rJe @ — mapaMmeTp TypOyJIeHTHOCTH; N, — KO3()(GHIHMEHT MIEPOXOBATOCTU IIO-
BEPXHOCTH HpopaHa; W — THApaBINYECKas KPYIMHOCTh YAaCTHI[ Pa3MbIBAEMOIO
rpyHta, M/c; o — koadpPuuuent Kopuonuca.

4. YpaBHeHue i1 OTMETKH Z(t) BepxHero Obeda BOIOXpaHHIMIIA B 00IIeM
Ccllydqae UMeeT BH]

%:QO_Q_QC_QE (7)
dt F(2) '

rae Q, — PacXoj BOMBI, OCTyTAIONIEil B BepXHUii Gbed (TPUTOUHOCTH), M/C;
Q - To *xe yepe3 npopan; Q; — TO ke B CTBOPAX BOJOCOPOCHBIX COOPYIKCHHIA;
Qe — TO Xe, UCTIONB3YyEeMBIi s dHepreTuky; F(z) — mmomans BoAHOM moBepx-
HOCTH BOJOXPAHHUIIUINA MPU OTMETKE Z BEpXHETO Obeda, KOTOPYIO ONpPEeaAesIoT
METOJIOM HAaWMEHBIIUX KBAJPATOB IO OMBITHBIM aHHBIM Ul KaXIOrO KOH-
KpeTHOro Bogoxpanmmia [11, ¢. 65; 12, ¢. 150], M%.

Pacxo/1 BoJbI uepe3 mpopaH HaXxOAuM KakK 4epe3 BOJIOCIHUB

Q=mBy/2g(z-y)**. (8)

3HavyeHus] mapaMeTpoB, BXOAAIIMX B Iu¢¢epeHnnanbHeie ypaBHeHus (3),
(5)—(7), onpenenstoT I KaXKIOro U3y4aeMoro o0beKkTa oTaenbHo. PaccMoTpum
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aJITOPUTM HCTIONB30BAHMS YKAa3aHHBIX YPaBHEHMH IJIS1 MOAEINPOBAHUS IPOIiec-
ca paspylIeHHs IPYHTOBOH IUIOTHHBI 1 BOSHUKHOBEHUS MpopaHa. Bech mporecc
YCIIOBHO pa30MBaOT HA TPH 3Tara.

[TepBerit aTan — mporecc pa3MbpIBa rPeOHsI TUIOTHHBI C €T0 HaYaIbHOW IIHAPH-
Hoii by,. [Ins ero MozenupoBanus ucnoabsyeM ypasHenus (3), (7), (8) ¢ Hagamb-
HbiMu ycnoBusmu Z(0) = Yy, b(0) = b, u xosdpdumentom pacxoma m = m.
Ha Bcem orame mnpuammaercs y(t)=Y,,nB(t)=By (w1t manpHeHIMX BbIUHC-
JIeHWH HavaybHas IIUpHHA TpopaHa By oka3pIBaeTCsl HECYIECTBEHHOW NpPH OI-
peneneHn: ero KOHEYHOW IIMPHHBI, MO3TOMY HMEeT CMBICH Oparh ee 3Haue-
HHE, paBHOE IIMPHHE MPEAINONIaraeMoro pycia B HIKHeM Obede). BrramcieHus
HPOM3BOAATCS Ha MpoMexyTke BpeMenu (0;T,), rae Ti onpenensercs u3 ycio-
Bus b(T,) = 0,01by,. s Bpemenu t < T, ypaBHeHus (5), (6) He UCTIONB3YIOTCA.

Bropoii 3Tan — mponecc MHTEHCHBHOTO PAcIIMpEeHHs NpopaHa U pa3MbIBa
ero rpeOHs 1O IHA TUIOTHHBI. 371eCh UCTIONB3YIOTCA ypaBHeHus (5)—(7). dus (6)
HavanbHOe ycnoBue Y(T1) = Yy, Koaddurment pacxona B (8) m=m,. Ypasne-
HHE (5) HAUMHAIOT MCIOJIB30BaTh NMPH t>T, +3,TAe 0 — 3aJaHHas Mayas BEJH-
4YMHa, MHAYe 3HaMeHaTenb oOpamiaercs B (. Beramcnenus mpowsBomsTcst Ha
npomexxyTke Bpemenu (T,; T,), rae T, ompenemsercs u3 yciosus y(T,) =
=0,01Y,,. [lns Bpemenu t > T, ypaBHeHHE (3) HE HCIONIB3YETCH.

TpeTuii aTanm — mporecc pacMpeHNs IpopaHa U CIIMB OOJbIIEH YacTH 00b-

eMa BOJOXPaHWIININA. 31eCh HCIOab3ytoTcst ypaBuerus (6), (7). Beruncienws
NPOU3BOJAATCS HA MIPOMEKYTKE BpeMeHH (T,; T,), rae Ts ompezensercs U3 ycio-
BUA Z(T3) < Zipur; Zipur — 32JAHHAS BEJINYHHA.

Ilpumep pacuema. MaremaTHuecKoe MOJICIMPOBAHNE Pa3pyIICHHUS TIIOTHHBI
u 00pa3oBaHMs BOJIHBI MPOPBIBA OCYIIECTBICHO MO ONHMCAHHON METOIUKE Ha
npumepe Kissctunikoro Bomoxpanmnuima Ha p. Hwuma (Pocconckuii paiioH
Butebcekoit obmactr). [moTiHa HACHITTHAS OJHOPOIHAS M3 MEIKHUX IIECKOB, 00-
masg mmHa 164 M (puc. 2). [lo rpe6HIO MpOXOOUT 3KCIUTyaTallMOHHAs 10pora
C TPaBUMHBIM MOKpPHITHEM MMpHHOH 4,5 M u obounHamu 1o 0,75 M. 3anoxe-
HHE BEPXOBOI'0 OTKOCA IJIOTUHBI 1:3,5; HU30BOrO: OT IPeOHS MJIOTHUHBI 10 Oep-
™Mbl — 1:2,5; ot 6epmsl a0 aHa 1:3,0.

JlaHHblE JUIS TUIOTUHBI: OTMETKA IpedHsA Y, = 5,5 M OTHOCHUTENBHO IpeOHs
BozocOpoca; ImupuHa TPeOHs brp= 6 M; IMaMeTp YacTHUIl TPYHTa TeJja TUIOTH-
ubl d = 0,5 MM; cpeHee 3a0)KeHHe 0TKOCOB M’ = 2,75 ; INIOTHOCTh TPyHTA TeJia
miotnHsl p = 1600 kr/m®; rugpasimaeckas kpymHocTs W = 0,05 M/C; TTOCTOSH-

Has, 3aBUCSMAS OT TPaHYJIOMETPHUYECKOIO COCTaBa pPa3MbIBAEMOr0 TPYH-
Ta,  =2; ko3bduUIMeHTH pacxoa 1 nepBoro 3tana m, = 0,35, s BToporo

M TpeThero sramoB M, =0,5; npuroynoctes Q, =174 M/ napameTp Typoy-
neHTHocTH @ = 1; koadunuent noaromrenus o, =0,6; kodddunuent Ko-

puonuca o = 1,4; navanbHas mupuHa npopada B =10 m. s mpoctots! mpe-
HOJIaraeM, 4To Pacxoj B CTBOPAX BOJOCOPOCHBIX coopyxkenuit Q. =0, pacxon,
UCIIONB3yeMbIH I dHepreTukd, Qg =0, 4YTO He SBIAETCS CYIIECTBCHHBIM
OrpaHUYCHHEM.
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Puc. 2. TTontepeunslii TpoduiIb OAHOPOAHOM IPYHTOBOU INIOTHHEI Ha peke Humma

Fig. 2. Cross-section of a homogeneous earth dam on the Nishcha river

Beruncinennble naHHbIe — KOI(QQUIMEHTH IEPOXOBATOCTH ITOBEPXHOCTH:
HHU30BOT0 OTKOCa (1o ¢opmyie ['onuaposa) n; = 0,0125; nmpopana n; = n;.

IInomane BogHOM MOBEPXHOCTH KIISICTUIIKOTO BOXOXpAaHUIIUINA B 3aBUCHMO-
CTH OT OTMETKH YPOBHS BepxHero Obeda 3amana B Buie Tabiuusl. [locie obpa-
OOTKHM TaOJUYHBIX JAHHBIX METOJOM HAUMEHBLIMX KBaJPaToB IOJIyYyeHA IMIIU-
puueckas popmyna F = F(z):

F =1,21+0,0007¢* —1,5(0,74)31.

PesynbTatel MogenupoBaHus mpolecca pa3pylIeHus UIOTHHBEI (C MOMEHTa
OKOHYaHUs IE€pPBOIr0O 3Tana), MOJIy4YeHHbIE C IIOMOLIbIO KOMIBIOTEPHOH Ipo-
IrpaMMBl, IPEACTABIEHBI B BUJI€ KPUBBIX U3MEHEHUS BO BPEMEHM: IIMPHUHBI IPO-
pana B=B(t), ypoBHsa BepxHero Obeda z=2z(t), yAeabHOro pacxona BOJIHI,

npoxozsmei uepe3 mpopad, Q = Q(t) B cTBope miIoTHHEI (puc. 3).

a b
b = 6,3] -
Bl M 5]1 F\ | 1 |
36 | | | Z, M
24 1 1 T 2,8
12 1,7 —_—
0 N 05 >
05 15 25 35 tu 55 05 15 25 35 tu 55
c
1048’ Puc. 3. Pe3ynpTarsl MOAECIUPOBAHUS
Q Milc /\ pa3pyIlIeHus MIOTHHBL: & — U3MEHEHUE
' / \ BO BPEMEHU IIHUPHUHEI IIPOPaHa;
629 b — ypoBHs BepxHero Obeda; C — pacxona BOABI,
{ IPOXOJAIIEH Yepes NpopaH
419 ' Fig. 3. Dam destruction simulation results:
210 _ a — alteration over rime of the width
of the closure channel; b — of the headwater level;
0 ¢ — of the discharge of water passing through

05 15 25 35 tu 55 the closure channel
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W3 ananm3a monmydeHHBIX TPaQUKOB CIEAyeT, YTO MpOoIecC pa3MbIBa HHU30-
BOTO OTKOca (TEPBBIM 3Tall pa3pylICHHs IUIOTHHBI) 3aHUMAET MPHUOIN3UTEIh-
HO 30 muH (Tounee 0,541 4), mpu 3TOM OTMETKA TPeOHS OCTAeTCS MOCTOSHHOM.
Ha npoTsikeHnn nmpuMepHoO 75 MUH IMPOUCXOJUT UHTEHCMBHOE HapacTaHUE pac-
X0J]a TapajulebHO C YBETWYEHHWEM IIUPHUHBI TPOpaHa, COMPOBOXKIAIOMIEECS
MTOHIKEHUEM YPOBHS BEpPXHEro Obeda M CHIKEHHEM OTMETKH TPeOHS IIIOTUHBI
(BTOpOI1 3TAIl pa3pyIIeHNUs).

BbIBO/IbI

1. Meroavka MOACIUPOBAHUS Pa3pyIICHUS IPYHTOBOM IUIOTHHBI pa3paboTa-
Ha Ha OCHOBE PEIICHHS YHCIECHHBIM METOJOM CHCTEMBI YETHIpEX YpaBHEHHH,
OTIMCHIBAIOIINX TPEXITAIMHBIN Pa3MbIB TPYHTOBOW IUIOTHHBI, OalaHC BOABI B BO-
JIOXpaHUIHILE, 00pa30BaHME W Pa3BUTUE NMPOPAHA, YTO MO3BOJWIO MOIYYUThH
ruzporpad pacxoja B CTBOpPE pa3MbIBacMOU IUIOTHHBEI. Pa3paboTaHa KOMIbO-
TepHas nporpamma. [IpuBenen npumep pacuera.

2. PelieHue 3agaun MOAETUPOBAHUS Pa3pyLICHUSI TPYHTOBOM IJIOTUHBI MO3-
BOJISIET OINPEACIUTh TPAHUYHBIC U HAYAJIbHBIC YCJIOBHS B €€ CTBOPE IJIsl CKOPO-
CTH U TNIIyOWHBI TIOTOKA B HIDKHEM Obede, MCIONB3YyEeMbIX ISl OMPEACICHHS
TPaHMUIL 3aTOIJICHUSI TEPPUTOPHUH, PACTIONOKEHHON HIXKE CTBOPA THAPOY3IIa.

3. Meronvka MOXET MPUMEHSTHCA MPHU: pa3padoTKe MPOEKTHON JOKyMEHTa-
MU Ha TIEPBOM CTaIWW MPOEKTUPOBAHUS IUIOTHH W BOJOXPAaHWIIHII, OIpesie-
JIEHUH TPOTHO3HBIX KOJIMYECTBEHHBIX W KAYEeCTBEHHBIX XapPaKTEPUCTHK BOIHO-
r0 peXuMma TMPHU CO3JaHWH BOJOXPAHIIIMWII, OIEHKE yIiepbda OT pa3pyllIeHHS
TUIOTHUHBIL.
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