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Abstract. The aim of this work is to modernize schemes and algorithms of synchronous control and
modulation for two-inverter based system for ac drive with dual stator windings of electric motor, in
order to provide improved harmonic composition of its stator winding voltage. This goal is achieved
by including in the control scheme of the system of functional dependencies linking voltage magnitude
on stator windings of motor with the corresponding pole voltages of two inverters controlled by
algorithms of synchronous multi-zone pulsewidth modulation (PWM), as well as by including in
control scheme of current values of specialized phase shift between control signals of two inverters. It
has been shown (and it is one of the basic contribution) that in two-inverter-based system with the
developed control strategy voltage at stator windings of electric motor is characterized by a quarter-
wave symmetry, and even-order harmonics, as well as subharmonics (of the fundamental frequency of
system), are lacking in its spectra, including cases of control modes with fractional relationships
between the switching frequency of converters and the output frequency of system. Results of
determination of weighted total harmonic distortion factor of voltage waveforms show that at low and
average values of modulation index of converters algorithms of continuous multi-zone modulation
assure better integral spectral characteristics of voltage at stator windings of motor. In the case of
increased values of modulation index of converters, improved spectral characteristics of voltage at
stator windings of motor are achieved by the using of algorithms of discontinuous multi-zone
modulation.
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Dirijare sincrona PWM al invertoarelor unui sistem electric de actionare cu doué infasurari statorice ale
unui motor electric
Olesciuk V.
Institutul de Energetica, Chisindu, Republica Moldova
Rezumat. Caracteristicile sistemelor actionari electrice reglabile bazate pe convertoare de putere depind n mare
masurd de legile de control utilizate si de strategiile, metodele, circuitele si algoritmii de modulare a latimii
impulsurilor (PWM) utilizate pentru controlul parametrilor de iesire ai convertoarelor. Scopul acestei lucrari
constd In modernizarea schemei de control sincron al sistemului de convertizor pentru o actionare electrica
bazata pe doud invertoare, care alimenteazd un motor electric cu doud infasurari statorice, in care invertoarele
sunt comandate pe baza algoritmilor specializati a dirdjarii PWM multizonale de tip vector. Acest obiectiv este
atins prin includerea dependentelor functionale 1n circuitul de control al sistemului, legind valoarea tensiunii pe
infasurarile statorului motorului electric (conectate intre ele conform schemei dublu triunghi) cu tensiunile polare
corespunzatoare ale celor doua invertoare, precum si prin includerea valorilor curente ale diferentei unghiului de
faza a semnalelor de control a invertoarelor intru asigurarea imbunatatirii componentei spectrale ale tensiunii
aplicate la infagurarile statorice ale motorului electric. Unul dintre cele mai semnificative rezultate ale lucrarii
constd in aceea, ca e Intr-un sistem cu doua invertoare cu algoritmi de control si modulatie modificate, tensiunea
pe infasurdrile statorice a unui motor electric este caracterizatd printr-o simetrie cu un sfert de unda, iar in
spectrul sdu nu exista armonici de ordin egal, precum si subarmonici, inclusiv in regimurile de control cu raport
fractionar dintre frecventa de comutare a dispozitivelor de comutatie ale invertorului si frecventa de iesire a
sistemului, care este deosebit de importantd pentru actionarile de mare putere. Important si semnificativ se
prezintd rezultatul, cd la valori mici si medii ale coeficientului de modulatie al invertoarelor, algoritmii
modulatiei sincrone continue fac posibilad sigurarea celor mai bune caracteristici spectrale integrale ale tensiunii
pe infasurarile statorice ale motorului electric.
Cuvinte cheie: invertor de tensiune, motor electric cu doud infagurari statorice, circuite si algoritmi de modulare
a latimii impulsului, componeta spectrului armonic al tensiunii.
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Cunxponnoe HIIMM-pery/iMpoBaHie HHBEPTOPOB CHCTEMBbI 3JIEKTPONIPUBO/JA C ABYMS CTATOPHBIMH
00MOTKAMHM JIEKTPHYECKOI0 IBUTaTe/Is
Ousemyk B.1A.
WuctutyT saepretikn Monmossl, Kumuaes, Pecrry6onuka Momngosa

Annomayua. XapakTepUCTUKU CUCTEM PETYINPYEMOT0 dJIEKTPOIPUBOAA Ha 0a3e CHIIOBBIX NIpeodpas3oBaTeseil B
3HAYUTEILHOM CTEIICHHU 3aBUCST OT HCIOJIB3YEMBIX B CUCTEMAX 3aKOHOB YIIPABJICHUA U OT CTpaTeFl/II‘/II, CHOCO6OB,
CXE€M U aJIrOpUTMOB IIMPOTHO-UMITyJIbCHOM Monyssinuu (IIIMM), ucnone3yembIX Ul peryiupoBaHUs BBIXOA-
HBIX IapaMeTpoB npeoOpaszoBareneil. Llenbio naHHOW paboTHI SBISETCS MOAEPHU3AIMS CXEMbl CHHXPOHHOTO
yIpaBJieHUs] IpeoOpa30BaTeNbHON CHCTEMOM JUIsl JJIESKTPONIPUBO/a Ha 0a3e JBYX MHBEPTOPOB, MUTAIOMINX JJIEK-
TPOJBUTATENb C IBYMsI CTATOPHBIMH OOMOTKAaMH, IPY KOTOPOM PEryJIMPOBaHHE HHBEPTOPOB OCYIIECTBISIETCS HA
0aze crienuanTu3uPOBaHHBIX aJITOPUTMOB CHHXPOHHOH MHOT030HHOH [IIIM BekTopHOTO THIA. JlOoCTHXEHHE TIO-
CTaBJICHHOHM IENMM OCYLIECTBISAETCS 3a CUET BKJIOYEHHS B CXEMY YNPaBICHUS CHUCTEMOH (YHKIMOHAIBHBIX
3aBUCHMOCTEH, CBSA3BIBAIOIINX BEIHMYNHY HANpPSDKCHUS HA CTATOPHBIX OOMOTKAxX 3JIEKTPOJBHUrarens (COeAnHEH-
HBIX MEXKAy cOOOH 10 cXeMe IBOMHOTO TPEYrojabHUKA) C COOTBETCTBYIOIIMMH TTOJIIPHBIMH HANPSDKEHUSAMH JBYX
MHBEPTOPOB, a TAKKE 32 CYET BKIIOYEHHS B CXEMy YNPABJICHUS TEKYLIMX 3HAUCHUH CHEeIUaIn3UPOBAaHHOTO da-
30BOI'0 CJIBHIa MEXAY YIPABISIONMMU CUTHAJIAMH HHBEPTOPOB, OJylarojapsi yuemy oOecrieunBaeTcsl yIy4IeHHbINH
CIEKTPaJIBbHBIA COCTAB HAIPSHKEHUs] HA CTATOPHBIX OOMOTKax ajekrpoaBurartens. OxuH u3 Haubojee cylie-
CTBCHHBIX PE3YJIbTAaTOB pa6OTbI 3aKJII04acTCsda B TOM, YTO B ﬂByXMHBepTOpHOﬁ CHCTEME C MO[ll/l(i)l/IIlI/lpOBaHH])IMI/I
ITOPUTMAaMH YIPABJICHHUS M MOJAYJISIIIMN HAlpsDKEHHE Ha CTATOPHBIX OOMOTKAxX 3JICKTPOIBHUIATEIIsl XapaKTepH-
3yeTCsl Y4eTBEPTHBOJIHOBOM CUMMETPHUEH, U B €r0 CIEKTPe OTCYTCTBYIOT TapMOHMKM YETHOTO MOPSAKA, a TaKXKe
CyOrapMOHHKH, B TOM YHCIIE TIPH PEKMMaX yIpaBIeHUs ¢ APOOHBIM COOTHOILCHHEM MEXIy YaCTOTOH HMepeKITo-
YEeHUs] BEHTWIEH HWHBEPTOPOB M BBIXOJHON YaCTOTOM CHCTEMBI, YTO SBJISIETCS OCOOEHHO Ba)KHBIM IS
3JIEKTPONIPHUBOJIOB TOBBIIICHHOW MOIIHOCTH. Tarke, BaKHBIM M 3HAYMMBIM SIBISETCS YCTAHOBJICHHE TaKOTO
(hakTa, 9TO MPU MOHWKEHHBIX U CPETHHUX 3HAYCHHUIX KOI(PPHUIMEHTa MOIYIISLUN HHBEPTOPOB aJITOPUTMBI HE-
NPEPbIBHOW CHHXPOHHOM MOZYJISIMM TIO3BOJISIFOT OOECHEUMTh JIy4IINE WHTETPajbHbIE CIEKTPabHbIC
XapaKTEPUCTUKN HANPSDKEHHS HAa CTATOPHBIX OOMOTKax anekTpoasurareins. [Ipn MoOBBIIEHHBIX 3HAYEHHUSX KO-
sbdunueHTa MOIYIALUM HWHBEPTOPOB YIy4IIEHHBIE CIEKTPAJIbHBIC XapaKTEPUCTHKHU HANPSKECHUS Ha
CTaTOPHBIX 00MOTKax QJICKTPOABUTATEIISA JOCTUTAIOTCA MPHU UCIIOJIB30BaAHUUN MOZ[I/l(l)I/lLIl/IpOBaHH])IX AJITOPUTMOB
MPEPBIBUCTON MHOTO30HHON CUHXPOHHOM MOTYJISAIHH.

Knroueevte cnosa: VHBEPTOP HANPSDKCHUS, DJICKTPOJABHUIATEIb C JIByMs CTaTOPHBIMH OOMOTKAaMH, CXEMbI U
ITOPUTMBI HIMPOTHO-UMITYJIBCHON MOAYJSILIUU, TADPMOHUYECKHUI COCTAB HAIIPSIKEHUSI.

BBEJEHHME oOpaszoBareneil. Pa3Butrue Teopum M MPaKTHKU
MIMPOTHO-UMIYJBCHOW MOAYJSALUK HPUMEHU-
TEJIBHO K HOBBIM IEPCIEKTUBHBIM CTPYKTypaM U
TOIOJIOTHSIM  TIPEOOPa30BATENIBHBIX  YCTPOWUCTB
JUIL CUCTEM PETyJMpYyeMOTo 3JEKTPONpPUBOJIA
ABJISIETCSl TIO3TOMY aKTyaJIbHOM 3ajgaueii B oOuna-
cTH JIEKTPOIPHUBOA, HPOMBIIITICHHON
3JIEKTPOHUKH, U CUJIOBOM 3JIEKTPOHUKH [1-5].
OnHUMH W3 TEPCTIEKTUBHBIX CTPYKTYpP pery-
JMPYEMBIX 3JIEKTPOIPUBOIOB MIEPEMEHHOTO TOKA
MOBBIIICHHOM MOIIHOCTH SIBJIIFOTCS  3JIEKTPO-
npuBOIBl  Ha  0a3ze  ABYX  HHBEPTOPOB
HaNpsDKEHUSI, BHIXOABI KOTOPBIX MOJAKIIIOUYEHBI K
IBYM CTaTOPHBIM OOMOTKaM acCHHXPOHHOTO
9JIEKTPOJIBUTATENSI, XapaKTepU3YIOIIEerocs Ccrie-
IUaTM3UPOBAHHBIM  COETMHEHHUEM CTaTOPHBIX
0OMOTOK JIBUTaTeNsl MEXAy CO0OH 1o cxeme
JIBOMHOTO TpeyroJbHUKA [6-7].
[IpeoOpa3zoBatenn mnapaMeTpoB dIEKTpUYE-
CKOW DJHEPruM [yl CHCTEM 3JIEKTPOIPUBOIA
MOBBIIICHHOM MOIIHOCTH XapaKTepU3YyIOTCS OT-
HOCUTETIbHO HHM3KHUMH 4YacTOTaMH IepeKItove-
HUSl TOJYNPOBOJHHUKOBBIX CHJIOBBIX KIIOUEH
(BenTmieit). OmMHON W3 BaXKHBIX TPOOJIEM s
TAKOTO poJia CHCTEM sBJsieTcsl obecriedeHue

CHCTeMBI PEryJIHpyeMOro 3JICKTPOIPHUBOJIA
MIEPEMEHHOT0 TOKa, BKIIFOYAIOIINE B CBOM COCTaB
3JICKTPOHHEIE (CHIIOBBIE) MpeodpazoBaTean Ia-
paMETpOB  DJICKTPUYECKOM  JHEPIrUu,  MpH
MIOMOIIIH KOTOPBIX 00ECIIEYHBAIOTCS PallHOHAIb-
HbIE W DKOHOMHYHBIE DPEXUMBI (PYHKIIMOHU-
pOBaHMS DJICKTPOJBUTATEICH HACOCHBIX, KOM-
MPECCOPHBIX, W BEHTWIATOPHBIX YCTaHOBOK,
CHUCTEM TATOBOTO JJEKTPONPUBO/AA, a TaKKe
MHOTOYHUCIIEHHBIX TEXHOJOTHIECKUX yCTPOWCTB,
SIBJISFOTCS OJHUMH 13 HaubOonee 3()(eKTHBHBIX
CPEICTB 3HAYMTENHHOW HSKOHOMHHU AIIEKTpHYe-
CKOM 3HEpTuu.

[TapaMeTpbl ¥ XapaKTEPUCTUKU CHCTEM pEry-
JUPYEMOT0 3JIEKTPONPUBOJIA IEPEMEHHOTO TOKA,
peryIupyeMbIX Ha 0a3e CHIIOBBIX AJIEKTPOHHBIX
npeoOpazoBarenell mapaMeTpoB AJIEKTPHUYECCKOH
SHEPrUM, B 3HAYUTEIBHON CTEICHU 3aBHUCAT KaK
OT HCITOJIL3YEMBIX B CHCTEME 3aKOHOB YIIpaBlie-
HUS, TAK U OT CTPaTerwii, CIOCOOOB, CXeM U
AJITOPUTMOB IIMPOTHO-UMITYJIbCHOW MOJTYJISLIUN
(IIMM), wucronb3yeMbIX [UIS  PETyIUpOBAHUS
BBIXO/IHOTO HAIIPSDKEHUS M TOKa CHIIOBBIX Tpe-
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YIIy4YIIEHHOTO CIEKTPAaJbHOTO COCTaBa BBIXOI-
HOTO HaATPSKEHUS Ha BBIXOJIE
npeoOpazoBareneli, B CIEKTpe KOTOPOro OTCYT-
CTBYIOT CyOrapMOHMKH (OCHOBHOH YacTOTEHI
peoOpa3oBaTEIPHON CHCTEMBI), SBIISIOIIACCS
Ype3BBIYAHO HEKENaTeNbHBIMH B CHCTEMax
ACHHXPOHHOTO PETYJIHNPYEMOro JIEKTPOIIPHBOJA
MOBBINICHHOHN MotTHOCTH [8-10].

OpnHuM KX HauboJee pacpoCTPaHCHHBIX BU-
JIOB IIMPOTHO-UMITYIbCHON Moayssiiuu (ILIM)
CHUTHAJIOB MHBEPTOPOB HANPSIKEHUS ATl CUCTEM
PETYIMPYEMOr0o 3JIEKTPOIPUBOJA SBIAETCS BEK-
topHas IIIMM. KM3BecTHO, 4TO HUCHOJIB30BAHUE
CTAaHAAPTHBIX aaropuTMoB BekTopHou [NUM
HOPUBOIUT K ACUMMETPUYHBIM (OpMaM BBIXOI-
HOTO HAIlpsDKEHUS HWHBEPTOPOB, B CIEKTPax
KOTOPBIX TOSIBIISIFOTCSI HEXelaTelbHble TapMo-
HUKH HHU3KOro TOpPSOKa, B TOM 4YHCIE cyOrap-
MOHHUKHU (OCHOBHOM 4acToTHI) [5, 8, 11-12].

C nenpio yay4IlIeHUs CIeKTPalbHOIO COCTaBa
BBIXOJHBIX HANpPSHKCHUH U TOKOB HMHBEPTOPOB
HalpsDKEHUsI ¢ NOHI)KEHHBIMH 4acTOTaMM Iiepe-
KIIIOYEHHUS CUJIOBBIX BEHTHIIEH, pa3paboTaHbl
MOIU(HULIUPOBAHHBIE AITOPUTMBl  BEKTOPHOM
1M, obecrnieunBaroOIyie CUMMETPHIO OCHOB-
HBIX (DOPM BBIXOJHOTO HANPSHKEHUS] HHBEPTOPOB
nyTeM MOAW(QUKAIMKA CTaHAAPTHOH METOIMKH
pacdera MmapaMeTpoB YHPABIAIOLINX HMILYJbC-
HBIX CUTHajJ0B MHBepTOpoB [13-16]. IIpu sTom
IPU HEKOTOPHIX pEKUMax YIpaBIE€HUS CTaH-
JapTHBIE CXeMbl CHHXPOHHOWH BEKTOPHOH MOIY-
JSIOIMU HE MOTYT OOECHEYHTh HENPEPHIBHYIO
CHHXPOHM3ALUI0O POPM BBIXOAHOTO HATPSHKEHUSI
B MpeoOpa3oBaTeNsix HHBEPTOpHOro Tuma (B
YaCTHOCTH, NPH HECTaHJAPTHBIX WM IPOOHBIX
COOTHOIICHHUAX MEXAY YacTOTOM KOMMYTalluu
CWJIOBBIX BEHTWJIEH HHBEPTOPOB U BBIXOAHOM
YaCTOTOW CHCTEMBI 3JIEKTPOIIPUBOA).

B T0 Xe Bpems, pa3paboTaHbl albTepHATUB-
Hble, OoJiee yHHMBEpCalbHbBIE, CXEMBl CHHXPOH-
Hoii BektopHO#l IIIMM mis mpeobpazoBateneit
MHBEPTOPHOTO THIA IS IEKTPOIPUBOAA U UL
(oTronpeodpa3oBaTEIBHBIX CHCTEM.

C nenpio o0ecriedeHus yIyulIeHHOTo rapMo-
HUYECKOTO cocTaBa HampspkeHus (0e3 YeTHBIX
TapMOHMK M CyOrapMOHHK) Ha CTaTOPHBIX 00-
MOTKax 3JIEKTPOJBUIATENs JIBYXUHBEPTOPHOI
CHUCTEMBI TIPH JIOOBIX (HECTaHAAapPTHBIX U JPO0-
HBIX) COOTHOIICHHUAX MEXKAY 4YacTOTOH KOMMY-
TallMd BEHTWJIEW WHBEPTOPOB U BBIXOJHOW 4Ya-
CTOTOH CHCTEMBbl B JAaHHOW paboTe BBIIOIHEHA
COOTBETCTBYIOIIAsl MOAMMUKALMS CXEM M aJIro-
PUTMOB YyTpaBIEHUS M MOAYJALKMU HHBEPTOPOB
IUISL SJIEKTPONPUBOJA C ABYMS CTAaTOPHBIMH 00-
MOTKaMH 3JIEKTPOABUTATEIS, .

I. CHCTEMA JJIEKTPOIIPUBOJA C
*I1BYMS CTATOPHBIMH OBMOTKAMMU
QJEKTPUYECKOI'O IBUT'ATEJIA

Jis perynupyeMbIX 3IIEKTPOIIPHBOIOB TIepe-
MEHHOI0 TOKa IOBBIIIEHHOW MOIIHOCTH OJIHOM
U3 TEePCHEKTUBHBIX CTPYKTYpP SBJISIOTCS CHCTE-
MBIl Ha 0Oasze JByX HWHBEPTOPOB HAaIpPSHKEHUS,
BBIXO/IHBIE IIETIH KOTOPBIX MOJKIIOYEHBI COOT-
BETCTBEHHO K JIBYM CTaTOPHBIM OOMOTKaM
ACUHXPOHHOTO 3JIEKTPOABHUTraTEllsl, XapaKTepH-
3YIOLIErocsl CIEeNNaTU3UPOBAHHBIM COETUHEHHU-
€M CTaTOPHBIX OOMOTOK ABHIaTeNs MEXIy CO-
0ol mo cxeme ABoWHOTO TpeyronbHuka (Puc. 1
[7]). Ha puc. 2 moka3aHa cxema COCHMHCHHS
MEXIy COO0H CTAaTOPHBIX OOMOTOK 3JIEKTPOJIBH-
raTens mpeacTaBieHHol cuctemsl [6]. [Ipu sTom
MTHOBEHHBIC 3HAUEHUS HANPSKEHHS Ha CTaTop-
HBIX OOMOTKax »JiekTpoasurartens (puc. 1-2)
OTPEACIAIOTCS B (DYHKIIUH MOJSPHBIX HAIPsKE-
Huil nByx HIWMM-nusepropo VSI1 u VSI2 B
cootBercTBHH ¢ (1)-(6):

Rotor windings Stator windings

| Vwi2 l

2 = = - Ll A Vde

Puc. 1. CusioBble Henu cucTeMbl Ha 0a3e ABYX
HHBEPTOPOB.!
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+ Vw22 —
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Puc. 2. CtaTopHbie 00MOTKH 3JEKTPOIBUIATE 5.
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Vi1 =@V =Vt =Ve) 3= Va2 =2Vip +V2) /3
)
V2 = V1 + V1 =2Ve) 3= (Vo +2Viy —Vp) /3
()
13= (Va1 Vo1 +2V)13=(=2Va + Vi +V2) /3
3)
Vit =V =2V + Vo) 13=(2V g0 =Vip =V2) /3
4
Vo = (Va1 + 2V =Ver) /3= Vaa + Vi =2V2) /3
(%)
Vioz =2V + V1 + V) /3= (Vo = Vo +2V ) /3
(6)
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w

II. TPEX®A3HBIE UHBEPTOPBHI C
CHUHXPOHHOW BEKTOPHOU LIIUM

Ha puc. 3 mokazana 0a3oBas TOIIOJOTHS
Tpex(a3HOTo  JIByXYpPOBHEBOTO  HHBEPTOpa
HaIllpsKCHUA, a TaKXKXE BCKTOpHAA AuarpaMma
BBIXOJTHOTO HaIpshKeHUs wHBepTOopa. Ha puc. 4
MIPECTABIIEHBl COOTBETCTBEHHO (HA HWHTEpBaJe
0°-90°) TmocTenoBaTENBHOCTE TIEPEKITIO-UCHHUS
BEeHTHJICH mHBepTOpa (switching sequence) B co-
OTBETCTBUHU CO CTaHAAPTHBIMH OOO3HAYECHUSIMH,
Y KPHBBIE TIOJIAPHBIX HANPSDKEHUH Tpex Qa3 hH-
BEPTOpPA, U JIMHEHHOTO HAIPSIKEHUS WHBEPTOPA,
perynupyeMoro Ha 0a3e alropuTMOB CHHXPOH-
Hoii HempepeiBHOH (PWMC, puc. 4,a) u
npepbiBuctoid (PWMD, puc. 4,6) MHOTO30HHOM
Monysinuu. Taxxke, Ha puc. 4, Ha qUarpaMMmax
MOCTICIOBATEILHOCTH TEPEKIIOYCHNS BEHTHUIICH,
0003HAaYCHBI COOTBETCTBYIOLINE YIIPABIISIOIINE
CUI'HaJIbl, KaK aKTUBHBIC CHUI'HAJIbI YIIPAaBJICHUA,
o0ecrieunBarONIfe BKIIOUYEHHE COOTBETCTBYIO-
MUX KIIOYed WHBEpTOpa, TaK W MACCHBHBIE
YOpaBJISIONINE CUTHANBI, 32 CUET KOTOPBIX 0bec-
MEYNBAIOTCA TMay3bl  (HYJEBOTO ypOBHSA) B
KPUBBIX BBIXOJHOTO HAPSHKEHHSI HTHBEPTOPOB.

[IpuHIUTT CHHXPOHHOTO MHOTO30HHOTO pETy-
JTUPOBAHUS BBIXO/THOTO HaATPSDKEHUS
MHBEPTOPOB Oa3WpyeTcsi MPH 3TOM Ha MOCIE0-
BaTEIILHOM OIPE/ICICHUH BEIMYHH TPAHUYHBIX

4acTOT MEXIY OTIENbHBIMH 30HaMH  (IOJI-
1

30HAMH) peryimmpoBaHust F; =———

6(2i -t

F'_ = —— B HKIOUNU BCIWYHNHBI KOM-
1 gy, B

MYTAallMOHHOTO WHTEPBAJa T, U B BBIYUCICHUH
3HaueHuss  kodduipeHTa  CHHXpPOHHU3AIUH
K,=[1-(F—-F)/I(F,_; —F;)], saBnaomerocs
Ba)KHBIM KOMITOHEHTOM CHCTEMBI YPaBHEHHUH /IS
BBIYHCIICHUS] TTApaMETPOB YMPABISIONINX CHUTHA-
JIOB UHBEPTOPOB C CHHXPOHHOW MOAYJISLIUCH.

VS
. = LF kY ]
Ve = 0 atr—- bl o7 —
Pload a3
010 (3) 10(2)
Vier
01 (4) s P 100 (1)

001 (5) 104 (6)

Fig. 3. Tpexda3usplii HHBepTOp, 1 BEKTOPHAas
JAMATPAMMA €r0 BHIXOHOI0 HANPsKeH st

Switching sequence

O | |

a)

3N Y2 ¥3

’ Ba| | Bs|| B ||Pf[B2| | Bs]| |Ba
A 3

Phase a H U U |_| L ”

Phase b

Phase ¢ u u u H u I_I

0)

Switching sequence

Fig. 4. IlocsienoBaTeIbHOCTH NEPEKIIOYCHHS
BeHTHJIel mHBepTOpa (switching sequence),
kpuBsble nosipasix (Phases a, b, ¢) nanpsikeHuid,
U JJHHeiTHOoro (Vap) HANPSAKEeHNs HHBEPTOPa ¢
CHHXPOHHOI HeNpepbLIBHOI (2) U MpepbIBUCTON (0)
HIUM.*
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Cucrtema ypaBHEHUH Uil BBIYMCIEHUS Hapa-
METPOB YIIPABIISIFONINX CUTHAJIIOB MHBEPTOPOB C
CUHXPOHHOI MHOT030HHO# [1IM, paboTarormumx
B PeXHME CKaJSIPHOTO YTpaBieHUs ¢ paboueit
JacTOTOM /' M ¢ MaKCHMaJbHON BBIXOJHOM dYa-
CTOTOM Fja, B TOM 4YHCIE B 30HE CBEpX-
MOJTyJISALIUY, BKIIOYAET B CBOM COCTaB MIECTh Oa-
30BBIX cooTHomeHui (7)-(12), B TOM dYucie
(yHkimoHanbHbie  cooTHoleHust (7)-(10) ms
OmpeeICHUs] apaMeTPOB AKTUBHBIX YIIPABIIA-
FOIIINX CUTHAJIOB:

ﬂj = ﬂ1 cos[(j _1'25)TK0v1] (7

7, = B {0.5-0.87 tan[(i— j - 0.25)7]}K, ,
®)

B =p =B cos[(i—-125)7K,, 1K, (9)

71 = {0.5-09tan[(i —2.2)r + )
(B + 241/ 2K K oy

Aj=t=(B;+pBj1)/2 (11)

Ai :ﬂ" :(T_ﬂ")Kolesa (12)

rne m=F/F,,, — k03bdUunuesT MomyIsauuu
WHBEPTOPOB, TIEPBEIH  KOA(DPUITMEHT CBEpX-
Monynsauuu K, =1 ecnu 0.907>m>(, BTOpOit
ko3 dunment cepxmonymsauun K,,, =1 ecnu
0.952>m>0, py=1.1m ecma 0.907>m>0, n
Py =1 ecm m>0.952.

1II. CHHXPOHHOE PEI'YJIMPOBAHUE
CUCTEMBI DJIEKTPOIIPUBOJIA HA
BA3E IBYX HIINM-UHBEPTOPOB

CHHXpOHHOE peryJHpOBaHHE JIBYXHHBEp-
TOPHOM CHCTEMBI DJEKTPONPUBOAA C JABYMS
CTaTOPHBEIME OOMOTKaMH 3JIEKTPOABHUTATENS Oa-
3UpYEeTCS Ha CHerupuIecKux (Pa3oBBIX CIBHUTAX
MEXJly CHUTHalaM{ YIpaBJIeHHUS IBYX HHBEPTO-
POB, B KaXIOM H3 KOTOPHIX OOecreunBaeTcs
CHHXpOHHU3aMs (ha3HBIX W JIMHEHHBIX HaIpshKe-
HUI Ha BBIXOJIE MHBEPTOPA.

Ha puc. 5 — puc. 10 npencraBieHs! pe3yabTa-
THI MOJIEITUPOBAHUS MPOIECCOB B
npeoOpa3oBaTeIbHON CHCTeMe Ha 0a3e NBYX HH-
BEPTOPOB c CUHXPOHHOU BEKTOPHOU
MOJyJIALINEN, BBIXOHBIE IIETTH KOTOPBIX CBSA3aHbI
C COOTBETCTBYIOIIMMH CTATOPHBIMH OOMOTKaMHU
aneKkTpoaBurarena. B dacTtHocTu, Ha puc. 5-7

NPUBEACHBI JUarpaMMbl 0a30BBIX HAIPSKEHUH,
a TaKkXKe CHEeKTPOrpamMMbl ABYX 0a30BBIX Hamps-
JKEHUH, s MHBEPTOPHOU CUCTEMBI,
perynupyeMoi Ha 6a3e MOTU(PHULINPOBAHHBIX all-
TOPUTMOB HEeTpepbIBHON CHHXPOHHOU
vonymauuun (PWMC). Ilpu stom Ha puc. 5 —
puc. 7 OKa3aHbl OTHOCUTEIbHBIE BETUYHUHBI TIO-
JIAPHBIX HANPSDKEHUN U IMHEWHOTO HANpsHKEHUs
(Vat, Vi1, Vaz, Vb2, 1 Vapr) TIEpBOTO MHBEpPTOpPA
cuctembl VSIl1, a Takke pe3yJbTUPYIOIIEE
HanpspkeHue V,;; Ha CTaTOPHOW OOMOTKeE 3JieK-
Tpoasurarensa. Pabodas yacrora cucTeMbl paBHA
F=32.5I"y, ko3 purenT MOIyISMHU HHBEPTO-
poB paBeH mpu 3toM m=0.65. YcpeaHeHHas
4yacToTa KOMMYTAallMM BEHTWIEH WHBEPTOPOB
paBHa F,=1.05x1y.

Bpemennsle nuarpamMMmbl Ha puc. 5 COOTBET-
CTBYIOT IEPUOIY BBIXOJHOW YaCTOThI CHUCTEMBI
(0°-360°), Ha puc. 6 6a3zoBee GOPMBI HAMPSKE-
HUS TIOKa3aHbl Ooyiee JeTalbHO, Ha OIHOM
IIECTOM YacTH Nepuoja BBIXOJHOW YacTOTHI,
BHYTpH BpeMeHHoro nnTepsana 0°-60°,

Ha puc. 8 — puc. 10 mpezacraBieHsl aHajo-
THYHBIE  AMAarpaMMbl U CIEKTPOIPaMMBI,
WITIOCTpUpPYIOLIKE paboTy mpeoOpa3oBaTeIbHOMI
cucTeMbl Ha 0a3e MHBEPTOPOB C AJITOPUTMaMHU
IPEPBIBUCTON CUHXPOHHONW MHOTO30HHOM MOJy-
msimun (PWMD [17], npepsiBucTasi CHHXpOHHAs
MM c¢ 30-rpamyCHBIMA WHTEpBaJlaMU HETIPO-
BOJISIIIIETO COCTOSTHUSI BEHTUIICH ).
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0 0005 001 0015 002 0025 003
time (s)
PPIC. 5. Ba30m,1e HaHpﬂH(eHHﬂ B CUCTEME C

CHHXPOHHOI1 HenpepsiBHOIT HTUM (PWMC-
UM, F=32.5'y, m=0.65, F.=1.05kI'y).>
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Puc. 6. BazoBble HanpsizKeHUs1 B cHCTeMe €
CHHXPOHHOI HenpepsiBHOI LITUM (PWMC-
UM, F=32.5T'y, m=0.65, F.=1.05kI'y).®

Spectrum of Va1b1
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Puc. 7. Cnextpol Hanpsixenuiit (PWMC-IINM,
F=32.5Ty, m=0.65, F,=1.05kI'y).”
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Puc. 8. Ba3zoBble HanpsizKeHUs1 B clcTeMe €
CHHXPOHHOI npepbiBucToii UM (PWMD-
UM, F=32.5'y, m=0.65, F.=1.05kI'y).
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Puc. 9. BazoBbie HanpsizKeHUs B CHCTEMe €
cHHXpOHHOI npepbiBucToil UM (PWMD-
UM, F=32.5Ty, m=0.65, F,=1.05kI'y).’

Crenyer cHenmuanibHO OTMETUTh, YTO IS
MPOAHAIM3UPOBAHHBIX PEXHMOB Pa0OTHI JBY-
XUHBEPTOPHOW  CHUCTeMBI  OBUIO  BEIOpaHO
JIPpOOHOE COOTHOIIEHHE MEXAY YacTOTOM KOM-
MyTalUy BEHTWIEH MHBEPTOPOB [ U BBIXOJHOU
4acTOTOM CUCTEMBI F
(F/F=10501y/32.5I'y=32.31). Pe3ynbTaTsl aHa-
JI3a TIPUBEJCHHBIX CIIEKTPOTpamMM
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Puc. 10. Cnexrpbl Hanpsizkenuiit (PWMD-IIIUM,
F=32.5T'y, m=0.65, F.=1.05kI'y)."°

(puc. 7, puc. 10) moaTBepkAar0T TOT (HaKT, YTO U
JUISL PeXKUMOB palbOTHI C TPOOHBIM COOTHOIIEHU-
€M MEXIy 4YacTOTOH KOMMYTAIlUM BEHTHICH
WHBEPTOPOB M BBIXOJHOW YaCTOTOW CHCTEMBI
MOIU(DUIIUPOBAHHBIE AJITOPUTMBI CHHXPOHHOMH
MHoro3oHHO# [IIMM mo3BOASAIOT 00ECneunTh
VIIyYIIEHHBI TApMOHUYECKHI COCTaB HaIpshKe-
HUS Ha CTAaTOPHBIX OOMOTKAX 3JIEKTPOABUTATEIIS,
B CIIEKTpE KOTOPOTO OTCYTCTBYIOT UETHBIE rap-
MOHHKH, a TaK)Ke HEXellaTeNbHbIe (I CHCTEM
MTOBBIIICHHON MOIITHOCTH) CyOrapMOHHMKH (OC-
HOBHOM 4aCTOTHI CUCTEMBI).

Jns TMHEWHOTO peryJMpPOBaHUS BEIHMYUHBI
MEpPBOH TAapPMOHUKH BBIXOJHOTO HATPSDKEHHS
HHBEPTOPOB ¢ cuHxpoHHoi IIIMIM B 30HE mo-
BBIIICHHBIX  BBIXOJHBIX  4YacTOT (B  30HE
CBEPXMOJIYIISAIMU) HEOOXOAUMO  OOECIeUUTh
CHETMATN3NPOBAHHYI0  KOPPEKIUI0  0a30BBIX
YHPaBISIOMIMX COOTHOLIEHHUH B 3TOi 30HE [8-9].
Crparerus paloHaIbHOTO CKAISPHOTO PEryJiH-
POBaHUS WHBEPTOPOB B ITOH 30HE Oa3upyeTcs Ha
WCIIOJIb30BAaHUHM  JBYXCTYIEHYATOH  CXEMBI
yOpaBiICHHUS B 30HE CBEPXMOMAYJISIUU C JBYMS
TPaHUYHBIMU YacTOTaMu F, = 45.351y (k03¢-

(uIMEeHT  MOAYNSMH  WHBEPTOPOB  paBeH

m=0.907 ana 310l wactoThl), u F, ,=47.61y
(KO3 PULKEHT MOAYISIUH HHBEPTOPOB paBEeH
m=0.952 nast 3TOi 4acTOTHI) Ui Mpeodpa3oBa-
TEJIbHBIX CHCTEM Ui PEryJIHpyeMoro
JIEKTPONPHUBOAA NEPEMEHHOI'O TOKAa C MaKCHU-
MaJIbHOW BBIXOJHOW 4acTOTOU Fmax=301y [8-9].
[IMM-npouecc peryiupoBaHusi HHBEPTOPOB CO-
CTOHUT U3 ABYX YacTeH B 30HE CBEPXMOIYJLILNH,
u Oasupyercs Ha WUCIOJIb30BAHUU KOPPEKTUPY-
rommx koaddurmentor (13)-(14) B 06a30BBIX
YIpaBIBIIONIIX cooTHOMEeHMsIX (7)-(9), (12):

Kovlzl_(F_Fovl)/(FOVZ_Fovl) (13)

Kovy =1=(F = F,2) (Fipax — Foy2) (14)

Ha puc. 11-14 npencrasiensl 6a3oBbie (op-
Mbl HampsDKEHUH (a TaKKe CIEKTPOrpaMMBI
JIMHEMHOTO BBIXOJHOTO HANPSKEHHUS] WHBEPTOpa
W HamnpsDKEHUs Ha CTaTOPHBIX OOMOTKAx JIIeK-
TPOJBHUTATENS) TPEOOPa30BATEILHON CUCTEMBI C
JIByMsI CTaTOPHBIMH OOMOTKaMH 3JIEKTPOJBUTA-
Tens, paboTamolel B 30HE CBEPXMOIYJISILUU
(F=47.5T'y, m=0.95). PerynupoBaHue WHBEPTO-
pPOB OCyIIECTBIIsIeTCS Ha 0aze MOIHQPHUITUPO-
BaHHBIX aJlTOPUTMOB HeNpepbIBHOH (puc. 11-12)
u mipepbiBuCTOM (puc. 13-14) CHHXpOHHOH MHO-
TO30HHOW IMPOTHO-UMITYJILCHOM MOJYJISIIUH.
YcepenHeHHast 4acTOTa MEPEKITIOYEHHST BEHTHIIEH
MHBEPTOPOB paBHa /.05 kly.

1l
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Puc. 11. Ba3oBble HANPSKEHUsI B CUCTeMeE €

CHHXPOHHOIT HenpepsiBHOIT HITUM (PWMC-
UM, F=47.5Ty, m=0.95, F,=1.05kI'y)."!
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Spectrum of Vaib1
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Puc. 12. Cnextpb! Hanpsikenuii (PWMC-LHINM,
F=47.5Ty, m=0.95, F,=1.05kI'y)."”
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Puc. 13. Ba3oBble HaNps:KeHUs B cUCTeMe C
cuHXpoHHOU npepsiBucToi UM (PWMD-
IIUM, F=47.5I'y, m=0.95, F«=1.05kI'y)."

Spectrum of Vaib1
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Puc. 14. Cnexrps! Hanpszkennii (PWMD-LIUM,
F=47.5Ty, m=0.95, F.=1.05kI'y)."*

[IpencraBnennsie Ha puc. 11-14 pesynbrarsl
MOJIEJIUPOBAHMSI TPEe00Pa30BaTEILHON CUCTEMBI
IUIA 3JIEKTPOIIPUBOAA C ABYMS CTaTOPHBIMU 00-
MOTKaMHU DJIEKTpOJBUTATeNsl, paboTaromei B
30HE MOBBILICHHBIX BBIXOAHBIX YacTOT (B 30HE
CBEPXMOJYJISIIMH), MOKa3bIBAIOT, YTO U B 3TOH
crenu(ruIecKol 30He yIpaBJICHUs] HalpsDKEHUE
Ha CTaTOPHBIX OOMOTKaX 3JIEKTPOJABUTATENS 00-
JafaeT YeTBEPTHBOJIHOBOM CUMMETPHEH, U B €T0
CIEKTPOrpaMMax OTCYTCTBYIOT TapMOHUKH YeT-
HOTO TOpsiika M CyOrapMOHHKH OCHOBHOWM
YaCTOTHI CUCTEMBI.

Ha puc. 15 mnpencraBieHsl pe3yJbTaThbl
OTIpeNieNieH!s] B3BEIIEHHOTO Kod((HUIHeHTa nc-
KaXeHHs1 0a30BBIX HaNpsKeHUH Vi U Vi B
cucreMe Ha 0asze IByX WHBEPTOPOB C CHHXPOH-
Hoit MHorozomHou IIIMM (Weighted Total
Harmonic Distortion factor

1000
(WIHD =(1/V,y11,),| ¥ (V11 /)% ). pabotato-
=2

mel B PEKHUME CKAIAPHOTO YNpPaBICHUS, B
GyHKIMU KO3 PUIEHTa MOIYJISIIUA HHBEPTO-
pPOB m TPU YACTOTE KOMMYTAalUH BEHTHIICH
WHBEPTOPOB paBHOU /.05 xkly.
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8 WTHD of the line Va1b1 and winding Vw11 voltages
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Puc. 15. B3BemeHHblii K03 PUIHEHT HCKAKEHUsT
WTHD 6a30BbIX HanpskeHuii B GyHKIHHN KO3 (-
(UUHMEnTa MOLYJISIIMHE HHBEPTOPOB m.'S

IIpencraBnenHsie Ha puc. 15 pe3ynabTarsbl
oTpeieNieHHs B3BEIIEHHOTO KOd((UIMEHTa HC-
KaXeHMsI 0a30BBIX HAIPSHKCHUH TOKa3bIBAIOT,
YTO MPH MMOHKEHHBIX ¥ CPETHUX 3HAUYECHUSIX KO-
s durrenTa MoayIAIIUH HHBEPTOPOB (m<0.65),
ITOPUTMBI HENPEPHIBHOW CUHXPOHHON MOIY-
JSAMUA  TO3BOJIIIOT  OOECIIEYHTh  JyYllne
WHTETPaJIbHBIE CHEKTPaJbHBIE XapaKTEPUCTHKU
HanpspkeHust Vi, Ha CTaTOpHBIX 00MOTKax
anekrponsurarens. [Ipyu MOBBIIEHHBIX 3HAYCHU-
aX  KodpdHUIMeHTa MOIYJSAIINA HHBEPTOPOB
(m>0.65) ynydieHHbIe CIIEKTPAIbHBIE XapaKTe-
PUCTHKH HAIPSDKEHUS Ha CTATOPHBIX OOMOTKaxX
AIIEKTPOJIBUTATENS JOCTUTAIOTCS TIPH HCIIONIB30-
BaHWU TIPU  PETYIMPOBAaHWU  WHBEPTOPOB
MOU(UITUPOBAHHBIX aJTOPUTMOB MPEPHIBUCTOM
CUHXPOHHOW MOy JISALINY.

3AKVIIOYEHUE

MoaudunupoBaHHble aNTOPUTMBI  yIIpaBlie-
HUS U CHUHXPOHHOM MHOrO30HHOW BEKTOPHOMU
MOJYJIALIMY, HCIONB3yEMBbIE MJIi CHUHXPOHHOTO
peryIupoBaHusl OBYX Tpex(asHBIX WHBEPTOPOB
CHCTEMBI DIIEKTPOIPHUBOA Ha 0a3ze AIEeKTPOJIBU-
ratenss C JBYMS CTaTOPHBIMH OOMOTKaMH,
COETMHEHHBIMH IO CXEME IBOWHOTO TpPEYTOJIb-
HUKa, IO3BOJIIIOT OOECIEeYUTh CHUMMETPUI0 U
YIIy4IlIEHHBIA CHEKTPaJbHbIA COCTAB HaIpsKe-
HUSI HA CTATOPHBIX O0OMOTKAX AJIEKTPOABHIATEIS.

[IpencraBnennsie Ha puc. 7, 10, 12, u 14
CIEKTPOTpaMMBbl 0A30BBIX HANPSIKEHHIA B CHUCTE-
M€ TOATBepXkAaloT TOT (akT, d|YTo MpH
UCIOJB30BAHUM  CHHXPOHHOM  MHOTO30HHOI
[IIMM B cnekTpax JUHEHMHOrOo HANpS>KEHUS HH-
BEPTOPOB W HANPSDKEHWS Ha JIBYX CTATOPHBIX
00MOTKax 3JIEKTPOABHUraTeNsl OTCYTCTBYIOT rap-
MOHUKM YETHOTO TMOpsAKa U CyOrapMOHHKH
(BBIXOMHOW YaCTOTHI), CIIOCOOCTBYSI TEM CaMBIM

00I11eMy CHWXEHUIO MOTEPh B CUCTEME 3JIEKTPO-
npuBoga. Ilpm »3TOM cremyer crneuuaiIbHO
OTMETUTh, YTO MpPOAHAIU3UPOBAHHBIE PEKUMBI
yIpaBJieHHs] Tpeo0pa3oBaTeIbHOM CHCTEMON Ha
0a3e IBYX WHBEPTOPOB XapaKTEPHU3YIOTCS APOO-
HBIMH COOTHOIICHHSMH MEXJY YacTOTOH KOM-
MyTalU{ BEHTUJIEW UHBEPTOPOB [s U BBIXOJHOU
gactoroit F (F/F=10501y/32.5I'y=32.3 (puc. 5-
10), u F/F=10501"y/47.5I'y=22.1 (puc. 11-14)).
Pe3ynbrarel onpeneneHus B3BELIEHHOTO KO-
s dunrenTa UCKaXKeHNsT 0a30BBIX HAIPSDKEHUH
MIOKA3bIBAIOT, YTO IPU IOHIDKEHHBIX U CPEIHUX
3HAUYEHUSIX KOX(QQHULIMEHTa MOIYJSIMUA WHBEP-
TopoB (m<(.65), anrOpUTMBI HENPEPHIBHON
CHHXPOHHOM MOJIYJSIIMK IO3BOJIAIOT o0ecrie-
YUTh JIy4dlIME€ MHTErPalbHblEe CHEKTpaIbHbBIE
XapaKTEPUCTUKU HANpPsKEHUsT Ha CTATOPHBIX
oOMOTKax 3jexrpoasurareis. lIpu moBbIIIEeH-
HBIX 3HAYCHHAX KOID(DUIMEHTa MOMYIISIUH
WHBEPTOPOB (m>().65) ynydllleHHbIE CIEKTpallb-
HBIE  XapaKTePUCTHKH  HAmpsHKEHUS  Ha
CTaTOPHBIX OOMOTKAaxX MABMIATeNs JIOCTUTAIOTCS
MpU HWCIOJB30BaHUM TpPHU PETyJIUPOBAaHUU HH-
BEPTOPOB  MOAW(UIMPOBAHHBIX  aJTOPUTMOB
MPEPHIBUCTON CHHXPOHHOM MOJTYJISIIIUH.

HHPUJIOKEHHUE 1 (APPENDIX 1)

IFig. 1. Power circuits of drive system on the base of
two inverters.

2Fig. 2. Stator windings of electrical motor.

3Fig. 3. Three-phase inverter and its output voltage
vectors.

“Fig. 4. Switching state sequence, and pole and line
voltages of converter with multi-zone continuous (a)
and space-vector discontinuous (6) PWM.

SFig. 5. Basic voltage waveforms on period (PWMC
scheme, F=32.5Hz, m=0.65, F;=1.05kHz).

®Fig. 6. Basic voltage waveforms on 1/6 of period
(PWMC scheme, F=32.5Hz, m=0.65, F;=1.05kHz).
"Fig. 7. Voltage spectra (PWMC scheme, F=32.5Hz,
m=0.65, F,.=1.05kHz).

8Fig. 8. Basic voltage waveforms on period (PWMD
scheme, F=32.5Hz, m=0.65, F,=1.05kHz).

°Fig. 9. Basic voltage waveforms on 1/6 of period
(PWMD scheme, F=32.5Hz, m=0.65, F.=1.05kHz).
YRjg. 10. Voltage spectra (PWMD scheme,
F=32.5Hz, m=0.65, F,=1.05kHz).

Rjg. 11. Basic voltage waveforms (PWMC scheme,
F=47.5Hz, m=0.95, F,=1.05kHz).
2pjg. 12. Voltage spectra
F=47.5Hz, m=0.95, F,=1.05kHz).
BFig. 13. Basic voltage waveforms (PWMD scheme,
F=47.5Hz, m=0.95, F,=1.05kHz).
“Fig. 14. Voltage spectra
F=47.5Hz, m=0.95, F,=1.05kHz).
I5Fig. 15. WTHD of voltage waveforms versus index
of modulation of inverters.

(PWMC  scheme,

(PWMD  scheme,
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HayK, IJIaBHBIA Hay4dHbIil COTpyAHUK VHCTUTyTa SHEPreTUKU
MomngoBel. OGnacTb Hay4HBIX HHTEPECOB: CTPATETUH YIIPABICHUS
W MOAYJSIMU ISl CWIIOBBIX IIpeoOpaszoBarenedl mapaMeTpoB
ANEKTPUUYECKON 3HEPTUH JUISL PEryIUpyeMOro 3JIeKTPONpUBOAA U
JUISL CHCTEM BO30OHOBIISIEMOI SHEPTETHKH.
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Investigation of Symmetrical Modes of Operation and Calculation of the
Installed Capacity of Phase-Shifting Transformer,
Based on Hexagon Connection

Bosneaga V., Suslov V.
Institute of Power Engineering
Chisinau, Republic of Moldova

Abstract. The scope of the work is to study the steady-state symmetrical load modes of operation of a
new promising phase-regulating transformer circuit. This allows obtaining the value of the designed
capacity of device. The device is based on a three-phase transformer windings connection into hexagon
circuit, equipped with additional three phase regulating autotransformer, connected to hexagon circuit
in a special manner. Besides, it should be equipped with semi-conductor switching keys, which give the
possibility to control fast transition processes. The proposed circuit gives the possibility to round
regulation of phase angle in the range of 0-360°, so the device could be used as frequency converter for
flexible tie between energy systems with different frequencies and belongs to the group of FACTs
controllers. The autotransformer provides the possibility of fine adjustment of the phase angle of the output
three-phase voltage, so maintaining the flow of active power in the interconnection line. One of the most important
features of such devices is the value of calculated designed capacity, which determines demand of the active
materials for such devices. The scope of the work was achieved by conducted analytical study, based on electrical
and transformer circuit’s theory. The currents in the windings of the device in symmetrical load modes were
calculated for several variants of the phase-regulating unit circuit’s diagrams. On their basis, the
maximum values of the devices currents and designed capacity for a number of the considered variants
of circuits were determined, allowing a comparative analysis of different circuit modifications.
Keywords: phase-shifting transformer, hexagon circuit, adjustable autotransformer, load modes, design
power.
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Cercetarea regimurilor de sarcina simetrica si calculul puterii tipice a dispozitivului de schimbare de faza
Bosneaga V., Suslov V.
Institutul de Energetica
Chisinau, Republica Moldova

Rezumat. Scopul lucrarii este de a studia regimurile permanente cu sarcini simetrice a unei noi scheme de per-
spectiva a transformatorului cu reglarea iunghiului diferentei de faza in baza transformatorului trifazat cu o con-
exiune a infasurarilor intr-o schema hexagonald si un autotransformator de reglare fina suplimentara. Acest lucru
a facut posibila obtinerea valorilor puterii tipice pentru diferite optiuni de proiectare a circuitelor dispozitivului.
Dispozitivul investigat se caracterizeaza printr-un numar de terminale mai redus a infasurarilor transformatorului
de baza, deci, si a unui numar mai mic de dispozitive de comutatie, care au un impact semnificativ asupra puterii
tipice si indicilor de masa si gabarit a acestui tip de utilaj energetic. Un autotransformator de comanda trifazat,
comutat prin comutatoare semiconductoare, ofera posibilitatea de a regla fin faza de tensiune trifazata de iesire in
intervalul 0-360 °, ceea ce face posibila utilizarea acestui dispozitiv ca convertor de frecventd pentru comunicarea
flexibila a sistemelor de curent alternativ. Un astfel de dispozitiv apartine clasei dispozitive FACTs. Acest obiectiv
a fost atins ca urmare a unui studiu analitic bazat pe teoria circuitelor electrice si magnetice pentru determinarea
curentilor se utilizeaza legile lui Kirchhoff si ecuatia de echilibru a fortelor magnetomotorii ale infasurarilor pe
coloana miezului feromagnetic, care sunt valabile pentru un regim de sarcina simetrica. Pe baza sistemului com-
pilat de ecuatii, se obtin formule pentru calcularea vectorilor curentilor in infasurarile transformatorului si auto-
transformatorului in regimuri de sarcina simetrica. S-a demonstrat, ca curentii depind de pozitia dispozitivelor de
comutare, care se caracterizeaza printr-un coeficient special.

Cuvinte-cheie: transformator de reglare a fazei, circuit hexagonal, autotransformator de reglare, modurile de
sarcind, puterea instalata.
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HcciienoBanne cHMMeTPHYHBIX HATPY30YHBIX PEKIMOB 1
pacyeT THIOBOI MOIIHOCTH TPaHchOpMaTOPHOTo (a30peryIupyIoIero ycTpoicTBa
Ha 0a3e MHOIOYIroJIbHUKA
Bomnsra B.A., Cycios B.M.
WHCTUTYT 3HEPreTUKU
Kummnaes, Pecrrybnmnka Monmosa

Annomayus. 11enpro paboTHI ABISETCSA UCCIEI0BAHNE YCTAHOBUBIIUXCSI CAMMETPUIHBIX HATPY309HBIX PEXKUMOB
paboTBl HOBOW TEPCHEKTHBHOW CXEMBI (Da30perylupyromero TpaHcGopMaTopa Ha OCHOBE Tpex(a3HOro
TpaHcopmaropa ¢ COeAMHEHUEM OOMOTOK B CXEMY IECTUYTOJIbHHKA M JIOMOJHHUTEIBHBIM PEryIHpOBOYHBIM
aBTOTPAHC(HOPMATOPOM JUIsl TOHKOTO PErYJIUPOBAHHS. ITO MO3BOJIUIIO MTOTYYHUTh BETMYMHBI TUIIOBBIX MOLITHOCTEH
JUISL pa3JIMYHBIX BapUaHTOB CXEMHOro ucrosHeHus. Mcciaenyemoe ycTpoicTBO XapaKTepu3yeTcesl CYIECTBEHHO
MEHBIIUM HEOOXOJMMBIM YHCIOM OTBOJOB OOMOTOK OCHOBHOIO TpaHC(OpPMaTopa, U COOTBETCTBEHHO
KOJIMYECTBOM HEOOXOJNMBIX KOMMYTAllMOHHBIX YCTPOWCTB, YTO CYIIECTBEHHO BJIMSET HAa TUIIOBYIO MOIIHOCTD U
Beco-rabapuTHBIE  TIOKasarenu  ycTpoidictBa.  TpexdasHelli  peryJuMpoBOuHBI  aBTOTpaHchopmarop,
MEPEKII0YacMblii C IOMOIIBIO MONYNPOBOJHUKOBBIX KIFOUEH, OOECIEUYMBAET BO3MOYKHOCTE TOHKOTO
perynupoBaHus (a3l BEIXOIHOTO TpeX(a3Horo HanpspkeHus B quamna3oHe 0-360°, 94To m03BONSET HCIIOIB30BaTh
3TO YCTPOWCTBO B KAa4ECTBE IPEOOpa3oBaTeNsi YaCTOTHI IJISI THOKOH CBSI3M 3HEPTOCHCTEM INEPEMEHHOTO TOKa.
Takoe yctpoiictBo oTHocutcsa K knaccy FACTs yctpoiictB. [locTaBieHHas Lienb JOCTUTHYTa B pe3ysbTare
AQHATMTHYECKOTO MCCIIEIOBAHMS HA OCHOBE TEOPHH IEKTPUUCCKUX M MATHUTHBIX LIENCH, IPH 3TOM IS pacueTa
TOKOB HCIIOJIb30BaHbI 3aKOHBI Kupxroda 1 ypaBHEHHE PaBHOBECHS MAarHUTOJABIDKYIINX CHII OOMOTOK CTEpIKHS,
CIIPABCAJIMBBIC JI1 CUMMCTPUYHOI'O PpEKHUMa HaArpys3Ku. Ha ocHOBe COCTaBIEHHOM CHCTEMBI COBMECTHBIX
ypaBHEHHH MOJy4deHbl (opMyJbl s pacueTa BEKTOPOB TOKOB B OOMOTKax TpaHchopmaropa H
aBTOTpaHC(OpMaTOpa B CHMMETPUYHBIX HArpy30YHBIX pexuMax. [Ioka3zaHO, 4TO TOKH 3aBUCAT OT MOJIOKCHHS
MEPEKIIIOYAIOIINX YCTPOHCTB, KOTOPOE XapaKTePHU3YyeTCs CIEUAIbHBIM KO3 GHUIMeHTOM. TOKH 00MOTOK
BBIPAXKCHBI B OTHOCHUTCJIBHBIX CIAMHHUIAX 4Y€PE3 BCINYMHY TOKa HArpy3KH. DTO MO3BOJIIET B KOHEYHOM HTOI'E
MOJYYUTh 3HAUYEHHE THIIOBOM MOIIHOCTH YCTPOWCTBA, BBIPAXXCHHOE B JOJIIX MOIIHOCTH Harpyskd. BapmaHThl
CXeM OTJIMYAIOTCS IPYT OT ApyTra CIOCOO0M IOAKIIOUCHNS PETYINpPYIONIero aBToTpancopmaropa. B pezynprare
WCCIIEZIOBaHMS OIPEAEICHB MaKCHMalbHbIC 3HAYEHHS MOIYJIEH TOKOB M HANpPSDKCHUH, a Takke M THUIOBBIX
MOIIHOCTEH I pAda PAacCMOTPEHHBIX BapHaHTOB cXeM. IlomydeHHBIE pe3yibTaThl IMO3BOJIIOT MPOBOAWTH
CPaBHHUTEIbHBIH aHAIN3 PA3HBIX CXEMHBIX MOAU(UKAIIMH 110 BENWYNHE THIIOBOH MOIIHOCTH.

Knrwouesvie cnosa: tpexdasnsiii Gpazoperynupyromuii TpaHchopmarop, cxema MIeCTHYTOJIbHUKA, PETYINPYEMBIi
aBTOTpaHC(HOPMATOP, HATPY30YHBIE PEXKUMBI, TUIIOBAS MOIIHOCTb.

BBEJIEHUE YCTpPOWCTB Ha  IEPEMEHHOM  TOKE c

B Hacrosiiee Bpemst B Ka4eCTBE YIPABISIEMbIX  MCIOJIb30BaHUEM MOJTYTTPOBOJHUKOBBIX
«THOKHX»  MEKCHCTEMHBIX  CBsI3eH MEXaAy  KOMMYTHPYIOIIMX 3JIEMEHTOB (HampuMmep, Thma
HECHHXPOHHO paboTtaroumu sHeprocucremamu  UPFC-Unified  Power  Flow  Controller),
OOBIYHO TPUMEHSIOTCS BCTAaBKU IIOCTOSHHOTO  OOECHEUYMBAIOLINX PETYIMPOBAaHUE HapameTpoB
TOKa, KOTOPbIE MOJYYMJIN JOCTATOYHO HIMPOKOE  pEXHMMa JJIEKTPHUUECKOM CeTH, TaKuX Kak
pacrpocTpaHeHUEe B JJIEKTPUYECKHX CETSX B  BEIMYMHA U (a3a HamNpsDKEHUs B y3lie, MOTOK
CesepHoii Amepuke n Eppome [1-4]. HecMoTpss ~ akTMBHOW M peaKTHBHOM MOIITHOCTEH B CETH U JIp.

Ha MPUCYIIME MM OMNpeAeieHHble Hemoctatkd, [/, 8]. OHHM TO3BOJSIOT  OJHOBPEMEHHO
BCTaBKU IIOCTOSIHHOI'O ~ TOKa  SBJSIIOTCSL  YNPABIATh IIOTOKAMM KakK aKTUBHOM, Tak H
€VMHCTBEHHBIM IPaKTUYECKH pEAJN30BaHHBIM  PEAKTHBHOMN MOILHOCTEN B JIMHUU
pelieHueM, MIO3BOJISIOLIUM HE3aBUCUMO  DIIEKTPOIEpPENayd, 4TO CPaBHUMO C TEM, 4YTO

ynpaBJ'IHTL IIOTOKOM aKTHBHOﬁ MOIIHOCTU B 06ecnqu/IBaeT BCTaBKa IIOCTOSIHHOT'O TOKa.
JIMHUSIX MEXKCUCTEMHOU CBSI3U, KOTOPOE, K TOMY Omnako, B JOCTYIHOM  JUTEpaType  HE
K€, HETIPEPHIBHO COBEPILIEHCTBYETCS. DTO, TEM HE  paccMaTpUBAETCS BO3MOXKHOCTh MX aJanTaluu U
MEHEe, HE HCKIYaeT BO3MOXHOCTh | HCIIOJIL30BaHMS JJI1 0OecleueH s THOKOM CBSI3H
HGO6XOZII/IMOCTB IIOHUCKa U prrI/IX TEXHUYCCKUX HeCI/IHXpOHHO pa60Ta}ou1Hx 3HepFOCI/ICTeM, HpI/I
pelIeHnH, TakKe 0a3upyIOMIMXCS Ha TMOCIETHUX  KOTOpOW  yroil  (a3oBOro CHBHTa  MEXIY

JIOCTHXKEHUSIX TBEPAOTENBbHOM AIEKTPOHUKH [5-  BEKTOpaMU CHUCTEM JOJDKEH U3MEHSTHCS B
6], omHAKO HE WCITOJNB3YIOMMX MPOMEXYTOYHOE  MmojHOM auana3zoHe 0-360°. B cBs3u ¢ ycnenmHbM
peoOpaszo-BaHuE B TIOCTOSIHHBIN TOK ¥ 0OpaTHO. pa3BUTHEM TEXHUKHM KOMMYTallMd Ha 0ase

B cBs3u OypHBIM pa3BUTHEM B TOCICIHHE  PA3IMYHBIX IOJYIPOBOJHUKOBBIX  YCTPOWCTB
necstuierust Texuonmoruin «FACTsS» (Flexible  cranoButcsi peasnbHBIM elie OJHO BO3MOMKHOE
Alternating Current Transmission) mosBWIOCH  HalpaBiIeHHE  peald3alid  TakoW  CBs3M,
0O0JIBIIIOE KOJIMYECTBO PAa3JIMYHBIX YIPABISIEMBIX  OCHOBAaHHOE HAa NPUMEHEHUHM YCTPOMCTB THIIA
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MaTpUYHBIX UKJIOKOHBEPTOPOB [9-13],
UCIIOJIb3YEMbIX B HACTOSIIEE BPeMsl U1 MUTAHUS
NEPEMEHHBIM TOKOM DEryJIHpYyeMOil YacTOTHI
MOILIHBIX  3JeKkTpoasurareneid. OpgHuM  ©3
HEIOCTaTKOB, HPENSTCTBYOLINX ux
UCIIOJIb30BaHUIO B KAUECTBE YCTPOHCTB ISl CBSI3H
9HEPTrOCHUCTEM, SIBJISIETCS OONbIIast JUCKPETHOCTh
peryaupoBaHUs YIJia, COCTABISIOMIAS OOBIYHO
120°. YuuThiBass BBIIIECKA3aHHOE, HACTOSIIAS
pabota MOCBALICHA UCCIICIOBAHUIO
TpaHchOpMaTOPHOTO (ha30MmoBOPOTHOTO
YCTpOMCTBa, UEs O BO3MOKHOCTH peaau3aluu
KOTOpOTO BBICKa3bIBajach naBHO ([14-16]). Cyts
ero 3aKITI0YaeTCS B WCTIONIb30BaHUN
TpaHCc(hOPMATOPHBIX (ha30moBO-POTHBIX
YCTPOMCTB, 00€eCTIeYMBAOIINX KpPYTroBOE
BpamieHne (a3l  BBIXOAHOTO  HaNpSDKEHUS
OTHOCUTENFHO BXOJHOTO, KOTOpPbIE (haKTHUECKH
TaKXe SABILIFOTCA MPeoOpa3oBaTeIsIMU YacTOTHI.
[losromy B gamHOWl paboTe  TPOBEACHO
WCCIIEIOBAHNE YCTAHOBUBILIMXCSI CHMMETPUYHBIX
PEKUMOB pabOTHl HEKOTOPHIX HOBBIX BapHaHTOB
CXEMHBIX pELICHUH, Oa3upyOIIUXcs Ha CXeMe
MHOTOYTOJIBHUKA, C IIEeJIbI0 ONPE/ICIICHHS TOKOB B
00MOTKaX TaKHX YCTPOWCTB M OICHKH TaKoOi
BA)KHOU TEXHUKO-3KOHOMUYECKOH
XapaKTePUCTUKH, KaKk TUIOBas MOIIHOCTb.
W3BectHer  paboter  [17-20], B KOTOpBIX
NPUBEACHBl PE3yJbTaThl PACUETOB THUIIOBOM
MOIIHOCTHA [UIl HEKOTOPBIX BAapUaHTOB CXEM
(ha30MmoOBOPOTHBIX TPAHCHOPMATOPOB, OJHAKO
OTCYTCTBYIOT [aHHbIC, KacalolIMecs CXeM Ha
OCHOBE MHOTOYrosibHuKa. OTMETHM TaKkKe, 4To
000CHOBaHHOE CyXIIeHHE OTHOCHUTEIILHO
NPEUMYIIECTB ¥ HEJIOCTATKOB  YHNOMSHYTBIX
CXEMHBIX  pCIleHMH Ha  OCHOBE  CXEM
MHOTOYIOJJbHUKa W Pa3dU4YHBIX  JAPYTHX
BapUaHTOB, B TOM 4YHCI€ H JBYXTpaHC-
(OpMaTOPHBIX YCTPONUCTB, MOXKET OBITH CAETAHO
TOJIBKO nocie JETAIBHOTO U3y4YeHHUs
0coOEHHOCTEH BCEX ATUX CXEM C YYeTOM Kak
TEXHUKO-IKOHOMHUYECKUX nokazareyei
TpaHchOPMATOPHOH YACTH, TaK M KOJIMYECTBA U
PEKUMOB paOOTHI MEPEKITIOUAIOLINX YCTPONCTB.

HNCCIEAOBAHUE CUMMETPUYHbBIX
HAT'PY30UYHBIX PEXKUMOB PABOTHI U
PACYET TUTIOBOM MOIIIHOCTH

PaccmoTpeHne  CUMMETPUYHBIX  PEKHMOB
paboTBl ¢  [eNbl0  pacyera  TEXHUKO-
IKOHOMHYECKUX XapaKTEPUCTUK, B YACTHOCTH,
THUIIOBOM MOIIHOCTH, MPOBEJAEM Ha OCHOBE
METOAMKH, U3JI0KEHHON B PaHHUX IPEABLAYLIUX
paboTax  aBTOpPOB,  OIYOJNMKOBAaHHBIX B
cOopHUKax crareit «Ynpasisembie
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aJIeKTpoIepeiaun», U3gaHHbX B 1984-88 rr. B
n3narenscTBe «Itnnana» B r. Kumunese. CyTb
€€ COCTOMT B HCIIOJIb30BAHUH YPAaBHEHUH TEOPUH
AIIEKTPUIECKUX nenei COBMECTHO c
YPaBHEHUSIMH DPABHOBECHUS MAarHUTOJBIDKYILMX
CIJI IJIsl KaXIOro M3 CTepKHEH TpexdasHoro
TpaHchopMaropa, ¢ y1eToM CUMMETpPHHU (pa3HBIX
TOKOB W HamnpspKeHUW. Takod CpaBHUTENBHO
IPOCTOM  TOAXOA ~ TO3BOJSAET  IOIY4YUTb
MPHOTH3UTENHHYIO BEIHYNHY TOKOB B OOMOTKax
YCTPOMCTBA 1O OTHOIIEHHIO K TOKY Harpy3KH.
OKBHBAJICHTHBIC CONPOTHUBJICHHUS, BHOCHMBIE
TpancQOpMaTopoM, BBHUIY WX HEOOIBIIOTO
BJIHMAHUS Ha BEJIMYUHBI TOKOB, IPH 3TOM HE
YUUTBIBAIOTCA. OTO BIOJHE JAOMYCTHMO st
pacyeTa THUIOBOM MOIIHOCTH  YCTpOICTBA,
OTIpeeNsAIoONIe pacxo] aKTHBHBIX MaTepHaJIOB
Ha €ro H3roToBJICHHUEC MW, B KOHCYHOM CHYCTC,
rabapuThI.

Kak mokazaHo B mnpexmplgymmx paborax
aBTOpoB  (cM.  Hampumep,  aBTopedepar
muccepranuu  bomastn B.A.  «Uccnenoanne
TpaHcPOPMATOPHBIX (hazonpeobdpa3yromux
YCTPOHCTB W BO3MOXHOCTeH  (ha3oBOTO
YIpaBIEHHS IBYXILEMHBIMH JJIEKTpOIepe adaMu
C YCWJICHHOM 3IEKTPOMAarHUTHOM CBSI3bIO LIETIEN»,

KueB, HWuctutyr oanexktponuHamuku  AH
VYkpaunbl, 1988 r1.), cpeam  MHOXeCTBa
BO3MOXHBIX  BAapHaHTOB  (ha30MOBOPOTHBIX
TpaHC(HOPMATOPOB  CXEMbI,  HCIHOJb3YIOIINE

COe/IMHEHNEe OOMOTOK B MHOTOYTOJBHHUK, Kak
HpaBuIIo, 00JIaJal0T HAWITYYIINMHU [TOKA3aTEIISIMU
[0 THIOBOM MOIIHOCTH, MO CpPaBHEHUIO CO
MHOT'UMHU APYTUMU CXCMHBIMHU PCUHICHUSAMMU. 9t0
O6T)$ICH$I€TC$I, B IICPBYIO O0YCpPCJb, HAINIYUEM
aBTOTPaHC(HOPMATOPHOI CBSI3U MEX Ty
CHCTEMaMH  MHUTAIONEr0 U BBIXOAHOIO
HampsOKeHUs. B JaHHOM  WCCIeJJOBaHUU
noyiydynsia  JanbHedliee — pa3BUTHE  Hes,
YIPOLICHHS KOHCTPYKIIHH 6a30B0ro
¢azocasuratomero Tpancpopmaropa. Bmecto
BBIITIOJTHCHUS 6OHLHIOFO KoJan4decTtBa OTBOIOB OT
€ro  OCHOBHBIX  OOMOTOK,  HCIOJIB3YeTCs
JIOTIONTHUTENBHBIA  aBTOTpaHCcpOpMaTop,  Ha
KOTOPOM M TIPOM3BOJMTCS Oojiee  «TOHKOE

pEeryaHpOBAaHUE» MyTEM MEPEKIIOUYCHUS €ro
OTBOJIOB.

Ha puc. 1 mnpuBemeHa yclioBHas cxema,
MOSICHSTIOIIAS YIIOMSIHYThIH TPUHITHIT
BBITTOJTHCHUS CXEMBI (ha30noBOPOTHOTO
TpaHcdopmaropa c JIOTIOJTHUTEIIbHBIM

PEryIupoBOYHBIM aBTOTpancpopmaropom. Ona
OTIMYAeTCsl TOH OCOOEHHOCTHIO, YTO OCHOBHBIE
00OMOTKH BBIIIOJTHCHBI C MHWHUMAJIBHO
BO3MOXKHBIM KOJINYECTBOM OTBOJ0OB,
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HeoOXOIMMBIX, HaIlpuMep, s obecniedeHus 12-
™ (a3Hoi cucteMbl ¢ 30° pa3oBBIM CIBHTOM
BEKTOPOB, a OoJice TOYHOE PETryTUPOBaHUE yTia
BBITIOJHSICTCS C  IOMOIIBID  YHOMSHYTOT'O
JIOTIOJTHUTENBEHOTO aBTOTpanchopmaropa.

Cnepyouwee paboyee

nonoxexue

Next operation position
Y i et

.- i‘\

{  A2,B2,C2-Buixon
Output

MexopHoe nonoxexune
Initial position

A1
A1,B1,C1 -Bxoa

Input
] >
B1

Puc.1. YciioBHas cxema, NOSICHSIIOIIAS
HCII0Jb30BaHUuE J0IIOJITHUTC/JIBHOI'O
PeryJMpoBOYHOIro aBToTpaHcdopmaropa.

Fig.1 Conditional diagram explaining the

use of additional regulating autotransformer.

|

71 O€HKM TUIIOBOM MOIIIHOCTH TaKOTO poJa
ycTpoiicTB Ha 0a3e  MHOIOYTrOJIbBHMKA C
JIOTIOJTHUTEIBHBIM PEryJIUpPOBOYHBIM
aBTOTPaHC(POPMATOPOM PACCMOTPHUM HECKOIBKO
BapHUaHTOB CXEM pcannzanuu, Ha4YUHas1 C
HauboJIee MPOCTOr0, MPUBEICHHOTO HA PUC.2.

Puc.2.

Bapuant (dhasonosopoTHOroO
YCTPOIiCTBa ¢ MHOIOYroJIbHHKOM 0e3 OTBOJOB ¢
JOIOJHUTEIbHBIM ABTOTPaHCHOPMATOPOM.

Fig. 2. Mode of phase-shifting transformer
implementation with hexagon circuit without
intermediate taps and additional autotransformer.
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Ha Hem yclnoBHO TOKa3aHBl  OCHOBHBIE
¢dazocaBuraronie OOMOTKH, COCAWHCHHBIC B
MHOTOYTOJIPHHK (Hadaja OOMOTOK OTMEYEeHBI
3BE3J0YKAMH), a TaKXKe 3 JOMOJIHUTEIIBHBIX
omHO(Da3HBIX aBTOTpaHCHOpMAaTOpa ¢ OOIBIITHM
YUCIIOM  MPOMEKYTOYHBIX ~ OTBETBJICHUH, K
KOTOPBIM MOXET OBITh MOJKIIIOUEHa Tpex(asHas
Harpy3ka ¢ TOKOM l,,.

[epexiroueHuss Harpy3kd K pasIHYHBIM
OTBETBJICHUSIM PETYJTMPOBOYHBIX OOMOTOK, Kak
ObUTO omucaHo paHee B [16], MokeT OBITh
MPOU3BENICHO C MOMOIILIO OBICTPOACHCTBYIOIINX
MOJYIPOBOHUKOBBIX KITIOUEH, KOTOPBIC 31€Ch HE
MOKAa3aHbl, YTOOBI HE 3arpoMOXIaTh CXEMY.
OTMETHM, YTO B TaKOW CXeMe, KOT/Ia ITUTAoIIas
cUCcTeMa HaNpsHKCHUM MPUIIOKEHA K BEpIIMHAM
MHOTOYI'OJIbHMKA, IIpH PpEryIupoOBaHUH yIJa
MMPOUCXOAUT CBsA3aHHOC C HUM H3MCHCHUC
MOJTYJIsl HATIPSDKEHUST Ha HArpy3Ke, KOTOpoe TpH
HEOOXOJMMOCTH MOXKET OBITH CKOMIIEHCHPOBAHO
HECKOJBKMMHU CHOCO0aMH, HampuMep, MyTeM
KOPPEKTUPOBaHHUS ~ 3aKOHA  TMEPEKIFOUCHHUS
MOJTYIPOBOHUKOBBIX KITFOUCH.

Ha puc. 2 npuBeneHbl 0003HaYCHUSI TOKOB U
HaIIPSKEHUI CXEMBI, IIPUYEM B CUITy CUMMETPUH,
TOKM B pasHbIX (ha3ax CBSI3aHBI MOCPEICTBOM
KOMIIIEKCHOTO omepatopa moBopota a=e'*"",
Hnst  ynporieHuss 0003Ha4YCHUN TOYKH Haj

KOMIUICKCHBIMHA 3HAYCHUSAMU TOKOB n
HaHpSI)KeHI/Iﬁ HC IMMPOCTABJICHEI, HO
moApasyMeBarOTCs.

3anumeM CcHCTeMYy YpaBHEHHH U JaHHOMN
CXeMBI AJ1s y371a 2 (HoMepa y3JI0B IIPOCTABJICHEBI
Ha pHUC.2 B TPSIMOTYTOJIbHUKAX) M ypaBHEHUS
paBHOBECHST ~ MarHUTOIBWXKYIIUX  CHJ  JUIst
perynupytouiero aprorpancgopmaropa. [lomHoe
YUCIO BHUTKOB  OOMOTKM  PETYIUPYIOLIETO
aBroTpaHcopmaropa 0003HAUMM uepes W/,
YHCII0 BUTKOB, BKIIFOUEHHBIX C €€ JIEBOH CTOPOHHI,
Mo KOTOpoW TpoTekaeTr Tok |3, Oymem
XapaKkTepu30BaTh C MOMOIIBI0 kKoddduimenra K,
KOTOPBIA MOXET M3MEHAThCA B Amamna3zoHe 0+1,
TOTa YMCJIO BUTKOB, BKJIIOYCHHBIX CJeBa OyaeT
W'xK, a 9KCII0 BUTKOB, BKJIFOUCHHBIX CITpaBa, o
KOTOpBIM TeueT ToK |4 Oymer paBuo w'x(1-K). C
YYETOM 3TOTO0, JUIsl aBTOTpaHCPOpPMATOpa UMEeM:

LW -k+1,-w-(1-k)-0
l,=1 | @
37 "4 + H
31ech: W' - IOJIHOE YHUCJIO BUTKOB OOMOTKH
peryaupyroiiero aprorpanchopmaropa, K - gacts
BKJIIOYEHHBIX BHUTKOB, cumTas oT y3ma 1, kK =
(0=1); 13, l4 — TOKM COOTBETCTBYIONIMX YacTeH
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o0MoTKH aBTOTpanchopmaropa o puc.3, |, - Tok
Harpys3KH.

Pemas cucremy ypaBaennii (1) oTHOCHTEIHHO
TOKOB I3, ls, UX MOXHO BBIPa3UTh UEpe3 TOK
Harpy3KH:

ly=1, -1-k)

" @)

I, =—1,

W3 momydeHHBIX BRIpaKEHUH (2) clieayeT, 94To
MaKCUMaJbHOE 3HAYCHHE TOKA l3uaxc In
nocturaercs npu K = 0 (mpu 3TOM TOK APYroro
wieya ls paBeH HyNIO, 4TO CIEAYeT TaKKe H3
du3nyeckux coodpakenuii), npu K = 1/2 Toku I3
U |z onvHaKOBHI M paBHBI IMOJIOBMHE TOKa
Harpy3KH.

Takum 00pa3oM, MaKCUMalbHOE 3HAYCHUE
TOKa 0OMOTKH aBTOTpaHC(hopMaTopa, paBHO TOKY
HArpy3kd. DTO 3HAYCHHE MOXKHO TPUHSTH JUIS

pacueta THUIIOBOI MOITHOCTH
aBTOTpaHCPopMaTopa, MpHYeM C OOJBIIUM
3a1acoM. PeanbHo npu pa3ouBKe

PETYINPOBOYHOI OOMOTKH Ha HECKOIBKO CEKITHI
C pa3jJu4YHbIM 3HAYCHHUCM HOMMUHAJIBHOI'O TOKa
JUISL KaXKIOM CEKIIUU (YTO TMO3BOJIUT YMEHBIITUTH
CeUeHHs MPOBONOB Ml CPEAHUX CEKLUH
OOMOTKH), THWIIOBas CyMMapHas MOIIHOCTh
pPEeryJIMPOBOYHON  OOMOTKHM  MOXET  OBITh
yMeHblIeHa. Takum 00pa3oM, B OTHOCHTEIBHBIX
eauHunax  (o.e.), TOpUHMMAas  MHMTaroIlee
HamnpsoKeHHEe M TOK HAarpy3Kd paBHBIMH 1, mist
TUIIOBOM MOIIHOCTH aBTOTpaHchopMaropa Sar
MOy IHM:

S =% Upe - 1a)=050e  (3)

3amuiieM ~— Jajee  CUCTEMY  ypaBHEHHI
OCHOBHOTO ()a30IIOBOPOTHOTO TpaHcopmaropa
Jutst y310B 1,3, monb3ysich puc.2 (Homepa y3JioB
MPOCTaBJIEHBl Ha pHUC.2 B MPAMOYTOJIbHHUKAX) U
ypaBHEHHE PAaBHOBECHS] MarHUTOBMXKYILIUX CHIL.
Ywucio BUTKOB OJHON OOMOTKHU IIECTHYTOJIbHHUKA
o06o3HaunM Kak W. [Tomyanm:

l,-w—a*-1,-w=0
(4)

a-l,+1=1+1
L+1,=1,
Pemas nmannyro cucremy ypaBHeHHH (4),

MO>KHO BBIPa3HUTh TOKHU 00MOTOK
¢azonoBopoTHOr0  TpaHchopMaTopa U TOK

15

nuTaromiel cucreMsl | uepes Tok Harpysku l,. B
pe3ynpTaTe TMONY4YHM TIPUBEACHHBIE Jajiee
BeIpakeHus (5) IS KOMIIJIEKCOB TOKOB.

W3 nony4eHHBIX BRIPAXKEHUH MOXKHO CJICNIATh
clemyromue BBIBOABL. V3 mepBOro BBIpayKEHUS
ypaBueHuit (5) BuaHo, uto nipu K=1 (mpu 3TomM
COOTBETCTBYIOIIAs pa3a HArpy3KH MOJKIIOYECHA K
y31y 3 cxembl puc.2), Momysb Toka |1 umeer
MaKCHMaIbHOE 3HaYCHHE, paBHOE B
OTHOCHUTENFHBIX €IUHUIIAX 110 OTHOIICHHIO K

()

a’® +k
IH' 2
a

TOKY Harpy3ku 1/\3. To ke caMoe OTHOCHTCS K
Moy Toka lo. dasel ke y TokoB pasubie. [lpu
crpemieHun Kodddummenta k—0 (mpu 3TOM
Harpyska MoAK/IYeHa K Y311y 1 cxemsl puc.2, T.e.
HEMOCPEJICTBEHHO K HCTOYHHKY IUTaHUS),
MOJYJIM TOKOB |1 W |2 yMEHBIIAIOTCS W TakkKe
CTPEMATCS K HYJIO.

Takum 00pa3oM, MakCHMaJbHbIE 3HAYCHUS

TOKOB 00MOTOK (ha30moBOPOTHOIO
TpaHcdopmaropa JOCTUTAFOTCS pu
MOKITIOYECHUN COOTBETCTBYIOIIEH (asbl

Harpy3ku K y3i1y 3 v paBHbI | 1uae=l2maxc=1/ V3.
IMpuHuMas MaKCHMaJbHOE OTHOCHUTEIHHOE
3HAYCHUE  HAMPSIKCHUS, MPHIOKEHHOTO K
0o0MoOTKaM (ha30MOBOPOTHOTO TpaHCHopMaTopa,
paBHBIM 1, MOJIyYUM CIEeRYIOMNN pe3ynbTaT s
BEJIMYMHBI THUTIOBOM MOIIHOCTU
(ha30MmoBOPOTHOrO TpaHCHOpPMATOpA:

ScDT :%'(Umax ’ Imax)
%- }/\/§+}/\/§ ~0,580.¢e

Takum oOpa3oM, ¢ yueToMm BeIpakeHus (3),
CyMMapHasi THUIOBas MOIIHOCTh arperara Sy,
COCTOSILLETO u3 pEryIupyoLero
aBTOTpaHcpopmaTopa ¥  (Ha30MOBOPOTHOTO
TpaHcdopmaTopa, MOIydaeTCs CIEAYIOMIEH:

(6)

Sy =Sar +Sqr ~ (0,5+0,58)

7
=1,08 0.e. 0
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OTMeTHuM, 4UYTO TOJYYEHHOE BBIPAKCHUE
XapakTepU3yeT BEPXHUU MpeAesl  TUIIOBOK
MOIIHOCTA PACCMOTPEHHOTO BapHaHTa CXEMBI,
KOTOpass MOXeT OBbITb YMEHbBUICHA, MPH
KOHKPETHOM peanm3alyy, 32 CYET BBIOJHEHUS
CeKIui PEryIMpOBOYHON 00MOTKH
aBTOTpaHCPOpMaTOpa MPOBOJHUKAMU PAa3HOTO
CEYCHHS.

PaccMmoTpuM panee eiie OJWH aHAJIOTHYHBIN
BapHaHT CXEMBI YCTPOHCTBAa C OoJiee CIONKHOMH
KOHCTPYKIe OOMOTOK, NpeACTaBICHHBIH Ha
puc.3. IlpuHnmum paboOTBl JAHHOW CXEMHEI,
COTJIACHO MIPEI0KEHHOMY croco0y
pEryarpoBaHus yria, COCTOMT B MEPEKIIOYCHUN
PETYIHPYIOLIETO aBTOTpaHcdopmaropa
MOOYEPEHO Ha TIOCIEAYIOIIHE Taphl OTBOJIOB
00MOTOK (ha30MOBOPOTHOTO TpaHCPOpPMATOpa B
COOTBETCTBUU Cc HCO6XOI[I/IMI>IM 3aKOHOM
W3MEHEHUS yriia BO BpeMeHU. | TaBHbIe OTIN4Iuns
COCTOSIT B TOM, YTO OOMOTKH (pa30IIOBOPOTHOTO

TpaHchopMaTropa  BBIIOJHEHBI C  OTBOJOM
NOCEpEeANHE, YTO  MO3BOJSIET  yMEHBIIUTH
THUIIOBYIO MOIITHOCTb PETYIUPYIOLIETO

aBTOTpaHC(OpPMATOpa, KOTOPBIH MOAKIIOYACTCS
Ha TIOYTH BABOE MEHbINIEE HampsokeHue. Kpome
TOro,  TOSIBISETCS  BO3MOXHOCTH  IOJATh
MUTaloNlee HANpsHKCHUE B CEPeAMHY OOMOTKH
¢azonoBopoTHOro Tpanchopmaropa. [Ipu 3Tom
IpoIle KOMICHCHPOBATh HM3MEHEHUS MOMYJIS
BBIXO/JHOTO HAIPSOKCHUSI BCIICJICTBHE
peryJIMpoBaHus yrja, TaKk Kak ero HeoOXOoIuMo
TOJBKO yMeHbIIaTh. (OO003HAYEHHS TOKOB U
HANPSDKCHUH aHAJIOTWYHBI PaHee MPUBEICHHBIM.
KpOMe TOro, OTMCYCHBLI IIPAMOYTOJIBHUKaAMHN
Y3JIbL CXCMBI, JJIsA KOTOPBIX HCO6XOHI/IMO
COCTaBHUTh YpaBHEHUs. BBIIOIHUM pacyeT TOKOB
O0OMOTOK JUIsl YKa3aHHOTO Ha PHUC. 3 MOJOKCHUS

pEryIUpYIOLIETO aBTOTpaHCOpMaTOpA.
Kospdumuent K, kak u paHee, xapakTepu3yeT
YHUCIIO BKJIFOUCHHBIX  BHUTKOB 00OMOTKH
peryiupyroniero  aBrorpancdopmaropa 10
0TBOJIa, Kyza MOJIKITIOYeHA Harpyska.
AHAJIOTUYHO npeAbIyIEMY, COCTaBUM
CJIEJIYIONINE CHCTEMBl YPaBHEHHH JJISI TOKOB
PETyIUPYIOLIETO aBTOTpaHcopMaTopa 17§
¢azomnoBopoTHOr0o  Tpanchopmaropa. Juos

PEryaupyIoUiero aBTOTpaHchopMaTopa HMeEeM
TaKylo K€ CHCTEMY YpPaBHEHHUH, Kak u panee (1).
[losToMy BbIpaKEHHS UIsI TOKOB  OYAyT
coBmanarth ¢ (2).

YuuteiBas, 4TO0 MaKCHMaJIbHOE HANpsKEHHE
Ha OOMOTKEe aBTOTpaHChoOpMaropa B JaHHOM
CXEME PaBHO IIOJIOBHHE HANPSKEHHUS OOMOTKH
($a301moBOpPOTHOTO Tpanchopmaropa, ero
THTIOBAsI MOIIIHOCTh MPHOIM3UTEIHHO COCTABUT:

16

S = Y5 (34-Ups 110, )=0.250c.

YpaBHerus 11 (ha30moBOPOTHOTO

Puc.3. BapuanTt cxeMbl MHOIOYIOJIbLHMKA, C
OTBOAAMH MOCEepeauHE €ero CTOpoH.

Fig. 3. A version of the polygon scheme, with
taps in the middle of its sides.

TpaHchopMaTopa U3MEHSTCS B COOTBETCTBUU CO
cxeMoil puc. 3. 31eCh YUCIO BUTKOB OJHOM
MOJTyOOMOTKHM MPHHSATO PaBHBIM, AJsl yJOOCTBa,
W.

a-l,-w+l,-w—2-a%-1,-w=0
a-lL+1=1+1 . (8)
L+1, =1,

Pemas ypaBHeHus (8) OTHOCHTEIHHO TOKOB
00MOTOK, MOJTyYHM, aHAJIOTHYHO MPEIbIAYIIEMY,
UX BBIPOKEHHS Yepe3 TOK HAIPY3KH:

2
L—| k- !2 -a )
1 H' 3
9)
| | a-k
,=1, .T
W3 mnony4yeHHBIX ypaBHEHMH BHUAHO, 4YTO
MHUHHUMAJIBHBIC HyJ'IGBLIC 3HAYCHUS TOKOB

nocruratorcs npu K=0. Tlpu sToM Harpyska
3aMUTHIBAETCS HEMOCPEACTBEHHO OT HCTOYHHUKA
NUTaHus, a  TpaHcopMaTopHBIH  arperat
paboTaeT B  peXUME  XOJOCTOIO  XOa.
MaxkcumanbHble MOAYJIH TOKOB B OOMOTKax
(ha3omoBopoTHOro0 TpaHchopmMaropa, OYeBHUIHO,
OyIyT JOCTUraTbCsi OJHOBpeMeHHO Tmpu K=1.
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Pacuer mokaseiBaet, uTO: liyae= 0,881, loyae=
0,331,

Teneps  MOXHO  IOACYHMTATH  3HAYCHHUC
THIIOBOM MOIIHOCTH (ha30moBOPOTHOTO
TpaHchopMaropa, € YYETOM MaKCUMAJIbHBIX
HaIpsHKEHUH Ha er0 00OMOTKaX:

SFT:%' Z Umaxilmaxi

1. 1 088+1.03311.033]~0,470e.
2 2

Torma cymmapHasi TUIIOBasi MOII[HOCTh arperarta
paBHa:

S; =S, +S =0,25+0,47=0,720. Puc.4. Bapuant cxeMbl ¢ OTBOAOM OT
cepelMHbl  OOMOTOK  MHOIrOYrOJIbHMKA M
OTO HEMHOTO MeHbBIE 3HAYCHHUS THIIOBOH  HOAKIIYeHHeM aBToTpaHcdopmaTopa K oOMOTKe

MOIIIHOCTH JJIs TIPEABIAYINEr0 BapuaHta cxempr,  C1eAyomen $asbr. o )
4T0  OGBACHSETCS  MEHBIIMM  3HAYCHMEM Fig. 4. Version of the circuit with the middle

tap from the polygon windings and connection of
HalpsDKEHUST Ha  OOMOTKE  PEeryJupYIOIIEro

autotransformer to the winding of the next phase.
aBTOTpaHcopmaTopa. OTMETUM, YTO B IpoLIECcCe
peryaupoBaHusl  yria, INpd  HOAKIIOYCHUHU
aBTOTpaHCc(OpMaTOpa Ha CICAYIOUIYIO 10 KPYTy lL=1.- 2-a-1-k- (a '1)
OCHOBHYIO 00MOTKY (ha30moBOPOTHOTO v a-2
Tparcpopmaropa, TOKH B €ro OOMOTKax 1+a-k
n3MeHsaTcs. BeiencTsue 3Toro He00X0IUMO npu |2 = |H —2
OLICHKE THIIOBOM MOIIHOCTH arperara ?‘ B
NOJCYUTATh TOKM WU TIPU JPYTUX BO3MOMKHBIX | | . a”+k
BapHaHTaX  MOJKIIOYEHHUS  PEryIHPYIOLIETO 0 H 49
aBTOTpaHc(opMaropa.

[ToncuuTaem Aajnee TUIOBYIO MOIIHOCTB JJIS
pacronoxeHus aBTOTpaHc(opMaTopa,
noka3zanHoro Ha puc.4. Kak u panee, pexum
peryiaupymouero — aBrorpancopmaropa  Ipu
U3MEHEHUH €ro IMOJOKEHUS He MEHseTcs.
IloaTromy ero TOKHM, HampsKeHHS OOMOTOK U
TUIIOBasA MOIIHOCTH OCTAHETCS Hpe)KHeﬁ " Ipu

(11)

W3 nmonyueHHBIX BeIpakeHui ais TokoB (11)
MOKHO HaWTH MX MaKCHMAalIbHbIe 3HaU€HUS MpHU
U3MEHEHHH MapameTpa K, XapaKTeph3yroLIero
BKITIOYEHHOE YHCIIO BUTKOB 00MOTOK
perynupyomuero aBTorpanchopmaTopa.

Paccmorpum Bhipakenue s toka | (1-e

BEIpaXKeHHE  cHucTeMbl  ypaBHeHud  (11)).
naunom Bapuante: S, =0,250.e. 3amumeM  3yavenarens ot napameTpa K He 3aBHCHT.

CUCTEMY YPaBHEHUH A TOKOB CocTaBngromue BeKTopa YUCTUTENS TOKa3aHbl Ha
¢azonoBopoTHOrO TpaHchopMaTopa 1Mo pHuc.4.: puc. 5 (2a-1 u k(a-1)), myHKTHpOM MOKa3aHa MX
pa3HOCTh. BHUIHO, 4TO MOIyib 3TOW pa3HOCTH
2 — makcumaies npu k=0. [Toatom
lL,-w+l,-w—a“-l,-w—a-l,-w=0 p y
I +1,=1
2 1 .a—
Lot (10) [ e
1= 1y + 3 Maxc H a— 2

l,+1,=a"-1,

N3 puc. 5 BUAHO, 4YTO MOJAYJIU BEKTOPOB
YUCJIUTCIA U 3BHAMCHATCIIA OANHAKOBBI, [IO3TOMY
MAaKCUMAJIIbHOC 3HAYCHUC MOAYJISI TOKa |1 paBHO
TOKY Harpy3KHu:

Pemas cucTeMy YpaBHEHUI (10)
OTHOCHUTENFHO TOKOB  OOMOTOK,  IOIYyYUM
BeIpaxkeHus (11):

Imakc H| "

17
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Paccmotpum Tok 2. M3 puc.5 Buano, uTO
MakCUMyM 3TOr0 TOKa JOCTHraeTrcsi IpH
sHaueHusx K paHom O wmm 1. Tlostomy
MakCUMyM ToKa |, CBSI3aH C TOKOM Harpy3Ku
CIIeTyFOIIAM 00pa3oM:

1
|| =l ——
a-2

PackppiBast 3TO  BBIpaKeHHE, MOIYYUM
[12vaxe|=0,375|l4|. AHanormunblii pe3yabraT, Ha
OCHOBAHUH pHC.S, OIydaeTcs A Toka lo:

[lowaxe|=0,375| 1.

2Makc

Ter[epb MO>XKHO ImoaACYUTaTh BCIIMUYUHY
THUTIOBOI MOIIHOCTH (a301mOBOPOTHOrO
TpaHc(OpMaTOpa B JaHHOM CIIydae:

SFT:%' Zumaxilmaxi
i
1 0,375 2-0,375
| =tV +— ~0,610.€.
% 3 V3 B

Torma cymmapHasi THNOBas MOIIHOCTb
arperara paBHa!

S, =S, +Sr ~0,25+0,61=0,860.¢

+a?

Puc. 5. Bexkropuas amarpamma, s
KOMIUICKCHBIX BEKTOpPOB TOKOB B 00MOTKAX
TpaHc(opMaTOPHOTo yCTPOoiicTBA MO puc. 4.

Fig. 5. Vector diagram explaining the ratio of
currents complex vectors in the windings of the
transformer device according to Fig. 4.

Takum 00pa3oM, B JaHHOM CjIydae BeJIMYMHA
TUTIOBOH ~ MOIIHOCTH  TpPaHC(HOPMATOPHOTO
(ha3010BOPOTHOTO YCTpOMCTBa UMeeT
MPOMEKYTOYHOE 3HAYCHHE II0 CPaBHEHUIO C
MpEeABIAYIIUMU BapuaHTaMH.

PaccmoTpuM ele OauH BapuUaHT CXEMHOI'O
BapHaHTa HCIOJHEeHUs (ha30ompeoOpasyoero
YCTPOMCTBA, [JIABHOU OTJINYUTENIBHON

18

OCOOCHHOCTBIO KOTOPOTO SIBIIIETCS PaBEHCTBO
MOAYJEH HaNpsKEHUH COCIUHSEMBIX CHCTEM.
OOMOTKH OCHOBHOT'O (ha301moBOpPOTHOTO
TpaHc(opMaTopa BHIIOJHEHBI U3 TPEX YacTeld B
COOTBETCTBHH C TIPUHIUIIOM, H3JI0KEHHBIM,
Harpumep, B [14,16], Tak 9TOOBI WX OTBOJIBI
ofOecrieunBaIM B PEXHUME XOJOCTOTO  XOJa
OJIMHAKOBBbIC MOJYJU HAIPSDKCHUH M Pa3HOCTh
¢azoBeix yrioB B 30°, 00pa3ys CHMMETPHIHYIO
12-tu dasuyro cucremy (cMm. puc. 6). Tokw,
HampsOKEHUS CXEMBI Ui PacCMaTPUBACMOTO
CHMMETPUIHOTO PEKUMa pabOTHl 0003HAYCHEBI HA
puc. 6. B npsMoyroipHUKaxX MpUBEIEHB HOMEpPa
y3JI0B, JJI1 KOTOPBIX 3alMCaHbl YPaBHCHUS IS
TOKOB. UMCIIO BUTKOB CpelHEH YacTH OOMOTKHU
0003Ha4YeHO Yepe3 Wi, YHCIIa BUTKOB KpailHHX
yacTel OOMOTKHA OJMHAKOBBI Y 0003HAYEHBI
yepe3 Wo. MX cOOTHOIIICHHE B JJaHHOM Clly4ae,
KaKk TOKa3aHo B [16], paBHO COOTBETCTBEHHO
0,518 u 0,299, ecnu OPUHATH NPUIOKEHHOE
HanpspkeHue B o.e. paBHbiM U=1.

OOmiee  YHUCIO  BHUTKOB  OOMOTKH,
COCTaBIISIIOIIEH  MHOTOYTOJIBHHK ~ W=W1+2W>.
00603HaYUM ISl OOIIHOCTH TMOIYYaeMbIX

Puc.6.

BapnaHT CXEMbI C ABYMS
NPOMEKYTOYHBIMU OTBOJAAMHU OCHOBHBIX 06MOTOK,
o0ecneyUBaKOLIUIl MOJy4eHHe cCHMMeTpUYHoH 12-
TU ¢a3Hoili cucTeMbl.

Fig. 6. Version of the circuit with two
intermediate taps from each of the main windings,
providing a symmetrical 12-phase system.
pe3ysbTaTOB OTHOICHHE Wi/W,=N. B maHHOM
ciIyJae, Kak ObIJIO IOKa3aHo paHee, n~\3.

Sanumem YpaBHCHUA JJIsA TOKOB
(azonoBopoTHOTrO TpaHCchopMaTopa o puc.6.

YpaBHeHuUs I PETYIUPYIOIIETO
aBTOoTpaHchopMaropa AHAJIOTUYHBI

npeasIAynemMy, rmodTomMy 31€Ch HE IIPUBOJATCA.
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a-ly Wy + 1w+ 15w, —

a%1,(w+2-w, )=0 (12)

al,+l=13+1;

OHM HMMEIOT TOT JX€ BWJ, YTO M paHee, U
comepkar koddpduieHT K, xapakrepusyromuit
MOJIOKEHUE BKITFOYCHHOTO 0TBOJIA
PETYINPOBOYHOI 0OMOTKH (CM. ypaBHEeHHE (2)).

Pemas cuctremy ypaBuenmit (12), BbIpakas

TOKA OOMOTOK 4Yepe3 TOK Harpy3ku I, u
0003HaYMB OTHOIICHHE W1/W> =N, TTOJIyIHM:
a2-k~(3+n)
1=H "y 2
3-a“+n-(a“ -1 (13)
k-n
12=1H-

3-a2+n~(a2 -1

W3 monyueHHBIX BhIpa)keHU# A TokoB (13)
MOXKHO HAaWTH HMX MAakKCHMalbHbIE 3HA4YeHUS,
KOTOpBIE  MONy4aloTcd  NpU  HU3MEHEHUHU
napamerpa K, XapakTepH3YIOIIEro IIOJ0XCHUE
BKJIFOYEHHOT'O OTBO/Ia OOMOTKH PEryIUPYIOLIEro
aBToTpaHcgopmaropa.

W3 Bepakenntii (13) BuaHO, 4TO HAMOONIBIIETO
3HaueHUs MOIYTH TOKOB li m (mpm
(bUKCHpPOBaHHOM n) JIOCTUTAIOT npu
MaKCUMaJbHOM 3Ha4YeHuH Kod(p¢unuenra K,
paBHoro 1.

ITosicunTaeM uX mpr N=\3, 4TO COOTBETCTBYET
paccMaTpuBaeMOMy  CIy4alr, TIpH KOTOPOM
HanpsDKEHUsI BCEX OTBOJAOB (ha30MOBOPOTHOTO
Tparcdopmaropa 00pa3yroT CHMMETPUYHYO 12-
TH (a3HYIO CUCTEMY HATPSIKEHHH.

I,

IToncraBuB B Beipaxenwus (13) 3HaueHus n=v3
M KOMIUIGKCHOTO omeparopa  a=1/2+V3/2,
MOJIYYUM CJICYIOIINE MAaKCUMAaJIbHbIC 3HAUCHUS
monyne# Tokos: 1:=1,14l,, 1,5=0,298l,..

Tenepp MOXHO  TIOJCYMTATh  THIIOBYIO
MOII[HOCTh arperara Juis JaHHoro ciydvas. s
peryiaupyoouero  aBToTpaHcopMaropa, €
y49eTOM MaKCHMaJbHBIX 3HAYEHHH TOKOB B JAOJISIX

TOKa HAarpy3kd H TOTO, HYTO MAaKCHMAalbHOE
HaIpsDKEHUST Ha ero oOMoTke coctasiseT 0,518
0.€. IMeeM:

SAT :1/2(Umax ' Imax):1/2
0,518-1~0,260.e.

st TunoBodt MOIIHOCTH  (ha30MOBOPOTHOTO
Tparcopmaropa, C y4eTOM HaANpPKEHUH Ha
4acTAX BCEX BKJIFOUEHHBIX OOMOTOK M C YYETOM
MOJIHOTO HANPSDKEHUS HAa TPEX MOCIIEI0BATEIbHO
BKJIFOYEHHBIX 00MOTKaXx, PaBHOTO
2%0,299+0,518=1,16 o.e., B JaHHOM cIy4ae
HMEEM:

SFT:%' Zumaxilmaxi =

}/ 2-0,299.0,298+0,518-114
s

+1116-0,298
Torma cymmapHas
arperaTa paBHa X CyMMe:

~0,550.e.

THIIOBas1 MOIITHOCTH

S, =S, +Sg ~0,26+0,55=081o.¢

Takum  00pazoM, TMONy4YEHBI  3HAYCHUS
THIIOBBIX MOIIHOCTEH IJIsI HECKOJILKHUX Hanboee
XapaKTepHBIX BAPUAHTOB CXeM (Da30MOBOPOTHBIX
TpaHc(HOpMaTOPHBIX YCTPOWCTB c
UCIIOJIb30BaHUEM JIOTTOJTHUTETHHOTO
aBToTpaHcdopmaropa (cMm. TaOIHILy).

AHanu3upys IMOJIy9eHHbIE 3HAYECHUS, MOXKHO
clleNlaTh BBIBOJ O TOM, YTO Ja)KE€ 3aBBIIICHHBIE
3HAYCHHUS THIOBBIX MOIIHOCTEH JJIg CaMBIX
MEePCIIEKTUBHBIX BapUaHTOB CXEMHOTO
ucrioHeHUsT Ne 2 w4 w3 TaOIMIbl,
00€eCIIeunBarONInX MHHMMAIbHEIE OTKIOHEHUS
MOJYJISl HAIPSDKEHUS B TIPOIECCE PETyTUPOBAHIS
yria, OKa3bIBAIOTCS 3HAYMTENBHO  MEHBIIEe
€IMHULIBI.

210 CYIIIECTBEHHO MEHBIIIE, geM
o0ecreunBaOT Jpyriue pPacCMOTPEHHBIE paHee
BapHaHThl CXEMHOTO WCIIOJIHECHUS, HalpuMep B
[3, 4].

B panpHeiineMm He0OXOAMMO TaKKe OLEHUTH
HEOOXOJMMBIE 3aTpaThl MO TEPEKIHOYAOIIAM
yCTpOWCTBaM,  HampuMep IO  METOJWKE,
WCITOJIb30BAaHHOM aBTOpamH [5].

Ta6ﬂuua. Tunosvie MouwiHocmu ons PAaA3TUYHBIX 6APUARINOE CXEM.
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Cxembl Benuuuna | Bennunna CymmapHo
Schemes Sar, 0.€. Srr,0.€. € 3HAYeHHE
Value Sat, | Value  Sgr | Ss, o.e.
p.u. p.u. Total value
S, p.u.
0,5 0,58 1,08
1
2 0,25 0,47 0,72

IIpooonsicenue mabauyuol
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0,25 0,61 0,86

3

4 0,26 0,55 0,81
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Selection of Frequency Estimation of 6-10 kV-Overhead Lines’ Technical
Condition Based on Reliability Statistical Studies

Basmanov V.G., Kholmanskikh V.M.
Vyatka State University
Kirov, Russian Federation

Abstract. The aim of this work is to justify a criterion selection for the frequency estimation of the 6-
10 kV-overhead lines’ technical condition (OL), using the reliability indicators of the overhead lines
(failure intensity, mean time between failures, reconditioning intensity and recovery mean time). To
achieve the goal a retrospective method was used for obtaining information on reliability and a
statistical method for analyzing the reliability of the multiple-action products to justify the frequency
criterion. Certain methods of mathematical statistics were applied to process the information obtained.
In particular, the Kolmogorov criterion was used to support the hypothesis on the exponential law of
distribution of the OL failures and the time of their recovery. Based on the analysis of the 6-year
overhead line failures database, the exponential law hypothesis of distribution of the overhead line
failures and the time of their recovery was accepted and confirmed. The most essential result is the
experimental and theoretical confirmation that the complex indicator of reliability, i.e., the technical
preparedness coefficient with account of self-eliminating failures, can be used as the frequency
criterion for verification of the OL technical condition. High precision of the criterion has been proved
even at a small number of failures. Significance of the results obtained consists in that, while
controlling the dynamics of the coefficient and comparing it with the normative values with respect to
the OL reliability category, it is possible in due time to fix a date for the OL technical condition
checking.

Keywords: overhead lines, technical availability factor, Kolmogorov criterion, criterion for the fre-
quency of assessing overhead lines, mathematical model of reliability.
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Alegerea frecventei de evaluare a stirii tehnice a liniilor aeriene de 6-10 kV pe baza rezultatelor studiilor
statistice privind fiabilitatea acestora
Basmanov V.G., Holmanskih V.M.
Universitatea de Stat Vyatka
Kirov, Federatia Rusa

Rezumat. Scopul lucrdrii constd in fundamentarea selectiei criteriului pentru periodicitatea evaluarii starii
tehnice a liniilor aeriene (LEA) 6-10 kV utilizand indicatorii de fiabilitate ai LEA (rata de esec, timpul mediu
dintre defectiuni, rata de recuperare si timpul mediu de recuperare). Pentru a atinge acest obiectiv, a fost utilizata
o metoda retrospectiva de obtinere a informatiilor despre fiabilitate si pentru a fundamenta criteriul periodicitatii
- 0 metoda statisticd pentru analiza fiabilitatii produselor cu actiune multipld. Pentru procesarea informatiilor
obtinute, au fost utilizate metode separate de statistici matematice, in special, criteriul Kolmogorov a fost utilizat
pentru a confirma ipoteza legii exponentiale a distributiei refuzurilor liniilor aeriene si a timpului de recuperare a
acestora. Pe baza analizei bazei de date privind refuzurile liniilor aeriene in intervalul de timp egal cu 6 ani
retelelor electrice, s-a confirmat ipoteza acceptatd despre legea exponentiala a distributiei refuzurilor liniilor
aeriene si timpul recuperdrii acestora. Lucrarea defineste indicatorii de fiabilitate reali ai liniilor aeriene, iar
compararea cu valorile de referinta a indicat ca acestea nu depasesc aceste valori, in ciuda duratei de viatd destul
de lungi a liniei aeriene. Cel mai semnificativ rezultat este confirmarea experimentald si teoretica ca, ca criteriu
pentru frecventa verificarii starii tehnice a liniilor aeriene, este posibil sa se utilizeze indicatorul de fiabilitate
integrat, factorul de disponibilitate tehnicd, luand in considerare defectiunile de autocorectare. Semnificatia
rezultatelor obtinute constd in faptul cd, controland dinamica acestui coeficient si comparandu-1 cu valoarea
standard, in functie de categoria de fiabilitate a liniei aeriene, este posibild stabilirea la timp a timpului pentru
verificarea starii tehnice a liniei aeriene.

Cuvinte-cheie:linii aeriene, factor de pregatire tehnica, criteriul Kolmogorov, criteriu pentru frecventa
diagnosticarii liniilor aeriene, model matematic de fiabilitate, indicator complex de fiabilitate.

© bacmanos B.T'.,
Xonmanckux B.M. 2020
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Bb100p nepuoaMYHOCTH OLIEHKM TEXHUYECKOI0 COCTOSIHMS BO3IYIIHBIX JuHUil 6—10 kB
MO pe3yJbTATAM CTATHCTHYECKHX MCCIETOBAHUI HX HATEKHOCTH
bacmanos B.I'., Xoamaunckux B.M.
BsTckuii rocy1apcTBEHHbII YHUBEPCUTET
r. Kupos, Poccuiickas ®eneparus

Annomayus. llenpto paboThl siBisieTCss 000CHOBaHHE BBIOOPA KPUTEPUSI MIEPUOJUYHOCTH OLEHKH TEXHHYECKOTO
cocrostust Bo3aymHbIX auaui (BJI) 6-10 kB ¢ ucnons3oBanueM nokasareineii Hajge:xkHoctd BJI (MHTEHCHBHOCTD
OTKa30B, CpenHsIs HapaOOTKa HAa OTKa3, HHTCHCHBHOCTh BOCCTAHOBJICHUS U CpPEIHEE BPEMs BOCCTAHOBIICHUS).
JUJIss TOCTHKEHUS TIOCTABIICHHOM IIEITH MIPUMEHEH PETPOCICKTUBHBIA METOJI MOTyYCHUsI HHPOPMALUU O HAJICK-
HOCTH, a JUIs 0OOCHOBAHUS KPUTECPUS MEPUOIUIHOCTH - CTATUCTUICCKUN METOJ aHAIHM3a HAJIe)KHOCTH H3JICITHI
MHOTOKPATHOTO AeHcTBH. J[1st 00paboTKM MOTyYeHHOH MHPOPMAIIUN NIPUMEHSITUCH OTACITBHBIE METOIBI MaTe-
MaTHYECKOW CTATHUCTUKHU, B YACTHOCTH, UL TIOATBEPXKICHUS TUIIOTE3bI 00 AKCIOHEHIIMAIEHOM 3aKOHE pacIipe-
Jenenus otka3zoB BJI u BpeMeHH MX BOCCTAHOBJICHHS UCTIOIB30Bayicsa kputepuit Kommoroposa. Ha ocHoBe aHa-
nu3a 6a3pl maHHBIX 00 oTKazax BJI 3a 6 jet ceTeBoro paiioHa Oblia MOATBEPKACHA MPUHSATAS TUIIOTE3a 00 KC-
MTOHEHIMAJIFHOM 3aKOHE pacrpeesieHus 0Tka3oB BJI M BpeMeHH HX BOCCTaHOBICHHSA, KPOME TOTO, OBIIO yCTa-
HOBJIEHO, YTO 65 % BceX OTKa30B MPUXOJISATCS HA caMOyCTpaHswmuecs, T.e. BJI mocne 0Tka30B BKIOYAINUCH B
paboTy cpelcTBaMH aBTOMaTHYE€CKOrO MM PYYHOrO IMOBTOPHOTO BKIIOYEHUs. B paboTe onpenenensl dakTude-
CKHEC IIOKa3aTCJIM HAJJCKHOCTHU B.H, IIpu CPpaBHEHUU KOTOPBIX CO CHIPABOYHBIMH 3HAYCHUAMU, 6])[.]'10 YCTaHOBJIC-
HO, YTO OHU HE MPEBHIMIAIOT 3TH 3HAYCHUS, HECMOTPSI Ha IOBOJIEHO OOJIbIIME CPOKHU dKcruryararuu BJI. Haunbo-
Jie€ CYIIECTBEHHBIM PE3YJIbTaTOM SIBJISIETCSl SKCIIEPUMEHTAIIBHOE U TEOPETHUUYECKOE MOATBEPHKACHHUE TOrO, UTO B
KauecTBE KPUTEpHsl NEPUOJAUYHOCTU MPOBEPKU TEXHUUECKOr0 cOCTOsIHUS BJI MOXKHO MCHOJIB30BaTh KOMILIEKC-
HBIN TTOKa3aTeNlb HaJe)KHOCTH - KOAPPHUIUEHT TEXHUIECKOW TOTOBHOCTH C YIETOM CaMOYCTPAHSIOMINXCS OTKa-
30B. DT0T K03 duIieHT Hanboee MOTHO XapaKTepu3yeT TeKyiee coctossaue BJI ¢ ToUkmM 3peHns ee IKCIuTya-
TaIMOHHON HaleKHOCTH. J[oka3aHa BBICOKAs TOYHOCTH KPUTEPHsS Jake MPU MaJlOM KOJWYECTBE OTKAa30B. 3Ha-
YUMOCTH MOJYYECHHBIX PE3yJIBTaTOB COCTOUT B TOM, YTO, KOHTPOIUPYS TUHAMUKY KO3 (HUIMEHTa U CPaBHUBAS
€ro ¢ HOpMaTHBHBIM 3HAYCHHEM B 3aBHCHMOCTH OT KaTeropuu HaaexHocTu BJI MoXHO cBOeBpeMeHHO Ha3Ha-
4aTh CPOKU MPOBEPKU TEXHUUYECKOTo cocTosiHus BJI.

Knrouesvie crosa: Bo3nyiinbie THHUN, KO3(DOUIIMEHT TEXHUYECKON TOTOBHOCTH, Kputepuid KonMoroposa, kpu-
Tepnﬁ NEPUOANIHOCTH JUATHOCTUKHU BO3AYIIHBIX J'II/IHI/Iﬁ, MareMaTuducCKasa MoacCib HAACKHOCTH, KOMIUIEKCHBIN
MoKa3aTesb HaJeKHOCTH.

Beenenne HEOoOXOAMM MJis TOAJASpKaHus OecrepeOoiHO-
CTU IUTAHUSL.

ABapuitHocTh ceteit 6—10 kB B 3HauuTeElNb-
HOH CTENEHU OmNpeleNseTcss aBapuiHOCThI0 BJI,
U, COOTBETCTBEHHO, UMEHHO B 3TOM COCTaBIIAIO-
nieil ceteid JEKUT OCHOBHOW MOTEHLMAN IOBBI-
IICHHUS HAJSKHOCTH UX PabOTHI B IesioM. B pa-
0otax [4—14] npencraBineHbl TUNWYHBIE TPUYHU-
Hbl HEUCIIPABHOCTEH, a TaKKe Pe3yibTaThl aHa-
JIM3a DKCIUIYyaTallHOHHBIX JaHHBIX O HEUCIIpaB-
HOCTH B BO3JYIIHBIX JIMHUAX 3JIEKTpoIepeaay
pa3IMYHBIX SJIEKTpOCETeH, HampuMep, B pabore
[7] mpuBenmeHBl TUMHYHBIE TPUYNHBI HEHCIIPAB-
HOCTEM B BO3AYLIHOW JIMHUU 3JIEKTpOIEepenadn
M0 JAaHHBIM B3ATHIM M3 OIPOCOB PA3ITUUYHBIX
areHTCTB 10 BceMy Mmupy. B pabortax [8-10]
MIPEICTABICHBI PE3YIbTAThl aHAIM3a JKCILTyaTa-
LUHMOHHBIX JAHHBIX O HEHCIIPABHOCTU BO3IYIIHBIX
U KaOeNmbHBIX JMHHUHA CpPETHEr0 HaNpsKEHUS

BJI — HaubGonee mnoBpekaaeMble JIEMEHTBI  MOJILCKONW HAIMOHAIBLHON DHEProcHcTeMbl. B
SNIEKTPUUECKUX CETeH Hu3-3a TEPPUTOPUATIHLHON [14] ormeueHo, uTo Goinbmias wacte BJI Oblia
MPOTSKEHHOCTU U TOJBEPKEHHOCTH BIMUSHUIO BBeeHA B sKkcmryartauuio 40-50 net Hazan, To-
KIIMMaTHYECKUM BO3AcHCTBUAM. MX mapameTp  rjga 5TO MO3BONMIO M30aBHTHLCS OT OOJBIIOTO
IIOTOKA OTKAa30B Ha IOPSIOK BBINIE ITAPAMETPOB  KOJWYECTBA HEIKOHOMHUHBIX M JOPOTOCTOSIIIMX
IIOTOKA OTKA30B TPAHC(OPMATOPOB M BBIKIIOYA-  MAJOMOLIHBIX 3JIEKTPOCTAHLUM U OCYIIECTBUTH
tesedl [3]. Ilostomy konTposb coctosHusd BJI  snexkrpocHabikeHue Bcex MOTpeOUTENEH TOPOIOB

U CEIIbCKOW MECTHOCTH OT DJICKTPUUYECKUX CETeU

Boznymaesle muanm (BJI) sBRsitOTCS OTHUM
U3 TTIABHBIX 3JIEMEHTOB CHCTEM DJIEKTPOCHA0Xe-
HUS TMPOMBINUICHHOCTH W HaceneHus. [Ipors-
s)kenHocTh BJI 6-10 kB B Poccum cocraBnser
6oxee 1,5 muH. kM — moutn 45% ot 00ImIeH mpo-
TSOKEHHOCTH JHHHHA anekTponepenadn 0,4—110
kB. Okono 70% Bcex HapylICHHN 3JEKTPOCHA0-
JKEHHSI TIPOMCXOTUT B CETSIX MaHHOTO Kiacca
HanpspkeHwst [1].

[Ipu cymiecTByromeM ypoBHE HAIEKHOCTH B
AIIEKTPOIHEPTETHKE 3KOHOMEKEe Poccum HaHO-
cutcs ymep6 nmpumepHo B 460461 mapm. py0. B
roxn [2]. [ToaToMy ceromHsi OCHOBHBIMU 3ajada-
Mu nipu skcmryatanuu BJI 6-10 kB sBastores
VIIyYIIeHHE TEXHUYECKOTO COCTOSHHSI EHCTBY-
IOIUX DJJIGKTPUYECKUX CETEH W TMOBBINICHUE
HAIEKHOCTU BXOJASIIUX B HEE IJICMECHTOB.
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00beqMHEHHBIX 3HeprocucteM. Ilpu 3ToM cpok
CiIy>kO0b1 poBOI0oB Mapok A u AC cocraBiser
45 ner [15], a cpok ciy>kObl OHOp COCTaBIAET
30-35 net [16]. K HacTosA1IeMy BpeMeHU pecypc
9TUX JIMHUN HcYepmnaH, JTU00 ONHM30K K HYIIIO.
OreHKa TEXHUYECKOTO COCTOSIHUSA U OCTATOYHO-
ro pecypca BJI npu Takux JUIMTENBHBIX CpOKax
UX SKCIUIyaTallud KpailHe BaXKHa, 4TO IOoAuep-
KuBaeTcs B padotax [7-13].

B [17] xoncTatupyetcs uto 71 % TexHono-
TUYECKUX HapyueHud npuxoautca Ha BJL. [an-
HbIE BBIBOJBI ABTOP CTaTbU JENAaeT UCXOISI W3
aHaJ3a BEIOOPKU TEXHOJIOTHYECKUX HAPYIICHUH
B DJIEMEHTaX JIEKTPUYECKUX CETEeH, B3ATBIX W3
6a3pl maHHBIX OOBEMMHEHHOH JHEPreTHICCKOM
cucrembl Cpenueit Bonru (O9C CB) «AHanu3
pacciieZloBaHusl TEXHOJOTHYECKUX HapyLIEHUH B
paboTe 000pyHOBaHUS W HHEPrOOOBEKTOB» 3a
nepuos ¢ 2001 mo 2010 rr.». Ha ceromnsimuuii
JIeHb yAEIbHOE YUCJIO aBapUMHBIX OTKIIOYEHUN
Ha 100 kM mnuHBl Bo3aymHOW nunuu 6—10 kB
coctapnger 6—7 pa3 B TOJ, a JJsi pailOHOB CO
CIIO)KHBIMH T€0JIOTO-KITUMATHYECKUMHU  YCIIOBH-
smu 20-30 pa3 B ron [18].

B [19] paccumTaHbl OCHOBHBIE IOKa3aTEIH
Hagexxaoctd BJI 6-10 kB (mapamerp moroka
OTKa30B U CpeJHEe BpeMsl BOCCTAHOBIECHMs) Ha
OCHOBE JTaHHBIX 00 aBapUHHBIX OTKIIIOYCHUSX B
cersix 6-10 kB PVII «l'omensanepro». ABTop
AQHAJIIM3UPYET  pacHpeliesIeHHe  OTKa30B 110
MecsllaM ToJa U BPEMEHH CYTOK, TaKxKe
paccMaTpUBalOTC ~ NPUYMHBI  OTKIIOYCHMH.
AHanoruyHele  pacyeTbl IO  ONpEAeNICHHUIO
OCHOBHBIX IOKa3zarejled HanexHoctu BJI, a
TaKKe pe3yJbTaThl UX aHANIM3a NPHUBEICHBI U B
npyrux pabdorax [8-11,13,20-33], nampumep, B
[8] nns ananmmza mpoOieMbl OBUI MPHUMEHEH
HelapaMeTpUIeCKUil MeToJll aHaju3a AaHHBIX O
HaJSKHOCTH 3JIeKTpoceTei, a B [9,10] npusenen
MOPAZOK KOJIMYECTBEHHON OLIEHKU HaJEeXHOCTH

HWHXCHCPHBIX CHUCTEM BCPOATHOCTHBIMU
MCTOOaMH. AmnanorudHbie pacyeThI 110
KOJIMYECTBCHHOM OIICHKEC HaJACKHOCTH B

SJIEKTPOIHEPTETUYECKUX CHUCTEMax MPUBOASTCS
B [13,20,22-24], nyist 3TOro UCMONB3YETCSI METOJ
CTaTUCTHYECKOTO MOJCITUPOBAHUS (meTon
Monte-Kapno). PesympraTel  HcciegoBaHUs
MOKa3bIBAIOT, YTO 3TOT METOJ JaeT MpHeMIIeMbIe
MTOKa3aTeIN HAJEKHOCTH.

Hosrrit MOAXO, K HCCIICTIOBAHUIO
KPUTHUYECKUX DJIEMEHTOB paclpeAeTUTeIbHBIX
CHCTEM, OCHOBaHHBIN Ha aHaIM3e
YyBCTBUTEIHHOCTH TIOKAa3aTeIeH HAIEKHOCTH C
TOYKM 3pEHHUA U3MCHEHUS HWHTCHCHUBHOCTH
OTKa30B  Pa3IMYHBIX  DJIIEMEHTOB  CHUCTEMEI
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npeasioxkeH B [25], a B [26] mpuBeneHa HOBas
MareMatudeckas (popMyJIHpOBKa JUIsI ONMHCAHUS
MOAENH  HAJEKHOCTH  PEMOHTOIPUTOIHBIX
KOMIIOHEHTOB TIpHBEJIeHa, MOJENIb OCHOBaHa Ha
KoHIenuuu  MapkoBckoil — 1nenu.  JanHas
KOHIICTIIIASA TPUMEHSACTCS W B APYyTruX paboTax,
Hanpumep, B [27].

B [28] mpemmaraercs — kimaccubuKarysa
KpUTEpPUEB HANCKHOCTH DHEPrOCUCTEM Ha
OCHOBE YETBIPEX XapaKTEPUCTHK: a) MHOXKECTBA
paccMaTpUBaeMbBIX COCTOSIHUH CHCTEMBI, ©0)
IeJIeBO (hYHKIUH, B) ITOMYCTHMBIX JACHCTBUI B
pealbHOM  BpEMEHHW, T)  HeoO0s3aTeNbHBIX
HETEeXHUYECKHUX OTPaHUYCHUH.

B [8-11,29] paccmarpuBaercs mpobiema
HaJSKHOCTU TOJBCKUX JIMHUN 3JIEKTporepeaad
cpeaHero HampsbkeHus, a B [30] HU3KOro Hampsi-
JKEHWISL.

B nanubBIX paboTax mpeicTaBICHBI MOACTH U
OTHENbHBIE MOKa3zatenu HanexHoctu BJI cpen-
HETrO HaIPsDKEHUS, a TaKKe BBIMOJHEH aHaju3
CE30HHOCTH W TPUYMH OTKAa30B, OIPEIEICHbI
MOJIENN U HoKazaTenu HaaexxHoctu BJI Huzkoro
HaATPSDKEHISL.

B [31] mpemmaraeTcss METOCTHBIA TOIXOI K
pa3paboTKe HAIS)KHOCTH DICKTPUIECKUX CH-
creM. PaccmarpuBaloTCsi B COBOKYNHOCTH — Me-
XaHU3MBl OTKa30B, METOJIBI WCIBITAHHHA, aHaJH3
OTKa30B, METOJBI OIpPEACICHUs XapaKTEPUCTUK
U MOJCNU MPOTHO3UPOBAHUS, KOTOPHIE MOTYT
OBITH WICTIONIB30BaHBI IS MTOBBIIICHUS HAJAECKHO-
CTH LIEJIOTO Psi/ia yCTPOMUCTB.

AHanu3 npuUBEIEHHBIX paboT M0 HaAEKHOCTH
BJI momyepkuBaer, 4yTO BOIMPOC MOIJACPKAHUSA
HazexxHocty BJI Becbma aktyaniedn. HecMoTps Ha
OompIioe pasHOOOpa3ue B MOIXOMAX U METOJaX
HCCIIEOBAaHUSA HAJIeKHOCTH BJI B
MHOTOYHUCIICHHBIX BBIIICYTIOMSHYTHIX padoTax,
HaMH He ObLTO HalIeHO MPUMEHEHNE B KauecTBE

KpUTEpHUs MEPUOJUYHOCTH MPOBEPKU
TexHu4eckoro cocrosHus BJI koadduuumenrta
TEXHUYECKOU TOTOBHOCTH c y4eToM
CaMOYCTPAHSIOIINXCS OTKA30B.

[TosTOMy MOXHO yTBepKOaTh, YTO Hall

MOJXOJ 10 BHIOOPY KPUTEPUS MEPHOAHMYHOCTH
OIICHKHA TEXHUYECKOTO COCTOSHHUS BO3TYyIIHBIX
muanit  (BJI) 6-10 kB, c wucnons3oBaHneM
Mokasarejie  HagexxkHoctH  BJI,  saBigercs
OPUTHHATHHBIM.

I. MIOCTAHOBKA 3AJIAYN

Hensio manHON pabOTH SBISIETCSI 000CHOBA-
HHUE BHIOOpa ONHOTO M3 IMOKa3arenel HaJeKHO-
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CTU B KAuecTBE KPUTEpUS NEPUOTUYHOCTH IMPO-
BEPKH TEXHUYECKOro cocrosiHus BJI.

Jns  JocTKeHHs — TOCTaBIICHHOM — LenHu
HEOOXOAMMO pEIIUTh 3aJady HCCIeTOBaHUI
HajexxHocTd BJI mo penpe3eHTaTHBHBIM CTaTH-
CTHUYECKHUM BbIOOpKaM 00 OTKazax M BOCCTaHOB-
JICHUSX.

Jlnst pelieHus TOCTaBJICHHOM 3aJlauyd MpuMe-
HUM PETPOCHEKTUBHBIA METOJ IOJyYEHHUs WH-
(hopMaruu 0 HAJCIKHOCTH, a JJIsi 0O0OCHOBAHUS
KpUTEpUs. MEPUOIUYHOCTU CTAaTUCTUYECKUI
METOJI AHAIW3a HANEKHOCTH H3AECIUA MHOIO-
KpaTHOTO nedcTBus. [l 0OpabOTKM MONTyYeH-
HOW WHpOpMAIK OyIyT MPUMEHATHCS OTIEINb-
Hbl€ METOJbl MaTEMaTUYECKOM CTaTHCTHKH, B
YaCTHOCTH, IJISl TOATBEPXKIEHHUS THUIIOTE3BI 00
SKCIOHEHIIMAIBFHOM 3aKOHE pacIpeieNieHus: OT-
ka30B BJI 1 BpeMeHU HX BOCCTAaHOBIEHUS — KPH-
tepuii Konmoroposa.

B npouecce uccnenoBanus HaaexHocTu BJI
U 00pabOTKH CTaTHCTUYECKOTO Marepuala
JOJDKHBI OBITh yCTAHOBIIEHBI MaTeMaTHYECKHE
MOJeeH, a TakKe mokKazaTenu HajuexxHocta BJI
(MHTEHCUBHOCTH OTKA30B, CpPeIHss HapaOOTKa Ha
OTKa3, UIHTEHCUBHOCTb BOCCTAHOBJICHUS U CpEJ-
Hee BpeMs BOCCTaHOBJICHHS)

Ha ocHOBe moOny4YeHHBIX pe3yiabTaTOB, B
KAuecTBE KPUTEpUs MEPUOAUYHOCTH MPOBEPKU
TEXHUYECKOro coctossHus BJI  HeoOxomammo
MPEANIOKUTh TaKOM TMOKa3aTenb HaIekKHOCTH,
KOTOPBII MO3BOJUT CBOEBPEMEHHO Ha3HAYATh
CPOKHU TIPOBEPKU TEXHUYECKOro coctosHus BJI,
KOHTPOJIUPYS. OUHAMHUKY M3MEHEHHUS JTOrO
MOKa3ares IO PEryJsIpHbIM CTaTUCTUYECKUM
TAaHHBIM 00 oTkazax BJL

JomkHa OBITH OKa3aHa BBICOKAS TOYHOCTH
OIpEACICHNA OIIBITHOIO 3HAUCHHUA ITOKa3aTClId
JlaXKe MpU MajOM KOJIMYECTBE OIBITHBIX TaHHBIX.

II. METOJbI 1 AJITOPUTMbI PEHIEHUA

OgHrM #3 TJIaBHBIX IIyTeH ITOBBIMICHUS
HajexxkHocth BJI  gBusercs cBOeBpeMEHHas
OIICHKAa MX TEXHUYECKOTO COCTOSHUS, 0e3 KOTO-
POl HEBO3MOXKHO NPUHATH MPABUIIBLHOE peLIe-
HUE MO0 MNPOAOKEHHUIO HX JKCIUTyaTalluH, pe-
MOHTY WJIM 3aMEHE.

Ha npakTuke 1 OUEHKH TEXHUYECKOIO CO-
crosinust BJI 35 kB u BbIlle ucnoib3yeTcsl CTaH-
napt OAO «@CK EDC» [34]. dnsa BJI 6-10 xB
TaKoro CTaHjapra He mpeaycMoTpeno. Ilpume-
HsIeTCSl COOPHHUK TUPEKTUBHBIX YKa3aHWH MO TO-
BBIIIICHUIO HaJeXHOCTH... YacTs I «Okcmmyara-
U DJIEKTPOYCTAHOBOK  pacHpeeIUTEeNbHbIX
cereir 0,38-20 kB» (CAY-2016 4Y.1) [35]. Co-
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TJIACHO ATOTO JOKYMEHTa MEePHOJUYHOCTD OIICH-
KU — TexHuuyeckoro coctossHus BJI peanusyercs
M0 KaJeHIapHOMY BpeMeHH skcmuryaTanuu BJI
WIA TI0 KOMIUIEKCHBIM K03((HIIMeHTaM TeXHH-
YECKOI'0 COCTOSIHUA 31eMeHTOB BJI.

UYamre Bcero Takas OIIEHKA OCYIIECTBISETCS
CIIy4aiiHBIM 00pa3oM, BBEIOOPOYHO, IO OTPaHH-
4eHHBIM ITapameTpaMm BJI. 3To mpuBoauT K He-
OTpaBIaHHBEIM 3aTparaM Ha OIICHKY, KOTopas
JIOBOJIBHO 4acTO HE TO3BOJSICT OOBEKTHBHO U
CBOEBPEMEHHO TMIpelCcKa3aTbh IpelaBapHitHOe
cocrosinue BJL.

Hamu npeanaraercsi, B mpeapiaynmx pabo-
Tax, Ha OCHOBE METOJla KOHTPOIS HaJeKHOCTH
W3AEJIMA MHOTOKPAaTHOTO JIEUCTBUS U HA IIpUMeE-
pe TEOPETHUYECKOTO HCCISIOBAaHUS XapaKTepu-
CTUK IOTOKAa MX BOCCTaHOBIeHUU [36], B Kaue-
CTBE KPHUTEPHUS NEPUOAUIHOCTH JIUATHOCTHKH
kabenbHbIX JuHUA 10 kB ucnonb3oBath k03¢-
(UIIMEHT TEeXHUIECKON TOTOBHOCTH K, . C yde-

tesrf
TOM CaMOYCTPaHSIOUUXCS OTKa30B, T.K. OH
HanOoJiee TOJIHO XapaKTEepU3yeT TEKyIee Co-
CTOSTHUE KaOenhbHOW JIMHWUU C TOYKU 3PEHUS €e
JKCILTyaTallHOHHOMN HAaIeKHOCTH.

Ilocne aHamm3a CTaTHCTHYECKHX HCCIIeNOBa-
HU Hages)kHoCcTH BJI MbI pUIIK K BBIBOJY, UTO
MEPUOIUYHOCTDh OLICHKH KX TEXHUYECKOTO CO-
CTOSTHHSA MO>KHO BBITTOJHHUTH aHAJIOTMYHO — IIO
TEeKyIleMy 3HadYeHHI0 Kod((PHUIMEeHT TeXHWUe-
CKOM TrOTOBHOCTH K, . C y4E€TOM CaMOYyCTpaHs-

tesrf

FOIMKUXCA OTKa30B.

ObocHosaHue Kpumepus nepuoOUtHOCmU
oyeHKu mexunuueckozo cocmosanus BJI

[TokakeM pelieHre Bonpoca Ha3HAYSHHS Tie-
PUOIUYHOCTH OIEHKH TEXHUYECKOTO COCTOSHUS
BJI, Ha ocHOBe aHaaM3a CTAaTUCTHYCCKHUX JaH-
HbeIX 00 oTkazax BJI u pesynbTaToB TeopeTuue-
CKoi paboTsI [36].

B Hactosamee BpeMsi MpaKTHYECKH BO BCEX
ANEKTPUUECKUX CETAX 3alOJHSIIOTCA DJIEKTPOH-
HBIE JXypHAJIBI PETHCTPAallMd BPEMEHU BO3HUK-
HOBEHHA W YCTPaHEHHS OTKa30B, C yKa3aHUEM
NPUYMH U XapaKTepa MOBPEKICHUHN, a TakkKe
KpaTKoro onucanus pemonra BJL.

B nmamHO# pabore OBLIM MpOaHAIN3HPOBAHEI
3JIEKTPOHHBIC 0a3bl TaHHBIX 00 OTKa3ax, Mpero-
CTaBJICHHBIC OJHUM U3 (PUIIMATIOB CETEBOW KOM-
naHuu. JloCTOBEpHOCTh TPEOCTaBICHHBIX IaH-
HBIX TIOJTBEPXKAAETCS perucTpanuell OTKa3oB B
¢mmmane. O0beM HUCCIIEOBaHUS COCTaBUI 78
BO3AyIIHbIX JuHUN 10 kB Ha 17 moactaHnusx B
3 paiioHax ¢mimana. AHATM3UPOBAINCH CTATH-
cTudeckue AaHHble 3a 6 ser. s cobmromeHus
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OIHOPOJHOCTH  CTAaTUCTHYECKOTO  MaTepHaia
U3y4aJguch ofHOTUIIHBIE 00BeKTH (BJI-10 kB) B
TpeX pa3HBIX KIMMaTH4YecKux paioHax A, B, C
¢wmana oTAENBHO APYT OT ApYTa.

i OOBEKTUBHOIO CPaBHEHMsI HaAEKHOCTU
pa3MyHBIX IO MpoTskeHHOCTH BJI Mx mokasza-
TEJIN HaJIe)KHOCTH OBUTH MPUBEIECHB K HOPMHPO-
BaHHOMU JutHE 1 KM.

Mamemamuueckue mooenu nHaoedxcrnocmu BJI no
PaiioHamu 8 yeiom no guiuany

Pacuetsr Hagexsnoctu COC HMEOT CBOH
crieruduuecKue 0COOCHHOCTH B TOM IUIaHE, YTO
MOTOK OTKA30B MOXKET OBITh MPUHAT MPOCTEH-
ITUM, & BPEMS BOCCTAHOBJICHHSI — TIOIUUHSIO-
ieMycs 3KCIOHEHIIUATbHOMY 3aKoHy [37-39].

[Toaromy ampuopu Oblia MPHUHSITA THIIOTE3a
0 TOM, 4TO pacmpezenenue otkazoB BJI u Bpe-
MEHU MX BOCCTAHOBJICHHS MOMYUHSETCS JKCIIO-
HEHIIMAJIbHOMY 3aKOHY, TaK KaK IepHO/I IIpHpa-
00TKH Bce OOBEKTHI HWCCIENOBAHMS TPOILIH, a
MEePUO]T MHTEHCUBHOTO U3HOCA SIBHO HEBBIPAXKEH
u3-3a MOCTOssHHOTO OOHOBIeHwst BJI mpu pe-
MOHTaX W NPOPHIAKTUIECKUX OOCITYyKHBAHUIX
mogo00H0 KabeabHBIM HuHHAM 6—10 kB. U3 00-
IIEr0 MacCUBAa JAHHBIX OBUIM W3BIICYCHBI JIaH-
Hble 00 oTkazax BJI 10 kB B Tpex KOHTPOIBHBIX

paiioHax ceBepa, IeHTpa u rora ¢unmana. [Janee
OTKa3bl OBLIM CrPYIIIUPOBaHBl IO paiioHaM,
Pa30UTHI IO MOACTAHIIUSAM U OOBEMHEHBI B BbI-
6opku o otaensHbIM BJI Ha kax ol moacraH-
nuu. 3aTteM OBUT IPOW3BENCH PacueT KPHUTEPHS
cornacusi KonmoropoBa st TIpOBEPKH TIPUHS-
TOM THUIOTE3bl 00 SKCIIOHCHIMAIBHOM 3aKOHE
pacnipenenenust otkazoB BJI W BpemeHu ux
yCTpaHCHUS.

CpaBHeHHe TeopeTuueckoil Fi(f) u sKcrepu-
MeHTaNbHOW Fo(f) ¢YHKIMHA pacmpeneeHus
HapaboTOK Ha oTka3 BJI mo3BommiIo onpeaenuTh
MaKCHUMaJIbHOE OTKIOHEHUE Dimax=|Fi(f) — Fe(?)),
KOTOpOE OBUIO HCIOJIB30BAHO B IMOCIEAYIOIIHX

pacuerax xputepust Komvoroposa D, /n, rae

1 — KOJIMYECTBO OTKA30B.

B nenom mo ¢unmany u mo BceM obcieno-
BaHHBIM paiioHaM HaOJIOZaeTcs Xopoluee
CXOXKJICHHE JKCIIEPUMEHTAIbHON M TEOpeTHYe-
CKOW (YHKUIUH pacmpenesicHusi, YTO IMOJTBEp-
KIaeTCsl PacCUYMTaHHBIM KputepueM Kommoro-
posa.

B kaudectBe mpumMepa Ha puc. 1 mpeacTaBieHa
MaTteMaTHyeckas Mozaenb HanexHoctd BJI ¢u-
nuana.

Qft)
1,1
1 Fe[t]
neg \ e
il — r—__\_\_‘_\-\-‘ |
0,8 e ™ Ft)
' /.-"'"
07 \ [
0e 4 Q(t)=1-e7(-0,173t)
0s \ A=0,173
I':"nma:\\: T=5:?E'2
0,4 -
Drg ] ] ] ] ] ] ] ]
4218 5384 12549 16,715 20,880 25,046 29,211 33,377
t,year

Puc.1. MaremaTuueckast Mmogean Hagexnoctu BJI puinana.!

B Tabnuie 1 BBIONHEHO CpaBHEHUE, pacCUH-
TaHHBIX HaMHU, MokasaTeliell HaaexxHoctu BJI mo
palioHaM U B IIEJIOM IO (PUIIHAITY C TOKa3aTes-
MU HaJIS)KHOCTH aHAJIOTUYHBIX 00BekToB (BJI
ONHOIIeTIHAS Ha | KM JJTUHBI), IPUBEIEHHBIMU B
cripaBouHO# uteparype [40].

Kak BugHO 13 Tabn. 1 cpemusis HapaboTka Ha
OTKa3 HECKONIbKO OOJbIlle CIPaBOYHBIX 3HAUYE-
HUH.

1

1

Appendix
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Hamu ycranoBneno, uro okono 60 % BJI
MIPaKTUIECKN BBHIPaOOTAM CBOM pecypc, OJHAKO
WHTEHCUBHOCTh MX OTKa30B HE IPEBBIIIAET
CIIPaBOYHBIX 3HAUYCHUU.

DTO MOXKHO OOBSCHUTH OOJIBIITUM MPOIICHTOM
YCHEIIHOTO CpabaThIBaHUS 3allUThI, a TAKXKE
OTHOCUTEJIBHOM MPOCTOTOM PEMOHTA, BBICOKOH
PEMOHTOIIPUTOTHOCTEIO U TOCTOSSHHBIM OOHOB-
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neaneM BJI Tpu 3aMeHe TOBPEXIEHHBIX Jlie-
MEHTOB Ha HOBBIE.
Ta6muma 12
dakTHUECKHE U CTIPABOYHEIE TOKA3ATENH
HagexHocTn BIT.

A, year' T, year
A et Tavtact | Tavret
EZ?;; A) Alo147 | 025 | 68 4
f/i?:; B) B 10227 | 025 | 44 4
lerd:; C) ¢ 0,157 | 0,25 6,3 4
?1)3?2231?) 0,173 | 0,25 5,7 4

Mamemamuueckue moodenu pacnpedenenus
gpemenu eoccmanognenus BJI no paiionam u 6
yenom no gunuany

He meHee BakHEBIM ITOKa3aTeeM HaACKHOCTH
BJI saBnsieTcs cpenHee BpeMs BOCCTAHOBJICHUS
T:av.

HccnegoBanns mokasaiad, YTO IJIST ONHCAHUS
3aKOHa paclpelesieHus BPEMEHHU BOCCTaHOBJIIE-
HUS ¢, OOJbIIE TIOAXOAWUT HOPMAJIBHBIN 3aKOH,

HEeXXEJIM SKCINOHeHnuanbHeld. Ho mockonbky
t. <<t,, TO XapakTep paclpelelieHUus Ciydaii-

HOM BEIWYHHBI { MaJl0 CKa3bIBACTCs IIpU OIIM-

CaHMH NPOLIECCOB BOCCTAHOBIICHUS Ha AJIUTEIb-
HOM OTpe3Ke BpeMeHH. [103TOMy B CTpYKTypHOU
HaJeKHOCTH M BO3MOXKHOCTH IPHUMEHEHHS
MOJIEIM MapKOBCKHX IPOIIECCOB IENAaeTCsl IO-
HylLIeHne 00 SKCIOHEHIHAIBHOCTH paclperelie-
HUS HE TONBKO 7, , HO U ¢, [41].

S(t)

Hcxonst u3 JaHHOTO YTBEPXKACHHUS, alipuOPH
MPUHUMAEM THUIOTE3Y 00 HKCIOHEHITHATHHOM
3aKOHE BpeMeHU BoccTaHoBieHus BJL.

Ha puc. 2 mpencraBieHa maTemaThdeckas
Mozenb BocctaHoBieHus BJI dunmnana.

B kadecTBe MosieM BOCCTAaHOBJICHHUS pacCcyu-
TaHa BEPOSTHOCTh BoccTaHoBieHus BJI - S(7).

B menom mo dmmmany m mo Bcem obcrmeno-
BaHHBIM paiioHaM HaOIIOJaeTca XOPOoIlIee CXO0XK-
JIEHUE DKCIEPUMEHTAIbHON U TEOpPETUUYECKOM
(YHKIIMH pacrpeieleHnss BpEMEHH BOCCTaHOB-
nenust BJI, 4to moaTBepxKAaeTCS pacCUYUTAHHBIM
kputepuem Konmoroposaa.

B Tabnuie 2 BHIMONHEHO CpaBHEHHE, pACCUH-
TaHHBIX HAMH, WHTCHCHBHOCTEH BOCCTAaHOBIIE-
HUS [, U CPEIHEro BPEMEHH BOCCTAHOBIICHUS

Tiav IO paifoHaM M B IEJIOM MO (QUIHAITY CO
CIIPAaBOYHBIMHM 3HAUYEHUSAMHU JTHX IOKa3aTenei
AQHAJIOTUYHBIX OOBEKTOB, TPUBEICHHBIMH B
CIIPaBOYHOI UTEpaType.

B xome wccnenoBaHMs BBIACHWIOCH, 4TO
OOJBIIMHCTBO 0TKa30B (0K0yI0 65 %) mpuxoaar-
Ci Ha HEYCTOMYMBBIE OTKa3bl (CaMOYCTpaHs;IO-
muecs), T.€. UX BOCCTaHOBJICHHE HE TPeOOBaIO
pemonTa. BJI Bkmogaimch B paboTy dUepes
OTpesieTIeHHOE BpeMs CpeCTBAaMH aBTOMAaTHKHU
(AIIB) m py4HBIM TOBTOPHBIM BKIIIOYEHHUEM
(PIIB).

YuuThIBas NMPUOPUTET CaMOYCTPAHSIOMINXCS
0TKa30B IpH 3kciuryaranuu BJI B kauecTBe kpu-
Tepusi MO BHIOOPY NEPHOAUYHOCTH KOHTPOIIS
TeXHUYeCKOoTro coctosinus BJI mpumem KoM-
TUIEKCHBIM IOKa3aTenb HaAeKHOCTH - Kodddu-
[UCHT TEXHMYECKOW TOTOBHOCTH K, C y4E€TOM

CaMOYCTpPaHSIOIINXCS OTKA30B.

1.1

1

0.8 A"'"'f

s
0.9 ] — >

0.7 / \

Q

I Mmak

Sy(t)

17,886

23,514 29,143 t, hour

Puc. 2. MaTemaTndeckasi MoaeJ b BoccTaHoBJeHust BJL4

06 s(t)=1-e(-0,138t)
0.5 / u=0,138
04 T. .,=7,249
6,629 12,257
234 Appendi
x1

28
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Ta6numa 2°.
IMokasatesnu 1o BoccTanoienuio BJIC.
/,l b h ! Tr.av, h

Hiaet Hiep Tr.av.fact Tr.av.ref.
Paiion A
(Arca A) 0,146 0,1 6,852 6
Paiton B
(Arca B) 0,179 0,1 5,571 6
Paiion C
(Arca C) 0,112 0,1 8,914 6
Dunnan
(Branch) 0,137 0,1 7,249 6

BaxxueiM nokazareneMm HanexxHoctu BJI mHo-
TOKpPATHOTO JICUCTBUS ABJISIETCA CpPEJIHEE BpeMs

CaMOYCTpaHCHUA OTKa30B Tmr .

Ecnu B snextpuyeckoil cetn mmeercs k BJI
OJIHOIO THHA C 7, N,,..., 7, CAMOYCTPaHSIIOIIHN-

MHUCA OTKa3zaMH CO CpEAHUMH BpEMEHaMU CaMoO-
YCTpaHCHUA 3THX OTKa30B 7, 7,,...,7, TO Ma-

bk o
T

1 HAWIETCS 1O BBI-

TEMAaTHYCCKOC OXHUIAHHC

PKEHHIO

1,

ihr

(1

IZie pi — BEpPOATHOCTH TOTO, YTO OTKa3 OyneT y
i— ot BJL

C YY€TOM BBIYUCJICHHBIX 110 CTATUCTHUYCCKUM
JTAHHBIM MHTEHCUBHOCTEH CaMOYCTpPaHSIOLUINXCS
oTKa3oB A kaxznoi BJI omHoro Tuma p; onpene-

=pn+tp,T,+..pT,

aTcest GopMyIon

nA _nT
AT ©)
rae A — cpedHsas UHTEHCUBHOCTh CaMOyCTpa-

HsIoIMXcst 0TKa30B k BJI;

T — cpenHsis HapaOOTKa HA CaMOYCTpaHs-
rouuiics orkas k BJL.
U3 ypasuenwuii (1) u (2) cnenyet

n,7z,  n,r nr.
T;/;-r =T 171 + 2%2 ++ ivi
” T, T,

2 i

3)

IIo moxkazaTemsM mnmponecca BOCCTAHOBJICHUA

1

BJI Tu T, onpenensieTcsi, HHTEPECYOIIUI HAC,
Ko2(h pHUIEEHT TOTOBHOCTH
T
Ko =727 4
+ tfsr ( )

OT10T K03 (HUIHEHT TIpeACTaBIsIeT co00i Be-
POATHOCTHL TOT'O, YTO B HpOI/I?,BOJ'II)HI)II\/'I MOMCHT
BpeMenu k BJI OyAT HaXomuThCs B COCTOSIHUH
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TOATOBHOCTH, T.C. HC 6yI[YT HaXOJUTbBCA B CO-
CTOHHHU CaMOYCTPaHAIOMICTOCA OTKa3a
Ilocnennee YpaBHCHUC MOXHO 3anucaTtb B

dhopme
t!w!
ttwt +

tesrf

—. )

i

rue t,,— cyMmmapHoe Bpems pabotel k BJI on-

twit
HOT'O THIIA 32 JOCTATOYHO OOJIBIION MPOMEKYTOK
BPEMCHU;

t,. — CyMMapHO€ BpeMs CaMOyCTpaHEHHUS

ihor
OTKAa30B, BO3HHKIIHMX 33 ATOT XK€ IPOMEXYTOK
BpEMEHU.

Heo0xoauMo OTMETHTh, YTO MOCICTHHUE JBA
YpaBHEHUSI CHPABEIJIUBBI TOJIBKO I YCTaHO-
BUBLIErocs nepuoja skcruryarauuu BJI, uro xo-
POILIIO COTIIACYeTCs C UCCISAYEMBIMU O0BEKTAMH,
TaK KaK MpaKkTUYECKU BCe AKCITyatupyembie BJI
JTAaBHO TIPOLIUTH Tiepron mpupaboTku. B mpomec-
ce JIKCIUTyaTtauuud «ctapbix» BJI mpoucxomut
MOCTOSIHHASI 3aMEHA MOBPEKIEHHBIX 3JIEMEHTOB
Ha HOBBIE. DTO OOCTOSITENTLCTBO NAeT BO3MOXK-
HOCTh YTBEPXKIaTh, YTO MEPHUO] aBAPUITHOTO W3-
HOCa HE TaK SIPKO BBIPAXKEH, YTO MOATBEPKIACT-
Cs CTaTHCTHKOW 0TKa3oB BJI ¢ Gompmmmu cpo-
KaMH SKCIUTyaTaIluu.

Bo300HOBICHNE DIEKTPOCHAOKEHUS MOTpe-
OuTeneil mocie caMOyCTpPaHEHHUs OTKa30B YaIle
BCEr0 MPOUCXOAMUT C MOMOUIBIO ONEpaTopa, Ko-
TOPBIA NOBTOPHO BKItO4YaeT BJI kommyTanuos-
HbIM annapatoM. IIpu 3TOM MOryT BO3HUKHYTb
OTKa3bl NpU BKIIOUEHUAX. PaccMOTpUM, Kak BbI-
MIOJIHATH YUYET OTKA30B MPU MOBTOPHBIX BKITFOYE-
HUSX W PacCUYUTaTh KOA(POUIMEHT TOTOBHOCTH
JUIS1 TAKOTO PEKUMa.

[Tycte ans BO30OHOBIIEHHS 3JIEKTPOCHAOXKeE-
HUS OBUIO chemaHo /N, TIOMBITOK TOBTOPHBIX

re
BiroueHut BJI B pe3ynpraTe KOTOPBIX OHA Mpo-

paboTana f, 4acoB M HaXOIWJIach B COCTOSHUHU
CaMOYCTpPaHSIOIIUXCSl OTKA30B 1

tfsr.re

caMoycCTpaHsi-

yacos. [Ipu

5TOM ObLIO 3a(MKCHPOBAHO 7,

IOLIMXCS OTKA30B, U3 YHCIa KOTOPBIX OBUIO 1,
OTKa30B MPH BKIIOUYEHUH.

B paccmarpuBaeMoM ciydae cpegHee BpeMs
CaMOYCTPaHEHHUsI OTKAa30B MOYKHO PACCUUTATh IO
YPaBHEHUIO:

t

__ Ctfsrre

tfsr m

(6)

KoadduimentT roToBHOCTH Al Takoro pe-
JKMMa TIOBTOPHBIX BKJIIOUYCHHH MOXET OBITh
HalneH no ypapHeHuro u3 [40]:

or
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t

re

tesrf = tre +1

tfsr.re

(mWerr)T

(m,fl.\,,_+m,)T +m.T

tfsr

(7

Joxaxem, duro Kod(D(PHUIMEHT TOTOBHOCTH

K MPAKTUICCKHU MTHOBCHHO JOCTHUIAacT CBOC-

testf’
IO MOCTOSIHHOTO CTaTUCTUYECKOTO 3HAYECHMUSL.

Paccmotpum obmuii ciyqait pabotst BJI.

[Iycte BJI maumnaaer paboTath B MOMEHT
BpeMeHH ¢ = () (MOMEHT OKOHYAHMS JUATHOCTH-
KH).

Kak mnoxkasamu uccieqoBaHUs CTATHCTUKU
camoycTpaHsomuxcst otkazos BJI, onn o6pazy-
10T MPOCTEWIINH TOTOK COOBITHI C MapaMeTpoM
A=1/T , a mpoliecc caMOBOCCTAHOBIICHHS TaKKe
o0Opa3yeT NpOCTEUIINI IMOTOK C MapaMeTpoM

u=1/ T, .

B npousBosibHBIN MOMEHT Bpemenu ¢ BJI mo-
JKET HAXOAUTHCA B OJHOM M3 JIBYX BO3MOKXHBIX
COCTOSIHHI: UCIPABHOM, JIMOO B COCTOSIHUH Ca-
MOBOCCTaHOBJICHUSI.

00603HaYNM BEPOSTHOCTH TIEPBOTO COCTOSHHS
gepe3 po(t), a BToporo uepes ps(t). [Ipoctou BJI
HE CBSI3aHHBIC C CAMOBOCCTAHOBJICHUEM HCKITIO-
YUM U3 paccMoTpeHus. Torma OyneT UMETh Me-
CTO ypaBHEHHE

po() + pss(t) = 1. ®)
OmnpenenyM Hada bHBIE YCIOBUS
po(0) =1, pss(0) = 0. O

PaccMoTpuM Manblii IPOMEXYTOK BpEMEHHU
OT MOMEHTa ¢ 0 MOMeHTa ¢+ Atf. Omnpenenum
BEPOSTHOCTH TOI'O, YTO B KOHLE 3TOTO MpOMe-
KyTka Bpemenn BJI Oymer wucmpaBHa. 3mech
BO3MOXKHBI []Ba BapUaHTa COCTOSHHIA:

1. B moment ¢ BJI Obina ucrpaBHa (BeposATt-
HOCTB 3TOTO COOBITHS paBHa po(f), a 3a BpeMs At
OTKa30B He ObLI0. BEpOSITHOCTH 3TOTO COOBITHSA
paBHa 1—AAf, Tak Kak y OpJUHApPHBIX MTOTOKOB
ypaBHEHHUE I IapaMeTpa IOTOKa YIPOLIAETCs
U TIPUHUMAET BH]T A(t)=5%(p'(t,At)/At), TO-

T/1a U3 3TOTO ypaBHEHUS CIeAyeT MPUOIMKEeHHAS
bopmyna (s manbix Af): p'(t,At) = A(t)At.

2. B momenr ¢ BJI HaxoauTcs B mpouecce ca-
MOBOCCTAHOBJICHUS (BEPOSTHOCTH 3ITOTO COOBI-
THSL paBHA ps(f), a 3a BpemMst Af OHa BOCCTaHO-
BHJINCH (BEPOSATHOCTH O3TOTO COOBITHS paBHA
At B COOTBETCTBUHM C BBIIIEU3II0KEHHBIM, €CITH
3TO pacCyXJeHHe MPUMEHUTh K TpoIleccy BOC-
CTaHOBJICHHS.

Torna cienyer, 4To
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po(t+At) = p,(O[1-AAL]+ p(uAt . (10)

[Toce mepenoca po(t) B 1€BYIO 4acTh U Aele-
HUsI JIEBOM W TpaBOi yacTtel ypaBHeHUs Ha Af
nepeiinem k npeneny npu Af — 0 u B pe3ynbTa-
Te ToJTyInM nuddepeHnnansHoe ypaBHeHne

Po(t) ==Ap,(t)+ up, (D). (11)
3anwmiem 3To ypaBHEHHUE ¢ ydeToM (8) B BUIE
Po(t) = u—(A+p)p, (). (12)

Pemenue 3TOro ypaBHEHUS TpU MPUHITHIX
HAYaJIbHBIX YCIOBUAX (9) MaeT BEepOSITHOCTh HC-
npaBHOTO coctosHUA BJI B hyHKIINM BpeMeHN

T,
N /] ,
T 1,

r . Ty, eH

r+T, T+T,

p(O)= ; (13)

3mech A ¥ 4 3aMCHEHBI HA UX BBIPAKCHHS
T

ofsr *

uepes T'u

Beenem obosnauenne K, =T, /T wu Haso-

BEM €Tr0 OTHOCHUTEIHHBIM KOIPPHUITUEHTOM ca-
MoyctpaneHus otkazoB BJI. Torna ¢ yuerom (4)
pemenue nuddepennuansHoro ypasHeHus (12)
MOJKHO ITpeo0pazoBaTh K BULY:

=

{—(HKW )Tf

pO (t):Ktesrf +( 1 -Ktes)f )e

(14)

W3 sroro BeIpakeHUs] BUAHO, yTO Ipu ¢ = 0
p,(t) =1, a mpu pocre ¢ BEepOATHOCTb HCIIPABHO-

ro coctosHus p,(t) > K

tesrf *

[poruecc mpubnu-
JKeHUsI p,(f) K TOCTOSHHOMY CTaTUCTHYECKOMY
3HaueHUIO K

tesrf
U ONpeneNseTcs BEIUYUHONW OTHOCHTEIHHOTO
KO3 GUIMEHTa CaMOYCTpaHEHHUS OTKa30B K

tfsr*

MpouCxXoauT JOBOJIBHO GBICTPO

Ecmm mo ypasuenuto (14) mpomsBecTd pacder
BpeMeHH npubmmkenus p,(¢1) ot 1 (npu ¢t =0)

no p,(t)=K,

ey TO OTO BPEMS OKAKETCSA HU-
YTOXKHO MaJIo.

K,

tesrf

OueHKa mo4YHoCcmu onvlnHO2O0 3HAYEeHUA

I[J'ISI OIC€HKHW TOYHOCTHU OIIBITHOI'O 3HAYCHU

K paccMOTpuM ero Kak (GYHKITUIO JBYX CIy-

tesrf
JaiiHeIX nepeMenubix 7'u T, .. Jlins 9TOro BOC-

HOJIb3YEMCsl TIOJIyYCHHBIM aBTOpPaMH B IIpE.bl-
Iymux paboTax BeIpaKeHHEM
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O-(Ktesrf ) — Kte.vr/' Z/S‘r 0-2 (T) + 0-2 (]—;f\))

g (15
K tesrf T T T;j?sr

rie o(K,,), o) n o(T,)

KBaJI[pAaTUYECKUE OTKJIOHCHUS KO3 QHIMEeHTa
TOTOBHOCTH, CpeJHEel HapabOTKH HA CaMOyCTpa-
HSIOIUICS OTKa3 W CPEJHEr0 BPEMEHU Camo-
yCTpaHEHHs 0TKa3a COOTBETCTBEHHO.
Ecnu T onpeneneHo mo m oTkazam, a

cpenHue

T

s 11O
m| OTKa3aM, TO JJI PKCIIOHEHIIUAIBHOTO 3aKOHA
pacripesienieHrsi BpEMEHH MEXAy CaMOyCTpaHS-
IOIIMMUCS OTKa3aMU C YIETOM €r0 XapaKTePHBIX

CBOWCTB OyJI€eM UMETh:
T
Jm'’ (16)

AHAJIOTUYHO B TEPBOM MNPHONMKEHUH IS
MO>KHO 3aIIMCaTh

o(T)=

T

ifir

T;fsr
I a7

U3 ypaBuenus (15) ¢ yuerom (16) u (17) no-
JIyYEHO BBIpa)KEHUE:
G(Ktes}f) _ K

tesrf
Kt esrf T

o(Ty, )=

Y;fsr

(18)

Takum oOpaszoM, 1o ypaBHeHHIo (18) MOKHO
onpenenuts  o(K,,,) ¥ BOCHOJIb30BABIIMCH

TabnuIeld KBaHTHICH HOPMAIBHOTO pacrpese-
nerus [36] paccuuTaTh MOBEPHUTETLHBIC TpaHH-

el K, UL 3aJaHHOW JIOBEPUTEIbHOW BEPO-
STHOCTH  T10 GOpMYyJIaMm:
tes)fLL :Ktesrf - Za ' O-(Ktesrf) (1 9)
tz’.s'erL :Ktesijf + Za : O-(Kte.\';;/') (20)

III. PE3YJIBTATHBI U UX OBCYXKJIEHUE

B kagecTBe mpuMepa B JaHHOW paboTe mpu-
BOJUTCS pacyeT BEpXHEW W HIKHEH TIpaHuIl
K., TIpU 3aJaHHON JOBEPUTEIILHON BEPOSTHO-

tesrf
cti o =0,9. Bocronezyemcsi peanpHbIMU CTa-
TUCTUYECKUMHU AaHHbIMU: BJI mpoTskeHHOCTbIO

40 km nmeer nHapabotky I'= 1000 1ac., T, =6

yac., my = my=15.
ITo ypaBHeHnwuto (4) HaxXOIUM
Uz (18)
o(K

K,,, =0,99%.

YpaBHEHHUS ornpezaensieM

)=0,0037.-

tesrf
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W3 tabmuuer 11 [40] mis a = 0,9 Haxomum
z, =1,645.

JloseputenbHbie rpaHuubl wd K,

ompe-
nensitotest o popmynam (19) u (20):

K =0,994-1,645-0,0037 = 0,9903,

tesrf L

K =0,994+1,645-0,0037 = 0,9977.

tesrf'HL

ortor pacdye€T mMOoKa3bIBa€T, 4YTO AK€ IIpU Ma-
JIOM  4YHUCJIE CaMOYCTpaHATOIIUXCA OTKa30B
m;=my=15 o0ecreunBaeTCss BBICOKAS TOYHOCTH

OIIPEACICHU OIBITHOI'O 3HAUYCHUA Ktesrf .

Takum 00pa3oM, IMOCTOSHHO KOHTPOJIUPYS

JAUHAMUKY U3MCHCHHUA K o TCKylHUM CTa-

tesrf
TUCTUYECKUM JAHHBIM MOKHO HA3HAUUTh BPEMs
ouepenHon muarnoctuku BJL. [lis storo Tpedy-
€TCsl OMPENIETUTHCS C HOPMATHUBHBIM 3HAUYCHHUEM
K

tesrf

ropun HOTpe6I/ITeJ'I$I SJICKTPOSHCPI'HHU.

KaOeJIbHOM JIMHUY B 3aBUCHMOCTH OT KaTe-

IV. BBIBOJbI

1. TTonTBepkeHa THUIIOTE3a 00 IKCIIOHCHITU-
aTbHOM 3aKOHE pacIIpellelieHrs OTKa30B U Bpe-
MEHHU BoccTaHOBJeHUs1 BJI 1yist BceX KOHTpOIIb-
HBIX PAaHOHOB U B IIEJIOM 110 (hHIIHAIY.

2.0mpeneneHpl  (akTHYECKUE TOKa3aTelu
HanekHOCTH BJI: MHTEHCHMBHOCTH OTKa30B (4),
cpennssi Hapabotka Ha OTKa3 (7ay), MHTEHCHB-
HOCTh BOCCTAHOBJICHUSI (i) M CpelHee Bpems
BoCCTaHOBICHUS (7ray). PakTHUeCKre 3HAUEHUS
9THX TOKa3aTelel He MPEBBIMAI0T CIPABOYHBIX
3HAYEHUH.

3. Ycrpanenue okoso 65% 0TKa30B OT 001IIe-
ro KonmuecTBa He TpeOyroT pemonta BJI, T.k.
MUTaHUE OBLJIO BOCCTAHOBJICHO C ITOMOIIBIO
YCTPOMCTB aBTOMATUYECKOI'O WU PYUHOTO IIO-
BTOPHOTO BKITFOUEHMUS.

4. [ToToku caMOyCTpaHSIONUXCsl 0TKa30B BJI
Y TIOTOKH UX CIIy9aifHOTO BPEMEHHU CaMoycCTpa-
HEHUs NpocTeimue.

5. Koadpdunuent roroproctn BJI K

tesrf c
YU€TOM BPEMCHU UX MPOCTOA HAa CaMOYCTpaHC-
HHUEC OTKA30B IPAKTUYCCKU MI'HOBEHHO IOCTHIA-
€T CBOCIo INIOCTOSIHHOI'O CTATUCTUYCCKOI'O 3Ha-
YyeHHUsI U HanOoJIee MOJIHO XapaKTCpU3yCT TCKY-
HIYIO OKCILTyaTallMOHHYI0 HaJIC)KHOCTDH BJIL.

6. I[a;xe nopu MajoOM YHCJIE CaMOYCTpPaHAIO-

IIMXCsa OTKa30B o0ecreynBaeTCsl BLICOKAs TOY-

HOCTDB OIIPECACICHHUA OINBITHOI'O 3HAYCHU A Ktesrf .
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7. YCcTaHOBUB HOpMAaTUBHBIC 3HaYeHUs K, -

BJI B 3aBHCHMOCTH OT Kateropuu morpeduTenei
MOKHO CBOEBPEMEHHO Ha3HA4aTh CPOKH OLICHKH
TEXHUYECKOro cocTosiHus BJI, KoHTposupys au-

HAMHKy M3MeHeHHs K, . 10 PeryJsipHBIM CTa-

TUCTUYECKUM JIaHHBIM 00 OTKa3aX, pacCUMThIBA-
€MOTO TOJIBKO C Y4YETOM CaMOYCTPaHSIOMIMXCS
ortka3oB BJI.

APPENDIX 1 (ITPNJIOKEHME 1)

'Fig. 1. Mathematical model of OHL reliability.
23Table 1. Actual and reference indicators of OHL
reliability.

“Fig. 2. Mathematical model of OHL recovery.
6Table 2. Indicators for OHL recovery.
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Method for Construction the Diagnostic Features Space of Switched
Reluctance Motors Based on Integral Dynamic Models
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Abstract. The work is devoted to the problem of construction the diagnostic models for the nonlinear
dynamic objects. The aim of the work is to improve the reliability and fast operation in diagnosis of the
states of electrical motors of under conditions of an a priori uncertainty. The a priori uncertainty results
from an insufficient study of the processes, which occur in the objects of diagnosis due to the operation
in a wide range of external conditions and the presence of a great amount of disturbing effects along
with environmental interferences. This aim is achieved by the development of the technical diagnosis
method based on the information models of the nonlinear dynamic objects of diagnosis, which are ob-
tained using the nonparametric identification procedure. As the information models of diagnostic
objects, the integral nonparametric dynamic models based on multidimensional weight functions are
considered. The most significant results consist in obtaining the method with a further development in
construction of a space of diagnostic features of the nonlinear dynamic objects based on the correlation
analysis as a stage of the features’ filtration. The latter ensures the maximum diagnostic reliability. Sig-
nificance of the obtained results: the application of the proposed method allows both high reliability of
the object diagnosis under the priory uncertainty, and improvement of the diagnostic procedure fast
operation owing to the feature filtration. The proposed method was tested using the data of the diagnosis
of the switched reluctance motors.

Keywords: nonlinear dynamic objects, diagnostic models, model reduction, feature selection, correlation
analysis.
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Metoda pentru construirea spatiului caracteristicilor de diagnostic ale motoarelor cu jet de supapa
pe baza modelelor dinamice integrale
Fomin A. A., Ruban A. D., Rudkovsky O. V.
Universitatea Nationald Politehnica din Odesa
Odessa, Ucraina

Rezumat. Scopul lucrdrii este de a spori fiabilitatea si viteza diagnosticarii starilor motoarelor electrice ale
diferitelor obiecte energetice in conditii de incertitudine a priori. Incertitudinea a priori este cauzata de cunoasterea
insuficienta a proceselor care apar in obiectele de diagnosticare din cauza functionarii intr-o gama larga de conditii
externe si prezentei unui numéar mare de influente perturbatoare si perturbari ale mediului. Acest obiectiv este atins
prin dezvoltarea unei metode de diagnosticare tehnicd bazatd pe modele de informatii ale obiectelor dinamice
neliniare de diagnostic, obtinute utilizind procedura de identificare nonparametrici. in calitate de modele
informationale ale obiectelor pentru diagnosticare se propun modelele dinamice integrale nonparametrice bazate
pe functii de pondere multidimensionale, care descriu simultan proprietatile neliniare si inertiale ale unui obiect,
capabile sa ia In considerare defectiunile cauzate de ambele modificari ale parametrilor si structurii unui obiect,
precum si de a oferi confort in testare si diagnosticarea functionald. Cele mai importante rezultate: metoda de
construire a spatiului caracteristicilor de diagnostic ale obiectelor dinamice neliniare pe baza modelelor
informationale sub forma de functii de pondere multidimensionale a fost dezvoltatd in continuare prin utilizarea
analizei de corelatie cu un factor si multivariabil ca etapa de filtrare a caracteristicilor cu enumerarea ulterioard a
combinatiilor de caracteristici, care asigura o credibilitatea maxima de diagnosticare. Semnificatia rezultatelor
obtinute: utilizarea metodei propuse permite in acelasi timp asigurarea unei ctredibilitatii ridicate a diagnosticarii
obiectelor 1n conditii de incertitudine a priori datoritd utilizarii modelelor de informatii primare bazate pe functii
de pondere multidimensionale si cresterea vitezei procedurii de diagnostic datorita caracteristicilor de filtrare
bazate pe analiza corelatiei spatiului de diagnostic.

Cuvinte-cheie: obiecte dinamice neliniare, modele de diagnostic, reducerea modelului, selectarea caracteristicilor,
analiza corelatiei.

© ®omuu A.A., Pyban AJl.,
Pynxosckuit O.B., 2020
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MeToa MOCTPOEHNsI NPOCTPAHCTBA AUATHOCTHYECKUX NPU3HAKOB BEeHTHJILHO-PEAKTHBHBIX ABUraTe e
HA OCHOBE HHTErpajbHbIX JUHAMUYECKUX MoJeJiei
®omuH A. A., Pyoan A. /1., Pynkosckuii O. B.
Opecckrii HAMOHANBHBIA OJTUTEXHUYECKUNA YHUBEPCUTET
Onecca, YkpauHa

Annomauyusn. B pabote pemiaercs 3agada IOCTPOCHUS JHATHOCTHYECKHUX MOJCICH Ui HEJTUHEHHBIX
JUHAMUAYECKUX O00BeKTOB. Llenpi0 pabOThI SIBJISAETCS TOBBIIMICHHE JOCTOBEPHOCTH U OBICTPOACHCTBUS
JIUAarHOCTHUPOBAHUS COCTOSIHUHM 3JEKTPOJBUTATENICH pa3IMYHBIX DYHEPIeTHYCCKUX OOBEKTOB B YCIOBUAX
anpUOpPHON HEONPENENCHHOCTH. AMNpHUOpHAs HEONPEACIEHHOCTh BbI3BaHA HEJOCTATOYHOM M3Y4EHHOCTBIO
MPOIIECCOB, MPOTEKAIOMINX B 00BEKTaX AMATHOCTHPOBAHUS BCIICJCTBHE SKCILTyaTallMH B IIMPOKOM JHANa30HE
BHEIIHUX YCIIOBHH M HaNW4YUs OOJBIIOTO KOJMYECTBA BO3MYINAIOMIAX BO3ACHCTBHH M TOMEX OKpY’KaIOIIeH
cpensl. IlocTaBneHHas meTh AOCTHTACTCSA ITyTEM pPAa3BUTHS METOJa TEXHHUYECKOW IHATHOCTHKH Ha OCHOBE
UH(pOPMALIMOHHBIX MOJeNiell HeJIMHEeWHBIX TUHAMHYECKHX OOBEKTOB AMATHOCTHPOBAHUS, MOJYYEHHBIX IMPH
MOMOLIX MPOLIEAYpPhl HemapaMeTpuueckoil uneHtudukauu. B kauectBe HHGOPMALMOHHBIX MO/ieneli 00BEKTOB
JTUArHOCTUPOBAHUS PAaCCMATPHUBAIOTCS MHTETPAJbHBIC HENMapaMeTPHUSCKUe AMHAMHYECKHE MOJENH Ha OCHOBE
MHOTOMEPHBIX BECOBBIX (DYHKIMH, OJZHOBPEMEHHO OIMCHIBAIOIIME HEJIMHEHHbIE M WHEPLUOHHBIE CBOMCTBA
00beKTa, CIIOCOOHBIE YYUTHIBATH HEHCIPABHOCTH, BbI3BAHHBIE KaK M3MEHEHHUEM IapaMeTpOB, TaK M CTPYKTYPHI
00BEKTa, a TAKXKE 00SCIIEYNBAOIIUE YI00CTBO MTPU TECTOBOM M (DYHKIIMOHATIBHOM JMarHoCTHUpoBaHuu. Hanbonee
CYILIECTBEHHBIE  pE3yJbTaThl: MOJY4YWJ JajbHEWIlee pa3BUTHE METOJ  IOCTPOEHHUSI NPOCTPAaHCTBA
JIUArHOCTUYCCKUX MPU3HAKOB HEIMHEHHBIX JHHAMHYECKUX 00BEKTOB Ha OCHOBE MH()OPMAITMOHHBIX MOJEINCH B
BUJC MHOTOMEPHBIX BECOBBIX (YHKIUH TyTeM TNPUMECHEHUS OJHO(AKTOPHOTO U MHOrO()aKTOPHOIO
KOPPEIIIHOHHOTO aHAIHM3a B Ka4ecTBe dTana (GMIBTPAlUN MPU3HAKOB C ITOCIEAYIOMNM IIepedopoM COUeTaHUH
MIPU3HAKOB, YTO 00ECIIeYNBAET MAaKCUMAIFHYIO TOCTOBEPHOCTh AHMATHOCTHPOBAHUS. 3HAYMMOCTH IONYyYSHHBIX
pe3ymbTaTOB: TPHUMEHEHHE MPEUIOKEHHOTO METOla TI03BOJIIET OIHOBPEMEHHO OOECIICYHTh BBICOKYIO
JIOCTOBEPHOCTh THATHOCTUPOBAHHA OOBEKTOB B YCIOBHSX AalpHOPHON HEONPEAEICHHOCTH Onaromaps
WCTIONF30BaHUIO TEPBUYHBIX HH()OPMAIIMOHHBIX MOZENeH Ha OCHOBE MHOTOMEPHBIX BECOBBIX (QYHKIUH U
MOBBICUTH OBICTPOAEHCTBHE AMArHOCTHYECKOH Iporexypsl Onaromaps (UIBTpalldi MPHU3HAKOB HAa OCHOBE
KOPPEJSLMOHHOTO aHalk3a JUarHOCTHYECKOT0 IPOCTpaHCTBa. IIpeioskeHHbIA MEeTO]] alpoOUpPOBaH Ha JaHHBIX
3a/layd  AMarHOCTUPOBAHMS BEHTUIIbHO-PEAKTUBHOrO jpuraresd. Ilpumep [IeMOHCTpUPYET COKpalleHHE
BBIUHCIIUTENFHON CI0KHOCTU MPU MOCTPOSHUU JUArHOCTHYECKONH MOJIENIN MO CPABHEHHUIO C METOAOM Ha OCHOBE
OTCYETOB C PABHOMEPHBIM IIArOM IIPH 00SCIICYCHUH 3aIaHHON TOCTOBEPHOCTHU TUATHOCTUPOBAHUS.

Knrouesvle cnosa: HenvHeHbIE AMHAMUYECKHE 0OBEKTHI, JMarHOCTHYECKHE MOJIEINH, PEAYKIH Mojieel, oToop
MIPU3HAKOB, KOPPEIALUOHHBINA aHAJIH3.

INTRODUCTION their ecological compatibility. Therefore, nowa-
days, the improvement of their operational
characteristics, reliability and a service life are of
primary importance.

The most significant problem of the technical
diagnostics (TD) is timely and reliable determina-
tion of the technical state of the electrical motors
of various power objects (railway traction en-
gines, motor vehicles, lifting and transporting
equipment, etc.) [7, 8].

The objects like these are often accompanied
by the a priory uncertainty, which results from the
insufficient study of the processes that occur in
the diagnosis objects (DO), as well as from the
operation in the wide range of the external condi-
tions, the presence of a good many disturbing
actions and the environmental interferences [9,
10].

At present, the technical diagnostics suggests
that defects change only the parameters of the DO
model, which at diagnosis are evaluated using the
methods of the parametric identification [11—
13].

With an increase in the complexity of modern
objects of control and the conditions of their op-
eration in different branches of engineering,
industry or transport, the role is intensified of the
automatized systems of technical diagnosis
(ASTD) for accident prevention, for estimation of
the articles’ quality, minimization of the technical
services expenses [ 1—3].

In conditions of the increased practical inter-
est, the application problems of diagnosis of
complex objects become widespread, particularly,
of those based on nonelinear inertial objects, in-
cluding the objects with  continuous
characteristics and unknown structure, which can
be referred to as the “black box” [4—6].

Typical examples of the objects like these are
the electrical motors. The application of the elec-
trical motors in power engineering, industry, and
at transport is conditioned by their high efficiency
and, what is particularly important at present, by
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However, the defects and degradation pro-
cesses in the objects can often change not only the
DO model parameters, but its structure as well
[14—16].

Therefore, the diagnosis oriented to the object
model restoration (model diagnostic) is developed
more extensively, when the use of the methods of
nonparametric identification is conditioned in di-
agnosis for the construction of the DO
information model on the basis of the “input-out-
put” experimental data [15—18].

The application of the existing model diagnos-
tics methods is limited by their insufficient
efficiency and versatility. In [19, 20], for the pur-
pose of diagnosis, the linear dynamic models are
used. In [21, 22], the models are applied based on
the accounting of the effects of nonlinearity,
which take into account only the information on
the properties of the DO static characteristics.
Real objects, as a rule, are characterized, at the
same time, both by nonlinear and dynamic prop-
erties.

Unlike [15—18, 23—25], the present work, as
the information DO models with an uncertain
structure, contains the integral nonparametric dy-
namic models based on the multidimensional
weight functions (MDWF), which were obtained
using the ‘input-output’ experimental data.

The major advantages of the use of these mod-
els are the following: the ability to simultaneously
and briefly describe the nonlinear and inertial DO
properties, which ensures high reliability of the
diagnosis [23, 26]; the ability to take into account
the malfunctions, which resulted both from the
changes in the DO parameters and structure [26];
and the test and functional diagnosis convenience
[25].

The work is aimed at improvement the relia-
bility and fast-operation diagnosis of the states of
the electric motors of different power objects un-
der the a priori uncertainty by means of
development of the model diagnostics method
based on the DO nonparametric identification in
the form of the integral dynamic models.

I. INTEGRAL NONPARAMETRIC DYNAMIC
MODELS AND IDENTIFICATION OF DIAGNOSIS
OBJECTS

For a wide class of the nonlinear dynamic sys-
tems, the dependence between the action x(t) and
reaction y(t) in an explicit form can be presented

as a functional integro-power series of Volterra
[23, 25, 26].
The ‘input-output’ ratio for the continuous
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nonlinear dynamic system with the unknown
structure (of the ‘black box’ type) at one input and
one output can be presented as the Volterra series:

y(t)

W, (t)+jwl(r)x(t—r)dr+

-i—_”.wz(rl,fz)x(t—rl)x(t—z’z)dz'ldr2 +
ttoto (1)
+[ [ [wy (@ 2 )Xt =2)X( -2, )X(E = 75)

0
n=1

xdr,dz,dz, +...= W, (t)+

y, (1),

where w,(t,...,7,) is the MDWF of the n-th order

(n=1, 2, 3,...), the symmetric function with re-
spect to the real variables t,...,t,; W,(t) is the

free series term, at the zero initial conditions
W, (t)=0; and t is the current time.

The model construction of the nonlinear dy-
namic DO in the form of the MDWF consists in
selection of the forms of the testing x(t) and the

algorithm development, which makes it possible,
according to the measured y(t) reactions, to re-

veal the partial components y,(t) and on their
bases determine the MDWF w, (z,,...,t,),n=1,2, ...

the n-dimensional transfer functions.

The disadvantage of this model is a large vol-
ume of the identification data, which reduces the
fast-operation of the ASTD adjustment.

The volume reduction of the primary identifi-
cation information using more compact models
(e.g., convolution integrals) allows the ASTD
fast-operation increase, however, it decreases the
diagnosis reliability. Thus, the contradiction
arises between the reliability of the TD and the
ASTD adjustment fast-operation, when using the
integral nonparametric dynamic models.

The contradiction can be settled by the devel-
opment of a new secondary identification method
— the construction of a space of diagnostic fea-
tures x with a substantially smaller dimension of
the diagnostic information.

II. CONSTRUCTION OF DIAGNOSTIC
FEATURES’ SPACE BASED ON METHODS OF
FILTRATION

The efficient method for presenting the infor-
mation models as a vector of features x is a
parametrization of continuous DO models Yy(t):

W (T o T b,y X = (X500 %), where N is
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the order of the information model; Kk is the dimen-
sion of the diagnostic model; slant is the vector
conjugation.

A vector of diagnostic features can be obtained
by means of a certain preliminary transformation
of the form T,:Cl[ab]—>R", (j=1...,n):

x; =T,(f(z,...,7,)) , where C[a,b] is the space of
real continuous functions f(t), preset at section
[a,b]; &, b are certain real numbers.

As operator T;, the orthogonal expansions can

be used [27] and spectral transformations [14, 15]
of continuous models into vectors of coefficients
of the basis functions.

In practice, it is common to use as T, the op-

erator of discretization of a continuous model:

X =w, (t;), 2)

where t; = jAt (At is the discretization step).

Modern subsystems of the information regis-
tration, which are included in the ASTD
composition are able to perform thousands DO re-
sponses’ measurements per second that ensures
the primary diagnostic data integrity. In this case,
the measurements results are accompanied by the
presence of a plurality of extra data. Moreover, it
is obvious that validity of different sections of the
DO measured responses is different for the diag-
nostic procedure.

As is shown in [28, 29], the most valid sites of
the DO responses are, as a rule, those that carry
the highest energy of a signal. Taking into account
all the aforementioned, the use of signal discreti-
zation for the formation of the space of the
diagnostic features is inefficient.

During the work with the continuous DO char-
acteristics in construction the diagnostic features'
space, the most efficient can be the correlation
methods of the filtration of the information mod-
els’ readouts [29—31].

The diagnostic models’ formation based on fil-
tration of the features consists in those features’
ranking with the application of the statistical
methods of estimation the correlation between
each of the input and purpose-oriented alternative
[28—30]. The latter methods yield fast and effi-
cient results, particularly on processing large data
volumes.

There are several types of the correlation
methods of estimation the diagnostic validity of
features, depending on the data type of both input
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and output variables, either numerical or cate-
gorical data.

The type of a response variable indicates usu-
ally the type of the modeling problem. Thus, the
numerical output variable indicates the problem
of the predictive modelling with regression, while
the categorical output variable is indicative of the
problem of predictive modelling of classification.

In the diagnostic problems of continuous DO,
a case of numerical and categorical inputs is con-
sidered. Here, to estimate the correlation between
the intergroup and intragroup variability the
Fisher F-criterion is used:

> (% -M7)/P-1
Sy =M) L=

where M is the mathematic expectation of the fea-
ture; L is the volume of the complete sample; and
P is the number of classes.

This work offers the method for construction
of the diagnostic features’ space based on contin-
uous information models in the form of the
MDWEF followed by their discretization and filtra-
tion of the features based on the evaluation of their
correlation.

III. METHOD FOR CONSTRUCTION THE
DIAGNOSTIC FEATURES’ SPACE BASED ON
INTEGRAL DYNAMIC MODELS

The offered method for construction the diag-
nostic features’ space based on the integral
dynamic models reduces to the identification of
the informative MDWF model, according to the
data of the ‘input-output’ experiment. Based on
the discrete samples of the obtained continuous
models, the features’ space is constructed. In the
space obtained by filtration of the features based
on evaluation of their correlation, the diagnostic
models are constructed.

The stages of the method for the construction
of the diagnostic features’ space based on the in-
tegral dynamic models are shown in Table 1. The
development of this method consists in addition
of stages N3 and N4 to the known procedure of
the model diagnosis.

IV. CONSTRUCTION OF DIAGNOSTIC
FEATURES’ SPACE OF SWITCHED RELUCTANCE
MOTOR

Approbation of the method for the construc-
tion of the diagnostic features’ space based on the
integral dynamic models is performed by the ex-
ample of the switched reluctance motor (SRM),
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which is the continuous object with nonlinear dy-
namic characteristics.

In the process of a long-term operation of the
electromotor (due to the friction of a rotor against

the air), the air gap (AG) between the rotor and
stator (Fig. 1) increases. Upon the AG increase,
the energy indices decrease. i.e., the energy is
transformed with high losses.

Table 1
Stages of method for construction of diagnostic features’ space based on integral dynamic
models.
Stage Description
Ne Name
1. | DO identification |Aim: obtainment of DO model in the form of MDWF.
(construction of | Input: test signal x(t)
information Model: Volterra series (1)
model) Output: MDWEF based on ‘input-output’ experimental data
2. | Information Aim: obtainment of DO information model in discrete form
model Input: MDWF w,(x,,...,T,)
discretization Model: discretization operator (2)
Output: vector of features x
3. | Features' Aim: to calculate validity of each feature for TD problem
evaluation Input: vector of features x
Model: F-criterion of Fisher (3)
Output: vector of features x', ranked according to validity index |
4. | Features' Aim: to obtain diagnostic features’ space
filtration Input: vector of ranked features x
Model: x* =(x,,...,x;) €x, p<n
Output: diagnostic features' space x* = (xl,..., X, ), with maximum indices of
validity |
This problem is complicated by the following:
) - the motor itself is an object with nonlinear dy-
Alr gap 0 namic characteristics; the motor operates in a
b wide range of external conditions in the presence
of a great number of disturbing effects and envi-
Binton ronmental interferences; in conditions of the

Stator

Fig. 1. Air-gap 6 between SRM rotor and stator.

In this context, during the SRM operation, it is
necessary to control periodically the AG value.
The direct measurements are undesirable, since
they are time-consuming and need the SRM re-
moval out of the operation for the time of control,
which is prohibitive for the most of the energy ob-
jects in the mode of functioning.

The SRM diagnostic problem consists in the
construction of the electromotor diagnostic model
according to the data of the indirect measurements
of the air-gap between its rotor and stator.
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operation it is necessary to ensure the reliable and
operative diagnosis of the motor state.

Thus, the problem of the functional diagnos-
tics of the electromotor AG between the rotor and
stator, according to the data of the indirect meas-
urements (indirect methods), based on the ‘input-
output’ information models has an important
practical meaning. The structural scheme of or-
ganization of the ‘input-output’ experiment in the
SRM diagnostic problem is shown in Fig. 2.

The input signal x(t) is preset by the generator

of the diagnostic signals (GDS), the output signal
y(t) is measured by the registration device (RD)
and is written into the database (DB); fo(t) and fs(t)
are the environmental and detector interferences.
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x(1) |
| A

f.',(r)l _fi(r)l

-

Fig. 2. Structural scheme of organization of experiment ‘input-output’ in SRM diagnostic problem.

The SRM diagnostic procedure is performed
in the order listed in Table 1.

DO identification.

For the diagnostic purposes, it is advisable to
use the mathematic model of the motor, which
presets the abstract description of the motor of the
‘input-output’ type in the form of the equation
system at a fixed position of the rotor [32]:

4w
Uy = I Ry +—2

o= loMe T 4)
¥, =, (1,.0)

where U (t) is the voltage (input variable); I (t)

is the current (the SRM measured response, the
output variable); R, is the resistance, ¥, is the

magnetic flux linkage of the phase; and © is the

wi() [

wy (1) [

angle of position of the rotor with regard to posi-
tion of stator.

The analytic expressions for the MDWF of the
first order and diagonal sections of the MDWF of
the second order:

W,

| (t) = e‘”‘t’W2 (t,t) = E(E—Zat _e—zat)

(24

()

Teaching full sample in the form of the
MDWEF of the first order w, (t) (Fig. 3a) and diag-

onal sections of the MDWF of the second order
w, (t,t) (Fig. 3b) at different 6 values of the AG

is obtained for different SRM states and is divided
into 3 classes, 100 elements each: for 6€[6n, 1.30n]
(normal mode is class A), 6e(1.30n, 1.60,] (mal-
function mode is class B), and >0, (emergency
mode is class C).

— c{ass % — c{ass %
- ——class - - - class

0.8 o olass 0.4 - class C
06} 0.3
04| 0.2
02} 0.1
0 : 0

0 5 10 15 20 0 5 10 15 20

Time 7x107 s Time 7x1072 s

a

b

Fig. 3. a— MDWEF of the first order w, (¢); b -- diagonal section of MDWF of the second order w, (z,¢) for
classes A, B, and C.

Discretization of information model.

To carry out the experimental studies the
MDWEF and their sections readouts were used,
which were obtained with a step of At =2.5 ps.

The space of diagnostic features x = (x,,.... X, )

was constructed in the form of the readout sam-
ples of the MDWF diagonal sections
W, (t-7,,....t =7, ) of the order of k=1, 2 with di-

mension of I=81 readout.
Features’ evaluation.

40

Calculation of diagnostic validity I of the DO
primary features: the MDWF readouts of the first
order w,(t) (Fig. 4a) and the MDWF diagonal

sections of the second order w, (t,t) (Fig. 4b) is

performed using criterion (2).
As a result, the vector

r . . .
x' =(X,...,%) is obtained, which are ranked ac-

of features

cording to the index of validity I.
Features’ filtration.
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Out of the elements of vector of the diagnostic  the preset reliability of diagnosis. In this work, the
reliability is evaluated according to the solution
results of the classification problem of the objects
filtration with maximum indices of Valldlty I. The of the examination Sample using the method for a
dimension p of space x* is selected so as to ensure  maximum credibility [28].

features x* = (xl,. X, )I is formed by the features’

0.8 | 0.8 [\1
0.6 | " 0.6
04| ] a4l
0.2 0.2 : V‘
I A ' I

0 0 : —
0O 10 20 30 40 50 60 70 80 [/ 0O 10 20 30 40 50 60 70 80 [/
Number of readout /, units Number of readout /, units

a b
Fig. 4. Diagnostic validity I of readouts according to criterion (3): a — MDWEF of the first order w, (t) sb—
diagonal section of MDWF of the second order w, (¢,7).

In this problem at p=5, the SRM diagnostic =~ comparison, the validity of each feature | of space
model, which was constructed using the filtration = x was determined by evaluation the reliability of
features x! based on correlation, looks as follows  diagnosis P for each MDWF readout of the first
x* =(X;, Xy, X5, X,» X,;) and ensures the preset  order w,(t) (Fig. 5a) and the MDWF diagonal

level of reliability of diagnostics P=0.99. For  sections of the second order w, (t,t) (Fig. 5b).

‘f) N + + " v N v v 1_) .
08T 0.8 [
0,6[ 1 06
0.4f 1 04}
0.2 L 1 0.2r

0 {) i i M i i i i

0 10 20 30 40 50 o0 70 80 [/ 0O 10 20 30 40 50 60 70 80 [/
Number of readout /, units Number of readout /, units
a b

Fig. 5. Reliability of P readouts: a — MDWF of the first order w, (); b — diagonal section of MDWF of the

second order w, (¢,1).

As a result of comparison the wvalidity of  in obtaining the result by filtration based on cor-
readouts of the corresponding MDWF models  relation is by 6—8 times lower, than that obtained
(Figs. 4, 5), it is seen that the diagnostic features by the results of classification.
obtained by filtration based on correlation, coin- To estimate the diagnostic validity of the fea-
cide considerably with those selected in  tures combined with other features, the study was
accordance to the classification results of the ob-  performed using the multifactorial correlation
jects of the examination samples, using the  analysis. Figure 6 shows the calculation of the di-
decision rule, constructed by the method for the  agnostic validity | of a pairwise combinations of
maximum credibility. The calculation complexity =~ the DO primary features — the MDWF readouts of

the first order w, (t) (Fig. 6a) and those of the

41
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Fig. 6. Diagnostic validity I of pairwise combinations according to criterion (3): a — MDWEF of the first
order w, (¢); b — diagonal section of MDWF of the second order w, (¢,7).

MDWEF diagonal sections of the second order
w, (t,t) (Fig. 6b). Here, the most valid combina-

tions of the diagnostic features are relevant to the
minimal values of criterion (3).

For comparison, the validity of the pairwise
combinations of the features of space x was esti-
mated as reliability of P diagnosis for the readouts
of the MDWF of the first order w, (t) (Fig. 7a) and

the MDWF diagonal sections of the second order
w, (t,t) (Fig. 7b).

From Figs. 6, 7, it is seen that the combinations
of the diagnostic features, which were obtained by

P
0.9 I
0.6
0.3

0.

the multifactorial correlation analysis, coincide to
a high degree with the combinations of the fea-
tures that were selected according to the objects’
classification results using the method of maximal
credibility. Moreover, the calculation complexity
of obtaining the result by the multifactorial discri-
minant analysis at the pairwise combination of the
features is by 10 — 12 times less, than that accord-
ing to the results of the classification problem
solution.

Fig. 7. Reliability of P readouts of pairwise combinations: a — MDWEF of the first order w, (¢); b—

diagonal section of MDWF of the second order w, (¢,7).

CONCLUSIONS

This work tackles the problem of improvement
the reliability and fast-operation of the diagnostics
of the electric motors states of different energy
objects under the a priori uncertainty by develop-
ing the method of the model diagnostics based on
the nonparametric identification of the objects in
the form of the integral dynamic models.

As the information models of the diagnostic
objects, the authors consider the nonparametric
models based on the multidimensional weight

42

functions that simultaneously describe the nonlin-
ear and dynamic properties of the object, which
are able to consider the malfunctions caused both
by the change in parameters and in the object
structure. That is particularly convenient at the
test and functional diagnostics. The method was
further developed that was used for the construc-
tion of the diagnostic features' space of nonlinear
dynamic objects based on information models in
the form of the multidimensional weight functions
by the use of the single- and multi-factorial corre-
lation analysis as a stage of the features’ filtration
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with a following selection of the features’ combi-
nations to ensure the diagnosis maximum
reliability on the basis of the integral dynamic ob-
ject models. The application of this approach
makes it possible to ensure simultaneously a high
reliability of the object diagnostics under the a pri-
ori uncertainty due to the use of the primary
information models based on the multidimen-
sional weight functions and fast-operation of the
diagnostic procedure owing to the filtration based
on the correlation analysis of the features. A step-
wise algorithm of the method is presented with the
input and output information along with the data
models used at each stage.

The proposed method is approbated on the
data of the diagnostic problem of the nonlinear
dynamic object, namely, a switched reluctance
motor. This example exhibits the reduction in the
calculation complexity at the diagnostic model
construction compared to the method based on the
readouts with a uniform step by 6—12 times, pro-
vided the diagnostic reliability is 0.99.
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Effect of Vane Thermal Emission Cooling on the Efficiency of the Gas

Turbine Power Plant
Kolychev A.V.!, Renev M. E. ?, Savelov V. A. 1, Arkhipov P. A. 1
! Baltic state technical University "VOENMEH", Saint Petersburg, Russian Federation,
2 - Saint Petersburg State University,
Saint Petersburg, Russian Federation

Abstract. The work is devoted to the problem of increasing efficiency of power gas turbine units
(microturbines). One of ways to improve efficiency is to increase gas temperature in front of the
turbine. Cooling of gas turbine elements is difficult. One of the solutions to the problem may be the
method of thermal emission cooling. The purpose of this work is to estimate the potential effect of
thermal emission cooling of turbine blades on efficiency. The mentioned aim is achieved by analyzing
the main factors influencing the efficiency of the power gas turbine unit. Calculated estimations of
thermal condition of turbine blades with thermo-emission cooling depending of electron work function
and gas temperature in front of the turbine.

The most significant results of the work are the obtaining of dependence of efficiency of power gas
turbine unit on the value of electron work function (thermo emission cooling) and its surface
temperature. Besides, as a result of numerical estimations it was established for the first time that the
blade temperature of the turbine with thermal emission cooling can reach the value of about 1000 K at
the electron work function 1 eV and at the gas temperature in front of the turbine 2700 K (by 7-8 %
higher than modern power gas turbines). The obtained results can be applied in practice in terms of
justification of thermal emission cooling application in gas turbines. The method of thermal emission
cooling can be applied in micro turbines, large power turbines, aircraft engines.

Keywords: thermal emission cooling, thermoelectronic emission, power gas turbine installations,
efficiency.
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Efectul racirii cu emisii termice a paletelor asupra randamentului instalatiei energetice
Cu turbina cu gaze
Kolicev A.V.1, Renev M.E.? Savelov V.A. %, Arhipov P.A. !
tUniversitatea Tehnicd de Stat Baltica "VOENMEH",
2Universitatea de Stat din Sankt Petersburg,
Sankt Petersburg, Federatia Rusa

Rezumat. Lucrarea are ca subiect problema sporirii eficientei centralelor cu turbine cu gaz, inclusiv a
microturbinelor. Una dintre principalele modalitati de imbunatatire a eficientei este cresterea temperaturii
gazului din fata turbinei. Racirea elementelor microturbinei este dificila din cauza dimensiunilor lor geometrice
reduse. Scopul lucrari constd in evaluarea efectului potential al racirii cu emisii termice a palelor turbinei asupra
valorii randamentului. Acest obiectiv este atins prin derivarea analitica a unei noi relatii care leaga eficienta,
temperatura si functia de lucru a electronilor suprafetei palelor si prin efectuarea de calcule detaliate ale starii
termice a palelor turbinei cu racire termionica pentru valorile date ale functiei de lucru a electronilor suprafetei
palelor turbinei si a temperaturii gazului din fata turbinei, care determind randamentul turbinei. Cele mai
semnificative rezultate ale lucrarii sunt: stabilirea dependentei eficientei unei centrale cu turbind cu gaz de
valoarea functiei de lucru a electronilor (racire termionicd) si de temperatura suprafetei paletei turbinei. Ca
rezultat al calculului, s-a constatat ca temperatura unei palete a turbinei cu racire termionicd poate atinge o
valoare de ordinul 1000 K atunci cand lucrul de emisie a electronilor de pe suprafetei palei turbinei este egald cu
1 eV si la 0 temperatura a gazului in fata turbinei de 2700 K. La aceasta temperatura a gazului in fata turbinei,
eficienta ( randamentul) turbinei sporeste cu 7-8%. Semnificatia rezultatelor obtinute consta in faptul ca
rezultatele obtinute pot fi aplicate in practica in ceea ce priveste fundamentarea utilizarii racirii termionice in
turbine cu gaz si in stabilirea faptului ca racirea termionica isi poate gési aplicatia in microturbine, turbine de
mare putere si motoare de aeronave.

Cuvinte-cheie: racire termionica, emisie termionica, centrale electrice cu turbina cu gaz, randament.
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O BJINSIHUHU TEPMOIMHUCCHOHHOTO oxJaxaeHusi Ha KIIJI ra3oTypOuHHOIi 3JHepreTH4YecKoii yCTAaHOBKHU
Koabiues A.B.!, Penes ML.E.2, Capesios B.A.!, Apxunos IL.A.
'BanTuiickuil rocynapcTeeHHbli Texauueckuil yausepcuter «BOEHMEX», Cankr-TletepOypr, Poccuiickas
Denepanys,
2Canxt-TleTepOyprekuii rocy1apcTBEHHBIH YHUBEPCUTET,
Canxkr-IlerepOypr, Poccuiickas ®eneparis

Annomayusn. Pabora nocesiena npodineme nossimeHus KI1/[ sHepreTnueckux ra3oTypOMHHBIX YCTAaHOBOK, B
TOM YHCIIe MUKPOTYpOMH. OJJHUM M3 OCHOBHBIX CIIOCOOOB YJIy4lICHUs 3((QEKTUBHOCTU SIBIISETCS HOBBILICHHE
TeMIepaTypbl raza mnepen TypOuHoN. OxJaxJIeHHE 3JIEMEHTOB MHMKPOTYpOMH 3aTPyAHEHO H3-3a HX MajbIX
reOMETpUYECKUX pa3MepoB. OAHUM U3 peleHuil MpoOieMbl MOXET CTaTh METOA TEPMOIMHUCCHOHHOTO
oxnaxaeHus. Llenp HacTosmmeNH paboOThl — OLIEHUTH MOTEHLIUAIBHOE BIUSHHE TEPMOIMUCCUOHHOTO OXJIAXKICHUS
moratok TypOmabsl Ha KIIJ[. Vka3aHHas memb JOCTHraeTcs aHAJUTHICCKHM BBIBOJAOM HOBOW 3aBHCHMOCTH,
cespBaromeit KI1J[, temmeparypy u paboTy BBEIXOIa AJIEKTPOHOB ITOBEPXHOCTH JIONMATOK M IpPOBEICHHEM
JCTalbHBIX PACYETOB TEIJIOBOTO COCTOSHMS JIOMATOK TYypOMH C TEPMOIMHCCHOHHBIM OXJIQKICHHUEM JUIS
3aJaHHBIX 3HAYCHUI PabOTHI BBIXOZA HJIEKTPOHOB ITOBEPXHOCTH JIONIATOK TypOMHBI M TEMIEPATyphl ra3a mnepesn
TypOuHO#, onpexnemnsromeit K/I1. Hanbomnee cymecTBeHHBIMU pe3ylbTaTaMi pabOThHI SBIAIOTCS: 3aBHCHMOCTh
KIIA o»HepreTmueckoi Ta30TYpOMHHOH yCTAaHOBKM OT BEIHMYMHBI pabOTHl  BEIXOJa  JJIEKTPOHOB
(TEpMOIMHCCHOHHOTO OXJIAXJICHHS) U TeMIlepaTypbl MOBEPXHOCTH JIONATKU TypOuHBL. B pesynbrare pacuera
YCTAaHOBJICHO, YTO TEMIICpaTypa JIOMAaTKH Typ6I/IHLI C TCPMOOMHUCCUOHHBIM OXJIAXKJIACHHUEM MOXET AJOCTHUIATh
BennuuHbl nopsiaka 1000 K mpu pabote BbIX0Aa 3JEKTPOHOB MOBEPXHOCTH JIONATKU TypOWHBI paBHO# 1 3B n
npu Temmeparype rasa nepea typounoit 2700 K. IIpu takoit Temneparype rasza nepea typounoii KI1/{ na 7-8 %
BBIIIE. 3HAYUMOCTH TNOJYUCHHBIX PE3YJIbTATOB 3aKIHOYa€TCd B TOM, YTO IIOJYYCHHBIC PE3YJbTAaTbl MOXKHO
NPUMCHATL Ha MNPAKTHUKE B YaCTU O6OCHOBaHI/IH MPpUMCHEHUSA TCPMOOIMHUCCUOHHOI'0 OXJIAXKIACHHSA B T'a30BbIX
TypOMHAX M B YCTAaHOBJIEHHH TOTO (AaKTa, YTO TEPMOIMUCCHOHHOE OXJIAXKICHHE MOXKET HAlTH CBOE MPUMEHEHHE
B MUKPOTYPOHMHAX, KPYITHBIX SHEPTeTHUECKUX TypOMHAX, aBHAIIMOHHBIX JBUIATEIISX.

Kniouegvle cnosa: TEPMOIMHUCCHOHHOE OXJAXKICHHE, TEPMOICKTPOHHAS 3MHCCHS, JHEPreTHYECKHE
ra3otrypounHble ycTaHoBKH, KI1/I.

BBEJIEHHWE Ha ceromHs CymecTBYIOT MHOXECTBO pas-

Ha cerogusimmHuii JeHb B DHEPreTUKE aKTy-  JIMYHBIX METOAOB OXJIAXKJEHHs JIONATOK TYpOUH
albHBIM  SIBJIETCS  pa3paboTKa MeETOAOB W [5], OCHOBaHHBIX Ha JBIDKCHUH BO3/IyXa B CIIe-
CPEICTB, KOTOPBIE IMO3BOJIAT YJIYYIIUTh OCHOB-  LHUAJBHBIX KaHajaX M CO3JAHHM IUIEHOK Ha
HbIC XapaKTEPUCTUKU SHEPreTHYCCKOM ra3oTyp-  BHEHIHMX MOBEpXHOCTIX. CaMblif mpocToil uc-
ounnoit ycranosku (OI'TY): KIIJI, Hame)kHOCTb,  MOJB3YET TOJIBKO BHYTPEHHIOIO KOHBEKLUIO 0e3
pecypc, ¢ OJHOBPEMEHHBIM MOHI)KEHHEM CTOM-  IICHOYHOIO OXJIAXKIEHUS U NPUMEHSETCA B OC-
MOCTH Pa3pa0OTKH, CO3IaHUs, SKCIUTyaTallid,  HOBHOM Ha JIONIATKaX BTOPOW MIIM TPEThEH CTYy-
TEXHUYECKOT0 00CTyKUBAHUS U JIp. neHu. Bee apyrue MeToabl OXJIaXKAEHUS UCIIOIb-

OnHOW W3 OCHOBHBIX 3a/lad MPH CO3AaHWU  3YIOT INIEHOYHOE OXJIAXKIEHHE B Pa3IM4YHOH CTe-
OI'TY sBnsercs noBsiieHne ux 3(H(OEKTUBHOTO  IICHH.
KII/I, xoTOpbIif B HACTOALIMI MOMEHT HaXOAMT- Puc. 1 cxemaTMyHO WJUTIOCTPUPYET IMIATh
cs1 Ha ypoBHe 25-35% [1-3] st OT'TY mpocroro  Hamboliee pacHpOCTPaHEHHBIX THUIIOB BO3AYIIHO-
nuKna. JJOCTUrHYTH 3TOro Npeanojaraercs, B IO OXJIAXKICHUSA, KOTOPBIE CETOMHS CO3JAFOTCA
TOM 4YHCJIE, 32 CUCT MOBBIIICHUS TEMIIEPATYpPbl  IIOCPEACTBOM JIUThsS IO BBIILIABISEMBIM MOJE-
HNPOIYKTOB CropaHus mepej TypOounoi. OgHako — JaM.

KOHCTPYKLMH COBPEMEHHBIX TypOUH MMOJOLUIN K Ha puc. 1 xpacHbIMH cTpenKaMy MOKa3aHO
mpeaeny TePMOCTORKOCTH, HECMOTPSI HA MpHMe-  HaIlpaBJICHUE HarpeBa, YEPHbIMU — HallpaBJICHUE
HeHHne Bc€ OoJiee DK30THUECKHX U JIOPOTHX Ka-  JIBIDKEHUE BO3ayXxa-oxjanutens. Bospactaro-
POTIPOYHBIX MaTEPHAJIOB. OMM CJIeBa HAampaBO KOHTYpOM OO0O3HaueHa
CylIlecTByOIHUE CUCTEMBI CIOKHBI M UMEIOT  OXJIXKAAIOLIas IUIEHKA BO31yXa.
BBICOKYIO CTOMMOCTh. Hampumep, 1ieHa jgonaTku HakmonHble KaHaNbl, COEOMHSIOMINE BHYT-
OI'TY moxer pocturats $10000, mpu ToM, 4T0  PEHHHUE MOJOCTU C OKPYXKAIOUIEH CPEeION Ha puC.
9THX Jonatok B oaHoi I'TY mMoxeT ObITH 10 He- 106, 1B u ln, yBenu4yMBaeT MOBEPXHOCTH TEILIO-

CKOJIBKHX COTeH. MI3y4aroTcst pasnuyHble cxeMbl — Ch&Ma. Ha puc. 1T mokasaHbl BepTHKaJIbHbBIE Ka-
BO3AYIIHOTO oxyaxaeHus [4-6], apdexTnBHOCTE  HAJBI, TOBEPXHOCTHh TEIUIOCHEMA YBEJIMYEHA 32
KOTOpBIX TpeOyeT CO3laHMS CIOKHOW CHUCTEMBI  CUET OOJIBILETO KOJIMYECTBA dTHX KaHAJIoB U 0o-
KaHAJIOB LIUPKYJSLUHM BO3AyXa B JIOMATKAaX. Jiee MIIOTHOTO UX PACIIOJIOKEHUSL.
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1) I[ToamoBepXHOCTHOE MUKPOOXIIAXKICHHE
JIBYCTEHHOE OXJIaXeHue °

Puc. 1. CucreMbl OXJI2KIEHHS JOIATOK COBPEMEHHbBIX Ia30TyPOMHHBIX YCTAHOBOK. 1

Kameps! cropanust 00BIYHO HCTIONB3YIOT 3(¢-
(hy3uOHHOE OXJIaXKEHUE WM €r0 KOMOMHAIUIO C
KOHBEKLMOHHBIM M IUIEHOYHBIM OXJIaXKICHHEM,
AQHAJIOTHYHO OXJIAKACHUIO MEpeJHed KPOMKH
JIOTIaTOK TYpOWH.

JlaHHBIII METON H3BECTEH KaK [BYXCTCHHOE
WIM TPUCTEHHOE OXJIAKICHUE W IOMEIIAeT
OXJI2XKJIAIOIIME KaHaIbl BHYTPH CTEHKH, TEM ca-
MBIM TI€peMeIlas OXJaxiaromee padodee Teso
OJIMKE K MCTOYHUKY TEIlIa.

JpyruM HampaBlieHHEM SIBIISIETCS TOBBILIC-
HHUE XapOoIPOYHOCTH MaT€pPHajIOB OCHOBHI JIOTIA-
TOK TypOuH [7-8].

Hampumep, B [9] omucan HOBBI cruias,
Ha3zBaHHbI AGAT, KOTOpBIi MMEET MEHBIIYIO
IUIOTHOCTh U OOJIBILIYI0 CTOWKOCTH K OKHCJICHHIO
MpPU CXOXKUX C HHUKEIEBBI CylepcriiaBoM
CMSX-10 [7-9] mpOoYHOCTHBIX CBONCTBAX.

B Hacrosmmii MOMEHT OJTHUMH U3 CaMBIX CO-
BPEMEHHBIX CIUIABOB SIBJISIOTCS CIJIaBbI C 100aB-
JICHHEM PEHUsl U pyTeHusi, Harnpumep, T MS-238,
TMS-138A, TMS-196 [10]. Opnako, Takue
CIUIaBBl XapaKTEpU3YIOTCS OYEHb BBICOKOM CTO-
HUMOCTBIO.

OnHuM W3 HamNpaBIIEHUW TOBBIICHUS CTOMU-
KOCTH JIONATOK TYpOWHBI, BHIIIOJHEHHBIX U3 HU-
KeJIeBBIX CIUIABOB M CYIEPCILIABOB, B YCIOBHSIX
TOBBIIIEHUST TEMIIepaTypbl Tiepel TypOWHOM,
sBIsieTcsl pa3paboTKa M co3mgaHue TepModapbep-
HBIX TOKpwITHH [14,15], Hanmpumep, Ha OCHOBE
okcuma amomuaus (Al.O3) [14], oxcuma nupko-
nus (Zr0O;) [15,16] u np.

[lepcneKTUBHBIM HamNpaBIEHUEM BBITJISIAUT
NPUMEHCHHE KepaMH4YecKuX MatepuanoB [11-
12]. OHu xapakTepu3ylTCsl BBICOKOW CTOMKO-
CTBIO K OKHCJIEHHIO U COIIPOTHUBJICHHUIO MOJI3y4e-
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ct. Ho mipu 3TOM MMErOT mpoOIeMbl, CBA3aHHbBIE
C HU3KOU TPEIUHOCTOMKOCTBIO.

Tak, B [11] aHamusupyercs KepaMHUUCCKUI
Marepuad Ha OcHOBe KapoOuma kpemuus (SiC)
ycuiieHHbIl 6opumom raduus (HfB2) u 6opuaom
upkonust (ZrBy), a B [12] — kepamuka Ha OCHO-
Be Oopuma turana (TiBy). B [13] omuceiBaercs
kapounokpemuueBas (SiC/SiC) kepamuka. [o-
CTOMHCTBOM JIaHHBIX MAaTEpPHAIOB SIBISETCS WX
CHOCOOHOCTh PaboTaTh MPHU BHICOKUX TeMIIEpa-
Typax 0e3 JOMOJHHUTENHLHOTO OXJaXKAeHus. Ma-
TepHajbl Ha OCHOBe OopumoB [12] umeroT sek-
TPUYECKYI0 MPOBOJUMOCTB, YTO TEOPETHYECKH
MO3BOJISIET OPTaHU30BATh UX TEPMOIMHUCCHOHHOE
OXJIaXKJICHHE 32 CYET CIEeUATLHOTO MMOKPHITHSI.

OmmcanHbIe BBIIE TPOOJIEMBI CTUMYIHPYIOT
MOWMCK METOJOB OXJIAXKJIEHHs, OCHOBAHHBIX Ha
HOBBIX B JIAHHOW MPEIMETHOMN 00JIacTH (hpu3uye-
CKHX TIPHHIMIIAX, TPUMEHEHNE KOTOPBIX MO3BO-
JUT TIPOU3BECTH CYIIECTBEHHOE TIOBBIIICHUE
TeMIepaTypsl Ta30B Iepes TypOuHOIl, 1o cpas-
HEHUIO C CYILECTBYIOIINMH METOIaMHU.

CyIecTBYIOT U IpyTrue MOAXO/bl K YBeJInde-
Huto KIIJ OI'TY. Hanpumep, nepcnekTUBHBIM
BBITJISINT  CO3JIaHME  JICTOHAIIMOHHBIX ~Kamep
cropanus (KC), koTopble TeOpEeTUIECKN JOJKHBI
npeBocxoauth o KITJ nHa 20-25 % KC 00bIu-
Heix OI'TY [17-18]. OcHOBHbIC HaASKIbI CBS-
3BIBAIOTCA C POTALMOHHBIM JETOHALMOHHBIM
neuratenem (rotational detonation engine -
RDE) [17-21]. Hanpumep, B SInonuu [20] ucmsi-
TaHa MojeNb JuckoobpasHoit RDE — rasoryp-
O6uHHOI ycTaHOBKHU. [IpoBOASTCS SKCTIEpUMEHTHI
u B CHIA [21]. OnHako Ha CETOAHSIIHHNA JCHb
peanuzaimsa RDE crankuBaerca ¢ mpoOGnemoit
WHULUALMA U TIOJACPXKAaHUsl JETOHAIIMOHHOTO
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TOpEHUs, a TakKe HEOOXOAMMOCTHIO obecrieue-
HUSl JETOHAIMOHHOTO PEXHUMa TOPEHHUS 10 BCe-
My obvemy KC, uTo moka caenaTte HUKOMY He
yIaeTcsl.

HpyruM HampaBiieHHEM OOeCIedeHHUs] BBICO-
koro KIIJI OT'TVY saBnserca opraHuzauus U moj-
JepKaHue TOpeHHs OelHBIX W CBEpXOEIHBIX
TOIUIMBOBO3AYLIHBIX CMECEH, a TAK)KE CMecel, B
KOTOPBIX TMPHUCYTCTBYIOT Pa3IAYHBIE TPUMECH,
Hampumep, BoAsHOM map. Kpome »sToro, mms
CHIDKEHHUSI BPEIHBIX BBIOPOCOB OKHCIIOB a30Ta
NOx B aTMOCepy NPUXOJUTCS YMEHBIIATH TEM-
nepaTypy CropaHdsi U KOJIMYECTBO TOPIOYETO B
TOTJTMBO3YIIIHOH CMECH.

l'openue «TpynHBIX)» TOIUIMBHBIX CMECEH 4da-
CTO TIPUBOJUT K BO3HUKHOBEHHIO aBapUHHBIX
CUTYyallui, CBA3aHHBIX C MPOCKOKOM IIIAMEHH H
BO3HHUKHOBCHHUIO BUOPAIIMOHHOTO ropenust [23].

[lepcrieKTHBHBIMU C TOYKH 3pEHUs] MHHIIAA-
UUM W TOAJIEpXKAaHUS TOpeHHs OEqHBIX TerJIo-
BO3AYIIHBIX CMECEH SBISIOTCS TUIa3MEHHBIC Me-
Tomsl [17-18, 22-35].

Cpenu HUX TPEACTaBIAIOT HHTEPEC DKOHO-
MHUYHBIE METOJIbl, OCHOBAHHBIEC HA MOJKPHTHYC-
ckux crpuMepHbix CBY paspsimax [17-18,35].
JlaHHYIO0 TEXHOJIOTHI0O MOXKHO TPUMEHSTh, Kak
11t MUKpoTypOuH [35], Tak u aist Gonee kpyi-
HBIX ycTaHoBOK [17]. B [35] sxcnepumeHTaIbHO
MOJTy4e€HO YCTOWYHMBOE 3a)KUTaHHWE 0C000 Oe-
HOH TOIUIMBHO-BO3AYIIHOM CMECU C KOHIIEHTpa-
el TOIUTMBA MEHBIIIE Mpefieia BOCIUIAMEHEHUS
[IPH HOPMAJIbHBIX yCitoBHsX [35].

B mnacrosimeit pabote wuccnenyercs HOBBIN
JUIE  Ta30TypOMHHOW TEXHUKH METOJ Tep-
MoamuccronHoro oxnakaeHus (T20), koTopsrit
C OIHOW CTOPOHBI MOXET JOIIOJHUTH CYIIe-
CTBYIOIIME METOJABI OXJaXJeHUs (00ecrednTh
JIOTIOJTHATENILHBIA OTBOJ TEIUIA), a C JPYyrol —
JIOTIOJTHUTH TUIa3MEHHBIE METOMABl TOKWTA U
noJiiep>kaHus TopeHusi, it Oonee 3ddekTus-
HOW peain3alui KOTOPBIX HE00X0IMMO HallMuue
TaK Ha3bIBAEMBIX 3alAIbHBIX  3JEKTPOHOB.
Hanwnuue B moToKe 3amanbHBIX AIIEKTPOHOB I103-
BOJISIET YMEHBIIUTh BpeMs MIPOTEKaHUs MpoIiec-
ca BOCIUTaMeHeHUus u Oonee dPPEKTUBHO Tiepe-
JIaBaThb MOTOKYy oHepruto CBY-usnyuenus. B
ciryyae ke THO mporCXOAUT CYIIECTBEHHOE TIO-
BBHIIIICHHE KOHICHTPAIMN 3apsHKEHHBIX YacTHI]
BOmm3u mnosepxHoctu TOO [17-18,35], yBenu-
YHUBAIOIee TEM CaMbIM KOJHMYECTBO «3amallb-
HBIX» 3JICKTPOHOB.

CrouT TaKxe OTMETHTb, YTO TeMIlepaTypa
COBPEMEHHBIX CIIaBOB JIONATOK TypOUH NMPH UX
pabore nocruraer BenuuuH nopsaka 1530 K,
TeMmIeparypa TepMOOaphepHBIX M  3AIUTHBIX
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mokpeitait — 1800 K [3]. TIpu aTom Temmeparypa
raza mepen TypOWHOI JyYIIUX COBPEMEHHBIX
OI'TY naxoaurtcs Ha ypoBHe 1850-2000K. Ta-
KHE TEeMIIepaTyphl, KaK IOKa3ajlo NMpPUMEHEHHE
T>0 B yCKOpUTENHbHOW TEXHUKE, ONTHMATHHEI
IUIs1 pabOTHI IOKPBITHSL ¢ HU3KOH paboTol BBIXO-
J1a DJIEKTPOHOB.

IIpunmumuansHas cxema 120 mpuBeneHa Ha
puc. 2. Ha puc. 2 cepsiM 0003Ha4YCH CIUIAB - Ma-
TE€pUad OCHOBBI, KPACHBIM HampaBJeHNUE
HarpeBa JIOMIATKH TYpOWHBI, CHHUM — Tep-
MOOMHCCHOHHOE TIOKPBITHE, CHHIUMHU CTPeIKaMu
TEPMOAJIEKTPOHBI, UYEPHBIMH CTPENKAMHU
HampaBJIeHUE ABIKCHHS BO3IyXa (XJIaJareHTa).

[Ipu HarpeBe momatku TYpOWHBI C TIOBEPXHO-
CTH TIOKPBITHUS TPOUCXOIUT TEPMOIMHUCCHS
JNIEKTPOHOB € , KOTOpas COmpoBOkAaercs 3¢-
(heKTOM OXIIaXKIEHUS MaTepHalbl OCHOBBI JIO-
natku Typounsl. B pesynbrate ToO-nokpeiTHE 1
MaTeprajd OCHOBHI (JIomaTka TypOWHBI) OXJa-
KIAOTCA. YMEHBIIIEHHE TeMIepaTyphsl 3a CYET
T30 moxet nocturats 1000° C.

HoBu3zna meroma 3akirodacTcs B TOM, YTO
OCHOBHBIMH HOCHTEJISIMH TEIUIA SBISIOTCS DIIEK-
TPOHBI (NEKTPOHHBIN Ta3), KOTOPHIA KaK XJaaa-
re’T 00J1aaeT HOBBIMUA CBOMCTBAMMU.

DONEeKTpOHHBIA Ta3 MMeeT Ooyiee BBICOKYIO
MTOIBIKHOCTD, 110 CPAaBHEHHIO C MOJEKYJIaMHu U
aTOMaMHU KJIaCCUYECKUX JKHJIKOCTEH U Ta30B,
AIEKTPOHBI OOMEHHUBAIOTCSI SHEPTUEH HE TOIBKO
Yyepe3 CTOJIKHOBEHUS, HO U Yepe3 DIEKTPUIECKOe
1oJjie, YTO MO3BOJISIET UM COOUPATH TEIJIO B 00b-
eMe KpHCTaljia Marepuaia, a He IO MOBEPXHO-
CTH.

HeGomnbiioit pa3Mep 3JIEKTPOHOB IO3BOJIET
MIPOU3BOANTh OXJIAXKJIEHHE TOHKHUX 3JIEMEHTOB,
CO3/IaHME KaHaJIOB OXJAXKACHUA B KOTOPBIX
OYE€Hb CIIO’KHO I HEBO3MOXKHO.

Bce ykazanHble CBOWCTBA MO3BOJISIOT MOJY-
YUTh HOBBIA TEXHWYECKHA S(P(EKT CHUKEHUS
TEMIEPaTypbl W TEMIEPaTYypPHBIX HAMPSHKSHUN
JJIEMEHTOB Tra30TypOWHHBIX YCTaHOBOK 0e3
HEOOXOJUMOCTH CO3J[aHUs CIEIMAaIbHBIX KaHa-
JIOB OXJIXKJCHUSL.

Kpome toro, ToO MOXeT NOMOJHUTH CyIlle-
CTBYIOIIME METONbl OXJAXKICHHSA, TOTOMY Kak
MyTH JBUKEHHSI TEPMOIIEKTPOHOB HAXOATCS B
caMol CTPYKType MaTepraia JIOaTKu TypOUHBI.

Crout Takxke A00aBUTH, HYTO TIOSIBISICTCS
BO3MO>XHOCTh MPOBOJIUTH JTUArHOCTHKY HarpeBa
KaK BCEH JIONATKH, TaK M Hanboyee ee BaKHBIX
YY9acTKOB (HampuMep, B 00JIacTAX TepemHed u
3aJHell KPOMOK) 1O TOKYy TE€pMO3MHCCHHU. YeMm
BBIIIIE HATPEB, TEM BalllE TOK.
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Puc. 2. Cxema peajin3alMi TEPMOIMHCCHOHHOTO OXJIAKIEHHSsl JIONATOK COBPEMEHHbIX ra30TypOMHHBIX
YCTAHOBOK. '

MOJAEJIN U METO/bI

OcHogHoe omauuue Hacmosweu pabomsl om
U36ECMHBIX NYONUKAYULL 3AKTI0YUACMCST 8 MOM,
umo  6nepevlie  YUMeHO  MePMOIMUCCUOHHOE
oxnadxcoeHue NoBepXHOCMU JIONAMKU MYPOUHbL
npu O4eHb HUSKUX 3HAUEHUAX pabomvl GbIX00d
INEeKMPOHA.

Oddexrupnpiii KITJ] OI'TY HanpsMyro 3aBu-
CUT OT TeMIlepaTyphl raza mepen TypOuHOil. B
o0mieM ciay4dae OH BBIpakaeTcs depe3 kodhdu-
LUEHT NOJe3H0H paboThl ¢ u Tepmudeckuit KI1/]

Ny CAEOYIOMIEH 3aBUCUMOCTBIO:
N, =0 Ny 1)

rae M, — sddexrusupii KIJ OT'TY, ¢=1-t" -

KO3 HUITHESHT TIOJIC3HOM paboThL,
Ny =1-1/7" — tepmumueckuit KM, t=T,/T,,
n=p, / p, —

HUA, P,

CTENEHb TIOBBINIEHHS  JABJIE-
— JIaBIIEHME Ha BBIXOJIE U3 KOMIIPEC-
copa, P, — JaBlIEHHE Ha BXOJE KOMIpeccopa, T,
— TeMmIeparypa B KaMepe cropaus (mepei Typ-
ounoii), T, — Temmneparypa Ha Bxome OITY,
m=(y-1)/y, y -nokasarens aguabarbl Kak Qu-

3UYECKHIA TTapameTp rasa [2].
Torna s dexrusnbiii KI1J] 6yner paBen:

mn, =(1—1:Tcm)~(l—1/nm) 2

Hns  cospemennbix OI'TY 7w =20-50, a
m =0.25 ana K =1.33, T,= 300 K. Torma mpu-

HuMas T =35 BelpaxkeHue (2) CHIBHO YIpoIIa-
eTCs:

n, =(1-")-(1-1/7")=0.58-423/T, (3)

Kak Bumno u3 puc. 3, apdexruBnbiii KI1J]
MPOCTOr0 LHKIA coBpeMeHHbIX DI'TY Haxonut-
cs Ha ypoBHe 34-36 %, HO poCT Temreparypbl
raza nepea Typounoit no 2700 K mo3Bosur yBe-
mmanth dQdextuBHbii KI1J mo ypoBus 43-44%
Orto Ha 8 % BBIIE TyYIIUX COBPEMEHHBIX 00-
pasLoB.

Jiist mpoBeleHHsT YUCIICHHBIX OIIEHOK TEIUIO-
BOTO COCTOSTHHMS Jonatok TypOunsl ¢ TAO mpu-
HUMAJIUCh CIIEYIOIINE IOy ILCHNUS:

- BeCb TOK TEPMOAMHCCHU TIPOXOJHUT B

ia3mMy paboyero rasa;

- B TEIUIOBOM OaJaHCe YYHTBHIBAIOTCS TOJb-

ko T20, wu3myueHue, HarpeB MPOXOJs-
HIMM DJIEKTPHUECKHUM TOKOM W HarpeB cO
CTOPOHBI TIOTOKA paboyero rasa.

0.35¢

037

0.25

1000 1500

2000 2500 To, K

Puc. 3. 3aBucumocts 3¢ pexruBnoro KI1J[ oT TeMnepaTypsl raza /ijisi COBpeMEHHBIX ra30TYpOUHHBIX
yCTaHOBOK. &
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- OTCYTCTBYET pa3pylIeHHE MOKPHITHS MO
NefiCTBIeM MEXaHUIEeCKIX U TepMHYe-
CKUX Harpy3oK, T.€. IIOKPbITHE CUYUTACTCS
a0COIOTHO MPOYHBIM.

- JIomaTKa BHYTpPH CIUIOIIHAS O€3 CIIelu-
QIBHBIX KaHAJIOB OXJIaXACHUS (1aHHOE
JOMYIICHNUE HAPSMYIO CIPaBEAIUBO IS
MUKPOTYpPOHH);

- TIOBEPXHOCTH MOKPBHITHA MUMEET MOCTOSH-
HOE 3HAueHHE PalbOTHI BBIXOAA AJIEKTPO-
HOB;

- T»>0 mpoucxomuT TOJBKO ¢ BHENTHEH T0-
BEPXHOCTH JIONATKU TYPOHHEI

VYpaBHeHHE TEIIOBOTO OajaHca Ha JIOMATKe

TypOMHBI B OOIIEM BH/E BBITJIAIUT CIEAYIOMINM
obOpa3zom:
(4)

gas

+
TEEC qrad

TIC Oyss Oreec r Orag
CHOHHOC OXJIAKACHUC U OXJIAXKIACHUC NU3JIYyYCHU-
€M.

TepMOC)MI/ICCI/IOHHOC OXJTAXKIACHUC BBIYHUCIIA-
€TCs 11O CHCHyIOH.[eﬁ 3aBUCUMOCTHU:

2KT,, j
e

rae € — 3apsan anekrpona, 1,6-107° Ki; ® — 06-
mas paboTa BHIXOJA 3JIEKTPOHOB SMHCCHOHHOTO
cros, 5B; Tw — Temneparypa JIONaTKu TypOHMHEL
K; j — miotHoCcTh TOKA >Mmccun, A/M% K — 1mo-
crosiHHas bonbimana, 1,38-1072 JIx/K.
[IIOTHOCTh TOKa TEPMOIMHUCCHH IOJACYHTHI-
BaeTCA 10 3aK0Hy Puuapycona-Jlemmana [42]:

- HarpeB ra3oM, TepMOIMHC-

Orgec = j(q)"' (5)

-11600- @

j=A (1-R)exp (6)

th

e T =T = 120-10* A/(m?-K?) — ynuBepcaib-

Has TEPMOAMHCCHOHHAs moctosiHHas; R = 0,1 —
CpeAHUH TIO PHEPrusiM KOd(pPHUIMEHT OTpake-
HUSL.

qgas =a- (ch _Tth) ) (7)

rae AO — TemriepaTypa rasa nepej TypOuHOH, o —

KO3(1)(1)I/II_[I/I6HT TCIIJI00TAAYH. HpI/I 9TOM BCJINYH-
Ha O0TBO/JIa TCILIa U3JIYUCHHUEM COCTAaBJIACT:
4
b

(8)

qrad = SGTt

50

TIe € — CTEMeHb YEepHOTH MoBepxHOCTH TOO-
nokpeITus, 6 = 5,67-108 Br/(m?-K*) — mocrosn-
Has Credpana — bombimana. Torma s¢dexrus-
ueiid Te KIIJ[ ra3oBoii TypOWHBI MOXKET OBITH
paccuMTaH o CIEAyIOIEeN 3aBUCUMOCTH:

n =058-— 2
) f@T)
= . . 4 .
f(@T)=B-f(@T )+C-T*+D-T_ (9)
£, )=T 2 d-exp| 200D
1 th th
th
e A=423-=17-10° , B=1404.10°

C=2,84-10"%, D = o = 4000 —5000 .

PE3YJbTATBI U OBCYXKJIEHUSA

Ha puc. 4 npencrasner rpaduk 3aBUCUMOCTH
a¢dexkruBnoro KIIJ OI'TY or TemmepaTypsl
JIONIAaTKH TYpOHWHBI M pabOThI BEIXOJA AIIEKTPOHA.
ITpu nomoru Beipaxkenust (9) MOXKHO ompere-
muth 3pdexturnpii KIIJI OI'TY, 3agaBimuchk
TEMIICPATypOl JIOMATKK W BEIMYUHOU pPabOThHI
BBIXO/Ia DJIEKTPOHOB. J/laHHOE BBIpaKCHHUE MHTE-
pecuo tem, uto KIIJ[ nmpuBsi3bIBacTCA K TeMIIe-
paTtype Jonatku TypOMHBI MU K paboTe BBIXOAA
JNIEKTPOHOB, KOTOPBIE KOCBEHHO YKa3bIBAaIOT Ha
Temmneparypy mnepen TypOuHou. llo-Buammomy,
JAHHOE BBIPAYKEHHUE MOXHO MPUMEHSTH 10 3Ha-
geHuii m_ =43 -449%. Jlanee mus Oomee ne-

TAJILHOT'O OIpeJIeTIeHNs] TeMIIepaTypHBIX Xapak-
TEPHUCTHK, MOJTyYaeMBbIX B pe3yJIbTaTe IpPHMEHe-
Hust T50, ObUTH MPOM3BEAEHBI TOTIOTHUTEIbHBIE
pacueTsl.

[Ipoduns monatku TypOUHBI (ITIpelCTaBICH
Ha puc. D) W pacmperenenue KodhuimueHTa
TEITO0TAauH 110 0001y (puc. 6) opanucs u3 [36].
[Mpuyem kodQPUIMEHT TEMIOOTHAYM OBUI Ipe-
00pa30BaH ¢ y4eTOM TOr'0, YTO JIONaTKa B pacye-
Tax cIuiomiHas, a B [36] — ¢ kaHamamMu oxJax/e-
HUSL U OTKPBITON KPOMKOM, 4epe3 KOTOPYIO BbI-
XOJIUT BO3.YX.

Ha puc. 10 mokaszano pacrpezeneHue TemIe-
patypsl 1o oBepxHocty Jonarku ¢ T30. Ipex-
CTaBIICHBI KPHUBBIC pacrpelielieHHs TeMIIepaTyphl
JIONaTKH TypOMHBI JUI TPEX Pa3iIM4yHbIX TEMIIe-
patyp rasa nepen Typounoii: 1800 K (crutomHsie
kpuBblie), 2000 K (myakrupHbie kpusbie), 2700 K
(xpuBast Toukamu). JlaHHBIE TemIepaTypbl Xa-
paKkTepHBI IJIsi COBPEMEHHBIX M MEPCIIEKTUBHBIX
ra3oBBIX TYpOHH.
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Puc. 4. I'padux 3aBucumoctu 3pdexruHoro KIII or Temneparypsl 1onaTku TypOuHbI T IPH pa3ianyd-
HBIX 3HAYEHHAX PAGOTHI BLIX0JA 3JEKTPOHOE . °

Pemanoce  TpexmepHOe  HECTaI[HOHApPHOE
YpaBHEHHE TEIIONPOBOJHOCTH C TPaHHYHBIMHU
ycnoBusimu Broporo poaa (5) — (8) u ¢ ucrounu-
KaMH O0BEMHOTO TEIUIOBBICTICHUSI (HAarpes
MNPOXOAAIIMM 3JIEKTPUYECKHM TOKOM). Pe3yib-
TaTHI IpEeCTaBIeHbI Ha puc. 7 — 10.

Ha puc. 7 mudpoit 1 o6o3HaueHa Temnepary-
pa cromrHo Jionatku Typounsl 6e3 T20, 1mud-
poii 2, 3, 4 CIUIONIHBIE TWHUH 3aBUCUIMOCTH TEM-

0.08
0.06

0.02
XM 0,04

Puc. 5. PacueTnas 00,1acTh — JIOIIATKA TYPOUHLI.

reparypsbl Jonatku TypouHsl ¢ ToO u ¢ paboTta-
MU Bbixoa 3ektpono 1.8 (2), 1.5 (3) u 1.0 (4)
9B u 6e3 ydera HarpeBa MPOXO/SAIINM II0 JIOMAT-
ke TypOuHbI ToKOM. [IyHKTHpHEBIE THHKY 5, 6 11 7
0003HAYAIOT TEMIEPaTypy JIOMATKH TYpOUHBI C
T30 ¢ paboramu Bbixoaa snekTpoHoB 1.8 (5), 1.5
(6) u 1.0 (7) B COOTBETCTBEHHO M C Y4ETOM
Harpesa MPOXOSIIIIM TOKOM.

0.1

contour L

0

o, Bm ! M2 K

4000

2000
0

Puc. 6. U3meHeHue kod()(puIMEeHTa TENJIO0TIA4H ¢ 10 JIMHE KOHTYpa L JionaTku TypOHHBI.
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Ha puc. 8 (I) npexncraBien cyMMapHBIA TOK
TEPMOIMHUCCHH, KOTOPBIH MMOCTYMAET B JIOMATKY
¢ HWKHeH ee yactu. Kak BumHO u3 puc. 8, uyem
HIDKE paboTa BBIXOJA 3JIEKTPOHOB, TEM BHIIIE
CYMMapHBIA TOK, HO W BbIlIe oxiaxaeHue. On-
HAKO, YeM HIKe paboTa BBIXOAa DIEKTPOHOB,

TEM BBIIIC CTAHOBUTCS HArpeB JIOMATKU IIPOXO-
JSIIAM TOKOM U, CJIEJOBATEIbHO, YMEHBIIACTCS
pasnuyre MEeXJy TeMIepaTypaMu JOHaToK Typ-
OMHBI U Pa3IM4HBIX Pa0OT BBIXOAA BIIEKTPO-
HOB, YTO MO>KHO 3aMETHUTh Ha PHC. 8 11 paboTHI
BbIXoJ1a 271eKTpoHOB 1 3B u 1.5 3B.

Ty K I : | |
1
2000 | |
7
1500 | |7
_________________ 6
_______________________ ¢
————————————————— 5
1000 k-nmmm==="=""""77°7° |
2
500 ‘ ! L | ‘ | | |
1800 1900 2000 2100 2200 2300 2400 2500 2600 g
1-6e3 T>0 2-1.0eV,a 418eV.a ---- 6-18eV.6
3-15eVia ---- 5-1.0eV,6 7-1.0 eV, 6

Puc. 7. 'paduk 3aBHCHMOCTH TeMIIEPATYPHI JONATKA TYPOMHBI OT TeMIEPATYPbl KaMepe CTOPAHHS: KOH-
TPOJIbHBIN ciy4aii 6e3 TePMOIMUCCHOHHOIO OXJIAKAEHUsI U ¢ oxjaaxkaeHueM. I[lepBoe 4mnciio B Jerenge —
pafoTa BbIX0/Ia, BTOPOE — 0€3 HAIPeBa 3J1eKTPHYECKUM TOKOM (a), C 3J1eKTPHYeCKUM TOKoM (). 12

Ha puc. 9 u3o0paxkeHsl KpUBbIe pacmpeee-
HUSl TEMIIEPaTyphl MO TOBEPXHOCTH CIUIONIHOMN
JIONIATKH TYpOMHBI B ciaydae otcyrcTBus TIO.
KpuBas 1 coorBeTcTBYeT Temmeparype rasa re-
pen typounoii B 2700 K, kpusas 2 — 2000 K,
kpuBas 3 — 1800 K. Ha puc. 9 taxke oTrmedeH
MaKCHUMaJIbHBIA Iepenaj TeMIeparyp 1o KOHTY-
Py JOMaTKH TYpOWHBI, KOTOPBHIH B JAHHOM CITY-
qae cocrasiser 110 K.

Ha puc. 10 nokaszano pacnpezneneHrie Temie-
patypsl 0 IOBEepxXHOCTH Jionatku ¢ T30.
[IpencraBieHsl KpUBBIE paclpeseiieHUs] TeMIIe-
paTypsl JIONaTKU TYpPOUHBI Ui TPEX Pa3IMYHbBIX
Temneparyp rasa mnepen TypOuHoi: 1800 K
(cmomeie  kpuBbie), 2000 K (myHKTHpHBIE
kpuBble), 2700 K (xpuBas Toukamm). Makcu-
MaJIbHBIN Tiepenaj TeMIepaTyp Mo KOHTYpY JO-
MaTKH TYpOWHBI B JIAHHOM CITy4ae HaXOJHUTCS Ha
yposue 50-60 K

U3 rpadukoB puc. 7-10 MokHO crenath cie-
JYIOIINE IPOMEXKYTOUHBIE BBIBOJIBL.

12 Appendix 1
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Temmepatypa JonaTku TYpOWHBI MPU HAIH-
YUH OJHOTO TOJIKO M3TYYEHHUS] HaXOJWUTCS Ha
ypoBHe mopsaka 2300 K mpu temmeparype pa-
oouero tena 2700 K, 4ro siBisieTcss HEnmpuemIie-
MBIM C TOYKH 3PEHUS CYIIECTBYIOIIUX MaTepHa-
JIOB.

IIpn wammumu T>0 TteMmmneparypa oNaTKu
TypOWHBI CYIIECTBEHHO YMEHBIIAETCS W 3aBUCUT
OT BEJIMYMHBI paOOTHI BHIX0JIA DJICKTPOHOB

CyMMapHBIA TOK, CO3/1aBa€MbIi TEpMOIJIEK-
TpoHamu, aocturaeT Beanuunbl 3500 A ¢ ogHOM
nomatku. Kak Buano u3 puc. 9 u 10 makcumab-
Hele TemneparypHble mnepenansl AT mpu T30
ymenpmatorcss ¢ 110 mo 60 K. B menom 3t0
o3HauaeT ymeHbiieHue Ha 40-45 % Ttemmepa-
TYPHBIX HaNlpsDKEHUH B JIONATKE, KOTOPHIE MOTYT
JOCTHraTh MOJOBUHBI BCE HANpPSDKEHUM, BO3HHU-
Kaommx B Hed. Takum oOpa3oM, NMpHMEHEHHE
T20 MokeT npuBECTH K YMEHBIIICHHIO HE TOIb-
KO TeMIIEpaTypbl, HO U CYMMapHBIX HalPHKEHUH
Ha 20%. Takoe maneHWe HANPSHKCHUHA MOXKET
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MPUBECTH K POCTY pecypca MOYTH Ha TOPSIOK

00beM paboThl (M TIPUOBUIH), TPOBEACHHBINA OJ1-

[39], a 5TO MOXeT TOBIUSATH HAa CYMMapHBIA  HOU ra3oBoi TypOHHO
|, K T T T T T T
----- 1-10eV L
35007 __ .. 2-15ev PP
3-1.8eV .-
3000 | T
2500 - =T -
2000—/’__—" :2
1500 - S .
e 3
1000 CeeemeTTTT
500
0 | 1 L 1 | | 1 1
1800 1900 2000 2100 2200 2300 2400 2500 2600 T g

Puc. 8. Tok TEpPMOIMHCCHH IIPH TEPMOIMHCCHOHHOM OXJIAMKICHHH JIONATKA TypOHHBI. 1

3

Ttb , K T T T
——1-1800K
2600 | ——2-2000K -
AT, - 110K ——3-2700K
2400 13
2200 1
2000 - ]
2
w
1800 1
W
1600 | 1 1 1 | |
0 0.0l 002 003 004 005 |

Puc. 9. PacnipenesieHunsi TeMneparyp o HUKHeMY KOHTYPY JIONATKH TYPOUHBI

0e3 TEPMOIMHUCCHOHHOTI'0 OXJIAKIACHUA.

111. BAKJIIOYEHUE

BousiBieH psig MHTEPECHBIX 3aKOHOMEPHO-
CTEM, XapakTepHBIX Ui mpuMeHeHus T30 jo-
MaTKH TypOWHBI.

TS0 mo3BoJIAET MOMYINUTh HU3KYIO TeMIIepa-
Typy JIONATKH TYpOMH IpPH CYLIECTBEHHOH TeM-

1314 Appendix 1
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nepatype raza mnepex TypouHon (mo 2700 K).
OTO TO3BONUT NPHUMEHATH CYLIECTBYIOIIUE
cwtaBel B OI'TY npu pocre KII/] Ha 8-10% mo
cpaBHeHHIO ¢ cymecTByrommMu S TY. B menom
9TO o3HaudaeT ymeHblieHue Ha 40-45 % rtemme-
paTypHBIX HANpsDKCHUI B JIONAaTKe, KOTOPBIE
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MOTYT IOOCTHUIaTbhb ITIOJIOBHUHBI BCE HﬁHpH)I(CHPIfI,

KICHUS IO CPAaBHCHHIO CO CIIydacM OTCYTCTBHA

BO3HHKAIOIINX B HEH. T>0. DTo mMO3BONMHT pPEmUTh MPOOIEMY
OTMEeYeHO CYIIECTBEHHOE YMEHBIICHUE TEeM-
nepaTypbl JONAaTKH TYpOMHBI 0€3 KaHAJIOB OXJia-
OXJIAKJICHUS MHKPOTYpOWH, B  KOTOPBIX
OXJIXKJICHHUE JIOMATOK (M3-3a pa3MepoB) H0CTa-
TOYHO TPOOIEMaTHYHO.
T lK T T T
° AT, =55K
!
1500 e 3/‘ O e e _ 9
________ - S S |6
1400 ~— T3
1300 ______ et T 15
W 2
1200 7
1100 - T
1000 o, 7
_____________________ T S P
900 ' =i 1

0 0.01 0.02

1-1.0eV, 1800 K
2—-15eV, 1800 K
3-18¢eV, 1800 K

4-1.0eV, 2000 K
5-1.5eV, 2000 K
6-1.8¢eV, 2000 K

0.03 0.04

7-10eV, 2700 K
8—-15eV, 2700 K
9-1.8¢eV, 2700 K

Puc. 10. PacnpenesieHusi TeMInepaTyp o HHKHEMY KOHTYPY JIOMATKH TYPOHHBI

C TEPMOIMUCCHOHHBIM OXJIAKICHUEM.

Temmeparypa JONaTKU TYpOWHBI MPH TEMIIE-
patype Ta3za nepexn Typounoii 2700 K moxer mo-
cruratey BenmnumHbl 1000-1200 K mpum pabote
BBIXO/Ia 3JIEKTPOHOB Mopsiika 1 5B, uto HaMHOTO
MEHbIIE, YeM TeMIepaTypa COBPEMEHHBIX JIOMa-
TOK TypOWHBI IPU CYLIECTBEHHO 0Oo0Jiee HU3KHX
Temrepatypax B kamepe cropanus (1800-2000
K).

IIpu npumenennn T30 yMmeHbIIaeTcd He
TONIBKO  TeMIeparypa, HO TeMIepaTypHbIe
HanpsbkeHusi, BIUIoTh g0 40 %. Merton Tep-
MOSMHUCCHOHHOTO OXJIOKACHUS MOXKET HaWTH
CBO€ NPUMEHEHHE B MHUKPOTYpPOMHAX, KPYITHBIX
SHEPTEeTHUECKUX TYpOMHAX, aBUAIMOHHBIX JIBU-
rarensax. OcoOeHHO MEepCHEeKTHBHBIM BBITIISIAUT
BapuaHT npumeHeHne T>0O B cocraBe rasoryp-
OmHHOTO  Tpeobpa3oBaTenss  TPAHCIIOPTHO-
SHEPTEeTHUECKOTO MOAYIIsl. B 3THX ycioBusix co-
3natoTes OonaronpuartHas cpena s To0 u ume-
€T CMBICII HalpaBUTh H30BITOYHOE TEIUIO Ha
YIIy4IIeHue 3Toi cpeasl B yactu 130.

Baaroaapuocts. Palora BbINonHeHa mpu
¢uHaHCOBOI moanepkke MUHHMCTEPCTBA HAyKH

14 Appendix 1
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15

U BBICIIEro oOpa3oBaHusi Poccuiickoit ®enepa-
oMM B Xofe peanmzauuu mnpoekrta «Co3maHue
OTIEPEXAOLIEr0 HAYYHO-TEXHUUECKOrO 3ajiefia B
o0jacTu pa3pabOTKH IEPEIOBBIX TEXHOJOTHH
MaJbIX ra3oTypOUHHBIX, PAaKETHBIX U KOMOWHU-
POBaHHBIX JBUraTejeil CBEPXJIETKHX paKeT-
HOCPITeJIeﬁ, MaJIBIX KOCMHYCCKHX aIlllapaToB H
6eCHI/IHOTHLIX BO3AYUIHBIX CYJOB, oOecrieynBa-
IOLIIMX TMPHOPUTETHBIE TIO3UIHMU POCCUICKHX
KOMITaHU# Ha (GOPMHUPYEMBIX TIIOOATBHBIX PBIH-

kax Oymayiero.», Ne FZWF-2020-0015.

APPENDIX 1 (TPUJIOKEHHUE 1)

Fig. 1. The cooling vanes of modern gas tur-
bines.

2Convective wall cooling

3Convective and film cooling

“Exudation and film cooling

SWall cooling/exudation/ and film cooling

®Subsurface microcooling double wall cool-

ing
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'Fig. 2. The scheme of realization of the
thermionic cooling vanes of modern gas tur-
bines.

8Fig. 3. The dependence of the effective effi-
ciency of gas temperature for a modern gas tur-
bine plants.

1Fig. 6. The change of the heat transfer coef-
ficient a along the length of contour L of the tur-
bine blade.

12Fig. 7. Graph of the dependence of the tur-
bine blade temperature on the temperature of the
combustion chamber: control case without ther-
mal emission cooling and with cooling. The first
number in the legend is the work function, the
second — without electric heating (a) with elec-
tric current (b).

¥Fig. 8. Current of thermal emission when
the thermionic cooling of turbine blades.

1%Fig. 9. The temperature distribution along
the lower contour of the turbine blade without
thermionic cooling.

®Fig. 10. The temperature distribution along
the lower contour of the turbine blade with a
thermionic cooling.
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Analysis of Efficiency of Rotary Piston Engines Use at Power Plants for
Surplus Electrical Energy Accumulation

Mytrofanov O., Proskurin A.
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Mykolaiv, Ukraine

Abstract. This article is devoted to the methods for enhancing the power plants’ efficiency in accumu-
lation of a surplus electrical energy obtained using the renewable energy sources. The study is aimed
at analyzing the efficiency of perspective power plants for accumulation of the surplus electricity in
the form of compressed air based on rotary piston engines. To achieve the goal a comparative analysis
of efficiency of diabatic and adiabatic schemes of the electric energy storage was performed. The
analysis was found to reveal the major advantages and disadvantages, along with the design features of
each type of schemes. The main ways to increase the efficiency of the compressed air storage units,
using the rotary piston engines as the electrical energy generators, were established. The experimental
operational characteristics of the rotary piston engines showed that they are relevant to the parameters
of the power units of air accumulation. The most significant results reveal that the methods for the
analysis and of generalization have been used to develop the principal schemes of diabatic and adia-
batic power plants for the accumulation of the surplus electrical energy in the form of compressed air
using rotary piston engines, which require no additional air heating prior to expansion. The signifi-
cance of the results obtained is that the use of the rotary piston engines being a part of the diabatic ac-
cumulation unit, allowed a complete exclusion of CO, emission into the atmosphere.

Keywords: renewable energy sources, power plant, energy accumulator, rotary piston engine,
compressed air, heating temperature.
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Analiza eficientei utilizirii motoarelor cu piston rotativ pentru centralele electrice pentru acumularea
excesului de energie electrica
Mitrofanov A.S., Proskurin A. lu.
Universitatea Nationald de Constructii Navale amiralul Makarov
Nikolaev, Ucraina

Rezumat. in lucrarea se discuti modalitati de imbunititire a eficientei centralelor electrice care acumuleazi
excesul de energie electricd obtinutd din surse regenerabile de energie. Scopul principal al studiului este de a
analiza eficienta centralelor electrice promititoare pentru acumularea excesului de energie electrica sub forma de
aer comprimat pe baza motoarelor cu piston rotativ. Pentru a atinge obiectivul stabilit al studiului, a fost
efectuatd o analiza comparativa a eficientei schemelor diabatice si adiabatice de acumulare a energiei electrice,
care a relevat principalele avantaje si dezavantaje, precum si caracteristicile de proiectare ale fiecareia dintre
scheme. S-au stabilit principalele modalitati de crestere a eficientei unitatilor de stocare a aerului comprimat prin
utilizarea motoarelor cu piston rotativ ca generator de energie electricd. Din caracteristicile experimentale
prezentate de performantd ale motoarelor cu piston rotativ, rezultd ca acestea corespund pe deplin parametrilor
centralelor electrice de stocare a aerului. Rezultatul cel mai semnificativ este ca, prin metode de analiza si
generalizare, au fost elaborate diagrame schematice ale centralelor electrice diabatice si adiabatice pentru
acumularea excesului de energie electrica sub forma de aer comprimat utilizdnd motoare cu piston rotativ care
nu necesitd incilzire suplimentard a aerului inainte de expansiune. Semnificatia rezultatelor obtinute constd in
faptul ca utilizarea motoarelor cu piston rotativ ca parte a unei unitati de stocare diabetice a facut posibila
eliminarea completd a emisiilor de CO> in atmosferd, asigurand in acelasi timp eficienta energetica globala a
unitatii la nivelul de 41%. Sunt prezentate ecuatiile de baza ale modelului matematic al ciclului de lucru al unui
motor cu piston rotativ.

Cuvinte-cheie: surse de energie regenerabile, centrald electrica, acumulator de energie, motor cu piston rotativ,
aer comprimat, temperatura de incalzire.
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Ananu3 3¢ ¢GeKTHBHOCTH NPHMEHEHHS POTOPHO-TIOPIIHEBBIX IBUraTe el 1JIsl JHePreTHYecKUX
YCTAaHOBOK aKKYMYJIMPOBaHMS N30BITOUYHOI 3JIeKTPUYECKON JHEPTHH
MuTtpodanos A. C., [Ipockypusn A. FO.
HammonansHbIit yHUBEpCUTET KopabiaecTpoeHUS MEeHH aaMupaia MakapoBa
Hukonaes, Ykpauna

Annomayusn. B naHHOW CTaThe pAcCMOTPEHBI CHOCOOBI TOBBIMICHHS 3(P(PEKTHBHOCTH SHEPreTHICCKUX
YCTaHOBOK aKKyMYyJIHPOBAaHHSA HW30BITOUYHOM 3JIEKTPUYECKOH OSHEPIUH, IOTYYEHHOH C BO300OHOBIIEMBIX
WCTOYHHMKOB 3Hepruu. OCHOBHOW IENBIO HCCIEJOBAHMA SBISCTCA aHAIN3 3(GPEKTUBHOCTH IEPCHEKTHBHBIX
9HEPreTUYECKUX YCTAaHOBOK aKKyMYJIMPOBAHUS N30BITOUHOM AIIEKTPUYECKON SHEPTHU B BHJE COKATOTO BO3IyXa
Ha 0a3ze POTOPHO-TIOPIIHEBHIX ABHrareneil. [y NOCTHXKEHHs MOCTABICHHOW LIENW HCCIEeNOBaHHS IMPOBEICH
CPaBHHUTENbHBIH aHaNU3 3P(PEKTUBHOCTH PabOTHl AMabaTHYECKOW M aanabaTHYECKOH CXeM aKKyMYJUpOBaHHS
JJIEKTPUYECKOI HEPTHH, KOTOPHIA BBISIBUI OCHOBHBIE MPEUMYILECTBA U HEJJOCTATKH, a TAK)KE€ KOHCTPYKTUBHbIE
0COOCHHOCTH KaXIOW W3 CXEM. YCTaHOBJIEHBI OCHOBHBIE IIYTH MOBBINIEHUS 3()(EKTHBHOCTH YCTAaHOBOK
AKKyMYJIMPOBaHHSI C)KAaTOr0 BO3JyXa 3a CUET NPHMEHEHHUS B KauecTBE I'eHeparopa 3JIEKTPUYECKOW IHEpruu
POTOPHO-TIOPIIHEBBIX ~ ABWMTarenei. 3  NpencTaBIeHHBIX — SKCHEPUMEHTAIBHBIX  OKCINTyaTaIl[MOHHBIX
XapaKTEPUCTUK POTOPHO-NIOPIIHEBBIX [JBHUTAaTENCH ClEeAyeT, YTO OHM B IMOJHOW MEpe COOTBETCTBYIOT
IapaMeTpaM HEpPreTHYECKHX yCTAHOBOK aKKyMYJIHPOBaHHUS Bo3nyxa. Hambomee CyIiecTBEHHBIM pe3ylbTaTOM
ABJISIETCS TO, YTO METOJAMHM aHaJIW3a U 0000mIeHNs pa3paboTaHbl MPUHIWIHAIBHBIE CXEMbI THa0aTHIECKON H
annabaTH4YecKON 3HEPreTHUECKUX YCTAaHOBOK aKKyMYJIHPOBAHHSA M30BITOUYHON 3IEKTPUYECKON 3HEPTHU B BHIC
C)KaTOTO BO3JyXa C HCIIOJNIB30BAHHEM POTOPHO-TIOPIIHEBBIX IBHUTATENICH, HE TPEOYIOMINX MOMOIHUTEIHLHOTO
MOZOTpPEBa BO3/AyXa Iepe] paclIMpeHHeM. 3HaYMMOCTh MOJYYEHHBIX pe3yJbTaTOB COCTOMT B TOM, HTO
MPUMEHEHHE POTOPHO-TIOPIIHEBBIX JABHraTelel B cOCTaBe AMA0ATHYEeCKON YCTAaHOBKHM aKKyMYJIMPOBaHUS
MO3BOJIMJIO  MOJIHOCTBIO  MCKMOYMTh  BeIOpockl CO2 B armocdepy mpu obecriedeHUH — oOIIei
sHeproapdekTuBHOCTH ycTaHOBKM Ha ypoBHE 41 %. IlpuBeneHBI OCHOBHBIC YPaBHECHHUS MAaTEMAaTHYCCKOM
MoJielM paboyero NMKIa POTOPHO-NIOPIIHEBOro jABUTaTels. [IpencTaBieHbl pe3ynbTaThl MaTEeMaTHYECKOTO
MOJICTIMPOBaHMS paboyero mpouecca POTOPHO-TIOPIIHEBOTO IBHUTATENs NPH HMCHONB30BAHUH aqHabaTHYECKOH
CXeMBI aKKyMynupoBaHus. COTIacHO NMPEJCTaBICHHBIM pe3yabTaTaM HCCIEAOBAHMUS, ITOJOTPEB BO3/AyXa Mepen
paclMpeHreM MO3BOJISIET TOBBICUTh 3(P(HEKTHBHOCTH MPeoOpa3oBaHMS HHEPIHH B POTOPHO-TIOPIIHEBBIX
IBUTATENAX. POCT WHIMKAaTOPHBIX NOKa3aTeleld NpH YBEIWUCHHUH TEMIICPaTyphl C)KAaTOTO BO3AyXa IIEpen
pacmmpenuem Ha 80°C cocrasuin 11 %, a o6mast 3 PeKTHBHOCTD YCTAaHOBKHU yBenUuuBaeTcs 10 46 %.
Kniouegvie cnosa: B0300HOBIIIEMbIE HCTOYHUKH SHEPTHH, SHEPTETHIECKAs YCTAHOBKA, aKKyMYJISITOP SHEPIHH,
POTOPHO-TIOPUIHEBOM ABUTATENb, CKAThIN BO3yX, TEMIIEpaTypa MoJorpesa.

I. INTRODUCTION solar energy, biomass energy and that of
convertible domestic wastes, as well as the
geothermal energy. Most part of these renewable
types of energy sources are found to generate the
electrical energy. The convenience of the
electrical energy generation consists, first of all,
of easy transportation and application. However,
the impossibility of the direct storage is the
electrical energy significant disadvantage. In
addition, the generation of the electrical energy
by means of the renewable sources is non-
constant and heavily predictable (e.g., the
absence of wind, cloudiness), etc.). Thus, a
necessity arises to ensure the agreement between
the generated and consumable energies. This can
be realized using various accumulating systems,
which make it possible to convert the surplus
energy into other forms, accumulate it or store,
or when necessary bring into balance generation
and consumption [5-7]. One most essential
feature of the energy accumulation system is its
capacity for a longterm storage of the
accumulated energy and continuity of the return
generation [8, 9]. A scheme, composition and,
hence, the cost of the accumulation system

The extensive advance in technological and
industrial development gives rise to intense
extraction and use of the underground resources,
as well as to a high power generation (thermal,
electrical, and mechanical). The intense burning
of hydrocarbon fuel increases the greenhouse gas
concentration in the atmosphere, particularly,
that of CO; [1]. The growth in the greenhouse
gas concentration elevates the average
temperature over the planet, which, in its turn,
leads to the global climatological disturbances
[2, 3]. The deceleration in the increase in the
average temperature on the planet can be reached
by an abrupt decrease in CO; emission into the
atmosphere. The reduction in the greenhouse gas
concentration can be ensured by lowering the
utilization of the underground resources’ fuels
and using the renewable energy sources. The
latter, as well as the energy efficiency
enhancement, are the most promising directions
in the policy of the European countries [4]. The
most extensively used types of the renewable
energy sources include wind- and hydroenergy,
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depend directly on the accumulation energy
principle and modes of exploitation. According
to the principle of the energy accumulation, the
facilities can be divided into mechanical
(flywheels, hydraulic and pneumatic
accumulators) electrochemical (various kinds of
banks of accumulators, hydrogen accumulators,
super condensers), electromagnetic
(semiconductor inductive energy storage units)
and combined devices. Among the above
methods for the accumulation of the surplus
energy the most promising are: the storage of
energy in the form of the compressed air, the
CAES (Compressed Air Energy Storage) [9-12];
in the form of the cryogenic liquid, the LAES
(Liquid Air Energy Storage) or the CES
(Cryogenic Energy Storage) [13-17]; or their
combinations at the supercritical air compression
— the SC-CAES (Supercritical Compressed Air
Energy Storage) [18]. The method for the energy
storage in the form of the compressed air is the
simplest in realization, it is reliable and safe,
however, the EFC of it is lower compared to the
LAES and SC-CAES. In [19], a principal
scheme of an electrical station is presented,
which operates using the compressed air. The
technical and economic analyses of its
realization have also been performed. A more
complicated scheme of a combined wind
electrostation, with surplus electrical energy
being accumulated in the form of compressed
air, and with the use of a biomass gasification
energy is described in [20]. The prospects for the
use of the compressed air as the surplus electric
energy accumulator have been supported by two
projects of electrostations, one of which is
implemented in Germany (Huntorf) with a
nominal power of 110 MW and the other in the
USA (Mclintosh Alabama) for 290 MW.

In [21, 22], as well as in other works
mentioned above aimed at a generation of the
electrical energy of the compressed air, the
expansion dynamic machines (turbines) are
proposed to be used. The application of turbines
in the power devices of energy accumulation in
the form of the compressed air is conditioned by
the necessity to ensure the consumption of high
amounts of air and the accumulator discharge
almost to zero values. The compressed air
expansion in the turbine can cause a substantial
temperature decrease (to subzero), which may
lead to freezing-up the piece of turbine with
flowing water and the air lines. To ensure normal
operation of the power device the compressed air
heating is necessary to perform prior to the
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expansion. The air heating is carried out by
burning the natural gas, which is also most
convenient in the case of the turbine being used.
The natural gas used for the heating up of the air
in the turbine, decreases substantially the
efficiency of the total facility. Thus, for instance,
in [23], for the efficiency increase, the thermal
energy generated from compression is offered to
be utilized for heating the rooms and water.
However, the accumulation of the heat that was
released from the air compression is most
promising to be used for the subsequent
compressed air heating before its expansion in
the turbine. These schemes of accumulation of
the compressed air allow a substantial increase in
the efficiency coefficient (EFC) of the power
system and are referred to as adiabatic ADELE
(der Adiabate Druckluftspeicherfiirdie
Elektrizitdtsversorgung) or ACAES [24-30]. In
the works presented, the analysis is absent of a
possible use of other simpler types of expansion
machines (e.g. those of a volumetric action) in
the composition of the power devices for the
energy accumulation in the compressed air form.

Our work differs from the above mentioned
earlier western works in that it proposes to use a
rotary piston engine as an expansion machine,
which requires no additional heating of the
compressed air prior to its expansion. This
makes it possible to simplify the device and
cheapen its manufacturing, as well as to refuse
the use of a natural gas for the air heating before
expansion. Thus, the estimation of the efficiency
of the use of the expansion machines of a
volumetric type in the energy accumulation
schemes is urgent and highly promising.

The purpose of this research is to analyze the
characteristics of the power devices for the
accumulation of the surplus electrical energy in
the form of the compressed air that are
manufactured using the rotary piston expansion
machines.

Il. RESEARCH METHODS

The  principle  schemes of  energy
accumulation were plotted by the common
methods of analysis and generalization using the
rotary piston expansion machines. System
analysis of the existing methods and schemes of
accumulation of the surplus electrical energy
made it possible to reveal and generalize the
major advantages and disadvantages, as well as
the most promising directions of improvement
their efficiency.
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The estimation of efficiency of using the
rotary piston expansion machines in the schemes
of energy accumulation was performed by the
method of a mathematical modeling with the use
of fundamental equations of thermodynamics,
gas dynamics, heat- and mass exchange.

The mathematical model is based on the
equation of the first law of thermodynamics for
the open thermodynamic system

)

dQJ_an:idej =d(Mu)+ pdV »
1

where dQ is the elementary heat amount

supplied to the working body; Zn:idej is the
1

entalpy flux, brought in (+) or carried out (-)
with the elementary masses dM; out of volume

V ; M is the working body mass in the cylinder;
u is the specific internal energy of the working
body; p is the working body pressure in the

cylinder.  After  certain  formula (1)
transformations, we shall obtain a differential
equation of the rate change in the cylinder
pressure of the rotary piston engine in a
generalized form;

L}
di .
Z ' = dQ, (2)
)
dp _ dp  dinv 4 d¢
do c,T™M Vd¢o c,T™M

where dQ,,; is the heat exchange with the heat-

reception wall surfaces; k is the adiabatic index;
di; is the elementary entalpy of masses, that

enter or leave the working cylinder.

The elementary entalpy of masses, which
enter of leave the working cylinder of the rotary
piston engine can be determined, using the
following formula:

dMm

nd, @ ,
J Cm-T~7ja
3o, 5

2

T do

3)

where ¢, is the average isobaric heat capacity

of the working body, entering or leaving the
cylinder; T, is the working body temperature.

The equation of heat exchange with the heat-
reception wall surfaces in a general form can be
determined according to the following formula:
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do

where o, is the coefficient of heat transfer from
the working body to the i-th heat-reception
surface; F, is the area of the i-th surface; T, is
the temperature of the i-th heat-reception wall; n
is the rotation frequency of the rotor; ¢ is the
variable value of the angle of rotation of the
engine rotor.

During dQ.; calculation, the coefficient of
transfer from air to the heat-reception surfaces,
o is determined using the dependence of A. 1.

Prilutskii [31—34] for the piston and rotary
expansion machines:

(®)

where 1 is the coefficient of thermal
conductivity; p is the air density; p is the
dynamic viscosity; D is the equivalent diameter
of the cylinder; w is the conventional rate of air
in the working cylinder; A is the density ratio
A=(p,, Ip, )"

The change in the cylinder volume with
respect of the rotation angle of the rotor is
determined using the following formula:

V() V(- [ cos(26)+
+a, cos(4¢)—a, cos(6¢)+a, cos(8¢)])

, 6)

where V, is the cylinder working volume; a,,
a,, a,,4a,,a, are the coefficients of the harmonic

sequence; € is the degree of compression.

Other components of the above differential
equation of the pressure change rate are
determined with the use of the commonly known
dependences and expressions.

During realization of the mathematical model
in the form of a calculation program, a well-
known and widespread Weyler’s method was
used. We shall indicate the major admissions, as
well as the initial and boundary conditions that
were accepted in the mathematical modeling:

1. The processes in the working cylinder can
be considered as quasi-stationary and quasi-
equilibrium. This condition can be guaranteed by
ensuring a definite ratio between the sizes of the
working cylinder and the rotation frequency of
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the central rotor. In addition, the parameters of
the rotary piston expansion machine affect the
admissible value of the selected gain of the angle
of rotation of the central rotor Ag for each step
of integration. Thus, the optimal value of the
gain of the rotor angle of rotation is Ag = 1°.

2. The composition, uniformity, density,
temperature, pressure of the working body
before the engine (in the inlet receiver) are
constant. This allows accurate initial data to be
ensured in modeling.

3. Temperature, pressure and density of the
working body (Ps, Ts, ps) at the initial moment of
time are relevant to the current value in the
cylinder Pi, T;, pi.

4. When using the compressed air as the
working body, the presence of an oil vapor and
moisture is insignificant and does not affect the
entalpy value and the change in the internal
energy of the working body.

5. Pressure changes immediately upon
opening inlet or outlet gas exchange apertures.

6. Heat transfer from the working body in the
cylinder of the expansion machine occurs at a
similar intensity of the process in all directions.
Moreover, the possible local change in the heat
transfer coefficients and local temperatures is not
taken into account, but, rather, mean values are
used. The heat transfer coefficient is determined
with the use of the independence of A. I
Prilutskii.

7. The losses of the working body through the
noncompactnesses of the working cylinder are
fairly insignificant and are estimated using the
empirical loss coefficient based on the
experimental studies performed.

8. The central shaft of the rotary piston
expansion machine rotates uniformly without
vibrations.

9. Mechanical losses upon the definition of
the efficient indices are estimated using the
mechanical coefficient of efficiency.

I1. THE RESEARCH RESULTS

The application of the system analysis during
the development and estimation of the scheme of
the power device for the accumulation of the
surplus electrical energy in the form of the
compressed air is justified by the fact that
regardless of a substantial amount of the
published sources, the existing systems are not
yet sufficiently described. Thus, the information
is insufficient or entirely absent on the
characteristics of the device elements, as well as
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on the conditions and peculiarities of their
exploitation in the composition of the whole
device for the energy accumulation.

The major disadvantage of the power
devices’ functioning in the electrical energy
accumulation based on the compressed air is a
low EFC of the energy conversion. This is what
creates the problem in practice. The simplest
scheme of the energy accumulation in the form
of the compressed air is the CAES diabatic
scheme with the external heat supply for the air
to be heated before its expansion in the turbine.

The main advantages of the system are a
fairly high resource of operation, low production
and maintenance costs (owing to simplicity), the
possibility of the accumulator discharge almost
up to zero values, as well as the possibility of
accumulation of substantial volumes of energy
(e.g., upon the wuse of the underground
hermetically sealed cavities as the air storage
reservoirs).

The essential fault of the CAES system is the
reduction in the general EFC of the energy
conversion caused by the use of air heating
supplied by the external source (natural gas
burning).

To enhance the efficiency and cheapen the
production is possible using the elements of the
accumulation system. The compressors and
expansion machines are the main elements of the
system. The most strict reliability requirements
and demands for the efficiency of the energy
conversion to ensure the wide range of
exploitation, are claimed mostly to the expansion
machines. The turbines were mentioned to be
used as the expansion machines in the schemes
of the energy accumulation. It is the turbines that
require the additional external heat supply.

It is noteworthy that the turbine adiabatic
EFC depends essentially on the productive
capacity and pressure of air at the inlet. It is most
urgent, in particular, for the minor-power
accumulator devices. Partially, this problem can
be solved by using several turbines, which
substantially complicates and, accordingly,
increases the cost of the power device.

The alternative solution can be the
application of the rotary piston expansion
engines (Fig. 1). The latter are characterized with
the high efficient indicators in the wide range of
the operational modes, since their construction
includes the advantages both of rotary and piston
expansion machines.

The major advantages of the rotary piston
expansion engines are the following:
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— simple, compact and reliable spool type
construction for gas-exchange phase control,

— low relative mass;

— high equilibrium and absence of vibration
due to a uniform distribution of cylinders and
absence of a crankshaft;

— the ratio of the piston stroke to the cylinder
diameter is less than unity (the engine is short
stroke), which ensures low values of the piston
rate (with the decrease in the piston rate, the inlet
pressure losses are reduced, and so does the
counter-pressure at the outlet);

— the absence of the dead volume;

— the possibility of control of the operational
modes owing to the change in the degree of
filling up, rather than in the inlet pressure;

— the engine start in any position;

— a better compression of the operational
space compared to the rotary machines, which
allows minimization of the compressed air losses
at partial operational modes;

— reliable system of lubrication up to —50°C.

Fig. 1. General scheme of a rotary piston
expansion machine.

The change in efficient power Ne and that in
rotation torque My depending on revolutions n of
the rotary piston engine during the operation
according to the external characteristic is shown
in Fig 2.

The values of the engine parameters are
presented in relative units, i.e., with respect to
their nominal values.
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Fig. 2. Change in the relative efficient power Ne
and the relative torque Mk of a rotary piston
engine when operating on an external
characteristic.

In addition, according to the carried out and
generalized (by the authors of this work)
experiments of the rotary piston engines using
different parameters and operational modes, this
type of engines under the positive value of the
compressed air storage requires no additional
preheating prior to expansion (Fig. 3). Moreover,
the rotary piston engine system of lubrication
can ensure a normal stable work of the engine up
to —50°C. Thus, in accordance with the testing
data, the minimum temperature is in the range of
—7...—25°C and depends, in the first place, on the
revolutions of the rotary piston engine (the air
stream rate).

TOU‘)
°C
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%\

=
D
-25 1

20 40 60 80 Nn/Mpom, %

o-Ps=0,8 MPa; A —-Ps=0,6 MPa;
o—-Ps=0,4 MPa

Fig. 3. Change in the temperature of the
exhaust air out of a rotary piston engine according
to the rate characteristic for different values of the

working pressure Ps.

The experimental studies were carried out
using the small-size rotary piston machines with
a work volume from 116 cm® to 535 cm?® the
ratio of the piston stroke to the cylinder diameter
of 0.39-0.44 and the relative mass of 1.6-3
kg/kW. The operating pressure in the inlet
receiver was 0.4-2.0 MPa. The rotation
frequency of the rotor varied in the range of 400-



PROBLEMELE ENERGETICII REGIONALE 4 (48) 2020

2200 rot/min. The effective power of the tested
engines was 1-20 kW.

Figure 4 shows the scheme of the power
device for accumulation of the surplus electrical
energy in the form of the compressed air. The
electrostation scheme in (Fig. 4) is the simplest
and cheapest scheme for manufacturing and
accumulation of the electrical energy (CAES). It

is noteworthy that this electrostation has the
essential distinction from those existing, namely,
it lacks the compressed air heating before
expansion, which is reached by the use of the
rotary piston engines.

=
>

-

el

/

il

1 —the source of electrical energy; 2 — the high-voltage power lines; 3 — the electric motor; 4 — the air
compressor; 5 — the air cooler; 6 — the compressed air accumulator; 7 — the rotary piston engine; 8 — the electrical
current generator; 9 — the consumer of electrical energy

Fig. 4. General scheme of a wind power station with a system of diabatic accumulation of surplus
electrical energy.

According to the works [10, 11, 30], the
efficiency of the CAES devices with the use of
turbines and natural gas for the air heating prior
to the expansion is up to 33.3-55.0 %. Moreover,
the natural gas burning is accompanied by the
release of CO; into the atmosphere. It is
noteworthy that the presented EFC values are the
efficiency of a complete cycle of the energy
conversion. However, the works lack the
information on the accounting treatment of the
losses and the EFC calculation. In this context,
the comparison and estimation of the efficiency
of the energy conversion appears to be extremely
problematic, and it can be performed just in the
first approximation.

A preliminary estimation of the efficiency of
the energy conversion for the proposed scheme
can be performed by comparison of the energy
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consumptions for the generation of 1 kW of the
electrical energy.

Thus, according to the known data for the
finite generation of 1 kW of the electrical energy,
at the electrostation with the power of 110 MW
(Huntorf, Germany) [9], it is necessary to
consume 0.8 kW of the electrical energy (needed
for the compressed air) and 1.6 kW of thermal
energy supplied with the natural gas (in terms of
the lowest heating capacity). In this case, the
electrostation coefficient of efficiency is 41.6 %.

According to the test data, in the absence of
control of the degree of filling up and heating of
the compressed air at the inlet (the most
unfavourable conditions of exploitation), the
effective EFC of the rotary piston engine is 0.41.
Correspondingly, if the energy consumptions for
the accumulation of the compressed air are
accepted to be equal and the losses at the storage
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in both devices are assumed to be equal too, then
the efficiency of the proposed device will almost
be at the same level (41 %). Moreover, the
absence of the natural gas burning will set to
zero CO; release. The absence of the natural gas
in the cycle of the electrical energy generation,
reduces substantially the total power of the
electrostation (by 66.7 %), at other conditions
being equal in accumulation of the compressed
air. The energy drop in the power device is
compensated by the absence of the natural gas
application and reaching the entire ecological
compatibility of the device. Thus, a compromise
is reached between the power, economic and
ecological factors of the power device. Similar
compromises are justifiable, and they are applied
fairly often in the engine building [35, 36].

In order to ensure equal capacities and
duration of electricity generation of a standard
CAES and the proposed device, it is necessary to

enlarge the reserve of the compressed air, as well
as to increase the size of the expansion machine.

The use of the adiabatic systems with turbines
allow increasing the efficiency of the energy
conversion up to 70 % compared to that of the
diabatic, which is confirmed by the energy
devices’ projects [24-30].

The application of the heat compression for
heating the air before expansion will also make it
possible to enhance the efficiency of the
operation of the rotary piston expansion
machine. Figure 5 shows the scheme of the
power device for accumulation of the surplus
electrical energy in the form of the compressed
air of the adiabatic type. In the scheme
presented, the heat released during the air
compression is collected in a special thermal
accumulator and at a discharge of the air
accumulator, the heat is supplied to the
compressed air prior to its expansion.

. 0
T%% S g
| = AR

1 — the source of electrical energy; 2 — the high-voltage power lines; 3 — the electric motor; 4 — the air
compressor; 5 — the compressor cooler; 6 — the air cooler; 7 — the heat accumulator; 8 — the compressed air
accumulator; 9 — the rotary piston engine; 10 — the electric current generator; 11 — the consumer of electrical
energy.

Fig. 5. General scheme of a wind power station with a system for adiabatic accumulation of excess
electrical energy.

The increase in the compressed air
temperature ensures increasing in the indicator
indices of the rotary piston expansion machine.

The mean value of temperature of the
compressed air heating in the modeling process
was chosen to be 80°C. Figure 6 shows the
change in the indicator diagram upon the
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increase in the compressed air temperature prior
to the expansion in the working cylinder.

Also, the adiabatic scheme use makes it
possible to decrease the volume of the
compressed air accumulator itself or to increase
the duration of the electrical energy generation,
which is particularly urgent for the accumulator
with a relatively low power.
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Fig. 6. Fragments of indicator diagrams of a rotary
piston engine at different temperatures of
compressed air at the working cylinder inlet.

However, it is noteworthy that in addition to
the complication of the construction of the power
device for the energy accumulation, there is
another significant disadvantage in the adiabatic
scheme, namely, the EFC drop in the energy
conversion during the comparatively long and
unstable cycles of charging and discharging of
the accumulator. In the first place, this results
from cooling of the thermal accumulator.
Therefore, the application of the adiabatic
scheme of accumulation is more urgent for the
power devices with low energy, e.g., up to 500
KW.

IV. CONCLUSIONS

The performed research allowed defining the
possible and promising use of the rotary piston
expansion machine as a generator drive of the
electrical current in the power devices for the
accumulation of the compressed air. It was
established that the operational characteristics of
the rotary piston expansion machines (rate
characteristics and minimum cycle temperature)
are relevant to the parameters of the power
devices for the air accumulation.

The use of the rotary piston expansion
engines in the composition of the accumulation
diabatic device made it possible to refuse the
natural gas burning for the heating of air before
its expansion on conserving the total power
efficiency of the device at the level of 41 %. The
absence of the supplied energy in the form of the
burnt natural gas decreases the general energy of
the power device by 66.7 %. The decrease in the
total energy is compensated by the reduction of
CO; release to zero, i.e., in fact, it makes this
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device ecologically pure, which is a certain
compromise between the power, economic and
ecological indicators. Under conditions of the
proposed accumulation scheme, it is possible to
substantially enhance the power of the electrical
generation just by increasing the compressed air
volumes.

The modeling of the operational process of
the rotary piston expansion engine using the
accumulation adiabatic scheme showed that in
conditions of a fixed air reserve, the compressed
air temperature increase prior to the expansion
by 800C increases the indicator indices by 11 %.
In addition, the efficiency of the device for the
accumulation of the compressed air increases to
46 %.

Promising is a further study of the
characteristics of the adiabatic power devices for
the electrical energy accumulation using the
rotary piston expansion machines for different
generated power, as well as the operational
modes (charge and discharge cycles). The
research of the possibility of application of the
rotary piston expansion machines in the LAES,
CES and SC-CAES devices is also of practical
interest.
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Analysis of the Energy Efficiency of Different Methods of Adding Make-up

Feed Water in the Steam Turbine Cycle CHPP

Shempelev A.G.
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Kirov, Russian Federation
Abstract. The article analyzes the energy efficiency of several methods of entering make-up feed wa-
ter into the CHPP cycle. The purpose of the work is to assess the influence of the mass flow rates of
the make-up feed water into the cycle of CHPP on its energy efficiency. This goal is achieved through
the use of an adapted mathematical model of the turbine unit T-50-130, on which computational stud-
ies of variable operating modes were carried out and a comparative assessment of the energy efficien-
cy of supplying make-up feed water to the condenser and the pipeline of main condensate. The value
of the generated electric power and the specific heat consumption for electric power generation were
taken as the main criteria determining the efficiency of the turbine unit. The most significant result of
the research is the establishment of the fact that it is the condenser that is the best place to enter make-
up feed water into the cycle of a cogeneration turbine according to the criterion of energy efficiency.
The highest energy effect can be obtained by supplying make-up feed water to the condenser in the
heating mode. The significance of the results obtained lies in the fact that their practical use will sig-
nificantly increase the energy efficiency of steam turbine plants by supplying make-up feed water to
their condensers. The results obtained differ from the known ones in that for the first time such studies
were carried out on an extended mathematical model of a steam turbine unit.
Keywords: cogeneration steam turbine, make-up feed water, regenerative heating system,
mathematical model, energy efficiency.
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Analiza eficientei energetice a diferitelor metode de adiugare a apei de alimentare suplimentare
in ciclul unei turbine cu abur a CET
Sempelev A.G.
Universitatea de Stat din Vyatka,
Kirov, Federatia Rusa

Rezumat. Scopul lucrarii este de a evalua influenta valorilor (debitelor de masd) ale alimentdrii cu apa
suplimentara in ciclul unei centrale electrice cu termoficare asupra eficientei energetice a acesteia in regimuri
variabile de functionare a acesteia cu diferite metode de alimentare cu apa suplimentara a ciclului. Acest obiectiv
este atins prin utilizarea unui model matematic adaptat, in conformitate cu scopul lucrarii, al unitatii de turbina
T-50-130, pe baza caruia au fost efectuate studii de calcul ale condensarii variabile si regimuri de functionare a
incélzirii si o evaluare comparativa a eficientei energetice a alimentarii cu apa suplimentard a condensatorului si
a conductei principale de condensare la diverse costuri.. Cel mai semnificativ rezultat al cercetarii efectuate este
stabilirea faptului cd condensatorul este cel mai bun loc pentru addugarea de apa suplimentara la ciclul unei
turbine de cogenerare conform criteriului eficientei energetice. Semnificatia rezultatelor obtinute consta in faptul
ca utilizarea lor practici va creste semnificativ eficienta energeticd a centralelor cu turbine cu abur prin
furnizarea de apa suplimentara condensatoarelor lor. Rezultatele obtinute difera de cele cunoscute prin faptul ca,
pentru prima data, astfel de studii au fost efectuate pe un model matematic extins al unei centrale cu turbind cu
abur, bazat pe utilizarea caracteristicilor energetice rafinate sub formd de dependente generalizate ale
parametrilor principali ai etapelor si compartimentelor turbinei si avand in compozitia sa un model matematic al
condensatorului turbinei combinat cu acesta, care a permis sa creascd semnificativ credibilitatea rezultatelor
obtinute.

Cuvinte-cheie: turbina cu abur de cogenerare, apa suplimentara de alimentare, sistem de incalzire regenerativa,
model matematic, eficientd energetica.

AHaJIN3 HePreTHYecKoii 3(pPeKTHBHOCTH PA3JIHYHBIX CIIOCO00B BBOIA T00ABOYHOI MATATETLHOI
BOJBI B IUKJI mapoTypOounHoi TIIL
Illemmnenes A.T.
Bsrckuit rocymapcTBeHHBIN yHUBepcuTeT, Kipos, Poccuiickas @enepanys
Annomayusn. B craThe BBINIOJHEH aHAJIN3 JHEPreTU4YecKod 3>PQPEKTUBHOCTH HECKOJIBKHX CIIOCOOOB BBOJA
no6aBoyHoi murtatenbHONH B 1wk TOL[. Ilems paboThl COCTOWT B OICHKE BIWSHHUS BEJIWYWH (MacCOBBIX
pacxo/ioB) mojaud 100aBOYHOM BOJABI B LMKJI TEIUIOPHUKAMOHHOW YCTaHOBKM Ha €€ OJHEpreTHYECKYIo
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3((eKTUBHOCTh B MEPEMEHHBIX PEXHMMax €€ padOTHI MPH PAa3MUYHBIX CHoco0ax Mmojadn J00aBOYHOW BOIBI B
mukiL. TlocTaBneHHas IeNb TOCTUTAETCS 3a CYET HCIIONB30BAaHMA aJallTHPOBAHHOW, B COOTBETCTBHU C IICIBIO
pabotel, MaremaTmuecKod wmopenu TypoOoyctanoBku T-50-130, Ha KOTOpOH TIPOBEIEHBI paCUETHHIC
WCCIICIOBAaHNUS TEPEMEHHBIX KOHICHCAIIMOHHBIX M TEIUIOQHUKAIMOHHBIX PEKUMOB pabOTHl M TPOBEICHA
CpaBHHTENIbHASI OIIEHKA HYHEPreTH4ecKod 3(PQPEeKTUBHOCTH Mojayu J00aBOYHOW BOJABI B KOHJEHCATOp U B
TpyOOIIPOBOA OCHOBHOTO KOHJEHCAaTa IPH pPAa3IHYHBIX €€ pacxojax. B KauecTBE OCHOBHBIX KpPUTEPHEB,
onpenensonmx 3hHEeKTHBHOCTh TYPOOYCTAHOBKH, OBUIH MIPUHSATHI BEJIUYWHA BHIPAOATHIBACMOMN AJICKTPHUYCCKON
MOIIIHOCTH M YAENBHBIH pPacxoll TEIUIOTHl Ha BBIPAOOTKY dJieKTpodHepruu. Hambonee CymiecTBEeHHBIM
pe3ybTaTOM MPOBEICHHBIX HCCIEJOBAHUN SIBISIETCS YCTAHOBJIEHHE TOTO OOCTOSITEIbCTBA, YTO HMEHHO
KOHJICHCATOp SBJSIETCSI HAWIYyUYIIUM MECTOM BBOJa J0OABOYHOM BOJBI B LHUKJI TEIIOPUKAIMOHHON TYpOHHBI
M0 KPUTEPHIO dHepreTnieckor r¢dexruBHocTH. Hanmbonpmmii sHepreTndeckuil 3PPEeKT MOKET OBITH MOIYYEH
MpH Toja4ye T00aBOYHOH BOIBI B KOHIEHCATOP Ha TEIUIOMUKAIMOHHBIX pEXHMMax, MPH 3TOM €€ Iojavya He
JOJDKHA TIPEBBIIATh BETHMYMHBI PACXOa PEUPKYISALUN OCHOBHOTO KOHAEHCATa B KOHAEHCATOpP. 3HAYMMOCTH
MOJTyYCHHBIX PE3YJIbTATOB 3aKJII0YAETCsI B TOM, YTO MX NMPAKTHYECKOE MCIIOIb30BAaHHE MO3BOJHUT CYIICCTBEHHO
MOBBICUTh YHEPreTUUECKYIO 3(h(HEeKTUBHOCTH MAPOTYPOMHHBIX YCTAHOBOK IyTEM IMOJIauH 00aBOYHON BOJBI B UX
KOHACHCATOPHI. HOJ’Iy'-leHHble pe3ysibTaTbl OTJIUYAIOTCA OT M3BCCTHBIX TCEM, UYTO BIICPBLIC HOL[O6HI)IC
UCCIICIOBAaHMUST IIPOBEACHBl HA PpACIIMPEHHOW MaTeMaTHUeCKOW MOJeNn MapoTypOMHHOHW YCTaHOBKH,
OCHOBAHHOM Ha WCIIOJIb30BaHUU YTOUHCHHBIX OHEPICTUYCCKUX XAPAKTCPUCTUK B BUAC 0606LLleHHbIX
3aBUCHMOCTEH OCHOBHBIX IIapaMeTpOB TYpPOMHHBIX CTYIEHEH M OTCEKOB, M HMeIoUleld B CBOEM COCTaBe
O0BEAMHEHHYI0O C HEH MaTeMaTH4YeCKyl0 MOJelb KOHJEHCATOpa TYpOWHBI, YTO IIO3BOJIMIIO CYLIECTBEHHO
MOBBICUTb JOCTOBEPHOCTb ITOJY4YEHHBIX PE3YIIbTaTOB.

Kntouegvie cnosa: TtemnopukaoHHas ImapoBas TypOwHa, [1o0aBOYHas THTaTeNbHAs BOIA, CHCTEMaA
pereHepaTHBHOTO MOIOTPEBA, MaTEMaTHYECKasi MOJIENb, YJHepreTudecKast 3 (HeKTHBHOCTb.

BBEJIEHUE Oenepanmu:  odum. Teker: yrB. llpukazom
Mumsaepro Poccum Ne 229 ot 19.06.03),
cocrasiser 1,5 — 1,8 % ot pacxona nuTarensHOM
BOJBI, TaK ke, Kak W Ha 3apyOexHblx TOC ¢
0apabaHHBIME KOTIIOArperaTamu [1].

Buemnne mnoTtepu B IMKIE  SBISIOTCA
CJIEZICTBHEM OTITyCKa Mapa U3 MPOU3BOACTBEHHBIX
0oTOOpPOB TypOWMH WM HEMOCPEACTBEHHO U3
MapOreHepaTopoB B ClIy4ae YacTHYHOIO WIIH
MOJIHOTO HEBO3BpaTa €ro KOHJEHcaTa WIH €ro
BO3BpaTa C HEHaJuIeXalluM KadecTBoM. Jlond
TaKHX IOTEPh MOKET CYIIECTBEHHO
MPEBOCXOANTH BHyTpEHHHE moTepH [2].

B kauectBe n00aBOYHOW NHTATENBHOU (B
JanbHENIIeM 10 TeKCTy N00aBO4HAs BOJa) BOIBI
UCTIONIB3YeTCS XMMHYECKH O0ecCOoJeHHas BOJa,
HMEIOoNIasi TEMIIEpaTypy MOC/Ie XUMBOJOOYUCTKH
30-35°C. OHa (akTUYeCKH MPEencTaBisieT coOOi
JTOIIOTHUTEILHBIN XOJIOIHBIH HCTOYHUK,
[O3BOJISIOLIU I YTUIIU3UPOBATH
HU3KOMOTEHIMaNbHy0 Temory [3,4]. Takad
BOJA Mepen mojaveil ee B LUK MAapOTypOMHHON
YCTaHOBKHM JIOJI’KHA OBITh HAJEKHO Jlea’pupoBaHa
[5-71].

N3BecTHO, 9TO HEOOXOAMMBIM YCIOBHEM
skcrryatarn 1TOC  sSBASETCS  MOCTOSIHHOE
BOCIIOJTHCHHE BHYTPCHHHX W BHELIHUX MOTEPb
napa M KOHJIeHcaTa B uKIe. Takoe BOCIIOTHEHHE
SIBJSIETCA  HEOTHEMJIEMOM  4YacThlO  Ipoliecca
BBIPaOOTKH TEIUIOBOM M AJIEKTPUYECKOMN SHEPTHH.
Jltoboe W3MEHEeHHEe KOJMYECTBA BOCIOIHSIEMBIX
MOTEPh, a TAK)KE MECT BBOJ]Aa TAKUX BOCIIOTHEHHH
B TIIpoliecce JKCIUTyaTallud COMpPOBOXKIAeTCs
HETOCPEICTBEHHBIM U3MEHEHHEM 3JICKTPHUUECKON
MOIITHOCTH BhIpa0aThIBACMON TypOOYyCTaHOBKOH U
M3MEHEHHEeM KOJMYeCTBa OTITyCKaeMOoro TerIa, a,
CIIEZIOBAaTENIbHO, U W3MEHEHHUEM SHEepPreTHYECKOn
sd¢dexTuBHOCTH  TypOOyCTaHOBKH.  AHaiu3
DHEPTeTHICCKOM s pexTUBHOCTH TaKUX
W3MEHEHUI  TpeacTaBisieT  coboif  BecbMa
aKTyalbHYIO 3a/1a9y.

O0béM moTeph Mmapa W KOHJACHCAaTa B
[IUKJIC 3aBUCHUT OT XapaKTEePUCTUK 000PYIOBAHHS,
KayecTBa M3TOTOBJICHHS W MOHTa)Xa, YpPOBHS
o0CITyXKMBaHUS W 3KCIUTyaTalliu; MPU 3TOM, Kak
W3BECTHO, Pa3MYyal0T BHYTPEHHHE W BHEIIHHE
norepu pabouero tena.

OcHOBHasi 4YacTh BHYTPEHHUX TMOTEPh —
MOTEPHU C MPOTYBOYHOM BOJIOM MapoOBbIX KOTJIOB,
obecrieunBaromass HEOOXOIUMYIO YHUCTOTY Tapa.
Ha oteuectBennpix mapotypOuHHBIX TOLl mons
TakuXx MoTepb, B coorBeTcTBUH ¢ [ITO (IIpaBmia
TEXHUYECKOU 9KCIUTyaTaluu TETUTOBBIX
JNEKTPUYECKUX CTaHLMKA U ceredl Poccuiickoi

BBox 100aBOYHOI OUTATEIBHOW BOIBI B
OAKJI  HAa  COBPEMEHHBIX  IapOTypOMHHBIX
YCTAaHOBKAaX  OCYIICCTBIIACTCS  CICAYIOIIUMHU
OCHOBHBIMH CIIOCO0aMU:

- B TIApOBOE MPOCTPAHCTBO KOHIEHCATOpa
HETIOCPENICTBEHHO TIOCTIE XHUMBOJOOYUCTKUA C
MIpEABAPUTEILHBIM MOJOTPEBOM o
TEMIIEpaTyphl, TPEBHIMIAIONICH  TeMIeparypy

70
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HACBHIILIEHUs TPU OAaBJICHUU B KOHIACHCATOPE Ha
8°C [8, 9]. B srom cnyuae moOaBodHas Boja
MOJIaeTCsl B KOHAEGHCATOPHI Yepe3 KOJUIEKTOPHI €
OTBEPCTHUSIMH, PacIiooKeHHbIC Hax
LEHTPAJbHbIM IIAPOBBIM IIPOXOIOM, HIH Yepe3
(OpPCYHKH, YCTaHOBIICHHBIC B HW)KHEH 4YacTu
BBIXOJJHOTO MaTpyOKa.

- B TpyOOIIpOBOJ OCHOBHOI'O KOHJAEHCATa
mexay [THZ-2 u ITH/I-3 nocne BakyyMHOTO MiIH
aTMOoc(epHOro Jea’paropa, WIM KOHIEHCATOpa
WCIIApUTENIbHON YCTaHOBKH [1, 2];

- HEINOCPEACTBEHHO B  Jl€a’parop
MOBBIILICHHOTO JIAaBJICHHS TYypOOYCTaHOBKM WIIU
1ocjie BAaKyyMHOIO Jiea’3paTropa, WM IIOCie

aTMocepHOro  Jea’paropa,  WIH  IIOCIE
KOH/IEHCATOpa UCIIapuTeIbHOM ycTaHOBKH [1, 2].
Onenka  BAMSHMA ~ YCJIOBUH  BBOJA

M00aBOYHOM BOABI M M3MEHEHHH ee pacxoja Ha
TEXHUKO-DKOHOMHYECKHE MoKa3aTesu
TerI0(UKAIIMOHHON MapoTypOUHHOM
typboycranoBku (IITY) mnpencraBmser coboit
JIOCTAaTOYHO  CJHOXHYK  3aJady, IOCKOJIbKY
M3MEHEHHUE ITHX yCIOBHM OKa3bIBaeT BIUSHHUE HA
BECh KOMIUIEKC MapaMeTpoB, XapaKTEPU3YIOIIUX
3 peKTUBHOCTH paboTHI KaK CHCTEMBI
pEereHepaTuBHOTO MOJOTPeBa, TaK U MPOTOYHOM
94acTH TypOMHBI M €€ KOHAEHCATopa.

OnbIT NPOBEACHHBIX paHEE HCCIEHOBaHUI
MOKAa3bIBACT, 4YTO pelleHHe TMOMO00HBIX 3a/ad
MOXET OBITh YCHEIIHBIM TOJBKO MpPU YCIOBUH
UCIIONIb30BaHusl MaTeMaTuueckux moaeneut I1TY.
K  Hacrosmemy BpemMeHM [ peLIEHUs
ONTHMHU3ALMOHHBIX PAcueTOB PEKUMOB pPadOTHI
00OpyIOBaHHSI BO BCEM MHpPE HCIOIB3YIOTCS
KOMITBIOTEPHBIE MOJEIH, MO3BOJISIOLIUE
oJly4aTb MCKOMBIA  Pe3yslbTaT C  BBICOKOH
CKOPOCTBIO U 33JJaHHOM CTeneHbl0 TOUHOCTH [10-
14]. B pabGorax [15,16] comepkuTcs OmucaHHe
pacyeTHBIX MAaTEMaTUYECKUX Mozenen
TemIo(pUKaIUOHHBIX TYpOOYyCTaHOBOK MOJIEINEH,
U3 KOTOPBIX CIEAYET, YTO B HUX HCIOJb30BAHbI
TOJIbKO HOPMATHBHBIE WM ONU3KHE K HUM
SHEepreTHvYecKrue XapakTepUCTHKH, B padote [17]
mpeacTasiieHbl xapakrtepuctuku YH/I, HO ToabKO
JUIS1 BEHTHUJISILIMOHHBIX PEXKUMOB.

AnexBatasle mMoxenu IITY nmnsa pemenus
3ajay, CBs3aHHBIX ¢ paboroir YHJ wu
KOHJICHCATOPOB, COTJIACHO BBINOJHEHHBIM B
TEYEHUE MHOTUX JIET MCCIEJOBaHUSIM aBTOPA,
JOJDKHBI ~ cofiepaTb B~ CBOEM  COCTaBe
MaTeMaTU4YecKue MOZenu KOHJIEHCATOPOB,
YUYUTHIBAIOIIME IO MEHBUIEH Mepe Ccleayrollue
(baxTopsbI:

- pa3fenbHOE  BIIHSAHUE
BO3/lyXa, IPHUCACBIBAEMOrO0 B

KOJIMYEeCTBa
BaKyyMHYIO

CUCTEMYy W 3arps3HeHusl TPyOHOW CHCTEMBI, Ha
BEIWYUHY JaBJICHUS B KOoHAcHCaTope [19],

- TEIUIOBBIC TMOTOKH, IIOCTYMAMOIUE B
KOHJECHCATOpP IOMHMO TMPOTOYHOW 4YacTH C
IpeHa)XaMd W KOHJEHCATOM  PElUPKYJIISIIH
OCHOBHOTO KoHieHcaTa [20].

[IpoBeneHHBINT aBTOPOM aHalU3 paHee
MIPOBEIEHHBIX WCCIIeIOBaHUN MOKa3a
OTCYTCTBUE PE3yJbTaTOB, II0 CPaBHUTEILHOU
OLIEHKE, SHEepreTUYecKon 3G PEeKTUBHOCTH
Pa3IMYHBIX CIOCOOOB MOJa4u JOOABOYHOU BOJBI
B mmkn  rtemropukanuonHor  IITY  Ha
MEPEMEHHBIX PEXHMax ee paboThI.

HEJIU U 3ATAYHN

enpro paboThl SBISETCS OIEHKA BIHSHUS
BETMYMH  (MAacCcoOBBIX  PAcXOJlOB)  MOJA4H
N00aBOYHOW BOABI B IHKI TEIUIOPUKAITUOHHOM
YCTaHOBKH Ha A(PPEKTUBHOCTL €€ DKCILIyaTalnu
B IIEPEMEHHBIX peXHMax ee padoThl NpHU
Pa3NNYHBIX CIOCO0ax Mmoaayn JOOaBOUYHOH BOJBI
B LUKI. J[JS MOCTWXEHHs MOCTABIEHHOW UENH
MOCTABJICHBI CICIYIONIHNE 3a1a4H:

- MpoBeNeHHE aJanTalud MaTeMaTHYeCKOU

Monmenn  typboycraHoBkm — T-50-130 s
UCTIOJIb30BaHUSA K YCIOBUAM 3aJauy;
- BBIIOJIHEHHWE pAcuyeTOB  IMEPEMEHHBIX

pexuMoB paboTel TypOoyctaHoBku T-50-130 Ha
JAaHHOW MOJENM Ha TeIUIOQUKALMOHHBIX U
KOHJICHCAIMOHHBIX PEXKUMAX;

- CpaBHHTENbHAs OLEHKa OSHEPreTHYEcKOn
3¢ (eKTHBHOCTH  JBYX  CHOCOOOB  MMOJAYH
n00aBOYHOM BOABI (B KOHAECHCATOP W B TpyOO-
MPOBOJ] OCHOBHOT'O KOHJEHCATa) MPH Pa3IHYHBIX
ee pacxojax

METO/JAbI UCCJIEJOBAHMUSA

Pemenne yka3zaHHBIX BBIIIE 337ad BO3MOXHO
TOJIBKO Ha OCHOBE COOTBETCTBYIOIINX
MaTeMAaTHYECKUX MoOJeleit 00BEKTOB
ucciaenoBaHuid. [ KoHAEHCAaTOpa CyIIECTBYET
HECKOJIBKO MaTeMaTHYECKUX MOJIENeH,
pa3paboTaHHBIX 3apyOe)KHBIMHU
HCCIEeI0BAaTEIbCKUMHU KOJUIEKTUBaMU [21-24].

Bce »Tm Momenu OCHOBaHBI Ha METOJUKE
MTO30HHOTO pacyeTa MoAoTrpeBaTeNiell U KaX 10

30HBI TermiooOMeHa METOH0M
TUQGepeHIITUPOBAHHOTO OTIpEICIICHIS
MHTEHCUBHOCTH TEIUIOOTHAYM C BOIIHOM H
MapoBOM  CTOPOH  ammapara ¢  y4eTOM
3aBUCHMOCTEMN IS orpeieICHUS
KO3 GUIIMEHTOB TEIUIOOTAaYl NS TPyOHOro u
MEXTPYyOHOTO TEIUIOHOCUTENEH, KOTOpBIC
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OOIIEeN3BECTHBI W OAMHAKOBHI  Kak B
OTEYECTBEHHOW, Tak M B 3apyOeKHOW TpaKTHKe.
IIpumeHeHHass  aBTOpOM  MOJ€lb  pacuera
KOHJEHCAaTOpa  COOTBETCTBYET  HMMEIOIEMYCS
OTEYECTBEHHOMY M 3apyOeXHOMYy ONBITY H
HanOoJiee TIOJIHO TIPEACTaBJICHa AaBTOPOM B

paborax [20; A.I'. llemnenes, B.M. Cymmux,
I1.B. Urmun, Energetik, 10 pp. 60-64 (2015); «On
Mathematical Model of Condenser Equipped with
Water-Jet Ejector». Shempelev A. G., Iglin P. V.
2018 International Conference on Industrial
Engineering, Applications and Manufacturing
(ICIEAM), 15-18 May, 2018, pp. 1-5.].

B kauectBe pacueTHOW MOIENM B JaHHOU

pabote MpeIyIoxKeHa pacimpeHHas u
amanTHpOBaHHAS MaTeMaTh4decKas MOJIEIb
TypOOyCTaHOBKHU T-50-130. Ucxonnas
MaTeMaTH4decKas MOJIEIIb JTaHHOH
TypOOyCTaHOBKHM, CO3MaHHas Ha  Kadeape
TEIUIOTEXHUKU M TuapaBiauku Barl'V, nmoapoOHo
onucana B [19, 25, 26]. Pacmupennas
aJanTHpOBaHHAsL MOJIEIb OCHOBaHAa Ha
WCITOJIb30BAaHUM  YTOYHEHHBIX DHEPTeTHIECKUX
XapaKTEePUCTUKHU B BHUJIC 0000IIIeHHBIX
3aBHCUMOCTEH OCHOBHEBIX napaMeTpoB

TypOMHHBIX CTYINEHEH W OTCEKOB, a TaKXKe OHa
UMEeT B CBOEM COCTaBe OOBEIUHEHHYIO C Hel

MaTeMaTUYECKYHO MOJICHb KOHJICHCaTopa
TypOHHEL.
AnanTupoBaHHas ~ MOJEJIb  IO3BONISIET B

HIMPOKUX Tpeneiax H3MEHATh TeMIepaTypy H
pacxon m00aBOYHOM BOJIBI, MOJABAacMOHW Kak B
KOHJICHCATOP, TaK M B TPyOONPOBOJ OCHOBHOTO
koHneHcara mexay [THI-2 u ITH/I-3.

Pacyernass cxema, TpencTaBleHHas  Ha
pUCyHKe 1, mpexycMaTpuBaeT peanu3aluio ABYX
Croco0o0B Moaun T00aBOYHOM BOJIBI.

[lepBrIii croco6 — HenmeadpupoBaHHAS BOJA
MOCTIE XUMBOIOOYHCTKH MTOIAETCs B KOHEHCATOP
yepe3 mojorpesareib 9, ¢ HCHOIb30BaHHEM B
KauecTBe Trperouleil cpenpl OpsAMONH CeTEeBOM
BOJBI. B 3TOM ciydae KOHOEHCATOpP BBITIOIHSET
poiib jaeasparopa nepBoil crynenu. [Ipu pabote
TypOOYCTaHOBKM TIO TEIJIOBOMY TIpaduKy cC
LENBI0 TIOBBIMICHHS] PEreHepaluy KOHJEHcaTa
MoJ TPYOHBIM IIYYKOM B CXeMe MpeayCMOTpeHa
nojaya KOHAEHCATa PEUUPKYIALUH IO TPy OHBIN
MTyYOK.

Bropoit cioco6 — xuMudecku oOeccoleHHas
BOJla TIOJAaeTcs B BaKyyMHbIM jaeaspatop 12,

NUTAIOUIMKACS ~ MapoM U3 orbopa  Ha
pereHepaTuBHBIN MOJOTPEBATENb. Iocne
Jeasparopa B TpyOOIpPOBOA  OCHOBHOTO
KOH/IeHCaTa MEXITy pereHepaTuBHBIMU

noxporpesaremsimu [TH/I-2 u ITH/I-3.
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E;
I
:

1 — Kondencamop, 2 — oxaadumenb 0CHOBHOZO
goicexmopa, 3 — oxnadoumenv napa yniomuenutl; 4 —
CANbHUKOBBIL nOOOSpesamenv;, 5 — nodozpesameid
Huzkozo Oaenenus 1 (ITH/A-1); 6 — [IH/-2; 7 — I1H/]-
3; 8 — I[IH]/[-4; 9 — nodoepesamenv 006a80OYHOU 600bl;
10 — noodoepesamenv cemesgoil eopuzonmanvhvil 1
(IICI-1); 11 — noooepesamensv cemesoti
eopuzonmanvroii 2 (IICI-2); 12 8AKYYMHDBIL
Odeaspamop; 13 — wmacocvl;, 14 — nooocpesameins
Xumuuecku obecconeHHou 8o0vl, 15 — pezynupyrowue
KAanamvl

Puc. 1. PacueTHas cxeMa nmogadym 100aBOYHOH
BOJABI B UKJI TEILIO(PUKAIIMOHHO MapoTypONHHOMT
ycTaHoBKH'

[IpeaBaputensHbie pacueThl IOKA3ald, YTO

peannzanus TPETHETO croco0a, Korja
nobaBoyHasi BoJa IOJAeTCST B JI€a’paTop
MOBBIIIIEHHOTO ~ JaBleHUs  TypOOYyCTaHOBKH,

OpUBOIUT OJM3KUM M  HECKOJNBKO XYALIMM
pesyJabTaTaM, yeM BTOPOil cmoco0 M, MO3TOMY B
JTaHHOM paboTe OH HE paccMaTpHUBaJICS.

B xauecTBe OCHOBHBIX KpUTEPUEB IMPH OLIEHKE

JHEPreTUYECKOH 3¢ PEeKTUBHOCTH oJla4yu
n00aBOYHOW BOIBl B NHUKI ObUIa MpUHSTA
BEJINYMHA ANEKTPHUIECKON MOIIIHOCTH,
BblpabaTbiBaeMasi TypOoycTaHoBKOH, N3, u

VACTBbHBIH PAacXod TEIIOThI Ha BBIPAOOTKY
ANeKTpodHEprun (p. [19, 25,26] B omHoM w3
COIIOCTAaBJIACMBIX BapuaHTOB UMeeT MECTO
SKOHOMHS YCJIOBHOTO TOIUINBA, CBS3aHHAsI MM C
HU3MEHEHHUEM BBIPA0OTKH DIIEKTPOIHEPTHU (IIpH
pabore B TemnoUKaMOHHBIX PEXHUMax), WIH C
W3MEHEHHWEM BEJMYUHBI (> (mpu pabore B
KOHJICHCAITUOHHBIX peKUMax). Meronuka
pacdera sHeprermdeckoro »sddexra B gaHHOU
paboTe TOJHOCTBIO COOTBETCTBYET METOIUKE,

moIpoOHO MpeICTaBICHHON B paboTax
[19, 20, 25, 26].

Pacuertsr IIPOBOIAIIHCH TUTS
TEIUIOQUKAIIMOHHOTO M KOHJCHCAI[HOHHOTO

PCXKUMOB B MOOCTATOYHO MIHUPOKOM AHAINA30HE
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TEIUIOBBIX M AJIEKTPUUYCCKUX HATPY30K, IIPU 3TOM
(cM. puc.l) Temmeparypa a00aBOYHOM BOJIBI,
mojjaBaeMoi B BaKkyyMHbBIH geaspatop 12 u
nojiorpeBarenb 9 BOJBI, MPHUHATA MOCTOSHHON W
paBHoit 30°C, u Ha Beixome u3 Hux 50 °C, a ee
pacxoasl M3MEHSIUCh B auamnazoHe oT 0 mo 65
T/4, YTO B MAKCUMAIILHOW CTETICHH COOTBETCTBYET
peanbHBIM YCIOBHSM TIPH WX JKCIUTyaTallid Ha
TOLI.

IIpu IIPOBEIACHUN pacueroB
TeIMO(GUKAIMOHHBIX ~ PEXMUMOB B  KauecTBe
OCHOBHOM MEpPEMEHHON Obuia MIPHUHATA
TeroQuKaInoOHHAs Harpyska Ha

TypboycTaHoBKy (Qr), KOTOpas W3MEHsIach OT
50 MBt no 90 MBtT u ObpUla HEW3MEHHOIl B
CpaBHUBAaEMBIX MEXAy co00#l pexknmax. Pacdersr
Ha  KOHJIEHCAIlUOHHOM  peXuMe  padoThl
TypOOYCTaHOBKM TMPOBOAWINCH IPH PacXojaax
mapa Ha TypOuHy, cocraBisomux ot 30 mo 70
Kr/C, TpUYEeM B CPAaBHUBAEMBIX MEXIy coOoi
peKUMax 3T pacxXojbl Mapa ObLIM OJUHAKOBBIC.
Kak B TemropukalMmoHHBIX, Tak W B
KOHJICHCAITMOHHBIX ~ PEXHMaxX  CpPaBHUBAJINCH
MEXJly COOOW BapHaHTHI MOJaud J00aBOYHOU B
KOHJIGHCATOP W B TPyOOINpPOBOA OCHOBHOTO
koHneHcara mexay [TH/-2 u TTH/I-3. IIpu sTom
MOJIOTPEB XMUMHMYECKH O00ECCOJIEHHOW BOIBI B
TemooOMeHHHKEe 9 ocCyIlecTBIsIeTCS MPSIMOM
CETEeBOM BOJIOM, MOJAaBacMOMl BO BHEIIHIOIO
TEIUIOBYIO CETb.

PE3YJIBTATBI UCCJIEJOBAHUSA 1
HNX OBCYKIEHUE
Ha pucyHke 2 mnoKas3aHbl 3aBHCUMOCTH

JJNIEKTPUUECKOH MOIIHOCTH, BbIpa0aThIBAEMOM
TypOOYyCTaHOBKOM, OT  BEJIWYWHBI  IOJAYU
I00aBOYHOM BOJIBI B LUK npu
TETIOPUKATTMOHHOM pexxIMe paboThI
TypOOYCTaHOBKH.

B  paccmarpuBaempIX  YCIOBHSAX — TIpH

momaye q00aBOYHOW BOABI B KOHAEHCATOD,
yBenuueHne ee pacxoxa ot 0 mo 18 kr/c (65 1/4)
NPUBOAUT K  YBEJIWYEHHIO  DJIEKTPUUECKOU
MOIIHOCTH Ha BenuuuHy AN»=3,282 MBT mnpu
TeroBoi Harpy3ke Q=90 MBT u Ha BenTuIuHy
3,671 MBT u mpu TtemnoBoi Harpyske Qr=>50
MBrt. Ilpu mnomaue mn00aBOYHOH BOABI B
TpyOOIIPOBOZ OCHOBHOTO KOHJEHCATa MEXIy
IMHA-2 u [IHA-3 ykasaHHble TNpHUpaIIeHUs
MOIITHOCTH COOTBETCTBEHHO COCTaBIAOT 3,871
MBT u 4,303 MBrt. VYkazaHHble NpUpalIeHUs
MOIIHOCTH BO3HHUKAIOT BCJIEJICTBHE
HEOOXOJMMOCTH YBEJIMYCHUsS pacxoja mapa Ha
JTOTIOJTHUTENBHBIA TIOJIOTPEB BOJBI B CHCTEME
pereHepanuu.
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Ha pucynke 3 mnpencraBieHbl pacyeTHbIE
3aBUCUMOCTH yJETBHBIX PACXOJOB TEIUIOTHI Ha
BBIPa0OTKY AJIGKTPOIHEPTHH OT PAacXojia BOJBI,
rmogaBacMoi B Uk (GB).

JlanHbIe, mpencTaBICHHBIE Ha PUCYHKE 3,

TTO3BOJISIOT YCTaHOBUTh KOJUYECTBCHHEIC
COOTHOLLIEHHS MEXIY YAEIbHBIMH pacxogaMu
TEIUIOTBI Ha BBIPAOOTKY JJIEKTPOSHEPTHH B
paccMaTpuBaeMbIX criocobax nogayn
J00aBOYHOM BOAbLI. 3 [JaHHBIX BHUJHO, 4YTO
monaya J00aBOYHOW BOJBI B  KOHJIEHCATOP
TTO3BOJISAET CYIIECTBEHHO TOBBICUTH

3¢ (eKTUBHOCTD BhIpabaThiBaeMON MOIIHOCTU. B
paccMaTpuBaeM Cciydyae yBEIMYECHHUE IOJa4u
nmob6aBouyHoi Bombl oT 0 mo 18 kr/c (65 1/4) Ha
TEIUIOQUKAMOHHBIX ~ pPeXKUMax MPHUBOOUT K
CHI)KCHHUIO YAENBHBIX pPacxXxolOB TEIUIOTHl Ha
BEIpa0OTKY anekTposHeprun  Aq>=0,0531 mpu
Q=90 MBT 1 Ag>=0,089 npu Q=50 MBT.

55
N3, MBr {
50 // —
45 =
;2
40 F————
35 /}g/;%/:
30 -—/;/7/
20 . . . GB, kr/c
0 5 10 15 20

Pacxoo cemesoil 600vt W =2160 m/u, memnepamypa
obpamuou cemesoii 600vt 54 °C. Pezynupyiowas
ouagppaema YH/] 3axpeima.

——— —0obasounasa 600a nooaemcs 8
KOHOeHcamop,

— 000a80YHASL 600A NOOAENICA 8 TUHUIO
0CHOBHO020 KoHOencama medicoy ITH/-2 u ITH]/]-3
1—Q0r=90 MBm; 2 — Qr=70 MBm,; 3— Qr=60 MBm,
4— Q=50 MBm.

Puc. 2. 3aBHCHMOCTH  3JIEKTPHYECKOI
MoIHOCTH TypOoyctaHoBkn T-50-130 ot momaum
M00aBOYHOI BOABI B IMKJI NPH Pa3JINYHBIX ee
TEIJIOBBIX HAIPY3KaX>

[Ipu nomadye mo0aBOYHOW  BOIBI B
TpyOOIIPOBOA OCHOBHOTO KOHJIEHCATa MEXKIy
NHA-2 wu TIIHA-3 yka3aHHble  CHUXKCHUS
coctaBisloT AQ>=0,0106 mpu Qr=90 MBT u
Ag>=0,0331 mpum Qr=50 MBTt. Vxkazannasie
CHI)KCHHSI  VACIBHBIX  PAacXOJOB  TEIUIOTHI
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JIOCTUTAIOTCS 33 CUET BHIPAOOTKH AIIEKTPUIECKOM
MOIITHOCTH Ha TEIJIOBOM MOTPEOJICHUH, TO €CTh
0e3 YBEIUYECHUS oTephb TEII0THI B
koHaeHcatope. [Ipu momgaue m06aBO4YHOI BOIBI B

KOHJICHCATOP JTOTIOJTHUTETBHBIH adexr
JNOCTHTAeTCs €€  3aMellleHHeM  KOHJEHcara
PELMPKYIISIAN u Oozee MIOJTHBIM
UCTIOJIb30BAHUEM  TpPaKTa  PETreHEepPaTUBHOTO

nojorpesa st Oonee 3PPEKTHBHONW BBIPAOOTKH
JOMOJTHUTENEHOW MOIIHOCTH.

Hanuuue mepeiroMa B JIMHEWHOH
3aBHCUMOCTH TIPH TTogade J00aBOYHON BOIEI 15,3
kr/c (55 T/4) B KOHAEHCATOp OOBACHSIETCS
MOJHBIM 3aMEICHUE KOHAEHCAaTa PeLHUpKYJISLIUN
OCHOBHOIO KOHJEHCaTa B KOHAEHCATOp, U
JanbHEeiIIee yBETHUYEeHHE pacxona 100aBOYHOM
BOJIbI CTAHOBHUTCS ME€HEE d(PPEKTUBHBIM.

Ha pucynke 4, moka3zaHbl 3aBHCHMOCTH
9KOHOMHUH YCIIOBHOTO TOIUIMBA MpPHU MEpeBOje
J100aBOYHOM BOIBI M3 TPYOONPOBOAA OCHOBHOTO
KOHJIEHCaTa B KOHJCHCATOP OT €€ Pacxoia.

Pe3ynpTaThl pacueToB, IpeACTaBICHHBIX HA
pucyHke 4, Mmoka3aid, 4TO MepeBoj J00aBOYHOU
u3 TpyOOmpoBOJa OCHOBHOIO KOHAEHCAara B
KOHJIEHCATOP TypOOYCTaHOBKH Ha
TeTo(pUKATMOHHBIX peKUMax MO3BOJISIET
MOJYYHUTh CYIIECTBEHHYIO SKOHOMHIO TOIUIHBA
(mo 400 kuWIOTrPaMMOB YCIOBHOTO TOIUIMBA B
gac).
1,25

- 1

12 =

2 3 4

LS/
/ -

11 , , . GB, Kr/c

0 5 10 15 20
Pacxoo cemesoii 600vl Wee=2160 m/u, memnepamypa
obpamuoi cemesoti 600bt 54°C. Pezynupytowast
ouagppaema YH]] sakpeima
———  —0obasounas 600a nodaemcs 8
KOHOEeHCamop,

————— — 000a80YHAs1 600A NOOAENCA 8 TUHUIO
OCHO6HO20 KOHOeHcama medcoy [TH/]-2 u ITH/]-3
1—Qr=90 MBm; 2 — Qr=70 MBm,; 3— Q=60 MBm,
4— Q=50 MBm.

Puc. 3. 3aBucuMOCTBL yAEJBHBIX PacXoio0B
TEIUIOTHI  HA  BBIPA0OTKY  3JEKTPOIHEPruu
TypOoycranoBky T-50-130 ot mogauu nod6aBo4HOM
BOJBI IIPH Pa3IMYHBIX TEILUIOBBIX HATPY3Kax®.

345 Appendix 1

Ha pucynkax 5, 6 u 7 mnpeacraBieHbl

AHAJIOTUYHbIC TeHJ’IO(l)I/IKaHI/IOHHbIM pexKuMaM
3aBHCHMOCTH, MOJTyYCHHBIS JUTST
KOHJICHCAITUOHHBIX PEKUMOB paboTHI
TypOOyCTaHOBKH.
500

AB, kr y.T./4

=
\
100 /

GB, KI'/c
[' 1 L L
0 5 10 15 20
1 —Q7r=90 MBm; 2 — Qr=70 MBm,; 3— Qr=60 MBm,
4— Or=50 MBm.
Puc. 4. 3aBHCHMOCT, 3JKOHOMHHM YCJOBHOIO

TOIUIMBA NPM IMepeBoAe [100aBOYHON BOABI M3
TpyOonpoBoaa OCHOBHOI'0 KOH/eHcaTa B
KOH/IEHCATOP OT €€ pacxojia B TemI10(puKAIHOHHBIX
pexumax?

70 N, MBr
60 /
1
50
v
40 2
/
3
30
4K
20 . _  GB, Kr/¢c
0 5 10 15 20
— 0obasounas 6004 nooaemcs 6
KOHOeHcamop,

— — — — — 000asouHas 6004 NOOAEMCs 8 TUHUIO
0CHO8HO20 KOHOeHcama mexcoy [TH/]-2 u ITH/]-3.
1-Go=70xkze/c; 2 - Go=50ke/c; 3 - Go=40 xa/c;

4 - Go=30 ke/c.

Puc.S. 3aBHCHMOCTD 2JIEKTPHYECKOH MOIHOCTH
Typ0OyCTAHOBKH T-50-130 oT noja4u
100aBOYHON BOABI B IUKJI NPH Pa3TUIHBIX
pacxomax mapa Ha  TypOOyCTAHOBKY Ha
KOHJIEHCALHOHHOM PesKUMe ee paboThI®

[IpoBenennsie pacdeTsl MOKa3ald, YTO Ha
KOHJICHCAITMOHHBIX PEXHMaxX H3MEHEHHE MecTa
BBOJIa M pacxojia J00aBOYHOH BOJBI OKAa3bIBAIOT
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CYLIECTBCHHOE MEHbILICEe BIUSHHUE Ha BBHIPAOOTKY
MOIIHOCTH TypOOYyCTaHOBKOH M Ha €€ TEXHHUKO-
9KOHOMHUYECKHE noKa3aTenuy, qeM Ha
TEIIO(UKAMOHHBIX PEKUMAX.

IIpu 3TOM, CHMXKXEHHUE YAEIBbHBIX PacXoJ0B
Ha BBIPa0OTKY 3JEKTPOIHEPTHH MPH M0Aa4Ye BOBI
B KOHJeHcaTtop cocTaBisieT Aq>=0,1038 mpu
Go=70 kr/c m Aq>=0,2083 mpu Go=50 kr/c, pu
nojade BOABI B TPyOONPOBOX  OCHOBHOTO
konaeHcata wexnay [IH/A-2 wu TIHJA-3 »stn
BENMUYUHBI cOCTaBISAIOT AQ>=0,0895 mpu Go=70
kr/c 1 Aq>=0,1906 ipu Go=50 kr/c.

2.8

2,7

2,6

2,5

24 , , . GB, Kr/¢C
0 5 10 15 20

— Oobasounas 600a nodaemcs 6
KOHOeHCamop,

— 000a60UHAsL 600A NOOAEMCS 8 JIUHUIO
O0CHOBHO20 KOHOencama medcoy [TH/[-2 u ITH/]-3.
1-Go=70kze/c; 2 - Go=50«ke/c; 3 - Go=40 ke/c;
4 - Go=30 ke/c.
Puc. 6. 3aBucuMocTb yaeIbHBIX PACX0/I0B TEIJIOTHI
Ha BBIPA0OTKY JJIEKTPOIHEPTHH OT MOAAYH
A00aBOYHOI BOABI HA KOHJIEHCALMOHHBIX PeKUMaX
padoThl WPH Pa3TUYHBLIX PacxoJax mapa Ha
Typ6oycranosky T-50-130°

Pe3ynpTaThl pacueroB, NpENCTaBICHHBIX Ha
pUCYHKe 7, TOKa3alH, 4TO MepeBOJ 100aBOYHOI
BOJBI M3 TPYyOOIIPOBOAa OCHOBHOTO KOHJICHCATA B

KOH/IEHCATOP TypOOYCTaHOBKH Ha
KOHICHCAITMOHHBIX pexxnMax TIO3BOJISIET
MOJIYyYUTh  DKOHOMHUIO  TOIUIMBA 10 26

KIJIOTPAaMMOB YCIIOBHOTO TOTUIMBA B Yac.

PacueTrsl 5K0OHOMUU TOIUIMBA TPOU3BOIUIUCH
HAa OCHOBE TIONYYEHHBIX U3 PacyeToB IO
MaTeMaTUYECKOW MOJEIM YCTAaHOBKM 3HAYEHUU
JNIEKTPUUECKOM MOIIHOCTH N3 U yAETBHOTO
pacxojia TETIOTHl Ha BRIPA0OTKY AJIEKTPOIHEPTHH
Jp. DKOHOMUS TOIUIMBA Ha TEIUIO(UKAITMOHHOM

pexume pu 3a/laHHBIX 3HAYEHHUAX
Temo(pUKaMOHHBIX Harpy3ok u Ha
KOH/JICHCAllUOHHBIX PEXKHUMAX MPU 3aJaHHBIX
3HaYeHMSX  pacxoja Tapa Ha  TypOuHy

ompenensiack mo Gopmyne (1):

AB = (f31:Nsl— 35-N»2)1000,xe y.m./ uac (D

75

rae: B3 — yIedbHBIA pacXoll yCIOBHOTO TOIUIMBA HA
BBIPaOOTKY JICKTPOIHEPTHH NPH OTCYTCTBHH MOAAYN
J100aBOYHOM BOJIBI B IIMKJL, KT. Y¥.T./(KBT 1);

a1 — ynempHBIH pacxol YCIOBHOTO TOIUIMBA Ha
BEIpa0OTKY 3JIEKTPOIHEPIUH IpH  (PUKCHPOBAHHBIX

3HAYCHUSAX TOJaYd J00aBOYHOH BOJBI B IIHKI,
KT y.T./(kBT9);

N5 — oanekTpuueckas MOIIHOCTh, BbIpabaTbiBacMast
TypOOyCTaHOBKOM npu OTCYTCTBUH MoJ[a4yu

100aBOYHOM BOBI B IIMKI, MBT;

Nal— oayekTpudeckas MOIIHOCTh, BbIpaOaThIBaeMast
TypOOYCTaHOBKOW TpH (PUKCHPOBAHHBIX 3HAYECHUSX
moJa4yu 100aBOYHOM BOABI B 1K, MBT;

Bemuunnbr u P31  onpenemsuinch 10 M3BECTHOI
3aBUCHMOCTH (2)

o (Bol) = (0.123q,)/ (5, 1,,) ke y.m.! (cBma) (2)
rme Mk — KOI(PQUIMEHT TIOJIE3HOTO JEHCTBUS
KOTEJIBHOTO  arperaTta, OIpenessieTcss 10  €ro
HOPMAaTHBHBIM XapaKTEpUCTHKaM (B CpEIHEM, OH
pasen 0,92);

Nrp — KO3(QPUUMEHT TPAHCIIOPTA TEILIOTHI, B 1aHHOM
cily4ae OH NpuHAT paBHbIM 0,985.

30
AB, kr y.1./94 1
2 //
20 >
3
i/
10
0 . GB, Kr/c
0 5 10 15 20
1-Go=70ke/c; 2 - Go=50 ke/c; 3 - Go=40 ke/c;
4 - Go=30 ke/c.
Puc. 7. 3aBucMMOCTP JKOHOMHH YCJOBHOIO
TONJIMBA NpPH NepeBoAe A00aBOYHONW BOABLI M3
TpyOonmpoBoaa OCHOBHOI'0 KOHIeHCAaTa B

KOH/IEHCATOP OT €€ PacxoJa B KOHIEHCAIHOHHOM
pexume’

3AKJIIOYEHUE

[IpoBeneHHOE pacyeTHOE WCCIIEIOBaHNE
MO3BOJIMJIO TIOJYYUTh CIEAYIONIME OCHOBHBIC
pe3yIbTaTHI.

1. TlokaszaHo, 4ro mojgada Ag00aBOYHOMH
BOJIBI B ITUKJI ITO3BOJIAET CYIIECTBEHHO MOBBICUTH
SHEPreTUYCCKYI0 I(P(PEKTUBHOCTh SKCILTyaTal[lH
TerI0(hUKAMOHHOHN TypOOyCTaHOBKH.

2. YcraHoBiIeHO 49TO Hanbosee
LIENeCOO0pa3sHbBIM € DHEPreTHYECKOM  TOYKH
3peHHs 1O BETWYMHE AIKOHOMHUHM TOIUIMBA JIS
TETTOPUKAITMOHHBIX MapoTypOUHHBIX
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TypOOyCTaHOBOK SIBJISI€TCS BBOA J00ABOYHOU
BOJIbI UX KOHJICHCATOPEI.

3. HauGonbmmii sHepretuueckuii s3¢dexr
MOKET OBITH IMOJy4YEH MpU Tojade 100aBOYHOM
BOJBI B KOHAEHCATOp Ha TEIUIOMUKAIMOHHBIX
pPEeKUMax; MPH 3TOM €CIM BEIHYUHA €€ TOJaqH
NpeBbIIIaeT BEIUMYMHY pacxoJa KOHAeHcara
PELUPKYJSIIAK ~ OCHOBHOTO  KOHAEHCaTa B
KOHJICHCATOP, TO MPHPOCT IKOHOMUU TOILIMBA HA
€AMHUILY YBEIHYCHHUS pacxoa J00aBOYHON BOJBI
HECKOJIBKO CHIKAETCS.

APPENDIX 1 (IPUJIOKEHHUE 1)

IFig. 1. Design scheme for supplying make-up feed
water to the cycle of a cogeneration steam turbine unit.
(in fig. 1: 1 - condenser; 2 - cooler of the main ejector;
3 - cooler for steam seals; 4 - stuffing box heater; 5 -
low pressure heater 1 (PND-1); 6 - PND-2; 7 - PND-3;
8 - PND-4; 9 - make-up feedwater heater; 10 -
horizontal network heater 1 (PSG-1); 11 - horizontal
network heater 2 (PSG-2); 12 - vacuum deaerator; 13 -
pumps; 14 - heater for chemically demineralized
water; 15 - control valves)

’Fig. 2. Dependence of the electrical power of the T-
50-130 turbine unit on the supply of make-up feed
water into the cycle at various heat loads (in fig. 2:
Supply water return temperature of 54 ° C. The sliding
drid of the LPS is closed; —— - make-up feed water
supplied to the condenser; — — - make-up feed water
supplied to the main condensate line between PND-2
and PND-3; 1 — Q=90 MW; 2 — Q=70 MW, 3—
Qr=60 MW; 4— Q=50 MW).

SFig. 3. Dependence of the specific heat
consumption for power generation of the T-50-130
turbine unit on the supply of make-up feed water at
various heat loads. (in fig. 3: Supply water return
temperature of 54 © C. The sliding drid of the LPS is
closed). (in fig. 3: Supply water return temperature of
54 © C. The sliding drid of the LPS is closed; —— -
make-up feed water supplied to the condenser; — — -
make-up feed water is supplied to the main condensate
line between PND-2 and PND-3; 1 — Qr=90 MW, 2 —
Qr=70 MW; 3— Q=60 MW; 4— Q=50 MW).

‘Fig. 4. Dependence of the equivalent fuel
economy when transferring of make-up feed water
from the main condensate pipeline to the condenser on
its consumption in cogeneration operating modes (in
fig.d: 1 — Qr=90 MW; 2 — Q=70 MW; 3— Q=60
MW; 4— Qr=50 MW).

SFig. 5. Dependence of the electrical power of the
T-50-130 turbine unit on the supply of make-up feed
water into the cycle at various steam flow rates for the
turbine unit in the condensing mode of its operation (in
fig.5: —— - make-up feed water supplied to the
condenser; — — - make-up feed water supplied to the
main condensate line between PND-2 and PND-3; 1 -
Go=70 kg/s; 2 - Go=50 kg/s; 3 - Go=40 kg/s; 4 -
Go=30 kg/s).

76

®Fig. 6. Dependence of the specific heat
consumption for electricity generation on the supply of
make-up feed water in condensing modes of operation
at various steam consumption for the T-50-130 turbine
unit operation (in fig.6: —— - make-up feed water
supplied to the condenser; — — - make-up feed water
supplied to the main condensate line between PND-2
and PND-3; 1 - Go=70 kg/s; 2 - Go=50 kg/s; 3 -
Go=40 kg/s; 4 - Go=30 kg/s)..

"Fig. 7. Dependence of the equivalent fuel
economy when transferring make-up feed water from
the main condensate pipeline to the condenser on its
consumption in the condensing mode operation (in
fig.7: —— - make-up feed water supplied to the
condenser; — — - make-up feed water supplied to the
main condensate line between PND-2 and PND-3; 1 -
Go=70 kg/s; 2 - Go=50 kg/s; 3 - Go=40 kg/s; 4 -
Go=30 kg/s).
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Energy Efficiency of Heat Pumps Heating Systems at Subsoil Waters for
South-East Regions of Europe

Denysova A.E., Klymchuk O.A., lvanova L.V., Zhaivoron O.S.
Odessa National Polytechnic University
Odessa, Ukraine

Abstract. This article is devoted to the methods for increasing the operational efficiency of the single-
stage and two-stage schemes of heat pump installations for heating systems, based on the energy saving
principles. The major aim of the study is the analysis of methods for increasing the efficiency of
alternative low-potential heat pump installations based on the subsoil waters, which correspond to the
requirements of the energy saving technologies. To achieve the aim a comparative analysis of efficiency
of different schemes of heat pump heating systems was performed for the consumers of the South-East
of Europe. The rational schematic and constructive solutions and the system operational modes that
ensure the increase in the efficiency of the alternative heating system for various climatic conditions
were grounded. The main ways of increasing the efficiency of the low-potential heating systems using
the heat pump units based on the subsoil waters were determined. Recommendations for the practical
application of the alternative heating system solutions, depending on temperature of the outside air were
developed. The significance of the obtained results consists in justification of conditions, which make it
possible to use the single- and two-stage HP1 schemes on the subsoil waters in the South-Eastern Europe.
The most significant results are those recommending the increase in the operational efficiency of the
heat pump systems on the subsoil waters for the heat supply for the consumers of the South-Eastern
Europe. The analysis results can be used for designing the heating systems based on the heat pumps
using the low-potential energy of the subsoil waters.

Keywords: energy saving, efficiency, transformation coefficient, heat pump, subsoil waters, intermedi-
ate heat exchanger, subcooler, primary energy.
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Analiza eficientei energetice a instalatiilor cu pompa de cildura bazate pe apele subterane pentru
regiunile sud-estice ale Europei
Denisova A.E., Klimchuk A.A., Ivanova L.V., Zhaivoron O.S.
Universitatea Nationala Politehnica din Odesa
Odessa, Ucraina

Rezumat. In articol se discutd modalititile si metodele de imbundtitire a eficientei schemelor cu un singur stadiu
si cu doua etape ale instalatiilor de pompare a cildurii in scopuri de incalzire, pe baza principiilor economisirii de
energie. Scopul principal al studiului constd in analiza modalititi de imbunatatire a eficientei instalatiilor
alternative cu pompa de caldurd cu potential termic redus bazate pe ape subterane care indeplinesc cerintele
tehnologiilor de economisire a energiei. Pentru a atinge obiectivul stabilit al studiului, a fost efectuatd o analiza
comparativa a eficacitatii diferitelor scheme din cadrul sistemelor de alimentare cu caldura prin pompare de caldura
pentru consumatorii din regiunile sud-estice ale Europei. A fost dezvoltat un algoritm pentru calcularea sistemelor
alternative de alimentare cu céldurad pentru consumatori, luand in considerare conditiile climatice. Este propusa o
metoda de evaluare a eficientei energetice a schemelor alternative de alimentare cu caldurd eleborate.
Implementarea metodei este prezentatd pe un exemplu specific si se confirma eficienta incélzirii alternative pentru
consumatori. Importata rezultatelor obtinute este de a fundamenta conditiile in care este recomandabil sd se
utilizeze schemele cu un etaj si doud etaje a pompelor de caldura cu utilizarea apelor subterane din regiunile sud-
estice ale Europei. Cele mai semnificative rezultate sunt recomandari pentru imbunétatirea eficientei sistemelor cu
pompe de cdldura pe baza apelor subterane pentru alimentarea cu cdldura a consumatorilor din regiunile sud-estice
ale Europei. Rezultatele analizei pot fi utilizate pentru a proiecta retele de caldura bazate pe pompe de caldura care
utilizeaza energie cu potential termic redus a apelor subterane.

Cuvinte-cheie: economie de energie, eficientd, raport de transformare, pompad de caldura, apa subterana,
schimbator de cadldura intermediar, subracitor, energie primara.

© Jlenucosa A., Kimumuyk A.,
HBanoga JI., XKaitopon O., 2020
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JHeprernyeckas 3P(PeKTHBHOCTH TEMJOHACOCHBIX YCTAHOBOK
Ha §a3e rpyHToBBIX BoA 1715 FOro-BocTtounsix pernonos EBponsi
Jenucona A. E., Knumuyk A A., UBanoBa JI. B, JKaiisopon O. C.
Opecckuii HATMOHANBHBIA OJTUTEXHUICCKAN YHUBEPCUTET
Opnecca, YkpanHa

Annomayusa. B cTatbe pacCMOTPEHBI IITH M METO/IbI TIOBBIIEHHS 3()(hEeKTHBHOCTH PabOTHI OAHOCTYIEHYATHIX U
JBYXCTYNEHYATHIX CXEM TEIIOHACOCHBIX YCTAaHOBOK IJIsl LEJIeil OTOIUICHWS, OCHOBAaHHBIE Ha IPHUHIMIAX
sHeprocoepexkerns. OCHOBHOH LENbI0 UCCIENOBAHUS SBIACTCS aHAIN3 CIOCOOOB MOBHIMICHHS Y((PEKTHBHOCTH
IPTEPHATHBHBIX HU3KOMOTEHINAIBHBIX TEIUIOHACOCHBIX YCTAHOBOK Ha 0a3e TPYHTOBBIX BOJl, KOTOpbIE
COOTBETCTBYIOT TPeOOBaHMSAM DHEProcOeperaroImx TEeXHOJNOrHH. [l JOCTM)KEHHs MOCTAaBICHHOM Ienu
UCCieI0BaHus OB NMPOBEJICH CPaBHUTENIBHBIN aHamu3 d(Q(GEKTUBHOCTH Pa3IMYHBIX CXEM TEIUIOBBIX HACOCHBIX
CHCTeM TeTIocHa0XeHus At motpedureneit FOro-Bocrounsix pernonos EBpomnbl. Pazpaboran anroputm pacuera
IBTEPHATHBHBIX CHUCTEM TEIUIOCHA0XKEHHsI MOTpeOUTENIel ¢ y4eToM KIMMaTHueckux ycioBuil. [Ipeanoxkena
METOJIMKA OLEHKH SHEProd((HeKTUBHOCTH MPEATI0KEHHBIX aJbTEPHATUBHBIX CXEM TEeIIOCHAa0XeHus1. Peanmzarus
METO/1a TI0Ka3aHa Ha KOHKPETHOM IIPUMEPE M MOATBEpKAeHa 3((GEKTUBHOCTD AIbTEPHATHBHOIO OTOIICHUS JUIS
notpeduTeneit. [IpoBeIeHO YHUCICHHOE MOAEINPOBAHUE TETIOBBIX MPOIIECCOB B 3JIEMEHTAX OJAHOCTYNEHYATON U
JIBYXCTYNEHYAaTOH TEIIOHACOCHOH YCTaHOBKH, Ko3(duiueHToB mnpeobpa3oBaHMs TEMIOTH, MOIIHOCTH,
MOTpeOIIEMON 3NMEeKTPONPHUBOIOM Kommpeccopa. OmpezeneHsl yAeNbHBIE 3aTpaThl NEPBUYHONH JHEPTHH U
MPOBEICHO YHCICHHOE MOJICINPOBAHUE TApaMETPOB IIMKJIOB IS IPEII0KEHHBIX CXEMHBIX pemeHunil. [Ipusenen
aHaJIM3 PE3YNITaTOB YHCICHHOTO MOACINPOBAHIS TEIIOBBIX IIPOIIECCOB B 3JIEMEHTAX TEINIOHACOCHON YCTAHOBKH.
OO00CHOBaHbI palMOHAJBHBIE CXEMAaTHYECKUE W KOHCTPYKTHUBHBIC PEIICHHS M PEKUMBI PabOTHl CHUCTEMBI,
OGCCHG‘II/IBaIOHII/Ie MOBBIIICHUC 3(b(1)eKTI/IBHOCTI/I aHbTepHaTHBHOﬁ CUCTEMbI OTOIUICHUA [UJIA PasiINnYHbIX
KIIMMAaTHYCCKHUX yCHOBHﬁ. OHpeZLeJ'ICHI)I OCHOBHBIC IYTU NOBBIMICHUSA 3(b(1)eKTI/IBHOCTI/I HU3KOIIOTCHIIUAJIBbHBIX
CHCTEM OTOIUICHHMS 3a CUeT MWCIIOJIb30BaHUs TEIUIOBBIX HACOCOB Ha 0a3e TPYHTOBBIX BoJ. Pa3zpaboTaHbl
PEKOMEHAAIMU TTO MPAKTUYECKOMY HCIIOJb30BaHUIO aHbTepHaTHBHOﬁ CHUCTCMbI OTOIIZICHUA B 3aBUCHMOCTH OT
TEeMITepaTypbl HAPY )KHOTO BO3yXa. 3HAYUMOCTD HOIyYCHHBIX PE3yIbTaTOB COCTONT 0OOCHOBAaHHUM YCIIOBUIl, U
koTopeix B IOro-BocTtounsix permonax EBpomber 1menecooOpa3HO HCIONB30BaTh OJHOCTYIICHUYATHIE H
IByxcTyneH4atsle cxembl THY Ha rpyHTOBBIX Bojzax. Hambonee 3HaUMMBIMH pe3yJIbTaTaMH  SBISIOTCS
PEKOMEHAAINH 110 TIOBBIMECHNS 3P(PEKTUBHOCTH pabOTHI TEIJIOHACOCHBIX CHCTEM Ha TPYHTOBBIX BOJAX I
TermocHaOeHns: norpedureneii B lOro-Bocrounsix pernonax EBponbl. PesymbraTsl aHammsa MOryT OBITh
WCIIONIB30BaHbl AJsI TPOEKTHPOBAHMS TEIJIOBBIX CeTe Ha 0a3e TEIUIOBBIX HACOCOB, HCIIOIB3YIOMINX
HU3KOIMMOTCHIUAJIbHYIO OHEPIUI0 I'PYHTOBBIX BO.

Knrouesvie cnosa: s>ueprocoepexenue, 3PpPeKTHBHOCTh, KOIPPHUIUEHT TpaHCHOpMAIUK, TEIIOBOM HAcoc,
TPYHTOBBIE BOABI, IPOMEKYTOUHBIN TEIIIO0OMEHHHUK, IIEPEOXIIaAUTEINh, IEPBUYHAS SHEPTHUSL.

I. INTRODUCTION cycle, the electrical energy is consumed for tran-
sition of the heat from a low-potential primary en-
Heat supply based on heat pumps (HP) is re-  ergy resource to the consumer at a high-potential
ferring to the problems of the energy saving tech-  level. Moreover, simultaneously, the thermal and
nologies and is found to be applied more exten-  power properties of the electrical energy are real-
sively nowadays. One way to improve the energy  ized, due to which saving of traditional primary
supply systems is the problem solution of transi-  resources is reached [4].
tion to the low-temperature heating systems based The aim of the study is to improve the effi-
on the heat pump installations (HPI). This signif-  ciency of the heat pump installations (HPI) based
icantly expands the resources of the heat supply  on the subsoil waters [5] for heating purposes at
systems, making them less dependable on the use  temperature of the ambient air of to=—18...8 °C
of the traditional primary energy resources (PER),  typical for the consumers of the South-East re-
which is of high priority in conditions of the re-  gions of Europe.
sources exhaustibility and their increasing cost [1, At present, the problem of energy saving can
2]. The use of the energy saving tools is crucial ~ be solved both by the thermal losses reduction and
for the innovation technical solutions aimed to  assimilation of the innovation technologies of
improve the quality, reliability and economical ef-  generating, distribution, regulation and consump-
ficiency of the systems of the alternative heat gen-  tion of the heat. One most efficient technology of
eration. For instance, the HPI application allows  the energy saving is the utilization of the heat
the use of the low-potential heat of the subsoil wa-  pumps (HP), due to their possibility to use a re-
ters, which is not of a real value for its direct use ~ newable energy for the alternative heat supply
in the heat supply systems [3]. In the heat pump  [6—11]. However, the works presented in litera-
ture, which describe the peculiarities of the use of
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the heating tools for the low-temperature water
heating, ventilation and heat water supply, are in-
sufficient [12—16]. The foreign researches [17—
20], lack the methods, which would describe the
alternative HPI and conditions of their practical
application in the heat supplying systems with dif-
ferent heating units for the environmental condi-
tions of the South-Eastern Europe. In [21, 22], the
effect on the replacement rate by the scheme-con-
struction solutions and operational modes of the
alternative heat-supply system is not considered.
Therefore, the issue of conditions of the efficient
use of the heat pump technologies needs a system-
atic approach.

Our work differs from those western papers
presented earlier in that this article analyzes the
efficiencies of various schemes of single-step and
multi-step HPIs using a low-potential heat sources
of subsoil waters for the heating systems with dif-
ferent heat supply units, which ensure the maxi-
mum replacement of the thermal load. This makes
it possible to perform a rational choice of the con-
ditions for the efficient operation of the heating
system in winter period at the outside temperature
of to=-18...8°C typical for the South-Eastern Eu-
rope. This reduces the consumption of the hydro-
carbon fuel in the structure of the heat balance of
the regions and ensures the substantial energy
saving and ecological effects in addition to those
economical.

The attention payed by the foreign works

[23—25] is insufficient, concerning the
justification of the choice of the scheme-
construction solutions in the alternative system of
the heat supply, taking into account the effect of
the basic elements of the system and the modes of
its operation on the HPI replacing possibilities on
the subsoil waters.
This work is aimed at the analysis of the energy
efficiency of the HPI different schematic solu-
tions with the low-potential heat sources in the
form of the subsoil waters for the heating systems
using different heating units (radiators and a
warm floor), which operate at the temperature of
the outside air of to = — 16...8 °C, typical for the
South-Eastern Europe.

Il. EXPERIMENTAL

The development of the main heat schemes of the
heat pump installations based on the subsoil wa-
ters is performed using the common methods of
analysis and generalization. The rational HPI
schemes for the purposes of the thermal supply for
the consumers of the South-Eastern Europe are
shown in Figs. 1—3 [26].
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The scheme of the installation of the alternative
heat supply using the low potential subsoil water
energy (Fig. 1) suggests the presence of the intake
well 1, equipped with a feed pump 3, which sup-
plies subsoil water into the evaporator HP 4,
where the heat is delivered to the cooling agent,
and then returns the subsoil water to the intake
well 2. In the evaporator, the HP working fluid
boils. The vapor formed in the evaporator, is ab-
sorbed by compressor 5; the vapor is compressed,
and temperature and pressure of the cooling agent
are increased. Then, the cooling agent enters the
HP condenser 6 that is cooled with water, the lat-
ter becomes a high potential source of heat for the
heating system 9, equipped by circulator 8. After
the vapor heat transmission, the cooling agent is
condensed, and in the liquid state it moves to ex-
pansion valve 7, where its temperature and pres-
sure drop, then it returns into the evaporator.
Figure 2 shows the HPI scheme with additional
intermediate heat exchanger 10, in which super-
cooling of the liquid cooling agent is combined
with a superheating of its vapor, which allows the
hot cooling agent after the condenser to heat the
cool cooling agent after the evaporator. This in-
creases the efficiency of operation of the present
installation due to the temperature increase in the
cooling agent at the compressor inlet.

Figure 3 shows the HPI scheme with heat ex-
changer-supercooler 11, which serves as the addi-
tional cooler for the high potential heat source.

The estimation of the replacing possibilities of
the HPI schemes under study (Figs 1—3) takes
place at a temperature of the outside air in winter
period of t, = —18 °C, which is typical for the
environmental conditions of the South-Eastern
Europe.

The low potential HPI source of energy is the
subsoil water in the temperature range of t,;; =
4..12°C.

The estimation of the efficiency of the HPI
application using the subsoil waters is performed
using the method for the mathematic modeling of
the HPI cycle with the use of the fundamental
equations of thermodynamics, applying common
dependences and expressions.

The CoolPack program was used during
realization of the mathematic model of the heat
pump cycle. For the analysis of the results of the
energy efficiency modeling indices of the HPI
schemes under consideration, the methods of [27]
were used, applying the CoolPack program in p,
h-diagram at the environment temperature of to =
—6°C (Fig. 4).
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1- intake well; 2— absorption well; 3— feed pump; 4 — evaporator; 5 — compressor; 6 — capacitor; 7 —throttle; 8
— circulation pump; 9 — heating system
Fig. 1. Scheme of HPP based on groundwater.
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1- intake well; 2— absorption well; 3— feed pump; 4 — evaporator; 5 — compressor; 6 — capacitor; 7 —throttle;
8 — circulation pump; 9 — heating system; 10 — intermediate heat exchanger
Fig. 2. Scheme of HPI based on groundwater with intermediate heat exchanger.
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1- intake well; 2— absorption well; 3— feed pump; 4 — evaporator; 5 — compressor; 6 — capacitor; 7 —throttle;
8 — circulation pump; 9 — heating system; 10 — intermediate heat exchanger; 11 — heat exchanger-supercooler

Fig. 3. Scheme of HPI based on groundwater with intermediate heat exchanger and subcooler

3%

10.0] g%%
5.0 ; ~\‘_
vy =i

20 i ’%gﬂ i ,,‘
;{/% -’gr’ lz 2
VAl 7 acrzrs

: g =
: %?"‘a —_——
éfi’ Afﬁ'ﬁr‘ LA
/ +7 4
A

40

O - HPI (Fig. 1); A — HPI (Fig. 2); ¢ — HPI (Fig. 3);
la — parameters of the refrigerant at the compressor inlet (Figs. 2, 3); 2a — parameters of the refrigerant at the
compressor outlet (Figs. 2, 3); 3a — after the condenser (Fig. 2); 3b — at the inlet to the intermediate heat ex-
changer (Fig. 3); 4 — parameters of the refrigerant at the inlet to the evaporator
Puc. 4. Cycles of different schemes of HPI based on ground energy (for R134a freon).

I11. PE3YJIBTATBI HCCIIEAOBAHUSA

Let us use the methods of the heat pump cycle
calculation [26] to analyze the energy efficiency
of the application of the HPI three schemes under
study (Figs. 1—3) for the South-Eastern Europe
in winter period (t, =—18°C) .

Freon evaporation temperature t,, which can be

used to determine enthalpy h, and pressure P, of
freon after the evaporator:
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t, =t,—At,

M)

where t, is the temperature of the low-potential

heat source, °C; and At, is the temperature
difference at the outlet from the evaporator, K.
Temperature of freon condensationt,, which can
be used to determine enthalpy h,; and pressure P,
of freon after the condenser is as follows:
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t =t, —At, (2
where t, is the temperature of the high-potential
heat source at the outlet from the evaporator, °C;
and At — mepeman TemmepaTyp Ha BBIXOJE U3

KoHeHcaTopa, K.
Adiabatic efficiency coefficient of the compressor
is the following:

17, =0,98(273+1,)/(273+t.), (3
wheret, is the temperature of the outside air, °C.
Freon enthalpy after the compressor is as follows:
h=h+(h,-h)/m. @
where h,, is the freon enthalpy after the process

of the adiabatic compression, kJ/kg.
The condenser specific heat load is the following:

q, =h,—h,, kikg. (5)
The HPI specific heat load is:
Oy =Ny, kI/Kg. (6)

The work of compression in the compressor is as
follows:

|, =h,—h,, ki/kg. @)

The specific energy, which is consumed by the
electric motor is the following:

W =1/ (e 77, ), KIkg,  (8)

where 77,., is the electromechanical coefficient

of efficiency of the compressor; and 77, — KI1/J

SJICKTPOABUTATCIIA.
Coefficient of heat performance is:

M= th /Ik (9)
Compression coefficient in the compressor is:
=R /P, (10)

Mass flow of freon:
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G; =Q,, /dy,, kals, (11)

where Q, is the HPI heat load, kW.

Electrical energy consumption for the compressor
drive:

N=W.G;, kw. (12)
Specific consumption of the primary energy:
PER =1/ (77em Mo " Tleu " Mper - ﬂ), (13)

where 7, is the installation coefficient of efficiency;
and 77, is the coefficient of efficiency of the

electrical energy supply system.
For the HPI schemes (Figs. 2—4), the cooling agent

temperature at the inlet into compressor 1, :

t, =t —At,, (14)
where At is the temperature of the vapor superheat

in the intercooler.
Cooling agent enthalpy after the compressor:

hzzhla+(h2a_h1a)/77a' (15)
The cooling agent enthalpy at the inlet into the
intercooler (Figs. 3, 4):

h3b=h3_(h1a_hl)' (16)
The work of compression in the compressor:
|k = h2 - hla , kJrkg. a7

For the HPI scheme (Fig. 3), the cooling agent
temperature after the condenser:

Chs -t +C, (At +1,,)

,  (18)

t
3a /
Cps +C,

where c:)3 is the freon heat capacity after the

condenser, kl/(kg-K); C, is the heat capacity of

water, kd/(kg-K); t,, is the temperature of the

high-potential source of heat at the inlet into the
evaporator.
The specific heat load of the super cooler



PROBLEMELE ENERGETICII REGIONALE 4 (48) 2020

Gpo =My —hg, KiK. (19) .
510{ 2= kW
The HPI specific heat load: 460 '-"‘H\\
=q, —(,, , kik 20 410- ™~
Unp =0 —Ypo > g. (20) : \
360 N\
To calculate the energy efficiency of the HPI schemes 310 N .
(Figs. 1—3) the following basic data were used: 260 \"U".("
t., =20°C is the temperature of the low-potential -20-16 -11 -6 -1 4 8
source of heat at the inlet of the HPI evaporator; t,p — heat load of HPI; t; — outdoor temperature
t , =10°C is the temperature of the low potential Fig. 6. Changing of heat load of the system.

source of heat at the outlet of the HPI evaporator;
At = At, = At , =5K s the difference in temper- 6
atures at the outlet from the heat exchanges;

i
//

At =20 K is the temperature of the vapor superheat 3 /
in the intercooler; 4 //
=0,85 is the electric motor coefficient of effi-
7.79 3 2 //
ciency; 3 -
R 0
Ny =0,95 is the compressor electromechanical —~ 2| L= fo,°C

20 -16 -11 -6 -1 4 8
1- HPI (Fig. 1); 2 — HPI (Fig. 2); 3 — HPI (Fig. 3)
Thre = 0,4 is the thermal power plant coefficient of Fig. 7. Changing of coefficient of performance of
efficiency; heat.

Moer = 0,95 is the energy supply systems coefficient

coefficient of efficiency;

of efficiency.
Figures 5, 6 show the graphs of temperature change of

the high potential source of heat at the inlet t,; and

outlet th of the heating system and the graphs of

\
change in the HPI heat load, correspondingly. For a 65 \\ 5%
50-floor building with 60 apartments, with the outside ) \

55

air temperature change in the range of o~ \\
t, =—18...8°C, using sectional heating appliances 45 - : : \

W, kBT
75—
-

0
(radiators), the heat load of the heat supply is 35 ‘ ‘ §rnfc
Q,, =502 kw. 200 <16 -l -6 -1 4 8
P 1- HPI (Fig. 1); 2 — HPI (Fig. 2); 3 — HPI (Fig. 3)
Fig. 8. Changing of specific energy for drive of
tw,”C compressor of HPI.
TS
65 \%\1 14 bt \,1 | |
! 13 a \ |
55 N S 1 e NN
S~ RN
45 11 SN
) - 10 NN
35 ‘ fg( - ‘\ \\
-20 -16 -11 -6 -1 4 8 0:8 | \:\
t,,— inlet temperature; {, — outlet temperature; 06 | \
to — outdoor temperature 0.5 \ LN
Fig. 5. Changing of the temperature of the high- =20 -16 -11 -6 -1 4 8
potential heat source in inlet and outlet of the
heating system. 1- HPI (Fig. 1); 2 — HPI (Fig. 2); 3 — HPI (Fig. 3)
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Fig. 9. Changing of specific consumption of the
primary energy.

In order to determine the advisability of a two-
stage HPI on the subsoil waters for the consumers
of the South-Eastern Europe we shall analyze the
conditions of its application for the efficiency in-
crease in the system of the alternative heat supply.

In a two-stage heat pump installation (Fig.10),
the water from the heating system 9 is supplied by
pump 8 for heating into the HP condensers (6, 7)
mounted in series along the system water. In the
HP condensers there are two separate zones for
cooling the superheated vapor and condensation.
The counterflow scheme of motion of the working
carrier of the cycle and the heating water, in-
creases the water temperature at the condenser
outlet and decreases the energy losses. In conden-
ser 7 of the first stage, the water is heated from

temperature t,, to certain intermediate tempera-

ture tpr. After that, the water moves to condenser 6
of the second stage, where it is heated to temperature
t,,- The low potential heat of the subsoil waters is
transferred to the evaporator 3 to the boiling HP work-
ing medium, whose vapors at a pressure of P0 move
into compressor 1 of the low stage, where they are
compressed up to Ppr , after which, the waters are di-
vided into two flows. The first flow shifts into conden-
ser 7, where it is condensed in the process of the heat
delivery to the heated water. The second flow travels

to compressor 2 of the upper stage, where it is com-
pressed up to P, pressure and then it moves into con-
denser 6, where the water is heated up to temperature
from t, to t,,. Afterthat, the condensate of the work-
ing media via throttle valve 5 moves to condenser 7,
and a total condensate flow shifts to evaporator 3 from
condenser 7 via throttle valve 4.

Let us use methods of [26] to evaluate the possibilities
of covering the heat load of heating by the two-stage
HPI based on the subsoil waters, whose temperature is

t,=4.12°C , with temperature of the outside air

t,=—18°C typical to the South-Eastern Europe
winter season.

The intermediate pressure of compression is as follows:

P, =(R-R)”. (21)
During the calculation of the two-stage HPI (Fig.
6), the freon consumption in the circuits of low G

f.low

and high G; ,;, pressure is determined from the en-
ergy balance:
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Gf.low(h4 _hg) =Gf.high (h4 _hs)v (22)

where h,,h;,h, is the enthalpy at the working points
(4, 8, 9) of the HP cycle, ki/kg.

The ratio of the working media consumption in the cir-
cuit of low pressure G to the consumption in the

f.low

circuit of high pressure Gy, is:

G

2 () (b, —) =1/ (1+5). (23)

where & is the share of freon vapors from the
condenser of the first stage with regard to the vapors of
the first stage of the compressor.

The enthalpy of freon vapors that shift to the second
stage of the high pressure compressor is as follows:

h, =(h, +3-h,)/(1+38), kilkg,  (24)

where h2 is the enthalpy of Freon after the first stage

of the compressor, kJ/kg.
The freon consumption in the high circuit pressure is:

G high = Qup /(h5 + h7), kgls (25)

where h5 is the enthalpy of freon after the second

stage of the compressor, kJ/kg. Freon consumption
in the low pressure circuit is:
G

=G g / (1+6), kals (26)

f.low

The consumption of the mechanic energy for the
drive of the compressor of two stages, kW:

N, :GfAhigh (hs _h3)+Gf.Iow(h2 _h1) (27)

The electric energy consumption for the
compressor drive is:
N=N, /7, KW (28)
The coefficient of heat performance:
#=Q, /N. (29)

The research of the energy efficiency for the use
of the HPI two-stage schemes is performed for the
cycles with the application of ecologically safe
R134a, R152a, R290 freon.
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The calculation cycle of the HPI two-stage
scheme is built in p, h-diagram for the working
medium R152a and environmental temperature of
to = — 6 °C using the CoolPack program [26].

For the analysis of the energy efficiency of the
application for the consumers of the South-
Eastern Europe of the schemes under
consideration of the single-stage HPI (Figs. 1—3)
and the two-stage HPI (Fig. 10), at other
conditions being equal, the following results were
obtained (Table 1, Figs. 5, 6).

The calculation results listed in Table 1 show that
using the two-stage HPI reduces the consumption
of the electric energy for the compressors’ drive
and the coefficient of heat performance increases.
Therefore, the use of the two-stage HPI allows in-
creasing the amount of the generated heat at a sim-
ilar consumption of the electric energy compared
to the single-stage HPI.

<3
~t

<

L

4

1, 2 — compressor of the first and second stages, respectively; 3 — evaporator; 4, 5 — throttle valve; 6, 7 —
capacitor of the second and first stages, respectively; 8 — pump; 9 — heating system
Fig. 10. Scheme of two-stage HPI.
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1 — parameters of the refrigerant at the inlet to the compressor of the first stage; 2 — parameters of the
refrigerant at the outlet of compressor of the second stage; 3 — parameters of the refrigerant at the inlet to
evaporator; 4, 5 — parameters of the refrigerant after throttle valves, respectively; 6, 7 — parameters of the

refrigerant after condensers of the second and first stages, respectively; 10 — parameters of the refrigerant at the

inlet to the evaporator
Fig. 11. Cycle of two-stage HPI based on ground energy (freon R152a).
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Table 1.

HPI indices of energy efficiency

o Electric energy consumption for the Coefficient of heat performance
ty, C compressor drive, N, kw U
Single-stage Two-stage Single-stage Two-stage
10 2212 174,7 2,4 2,8
14 208,7 168,9 2,5 2,9
18 195,7 155,4 2,7 3,3
22 183,2 1494 2,9 34
26 170,7 137,1 31 3,7

IV. RESULTS AND DISCUSSION

The analysis of the energy efficiency of the
application of the HPI schemes under study for
the South-Eastern Europe during the winter
period of the year, shows that the heat pump
heating system (Fig. 1) is advisable to be used,
when the subsoil water temperature is t, =20°C

at the inlet to the evaporator in the south regions
of Europe, where temperature of the outside air is
up to t, =-5,5°C. The heat supply systems with

the intermediate heat exchanger (Fig. 2) is
recommended to be also used in the south regions
of Europe at the outside air temperatures lower
than t, =—6,5°C. The heat supply systems with an

additional supercooler is suggested to be applied
in the South-Eastern Europe at the outside air

temperatures no lower than t, =-10°C .

The analysis of the calculation results of the
energy efficiency of the alternative systems of
heat supply show that the less the temperature
difference between the low potential heat source
and that of high potential, the more efficient the
HPI.

From the viewpoint of energy, the heat supply
using HPI is more profitable compared to burning
the nature fuel used for the electricity production
provided that the specific consumption of the
primary energy is PER<1.

The analysis of the dependences shows that the
higher the environmental temperature, the less the
requirements for temperature the heat carrier
supplied to the heating system. This results in an
increase in temperature difference of the low
potential source of heat of the subsoil waters and
high potential source heat of the heating system.
With an increase in the outside air temperature,
the specific energy W consumed by the electric
motor is decreased intensively, which attests to a

decrease in the work of compression |, of the
compressor, while the coefficient of heat
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performance x grows, which allows us to infer a
more efficient operation of the system.

V. CONCLUSIONS
The study performed allowed us to establish
the validity of the use of the HPI single-stage
schemes for the South-Eastern regions of Europe
at the temperatures of the environmental air up to
t, =—-10°C . At other conditions being equal, the

most perspective is the system of the HPI heat
supply with an intermediate heat exchanger and
additional super cooler, which is supported by
such main indices of the energy efficiency as the
specific energy that is consumed by the electric
motor, coefficient of heat performance and
specific consumption of primary energy.

In the Eastern regions of Europe with a more
severe climate at the outside air temperatures
lower than t, =-10°C, it is advisable to use as a

low potential source of heat the subsoil waters in
the temperature range of higher than 20 °C.

If in the heat pump systems, the temperature range
between the low potential source of heat and the
heat carrier of the heat supply system is fairly high,
the heating load cannot be ensured entirely. In this
case, it is reasonable to apply the two-stage HPI
based on the subsoil waters, in which due to a
lesser consumption of the electric energy for the
compressor drive, it is possible to increase the
coefficient of heat performance. The application
of the two-stage HPI allows a greater heat amount
to be generated for the heat supply system at the
same level of the electric energy consumption.

It is particularly urgent at a maximum heating
load in a winter period, when the environmental
temperature is the lowest. The two-stage HPI
make it possible to decrease the annual average
consumption of the energy, which is the
advantage compared to the single-stage HPI.
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Thermal Four-Pole for Inclusion of Heat Pumps into the
Heat Supply System with the CHP

1Sit M.L., YJuravleov A.A., ?Patsiuk V.1., ‘Timchenko D.V.,
3Chernishov P.S., “Lomovtsev P.B.
YInstitute of Power Engineering of Moldova, Kishinau, Republic of Moldova
’Moldovan State University, Kishinau, Republic of Moldova
3Baltic State Technical University VOENMEH, Saint Petersburg, Russian Federation
*Odessa National Academy of Food Technologies, Odessa, Ukraine

Abstract. The work deals with district heating systems based on cogeneration plants and the use of
carbon dioxide heat pumps in them. Heat pumps are used in heating systems of buildings and use the
heat of outdoor air as a source of low potential heat and, at the same time, the heat of return network
water. The aim of the study is to develop the structure of a heat four-pole (HFP) for fitting of heat
pumps with district heating system, determine the parameters of a heat exchanger with a variable
surface area of the heat exchange installed in the return water line, and analyze one of the schemes of
the HFP. The goal to be sought is achieved by solving the following tasks: development of
requirements and justification of the HFP scheme, justification of it’s parameters. The most significant
results are developed models of statics and dynamics of heat exchanger in HPF, means of the
integration of carbon dioxide heat pumps into heat networks with high temperature schedules. The
significance of the results obtained consists in deriving dependencies between the temperature
schedule of heating system and HFP parameters, which can be used in the practice of designing a
district heating systems with heat pumps. As a result of calculations, equations were obtained for the
describing of the relationship between the area of the heat exchanger installed in the return water line,
temperature drops at the ends of the heat exchanger, heat power of the heat exchanger.

Keywords: heat exchanger, variable heat transfer surface, control system, mathematic model, heat
pump.
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Cuadripol termic pentru includerea pompelor de cilduri in sistemul de alimentare cu caldura de la CET
I1Sit M.L., YJuravliov A.A., Timcenko D.V., *Cernisov P.S., “Lomovtev P.B.
Unstitutul de Energeticd, Chisindu, Republica Moldova
Universitatea de Stat din Moldova, Chisindu, Republica Moldova
SUniversitatea Baltica Tehnica de Stat ,, VOENMEH”, Sankt Petersburg, Federatia Rusa
4Academia Nationala de Tehnologii Alimentare din Odesa, Odesa, Ucraina

Rezumat. In lucrarea se studieze sistemele de incilzire urband bazate pe CET si utilizarii pompelor de caldura pe
dioxid de carbon. Pompele de cildura sunt utilizate in sistemele de alimentare cu caldura ale cladirilor si folosesc
caldura aerului exterior ca sursid de caldura de potential termic scazut (PTS) si, in acelasi timp, caldura apei din
reteaua de retur (RR). Scopul studiului este de a dezvolta structura unei cvadripol termic cu patru porturi
(CTPP), de a determina parametrii unui schimbator de cildura cu o suprafatd variabila de schimb de céaldura
instalat in linia RR. Acest obiectiv este atins prin rezolvarea urmatoarelor sarcini: dezvoltarea cerintelor si
justificarea schemei CTPP, justificarea parametrilor CTPP. Cele mai semnificative rezultate sunt modele de
staticd si dinamicd HE, care fac posibila construirea pompelor de caldura cu dioxid de carbon in retelele de
incalzire cu un grafic de reglare de regimului termic cu temperatura ridicata. Semnificatia rezultatelor obtinute
constd in obtinerea dependentelor dintre graficul de temperaturd al RR si parametrii CTPP, care pot fi utilizati in
practica. In rezultatele calculelor, s-au obtinut ecuatii pentru relatia dintre aria schimbatorului de calduri instalat
in conducta de retur, scaderea temperaturii la capetele schimbatorului de caldura in functie de graficul de
temperaturd, puterea de caldura transferata de schimbatorul de céldura (TO) catre evaporatorul pompei de
caldura cu dioxid de carbon sub modurile de functionare specificate ale evaporatorului, in functie de graficul
temperaturii.

Cuvinte-cheie: pompa de caldura, schimbator de céldura, suprafatd variabila a schimbului de céldura, sistem de
control, model matematic.
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TenJioBoii 4eThIPEXMOJI0CHHK VISl BKJIIOYEHHUS TEMJIOBBIX HACOCOB B COCTAB CHCTEMBI
TemaocHa0xeHust Ha 6aze TOI]
TInr MLJL., *XKypasies A.A., 2Ilamok B.A., 'Tumuenko J.B., *Yepusimos I1.C., “JTomosues ILB.
Mucturyt sHepretuku Mongossl, Kumunes, Pecriy6iuka Mosgosa
2Kumunesckuii Cocynapcreennslii Yuusepcuret, Kumunes, Pecny6iuka Monnosa
SBanTuiickuil rocynapcTBeHHbli Texuudeckuil yausepcuretr «BOEHMEX», Cankr-TletepOypr, Poccuiickas
Denepanust
4Onecckas HanmonaneHas AkageMus MUIIEBBIX TexHoornii, Onecca, YkpaunHa

Annomayun. PaboTa TmOCBfIIEHA CHUCTEMaM LEHTPAJIM30BAaHHOTO TeIJIocHaOkeHust Ha ©Oaze TOLl wu
UCIIOJIb30BaHHEM B HHMX TEIJIOBBIX HAacOCOB Ha JAMOKCHJE YTIiepoAa. TeIuIoBble HACOCHI UCIONb30BaHBI B
cHCTeMaxX TEIUIOCHAOXKEHUS 3/laHMH M HCIIONB3YIOT B KayeCTBE MCTOYHHMKA HHM3KOTOTEHIMAIBHOW TEIUIOTHI
(HIIT) TemsoTy Hapy»KHOTO BO3/1yXa, W, OJHOBPEMEHHO, TeIUIOTy oOpatHOi cereBoil Boabl (OCB). Llenbio
UCCIIeIOBaHUs sIBIIieTCA pa3paboTka CTPYKTYphl TemioBoro uerslpexnontocHuka (TUII), ompenenenue
rapaMeTpoB TEIUIOOOMEHHUKA C EPEMEHHOI IUIOIIaIbI0 IOBEPXHOCTH TEIUIOOOMEHA, YCTaHOBJICHHOTO B JIMHUH
OCB. IlocTaBneHHas 1eTb TOCTUTAETCS ITOCPEACTBOM PEIICHHUS CIEAYIOMNX 3a7ad: pa3paboTka TpeOoBaHUI U
obocHoBanme cxembl TUIl, oGocHoBanme mapamerpoB TUIl. Hambonee cymiecTBEeHHBIMH pe3yiabTaTaMU
ABIISTIIOTCST THApaBimdeckas cxema TUII, momenu cratnku u nuHamuku TO c IIIITO, koTOpble MO3BOJSIOT
BCTpanBaTh TEIJIOBBIC HACOCHI HAa JJMOKCHIE YIJIEPO/ia B TEINIOBBIE CETH C BEICOKMM TEMIIEpaTypHBIM IpadukoM.
3HAaUNMOCTh TIOJYYEHHBIX PpE3YIbTaTOB COCTOMT B MOJIYYCHHH 3aBUCHMOCTEH MEXIy TEMIIEpaTypHBIM
rpadukom CO u mapamerpamu TUII, koTopeie MOTYT OBITH MCIIONB30BaHBI B pakTHKe mpoektupoBanms CLT c
THY. B pesynbTare pacucTOB MMOJYYCHBI YPaBHECHHS B3aWMOCBS3M MEXKAY IUTONIAIbI0 TEIUIOOOMECHHUKA,
YCTaHOBIICHHOTO B JIMHMK OOPaTHOW CETEBOW BOJbI CETH TEIUIOCHAOKEHUS, MIepenaiaMi TeMIIepaTyp Ha KOHIAax
TEIJIOOOMEHHMKa B 3aBHCUMOCTH OT TEMIIEpaTypHOro rpaduka, TEIJIOBOW MOIIHOCTBIO, IE€peaaBacMoil
terooomMeHHukoM (TO) ucmapuTesro TEIUIOBOrO Hacoca Ha JMOKCHAE YIJepoAa NpH 33JaHHBIX PEeKUMax
paboThl HCTapuTeds B 3aBHCUMOCTH OT TeMIieparypHoro rpaduka. B pesynbraTe pemieHus ypaBHEHUit
JVUHAMHMKH TPSIMOTOYHOTO M MPOTHBOTOYHOI'O TEINIOOOMEHHHMKOB IIPU CKAYKOOOpa3sHOM M3MEHEHMH IUIOLIAIH
MOBEPXHOCTH TEIIIOOOMEHA Yy KOXKYyXOTpyOHOT0 TeII000MEHHHKA MOIy4YeH BUA nepenarounbix pyHkmid TO no
KaHajlaM TeMIIepaTypsl HarpeBacMoi BOJBI Ha BBEIXOJE M BXOJE — M3MEHEHHE IUIONMAIN TEeIIooOMeHa.
YCTaHOBIIEHO, YTO TEMIOOOMEHHMK, KaK OOBEKT YIIPaBICHHWS TEMIICpaTypod Ha BBIXOJE B 3aBUCHMOCTH OT
M3MEHEHHMS TUIOIAAN TIOBEPXHOCTH TEIUNIOOOMEHA ONHCHIBAETCSl HEJIMHEHHON MOoIeblo Tuia Bunepa.
Kniwouegvle cnoea. TennooOMEHHHK, INEpEeMEHHas IJIOMAAb ITOBEPXHOCTH TEIUIOOOMEHA, MaTeMaTHYecKas
MO/I€JIb, TETIJIOBOM HACOC.

BBEJIEHUE TeMIlepaTypa TEIIOHOCUTENs Ha BXOAE B
WCHapuTeNb  JIOJDKHa  OBITh  BBIIIE, YEM
B pabore paccmarpuBaercs y3en  CBA3U
TeMmIeparypa KHUIIEHUS XJIaJlareHTa B

ucrnapurens OWBAJICHTHOTO TEIUIOBOTO Hacoca
(ucronp3yromero HHU3KOMOTEHIHATIBHYIO
TEIJIOTy OT JBYX pa3HBIX THUIIOB HCTOYHUKOB
TEIJIOThl), Ha guokcuae yriepoma (CO2) c
TPYOOIIPOBOJIOM OOpPaTHOW CETEBOH CHUCTEMBI
TerocHaOxeHus. M3BecTHO, 4YTO Temieparypa
oOpatHoii cereBoif Boabl (OCB) 3aBucHT OT
MHOTHX (aKTOpOB, TaKMX KaK TeMmIeparypa H
pacxo]i ceTeBOil BOIBI, PEXUM PEryIHMpPOBAaHUS
OTONHUTENIFHONW Harpy3kH, CBOMCTBA TEIJIOBOTO
orpaxkJeHuss JomMa, MereoycioBus.  Ecmu
HETOCPEACTBEHHO  BKJIIOYUTH  HCHApUTENb
TEIJIOBOTO Hacoca  (TH) Ui CBs3U
TpybompoBoga OCB wu TtemoBoro Hacoca, TO
obecrnieunTh pexkuM padboTsl ucnapurens TH Ha
CO2 ne ymaerca. OTO MPOUCXOAMT H3-3a TOTO,
YTO CYIIECTBYIOT ONpeJeieHHbIle TPeOOBaHUS K
3HAYCHUSIM BEJIWYHMH TEMIEepaTypbl M pacxona
BOJIBI U€pe3 HCHapUTesb TEIUIOBOIO Hacoca (pH
pa3IMYHON TeMIeparype OCB). Otn
TpeOOBaHUS  3aKIIOYAIOTCI B TOM,  9TO

ucnapurene He Oonee yem Hal0°C . Ilpu sTOM
JUIST  KaXJOro  XJaJareHra  CyIIEeCTBYET
TeMmeparypa wucnapurenss npu koropoir COP
TEIUIOBOTO Hacoca TMpH 33/JlaHHOM Temrieparype
KOHJIEHCAaTOopa TEIUIOBOTO Hacoca MaKCHUMalleH
(pa3zymeercs JUIs COOTBETCTBYIOIIEH
koHcTpykiuu TH). [lnst TerumoBoro Hacoca Ha
JMOKCHJIE yIiiepo/ia — 3TO AUaIa3oH TeMIeparyp
ot 5°C 10 20°C.

N3-3a cnoXHOCTM M TOBBILEHUS CTOUMOCTH
W3JIeNUd W HEepPAIMOHAIBHOCTH HCIIOIb30BaHUS
oxnHoro TtemiooomMennnka B JmHMN  OCB,
MPEJJIOAKEHO HCIOJIB30BaTh y3€J, KOTOPBIH MBI
Ha3bIBa€M  TEIUIOBBIM  YETHIPEXITONIOCHUKOM
(TYII), cormacyrommmM TeMItepaTypHBIA TIepenan
U Tepenag MOUIHOCTH TEIUIOBOM HCHAapUTENs
TEIUVIOBOI'O  Hacoca, OTOMpAIOIIET0  YacTh
HU3KOIMOTEHIINATBHOMN TEIUIOTHI n3
TpyOompoBoa  oOpaTHOW  CETEeBOHM  BOJIBI.
Hpyrumu crnoBaMu, mpo0jeMa COCTOMT B TOM,
YTO WCMAPUTENh TETJIOBOTO HACOCA HA TMOKCHIE
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yriaepoja pabotaet npu HU3KHUX
MOJIOKUTENBHEIX — Temmeparypax (mo  40°C)
HU3KOMOTEHI[MATbHOTO ~ MCTOYHUKA  TETUIOTHI

(HIIT), B To Bpems Kak Temmeparypa oOpaTHOM
CeTEeBOM BOJBI IIPU TEMIIEPATypHOM TpaduKe
terutoBoit cetn 110/70 HaxoawuTcs B muama3oHe
70...40°C. Ilpu 5TOM TemIOBas MOIIHOCTE,
nepenaBaemas OCB oka3biBaeTcsi mepeMeHHOH,

onpenenasieMon METE0YCIOBUSIMU. s
JMana3oHa HapyKHbIX Temmepatyp -16 °C...5°C
OTHOILICHHE  HEOOXOAMMBIX  1isi  oTOOpa

TETUIOBBIX MOIIHOCTEH COCTaBISIET OKOJO 3 JuIs
ycnoBuid r. KumumHeBa. JIJisi OLIEHKM HOBHU3HBI
paboTBl, OTMETHM, 4YTO JaXe B OO030PHBIX
MyOIMKaIsIX [1...6] He YIOMSIHYTHI
TEXHUYECKHUE pelieHus no cesizu TH temnoBoro
Hacoca (TH) wa gumokcume yriepoma c
tpyoompoBogom OCB. llensio wuccienoBanus
aBiseTcs ~ pa3paborka  cTpykTyper  TUIL,
ompezeNieHre TapaMeTpOB TEIUIOOOMEHHHKA C
IIEPEMEHHON IJIOMIA/IbIO IIOBEPXHOCTHU
TeruiooOMeHa, yctaHoBineHHoro B nuHUN OCB,
aHaIM3 OJHOW W3 CXEM CHCTEMBI YIIPaBICHUS

TUII. IlocraBiennas eiab JOOCTUTaeTCs
MOCPEJCTBOM  peIleHHsT 3a1ad  pa3pabdoTKu
TpeOoBaHMii u obOocHOBaHus cxembl TUIIL,
obocHoBanusi mapamerpoB TUIl. Hawubomnee
CYLIECTBEHHBIMH  pe3yJlbTaTaMH  SBJISIOTCS
momenu ctatukd W guHamuku TO ¢ IIIITO,
agroputMmbl  ynpaeineHuss  TUIL,  kortopsie

IMMO3BOJIAIOT BCTpauBaTh TEIJIOBBIC HACOCHI Ha
JAUOKCUJC yrijiepoaa B TCIUIOBLIC CETH C BBICOKUM

TEMIIEPATypPHBIM rpadukom. 3HaYUMOCTh
MOJTyYEHHBIX PE3yJIbTaTOB COCTOUT B MOIY4YEHUHU
3aBUCUMOCTEN MEXITy TEMIEPATypPHBIM
rpa¢puxkom CO u mapamerpamu TUII, xoropsie
MOTYT OBITb HCIIONB30BaHBl B  IPAKTHKE
npoektupoBanus CLT ¢ THY.

Kak noxasai aHam3 JUTEPATYPHI

MOJTyYeHHBIE PE3YNBTATHI SBJISIOTCS HOBIIECTBO
paboThI IO CPABHEHMIO C 3aMaHBIMUA COCTOWT B

TOM, YTO IMPCHI0KCHHAA CXEMa IIO3BOJIACT
COTJIaCOBaATh  MCKAY co00OM HCTOYHHKH H
HOTpe6I/ITe.HI/I TCIIOTHI C Ppa3HbIMU

TeMIiepaTypaMu, 0COOCHHO, TIPH UCIIOJIb30BAaHIH
TETIOBBIX HACOCOB.

METO/bI, PE3YJIBTATHI U
OBCYXJIEHUE

Pazpabomka u 0b60cnocanue cmpyKmypHou
cxemot TUIL.

CormacHO TPHHATOMY B DIIEKTPOTEXHHKE
OTIPEICTICHUIO: YETHIPEXIIONIOCHUK — 3JIEKTPH-
qyeCKaid 1ec1b, paSHOBI/IZIHOCTB MHOTI'OITIOJIFOCHHUKA,

tAppendix 1
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uMeronias 4eTblpe TOYKM mofkiaroueHus. Kax
IPaBUIIO, JABE TOYKU SIBISIFOTCA BXOIOM, IBE
Ipyrue — BBIXOAOM. B TemnorexHuke y3en
CBA3M MEXAYy JBYMsS KOHTypaMH, HCIIOJb-
3YIOIIUA  MPOMEXKYTOYHBIA  TEIJIOHOCUTENb
Ha3bpIBAlOT  IPOMEXYTOUYHBIM.  OJTOT  y3€l
SIBJIIETCSL YETHIPENOIIOCHUKOM: HMMEET BXOA C
JIByMsI TOUKaMH MOJKIIOYEHUS U BBIXOJ C ABYMS
TOYKaMHM MOJKITIOYECHHUS.

Puc.1. I'mapaBnuueckas cxema TEIIOBOTO
YETBHIPEXTIOTIOCHHKA. !

TemoBoi YETHIPEXIONOCHHK, H300paKeHHBIH
Ha puc.l, Bkimoyaet B cebs TernoodMeHHnk SC,
yctaHoBieHHbI B nuHuu TOCB, ucnaputens
TeruioBoro Hacoca EV, npa macoca, P1 m P2,
MIPOMEKYTOUHBIN pe3epByap VS1. Ponb BTOpOro
pe3epByapa UrpaeT Teroo0MeHHuK SC ,
YpOBEHb B KOTOPOM  peryidpyercs B
3aBUCHUMOCTH OT TMI€peJaBaeMoOil MM TEIUIOBOM
MOIIIHOCTH.

Pacxon BOJBI qyepes
Te1000MeHHHK SC U3MEHSIETCS] PErYIHUPYIOIINM
BeHTWNIeM CV . Perymupyromuii BeHTHiap CV
HEOOXoMUM it  OOecrieYeHusi PeryJIUpOBKU
3HaUCHWs] BENUYMHBI  TEIUIOBOM  Harpys3Kku
UCTIapUTeNsd B  TeUeHHE Ce30Ha  palboTEl
TEIIOBOT0 HACOCA.

PaccMoTpuM KadecTBEHHYIO CTOPOHY Ipoliecca
WU3MEHEHUs TEeMIEpPaTypsl Ha BBIXOJIE
HarpeBaeMon CpeJbl, HanpuMep, pu
CKauyK0OOpPa3HOM CHIDKEHUH YPOBHS )KHIKOCTH B
BEPTHKAIBHOM  KOXYXOTPYOHOM  Terioo0-
MEHHHUKE.

Tak, Hanmpumep, cpa3dy TOCIE€ CKadyka BHU3
YpOBHSI BOJIBI B TEIUIOOOMEHHHKE Ha BEIHMYHUHY
“Ss” Ha BBIXOIE KaHala  HarpeBaeMoro
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TETUTOHOCUTENSI TOSABJSIETCsT  Hemporpetas (10
TpeOyeMoro 3Ha4YeHUs)) IKHUAKOCTh, KOTOpas
HaxoAQWJjIach 10 CKayka Ha paccTosHuM, "s"oT
BBIXOJ1a us3 TEIJI000MEHHHKA. 3arem,
MIPOUCXOJIUT U3MEHEHUE TEeMIIEpaTypbl
JKUJKOCTH Ha BBIXOJIC YXKE B TEIUIOOOMEHHHKE C
HOBOW TUIOMIAJIFI0 IMMOBEPXHOCTH TEIIO0OMEeHa
JUIMHON "L—s". 3HaueHue BEJIMYHHBI
WU3MEHECHHUS TEMIIEpaTyphl onpenensiercs
KOHCTPYKTUBHBIMHU rnapamMeTpamu
TEII000MEHHUKA, 3HAUCHUEM BEJIUYHMHBI CKauKa
YPOBHS, a HWHEPLIMOHHOCTh npouecca
nepenaToyHoN (YHKIMEH TeIIOOOMEHHHKA I10
KaHaiy "T,,—T,," HOBOTO YKOpOYEHHOTO (B
JTAHHOM cilydae) TeruiooOMeHHuka. [1pu 3Tom Ha
TEeMIIEpaTypy «YKOPOUYEHHOIO» cTonba
KUAKOCTH BIHACT «HEAOOXIAKICHHBIIN) CTOIO
TPEIOLIEr0 TEMIOHOCUTETIS.

O0bekr  ympaenenuss - TUIl  momydaer
YOPABISIIOUIMI  CUTHAI OT UCHApUTENs O
3HAQUEHHUH BEJIUYHMHBI TEMIIEPATYphl UCIAPEHUS U
TJI0IIaAn MOBEPXHOCTHU HCTapUTEINS u
TemrepaTypHslil nepenag ot TOCB.

[Ipu pabore TermoBOro Hacoca MPH Pa3TUIHBIX

TeMIeparypax Hapy>XKHOT0 BO3/lyXa
yCTaHaBIUBAIOTCS pa3IuyYHbIe 3HAYCHUS
TeMIeparyp HCTIAPUTENS u pacxooB

xnanarenTa. Ilpu 3TOM mepenaj >HTaIbNHUNA Ha
UCIapuTeNe  MOJy4yaeTcss  3aBHCAIIUM  OT
TEMIIepaTypsl HAapyXXHOTO BO3AyXa M JAPYTHX
METEOYCIIOBHH. 3anmaua peryaupoBaHus
TUIOMIAIA  TOBEPXHOCTH HCIAPUTENS MOXKET
OBITH perieHa myTeM MIPUMEHEHUS
CEKI[MOHMPOBAHHBIX TEIJIOOOMEHHUKOB.

Hear paHHOrO  pasgena MOJTyYUTh
3aBHCHMOCTh MEXKIY IUIONIAAbI0 TOBEPXHOCTH
TEINIOOOMEHHMKA, YCTaHOBJICHHOTO B JIMHUHU
OCB u pexumaMu pabOTBl TEIJIOBOM CETH H
TEIIOBOI'0 HAcoCa.

s mpuMepa paccMOTpUM — TeMIIepaTypHBIH
rpaduk cucrembl ororieHus 3naHus 95/70 wu
cucreMy KaueCTBEHHOTO perynupoBaHus
TEIJIOBOTO peXKUMa 31aHust [7].

Pasnoctes TemmepaTyp At MexxAy HpsAMOH U

oOpaTHON ceTeBO BOmOM Tpu  Tpaduxe
ororenus 3panus 95/70 m3mensiercs ot 27 °C
mo 9 °C. Ilpm pabore CHCTEMBI TIPUHSTO
pasnenenue Harpy3ok 1/3:  2/3  (temora
0o0paTHOH ceTeBOW BOJBI/TEIIOTa, OTOMpaeMast
OT Hapy>XHOTO BO3[yXa), IO3TOMY HEOOXOJIUMO,
YTOOBI najicHue TEMIIEPATYPHI Ha
TeriooOMeHHuKe SC BBIYHMCIISAIOCH 110 hopMyIie
At, =At /k; k=3. IIpu KaueCTBEHHOM 3aKOHE

PEryJIUpPOBAaHUS TEIUIOBBIX PEXUMOB, U €CIU
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oTOOp TEIJIOTHI I TEIUIOBOTO  HAacoca
OCYILECTBIIATh MOCHE y3JIa Pa3BETBICHUS IOTOKA
Ha CHCTEMYy TEIUIOCHAOXeHHWs 3HaHus W Ha
00paTHON JTMHHM CETEBOH BOJBI, MOCTYIMAOIIEH
Ha TOLl, To cHIKeHue TemmepaTypsl oOpaTHON
ceTeBOM BOABI At,(t,)mocie y3ia pa3BeTBICHUS

paccuuThIBaeTCs Mo popmye:

Atl(tH):AtZ(tH)% =
1
K-ty
110-70
95-70 "

= Aty(ty,)

)

= At (t,)

rae:t”,t),tf — pacdyeTHble TeMIepaTypsl: MPSIMOii
BOJBI, BONBI mepen cucrtemorr otoruieHus (CO)
3maHus, BOJBI mocie 3maHus (s Kummnesa
t¥ =110;tf =95;t7 =70°C ),G1,G2—  pacxopl
BOJIbI B LUPKYJISIIMOHHOM KOHTYpE 3/[aHHs W B
JTMHUM  OOpaTHOM  ceTeBOW  BOABL,  toy —
pacueTHas HWKHSAS TeMIepaTypa HapyXHOIO
BO3ZyXa NpH (YHKIHOHUPOBAHUS CHCTEMbI
OTOIUICHUS, to —pacueTHas BEPXHSA
TeMIepaTypa  HapyXXHOTO
(YHKITHOHUPOBAHUS
o =8°C. t&; =—16°C. O603HauuM Temmepatypy
OCB npu tg,; =toh , xax t' . ti' =40°C.

Tak kak Temmeparypa KHIICHUS B HCIIApHUTEIe
TEIUIOBOTO HAcoca Ha JUOKCHAE yriepoja
BoiOpana B juanasoHe5°C-20°C,  To
MOIIHOCTh, NOTpeOisiemass ucnapurenem TH,
COCTaBIISIET:

BO3yXa  IpHu
CHCTEMBl  OTOIUICHHSL.

NEV =GEV 'AHEV (tEV)
Ney =G, - AL, (t,) /74,

)
()

3aBucuMoCTH Mexay Temieparypoii OCB u
TeMIepaTypoi Hapy>KHOTO BO3/lyXa
OMHUCHIBAIOTCS (hOPMYIIaMHu:

P H
ts _ts CL

by (lper) =1 - (65—t )
IN \*"EXT 3 té‘x]{r _tlgL(T EXT EXT (4)

thUT (tEXT ) = t1IN (tEXT ) - dtRVOUT (tEXT )

PazHOCTH Temmeparyp MeXmy NIpsAMOH M 0OpaTHOI
ceteBoii Bopoil mamensercs ot 9°C mo 27 °C. Taxk kak
TEIUIOBasl MOIIHOCTh, OTOHWpaeMas oOT oOpaTHOU
CETeBOM BOJABI COCTABISCT MpHONM3UTENBHO 1/3 OT
o0meld  MOIIMHOCTH, TOTPEONIEMON  TEIUIOBBIM

HacocoM, T0 Oty our (tegr ) =9...3°C.
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dteyour (texr ) =9...3; tgr =[-16...8]

9-3 5)
dt t, )=9-—.(-16—t_);
RVOUT( EXT) 16+8 ( EXT)

Temneparypa BOJBI, LUPKYJIUpYOLEN B
MPOMEXYTOYHOM KOHTYPE B 3aBUCHUMOCTH  OT
TEMIIEpaTypsl HAPYKHOTO BO3JyXa OIHCBIBACTCS
CIICIYIONIMMHU  3aBHCUMOCTSMHU (111  BBIOPaHHOTO
Juarna3oHa TeMIepaTyp HCHapuTens TEeIUIOBOTO
Hacoca).

10 > 15:npu t.; =—-16; usmenaemca om10 oo 15
npu tg; =-16
25— 30npu to =8,  usmensemca om2500 30
npu teyr =8

25-10
16+8

30-15
m@—tm)i

t2OUT (tEXT) =25-

(8 - tEXT );

t2|N (tEXT) =30-

3aBUCUMOCTh MEXAY TEIUIOBOM MOIIHOCTBIO

ucnaputens koHtypa OCB wu mnepenagom
SHTAJIBIINI HA UCTIAPUTETIE.
Gevy - Ahgy; = Qgy; (texr )- (6)

3aBUCHMOCTb MEXK]y PACXOJOM BOJBI B KOHTYpE
«HCTIApUTETh — TEII000MEHHHK» u
TeMIepaTypaMd B  KOHType  IHMPKYJSALUU
MIPOMEKYTOYHOTO TETIOHOCUTEIIS:

3aBUCHMOCTh MEXKIY TEIUIOBOW MOIMHOCTEIO SC
Y TUIOMIAIBIO IOBEPXHOCTH TEIIIOOOMEHA MMEET
BH/:

Q=k-F-At (8)

MorrHOCTh, TIEpeaBaeMylo TEIUIO0OMEHHUKOM,
paccuuThIBaeM, KaK

G1 : Cpl (Tlin _Tlout ) = GZ : CpZ (TZin _T20ut )

€y =C,, =C,; Gl=const; 9)
G = Tlin _Tlout .G
2 1"
T2in _T20ut
Q=k-F-At

Qi _ ﬁ At 4 _ 3

Q FoAt, 1

(10)
Fao _Qu AL
FS QB At—lB
Paccmotpum ypaBHEHHS JTMHAMUKA
KOXYXOTPYOHOTO TETNIOOOMEHHHUKA.
1. YUCJIEHHOE PEHIEHUE JWUHA-

MUYECKOM 3AJIAUM JJISI TEILJIOOB-
MEHHUKA

JluHamuueckass 3agada BKJIOYaeT B ceds
cucteMy Tpex Au(depeHIUATBHBIX YPaBHEHUI
IS TEMIIEPATYP XOJIOIHON BOJIbI (HArpeBaeMoii)
T,(x.t), ropsiaeii Boas! (HarpeBaromeit) T, (X,t)

G, = O, / by~ ). 7@ M pasensrorei CTEHKH T, (x.t)
T, aT,
-¢,-D-—=+G,-¢,c—+e-1I, - (T, -T,) =0;
plllatllaxll(lw)
o, T _ 14 (T =T, I, (T =Ty, );
m,, -Cy dt =0 h( h W)+a2 I( | w)! (11)
aT, T,
¢ D --"riG ¢ =P I (T -T. =0;
phhhathhaxahh(wh)
Iy =u-F, =u-7-dy -Ny; Ty =u-F.=u-7-(dy +2-5)- Ny (12)
D, =u-pi/4-d,?- N (13)
D :u-pi/4~(D22—NTR-(dt,+2-s)2) (14)
T, (x0)=T,(x,0)=T,(x,0)=T°xe[0,L], (15)

T,(0t)=T7, T (Lt)=T", t>0.
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OG6nacTei0  pelIeHust  SABISETCA  MOJYIOIoca
t>0,xe[0,L]. Jnst BBINETCHHUS SIMHCTBEHHOTO

3HAUYEHUN
T mo

3aTeM MOCJICAOBATEIILHO
n=0,1,2,3,... BBEUUCIAIOTCSI

OISt
T n+l

Li u

pelleHus 3aJaI0TCs CIIelylolue HavaibHble U dopmymam (1.5) u T, mo ¢opmymnam (16).
TrpaHUYHBIC YCIOBHSI M W3 HAYaJIbHBIX YCIOBHH
BprumcngeM T, T u T, mpu n=0
Ti=Tu=To=T"i=ON. (1)
Tlni+1 _Tlni Tlni+1_TIni n n
PG -D—= =-Gi¢, — h =+ oI, (Tl,i _Tw,i):O
TW n n
mwcwﬁ—ah W (T =T, )+ o T0 (T - T,,) (17)
h"T - hr,]i Thr,]i B hrji—l n n
PG, D, +G,c, h —a I (Tw,i T ) =0
(1.3)
Ecnu BBecTn 0603HaueHHS oo a, T, +0,IT, Ao o, I, T + o, I T, . (18)
mWCW mWCW
G, G, Uy Ue,
=y =—1—.6 = 6, = 4
% oD, Vh oD, 1 2C, h = 2.C, %‘or;[a nonytlaf:er .
=T (%t + 7Lt ),
w,i w( ittn T n) (19)

TO TIepBOe U TpeThe ypaBHEeHHs w3 (1.3) MOxKHO
3al1iucaTh B BUAC BBIYHNCIIUTCIIBHBIX (I)OpMy.H JJIsA

HAXOXJCHHUS 3HaueHmid BemmumH T} u T
yepes T1 wm T, TOCIEIOBaTENBHO IS
n=012,...

T|,ni+1 (1 7|)T||+7| Lisl TQ(T Tw)
i=0L.. . (N-1);T¥' =T}
Thr,|i+1 (1 ?/h)Tm"'?’h hi-1 79( - hnl)
i=12..,N;T =T,

Tax kax Ha MOMEHT BpeMeHH t,, 3HaueHus T} u

Ty; yXKe HM3BECTHBI, TO BTOPOE YPaBHEHHS W3

(1.3) CTaHOBHUTCS OOBIKHOBEHHBIM
T epeHInaATEHBIM YpaBHEHUEM c
MOCTOSTHHBIMU koadurmenramu, 41O
MO3BOJSIET  HOJNYYHTh  3HAaYeHums T,;0 U3

AHAIIUTUYCCKOI'O pCHICHUSA 3TOTO YPABHCHUSA

(Tvci +ﬁj
' p 1

A

T, (% tt)=——""+

ep(t*tn) t>t
N 21,

2 Appendix 1

i=012,...,N

Takum o00pa3oM, aJIrOpuUTM pPEIICHUs 3ajadu
COCTOWT B CIeAyIOmeM. BrrauciseMm 3HaUYCHHE

nrara 1o BPeMEHHU 7 W3 yCJOBHUS YCTOHUMBOCTH
pa3HOCTHBIX ypaBHeHHi (1.5)
h
T=———r (20)
max (7,7, )

CTPYKTYPA CUCTEMBI YIIPABJIEHUSA
15 EIIVIOBBIM YETBIPEXITOJIIOCHUKOM

Ha ocHoBaHum paccyXIeHHH, CAeTaHHBIX
panee B 0JTOil pabore, Mojenb Mpolecca
PETYINPOBaHUS TEMIIEPATYPhl COCTOUT W3 JIBYX
MOCIIEI0BATENIEHO COEIMHEHHBIX OJIOKOB: OJIOKa
CTaTUK U OJIOKA TUHAMHUKH.

Mogenp  CTaTUKH  MPEACTaBISIET
ypaBHeHue BuAa (cMm. [Ipunoxenue 2):

CrpykTypHasi cxemMa OOBEKTa YyIpaBIICHHS
n300pakeHa Ha puc.

coboi

Ty Tio

H() W (P) N()

1.6)

Puc.2. CTpykTypHas cxeMa 00beKTa
ynpagsJjeHusi.”
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T PR

WLE

H( Weo

Puc.3. CtpykrypHas cxema CAY TeMnepaTypsl Ha BbIX0/le U3 TeNJI000OMeHHHKA ¢ MepeMeHHOi MJIoma-

AbI0 MOBCPXHOCTH TeHJIOOﬁMeHa.3

I
(&)

H
o

w
&)1

w
o

——Heat exchanger length, m
- Exit temperature, C

exit temperature,heat exchanger length

25
20F
15
10
5 e

0 — 1 1 i i ]

0 20 40 60 80 100 120 140
time, s
Puc.4. Tpagukyn nepexoaHbIX MPOLECCOB BLIXOAHOH BeJINUMHBI M ynpaBienus .4
CrpykrypHass cxema CAY unzo0paxkeHa Ha  TOBEPXHOCTH OIIUCBIBACTCS OJ10KOM,
puc.3. 0003HaUYCHHBIM W, (p) . J10T 010K

briox H(-) obo3Hauaer mporecc W3MEHEHUS

YCTAHOBHUBIIIETOCS  3HAYCHHUS
IPEIOIIEr0  TEIUIOHOCUTEIs] Ha  BXOJE B
TEIUIOOOMEHHUK TPU  U3MEHEHUM  ILIOLIaJU
TEIUIO0OMEHHUKA. DTOT IMPOIECC OIMUCHIBACTCS
ypaBHenueM (112.14).

brok N(-) ob6o3HadaeT mporecC W3MECHEHUS

TEMIIEpPaTyphl

YCTAHOBUBIIETOCS ~ 3HAUEHUSA  TEMIIEpaTyphl
HarpeBaeMoro TEIUI00OMEHHHKA rocine
3aBepIICHNS MIEPEXOTHOTO MPOoIecca N3MEHEHHUS
IUIOIIAId TEIUIOOOMEHHHUKA M OIKCBIBAETCS
Take ypaHeHueM (112.14).

Junamuka npoiiecca U3MECHEHUS
TEMIIEPAaTyphl Ha BBIXOJE TEIUIOOOMEHHHMKA B
3aBUCUMOCTH  OT  HW3MCHEHHS  IUIOMIAIH

4 Appendix 1
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omnuckiBaeTcs ypaBHenueM (2.75) [8].

T(p) g
BP) Wi (p) =b(p)| 1-e *® |, (21
T.(p) i (P) (p)( e J (21)

B T (T,p+1+7) )
a(p)_(T|p+1)(TWp+l+;()—Z' @2

1 :
b(p)= T, 07 +(T, +(1+ 2)T, ) p+1’ 23)
T—M'CpL- 24
TR o
I\/|WCW

" RarRa ‘25)
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_ Ra

= Fa, (26)
[Tocrie psiza npeoOpa3oBaHuid, TTOIYYHM:
T T
e a(p) _g7Pg T (1+e—_lj; (27)
Twll p +1
Ml(h) =Piny - Dl(h)' (28)

Biok ¢ oGosHadenneM H () o6o3Hauaer 06-
patHyto ¢GyHkm Kk H(-) (puc.2). W g — mepe-
JatouHas (yHKIUSI 3aMKHYTOM CHCTEMBI pery-
JIMPOBaHUs YPOBHS 3€pKasla )KUAKOCTH B TEILIO-
oOmenHuke. Weo — mepenaTodnasi GyHKUIUS pe-
rynmapyemoro o0Obekra (puc.2), We — mnepena-
TouHas (YHKIHS perynaropa. B manHoi cxeme
BbIOpaH ctanaaptHeiid [1U- perymsrop. Ilepena-
tTouHas ¢yHkuus 3amkHyTod CAY ypoBHS npu-
HATa PaBHOM:

1

S Tp+l

Wie (29)

bein BeiOpan MU — perymstop ¢ ko3 dummeH-
Tamn Kp =0.3,Kj =0.02. 3HavyeHus Ko3duim-

EHTOB TMepeAaTOYHbIX (YHKUWI MPHHATHI paB-
HbiMu: Ty =03Tj =257 =30s. OtMerum, 4TO

THUII PETYJSITOPA U €r0 HACTPOWKH CYIIECTBEHHO
OyIyT 3aBUCETHh OT THIIA TEINIOOOMEHHUKA U BU-
Jla HEJIMHEWHOCTH €Tr0 CTAaTUYECKHUX XapaKTepH-
CTHK U OYAYT SBIATHCS MPESIMETOM JaTbHEUIITIX
HUCCJIEIOBAHUN.

3AK/IIOYEHUE

1. Pazpaborannas rumpasnuveckas cxema TUII
MO3BOJISIET COTJIACOBATh TEMIEPAaTyPHBINA PEKUM
TEIUIOBOM CETH M UCHApUTENS TEIJIOBOTO Hacoca
1 00ecreYnTh CheM HEe0OXOIMMOI0 KOJINYeCTBa
TEIUIOTHI ISt pabOThI TEIIOBOTO HACOCA.
2.Mogemu cratuku u guHamuka TO ¢ IIIITO,
00OCHOBBIBAIOT ~ BO3MOXKHOCTb  ()YHKIIMOHH-
poBanuss TUII u NO3BOJSAIOT  BCTpaWBaTh
TEIUIOBBIE HACOChl Ha JAHWOKCHZE yriepona B
TEIUIOBBIE CETH C BBICOKUM TEMIEPaTypHBIM
rpauKoM.

3. B pesynbTare pacderoB MoyrydeHbl ypaBHEHUSI
B3aMMOCBSI3H MEXIy IJIOIIA/IBIO
TEINIO0OMEHHMKA, YCTaHOBJICHHOTO B JIMHHUU
00paTHO ceTeBO BOJBI CETH TETUIOCHAOKEHHSI,
nepenagamMmu TeMIepaTyp Ha KOHIIaX
TEII000MEHHHKA B 3aBUCHUMOCTH oT
TEMIIEPATYPHOTO rpaduka, TETUIOBOM
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MOIITHOCTHIO, TIepelaBaeMOi TeII00OMEHHUKOM
(TO) wucmapuTenro TEIIOBOTO Hacoca Ha
JUOKCUAE YIJIepoda MpH 3aJaHHBIX PEKHUMax
paboTBl  WcHapuTenss B  3aBUCHMOCTH  OT
TemmeparypHoro rpaguka. B pesynbrare
pelIeHNs ypaBHEHUI IMHAMUKUA HPSIMOTOYHOTO
U TPOTUBOTOYHOTO TEINIOOOMEHHHKOB TIpU
CKaYK00Opa3HOM W3MEHEHUU TUIOINAAN
MMOBEPXHOCTH TEIIO0OMEHa Y KOXYXOTPyOHOTO
TEIUNIOOOMEHHMKA TIOJyYeH BHJ IEeperaTOYHBIX
¢ynxkumit TO 1o KaHanaMm TeMIepaTypsl
HarpeBaeMol BOZABI HA BBIXOAE U BXOIE —
HU3MEHEHUE IUIOLIAU TEII000MeHa.
Y CTaHOBIEHO, YTO TEIJIOOOMEHHHUK, KaK OOBEKT

yOpaBlIeHUs] TeMIlepaTypoil Ha BBIXOJAE B
3aBUCUMOCTH  OT  H3MEHEHHS  IUIOLIAJH
MOBEPXHOCTH  TEINIOOOMEHa  OMHCHIBAETCS

HEJIMHEHOUN Moenbio Tuiia Bunepa.

IMPAJIOKEHUME 1 (APPENDIX 1)

Fig. 1. Hydraulic scheme of thermal four-pole).

2Fig. 2. The structural diagram of the controlled ob-
ject.

SFig.3. Block diagram of the ACS temperature at the
outlet of the heat exchanger with a variable area of the
heat exchange surface.

4Fig.4. Transient graphs of output value and control
value.

MNPUJIOXKEHMUE 2
O0nacTpio pemieHusi cucteMbl ypaBHeHuit (11)
sBisieTcst  momymonoca  t>0,xe[0,L]. s

BBIACIICHUA CAWHCTBCHHOI'O PCHICHUA 3aat0TCA
CJICAYIOIINEC I'PAHNYHBIC U HAYAJIbHBIC YCIIOBUS

T, (%,0) =T, (x,0) =T, (0)=20°C,x €[0, L], (T12.1)
T,(0,t)=70°C, T,(L,t)=35°C, t>0. (I12.2)

B citydae cratnyeckoil 3aja4n Bce POU3BOHBIE
10 BPEMEHHOM NepeMeHHOH | paBHBI HYJIO U W3
(11) momydaem cucteMy, COACp)KALIyIO JBa
OOBIKHOBEHHBIX nddepeHInaTbEHBIX
YpaBHEHUH U OJHO aJire0OpanyecKoe

dT,
-G, d—X'+a,H, (T,-T,)=0

0=, T, (T, -T, m,(T,-T,) (I12.3)

wst

)+a

dT,
G,cC, d—xh—ahnh (T,-T,)=0

Ecnu BBectn obo3Hauenus §, = o, I1, , B, =11,
a, =¢,G,, a, =¢,G,, To BMecTo ([12.3) nonyuaem
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dT,
_azd_)(l+ﬂ2(-|-| —TW):0

0=4 (Th —TW)+ﬂ2 (TI —TW) (112.4)
daT, _
K_ﬂl(-rw _Th)_o

N3 Broporo ypaBmenus (112.4) moxywgaem
BhIpakeHHe GyHKUuH T, depe3 T, u T,

T = AR AL .

YR B
IloacraBnsiem (I12.5) B (I12.4) m momydaem
cucteMy IBYX Au((epeHIHaNnbHbIX ypaBHEHUH
it GyHkuuit T, u T, .

(112.5)

_a2ﬂ+ﬁ2 {Tl AN AR ] -0
dx B+ B,
dt, _ BT+ BT, _ _
%W ﬂl[ ﬂ1+,32 ThJ 0
UIIN

dT, BB
—h - #(_Th +T|)
dX al(ﬂl+ﬂ2) (H2.6)
v __ Ab

o maep)

IMoncraBum (I12.6) B MaTpUYHO-BEKTOPHOI
¢dopme. BeeeM BekTOp Z M Matpuiy A .

1
T
Z:[ hj’ a=p 2 2| gLl
Ti 211 B+ P,
aZ aZ
(I12.7)
Torna cuctema (6) mpuHUMAET KOMIIAKTHBIN BU
T _az. (I2.8)
dx
Hdnsa  pemennss cucreMmbl (8) mpuBeIeM ee K

JMUaroHanbpHOW Qopme. OmpenenseM COOCTBEHHBIC
yucna A, A, ¥ COOTBETCTBYIOIINE UM COOCTBEHHBIE

BekTopa ,, (0, MaTpuips A

1 1) _ (1
w-oi-A(3-3) 0[]

_ (k) A
q, —(l],kl— . (I12.9)
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BBemeM Matpuilel COOCTBEHHBIX 3HAYCHUH U
COOCTBEHHBIX BEKTOPOB

A:(”l 0
0 1

Torma Mmatpuily A MOXHO NpPEICTaBUTH B
dopme matpunsl A =QAQ™, a cucremy (8) — B

j, Q-(q, qz):ﬁ "11)(112.10)

BHJIC
dw o =
_:AW, :Q Z, :Q (H211)
dx
WIN
dw, dw,
M, Me_aw, (m2.12
o - AN g = A, (1212)
W= (T, —kT), W, = (T, +T,),
1k, 1k,
T,o=w+kw,, T,=w+w,. ([12.13)

Oo6riee pemenne ypasHenuit (I12.12) u (I12.6)
UMeET BHI

w, (X) =c¢,,w, (X) =c,e™
T, (X)=c, +c,ke™ T (x)=c +c,e” . ([12.14)

VYauTbiBas TpaHUuYHBIE YCIOBHA (2), HAXOIUM
3Ha4YeHMsI KOHCTAHT C,, C, ¥ MOJy4aeM pelieHne

CTaTUYECKOU 3aga4un

TIL _Tho 0 0 oTlL o
C2 :m,cl :Th _C2k1'Th :70 ’TI :35
1
(112.15)
3mech: o, = 2000 J/(M?*s*K) — kodddument
TEeIIO0TAaYN rperoien Cpenpl;
0, =200 J/(M?*s*K) - K03 pUIHEHT

TEIUIOOTAaYM HarpeBaeMo cpenpl; II, =uS, —
TUIOIIA/Ab TOBEPXHOCTH BHYTPEHHEW TpyObI,
I, =uS, — IUIOIaAb MOBEPXHOCTH HAPYKHOU

TpyOBI; U — yIpaBiIeHUE B 3a/1a4e, paBHOE JJINHE
termiooomMennuka L, re. u=L; S, =xd, u d, —

JUIMHa W BHYTPEHHMH JAHaMETp OKpPY>KHOCTH
NEepBUYHON (ropsueit) TpyOwr; S, =zd, m d, —
JUIMHA W HApYXHBIA JHaMETpP OKPYKHOCTH
NEepBUYHON (ropsiueit) TpyOsr; d, =d, +2s; S —
TOJIIKMHA cTeHKH TpyOsI; S = 0.002 M; d, =0.004
M; d, =0.008 M; c, =4189 — TEIIOEMKOCTh IIPU
IIOCTOSITHHOM JAaBJICHUM Ha BXxoze; ¢, =4189 —
TEIJIOEMKOCTh HAarpeBaeMoro TEIJIOHOCHUTENS Ha
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Bxozxe; G, =45/3600kg/s,
1 c,, = 460.

G, =70/3600kg /s ;

wst

m,
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Energy-Saving Seamless Insulation Systems for Frame Buildings Using
Foamed Polyethylene

Semenov V.S., Bessonov L.V., Ter-Zakaryan K.A., Zhukov A.D., Mednikova E.A.
National Research Moscow State University of Civil Engineering; “TEPOFOL” Ltd.;
Research Institute of Building Physics of Russian Academy of Architecture and Construction
Sciences
Moscow, Russian Federation

Abstract. The purpose of the work was to substantiate the possibility of using rolled foamed
polyethylene with a sheet thickness of 50 mm or more as thermal insulation for low-rise frame
buildings. This goal was achieved by conducting experimental studies to determine the physical,
mechanical and operational properties of foamed polyethylene, assessing the material's resistance to
climatic influences and a full-scale assessment of the thermophysical characteristics of the material
and the state of structures at the facility. The most significant results are: the results of determining the
operating temperature range taking into account mechanical loading and tendency to creep; the results
of assessing the effect of the reflective layer; the results of determining the tensile strength of the
material on the surface and on the welded joint; field test results. It has been established that products
based on foamed polyethylene are resistant to both climatic influences and mechanical loading, the
material in the temperature range from minus 60 ° C to + 60 ° C has high operational resistance. The
effect of the reflective layer applied to the foamed polyethylene on the mechanical characteristics of
the material is insignificant, but it contributes to an increase in the thermal resistance of the insulating
shell. Strength characteristics ensure the integrity of the seamless insulation envelope. The
significance of the results obtained lies in the substantiation of the technical feasibility and economic
feasibility of developing system solutions for the integrated insulation of frame buildings with rolled
polyethylene foam.

Keywords: energy saving, wooden frame, low-rise building, rolled foamed polyethylene, insulating
shell, heat transfer resistance, thermal uniformity.
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Sisteme cu izolatie fiara sudura cu functie de economie de energie pentru clidiri cu carcasi care utilizeaza
spumai de polietilena
Semenov V.S., Ter Zakaryan K.A., Bessonov 1.V., Jukov A.D., Mednikova E.A.

Universitatea Nationald de Cercetare de Inginerie Civild de Stat din Moscova (NRU MGSU); TEPOFOL LLC
Institutul de cercetare a fizicii cladirilor din Academia Rusd de Arhitectura si Stiinte a Constructiilor (NIISF
RAASN), Moscova, Federatia Rusa
Rezumat. Constructia moderna cu indltime mica tinde sa utilizeze solutii de constructii ieftine, in special -
sisteme de pereti incadrate din lemn. Scopul lucrarii a fost de a studia principalele caracteristici fizice, mecanice
si operationale ale polietilenei spumate laminate si de a justifica posibilitatea aplicarii sale ca izolatie termica a
cladirilor cu cadru mic. Acest obiectiv a fost atins prin efectuarea de studii experimentale pentru a determina
proprietatile fizice, mecanice si operationale ale spumei de polietilend, evaluarea rezistentei materialului la
influentele climatice si o evaluare la scard completad a caracteristicilor termofizice ale materialului si a starii
structurilor la instalatie. Testele climatice ale materialului au fost efectuate in diferite moduri, au fost efectuate
studii pentru a evalua fluarea acestuia, au fost determinate rezistenta la tractiune si la compresiune a polietilenei
laminate spumate, precum si rezistenta cusaturii sudate. S-a stabilit ca produsele pe baza de spuma de polietilend
sunt rezistente atat la influentele climatice, cat si la Incarcarea mecanicd, materialul in intervalul de temperatura
de la minus 60 la 60°C are o rezistentd operationala ridicatd, echivalentd cu cincizeci de ani de functionare. Cele
mai importante rezultatele sunt: determinarea intervalului de temperaturi de functionare luand in considerare
incarcarea mecanicd si tendinta de fluaj; evalurea efectului stratului reflectorizant; determinarea rezistentei la
tractiune a materialului pe suprafatd si pe imbinarea sudatd; testele pe teren.Semnificatia rezultatelor obtinute
constd in fundamentarea fezabilitatii tehnice si a fezabilitatii economice a dezvoltarii solutiilor de sistem pentru

izolarea integrata a cladirilor cu carcasa cu spuma de polietilena laminata.
Cuvinte-cheie: conservare de energie, carcasa din lemn, cladire cu putine etaje, polietilena de rulouri, membrana
izolanta, rezistenta termica, omogenitate termica.

© Cemenos B.C., Tep 3axapsa KA.,
Bbecconos U.B., XKykos A./.,
Mennukosa E.A., 2020
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JHeprocOeperapinye 0eClIOBHbIE CHCTEMbI H30JSIIHA KAPKACHBIX 31aHUI ¢ IPUMEHeHHEM
NEeHOMOJINITHIIEHA
Cemenos B.C., Tep 3akapsu K.A., Becconos U.B., ’Kykos A./l., Menuukosa E.A.
HanmonansHBIH Bccie10BaTeNbCKAH MOCKOBCKHH TOCYIapCTBEHHBIN CTpOUTENbHBIN yHUBepcuTeT (HUY
MI'CY); OO0 TEITO®OJI; Hay4Ho-mccinenoBaTeNbCKUf HHCTUTYT CTPOUTENbHOM (hr3uku Poccuiickoit
aKaJeMUH apXUTEeKTyphl 1 ctpoutensHBIX Hayk (HUMC® PAACH)
Mocksa, Poccuiickas @enepanus

Annomayus. COBpeMEHHOE MaJIOITAKHOE CTPOUTEIHCTBO MMEET TCHACHIMIO K HCIOIBb30BAaHUIO HEJOPOTHX
CTPOUTENBHBIX PEIICHHWH, B YaCTHOCTM — CHCTEM Ha JICPEBSIHHOM Kapkace. B Takux cucremax B KadyecTBe
TEIJIOU30JIALUH TPAAUIIMOHHO MPUMEHSIOT MHUHEPAIOBATHBIE IUINTHI B COYETAHUU C TapOU30JIALUEH, THAPO- U
BETPO3aIINTON. AJBTEPHATUBHBIM PEIICHUEM B YaCTH YTEIUICHHS MOJKET BBICTYNATh BCIICHEHHBIN MOJIMATHIICH,
KOTOpBIN  siBNsieTcst  A(QQEKTUBHBIM  TEIJIOM3OSILMOHHBIM ~ MaTephajoM, oOJagaeT HHU3KOM mapo- U
BO3JlyXOIPOHUIIAEMOCTBIO. AKTYAJIILHOCTh HCCIICIOBAaHUS W BHEJAPEHUs TaKUX CHCTEM IOATBEpPIKIaeTCs
HEOOXOIMMOCTBIO  CHIDKEHHUSI DHepronoTpeOneHus 3nanuid. llenapto  paboThl  SBISUIOCH  0OOCHOBaHUE
BO3MOXKHOCTH TIPUMEHEHHS PYJIOHHOT'O BCIEHEHHOTO IMOJMATHIICHA C TOIIIMHOW JucTa oT 50 MM B KadecTBe
TETIOM30JIALMN MaJO3TaKHBIX KapKacHbIX 3faHuil. [locTaBneHHas Lenb IOCTUTHYTa IyTEM IIPOBEICHUS
9KCIIEPUMEHTAIBHBIX HCCIECIOBAHUN 10 OIPEACICHUIO (M3UKO-MEXaHWIECKUX M 3KCIUTyaTallMOHHBIX CBOMCTB
MICHOTIOJIMATHIICHA, OLEHKH CTOWKOCTH Marephaia K KIMMaTHYECKUM BO3ICHCTBUSIM M HAaTypHOI OLCHKH
TEINIOU3MYECKAX ~ XapaKTePUCTHK MaTepHala M COCTOSHMS KOHCTPYKUMH Ha oObekte. Hambomnee
CYIIECTBEHHBIMU SIBIIFOTCSI: PE3YNbTaThl OMNpPEACICHHs HHTepBaJa padodynMx TEeMIeparyp ¢ YYeTOM
MEXaHUYECKOTO Harpy)KeHHs U CKJIOHHOCTH K MOJ3y4ECTH; PE3YJIbTaThl OLECHKH BJIMSHHUS OTPaXKAIOIIEro CIosi;
PE3YabTAThI OIIPECACIICHUA IMPOYHOCTU HA Pa3pbIB MaT€pUasia 1o riaaid 1 mo CBapHoOMYy COCAUHECHUIO; PC3YJIbTAThI
HaTypHBIX HUCIBITAHUM. YCTaHOBHeHO, 4YTO U3ACIINA Ha OCHOBC IICHOIIOJIMDTUIICHA CTOMKH KaK K KJIIMMaTHYCCKUM
BO3ACUCTBHM, TaK U 110 MEXaHHUECKOMY Harpy)KeHHUIO, MaTepHuajl B HHTEpBaje TeMiepaTyp oT MuHyc 60°C no
+60°C uMeeT BBICOKYIO JKCIUTyaTaAlMOHHYIO CTOWKOCTh. BimsiHME OTpa)kaioliero clios, HaHOCUMOIO Ha
MICHOTIONIMATHIICH, Ha MEXaHWYeCKHE XapaKTePHCTHKH Marephaia HE3HAauyWTeIbHO, HO CIIOCOOCTBYET
YBEIMYCHAIO TEPMHUYECKOTO CONPOTHBICHUS H3OJIIMOHHONW 000m0uky. [IpovHOCTHBIE XapaKTEepUCTHUKU
00€ecIeuynBalOT [EIOCTHOCT OSCHIOBHON W3OJSIIMOHHON 000709kn. HaTypHble HCHBITaHHMS Ha YTEIUICHHOM
00BEKTe MOCiIe 5 JIeT JKCIUTyaTaluy II0Ka3all BBICOKYIO TEIUIOTEXHHYECKYIO 3((QEKTUBHOCTH CHCTEMBI, U
[IEJIOCTHOCTh JIEPEBSHHOTO KapKaca, OTCYTCTBHE THWJIOCTHBIX HOBPEXKICHHH. 3HAYMMOCTh IIOJyYEHHBIX
pE3yJIbTaTOB COCTOMT B OOOCHOBAaHMM TEXHHYECKOH BO3MOMKHOCTH M 3KOHOMHYECKOW IIeTIecO00pasHOCTH
pa3pabOTKM  CHCTEMHBIX pELICHMH [0 KOMIUIEKCHOH M30JISIIMM  KapKacHbIX 3JaHUi  PYJIOHHBIM
MIEHOTIOJIMITHIICHOM.

Knioueevie cnoea: >HeprocOepekeHUE, JAEPEBSHHBIM  Kapkac, MaJlodTa)XKHOE  3/aHHE, PYJIOHHBIN
MIEHOIOJIMATHIICH, N30JIAIHOHHAs 000JI0UKa, TEPMUYECKOE COITPOTUBIICHHE, TEIUNIOTEXHUYECKAst OTHOPOTHOCTD.

|. BBEAEHUE BBITOJIHSIEMBIX PalbOT, TaK M XapaKTEPUCTUKAMHU
OOmue  TpeOoBaHHWS MO  TOBBIIIEHWIO  MaTepPHajoB, U CTAOMIBHOCTHIO WX CBOMCTB BO
3G (PEKTUBHOCTH CTPOMTEILHBIX OOBEKTOB KaKk  BpPEMEHH Ha BeCh IMEPUOJ] OIKCIUTyaTaliH.

KOMIUIEKCHOTO KpUTEPHs MPEAIONaraloT  3HAYUTENBHBIM M YCIENIHO Pa3BUBAIOIIMMCS
HCITOJIb30BaHUE TEXHUIECKUX M CETMEHTOM  CTPOHUTENBHOTO  IPOU3BOJCTBA
TEXHOJOTHYECKMX  DEIIEHHH, MO3BONISIONINX  SBISETCSA MaJOdTAKHOE CTPOUTENHCTBO [4—6].

CHU3WUTh  3aTpaThl Ha  CTPOHTENBCTBO U CoBpeMEHHOE MAJIO3TAXXHOE CTPOUTEIHCTBO

SKCIUTyaTallMI0  3JaHUH JO0 ONTHMAalIbHOTO  HMMEET TpPEHJ Ha HCIONb30BAHUE HEIOPOTUX
YpPOBHs. B 3TOT K€ KOMIUIEKCHBIM KpUTEPUM  CTpPOUTENbHBIX pemeHud. [lo s3koHoMuYecKkuM
BXOASAT M JIOJTOBEYHOCTh KOHCTPYKLUHMH, M  [OKa3aTelssM  CUMTAeTCsl  LEeIecooOpasHbIM

CTaOMJIBHOCTh ~ M3OJSIIMOHHBIX ~ CHUCTEM BO  CTPOMTEIILCTBO KapKaCHBIX 3/1aHUH.
BpeMeHH, 9JHEprod@QeKTUBHOCTh, CHWKEHUE  TpajWIUMOHHBIE CHOCOOBI  BeleHHS  padoT
OTPULATENIPHOW HArpy3KH Ha OKPYXKAIOIIYI0  IPEAIOiararT 3aII0JIHEHUE Kapkaca
cpelly, TOBBIIEHHE KOM(OPTHOCTH CpeAbl  TEeIIOU3OJIIHOHHBIMU IJIUTaMU c
obuTaHuss W T.JO. OTH TpeOOBaHMS AaKTyalbHBl  MapOM3OJISANMEH MO0 BHYTPEHHEMY KOHTYpY U
JUTSL JTIOOBIX BUJOB CTPOMTENHCTBA KaK JKMIBIX,  THIPOM3ONALMEH I10 BHEIMIHEMY KOHTYpY, C

O6H_IGCTB€HHBIX U TMPOU3BOJACTBCHHBIX 3,[[8.HPII>1. HOCJ'IC):[yIOH_[Cﬁ OTI[CJ'IKOfI. Hcnons3oBanue
HpI/I 9TOM BAXXHYIO POJib BBITIOJIHAKOT COBpPCMCHHBIX MATCPUAJIOB W HWHHOBAIIMOHHBIX
N30JIAHUOHHBIC MaTcpuabl nu CHCTCMBI TCXHUYCCKHUX peIHeHI/Iﬁ ITO3BOJIACT ITOBBICUTH

n3ossu [ 1-3]. 3¢ PEeKTUBHOCTD BEIEHHsI CTPOUTEIILHBIX PadoT U
O hexkTUBHOCTh CHCTEM ONpEeAeNsieTCs Kak  yaydllaTb  [apaMeTpsl  TemocOepekeHus
TEXHOJIOTHEH MOHTaXa 17} Ka4eCTBOM  BO3BOJUMBIX 00BEeKTOB. OIHHUM U3 TaKux
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pelieHul  SABISIETCS  CO3JaHUE  OCCIIOBHBIX
W3OJIAIMOHHBIX ~ O0ONI0OYEeK W  NPUMEHEHHE
MaTepHaIoB C OTPAKAIOIIUM MOKpbITHEM [7-9].
B peaIbHBIX KOHCTPYKIIHSIX u
pEaM30BaHHBIX  CTPOWTENBHBIX  CHCTEMax
HAYMHAET TMPOSABIATHCS TMpPHCYINAs I HHAX
0CcOOEHHOCTB: MOCTHKH XOJIOAa, Yepe3 KOTOphIE
TEIJIO U3 U30JIMPOBAHHOTO MOMEIEHUS YXOIUT B

OKPYKAOIIIYTO cpeny. 910 CHIDKaeT
TETIIOTEXHUIECKYIO OJTHOPOJHOCTh
KOHCTPYKIMH.  Vcmonp3oBaHHE — KapKacHBIX
cHCTeM C  yTCIUIGHMEM H  [apo- W
THIPOU3OJISINCH TI03BOJISIET TIOBBICUTH
TEIIOTEXHUYECKYIO OJJHOPOJHOCTh

W3OJIAIIMOHHON OOOJIOUKM TIpH  pealiu3aluu
orpeeeHHbIx ycaosuii [10-12].
Hcnonp3oBaHue  IUIMTHBIX  H3ACIHN  Ha
OCHOBE MUHEpaIbHON (CTEKISHHOW, KaMeHO)
BaThl B CUCTEMaX M3OJISIIMM KapKACHBIX 3MaHUH
MpenoiaraeT 00s3aTeNbHYI0 MapPOU30IILIHUI0 C
BHYTpPCHHEH CTOPOHBI KOHCTPYKITUH u
TUAPOM3ONAIMIO C  HAapyXHOH  CTOPOHBI.
Hcnonp3yroTcst Takke pYyJIOHHBIE MaTepHAalIbl,
KOTOpPBIC  TO3BOJISIFOT ~ CHHU3UTh  JBW)KCHHUE
MapOBO3AYIITHON cMecH yepes CTEHYy.
[IpumeHeHne AOMOTHUTENHHBIX H3OJSIIHOHHBIX
CJIOEB YCIIOXKHSIET KOHCTPYKIIUIO, a YBEIUUYCHHE
Tpylno3arpaT TpU MOHTaXe JOMOJTHUTEIHLHO
YBEJIMYHUBACT U €€ CTOMMOCTH [13—-15].
[leHOmOMUATUIIEH TOJIIMHON 10
MPUMEHSECTCS B  CTPOMTEIBCTBE
JIOCTATOYHO IIHPOKO KakK TEII0- 74
3BYKOW3OJISAIIS. Otpaxaroriee TTOKPBITHE
(dospra, HambUICHUE | TIP.) MO3BOJISIET CHIDKATH
€ro TEIUIOMPOBOJIHOCTh U MAPOTPOHUIIAEMOCTD,
YBEJIMYUTh  TPOYHOCTH TPU  PACTDKEHHUH.
Crnenuanuctamu HUMC® PAACH coBMmecTHO ¢
000 JINT MIPOBECHBI oOuIMpHEIe
WCCIIEIOBAHUS TI0 BIMSHUIO OTPAXKAOIIETO
MOKPBITHSI HAa TEIUIOM3OJIUPYIONINE CBOWCTBA
cucremel. O0OCHOBAHO 00s3aTENBHOE HATUYNE

10 MM
n JKKX

BO3/YIIIHOT'O MPOCTPAHCTRA MEXITy
OTPaKAIOIIUM CJI0EM 5 UHTEPbEPHOIt
0OJINIIOBKOI [16-18]. TexHomorusa
CTPOHUTEJILCTBA C NPUMEHECHHEM PYJIOHHOIO
BCIIEHEHHOI'O MOJIUATHIIEHA pazpaboTana

cneruanuctamu OOO TEIIO®O/ npu yvyactuu
HUY MICY u HUUCD PAACH. OcHoBoit
9TOH  TEXHONOTMH  SBJIAETCS  INPUMEHEHUE
OJTHOCJIOMHOM KOMIUIEKCHOHM H3O0IALMU B BUJIE
nucToB  (pynoHOB) TommmHOW OT 50 MM,
COEMHIEMBIX B 3aMOK C  IOCIEAYIOIIEH
CBapKoOM, MO3BOJISIET ONTHUMU3UPOBATH 3aTPATHI,
a TaKxKe TIOBBIIIAET JIOJITOBEYHOCTH
U30JIAIUOHHOM cucTembl [19-21].
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OTIHYUTENTHFHOW 0COOCHHOCTH TpeiaraeMoit
M3OJIAIIMOHHON OOOJIOYKH SBISIETCS OTCYTCTBHE

B Hed BOB. PyjnoHHBIA  BCIEHEHHBII
MOJIMATUJIEH pa3MEIaeTcsl ¢ BHEIIHEH CTOPOHBI
KapkKaca,  3aKpelUIeTCsl ~ MEXaHHYeCKH M|

CBapHBaeTCA ToOpsYMM Bo3ayxoMm. Jlamee B
W30JISIIMOHHOM 000JI09Ke POpe3atoT OKOHHBIE U
JIBEpHBIC TPOEMBbI; [0 DJJIEMEHTaM Kapkaca
YCTaHABIMBAETCS JIEpEeBSIHHAs OOpemieTka, Ha
KOTOPOH 3aKpeIursieTcsi BHEIIHSA OOJIMIIOBKA.
CpaBHuTENbHO ~ HeOOJbIIAs  Macca  CTEH,
NEePEeKPBITHH M KPOBJIH, JIOMYCKAeT MPUMEHEHUE
JIEHTOYHBIX (dhyHIaMEHTOB HerryOoKoro
3aJI0KCHUSI.

Onnako,
peanuzanuu

HECMOTpPsI Ha YCHEIIHbI OMBIT
TaKUX CHCTEM B  PEAJbHBIX
KOHCTPYKLUAX, CYIIECTBYET P  BOIPOCOB,
CBA3aHHBIX  C  TIOBEJACHHEM  PYJIOHHOTO
BCIHEHEHHOTO MOJMATHICHA IMOJ AJUTEIBHO
JIEUCTBYIOLIEH HAarpy3Koi, MPUMEHEHUEM TAKUX
CUCTCM B pa3JM4YHbIX KIMMATUYCCKUX 30HAX,
JOJITOBEYHOCTHIO u 9KCIUTyaTallMOHHOM
HaA&KHOCTBIO TAaKUX CHCTEM, OTCYTCTBHUEM
SKCIICPUMCHTAJIBHOTI'O U HAYYHOTO 000CHOBAHUS
BO3MOKHOCTH UX NPHUMCHCHHA. Civit BOIIPOCHI B
JUTEpaType paHee HE paccMaTpUBAINCh U
SABJIAIOTCA MNPCAMETOM HU3YUCHHUSA B I[aHHOﬁ
CTaThe.

Hensro JAaHHOU paboTs SIBUJIOCH
HCCIIeI0BaHNE OCHOBHBIX ¢duzuKo-
MEXaHUYCCKUX u OKCILTyaTallMOHHBIX
XapaKTepUCTUK PYJIOHHOTO BCIIEHEHHOT'O

MOJIMATHIIEHA C TIEPCIIEKTUBOW OOOCHOBaHUS
BO3MOXXHOCTH €T0 TPUMEHEHHS B KadecTBe
TEIUION3OJIAIIMA ~ MAJIOATAXKHBIX  KapKACHBIX
3IaHU#, uccienoBanne 3PQPEKTUBHOCTH TaKOU
W30JIAIAN B CYIIECTBYIOIINX OOBEKTaX, a TAKKe
pa3paboTKa NPUHIUIHAIBHBIX KOHCTPYKTHBHBIX
peuieHuil H30JLUMUA 3JaHUH Ha JIEPEBSIHHOM
KapKace pyJIOHHBIM IEHOIMOJIUATUICHOM.

Il. MATEPUAJIBI U METOJbI
HUCCJIIEAOBAHUSA

st onieHku 3¢ ¢GeKTHBHOCTH pa3paboTaHHON
CHUCTEMBl ~ HEOOXOOMMO  OBIJIO  IPOBECTH
UCCIIEIOBaHUS CBOMCTB U30JISIIIMOHHOTO
Marepuaia, B TOM YHCIIe €ro AKCIUTyaTallnOHHOM
CTOHKOCTH, OTIPENICIIUTD MIPOYHOCTHEIE

XapaKTCPUCTUKU U HAAC)KHOCTH CBAPHOTO IIBA, a
TaK)X€ HCCIENOBaTh CBOMCTBA CTPOMTENIBHOMN
CHCTEMBI B YCJIOBHSIX JIEHCTBYIOIIETO OOBEKTA.
OKCIIepUMEHTAIIbHBIC HCCIEI0BAHUS
BO3MOYKHOCTH NPUMEHEHUS pyJIOHHOIO
BCIICHCHHOT O IIOJIMOTHUIICHA B CHUCTEMAX
M30JIALIMN KapKacCHBIX 3JaHHUN MPOBOAMUIMCH I10
CJIEIYIOIIHM HaIIPaBIICHUAM: OLICHKA
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9KCILTyaTallMOHHON CTOHKOCTH
IIEHOIIOINATHIIEHA; OTIpEIICIICHHE
TeTITOPU3HIECKHIX CBOMCTB MaTrepHaa;
ONpeNIeJICHUE MEXAaHUYECKUX XapaKTepUCTUK

W3METIUH; ONpENeSIEHUE CBOWCTB U3O0JSILIUOHHBIX
CHCTEM B IIOCTPOECUHBIX yCIOBUSIX.

OrnpezeneHue KCILTyaTallMOHHON CTOMKOCTH
BKJIIOYAJIO M3y4Y€HHE CBOICTB Marepuaiga B
YCIIOBUSIX TeMIIepaTypHO-BJIAKHOCTHBIX
BO3JICUCTBUA U  ONpEAENCHUE  IOJ3YYECTH
o0pasuoB. OueHka CBOMCTB Iu1acTMacc (B TOM
ylCciie TA30HANOJHEHHBIX) MO0 HMX I0J3y4ecTu
MO/l HOCTOSIHHOM Harpy3kod JOCTATOYHO YacTo
MIPUMEHSETCS TIPU UCCIIEA0OBAaHUM MX CBOWCTB, U
MOMYKPUCTAIIMYECKUX U JKUAKOKPUCTAI-
JMYECKUX IIOJIMMEPOB, IOPOJIOHA (MSTKOIO
NICHOTIOJIMYpETaHa), MOJIUCTUpPOTIa U 1p. [22—-24].

OCOOCHHOCTBIO METOJMKH, pa3paboTaHHOM
HNY MI'CY coBmectHo ¢ BunpHiocckum TY

um [emeMuHaca, 3aKar04aeTcss B TOM, 9YTO
00pa3sibt HpeBapUTEIBEHO MO/TBEPTaIH
KJIMMATHYECKOMY  BO3JCHCTBHIO, a  IOTOM
HCCIIEI0OBAH HA MOJI3YYeCTh.

IMom3ydyects  mpu  cxkxaTum  00OpasIoB
HECIITUTOTO NICHOTOIMATHIICHA c

METaJUIM3UPOBAHHBIM MOKPBITHEM M 0€3 Hero
(metomuka 'OCT EN 1606-2011) onpexnensiiach
J0 KIMMAaTHYECKUX UCTIBITAHWHA W Ha o0pasuax,
NPOIIEALIINX KIMMATUYeCKUE UCIIBITAHHUS.

Bnusianne  knuMaruueckux — (akTopoB  Ha
CBOICTBa pPAa3NMYHBIX MOJUMEPOB AKTHBHO
U3y4yaroch B TEUCHWU HOCIEAHHUX IBYX-TPEX
necaTuneTuii [25-27]

C yderoM CBOWCTB MEHOIOJMAITHIIEHA,
KIUMATUYECKUE HCIBITAHUS OCYIIECTBIUTUCH
npu 60 LUKIAX MCTBITAHUN MO ABYM PEKHUMaM.
Pexum 1: cHmWKeHHe TeMmmeparypbl JO MHUHYC
20°C — 1 wyac; m30TEpMHUYECKas BBIIEPKKA MPH
munyc 20°C — 1 yac; moabéM TeMIEepaTypbl OT
munyc 20°C 1o +40°C — 1 vac; uzorepMudeckast
Boiepkka npu +40°C — 1 wac; cHwKeHue
temneparypsl o1 +40°C mo munyc 20°C — 1 yac.
Pexxum 2 wumuTHpOBan yCioBUSA 3amosIphs:
CHIDKEHHE Temmeparypsl 10 munyc 60°C — 1 gac;
M30TEPMHUYECKAs BblIepkKKa npu Muryc 60°C — 1
yac; MoAbeM TeMneparypsl oT MuHyc 20 1o +40
‘C — 1 yac; u3oTEpMHUYECKas BBIIEPKKA IPH
+40°C — 1 gac; cHWKeHHE TeMmepaTypsl oT +40
10 munyc 60°C — 1 vac.

[IpeumyrmiectBa OeCHIOBHOW W30JIAIIMOHHON
000J104KH JOCTaTOYHO OYEBUIHBI u
OTIPEJICIISIIOT, TJIABHBIM 00pa3oM, YBEJIMYEHUE

TEPMHUUYECKOT0 COINPOTUBIECHUS H30JSIIMOHHOTO
MOKPBITUSI 32 CYET MHHUMM3ALUHd MOCTHKOB
xomoga. Ilpm »TomM OBIO  HEOOXOIUMO
ONpeAENUTh MPOYHOCTHBIE  XAPAKTEPUCTUKU
CBApHOTO IIBAa U CPaBHUThH UX C IIPOYHOCTHBIMH
xapakTepuctukamu nzaenus. [Ipegen npounoctu
MIPU PacTSHKEHUH ONPEAEIISIN B COOTBETCTBUU C
meroaukamu ['OCT EN 1608-2011.

OreHKa TeTUI03aIUTHRIX CBONCTB HApy>KHOM
CTEHBI C yTEIJICHHEM OECUIIOBHBIM IOJIOTHOM Ha
OCHOBE BCIIEHEHHOTO MOJIMATHIIEHA TPOBOIMIIACH
Ha 00BEKTE (KOTTEHKHOM JIOME), HAXOIUBIIIEMCSI
B JKCIUTyaTallMd B TedeHue 5 neT. Brroopodyno
MIPOBOAUIIOCH KCIIEPUMEHTAIBHOE OIpeeIeHNe
COMPOTHUBIIEHUS TEIUIoONepeaaue Mpu IOMOILU
JaTYUKOB TEMIIEPAaTYPbl U TEIUIOBBIX IOTOKOB,
YCTAaHOBJICHHBIX Ha BHYTPEHHEU U Hapy>KHOU
MOBEPXHOCTSX OrPa)kJarolieil KOHCTPYKIUH, B
cootBerctBUM ¢ ['OCT P 54853-2011 u I'OCT
25380-2014.

I11. PE3YJIBTATBI U OBCYKIEHUE

PesynbraTel W3y4EHUs BIIUSTHUS
KIMMaTHYeCKUX  (aKTOpOB Ha  U3MEHEHHE
(U3NKO-MEXaHMIECKUX XapaKTepUCTUK

o0pasioB HecmmToro neHonomudTwiena (HIID)
npecTaBiIeHbl Ha puc. 1. u B Tabdm. 1.

breuto YCTAHOBJICHO, qTO0 U3MCHCHUC
XapaKTepUCTUK 00pas3loB, HCIBITAHHBIX IO
pexuMmy 1, MpakTUYeCKH HE OTJIMYAeTCS OT
XapaKTepPUCTUK KOHTPOJBHOH cepun oOpaslos,
HE TPOXOJUBINUX 00pabOTKY B KIMMATUYECKOM
Kamepe. B aTux ciyyasix kpuBblie «IehopManin
CKATUS—TIPOYHOCTHY MPAKTHYECKH COBIA/IAIOT.

YcTaHoBIIEHO, 4TO €CTECTBEHHbIE
nedopManiy TEHOMOJIMATWIEHA B HHTEpBalie
Temmeparyp or wmuHyc 60 gm0 +40 °C

He3HaunTenbHBL. [lpn oxnaxaenun ot 0 1m0
munyc 60 ‘C B suelikax IIE€HOIOJIUITUIEHA
MPOUCXOIUT HU3MEHEHUe COCTOSTHUS
[IapOBO3AYLIHOW CMECH.

[lpu  Ttemmeparypax Ommskux k 0°C
MPOMCXOANT TEPEXOA HapoB BOABI B TBEPAOE
COCTOSIHUE u BBITTaJIEHUE
MEJIKOKPUCTAIUIMYECKOTO JIbJja Ha BHYTPEHHHUX
MTOBEPXHOCTSX SYEEK.

W3MensieTcss naBneHWe rasa B siUEHKax H
HaYMHAETCs cKaTHhe MaTepuana. IIpu
JlanbHENIIEM CHIDKEHUH TeMIIepaTypbl
IUIOTHOCTh BO3JyXa TMOBBINIAETCA M C)KaTHE
MaTepHaja yCUIMBaeTCs.

Tabmuna 1*

I[Tpounocts 06pasios HIID npu pasnuuHbix qedopManmsax CKaThs

Cepun 06pa3uos

IIpounocts (xkIla) npu nepopmanuu cxxkatus, % |

104



PROBLEMELE ENERGETICII REGIONALE 4 (48) 2020

(Sample series) (Strength (kPa) at compression deformation, %)
10 20 30 40 50 60
0e3 hompru
KontpossHas cepust (without foil) 4 6 22 33 56 &
(Reference series) c (bom,ron 4 5 93 34 56 78
(foiled)
HcneiTanus nocie 6e3
KIIMMaTHYECKOTO 3 POIIbIH 4 6 21 33 54 77
BO3/ICHCTBHUS IO pexkuMy | — (without foil)
ot munyc 20 no +40°C
(Tests after climatic exposure | ¢ donsroii
according to mode 1 - from goiled) 4 6 22 | 34 | 5 8
minus 20 to +40°C)
HcneiTanus nocie
KIINMATHIECKOTO 6e3 dorbru 4 6 20 30 50 70
BO3/ICHCTBHUS TI0 PEXKUMY 2 — (without foil)
ot munyc 60 1o +40°C
(Tests after climatic exposure | . donsroi
according to mode 2 - from gioiled) 4 6 2l | 32 | 33 &
minus 60 to +40°C)
HcnpiTanus B 6e3 pobru
3aMOPOXKEHHOM IIPH MHHYC | (without foil) 7 20 30 50 7 92
60 °C cocrosuumu (Tests of -
samples frozen at minus ¢ (1)O:III>FOI/I 8 21 32 53 79 96
60°C) (foiled)
100 /
80
©
<
- 60
=
g
© 40
n
20
0 10 30 40 50 60

Compression deformation,%

1 — konmponvhas cepus 06pazyos; 2 — 06paszybl, NOOGEPeHYMbLE KIUMAMULECKUM UCHBIMAHUAM HO PEHCUMY
o
1; 3 — mo gice no pescumy 2; 4 — obpasywt 6 3amopodicennom cocmosanuu (npu munyc 60 C)

Puc. 1. lepopmannonnsie KpuBbie o6pasuos HIID.2

IIpu JanbHeNIeM
123 Appendix 1 UCIBITAHUM  TpU  3TOH
Harpy3ke€ BO  BpPEMEHHU

neopManuu  u3geIus He
NPOUCXOAUT (MJIM OHM HACTOJIBKO HUYTOXKHBI,
YTO HE MOTYT ObITH 3adukcupoBabl). Dddext
OTCYTCTBHS IOJI3yY4ECTH HWMeENl MECTO M JUIs
KOHTPOJIBHOM cepuu 00pa3LoB, U AJs1 00pasIoB,

105

MOJIBEPTHYTHIX KIMMATHYECKUM HCIBITAHUSAM U
o pexxuMy 1, 1 o pexxumy 2. B cBs3u ¢ 3THM,
OBIJIO  pemieHo  YBENWYHUTH  IPHIAraeMyro
Harpy3ky no 2...6 xlla. B atom cmydae mocne
HavanbHOW JedopManvy W3MEHEHHE pa3MepoB
oOpaza  ¢ukcupoBasmocs  npubopamu; U
HEKOTOpBIE PEe3yJbTaThl MPEACTABIEHBI HA PHLC.
2,3 u B TaOmI. 2.
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Ta6nuna 2*

Pe3ynbTaThl HCIBITAHUIN 1O ONPEEIEHUIO qedopManuii CKATUS MO HATPY3KOi®

Jedopmanus c:katus (%) Npu KOJIUYECTBE CYTOK
HArpy:KeHus (T) NIpM NOCTOSIHHOI Harpy3ke (o, kIla)
Cepun 06pa3uos (Compression deformation (%) at the number of days
(Sample series) of loading (t) with a constant load (o, kPa))
o =2 klla o =4 klla o =6 klla
=5 1=30 T=5 1=30 =5 1=30
26e3 osbru
KontpossHas cepust (without foil) 145 147 9.7 100 19.7 203
(Reference series) 1c domnproit 143 145 96 9.9 196 201
(foiled) ' ' ' ' ' '
HcneiTanus nocie
KITAMATHICCKOTO 4oesomern |y g5 | 957 | 101 | 103 | 217 | 221
BO3JICHCTBHS 110 (without foil)
pexumy 1
(Tests after climatic o
exposure according to 36(%?@)% 153 | 155 | 100 | 102 | 214 | 219
mode 1)
HcnbiTanus nocie
KITMMAaTHIECKOTO 60es pomorn |y o5 | 67 | 104 | 107 | 229 | 236
BO3JICHCTBHS 110 (without foil)
pexumy 2
(Tests after climatic o
exposure according to SC(%’E)"“ 163 | 165 | 103 | 106 | 226 | 233
mode 2)

—
tq
o

1.65
1.60
1.55
1.50

1.45

Compression deformation, %
n
o

T

N

s

—

e

— 1
N

e m—— D
— e

4

3

——

—

— T
0 5 10

15

20

25

Number of days under a load of 2 kPa

1, 2 — koumponvusie 0bpaszybl; 3, 4 — 06pasyvl, UCNBIMAHHBLE NOCILE KIUMAMULECKO20 8030€UCMEUS NO PENCUMY
1; 5, 6 — 0bpasywl, ucnvimannsie nocie KIUMamuiecko2o gosoeticmeust no pexcumy 2; 1, 3, 5 — gponveuposannuvle
obpaszyvl; 2, 4,6 — 0bpasywl 6e3 gonveu.

Puc. 2. lehpopmanns cikaTus noJ NOCTOSHHOM Harpy3koii 2 klla B 3aBHCHMOCTH OT KOJIMYeCTBA CYTOK

456 Appendix 1

HArpy:KeHHusl.
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5 10

15 20 25 30

24 5
0\0 |
= 93 = E— =
0 — ‘
g 22 |
58 |[———— 1
° 21
©
5
220
o
= 19
e
(@)
O

Number of days under a load of 6 kPa

1, 2 — koumponvusie 0bpaszyvl; 3, 4 — 06pasysl, UcCnbIMAKHbBIE NOCLE KIUMAMULECKO20 8030€UCMEUS NO PENHCUMY
1; 5, 6 — 0bpasyuwl, ucnvimannvie nocie KIUMamMu4ecko2o 8osoeticmeusi no pexcumy 2; 1, 3, 5 — gponveuposannuvle
obpaszyvl; 2, 4,6 — obpasywel 6e3 ghorveu

Puc. 3. lepopmanus cxxaTHs N0 NOCTOAHHOI Harpy3koii 6 kIla B 3aBHCHMOCTH 0T KOJHYeCTBA CYTOK

HArpy:KeHHus.

OtcyrcTBUE nedhopMaIiil pu HOPMATHBHBIX
Harpy3kax, ¥ He3HauuTelbHas nedopMarus mpu
0ONBIIMX HArpy3Kax MO3BOJMIN CIENATh BHIBOJ
YTO U37CNIUS HA OCHOBE TICHOIOIMATUIICHA CTOM-
KM KaK K KJIMMaTHYeCKUM BO3JICHCTBUSAM, TaK U K
MEXaHUYECKOMY HaTpYy>KEHHIO, He MPEBOCXO/-
memy 50% ot npouynoctu Ha cxarue npu 10 %
nedopmaruu. Ilo pe3ynbraTy HUCHBITAHWHA I10-
BPEXJICHUI 00pa3IoB BBISBICHO HE OBLIO.

HccnenoBanns moka3aiy, 4To MPH TIPUIIOKE-
HUU HOPMAaTHBHOHN Harpy3ku (B COOTBETCTBUHU C
pexomernnarusamu ['OCT EN 1606-2011) nipowuc-
XOOUT cxaTtue marepuana Ha 8—10 % ero Toiu-
IVHBI.

Ilo pe3ynbraraM KIMMATHYECKUX WUCIBITAHUMA
CHIDKEHUE MTPOYHOCTHBIX XapaKTePUCTHK
00pa3IoB TIEHOMOJMITWIEHA HE IPEBHIIIANI0
4...6%. Marepuan B uHTepBaje TemIepaTryp OT
‘C  wumeer

MuHyc 60 mo +60 BBICOKYIO
9KCIUTYyaTallMOHHYIO CTOHKOCTh, SKBUBAJIICHTHYIO
MATHAECATH  TofaM  3Kciuryararuu.  [lpum

temmneparypax Boime 80°C mpuMeHeHUEe U3EUi
Ha OCHOBE INCHOIMOJUATUIICHA HE KEIaTeJIbHO,
TaK KaKk BO3MOXXKHA JIECTPYKIHS MOJIMMEpa U
3HAYUTENIbHBIC  IUIACTHYECKHE  Je(opMaiuu
uznenusi. HaHneceHue oTpa)aromiero MOKPBITUS

Ha MMOBCPXHOCTH IICHOITOJINDTUIJICHA

(dbomprupoBanue 1507051 HAHECEHUEM

MCTAJNIU3UPOBAHHOI'O nchaHa) Ha IPOYHOCTHBIC

XAPAKTCPUCTUKU 110 CXKaTur BJIIUSAHUA HEC

OKa3bIBACT. BJII/ISIHI/IG Ha TCINIOTCXHUYCCKUC

XapaKTEPUCTUKNA  HW3OJISIIMOHHON  00OJIOYKH
” Appendix 1
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MCHEC OJHO3Ha4YHO. HccnegoBanus,
ITPOBEACHHBIC CriCnuajiIuCcTaMu Ppa3iInIHbIX
HCCIICAOBATCIBCKUX LCHTPOB, IIOKa3bIBAIOT

BO3pacTaHUE POJIM TAaKOTO MOKPBITUS B CUCTEMAxX
M30JILIMKA C BEHTHJIMPYEMBIM 3a30pOM, Kak 3a
CYET NPSAMOTrO OTPAXKEHUS TEIUIa IHOKPBITHEM,
TaK M 3a CYEeT MPOLECCOB TEmIoo0OMEHa B
BEHTWIMpyeMoM mipocTpancTtBe [16-18]. Ilpum
PacIoIOKEHUN H30JIIUOHHOTO MaTepuaia ¢
Hapy>KHOH CTOPOHBI Kapkaca 37aHus 3(QQeKT
OTpaXeHHs  TakXKe HMEeeT  MeCTo,  4YTO
YBEIMYMBAET TEPMHUYECKOE  COMPOTHBIICHHE
W30JISIIUOHHOM 000JI0UKH.

OnacTuyHas  M3OJSALUOHHAS 000J104Ka
nepopMupyeTrcss BMECTe C OCHOBaHHMEM, Ha
KOTOPOM OHa 3aKperjieHa MeXaHW4YeCKH. Takum
OCHOBAHUEM OOBIYHO SIBJISICTCS JICPEBSIHHBIN MU
MeTaJuIMueckuil kapkac. TemneparypHele u
BIQXHOCTHBIE (Y JIpeBeCHHBI) aedopMaiuu
MPOSIBIISIIOTCS] B KOHCTPYKLUH B 3aBUCMOCTHU OT
napaMeTpoB BHEIIHEW cpeabl. DTH nedopMalum
MpEeoiaraloT BOZHUKHOBEHHE PACTATHBAIOIINX
HanpsDKEHUH B HM30JSIUMOHHOM — IOKPBITHU.
CoxpaHeHHE CBOWCTB H3OJSAIMOHHOW OOOJOYKH
(v B mIepBy10 ouepenb ee HEITOCTHOCTH) SIBIISETCS
BRXHBIM JJIi  00ECHEUYeHHs JIOJTOBEYHOCTH
KOHCTPYKIMH B LEJIOM. OKCHEPHUMEHTaJIbHbIE
uccienoBanus (puc. 4) Mokasaiu, YTO Tpeaesn
NPOYHOCTH Ha PACTSDKEHHE BAOJb IOJIOTHA
cocrapnmser 80...92 kIla wu 80...87 «lla
COOTBETCTBEHHO st 00pa3Los c
METAJTTN3UPOBAHHBIM MTOKPHITHEM U 0€3 Hero, a
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mpeaes MNPOYHOCTH HA PACTSDKEHHE CBAapHOTO
mBa coctasiseT 29...32 klla.

C TOuYkM 3peHHs OKCIUTyaTallud, 3allUThI
KOHCTPYKITUM OT aTMOC(EPHBIX MPOSBICHUNA W
CO3/1aHus OIaronmpHUATHBIX WHTEPbEPHBIX
YCIIOBHH, SABNSETCS  BAXHBIM  COXpaHEHHE
TEIUIO(U3NYECKUX TOKa3aTelied KOHCTPYKIIHH,
4TO TaKKe HEOOXOAMMO OBbLIO IOATBEPAUTH
SKCIIEPUMEHTABHBIME ~ uccliefioBaHusiMu.  [lo
pe3ynpTaram HATYPHBIX WCTIBITAHHH
YCTaHOBJIEHO, YTO TEPMUYECKOE COTPOTUBIICHHE
M30JSIIMOHHON  000704YKM  cocTaBuiio 2,96
M2-°C/BT, CONpOTHBIICHHE Temonepeaade (¢
ydeToM KO3(p(UIMEHTOB TeriooTnayn) 3,12
M%-°C/Bt. DakTuyeckas BIaKHOCTH COCHOBOTO
Opyca kapkaca coctaBwia 7,7...7,8%, uro
HaxOJUTCS HAa YPOBHE 3HAUCHUN DPABHOBECHOU
BII&KHOCTH. I'artocTHBIX MIOBPEXKICHUN
JIEPEBSIHHOTO Kapkaca He 00HapYKEHO.

[lomyueHnsle Termnodu3uUecKre MOKa3aTenn
JUTSL KOHCTPYKIIMHU TIOCHIE 5 JIET ee KCIUTyaTaluu

TTOITBEP IAIH 1eIeco00pa3HOCTh
KCIIOJIF30BAHUS NAHHBIX CUCTEM HW3OJISALNM JUIS
CTPOUTETHCTBA MaJIODTAXKHBIX KapKacHBIX

JKWIIBIX  3JaHUN. YTEIUIEHUE PEKOMEHIyeTCs
MPOU3BOJIUTH MO BHEITHEMY MEPUMETPY KapKaca
3MIaHUS C MOCIeAYIoNIeH (hacaaHON OOJIUIIOBKOM.

MOHUTOPUHT TOCTPOCHHBIX OOBEKTOB H
U3y4eHUE CBOMCTB HM3JECIMA Ha  OCHOBE
NEHONONMATHIICHA  TO3BOJIMIM  OCYLIECTBUTb

CpaBHUTCIIbHYIO OLI€HKY CUCTEM C IIPUMEHCHUEM
TPAJUIIMOHHOTO YTEIJICHUS! KapKACHBIX 3JaHUN
(korma TUTMTHAS TEMJIOW3OJSIMS Pa3MelaeTcs
MEXJIy CTOWKaMHU M 3JICMEHTaMH Kapkaca) Hu
pa3paboTaHHON CHUCTEMBI C TPUMEHECHHUEM
PYJIOHHOTO MTEHOMOMUITHIICHA.

TpaAUIMOHHBIM YTEIUIUTENIEM B KapKaCHBIX
KOHCTPYKIUAX ABJISIFOTCSL MSTKHUEC
MUHEPAJIOBATHBIC TUIUTHI, PEKOMEHIyEeMbIC JIJIsI
cucTeM, paboTaroIuX He MMOJ Harpy3kou (B

JTAHHOM CITy4yae Harpy3Ky BOCIIPHHHMAET KapKac
3naHus). Takuwe TUTUTBI UMEIOT HEBBICOKYIO
CPEIHIOK TUIOTHOCTh, @ WX MPOYHOCTHEIC
XapaKTEPUCTUKH OIICHUBAIOTCS CIKUMAEMOCTHIO.
B TpamunMoHHBIX ~ cHCTEMax  SBISETCS
00s13aTeTLHBIM HCTOB30BaHKE
TUIPOU3ONISIIIMOHHBIX ~ CJIOCB W3  PYJIOHHBIX
OUTYMHO-TIOJTMMEPHBIX MaTepUaOB,
pacroyaraeMpIX  CHapyXH TI0  THEPUMETPY
VTCIUIGHUSI W TMapOHM30JIAIMH  (KaK IPaBUIO
MOJIMATHIICHOBOM  ITUICHKM WJIA  MEMOpaHBbI)
U3HYTpU. TeIUIOTEeXHHYECKYIO OJHOPOTHOCTb
W3OIISIIMOHHON  OOOJIOUKH  CHIDKAIOT — TaKkKe
BO3MOJXKHBIC TIOTEPU TEIUIA HA CThIKAX IUTUT U B
MeCTax MPWIETaHWH TUTHT K HECYIEeMy KapKacy
smaamsa [19-20]. Dtux ocobeHHOCTE!H NHIIEHa

pa3paboTaHHas CUCTEMa, B KOTOpOi
W30JISAIIMOHHAS 00o0J104Ka SIBJIICTCS
OJTHOBPEMEHHO napo-, TEII0- u
TUAPOU3OIISILIUEH.

breuto MMPOBCACHO CpPaBHCHHUE CTOUMOCTU
CHCTeM yTCeIUICHWS KapKacHBIX 3JaHHH C
NPUMEHEHUEM TPAJAUIMOHHBIX pEIICHHH U C
NPUMEHEHUEM  TEXHOJOTUH  (OPMHUPOBAHMUS
OeclIOBHON 00O0JIOUKH, Pe3yJbTaThl MPHUBEACHBI
B Tabm. 3. CHmKeHme 3arpar Mo padoTam
00YCIIOBJICHO MCKJIFOYCHUEM OTEpaliii THUAPO- U
MMapOU30JIALUN KOHCTPYKIUH.

JlaGopaTopHBIe HCCIECIOBAaHUS W HATYPHBIC
UCIIBITAaHUSI Ha OOBEKTe WOATBEPAWIN, YTO
cucTeMa c NPUMEHCHHEM  PYJIOHHOTO
NEHOMOJMATIWIEHA JIONTOBEYHA M, C TOYKH
3peHust TerutocOepekeHus, 0oiee mepcreKTHBHA
M0 CpPaBHCHHUIO C TpaJUIIMOHHLIMHU CUCTEMaMH
yremnenuss  [21-23].  TleHOMOMMITHIECH HE
nedopmupyercss B Impolecce OKCILTyaTaluu
3[aHUH, a TaKKe SBISETCS OJHOBPEMEHHO
TEIJI0-, MapO- ¥ TUAPOU3OJISIIUCH.

Ta6nuua 38
CpaBHI/ITeJIBHaSI CTOUMOCTD pa3JIMYHbIX KapKaCHBIX CI/ICTCM9
Croumoctn, Euro/m?
Tun KapKACHOH CHCTEMBbI (Cost, Euro/m?)
(Frame system type) ITo maTepuanam Ilo padoTam Bcero
(Materials) (Work) (Total)
C MHUHEpaJOBaTHBIM yTEIUIEHHEM
(With mineral wool insulation) 10...13 13...15 23...28
C u3onsnueit Ha OCHOBE PYJIOHHOTO
MEHONOINATHIICHA
(With insulation based on foamed 10...12 912 19..24
polyethylene)
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a — paszeepmblearnue pyioHa NeHONoaUImMuileHa, 6 — mexanuueckoe 3aKkpenjieHue meniou3onayuu U Cuueka
PYJIOHA, 6 — d)opmupoeaﬂue U30JIAIYUOHHO2O KOHmMYypa U OKOHHbIX NPOEMO8, 2 — Kommeodic nocie nsamu iem
NOCMOSIHHOLL aKcniayamayuu

Puc. 5. Termion3osinusi KOTTeIKa.

B pesynbrare nmpoBEIEHHBIX HCCIECAOBAHUI
ObUTH pa3pabOTaHBl CHCTEMHBIE PEHICHHS I10
KOMILJICKCHOM H30JIIUM KapKacHBIX 3aHUi
PYJIOHHBIM  IIEHONOJNMATWICHOM. becmoBHas
W30JIANIMOHHAS 000J0YKa, (hopMHUpYIOIIasics 3a
CUCT COCAUHCHUA OTACIIbHBIX JIMCTOB B 3daMOK C
MOCEAYIOUIEN CBAapKOM TOPSYMM  BO3AYXOM,
MO3BOJIIET ~ OJHOBPEMEHHO  PEalN30BBIBATDH
TEIJIO- Mapo- M THAPOU3OJSIINI0 KOHCTPYKIHH.
OTH peleHus] HalUIM IIHPOKOE MPaKTHYECKOoe
npumerenue  (puc. 5). PaszpabGoransl u
peann30BaHbl PEKOMEHAALMM 10  BEACHUIO
CTPOUTEIIbHO-MOHTAXHBIX paboT [21-23].

1V. BBIBOIbI

VYremmrens OCHOBE  PYJIOHHOTO
MIEHOTIOIMATHIICHA 9TO  JIOJNTOBEYHBIN
Marepuall, KOTOPBbI TAaKXKe SBISETCS TEIUIO-,
napo- W THUAPOM3OJALMEH. H30JLUOHHBIE
CUCTEMBI, pa3pabOTaHHBIE [0 pe3yiabTaTam
UCCIIeIOBaHUH, yKe HAIILTH HIHPOKOE
NPaKkTUYeCKOe  NPUMEHEHHE W UMEeTCs
JIOCTATOYHBIE OIIBIT PeATU3aIlUN U SKCIUTyaTalllun
MOJAOOHBIX  pEIICHUH. OKCIUTyaTalnoHHas
CTOMKOCTP  W3ACNMA  HM  JIOJITOBEYHOCTD
KOHCTPYKIIUM  COOTBETCTBYIOT HOPMATHBHBIM
TpeOOBaAHUSIM.

OO6mass  sHepreTryeckas  3(PPEKTUBHOCTD
peau3yeMbIX B CTPOMTENLCTBE PEIICHUH MO
CHUCTEMaM H3OJIAIUK JISPEBSHHBIX KapKaCHBIX

Ha
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KOTTeIDKEH  CKIamblBaeTcs M3  CIEAYIOIINX
aJMeMeHTOB. Bo-mepBBIX, O3TO 3arpaTtbl Ha
nproOpeTeHre MaTepuaioB U Ha CTPOUTEILCTBO.
I[lpm  peanm3amuu  KJIACCHYECKHUX  CHCTEM
WCTIONb30BaHUE DHEProcOeperaronnx perieHni
YIOPOXKAET CTPOUTENBCTBO 00BEKTOB. B manHOM
CIy4ae J3TOTO HE TMPOHMCXOOUT, TaK Kak
(dopMupoBaHue  OECHIOBHON  M3OJSAIIMOHHOMN
00O0JIOYKH TMPAKTHYECKH CBOJUT K MHUHHMYMY
MOTEpH TCILIA IO I'J1a/in CTCHBL.

Bo-BTOpBIX, 3TO OOEcmedeHue IIUTETbHBIX
SKCIUTYaTallMOHHBIX IUKIOB 0€3 KalHUTaIbHOTO
pemonTta. IIpoBeneHHbI MOHUTOPUHT COCTOSTHUSA
00BEKTOB Ha JIEPEBIHHOM KapKace ITOKa3al, YTo
BCE KOHCTPYKLIMHM HAaXOJSITCS B HOPMaJbHOM
OKCIUTYyaTaIlMOHHOM COCTOSIHHM 0€3 MPOSBICHUIH
W30BITOYHOW BJIQYKHOCTH W  COIYTCTBYIOIIUM
TAKOBOM TMOSIBIIEHHIO TPHUOKOBBIX MOPaKCHHH,
CHUHEBBI WIH IIJIECEHU.

B-tpertbux, 3TO CHI)KEHUE
SKCIUTyaTallMOHHBIX ~ PAacXOJ0OB Ha Topsuee
BOJIOCHAOXEHME u OTOIUICHUE. 3nech
HEOOXOJMMO OTMETHTh, 4YTO 3pdeKkTHUBHOES
CHIDKEHHE  IOTeph  TeIula  JOCTHIraeTcs
MPUMEHEHUEM pEeKyIepaTopoB,

YCTaHABIMBAEMBIX B OKOHHBIX IpoeMax. Takum
0o0pa3oM ycTpaHseTcs OTPHULIATEIbHBIA IS
coepexxennss  Temna  3(pQeKT  «OTKPHITOH
(GopTOUKMY», TpU 3TOM OOECIeYnBaCTCS MPUTOK
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CBEXKEro BO3/yXa €CTECTBCHHOM
BEHTHISILIUN IOMEIIEHHUH.

Takum obpazom, Ha OCHOBaHHH
MIPOBEICHHBIX JKCIIEPUMEHTAIBHBIX H
TEOPETHUECKUX HCCICAOBAHMM, TOKa3aHO, YTO
OeCLIOBHBIE  M30JALMOHHBIE  OOOJOYKH U3
BCIICHEHHOI'O0 IIOJIMATHIIEHA HMEIOT BBICOKHUE
TEIUIO3AI[UTHBIC CBOWMCTBA, XapaKTCPU3YIOTCS
BBICOKOH J10JTOBEYHOCTHIO U 3KCILIYyaTallHOHHOU
HAJEKHOCTHIO, MOTYT TIPUMEHSTh B Pa3IMIHBIX
KIIMMATHYECKUX  PETHOHAX  CTPOMTEIBCTBA,
MO3BOJISIIOT CHHXKATh JKCILTyaTaIllHOHHBIC
pacxofiel, a TaK)Ke 3aTpaThl HA CTPOUTEIHCTBO U
COKpamiaTh BPEMS BBIIOJIHEHUS CTPOUTEIHHO-
MOHTaXHBIX PaloT.

TUIS

APPENDIX 1 (IPUJIOKEHHE 1)

12Table 1. Strength of non-cross-linked foamed
polyethylene samples under various compression
deformations.

%Fig. 1. Deformation curves of non-cross-linked
foamed polyethylene samples (1 - reference samples;
2 - samples subjected to climatic tests in mode 1; 3 -
the same one in mode 2; 4 - samples in a frozen state
(at minus 60 ° C)).

45Table 2. Test results for determining compressive
deformations under load.

®Fig. 2. Compression deformation under a constant
load of 2 kPa depending on the number of days of
loading (1, 2 - reference samples; 3, 4 - samples tested
after climate exposure in mode 1; 5, 6 - samples
tested after climatic exposure in mode 2; 1, 3, 5 -
foiled samples; 2, 4, 6 - samples without foil).

"Fig. 3. Compression deformation under a constant
load of 6 kPa depending on the number of days of
loading (1, 2 - reference samples; 3, 4 - samples tested
after climate exposure in mode 1; 5, 6 - samples
tested after climatic exposure in mode 2; 1, 3, 5 -
foiled samples; 2, 4, 6 - samples without foil).
89Table 3. The comparative cost of various frame
systems.

©Fig. 5 Thermal insulation of a cottage.
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Jubileu

Acad. Nicolae ANDRONAT!I la 85 de ani

Academicianul Nicolae Andronati s-a nascut la 7 noiembrie 1935 in
s. Caragas, in prezent, raionul Slobozia Republica Moldova. In satul
natal a absolvit scoala medie necompletd cu continuarea studiilor la
scoala medie din oraselul Slobozia. In anul 1953 a devenit student la
Institutul Politehnic din Lvov (Ucraina) cu absolvirea institutiei in
1958 si obtinerea profesiei de inginer in domeniul fotografierii acriene
cu aplicatii in geologie. La revenirea in tard s-a angajat la uzina
“Vibropribor” din Chisinau, activand ca maestru si apoi in functia de
inginer constructor. Din anul 1963, dl inginer N. Andronati, a fost
membru echipei care a pus bazele dezvoltarii industriei tehnicii de
calcul In Republica Moldova cu fondarea uzinei “Luci”. Primele
dispozitive confectionate au fost blocuri functonale pentru masinile de calcul ce operau cu semnale
analogice pe masura acumularii experientei s-a trecut la fabricarea masinii de calcul MH-14, dezvoltarea la
tipul MH-17 destinate rezolvarii in timp real a ecuatiilor diferentiale neliniare de ordin superior (pana la
n=50). Masina de calcul MH-17M a fost utilizatd pentru rezolvarea problemelor dirijarii zborului aparatelor
cosmice si pregatirii cosmonautilor pentru zbor in institutul problemelor medico-biologice din U.R.S.S.

Pentru a face fata noilor provocari si problme din domeniul de activitate dl N. Andronati a absolvit in anul
1969 Institutul de Radiotehnica, Electronica si Automatica din Moscova, devenind specialist in domeniul
maginilor de calcul. Urmatoarea treapta de perfectionare personala a constituit-0 studiile de doctorat la
Academia Militard de Artilerie din Sankt-Petersburg (1970-1972). Subiectul acestei cercetari au fost
studiile fiabilitatii masinilor si complexelor de calcul, preponderant, destinate pentru conditii si domenii
specifice de exploatare, pentru care fiabilitea este unul din indicatorii tehnici principli ai acestor dispozitive.
Ca o continuare naturla a activitatilor in domeniul tehnicii de calcul se prezinta pregatirea si sistinerea tezei
de doctor habilitat a carui subiect a constituit cercetarea si elaborarea conceptului si solutiilor de asigurare
a fiabilitatii sistemelor moderne hibride de calcul, care imbina avantajele masinilor analogice si masinilor
digitale electronice de calcul.

Un loc deosebit in familia de masini de calcul dezvoltate revine dispozitivelor electronice de calcul utilizate
in aparatele de zbor, denumite masini de calcul de bord, cunoscute in U.R.S.S. sub titlul Argon. Fabricarea
acestor dispositive s-a transmis uzinei “Luci” din Chisindu in anul 1971, cu asimlarea tehologiei de
producere a microcircuitelor in multe starturi, care se fabricau doar de uzina din Chisindu pentru masinile
de calcul de bord A-15, A-15A. Aceste masini hibride de calcul au fost baza a peste 35 de sisteme de
comanda utilizate in aviatie si obiecte mobile. Sub conducerea dlui academician N. Andronatii au fost
elaborate si implementate o serie de masini de calcul hibride ca ABK-33, in care sistemul de control al
masinii permite receptia informatiei in forma digitald pentru incarcarea softului in procesorul ce opereaza
cu semanale analogice, conversia rezultatului analogic (solutia cautatd) in format digital pentru utilizarea
dupd destinatie. Aceste masini de calcul au devenit baza proectarii si confectiondrii multor sisteme
intelegente utilizate sophisticate pentru industria energiei nucleare, petrolului si gazelor, chiar si la
realizarea studiilor geodezice si fotogrammetrice in timpul fotografierii aeriene.

Sub conducerea dlui academician N. Andronati in calitate de Constructor principal au fost elaborte si puse
in producere la Chisindu masina de calcul analogicd AVK-33 destinata controlului matematic al sistemelor
dinamice complexe si rezolvarea problemelor descrise prin ecuatii diferentiale liniare si neliniare obignuite
de ordinal 60 sau problemele reductibile la un sistem de ecuatii diferentiale obisnuite, complexul de calcul
analog-digital ATsVK-3, conceput pentru modelarea matematicd in timp real a sistemelor dinamice
complexe, pentru rezolvarea problemelor de optimizare, cercetare statisticd si probleme de cercetare
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operationald, sistemul de calcul special hibrid cu doud niveluri de ierarhie de control bazat pe procesorul
analog AVK-31, AVK-32 si calculatoare digitale: AS, A15A si A15x, precum si 5728 A.

Pentru a rezolva problema dirijarii obiectelor terestre, transportabile (transportabile), subacvatice, aeriene,
spatiale in NICEVT (Chisinau) a fost elaborat si asimilat pentru producerea computerului digital de baza
BTsVM - A15K cu aplicarea componentelor noi electronice la uzina ,,SCHETMASH” din Chisinau.
Produsele de tip A15K sunt utilizate n zeci de sisteme terestre si de aeronave de peste 30 de ani.

Cea mai importantd componenta a sistemelor de calcul, care afecteazd puternic fiabilitatea intregului
complex, este placa cu circuite imprimate cu elemente montate. Placile de circuit RCBS-Relief tehnologia
de producere a cdrora a fost implementatd sub conducerea dlui N. Andronati s-au dovedit a fi cele mai
potrivite pentru rezolvarea problemei asigurarii fiabilitatii calculatoarelor de destinatie speciala. Tehnologia
RCB a fost utilizata in diverse sisteme specializate, inclusiv acronava MiG-29 si statia spatiala MIR.

DI N. Andrtonati, fiind unul din fondatorii ramurii industriale noi in Republica Moldova, a trecut de fapt
toate treptele ciclului de organizare a unei noi industrii inovative indeplinind functiile de tehnolog,
constructor, sef de lucrari, sef de hala, director tehnic si Director generl al asociatiei stiintifice si de
producere cunoscuta ca intreprinderea ,,Sciotmas”.

Bogata experienta de viata, de organizare a proceselor de producere si ca cercetator stiintific a impulsionat
dezvoltarea domeniului de pregatire a cadrelor calificate pentru noua ramura a industriei moldovenesti.
Institutului Politehnic (astdzi Universitatea Tehnica a Moldovei), departamente specializate, scoli tehnice
si scoli tehnice profesionale pregatirea specilistilor in centrele stiintifice din URSS. DI academician a fost
un promotor activ al acestor actiuni activand in functia de prorector pentru studii si munca stiintifica si sef
al Catedrei mijloace de automatizare si tehnologia producerii la Institutul Republican de Perfectionare a
Specialistilor de pe langa Comitetul de Stat pentru Planificare al RSSM (1973-1977), ca director al uzinei
»Sciotmag” (1977— 1983), director al Filialei Chisinau a Centrului de Cercetari Stiintifi ce in domeniul
Tehnicii Electronice de Calcul din or. Moscova (1983-1992).

In perioada 1993-1999 a indeplinit functia de academician coordonator al Sectiei de Stiinte Tehnice a ASM.
Din 1999 este colaborator stiintific principal, apoi pana in anul 2019 in functia de consultant stiinsific al
Institutului de Energeticd al ASM. Concomitent, a activat in calitate de conferentiar si profesor la
Universitatea Tehnica a Moldovei (1972—1992). A fost deputat in Parlamentul Republicii Moldova (1990—
1992). Din 1992 pana in 1994 a fost primvice-primministru al Republicii Moldova. Din 1999 este cercetator
stiintific principal si consultant stiintific al Institutului de Energetica al ASM pana in anul 2019.

Cercetarile stiintifice sunt axate pe proiectarea §i construirea sistemelor informational-computationale
speciale, modelarea computationald, sistemele automatizate de dirijare, fiabilitatea si viabilitatea sistemelor
informationale de calcul. A elaborat noi metode de calcul ale sistemelor de ecuatii diferentiale si integrale,
de majorare a preciziei rezolvarii lor. A propus o metodd universala noud pentru aprecierea fiabilitatii
sistemelor mari de complexitate inaltd, a creat modele teoretice care permit a prognoza proprietatile si
comportamentul obiectelor dirijate. A elaborat principiile de construire a calculatoarelor specializate cu
destinatie speciald. Este autorul a peste 130 de lucrari stiintifice, inclusiv 5 monografii: Hanexxaocts ACY
TexHonornueckumu mporeccamu  (1980); TexHonorms M KayecTBO B MPOM3BOJACTBE IHU(PPOBBIX
YIPABIISIFOLINX BBIYMCIINTEIBHBIX MaluH (1983); ArnmapaTHO-TIpOrpaMMHBIE cpencTaa
aBTOMATHU3MPOBaHHBIX cucTeM ympasieHus (1989, in colab. cu prof. A. A. Fedulov si prof. O. V.
Scerbakov);, Perioada de tranzitie si tehnologiile informationale (1996), IlpumeHenne THOPUIHBIX
BBIYUCITUTEIBHBIX CHCTEM M BBIYUCIUTEIBHOTO OJKCIEPHUMEHTa TPU METOJaX MaTeMaTHYeCKOTro
moaenupoBanust (MMM) paznuuansix nporeccos (2015) etc.

Detine 15 brevete de inventie. A pregatit 13 doctori in stiinte. Rezultatele cercetarilor stiintifice au fost
expuse in comunicari, prezentate la numeroase conferinte i simpozioane republicane si internationale,
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inclusiv in Rusia, Franta, Austria, Ucraina, Cehia, Portugalia, Germania, Georgia, Finlanda etc. Membru al
Academiei Internationale Ingineresti din Moscova, membru al consiliilor stiintifice specializate pentru
conferirea titlurilor de doctor si doctor habilitat de pe langa Universitatea Tehnica a Moldovei, Universitatea
Tehnica din Lvov, Institutul de Energetica al ASM la specialitatea ,,Tehnica de calcul si informatica”
(1989-1992), Membru al Seminarului Stiintific de profil la specialitatile 221.01. Sisteme si tehnologii
energetice si la specialitatea 233.02.Echipamente si sisteme electronic, Membru al colegiului de redactie a
revistei “Problemele energeticii regionale®, categoria A, inclusd in baza de date WoS (THOMSON),
Membru al Comitetului Executiv EUNIS— European Universities Information Systems Organisation. | s-a
conferit t

La Multi Ani, multstimate domnule academician Nicolae Andronati!
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